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YYBCTBUTEJIBHOCTb K METAHY HAHOKOMITO3UTHBIX CJIOEB SnO,(Ag)
IMOCJIE UMITVJIBCHOI'O JIABEPHOT'O OBJIYYEHU A

C. JI. IPOKOIIBEB, I1. U. TAUJIYK

benopyccruii cocyoapcmeennwiti ynugepcumem (2. Mumnck, Pecnybnuxa benapycy)

Tlocmynuna 6 peoaxyuro 11.10.2022

© Benopycckuii rocyjapcTBEHHbI YHUBEPCUTET HH(POPMATUKH U PaIUOdIeKTPOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AnHoTauus. ViccrienoBanbl ra3049yBCTBUTENbHBIE CBOMCTBA Ci10eB SnO,(Ag), MOITYYEHHBIX MTOCIEA0BATEIHHBIM Mar-
HETPOHHBIM PAaCTIBUICHUEM MHIIECHU Sn + Ag, OKHCICHUEM CIIOEB SNy ¢sAg) 35 IpH Temmeparype 650 °C B Tedenune
30 MUH ¥ MOAM(DUIMPOBAHHBIX UMITYJIBCAMH JIA3EPHOTO U3IIYYCHUS C IIOTHOCTBIO Heprun W = 1,5-3,2 Jl/cm2.
MeronamMu poCBeYHBAOLICH AIEKTPOHHOM MUKPOCKOIIMH U MPOCBEYHBAIOICH AJIEKTPOHHON T(paKiuy ycTaHOB-
JIEHO, YTO CJIOM Sng 6sAg) 35 B SNO,(Ag) ABIAIOTCS HAHOKOMITO3UTHBIMH CO CPEIHUM pasmepoM 3epeH 100-150 mm.
B 3aBHCHMMOCTH OT PEeXMMOB HMX MOJYYCHHS CIOM COJEp)KaTr 3epHa ¢ (Pa3oBBIM COCTABOM: TETparoHajbHas
¢aza B-Sn ¢ opropombuueckoit daszoit Ag;Sn (SngesAgy 35, MATHETPOHHOE PACHBLIEHHE) M TETParoHaIbHas
¢aza SnO, (KaccUTEpHT) ¢ TPaHEIICHTPUPOBAHHON KyOndeckoit cTpykrypoit Ag (SnO,(Ag), TepMUIECKOe OKFC-
nenue). YyBcTBuTEeNnbHOCTE S ciioeB SnO,(Ag) k MeTany ompeaesiacs npu 7 =200-360 °C B armocdepe Bo3myxa
¢ comepkanueM MeTaHa B auamnazone Ceps = 200020 000 ppm. [Toka3zaHo, 4TO UMITYJIbCHAS Jla3epHast 00padboTKa
TIPUBOJUT K YBEIWYCHHUIO TyBCTBUTEIBHOCTH S cioeB SnO,(Ag) k MetaHy 10 12 % 10 CpaBHEHHUIO C UCXOTHBIMHU
ciosimu SnO,(Ag).

KaroueBble cioBa: HaHokomnosuTHble ciion SnO,(Ag), MarHeTPOHHOE PACHbUICHHE, MMITYJIbCHAS Ja3epHas
00paboTka, TepPMUYECKOE OKUCIICHNE, Ta304yBCTBUTEIBHOCTh, METaH.

KongumkTt nnTepecoB. ABTOPHI 3asIBIISIIOT 00 OTCYTCTBUU KOH(IIMKTa HHTEPECOB.

BaaronapHocTs. MccienoBanus BhIMOIHEHBI B paMKkax rmpoekta T22-030 benopycckoro peciyOinkaHCKoro poHaa
¢ynnamenTanpHbIx nccnenoBanuid (Ne I'P 20221052), a Taxke 9acTHYHO B pamMKax mpoekta [ocymapcTBeHHON
MIPOTPaMMBbI HayYHBIX HCCIleIoBaHNN « DOTOHUKA U AJICKTPOHUKA JJIst MHHOBALM» (TpoekT 3.1.2, NeT'P 20212702).

Jis1 uutupoBanus. [Ipokonses, C. JI. UyBCTBUTENBHOCTD K METaHy HAHOKOMITIO3UTHBIX ciioeB SnO,(Ag) nmocie
umIysabcHoro sazepHoro obmyuenus / C. JI. Ilpokonwes, I1. . Taiinyx // Joknanet BIYUP. 2023. T. 21, Ne 2.
C. 5-13. http://dx.doi.org/10.35596/1729-7648-2023-21-2-5-13.

METHANE SENSITIVITY OF PULSED LASER TREATED
Sn0O,(Ag) NANOCOMPOSITE LAYERS

STANISLAU L. PRAKOPYEU, PETER I. GAIDUK
Belarusian State University (Minsk, Republic of Belarus)
Submitted 11.10.2022

Abstract. This paper reports on the gas sensitivity of SnO,(Ag) layers, consequently formed by magnetron sputtering
of Sn + Ag target, oxidation of Sny ¢5Ag 35 layers at the temperature of 650 °C within 30 min and modified by laser
radiation pulses at energy density of = 1.5-3.2 J/cmZ2. Using transmission electron microscopy and transmission
electron diffraction it was found, that Snj ¢sAg 35 and SnO,(Ag) layers are nanocomposite with average grain size
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of 100-150 nm. Snj¢sAg) 35 and SnO,(Ag) layers contain grains of the following phase composition: a tetrago-
nal B-Sn with an orthorhombic Ag;Sn (Snj ¢sAgg 35, magnetron sputtering) and a tetragonal SnO, (cassiterite) with
a face-centered cubic Ag structure (SnO,(Ag), thermal oxidation). The sensitivity of SnO,(Ag) layers with respect
to 2000-20 000 ppm methane in the air was obtained from sensitivity S measurements at 7 = 200-360 °C. It is
shown that pulsed laser annealing of SnO,(Ag) layers results in up to 12 % increase of sensitivity of SnO,(Ag) layers
to methane in comparison with the initial SnO,(Ag) layers.

Keywords: nanocomposite SnO,(Ag) layers, magnetron sputtering, pulsed laser annealing, thermal oxidation, gas
sensitivity, methane.

Conflict of interests. The authors declare no conflict of interests.

Gratitude. Studies carried out within the Belarusian republican foundation for basic research project T22-030
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For citation. Prakopyeu S. L., Gaiduk P. I. (2023) Methane Sensitivity of Pulsed Laser Treated SnO,(Ag)
Nanocomposite Layers. Doklady BGUIR. 21 (2), 5-13. http://dx.doi.org/10.35596/1729-7648-2023-21-2-5-13

(in Russian).

BBenenune

Juokcua onoa (SnO,) SIBIISIETCS MOTYTTPOBOIHUKOM /-THITIA IIPOBOJAUMOCTH C IIMPUHOM 3arperieH-
HO1 30HBI 3,6 5B, KOTOPBI HAIIET NIMPOKOE MPUMEHEHHE B ONITOIEKTpOoHUKE [ 1], poToBonbTanke [1, 2]
u razoBoil cencopuke [3]. Ha ocnoBe crnoeB SnO, B cepuilHOM MpPOU3BOJICTBE OCBOEHBI PA3JINUHBIE
THUIIBI TA30BBIX CEHCOPOB YIS JICTEKTHPOBAHUS Psijia TOKCHUYHBIX U B3PBIBOOIIACHBIX XMMUYECKHX BE-
mectB (Merana CH,4, MmorOOKcHaa azora NO, ametrona C3HqO u np.). B mHacrosmiee Bpemsi ¢ IeIbI0
YBEIIMYECHHS CPOKA CIYKObI M UyBCTBUTEIHHOCTH TAKUX MMPUOOPOB CEHCOPHBIE CTPYKTYPHI (POPMUPYIOT
B BHUJIC CJIOEB HAaHOKOMITO3UTHOTO MarepHala, COAep Kallero, Hapsiay ¢ OCHOBHBIM MarepuaiioM SnO,,
Jerupyloue J00aBKH B BUJE KJIACTEPOB U HAHOKPUCTAJUIOB METAJNIOB U UX coequHeHui [4]. B wact-
HOCTH, BBEJICHIE HAHOKPUCTAJIIOB OJIarOPOAHBIX MeTalioB (Ag, Pt, Au) mo3BonseT yBeIMunBaTh ra3o-
BYIO YYBCTBUTEIBHOCTD cl0eB SnO,, a TakKe UCIONB30BaTh IIa3MOHHBIC d(P(PEKThI, B TOM YUCIE JJIS
CHIDKCHHS pabodeil Temmeparypsl razoananmsa [5—7]. [locnenaee 00CTOSITENTHCTBO SIBISIETCS] BAKHBIM
IIPH IETEKTUPOBAHNH B3PHIBOOIIACHBIX Ta30B.

C y4eToM B3aUMOCBSI3U CTPYKTYPHBIX U AMEKTPOPHU3UIESCKIX CBOHCTB CEHCOPHBIX CIIOEB, IS YITyd-
LICHHUS UX CTPYKTYPHOU OJHOPOTHOCTH U CBOWCTB, CBSI3aHHBIX C IIEPEHOCOM HOCHTENEH 3apsia, Heoo-
XOJMMO YMEHBIIATh BIMSHHE MEK3EPEHHBIX T'PaHML, UTPAIOIIUX POJb PEKOMOMHAIIMOHHBIX JIOBYIIEK
JuIs HocuTenel 3apsina [8]. B wacTHOCTH, yMEHBIIIEHHE CKOPOCTH PEKOMOWHAIINH MPUBOIUT K yBEIH-
YEHHIO OTHOIICHHS CUTHAJ/TIIYM U YITyYIIeHHIO TPUOOPHBIX MMapaMeTPOB ra304yBCTBUTENBHBIX CTPYK-
Typ. PaBHOBecHBIE MeTOIbI (hOPMUPOBAHHS TA309yBCTBUTENBHBIX CIIOEB, BKITIOYAIOIIE MarHETPOHHOE
pacmibUIeHHE KOMIIO3UTHBIX CTPYKTYp, TEPMUYECKHE PAaBHOBECHBIE 0OpPAOOTKH B PA3IMYHBIX Cpelax
HE BCEI/Ia MO3BOJISIOT OJIyYaTh HEOOXOIUMBIE CTPYKTYPHO-(a30BbIe COCTOSIHUS ¢ HU3KOM TNIOTHOCTBIO
PEKOMOMHAIIMOHHBIX JIOBYIIIEK. BMecTe ¢ TeM M3BECTHO, YTO HEPaBHOBECHBIC METOABI, B YACTHOCTH
UMITYJIbCHAs JIa3epHas 00paboTKa, B psAe CIydyaeB MO3BOJISIOT CYIIECTBEHHO MOAU(DHUIIPOBATH CTPYK-
TypHO-(ha30BBIE COCTOSHHSI CIIOEB HAHOMETPOBOH TONIIUHBI U, COOTBETCTBEHHO, UX ANEKTpodu3mye-
ckue xapakrepuctuku [9, 10]. B crarbe npoBeaeHbl CpaBHUTENbHBIE UCCIEIOBAHUS YyBCTBUTEIBHOCTH
K METaHy HaHOKOMIIO3UTHBIX ciioeB SnO,(Ag) mocne ux tepmudeckoro okucienus (TO) n mocnemyro-
el UMITyJIbCHOH JazepHoi 06paboTku (MJIO) Bo B3aUMOCBS3M €O CTPYKTYpPHBIMH HPEBPAILICHUSIMH,
MPOTEKAIOIIMMH B YKa3aHHBIX HAHOKOMIIO3UTHBIX CIIOSIX.

MeToz]mca NMpoBEICHUSA IKCIICPUMEHTA

B KauecTBe NOMIOKEK U OCAXKAEHUS TOHKHMX CIOEB SNy ¢sAg)3s MCIOIb30BAIUCH IIACTUHKH
IUIaBJICHOTO KBapua pasmepamu 12x12x0,5 Mm. YcnoBus 0CakIEHHsI TOHKUX CIIOEB SNy 65A L) 35 METO-
JIOM MarHETPOHHOTO PacCIbUICHUS MUIICHH Sn + Ag 1 pexxuMbl mocneayromero TO mpuBeneHs! B [5].
[Toce TO vacTh KBapIEBHIX TUNIACTHHOK C TOHKAMU cosiMu SnO,(Ag) moasepranacsk NJIO pyOHHOBBEIM
Ja3epoM Ha JUTHHE BOJHBI A = 0,69 MKM U IIpH AJUTENBHOCTH Jla3epHoro ummyisca T = 80 He. uamerp
nazepHoro myuka npu MJIO cocrasusn d = 5 mm. [1noTHOCTE SHEpruu nazepHoro uznydenus npu UJ10
BapbHpoBaiack B quamnasone W =1,5-3,2 Jlw/cm2.
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Kpucrannmueckas cTpykTypa, (pa3oBblii cocTaB 1 MOP(OIOTHUECKUE CBONCTBA OCAXKICHHBIX TOH-
KUX CIOEB SngesAg3s 1 SnO,(Ag) MccnenoBamuch METOAOM NPOCBEYMBAIOIIECH SIEKTPOHHOM MH-
kpockoruu (II9M) B pexume CBETIIOTO TOJS W MpOCBeUHMBarOMIei aekTponHor mudpakmmm ([19]1)
B TUTAHAPHOH T€OMETPHUH C HCToNb30BaHueM Mukpockona Philips CM20 mpu yckopsiroreM Harpsike-
uun 200 kB. O6pasupl co cnoamu Sng gsAgg 35 1 SnO,(Ag) yronsnuck ais [IOM u I19]] nccnenoanuii
JI0 TOJIIMHBI, 00€CIeYNBAOLIECH IEKTPOHHYIO MPO3PAaYHOCTb. sl 3TOr0 MCIIOIb30BATOCH XMMUYEC-
KO€ TPaBJIeHHE B CMECH KOHIIEHTPUPOBAHHBIX ropuctroBomoponHoii (HF) n azornoit (HNO;) kucior
(HF:HNO; = 1:5).

HccnenoBanue 4yBCTBUTEIBHOCTH K METaHY TOHKHX clloeB SnO,(Ag) MpOBOIMIN KaK HETIOCPEACT-
BeHHo nociie TO, Tak u nocne TO ¢ nocnenyromeit UJIO. [l 3Toro KBapieBble MIACTUHKU C TOHKUMU
cnosiMmu SnO,(Ag) Hapesanu Ha 00pa3ibl pazMepaMu 6X6 MMZ, Ha KOTOPbIE METOOM MarHeTPOHHOTO
pacrnblUIeHHs: HAaHOCWIIN T1 KOHTAKThI B BUZIE BCTPEUHO HAIPABIEHHON rpeOeHYaTo CTPYKTYPbL, COCTOSI-
e U3 MATH MON0COK pazMepamu 10 MKMX3 MM B KaXKIIOW M3 JIBYX dacTel rpeOeHYaTol CTPYKTYPHI.
3areM Ui NPOBEICHUS] U3MEPEHUS YyBCTBUTEIIFHOCTH K MeTaHy 00pa3ibl Ha 10 MUH MOMEIIaiy B U3-
MEpPUTENBHYIO SUEHKY, IPEACTaBISIONIYI0 cO00M KBapLeByto TpyOy, B KOTOPOH CO3aBajachk OIpere-
JIeHHAasI KOHIIEHTpalus MetaHa B Bo3ayxe Ccpys B auanazone 2000-20 000 ppm (wacTeit Ha MUJITHOH)
1 nojepskuBanack remneparypa 7'=200-360 °C. I'a304yBcTBUTENBHOCTD S = R /R, pacCUNTHIBAIIM MOC-
JIe U3MEPEHUS IIEKTPUYECKOTO CONPOTHBIIEHHs 00pasIoB Ha BO3yXe (R,) U B IPUCYTCTBUH MeTaHa (R,).

Pe3ynbrarhl nccienoBaHuii U UX 00Cy:KIeHUe

Ha puc. 1 npencrasnensl I1IOM- u II9]]-mukpodororpaduu crnoes SnjgsAg)3s Kak HEMOCPE-
CTBEHHO TIOCJIe MX ocaxaeHus, Tak u mocie TO u NJIO. Ha ceemtononsHo# [I9M-MukpodoTorpa-
¢uu (puc. 1, a) n300paxen HCXOAHBIN 0 Snj ¢sAg 35 nocie ocaxaenus. M3 anamusa puc. 1, a cie-
Jy€T, 4TO UCXOMHBIN CII0M Snj csAgp 35 COCTOUT U3 IUIOTHO YIIAKOBAHHBIX 3epeH pasmepoM 100-150 um,
AMeoMuX Ooee TeMHBIH KoHTpacT. Kak BuaHO M3 kapTuHb! [19]] oT BEIIENIEHHON 00IacTH (BCTaBKa
B puc. 1, a), 3epHa MPEJICTaBISIOT CO00M CMECh TeTparoHajabHOM [3-Sn u opropomOudeckoit Ag;Sn das.
®dopma 3epeH sIBIseTcs Moaychepruuecko, PH 3TOM LEHTPaIbHAs UX 00JIaCTh XapaKTepU3yeTcsl Hau-
Oompmie TommuHON (10 40 HM), a Iepudepudeckas — HauMeHbIIel. AHaim3 MukpodoTorpaduit [I5M
B TIOTICPEYHOM CEUCHHH (3[1€Ch HE MTOKa3aHbl) MO3BOJIHMI YCTAHOBUTD, YTO CPEIHSIS TOJMIINHA UCXOIHOTO
cnos Sny ¢sAg 35 cocrapusger okono 30 uM. Ha ceemnononsroit IIDM-mukpodororpaduu (puc. 1, a)
BHJTHO, YTO TIOTIEPEYHBII pa3Mep MEK3epEHHBIX TPaHHI] 3HAYNTEIbHO MEHBIIIEe pa3Mepa IEeHTPaTbHON
YacTH 3epHa M COCTaBISIET OKOJo 2—5 HM. Takke B 00J1aCTH MEK3EpEHHBIX TPaHUI] IPUCYTCTBYIOT HE-
KOTOPOE KOJIMYECTBO HAHOPA3MEPHBIX BKIFOUCHUH U CTPYKTYPHBIC JC(PEKTHI.
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Puc. 1. CeniononsHble MUKPOGOTOTrpaduy MPOCBEUNBAIONIECH 37IEKTPOHHOW MUKPOCKOIIMN
W COOTBETCTBYIOIINE KAPTUHBI IPOCBEUNBAIONICH 3JIEKTPOHHON TU(paKIMU (BEPXHUE BCTABKH)
CJIOEB CIIABOB SN 6sAg( 35 OCIE: @ — MATHETPOHHOTO PACTIBLICHUS; b — TEPMUYECKOTO OKUCIeHus pu 650 °C;
¢ — UMITYJILCHOH J1a3epHoit 00paboTku mpu 2,3 [Ix/cm2. Ha HinkHeil BctaBke B (5)
NPUBEICHO yBEINYEHHOE N300pakeHHE OTHON M3 OOJIBIINX HAHOYACTUI] Ag
Fig. 1. Bright-field micrographs of a transmission electron microscopy and diffraction patterns (top inserts)
obtained from a Sn g5Ag 35 alloy layer after: @ — magnetron sputtering; b — thermal oxidation at 650 °C;
¢ —pulsed laser annealing at 2,3 J/cm?. Bottom insert in (b) — magnificated image of one of the large Ag nanoparticles
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Tepmudeckoe oxucienue B armochepe xuciopoga npu 650 °C B teuenne 30 MUH TIPUBOIAUT
K OKHCJICHUIO Sn U cerperauuu Ag ¢ pOpMUPOBAHUEM HAHOPA3MEPHBIX TOYEK U OCTPOBKOB (puc. 1, b).
Oxwucnenne Sn noareepxkaaercs kapruHoi [19]1 ot BeLaenenHo obnactu (puc. 1, b, BcTaBka), Ha KO-
TOPOH pazIMYUMBI AU(PAKINOHHBIE KONbLA, OOJBITUHCTBO M3 KOTOPBIX OTHOCSTCS K TETParoHaJIbHON
(haze SnO, (KaccuTepuTy) U K TPAaHEIICHTPUPOBAHHON KyOndeckoil cTpykType Ag. OnHaKko Ha BCTaBKE
B pHC. 1, b pa3mUIMMbI HECKOJIBKO TOTIOTHUTENTBHBIX CIIA0BIX TN PAKITIOHHBIX MAKCHMYMOB, COOTBETCT-
BYIOIIWX, Hantpumep, dy;; ~ 0,36, 0,29, 0,25, 0,156 aM u T. 1. DTN TUDpaKITNOHHBIE MAKCHMYMBI MOTYT
OBITH 00YCJIOBJICHBI IPUCYTCTBUEM OpTOpOoMOMUecKoi a3el SnO, U, BEPOSTHO, TekcaroHanbHOM (4H)
¢a3er Ag. T'excaronanpHast aza Ag HegaBHO Obla OOHapyKeHa B CJIOSIX, CPOPMUPOBAHHBIX MarHe-
TPOHHBIM paclbUICHHEM HaHOYacTHIl Ag, 00pa3oBaHUE KOTOPBIX CBSA3aHO C BIMSHHEM Pa3MEpoOB Ha-
HOYACTHII HAa UX CTAa0OMIIBHOCTbh, YTO HAOJIIOIAIOCH B Clyyae HaHOUACTHIl pazmepom Mernee 30 uMm [11].
B crnosx He 00HApY)KEeHO IPU3HAKOB OKUCIICHHS Ag mocie TepMmmuaeckoit oopadotku mpu 400-800 °C,
YTO COTIIACYETCS C JAaHHBIMHU MO0 TEPMOAMHAMUKE W pacueTamMy 3HaueHUi cBoOOaHON sHeprun ['mboca
B cucreMe Ag/SnO, B 3aBUCUMOCTH OT TeMIieparypsl B tuanazone 200-1000 °C [12].

Taxum 00pa3oM, TEPMUYECKOE OKUCIIEHUE CII0EB SN 65 AL 35 IPUBOIUT K (JOPMUPOBAHUIO B HUX Ha-
HOKOMITO3UTHBIX BKJTFOUSHHI THIIA «SPO — 000J104Kay ¢ siipoM Ag/SnO, 1 OKpyIKaroIiei ero 000I04KoM
SnO, [5]. YcraHorieHo, 4TO mpolecchl cerperanuu B siape Ag/SnO, Benencteue addexra Kupkennai-
J1a IPUBOIAT K 00pa30BaHUIO METKAX HAHOTOYECK M KPYITHBIX OCTPOBKOB Ag. [Ipn aToM o6omouka SnO,
XapakTepHa JUIsl ABYX ATHUX THUIOB BKJIIOUEHHH [5]. Pe3ynprarsl ncciaenoBaHUN METONAMU 3JEKTPOH-
HOW MHKpOCKONHUH (pUc. 1) XOpOoIIo KOPPENUPYIOT C Pe3yabTaTaMy MIPOBEICHHBIX paHee HCCIICA0BaHNI
METOJIOM CIEKTPOCKOIIMU OOpaTtHOro paccesiHus noHOB [5]. Tak, B [5] orMeueHo, uTo 3¢ dexTuBHAsL
TOJIMHA OCAXKJIEHHBIX CIOEB SN ¢sAg) 35 COCTABIAET OKOJIO 31 HM IIPU MEPOXOBATOCTH IIOBEPXHOCT-
Horo ciosi mpuMepro 10—-15 um. Kpome Toro, mpu TepmudeckoM okucieHud npu 650 °C B TeueHue
30 muH B arMocdepe Kucaopoaa MpOUCXOAAT IepepacipeesieHne aToMOB Sn 1 Ag 110 TTyOWHE CITOs
Sng 65Agp 35, OKUCTIEHHE SN U YBEIMYEHUE TIOBEPXHOCTHOM HIEPOXOBATOCTH.

WUmnynecHast yazepHast oOpaOoTka NPHUBOIUT K 3aMETHOMY HW3MEHEHHUIO CTPYKTYpPBI CIIOEB.
Ha puc. 1, ¢ npencraenens! [I19M- u [19/]-mukpodortorpaduu cioes SnO,(Ag) nocne NJIO ¢ mnotHOCTBIO
suepruu W = 2,3 Jlx/cm2. Ha puc. 1, ¢ Buano, uto ciou SnO,(Ag) mocie NJIO Tak ke, Kak U MOcie
TO (puc. 1, b), cOCTOAT U3 XOPOLIO PA3THUUYUMBIX 3€PEH, OJIHAKO MX (opMa CTaHOBHTCS Oolee cria-
JKEHHOM, a TpaHu mpruodpeTaroT okpyriyio Gopmy. M3 cpasuenus kaprun [19]] mocie TO (puc. 1, b,
BcraBka) u mocne NJIO (puc. 1, ¢, BcTaBka) ciemyet, 9to (ha3oBeiii coctas ciioeB SnO,(Ag) mocne NJIO
COXPaHWJICS MPEKHUM, OTHAKO BUJ KOJICI] yKa3bIBaeT Ha YMEHBLICHUE CPEAHEr0 pa3Mepa 3epeH B IJICH-
ke SnO,(Ag). CTpykTypHbIe mpeBpaileHus, nporekaromue B ciaosx SnO,(Ag) mpu MO (puc. 1, ¢),
CBSI3aHBI B TIEPBYIO OUYEPElb C MX MOCIEIOBATENbHBIM TUIaBIEHUEM M KpHUCTAJTU3aluel, mpudeM Mmpu
TUTABJICHUH TIPOUCXOUT OoJiee MHTEHCHBHOE Mepepacipe/ielieHie aToMOB IPEUMYIIECTBEHHO B TIEPH-
(hepuueckoii oomactu 3eper SnO,. HeobXomuMo OTMETHTb, YTO TIPH YBEIHMUYCHUN TUIOTHOCTH dHEPTHH
WJIO 6Gomnee 2,5 Tx/cm? Ha [IDM-mukpodoTorpadusix oTMedanoch (37ech He TIPHBOIUTCS) TOSIBICHUE
CHJIBHO J1e(hOPMHUPOBAHHBIX 00JaCTEH C BHICOKUM COJEPKAHUEM CTPYKTYpPHBIX Ae(eKTOB, MUKpPOTpE-
LIMH ¥ YBEJIMYEHHOM IepoxoBaTocThio. [Ipu aToMm crenens aerpagamnuu cioeB SnO,(Ag) yBenuunBa-
Jach ¢ AANBbHEHIINM POCTOM INIOTHOCTH SHEPTHH Ja3€PHOTO U3ITyUSHHUS.

VYcraHoBIEHA XOpOIIas KOPPEJSIIUsl Pe3yJbTaToB CTPYKTYPHO-(a30BBIX HCCIEOBAaHUNA W H3Me-
peHnii 9yBCTBUTEIHLHOCTH cltoeB SnO,(Ag) K Ta30BBIM cpenaM. Tak, Ha pUC. 2 TIPUBEICHBI Pe3yabTa-
THI U3MEPEHUS 3aBUCUMOCTH YYBCTBUTEIILHOCTH S OT Temneparypsl ucnbitannii (200-360 °C) crmoes
Sn0O,(Ag) nocne TO B armocdepe kucnopoaa B reuenue 30 mul npu temieparype 650 °C u NJIO npu
IIOTHOCTH dHepruu W= 2,2-2.5 Jlx/cm? u kornenTparmn Mmetana Cepyy = 2000 ppm. Ha BcTaBke puc. 2
MIPUBE/IEHA 3aBUCHUMOCTb YyBCTBUTEIBHOCTH S OT MI0THOCTH 3Heprun W MJIO npu KoHIIEHTpaiu Me-
taHa Ccyy = 2000 ppm u remnepatype 240 °C. Jlns cpaBHeHHS 3HaYKOM € 0003HaUY€HA YyBCTBUTEIb-
HOCTh K MeTaHy citoeB SnO,(Ag) 6e3 NJIO (commacHo [5]). XapakTep TeMIiepaTypHOH 3aBHCUMOCTH
qyBCTBUTENBHOCTH 00pa3ioB k CH, mocime MJIO mmeeT cxokne 0COOGHHOCTH BO BCEM JTMANa3oHE
wiotHocTel sHeprun MJI0. YyBcTBUTENbHOCTS NIpH TI0THOCTH 3Heprin UJIO W= 2.3 JIx/cm? npeBbl-
maet TakoByto ipu W = 2.2 Jlx/cm? no 12 % npu temneparype 240 °C. bosee Toro, cpenHsisi 4yBCTBU-
TeNBHOCTh BO BceM jauanazone temneparyp (200-360 °C), ucnonb3yembIX IS U3MEPEHUs! 4yBCTBU-
TenbHOCTH cioeB SnO,(Ag) K MeTaHy, IpUHUMAET OoJiee BBICOKKE 3HaYeHUs Jist 00pa3noBs mocie NJ10
mpu TrotHOCTH dHeprun MJIO W= 2,3 JIx/cM2, yem st o6pasios mocie NJIO mpu W= 2,5 JIx/cm2.
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Puc. 2. 3aBucuMOCTb 4yBCTBUTENBHOCTH S cnoeB SnO,(Ag) ot TeMneparypsl I’

TIPH TUTOTHOCTH SHEPTUH UMITYJIbCHOM J1a3epHOit 06pabotku W, JIx/cm2:
X——2,2;—0——2,3; —A——2,5; ® — 9yBCTBUTEIHHOCTh K METaHy 0€3 UMITYIILCHOH JIa3epHOI1 00padoTku [5];
BO BCTaBKE — 3aBUCUMOCTH S 0T W nipu noctossHHOI Temneparype 240 °C u Cepy = 2000 ppm
Fig. 2. Dependence of the sensitivity S of SnO,(Ag) layers on temperature 7 at the energy density
of pulsed laser annealing W, J/cm?: —x——2.2; —o——2.3; —A——2.5; € — sensitivity to methane
without pulsed laser processing [5]; the inset shows the dependence of S on W/
at a constant temperature of 240 °C and of Ccyy = 2000 ppm

Ha puc. 3 mpuBeneHsl pe3ynbTarbl U3MEPEeHUI TeMIlepaTypHOW 3aBHCHMOCTH YyBCTBHTEIBHOC-
i S(7) cnoeB SnO,(Ag) nmocne NJIO npu mnotaocTr sHepruu MJIO W= 2,3 JIx/cM?2 1 KOHIICHTpAIUH
Metana Ceyy B Ananazode 2000-20 000 ppm. Ha BctaBke n300paskeHa 3aBUCIMOCTD 1yBCTBHTEIBHOC-
1 S ot wiotHOcTH AHeprun UJIO npu Cery = 20 000 ppm u Temneparype 240 °C. Ha BcraBke mo-
kazano, uto mocie MJIO mpu W= 2,3 Jx/cm? u T = 240 °C mocTuraercst 9yBCTBUTENBHOCTE S = 1,7
Tutst KoHTieHTparnui Mmetana Ceopy = 20 000 ppm.
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Puc. 3. 3aBucHMOCTb 4yBCTBUTENBHOCTH S cnoeB SnO,(Ag) oT TeMmepaTypsl 7 IpH IIIOTHOCTH SHEPTUH
UMITYJIbCHOM J1a3epHoit 06pabotku W = 2,3 Jix/cm? nust KoHueHTpanun Metana Cepy, ppm: —o— — 2000;
—m—— 10 000; —A—— 20 000; Bo BcTaBke — 3aBUcUMOCTb S 0T W nipu 240 °C u Ccpyy = 20 000 ppm
Fig. 3. Sensitivity dependence of S layers of SnO,(Ag) on temperature 7 at energy density
of pulsed laser annealing W = 2.3 J/cm? for methane concentration Ccypy,, ppm: —0—— 2000;

—m—— 10 000; —A—— 20 000; the inset shows the dependence of S on W at 240 °C and Ccyy = 20 000 ppm

[Ipu nHTEpIpEeTaluK pe3yNnbTaToB HEOOXOAUMO PUHSITH BO BHUMaHHE, 4To SnO, UMEeT BBHICOKYIO
OINITHYECKYIO MPO3PAYHOCTH AJIs JIa3epHOTo u3inydeHus ¢ A = 0,69 um [13] mo cpaBHEHHIO C HETPO3-
pPaYHBIMU U MJIa3MOHHO-aKTUBHBIMH HAHOKPHCTaJJIaMu cepeOpa, BCIeJACTBUE YeTo Ha HaYallbHOM cTa-
N UMITYJIBCHOTO Ja3epHOTo 00mydeHuss HarpeB ciiosi SnO,(Ag) MPOUCXOIUT B OCHOBHOM 32 CUET
MOTJIOIIEHHS U3Iy4eHUs HaHouacTHaMu Ag. [Ipu 3ToM Ba)KHO yUUTBIBaTh, UTO TEMIIEPATypa IUIaB-
nenust Ag (962 °C) cymectBeHHO HIKe, 4eM y SnO, (1630 °C). C y4eToM HEpaBHOBECHOCTH TPO-
Lecca HarpeBa HAaHOCEKYHIHBIMH HMITYJIbCAMH, a TaK)Ke HU3KOH TEIUIONPOBOAHOCTH Ha TPaHHUIIAX
3epeH SnO,/Ag ¢ 0onbIIOH H0NIell YBEPEHHOCTH MOKHO IMoJlararh, YTO MPU OOMYYCHUH Jla3epHBIMU
UMITYJIbCaMU TTOCJIE0BATENIEHO MPOUCXOAT HarpeB HAHOKPUCTAIUIOB cepedpa, UX IUIaBIeHUE, 3aI10l-
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HEHHME HAaHONOP M MEK3EPEHHBIX HECIUIOMIHOCTEH. DTH MPOLECChl 3aBEPLIAIOTCS] PEKpUCTATN3alNeH
ciost SnO,(Ag) U COOTBETCTBEHHO MOAMMUKAIMEH CTPYKTYphl MEK3EPEHHBIX TPaHUI. MOXHO Tak-
K€ TPEIIOJIOKHUTh, YTO MPH MOBBIIICHUH IUIOTHOCTH 3HEPIHU JIA3€pHOTO M3JIyueHHs oOuias TeMmIie-
patypa ciost SnO,(Ag) CymecTBEHHO BO3PACTACT, UTO MPUBOIUT K YACTHUYHOMY OIUIABJICHUIO KPFIC-
tamnoB SnO,, ocobeHHo B nepudepuyueckux (Oonee TOHKHUX) 007acTiIX, a TAKKE B MECTaX MX COMPH-
KOCHOBEHHS C pacIuiaBiIeHHbIMH oOnacTsmu Ag. TakuMm oOpazom, GopmupoBanue cios SnO,(Ag)
CO CTPYKTYpO#, H300pakeHHOU Ha pucC. 1, ¢, MOXKHO OOBSICHUTH, C OJJTHOM CTOPOHBI, TTOCIETOBATEILHO
MIPOUCXOIAIUM IUTaBlIeHueM Ag u SnO,, a ¢ Apyroil — HHTEHCUBHBIM MIpOTeKaHUEeM AU((Y3MOHHBIX
nporieccoB B cnosax SnO,(Ag) mpu mepenade TEIIOBOK PHEPTHH OT HaHOYACTHI] Ag K 3epHam SnO,.
B nononHeHne k 3ToMy IpOMCXOAUT 3alOJTHEHNE KUAKUM Ag HECTUIOIIHOCTEN HAa MEX3EPEHHBIX Ipa-
Hunax SnO,, 4TO NPUBOIUT K HEKOTOPOMY YMEHBLICHUIO CTPYKTYPHBIX HEOJHOPOJHOCTEH U IIEPOXO-
BaTOCTH MOBEpXHOCTHU cI0s SnO,(Ag).

CpaBHeHHE Pe3yIbTaTOB CTPYKTYPHBIX M MEKTPOPU3NUECKUX nccienoBanuil cioeB SnO,(Ag) mo-
Ka3bIBaeT WX XOPOIUIYIO KOppeAIHio. Tak, CTpyKTypHbIE HECOBEPIICHCTBA, HECTITIONTHOCTH U TPAHHUIIBI
paszena ¢ BbIpaXKEHHOM [IEPOXOBATOCTHIO B IIEJIOM SIBJISIFOTCS 00IaCTIMH CKOIUICHHS TOUEUHBIX Ae]ek-
TOB, JUCJIOKALUMH, 16(EKTOB YIIAKOBKH, aTOMOB IIPUMECH, OCTPOBKOB 3arpsi3HeHUN U 1p. O4eBUIHO, YTO
9TH 001aCTH cofiepKaT 000PBaHHBIC AaTOMHBIE CBSI3M PA3IMYHOTO MTPOUCXOXKACHUS B BBICOKOW KOHIICH-
TpaLuH, KOTOPbIe HOPOXKAAIOT IIyOOKHE SHEPreTHUECKUE YPOBHHU B 3alIPELICHHON 30HE U UTPAIOT POJIb
3G PEeKTUBHBIX LIEHTPOB PEKOMOMHAIIMK HOcUTeNel 3apsaa. CiaeayeT OTMETHTD, YTO MIPH XEMOCOpOLINU
ra3oB-BOCCTaHOBUTENEH (METaH) Ha CEHCOPHBIX CIIOSX Ha OCHOBE OKCHIOB MeTauioB (Sn0O,) [8, 14, 15]
B 3THX CIIOAX OXKUJAIOTCS TeHEpaIysi CBOOOAHBIX 3JIEKTPOHOB U YMEHBIIEHHE 3JIEKTPUIECKOTO COIpPO-
TUBJIEHUA. [103TOMY €CTECTBEHHO, UTO JUIS YIyUIIECHHS Ta30BOH YyBCTBUTEIBHOCTH CIOEB HEOOXOIUMO
YMEHbILATh KOJIWYECTBO LIEHTPOB PeKOMOMHAIMU B closix SnO,, T. €. yilydllaTh UX CTPYKTYpHOE Ka-
4ecTBO. B 3TOM ciydyae yMeHbIIEHHE CKOPOCTH PEKOMOMHAIIMK HOCHUTENEH 3apsiaa AOJKHO COMPOBO-
KIATbCs YIYUILICHUEM YyBCTBUTEIBHOCTH CEHCOPHBIX CII0EB. XOPOLIO U3BECTHO (HapUMep, pe3yibTa-
ThI UCCIIEZIOBAaHUM U MOJIEIbHBIE MTpeacTaBieHus [16, 17]), 4To B MOMMKPUCTAIITHYECKUX CIIOAX LIEHTPbI
PEKOMOMHALIUY JIOKAJTM30BaHbI IPEUMYIIECTBEHHO B 00IAaCTH IpaHull 3epeH. B mpeaenbHbIX cinydasx,
KOIJJa IUIOTHOCTh LIGHTPOB PEKOMOMHALMYM HAa IPAHULAX 3€PEH AKCTPEMAJIbHO BBICOKA, OHU MPHOOpe-
TAIOT CBOMCTBa 00JacTeil MPOCTPAaHCTBEHHOTO 3apsiAa C BBICOKHM JIIEKTPUUYECKUM COMPOTHUBICHUEM,
HU3KOW KOHIIEHTpalUKeld U MOJBUKHOCTBIO HOCUTENEH 3apsiia. B ciiydae MOMMKPUCTAIIIMUECKUX CIIOEB
HAaHOMETPOBOM TOJIIMHBI 3TO MOXKET MPUBOIUTH K OCOOCHHO IPaMaTU4eCKOMY YBEIUUYCHHIO MX DIICK-
TPUYECKOTO conpoTuBieHus [18].

Kak cnenyer u3 pesynsraroB [I9M-uccrnenosanuii (puc. 1, ¢), MomuduKanus cTpyKTypsl Mex3e-
peHHbIX rpanull cinoeB SnO,(Ag) npu NJIO npuBoaUT K YMEHBIIEHUIO IEPOXOBATOCTH MOBEPXHOCTU
1 K CIVIAXMBAHUIO I'paHuLl 3epeH. Kpome Toro, 3amojHeHne HECIUIOMIHOCTEH paciyIaBOM KaK TaKOBOE
BBI3BIBACT MMACCHBALMIO0 OOOPBAHHBIX aTOMHBIX CBS3€H Ha MEK3EPEHHBIX TPaHUIAX, @, CICJOBATEIb-
HO, YMEHBIICHHE KOJIMUYECTBA LIEHTPOB PEKOMOMHALIMK HOcUTeNel 3apsina. B aTom ciydae npoucxoaut
YMEHBIIIEHHE CKOPOCTH PEKOMOMHAIIMM HOCUTEINEH 3apsja U, Kak CIeICTBUE, YBEITUUYEHNE IeKTpHye-
ckoil mpoBogumoctu cioeB SnO,(Ag). JelicTBuTeNbHO, U3 pHUC. 2 CIEAYET, YTO YyBCTBUTEIBHOCTD S
Kk MeTtany cioeB SnO,(Ag) nocne MJIO yBenmnmuuBaercs Ha 12 % 1Mo cpaBHEHHIO ¢ TaKOBOH IS CIIO-
eB SnO,(Ag) 6e3 UJIO.

Heo6xonumo, ofHako, OTMETUTh, YTO Hapsdy € YAYUIICHHEM CTPYKTYPbl MEX3EPEHHBIX I'DaHMIL
3a CUET MX OIUIABJICHHS M 3allOJHEHHS MOp, MOIIHBIE JIa3epHbIe UMITYJIbChl HAHOCEKYH/ITHOW JTUTENb-
HOCTU MOTYT NPHUBOAUTH K HEXKENATeJbHBIM MEXaHMUCCKUM HalpsDKEHUAM M AedopmauusM B CIlo-
ax SnO,(Ag). DTo IPOUCXOANT BCIEACTBHE KpaTkoBpeMeHHocTH nporiecca NJIO u pazmmuus B Temriepa-
TypHBIX K03 dunuenTax pacmupenus 3eped SnO,, Ag 1 Marepuaia MoJI0KKH B TBEPIOM H pacIijiaB-
JICHHOM COCTOSIHUSAX. Ipy MaubIx 3HaueHUsIX MI0THOCTH 3Hepruu MJIO MexaHMueckue HanpsLKeHUs,
CBSI3aHHBIE C IIJIABJIEHUEM OTJIENBbHBIX 3€pEH, KOMIIEHCHPYIOTCS 3allOJHEHHEM IO0p U MEK3epEHHBIX
HecomHocTed. OHaKko npu OOIBIIMX MIOTHOCTAX SHEPIUN HAPSIKEHUS CTAHOBSITCS HACTOJIBKO BbI-
COKHMMH, YTO UX peJlaKcalysi BO3SMO)KHA JIUIIb TOCPEICTBOM MaKpPOCKOTMYECKUX AePOopMalinii O0IbIINX
y4acTKOB MJTU Aake Bcero cios. Kak cnenyet u3 pesynsraros [I9M-uccnenosannii, UJIO ¢ mioTHOCTBIO
sueprun W= 2,5 J[x/cm2 u 6osiee IPUBOIUT K TeOpMALIUSIM U MEXaHUUECKOMY Pa3pyIICHUIO JIOKaITb-
HBIX o0nacteit oOmydaemoro ciosi. TakuM 00pazoM, CyIEeCTBOBaHHE AMAana3oHa MIOTHOCTH SHEPTUU
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NJIO, B KOTOPOM MMEET MECTO YAydIlIeHHe ra30Boil uyBcTBUTENbHOCTH (TipH W oT 2,0 10 2,3 Jx/cm?),
MOKHO MHTEPIIPETUPOBATH C MO3UIUH ONTUMAILHOCTH CTPYKTYpHO-(a30BbIX W3MeHeHUH. Hanporus,
yXyALICHHE Ia30BOM 4yBCTBUTEIBLHOCTU B oOmacti W = 2,5-3,2 JI/cM2 MPOUCXOMUT M3-3a CTPYKTYp-
HOH Jerpajgaiii U 9acTUIHOTO pa3pymeHus cioeB SnO,(Ag) mpu cBEpXIOPOTOBBIX HHTCHCHUBHOCTSX
Ja3epHOro O0IyUCHHS.

W3 ananmsa puc. 3 cieayer, 9To YyBCTBUTEIBHOCTH S BO3pAcTaeT HEPOIIOPIIUOHAIEHO YBEITHYSHHTO
KOHIICHTPAILUK METaHa. DTOT (PaKkT MOKHO OOBSICHUTH HApyIICHHEM TMHAMUYECKOTO PABHOBECHSI MEXK-
Jly TIpoIieccaMu aJIcOpOIUU U 1eCOPOIMH MOJIEKYNl MEeTaHa MPH 3aJaHHOM TeMIieparype MOBEPXHOCTH
ciost SnO,(Ag). YkazaHHbIE 0COOEHHOCTH B3aWMOJIEHCTBHS METaHa ¢ MOBEPXHOCTHIO ci1osi SnO,(Ag)
MOATBEP>KAAIOTCS, HAIPUMED, MPEJCTABICHUSIMH O KHHETUKE B3aMMOJICHCTBHSI ra30B ¢ MOBEPXHOCTHIO
TBepABIX Tel B 1eioM [19]. C y4eToM 3TOTO TIpH JOCTATOYHO HU3KHUX TeMIleparypax (puc. 3) u KOH-
neHTpanuu Metana 6onee 10 000 ppm 3ameyisieTcss CKOPOCTh €ro JAeCOpOIUU ¢ MOBEPXHOCTH CJIO-
eB SnO,(Ag). YBennuenne koHIeHTpanuu Metana 10 20 000 ppm NpuBOAMT K AaNbHEHIIIEMY 3aMelie-
HUIO CKOPOCTH €To necopOumu mpu 3aganaoi temmneparype 240 °C. B pesynbsrare IpoucxoauT IepeHa-
CBIILICHUE METAHOM MOBEPXHOCTHU UcciaenryemMoro ciaos SnO,(Ag).

3aKiIroueHue

1. UccnenoBana 9yBCTBUTEILHOCTE K MeTaHy ci10eB SnO,(Ag) mocie UMITYJILCHOM JTa3epHOM 00-
pabotku. Ciion SnO,(Ag) GpopMHUpPOBaINCh METOOM MAarHETPOHHOTO PACIbUICHUS MUIICHH Sn + Ag
C MOCNEAYIOMUM TEPMUYECKUM OKHUCIEHHEM Snj ¢sAg) 35 B atMocdepe kucaopona B Teuenue 30 MuH
npu T = 650 °C. UmnynecHas na3epHast 00padoTka cioeB SnO,(Ag) 3akioyanach B BO3IEHCTBUU 01~
HOKPAaTHBIMHU UMIIYJIBCAMH C IUIOTHOCTBIO Hepruu W= 1,5-3,2 J)/cm? Ha e BOIHBI A = 0,69 MKM
MIPH JUTUTETHHOCTH JIA3€PHBIX UMITYIIbCOB 80 HC.

2. IontBepxaeno ¢opmupoBanne cinos SnO,(Ag) BCIEACTBHE TEPMHUECCKOTO OKHCICHHS Sn
B c110€ Sng 65Ag 35, @ TAKIKE CErPeraMoHHoe nepepacnpenencuue Ag u Sn B SnO,(Ag).

3. UyBcTBUTENBHOCTH ciioeB SnO,(Ag) K METaHy UCCIIE0BANIACh B JHara3oHe KOHIEHTpAlui Me-
taHa Ccyg oT 2000 1o 20 000 ppm. MmnynbcHas nazepHas oopadotka cioeB SnO,(Ag) npu MIOTHOCTH
sreprun W = 2,3 JIx/cM2 NPUBOAUT K YBEIMUCHUIO YyBCTBUTEILHOCTH K MeTaHy /10 12 % 1o cpaBHe-
HATO co cnossMu SnO,(Ag) HEMOCPEICTBEHHO MOCIIE TEPMUUIECKOTO OKUCIICHUSI.
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AnHoTtanust. [Ipemmaraercs aeKTpudecKie CBOMCTBA MIICHOYHBIX CTPYKTYP, COCTOSIINX M3 JBYMEPHBIX CIIOEB,
00pa30BaHHBIX HAHOKPUCTAJUIMYECKMMHU 3€pHAMH IOJIYIPOBOAHMKA, MOJEINPOBATh IKBHBAJIEHTHOW CXEMOH.
B naHHO# cxeme cOoeqMHEHHBIC ONpEAEICHHBIM 00pa3oM PE3HUCTOPBI MOKA3bIBAIOT COMPOTUBIICHUE TOKOIIPOBO-
JSIIINX KaHAJIOB B METAJUTMUECKUX KOHTAKTaX K HUM, MaTepraia 3epeH, MeXK3EPEHHBIX U MEKCIIOEBbIX MTOTEHIIN-
JIBHBIX OapbepoB. YHCIEHHBIM MOJECITUPOBAHUEM YCTAHOBJIEHO, YTO pacIpe/eIeHie TOKa MO IUIONa i KOHTaK-
TOB CYIIECTBEHHO HEOAHOPOIHO. [10THOCTD TOKa Ha Nepudepruu KOHTAaKTOB MOXKET B 3—6 pa3 MpeBbIIaTh 3TOT
TIOKa3aTeNnb B UX IEHTpe. BennunHbl e JIOKaIbHBIX TOKOB M MX PAcIpeiesieHne 10 00beMy CIOHCTBIX IICHOK
3aBUCST OT UX 3€PHUCTOCTH, KOJIMYECTBA CIIOEB M JICKTPOHHBIX CBOHCTB MOTECHIHAIBHBIX 0apbepoB MEXIY 3€p-
HaMH U CIIOSMHU.

KaroueBbie cioBa: MOAEIMPOBAHHUE, CIIOUCTAs IUIEHKA, SKBMBAJICHTHAs CXEMa, PE3UCTOp, MOTEHLUANIbHBIH
Gapbep, HUTPUA yIiieposa, HaHOKPHCTAII.
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BuaaronapHocts. ABTOphI npu3HatenbHbl A. JI. JlaHmmioky 3a mone3Hoe oO0CyKIEHHE MPEIOKECHHON MOaeIH
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RESISTOR MODEL OF LAYERED FILM STRUCTURES
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Abstract. Electric properties of film structures consisting of two-dimensional layers, composed by nanocrystal-
line grains of a semiconductor are proposed to be modeled with an equivalent scheme, in which resistors indicate
electrical resistance of current channels in metallic contacts, grain material, potential barriers between grains and
layers. Numerical simulation within the model has shown that there is a nonuniform current distribution over the
area of the contacts. Current density at their edges can be 3—6 times higher than in the center. Local currents and
their distribution in the film bulk are determined by the grain structure of the film, number of the layers, electronic
properties of the barriers between grains and layers.

Keywords: modeling, layered film, equivalent scheme, resistor, potential barrier, carbon nitride, nanocrystal.
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BBenenue

OTtkpeiTHe Ha npuMepe rpadena [1] mpUHIUNHATEHOW BO3MOXKHOCTH TOJIYYaTh M HMCIOJIH30BaTh
B DIICKTPOHHKE, (HOTOHWKE, (oToKaranmsze ABYMepHBIC (2D) cIoWCTBIE CTPYKTYPHI CTHMYJIHPOBAIIO
HCCIIEIOBAHUS aHAJOTMYHBIX IO CTPYKTYpe MaTepuasoB. MX nepeueHb ObICTPO MOMOIHUIN AUXATbKO-
TeHU/IbI TIEPEXOIHBIX METAIJIOB, HUTPHU Oopa, rpaduTononoOHbIN HUTpHUL yriepoaa (g-CsNy) u npyrue
MaTepHalibl ¢ TeKCAarOHANbHON KPUCTAUIMUECKON perieTkor [2, 3]. BonbmIMHCTBO 3TUX MaTepHaioB
MIPOSIBJISIIOT TIOJTYIPOBOJHUKOBBIE CBOMCTBA B 00BEMHOM COCTOSIHUU. B MJIOCKOCTH ClIOEB TaKWX Mare-
pHAJIOB COCEAHNE aTOMBI 00Pa3yIOT TOCTATOYHO CUIIbHBIE, OOBIYHO KOBAJICHTHBIE CBS3H, B TO BPEMs KaK
MEX/Ty OTJeJIbHBIMH CIIOSIMH MOHOMOJICKYJISIPHOM TONIINHBI IEHCTBYIOT cialbie cuiibl BanH-nep-Bans-
ca. OTo onpeaessieT 3JIeKTPOHHbIE, ONITHYECKUE, MEXaHUIECKHE U ITPOYNE CBOWCTBA JAHHBIX CTPYKTYP.
VYpasneHre UMU NPEACTABISIET aKTyaIbHYIO 3aauy.

Ilenp MpOBENEHHBIX UCCIENOBAaHUN — PAa3BUTUE MPEJCTABICHUN O IMPOTEKAHUU SJIEKTPHUUECKOTO
TOKa B MHOTOCJIOMHBIX IUIEHOYHBIX CTPYKTYpax IyTeM MX MOJAEIMPOBAHMS C MCIOJIH30BAHUEM pe3HcC-
TopoB. IIpu 3TOM BIiepBBIE YUTEHO HATUYME OTIMYAIOLIMXCS MO 3JIEKTPUYECKUM CBOMCTBAM MeXK3e-
PEHHBIX I'PAaHUIL B IUIOCKOCTH CJIOEB U MEXCJIOMHBIX I'PaHMIL, 00pa3yloIuX NOTEHIUAIbHbIE Oapbephl
JUIsl TIOBMYKHBIX HOCHUTENEH 3apsa.

Monenb c10MCTHIX IJIEHOYHBIX CTPYKTYP

Mogenupyemas CJIOUCTas INICHOYHAsI CTPYKTYpa B AIBYMEPHOM TIPEACTABICHUH TTOKa3aHa Ha puc. 1.
B nanHO# pe3uCTOPHOI MOJIENN UCTIONB3YIOTCS JIBa TUIIA OJIOKOB: MPOBOSIIUH 1 H30Iupyrommuii. [Ipo-
BoJsIIME OJOKK OyayT padoTaTh Kak pe3UCTOp ¢ HU3KHM CONPOTHBICHHUEM, a M3OJIHUPYIOIINE — Kak
PE3UCTOP C BBICOKUM CONPOTHBIEHHEM. [Ipenonaraercs, 4To Bce CIIOU CTPYKTYPBI COCTOST U3 OPUEH-
THUPOBAHHBIX B INIOCKOCTH KOHTAKTUPYIOIIUX IPYT C IPYTOM MOHOKPHUCTAJUIMYECKHUX 3€PEH IOJIYIIPO-
BojiHMKA. Ha nX rpanunax u3-3a HapyleHHs EPHOJUIHOCTH PACIIOIOKEHHsI COOCTBEHHBIX aTOMOB Ma-
Tepuasa Win aJcopOLru MpuMecei 00pa3yrTcs MeX3epEHHbIE MTOTCHIMAIBHbIC Oapbepbl, BIHSIOIIIE
Ha MPOTEKAHUE HICKTPUIECKOTO TOKA B INIOCKOCTH KaXJIOTO CJIOS.

Layered film

11 Me 11
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Puc. 1. Crroncras mieHoYHast CTpyKTypa ¢ MEXK3EPEHHBIMHI U MEXKCIIOWHBIMH T'PaHUIIAMHI
U €€ DKBHBAJICHTHAsI MIEKTPHYECKasl cCXeMa
Fig. 1. A layered film structure with intergrain and interlayer boundaries and its equivalent electrical circuit
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Bruto mpuHATO, 4TO BCE 3€pHA B CJI0€ HMEIOT OIMHAKOBYIO TOJIIHNHY, BCIIEICTBUE YETO MEKCIIOHBIE
IpaHMILIBl, BO3HUKAIOLIME 33 CUET B3aMMHOIO CMEIICHHMS CIOEB M BO3MOXXHOM afcopOIMu IMpUMecei,
OKa3bIBAIOTCS apaJlIeTIbHBIMU TOBEPXHOCTH MJIeHKH. KadecTBeHHOE OATBEpKIeHHE 000CHOBAHHOCTH
TaKHUX TPEACTABICHUN MOyYeHO NP aHAJTU3E MONEPEYHOr0 CeUEHUSI MHOTOCIONHBIX TUIEHOK g-C3Ny,
c(OPMHUPOBAHHBIX METOJIOM XUMHYECKOTO OCAXKJCHUS M3 ra30Boi (a3bl Kak Ha aMOP(HBIX CTEKIISH-
HBIX, TaK ¥ Ha MOHOKPHUCTATHICCKAX KPEMHHUEBBIX MOIOKKAX [4]. DIeKTpUIeCKre CBONCTBA KaXI0-
TO THITa TPAaHUI] IPUHUMAITN OJMHAKOBBIMHU BO Bce cTpykType. [IpoTekanme Toka B paccMarpuBaeMoit
CTPYKTYpEe aHAIM3UPOBAIIN B INIOCKOCTH IJICHKH, UCTIOB3YSl OMUUECKUE KOHTAKTHI U3 MPOBOAHKKA (Me)
Ha ee MOBEPXHOCTH. B 3TOM cilydae mou1okKy cuuTaai H30rpyrouie. AHalIn3 NpoTeKaHus ToKa mep-
NEHAUKYISPHO IIIOCKOCTH MJICHKH MPOBOIMIN B MIPEIOI0KEHUH XOPOIINX TOKOITPOBOJSIINX CBONCTB
TTOJUTO’KKH 1 HAJIMYHSI K HE OMUYECKOTO KOHTAKTa.

Ilpennaraemasi SKBHUBaJICHTHasi CXeMa MOJEIUPYEMOM MHOTOCIOMHOM TJIEHOYHOU CTPYKTY-
pHI (puc. 1) mocTpoeHa U3 Pe3UCTUBHBIX AIEMEHTOB, OTPAKAIOIINX: R — COMPOTUBIEHHE TOKOITPOBOIS-
LIMX KaHAJIOB M3 METAJUINYECKOI'0 KOHTAKTa B IIEPBbIM OBEPXHOCTHBIN CJION MJICHKHU (IIPEANONaracTcs,
YTO KOJIMYECTBO TAKUX KaHAJIOB PaBHO 271, TI€ 1 — KOJIMYECTBO MOHOKPHUCTAIUINYECKUX 3€PEH MOTYIIPO-
BOJTHMKA, KOHTAKTHPYIOLINX C METAJUTMYECKUM KOHTAKTOM); R, — CONPOTHUBIICHHE MaTepraia KpucTal-
JMYECKOTO 3€pHA; R3 — CONPOTHBICHUE MEXK3EPEHHOTO Oaphepa; R4 — CONPOTHUBIICHHE MEKCIOMHOTO
Oaprepa. Mexx3epeHHBIE 1 MEeKCIIOMHBIE Oaphephl CHUTAIN CHMMETPUYHBIMH IO CBOUM AJIEKTPHUIECKIM
cBoiictBaM. COTIPOTHBIICHHS MEXCIOWHOTO Oaphepa R,  3epHa R, BHIOMpaN paBHBIMH ITOJIOBHHAM
COOTBETCTBYIOIIMX IOJIHBIX BEJIMYHH AJIS1 yUeTa MEePEKPBITUS 36PeH B COCEAHUX CIosiX. B mepBom mpu-
OJMKEeHWU BCE HAa3BaHHBIC CONMPOTHBICHMS HE 3aBHCENU HU OT MPHJIOKEHHOTO K HUM HaIlpsKSHUS,
HU OT MPOTEKAIOIIETO Yepe3 HUX TOKa.

Pacuet TOKOB, TPOTEKAIOMINX YePEe3 DIEMEHTHI ITPEI0KEHHON HKBUBAJIEHTHOM CXEMBI, OCYIIIECTBIIS-
JIU B TIpOTpaMMHOM KoMmIutekce Micro-Cap 12. I1pu 3ToMm, onrpasich Ha OTICHKH dJIEKTPHIESCKAX CBOMCTB
MOJIYIIPOBOJHHUKOB M MOJYNPOBOJHUKOBBIX HAHOCTPYKTYp, NpuHumManu R; = 0,01 Om, R, = 10,0 kOm.
KonnuecTBo kaHaJI0B MPOBOJUMOCTH /1 C CONPOTHUBIEHUEM R; MEXIY METaNINYECKUM KOHTaKTOM U
IUIEHKOH M3MEHSUIH OT 2 a0 12. JIis OLleHKH pOJIM MEK3EPEHHBIX M MEXKCIOHHBIX 0apbepoB COMpO-
TUBIEHHUS R3 U R, 3anaBamy pasasiME 100, 200 1 300 kOM B codeTaHusIX, 00ecreunBaromux Ry < Ry,
Ry =R, Ry > R,. KosinuecTBO MEK3EpEHHBIX TPAHULL B OJTHOM CJI0€ MEX]y JBYMsI IOBEPXHOCTHBIMU
KOHTaKTaM{ TPUHUMAJIA PaBHBIM 14, a KOTUIeCTBO ciaoeB N B ITuIeHKe m3MeHsutr oT 1 mo 12. Pacde-
THI BHITTOJTHSITH JJ11 (PUKCHPOBAHHOTO TIOCTOSTHHOTO HampsbkeHus 10 B Mexay aByMst TOBEpXHOCTHBI-
MH KOHTaKTaMH MPH NPOTEKaHWU TOKA B IUIOCKOCTH IUICHKH WJIM MEXIY MTOBEPXHOCTHBIM KOHTAKTOM
Y TIPOBOJISIIEH MOAIOAKKON MPU MPOTEKAaHUU TOKA MEPIEHIUKYISPHO MIOCKOCTH MIEHKH.

