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Hagirauisi
Ta reoiHpopmauinHi cuctemum

VIIK 629.123

A. 1O. 3aenp, €. B. Kaniniuenko

doi: 10.26906/SUNZ.2023.4.005

Onecpkuil HaLliOHAIBHUIM MOPCBKUA yHiBepcuTeT, Oneca, Ykpaina

AHAJII3 CYYACHUX METOIB TA IEPCHHEKTUBHU PO3BUTKY
HABITAIUI IIIIBOJHUX AITAPATIB

AHoTaunis. Y 1iil cTarTi NPOBEICHO BCCOCSHKHUN aHAJI3 CydYaCHUX METOJIIB HaBiramii aBTOHOMHUX MiIBOJHUX araparis,
aKICHTYIOUH yBary Ha IXHiX TEXHOJOT1YHHX OCOOINBOCTIX, ITepeBarax Ta ooMexxeHHsX. OCHOBHA yBara IpUAiJIeHa IT'ITH
KIIOUOBUM METOJIaM: aKyCTHYHiil HaBiraiii, noOalbHAM CHCTEMaM MO3UIIOHYBaHHsI, HaBiraiii 3a qomomoroto Jomuepi-
BChKOTo BUMipHHKa mBuakocTi (DVL), iHepuianbHiit HaBiranii, HaBiramis 3 BAKOPUCTaHHSIM CIIOCTEpPIradiB TpaekTopii Ha
ocHOBI audy3ii, a Takok 3a0e3IeueHHs HaBiramii rpyn miABOAHUX amapariB. Pe3ynpratu mocimimkeHHs BKa3yIOTh Ha Te,
10 iHTEeTpalis pi3HOMaHITHIX METO/IB HaBiraiii Mo)ke 3Ha4HO MOKPAIIUTH HaIHHICTh Ta TOYHICTH MO3UIIOHYBAaHHS IIi-
IBOJHHX arapariB, 3a0e3medyroun eeKTHBHE BUKOHAHHS MICill y CKIaIgHUX yMoBaX. BpaxoByrouW MOTOYHI TE€HACHII]
PO3BUTKY TEXHOJIOTIH Ta ONEPATUBHUX BHUMOTL, B CTATTi TAKOX OKPECICHO HANPSIMH MOJaIbLIIMX JOCITIKEHb Ta PO3POOOK
y Tajy3i MiaBOJAHOT HaBiralii.

Kamo4doBi ciaoBa: aBTOHOMHI MiABOIHI amaparu, aKkycTu4Ha Hapiramis, Long Baseline, Ultra Short Baseline, Short
Baseline, ¢instp Kanmana, Doppler Velocity Log, anmroputm st interposanoi HaBiranii NARX-RKF, Hapiramis Mmetonom
HaBIramiHOTO YUCJICHHS Ta IHEepUiaibHi HaBIraliiiHi CHCTEMH.

Beryn

[TpoTsirom ocTaHHIX JECATH POKIB po3pobKa KoMe-
PILIIHO AOCTYIHHX, TOUHUX, JATYUKIB HABIraifii 3 BUCO-
KO0 YaCTOTOK0 OHOBJICHHS, TakuX sK JlOMIepiBChbKi co-
HapH, ONITHYHI TIPOKOMITACH Ta OJIOKH iIHEPIIHHOTO BUMI-
proBanus (IMU), nonoBHMIa TpaaUIiiiHi MIABOIHI CEH-
COpH, TaKi K aKyCTHYHI [TO3UII0HYBAIbHI CHCTEMH, Ma-
THITHI KOMITacH Ta AaTYMKW ITHOWHU 3a THCKOM. JlaHi 3
X CEHCOPIB, Pa3oM 3 JTaHUMH BiJ HAYKOBHX JATYHKIB,
TaKuX SK OaTUMETPUYHI COHAPH Ta ONTHYHI KaMepH,
CTaJIM KaTaji3aTopoM JIJIsl po3pOoOKH HOBUX METOMOIOTIH
Hasiramii. bararo 3 mux MeTOmOJIOTIH JOMOBHIOKOTH JaHi
CEHCOpIB iH(GOPMAIIIED 3 TUHAMIYHUX 200 KiHeMaTH4-
HUX MOJENEH.

MorTuBaltisi A1 BAOCKOHAJICHHS HaBirailii migBo/-
HHUX TPAHCIIOPTHHX 3aCO0IB BUHHUKAE 3 HEOOXIJHOCTI po-
3UIMPUTH MOXKIJIMBOCTI IIMX 3aCO0iB 1 J10AaTKOBO 301JIb-
[IUTH iX IIHHICTH ISl OkeaHoTpadii.

MaiiOyTHI BIOCKOHAJCHHS B HABIramii MmiJBOTHHUX
TPaHCIIOPTHUX 3ac00iB J03BOJIATH HAM ONTHMI3yBaTH iH-
(dpacTpyKkTypy, HEoOXisHYy Ul HaBiramii, Ta J03BOJATH
MiBOJHUM araparaM ONTHUMAIbHO IOCATAaTH KOHKpPET-
HUX migei. i mominmeHHs 301IbIIaTh IIHHICTD, KiJlb-
KiCTh Ta BapTiCHY €(EKTHUBHICTh HAYKOBHX JAaHUX, OTPHU-
MaHHUX 32 JIOTIOMOTOI0 IIUX TPAHCTIOPTHHUX 3aC00iB.

MeTa cTarTi — poaHasi3yBaTH IepeBaru Ta Helo-
JIIKA CydacHUX METOIW HaBiraiii aBTOHOMHHUX IIiJBOJI-
HHUX arapariB Ta 1X TPyl 3 BAKOPUCTAHHSM y TOMY YHCJI
HEHPOHHUX MEPEX 1| BU3HAYUTH MEPCIIEKTUBH iX PO3BU-
TKY.

OcHoBHMIT MaTepian

1. Metoau akycTHYHOI HaBiramii mpojoBXYIOTh
BHKOpHCTOBYBatucs i choromgHi. Long Baseline (LBL),

TIpH SIKii TPAHCHIOPTHHUH 3aci® TpUAHTYIIOE CBOE IOJO-
JKCHHS BiJ] aKyCTHYHHX Mialla30HIB Y Mepexi oOcTexe-
HUX TIepeaBaviB, Ta HABITAIiA 3 YIBTPAKOPOTKOIO 0a30-
Boto umiHiero (USBL), ne BHKOPHCTOBYETHCS COHApHUI
MacHB ISl BUSHAUYEHHS Jliarla30Hy Ta HANpsSMKY 10 Tpa-
HCIIOPTHOTO 3aC00Y, PEryJsipHO BUKOPHCTOBYIOTHCS ChO-
TOJIHI.

1.1 3oBHimHi aKycTHYHi ccTeMHU. 30BHIIIHI aKy-
CTUYHI CUCTEMH MIO3UII0HYBaHHS BUKOPHCTOBYIOTHCS T1i-
JIBOJHMMH TPAHCHIOPTHUMH 3aC00aMHM ISl TPUAHTYJISILI T
IXHBOI'O ITOJIOXKEHHS Ha OCHOBI JIMIIE NaJIBHOCTI a00 iH-
(dopmarii mpo HAMPSIMOK i NANTBHICTh MiX 30BHIITHIMH
aKyCTHYHUMHM TPAHCIIOHJEPAMHU Ta IepeaBavyeM, BCTa-
HOBJIGHMM Ha TPaHCHOPTHOMY 3aco0i. OCHOBHa mepe-
Bara I[MX CHCTEM II0JIATa€E B TOMY, 10 BUMOTH JI0 PO3Mipy
Ta €HEpProCHOXUBaHHS MiBOIHOTO TPAHCIOPTHOIO 3a-
co0y MiHIMaJIbHI MMOPIBHSIHO 3 IHIIMMHU HaBIraliHHUMU
metomamu. OJHAK, HA BIMIHY BiJ| IHIIUX HaBiraliiHUX
METOIiB, IESKi 3 30BHIIIHIX aKyCTHYHUX CUCTEM BUMara-
F0Th PO3TOPTAHHS aKYCTUYHHUX TPAHCIIOHAEPIB HA MOPCh-
KOMY THI B paifoHi omepaii [1].

Y 30BHINIHIA aKyCTHYHIH CHCTeMi TPaHCHOPTHHUIT
3aci® 00YMCITIOE CBOIO BiJICTAHb JI0 KO)KHOTO TPAHCIOH-
Jiepa, BUKOPHCTOBYIOUH Yac IOJbOTY aKyCTHYHOTO CHI'-
HaJly Ta OL[IHKY IIBH/JKOCTI 3BYKYy B BOJHOMY CTOBII MiX
TPaHCIIOPTHUM 3aco0oM i TpaHcroHaepoM. HasBHICTH
iHopMaLii Mpo HaNpsIMOK 3aJIeXKHUTh Bil TeoMeTpii Me-
PEeXi aKyCTUYHHUX TpaHCHOHEepiB. J[yIs 30BHIIIHIX aKyc-
THYHHMX HaBITal[IfHUX CHUCTEM BHKOPHCTOBYIOTHCS TPH
pizHux ocHOBHUX reometpii: Short Baseline (SBL), Ultra
Short Baseline (USBL) Ta Long Baseline (LBL) [2].

Bci Tunm 30BHINIHIX aKyCTUYHUX CHCTEM ITO3HIIIO-
HYBaHHS 3ITKHYJIWCS 3 AEAKHMH 3arajJlbHUMH BUKIIHU-
kamu. OJHI€I0 3 TAKUX NPOOJIEM € IOCATHEHHS CyMiCHO-
CTi CHCTEM KOOpAMHAT MiXk yciMma BUMipamu. OpieHTais
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JlaT4uKa, IOJIOKEHHS TPAHCHIOPTHOTO 3aco0y Ta IOJIo-
YKEHHsI KOPITYCY [UIsl [Iepe/iaBaviB, BCTAHOBJICHUX Ha KOP-
Iyci, yci BIUTMBAIOTh Ha TpaHcdopMallii cucteM Koopau-
Hatr. HactynHi nuckycii npo pi3Hi reomerpii HaBiramii-
HUX CUCTEM Iepe0adaroTh, M0 BiIMOBIIHI TpaHCHOpMa-
1ii KoopAWHAT OyH poBeeHi, 00 po3paxyBaTH MOIO-
JKCHHSI TPAHCIIOPTHOTO 3aco0y B 3araibHii cHCTEMi KO-
opauHat. Hait6inem ¢pyHIaMeHTaIBHOIO IPOOIeMOIO Ha-
Biramii ImigBOIHOTO TPAHCIIOPTHOTO 3ac00y € e(heKTUBHE
BiIXWJICHHS BUKHIIB Ta TOMIJIKOBHX ITOBEpHEHb. [lilicHi
aKyCTHYHI TIepenadi MOXKyTb BUKJIIMKATH CKJIaJHI MHOTO-
JIOPIXKKOBI CLIeHapii, TOAI SIK aNTOPUTMH HaBiramnii po3po-
OJeHI Ha OCHOBI IEPENIOIIOKEHHS PO MPSIMOJIHIHHY
nepenauy [3].

1.2 Short Baseline (SBL). [Tepmmii po3poOnennit
30BHILIHIA aKyCTUYHUH CHCTEMHHH THIT OyB CHCTEMOIO
MO3UI[IFOBAHHS aKyCTUYHOIO KOPOTKOIO 0a30BOIO JIIHIEO
(SBL), sika BUKOPUCTOBYBAJIACH TSI CIiIKyBaHHS YH Ha-
Biramii miIBOMHUX amapaTiB Ha KOpOTKi Bifcrani. L{i crc-
TEMH BKJIIOYAIOTH B cebe OfMH TpaHCIOHAEp abo mepe-
TBOPIOBAY, SIKMH MOHTYETHCS Ha ITIJBOAHOMY amapari, i
aKyCTHYHY MEpEeXy, sSKa 3a3BHYail MOHTYETHCS Ha KOp-
Iyci TOCIOAAPCHKOTO Cy[Ha. AKYCTHYHA Mepexka CKIa-
Ja€Thes 3 KOMOiHaLii TphOX a0 Oinblile aKyCTUUHHX I1e-
peTBOpIOBAYIB, IiApodoHIB Ta TPAHCIIOHEPIB, SIKI MOH-
TYIOTbCS Ha KOpITyci KopaOisi, 1100 JOCsATTH MaKCcUMa-
JIBHO MOXIIMBOTO T'€OMETPHYHOTO PO3NLICHHS, SIKE 3a-
3BUYait craHOBUTH Bif 10 10 20 MeTpiB, K MOKAa3aHO HA
pucyHKy 2. ['eoMeTpist akycTHUHOT MEpexi, 10 MOHTY-
€THCSl HAa KOPITYCi, TOBUHHA TOYHO OOCTEXYBAaTHCS IIij
9Yac MOYaTKOBOTO BCTAHOBICHHS cucTeMH [4]. Y koHi-
rypamii CiliKyBaHHS, 3aIyIIEHOTO CYIHOM, TPaHCIOH-
Jiep MOHTYEThCSI Ha ITiABOJHOMY arapari, i Mmepexxa SBL
3a3BH4ail BKIIIOYAE B cebe oauH abo /Ba MepeTBOproBadi
Ta Kijbka riipo¢oHiB. OIUH MepeTBOpIOBaY B aKyCTHY-
Hiif Mepexi ONUTye TPaHCIIOHIEp Ha amapari, 1 Bci ene-
MEHTH B aKyCTH4HIH MepexXi OTPUMYIOTh BiIOBIAb Tpa-
HeroHepa. Jlani po3paxoByrOThes BiJICTaHI MiXK arapa-
TOM Ta KO)KHHM €JIEMEHTOM aKyCTHYHOI Mepexi i BUKO-
PHUCTOBYIOTBCS JUIsl BU3HAUCHHS TIO3ULIIT arnapary.

J1yis1 aBTOHOMHOT HaBirarfii miIBoJHOTO amnapary re-
OMETpisl IHBEPTY€EThCS, TAK 1110 OANH MEPETBOPIOBAY PO3-
TAIIOBaHMH Ha AaBTOHOMHOMY IIiIBOAHOMY amapary
(AUV), a akycTHYHA Mepeka CKIATA€ThCS 3 TPAHCIIOH-
nepiB. Xoda akycTHYHAa MepeXa 4acTO MOHTYEThCS Ha
KopITyCi, Oynu po3poOJeHi CUCTeMH, B IKUX aKyCTHYHA
Mepexa MOHTY€ETHCS B BiIOMii TeOMeTpii Ha pO3rOpTHiH
pammi Takox. Y il koHpirypanii AUV onmutye akycTu-
YHY MEpPEeXY Ta pO3paxoBy€E CBOIO BIACHY OIIHKY MO3UIIi1
BITHOCHO MicCI pPO3TallyBaHHS AaKyCTHYHOI Mepexi.
[[o6 AUV Bu3HaYuB CBOIO IM00AIBHY MO3HUIII0, aKyCTH-
YHa Meperka TPaHCIIOH/IepiB IOBUHHA 3aJIMIIATUCS HA (i-
KCOBaHOMY MICIIi 200 ii MiCIIe3HAXO[KEHHS ITiJ] 9ac KOXK-
HOTO ONMTYBaHHS NMOBHMHHO nepenasatucs AUV uepes
aKyCTHUYHUI 3B'SI30K.

1.3 Ultra Short Baseline (USBL). ¥ 1970-x pokax
Oyiu po3poliieHi cucteMu HaBirauii 3 YJIBTPaKOpPOTKOIO
6azoBoro miHiero (USBL) sk cnpomieHa ansTepHaTHBA
cucremam SBL. Ii cucremun USBL MoxyTh mpamoBaTi
BiJ IiABOAHOTO amapary abo Horo rooBHOTO cyaHa. CH-
cremu USBL, mo mpamroroTs Bit AUV (aBTOHOMHOTO ITi-
JIBOJTHOTO arapary), siki iHo/[i Ha3WBalOTh IHBEPTOBAHUMHU

cucremamu USBL, nosBomnsirors AUV opienTyBarucs Bi-
JHOCHO MICISI PO3TalllyBaHHS €JIMHOTO 30BHIIIHBOTO
aKyCTHUYHOTO TpaHcmoHepa [5].

SIKII0 TpaHCTIOHEp MOHTY€EThCS Ha KOPITYCl TOCIIo-
nmapceekoro cyaHa, AUV opieHTy€eThCs BITHOCHO MO3UIIIT
TOCIIOJApPCHKOTO CyAHA. SIKIIO TPAHCTIOHAEP MOHTYETHCS
Ha JHI i3 BIIOMUMH T€OIe3NIHIMHU KOOpAWHATAMH, ara-
part MoXKe OpiEHTYBATHCS 32 CIIPaBKHIMI KOOpAWHATAMH.

Cuctemu, sIKi IPaIIOIOTh BiJ] TOJOBHOTO CyIHA, BH-
KOPHUCTOBYIOTBCS JUTS CIIIKyBaHHS a00 HaBirarii qucra-
HIIiITHO KepoBaHMX amaparis. L{i cicTemMu ronoBHOTO Cy-
JTHa MOXKYTh 3a0€3II€UNTH HaBiramito B IIOOAJBHUX KO-
OpIMHATaX 3aBXKAM, KOJIU MICIIE3HAXOKEHHS I[bOTO CY-
JTHa MOke OyTH TOYHO BU3HAuUEHO 3a nornomoro GPS. Y
LBOMY CLEHapii €IMHUN aKyCTUYHHUNA TPaHCIIOHAEDP NpH-
KpIMJICHUH 10 MiIBOAHOTO anapary, a MaCUB aKyCTHYHHX
NEpPETBOPIOBAYiB PO3TAIIOBAaHUH Ha TOJOBHOMY CY/IHI.
Cuctemn USBL, sKki mpaIffoloTh Ha 9acTOTaX MOPSAKY
100 x[', MOXXYTh BHKOPHUCTOBYBATHCS I HaBirarmii Ha
KopoTKi Biactani mopsaaky 100-500 m. Takox iCHYIOTH
CHCTEMH UTS TITHOOKOTO MOPS, sKi eekTuBHI 70 6000 M
1 TIpaIroroTh Ha gacrorax Bix 14,5 mo 17,5 x['w. [4, 5]

OcHoBHa BigMiHHicTs Mixkk USBL Ta iHmMMu TH-
HaMd aKyCTHYHHUX CHCTEM IIO3MI[IIOBaHHS NOJISTaE B
Tomy, o USBL BukopuctoBye pizHuui y ¢azax aKycTu-
YHUX CUTHAJIIB, OTPUMAHUX PI3HUMH JaTYMKaMH Iepe-
TBOpPIOBaua, JJIs1 BU3HAUYEHHS a3UMYTY JI0 TPaHCIIOH Iepa,
a TakoX AanbHOCTI. OCKIJIBKH JaTYMKH NEPETBOPIOBAYA
MAaIOTh TOYHO BiJJOMY T€OMETpIit0, Pi3HUI y (hazax Mixk
CHTHaJIaMH, OTPIMaHUMHU Pi3HIMH AaTIHKaMH, MOXKE BH-
KOPHCTOBYBATHCS AJIsl pO3paxyHKy MEXaHIYHOTO KyTa I1a-
ninasg. Lle#t MexaHIYHUI KyT MAAiHHSA, Yy CBOIO Yepry,
MOK€ BUKOPHUCTOBYBATHCS IJIsl PO3PaXyHKY a3UMYTY MiXK
TPaHCIIOHEPOM Ta MAaCHBOM IlepeTBOpIOBava. B 3anex-
HOCTI BiJl KOHKPETHOI CUCTEMH, SIKa BUKOPHCTOBYETHCS,
HO3UIIIO ITiIBOJHOTO anapaTry MOXKHa MOTIM OLIHUTH Bi-
JTHOCHO TOCIIOJIAPCHKOTO CyAHA ab0 30BHIIIHBOTO aKycC-
THYHOT'O TPaHCIIOHZEPa, BUKOPUCTOBYIOUH iH(pOPMAIIif0
PO a3UMYT Ta JAaJbHICTb.

1.4 Long Baseline (LBL). Ha npunmuii, cucteMu
HaBirariii 3 JoBroo 6azosoro jiiHiero (LBL) cxoxi Ha 00e-
pHeHi cuctemu SBL, ane Bipi3HAIOTHCS THM, IO 30BHI-
IIIHI TPAHCIOHJIEPH PO3TOPTAIOTHCA OKPEMO B OKeaHi, a
HEe MOHTOBaHI Ha KOPIyCi TOCMONAPCHKOTO CyJHA YH PO-
3rOpTyBaHOMY Kapkaci. SIBHa HACIOK Mi€l Pi3HUII MO-
JSITa€ B TOMY, IO TEOMETPisi MEepeKi TPaHCIIOHIEPiB HE
BiZlomMa 3aBuacHoO i moTpedye BU3HAYCHHS HA Micili. Tu-
moBi cucremu LBL posropraioTs Mix 9oTHpMa i 1BaHA-
LTbMa aKyCTHYHHUMH TPAHCIIOHJEpaMHU B 3aJI©KHOCTI
BiJ 3aB/IaHb, X04a MOXKYTh MPAIIOBATH 1 3 IBOMA TPaHC-
noraepamu. 11{o6 TpancopTHHIA 3aci0 MiT HaBiryBaTucs
B II00abHIN CHCTEMI KOOPAMHAT, MOTPIOHO BU3HAYUTH
Ta MEepeaTH JI0 MiJBOJHOTO TPAHCIIOPTHOTO 3ac00y IJI0-
GaipHI po3ramryBaHHs MaskiB. [6] IcHyroTh camokaio-
pyloui Masiku, sIKi MOXXYTh BH3HA4YaTH CBO€ IMOJIOXKEHHS
BiTHOCHO OHOTO iHIIOTro. L{i Masku mopoxdi, ajne BOHH
3MEHIIYIOTh Yac ONMTYBaHHS, TOMY IO MOTPiOHI Juiie
JOCTaTHI JaHi OMUTYBaHHA A (ikcarii KaniOpoBaHOi
Mepexki B IM00aTbHIX KOOPIUHATAX.

AKXyCTHYHI TPAaHCIIOHJIEPH PO3TOPTAIOTHCS 3 TOCIIO-
JAPCHKOTO Cy[HA y paiioHi MaiiOyTHIX OIeparii miaBom-
HOTO TPaHCIIOPTHOTO 3acO0Y, a TIOTIM IeOMEeTPisi MaCUBY
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TPAHCIOHJEPIB KaJMiOpyeTbesl IIISIXOM «OIUTYBaHHS»
po3TallyBaHHsI KOXXHOTO TpaHcmoHzaepa. s kaniOposka
3IIACHIOETHCS IIUISIXOM TTOCIIIIOBHOTO ONUTYBAaHHS KOXK-
HOTO TPaHCIIOHJIEpa TPAHCAYKTOPOM, PO3TAIlIOBaHUM Ha
KOpITyCi TOCIIOAApPCHKOro cynHa. locrnomapcbke CyaHO
MIePeCyBAETHCS B Pi3HI MICIl, OIHUTY€E TPAHCIIOHIIEPH, a
MTOTIM BHKOPHCTOBY€E TOYHI JaHi PO PO3TALTyBaHHS KO-
pabns 3 xoopauHat GPS y moenHaHHI 3 pO3paxOBaHUM
JiarmazoHoM 10 KOKHOTO TPaHCIIOHAEpa, o0 Tto0anbHO
pO3TalryBaTu TPAHCIIOHACPH.

Le xanmibpyBaHHs, 200 «OMUTYBaHHS», MEPEXKi Tpa-
HCIIOHJIEPIB YacTO € HaHOLIBIINM JKEPETIOM ITOMIJIOK B
cuctemax Hagirarii LBL [3, 6].

[Ticns oTpuMaHHsS NaHWX 3 TPUBUMIPHOI Mepexi
TPaHCIOHJEPIB, PO3TAIYBaHHS KO)KHOTO 3 TPAHCIIOH/Ie-
piB mepenaeThcs IiJBOAHOMY TPAHCIIOPTHOMY 3aco0y.
TpancnopTHHil 3aci0 HaBITYe€ThCS LUIIXOM II€PiOIHY-
HOTO OTPUMYBaHHS JJaHUX (OIMTYBaHHS) TPAHCIIOHAEPIB
Ta PO3paxyHKy Aiala3oHiB 10 KOXXHOTO MasKa Ha OCHOBI
Yacy MOJIbOTY MIPOLECY ONUTYBAaHHSA. 3a3BUYail TPaHCIIO-
PTHUI 3aci0 OmHTYe BCi MasK{ Ha OJHIM OCHOBHIH Yac-
TOTi, 1 BOHH BiINOBIiJaOTh Ha YHIKaJNbHiN dacToTi. J{ms
LIOTO BUKOPUCTOBYETHCS HAMKpAIly OLIHKY LIBHJKOCTI
3ByKYy y BOJASHOMY CTOBI, IIOMHOXEHY Ha IOJIOBHHY
Yacy MoJjbOTY JJIsl KOXKHOTO Masika, 1100 po3paxyBartu [ii-
arasoH JI0 [[bOTO MasKa.

Cucremu LBL OGynu po3po0ieHi 3 BAKOPHCTaHHSIM
PI3HUX Jiana30HIB YacTOT JJisl BUKOHAHHS PI3HHUX 3a-
BIaHb. X04a OCHOBHI IPUHIIAIHA Ta cIIocid poOoTH € ime-
HTHYHUMH, Bapiallis B aKyCTHYHUX CHI'HAJIAX 9acTOT J0-
3BOJISIE Pi3HI PiBHI TOYHOCTI Ha Pi3HUX e(PEKTHBHUX Jlia-
ma3oHax omepamii. TWMOBI BHCOKOYACTOTHI CHCTEMH
MpamooTh Mpubnu3Ho Ha piHi 300 k['1, TOmi IK HU3B-
KOYAaCTOTHI CHCTEMH TMPAMIOIOTh MPHUOIU3HO HAa PiBHI
12 xI'.

3ae)Ho BiJl KiJIbKOCTI Jiana3oHiB, JOCTYITHUX B Ki-
HIl KO)KHOTO LMKy OIUTYBaHHS, MMO3MILIis TPAHCIOPT-
HOTO 32c00y PO3PaxoBYEThCs pisHUMH criocobamiu. [Hpo-
pMmariist mpo MIMOMHY BiJj IaTYMKIB HA OOPTY TpaHCIOPT-
HOTO 3aco0y Ta TPaHCIIOHJAEPIB BUKOPHCTOBYETBHCS LIS
3MEHIIECHH TPOOIEMH TPUAHT YIS 10 ABOBUMIPHOI ro-
PH30HTAJBHOI IUIONIMHH. SIKIIO JOCTYHHI Aiana3oHH
JIUIIE BiJl IBOX 30BHINIHIX TPaHCIOHIEPIB, TPAHCIIOPT-
HUI 3aci0 po3paxoBye NBi TOYKU MEPETHHY Jiara3OHiB
KOJIa BiJl IIMX TPaHCHOHJEpiB. BukopucToByroun 3aBua-
CHE 3HaHHS PO Te, 3 IKOro OOKY 06a30B01 JiHIi TpaHCTIO-
HIEpa BiH PO3TAIIOBaHWH, TPAaHCIOPTHHUHA 3acid Moxe
BU3HAYMTH, K€ 3 JIBOX MOXKJIMBUX PIllIEHb MPEICTaBIISIE
Hforo moTouHe mosioxeHHs. Tpu abo OinbIe mianazoHiB
TpaHCIOH/Epa I03BOJISIOTH TPAHCIIOPTHOMY 3ac00y yHi-
KaJIbHO BU3HAYHMTH HOTO MOJOKEHHS 32 JOMIOMOTOI0 Me-
TOJy HAWMEHIIUX KBaJpaTiB. [4]

[Micnst Toro, SIK MO3MWISI TPAHCHOPTHOTO 3aco0y
OyJla «TpUaHTYJIbOBaHA» 3a JONOMOIOIO JIiara3oHiB Bix
Tpancnionaepis LBL, TpancnoprHuii 3acié po3paxoBye
CBilf MapHIpyT MEPTBOTO BI/UTIKY JI0 HACTYIIHOTO Habopy
niarmazoniB LBL. ITiciis KO)KHOTO UKITY OMUTYBaHHS T10-
3MIiS TPAHCTIOPTHOTO 3aC00y BH3HAYAETHCS Ta BUKOPHUC-
TOBYETHCS IS TIOBTOPHOTO iHIIiami3amii MapmpyTy Me-
prBoro Bimmky. IIIBUAKiCTE OHOBIEHHS, 3 KOO MOXE
OyTH IOBTOPHO iHiIliaJli30BaHa cHCTEMa, OOMEKEHa ITBH-
JIKICTIO 3BYKY Yy BOJi, sIKa IOpiBHIOE mpuOau3Ho 1500

METpiB 3a ceKyHAy y Bozi. [urerpanis indopmarnii 3 DVL
y pillleHHS MEPTBOTO BIAJIIKY IOKa3ana 3HayHe IOKpa-
IeHHs yacToT Hairamii LBL, 0co011MBO B HU3LKOYACTO-
THUX HaJAIITYBaHHAX 13 MOBUIBHUMHU IIBHIKOCTSIMH
OHOBJIEHHs. L[5 ccTeMa BUKOPUCTOBY€ IOMOBHIOBAJIbHI
NiHiHHI QiTETpH A KoMOinyBaHHS ¢ikcanii LBL 3 Hu-
3bKHM TIPOITYCKAaHHSM, SIKi € IIyMHHUMH, ajie¢ II00anbHO
TOYHUMH, 3 (pikcartismu no3uii JJomrepa, sKi € TOUHUMH
MIPOTATOM KOPOTKHUX MEePiomiB. [7]

AJBTEepHATUBHUIN OOYUCITIOBATIBHAN aJTOPUTM IS
Hagiranii AUV 3a gomomoroto cuctemu LBL Bukopucto-
Bye ¢insrp Kanmana (KF). ®inerp Kanmana xomOGinye
iH(OopMAaIito Bil OOPTOBUX AAaTUMKIB Ta 3aBUACHE 3HAHHS
PO HETOYHOCTI LUX JATYHKIB 13 TUHAMIYHOIO MOJIEILIIO
MIPOCTOPY CTaHy 3arajibHOI CUCTEMH JIJIsl HaJIaHHS JTaHUX
Ipo cTaH y peasibHOMY 4aci. [8] [lo3uwis TpancmopTHOTO
3aco0y CHoYaTKy BU3HAYAETHCS TaK, K ONMCAHO BUILE,
aJie OHOBJICHHS OILIIHKM MO3HIIiT 00YMCITIOIOTHCS 3 I0TIO0-
Mororo obepesxkHoro 3actocyBanHs KF. Ockinbku pyx Imi-
JBOJHOTO TPAaHCIIOPTHOTO 3ac00y € HeTiHIHHIM, 3aMiCTh
IILOTO BUKOPUCTOBY€EThCS po3mupeHnii Gpinsrp Kanmana
(EKF). IIpote ocHOBHE 00OMEKESHHS BAKOPUCTAHHS Oy/Ib-
sxoro Buay ¢imsrpa Kammana 3 cucremamu HaBiramii
LBL nos'sizane 3 xapakrepoM mymy B cuctemi LBL. Cu-
CTeMaTH4Hi IIOMWJIKA B THUNOBIH KkoHpirypauii LBL
BKITIOYAIOTh HEBU3HAYEHICTh MIBUIKOCTI BOIM, TIOYATKOBI
TIOMUJIKHA OOCTE)KCHHS MO3HUIIIi OaKeHIB; pyX OaKeHiB ye-
pe3 Teuil; aKyCTHYHI MHOTOJOPDKKOBI HIISAXH; BTpara
MPSMOTO aKyCTHYHOTO MUIIXy; Ta IOTaHi CIIBBiJHO-
LIEHHSI CUTHAJI/IIYM Yepe3 MAIIMHHU Ta eleKTpOMarHi-
THU myM. Tomy pesiki 3 orpumanux LBL kopekiii € He-
TOYHHMMHU 3 BETMKAMH, HErayCCiBCbKUMH TToMmiIkamHu. Lli
HeraycCiBChbKI MOMMJIKH MOPYIIYIOTh OCHOBHE IIPHUILY-
IICHHS anroputMiB ¢ineTpa Kanmana, mo cucTeMHUIA
IIyM € TayCCIBChbKMM. B KiHIII omnepariiii miaBoIHOTo Tpa-
HCIIOPTHOTO 3aco0y B paiioHi, akyCTHYHI TPAaHCIIOHAEPH
NOBUHHI OyTH MOBEpHYTI. 3a3BUYail OUIBIIICTE MOPCh-
KUX TPAHCIIOHJEPIB BKJIIOYAE aKyCTHYHMH peni3. Komu
KOHKPETHHI1 KOJIOBaHMH aKyCTUYHUI CUTHAJ BiJIIPaBIIsi-
€THCS JIO TPAHCIIOHJIEPIiB, BAXKEHUH

MinHwuii TPOC BiAMTYyCKAETHCS, 1 aKYCTHYHHHA TPaHC-
MTOHJEp MiAHIMAETHCS IO TIOBEPXHI IS BHITydeHHS. He-
3BaYKAIOYHM HA BUTPATHU Ta Yac, HEOOX1THUH 111 00poOKH
aKyCTHYHUX TPaHCIOHAEpiB, cucTeMu HaBiramii LBL 3a-
JMIIAIOTHCS CTAHAAPTOM JUIA JEIEBHUX OIepaliil TpaHc-
MTOPTHHX 3aCc00iIB y IMTHOOKOMY OKEaHi.

2. Hagiranisa 3a gonomoroio Jdonsepa (Doppler
Velocity Log). Po3po6xa BuCOKO9aCTOTHHX OaraToiryde-
BHX coHapiB Jlomiepa, siki 3a0e3meuyroTh BUMipIOBaHHS
MBUAKOCTI AHA 3 TouHIcTIO 0,3% a00 MeHIIe Ta MBUIKI-
CTIO OHOBJICHHS 110 5 ', Hagae MOCHIiTHUKAM BUMIpIO-
BaHH IMIBUKOCTI JUTs HaBiramii 6is qaa (18—100 m). Le
JIO3BOJIMJIO PO3pOOUTH 0araro TEXHIK HaBiramii Ha Oc-
HoBI [lortuiepa, y TOMy 4YuMCHi 1 JUIsl TIOJIIIIEHHS! OLIHOK
CTaHy B iHepLiaJIbHUX HaBiramiitnux cucremax (INS) [8].

Doppler Velocity Log (DVL) BUKOPHCTOBYIOTBCS B
PI3HOMAaHITHUX MiZBOIHUX araparax, BKIIOYAlOYH aBTO-
HOMHI mifBoaHi cyaHa (AUV), migsoani pobotun (ROV)
Ta IMiIBOJIHI IMIaHIepH Ta € KIIFOYOBUM THCTPYMEHTOM JIJIst
MiIBOTHUX arapariB, AKWA BUMIPIOE MIBUIKICTh BiTHO-
CHO MOPCBKOTO JHa a00 BOXHOI KOJMOHH, BUKOPUCTOBY-
oun edekr Jomnepa. BoHM H03BOJSIIOTH ITiIBOIHUM
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araparam 31iiCHIOBAaTH TOYHY HaBiramilo I BOJOIO, Jie
GPS curnamu nve pocrynsi. [Ipunnun po6orn DVL no-
Jsira€e 'y BUIPOMIHIOE aKyCTHYHI XBHJII (200 IMy4KH) y pi-
3HUX HaNpsIMKax, 3a3BUYail BHU3 10 JHA a0 10 BOIHIH
KOJOHI [9]. AKyCTHYHI XBWIII BiIOOpaXKaroThCs Bij dac-
THHOK y BOAiI a00 MOPCHKOTO JHA i IMOBEPTAIOTHCS 10
DVL. Konu anapat pyXa€eThCsi, 4aCTOTa IOBEPHYTUX aKy-
CTHYHUX XBWJIb 3MIHIO€ThCS Yepe3 edekr Jomrepa. DVL
BHMIPIOE ITF0 3MiHY YaCTOTH Mi’K BUIIPOMiHEHHMH Ta TI0-
BEPHYTHMH XBHWJISIMH, IO n03Boisie DVL oGumcnuti
IIBHIKICTh PyXy amapary BiTHOCHO AHa abo BOTHOI KO-
noHu. binsiicts DVL MatoTh KijbKa IydKiB, sIKi BUIIPO-
MIHIOIOTHCSI IMiJT PI3HUMHU KyTaMH JIsi O0UHCIICHHS IIIBH/I-
KOCTb y TPbOX BUMipax.

2.1 Adaroputm Ui iHTerpoBaHoi HaBirauii
NARX-RKF (Nonlinear AutoRegressive  with
eXogenous input model with Robast Kalman Filter).
3rigso 3 aHamizoM [10], HaBiramiiiHi mapaMeTpu B3aEMO-
MOB's13aH1 MIXK 00010, a 3MIIIEHHS JaTYMKa TICHO ITOB'SI-
3aHe 3 30BHIIIHIM CEPEIOBUINEM Ta CTAaHOM pyXy. [Tomu-
mku Strapdown Inertial Navigation System (SINS) 3mi-
HIOIOTBCS 32 KOHKPETHUMH 3aKOHAMH, 1 TOMHJIKA CTaTyCy
HaBIramii CHILHO KOPEIIOE 3 iHpopMaIliero icTopii mepe-
MimieHb. lle BianoBigae xapakTepuCTHKAM MOJEINI Mpo-
THO3YBaHHS 4aCOBUX PsIiB, TOMY BUKOPHCTOBYETHCS MO-
JIeTIb TIPOTHO3YBaHHS 4YaCOBUX PSAIB VIS IPOTHO3YBAHHS
BuBogy DVL. BHyTpimHIO MOJenb MOMWIKK 1HEpLii-
HOTO MPUCTPOI0 MOXXHA OTPUMATH LUISXOM HaBYaHHS
HeWpoHHOI Mepexi. s IbOT0 BHKOPHCTOBYETHCS MO-
JIeITb IPOTHO3YBaHHA Ha 0cHOBI Mepeki NARX. Komn iH-
(dopmaris nmpo mBHAKICTs BUBoAY DVL € HOpManbHOO,
iHpopMmarito, oTpuMmany Bif pimmeras SINS, Ta iHpopma-
uiro mpo BuBix DVL MokHA BHKOPHCTOBYBATH IJIsl HAB-
yaHHs Moxeni [11].

VY pexxumi HaBuaHHS Momeni, konu DVL gocrym-
HUIi, BUKOPUCTOBYEThCSI HAOIp JaHHMX, BUMIpSHHUX OJ0-
KamH iHepuiitHoro BuMiproBanss (IMU), 1uist ABokaHaub-
HOTO pimeHHs. [Hmmmu cnoBamu, SINS BHBOIUTH J1Ba
Ha0OpH HE3aJIeKHUX JIAHUX Yepe3 PillIeHHs JBOX He3alle-
JKHUX KaHatiB. [Ticas HagaHHs IIOYaTKOBOI HaBiraniiHol
iH(pOopMaIii pilleHHs TOBHICTIO 3aJICKUTh Bif 1HEPIliii-
Hux ganux IMU.

NARX-RKF Bkitouae Moayib NpOrHo3yBaHHsI He-
cnpaBHocTi DVL Ha ocHoBi Mogeni NARX Ta inTerpo-
BaHe Hasiramiige kinpre RKF.

NARX Moxe BHUKOPHCTOBYBaTH iH(OpMAIIiIO TIPO
BHBIJI iHEpIIiHOT HaBiramii AJs MPOTHO3YBaHHS BUBOJY,
xonmu DVL nepepuBaetbest, Ta BuxkopuctoyBaru RKF
JUIs iHTerpoBaHoi HaBiramii [12].

3. InepuianbHa HaBiraunis. bioku iHepriitHOTO
BuMiproBaHHA (IMU) HamaioTh 4ynoBi MOXKJIMBOCTI IS
HaBirauii 6e3 30BHIIIHIX OIOp, ajie iX COXXWBaHA MOTY-
xHicTh (Bix 12 no 30 B) Ta BapTicTs (Y4acTo Oinble Hix
$100,000 CILIA) no HemaBHO 0OMEKYBaJH IX MOLIUPEHE
BUKOPUCTaHHS Y IUBUILHUX OKeaHOrpagiuHUX 3ac00ax.
3a3Buuaii IMU BUKOPHCTOBYIOTH BUMIPIOBAHHS IIBUJIKO-
cti domnepa Ta BuMiptoBaHHs nonoxeHHs 3 GPS abo
aKyCTHYHHUX CHCTEM HaBiramii i KOpeKimii MOMUIOK Y
BuMiproBaHHAX IMU. IMU wacTo BUKOPHCTOBYIOTH y BHU-
COKOTOYHHMX OOCTEXEHHAX Ta KOIHM 3aco0m 3alycka-
FOTBCS TIiJT JIbOJIOBUMH IIAIKaMu 200 y cepeHii IIuOuH-
Hili 30Hi [4].

3.1 Hasiramis MeromoM HaBiramiiiHoro 4mc-
JIeHHsI Ta iHepuUiaibHi HaBirauiiHi cucremu

Hasgiramis metogom HagirariitHoro uncienns (dead
reckoning — DR) Ta iHepIiiaibHi HaBiramiiHi cucTeMu
(INS) € GazoBuMM HaBirauiiHUMHU MeTomaMu. Y 000X
[UX CHCTEMaxX TPAHCIIOPTHHH 3aci0 OTPHMY€ ITOYaTKOBE
MTOJIOKEHHSI, a TTOTIM BHKOPUCTOBYE iH(opMariro Bix 60-
PTOBHX CEHCOPIB JJIS TOCTIHHOTO OHOBIICHHS OIIIHKH
CBOTO TONOXKEeHHA. OCKUTBKH TO3HUIlS TPaHCIIOPTHOTO
3aco0y He iHIMiaNi3yeThCs MPOTATOM IMiIBOJHHX OIepa-
i, MOMUJIKY B OIHII TO3HUIIii HAKOTTHIYIOTHCS TPOTSI-
rom Micii. []i MOMWIKY BUHUKAIOTh 3 Pi3HHUX JHKEPE, Ta-
KHX SIK BJIaCHA TIOMMJIKA OOPTOBHUX CEHCOPIB, Ta 30BHIII-
HIX CKOJIOTIYHUX CHJI, sIKi HE aJleKBaTHO CIocTepira-
I0ThCSl CEHCOpaMHM, BUKOPUCTOBYBAaHUMH Y BiJIIIOBIIHIH
HaBiramiiuii cucremi. [4]

VY Hagirauii metogoM DR mBuakicTs TpaHcmopr-
HOTO 3ac00y IHTETPYETHCS BITHOCHO Yacy, MO0 OLiHUTH
[UIAX PyXy TPaHCIOPTHOTO 3aco0y. HaiOumbIm npumMiTu-
BHI cucTeMd MeTomoM DR OLIHIOIOTE MBHAKICTH, BUKO-
PHUCTOBYIOUH anpiopHi KaliOpyBaHHS IMIBUIKOCTI TBHHTA
MIPOTH IIBUIKOCTI BOAM TPAHCHOPTHOTO 3aco0y. Lleit me-
TOJ TEHEpYeE JINIIe HAOIMKEHY OLIHKY MepeIoBOl IIBHI-
KOCTI, HE BPaxOBYIOUHM BIUTMBH Tediil un 3cyBy. Ha mpak-
THIII 1[I CHCTEMH HE TPUIHATHI ISl MOBUILHUX TPAHCIIO-
pTHUX 3aco0iB, Takux sk AUVs. Tomy HaBirauiiiHi cuc-
TEMH BKJIIOYAIOTh TOYHI BHMIipPIOBaHHS IIBHIKOCTI, TaKi
sK Ti, o orpumani 3 Doppler Velocity Logs (DVL), siki
BHMIPIOIOTH MIBHJAKICTH TPAaHCHOPTHOTO 3aco0y BigHO-
CHO MOPCBKOTO JJHa 200 BOIHOTO MOTOKY YH CTPYMEHIO
[9].

Amnarnoriggo, y 0azoBux cucremMax DR xypc moxe
OyTH BHU3HAYCHW TLTHKH MarHiTHHUM KommacoMm. [Ipote
MAaTHITHI KOMITACH MOXXYTh OyTH ITi[[TaHi BETMKUM 3MiH-
HUM TIOMHJIKaM, 0COOJIMBO OLJI1 MOPCHKOTO JIHA, I M-
BOJIHI 00'€KTH MOXYTh CIIPUYMHHUTH BIIXHJICHHS KypCy
KOMIaca Bifi MarHiTHoro miBHo4i. Tomy ripockomiuHi
KOMIIacH BKITIOUeHi B cucremu DR yis mokparieHHs To-
YHOCTI BUMIPIOBaHb KypCYy.

IonasnbIire y10CKOHAICHHS KOHIICIIIIT HaBiraIii Ha-
BIramiifHOTO YHCIICHHS - II¢ iHepIliaTbHA HaBiramiiHa CH-
crema (INS), sika 3a3BH9aii BKITIOUAE iHEpHiadbHHAN OJOK
pyxy/BuMipioBaHb i3 anroputMoM Kammana. Bumipro-
BaHHS PUCKOPEHHS TPAHCIIOPTHOTO 3ac00y 3 iHepIiallb-
HOTO OJIOKY PyXy IHTerpylOThCS JABidi BiTHOCHO dYAacY,
00 OTpUMATH IMIBUIKICTH TPAHCIOPTHOTO 3aco0y. Al-
roput™ KanmaHna - 1ie ynpasisitounii anropyutM, Kuii no-
TIM BKJIFOYA€ 3HAHHS IOIEPEIHbOTO MOJKEHHS TPAHC-
MTOPTHOTO 3ac00y, BXi/IHI JaHiI CEHCOpa Ta ANHAMIYHY MO-
JIeTb CUCTEMH JUIsl OLIIHKHU IIOTOYHOTO TOJIOXKEHHS TPpaH-
CIIOPTHOTO 3ac00y.

OcHoBHa npo0OieMa BUKOPHCTaHHS CHCTEM HaBira-
uii DR a6o INS sk eamHOTrO MeTomy Hapirarii miaBo.-
HOTO TPAHCHOPTHOTO 3acO0y IIOJISITae B TOMY, 1110 TOMH-
JIKa OL[IHKH TOJIOKEHHS TIOCTIHHO 301IbIIYETHCS 3 4aCOM
1 BIZICTaHHIO.

VY INOBEepXHEBUX OINEpallisiX, KOJIW TPAHCIIOPTHUH
3acib MOXke MepioANIHO BUXOANUTH Ha IIOBEPXHIO 1 HOBTO-
PHO iHiIiaTi3yBaTH HaBIraIiifHy CHCTEMY 3a JOIIOMOTOIO
naHux Bin [o6anpHO1 cuctemu nosuitionyBauHs (GPS),
nenieBi cucteMu INS Moy Th OyTH Tyke €(heKTUBHUMMU.
IIpore nmst rTUOOKOBOIHUX OTEPAIliid YacTe BUXOHKESHHS

8



ISSN 2073-7394

CucreMu ynpaBiTiHHS, HaBirarmii Ta 38's3ky. 2023. Ne 4

HA OBEPXHIO JII 1HIIiami3a1ii CHCTEMU HE € MOXIJIUBUM.
Xo4a iCHYIOTh Ay’XKe TOYHI CUCTEMH HaBiraIii Ha OCHOBI
INS, ix 3aBuIIEHa BapTiCTh, PO3MIp Ta MOTPEOH Y JKUB-
JICHHI TpaJULiHHO POOMIIN X a0COIIOTHO HENTPUAATHUMHU
JUISL MaJINX, HEIOPOTUX TPAHCHOPTHHX 3aco0iB. [Iporpec
B TEXHOJOTii KOMIIOHEHTIB TPOOBXKY€E 3HIKYBAaTH Bap-
TICTh Ta PO3Mip BHCOKOTOYHHX cHCTeM Hapiramii INS,
aie, Ha CHOTOMHINIHIA JEHB, 30BHIMIHI aKyCTHYHI CHC-
TEMH TO3WI[IOHYBaHHS 3aJMIIAIOTHCSA CTAHAAPTOM IS
HAyKOBUX MiCili Ha MaJIMX, HEJOPOTHX IiBOTHHUX TPaH-
CIIOPTHHUX 3aco0ax

4. Tno6anpHa cucremMa mosmuiloBanHs [noba-
npHi cuctemu mnosunionyBanus (I'CII a6o GNSS -
Global Navigation Satellite Systems) BUKOPHCTOBYIOTb
CUTHAJIU BiJl CYyIyTHHKIB, SIKi 00€pPTaIOTHCS HAaBKOJIO 3e-
MJIi, JJIs1 BU3HAUEHHS reorpadivyHoro mojoxeHHs 00'e-
kra Ha noBepxHi 3emuti [13]. Haii6inbin Bigomoro i pos-
moBciomkeroto ['CIT € GPS (Global Positioning
System). Curaanu GPS y pamiodacToTHOMY Hmiama3oHi
OJIOKYIOTBCS MOPCHKOIO BOZOI0, ToMy curHaimu GPS ne
MOXYTh Oe3mocepeHb0 MpUHMaTHCs ITHOOKO 3aHype-
HUMU okeaHiyHHMH 3acobamu. [Ipote GPS wacto gormo-
Marae psiy TeXHiK HaBirauii miBOJAHUX TPAHCIIOPTHHX
3ac00iB, BKIIOYaI0YH 0OCTEKEHHS aKyCTUYHUX Mepeaa-
BauiB, Kopekuito nojokeHHs ans IMU, kaniOpyBaHHS
BHUpPIBHIOBaHHs COHapiB Jlomiepa Ta MOBEPXHEBI CHC-
temu LBL. I'CII Ga3yioTbcs Ha CylyTHHKaX, SKi IOCH-
naroTh cnenudivni pagiocurHanu. KoxHa cucrema Mae
BENUKY KUIBKICTh CYIyTHHKIB, IO 320€3eYyI0Th TOK-
putTs Beiei moepxHi 3emuti. OOnamHaHHS Mae TpUit-
Mad, SKAN "TOBUTE" CHTHAH BiJl YOTHPHOX 200 OibIme
CYNyTHHUKIB. BHKOpMCTOByIOUM wYac BiJIpaBKH, dHac
MpUHOMY Ta BIZOMY TIO3UIIO CYIyTHHKA, NpUAMad
MOXKE BH3HAYHTH CBOIO TOYHY TeorpadidHy IMO3HUIIII0
(mmpora, moBrora ta Bucota). CydacHi KOMEpIIiiHi ch-
CTEMH MOXYTh 320€3Me4NTH TOYHICTh TIO3UI[IOHYBaHHS
Bix 3 no 10 metpiB. CrieniajbpHe 00/aHAHHS Ta KOPEK-
LifHI CUTHAJIA MOXYTb TIOKPALIUTH L0 TOYHICTB JI0 Jie-
KUIBKOX CAaHTHMETPIB.

5. Hagirauisi 3 BUKOPHCTAHHAM crocTepiradin
TpaekTopii Ha ocHOBI qudy3ii. Y miif crarTi mpencra-
BIICHO MiAXiJ AJIS OLWIHKH TPa€eKTOpii MiJBOJHOTO ama-
pary, BUKOPHCTOBYIOYH TOJIOBHUM YHHOM TipOJOIIIIIe-
PIBCBKI BUMIiprOBaHHs (BHMIipIOBaHHS MIBHAKOCTI) Ta
CHUCTEMY aKyCTHYHOTO MO3WIIOHYBaHHS (TOPH30HTA-
JbHE TOJIOXKEHHSA). MeTon 3acHOBaHWH Ha BHUKOPHC-
TaHHI JUQY3IHHUX crocTepiravis, sSKi, Ha BiAMIHY Bix
TPAANLIHHAX CIIOCTEpiradiB CTaHy, 34aTHI 0OPOOIATH
ILiJi CerMEeHTH TpaeKTopii cucremu 3a pas [14]. Takum
YUHOM, BOHH OyIyTh HAa3MBATHCS CIIOCTEpiradaMu Tpa-
exTopii. SIk BUAHO, OJHIEIO 3 TOJIOBHHUX IIEpeBar Takoro
MiIXONyY € Te, IO, HA BiMIiHY BiJ 1HIIUX JOCIIIKCHb 3
HaBiraiii, 6araTo TPyIHOLIIB, OB’ s3aHUX i3 KOMOiHa-
niero pomepiseskoro ripockona/USBL (pi3Hi mBHIKO-
cTi iHpopMarii, Apeid norepiBChKOTO ripockomna, BH-
KU, 3001 B CHCTEMi aKyCTHYHOTO ITO3HIIIOHYBAaHHS
TOIIO), PO3IVISIAIOTHCA JTy>KE IPOCTO, TOYNHAIOYH 3 THX
CaMHUX OCHOBHHUX PiBHSIHb, TAKUM YHHOM BEIly4H JIO J10-
CUTh €MHOTO NOIIALy Ha npobnemy. llle oqna cyrreBa
nepeBara MeToAy IOJISTae B TOMY, IO CTPYKTypa nude-
pEeHIliaNbHUX pPIBHSAHb 13 YACTHHHUMH IOXiIHUMH
(PDE), y saxy BiH BOyIOBaHH, HO3BOJISE TPOBOIHUTH

CyBOpE IPAKTUYHE Ta TEOPETUYHE JIOCIIIKEHHS, OCKi-
JBKH JOCTYITHO 0arato MareMaTHYHHX IHCTPYMEHTIB
JUTS. BUPIIIICHHS BXKJIMBUX MUTaHb, TAKUX K CTaOiIb-
HICTb, Ha/IIWHICTB, pearizanis, a Mmetadopa audysii Bu-
KOPHUCTOBYETHCS B YChOMY JIOKYMEHTI JJO3BOJISIE MIATPH-
MYyBaTH aJITOPUTMIYHUN OMHUC Yy BIAHOCHO IMPOCTIH, iH-
TYITHBHO 3pO3yMifiil Ta KOMITAaKTHIN opmi.

6. Buxopucranus acunxpoaaux FAHC nas 3a-
0e3nevyenHs HaBiraunii rpyn AUV

6.1. lNommpernm pimeHHsAM Hasiramii rpyn AUV
BBa)XKA€ThCSl BUKOPUCTAHHA acMHXpPOoHHOI LBL 3 10H-
HHUMHU 200 MOBEePXHEBMMH MasikaMHU-BilnoBizauamu
(MB). [lanuit MmeTos HaBIiraIii IpyHTY€ETHCS Ha BUMIPIO-
BaHHI Yacy BITYKY Masika Bi/IMOBiTaya Ha BUXITHUHN Bij
IiABO/IHOTO anapara curuai. [lependavaerses, o B ak-
BaTopii Ha BifcTaHi He Ounbmie 10-15 kimoMeTpis Bij mi-
JBOAHOTO amapata € Habip MB (He meH1e 2), nuisxoMm
TPHAHTYJSII] OTPUMAHUX YaCOBUX 3aTPUMOK BIATYKY
BiJ MasKiB BIAIIOBiJga4iB BCTAHOBIIOETHCS BIACTaHb BiJT
MB no AUV. Ilpu npomy kinbkicts MB icToTHO mokpa-
[Iy€e TOYHICTh BU3HAYCHHA Miclie3HaxomKkeHHss AUV.

[pu peanizamii TakoTo MiAXOMY IJIS HaBiramii rpyI
AUV BuHuKae npobnema, npu siKik HeoOXiIHO 13 3a71a-
HOIO0 ONTHMAJBHOI0 MEPIOJUYHICTIO HalaBaTv rifpoa-
KyCTHUYHHUI KaHa’ 3B's13Ky koxkHoMy AUV, 110 BXOIUTH
JI0 TPYTIH, JJIsl BU3HAYEHHS CBOTO MiclenonoxenHs. 11lo
N0 4ep3i NPU3BOJUTH O ICTOTHOTO 3aTATYBaHHs IPO-
Hecy HaBiramii okpemoro migBogHoro amapara. I[lpu
IbOMY TaKOX BUHHKAIOTh IMPOOIEMH IPH HEOOXiTHOCTI
nonaBanHs HOBoro AUV mo ckiamy icHYOUYOI TpYIIH.
OCKUTBKH TOBOANTHCS BUAIISITH HOBE YacOBE BIKHO JJIS
HOBOTO IiJIBOJHOTO arapara.

VY pobori [15] po3pobiieHa KOMILIEKCHA CHCTEMa
i JBOTHOTO MO3UI[IOHYBaHHS 1 3B'3KY Ul YIIPABITiHHS
KUJIbKOMa aBTOHOMHUMHU TiABOAHUMH anapatamu. Bona
CKJIaJIA€ThCS 3 HAIiB3aHYPEHOTO aBTOHOMHOTO HaJ[BO-
HOTO afapara K peTpPaHC/AIIHHOT CHCTEMH MO3HII0OHY -
BaHHS 1 3B'A3Ky Ha PyXOMill MOBEPXHi, TeJeynpaBIliH-
HOTO 0e3MiJIOTHOTO IMiZABOIHOTO arapara siK peTpaHcis-
iAHOT CHCTeMH MMiABOAHOTO 3B's13Ky Ta LBL mus inau-
BimyansHOI opieHTanii AUV (Tpu HagBogHux Oyst). Yac
BUIIPOMIHIOBAaHHS CHHXPOHI30BaHO i3 CHI'HAJIOM CHC-
TeMHU TUHaMidHOTO To3uIionyBaHHiI. AUV y 30HI mii
TpbOX OyiB MOXKYTh IPUHMATH TPU CUTHAIIN ITEpeaaBaya
3a JI0IIOMOTOI0 BCTaHOBJIEHOTO TipooHa Ta po3paxo-
BYBaTH CBOE MICIEMONOKEHHS 3a PI3HHUIEI0 Yy daci
MPUKAHATHX CUTHAJIIB, Ha 10J]a4y A0 JaHUX iXHbOTO Ja-
TYUKA TTUOMHH.

6.2. AsropuTM BHpIIIEHHS HaBiramifHOTO 3a-
BaaHas it rpynn AUV B pamMKax IpPOEKTy
THESAURUS Buxopuctosye nani Bix USLB i rpyHTY-
eTbes Ha ¢inbTpi Kanmana (PK) 3 ypaxyBaHHSIM 0c00-
JMBOCTEH oOpraHizalii MepexeBoro 3B's3Ky. BimHocHO
ennHO1 craHIii Mopchkoro qHa AUV MOXYTh OIliHIO-
BaTH CBO€ MiCLIE3HAXOKEHHs 0€3 HeoOXiTHOCTI BHKO-
pHUCTaHHS BHCOKOBApTICHOI iHepLialbHOI HaBiramiiHoi
cucrteMu abo TpyaoMicTKoi KaniOpyBanHs. MeToxn mij-
XOIWTH JIsi aBTOHOMHUX ITiIBOJHUX amaparib, 0 CKiITbKH
HE BHMArae >KOJHOI iHIIIOi 30BHINTHBOI JOTIOMOTH, KPiM
ennHoi cTaHIii Mopchkoro gHa. OCHOBHA ifles TOJsTaE
B BHKOPDHCTaHHI B3a€EMHUX aKyCTHYHHUX BHMIPIOBAaHb
MK TPaHCIOPTHUM 3aCO00M 1 €JIMHOI0 CTaHIIIEI0

9



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

MopcbKoro aHa. [lpunnun aii npoctuit: AUV nounHae
3 aKyCTHYHOTO ONMTYBaHHs €IMHOT CTaHLii MOPCHKOTO
JTHA 1 BUMIPIOE BiJICTaHb MK IBOMa OJIOKaMH, a TAKOXK
TIeJICHT €JJMHOI CTaHLii MOPChKOTO AHA BiHOCHO AUV
B cucteMi Bimiiky AUV, NOTIM, €JJiHA CTaHIlisI MOPCh-
xoro nmHa obuwnciroe neineHr AUV BigHOCHO cebe 1 1me-
penae 1o iHpopmariito Hazag B AUV 3a 10moMororo
aHAJIOTIYHOTO aKyCTHYHOTO MPHCTPOIO.

OO6'emnyroun 1o iH(GOpMAaIit0o Ta BBOASAYM ii B
CTPYKTYpy HENiHIHHOTO (iNbTpa, SKAH BKIIOYAE BHMi-
proBaHHs mBUAKOCTI pyxy AUV mo 3emmi Ta KyToBOi
mBHAKOCTI puckanHsi, AUV 004YHCIIIOE OIIHKK CBOTO
MOJIOKEHHs Ta Kypcy. EdexruBHicTh MeTony Oyina nepe-
BipeHa 3a JJOTIOMOTOI0 MOJICJIIOBaHHS, 3aCHOBAHOTO Ha
pe3ynbTarax eKCIepUMEHTY.

7. AnropuT™Mu oprasisanii rpynosoi HaBiramii,
3aCHOBaHi Ha BUKOpHCTAaHHI iHopmanii npo qucra-
Huii mizk AUV Bcepeauni rpynu.

Icaye AUV minep, sikuii BU3HAYa€ CBOE MicIe3Ha-
XOIDKCHHS 3 BUCOKOIO TOYHICTIO. [HIN amaparu y rpyii
BH3HAYAIOTh CBOE IIOJIOKEHHS HAa OCHOBI OOYNCIICHHS 3
BUKOPHCTAHHAM OOpPTOBHX HAaBITallilHUX JaTYUKIB 1
YTOYHIOIOTH HOTO HAa OCHOBI JJAHUX PO BiJCTaHI O ana-
para minepa. ¥ crarti [16] onucana TAHC 3 MoGinbHOO
0a3or0. Y naHoOMy BHMAAKYy HAekiibka moporux AUV,
OCHAIIICHUX BHUCOKOTOYHOIO HABIralliiHOIO CHCTEMOIO,
BUKOHYIOTh POJIb MasiKiB JUIsl iIHIIKMX OLIBII MPOCTUX Ta
nemeBux AUV.

AHaJzorivna izmes onucana B po6ori [17], B kit y
Micii Opaii yqacTs JIBa THITH allapaTiB: JOPOTHIA 3 HaBi-
raniifHOI0 CHCTEMOIO BHCOKOi TOYHOCTI Ta JCIICBUH 3
HABITaI[ifHOI0O CHCTEMOI HH3BKOi To4HOCTi. Tpeba
OyJI0 3a JOTIOMOTOIO TiIPOaKyCTHIHHX MOJAEMIB 3a0e3-
TIEYUTH HABIraIito JACeMIeBUX anapaTiB 3 TOUHICTIO JOPO-
rux amapariB. [Ipu BupilieHH] 3aBraHHs Oyno 3ilic-
HEHO MOpiBHSIHHA Meroay TpuaHrysuii 3 OK, nxe
¢inpTp KanMaHa nokasaB BHUILy TOYHICTh OIIIHIOBaHHS
MiCIIE3HAXOKCHHSI MMiIBOIHUX araparis.

VY crarri [18] 3apoOnOHOBAHO €TUHUI METO. CITi-
JbHOT HaBiranii npoBigHoro i nposeneHoro AUV, sikuit
B OCHOBHOMY ()OKYCYETHCS Ha IJIaHyBaHHI ONTHMAllb-
HOTO UIAXy IpoBigHOro AUV MeTonoMm pi3HUII B Yaci,
3a YMOBH, 10 IUIsX mposeneHoro AUV Oyio 3arrano-
BaHO. CIIo4aTKy BCTaHOBIIOETHCSI MO/IENb CIILIBHOT Ha-
Biramii 3 gexinbkoma AUV i aHATI3y€eThCS CIIOCTEPEXKY-
BaHa npoOinema cuctemu. I[lo-apyre, st €1MHOI cHc-
Temu criigbHOI HaBiramii AUV npoBigHUA-TIpOBEACHUIMA
cTBOpeHa 06a30BaHa Ha MpoIeci MPUHHATTS pimeHs Ma-
pKOBa MOfeNb CiibHOI HaBiramii 3 aekinmbkoma AUV, i
pO3po0sIeHN METOA IUIAaHYBaHHS MUIAXY IIPOBIIHOTO
AUV Ha 0CHOBi MeTOAY pi3HMIII B 4aci. AITOPUTMH He-
JiHiiHOTO po3mupeHoro ¢insTpa Kanmana i HeniHIHHOT
¢inpTpanii ¢pineTpa Kaamana 3acToCOBYIOTBCS IS MO-
JICIIIOBaHHSA Ta IEPEBIPKU aJTOPUTMY, 3alpOIIOHOBA-
HOTO B I1ilf cTarTi. Pe3ynbraTti nmokasyoTs, 0 TEOPETH-
YHY HOMMJIKY TO3UII0HYBaHHs nposeaeHoro AUV mo-
YKHa PETYIIOBAaTH MPUOIN3HO 10 3,2 M, IMJIaHYIOYH Tpa-
extopito mpoBigHOro AUV 3 BUKOPHUCTaHHSIM METOIY
pizHuIi B yaci. [leit MeTom Moxe He TiNbKU 3MEHITUTH
MIOMMIIIKY CIIOCTEPEKEHHS Ta HOMIIIKY TO3HI[IOHYBaHHS
nposeaeHoro AUV IpoTAToM BChOTO MPOIIECY CIITBHOT
HaBirarii, ajie TakoX MiATPUMYBaTH BiTHOCHY BiJICTaHb

BHUMiproBaHHS MiX npoBimHuM AUV Ta mpoBeaeHuM
AUV B BiNOBiHOMY Jiana3oHi.

BucHoBku

OcCTaHHE AECATUITITTS IPOTPECy B TEXHOIOTI Ta aj-
TOPHUTMAX ITiIBOJHOI HaBiramii 3Ha4HO MOKPAIIHIO iCHY-
FOYi METO/IM HaBiraiii Ta, Oibllie TOTo, MPU3BEIIO JI0 30-
BCIM HOBUX METOIB HaBirailii. OCKiIbKH JOCITIHKCHHS Y
cepi HaBiraiii po3BUBAETHCS, 00 BIATIOBICTH HA I1i BU-
KJIMKH, 1HHOBAMIi y 1ii cdepi 3abe3medyBaTUMyTh HOBI
3aBIaHH JUIS I IBOJHUX TPAHCIIOPTHUX 3aco0iB, sIKi pa-
HillIe BBOKAJHCS HETIPAKTUIHUMHU 200 HEe3MiHCHEHHUMMU:

- TIOKpameHHs HaBiramii Oinsg mHa. Xoda TOYHICTH
Ta 4aCTOTa OHOBJIEHHA 0ararb0X TEXHIK Hasirarii OIS
JTHa TOCTaTHI ISl TMHAMIYHOTO TIO3HIIIOHYBaHHS, IIi Xa-
PaKTEPUCTHKH BCE IIIE MOCTYMAIOTHCS THM, IO € y BUCO-
KOPO3AITbYMBHX HAyKOBUX CEHcopax. J[omaTkoBi mokpa-
IICHHS B HaBiraiii OiJist JHA TOTTOMOXKYTh 3aITOBHUTH ICH
pO3pHUB Ta, B pe3yJbTari, J03BOJSTh BUCHAM OLJIBII TO-
BHO BHKOPHCTOBYBaTH HayKOBIi JlaHi Mpo mpouecu Oins
nHa;

- HaBiraimis 3 JCKUIbKOMa TPAHCIIOPTHUMH 3aco-
Oamu 3aBISKH JOCSTHEHHSIM y cdepi aKyCTUUIHHX MOJe-
MiB Ta TEXHIK HaBiramii 3 OJHOCTOPOHHIM YacoM IOIO-
POXi, TOCHITHUKN MOXXYTh PO3IVIAJaTH METOAONOTII Ha-
Birarii, sIKi BAKOPHCTOBYIOTb JIaHi 3 JIEKIJIBKOX TPaHCIIO-
PTHHX 3ac00iB. Y TaKMX TEXHIKaX TPAHCIIOPTHHHA 3aci0
BHKOPHCTOBY€E iH(OPMAIIiIO MPO CTAaH i CEHCOPHU iHIINX
TPaHCHOPTHHUX 32C00iB, TOJATKOBO 10 JaHUX, SIKi BIH Mae
BiJl BIACHUX CCHCOPIB Ta CUCTEM HaBirailii. PosropraHas
JIEKITLKOX TPAHCIIOPTHHUX 3aC00IB Ha MICISIX HAYKOBOTO
iHTepecy (HalpuKiIa, TEPMOKIIHK abo TigpoTepMasbHi
BUXOJIM) Pa3oM 13 TOKpalleHHMMH TEXHIKAMHU OIIIHKU
CTaHy HaBKOJIMIIHBOTO CEPEIOBUINA Ta HABIramii 3Ha4HO
IiIBUIIly€ HAITy 37aTHICTh €(EKTUBHO NMPOBOAUTH IIO-
LIyK, JIOKAIlil0 Ta BUBYEHHS HAayKOBHX mHpoueciB. Mox-
JMBICTh TPAHCIIOPTHUX 3aCO0IB TpaIlOBaTH B OJHOMY
perioHi Ta OOMIHIOBaTHCSA iH(POPMAIIEI0 MOXE O3BO-
JUTH 3MCHIINTHA BUTpATH pecypciB (Hanmpukian, LBL-
TPaHCHOHICPH, BUCOKOPO3IUTBHI OaTUMETPHYHI 30HIIH,
ripockoIu), HeoOXiHI yIst JociimkeHHs okeany. Lli no-
CSICHEHHSI 3HAYHO ITiJIBUIIATH HAIlll MOXKJIMBOCTI BUKOPH-
CTOBYBATH ITiIBOJ{HI TPAHCIIOPTHI 3ac00U B okeaHorpadii
1, MOXKJIMBO, 3MIHATh CTPATETIi JOCIHKCHHS OKCaHYy.

- HaBiraiisi B cepeiHbo30H1 TpuBHUMipHa HaBiralis
0 TIOBEpxHi Oyra yCIINIHO BHUpIIIEHA 32 JIOTIOMOTOIO
GPS, a Takox /10MIepOBUX COHAPIB 1 HaBirauii 3a OpieH-
THpPaMH B 3HAYHII Mipi MOKpALIMIM HABITAIII0 TOOIN3Y
nHa. [Ipore akycTHYHI CHCTEMH Yacy MONBOTY Ta 1HEpIi-
anpHi BUMiproBaibHi npuctpoi (IMU) € eanauMn edek-
TUBHHUMH CEHCOpPaMH JJIsl BUMiproBaHHA cTaHy XY B ce-
penHill 30HI HOWH (BOISHUN NIap MONATI BiJl HOBEPXHI
MopsI Ta mofaii Bia qHa Mops). Lle oOMmexye Hamty 31at-
HICTh IO TOYHOI HaBiramii B I[bOMy perioHi okeaHy. Ha
JIAHUH MOMEHT I1i TEXHIKH € JTOCTaTHIMH JIsl OKeaHOTpa-
(biyHUX IOCHTIKEHb, OHAK MOCTiiiHE 301IbIIEHHS iHTe-
pecy 1o KinbKicHO1 Oioyoriunoi Ta (i3nIHOT OKeaHOTpa-
¢bii B cepenHiit 30HI IHOUH CTHUMYJIIOE PO3POOKY BIOC-
KOHaJIEHUX cHucTeM Hasirarmii. OOMexeHa KUIBKICTH BU-
MIpIOBaHb CEHCOPIB, JOCTYIHHX HAa IIMX IIMOMHAX, Iie-
pendauae BaXKJIMBY pOJIb MOJEIbHUX OLIHIOBAYiB CTaHYy B
LUX JIOCSATHEHHSIX.