Pe3y.]'[l)TaTbI HCCJ’[C}IOBaHHﬁ H UX oﬁcyme}me

BBuny 3a10:KeHHON B MOJIEIN CUMMETPUYHOCTHU JICKTPUUECKUX CBOMCTB BCEX AIIEMEHTOB MHOTO-
CJIIOWHOM TUICHKH, PACCUUTAHHBIC BEIMUMHBI MPOTEKAIONIUX YePe3 HUX TOKOB HE 3aBUCENH OT IOJISIpP-
HOCTH TIPWJIOKEHHOTO K KOHTAKTaM HaINpsDKEHUS. PacmpeneneHne TOKOB B MHOTOCIIOWHON TIJICHKE IO
1 BOJTM3W TIOBEPXHOCTHOTO KOHTAKTA K HEH MPH MPUIIOKEHUH HAMIPSDKEHHSI MEXKTY IByMsI TOBEPXHOCT-
HBIMH KOHTaKTaMH HILUTFOCTPUpPYET puc. 2. TOkM B TOPU3OHTANBHBIX LEMSAX YKa3bIBAIOT HAIpPaBJICHUE,
B KOTOPOM PAacIoyiaraeTcs BTOPO, HE MOKA3aHHBIA HA PUCYHKE, KOHTAKT. BeIHMUMHbI U HApaBiIeHUs TO-
KOB ITPU NIPUJIOKCHUN HATIPSKSHUST MEXKJTY JIBYMSI [IOBEPXHOCTHBIMU KOHTAKTaMH ITPUOOPETAIOT 0COOCH-
HOCTH, CBSI3aHHBIC C BIMSHUEM KaK MEK3EPCHHBIX (depe3 R3), TaKk U MEXKCIIOCBBIX 0apbepoB (Uepes Ry).

B pacmpeerieHud TOKOB 3aMETHBI JIBE XapaKTE€PHbIC 0COOCHHOCTH. Bo-NepBhIX, MakCUMaIbHBIN
TOK Yepe3 KOHTAKT MPOTEKAET CO CTOPOHBI, OMIKaiiiiei Ko BTopoMy MOBEpXHOCTHOMY KOHTakTy. Benu-
YHHA 3TOTO TOKA B MAThH-IIECTh pa3 OOJIbIIE TOKA, IPOXOASIIETO Yepe3 COCEHUE CO CTOPOHOM 00IacTH.
Bo-BTOpEIX, HalpaBiIeHNs TPOTEKAHHUS MEKCIOWHBIX TOKOB MOTYT OTJIHYAThCSI B COCETHUX OONACTSX,
KaK 3TO OTMEUEHO Ha puc. 2. [Ipuyem KonmuecTBO KaHAJIOB C UHBEPCHBIM MPOTEKAHUEM TOKA YBEIHUU-
BAeTCS MPHU COMPOTHUBIICHUH MEX3EPCHHBIX 0APhEPOB, MPEBBILIAIOIIEM COMPOTUBICHUE MEKCIOHHBIX
0apbepoB (R3 < Ry).

B camoii iienke, Kak MOXXHO OBIITO ¥ O’KUAATH, HAUOOBIITHI TOK IPOTEKAET B IIEPBOM ITOBEPXHOCT-
HOM cioe. PacueTHble maHHbBIE, IPUBEICHHBIC HAa PHC. 3, TOKAa3bIBAIOT, YTO €r0 BEJIMYMHA CYIIIECTBEHHO
3aBUCHUT KaK OT MEX3EPEHHOTO COMPOTUBICHUS Rj3, TaK U OT KOJIMYECTBA KAaHAJIOB MPOBOAUMOCTH H,
10 KOTOPBIM HOCUTEIH 3apsifa MOonagaloT U3 KOHTAKTa B 3TOT CIIOi.
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Puc. 2. Pacipenenenre TOKOB B 0071aCTH OTHOTO M3 KOHTAKTOB K YETHIPEXCIOMHOM TUIEHKE ¢ 12 MeK3epeHHBIMU
I'PaHUIAMU B KXKJJOM CJIO€ IIPU HAJIMYMHU YEThIPEX KaHAJIOB IIOCTYIJICHUSI HOCUTENeH 3apsiia U3 KOHTAKTa
¢ conpoTuBieHueM R u npuiokeHuu 10 B Mexay 1ByMs MOBEPXHOCTHBIMH KOHTakTaMu: a — Ry = 10 kOM,
R; =100 kOm, R, =300 kOm; b — R, = 10 kO™, R; = 300 kOmMm, R, = 100 kOM (u = MKA; n = HA; p = 1A; f= pA)
Fig. 2. Current distribution around one of the contacts to three-layers film with 12 intergrain boundaries in each layer
and 4 channels for charge carrier from the contact with resistance initiated R; by 10 V bias between two surface contacts:
a—R,=10kQ, Ry =100 kQ, R, =300kQ; b— R, =10kQ, R; =300kQ, R, =100 kQ (u=pA; n=nA; p=pA; f=fA)

[TockonbKy BemMYMHA 71 KOPPEIUPYET ¢ KOJTMUECTBOM KPUCTAIUITMUECKUX 3€PEH Marepuaia IIeHKH,
HaXOAALIMXCS IO/ KOHTAKTOM, MOXKHO 3aKJIIOUHUTh, YTO 3€PHUCTOCTD IUIEHKU SIBJISICTCSA BasKHBIM (DAKTO-
POM, KOHTPOJINPYIOIIMM TOK B IIOBEPXHOCTHOM cJioe. B ciosix, nexaImux 1moj] MOBEpXHOCTHBIM CIIOEM,
BEJIMYMHBI IPOTEKAIOLINX TOKOB YMEHBIIAIOTCS B HECKOJIBKO pa3. TeM He MEHee 110 Mepe YBEIHUEHUs
KoJM4ecTBa cjaoeB N oOmui TOK BO3pacTaeT U JOCTUraeT HachlmeHus npu N = 6—12, kak 9T0 BUIHO
u3 puc. 4. CaegyeT OTMETUTb, UTO B ClIydae OJHOCIOMHOI0 MaTepualla pe3sucTopsl R, B SKBUBAJICHTHYIO
CXeMy HE BKJIFOYAIOTCS, a, CJIEJ0BATEIbHO, HE BIMAIOT Ha IIPOTEKAIOIUI TOK.
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Puc. 3. 3aBucUMOCTb BeJIMYMHBI TOKA, IPOTEKAIOLIETO B IEPBOM HOBEPXHOCTHOM CJIO€ YETHIPEXCIIONHON MIIEHKH,
OT 71 C CONPOTUBJIEHUEM R| MEXKIy METANINYECKUM KOHTAKTOM M IJICHKON
IIPU PA3IUYHBIX CONPOTUBIEHUSX R3 1 HanpsbkeHuu 10 B,
MIPWIIOKEHHOM MEK/1y JIBYMs TIOBEPXHOCTHBIMU KOHTaKTaMu (R4 = 200 kOm)
Fig. 3. Dependence of current flowing in the first surface layer of a four-layers film as a function of the number
of n conducting channels with the resistance R; between metallic contact and the film with different intergrain
resistances R; and 10 V bias between two surface contacts (R4 =200 kQ)
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Puc. 4. 3aBucuMoCTh 00IIIETr0 TOKA, TPOTEKAIOIIETO B IIIOCKOCTH CIIOUCTOH IJICHKH,
OT KonngecTBa cioeB N mpu HanpspkeHuH 10 B mitst pa3nudsbix Ry 1 Ry
Fig. 4. The current flowing in the plane of the layered film as a function of the number of layers N
at 10 V for different R; and R,

3HaueHHe TOKa HACBILICHUS 3aBUCUT KaK OT a0CONIOTHBIX 3HaUe€HUH R3 U Ry, Tak U OT UX COOTHO-
menusi. O4eBHIHO, UTO NpU R3 > Ry, IO CpaBHEHUIO €O ciydaeM R3 < R4, OoJibliee KOINYEeCTBO CIOEB
BKJIIOYAETCs B IEPEHOC HOCUTENEH 3apsiia, Co3/1aBasi MapaljiesibHble KaHaJbl IS IPOTEKaHHsI TOKa. DTO
HE TOJIBKO TPUBOJIUT K BO3PACTAHUIO TOKA HACBIIIEHHSI, HO U JIeIaeT CaMO HACHIIIIEHHEE C YBETUUEHUEM
KOJTMYECTBA CIIOEB MEHEEe BBIpPAKEHHBIM. BenndmHa ToKa, MPOTEKaIoIero NepreHANKYISIPHO TIOCKO-
CTU IUICHKH, T. €. IPU HNPUIOKCHUN HANpPSDKCHUS MEXKIY ITOBEPXHOCTHBIM KOHTAKTOM U TOKOIIPOBO-
JSIILEH MOAJIOKKOM, KOHTPOJIIMPYETCS! UCKIIOYUTENIEHO BEIMUYMHON MEXKCIOEBOIO CONPOTHUBICHUS Ry
1 YMEHBIIAETCSI C YBEIMUEHNEM KOJIMUECTBA CII0€B. Pacnpenienenre TOKoB B TaKOM CTPYKType MOKa3aHo
Ha puc. 5. Kak u B ciydae npoTeKaHus TOKa B TUIOCKOCTH TUICHKH, HAaHOOJIbILas €0 YacTh HPUXOAUTCS
Ha nepuepuitHyIo 001acTh BEpXHEro KOHTAKTa. 3/IeCh €ro BeJIMYMHA B HECKOJIBKO pa3 Oolblie, YeM
B LIEHTPAJIHHON OOIACTH STOTO KOHTAKTA.
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Puc. 5. Pacnpenenenne TOKOB B 007aCTH MIECTHCIOWHON TNICHKH MPH HATWYHHA BOCHMH KaHAJIOB MTOCTYTUICHHS
HOCHUTENeH 3apsia U3 KOHTAKTa ¢ CONPOTHBICHUEM R| u nipuiioxkeHun 10 B Mex ity 1ByMsi KOHTAaKTaMu
(R, =10 kOm, R; = 100 kOm, R, = 300 kOm); u, n, p, f — To e, uTo Ha puc. 2
Fig. 5. Current distribution in the region of a six-layers film with 8 channels for charge carriers to enter
from the top contact with resistance R; and 10 V between two contacts (R, = 10 kQ, R; = 100 kQ, R, = 300 kQ);
u, n, p, f — the same as Fig. 2

OO01uii JKe TOK 3aBUCHUT, IVIaBHBIM 00Pa30M, OT KOJIMUYECTBA TOKOIIPOBOISIINX KAHAJIOB 71 M KOJIHYe-
CTBa CJI0EB N B IUICHKE, KaK 3TO MPOMWLTIOCTPUPOBAHO HA puUC. 6.
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Puc. 6. 3aBHCHMOCTD TOKA, MPOTEKAIOIIETO MEPIICHIUKYISPHO IIOCKOCTH TICHKH
(R, =10 kO™, R; = 100 kO™, R4 =300 kOm), oT N npu pa3jiuuHbIX 1
Fig. 6. Current flowing perpendicular to the film plane (R, = 10 kQ, R; =100 kQ, R, = 300 kQ)
in dependence on the number N for different numbers n

OoOpariaer Ha ceOsi BHUMaHKUE U OOKOBOE PACTEKaHUE TOKA B O0JIACTSIX IUICHKH, JISKAIIHX 3a Mpejie-

JIaM{ BepTUKAJILHOM MPOEKINH Ha HUX BEPXHETro KOHTaKkTa. Pasmep aTux o0mactell 3aBUCUT OT 3EPHHU-
CTOCTH IIJIEHKH, KOPPEIUPYIOIIEH C 1, U KOJInUecTBa CiI0eB N B HEl.
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3aKiIroueHue

Pacuetsl, npoBeieHHBIE B paMKax MPEUIOKEHHON PE3UCTOPHON MOJIENH, MpoLiecca TOKOIEPEHoca
B IUIEHKAX, COCTOSIILIUX U3 ABYMEPHBIX CIOEB, 00pa30BaHHBIX HAHOKPHCTAIIIMYECKUMH 3€PHAMH T10JTY-
MIPOBOAHUKA, TOKA3AJIH, YTO HAMOOJBIIYIO MIIOTHOCTH TOKA CJIEAYET OKUAATh Ha epudepun KOHTAKTOB
K HUM. B 9TO# cBsI3M KOHTaKTBI KpyIiioi (OpPMBI WIIH, 1O KpaiHel Mepe, cO CKPYIIIEHHBIMH KpasiMHu,
ABIISIOTCS. HANOOJIee MPEANOYTUTENbHBIMY IS TTPAKTUYECKOTO MCIIONB30BaHMs. BeTnunHbI e TOKOB
1 UX paclpenesieHue 0 00beMy TaKHUX IJICHOK CYLIECTBEHHO 3aBUCST OT MX 36pHUCTOCTH, KOJIUYIECTBA
CJIOEB U AJICKTPOHHBIX CBOMCTB MEK3EPEHHBIX M MEKCIIOEBBIX IOTCHIUANBHBIX OapbepoB. [Ipeacrasie-
HUE 3THX 0apbEPOB HETMHEHHBIMH 3JIEMEHTaMU SKBUBAJICHTHOHN CXEMBbI TO3BOJIUT CAEIATH CICAYIOMINI
LIar B OIIPENEICHUU U IOHUMAHNUY CTATUYECKUX U JMHAMUYECKUX NIEKTPUYECKUX CBOWCTB TAKOTO poJa

CTPYKTYD.
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AnHoTanus. ['padeH paccMarprBaeTCsl B HACTOSINEE BPEMs KaK OIMH M3 HanOoJiee MePCIEeKTUBHBIX MAaTePHAIOB
JUISL CO3/IaHKsI HOBBIX TIOJIYITPOBOIHMKOBBIX TIPHOOPOB /ISl pa3JIMUHBIX HANa30HOB 4acToT. [lyTeM MopennpoBa-
HUS U3 TIEPBBIX MPUHIUIIOB (ab initio METO) MCCICIOBAHO BIUSHIE BHEITHETO ICKTPHUCCKOTO OISl HA CBOMCTBA
30HHOM JuarpaMMbl MaTeprala rpadana, KOTOPBIH ABISIETC MOAU(HUKANUCH rpadeHa MNPy MUCIOIb30BaAHUU aTo-
MOB BOJIOpO/Ia. YCTAHOBIICHO, YTO MPUIIOKEHHOE K CTPYKType rpadaHa BHELIHEE NEKTPUUECKOE MOJIE TPUBOIAUT
K CYIIICCTBCHHOMY M3MCHEHUIO €TO 30HHBIX JIarpaMM, KOTOPOE CBS3aHHO C U3MEHECHUEM X THIIA. [Ipu Mabix 3Ha-
YEHUSX HAIPSHKEHHOCTH BHEIITHETO DIIEKTPHUYECKOTO MMOJIst, prbmusuresnbHo 10 0,3 a.u. (1 a.u. ~ 51,4 - 1010 B/wm),
HAOJIOAIOTCSl 30HHbBIE JUArpaMMbl rpadaHa ¢ MpsIMbIM MUHAMAIbHBIM 3330pOM JUIsL JOJUHBI [T MEX1y 30HOMH
MPOBOJIMIMOCTH U BaJICHTHOMN 30HOU. C JadbHEUIIMM YBEITHMYCHUEM HATPSKEHHOCTH BHEIIHETO AJICKTPUYCCKOTO
0JIsl 30HHBIC HArPaMMBbl IEMOHCTPHUPYIOT HEIPSAMOW MHUHUMABHBIN 3a30p. [Ipu eiie OOJIbIINX 3HAYCHUAX Ha-
MPSOHKEHHOCTH BHEIIHETO JIEKTPUYECKOTO TOJIsl, KOTopble npeBbimaior 0,8 a.u., 30HHbIE AuarpaMmmbl rpadana
MPHOOPETAIOT BUJI, CBOHCTBEHEHHBIN METAUTMYCCKUM CTPYKTypaM. [loiyueHHBIC 3aBHCUMOCTH M MapaMETPhI
rpad)aHa MOTYT CIYXXHTb OCHOBOW IS CO3IaHHUS HOBBIX T'€TCPOCTPYKTYPHBIX MPHOOPOB, COACPIKAIIMX CIIOH
rpadeHa u Ipyrux moaynpoBOJHUKOBBIX MATEPUAIIOB.

KuroueBble cioBa: rpaden, rpadan, MOAETHPOBAHNE, 30HHAS JHarpaMMa, MOMyTIPOBOHUKOBAs CTPYKTYpa.
Kongaukt uHTEpecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jas uutupoBanusi. MypasnéB, B. B. BimstHre 35eKTprdecKoro Mo Ha CBOMCTBA THIPUPOBAHHOTO TpadeHa /
B. B. MypaBsés, B. H. Mumenko // Joxnansr BI'YUP. 2023. 21 (2). C. 21-26. http://dx.doi.org/10.35596/1729-
7648-2023-21-2-21-26.

INFLUENCE OF THE ELECTRIC FIELD
ON THE PROPERTIES OF HYDROGENATED GRAPHENE
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Abstract. Graphene is currently considered as one of the most promising materials for the creation of new semi-
conductor devices for various frequency ranges. The influence of an external electric field on the properties of the
band diagram of the graphene material, which is a modification of graphene using hydrogen atoms, was studied
by simulating from the first principles (ab initio method). It was found that an external electric field applied to the
graphene structure leads to a substantial change in its band diagrams, which is associated with a change in their
type. At small values of external electric field strength, approximately up to 0.3 a.u. (1 a.u. =~ 51.4 - 1010 V/m),
we observe graphane zone diagrams with straight minimal gap for I" valley between conduction and valence
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zones. With further increase in external electric field strength the zone diagrams show indirect minimal gap.
With even higher values of external electric field strength, which exceed 0.8 a.u., graphane band diagrams take
on a form peculiar to metallic structures. These dependences and the resulting graphene parameters could be the
basis for new heterostructure devices containing layers of graphene and other semiconductor materials.

Keywords: graphene, graphane, modeling, zone diagram, semiconductor structure.
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BBenenue

I'paden cran mpeaMeToM MHOTHX UCCIIEIOBaHU Oarofaps CBOUM 0COOBIM MEXaHUYECKUMHU, DIICK-
TPUUIECKUM W JAPYyruMu cBoricTBaM [1]. Ho ero mcmonp3oBaHue B IMOTYIIPOBOIHUKOBOH AJIEKTPOHUKE
BBISIBJISICT HEIOCTATKH, CBS3aHHBIC C OTCYTCTBUEM 3a30pa MEX/y BaJCHTHOI 30HOW M 30HOM NMPOBOIM-
MOCTHU B 30HHOM Juarpamme. Xumudeckas Moaudukanus rpadena nox Ha3BaHueM rpadan — BOZMOXK-
HOE peleHne 3Toi npobaemsl [2—-5]. I'padan — 3T0 coequHeHue, cocTosmIee U3 ABYMEPHOTO rpadeHa,
KOBaJICHTHO CBSI3aHHOTO C aroMaMu Bojpopoza. ['padan siBnsiercs momynpoBOJHUKOM, KOTOPBIA UMEeT
HOBYIO CTPYKTYPY ¥ HU3KYIO pasMepHOCTh. OH MpeJcTaBisieT co00# MepCreKTUBHYI0 OCHOBY ISt PyH-
JAMEHTAJIbHBIX MCCIENOBAHUN U BO3MOXKHBIX TEXHOJOTMUECKUX MPUIOKEHUH NPH CO3AaHUM Pa3HO-
00pa3HBIX JEKTPOHHBIX MPHUOOPOB.

B crarbe myTem MozpenaMpoBaHMs M3 MEPBBIX NMPUHLUMIOB (ab initio METOX) UCCIEI0BAHO BIUSHHE
BHEIIHETO AJIEKTPUUECKOT0 MOJIsl HA CBOMCTBA TMIPUPOBAHHOTO TpadeHa.

MeTtoa U 0cO0EHHOCTH MOIETUPOBAHUS CBOMCTB HIPUPOBAHHOIO rpadeHa

MopnenupoBaHrie W3 TEpPBBIX NPUHIMIOB BBIMOIHSUIA C TOMOIIBIO MPOrPaMMHOIO KOMILIEKCa
Quantum Espresso, ucnonb3yst psig u3BecTHBIX (yHKIHOHaNoB Perdew-Burke-Ernzerhof (PBE), HSE,
GAUPBE u 0600menHoe rpagueHTHoe npudnmxkenue Buga GGA [6]. [IpumeHsiu cieayroime napa-
METPBI MOJCIIMPOBAHUS: SHEPTHIO OTCeUKH BomHOBOH (hyHKIMK — 40 Ry (1 Ry = 13,605 3B), snepruto
OTCEUKH IJIOTHOCTH 3apsiaa u noreHuuanoB — 160 Ry [7]. 3ona bpuitiosHa npencrasiieHa ¢ NOMOILIbIO
ceTkn Monkxopcta-Ilaka pasmepamu 12x12x1. Jlnsg ycTpaHeHUsT BO3MOXKHBIX Mapa3sUTHBIX OCHMIIIA-
LW SHEPTHH TP BBHITIOJTHEHNN MOJIEITMPOBAHNUS K paCCMaTpHUBAEMON CTPYKType CBEPXY M CHH3Y J00aB-
JSUTUCH CJIOM Bakyyma TontuHon 20 6op kaxeiid (1 6op = 5,29 - 10-11 m).

Ha puc. 1 mokazanbl 0COOCHHOCTH pacroioxkeHus atomoB yrepoaa C u Bomopona H B ctpykrype
st 100 % runpupoBannoro rpadena — rpadana Buna C,H,. Ha puc. 1, a u3o0paxeH By Ha CTPYKTYpy
CBEpXY, T. €. aTOMBI yIJIEpOAa M BOAOPO/Ia PACIIONIOKEHBI B TNIOCKOCTH KOOPJAMHAT Xy, Ha pHc. 1, b — BH]
cOOKY B TIOCKOCTH KOOPJIMHAT ZX.

a b

Puc. 1. OcoberHoCcTH pacnonoxeHus aToMoB yriiepoaa C u Bomopona H B crpykrype rpadan tuna C,Hj:
a — BUJ CBEPXY B IUIOCKOCTH KOOPAMHAT XV; b — BUJ COOKY B IIJIOCKOCTH KOOPJMHAT ZX
Fig. 1. Features of the arrangement of carbon C and hydrogen H atoms in the C,H,-type graphane structure:
a — top view in the xy coordinate plane; b — side view in the zx coordinate plane
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W3 pucynkoB BuaHO, 4to Tpadan Buga C,H, oTHOCUTCS K CTPYKTYypHOHU TpyTIe, KOTOpyio B [3, 5]
Ha3bIBAIOT M30MepoM Tuna chair («kpecno»). CortacHo [3], 3Ta cTpyKTypHas rpymnia OTIHYaeTcs Hau-
OosblIel cTAaOMIBHOCTBIO B CPABHEHUH C JPYTUMH U3BECTHBIMU CTPYKTYPHBIMU IPYTNIIaMH U U30Me-
pamu — stirrup, boat, twist-boat, twist-boat-chair, armchair, tricycle u T. 1.

[Tpu npoBeieHN: MOIETMPOBAHKS Ha HAYaIbHBIX dTarax ObUIH BBITIOJIHEHBI HTEPAIIMOHHBIC TIPOIIe-
Iypbl, 1IeJIb KOTOPBIX — OIPe/IeICHUE TapaMETPOB IEMEHTAPHOM STUEHKH, NCTIOJIb30BAHHOMN JUIs OIIUCa-
HUS UCCIIeyeMOH CTPYKTyphl. B mponecce MonennpoBaHusi yTOYHEHB! KOOPAMHATHI aTOMOB YIJIEpoza
1 BOAOPOJA, 3HAUCHHS MOCTOSHHOM KpUCTalIa ¥ Pl APYTHX MapaMeTpOB C UCIOIB30BaHUEM MOAIPO-
rpamm ve-relax u ve, BXOAALIMX B IPOrpaMMy pw MporpamMHoro xoriekca Quantum Espresso [6]. Dtan
paboT, CBS3aHHBIN ¢ CaMOCOITIACOBAHHBIM U HECAMOCOIIACOBAHHBIM HEPreTHYECKUM MOJCITHPOBAHM-
eM ¢ Tmomolnbto moanporpamm scf u nscf, BXoAAIHMX B MporpaMMy pw, a 3aTeM C HCIOJIBb30BaHUEM
nporpamm bands u plotband, mo3BonmI MOCTPOUTH 30HHBIE AUArpaMMBL. B pesynbrare ObuTH momyde-
HBI JJaHHbIC, CBA3aHHBIC C TOCTPOCHUEM 30HHBIX JUArpaMM U PSIOM APYTHX XapaKTEPUCTHK rpadeHa
u rpagana, KOTOpbIE MOTYT OBITh HCTIOJIB30BAHBI B COCTABE PA3IMYHBIX [€TEPOCTPYKTYPHBIX IPHUOOPOB.
Kak u3BecTHO, QYHKIMOHUPOBAHUE TAKOTO POJia MPUOOPOB OCYIIECTBISIETCS IPH MOAaYe MTOCTOSIHHOTO
HAIPSDKEHUS TMTAaHUS HA UX KOHTAKTBI M IPH (POPMUPOBAHUH TAaKUM 00Pa30M paciipe/elIeHUs DIIEKTPH-
YECKOI0 I10JI1 BHYTPU CTPYKTYPBHI.

Pe3yabTaThl MoeIMPOBaHuUS U3 MEPBBHIX MPUHIIUIIOB MAPAMeTPOB U XapaKTEePUCTUK
TUIPUPOBAHHOIO rpadena

Pesynbrarsl MoieIMpOBaHHUS 1151 HCCIICAOBAHHOW CTPYKTYPbI rpadaHa IpeicTaBieHbl Ha puc. 2, a, 3, 4.
[Toy4yeHHbIe TaHHBIE HAXOMSITCS B XOPOIIIEM COOTBETCTBHUH C pE3yJbTaTaMy, IPUBEACHHBIMU B [2—5].
Ha puc. 2, a mokazana mosy4eHHas ImyTeM MOAETHPOBaHUs ¢ npuMeHeHneM (yHknnoHara PBE 30H-
Has guarpamma 100 % ruapupoBanHoro rpadena (rpadana tuna C,H,) 6e3 uconp30BaHus BHEIITHETO
aneKkTpudeckoro monsi. Pacnpenenenne yposHs @epmu Ha puc. 2, 3 mokazano OykBamu FF. Kak BumHO
u3 puc. 2, a, rpacdan tTumna C,H, xapakrepusyercss MUHIMaJIbHBIM SHEPTETHYECKUM 3a30POM JIJIS JIOJIHU-
Hbl [ Mex 1y BaleHTHOM 30HOM ¥ 30HOM IPOBOAUMOCTH, BeTMYrHa KoToporo ~3,03 sB. MonenupoBanue
JUISL TOU CTPYKTYPhI O€3 BHELTHETO IEKTPUUCCKOTO MOJIs, HO TIPU HUCIOIB30BAHUN JIPYTOTO MPOrpaM-
mHOTO KoMimiekca — CASTEP, mo3Bonniio moyYuTh BEIMIUHY MEHIMAIBHOTO YHEPTETHIECKOTO 3a30-
pa i qomuHE [” MeX Ty BAJICHTHOM 30HOU W 30HOW MPOBOIUMOCTH, paBHYIo 3,5 3B [5].

Scale: AU

-0.7633
-0.6025
-0.4417
-0.2808
-0.1200
+0.0409
+0.2017
+0.3625
+0.5234
+0.6842

EENEENEEOEN

Puc. 2. OcoGeHHOCTH: @ — TIOCTPOEHHsI 30HHOM uarpamMsl i rpadana tuna C,H, 6e3 BHerHero
3JIEKTPUYECKOTO 10N, b — pacnpeeseHre BHEITHETO IEKTPHIESCKOTO OIS BAOJIb IPOAOIBHOM OCH X,
MOCTPOCHHOE Ha (hOHE DIEMEHTAPHOM sTueiiku uist rpadaHa
Fig. 2. Peculiarities: @ — of the zone diagram for C,H, graphene without external electric field,;

b — distribution of the external electric field along the longitudinal axis x,
plotted against the background of the unit cell for graphene
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Ha puc. 2, b mokazaHbl 0COOEHHOCTH paclpeieleHrs] BHEITHETO AIIEKTPHYECKOTO MO BIOJb MPO-
JIOJTGHOM OCH X IJISl DJIEMEHTApHOU stueiiku rpadaHa, KOTopasi COCTOUT M3 IBYX aToMOB yriiepoma C
U JIByX aroMoB Bojiopona H. BHemHee anekTpudeckoe mojie, UMeroInee muiooopasHyro Gopmy, chop-
MHPOBaHO TIpH BKJIOUueHHOM mapametpe tefield B mporpammuom komruiekce Quantum Espresso. [la-
pameTpbl, KOTOPBIMHU OTpeJieNisieTcst (popMa TOTO JIEKTPHUECKOTO TI0JIsl, & UMEHHO — HaIpaBJICHHE,
MaKCUMaJIbHAsl BEJIMYMHA HAMPSOKEHHOCTH, KOOPUHATA MaKCUMAJIBHOM HANPSKEHHOCTH, 30HA, BJIOJb
KOTOPOM AIIEKTPUYECKOE TOJIe YOBIBACT, — 3a/IAl0TCSI BRIOOPOM CIIEHAIBHBIX MapaMeTPOB MOJIEIUPO-
Banus — dir, £, emaxpos, eopreg. [l BCex pe3ynbTaToB MOJIETMPOBAHHS 3HAYEHUE €Maxpos BbIOH-
pasiocs paBHbiM 0,9, a eopreg — 0,1, 4To Mo3BONMMIO cPOPMHUPOBATH PACIIPEACTCHUE IEKTPUIECKOTO
T0J1s1, OJTM3KOE K pacIpelleieHnsIM, KOTOPO€e CKIIa/IbIBACTCS B peajbHBIX MOTYITPOBOIHUKOBBIX MPHOO-
pax Ipy 1ojia4e Ha HUX BHEIIHETO HANPsDKEHUs MUTanus (puc. 2, b). 3nadenus napameTpos dir u Eypy,,
H3MEHSUTUCh, YTO TIO3BOJISUIO M3MEHHUTD HAMPAaBJICHUE MPHIOKEHHOTO AIEKTPUYESCKOTO OIS U €T0 MaK-
CUMAJIbHYIO BEJIMYMHY HAIPSDKEHHOCTH.

Ha puc. 3 moxa3zaHbl TTOJIYYCHHBIC IIYTEM MOJCIIMPOBAHUA 30HHAA AUarpamMmMa u 3aBUCUMOCTD ITJIOT-
HOcTU coctosiHus (mapamerp DOS) ot BenmuuuHbl S3Hepruu E Juis rugprpoBaHHoro rpadena (rpadana).
[Tpu 5TOM 3HAYEHHE AMIUTUTY/IBI HANPSHKCHHOCTH BHELIHETO SIIEKTPHYECKOrO Mojst E,p, NPUHUMA-
nock 1,0 a.u., a dir— 1,0 (mpu BeIOOpE HANpPABJICHUS BHEIIHETO TI0JIS BIIOJIb YCIIOBHOM OCH X). AHAJIN3 3TO-
IO PUCYHKA U IPYTUX PE3YJBTaTOB MOJICIIMPOBAHMUS [TOKA3BIBACT, YTO [TPU 3HAUUTEIHBHOM YBEITUUCHUH MaK-
CHUMaJIbHOM HAIPsDKEHHOCTH BHEITHETO AIEKTPUIECKOTO TOJs, 3HaYeHUsI KOTOpoi mpessimarot 0,8 a.u.,
30HHBIE TUarpaMMebl rpadana mpruoOpPETaroT B, KOTOPHIH CBOMCTBEHEH METAJUIMYECKUM CTPYKTYPaM.

F
4 —T T

DOS,
states/eV

K r M K -20 F 45 10 5

a b

Puc. 3. 3onHas quarpaMma (@) ¥ 3aBECUMOCTD TuIOTHOCTH coctosiHus (DOS) (b) ot sHeprun £
st THIPUPOBaHHOTO Tpadena (rpadaua) npu £, = 1,0 a.u.
Fig. 3. Zone diagram (a) and the dependence of the state density (DOS) (b) on the energy value £
for hydrogenated graphene (graphane) at the £,,,, = 1.0 a.u.

Ha puc. 4 mocTpoeHsl NOJIy4eHHbIE IIyTEM MOJCIUPOBAHUS 3aBUCUMOCTH MUHUMAJIBHOIO MEXKI0-
JIMHHOTO 3a30pa dE, MeX/ly 30HOW MPOBOAMMOCTH U BAJIEHTHON 30HOH /st THPUPOBAHHOIO rpadena
(rpadana) Buna C,H, OT HaNPSIKEHHOCTH BHEIIHETO HJIEKTPUYECKOTO nons K, Puc. 4, b mo3sos-
eT Gosee JIETaNbHO UCCIIENOBATh OCOOEHHOCTH TIOBEICHUs NapameTpa dE, B IMana3’oHe U3MEHEHUs
3Ha4enui £, ot 0,5 10 0,6 a.u. [Ipu stom kpuBas 1 Ha puc. 4, b OCTpPOEHA NMPH HMCIOJIL30BAHUH
¢ynkmmnonana PBE, xpuBas 2 — GAUPBE, kpussie 3, 4 — ¢pynkmuonana HSE. Kpussie 1-3 momydensr
pu BbIOOpe napamerpa dir = 1, T. €. IpU HaNPaBICHUU BHEIIHETO I0JIS1 BAOJIb YCIOBHOM OCH X, KPH-
Bast 4 — ipu BeIOOpe dir = 2 (HampaBiIeHrWe BHEIIHETO IT0JIS BAOJb YCIOBHON OCH ).

Ananu3 puc. 4 MOKa3bIBAET, YTO XAPAKTEP 3aBUCUMOCTU MUHUMAJILHOTO MEXKIOIMHHOTO 3a30pa dE,
MEX,Iy 30HOI MPOBOIUMOCTH M BaJICHTHOM 30HOH JUIs THApUpoBaHHOTO rpadena (rpadana) suga C,H,
OT HANPSDKEHHOCTH BHEIIHETO SJICKTPHUYECKOro moins £, HOCHT CJIOXKHbIM, HEMOHOTOHHBIH Xapak-
tep. llpu Manbix BennuuHax E,,, (10 sHadenuni ~0,3 a.u.) HaOIOIal0TCs 30HHBIE IMarpaMMBl rpadana
C IPSIMBIM MUHUMAJIBHBIM 3a30POM JJISl TOJIUHBI [” MEXy 30HOW TPOBOJMMOCTH W BaJICHTHOM 30HO,
KOTOpBIE [TOX0XH Ha 30HHYIO IMarpaMmy, IpeJICTaBIeHHYIO Ha puC. 2, 4.
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Puc. 4. 3aBHCHMOCTE MHHMMAJIBHOTO MEXIOIMHHOTO 3a30pa dE, MeX Ty 30HOH POBOINMOCTH
¥ BaJICHTHOM 30HOM 1715t TupupoBanHoro rpadena (rpadauna) suna CoH, ot E,,,,:
a — obmas; b — B (Mana3one u3Menenus £, or 0,5 1o 0,6 a.u.
Fig. 4. Dependence of the value of the minimum gap dE, between the conduction zone and the valence zone

for hydrogenated graphene (graphene) of C,H, on the E,,,,,: @ — general; b —in the range of the £,,,,, from 0.5 to 0.6 a.u.

[Ipu panpHEWIIEM YBEIMYCHUH BHEIIHETO SICKTPHUUECKOTO HAMPSIKEHHUS HAONIOMAIOTCS 30HHBIC
JIUarpaMMBI ¢ HETIPSIMBIM MHUHUMAJTEHBIM MEXIOTMHHBIM 3a30poM. [Ipu erre OONbIiX 3HAUYCHUSX Ha-
MIPSKEHHOCTH BHEIITHETO dJIeKTprudeckoro moits (>0,8 a.u.) 30HHbIe AHarpaMMBbl rpadaHa mpruoopeTaroT
BH/JI, KOTOPBIH CBOMCTBEHEH METANIMYECKUM CTPYKTYpaM, 4TO BUAHO U3 pUc. 3. AHAIU3 NPEACTABICH-
HBIX BBIIIC JJAHHBIX MMOKA3BIBACT, YTO MPH MOACIUPOBAHHH IeTEPOCTPYKTYPHBIX MPHOOPOB, KOTOPHIS
HCIIOJB3YIOT rpadan, HeOOX0IMMO YUUTHIBATh BIUSHIE BHEIIHETO AIEKTPHUECKOTO IM0JIs, KOTopoe Ghop-
MHPYETCS TIPHU NMOJAaYE HA KOHTAKTHI CTPYKTYPBbI HANPSIKEHUS IIUTAHUS U JPYTUX CUTHAJIOB.

3akiaouenue

[IpuBeneHbl pe3yabTaThl MCCIIEAOBAHUSI CBOMCTB M XapaKTEPUCTHUK THIPUPOBAHHOTO TpadeHa —
rpadana tuna C,H,. YcTaHoBIeHO, 9TO MPHUIOKEHHOE K CTPYKTYpe TpadaHa BHEIIHEE dICKTPHICSCKOS
I10JI€ MPUBOJUT K CYLIECTBEHHOMY U3MEHEHHUIO €r0 30HHBIX JUarpamMm, KOTOPO€ CBSI3aHHO C U3MEHEHU-
eM ux tuna. [Ipn ManbIX 3HAYEHMSAX HANPSDPKEHHOCTH BHELIHETrO 3JIeKTprudeckoro mois (o ~0,3 a.u.)
HaOII0AAI0TCS 30HHBIC AUArpaMMbl TpadaHa ¢ IpsIMbIM MUHUMAJIBHBIM 3a30pOM AJISL JOJIHMHBI [T Mexk-
Jly 30HO! NPOBOJUMOCTU U BAJIEHTHOH 30HOU. IIpu nanbHeHlIeM yBENMUYEHUN BHELIHETO 3JIEKTpUYe-
CKOTO TTOJIsi HAOJIOAI0TCSl 30HHBIE THAarpaMMbl ¢ HETIPSIMBIM MUHUMAJIbHBIM MEKIOJTMHHBIM 3a30POM.
[Ipu GonpIMX 3HAYEHUSAX HANPSHKEHHOCTH BHELIHETrO 3JIEKTPUUYECKOro o, npesbiuatonx 0,8 a.u.,
30HHBIEC JUarpaMMbl rpad)aHa MpruoOpeTaoT BU, KOTOPBIH CBOMCTBEHEH METAJUINYECKUM CTPYKTYPaM.
[Tonmy4eHHble 32aBUCUMOCTH U HapaMeTpbl rpad)aHa MOTYT CIY>KUTh OCHOBOM JUIS CO31aHHS HOBBIX I10-
JICBBIX TPAH3UCTOPOB M I'€TEPOCTPYKTYPHBIX MPUOOPOB, COIEPKALIMX CIOU rpadeHa U JPyrux Moiy-
IIPOBOJIHUKOBBIX MaTepHasoB.
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Aunnoranusi. VccrenoBana JUCIEPCHsT BOJH MPOCTPAHCTBA-BPEMEHHU, OMKMCHIBAIOIINX MOBEJCHUE KBAHTOBBIX
YACTHUI[ B Cpeax, MMEIOIINX YaCTOThI COOCTBEHHBIX Kojebanuit f. OmnpeerneHsl (a3oBas U TPyMIIOBas CKOPOC-
TH yactuil. Omucanbl TpaHcopMarms HOpMBI JaCTHIILI M3 BOIHOBOM B KOPIYCKYJISPHYIO W 00YCIIOBICHHBIN
9Tol TpaHchopmanueit 3dhdexr HaOmronaTens. OObsiCHEHAa MTHOBEHHAsI mepenada (pa3oBbIX COCTOSHUN YaCTHIL
B HAOIFOMACMBIX SBIICHUSIX TEJICTIOPTAIIMHI W 3aITyTAHHOCTH COCTOSHHUI KBAHTOBBIX 4acTHII. [10SICHEHBI TIPHYHHBI
B PasINUMK HAOIIOMAEMbBIX CKOPOCTEH IPaBUTAIIMOHHBIX BOJIH.

KiroueBble ciioBa: BOJHBI IPOCTPAaHCTBA-BPEMEHHU, TPABUTAIIMOHHBIE BOJIHBI, COOCTBEHHBIC YaCTOTHI cpen,
AUCIICpCus, (1)a3OBI)Ie CKOpOCTH, 3(1)(1)CKT Ha6J'HO,HaTeJ'IH, TeJienopranus, 3alryTaHHbIC KBAHTOBBIC COCTOSIHUSA.

KonpaukTt uuTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHUH KOH(IMKTA HHTEPECOB.

Jos untupoBanmsi. Kypaes, A. A. Jlucniepcust BOJIH IpocTpaHcTBa-BpeMeHH. BoirHoBas 1 KopItycKyisipHast (hOpMBbI
aneMeHTapHoi yactuibl / A. A. Kypaes, B. B. Marseenko // oknaast BI'YUP. 2023. T. 21, Ne 2. C. 27-31.
http://dx.doi.org/10.35596/1729-7648-2023-21-2-27-31.
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Abstract. The article studies space-time dispersion of waves describing the behavior of quantum particles in me-
dia with eigenfrequencies f,. The phase and group velocities of the particles are determined. The transformation
of the shape of a particle from wave to corpuscular and the effect of the observer caused by this transformation
are described. The instantaneous transfer of phase states of particles in the observed teleportation and involution
phenomena of quantum particles states is explained. The discrepancy, observed in gravitational waves, velocities
is explained.

Keywords: space-time waves, gravitational waves, media eigenfrequencies, dispersion, phase velocities, observer
effect, teleportation, quantum states involution.
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BBenenune

B [1] chopmynupoBaHa BoTHOBas THUIOTE3a MPOCTPAHCTBA-BpeMeHU. B Hell pasnmenstorcst Gpusu-
4eckoe 7,7 M PacueTHOE MPOCTPAHCTBO-BpeMs R, T, IpudeM [ MMEET BEKTOPHYIO, 4 HE CKAISAPHYIO

dopmy. B crcreme R, 7T cdopMyIHpOBaHEl MAKCBEIUIONOIOOHBIC YPABHEHHAS [T (PH3HIECKIX KOMIIO-
HEHT 7,1, ONpeelieHbl SHEPIUU TPOCTPAHCTBA M BPEMEHH, CHOPMYIMPOBAH 3aKOH COXPAHEHHS JUIs
HHUX, ONpEENEHbl UCTOYHUKU MPOCTPAHCTBA-BpeMEHH. [10TydeHbl BOJHOBBIE YPABHEHUS IS 7, 1.
BonHoBOI nporiecc, Kak U B 3JIEKTPOMAarHUTHOM I10JI€ BOJIHBI, 00YCJIOBJICH MPEeBpaIlleHHIEeM dHEPTHH 7
B OHEPIHIO [ M HA0OOPOT B TEUECHME IIUKIIA KOJEOAHMI.

B [2] ycTaHOBIIEHBI OCHOBHBIC 3aKOHBI M3Ty4eHUs, pehpakiunu 1 Tuppakiui BOTHOBOW KOMITIOHEH-
TBI IPOCTPAHCTBA-BPEMEHH, OOBSICHEHBI OIBITHI 1O HaOMONEeHHI0 00paTHoro xoaa BpeMeHu. B [3] o1-
MEUEHO, YTO BOJIHBI J1¢ Bpoiisst nAeHTHYHBI BOJIHAM [IPOCTPAHCTBA-BPEMEHH, U3 YETO CIEAYET, UTO dJe-
MEHTapHbIE YaCTHUIIBl SIBISIFOTCS CTPYKTYPHPOBAHHBIMH TAKETaMH BOJH IPOCTPAaHCTBAa-BPEMEHHU.
B [4] paccMOTpeHBI 0COOCHHOCTH PacpOoCTpaHSHHUS BOJH IIPOCTPAHCTBA-BPEMEHH B HEIMHEWHOH Ccpe-
Jie, OKa3arellb IPEJOMIICHUS] KOTOPOH 3aBHCUT OT DHEPTUH € ITAKeTa BOJIH (YacTullbl): n(g) = n, + n, (),
€ =mc? (Tme m — mMacca 4acTHullbl; ¢ — CKOPOCTh CBeTa B Bakyyme). [IokazaHo, 4TO TpaeKTOpHsl POO-
HOW YaCTHIBI-BOJHBI UCKPUBISETCS C MOJOKUTEIBHBIM PaJdyCcoOM KPUBU3HBI OTHOCHTENBHO YaCTH-
LBI-UCTOYHUKA, YTO M OIpEAessieT NPUTSHKEHUE YacTHLl — rpaBuTauuio. B [5] Ha ocHOBe rumoresbl
0 BOJTHAaX MPOCTPAHCTBA-BPEMEHH JIaHO OObSICHEHNE WHBEPCHUHU MMPUYNHHO-CIIEJICTBEHHBIX CBSI3€H, KOTO-
pas HaOMroanachk B OMBITAX IO TEHEPAIH U TIPUEMY CBEPXKOPOTKHX JIA3€PHBIX UMITYIIHCOB.

Takum 00pa3oM, TUIIOTE3a O BOJHAX MPOCTPAHCTBA-BPEMEHH U O MPEICTABICHUH MaTepUaNbHON
YyacTulbl B (hopMe BOJHOBOTO TaKeTa OKa3ajach MOJE3HOH st OOBSICHEHHS MEXaHM3Ma HEKOTOPBIX
(dyHnameHTanbHBIX ABIeHUH. Ho rumoresa npeBpaiaeTcs B TEOPUIO MOCIE OTKPBITHS (PErUCTpalin)
rpaBUTALMOHHBIX BOJH 14 centsiOpa 2015 roga ¢ momompto nasepHoro uareppepomerpa LIGO [6].
Jleno B TOM, 9TO B COOTBETCTBUH C OOIIei TeOpHe OTHOCHUTENHFHOCTH TPaBUTAIIMOHHAS BOJHA — 3TO
BOJTHA KPUBU3HBI POCTPAHCTBA, T. €. MPOCTPAHCTBEHHAs KOMIIOHEHTA BOJIHBI MPOCTPAHCTBA-BPEMEHH.
Kax YKa3aHO BbIIIEC, MTPOCTPAHCTBCHHAA BOJIHA HEC MOXKET CyHICCTBOBATH 0e3 BOJIHBI BPEMCHU — DHCPIruAa
OJTHOW KOMIIOHEHTBI MIEPEXOUT B IPYTYIO JBAXKJIBI 3 MIEPHOJT KOIeOaHMsI TOJJ00HO TOMY, KaK 3TO UMEET
MECTO B 2JIEKTPOMAarHUTHON BOJIHE — SHEPTUSI MAarHUTHOTO IOJISI U DHEPTHUSl DIIEKTPUUECKOTO MO 00-
MEHUBAIOTCS B BOJIHE U B CTOsTUEM IoJie (TTakere BoJH). [Ipu OTKpBITHN TpaBUTAIMOHHBIX BOJIH TaKKe
oOHapyKeH WHTEPECHBIN (PaKT: pErUCTPUPYEMast CKOPOCTH BOJTH O pa3HBIM HAIPABJICHUSM KOJIeOIeTCs
ot 0,55 no 1,42 ckopocTtu cBeTa B Bakyyme. Takoe BO3MOKHO B OTHOIIIEHUH (ha30BOI CKOPOCTH BOJTHBI,
poxonsIIeH B quctepcHoit cpene [7, 8]. [loaTomy rccneoBaHuiO TUCTICPCHH BOJTH MPOCTPAHCTBA-Bpe-
MEC€HH M BBITCKAIOIIUX H3 3TOI'0 ABJICHUA CHCﬂCTBHﬁ, OCO6CHHO B OTHOLICHHWU 3JIEMEHTAPHBIX YaCTHUIL,
MOCBALICHA HACTOSILAS CTAThsI.

)Incnepcnﬂ BOJIH MIPOCTPAHCTBA-BPEMEHU B Heorpa}mqelmoifl oodsacTH

Kak ormeuarnochk BbIllie, B TEOPUH BOJIH MPOCTpPaHCTBa-BpeMmeHu [1-5] pasgensitorcs dusmuec-
xoe 7,7 upacdernoe R,T mpocrpaHcTBo-Bpems (7 — Bektop, T — cKaisp). YpaBHEHHSI, ONPEIEIIsIo-
ume 7,7 B pacdetHoit cucteme R, T, w30MOpdHBI ypaBHEHHSIM MaKcBeIIa /Ui KOMIIOHEHT IEKTPO-
maranTHOTO onst H, E :

o o(kf) _o(kF)

rotrza—T—rO, rott =— +Vp, (1)

rue l;l, l;z — TEH30PHBIE XapaKTEPUCTHKH CPEIBbl paCCMAaTPUBAEMOI 00IaCTH B OTHOIIEHHH BOJH IPO-
CTpaHCTBa-BPEMEHH.

IToka3zarenu k,, k, anamoruunbl € u [i B ypaBHeHHsX MakcBemna. Takke B CMbICIE H30MOp-

¢usma 7, ananorwunsl H, E, Ty, Vy, UMEIOT CMBICI UCTOYHHKOB BUXpPEH 7, {. V3sMeHeHMe >HEprun
BPEMEHHOH &; U POCTPAHCTBEHHOM €, KOMIIOHEHT OIpeaensercs, Kak B [1]:

oT or ’
oT orT
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CormacHo (2), (3), 3aKOH COXpaHEHHsI SHEPTUN MOXKHO 3aIiCaTh B BHJIE
alkt) o(k7
Lolir) o(kr)
oT oT

=0, )

B obmem cmyuae 1€1 = /21 (R’,T f ), lgz = IEZ (E,T ,f ), rae / — dYacTtoTa BOJHOBOTO IIpoIecca.
Jis w3ydeHusl AMCIIEPCHM BOJH MOXHO YIPOCTUTH 3ajauy. JlomycTtum, lgl =k ( f ), k, = k, ( f ),
T. €. MOYKHO CUHMTAaTh CPEy PACHPOCTPAHEHUS BOJIH IPOCTPAHCTBA-BPEMEHN H30TPOITHOM, OTHOPOIHOMN
1 IOCTOSIHHOM BO BpeMeHH. Toraa ¢ yueToM cucTeMsl (1) 3amuInryTcst CIeayonnue BOJIHOBBIC YPABHEHUS
s f,7 B CBOOOIHOMN OT HCTOYHHKOB OOJIACTH (r,=0,v,=0):

2- 27
sz—ié—rzO; V2f—iza—t2=0; v =L.
v orT v-oT kk,

YpaBHeHus (5) SIBISIOTCS CTaHAapTHON (POpMOY BOTHOBOTO YpaBHEHHS JUIS JIFOOOTO 110 (PU3HYECKOMY

®)

COIEP’KAHUIO BOJTHOBOTO MPOLIECCa (B Ya4CTHOCTH, YIEKTPOMATHUTHOTO), V> =1/ k,k, nmeer cmbica paso-
BO# CKOPOCTH BOJIHBI B CBOOOZIHOM OT MCTOYHHKOB M30TPOITHOM OJHOPOJHOM MPOCTPAHCTBE. B criekT-
payibHOU obnactu, onarast 0/ 07T = jo, u3 (5) nomyyaem:
V¥ +k*r=0; V¥ +k*f =0, (6)
2
®
e k*= — = w’kk,.
1

Pemenne (6) nmeeT popMy TITOCKOH BOJTHBI BHIA
¥(T,R)=A(R)e\T™). (7)

B cootBerctBHH € [3], k=P/h, toe P — HMITYJIBC DIIEMEHTapHOM YacTuier, 7 = 1,05 - 1027 apr-c —
niocrosiHHas [lnanka. YpaBHenus (6) u Buj ux penreHuid (7) ajs HEOrpaHUYEHHON 00IacTH COBIAIAI0T
(ecin He pacirdPOBBIBATE CMBICIT 0003HAYCHHI K ) C AHAIOTMYHBIMH YPABHCHUSMI U PSLICHUSMH IS
AIEKTPOMATHUTHBIX BOJIH [7, 8]. DTON aHaIOTHel MOYKHO BOCTIOIB30BATHCS TPU MUCCICIOBAHUN BOJH
MIPOCTPAHCTBA-BPEMEHH.

PaccmoTrpum cirydaii, Kora B cpezie pacipoCTpaHeHUs BOJH CYIIECTBYIOT COOCTBEHHBIE KOJIeOaHUs
C 4acToToH f;) (®( = 27fy):

— TIpY TIPOCTPAHCTBEHHON YaCTOTE f; mapaMeTp k; OyleT UMeTh BUJI

2 2
1 o
_ 0 |_ o |.
ki =ky|1-=% |=ky| 1-— |;
f o)
— MPH BPEMEHHOU YacToTe f, mapamerp k,
2

1o ®
by = | 1= | = | 1= %

JInbo B I[IepBOM, 100 BO BTOPOM CJIy4ac€ OKa3bIBACTCs, YTO
2

K=k 1—% = kk,. (8)

dopMa IHCIIEPCHOHHON 3aBHCHMOCTH k B PAacCMATPHBAEMOM CIydae HEIOCPEACTBEHHO CIIEAYeT

U3 yKe MOIPOOHO U3YUYCHHBIX aHAIIOTUYHBIX CUTYAIIHMH B DJICKTPOJAMHAMUKE IIPH pelieHuu (6) B ciryuae

pacnpoCTpaHeHUs] B HOHU3UPOBAHHOM rase, TJIe POJIb ) UTPAET COOCTBEHHAs! KPYTrOBasi 4aCTOTa MOHH-
2

3UpOBAHHOIO rasa (udacrora Jlenrmropa) o, =

(tme e, m — 3apsia ¥ Macca JNEKTPOHA; €y — M-

g,m
0
DIIEKTPUIECKas TIOCTOSHHAS; Ne — dJIeKTPOHHAs KOHIIEHTpaIHs, 31/cM3). Takum oOpazoM
2
2 _ 12 ][0
k™ =ky|1- F ,

e ky = w/c; ¢ — CKOPOCTh CBETA B BaKyyMe; k = w/vy(f)).

29



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 2 (2023) V.21, No 2 (2023)

CJ'ICI[OBaTeJ'IBHO, (I)a3OBaH CKOPOCTDH BOJIHBI

©

Heo0xoanMo oTMETUTH, YTO B IMCIIEPCHOHHBIX CPE/Iax OMHCAHHOTO THIA BBIMOIHAETCS COOTHOIIIE-
HHUE VyVy. = 2, TJIE V;. — TPYTNOBas CKOPOCTh BOJHBI

(10)

ITonyuennsie s Vo B Vp (opMyIBl MOXKHO TIPUMEHHTH TPH aHAJIM3E HEKOTOPBIX HaOJFOIaeMbIX
SIBJICHUH.

Tpanchopmauus popMbI YACTUIILI U3 BOJTHOBOI B KOPNYCKYJIsIpHYI0. D¢ deKkT HadII01aTe 51

[Tycts pactipocTpaneHne BOTHBI-9aCTHIIBI OTIICHIBAETCS pererneM (7) mpu hopme 3arucu k = ek,
Ie €, — HalpaBleHHe IBUKEHUS BOIHBL. Torma B cooTrBeTcTBHHU C (8) mpu f > f; pa3oBas CKOPOCTH
BOJIHBI Vg, OCTAETCS ISHCTBUTENLHOM, M BOJHOBOU MPOLIECC COXPAHAETCS, T. €. YaCTUIIA IIEPEMEIAETCS
B (popme BOTHOBOTO uMITysbca. Ho 1ipu /< fj CKOpOCTb vy, — MHMMAsl, U BOJIHOBOM IIPOIIECC HEBO3MOXKEH,
a yacTHIla CTAHOBHUTCS TeM OoJiee JIOKaIM3UPOBAHHOM, YeM MeHee f TI0 CpaBHEHHUIO ¢ f;. Pacnipenencuue

YaCTHULBI B IPOCTPAHCTBE R OIIPEALIIACTCS KaK

To ecTh yacTHIa CTAHOBUTCS JIOKAIM3UPOBAHHON M MPHOOpPETaET KOPIyCKyIsapHyto ¢hopmy. Omu-
CaHHOE SIBJICHHE THIIOTETUICCKH MOKET OOBSICHUTE «d((eKT Habmonaresh»: HeHaOmonaeMas 9acTua
BeJieT ce0sl Kak BOJIHA, HO MPU BO3ACHCTBUM HAOMOIATENSI MPOSIBIISET ce0sl Kak Kopnyckyna. Eciu B po-
1ecce HaOMIOZICHHSI €ro BO3JCHCTBUE HA CPEy CO3MAcT B HEll COOCTBEHHBIC KONEOAHHUSI ¢ YaCTOTOH fj),
OoJbIIIeH, YeM 4acTOTa YaCTHIIBI-BOIHBI, TO MMPOUCXOAUT OIMMCAHHBIN BBIIIE MPOIECC TpaHChOopMaIH
YACTULBI-BOJIHBI B YACTUILY-KOPITYCKYILY.

MoskeT OBITh TPEIUIOKEHA U IpyTasi THIOTe3a: B Cpelie Ul KaXKI0H i-i 4YacTUIIBI-BOJIHBI POCTPaH-
CTBa-BpEMEHH CYIIIECTBYET COOCTBEHHAS YacToTa Kojiebanuii fy,;. [Ipudewm fy,; < f;, Tme f; — gacTora i-if gac-
THUIBL. AKT HAOIOCHUS] OTHUMAET ONMPE/CTICHHYIO SHEPTHIO YACTHUIIBI, TAKYI0, YTO f; YMEHBIACTCS Ha-
CTOJIBKO, YTO fj; CTAHOBUTCS Ooubliie ee. TeM cambiM opMa 4acTUIIbI TPAaHCHOPMUPYETCS B KOPITYCKY-
JSIPHYIO, YTO ¥ HAOIFOIACTCSL.

TeJIeHOpTaIII/Iﬂ. 3al'lyTaHl-[l)Ie KBAHTOBbBIC COCTOSIHUSA

Tenenoprauusi, 3amyTaHHbIe KBAHTOBBIE COCTOSIHHSI — BEChbMa HEOOBIUHBIE SIBICHUSI B MUPE KBaHTO-
BBIX YaCTHII, MEXaHU3M KOTOPBIX HE UMEET OJJHO3HAYHOTO onucanus [9]. B cTarhe He nenanach MombITKa
MIPE/ICTaBUTh NON0OHBIe onvcanus. Cienyer oOpaTuTh BHUMaHHE TOJBKO Ha OJIHY CTOPOHY ITHX SIBIIE-
HUH — (a30BbIe XapaKTePUCTUKH ((a3bl, 4aCTOTHI, MOJSPHU3AIAN) YACTHITHI WU JBYX YaCTHUIT IIEPEIAIOTCS
MTHOBEHHO Ha HEONpe/IeleHHO Oonbinue paccTossars. C TOUKM 3PEHUS M3JIOKSHHBIX BBIIIE MPEICTaB-
JICHUH 3TO BO3MOXHO UCx0fs u3 (9) mnst $a30Boil CKOPOCTH KBAHTOBOM YACTHIIBI TPH YCIOBHH f = fj
Y COXPAHEHWH fj BO BCeil HabmonaeMoii obnactu: vy, / fo — f — 0. B 10 ke Bpemst pu /> f; hasosast
CKOPOCTB Vg, (9) GoJIbIIIE CKOPOCTH CBETA, & TPYIIIIOBAst CKOPOCTH Vr. (10) — MeHbIe ¢. ITO 1 HAbMrOIaeT-
Cs TIpY PETHCTPAINH IPaBUTAIIMOHHBIX BOJH [6].

3akiaouenue

I/ICCHCI[OBaHI/ISI AUCTIEPCHUU BOJIH HPOCTPAaHCTBA-BPEMEHHU, OIMUCBHIBAIOIHNX IMOBCACHWE KBAHTOBBLIX
JacTul B Cp€laax, UMCHOIUX YaCTOTHI COOCTBEHHBIX KOJ'IC6aHPIIZ, IMO3BOJISIFOT YaCTHYHO OOBSICHUTH He-
KOTOPBIC BECbMa CJIOXKHBIC ABJICHUS, TAKHUC KaK 3(1)(1)6KT Ha6J'IIO,I[aT€J'I$I, TCJICTIOPTALIUIO U 3allyTAHHBIC
COCTOAHUA KBAHTOBBIX YaCTHUL], pa3JININC CKOpOCTCﬁ I'paBUTAlIMOHHBIX BOJIH.
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OIIEHKA TH®OPMAIIMOHHBIX ITIOKA3ATEJEN ITYMA KBAHTOBAHU A
AHAJIOT'O-IU®POBOI'O ITPEOBPA3OBAHUS PEYEBOI'O CUT'HAJIA
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Annoranust. [TpuBenena MeTonuka oleHKH HHOPMAIIMOHHBIX TIAPAMETPOB IlIyMa KBaHTOBaHHUs, (GopMHUpyeMOro
aHAJIOrO-H(POBBIM MTPEOOPa30BaHUEM H3MEPHTEIBHOTO CUrHANA. [IpeicTaBlIeHb! ONMCaHue ajJropuT™Ma METOIH-
KH U COCTaB 000PYIOBaHUS [Tt UMHTAIIMOHHO-HATYPHOTO SKCIIEPHMEHTA C [EIIbIO TIOTBEPIKACHHSI KOPPEKTHOCTH
crocoba 00paboTKK U BhIJEICHUST UHOOPMAIMOHHBIX TAPAMETPOB CUTHAJIAa M IIyMa KBaHTOBAHUS, B KOTOPOM
BMECTO M3MEPHUTEIBHOI aHTCHHBI HCIIOb3YeTCs COSIUHUTENbHBIN KaOeb. [loka3aHbl pe3ysbTaThl IPOBEICHHBIX
n3MepeHnii B Bujie rpaKoB 3aBUCUMOCTEN BPEMEHH BBIJICJICHHS ITyMa KBAHTOBAHUS ITyTEM HAKOIJICHUS OT BIIU-
SIOMKX (PAKTOPOB M KOHTPOIMPYEMBIX [TAPaMETPOB, JEMOHCTPHPYIOIIUE MPE/CIbHbIC 3HAYCHUS BBIJCICHUS HH-
(OPMALIOHHBIX ITapaMETPOB IIyMa KBAHTOBAHMS aHAJIOTO-LU(GPOBOTo MpeoOpa3oBaHus U3MEPUTEIILHOTO CUTHA-
na. [ToryyeHo moATBep KIeHNE THITOTE3BI OLIEHKN HH(MOPMAIIMOHHBIX ITAPaMETPOB IIIyMa KBAHTOBAHUSL.

KaroueBble ciioBa: anaioro-nudpoBoe npeodpa3oBaHue, U3MEPUTEIBHBIH CUTHAJI, IIyM KBAaHTOBAHMS, KaHAJ
yTeuKkd HH(POPMAIIHH.

KongumkT nHTEpecOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Joas uutupoBanus. XKenesusik, B. K. Onenka nHdopmanoHHbIX NOKa3arelsieil mymMa KBaHTOBaHUSI aHAJIOro-
uugpoBoro npeodpazoBanus peueBoro curnana / B. K. XKenesusk, K. 5. Paxanos, E. P. Aqamosckwuii // Jlokmasr
BI'VUP. 2023. T. 21, Ne 2. C. 32-40. http://dx.doi.org/10.35596/1729-7648-2023-21-2-32-40.

EVALUATION OF INFORMATION INDICATORS OF QUANTIZATION NOISE
GENERATED BY SPEECH SIGNAL ANALOGUE-DIGITAL CONVERSION
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Euphrosyne Polotskaya State University of Polotsk (Novopolotsk, Republic of Belarus)
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Abstract. The paper presents a technique for estimating the information parameters of the quantization noise gener-
ated by the analog-to-digital conversion of the measuring signal. An experiment and algorithm descriptions are pre-
sented to confirm the correctness of the method for processing and extracting the information parameters of the signal
and quantization noise, in which a connecting cable is used instead of a measuring antenna. The measurement results
are shown in the form of graphs of the dependences of the quantization noise extraction time by accumulation on
influencing factors and controlled parameters, which demonstrate the limiting values of the extraction of information
parameters of the quantization noise of the analog-to-digital conversion of the measuring signal. Confirmation of the
hypothesis of estimating the information parameters of the quantization noise is obtained.

Keywords: analog-to-digital conversion, test signal, quantization noise, information leakage channel.
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BBenenue

[lepenaya 1 poBHIX peUeBHIX CUTHAJIOB 110 JTMHHUAM CBSI3U ABJSAETCS HEOTHEMIIEMOH YacThIO CHCTe-
MBI KOMIUTCKCHOH 3amuThl HHGOpMANNH [ 1 ] 1 OTHOCHTCS K TEXHUYIECKON 3aIUTE peIeBOM HHPOPMAITIH
cpencts koMMyHHKanuu [2]. OmHa U3 COCTaBHBIX YacTed CPefCcTB KOMMYHHUKAIIMU — MPeo0pa3oBaHue
r(pPOBOTO PEYEBOTO CHTHANA B aHAJIOTOBYIO (POPMY € TTOMOIIBIO I PO-aHATIOTOBOTO ITpeodpazoBare-
ns (AIT) ¢ mocneayrorieii ero nepenadeii uepes3 JINHUIO CBSA3M JI0 IPUEMHHKA CUTHATIA.

[Tony4yenHslli aHAJIOTOBBIA CUTHAJ MEPEAACTCS B aHAIM3ATOP WM Ha U3JIydalolllee yCTPOHCTBO
B TIOHSATHOW IJIsl yenoBeka ¢opme. Ha arare ananoro-umdposoro mpeodpaszoBanus (ALIl) currana
OCYILECTBISIOTCS AUCKPETU3AIMS U KBAHTOBAHUE CUTHAJA C MOMOIIBIO JEKTPOHHBIX KOMIOHEHTOB,
M3ITyYaroNUX (U3NICCKUE MOJIST — MATHUTHBIC U AEKTPUICCKUE, KOTOPBIE MOTYT HECTH B cebe nH(op-
MAaI[MOHHBIC TAPAMETPhI O TIEPEaBaeMOM CUTHAJIS, UTO SBJISICTCS KaHaIoM yTeuku naopmanuu (KYU).
B [3, 4] ouenky 3amumennocty Takoro KYU npeanaraeTcst BBIIONHATE C MOMOIIBIO MTEPUOTMUECKON
MOCJICI0BATEILHOCTH UMITYJILCOB TPEYTOJIBHOU (hOPMBI, KOTOPAsi HE BHOCUT METOIUYECKUX TOIPEIITHO-
cTel, 00yCIOBICHHBIX HETMHEHHOCTHIO IITyMa KBAHTOBAHHUS.

Haubonee 2¢hpekTrBHBIC METOIBI ONITUMAIEHOTO MPHEMa IeTEPMUHUPOBAHHOTO CUTHAJIA — HA OCHOBE
KOPPEIAIMOHHOTO TipreMa. B ciydae curaasia u3BecTHOH (hopMbl 001ee MOIIIHBIM CPEICTBOM OOHApYyKe-
HUS sBIseTcs (DYHKIUS B3aNMHOW Koppersiiu [S]. B ¢Bs3u ¢ 3TUM 1ienb uccieIoBaHui — KOJMYECTBEH-
Hasl OIleHKa HH()OPMAIMOHHBIX MTOKa3aTenei nryma kBantopanust AL anamoroBoro peueBoro curHana.

Meroauka oneHKH HHGOPMALMOHHBIX II0OKA3aTe/IeH

[Tpumep O10K-CXeMbl aBTOMAaTH3UPOBAHHOM OLIEHKM KaHajla yTeYKH HHPOPMAIIMOHHBIX MOJIeH aHa-
Joro-uudpoBoro npeodpa3oBanus npuBeneH Ha puc. 1. KomrmuecTBeHHas onjeHKa HHPOPMAIMOHHBIX
II0Ka3aresei ymMa KBAaHTOBAHMS JIOJKHA BBITNOIHATHCS C MOMOILBI aBTOMaTU3UPOBAHHON CUCTEMBI,
TaK KaK U3IydaeMble (PU3NUECKUE MOJS XapaKTEePU3YIOTCs HU3KUM YPOBHEM CHUTHAJIA B IIyMax BBICO-
KOTO YPOBHS, ¥ TIOATOMY JJISl MX BBIJIEIICHUS IOTPeOyIOTCS JONMOTHUTEIbHAs 00paboTKa 1 HaKOIUICHHE.
Brok-cxema cOCTOUT U3 TPEeX OCHOBHBIX YacTel: cucTeMbl mpuema-tiepenaun, KYUW (u3nyuaemelie Gu-
3U4YecKue NoJsl) U mporpaMMHo-amnmaparHoro komrmiekca (ITAK) onenxkn KYU.

1

1. McTouHuk curHana MpremHuk curHana 1
Signal transmitter Signal receiver '

JInHWA cBsi3n :
Communication line 1
1

1

1

1

1

1

leHepaTop curHana
Signal generator

LIAM ' ALMN w|AHanu3aTop curHana
Signal analyzer

Y
o
>
o

A
>
0
o

A

Mopenb QOQ 2. YTeuka MHhOPMAaLNOHHEIX noneit
MHOopMaL- > Information fields leak

OHHOIo CMrHana :  ~. .- - TS - T T T T T s T e s T T s S em T s s e e ===

1 1

Information 3. '
signal model , '
1 1

' N3BM + MO Ynpasnsiembint ALIM '

ld Controlled ADC )

1

1

1

1

1

A

PC + software

Puc. 1. briok-cxema aBTOMaTH3MPOBAHHON OLIEHKHM KaHaja YTEUKH WHPOPMAITHOHHBIX MTOJICH
aHajoro-1u(poBoro npeodpazoBaresis
Fig. 1. Block diagram for automated evaluation of analog-to-digital conversion information fields
in a leak channel

Cucrema npuema-rnepeaady CUrHajla BKIIIOYaeT B ceOs reHepaTtop u3MepHuTenbHoro curnana u LIATL,
NepeAalonInii N3MEPUTENbHBINA CUTHAI B IMHUIO CBSI3H, MO0 KOTOPOil curHan nocrynaet Ha AL B mpu-
eMHHKEe cMTHaja. B MoMeHT nmpeoOpa3zoBanusi curnana u3 ananoroBoit ¢popmel AL nznywaer ¢uzu-
yeckue o, xapakrepusytonme KYU. ITAK Bxmrogaer B ce6st ”3BMEPUTENbHYIO AHTEHHY M IEPCOHAIb-
HYIO DJIEKTPOHHO-BBIUUCIHUTENbHYIO MamuHy ([I9BM) ¢ ycTaHOBICHHBIM CHENMANBHBIM MPOTPaM-
MHbIM oOecrieueHuem (I10).
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Wznyuaemble huzndeckue mossi, BO3HUKAIOIINE [IPU NPeoOpa3oBaHUM CUTHAIA B HUPPOBYIO dop-
My, GUKCHpYeT U3MEepHUTEIbHAS aHTECHHA, a 3aTeM NepenaeT ux Ha ynpasnsgemblid AL st Beaenenust
1 00paboTKK MH(OPMALMOHHBIX TApaMETPOB CUI'HAJIA U LTyMa KBAHTOBAHUS, KOTOPbIE OCYILIECTBIISIOT-
cs ¢ momosio crienuainbaoro [10 va [IDBM. B kauecTBe 00pabOTKH MCIIONB3YyeTCsI CHHXPOHHOE HaKO-
IUIEHHUE, TI03BOJISIIONIEE YAyUIIUTh oTHOLeHue curnan/mym (OCL). Anropur™ pabGoThl IpOrpaMMHO-
ro obecreyeHus IpeCTaBiICH Ha puc. 2.

Hauano
Begin

v v
1 2. L

MogenbHbIi (HOpMUMPOBaHHLIN) CUrHan M3amepuTtenbHbIn curdan + wym /‘

Model (normalized) signal Test signal + noise

v

3.

> Bbl‘-lMCﬂeHI/Ie. BPEMEHN 3a1ePXKA (dasbl)
Calculation of delay time (phase)
4.
> BbluncneHve Wyma KBaHTOBaHUS

Calculating quantization noise

v

5.
O6paboTka curHana ansa yny4wenus OCLL K
Signal processing to improve SNR A

v

6.
OB6HapyxeHve UHHOPMaLMOHHbBIX NapameTpoB
Detection of informational parameters

Yacrota 1 ypoBeHb curHana, 4actora AucKpeTusauum
Frequency and signal level, sample rate /

8.
loBTOp He MeHee 30 pa3
Repeat at least 30 times,

Puc. 2. Anroput™ olieHKHM HH()OPMAIIMOHHBIX [TApaMETPOB LIIyMa KBAHTOBAHUS
aHAJIOro-1H(POBOro MPeodpazoBaTesisi U3MEPUTEIFHOTO CUTHAJA
Fig. 2. Algorithm for estimating the information parameters of quantization noise obtained
from the measurement signal in an analog-to-digital converter

ANTOPUTM BKJIFOYAET CJICAYIOIINE STAlbI.

1. ®opmMupyeTcst MOJAENbHBIN (M1eaTbHBIN ) U3MEPUTENBHBIN CUTHAT B UG POBOM BHJIE, ITAPAMETPHI
KOTOPOTO COITIacCOBaHbI C TeHEPaTOPOM CUTHAJIA (IITPUXOBAst IMHUS CBSA3M Ha puc. 1).

2. 3axBaThIBa€TCSI CUTHAJ C MTOMOIIBIO M3MEPHUTENbHONW aHTeHHBI B TOuke HaOmoneHus. [Ipu me-
penaye cUrHasa 1o KaHally CBSI3W 3Ha4eHUs (a3bl M aMIUIMTYIbl CUT'HaJla HEM3BECTHBI, a CaM CUTHAJI
MTOJIBEPTacTCsl ICKAXEHHUAM U BIMSHUIO IIyMOB. biiokn 1 1 2 Ha puc. 2 BBITOIHAIOTCS MAPaAJIIENBHO.

3. Ompenensiercs BpeMsl 3aJ€PKKH U3MEPUTEIBHOIO CUI'HAJIa IyTEeM pacdeTa B3auMHON KOpPpEs-
LIMHA CMECH CHUTHAJA U IIyMa ¢ MOJCJIbHBIM CUTHAJIOM.

4. PaccuuThiBaeTcs IIyM KBAaHTOBaHHS IyTeM BBIYHUCICHHS pa3sHHUIBI MPUHATON CMECH CHUTHala
U IIyMa U BOCCTAHOBJIEHHOH U(POBON KONKel CUrHaja ¢ y4eToM (asbl.

5. IIpUMEHSIOTCSI CHEKTPaJIbHOE HAKOIMIJICHUE U TIOJIOCOBas (PUIIBTPALIUS CUTHAJIOB.

6. Brimonnsercst oOHapyeHne nH(OPMALMOHHBIX TapaMETPOB KaHaja yTECUKH.

7. PaccunTaHHBIE TIOKA3aTENN IIPOTOKOIUPYIOTCS U BBIBOIATCS HA DKpaH.

8. Ilpouenypa obHapyxeHHs MHGOPMALMOHHBIX MapamMeTpoB nosropsercs 30 pa3, a pe3yabTraThl
ycpeassored. [locne 3Toro MoIHOCTh IIyMa yBEINYUBAETCS, U3MEPEHUS IIOBTOPSIFOTCSL.
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Dtansl 5 1 6 MOXKHO TIPEACTaBHTh B BUJIE CHEKTPAIBHOTO OOHAPYKUTENIS MH(OPMAIIMOHHBIX T1a-
pameTpoB, OI0K-cxeMa KOTOporo m3oOpaxeHa Ha puc. 3. B oOHapyxutene mist Oonee 3¢ deKTuBHO-
IO HaKOIUICHHMS BBITIOJIHSETCS MPeoOpa3oBaHUe CUTHAIA B YACTOTHYIO OOJIACTh C MOMOILBIO OTepanuu
obicTporo npeobpazoBanus Pypee (BIID) u ero pasnmeneHue Ha JEHCTBUTEIBHYIO U MHUMYIO YacTH
C HE3aBUCHMBIM HAKOIIJICHUEM U MTOCIIEYIONIHM BBIYHCIICHUEM O0IIET0 MOTYJISI CIIEKTPAbHOM COCTaB-
msromeii. TpeGyeMoe KOIMMYecTBO HAKOIUICHHWH 10 OOHapy)KeHHs CHTHajda W OOHApy>KeHHas 4acToTa
CHT'HaJIa YYUTHIBAIOTCS B ONPESIICHUH UCXOIHOTO YPOBHS HH(POPMAMOHHOTO TTapaMeTpa.

Bpewmsi
HakonneHus

[DeiicTBUTenbHas HakonnexHas peict- Cuyetunk Accumulation
YacTb cnekTpa BUTENbHAs YacTb crekTpa HaKomnneHui time )
Real part of the The accumulated real Accumulation
spectrum N part of the spectrum | 2 counter
ra + r < ID'S
LLlym KBAHTOBaHWS + LWYM CpeAbl \/ Z | T
;. . . + . ~
Quantization noise + noise BNo® "2
FFT X
¢ OGHapyeHHas
3! 2
Pl X yacTota
MHuMas yacTb HakonneHHas MH1uMas Detected
cnektpa Hactb cnektpa [etexTop frequency
Imaginary part of Accumulated imaginary Detector
the spectrum part of the spectrum

Puc. 3. Brok-cxeMa CreKTpaabHOr0 00HAPYKUTENS HHPOPMAIIMOHHBIX APAMETPOB
Fig. 3. Block diagram for spectral information parameter detector

B nonyueHHOM cUrHajie BBIIOJIHACTCS IIOMCK MAaKCUMAJIbHOIO 3JIEMEHTA, KOTOPBIN B CIIEKTPE LIyMa
KBAaHTOBaHMA 0€3 aJJUTHBHON IIOMEXHM COOTBETCTBOBAJ Obl €T0 INIABHON rapMOHHUKE Ha 4acTOTE JHC-
KpeTu3auuu curaaia. Ecnm oOHapyKeHHbIM MaKCUMyM COOTBETCTBYET dacToTe auckperusannn AL,
JieNlaeTCsl BBIBOJ O TOM, YTO IIyM KBaHTOBAHUS HAKOMWIICS M MOXET ObITh OOHApyKeH HaJ IIyMaMH.
[TocTosiHHAs cocTaBisAoONIas B BUJE FApMOHUKM Ha HYJIEBOM 4acTOTE HE YYHTBIBAETCS INPH OIperie-
JICHMHM MaKCUMyMa. 3aIliChIBaeTCsl KOJTMUYECTBO HAKOIUIEHUH, KOTOPOE MOTPEOOBANOCH /I BBIJCICHUS
rapMOHMKH LIyMa KBAaHTOBAHUS IIPH TEKYLIEM YPOBHE LIyMa CPEAbI.

Pe3ynbrarhl uccie10oBaHuii U UX 00cy:KIeHUe

st moATBepKIACHUST PabOTOCTIOCOOHOCTH TMPEMIOKEHHOTO Ccroco0a 00paOdOTKH W BBIACICHIS
WHPOPMAITMOHHBIX MTAPaMETPOB CHUTHAJA W IIyMa KBAHTOBAHHS MPOBEICH WMHUTAIMOHHBIN HATYpHBIN
IKCTIEPUMEHT, B KOTOPOM BMECTO M3MEPHUTEILHON aHTCHHBI MCIOJI30BANICS COCTUHUTEILHBIN KaOeb,
MOJIKITroUeHHBIN OT Bhixoza [IAIl ucroyHMKa CHrHalla K aHAJIOTOBOMY BXOJy YIPaBIsEMOTrO M3MEpH-
tensHOTO ALIIT (puc. 4).

M. McTouHrk curiana MpremMHuk curHana '
! Signal transmitter Signal receiver ,
! TnHua cesizn '
Communication line
, [eHepatop curHana g LIAM ' AU > AHanuaatop curHana .
' Signal generator 7 DAC 7 ACD Signal analyzer !
; :
T 1
Mogenb 2. YTeuka MHOPMALMOHHbIX nonen QOQ
WHpopMAaLM- Information fields leak =2
OHHOro curHana Pl f CoepvHuTeEnbHbLIN Kabenb
Information 13. ' Connection cable
signal model , '
1 1
! N3BM + MO > Ynpasnsembiin ALIM < !
71 PC+software [ Controlled ADC

Puc. 4. biok-cxema UMHTAITMOHHO-HATYPHOTO SKCIIEPIMEHTA
Fig. 4. Block diagram for a simulation-natural experiment

Brok-cxema mporpaMMHO-anmapaTHoro KOMILIEKca JUisi 00pabOTKU U BbIIEICHHUS WH()OPMAIOH-
HBIX IapaMETPOB CUrHalla U IIyMa KBaAaHTOBAaHU p€ajin30BaHa B BUJAC MaKETa IJIs MPOBECACHUA SKCIIC-
puMenTa (puc. 5).
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Puc. 5. MakeT nporpaMMHO-aNnmnapaTHOro KOMILIEKCa
U1t 00paOOTKY ¥ BBIACICHUS MH(POPMAIIMOHHBIX TApaMETPOB
Fig. 5. The hardware-software complex layout for processing and extracting information parameters

Makert Ha pucC. 5 He IpeTHa3Ha4eH JUIsl OleHKH NH(popMannoHHbIX husnueckux noieid AL u pea-
JIM30BaH C IEJbIO MOJATBEPKACHUS Ha IPAKTHKE BOSMOKHOCTH OIIEHKH HMH(OPMAIMOHHBIX TApaMETPOB
CUrHaJla ¥ IIyMa KBaHTOBaHUs. MakeT BKIIIOuaeT B ceOs anmnaparHyo 9acTs u cnenuansHoe 110, koto-
poe peanuzyeT NpeIoKEHHYI0 MOZIEIb OLEHKH HH(POPMAIIMOHHBIX TApaMETPOB B IIPOIPaMMHOM cpeze
LabVIEW. AnmaparHasi 4acTh BKJIFOYAIA CIEIYONIUE SIIEMEHTBI:

— 2JIEKTPOHHO-BBIUYUCIUTEIBHYIO MALIMHY THIIa HOYTOYKa;

— ynpasisiemblit Moy ALTT/LIATT LCard E20-10;

— TeHepaTop U3MEPUTETHLHOTO curHaia, BctpoeHHbI L[AIL B [I3BM;

— kabenb coequaUTENBHEIN ALITI-OBM: anamoroBsiif pazbeM MUHU-IKEK (0,5 M);

— xabens ynpasierns ALII/LIAIT USB 2.0 tun A-B, mmna 1,5 m;

— BHEUIHUI UCTOUYHUK NUTAHUS — ceTeBol anantep ~220 B.

DKCHEepUMEHT BBIMOIHIICS B TAOOpaTOpUH NIPU TeMIIepaType oKpyskatomiero Bo3ayxa 20 °C. M3me-
PEeHHMS TPOBOAMIIMCH TIPY U3MECHEHHH KOJIMUYECTBa YPOBHEH AMCKpeTH3anuy curnana ot 8 (L = 3 Oura)
1o 1024 (L = 10 6ut). U3menenue konudecTBa ypoBHEH auckperusanuu (paspsaaoctu AL L) Beimon-
HSUJIOCH IPOrPaMMHBIM CIIOCOOOM.

[IpenenbHbIe 3HAUYCHNS YaCTOTHI U YPOBHSI CUTHAJIA YCTAHABIMBAJIM C IIOMOILBIO ITapaMeTPUIeCcKOn
3aBUCUMOCTH MEX[Y BIUSIOMMMH (pakTOpaMu U KOHTPOJIUPYEMBIMH MapaMeTpaMy Kak (DYHKLUSI MHO-
rux nepeMeHHbIX npu 30 moBTOpeHusIX uaMepenus. bojiee moapodHoe onmcanne oOHapyKeHUs mpe-
JeNTbHBIX 3HAYCHUI N3MEPEHHH MPEeNbHBIX ITOPOTOB OOHAPYKEeHHS TPUBOANTCS B [6]. B Tabm. 1 mpex-
CTaBJIEHBI PE3YJIbTaThl 0OHAPYKEHNS HYaCTOTHI M YPOBHSA IITyMa KBAaHTOBAHMS.

Tadnauua 1. Pesyisrarsl 0OHapy>KeHHUS 9aCTOTHI M YPOBHSI ITyMa KBAaHTOBAHUS
Table 1. Frequency and level detection results for quantization noise

Pasps Osxunaemas | OGHapyxeHHast | YpoBeHb IIyMa
HOCII?I)IZ ) yactora, '/ | wgacrora, ['ni/ KBaHTOBaHUs/ CriekTp HaKOIUIEHHOTO IIyMa KBaHTOBAHHS/
Bit lenath Expected Detected Quantization Cumulative quantization noise spectrum
8 frequency, Hz| frequency, Hz noise level
3 1600 1600 0,6000 E‘
4 3200 3200 0,1500
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Oxonuarnue maon. 1
Ending of Table 1

Pasns Osxunaemas | OOHapyxeHHast | YpoBeHb LIyMa

P HL y gacrota, I'1/ | wactora, 't/ KBaHTOBaHUs/ CriexTp HaKOIUIEHHOTO IIyMa KBaHTOBAHHSA/
I.{OCTL Expected Detected Quantization Cumulative quantization noise spectrum

Bit length L .
frequency, Hz| frequency, Hz noise level

5 6400 6400 0,0400

6 12 800 12 800 0,0180 Lo

7 25 600 25 600 0,0050

8 51200 51200 0,0010

9 102 400 - 0,0005

10 204 800 - 0,0001 d MH WWM | d MMM J W ‘ Ww w H y’

] \ u* l (

[IpuBenennsle B Tabn. | JaHHBIE JEMOHCTPUPYIOT, YTO OOHAPYKEHHWE YaCTOTHI M YPOBHS IIyMa
KBaHTOBAHMS yCTOWYIMBO BEITIONHACTCS 10 L = 8 OuT. [Ipn L = 9 OUT MO CHEKTPY CUTHaJIa BO3MOXKHO CY-
JUTh O HAJIMYUM 1IyMa KBAaHTOBaHUS, HO YCTOMYMBOTO BBIJIEICHHS YaCTOTHl U YPOBHS CUTHAJIA HE MTPO-
ncxonut. s muckperusanuu pu L = 10 OUT curHa BU3yaabHO HE HAOIOgaeTCs.

Ha puc. 6 npencraBnens! rpaduku 3aBUCIMOCTEN CpeTHEr0 KOMMYECTBA HAKOTUIEHHUH TS BBIZIEIe-
HUSI OCHOBHOW TapMOHHKH IITyMa KBaHTOBaHUS M3 (JOHOBOTO IIyMa OT KOJMYECTBA yPOBHEH TUCKPETH-
3aliy CUTHaNa, COPMUPOBAHHOTO YCTPOWCTBOM C Pas3psAHOCTHIO L. 3a mpuemiiemMoe (10 KPUTEPHIO
BPEMEHH ) KOIMYECTBO HAKOTIEHUH BO3MOKHO OIEHHUTH JIUITH HeKoTopsle nuamna3onsl OCIL, npu xoTo-
PBIX TAPMOHUKH IIYMOB KBAaHTOBAaHUS BBIACIIAIOTCS B Iipeaenax 10 urepauuid.

AHanu3 puc. 6 MOKa3bIBACT, UTO MPU YBEIUUYEHUHU L, KOTOPOE CHUYKAET YPOBEHb FaPMOHUK IIyMa
KBaHTOBAHHS ¥ TIOBBIIIAET UX YACTOTY, PE3KO BO3pacTaeT TpebyeMoe Ui BBIJEIEHUSI KOTUIeCTBO Ha-
KOTIIEHHWH CHUTHAJIA TIPU aHAJIOTHYHOM ypoBHE (hoHOBOTO myMa. JloGaBienne 1 pa3psina SKBUBaJICHTHO
YBEJIIMYCHHIO YHCIIa YPOBHEH KBAaHTOBaHMS B JBa pa3a, 3TO BBI3BIBAET cMelleHne rpaduka Ha 7-8 nb
B ctopony yBenunuenus: OCILI. Hanpumep, npu ucxonnom OCII = —20 nb curnan ¢ L = 5 B cpeaHem
MOKET OBITh HAKOTIJICH 32 BOCEMb pas3, a CUTHAI ¢ L = 4 — 3a o7uH pa3.

Ha puc. 7 mpencrasnens rpaduky 3aBUCHMOCTEN BpeMEHN HAKOTIICHHSI IITyMa KBAaHTOBAHUS OT IITH-
puHBI Tonock! GpursTpa. OTpaHrdeHne MOI0CHl GHITBTPa OCYIIECTRISIIOCHh GHIIBTPOM C 3aJaHHOH MOJI0-
coif Af BOKpYT O)KHITA€MOTO OTCYETa CMECH.
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Puc. 7. 3aBucHMMOCTb BpeMEHH HAKOILJICHUSI IIyMa KBAHTOBAHMUS OT LIMPUHBI MTOJOCH PUIBTPA
Fig. 7. Dependence of the quantization noise accumulation time on the filter bandwidth

W3 puc. 7 cnenyert, 4To cy)eHue monocel B 10 pa3 mo3BONSET YMEHBIIUTH BpeMSI HAKOTICHUS
Ha 10-20 %. DTO MOXXHO 3aKIIOYNTH U3 CpaBHEHUs rpaduxos, Hanpumep, mpu OCII = -55 nb. Cre-
JIOBATEIIbHO, CY)KEHHE TOJI0CH HAKOTUIEHHOW CMECH TTO3BOJISIET YMEHBIIUTh BPEMs BBICTICHHS IITyMa
KBaHTOBAHHUS, YTO MOXET OBITh IPUMEHEHO Ha MPAKTUKE ITEPEXBATYMKOM CHUTHAJIA JIJIsl 0oJiee OBICTPOro
MoKCKa MH()OPMALMOHHBIX COCTABIAIOUIMX B IIyMax MPH HAIWYMM Y HETO CBEJCHHH O TEXHUYECKHX
XapaKTCPUCTUKAX HCHGBOI\/'I CUCTEMBI. DTO MOKET MO3BOIUTH €My aHaJIM3UPOBATH JIMIIb OTPAHUYCHHYIO
00J1aCTh YaCTOTHOTO CTICKTpA.

3akjoueHue

1. Pa3paboTtan MakeT JIOKaJIbHOW M3MEPUTENFHON CXEMBI, C TIOMOIIHI0 KOTOPOTO MPOBEACH NMHUTA-
LIMOHHBIN HAaTypHBIN 3KCHEPUMEHT OLICHKM MH()OPMAIMOHHBIX [OKa3aTesed IIyMa KBAHTOBAaHMS aHa-
Joro-uugpoBoro mnpeoOpaszoBarelisi PeueBOro curuajga. B kauectBe MHPOPMALMOHHBIX IOKa3aresei
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KaHaja yTeukd WH(GOPMAIMH HCITOIB30BAIMCH YaCTOTa JUCKPETHU3AllMU CHTHANA W aMIUIHTY/Aa [TyMa
KBaHTOBAHMSI.

2. C NoMOIIbI0O MakeTa JIOKAJIbHOM M3MEpPUTEIbHON CXEMBbI BBIITOJHEH HATYPHBIN 3KCIEPHMEHT,
BKJIIOYAIOIIUH OTpe/iesieHre TapaMeTpoB MH()OPMAIIMOHHBIX COCTABIISIFOIINX IIIyMa KBAHTOBAaHUS B Ka-
HaJIe yTeUKH MH(OopMaIny MyTeM HaKOIUICHUS M aHAJIN3a CUTHaJA. B pesysbrare mpoBelieH s HaTyPHO-
r'0 SKCIEPUMEHTa MOATBEPIKIEHBI THTIOTE3bI OIIEHKH MH(POPMAIMOHHBIX ITapaMeTpPOB IIyMa KBaHTOBA-
HUS, TIOYY€HbI YUCIIEHHBIE 3HaUYeHN HH(OPMAITMOHHBIX TTApaMETPOB.

3. B pe3ynbTrare sKCIEpUMEHTA MTOJTyUEHbl 3aBUCUMOCTH BPEMEHH HAKOIIJIEHUS OT OTHOILIEHUS CHI-
HaJI/IIyM KBaHTOBaHUsI ((DOHOBBIH IIyM) M BPEMEHHU HAKOIUICHUS OT Pa3psJHOCTH aHAJIOTO-IIH(POBOTO
npeoOpazoBarelist (ypOBHS IIyMa KBAHTOBAHHS ), KOTOPbIE OMUCHIBAIOT MPEICIbHbBIC YYBCTBUTEILHOCTH
Y MOTPENIHOCTH JIETEKTOpa HH(OPMAITMOHHBIX ITAPAMETPOB, 3aBUCUMOCTH OT KOHTPOIUPYEMBIX Iapa-
METpPOB U BIUSIOMHKX (haKTOPOB. Y TOYHEHNE TIPEEebHBIX 3HAY€HUH ONeHKH WH()OPMAITMOHHBIX Tapa-
METPOB HEOOXOINMO HCCIIEIOBATh MPH TTOIKIIOYCHUH U3MEPUTEIbHBIX aHTCHH.
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AnHoTrauus. [Ipy nogasiieHnN aKTUBHBIX LIYMOBBIX IOMEX Ba)KHOM 3a/lauell SIBJISIETCSI ONPEAEIICHUE B3aUMHOU
KOPPESIIMOHHON (PyHKIIMM ¥ MOIIHOCTH IIYMOBBIX CHI'HAJOB Ha BBIXOJIaX NPHEMHBIX KaHaloB. Perrenue sToit
3aJa4u IMO3BOIACT aHAJIUM3UPOBATH BIHAHUC HCI/II[CHTH‘{HOCTCIZ YaCTOTHBIX XapPAKTECPUCTUK MPHUEMHBIX KaHaJIOB
Ha KaueCTBO KOMIIEHCAIIMH AaKTHBHBIX IITyMOBBIX TOMEX. AHAJIN3 IPOBOJMIICS [Tl MOJIENIH YAaCTOTHBIX XapaKTepHc-
THUK IIPUEMHBIX KaHAJIOB B BUJIE YaCTOTHON XapaKTEPUCTUKU OJMHOUYHOIO PE30HAHCHOTO KOHTYpa B Y3KOIIOJIOCHOM
npuommkennu. [Ipenmnonaranock, 4To 4acTOTHAs XapaKTEPUCTHKA OAHOTO M3 KaHAJOB OTIMYAETCS OT BTOPOIO
KaHaJa IeHTPaTbHON YaCTOTOH U MoJIocoii mpomyckanus. [1py aHamm3e NConb30Baiach MPHOIMKEHHAS allITPOK-
CHUMaLUsl YaCTOTHOM XapaKTEPUCTHKH PACCTPOECHHOIO KaHalla B MPEANONIOKEHUN HE3HAYUTEIBHOM paccTporKU
napaMeTpoB PE30HAHCHOTO KOHTYpa. BXoAHOM ITyM MpHeMHBIX KaHAIOB npeamnoiaraics oensiM. Mcnons3oBanue
TIOJTy4EHHBIX PE3y/IbTaTOB MPOJIEMOHCTPUPOBAHO PH MOIYyYSHNH BBIPAKECHUS IS TOTEHIINATIBHON 3(h(hEeKTUBHO-
CTH OJHOKAHAJIBHOTO aBTOKOMIIEHCATOPA.

KiaioueBbie ciioBa: KOppCIAUOHHBIC CBOﬁCTBa, Iym, O,IlI/IHO‘IHHﬁ pCBOHaHCHBIﬁ KOHTYpP, HCUACHTUYHOCTbH
YaCTOTHBIX XapaKTCPUCTUK, KAYCCTBO KOMIICHCAIINU HNTYMOBBIX ITOMEX.

KOHq)JIl/IKT HHTEPECOB. ABTOpBI 3asBIISIOT 00 OTCYTCTBUU KOH(I)J'II/IKTa HUHTEPCCOB.

Jas nutnpoBanus. By Cyan Uunbs. KoppensaiuoHnHsle CBONCTBA HIYMOBBIX CHUTHAJIOB HA BBIXOZAaX NMPHUEMHBIX
KaHAJIOB C OJMHOYHBIM pe30HaHCHBIM KOHTYpoM / By Cyan Uuns, . H. JlaBbinenko // Jokmaasr BI'YUP. 2023.
T. 21, Ne 2. C. 41-48. http://dx.doi.org/10.35596/1729-7648-2023-21-2-41-48.
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Abstract. When suppressing active noise interference, an important task is to determine the mutual correlation
function and the power of noise signals at the outputs of receiving channels. The solution of this problem makes
it possible to analyze the influence of non-identical frequency characteristics of receiving channels on the quality
of compensation of active noise interference. The analysis was carried out for a model of the frequency character-
istics of the receiving channels in the form of the frequency response of a single resonant circuit in a narrow-band

41



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 2 (2023) V.21, No 2 (2023)

approximation. It was assumed that the frequency response of one of the channels differs from the second channel
by the central frequency and bandwidth. In the analysis, an approximate approximation of the frequency response
of the detuned channel was used, assuming a slight detuning of the parameters of the resonant circuit. The input
noise of the receiving channels was assumed to be white. The use of the obtained results is demonstrated in obtain-
ing an expression for the potential effectiveness of a single-channel autocompensator.

Keywords: correlation properties, noise, single resonant circuit, non-identity of frequency characteristics, quality
of noise interference cancellation.
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BBenenune

3a/iaua onpenereHus B3aUMHON KOPPEIISIIMOHHON (D)YHKIIMHU IIIyMOBBIX CUTHAJIOB Ha BBIXO/AX IpPH-
EMHBIX KaHAJIOB NIPUBJICKACT BHUMAaHUE UCCIieaoBaresei [1, 2] 1 MoxkeT ObITh UCIIONIB30BaHA MIPU aHAa-
JIM3€ BIUSHHS HEMJICHTHYHOCTECH YaCTOTHBIX XapaKTEPUCTHK MPHEMHBIX KaHAJOB Ha KaueCTBO KOM-
MEHCAIINA aKTUBHBIX ITYMOBBIX MoMeX [3—7]. Mcmonbp3oBaHne MPUOMMKCHHBIX allpPOKCHUMAIUN TTPU
3aMyCy HEWJICHTHYHOCTEH YaCTOTHBIX XapaKTePUCTHUK O0JerdaeT BO3ZMOXHOCTh aHAIIM3a WX BIUSHUS
Ha Ka4eCTBO KOMIICHCAIIMY YUCICHHBIMHA METOZaMU [4] ¥ JaeT BOZMOXKHOCTb TIOJTyYEHHST aHATUTUYESCKIX
BBIPQXKCHHM, ONMUCHIBAKOINNX 3()()EKTUBHOCTh KOMIICHCAIIUN AKTUBHBIX IIIYMOBBIX MOMEX B YCJIOBHUSX
HEUJICHTUYHOCTH YaCTOTHBIX XapaKTEPUCTHK. B cTarbe paccMarpuBaeTcs MPOCTEUIIIHIA CITydail MOJICITH
YaCTOTHBIX XapaKTEPUCTHK MPUEMHbBIX KAHAJIOB B BH/IC YaCTOTHON XapaKTEPUCTHKH OJMHOYHOIO PEe30-
HaHCHOTO KOHTYpa B Y3KOIIOJIOCHOM TpuOnmkennu. [Ipeamnonaraercs, 4To 4acTOTHAs XapaKTEpPUCTHKA
OJTHOTO W3 KaHAJIOB OTIMYAETCS OT BTOPOTO KaHasla IIEHTPATFHOW YaCTOTON M TIOJIOCOU TPOITYCKaHUS.
Jliis aHanmm3a WCroib30BaHa MPUONIMKEHHAS alllIPOKCUMAIIHSI YaCTOTHOW XapaKTePUCTHKH PacCTPOCH-
HOTro KaHana. [lonmy4eHbl BRIpaXCHHE ISl B3AUMHOU KOPPENSIIMOHHON (DYHKIIUU ITYMOBBIX CUTHAJIOB
Ha BBIXOJIAX HEHUJICHTHMYHBIX MPHUEMHBIX KaHAJIOB, @ TAK)KE BBIPAXKCHHS JJIsi MOIIIHOCTEH IIymMa Ha BbI-
X0JlaX MPUEMHBIX KaHaoB. [Ipu cOCTaBICHUN BBIPAKEHHIA HPEANOIArajoCh, YTO BXOJHON IIYM SIBJISI-
etcs OenbiM. Vcronp3oBaHre OTYYeHHBIX (DOPMYIT TPOMIITIOCTPUPOBAHO TIPH MTOTyYEHUH BRIPAKCHHS
JUTSE TIOTEHITHAITEHOM AP (PEKTHBHOCTH OTHOKAaHAILHOTO aBTOKOMIICHCATOPA AKTUBHBIX IITYMOBBIX IIOMEX
B YCJIOBHSX HEWJICHTUYHOCTH YAaCTOTHBIX XapaKTEPUCTHK IMPHEMHBIX KaHAJOB C OJUHOYHBIMH PE30-
HaHCHBIMHU KOHTYPaMHU.

B3aumHuas KOppeassiuuoHHast (l)yHKIII/Iﬂ IIYMOBBIX CUTI'HAJIOB HA BbBIX0JAaX NPUEMHBIX KaHAJI10B

B3aumnast koppensimonHas (QyHKIIHsI CUTHAJIOB Ha BBIXOJIaX OCHOBHOTO U JIONIOJIHHUTEIBHOTO TPH-
€MHOI'0 KaHaJIOB MOXKET ObITh Hal/ICHA 10 CJICAYIOLICH (opMylie IIPH OAMHAKOBOM IIIYMOBOM CHTHAJIC
Ha ux Bxomax [3-5, 8]:

1 +00
— . *oos jot
R, (r)—z— Sy (@)k, (jo)k, (jo)e’ do, (1)
T —00
rae ky(jo), k(jo)— gacToTHast XapaKTEPHUCTHKA OCHOBHOTO M JIOIOJHHUTEIBHOTO KaHAIOB IPHUEMA;
Sy () — criexTpanbHas JIOTHOCTh MOLITHOCTH LIIyMa Ha BXOJaX KaHajOB IpUeMa.

[IpexcraBuM BXOIHOM IITyM B BHJIE OETTOTO TITyMa CO CTIIEKTPAILHOM ITOTHOCTEHIO V. B aToM citydae

BBIp@XCHHE JJIs1 B3AUMHOM KOPPEISIIMOHHON (DYHKIIMH CUTHAJIOB YIIPOCTHUTCS

N +o0 ' . o
Ro(1)= 21 [ k(o (e do. )

YacroTHas XapaKTepUCTUKa OCHOBHOI'O KaHajla AJid Ciiydass OAMHOYHOI'O0 PE30HAHCHOI'O0 KOHTYpa
B Y3KOIIOJIOCHOM HpI/I6J'II/I)KeHI/II/I 3allMIICTCA B BUIC

1

ko (jo) = ———————
O o,

3)

rae w, —pe30HaHCHAs 9aCcTOTa KOHTYypa, Tf — NOCTOsIHHAsA BPEMCHU KOHTYpPaA.
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YacrotHas XapaKTCPpUCTUKa NJOTIOJIHUTCIBHOT'O KaHaJIa IpuemMa € yu4eToM €ro OTCTpOfIKPI OT OCHOB-
HOI'0 KaHaJia 110 MMOJIOCC MPOITyCKaHUA U 4aCTOTEC HaCTpOﬁKH OIpeaACIACTCS 110 (bopMyne

k (jo) = !
O (@0 00T, +T,)’

e 8w, , 87, — paccornacoBaHue Mo Pe30HAHCHON YacTOTE U 1O TIOCTOSHHOH BPEMEHH.
YacToTHasi XapaKTepPUCTHKA TOMOJHUTEILHOTO KaHajla MOXKET ObITh MpeoOpa3oBaHa CIICAYHOIHM
obpazom:

“)

1

[(0—0,)8T, — jdw,T, —ijOSTfJ.

k(jo)=
1+j(m—coO)Tf(1+J

)

1+ j(o-o)T,

Vunrsipas npuémmkenHoe papeHcTBo (1— o)™ ~1— ol I MaNbIX 3HAYEHHIT apryMEHTa O, 4aCTOT-
HYIO XapaKTEePUCTUKY JOTOJIHUTEIFHOTO KaHala MOYKHO 3allucaTh B BUJE

ko)~ 1 l_j(m—mo)STf—jSmon ' ©
: 1+ j(0—w,)T; 1+ j(0-w,)T,

B3aumuast koppensiiuoHHasi (yHKIUSI BBIXOIHBIX CHTHAJIOB JIByX B3aWMHO PacCTPOCHHBIX KOHTY-
POB IIpU UCIIOJIB30BaHNUU alllIPOKCUMAIIUN YaCTOTHBIX XapaKTECPHUCTHUK OCHOBHOI'O U JOIOJIHUTCIBHOT'O
KaHaJoB B BuE (3) u (6) OMUCHIBACTCS CICAYIOMIUM HHTETPATIOM:

+00 —+o0 . .
N TN N 1 jlo-w,)8T, — jdw,T, | .
Ry(1)==1 I ky (joYky (jo)e™ do=—1 —|1- ( f’) L — 2L e da. (7)
2n J. 21 1+ (0-w,) T} 1+ j(0-0,)T,

[Tocne psaa MareMaTUYECKHX NpeoOpasoBaHMN M HMCIOIb30BaHMs 3aMEHbI IIEPEMEHHON BHA
o' = ®— ®, BeipaxxeHue (7) IPUMET CISAYFOIINI BUI:

oyt N 6T .
Rig(t) =™ 2_713[11 —T—:IZ + jsmorfg], ®)
o jort i ioT e’ M Jjor
rue]lzj%dw; IZZJ. izf - do; I3=I 25 - do.
2 1+oT; J 1+ )1+ joT,) = 1+0TH(1+ joT,)

[Nokaxkem, uTo nHTErpaj /, MOXKET OBITH MOTYYEH B BUJE JIMHEHHON KOMOMHAIINN BBIpAXKEHUH /] U /3.
B pesynbrare npeoOpa3zoBaHuii MOTYIUM

+o j(D Tfe.iOJT +© ej(m: ejmr
L=[—3 do= | . do, ©)
2 (+oTr)A+ joT,) J1A+0Ty) (A+oT;)A+ joT,)

C yuerom (8) mist mHTETpana /, MOXKHO OKOHYATEIHHO 3aIACaTh

Jjot

° joTe
I, = I SRR - do
S 1+ TH( joT))

=1 -1,

CrenoBarenbHO, HHTETPATbHOE BhIpakeHue (8) 7Isl B3AUMHON KOPPEIAIUOHHON QYHKIIUHU MEpeTy-
LIETCsI CISYFOIINM 00pa3oM:

o Npp T, ) 87T,
RIO(T):ej g l—T—f Il+ JSO)OTf+T_f ]3 . (10)
WHTerpan /; mpuBeneM K TaOIUIHOMY BHIY
+00 1 o 1 +00 ejmr
o J 1+0°T? 2l do
S Tody [t
Ty
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VYuuteiBas, 4To coracHo [9, c. 323]

+00 -
ejkx d _ P —mz
——dx=—e"",
J Xtz z
1
KOHEYHOE BBIPAKSHHUE JIJISl UHTETpasia [ Py MPEIoI0KEeHUN A =T, z =— 3aIUIICTCs B CICAYIONIEM
BUJIE: S
i i
L =—e (11)
Ty
[IpeoOpazyem uHTETpal /5 K BULY, IPUTOTHOMY JUISI KCIIOJIB30BAHUS TAOJIMYHOTO UHTETpaa;
-1
1 i —jo(=1)
+o0 1 1 +00 Ti +Jjo e
L= [ o= [ do. (12)
2 A+ T+ joT,) T; L 2 ?

[Ipu BbIUMCIICHUN UHTETPAT /3 JUTsl CITydasi OTPUIIATEIbHBIX 3HAUCHUH aprymMenTa T < () uCronb3yemM
TaOmmuHeIi uaTErpal [10, c. 337]

—jpx
[OLET ) E e (13)
vy Y
- p>0
1 1
B stom cinyuae ans unTerpana ;, nonaras y=—, B=—, v=1, p=—1(t1<0= p>0), c yue-
ToM (12) MOKHO MOTYYUTH Ty Ty
i
T T
1 —e’ 14
3|0 2Tf ( )

Taxum 00paszom, Ui OTpHULIATEIBHBIX 3HaUYeHNH aprymenTa T < 0 ¢ yaetom Beipaxenuii (10), (11), (14)

I

— Jogt T erf 1 6T
Ry(7)|_, =Nne T, 1—5T—+J 8030 (15)
[IpeoGpasyem uHTErpai /3 Jjis Ciiydas MoJIOKUTEIbHBIX 3HAYEHUH aprymenTa T > 0 ¢ HCIoNb30Ba-
HHEM TI0JICTAHOBKH e’®" =2 jsin(wt) +e /*°
ej(m:
= do=1,+1;, 16
I(1+m2T2)(1+]mT) L (16)
+o0 +o0 _jort
e 14 J. 22’] Sln((DT) do o, 15 — J- : ez do
| 1+’ T+ joT,) S’ TH joT,)

Hpe):[CTaBI/IM I/IHTeraJI [5 B CIICAYIOIEM BUC, IPUTOAHOM IJIA UCITIOJIb30BaHUS TAOJIUYHOTO MHTET-
pana:

+00

e—j(m' e—j(M
:J Py o do= do.
+m + joT,
S I W R
T; T,
Ucnonw3ys Tabmuunblii waTerpan (13) u momaras y = L, B= L, v=lL p=1(t>0=p>0),
JUIs1 MHTErpaa /s MOKHO IOJIyYUTh: Ty T
i
T T
1 —e’ 17
510 2Tf ( )
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Bripaxxenue ans unterpaia /, mpeoOpasyeM cienyronmmM 00pa3om:

/ :T 2 jsin(®1) do—2 T sin(®T) e +o0 osin(or)
Pl 1+ o' TH+ joT) (1+’T}) 7 1+ 0’1}y

Y4YuThIBast 4eTHOCTH M HEYETHOCTD MOJBIHTETPANBHBIX (DYHKIIUK U PAaBEHCTBO HYIIO OTIPEAEICHHO-

+ .
. [ Jol,
TO MHTErpana oT HedeTHOH QyHKITHH I

mdw 0 MOXHO OKOHYATCJIbHO 3aIliucaTrb

I,=2T J‘ osin(®t) do= 4T ®sin(mT) do J‘ osin(®t) do.

,w(l ZTZ) o (1+ 2T2) [T12+mJ

Hcnonb3ys Tabmuaabiid naTerpan suga [10, c. 424]

J.de=iae“b[a>0,b > 0],
V()

1
BBIpaKCHHE JUISI HHTETpana [, Ipyu a =T, b = — 3amuimiercs B CISAYIOMEM BH/IE:
T f
ﬁ
T
_ S 1 8)
4les0 — 2 |'C|€ : (
Iy

Takum oOpaszoM, MHTETpaN /3 st CIydast HOJOKHUTEIBHBIX 3HAYEHHH aprymeHTa T > (0 B COOTBeT-
ctBun ¢ (16)—(18) onpenensercs BblpakeHHEM
mid

1m Tf(z'%'ﬂ} (19)

I
3 1:>O 2 T ’

™0 - ]4 ™0 + ]5

CoOTBETCTBEHHO JIJIs1 TTOJIOKUTENBHBIX 3HaYeHH aprymenTa T > 0 ¢ yuetom (10), (11), (19) moxHO
3anmcarb

mi

el 8T,
RlO(T)DO:NHef‘”OTiI—l {1 2||j+]26030 £1+2|T|j (20)

2Tf 2 T Tf S

Takum o6pa30M, HpI/I6J'II/DKCHHa$I B3aMMHAas KOppCIALUOHHAas (bYHKL[I/ISI BBIXOAHBIX CUTHAJIOB ABYX
B3aUMHO paCCTPOCHHLIX KOHTYPOB OIPEACIACTCA CICAYIOUIUM PE3YJILTUPYIOIIHUM BbIPAKCHUCM!

it |[1- 18T (1 2|T|J+j ~5a,T [1+2||] 1> 0;

7 2 T T
Rlo(T)anejone L ! ! 2

- 1)
=120 i Lse,T, |, <0,

27T 2

MomHocTH HIYMOBBIX CUTHAJ/IOB Ha BbBIXOJAaX MPUEMHBIX KaHAJ/I0B

ABTOKOppeSIMOHHAs (QYHKIIMS IIyMOBOTO CUTHAJIA HA BBIXOJIE OCHOBHOTO KaHaja MpreMa BbITeKa-
er u3 (21) /s B3aNMHOM KOPPEIALMOHHON QyHKLMY [IPY BbINOIHEHNH yCi1oBust 87, = 8w, =0 u onu-
CBIBAETCS BBIPAKECHUEM

T

Nu ot T
RO (’E) = RlO(T)|5Tf=Bc00=0 2T J 0" ex p( | | J (22)
A
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B stom ClIydac MOIIHOCTh ITOMEXH Ha BbIXOAC OCHOBHOT'O KaHaJIa IpueMa

2
26, =R, (0) = (23)
2T
ABTOKOppEISILIMOHHAsT (PYHKIMS CHTHaja IOMEXH Ha BBIXOAE KOMIIGHCAIIMOHHOTO KaHaja mpuemMa
BBITEKACT M3 BBIPAKCHUS (2) AJIs1 B3aUMHOM KOPPEISIIMOHHOW (YHKIIMU U C UCTIOJIb30BAHUEM TIOJICTA-
HOBKH k,,(j®) =k, (j®) MoxeT ObITh HaliJieHa 10 cieaytoneit Gopmye:

N +00 ) )
R (7)=—L | [k (o) e/do. 24
(=50 [ (24)
MOHIHOCTI) IIOMEXHU Ha BXOAC KOMIICHCAIITMUOHHOT'O KaHalJia HpI/ICMa OHpeI[eJ'IHCTCﬂ BI:Ipa)KeHI/ICM
N +00 . )
267 = R (0) =1 [ | (o)’ do. (25)
2n °
B coorBercTBUU C (6), HCIIOJIB3Yys NOACTAHOBKY M — 0)0 =Ao u YUYUTBIBAsA paBECHCTBO HYJIKO OIIPCAC-
+0
JIEHHOT'O MHTErpaia J #aﬁw =0, MOXXHO MOJIY4UTh
o (1+A0’T} )
Nu[(xm 2
R (0) =Ry (0)+—1L| (8T} 27,87, ) 4 + (30T, ) 4y |, (26)
21
2 +00 1
e 4, = —dAa); 4, = J. ———dAo.
S (14 a0’T?) e (1+A0’T} )
WnTterpanst A; 1 A3 HAXOIATCS 1O CIEAYIOMUM popmynam:
+00 2 400 2 +00 +00
4,=2 demzé x—zdx=% j ! ~dx j ! dy [=——;  (27)
0(1+Aoa2Tf2) T, o(1+x2) Tyl o l+x o(l+x2) 2T,
A —T ! j I (28)
3 = _— 0n=— = .
_m(1+Am2Tj§) (1+x ) 2Tf

CrnenoBarenbHO, ¢ yaeToM (26)—(28) i MOIIHOCTH ITOMEXH Ha BBIXOZIE JIOTIOJIHUTEIILHOTO KaHajla
TpueMa MOYKHO 3aIHCcaTh
Ny |, 8T} 8T, 1

N, 2 2
2612=R1(0)=R0(0)+2—;‘[(6Tf2-—2Tf8Tf)A1+(6w0Tf) A3J=i 2 —T+2(S%Tf) } (29)

IMorenuuaabHas 3P PeKTUBHOCTH OAHOKAHAJBLHOI0 ABTOKOMIIEHCATOPA
AKTUBHOM LIYMOBOM IOMeEXH

Bripaskenue st MOITHOCTH MOMEXH Ha BBIXOE OJHOKAHAIHHOTO aBTOKOMIICHCATOPAa AKTUBHBIX
IITYMOBBIX TTIOMEX OMHCHIBACTCS BRIpaKeHUEM [3, 4]

|R10(0)|

2(51 G0)

P =20, -

BBIX,min

C yuerom (21), (23), (29) dbopmya aJiss MOIITHOCTH ITOMEXH Ha BBIXOJIC aBTOKOMIIEHCATOPA MOCE
0TOpachIBaHUS CIIATaeMbIX OOJBIIEH CTETICHN MAJIOCTH UMEET CIICAYIOIINHA TPUOTMKCHHBIN BUT;

2
oT
})Bmxmin z& l _f +l(80‘)0Tf)2 . (31)
mnTor 4T, ) 4

COOTBETCTBEHHO BBIPaXXCHUC JJIA HOTCHHHaHBHOﬁ 3(1)(1)CKTI/IBHOCTI/I OJHOKAaHaJIbHOI'0O aBTOKOMIICH-
caropa B YCIOBHUAX HCUACHTUYHOCTHU YaCTOTHBIX XapaKTECPHUCTHUK OJUHOYHOTI'O PE30HAHCHOT'O KOHTYpa
OIMUCBHIBACTCS BBIPAKCHUEM
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2
K, = 2% . 4 . (32)
PBmx,min 6Tf 2
N + (ScoOTf)

A

[pubnmwkenHoe BoipaxkeHue (32) Npy MasbIX 3HAYCHUsX BEMMYMH 87, M 8, COOTBETCTBYET TOY-
HOMY PEIICHHUIO, TIOJTYYEHHOMY B [5] A7 MIMPOKOIIONIOCHOTO MPEACTaBICHNS YaCTOTHBIX XapaKTepu-
CTUK OJMHOYHOI'O PE30HAHCHOTO KOHTYpA.

3ak/oueHue

Jia cmyyasi npreMHBIX KaHAJIOB B BHJIE OJIMHOYHBIX PE30HAHCHBIX KOHTYPOB TOITYYEHBI (hOPMYITBI
B3aMMHOHN KOPPEJSIIMOHHON (DYHKLMH U MOIIHOCTEH BBIXOAHBIX IIYMOBBIX CUTHAJIOB IIPUEMHBIX KaHa-
70B. YacTOTHBIE XapaKTEPUCTUKU KaHAJIOB MPEICTAaBICHbBI B Y3KOIIOJIOCHOM NpUOIKeHun. YacToTHas
XapaKTEePUCTHKA TOTIOTHUTEIBHOTO KaHala Y HEOOBbIIOH HEUACHTHYHOCTH TI0 OTHOLICHHUIO K OCHOB-
HOMY KaHajy MOJBEPTHYTa JOMOIHUTEILHOMY yHpolleHuto. Mcrnons3oBana Mozielb 0€10ro BXOAHOTO
mryma. [lomydeHHble pe3yabTaTbl NPUMEHSIIUCH TIPH TOYYEHHN BBIPAKESHUS JJIs1 MOTSHIMAIBHON d(¢-
(heKTHBHOCTH OTHOKaHAJIFHOTO aBTOKOMITEHCATOPA B YCIOBUSAX HEHJIEHTHYHOCTH YAaCTOTHBIX XapaKTe-
PUCTUK KaHAJIOB IIPUEMA.
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B. 1. MOPJIAYEB

Benopycckuii eocydapecmeennvlil yHugepcumen uH@GOPMAmuKu u paouod1eKmpoHUKU
(2. Munck, Pecnybnuxa benapycsy)

Tocmynuna 6 pedaxkyuio 22.09.2022
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AnHoTanust. V3BecTHbIE pe3y/IbTaThl HCCIIENOBAHUN PaIHOYaCTOTHOTO 3JIEKTPOMarHUTHOTO (hOHA, CO3/1aBAEMOT0
B 3JaHUAX PaJHOYaCTOTHBIM SIEKTPOMATHUTHBIM M3JIy4eHHEM NepH(epHitHOTO 000pyIOBaHUS CUCTEM MOOHIIb-
Hoii cBs3u 4G/5G, BKIrO4as 00OpymOBaHHE MACCOBOW MEXMAIIMHHOW cBsi3u/mHTepHera Bemed (mMTC/IoT)
U aOOHEHTCKUX YCTPOWCTB OECHpOBOAHON TeiaeQOHMHM M Iepeladyd JaHHBIX, OCHOBAHbI Ha MCIIOIb30BAHUH
MOJIENI PAaBHOMEPHOTO CIY4aiHOTO pacIpeieseHHs 3TOro 00OpyIOBaHHMS 110 BHYTPEHHEMY OOBEMY 3aHHS.
Ee apexBarHOCTh ITpu ananmu3e psina cuenapues 4G/5G nonsepraeTcs COMHEHHIO B CBS3U € TEM, UTO 32 HCKITIOUE-
HHMEM a0OHEHTCKHUX yCTPOICTB, OCHOBHAS YacTh PAcHoIaraéMoro B 3JaHUSX IepudepuitHoro paauoodopynosa-
aust mMTC/IoT pa3memniaercs Ha cTeHaX MOMEIIECHHH ¢ TeHACHINEH MX TPYIIHPOBAHUS BOIM3H MECT Tepeceye-
HUS TUIOCKHX MOBEPXHOCTEH CTEH, MOJa M MOTONIKA. B cTaTbe MpUBEACHBI PE3yNbTaThl CPABHUTEIBHBIX OLICHOK
CpelHell MHTEHCHBHOCTH AJIEKTPOMAarHUTHOTO (DOHA BHYTPH 3JIaHHUS IIPU Pa3IMuHOM XapaKTepe pacipeieieHus
MHOXKECTBA TOYEUHBIX HCTOYHUKOB PaJNOYacTOTHBIX 3JIEKTPOMArHUTHBIX ITOJIEH 110 BHYTPEHHEMY IIPOCTPAHCTBY
37aHHMS: TIPH KX OITHOPOJHOM PABHOMEPHOM PACIIPE/ICIICHUH 110 €r0 00bEMY U TIPHU ABYX THUIAX HEOTHOPOAHOCTH 3TO-
O pacrpe/esieHus — P PABHOMEPHOM PacIpe/IeIeHUH HCTOYHUKOB I10 €ro0 BHYTPEHHHM IIOBEPXHOCTSIM U PaB-
HOMEPHOM HX paclpee]IeHHH 110 JIUHHUAM [IePeCceUeHHst STUX IIOBEPXHOCTEH. DTH Pe3ybTaThl CBUIETEILCTBYIOT
00 OTHOCHTEJIBHO MaJIOM BIHMSHHU PACCMOTPEHHBIX BHIOB HEOIXHOPOAHOCTH MPOCTPAHCTBEHHOTO Pa3MEILCHUS
MCTOYHUKOB M3JTyUYEHHUH Ha OLIEHKH CpeIHel MHTEHCHMBHOCTH CO3/IaBaeMOT0 UMH DJIEKTPOMAarHUTHOTO (DOHA BHYT-
DY 37aHHS [IPH MCIOIb30BAHMN METOIUKH, OCHOBAHHOM Ha MPEACTABICHUH BHYTPEHHETO MPOCTPAHCTBA 31aHUS
B BUJIC COBOKYITHOCTH TECJICCHBIX YIVIOB, OTIACIBHBIC AIEMEHTHI BHYTPEHHETO POCTPAHCTBA KOTOPHIX XapaKTepH-
3yIOTCSI IOCTOSIHCTBOM CpeJHel 00bEMHOM IJIOTHOCTH UCTOYHUKOB M YCPEJIHEHHBIX YCIIOBHH PacipOCTpaHEHUs
PaZMOBOJH B HANIPABJICHUU TOYKH HAOIIONCHHUS.