10



ISSN 2073-7394 CucreMu ynpaBiTiHHS, HaBirarmii Ta 38's3ky. 2023. Ne 4

VY BUNAJKy, KOJIW TPAHCIIOPTHI 3aCO0M MPaIIOIOTh B JIHA, IOCATHEHHs y cepi HaBiraii AeKinbkoMa TpaHCIo-
cepenHii 30H1 MIMOUH OHOYACHO 3 TPAHCHIOPTHUMHU 33-  PTHUMHM 3ac00aMy MOXYTb CIIPUSITH MOJINIICHHIO HaBi-
cobamu, sIKi TIPalIOOTh OMM3BKO O MOBEpXHi abo Oinsg  raumii B IMX yMOBax.
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Analysis of contemporary methods and prospects for the development of underwater vehicle navigation
A. Zaiets, Y. Kalinichenko

Abstract. This article conducts a comprehensive analysis of modern navigation methods for autonomous underwater ve-
hicles, emphasizing their technological features, advantages, and limitations. Primary attention is given to five key methods: acous-
tic navigation, global positioning systems, Doppler velocity log (DVL) navigation, inertial navigation, trajectory observation nav-
igation based on diffusion, as well as ensuring the navigation of groups of underwater vehicles. The study's results indicate that
integrating various navigation methods can significantly enhance the reliability and accuracy of positioning underwater vehicles,
ensuring effective mission execution in challenging conditions. Considering current technology development trends and operational
requirements, the article also outlines directions for further research and developments in underwater navigation.

Keywords: autonomous underwater vehicles, acoustic navigation, Long Baseline, Ultra Short Baseline, Short Baseline,
Kalman filter, Doppler Velocity Log, algorithm for integrated navigation NARX-RKF, dead reckoning navigation method and
inertial navigation systems.
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HarionansHuii TeXHIYHIA yHIBepCcUTET «XapKiBCHKHUH MO TEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa

METO/J, CUHTE3Y BE3IIOBHOI TEKCTYPOBAHOI C®EPH JIJISI BI3YAJII3AILLILI
Y TEOTH®OPMAIIMHUX TA KAPTOTPA®TUHUX CUCTEMAX

AHoTaunis. Y cTarTi po3NITHYTO METOJ CTBOPEHHs OE3IIOBHOI TEKCTypOBaHOI MoAeNi chepu Ta BUAAJICHHS apTe(aKTiB
MOB'A3aHUX 3 OCOOIMBOCTSAMH PO3PAXyHKYy TEKCTYPHUX KOOPIMHAT MPH LIIIHIAPUYHOMY HpoelitoBaHHI. MeTol CTarTi €
po3podka MeToay HoOyIoBH Ta Bisyamizaiil chepuuHUX TEKCTYpOBaHUX 00'€KTIiB sKMil OM HEe MaB HEJOIIKIB ICHYIOUHX Me-
TOZIB, AKi MOB'A3aHi 3 BUHUKHEHHAM HAOYHO MOMITHHX Bi3yaJbHHUX apTe(akTiB MpH HaKIaJaHHI TEKCTypU Ha MOBEPXHIO
ctepu. HaBeneHo MeTox sSIKUif O3BOJISIE KOPEKTYBATH TEKCTYPHI KOOPWHATH SIK Ha TEOMETPUYHOMY PiBHI, TaK i B Ipomeci
MPOBEIICHHS Bidyali3ailii, B skoMy cepa yMOBHO PO3ALIAETHCS HA YaCTHHH BIIMOBITHO 10 BifCTaHi Bij momrociB. s ko-
YKHOI YaCTHHH BUKOPHCTOBY€ETHCSI HAHOLIBII ONTHMAIBHUH aNTOPUTM TEKCTYpYBaHHS, 0 3a0e3Iedye MBUIKOIII0 METOY.
OO0uuciIeHHs 3a JOIOMOTOI0 3aIIPOIIOHOBAaHMX AJTOPUTMIB MOJKHA MOBHICTIO peaiizyBaTH 3a paxyHok pecypciB GPU. 3a
pe3yJbTaTaMM JIOCITI/PKEHHS BU3HAYEHO, 110 3al[POIIOHOBAHMIT METO/ JO3BOJISIE BUNAINTU apTedaKkTH sIKi BUHUKAIOTH IIPH
PO3paxyHKy TEKCTYPHHUX KOOPAMHAT AJIsI LMIIIHAPHYHOTO MIPOCLiI0BaHHA K Oe3M0ocepeHbO Y Mpolleci Bidyamizaii, Tak 1 Ha
eTarri CHHTE3y MOJIeli CepH, IO JO3BOJIIE 3HAYHO MOKPALIUTH BiIOOpaKEHHS TEKCTYp Ha MOBEPXHI cepu.

Karwo4doBi caosa: Tecemsuis, noain pisHoi mwionmuu, GPU, MIP piBHI, peaicTH4HI Bi3yalbHi CLIEHH, TEKCTYPyBaHHSL.

Beryn

Kaprorpadiuna npoekuist - 1je cucTeMaTuyHe Iepe-
TBOPEHHS HIUPOT 1 JJOBIOT MICIIEBOCTEH 3 MOBepXHi cde-
pu abo emincoina B Miciist Ha mwromuHi [1]. Byap ki kap-
TH HEMOXKJIMBO CTBOPHUTH 0€3 3aCTOCyBaHHs Kaprorpadi-
yHuX npoekuii. [Ipore moBepxHst chepu He Moxe OyTH
NpeJIcTaBIeHa Ha [UIOIIKHI €3 CIIOTBOPEHb, TE CaMe CTO-
CYEThCS 1 IHIINX OMOPHHUX MOBEPXOHb TAKHX AK CILIIOLIE-
Hi cdepoinn, emirmcoign Ta reoinu. [y cipomieHHs B ikt
CTaTTi MPUITYCKAETHCS, IO TOBEPXH, SIKy MOTPIOHO Bi-
nob6pasuty, € cheporo. OcKibku Oynb-sika KapTorpadi-
YHA TMPOCKIisS € 300paKeHHsIM OJIHI€T 3 OMIpHUX MOBEp-
XOHb Ha IUIOMIMHI, yci kaprorpadiuHi npoekuii CroTBo-
PIOIOTBCS, aJle KO)KHA CIIOTBOPIOETHCS IIEBHUM YHHOM.
3ae)KHO BijJ MPU3HAYCHHS KapTH OJHI CIIOTBOPECHHS J0-
MyCTUMI, a IHIII Hi; TOMY ICHYIOTb Pi3HI KaprorpadiuHi
npoekii, siki 30epiraloTh OJHI BIACTHUBOCTI KyJenomio-
HOTO TiJla 332 PaxyHOK IHIIKUX BJIACTHBOCTEH. Y OLIbII
3araJbHOMY IUTaHI TOBEPXHI IIAHETHUX TiJI MOXKYTh OyTH
HaHECEeHI Ha KapTy, HaBiTh SIKIII0 BOHW HAATO HENPaBHIIb-
Hi, 100 3MOJEIIOBATH 1X 32 JOMOMOTO0 cepH U eIill-
coina. Kaptu MoxyTh OyTH KOPHCHIIINMH, Hi)K TIOOYCH,
y 0ararboX CHTyaIlisIX: BOHM KOMITAKTHIII Ta JISTIIi ISt
30epiraHHs, JISTKO BMIIYIOTh BEITMUYE3HUN Jiana30H Ma-
cmTabiB Ta MEPEerIAAA0TECS HA JHUCIUICSX KOMITIOTEPIB,
MOXYTh TOJIETIINTH BUMIPIOBAaHHS BIACTHBOCTEW perio-
HY, [0 HAHECEHO Ha KapTy. TakoX KapTh MOXYTh IOKa-
3yBaTH OUTBIN YaCTHHU MOBEPXHi 3eMili OHOYAaCHO. AJe
3 PO3BUTKOM KOMIT'FOTEPHOI TEXHIKH, TPa)iTHAX MPHCKO-
pIOBaviB Ta MOSBOIO BEJHKOi KiNBKOCTI Pi3HOMAaHITHHX
nporpaM, 30KpeMa reoinpopmaniiiHux Ta Kaprorpadid-
HHUX CHCTEM, BHHHUKAE 1 3BOPOTHA 3ajaya - K, MAIOYH
KapTy 3 BIJIOBIIHUMHU CIIOTBOPEHHSIMH, IOOYyBaTH
TPUBUMIPHY MOJIEJIb BiIIIOBIHOTO TiJia 3 SKOTO IS KapTa
Oyna CTBOpEHa, HANPUKIIAT MOJENb 3eMHOI Ky, abo Tin
COHSYHOI CHCTEeMM, TaKMM YHHOM II00 MiHIMi3yBaTtu
KiJIBKICTh apTedaKxTiB SKi BHHUKAIOTH TPH MOIYJIIOBAHHI
Ta BizyaJizallii Moselti.

MerTor0 cTaTTi € po3pobka MeTomy MOOYyIOBH Ta
Bigyamizallii cepuIHUX TEKCTypOBaHUX OO'€KTIB SIKUI

Ou He MaB HEJOMIKIB iICHYIOUAX METOIIB, SIKi TIOB'S3aHi 3
BUHUKHEHHSM HAOYHO IOMITHHUX Bi3yaJIbHUX apredak-
TIB TIpH HAaKIaJaHHI TEKCTYpH Ha TOBEPXHIO Cdepu.
[pormec Bizyamizamii TpUBUMIpHOI Moeli chepr MOXKe
OyTH PO3ALICHO Ha JIBa eTalu: NoOyIOBa TEOMETPHYHOT
MOZIENI Ta HaJaroKEHHsS TEKCTYpU Ha MOBEPXHIO MO-
neni. [IpoaHanizyeMo MOCIIIOBHO iCHYIOUI MiIXOJH Ta
npoOJIeMH SIKi BUHUKAIOTh Ha KO)KHOMY €Talli.

Io6ynoBa moaei chepu

IcHye nmekinpka MeToziB OOYTOBH Mojedi cdepu.
Haiibinpm npoctimmii 3 HUX, e Tecemsmis (po30uTTs
Ha TPUKYTHHKH) 3a HIMPOTOIO0 Ta JOBIOTOIO, ajle BOHA
Mae BiuyTHi apreakTH Ha MOJ0CaX, Ta HEPIBHOMIpHY
HITBHICTh TPUKYTHHKIB. [HIINI MeTOMH, Taki K reojie3u-
YHa TECeJIlis, He MICTATh nuxX Hemomikie. Cepen HUX
MO)KHAa BUJIUJIMTH JIBI TPYIU METOJIB: TECEJALIs OIyK-
Joro OaratorpaHHuka (Hampukian, ikocaeapa) [2] Ta
3mTamKyBaHHs Kyba [3].

VY mepmoMy MeTOJi, CIIOYaTKy OyAyeThCsI MOJEINb
ikocaeapy (Terpaenpy abo okTaenpy) 3 TPUKYTHHKIB, a
Jalli KO>KeH TPUKYTHHUK MOJIEI JIOaTKOBO PO3IIIISETHCS
HAa MCHII TPUKYTHUKH, 3 BiAIOBITHOIO HOPMAII3aIli€ro
KOOp/AMHAT HOBMX BepmmH. [Ipomec moBTOprO€THCS /10
JOCSITHEHHS 33a7aHO1 LIITbHOCTI CiTKH TPUKYTHHKIB [4].

THmmii mMeTon, sikmii 6a3yeThCsl Ha PO3MiTeH] Kyoa,
MpAIfoe CXOXKUM YHHOM, ajieé B SIKOCTI 0a30BOi CITKH
oOupaeTbes OLTBIT TpocTa ¢irypa - KyO, KOKHa TPaHb
SKOTO TECEITIOEThCS OKPEMO 1 He3aIexXHO Bif iHmmX. Lle
JI03BOJISIE CTIIPOCTHTH Ta MPUCKOPUTH MPOLIEC OTPUMaH-
HS HOBUX BEpIIVH, BUKOPUCTABIIHN IapajeibHi o0umnc-
JrOBadi, KOXKeH 3 KX OyJe onpanboByBaTH BiJIIOBIAHY
TpaHb.

[Ipouec oTpumaHHA KOOpIWHAT BepmmHH P BU-
DA€ HACTYITHUM YNHOM:

P =N+ s(T + jB), 1)
ne N - Hopmaine 70 moBepxHi Tpami, s =1/n, ne
N - KiTBKICTh PO3MAITCHB, | Ta j - JOKANbHI KOOPAMHATH

Ha rpami (Bix 0 mo n - 1), T - moruuna mo rpaxi,
B = N@® T - Ginopmais (@ - BEKTOpHUiA 100YTOK).
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[Ticnsa po3paxyHKy Bektopy P, oTprmane 3HaueHHS
HOPMAJIi3y€eThCsl 1 3alaM'sITOBY€EThCS SIK HOpMaJb y Bep-
LIMHI, a micns MaciraOyBaHHS BHCOTOIO 30epiraerbcs
SIK aKTyaJIbHa IT03MLis BepiunHu. HacTymHoro 3aga4ero €
OTPUMAaHHS CITKH TPUKYTHHKIB. BoHa Takox Moxe OyTH
OTpUMaHa HEe3aJeKHO I KoxkHOI rpaHi. CiTKa TPUKYT-
HUKIB OyIyeThCs IUIIXOM (pOpMyBaHHS YOTHPUKYTHHKIB
3 BEepIIMH OTpUMaHUX 3a (1) 3 IX MmoJasipIIoo Tecemsili-
€10, B 3QJIGKHOCTI BiJl TOTO O SIKOTO KBAJPaHTy TpaHi
BOHM HaJIeKaTh: JPYTUi Ta UETBEPTUH KBAJPAHTHU TECe-
JIIOIOTHCSI B MPSIMOMY HAmNpsIMKY, a MEpIIUid Ta TPeTii

B 3BOPOTHOMY. IHILGKCI/I BEPIIMH YOTUPUKYTHHKA A, b, c,
d OTPUMYIOTHCSA HACTYIITHUM YHHOM

a=[f(n+D+jin+1D)+i,b=a+1,
c=[fn+D+j+1l(n+D+i,d=c+1, (2

ne f- Homep Tpawi, | Ta j - KOOPAWHATH YOTHPUKYTHHKA
Ha rpaHi (Bix 0 mo n - 1).

Jus mpsimoro Hampsimy OymyTb chopMOBaHiI TpH-
KyTHHKH: (8, b, C) Ta (@, ¢, d); mis 3BopoTHoTO (8, b, d)
ta (b, ¢, d). Ha puc. 1 nokasana BiJmoBijHa CiTKa TpH-
KYTHHKIB, SIKa OTPUMAHA 32 HABEICHUM METOJIOM.

Puc. 1. CiTka TpUKYTHHKIB SIK OTPUMaHa ITicJIsl TeCeNsLil Ta HopMai3anii Ky0a,
3J1iBa HaMpaBo, s 8, 16 Ta 32 po3iieHb, BiAMOBITHO

O04yncIeHHS] TEKCTYPHUX KOOPAMHAT

BaxnuBoro yacTUHOWO Ut Oyab SIKOi CHCTEMH Bi-
3yajizauii € HakJIaJaHHs MaTepiajiB Ha HOBEPXHIO MO-
Jeneil 00'ekTiB, MO JO3BOJISE MPHUIATH M HEOOXiTHUIHA
(peamictnunuii Bunan). el mpomec Ha mpakTHI BU-
KOHYETHCSI 32 JIOTIOMOTOI0 HAakKJIaJaHHA TEKCTYyp, A
YOro MOTPIOHO OOYMCIUTH TEKCTYpHI KOOPIUHATH IS
KOKHOI BEpPIIMHA MOJIEIT.

Skmo cdepa BUKOPHCTOBYETHCS SK OCHOBA IS
SIKOTOCh TiJIa COHSYHOI CUCTEMH, TO JOLIJIBHO 3aCTOCO-
BYBaTH SIKyCh KapTorpadiuny npoekuito [1, 5], ais toro,

mo0 MoxHa Oyno HaHecTH ICHyIoul Kaprorpadiysi
300pakeHHs Ha MojneNb cdepu. Haiibinbir Bimomoro €
HUITIHAPHYHA Tpoekilis Jlambepra, sika € OCHOBOIO Ci-
MEWCTBa LMJIIHAPUYHNX PIBHOIUIONIMHHHUX MPOEKLil. Y
il MpoeKIii eKkBaTop 00paHo SK IMapanenb 0e3 CIoTBO-
PEHb, TAaKMM YMHOM, IOMHOXUBIIHM BHCOTY IPOEKLii Ha
MeBHUH KoeilieHT i MOAUTUBINY IIUPUHY HA TOW CaMUHA
KoedimieHT, 00NACTI BiICYTHOCTI CIIOTBOPEHh MOXKHA
MEPEMICTHTH 1O Oyab-sikoi Oa)kaHOI Mmapu mapaneneii Ha
MBHIY 1 MiBACHP Bix ekBaTopa. Ha puc. 2 HaBexeHi cro-
TBOPEHHs sIKi Hajgae LWIIHAPUYHA PIBHOIUIOUIMHHA
npoexkuis Jlambepra.

Puc. 2. uninapuuna piBHOIIONMHHA poekiisn JlamGepra 3 inaukarpucoro aepopmanii Ticco (© Eric Gaba )

VY kaprorpadii ingukarpuca Ticco [6] € pe3ynbTa-
TOM TPOCIIFOBAHHS KOJIAa HECKIHUCHHO MaJIOTo pajiyca 3
BUTHYTOI T€OMETPUYHOI MoOjelni, Takoi sk miolyc, Ha
kapty. OJHa iHIMKATPHUCA OIHKCY€ CIOTBOPCHHS B SK-
1ACh OHIN TOWIII, alle OCKIILKYA BUKPHUBIICHHS PI3HATHCS

Ha TUIOIIMHI KapTH, 3a3Buuail iHaukarpucu Ticco pos-
MIIIYIOTBCS TI0 BCiif KapTi, 00 MpOiTIOCTPyBaTH Mpoc-
TOpOBY 3MiHy BUKpUBIEHHS. OCKIJIBKM BCI €JINCH Ha
KapTi MaloTh OJHY W Ty camy IUIOILY, CIOTBOPEHHS SIKE
BHECEHE MPOEKIII€I0 KaPTH, € OUCBHIHHUM.
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Ha puc. 3 nokaszano nporec ¢opmMyBaHHs BiAIOBI-
JTHOTO 300pa)KeHHS JUTS LIMTIHAPUYHOT MTPOEKIIii.

Puc. 3. Hwrinapuuna npoexiis 3emii (Public Domain)

OpHi€r0 3 HAMOUIBII MONTUPEHUX BUIIB IIHITIHAPH-
YHUX HPOEKLil € UWITIHAPUYHA PIBHONPSMOKYTHA MPO-
ekuis. Taka npoekuis BinoOpaxxkae MepuiiaHu Ha BEPTH-
KaJIbHI IpsMi JIHIT ITOCTIHHOTO 1HTEpBally, a IUPOTH Ha
TOPHU30HTAJBHI IpsAMI JiHil TOCTifiHOTO iHTEepBamy. Taka
MIPOEKIlis He BUKOPUCTOBYETHCS B HABIraIii 4d KamacT-
poBomy KaprorpadyBaHHI, ane, 4epe3 MPOCTHH 3B’ SI30K
MIX ITOJIOKEHHSM IiKCeNsI 300pakeHHsI Ha KapTi Ta HOTro
BIINOBITHUM TreorpadivHAM pO3TANIyBaHHAM Ha 3emii
4u iHmKX ceprunux tinax COHSIYHOT CUCTEMH, 3HAXO-
JINTh CBOE BUKOPUCTaHHs B KapTorpadysanHi. BoHa €

CTaHAAPTOM JUIs II00aNbHUX HAOOPIB PACTPOBHX JAHUX:

Celestia, NASA World Wind, USGS Astrogeology
Research Program i Natural Earth. Kpim Toro, Taka
MPOEKIIisi 4aCTO BUKOPUCTOBYETHCS Yy MaHOpamHil ¢o-
Torpadii Ta Bifeo3WOMII Al MpeACTaBIeHHS cepud-
HOTO TTAaHOpaMHOTO 300paxkeHHs [7], a Takox it dop-
MYBaHHSI 300paXeHb y BIPTyaJbHUX CEPEIOBHINAX, SIKi
CKJIQJalOThCsl 3 YCIOAM HAIPaBIEHUX 300paXeHb, IO
BiZoOpaxainucs y BipTyanbHil peansHOCTi [8]. st Toro
mo0 po3paxyBaTH BIATOBIHI TEKCTypHI KOOpAMHATH
U PIBHOILIOIIUMHHOT Tpoekirii Jlambepra it KOXKHOT
BEpLIMHH, HEOOX1IHO BUKOPUCTATH HACTYITHI BUPA3H:

N; = ||P - P0||,

atan2(xpn,zn)
2T

v =05 — SO, 3

u=205+

Je U Ta V - BIINOBIAHI TEKCTYpHI KOOPIMHATH,
N, = (%, Y, Z,) - Hampsim Bix mentpy chepu P, Ha
Touky P Ha moBepxHi cepu, KoopauHATH SKOT 00YHC-
neni Bignosigao 1o (1), dynkuis atan2(x,, z,) o6uuc-
JIO€ 3HAYEHHs apKTAHTeHCY UL Xp,/Z, B Jiana3oHi Bij
-1t 710 7, || — omeparis Hopmai3alii BEKTOPIB.
Jlyist piBHONIPSIMOKYTHOT TIPOEKIT TEKCTYpHA KOOp-
JIMHATA 10 BEPTHKAII OOUHCITIOETHCS SIK
v =10,5-0,5y,. (@)

OTXe, Malo4H CIHCOK BEepIINH cepr, MOKHa 00-
YHUCIIUTH TEKCTYPHI KOOPAWHATH AJ1sl Oy/b SIKOT 3 HUX.

Buganenns npomapkis Ki BHHHKaKOTh
NPH HAJATOIKEHHi TeKCTYp Ha MoaeJb cepn

[Ipn HajaromkeHHI TEKCTYyp BHHHKAaE Bl 3aBajH,
SIKI IOPOKYIOTh TMpOLIapKH Ha Moneni cdepu. [lepma
3aBajia BUHUKAE IIPU NEPETHHI TOPH3OHTAIBHOIO TEKCTY-
pHOIO KoopawmHaToro Mexi Mk 1 Ta 0. @akTHUHO BUpa3
(3) ms U mae qPoOOBY YACTHHY BiJ KOOPIUHATH, TOMY Ha
CTHKY JIBOX TPaHEH OCTaHHS BEpTHUKAJIbHA CMyra HpsMO-
KyTHHUKIB OyZe Maré TEKCTYpHI KOOPAMHATH SIKH IOB'S-
3yIOTh JIIBHH Ta TpaBUi KyTH TEKCTYpH i (PaKTHIHO BCS
TEKCTypa B 3BOPOTHOMY HamnpsIMKy Oy/ie HakJIaJaThcsl Ha
TPHUKYTHUKH SIKA BXOISTH 10 i€l cMyTH (puc. 4).

Puc. 4. Cmyra 4OTUPUKYTHUKIB 3 TEKCTYPHHUMH
KOOpAMHATaMH B 3BOPOTHOMY HAIIPSIMKY:
a — Ha Mozeni 3emii, b — Ha XMapHOMY OKPHBL

st Toro mo6 npubpary 1o 3aBaiy, HOTPiOHO MpH
Tecessilii YOTHPUKYTHUKA aHajli3yBaTH T'OPH30HTAIbHY
CKJIQJIOBY MOTO TEKCTYPHUX KOOPIHMHAT, 1 SKIIO LS CKIIa-
JoBa Juist Oyzb sikoi Bepriuau Oyme 6imu3bkol g0 0, a st
MPOTHIICHKHOT - OJIM3BKOT /10 1, MOTPIOHO A0IATH 0 MEH-
moi 1, Ta mpoayOIrOBaTH BiANOBIAHY BEPIIMHY 3 HOBOIO
TEKCTYPHOIO KOOPAWHATOIO.

Ile nmo3Bossie TOBHICTIO NPUOPATH CIIOTBOPEHHS
TEKCTYPH MOKa3aHi Ha puc. 4.

[Ile oquu Tum Bi3yadbHHUX apTe(akTiB BHHUKAE B
MOJAPHUX 00JIacTsAX 1 0OYMOBIICHHH THM SIK OymyeThCs
MIPOEKMisl Ta IHTEPIOJSMIEI0 TEKCTYPHHX KOOPIMHAT
B3/I0BX TPHKYTHHKA (pHC. 5).

Puc. 5. BizyanbHi apredakru
y MOJIIPHUX obnacTsax Mozeni Micsiy,
sIKi 00yMOBIICHI IHTEPIIOJISILIIEI0 TEKCTYPHUX KOOPIAUHAT
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Bimomi Jiekinabpka METOMIB sIK MpuOpaTH 11 apreda-
KTH, HAOUIBII IPOCTIIIMK BapiaHT - HA MOJIIOCaX MoOjie-
7l 3pOOMTH CHeliajibHy T€OMETpil0 3 IHIIMM THIIOM
NPOCLIIOBaHHS, aje TaKkWui BapiaHT MOTpedye OKpeMoi
TEKCTYPH Ta reoMeTpii Ha MOJeNi /Ul MOJISIpHUX o0iac-
Tel, Ta BUPINICHHSA MpoOJeM 3 IUIABHUM IIEPEXOIO0M
OCHOBHOI MOJIETIi Y IOTIOMIXKHY, III0 HEMIPAKTUIHO.

IHmmit migxin i Toro mo6 mpuOpaTH Taki apTe-
(akTH - OOUNCICHHS TEKCTYPHUX KOOpAMHAT Y (parme-
HTHIH MiKpomporpami, 6e3mocepeHpo B IMporeci Bisya-
mizamii. Ajie 1e, B CBOIO Yepry, HOPOIKY€E IHIIHN THII
apredakTiB, NOB'sI3aHNH 3 THM sK TpadidHUil poLecop
pospaxoBye MIP piBeHb TeKCTypH JUIs KOXKHOTO (par-
MEHTY 300pa)XeHHS - BEPTUKAJIbHUI MPOIIAPOK 3aBIOB-
JKKH B OIIMH MiKcenb (puc. 6). A momsipi obnacti, X0 i
CTalOTh OUIBII IJIaJKUMK TIOPIBHSAHO 3 MONEpEeIHIM
(puc. 5), ane Bce 1Ie MICTATH BiM4yTHI apTedakTu mpoe-
uitoBaHHS (puc. 7). TakuM 9YHMHOM TOTPIOHO PO3poOUTH
METOJ, SIKMi O TOKPAIUB SKICTh HAKIATAHHS TEKCTYP
Ha MOJeNb cepH, SIKIii On He MaB IepPEIIiYCHNX 3aBaj.

Puc. 6. BepruxansHuil npomapok nos's3aHuit
3 anroputMoM o6panHs MIP piBHs TexcTypu

Puc. 7. Apredaxt npoeriroBaHHs MPU PO3paXyHKY
TEKCTYPHHX KOOPJIMHAT 1711 KOXKHOTO (hparMeHTy

IpoanamnizyeMo NPUYHMHM IOSBH 3a3HAYEHHX apTe-
¢akriB. OOnBa Tuna apredakTiB BUHUKAIOTH TOMY, IO
rpadiuni npouecopu oounciorots MIP piBeHb TEKCTypH
3a TaK 3BaHUMHU YaCTKOBHMH IIOXiTHHUMH €KPaHHOTO IPO-

CTOPY - BEJIMYMHHU 3MiHU 3HAUCHHS TEKCTYPHOI KOOpAH-
Har# (U, V) Biji IOBUILHOTO MIKCENs 0 MIKCEeNs Mopyy i3
HUM, BuIie yu Hwkue. [padiyni npouecopu 3a3Buuait
OOYHCITIOIOTH 1€ 3HAYEHHS JJIsI KOKHOTO Habopy MIKCEIiB
2x2, Tomy MIP piBeHb BH3HA4a€ThCS TUM, HACKUIBKHU (U,
V) 3MIHIOETBCS 3 KOKHEM 13 X HabopiB. | xomm obgmc-
JIFOETBCSL TOPU30HTAJbHA CKJIAI0OBAa TEKCTYPHHUX KOOPIH-
Hat U 1y Mozeni cepu 3rigHo 3 (3), Ha MeXi 3HAYCHHS
U 3HaYHO 3MIHIOETHCS MK BOMa TikcersimMu. Uepes 1ie
rpadgiuyHAil TIpoIiecop BBaXKae, MO0 BCA TEKCTypa BiJo-
OpakaeThca MK IIUMH JBOMA IIKCEISIMH, 1 IPH pO3paxy-
HKy MIP piBHSI BUKOPHUCTOBYETHCS HaWMEHIINH MOXKIIH-
BUH piBeHb. Lle B cBOKO uepry Bee 10 Bi3yaldbHOTO apTe-
¢axty. KoopanHara vV Takoro ctpuOka He poOHTH Hi HIpH
oOuncnerHi 3rigHo 3 (3), Hi (4), TOMy B TOPU3OHTAJIBHIH
IUIOINIHHI apTedakTy He BUHUKAE. [[js Toro mod mpudpa-
] 1elt apredakt pocmigaukamu [9, 10] npomonyeThes,
a00 BUIUIATH Ti MIKCEINi Ui SKAX BUHUKAE apTedakt i
MIPUMYCOBO 3MIiHUTH X TEKCTYPHI KOOpAWHATH, a00 IIpH-
MycoBO po3paxoByBatn MIP piBeHP BHKOPHCTOBYIOUH
oTpuMaHi KoopauHatu 3 (3), (4).

Bci mepemniueHi MeTomu MarOTh IEKiTbKa HEMOIIKIB,
cepen SIKHX:

1) JlomaTkoBi ckiaaHi OOYHMCICHHS, IO 3MCHIIYE
HIBUKOIIIO MPOIECY Bi3dyaizarrii.

2) 3anexHICTh BiJi OOJaJHAHHS Ta MOXIHBOCTCH
GPU.

3) HeoOXigHICTh BHKOPHUCTAHHS CIEliajbHUX iH-
CTPYKIIiH 3aUTy A0 TEKCTYp i3 3a3HAYCHHSIM JaCTKOBUX
MOX1IHUX.

B crarti mpomoHyeThcs A€MIO IHIMH MiAXix 10
BupinIeHHs 1iei 3amaui. Tak sk apredakTy, MoB’s3aHi 3
IHTEPIIOJALIEI0 TEKCTypHHX KOOPJHWHAT, BHHUKAIOTh
(akTHYHO NHIIe B NONSpHUX obmactsax. [Ipu mpomy, y
CTaH/JapTHOMY 3amuTi JaHuX 3 TekcTypu (xomu MIP
PiBHI PO3paxOBYIOThCS ABTOMAaTHYHO 32 TEKCTYPHHUMH
KOOPJMHATAMH 1[0 IHTEPIIOIIOIOTHCS) apTedakTiB HaBe-
JICHUX Ha puc.6 He BHHHKaE. JIOIIILHO pO3paxoByBaTH
TEKCTYPHI KOOpIUHATH y (parMeHTHIH Mikporporpami,
6e3mocepeIHRO B POIIEC Bi3yasi3allil juiie s mois-
pHEX oOnactell (Hanpukiiaz, Outemux 3a 95%, Ta MeH-
mux 3a 5% 3a BEePTUKAIBHOIO CKJIAZO0BOIO0 TEKCTYPHHUX
koopauHaTt). Lle Takok TeopeTHYHO, 30UIBIIUTh IIBHI-
KOZII0 CHCTeMH Bi3yastizarii Juis BCi€i pemTH moBepxHi
coepu. ToOTO 11 BeiX IHIMX (HE MOJISIPHUX OOJacTeit)
3alUT JaHUX 3 TEKCTypu Oyne BigOyBaTvcs 3a momnepen-
HBO PO3PAXOBAHMMH TEKCTYPHHMH KOOPIMHATaMH SKi
30epiraroThCsi B TeOMETPUYHOMY OINHUCI MOJIeli, 3 aBTo-
MaTUuHUM po3paxyHkoM MIP piBHIB. A i MoJisipHUX
obnacreii motpibHO ckoperyBaru MIP piBenb y 6ik 30i-
JIBIIEHHS B 3JIEKHOCTI BiJ BifCTaHi 10 HaWOIMIKYOTO
moiroca. J[ist 1iboro moTpiOHO OOYHCIUTH BiTHOCHI BiJl-
CTaHi JI0 MOJIOCIB (Vs, Vy) BiJ JOBUILHO OOpPAHOTO KOJIa
- TIOJISIPHUX O0JacTed, AJsl SIKMX BEIEThCS pPO3pPaxyHOK
TEKCTYpHHX KOOPAMHAT Ha piBHI pparmeHTiB (puc. 8):

_ v-(-p)]
N b )

US = 1 - g, (5)
ne b - BimcTaHp Bif MOMOCY 10 KOJIa YMOBHOTO ITOYATKY
JIEeTaJbHOTO PO3PaxyHKY, V - BEpTHKAJbHA CKIIAJ0Ba
TEKCTYPHUX KOOPIHMHAT.

15



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

YA

YepBOHMM KONMbOPOM BiAMiYeHi Micus,
Ha AKMX BUHUKaIOTb BidyarnbHi apTedakTu.
IMyHKTUPHOIO MiHIEIO BigMIYEHi YMOBHI Kora

no4aTtky nonsipHMx obnacTen.

Puc. 8. Mexi oGnacreii Ha Mozeni cepu (BU 300Ky)

Jani HeoOXimHO ckoperyBatu notouHuid MIP pi-
Benb | 3a momomororo o6panoi Bimcrami ¥ = (vy|vs),
sIKa OOMPAETHCS SIK BIZICTAHb IO HAHOIMKIOTO TUTIOCY:

., max(0,l—1)
l=——7—, (6)
av
ne [ - cxopuroBanmii MIP piBens, a - Macirrabyroduii
koedirienT (Bix 2 10 8 B 3aMeKHOCTI Bijl 3arajbHOI Ki-
nbkocTi MIP piBHIB y TeKCTypi sika HAKIIAIA€THCS).

IMicns pospaxyrky [ 3a Bupasom (6), Bin 6e3moce-

PEIHBO BUKOPHCTOBYETHCS y 3alIUTaX JaHHUX 3 TEKCTYP.

IIpakTu4He a0CTiAKEHHS
3aMpPONOHOBAHOI0 METOXY

Bunpo6ysanust npoogunucs Ha [IK (CPU - Intel
Core i5 11400H 2.7GHz, GPU - nVidia 3050 3Gb,
RAM - 64Gb) min xkepyBanasim OC Windows 11, i3 3a-
cTocyBaHHAM rpadigaoi 0i0miorexu DirectX11.

Mognenb chepu Oyna modyaoBaHa 3 64 po30OUTTIB i
MicTuTh 14596 BepumH ski moenHaHi y 27648 TpuKyT-
HUKiB. Mikponporpamu 11t GPU Oynm Hammcani Ha
moBi HLSL (Pixel Shader 5.0). Inst peHaepuHry BHKO-
pucTOBYBasiacsi TeKCTypa po3mipom 8192x4096, 32 6it
Ha IIKCEJb.

Ha puc. 9 HaBeneHi pe3yabTaTi peHIEpPHHTY HOJIs-
pHOT 00nacTi cepyu 3riTHO 3aNPONOHOBAHOMY AJITOPHU-
T™MY po3paxyHKy MIP piBHs1.

Sk MoxHa MoOaunTH, BCi 3a3Ha4YeHi BUIIE apTeda-
KTH MOBHICTIO 3HUKIIH.

Pesynsratn pobotu cucteMu Bizyamizanii i3 3acTo-
CyBaHHSM 3allPOIIOHOBAHOTO METOAY U PI3HHUX TiM
COHSYHOI cHCTeMH HaBezeHi Ha puc.10.

[Micma xommimsmii Mikponmporpamu, 3'SCOBaHO, IO
pearmizamiss anropuTMy mHOTpedye 59 momaTkoBuX iH-
CTpyKLIii, sIKi BUKOHYIOThCS ymme anst 10% mosepxHi

cdepy, 3a IONOMOIOI0 OIEpaTopy IUHAMIYHOIO po3ra-
nmyxeHHs. JInst npo¢uIioBaHHS MIKpOIpOrpaMu 3acTo-
cOByBaBcs crierianizoBanuii qoparok PIX on Windows.
3 wMikpomporpamu Oynu  BWIy4eHI Bci omepaii

TI0B’5I3aHi 3 PO3PaxXyHKOM OCBITJICHHS.

Puc. 9. Peniepunr nonspaux obnacreir Moaesi
3a JJOIIOMOTOIO 3alIPONOHOBAHOTO aJTOPUTMY

Jis OUiHKK MIBHIKOAII BUMIpsIBCA 4ac peHIEpUH-
ry Mozeni cepw, sika Ha ekpaHi Oyna BIHCaHa y KBaj-
par posmipom 1024x1024 mikcens, TaKUM YHHOM MiK-
pomporpamoro  o0pobisocss mpuOIM3HO 824  THCAYI
(parMeHTiB.

[IpoBomunocst Tpu (a3 TeCTyBaHHS:

1) crammapTHUI PEHICPHUHT 3 IHTEPIOIBOBAHIMH
TEKCTYPHUMH KOODAMHATaMH (MIKpoIporpaMa JOBXKH-
HOO 6 THCTPYKIIH);

2) peHIEpHHT 3a JOMOMOTO 3alpPOIIOHOBAHOTO
Metony (MikpomporpaMa IOBKHHOI 59 1HCTPYKIIii)
BHJ 300Ky 3 MiHIMAIIFHOIO KiJIBKICTIO ()parMeHTiB LIS
SIKUX BEACTHCS PO3PAXYHOK TEKCTYPHUX KOOP/IMHAT;

3) peHAepHHT 3a JOMOMOTOI 3alPOIIOHOBAHOTO
Metony (MikpomporpaMa IOBXKHHOI 59 I1HCTpYKIii)
BHJ 3TOPH HA TIOJIFOC 3 MaKCHMAJFHOK KUTBKICTIO (pa-
IMEHTIB ISl SIKUX BEIEThCSI PO3PAXyHOK TEKCTYypPHHX
KOOp/IMHAT.

Puc. 10. Pe3ynbrati po6OTH 3aMpOIIOHOBAHOTO METOLY
Y CKJIaJli CHCTEMH Bi3yaJtizaril
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Koxen Tect npoBoauscs 10 pasis, pe3ynbrar yce-
PEnHIOBaBCSL.

Pesynbratn TecTyBaHHS HaBeneHi y Tabm. 1 (A —
Ne recty; B — yac pennepunry coepu, Mxc; C — 3arajb-
HUI Yac PEHACPUHTY KaJpy, MKC).

Tabnuya 1 —Yac penaepuHry chepu

A Tun mikponporpamu B C

CraHzapTHUHN 3alIUT 3 TEKCTYP

! (6 iHCTpYKLii) 188 | 443
3anponoHoBaHui MeToa (59 iHCTPYKLiH) —

2 BHJ 300Ky 188 | 443

3 3anpornoHoBaHui MeTox (59 iHCTpYKIi) — 205 | 465

BUJ 3rOpU Ha MOJIOC

BucHoBxku

HaBeseHuii anroput™ 103BOJISIE BHIAIUTH apTe-
(daKkTu sIKi BUHHMKAIOTh NPU PO3PAXyHKY TEKCTYPHHUX
KOOpJHHAT SIK 0e3MoCcepeHbO y Tpoleci Bizyauizarii,
Tak 1 Ha eTami MOOyIOBU MoeNli cepH, IO T03BOJIIE

3HAYHO MOKPALIUTH BiJOOpa’KeHHS IMOJSIPHUX oOnacTei
chepu.

1) Hdnst peamizamii aaroputmy pospaxyHky MIP
piBHA NOTPiOHO 59 IHCTPYKWiH (IpH KOMIIALIT MiKpO-
nporpamu 3 Mo HLSL).

2) Yac penzepunry cdepu TpH 3aCTOCYBaHHI 3a-
MIPONIOHOBAHOTO METOXY, NPU MaKCHMAaNbHIN KiTBKOCTI
(parMeHTiB U1 AKUX PO3PAXOBYIOTHCS TEKCTYPHI KO-
opanHaTH, 30UTbITyeThCs He Oimbine Hix Ha 10% (3ara-
JTHHUN Yac peHACPHUHTY Kaapy 30UIbIIyeThCS HE OinbIie
HiX Ha 5%).

3) ®aktuyHO anroput™M po3paxyHky MIP piBHs
BUKOHYyeThCs e s 10% dparmentiB cdepu, a s
pewTy, 3a JONOMOIOI0 OIepaTopy AMHAMIYHOTO po3ra-
Jy’>)KeHHs, 0OMPAEThCSI CTaHJIapTHA MiKpomporpama 3a-
NUTY 3 TEKCTYPU 3 aBTOMAaTUYHUM po3paxyHkoM MIP
PIBHS 32 TEKCTYPHUMH KOOPAMHATAMHM IO 1HTEPIOJIO-
IOTBCA.

4) 3ampornoHOBaHWA METOH IO3BOJISIE BHIATHTH
apTedakTH IMOB'I3aHI C MPOCHIIOBAHHAM TEKCTypH 0Oe3
Momudikamii reoMmeTpudHOi Mozem cdepu Ta IToJaBaH-
HS IKHXOCh JIOJaTKOBHX €JIEMEHTIB JI0 Hei.
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Seamless textured sphere synthesis method for visualization
in geo-information and mapping systems

A. Zuev

Abstract. The method of creating a seamless textured sphere model and removing artifacts associated with the issues of
calculating texture coordinates during cylindrical projection is considered. The purpose of the article is to develop a method for
synthesis and visualizing spherical textured objects that would not have the disadvantages of existing methods, which are associ-
ated with the appearance of visually noticeable visual artifacts related with the textures applied to the sphere surface. A method is
given that allows you to correct texture coordinates both at the geometric level and in the process of visualization, in which the
sphere is conventionally divided into parts according to the distance from the poles. For each part, the most optimal texturing
algorithm is used, which ensures the performance of the method. Calculations using the proposed algorithms can be fully imple-
mented at the cost of GPU resources. Based on the results of the study, was determined that the proposed method allows remov-
ing artifacts that occur when calculating texture coordinates for cylindrical projection both directly in the visualization process
and at the stage of synthesis of the sphere model, which allows to significantly improve the quality of the appearance of the
sphere surface.

Keywords: tessellation, equal-area subdivision, GPU, MIP levels, realistic visual scenes, texturing.
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METO/J OIIHIOBAHHA CTPYKTYPHOI CTIMKOCTI CUCTEMHU
«BYKCHUPYBAJIbHUK — CEHCMIYHE OBJIAJTHAHHS» IIPU MAHEBPYBAHHI

AHoTanisi. AkTyansHicTh. BykcupyBaHHs Oyab-sKOoro 00’€KkTa B MOPi € OKPEMUM BHIIAJKOM CYJHOBOIIHHS Ta IOTpe-
Oye MakCHMaNbHOTO piBHS Oe3meky. J{Is BUPIIeHHS [bOTO aKTyaJbHOTO 3aBJaHHS HEOOXiTHO BIOCKOHAJICHHS BiZJOMHX Ta
PO3pOOKH HOBUX METOIB MPOBEICHHS MOPCHKUX OyKCHPYBAJIBHUX OIepalliif, sIKi MOB'sS13aHi 3 MacOBOIO JOCTaBKOIO JIO MiC-
11 PO3BIIYBAIBHUX POOIT MOCTa4aHHS Ta OOJIaHAHHS Ha CIIEIiali30BaHUX IUIaBYYHX CIIOPYJAAaX, IO MAIOTh O3HAKU «Ma-
JIOMOpeXigHUX» 00'ekTiB. MeTa cTaTTi: YIOCKOHAINTH METOA OL[iHIOBAHHS CTPYKTYPHOI CTIMKOCTI CHCTeMH «OYyKCHpYBa-
JIBHUK — ceficMiyHe 00JIaHaHHs» IPU MaHEBpyBaHHI. Pe3yabTaTu AocaizxeHHs. B ctarti po3po0ieHO METOA OLIHIOBAH-
HS CTPYKTYPHOI CTIMKOCTI CHCTEMH «OyKCHPYBAJIBHHK — celicMiuHe 00JalHaHHM IPH MaHEBPYBaHHI, 1110 3a0e3meuye 6e3-
neyHe OyKCHpYBaHHs celicMiuyHOro oOmamHaHHA B Oyab-skuil MOMeHT yacy. OcoONMBICTh METOHY IMOJISITaE B TOMY, LIO
HMOBIPHICTD CTIMKOCTI CTPYKTYypH B MeXaxX PO3IIMPEHHX IPHITYIICHb BU3HAUYEHA 3a JOIIOMOTOI0 TeopeMH boromroboBa Ta
IHIMKAaTOPHOI (hyHKIIl, 0 JO3BOJISI€ BU3HAYUTH MOTEHLIHHI HEOE3MeKH, PU3UKK Ta PO3MIpH HMOBIPHOI IIKOAW JIIOIMHI,
OYKCHPYBAJIBHHUKY, CEHCMIYHOMY OOJIaJHAHHIO a00 HaBKOJMIIHHOMY CEPEIOBHUILY Bifl 3MiH CTPYKTypH OpraHizaliiHo-
TEXHIYHOT CUCTEeMH OYKCHpYBaHHS CEHCMIYHOrO 00JIaJHAHHS, a TAKOXK BU3HAYMUTH IOJIT, IPH SKUX ITOPYIIYETHCS CTPYKTY-
pHa CTIHKICTh Ta eKCIUTyaTalifHU{ CTaH CKIagy cyleH OyKCHpyBaJIbHHKA Ta CCHCMIYHOTO 0OJagHAaHHSI, SIKi HE BiAMOBiga-
FOTh YMOBI HaBirauiiHoi Oe3meKu.

KnaouoBi croBa: OykcupyBaibHa omepaliis, MOPCEKUH TPAHCIIOPT, HABIramisi, pU3UK, ceicMiuHe 00J1afHaHHSI.

Beryn

B ymoBax po3B’s3aHOi MOBHOMACIITaOHOI BiHU
Pocificekoi @expepartii mpot YKpaiHu BHHHUKAE aKTy-
aJIbHE Jep’KaBHE 3aBIAaHHS 3a0€3IEUCHHS MOPEIUIABC-
TBa y YopHOMY MOpi.

Kpim Toro, Brpata Kpumy i BinImoBigHOTO mIenb-
¢y IpHU3BOIUTE 1O HEOOXITHOCTI CEHCMITHOT PO3BIIKH
Ta MOWIYKY KOPHCHHX KOMAJIWH A 3a0e3neueHHs
eHepreTHyHOi 0e3nexkn YKpaiHu.

[Micns mepemoru Haj KpalHOIO-arpecopoM BHHH-
KHE aKTyaJbHEe 3aBJIaHHs OI[IHIOBAHHS BHYEPITHOCTI
pecypciB 1enbdy HYopHOro Mopsi Ta MOLIYKY HOBHX
POJIOBHIIL.

CelicMigHa pO3BigKa MOpPSI MPOBOAMUTHCS BiIIO-
BITHUM OONaJHAHHAM, SIKE, 5K, IIPABUIO OyKCHUPYETh-
cs1. OcoOMUBOCTSAME CEWCMIYHOI PO3BIAKH Yy paioHi
YopHOTro MOps € TIOPIBHAHO HeBelHKa riaubduHa (y ce-
peaapoMy Onm3bKo 1240 M), mo moTpedye OIiHKH pH-
3MKIB MaHEBpPYBaHHsS IpH OyKCyBaHHI CEHCMIYHOIO
obOmagnanus [1].

IocranoBka mnpodaemu. bykcupyBaHHsS Oynb-
AKOTO 00’€KTa B MOPi € OKPEMHUM BHITaJIKOM CYIAHOBO-
JIHHS Ta MOTpeOye MaKCUMAIILHOTO piBHS Ge3mnekw [2].

Jliist BUpILICHHS I[bOTO aKTYaJbHOTO 3aBJaHHs
HEoOXiJJTHO BJJOCKOHAJICHHS BIJJOMHX Ta pO3pOOKH HO-
BHX METOJIB NPOBEICHHS MOPCHKHX OYKCHPYBAJIbHUX
omepamnii, fKi IOB'I3aHi 3 MacoBOIO JOCTAaBKOIO [0
Micllsl PO3BiAyBaJbHHX POOIT MOCTa4aHHA Ta 00IaiI-
HaHHA Ha CIEIiaJli30BaHUX IUIABYYHMX CHOPYAAX, IO
MAalOTh O3HAKH «MAJIOMOPEXiTHIX» 00'€KTiB.

AHadi3 icHyH4YHX JliTepaTypHuX Ixkepena. 3a-
BJIAHHS OLIHIOBAHHS CTPYKTYPHOI CTIHKOCTI CHCTEMH
«OyKCUpYBallbHUK — CeHCMiyHe OONaJHaHHSY) MPHU
BUKOHAHHI OyKCHPYBaJbHHX oONepalii 3HaWmo pi-
IIEHHS Y po0O0Tax SK BITYU3HIHUX, TaK 1 3aKOPIOHHUX
JOCJITHUKIB ¥ Mae NeKinbka HampsIMKiB HayKOBOTO
JIOCIIIIKEHHS.

JocnigaukaMu, Ha poOOTH SKHX CIIMPA€ETHCS aB-
TOp, € TaKi:

— Barymenxo JI. JI. [6],

— Mansues A. C. [7],

— Heuaes 1O. 1. [8],

— Mimuenko O. /1. [9, 10],

— Asuelimen G., Blanco-Davis E., Wang J [11],

—Fossen T. I. [12].

MeTa cTaTTi: YIOCKOHAIUTH METOJ OLIHIOBaHHS
CTPYKTYPHOI CTIHKOCTI cHCTeMH «OyKCHUPYBaJbHUK —
celicMiuHe 00NaTHaHH» IPU MaHEBPYBaHHI.

BukJaaa ocHOBHOro Marepiaay

Ilix yac HpPOBEACHHS CEHCMIYHOT PO3BIIKHA Ma€
MPOBOJUTHCH TOCTIHHUI KOHTPOJbh CEHCMIYHOTO 00-
JaJTHaHHS Ta HOTO MOBEIIHKH B MODi.

KoHTponb, 3a3BUYail, 3MIIHCHIOETHCA TEXHIYHIMUA
3acobamMu 00'€KTHBHOTO KOHTPOJIIO Ta Bi3yalbHO, OCO-
OJIMBO IIiJI YaC XUTABHII.

[epeBipka craHy OyKkcHpYBaJbHOI JIiHIT Ta MOJIO-
JKEHHSI CeCMIYHOTO 00JIa{HaHHS MPOBOAUTHCS CUCTE-
MaTHYHO Ha PO3CYJ CyIHOBOXIs. TakoX MpH MiAroTo-
BIIi 10 BUXOJy B MOPE ITPOBOJUTHCS

— TexHiYHe O0OCIIyrOBYBaHHSI OYKCUPYBIBHOTO
Tpoca,

— 3MalllyBaJIbHI MPOLEAYPH B MiCUSIX KpiIJICHHS,
POJLITIB 1 KITFO3iB,

— 3JICHIOETBCS TIEpeBipKa CIPaBHOCTI ceHcMid-
HOTO 00JIaTHAHHS.

[lepen mouyarkoM OyKCHpYBaHHS CEHCMIYHOTO
oOnaHaHHs JaHi HOro TEXHIYHOTO cTaHy BigoOpaxa-
I0TBCA Y JKypHaIi OyKCHpyBaHHS.

ITix gac ceiicMivHOT pO3BiAKK y TEMHUH Yac 700U
ab0 B yMOBax 00OMeXeHO1 BUAMMOCTI CKJIaJ CYACH IO-
BUHEH BXXHMBATH Jii AJsl MOTEPEKeHHS HaJAMipHOTO
30JIMKEHHS 3 THIIAMY CYTHAMH.

[Ipu moripuieHHI TOTOAHUX YMOB TIiJ Yac ceiic-
MIYHOT PO3BIKM CYAHOBOJIH OyKCHpyBaJbHUKA Mae
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BUKOHATH HU3KY AiH JUIst 3a0e31neUeHHs1 Oe3MeKH CKila-
Iy CyHeH:

— 3HWDKEHHSI LIBUJIKOCTI OyKCUPYBaHHS;

— 3MEHILECHHS/301IbIIIEHHS] TIOBXUHU OyKCHpYyBa-
JILHOTO TPOCY;

—BHOip Oe3mevyHoro A CKIIay CyAeH KypCOBUX
KYTiB 3a BITPOM Ta piBHEM XWUTaBHII;

—IIOCHICHHS CIIOCTEPEIKECHHS 32 CTAHOM CeHcMi-
YHOTO 00JIaHAHHS;

—3rOpTaHHS CEHCMIYHOTO 00JIaTHAHHS.

[To 3akiHYCHHIO CEHCMIYHOI PO3BIOKM KEPiBHHUK
0 OpMITIOE BIAMOBIAHI TOKYMEHTH, B SIKHX (IKCY€ETHCS
Yac [TOYaTKy Ta 3aBeplIeHHs] OyKCHpYBaHHs, MapLIpyT,
O1i1, [0 BUHUKIIH IMiJ1 9YaC PO3BiIKU.

Jani celicMigHOi pPO3BIAKH OOpOOTIOIOTHCS Ta
y3arajbHIOIOThCSL.

Bapianrom BupimeHHs npo0i1eMHuX (aBapiiiHHX)
CUTyaliil y BITHOCHO CTa0iNBHUX CTPYKTYypax YIIpaB-
JMiHHA, 0 SKUX HAJICKUTHh Omepamis OyKCHpyBaHHS
ceficMigHOTO 00NaJHAHHS, € METOJ ycepeaHeHHs. Bin
BUKOPHCTOBYETBCSA HPH IOCHIIKEHHI mponecy (yHK-
LIOHYBaHHS CTPYKTYpH OpraHi3aniifHO-TeXHIYHOI CHC-
TEMH, BiANOBIAaJIbHOI 32 OYKCHUpYBaHHS CEHCMIUHOTO
o01agHaHH.

[IpoTe, cKIagHOCTI BUKOPHCTaHHS METO/AY BHHH-
KaloTh INpH NPaKTHYHIA peamizauii y BHIAAKY, KOJIU
HaOJMKEHHS CHpPaBeJIMBO HE Ul 4acOBOI'O BiApi3-

1 -
Ka[O;—], ne € > 0 — Manuii mapameTp, a AJs 3HAYHO
€

MEHIIIOTO YacOBOro iHTepBany. [Ipu HbOMY HE BHKO-
HYIOTHCS YMOBH, SKi JO3BOJISIFOTH BHKOHATH TITBKU
nepie HabIuKEHHS.

Onep>KUMO HaOIMIKEHHS JJIsl YaCOBOTO TIPOMIKKY

1
[0; —] METOJIOM CTaHIAPTHOTO YCEPETHEHHS.
€

CraH cucTeMH ynpaBiiHHS O€3NEeKor0 cynaHa, SK
cucteMa JuQepeHIiaIbHUX PIBHSIHD HEPIIOTO IMOPsia-
KY, 3allMCaHuil Y CTaHJapTHOMY BUTJISII:

dx/dt = eX(x,t, &), oe x € Rr, e € (0,¢], (1)
t € [0,0).

Hexait ¢pynkiis X(x,t, &) piBHOMIpHO 00MekeHa
mpu x = 0. Toxi BuUKOHYeThbcs yMmoBa Jlummuma 3a
apryMEHTOM X'

|X(x1,t,€) — X(xp,t,8)| < My, s

ne M = const,xq,x, € R,..
Y TakoMy BHMaJIKy KokHa i3 3ama4 Komri

x(0) = x,

qutst piBHAHHSA (1) Oyzie MaTu TUTBKU OJJHE HEJOKAJIBHO-
npoIoBXKeHe pimenus y dopmi x(t, xg, €).

PilieHHAM TpaBOi YaCTHHH YCEPEIHEHOIO piB-
usauus (1) 6yae popmyna:

T
Z(x,&) = (1/T)s%%JX(x, t,0)dt, 2)

npu pyskmii X(x,t, €), M0 I0MyCKae YCePSIHEHHS K
000B'sI3KOBY YMOBY, 1 koiH, QyHkuis o(€) Taka, 10
o(e) » 0 npu (g) » 0 must Oyab-saKOi 0OMEkREHOI 06-
nacti 2 € R", Gyae BUKOHYBATHCS yMOBa:

a(e)
&

ii_r)zzosup (p(x)—(e/a(e))f X(x, t+s,e)ds| = ?)
0

=0,
XEN 0t t<el/e.

VY Bumagky BHKOHaHHS c()OpMYyIHOBaHOI yMOBH
Mexa BUpa3y (2) MOke BHSIBUTHCS HEICHYIOUOK0 a0o
OyTtu BinMinHOIO Bix dyHKii ¢ (X).

[Ipn BUKOpHUCTAaHHI 3BHYAHHOTO METOIYy ycepen-

HEHHSI JIOCTATHRO BHUKOHAHHS YMOBH JUI KOXHOI 3
oOMexeHux obacteit

limsup|X(x,t,e) — X(x,t,0)| =0,x € 2
E—00
0<t t<el/e.

(4)

Jonymienns (4) cBiI4UTH MPO HEOOXIJAHICTH 3a-
CTOCYBaHHS 3BUYaifHOI'O METOJly yCEepEIHEHHSI.

Sxmo anst 6yab-skoi oOMexeHoi obmacti 2 € R”
BUKOHYETHCSI yMOBa (4), Toai Mexa (3) iCHye TUIBKH Y
BUMAIKY, AKmo ¢yukiis X(x,t, &) nomyckae ycepea-
"Henusa. Tomi

T
%im(l/T)fX(x, t,0)dt = p(x) =
0
1/¢e
= limsf X(x, t.e)dt
&£-0
0

i ymoBa (3) BHKOHYETbCS Uil OyJlib-sKOT 0OMeEXeHOT
obmacri

QcR"
1 OyIp-sK01 PYHKIIT
o(e) = 7%,

nea < 1.
Po3mvputd MOKJIMBOCTI METOJy YCEpeAHEHHs
MOYJINBO, SIKIIO TPUITYCTHTH, IO (YHKIIs

X(x,t,¢)
JIOTIyCKa€e ycepeIHeHHs i icHy€e MexKa:
1/¢

px) = lirzlef X(x,t, &)dt,
E—

0

a Qynkuis @(x) 3 mocriitnoi M Gyzae 3aJ0BONBHATH
yMmoBi Jlummuia.
Toni 3agaua Korii:

dx'/dt = ep(x),x'(0) = x, (5)
Ma€ TiJIbKH OJIHE PillIeHHS:
x'(t, %o, €).
st 6yap-sx0i oOMexeHoi o0macti
QcRr"

Ta Mg Oynb-skoro ¢ > (0 MOXHa 3HAWTH Take YHCIIO
&, > 0, mpu KOMY 31 CTIIBBITHOIIIEHB
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0<e<gixy €Q,
BpaxoBYIOYH yMOBY (3), 01€pKMMO HEPIBHICTH
max|x'(t, xo, €) — x(t, %0, €)| < 7;
0<t<1/e

HepiBHicTh miaTBepaKye ¢axr, mo 3a ymoBu (3)
oyukiis X (x,t, &) npuiiMae ycepeaHeHe 3HAYCHHS 32
POMIXOK yacy npubmausso 6(g)/e.

V neit ke mepion wacy x(t,xg, ) 3MiHHTBCS Ha
3HAYEHHS MOPSIKY 0 (€).

Orxe, Tpaekropis x(t, Xy, &) y cucremi (1) Bu-
ABUTHCA TIOAIOHOI0 10 Tpaektopii x (t, Xy, £) ycepen-
HeHoi cucremu (5).

Ha miif migcraBi cimin BBaXkaTd, M0 IpeaCTaBIIe-
HUH crocid MeToay ycepeaHEeHHs Oyle 3acTOCOBaHHMA
JUTA OLTBII ITUPOKUX JOMYIICHB, 1 JO3BOJIUTH BU3HAYA-
TH BIANOBiTHE NPUOIIKCHHSA, TOPSA 31 3BHYAHHIM
METOJIOM YCEepeIHECHHS.

[Iponec ynpaBiniHHS PU3UKOM y CTPYKTypax, IIO
3a0e3neuyroTh Oe3neKy OyKCHpYBaHHS CEHCMIYHOTO
o0JagHaHHs, Mae BCEOIYHO PO3TJISAATH Pi3HI aCleKTH
omepauii OyKCHUpyBaHHs, IMOB’s3aHI 3 PHU3HKOM, IIO
nepenbayvae:

— BU3HAUYCHHS U aHaNi3 pU3UKY,

— OWIHKY TOMIpPHOTO PH3HUKY i3 pO3paxyHKOM
MOXITMBOCTI HOTO 3HMKEHHS, 32CTOCOBYIOYN KOHTPOJIb
KepyIOUHX Jii.

BusnauenHs noTeHmiiHUX HeOE3IEK, X aHaI3 Ta
BU3HAYCHHS BIANOBIIHUX PHU3HKIB € CTPYKTYPOBAaHHM
NPOLIECOM, 3aBJaHHs SKOTO IOJrae y BH3HAYCHHI
CTYIIEHIO WMOBIPHOCTI BHHUKHEHHS IMOJIl Ta po3Mipy
WMOBIpHHMX 30WMTKIB Ta BTPAT Bif 3MiH CTPYKTYPH Op-
raHi3aiifHO-TeXHIYHOT CUCTeMH OyKCHUpPYBaHHS Ceiic-
MIYHOTO 00JIa/IHAHHS.

Hacnigkamu HeCTIPUSTIMBUAX O CITiJl BBAXKATH
Mipy 3aBIaHHS IIKOAHM JIOIWHI, OyKCHUPYBaJIbHHKY,
ceficMiYHOMY 00NajHaHHIO a00 HaBKOJIHUIIHBROMY Ce-
penoBumty. [Ipu 37ificHeHHI aHai3y MOJIHBOTO PH-
3UKy HEOOXiTHO NMPOBECTH aHadi3 WOTOo MOXiTHUX Ta
HACIIIIKIB:

—igeHtudikamis HeOe3MeKH, MmO MOJATae y BH-
3Ha4YCHHI IPUUMHH PECTPYKTYpH3allil CHCTEMHU;

— IMOBIpHICTh BUHMKHEHHS HeOe3Ne4YHol cuTya-
mii Ta yactoTa ii BUHUKHEHHS;

—BTpaTH Ta 30MTKH Tieli yu iHImOI Hebe3meuHoi
cHTYyallii, OIiHKa HACIiIKiB.

Jna BU3HA4YCHHS HMOBIpPHOCTI MOAii 3aCTOCOBY-
€TbCs IHANKAaTOpHA (QYHKIIIS:

1, axwo x(t, xo, €) — x'(t, x4, &) < 0,
fx) = (6)

0, axwo x(t, xy, €) — x'(t, Xy, €) = 0.

Toni Bupas

ff(x)dt /m

BU3HAYa€ YacCTKy B pe3yJbTaTi PO3MOMAUTY KiJIBKOCTI
CTaHiB

x(t, xo,€) — x'(t, X, €) < 0 (OAMHUID)

Ha 3arajibHy KiJIbKICTh M CTaHIB CHOCTEpPEKEHb Opra-
Hi3aiHO-TEXHIYHOI CTPYKTYpH Oe3meku (OAMHUIE i
HYJIB).

VY TakoMy BHIaJIKy PiBHICTbH JIa€ MOXIIUBICTH BU-
3HAYUTH HMOBIPHICTH (CEpPEIHIO YaCTOTY) CTPYKTYPHOT
CTIMKOCTI OpraHi3aliifHO-TeXHIYHOT CTPYKTypH, Bij-
noBianbHOI 3a Oe3neuHe OyYKCHPYBaHHs CEHCMIYHOIO
oOnagHaHHS:

f*(x) = 1%11—@ “ff(x)dt‘/m .
0

Hexait ast 6yap-sxoi MHOKUHE X GyHKIis f*(x)
JOpiBHIOE TOCTIHHIN BenmuuuHi. Toxi, 3 ypaxyBaHHIM
CHIBBIIHOILICHHS:

lf*(x)dmz:!f(x)dm

OJIEPXKUMO TaKy PIBHICTb:

1/mz f(x) =m(x)/m(X) = const = p.
=1

OcHOBHI pe3yJbTaTH

Otxe, WMOBIpHICTH CTIHKOCTI Oprasi3armiiiHo-
TEXHIYHOT CTPYKTYpH, IO 3abe3mneuye Oe3mnedyHe Oyk-
CUPYBaHHS CCHCMIYHOTO OOJaHAHHS B OYIb-SIKHIi
MOMEHT 4acy BH3HA4YeHa 3a JOMOMOTOK 3HAYCHHS P B
Mexax TeopeMu boroiro0oBa.

VY TakoMy BHIIAIKy YacOBi# MOCIZOBHOCTI 3MiH
(1) crpykTypu opraHi3aniiiHO-TeXHIYHOI cucTeMu OyK-
CHUpPYBaHHS CEHCMIYHOro OONaJHAHHS MPUTAMAaHHA
BIIACTHBICTH €PrOJUIHOCTI.

AHAJNOTIYHO [0 TINOTe3W TOBHOI WMOBIpHOCTI
ckIagHOI moxii Buay (6), oTpuMaeMo 3HA4YCHHS WMOBI-
pHOCTI py Ot

x(t, xg,8) — x (t, %0, ) = 0,

NpU SIKKX MOPYIIYEThCS CTPYKTYypHA CTIMKICTh Ta eKc-
IUTyaTallifHUNA CTaH CKJIay cyleH OyKcHpyBalbHHKA
Ta cedcMiyHOTO OONagHAHHS, SKI HE BiAIOBIAIOTH
YMOBi 0e3MeyHo1 eKcIuTyaTalii, a,0TKke, 1 HaBiramiinHoi
Oe3nexu.

3anporoHOBaHUN METOJ YCEepeJHEHHS JI03BOJISIE
3HAXOJUTH HEOOXIiJHE BiAIOBIIHE HAOJMIKEHHS IS
OLIIHKM HMOBIPHOCTI CTIHKOCTI CTPYKTYpH OpraHiza-
LiHHO-TEXHIYHOI CHUCTEMH YNPABIiHHS HaBiralifHuM
CTaHOM CKJIaJy cyAeH OyKcHpyBaJbHHKA Ta ceHcMiu-
HOTO 00JIaJHAHHS B MEXKaX PO3IUPEHUX IPHUIYIICHb.

Jna migTpuMaHHS CTaHy CTPYKTYpHOI CTIHKOCTI
JOCTaTHIM € NPHUBECTH JI0 MIHIMyMy BEJIMYHHY Py,
OCKUTBKH 00JacTh peaiizalii MOCTiTOBHOCTI CTPYKTY-
PHHUX MEPEXO0/IiB MiCTUTH ABi TOUKH IIiITHHOCTI.

Pecypc OykcupyBaibHHKA Ta CEHCMIYHOTO 00Ja-
JHAHHS JTO3BOJISIE 3a0€3MeYMTH MIATPUMKY CTIHKOCTI
CTPYKTYpH B CHCTEMi YOpPAaBIiHHS CTaHOM HaBirarii
CKJIaJly CyJeH OyKCHpYBaJlbHHKa Ta CEHCMIYHOTO 00-
JaHaHHS.
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BucHoBkH

TakuM YUHOM, YAOCKOHAJICHO METO]] OLIHIOBaHHS
CTPYKTYPHOI CTIMKOCTI CUCTEMHU “OyKCHUPYBaJbHHK —
celicMiyHe oONaqHaHHS TPU MaHCBPYBaHHI, IO 3a0¢3-
neuye Oe3neyHe OyKcupyBaHHS ceiicMiuHOrO 007aj-
HaHHS B OyIb-SIKU MOMEHT 4acy, B SIKOMY Ha BiIMiHY
BiJl BiIOMHUX, HMOBIPHICTh CTIHKOCTI CTPYKTYpH B Me-
Kax PO3LIMPECHUX NPUITyIICHb BU3HAYCHA 32 JTOIIOMO-
roro teopemu boromroboBa Ta iHAWKAaTOpHOI QyHKIIT,

IO J03BOJISIE BU3HAYMTH IOTEHLINHHI HEOE3MEeKH, pH-
3UKH Ta pO3Mipu HMOBIPHOI IIKOJW JIOAWHI, OyKCUpY-
BaJIbHUKY, CEHCMIYHOMY 00JIaIHAaHHIO 200 HABKOJIWII-
HBOMY CEpEeNOBHILY BiJ 3MiH CTPYKTYypH Oprasizamiid-
HO-TEXHIYHOI cHCTeMH OYyKCHpYBaHHS CEHCMIUYHOIO
oOnamHaHHS, a TAaKOXK BU3HAYUTH IOAI1, IPH SAKUX TO-
PYLIYETHCS CTPYKTYpHA CTIHKICTh Ta eKCIUTyaTaIliitHHHA
CTaH CKIAAy CyIcH OyKCHpPYBAJIbHUKA Ta CEHCMIYHOTO
oOnamHaHHS, SKi HE BiAMOBIZAIOTH YMOBI HaBiramiiHO1
Oe3nexu.
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Method of evaluating the structural stability
of the system "'tug - seismic equipment’ during manoeuvring

Y. Kalinichenko, Y. Postnikov

Abstract. Topicality. Towing any object at sea is a special case of shipping and requires the highest level of safety. To
solve this urgent task, it is necessary to improve the known and develop new methods of conducting sea towing operations,
which are associated with the mass delivery of supplies and equipment to the place of reconnaissance work on specialized float-
ing structures that have the characteristics of "low-speed" objects. The purpose of the article: to improve the method of as-
sessing the structural stability of the "tug-seismic equipment” system during maneuvering. Research results. The article devel-
ops a method for assessing the structural stability of the "towboat - seismic equipment"” system during maneuvering, which en-
sures safe towing of seismic equipment at any time. The peculiarity of the method is that the probability of stability of the struc-
ture within the extended assumptions is determined using Bogolyubov's theorem and the indicator function, which allows to de-
termine potential dangers, risks and the extent of probable damage to a person, a tugboat, seismic equipment or the environment
from changes in the structure of the organizational and technical system towing of seismic equipment, as well as to determine
events that violate the structural stability and operational condition of the towing vessel and seismic equipment, which do not
meet the condition of navigational safety.