KiroueBble cjioBa: MoOuibHas cBsi3b, 4G, 5G, nepudepuitHoe yCTPONCTBO, 3JICKTPOMArHUTHOE H3JIyYCHHE,
ANEKTPOMATHUTHBIH (HOH, PACHPOCTPAHCHUE PATOBOIIH, JIEKTPOMArHUTHASI OE30M1aCHOCTb.

Kondaukt unTepecoB. ABTOp 3asBIACT 00 OTCYTCTBUU KOH(PIUKTA HHTEPECOB.

Jdnsa unurupoBanusi. Moppayes, B. W. BrnusHue HEOIHOPOAHOCTH MPOCTPAHCTBEHHOIO pacIpeeIeHus
nepudepuitHoro paanoodopynoBanust cereit 4G/5G Ha ypoBeHb >JIEKTPOMArHUTHOTO ()OHA, CO3/1aBAEMOTO
B 3manusix / B. Y. Mopnaues // loxmanst BI'VUP. 2023. T. 21, Ne 2. C. 49-57. http://dx.doi.org/10.35596/1729-
7648-2023-21-2-49-57.
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Abstract. Known results of studies of the radio frequency electromagnetic background generated in buildings
by electromagnetic radiation from the peripheral equipment of 4G/5G mobile communications, including equip-
ment for massive machine-type communication/Internet of things (mMTC/IoT) and user’s devices for wireless
telephony and data transmission, are based on the use of a model of uniform random distribution of this equipment
over the building internal space. The adequacy of this model for the analysis of a number of 4G/5G scenarios
is questioned due to the fact that, excluding user’s devices, the main part of the mMTC/IoT peripheral radio equip-
ment located in buildings is distributed along the walls of the premises with a tendency to concentrate them near
the intersections of flat surfaces of walls, floors and ceilings. Paper presents the results of comparative estimates
of the average intensity of electromagnetic background inside building for different types of distribution of the set
of point sources of RF electromagnetic fields over the building interior space: for their uniform distribution over
internal space and for two types of heterogeneity of this distribution: for uniform distribution of sources over build-
ing internal surfaces and with their uniform distribution along the lines of intersection of these surfaces. Results
of this analysis indicate a relatively small effect of the considered types of heterogeneity in the spatial distribution
of radiation sources on the estimates of the electromagnetic background average intensity created by these sources
inside the building, when using a technique based on the representation of the internal space of a building as a set
of solid angles, which internal space separate sections are characterized by the constancy of the sources average
space density and by the average conditions for radio waves propagation in the direction of the observation point.

Keywords: mobile communications, 4G, 5G, peripheral equipment, electromagnetic radiation, electromagnetic
background, radio waves propagation, electromagnetic safety.
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BBenenune

B [1, 2] npennoxeHa MeTOOUMKa WHTErPalbHOW OLICHKM HHTEHCHUBHOCTH AJIEKTPOMArHUTHOTO
¢dona (OM®), co3raBaeMOro MHOKECTBOM M3JTydarouX nepudepuitnpix yerpoiicts (I1Y) paguocssizu
1 OecnpoBOIHON MepeJayn JaHHBIX B MHOTO3TAXKHBIX 3/1aHHUAX, OCHOBAHHAS Ha!

— HUCIOJb30BAHUU MOJEIN CIIy4alHOrO paBHOMEpPHOro pacnpeneneHus 1Y paBHON 3KBHUBaJIEHT-
HOM M30TPOMHO H3irydaemMoi mourHocty (DVIMM), pencTaBisgeMbIX B BHJI€ TOUEUHBIX HCTOYHUKOB pa-
JMUOYACTOTHBIX AJMEKTPOMArHUTHEIX monei (OMII PY), mo BHyTpeHHEMY 00BbEMY 3MaHUS CO CpemHei
wioTHocThIO p [I1Y/M3], mubo Mo BHyTpeHHUM 0ObeMaM ero / OTIEeNbHBIX YacTel, TM00 OTIEITbHBIX
2JIEMEHTOB TOPOJICKON 3aCTPOMKHU C U3BECTHBIMH IIJIOTHOCTAMHU p;, I € [1, /];

— MHCIIONIb30BaHUM HM3BECTHOW MHTErpajbHOM sMmmOupuueckoil monenn [3—5] pacnpocTpaHeHUs
pamuoBonH (PPB) B 3nanusx;

— ompeneneHny HHTeHCuBHOCTH DM B (hopme CKaNsApHON CyMMBI 3HAYEHHWH TUIOTHOCTH TOTOKA
morHOocTH (ITIIM) DMIT PY, cozmaBaeMbix B Touke HaOmonenus (TH) maOKecTBOM m3mydarommux 1Y,
pacrpeneneHHbIX B OKPY>KaroIeM ITPOCTPAHCTBE;

— [IPEICTaBICHUH BCETO OKPYIKAIOIIETO MPOCTpaHcTBa BOKpYr TH BHYTpH 31aHMs U, TPU HEOOXOIH-
MOCTH, BHE €TO B BUJIE COBOKYITHOCTH OTHOCUTEIILHO Y3KUX TENECHBIX YIIoB (), je[l, J], crsaruBaembix
3JIEMEHTaMH BHEIIHUX MMOBEPXHOCTEH 37aHNs TUO0 MOBEPXHOCTSIMH 3JIEMEHTOB TOPOACKOM 3aCTpONKH
1 B CyMME COCTABIISIONINX MTOJHBINA TeNeCHBIH yroi Qy = 47.

[locnenHee siBisieTcs NMPUHLMNMAIBHBIM IIPEUMYLIECTBOM METOIUKH, 00ECIICUUBAIOLINM CyIle-
CTBOBaHUE IEPBbIX HauaJbHBIX MOMEHTOB pacmpeneiacHuil BepostTHocTd 3HaueHuit [1IIM OMII PY,
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CO3/1aBaeMBIX ONMMKAWITIMH TOYeYHBIMU ncTouHnKaMu OMII PY, pacronaraeMbiMu BHYTPH Ka)XI0TO
U3 TeJecHbIX ymioB L), j € [1, J], n oxaspiBarommumu HauOOJIbIICE BIMSIHAE HA HHTCHCUBHOCTE DMD
B TH. Oto BriepBBIC 00ECIIEUHIO BOBMOKHOCTD Pa3pabOTKH MPAKTHUYECKOTO aJrOpUTMa HHTETPATbHON
orieHKu cpeaneit nateHcuBHocTH DM® B TH, co3maBaemoro ncrounnkamu IMII PY kak u3 okpyxa-
FOIIETO MPOCTPAHCTBA BHYTPH 37aHUS, TaK W 3a €r0 IMpeaesiaMi, B BHIE CKASIPHOW CYMMBI CPEIHHUX
3raueHuit [11IM DMII PYU B TH. Pesyneraret o0CcyxacHus B [2] ATON METOAMKN TOATBEPIUIH €€ aK-
TyaJbHOCTh M TPAaKTUYECKYIO 3HAYUMOCTh, HO BBISBUJIM HEOOXOIMMOCTh aHAJIM3a €€ MOTPElTHOCTH,
CBSI3aHHOW C WCIIOJB30BAaHUEM PABHOMEPHOTO OOBEMHOTO PAaCHpeCsiCHUS] MCTOYHUKOB, IOCKOJIBKY
OCHOBHAsI YacTh pacroyiaraeMoro B 3aaHusx nepudepuiinoro paguoodopynosanust mMTC/IoT cereit
4G/5G pa3mMerniaeTcst Ha CTEHAX OMENICHUH ¢ TeHACHIMEH X TPYIIIPOBaHUsI BOJIHM3H MECT Tepecede-
HUS TTIOCKUX TIOBEPXHOCTEH CTEH, TI0JIa M IMTOTOJIKA.

Henp nccnenoBaHuii — CpPaBHUTENIBHBIN aHAIU3 OLEHOK cpenHel nureHcuBHoct OM® B TH BHy-
TpU 30aHus 10 npuHUMNaM [1, 2] npu pa3audyHOM XapakTepe paclpeiesieHUs MHOXKECTBA TOUEUHBIX
nctouHukoB OMII PY panoit DUVIM 1o BHyTpeHHEMY NPOCTPAHCTBY NMOMELIEHUS: MPU UX OJHO-
poaHoM paBHOMepHOM 3D-pacnpeneneHun mo ero o0beMy U MPH JIByX THUIAX HEOAHOPOMHOCTH 3TO-
TO pacmpeaeneHus — Mpu paBHOMEpPHOM 2D-pacmpenenennn Toro e KOJIUYeCTBA UCTOYHHUKOB TI0 €ro
BHYTPEHHHUM IOBEPXHOCTSAM U IIPU paBHOMEPHOM 1 D-pacnpenesnennn JaHHbIX UICTOYHHUKOB 10 JTUHUSAM
MEPECEUCHUS] 3TUX TOBEPXHOCTEM.

MeToauka aHaJIH3Aa

O1eHKH OTHOCHUTENBHON HHTEHCUBHOCTH DM@ mpH pazandHOM XapaKTepe pacipeaesieHus HCTod-
HUKOB BHYTPH 3[JaHUH BBIIOJIHEHBI IO TPAAULIMOHHON MeToauKe [ 1, 2, 6], 0CHOBaHHOM Ha UCIOJIB30Ba-
HUU U3BECTHBIX SMITMPHUYECKUX MOojiesiel ycioBuii PPB B 31aHMsIX M pa3snYHBIX BApUAHTOB pacipere-
nenus nnyvaromux I1Y B mpoctpaHcTBe (OAHOPOIHOTO U HEOTHOPOIHBIX).

Mooenwv ycrosguii pacnpocmpanenust paouosoni 6 30anusx. IIpuaruMasi BO BHUMaHUE UHTETPaIbHBIN
XapakTep oneHok cpenHeil nateHcuBHOCTH DOM® B TH B paccmarpuBaeMbIx cirydasik, UCIIOIb30BaHa
CIemyIoIas M3BeCTHAsI 0000IIeHHAS SMITUPUIECKas Moaenb yenoBuii PPB B 3manmsx [3—5], onpenens-
oIIasi 3aBUCUMOCTD UX 3aTyXaHUs L, OT pacCTOSHUS R 10 X NCTOYHUKA:

v

L(R)=L. Rﬁ , L. =const, (1)

0

rae v — k03 (QUIMEHT, ONpeAeAOUINNA CTeNeHb YBEINYCHUS 3aTyXaHUsl PAJUOBOJIH C yBEIMUCHUEM
paccrostaust 1o TH u B yepenHeHHOH (hopMe OTpakaroniuil BIUsSHNE BHYTPEHHUX MPETSATCTBUAN (CTEH,
MEPEKPBITHIA, 000PYIOBaHMA U T. 11.) Ha npouecc PPB; Ry — «3TanoHHOE» paccTosHUE, ONpeaessieMoe
¢ ydeToM ocobeHHocTeill pacrionaoxenus TH BHyTpu 1100 BHE 31aHUS.

be3 yuera «xBa3MBOJIHOBOAHOIO» Xapakrepa PPB Brosib Kopu10poB 1 NOMENIEHUI pa3IMYHOIO Ha-
3HAYEHHUS B Mpesesax MpsiMOi BUAUMOCTH (A1 9THX yclIoBHi v ~ 1,6—1,8), 1u1d HCTOYHUKOB JabHE
30HHI (BHE MTOMEIICHUS, B KoTopoM Haxoautcs TH), a Taxke miis gactoT muanazona FR1 5G (ocHoBHO#M
yactu auana3zona YBY u HwkHel yactu auanazona CBY) v = 4-6 mist PPB BHyTpr 0(pUCHBIX 1 KHITBIX
3naHuil, v = 2-3 s PPB B npou3BOACTBEHHBIX 30aHMSIX, V = 3—5 U1 COTOBOW CBA3M B YCJIOBHUSAX 3a-
TEHEHWUsI TOPOJICKO 3acTpoiikoit uist TH BHe moMenieHuii BOIU3U 3eMHOM MOBEPXHOCTH. Bennunna R
oTpeniensieTcst SMIMPUUECKH [T KaXI0To ciydasi ¢ y4eTOM B3aUMHOTro pacnosiokeHust TH u BHyTpeH-
HUX TTOBEPXHOCTEH MOMEIICHUS JIN0O0 3aTCHSIONINX dJIEMEHTOB 3aCTPOUKH. JIJIT ICTOUHUKOB OMMKHEH
30HHI (B moMmemenuu, rae Haxomutes TH) mist Ry = 1 mu Ry < R < 10 M ucnons3oBana mozens PPB
B cBOOOIHOM TIpocTpaHcTBe (v = 2) [5].

B npencrasienHoM Ha puc. 1 npuMepe poCTpaHCTBO BHYTPH TelecHoro ymia ); ¢ BepuimHoi B TH,
pacrionaraemoii B ceximu 1 3panus 1, paszaeneHo Ha OIMKHIOI 30HY 0o0beMa }/|, OXBaTbhIBAIOLIYIO 4acTh
BHYTPEHHETO MPOCTPAHCTBA CEKIUH 1, Ha aneMeHTHI V), V3 cexuuil 2, 3 3qanus 1, Ha 4acTh V4 BHEIIHETO
MIPOCTPAHCTBA U YacTh V5 BHYTPEHHETO POCTPAHCTBA COCEAHETO0 3nanus 2. OT/eNbHbIe YaCTH BHYTPEH-
HETO MPOCTPAHCTBA yIia (), OTIMYAIOIIMECs CPEHEN TPOCTPAHCTBEHHOM IIOTHOCTBIO ITY p; 1 yenosus-
mu PPB v,, i€[1, 5], B HanpaBnennn Ha TH, pa3nensrorcst cTAruBarommmMi cheprudecKiuMHU ITOBEPXHOCTS-
MU B|—B,, allpOKCUMUPYIOLMMH PealbHbIC IOBEPXHOCTH paszeia (CTeHbI, HEPEKPBITHS H T. I1.).
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/

Vs, ps, Vs

3nanue 1

Puc. 1. [Ipumep paszienenus BHyTPEHHETO POCTPAHCTBA 3[aHNUs B TeNECHOM yriie (), Ha obmactn V—Vs

Fig. 1. An example of the division of the building inner space covered by the solid angle €2, into parts V—Vs

Mooenu npocmpancmeennozo pasmeuenus nepugheputinbix yCmponucme — UCIHOYHUKO8 PAOUOHdC-
TOMMHBIX DNEKMPOMASHUMHBIX noael. PaccMOTPUM OTHOCHTENBHO HEOONBLION TeNIeCHbIH yroa Qg < 1
¢ BepmmHoi B TH, coBnamatomieli ¢ nentpom O cdep ¢ paauycamu R u » = kR, k < 1, cTaruBaemMbIit
BHEIIHEW W BHyTpeHHEH mnoBepxHocTMU GG,G3G4 M g12,2384 YCCUCHHOM c(hepruecKoi mupaMu-
1wl (YCII) G G2G3G4g4212283, 00pa3oBaHHOM pamuanbHeIMu pedpamu g,G, 2,GH, g3G3 1 24,Gy, a Tak-
)K€ a3UMYTAJIBHBIM O M 3¢HUTHBIM [3 yrmamu (puc. 2). Jlanras Y CII ncmonb30Bana A1 allpOKCHMAITAN
TeOMETPUHU aHAJTM3UPYEMOTO BHYTPEHHETO MPOCTPAHCTBA 3aHMS, PACIloiaraéMoro B JIallbHEW 30HE
o otHoteHuto k TH.

S
=
2
=
P
oo}

/

B |
=]

&)

Puc. 2. [Ipencrasnenne aHamu3upyeMoid 00JIacTH BHYTPEHHETO MPOCTPAHCTBA 3/1aHUs
B BHJIE yCEUeHHOM ceprueckoi mupaMunibl G| G,G3G4g4812>83
Fig. 2. Representation of the analyzed part of the building internal space
in the form of truncated spherical pyramid G,G,G3G4g4g12>83

[IpuHuMas BO BHUMaHME CIIOKHOCTb KaK BHYTPEHHEW CTPYKTYphl 3[JaHUH, TaKk U KOH(QUTypalyuu
BHEILHETO MPOCTPAHCTBA TOPOACKOHN 3aCTPONKH BOKPYT HUX, IPU peaju3aluuu MeToauku [1, 2], npen-
roJiararoleil nmpeacraBieHue npocrpancTsa Bokpyr TH B Buzae moctarouHo OOJBLIOrO YMcia Y3KHX
ymioB Q;, j € [1, J], uHTEepec npeAcTaBiseT ciydai, koraa ananusupyemas Y CII orpanuuena cpaBHu-
TEJIPHO MaJIBIMU a3UMYTaJIbHBIM O, M 3¢HUTHBIM [3 yriiamu. Mogens (1) ycnosuii PPB yno6Ho npeicra-
BHTH B CIIEAYIOLIEM BH/IE:

const
= R <x<R; 2)
xV
const const const
Z = > = = ; Zmin SZSZmax’

min RY ’ max »Y _kvRv’

rae Z — IIOTHOCTh MOTOKA MOITHOCTH, BT/M2, DMIT PY B TH OT MicTOYHHKA, YAAIEHHOTO HA PACCTOSI-
HUEC X; Zinin» Zmax — MUHIMAJIBHOE U MakcuMasibHOe 3HaueHus [IIIM OMII PY ot ucTo4HHUKOB, pacmona-
raembIX B mpenenax paccmarpusaemoit Y CIL

Onpenenum cpenuue ypoHH DM B Touke HabmoneHus O MpH CIeIyOIMNX BapraHTaX MPOCTpaH-
CTBEHHOTO pacIpeieseHusl OQUHAKOBOIro KoauuecTna uzinyyaromux [1Y B paccmarpusaemoit Y CII.

1. Uctounuku pacnionaratorcst B o0beme Vrgp YCII (TSP — truncated spherical pyramid — yceuennas
chepudeckas MUpaMuIa) PaBHOMEPHO CIYYalHO CO CpeHeH MIOTHOCTRIO Py [ITY/M3] Tak, uTo ux yrc-
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70 B ee ooveMme Nys = Viygppy. O0beM Vygp pacemarpuBaemoit Y CII G G,G3G4g4212-23 paBeH o/2m-i
YacTH Pa3HOCTH JIByX BEJIMYUH, U3 HUX:

—nepBas — 00beM Vpp mapoBoro ciosi ABDC BeicoToit H 3a BeraetoM 006eMOB V5= Vocp=Veous
JIBYX BHEITHUX KOHYCOB OAB u OCD c obOpasyroineit R u pajguycoM ocHoBaHUsS Rcos(B/2);

— BTOpast — 00beM V. IapoBOTO ci10si abdc BHICOTOM A 3a BBIYeTOM 006eMOB V, o, = V,.04= Vi BHYT-
peHHNX KoHycoB aOb u cOd ¢ 00pa3yrole 1 paguycoM ocHOBaHUS cos(3/2).

Taxum obpazom:

o
Visp = E(VABDC 2Vt =Vabae + 2ch) Nys =pyVisp- (3)

CymMapHast ”HTEHCUBHOCTD Zyy OM® B TH ot n3nyuaronux I1Y, pacrnonokeHHbBIX paBHOMEPHO
ciyuaiino B oobeme Y CII, 3anumercs B Buze [1, 2]:
303
RYANVA = R

Zyy = Nyymy (Z) = mm3 = 3 Z o~ Loin 3 (1 k3)51n[3 v#3; C))
(V_3) max Zt¥un
ZinZ Z R’
Zsy = Nysmy () = —-oinCom Zoms. 0‘3"(1 K )sin B, v =3, (5)

rie m(Z) — maroxxuganue 3aadennit [11IM stux [TY B TH.

2. Nyy HACTOYHHMKOB PACIOJAraloTCs CIy4allHO PaBHOMEPHO C IJIOTHOCTBIO Pg HA BHYTPEHHEH,
BHEIIHENH M OOKOBBIX MOBEPXHOCTAX (rpamsx) anaymmsupyemoit YCIL Tlnomamu Sgeg U S,qp BHEII-
Het G,G,G3G4 1 BHYTpeHHeH g;2,23g4 TpaHel paccmarpuBaeMoil Y CII onpesenstoTcss 3HaUeHUSIMU
pannuycoB R | 7 BHEITHETO ¥ BHYTPEHHETO HIAPOBBIX CIIOEB M YIIIOB O, [3:

Srap = 20.R’ sin g; Syap = szRaﬁ.

HHOH.[aZ[B spl 6OKOBOI/I HOBerHOCTI/I paCCManI/IBaeMOI/I YCH SIBJIIACTCA CyMMOI/I HHOH.[a,HeI/I oaun-
HAKOBBIX KPYTroBbIX Tpaneuni G g,24G4 1 G,2,g3G3 v IWIoIaiel 1ByX OMHAKOBBIX KPYTOBBIX TpaIe-
uui G1212,G, v G3g384Gy:

Syt = 28y + 280y =BR* (1=K )+ (167 ) R? cos% =R2(1—k2)(ﬁ+acosgj.

CymmapHast 1iomaap noBepxHocTy ananusupyemont Y CII Oyner paBua
Srsp = Skrap T Sinop + Sepir- (6)

Ecim Bce Npy HCTOUHHUKOB pacmojiaraloTcsl paBHOMEPHO Ha BHYTPCHHEH, BHEITHEH M OOKOBBIX IT0-
BepxHocTsX YCII, To MOBEPXHOCTHASI TNIOTHOCTh TAKOTO pasMenieHust pg= Nps/Srep [TTY/M2].

[TnotHOCTH TIOoTOKAa MomTHOCTH DOMII PY B Touke HaOmromeHuss O OT UCTOYHHKOB, PACIIPEICICHHBIX
no BHewmHeH G1G,G3G, ¥ BHYTpEHHEH g2,23g4 TPaHsM, OyayT COOTBETCTBEHHO PaBHBI Zyin M Zp,.. Pa3-
BepTka OOKOBOI moBepxHOCcTH paccMarpuBaemoii Y CIT npeacrasmsier coboit (o0 + B)/m-10 yacTb Kolbla
C BHEITHUM R W BHYTPEHHUM 7* paJIAyCaMH, 4T0 00eCIIeUMBACT THIIEPOOITTYECKOE PACTIPEICIICHUE BEPOSIT-
Hoctu crenenn «—(1 + 2/v)» snadennii [IIIM SMII PY or I1Y, pacnpeneneHnbix no miomam Sy, 310k
rioBepxHOCTH [6]. TakmM 00pa3zom, cymmapHasi HHTEHCHBHOCTH Zy ¢ OM® B TH ot m3my4atormux [1VY, pacrio-
JIOKEHHBIX PAaBHOMEPHO CITy4aiiHO [0 BHYTPEHHEN NOBepXHOCTH aHanmm3upyeMoit Y Cl1, 3anmmercs B Buze:

Zsg = SRotﬁpSZmin + Sraﬁpszmax + Ssplpsmls (Z); @
2 2 22 -2
223 L | Zoh — Zoi
mg (Z)= 2 2 » VEL g (Z)= ZZ““'“_Z;“ fn éma" V=S ®
(V ~ 2) max B Zglm max min min

e m;(£) — maroxxkunanue 3uadeHuit [1I1IM B TH ot I1Y, pacmomaraembix ciay4daitHO paBHOMEPHO
CO CpeqHe IIOTHOCTHIO Pg Ha OOKOBBIX MOBEPXHOCTAX aHaim3upyemoit Y CII.
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3. Nyy UCTOUHHUKOB pacIlloJIaraloTCsl CIydallHO PaBHOMEPHO C IUIOTHOCTBIO P; Ha BHYTPEHHHX,
BHEIIHUX M OOKOBBIX pedpax anamuzupyemoin YCII. ITnotHoctn nmoroka momuoct SMII PY B Tou-
ke HaOmoneHnss O OT UCTOYHMKOB, pacHpeAeieHHBIX 1Mo pedpam BHemHed GG,(G3G4 U BHYTpeH-
Hel g1g,23¢4 rpaneit YCII, OynyT, kaKk B MyHKTE 2, PABHBI Ziyin ¥ Zpyax, @ HIEPUMETPBI STUX IPaHel Lygyp
U L, 3aIHIIYTCSL B BUAE:

Lyop =2R (B + acosgj; Lyop = kLgyp-

CyMmMapHas 1iimHa OOKOBBIX 1 BCeX pedep yceueHHOU ceprudeckoit mupamMuasl G G,G3G4g1222384
COOTBETCTBEHHO:

L 4(R-r)=4R(1-k);

Rrsp =

Lyprop = Liop + Ligg + Lgpsy = 2R(1+ k)(B + acos%) +4R(1-k). )

Ecian Bce Npy MCTOYHMKOB pacmoniaraioTcss paBHOMEPHO Ha peOpax yceueHHOH cdepuueckoi mu-
pamu/Ibl, TO JIMHENHHAs IUIOTHOCTh TAKOro pasmemienust Py = Nyy/Lyg,qp [IIY/M]. B cuity upentudnocTy
U xapakrtepa pacnoyiokeHust 00koBbix pedep YCII mo orHomenuto k¥ TH pacnpeneneHue Beposit-
voctu 3HadeHuit [11IM OMII PY or I1Y, pacnipeneneHHbIx 1Mo 3TuM pedpam, OyneT rurnepOoIndecKum
crenieHu «—(1 + 1/v)» [6]. Takum oOpa3oM, IJIs MPEACTABISIONICH MPAKTHUESCKUN WHTEpPEC 00JIacTH
3HaueHud v > 1,5 cymmapHasi UHTEHCUBHOCTb Zs; OM® B TH ot uznyyarouux ITY, pacnonoxxeHHbIX
paBHOMEpHO ciydaiiHo no pedpam Y CII, 3anuiercs B Buje:

Zs; = LogPrZiin * LiapPrZmax T LapP i (Z); (10)
Z% Z% 1,1 1,1
My (Z): mml e 1 Zma\)/( _Zmi[\: > V>1’ (11)
(V - 1) Zr}r,lax - Zr\rllin

rae my;(Z) — maroxxupanue 3Hadenuid [I1IM B TH ot I1Y, pacnomnaraemsix ciydaiiHO paBHOMEPHO
CO CpenHei MIoTHOCThIo Py Ha pebpax YCII.

4. Buyrpennuit oobem YCII pasnenen Ha n3 cekumil paBHO# mmmHbBI AR = (R — r)/n ¥ paBHBIX
YIJIOBBIX pa3MepoB o/n U [B/n. BeinonHsercs cpaBHeHue cpenneit nateHcuBHoctd DOM® B TH ot Nyy
mnydarormux [1Y, pacmonokeHHBIX paBHOMEPHO ciaydaiiHo mo Bcemy oowemy YCII, co cpennei nH-
TeHcuBHOCTBIO OM® B TH B cutyanusix, korga 3tu ucrounuku DMII PY pacnonararorces ciydaitHO
pPaBHOMEpPHO Ha BCex IpaHsax cekuuii ananusupyemoil Y CII u korna oHM pacnpeneneHsl ciydaiiHo paB-
HOMEpHO 1o pebpam Bcex cexuuii ananusupyemoi Y CIL.

Pesyabrathel aHanmn3a u ux o0cy:KaeHHe

Ha puc. 3, a, b npuBeneHbl pacyeTHbIC 3aBUCUMOCTU OTHOLICHUS Zsg / Zs ) cpeHeld HHTEHCUBHOC-
™ OM® B TH nnis ciayvaeB, Koria HCTOYHHKH paclpeesieHbl PABHOMEPHO M0 CTEHKaM U 00beMy
YCEUEHHOMN CPepruuecKoil MupaMu/Ibl, OT apaMerpa k = 7/R, XapaKTepu3yOIIero OTHOCUTEIbHYO JJI1-
HY aHAJIM3UPYEeMOro MPOCTPAHCTBA B HanpasieHnn Ha TH. PacueTsl BBIMOJIHEHBI C HCHONIB30BAaHHEM
cootHomeHuit (4), (5), (7) u (8) mst paznuaasx yeinouii PPB s otHOcuTensHO y3koro (puc. 3, a:
o =B =7/18) u tocTaroyHO MUPOKOTo TejecHoro yria Qq (puc. 3, b: o= =n/3). Ha puc. 4, a, b ipen-
CTaBJICHbI aHAJOTMYHbIE paCYETHBIC 3aBUCUMOCTH OTHOWIECHUS Zsg / Zsy OT k = r/R nist ciydvas, Koraa
BHyTpeHHee mpoctpancTtBo Y CII pasneneno Ha 64 cexuuu (n = 4).

PacuerHbie 3aBUCUMOCTH OTHOIICHUS Zy; / Zs ) cpeaneit nateHcuBHocTd DM B TH 11 ciiyuacs,
KOT/Ia MCTOYHUKH pacIlpeiesieHbl paBHOMEPHO 10 pedpam u 00beMy ycedeHHOU cdeprueckoi mupa-
MHIBI, OT TTapameTpa k = 7/R TIpuBENeHbI Ha pUC. S5, a, b. [ cOMOCTaBIICHUS CO CIydaeM UX pacrpe-
nenenus mo rparsiM Y CII pacuerst ¢ ucnonb3oBanuem (4), (5), (10), (11) Taxke BHITIOTHEHBI AJIs pa3-
IM4HBIX Vv, 11 o =f = /18 (puc. 5, @) u a =B = n/3 (puc. 5, b). Ha puc. 6, a, b npencrasneHsl aHa-
JIOTMYHBIC PACUETHBIC 3aBUCHMOCTH OTHOIIEHUS Zy; / Zsy OT k = r/R Ui ciyd4as, KOTa BHyTpEHHEE
npoctpanctBo YCII pa3zaeneno Ha 64 cexiuu (n = 4).
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Zss | Zsy

a b
Puc. 3. 3aBUCHMOCTH OTHOIICHUS CYMMAapPHO# HHTEHCUBHOCTH AJICKTPOMArHUTHOTO (hOHA B TOUKE HAOTIONCHUSI
JUISL CITy4aeB, KOra HCTOYHUKY PACIIPEeNICHBI 110 HOBEPXHOCTIM I'paHeit
1 110 00beMy yCeueHHOH ceprdeckoit mupamMusl, oT k =/Rupun=1:a—npu o =3 = 10°; b —mpu o = 3 = 60°
Fig. 3. Dependences of the ratio of the total electromagnetic background intensity in the observation point
for the cases when sources are distributed over the surfaces of the faces and the volume
of the truncated spherical pyramid, onk =r/Ratn=1:a—ata=p=10°b—atoa = =60°

1.2 12

1o 1.0
0.5 0.6 0.7 0.8 /R 0.5 0.6 0.7 038 /R
a b
Puc. 4. 3aBUCUMOCTH OTHOLICHUS] CyMMapHOH MHTEHCUBHOCTH 3JIEKTPOMArHUTHOTO (POHA B TOUKE HAOIIONCHHS
JUIS CITydaeB, KOTZla HICTOYHHUKH PAaCHpenesIeHbI 110 TOBEPXHOCTAM TpaHelt 64 cexuuit (n = 4)
yCeueHHOH ceprueckoii mupaMuIp 1 1Mo ee 00vemy, oT k = #/R: a —mipu oo = 3 = 10°; b —ipur a0 = 3 = 60°
Fig. 4. Dependences of the ratio of the total intensity electromagnetic background in the observation point
for the cases when sources are distributed over the surfaces of the faces of 64 sections (n = 4)
of a truncated spherical pyramid and over its volume, on k=7/R: a —ata = =10% b —at a =3 = 60°

2.0

035 0.6 0.7 038 r/R 0.5 0.6 0.7 0.8 /R
a b
Puc. 5. 3aBUCUMOCTH OTHOIICHUS] CyMMapHOI HHTEHCUBHOCTH 3JIEKTPOMArHUTHOTO (DOHA B TOUKE HAOIIOICHHS
JUTSI CITy9aeB, KOr/a HICTOYHUKH PACIIPEIe/ICHBI 10 pedpaM U 1o 00beMy yCeueHHOI chepuiecKkoil mupaMuisbl,
ork=r/Rupun=1:a—npuao==10°b—npu a =3 = 60°
Fig. 5. Dependences of the ratio of the total intensity electromagnetic background in the observation point
for the cases when the sources are distributed along the edges and volume of a truncated spherical pyramid,
onk=r/Ratn=1:a—ata=3=10°%b—ata=[=60°

55



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 2 (2023) V.21, No 2 (2023)

1.4

1.0 .
05 0.6 07 08 /R 05 06 0.7 08 r/R
a b
Puc. 6. 3aBUCHMMOCTH OTHOIICHUS CYMMAapPHOH HHTEHCUBHOCTH AJICKTPOMArHUTHOTO (hPOHA B TOUKE HAOIIONCHUS
JUTSL CITyYaeB, KOTJIa HCTOUHUKH PACTIPE/IeICHBI
mo pedpam 64 cekunii yceueHHOH ceprueckoii mupamMus! (7 = 4) U 1o ee 00beMy,
ork=r/R:a—npua=p=10%b—npu a = =060°
Fig. 6. Dependences of the ratio of the total intensity electromagnetic background in the observation point
for the cases when sources are distributed over the surfaces of the faces of 64 sections (n = 4)
of a truncated spherical pyramid and over its volume, on k = 7/R: a —ato. = =10° b —at o = § = 60°

Ananu3upyst IpUBEACHHbBIC pacyeTHBIC 3aBUCUMOCTH, MO)KHO OTMETHUTh, Ha YTO HEOOXOIUMO 00pa-
TUTHb BHUMAaHHUE.

1. Crienyet 0xuaaTh, 4TO 110 CPABHEHMIO C OJHOPOIHBIM pactpeneneHreM [1Y-nctounukos OMIT PY
[0 BHYTPEHHEMY MPOCTPAHCTBY 3[JaHUH WX HEOTHOPOAHOE MO O0BEMY PAaBHOMEPHOE pa3MEIlCHHE
Ha BHYTPEHHHUX [TOBEPXHOCTSIX 3JaHUH JINOO Ha CThIKaX ITHUX MOBEPXHOCTEH, KaK IPaBHiIO, 00eCeunBaeT
yBEJIMYEHHE CPeJHEH NHTEHCUBHOCTH 3JIEKTPOMarHUTHOTO ()OHA B TOUKAX HAOIIOACHUS BHYTPH 3JaHUSL:

— 10 0,8-1,2 nb (v = 4-5) npu NOBEpXHOCTHOM pacHpeAeiIeHUu: U 10 2—3 nb npu 1MHeiiHOM pa3Me-
LICHUH NTepUPEePUHHBIX YCTPOHCTB Ha CTBIKaX BHYTPEHHUX [TOBEPXHOCTEH;

— 10 0,2-0,3 nb (v =1,7-2,5) npu noBepxuoctHoM pacnpeaeneHun u 110 0,8—1,0 n1b npu nunaeliHOM
pasMelieHny nepupepuiiHbIX YCTPOHCTB Ha CTHIKAX BHYTPEHHHX ITOBEPXHOCTEH.

2. OnucanHoe B1I. | oxnaeMoe yBelMueHue cpeHeit nHTeHcuBHOCTH DM@ cpaBHUTENBHO c1abo 3a-
BHCHUT OT LIMPHUHBI TEIECHOTO yIia {), HO CYIIECTBEHHO 3aBUCHUT OT OTHOCUTEIBbHOM JJIMHBI aHATU3UpYe-
MOH 4acTH IPOCTpaHCTBa (mapamerpa k), B koropom pazmeruatorcs I1Y, u ot ycnoswuii PPB. Ilpu pocre &
1o 0,7-0,8 (cokpamennu orHocutenbHOU auHbl YCII B Hanpasnennu Ha TH 1o 20-30 %) BiusiHue
PaccCMOTPEHHBIX BUJIOB HEOIHOPOJHOCTH pacnpeneneHus [1Y no BHyTpeHHEMY IPOCTPaHCTBY 3/1aHUS
Ha CPEAHIOI MHTEHCHBHOCTB JIEKTPOMAarHUTHOTO (oHa, cozaaBaemoro umu B TH, pe3ko ocnabeBaer
1 CTaHOBUTCS MPEHEOPEIKUMO MaJIbIM: O3KUAAEMBIH pOCT cpenHei nHTeHcuBHOCTH DM® He npeBblma-
et 0,25-0,35 nb npu pacnpenenenuu [1Y no BHyTpeHHUM noBepxHOCTM 3nanuit u 0,80—1,20 ab nms nu-
HelHoro pasMenienus [1Y Ha cThIKax BHYTPEHHUX NMOBEPXHOCTEH Jaxe mpu v = 4-5.

3. YBemmuenue cpenneil nateHcuBHoct OM® B TH BHyTpu 3aaHus, kak npu pasmerieHuu 1Y
Ha BHYTPEHHUX MOBEPXHOCTSX 3/1aHMM, TaK ¥ MPU MX pa3MELIEHNH Ha CThIKAaX ATHUX MOBEPXHOCTEH, 1O
CPaBHEHHIO C X 00BEMHBIM pacmpeielIeHUeM 1o BHyTpeHHeMy mpoctpancTBy Y CII cymecTBeHHO 3aBHU-
cut ot ycnosuii PPB, 1 Tem 3HaunTensHee, yem Oosbliie 3HaYeHue napamerpa v B mozenu PPB (1), (2).
OnHako BIUSIHME JaHHOTO OOCTOSITENBCTBA HA CYMMAapHBIH ypoBeHb DM® B 34aHMM CYLIECTBEHHO OC-
7a0JIeHO B CHITY TOTO, YTO, KaK MpaBHJIO, YeM BhIlIE 3HaueHue v st ucrounukoB OMII PY nexoropoit
o0nacTy BHYTPEHHETO MPOCTPAHCTBA 3AaHKA, TeM OOJbIle yAaJeHHOCTh 3Toi obmactu or TH u Mens-
1€ BKJIaJ MCTOYHHKOB 9ToH obnactu B ypoBens OM® B TH. DT0 moarBepxknaercs pesynsraramu [ 1, 2]
it mozenu PPB [S] u paBHOMEpHOTo 00bEMHOTO pacnpeiefieHns] HCTOYHUKOB, CBUICTEIbCTBYIOIMMHU
0 TOM, YTO €CITH BKJIaJ B CYMMapHyI0 HHTEHCUBHOCTE DM@ 00nacTi BHYTPEHHETO IPOCTPAHCTBA C Ia-
pametpamu k = 0,5, v =3 cocrasisier ~37 %, To BKIan oonactu ¢ k =2/3 u v =6 — Bcero =8 %, a BKIaj
obnactu ¢ k<< 1uv =12 —wmenee 1 %.

4. Cnenyer npuHUMAaTh BO BHUMaHHE, YTO MEPEXO]T OT MOJIEIM paBHOMEpHOTro pacmpeneneHus 1Y
110 BHYTPEHHEMY MPOCTPAHCTBY 3[aHMsI K MOJIENSIM UX HEOJHOPOAHOTO paclpesiesieHus Mo BHYTpPEH-
HUM TIOBEPXHOCTSIM MOMEIICHUH JINOO MO JMHUSAM UX CTHIKOB JIOJDKEH COMPOBOXKIATHCS COOTBETCTBY-
IOLIMM YYEeTOM M3MEHEHHS BKIaja B ypoBeHb DM® MCTOYHUKOB «OIMKHEW 30HBDY pajguyca 7 (4acTu
IPOCTpPaHCTBA MOMEIIIEHHS, B KOTOPOM pacroiaraercsi Touka HaOmoneHus). Pe3ynbrarsl, mpuBeaeHHbIE
B [1, 2], mO3BONSAIOT CAENATh BBIBOM, YTO €CIU COBOKYMHOCTH 1Y -nctounnkos OMII PY B okpecTHOC-
i TH pacnionaraercs He 110 BceMy 00beMy OJNMKHEH 30HbI, a BOJIM3HU €€ TPaHULIbI, TO MX BKJIaJ B yPOBEHb
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OM® yMeHbIIIaeTCs 10 TPEX pas, YTO MPAKTHUSCKHU MOTHOCTHIO KOMIIEHCHPYET MOTYYECHHOE BBIIIE YBe-
JWYeHUe BKIana uanydenuit [1Y 3a npenenamu «OnumxHEH 30HBD MPU UX HEOTHOPOTHOM TIO OTHOIIIE-
HUIO K BHYTPEHHEMY 00bEMY 3/IaHUsI PACTIPE/ICIICHUH TT0 BHYTPEHHUM MOBEPXHOCTSIM JINOO MO JTMHUSAM
WX CTBHIKOB (TIepeceueHui).

3ak/oueHue

1. TTo cpaBHEHHIO C paBHOMEPHBIM pacIipeielieHneM nepu(epuitHpIX YCTPOHCTB — UCTOYHUKOB pa-
JTIMOYACTOTHBIX AIIEKTPOMArHUTHBIX TIOJIEH 110 BHYTPEHHEMY TIPOCTPAHCTBY 3[aHUH MX PaBHOMEPHOE pas-
MeIlIeHHe Ha BHYTPEHHHX MMOBEPXHOCTSAX 3[MaHHI JIMOO paBHOMEPHOE JIMHEHHOE pacIipe/esieHne BIIOIb
CTBIKOB 3THX IOBEPXHOCTEH, KaK MPaBHJIO, BEI3BIBAET HEKOTOPOE YBEIIMYCHUE CPETHEH WHTEHCHUBHOCTH
AJIEKTPOMArHUTHOTO (DOHA, CO3/IaBAEMOTO UCTOUYHHKAMU «JAITbHEH 30HBD) B TOUKE HAONIOICHHUS BHYTPH
3[aHUs, IPUYEM TIPU JIMHEHHOM paclipe/elieHNH NCTOYHUKOB YBEJIIMYEHHUE HHTEHCUBHOCTH DIIEKTpOMAar-
HUTHOTO (poHa mpuMepHO B 1,5 pa3a (Ha =1,8 nb) Oospie, 4em mpu MX pacrpereNeHnH 1Mo MOBEPXHO-
cTsM. JlaHHOE yBENMYeHNEe OTHOCUTEIBHO MaJlo 3aBHCUT OT IIMPHHBI aHAJIH3UPYEMOTO TEJIECHOTO YIUIa,
HO CYIIECTBEHHO — OT OTHOCHUTENNBHOW JTUHBI kK = r/R aHANIN3UPyeMOi 4acTH MPOCTPAHCTBA B HAIIpaBIIe-
HUU Ha TOYKY HaOIIOIEHUS U OT YCIIOBHH PAacIpOCTPaHEHUs PAIUOBOIIH (T1apaMeTpa V).

2. [Ipu OTHOCUTENHHO MAITBIX £ ¥ OOJIBIINX V YBEINYCHNE HHTEHCUBHOCTHU AIEKTPOMArHUTHOTO (pOHA
MOXeT AOCTHrath 3—5 nb, ofHAKO /s MPENCTaBISIONMX HAMOONBIIHA PAaKTHUECKUI HHTepeC 3Hade-
HU# k> 0,5 m v < 5 mepexo; OT OHOPOAHOTO OOBEMHOTO pPaCTIpE/IeIICHHs] HCTOYHUKOB K UX MTOBEPX-
HOCTHOMY JIHOO JITHEHHOMY pacIpeeIeHHI0 00eCIIeunBaeT pOCT BKJIa[a PaJIlOYacTOTHBIX AIIEKTpoMar-
HUTHBIX TIOJIe UCTOYHUKOB «JIAIbHEH 30HBD» B CYMMAapHYI WHTEHCHBHOCTH JIEKTPOMAarHUTHOTO (pOHA
B Touke HaOmoneHus He Oonee 2—-3 nb. [lockonpKy M3MeHeHHe XapakTepa pacipeieeHus] HCTOYHUKOB
«OnmmkHEN 30HBD) (TIOMEIIEHNs, B KOTOPOM PacIiofioKeHa TOYKa HAOIIOICHHUS) BBI3bIBAET YMEHBIIICHUE
BKJIQJIa X PaJi0YaCTOTHBIX 3JIEKTPOMAarHUTHEIX TMOJIEH B CyMMapHYH0 HHTEHCUBHOCTh 2I€KTPOMArHHT-
Horo (oHa 10 4-5 1b [1, 2], yka3aHHbIe H3MEHEHUS BKIIAJI0B NCTOUHHKOB «IalIbHE» U «ONMKHENH» 30H
MMPAKTUYECKHA B3aUMHO KOMITEHCHPYIOTCS, U TIEPEXOJT OT OTHOPOAHOTO PABHOMEPHOTO K PACCMOTPEHHBIM
TUTIAM HEOJTHOPOTHOTO PaCIpe/ieieHUs] ICTOYHUKOB TI0 BHYTPEHHEMY IPOCTPAHCTBY 3aHUS MTPaKTHYIe-
CKH HE BIIMSICT HA MHTETPAJIbHBIC OLIEHKH CO3/IaBAEMOT0 MU 3JIEKTPOMArHUTHOTO (pOHA BHYTPH 3/IaHHS.
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Abstract. The statement of the problem of the dual control of the regression object with multidimensional-matrix
input and output variables and dynamic programming functional equations for its solution are given. The problem
of the dual stabilization of the regression object at the given level is considered. The purpose of control is reaching
the given value of the output variable by sequential control actions in production operation mode. In order to solve
the problem, the regression function of the object is supposed to be affine in input variables, and the inner noise
is supposed to be Gaussian. The sequential solution of the functional dynamic programming equations is per-
formed. As a result, the optimal control action at the last control step is obtained. It is shown also that the obtaining
of the optimal control actions at the other control steps is connected with big difficulties and impossible both ana-
lytically and numerically. The control action obtained at the last control step is proposed to be used at the arbitrary
control step. This control action is called the control action with passive information accumulation. The dual
control algorithm with passive information accumulation was programmed for numerical calculations and tested
for a number of objects. It showed acceptable results for the practice. The advantages of the developed algorithm
are theoretical and algorithmical generality.
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AYAJIBHAS CTABUJIM3ALIUA
MHOI'OMEPHOI'O PETPECCHUOHHOI'O OFbEKTA HA 3AJAHHOM YPOBHE

B.C. MYXA, H. ®. KAKO

benopyccruii 2cocyoapcmeennuiil ynugepcumenm un@OpMamuxi u paouodieKmpoHuKy
(2. Munck, Pecnybnuxa benapycsy)

Tocmynuna 6 pedaxyuro 09.12.2022

AnHoTanust. [IpuBoisATCS MOCTAaHOBKA 331a4H AyaJbHOTO YIIPABICHHUS PETPECCHOHHBIM 00OBEKTOM ¢ MHOTOMEp-
HO-MaTPUYHBIMH BXOTHOHM U BBIXOJHOW NEPEMEHHBIMH U (JyHKIIMOHAIILHbBIE YPaBHEHUS AMHAMUYECKOT'O IIPOTpaMm-
MHpPOBaHHMSA IJIs ee pelleHust. PaccmarpuBaeTcs 3ajada AyalbHOM cTaOMIN3anuyu 0ObEKTa Ha 3aJaHHOM ypPOBHE.
Henpro ynpaBneHus SBIACTCS BBIBOJ BBIXOIHOW MEPEMEHHONW 00bekTa Ha TpeOyeMBblil YPOBCHD U MOICPKaHIEC
€€ Ha 9TOM YPOBHE C IOMOIIBIO MOCJIEA0BATENbHBIX YIPABISIOMINX BO3JEHCTBUI B PeXHUME HOPMAIBHOM JKC-
ruryaraiuu. Jist pemennst 3agaun GyHKIMST PErpeccud 00beKTa anmnpoKCUMUpyeTcs: ad(UHHON MO BXOAHOMY
BO3ICUCTBHUIO (PYHKIHEH, a BHYTPEHHHUN IIIyM 00BEKTa MPEATonaraeTcs aifuTUBHEIM ['ayccoBCcknM. BrimonHeHO
oCJIeI0BaTeNIbHOE pelieHre (DYHKIIMOHAIBHBIX ypaBHEHUH JTMHAMHUYECKOTO IPOrPaMMHUPOBAHMS, B PE3yJbTaTe
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YCro MOJYUCHO YHIPABJIAIOLICC BOB,Z[eﬁCTBHe Ha MOCJICAHEM Iare yrnpaBJICHUA. HOKaBaHO, YTO OTBICKAHHC YIIpaB-
JIAOIICTO BO3H6ﬁCTBHH Ha Apyrux marax yrpaBJICHUS CBSI3aHO C OOJILLINMHU TPYAHOCTSAMHU U HEBBLIIIOJITHUMO KaK
AHAJIUTUYCCKN, TaK U YHUCJICHHO. VnpaBn}Homee BOSHCﬁCTBHe, IMOJIYYCHHOC Ha MOCJICAHEM IOare, npeaiaractcs
HCII0JIb30BaTh HA JIIOOOM IIare yYHpaBJICHUA. Taxoi AJITOPUTM HA3BAH AJITOPUTMOM AYyaJIbHOI'O YIPaBJICHUS C IacC-
CHUBHBIM HaAKOIIJICHUCM I/IH(l)OpMaHI/II/I. OToT AJITOPUTM 3aliporpaMMUpOBaH U1 YUCJICHHBIX paCuCTOB, anpo61/1po-
BaH Ha pAaeC 00BEKTOB U TOKa3all IPUEMIIEMBIC U1 IPAKTUKU PE3YJIbTaThl. Baxxapim JOCTOUMHCTBOM aJIrOpUTMa
ABJIACTCA €T0 TCOPCTUYICCKAA U aJITOPUTMUYCCKAs 06H.IHOCTL.

KiaroueBrbie cioBa: AYyaJIbHOC YIIPABJICHUC, MHOFOMepHO-ManPI‘IHLII;’I peI‘peCCI/IOHHHf/’I O6I>GKT, JUHAMHUYCCKOEC
nporpaMMupOBaHUE, ITACCUBHOC HAKOIIJICHUE I/IH(I)OpMaHI/II/I.

KonpaukT uHTEepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Js uutuposanusi. Myxa, B. C. JlyanbHast crabuin3arysi MHOTOMEPHOTO PErPECCHOHHOTO 00BEKTAa Ha 3aIaHHOM
ypoese / B. C. Myxa, H. ®. Kaxko // Hoxnanst BIYUP. 2023. T. 21, Ne 2. C. 58—67. http://dx.doi.org/10.35596/1729-
7648-2023-21-2-58-67.

Introduction

The problem of the dual control of the multidimensional regression object is formulated as fol-
lows [1-5]. The control system with controlled object O, controller C, feedback path and driving ac-

tion g, is considered (Fig. 1).
e

8
;> U:> Y

Yy C O T

Fig. 1. To the statement of the dual control problem

The controlled object O is described at the instant of time s by the probability density function
va (ys’®5Us)5 §= 0, 1, 2, e n,

where Y, =(Y, ;, . ) is the p-dimensional matrix of the output of the object at the instant of time s;
U, =, o ) 1s the g-dimensional matrix of the input of the object at the instant of time s (control
action); ® ={0,,...,0,,} is a set of the parameters of the controlled object consisting of the random multi-
dimensional matrices ©,,...,0, with known priory joint probability density function fg ,(0) .

We will call the set @ ={0,,...,0,} a generalized parameter of the object O. It is supposed,
that the generalized parameter ® takes constant value for all of the instants of time s=0,1, ..., n.
The driving action g; is supposed to be known deterministic multidimensional-matrix sequence.

The quality of the functioning of the system at each instant of time s is estimated by a specific loss
function W (Y,,g,), depending of output Y, and, might, driving action g,. A system, for which the total

s

for n+1 instants of time total average risk

R {300 - 3R = B0 (1) M

5=0 5=0
is minimal, is called optimal system.

There E(-) means the mathematical expectation, R, = E(W,(Y,,g,)) is a specific risk. The control
action U, belongs to some permissible area. The controller C uses all of the past information in the form
of observations #,_; = (U, u;,....u;_;), Y,y =(¥y>V»--»¥,_1) of the input and output values of the object
to determine the control action u at the instant of time s.

The task consists of determining the strategies of the controller C, i. e. sequence of the conditional
probability density functions fy, (u, /4, ,p,),i=0,1, ..., n, for which the total average risk R (1)
is minimal.
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As it is known [2-5], the optimal strategies of the controller C are not randomized, i. e. the control
actions U, are not random and will be denoted u,. In this conditions the controller C will be described
by condltlonal probability density function fY (v, / 0, u ), where u; is the fixed value of the variable Uj.
We will use the following simplified notation: fg ,(8) = 7,(6), fy (y,/6,u ) Sy, /6,u,).

The optimal control algorithm, i. e. the sequence of the control actions u, ., U, 1s determined

n 150
in pointed inverse order from the following functional equations:
0, min g, (ii,, ¥, ); 2
fn( n—1 n ynl) unGU(pn( n yn—l) ()

* _ * -
f;t—m (un—m—l > unfm b yn—m—l ) =

- mll'l (Pn -m ( n m?> j}n—m—l ) + j fn*—erl (ﬁnfm 7u:7m+1 7j}n—m )f(yn—m / ﬁn—m ’yn—m—l )dQ b

unfm
Q)

m=12,..,n, 3)

where ¢, is determined by expression

(Ps (ﬁs’j}s—l): J. Wv (ys’gs)f(ys /ﬁs’j}s—l)dga §= O: seey n: (4)
Q)
in which ’
(i 3)= [ (v, 0.u,) £,(0)de; (5)
Q(0)
s=1
LOLT/ (v /0.,
/(0) = = ; (6)
[ £OLTf (. /0,,)d0
Q(6) v=0
and u, ., is optimal control action for the instant of time (12— m +1).

Note. The notation mig ¢,(,,y,_,) means the following:
u, €

min(pn (ﬁn’j}n—l ) = (Pn (un’ﬁn—l’j/n—l )
u, el

Stabilization of the object at the given level

We will consider the task of reaching the required value of the regression function by sequential
control actions in production operation mode and stabilization of the regression function at this level.
The task is formulated in this case as follows.

The controlled object is described at the s-th instant of time by Gaussian probability density function

fy (v, / Coug)=N(y(Cou,).dy), (7

where y(C,u,) is a regression function; d, is a variance-covariance matrix of the inner noise;
u, 1s a g-dimensional matrix; y, is a p-dimensional matrix; C is a generalized parameter of the object.

Note, that we denote now the geleralized prameter C instead of 0 in expresions (5), (6). Let us ap-
proximate the regression function by affine function:

y=w(€)=Cy+"(Cu)=C, + " (uC,) =¥(C), ®)
0,ig i 0,iq i
or y=p(©)=Y (Cau ):Z («'C)=w(C), m=1,
i=0 i=0
where C,, k=0,m, are kg-dimensional random matrices C,, =(C, )B"*’“f*q; C, =(Ct,k)H‘”’“7‘kq , and

H , orgs Bpirgsg are the transpose substitutions of the type “back™ and “onward” respectively (in the

article, the multidimensional-matrix notation is used [6]).
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Let us combine the matrices C, into a one-dimensional cell C={C,}, k=0,1. Provided the
regression function (8), the probability density function of the object (7) take the following form:

0,p 2
1 1 - & 0,ig (i
f(yn /C,,un)=mexp D [dyl[yn _Z(;O’q(”ncz,i)j J > €))
Y =

where k, is the number of the elements of the matrix y,.
For the task of the object stabilization at the level g we choose the loss function in the form

of W(¥,)=||Y, - g >, where ||| is the Euclidean norm of a multidimensional matrix.

Let the random cell C,={C,,}, k=0,m, has the Gaussian priory probability denity function
described by the following expresion [7]:

i=0 j=0
=M, exp{—%iioq’(qu(ct,idéjf)ctj)+ii ! (Oq(c d’/)vL,J)
i=0 j=0 i=0 j=0
_lz'”: L an/(o,q,»(vc ,dé])vc j)}’ M, :;’ q,=p+iq, i=0.m,
2 i=0 j=0 ” ! (271_);1(. |dC/ |

where the two-dimensional cell d, ={d,. ; ;} (i, Jj= O,_m) is the variance-covriance cell of the random
cell G, [7]; d, ,, = E(O’O ((C;,i A (O _Vc,,j))) is the ((ig + p) + (jg + p))-dimensional matrix;

d;,l = {dir’j} (i,j = O,_m) is the cell invere to the cell dc,; v, = {vc,,O’Vc,,l’ ...,vc”m} = {vw.} (i,j = O,_m)
is the one-dimensional cell of the mathematical expectation of the random cell C,; (v, ; = E(C, ;) is the
(iq + p)-dimensional matrix); », is the number of the scalar elements of the cell c,.

The calculation of the control actions u,,u,_,,...,u, is connected with the formulae (2)—(6).

1. The posterior probability density function f,(c) (6) is defined by the expression [7]:

R ey et S| O

TC y

inwhich D, ={D, -},
o ={p) =t e, )={a o (Vs ) |0 a
B={B)}= io ‘””(dlfv )+ 0’p(d;15yui )T} i=0,m; (12)
j=0
N, ={N, }=""{D,B) :{i " (p,, ij)}, i=0,m; (13)
j=0
S = an1 i (uﬁuﬁ), Syux = $r o0 (y”uﬁ); (14)
p=l =l
Yt :(y]’y2""’yn—l); U, :(uI’MZ"“’un—l); U, =,y ).

The substitutions of transpose 7, ; in (11) and 7; in (12) have the following forms:

TT: 5 Xj .7 5.7"u, J— lT’T,.
Ti,j llIQ—— - = = j—, s 1, ] =0,m; T; 12_ E i=0,m,
A u’llal’z’ Jl ] e Mallaba l

where the multi-indexes J;, s, ;4> bs--rJ;, containby g indexes and the multi-indexes A, i contain
by p indexes.
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There are no multi-indexes A, fi in these substitutions in the case of p =0, and substitutions T, T,
in this case are identical [6].

The two-dimensional cell D;l = {Dét’j boiLj= O,_m, (11) has the same dimension as the two-dimen-
sional cell D, ={D, ; ;}, 1. e. Di:j is the ((ig+ p)+(jq + p))-dimensional matrix. The element B,
of the one-dimensional cell B={B}, i = 0,m, (12) is the (ig + p)-dimensional matrix.