Keywords: towing operation, marine transport, navigation, risk, seismic equipment.
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METO/]I BABHAYEHHS CTPYKTYPU TA CKJIAJY MYJbTUATEHTHOI
CUCTEMMU MOHITOPHUHT'Y MAJIUX MOAYJbHUX PEAKTOPIB
MOBYJIOBAHOI HA OCHOBI BE3NLJIOTHUX JITAJIbHUX AIIAPATIB

AHoTanisi. ABapis Ha aToMHil1 enekrpocranii (AEC) B M. ®ykycima nokasana, 110 BUKOPHUCTaHHS CHCTEM MOHITOPHHTY
Ha OCHOBI Oe3nioTHUX niTanbHuUX arapartiB (BI1JIA) mo3Bommiio 3aiCHIOBATH OIIHKY HACTiIKIB aBapil Ta IPOBOIWTH ITic-
nstaBapiifHui MoHiTOpHHT iHQpacTpykTyprn AEC Ta HaBKoIMIIHBOI TepuTopii. OHAK, pO3TOPTaHHS TaKOI CHCTEMH MOHITO-
PHHTY 31iHCHIOBAIOCH BXK€ IMICIIs aBapii, KOJIM He OyJI0 IHIINX MOXKIMBOCTEH JuTst oTprMaHHs iHpopMmanii. Kpim Toro npomec
CTBOPEHHS Ta PO3TOPTAHHA TAKHX CHUCTEM, SIKi € YHIKaJbHUMH, Ta IPU3HAYCHI AJISI MOHITOPUHTY KOHKpeTHOro 06’exty. Io-
mmpenHs 3actocyBanHs BITJIA Ha pisHoMaHITHI chepH MoKasye, 1110 BOHH MOXYTh BUKOPHUCTOBYBATHChH SIK THYUKI cepBicH
JUIs BUKOHAHHS PI3HUX 3aBJIaHb B aBTOHOMHOMY PEXKHUMI, 10 Iiepegdavae BIpoBaKEHHs 3ac00iB iX iHTenekTyanmizamii. Ox-
HIiM 3 HalpsMiB PO3BUTKY aTOMHOI €HEPTeTHKH € Maiti MoayJibHI peaktopu (MMP) i Bukopuctanus BIUIA y cknazi cucrem
MOHiTOpHHTY iH(pacTpykTyprt MMP 103BOJINTE BUpIlTyBaTH MUPOKe KOJIO 3aBaaHb. IIpeamerom cTatTi € mpouec Gpopmy-
BaHHS CHCTEM MOHITOpUHTY Ha ocHOBi BITJIA. MeTa cTaTTi — 3anpomoHyBaTH MiIXi 3 BIOCKOHAJICHHS IPOLIECY CHHTE3Y
IHTEJIEKTyaIbHUX CUCTEM MOHITOPHHTY 00’€KTiB aTOMHOI €HEpPreTHMKH. 3aBJaHHS CTATTI: 3alpONOHYBAaTH METOJ BU3HA-
YEeHHsI CTPYKTYpH Ta CKJIaIy MYJIbTHareHTHUX CHCTeM MoHiTopuHTy Ha ocHOBiI BITJIA (MA-BIIJIA-CM) 11 BUKOHaHHS
PI3HOMaHITHHX 3aBJaHb 3 ypaxXyBaHHIM BUMOT Ta yMOB HaBKOJIMITHEOTO CEPEJOBHIIA, ISl YOTO PO3POOUTH KOHLENTYAIbHY
Mozenb XonoHiyHoT MA-BITJIA-CM ta 6a3y 3HaHb y BUTJIAI OHTOJIOTT, A7 BUBEACHHS HEOOXiTHNX 3HAHB ITiJ] 9aC CHHTE3Y
MA-CM; HagaT MpuKJa] BUKOPUCTaHHS 3allPOIIOHOBAHOTO METOAY Uit opMyBaHHs cTpyKTypu MA-BITJIA-CM mpu BU-
KOHaHHI 3aB1aHb MoHiTOpuHry MMP (MA-BITJIA-MMP-CM), a came 371iiiCHEHHSI MOHITOPUHTY Y CKJIaJi CUCTeMH (i3ud-
Horo 3axucty MMP. Otpumani HacTymHI pe3yabTaTi podoTH. Po3pobieHa i onrcaHa KOHLIENTyalbHa MOAETH XOJIOHIYHOT
MA-BIIJIA-MMP-CM. Po3pobieHo Ta OIMCaHO MeTOoJ| BU3HAUYEHHS CTPYKTYpH Ta ckinaxy MA-BIIJIA-MMP-CM IIpu
I[bOMY BpPaxOBaHO HEOOXiHICTb pOpMyBaHHS IiJICHCTEMU BUKOHAHHS 3aBJaHb y BUIIIAI X010HiB BI1JIA Ta XomnoHiB 3a06e3-
nedyeHHs TpuBayoro GpyHkuionyBanHs MA-BIIJIA-MMP-CM. Po3po6ieHo BapiaHT OHTOJIOTiYHOT 6a3¥ 3HAHB Ta MOKa3aHO
npuKian ii BUKOpHCTaHHA Ut oTpuManHs nepeniky BITJIA, o6i1agnanHs, HeoOXITHOTO 1JIsi BAKOHAHHS 3aBIaHb y BH3HAUeE-
HUX yMOBaXx 3 3aJaHUMH BUMOTaMH. PO3TIISIHYTO MOXKIIMBI BapiaHTH 3A1CHEHH MOHITOPHUHTY (i3UUHOI Oe3meku iHppacTpy-
ktypu MMP Ta 3anpononoBana monens ¢pynkuionyBanHs MA-BIIJIA-MMP-CM 3 nepiogndHAM MOKPUTTSAM 30HH 0OMexe-
HOTO JIOCTYIIY, sIKa JI03BOJISIE BU3HAYATH HEOOXiqHY uncenbHICcTh BIIJIA Ta cTaHmiit o6cimyropyBanHs. HampsiMok nogaJib-
IIHX JOCTiIBKeHb TTOJIArae y po3poOili MeTo Iy BHOOPY Ta IMIUIEMEHTAIlii MoJieield, HeOOXITHUX AJIsl BU3HAYEHHS MOTPiOHOT
ypcenbHocTi BITVIA B MA-BITJIA-MMP-CM 1151 3a0€e3MeueHHs 3a1aHUX MOKA3HUKIB HAJIMHOCTI BUKOHAHHS 3aBJaHb.

Kaw4yoBi cioBa: cucteMa MOHITOPHHTY; XOJOHIYHA MyJTbTHAT€HTHA CUCTEMA; OHTOJIOT1sT; O3MIIOTHUH JTAaNbHIH ara-

par; cTaHIist 00CITyroByBaHHS; MaIUii MOyIbHUHN peakTop; (i3UIHHUIA 3aXHUCT.

Beryn

[HocranoBka nmpo6aemu. 3acrocyBanHsa BIIJIA B
CHCTEeMaX MOHITOPHHTY [O3BOJISIE 3HAYHO PO3LIMPUTH
MOXJIMBOCTI TaKUX CHCTEM Ta 3JiHCHIOBATH BUKOHAHHS
3aBJlaHb B YMOBax, HeOe3neuHux Jyist JiroanHu. Hapasi,
CUCTEMH MOHITOPHHIY 00’ €KTiB KpUTHYHOT iH(pacTpyK-
TypH, 3a3BUYal pO3TOPTAIOTHCS B yMOBaX YaCOBUX 0OMe-
KEHb Ta B YHIKaIbHUX crierudivanx ymosax [1, 2].

ABapis Ha aTOMHIH eJleKTpocTaHiii y yKyciMi mo-
Ka3zaJa, o BUKOPUCTAHHS 0€3MIOTHUX JIITATHHOTO ara-
patis (BI1JIA) 103BOJMIIO PO3TOPHYTH CHCTEMY MOHITO-
PHHTY JJI1 BU3HAYCHH HACNIAKIB aBapii [3, 4].

MMP 3apa3 € oqHAM 3 HAWOUIBII NEPCHEKTUBHUX
TPEH/IiB B raiysi eaekrpoeHepreTukr. OcobauBocTi no-
6ynosn MMP Ta mupoke KoJio 3aBJlaHb MOHITOPHUHTY,
sIKi HEOOX1THO BHKOHYBATH B TPOIIEC] IX eKCIUTyaTalii,
JUI BUKOHAHHA SIKMX TOLUTBHO 3acTocoByBaTH BITJIA,
obymoBmo0Th BuKOpucTaHHa BIIJIA sk cepgiciB, mo
MOXYTh BUKOHYBATH Pi3HI THIH 3aBaHb, CIPSIMOBaHHUX
Ha ITiIBUIIICHHS PiBHS OE3MEKH, 10 SIKUX BITHOCSTHCS [5]:

1. Incnekist Ta MoHiTOpuHT: BILJIA, ocHarieHi ka-
MepaMH, TEIUIOBI30paMH Ta HIIMMH CEHCOpaMH, MOXKHa
BUKOPUCTOBYBATH JIsi BUKOHAHHS IIJJAHOBHUX 1HCIEKLIH i
MoHiTopuary MMP Tta teputopiit MMP. Boun mMoxyTh
3a0€31EeUNTH ACTATBHE CIIOCTEPEKEHHS 32 KOMIIOHEHTAMH

ta cucremamu MMP ta ginssakamu MMP, BusiButTH Oy /1b-
sSIKI aHOMaJTiT Y1 HECIIPaBHOCTI Ta JIOTIOMOT'TH BUSIBUTH MO~
TEHLHI TpOOJIeMH 10 iX 3arOCTPEHHSI.

2. Posropranns Ad Hoc mepex: BITJIA moxe He-
ctu oOmagHaHHA A 300py maHWX repenadi Bix MMP,
BHMIPIOBAJIFHUX CTaHIIH O AUCIIETIEPCHKOT/IICHTPY .

3. besneka: BIIJIA MOXyTb BHKOPHUCTOBYBATHUCS
JUIL  OXOPOHM TepHUMeTpa Ta CIOCTEpPEXEHHS 3a
06’extaMmu MMP sk yacTuHa cuCTeMH (i3UYHOTO 3aXH-
cTy. BoHM MOXyTh crocTepiraTé 3a TEpHUTOpi€r0 Hax i
HABKOJIO 30HH DPO3TAllyBaHHA PEAKTOPiB 1 BHABIATH
OyIp-sIKy TiJJ03pilly aKTUBHICTh, 3JIOBMUCHHUKIB a00 IMO-
TEHIIIHI 3arpo3H.

4. PearyBaHHs Ha HaJ3BHYAIHI CHTyalil: y pa3i Haj-
3BHMYaiHOI cuTyaii MoxkHa posropayty BIUIA mms mBua-
KO OLIIHKH CHTYaIil Ta 3a0e3MeueHHs 0013HAHOCTI PO CH-
Tyauiro, Hanpukiaz, BITJIA MoXHa BUKOPHCTOBYBATH IS
oriagy Ta KaprorpadyBaHHS MICIEBOCTI Ha TepHTOpIl
MMP Ta HaBKOIIO 1i€l 00MIACTI TS OI[IHKY HACTIKIB aBapii.

Po3wmipu miomanok po3MinieHHs ckianosux MMP
JOCUTH BemMKa, a 3aBmaHHs BIIJIA pisHOMaHITHI, TOMY
HeoOXigHo BHKopucToBYBatu (priotu BITJIA Ta cTBOpIO-
BaTH iHOGPACTPYKTYPY I PO3MIIIEHHS Ta OOCIyrOBY-
Bannsa napky BIUIA. Ils indpactpykrypa mae 3abe3me-
YUTH TPpUBAY ekciutyaTanito bITJIA B aBTOHOMHHX yMO-
Bax | BUKOHYBATHU 3aBJaHHS:
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- aBTOHOMHE IUIaHyBaHHS IOJILOTIB (MapIupyTH,
po3kianu, kKiibkicts BITJIA pen.);

- miA3apsika/3aMina akyMyJsTopa;

- 3MiHa KOPUCHOTI'O HaBaHTA)KECHHS;

- 30ip (Ta 00po0OKa) Ta mepeaaya JaHUX 0 JUCIET-
YepChKOI/KPU30BOTO IICHTPY.

Kpim Toro mpu cTBOpeHHI CHCTEM MOHITOPHHTY He-
00XimHO BpaXxoByBaTH Te, mo oauHogHui BITJIA, Bomoxie
BITHOCHO MaJIMMH MOXJIMBOCTSIMH JUUII BUKOHAHHSI IT0CTa-
BJICHOTO 3aBJIaHHS (HEBEIMKHH Yac MOJBOTY, OOMEKEeHUH
OOpPTOBHM EHEpPropecypcoM; HEBEIHKE YHCIIO (PYHKIIH,
110 BUKOHYIOTHCSI; HEBHCOKA HMOBIPHICTh BUKOHAHHSI 3a-
BIIaHHS B EKCTPEMAJIbHUX CHTYallisX 1 T.1.). ToMy mijgBu-
IIeHHs1 eEeKTHBHOCTI 3aCTOCYBaHHS CHUCTEM MOHITOPH-
Hry, nodynoBannx Ha ocHoBi BITJIA mae 3abe3neuyBa-
THCS 32 paXyHOK I'PYIIOBOT'O 3aCTOCYBaHHS iX CKIIaJIOBHX.

OCHOBHUMH TepeBaraMu IpyIroBOrO 3aCTOCYBaHHS
BIUTA sixk po©0oTH30BaHUX 00’ €KTIB Y CKIIJi CHCTEM MO-
HITOPHHTY €:

- po3mMpeHuid Hadip 3aBaHb, 0 BUKOHYIOTHCS;

- OlnbITa HMOBIPHICT YCIINTHOTO BUKOHAHHS 3a-
BJaHb, SIKA JIOCATAETHCS 38 PAXyHOK MOKIMBOCTI Iepe-
posmnofiny yactkoBux 3aBaanb Mix BITJIA rpynu B pasi
BIMOB JIESIKMX 3 HUX.

Takox, mig 4ac QyHKIIOHYBaHHS CUCTEM MOHITO-
PHHTY MOXX€ BUHHUKATH HEOOXIIHICTH y 3MiHi 11 CTpyK-
TypH, CKJIaly, TIEpeJiKy 3aBJaHb TOIIO. 32 TAKUX YMOB
3aCTOCYBaHHS CTAHJAPTHHUX MiAXOIIB 10 MOOYIOBH CUC-
TEM MOHITOPUHTY MO>K€ IIPUBECTH 10 PO3rOpTaHH: (hak-
THUYHO HOBOI CHCTEMHU. J{71s1 yHEMOXKIIMBIICHHS TaKUX CH-
Tyanid HeOOXiTHO mependadaTH MOXKIMBICTD amanTariil
CTPYKTYPH CHCTEM MOHITOPHHTY TiJ HOBI BHMOTH,
YMOBHM BUKOHAaHHS 3aBIaHb Ta MaclTaOyBaHHS Yy XOJi
BUKOHAHHS 3aB/IaHb.

IToOymoBa aganTUBHOT CHCTEMH MOHITOPUHIY Ma€ 0a-
3yBaTUCh Ha 3aCTOCYBaHHI TEXHOJIOTIH, 110 320€3Me4y0Th:

- criyibHe (TpyNoBe) BUKOHAHHS 3aBJ/IaHb;

- aJanTanio 10 HOBMX BUMOT Ta YMOB,;

- MOKJIUBICTH HapOIIeHHS (MaciiTabyBaHHS).

BapiaTiBHICTb 3aBJJaHb Ta YMOB X BUKOHAHHS 00Yy-
MOBJIIOIOTh BHKOPUCTaHHS THYYKHMX pIlleHb IIiJ dYac
CTBOPEHHS CHCTEM MOHITOPHUHTY, 10 SKHUX BiJJHOCSTBCS
MyJbTHareHTHi cucremu [6]. B indopmaniitniit Mmogenri
MYJIBTHar€HTHUX CUCTEM BUKOPHCTOBYIOTHCS OHTOJIOTII,
SIKI JTO3BOJISIIOTH OTMCYBATH CKJIAJ, CTaH Ta B3a€MOJIIIO
MIX CKJIQJIOBUMH MYJIbTHA€HTHOI cUCTeMHU. Y POOOTI
BHKOPHCTOBYETHCSI pO3pOOICHMIT BapiaHT OHTOJOTI y
skocTi 0a3u 3Haub 111 MA-BITJIA-MMP-CM, 110 mic-
TUTh MOJJIMBI 3aBIaHHs, OINHUC YMOB IX BHKOHaHHS,
ckiagoBi MA-BITJIA-MMP-CM Tta 1x o0nagHasHs.

AHaJi3 ocTaHHIX AocaizkeHb i myOJikanin. [Tu-
TaHHS CHHTE3y CHCTEM MOHITOPUHTY, BAKOPHCTAHHS MY-
JTHAreHTHUX TEXHOJIOTIH pO3INAAaloThes B 0araTtbox
pobotax. B [7] aBTOpHM HpONOHYIOTH 3arajbHUI anro-
put™M (QOpMYBaHHS CHCTEMH MOHITOPHHTY JUIS BHKO-
HaHHS PI3HUX 3aBJaHb 3 YpaxyBaHHSIM BHMOT. 3aralib-
HUH OIJIs1]] BUKOPHCTAHHS MYJIbTHAreHTHUX TEXHOJIOT1H
B pi3HMX rajy3sx npenacrasicHuii B [8]. Bukopucranms
MYJIbTHATSHTIB [UIsl BUKOHAHHS 3aBaHb B PI3HHUX rajy-
3sx posrisaaerses B [9,10]. B po6Goti [11] npencrasisie
OIS CyYacHOTO CTaHy HaNpauioBaHb B Taily3i po3po-
OKH CHCTEM 332 OCHOBI 3HaHb Y BUTJISAI OHTOJIOTIH.

Aue B 1aHuX po0OTaxX PO3TISIAIOTHCS 3araibHi Mif-
XOJIM JI0 MTOOYIOBH CHCTEM 0€3 JIETaIbHOTO OIHUCY IpOole-
nyp GopMyBaHHS IX CTpYKTYpH Ta uncenbHocTi. Dopmati-
3allis Ipoliecy BU3HAUCHHS CTPYKTYPH Ta CKJIajy MyJIbTHa-
TEHTHOI CUCTEMH 3BOJUTHCS JI0 BU3HAUCHHS IMOPSAKY Ta
croco0iB  BHOOpY CKJIQJIOBUX CHCTEMH MOHITOPHHTY
(BIJIA, craHmiit oOcyroByBaHH!), SKi BiIIOBITAIOTH 3a-
BIIAHHIO Ta YMOBaM HOTO BUKOHAHHS 1 320€311€Uy0Th BUKO-
HaHH 3aBJAaHH 3 IOKA3HUKAMH SKOCTI HE MEHILIC 3a/IaHMX,
3 ypaxyBaHHSIM BEKTOPY Pi3HOMaHITHUX (PaKTOpiB.

Mertoro po00TM € BIOCKOHAJIEHHS NPOLECY CUH-
Te3y IHTEJIEKTYaJIbHUX CHCTEM MOHITOPUHTY 00’€KTiB
ATOMHO{ EHEPreTUKH Ta OCHOBI BUKOPHCTAHHS METOIY
BU3HAYECHHS CTPYKTYPH Ta CKJIAJy MYJIbTHar€HTHUX CH-
CTEM MOHITOPHHTY Ta 0a3 3HaHb y BUTJISII OHTOJIOTIH.

BukJ1ag 0CHOBHOTO MaTepiaxy

B ocHOBY migxony mo moOymoBH iHTEIEKTyaIbHUX
CHCTEM MOHITOPHHTY IOKJIa/IEH]I NPHHIUIN TPYIOBOTO
YIPaBJIHHS i HACTYITHI MOJIOXKEHHS: KOKeH 00’ €KT CHC-
TEMHU MOHITOPHHIY CaMOCTIHHO (OopMy€e yNpaBiiHHS i
BU3Ha4ae cBOI il B MOTOYHIN cuTyalil; BUOip Iiif uie-
HaMU IPYIH 3/1HCHIOEThCS TIJIbKH Ha OCHOBI iHpopMartii
IO 3arajibHy METy I'PYIH, CUTYallii B HABKOJIHMIIHBOMY
CepelloBHILi Ha MMOTOYHUH MOMEHT 4acy, IIOTOYHI CTaHU
1 mil HIINX YICHIB TPYIH; B SKOCTI ONTHMAIIBHOL Iii
YWICHA TPYIH PO3YMIETHCS [isl, SIKa BHOCUTh MaKCHMallb-
HUM BHECOK B JJOCSITHEHHSI CIIUJIBHOT METH; TOIYCKA€ThHCS
MPUAHATTS KOMIIPOMIiCHUX PillICHb.

XapaKTepuCTUKaMH IHTEJIEKTyalbHUX «arcHTIiBY,
i s;kuM po3yMitoThest BITJIA Ta iHmn ckiamoBi cucteM
MOHITOPHUHTY, sIKI IPUHMAIOTh Y4acTh Y BUKOHaHHI 3a-
BaHb, € 3JaTHICTh JI0 KOJIEKTHBHOI IIECTIPIMOBAHO]
MOBE/IHKH B IHTEpecax pO3B’s3aHHS OJHOTO 3aBIAaHHS;
CaMOCTII{HOTO BUPIILICHHS JIOKaJbHUX 3aBJlaHb; aKTHUB-
HHUX A1l 3 METOI0 TOCATHEHHS 3araJIbHUX 1 JOKAJIBLHUX Lii-
JIeii; TIepeMileHHs Ta MOMmyKy iH(opMariii Ta 00’ €KTiB,
SIKI HEOOXIZHI ISl KOJIEKTUBHOTO PIllIEHHS 3arajibHOTO
3aBJaHHs;, aBTOMAaTHYHOI ajanTamii 0 HEBH3HAYCHHX
YMOB B CEpPEIOBHIIL, IO 3MIHIOETHCS.

Li MOXJTMBOCTI KapIHAIIBHO BiIPi3HSIIOTH MYyJIBTHA-
TeHTHI CHCTEMH BiJl ICHyFOUHX (OKOPCTKO» OPTaHi30BaHUX
cucteM ynpapiiHas BIIJIA. TIpu MynabTHareHTHOMY Miji-
xozi BITJIA BuKoHytOTb (QYHKLIT «areHTiBy, siKi 3a JI0HOMO-
TOI0 CIEIIaIBHOr0 NPOrpaMHOro 3a0e3MeyYeHHs Ta IaTdH-
KiB 30MparoTh IaHi, OIIHIOIOTH CUTYAIlif0, IPUIMAIOTh Pi-
IIEHHS Ha i Ta B3aEMOIIOTH 3 IHIITUMU «are€HTaAMI.

Pi3HOMAaHITHICTE 3aBIaHb, BUMOT JI0 IX BUKOHAHHS,
YMOB BUKOHaHHSI, HAIBHUX PECypciB 00yMOBIIOIOTH TO-
o6ynoBy MA-BITIJIA-MMP-CM y Burisai XOJOHIYHHX
MYJIbTHareHTHUX CHUCTEM, 110 0a3yloThCs Ha KOHILIEMIi
xomizmy [12]. B pamkax wiei KoHIEMNii MUTICHICTD CHC-
TEMH CTBOPIOETHCS B Pe3yJIbTaTi AMHAMIYHOI B3a€MOIi
ABTOHOMHHX KOMIIOHEHT — XOJIOHIB, KOXKEH 3 SIKUX B
CBOIO 4epry Moke OyTH cucTeMoro (miICcHCTeMO abo
OKpeMHM 00’ €KTOM) 1 CKIIaIaThCs 3 IHITNX XOJIOHIB. [Tpu
MOSIBl BCEPEIMHI CHCTEMH HOBHX 3aBJaHb XOJIOHH MO-
JKYTb 3JIHCHIOBATH MOCTIHHMIA aHAITi3 CBOIX MOTPed 1 MO-
JKIJIMBOCTEH, KOHKYPYBaTH MiX co00i0 abo KoomepyBa-
THCSL 715 IOCSITHEHHSI IOCTABJICHUX LiJIeH.

CTpyKTypy KOHLENTYyaJbHOI MOJENi XOJIOHIYHOI
MA-BIUUTA-MMP-CM HaBeneHo Ha puc. 1.
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Inrenexryansny MA-BIUJIA-MMP-
CM rmponoHy€eThCsl peanizyBaTu y BUIIIAIL

3aBganHs Bumorn Ywmosu

0araTopiBHEBOi TPUKOMIOHEHTHOI XOJIOHi-
YHOT MyJIbTHAreHTHOI CUCTEMH, SIKa CKJIa -
€TBbCSL 3 TPHOX PIBHIB-XOJIOHIB, KOXEH 3

CucremMa MOHITOPHHTY
basa 3nanb

SIKHX B CBOIO 4€Pry MOXE CKIJIQJIaTHCS 3 Jie-
KUJIBKOX iHIMX X0J1oHiB [13]:

X0JIOH KepyBaHHS

- XOJIOH KepyBaHHA, KU 00poOise
MOTIK 3aBJaHb, POpPMY€E 3asBKY Ha i BUKO-

Xosnou 06poOKkH 3aBaaHb,
BUJILIEHHS pecypciB

XouoH TJIaHy BaHHA

HaHHS Ta [epesac il 10 XOJIOHY BUKOHAHHS.

Takok BiH KOHTPOJIOE€ HASBHICTh BUTBHUX
pecypciB, Ta y pasi iX BiJJICyTHOCTI CTaBTb

XO0J0H BUKOHAHHS

3aBJIaHHA B 4epry;
- XOJIOH BUKOHAHHS 3aBaHb, SKHX 00-
poliisie oTpuMaHy BiJl XOJIOHY KepyBaHHS

Xouon B;

see <— e

<

3asBKY 1 (hopMye poOOUUil XOIOH, IKUI He-

00XiqHui 171 i1 BUKOHAaHHSA 3 ypaxXyBaHHIM

BUMOI' Ta YMOB. B XO0IIOHI BUKOHAHHS 3a-
BIIaHb MOX€E OOpOOIIATHCS JeKiTbKa 3a5BOK,

XooH 3a0e3neueHHs

TOMY BiH MOK€ CKJIQIaTUCS 3 TEKIJTBKOX PO-
004MX XO0JIOHIB. AKTHBHI XOJIOHH, III0 BUKO-
HYIOTh 3aMOBJIEHHSI cKkiajgarTbes 3 BITJIA-
areHTiB. Y pa3si BIICYTHOCTI pecypciB Iuist
BHUKOHAHHS 3asIBKU XOJIOH BUKOHAHHS 1H(O-

Xomnowu 3;

k> see <>

Sad |

PMYE PO 1€ XOJIOH YIPaBIIiHHS;

- XOJIOH 3a0e3nedeHHs, (GopMye OK-
peMi XOJOHM MIATPUMKH AJIsl OOCIYyroBY-
BaHHS XOJIOHIB BUKOHAHHS y pasi, SIKIIO I HeoOXiqHO.
PimenHs mpo HEOOXiAHICTH CTBOPEHHSI XOJOHY IiITpPH-
MKH (popMye XONOH BUKOHaHHS 3aBaaHb. CKIIalOBi XO-
JIOHIB TIATPUMKHA MOXYTh OYTH IpEICTaBJICHI CHUCTe-
MaMU 3aps/pKaHHA (3aMiHK) JpKepen xuBieHHs BITJIA-
areHTIB XOJIOHY BUKOHAHHS 3aB/IaHb. Y pa3i BiICYyTHOCTI
pecypciB st 0OCITyroByBaHHS poOOYUX XOJOHIB XOJIOH
00cTyroByBaHHs iH()OPMYE PO 11 XOJIOH BUKOHAHHS.

[Mopsinok GopMyBaHHs poOOYMX XOJOHIB Ta XOJIO-
HIB miaTpuMku Oyne po3risiHyTo Hikue. OOMiH iHdop-
Malli€l0 y CHCTeMI MOHITOPUHTY MOXeE 3/1iCHIOBATUCH
SIK MIXK XOJIOHAMH OJIHOTO PiBHS, @ TAKOXK Yepe3 3arajbHy
0a3y 3HaHb. 3aCTOCYBaHHS 3aIPOIMOHOBAHOIO MIAXOIY
710 TOOYZIOBH CHCTEMH MOHITOPHHTY JIO3BOJISIE OJJHOYA-
CHO BHUKOHYBAaTH JIEKUIbKA Pi3HMX 3aBJaHb, 3aCTOCOBY-
FOYH TS IIBOTO Pi3Hi aBTOHOMHI XOJIOHH 0€3 He0OXiTHO-
CT1 BUKOHAHHSI CKJIaJHHUX TIPOLELYpP CTPYKTYpHOTO CHH-
te3y. OcobnmBicTh (OPMYBaHHS CTPYKTYPH Ta CKIIaLy
MA-BITJIA-MMP-CM moniirae B TOMY, 10 JJIs1 33]J0BO-
JIEHHSI BUMOT Micii HeoOXigHO BU3Ha4YaTH 0a30By (OmO-
pHy Kitekicts) BITJIA B ckiazi XOJOHY, a TAKOX CKJIAL
XOJIOHY 3a0e3leueHHs, sIKi MOXyTh 3MiHIOBaTHCH. Ha-
MIPUKJIAa, TP PO3UIMPEHHI IEPUMETPY OXOPOHH HEOOXi-
nHO poxaté g0 xonoHy BIIJIA moTpiGHY KiigbKiCTh
BITJIA i, y pa3i HeoOXiTHOCTi, BMIHUTH CKJIa/{ XOJIOHY 3a-
OesrneueHHs1, 0e3 cTBOpeHHs HOBOI Micii. [IpomnonyeThes
HACTYITHUH METOJ BH3HAUCHHS CTPYKTYpH Ta CKIaxry
MA-BIUTA-MMP-CM, y3aranbHeHHH aaropuUTM SIKOrO
NIPE/ICTaBICHO Ha pHC. 2. [laHuii aIropuTM ONKCYE ToC-
JITOBHICTD A1l pOpPMYBaHHS OIOPHUX XOJIOHIB.

brox 1. HagxomkeHHs HOBOI Micii Ta aHaII3 BUMOT
1 TOTOYHOT 0OCTaHOBKH.

bnox 2. Bubip BITJIA, siki 31aTHI BAKOHYBaTH 3a-
BIAHHS MICIH, Ta BU3HAYEHHS 1X KIIBKOCTI, 110 3a0BO-
JBHATH BUMOTH.

Puc. 1. KonnenryanbpHa Moienb xonoHigyaoi MA-BITJIA-MMP-CM

bnox 3. TlopiBHAHHS Yacy, HEOOXIHOTO ISl BUKO-
HaHHA Micii, Ta MaKCHMalbHOI TPUBAJIOCTI IOIBOTY
BIUTA. SIkmo yMoBa BHKOHYETHCS 3IIHCHIOETHCS (Bop-
MYBaHHSI CKJIa/ly XOJIOHIB JIJIsl BUKOHAHHS Micii (610K 4).

VY BuUIajgKy NMEpeBHUIEHHS Yacy, HEOOXiTHOTO /IS
BHKOHAHHS Micii, HaJl MaKCHMAaJbHOI TPHUBAJICTIO TO-
JTBOTY OOHMPArOTHCS CTaHIIII, SKi 3IaTHI 0OCIyTrOBYBaTH
BuOpani BITJIA, Ta BU3HA4Ya€THCS X KUIBKICTh (070K 5),
sKi (OPMYIOTh XOJIOH OOCIIyrOBYBaHHS, IO JOAAETHCS
CKJIay XOJIOHIB ISl BUKOHAHHS MiCii.

brox 4. ®opMyBaHHS CKJIaqy XOJOHIB U BUKO-
HaHHSL.

CutyartiliHe CTBOPEHHS CTPYKTYPH CKJIIATHUX CHC-
TeM AJsI KOHKPETHHX 3aBJaHb MOXKE 3JIHCHIOBATHCS 3
ypaxyBaHHAM PI3HOMaHITHHAX ITapaMeTpPiB Y KOHKPETHiH
00’exTHI# 00macti. [lepcreKTHBHOIO MPsIMOIO (popmalti-
3aIli€I0 TAKUX 3HAHB € PO3POOKA OHTOJIOTIH.

OmnTonoris — 1e Gopmari3oBaHe NPeNCTaBICHHS
3HaHb [IPO OJIHY IIPEIMETHY 00JIaCTh (HaBKOJIMIITHE cepe-
JIOBHIIIE, CBIT), TOJIATOK JJIs aBTOMAaTH30BaHO1 0OPOOKH.
Bin Bubupae MOBY /Ui OITUCY MpeaIMeTa 3aaqi CHHTE3Y
Ta BKJIIOYA€ MAIIUHHY iHTEpIpeTaliro OCHOBHOI (op-
MYJIH JUTSL PO3YMIHHS Ta PO3YMIHHS MiXK HUMH.

Crpykrypa ommcy pecypcy (RDF-resourse
definition framework) no3Bose mucatu MaIMHHO iHTE-
prperoBaHi onepaTopu y ¢opmi Tpiiiok cy0’exT-mipean-
KaT-00’€eKT, siKi Ha3uBaroThes Tpilikamu RDF. [l onucy
MOXKHa BHMKODHCTOBYBATH Pi3HI CHHTAKCHCH, Cepej
skux - RDF/ XML, Turtle, N-Triples, JSON-LD, RDFa
ta HTMLS Microdata.

Takxi RDF-Tpiiiku migaroTecsi MalIMHHAINA 1HTEpH-
peratii Ta, 32 CyBOPUMH MPaBUIaAMH, MOKYTh BUKOPHUC-
TOBYBATHCS ISl OTPUMAaHHS HOBHX TBEPKEHb Ha OCHOBI
THX, O CHOPMYJIbOBaHI aBTOMAaTH30BaHUMH MipKyBaH-
HAMH.
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MoyaTok

Micis;
(Bumoru,
ymoBU)

2

dopmyBaHHA
xonowy BMAA

dopmyBaHHA
XOJIOHY
3abesneyeHHs

Cknag
XONOHIB ANA
BUKOHaHHA

Mmicii;

5

3MiHu ymoB?

no

7

KoperyBsaHHA 6
CKnagy
XO/IOHIB

HoBa micia?

( KiHeub )

Puc. 2. Y3arajapHeHUI anropuT™M METOy BU3HAYEHHS
cTpyKTypH Ta ckinany MA-BITJIA-MMP-CM

Are cxiagHI JOMEHH BHMAraroTh Iie OibIe pe-
MIPE3CHTATHBHAX MOXKIMBOCTEH, TaKUX SK OOMEKCHHS
KapAWHAIBHOCTI BIACTHBOCTEH, OOMEKEHHS JOMEHY Ta
JiarmazoHy, a TaKoX TepeliayBaHi KIIACH, IO TPH3BEIIO
710 TI0siBU MoBH BeO-oHTo10ri1 (OWL - ontology web lan-
guage), crienianbHO pO3p0o0IIeHOT JJ1sl CTBOPEHHS Be0-0H-
TOJIOTiH 13 6araTuM HabOPOM MOJIENFOBaHHS. KOHCTPYK-
TOpiB i ycyBae oomexkenHs: RDF.

Koxna onrosoriss OWL cknamaeTscsi 3 Tpiliok
RDF, sixi BU3HauatoTh NOHATTS (KJIacH), poiii (BIaCTHBO-
CTi Ta 3B’s13KH) Ta exk3emIutsipu [14].

IcHYIOTH OHTOJIOTI{ BEpXHBOTO PiBHA, AKi BH3HAYA-
10Th 3araJibHUi (yHIaMEeHTaIbHUI onHc 00J1acTi 3acTo-
CyBaHHS, OHTOJIOTIT IpeAAMETHOT 00J1aCTi Ta OHTOJIOTII pi-
BHS NPHKJIAJHOTO 3aBIaHHS. UMM HIKYE piBEHb, THUM
TTOBHIIITMHA OIUC MiCTUTH OHTOJIOT IS

Ounroiorivuaa Moueirtb MA-BITJIA-MMP-CM s
BHKOHAHHS 3aBJaHb 3a0e3nedeHHs ¢izndHoi Oe3mexn
OTIHICYE CTPYKTYPY Ta B3aEMOJIIO CKIIAJIOBHX E€IIEMEHTIB
CHCTEMH TIPH BHKOHAHHI 3aBJaHb y PI3HUX yMoOBax. B
OHTOJIOT11 BUKOPHCTOBYETHCS HACTYITHA i€papXis KIacis:

« Mission type:
o  Security;
e Performing unit:
o  Simple UAV;
o  Custom UAV;
e Support unit:

o Automatic battery maintenance station
(ABMS);
« Payload:
o Camera;
o FLIR;
« Environment conditions:
o Day;
o Night.

Lleii nepesnik Knacis i MigKIaciB MoXke OyTH pO3LIH-
PEHUIA 3aJIEKHO BiJ1 0COOINBOCTEH CHCTEMH MOHITOPHHTY.

Omnuc BIacTHBOCTEH 00’€KTa, BU3HAYCHUX B OHTO-
Jorii, mpeacrasieHo B Tabm. 1.

Tabauys 1 — Onuc BJIacTUBOCTE 00’ €KTIB,

BH3HAYEHHUX B OHTOJIOTII

Jlomen Baacrusicth Jiamazon
UAV perform Mission type
. Simple UAV;
ABMS maintenance Custom UAV
Simple UAV has Camera; FLIR
Camera; FLIR; deployed Custom UAV
Security use Camera; FLIR
Camera used Day
FLIR used Night

Jlns cTBOpEHHsSI OHTOJIOTiIH BHKOPHCTOBYBAJIOCS
nporpamHe 3abe3nedeHHs Protégé. OnTorpad pospodire-
HOi OHTOJOTIT PIBHS NPUKJIAJHOTO 3aBAAaHHS Juii MA-
BIIVIA-MMP-CM mnpencraBiaenuii Ha puc. 3. s yrou-
HEHHsI OHTOJIOTIT 10 il HACTYNHMX KJaciB OyJo 107aHo
IHIUBIyMH, 3 KOHKPETHUMHU XapaKTePUCTHKAMH:

o Simple UAV:
o Simple UAV 1;
o  Simple UAV 2;
o  Simple UAV 3;
o Custom UAV:

o  Custom UAV 1;
o  Custom UAV 2;

« ABMS:
o ABMS I,
o ABMS 2;
o ABMS2;
« Payload
o Camera
. Cameral,
. Cameraz;
o FLIR:
. FLIRZ;
. FLIR2.

OWL-koau pomaHuxX IHAWBIOYMIB JAIs  KIacy
Simple UAV, npencrasneHi Ha puc. 4.

PosrisiHeMo mpuKIa BAKOPUCTAHHS OHTOJIOTIT JIs
Bubopy ob6mamnHanus, BITJIA Ta mizcucremu 3abesme-
YeHHsI, y pa3i HeoOXiqHOCTI, HEOOXiAHUX NIl BUKOHAHHS
3aBJIaHHS OXOPOHH MEPUMETPYy TPUBAIICTIO HE MEHIIIE 2
TOJIMH, BHOYI 3a BITPY, 1[0 Ma€ MBHUAKICTH 12 m/cC.

JIi1st BU3HAYEHHST KOMIIOHEHTIB CHCTEMH MOHITOpH-
HIy 10 OHTOJOTii BUKOpucToByeThcst SPARLQL 3ammr,
BUIJISAZ IKOTO HaBEJCHO Ha pHUC. 5.

25



Control, Navigation and Communication Systems. 2023. No. 4 ISSN 2073-7394

v erform (Domain=Range ~ — deployed(Subclass some)
# Simple_UAV_1 perform { 9)

v = use (Domain>=Range) v = has (Domain>Range)
A . Simple_UAV_2 v| == yse(Subclass some) v == has individual

| v/ = used(Subclass some) v = has subclass

# Custom_UAV_2 b 2 v/ — maintenance(Subclass some)
\ A Simple_UAV_3
. ———
# Custom_UAV_1 S \
™ ra \ : -
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Puc. 3. Onrorpa¢ onrosorii piBHS npukiagHoro 3asxanss 11t MA-BITJIA-MMP-CM
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<l-- http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV_1 -->

<owl:NamedIndividual rdf:about="http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV_1">
<rdf:type rdf:resource="http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV"/>
<ims:flightEndurance rdf:datatype="http://www.w3.0rg/2001/XMLSchema#float">0.5</ims:flightEndurance>
<ims:maxWind rdf:datatype="http://www.w3.0rg/2001/XMLSchema#int">10</ims:maxWind>
<ims:payloadl rdf:datatype="http://www.w3.0rg/2001/XMLSchema#string">Cameral</ims:payload1>

</owl:Namedindividual>
<!-- http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV_2 -->

<owl:NamedIndividual rdf:about="http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV_2">
<rdf:type rdf:resource="http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV"/>
<ims:flightEndurance rdf:datatype="http://www.w3.0rg/2001/XMLSchema#float">0.75</ims:flightEndurance>
<ims:maxWind rdf:datatype="http://www.w3.0rg/2001/XMLSchema#int">12</ims:maxWind>
<ims:payloadl rdf:datatype="http://www.w3.0rg/2001/XMLSchema#string">FLIR1</ims:payload1>

</owl:Namedindividual>
<!-- http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV_3 -->

<owl:NamedIndividual rdf:about="http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV_3">
<rdf:type rdf:resource="http://www.semanticweb.org/user/ontologies/2023/7/ims#Simple_UAV"/>
<ims:flightEndurance rdf:datatype="http://www.w3.0rg/2001/XMLSchema#float">1.0</ims:flightEndurance>
<ims:maxWind rdf:datatype="http://www.w3.0rg/2001/XMLSchema#int">15</ims:maxWind>
<ims:payload? rdf:datatype="http://www.w3.0rg/2001/XMLSchema#string">Camera2</ims:payload2>

</owl:NamedIndividual>

Puc. 4. OWL-kxoau nogaHux ex3eMIusipiB it kiaacy Simple UAV

PREFIX rdf. <http:/iwww.w3.0rg/1999/02/22-rdf-syntax-nsS> 3a pesynbTaTaMy 3aIUTY HATA€ThCS NEPEITIK KOPH-
PREFIX owl: <htip:lwww.w3.0rg/2002/07/owlS> CHOTO HABAHTAXXEHHS, SIKE BUKOPUCTOBYIOTHCS MPH BU-
PREFIX rdfs: <http:/fwww.w3.0ra/2000/01/rdf-schemaS= KOHaHHi 3aBaHHA B HiYHUX yMoBax, BIIJIA, ski MaroTh
PREFIX xsd: <http:/www.w3.0rg/2001/XMLS chemas> e KOpPUCHE HABAHTAXKEHHA Ta MOXKYyTh BHUKOHYBATH

PREFIX ims: <http:/lwww.semanticweb.Orgluserfontologies/2023/7imsS=

SELECT 2payload 2UAY 2ABNS MIOJIBOTH TIPH MIBUAKOCTI BiTpY Oinbire 12 m/c.

WHERE{ B ontounorii € nuire oauH ex3eMILLp kiacy Simple
?payload rdftype ‘Payload. UAV — «Simple UAV 2», mo Moxe 3IiHCHIOBaTH
E}i‘;‘éé‘gﬁsﬁ&‘sﬂ?d o8 used Nich MOJILOTH TPH MIBUIKOCTI BiTpY 12M/c, 1 sikuii oOnamHa-
FILTER EXISTSé(-?pji\??ma-lif";nd;g:‘li]} HHIH KaMeporo FLIRI, mo nossonse BHKOHYBAaTH 32~
PABMS maintenance 2UAV BIAHHS BHOYI. MakcHMallbHa TPHUBATICTh IOJBOTY
FILTER EXISTS ((?UAV flightEndurance < 2)) «Simple UAV 2» cknagae 0,75 roaun, Toni SK HE0oOXi-
THO BUKOHYBATH 3aBIAHHS 2 TOAWHH, MIO OOYMOBIIOE

Puc. 5. SPARQL 3anur 10 oHTONIOTI{ BUKOPHCTAHHS IACHCTEMH 3a0C3ICUCHHs, a came
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«ABMS 2», sxa mnpusHaueHa JuUis OOCIyrOBYBaHHs
BITJIA «Simple UAV 2.

HactynHi Kpoku mojsiraroTb y BH3Ha4€HHI HeoO-
ximHoi kimbkocTi BITJIA Ta cTaHmiil 00CIyroByBaHHS.

B pexomenpanisx 3 opranizauii hi3H4HOTO 3aXHUCTY
MMP 3akmazeHo HEOOXiOHICTH peaizamlii KOHIIEMIIil
0e3mepepBHOTO 3aXUCTY 32 PaXyHOK CTBOPEHHS CYIIilIhb-
HOTO TIOJISL CITIOCTEPEKEHHS 32 30HOI0 0OMEKEHOT0 J10C-
Ty1y, ado epuMeTpy 3axumieHoi 30au MMP.

Kinekicts BITJTA, sixa He0oOXiaHA 1JIg LIBOTO BU3HA-
Yae€ThCS 3 YpaxyBaHHAM pO3MIpPIiB 30HU NEpErisIILy

tT.H

3axuiLeHa
30Ha MMP

[panunua
3axuLeHol
30HM MMP

PiznyHi
nepenoxu

kamepu BITJTA, sika 3aiexuTh BiJl XapaKTepUCTUK OITH-
YHOTO HAaBAHTAXXCHHS Ta BUMOT JI0 PO3Pi3HIOBAIBHOI
3aatHocTi (puc. 6).

ko posrnsagatu 3actocyBanus BIIJIA sk qonat-
KOBHH €JIeMEHT CHCTeMH (Pi3MYHOTO 3aXUCTY, TO TAKHUH
MiXig € OyKe BUTPATHUM, KPiM TOTO BHUKOPHCTAHHS
BIUTA sk OCHOBHOI CHCTEMH MO>Ke OyTH HEMOKIINBUM B
YMOBax HPUPOJHUX SBUIL, IO YHEMOKIIUBIIIOIOTH 3iH-
CHEHHS TIOJIBOTIB, HANIPUKIIA] TIPH MIBUAKOCTI BiTPY Oi-
neme HiX 10-15 M/c, abo B yMOBax, 10 MPUBOIATE 10
oOneneHiHHS eneMeHTiB KoHeTpykuii BITJTA.

‘r-]-.ﬂ'-p

‘ - =
\ TpaHMLA 30HM
obmexeHoro
3oxa noctyny
nepernagy

Kamepw BMNJ1A

Puc. 6. Mozienb MOBHOTO HOKPHUTTS 30HH 0OMEXEHOT0 I0CTyIy 3acobamu MoHiTopuHry BITJIA

B naniit po6oTi IPOIIOHYETHCSA MOAETH (HYHKITIOHY-
BanHSI MA-BITJIA-MMP-CM y sik0CTi TOTIOMiKHOTO 3a-
co0y BHKOHAHHS 3aBJlaHb OXOPOHH NEPUMETPY, SKa IIe-
pendadae mepioAMIHUNA MOHITOPHHT 3aXHUCHOT 30HU.

B ocHoBy moOynoBu cuctemu (hizmgHoTo 3axucty MMP
MOKJIA/ICHO TPU CKJIanoBi [15]: BUSABICHHS; 3aTpHMKa;
pearyBannsi. [Ipu 11bOMy 3aTpHMKa BHKOPHUCTOBYETHCS
TaKOX JUISI TiBUIIEHHS IMOBIPHOCTI BHSBJIICHHS, TOMY
IIpH po3po0Ili KOMIUIEKCY 3aX0/iB 3 (i3UIHOTO 3aXHUCTY
HaBKOJIO 3aXHCHO1 30HH MMP po3MilIytoTh AeKiibKa me-
PETIOH Pi3HOTO THUILY, HAIIPUKIIAJ: CiTKa «pabuIs», sK I1e-
piumii (30BHIIIHIN) piBEHb; OrOpoXka 3 KOJI0YOro JAPOTY,
SIK APYTUH piBeHb; MAJIO3aMiTHA IIEPEIOHa, K TPEeTid pi-
BeHb; OCTOHHMH MapKaH, SIK OCTAaHHIN (BHYTpIlIHIH) pi-
BeHb. KoMIIIEKC NepenoH XapakTepu3yeThCs CTIHKICTIO
JI0 TIPOHUKHEHHS | , sIKa BU3HAYAETHCS CyMapHHM dYa-

COM, HEOOXIJHUM JIJIS 1X TOJaHHS:
n
Ty = Z Blto G ? 1

ae t, G- cepenHiil yac nonaHHs i-1 mepenoHw; N, —

KUTBKICTh MTEPETIOH.
Jlist 3a0e3rnedeHHs YMOB BUSBJICHHS IMOPYITHHKA
HEOOXIJTHO 3MIMCHIOBATH MOHITOPUHT MEPUMETPY 3

IHTEpPBAJIOM T MEHIIUM HiX CTIHKICTH KOMIUIEKCY TIepe-
IOH, TOOTO Ma€ BUKOHYBAaTHUCh YMOBA:

Tg/Tm >1. 2)

[HTEpBaT MOHITOPUHTY 3aJIC)KHUTH Bill PO3MIpIB ITe-
pumetpy 3axumieHol 301 MMP, kinmbKkocTi Ta JTHOTHO-
TeXHIYHUX XapakTepucTuk BITJIA, gki pyxaroTecs Mo
MapuipyTy (BBaxkaerbcsi, mo BIIJIA posramosani mo
BCHOMY MapIIpyTy piBHOMIPHO), 1 BU3HAYA€THCS SIK:

Ton = Py /(MuavVuav ) » @)
ne P, - mepumerp 3axumeHol 30au MMP; Vjay - mBH-
axicts BITIA; myay — kinbkicts BITJIA Ha MapmpyTi.

TakuM 4uHOM, AJIs1 3a0€3IeUCHHST YMOB BHSBICHHS

nopymiauka (2) HeobxigHo 106 Kimbkicts BITIA, 1o
3HAXOIATHCSA Ha MapUIpyTi, BIATIOBigaIa yMOBI:

Muav > P, /(TaVuav ) - (4)

3a3Buyail TpUBANIICT, BUKOHAHHSI 3aBJIaHbh MOHITO-
PUHTY € 3HAUHO O1IBIIO0, Hi’K MaKCHUMaJlbHa TPUBAIICTh
monsoTy BITJIA, TOMy BHHMKa€e HEOOXiHICTB y Mepiou-
YHil 3aMiHi, a00 3apsypKaHHI OOPTOBHX DKEpEJ HKUB-
nenns BITJIA. [ns 3a0e3nedeHHss Oe3nepepBHOCTI MpPo-
Llecy MOHITOPUHTY Yy TakoMy BHIIQJIKy HEOOXiIHO
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BHUKOpUCTaHHA noaatkoBux BITJIA, siki OyayTh mpoaoB-
)KyBaTl BUKOHYBaTH 3aBIaHHs 3amicTb BILJIA, siki 00-
ciyroByroteest. @ynkuionyBanus BI1IJIA npu BukoHaHHI
3aBJaHb 3 (PI3MYHOTO 3aXUCTy 3a TAKOI CXEMOIO Mpej-
CTaBJIEHO Ha puc. 7.

3a3BHUaiil B CKJIAIi CHCTEMH MOHITOPUHTY BHKOPH-
croByroThes rpyna BIIJIA, 3 oqHaKOBUMM XapaKkTepuc-
THKaMH, TOMY TOTpeOyBaTH 0OCIyroByBaHHS BOHHU OY-
IyTh BCi OAHOYACHO, 1 HEOOXiTHO 3alyyaTH JOIAATKOBY
TPYITy TaKOi X YHCEILHOCTI.

Yac BUKOHAHHS 3aBAAHHA 3 MOHITOPHHTY OJHHM
BITJTA Bu3Ha4aeThes 3a HOPMYJIIOHO:

tm =tn —2Suav Muav ~teont » ®)
ne ty - cepenniii wac monpoty BIIJIA; Sypy - BimcTaHb

siky monae BITJIA Bim TOYKH Ha MapIIpyTi O CTaHIIi1 00-
CITyrOBYBaHHSI (BBaXKAETHC, 1[0 BCI TOUKU MAPILIPYTY Pi-
BHOBIJTaJICH] BiX cTaHMii); teons - 9ac, HEOOXITHUH 1T

migxmoderns BITJIA micns o6ciryroByBaHHS 10 CHCTEMHU
MoHiTopuHry. YucensHicts rpyn BITJIA, mo HeoOxinHa
JUIE BUKOHAHHS 3aBJaHb 3 (pi3MuHOi Oe3meku, CKIiaii
MA-BIUIA-MMP-CM BusHavaeThes 3a GOPMYJIIO0:

kuav = [1+(25UAV Muav +teonf +trepl _bat )/ tm] (6)

CraHuis
06cnyroByBaHHs
(ABMS)

Mnowapka
dnoty BMNNA ~

e trepl pat - 4ac HeoOXimHuil mig 3aMiHE OGOPTOBOrO

Jokepena xusieHHs BITTA.

3aranpHa KinbkicTh BITJIA, 110 Mae 3amydatucs o
XOJIOHY BUKOHAHHS 3aBJIaHb () i3WYHOTO 3aXUCTY B CKIIAJIi
MA-BITJTIA-MMP-CM BusHavaeThes 3a HOPMYIIO0

My =kyav -Myay - )

3uauenHs K >1 Bkazye Ha HEOOXiIHICTh CTBOPCHHSI B
cxnani MA-BITJIA-MMP-CM  xonoHy 3a0e3IcucHHS.
Tum crannii Bu3HavaeTsest pu BukoHaHHI SPARLQL 3a-

IIMT 10 OHTOJIOTI, a KIIBKICTh CTaHIll 3aJIEIKUTh Bif KiJIb-
KocTi KaHaniB oociayroByBanHs BIIJIA Ta € TakmM:

Magms = Muav /Neh | (6)

Ie Neh - KUTBKiCTB KaHaIiB o0ciryroByBanHs bITJIA Ha of-
Hilf cTaHIii 0OpaHoTO THIY.

Hapenenuii nmpukian mokasye mociiOBHY peai3a-
Hifo Meroxy (OpMyBaHHSI CTPYKTYpH Ta ckiaxy MA-
BITVTA-MMP-CM p1s1 BUKOHAHHS BU3HAYEHOTO 3aBIaHHs
Ta yMOB. J{1st BpaxyBaHHs BUMOT JI0 HaIHHOCTI TIpH BijI-
moBax BILJIA HeoOXigHO pe3epBYBaTH IOJATKOBY Kilb-
kicte BIUTA 3 3arampHOI 4mcensHOCTI GIIOTY, SKi y pasi
BiqMoB ocHoBHEX BITJIA 3i cknamy xonoHy OyayTh 3aiy-
YaTHCs A0 Horo monoBHeHH. {711 BU3HAYeHHS 1X YMCeNb-
HOCTI BUKOPHCTOBYIOTHCS JOAATKOBI Mozedi [16].

Mapuwpyt
pyxy BNA nig
4ac MOHITOPUHTY
Mapuwpytu
pyxy BMNJ1A Ha cTaHuito

—~ obcnyrosyBaHHsA

Puc. 7. Monens nepioiMYHOT0 MOHITOPHUHTY 30HH 0OMEXeHOTo ocTyy 3acobamu BITJIA

BucHoBkH

B po6oTi posrisiHyTO mpotiec popMyBaHHS CUCTEM
MOHiTOpHHTY Ha ocHOBI BITJIA, mys peanizamii sikoro 3a-
MPOTIOHOBAHO METO/] BU3HAYCHHS CTPYKTYPH Ta CKIIaLy
MA-BITJIA-MMP-CM, sikuii 703BOJISIE M ABUNTUTH ede-
KTUBHICTh TPOIECY CHUHTE3y IHTEICKTyaJbHUX CHUCTEM
MOHITOPUHTY 00’€KTiB aTOMHOI €HEPreTHUKH JJIsI BHKO-
HaHHS PI3HOMAHITHUX 3aBJaHb 3 ypaXyBaHHSAM BHMOT Ta
YMOB HaBKOJIMIIHBOTO cepejoBuia. Po3pobiena i onu-
caHa KOHIENITyallbHa MoJenb XxojoHiyHoi MA-BIIJIA-
MMP-CM Ta BapiaHT OHTOJIOT1YHOT Oa3K 3HAHb.

Po3po6iieHo Ta onrcaHo MeTO ] BUSHAYEHHSI CTPYK-
Typu Ta ckiany MA-BIIJIA-MMP-CM, sikuit 6azyetscs
Ha KOHIENTyaJbHiN Monem xosnoHiuHoi MA-BITJIA-
MMP-CM Ta BUKOPHUCTOBYE OHTOJOTIUHY 0a3y 3HaHb
BHBEJICHHS HEOOXiNMHMWX 3HAHb Tia 9ac cHHTE3y MA-
BITJTA-MMP-CM. ITlpu 1iboMy BpaxoBYEThCS HE0OXi-

HICTH (OpPMyBaHHS MiJICHCTEMH BHUKOHAHHS 3aBJaHb Y
uriiigi xonoHiB BITJIA Ta XonoHIB 3a0e3neueHHs Tpu-
Basioro ¢yHkiioHyBanus MA-BIIJIA-MMP-CM.

Po3risiHyTO MOXIHMBI BapiaHTH 31iHCHEHHS MOHI-
TopuHTY (hi3myHOi Oe3mexu iHdpacTpykrypu MMP Ta
3arponoHoBaHa Mojens ¢yHKuioHyBaHHI MA-BITJIA-
MMP-CM 3 mepiogndHUM TOKPHTTSAM 30HH OOMexe-
HOTO JOCTYIYy, fIKa JI03BOJISiE BU3HAYATH HEOOXITHY YH-
cenpHIcTh BITJIA Ta craHmii 06CIyroByBaHHS.

Hanano npukiiaz BAKOPUCTAHHS 3aIIPOIIOHOBAHOTO
Merony Juid (opMyBaHHSI CTPYKTYpH Ta ckiagy MA-
BITJIA-MMP-CM npu BUKOHaHHI 3aBJJaHb MOHITOPUHTY
y cki1azi cucreMu QizuyHoro 3axucty MMP.

HanpsiMok noabnX A0CHiKEHb NOJIATaE y Po3-
poO1i MeToay BHOOPY Ta iMILIEMEHTaIlii MOJIeIiei, Heo0-
XIJIHUX JJIs BU3HAYCHHS MOTPIOHOT uncenbHOCTI BITTA
B MA-BITJIA-MMP-CM pu1s 3a0e311e4eH s 3aaHuX I10-
Ka3HHWKIB HaIIMHOCTI BUKOHAHHS 3aBIaHb.
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Method for determining the structures and composition of multi-agent UAV-based
monitoring systems for small modular reactors

Thor Kliushnikov

Abstract. The accident at the nuclear power plant (NPP) in Fukushima showed that the use of monitoring systems based
on unmanned aerial vehicles (UAVS) made it possible to assess the consequences of the accident and conduct post-accident moni-
toring of the NPP infrastructure and the surrounding area. However, the deployment of such a monitoring system was carried out
after the accident, when there were no other opportunities to obtain information. In addition, the process of creating and deploying
such systems, which are unique, are designed to monitor a specific site. The spread of the use of UAVs in various fields shows that
they can be used as flexible services to perform various tasks in an autonomous mode, which requires the introduction of means
for their intellectualization. One of the areas of development of nuclear energy is small modular reactors (SMRs) and the use of
UAVs as part of SMR infrastructure monitoring systems will allow solving a wide range of problems. The subject of the article is
the process of forming monitoring systems based on UAVSs. The purpose of the article is to propose an approach to improving the
process of synthesis of intelligent monitoring systems for nuclear power facilities. Objective of the article: to propose a method for
determining the structure and composition of multi-agent UAV-based monitoring systems (MA-UAV-MS) to perform various
tasks taking into account the requirements and environmental conditions, for which to develop a conceptual model of the holonic
MA-UAV- MS and a knowledge base in the form ontologies to derive the necessary knowledge during the synthesis of MA- UAV-
MS; give an example of using the proposed method for forming the MA-UAV-SM structure when performing SMR monitoring
tasks (MA-UAV-SMR- MS), namely, monitoring as part of the SMR physical protection system. The following results of the work
are obtained. A conceptual model of the holonic MA-UAV-SMR- MS has been developed and described. A method for determining
the structure and composition of the MA-UAV-SMR-v has been developed and described. This takes into account the need to form
a subsystem for performing tasks in the form of UAV holons and holons to ensure the long-term functioning of the MA-UAV-
SMR- MS. A version of the ontological knowledge base is developed and an example of its use is shown to obtain a list of UAVs
and equipment necessary to perform tasks in certain conditions with specified requirements. Possible options for monitoring the
physical security of the SMR infrastructure are considered and a model for the operation of MA-UAV-SMR- MS with periodic
coverage of the restricted access zone is proposed, which allows us to determine the required number of UAVs and service stations.
The further research is to develop a method for selecting and implementing the models necessary to determine the required number
of UAVSs in the MA-UAV-SMR- MS to ensure the specified reliability indicators for performing tasks.

Keywords: monitoring system; holonic multi-agent system; ontology; unmanned aerial vehicle; service station; small
modular reactor; physical protection.
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B. O. MaptoBunpkuii, O. A. SIakoBcekuil, A. A. Kopanenko, O. M. CeBocTbHOBa

XapKiBChKHIA HAIlIOHATHHUN YHIBEPCUTET PaliOeNeKTPOHIKH, XapKiB, YKpaiHa

APXITEKTYPA IPOTPAMHO-AIIAPATHOI MOJIEJII CHCTEMHU
BUMIPIOBAHHA KYTIB ABTOMATHYHOTI'O PAAIONIEJIEHI'ATOPA

Anoraunis. CTarTa NpUCBAYCHA ACTAIBHOMY PO3IIIALY apXiTEKTYpH MPOrpamMHO-anapaTHOI MOJENI CHUCTEMH BHMIpIO-
BaHHS KYTiB aBTOMAaTHYHOTO pajdiomnesieHraropa. B craTTi poO3KpUBAETbCA (PYHKIIOHAIBHICTH AHTEH, MPHIMaIbHO-
nepenaBajgbHUX OJIOKiB, OJ0KIB 0OpOOKHM CHrHaNly Ta BU3HaueHHsS KyTiB. OcoOauBa yBara mpuAUIS€THCS B3aEMOIIT porpa-
MHOTO Ta anapaTHOTro 3a0e3MedeHHs I 3a0e3MeYeHH] ONTUMANIBHOT IPOAYKTUBHOCTI CHCTEMH. APXITEKTypa MpOTrpaMHoO-
armapaTHOI MOJIeJi CHCTEMH BHMIPIOBAaHHS KyTiB aBTOMAaTHYHOTO PalioNeNeHraTopa € KIIOYOBHM acleKTOM y po3podui Ta
eeKkTHBHOMY (DYHKITIOHYBaHHI PagioTeXHIYHOI cHCTeMH O KHBOI HaBiramii. List Moens BU3Ha4Yae CTPYKTYpy Ta B3a€MO-
JIIF0 TIPOTPAMHOTO Ta anapaTHOTO 3a0e3MECUCHHS, SIKi BAKOPUCTOBYIOTBCS [Tl TOYHOTO BUMIPIOBaHHS KYTIB IIPH OTPUMAaHHI
panionernenranii. B cTaTTi npeacTasieHo peaizamito Uit MoaemoBaHHs npuitMada ADF, sxuit € gacTHHOIO 3 aHANI30M 3
TOYKH 30py HaBYAJIBHHUX IjIed. Mojelb 0Xorumoe: (hyHKIIl CUCTEMH, OCHOBHI eTanyd oOpoOKH Ta HEOOXIiJHI KOHTPOJIbHI
TOYKH. 3MOJICIIbOBaHI CUCTEMH MOEIHYIOTHCS 3 IEPCOHAIBHUM KOMIT FOTEPOM ISl KEPYBaHHS PI3HUMH PEKHUMaMU pOOOTH
1 BUKOHYIOTh HEOOXI1/IHI OOYHCIICHHS I Tpoliecy HaBiramii. Mozaenb Moxke OyTH po3IIMPEeHa, 00 OXOIMUTH HOBI MOIYJIL

JUIA 1HIIMX HaBIramiiHUX CUCTEM aBlOHIKH.

Kawuosi cnosa: PCBH, panionenenrarop, aBioHika, HaBiramisi, BAMipIOBaHHS KyTiB.

Beryn

ABiarlis Ta aBiariepeBe3eHHS BiJirparoTh KIIFOYOBY
pOIb Y CydYacHi CBITOBI €KOHOMIIl Ta COLiaNbHIN
cepi, a came:

— aBiarniepeBe3eHHsl 3a0e3MeuyloTh LIBUIKUHA Ta
e(eKTUBHUN T00aNbHUN 3B'SI30K MK KpaiHamu Ta
KOHTUHEHTaMH, JAI0Th 3MOTY JIIOJSIM MEPeMillyBaTHCs
Ha BEJIMKI BIJICTaHI 32 KOPOTKHH 4Yac i 3a0e3neuyroTh
HEeoOXI1THUH 3B'130K /711 Oi3HECYy, TYpU3My Ta KyJbTYyp-
HOTO OOMiHY;

— aBiamis BiAirpae BaXKJIUBY POJb Y CTUMYIIOBaH-
Hi €KOHOMIYHOTO 3pOCTaHHS Ta WIATPUMYE CBITOBY
TOPTIBIO, 3a0e3Medye To0aNBHY JOTICTHKY 1 3B'SI30K
Mix Oi3Hec-mlapTHEpaMHu, CTBOPIOE pPoOOYl Micms 1
CHpHsie pO3BUTKY iHPpacTpyKTypH;

— aBlamepeBe3CHHsT BaHTaXIB MarOTh CTpaTeTiyHE
3HAYEHHs JJIsl CBITOBOT TOPTiBJIi: OaraTo ToBapiB, 0C00-
JIMBO BUCOKOTEXHOJIOTTYHHX 1 TAKUX, 1110 NEPEKUBAIOThH
LIBHJIKE 3aCTapiBaHHs, JOCTABISIIOTh Y pi3HiI KpaiHU Ta
perioHu came aBiariero yepes il MBHIKICTb;

— aBiallis Bilirpae KIIOYOBY POJIb Y PO3BUTKY TY-
pU3MY. MIJBHOHM JIIOAEH IIOPOKY BHKOPHCTOBYIOTH
aBiamiepeBe3eHHS IS TOAOPOXKEH y pi3HI KpaiHH, 1Mo
crpusie KyJIbTypHOMY OOMiHY, PO3BUTKY MicIeBOI iH-
JYCTpii Ta 3MIIIHEHHIO EKOHOMIYHHUX 3B'S3KIB.

Jus 3abe3redeHHss HAIIiHHOTO Ta e(pEKTHBHOTO
BHKOPHWCTAHHS JITAKIB Ta IMOCIYT aBiallil B3araii, aeaa-
711 OiipIIOro 3HaUYeHHS HaOyBae MaTepialbHO-TEXHIYHE
3a0e3neuenns [1-3]. HeBia’eMHUM KOMIIOHEHTOM Ta-
KOT'0 MaTepialibHO-TEXHIYHOTO 3a0e3MeUYEeHHs € Pajlio-
TeXHI4HI cuctemu Ommknboi Hagiramii (PBCH).

Tak sik KUTTEBUN [UKJI HASBHOT Ha3eMHO1 Ta Oop-
TOBOI pamioHaBiramiiinoi amaparypu PCHB minxomuts
JI0 KiHIA 1 oTpedye 3aMiHM, HEOOXiHO 3aKiacTu Qy-
HIAaMEHT JUTA TMOAAJBIIO] iHTeTpaii Aep:kaBHOI aBiarlil
y MDKHapojHe aBialliiiHe CIiBTOBapHCTBO. ToMy aKTy-
ANIBHOK 3aJa4el0 € JOCITIHKCHHS MPHHIUIIB POOOTH
oOmannanns PBCH.

Jnst TecTyBaHHS NPUHLMIIB poOOTH OOPTOBOTrO
obnagnanas PCBH, HeoOXimHO iMiTyBaTH CUTHAJ, IIO

TeHEPYEThCSl 3 HA3EMHOI'0 Maska, sSIKWil IOBUHEH OyTH
3MOJICTTbOBAHUM SIK CTUMYJIALISL 0 OOPTOBOTO PAIioIo-
KariiiHoro oOJagHaHHs, [0 JO3BOIWIO O BHUABUTH 1
BUBYUTU pOoOOUHI CTaH OOPTOBOTO 00JIaJHAHHSI.

BpaxoByroun ocobmmBocti pobotu PCBH, renepa-
TOp CHTHAJIB AOBUIBHOI (hopMH HEe MOKe KOPEKTHO pea-
ni3yBaTH (YHKIIIO KOMYHIKaIlii Mixk OopToBHM 00mas-
HaHHAM Ta HAa3eMHOIO CTAaHII€I0, OCKUIBKH TOTPiOeH
aHaJi3aTOp CHTHANIB IS IOJATKOBOI AEMOIYILIl Ta
nekoxyBaHHsA. CremianizoBaHa KOHTPOJHLHO-BHMIPIO-
BaJlbHA araparypa, y CBOIO 4Yepry, Ma€ HU3KY HEIOJIKiB:
yHiTapHa (yHKIs, BeNMKi rabapuTH, 3HAUYHE EHepro-
CIIO)KMBAaHHS, CKIIAJIHICTh y CHCTEMHIH iHTerpauii Ta He-
3pYYHICTh TOOYIOBH aBTOMATHYHOT TECTOBOT CHCTEMH.

MeTor CTATTi € po3poOKa apXiTeKTypHu Iporpa-
MHO-amapaTHOI MOJIeNIi CHCTEMH BHIMIPIOBAHHS KYTiB
ABTOMATHYHOrO pajiolNeNieHraTopa Uisl PO3B’s3aHHSA
mpoOyieMu 03HAHOMIICHHS 3 HABIralliitHUMU 3aC00aMHU B
asiari.