It is of interest in dual control to use the single measurements for updating the estimations (10)—(14).
We will have for this the expressions Sufu? = 00 (uf”) , Sysuz‘ =09( ysu?) , determined by single measure-

ment (u,,y,), instead of the expressions (14).
2. Let us find the probability density function f(y,/,,y, ) by the formula (5)

Sl 3,0)= [ £ eou,) 1, (c)dQ, (15)

Q(C)

where f,(c,) is determined by the formula (10).

We will use for this the following theorem from [7].

Theorem (total probability formula for the joint Gaussian distribution of the multidimensional
random matrices). Let E={5,}, i=12,...,m', be an one-dimensional random cell, composed
of the g;-dimensional matrices =,, k; the number of the scalar components of the matrix =, f(§)
the probability density function of the cell =, k- =k, + k, +...+ k,, the number of the scalar components
of the cell =, f(y/&) the condition probability density function of a p-dimensional matrix Y, k,

the number of the scalar components of the matrix ¥, E** the k. -dimensional Euclidean space.
If in the total probability formula

= F(yre)f@ade (16)

Ef=

the conditional probability density function f(y /&) has the following form

O.p , 2
1 1 . < 0.,
/€)= —F——— - |dy | y-2 " (hE ’ 17
f(y/e) ,7(2n)ky|dy|exp 5 ( (y 21 ( é';)N (17)

where 4. is a (p+gq,)-dimensional matrix, allowing the multiplication 04 (h&,), and the probability
density function f(§) has the following form

R e e R CRM RS

then the integral (16) (the total probability formula) is defined by the following expression:

0,p , 2
1 1 S
- / de=———exp| —= | D}'| y=Y % (hv2,)| ||, 18
10)= [ 10/0f @Ot =meerp) { (y 2.0 (kv )U (s)
where D, d+zz (Oql( _lj)h)

-1 j=1

Let us replace § by ¢, and f(&) by f,(c,) (10) in this theorem and compare the expression (9)
with the expression (17) from theorem. We realize that p, =ig, h, = u;. In accordance with formula (18)
of the theorem we obtain the following expression for the integral (15):

I 1 19 _
f(yn/un,y,71 E_[Lf v, /e, u, (Ct)dCt:meXp[_E "(Dyl(yn_]vy)2)j’ (19)
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where

m I 0.jq (o ,iq . .
Dy=dy+Y Y ( (u;DC/,i,j)uj); (20)
i=0 j=0
™ 0,ig i
Ny =Y (4N, ;) 1)
i=0
The matrices D, ; ; and N, ; in (20), (21) are defined by the expressions (11), (13).
The further calculations are connected with formula (4) of the functional equations. When the loss
functionis W(Y,)=||Y, - g I*, then we need to calculate the integral

(Pn (ﬁn’j}n—l): J. ||yn -8 ||2 f(yn /ﬁn’j}n—l)dyn’
Eﬂy
with weight function f(y,/u,,y,;) (19).In accordance with the theorem from Appendix 1 we get:

I Lo 2
9,0, 3, ) =E (1%, =g )= [ 113, =1 £ (5, /i1, 5,00 ), =0 Dy + (N, =27,
Jhck
where D, and Ny are determined by the formulae (20), (21). The variables D, and Ny in this function
¢, (u,,y, ) depend on u,. These dependencies for our affine regression function have the following forms:

R R G K R el

i=0 j=0

0.q 0,q 04 (0,4 H,
= dY +Dc,,0,0 + (Dc[,O,l un)+ (unDc,,1,0)+ (Dc/,l,l un)un
0,9 0,9 H, 0.2¢g
=dy+D, oo+ (Dc,,O,l u,)+ (Dct 1o”n) ( e L1 n)’
) ( n c 1)

0 (1N,
- (°’q<unNc,,1><Nc,,o—g>)+ | (oﬂm) ()

Let us combine the similar terms in the last expression. We transform for this the summands in the
expression for (NY - g)2 . We get for the second summand:

0’()((NC,,o—g)O’ (u., 1)) 0°0((NC,,0—g)o’q(NC,lun))=O’q(o’o((Nq,o— g)NC’l)unj.

Let us transform the third summand as follows:

B 07
: (O,q (unNc 1)(NC,,0 _g)) - (”n N (N“’f’l (NC”O —g)))-

Since the p-dimensional matrix u, is fully convoluted here, than we can use the known formula
for transpose the product [7] and continue:

, 0, 0,
Oo(o’q(“nNcl)(Nc,,o_g))z q(“n O’O(Nc,,l(Nc,,o_g))jz q(O’O(Nc,,l(Nc,,o_g))Hq”nj-

We transform now the fourth summand:

o,O(O’q (u,,Nc 1) ' (unNc 1)) Oo(o’q(u,,Nc 1) (Nc,lun))= O’q(o’q(un O’O(NC 1Nc1))”n]=

024 (0,0 H, ,
= (Nc,,lNc,l) un .
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Finally, we get for (N, — g)2 the following expression:
2 2
(Ny-2) Z(NC“O —g) +
* : (O’O ((Nc,,O - g)Nc,l)un) + - [0,0 (Nc,,l (ch,o —g))Hq Un)+ - (0’0 (Nc,,1Nc,1 )Hq urzl)

If we denote F(u,)=D, +(Ny—g)’, then we get the function ¢,(i,,¥, )=t (F(u,)), where
F(un) = KO + 0 (Klun) + 024 (KZulf):
2
K,=d, +D, 0 +(Nc,,0 —g) ; (22)

K\=D, o, + Di‘i,o + " ((Nc,,o - g)Nc,l ) + " (Nc,,l (Nc,,O - g))Hq ; (23)
Hq

K, = Dc,Hj,l + (Nc,,lNc,l ) (24)

The necessary condition of the extremum of the function ¢, (#,,y, ;) is the following equation:

o 0,2
a0, (@ 3pn) - (dir(F) dF ) (25)
du dF  du, '

n

Since dtr(F)/dF =E(0,p), dF / du, = K, +2%(K,u) , then the condition (25) take the form:

L0ulnun) 020 (0, p)k, )+ 2" (2 (BO. p)Ka) =1, +2° (L) =0, (26
u

n

where L, = """ (E(0, p)K, ), L, = "**(E(0,p)K,).
From the equation (26) we get the optimal value u, of the control action at the last n-th instant
of time:

* . o 1 04
un :arg min (pn (un’yn—l):_z

u,

('n). (27)

The minimal value of the function F(u,) is defined by the expression (Appendix 2)
0ar o, . .
Fu)=K, - (K1 q(o’qK,Z’lK1 ))/4 , and the minimal value of the function f, (4, ,,u,,y, ) — by

the expression:
* * . o % 10,q 0,9 _
J;(un_],un,yn_l)=gg3<pn(u,,,yn_])=rr(F(un))=rr{Ko—Z @ (”K;Kl))]. (28)

The search of the optimal control action u,, at the last n-th instant of time finished there and the
search of the optimal control action u, | at the penultimate (n—1)-th instant of time starts. The control
action u, , is defined by the following expression (the formula (3)):

”:—1 = arg min [(Pn—l (ﬁn—layn—21)+ '[ .fn* (ﬁn—l’u:’j}n—l W Wy Lty 5 0 )dQ]- (29)

1<V Q1)

The function f, (i, ,,u,,¥%,,) (28) in (29) is integrated by y,, with weight function
f,/4,,¥,,) and then minimized by u,_, in sum with ¢, (4,5, ). One can understand,
that the matrices K, , K, K, in (28) depend by u, ; by means the N, ,, N, N.,, D, o0, D. o

¢l
D, 9> D, in (22)-(24), which are determined by formulae (11)~(13) provided S, , = **(uy u; ),

0,0 A .
Syuk = (yn—lun—l) .

D;'= {D;‘;f} = {dg/’f +S, j} = {dg‘;f + ( o (a)'s,,, ))} i,j=0,1;
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"
j=0
Nc, :{Nc,z} = OI{DL,B} :{i(]pﬂq( Crobs] 1)}’ 127’
j=0
S = (i) 8 =" (il

Let us write down these expressions in details:
0,0 -1 0,1 , 0,0, -1
» d.= +dy d. + 7 (dyu,,) ‘

S ) 51,0, 0,0, 4-1 L1, 0,0, 7-1 2
dc + (dY un—l) dc + (dY u

0’0( c c,0)+ Oq(d(]l c 1)+ OO(dY yn 1) _{BO}.

0,0, 71,0 0, L1 0,0, 7—
(dc, Vc,,O) +71 (dc, Vc, ,l) + (dY Y1y ) Bl

BZ{BI'}Z

1

:Zo,jq(Dclj J)_OO(DCIOB)+Oq( ¢, 0,1 )’

=0

N OO(DC OOB )+Oq(Dc OIB) N OO(DCIOB)+Oq( cllB) N OO(DC ZOB)+Oq(Dc 21B)

It is impossible to write down the explicit expressions forthe D, ; ; as the functions by u,_, , since they

n-1>
are the elements of the cell inverse to the cell D,". As a result, it is 1mposs1ble to perform the analytical
minimization in the expression (29). The numerlcal minimization in the expression (29) is impossible too.

However, the control action (27), obtained at the last instant of time, can be used at any instant
of time. We will call the expression (27) the algorithm of the optimal dual control with passive informa-

tion storage. The developed algorithm (27) has the theoretical and algorithmical generality.

Computer simulation

The algorithm of the optimal dual control with passive information storage (27) was realized
programmatically, utilized at a number of objects and showed results acceptable for practice. For in-
stance, the regression object with vector input and output variables and affine regression function (8)
was simulated with following coefficients and variance-covariance matrix of the inner noise:

1 1 2 p 0,001 0 30)
cy = ;¢ = R = .
O 2) V3 oa) Y 0 0,001

The prior characteristics of the coefficients of the approximating polynomial (8) and initial control
action u, are simulated as random.
The sequence of the control actions is showed in a Fig. 2 for some variant of the simulation.

= ! : ! ! !

~ % Real optimal action
S 4| 4 Initial control action
O Final control action
0.5 | —— Control actions

Uy

Fig. 2. The sequence of the control actions for the simulated instance
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The Fig. 2 corresponds to the following priory characteristics of the coefficients of the approxima-
ting polynomial (8): priory mathematical expectations

2 23
VC = ’ VC =
© 3 4 5

and priory variance-covariance matrices

L 420 L2 11,22
- - - -
1 0 0 0
2051 2121 2,012 2122
Y - - -
d 1 0 J 0 1 0 0
oLl 1) 7e®2 a0 1220 1212 1222
Y - - -
0 0 1 0
2201 2221 2212 22722
- -~ - -
0 0 0 1

The four-dimensional matrix d, ,, is presented by an associated with it two-dimensional matrix.
The covariance matrices d,;, and d,,, are taken as zero matrices of appropriate sizes. The Fig. 2
illustrates the stabilization of the regression function at the level g =(9 20). As it follows from the
object description (30), the regression function has the value y=g=(9 20) provided control action
u=(2 3).One can see in the Fig. 2 that this value of the control action is reached.

Appendix 1

Theorem. If z=(z,, ,) be a p-dimensional random matrix with mathematical expectation
. IELEREL G . . .
E(z) =N, and variance-covariance matrix D,, then the mathematical expectation of the square of the
Euclidean norm of the matrix z is defined by the following expression:

E(|| z ||2) = E(O’p(zz)) = tr(DZ +Nf),

where #r(-) means the trace of the matrix; “?(zz) is the (0, p) -convoluted square of the matrix z;

N? is the (0,0) -convoluted square of the matrix N_.
Proof. The square of the Euclidean norm of the matrix z is defined by the formula

2 2 0,p
lz|["= Z Ly Z Zi by seiy By, (ZZ)-

iy e iy e

Then
2 2 2 2
E(HZH )ZE Z Ly iy | Z E(Zil,iz ,,,,, ip)z Z (E (Zil,iz,.“,ip)_i_D(Zil,iz,...,ip )),

iy e iy e iy e
where D(z; ; ;) is the variation of the random variable z; ; .
dysendy iy

Thus E(||z||2)= S BNz, )+ Y. Dz, ):tr(Ez(z)+D(z)).The theorem is proved.

isly 5l ) ) iysly el

iy 5l 5eensly iysly sl

If y=z-g, where g is a constant matrix, then D =D,, E(y)=N,-g, and
E(|lz-gIP)=ur(D,+(N. -g)’).
Appendix 2

Let x:(xj ), Ji =(Jji»J2>--»J,), be a g-dimensional matrix, that is the argument
) S a) 2 q ) o . . .
of a p-dimensional-matrix function y=(yi( )), i) =(ll,12,...,lp), and this function has the form
r

y=0(x)=cy+ *(cx)+ (e x?) =c, o+ M (xc, ;) + "2 (x°c,,), where ¢, , k =0,1,2 ,arethe (p + kg)-di-
mensional-matrix coefficients of the function @(x), and ¢, is symmetric relative its last g-multi-indexes.
Let it be required to find the extremum of this function.

Optimal value of x can be found from the equation S@(x)/0dx =0. Differentiating of @(x) gives
the equation ¢, +2%(c,x)=0. Hence x; =— *7(*‘c;'c;)/ 2, where “/c;" is the matrix (0,q)-inverse
to the matrix c, .
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Let us to find the minimum value y* =@(x") of the function @(x). Since **(c,x*) = "4(*(c,x)x)
and the equation *?(c,x)=—c, /2 for x=x" is fullfilled, we have “*!(c,(x})*)=-"%(¢;x})/2 and

y* = (p(x*) ) +%4 (QX*) +024 (c2(x*)2) =G +%4 (QX*) _% " (01X*) =G +%4 (CLX*)~

Substituting x, into this expression dives

1 0,9

v =¢, _Z (C1 O,Q(o,chlcl)).

Conclusions

To sum up, the general solution to the problem of the dual stabilization of the multidimensional
regression object at the given level with passive information storage in the Gaussian case was obtained
for the first time. The important advantages of the developed algorithm are theoretical and algorithmical
generality. This solution can be applied to control of the various technological processes with many
input and output variables, but each of them requires separate consideration.
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COBMECTHOI'O IPUMEHEHUSA TEXHUYECKHUX CPEJACTB,
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Belarusian State University of Informatics and Radioelectronics, 2023

AHHoTanus. PaccMoTpeH anmapaTHO-NIPOrpaMMHBIN KOMIUIEKC Ul HCCIEJOBAaHUS COBMECTHOTO NMPUMEHEHMS
TEXHUYECKHUX CPEACTB, MOCTPOCHHBIX HA PA3IUUHBIX (GU3MUECKUX MPUHIMNAX. JJaHHBII KOMIUIEKC MPEICTABISIET
c000i1 COBOKYITHOCTH COBMECTHO (DyHKIIMOHHMPYIOIINX TEXHUYECKUX CPEICTB OXPaHBI (OITHKO-ICKTPOHHOH CH-
CTEMBI, CEI{CMOAATUMKOB, BOJIOKOHHO-ONTHYECKHUX JAAaTUYMKOB), PELIAIONINX 3aady aBTOMAaTHUECKOTO OOHapyxe-
HUSI ABUKYIIUXCSA OOBEKTOB B 331aHHOM 001aCTH IPOCTpaHCTBa. B 0cHOBE anmapaTHO-MporpaMMHOTO KOMITIEKCa
JEXKUT pa3pabOTaHHBIA aBTOPaMHM IOCT TEXHHMUYECKOTO HaOJIOeHNS, 00eCIIeYNBAIOIINI PEIICHHE 3a/1a4 aBTOMa-
THUYECKOTO 0OHAPYKEHHSI IBIKYIIIMXCSI OOBEKTOB B I10JI€ 3PEHHUSI JATYINKOB CUCTEMBI, a TAK)KE COBMECTHOTO (DYHK-
LHOHUPOBAHUS C APYTUMH TEXHHUYECKHMHU CPEICTBaMH OXpaHbl. ONMUCAaHBl €r0 0COOCHHOCTH M BO3MOYKHOCTH.
[IpexncraBnensl pe3ynbraThl OLEHKH 3(D(GEKTUBHOCTH OT BHEAPEHHS pa3paboTaHHOTO aNMapaTHO-MPOrpaMMHOTO
KOMIUIEKCA B COCTaB MHTETPUPOBAHHOM CHCTEMBI OXpaHbl Ha MIPUMEPE OHOTO U3 MOApPa3eIeHUH OXpaHbl Tocy-
JApCTBEHHOM rpaHuIbl. D(P(PEKT 3aKIIF0UAETCS B CHIPKEHUH BEPOSTHOCTH BO3HUKHOBEHHS OIIMOKHU ITPU MIPUHATHH
pELIeHUS O HAIMYNH «PEAJIbHOT0» HApYIINTENS, & TAKXKE B CIIydac YBEIMUCHHUS BEPOSITHOCTH €r0 OOHApYKEHHS.
IIpuBeneHs! pe3yabTaThl HATYPHBIX UCIIBITAHUH anmnapaTHO-IPOrPaMMHOTO KOMITJIEKCA B PeaIbHBIX YCIOBHSIX IKC-
IUTyaTallui Ha y4acTKE rOCYJapCTBEHHON TPAHUIIBI.

KroueBble ci10Ba: anmapaTHO-IIPOTPAMMHBIA KOMIUIEKC, HOCT TEXHUYIECKOTO HaOmoneHns, 3 PEeKTHBHOCTb.
Kongaukt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Just uutupoBanusi. Muxuénok, E. M. AnnaparHo-nporpaMMHbIA KOMIUIEKC ISl UCCIEJOBAHUS COBMECTHOIO
MIPUMEHEHHSI TEXHUUECKUX CPEACTB, IOCTPOCHHBIX HA pasiuuHbIX Gu3ndeckux npunuunax / E. M. Muxnénox,
A. B. Xwxusk / Joxnagst BI'YUP. 2023. T. 21, Ne 2. C. 68-76. http://dx.doi.org/10.35596/1729-7648-2023-21-
2-68-76.

HARDWARE AND SOFTWARE COMPLEX FOR THE STUDY
OF THE JOINT USE OF TECHNICAL MEANS BASED
ON VARIOUS PHYSICAL PRINCIPLES

EVGENY I. MIKHNIONOK, ALEXANDER V. KHIZNIAK

Military Academy of the Republic of Belarus (Minsk, Republic of Belarus)
Submitted 18.01.2023

Abstract. The article considers the hardware and software complex developed by the authors for the study of the
joint use of technical means built on various physical principles. This hardware and software complex is a set
of jointly functioning security equipment (optoelectronic system, seismic sensors, fiber-optic sensors) that solve
the problem of automatic detection of moving objects in a given area of space. The hardware and software com-
plex is based on the technical observation post developed by the authors, which provides solutions to the problems
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of automatic detection of moving objects in the field of view of the system sensors, as well as joint functioning with
other technical means of protection. Its features and capabilities are described. The results of evaluating the effec-
tiveness of the implementation of the developed hardware and software complex in the integrated security system
are presented, using the example of one of the state border protection units. The effect is to reduce the probability
of an error when making a decision about the presence of a “real” violator, as well as to increase the probability
of their detection. The results of field tests of the hardware and software complex in real operating conditions on
the state border section are presented.

Keywords: hardware and software complex, post of technical supervision, efficiency.
Conflict of interests. The authors declare no conflict of interests.

For citation. Mikhnionok E. I., Khizniak A. V. (2023) Hardware and Software Complex for the Study of the Joint
Use of Technical Means Based on Various Physical Principles. Doklady BGUIR. 21 (2), 68-76. http://dx.doi.
org/10.35596/1729-7648-2023-21-2-68-76 (in Russian).

BBenenue

B nacrosmee BpeMs Ui pemieHus 3aqad OXpaHbl Pa3IMYHBIX OOBEKTOB MPUMEHSIETCS OTPOMHOE
MHOT000pa3ne TEXHHYECKUX CPe/ICTB. Bce OHM XapaKTepu3yroTCs CBOMCTBEHHBIMU Ka)KJIOMY B OTIEIb-
HOCTHU JOCTOMHCTBAaMU U HepocTaTkaMu. [Ipu 3ToM HETOCTaTKU OJHUX TEXHUUECKUX CPEICTB BO3MOXK-
HO yCTPaHUTh COBMECTHHIM NMPHUMEHEHHEM C HUMH CPEJICTB, MMOCTPOSHHBIX HAa IPYTUX (PU3HUECKHUX
npuHunax. Bonpockl uccienoBaHusi COBMECTHOTO MPUMEHEHUS! TEXHUUYECKUX CPEICTB, PEIIAIOIINX
3aa4M OXpaHbl (0COOEHHO KPUTHUECKU BayKHBIX OOBEKTOB), UMEIOT OTPOMHOE 3HAYSHHE BBULY ITOCTO-
STHHO BO3pacTarollel akTyalbHOCTH.

B crarbe nipesicTaBieH pa3paboTaHHbBIN aBTOpaMU alliapaTHO-IIPOrPAMMHBINA KOMIUIEKC JUIS UCCIIET0-
BaHMSI COBMECTHOTO (DYHKIIMOHHPOBAHMUS TEXHMUYECKUX CPEICTB, IOCTPOCHHBIX HA PA3IMYHBIX (hPU3HUeCc-
KHMX TPUHIMIAX, TPU PELIeHnH 3aj[ad OXpaHbl TOCYAapCTBEHHOM rpaHulpl. [IpuBeieHs! pe3yasTaTel Kak
peanu3aiyy MpeUIoKeHHBIX PEIISHUI Ha IpUMepe OHOTO MOApPa3eTeHNs, TaK U HaTypPHBIX UCITBITaHHUH.

Onucanue allMmapaTHO-NIPOrpaMMHOIo KOMILJIEKCa

B nensix peuieHus 3a1a4 OXpaHbl TOCYJapCTBEHHON IPaHUIIBI B MOTPAHUYHON ITOJIOCE CO3MAI0TCS
pyOexH ¢ pa3IMYHBIMH TeXHUYEeCKUMU cpescTBamu oxpanbl (TCO), koTopble obecreunBaroT oOHapy-
JKECHHUC HapyuH/ITenefI T'paHulBbl, TEM CaMbIM JaBasd BO3MOXXHOCTb IIOAPA3ACIICHUAM OXpaHbI ITPOBECTU
UX 3a/iep)KaHue B MIPE/IeNaX CBOMX 30H OTBETCTBEHHOCTH. [10 THIIaM TEXHHYECKHE CPEeCTBA OXPaHBI
MOZIPA3ETISIOTCS HA: TEXHUYECKUE CPE/ICTBA M CHCTEMBI OXPaHBI; TEXHUYECKHE CPEACTBA M CHCTEMBI
HaOJIIOICHNUS; TEXHUYECKUE CPEACTBA M CHUCTEMBI OCBEUICHHS MECTHOCTH. [lo mpuHIMMy aeiicTBuS
TEeXHUYECKUE CPENICTBA, MPUMEHSIEMBIC Ul PEUICHUs 33/Jauil OOHAPYKCHUsI HapyIIUTENEH, JeNsATCs
Ha IPYIIIbL, IPUBE/ICHHBIC Ha puC. 1.

‘ TexHUYECKHE CPEACTBA OXPAHDI

' ] 1 1

OnTHKO-
[MepumerpoBbie PajmonokaoHHbIe Kom6unnpoBaHHbIe
AJIEKTPOHHBIE
= BonokonHno-
CeticMuueckne PannoryueBsie
ONTHYECKUE

Puc. 1. Knaccuduxanus TEXHH4ECKUX CPEJICTB OXPAHBI
Fig. 1. Classification of technical means of protection

[IpuBeneHHbIC Ha pUC. 1 TEXHUYECKHUE CPEIICTBA B CBOCH COBOKYIHOCTH CO3JA0T MHTEIPHUPOBAH-
HYIO CHCTEMY OXPaHbI, XapaKTePHU3YIOIIYIOCs CUCTEMO cOopa u 00padoTKu WHpOpMAIH, HHTETPUPO-
BaHHOH B enmHOe nHpopmarronHoe mnoine!. Heooxonumas nHpopmManus oTodpakaeTcsi Ha MECTe Hece-
HUS CITY>KOBI JEKypHOTO MO TOozApa3aesieHuio oxpanbl. Hanbonpliee pacnpocTpaHeHie MOMyYnIn aB-
TOHOMHBIN curHanu3anuoHuelil komiuieke (ACK) «Pannobapbep» u KOMILIEKC TEPUMETPOBBIX CPEICTB
oonapysxenus (KIICO) «Bopon».

! Mucrpykuus 06 opraHu3aluu HHKEHEPHOTO 06ecTieueH s OTepaTHBHO-CITyKeOHOM e TebHOCTH TepPUTOPUATILHBIX OPraHOB MOrpa-
HHYHOH ciry)0b1 Pecrrybnukn benmapycs: yTB. mpHKa3soM mpejcenares [ocynapcTBEHHOro IMOrpaHHYHOro komuteTra Pecryonnku benapych
14.07.2017 Ne 351. 136 c.
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ACK «Pannobapbep» npencrasisieT co00i COBOKYITHOCTh PaHOCUTHATN3aTOPOB, KOTOPBIE pazMe-
LIAIOTCSl HA y4acTKe MECTHOCTH, CO3JaBasi MPOTSDKEHHBIE PyOeku oOHapyKeHHs ¢ OOIIMMHU 30HaMHU
MEPEKPBITHS MEXIY OTACIbHBIMH CpPEACTBaMH OOHapyxeHHsiZ. OCHOBHBIM JOCTOWHCTBOM CHCTEMBI
SIBIISIETCS. BO3MOJKHOCTD IIOJIHOM €€ MacKMpOBKH, TaK KakK CPEACTBa OOHAPY)KECHHS yCTaHABIMBAIOTCS
B rpyHT. OHO cpencTBO odecreurnBaeT OOHapyXEHUE YesIoBeKa (OAMHOYHOTO WIIM TPYIIIbI) B paguyce
mo 100 M oT MecTa yCTaHOBKH, a TpaHCTIOpTHOTO cpencTtBa — o0 200 M. Bpemst aBTOHOMHOM paboThI
MOJICPKHUBACTCSI COOCTBEHHBIM UCTOUHUKOM ITUTAHUS JI0 IISITH JICT.

KIICO «Bopon» obecriednBaeT co3aHne MPOTSKEHHBIX MHOTO30HHBIX W MHOTOPYOEKHBIX TIepH-
METPOBBIX CHCTEM OOHAPYKEHHSI HA OCHOBE BOJIOKOHHO-ONITHYECKUX PacIIpe/Ie/IeHHbIX TaTYMKOB Jeop-
Maluii Ha 1eOpMUPYEMBIX 3arpaXkICHHUAX Pa3IMYHbIX THIOB. [TOMBITKA TPEOTOICHHS 3arpaX ICHHs
OTIpeeNsieTcs MOCPEACTBOM MEXaHUYECKOTO BO3ACHCTBHS 3arpaykKICHHs, YTO BbI3BIBACT J1e(OpPMALIUIO
KabeJIst, TeM CaMbIM U3MEHsS (Pa30BbIe XapaKTEPUCTHKH JIA3EPHOTO U3ITYUEHUS, PACTIPOCTPAHSIOIIETOCS
B CBETOBEIYyIICH Kuile. DTH M3MEHECHUS aHAIN3UPYIOTCSA B LEISIX MACHTU(HUKALUN CUTHAJIA TPEBOTH.
JlaHHBII KOMITIEKC TIO3BOJISIET OPTaHN30BaTh OXpaHy y4actka 10 50 000 M (ormpenensercs MakCUMallb-
HBIM yJaJICHUEM aJpecHON 30HBI OT allapaTHO-IPOrpaMMHON 4YacTH) ¢ JUIMHOW OXPaHSEeMOH 30HbI
10 500 m. OgHako 1715 3TUX KOMIUIEKCOB (TI€pBble MOTU(UKALIMKN) XapaKTEPHO OTCYTCTBHE BO3MOXKHO-
CTH BU3YaJIbHOTO OTOOpa)KEeHHsI IPUUUHBI CBOETO cpadarbiBaHMs. PemeHne 1aHHOH poOieMbl BO3MOXK-
HO IyTeM COBMECTHOTO NPHMEHEHHS C HUMHU CIEIHMaIM3UPOBAHHON ONTHKO-3JIEKTPOHHOM CHCTEMBbI
HaOJFONEHUS B BUIE TIocTa TexHUIeckoro Haomoaerus (I1TH).

PazpaGoTaHHbIi aBTOpaMu MOCT TEXHMYECKOTO HAOIIONCHUS MPEACTaBIsET COOOH MOBOPOT-
HYI0 mIaropMy C TEJICBHU3HMOHHBIM M TEIUIOBM3MOHHBIM KaHajaMy HaOmropeHus (puc. 2), aBTOHOM-
HBIMH MCTOYHUKAMH MHUTAHUS, a TAKXKE C aBTOMATH3MPOBaHHBIM pabounM mectoM (APM) omeparopa
CO cHeuuaJbHBIM nporpamMmubIM obecnedenneM [ITH, peanusyrommM yrpasiaeHne cucteMoi, oopa-
00TKy MH(pOpMAINH U €€ 0TOOpakeHHe.

Puc. 2. BHelHu# B TOBOPOTHOM TIAT()OPMBI IOCTA TEXHUYESCKOTO HAOIFOACHNUS
Fig. 2. Appearance of the post of technical supervision rotary platform

TennoBU3MOHHBIA JaTYMK OOOPYIOBAH CHUCTEMOW TPEXKPATHOTO ONTUYECKOTO YBEIHMUCHUS
(1x, 1.1x, 1.2x, ..., 3x) HaOmOmaeMOl CIEHBI C U3MCHSIFOIIUMCS TIoJIeM 3peHust oT 12°x9° no 4°x3°.
WHupopmarust, mocTymnaroiasi OT TSINIOBU3UOHHOTO KaHajia HaONIOJCHHS, aHATTM3UPYETCS aJITOPUTMOM
00paboTku n300pakeHuit [1-3], uTo obecrednBacT PEMICHIE 3319l ABTOMAaTHIECKOTO OOHAPYKECHIS
HapylIUTENeH TUIa «YEJIOBEK, TPAHCIOPTHOE cpencTBoy. TeneBusnonHslil kanan IITH sBasercs no-
MTOJTHEHHEM K OCHOBHOMY TEIJIOBU3MOHHOMY M IIOMOTaeT OIeparopy Kak B OllEHKe 00OCTAHOBKU BOJIH3U
Mecra cpabarbiBanus TCO, Tak u Ui pacrio3HaBaHUsI IPUYUHBI €r0 cpadaThIBaHUS.

2 O¢punmanshelii caiit komnanun 000 «[TOJTKOC-CT» [Dnexrponnsiii pecypc]. Pexum noctyna: https:/polus-st.ru/products/radio-
barrier. /lara nocrymna: 12.12.2022.

3 Odurmmansueii caiit xommannn OO0 «Ilpuknagnas paguodusuka» [Dmexrponusiii pecypc]. Pexum moctyma: http://www.neuro-
photonica.ru. lata nocryna: 12.12.2022.
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OTnmuauTenbHBIME 0CcOOeHHOCTIMU paszpadorannoro [ITH sBrsrores:

— BO3MOXHOCTh cOBMecTHOH paboThl ¢ TCO, pa3MeleHHbIMU Ha OTHOM pyOeike (B paMKax WHTET-
PUPOBaHHOH CUCTEMBI OXPaHbI MOAPA3/AEICHUS TOCYIapPCTBEHHON IPaHUIIbI), B LIEJISIX OTOOPaKEHUsI Je-
KYPHOMY I10 NOAPA3/ACICHUI0 HH(OPMALIUKM O MECTE U MIPUUMHE UX CcpabaThIBaHNUS;

— aBTOMaTH4YeCcKoe 0OHapyKeHUE MOTEHIIMAIBLHBIX HApYIIUTENIEH Ha MOJCTYIaX K pyoexkaM OXpaHbl
JUTS TIPECEUYEHNS TTOTIBITOK HapyLIEH!s TOCY/IapCTBEHHON IPaHMLIbI MIIM UX CBOEBPEMEHHOTO 3a/1epKaHMs.

B nemsx wuccienoBaHus (U3NYECKUX IPOLIECCOB, NMPOTEKAIOUIMX B MHTETPUPOBAHHOM CHCTEME
OXpaHbl, BKIIOYAIOLIEH B CBOM COCTAaB TEXHWYECKHE CPEJCTBA, MOCTPOCHHBIC HA Pa3IMYHBIX (hu3u-
YEeCKMX MPUHIMIAX, pa3padoTaH COOTBETCTBYIOMIMK ammapaTHO-nporpaMMHblid koMiuieke (AIIK).
OtnuunrensHas ocodeHHocTs AIIK — uncmonp3oBaHue peanbHbIX TEXHUYECKUX CPEICTB OXPaHbl
CO INTaTHBIM TPOIPAMMHBIM OOECIIEYEHHEM M PEalu30BaHHBIMH B HEM allTOPUTMaMH 00pabOTKU
nHpopmanuu. B ero coctas BXosT:

— ACK «Pagmobaprepy» (pamuocurnanuzarop, APM omepatopa);

— KIICO «Bopon» (3meMeHT 3arpakeHus, anmapaTHO-IPorpaMMHas 4acTh KOMILIEKCA);

— TOCT TEXHUYECKOro HaOmrofeHus (MOBOpOTHas muiardopma ¢ AaTYMKaMH BUACOMH(OpMAaLUH,
APM omeparopa).

KittoueBbiM 00cTOsITENLCTBOM Tipu pa3padorke ATIK sBisutach peanu3aiiusi CONMpPsDKEHUS JTaHHBIX
TexHUYeCKuX cucTteM. C TOUKM 3pEHUs PEelIeHMs 3aJaud COBMECTHOI'O OOHApPYKEHHUS IBIKYIIUXCS
06wvekToB oT TCO momkHa MocTymars HHGOpManus 0 MecTe ux cpadarsiBanus. COBMECTHO C pa3pa-
ootunkamu KIICO «Bopon» u ACK «Pannobaprep» O0bu10 opaboTaHO crienualbHOE MPOrpaMMHOE
o0ecrieueHNe AaHHBIX KOMIUIEKCOB Ul OpraHU3aluy Mepeaadn HHPOPMau 0 MecTe cpadaTbIBaHUs
WX JJIEMEHTOB Ha TIOCT TEXHUYECKOTO HaOmoneHust. Takum 006pazoM, ocHOBHBIM dreMeHToM AIIK sB-
nsierest [1TH, Tak kak Ha HeM OCYILIECTBISIIOTCSI 00paboTKa OCHOBHOTO 00beMa HHPOPMAIMH U €€ 0TO-
opaxenue. Crpykrypaas cxema AIIK mpencrasnena Ha puc. 3.

|
: : : IToBopoTHas | : :
| | : mardopma : : |
| | | C JlaTYu KaMu | | |
: : | BujeoMH( OpMALLUI I !
| | Pannocurnanmsarop | | : (MK+TB) : : :
: : : ] lzi APM : : Biox 1 | Onrnuecknit :
I Lo H omeparopal | | npuemonepesaTuuKoB Kpocc |
| I Buok yripasenus 2= | | } |
| [ TIOBOPOTHOI i - |
: APM oneparopa | L ORGE L, Biok o6paborku @ | | @ bnok 06[;a60TKn, APM :
| | : B0k 06paGoTkn uH(opMaLuH 0T : pacnosHaanus u TP |
| | CHTHAJIOB O I0BOPOTHOI 1aT(opMbI | | OTOBpaXCHHS CHIHATOB orepartopa |
I | cpabaThiBaHIH 1 0TOGpaKeHUs | : I
| ACK | TCco [ |
: «Pangnobapnep» : L IHocT TexHUYeCKOr 0 HAOJIIOIeHH ST : L KIICO «Bopom» :
- -————_____ - ___\ ‘- ______/

Puc. 3. CrpykTypHas cxema amnmaparHO-IIporpaMMHOTO KOMILIEKCa
Fig. 3. Block diagram of the hardware and software complex

[Topsimok coBMeCTHO pabOTHI MJaHHBIX TEXHUUECKUX cpeacTB B cocTaBe ALK 3akimogaeTcs B ciemy-
romeM. [Ipu cpabarsiBanuu TCO ¢ «biioka 00paboTKH, pacrio3HaBaHUS U OTOOpakeHHus cUrHanoBy (1)
KIICO «Bopon» niu APM oneparopa (2) ACK «Panno6aprep» Ha 610k 00pabOTKK CUTHAJIOB O cpa-
oarsiBannu TCO (3) APM oneparopa I1TH nepenaercs coobuienne o cpaboTaBIieM y4dacTKe cpel-
cTBa oxXpansl (1pu noaroroke K padore [1TH BBousTCsS JaHHBIE 00 OXPaHHBIX YUaCTKaX KOMIUIEKCOB).
C 6noka (3) Ha 670K ympaBiieHUs! MOBOPOTHOW miardopmoii (4) mepemaercst uHGopManus (a3uUMYyT,
YIoJl MECTa, 3HaYE€HUE ONTHYECKOTO YBEIWYCHUS JaTuMKa) IJIs HaBeICHUs JAaTYMKOB BUACOMH(OpMa-
LMY Ha cpaboTaBLIMK y4yacTOK cpelcTsa oxpasbl. [lanee ¢ 610ka 00paboTku MHPOpPMAIMK OT HOBO-
potHoii mnardopMel 1 oToOpaxkenus (5) dhoHorneneBas odcTaHoBKa BOIM3M MecTa cpadbarsiBanust TCO
BbIBOAUTCSI Ha oToOpaxkenue oneparopy [ITH. AIIK mo3Bomser:

— BBINOJIHSITh UCCIIIOBAHUS COBMECTHOTO (DyHKIIMOHUPOBAHMUS TEXHUUECKUX CPEJICTB B paMKax WH-
TErpUPOBAHHON CUCTEMBI OXPaHBI,

— HCCJIEOBAaTh AJTOPUTMbI aBTOMAaTHUYECKOTO OOHApY)KEHMs (CONPOBOXKIEHHS, PACcIIO3HABAHUS)
JBIDKYLIMXCS OOBEKTOB KaK B PEXHMME PeabHOr0 BPEMEHM 110 JaHHBIM OT JAaTYMKOB BUACOMH(OpMa-
LM, TaK U C 3apaHee MOArOTOBICHHBIMU BHJICONIOCIIEI0BATEIbHOCTIAMHU;
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— TPOBOJIUTH HMCCIICAOBAHUS U OLCHKY KaK CYMIECTBYIOIIMX, TAK U BHOBbH pa3pabaThiBacMbIX ajl-
TOPUTMOB aBTOMATHYECKOTO OOHAPYKEHUs (COIIPOBOKICHHUS, PACITIO3HABAHUS ) IBUKYIIUXCS OOBEKTOB
B YCIIOBHSIX U3MEHsIeMO (DOHOIIENIEBO 00CTAHOBKHU M Pa3IMYHBIX BO3MYIIAIOIINX (PaKTOPOB;

— JiopabarbIBaTh CrenuaibHOe mporpammHoe obecrnieueHue TCO, 000CHOBBIBATH HPAaBUIBHOCTh
MIPUHSATHIX TEXHUYECKUX PELICHUH MPHU MOJIEPHU3AIINHU CUCTEM, BXoasmux B coctaB AIIK.

Pe3y.]'[I)TaTLl OIlCHKH 3(1)(l)eKTHBHOCTI/I NMPUMECHECHUSA MOCTA TEXHUIECKOI0 Haﬁ.monemm
B COCTaBe HHTerHpOBaHHOﬁ CUCTEMBI MOoAPa3IC/JICHUsI OXPaHbI

Hus onenku >¢dexruBroctu coMmectHoro npumenenus: [ITH ¢ apyrumu TCO wucnonszoBanu
METOJINKY, oncanuyto B [4, 5]. [Ipuaumanu, yto Ha pyOexe oxpanbl ycranosieHsl TCO u IITH.
TCO wucrnpaBHBI, T. €. BEpOATHOCTh TEXHUYECKH UCTIpaBHOTO cocTtossaus TCO Pch U BEPOSATHOCTH
JOCTAaBKH COOOIEHUSI 00 0OHApy:KEHHOM HapyLIMTEJe Pnj paBHBl 1. BepostHOCTE 0OHapyX eHUs
TCO, cormacHO €ro TaKTUKO-TEXHUYECKUM XapaKTePHUCTHKAM, COOTBETCTBEHHO B)g =F, =098
Obmee konumuecTBo cpadarsiBanuii TCO — 7176, U3 HUX: OT «peaIbHOTO» HAPYIIUTENS — 9, JTOKHBIX —
7167 (ot xkuBotHOrOo — 4672, oT poHa — 2486). YuuThiBasi JaHHBIC MOKA3ATEIM, COIIACHO BhIpaXKe-
o (10) [5], onpenernsiny sHa4CHHS BEPOATHOCTEH MOSBICHNUS (-T0 HAPYIIUTENs F; , KUBOTHOTO F,,

¢Gynxonnposanus TCO B 0TCYTCTBHE BO3NECHCTBUI OT HAPYIIMTENEH M )KUBOTHBIX F) , TOKHOTO Cpa-

OarpiBanust OT Gona P, , BEPOATHOCTH NMPOITyCKa i-ro Hapywurenst b, = H(l - Poj ):
9 4672
B, =——=0,0013; P, =——=0,6511; P, =1-(R, +P,)=1-(0,0013+0,6511)=0,3477;
7176 7176 :
24 4672 +24
o =0 0, 3464; P, =1-2T2E2980_ .
7176 7176

3HayeHue P, — BEpOSATHOCTb NPaBUIIBHON KiaccuuKauy npuaruHsl cpadbareiBanus TCO, 3aBucut
OT €T0 BO3MOXXHOCTEH 110 OTOOPaXKEHHIO BU3YyaIbHOW MH(OPMAIIMH O IPHYUHAX CpadaThIBaHUS ACKYP-
HOMY 110 Nojpa3JeneHuto oxpaHnbl. [Ipy Hanuuuy Takoil Bo3MOXXHOCTH P, omnpenensercs: ciocoOHo-
CTBIO ormeparopa pacrno3Harh npuuuny cpadarsiBanust TCO. [IpoBeneHHbIE HCCIIEIOBAHUS TTOKa3aIH,
YTO JJaHHOE 3Ha4YECHUE CTpeMUTCs K equnHuue. s nanpHenmux pacyeros npuHumanu P, =0,99. Ilpu
OTCYTCTBHHU JIaHHOW BO3MOKHOCTU P, OIpenelisiiu U3 BbIpaKeHUs

C,+C,

P=1-
C

, )
o0,
e C,, Cy, —uncno cpabarbisanmii TCO 0T XKHMBOTHBIX K OT PoHa; Cgy,, — 001IEE uncio cpabarbiBanuii TCO.
[TomcTaBuB BETMUHUHEI BRIIIICYKa3aHHBIX BEPOSITHOCTEH B BeIpaskeHue (12) [5], momydwmim 3HaUeHIE
BEPOSATHOCTH TIOSBIICHHUS OMIMOKY TP TMIPUHITHN PEIICHUS O HATMYAN «PEaTbHOTO» HAPYIINUTEINS TOCY-
napcteeHHol rpanunsl (HIT) P -
P =P

o, omrl;

=(0,0013-(1-0,98)- (1-0,002))+(0,6511- (1 (1-0,98)) +0,3477 -0,3464 - (1-0,002)) = 0,76, (2)

4 Py, =(By (1= B)A=B))+ (Bl = By U= R) + By Py (1= B)) =

omr2;

rae P, — BEpPOATHOCTb MPOITYCKa i-r0 HAPYIIUTEINS B €CTECTBEHHBIX YCIOBUAX (DYHKIIMOHUPOBAHMS;
P

om2, — BEPOSATHOCTD JIO)KHOM TPEBOTH B €CTECTBEHHBIX YCIOBUAX (DYHKIMOHUPOBAHHS.
Torma BepoOSITHOCTH OOHAPYXKEHHSA «PEajJbHOTr0» HAPYIIUTENd B COOTBETCTBHHM C BBIPAKEHU-

eM (16) [5] 3anmmrercs B BUIe

M
PO]%H,' = 1_H(1_R’U) '(I_P"U-'f):(l_(l_Po

J=1

)-(1-B,, ) =(1-(1-0,98))-(1-0,76)=0,24. (3)

'TCOI
Yuuteias BeposTHOCTh oOHapyxenus HI'T IITH (£, = 0,98), mony4uiu 3Ha4eHue BEPOSTHOCTH
MOSIBJICHUS OLIMOKY NP NMPUHATHH pelIeHus o Hamuuuu «peaitbHoro» HI'T npu coBMecTHOM HCIIONb-

3oBaguu TCO u I[1TH:
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Py = P, + Pa, =Py, (1= P Y1 = P)) + (P (1= B YA= B) + By Py (1= ) =
= (0,0013-(1-0,98)- (1-0,98)- (1-0,002)) +
+(0,6511-(1-(1-0,98)-(1-0,98)) +0,3477-0,3464 - (1-0,002) ) = 0,0077. (4)

Torna BeposiTHOCTH 0OHapyskeHus «peanbroroy HI'T nipu coBmectHoM ncnonb3zoBaruu TCO u [TTH

P, =[1—1M[<1—%f>}-(1—%m[)=(1—(1—P0m)-(l—am,.))-(l—f%m,.)=
=(1-(1-0,98)-(1-0,98))-(1-0,0077) =0,99. ®)

Takum ob6paszom, coBmectHoe npumenenue [ITH ¢ npyrumu TCO Ha onHOM pyOexe oXpaHbl MO-
3BOJISICT CHU3UThH BEPOSITHOCTH MOSBICHUS OLIMOKY MIPU MPUHSATHH PELICHUS O HAIMYUHU «PEealbHOT0»
HapywmuTens He MeHee yeM B 90 pa3, HOBBICUTH 3()()HEKTUBHOCTh HHTETPUPOBAHHOIN CHCTEMBI OXPaHbI
OT/ICJIbHOM MOrPaHUYHOH 3acTaBbl (IIOCTa) HE MEHEE YeM B TPH Pa3a 3a CUET MOBBIMICHUS BEPOITHOCTH
00HapyKeHUsI «PeaJTbHOTO» HAPYLIUTEIIS FOCYIapCTBEHHOW rpaHuLbl. [IpaBuibHOE IPUHSTHE PELICHUS
JEKYPHBIM IO TIOApa3AEIeHUIO OXpaHbl 0 Hanuuu peanbHoro HI'T cokpaiaer konuuecTBo BbIE310B
TPEBOXKHBIX IPyIN Ha ydacTku cpadareiBaHust TCO. DTo MPUBOAUT K YMEHBLICHUIO CIIy>KEOHOH Ha-
Ipy3KH Ha JIMYHBIN COCTAB MOAPA3JEIICHUS] OXPAHbl, YMEHBIIAET KOJMYECTBO MUCIOIb30BAHHOTO MOTO-
pecypca TpaHCIIOPTHBIX CPENICTB, SKOHOMUT TOIUINBO. [Ipon3BecTn pacueTsl NEPBBIX ABYX MOKa3aTesen
HE MPECTaBIAETCS BO3MOKHBIM BBy CIIOKHOCTH UX GopManuzanun. OqHaKO HA OCHOBAHUHU JaHHBIX
o cpabarsiBanny TCO MOXKHO paccunTaTh 5KOHOMUYECKHH 3(p(HEKT OT FKOHOMHH TOILTUBA.

B Tabn. 1 npeacrasiieH pacyeT nepepacxosia ACHEKHBIX CPEACTB AJISI OCHOBHBIX TUIIOB TPAHCIIOPT-
HBIX CPEJCTB, UCIOJIB3yEMBIX JUISl JOCTaBKU TPEBOXKHBIX IPYIIL, C YUETOM CPETHETO pacxoia TOIUIMBA,
3asIBJIEHHOTO B MX TaKTHUKO-TEXHUUYECKHX XapaKTEPUCTUKAX Ul OJHOTO MOApa3AeIeHHs OXPaHBbI.

Tadnuua 1. PesynsraTs! pacdera mepepacxoia JeHEKHBIX CPEICTB U TOIUINBA,
MCIIONB30BAaHHOTO JUISl pearnpoBaHus Ha JIOXKHBIC CpabaThIBaHUS
Table 1. Calculation results of overspending of funds and fuel used to respond to false alarms

= VA3-469 VA3-452 T’A3-3308 M3KT-500200
o 2 & v |3 : (10,6 /100 kM) | (17.2/100 km) | (16,8 /100 kM) | (30 1/100 Km)
& (] o (0]
S|2EE 285|285 = 2 2 & 2 & 2 | &
S|EScg5l §5e5|g¢8& o s = g = g = =
S loE 3 oF oS E 3 3 2 o 5 2 O ! 0] =
- e Q = o QK 8—4 = = a = — o = — a5 = a =
E) E~NOE8| o g 2 s 5 A S5 = s 5 = |5
=TS =9 = 2 ° T 2 ° z 2 ° z 2 ° = 2
= < Q [©) Q [©) Q [©)] Q [©)
T aa) = m = 2] = [aa =
1 7,5 3930 15 416,5 1,6 675,9 2,58 660,2 2,5 1179 4.5
2 5,5 2134 33 226,2 3,5 367,1 5,7 358,5 5,5 640,2 9,9
3 7.5 2070 0 219,4 0 356,1 0 347,7 0 621 0
4 | 55 3146 0 | 3334 0 541,1 0 528,5 0 9438 | 0
5 7,5 3180 15 337,1 1,6 546,9 2,6 534,2 2,5 954 4.5
6 7 3444 14 365,1 1,5 592.3 2.4 578,5 2.4 1033,2 42
7 9 4212 36 446,5 3,8 7244 6,2 707,6 6 1263,6 | 10,8
8 11 2860 0 303,1 0 491,9 0 480,4 0 858 0
9 12 8064 0 854,7 0 1387,1 0 1354,7 0 2419,2 0
10 10 6000 40 636 42 1032 6,9 1008 6,7 1800 12
11 12 5712 0 605,4 0 982,4 0 959,6 0 1713,6 0
Beero 44752 | 153 | 47437 | 162 | 76973 | 263 | 75183 | 25,7 |13425.6| 45,9
KOJ'H/I‘{eCTBO HNCIIOJIB30BAHHOT'O
TOILIHMBA 110 JIOXKHBIM 47217,5 7671,1 7492,6 13379,7
Cpa6aTLIBaHI/I$IM, JI
ITepepacxon AEHEKHBIX
CPEAICTB Npu ueHe 1 a1 11156,9 18103,6 18431,9 329141
JIU3EIBHOTO ToTunBa 2,46 pyo.
(1a 26.07.2022), Gex. pyo.
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W3 tabn. 1 BumHO, 4TO, HAIIPUMED, TIPH HCIIOIB30BAaHNH B KauecTBe cpeacTsa goctaBku M3KT-500200
¢ pacxonom 30 1 Ha 100 KM myTH JUI pearupoBaHusi Ha Bce cpabaTbIBaHUS C YYETOM MX OTHAJIEHHO-
CTH OT IyHKTa MOCTOSIHHOW JUCIOKanuu OyaeT m3pacxomoBaHo 13425,6 n torumBa. OgHako mo pe-
aJIbHBIM HAPYIIUTENSIM — TOJIBKO 45,9 J1, 4TO mpu 1eHe 1 J1 qu3enbHOro ToIluiuBa B pasmepe 2,46 pyo.
(ma 26.07.2022) mpuBOAMT K IMEpepacxomy ACHEKHBIX CPEICTB IS MOTPaHUYHOM 3acTaBbl (TIOCTA)
B pasmepe 32914 py6. 10 xor.

Pe3y.]'leaTbI HCNBbITAHUH MOCTA TEXHHUYECKOTO Haﬁ.]'[lO}leH](lﬂ
B p€aJIbHBIX YCJIOBUSAX IKCILJIyaTalluH

[IpoBenenue ucnblTaHUN M ONBITHYIO SKcuTyaranuio [ITH ocymecTsism Ha 6a3e HECKOIBKHX T10-
rpaHn4HbIX rpynn. [loBopoTHyto miatopmy ¢ TEIEBU3MOHHBIM U TEIUIOBU3MOHHBIM KaHajmamu [ITH
yCTaHaBIMBaIIM Ha HaOmromarenpHO# Beike. APM omeparopa [ITH 6biio pa3BepHyTO B TIOMEIIEHUH
JeKYPHOTO 10 3acTaBe, OTKyAa NMPOBOJAMIOCH yIpaBlICHHE NMOBOPOTHON miardopmoil. CBsi3b MexXay
APM u noBopoTHO# 1aTgopMoii OblIa OpraHU30BaHa 10 ONTOBOJIOKOHHBIM JIMHHUSAM CBSI3U Ha yaa-
snenuu 4050 m. [Ipu ucnpITaHUSIX TPUCYTCTBOBAIM MPEACTABUTENN [ 0CYyIapCTBEHHOTO MOIPAHUYHOTO
xomuteTa Pecrryommku benapycs, OAO «llenenr» u Boennowt akanemuu Pecryommku benapyce. Ilo-
TOJIHBIC YCJIOBHSI XapaKTEPU30BAINCh HATMYUEM TyMaHa U MEJIKOTO JOX[sl, YTO, B CBOIO OUEPEeab, M103-
BOJIMJIO IIPOBECTHU HCIIBITAaHHsI HanOojee NPUOIMKEHHO K PEealbHbIM YCIOBHUSIM KCIUTyaTalliH.

C nenbio onpeseneHusi BO3SMOKHOCTH aBToMarnieckoro ooOHapyxenust HI'T' npencraButensmu [oc-
MIOTPpaHKOMUTETa ObLT onpeseneH MapipyT aBmkeHust HI'T, B kauecTBe KOTOPBIX BBICTYA]I aBTOMOOHIIb
1 BOCHHOCIYXXAIMH OpraHOB NOrPaHUYHOM ciyxObl. 15 onpeneneHns JalbHOCTH aBTOMaTHIeCKOrO
obonapyxenuss HI'T' ncnonp3oBancs pexxnm pynkinunonnposanus [ITH «Hemoxsrmkubiid moucky. [lome
3peHHS KaMepbl HAXOAWJIOCh B HAIIPABJICHUH MOSBICHUS 00BbEKTa OOHAPY)KEHHS. 3HAUCHNUE ONTHYECKO-
IO YBEJIMUEHUS [UIsl TEITUIOBU3MOHHOTO KaHasla HAOMIOACHNS YCTAaHOBJICHO 3X.

[Ipu BbIXOzE aBTOMOOWMIIS U3 JIECHOTO y4acTKa Ha OCHOBHOHM PyOek OXpaHbl IPOM3BEIHN aBTOMATH-
Yyeckoe 0OHapy)KeHHE O0BEKTa C BOCIIPOM3BEACHUEM CUI'HAJa TPEBOTH. JBHKeHHEe aBTOMOOMIISI OBIIO
OCTaHOBJICHO, OIPEeSICHbl KOOPIUHATHI €ro MeCTonoyIokeHus. [locie 3Toro u3 aBToMOOMIISI BBILIET
BOCHHOCITYXAIMH, KOTOPBIN Takxke OblT aBTOMaTHYeCKH 00HapyxeH. JlabHOCTh aBTOMAaTHYECKOTO 00-
Hapy>XCHUS AJIs1 3HAYCHHUS] ONTHYECKOTO yBeIUeHHs 3X TermioBu3noHHoro kanana [ITH B nanHbIX yc-
noBusX HaOmoneHus cocrasuia 2040 M. AHaIOrMYHBIM 00pa30M MPOU3BENHN OIIPECICHNE NaTbHOCTH
aBroMarndeckoro oOHapy:xeHust HI'T ni1st 3HaYeHUsI ONTHYECKOro yBEIMUYCHHS X TEIIIOBU3MOHHOTO
kanana [ITH, uro, B cBOIO ouepensb, cocTaBuiio 860 M.

B cmyuae mpoBepku pexuma QyHKImoHHpoBaHUs «B3anmoneiicteue ¢ TCO» Bo3melicTBOBaIN
Ha oxpanHoe orpaxaeane KIICO «Bopon» mist cpabareiBanus crcteMbl 0OHapyx)erus. [locie momy-
yenns curHaia « Tpesora» ot KIICO «Bopon» moBopoTHas miardopMa aBTOMaTHYECKH TIPOU3BEIIA 110~
BOPOT B HAIPaBJICHUH CPAaOOTABILIETO Y4acTKa U HABEACHUE T10JIS 3pEHHSI Ha HEro.

Jus mpoBepku BosMokHOCTH (yHKIMoHUpoBanus [ITH B pexxnme «Ilouck B cexrope» omeparo-
pOM OBIIT YCTaHOBIIEH CEKTOp CKaHMUpPOBaHUs 85° BIOIH OCHOBHOTO pyOeka oxpanbl. HI'T' nBurancs
BZI0JIb OCHOBHOTO pyOeka OXpaHbl FOCYIapCTBEHHON IpaHULibl. [Ipy MosiBIeHNN HapyIIUTENs rocyaap-
CTBEHHOH I'DAaHMILIBI B aHAJIM3UPYEMOM yJacTKE CEKTOpa CKAHMPOBAHMSI OH aBTOMAaTH4IECKH OblI1 00OHapy-
’keH. B mpouecce uccnenopanuii BeinmonHuian 20 oneiToB: 10 B HOUHOE BpeMs cyToK U 10 — B IHEBHOE.
Bo Bcex cimydasx aBToMaTHYecKoe 0OHapyKeHHE HapyIIuTens Obu10 mpousseneHo. [Ipumep oOnapyxe-
HUS IBIDKYILETOCS TPAHCIIOPTHOTO CPEACTBA IIPEACTABIEH Ha puc. 4.

OpnHako Ui HOATBEPXKICHUS 3asBICHHON BEPOSTHOCTH OOHAPY)KEHHsI JAHHOTO KOJMYECTBA OIIbI-
TOB, €CTECTBEHHO, HEAOCTaTOuHO. [I03TOMY B TeueHune noakoHTposbHOM sKkcmyarauu IITH npoBoau-
JI0Ch OOHAPYKEHHUE TTIOTPAHNYHBIX HAPSI0B, OCYLIECTBISIONINX TaTPYJINPOBAHUE BJOJIb OCHOBHOTO Py-
Oerka oXpaHbl TOCYJapCTBEHHOU TpaHuIbl. Pesynsraret 2179 onbiToB o o6Hapy)eruto yaeoHoro HI'T
nokazanu, 4to B 2134 cnyuasx [ITH mpousBen aBromatnueckoe OOHApPYKEHHWE HAPYIIATENS. Takum
00pa3oM, MOIyUCHHBIE PE3YNIBTaThI TOKA3bIBAIOT, YTO Pa3paOdOTaHHBIN TOCT TEXHNYECKOTO HAOTIOACHUS
o0ecrieunBaeT aBTOMaTn4eckoe OOHAPYKEHHE HapyLIUTeNe rocy1apCTBEHHON TPaHULIBI C BEPOSTHO-
cteio 0,98.
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Puc. 4. [Tpumep oOHApYKEHUS ABHKYIIETOCS TPAHCIIOPTHOTO CPEICTBA
Fig. 4. Example of detecting a moving vehicle

3akiaouenue

1. AnmapaTHO-IIPOrPaMMHBIA KOMIUIEKC MPEACTaBIsIET 000 COBOKYITHOCTh COBMECTHO (DYHKIIH-
OHUPYIOIIUX TEXHUYECKUX CPEACTB (ONTHKO-ICKTPOHHOW CHUCTEMBI, CEHCMOIATYNKOB, BOJOKOHHO-
ONTHYECKUX JATYMKOB), MOCTPOCHHBIX HA PA3NIWYHBIX (PU3NYECKHX MPUHIMIIAX M PEIlaIoInX 3a/a-
4y aBTOMaTHYECKOTO OOHApYXEHUS ABHKYIIUXCS O0bEKTOB. Takol KOMIIEKC MO3BOJISIET MPOBOAUTH
HCCIIEOBAHNUE 1 OLICHKY KaK CYIIECTBYIONINX, TaK ¥ BHOBb pa3padaThiBaMbIX aJITOPUTMOB aBTOMATH-
YeCKOro OOHapy)KeHHUsI ONTHUYECKHA HAOI0aeMbIX OOBEKTOB B YCIIOBHUSAX H3MEHsSIEMOH (hOHOIeNeBOi
00CTaHOBKH U Pa3IMYHBIX BO3MYIIAIOIIUX (HaKTOPOB.

2. [IpumeHenune anmaparHO-POrPaMMHOTO KOMIUIEKCA Ha y4acTKe TOCyAapCTBEHHOMN IpaHUIIbI 1M0-
3BOJIMJIO CHU3UTH BEPOSTHOCTH BO3HUKHOBEHHS OIIMOKH TPH NMPHUHITUH PEIICHUS O HAIMYUH «peallb-
HOTO» HapymuTens He MeHee yeM B 90 pa3, MOBBICHTH d(h()EKTHBHOCTh HHTETPUPOBAHHON CHUCTEMBI
OXpaHbl OTAEIBHON NOrpaHUYHOM 3aCTaBbl (II0CTa) HE MEHEE YeM B TPH pasa 3a CUeT IOBBIILICHHUS BEPO-
SITHOCTH OOHAPYKEHHUS «PEeajIbHOTO» HAPYIIUTENs TOCYIapCTBEHHON TPaHUIIBI.