IIporpamMHo-anapaTHa MoaeIb
HazeMHoro odagnanns PCBH

[IBuaKKiA PO3BUTOK CydacHOi MiKpOEIEKTPOHIKH
Jla€ 3MOTYy BHUKOPHCTOBYBAaTH MIKPOKOHTPOJIEpH y Pi3-
HuX chepax. Cepis MIKpOKOHTPOIEPIB I 3MIMIaHUX
CUTHAJIIB MICTUTh Ha KpUCTAJIi Oaratuii Habip KoMIapa-
TOpIB, ONEpaIifHUX TiICHITIOBAYiB, A€IbTAa-CUTMa aHa-
noro-idposux nepersoproauis (ALIIT), AL mocii-
noBHOro HaOmmkeHHA. Kpim Toro, B cydyacHHX KOHCT-
PYKLISIX ITHPOKO BUKOPHUCTOBYIOThCS LU(PPO-aHATIOTOBI
TepeTBOpIOBadi 3 Aiana3oHoM oHoBJIeHHs rmoHaxa 1 [T,
IO Jla€ 3MOTY HANAIITYBaTH (YHKIiIO TeHepamii cHr-
HaniB. Tomy cywacHi TexHounorii B cepi MiKpoOeneKT-
poHikH Oynu 3aKiajeHi B OCHOBY MPOrpaMHO-
amapaTHOT MOJENI.

3anporoHoBaHa MPOTpaMHO-aniapaTHa MOJETh Ha-
3emHoro ob6iagHanHs PCBH Bkimtodae B cebe HacTymHi
KOMITOHEHTH:

1) mepcoHanbHMI KOMIT'IOTED, SKMH IpU3HAYe-
HUHM U1 TOYaTKOBOTO HANAINTYBaHHSA Ta KEPyBaHHA
CHMYJISITOPOM HaBiraliiiHUX MOJyIiB, SIKMH peasi3oBa-
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HO Ha 0a3i ciMmeiicTBa 32-0iTHMX MIKPOKOHTPOJIEPIB
BupoOHuiTBa STMicroelectronics;

2) MOIyJb CHCTEMH BHMIPIOBaHHS KYTiB aBTOMa-
THuHUi pagionenenrarop (ADF);

3) Momysb CHHTE3aTOpa YacTOTH, IO 3a0e3neuye
HEOOXiJHI YaCTOTH AJIS Pi3HUX IMIACHCTEM CUMYJIAIII Ta
3a0e3nedye TMOBHY  CHHXPOHI3aWil0  IPOrpaMHO-
armapaTHOI MOJIENI.

[pu po3pobmi Momeni OyiIr BUKOPUCTaHI ITUPPOBI
KOMIIOHEHTH MIKpOCNeKTpoHiku. ToMmy mpH HOCIi-
JDKEHHSIX Oy BUKOPUCTaHI Mojeli Mu(pOBUX CHTHA-
nmiB. Takoxk aHaJIoroBl MoAeENl € OUIbLI CKJIaIHIIIUMU
MOPIBHSAHO 3 IU(POBUMH 1 BUMAararoThb BUKOPHCTaHHS
CHeLiaJIbHUX 1 IOPOTHX MIKPOCXEM, TaKuX SIK aHaJIOro-
Bi IOMHOXXyBadi Ta 3MilllyBadi, 3 BEJIMKOIO peTelbHic-
TIO y BUOOPI Ta peanizallii KoMIoHeHTiB [4].

OcHoOBHa i/iest IIbOTO HEZOpPOroro Ta e()eKTHBHOIO
PILICHHS MOJIATAE B 3aCTOCYBAaHHI YHIBEpCAIbHOI I'eHepa-
il (QyHKUOIH 3 BUKOPHCTAaHHAM 30€peKeHHX IH(PPOBUX
JaHUX 1 1H(po-aHAIOroBoro meperBopeHHs. [Ipobiema

cos (9)
>X sin (9)
sS4 S1
S7
> —S| 8 /2

S6

!
lsz
+

MOJIEIIOBAaHHs TPOLECy aMILTTYAHOT Momysuii (AM)
PO3B’A3y€THCS 3a JIONOMOIOI0 LU(PPOBUX MIKpOCXEM
3aMiCTh JI0JJHUX 200 TPAH3UCTOPHUX MOJYJISITOPIB.

dDyHkKUioHANbHA cxemMa cucteMud ADF
NPOrpamMHO-anapaTHoOi MoJeJi
HazeMHOro odagnanna PCBH

[IpuHIIMN BUMIipIOBaHHS HANPSAMKY 32 BiJHOCHHM
meJieHroM Ha cTaHmifo [5] HaBemeHo Ha puc. 1, cxemy
BiIIOBiTHOTO TpHiiMaya — Ha puc. 2.

Hasemua crantis

Puc. 1. Cxema npuHIMITY BUMIPIOBaHHS HAMIPAMKY
3a BITHOCHUM II€JIEHTOM Ha CTaHIIiI0

—» Ilpuiimaa —» Qimetp —» Cxema meHmiHry

Ilepemukau
— (TOYKA MiAKIFOUEHHS S10 S11
ocrtorpada) S12
) S13 .
»  ®dazoBuii nerekrop ——P JIigiIbHUK — 9

TaktoBa yactora FC 4T

Puc. 2. OynkuionansHa cxema npuitmada ADF
Onuc Ta TEXHIYHI XapaKTEPHUCTUKU MPOrPaMHO- S, (t) = AcCOos (Wt) (D)

amapaTHOI MOJIENi KOMIUICKCY € HACTYITHIMU:

— HaBiramiifHa CHCTEMa CEpEeIHBOrO Jiala3oHy: S, (t) = Asin (Wt) (2)

(100 - 2000) kI'm;

— MpaIloe 3 Ha3eMHUMH 3ac00aMH K pagioMasK
CaMOHaBE/IEHHS, a TAaKOX fK IleperaBad pajioHaBira-
uittHoi Touku (RNP);

— iioro OOpPTOBA YAaCTHHA CKJIAHAETHCS 3. METIIHO-
BOT aHTEHH, JllarpaMM CIPSMOBAHOCTI SIKOi € ab0 OxHi-
€10 BiCIMKOIO, 200 TBOMa HEPEXPEUICHUMH METIIIMHU Ta
BCEHAIpPAaBJIEHOI AaHTEHH,

— IpHuiiMada, KU BUKOPUCTOBYETHCS IS ITiICH-
JIEHHS Ta JIETEKTyBaHHS CHUTHAIY BiJ KOMOiHOBaHOT
aHTEHH, a TOTIM JUI1 OTPUMAHHS KEPYIOYOro CHUTHAIY
JUIsL Opi€eHTalii NeTIi-MiHIMyMy Ha HalpsIMOK CHI'HAITy
B CHCTEMi pyXOMOT0o THITy 200 1y1si 0OpOOKH KBaspaTy-
PHHX CHUTHAJIB B CHCTEMi BKa3iBHOro Tuiy (2, 3);

— MiJICKCTEMU BiTOOPaXKCHHS.

3 ¢dysxmionansHOi cxemu npuitmaga ADF oOupa-
€MO HACTYTIHI KPOKU MOJICTTIOBAHHS CUTHAIIIB:

Kpox 1. O6pobka curHanmy CTPKHEBOI aHTEHU
(3cyB (a3 1/2 BUKOPHCTOBYETHCS Il KOMIIEHCAITiT 7t/2
(hazu TBOTIETIHLOBUX aHTEH):

Je W — gactoTa cepeanboro miamasony; f = 100 —
2000 kI
Kpok 2. O6pobka curHaixy paMKOBOi aHTCHH:

S3(t) = aAsin(wt) sin(9) 3)
S4(t) ) cos(9) 4)

Kpok 3. MojentoBaHHsi MOJYIIO HEpeMUKaHHS
CUTHAJIIB ISl BHYTPIIHBOT MOYJISILII:

S5(t)=P(t) (5)
Sg(t)=P(t-T1/4) (6)

ne P(t) — npsiMOKyTHHI curHai 3 mepiogom T, 3 HU3b-
Koto yactoToto F B nianmazoni 30-100 I'm.
Kpok 4. MopjemoBaHHS MOAYJIO MEepeMHUKaHHS

CS0)=8 (0S5 (1)
=aAP(t) sin(wt) sin(9);

a Asin(wt

()
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Sg (t)=S4(t)xSs(t)=

8

=aA P(t—T/4)sin(wt)cos(3). ®
Kpok 5. O6uncieHHs cyMH BXO/iB IpHiiMaya:

Sg (t)=82 (t)+S7 (t)+ SG (t)= Sin(Wt)X (9)

xA(1+P(t) sin() +P(t—T /4) cos(9)).
Kpok 6. Jlemomynsiuisi BUXIJTHOTO CHTHAIY TPHH-

Maua:
Sjo(t)= A[1+P(t) sin(9) +P(t—T /4)cos(9)]. (10)
Kpok 7. @inpTpaniss BUXOAYy y BUIJIAIL Hepiuoi
rapMOHIYHOi CKI1a0BOi Sig (1) HACTymHUM YHHOM:
Sll(t)= B Sln(Qt—S) (11)

Kpok 8. ®opMyBaHHs BUXIJIHOTO CHUTHAIY CXEMH,
KM 3aTpuMaHOl0 Bepciero  P(t) i3 3aTpuMKOIO
7=9/Q 06paxoBy€eThCSA HACTYIIHAM BHPA30M:

S12(t)= P(t-7) .

Kpok 9. Buxin dazoBoro nerexropa - IpsIMOKYT-
HUH IMITyJIbC TPUBAJICTIO 7 SIK:

Si3(t)= Pa(t).

HpHMC aHaJIOTOBC MOJCIIOBAHHsA BHMAara€ rc¢HE-

(12)

pauii Ta 00poOKH HaCTYITHHUX (POPM CUTHAJIIB:

1) Hecyumit curHan 3 KBaapaTypHHMH (a3amu,
SIKMH IMITy€ (pa3u NPUHHATUX CUTHAIIIB BiJ] BCCHAIPaB-
JIGHOI Ta pAMKOBOi aHTEH;

2) curHan ¢ 3 pi3HUMH BaraMu y BUIJISZI CHHYCa
1 KOCHHYyCa HalpsMy, 10 MOZEIOE CUTHAIH, SIKI IPUi-
MAIOThCS BiJ] IETJILOBOT aHTEHH;

3) KoMyTallis ABOX CUTHAJIIB BiJ CXPEIIEHHUX MET-
JIEBUX aHTEHHUX 3 BHYTPILIHIM KOMYTOBaHUM KBaJIparT-
HO-XBWJILOBUM CUTHAJIOM;

4) ckIafaHHA TPHOX AHTCHHHX CHUTHATIB Ui
OTpUMaHHs HOpMaJlbHOTO AM-curHany;

5) BusiBnieHHs Ta (ijbTparlis BUXOAy MpuiiMaya;

6) mudpose (aszoBe AEeTEKTYBaHHs Ta BUMipIOBaH-
HS BUX1HOTO CHUTHAJy IpuiiMaya,

7) pi3Hi 3MiHK HampsMy  3a JOTIOMOTOI0 KOMIT'~
IOTEPHOTO KEPyBaHHS.

AHanoroBe MOICTIOBaHHS Oyae OyXe IOpPOTHM i
BAMAaratuMe CKJIAIHOI CXEMH, TOMY TPOCTIIHH CIociod
peamizamii apXiTeKTypu MporpaMHO-alapaTHOi MOJeNi
HazemHoro o6magHanHI PCBH — me BukopucranHs 3a-
3[aNIeTiAb BiJCKAHOBAaHMX CHTHANIB BiJl PEabHOTO
npuiiMaya 3 iMITali€l0 CUrHaTy Ha3eMHOI CTaHIii, ajarl-
TOBAHOI JI0 PI3HUX HAMpPsMIB curHaity. byio po3pobieHo
apXIiTEKTypy MpOrpaMHO-anapaTHOi MOZENi Ha3eMHOIrOo
obnannanns PCBH, sika npezcrasieHa Ha puc. 3.

1 MHz
SN7474
=2
sgl f
2 o SN7474 S1
> 5
A 4
SN74193 ¢
w4 SN7474 S2
=2
l 1 TakToBa 4yacToTa fc
SNZ;lé.QS SN+72174

S5

SN7430N L SN7474 ——»— SNZ;M
JeKozep 2 GiToBHiA :
JIYHUIIBHUK S5 S6
cbpoc S6
A0 $3,85
SN74HC590 DACO0808 LM324 - '
sg2 L——  6-GiThuit — 27256 EPROM - 1 ‘ 8-GitHuit —— omepartiitauit
\ Al4d JHYWIBHUK A5 | A7 LATI miacuiIroBay
= |
| | 54,58
Al12-13 S11
DACO0808 LM324 - !
‘ 27256 EPROM - 2 |‘ 8-Gimmmit — onepaniui L0
JAVN miacuIroBay
P N N s12
3Ha4yeHHs BUOipKH
9 TakToBa yacrora fc
SN74LS151 x 2 — .
JHani 3 TIK |
CCIICKTOp AaHIX ¢daszopnit  S1 JliginbHUK
sg3'sg4 sg5 sg6 sg7 sg8 JIETEKTOp 74192x 3
59 5,6,7,8 (16 3Hauenn 3 9 ) _I
JUcIuieit
sgl (500 aGo 250 KI'wy)
592 (tinbku AM-curnan a6o orubaroua)
593,594 (S3,57,59 3 ROM-1 ta S$4,58,510,S11 3 ROM-2) » Gydep

Puc. 3. Apxitektypa nporpamHo-anapatHoi Mojeni HazemMHoro obinagHanus PCBH tumy TACAN
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HanamryBaHHS 4acTOTH 3AIHCHIOETBCS TaKUM
yiHOM. SIKImO JiYmibHUK (a3u Bumae 3 mubpu s
HanpsiIMKy 3 KpokoM 10, loMy noTpiOeH TaKTOBHH CHUr-
Han yactoTu fc = 360 F. OTxe, MaeMo Tpu 3Ha4YECHHS
yactoT: F mepemuxanns, rakrosa fc = 360 F ta Hecyua
f>>F. Ockinpku Hecydy uyactoty f BUOpaHO sIK omop-
Hy 4YacToTy, 00 BOHa € HaWBWIIOIO, IHII YacTOTH
OTPUMYIOTECSI BINMOBITHUM TIOALIOM, caMy HECydy
MOJKHA BHOpPATH ITOETAITHO JJIS TIOKPUTTS JTiala30Hy.

YacTOoTHUI TOMAIT BHKOHYETHCS 32 IOTIOMOTOIO
MOJIyJIiB YaCTOTHOTO CHHTE3aTOpa, TPH YaCTOTH BUOU-
paroThCsl TAKMM YMHOM: Hecyda dactora f: Hecyua yac-
tota B miana3oni 200 — 2000 k[' Mmoxke OyTu BUOpaHa 3
nBox 3HaveHb 500 xI'm 1 250 x['m musixoM IideHHS
1 MTI'y Ha 2 1 4 BiINOBIMHO; YacTOTa mepeMukanHs F,
SIKy MOXHa oTpumary, noximsiu fc Ha 360 Hactym-
HuM yrHOM: 10X6X6. J[BOKBaApaTypHi HECydi Ta ABOK-
BaJpaTypHi CHTHAJIM IIEPEMUKaHHSI MOXYTh OyTH
OTpHMaHi 32 JOIOMOTOI0 IBOX IHBEPTOBAHUX IPSMO-
KyTHHX CHTHAJIiB MOJBO€HOI HEOOXiTHOI 9acTOTH, i-
JIeHHs] 000X CHTHAJIB Ha ABa Ja€ ABa KBAAPaTypHi CHUI-
Hamu [3]. Cyma BXimHOTO CHTHay mpuitmada So(t) mae
YOTHpPH pi3HI CUTHaJIM B 4 KBaJpaHTI nepiogy nepemu-
KaHHS HACTYITHUM YHHOM:

1+ asin($) + e cos(:F); 1+ asin(9) —acos(9);
1-asin($) —acos(9); 1-asin(F)+ acos(:P).

Bubipka aHanoroBux CHUTHaIIB 3/IHCHIOEThCS Ha-
CTYHHUM YHMHOM. SIKIIO CHTHaJl AMCKPETH3YEThCS IS
KYyTiB 3 KPOKOM 2°, TOAI 3arajibHa KiIbKICTh TOYOK BHU-
6ipku craHoButuMe 180, 11e IIMUTHCS HA 4 KBaIpaHTH,
sk 45 To4oKk BUOIpKM B KOKHOMY KBazapanti. J{msa 180
TOYOK BHOIpKH IOTpiOHA 8-OiTHa ampeca.

Copok I’ITh TOYOK KOXHOT'O KBajpaHTa BHOHMpa-
10TbCS 6-0ITHUM JIIYMIIBHUKOM, ACMIN(PYIOThCS 1 mepe-
JAFOTBhCs Jaii mo cxemi. JIiYMIBHHK ajpecye ampecy
nepiroro mosoamoro 6ita EPROM (Bim Ao 10 As).
PisHi KkBajpaHTH BHOMPAIOTHCS JBOKBAJAPATYPHUMHU
CUTHAJIAMH TIEPEMHUKAHHS SIK aapecHi 06itn Ae 1 A7. 3mi-
Ha (azoBoro 3cyBy O BHOMpaeThes K 16 3HAUYEHb Ha
4 0Oita K Ag — A11.

Curnamu Ap i Aji3 BUOHPArOTh 4 pi3HiI pe)XKUMU SK:

- (00,01) 3amae sin(Qt—9) 3 ROMI Ta
cos (2t —9) 3 ROM2;

- (10) 3amae sin(9) 3 ROM i cos (9) 3 ROM2;

- -(11) 3amae o AP(t)sin(d) 3 ROMI i
o A P(t — T/4) cos () 3 ROM2.

AM-MOZlyIbOBaHUI CUTHAT OTPUMYETHCS IIIIXOM
NIEPEMUKAHHS MO3UTUBHOI Ta HETaTUBHOI OTrMHAIOYO1
CHTHAJIOM HeCy4oi, IJle pOOUTHCS 3a aApPECcOl0 CTApIIOro
oita Al4.

BucHoBku

B crarTi nmpezacraBiieHo peajizalilo Il MOJIEIO-
BaHHs npuitMada ADF, sikuil € yacTHHOIO 3 aHali3oM 3
TOYKH 30py HaBYANBHUX Lineil. Monens oxommoe: ¢y-
HKI[iI CHUCTEMH, OCHOBHI eTamu OOpOOKH Ta HEeOoOXimHi
KOHTPOJIbHI TOYKH. 3MOJE/IbOBAHI CHUCTEMHU IIOEIHY-
1o1bcs 3 [IK st kepyBaHHS pi3HUMH peXxHMaMH po0o-
TH 1 BHKOHYIOTH HEOOXiZHI OOYHCICHHS AJIS TIPOLECY
HaBiramii. Y MOAaIbIIOMy MOJIEIb MOXKE OYTH pO3IIH-
peHa, o100 OXOMUTH HOBI MOIYIMI JUTS iHITNX HaBirarii-
HUX CHCTeM aBioHikH. HeoOXimHi CIIpoIneHHs Ta MiHi-
Mi3alis CHUCTEeMHUX (YHKIIH 1 KOHTPOIBHHX TOYOK
3p0o0JIeHO ISl YCYHEHHsI HaJIMIpHOCTI y TeHeparii cur-
HaJy.
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Architecture of the software and hardware model of angle measurement system in the automatic radio direction finder
V. Martovytskyi, O. Yankovskyi, A. Kovalenko, O. Sevostianova

Abstract.The article is devoted to a detailed consideration of the architecture of the software and hardware model of an-
gle measurement system in the automatic radio direction finder. The article reveals the functionality of antennas, transceiver
units, signal processing units and angle determination. Special attention is paid to the interaction of software and hardware to
ensure optimal system performance. The architecture of the software and hardware model of angle measurement system in the
automatic radio direction finder is a key aspect in the development and effective functioning of the short-range radio engineering
systems. This model defines the structure and interaction of the software and hardware used to accurately measure angles when
obtaining radio bearing. The article presents an implementation for modeling the ADF receiver, which is part with analysis from the
point of view of educational goals. The model covers: system functions, main processing steps and necessary control points. The
simulated systems are combined with a personal computer to control various operating modes and perform the necessary calculations
for the navigation process. The model can be extended to include new modules for other avionics navigation systems.

Keywords: RSBN, radio direction finder, avionics, navigation, angle measurement.
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HepxaBHUit yHIBEpCcUTET iHQPACTPYKTYpH Ta TexHojorii, Kuis, Ykpaina

METOAUKA BUSHAYEHHSI KPUTEPIIB BE3IEYHOI IBUAKOCTI CYJAEH
IIPU EKCILIYATALII CYAEH BHYTPIIIHIM BOAHUM TPAHCIIOPTOM

AHoTaunis. Merow maHoi poOOTH € MOOYAOBa apXITEKTYPH CUCTEMH YIPABIiHHSA PYyXOM CyIHA Ha OCHOBI Monaudikamii
MIPUHIIMIIIB TOOYI0BH caMOl MOJIETIi CUCTEMH YIPaBIiHHA CYIHOM 3 BUKOPHCTaHHSAM HOBHX MIAXOIB 10 GopMaizaliii npo-
neciB 300py Ta 00podku iHdopmanii. [TocTaBieHa MeTa JOCATAETHCS NUIIXOM aHANI3Y OCHOBHUX BapiaHTIB MOOYI0BH MOJIE-
neit pyxy cynHa (MPC), po3poGiieHHst MeToauKH 1T popMyBaHHS Ha OCHOBI 30eperkeHoi iHpopMarii Ipo pyx cyIHa, CHHTE3Y
MPC 3 BUKOpHCTaHHSM arapaTy HedYiTKOI JOTIKHM Ta OLIHKH SKOCTi iXHBOT poOOTH, MOOYIOBH areHTHOI MOZIEIi YIPaBIiHHS
PyXy cyziHa Ha 0cHOBI po3pobieHoi MPC. HaiicyTTeBinmm pe3yIbTaToM € po3po0Ka CTPYKTYPH areHTHOT CHCTeMH 00poOKH
BUXIJHUX JaHMX BiJ] BUMipIOBAIbHOTO KOMIUIEKCY Ta MaTEMAaTHYHUI ONHNC JTaHOI CHCTEMH areHTaMH, 00'€KTaMH JIOBKIJLIS
Ta MOIisIMH, AKi B HhOMY BinOyBaroThCcs. KpiM TOro, €1eMEeHTH CHCTEeMH TOB'sI3aHI MiXK COOOI0 PEaKILier0 JOBKULIS Ha 0
200 Oe3MisTIBHICTD areHTIB, IO PO3MIIAAAIOTHCS K 3aKOHU (PYHKIIOHYBAaHHS CHCTEMH. 3HAUYIIICTh OTPUMAHUX PE3yJIbTATIB
CKJIaJa€ThCs Y PO3POOLI METOAMKH 1 CTPYKTYpH cUCTeMH (POPMYBAHHS MOJAENTI PyXy CyIHA, KA BiIPi3HAETHCSI BUKOPHCTAaH-
HSM pe3yJbTaTiB BUMIpPIOBAaHb CTaHIB CyHA 1 YMOB HOTO IUIAaBaHHS MPOTATOM PETYJSIPHHUX pEHciB Ta GOpMyBaHHAM Ha L€l
ocHOBI 0i0mioTexn. OcoONMBICTIO OJIepPIKaHUX PE3yIbTATIB € HAKOMMYECHHS B CTPYKTYpOBaHii 6i0mioTeni TaHUX, BUMIPSHHUX
ITiCIIs OLIHIOBAaHHS IXHHOT HOBU3HH, Ta X MepiognyHe BUKOPUCTAHHS JUIs YTOUHEHHS MOJEINeH. 3alpoloHOBaHa CTPYKTYpH
6i6ioTexn Mozenel i 6a3u BUXIIHHUX DaHMX, SIKi aHAIOTIUHI 3a TOOYA0BOIO, 1 MICTSATH JBa PO3/UIN — CTaHIB CyJJHA T YMOB
TUTaBaHHS, 10 Oe31ocepeHbO BIUIMBAE HA METOANKY BHOOPY HeoOXimHoi Mozeni 3 6i0miorexu. Binmina Bix BigoMux pooiT
MOJISITA€ y CTPYKTYPYBAHHI YMOB IJIaBaHHS HA OCHOBI MOJIOKEHB TEOPii HEYITKMX MHOXHH, IO JO3BOJIMIIO OOMpaT MOJEN,
SIK1 HaROLIbIIE MiAXOIATh OO MMOTOYHOI CUTYyaIlil 6e3 BUKOPUCTaHHA I X (JOpMyBaHHS JOAATKOBOTO MaHEBpYyBaHHA. J[is
peamnizamii MyJIbTHAr€HTHUX CHCTEM, 10 QYHKIIOHYIOTh y PeaJbHOMY Yaci, 3alpONOHOBAHO PO3POOUTH MOIYIIh IPUHHATTS
PIIIEHHS areHToM 1 peanizyBaTu (yHKIIT IIIETTOKIaTaHH TTi]] Yac peai3amii NpUHHATHX pillleHb. 3alpOIIOHOBAHI MiIX0AN
JIO3BOJIAIOTH MiJABUILKUTH SIKICTh (POPMANBHOTO ONMUCY PO3B'sI3yBaHUX 33jad, (opMaii3yBaTH mpouecH 300py it 00poOkH iH-
(opMarii mpo cTaH Cy/JHA Ta yMOBU IUIABaHHS 1 peaizyBaTH apXiTeKTypy CHCTEMH KEepyBaHHS CyTHOM JUIS Pi3HUX YMOB.

KamouoBi ciaoBa: cynHo, Oe3redHa IMBUAKICT, CHCTEMA YIIPABIiHHS PyXOM, CHCTEMa KePYBaHHS CyIHOM, (opMaiiza-
1ist, 30ip Ta 00poOKa iHpOpMaIlii, MOAeNb pyXy CyIHA, METOIMKA, HEWiTKa JIOTi1Ka, TEOpis HEUiTKUX MHOXKHH, areHT, areéHTHA
cUcTeMa, MyJIbTHAareHTHA CHCTEMa, BUMiPIOBAIbHUI KOMITIEKC, CTaH CyIHA, yMOBH IUIaBaHHS CyHA, 010mioTeKka NaHuX, pe-

aNbHMI Yac, NPUHHSITTS PillleHb.

Beryn

3abe3medeHHst Oe3MeKy TIaBaHHS Y BHYTPIIITHIX BO-
Jax € OJJHUM 13 HalaKTyaJbHIIINX I HAUCKIIAJHIIINX 3a-
BIaHb CY4aCHOTO CymHOBOiHHsA. CKIIAIHICTh 3aBIaHHS
3yMOBJIeHa #oro 6arato-hakTOpHICTIO, 8 aKTyaJbHICTh —
TSOKKMMH HacJiJKaMU aBapiiHuX BumnakiB. HaiineOe3ne-
YHIIITUMH JIJIS1 TUTAaBaHHS BBAXKAIOTHCS OOMEKEH1 aKBaTOPii
pigoxk [1, 2], Ha siKi mpumnagae HalfOLIBINA KUTBKICTD aBa-
piffHMX BHHIAIKiB, mo Mamu micre. [1ix gac ruiaBaHHS B
[UX aKBAaTOPISIX KEPYBaHHS CYIHOM, SIK MPABUIIO, 3Ii¥cC-
HIOETHCS B PYYHOMY PEIKHMI, 3aBISIKH YOMY HOTO Pe3yIib-
TaTH BHUSBISIOTHCS 3HAYHOIO MIpOIO 3aJICKHHMU BiJl JTFO-
JmHy, 11 KBadidikawii, 1ocBiny Ta iHpopmoBanocri [1].

OmHUMY 3 HAWOUTHII 3HAYYINIUX YAHHUKIB aBapiii-
HOCTI € HasgBHICTh IIOMHJIOK B OI[IHIIl ITOTOYHOI HaBira-
iHOT 0OCTAaHOBKH, BiJICYTHOCTI JOCTOBIPHOT MPOTHO3-
Hoi iH(opMaii Mpo PO3BUTOK MPOIECY Ta OLIHKH CTY-
neHs Hebe3neku 1poro npoiecy [1, 2]. Ha xanb, Mox-
JIUBOCTIi CyTHOBO/IIiB 1010 OI[IHFOBAHHS CTYTCHSI CKIIa/I-
HOCTI Ta HeOe3MeKH MOTOYHOI CHUTYyaIlil, a OCOOJIUBO
NPUIHATTS SKICHUX PillleHb, sIKi 3a0€31e4YyI0oTh BUX1J 13
HeOe3NMeYHNX CHUTYyaIlil, BenbMu oomexeHi [2, 3]. Tak, 3
OrJISITy Ha Te, M0 JIOAMHA 37aTHa 30epiraté y CBOIH

oTepaTHBHI mam'sTi He OiybIle HixK 7+2 onepaTuBHI 00-
pasu [4], MeHTaIbHE OTPaIIOBAHHS JOBOJI 00'€MHOI BXi-
IHOT iH(popMarlii, o BiIOyBa€eThCS ITiJ] 9ac IUTaBaHHS, HE
MOJKe OyTH BUKOHAHO I'apaHTOBaHO KOPEKTHO.

BrpoBamxyBaHi Hapa3i Ha Cy/JHA €JIEKTPOHHI Kap-
torpadiyni HapiramiiHo-iH(GpopMariitHi cuctemu (EK-
HIC) [5] icToTHO po3BaHTaXYIOTh CyIHOBOMIS Bif py-
THHHOI pOOOTH, TIOB'A3aHOI 3 PO3B'A3aHHAM (POPMATHHAX
HaBiraliiHuX 3aBJaHb, PO3MIUPIOIOTH CKIIaa Horo iHdo-
pMamniiiHOi 0a3u, MOJETHIYIOTh JOCTYI 0 MOTpiOHOT iH-
¢dopmarii, HagaOTh iH(GOPMAIIIO B 3pYYHOMY UIS OIIi-
HKH CUTYaIlii BUTJISI1. YCe Ie Cpusie KOHIEHTpaIlii 3y-
CHJIb CYAHOBOJIiB Oe3nocepeHbO Ha OLIHIN MOTOYHOI
CHUTYyallil Ta NPUIHATTI pIilIeHb 3 YIPABIIHHI CYIHOM.
AuJte HaBITh y IIMX YMOBAX 3aBJaHHS PUHAHSITTS PillIEHHS
CYZHOBOJIIEM BUSIBIISIETHCS JIOBOJI CKJIAZHUM 4epe3 HU-
3Ky NIPUYHMH, OCHOBHUMH 3 SIKHX €:

— BHCOKA BiJIIIOBiJAJILHICTh 32 MPUUAHSATE PIlICHHS,
3yMOBJICHa 3HAYHUMH MOXJIMBUMH HETaTUBHUMH IOTO
HACIIIIKaMU;

— HEOOXiIHICTh ypaxyBaHHS 3HAYHOI KUIBKOCTI
YUHHWKIB (YMOB TUTABaHHS, JUHAMIYHUX XapaKTEPUCTHK
CyZHa, XapaKTepy BUKOHYBAaHOTO 3aBAaHHS, PIBHS IiIro-
TOBKHM Ta CTYIEHS 3JIaro/PKEHOCTI il eKimaxy, cTaH
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MaIllMH 1 MEXaHi3MiB Ta iH.), IKi MaloTh Pi3Hy pUpoy, i
BUIIAJIKOBUIT XapaKTep;

— BIJICYTHICTh TOBHOI 1 JocToBipHOi iH(opMmaii,
HEOOXiTHOT CYZTHOBOIIEB] TS IPUHHATTS PIllICHB;

— PI3HOMAHITTSI MOXJIMBUX CHUTYAIlil, SIK IITAaTHUX,
TakK 1 MO3aIITaTHHX, IJ0 BUMAraloTh ONEPaTUBHOTO MPHH-
HATTS PIlICHHS;

— OOMEKeHHI Jac Ha MPUAHATTS PIiOICHHS i Yac
IUTaBaHHS piykaMu, 0cOOIHMBO B pa3i BHHUKHEHHS I103a-
IITaTHUX ¥ aBapiiHUX CUTYAIiif;

— HEOOXITHICTh HASBHOCTI MOCBiMy NPHHHATTS pi-
LIEHb [P BUHUKHEHHI [T03alITATHUX CUTYAIlIH.

VY nux ymoBax OCOOJIMBOI aKTyaJbHOCTI HaOyBae
nporHo3Ha iHpopMmanis. Bona mae 3Mory He TUIBKHU Cy-
JUTH TIPO MalOyTHIN CTaH Cy/Ha, a i OLIHUTH CTYIIHb
#oro HeOe3IeKH, a 3a HAIBHOCTI BiJIIOBIIHOI 0a3u 3HAHbL
— JlaTh pEeKOMEHAII] Cy THOBO/IIIO I110JI0 BUXO/Y 3 Hebe-
3MIEYHOI CHTYAIIii.

OnHak NMPOTHO3YBaHHS MapaMeTpiB CTaHy CyIHA,
SIK 1 BUpILICHHS 3aBJaHb KEPyBaHHS HOTO pyXoM, HEMO-
JKIIMBe 0e3 HasSBHOCTI sIKicHOT Mozteni pyxy cyana (MPC)
[6], sika 6 y peanpHHX yMOBax IUIaBaHHS BioOpaxaia
0COOJIMBOCTI TOBEOIHKM KOHKPETHO TOI'O CyJHA, Ha
SIKOMY pealli3oBaHO Mojeib. CTBOPEHHIO 3a3HaueHHX
MOJIeNel IPUCBSIYCHO BETHUKY KUTBKICTh pobiT [7-17].

OO0'eKTOM JIOCII/DKEHHSI TIePEeBaXHOI OUIBIIOCTI
ux podit € MPC, B OCHOBI SIKHX JI€XKaTh PIBHSIHHS PyXY
cynna. OiHaK i MOJieJli MaroTh HU3KY CYTTEBUX HEIOJII-
KiB, OCHOBHUMH 3 SIKHX €:

— JIOCUTH CKJIaIHA CTPYKTypa piBHSIHbB, SIKi HABITh
HaOJIMKEHO ONMUCYIOTh PYX CYJHA, IO yCKIIaJHIOE i1eH-
TUQiKaIio Horo mapamerpis;

— 3HaYHA 3aJIeXKHICTh KOSQIIiEHTIB PIBHAHB (Mapa-
MeTpiB MaOyTHROI MOJIEITi) BiJl TEXHIYHUX ITapaMeTpiB
CyJiHa, HOTro MOTOYHOTO CTaHy Ta YMOB IIJIaBaHHS, IO ic-
TOTHO YCKJIaJ{HIO€ BUOIp HaMKpaIIMX iXHIX 3HA4YEHb JJIS
(bopMyBaHHSI LIyKaHOI IPOTHOCTUYHOI iH(opMaii.

3a3HaueHi 00CTaBUHH POOJIATH aKTyaJIbHUMH BUPI-
LIEHHS TAKMX OCHOBHUX 3aBJIaHb:

— OIIHKa MOXJIMBOCTI BUKOPHCTaHHS Al popMy-
BanHsI MPC miaxo[iB, 3aCHOBaHHX Ha iHTEICKTYaIbHUX
iHpOpPMAaLiIHHIX TEXHOJIOTIfAX;

— pO3po0IIEHHST METOUKH (OPMYBaHHS MOJETEH,
10 BUKOPHCTOBYIOTH IIi TIXOIH, Ta OLIHIOBAHHS SIKOCTI
iXHBOI pOOOTH.

AHani3 jirepatypu. Ha crorogninmuiii 1eHp po3-
poOIIeHO BENMKY KUIBKICTh MiAXOMIB 010 TOOYTOBH CH-
CTEeM KepyBaHHs CYJHOM. JIOCHTh OYEBHIHOIO alIbTePHa-
THUBOIO TpaauliitHOMY migxoxny ¢opmyBanast MPC mo-
XKYTh CIYTYBaTH MOAENI THITy "JopHuil smuk" i "Hewi-
TKi" Mozeni, moOyI0BaHi 3 BAKOPUCTAHHIM anapary He-
yitkoi yoriku [5]. EdexTuBHiCT, BUKOpUCTAHHS 3a3Ha-
YEHUX MOJeNeH Ul po3B'si3aHHA i€l 3aa4i NPakKTHIHO
HE JI0CIIIJUKEHO, TOAI SIK iX JIOCHTh YCIIIIIHO 3aCTOCOBY-
I0Th y 0araTboX TEXHIYHHUX 1 IPOTHOCTHYHHUX CHCTEMax
[18-24]. Heuitki cucTeMu € OJHUM i3 OaXKaHHUX MiAXOIiB
70 TOOYJOBM anpOKCHMAaTopiB Oe3lepepBHUX IPOIECiB
Ta ixHiX noxiguux [5, 25], He noTpeOyOTh MaTeMaTHy-
HOTO ommcy 00'ekTa KepyBaHHS a0o0 TpoIecy, JOCHUTh
MIPOCTI 32 CTPYKTYPOIO, TOMY came iX OyJIo MpUHHSATO JIJIst
MTOIATIBIIIOTO JOCHIKEHHs B poboTi. OHaK iXHE BUKO-
PUCTAHHS TIOPOJKYE MOHOJIITHY KOHCTPYKIIIO MOZEII,

sika ciabo mignaeTsest Moandikalii Ta 100NpaloBaHHIo,
10 3yMOBIIIOE BUOIp ar€HTHOTO MiIX0AY J0 i H0OYI0BH.

dopmyBaHHS MOZETI MOXKe 3IiHiCHIOBaTHCS Oe310-
cepenHbo nepen i Bukopuctanusm [7, 13, 14, 26]. On-
HAK ITiJT Yac TIaBaHHS B 0OMEKECHUX aKBATOPIX IIe 3.1k~
CHHTH NMPAKTHUYHO CKJIaTHO BHACIIIOK TOTO, IO IS iJe-
HTU]IKaIi] mapamMeTpiB MOTpiOeH JOCUTH BENUKUN 00cAT
BHXinHOI iH(OpMAIii, sKuil ckIagHO chopMyBaTu B 00-
MEKECHHX YacOBHX 1 IPOCTOPOBHX paMKax. Bukopmc-
TaHHA CyJHAa Ha BHYTPIIIHIX BOJaX, 30KpeMa Ha
p. dHinpo, nae 3MOry nMpoBeCTH monepeHe GopMyBaHHS
HeoOxinHo1 6a3u nanux (b/1), BUKOPUCTOBYIOUH SIKY, MO-
JKHA CHHTE3YBaTH ONTUMAaJIbHY MOJENb 0e3 10JaTKOBUX
BuMiproBanb. 1{fo 0a3y MoxkHa GopMyBaTH Ha IiACTaBi
HasiBHUX BJI, jo11iii, HaBiramiiHOi Ta TigporpadivyHoi iH-
(dopmarrii, a TaKOXX MOCTIHHOTO aBTOMATHYHOTO MOHITO-
PHHTY IapaMeTpiB pyXy Cy/Ha Ta YMOB IUIaBaHHS B MPO-
Iieci BUKOHAHHS 3BHYaifHUX peiiciB 1 00p0OKH OTpIMaHUX
JaHMX 32 CHELIAIBHO PO3POOJICHHMH anropuTMamu. 3a-
3HA4YEHHMH MiIXil CKOPOTUTB Yac, 0 BUTpavaeThes Ha (o-
PMyBaHHS caMOi MOJIEIT, IPAKTUIHO A0 HYJI 1 HOBHICTIO
BHUKIIFOYHTH HEOOXiTHICTh BUKOHAHHS JOJaTKOBUX MaHe-
BpIiB [UIsl 30MpaHHs AaHKUX IiJ 4ac IUIaBaHHS B oOMexe-
HUX akBaropisx. OJHaK LTICHOT METOJUKH, IO OXOII-
nroe 1 poriec popMyBaHHs 0a3 BUXIJHUX JaHHUX, | CUH-
Te3 MOJIelli, BAKOPHCTOBYIOUH I JaHi, Hapa3i He iICHYE.

e Bu3Hauae HEOOXIAHICTH MPOBENEHUX JOCIi-
JDKEHB 1 a€ 3Mory c(hOpMyJIIOBATH aKTyallbHy HayKOBE
3aBIaHHA 3 PO3POOJICHHA METOMIB 1 Mojeneil minBu-
LICHHS OC3MEeKH PyXy CyAHA MiJ Yac IUIaBaHHA Y BHYTpi-
ITHIX BOJaX HA OCHOBI NMPOTHO3HOI iH(opMaIii craHy
00'eKTa yTpaBIiHHS Ta 30BHIITHHOT 0OCTAHOBKH.

Mertor ctaTTi € TOOYJ0Ba apXiTEKTypH CHUCTEMHU
VIpaBIiHHS PyXOM CyJIHAa Ha OCHOBI Moan(iKaIii mpuH-
[HITIB MOOYIOBH caMOi MOJIENI CUCTEMH YIIPABIIHHS CY-
JTHOM 3 BUKOPHCTaHHSIM HOBHX IiJIXOJiB 10 (opmarriza-
uii npotecis 300py Ta 00poOku iHpopMmalii.

OcCHOBHA YacTHHA

BupimeHHs copMyIp0BaHOTO 3aBIaHHS 3 pO3p00-
JeHHsI Mozesel pyXy CyIHa Ta po3poOJeHHs apXiTek-
TYPH CHCTEMH KepyBaHHS HOTpeOyI0Th BCEOIYHOTO PO3-
TJIS/1y T BUPIIIEHHS TAKUX YaCTKOBUX 3aBJIaHb!

— aHaJli3 OCHOBHHMX BapiaHTiB o0ynoBu MPC;

— po3pobnenHs Meroauku Gopmysanus MPC Ha
OCHOBI 30epexeHoi iHdopmariii mpo pyx cyaHa;

— cunTe3 MPC 3 BUKOpUCTAaHHAM anapary HediTKO1
JIOTIKH Ta OIiHKA SIKOCTi IXHBOI pOOOTH;

— no0y/10Ba areHTHOI MOJIeNIi YIIPaBIIiHHS PyXY Cy-
JIHa Ha OCHOBI po3pobaenoi MPC.

VY 3aranbHOMY BHIIQJIKy MOJIENb KEPOBAHOI ANHAMI-
YHOI CUCTEMH TIOBHHHA 3 HEOOX1THOIO TOYHICTIO BiJITBO-
pIoBaTH 3MiHy CTaHY IIi€i CHCTEMH 3 IUIMHOM Hacy 3a 3a-
JAaHUX KePYIOUNX BIUIMBIB Y 3aJJaHUX YMOBaXx i1 (pyHKIIi-
oHyBaHHs. [IpakTuvHa IIHHICTh TOOYIOBU 3a3HAYECHUX
MOJIeIIel IoJIATaE B TOMY, 110 32 IXHBOIO JJOITOMOTOI0 0e3
ICTOTHHX €KOHOMIYHMX 1 9acOBHX BHUTpPAaT MOXKHa BH-
BUHTH OCOOJIMBOCTI TOBEIHKA CHCTEMHU B PI3HUX €KC-
IUTyaTaiiHUX YMOBaX, OLIHUTH BIUIUB KOHCTPYKTUBHHX
rapameTpiB 00'ekTa KepyBaHHS, a TAKOK KEPiBHUX /il Ha
XapakTep JOCHiPKyBaHOTO IPOLIECY, CHHTE3YBaTH OITH-
MaJIbHI BapiaHTH KEepyBaHHS IMPOLIECOM, IIPOTHO3YBATH

35



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

PO3BHTOK HpoLeCy IIiJ] yac HOro MpaKTUYHOI peaizarii.
PiukoBi Cy/IHa € CKIIQJIHAMU i TOPOTHMMHU TEXHIYHUMU CHU-
cTeMamH, o (QYHKIIOHYIOTh B yMOBax 30BHILIIHBOTO Ce-
penoBuina, Mo 3MiHIOIOTECS. ToMy Oarato 3aBIaHb iX-
HBOTO MPOEKTYBAHHSI, KEPYBaHHS PyXOM, 3a0e3edeHHs
0e3reku IUIaBaHH HE MOXYTh OyTH BHpimIeHi 0e3 morme-
PEAHBOTO MOCHTIKEHHS SKOCTI BHPIIICHHS 3aBIaHb i3
BUKOPHUCTAHHSM MOZEJEH IXHBOTO PYXY.

3anexHO BiJf KOHKPETHUX 3aBAAaHb MOJCITIOBAHHS
0 BHKOPHCTOBYBAHOI MOJEJi BHUCYBAlOTHCS Di3HI BHU-
Moru. Cepeq UX 3aBAAHb BUIIIMMO BHIIAIKH, KOJIH:

— MOJIeJIb PyXy Cy/iHa Mae 3a0e3euyBaTH MOXKIIU-
BICTh OIIIHIOBaHHS BIUIMBY OYEBHUIHUX 1 JIETKO BUMIpIO-
BaHMX IapaMeTPiB Cy/IHA Ta CUCTEMH KePYBaHHs Ha HOro
MOBEIHKY,

— Moziesib OynyeTbest At piKCOBaHUX HapaMeTpiB
KOHKPETHOT'O CyJlHA 1 BHIIlC Ha3BaHa BUMOTa HE € 000B'-
SI3KOBOIO.

s mpakTUdHOL peanizanii 3aBganHsI GOpMyBaHHS
MPC y pamkax po3TJISIHyTOTO TiIX0Ay HEOOXiTHO Tepi-
OJMYHO IPOTATOM PETyJISIPHUX PEHCIB IPOBOJUTH BUMi-
pIOBaHHS MMOTOYHUX CTaHIB CyIHa Ta yMOB ioro Ia-
BaHHJ, NPEACTABISIOUN PE3YJIBTATH LIUX BUMIPIOBAaHb Y
BUTJISIII CTPYKTYPOBAHOT 0a31 BUXIJHHX JAHHX, SIKI BU-
KOPHUCTOBYIOTBCS JJIsl CHHTE3y Mojenei. 3i CBoro 00Ky,
MOJIeJIi, CHHTE30BaHi 3 BUKOPUCTAHHSIM LIUX JaHHUX, Ma-
10Th OyTH mpencraBieHi y Bursial 6i6iaioreku MPC, 3
SIKOT OOMPArOTh MOJIENTB, 1110 SIKHAWKpaIlle BiIOBIAa€ MO-
TOYHOMY pPEXUMYy i yMOBaM ILIa-

BYIOTBCS 32 OYAb-SKOTO MiAX0AY 10 (popMyBaHHS MOJEITI
CyJHa:

~ V.V, Vi, Vi, — cK1anoBi nminiiHOI mBHAKOCTI Ta
TIPUCKOPEHHS 32 OCSIMH, MOB'SI3aHUMH 13 CYTHOM;

— w,, ©, — KyTOBa MBHIKICTh i IPUCKOPEHHS MO-
BOPOTY CyIHa;

— M — 9HCI0 00epTiB TBUHTA;

— [ — KyT HepeKIaaKi Kepma;

VY cBoro 4epry, Il XapaKTepUCTUKH YMOB ILIa-
BaHHS BUKOPUCTOBYIOTHCS:

— H — rnmmbuHa i Kinem cynHa;

— T —ocanka cynHa;

— V}, — IBUAKICTE YSBHOTO BIiTPY;

— Ky — KypCOBHIA KYT yAaBaHOTO BITpY;

— @y — KyT XBUJILOBOT'O CXUILY;

— K, — KyT Ha0iry XBuIi.

CrBopeHy 0a3y BUXIIHUX JaHUX CTPYKTYPYIOTb
BIJITIOBIZIHO JI0 TOTOYHUX CTaHIB Cy/IHA ¥ YMOB IUIaBaHHS
(puc. 2). 3ampomnoHOBaHMHA TiaXix Moxe OyTH peanizo-
BaHO 3 BUKOPHCTaHHSIM areHTHOro mixxony. 3a ioro no-
HIOMOT'0I0 MOXJIMBO CTPYKTYPYBATH IPoLec 00pOOIICHHS
JaHUX 1 MPOBECTH JEKOMIIO3MIII0 KOMIUIEKCY HAKOIH-
YeHHs Ta CTPYKTYPYBaHHS BHXITHUX NaHUX. YCIO 00-
nacth R BU3Ha4YeHHs BeKTOpa X po30MBaOTh Ha KiHIIEBY
KinbKicTh migobmacreit 1; (I = 1,2, ..., m), r; € R, KOK-
Hill 3 IKUX BIATIOBi/a€ IEBHA CTPYKTypa MoJemi. AHai-
3aTOp PEXKHMY PyXy CyIHA CIIBBITHOCHTH MOTOYHHIA

BaHHs. [lopsi i3 MM Mae MPOBOM-
THUCS OI[IHIOBAHHSA SKOCTI poOOTH 00-

Xmon
[ToTouna Mozensb cyaHa |—\

Oe3reuye MOCTiifHE OHOBJIICHHS Ta I0-
[IOBHEHHS 0a3u BHXIJHUX AaHHUX, L0

CyHa

»|  HapaMmerpiB CTaHy
cyaHa

| |
panoi Mozieni 1 3a HeoOXiJHOCTI 31iH- : X :
CHIOBATHCS KOpeKIis ii mapamerpis. [P o I |
VYci 3a3HaueHi 3aBIaHHS MOXKYTh OyTH | DopMupoBate Tekymel MOJCIH : I I
T [ AX =X - Xy |
BUPILIEH]  CHCTEMOIO bopmyBaHHS R — 36eponcnms | | | |
MPC, crpykrypa sKOi HaBelcHa Ha | ctpyKTypH napameTpis : I — |
puc. 1. | — — — | ! I
JT0 CKJIaly CHCTEMH BXOJATD: I bibmioreka 6av?.osnx bibmioreka TapaMeTpis | | CDopMyBaH}.m HOMpPaBOK | |
. o | MOJeIeHu MOoJeI | Mozea CyaHa |
— BUMIDIOBAIILHAH  KOMIIEKC . : ol |
_ |
(BK), mo (bOpMy.C napameTpu vBeK I Kon | : Monyns Kopekii :
TOpa CTaHy CyJHa 1 BEKTOpa, IKU BU- : crpyKTypH | | '=============
3HaYa€ YMOBH IUTABAHHS; I
T — | Bri00p cTpyKTYphI Kon I QopmyBanHs
ay. A HaHHX; | MozieNH napameTpis I CTPYKTYpH Ta
— (opmyBad cTpyKTYyp i mapame- | Y | napamerpis MPC
tpie MPC; : Kon ®opmysau 1 Yo _ |
—MoJyib (OpMYBaHHs MOTOY- | PEKAMY Y3arabHeHOro : : Basa mapiaris crany |
HOT MOJZIEII PYXy CY/HA; | | AHami3 pexuMiB pyxy gpamMeTpy TOTOHOL | I cynia |
— MOJLyJlb KOPEKIIii MmapameTpis : cynuHa enTyars | [ i :
o A A
JIOCTYITHUX MOJIEJICH; P R W ' : |
— MOJZyJb, IO MICTUTh MOJIENb o ;‘ I S - |
Cy[lHa, BAKOPUCTOBYBAaHy B KOHKDET- : | Koz :
Y o oo peKUMY
HUI PO3MIISIHYTUH YaCOBUH BiIPI30K.
po3 Y co Ap130 : ] 3amuc cTany I171aBaaHHs |
3anponoHoBaHa CTPYKTypa 3a- PO | b0k oLiHKH 3MiHH |
p pyxy | |
| |
| |
|

JI03BOJISIE CBOEYACHO KOPUT'YBaTH Ia-
pameTpu 30epeKeHIX MOJENei pyxy
Cy/IHa BiAMOBITHO JO 3MiH JUHAMIY-
HUX XapaKTEPUCTHK CyTHA.
Tlotouynwuii ctan cyqHa BU3Ha4a-
THMEMO TaKUMH OCHOBHUMH Tapame-
TpamMH, 3HAYEHHS SKUX BUKOPHCTO-

X w

Puc. 1. Ctpykrypa cuctemu HOopMyBaHHS MOJETI PyXy CyqHA
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pexxum X, 10 HAIXOAWTH i3 BUMIpIO-
BaJBHOTO KOMIUICKCY, 3 OIHHM i3 M
MOXUIMBHX PEKHUMIB, Y MEKAX SKHX
CTPYKTYpa MOJETI BBaXKAEThCS HeE-

3MIiHHOIO, 1 BUOMpae HOTo sSK Kiactep
UL 3aIMCY IOTOYHHUX YMOB IIABaHHS.

BumiproBanbHuit KOMILIEKC CyIHA =

Jiana3oH MOTOYHHUX YMOB IUIa- X
BaHHs W po30UBa€eThCS HA KiHIEBY Ki-

JIBKICTh N KJIACTEPIB, YCEPEANH] SIKHUX
CTYIIHb BIUIMBY YMOB IUIaBaHHS Ha

Iurepdeiic B3aemonii

pyX CyIJHa MOXHa BBaKaTH IOCTiH-

!

HUM. KimbKiCTh KJIacTepiB 3aJICKUTH
BiJl MapaMeTPiB CyHA i BUMOT, 1[0 BH-
CYBaKOTBCSA J0 SKOCTI MOJICIIOBAHHI.

ATEHT aHaJi3aTop PeKUMY PyXy CyAHa

2

IlouaTkoBEe 3HAYEHHS N MOXKE 6yTI/I
BU3HAYCHO UIsI KOXKHOT'O CyJHA Ha OC-
HOBI CKCIICPTHUX TaHUX, 4 3r0A0M aB-
TOMATU4YHO YTOYHCHO 34 OLIiHKaMI/I

o BE -

SKOCTI pOOOTH BHKOPHUCTOBYBaHHX

!

Mojeneld. s KoIyBaHHS KIIacTepiB
YMOB IUIaBaHHS 3 METOIO BiIMIHHOCTI

3oBHimHIH iHTEepdelic areHTa

iX OJIMH BiJi OTHOTO MOXYTh OyTH BH-

-

KOpHUCTaHI MiJX0/, 3aCHOBaHI Ha I10-
JIO)KEHHSAX TeOopii HEYITKMX MHOXHUH 1

ATEHT OL[IHKY HOBU3HU YMOB IUIaBaHHS |

Teopii posmi3HaBaHHA. BiamoimHi
MIPUKIIaAN HABEACHO HIUXKYE.

Takum unHOM, Yy pe3yibTaTi do-
pMyeThcst 0i0mioTeka BUXITHHX Ma-
HUX, 3 KO JJETKO MOKHAa BHOPATH BiIOMOCTI, HEOOXiIHI
K 11 popmyBaHHs cTpykTypu MPC mi1s koxHOTO 3 1
KJIacTepiB, TaK 1 MapaMeTpH L€l CTPYyKTYpH, 1110 BiMOBI-
JIal0Th IPUHHATUM YMOBAaM IIJIaBaHHsL.

Peauizaiiis bOro Miaxoy mnepeadayae HOBHIA Iif-
Xiz 10 BUOOPY 1 peastizalii apXiTeKTypy CUCTEMHU YIIpaB-
JIHHS cyHOM. HalinepcrnekTHBHIIIMM € BUKOPHCTAHHS
areHTHoro mizxoay. Ha piBHI MpHKiIaHOT JIOTiKK areHTH
3IIACHIOIOTH OTIepallii, 6e3mocepeTHRO MOB'sI3aHi 3 BHPI-
LIEHHSM pIi3HHMX 3aBJaHb CHCTEMH KepyBaHHA. PiBeHb
mwiathopMi  BHKOHAaHHsA, a00 TPOMDKHUA piBEHb
(Middleware), € iHTEepdeticoMm MiXK anmapaTHOIO IaTho-
pMoro, KU "CKIeroe" po3MOJiieHI KOMIIOHEHTH CHC-
Temu. PiBeHBb (izndHOI iHQpaACTPYKTypH MOB'SI3aHUHA 3
00'eKTaMH peasibHOTO CBITY, TAKMMHU SIK BUMIPIOBaJIbHUI
KoMIUIeKC cyaHa. DizuuHa iHppacTpyKTypa Mae peari-
30BYyBaTHU B3a€MO/II1 3 00'€KTOM (hi3HUHOT peasbHOCTI, Ha-
MIPUKIIaJ, TAKAM, SIK CY/IHO.

MynbTHareHTHa CHUCTEMa BH3HAYAETHCS MHOXKH-
HOIO €JIEMEHTIB CHCTEMH 1 3B'A3KiB MiX HMMH. OCHOB-
HUMH €JIeMEHTaMH MYJIbTHareHTHOI CHCTEMH € arcHTH,
00'€KTH JOBKIJUISL Ta MOJIi, sIKi B HhOMY BiIOYBaOThCS.
EnemenTn Takoi cucremu NOB'si3aHi MK COOOIO 3aKO-
HaMy (DYHKIIOHYBaHHS CHUCTEMH — PEaKLi€lo JOBKULIA
Ha J1it0 a0 OGe3misuibHiCTh areHTiB [8]. V 3aransHOMY BHU-
DIl MOJIeNTb MyJIbTHAareHTHol cuctemMu ¥ mMoxe OyTu
Mpe/ICTaBIeHA KOPTEKEM

lp = (G)l P‘Pl E; 6\}’! S‘Pr S‘PO )' (l)

Je © — MHOXKHMHA 00'€KTiB JOBKLLIA; Py — MHOXHHA TMa-
pametpiB NOBKULIL, E — MHOXUHA TOIIH, MO0 MOXYTh
BiIOYTHCS B CEPEIIOBHIII; Sy — MHOKAHA BCIX MOKITHBHX
CTaHiB CUCTEMH; Sy — MIOYATKOBHH CTaH CUCTEMH; Oy —
(yHKITIS IEpexoly MidK CTAaHAMH Sy.

Puc. 2. CtpykTypa areHTHOI cucTeMu 0OpOOKH BUXITHUX TaHUX

BiJl BUMiPIOBAJIEHOT'O KOMIUICKCY

ATEHT MO>Ke B3aEMOJTISAITH 3 IHIIUMH areHTaMH Ta iH-
TEpaKTHBHUMH OO0'€KTaMU, 3MIHCHIOIOYH HAJ HUMH ii.
J11s1 KOJKHOTO IHTePaKTUBHOTO 00'€KTa BioMi (i3myHi ac-
TIEKTH HOTO MOJIEITi Ta TIOBEIIHKOBI PeakIlii 3a pi3HUX CIO-
co0iB B3aemomii. [1ix yac 3miiicHeHHS il areHT MOXKE BH-
KOPUCTOBYBAaTH IHCTPYMEHTH — IIapaMeTpH, IOB'A3aHi 3
peanbHUMHE 00'€KTaMu, 3 SIKUMHU areHT B3aeMoIi€ 1 "3Hae".
B3aemois Bii0OyBaeThCS HA AUCTAHIIIT, 110 BU3HAYAETHCS
CII0co0OM B3a€EMO/IIT — KJIACOM JIii Ta BUKOPHUCTOBYBaHUMH
IHCTpYMEHTaMH. Y KOXKEH MOMEHT 4acy areHT MOXe 3/1iii-
CHIOBaTH He Olnbiie ojuiel aii. TpuBaticTs Aii TaKOX BHU-
3HAYa€eThCSl KiacoM fii Ta iHcTpymeHTamu. [locmigos-
HICTH Ji#f, sIKi BHKOHY€ areHT Y MPOLECi MOICIIOBaHHS,
(hopMye OBEIHKY areHTa, 0 MPOSBIIETHCS Y BUTIISII
1 sk Oe3mocepeHhO CIOCTEPEKYBAHUX i, 1 AK 3MIHH
MPUXOBAaHOT'O BHYTPIITHEOTO CTaHy — mam'sti. [Ipomono-
BaHa CTPYKTypa arcHTa HaBeJeHa Ha puc. 3.

[TmanyBaHHS MEpEMIIIeHb Cy/IHA Ta YHUKHEHHS 3i-
TKHEHD 341HCHIOETHCS CHCTEMOTO HaBIrarii areura 1 € Ba-
JKJINBUM €JIEMEHTOM e()eKTUBHOTO (yHKIIOHYBaHHS CH-
cTtemMH B mutomy. s B3aemonii 3 00'€eKTaMu JTOBKIJIIS
CyIIHO Mae mepebyBaTH B Me)kax MEeBHOI 00JIacTi mpoc-
TOPY B OKOJIHII LiTh0BOr0 00'ekTa. 100 3aitHATH HEOO-
XIJIHy TO3UILI0, CYJHO Ma€ 3MIMCHUTH MEPEMIIICHHS B
IIPOCTOpi peasbHOro cBity. J{is KoXHOTO crioco0y B3ae-
MOJIi1 MO>ke OyTH BU3HAYEHO CBOE HEOOXI/THE B3aEMOPO3-
TallyBaHHS Cy/iHa 1 HABKOJIUIIHIX 00'€KTIB.

Jis Bu3HaueHHs Oa)kaHOi MO3MWIIIi areHTa B MpocC-
TOpI TIPOTIOHYETHCS BUKOPUCTOBYBATH aOCTpaKTHHIA 00'-
€KT — «Uiiab Hapiramii». [{ine (MeTa) HaBiramii 3aBxau
acoIliiioBaHa 3 00'EKTOM areHTHOT CUCTEMH, 3 SIKUM arcHT
Ma€e HaMip B3a€EMOJISTH, Ta OIIHCY€E OOMEXEHHS, 1110 BU-
3HAYAIOTh JOIYCTHME W ONTHMajJbHE B3a€MHI PO3TaIly-
BaHHSA Cy/HA H 00'eKTa.
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Mozeis areHrta

<

TTam’sitb
30BHiIIHE
epeI0BH

TnoGanbHi 3MiHHI

BryTpimHi 3miHHI

IIpasuna
(yHKIIOHyBaHHS

Cencop 1

1
\

Cencop n

L[ BumiproBabHuUil KOMILIEKC ]—I
A

Komanau
YTpaBIiHHS

Mojenb moBeiHKU

Mozeinb BUPOOKH
pilueHb

Buytpimai mozeni
MOBE I HKH

IIpuBigu arenra

Mozems 1 BukoHaB4ya KoMaH/1a

1

Kinuesi npuctpoi

MO}JEJTB k Bukonasua komania

m

Puc. 3. [IpomoHoBaHa MOJETIb areHTa

[Mig yac moOymoBH MapmIpyTy KOOPAWHATH IILITHO-
BOI TOYKHM BU3HAYAIOTHCS HE 00'€KTOM, Hall SKHM Oyze
BHKOHYBATHCS [Iis, a IIJLTIO HaBiraiii, sKa BinoBinae Oa-
JKaHif Jii, TK TOKa3aHo Ha puc. 4.

Puc. 4. BHyTpiuiHs 1inp arenTa

Hine Hairamii 0,4, BU3Ha4ae 00JacTh, B Ky Mae

pudyTH CyTHO, BpaXxoBaHi OOMEXXEHHS 1 MIBUKICTS I1e-
pemimeHHs. Moeb 11ii HaBiraifii Moxxe OyTH mpeacTa-
BJIEHA KOPTEKEM:!
)
1€ Orqrger — UUILOBUH 00'€KT HABKOJIMLIHBOTO CEPENO-
BUING; forrivar: Sg — [0; 1] — dyHKuis ouinku 61au3bK0-
CTi JI0 Wii; fposition §& - R? — dynkuis, 1o noBepTae
a0COIIOTHE 3HAUYEHHS KOOPAWHAT IIUJIi B IPOCTOPi HaBKO-
JIUIITHBOTO CEPEOBHINE; Myyopement — OOMEKEHHS Ha
TepeMilleHHsL.

@OyHKUis OLIHKY CTyMEHs OJIM3BKOCTI [0 i1l IMo-
Beprae miiicHe uncio B mianaszoni [0; 1]. [ns Oyap-sxol
TOYKH 32 MEKaMU 00J1acTi, BU3HAUEHOT METOIO HaBirartii,
farrivar = 0; A7t TOUOK, ycepeauHi ONTHMalbHOT IS
B3aeMOIi 0051acTi — fyrrivar = 1, I BCIX IHIIMX TOYOK
3Ha4YeHHSA (YHKIIi JOPiBHIOE HOPMOBAaHIN BifCTaHi 10
MeXi JOITyCTUMOi 001acTi.

Onav = (Htarget' farrival: fposition: Mmovement )a

BucHoBku

Po3pobiieHo MeToMKY 1 CTPYKTYpy cuctemu Qop-
MYBaHHSI MOJIEII PYXY CY/IHA, [II0 BUKOPHCTOBYE PE3YJib-
TaTH BUMIPIOBAaHb CTaHIB 1 YMOB ITaBaHHA CYIHA TPOTSI-
TOM PETYJLIPHUX PEUCiB, a TAKOXK METOIUKY BHOOPY He-
00ximHOT Mozei 3 610mioTexn. BumipsHi maHi micis ori-
HIOBAHHS TXHbOT HOBU3HH HAKOMHMYYIOTHCS B CTPYKTYPO-
BaHii 010110TeIll BUXIAHUAX NaHHUX, 3BIIKHU iX EPIOTUUHO
BUTSTYIOTh JJIsl YTOUHEHHSI MOJIEJIeH, 1110 BUKOPUCTOBY-
10ThCs1. CTpyKTYypH 010J1i0TeKH MOJIEICH 1 0a31 BUX1THUX
JAHUX aHAJIOTIYHI 1 MICTSTh J{Ba PO3AUIN — CTaHIB CyIHA
Ta yMOB IUaBaHHs. CTpPyKTypyBaHHs YMOB IlJIaBaHHS
MIPOBOIMIIOCS 3 BUKOPUCTAHHSM IMOJIOKEHD TEOPil HeYiT-
KHX MHOXHWH. 3a3HaueHHWH MiAXix JaB 3MOTYy OOHMpaTH
MOJIeIi, SIKi HalO1TbIIIe i IXOAATE 0 MOTOYHOI CUTYyamii
0e3 BUKOPUCTAHHS JUTA 1X (popMyBaHHS TOJaTKOBOTO Ma-
HEBpPYBaHHSI.

Buseneno npoOieMu mporecy po3poOiieHHS MyJIThb-
THATEHTHHUX CHUCTEM PEaNbHOTO Yacy, PO3B'SI3aHHS SKHUX
nependavyae po3poOIICHHST MOAYJISl TIPUUHSATTS PillICHHS
areHToM 1 peanizanii QyHKUil HinenokIafiaHHs Mg yac
peaJizaiii yxBaleHHX pillleHb.

BukopucTaHHS [HMX MIAXOMIB TO3BOJHTH IIi{BH-
LIUTH SIKICTh po3po0ieHHs (OpMaIbHUX OMNKUCIB PO3B's-
3yBaHHUX 3aJ1a4, BUKOPHCTATH PI3HOMAHITHUI MaTeMaTu-
4yHUH anapat st Gopmanizanii 3aga4d 300py i 00poOKH
iH(pOopMalii PO CTaH CyTHA Ta YMOBH IDTABAaHHS, a TAKOXK
PO3pOOHTH apXiTeKTypy peaji3amuii CHCTEMH KepyBaHHS
CYZHOM JUIS PI3HUX YMOB.
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Method of determination criteria for safe speed of vessels while navigating the Dnipro river
A. Zamana, 1. Husak

Abstract. The aim of this paper is to build the architecture of the ship motion control system based on modification of the
principles of building the model of the ship motion control system itself using new approaches to formalizing the processes of
information collection and processing. This goal is achieved by analyzing the main options for building ship motion models (SMM),
developing a methodology for its formation based on stored information about ship motion, synthesizing SMM using fuzzy logic
and assessing the quality of their work, and building an agent-based model of ship motion control based on the developed SMM.
The most significant result is the development of the structure of the agent system for processing the output data from the measuring
complex and the mathematical description of this system by agents, environmental objects and events occurring in it. In addition,
the elements of the system are interconnected by the reaction of the environment to the action or inaction of agents, which are
considered as the laws of the system's functioning. The significance of the obtained results lies in the development of the method-
ology and structure of the system for forming a ship motion model, which is distinguished by the use of the results of measurements
of the ship's states and its navigation conditions during regular voyages and the formation of a library on this basis. The peculiarity
of the obtained results is the accumulation of data measured after the assessment of their novelty in a structured library and their
periodic use for model refinement. The proposed structure of the model library and the source data base are similar in structure and
contain two sections - ship states and navigation conditions, which directly affects the methodology for selecting the required model
from the library. The difference from the known works lies in the structuring of navigation conditions based on the provisions of
fuzzy set theory, which made it possible to select models that are most suitable for the current situation without using additional
maneuvering to form them. To implement multi-agent systems operating in real time, it is proposed to develop a module for deci-
sion-making by an agent and to implement goal-setting functions during the implementation of decisions. The proposed approaches
allow improving the quality of the formal description of the tasks to be solved, formalizing the processes of collecting and pro-
cessing information about the ship's state and navigation conditions, and implementing the architecture of the ship's control system
for different conditions.

Keywords: vessel, safe speed, motion control system, ship control system, formalisation, data collection and processing,
ship motion model, methodology, fuzzy logic, fuzzy set theory, agent, agent system, multi-agent system, measuring complex, ship
condition, ship navigation conditions, data library, real time, decision making.
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COMPARATIVE ANALYSIS
OF THE AIR FLOW VELOCITY DETERMINATION METHODS

Abstract. Study subject. The article presents the comparative analysis results of air flow speed measuring methods by
using various physical principles (methods) of obtaining primary information. The task is to perform a comparative
analysis of air flow speed measuring methods that based on pressure drop, as well as mechanical, thermoelectric,
ultrasonic, laser and vortex methods. The goal is to assess the considered methods prospects for aircraft use. The obtained
results: A comparative analysis of the main methods for airspeed measuring has been performed, and the obtained results
have allowed to evaluate advantages and disadvantages of the considered methods. Conclusions: The performed
comparative analysis results provided the conclusion that search for an optimal method remains actual task. The search of
optimal method that will enhance the accuracy of airspeed determination with minimal implementation costs requires

further research in this direction.

Keywords: aircraft, air speed, air velocity, anemometer, pressure tube, Pitot tube.

Introduction

Accurate determination of the air flow velocity is a
prerequisite both for the safe piloting of the aircraft and
for the performance of wvarious information and
navigation calculations. Everybody knows, flying an
aircraft at a speed below the minimum permissible
speed can cause stability and controllability losses. And
the speed increase above limits can lead to aircraft
destroying. In aircraft control systems there are several
speed measuring methods are used depending on the
tasks: relative to the air flow (Air Speed) and relative to
the earth's surface (Ground Speed). Air pressure
measuring methods are implemented to measure Air
Speed. Doppler and inertial methods are used and to
measure Ground Speed.

Air speed (V) is an object speed, such as an
aircraft, relative to the air. [1]. The results reliability
term in the article is understood as a synonym for the
concepts of authenticity, match to the true value.

It should also be noted that the "human factor"
plays a significant role in the functioning of the
automated aircraft control system, along with the flight

Automatic Control System (ACS), as the most
important condition affecting the level of aircraft flight
safety. The "human factor" manifests itself in errors,
omissions or miscalculations that the pilot makes during
the flight. As analysis of commissions conclusions
created to investigate air crashes causes shows that one
of the reasons for the pilot's erroneous decisions was an
incorrect aircraft airspeed measurements results receipt.
It was associated with shortcomings in the design of the
Pitot tube, which is subject to the environment influence

[2].

The goal of this article is to perform a
comparative analysis of methods for air flow velocity
measurements based on pressure drop method, as well
as mechanical, thermoelectric, ultrasonic, laser and
vortex methods, and to evaluate the perspective of the
considered methods to apply on various aircraft.

Air Velocity Measurement Methods Analysis

There are few methods of air flow measurement.
These can be measured by using of direct (mechanical)
method or indirect (electrical, sonic or pressure drops,
etc.) method (Fig. 1).

[ Methods ]

[ Mechanical } [ Pressure Drops } [Thermoelectrical }[ Ultrasonic ] [ Laser ] [ Vortex }

Fig. 1. Methods for Measuring Air Velocity

Induction (electromagnetic) methods based on the
principle of measuring flow conductivity will not be
considered in the article, as well as float and Coriolis
flow meters because air does not have a necessary
physical characteristic for measurement.

Mechanical Methods

A device build by this method measures the speed
and direction of the airflow by Rotating Vane or Cap in
the airflow.
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The rotating velocity in this case is proportional to

the air velocity and is calculated as [28]:

v =o*r,
where v - linear speed (m/s), ® - angular speed
(radians/s), r - radius of the rotation (m).

Mechanical anemometers have a rather low
accuracy, especially at low wind speeds. In order to
analyze the real abilities of this method as a test device,
Davis Vane Anemometer was chosen [24]. Fig. 2 shows
the measured data scatter approximation.

The calculation of the values plotted on the graph
was done with using of the well-known formula [23] for
calculating the relative error:

K= |VTrue - Vlndicated| / |VTrue,|,

where Vindicaed — Measured air flow velocity by the
tested anemometer (m/s), Ve — true air flow velocity
(m/s). The measuring instruments error used to calculate
the true flow velocity was not considered, since their
values are in all cases commensurate and can be
neglected for comparative analysis.

The anemometer used for the experiment gives
significant deviations from the true wind speed at
speeds below 4 m/s.

There are also more accurate anemometers, such
as the Vostas Cup, which allow to measure deviations in
the range of values from 3 to 25 m/s with an error of
+1% (Fig. 3). This sample analysis showed that the
average calibration error is 1.2% for the test velocity
range from 4 to 26 m/s [25].
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Fig. 2. Deviation graph of the measured from the true speed for Vane Anemometer
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Fig. 3. Deviation graph of the measured from the true speed for Rotating Cup Anemometer

Methods Based on Pressure Drop Measurement

There are several foremost ways to implement this
method for measuring the air flow velocity. However,
the calculation of the measured value for all methods is
based on Bernoulli's equation (Fig. 4) [3]:

v=c[2gAh] 2

where ¢ — coefficient that depends on reference liquid
and units used or calculated, g — acceleration of gravity,
Ah = (h2 - h1) — height difference (fluid column).

The desired value is determined by measuring the
pressure delta, at which the air flow velocity is
calculated by measuring the pressure difference before
and after the tapering through which the air passes. The
differential pressure (Fig. 5) depends on the velocity, air
density, and cross-sectional area of the channel at the
measurement points [3].

N\,

Air flow

Pv

Fig. 4. Schematic of measurement based on pressure drop

The total external static pressure method estimates
the air flow mass by measuring the pressure difference
between air system inlet and return ducts. Particular
methods of this method implementation are based on air
pressure tube application, which uses a Pitot tube as a meter.
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Fig. 5. Prandtl tube schematic

A combined air pressure tube is also used, which
includes a static pressure tube and a dynamic pressure
tube. Such air pressure tube is an aerodynamic probe in
the pneumometric tube form, designed to measure the

total and static pressure of the incoming air flow. The
design is based on Prandtl tube (Fig. 5), a combination
of a Pitot tube and a pressure tube to measure static flow
pressure. Heating systems are added on aircraft to
prevent icing [4].

A significant disadvantage of this air pressure tube
design is the high probability of blocking the inlet, due
to icing or external objects entering in the sensor, which
can cause aircraft accidents [4]. The air pressure tube
measurement accuracy is shown in Fig. 6.

Measurements of the parameters from the air
pressure tube were performed in horizontal flight modes
and results were averaged after six flights. The data were
taken from three air pressure tube installed on the MI-
171A2 as part of the KBO-17-1 complex [26] and were
also displayed on graph (Fig. 6) as approximated curve.
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Fig. 6. Deviation graph of the measured from the true velocity for Air Pressure Tube

It can be concluded based on the test results, that
the deviation does not exceed £5% in the range 30 ...75
m/s (Fig. 6). As the velocity continues to increase, the
difference from the true value of the airflow velocity is
increasing.

At low speeds, below 25 m/s, the accuracy
decreases and the deviation exponentially moves from
the true value upwards.

If calibration factors are inputted into the
measuring equipment to orient the curve as horizontally
as possible, then it is possible to achieve acceptable
error results (no more than +10%) for speeds above 25
m/s for taken air pressure tube model.

Thermoelectric Method

The method implementation is using “hot-wire”
anemometer, a device that measures air flow by heating
a thin wire placed in an air stream. The wire cools as air
passes through it, and the cooling rate is proportional to
the air velocity. This method can measure air flow from
very low to medium values.

There are also implementations where the heating
and measuring elements are separate components of the
anemometer, or where an additional "cold" resistor is
used to measure ambient air and provides a reference
for the "hot" resistor used to measure airflow [5].

Typically, calculations are performed in one of
two device operation modes: in constant current mode
or in constant temperature mode. Both modes
calculations are based on the formula [6,7,40]:

v =[(E? - E?®) / A},
where E — the output voltage of the anemometer, Eo —

the voltage at zero flow, A, n — constants.

To research the accuracy of this method
measurements, two tests were done. The first was at low
speeds, which were below 0.3 m/s. The second was at
medium speeds, which were higher than 8 m/s.

In the first experiment, three thermoelectric
anemometers of the "hot wire" type were used in
various designs. These were made from platinum
coating tungsten wire with a length of 1.2 mm and a
diameter of 5 pm. The tests were carried out using a
closed wind tunnel with an operating speed range of 0
m/s to 2 m/s. Anemometers were tested at horizontal
airflow (0%, downward airflow (90% and upward
airflow (-90°) at a constant speed. The experiments were
carried out at various average speeds ranging from 0.05
to 0.50 m/s [30]. The test results are shown in Fig. 7.

For the next experiment, an open-jet wind tunnel
was used with a DANTEC Constant Temperature
Anemometer (CTA) unit with a thermofilm probe
manufactured by Thermo-Systems Inc. Such a wedge-
shaped probe is usually used for both gases and liquids.
This type is better when used in air or liquid at very
high speeds, when a large load is placed on the sensor
[31]. The test was carried out at speeds ranging from
8 ...33 m/s and the results are shown in Fig. 8.

It can be concluded based on the experiments
results that thermoelectric methods are not very accurate
for air flow speed measuring. Samples, which are
assembled in the laboratory, require additional
calibration and correction based on environmental
conditions. Industrial sensors which are used in piping
car systems, can measure air speed in range between
0.1 and 30 m/s with +£3% accuracy [20].
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Fig. 7. Deviation graph of the measured from the true velocity (0.05 ... 0.50 m/s) for “Hot Wire” Anemometer
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Fig. 8. Deviation graph of the measured from the true velocity (8 ... 33 m/s) for “Hot Wire” Anemometer

Ultrasonic methods

Transit-time Meters. Such methods are used to
measure the difference in the ultrasonic pulses transit
time moving in the same flow direction and reverse
direction. The transit time difference is proportional to
the average flow velocity in the sound waves path.

When air flow speed is zero, the signal transit time
from T1 to T, (Fig. 9) is equal to the transit time from T
to Ti. If air flow speed is not zero, the signal increases
in the direction of downstream and decreases in the
direction of upstream.

The speed of wind speed projection on the axis (V)
connecting the two radiators can be determined by the
following equation [8]:

V=a™* (tor - t) / (2%tio*t20),

where a — distance between T and T2 (M), tiz and tz; —
ultrasonic signal transit time from transmitter 1 to 2 and
vice versa, respectively.

Ti T2

Transmitter /
Receiver

g
)
—~

Transmitter /

Receiver

|

Airflow ’

U
N
\__/

Fig. 9. Signal Transit Time Meter

Doppler shift flow meters. These measure the
frequency shift of ultrasonic waves (Fig. 10) that reflect
off particles or bubbles in the fluid.

The frequency shift is proportional to the relative
velocity between the sound source and the reflectors.
These flow meters are used for fluids with suspended
solids or gas bubbles.

The flow speed (V) is calculated using the
equation [8]:

V = (fo — f1)*C: / 2focos(a),

where C: — velocity of sound inside the transducer,
fo — transmission frequency, fi — reflected frequency,
a — angle of the transmitter and receiver crystals axis.

[ Transmitter 1[ Receiver 1

e A
- > \\ //
B -)1 7
> //
\\ y,
‘/

Airflow

Fig. 10. Doppler shift flow meter

Open-channel flow meters. These measure the
airflow in an open channel. These flow meters use
ultrasonic waves to measure the signal transmission
time in both directions from the transmitter to the
receiver (Fig. 11) in open channel. The signal
transmission time in the forward or in the opposite
direction is inversely proportional to the wind speed.
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And it can be calculated using the equation [8]:
trorward = d/(C+V) WJIH tpack= d/(C'V),

where d — distance between transmitter and receiver
(m), t — signal transmission time of downstream or
upstream direction (s), ¢ — sound speed (m/s), V — flow
speed (m/s).

Transmitter /
Receiver

Transmitter /
Receiver

Airflow

Fig. 11. Open-channel flow meters

Measurement Accuracy of Ultrasonic
Anemometer

Measurement tests were carried out in several
metrology laboratories of different countries. The
following organizations participated in the testing
process: PTB (Germany), LNE-CETIAT (France), VSL
(Netherlands), E+E (Austria), NMIJ/AIST (Japan), NIM
(China), CMS/ITRI (Chinese Taipei), NIST (USA),
INRIM (ltaly).

The ultrasonic anemometer is manufactured by
SONIC CORPORATION.

The probe has three pairs of ultrasonic transducers
and measures a three-dimensional velocity vector
derived from the ultrasonic waves transit time between
the pairs of transducers [27].
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Fig. 12. Deviation graph of the measured from the true velocity for Ultrasonic Anemometer
Devices, which are based on the ultrasonic angle between the velocity vector and the bisector ABC

method, have more accurate characteristics as per test
results. The deviation from the true value does not
exceed £2% (Fig. 12) over the entire measurement
range of 0.. 40 m/s. Significant advantages over
previous measurement methods are acceptable accuracy
at air velocities close to zero.

Laser method

Laser Doppler anemometer uses the Doppler shift
in a laser beam to measure the flow velocity. It consists
of a laser that splits into two beams (Fig. 13): direct and
reflected. The direct flow is directed past the
photodetector and moves away from the emitter to the
AB direction. The particles in the second V stream
reflect the light towards the receiver, where it is
compared to the original beam. The frequency
difference between the two beams is proportional to the
speed of the particles.

So, the particles of the air flow move through the
incident light wave of frequency f and scatters the light
in all directions. The scattered light picked up by the
receiver (photodetector) will be shifted for fp.

The Doppler shift fp depends on the speed V and
direction of the particle motion, the light wavelength A,
and the orientation of the receiver. The orientation of
the receiver is defined by the angle of o between the
incident light wave and the photodetector. The direction
of motion of the particle motion is defined by the B, the

[9] and can be calculated by the equation:
fo =2V/L * cosP * sin(0/2).

Bisection ABC

Fig. 13. Laser meter

The laser method has good measurement accuracy
characteristics. The tests were carried out by nine
different laboratories, as in the previous tests for the
ultrasound anemometer. The laser Doppler anemometer
system, which is used for the research, was carried out
by ILA GmbH. Measurements were performed for the
speed range from 0.5 m/s to 40 m/s [27].
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Fig. 14. Deviation graph of the measured from the true velocity for Laser Doppler Anemometer

The laser Doppler anemometer showed better
characteristics with fewer results error. The error was
+1% (Fig. 14).

Vortex method

In the right flow conditions, the flow streamline
around the researched body creates a regular pattern of
alternating vortices, known as the Karman vortex street
(Fig. 15).

These vortices create a force acting on the body
perpendicular to the flow [32, 33].

The vortex street generating velocity depends on
the Reynolds number (Re). Reynolds proved that the
flow becomes turbulent when the Re number is 2000-
3000, and the flow becomes fully laminar when the Re
is less than a few hundred. It can be calculated using the
equation [34, 35]:

Re = (V*d),

where V — incoming flow velocity, d — the characteristic
size of the streamlined body (diameter for a round
body), v — kinematic viscosity.

Sensor

Airflow

N

1
1
1
1
1
I
1
|
1
|
1
- >

Fig. 15. Generating of Karman vortices

The kinematic viscosity of air at a temperature of
15 °C is 1.82*10-5. [36]. Vortices will form within
10..100 m/s for 5 mm body diameter, and for 20 mm
diameter — in range of 3..11 m/s.

A Kéarman street is generating during the transition

from laminar to turbulent flow in a limited range of
speeds, and this range is highly dependent on the size of
the streamlined body. Thus, this method has a narrow
range of measurements with a fixed geometry of the
streamlined body.

Comparative analysis of methods (Table 1)

Table 1 — Advantages and disadvantages of air speed measuring methods

Methods Advantages

Disadvantages

Application specifics

Mechanical /|Simple and robust;

Rota-ting Insensitive to flow direction;

Vane and

Cap Anemo-

meters flow;
Inert;

A limited range of velocities;

Can be affected by turbulence and vibration;
Need regular calibration and maintenance;
Can cause blockage and interference in the

Rotating vane and cap
anemometers are mostly used at
airports, testing aerodynamic
performance of aircrafts,
monitoring air quality and
ventilation systems.
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Rakinuenns mabn. 1

Pressure Simple and inexpensive; Sensitive to foreign material (ice, dust, Avre used on airplane, but
drop / Have low pressure loss; insects) that cause blocked pitot tube; has high risks with blocked
Pitot Tube [ Can also measure high Turbulence, vibration, and alignment Pitot tube (see Note #1)
[29] velocities; errors;
Insensitive to flow direction; Low accuracy and rangeability;

Need regular calibration and

maintenance;

Can cause blockage and interference in

the flow if not properly installed;

Low sensitivity at low speeds;

Thermoel | Very small; Very delicate and can break easily if Mainly used in modern

ectric / Cause minimal disturbance to exposed to high temperatures or household appliances;

Hot Wire | the fluid flow; pressures. No application use on

[10] Have high spatial resolution Need frequent calibration and correction aircraft;
and frequency response, for factors such as ambient temperature,
which means they can capture humidity, wire contamination, etc.;
rapid changes in velocity and Sensitive to electromagnetic interference
turbulence; Provide fast and and vibration;
accurate results; Hight current consumption;

Ultrasonic [ No moving parts, which Expensive and complex method; Their accuracy and
reduces maintenance and wear Sensitive to temperature variations and responsiveness make them
and tear; acoustic noise; suitable for turbulence
Fast response time and high Shadowing effects when the wind measurements, as well as
accuracy, which makes them direction is aligned with one of the for measuring both
suitable for turbulence transducer pairs, which reduces the signal horizontal and vertical wind
measurements; strength and accuracy; components. They are used
Can operate in a wide range of Require complex data processing; at weather stations located
environmental conditions, in difficult climatic
such as rain, snow, fog, dust, conditions;
etc.;

Laser [11] | Non-intrusive and do not Require transparent channels and particles Used in high-tech systems,
disturb the flow during in the fluid to scatter the laser light; such as jet engines or
measurement; Not require a Sensitive to optical alignment, vibration, medical equipment, where
calibration; High accuracy; and ambient light; high accuracy and reliability
Can measure velocity in 3D; Expensive and complex to operate are required;

Can measure low and high compared to other types of anemometers;
speeds of semi-transparent

substances; Can measure

velocity and turbulence

distribution in both free flows

and internal flows;

Vortex / Easy installation maintenance High sensitivity to vibrations; Sensitivity Used to measure the flow of

Karman and repair; to inhomogeneity of flow; High-speed air and liquids in closed

Street No moving parts; shocks cause the vortex to oscillate; Does systems (piping) for Mass

effect Wide range of speed not work in turbulent flow; Influence on Air Flow (MAF)

[38] operation; the measured flow dynamic; Narrow measurement;

Low power consumption; speed range without changing the body
High accuracy; geometry and insensitivity at low flow
speeds;
Note #1: All risks related to disadvantages can be e A blocked pitot tube can affect other

mitigated by strict maintenance instructions. But the
problems with blocked pitot tube effect is still huge,
because:

e A blocked pitot tube can cause inaccurate or
erroneous airspeed readings, which can lead to loss of
control or stall of the aircraft [2, 12].

e A blocked pitot tube can be caused by insects,
water, ice, tape, or other foreign objects [2, 12,13].

e A blocked pitot tube can be difficult to detect
and diagnose during flight, especially in instrument
meteorological conditions (IMC) [12].

instruments that rely on airspeed data, such as autopilot,
flight management system (FMS), or stall warning
system [2, 12,13].

Comparison of technical capabilities

By doing this task, anemometers on the market
and their characteristics were analyzed. It was analyzed
a possible measurement limits, measurement accuracy
and resolution of the sensors, which are used in the
devices. The summary table shows the parameters for
each type of measuring instrument (Table 2).
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Table 2 — Technical capabilities comparison of air flow speed measures methods

Type of anemometer

Measurement limits and accuracy

Mechanical / Rotating Vane

0.3-30 m/s £1% [14]

Mechanical / Rotating Cup

0.5 - 30 m/s £5% [15]

Pressure drop / Pitot Tube / Pressure tube

0 - 500 kPa +0.3% [26] at 100 m/s speed, accuracy is +3%;
at 200 m/s speed, accuracy is £10%

Thermoelectric / Hot Wire

0 - 230 m/s £3% [20,38]

Ultrasonic / Doppler shift effect

0- 65 m/s £2% [17,18, 19]

Ultrasonic / Transit-time meters

0- 10 m/s £1% [21, 22]

Laser / Doppler shift effect

0- 300 m/s = 0.1% [16]

Vortex / Karman Street effect

+ 1.5 %; measurement range 1:10

Summary

The mechanical method is completely unsuitable for
aircraft use due to its capabilities and design features.

The fragile construction and the exactingness for
setting up and calibrating of the thermoelectric method
based on "hot wire" also causes doubts if using at aircraft.
But it does not exclude the possibility of using this
method to measure the air flow at high aircraft speeds.

As described above, the Pitot tube use can lead a
certain hazard when operating an aircraft in adverse
environmental conditions. Measuring devices based on
this method are quite bulky and require high attention
during operation, that makes them ineffective for a
small aircraft on board use.

The laser method based on the Doppler effect is
highly accurate. A feature of the laser meter is that it
cannot be used in a transparent environment where the
beam is not scattered by the flow.

Vortex sensors have a number of advantages for
air flow speed measuring. But a significant disadvantage

of this method is the fact that the Karman effect occurs
during transients in a narrow speed range, which is far
from the wide aircraft operation range. An extension of
the measurement range is potentially possible when
multiple meters are used.

Taking into account the advantages, disadvantages
and features of ultrasound methods based on the
Doppler effect, it is possible to use them on board
aircraft at low and ultra-low speeds. It is also possible to
use the ultrasonic method at medium speeds. The main
advantage of using this method is that there are no parts
that affect the airflow. Therefore, it doesn’t cause icing
of devices that implement these methods.

Thus, the research for the optimal method, which
can increase the reliability of determining the air flow
velocity, remains a crucial task that requires additional
research in this area. For example, studies [27] have
shown that the ultrasonic method use on board an
aircraft can increase the measurement accuracy from
+10% to +4% at speeds of 0.6 M m/s, in comparison
with a pitot tube use.
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IlopiBHAJBLHUI aHAJI3 MeTOIIB, 10 BUKOPUCTOBYIOThCS /11 BU3HAYEHHS IIBUIKOCTi IIOBITPSTHOTO MOTOKY
B. I. Bapcos, €. M. OBnitok

AHoTaniss. O0’eKT moCTizKeHHs1. Y CTaTTi NMPEICTaBICHO Pe3yJIbTaTH MOPIBHSUIBHOTO aHali3y METO/IB BH3HAYCHHS
[IBHJKOCTI MOBITPSHOTO TOTOKY 3 BUKOPHUCTAHHAM Pi3HUX (PI3SMYHMX TPUHIHUIIB OTPUMaHHS IEPBHUHHOI iH(popmamii. Meroro
JIaHOi CTATTi € MPOBEJCHHS MOPIBHAIBHOIO aHali3y METO/(iB BU3HAUCHHS LIBHJIKOCTI MOBITPSHOTO MIOTOKY Ha OCHOBI Hepenany
THCKY, @ TAKO)K MEXaHIYHNX, TEPMOCIICKTPHYHUX, YIbTPa3ByYKOBHUX, JJA3ePHUX | BUXPOBUX METOJIB, Ta OL[iHKA NMEPCIEKTUBHOCTI
PO3IIISTHYTHX METOJIiB 3aCTOCYBaHHS Ha Pi3HMX JITaJbHUX amnaparax. Pe3yabraTu. IIpoBeneHO MOPIBHAIBHUN aHANi3 OCHOBHUX
METO/IIB, 1[0 BUKOPUCTOBYIOThCS JUTsl BUMIPIOBAaHHS IIBHKOCTI HOBITPSIHOTO MOTOKY, OTPUMaHi pe3yIbTaTh J03BOJIMIM OLIHUTH
nepeBard Ta HeOMIKH PO3IIISTHYTHX METO/iB. BHCHOBKH. Pe3ysbTaTi MOPIBHAIBHOTO aHai3y JO3BOJISIOTH 3pOOHUTH BHCHOBOK,
II0 TOUIYK ONTHMAJBHOTO METOAY, SKUH MiJABHIIMTH JOCTOBIPHICTh BH3HAYCHHS IIBUJIKOCTI MOBITPSHOTO MOTOKY IIPH
MiHIMAIBHUX BHTpaTaXx Ha HOTO peaii3allilo, 3aIUIIAEThCS aKTyalbHUM 3aBAAHHSM, 110 NMOTPeOye NOJATKOBUX AOCHIKEHb Y
I[LOMY HaIPSIMKY.

Keywords: mitak, IBHAKICTh MOBITPS, aHEMOMETP, TIPUMad THCKY MOBITps1, TpyOKa ITiTo.
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ABTOMATH30BAHA CUCTEMA JIHHIHHOI PETYJIAIIIT
KEPOBAHOI BEJIMUWHHA 3 BUKOPUCTAHHAM III-PETYJIATOPA

AHoTanis. B craTTi 3anponoHOBaHO MOJENbh CHCTEMH KepyBaHHs HarpiBaya Uil 3a0e3MeyYeHHs JiHIHHOT 3MiHH TeMIe-
parypu. s Bepudikarii mpare3raTHocTi CHCTEMH Oy0 MPUBEACHO EKCIIEPUMEHT, 10 mependadaB 3MiHy OakaHOTO 3Ha-
YEHHS KEPOBAHOI BEIMUMHHU 32 JIHIIIHIM 3aKOHOM. 3 METOI0 alpoKCHMaLlil MPOBECHHS SKCIIEPUMEHTY BUKOHABUHMI MeXa-
Hi3M cucTeMHU OyJI0 3aMiHEHO CBITJIONIOOM, a BUMIPIOBAIBHUM eleMeHT GoTopesucTopoM. Crucrema peaizoBaHa i3 3aCTO-
CYBaHHSIM amapaTHO-oGuucoBanpHOi miardpopmu Arduino. lana cucreMa m03BoJIs€ KoMmOiHyBatH MoximBocti PID-
perymsTopa Ta 3MiHy Oa’kaHOTO 3HA4YEeHHs PEeryJbOBAaHOI BEJIMYMHH B MpOLECi poOOTH CHCTeMH. Y TOCIIUKEHHI HaBeIeH1
€JIEKTPUYHA CXEMa, OIIMUC MPOTPaMHOI peaizallii CHCTeMH KepyBaHHS Ta pe3yJbTaTh MPOBEIECHHS eKCIIEPUMEHTY .

KawuoBi caoBa: niniiina peryisuis, PID-peryistop, Arduino, 3aMKHeHa cicTeMa KepyBaHHS.

IMocTanoBka nMpod.iemMu

Mertoro Hamoi poboTu Oyino po3poOIeHHS KOM-
IUIEKCy 0araTomiibOBOrO mporpaMHoro (opmysaua
JIHIKHOTO 3aKOHY 3MIHM TeMIlepaTypu y poOodill 30Hi
JIETKOPO30ipHOTO KaCETHOTO HarpiBaya, 3 MOMJIUBICTIO
Bi3yaJIbHOTO CIIOCTEPEKEHHS 3a 3pa3KoM, i BiATBOPEH-
HSAM YMOB 1 PeXKHMY JOCIIHKEHHS, 3 BUCOKOI HaiiHi-
CTIO Ta BJAJUMH METPOJIOTIYHUMH XapaKTEPHUCTUKAMHU
JUI OCHAIEHHS NTa0OopaTOpPHHUX, HAYKOBUX 1 BUPOOHU-
YUX TEPMOAHATITHYHUX KOMIUIEKCIB 3 BUBUCHHS TEMIIC-
paTypHOI MOBEIIHKH i BCTAHOBICHHA (YHKIIOHAIHHHUX
3aJIeXKHOCTEH ITapaMeTpiB JoCIiKyBaHux 00’ exris [1].

BaratomineoBuii TepMOAHANITHYHIA  KOMILICKC
npu3HaYeHuil i ineHTHdiKalii peyoBHH 3a TeMIiepa-
Typamu (ha30BUX HEPETBOPEHb (IUIABJICHHS, KUIIIHHS,
KpHcTaiizanii, noiMiMOpQHUX MEePeXoJiB), TEPMIYHOTO
PO3KIIaJjaHHs; BUBYEHHS IPHPOAM 1 TEMIEpaTypHUX
MEX HPOTIKaHHS HU3KH TEIUIOBUX e(EeKTiB — CTyIiHYac-
TUX; OJM3bKO PO3TAIlIOBaHUM 32 TEMIIEPATYPHUM 3Ha-
YeHHSIM;TaKUX, SKi HaKIaJaroThCs (3yMOBJICHI 3MiHOKO
mpocTopoBoi MoamGikaii, Ieriapararii,po3KiaJaHHs
Ta iH.); QYHKIIOHAEHUX 3aJEKHOCTEH (PI3UYHUX BIAC-
THUBOCTEH PEUOBHH; SIKICHOTO, a B AESKMX BHIAAKAX i
KUTBKICHOTO ~aHajily MeXaHIYHUX CyMilmed pedo-
BHH;BUMIPIOBaHHS TeMmmepaTyp (a3oBuX mepexomiB
IHAMBiqyaTbHUX PEYOBHH 1 CHCTEM,TIOOYIOBH Ha IX
OCHOBi Jiarpam cTaHy. BiTUW3HsSHa TIPOMHCIIOBICThH
MOJIOHNX KOMIUIEKCIB HE BHUIOTOBIISIE. 3aJIEKHO BIf
el BTIUTIOBAHMX 3aBJaHb CIOCIO HOro TEXHIYHOL
peamizarii Moxxe OyTH BHKOPHUCTaHHMH CaMOCTIHHO B
JIOKJIBHUX CHCTEMax YM Y KOMIUIEKCI 3ac0o0iB mig yac
NPOBEICHHS TEPMOAHANITHYHUX JOCIIKeHb. Moro
pobounii TemmneparypHUil iHTEpBaJl BH3HAYAETHCS 00-
JIACTIO 3HAY€Hb BUKOPHUCTAHHS XPOMEIb-AITIOMENEBHX
(XA) nepersoprosauis, g0 1300 C°.

JocixeHHs NUIAXIB BUpilIeHHs 3aayi

Ha manomy erami JOCHiIKeHHS 1 PO3POOKH BUILE
BKa3aHOI CHCTEMH KepyBaHHS OYJIO BHPIIICHO MPOBECTH
JIOCTIiJI, 3aMiHMBIIY BUMIpIOBaJIbHUM €leMeHT Ha (oTo-
pe3UCTOP, @ BUKOHABYMU TPHUCTPIA Ha CBITIOMION (Uit
CHUCTCMH HarpiBy MU BOAYa€EMO BUKOPHCTAHHS CEPBOJIBU-
T'YHa, 10 MPUETHYETHCS O MOTCHIIOMETPA, SIKH BHUKO-
HYE POJIb IPHUCTPOIO, LIO 33/]a€ OaKaHe 3HAYCHHS TeMIIe-

parypu HarpiBy). lle m03BOJIMIIO MiHIMI3yBaTH BUTpATU
pecypciB, Xo4a i JMHAMiKa IPOIECY HArpiBy CYTTEBO
BiZIpI3HAETHCA BiJ 3aIIPOIIOHOBAHOI MOIU(IKAIIii.

BiamoBigHO 10 TEXHIYHOTO 3aBHAHHS MPOEKTY HEOO-
XiJTHO 320€3MEYUTH MOYKIIMBICTh 3MIiHIOBATH JIHIHHO pery-
JBOBaHy BENHMYMHY. Y POJi 3aKOHY PEryJtOBaHHS OyJio
PO3TISIHYTO MOXKJIHBICTh BHKOpUcTaHHs PID-perymsropa,
SIKUI € ONHUM 13 HAWIMOMNIMPCHIIINX aBTOMATUYHUX PEry-
asTopiB. ICHYIOTH 1 IHIII PETYNISATOPH, IO MEPEBEPLIYIOTH
[I/I-perynsTop no aganTHBHOCTI O KEPOBAHOI CHCTEMH 1
CTaOLIBLHOCTI, HANPUKIAM, JIHIHHO KBaJpaTHUYHUH, aiie
CHHTE3yBaTH TaKHi PeryJsarop ckianHo B iteparypi, Ta
iHpopMamiiHIX pecypcax mepexi internet [2— 4] nasene-
HO PEryJIIOBaHHs, IO ITepeadayae BCTAHOBJICHHS ycTalle-
HOI BeJIMYHHH, TOOTO «Setpoint» perymsitopa KOHCTAaHT-
HUI. Y JaHOMY NPOEKTI OyJI0 3alPOIIOHOBAHO ITOE€IHAHHS
ukopuctanHsi PID-perymsatopa Ta iHIHHOTO 3aKOHY
3MiHH PEryJIbOBaHOI BETUYHHH.

Jst ekcriepumeHTy OyJio BHKOPUCTAHO €IEMEHTH
amapatHO-o6uncIoBansHOl  miatdopmu  Arduino, i
OPHUCTPOI, CyMicHi 3 Tuiatoro kepysauus Arduino UNO,
sIKa BUKOHYBaJIa POJIb IIPUCTPOIO KEPYBaHHSL.

IIporpamua peaJtizauisi cHCTEMU KepyBaHHS

EnexTpuuHna cxema MiIKIIOUCHHS €IEMEHTIB CHC-
TEMH, SKa BHKOPHCTOBYBANACh y JOCIiMi, HaBeleHa Ha
puc. 1. Cucrema CKIIagaeThes i3 TAKUX SIEMEHTIB:

e Arduino uno r3;

e ¢doropesucrop 12 (gl5528);

e ciTmomion d1 (6immif);

e pesuctop rl = 220 om (0OMeXeHHS CTpyMy Ha
CBITJIOIO1);

e pesucrop 13 10 koM (a1 OOMEXKEHHS CTPyMy
Ta (opMyBaHHs OTPiOGHOT HANIPYTH).

Po3risiHeMO CTPYKTYpHI €JI€MEHTH Mporpamu, 10
3a0e3neuyroTh poOOTY CHCTEMH KEepyBaHHSI.

VY nporpamHiit peaizanii cucremu KepyBaHHs 0yJ10
Bukopuctano 6ibmiorexy PID vl, po3pobneny bperrom
Boperapmom [5], s crBopeHHs 00’ekry PID-
perynsitopa. [limkmodeHHs: 0i0MioTekH, a TaKoXX BU3HA-
YeHHS 3MIHHUX, SIKi BAKOPUCTOBYIOTHCS JUIS 30€peKeHHS
JAaHUX TIpo OakaHe 3HadeHHs (Setpoint), BUMipsiHE 3Ha-
YeHHs perysiboBaHoi BenmuuaH (Input), curHamy kepy-
BanHs (Output), a Takox koediuientis PID-perymnsropa,
HaBe/IeHI Y HACTYITHIH YaCTHHI KOy ITPpOrpaMu:

© bopsik b. P., Iptouxo O. I'., Hernnu 1. O., Cyxopebpuii O. B., 2023 49
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Puc. 1. Cxema cucremu, 110 BUKOPHCTOBYBAJIach B €KCIIEPUMEHTI

#include<PID_v1.h>

double Setpoint;

double Input;

double Output;

double Kp =0, Ki =10, Kd = 0;

[Iporpamna peanizauisi ctBopeHHst 00’exty PID-
perymsaTop, 3amporoHoBaHa bperrom Bboperapmow,
nependavyae BHKOPHCTaHHS 00 €KTO-OpI€HTOBAHOI Ia-
paaurMy MPOTPaMyBaHHS 1 peaizoBYeThCS HACTYITHUM
YHHOM:

PID myPID(&Input, &Output, &Setpoint, Kp, Ki,
Kd, DIRECT);

VY dyHKIT Setup, 110 BUKOPHUCTOBYETHCS IS BCTA-
HOBJIGHHSI TIOYaTKOBUX HaJlaIITyBaHb, BiJ0yBaeThCs
iHiIfiamizamiss nepegadi JaHUX ISl BiACIIAKOBYBaHHS
IpoIiecy, BiA0yBa€THCSI BCTAHOBIECHHS PEXUMY poOOTH,
KOCQIIIEHTIB PEryisaTopa, a TaKOX HAJIAIITOBYETHCS
pexxuM poboTH H(POBOTO BUBOAY, A0 SKOTO ITiIKITIO-
yeHnit cBiTnomion. [Iporpamua peamizamis QyHKIisS
setup HaBeIeHa HIDKYE:

void setup() {

Serial.begin(9600);

myPID.SetMode(AUTOMATIC);

myPID.SetTunings(Kp, Ki, Kd);

pinMode(3, OUTPUT);}

l"ostoBHMI anroput™ poOOTH ONMUCY€eThCS Y (YHK-
uii loop. TlepmuM KpokoM BifOyBa€ThCs BH3HAUYCHHS
IMOTOYHOI'0 Yacy B MimicekyHnmax. lle HeoOXimHO mist
MoJNIbIIoT0 (OpPMyBaHHSA JIiHIHHOI 3MiHH 0a)XXaHOTO
sHadenHs (Setpoint). BoHo BH3HaYaeThCs 3a JOMOMO-
roro ¢ysKmii map Ta oOMeXeHHS MiHIMAIbHOTO Ta
MaKCHMAIILHOTO 3HauYeHHs QyHKIIiero constrain:

Setpoint = map(constrain(currentTime, 0, 20000), 0, 20000,
125, 175);

Takum unHOM, Setpoint JIiHIHHO 3MIHIOETECSI B Me-
xax Bifg 125 mo 175, mpomnopuiiiHo yacy, 10 MpOMHIIOB
Bix 0 mo 20000 minmicexkyHa. Y mociizai Oyiio BKa3aHO JiBa
OaxaHi 3HaYEHHS KePOBaHO{ BETMUMHM, IToyaTkoBe 125, i
kinneBe 175. Li 3HaueHHS € MacIITa0OBaHUMHU 3HAUCH-
HSIMU PiBHS OCBITJIEHHS Bix hoTopesncTopa. MikpOKOHT-
porep Komye 3Ha4eHHS (OTOpe3nucTopa 3a IOTIOMOTOI0

10-6iTHOrO aHANMOTOBO-IIM(POBOTO IEPETBOPIOBAYA 1 Y
YHCJIOBOMY 3HAYCHHI BOHM KOJHBarOThes Bin 0 mo 1023.
i 3HageHHs MacmTaOyrOTHCS 3 BUKOPUCTAHHAM (YHKIIT
map i 3amucyoThes y 3MiHHY Input:

Input = map(analogRead(5), 0, 1024, 0, 255);

HactynmauMm etamoMm € BU3HaueHHs 3HAYCHHS CHT-
HATy KePyBaHHSA, IO 3MIHCHIOETHCS IIIIXOM BHKIUKY
Metoxy 00’ekra PID-perymsaropa Compute. ITicist goro
BifOyBaeThest popmyBanus LIIM-curnainy, 3a nonomo-
roro BUKIHMKY ¢yHkii analogWrite, npyrum mapamer-
POM sIKOi € 3HaueHHs 3MiHHOT Output.

JIiis Bimjmaro/pKeHHs Mporecy poOOTH CHCTEMH, a
TaKOX 300py MaHUX BiOYBa€ThCS HAJACHUIAHHS IaHUX
BiJl MIKPOKOHTpoOJepa 0 KOMII'IoTepa 3a JOIOMOTO0
METOJIB 00’€KTY MOCIIOBHOTO IMOPTY 1 BCTAHOBITIOETH-
cst 3atpumka dt = 100 mimicexynn. [IporpamHua pearniza-
uist pynkuii loop HaBeneHa HUKYE:

void loop() {

unsigned long currentTime = millis();

Setpoint = map(constrain(currentTime, 0, 20000), O,
20000, 125, 175);

Input = map(analogRead(5), 0, 1024, 0, 255);

myPID.Compute();

analogWrite(3, Output);

Serial.print(Input);

Serial.print(" ");

Serial.print(Output);

Serial.print(" ");

Serial.printin(Setpoint);

delay(100);

}

Pesynprar poboTn cuctemu, a TakoX JaHi, mo Oy-
au 3i0paHi Mg 9ac QOCHiay Bi3yadi30BaHO Ha puC. 2.
Bapro 3a3HaunTH, MO pi3Ki 3MiHK AaHWUX, MO Oyin
OTpPHMaHi i3 BUMIpIOBAJILHOTO MPHUCTPOIO BKa3yIOTh Ha
HU3BKY {HEPIiHICT Tporecy. Y BUMAJKY i3 iMIJIEeMEH-
Tali€lo 1€l CUCTEMHU y CHCTEMY KepyBaHHS IPOLECY
HarpiBy Xapakrtep mnporecy Oyze BiIpi3HATHCS.

IMoganpuni kpoku Momudikawii cucTeMH IoJisiTa-
I0Th y JIOJaBaHHI MOXJIMBOCTI 33JaBaTH IOYaTKOBE Ta
KiHIIeBE 3HAUCHHS KEPOBAHOI BEIMYMHH, & TAKOX 4acy
MIPOTATOM SIKOTO Ma€ 3MIHIOBATHCh BUXIJJHA BEJIMYHMHA.
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Puc. 2. I'padik 3minu 3HaueHs Input, Output Ta Setpoint

Jis BipoBapKeHHS JaHUX MoanQikariil mepenba-  MPOMIIOB Bif MOYATKy MPOBEACHHS JOCIHITY, a TaKOXK
YaeThCsl JOJIaBaHHS MPHUCTPOIB BBEACHHS 1 BUBEJEHHsS  OakaHe 3HA4YEHHs TeMIlepaTypd Ha MOTOYHHH MOMEHT
naHux. Jlns 3amaBaHHS MOYaTKOBOTO 1 KIiHIIEBOTO 3Ha-  yacy.
YeHb Nepea0avyacTbCsi BUKOPUCTAHHS MaTpu4HOi Lud-
poBoi kiaBiatypu, a Takox LCD-mucriiero ayist Bigcia-
KOBYBaHHSI TIOTOYHOTO CTaHy IpOIECY 1 3aJlaHuX 3Ha- PesynpraTH mpoBemeHHs IOCHiNy, HaBeIeHI Y
4YeHb. Y po3pi3i mporpamHOi peamizanii HEOOXIiZHO  CTaTTi, MO3BOJISIOTH 3pOOMTH BHCHOBOK, IO 3alpOIiO-
BIIPOBAJUTH KiJbKa PEXHUMIB POOOTH, a caMe PEeXMM  HOBaHA CHCTeMa 3abe3redye JiHifHY 3MiHy KepOoBaHOT
3aJaBaHHS BXIHUX IapaMeTpiB: MOYATKOBOI TeMIlepa-  BEJIMYMHHU 1 MOXKe OyTH 3aCTOCOBaHa JJIsi CHCTEMH Ke-
TypH, KIHIIEBOI TEMIlEpaTypu i dacy, MPOTATOM SIKOTO  pyBaHHS Temrieparypd. Jlius BuOOpY ONTHMalbHHX
Oyne 3abe3medeHa 3MiHa BHXigHOT BenWuuHHU. Takok  koediuieHTtiB PlD-perynsitopa HEoOXiZHO IPOBECTH
HEOOXiTHO Tepen0aYyuTH TPOMDKHHHA pEXHM, SIKHA  JOJaTKOBI JOCITIIKCHHS i3 BpaxyBaHHIM IHEPI[IHOCTI
Oyne 3abe3meuyBaTu MOIEPEHiN HAarpiB PEYOBUHU O  CHCTEMH HArpiBy, a TAKOXK BPaxyBaTH MaciiTaOyBaHHS
[OYATKOBOT'O 3HAUYCHHsS. Y PEXHUMIi JIHIMHOTO PEryNlo-  MaHHX BiJl JaTYMKa TEMIEPaTypd Ta MOJIOXKEHHS Baiy
BaHHS Ha €KpaHi NPUCTPOIO BUBEICHHS Mepea0dadacThcsi  CEPBOJBUTYHA, SIKMM BUKOPHCTOBYETHCS JJISi BCTAHOB-
BiZIOOpa)kaTH HACTYIIHI JIaHi: IOTOYHE 3HAUCHHS TEMIIe-  JICHHS Oa)XaHHX 3HAYCHb PEryJIbOBAHOI BEJINYHHH.
patypu BiJ BHMIPIOBAILHOTO IIPUCTPOIO, 4ac, LIO
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Automated system of linear controlled variable regulation with a PID-controller
B. Boriak, O. Driuchko, D. Nenych, O. Sukhorebryi

Abstract. The aim of this study was to develop a multifunctional software suite for generating a linear temperature
change law for the thermo-analytical complex. The multifunctional thermo-analytical complex is designed for identifying sub-
stances based on temperatures of phase transitions. The study involved the development of a heating control system. To verify
the system's functionality, an experiment involving a linear change in the desired value of the controlled variable was conducted.
To approximate the conditions of the experiment as an executive mechanism of the system a light-emitting diode was used, while
a photoresistor served as the measuring element. This allowed minimizing the resource costs for developing the control system
prototype, although the dynamics of the heating process significantly differ from the proposed modification. According to the
project's technical specifications, it is necessary to ensure the capability of adjusting a linearly controlled parameter. The system
was implemented using the hardware-software platform Arduino. The research results presented in the article allow concluding
that the proposed system ensures linear variation of the controlled parameter and can be applied to temperature control systems.
To select the optimal coefficients for the PID controller, additional research considering the inertia of the heating system is nec-
essary. It is also important to consider scaling the data from the temperature sensor and the position of the servo motor shaft used
to set the desired values of the controlled parameter. This system allows combining the capabilities of a PID controller with real-
time changes in the desired value during system operation. The research includes an electrical diagram, a description of the soft-
ware implementation of the control system, and the results of the conducted experiment.

Keywords: Linear regulation, PID controller, Arduino, Closed-loop control system.
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XapkiBcbkuii HaioHanbHUK yHiBepcuteT [loBiTpsHux Cun imeHi IBana Koxkeny0a, Xapkis, Ykpaina

ABTOMATHU3ALIA AHAJII3Y PEHOBHH I3 3ACTOCYBAHHAM
IPE3OPE3OHAHCHUX CEHCOPIB

AnoTtanisi. Ilpeqverom cTaTTi € BU3HAUCHHS aBTOMATH3allil aHANI3y PEYOBHH, BHKOPHCTOBYIOUH I1"€30pE30HAHCHI CEH-
copu. MeTa — onmc 3aIpoNOHOBaHOI aBTOPOM aBTOMAaTH30BaHOI CHCTEMH Ha OCHOBI II’€30pPE30HAHCHUX CEHCOPIB JUIS BU-
3HAYEHHsI PCUYOBHH B Ta30BUX CEPEIOBUINAX, IO JOLIUILHO BHKOPHCTOBYBATH B XIMIUHIN, MiKpOOiOJIOTIUHIHM, XapuoBiit
MPOMHUCIIOBOCTI, a TAKOXK Ha MIANPHUEMCTBAX arpolpOMHUCIIOBOIO KOMILICKCY. 3a/iaya — MiIBUIIICHHS TOCTOBIPHOCTI 1€H-
TrdiKaIii KOMIIOHEHTa IPH OJHOYACHIH MPOCTOTI amapaTypHOi peaiisaiii caMoro npucTpor. BucHoBku: BukoprcranHs
ABTOMATH30BaHOI CHCTEMHM JJI1 BU3HAUCHHS PEHYOBHH i3 3aCTOCYBAHHAM I1’€-30PE30HAHCHUX CEHCOPIB J03BOJAE 3HAUHO
ABUIUTH OIIEPATUBHICTD 1 JOCTOBIPHICTH pe3yJIbTaTiB BH3HAUEHHS DPEUOBHH, IO OTPUMYIOTHCS i3 3aCTOCYBaHHIM
I’ €30PE30HAHCHHUX CEHCOPIB, OCKUIBKH IpoIiec 00pOOKH HaHHMX Oe3NepepBHUI Ta OTpUMYBaHi Pe3yIbTaTH OIEPATHBHO KO-

PEKTYIOTHCA Hi[[ qac OTpUMaHHS HOBUX JaHUX.

Kaw4oBi cioBa: m’e30pe30HaHCHI CEHCOPH, aBTOMATH30BaHa CUCTEMA, YaCTOTOMIP.

Beryn

IMocranoBka 3agauvi. Jlns aHamizy ra3oBux cepe-
JIOBUIL] IIMPOKOTO MOIMIMPEHHs Ha0yJIH I’ €30pe30HaHCHI
cercopu (ITPC). Tpaauniiino HaBaHTakeHHs Ha [IPC,
IO MifOTh 32 MPHHIMIIOM 00'€MHO-aKyCTHYHHUX XBHIIb,
PO3MIIAAAETHCS SIK HABAaHTa)KCHHSA MacH, 3MIHHOI TIpH
BM3HAYEHH]I I[JILOBOTO KOMIIOHEHTA. TakWil Imiaxing
CIIOBHA BUTIPABIAaHUH, SKIIO TOBIIMHA IUTIBKA MOIUi-
KaTopa Habarato MEHIIE IOBXHHHM aKyCTHYHOI XBHII
(peKOMEHIYEThCSI OOMEXyBaTH TOBIIVHY IUTIBKHM MOJH-
¢ikaropa B mexax 0,1...0,3% Bix TOBKHHU aKyCTUYHOI
xBwii). [lpy 11bOMy He3HauHa 3MiHa MacH EJNEKTPO.IY
IMPC niHiifHO 3aJIEKUTh BiZl 3MiHM 4aCTOTH HOTO KOJIU-
BaHb. PO3risiTHEMO NPUCTPIH, 1O CKIANAEThCS 3 KBap-
LIOBOTO PE30HATOpa 3 HAHECEHUM Ha HbOTO COPOEHTOM,
reHepaTopa, MiKpoKOHTpOJIepa, 3pa3KoBOro reHepaTopa,
10 CHHXPOHI3y€e poOOTy MIKPOKOHTpOJIEpa 1 KOMITHOTe-
pa, sSKuit 00poOIroe pe3ynbraTté BuMipiB. Lleit mpuctpiit
MOJKE CITY)KUTH TPHUKIAJOM MOAIOHIX CHCTEM BHMipIO-
BaHH. [IpoTe HemoIIKaMu TaKOTro MPUCTPOIO € HEBUCO-
Ka TOYHICTh BUMIPY YacTOTH y HACHiZOK OOMEXCHHX
TEXHIYHMX MOXIIMBOCTEH MIKpPOKOHTpOJIepa Ta BiACYT-
HICTh MOXJIMBOCTI MiJi Yac E€KCIEPUMEHTY 3MIHIOBATH
nepioa Bumipy. TakuM 4MHOM, aHaNi3 i€l KOHCTPYKINT
# IHIIKUX BIIOMHX TEXHIYHHX PIIICHb MIOKA3aB, 1[0 BOHH
abo JOCHTH CKJIaAHI NPH TPUIHATHIA AOCTOBIPHOCTI
imeHTudikarii BU3HaYyBaHOTO KOMIIOHEHTa, ab0 BHKO-
HaHi MPOCTO, aje MpU [bOMY JOCTOBIPHICTb ieHTHI-
Kallii HeocTaTHsI.

AHani3 giteparypu. B sakoni [1] BusHauaroThCst
OCHOBHI BIJIOMOCTi PO METPOJIOTiI0 Ta METPOJIOTIYHY
TisSIBHICTh B JAepkaBi. [IutaHHsa ekcrutyartarii 3aco0iB
BHMIPIOBAJIFHOI TEXHIKM BHUKJIAI€HI B HABYAJIBHUX IOCi-
OHMKax Ta mapy4HuKax [2-5] kepiBHUX JOKyMeHTax Ta
niteparypi [6-12]. Ane B mpoBeaeHOMY aHaji3i He BH-
3HAQUEHO IMTAaHHS aBTOMAaTH3allil aHalli3y PEYOBUH i3
3aCTOCYBaHHS I1'€30pPE30HACHOTO CEHCOpY, IO JOLLIb-
HO BHKODHCTOBYBAaTH B XiMi4Hil, MiKpoOioioriuHii,
XapyuoBil IPOMMCIOBOCTI, a TAKOX Ha IiIIPHEMCTBAX
arpornpoMHCIIOBOTO KOMILIEKCY.

MeTo10 CTATTi € OMHC 3aMPOIIOHOBAHOI aBTOPOM
aBroMaTn3oBaHol cucremn Ha ocHoBl IIPC mis Bu3Ha-

YEHHS PCYOBHH B Fa30BUX CEPENOBHUIIAX, SKY IOLIIBHO
BHKOPHCTOBYBATH B XIMIi4HiH, MIKpOOiONOTiUHIH, Xap-
YOBid TPOMHCIIOBOCTI, a TaKOXX Ha IIINPHUEMCTBAX
arpoIpoOMHCIOBOrO KOMILIEKCY.

OcHoBHMIi MaTepian

ITpn po3pobui aBTOMAaTH30BaHOI CHCTEMH, Ha OC-
HOBi IIPC cucremu, BUpImIyBajocs 3aBIAHHS ITiBH-
IICHHS JAOCTOBIPHOCTI iNeHTH(IKAIl KOMIIOHEHTa TIPH
OIHOYACHIH TPOCTOTI amapaTrypHOi peaji3alii camoro
npuctporo. st 9oro B cucteMi OyJo 3amponoHOBaHO
3aiATH 3pa3KoBHi dacToTOMIip (Hampukiaa, U3-64), B
HaIliBaBTOMAaTHYHOMY DPEXHMi IO BHMIPIOE YaCTOTY
[PC, sxiit ynpaBiisieThCsl IEPCOHAIBHIM KOMIT'IOTEPOM,
IO OMEPaTUBHO OOPOOIIsLe Pe3ysIbTaTH BUMIPIOBAHHS 3
BpaxyBaHHIM YMOB, 1[0 33/Ial0ThCSl OIIEPATOPOM.

CTpyKTypHa cxemMa aBTOMAaTH30BaHOI CHCTEMHU
npuBezeHa Ha puc. 1.

E T'ene- Ycero- L5 Tpucpiii EOM
paTop TOMIp Y3TOKEHHS B
gy —

Puc. 1. CtpykTypHa cxeMa aBTOMaTH30BaHOI CUCTEMH aHaJIi3y
PEUYOBHH 3 BUKOPHUCTAHHSM I’ €30pPE30HAHCHUX CEHCOPIB

Ha puc. 2 npuBesieHa cxemMa aBTOMaTU30BaHOI CH-
CTEMH aHalli3y pPEYOBHH 13 3aCTOCYBaHHSAM I €30-
pe3onacuoro cencopy (ITPC). Cucrtema mpaiffoe HacTy-
MHUM 9UHOM. KOHIIeHTpallis JOCTiKyBaHOT peYOBUHH
(aHamiTa) BCTAHOBJIIOETHCS 3a MIBHIKICTIO HOTO cOpOIii
Ha MOBEPXHI COPOCHTY, pPO3TANIOBAHOIO HA METAIEBUX
enektpoaax IIPC. IBumkicte copOIlii BH3HAYAETHCS
HEIPSMUM BUMIPOM MacH PCUOBHHH, IO MPUBOIUTH 10
3MEHIIICHHSI YaCTOTH BJACHUX KOJHBaHb B PE3yJIbTaTi
copb6ii Ha enextpomax ITPC.

ITepion aBTOMAaTHYHUX BUMIpPIB 3a7a€ omepaTop
KOMI'IOTepa, BHUXOISYU 13 3aBJaHb MocCiikeHHs. lle
JIO3BOJISIE OTIEPATUBHO KOPEKTYBATH MPOTIKAHHS EKCITe-
PUMEHTY, 3 MiIBHUIICHOK TOYHICTIO MPOBOIUTH BUMIPY
Ha XapaKTepHHUX AUIIHKaX i30TepMH copOlii, a TAKOX B
ABTOMAaTHYHOMY PEXHMIi peecTpyBaTH i 00poOIIsiTH NaHi
3 BHKOPHCTaHHSM Pi3HUX METOMIB U(PPOBOI 00pPOOKH
CUTHAJIB JaJli ONITUMIi3yBaTH YMOBH aHai3y PEUOBHH.
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Puc. 2. Cxema aBTOMaTUYHOTO YIPABIiHHS CHCTEMOIO
aHaJIi3y PEYOBUH 3 BUKOPHCTAHHAM I1'€30pPE30HAHCHUX
CeHCODIB, fe: 1 — Biuko metexTyBaHHs; 2,3 — TpyOOIPOBiT
IUIS BXOZLy Ta BUXOJy TEIJIOHOCIS, BiAMOBIIHO;

4 — 1’ €30pe30HAHCHUH ceHCOop; 5,7 — MaTpyOOK I BBOLY
Ta BUBOJY ITPOOH, IO BiIMOBITHO aHAII3Y€EThCS;

6 — renepatop konmuBanb [IPC; 8 — yacToTomip

Mpuctpiit yzromxenns (I[IPC) 3 mepcoHanbHUM
KOMIT'IOTEPOM BHKOHAHHWH 3 BUKOPHCTaHHIM iHTEpdei-
cy 3.049,041, nmpusHau€HOro Il CIIOJYyUYEHHS 4acTOTO-
Mipa 3 KaHaJIoM 3araiibHoro kopuctyBanus (K3I1).

OCHOBY CTPYKTYpHOI CXEMH CKJIQJalOTh Tapae-
aeHi iHTepdeiicu (ITI111) i (ITIT12), mo 3B'I3yOTh MIMHHA
JAHWX 3 CUTHAJaMu iHTepdeiicy (puc. 3).

Cenexrop aapecu CA BUKOHYe (QYHKIIIO aipe-
camii II1I 1 i ITITI 2 3anexHo Bif cTaHy BXiAHUX agpec-
HuX curHaiis MAO, MA1, MA2 i CTPOB). [Isonanpa-
BICHHH TphoxcTalinpHUi Oydep manux B/I1 BukoHye
pOJb MiJACHWIIOBAYa TOTYXKHOCTI CUTHANIB JaHUX BiJ
IIITI 1 1 IIITI 2 1 3aiiicHioe Oydepur3altito ix BXOIIB BiJ-
HocHO muHY JaHux MJIO-MJ17. KosxeH 3 napanenbHUX
iHTepdeiiciB posraigyxye MUHY AaHUX HAa TPU KaHAJIH.
Kanan KA IIIII 1 BUKOpPUCTOBYETBbCA ISl BUBEACHHS
JIaHUX B KaHai 3arajgpHoro KopuctyBanus (K3I1), kanan
KB — nna BBenennsa manmx 3 K3II, xanan KC— g
(hopMyBaHHS CHTHAJIIB KBUTYBAaHHS (CHHXPOHI3aIiT).

on
MAQ
) — a— e IL — A0...A4
Py .
MA2__|CA[™ o s _|pre——=>100.. IA7
Ctpob
Mpuiiom L g B
Bupaua Tp HPM
CrupanHa - ! yn
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Puc. 3. Cxema intepoeiicy 3.049.041 mns cTBOpeHHS apy 4acTOTOMIpa i3 KaHAIOM 3arajlbHOTO BHUKOPHUCTaHHS

Kanamn KA 1 KB Il 2 BHKOpHUCTOBYIOTBCS LIS
BBE/ICHHS CUT'HANIB MOJIATAHHS B PEXUMaxX NpUiloMy i
nepenayi Moayiisi, a kaHan KC— i BHBEICHHS CHI-
HaJIiB, IO yNpaBisiioTh, B K311

Cxema mopisusianast (CII) mopiBHIOE ajpec MpH-
nmanxy B cucremi K3IT i3 craHOM agpecHHX mepeMHKadiB
AO - AA4. Buxinnuit curnan CII Bupimye poboty —
nemmdparopa agpecu (IIA), mo ynpaeise Tpurepa-
mu npuitomy (TPIIPM) i nepenaui (TPIIP/). Lli Tpure-
pH CHiIBHO 3 cxeMolo pexxumy CP BH3Ha4yaroTh pesxum
pobotu iHTepdeiicy — Ha npuiioM abo Ha repenavy.

Cxema KBHTYBaHHs 3B'SI3y€ CHUTHAJIM CHHXPOHI3a-
mii K3IT (AI1, TH i C/) 3 curHaiamMu CHHXpOHi3amii
BBeneHHA/BuBony nanux IIIII 1. Bydep xepyroumx
curranis (BKC) migcumtoe, curHanm, mo ynpaBisioTh,
K3IT (KIT i 30) i curnan ‘“3anut mnepepuBanHs” (3
ITPEP).

bydep manux (BJI2) mimcwiroe CHUrHaMM HaHWX
(xanan KA TIIII 1), mo BuBOAATHCS, 1 Oydepizipye cur-
HaJM aHuX, 1o BBoasaThes (kaHan KB IIIII 1). Tlpawtoe
iHTepdeiic B JBOX OCHOBHHX PEXHUMax - HNpUHOMY i

mepenadi. Y pexumi HpuHoOMy JAaHi, MO BBOISTHCH,
amapaTHHHN 3aHOCATHCSA y BXimHuid perictp KB IIII 1.
AnapatHuil iHTepQelc NiATBep/PKYE NPUIOM JaHUX.
Iotim BupoOsieThes curHan 3 I[NPEP, mikpompoiecop
YPHUBAETHCS, BBOAUTH OAaWT CTaHy, IO JO3BOJISIE iJICH-
TU(IKYBaTH JaHi, M0 BBOJAATHCA, MICIS YOTO BBOIATHCS
6e3mocepeiHBO NaHi, 1 iHTEpdeiic amapaTHUN TOBiIOM-
Jsl€ TIPO TOTOBHICTH JI0 NMPUHOMY HACTymHOTro Oaifra.
JaHi, 110 BBOAATHCS, ACMIN(PYIOTHCS IPOrpaMHo. Ara-
patHui JemmdpyeThes JIMINE aapeca NpWiIaay Ha
npuiiom abo mepenavy, B pe3yjbTaTi BCTAHOBIIOETHCS
abo ckugaeThes onuH 3 Tpurepis pexumy Tp [IPM abo
Tp IIP /1.

VY pexumi mepemadi mporpaMHUM CIIOCOOOM BH-
3HAYAETHCSl TOTOBHICTh IMPHUWMAIOYOro MPHIALY IO
npuiioMy naHuX. [IoTiM BHBOIATHCA JaHi depe3 KaHaid
KA TIII 1. Amapatao ¢opmyetsest curaan CJI, mpo-
rpamMHO BH3HA4Ya€eThCs (haKT MPUHOMY JaHUX IPHIIaI0M-
pUiiMadeM, i UK Tepeaadi TOBTOPIOETHCS 3aHOBO. Y
Oynb-sIKMid MOMEHT uacy 4epe3 iHTepdeiic Moxe OyTH
nepenanuit curnan 30.
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Ipunamosi curnanu TIIM i TIIJ] mepeBoasTs iH-
Tepgeiic TpUMycoBO B peXXHUM NpuiioMy abo nepenadi.

Cnexrp aapecu CA 3i6panuit Ha MC1 1 MC4. 1 .
Pospsimu anpecu MAO i MA1 uepe3 Oydep mimkiroua-
1oThes 1o aapecHux Bxoxis [I1I 1 1 ITII1 2. /IBopo3psia-
Huii pemmdparop aapecu (MC4.1) dopmye curnamm
“gubip xpuctama” IIIII 1 i IIII 2 3anexxHO Bim craHy
Bxony MA2. Curran “Ctpo6” € BuxomoM aemmdparo-
pa azpecd, po3TalIOBaHOTO 30BHI iHTepdeticy. Curaan
Ha HOTO BUXOJi HU3BKOTO PiBHSA (POPMYy€ETHCS TpHU aape-
cax BBepeHHs-BuBeneHHa FO, F1...F7 (mmicrHamusatupi-
YHi KOJIN).

Bypep b/l moOynoBanumii Ha JBOHANpaBICHHUX
TPbOXCTaOUIBHMX IHHHUX (hopMyBauax. Hampsim mepe-
nadi Oydepa ynpasnsierscst curnanom [lputiom. Hu3b-
KUH piBeHb 1[bOTO curHairy Bkitouae b/11 B Hampsami Bix
iHTepdeiicy 1o Mikporpolecopa.

[IITI 1 i I 2 € mei BIC. TIIII 1 (MCS) mpartoe B
pexxnmi “1” (ctpoboBaHe BBeeHHs MaHUX B kaHar KB i
cTtpoOoBaHe BHUBEICHHA NaHWX 3 kaHamy KA). TIII 2
(MC6) mparmroe B pexxumi “O” (BBeOCHHS MO KaHalaX
KA i KB y BuBig B pekuMi MOOITOBOI YCTaHOBKH IO
kanany KC).

[M'stupospsiaHa cxema nopiHsaaHs CC moOynoa-
Ha Ha MC12 i MC7.1. CurHan nopiBHSHHS IiIKJTFOYa-
erbest 1o Bxoay JAIHA (MC 13). Buxoau JIIA mingk-
JIFOYAIOTHCS 10 BXOMIB yCTaHOBKH-CKUIaHHs RS - Tpu-
repiB Tp [IPM(MCi5) i Tp IIPI (MC 16).

Cxema pexxumy CP Bukonana Ha MCi7.1, MCi8.1,
MC11.3 i MC11.4. Ha Buxoni MC11.3 nosiBa BUCOKOTO
pIBHA BIINOBiAa€ peXHUMY NPUIOMY, a Ha BUBOJAAX
MC11.4 — pexumy nepenaui.

Cxema kBuryBaHHd CK moB's3ye nBOXCHTHAIbHY
cuaxposnizamiro 1l 1 3 TPhOXCHUTHAIFHOIO CHHXPOHI-
3amieto Kom. Cxema mpuctporo CK mictuth, KpiM TOTO,
omHOBiOpaTop MC14, mo ¢opmye iMIyIbCH HETOTOB-
HOCTI Y MOMEHT T0YaTKy poboTH iHTepdelicy B pexumi
npuitomy. B/12 i BKC BukoHaHi Ha cxeMax 3 BiAKPUTHM
KOJICKTOPHHM BUXOJIOM.

[IBuakicTe OOMiIHY TaHMMHU yepe3 iHTepdeiic 3a-
JIEXKHO BiJl peKUMY poOOTH BaraeTbcsi B Mexax Big 100
o 1000 Gaiit/c.

BucHoBku

1. Pe3ympTaTd MpOBENEHUX IOCHTIIHKEHb J03BO-
JSIOTh PEKOMEHIYBAaTH aBTOMATH30BaHY CHCTEMY IUIS
BU3HAYCHHS PEYOBUH 3 3aCTOCYBaHHSIM
1 '€30pE30HAHCHUX CEHCOPIB.

2. BUkopucTaHHsS aBTOMAaTHU30BaHOT CUCTEMH IS
BU3HAUCHHS PEYOBUH 13 3aCTOCYBaHHIM II ‘€30pe30-
HAHCHHUX CEHCOPIB JJ03BOJISE 3HAYHO MIABUIIUTH OIepa-
THUBHICTh 1 JOCTOBIPHICTh pE3YJIbTATIB BH3HAUYCHHS
PEYOBHH, 1[0 OTPUMYIOTHCA 13 3aCTOCYBaHHAM I ‘€30pe-
30HAaHCHUX CEHCOPIB, OCKIIBKH IIporiec 00poOKH JaHWX
Oe3mepepBHUI Ta OTPUMYBAaHI pe3yNbTaTH OIEPATHBHO
KOPEKTYIOThCSA MiJI 9ac OTpUMaHHSI HOBHUX JaHUX.
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Automation of analysis of substances using piezoresonance sensors
0. A. Kononova

Abstract. The subject of the article is the determination of the automation of the analysis of substances using piezoreso-
nance sensors. The goal is to describe the automated system proposed by the author based on piezo-resonant sensors for the
determination of substances in gas environments, which is advisable to use in the chemical, microbiological, food industry, as
well as at enterprises of the agro-industrial complex. The task is to increase the reliability of component identification while
simplifying the hardware implementation of the device itself. Conclusions: The use of an automated system for the determination
of substances using piezo-resonance sensors allows to significantly increase the efficiency and reliability of the results of the
determination of substances obtained with the use of piezo-resonance sensors, since the data processing process is continuous and
the obtained results are quickly corrected when receiving new data .

Keywords: piezoresonance sensors, automated system, frequency counter.
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3ACTOCYBAHHSI HEMPOMEPEXEBUX TEXHOJIOI'TIA
JJIA INEHTU®IKALI KOE®IIIEHTA BOJOTOITPOBIJJHOCTI IPYHTY

AnoTtanis. [Hpopmamis mpo BOIOTONPOBIAHICTE MOXe OYTH BHKOPUCTaHA JUIsl MaTeMaTHYHOTO (KUIBKICHOTO) aHalli3y
PI3HUX BUIIAJKIB EPEHECEHHS IPYHTOBOI BOJIOTH, IO BiAOYBAIOTHCSA B MPUPOIHUX yMoBax. Cioau BXOANUTH (GiIbTparis
BOJM B IPYHTI, MOTIK BOJIW BiJ PiBHSA I'PYHTOBHX BOJ 1O MOBEPXHI, MOTJUHAHHSA I'PYHTOBOI BOJIOTH Ta MOTIK I'PYyHTOBOT
BOJIOTH JIO KOPEHIB POCIIMH. YHIBEepCcalbHOIO (YHKIII€I0, sIKa BiIOOpaXkae BIUIMB YCiX (akTOpiB, 110 MOXYTh BIUIMBATH
Ha SHEPreTUYHHI CTaH BOAM B IPYHTI, € BOJHUH MOTeHIiakd. SIK BiJIoMO, BOJa 3aBXKIU PYXa€ThCs BiJ OiJbII BUCOKOTO
MoTeHIiany 10 OinpI HU3BKOro. Jlifoua cuia — 1e BijbHA eHepris abo rpaJieHT BOJHOTO HMOTEHIIaNy IPyHTY, KUH Bi-
nobOpakae CHITy, IO BUKIUKAE i30TEPMIYHUAN MOTIK BOJU. B i30TepMiYHHX YMOBaX KOMIIOHEHTAMH BOJHOTO MOTEHITiaTy
€ KaIlIIpHUH THCK, OCMOTHYHI CHJIM Ta CHJIa TSDKIHHA. B pesyibraTi, BOJOTONPOBIAHICTS HEHACHYCHUX IPYHTIB HE Xa-
PaKTEePHU3YETHCS €NMHUM 3HAUYCHHSAM(SK y BUIIAAKy TPAHCIIOPTY HACHYEHOI BOJH), a CKOpille € QyHKIi€I0 THCKY BCMOK-
TyBaHHS a00 BojorocTi I'pyHTy. KOoMIUIeKCHUIT XapakTep 3aje)KHOCTI IPYHTY 1 BOAM B TepPMiHaxX «BOJIOTa — MOTEHIIHHA
EHEepTisl — MPOBiAHA BOJIOTICThY) YacTO MOJAETHCS Yy BUIJIAAI eMIipuIHUX Gopmy 1 rpadikiB. Byso 3anmpomnonoBano Oa-
rato eMmipuyHuX (Hopmys At anpokcumaiii GpyHKIIT BOJIOTONPOBIAHOCTI, IKi BIATBOPIOIOTH L0 (PYHKIIIIO Yepe3 MeBHi
MPOMIDKKH 4Yacy 3 MEBHOIO TOYHICTIO. B JaHuil 4ac akTyaqbHUM € 3aBIaHHS PO3POOKH TEXHOJIOTIH, 10 3a0e31euyoTh
E€KOHOMIYHY Ta €KOJIOT1YHY €(QEeKTHBHICTh PETYJIIOBAHHS BOJHM B CUCTEMAax OCYIICHHS Ta 3BOJOXKEHHS. Y 3B’S3Ky 3 UM
HEOOXI/IHO CTBOPHTH IOBHY MaTeMaTHYHY MOJENb IPYHTY Ha OCHOBI PiBHSIHHS BOJIOTOIEPEHOCY, OJHHM i3 OCHOBHHX
MapaMeTPiB SIKOTO € KOCOIIiEHT BOJOTONPOBITHOCTI. METOI0 CTATTi € po3poOKa HOBOTO METOJYy BUSHAYCHHS MMapaMeTpa
BOJIONIPOBITHOCTI HEHACHYEHOT 30HM IPYHTY Ha OCHOBI IIPsIMOi OaraToImapoBol CTaTUYHOI MITYYHOI HEHPOHHOI Mepexi,
IO CHpYsIE€ MiJBHIICHHIO TOYHOCTI BUMipioBaHHs. KoedimieHT BoNOTONpoBiZHOCTI, SIKUH omucye ¢i3uyHi mpolecH B
IPYHTI, MO’KHAa BU3HAYUTH 32 JOIOMOTOIO PALY EMIIpUYHUX (HOPMYJI, sIKi MICTATHh eMIIpU4YHI KoedilieHTH. AJbTepHa-
THBHHM METOJIOM € BUKOPHUCTAHHS HEHPOHHOT MEpexi, 3a JOMOMOTOI0 SIKOT Ha OCHOBI JOCIIIDKYBAaHOTO 3pa3ka BU3HAYA-
€ThCS KOe(DIIIEHT BOJOTOMPOBIIHOCTI a00 OyIb-IKUH 1HIIMKA MapaMeTp IPYHTY, 3aJIe)KHO BiJi eKCIICPUMEHTAIbHUX J1a-
HUX, BCTAHOBIICHUH HA JOCHUTh BHCOKE 3HAYEHHs. TOYHICTh. HelipoHHY Mepexy, HaBueHy Ha HaBYAIbHOMY Habopi ma-
HHUX, MOKHA YCITIIIHO BHKOPHUCTOBYBAaTH Ha HE3aJIS)KHUX TECTOBUX 3pa3kax JUIl KOHKPETHOTO THITYy IPYHTY, SIKUH He
BXOJHMTH JI0 HABYAJILHOTO HAbOpY.