References

1. Mikhnionok E. I. (2020) Method of Image Processing in the Problem of Detecting Moving Objects in Optical-
Electronic Surveillance Systems of Thermal Imaging Type. Doklady BGUIR = Doklady BSUIR. 18 (2),
96-104. https://doi.org/10.35596/1729-7648-2020-18-2-96-104 (in Russian).

2. Mikhnionok E. I., Khizniak A. V. (2022) Features of the Application of the Detection Algorithm Based
on the Background Subtraction Method in the Scanning Optoelectronic Surveillance System. Doklady
BGUIR = Doklady BSUIR. 20 (6), 30-36. https://doi.org/10.35596/1729-7648-2022-20-6-30-36 (in Russian).

3. Mikhnionok E. I., Khizniak A. V. (2022) Evaluating the Effectiveness of Image Processing in the Task
of Detecting Moving Objects by an Optoelectronic Surveillance System. Doklady BGUIR = Doklady BSUIR.
20 (4), 29-35. https://doi.org/10.35596/1729-7648-2022-20-4-29-35 (in Russian).

4. Mikhnionok E. I., Khizniak A. V. (2019) An Approach to Assessing the Effectiveness of Technical Means
Used to Solve the Tasks of Protecting the State Border]. Proceedings of the Francisk Scorina Gomel State
University. Natural Sciences. 3 (114), 112—-116 (in Russian).

5. Mikhnionok E. I., Khizniak A. V. (2022) Evaluation of the Effectiveness of Technical Means of the Integrated
System of State Border Protection. Bulletin of the Military Academy of the Republic of Belarus. 3 (76), 31-37
(in Russian).

75



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 2 (2023) V.21, No 2 (2023)

Bkuiag aBropos

XwkHAK A. B. ocymiecTBiI moCTaHOBKY 3a1a4yl JJIsl IPOBEICHHS NCCIIEA0BAHNSL.
Muxuénok E. U. pa3paboTan anmapaTHO-IPOrpaMMHBIA KOMIUIEKC, OLEHHI 3P(PEKTUBHOCTh €ro
MIPUMEHEHUs, IPOBEJT €r0 UCIIBITAHUS.

Authors’ contribution

Khizniak A. V. formulated the task for the research.
Mikhnionok E. I. developed a hardware and software complex, evaluated the effectiveness of its
application, conducted its tests.

CaeneHust 00 apTopax Information about the authors

Muxuénok E. WU., Havanshuk 2 rpymmnsl Hayuso-  Mikhnionok E. L., Head of the 27d Group of the Research
ncciuenoBaresibCkoil  jaboparopun  Qakynsrera Laboratory of the Department of Communications
CBSI3M M aBTOMAaTHU3UPOBaHHBIX cucteM ympasienus and Automated Control Systems of the Military Academy
Boennoii akagemun Pecriyonuku benapych of the Republic of Belarus

Xmknsk A. B, x. 1. 1., notent, Bexymuii Hayunsii  Khizniak A. V., Cand. of Sci., Professor Assistant, Senior
COTPYAHHUK 2 TPYIIBI HaydHO-HMCCIea0BaTenbckoii  Researcher of the 2nd Group of the Research Laboratory
naboparopun ¢axynsTeTa cBs3m u aBroMarm3upo- of the Department of Communications and Automated
BaHHBIX CHCTeM YympaBieHHs Boennoi akamemun Control Systems of the Military Academy of the Republic

Pecmry6nmuku bemapychb of Belarus

Anpec 1711 KOppeCcHOHIeHINH Address for correspondence

220057, Pecmrybnuka benmapycs, 220057, Republic of Belarus,

r. Munck, nip. HesaBucumoctn, 220 Minsk, Nezavisimosti Ave., 220

Boennas akagemus PecrryOnukn bemapycs Military Academy of the Republic of Belarus
Ten.: +375 29 291-27-36 Tel.: +375 29 291-27-36

E-mail: actosum@gmail.com E-mail: actosum@gmail.com

Muxuénok Esrennit Uropesud Mikhnionok Evgeny Igorevich

76



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 2 (2023) V.21, No 2 (2023)

@) |
http://dx.doi.org/10.35596/1729-7648-2023-21-2-77-85
Original paper
UDC 621.384.3

DESIGN AND PERFORMANCE OF AMORPHOUS SILICON
BASED ON UNCOOLED BOLOMETER-TYPE INFRARED FOCAL PLANE ARRAYS

TRAN VAN TRIEU!, VIKTOR R. STEMPITSKY!, IVAN YU. LOVSHENKO!,
KIRILL V. KORSAK!, DAO DINH HA?

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
2Le Quy Don University of Science and Technology (Hanoi, Vietnam)

Submitted 30.01.2023

© Belarusian State University of Informatics and Radioelectronics, 2023
Benopycckuii rocynapcTBEHHBIH YHUBEPCUTET HH(POPMATHKHU U PATHOAIEKTPOHUKH, 2023

Abstract: Uncooled bolometric type thermal detectors, combined into a matrix and placed into a focal plane
array have the following characteristics: low cost, operation at room temperature, compatibility with the silicon
CMOS technology, and high detecting performance; therefore recently it became a hot spot in infrared or terahertz
detection field. The performance of uncooled infrared focal plane detector arrays depends on the optimization
of critical parameters which are determined by geometrical design and the electrical, optical, and thermal physical
properties of the detector materials. We report the study of a fabrication process and characterization of two (2D)
dimensional arrays of uncooled microbolometers based on silicon (0-Si) thermo-sensing films. Because these
arrays substantially reduce sensor size, they are becoming the preferred format for most modern applications.
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KOHCTPYKIUSA U XAPAKTEPUCTUKU
HEOXJIAZKKAAEMbBIX BOJTIOMETPUYECKUX UH®PAKPACHBIX PEIHIETOK
HA OCHOBE AMOP®HOI'O KPEMHUA
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2BbemHnamcKuil 20cy0apcmeenslill mexuudeckutl ynusepcumem umenu Jle Kyii JJona (Xanoti, Bbemnam)

Hocmynuna 6 pedaxyuio 30.01.2023

Annotanusi. Heoxyiaxxiaemble TEIUIOBBIE IETEKTOPbI 00JOMETPUYECKOro ThIa, 00beIMHEHHbIE B MAaTPUILY, pas-
MEIIEHHYIO B ()OKAIBHOH IIOCKOCTH, B MOCJIEAHEE BPEMSI AKTUBHO NMPUMEHSIOTCS B MH(PAKPACHOM MM Tepa-
TepLOBOM MOJIe 0OHAPYKEHHS, TIOCKOJIbKY 00IaIaloT HU3KOH CTOMMOCTBIO M BBICOKOH 3(()eKTUBHOCTHIO OOHA-
pyxeHusi, coBMecTuMbl ¢ kpemHueBoii KMOII-rexHomoruel, a takke paboTaroT Mpu KOMHATHOH TeMIieparype.
XapaKTepUCTUKN TaKHX JICTEKTOPOB 3aBUCST OT ONTHMHU3AINU KPUTHYECKUX MApaMeTpOB, KOTOPBIC OIMpEiess-
IOTCSI TEOMETPUYECKON KOHCTPYKLHMEH, 3IEKTPUUYECKUMH, ONTHYECKHMHI M TETJIOBBIMH CBOMCTBAMH IPHMEHSIC-
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MBIX MaTepHaNoB. B cTaThe pacCMOTPEHBI SKCILTyaTaIllHOHHBIC XapaKTePUCTUKH MTUKCEICH TByMEPHBIX MaCCHBOB
HEOXJIAXKIACMbIX MUKPOOOJIOMETPOB HAa OCHOBE TEPMOUYBCTBUTEIILHBIX TICHOK aMOp(hHOro KpemHus. [1ockoib-
Ky 9TH MacCHBBI 3HAYUTEIBHO YMEHBILIAIOT Pa3Mep CEHCopa, OHM CTAHOBATCS MPEIOYTUTEILHBIM (hOPMATOM ISt
OOITBIIMHCTBA COBPEMEHHBIX TTPUIIOKCHUIA.

KiroueBble cjioBa: JETEKTOp, HEOXJIAKAAEMbI MHKPOOOJIOMETP, WH(PaKpaCHBIA NETEKTOp, TEPMOJATUHK,
amMop(HBII KPEMHUH, MOJIETMPOBAHHE.

KonpaukT HHTEpecoB. ABTOPHI 3asBJISAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

BbaaropapuocTb. MccenoBanus BEIOIHEHBI TPY (UHAHCOBOM OIEPIKKE U B PAMKax peLISHUs 3a1a4 3a/1aHus 3.3
T'ocynapcTBeHHOM nporpaMMbl Hay4HbIX HcclieoOBaHUN «DOTOHMKA U AIEKTPOHMKA JJIsI HHHOBAIIUI)» COBMECTHO
¢ OAO «MHTEI'PAJI» — ympasinstornas komnaans xonnuara « IHTEIPAJD». ABTOpsI BeIpakaroT O1aroqapHOCTh
Bnagumupy Konocy 3a nomols B MOArOTOBKE CTaThU.

Joas uuTupoBanmusi. KOHCTPYKIMS M XapaKTepUCTHKH HEOXJIaKIAaeMbIX OOJIOMETPHYECKHX HH(PPAKPACHBIX
pemeTok Ha ocHoBe amopdHoro kpemuust / Yan Baun Uuney [u np.] // Hoxnaast BI'YUP. 2023. T. 21, Ne 2. C. 77-85.
http://dx.doi.org/10.35596/1729-7648-2023-21-2-77-85.

Introduction

Infrared (IR) detectors can be divided into two groups: the photon type and the thermal type. Un-
cooled thermal detectors have several advantages over photon detectors in that an uncooled IR camera
is compact, light-weight, inexpensive, and reliable, and it hardly needs any maintenance. Their main
shortcomings are lower sensitivity and longer response time. However, both of these problems have
almost been solved, with the advent of surface micromachining technology as well as reliable depo-
sition techniques for thin films. Micromachining technology offers the fabrication of good thermal iso-
lation structures, e. g., a micro bridge structure. IR technology has been widely investigated but still
it is an important field of study, while trying to satisfy the need of low cost and high-performance IR
imaging systems. Microbolometer based on micro bridge structure has characteristics of low power, low
cost, working at room temperature, high reliability and high detecting performance which is widely used
in military and civilian fields [1-3].

There are mainly two kinds of microbolometers currently depending on whether the thermal sensi-
tive material is vanadium oxide (VO,) or a-Si [4]. VO,, polycrystalline silicon, germanium and hydro-
genated 0-Si are materials commonly employed for microbolometer sensors [5—7]. Among available
sensor materials, a-Si has been widely utilized for its good temperature coefficient of resistance (TCR),
mechanical strength, low thermal mass, and high manufacturing yield, as well as full compatibility with
the CMOS processes. Those features enable shrinking pixel size which results in several technological
advances as: larger format arrays, smaller and cheaper optical systems and packages [8]. In this article,
the Coventor software was used to calculate design and fabrication bolometer based on micro-bridge
for IR detecting. For IR detecting, micro bridge structure based on 16x16 pm?2 a-Si thermo-sensing films
was designed and fabricated.

Approach, design, and fabrication

Technical evolution of the microbolometer is occurring in various fields such as pixel design, IR op-
tics, and packaging [9]. Main motivations driving this evolution are to reduce cost and to increase
integration. Normal structure of the microbolometer consists of one suspended multi-layer membrane
and long supporting legs. The membrane, including dielectric material layer, thermal sensitive material
layer, electrode layer and absorption layer, can absorb incident infrared radiation and cause multi-layer
film membrane temperature change of the micro-bridge. A microbolometer requires an active material
with high TCR, which means that small changes in the temperature of the thermo-sensing material
translate into large changes in resistance. Low electrical resistivity is required in order to obtain mini-
mized Johnson noise and good compatibility of the detector with the read-out circuitry, thus increasing
the signal-to-noise ratio [10]. In general, an infrared detector generates temperature changes by absor-
bing infrared light from the external environment and converts those changes into an electrical signal,
so the infrared absorption structure plays an important role in enhancing detector sensitivity. Minimi-
zation of mechanical deformation in unit pixels is important to maintain the optically resonant cavity
structure and electrical uniformity through the membrane. There are three mechanisms of heat transfer
that occur in a thermal detector, such as:
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1) conduction mechanisms, which occur when the heat flows from the thermo-sensing area along
the supporting legs to the substrate;

2) convection which occurs when the heat flows in the presence of a surrounding atmosphere; this
mechanism is not very important if the detector is encapsulated in a vacuum package;

3) radiation mechanism is presented by the fact that the detector radiates energy back to its surroun-
dings and the surroundings radiate back to it.

When the microbolometers are encapsulated in an evacuated package, with an IR transmitting win-
dow, convection and radiation mechanism are minimized. Thus, the main heat loss mechanism is the con-
duction from the thermo-sensing material to the substrate through the supporting structure. The sup-
porting structure is a very important part of thermal detectors, it provides three functions: mechanical
support, electrical conducting path and thermal conducting path. The development of arrays of uncooled
IR sensors depends on the ability to form thermal isolation structures which should be compact, robust,
and easy to fabricate. MEMS technology greatly contributed to the reduction of thermal conductance
and sensitivity improvement. The value of output electric signal is related to the tiny temperature change
of membrane. According to the detector operating at vacuum and room temperature conditions, thermal
convection and thermal radiation could be ignored in the calculation process, so the thermal conduct-
ance (G) of microbolometer is the total thermal conduction between a bolometer and its surrounding and
it can be estimated by

G= Gleg—conduction + Gradiation + Ggas—conduction + Gconvection’ (1)

where Gieg-conduction» Gradiation 1 the thermal conduction between the bolometer and its surrounding
through the bolometer legs and by emitted heat radiation; Guyconducrion> Geonvection 18 the thermal conduc-
tion between the bolometer and its surrounding through the gas and by gas convection.

According to the detector operating at vacuum and room temperature condition, thermal convection
and thermal radiation could be ignored in the calculation process, so the thermal conductance G of mic-
robolometer is

G~ 2G)p = 2kWTd : )

where Gy, is the thermal conductance of micro-bridge leg; k is thermal conductivity of the supporting
leg; w, d, [ are the width, thickness, and length of the leg, respectively.
Thermal capacity C of the membrane can be expressed as

C=YVpge,. 3)

where V, p;, ¢; are the volume, density and specific heat capacity of the multi-layer thin film in the
membrane.

The response time T of micro-bridge can be calculated with thermal conductance and thermal ca-
pacity

TZE. (4)

The response time is related to the working frequency. And then the other parameters can be calcu-
lated according to the requirement of the response time. The relative TCR is defined as

1 dR
o=—— 5
RdT )
The change of voltage of a constant current-biased bolometer is
AV =IAR = IRaAT. (6)

Performance of microbolometers is evaluated through voltage responsivity R,, noise, and directivity.
Voltage responsivity is the output signal generated per unit of incident power, expressed by

nploR,,

——, (7
G,h,/1+cozr,2h

where 1) is absorption coefficient; f is the fill factor; / is the bias current; a is the TCR of the thermo-sen-
sing film; R, stands for an effective resistance resulting from the equivalent parallel resistance between

R, =
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bolometer and readout circuit impedance; Gy, is the thermal conductance; w is the angular frequency
of the signal modulation; 1, is the thermal time constant (also called response time).
R, can also be determined by the formula

_ AV
P

in

R, , ®)
where AV is the voltage difference from dark to infrared; P;, is the infrared power.

To provide a high absorption of the radiation in the bolometer membrane, conventional bolometers
contain resonant optical cavity (Fabray-Perot) structures that are optimized for the targeted wavelength.
The most commonly used resonant optical cavity design, in which the infrared mirror (typically alu-
minum) of the resonant optical cavity is placed on the surface of the underlying substrate (the ROIC)
and the bolometer membrane is placed at the distance d of A/4 from the mirror surface on the substrate.
Thus, a high fraction of the incident infrared radiation at a specific wavelength A is absorbed in the
bolometer membrane [11]. For a targeted wavelength interval of 8 to 14 um, the distance between
the bolometer membrane and the mirror on the substrate is typically about 2 to 2.5 um [11, 12]. During
a system-level simulation, all of the above parameters should be considered.

Examples of fabricated detectors and arrays

The pixel is divided into two parts (Fig. 1), a silicon (Si) readout integrated circuit in the lower part
and a suspended micro bridge structure in the upper part.

a-Si thermometer layer 16 pm ‘ J l
NiCr Layer absorption ot
=
5]
© 2.5 um
Anchor Readout
Electrode Infrared mirror l o e— L
a b c

Fig. 1. Structure of the microbolometer pixel: @ — 3D model; b — top view; ¢ — cross-section

The bolometer is composed of a thermometer integrated on a micro-bridge. This micro-bridge
is supported by two legs anchored over the silicon substrate by metal studs. This micro-bridge is built
on a sacrificial layer which is removed in a final step. The distance between the ROIC and the mi-
cro-bridge is 2.5 pm. This vacuum gap works as a quarter wavelength cavity, which sets the detector
spectral response maximum at a wavelength close to 10 um. The active region of the sensor consists
of the IR absorber layer, made of NiCr, which absorbs incident radiation, and an underlying thermo-
meter layer, comprised of a-Si, whose sheet resistance will vary as a function of the temperature change
induced by the absorption of radiation by the NiCr layer. Considered structure has a pixel step is 16 pm,
NiCr supporting legs width is 1 um, a-Si and NiCr film thickness is 0.1 um and 15 nm accordingly.
Active area of pixel is 197 um?2. The Tab. 1 shows the parameters of the materials used in modeling.

Table 1. Material properties of microbolometer

. Elastic cpnstants Density, | Stress (MPa) — Anlso Thermal Specific heat C, Elecmc
Material (Elastic-Iso) Ko/ conduction G, Ti(keK) conduction,
E, MPa |Poisson| ZH Sx | Sy | Sz | pW/(umK) | P78 pS/um

Al 7.7-104 03 |23-1015)| 24 14
NiCr [1.0-104] 0.2 [4.6-1015|-160| —160
o-Si [8.0-104 03 226 1015 17 17

2.37-108 8.98 - 1014 3.69 - 1013
2.08 - 107 5.0- 1014 2.83 - 1012
1.0 - 1006 6.81 - 1014 | Variable value

oo |o

Besides its silicon technology compatibility, a-Si presents many other advantages. First, it enables
the manufacturing of very thin suspended membranes combined with short leg lengths resulting in high
fill factor and high mechanical strength structures that could sustain high vibration rates and high me-
chanical shocks. This reduced mechanical susceptibility to vibration or shock solicitation is obviously
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important for a number of military as well as commercial applications. Secondly, the very thin thermally
isolated suspended membrane, along with the low thermal mass of silicon, results in a very low pixel

thermal time constant. Finally, this simple technology leads to high manufacturing yield and therefore
low manufacturing cost.

Results and discussions

Minimizing heat loss mechanisms is essential to maximizing sensitivity. The dominant heat loss
mechanism is heat conduction through the support structure to the underlying substrate. The total ther-
mal conductance G can be determined by means of a steady-state thermal analysis in which a constant
power input is supplied via a heat flux surface boundary condition. G is the ratio of the total power sup-

plied and the maximum temperature change achieved by the sensor. Fig. 2 shows the calculation model
of thermal conductance.

Incident radiated power P =1 uW

| LAy

ROIC temperature =300 K

Fig. 2. The calculation model of thermal conductance

Results calculated by Coventor software

_ Input _Power
AT

The time constant, t, provides measurement of the response time of the sensor; T needs to be suf-
ficiently low to satisfy the application requirements of the microbolometer. The time constant can be
determined from a transient thermal analysis by examining the temperature response of the sensor
as a function of time upon cooling down from the maximum steady-state temperature computed from
the previous analysis. The time constant can be determined from a transient thermal analysis by exa-
mining the temperature response of the sensor as a function of time upon cooling down from initial ROIC
temperature of 310 to 300 K (Fig. 3). The time constant Tt =380 ps. With both G and t known, C the total
heat capacity can be calculated using equation (3):

G = 9.84 - 108 W/K.

C=Gt=9.84-10%-0.38-103=3.74- 1011 J/K.

Apply an initial temperature 3104
of 310 K to all parts of the device
308+
8" -
2306+
g ]
£304+
=]
302+
ROIC temperature = 300 K 4

0 05 10 15 20 25 3.0
300 305 310 Time, ms

a b
Fig. 3. The calculation model of time constant (a) and the time constant of microbolometer (b)
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During operation, a bias voltage signal is applied across the sensor, inducing a current through
the thermometer layer, which depends on the temperature-dependent resistance that changes as inci-
dent radiation is absorbed. Thus, in addition to the fundamental thermal design parameters previous-
ly discussed, comprehending the response of the sensor to an applied voltage is essential. The static
voltage-temperature (V=T) curve allows designers to understand the effect of Joule heating on the mic-
robolometer and to determine the temperature gain of the microbolometer at steady state when a given
potential is applied across it. Understanding the steady-state current-voltage (/-V) curve, whose slope
is the resistance of the microbolometer, is important as the resistance contributes to the sensitivity of the
device. A single, steady-state electrothermal analysis is used to generate both the /- and V-T curves
by sweeping the applied voltage from —2 to 2 V in steps of 0.1 V, applied across the microbolometer an-
chor surfaces (Fig. 4). Fig. 4, a illustrates how the static temperature of the device will vary due to a con-
stant voltage drop across the resistive sensor and the current that is induced in the resistive sensor at each
applied voltage plot the resistance as a function of temperature.

3084

—— Current 250 9.1
9 | —o—— Temperature Z 8.9
306+ - 5
pe 06 200 S 87
S 150 = = 8.5
£304+ 5 g 8.37
2. g S 8.1+
g ~100.5 8 o
=302+ 17
150 w2 177
7.54

300_ T T T 0 73 T T T T T T T

0 0.5 1.0 1.5 20 300 302 304 306 308
Voltage, V Temperature, K
a b

Fig. 4. Illustrates curvature properties

From Fig. 4, b it allows to calculate the a, used in equation (5). As shown above, resistance chan-
ges quite linearly with temperature. The linear relationship between resistance and temperature allows
us to use the value of the a. = —0.028.

In addition to the thermal and electrical properties examined so far, understanding the mechanical
stiffness of the sensor is essential. Microbolometers are designed to stand exactly a quarter wavelength
of the incident IR radiation from the substrate. This design specification is required because some radia-
tion passes through the sensor, reflects from the substrate, and impinges on the back of the sensor. A gap
of a quarter wavelength maximizes the superposition of the reflected wave with the initial wave, thus
maximizing absorption by the sensor. Deformation can cause the sensor to deviate from this specifica-
tion. Deformation results when the mechanical stiffness of the device is balanced against the resolution
of residual stresses from fabrication, as well as elevated temperatures causing the sandwiched layers
comprising the sensor to expand and contract differently, which is caused by varying coefficients of ther-
mal expansion. The flatness of the sensor can be assessed by a steady-state mechanical analysis. Using
the grid model (Fig. 5) there is the run a coupled thermomechanical analysis. A coupled thermomecha-
nical analysis will capture the effects of thermal expansion/contraction in addition to the deformation
due the pre-stresses.

a b c

Fig. 5. The mesh model of microbolometer: @ — 3D mesh model; b — electrode Al and NiCr layer;
¢ — 0-Si resistance layer

The results show that the highest and lowest elevations of the IR absorbing layer differ by nearly
3 nm across the pixel. This result ensures the maintenance of the superposition of the reflected wave
with the initial wave. Applying equation (7) with assumed values required to determine responsivity
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includes: bias current / = 10 A is arbitrarily chosen as a representative bias current; ® — the angular
frequency of modulation of the radiation, is assumed to be 60 Hz; | — the absorbance of the IR sensi-
tive layer, is the product of the absorption of the NiCr, a-Si layer and the fill factor of the sensor, taken
as 0.9 and 0.77, respectively. So, value of sensitivity is equival to R, =2.33 - 10¢ V/W. In summary, the
microbolometer parameters are presented in Tab. 2.

Table 2. Results of survey of the parameters of the above designed bolometer

Design parameter Value
Thermal conductance G, W/K 9.84 - 108
Thermal time constant T, s 0.38- 103
Specific heat C, J/K 3.74 - 101
Resistance R (for 300 K), Omhs 9.11 - 106
Thermal coefficient of resistance (TCR), 1/K —0.028
Maximum deflection (for 300 K), pm 0.003
Fill factor of the sensor 3 0.77
Responsivity R,, VIW 2.33-10°

Simulating the operation of a microbolometer requires analyzing multiple coupled physical do-
mains. Incident radiation absorption causes a temperature increase, which mechanically deforms the de-
vice, but also changes the resistance of the thermometer layer. The change in the resistance is detected
by means of the output current through or voltage drop across the microbolometer, which is incorpo-
rated into an integrated circuit. Thus, coupling between mechanical, electrical, and thermal domains
is required. Next, we need to conduct a steady-state electro-thermomechanical simulation. To do this,
a power supply with a voltage of 1 puV is connected to the one of the electrodes of the bolometer, and
the power of the incident voltage varies from 0 to 1 pW/um?. Fig. 6 shows the change in mechanical
deformation, resistance, and current through the microbolometer as the input radiated power increases.
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Fig. 6. The mechanical deformation, resistance, and current of the microbolometer
as the input incident radiated power increases

Microbolometers operate under a voltage bias, thus allowing for the detection of output current,
which is a function of the sensor resistance. However, the application of this voltage signal induces Joule
heating, which should be understood independently of the temperature increase due to the absorbed IR
radiation. Given that the voltage signal will be time-dependent, we will run a transient electrothermal
simulation to predict the thermal response of the microbolometer to an input voltage pulse. The voltage
profile that will be applied to the device is shown in Fig. 7, a. The voltage pulse applies a bias of 1 V,
transition time 40 ps, the duration designed to allow the sensor temperature to ramp up to the steady-
state value predicted in accordance with the thermal time constant inherent to the device.

The plot fig. 7, b shows that the device reaches a maximum temperature of 302.98 K due to the Joule
heating induced by the voltage pulse. After the voltage signal is removed, the device temperature drops
back to 300 K as the heat is lost to the substrate by conduction through the anchor surfaces. In practice,
an electrical circuit is used to detect incident radiation that is absorbed by the microbolometer. When the
microbolometer is exposed to incident radiation, the temperature increases and changes the resistance
of the device. Simultaneously, in order to detect the change in resistance, the thermistor is pulsed by an
electrical signal. Thus, the current induced to flow through the bolometer is the output of interest.

83



Joknager BI'YUP Dokrapy BGUIR

T.21, Ne 2 (2023) V.21, No 2 (2023)
. 3.0
2.5+
> | | 2.0
g || | 5
= | | H1.5—
=]
> | | <1.0—
| | 0.51
0.1+
! 6 !I LA (LU L R L R LR LR DL |
040-10 7.5 7.54 15 0 2 4 6 8 10 12 14
Time, ms Time, ms
a b

Fig. 7. Applied voltage profile for transient analysis (a) and dependence of temperature changes on time (b)

When the radiation abates and the bias voltage is removed, the sensor cools down with a characte-
ristic time constant. The strategy employed here is pulsed biasing, in which the detector bias is applied
only for a short period of time. Pulse biasing, as opposed to a continuous bias strategy, prevents possib-
le damage to the pixels due to excessive joule heating as the self-heating is expected to be minimal.
The applied voltage and heat flux input profile is shown in Fig. §, a.
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Fig. 8. Applied voltage and heat flux profiles for transient analysis («)
and dependence of temperature and microbolometer resistance on time (b)
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The plot Fig. 8, b shows that the microbolometer first responds to the heat flux boundary condition,
mimicking the power input from the absorption of radiation impinging the sensor. The temperature
of the bolometer increases to a steady value of 317.5 K. The short voltage pulse is then applied after
the sensor, temperature stabilizes from the heat input, and the temperature increases momentarily due
to Joule heating, achieving a maximum temperature of 319.5 K. Once the voltage is turned off and the con-
tribution from Joule heating is removed, the temperature drops to the local maximum corresponding
to only the heat flux input. When heat flux is turned off, the temperature drops to 300 K, as defined
by the heat sink. The plot Fig. 8, b shows that as the temperature of the sensor increases, the resistance
decreases. This is consistent with the electrical conductivity values supplied for the a-Si thermistor
layer. The impact on the resistance due to Joule heating is evident at 7.5 ms when the voltage pulse
is applied. The difference in resistance between the quasi-steady-state value due to the temperature
increase from the incidence radiation and the additional resistance due to self-heating represents an error
in the measurements and should be minimized.

Conclusions

Mechanical robustness of focal plane area is very important to maintain infrared absorption perfor-
mance as the microbolometer pixel size is decreased. In this paper, new structures have been designed
and characterized to determine the influence of geometry on the characteristic parameters of a bolo-
meter. The width and length of the support arm greatly affects the thermal conductivity of the de-
vice. The deformation of the device is controlled by a number of NiCr absorption layers and the thick-
ness of the thermoelectric material. In conclusion, mechanical robustness of focal plane array related
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to the infrared absorbance can be implemented by optimization of residual stress and alignment accu-
racy of each layer constituting the focal plane array. By the optimization of the fabrication process,
we obtained a focal plane array with good mechanical robustness. This shows that the proposed pixel
design is very useful for most applications.
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AnHoranus. Mccnenyercs 3aa4a NpMMEHEHHs XapaKTEPUCTHK Pa3IH4us AJIsl ABOMYHBIX TECTOBBIX MOCIIEN0BA-
TenbHOCTeH. OOOCHOBBIBACTCS MX AKTYaJIbHOCTD ITPU T€HEPHPOBAHNH YIIPABIISIEMbIX BEPOSITHOCTHBIX TeCTOB. Pac-
cmarpuBaetcs Mepa pasnuuust AD(T;, T},) mexay TectoBbiMH Habopamu 7; u T}, NCTIONB3YIOIIAs XapaKTEPUCTUKY
pacctosHus D(t; » tk,,) MEXIy f;; ¥ 1 ,, KOTOpas OCHOBaHA Ha ONPEJEICHNH HE3aBUCHUMBIX Map TOXKICCTBEHHBIX
TaHHBIX {; ; = 1y ,, IPUHAUIEKAIAX 1BYM Habopam T; u Ty. lannas mepa pasmuunst AD(T;, T) MO3BOJIAET OLEHUTH
CTEIEeHb Pa3IMYMs BYX TECTOBBIX HA00POB 7; U T}, KOTOpBIE MOTYT ObITh HEPA3IMUYUMbBIMU NIPU MCIIOIb30BAHUH
JpYyTUX Mep Pas3jInuusi, B TOM YUCIIE€ U paccTOAHUS X>MMHUHTra. [lomydeHbl BEpXHHE M HHYKHHE OLUEHKH MEPBI
pas3yuyus JUIs CTydasi HHBEPCHBIX TECTOBBIX HAOOPOB 1 IPON3BOJIBHBIX TECTOBBIX HA00pOB 7; 1 T} ¢ pa3IMIHBIM
COYETaHHEM HX BeCOB W; U Wy. [IpuBOASTCS MpuMephl BBIYUCICHUS IPAaHIUYHBIX 3HAYCHUH yKa3aHHOHN Mephl pa3iu-
YHs ¥ COOTHOIICHNUS NX 3HAYEHUH. DKCIIEPUMEHTAIBHBIC PE3YIBTATHI TOATBEPKIA0T KOPPEKTHOCTH MOTYUYEHHBIX
TPaHWYHBIX 3HaYeHUH yKka3zaHHOW Mepsl pasnuuust AD(T;, T;) 1 NOKa3bIBaIOT BO3MOXKHOCTD X HPUMEHEHUS IS
€€ OIICHKHU.

KuarwueBrble cjioBa: MEpa pasjiniusd, paCCToOAHUEC XSMMI/IHFa, paccTodHue HeBeHmTeﬁHa, TECT, TECTOBBIN Ha6op,
YHpaBIsAEMbIC BEPOATHOCTHBIC TECTHI.
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Joas uutupoBanus. Spmonuk, B. H. CpoiicTBa Mepbl pa3inyusi IBOMYHBIX TECTOBBIX HAOOPOB YITPABIsEMbIX
BeposTHOCTHHIX TecToB / B. H. SIpmonuk, B. B. IletpoBckas, A. A. UBanrok // Joxmanst BI'YUP. 2023. T. 21, Ne 2.
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DISSIMILARITY MEASURE PROPERTIES OF BINARY TEST PATTERNS
OF CONTROLLED RANDOM TESTS

VYACHESLAV N. YARMOLIK, VITA V.PETROVSKAYA, ALEXANDER A. IVANIUK

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 23.11.2022

Abstract. The problem of application of the dissimilarity measures for binary test sequences is investigated.
Their relevance in generating controlled random tests is substantiated. Dissimilarity measure AD(7;, T}) between
test sets 7; and 7} is considered, using the characteristic of the distance D(%;;, #,) between ¢;; and #,, which
is based on the determination of independent pairs of identical data ¢;; = #;, belonging to two patterns 7; and T}.
This measure AD(T}, T}) allows us to estimate the degree of difference between two test sets 7; and 7}, which may
be indistinguishable when using other difference measures, including the Hamming distance. Upper and lower
estimates for the measurement of dissimilarity are obtained for the case of inverse test patterns and arbitrary test
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patterns 7; and 7 with different combinations of their weights w; and w;. Examples of calculating the boundary
values of the specified dissimilarity measure and the ratio of their values are given. Experimental results con-
firm the correctness of the obtained boundary values of the indicated dissimilarity measure AD(7;, T}) and show
the possibility of their application for its evaluation.

Keywords: dissimilarity measure, Hamming distance, Levenshtein distance, test, test pattern, controlled random
tests.
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BBenenune

OcHoOBHas 3ajja4a yIpaBIsieMOr0 BEPOSATHOCTHOTO TECTUPOBAHHS COCTOUT B HAXOXKIACHUU MEPHBI
pa3nuuMs TECTOBBIX HAOOPOB, KOTOPasi MAKCUMAJIBHO MOJIHO MOKA3bIBAET UX OTIMYUE U XapaKTepU3y-
€TCs HeBBICOKOH BBIYMCIUTENBHON cloKHOCTHIO [1-3]. Onpenenenne Mephl pa3inius TECTOBBIX Ha0O-
POB, B 001IeM clly4dae TPEICTABISIOMNX COO0H CHMBOJIBHBIC TTOCIIEAOBATEIILHOCTH, B CBOIO OYEPE/b,
CBOIIUTCSA K 3a7a4e X cpaBHEHUS [4].

B [5] paccmarpuBaercs wMepa pazmmuus (dissimilarity) KOHEUHBIX TTOCIIEIOBATEILHOCTEH
T; = t;0, ti1 s lip—1 KAK OOBEKTOB, NPEACTABIAIOIIMX YIIOPSAI0YCHHBIE TECTOBbIE HAOOPEI 7; U3 1 IaH-
HBIX (3JIEMEHTOB) HEKOTOPOTO MHOKECTBA MPOU3BOILHON MpHpoAbl. OCHOBOH I OCTPOCHUST MEPbI
paszmuuns AD(T;, T}) sBisieTcsl XapaKTepUCTHKA MHTEPBaja, UCIOIb3yeMasi B TEOPHH CTPOsI, KOTOpast
npuMensieTcst s (OpMaIbHOTO OMKMCAHUS W aHallu3a MOCJeJ0BaTeIbHOCTEH JaHHBIX (CHMBOJIOB)
Ut moboro andasuta [6]. [laHHas xapakTepucTHKa WHTepBaja Oblla MCIOJIB30BaHA IS OMpererne-
HUS MEPBI Pa3IINIHS WM CTETIEHN HECOBIAICHHUS IBYX TECTOBBIX HAOOPOB, MOKA3bIBas UX YIAJICHHOCTh
m0o GmM30CTh ApyT OT npyra [7]. B obmem ciydae, mist TecToBbIX HaO0poB 7; u T}, KaXKIIbIi U3 KO-
TOPBIX COCTOMT 3 1; M 1y NaHHbIX f;;, je€{0, 1, ..., n; — 1}, u 4, re{0, 1, ..., n — 1}, unrepBanom
JUTS TIapbl COBIA/AIONINX JTAHHBIX 1;; = [}, SBISETCS 3HAYCHUE PACCTOSHUS D(1; ), 1y ) MEKIY &;; U 1y,
JUnist BBIMUCIIEHUs BEMYMHbBL PAcCTOSHUS D(Z; ;, 1) IEPBOHAYAIBHO ONPEACIAOTCS 3HAYEHUS |j — 7
u max(n;, n;) — |j — r|. MUHIManbHOE 3HAYCHHWE M3 MPUBEACHHBIX BEMYUH MPUHUMAETCS B Ka4eCTBE
paccrosinus, T. €. D(4;;, i) = min[|j — r|, max(n;, ny) = |j — r|]. Jlnst cirydast TeCTOBBIX NaHHBIX, KOT/A
n = n;= ny, paccrosuue D({;, Iy ,) onpezensercs coorHomennem min[lj — r{, n — |j — r{]. Kak ormeuanocs
panee, oJj00Has OLEHKA PACCTOSIHUSI HEOOX0IMMa AJIsl CHHTE3a yIPaBIsieMbIX BEPOSTHOCTHBIX TECTOB,
KOTJla OYepeIHON TECTOBBIA HA0Op POPMHUPYETCS] MAaKCUMAIIBHO Y/IAICHHBIM OT paHee CreHEePHUPOBaH-
HBIX HaO0opoB. PopManbHO 3Ta XapaKTepUCTUKA, ONKMCcaHHast B [7], U caydasi JBOMYHBIX TECTOBBIX
HabOPOB OJJMHAKOBOW Pa3MEPHOCTH /1 COOTBETCTBYET CIEAYIONIEMY OTIPEEICHHUIO.

Omnpenenenne 1. Mepa pazmuaus AD(T}, T)) TecToBbIX HA00pOB 7; U T}, K&KIBIHA U3 KOTOPBIX COCTO-
UT U3 1 JAHHBIX ;, I}, € {0, 1}, tne j, r € {0, 1, ..., n— 1}, ocHOBaHa Ha ONpeNEICHNN HE3aBHUCUMBIX
Tap OJIMHAKOBBIX (TOXKIECTBEHHBIX) IAHHBIX #; ; = I} ., IPUHATIERKAMMUX BYM Habopam. HesaBucumocts
nap 03Ha4aeT y4acTHE KaXKI0r0 3HAYEHHUs IAHHBIX /; ; U I, TECTOBBIX HAOOPOB 7; U T} TONBKO B OJIHOM
nape. [Iponenypa GopMupoBaHusi Moj0OHBIX IMAp HOCUT KOMOWHATOPHBIA XapakTep U 3aKIHUaeTCs
B HaXOXJICHUH TAKOTO MX COYETAHHUs, JUIS KOTOPOTO CyMMa MX paccTosHud D(Z;j, f,) MAHUMAIbHA.
IIpu oTcyTCTBUM NAphI IS OYEPEHOTO 3HAYEHHS IAHHBIX #;; B HAO0pe T} pasHOCTb BEJIMYUH UHJIEKCOB,
T. €. paccrosnue D(f;;, -) IPUHAMAET 3HAYECHUE Ln/ 2J. [TokaszaHo, 4TO MpHUBEACHHAsI Mepa Pa3Inuus
AD(T,, T}) TectoBbix HaObopoB 7; u T}, yaoBieTBOpsieT TpeboBanusM: Toxaectsennoctu (AD(T;, Ty) =0,
eciu T, = T)), neorpuniarensuoctl (AD(T;, T;) > 0) u cummerpuunoctu (AD(T;, T,) = AD(T}, T))) [5, 8].

ComracHO yTOYHEHHOMY OTIPEENICHUIO MEPhI Pa3Iniys IS CITydast TBOWYHBIX JaHHBIX OJMHAKOBOM
Ppa3MepHOCTH, BBIACTISIETCS IBa TOJAMHOKECTBA Map TaHHEIX [ 7. K mepBoMy OTHOCSTCS Taphl COBIAIAFOIITIX
NaHHBIX f;; = f1 , IV KOTOPBIX CTOUT 3a]1a4a OTPE/IENICHHS ONTUMAIILHOTO MX PACTIPENENICHHUS MEXKTY T1a-
paMu 11 MUHMMH3ALHKA CyMMBI PACCTOSIHUN MeXIy HUMH. KOMMuecTBO TakHX map OIpenessieTcsi CooT-
HoureHueM Q, = n + min[w(7;), w(T;)] — max[w(T;), w(T})], tne w(T;) siBisieTcst BecoM (KOJIMUECTBOM €U~
HUIT) ABOUIHOTO BekTOpa 7. Bropoe mogmuokecTBO conepkut O, = max[w(T;), w(1;)] — min[w(T;), w(T})]
MPOM3BONIBHBIX AP HECOBMAMAIOIIMX JAHHBIX [; ; # [, JUIS KOTOPBIX D({;), t,) = Ln / ZJ . st TeCTOBBIX
Hab0poB T; u T}, IBONMHBIX IAHHBIX /; ; Ul ,. CHPABEIIMBO CIIEIYIONIEE YTBEPIKICHHE.
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Yreepxaenue 1. /s napel COBNANAONUX TAHHBIX f;; = I, ¢ paccrosauem D(t;;, tr,) # 0 Bcerna
CYIIECTBYET Tapa f;, = i ; NaHHBIX C paccTosuueM D(t;,, t;;) = D(t;;, t;,). CIpaBeMIMBOCTb TAHHOTO
YTBEPKJICHHUS CIIETYET U3 TOTO, YTO €CIH 1;; = I 00pasyroT mapy ¢ D(t;;, ty,) # 0, T0 t;; # i ; U 1;, # Uy, .
CooTBETCTBEHHO pH #;; = f; . = 0 cymecTByeT napa f; ; = t; .= 1, 1100, HA000POT, NpH 7;; = f; . = 1 ume-
em napy & ; = ;= 0.

Mepa paszmuanst AD(T;, T}) TO3BOJISIET OIICHUTH CTETICHD PA3INIHS IBYX TECTOBBIX HabopoB 7; u 17,
KOTOpBIE MOTYT OBITh HEPA3ITUYUMBIMHE IIPH MCIIONB30BAHUH JPYTUX Mep paznuuuns. B kadecTBe WinIo-
CTpalUK JaHHOTO YTBEPKICHHS PACCMOTPMM IIPUMEDP JBOMYHBIX HAOOPOB, BTOPOH T} M3 KOTOPBIX SIB-
nserca uaBepcueit nepsoro 7;. Jlnsa nonooueix Hadopos I; u 7, =T, paccrosnue X>MMUHTa HD(]},T,.
BCErJla HEU3MEHHO U paBHsercs n. B 1o xe Bpems xapakrepuctuka AD(T,T, ) npuHUMaeT pa3jind-
HbIE 3HaYeHUs B 3aBUCUMOCTH OT Beca w(7;) ucxomnoro Habopa 7}, a TakKe OT B3aUMHOTO Pacmoiio-
KE€HMS B HEM NAHHBIX 1;(, l; |, ..., l; |, BXOAAIIUX B JaHHBIA HaOop. Hanpumep, s ciy4as ABoud-

HBIX JJAaHHBIX, BXOJIAMUX B Habop 7}, ¥ pa3nuuHblX 3HaueHull Beca w(7;) xapaxkrepuctuxka AD(T,,T,

npuHUMaeT cieayromue 3nauenus: 4AD(10000000, 01111111) =26, AD(11000000, 00111111) = 20,
AD(11100000, 00011111) = 18 u AD(11110000, 00001111) = 16. B xauecTBe BTOpOTO MpHMEpa
paccCMOTpHUM Ciydail TBOMYHBIX HAOOPOB TOH ke pa3MEpHOCTH n = 8, Korja MepBbIid Habop 7; nMeeT
MOCTOSIHHBIN Bec, npennonoxkum, w(7;) = 4. CoorBerctBenHo umeem: AD(11110000, 00001111) = 16,
AD(11101000, 00010111) = 12 u AD(11001100, 00110011) = 8. PaccTossHue X3MMHHTa BO BCEX pac-
CMOTPEHHBIX BBIIIE MPUMEPAX PaBHICTCS 8, YTO CBHICTEIBCTBYET 00 OMMHAKOBOM MAaKCHMATIbHOM OT-

JMYHHU BCEX PACCMOTPEHHBIX Nap HabopoB 7;,7, B TepMUHAX YKa3aHHOW MEpPbI Pa3IHYHs.

Mepa pasnuuus AD(T;, T;) njist HHBEPCHBIX TecTOBbIX Ha0opoB 7; n T, = f

Hccenenyem xapakTepucTuky AD(]“[,]_;) B 3aBHCHMOCTH OT 3HaueHus Beca w(7;), mpeacTaBisionie-
ro cO0OH KOJIMYECTBO €MHUYHBIX JIaHHBIX B HCXOAHOM Habope 7;. Kak HiumocTpupyroT npuBeaeHHbIE
BBILLIC IIPUMEPBI, B3AUMHOE PACIIOJIOKEHNE AAHHBIX B CUJIBHOM Mepe BIUSET HA BEJIWUYMHY XapakKTe-
PUCTHKHU AD(Y},Y_}). [lepBoHauanbHO paccMOTpUM HcxoAHbI Habop 7; ¢ Becom w = w(T;) < Ln / 2J,
B KOTOPOM BCE€ W €IMHHII CTPYIIIIMPOBAHBI B BUJIE OJHON cepuu. B obOuiem Buae Habop 7; mpuHUMaeT
BUI Tl = ti,Oa s ti,lfla Z‘i,l’ ti,l+l: ti,l+29 cee ti,l+w73a ti,l+w72s tLH—W*l’ ti,l+w: ti,l+w+l, ti,l+w+2: LR ti,nfl =
=0...0011...111100 ... 0mu, coorBeTcTBEHHO, T} =T, = t0, «oes bip1s Liss Letits Lkiias -oos Lhfiw3s
tk,l+w72a tk,l+w71’ tk7l+wa tk,l+w+l’ tk7l+w+2’ ceey tk,nfl =1...1100...000011...1.B COOTB_CTCTBI/H/I C Onpe}le—
JeHHeM | onTuManabHOE COYETaHHE Map COBNANAIONIMX JaHHBIX HA00poB I; u T, =T, 1S BEIYMCICHUS
BenmauHbl Xapakrepuctuku AD(T;, Ti) mmeet BUI {(8; 11, t)s (4igs Brp1)s (G pos Tgowe1)s (Bigowsts ron)s
(ti.1425 trg1)s (Wigos Bga)s (G ts Ggops2)s (Cigows2s Brg-1)s -+ ) M IIPEACTABICHO Ha puc. 1. I'paduaecku
Napbl COBMAIAIONINX JaHHBIX TOKa3aHbl CINIOIIHBIMU JIMHUSMHU C IBYCTOPOHHUMHU CTpESIKaMH, a HECOB-
najarolye napel — MyHKTUPHBIMU JIMHUAME (pHcC. 1).

T 0 0 01 1 ..1 1 1 1 00 0 0 ..0
A AN

I 1

1 1

1 1

v v

Ti 1 1 1.0 0 00 0 0 1 1 1 1 ..1
Ditwuny 9 3 1 1. 3 .7 5 3 1 13 57 .d

Puc. 1. OnTuManbHOe codyeTaHue nap CoBNaJalOMUX JaHHbIX HA00poB T; u T, =T, A7 OfHOI cepuu U3 eMHMIL

Fig. 1. Optimal combination of matching data set pairs 7; and 7, =7; for single series of ones values case

OO11ee KOJMYECTBO Map COBIAJIAOIIMX U HECOBIAAIOIINX JTBOMYHBIX JaHHBIX B Habopax T; u T
onpeznensercs BenuuuHamu Q, u O, [7]. B ciyuae, koraa T, = 7_;, YUYUTBIBAECTCSA CBOMCTBO CUMMETPUY-
HOCTH (AD(Z;,T_”[) = AD( J_;,Ti)) JTAHHOM METPUKHU M MpHUHHUMAaeTcs orpanuuenue w = w(7;) < Ln / 2J,
KOJTMYCCTBO COBITAIAIONINX ITAPp JAHHBIX PABHSICTCS 2w, a HECOBIATAIONTUX — (71 — 2w).

PerynsaprocTh cepun 3 w equHUI] B Habope 7; 1 COOTBETCTBYIONIEH el cepur u3 HyJel B Habope

T, =T, xak 3T0 BUJIHO U3 puUC. 1, no3BosgeT (hopMaIN30BaTh BbIuKciaeHue Xapakrepuctuku AD(T;, T).
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CrnaraeMbIMA JIJ1S1 BEIYHCIICHUS TaHHOW METPUKH SIBIISTIOTCS PACCTOSHISI MEXK]Ty COBITAAIONIMMH JIaH-
HBIMH, KOTOPbIE NPHMHMMAIOT CHEAYIOIME 3HAYCHUA: D(t; 11, b)) = D(ty, tiv1) = Do i) =
= D(t; 415 tgrw) = L Dt g2, 1) = D1, Gge2) = D15 Tgewe2) = D2, trgen-1) = 3 ¥ TaK
Janee Al MOCIEeIYIONINX Map COBMAJAIOIIMX 3HAYCHUH JaHHBIX B HaOopax. 3HAYCHUs PACCTOSIHUN
D(t; 5, t; ,) npuBenensl Ha puc. 1 g s, h €40, 1, 2, ..., n — 1}. B 3aBUCHMOCTH OT BEJIMYMHBI BECA W
MaKCHMAaJIbHOE 3HAYeHHE PACCTOSTHHA ISl CEpUH, COCTOSIICH W3 €QUHMIL, MPHUHUMAIOT PAaCCTOSHUS
D(t; 1125 taowiz+1) = D wnets B, 1wi2) = D+ ts Gepowswn) = Digrwwss tepwn+1) =w — 1 uis de-
THIPEX Nap JAHHBIX IIPU YSTHBIX W, U JBYX TAP DY 1) ei-wriy+t) = DUy oriynets leirornyn) =W
B IPOTHBHOM citydae. /It ocTanbHbIX (7 — 2w) ap HECOBNAJAIOIIUX JaHHBIX B Habopax T;u T, =T,
cornmacHo OnpexneneHuro 1, paccTosHIE MPUHIMAETCST PAaBHBIM |_n / 2_| , KoTopoe Ha puc. 1 0003Ha4eHO
cuMBOJIOM d [7]. OxoH4aTenbHO BeIpaxxeHHe Aist xapakrepuctuku AD(T.,T, ), tne w = w(T}) < Ln / 2J,
a BCce CIMHUYHBIC JJaHHbIe HaOopa 7; pacroioXKeHb ITOCIIEA0BATEILHO B BHJIE CEPUU U3 W SIUHUIL, TTPHU-
HUMAET BH/T
[ wr2]

AD(Z,f) =Ln/2J-(n—2w)+2w(w—2Lw/2J)+4 Z (2v-1)=
:w2+(w—2Lw/2J)+Ln/2J-(n—2w). 7 )]

Bripaxxenne (1) cpaBemyinBo Tosbko JuIst Habopa 7; Beca w, KOT/ia BCe W eIUHUYHBIE JaHHbBIE pac-

TTOJIOXKEHBI B BUJIE O/THOM cepun. [l otieHKr Mepsl pasimdaus 4AD( Ti,Y_;) IIPU OTCYTCTBUU OFPAHUYCHUN
Ha BHJ POU3BOJILHOTO Habopa 7; mpUBeaeM ClIeAyIolee YTBEPKIACHHUE.

Yr1Bep:xkaenne 2. MakcumanbHoe 3HaueHHe maxAD( 7;,7_“1.) Mepsl pazmauus AD( Tl.,]_"l.), rae
w = w(T})), paBHseTcs W + (w— 2Lw/ 2J) + Ln / 2J (n —2w). VY4uTeIBast, 4TO IS MEpPHI pa3Iuyus
AD(T,,T;) tecroBbix HabopoB 7; u T, =T, BemonHsercs TpedoBanue cummerpuaHoct (AD(T,,T;) =
= AD( 7_;.,Tl.)), Oynem paccMmarpuBarh ciryda, korga w = w(T;) < Ln/ 2J. Kak Obu1o mokazano paHee
s T; ¢ Becom w = w(T}) < Ln / 2J, B KOTOPOM W €IMHUI] MPEJICTaBICHbI B BUJIE CEPHUH, AD(];,T_;) =
=w? +(w—2Lw/ ZJ) +Ln / 2J(n —2w). Paccmorpum mpouenypy nepexona ot Habopa 7;, B KOTOPOM
BCE W €AMHUII CTPYIIIMPOBAHBI B BU/E OTHOW CEpHH, K HAOOPY C TEM e BECOM W, HO ¢ OOJIBILINM KOJIH-

4ECTBOM €JMHUYHBIX cepull. [lepBoHauanbHO uccnenyem 7;, B KOTOPOM W €IMHUYHBIX 3HAUEHUI CTPYII-
MUPOBaHBI B BUJIE IByX CEpUH, pa3fAeNICHHBIX OJJHUM HYJIEBBIM 3HaUY€HHEM, KaK TO MOKa3aHO Ha puc. 2.

Ti 0 .0 0 1 I ..1 1 0 1 10 0 0 ..0
A A\

I 1

I I

I I

\4 v

T 1 .1 1.0 0 .0 0 100 1 1 1 ..1
Dtsotis) @ 3 1 1.3 .7 5 1 1 1 1 5 7 ..d

Puc. 2. OnTumansHOe coueTaHue nap COBNAJAIOIMUX JaHHbIX HA00poB T; u T; =T, s JAByX Cepui U3 el1UHUIL
Fig. 2. Optimal combination of matching data set pairs 7; and 7, =7; for two series of ones values

B cuny cummerpun nap CoBIafalOmuX JaHHbIX 4 ; = fj . PACCMOTPUM TOJILKO €IMHUYHbIC 3HAYCHUSI
l;;» TaK KaK aHAJIOTUYHbBIE PAcCyKaeHus OymyT BepHbl U juist £;;= 0, uto cnemyer u3 YreepxaeHus 1.
[TocTpoeHnne ByX CepHil U3 MOCIIEIOBATENBHBIX EIMHUYHBIX 3HAYCHHIL /;; = | HA OCHOBaHWH OHOM
CEpUH, COCTOANIEH U3 W €IMHUII, 3aKJIOYAETCS BO BHECEHUU B OTY CEPUIO HYIEBOIO 3HAYEHHUS ; j, KAK
9TO IO0Ka3aHO Ha puc. 2. COOTBETCTBEHHO B Ty K€ NO3ULUI0 B HaOop 7, =7, BHOCUTCSI CIUHMYHOE
3HaueHue. s mpumepa, npuBeaeHHOro Ha puc. 2, umeem 7; =0 ... 0011 ...110110 ... 0
ul;=1..1100...001001 ... 1. B pesynsrare napa (11, tj+y+2) HACHTHYHBIX JaHHBIX
titiwo1 = tigewz = 1, 2018 KOTOPBIX D(; 11y 15 U j44p42) = 3, IPE0OPa30Banach B napy (4 iy, t 1), KOTO-
past uMeeT paccTosHue D(t; 11y, trjry—1) = 1, T. €. B Mapy ¢ MeHbIIUM paccTosHueM. OCTallbHBIE Maphl
€IMHUYHBIX JTAaHHBIX OCTAJHCh 0€3 N3MEHEHUl, TaK jke, KaKk 1 COOTBETCTBYIOIINE UM paccTosiHU. B pe-

3ynbrarte 3HaueHue xapaxkrepuctuku AD(T;,T,) ymeHbmMIOCh. TakuM 006pa3oM, MOXKHO 3aKIFOYUTh,
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4T0 npeoOpazoBanue Hadbopa 7;, 1u1st Kotoporo w = w(7;) ¥ Bce W eMHUIL CTPYNITUPOBAHbI B BU/IE OIHON
Ccepum, K Ha60py C TEM K€ BECOM W, HO YK€ C IByMs CIMHUYHBIMHA CCPUSAMU, IPUBOAUT K TOMY, YTO 3HA-

yeHue AD( ]},7_;) He yBennuuaetcs. [Iponomkas noxgoOHyto npouenypy pasOMeHus: Ha CEpUM U3 €IH-
HUYHBIX 3HAYCHUI, MOXKHO OTMETHUTh, YTO XapaKTEPUCTUKA AD(Ti,f.) MOJTyYEHHBIX TaKuM 00pa3oM
HabopoB He OyneT yBennuuBarhcs. OTCIONA CIEIyeT, YTO maxAD(]},]_"i) BbIUMCIsiercs cormacHo (1)
¥ PaBHSAETCS BETMUMHE, ONPEIEIAEMOil BRIPOXKESHHEM W’ + (lv— 2Lw/ 2J) + Ln / ZJ . (n - 2w).

YrBepxaenue 3. MunumansHoe 3Hadenue mindD( T, T, ) mepsl pasnuuust AD( Ti,I_; ), rae T, = 7_"1
u w =w(T;), paBusierca 2w + Ln / 2J -(n—2w). [lnst morydeHus MUHMMAJIbHON OLIEHKU MEPBI pa3Iryus
AD(]},Y_;) pPaccCMOTPUM MHHUMAJIBHBIE 3HAYCHHS CIAraéMbIX, YYACTBYIOIIHUX B €€ BBIYUCIICHUH, T. €.
paccrosuuit D(¢; , 1. ,) 1 Habopos T; u Z B cuny toro, yro Habop 7} ABIAETCS MHBEPCHBIM IO OT-
HOLICHUIO K 7}, HE CyLIECTBYET Iap UJACHTUYHBIX JJAHHBIX /; 7 = U, JUIS1 KOTOPBIX D(t; s ty,) = 0. Munu-
MaJIbHO BO3MOXHOE 3Ha4eHue paccTosnus D(t;;, #y,) paBHsercs 1, Takum o6pasom, w Tap eIMHUYHBIX
JAHHBIX W CTOJBKO K€ HyJeBBIX (YTBepkaeHue 1) maHHBIX OymyT MPUHUMATh MUHMMaJbHBIC 3Haue-
HUS pacCTOSHUM, paBHBIC 1, a ocTaNbHbIE (7 — 2W) HECOBNAAIONINE Aphl UMEIOT PACCTOSIHUE Ln / 2J.
OxonuatenbHO nomydum mindD( T, ,7_;) =2w+ Ln / ZJ “(n—=2w).

Mepa pazauuusa AD(T;, T;) At NPOU3BOJIbHBIX IBOMYHBIX TeCTOBBLIX HaGopoB T; u T},

J111st IPOU3BOJIBHBIX JIBOMYHBIX TECTOBBIX HA00POB 7; U T MUHMUMaJIbHOE 3HAUCHHE MEPBI Pa3Inius
minAD(T}, T;) = 0, xoTopoe nocturaetcs nmpu 7; = T ¥ BBITEKACT U3 €€ CBOWCTBA TOXICCTBEHHOCTH [7].
MaxkcumanbHO€E pa3Iundne IOCTHTAETCS, TOIBKO KOTa HaOOPhI COCTOST U3 Pa3IMYHBIX HECOBITAJAIOIINX
manebeix, T.e. 1;=00...000,a7,=11... 1 1 1, 1160, HAOOOpOT, 7;=11...111,2a7;,=00...000.
B pesynsrare maxAD(T;, T,) = nLn / 2J.

B o0mem ciryuae ABOMYHBIC TECTOBBIE HA0OPHI paznuuarorcs o ux Becy w; = w(T;) u wy, = w(T})
¥ TIO3BOJIAIOT ONPENENATh KOIMYECTBO (), COBNANAIONINX MAP NAHHBIX f;; = f; . U KOMMIECTBO O, map
HECOBNA/AIOIMX JaHHbIX f;; # [i .. KOHKpeTHbIE cooTHOWIEHHUs BeCOB w; = W(T;) u wy = w(T}) u ux
3HAYEHUS TTO3BOJIIFOT YTOYHHUTH OIEHKH MaKCHMAJIbHOTO U MUHUMAIIBHOTO 3HAUYEHUH MEpPBI pa3iinyus
AD(T,, T};). BennuuHbl 3TUX OLIEHOK MOTYT YMEHBIIUTH BBIYHCIUTENBHYIO CIOKHOCTH ONPEICIICHHS
AD(T,, T,) nubGo BoOOIIE MCKIIOUUTh HEOOXOAMMOCTH e¢ BhIUMcieHUs. [1oSCHUM 3TO yTBEpKAeHHUE
Ha mpocteiinieM npumepe. Mimeem aBa Habopa, anst kotopsix, Harpumep, w(7;) = 1 u w(T}) = n — 1,
u, cootBercTBeHHO, mindD(T;, Ty) = (n—2)-|n/2 |, a maxAD(T;, T;) = 2+(n—2)-| n/2 . Kax Buz-
HO, B aHHOM cirydae mindD(T;, T) u maxAD(7T;, T;) npakTHYECKH HE OTIIMYAIOTCS ¥ UMEIOT OOJIbIIINE
3HaueHHA. DTO O3HAYACT, YTO HE3aBUCUMO OT paclpeliesieHHs JaHHbIX B 00oux Habopax 7; u T} ¢ Be-
camu W(T;) = 1 u w(T}) = n — | yxa3aHHble HAOOPBI UMEIOT OONBLIOE Pa3IHYUe U HE TPEOYIOT TOUHOTO
Berunicnenust AD(T,, T;). lleponauansHo oueHuM mindD(7;, Ty).