Kaw4yosi caoBa: nudepeniiitne piBHIHHS BOJIOTONEPEHOCY, KOS(IIIEHT BOJIOTOMPOBIAHOCTI, QYHKIIT aKTHBAIIi] PpH-

XOBaHOTO MIapy HelpoMepeski, HaBUaHHS HEUPOHHOT MEpexi.

Beryn

HocTranoBka mpobuaemu. [Ipu 3actocyBaHHI TH-
(epeHIiaTbHOTO PIBHAHHSA BOJHOTO TPaHCIOPTY HEOO-
XiTHO BU3HAYUTH KOS(IiEHTH 1 QPYHKII, SKi € mapame-
TpaMH IBOTO PIBHSHHS, Ta OMHCATH (i3WIHHAN IPOIIEC
BOJHOTO TpaHcHopTy. L{i 03HaKM BKITIOYAIOTH (PYHKIIIIO
BOJIOYTPUMYBaHHS a00 OCHOBHI Tifpodi3uuHi BiIacTHU-
BOCTI, a came 3aJIeKHICTh THUCKY BCMOKTYBaHHS IPYHTY
Bix BMicTy Boau W(W), a TakoX (yHKIIIFO BOJOIIPOBIJ-
HOCTI HEHACHUYCHUX IPYHTIB.

VY }yHKIIT BOIOTONPOBITHOCTI PO3PI3HAIOTH Xapa-
KTePUCTUYHY KPUBY BOJOTOIPOBIIHOCTI, IO 3B'A3y€
Koe(illieHT BOJIOTOIPOBITHOCTI 1 MOTEHIIiall BOJIOTOCTI
rpyHTy k(W), 1 XapakTepuCTHUHY KpHBY, LIO 3B'S3y€
Koe(illieHT BOJIOTOIPOBITHOCTI I'PYHTY Ta HOTO BOJIOTO-
emHicTb. Bmict k(W). BononposinHa 31aTHICTh IPYHTY
€ Ba)XXJIMBUM IOKa3HUKOM y Pi3HOMa@HITHHX PO3paxyH-
Kax mojiroHis [1-5].

[adopmaris mpo BOJOTOMPOBITHICTE MOXe OyTH
BUKOPHCTAHA JUIsI MAaTEeMaTHYHOTO (KUIBKICHOTO) aHa-
T3y pi3HUX BUIAJKIB IEPEMIIIeHHS IPYHTOBOI BOJIO-
TH, 10 BifOYyBa€ThCS y MPUPOAHUX yMOBax. Jlo Takmx
BUITA/IKiB IEPEMIIICHHS CITiJ BiIHECTH :

¢inbTpanito BoIU yepes IPyHT,

Ha/IXO/DKEHHS BOJIOTH BiJ PIBHA I'PYHTOBHX BOJ
JI0 TIOBEPXHI,

MIOTJIMHAHHS BOJIOTH IPYHTOM,

HaJIXOJDKEHHSI IPYHTOBOI BOJIOTH JI0 KOPIHHS POCIIHH.

VYHiBepcanbHOW  (yHKII€W, sKa BijgoOpakae
BIUIMB YCiX (hakTopiB, sIKi MOXKYTh BIUIUBATH Ha €HEp-
TeTUYHUI CTaH BOJIM B IPYHTI, € BOJHUI MOTEHIIA.

Indopmaliisi mpo BOJIOTONPOBIAHICTE MOXE OYyTH
BUKOPHCTAHA JJIsi MAaTEMaTH4HOIO (KiJbKICHOTO) aHai-
3y pi3HMX BHIIQJIKIB PyXy IDYHTOBOI BOJIOTH, IO BiJ0y-
BAaIOTHCS B IPUPOIHUX yMOBax. CI0[ BXOJATh:

(binpTpalis BOIU B IPYHTI,

MTOTiK BOJM Bifl PiBHS IPYHTOBUX BOJI IO TIOBEPXHI,

TIOTJIMHAHHS IPYHTOBOI BOJIOTH,

TIOTIK IPYHTOBOT BOJIOTH JI0 KOPEHIB POCIIHH.

Bomauii morteHIian € yHiBepcalbHOIO (YHKIII€O,
gKa BigoOpakae BIUIMB yCiX (akTopiB, IO MOXYTb
BIUIMBATH HA EHEPTeTHWYHWHA CTaH BOAM B IPYHTI. Sk
BiIOMO, BOJIa 3aBXIH PYXa€ThCS BijJ BUIIOTO MOTEHITia-
7y 1o HWk4oro. EQexTuBHa cuia - 1€ TpaJieHT BiTbHOT
eHeprii abo MOTEHIIMHMI TPati€HT BOJOTOCTI IPYHTY i
BiZloOpaXkae cuily, siIka BUKJIMKA€ 130TEPMIUYHHMH IOTIK
BOJIOTH. B i30TepMiYHHMX yMOBaxX CKJIaOBUMHU BOJHOTO
MOTEeHIIATy €: KaliJsIpHUN THCK, OCMOTHYHA CHJIa, CHJIa
TSDKIHHA. B pesyunpTarti rigpasiiiuHa IpoOBiAHICTD (Kari-
JsipHA MPOBiAHICT k, cM/100y) HEeHaCHYEHNX IPYHTIB €
HE €JMHOIO0 BEJIMYHMHOIO (SIK y BHIIAJIKy TPAHCIIOPTYBaH-
Hs HACUYEHOT BOJIN), & CKOPIIIe THCKOM BCMOKTYBaHHS
k = k(v ) aGo Bonorictio rpyary k = k(W) [1 —5].

3a BOJOTONPOBIIHICTIO TPYHTOBHH Tpodisb Mo-
JKHA PO3MUIATH HA JBI YACTUHH. 3HU3Y - IIJISTHKH MOB-
HOTO HACHYCHHS, NI¢ PyX BUIBHOI BOJIW BimOyBaeThCs
M Ji€0 CHUIW TSOKIHHSA 3a 3akoHamu (QinbTparii, a
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3BEpXy - IUISHKH, Ji¢ BiOYBaeTbCcs PyX BOAM B HEHa-
CHYCHHX IPYHTaX.

Haiinommupenimum mMetoaom BusHaueHHs k(W) €
eKCIIEpUMEHTAILHUIA METOJ, 110 0a3yeThesl Ha aHali3i
JAHUX MPO MIrpamiro BoJord. Jlocsartu craiioHapHOi
Tedii He 3aBXIW TEXHIYHO MPOCTO, a SKCIECPUMEHTH
3aiimMaroTh OaraTto 4acy. HecramioHapHi METOIH BHMa-
raloTh BiJl eKCIIEPUMEHTATOpa MEHIIIE Jacy, HiXK CTalli-
OHapHi, aje HaIIHHICTh 1 TOYHICTH OTPUMAHUX JaHUX
3aJIe)KUTH Bil TOTO, HACKUIBKH YMOBH EKCHEPUMEHTY
32I0BOJIBHAIOTH DS/ TCOPETHYHUX MPHUITYIICHB.

Haiinommupenimum mMetoaoMm BusHaueHHs k(W) €
eKCIIEpUMEHTAIbHUIA METOJl, 3aCHOBAaHMH Ha aHai3i
JaHUX BOJHOTO TPAHCIOPTY: METOJAU CTallOHApHOTO
Ta HECTaliOHAPHOT'O MOTOKIB. 3 TEXHIYHOT TOUKU 30pY
JIOCSTTH YMOB CTaJIOTO MOTOKY HE 3aBXKIH JIETKO, 1 TaKi
eKCIIEPUMEHTH TaKOXX 3aiiMaloTh 3HAYHY KUIBKICTb
gacy. Xo4a MepexiHi METOIW BHUMAararoTh BiJ eKcIie-
pUMEHTAaTOpa MEHIIE Yacy, HiXK METOTU CTalioHapHO-
ro0 PeKUMY, HaIIHHICTh 1 TOYHICTh OTPUMAHUX JTaHUX
3aJIe)KUTh Bil TOTO, HACKUTBKH YMOBH CKCIEPUMEHTY
BIIMTOBIAAIOTH PSAAY TEOPETHUHUX MPHUITYIICHD.

KommekcHul XapakTep 3ajieKHOCTI IPyHT-BOJA
y  BUIJBIAI  «BOJOTOTOTEHINAI-BOJIOTOMPOBITHICTH
HaifuacTile BUPAXKa€TbCs Y BUIIANI eMIIpUYHUX (O-
pMmyn i giarpam. [lns ¢yHkuii nposigHocTi Bogu Oyio
3alpONOHOBAHO 0arato eMmipuyHUX HaOJIMKEeHb, SKi
BiTBOPIOIOTH 110 (YHKIIIO 3 IEBHOIO TOYHICTIO Ha
TIeBHIN BijcTaHi. B maHmii yac akTyanbHAM € 3aBIaHHS
PO3pOOKH TEXHOJIOTIH, MO 3a0e3MeqyI0Th EKOHOMIUHY
Ta eKOJIOTIUYHY e()eKTHBHICTh KOHAWIIOHYBAHHS BOJIU
B CHUCTEMaX OCYIICHHS Ta 3BOJIOKCHHA. Y 3B'SI3KY 3
UM HEOOXiTHO PO3pOOUTH BINMOBIAHY MaTeMaTHIHY
MOJIETb IPYHTY Ha OCHOBI PIBHSAHHS IIEPEHOCY BOJU.
J10ro OCHOBHHMM MapaMeTPOM € BOJIOTOIPOBIAHICTb.

AHaxi3 ocTraHHix JaociilkeHb i myOJikamiid.
KinbKicHa OI[iHKa TIOTOKY BOJM 3aJI€KHUTh BiJl yMOB, 32
SAKAX BOJA PyXa€TbCs B IPYHTi. IpyHT HacuueHmit
BOJIOIO, SIKIIO TMOPH TOBHICTIO 3allOBHEHI BOJOIO, a
I'PYHT HEHACHYEHUI BOJOIO, SIKIIO JIMIIE YaCTHHA [TOPU
3all0BHEHA BOJOIO, a iHIA YacTHHA 3allOBHEHA MOBIT-
psM. Xapaktep pyxy BOJOTH B HACHYCHHX IMMOPHUCTUX
CepeIOBUIIAX MiJ M€ TiIPOCTATHYHOTO THCKY MOX-
Ha TOSCHUTH BimoMuM 3akoHOM Jlapci, SKHWil CTBep-
JUKY€E, IO IMBHIKICTH PYXY BOJIOTH MPOIOPIIiifHA Tpa-
JIEHTY THCKY BOJH. THCK BOJIHM € €IMHOIO CHIIOIO, sIKa
mepeMillye BOAYy B HACHYEHHX IPYHTax, i ii Jerko
BHUMIpSATH.

VY Mmipy TOTO, SIK TPYHTH MEPEXOATh BiJ Hacmde-
HUX YMOB JI0 HECHACUYECHHX, MOJEIII, sIKi KOHTPOIIOIOTh
BOJHUH OanaHC i pyX, CTAlOTh 3HAYHO CKJIAIHIIIAMH.
Xapakrep pyxy BOJH B TaKUX I'PYHTaX CHWJIBHO BiApi3-
HSETBCS BiJ| pyXy PIAMHU B yMoOBax (iIbTpaniiiHOTO
MTOTOKY.

Oco0nMBICTIO IBOTO PYXY € Te, 10 MeXi Tedii He
3aIUIIAFOTHCS MTOCTIHHUMH, TIOPH YACTKOBO 3aIllOBHEHI,
1 BMICT BOAM B IPYHTI MOXXE CTaTH HEPIBHOMIPHUM Yy
PI3HUX MICISIX OAHOPITHOTO TPyHTY. Boma moxe py-
XaTUCS HE TUTBKH Yy BUTIIAAI Oe3nepepBHOTO (00'eMHO-
ro) MOTOKY, @ ¥ y BHIVISAI MeMOpaHH, IO TOKPUBAE
MOBEPXHIO YaCTHHOK TPYHTY 1 Tedye Mia KamISpHAM
THCKOM MeHicka. I[i ocoOmMBOCTI MOBOAATH, IO TPO-

BiJTHICTB BOJIM MOXKE 3MIHIOBATHCA SIK y IPOCTOPI, TaK i
B Yaci.

VYHiBepcalbHOIO  (PYHKII€IO, 10 BigoOpaxkae
BIUIMB BCiX (DaKkTOpiB, sIKi MOXKYTh BIUIMBaTH Ha €HEp-
TeTUYHUH CTaH BOJM B IPYHTI, € TIOTEHLIaN BOJIOTH. Sk
BiZloMO, Boja (Tak caMoO SK TeIUIO 1 eJICKTPUIHHMA
CTPYM) MEPEMINTY€EThCS 3aBXAM BiJ OiNBIIOT0 MOTECH-
miamy 70 MeHIoro. J[iro4or Cuiow mpu oMy Oyie
TPaJTi€EHT BUIBHOI eHeprii abo MOTeHIialy TPYHTOBOI
BOJIOTH, IO BUPaXAa€ CHJIN SKi BUKJIIMKAIOTH 130TEpMi-
YHUH MTOTIK BOJIOTH.

B i30TepMiYHHMX YMOBax CKIJIaJIOBUMH MTOTEHIATY
BOJIOTH €:

KaIIIpHUNA THCK,

OCMOTHUYHI 1 TpaBiTalliliHi CHIH.

VYHiBepcanbHOW  (yHKII€, sKa BigoOpakae
BIUIUB YCiX (hakTopiB, sIKi MOXKYTh BIUIUBATH Ha €HEp-
TeTUYHUN CTaH BOJAYW B IPYHTI, € BOJHMH IOTEHIliaI.
Sk Bimomo, Boja (SK TEIUIO Ta CICKTPUIHHH CTPYM)
3aB)KAN PYXA€THCS BiJ BUIIOTO MOTEHINIATY O HIXKYO-
ro. EhekTHBHOIO CHIIOI0 B IbOMY BHUIIAJKy € TPaIi€HT
BUIBHOI eHeprii abo TOTEHIial BOJOTOCTI IPYHTY,
SKUH TIPENCTaBIsIE CUITY, IO BUKJIHMKAE 130TEpMIuyHHNA
HOTIK BOJH.

B i30TepMiuHMX yMOBax CKJIaJOBUMH BOJHOTO
NOTeHIialy €: KamiIIpHUA THUCK, OCMOTHYHA CHIIa,
CHJIa TSOHKIHHS

Bracnifok 11010, TimpaBiiyHa MPOBIIHICTh HE-
HACHYCHHX BOJIOTOIO IPYHTIB (KamiIspHA MPOBIIHICTH
Kk, cM/n00y) XapakTepu3yeThbcsi HE €JUHUM 3HAYCHHIM
(SIXK IpM HACMYEHOMY BOJIOTOIIEPEHOCI), a 000B'SI3KOBO
¢dyHkuieo Bix BemokTyrodoro Tucky K = k(y), abo Bin
Bousiorocti rpynry k = K(W).

TakuM 4MHOM, SIKIIO NMPUIYCTHUTH, IO TiIpaBiid-
Ha NPOBIAHICTH IPYHTY € (QyHKII€ 00'€eMHOrO BMiCTy
BoJsiord B IpyHTi k = k(W), To pyX Boiu y HeHacuue-
HUX IPYHTaX TaKoXX BiIOyBaeThCs 3TigHO 3aKkoHy [lap-
ci. YV pe3ynbTari BOJOTONPOBIIHICTG (KamiJsipHa Hpo-
BiZHicTh Kk, cM/100y) HEHACHUEHHMX BOJOIO IPYHTIB HE
XapaKTepU3y€EThCSl OJHUM 3HA4YCHHSIM (SIK Y BHIIQJIKY
MEPeHOCY HACHYCHOI BOIH), a 000B’SI3KOBO € (PYHKIIi-
eto tuck k = k(y) abo Bmict Bojau B rpyHTi k = k (W).
Tomy pyx Boiu B HEHACHYEHUX IPyHTaX Takox BinOy-
Ba€ThCS 3a 3aKOHOM Jlapci, mpuIycKalo4H, 10 Tigpas-
JiYHA NPOBIAHICTH IPYHTY € (QyHKIi€0 00'€eMHOr0O
BMmicty Boju B rpyHTi K = K(W).

Ha Bennumny koedimienta mposigHocTi Boau k
BIMBae Oarato daxrtopiB. Lle Mexaniunuii i arperat-
HUH CKJIaJ IPYHTY, CTPYKTYypa, BOJOTICTh, TUCK (ITOTE-
HIlia]T) BCMOKTYBaHHs. Y 3B'SI3Ky 3 IUM B JaHWH 9ac HE
iCHye TEOPEeTHYHOro croco0y BU3HA4UeHHA Kk, Horo
3HAa4YEeHHS! BU3HAYAETHCS MaTEMaTHYHO Ha OCHOBI CIe-
LiaNbHUX €KCIIEPUMEHTAIbHUX IaHUX 1 JJaHUX CIIOCTe-
pEeXXEHb.

Haitmommpenimmit mMeron Bu3HaueHHs k 0Oazy-
€THCS Ha aHaNi3l JaHUX BOJHOTO TpaHcmopTty. lle me-
TOJI CTAJIOTO TIOTOKY Ta METOJ HECTaLliOHAPHOTO HOTO-
Ky. Xo4a IIi METOIH TMPOCTi, IX BUKOPHUCTAHHI OOMe-
JKeHe BY3bKMM Jiama3oHoM 3HadeHb k. Kpim Toro,
HaWOITBITUM HEIOJIKOM € JTOBIIMKA E€KCIIEPUMEHTAb-
HHAW 4ac, SKWUH 301IBIIYETHCS 3 KBAAPATOM IOBXKHHH
3pa3ka IpyHTOBOTO MOHOJITY. Llel crocid peami3zyeTh-
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cs 3a JOMOMOTOK BHUTPATOMipa i KOJOHKH. 3acCTOCY-
BaHHS IUX PIBHAHB MOTpeOye Oarato MONAaTKOBOI iH-
¢dopmanii npo izuKo-MexaHIuHI BIACTHBOCTI IPYHTY
Ta ()i3UYHI BJACTHBOCTI BOIH, II[0 BUMAarae MmpoBEJCH-
Hsl BEJIUKOI KiJTbKOCTI JJOJATKOBUX CKCIIEPUMEHTIB JJIs
oTpUMaHH 11i€i iHpopMmaii.

Jlo OCHOBHHX Tigpo(di3uYHUX BIACTHUBOCTEH Ipy-
HTY HaJEXaTh!

3aJICKHICTh THUCKY BCMOKTYBaHHS Bim 00’e€MHOT
BOJIOTOCTI IPYHTY,

3QJICKHICTh BOJIOTOTPOBITHOCTI BiJl THCKY BCMO-
KTyBaHHS IPYHTY,

3aJIeKHICTD BOJIOT'OIIPOBIAHOCTI BiZ 00’ €MHOT BO-
JIOTOCTI IPYHTY.

®dopmynoBaHHA MeTH cTaTTi. Po3poOka HOBOrO
MeTony mapaMeTpuyHoi imeHTHdikamii KoedirieHTa
BOJIOTOIIPOBIZTHOCTI HEHACHYEHHX 30H IPYHTY Ha OCHOBI
CTAaTHUYHOI OaraTomapoBoi MITYYHOI HEHPOHHOI Mepexi
MIPSIMOTO PO3MOBCIOKEHHSI 3 METOIO IiIBUIICHHS TOY-
HOCTI 0T0 BU3HAYCHHS € METOIO JAHOI CTaTTi.

OcHOBHA YaCTHHA

Po3poOumMo anbTepHaTUBHY MOAENb JUIL PO3paxy-
HKY Koe(illieHTa BOJOTONMPOBIAHOCTI IpyHTY K Ha 6a3i
HEeWpOHHMX Mepex. s IbOro CTBOPUMO MEPEXKY BUILY:

k = NN(W),

ne W — 3HadenHs Bojorocti IpyHTy; NN — meperBo-
PEHHS HEMPOHHOI MEpexi.

BupunMmo BmmuB THIy (YHKIT aKTHBAIl TPUXO-
BAaHOTO IIapy HEWPOHHOT Mepeki Ha TOYHICTH ii poOo-
Ti. Jns 1poro moOyoyeMo [BOIIAPOBY HEHPOHHY
Mepexy 3 HacTymHuMH napamerpamu [1 — 5]:

KUIBKICTh HEHpOHIB y mepuioMy mapi — 1,

KUIBKICTh HEHPOHIB y Ipyromy mapi — 1,

(byHKLIsT akTUBAIi] HEHPOHIB APYTOro miapy — Ji-
uiina (‘purelin’),

METOJI HaBYaHHA -
(‘trainlm’),

(GYHKIiS peryiroBaHHS Bar i MmepeMilieHb — rpa-
JieHT 3 iHepiiiiHoro ckinanosoro (‘learngdm’),

(byHKIIS TOMUIKK — KBaapaTtudHa (‘mse’).

JocmiauMo, sKUM 9UHOM THN (YHKINT aKTHBAIlii
MIPUXOBAHOTO INapy HEWPOHHOI Mepeki BIUIMBAaE Ha
TOYHICTh ii poGoTn. {7 I[BOTO CTBOPHMO ABOIIAPOBY
HEHPOHHY MEPEeXy 3 TAKMMU ITapaMeTpaMu:

KUIBKICTh HEHPOHIB y NEpIIoOMy IIapi JOPiBHIOE
OJIHOMY,

KUIBKICTh HEHPOHIB y Ipyromy Iapi JOpiBHIOE
OJTHOMY,

GyHKLIs akTHBaLii HEHPOHIB y JIpyromy miapi €
ninifiHoO (‘purelin’),

METOJI HABYaHHSI €
Mapxsapuara (‘trainlm’),

¢yHKIIT KOpUTyBaHHS Baru Ta MEPEeMIIIEHHS €
rpajieHTaMH 3 iHepIiiiHoI cKkiamosoro (‘learngdm?’),

(yHKIS TOXWOKMA € KBaJpaTUIHOIO (PYHKIIEIO
(‘mse”) [1-5].

3rigHo 3 pe3ynbTaTamMu AOCIiHKeHHS, HalKpamia
TOYHICTh HEHPOHHHUX MEPEX JOCATAETHCS 32 JOMOMO-
rOI0 CUIMOiJHOT (J0ricTH4HOT) 1 TaHTeHIiaabHOI QyH-
KUil akTuBalil HEMPOHIB MPUXOBAaHOTO 1apy. Mepexi

JleBenOepra-MapkBapara

MeronoMm JleBenOepra-

3 paniadbHUMH 0a3MCHUMHU (DYHKIISIMH [UTsl aKTHUBAIi
HEHpPOHIB MPHUXOBAHOTO WLIAPY JEWIO BiIPI3HAIOTHCS
TOYHICTIO.

JocmiguMo, SIKHM YWHOM KiJIBKICTh HEHPOHIB Y
MIPUXOBAHOMY INApi HEHPOHHOI MepeXi BIUIMBAaE Ha
TOYHICTH ii poboTu. i 11boro mMoOyayeMO IBOIIAPO-
By HEHPOHHY MEPEKy 3 TAKUMHU ITapaMeTpaMH.

KiTBKiCTh HEMPOHIB y MEPIIOMY IIapi € 3MiHHOIO,

(byHKIisS akTHBaIii HEHPOHIB y MmepHioMy mmapi
curmomnofioHa (‘logsig’),

KUTBKICTh HEWPOHIB y Ipyromy Iiapi JOpiBHIOE
OJTHOMY,

(GyHKLIsS aKTHBalii HEHPOHIB y Ipyromy miapi €
niniHuM (‘purelin’),

METOJIOM HaBYaHHS €
Mapksapara (‘trainlm’),

(YHKILI€I0 KOPUTYBAaHHS Bard Ta MEPEeMilleHHS €
TPaTIEHT 3 iHEPIIHHUM KOMITOHEeHTOM (‘learngdm’),

(yHKIIEI0O TOMHIKH € KBaJpaTUYHA (YHKITES
(‘mse’).

BynemMo 3MiHIOBATH KiJIbKICTh HEHPOHIB HPHXO-
BaHoro mapy Bix 1 mo 20 i mpoaHalli3yeEMO TOYHICTh
MeEpEexKi Ha BUOIPIl TECTOBUX AHUX.

JocmipkeHHs TOKa3yrTh, 110 YOTHPHOX HEHpO-
HIB y MPUXOBAaHOMY LIapi HEWPOHHOI Mepexi JocTar-
HbO. 301IbIIEHHS KUIBKOCTI HEHPOHIB iCTOTHO HE IOK-
pallye TOYHICTh HEHPOHHOI Mepexi Ta CIOBUIBHIOE
HMIBUAKICTP ii HaBuaHHs. ToMy 301IbLIYBaTH KUIBKICTb
HEHpPOHIB MPUXOBAHOTO IIapy MOHAJ YOTHPH HE PEKO-
MEH/Ty€ThCSI.

Jocnigumo BrumB (QyHKIII akTHUBalii HEeHpOHIB
MPUXOBAHOTO Mapy HEWPOHHOI Mepexi Ha TOYHICTH ii
poGotu. ns poro modyayeMo ABOIIAPOBY HEHPOHHY
MEpexy 3 TaKMMH IapaMeTpaMu,

KUIBKICTh HEHPOHIB y IEpUIOMY MIapi JOPIBHIOE
YOTHUPHOM,

KUIBKICTh HEMPOHIB y Ipyromy ILiapi JOPIBHIOE
OJTHOMY,

GbyHKLIs akTHBalii HEHPOHIB y Apyromy miapi €
JiHiiiHOW0O (‘purelin’),

METOZOM HaB4aHHS € MeTox JleBenOepra- Mapk-
Bapara (‘trainlm’),

(GyHKILIs, IKa BCTAHOBJIIOE Bard Ta IepeMilieHHs,
€ TpaJieHTOM 3 iHepuiitHoIo ckianoBoro (‘learngdm’),

(GYHKIIS TOMWIKH € KBaJPpaTH4YHOIO (YHKIIEIO
(‘mse’).

Pesynbpratn mMoOKa3yooTh, MO TOYHICTH POOOTH
HEUpPOHHUX MEpEeX i3 CHTMOTOMIOHOI0, PaaiaTBHOIO
0a3MCHOI0 Ta TaHTEHI[IaNbHOIO (DYHKIISIMH aKTHUBAIil
MiIBUIIYETHCS TPH 30UIBIICHHI KIIBKOCTI HEHpOHIB
mpuxoBaHoro mapy, Ttoai sk 3HaueHHs CKB Tprox
MEpeX IpaKTHYHO OAHAKOBi. Mepexi 3 IiHIHHHMEU
(GYHKIIIMU aKTHBAIll HE MiJABHUIWIA CBOK TOYHICTE.
PesynbraTH 1OKa3yloTh, IO TOYHICTH 3pocTae 3i 30i-
JBIICHHSAM KIJIbKOCTI HEWPOHIB MPHUXOBAHOTO MIapy
HEHPOHHUX MEpeX 13 CUIMOINAIBHOI0, paJialbHO-
OCHOBHOIO Ta TAaHTEHIAJIbHOIO (PYHKIISIMM aKTHBaIil,
ane CKB Tppox Mepex Mmaibke omgHaKoBUH. Mepexi 3
NiHIHHAMHA QYHKIISIMA aKTUBAIil HE TiJBAIIIN CBOIO
TOYHICTb.

JlocniiuMo, SIKMM YHHOM 301IBbIICHHS KIJIBKOCTI
mapiB HEMPOHiIB BIUIMBAE HA TOYHICTh HEHPOHHOI Me-

meton JleBenOepra-
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pexi. Jlast nporo moOyoyeMO TpHUILIAPOBY HEHPOHHY
MEpEexy 3 TAaKUMH [lapaMeTpaMu:

KIJIBKICTh HEHPOHIB y NMEpHIOMY HIapi JOPIBHIOE
YOTHUPHOM,

(yHKUiS akTUBallil HEHPOHIB y mepuioMy miapi €
curmomnoaiouoro (‘logsig’),

KUIBKICTh HEHPOHIB y Ipyromy Imapi JOPiBHIOE
quciy N,

(byHKIis akTHUBaIii HEHPOHIB y APYyroMy Imapi €
curmomnoaiouoro (‘logsig’),

KUIBKICTh HEHPOHIB y TPETHOMY IIapi JOPIBHIOE
OJTHOMY,

¢yHKUisg akTuBauii HEHPOHIB TPETHOTO MIApY €
ninifiHoro (‘purelin’),

METOZAOM HaBYaHHS €
Mapxsapara (‘trainlm’).

(yHKIIS HaNalITyBaHHS Bar i 3MilleHb € rpajie-
HTHOIO 3 iHepuiliHOoI0 cKiIagoBoro (‘leamgdm’),

(OYHKIST MOMHIIKH € KBaapaTHYHOK (YHKIIEO
(‘mse’).

BignoBigHO 10 pe3yNbTaTiB JOCTIIKCHHS, BBe-
JICHHSI IPyroro MPUXOBAHOTO MIApy HE IMOKPAIIyeE SK-
iCTh HEWPOHHOI Mepexi. 3aBAsku 301JbIICHHIO KiJb-

Meron JleBenOepra-

KOCT1 HEHpOHIB y NMPHUXOBAaHOMY IIapi, HEHPOHHI Me-
peXi 3 CHIMONOJIOHO0, palialbHOI Ta TaHTCHIIAb-
HOIO (YHKIIsIMM aKTUBaWii MOKPAIIMIM CBOIO TOY-
HicTh, Tomi sk 3HaueHHs CKB s BCiX TphOX Mepex
Oynu Maibke ofHaKOBUMHU. Mepexa 3 JiHiIHHO0 (QyHK-
i€F0 aKTHBAIii HE TIOKPAIIy€e CBOIO TOYHICTb.

BucHoBku

KoedimieHT BOJOTONMPOBIAHOCTI, SKHH OMNKCYE
¢i3M4HI TpoLecH B IPYHTI, MOXHa BH3HAYUTH 3a J0-
MIOMOTOI0 psily eMHmipu4yHuX GopMyn, SIKi MICTATH
eMIipuyHi Koe]iieHTH.

ANbPTEpHATHBHUM METOOM € BHKOPHCTaHHSA
HEeHpOHHOI Mepexi, 3a JOIMOMOTOI0 SKOi Ha OCHOBI
JIOCTIIKYBAaHOTO 3pa3Ka BH3HAYAETHCS Koe]imieHT
BOJIOTOIIPOBITHOCTI a00 OyAb-sIKWil IHIIHMI TapaMeTp
IPYHTY, 3aJ€KHO BiJ EKCIHEPUMEHTAJIBHUX JaHHX,
BCTaHOBJICHHH Ha IOCUTh BUCOKE 3HAYCHHS TOYHOCTI.

HeliponHy MepexKy, HaBYEHY Ha I[IEBHOMY HaB-
YarpHOMY Ha0Opi JaHUX, MOYKHA YCHIIIHO BUKOPHCTO-
ByBaTH Ha HE3aJIE)KHUX TECTOBHMX 3pa3Kax Jyis KOHKpe-
THOTO THUILy I'PYHTY, SIKHii HE BXOJHUTb IO HABYAJIHHOTO
Habopy.
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Application of neuronetwork technologies for the identification
of the moisture conductivity coefficient of the soil

L. Lievi, M. Borozdin, O. Zyma

Abstract. Information on moisture conductivity can be used for mathematical (quantitative) analysis of various cases of
soil moisture transfer occurring in natural conditions. This includes soil water filtration, water flow from the water table to the
surface, soil moisture uptake, and soil moisture flow to plant roots. Water potential is a universal function that reflects the influ-
ence of all factors that can affect the energy state of water in the soil. As you know, water always moves from a higher potential
to a lower one. The active force is the free energy or soil water potential gradient that represents the force that causes isothermal
water flow. In isothermal conditions, the components of the water potential are capillary pressure, osmotic forces, and gravity. As
a result, the moisture conductivity of unsaturated soils is not characterized by a single value (as in the case of saturated water
transport), but rather is a function of suction pressure or soil moisture. The complex nature of the dependence of soil and water in
terms of "moisture - potential energy - conductive moisture” is often presented in the form of empirical formulas and graphs.
Many empirical formulas have been proposed to approximate the moisture conductivity function, which reproduce this function
at certain time intervals with a certain accuracy. Currently, the task of developing technologies that ensure the economic and
ecological efficiency of water regulation in drainage and humidification systems is relevant. In this regard, it is necessary to
create a complete mathematical model of the soil based on the moisture transfer equation, one of the main parameters of which is
the moisture conductivity coefficient. The purpose of the article is to develop a new method for determining the water conduc-
tivity parameter of the unsaturated zone of the soil based on a direct multilayer static artificial neural network, which contributes
to increasing the accuracy of the measurement. The coefficient of moisture conductivity, which describes the physical processes
in the soil, can be determined using a number of empirical formulas that contain empirical coefficients. An alternative method is
the use of a neural network, with the help of which the coefficient of moisture conductivity or any other parameter of the soil,
depending on the experimental data, is set to a sufficiently high value based on the studied sample. precision. A neural network
trained on the training data set can be successfully used on independent test samples for a specific soil type that is not included in
the training set.

Keywords: differential equation of moisture transfer, coefficient of moisture conductivity, activation functions of the
hidden layer of the neural network, learning of the neural network.
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BATTLE PLANNING AND ORGANIZATION LOGISTICS SUPPORT IN THE FORMS

AND METHODS OF NATO STANDARDS MILITARY MANAGEMENT TOOLS
BASED ON THE USE OF THE GAME THEORY MATHEMATICAL APPARATUS

Abstract. The subject matter of the article is the analysis of the decision-making options for combat operations in the
sphere of operation of the S-4 section of the headquarters of the military unit. The goal of the study is the development of
the methodology of the military raffle according to NATO standards for the analysis of decision-making options for combat
operations by applying the mathematical apparatus of game theory. The tasks to be solved are: to conduct an analysis of
the methods recommended by NATO standards for a military draw; from the point of view their viability objectivity
assessing to formulate a matrix game based on an a posteriori analysis of action options to make a decision on planning and
organizing a battle in the field of the S-4 section operation. The methodological basis of the research was general scientific
and special methods of scientific knowledge. General scientific and special methods of scientific knowledge are used. The
following results were obtained: The adequacy of the mathematical apparatus of game theory for the formal description of
the decision-making process for combat operations, taking into account all possible risks, has been clarified. Conclusions
The method of analyzing options for making a decision on combat operations using the mathematical apparatus of game
theory is one that is devoid of subjectivity. The solution of the matrix game compiled on the basis of data on combat
operations in the sphere of operation of the S-4 headquarters section of the military unit is the basis of the methodology of
logistical support for the planning and organization of the battle in the forms and methods of the military management
toolkit according to NATO standards.

Keywords: decision-making options, S-4 section of the military headquarters, military raffle according to NATO

standards, matrix game

Formulation of the problem and research tasks

Effective implementation of unit management
procedures and coordination of available forces and
means is impossible without taking into account risks,
situational conditions, own capabilities and possible
options for the enemy's actions. The analysis of possible
options for actions, including with the help of a military
raffle, is a promising toolkit of military management
according to NATO standards. Modeling a military
operation in the sense of considering the most likely and
dangerous options for the enemy’s actions and one's
own involves drawing up a table of analysis of options
for making a decision. Based on the selected evaluation
criteria, the headquarters determines the relative
effectiveness and objectivity of one course of action
relative to others. The analysis of action options for
decision-making is carried out on the basis of a matrix,
the values of the elements of which are determined by an
expert method, and during the briefing of the relevant
officials. Expert evaluations are usually subjective, and
the set of decision-making options with the help of
“brainstorming” may not be complete enough. Therefore,
the development of a methodology for the analysis of an
action option for making a decision on combat operations
based on scientific approaches is a relevant task.

Analysis of recent research and publications

Recommendations for planning and organizing a
battle according to NATO standards provide that for
each element of the method of conducting an operation
(combat operations) the possibility is assessed and the

necessity of carrying out appropriate security measures
for the use of units is considered.

At the same time, the forecasting of probable
measures of the enemy to mislead our units [1] is
carried out. At the stage of comparing options for
actions, the assessment is carried out in accordance with
the predicted factors (the function of conducting the
battle) and the expected factors (the ratio of the number
of forces and means and combat potentials).

Usually, the developed action options are
evaluated according to viability (realism) criteria:

— Suitable one consists in its adequacy to the
nature of future actions, real and predicted conditions of
the situation and the possibility of achieving the goal of
the operation (combat operations) in the event of its
implementation;

— Feasible one characterizes its compliance with
the available (allocated) time and amount of material
and technical resources for the operation;

— Acceptable one allows the rational use of forces
and means, resources and compliance with established
restrictions and acceptable risk, acceptable level of
losses;

— Distinguishable one consists in the presence of
characteristic features and its advantages and
disadvantages compared to other options;

— Completed one involves full disclosure of the
method of conducting the operation in all its
components. According to the authors, these criteria are
not devoid of subjectivity.

At the same time, the comparison of action
options, taking into accounts all possible risks and ways
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of reducing them, is widely used in business through the
application of the mathematical apparatus of game
theory [2]. Game theory is part of a larger theory that
studies optimal decision-making processes.

It provides a formal language for describing the
processes of making conscious, purposeful decisions
involving one or more people (options of action) under
conditions of uncertainty and conflict caused by the
clash of interests of each option.

The goal of the study is to formulate a matrix
game based on the analysis of action options to make a
decision on planning and organizing a battle in the field
of the S-4 section.

This goal defined the following research tasks:

to conduct an analysis of the methods
recommended by NATO standards for a military draw;

from the point of view of their viability objectivity
assessing to formulate a matrix game based on an a
posteriori analysis of action options to make a decision
on planning and organizing a battle in the field of S-4
section operation.

Main material

1. The analysis of the methods recommended by
NATO standards for a military draw from the point
of view of the objectivity of assessing their viability.
In the field of the S-4 section operation three methods
recommended for military drawing are considered used:
the belt method (Fig. 1), the avenue-in-depth method,
and the fixed zone method (box). Thus, according to the
method of belts, a strip (district) is divided into areas
(belts) located in width. It is based on a sequential
analysis of events in each belt. This method is based on
a consistent analysis of the situation in each zone. In
conditions of limited time, the commander can use the
advanced belt method. The improved belt method
divides the strip (region) of the operation into more than
three consecutive belts.

BELT 3 BELT 2

BELT 1
FEBA

/ROSE

\.FERA

Fig. 1. Improved belt method

It is advisable to use this method under the
following conditions:

— when actions in one part of the lane (district)
affect actions in another part;

— when the terrain is clearly divided into different
zones;

— during staged operations;

— when the enemy deploys in clearly defined belts
or echelons.

Belts should include:

— the drawing of actions along the entire front and
to the full depth of the task (the starting area, the
starting line of forcing, the lines of deployment, the line
of transition to the attack);

— introduction of a reserve / implementation of a
counterattack;

— capture of the object / defeat of the enemy.

As you can see, each course of action is subject to
analysis.

2. Forming a matrix (table) of analysis of
options for making a decision. Comparison of options
for action (CA) involves the analysis and evaluation of
the advantages and disadvantages of each of them.

Evaluation criteria are indicators used by the
headquarters to determine the relative effectiveness
and objectivity of one intelligence agency relative to
others.

The evaluation criteria developed prior to the draw
are reflected in the matrix and are an analytical tool that
the staff uses to prepare recommendations to the
commander.

The evaluation criteria are chosen by the
commander during a tactical meeting (briefing) on the
consideration of the CA or a tactical meeting (briefing)
on the analysis of the task.

Examples of evaluation criteria for offensive and
defensive operations may include:

— performance of the task within the limits of
acceptable losses;

— rules of hostilities;

— use of the requirements of the governing
documents (battle statutes, guidelines, instructions,
etc.);

— intention and instructions of the commander;

— risks.

The elements of such a table are usually certain
arguments in favor of a particular course of action.
Options for presenting the argument can be verbal
(“BMPs operate together with tanks™) or in coded form
according to a point or other defined scale. Staff
officials can use their own matrix (table) of analysis of
CA to make a decision, giving priority to their areas of
operation.

An example of the matrix of the analysis of
options for actions based on weighting factors is
presented in Table 1.

The matrices reflect the evaluation criteria
developed before the draw. They are an analytical tool
that the staff uses to prepare recommendations to the
commander. According to the existing methodology [1],
each argument is expressed through the number points,
which in ascending order reflects its influence on
decision-making.

For further formulation of the problem of choosing
the optimal course of action, it is proposed to arrange
the elements of the matrix by means of two-dimensional
indexing. An example of a generalized matrix (table) of
the analysis of action options for decision-making is
given in Table 1.
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Table 1 — A generalized matrix of analysis of options for making a decision

Evaluation CA1 CAZ CA] CAmM
criterion
Strengths Weaknesses | Strengths Weaknesses Strengths Weaknesses | Strengths Weaknesses

Criterion, Argumenty; | Arguments, Argument 11 Argument 11
Criterion, Argumenty; Argument,, Argument Argument
Criterion; Argument; Argument i, Argument i, Argument iy
Criterion, Argument Argument , Argument Argument ny

At the same time, the selection of the optimal In this case, decision-making will consist in

solution based on criteria with weighting coefficients
tends to sequential consideration of action options,
which in a certain sense reduce its effectiveness. It can
be noted that if the set of criteria does not fundamentally
affect the decision-making method, then the point
evaluation of the arguments makes it possible to reduce
the task of choosing the optimal CA to the classic
problem of solving game theory.

3. A matrix game based on action options. Let
us present the analysis matrix of action options as a
payment matrix of game theory.

Let m options of actions are considered, which
correspond to the set of strategies of the first player.
Each action option has n criteria for evaluating the
effectiveness of its strategy.

Arguments in favor of one or another criterion are
presented in the form of points that reflect the strengths
and weaknesses of each option.

We define the set of criteria by [2], i.e, m
strategies with a profit a;, >0 can be applied for each
action option, respectively,

i=Lm,j=1n,

which implement the strengths of the action option (the
odd columns of Table 1 are expressed by the number of
points and will be elements of the payment matrix).

Thus, the payment matrix is formed from the
winnings of a conscious player, and the task of finding the
best option for action, or a combination of several options
for action, is to find the optimal strategy of the first
player.

Since the actions of the second player are uncertain
for us, we will define this game as a game with nature,
and the corresponding evaluation criteria in terms of game
theory — as states  (strategies) of nature

I j=1m.
Thus, a payment matrix can be formed A={a;}

(i =1,n, n — the number of options evaluation criteria;
j =1m, m — the number of action options) will
determine the player's winnings when applying the j-th
strategy in the state of the i-th criterion, the matrix itself
will uniquely determine the decision-making situation

(conflict situation) , and the optimal solution will be
recognized through the winning of player A.

- * - - -
choosing some set{x;}, optimal in a certain sense. So,

in terms of game theory, this game can be classified as a
game with nature with a non-zero sum.

The game matrix or payment matrix will look like
this:

a1 a2 A

A= (1)

a1 @p2 Ann

Similarly, a risk matrix formed asR={r;}

(i =1,n— the number of options evaluation criteria);
j=1m, m- the number of action options) will
determine player A's risk in applying the j-i' strategy in
the state of the i-th criterion 1.

The elements of the mantissa R can be determined

on the basis of data on the weaknesses of an action
(paired columns of Table 2)

(2
i

The authors suggest using Wald's maximin
criterion [3], according to which the game with nature is
played as a game with an intelligent and aggressive
opponent who does everything to prevent us from
succeeding. The optimal strategy is considered to be the
one in which the profit is guaranteed in any case not less
than the specified one. The set of strategies of the first

player will be defined as
X ={xj}, i=Ln, j=1m. €))

Then we will consider the optimal strategy which
the average value of the winnings is the maximum:

n m
A(X) :ZZaijxij = max.
i=1j=1

(4)

And the average risk according to each criterion
satisfies the following restrictions:

<r?,i=1n, j=1m,

M:

j %

®)

i
j=1
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here n — the number of options evaluation criteria;

m — the number of action options.

In this case, the corresponding problem of linear
programming is formulated as follows:

To find

X ={x;}
maximizes the objective function (4) under restrictions

(5).
To get closer to the main theoretical provisions of
classical game theory, the value of the risk matrix is

7 ,0<r’ <1i=1n, j=Lm.  (9)

300 _ :
R - J

3a0
L'm

Methods of solving matrix games are known. For
example, the problem can be reduced to a linear
programming problem [4].

roposed to be normalized by rows .
prop y Conclusions

=g ©

=
A
i-1

thereby giving them a sense of probability

1. The method of analyzing options for making a
decision on combat operations using the mathematical
apparatus of game theory is one that is devoid of
subjectivity.

2. The solution of the matrix game compiled on

O<r’ <1 ) the basis of data on combat operations in the sphere of
Ly== operation of the S-4 headquarters section of the military
where i—1n j=Lm ®) unit is the basis of the methodology of logistical support

for the planning and organization of the battle in the
forms and methods of the military management toolkit
according to NATO standards.

Then the values of marginal risks will be intuitive
and will form a column vector

CIHCOK JIITEPATYPH

1. Pekomenpamii 3 IUlaHyBaHHA Ta  opraizamii Goro 3a  crammapramu  HATO  [on-linel. —  URL:
https://sprotyvg7.com.ua/lesson/rekomendacii-z-planuvannya-ta-organizacii-boyu-za-standartami-nato-chastina-2

2. MareMaruuHi OCHOBH Teopii BOrHeBuX JyeJeit : monorpadis / I. O. Kupuuenko, JI. I'. Packin. — Xapkis : Biiicek. iH-r BB
MBC Vkpaiun, 2005. — 292 c.

3. Abraham Wald. Statistical Decision Functions. — Chelsea Pub Co; 1971. — 179p.

4. Programme 4 you [on-line]. — https://programforyou.ru/calculators/simplex-method

REFERENCES

1. (2022), “Recommendations for planning and organizing a battle according to NATO standards” [on-line]. — URL:
https://sprotyvg7.com.ua/lesson/rekomendacii-z-planuvannya-ta-organizacii-boyu-za-standartami-nato-chastina-2

2. Ruskin, L and Kyrychenko, I. (2005), Matematychni osnovy teoriyi vohnevykh dueley : monohrafiya [Mathematical
foundations of the theory of fire duels: monograph], Troops Institute of the Armed Forces of the Ministry of Internal Affairs
of Ukraine, Kharkiv, UA.

3. Wald, A. (1971), Statistical Decision Functions, Chelsea Publishing Co, New York City, US.

4. Programme 4 you [on-line]. — https://programforyou.ru/calculators/simplex-method

Received (Hanitinna) 30.08.2023
Accepted for publication (TIpuitasita o apyky) 22.11.2023

JloricTuyHe cynmpoBoOI:KeHHsI IJIAHYBaHHSA Ta opraHizauii 6010 y ¢popmax i MeTonax iHcTpyMeHTapil BiiicbKoOBOT0
MeHEKMEHTY 32 CTAHAaPTAMHU HATO HAa OCHOBi BUKOPHCTAHHS MATEMATHYHOI'0 anapary Teopii irop

O. A. Maxoros, O. B. Cepnyxos, T. B. Pu6ak, O. B. Tepeuienko, O. O. JlaspyT, B. M. Cyxorenmuii

Anortanisn. [IpexMeToM BHBYEHHS B CTAaTTI € aHANI3 BapiaHTIB NPUHHATTS pilleHHS Ha O0HOBI Oii B cdepi
GbyHKioHyBaHHs cekuii S-4 mTaly BificbKOBOTO mifpo3ainy. MeTow cTaTTi € po3podka METOMKH BiHCBKOBOTO po3irpairy 3a
cranmapramu HATO a1 ananmi3y BapiaHTiB NPHUHSTTS pillleHHs1 HAa OOMOBI JIiff IJIIXOM 3aCTOCYBaHHS MATEMAaTHYHOTO anapary
Teopii irop. 3aBmaHHs nociimkeHHs: [IpoBecTu aHami3 MeTOMdiB, pekoMeHmoBaHUX craHmapTaMmu HATO mis BificbkoBOro
posirpaiy, 3 TOYKH 30py 00’€KTHBHOCTI OLIHKH iX JKUTTE3naTHOCTI (peanictuunocti). ChopMynoBaTH 3aady aHaii3y BapiaHTIB
I 7U1st TPUAHATTS PillIeHHs Ha TUIaHyBaHHS Ta opraHizaiiro 6ot y chepi GpyHKIiOHYBaHHS cekiii S-4 BiHCBKOBOTO IMiApO3aily
B TepMiHaX Teopii irop. MeToI0MI0TiYHOI0 OCHOBOIO JOCIIKEHHS CTalli 3arajbHOHAyKOBI Ta CHEliaibHi METOAH HAayKOBOTO
nizHaHHA. OTpuMaHi HACTYnHi pe3yJbTaTh: 3’5COBaHA a/JeKBATHICTh MaTeMAaTHYHOTO amapaTy Teopii irop st (popMaIbHOTO
OMHCY TIPOLeCy MPUHHATTS pillleHHs Ha O0WOBI Hii 3 ypaXyBaHHSIM ycCiii MOXIMBHX PH3HKIB. BucHOBKH. MeTonnka aHami3y
BapiaHTIB MPUIHATTS pilleHHs Ha OOWOBI Jii 32 JOMOMOroK MaTeMaTHYHOTO amapaTy Teopii irop € Takoro, mio mo30aBiieHa
cy6’extuBHOCTI. P03B’s13aHHST MaTpUYHOI I'pH, CKJIQJEHOI Ha OCHOBI JaHMX cekuil S-4 mraly BificbKOBOrO Miapo3ainy Impo
pe3ynbTaTH 001OBOi omepalii € aZeKBaTHUM 3alpPOIOHOBaHIH METOAMKH JIOTICTUYHOTO CYNpPOBO/UKEHHS IIaHYBaHHS Ta
opraizarii 600 y ¢popmax i MeToax iHCTpyMEHTapilo BiHCHKOBOTO MEHEPKMEHTY 3a crangaptamu HATO.

KawuoBi ciaoBa: BapianTH NpUHHATTS pimieHHS, cekuis S-4 mraly BilickkoBoro mraly, BiiCBKOBHII posirpamr 3a
crangaptamu HATO, matpuyna rpa.
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HNEPCHEKTHUBHU 3ACTOCYBAHHS MOBLIBHIX EJIEKTIiOCTAHI.IIfI
AK JUKEPEJI PO3OCEPE/KEHOI I'EHEPAIIIT
Y JJOKAJIBHUX EJIEKTPUYHUX MEPEXKAX

AHoTaunis. Po3miaHyTi 0co0nMBOCTI MOOYIOBU JIOKATBHUX €IEKTPHYHUX MEPEXK 3 PKepeslaMi pO30CepelKeHOI reHepa-
uii. IIpoBeneHo aHami3 iCHyI0UMX MOOLTBHUX esleKTpocTaHuiid. OOIpyHTOBAaHO 3aCTOCYBaHHS MOOUTBHUX EIEKTPOCTAHLIN y
SIKOCTI JDKepesl po3ocepeDkeHol reHepanii. IIpoaHamizoBaHi HepcneKTHBH (OpMyBaHHS JIOKANTBHOI €IEKTPHYHOI Mepeski
microgrid 3 0OpaHNMH THITAaMH MOOUTHHUX entekTpocTaniiif. ChopMoBaHO CTpyKTypy microgrid Mepexki 3 MOOLIBHUMU €JIeKT-
pocTaHIisMH. BU3HaYeHO YMOBH ONTHMAJIBHOTO KePyBaHHS TOTOKAMH HOTY)KHOCTI y JIOKaJIbHIH €NeKTPpUYIHIN MepeKi.

Kaw4doBi ciioBa: jokanbHa eNeKTpHYHA Mepexa, MOOUTbHA ENEKTPOCTAaHIISA, KEpPesio PO30CepeKeHO0l TeHeparlii,
CIIO)KMBAY, CHCTEMa HaKOIIMYEHHS €HEpTil, elIeKTPOIIOCTaqyaHHs.

Beryn

IHocranoBka mnpodsemu. CyyacHa €HEpreTuka
motrpedye HOBHX MIiAXOMIB 0 MOOYJOBH €HEPTETHIHHUX
cucteM. SIKIIO paHillle OCHOBHUM MPHHIMIIOM 1100YI0-
BU Oysa ro0ami3allisi MpoIeciB KEPyBaHHS T'€HEPAIIEr0
Ta PO3IMOJIIICHHSAM €JIEeKTPUYHOI eHeprii, TO Ha ChOro-
JICHHsI OLJIBII MEPCICKTHUBHOIO € JIOKAJI3allisl IUX MPO-
ueciB. Takuii miaxix NOBHICTIO 3MIHIOE CTPYKTYpPY €Hep-
TETUYHOI cUCTeMHU, 00 11 OCHOBHUMM €JIEMEHTAaMH CTa-
IOTh JDKEpeNia po30CepeKeHol TeHeparii Ta HaKOImH4y-
Badi eJIEKTPUYHOI €Hepril, ki 00’ €IHYIOTHCS B iHTEIICK-
TyanpHii Smart Grid cucremi abo y microgrid cucremi.
Taka iHTeNeKTyai3amis JJOKaIbHOT eJIeKTPHUIHOT Mepexi
JIO3BOJISIE IHTETPYBAaTH POOOTY BCiX 11 €IEMEHTIB 3aJis
3a0e3MeUYCHHS CTAJIOr0 Ta HAiHHOTO eJIeKTPOIIOCTavYaH-
Hs criokuBaviB. OfHIEIO 3 HAHOLIBII BATOMHUX MPOOIEM
3alpOBa/KEHHsI 1HTEJEKTYaJ bHUX EJIEKTPHYHUX MEpex
€ BU3HAUEHHS ONTHMAJILHOTO MICIIS ITiAKIIFOYSHHS PO30-
CepeDKEHHX JDKEepel TeHepallii Ta aHaii3 1X BIUIMBY Ha
3arajbHy eHeprocucremy. Jlepenaa po3ocepemKeHoro
reHepyBaHHSI MAlOTh HU3KY IIE€peBar, TOMy IE€pPCHEKTHBH
iX aKTHBHOTO 3alPOBA/UKEHHS B €HEPreTUYHHUX CHCTE-
Max € JIMIIe MUTaHHsIM 4acy. [Ipore ciij 3a3Ha4nTH, 110
HeE 3aBK/IU Take BIPOBa/DKEHHS Ma€ ITO3UTUBHHUN e(eKT
Ipu TiOpUan3amii i3 3arajJbHOI0 TEXHIYHO 3aCTapilioro
€HEeprocUCTEMOI0, caMe IPH HEXTYyBaHHI NPHHIUIIAMH
ONTUMAJIHOCTI MOXKE OyTH OTpUMaHWH 3HAYHWHA Hera-
TUBHMH BIUIMB Ha MapaMeTPU YCTAJICHOTO PEXUMY elle-
KTPUYHUX MEpeX Ta iX eKOHOMiuyHi moka3HuKH [1-3].
JlpyToio He MEHII BaKJIHBOIO MPOOIEMOI0 € OOIPYHTY-
BaHHS BIPOBA/DKEHHS, SKe 0a3yeTbcs HAa BH3HAYEHHI
e(EeKTUBHOCTI Ta HaAIHHOCTI POOOTH TaKUX CUCTeM [4-
8]. Y KO’)KHOMY KOHKPETHOMY BHUIIJKy Ma€ OyTH IIpOBe-
JICHUH aHaJi3 IOUIITBHOCTI 3alpPOBA/KCHHS, SIK 3 TEXHi-
YHOT TOUKH 30PY, TaK i 3 EKOHOMIYHOI.

BinmoBigHO 3am0s pIlICHHS MOCTABICHUX BUILE
mpo0JeM HAyKOBISIMHA 3IIACHIOETHCS TIOIIYK METOMIB
onTHMI3alil PeXUMIB €IEKTPHYHUX MEPEeX 3 JUKepea-
MH po3ocepemxenoi reHepamii [9-11]. 3ampomoHoBani
METOIN HA/AI0Th MOXKJIMBICTh MaTEMaTHIHO ONMCATH Ta
3MOJIETIIOBATH POOOTY EIEKTPHYHUX MEPEK 3 HEOTHOPI-

JTHOIO PO30CEPE/IKEHOI0 TeHepalli€lo 0e3MocepeHbO 10
X BIIPOBAPKCHHS, a TAKOX 3a0€3MeYyIOTh JIOBOJI a/IeK-
BaTHY OIIIHKY iX JOIMILHOCTI Y BU3HAYCHOMY ISl ITifTK-
mroueHHs Micmi. Crmif 3a3HaYMTH, MO yCi PO3TIAHYTI
METOJMKH 3aCTOCOBYETHCS ITIPH CTalliOHAPHOMY TOOTO
MOCTIfHOMY pO3TallyBaHHI JDKEpesl allbTepHaTHBHOI
eHepreTuky. [IpoTe Ha CHOTOJCHHS BHUHUKIA CHUTYaIlis,
siKa ToTpeOy€e HEeraHOTO BHIIICHHS HOBITHIMH METO-
JaMH THATaHb, OOYMOBIICHHX IOCTIHHOI HEOE3MEKOI0
pyHHYBaHHs €HepreTMYHuX OO’€KTIB Ta BIAMOBITHO
NOB’sI3aHUX 3 HECTAOUIBHICTIO POOOTH EHEProCHCTEMH i
(dakTHuHO HemependauyyBaHUX 00 €MIB  CHOKHUBAHHSI
€JIEKTPUYHOI eHeprii.

IcHylO4i JOCTIJDKEHHST HE MAalOTh OJHO3HAYHOTO
MiAXOMY O OIIHKK €(PEeKTHBHOCTI poOOTH TaKMX JOKa-
JBHUX €JEKTPUYHUX MEpeX 3 IMOCTIHHO 3MiHIOBAaHUMHU
MIOTOKaMH ITOTYXHOCTI Y 9aci Ta 3a BEIMYUHOIO.

PimeHHsAM MOXe cTaTH 3aCTOCYBAaHHS IIBUIKOIIO-
YUX MOOUIBHMX €JEeKTPOCTAHIIH SK JKepea po3ocepe-
JUKEHOI TeHepartii.

TakuM 4YMHOM, aKTyaJbHUM B yMOBax OOMOBHX
Jiif € THUTaHHS MIBUAKOTO TOHOBJEHHS EJIEKTPONOCTa-
YaHHA 1HQPACTPYKTYpPHUX 00 €KTIB HA 4ac 10 MOBHOTO
HaJIAro/KEHHsI IEHTPaIi30BaAHOTO €JIeKTPOIIOCTauaHHSI.

Merta pocaigxkenHs. TeopeTndyHe TOCIiIKEHHS
MEePCTIIEKTHB 3aCTOCYBaHHSI MOOUTBHUX €NeKTPOCTAHIIIH
QJIBTEPHATUBHOT €HEPTeTHKU Y SIKOCTI JDKEpeN po3oce-
pemKeHoi TeHeparii.

Oco0auBoCTi MOOYT0BH JIOKAJIbHUX
eJIEKTPUYHUX MePekax 3 JKepeJaMu
po3ocepenKeHoi reHepamii

TeHaeHIlisT  pPO3MOBCIOMKCHHS  aJbTEPHATUBHOT
EHEPreTHKN TpHU3BeNa 10 30BCIM HOBHX NPUHIUIIB
moOy10BH eHeprocucTeM. PO3BUTOK HampsMy po3ocepe-
JUKEHOI TeHepallii Ta JIoKali3aIii KepyBaHHS PeKUMaMU
CJICKTPUYHHUX MEPEkK OCTAHHIM YacOM 3HAXOMUTHCS Ha
HOBOMY BHUTKY TEXHIYHOIO IPOTPECy B CHEPreTUUHIN
rany3i. I[lepeOymoBa eHeprocucreM Beme IO IMOBHOT
JICIICHTpANI3alli eNCKTPOIOCTaYaHHsl CIOXUBAYiB. 3a-
rajipHa CTPYKTYpa HOBITHIX EHEPrOCHCTEM Ha ChOTO-
JIEHHS Ma€ BUTJIS, HaBeAeHu Ha puc. 1 [12].

© Caguenxo H. I1., Tper’sx A. B., losramok O. M., 2023
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Puc. 1. Enextpuuni Mepexi AeleHTpali3oBaHoi eHeprocuctemu [12]

OnTumizamis 1 BiAMOBIAHO MiIBUINEHHSA e()EKTHB-
HOCTI pOOOTH ENEKTPUYHHX MEPEX JCIeHTPaNTi30BaHOI
CHEPreTUYHOI CHCTEMH MOBHICTIO 3aJIC)KHUTh Bil METO/IIB
PO3NOIIUNIEHHS] ~ HABAaHTWKEHHS MDK  TCHEPYIOUUMH
00’€KTaMH Ta 3HIKEHHS BTpaT MMOTY>KHOCTI TIPX Tepenayi
BiJl HUX [0 CHOOXXUBa4a. [Ipu 1bOMY CIIiJi BpaXxOByBaTH
HEOOXIiTHICTh KepyBaHHs IOTOKaMH €HEPTii y CUCTEMI.

TakuM 4MHOM, MOKHA KOHCTaTyBaTH, L0 1HTENEK-
Tyamizamis JIOKaJbHUX MEpPEeX 1 NPHHIMI KepyBaHHS
«3 HIKHIX DIBHIB CHCTEMH EJIEKTPOIIOCTadaHHS 0
BUIIUX» — 16 MaOyTHE EHEPTETUYHNX CUCTEM.

[puatmnu peamnizamii iHTEIEKTyalIbHIX CIEKTPH-
YHUX MEPEX BHMAararoTh BIIPOBA/UKEHHSA BIOCKOHAaJe-
HHUX aBTOMAaTH30BaHUX CUCTEM MOHITOPHHIY, KEpyBaHHs
Ta 3aXKCTY, 10 BUKJIIOYAIOTh BIUIUB JIIOJCHKOTO (hakTo-
py Ha ix poboty. Taka onTumizalisi KepyBaHHS €HEPro-
CHUCTEMOIO 3HIKYE HMOBIPHICTh BUHMKHEHHS aBapiii-
HHUX PEKUMIB pPOOOTH Ta MiABMIILYE 11 HAAIHHICTS.

Iepexin Ha TexHomorii Smart Grid B eHepreTuiri
noTpedye MOCTIHOTO PO3BUTKY Ta BIPOBA/KEHHS CY-
YacHUX 3ac00iB MIATPUMKH OallaHCy MiXK TEHepariier i
CIIOXKMBaHHAM €IIeKTpOeHeprii Ha 0a3i cydacHuX iH(poO-
PMaLifHUX 1 TEMCKOMYHIKAIIIITHAX TEXHOJOTIH, a TaKOXK
BIIPOBAPKEHHSI 3aCO0IB  KOHTPOJBOBAHOTO IEPETBO-
peHHs enekTpoeHeprii [13].

IikaBuM, 3 MPAKTHYHOT TOYKU 30Dy, € IPOsB Smart
Grid y Bumsiai Tak 3BaHUX MikpoMepex (microgrid).
®daktrnaHO microgrid mpeacTasise cob0r0 TPyIy HKepel
1 CIIO)XMBAYiB €JEKTPOEHEeprii, AKa MiIKII0UeHa 0 Tpa-
JUIIIHOT eNIEKTPOMEPEKi, ajle MoXke 3a moTpedbu PyHKITi-
OoHyBaTH aBTOHOMHO [13]. OkpemuM i ayxe BaXJIMBUM
HaIpsIMOM PO3BUTKY JIOKAIBHHUX EJIEKTPUYHHX Mepex
Smart Grid € BrpoBa/UKEHHS CHCTEM HaKOIIMYEHHS €Hep-
rii. Born MoxxyTh OyTH 10OY/10BaHi 3a pi3HUMHU TEXHOJIO-
TiIMM Ta BUCTYIATH SIK JOJATKOBI JpKepena reHeparlii B
Yac MIKOBOTO CIIOKMBAHHS €JIEKTPOEHeprii, 10 JI03BO-
JIUTH TOTPUMYBATHCS EKOHOMIYHHX PEXXHUMIB pOOOTH yCix
BHIIB €JIEKTPOCTAHIIIH HASBHUX B €HEPTOCHUCTEMI. TakuM
YHHOM, MMO0Y/I0Ba EHEPreTHYHUX CHCTEM, IO 0a3yI0ThCs
Ha [IPUHIMIIAX 1HTEJIEKTyai3allii Mepex, TOBUHHI MaTH y
CBOEMY CKJIaJli HACTYTIHI KOMIIOHEHTH:

1) Kepena TpamuIiiHOI Ta alETEPHATUBHOL PO-
30CepeIpKeHOT reHepaltii;

2) cucTeMHU HAKOMUYCHHS eJICKTPOCHEPTil;

3) aBTOMAaTH30BaHy CUCTEMY KepyBaHHS, MOHITO-
PHHTY Ta 3aXHCTY, I00y10BaHy Ha 0a3i Cy4acHUX MiK-
POTIPOIECOPHUX TEXHOJIOTIH.

Hpununnu ¢popMyBaHHA JIOKAJIBHOI
eJIEKTPUYHOI Mepexki microgrid
3 MOOUIBHUMH €JIEKTPOCTAHUIAMH

MoOinbHI eneKkTpocTaHii MaloTh IOCHTh LIHPO-
KH{ Jiana30H MOTYXHOCTEH i ()aKTHYHO OCHOBHHM iX
MIPU3HAYECHHSIM € 3a0€3MCUCHHS eJEKTPOIIOCTAYaHHS Y
KPH30BUX CHUTYaIliX, KOJMH HE Ma€ MOMJIMBOCTI ITiJIK-
JFOYCHHS JI0 3arajibHOI eleKTpoMepexki. BriM Take 00-
MEKEHHS € HEIOIIbHUM, 00 MOKJIMBOCTI MOOLIBHUX
CJIEKTPOCTAHIIH 3HAYHO IIUPII i TTOBUHHI OyTH BHKO-
pHCTaHi HOBHOIO MipOIo.

[ToBHa kiacudikaris MOOITBHUX €IEKTPOCTAHIIIMH,
HaBeJleHa Ha PHC. 2, Jla€ YSBIEHHS ILIO0 BH3HAYCHHS
IIOBHOI'O CIIEKTPY MOMJIMBOCTEH X 3aCTOCYBaHHS.

MoBineH enexTpocTaHuil
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Puc. 2. Knacudikamis MOOITBHUX enekTpocTaHMii [14]

[[Iupoka HOMEHKJIAaTypa MOOITPHUX EJIEKTPUIHUX
CTaHIIi}, 110 HaBeIeHa Ha PHC. 2, 1a€ MOXJIUBICTD 3a/10-
BUIPHUTH BHMOTH SIK NMOOYTOBHX, TaK i NMPOMHCIOBHX
cnoxnBadiB. OcoOnuBoO{ yBaru 3acIyroBYyIOTH HMOTYXKHI
€JIeKTPOCTaHIIi1, TOOYyIOBaHI 32 HOBITHIMH TE€XHOJIOTis-
MH Ta 3 aJbTEPHATUBHUMU JDKEpPEIaMu eHepTii, 00 BOHH
MOXYTb OyTH BUKOPUCTaHI SIK JKEpesia Po30CepekeHo
reHepaii, a IX MOOUIBHICTh JO3BOJIUTH IIBUAKO BHPI-
[IyBaTH yCi MUTAHHS 3 EJICKTPONOCTAYaHHIM y OyIb-
SIKIH TOYIL JIOKAJbHOI EJIEKTPUYHOI MEpexi, a Takoxk
MiBUIUTh HAAIWHICTE Ta e()EeKTUBHICTH pOOOTH Takoi
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Mepexi 3a paxyHOK I pO3BaHTA)XCHHS Ta KEpyBaHHS
MIOTOKaMH €JIEKTPUYHOI eHeprii. Takox ciiJ 3a3Ha4uTH,
IO Il BUIOM €JEKTPOCTAHIH HE BIUIMBAIOTH Ha HABKO-
JIUIIHE CEPeOBHUINe. Binbll MOuiIbHUM Oyne 3acToCy-
BaHHS TaKUX EJIEKTPOCTAHLIN y PO3MOIUIBINX Mepexkax
Hu3pKkoi Hampyru no 1000 B. Besnocepenne BcraHOB-
JICHHA MOOIUTBHHUX ENIeKTPOCTAHIINH MOONH3y CIIOKUBa-
YiB CHPUATHME 3HIDKCHHIO PiBHS BTpAT €JIEKTPOCHEPTil,
10 BUHHUKAIOTH TIPH ii TIepeiadi.

Haiikpamni pimeHHS MOOITBHHX €JIEKTPOCTAHIIIH,
10 MOXYTh OyTH 3aCTOCOBaHI y SIKOCTi JKepen po3oce-
pekeHol reHepalii, HaBeJeHi Ha puc. 3.

B T

Puc. 3. MoOinbHI €1EKTPOCTAHIIIT: a — aTOMHA;
0 — Ha BOJIHEBHX IAJMBHHUX €JIEMEHTaX; B — BITPOBA;
r— ribpuaHa BiTPO-COHSYHA

Hageneni Ha puc. 3 KOHCTPYKIii MOOUTEHUX eleK-
TPOCTAaHII MOXYTb OyTH OCHAIeHI cucTeMaMu 30epi-
TaHHs eHeprii, 10 MiJBUIIYI0 TX HAIIIHICTh Ta eHepro-
e(eKTUBHICTb. 3arajbHa CTPYKTypa JOKAJIbHOI eJeKT-
puuHOi Mepexi microgrid 3 MOOLIEHIMHU €JIeKTPOCTaH-
LisSIMU HaBe/IeHA Ha puc.4.

MBEC

JlokansHa
eNeKTPHYHA CHCTEMa

—

MBCEC

AEC

i M
MEBIIE

Puc. 4. Crpykrypa microgrid 3 MOOITEHUMH €TEeKTPOCTAHIIIIMU

CrpykTypa Takoi eJIeKTpHYHOI Mepexi microgrid
MOXKE MaTH Pi3Hi KOH(piryparmii i miaKIro9eHHs MOOiTb-
HUX EJEKTPOCTAHIII MOXe 3IiHcCHIOBaTHCS a0 Oe3rmo-
CepeHbO 70 OKPEMOTO CHOXKMBa4a, ab0 Ha IIMHKU HU3b-
Koi Hanpyru TpancdopmaropHoi migcranuii. [Ipencras-
JIeHa Ha puc. 4 JIOKalbHa eJIeKTpuiHa Mepexa microgrid
€ 0co0nMBO e(eKTUBHOIO B YMOBaxX 3a0€3IEUeHHs Ha-

JIMHOTO eJIEKTpOIIocTa4yaHHs 00’€KTIB KPUTHUYHOI iH-
pactpykrypu.

PiBHOMIipHHMI rpadik reHeparii 3a06e3neyyoTb MO-
6inpHi aroMHi enekrpoctanuii (MAEC), ane BapTicTh
TaKUX eNEeKTPOCTAHIi} Ta HeOe3MMeUHICTh YCKIa HIOIOTh
ix 3ampoBapkeHHs [ 15].

MoOGineHI eTeKTpOCTaHIlil Ha BOOHEBUX MAJTMBHUAX
enemenrax (MEBIIE) MaioTh MOXIUBICTH IIBHIKO
PO3BHUBATH CaMe€ Ty MOTYXHICTB, Ska MOTpiOHA CIIOXU-
Bady B TOW 9M iHIIMH MOMEHT 4acy, i BOHM Oe3eyHi st
HAaBKOJIMIIHEOTO CEPEelOBUIIA, ajie iX BUPOOHUITBO ILE
He Habyno MacoBocTi [16].

Mo0ineni  BitpoBi (MBEC) 1 BiTpo-consuHi
(MBCEC) enektpocranuii MaioTh Haii0inble po3IoB-
CIOJDKCHHS Ta MAlOTh INEpeBipeHy TEXHOJIOTiI0 peai3a-
1ii, TOMy caMe BOHM MOXYTh 3alHATH HepIle Micue y

3anpoBa/PKeHI B JIOKAIbHIN €JeKTpUYHIA Mepexi
microgrid.
CuctemMa HaKONMYCHHS CJIEKTPUYHOI  EHepril

(CHE) moxe O0yTu BOYZOBaHOIO O€3MOCEPENHBO Y CKIIa-
I MOOUTBHOI eNeKTpocTaHmii ado OKpeMHM OIIOKOM
i €THAaHA 10 JIOKAJbHOI eIeKTPHYHOI Mepexi. Y pasi
SIKIIIO CHCTEMa HAaKOTIMYEHHS Ma€ CTalliOHapHE MiJIKIo-
YeHHs, TO y IIbOMYy BHIIQJIKy II po3TairyBaHHs Oyne
JOLUTbHAM SIKHAHOJIMOKIe 10 MIJICTaHI{ eHeprocCUcTeMH
3a]1s1 BSMEHILICHHS BTPAT eJIEKTPUYHOT eHeprii.

Bajanc Mix reHepami€ro i CHOKUBaHHIM €JIeKTPO-
eHeprii y HaBe/ieHIH Ha puc.4 cHCTeMi MOXHA IMpeACTa-
BUTH BUPa30M:

Pcpon = Peec + ) Puec * Pepe » (1
ae Pcrosx - HOTY)XHICTb CLIOKUBAUiB;, Pppc - HOTYX-
HICTh, OTPUMAaHA 3 EHEPrOCHCTEMH; ZPMEC - MOTYX-
HICTh MiIKITIOYEHUX MOOUTFHUX eNeKTPOCTaHIIH, 3Ha-

YEHHS SIKO1 BU3HAYAETHCS HACTYITHUM YHUHOM:

> Pyec =mPupec +moPyapc + 2
+03Pypcec +naPyepne,

ne Pcyp - TOTYXHICT CHCTEM HAKOIIMYCHHS CHEpril;

M, Ny, N3, Ny - KUIBKICTD MiAKIIOYEHUX MOOINBHUX €NeK-

TPOCTAHIIH BIANOBIAHO 3a BuaaMu; Pyppc- HOTYX-

Hictb MBEC; Py pc - notyxuicte MAEC; Pypepc -

noryxHicte MBCEC; PygpmE - notyxHicts MEBIIE.

V roguHu MiHIMAJIBHOTO CIIOKHUBAHHS OajJaHC CUC-
TEMH Ma€ BUIIISI:
- TIpY KHUBJICHHI BiJl eHEPTOCUCTEMHU:

Penow = Peec — Peng s npu Pepp < 0,3Pyg 3)
Peniosx = Peec + Pewg, npu Pepg 2 0,95P g

ne Py - MOBHA IOTYXKHICTh HAKOMHYIYBAYiB €JIEKTPUY-
HOI eHeprii; IpX aBTOHOMHOMY PEKUMi pOOOTH JIOKAITb-
HOT Mepexi:

Peno = 2, Puec * Pepe - “)

TakuM 4MHOM, iHTEJEKTyaJbHEe KepyBaHHS IOTOKA-
MH TIOTYXHOCTI y JIOKaJbHI eJIEeKTpUYHIH Mepexi
microgrid 3 MOOITEHUMH €NIeKTPOCTAHIIISIMA BiI0yBa€eTh-
cst (paKTUYHO 32 YMOBaMM BUKOHaHHs piBHSHB (1) - (4).
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Kputepiem onTuMansHOCTI poOOTH MOOIUIBHUX €JIEKTPO-
CTaHIIH{ B JIOKANBHINA eHeprocucTeMi Moxxe OyTH MIHIMyM
€JIEKTPOEHEPTI, sIKa CIOKMBAETHCS 3 EHEPrOCUCTEMH.

BucHoBxku

[IpoBeneHo aHaii3 MPUHIMINB MMOOYIOBH JOKAJb-
HHUX €JEKTPUYHHUX MEPexK 3 DKepeliaMu pO30CepepKe-
Hoi reHepartii. [IpoaHanizoBaHi TUITU ICHYIOUHUX MOOLIb-

HUX €JIEKTPOCTaHIIH Ta MepCHeKTUB iX 3aCTOCYBaHHS Y
SIKOCTI JKEpeJ PpO30Cepe/PKEHOT TeHepalii, a TaKox
HaBEJCHO CTPYKTypy microgrid 3 MOOUIbBHUMH €JIeKTpo-
CTaHIisIMU. BU3Ha4eHO YMOBH ONTHMAJIBLHOTO KepyBaH-
HA JIOKAJBbHOI CJIEKTPUYHOI0 MEpekKer microgrid.
OTpuMaHi pe3ylabTaTH TEOPETUYHOTO IOCTIHKCHHS €
OCHOBOIO JUISl TOJAJIBIIOTO IPOBEICHHS MOACTIOBAHHS
MIPOIIECiB Y HaBEACHIN CTPYKTypi microgrid.
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Perspectives of application of mobile power plants as sources of distributed generation in local electrical networks
Natalia Savchenko, Andrii Tretiak, Oksana Dovgalyuk

Abstract. The article considers the peculiarities of building local electric networks with sources of distributed generation,
which are one of the most priority links for the development of modern energy systems. In such systems, sources of distributed
generation and electric energy storage are combined in an intelligent Smart Grid system or microgrid system. The intellectualisation
of the local electric network allows to integrate the work of all its elements to ensure sustainable and reliable power supply to con-
sumers. An analysis of existing mobile power plants was carried out to identify the possibilities of their use as sources of distributed
generation. Based on the analysis, it is found that mobile power plants built on the basis of the latest technologies or renewable ener-
gy technologies have the best prospects for implementation as such sources. A general structure for the formation of a local mi-
crogrid with selected types of mobile power plants is proposed, which can have different configurations, with mobile power plants
being connected either directly to an individual consumer or to the low voltage buses of a transformer substation. The presented
microgrid is particularly effective in ensuring reliable power supply to critical infrastructure facilities. The conditions for optimal
control of power flows in a local electric network are determined. The transition to Smart Grid and microgrid technologies in the
energy sector requires continuous development and implementation of modern means of maintaining the balance between electricity
generation and consumption based on modern information and telecommunication technologies, as well as the introduction of con-
trolled power conversion. The peculiarity of the microgrid system is that it can function autonomously if necessary. The obtained
results of the theoretical study are the basis for further modelling of processes in the given microgrid structure.

Keywords: local electric network, mobile power station, source of distributed generation, consumer, energy storage sys-
tem, power supply.
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OPERATIONAL CONTROL OF PRODUCTION PROCESSES
UNDER CONDITIONS OF UNCERTAINTY

Abstract. the task of developing models for adaptive technological processes control in small-scale, multi-item production
is relevant. The task of operational control of technological processes production under conditions of uncertainty is
formulated as a task of trajectory control. The model of phase-trajectory control of technological processes of manufacturing
new equipment products has been developed, which allows adjusting the modes of technological processes depending on the
current state of the technological object. Using the control model allows you to expand the tolerances to the parameters of
the starting materials and optimally assign technological modes of manufacturing of products. A model of phase-trajectory
control has been developed, which is adaptive to changes in operating conditions and process characteristics and works in a

priori insufficiency and/or fuzzy information.

Keywords: control model, phase-trajectory control, technological process, technological modes, technological object,

uncertainty of conditions.

Introduction

Currently, there is a growing trend towards the
transition to small-scale, multi-number production. The
manufacture of products in small batches with a wide
range of sizes and properties leads to an increase in the
frequency of changing settings (parameters of
technological operations, equipment operating modes),
and increased requirements for the flexibility of the
settings model.

At the same time, the model has to be developed on
the basis of a limited amount of noisy experimental data
and very vague a priori information about the statistical
characteristics of the added disturbances. In many cases,
these difficulties are exacerbated by the presence of drift
in the ME characteristics.

Automated TP control systems, most of which are
based on statistical models, are ineffective during the
development of new products. Statistical models are by
their nature very sensitive to changes in experimental
conditions, and their adequacy can only be guaranteed
under the conditions under which they were built.

As aresult, the process engineer is usually deprived
of ACSTP support and spends considerable time
selecting modes for manufacturing pilot batches and
collecting statistical data at the most critical time - the
moment of mastering new processes. Existing ACSTP
options are mostly only able to maintain the level
achieved by the technologist.

Thus, the task of developing models for adaptive TP
control in small-scale, multi-item production is relevant.

Presentation of the main material

In order to reduce the time required for the
development and introduction of new products, it is
necessary to create a decision-making model at the
design stage, which will be adjusted and supplemented
during the TP debugging process and concentrate the
experience of manufacturing a particular product. The
model should contain and clarify the requirements for the
basic TP, provide the calculation of process control
during the manufacture of the product, and work in

conditions of a limited amount of noisy experimental
data. The proposed approach allows taking into account
these requirements for the decision-making model.

In the context of small-scale, multi-nomenclature
production, the sources of uncertainty that complicate the
choice of a particular control option are the following
factors

- Insufficient amount of available information that
does not allow the use of statistical methods for
technology development;

- inability to accurately determine the phase
coordinates (for example, with group processing methods
common in instrumentation, the determination of the
average value of the parameter for the entire batch of
products is only of an estimation nature);

- the impossibility of absolutely accurate
implementation of the selected control on shop
equipment.

We will consider the technological process as a
multi-stage system with a sequential transition from one
state to another along a certain trajectory.

In this regard, the development of algorithms for
optimal process control should be considered as a single
procedure for end-to-end design [1].

The task of developing a TP control model is
formulated as follows: for the initial states of the
manufacturing object, which are determined at the
control operation, and the states measured at the
intermediate control, it is necessary to select the control
ui(i=0,...N-1), i.e. TP modes, so that the output
characteristics of the product minimally differ from the
target ones.

Model development begins with an assessment of
the possibility of using the modes of the basic technology
for the device being manufactured. The choice of the
basic technology means that the sequence of controlled
operations is set and the restrictions on the control
variables are determined.

The choice of an analog, i.e., a device that is closest
to the designed one in terms of its characteristics and
implemented on this basic technology, determines the
initial state constraints that can be revised in the future. It
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should be noted that this problem only formally coincides
with the traditional optimal control problem. The
difference is that in the traditional control problem, the
values of the initial phase coordinates are known to
within the measurement error, while in the synthesis
problem, the initial values of the phase coordinates are
not known in advance, since the values of the output
parameters can randomly take values from the
permissible range. This, in turn, leads to an error in the
choice of control.

The problem belongs to the class of multi-step
problems, where information about the process and its
control are carried out at discrete points in time. In
modern control theory [2], this problem is usually solved
by dynamic programming in two stages:

- construction of an optimal trajectory;

- synthesis of the control that realizes the trajectory.

The possibility of separating the stages is based on
the assumption that the disturbances affecting the process
are small.

Given that in practice, manufacturers always strive
to expand tolerances on the initial parameters of
materials, the assumption of small perturbations becomes
unjustified, and the construction of a single optimal
trajectory is impractical.

The presence of a single trajectory, i.e., the use of
fixed modes, requires tighter tolerances on the initial
materials, which supplier plants are often unable to meet.
Despite the constant improvement of the properties of the
starting materials, the improvement of methods and
means of controlling their parameters, the production of
new equipment products usually has heterogeneous
characteristics of objects, especially in TP groups.

Under these conditions, the technologist is forced to
either increase rejects due to workpieces that do not fall
within the zone of an acceptable fixed mode or to proceed
to mode correction. In general, mode correction allows to
expand the tolerance for the parameters of the starting
materials, since by selecting modes and correcting them,
it is possible to bring the process, which deviated from
the calculated trajectory in previous operations, within
the target interval.

In this regard, at the stage of TP development, it is
advisable to set the extreme problem as a phase-trajectory
control problem [3, 4]. And only after the developer is
convinced that the production of devices with the
required properties is possible for a wide range of initial
states and operating modes, it is possible to set the task
of process optimization in terms of production cycle
time, cost, etc. using standard and heuristic optimization
methods to solve it.

The description of a multistage decision-making
problem is based on the fuzzy mapping f: XxU—JX,
where X is the space of states, U is the space of strategies
(control sequences that move an object from an initial
state to a final state).

Any state, including the initial and final states, is
represented by a convex fuzzy subset. Thus, the basic TP
is determined by the sequential transition from one fuzzy
state to another

XO_)XI_)XZ_)"' _)XN'

The Xi state is determined by the vector of
controlled parameters {xj}]L,il at the k-th TP stage.

The control model at the k-th stage of TP is built on
the basis of the method of forming a maintenance control
model. According to this method, the set of experimental
data by design parameters is divided into nk fuzzy clusters
corresponding to ni possible TP modes at the k-th stage.

The fuzzification procedure works even when the
amount of experimental data is less than the number of
clusters. However, in the case of extremely limited data
on design parameters and the availability of control data,
the following approach can be applied.

Using the TP model in the state space [5-8], we
form fuzzy relations in the XxUxX space, which is a
formalized representation of control strategies and is
characterized by fuzzy relationship matrices Ry, such that

Xi41 = Ry o Xy,

where o — the operation of the maximum product.

Such a representation is adaptive to changes in
design parameters, the structure of the controlled object,
and changes in TP modes. For ni possible TP modes at

the k-th stage, we build a set of {Rk,,-}:lz"l,
k=0,..,N —1, for which the:
KXiev1,i = Ry © X
By "backtracking” the obtained solution, starting

n
i=

from Xy, we determine the sets {X,;}.*, of admissible
states of the system at each stage:

— p-1
Xiei = Rii © X1

where R;; — is the opposite of Ry ;.

Let ux — physical indicator of a X, ; fuzzy state.
Technological restrictions on design parameters are also
set by the corresponding uc Pl. Then a permissible
solution D, ; at the k-th stage can be defined as follows:

Hp = Hx * Uc,

where * — some binary operation, the specific type of
which is determined based on the characteristics of TP.

A permissible solution Dy, ; ensures that the
required values of the output parameters are obtained by
redistributing the design and technological stocks. Thus,
instead of a single trajectory, we get a set of admissible
trajectories

{Do,i|R0,i}:l:01 - {Dl,ilRl,i}?zll -

- {Dk,i|Rk,i}:l=kl == Xy

Suppose that at the k-th stage of TP, the real state of
the system is determined by a fuzzy set Y¢ with the
corresponding Pl uy. The control algorithm consists in
determining the closest possible trajectory to the state Y
and developing the corresponding control influence.

The relative distance between two fuzzy sets, for
example, the Hamming distance (linear), can be used as
a measure of proximity [9-12]:

L
1
8(1e D) = 7 ) i) = o),
j=1
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or Euclidean distance (quadratic):

Lk

1 2
e(Ye, Dii) = L Z (#y(xj) - #D(xj)) )
j=1
0<§e<l.

We define a permissible solution Dy ; from the
condition mind (Y, Dy;), i =1,..,n,, where dor e can
be taken as the relative distance d between u, and up. As
an optimal control, we choose the control defined by the
fuzzy relation Ry, ;, corresponding to Dy ;.

The proposed model for building a family of
trajectories allows us to control TP in real time. If the
base trajectory is known, and for some reason (external
disturbances) the state of the system turned out to be
different from the expected one, a new trajectory is
selected that will bring our system to the goal or its
vicinity. The control algorithm is reduced to a step-by-
step correction of TP modes by minimizing the difference

between the current state and the acceptable solution at
this stage.

A feature of the proposed model of phase-trajectory
control of TP is the fundamental possibility of designing
control strategies for several potentially possible groups
of products at once, which makes it possible to identify
common process stages for all groups in conditions of
multi-nomenclature production.

The use of the model makes it possible to reduce the
number of controls developed, as well as to decide on the
feasibility of adjusting the modes of certain operations.

Conclusions

The task of operational control of TP production
under conditions of uncertainty is formulated as a task of
trajectory control.

A model of phase-trajectory control of TP designed
to select and adjust technological modes depending on
the current state of the controlled equipment has been
developed.
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OnepaTuBHe YNPaBJIiHHSA TEXHOJIOTiYHHMH NMPOLECAMU BHPOOHHIITBA
B YMOBaX HeBH3HAYEHOCTI

J. I1. Bnacenkos, P. FO. Annaxsepanos, M. I'. Ctapony6ues

AHoTanisi. AKTyalnpHOI € 3ajada pO3pOOKH Mojeseil aJanTHBHOTO KepyBaHHS TEXHOJOTIYHUM MPOLECOM Y
JpiOHOCepiiHOMY 0araTOHOMEHKJIATYpHOMY BHPOOHHITBI. 3aaya ONEpPaTHBHOTO KEPyBaHHsS BHPOOHHIITBOM TEXHOJOTIYHOTO
npolecy B yMOBax HEBH3HAa4eHOCTI c(OpMyJIbOBaHa sK 3agada TPAEKTOPHOTrO KepyBaHHs. Po3pobneHo Mojens ¢azoBo-
TPAEKTOPHOTO YNPABIiHHS TEXHOJIOTTYHOTO MPOLieCy BUPOOHHIITBA BUPOOIB HOBOI TEXHIKH, IO 103BOJISIE KOPUTYBaTH pexumu TP
3aJIe)KHO BiJl OTOYHOTO CTAaHy TEXHOJOTIYHOro 00'ekTa. BUKOpHCTaHHS MOJENI YHpaBIiHHS A03BOJISIE PO3LIMPUTH AOMYCKU Ha
napaMeTpH BUXIJHUX MaTepialliB 1 ONTUMATBHAM YHHOM TPU3HAYHTH TEXHOJIOTIYHI pe)KUMU BUTOTOBIICHHS BUPOOiB. Po3pobiena
Mozenb (a30BO-TPAEKTOPHOTO YHPABIiHHSA, aJalTHBHA J0 3MiHH YMOB ()yHKIIIOHYBaHHS Ta XapaKTEPUCTHK MPOLECY i MPaIfoe
MIPH anpiopHiil HEAOCTATHOCTI Ta/ab0 HEHITKOCTI iH(OopMaIIii.

KawuoBi ciaoBa: Monens ynpasiiHHs, (a30BO-TPaEKTOPHE YIPABIiHHI, TEXHOJIOT YHHUIA ITPOLIEC, TEXHOJIOTIUHI PEIKUMH,
TEXHOJIOTYHHIA 00’ €KT, HEBH3HAYEHICTh YMOB.
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METO/I HIIBUIIEHHA ONNEPATABHOCTI KJTACH®IKAIIL JAHUX
3A PAXYHOK 3MEHIIEHHS KOPEJSALIT O3HAK

AHoTauis. O6'exmom HochimxeHHs € mpolec ineHTH}IKaLii cTaHy KOMI'TOTepHOI Mepexi. /Ipedmemom NOCIIIKEHHS €
MeToM ieHTHdikalii crany KOMI'IOTEPHUX MepeX. Memoro CTaTTi € MiABUIICHHS ONEPaTUBHOCTI BUSBICHHS BTOPTHEHb y
KOMIT IOTEpHI MepesKi 32 paxyHOK 3MEHIIIEHHS KOpeJsiLii 03HaK. Memoou, wo 6ukopucmosyiomscs . METOI! IITyIHOTO iHTe-
JIEKTY, MAIIMHHOTO HaBYaHHsI, METOIY 3MEHIICHHS Kopersnii o3Hak. Ompumarno maxi pezynrvmamu: JIOCTiPKEHO eeKTHB-
HICTh BUKOPHCTAHHS MIXOJIIB, SIKi 3MEHIIYIOTh KOPEIAIII0 JAHUX . METO]] TOJIOBHUX KOMITOHEHTIB (PCA), He3aIe)kHUX KOM-
noHeHTiB (ICA), L1 Ta L2 perynsapu3aniro, 0OIpyHTOBaHO METOJ JUIS MOJANIBIIOTO TOCTIHKEHHA. 3a pe3yIbTaTaMy JOCIi-
JDKEHb 3alPOTIOHOBAHO CTELialIbHY MPOLEeyPY 3MEHIIEHHS KOPEIii BUXiTHUX JaHUX. 71 OIHKHU SIKOCTi Ta ONEpaTHBHO-
CTi 3aIPOTIOHOBAHOI POLEAYPH, PO3po0IIeHO TporpamMHi Mozeni Ha ocHoBi: Gradient Boosting, Random Forest, moBHO3B’s13HOT
HeiiporHoi Mepexi (FCNN) Ta 3roptkoBoi HeliporHOT Mepexki (CNN). VY skocTi BUXITHUX AaHUX BHKOpucTaHo Habip UNSW-
NB 15, sixnii MicTHTBb iH(pOpMAILi0 TPo HoOpMaJbHe (GyHKIIOHYBaHHS MEpEeXKi Ta IijJ 4ac BTOPrHEHb. BUKOHAHO MOPIBHSUIIBHUI
aHaJI3 SKOCTI Ta OIEPaTHBHOCTI po3poOiIeHNx Mopened. Bucnosxu. HaykoBa HOBH3HA OTPHMaHHX pPe3yJIbTAaTiB MOJATAE y
PO3po0Ili METOTy BUSBJICHHS BTOPTHEHb B KOMIT FOTEPHI MEPEXKi, SKUH BiPi3HAETHCS BiJl BiIOMUX HASBHICTIO CIICI[ialIbHOT
MPOIICYPH 3MEHIIICHHS KOPEJIALIl BUXIIHUX JaHHUX, [0 TO3BOJIAJIO IMiJBHUIIMTH ONIEPATUBHICTh MPOIECY iAeHTH IKAIIT.

KaouyoBi ciaoBa: mamnHHe HaBYaHHS, KiacudiKallisa JaHUX, TOIepeaHs 00poOKa JaHUX, KOPEIlis JaHUX, KOMII F0Te-
s ) > s

PHI Mepexi, HeHpPOHHI Mepesxi, ancaMOJIeBi KiIacu(iKaTOpH, CUCTEMH BUSIBICHHS BTOPTHEHb.

Beryn

Ha croronHi, BUSBICHHS BTOPTHEHb B KOMII FOTE-
PHI cHCTeMH Ta MepeXi € OJHUM i3 MPIOPUTETHUX 3a-
BIIaHb Ta NMOTpeOye YAOCKOHAJIEHHS Ta PO3POOKH HOBHX
MeToziB. OTHUM i3 BXIIUBUX KPOKIB MOOYIOBH MOJEINTI
BUSIBJICHHSI BTOPTHEHb € €Tall MoNepeaHsoi 00poOku na-
HUX. BaskJIMBOIO CKJIaZIOBOIO IIHOTO €TAIy € BHSBJICHHA
03HAK, sIKI KOPEJIOITh MiXK CO0OIO.

HasiBHICTB KOpEIIOI0YMX 03HaK HEraTHBHO BILJIMBAE
Ha SIKICTh MOJIEJi, OCKUIbKH JIaHi MICTSITh HaJAMIpHY iH-
¢dopmariro. e mpu3BoaUTH 0 TOTO, IO MOAENH BPaXo-
By€ Ty camy iH(OpMAIlil0 Kijbka pasiB, 10 poOuTH 11
MeHIIl e(hEeKTUBHOKO 1 MEHII iHTeprnpeTroBaHo. Kope-
JIbOBaHI O3HAKH POOJIATH TAKOX MOZETb MEHII CTIHKOFO
1 OLTBII Yy TIIMBOYO 70 IIYMY B NAHUX. 3MiHA 3HAYCHB O/I-
Hi€l 03HAKK MOXe TPU3BECTH 0 HETIPABMIIBHUX BUCHOB-
KiB IIOJI0 BIUTUBY Ha [TBOBY 3MiHHY Yepe3 KOPEIAIio 3
iHIIOI0 03HaKo10. KpiM TOro, K0iIM 03HaKH CHIIBHO KOpe-
JIIOIOTH, CTA€ CKJIAIHIIIE IHTEPIPETYBATH BIUIMB KOXKHOT
03HAaKH Ha IUTbOBY 3MiHHY. Lle Moxe Oyt mpobremMoro
Y BUIAKaX, KOJM BaXJIIMBO 3pO3YMITH, caMe AKi 03HaKH
BIUIMBAIOTH Ha mependaueHHs mojerni. HasBHICTE Kope-
Jsiii B JaHUX MOJKe HMPU3BECTH A0 NPOOJIEMH MYJIbTH-
KOJITIHEapHOCTI, KOJIM MaTPHIIS 03HAK CTa€ OJIM3BKOIO 10
cUHTYIsIpHOT a0 He3BopoTHOI. Lle Moxke yckiaagHuUTH
HaBYaHHS JIHIHHUX MOJIeJIeH, OCKITbKH BOHH CTAlOTh He-
criiknmu. TakoX KOpenbOBaHI O3HAKH 301JIBLIYIOTH
CKJIaJTHICTh MOJIEJI, MiJBHIYIOTh YaC HAaBYaHHSI MOJEII,
6e3 cyTTeBOro mokpamieHHs ii nponykruBHocTi. lle
MOY€ MPU3BECTH 10 TepeHaBYaHHs, OCOOJIMBO Y BUIIA]-
Kax, KOJM JaHUX MaJIo.

06’exmom Odocnioxcenns € npornec imeHTHdikamii
CTaHy KOMIT'TOTEPHOT MEPEXKi.

Ilpeomemonm docnioxcernns € METOIM ineHTHDIKAITIT
CTaHy KOMIT IOTEPHHUX MEPEXK.

IMocranoBka npodeMu Ta OIS
HAYKOBHX IyOJikanii

Kopensmis Mi>k 03HaKaMH OIIIHIOETHCS 3 BUKOPHUC-
TaHHSM PI3HUX CTATUCTHYHHUX METPHUK Ta MeTO/iB. Haii-
OUIbLI TIOIIMPEH] CIIOCOOM OIIHKM KOpENsLil O3HaK
BKJIFOYAIOTh:

— koediuient kopensuii [Tlipcona

- 2t =0 —y) _cov(x,y)
Xy - — — -
VI — 02X (v — V)2 VXY
zie X, y — Bubipkosi cepenni x™, y™, SZ,S7 — BuGipKosi

mucnepcii, 1, € [—1,1].
—  koeoimient xopemsnii CripmMeHa

6 X(x; — ¥:)*
NINZ—1) "

J€ X; — Y; — PI3HUILA MK CHPSDKEHUMU 3HaYCHHSIMHU pa-
HTiB 3MIHHUX X 1.

Ha BigMminy Big koedinienTa [lipcona, sskuit BUMiproe
JiHIHHKH 3B'130K, KoedimieHT CripMeHa MOXKe BUSBIISITH
1HIII THIH 3B'SI3KY, HAIIPHUKIIA1, MOHOTOHHHUN HENTiHiHHWHA
3B'SI30K.

Jlist 60poTHOH 3 TIPOOIEMOIO KOpEALlii 03HAK, BU-
KOPHUCTOBYIOTE!

— BWJIQJICHHS OJIHI€T 3 KOPEJIIOIOYHX O3HAK;

— 3aCTOCYBaHHS METOJB BiOOpY O3HAaK, TaKHX
K, B3aeMHa iHpopmanis (mutual information)[1,2] a6o
BUKOPHCTaHHS MOJIEJIEH, IO JI03BOJISIIOTH OIIHUTH iH-
¢bopmaruBHicTs 03Hak [3-5];

— TEepeTBOPEHHS! O3HAK, HANpPHKIAL, BHUKOPHC-
TaHHSA METOAy TroJioBHUX KommoHeHtiB (Principal
Component Analysis, PCA)[6] a6o MeTomy He3ane)HUX
rkommorenTiB  (Independent Component  Analysis,
ICA)[7].

)

=1~
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— Bukopucranns perynsipusanii (y pasi JiHIHHHX
Mojeneit), Hanpukian, L1 a6o L2 perynspuzanis, mo6
CTPUMYBATH BILUTHB KOPEALiHHUX 03HaK[8].

Pazom i3 Tum, Buanenns abo tpanchopmaris Ko-
PEIIOIOYUX 03HAK MOJKE MPU3BECTH JIO MOTIPILEHHS SIKO-
cTi Mozeni 3 KirbkoX npuanH. Kopemoodi o3Haku Mo-
KYTh MICTUTH KOPHCHY iH(OpMAIIO0 TI0A0 3aJEKHOCTI
Mix 3MiHHUMH. [Ipu BumaneHHi ofHi€l 3 HAX, MOJEIbH
BTpavae OCTYII A0 Li€l iHpopmarii Ta MOXKe CTaTH MEHIII
iHpOPMATHBHOIO.

Kpim Toro, o3Haka, sika KOPEIIOE, MOXKE MAaTH BH-
COKY 1H()OPMATUBHICTS 1 T BUJAICHHS BIUIMHE HA SKICTh
Mojeni. Mogsens MoXe cTaTh MEHII 37[aTHOIO 10 BUSIB-
JICHHSI Ta BpaXyBaHHs 3aJIeKHOCTI y JJAHUX, 0 3HIKYE
TOYHICTb Ta 3AaTHICTh MO A0 NependayeHHs IiIbo-
BOi 3MiHHOI. BujaneHHs kopenoounx 03HaK MOXe 3Me-
HIIUTH MYJIbTHKOJUTIHEAPHICTh, IO Y ASSKUX BHIAIKAX
MIPU3BOJUTH JI0 TIEPEHABUaHHS MOJEINI, 0COOINBO SIKIIO
03HaKa, M0 BIUIAIAETHCS, MiCTUTH BJKJIMBY iH(POPMAIIit0
JUISL MOJIeTIOBaHHS. TakoX BUAAICHHS O3HAK, SIKi Kope-
JOIOTh, 3a3BUYAl, YCKIAIHIOE IHTEPIPETALiI0 MOACII
Ta MOSICHEHHS PE3yJIbTATIB.

11106 BupimIMTH, JaHEe MPOTHPIUYS, HOTPIOHO OLi-
HUTH, SIK BUIAJICHHS 03HAK, 1[0 KOPEIIOIOTh, BIUIMBAE Ha
SIKICTh, OTIEPATHUBHICTH Ta IHTEPIIPETOBAHICTh MOAeM. Y
JESIKUX BUIMAJIKaX 1e MOKe OyTH KOPHCHHUM IS TIOJIiM-
LIEHHS POAYKTHUBHOCTI MOJIET, a B IHIIUX — MOXE He-
raTUBHO BIUIMHYTH Ha ii 30aTHICTh POOWUTH TOYHI IpO-
THO3H.

Ha cporomui, HAWOLTBII TOMYISPHAMHA METOIAMHU
TpaHchopMarlii JaHUX, sSKi KOPEIIOITh €: peryspu3a-
1ist, MeTo| rojoBHuX KomnoHeHTiB (PCA)[9], meTox He-
3anexaux komroHeHTiB (ICA).

Perymnsipu3artiss, Moxe 3p0OUTH MOJENb OLTBIT ITPO-
CTOI0 Ta MeHI THy4kor. Lle Moxxe OyTu HeOakaHUM,
SIKIO JIaHI MarOTh CKJIAJHI B3a€MO3B'SI3KH, SIKI MOJEIb
Mae BpaxOBYBAaTH. 3aHaATO CHJbHA peryJsipu3alis,
CrHpsIMOBaHa Ha 3MEHIIECHHS KOPEJISILii Ta MOXKe Mpu3Be-
CTH JI0 HEJOHABYAHHS MOJEI, 0COOIMBO SIKIO AaHi Ma-
I0Th CYTTEBI 3aJIE)KHOCTI Mk 03Hakamu. Kpim toro, Bu-
3HAYEHHS ONTHUMAIBHOTO PiBHA PETYISIpH3aLii IS 3Me-
HIIEHHS KOpelnsuii Moke OyTH CKJIQJAHUM 3aBJaHHSIM.
HenpasunpHuit BuOip mapaMeTpiB peryirOBaHHS MOXKE
MIPU3BECTH 10 HeOaKaHUX e(DEKTiB.

Merto/ He3aneXHNX KOMIIOHEHTIB Nepedavae, 1mo
MPUXOBaHI KOMIIOHEHTH € CTATUCTUYHO HE3AJIC)KHUMH Ta
MaroTh Oe3nepepBHi po3noAinu. OIHaK y peanbHHUX Ja-
HUX MOXe OyTH 0€3J1i4 BUHATKIB 13 IbOTO MPUITYIIIEHHS.
Kpim ToOrO, SIKIIO 1aHi MiCTATh CKJIaHI HEeJiHiHHI 3ae-
xHOocTi, ICA MoXxe mparfoBaTi MeHII e(eKTHBHO. Bu-
3HAYEHHs MPAaBUIIbHOT KIJIBKOCTI MPUXOBAHUX KOMITOHE-
HTiB y Metoni ICA Takox € ckiaaHuM 3aBnaHHsM. He-
MIPaBWJIbHO BHOpaHa KUIbKICTh KOMIIOHEHTIB MOXKE MPH-
3BECTH JI0 BTpatu iHpopmalii abo HebaxaHUX e(peKTiB.
MeTo 4y TJIMBHI 1O LIYMY JaHUX.

MerTo/1 TOJIOBHIX KOMIIOHEHTIB TaKOX MOXke OyTH
Hee(CKTHBHUM IS JTaHUX 13 HENIHIHHUMH 3aJ7eKHOC-
TAMH MiXX O3HaKaMU Ta TOTpeOye macmraOyBaHHS Ja-
HuX. PCA 9yTinuBHiA 10 BUKUAIB Y JaHUX, TOMY IIPH BU-
KOPHUCTaHHI ILOTO METOAYy HEoOXiJHO MpoaHalli3zyBaTH
IaHl Ta BUOAINTHA BUKUAWA. He3Bakarouw Ha 1i oOMme-
xkeHHs, PCA € edexkTUBHUM iHCTpYMEHTOM IS

3MEHILIEHHS PO3MIPHOCTI Ta 3MEHIIECHHS Kopeusuii 1a-
HHX, 0COOJIMBO )i JaHUX 13 JIHIAHO 3aJIEKHICTIO MIXK
O3HaKaMH.

[Tpn BUOOpPI MeTOAY, BaXKIIMBO BPaxoBYBaTH Oro
00OMeXeHHsI Ta BUOUPATH METOJI 3aJI€)KHO BiJl XapaKTepH-
CTHK JaHUX Ta METH aHamizy. JJIs moJaibIIoro JOCi-
IDKSHHSI 00paHO METOJ FOJIOBHUX KOMITIOHEHT, IKOMY TIe-
perye eTar monepeHp0i 00pOOKH TaHHX.

Meron TOJIOBHUX KOMIIOHEHT (Principal
Component Analysis, PCA) BUKOHYy€ ITPOEKIIiI0 TaHUX Y
HOBHWI Ha0lp 3MIiHHHX, SIKi Ha3WBalOTHCS TOJIOBHUMH
kommnoneHtamu[10], 36epiraroum, mpu HbOMY, Haibi-
JBLIY KiJBbKICTh iHpOpManii, 3MeHIIye pPO3MIpHICTb J1a-
HUX Ta IPUOHMpae KOPEISIII0 MiXK O3HaKaMH.

Meton PCA mparttoe Tak:

Kpok 1. BukoHy€eThCs cTaHIapTH3AIIIS O3HAK (cepe-
JIHE 3HAUYEHHS O3HAKH 3BOJUTHCS 10 HYJsI, CTaHIapTHE
BIIXWJICHHS — JI0 OJMHUIII)

Yij =Y

Sj

Xij = ,di=1Lnj=1m,

1€ Y;j — CIEMEHT MaTpHIl BXiTHUX TaHUX, ¥, — cepenHe
3HAYeHHs 171A j-ro akTopa (03HaKH), S; — CTaHIApTHE
BIJIXWJICHHS U1 j-TO (pakTopa.

Kpok 2. OGuucimioeTscsi KoBapialiiiHa MaTpHIs,
sIKa TTOKa3ye, sIKi 03HaKH KOPETIOI0Th Mik coboro. KoBa-
piamiiiHa MATPHIISL € CHMETPUYHOIO MAaTPHLICIO, ¢ KOXKEH
eNIEMEeHT TO0Ka3y€e CTYMiHb KOPeNslii MK JBOMa O3Ha-
KaMH
Tiea Xi=xH(ri-v")

n—1

Cov(X,Y) =

i

ne X' - apudpmernune cepenne nanux X, Y' - apupmern-
YHE CepeAHe AaHuX Y, N — po3Mip BUOIpKH.

Kpoxk 3. 3HaxomsThcsl BIacHi 3HAYCHHS Ta BIACHI
BEKTOPH KOBapilliHOT MaTpHUI (BJIACHI 3HAYCHHS TTOKA-
3yIOTh, SKa JWCHIEPCis MpHTAaMaHHA KOXHIM TOJOBHIH
KOMITOHEHTI, a BIIACHI BEKTOPH € HANPSIMaMH Y TIPOCTOPI
03HAaK).

Kpox 4. BukoHyeThCSl COPTYBaHHS OCHOBHUX KOM-
MIOHEHTIB 33 3MEHIIEHHSM BIIACHUX 3Ha4Y€Hb, TOOTO me-
Pl KOMIIOHEHTH MalOTh HAWOLIBITY TUCIICPCIIO TaHHX.

Kpok 5. Bupimryerscst, CKiJIbKH OCHOBHHX KOMITO-
HEHTIB 3aUIIUTH. YuM OiNbllie KOMIIOHEHTIB 3aJIUIICHO,
TUM OinbIne iHpopMaii 30epiraeThes, ane po3MipHICTH
JIAHUX 3aJIMIIA€THCS BUCOKOIO.

Kpok 6. BukoHy€eThCsl MPOEKIlis BUXITHUX TaHUX
Ha HOBHH mpocTip o3Hak. Lleil HOBHMI mpocTip MaTHMe
MEHIIy pO3MipHicTh 1 Oyne JiHIMHUMH KOMOIHAIisIMU
BHXITHUX O3HAK.

Po3podka meToay miiBUILIEHHS] ONIEPATUBHOCTI
Mozeai kiaacugikamii JaHUX 3a pAXyHOK
3MEHIIeHHsI Kopesinii 03HaK

VY wiit po6oTi y AKOCTI BHXiTHUX HAHUX BHKOPHUC-
taHo Habip UNSW-NB 15 , axuii 6yB po3pobneHnii y
naboparopii Cyber Range ABcTpamiiicbkoro meHTpy Ki-
6epbesnexn (ACCS) Ta mictuth iH(pOpMALiIO PO HOP-
MasibHe (DYHKIIIOHYBaHHS MEpEXi Ta Mijl Yac CHHTETHY-
HUX BTOPTHEHb.

HaGip nanux MicTuTh atpuOyTH, Ki XapakTepusy-
IOTh HAsBHICTH a00 BIJICYTHICTh TaKHX THIIB aTaK:
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Analysis, Backdoors, DoS, Exploits, Fuzzers, Generic,
Reconnaissance, Shellcode and Worms.

Jlis nocnimpkeHHs epeKTUBHOCTI MOJIEN Y ceperio-
Buii GOOGLE Colab Python po3po6neno ix nmporpami
MOJIeITi.

SIkicTh MOJIEINi OI[IHEHO 32 JOTTOMOTOI0 TAKMX Xapa-
KTEPUCTHUK:

TOUHICTB (Accuracy),

BIyuHicTh (Precision),

noBHoTa (Recall),

mipa F1 (F1 score).

VY naHiii po0OOTi 3aIPONOHOBAHO METOJ BUSBICHHS
BTOPTHEHb B KOMIT IOTEPHI MEpEexki, SKUH Bipi3HAETHCA
BiJl BIJIOMHX HasIBHICTIO CIICHialbHOI MPOLEAYPU 3MEH-
LIEHHs KOpeJsilii BUXIAHUX JaHUX, 10 JIO3BOJIMIIO TMiJ-
BUILUTH ONIEPATUBHICTH MTpOLeCy iAeHTndiKaii.

[pouenypa 3MeHIIEHHS KOPENALIT BUXITHUX JaHUX
0a3yeThbCs Ha HACTYITHOMY aJlTOPHTMI:

Kpox 1. Bei xaTeropiansHi 03HaKH HEPETBOPIOEMO
Ha YHCIIOBI 3Ha4YCeHHS MeTo/IoM factorize(). 3amOBHIOEMO
MPOIMYCKU JIaHHX.

Kpok 2. AHamizyeMO O3HaKd Ta BHAAISIEMO 3 Ha-
0opy naHuX HeiH(QOpMaTUBHI O3HAKH.

Kpoxk 3. ByayemMo KOpemsiiifHy MaTpHIIO.

Kpok 4. fIK1o € 03HaKH 1110 KOPETOIOTHCS MiXK CO-
0oro OUIBII HIXK 3aaHUM MapamMeTp Kopelsii, (Hanpu-
kian, 90%), To 00pobIIsIEMO TX METOIOM FOJIOBHUX KOM-
moueHT (PCA). [ns uporo ¢opmyemo matadpeiimMu 3
JIBOX O3HAK, III0 MaKCHMAJIbHO KOPETIOITh MiX cO0010
Ta 3aCTOCOBYEMO METOJ FOJIOBHUX KOMIIOHEHT. KoxHMit
Halip mepeTBOpPIOEMO Ha HOBY O3HaKy. Ilicist dopmy-
BaHHS HOBHX O3HAK BHJQIIEMO CTapi Ta JI0AAEMO HOBI
O3HAKH JI0 OCHOBHOTO Ha0Opy JaHMX.

Kpok 5. BynyemMo mMopmenb Ta OLIHIOEMO ii SKiCTb.
SIKIO SIKICTH MOJIENIi CYTTEBO HE 3MIHMIJIACS Ta BHIIE

3aJ]aHOr0 TIOPOrOBOTO 3HAUEHHS, TO IOBEPTAEMOCS JI0
KpOKy 4, iHaKIIe 10 KPOKy 6.

Kpok 6. SIkimio TOYHICTE MOJENi CYTTEBO 3HH3HU-
J1ack, TO BUKOHYEMO aHaji3 O3HaK sKi OyJin oOpoOiieHi
METO/IOM TOJIOBHUX KOMITOHEHT Ha Kpoli 4 1 npuiiMaeMo
pilIeHHs MO0 iX BiAHOBJIEHHS. 3aBEpIIyeEMO IIPOIIEC.

BinmoBinHO 10 BUIIIEHABECHOTO aJTOPUTMY BHKO-
HaHO ToTiepenHio 00pobky manux Habopy UNSW-NB
15. 3a pesynpraTamMu aHATi3y BUAAJICHO 3 HA0OPY HaHUX
Taki o3HaKu: «id, attack cat, label» ockinbku BoHM HE Mi-
CTATh KopucHOI iHpopmamii. [lomepenHiit anani3 gaHUX
[0Ka3aB HASBHICTh B JaHHX O3HAK, LIO KOPENIOIOThH
(puc. 1). HMani siki MaroTh Kopessiito Buine 90% Oynu
CIIPOEKTOBaHI Y HOBUII Ha0ip JaHUX 3a JOMOMOIOI0 Me-
TOy rojoBHUX KomroHeHT (PCA).

JlociTHUM MUISIXOM OYJIO BHSIBIICHO, IO SKIIO 00-
pOOHTH METOJIOM TOJIOBHHUX KOMIIOHEHT ab0 BHIAJIUTH
OyZp AKy 3 03HaK «ct_Srv_src» abo «ct_dst src_ltmy, To
TOYHICTh KJacu(iKalii IIOMITHO 3HHXKYETbCA. TOMy BH-
PpiIIeHO 3aJUINUTH [i 03HAKHU B JaTaceTi MOTpPH iX Kope-
namio y 94 Bimcotkn. TakuMm 9UHOM, 32 pe3yiIbTaTaMH
eKCIIEPTHOTO aHaNi3y Ta BHKOPHCTAHHS BUIICHABEIe-
HOTO aqroputMmy 42 O3HAKH JaTaceTy TpaHc(hOPMOBAHO
B 31 o3Haky.

Hanani BukoOHaHO HopMamizamito aaHux. Kpim
TOT0, OCKIUJIbKH B IIbOMY Ha0Opi KJlacu po3MoJIiieH] NpH-
6n3HO nopiBHy (3 82332 3aranbHoi KinbkocTi 45332 1e
aTaku), To OaJaHCyBaHHS KJIaCiB HE BUKOHYBAJaCh.

JIs OIIHKK AKOCTI PO3pOOJICHOTO METOMY JOCITi-
JUKeHO aHcamOJeBi MoOmeni Ha OCHOBI aJrOpUTMIB:
Gradient Boosting, Random Forest (3a ymoBH cTaHzapT-
HOTO HaJlaIITyBaHHS MapaMeTpiB MOJENi) Ta HEeHpOHHI
Mepexi.

PesynbraTi nociimpkeHHsT aHcaMONeBUX Mozemnen
HaBeneHo B Ta0u. 1.

corr = pre_drop_df.corr()
corr.style.background_gradient(cmap="coolwarm')
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Puc. 1. Kopensuiitna marpurs ans gaaux UNSW-NB 15

shytes dbytes rate sttl dttl sload dload sloss

0172492 -0.118032

-0.000990 0.090048 @ firinlLE -0.047033

0240113

0208858

0.199680 EiFALEER 0.139353 [ il lx -l il ETEE]

0286647 0.112926 EUETE VS

BN 00143624 -0.004532

0.025496 0394435 -0.537155 EPLREREN 0270630 BUUTCEESE 0.041305

0198324 -0.068249 -0.092536 0.054601 .. -.° 0074440

0.036483 i s0iE 0.133835

0.049891 -0.015228 -0.006428

0,97%44'
(R:TCEN N -0.083173  -0.163830 0.189060

gLl -0.025102 -0.017866 0.995027

QLN -0.047978 -0.114537 0.012537 0.031266 0.100923 RUIGELE]

1.000000 QReELLEERE 0453913 UEHRLER (01136441 -0.040139

[l 0386224 -0.038088

0.012537 -0.453913 EHMIEEERLN 1.000000 -0.293939 0139491 0.061249

DESIGLIZ STl -0.293939  1.000000 PSOMOS2EF2Y -0.025938

0100923 SiRELEEEN -0 386224 (0139491 0092772 1.000000 0.009210

GESTN -0.040139

-0.038086

0.061249  0.025938

0.009210 gl il

0.997109 EITE]

-0.137737

0.021966 -0.040456

0.117303 L]

-0.075620 -0.041718 -0.032094 Eili;igpiy

-0.006154 0.090734 -0.033787 -0.024481 EXilLy[i]

0.030062 0.140634 -0.040018 -0.028759 EiXiliirYi]

Wl -0.081591  -0.084072

0113799 | “iiEriinlin -0.031342 EV=GST4

na44cn o noon o o AoTniCG A Fanon aoracan BLGLLLLEE o arn4zo

72



ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBirarii Ta 38's3ky. 2023. Ne 4

Tabnuys 1 — Iloka3HMKM SIKOCTI Ta onepaTHBHOCTI MoJeeil Ha ocHOBI anroputmiB: Gradient Boosting Ta Random Forest

MoKA3HUKH SIKOCTL T2 Jani nic/ist 00po0KH 3aIPONOHOBAHMM METOA0M Jani 6e3 06podxu
OnepaTHBHOCTI Mojeni Gradient Boosting Random Forest Gradient Boosting | Random Forest
Accuracy 0.959 0.975 0.962 0.978
Precision 0.960 0.975 0.960 0.975
Recall 0.960 0.975 0.960 0.980
F1-score 0.960 0.975 0.965 0.980
Yac HaBYaHHI, C 26.8 11 32 12
Yac po3mi3HaBaHHS, C 0.04 0.3 0.06 0.6

Sk BUAHO 13 TaOMHUII, 3SMEHIIICHHS KOPEJIALii 03HAK
HaJIaJI0 MOXKJIMBICTh 3MEHIIIMTH Yac HaBYaHHS MOJIEINI Ta
MIZBUIUTH Yac po3Mi3HaBaHHs 70 2 pasiB. [Ipu 1pomy
TOYHICTh MOJIEJI MPAKTUYHO HE 3MIHMIIACH.

VY sAKOCTI HEHPOHHHMX METOJIB JOCIIIKCHO: TOB-
HO3B’s13Hy HeipoHHy Mepexy (FCNN) Ta 3ropTkoBy
ueiiponny mepexxy (CNN).

Po3pobky momeni kimacudikarii Ha OCHOBI IOB-
HO3B’513HOT HEHPOHHOI MepeKi BUKOHAHO 3 BUKOPHCTAH-
HaM Oi0Omiotex “tensorflow” Ta ‘“keras” GOOGLE
COLAB Python. Heiiponna Mepexxa Mae OJIUH

MIPUXOBaHUI map, sKuii MicTuth 128 HeiipoHis. [Ipu Ha-
JaIITyBaHHS MOJENI BHKOPUCTAHO (PyHKILIiIO aKTHBamii
“relu”, BuUXiOHMI IIap Ha JBa BUXOAH 3 (YHKIIEIO
“softmax, omrumizatop — “adam”, ¢yHkuito BTpar —
“categorical_crossentropy”. Po60oTy Mozemni OIiHIOEMO
MeTpHUKaMH SKOCTi: “accuracy”, “precision”, “recall”,
“f1-score”.

I[Tponec HaBYAHHS MiCTHTb IECATD €IOX 3 PO3MIPOM
Oaruy (BuOipkm) 64. Pe3ynpraTé AOCHTIIHKEHHS MOJEINi
Ha OCHOBI IIOBHO3B’SI3HOT HEHPOHHOI Mepexi 3 OJHUM
NPUXOBaHUM IIAPOM HaBEICHO B TAOI. 2.

Tabauys 2 — Iloka3HUKHU SIKOCTi Ta ONMEPATUBHOCTI Mo/eJ1i HA OCHOBI MOBHO3B’s13HOT HelipoHHOoi Mepexi FCNN

[oxa3HukM AKOCTi Ta onepaTUBHOCTI Mojesi | /lani micaist 00po0OKu 3anponoHoBaHuM MeToioM | JlaHi 6e3 00podKku
Accuracy 0.949 0.951
Precision 0.949 0.951
Recall 0.949 0.951
F1-score 0.948 0.951
Yac HaByaHHs, C 13 24
Uac po3mi3HaBaHHS, C 0.9 13

SIk BUITHO 13 TaOJIHIII, OTIEPAaTHBHICTh MO/IEINI 30111b-
LIMIach Ha eTari HaB4aHHs 10 1,9 pasis, Ha eTarri po3iii-
3HaBaHHS — 10 1,4 pasiB. 3ropTkoBa HEHpOHHA Me-
pexxa(Convolutional Neural Network, CNN) mpaitoe 3
0araTOBUMIipHUMH TAaHIMH, [0 TOTpeOye, y HAIIOMY BH-
MaJIKy, IepeTBOPEHHs Ta HopMaizanii gaHux. Tak uis
JlaTaceTy, MoIepeaHb0 00poOIEHOTO 33 JOTIOMOT 00 Me-
Toy roioBHUX KoMioHeHT (PCA), cTBopeHO MacuB po-
smipHicTio (31, 31, 3), ne mepri 1Ba 3HAYCHHS 1Ie BUCOTA
Ta MIMPUHA KaJPy B MIKCENSIX & OCTAHHE 3HAUSHHS Le TPH

kaHasa kojapopy (RGB). ToOTo koxeH mikcenb npeacTa-
BJICHMH TphOMa 3HA4YEeHHsIMHU KaHaiiB. J{1s HeoOpobie-
HOT'O JlaTaceTy po3MipHicTh Oyae (42, 42, 3).

[Ipu moOya0Bi MoIeNNi BUKOPUCTAHO TaKi Mapame-
TPH HaJAIITYBAaHHSI: THII ONTHMi3aTop — “adam”, QyHK-
ist BTpaT — “categorical crossentropy”.

[Tpouec HaBYaHHS MICTHTB JECSTH €I0X 3 PO3MiIPOM
6aruay (BuOipkm) 128.

PesynbraTn mociiukeHHS MOJIET Ha OCHOBI 3ropT-
KoBoi HeliponHoi Mepexi (CNN) HaBeneHo B Tabi. 3.

Tabnuys 3 — Iloka3HUKHU STKOCTI Ta ONEPATHBHOCTI Mo/Iei HA OCHOBI 3ropTKoBoi HeiiponHoi Mepexki (CNN)

IMoxa3Huku siKOCTi Ta onepaTuBHOCTI Moaeai | Jlani micast 00poOku 3anponoHoBaHuM MeToioM | JlaHi 6e3 00poOKku
accuracy 0.990 0.993
precision 0.990 0.993
Recall 0.990 0.993
F1-score 0.989 0.993
Yac HaB4aHH, C 28 37
Yac po3nizHaBaHHs, C 0.3 0.5
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Sk BUITHO 13 TaOIHIIL, OTICPATUBHICTH MO 30116~
LIMIach Ha eTari HaB4aHHs 10 1,3 pasis, Ha eTamni po3Ii-
3HaBaHH:I — 110 1,6 pasis.

BucHoBxku

VY pamkax AOCHiIKEHHS BUKOHAHO aHAI3 Pi3HUX
TiAXO/IIB 10 TIiIBUIIICHHS OTIEPATHBHOCTI MOZETICH BUAB-
JICHHSI BTOPTHEHb Y KOMIT' FOTEPHI MEPEXi 32 yMOBH Hasi-
BHOCTI O3HaK, 5IKi KOPEIOIOTh.

Po3rnsHyTO HaWOUIBII MONIMPEHI CIIOCOOH OIIHKH
KopeJsiiii 03HaK. JIOCHiKEHO TaKi MiIX0au 3MEHIIICHHS
KOpeJsiiii O3HaK: METOJ TOJIOBHMX KOMIIOHCHTIB
(Principal Component Analysis, PCA), meTon He3aiex-
uux kommonentiB (Independent Component Analysis,
ICA), L1 ta L2 perymsapusartis.

3anponoHOBaHO CIICUialbHy TIPOLEAYPY 3MEH-
IICHHS KOPEJAIil BUXiMHUX naHuX. Po3pobieHo mporpa-
MHI MOJIeli ifeHTH(IKaIil CTaHy KOMIT FOTEPHHX MEpex
Ha ocHoBi amropurmis: Gradient Boosting, Random
Forest, moBHO3B’s13H01 HelipoHHOT Mepexi (FCNN) ta

3roptkoBoi HelipoHHOT Mepexi (CNN). ¥V skocti BuXia-
HUX JlaHuX Bukopuctano Habip UNSW-NB 15, skuit mi-
CTUTHh iH(pOPMAILI0 NPO HOpMalbHE (YHKIIOHYBaHHS
Mepexi Ta ImiJy yac BTOPTHEHb. BUKOHAHO 1X MOPIBHSIIb-
HUH aHai3.

OTpuMaHo, 10 3MEHIICHHS KOpeysmii O3HaK Ha-
JTaJI0 MOXKIIMBICTD ITiJBUIIUATH ONEPAaTHUBHICTD ineHTU(I-
Kalii cTaHy KOMIT FOTepHHX Mepex 10 1,9 pasiB Ha eTami
HaBYaHHS Ta J0 2 pa3iB Ha erami posmizHaBaHHS. [Ipu
FOMY TOYHICTh MOJIEINI MIPAKTUYHO HE 3MiHIIACh

Takum 4MHOM, B JaHii poOOTi 3aNIPOIIOHOBAHO Me-
TOJI BUSIBJICHHSI BTOPI'HEHB B KOMIT IOTEPHI MEpPeKi, SIKUH
BiJIPi3HSIETHCS BiJ] BiIOMUX HASBHICTIO CIEIiaIBHOT IIPO-
LelypH 3MEHILIEHHS KOpeysinii BUXiTHUX AaHUX, 10 J0-
3BOJIMJIO MIJBHIINTH OIEPATUBHICTh MPOILECy i1eHTUdI-
Kallil cTaHy KOMIT FOTEPHOI MEepexi.

[Moganpun nocmipkeHHsT OyAyTh CHPSIMOBaHI Ha
JOCIIKEHHST MOJeJel iIeHTU]IKaIll cTaHy KOMIT fo-
TepHOI Mepexi Ha ocHOBI Mogerni “Vision Transformer
for Small-Size Datasets”.
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Method of increasing the efficiency of data classification at the account of reducing the correlation of the sign
Svitlana Gavrylenko, Vadym Poltoratskyi

Abstract. The object of the study is the process of identifying the state of the computer network. The subject of research
is methods of identifying the state of computer networks. The purpose of the article is to increase the efficiency of detecting
intrusions into computer networks by reducing the correlation of features. Methods used: methods of artificial intelligence, machine
learning, methods of reducing the correlation of features. The following results were obtained: The effectiveness of using ap-
proaches that reduce data correlation was investigated: the method of principal components (PCA), independent components (ICA),
L1 and L2 regularization, the method was justified for further research. According to the research results, a special procedure for
reducing the correlation of the initial data is proposed. To evaluate the quality and efficiency of the proposed procedure, software
models based on: Gradient Boosting, Random Forest, fully connected neural network (FCNN) and convolutional neural network
(CNN) were developed. The UNSW-NB 15 set, which contains information on normal network functioning and during intrusions,
was used as the source data. A comparative analysis of the quality and efficiency of the developed models was performed. Conclu-
sions. The scientific novelty of the obtained results lies in the development of a method for detecting intrusions into computer
networks, which differs from known methods by the presence of a special procedure for reducing the correlation of the output data,
which made it possible to increase the efficiency of the identification process.

Keywords: machine learning, data classification, data preprocessing, data correlation, computer networks, neural net-
works, ensemble classifiers, intrusion detection systems.

74


https://doi.org/10.1007/s00521-013-1368-0
https://www.researchgate.net/publication/262526444_MIFS-ND_A_mutual_information-based_feature_selection_method
https://www.researchgate.net/publication/262526444_MIFS-ND_A_mutual_information-based_feature_selection_method
https://www.sciencedirect.com/journal/journal-of-electrical-systems-and-information-technology
https://www.sciencedirect.com/journal/journal-of-electrical-systems-and-information-technology
file:///C:/Users/vadim/Downloads/Telegram%20Desktop/Vol.%205%20(3
https://doi.org/10.1016/j.jesit.2017.06.004
https://hdl.handle.net/10289/1024
https://bibliotekanauki.pl/articles/908379.pdf
https://doi.org/10.3390/jimaging7110225
https://10.0.4.85/NNSP.2003.1318035
https://dl.acm.org/doi/10.1145/1015330.1015435
https://doi.org/10.1016/j.imu.2020.100330
http://doi.org/10.5455/ijlr.20170415115235

ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBirarii Ta 38's3ky. 2023. Ne 4

VIIK 004.9

B. O. suenxo, O. I1. Mixaib

doi: 10.26906/SUNZ.2023.4.075

XapKiBChKHIA HAIlIOHATHPHUN YHIBEPCUTET PaIiOeNeKTPOHIKH, XapKiB, YKpaiHa

HEPCIHEKTUBHICTDb 3ACTOCYBAHHA BAOCKOHAJIEHOI'O
KJIIACUYHOI'O AJITOPUTMY KAPT KOXOHEHA Y PO3INOAVIEHUX
EHEPTOKPUTUYHUX CEHCOPHUX MEPEKAX

AHoTanisi. AkryaabHictb. CTannapTHUi BapianT anmroputmy kapT Koxonena (KK) moxe OyTH BIOCKOHAJICHUI 3 BKITIO-
YEHHSM IapaJIelIbHOT0 3HAXO/PKEHHS KiTBKOX HEHPOHIB-TIEPEMOXIIB Ta MOAAIBIIOI CENEKLiel0 obiacTeil CEHCOPHOTO
TI0JIA, IO HE NIePeTUHAIOTHCS. 3a3HaueHUH MiaxXik, 3aKIafgeHuii y Metonoorii MoaudikoBannx kapT Koxonena (MKK), me-
PCTIEKTUBHHI CTOCOBHO HANpsMIB PO3BUTKY IITy4HOro iHTenekTy (IIII) Ha oCHOBI IITyYHHX HEHPOMEPEKEBUX CTPYKTYp
(ITHC). ¥ nopiBusHHiI 3i cTangapTHuM BapianToM, MKK 3a6e3neuyoTh 4acTKOBE po3napaeoBaHHs MPOLeayp Kiacudi-
Kallii 00'eKTiB y pamMKax KOHOI 3 iTepauiii imentudikarii, sk 10 npouenypu HaBdanus [IIHC, tak i y po6o4oMy pexumi.
[okazano, 1m0 noxiOHa ) 0COOIMBICTD, ajie B OLIBLI PO3BHHEHOMY BUIJIAI, BIACTHUBA TaKOX JIoAckkoMy iHTenekty (JII), i
peamni3yeThcsa B HEHPOHHHUX CTPYKTYpax JIt0ACbkoro Mo3ky (JIM), mo € nociem JII. IlikaBo, m10 mogiOHUMHU CTPYKTYpaMu B
JIM peaiizyeTbcs 3HIKEHA CHEPrOBUTPATHICTS 1 MTiIBUIIEHA KHUBYYIiCTh CHCTEMH IIPH 0OMexeHoMY (ikcOBaHOMY BUXOJII 3
JlaJly HEBEIHKOI KiJIbKocCTi exeMeHTiB. Lli sikocTi, MaOyTh, MOTEHIIHHO MOXXYTh OYTH B IIEPCIIEKTHBI peasi3oBaHi IpH Moja-
oMy po3Butky MKK. MeTta podoTn — neMoHCTpalist BiqnmoBiqHoCTi HU3KK ocobnmBoctel pobotn MKK — enemenTam
Ta 0COOJIMBOCTSIM opraHizarii iHpopmariiHIX mpoueciB y crpykrypax JIM, sikuii 3arajgoM JOLUTEHO PO3IJIIAaTH SK IPOTO-
THUII IpH po3pobui cuctem III.

Knaouoni croBa: xaptu Koxonena, Moaugikamis, IITyYHUH IHTENEKT, ITyYHa HEHPOMEpeKeBa CTPyKTypa, €HeproKpu-

THYHI CEHCOPHI Mepexi.

Beryn

Komn'torepna cucrema (KC) € mincumoBadeM Jroa-
cekoro inTenekty (JII) Y upomy momnsrae ii mpu3HaueHHAS
[1]. 3 mosiBoro KC, LII oTprmMaB "30BHiMIHIO peaizaiito"
II0/I0 MiATPUMKH PO3YMOBOTO IPOLIECY, OKPEMO Bif (3a-
MICTh, IO 3) JFoChKoro MO3Ky (UM). Llum mpakTu-
YHO BU3HAYMJIACS HEMUHYYICTh NOSBH IITY4YHOTO iHTEIe-
kty (1), six eramy po3Butky KC. HactymHe — BuruinBae
i3 moniepeiHboro. ToMy, IIOHHO 5K OYyJI0 3'ICOBAHO, 110
I € (mae OyTH) cyTHicHMM npojaoBxkeHHsM JII, okpec-
JIMBCSL JIOCUTh OYEBUAHUI IUIAX — MPOCLIIOBAHHS YsB-
JIeHb TIPO HelpoHHI MepexeBi cTpykrypu JIM Ha KC.
Tak BHHHKIA KOHLENIS INTYYHUX HEHpOMepexeBHX
crpykryp (LIHC). EBomroris Mepesx HetiporiB JIM iimia
CBOIM CKJIQJHUM (HE O KIHI IIe W 3apa3 3pO3yMiTHM)
nusixoM. Ha Bigminy Bin wei, IITHC (sx mpoaykT pobotu
JIM) mocuth mBUAKO "€BOIOIIOHYBAIH" 13 3aCTOCYBaH-
HSIM 32c001B KOMIT'IOTEpHOTr0 MoJietoBanHs. OJJHUM 3 Ba-
PIaHTIB, 110 BHKWIN (BUSIBIJIKCS TOIUIBHHUMH 1 TIPOIYK-
TUBHUMU B iIeiiHOMY Tu1aHi) BusiBUIKCS KapTu KoxoHeHa,
B AKHX MpoIieypa igeHTudikarii 06'ekTiB, 0 po3mapaie-
JIIOETHCS, OyI1a 3Be/ieHa JI0 TIOCIiIOBHOT (BU3HAYSHHS HEH-
pOHa-TIEPEeMOXKILI Ta Take iHIIe). 3ampOnoOHOBaHA MOJH-
¢ixoBana kapra Koxonena (MKK) [2, 3] yacTkoBO monae
HU3KY oOMexeHb cranapTHoi Mozeini KK.

VY nockonanenns anroputmy KK, Bkmtouae napane-
JIbHE 3HAXO/DKEHHS KiJIbKOX HEHpPOHIB-TIEPEMOXKIIIB ISt
KiJIbKOX HaBYaJLHUX 00pasiB, 3 HACTYIHOIO CEJEKIII€I0
o0JyacTeil CeHCOPHOTO IMOJIs, MO HE MEPEeTHHAIOTHCS, i
MoudiKaIiero IesKuX HeHPOHIB-TIepeMOXIiB. Y CyKy-
ITHOCTI 1€ HPU3BOJMUTH A0 CKOPOYEHHS 4Yacy HaBYaHHS
[4] i B xiHIEBOMY paxyHKY A0 CKOPOYEHHS €HEeprocmo-
KUBAHHS B MPHUCTPOSIX 1 cucTteMax, ae aaroputm MKK
3aCTOCOBYETHCSI. HacTKOBO pO3MApaNeNOEThCsT TPOLEC
ineaTHdikaIii 00'eKTiB, 32 PaXyHOK YOT'O CKOPOIYETHCS
KUTBKICTh iTepalliil miJ yac HaBuaHHS. Tak caMo, Bax-
mBa ocobumBicte MKK y mopiBHSHHI 31 cTaHIapTHUM

BapiantoM KK - moBHila BiOBIAHICTE JIOTILI Napae-
JIBHOCTI B3a€MOAIN MiXK OKpeMHMH HeiipoHamu B JIM.

MeTa mi€i po60TH — IEMOHCTpAILiS IEPCICKTHBHO-
CTi BUKOpHCTaHHS BIOcKoHaneHoro anroputmy KK cro-
COBHO PO3MOJIJICHNX EHEPrOKPUTUYHUX CEHCOPHHX Me-
pex. J1i1st 1boro — IEMOHCTPYETHCS BiANOBITHICTh HU3KH
ocobmmBocTei pobotn MKK — enemenTam Ta ocobiamBo-
CTSIM Oprasizamii iHpOpMAaIiifHUX MPOLECIB Y CTPYKTY-
pax JIM, sikuii — de facto — posrisigaeTbes ik mPOTOTUI
pu po3podi cuctem 1.

OcHOBHA YaCTHHA

[pusnavenns KC — Oytu miacmmoBadem JII [1].
Mictumewm JII B ocHoBHOMY € JIM. Cama nronuaa (Homo
sapiens) — icrora mocuts dinuBa. Ill{o crocyerbest 06'ek-
TiB )KUBOI MIPUPOIH, TIiJT JIIHHIO CIIi/T pO3yMiTH €KOHOMHE
CTaBIICHHS 0 BUTpayaHHsA eHeprii. Homo sapiens, st 6io-
JIOTIYHUH BUJ, B CIIy OOCTaBWH, PO SKi HA TAHWHA MO-
MEHT Y ITaJICOHTOJIOTIB HEMA€E OCTATOYHOT €AMHOT JIyMKH
(mocimipKeHHs1 Ta 3iCTABJIEHHS TOYOK 30py (Timores) y
HHUX TPOJOBXKYIOTHCS), OTPHUMaB aHOMAaJbHO PO3BHHE-
HuK M030K. JIM Mae macy ~3% Macu BChOTO Tina, aie
CHOXWBa€ MpH oMy ~12% eneprii opraxiamy B CTaHi
cnornsiganus (pakTuaHOl Oe3MisuIbHOCTI), 1 10 ~25% y
craHi po3ayMiB (00aymyBaHHs npobiem). [loniOHa ene-
proButpaTHiCTh pobGoTH JIM aBTOMAaTHYHO CTHUMYIIIOE
nofanbuuid po3utok JII Ta migmroBxye Homo sapiens
JI0 TIO/IUTBIIOT €KOHOMIT €HeproBUTPAT (TOOTO B JaHOMY
PO3YMiHHI crpHsi€ “PO3BUTKY CXHUIBHOCTI” 10 JIIHOLLIB).

Le#t "pyx mo xoiy", 10 37a€ThCS HECKIHUCHHNM, -
B MPOEKIIii Ha BiCh Yacy — MPU3BOIUTH, 30KPEMa, 10 BU-
HUKHEHHS (BUTaIyBaHHS) PI3HUX MiACHIIIOBaviB ((i3my-
HUX, a MOTIM 1 IHTETEKTyaIbHUX) MOXJIMBOCTEH IIpe.-
cTaBHHKIB By Homo sapiens. Y CyKymHOCTI, Bce II€ €
IHTENIEeKTyalbHUM (TEXHOJIOTIYHIM Ta HAayKOBO-TEXHIiY-
HHUM) IIPOTPecoM JIrocTBa. Tak, 3a MosSBOIO NEPIIUX 3Ha-
psiab mpani, peani3yloThCs HaOUIbII eKOHOMHI (Gopmu
rOCIO/IapChKOi  AisIbHOCTBI  (Ociyie  3emiiepoOcTBO i

© suenxo B. O., Mixans O. I1., 2023

75



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

TBApUHHUIITBO), OCBOIOIOTHCSI HOBI JKepena €Heprii,
HOBI BHJHM CHPOBHHH, HOBI TEXHOJIOTII NepepoOKH Ta
iHme. TakuM 4MHOM B LIJIOMY, B YKPYITHEHOMY MacIil-
Tabi vacy, iCTOpis JIOJCTBA BUTIISAAAE SK MOCIHIOBHICTh
TEXHOJIOTIH, 10 3MIHIOIOTHCS.