YrBep:xkaenne 4. Munnmansuoe 3Hadenue mindD(7;, T)) mepst pazmuuust AD(T;, T)) 3anumeTcs
Kak O, |_n / 2_| =max(w;, W, )- |_n / ZJ —min(w;, w,) |_n / 2J. 3nauenne mindD(7;, T}) TOCTUTAETCS B TOM
ciydae, Korna s Bcex O, = n + min(w;, wy) — max(w;, wy) nap coBNajaloumx nauusix D(¢, ;, &) = 0.
Torna mindD(T,, T,))=Q,- 0+ 0, L n/2 |. Ans panee paccMorpeHHOro npuMepa Habopos 7; u T}, ¢ Beca-
vu w(T;) =1 u w(T;) = n— 1 npu n = § ykazannoe mindD(7;, T;) = 24 nocturaercs B ciy4ae, KOrna,
Hanpumep, 7;=10000000,a7,=11111110.

YrBep:xkaenne 5. Makcumansroe 3HaueHne max4D(7;, T;) mepwt pazmuanst AD(T;, T,) 3anumeTcs
B BUzE (W, —wi)-Ln/2J+2 f(n—wk)/ﬂ-fwi /2]+2L(n—wk)/2J-Lwi /ZJ, rae w; =w(T;) <w=w(T})
uw; < n—wy. [leppoHadanbHO CHOPMYIHPYEM YCIOBUS U OTPaHUYUCHHUS JIJIsl IOTY4EHHsI OLICHKH MaKCH-
maibHOro 3HaueHust AD(7;, T},) B ciy4ae npon3BoibHBIX HA00pOB 7; 1 T ¢ Becamu w; = w(T;) u wy=w(T}).
OTMeTHM, 9TO, OCHOBBIBASICH Ha Y TBEpXKACHUH 1, 3a71a49y BRIYUCIICHUS Xapakrepuctuku AD(T;, T;,) mis
T; u T;, MOXXHO paccMaTpUBaTh Kak 3ajady BBIUMCIICHHUS ATOH jK€ XapaKTePUCTHKH ISl HHBEPCHBIX 3HA-
yeHuil HabopoB 7; u T;. Kpome Toro, mpuHuMas BoO BHUMaHKE CBOMCTBO cummerpun AD(T;, T},), Oynem
paccMarpuBaTh citydaii, koraa w; < wy. Takum o0pa3oM, pu Jr000M coYeTaHUH 3HAYCHUH BECOB W; U Wy
HabopoB 7; u T} Beruncnenue 3naueHust AD(T;, T;) MOXKHO CBECTH K 33/1a4€ BHIYMCIICHUSI JAHHOW Xapak-
TEPUCTUKU JUIA CIIy4YaeB, KOTAa w; S W U W; S 1 — Wy.

[TepBoHauanpbHO paccMoTpuM HaOOPHEI T; 1 T}, KOTIa BCe w; IUHUIL B 1; ¥ BCE Wy, CAWHUIL B T}, pacto-
JIOXKEHBI B BUJIE O/IHOM cepun. [Ipenonoxum, 9to nepBbIe W; 3HAYEHUH TaHHbIX /; ; HAO0pa T; ¥ TIEPBbIE Wy
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JaHHBIX fy Habopa 7, MpUHUMAIOT eJMHUYHbIC 3HaUeHHS, TI0M00HO Kak /st ciydaeB 7;=11000000
nul,=1111000 0. BzaumHoe pacnionoxeHue eNMHUYHBIX cepuil B Habopax 7; u T Oymet ompene-
7s1Th 3HaueHue xapakrepuctuku AD(T;, Ty). Tak, mna 7;=11000000u 7, =111 100 0 0 umeem
AD(T, T;) = 8. Takoe xe 3Hauenue oynet s 7; u T;, HabopoB: {01 100000,1 111000 0};
{00110000,1111000 0}. B To xe Bpemst MakcumanbHoe 3Hauenne AD(T;, T;) = 16 nocturaercs
s 7;,=11110000u7,=00000110.B obmem caydae CyIecTBYET # B3aHMHBIX PacIIoio-
JKEHHI eIMHUYHBIX cepuii HabopoB 7; u 7). B xauecTBe mpuMepa BCe BOSMOXKHBIC 3HAUSHHS BETHUUH
AD(T;, T}) nnst pa3Mu4HOTO B3aUMHOTO PACIIONIOKECHUS SAMHUYHBIX cepuit HabopoB 7;=11000000
n7,=110000 1 1 mpuBeneHs! B TadM. 1.

Taonuua 1. 3ravenus xapakrepuctuku AD(T;, T)) ma 1;=11000000u7,=11000011
Table 1. Values of characteristic AD(7;, T;) for ;=11000000and 7,=1100001 1

AD(T,, Ty) 8 12 16 16 16 12 8 8

T 11000000 | 01100000 | 00110000 | 00011000 | 00001100 | 00000110 | 00000011 | 10000001

Ty 11000011 | 11000011 | 11000011 | 11000011 | 11000011 | 11000011 | 11000011 | 11000011

PaccmarpuBast HaOopsl 7; U T), ¢ IPUHITHIMU paHee OrpaHUYEHHSIMU KaK IMKINYecKue HabOphI
JIAaHHBIX, MO’KHO OTMETUThH HAJIMYME B HUX 110 OJIHOW CEpUM U3 €AUHUIL U OIHOW cepuu u3 HyJel. B Ha-
Oope 7; mMeeM CepHIo U3 w; CIUHUIl U ceputo u3 (n — w;) HyleH, a B Habope Tj, — Cepuio U3 W SIUHHIT
U cepuro u3 (n — wy) HyJel COOTBETCTBEHHO. B3anMHOe pacnoioKeHHe dTHX CEPHid U ONpEeNsieT Be-
mnanny AD(T;, T}). AHamu3 pacCMOTPEHHOTO BBIIIE TIPUMEpPA U TaHHBIX, IIPUBEICHHBIX B Ta0I. 1, mo-
Ka3bIBaEeT, YTO MaKCHUMalbHOE 3HaueHue xapakrepuctuku AD(T;, T}) nnst nabopoB T; u T, nocturaercs
IIPU MaKCHMaJIbHOM YJaJICHHMH e€IWHUYHON cepuu Habopa 7; oT enuHu4YHOl cepun Habopa 7. JluGo,
YTO €CTh TO JK€ CamMoe, P CUMMETPUYHOM PACTIOJIOKEHUH EAMHUYHON CEpUU U3 W; eMHMI Habopa T;
0 OTHOIIICHUIO K HYJIEBOH cepun U3 (n — wy) Hyler Habopa Tj. OTMETHM, UTO, COTIIACHO TPHUHSITHIM
OoTpaHUYCHHSIM, W; < (1 — wy). JI71s 9eTHBIX 3HaueHu w; = 2 1 (n — wy) = 4 B IpuMepe, MPEACTABICHHOM
B tabm. 1, AD(T,, T,) npuHUMaeT MakCUMallbHOe 3HaueHue 16. J[1s1 Ipou3BOIBHBIX 3HAYSHHI BEIU-
YHH 71, W; ¥ (1 — Wy) CXeMa ONTHMAJIbHOTO coueTanus nap aist Beraucienus AD(T;, T;) B COOTBETCTBUU
¢ OnpenenenneM | mpuseeHa Ha puc. 3.

|
I
L |
NS i |
|
Ti 0..0 0 0..0{0..0/1 1..1{1...1 110...0{0...0 0 0...0
|
~A | A
1
I ' (N
\2 I \ %
Te 1...1 | 10..0 0/0...0/1...1 1 1...1
| |

11..1;0...0]0 0...0
I I

D(tis, th) d...d dv dro..di 0...0 di dr...ch dheeh 2 0...0 cho..ch db d...d

Puc. 3. OnTumanbHOe coveTanre nap COBNAIAIONMINX TaHHBIX HabopoB T; u T
Fig. 3. Optimal combination of matching data set pairs 7; and 7},

AHAJIOTUYHO, KaK U Ha pUC. 1, mapel COBHAJAIOIIMX IAHHBIX IIOKA3aHbl CIUIOUIHBIMU JIMHUSIMU
C JIBYCTOPOHHHUMH CTpPEJKaMH, a HECOBHAJAIOIIME Mapbl — MyHKTUPHBIMU JUHUAMHU. OO0mas cxema
COYETAHMI Map JaHHBIX, IPEACTABICHHBIX HA PUC. 3, MO3BOJSAET MOIYUYUTh BBIPAKEHHE JJIST BBIUHC-
nenust maxAD(T;, Tj). KonmuuecTBo nap HecOBNaJaroOIMX ABOMYHBIX JaHHBIX B Habopax T; u T}, Kak
ObUTO TIOKa3aHO panee, 3amuiercs kak w(7T;) — w(T;) = wy, — w;, JUIsl KOTOpPBIX, comtacHo Omnpenerne-

Huto 1, D(t;, ty) = Ln/ 2J. [MTapel COBMAMAOIINX JAHHBIX MOTYT UMETh TPH BO3MOXKHBIX 3HAUCHHS.
Bo-nepBeIx, (n — wy — w;) map OymyT uMmeTh HyneBoe paccrosuue D(7;, 4 ;) = 0. Jlanee, kak BUIHO
U3 CXeMbl Iap JaHHBIX Ha puc. 3, paccrosuue D(t;, 1) = d, I((n—wk)/ 21 UMeeT 2|'wi / 2—| napol
UJICHTUYHBIX [aHHBIX, a paccTosuue D(t;, ty) = dy = L(n -w,)/ 2J COOTBETCTBYET 2Lwi / 2J napam.
OxonuarensHo maxAD(T;,Ty) = (w, —w;) -Ln / ZJ + 2|—(n -w,)/ 2_| -l—wl. / 2_| + 2|_(n -w,)/ 2J -|_wi / ZJ.

OtmetruM, yto ans BbraucieHus maxAD(T, 7)) BO3MOXKHO albTepHaTHBHOE ONTHUMAaJIbHOE COYeTa-
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HUE TIap COBIAJAIONINX IaHHBIX, aHAJIOTMYHOE COYETAaHWIO, MpeJCTaBlieHHOMY Ha puc. 1. B o06o-
WX Ciydasx pesynbrar oguHakoB. J[ns mpumepa HatopoB 7; u T, ¢ w(T;) = 1 u w(T}) = n — 1 npu
n = 8§ 3nauenue maxAD(T,, T;) = 26 gocturaercs B ciaydae, Koraa, Hanpumep, 7; =00001 00 0,
aly,=1111011 1. Ananoruuto, KaK 1 JJsl clay4as MHBEPCHBIX HaOOPOB, MOXHO MOKa3aTh, YTO
npeobpazoBanue HaOOpoB T; U T}, /Ui KOTOPBIX BCE W; M Wy CMHUI] CTPYNITUPOBAHBI B BUJIE CEPHH,
K HabopaM C TeMH K€ BecaMH w; U Wy, HO yXe C OOJBIIMM YUCIOM €IWHUYHBIX Cephi, TPUBOIUT
K Tomy, uto 3HaueHnue AD(T;, T}) e yBenmuuBaetcs. COOTBeTCTBEHHO MOMydnM, uyTo maxAD(T;, Tj) =

= (we—w) | n/2|+2[(n=w) /[ 2|-[w /1 2]+2[ (n=w) /2 |-| w;/2].

BKCHepI/IMeHTaJIBHI)Ie PeE3yJabTaTbI

st mpoBepKH MPaBUIBHOCTH MONYYCHHBIX TEOPETUUYECKUX PE3YIBTATOB MPOBEIU DKCIEPUMEHTHI
JuIs BhIaMcieHus Mepsl paznuuusd AD(T], T;) cormacno Ompenenenuto 1. B kauecTBe mMeTona BbIUnC-
JICHUS JAHHOM XapaKTEpPUCTUKHU MCIOJb30Balu BeHrepckuii aaroputmM, NpUMEHSEMbIN Ul pelIeHUs
3a/1a49¥ O Ha3HAYCHMX [7]. Pe3ymbTarsl, moKa3sIBaroNIie KOPPEKTHOCTE Y TBEP)KICHUM 2 U 3, TIpUBEe-
HBI B Ta011. 2, Il IpeICcTaBlIeHbl MaKCUMaJIbHble 1 MUHUMAIIbHbIEe 3HaYeHus JanHoi Mepsl AD(T,T,),
MOJTyYeHHBIE JUII OOJIBIIOTO YKciia HAO0pOB 7; ¢ pa3UYHBIMU 3HAYCHUSIMH W IJISl Pa3HBIX 7.

Tadauna 2. 3agenns mind D( T,,Y_"l ) 1 maxAD( 7;,7_; ) IUIst pa3JINaHbBIX 1
Table 2. Values of mindD(7;,7; ) and maxAD(T;,T; ) for various n

n w maxAD( Ti,Y_"l- ) mindD( Ti,]_"l- ) Konnuectso nabopos 7;
] 3 18 14 56
4 16 8 70
9 3 22 18 84
4 20 12 126
3 90 86 560
16 4 80 72 1820
7 66 30 11 440
8 64 16 12 870
3 426 422 4960
3 4 400 392 30 000
10 292 212 100 000
11 282 182 100 000

CrpaBeilIMBOCTh TEOPETUUYECKHUX PE3YNbTaTOB, CHOPMYIHPOBAHHBIX B YTBEpKACHUIX 4 1 5 [uis
MIPOM3BOJIBHBIX TECTOBBIX HA00POB 7; 1 T}, HOATBEPKIAIOT JaHHBIC, IPUBEACHHBIC B TA0. 3.

Taoauna 3. 3aagenus mepsl pazmuaust AD(T,, T}) mist mpou3BoabHBIX HabopoB T; u T,
Table 3. Values of dissimilarity measure AD(T;, T}) for arbitrary patterns 7;and 7}

n w; | wy | maxAD(T,, T}) | minAD(T;, T;) | avAD(T, T;) | KommuectBo nap Habopos 7; u T} c BecaMu w; U Wy
1 3 30 16 19.1513 8960

16 2 4 40 16 22.2669 30 000
2 12 88 80 81.0568 30 000
2 | 14 100 96 96.3393 14 400

32 | 2 4 88 32 45.5338 30 000

Kak BUIHO U3 IPUBEJICHHBIX B Ta0JI. 2 TAHHBIX, JIsI HEOOJIBINNX 3HAYCHHIA W 10 OTHOILICHUIO K 71 3HA-
yenus mindD(7T,,T;) n maxAD(T;,T,) npakTUYECKH HE OTIMYAIOTCS, YTO MO3BOJIET HCIIOIb30BATh
3Hauenue mindD(7,,T. ), mody4eHHOE B COOTBETCTBUU C YTBEPXKJICHUEM 4, B KAUECTBE OLIEHKH MEpBI

pasmuuns AD(T;,T;). AHanu3 JaHHBIX, HOJYYEHHBIX IS IPOU3BOJIBHBIX TECTOBBIX HabopoB T; u T

1 YaCTUYHO MPEACTABICHHBIX B TA0J. 3, MOKa3bIBaeT TEHACHIUIO K OJM30CTH CPEIHETO 3HAYCHUSI MEPhI
pasmunst avAD(T;, T) x ee MuauManbHoMy 3HaueHuto mindD(7;, T}). [IpuBeneHHble MpakTHYecKHe

pe3yabTaThl MOJHOCTHIO MOATBEPKAAIOT IT'PAHUYHbIE OLEHKH 3HadeHui a1 mep pasnuuust AD(T,T,)
u AD(T;, T}), chopmynupoBaHHbie B BUe Y TBepxkIeHH 2—5. X unciieHHbIe 3HAYCHUS B PSJIE CITydacB
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MOTyT OBbITb HCIOIB30BaHbl B KauecTBe camux Mep pasznmuuust AD(T,,T;) u AD(T;, T}), 4TO MO3BOIUT
n30ekKaTh TPYIOSMKHX BEIYUCIICHUA X TOYHBIX 3HaUCHUH [7].

BpiBoaBI

[Tosry4eHb! OLIEHKH MAKCUMAJIbHBIX 1 MUHUMAIbHbIX 3HaueHnil mep pasmuunst AD(T;, T, ) u AD(T;, Tj)
JUTSL IPOU3BOJILHOTO CITydasi JIBOUYHBIX TECTOBBIX HA00poB T; U 7). DKCIEPUMEHTAIILHO TIOATBEPKIC-
HBI X KOPPEKTHOCTh U BO3MOKHOCTh IIPUMEHEHHUS B KAY€CTBE OIICHOYHBIX 3HAYCHUN MEPhI pa3IUyus,
chopmymupoBanHoii B Onpenenennn 1. JlanpHelre necieoBanus 1mMejiecoo0pa3Ho pacIIuPHUTh B Ya-
CTH CBOMCTB HOBOW MEpBHI OTIIMYHS JIJTsl pA3JIMUHBIX COYETaHUI BECOB TECTOBBIX HAOOPOB M UX pa3Mep-
HOCTH, a TaKKe MPUMEHUMOCTH JaHHOW MEPbI pa3iuIus I APYTUX MPUKIIATHBIX 33]1a4.
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Annortanus. VccrenoBana nmpo6iaema nHPOPMAITNOHHONW 0€30ITaCHOCTH KPUTUIECKIX HHPOPMAITHOHHBIX HH(]pa-
cTpykTyp. [Ipoanann3npoBanbl 0cOOEHHOCTH KPUTHYECKH BaXKHBIX 00BEKTOB C TOUKHU 3peHHs cOopa, 00paboTkHy,
XpaHeHus U nepenadu nHpopmanuu. V3ydeHsl COBOKYNMHOCTh (DYHKIMH, BBHITIOJHIEMBIX CUCTEMON 00eCIiedeHus
0e301acHOCTH HHPOPMALHU B KPUTHYECKUX HHPPACTPYKTYpax, U 3aBHCHMOCTH MEXy dTUMH GyHKImsamH. [Ipex-
JIO’)KeHa MOJIeNTb CUCTEMBI 00ecTieueH st Oe30ITacCHOCTH M OTIpe/IeIeHbI TpeOOBaHMs, IPEebsBIsIEMbIe K Heil. MHO-
YKECTBO OTHOIICHUI MKy 0ObEKTaMH U YTpO3aMH1 MPECTABICHO B BUJIE rpada OTHOIEHUH «OOBEKT — yrpo3ay,
B KOTOPOM peOpo, CBA3BIBAIOLIEE j-ii OOBEKT C i-if YIpo30ii, CYIIECTBYET TOIBKO TOTIA, KOTAa i-51 yrpo3a MOKeT
BO3JICHCTBOBATH HANPSIMYIO Ha j-if 00bEKT. [1J1st 3aInThl 00bEKTOB KPUTHYECKUX HH(POPMAIMOHHBIX HH(PPACTPYK-
TYp OT BO3MOXHBIX yYIrpO3 B MOJEJIb CUCTEMbI 00ecriedeH s 0e30IaCHOCTH BBEIEHO MHOXKECTBO HEOOXOTMMBIX
METOJIOB H CPE/ICTB, peoOpasyolee IByX 10IbHBIH rpad B TPEXIONBHBIN, THIIA «O0BEKT — METOA — yrpo3ay. Pac-
CMOTpEHa 3aja4ya ONpeJIeNICHNs] ONITUMAIBHON CTPYKTYPBI CUCTEMBI 0OecTieueHns1 0e30MacHOCTH 00BEKTOB KpH-
THUYECKOH MH(DOPMAIIMOHHON HHPPACTPYKTYPBI, PEIICHHE KOTOPOIi IIO3BOJIUT CBECTH K MUHIUMYMY MaTepHalIbHbIC
3aTpaThl Ha PeaTM3alHI0 CPEACTB 3ALIUTHI U YIepO OT HapyLIeHHs 6e30IIaCHOCTH.

KiroueBble cioBa: KpuTHYecKHe WHPPACTPYKTYpHI, 3amiuTa MH(OOPMAINH, MOJEIb CHCTEMBI 0OE30MacHOCTH,
yrpo3bl, rpad) OTHOIICHHUH, yiepd OT HapyLIeHUs, ONTHMAJIbHASI CTPYKTypa CUCTEMBI.

Kon@aukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jas mutupoBanusi. Kacymos, B. A. Mogens u MeTo[ oOmpeieNeHus ONTHUMAaIbHON CTPYKTYpBhl CHCTEMBI
obecrieueHnst 0€30MacHOCTH ISl KpuTHdeckod uHpopmanmoHHoi wuHppacTpyktypsl / B. A. Kacymos,
Jx. . Mamenos // Joxmaaer BI'YUP. 2023. T. 21, Ne 2. C. 95-103. http://dx.doi.org/10.35596/1729-7648-2023-
21-2-95-103.

MODEL AND METHOD FOR DETERMINING THE OPTIMAL STRUCTURE
OF THE SECURITY SYSTEM FOR CRITICAL INFORMATION INFRASTRUCTURE

VAGIF A. GASIMOYV, JABIR I. MAMMADOV

Azerbaijan Technical University (Baku, Republic of Azerbaijan)
Submitted 19.12.2022
Abstract. The article investigates the problem of information security of critical information infrastructures.
The features of critical objects from the point of view of collecting, processing, storing and transmitting information

are analysed. The set of functions performed by the information security system in critical infrastructures and the
dependencies between these functions are studied. A model of the security system is proposed and the require-
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ments for this model are defined. At the same time, the set of relations between objects and threats is represented
in the form of an object-threat relationship graph, in which an edge connecting the j-th object with the i-th threat
exists only when the i-th threat can directly affect the j-th object. To protect objects of critical information infra-
structures from possible threats, a set of necessary methods and tools has been introduced into the model of the se-
curity system, which converts a two-sided graph into a three-sided one, such as “object — method — threat”. Further
in the article, the problem of determining the optimal structure of the security system for critical information infra-
structure objects is considered. It is assumed here that each threat can affect several objects, and that any object can
be affected by more than one threat. The solution of this problem makes it possible to minimize the material costs
to implement the methods and tools for protection and minimize damage from a security breach.

Keywords: critical infrastructures, information protection, security system model, relationship graph, damage
from breach, optimal system structure.
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BBenenune

ObecrieueHne 0€30MTaCHOCTH KPUTHYECKUX HHPPACTPYKTYP SBISETCS aKTyaTbHON HAYYHOH U Mpak-
THYECKOH 3a/1auell, Tak KaKk WX BBIXOJ U3 CTPOS MPUBOANT K HAPYIIEHUIO pabOTHI Bcex cdep rocyaapeT-
BCHHBIX CTPYKTYP. Craructuka HWHIMACHTOB B PAa3HBIX CTPaHax IMOKa3bIBACT, YTO YI'PO3bI, pCAIN3yEMBIC
10 OTHOIICHHIO K KPUTHYECKUM UH(PPaACcTPyKTypaM, B OCHOBHOM HarpaBlieHbl Ha MX HH()OPMALMOHHBIE
cUCTeMEbI. B cBsi3u ¢ 3TUM oOecrnieueHre 0€30IaCHOCTH YKa3aHHBIX CUCTEM JIOJDKHO SIBISITHCS TIPUOPH-
TETHBIM HAIpaBJICHUEM O0CCIIEUeHNS 0€30TTaCHOCTH KPUTHUCCKUX HHPPACTPYKTYD.

B HacTosiiee BpeMs CyIiecTByeT MHOXKECTBO OTAEIBHBIX METO/IOB M CPEACTB obecreueHus 6e30-
MACHOCTH MH(OPMAIMOHHBIX cucTeM. HO OCHOBHOM Mpo0OiaeMoid AJisi CIIeUaIiCTOB SIBISIETCSI BEIOOD
HanOosee 3PPEKTUBHBIX U3 HUX JAJIsI IPEJOTBPAILEHHS YyTPO3bl HHPOPMALIMOHHOHN CUCTEME B KOHKPET-
HbIX ciydasx. B [1] npeacraBieHo uccieaoBaHue, B pe3ylbTaTe KOTOPOTO U3yUEHbl MOJECIH U METOABI
co3nanus 3(pdexTuBHOI cuctembl odecnedenus oezonacuocT (COB) nabopmanmu s pacmpenesieH-
HBIX KOMITBIOTEPHBIX CETeH, oIpe/iesieHa 3aBUCHMOCTh MEK/TY MTOTEPSIMHU OT YTPO3 M CTOMMOCTBIO CaMOit
cucrembl. PekomennoBano noctpouts Takyro COB, cTpykTypa KOTOpOil siBisu1ach Obl ONTHMaJIbHOH,
OXBaThIBaJla BCE BO3MO)KHBIE METOJIBI M CPEJICTBA OOecTiedeH s 6e30MacHOCTH, HO CTOUMOCTD HE TIpe-
BbIIIaja Obl CyMMapHBIA 00bEM BO3MOXKHBIX MOTEph. i 3TOro ObuIa MOCTaBIeHA 33/1a9a ONTHMHU3a-
1M, YTOOBI ee PelICHUE Jalo CPEIHEB3BEIICHHYIO BEJIHMUMHY yiiepOa (BpEMEHHBIX U MaTepHUaTbHBIX
3aTpar) OT HapyLICHUs 0€30MaCHOCTH CUCTEMBI B 1esioM. OJJHAKO CIIeAyeT OTMETHTh, YTO B YKa3aHHOH
MOJIENIA HE YYUTHIBAIOTCS MEPOIIPHUSITHS M 3aTPaYeHHbIE HAa HUX CPEICTBA 110 IUKBUIAIMH TIOCIEICTBUI
pean30BaHHBIX YTPO3.

ABTOpaMH JJAHHOW CTaThH MCCIEIOBaHA 3aJa4da ONTUMH3ALNN CTPYKTYPbl CUCTEMBI 00eCIIeUeHHUs
Oe3onacHOCTH MHPOPMALMK B KPUTHYECKUX MHPOpMaMOHHBIX nHpacTpykrypax (KHUU). [Ipu stom
YYUTBHIBAIIUCh 0COOEHHOCTH CUCTEMBI, YKazaHHbIe B [1]. Kpurnueckas mHppacTpyKTypa — TEpMUH, HC-
MTOJTE3YEMBIH MTPABUTEIHCTBAMU JIJISI OMTUCAHHS aKTHBOB, KOTOPHIE HEOOXOMUMBI /sl (PYHKITMOHUPOBA-
HUS 00IIeCTBA U SKOHOMHUKHU CTpaHbl. JIpyrUMH CJIOBaMHU, KpUTHYECKasi HHPPACTPYKTypa — 3T0 00b-
€KThl MHPPACTPYKTYPbI, CUCTEMBI, UX YaCTH U UX COBOKYITHOCTb, KOTOPBIC BA)KHBI JJIsi SKOHOMUKH,
HaI[MOHAJHHON 0e30MacHOCTH U 00OPOHBI, HapyIlIeHHe (YHKIIMOHHUPOBAHUS KOTOPBIX MOXKET HaHECTH
BpeJI KU3HEHHO BaKHBIM HAI[MOHAIBHBIM HHTEPECAM.

Kputndeckn BaKHBIH 00BEKT — 9TO OOBEKT, HAPYIICHUE M TPUOCTAHOBJICHUE JESATEIHLHOCTH KO-
TOPOTO TPUBOJIUT K yTPaTe yIPABICHUS YKOHOMUKOW CTpPaHbl, TOCYJapCTBEHHOTO CyObhEeKTa, aJIMUHU-
CTPaTUBHO-TEPPUTOPUANBLHON €IUHUIBI, THOO K CHM)KEHHIO 0€30IacCHOCTH KU3HEIESITeIbHOCTH Ha-
cenenus [2]!. Kputndeckas uHpopMannoHHas HHPPACTPYKTypa MPEACTaBIsIeT cO00H COBOKYIMHOCTh
ABTOMATHU3MPOBAHHBIX CHUCTEM YIPABICHUSI TEXHOJIOTUYECKHMMH W MPOM3BOACTBEHHBIMHU IMPOIECCAMU
KPUTHYECKHX 00BEKTOB 1 00eCIIeunBaeT MX B3aNMO/ICHCTBUE C MHPOPMAIIMOHHO-TEJICKOMMYHHUKAIOH-
HBIMH CETSIMH, a TAaK)Ke KOMMYHHUKAITMOHHBIMU CETSIMH W WH(OPMAIIMOHHBIMHU CHCTEMaMHU, MpeTHa3Ha-
YEHHBIMH ISl 00€CIIeYeHHs TOCYITapCTBEHHOTO YIIPaBIEHHUs, 000POHOCTIOCOOHOCTH U 0€30MaCHOCTH.

I Concepts, Classification and Regulation of Critical Information Infrastructure. https://rutlib5.com/book/27296.
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CucteMbl 00paboTkn MHGOPMALUN OOBIYHO COCTOST U3 JIOKAJIBHBIX CETeH M OTAENBHBIX KOMIIbIO-
TEPOB, KOTOPBIE pacTpe/iesieHbl U B3aUMOJICHCTBYIOT APYT C APYTOM C TOYKH 3PEHUSI IaHHBIX U yIIpaB-
nenns. s cOopa, 06paboOTKH, XpaHEHUs U Tepenadd WHGOpMaIud OCHOBHBIMH XapaKTEPUCTUKAMHU
cucreM 00pabOTKU MHPOPMALMH KPUTHIECKUX MHPpacTpyKTypHbIX 00bekToB (KHO) sBisitoTest cie-
nyromrue [3]:

— TeppUTOpHaJIbHAsE pa30POCaHHOCTh KOMIIOHEHTOB CHCTEMBI M HAIWYHE MEXKIy HUMH HWHTCHCHUB-
HOTO MHPOPMAITHOHHOTO 0OMEHA;

— IIMPOKUH CTIEKTP UCIIONB30BaHMs, XPaHEHUS U Ilepeadn MH(OpMaIHH, a TAaKkKe METOIOB ONMCAHUS;

— arperupoBaHUE JAHHBIX PA3HOTO HA3HAUCHMS, IPUHAMJIESKAILINX PA3IMYHBIM CyOBEKTaM, B paM-
Kax eIuHOHN 0a3bl JaHHBIX U, HA00OPOT, pa3MeLIeHNe AaHHBIX, HEOOXOIUMBIX TEM MJIH HHBIM CyObeK-
TaM, B Pa3HBIX YAAJCHHBIX y3J1aX CETH;

— M30JISLUS] BIACINIbLEB JAaHHBIX OT (PU3NYECKUX CTPYKTYP U MECTOHAXOXKACHUS JTaHHBIX;

— MCTIONIb30BaHHUE PaCIIpe/ICTICHHBIX PEKUMOB 00pabOTKH TaHHBIX;

— ydJacThe OOJNBLIOro KOJMYECTBa MOIb30BaTesIeH M Pa3IMUHbIX KaTETOPUI IepcoHala B aBTOMAaTH-
3UPOBAHHOM 00paboTKe HHPOPMAIIHH;

— OJHOBPEMEHHBIM M NPSAMON TOCTYIl K MHPOPMAIIMOHHBIM pecypcaM OOJbIIOro KOJIMYECTBA pas-
JINYHBIX KAaTErOpUi N0JIb30BaTENIEH;

— BBICOKHH YPOBEHb pa3HO00pa3us UCIOIb3YEMOM KOMIIbIOTEPHON TEXHUKH U CPE/ICTB CBSI3H, a TaK-
e UX TIPOTrPaMMHOTO 00eCTIeUeHUS;

— OTCYTCTBHE CIICIIMAIBHON anmapaTHON 3alUThl Y OOJIBIIMHCTBAa OCHOBHBIX TEXHUYECKUX CPEIICTB,
HIMPOKO UCTIONB3YEMbBIX B CHCTEME.

AHanmu3 3TUX 0COOEHHOCTEH MO3BOJISET 3a0JIaTOBPEMEHHO BBISBIISTH Ci1a0ble MecTa MH(pOpMaLu-
onnbIx cucreM KHMO, yrpo3sl 0€30macHOCTH, OLIEHHBATh U YIPABISATh PUCKAMH, a TaKKe MPUHUMATH
3alIUTHBIC MEPbI B COOTBETCTBUH C YPOBHSMHU pUcKa. Hanuuue BhilIenepednciieHHbIX 0COOCHHOCTEH
CO3/1aeT yCIIOBUS JJIsl peau3allid MHOTUX €CTECTBCHHBIX M HCKYCCTBEHHBIX yrpo3 Ha MH(OpMAalnoH-
Hele cuctembl KMO. K TakuM yrpozamMm MOXHO OTHECTH HapyILIeHHe padoThl MH()OPMALIMOHHON CUCTEMBbI
KHO u cpencts ee 3amuThl, HECAHKIMOHUPOBAHHBIM AOCTYII K CUCTEME U HHPOPMALMOHHBIM pecypcam,
M30JIALUIO 3aKOHHBIX M0JIb30BaTeneid. KpoMe Toro, Takue yrposbl, Kak HapylleHHe paOoThl, BI3BaHHBIC
HEKOMIETEHTHBIM HCIOJIb30BAHHEM OXPaHHBIX YCTPOUCTB OOCITYKHBAIOIIUM TIEPCOHAIOM, H3MEHEHHEM
1X [IapaMETPOB U CAMOBOJIbHBIM OTKJIIOUEHHEM, OIIMOOUHOI OTIIPAaBKOI JaHHBIX HA APYIoOil agpec, BBO-
JIOM HEBEPHBIX JaHHBIX, HEOCO3HAHHBIM 3apa)KEHUEM CHCTEMbI KOMITBIOTEPHBIMH BUPYCAMH U T. TI.

Kak y>xe oTMeuanoch, CerofHsi CyIecTByeT MHOKECTBO OTJEIIbHBIX METOIOB ¥ CPE/ICTB 3aIINThI NH-
(hopMauK OT TeX WK UHBIX YIPO3, IpeIHa3HAYeHHBIX ATl 3aIIUTHI, 0 KpaliHel Mepe, OMHOTr0 00beKTa
OT OJHOH yrpo3bl, T. €. Ul IPOTUBOCTOSIHUS ONHOM yrpo3e. Ho gaxe 10ocTaTouHO HaAEKHbIE METOABI
U CpPeACTBa, pa3paboTaHHbIE U HCIIONb3yeMble aBTOHOMHO, HE CIIOCOOHBI TOJDKHBIM 00pa3oM 3alIuIIaTh
0OBEKTHI OT YTPO3 U UCKITIOYATh CIIa0bIe (JIETKO YSA3BUMBIC) MECTa B CUCTEME 3aIUTHl JaHHBIX. OTCrona
MOXHO CJIeJIaTh BBIBO, YTO 0€30MIaCHOCTH JaHHBIX MOXKET ObITH oOecriedeHa U MoaepkaHa KOMIUICK-
COM ITPOTPaMMHBIX, allllapaTHBIX U OPTaHU3AIIMOHHBIX METOJIOB U CPEJICTB 3aIUTHI, KOTOPhIC BBHITIOHSI-
10T CBOM (DYHKLIMHM B TECHOM B3aUMOJIEHCTBHHU ¢ OCHOBHbIMU KomnioHeHTamu KWMU. [Ipyrumu cioBamu,
JUTSL HaJISKHOTO peIIeHUsT Ipo0sieMbl obecrieueHust HHGOPMAIMOHHOM Oe30IacHOCTH TpedyeTcs pas-
paboTka X0opolIo oprann3oBaHHOH, 3¢ dexkTuBHO neiicTBytomeii COb, 0CHOBHBIME 3a1auaMH KOTOPOH
SIBJISIFOTCSL BBIOOP A((QEKTUBHON CTPYKTYPBI CUCTEMBI, YHopsijgounBaHue (QyHKIUH OOLIECHCTEMHBIX
CpeAcTB MHPOPMAIIMOHHOM 0€30MacHOCTH, CHHTE3 CTPYKTYPbl KOMIIOHEHTOB, OLIEHKa HaJ)KHOCTH 3a-
IIMTHI UHPOPMAIIHH U T. JI.

Crenyer oTMETUTBh, 4TO TP pa3padboTke apxutekrypsl COb 11 KpuTHUeCKn BaXKHBIX HH(OpMa-
LIMOHHBIX UH(PACTPYKTYp 0c000€ BHUMAHHE HEOOXOIMMO YICIATh MPOSKTUPOBAHUIO U Peaiu3alluu
O0IIECUCTEMHBIX CPEACTB 3aIUThl. OT UX YAaYHOTO MPOEKTUPOBAHUS BO MHOTOM 3aBHUCAT TakKHe Xa-
PaKTEpPHCTUKH, KaK HaJeKHOCTh, OTKA30yCTOWYMBOCTh M HACTPAMBAEMOCTh CHUCTEMBbI, MOOMJIBHOCTh
U peann3yeMoCTh IPOrPAMMHO-TEXHUUECKUX CPEACTB, CTOMMOCTb U yIOOCTBO 3KCIUTyaTalllu, 3aTPaThl
Ha peajn3alnunio CPEeCTB 3aIUTHI, MaTepHalbHbIC U BpEeMEHHBIE YIIepObl OT HapyIIeHHUs! 0E30MaCHOCTH.
[lepeuncieHHble XapaKTEPUCTUKHU CTABAT CBOM TPEOOBaHMSA K CHCTEME oOeclieueHHs 0e30IacHOCTH
U, CJIeJI0BATEIbHO, CTEIICHBIO IPEABSBICHUS dTHX TPeOOBAHUH ONpeeNsieTcs e CI0KHOCTb.

Haub6omnee s¢pdextrBapivu COb sSBISIOTCS TE, B KOTOPBIX PEATH30BaHBI BCE BO3MOXKHBIE U JIOCTYTI-
HBIC METOJIbI M CPEJICTBA — KaK MH)KEHEPHO-TEXHUYECKHE, TaK U HeTexHnueckue. OTHaKoO peann3anus
TAKOTO KOMITJIEKCa JAJIEeKO HE BCETNa MOXKET MPUBECTH K XKeJaeMoMy pesynbrary. [Ipu aTom cremy-
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€T YYHUTHIBATh, YTO YHIEPO OT HapyleHHs1 0€30MacHOCTH 3alHIIaeMold MH(OPMALUHN WIN OT Pa3ind-
HBIX HECAaHKIIMOHMPOBAHHBIX ACHCTBHI MOXKET OBbITH ropaszno Menblie croumoctu COB (T. e. pacxonoB
Ha co3JaHue Takoi cuctemsl). [loaToMy 3aaua uccae 0BaHUS M pa3pabOTKU SKOHOMHYECKH ONTHMAb-
HbIXx COB, 00ecneunBaronx HaMMEHBIIUI PUCK BIIAJICIbITY U OIB30BATENISIM HHPOPMAIIHH OT yiepoa
1 NOTEPh B PE3yJIbTaTe HECAHKLMOHUPOBAHHBIX JIEHCTBUM, SIBISETCS aKTyaJbHOU. B kauecTBe OCHOB-
HBIX TIapaMeTpoB co3faHus ontumanbHoii COb MOXXHO paccMOTPETh 0XKHIaeMble CyMMapHbIE IOTEPU
1 pacxonpl B mpolecce 3aluTbl MHYOPMALUU B TEUCHHE OIPEAETICHHOTO meprona Bpemenu [4]. Hc-
CJICZIOBaHUS aBTOPOB CTaThU HANpPAaBJICHBI HA PELICHUE BONMPOCOB CO3AaHus P(PEKTUBHON CTPYKTYPbI
COBb, npenHa3Ha4eHHOH IS BBIOJHEHUS! (PYHKIMK YIPaBICHUS KOMIUIEKCOM CPEICTB 00eCTedeHus
0e301acHOCTH JITaHHBIX, aHAIN3a PUCKA M COCTOSHUSI CUCTEMBI, OTIPENICJICHHSI U OIICHKH BHJIOB yTPo3,
a Tak)Ke IPUMEHEHHMsI CPEACTB IPOTUBOJECICTBUS BbIIBIEHHBIM yrpo3aM B K.

DYyHKINOHAJIBHOE ONIUCAHUE U MO/IeJIb CUCTeMbl o0ecreyeHus: 0e30acHOCTH
00beKTOB KpUTHYECKOH NHGOPMALMOHHOKH MHPPACTPYKTYPHI

OCHOBHBIMH 3a/1auaMu, MOJICKAIIMMH PEIICHUIO TpU obecreueHrr nHGOPMAIMOHHON Oe3orac-
voctu B KMU, sBnsrorest [5]:

— OIIEHKa MOTEHIIHAIIEHO BO3MOXHOTO yiiepda OT HapylleHuss HH(PpOPMAIMOHHOW 0e3011acHOCTH
o0nexToB KN,

— (opmupoBanue Gonee nmomHOro nepedns yrpos oobekram KUUW undopmanmonHoit 0e30macHoCTH
U OTPE/ICIICHUE UX XapaKTEPUCTHK;

— pa3paboTKa METOJIOIOTHUH OTIPE/ICIICHHSI U TIPOTHO3UPOBAHUS 3HAYCHUH XapaKTEPUCTHYECKHX T10-
Kazareneil mHGOpMaIMOHHON Oe30macHOCTH 00bekToB KIU;

— omnpefenieHue monutuku 6esonacHoctu KUU;

— HCCIIEI0BaHUE U Pa3pabOTKa CUCTEMBbI PeLeHNH, 00ecTieYnBalonX HHPOPMALIMOHHYIO Oe3omac-
HOCTh 00bekTOB KU GecnipephiBHO;

— MCCIIeIOBaHNE B pa3paboTKa crioco00B, METOIOB U CpeACTB 2(hHeKTHBHONM peanu3ayy perieHui
3a1a4 HHPOPMAITHOHHON OE€30MaCHOCTH;

— opMupOBaHNE CHCTEMBI YCIOBHH, HEOOXOMUMBIX M1 (D (DEKTUBHOM pean3aIiuyl peIeHni 3a1a4q
rH(GOPMAIIMOHHON 0€30MTACHOCTH WII CIIOCOOCTBYIOMINX MOBBIICHHIO UX d(Hh()EKTUBHOCTH.

[Ipu opranuzanmu paboT o odecrneueHuto HHPOPMAIMOHHOW 0e30MaCHOCTH PEKOMEHAYETCs CO0-
JIOJATh CIETYIONIHe OCHOBHBIC TPUHIIHIIBL:

— obecrieuenune OezonacHocTn nHpopManuu B KUU momkHO OBITH HEMPEpBIBHBIM IPOLIECCOM,
3aK/IIIOYAr0IIUMCA B CUCTEMATUYCCKOM KOHTPOJIC 3aIMUIICHHOCTHU, BBIABICHUN Y3KHUX U cna651x MECT,
000CHOBaHUH U peaTn3aliy HanOoJee palmoHaIbHBIX MyTeH coBepiIeHcTBOBaHMUSA U pa3BuThs COb;

— 6e3onacHocThs nHMopMmaru B KU MoxkeT ObITh 0OecIiedeHa UMb TIPY KOMILIEKCHOM HUCIIOIb30-
BaHUU M B3aMMOJICHCTBUH BCETO apCEHAIa UMEIOIIMXCS CPEJICTB 3aIIUTHL,

— nukakast COb ne cmocoOHa obecreunTs 6e30macHoCTh HHGOPMALUK 0e3 HaIexKale MoAroToB-
KH I10JIb30BaTENICH U COOJIIOICHUS] MIMU BCEX MTPABKJI 3aIIIHUTHI;

— aukakyto COb Henb3si cuntaTh aOCONMIOTHO HAAEKHOW, IPYTHMMHU CIIOBAMH, CIIEAYeT yYUTHIBATh,
YTO MOYKET HAWTHUCh TAKOW YMEJIbIH 3JI0YMBIIIUIEHHUK, KOTOPBIM OTHIIIET Ja3elKy i 10CTyna K MH-
(dbopmarym.

Cucrema obecnieuenust 6ezonacHoctd B KM siBnsieTcst caMbiM BEPXHUM B CUCTEMHOUN HepapXuu
KOMITOHCHTOM M B COOTBETCTBUU C OTMEUYCHHBIMH BBIIIEC 33J]a4aMU JIOJKHA BBIMOJHATh CIICIYIONIUC
¢byHKIMU [5]: yrnpaBieHue BXOJOM I0JIb30BaTEICH B CHCTEMY, KOHTPOJIb JIOCTyIa K CUCTEME U ee pe-
cypcam, perucTparusi BXOJ0B U OOpalleHHi K CHCTEMe, YCTAaHOBICHHE TIOJIMHHOCTH (ayTeHTH(HKa-
IIMs1) TIOJB30BATENsl M CHCTEMBI, KOHTPOJIh TOJHOMOYMH M TPUBWIJIETHI TONB30BaTeNel, 3amunTa KOH-
¢uaeHnMaIpbHOCTH WHGOPMAIINY, yIpaBICHHE KIO4aMu (IapoJisiMU) TOJIb30BaTellel, oOecrieueHre
LEJIOCTHOCTU U YIOCTOBEPEHUE TOUTMHHOCTH JAHHBIX, aHAJIM3 COCTOSIHUS U KOHTPOJb YIPO3, MPEAOT-
BpallleHre HapyLICHUH B CUCTEMe, PEKOH(UTYpalHsi CUCTeMbl oOecrieueHus OezonacHoCTH. DyHKIHH,
BoinonHsgeMble COB, B 3aBUCUMOCTH OT €€ CTPYKTYpPhl MOTYT UMETh CIIAYIOIINE B3aMMOOTHOIICHUS
MEX]y COOOM: MOTYT BBIITOJTHSITHCS HE3aBUCUMO JIPYT OT JIPyTa, MOTYT OBITh BBIIIOJHEHBI B CTPOTOMH
MTOCJIEZIOBATEIFHOCTH, BHITTOTHEHUE OAHON (PYHKITUH MOKET OBITH COTITACOBAHO C APYTUMHU (PYHKITUIMHI
(maxxe co BCeMH), BBIITOJHEHHE OAHOMN (DYHKIIMM MOXKET BBI3BIBATh BBHITIONIHEHUE IPYTUX, BHITOJHEHUE
OJTHOW (PYHKIIMW MOXKET 3aIIPETUTh BBHITIOJHEHHUE APYTUX U JIaXKe MOTPEOOBATh OTMEHBI BHITIOHICMBIX.
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Paccmorpum monens CObB o6bektoB KMU. B ietom KMU — 310 cCOBOKYITHOCTh HH()OPMAITHOHHBIX
CHCTEM M TEJCKOMMYHHUKAIIMOHHBIX CETeH, KPUTHUECKU BAXKHBIX AJISI PaOOTHI KIIIOYEBBIX chep Ku3-
HeesTeIbHOCTH rocynapcera u oomectsa. Mudopmannonnsie cucremsl 00bektoB KU 00beanHeHbI
TEJIEKOMMYHHKAIIMOHHBIMH CETSIMH TIE€PeAaqn JaHHBIX, MOTYT OBITh MPEJCTABICHBI B BUJC MHOXKECTBA
MH(OPMAIIMOHHBIX PECYpPCOB U MPUKIIAIHBIX MPOIECCOB, KOTOPHIE IS BHIMOJIHEHUS CBOUX (YHKIUI
HCIIONB3YIOT CeTeBbIe M cucTeMHble pecypchl K. B kagectBe pecypcoB KM moryT OBITH cepBe-
P, cepBUCHBIE (GYHKIMH, 0a3bl AJaHHBIX MM (ailabl B KOMIbIOTEpE, HHPOPMALHS, PACIIOIOKEHHAS
Ha HOCHUTeJe HHPOPMALMH, YCTPOHCTBa, noAKItoueHHbIe K cucteMe KN, npouecc, BBIMONMHSAIOMMNCS
B cucteme KMU, u T. n. [Ipu 3TOM Bce pecypchl MOTYT OBITh pa3fefieHbl Ha aKTUBHBIC, AJISI BBITIOTHE-
HUsI COOCTBEHHBIX (DYHKIMH UCTIONb3ytomue apyrue pecypesl KUU, u maccuBHbIC, y4acTBYIOIINE TIPU
BBITTOJTHEHUU KaKUX-JTMO0 QYHKIMK TIO/ yIpaBIeHUEM aKTUBHBIX pecypcoB. HeoOXoquMo OTMETHUT,
YTO PECypc MOXKET ObITh TACCHBHBIM B OJIMH MOMEHT BPEMEHH U aKTHUBHBIM B Ipyroi. Bece pecypcebl
CUCTEMBI B IanbHeleM Ha3oBeM o0bekTamu KMN.

CpenctBa obecrieueHuss 0€30MaCHOCTH JAaHHBIX MOXKHO pa3/ieUTh Ha JBa OCHOBHBIX Kjacca: JIo-
KaJbHbIEC M paclpeeICHHbIE CPECTBA 3alUThI. JIOKaIbHbIE CpeICTBa 3aUThl HH(OPMALIUH SBISIOTCS
MIPUHAJIEKHOCTHIO CUCTEM WM ceTell OoTAeNnbHBIX 00bekToB KM 1 BBIMOMHAIOT MPOBEPKY BO3MOK-
HOCTH JOCTYTIa TOJIb30BaTeel U Jpyrux K 3ampalimBaeMbIM pecypcaM. PacrpenerneHHbIe cpencTBa
3aIUThl HHPOpMaMK 00eCIIeUnBaIOT yIPaBICHUE IOTOKAMU 3alIMIIAEMBIX JaHHBIX B TreorpapuuecKu
pacnpeneneHHbIX 00bekTax KNI 1 BBINOTHAIOT CBOM (PYHKIIMU B TECHOM B3aMMOJCHCTBUH C CETEBBIMU
IIPOTOKOJIaMH YTIpaBJieHUs1 00OpabOTKU U Mepeaadn JaHHbIX.

COBb nokHa UIMETh, TIO KpaiiHel Mepe, OHO CPEICTBO [UIs oOecneyeHns: 0e30MacHOCTH Ha KaXI0M
BO3MOKHOM ITyTH MPOHUKHOBEHUS B CUCTeMy WiM gocTtymna k oosexktam KMU. B monenmn COB Touno
OTIPEIEIISIIOTCS BCe 001aCTH, TPEOYIOIINE 3alUThI, OIICHUBAIOTCS CPEACTBA 00ecIieueH s 0e30ITacHOCTH
C TOYKH 3peHMs UX dPPEKTUBHOCTH U UX BKJIAJ B 0OeCIIeUeHIEe 0€30IMaCHOCTH BO BCEH CETEBOM cpefie
KHWU. Ilpennonaraercsi, 4T0 HECAHKIMOHUPOBAHHBIN JOCTYN K KaXIOMy M3 HaOOPOB 3alHIaeMbIX
00BEKTOB CONPSHKEH C HEKOTOPOH BEITMYMHOM yiiepOa 1Jisi CBOETO Biajelblia NPy HapyLIeHuH Oe3omnac-
HocTu. Takxke Ui TMKBUAAIMK NOCIECICTBUN COBEPLICHHBIX YIPO3 M MOJHOTO BOCCTAHOBICHHS pado-
TBI MPOTPAMMHO-TEXHHUYECKUX U HH(OPMATMOHHBIX cucTeM 00bekToB KUU TpebyroTes onpeneneHHble
MaTepHalbHbIE 3aTPaThl.

B mogemu COBb ¢ xaxapiM 06sekToM KN, TpeOyromuM 3ainuThl, CBSI3BIBACTCS HEKOTOPOE MHOMKECT-
BO 3JIOYMBIIIJICHHBIX JEHCTBU, T. €. yrpo3. B xauectBe Habopa yrpo3 T = {t ; } ,Jj =1,J, HampaBIeHHBIX
Ha HapylleHue 0e30MacHOCTH, MOKHO IMEPEUrCINTh BCE MOTCHIMANBHBIC 3JI0YMBIIUICHHBIC JICHCTBUS
[0 OTHOIIIEHHIO KO BceM oObekTtam O = {oi},i =1,/ KNU. OcHOBHOI XapaKTepUCTHKOW Habopa yrpo3
siBrsieTcst P = H Dy HM — BEPOSTHOCTh MJIM YaCTOTA MOSBIIEHHS YTPO3bI /; OTHOCUTENBHO 00beKTa 0; [6, 7].

MHOXeCTBO OTHOIIEHUI MEXIy 00bEKTaMH M YIpO3aMU MOXHO MPEACTaBUTh B BUAE rpada oTHO-
IIEHUH «00BEKT — yrpo3a» (puc. 1), B kKoTopom pebpo (#;, 0;) CyLIECTBYET TOI/A U TOJIBKO TOT/A, KOIjia
YIpO3a {; MOXKET BO3JEHCTBOBATh HANIPSIMYIO Ha OOBEKT 0;.

Yrpozu (T) ObzerTH (O)
Threats Objects

Puc. 1. ['pad oTHOMIEHMIT «OOBEKT — yrpo3a» 0a30BOH MOJEIH
Fig. 1. Graph of relations “object — threat” of the base model
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Kak BusHO 13 pucyHKa, CBSI3b MEXKIY YIPO3aMH U OOBEKTaMU HE SIBJISCTCS TUIA «OIUH K OJHOMY.
JpyruMu cioBamMH, yrpo3a MOXKET OKa3aTh BO3/IEHCTBHE Ha JII000E YHCI0 0OBEKTOB, a TAKXKE Ha JII000H
00BEKT MOXKET BO3/ICHCTBOBATH Oosiee ueM ofHa yrposa. CyTh obecnedeHus HH(GOPMaMOHHOH Oe3omac-
noctu KMU coctout B TOM, 4TOOBI HCKITIOUUTE BCe pedpa rpada tuna (¢, 0;) WiIn CBECTH K MUHUMYMY
UX KOJIMYECTBA, YKa3bIBAIOLINE IIYTH TOCTYIA YIPO3 #; HA 00OBEKTHI 0;. JlJis 9TOr0 B MOZIENb OTHOIICHUH
«00BEKT — yrpo3a» BBOIUTCS MHOXKECTBO METOZOB U CPEACTB 3alUThl M = {ml,mz,. . .,mK}, KOTOpO€E
JOJDKHO oOecreunBarh Oe3omacHOCTh Beex oObekToB KMU. Kaxmoe cpenctBo my 3TOro MHOXecTBa
JIOJKHO MPOTHBOCTOATH XOTs Obl OMHOM YIpO3€, T. €. YCTPAHATh XOTs Obl OMHO PeOpO (7, 0;) U3 3a1aH-
Horo Tpada.

Takum oOpa3oMm, BKIIOYCHHE Ha0Opa METOMOB M CpeacTB oOecredeHus Oe30MacHOCTH
M= {ml,mz,...,m K} npeoOpasyeT ABYXJOJIBHBIN Tpad B TpexIombHBIN (puc. 2). pyrumu cioBaMu,
B 3aIMIIAEMON cucTeMe Bee pebpa Tuma (¢, 0;) pasOuBAIOTCs Ha JIBE YACTU U NPEJICTABIIAIOTCS B hopme
(8, my) u (my, 0)).

Vrposet (1) MeTrozer (M) O6®sextH (O)
Threats Methods Objects

Puc. 2. I'pad oTHOLIEHUH «OOBEKT — METOJ — yrpo3a» 0a30BOH MojeNIn
Fig. 2. Graph of relations “object — method — threat” of the base model

[lousaTHO, 4TO CymiecTBOBaHME pedpa TUMa (Z;, 0;) yKa3blBAE€T HE3AUIMIIEHHOCTh 00bekTa 0;. Ciie-
JlyeT OTMETHUTB, YTO OTCYTCTBHE Pebpa (¢, 0;) HE rapaHTUPYET MOJIHYIO0 0€30MaCHOCTh 0OBEKTA 0;, XOTS
HaJIM9I¥e TAaKOW CBS3M JacT MOTCHIMAIBLHYIO BO3MOXXHOCTH CYIIECTBOBAHUS YTPO3BI, 32 HCKITIOUCHUEM
CITyd4asi, KOTJIa BEPOSTHOCTH TIOSIBJICHHUS €€ paBHA HYJII0. Y UUTHIBAs BHIIIECKA3aHHOE, 0a30BYIO0 CHCTEMY
COB mrst KM MOKHO TTpeCTaBUTh CIETYIOIINM 00pa3oM:

§={0,T,M.V,B}, (1)

roe O = {01 30y,..4,0; } — MHOECTBO 3alUINAEMbIX 00bEKTOB (MH()OPMAIIMOHHBIX, TCXHHUECKHUX U MHBIX
pecypcoB) KUU; T = {ll,tz,...,t J} — MHOXXECTBO 3JIOYMBINUICHHBIX AEHCTBUN (YIpo3), HapyIIAIOIINX
Oe3omacHOCTh 00bekTOB KU, M = {ml,m2,...,mK} — MHOXECTBO METOJIOB M CPEJICTB O0ECTICUeHHS
Oe3omnacHocTH 3amumaemMbix oobekros KUU; V= {vl,vz,. Y J} — MHOXKECTBO YSI3BUMBIX MECT B 00b-
extax K1U, ucnonp3yemMbIX yrpo3amu, T. €. oToOpakeHus THna 7 x O Ha MHOXKECTBO YIOPSIOYSHHBIX
v; = (1, 0;), IPECTABISAIOMX COOOH IyTH MPOHUKHOBEHHS YTPO3bI 4; B 00bEKT 0;; B = {bl,bz,. . .,b,} —
MHOYKECTBO «3allIUTHBIX 0aphepoB», peaNn3yeMbIX s 00BeKTa 0;, T. €. oToOpakeHWe THma V x M
wm TxOx M Ha HabOp yNOPAIOYEHHBIX TPOEK b; = (), 0;, My), IPEICTABIAIOMUX COOOH TOUKH, B KO-
TOpBIX TpedyeTcs ocymecTsaaTh 3amuTty B KUU [3].

Ha puc. 3 mpeacrasinena (yHKIMOHaIbHAsS cxema Mojein (1), koTopasi MOKa3bIBa€T OTHOIICHUS
mexay oobekramu KWW, yrpozamu u COb. U3 puc. 3 BUAHO, 9TO yrpo3bl MOTYT MOJIYYUTH TOCTYI
Kk oovexram KMUMU, Tonbko mpoiins «3aiuTHbIE Oapbepbl», 00pasylouirecs METONaMH M CPeICTBaMHU
COB. [1oHATHO, YTO MaKCUMaJIbHBIH ypOBEHB 3PPEKTUBHOCTH 3aLIUTHBIX OAPHEPOB TOCTUTACTCS TOJIb-
KO TOT/Ia, KOT/a JUTsI TPEIOTBPAIICHUS YTPo3 OyIyT BEIOPAaHBI HAN00JIee MOAXO SIS METOBI, CPEIACTBA
WA MEPBI o0ecITedeHus 0€30ITacHOCTH.

100



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 2 (2023) V.21, No 2 (2023)

Cucrema 6e30macHOCTH
Security system
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Objects of critical information infrastructure

OOBEeKTbI KPUTHIECKOH HHYOPMALUMOHHON HHPPACTPYKTYPHI

t 153

<

Yrpo3sl
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Puc. 3. dynkiponanbpHas cxema rnporecca HHGOpPMaIOHHOW 0€3011acCHOCTH
00BEKTOB KPUTHIECKUX HHPPACTPYKTYP
Fig. 3. Functional diagram of the process of information security of critical infrastructure objects

Mopneab oNTHMAIBLHOM CTPYKTYPBI CHCTEMBI 00ecnedeHus 0e30MacHOCTH
[Tycts B pamkax monenu (1) naHsl:
- P= || pij”[x] , TIE p; — BEPOSTHOCTh MIIM YACTOTA MOSBICHHUS YTPO3BI £; OTHOCHTENBHO 0OBEKTA 0;;
- 7Z= || z; "1 |+ TI€ Z; — MaTePUaIbHBIC PACXOJIBI, TpeOyeMble 1Tl pean3aui HeOOXOTUMBIX METO-
X,
JIOB ¥ CPEJICTB 00ecTeueHus 6e30MacHOCTH 00BEKTa 0; OT YTPO3BbI £;;
! ! r [V
-7Z'= HZUH1><J , TAe z; — 3aTParThl, TpeOyeMbIC JUIsl YCTPAHCHHS! TOCIICACTBHIT YIPO3BI #;, IPUYNHEH-
HOW OOBEKTY 0;;
- Q0= quH[ o The gy — MaTepHabHBIN yiIepd, HAHOCUMBIHM B pe3yJIbTaTe HapyIIeHNsT O€3011acHO-
X,
cTH 00BEKTA 0; YTPO30H 1;;
= X =
ik IxJxK

JICUCTBUE YTPO3BI £j, X = 0 — B IPOTHBHOM CITy4Jae.
Takum 00pa3oM, 3a/1a4a OINPE/ICIICHUs] ONTUMAIILHOM CTPYKTYPBI CUCTEMBI O0OeCIieueHus Oe3orac-

> THC Xjjk = 1, €CJTH 00BEKT 0; 3allIUIIACTCA C IIOMOIIBIO CPCACTBA 3alIUTHI /171; OT BO3-

HOCTH CBOIUTCS K HAXOKJCHHIO TAKHX Xy, i=L1, j=1J, k=1,K, xoTopple MUHIMH3HPOBAIN OBI
(hyHKIIHOHAT

I K
222 Py (2 + 7 + 4y ) xy — min @)

U YIOBJIETBOPSIIN YCIOBHUSIM:
1 J
4 .
22 (25+2) < Zws G

x.>1Li=11, 4)
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J
D> x;2Lk=1LK. (5)

Jj=1
OyHkuroHas (2) TOKa3bIBAaET CPEIHEB3BEIIEHHYIO BETMUNHY MaTepHUATbHBIX 3aTPaT Ha peaTn3alio
CPEICTB 3aIlWTHI U yIIepOa oT HapymeHus oezomacHocTh o0bekToB KM B 11eimom. Yemosue (3) orpa-
HUYHUBAET 00beM OOIIHUX 3aTpar (<Z,,,y), TPeOyeMbIX ISl peann3alii HeOOXOIUMBIX METOJIOB U CPENICTB
obecrieuenust nH(opmanmonHon 6e3omacHocT 00bekToB KU 1 i IMKBUIAIIMY TTOCTISICTBUIA yTPO3,
(4) noka3spIBaeT, 4TO Ka)Jiblii OOBEKT JIOJDKEH OBITH 3aIUINEH XOTS Obl OJJHUM METOJIOM WJIM CPEJICTBOM

3aIUTHL, a (5) — YTO KaX bl METOA JJOJKEH IPOTUBOCTOSTh KaK MUHUMYM OJTHON YTpo3e.

3akiaouenue

1. B pe3synbrare vccieoBaHUN MOJeNieil 1 METOIOB co3nanus ) (EeKTHBHOM crcTeMbl obecrnede-
HUS 0e30MMaCHOCTH ISl KPUTHYECKOH MH(GOPMAIIMOHHON CTPYKTYPHI OTpeAesieHa 3aBUCUMOCTh MEXITY
IIOTEPSIMU OT YIPO3 U CTOUMOCTBIO CaMOM cuUCTeMbl Oe3omacHocTH. BolsicHeHO, uTo pa3paboTka Bce-
o0beMITIOLIeH CUCTEMBI oOecredeHns1 0e30MacHOCTH, CTOMMOCTh KOTOPOH HAaMHOTO BBIILIE, YeM 00beM
BO3MOKHBIX TIOTEPH, HE BCeTra NpuemiiemMa (MCKIIoueHue — MHQOopMalnoHHast 0€3011acHOCTh B 00JacTH
HAIMOHAJLHOHN U TOCYAapCTBEHHOH 0€3011aCHOCTH).

2. [pennokeHa Takas cucTeMa odecrieueHns 0€30IacHOCTH, CTPYKTypa KOTOPOH SIBIISIETCS OTITH-
MaJbHOHM, OXBAThIBAET HEOOXOIMMBIE METOIBI M CPEACTBA oOecredeHus] 6e30MacHOCTH, HO CTOMMOCTh
€e He IIPEBbIIIAeT CyMMAapHbIH 00be€M BO3MOXKHBIX MOTEph. [lJIs 3TOro pelleHa 3ajada ONTUMHU3ALNY,
KOTOpas AaeT CPETHEB3BEIICHHYIO BEIMUNHY MaTepPHAIbHbBIX 3aTpar Ha pa3paboTKy U peaan3auuio Me-
TOIOB U CPEICTB CHCTEMBbI obecredeHns: 0€30MacHOCTH U yuiepba OoT HapyleHHs 0e30MacHOCTH CHC-
TeMbI B 1iesioM. [Ipu 3ToM 00beM 001X 3arpar, TpeOyeMbIX JIJIs pealin3aliid HeoOXOAMMBIX METOJIOB
U CpelCTB oOecriedueHusi MHPOPMAIIMOHHOW 0€30MacHOCTH 00BEKTOB KPUTHYECKOH MH(OPMAIMOHHON
CTPYKTYPBI U JUTSI TUKBUIAIIAH TTOCIIEACTBUN YTPO3, TOIDKEH OBITh OTPAaHUYEH CBEPXY, KaK/IbIH OOBEKT —
3alUILIEH, 0 KpaliHEed Mepe, OIHUM CPEICTBOM 3aIlMTHI, a KaKIbld METOJ| JOJDKEH MPOTHBOCTOSATH
X0Ts1 OBl OJJHOH yrpo3e.
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AHHOTaNHUs1. DKOJIOTHYECKHE KaTacTpoQbl, YMEHBILICHNE IIJIOIIA/IN JIECHBIX HACAXKICHNH, OJJOMAIIHUBAHUE TUKHX
JKMBOTHBIX, YIOTpeOJICHHE B MUIIY 3aPaYKEHHBIX JKMBOTHBIX, 3arpPS3HEHHUE BOJIbI M ITPOYKTOB MUTAHUS U UX KOM-
TTIOHEHTOB, 3KCIIEPUMEHTHI ¢ BUPYCaMH, NePUINTHI U Ie(PEKTHl IMMYHHOW CHCTEMBI y COBPEMEHHOTO YEI0BEKa
U IpyTUX MJIEKOIHMTAIONIMX CTAJIM TOJTYKOM K Pa3BHTHIO HOBBIX ONACHBIX M 0C000 omacHbIX BUpycoB. [lanme-
MUsI KOpOHABUPYCa, OTHECEHHOTO K KaTerOpUH OMACHBIX BUPYCOB, MPUBEJA K MOBBIIICHHIO BOCTPEOOBAHHOCTH
3HAHUH W HaBBIKOB BBIYMCIMTENILHOM OMOJIOTHH, SMHUIEMUOJIOTHH ¥ BUPYCOIOTHH B COBPEMEHHOM OOIIECTBE.
CyIIeCTBYIOIINE CEKBEHATOPHI CIIOCOOHBI TIPOU3BOAUTE OOJBIINE 00BEeMbl OMOMH(DOPMAIIMOHHBIX JaHHBIX, KOTO-
pble 0TOOPa)KalOTCsI B BUJIE TEHOMHBIX TEKCTOB. CpaBHUTEIbHBINA BBIYMCIUTENBHBIH aHAIN3 TaKOW MHpOpPMAIUU
HEOOXOANM IS BBIICHEHUSI BONPOCOB (DHIIOTeHEe3a, MyTAIHOHHOTO MPO(GHINPOBAHUS, MOJICKYIISIPHOI HBOITIOINH,
OIpEe/IeIIeHHsI BCTABOK JPYI'MX T'€HOMOB, aHHOTHPOBAHHUS PErMOHOB FEHOMOB, MTOUCKA MUIICHEH ISl pa3padoTKH
BakIMH U (hapMakoTepanuu. B cBsi3u ¢ 3TUM aBTOpaMH CTaThbU MPOBEACH BBIYMCIUTEIbHBIN SKCIIEPUMEHT CpaB-
HUTEJIBHOTO aHAN3a TEHOMHBIX TEKCTOB OEIOPYCCKHX 00pa3lioB KOPOHABUPYCA C PSAOM OTOOPAHHBIX MOJIHBIX
TEHOMOB OITaCHBIX U 0CO00 OMACHBIX BHPYCOB M KOPOHABUPYCOB PA3IMYHOTO IPOUCXOXKACHHS. AHAIN3 TaHHBIX
BBINOJTHEH KOMIIBIOTEPHOI nporpammoit YASS, renoMmuble TekcThI 3arpyxanu u3 GISAID, Taxske ObIT HCITOTB30-
BaH CaMOCTOSATENILHO pa3paboTaHHBIH KOHBEiiep 00pabOTKM TeHOMHBIX JaHHBIX HA OCHOBE OMOMH(pOPMAaNOHHON
taropmel Galaxy. B pesynbrare aHannsa JaHHBIX 0OHApPYKEHO 3HAYUTEIILHOE CXOICTBO HOBOTO KOPOHABUpYCa
C PEKOMOMHAHTHBIM KOPOHABHPYCOM, YACTHYHOE CXOJICTBO C BUPYCaMU CHHTETHUECKOTO KOPOHABHpYCa, KpacHy-
x#, D60ma 1976, OMMKHEBOCTOYHOTO pecnuparopHoro cuHapoma, BUU-2 (Bupyca mMMyHOIE(HUITNTA YeTIOBEKA),
BHpYyca UIMMyHoAe(hUIMTa 00e3bsH 1 Juxopaaku MapOypra.

KuroueBble ¢JI0Ba: KOPOHABUPYC, MaHAEMUs1, OnOMH(DOPMATHKA, CHCTEMBI METUIIMHCKOTO HA3HAYCHUST, TCHOMHUKA,
0c000 oracHbIe HH(EKITNH, MaTeMaTHIeCKOe MOJICTUPOBAHNE, IMMYHOHH(OpMaTHKa, TPOTHBOBUPYCHAS TePaIIHs.

Kondaukt uHTEpecoB. ABTOPHI 3asBIISAIOT 00 OTCYTCTBUHU KOH(INKTa HHTEPECOB.

Buaaronapuocts. PaboTa BeimonHeHa mpu noaaepxke bemopycckoro pecrybnrkanckoro poHaa GyHIaMEeHTATbHBIX
uccnenoBanuii B pamkax npoektos: 2 1MH-001 «Maremaruyeckoe MOAEIMPOBAHUE [IEPEAUN U PACTIPOCTPAHEHUS
COVID-19 wundexkuun Ha ocHOBe cucteM anpGepeHIraIbHbIX YpPaBHEHHH W aITOPUTMOB 0OpaOOTKH
JAHHBIX C MPUMEHEHHEM TEXHOJIOTWH MaImuHHOTO oOydeHus», I'P 20213518 ot 27.09.2021; M21COVID-026
«PeTpocneKTUBHBIM aHaNM3 KIMHUYECKOr0 M HMMYyHojoruudeckoro craryca rpynn COVID-19 nanuenTtoB
¢ comyTcTByrOIMM TyOepkyiezom n BUY-undeknmeit no ganueiMv PHIIL mympMoHOJIOTMH W (TH3HATPUA
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Abstract. Ecological disasters, wars in regions with microbiological weapons depots, deforestation, domestication
of wild animals, consumption of infected animals, contamination of water and food products and their compo-
nents, experiments with viruses, deficiencies and other defects of the immune system in modern humans and other
mammals became the impetus for the evolution of new dangerous and extremely dangerous viruses. Due to the
emergence of new dangerous viruses, the importance and demand for knowledge and skills of computational bi-
ology, epidemiology and virology in modern society have increased. Modern sequencers are capable of producing
large amounts of bioinformatic data that is represented in the form of genomic texts. Comparative computational
analysis of this information is necessary to clarify the issues of phylogenesis, mutational profiling, molecular evo-
lution, identification of insertions of other genomes, annotation of genome regions, search for targets for vaccine
development and pharmacotherapy. In this context, authors conducted a computational experiment of comparative
analysis of the genomic texts of Belarusian coronavirus samples against a number of selected complete genomes
of dangerous and extremely dangerous viruses and coronaviruses of various origins. Data analysis was performed
using the YASS, genomic texts were downloaded from the GISAID, the custom genomic data processing pipeline
based on the Galaxy bioinformatics platform was also applied. The article presents the results of an analysis of the
available scientific literature and the computational experiment comparing the genomic texts of Belarusian coro-
navirus samples with a number of selected complete genomes of dangerous and especially dangerous viruses and
coronaviruses of various origin. A significant similarity of the new coronavirus with the recombinant coronavirus,
as well as partial similarity with synthetic coronavirus, Rubella, Ebola 1976, HIV-2 (human immunodeficiency
virus), Middle East respiratory syndrome, simian immunodeficiency and Marburg fever viruses have been found.

Keywords: coronavirus, pandemic, bioinformatics, medical systems, genomics, especially dangerous infections,
mathematical modeling, immunoinformatics, antiviral therapy.
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BBenenue

[To mprumHe 3HAYNTENBHOM JETaTFHOCTH M BEICOKOTO YPOBHS OCIOKHEHUI HOBasi KOPOHABUPYCHAs
nHGEKIM IPOA0IIKAET OCTABAThCS AKTYaJIbHBIM OOBEKTOM AJISI U3YUYEHHUs C IIOMOILBIO COBPEMEHHBIX
METOJI0B MEANIMHCKONW KMOECPHETHKH M NPUKIAJHON MaTeMaTHK{ Ha CTHIKE Pa3iIM4YHBIX HAayK, B TOM
yucae Onodusuku, OMOMH(OPMATUKY M TEHOMHUKH, MEIMLMHCKOTO MPHUOOPOCTPOCHUS W HAYHYHOTO
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MPOrpaMMHPOBAHHKs, CHCTEMHOTO aHajn3a, BUPYCOJOTHH M MOJIEKYJISIPHOU 3MUaeMHOIOrHU. Bormpo-
CBI CTPYKTYPHOTO CXOJICTBA TEHOMHBIX TEKCTOB HOBOW KOPOHABHPYCHON MH(MEKIIUH MEXIy 00pasia-
MU-IITAMMaMH, TIOTyYSHHBIMU C OJTHO# reorpaduueckoi TeppUTOPUH, a TAKIKE € pehepeHCHBIMU (ITa-
JIOHHBIMH) OJTM3KPOICTBEHHBIMHI TEHOMAMH COOOIIAIOTCS M 00CYKIAIOTCS B CEPUH HETaBHUX HAYUHBIX
nyonukanui (tadm. 1, 2) [1-3].

Taéauua 1. ['eneTnueckas HISHTUYHOCTh HOBOTO IITaMMa KopoHasupyca SARS-CoV-2
¢ paznmuuabiMu Co V-mntamMmamu [2]
Table 1. Genetic identity of a new SARS-CoV-2 coronavirus strain with different CoV strains [2]

[tamm Bupyca / Virus strain E]?rizlgg;:r; Wnentnanocts, % / Identity, %
HCoV-229E 65,04
HCoV-NL63 “ 65,11
HCoV-HKU1 67,59
HCoV-0C43 68,93
MERS-CoV 69,58
SARS-CoV 82,45

bat-SL-CoVZC B 88,00
bat-SL-CoVZXC 88,00
SARS-HCoV Tor2 82,00
SARS-HCoV BJ0O1 82,00

SARSr-CoV; RaTG13 96,20

Taoauna 2. Marpuiia nporeHTHON HICHTUYHOCTH OCHOBHBIX OCIIKOB U JIOMEHOB
HOBOTO KOpoHaBupyca SARS-CoV-2 B cpaBHeHmn ¢ npyrumu 6eta-CoV [2]
Table 2. Percentage identity matrix for major proteins and domains
of the new SARS-CoV-2 coronavirus compared to other beta-CoV [2]

WnentnanocTs mramMmmoB, % / Identity of strains, %

SARS-CoV | MERS-CoV |HCoV-HKU1|HCoV-OC43

Benok, nomen / Protein, domain

IMporenn S (Spike, i) 97,71 32,79 30,50 31,26
[Ipotenn E (Envelope, kouBepT) 96,00 36,00 28,00 20,00
[Tporenn M (Membrane, MmemOpana) 89,59 39,27 35,29 38,74
ITpotenn N (Nucleocapsid, HykIeoKarcu) 85,41 48,47 34,28 35,20
Receptor (ACE-2) binding domain 74,41 18,75 24,44 22,83

(penienTop-CBA3BIBAIOIIHI JOMEH aHTHOTCH-
3uHnpespamaomiero Gpepmenra (AIID-2))

N-terminal domain (N-TepMUHAIBHBIN TOMCH ) 52,55 21,67 21,49 20,26

B psje crareit Takke u3nararoTcsi uieu 0 BO3MOXHBIX BcTaBkax B SARS-CoV-2 ocobo omacHbix
BHPYCOB, ()parMeHTOB I€HOMa YeJIOBEKA, PETPOBHPYCOB MMMYyHOAe(UINTA YeToBeKka U 00e3bsH [4].
be3ycrnoBHO, HHTEPECHBI TUTIOTE3BI O CTPYKTYPHOM TOA00MHU (MTOIpa3yMeBacTCsl Ha YPOBHE HYKJICU-
HOBBIX KACTIOT M aMHHOKHCIIOT) SARS-CoV-2 1 CHHTETHYECKUX W PEKOMOMHAHTHBIX BUPYCOB. boiee
TOTO, CYIIECTBYIOT TUTIOTE3HI O BKJIAJIE B TEHOM HOBOTO IMaTOr€HHOTO KOPOHABHPYCa U OaKTePHAIBHBIX
T€HOMOB, KaK OCHOBHBIX M HanOoJiee 3HAYUMBIX B IBOJIOI[MH COBPEMEHHBIX OIACHBIX JUIS YEIOBEKa
MUKpPOOpraHu3MoB. Takum 00pa3oM, LEIb0 HAyYHOTO UCCIICIOBAHMUS aBTOPOB CTAThH OBLIO IPOBEPUTH
BBIIICYKAa3aHHBIC TUIOTE3bI B CEPUU BBIYUCIUTEIBHBIX DKCICPUMEHTOB M MO JAaHHBIM COBPEMEHHOMN
HAay4YHOM JIUTEPATYpPHI.

MeTtoanka NMpoBeICHUA BLIYUCIUTEC/IBHOIO aHAJIU3A

BrrauciutensHbIN SKCIEPUMEHT O0CHOBBIBAJICS Ha UCTIOIB30BAHUN MTPOTPAMMHOTO cpeacTBa YASS
(Yet Another Sequence Similarity Search Software, eme ogHa mporpaMMa uIsi TIOMCKa CXOACTBA TIO-
CJICIOBATENILHOCTEH). DTO MPOrpaMMHOE CPEJCTBO MPEJCTABISICT COOON MHCTPYMEHT JUIS JIOKAJTBHO-
ro BeIpaBHUBaHMs/KapTupoBanus (alignment/mapping) AHK u PHK, ocHoBaunsblii Ha 3¢ dekTuBHOM

106



Dokrapy BGUIR
V.21, No 2 (2023)

Hoknagsl BI'VUP
T 21, Ne 2 (2023)

Y 9yBCTBHUTEIHHOM anropuTMme ¢uibTpanni. OH HaXOIUT HanOosee BepOSTHBIE KOHCEPBATUBHBIE MO-
TUBBI TIPY CPABHEHHH MEXKIY TOMOJOTHYHBIMHU TOCIEI0OBATEIIEHOCTSIMH, HCITONB3YS THOKUE KPUTEPUU
COBIAJICHUSI JIJIsl UACHTU(UKAIIUY TPYII 3aJaHHbIX cekBeHnmi [S]. BeG-unrepdeiic YASS Ha MOoMeHT
UCCIIeIOBaHUs ObUI JIOCTYIICH JUIs 3arpy3KH BXOJHBIX MocienoBareiabHocTell B hopmare FASTA, 3a-
[IPOCOB K MPOrpaMMe M BH3yaJIM3allUU IMOJYYCHHBIX PE3yJbTaTOB B HECKOJIBKHX (hopMax (TOUCUHBIN
rpaduK, TaOMMYHEIN BEIBOX U 1p.). B TaGIMIHOM BEIBO/IEC BRIPAaBHUBAHUS COPTHPYIOTCS B COOTBETCTBUHU
¢ UX 3HaueHHeM E-MeTpuKu U CBs3aHbl C UX TEKCTOBBIM INpeAcCTaBlIeHUEM. BoixonHble qaHHbIe YASS
TaK)Ke MOXKHO 3arpy3uTh B TEKCTOBOM (hopmare JiUIsl JaibHEUIIero ananu3a. ABTOHOMHAs BEPCHS J0-
CTYIHAa JJIs1 3arpy3KH ¢ BeO-cTpanuisl https://github.com/laurentnoe/yass [5].

Be6-cepeuc Genome detective [6, 7] mpumensiics Ui UISHTHUUKAIIMA MYyTallMOHHOTO MPOQUIIS
Y TOMOJIOTHYHOCTH Habopa 0enopyCcCKiX TeHOMHBIX ocienoBarensHocTet SARS-CoV-2 oTHOCHTENBHO
ATAJIOHHOTO KUTAWCKOTO ITaMMa, a TakyKe JUIA BBISBICHHUS HOBBIX HA MOMEHT HcCCleoBaHns B bemna-
pycHu mrTaMMoB OMUKpPOH. KpoMe Toro, mpuMeHsUICs CIieiallbHO pa3paboTaHHbI aBTOpaMH KOHBelep
aHaJIM3a TCHOMHBIX JaHHBIX, paHee OIyOJIMKOBaHHBIN B [§].

Pe3yJ'II)TaTbI I/ICCJ'[e)IOBaHHﬁ H UX oﬁcy)wlelme

B x071¢ BEIYMCIUTEIBHOTO SKCIIEPUMEHTA BBIIOJIHEH aHAIN3 MHOKECTBA TEHOMHBIX TEKCTOB, TONY-
YEHHBIX OT MAIMEeHTOB Ha Tepputopuu benapycu. Beun oToOpaHbl reHOMBI U3 00MIEAOCTYHON 0a3bl
nanHeix GISAID (Global initiative on sharing all influenza data — [oGanbHass nHUIIMATHBA 1O 00-
MeHy BceMU mAaHHBIMU O rpumme) (https://www.epicov.org/). Mcrons3oBaiu mporpaMMHOE obecrede-
aue YASS [5], Genome Detective [6, 7], nporpammubsie Moxyinu obmaqnoro cepuca Galaxy (https://
usegalaxy.eu/).

T'omonoruaHoOCTh OENOPYCCKUX 00pa3OB C OTACIBHO 0TOOPaHHBIMHU T€HOMaMy BUPYCOB IPE/ICTaB-
JieHa B TaOM. 3, a Tak)Ke MPHUBEJCHBI CTeHEPHPOBAHHBIC YKCTPEMYMBbI 0AJIIOB HICHTUYHOCTH U DHTPO-
UK, QU3UKO-MaTeMaTHUECKUil 0a3uc KOTOPBIX MPEJCTaBICH B JIOKYMECHTAIIMH W IyOIMKAIUAX TPO-
rpammHOro obecrieueHmnst YASS [5]. CpaBHeHHe Oemopycckux o0pasmnoB kopoHaBupyca SARS-CoV-2
C Pa3IUYHBIMU FCHOMAaMH C 0TOOpaKaHUEM Ha TUIOCKOCTH KOOPIUHAT TaK HA3bIBAEMBIMHU TOUCUHBIMHU
rpadpuxamu (dot plots) mpuBeneno Ha puc. 1-8, Tie TOpU30HTANbHBIC U BEPTUKAIBHBIC OCH MPEICTaB-
JSIFOT cO0OW MPSAMOYTONBHBIH MacCUB HYKJICOTHIOB CPaBHHMBAaeMbIX 00pa3loB. Pe3yibrarhl cxoicTBa
TeHOMOB U300paKeHBI B BUJIC TOUCK, TII€ 3€JICHbIE CETMEHTHI ITPE/ICTABIISIOT BRIpaBHUBAHUS ((akTudec-
KU COBIIAJICHHUS1) TIPSIMBIX TIPOYTEHHIA, & KPACHBIE COOTBETCTBYIOT BHIPABHUBAHUIO MEXK]Ty KOMIUIEMEH-
TapHBIMU POYTEHUSIMU OJTHOM MOCIEA0BATENBHOCTH U MPSIMBIMU MPOYTEHUSAMU APYTOi [5].

Tadmuna 3. [oMonorn4HoCTh O0eNOPYCCKUX 00pa3IOB C OTACIEHO OTOOPaHHBIMH T€HOMaMH BUPYCOB
13 IpyTUX CEMENCTB
Table 3. Comparison of the homology of Belarusian samples with separately selected viruses
of different origin and genera

I'enom Bupyca / Virus genome Baﬂﬁéﬁiﬁ;%q:ggifsxfizma/ Outpomust /Entropy
GomelSARS-CoV-2 MW674675.1 100919,00 5,78
SARS-CoV A4Y278488.2 74804,00 5,79
Recombinant CoV FJ211859.1 23018,00 5,66
Synthetic CoV OK560913.1 1584,00 5,54
Marburg OL702894.1 124,00 3,64
Rubella K7962862.1 114,00 4,01
Ebolal976 AF086833.2 108,00 3,92
MERS-CoV JX869059.2] 96,98 5,64
HIV-2 KU179861.1 90,00 3,46
SimianID MW815971.1 86,00 3,51

Ipumeuanue — JlanHbie OTyYEHBI B pe3ynbrare skcrepumenToB (ID = Immunodeficiency).
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Puc. 1. CpaBHenue Oenopycckux o0pasios kopoHaBupyca SARS-CoV-2
U reHOMa peKOMOMHAHTHOTO KOPOHABHpPYca
Fig. 1. Comparison of Belarusian samples of SARS-CoV-2 coronavirus
and the genome of recombinant coronavirus

5000

10000

115000

20000

25000

5000

10000

15000

20000

25000

Puc. 2. CpasHenue Oenopycckux oopasios kopoHasupyca SARS-CoV-2 u reroma MERS
Fig. 2. Comparison of Belarusian samples of the SARS-CoV-2 coronavirus and the MERS genome

200

400

T
600

T
800

1000

uploaded.Dec_9.2621_208_087_89_.55931727.1

T
1200

Puc. 3. CpaBHenue Oenopycckux obpasnos kopoHaBupyca SARS-CoV-2

u reHoma Simian immunodeficiency virus (Bupyca IMMyHOE(HUITITA 00C3bSTH)
Fig. 3. Comparison of Belarusian samples of the SARS-CoV-2 coronavirus
and the genome Simian immunodeficiency virus (monkey immunodeficiency virus)

1400

Toueunsle rpauky CpaBHUBAIOT ABE MOCJIEAOBATEIILHOCTH ITyTEM OpraHU3alMK OHON ITOCIIeI0Ba-
TEJILHOCTH 110 ocH X, a Apyroii — o ocu Y. Koraa ¢pparmMenTsl 00erx mocie0BaTelbHOCTEH COBIAAaloT
B OJIHOM U TOM K€ MeCTe Ha rpaduke, B COOTBETCTBYIOIIEM MeCTe pucyeTcs Touka. [locienoBarensHo-
CTH MOTYT OBITh 3alMCaHbl Ha3aJ WK BIIEPE], OJHAKO MOCIEIOBATEILHOCTH Ha 00EUX OCSAX JOJKHBI
ObIThH 3allMCaHbl B OZIHOM HallpasjieHuu. HamnpasieHue nociaeoBaTebHOCTEN Ha OCSIX ONpeelisieT Ha-
IIpaBJICHUE JIMHUU HAa TOYEUHON uarpaMMme. bin30CTh MOCIe10BaTEIEHOCTEN IO CXOCTBY OIPEIEIISET,
HACKOJIbKO OJIM3Ka JuaroHajibHas JUHUS K TpaduKy, MOKa3bIBAIOIIEMY KPHBYIO, JEMOHCTPHUPYIOLIYIO
IpsSAMyIO CBsi3b. Ha 9Ty B3aMMOCBSI3b BIMSIIOT ONPEACICHHBIE 0COOCHHOCTH MOCIIEI0BATENLHOCTH, Ta-
KM€ KaK CIBUT KaJJpOB (paMKH CUUTHIBAHUS ), IPSMbIE TOBTOPHI U HHBEPTUPOBAHHbBIE MTOBTOPHI. CIBUTH

Kaapa BKJIIOYAarOT BCTaBKU, JACJICIIUN U MyTalluu.
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Puc. 4. CpaBHenue Oenopycckux o0pasio kopoHasupyca SARS-CoV-2
n reHoma SARS-CoV (BbIsBI€HA HAUOOIBINAS CXOKECTh
10 CPABHEHHIO CO BCEMH JIPYTUMHU HEOETOPYCCKUMH 00pa3LiaMi BUPYCOB)
Fig. 4. Comparison of Belarusian samples of SARS-CoV-2 coronavirus
and the SARS-CoV genome (the greatest similarity was revealed compared
to all other non-Belarusian virus samples)
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Puc. 5. CpaBHEeHHE OHOTO U3 TIOCICTHIX
MIPOCEKBEHUPOBAHHBIX TCHOMOB
CO CCBUIOYHBIM FEHOMOM-3TaJIOHOM
Fig. 5. Comparison of one of the latest
sequenced genomes with a reference genome

|_hcov-19_2021_05_31_10

_gisaid,

First_Belarus.

1
Last_human_belarus_COVID_gisaid_hcov-19_2021_05_31_10

Puc. 6. CpaBHEHHE TIEPBOTO U MTOCIIEIHETO
MIPOCEKBEHUPOBAHHBIX OEIOPYCCKUX TEHOMOB
SARS-CoV-2 mexay coboit
Fig. 6. Comparison between the first and the last
sequenced Belarusian SARS-CoV-2 genomes

[To pe3ynpraraM BBIUHCIUTEIBHOTO IKCIIEPUMEHTA BBISBICHBI 3HAUNTENIbHASI TOMOJIOTMYHOCTh HO-
BOTO KOPOHABHpPYyCa C PEKOMOMHAHTHBIM KOPOHABUPYCOM, YACTUYHOE CXOJCTBO C BUPyCaMH CHHTETH-
9eCKOTO KOpOoHaBHpyca, MapOypra, kpacHyxu, J6oma 1976, BUY-2, Bupyca nMMmyHOnepHuInTa o0e3bsIH.
Bbenopycckue BUpYChI OKa3aducCh NPEAEIbHO WACHTHUYHBIMHU H30JSTY M3 METarecHoMa, IOJyYeHHOTO
B ['omene (nanubiMu nonenuics E. B. Boponaes, 2021 [9]), u cTpyKTypHO caMONIOAOOHBIMH, YTO O3HA-
4aeT UX BBICOKYIO (Ooinee 98 %) CTpYKTYpHYIO TOMOJIOTHIO Ha JAHHOU reorpaduuecKoil TEppUTOPHH.

[To naHHBIM COBpEMEHHOW HayYHOW JINTEPATYPhl, pe3yIbTaThl CPAaBHUTEIHLHOIO TEHOMHOTO aHaJIn3a
SARS-CoV-2 u SARS-CoV BbIABIIN Upe3BbIUAHO BHICOKYIO TOMOJIOTHIO MEXKIY ABYMS IITaMMaMH

Ha YPOBHE HYKIJICOTH/IOB.
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Puc. 7. CpaBHenne 6enopycckux obpasios kopoHasupyca SARS-CoV-2 u reroma BUY-2
Fig. 7. Comparison of Belarusian samples of SARS-CoV-2 coronavirus and HIV-2 genome
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Puc. 8. CpaBnenue 6enopycckux o0pasnos koponasupyca SARS-CoV-2 u renoma Bupyca J6o0ma 1976
Fig. 8. Comparison of Belarusian samples of SARS-CoV-2 coronavirus and the 1976 Ebola virus genome

Tem HEe MeHEe TEHOMBI ITHUX JBYX INTAMMOB OTJIMYAIOTCS APYT OT Apyra B HECKOIBKUX PETHOHAX.
[HunoBuassni reH SARS-CoV-2 neMoHCTpupyeT OOJIBIITYI0 TOMOJIOTHIO C TEHOMaMH KOPOHABHPYCOB JIe-
TY4HX MBIIIEH, TOT/Ia KaK JiBa JIOTIONHUTENbHBIX TeHa 3A u 8B obmagaror romonorueii ¢ SARS-CoV. I1po-
TeoMHBIN aHanu3 cxoncTBa SARS-CoV n SARS-CoV-2 noka3zail, 4to OOJBIIMHCTBO OEJIKOB B BBICOKOM
crerienn (95-100 %) romonornynsl. [Ipoteasst RARp u 3CLpro umeror 6onee 95 % cxoxcTBa moce-
JIOBATEIILHOCTEH, XOTS Ha ypOBHE T'€HOMA JTH JIBa IITaMMa CXOIHBI TOIbKO Ha 82 %. [lepeunciennnie
JTIOKA3aTEeIbCTBA MIPEIITOJIATal0OT OOIIYIO YBOTIONMOHHYIO HCTOPHIO 000MX BUPYCHBIX IITaMMOB. OTHAKO
SARS-CoV-2 o6nanaet nyms 6enkamu (ORF8 u ORF10), koTOpble HE IMEIOT TOMOJIOTHH CO IITaM-
moM SARS-CoV. Koncepsarususie nocneaoparenbHoctu ORF8 nist SARS-CoV omnuuarores ot amu-
HOKUCTOTHOM nocnenoBarenbHocT ORFS, momyuennoii pist SARS-CoV-2 [5].

Psin uccnenoBanmii npeanonararoT TecHyo cBsizb Mex1y SARS-CoV-2 u SARS-CoV ¢ Bo30yaute-
nem SARS y neryuux mpimeit CoV. AHaNU3 cTpyKTypHO-QYHKIIHOHAIBHBIX pa3innauid Mexay SARS-
CoV-2 u SARS-CoV MoxkeT OBITh MOJIE3HBIM BBUIY BBISIBICHHUS OTICIHHBIX aAMHHOKHCIIOTHBIX 3aMEH
B ompezieNieHHbIX Oenkax. Beero oOHapyskeHo 380 amuHOKHCIOTHBIX 3aMeH Y SARS-CoV-2 mipu cpas-
Heranu ¢ SARS-CoV. Obomnouka, Marpukc Win BcoMoraresabHble Oenku p6 u 8b, nsp7 u nspl3 He BbI-
SIBUJIM U3MCHEHUH aMHUHOKUCIIOTHOM TIOCTIEIOBATEIBHOCTH. B HecTpyKTypHBIX Oesikax nsp2 u nsp3 00-
Hapy)keHa OJMHOYHAs aMUHOKHCIIOTHas 3aMeHa B nososkeHuu 61 u 102 coorBercTBeHHO. Kpome Toro,
B IIUTOBUIHOM Oelike ObUIO 0OHapy»eHo 27 aMHHOKHCIOTHBIX 3aMeH JUIMHOW 1273 aMUHOKHMCIIOT,
B TOM YHCJIe aMIHOKHUCIIOTHBIN perroH 357528 B RBD (perentop-CBsI3pIBaroeM JOMEHE) C IIIECTHIO 3a-
MEHaMH, U ellle IeCTh 3aMeH B aMHHOKHCIIOTHOM 00mactu 569-655 B ocHoBHOM cyonomene (SD). Kpo-
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Me Toro, B C-koHue JoMeHa S1 peLenTop-cBa3bIBaoNie cyObeANHUIBI OOHAPY KU YEThIPE 3aMEHbI
(Q560L, S570A, F572T u S575A). Penientop-CBs3bIBarOIINE MOTHBBI, B3aUMOJICHCTBYOIINE C YEIOBe-
yeckuM AIID-2 penentopoM (aHTMOTEH3WH MpeBpaaromero GpepMeHTa), Okazaauch TOYHO TOMOJIO-
ruyHbl pparmenty reHoma mramma SARS-CoV-2 npakrndecku 6e3 OTIUYW B BU/IC aMUHOKHCIIOTHBIX
3ameH. 1o mHEHHIO aBTOPOB [2], M3-3a orpanmdeHHbIX 3HaHUH 0 SARS-CoV-2 pazymHbie 00BsICHEHUS
9TUX aMHUHOKHUCJIOTHBIX 3aMEH I10Ka HEM3BECTHBI.

[Ipsimoe 300H03HO€ npoucxoxkaeHue SARS-CoV-2 ne ycranoiaeHo. OgHaKo TEOPETUUECKUE CPaB-
HUTEJIbHBIE MCCIIEIOBAHNS TEHETHYECKUX MOCIIEI0BATEILHOCTEN KOMIIEKCA KOPOHABUPYCOB BBISBHIIN
BBICOKOE CPOJICTBO 3TOro BUpyca ¢ Bo3Oymurenem SARS kuraiickux neryunx mbimeil (SARSr-CoV,
RaTG13), nockonbky oH Ha 96,2 % nMMeeT ¢ HUM FeHeTHYeCKyIo ToMosioruto. HecMoTpst Ha BBICOKHI
YPOBEHb T€HETHYECKOTO cxoyicTBa HOBOro Bupyca SARS-CoV-2 mo cpaBHEHHIO C IpyrMMH MITaMMa-
mu CoV, obHapykeHo, 9To reHoM SARS-CoV-2 comepkuT HECKOIBKO OTIHIUTEIEHBIX XapaKTePUCTHK,
TaKMX Kak MyTaluu B obmactu S1-S2 pernentop-cBA3bIBaOLIETO JIOMEHa MHOTOOCHOBHOTO (ypHHa
(caiiT pacmenyienus Gpypuna, furin cleavage sites) u 0-cBs3aHHbIC [TIMKAHBL. PerHoHbI OTIMYMS pa3any-
HBIX [ITAMMOB KOPOHaBUpPYyCa MMEIOT 3HAYCHHE [UIs pa3paOOTKH JEKapCTB, MOCKOJIBKY 3TH T€HOMHBIE
BapualMd MOTYT OBITh NMPUYMHON TMOBBIIICHHON 3apa3HOCTH W TsDKeCTH 3aboneBanusi. Takum oOpa-
30M, TIepenpoUINPOBAHNE JICKAPCTB/BAKIIMH B HACTOSIIIEE BPEMSI SIBJSIETCSl aKTyaIbHOM 00JIaCThIO MC-
CJIEZIOBAaHUI. YUEHbIE CTPEMATCS] MCIIOJIB30BATh IOCIEAOBATEIbHOCTH HYKJICOTHIOB M aMUHOKHCIOT
AHTUTCHOB-MHILICHEH paHee M3BECTHBIX LITAMMOB KOPOHABHpYCa, YTOOBI pa3paboTaTh BaKLUHY U Jie-
KapcTBEHHbIE cpeacTBa Ui HoBoro mramMMa SARS-CoV-2. I'muxonporenH S (cmaiik, mum) oTBedaeT
3a OTMOCPEAOBAHUE MTPOHMKHOBEHHUS! BHPYCa B KJIETKH YelIOBEKa M TaKMM 00pa3oM OMpenesisieT BHPYC-
HYIO 3apa3HOCTh U BO3MOYKHOCTH PaclpOCTpaHEHUs CPEH pa3IMYHbIX MiIeKoruTaonmx. OrpaHndeHue
€ro paclieryieHus] 1 MaHUITYJSIN ¢ dKerpeccueit pereniropa AIID-2 moryt crarh 3ddexTrBHO Tepa-
rmelt. boee Toro, S-0emok sBIIsIETCS HanOoJIee MOTEHITHATBLHBIM aHTUTCHHBIM CAUTOM-MHUIIEHBIO [2].

3aK/IIoueHue

1. /laHHBIC BBIYUCIUTEIBHBIX IKCIIEPUMEHTOB M HAy4YHBIX Pa0OT CBUIECTEIBCTBYIOT O TOM, YTO HO-
BBIIl KOPOHABUPYC TOMOJIOTHYEH JIPYyTUM KOpoHaBuUpycam, ocodeHHo SARS-CoV u pexomOWHaHTHO-
My KOPOHABHUPYCY, U UMEET BCTaBKH MOJIEKYJISIPHBIX MOTHBOB U3 TEHOMOB OIACHBIX U 0CO00 OMacHBIX
BHPYCOB: UMMYyHOAe(hUIMTa 00€3bsIH U YeJoBeka, J0omna, Ipyrux MUKpOOpraHu3MoB. [Ipoucxoxmie-
HHE TaKOTO CTPYKTYPHOTO aHCaMOIsl Mo-IpekHEeMY Heu3BecTHO. HeoOxoaumMo nasibpHeiIee u3ydeHne
(aHHOTHpOBaHUE, PACTIO3HABAHNE CTPYKTYPHOTO COCTaBa U MOTEHIIMATBHBIX (PYHKIIUH, COTTOCTABIICHNE
C JPYTMMH MacCUBaMH JaHHBIX ) BCTABOK T€HOMOB OIIACHBIX U 0CO00 ONMACHBIX BUPYCOB VIS BBIICHEHUS
MIPOMCXOXKACHUS X IPUPObI KOPOHABUPYCHOM MaHIEMHUHU U pa3paOdOTKH CTPATETHi U TEXHOJIOTHH Ipo-
TUBOCTOSIHHSI BUPYCHBIM SIIUIEMUSIM.

2. llpeamer u3ydeHus HASHTUYHOCTH U TOMOJIOTMYHOCTH TeHOMHBIX TeKCTOB SARS-CoV-2 nomken
CTaTh TEMOM OT/JEIBHOTO HAyYHOTO MPOEKTa U OCHOBAaHHEM I pa3pabOoTKH HOBBIX METOAMK U aJro-
PUTMOB aHaJIN3a OMONH(POPMAITMIOHHBIX JTaHHbBIX.

3. @yHKIMK OPOrpaMMHOIo odecredeHus, apoOuPOBAHHOTO B PACCMOTPEHHOM BBIYMCIMTEIbHOM
IKCIIEPUMEHTE, MOXKHO HCIIOJIb30BaTh B pa3padarbiBaeMoil aBTOpaMM aBTOMAaTH3UPOBAHHON CHUCTEME
aHann3a OMOMH(OPMAIIMOHHBIX TaHHBIX TEHOMHOM MTPUPOJIBL.
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Abstract. The article presents an approach, methodology, the software system based on a machine learning tech-
nologies for convolutional neural network and its use for voice (cough) recognition. Tasks of article are receiving
evaluating a voice detection system with deep learning, the use of a convolutional neural network and Python
language for patients with cough. The convolutional neural network has been developed, trained and tested using
various datasets and Python libraries. Unlike the existing modern works related to this area, proposed system was
evaluated using a real set of environmental sound data, and not only on filtered or separated voice audio tracks.
The final compiled model showed a relatively high average accuracy of 85.37 %. Thus, the system is able to detect
the sound of a voice in a crowded public place, and there is no need for a sound separation phase for pre-proces-
sing, as other modern systems require. Several volunteers recorded their voice sounds using microphones of their
smartphones, and it was guaranteed that they would test their voices in public places to make noise, in addition
to some audio files that were uploaded online. The results showed an average recognition accuracy — of 85.37 %,
a minimum accuracy — of 78.8 % and a record — 0f 91.9 %.

Keywords: voice detection, convolution neural network, machine learning-based dataset, audio files.
Conflict of interests. The authors declare no conflict of interest.

For citation. Vishniakou U. A., Shaya B. H. (2023) Voice Detection Using Convolutional Neural Network.
Doklady BGUIR. 21 (2), 114-120. http://dx.doi.org/10.35596/1729-7648-2023-21-2-114-120.

PACITO3HABAHHUE I'OJIOCA
C UCITOJIB30BAHUEM CBEPTOYHOM HEMPOHHOM CETHU

B. A. BUILLIHAKOB, b. X. A

Benopycckuii eocydapecmeennvlil yHugepcumen uH@GOPMAmuKu u paouod1eKmpoHUKU
(2. Munck, Pecnybnuxa benapycsy)

Tocmynuna 6 pedaxkyuio 24.08.2022

AnHoTtauus. [IpencraBieHsl M0aX0/, METOIOIOTHS, IPOrpaMMHasi CUCTeMa, OCHOBAHHbIE Ha CBEPTOYHON HEWM-
POHHO ceTH, [T pacIio3HaBAHMUS ToJloca (Kallisi) B YCIOBUSIX 3alTyMICHHOCTH C MCIIONB30BAHUEM TEXHOIOTHI
MalMHHOTrO 00yueHus. Pa3paborana u oljeHeHa cucTeMa paclo3HaBaHMs Kalllls Ha OCHOBE MAaIlIMHHOTO o0yde-
HUSI, UCTTOJIb30BaHUs CBEPTOYHON HEHPOHHOU ceTH U OMOIMoTeK si3bika Python. CBEprounas HeHpoHHAas ceTh MPo-
TECTHPOBaHA C TIOMOIIBIO Pa3IMYHBIX HAOOPOB JaHHBIX U OMONMHOTEK. B oTiH4me OT CymecTBYIOMUX COBPEMEH-
HBIX Pa0OT B 3TOM 00JIACTH MPEIIOKEHHAS CUCTEMa OIICHUBAIACh C IPUMCHCHHUEM PEabHOrO Habopa 3BYKOBBIX
JIAHHBIX OKPYIKAIOIIEH Cpe/ibl,  HE TOJBKO OT(HHIBTPOBAHHBIX WIIM Pa3/ICICHHBIX 3BYKOBBIX [TapaMETPOB roJioca.
OxoHYaTeTbHasT CKOMITMJIHPOBAHHAST MOJICITh TIOKa3aja OTHOCHTEIFHO BBICOKYIO CPEIHIOI0 TOYHOCTE — 85,37 %.
[Ipennaraemas cucrema cocoOHa pacro3HaBaTh 3ByK rojioca B MHOTOJIOJHOM OOIIECTBEHHOM MECTE, M HET He-
o6xoauMocTH B (hase paszieseHus 3ByKa JUlsl MPeABapUTeIbHOM 00paboTKH, KaK B Ipyrux cucremMax. Heckosibko
TOOPOBOJBIIEB 3AITMCAIH 3BYKH CBOETO TOJIOCA C TIOMOMIBI0 CMapT(OHOB. 3aTeM OHH MPOTECTUPOBAIH CBOH TO-
JI0ca B OOIIECTBEHHBIX MECTaX Ha MPEIMET IIyMa B IOMOIHCHHE K HEKOTOPhIM ayauogaiiiam, KoTopbie ObUIH 3a-
Tpy’KeHbI OHJIAMH. Pe3yapTaThl MOKa3ailu CPEIHIOI0 TOYHOCTh pacno3HaBaHms — 85,37 %, MuanMansHyo — 78,8 %
u pexopaHyo — 91,9 %.
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KiioueBblie ¢J10Ba: pacro3HaBaHKE rojoca, CBEPTOUHAs HEHPOHHAsI CeTh, HAOOP JAHHBIX HA OCHOBE MAIIMHHOTO
o0yueHus1, ayJHo(anib.

KonpaukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(JIMKTA HHTEPECOB

Jast uuTupoBanus. BumiHskos, B. A. Pacnio3HaBanue roiioca ¢ HCMOIb30BaHHEM CBEPTOUHON HEUPOHHOM ceTH /
B. A. Bumnskos, b. X. Ilaiist / Joxnanet BI'YWP. 2023. T. 21, Ne 2. C. 114-120. http://dx.doi.org/10.35596/1729-
7648-2023-21-2-114-120.

Introduction

The integration of information technology into the healthcare domain was a point of interest, as well
a sensitive domain in which people lives are involved. However, technology gave us a great advance
in detecting, diagnosing, and treating diseases, as well as speeding and facilitating the huge work
of people working in this domain. Patient monitoring tools, scanning tools (X-ray, MRI, etc.), electronic
tools, are all examples of the advantages of this interference. But what seems interesting, and according
to a study would experience, is automating the healthcare domain, by making early detection, accurate
diagnosis, choosing the medicine, or sharing in surgeries [1].

There is published a study on the deadliest diseases in July 2019, and lower respiratory infections
come in the third rank, which affect lungs and airways related infection. Lower respiratory infections are
considered contagious such as influenza, pneumonia, bronchitis, and tuberculosis in addition to the new
virus COVID-19 which affected the whole world. Early detection of such diseases can prevent the spread
in a society and help in controlling the infections besides treating them. All the aforementioned disea-
ses share coughing as a common symptom, yet, cough sound is unique for each one of these diseases
and diagnosis of the infection can be done from listening to the cough sound.

COVID-19 was a motivation for researchers to involve machine learning, deep learning, and arti-
ficial intelligence in detecting infections to stop its high speed spreading around all regions, inspired
by others, cough detection was also a point of interest for many researchers before COVID-19 pande-
mic. In article [2] it is stated that 93 papers related to cough detection and classification were found bet-
ween 2012 and 2021 which indicates the huge interest of researchers in this domain and the benefits that
comes from the detection of cough sound or the type of cough. Their survey is also focused on the me-
thod that are used to classify cough sounds and the obtained results of different approaches. Artifi-
cial neural networks, convolutional neural networks, k-Nearest Neighbor, and Deep neural network are
an example of the methods used in the approaches either to detect coughing or to diagnose cough.

Task statement

Respiratory diseases are known as a common cause for death around the world. “The Global Impact
of Respiratory Disease”, a report published by the Forum of International Respiratory Societies, shows
very concerning numbers and statistics of deaths and infections caused by the respiratory and lung
diseases. Around 3 million people die each year from chronic obstructive pulmonary disease (COPD)
only, and asthma affects more than 334 million people, especially children, adding to them acute lo-
wer respiratory tract infections that take the third rank in death causalities, not to mention tuberculo-
sis that has 1.4 million died, as well lung cancer the causes death of more than 1.6 million annually.
All the aforementioned respiratory diseases share more than one symptom; cough is one of the mutual
symptoms and an illness can be diagnosed by the cough sound.

Cough is divided into two types, acute that happens suddenly because of flu or cold, and chronic
which is more serious and lasts for months. Medics depend on their diagnosis on the sound of a cough
when it is related to respiratory infections, because cough sound is unique for every disease, therefore
detecting the sound can prevent complications and the spread of the illness. According to what men-
tioned above from the serious danger of respiratory diseases and the first diagnosis step it is important
to find a solution that can detect cough sound among other sounds to control the infections especially
in crowded places such as train stations, airports, libraries, universities, etc. Thus taking the advantage
of artificial intelligence seems to be important to detect cough sounds in an accurate and fast manner
by using machine learning technologies.

Manual detection of cough sound seems to be easy when it happens in a clinic, however when infec-
ted people don’t realize their diseases or they don’t care about other’s health, they could travel in planes,
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trains or share restaurants or libraries with others. So the need raises for automated cough detection
in a crowd of people. The main objective of this work is to develop a well-trained machine learning
model that will be able to distinguish cough sounds from many other environmental sounds, for the sake
of slowing or preventing the spread of the respiratory diseases in public environments.

The first step for implementing a machine learning model is selecting the dataset in order to select
the suitable method accordingly. The used dataset was Environmental sound classification (ESC) a pub-
lic dataset that is labeled according to the sound type. This dataset includes cough sounds in addition
to many others in the form of WAV. The model (neural network) was built and trained on this data set.
Python programming language was used to generate this model with the help of deep learning and data
science libraries as “Numpy” and “Keras”. The results of the model study showed an improvement
in performance after training and testing, recognition increased from 72 to 85 %.

Design of system for cough detection

The proposed system is designed to make classifications and detect cough sounds. There are four
main stages after selecting the sound classification dataset (Fig. 1). The first stage is extracting the fea-
tures from audio files such as the MFFCs, Chromagram, Mel-spectrogram, Spectral contrast, and Tonal
centroid features. The second stage is labeling stage, here we categorize the sound samples into cough
and non-cough, then we feed the inputs into the convolutional neural network (CNN). Next, we reach
the training stage and record the results until we reach the optimal parameters according to the best re-
sults (changing epoch number, learning rate, etc.). The final stage, after generating the model, is to con-
duct several tests on recorded sounds from volunteers.

ESC-50 Feature Generating Testing &
Extraction » Model > Evaluation

Fig. 1. Proposed system architecture

In general, a dataset is a matrix or database that contains rows and columns that defines a unit,
or an object to be analyzed by computers. Columns defines the features or patterns of the object and each
row represent a unique entity. Sounds can’t be represented in a dataset directly since there are features
to be extracted and represented numerically in order to analyze and process them. However, public
sound classification datasets come in the form of audio files (WAV, MP3), and its features are extracted
manually to meet data scientists and researchers requirements. Environmental sound classification
dataset is a collection of 2000 sound files that represent 50 types of environmental sounds. ESC-50 was
published in 2015 and used in many publications and systems. Sounds included in ESC have limited back-
ground noise since they were in the foreground. The dataset contains animal sounds, natural soundscapes
and water sounds, human sounds (non-speech), urban noises, internal sounds. When the data was collec-
ted and processed the duration was fixed to 5 s for each audio event where some of them were initially
less than the fixed time, they got padded with silence. The sampling frequency was unified to 44.1 KHz
as well as the Ogg Vorbis compression set at 192 Kbit/s. More than 50 proposals and approaches using
machine learning and signal processing are evaluated and tested on the ESC-50 [4-6]. ESC-50 was
used for this research and downloaded from Kaggle website for data scientists that contains more than
50 000 datasets in addition to more than 400 000 public notebooks. Users can access Kaggle using their
Google accounts to work in the cloud space offered to them.

Processing of sound in system

The first step before generating DL model, is — preprocessing. The dataset should be cleaned from
noise, empty rows, and redundancy, in addition feature extraction methods are important to be done
in order to get the important features. Since this dataset is an audio dataset, we used Librosa library
to extract the features we mentioned before using functions included in the library. The code is designed
to read files that are in *. WAV or *.OGG formats, from a specific folder, then enumerate every sound
file and extract its features (STFT, MFCC, Mel-spectrogram, Chroma, Spectral contrast, and Tonnetz),
and finally parse them in an array using NumPy.
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Here are the functions used from the Libfor library. The first function extracted feature(), used
to extract characteristics, returns the average value of each of them as a floating-point number. The
function parse_audio_files() is used to read audio files from a specific directory and extract the features
for every audio file in .\WAV or .OGG formats and stack the results in an array. After extracting features
(function get ext features), a user can get the features for any audio file, that was extracted before.
Hickle library was used to save the extracted features in order to save time and to use the saved features
every time we need them. So, using dump function to save the features in data format (*.HKL) and load
function to get them from the directory.

Construction of convolutional neural network system

After extracting the features from audio files and saving them, the CNN now is ready to be fed from
the built dataset. The architecture of the CNN is as follows (Fig. 2).

1. The input layer that has the parameter input shape 193.1 referred to the number of features within
the dataset. The input layer is convolutional 1-dimension layer with 64 filters and a window (kernel)
of size 3. Using the activation function ReLU (Rectified Linear Activation Function), which is a linear
function to set negative inputs to zero, whereas positive ones remains the same. And it became the default
function for it easiness and high performance results obtained for models using it in neural networks.

2. Two convolutional 1-D layers are implemented after the input layer with 64 filters and kernel
of size 3 using ReL.U as the activation function.

3. The following layer is the max pooling layer used to down sample the input, and it is used with
pool size 3 where the output result will be the input shape (193.1) subtracted from the pool size and ad-
ded to 1 then divided by the number of strides which default is 1.

4. Two convolution layers with the same activation function are added with 128 filters and kernel
of size 3.

5. As a replacement of the fully connected layer, global average pooling layer is added to the CNN,
since using the fully connected layer could result in an over-fitted model. Global average pooling layer
will generate one feature map related to each category in cough detection system and create a bridge
between the previous convolutions and the normal neural network.

6. To prevent over fitting regularization methods are implemented before training the neural net-
work. One method for regularization is to dropout the contribute in reducing interdependent learning
between the neurons. During the training phase within every iteration and hidden layer the model will
ignore a random fraction of nodes (in our case it is 1/2).

7. Finally, the dense layer, which is the deep neural network that is each neuron is connected to all
previous neurons. The dense layer will output finally the results according to the number of classes found
in the dataset which are in our case early 49. The activation function used in this network is Softmax which
is a probabilistic function that turns vector of numbers to one of the probabilities. The values obtained
for each class from the 49 classes will be normalized to 1 using the Softmax activation function.

Convolutional Layers Pooling Layer Convolutional Layers ~ Global Average Pooling  Neural Network
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Chroma, l Sl Output 49
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=
O 00

iD =
vector =

Poolsize3

(193,1) 64 filters 128filters
Kernel 3 Kernel 3

Fig. 2. Architecture of the convolutional neural network
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Keras library offers training and testing functions for the given dataset. Some parameters need to be set
for the neural network to get the highest performance results. The function “train” accepts the following
parameters: features, labels, type, number of classes, epochs, and optimizer. Neural network adjusts
its weights according to the results obtained after each iteration using different algorithms known as op-
timizers which implies calculations on the difference between the results. The implemented network
uses the stochastic gradient decent or SGD as the optimizer for its simplicity that calculates the gradi-
ent of the network loss function. An initial learning rate for this system was 0.1 with momentum 0.9.
The features are those saved using Hickle and the labels as well. The number of epochs usually needs to
be changed to get the best results, and we increased the number of epochs from 300 to 500, 750, 1200,
and finally 1500. After training stage ended up, the model was saved in *.h5 format, that was used for
predicting new sound files. For prediction some sounds were tested and classified using the “predict”
function in addition to some recorded cough sounds from volunteers. Prediction method was implemen-
ted using a loop to iterate several sound files and output the detected result accuracy for the top three
classes that got the highest results.

STFT, MFCC, Mel-Spectrogram, Chromagram, Tonnetz, and Spectral contrast were the features
and feature extraction methods applied to get a numerical array in order to compute the DL algorithm.
193 features as total were extracted using Librosa from all the above mentioned methods and resulted
in a data-frame that contained 1977 rows and 193 columns from all the input data.

Since we are using the CNN that takes features from images these features were also displayed
as images, yet, we take a cough sound as an example for demonstration to show the features as 2D ima-
ges in Fig. 3. On it the X-axis represents the time for the voice recorded in seconds and the Y-axis
represents frequency (the first image at the left), the second image is the MFCC where the Y-axis repre-
sents the Cepstral coefficients, the third image shows the Chromagram in terms of frequency and time,
and the last images represent the Tonnetz and the Spectral contrast.
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Fig. 3. 2D images representing audio features

The results obtained from the training stage varied according to the number of epoch parame-
ters that were manually altered till the results showed no improvement. As the number of epochs was
300, it is obvious that the performance results will not be as expected and the average accuracy at this
number was 43.2 %. The accuracy increased with the increase of epoch number that reached 53.06 %
at 500 and 62.9 % at 700. At 1200 the results showed a good accuracy that recorded 77.95 % which also
increased to reach 85.37 % at 1500 epochs and remained steady. According to the obtained result the
model was saved and used for tests.
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Fig. 4 shows the confusion matrix obtained when testing the algorithm on 111 sound files that were
not imported to training and not seen before in addition to some recorded cough voices from volunteers
using a smartphone microphone. The results showed that 93 files were classified correctly as cough
sounds, 10 of them were also detected as non-cough sounds as they actually are. One of the sound
files was classified as cough, however it is not and the remaining were classified as non-cough sounds
however they are cough sounds. Moreover, the system was able to show the percentage of detection
for the tested audio (i. e. 70 % — cough, 20 % — sneezing, 10 % — clock-tick).

-80
= 93
60
40
T 20
0 1

Predicted

Actual

Fig. 4. Confusion matrix for cough detection system

Evaluating of machine learning model depends on some metrics known as precision and recall.
Together, precision and recall should be used to know whether the system is good or not. Precision
is the ratio of all true positives (classified as cough and they actually were cough) over the whole number
of truly positives (both cough and non-cough). Whereas, recall or sensitivity is a ratio of all true posi-
tives over the number of true positives and false negatives (all data classified as cough). Using Sci-kit
learn, both recall and precision were evaluated and showed 0.919 and 0.788 respectively, which defini-
tely showed a very good classifier. This cough detection system can be used in the loT network for sound
environment monitoring, described in article [7].

Conclusion

1. Cough is a critical symptom associated with many different respiratory diseases, and the detection
of cough can lead to the prevention of serious infections and pandemics, such as COVID-19. A lot of re-
search has been done in this area to identify cough sounds associated with certain diseases and to iden-
tify cough in general. The completed review introduces the current state of the most relevant cough
detection systems and discusses the results obtained by them. The cough detection system designed
by the authors was created using the publicly available environmental sound classification 50 (ESC-50)
dataset, which was used for machine learning of a convolutional neural network. The network levels
as well as the training methods were described in details.

2. After creating the model, another set of sounds was tested to evaluate the model. Several volun-
teers recorded their voices while coughing using their smartphones, it was guaranteed that they would
record their voices in public places to make some noise in the sounds, in addition to some audio files
that were uploaded online. The results showed an average accuracy of 85.37 %, precision of 78.8 %
and a recall record of 91.9 %.
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