Jo cepenman XX CTONITTS, ¥ 3B'I3KY 3 OCBOEHHSIM
HOBHX BHIIIB €Heprii (snepHa eHepreTrka), Oynu morpi-
OHI HOBI OOYMCIIIOBAJIBLHI MOXKIMBOCTI, OCKIIBKH KOJIM-
Hi (MeXaHigHI 00YHCIIOBANBHI IPUCTPOi) OyIIH HAATO
TPYIOMICTKI Y BUKOpUCTaHHI. SIKOU A po3paxyHKOBO-
KOHCTPYKTOPCHKHX Ta IHIINX MPHUKIAJIHUX OOUHCIICHB 3
METOIO PO3BUTKY SIIEPHOI €HEPreTHKHU OyJI0 3a/isTHO BU-
KIIIOYHO MEXaHIYHE JIIYMIbHEe 00NnanHaHHs (apudpmome-
Tpu “@ernikc”) — TIABKK IS WITATy CHiBPOOITHHKIB-00-
YUCIIIOBAYiB 3HaH00MUBCA O 30BCIM “‘He MiAHOMHMI™ It
nepkaBu (onp 3apoOiTHOI rutaTi. ToMy BHHMKIA IOT-
peba i gech 10 50-X poKiB MUHYJIOTO BiKy OYJI0 peaizo-
BaHO Bkaszanwuii miacwmosay JII — KC.

Ha nanuit MoMeHT - oi0Ha CUTYalliss BUMAIIbOBY-
€ThCS UTS TFOACHKOT IUBLII3AI] 38 YUCIEHHUMH 1HIITUMH
HanpsiIMKaM# po3BHTKY. [loTouHoro HasBHOTO (peaizo-
BaHOTO B JIFOJX) MO3KOBOro JII Moke eleMeHTapHO He
BUCTA4UTH (y TUIAaHETAPHHUX MacuTabax) Jist BUPIiLIEHHS
KoJ1a Ipo0JieM, IO MUPSATHCS, B YMOBaX BUYEPIaHHs Po-
3pO0IIOBAaHMX HUHI pecypciB i 0OMexeHoro 0iojoriy-
HOTO TOTEHIialy IUIaHeTH (YUCENBbHOCTI HaCeJeHHs,
IPaHUYHO MO>KJIMBOI LIOAO 3a0e3MeueHHs MPOayKTaMH
Xap4yBaHHA). Y 3B'I3Ky 3 UM HEMHMHyYe Ta IIOBHOMAcC-
mrabHo 3pocratiMe akTyanbHICTh L. Iinkom iMoOBi-
PHO, IO Ta aKTHBHICTH po3BHTKOM TexHoioriii [ITHC,
siKy mMu crioctepiraemo 3apas (ChatGPT Ta ixme), - Bxe
MOYAaTOK HACTYITHOTO €Tally KapIUHAIBHOI Ta BUMYIIIe-
HOi iHTENeKTyami3alii JOACEKOTO OTOYEHHS (cepemo-
BuIIa nepedyBanHs Buay Homo sapiens). Mojxe BUHHK-
HYTH CHUTYAIlisl, 10 YMCIICHH] MOTEHIIHHI HeOe3neKH, 1110
BUXOZSITh 3 3actocyBanus I (30kpema, 3rigHO 3 Mpo-
HO3aMH [TUCbMEHHUKIB-()aHTACTIB), BUSBIISATHCS 3HAYHO
MEHIIMMH, MOPIBHAHO 3 MaciutabamMy MOTOYHUX IPO-
OeM ITIOJICTBA, JIOACHKOI IMBimi3alli, 0i0JOri4HOro
Buay Homo sapiens.

TomouM mpoToTHIIOM po3pobku cuctem I 3aB-
xnu OyB 1 3ammmaetses JIl, mokamizoBaHuit, sk Hale-
KUTb, TepeBaxkHo, y JIM. [HIIIi TONmoBi MPOTOTHTIHN HE TIO-
TpiOHI, 3apa3 He BUABJICHI, a00 MPOCTO HE ICHYIOTh. Tak,
He BifgoMi (200, MOKITUBO, B IPUHIIUIII BiZIOMI, alie He J10-
CTYIIHI [ BUBYCHHS) 1HIII 00'€KTH XKUBOI IPUPOJIH, SIKi,
MOJKJIMBO, (PyHKITIOHAIEHO O1BII €(EeKTHBHI B cepemo-
Buii Bugy Homo sapiens. Tomy — peanbHO JOMiHYy€E Ta-
pamurMma «JlroguHa — € Mipuio Beix pedeit» (IIpotarop).

Came moHATTS "iHTENeKT" - y3arajgpHeHO (iHTyiTH-
BHO) CHPUHMAETHCS SIK 3AATHICTh e()eKTUBHO (DyHKITiO-
HYBaTH B YMOBaX HaBKOJIMIIHBOTO cepepoBuiia. Crnoya-
TKY MOHSTTS "IHTENEKT" PO3TisiIalocs: caMe y CHiBBil-
HOIIICHHI 3 JIFOJICBKUM iCHYBaHHAM. [li3HiIe 11e TOHATTS
OyJ10 nommpene (Po3MIMPEHo — y Mi3HABAUILHHX Ta MOpi-
BHSUIBHHX IUJISX) TaK CaMO Ha iHIII 00'€KTH TBAPHUHHOTO
cBity. [Ipy iboMy OKpeMuM (j1y>Ke T JTHHM) HalpsiIMOM
BHUBYCHHS CTaJIM KPUTEPii BiAMIHHOCTI (TIepeBaru Ta He-
JOJIKHM) TBAPUHHOTO iHTENEeKTy mopiBHAHO 3 JII.

"CepenosumieM" ab0 "KOHCTPYKTHBHO-TEXHOJIOTi-
YHUM MatepiasioM", Ha SIKOMY B TBapHHHOMY (JIFOJIChH-
KOMY BKJIFOYHO) CBiTi pealli3y€eThCs iHTENEKT, € HEHPOHHU

1 3B'I3KM MK HUMH, 1110 YTBOPIOIOTh B CYKYITHOCTI HEH-
POHHI MEpEXi - HEPBOBI CHCTEMHU.

KinbkicTh HEHpPOHIB B 1aHOMY >KUBOMY OpTraHi3mi
(B )KMBOMY CTaHi) - MUTaHHS NPOOJIEMaTHYHE, OCKIIbKH
Ha JJAHUHA MOMEHT BiJICYyTHE OOJIaJHAHHs (TEXHiYHI 3a-
co0Mm), 3a TOTIOMOTOI0 SIKOTO MOXKHa Oy110 0 3po0uTH emne-
MEHTapHHH MigpaXxyHOK JUciia HelpoHiB. Tak, HaiO1mbI
PO3BHHEHMH 3aci0 IPOHUKHEHHS B po0OoTy *uBoro JIM -
ToMoTrpadist - Ha 1Ba TMOPSAIKHU (32 JIHIHHIM PO3MIpOM)
HE JIocsATae TOYHOCTI BimoOpakeHHs, sika Oyma 6 mocra-
THS JUIL pO3pi3HEHHS OKpeMuX HeWpoHiB. ToOTo. mob
PO3TIIe/IiTH OJMH HEHPOH Ha eKpaHi KOMIT'IoTepa, IiIK-
JIOYEHOTo 10 ToMorpada, koxeH exemeHT 3D obpa3sy
MO3KY, IO 3HIMaeThcsi ToMorpadoM, MOBUHEH OyTH 3a-
MiHeHuit “ky6uxom” 3 108 enementis. BignosinHo, Mik-
HEHPOHHI 3B'SI3KM - 11e APiOHIMI 00'€KTH - IIe MEHIIOO
MIpOIO JOCTYITHI HMHI BUBYEHHs 3aco0amu ToMorpadii.
EdexTHi KOTBOPOBI 3HIMKH 3 TOMOTpadiB, MO MyOIiKy-
I0ThCS 3a3BHYall y HAYKOBUX JKYPHAIBHHX 3 BUBUYCHHS
(yHKIIOHYBaHHS KHBOTO MO3KY IIPH BHPIIICHHI JIFOIH-
HOIO (BTACHUKOM YBOTO MO3KY) THX UM IHIIAX JIOTI9HUX
3aBJIaHb, - HACTIPAB/i AEMOHCTPYIOTh AKTUBHICTh POOOTH
KPOBOHOCHOT CHCTEMH B THX YH IHIIMX YaCTHHAX KOPHU
TOJIOBHOTO MO3KY. 3p0O3yMiJIO, ISl aKTUBHICTH "TIepeMu-
KaeThes" (3MIHIOETHCS) BIAMOBIAHO A0 "3amuTiB" BiAMO-
BiHHMX 00JacTeil MO3Ky Ha "TPIOPUTETHE eHEeprosades-
neueHHst" BIAMOBIAHUX oOnacTeit Mo3Ky. Aue sik "3aciod
miipaxyHKy unciia HelipoHiB" abo "3aci0 yokanizamii Mi-
YKHEWPOHHUX 3B'I3KiB", - TOMOTrpad Ha JTaHUI Yac 30BCIM
HE JOCTATHIM.

KinpkicTh HEWPOHIB 1 JesIKi MIXKHEHPOHHI 3B'S3KH
Ha JaHUH MOMEHT MOXYTh OyTH IOKJAIHO BHBYCHI
TUTBKH 13 3aCTOCYBaHHSM 3aC00iB ONTHYHOI MiKpPOCKOTTII.
e o3Hauae, mo s Benukux 00'ekTiB, Tumy JIM, momi-
OHe BUBYCHHS MOXUJIMBE — jiniie post factum, Ha mpermna-
parax, y BUIJISZlI TOHKUX 3pi3iB Ha MPEIMETHOMY CKIIi.
o crocyerbest JIM — e mosxe 6yt 10 10 THCAY 3pi3iB.

CKJIQIHICTh MOJISITA€ TAKOXK 1 B TOMY, IO i MiK-
pockoroM 3'BIsIeThest Jue cipe noje. 11{o6 Ha HboMy
Oyn0o BHIHO KOHKPETHHH OKpeMHii HEHpOH — BiH Mae
OyTu mindapooBanuii. s mbOTO - IPU BUTOTOBIICHHI Bi-
JIOBITHOTO TpenapaTy, HeHWpOH MOBHHEH OyTH ciabo
TIOLIKO/KEHUH, 100 BCepeinHy HHOTO MOTJIA MPOHHUK-
HyTH mifQapOoByroua pedyoBrHa. HelipoH Mae OyTu mo-
IIKO/DKEHUH came cnabko. ko, Hanpukiaz, ioro Oyzae
“mepepizaHo HaBITI y IOBXHUHY — 1€ OyJIe 3HAYHE TOIII-
Ko/pkeHHs. J[iist Takoro HeifpoHa mpocto He Oyze To-
HATTS BCEpEINHI Ta 30BHI. Pe3ynpTaT: Ha Takomy “nepe-
pizaHomy” HelpoHi pedoBHHa, 10 miadapOoBye, Bizya-
JBHO HiSIK HE TIPOSIBUTHCS 1 [IeH HEWPOH 3aJIUIINTHCS He-
BHJIUMUM TIi1 MiKPOCKOTIOM.

IcroTHa TakoXX TOBIIMHA MIapy Hapi3aHOTO Ipera-
pary. [l HaATO TOHKHMX IIapiB - HAATO Oararo aysKke Mo-
MIKO/DKEHUX (10 Bi3yaJbHO HE CIIOCTEPIralThes) Hew-
poHiB. [l 3aHaATO TOBCTUX IIApiB 3aHATO Oarato Hew-
POHIB 3aJIMIIaThCS HEBUANMIMH Yepe3 Te, 1110 BOHU 3Ha-
XOAAThCS BCEpENUHI LIapy, i TOMY HE INMOLIKO/KEHI, i
TOMY 3aJIMIIMINCS He TiadapboBannMu.

TakuM YHHOM, CaM MPOLIEC BUTOTOBJICHHS KOMILIE-
KTy npenaparis (Bkazai 10000 TOHKHX 3pi3iB MOCKY) - €
CyTTe€BUM (aKTOPOM HEBU3HAYCHOCTI TMPHU BizyaTbHOMY
MiIpaxyHKy YHciIa HEHWPOHIB, SIKi peasbHO CIIOCTEpi-
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CucreMu ynpaBiIiHHsI, HaBirarii Ta 38's3ky. 2023. Ne 4

raloThCs Ha Ipernapari (Ha gaHoMy 3pisi). OueBuHO, 1a-
HUH YMHHMK MOJKHA BpPaxyBaTH JIMILE OLHOYHO, i3 3a-
CTOCYBaHHSIM JI0JJaTKOBHX TEOPETUYHHX YSBJIEHb, TOOTO.
3 ypaxyBaHHSIM JyMOK ekcreptiB. [Ipu npomy e ojxHa
CKJIQJHICTh - MOJJIUBI €KCIIEPTH HE MalOTh KOJHUX JI0-
JATKOBHX PEATbHUX IAHUX, KPIM THX, IO IIPEACTaBIICHI
Ha IIUX Iperaparax (Ha 3pi3ax), 0 BUBYAIOTHCS.

3 ormamy Ha cka3zaHoro, JIM, - HaBiTh JOCHTIKyBa-
HUl post factum, konu HaueOTO € BeCh MPEAMET, 110 BU-
BYAETHCS, OUIKOM — IMPEeaIMeT He MOoXXe OyTH IOCHUTH
CTifiKO OJHO3HAYHO OILIHEHHH 3a KiNbKICTIO HasSBHHUX Yy
HBOMY HEHpOHIB. Y pi3Hi 4acH y pi3Hill JiTepaTypi BU-
CJIOBITIOBAJIMCS Pi3HI AYMKH IIONO YHCEIBHOCTI HEHUpO-
HiB MO3KY, - B3arajaom B auanasose Bix 10%° 1o 108, 3a-
pas3 - crocTepiraeTbes Aeske “€HICTh PO3KHIY AYMOK
YHCIIO HEHPOHIB y MO3KY, NMPUOIN3HO (32 MOPSIIKOM Be-
JIMYKHK) oliHIeThes Ak 10%2, TIpy 1poMy, € MOKIUBAM
pO3KHA Yy MexaxX "Ha MOPAOOK", depe3 BEIUKY MIHIH-
BicTh 00'eMy (Baru) MO3KY Bil iHOHMBia 10 iHAMBINA. 30-
KpeMa, 3 IPHUBO/Y Baru MO3KYy € IIM(pHU MOPSIIKY: PO3IO-
ain Big 800 rp. mo 2,5 kr., 3 MarodikyBaHEsaM 1,35 — 1,4
kr. OTXe, “TIOPAIOK BeIHYUHI, SIK Mipa OIIHKH, y HeH-
podizuonosutii € koM mpumyctumoro. Ile Oinbmioro
MipoFo - "TeOpeTHYHO nepeadadyBaHow” i ""cepeIHbpoC-
TATHCTUYHOIO HA JOCUTh BEJIIMKHX BUOIpKax" - € Kijib-
KiCTh MDKHEHPOHHHUX 3B's13KiB. IMOBIpHO, KOXKEH HEWPOH
Mae€ Bijl COTEHb THCSY JI0 JECSATKIB MiJIbIIOHIB KOHHEKTIB
3 iHmMUAMHA (OJWKHIMHU 1 OUTBII BiAJAJICHUMH) HEHpPO-
HaMH.

JocnimKkeHHs 3 IUX MUTaHb, 3a3BUYai, IPOIOBXKY-
10ThCs. HOBI MeTOM IpUHECYTH HOBI JaHi, 3 ypaxyBaH-
HSM SIKHX OyIyTh CKOPUTOBaHI MOTOYHI CTATHCTUYHI Y-
BieHHA. CIil TaKOXX OYiKyBaTH, IO IPUHIIAIIOBO HOBI1
JlaHi 1 IPUHIUIIOBO HOBA OI[IHKA CAMOT'0 MTOHATTS TOYHO-
CTi 3'SIBISTBCS TUIBKH ITICNIST PO3POOKM METOAIB HEmo-
IIKO/DKYIOUOTO CIIOCTEPEIKCHHS KHUBOTO ((PYHKIIIOHYIO-
40ro) MO3Ky, THITy ToMorpadii 31 3Ha4HO Kpauiow “roc-
TPOTOIO 30Dy’

BaxumBoto ocobnuBictio JIM € iioro pecTpyKTypy-
BaHHs NP 30epeKeHH] 3arajibHOT Ha/IiHHOT mpale3aaT-
HocTi. Ha maHmii MOMEHT BiZOMO, IO JIIOAWHA BTpayae
mo000B0, cepeqHpocTaTucTHIHO ~5000 HeipoHis. Leit
"IpUPOIHUH craa" - 3aJHIIAETHCS MOPIBHIHO (3HOBY K
Takd, CEPEeJHbOCTATUCTHYHO) TMOCTIfHMM BiIl Hapo-
JUKEHHS, 1 Ha TPOTA31 BCHOTO JKUTTA. 3POOMMO OLIHKY
MacmTabiB mporo sBuma. 100 pokiB me onTUMicTHYHA
OIliHKa TPUBAJIOCTI KUTTSA iHAUBIA sl HAIIOTO (TIOTOY-
HOTO, TENEPINIHFOT0) iCTOpU9HOTO Nepiony. Bizomi (mo-
KyMEHTAJIbHO MiATBEP/KEHI) TOMOBI (TOOAMHOKI, PEeKo-
pani) Bumanku 123 — 125 pokiB. bepemo TpuBamicTh
40000 mi6, Mo TeX BiAMOBiAAE oNTHUMICTHYHOMY (aie
BCe Ie peanbsHOMY) 3HadeHHIo ~109,5 pokiB. Otpumy-
€Mo BTpary TpoTsaroM xutts 2*10® meiiponis, To6TO.
0,02% Bix BuXigHOTO (TOOTO HPU HAPOIKEHHI) YHCIIA
10%2, IIpu upomy JdroAMHA NEPEBAKHO 3HAXOIUTHCS "B
3I0pOBOMY IITy3/li 1 TBEp/iid mam'sti" i B OCHOBHOMY 371a-
THA BHUPINITYBATH 3aBJIaHHS, TOB'I3aHi 3 B3aEMOJII€IO 3 Ha-
BKOJIMIIIHIM cepenoBuiieM. Takum unHom, JIM — nocuthb
HaJliliHa Mepexa, 1110 PeCTPYKTYPYEThCS, Ta 34aTHa JI0B-
TOCTPOKOBO 3QJIMIIATHCS IIJIKOM  (DYHKIIOHAIBHOIO.
ToMmy - HaBiTh y 9MCTO "iHXKEHEPHO-PO3POOHUIILKOMY"
Ta "KOHCTPYKTOPCHKO-TeXHOJIOTiuHOMY" TutaHi - JIM,

Horo OyzoBa Ta MPUHIMIK Aii - IIIKOM NpUAATHHH OyB
0w, IK IPOTOTHII IIpH po3poodui cucrem LII.

1. MopidnicTs MPpUHOMIIB POGOTH JIOACHKOTO
mo3ky Ta MKK Sk 3a3navanocs [ 1], npuznadenns KC —
Oytu nigcumoBayem JIl. I1pu nbomy xapakrepso, mo KC
TIPAIfOe 30BCIM HE Tak (MIPUHIUIOBO iHaKkmIe), Hix JIM,
10 € BMICTIITHINEM (TIpUcTpoeM ais peanizarii) JIl. Tax
y JIM TpUHOMIIOBO BiACYTHI TPOIECH IIOAO MepeMi-
mieHHs iHpopmarii. Hemae xomiroBaHHS B 0051aCTh 009H-
CIICHB Ta MOJANBIIOTO KOIIIOBAHHS PE3ybTaTiB Ha3a y
mam'ste. CaMa maM'siTh He € YMMOCH BUIUICHUM, TIPHU3HA-
YEHUM BHKIIIOYHO JUTs 30epiranHs indopmariii. Bumine-
HUX JIOKaJII30BaHUX CTPYKTYP, MPU3HAUYCHHUX BUKIIOUYHO
JUIsL 00YHCIIeHb, - TaKoX Hemae. OOYHCIeHHS — LE €, 3
LIMPOKOi TOYKH 30Dy, - AITOPUTMHU IS NependadeHHs
MOBEAIHKU TOTO, IO € Yy HABKOJIMIITHHOMY CEPEIOBHIIII.
Hagkonumize cepenopuiie (MOXINBO, arpeCUBHE) 3'sIB-
JSETHCS JIUIIE TICI HApOKEeHH: iHaAnBiga. ToMy anro-
PUTMIYHOI YacTWHU B3aeMoil 3 moBkimisaMm — JII ycrmi-
IOTHO HaBYaeThca. A modatkoswid 3mict JII - "gwmcrwmit
muet” 1 KibKa (Malla KUTBKICTB) MPOCTHX TPOLEAYpP Bi-
noOpakeHHs Ha HhoMy (y Mipy HaIXOKeHHS) iHhopMa-
IITHOr0 KOHTCHTY HABKOJIUIIIHLOTO CBITY.

BincyrtHicts nepeminienns indopmarii y mam'sri ta
BIJICYTHICTh CeLiai30BaHNX OOYMCIIOBAIBLHUX CTPYK-
Typ — KmoyvoBa BinminHicTs JIM Bix KC 3a koHUEenLi€r0
®on Heiimana [5]. Indopmaris Hakonuayetbes B JIM Ta
30epiraeThCcs TaM “HEPYXoMO™. 3BEpHEHHS IO TOTO YH
igmoro ¢parmenrta iHpopMamii 3AIHICHIOETBCS IESIKOIO
“3MIHOI0 aKTHBHOCTI” (IIOCh Ha 3pa30oK IMEpEeMUKaHHS
yBarv) MeBHUX (pparMeHTiB ToI0BHOTO MO3KY. Lli "mepe-
MHKaHHS" 1 CHIOCTEpIraloThest 3aco0amMu Cyd4acHOi TOMO-
rpacii. Ii x "mepemMukaHHs yBaru" NEeMOHCTPYIOTH Oa-
30Buil npuHIHI QyHKIIOHYBaHHSA JIM - €KOHOMIIO €He-
prii abo "cXMIBHICTB 10 JIIHOIIIB".

BisblI npUMITHI IPOAYKTHBHI actiekT podoTtu JIM
(BmacHe MUCJIEHHS, IJIaHYBaHHS, IMOCTAHOBKA 3aBJlaHb,
N0sIBA HOBUX 1JIe# Ta iH.), K €JIeMEHTH IPOTOTUITY BaHHS
crocoBHo mpobnematuku LI, - BUMararoTb OKpemoro
po3risiny. TyT e BiI3HAYMMO TUTBKH CXOXICTh HH3KHU
XapaKTepUCTHK (0cOONMBOCTEH POOOTH) 3 CHCTEMaMH
HII, mo po3podnsroThest. Llst cxoxicTh, BTiM, IILTKOM 3a-
KOHOMIpHa, OCKLIBKH, sIK 3a3Havanocs, KC e miacumosa-
gamu JII [1], a IITHC € 3axoHOMipHEM po3BuTKOM KC.

2. llpyHOMN PoOOTH BIOCKOHAJIEHOT0 AJITOpH-
™Yy KK. KK, sx cnemnianizoBaauii amapat oOpoOKH iH-
¢dopmarii [4], 3'aBuircsa MOPiBHAHO HEJABHO B MacCINTa-
0ax 3arajbHOrO TOCTYNAILHOTO PO3BUTKY HAayKH, 1 J10-
CHUTb JIaBHO 3 OIJISAY Ha CTPIMKHIA TEMIT IIPOrpecy 3aco-
6ie KC. HesBuuaitnicte (HecmoaiBanka) mosiBm KK y
TOMY, IO 1ei amapart 3abe3neunB HaByaHHA [ITHC nes-
HOTO THITY (3 IEBHOIO OpTaHi3ali€ro) 32 METOIUKOI0 0e3
BYMTEIIS. 32 paXyHOK CIIEIialbHOI CTPYKTYpPHO-aJIrOpHT-
MivHOi opraHizanii HeoOXiHICTh y BUUTENI — HiBEIIO-
€TbCS. Y SKICHOMY OIHCI, 11 BUTJIS/IA€ TaK.

CriouaTKy 3a/1a€Thes Jesika 0a3oBa ((poHOBA, TICEB-
JIOBHIIAIKOBA) "pO3KIIaIKa" MOXKIIUBUX PEaKIiil CHCTEMH
Ha 30BHimHI Aii. ETanm HaBgaHHs (OCTIJOBHICTH HAaB-Ya-
JHHUX 00pa3iB) 3aMIIAETHCA. AJle 32 pPaXyHOK CTPYKTY-
pHOTO posmnapalnenoBanas 00podku iHpopmariii, 6e3mo-
CepeIHLO BCEPEIMHI CHCTEMU BU3HAYAETHCS JesIKe ““Hali-
Kpare” pileHHs JIsl KO)KHOTO HACTYITHOTO HaBYaJTHOTO
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o0pasy, mo noxaerscs. [Ipu npomy "poskianka peakiiit
CHUCTEMH - IL0pa3y TPOXU KOpUryeThes. B pesynbrari,
¢dopmyerbcst  nesika  QinampHa  "poskiazka' -

Kacugikarop "craHiB cepeoBuIIa”, - IK BOHA IpeICcTa-
BisteTbest Ut KK 3a pesynbratamu 00poOky HaB4aIbHOT
TIOCITiZIOBHOCTI.

< Tloyarok

A 4

3aBnaHHs apaMeTpiB
HaBYaJIbHOI BUOIPKA

A 4

Hoswii eTan HaByaHHS

4

IloanHs HacTynHOrO
€JIEMEHTY HaBYaJIbHOL

) C

Kinenp >

Tak

Hosa
BHOIpKa
HYJIbOBa

KoperyBanus ceHCOpHOTO
nonst. @opmyBaHHs
HOBOT'0 HaOOpYy
HaBYaJIbHOI BUOIPKH.

BHUOIpKH

3mina QyHKIT

IlepeHeceHHs eeMEHTY

A

A

KOpETryBaHHS

A

Tak

HaBYaJbHOI BUOIPKH Ha

HACTYIHUN eTan
A

3HAXOMKEHHS IOTOYHOTO
HelfpoHa-TIepeMOXKILsT Ta
fforo po30iXHOCTI 3
KOXXHUM 3 TIOTIEpeIHIX

B HaBuanbHii
BHOIpII HE 3aTUIIIIOCH
€JIEMCHTIB

Po36ixHiCTH MeHIIIE
JIOTTY CTUMO1

Hi

T

BukoHaHHS 10aTKOBUX
(yHKIIH KOperyBaHHS
CEHCOPHOTO MOJIs

Hi— P

Puc. 1. Cxema BrockonaneHoro anroputmy KK

TakuMm d9uHOM, (QYHKIIEIO BYMTENS 3aIUINAETHCST
JIMILIE MiITOTOBKA Ta T10/1a4a 0YaTKOBOT HaBYAIILHOT 110C-
sinoBHocTi. [ToaHHs CUTHAIIIB 320X0YEHHS Ta MOKApaHHs
— e notpidue. Mani (micnst naBuanust) KK rorosa no ne-
pexony y pobouuii cTaH, y sikomMy, sSKIIO NOTpiOHO, mapa-
JIEIBHO MOXKe BifOyBaThCs “TIpuaOaHHS JI0JaTKOBOTO
JIOCBiTy” — TOHABYaHHS CHCTEMH, BXKe 3 poO0U0i Imocmio-
BHOCTI 00pa3iB. Jlerko OaunTH, mo cucTeMa, sika 00XO0-
JUTBCST O0€3 BUMTENS, B “‘IHTENICKTyaJbHOMY IDIaHI” €
OlJIBII aBTOHOMHOIO, OIBII aJalTHBHOIO 1 MOTEHIIHHO
OinpI HaniliHOIO. Ha BiMiHY Bill CTAaHIAPTHOTO BapiaHTa
KK, B mogucdikoBanomy Bapianti (MKK) [3] BBonsTBECS
JIOIATKOBI MOXJIMBOCTI IIOJIO PO3NAapaliesIFoBaHHs MPO-
necy HaBdaHHSA (moHaB4aHHS) (puc.l). [Ipu mpomy, dop-
MyBaHHA KUIBKOX HEHPOHIB-TIEPEMOXIIB BiIOyBa€eThCS
napa’jeibHO, CKOPOUY€EThCS 4ac, EKOHOMHTBCS €HEPreTH-
yHKi pecypc. Cuctema HabyBae MOAATKOBHX PUC MOJi0-
HocTi 3 JIM — anmaparom pearnizamii JII. Takum unHOM BOa-
qaeTbes, o KK — me ganeko e He BUPOOJICHUH Hampsi-
MoK. Po3BuTOK 1 MOAHIKaLis Hi€T MeTO0IIOTTT — HE JIUIIe
BijIOMBa€ BXXe JNOCSTHYTHH pe3ysbTaT i NPOMICHUH eTar
pPO3BUTKY, a i Oarato y 4omy mnepenbayae 3araibHHUN
TpeH] MaOyTHHOTO po3BUTKY 3aco0iB LI

3. Hanpsimu noganasmoro po3sutky MKK.

1. N-mipnicTts pobouoro nons KK — ananor 6araro-
BHMIpHOCTI 3B's13KiB (“KiTyOKa 3B's3KiB”) Mi>k HEHpOHaAMHU
y JIM. V JIM Hemae miHIIHOI BIOPSAAKOBAHOCTI, ajie €

“CTymiHb CycimcTBa: ONIDKHIA, dYepe3 OTHOTO, uYepes
nBa, i pam. MoxnuBo, “mariune uucino” 742 [6] - Ha-
crpaBJi € Mipa OIMKHBOTO MDKHEHPOHHOTO CyCiICTBa
(KITBKICTh CYyCIJIB HEpIIOro Kojia — HaWOIIMK4e OTOo-
4yeHHs), mo Mae micue y JIM. Takox MoXIJIHBO, 10 aK-
TUBHI HEHPOHH MMO3HAYAOTH CBOIX OJMIKHIX CycCifiB (Tre-
pIIe KOJIO CIIJIKYBaHHS) Mi€IHI3aI€r0 3B'I3KIB i3 HEIO.
MieniHizoBaHi Mi>KHEHPOHHI 3B'SI3KH — OLTBII BUCOKOIII-
BHJKICHI (IO ABOX MOPSIIKIB). 3T0IOM MEIiHI30BaHi 3B'sI-
3KH 1 CTAIOTh “ONIKHIMH CycifaMu’ TOMY, IO 3 HUMH
BCTaHOBJIIOIOTHCS HAMIIBUAIII "KaHAIU 3B'3KY".

JlaHuii nUIsIX — HApOILTyBaHHS 3B'SI3KiB HE 3a (hikco-
BaHOIO (CIIOYATKy 3aJaHOI0) 0araTOBHMipHOIO MaTpH-
LIEI0, a 33 BIJICTE)KEHHSM 3POCTAHHS YAaCTOTH KOHHEKTIB
MK OKPEMUMH BY3JIaMH - MOXKE CTATH OJHUM 3 HaIPsIM-
KiB yJIOCKOHAJICHHS CaMOHAaBYAJILHUX CHUCTEM iIeHTU(I-
kanii, Tumy MKK.

2.V JIM mig gac B3aeMozii MK HEHpoHaMH — yT-
BOPIOIOTHCS] HOBI MXKHEHpOHHI 3B's13Ky. [Ipu npomy, mio-
pasy cuTyaris BUIVISIA€ TaK, HiOM 3 HelipoHa A B Harps-
MKy HelipoHa b mounHae pocTH BiIpOCTOK (IEHIAPUT); i
napasenbHo, y Liel ske Jac, 3 HelipoHa b y HanpsiMKy Hell-
poHa A MOYMHA€E POCTH 3yCTPIYHUH BiZPOCTOK (aKCOH).
JleHapuT Ta akCOH 3iCTUKOBYIOTECS. KOHHEKT MK HUMH
JIOKATI3Y€EThCSL Y BUIJISAMI JIEAKOi OJISIIKH, BCEpeauHi
KO TIpM TPOXOJDKEHHI CHTHANY BiOYyBalOThCS TEBHI
TIPOIIECH.
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3 omHOro OOKYy TIeHEepYIOThCS, 3 IHIIOrO OOKY
CHpUIMaroThCS MeBHI OioXimMiuHi peyoBuHH. | Tak mai.

3aMIIaeThCs He 3pO3yMIINM, SIK BiJOyBa€ThCS B3a-
€MOy3ro/pkeHHst Mk A 1 b mpo 3ycTpiune mpopouty-
BaHHS BIJIPOCTKIB Ta YTBOPEHHS MK HUMH KOHHEKTY.
@akT HasBHOCTI MONEPETHHOTO B3AEMOY3TOMKEHHA -
OYEBHIHO He3amepeyHnid. Mae Miclle CHHXPOHHICTh Ta
mpocTopoBa KoopauHamis. CaMi IpOIecH IPOpPOIIy-
BaHHS — 3pO3YMLiII0, eHeproBUTpaTHI. TOMy BOHH HE iHi-
HiaNi3yBaTAMYThCA IPOCTO TaK.

IIpore, momiOHE B3a€EMOY3TOKEHHS — € KOHKPET-
Huil iHQopMaIiiiHui TpolIec, 0 mependayae — BXKe Ha-
SIBHICTD JESKOr0 KaHaly 3B'S3Ky (TiHBOBOTO, pe3epB-
HOTO, MOJKJIMBO, 3aCHOBAHOTO Ha HEBIJIOMUX HPUHIH-
nax, Tamy “6iomnosis”) Mixk A Ta b 10 yTBOpEHHS KOHEKTY
MDK HUMH.

s mpoGnema Bkaszye Ha Te, IO MPHUHIIUIN POOOTH
JIM Ha maHuii MOMeHT BHBUeHI e Mayio. CaMme co0oro -
e MPHUPOTHO s MOMIOHOTO ckiamHoro oO'ekra. lle
o3Hayvae, 1o JIM, K TOJIOBHUN MPOTOTUII PO3BUTKY CHU-
crem I, Mmo>ke MICTUTH 1 MICTHTH I1ie OaraTo 1 6arato
MIPUXOBAHUX MOXINBOCTEH. OHIEIO 3 TAKUX MOXIHBO-
cTell € TIHbOBUH (pe3epBHUIT) KaHAI 3B'SI3KY.

3. o crocyerbest cranmaptHoro Bapianty KK,
MOXE WTHCS NPO JONATKOBY albTEPHATHUBHY CHCTEMY
KOHHEKTIB MIX €JIeMEHTaMH MaTpHILli CEHCOPHOTO IOJISL.
MosxiuBuil BapianT peanizauii (3po3yMino, BiH HOB's3a-
HU 3 I0JJaTKOBUMH YCKJIQJIHEHHSIMH) - JOATKOBA (aJIb-
TEepHATHUBHA, NMPUXOBaHa, (YHKIIOHAIBEHO-CHeUH(piTHA)

rapaJieJibHa CHCTeMa BEKTOPIB VISl TO3HAYEHHS eJIeMEH-
TiB CEHCOPHOTO ITOJISL.

V Bapianti MKK, nonibna nonatkoBa BeKTOpH3a-
LSl €JIEMEHTIB CEHCOPHOTO TIOJISI MOXKE, 30KpeMa, MijT-
pUMyBaTH Ky OaraTopaHroBiCTh HpH ineHTHDIKaLil
00'eKTiB: TapaierbHe CTBOPEHHS IPOTATOM OJHI€ET iTepa-
il - KUTBKOX HeHPOHIB-TIEPEeMOIXKIIiB, PO3HECEHUX IO pi-
3HUX pPaHrax.

BoueBuns, yce 11e nepenbayae yckIaJgHEHHS aro-
putMiB. BodeBunp, 3ampoBa/KCHHS PAHTOBOCTI Mae
OyTH HOIIbHE MaHii ImpeaMeTHii o0macTi (KOHKpeTHiH
obuacri 3actocyBanas MKK).

Aute 3aramoM, TOAIOHMI MiAXix MOXe 3a0e3IeUnTH
JOAAaTKOBUI BUTpaIl Y MIPOJAYKTUBHOCTI 32 PaXyHOK CKO-
POYCHHS KiJIBKOCTI iTeparii.

BucHoBku

MKK po3risiHyTO Yy KOHTEKCTi 3arajJbHHUX TCHICH-
it posputky cuctem LI sk mincumroauis JII.

OOroBOpPEHO MOKJIMBOCTI Ta CKIIaJHOCTI MPOTOTH-
nyBanus LI Ha ocHOBI JIM, sik MexaHi3my peanizaiii JII.

Oo6roBopeno nmpuHIMnU opraxizauii JIM y nopis-
HSHHI 3 MOJICNIIOBaHHIM OKpemux ix acrekTiB y MKK.
[IponemoHCTPOBaHO QYHKIIOHANBHY CIIIBHICTH OpraHi-
3amii DX CTpyKTyp. BinzHaueHo, 30kpema, mepCcneKTHB-
Hicth MKK 5K cucTemMu, o BiITBOPIOE pETYIEOBAHY
E€HEpPTOBUTPATHICTH, BIACTUBY JIM.

Po3rIsiHyTO MOJKIIMBI HampsiMH MOJATBIIOTO PO3-
BuTKy KkoHImenmii MKK.
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Perspectives of application of the advanced classical algorithm of Kohonen maps
in distributed energy-critical sensor networks

V. Diachenko, O. Mikhal

Abstract. Topicality. The standard version of the Kohonen map algorithm can be improved by including the parallel
finding of several winning neurons and the subsequent selection of regions of the sensory field that do not overlap. The mentioned
approach, embedded in the methodology of modified Kohonen maps, is promising in relation to the directions of development of
artificial intelligence based on artificial neural network structures. Compared to the standard version, modified Kohonen maps
provide partial parallelization of object classification procedures within each of the identification iterations, both before the SNS
training procedure and in the working mode. It is shown that a similar feature, but in a more developed form, is also characteristic
of human intelligence and is realized in the neural structures of the human brain, which is the carrier of human intelligence. It is
interesting that similar structures in human brain realize reduced energy consumption and increased survivability of the system
with a limited fixed failure of a small number of elements. These qualities, apparently, can potentially be realized in the future
during the further development of the modified Kohonen maps. The purpose of the work is to demonstrate the compliance of a
number of features of the work of the MCC to the elements and features of the organization of information processes in the struc-
tures of human brain, which, in general, should be considered as a prototype in the development of artificial intelligence systems.

Keywords: Kohonen maps, modification, artificial intelligence, artificial neural network structure, energy-critical sensor
networks.
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Harmionansauii yuiBepcutet «llonraBcbka momitexnika imeHi FOpis Kornpatiokay, [lonrasa, Yipaina

METOAUKHU ABTOMATHUYHOI'O PO3III3BHABAHHA
CKJIAJHHUX OB’€EKTIB 3A ®OPMOIO

AHoTaunisi. AHami3 JiTEpaTypHUX IDKEpesl MOKaszye, IO HEOOXIAHICTh PO3Mi3HaBaHHS SIK BEIHKHX, TaK 1 IpiOHHX
00’€KTIB € BO)KJIUBHM HAIPSIMKOM PO3BHUTKY CYYacHHX CHCTEM TEXHIYHOTO 30py pOOOTIB Ta iHIIMX TEXHIYHHX 3aC00iB aB-
TOMaTH3aMii, SIKi ITOBUHHI BMITH 3a BUMIpPSHIMH 3HAaYCHHSIMH O3HAK PO3I3HATH OyIb-SKUH 00'€KT, IO MOTPANUB y MOJIE
IXHBOTO 30py, BITHECTH HOTO 0 NEeSKOro Kiacy, MPUHHATH pIlIeHHS Ta BUJATH KOMaHAY MaHimyisTopam pobora. Y
CTaTTi PO3TILIAAIOTECS IIAXOAN IO PO3Mi3HABAHHS 3 HACTYHHOIO KiacH(ikamiero piOHMX 00’€KTIB 32 TaKMMH 03HAKAMH,
sIK Koe(ilieHT emnTHYHOCTI Ta KoedilieHT ckiaaaHocTi Gopmu. Buninusum o3Haku Ta ix koMmOiHaIil 1t igeHTHdikamil
NMoIiOHUX 00'€KTiB, MOKHA HATPEHYBaTH MOJIENIb MAIIMHHOTO HaBYaHHS HAa PO3Mi3HABaHHSA HEOOXIIHUX THIIB 3aKOHOMIp-
Hocreil. [IpoBeieHe MOPIBHAHHS METOIMK BUMIPIOBAHHS ILJIOI MPOEKLiit 00’ €KTiB, popMa IKUX € OIU3bKOI0 0 MPIMOKYT-
HO1, 00’€KTiB Kpyriioi Gopmu, Ta 00’ €KTIB, SKi MPEACTABIIIOTE COOOI0 JIOBTY BUTATHYTY (irypy ckiaagHoi Gpopmu. 3pobieHo
OLIIHKY TOYHOCTI BUMIiPIOBaHHS IUIOII Ta HEPUMETPIB CKIaaHUX (iryp, BU3Ha4YeHi MOXUOKM BUOPAHUX 3HAYCHb pajiyciB Ma-
JMX 00’€KTIB 3aIeKHO BiJ| KPOKYy KBaHTYBaHHs. PO3IIISIHYTa MOXIIMBICTB pO3Mi3HaBaHHS 00 €KTiB 3 BUKOPHCTAHHIM TpPaJH-
LIHHAX MeTONIB 00pOOKH 300pakeHb a00 Cy4aCHHX Mepexk INIMOOKOro HaBUaHHS: BiOKpHUTOI Gi0iioTekH 1uist poOOTH 3 anro-
pUTMaMU KOMII'IOTEPHOTO 30pY, MalIMHHAM HaBYaHHSIM Ta 00poOKoii 300paxens OpenCV, HaifHOBIINX Mojeiel po3mi-
suaBanHs SSD, R-FCN, Faster R-CNN, Mask R-CNN ta YOLO, B apXiTeKTypi KX MOKHA 00a4UTH 6araro moKpamieHsb
Ta JOCSTHEHb Y METOAOJIOTISAX BUSBIECHHA 00'ekTiB. [loka3aHi mepeBaru BUKOPUCTaHHS HOMYJISIPHOT MO PO3Ii3HABaHHS
Faster R-CNN, m1o siBisie co6oto komOiHanito Mix MoaemsaMu RPN i Fast R-CNN, a1 mBuakoro po3misHaBaHHA IpiOHHUX
00’€exTiB cKkIagHO1 opMH. 3pOOICHO BUCHOBOK, 110 aBTOMAaTHYHI CHCTEMH PO3IMi3HABAaHHS, SKi MPALIOIOTh 32 JaHOK Me-
TOJIUKOIO, JIO3BOJISIFOTH JTOCHI/DKYBAaTH PI3HOMaHITHI 00 €KTH, BiPI3HSIIOTHCS JOCTATHHRO BHCOKOK IIBUAKOIEIO, ale Y
3B’SI3Ky 31 CKJIQIHICTIO X BHKOPHCTAaHHS B pealbHOMY daci BHIIpaBJaHe JIMIIE Y THX BHIAJIKaX, KOJH Ii 00’€KTH MaloTh
cknasHy GopMy i He MOXKYTh OyTH pO3Ii3HaHi Ta Kiacu]ikoBaHi 3BUYAHHIMU OLIBII IPOCTHMH METOJAMH Ta 3aCO0aMH.

KawuoBi caoBa: po3misHaBaHHA, Kilacudikamis 00’€KTiB, KOSDIIIEHT €TNTUIHOCTI, KOSPILi€HT CKIaTHOCTI HOPMH,

TOYHICTH BUMIPIOBaHHS.

Beryn

IHoctanoBka mnpodaemu. OOpa3 — 1e 00’€xT,
npotiec abo sIBUIIE PEaTbHOrO Ta abCTPAKTHOIO CBITY,
SIKMH PO3MI3HAETHCS 33 JEIKMMHU O3HaKaMH, 110 30upa-
IOTHCS Ta OOPOOIIOIOTHCS IHAWBIAYANBHO 1y CYKYITHOC-
Ti. Po3mi3HaBaHHS 00pa3y He € Oe3MUIBHUM 3aHATTAM 1
3aBXKIM CYNPOBOKYETHCS Ai€l0. B mTydHnx iHTenex-
TyaJbHUX CHUCTEMax Jisl, SIK IPaBUIIO, MAE BUIJISA TIOPi-
BHSIHHS 3 JIEIKUM €TaJIOHOM 3 HACTYIIHUM YBIMKHEHHSIM
B poOOTY BUKOHABUYOTO NPHUCTPOIO.

BimoMo, 110 CHOTOMHI BXKE BHKOPHCTOBYIOTHCS
HEHpOMepeki, B SIKHX MAIIMHU 3JaTHI PO3Mi3HABATH
HaBITH CHMBOJIM Ha Tmamepi Ta OaHKIBCBKUX KapTKax,
minicy Ha oQiuiiHUX JOKyMEeHTaX, eTeKTyBaTu 00'e-
KTH TOIIO, Il (PYHKIIT MOJIETIIYIOTh MPAIi0 JIOAUHU i
MiABUIIYIOTH TOYHICTh Ta HAAIHHICTD PI3HUX POoOOYMX
MIPOLIECIB 3aB/SIKM BUKIIIOYEHHIO i3 3aBIaHHS JIIOJCHKO-
ro Qakropy.

o6 HaBuUMTH KOMI'tOTEp OayuTH Ta PO3YMITH,
0 3HAXOJMUTHCS Ha 300pa)KeHHI, JIIOAW BUKOPUCTOBY-
I0Th TEXHOJIOT1{ MalIMHHOTO HaBYaHHA. s IboTO 30M-
paroTh BeNuKi 0a3M JaHWX, y TOMY 4HCIi (HOPMYIOTH
JaTta CeTH. BualmmBIIM O3HAKM Ta iX KOMOIHAIT s
imenTudikamii moxiOHNX 00'€KTiB, MOKHA HATPEHYBAaTH
MO/Ie]Ib MAIIMHHOTO HABYaHHS Ha pO3Ii3HABAHHS He-
OOXiIHUX THIIB 3aKOHOMIPHOCTEH. AJie aJisi TOro, moo
po3mi3HaTH 300paXKeHHs, HEHPOHHA Mepexa Mae OyTH
TIoTiepeIHbO HaB4YEHa Ha JIaHUX.

HeoOxigHicTh po3mi3HaBaHHS SK BEJIMKHX, TaK i
JpiOHUX O0’€KTIB € B@KJIMBUM HAIPSIMKOM PO3BHTKY
Cy4acHHMX CHCTEM TEXHIYHOTO 30py pOOOTIB Ta iHIIMX
TeXHIYHHMX 3aCcO00IB aBTOMAaTH3allii, SIKI MOBHHHI BMITH

3a BUMIpSHIMH 3HAaUYCHHSIMH O3HaK pO3Mi3HATH Oy.Ib-
SIKMHA 00'€KT, IO MOTPANUB y TOJIe IXHBOTO 30pY, BiJ-
HECTH HOTO JIO AESKOTO KJacy, IPUHHATH DPIllICHHS, Ta
Bugatd (abo HE BHUAATH) KOMaHAY MaHIMyJSITOpaM po-
6ora [1].

Yacto mocrae 3aqaya pO3IUICHHS 3 HACTYITHOIO
kiaacu(ikaiiero PI3HOMAHITHUX OO0’€KTIB 3a JCSIKOIO
03HAKOI0: MMUTOMOIO Ta a0COJIFOTHOIO Barol, KOJILOPOM,
po3mipam, GOpMOI0, ONTUIHUM SKOCTSAM. Taka 3agada
MOXe ITOCTaBaTH SIK ISl 00 €KTIB IPOMHCIIOBOCTI, TaK i
B CUIBCBKOMY TOCIIOApCTBI AN PO3IIJICHHS Ta OYH-
IICHHST BUCOKOBAPTICHHUX cywimeil. SIkmo HaifgacTime
BHKOPHCTOBYBAHI BIIACTHBOCTI YaCTWHOK KOMIIOHEHTIB
CYMIIlIi, IO Ti[UIATa€ MOMALTY, KOJUBAIOTHCS B OJHAKO-
BHX MEXaX, TO PO3IOJI Ha OCHOBI IIUX BIACTUBOCTEH
3a SIKICHOIO O3HAaKOI BHSBIISIETHCS HEMOXJIMBUM. Y
TaKMX BHIAIKaX MOXKHA 3aCTOCYBAaTH PO3Ii3HABAHHSI
CKJIQIHUX JIPIOHUX 00’ €KTIB 32 (hOpMOTIO.

AHaJi3 ocTaHHIX JA0cJiIKeHb i myoJikauii. IcTo-
PHYHO CKIIAJIOCS TakK, IO TeOpis po3IMi3HaBaHHSA 00pasiB
po3BHBaacs MO ABOX HAIPAMKaX: AETEPMiHICTCEKOMY Ta
CTaTHCTUYHOMY, X04a y [IUX HaNpsIMKax € i OaraTo cri-
JTBHOTO. MeTOoIMKa NETePMIHICTCHKOTO IMiXO/y HOJISATaE
Ha MaTEeMaTHYHO (POPMATI30BAHUX EMITIPUYHUX Ta CBPHU-
CTHYHHX METOJIaX, B OCHOBI SIKMX JIC)KHTh MOJICITIOBaH-
HS IIpoIecy MipKyBaHb. TyT BUKOPHUCTOBYETHCS Pi3HO-
MaHITHUH MaTeMaTWYHUM INJXiJ; MareMaTHYHa JIOTIKa,
MaTeMaTH4YHa JIiHTBICTHKA, Teopis rpadiB, MaTeMaTHIHE
porpaMyBaHHSI Ta iH.

CraTHCTHYHUH MAXIA CIHpAaEeThCs HAa (QyHIaMEH-
TaJbHI pe3yNbTaTH MAaTEMATHYHOI CTATUCTUKU — TTOCITi-
JIOBHOMY aHaJji3i, CTOXaCTHYHIH ampokcuMmariii, Teopii
OLIIHOK.
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Tadopmaniiiny 6a3y maHOrO JOCHIIHKCHHS CKJIATH
po0OTH HayKOBLIB, SIKi MpALIOBAJIM IO LUX JBOX Ha-
mpsimkax: [. Asamiani, P.Byac, B.C. AHnTOHIOK,
1.O. Apremenxo, C.II. Bucnoyx, P. Toncanec, €.B.
I'maBau, V. I'penangep, A.[eiiu, A.C. [oBOwun,
O.B. Karpyk, B.B. Kpyrnos, E. Iatpik, B.A. Y1po06iH,
®. Yocepmen, S.A. @omin, x. Xan, JL.H. ScHumpkuii
Ta in. [2-9].

3 aHamizy pobiT BUILTHBAE, 1[0 TUTAHHS PO3ITi3HA-
BaHHS JpiOHUX 00’€KTIB CKIAAHOI (POPMH B pearbHOMY
Yaci 3 HACTYITHOIO KJIAaCH]iKaIli€to 3a BUAUICHUMH O3Ha-
KaMH 11I¢ HeJIOCTaTHbO BUBYEHE 1 € JOCUTh aKTYaJIbHHM.

MeTa po00OTH — BUSBJICHHS XapaKTEepHUCTHUK HETH-
noBuX JApiOHMX 00’€KTiB, OIHKAa X NPOrHO30BaHUX
OoXUOOK IpH po3Mi3HaBaHHA IS Pi3HOT opieHTauii ¢i-
T'yp, BU3HAYCHHS METOJOJIOrIT s kiacudikamii Takux
00’€eKTIB.

OcHoBHA YacTHHA

OCHOBHUMHM XapaKTEPUCTHKaMH HETHIIOBHX ApiO-
HUX 00’€KTIB MPUIHHATO BBa)KaTW KOJIp, pPO3MIpH, Bary,
bopmy.

Po3risiHeMo Taki XapaKTepUCTUKU (OPMHU, SK KO-
edimieHT cknagHoCTI Ta KoediuieHT emintuaHocTi. Ko-
eQilmieHT CcKIagHOCTI (GopMH BH3HAYAIOTH SK BiTHO-
IIICHHS KBaJIpaTa MepuMeTpy 00’ €KTy 10 HOro IOl

2
== M
ne P — nepumetp 00’ekTy, S — IIoIa 00’ ekTy.
L1 BenMuMHA € MIHIMANBHOIO AJISL KPYTIHX (iryp
(y =4m). Yum Ginplue BiAXUICHHS BiJ i€aIbHOTO KOJa,
TUM OlJIbIlIC 3HAYCHHS BOHA TIpUIMae.
CrymiHp emnTHYHOCTI (MTOJOBKEHHS) JOCIIIKY-
BaHUX O0’€KTIB BU3HAYAETHLCS CIIIBBIIHOIIEHHSAM OCEH

¢irypu:

K=", @
a
Je a Ta b — miBoci eninca, npudomy a > D.

Huns peamizamii knacudikarii Ta MaitOyTHROTO CO-
pTyBaHHS O0’€KTIB 3a BKa3aHMMH O3HaKaMH MOXKHA
BCTaHOBHTH MaTPHUIIO-CTPOKY CBITJIIOUYTJIMBHX €JICMEH-
TiB TAKMM YHUHOM, I[00 MPOECKIisi 00’ €KTa, 10 PYyXAETh-
cs1, mpoxonuna uepe3 Hel. ToJl y KOXKEH MOMEHT 4acy
MOYXHA OTPUMATH JIEAKY TOCIiJOBHICTh CUTHAIB 3 MaT-
pHLli, CyMy SIKMX MOJKHa TPEJICTaBUTH €JMHUM PE3YyJib-
TYIOYHM IMITYJIBCOM, L0 XapaKTEePU3ye IIUPHHY» MPO-
ekiii ¢irypu B manmit MoMmeHT. OnmHak cama mo cobi
BEJIMYMHA IMITyJIbCy HE Ja€ 00 €KTHBHOTO YSBIICHHS O
¢dopMi 00’€KkTa, a CAYXKHUTH JIUIIC BUXiTHAM JaHUM JUIS
OTPUMaHHS TaKMX XapaKTepUCTHK, SIK IUIONIA, IEpH-
METp, KOe(DillieHT eNNTHIHOCTI.

[Tomty i-ro o6’exra (puc. 1) mpu TakoMy MeTOxi
MOYXKHA BU3HAUUTH SIK

n
Si=p> 1 (€))

=
Jie p — BIACTaHb MK CYCIAHIMH psiAKaMH, N — KiJbKICTh

xopa (cyMapHUX iMITYJIBCiB), IO MPUXOIATHCS Ha TPOE-
KIlito 00’€KkTa, lj — moBxkuHa j-i XOpau.

T
W
Y

U

S

__R] [N
P 0
I

— —

Puc. 1. O6’ext, mepeTHYTHH JIIHISIMHA CKaHYBaHHS

CnpasxHiil nepumerp ¢irypu Oyne piBHHH cyMmi
JIOBXKHH YT

AB+BC+CD+DE+...+XA.

OpHak TOYHE BUMIPIOBaHHS IyT TEXHIYHO peai-
3yBaTu JIOBOJII CKJIQJHO, TOMY HepUMETp (irypu Mu
BU3HAYAJIM SIK CyMy CTOpiH cTymiH4actoi ¢irypu
ABCDE...X, BepTHKaIbHI CTOPOHH SIKOT — Ii¢ BiJICTaHb
MDK psIKaMM, @ TOPU3OHTANIbHI — PI3HULS MiX JBOMa
XOpJaMH Ha CyCIJHIX psaKax.

Ie#t MeTon X04 i a€ MEHITY TOYHICTh Y BU3HA-
YeHHI MepuMeTpa, ale BOJIOJie Oe3nepeyHrMH MepeBa-
raMH 3 TOYKH 30py NPOCTOTH pealtizamii CXeMH:

n

Si=p (li-lisa)+2p, (4)
i=1
ae |, li_q— noexunn i-ita (i-1)-1 xopx.

Hamu Oyno po3paxoBaHO, IO MPHU BHMIpPIOBaHHI
MEPUMETPIB BEIUKOTO KIIACy CKJIAJHUX (iryp 3HAaYCHHS
Ta 3HaK IMOXHUOKH 30epiraloThCsi MPUOIU3HO OJHAKOBU-
MU (y ceperHboMy 3,2%). 3 mi€l TOUKH 30py HaWMEHII
MPUIATHAME JJIS JOCHIDKEHHS € Qirypy y BUTISAL ie-
QIBHOTO BEPTHUKAIBLHO OPIEHTOBAHOTO MNPSMOKYTHHKA,
TaK SIK 10 BiJHOIICHHIO 0 IHIIMX, OLIBII CKJIAJHUX
¢biryp, 3HaUeHHs 1X epUMETpa BUXOUThH 3aHUIKEHHUM.

BennunHa BepTHKanbHOT MiBOCI etinca

a=p-n (5)

IHmra miBBiCH eninca BH3HAYAETHCS K JOBXKHHA
cepenHboi Xopau leep .

IIpu mpoxomkeHHI mpoekii 00’ekTa depe3 mat-
pHIIO-CTPOKY Oyne HEOOXiTHMM BCTAHOBHTH HaJIeXK-
HICTh CHUTHAJy Ha pIi3HMX pAIKax OJHOMY W TOMY X
00’exty. Toxi 3 yciei CyKyITHOCTI CHTHaJIIB Y BHXIJTHUH
MIPUCTPIi Oyie MmotaBaThCs TUTBKU OJIUH IMITYJIbC.

BuznaueHHs1 HAJIC)KHOCT] CUTHaITy 10 OnHi€el diry-
PY MOXHA 3/1IHCHIOBATH IIUIAXOM IOPIBHSHHS CHT'HAJIB
Ha JBOX «CyCimHixX» psnkax. [Ipu Takomy mopiBHSHHI,
AK TPaBWIIO, BUKOPUCTOBYIOTH JBa KPHUTEPii — «OUiKy-
BaHHSA 3 JIOIYCKOM» Ta «IepeKpuTTs». CyTHICTh KpHUTe-
pifo «o4iKyBaHHS 3 JOIyCKOM)» IIOJISITA€ B TOMY, IIO
CHUTHQJI Ha JAHOMY DPSIKYy MOXe OyTH BiTHECEHHH [0
¢irypu, curHan Bix SKoi € Ha MOMEPEIHBOMY PAIKY Y
BUIAJIKY, SIKIIO LIeil CUTHAJI JIOKHUTh YCepEeIUHi IEBHOTO
inTepBay. Llel curaan po3ranioBaHuil Ha TOMY X Micii
psiziKa, 110 ¥ CHTHAJI BiJ HONEPEIHbOro psijiKa, a HINPHU-
Ha IHTepBaJly TPOXH OLIbIIE CUTHATY Ha MONEPEAHBOMY
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pAaKy (3 IesIKMM JOIyCKOM 3 000X cTopiH). [lomyck, sik
MIPaBUJIO, OOMPAIOTh 3AJICKHO BiA GopMu 00’€KTa, IO
MiJIATae PO3Mi3HABAHHIO.

Slkmo 00’eKT mpeacTaBise€ cOOO OBrY BUTSIT-
HyTy Oirypy ckiagHoi ¢GopMu, To HeoOXigHO OpaTh
OUTBIINI IOMYCK, aje TOAI MOTIPIIYETHCS PO3IiUTbHA
3MATHICT CHCTEMH, 3’SIBITIOTHCS HEBIPHO IIOB’sI3aHi
CUTHAJIH, IO BITHOCATHCS M0 Pi3HUX, ajie OJM3BKO po3-
MIIIEHNX OPOEKIIii 00’ €KTiB.

Kpurepiit mepexpuTTs mMosirae B TOMy, 1[0 CUTHAT
Ha AaHOMY DSNKYy MOKe OyTH BigHEcCeHHH 1o ¢irypwu,
curHai Bix sikoi OyB Ha HONEPETHBOMY DAIKY, SIKILIO
IessKka MOro 4acTUHA JIEKWUTh Ha TiHM JKe BiAcTaHl Bif
MOYaTKy ps/IKa, 10 H Jiesika YacTHHA [[bOI'0 CHT'HATy Ha
TIOTIepeTHBOMY PSAKY .

[Tpn BukOpHCTaHHI KPUTEPIIO NEPEKPUTTS 1JIs1 BU-
3HAYEHHs MapameTpiB Giryp, o MiISraoTh po3ii3Ha-
BaHHIO, MOJKHA OTPUMATH 3HAYHO MEHIII TOXHOKH, i
pO3AiNbHA 30aTHICTH CHCTEMH B LIJIOMY ITiABHITYETHCS.
Henonik KpUTepil0 NEpPEeKpUTTS AAEThCS B3HAKU IPH
JOCIIKeHH] 3HAYHO BUTATHYTUX Qiryp. s iforo ycy-
HEHHS HEOOXiJHO 3MCHIIHMTH KPOK 3YHUTYyBAaHHs CHUTHa-
ay.

[TpoBeneMo OIiHKY TOYHOCTI BUMIpIOBaHHSI TUIONII
00’€ekTiB, (popMa SKUX € ONM3BKOIO J0 MPSMOKYTHOI, 32
METOJIOM IIiJICYMOBYBaHHS XOP/I.

Hexaii N — 3aranbHa KiUIBKICTH XOPJ, IO MPUXO-
JSITHCS Ha Lel MPSIMOKYTHUK. HeTouHOCTI BUMipIOBaHb,
mo oOyMOBIICHI pI3HUMH NPUYNHAMH, TPUBEAYTH [0
TOTO, IO NPSIMOKYTHHK OyJe MaTh BUIJISAJA CKJIAJHOTO
0araTOKyTHHKa, a MOJOKEHHs KOXKHOI 3 XOpJ He JieTep-
MiHOBAaHO.

VY mpoMy BUMAIKy cyMma ycix XopHa Oyae piBHOIO

N ' ] ' ]
>l =haN +1;pN =N (|1CI+|2 P), (6)
i-1

ae I1'=n~x0; I'Z:(n+1)~x0;

P,  — BiOHOCHI KiJBKOCTI XOpJ, IO BUSABHIUCS TpHU
BHMIpIOBaHHI OilbIle a00 MEHIIE CIpPaBXHBOTO PO3Mi-
py. BenmunHa B my>kKkax € He IO iHIIE, K CEpEe/IHE 3Ha-
ueHHs leep.

Sk Ou uncno N OyJio JOCTAaTHBO BEJIHMKUM, TO Be-
muauHA P 1  MoxkHA Oyino O BBaXKaTH iMOBIpHICHHMU.
Toxi |Cep BiJlMOBiMano O CIpaBXHbOMY 3HAYEHHIO Be-
anuun |, 1 noma npsaMokyTHOT Birypu BuMiproBasiacs
6u 6e3 moxubok. OnHak ynciao N peanbHe 1 Ma€ KiHIle-
Be 3HayeHHS. ToMmy BenmuuHM P i ( SBIAIOTHCS 4acTO-
TamH, a He HMOBIPHOCTAMHU.

[ToxuOKy y 3HaXO/PKeHHI CHPaBXHbOTO 3HAYECHHS
| MO>XHA BU3HAYHUTH, BUKOPHCTOBYHOUYH (HOPMYITY

o=2 /2% . 0

N

Toni BinHOCHa MoXMOKa y BU3HA4YeHHI rromi  ¢i-
rypu, OJIM3BKOI 10 NPSMOKYTHHKa, OyJ1e PIBHOIO

S=
_[ [pa o pa @
=N /(nx0 +AX) |- Xg Nop)

MakcuManbHa BiJJHOCHA TOXHOKAa BHHHUKAE, KOJH
p=0=0,5. Cepenus moxubka y BH3HAYCHHI IUTOMI
¢irypu, 61M3bKO01 10 IPSIMOKY THHKA

S 1
cepl n \/m

OpHak peanbHa 3a/ja4a YCKIAJHIOETHCS THM, IO
3Ha4YeHHSA yncia N He € i aHOro HPSMOKYTHHKA
HE3MIHHOIO BennunHolo. Lle 3HaueHHs Moxke OyTH piB-
HuM gk N, tak 1 N+1, BOHO 3a1€XUTh BiJ IOJOXKEHHS
MPSIMOKYTHHUKA HA KBAHTOBAHOMY TIOJII.

VY 1poMy BHIIQJIKy MaKCHMajbHa MOXUOKa Oyze
PIBHOIO IO NPSMOKYTHHKA, IO MOOYJOBaHUI Ha
OJIHOMY, HAIPHKIAJ, BEPXHBOMY PAIKY, TOOTO |pio7p,
a cepenHs MOXMUOKa, BIIIOBIHO, PIBHOIO BEITHYMHI

)

|pgo'p/\/O'.

BigHocHa noxu0ka y BU3HAU€HHI TUIOLII NMPSIMOKY-
THHKA 32 PaXyHOK I[bOTO IIapaMeTpy CKiIazae

1
5cep2 =T
Nvo
Takum umHOM, CyMapHa BiTHOCHA MOXHOKa y BU-
3HAYEHHI IO MpPOeKUii (Giryp, OJIM3bKUX IO MPSIMO-
KyTHHKa, Ma€ B

1 N
=02, +62, 0 =——— /—+1. (11)
52 cepl cep?2 N\/g n2

MoskHa 3pOOHUTH BHCHOBOK, IO TOYHICTH BHMipIO-
BaHb 3aJIGKHUTh HE BiJl aDCOJIOTHOTO 3HAUSHHS PO3MiJIb-
HOI 37aTHOCTI CHUCTEMH, a BiJ KuIbKOCTI psakiB N, 1o
NPUXOJTHCS Ha JIOCHIPKYBaHy (dirypy, Ta uucia imiy-
JBCIB N, SKi BU3HAYAIOTH JIOBXKHHY XOP/HM i€l Girypu.

Hamu Oymo pospaxoBano, mo mit N =6, n = 10
moxuOKa y BHMIpIOBaHHI IUIONII TpoeKii ¢irypu, Omu-
3bKOT 710 NPSIMOKYTHHKa CKJafae Oimu3pko 7%, npu 30i-
apmenni N =10, N = 10 noxubka 3HMKYyETHCS 10 5%, a
st N =50, N=100 — noxu0ka ckinagae 6au3bpko 0,8%.

OOuucneHHs: MOXHOOK 1ol (iryp, OJIM3bKHUX 110
Kpyriioi (opMH, BiIOYBa€TbCS aHAIOTIYHO, alie KpiM
MOXUOOK, IO BUHUKAIOTH TPH IMiICYMOBYBaHHI MPSIMO-
KyTHHKIB, TOOyI0OBaHUX Ha XOp/aX, JOAAIOTHCS MOXHO-
KH, 5K 3’ IBJSIFOTBCS TIPY BUMIPIOBaHHI TUTOI CETMEHTIB
KoJ1a.

Tak 5K po3zisbHA 3ATHICTE CyyacHUX (oTonpuii-
MadiB Ty’Ke BHCOKa, MOXKHA MiIiOpaTH Taki mapameTpu

(10)

p ta N, st IKux 3HaYeHHs OXUOKK He Oylle NepeBu-
[IyBaTH BEJIMYUHH, HEOOXI1THOT IS JAHUX BUMIPIB.

[Ipu BumiproBaHHI IepUMeETpiB iryp, popma SKux
0JIM3bKa 10 MPSMOKYTHOI, MOXMOKA 3aJIeXKUTh 1Ie W Bif
opieHTarii Qirypu BiTHOCHO PSAAKIB CKaHyBaHHS. SIKII0
CTOpPOHA MPSIMOKYTHHKA CKJIAJAE 3 JIHISIMH CKaHyBaHHS
kyT B 15° To moxubky y BU3HAueHHi ioro nepumerpa
HECKJIaHO NOpaxyBaTu

Cap(-1)-2(n-D\2p 0.39
24/2p(n-1) o
Bennunna noxuOku J, 3aB)KaM MMO3UTHUBHA 1 HE 3a-

JIEXKUTH BiJl PO3MIpIB (QIirypH, BOHa 3aJIeKHUTh JIMIIE Bij
KyTa 3 JIIHISIMU CKaHYBaHHS.

L (12)
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[Tpn oGumcnenni nepumerpis Giryp, OIM3BKUX 10
Kpyrioi ¢opmu, Juis i-To psiika HOXHOKa Moxe OyTH
BU3HAYECHA SK PI3HULS MiK (a; — ai+)tp Ta myroo l;
(puc. 1)

r—i .
P _sinarccos

oL = [sin arccos ﬂ} +
. - (13)
p—r {arccos T2 _arceos w} .

r r

PimenHs 1€l 3aqadi B 3araJbHOMY BUTJISII BUKO-
HATH JTOBOJI CKJIAJTHO, TOMY HaMU OYJH MPOBEJICHI PO3-

paxyHKd MOXUOOK OLi Ui JeIKUX BUOPAaHHX 3HAYCHD
paniyciB Mamux 00’eKTiB I' Ta KPOKY KBAaHTYBaHHS O
LUIAXOM JOJABaHHS MOXHOOK OKPEMHX PSIKIB 34YHTY-
BaHHSI, 1[0 MOXYTh OyTH BU3HaueHi 3a popmyoro (13):

oLi=0,37 mma r=15mm;

0.i=0,35 mug =2 mm;

oi=0,32 mma r=2,5wmMm.

Kpok kBaHTyBaHHS o JUIs YCIX BHIQJKIB OyB 0J-
HAKOBHUI.

TakuMm YUHOM BUSIBJICHO, IO TPH 301JIbIICHHI pa-
JlyciB JOCIIKyBaHUX (Iryp BelMYMHA MMOXHOKU 3HU-
KyeTbest. OCKUIbKHM OpIEHTAIliS] KOJAa HE 3aJIC)KUTh BiJ
TIOJIOXKCHHS JIiHIH CKaHyBaHHSA, TO IS IOXHOKA HE MPH3-
BOJUTH 10 PO3KHIY B 3HAUECHHSX MEPUMETPY OJHOTO H
TOTO X 00’eKTy. JI1Is IKicCHOTO pO3Mi3HaBaHHS MOTPiOHO
BUKOPHCTOBYBAaTH ONTHMAIBHUNA alrOpUTM, SKUil OH
3HAQYHO 3MEHIIMB IIPOTHO30BAaHY KiJIbKICTh MMOBIPHHX
TIOMUJIOK.

Jaui micist BU3HaYSHHS! OCHOBHUX XapaKTEPHCTUK
MaJiux 00’€KTIB CKJIaJHOT GOpMU pO3Ii3HABAHHS MOXKe
BUKOHYBATHCS 3 BUKOPHCTAHHSIM TPAJUIIIHHUX METO/IB
00poOku 300pakeHb a00 Cy4yacHUX Mepex TITHOOKOTro
HaBuaHHs. TpaguiiiiHi METOJHM, SIK MPABUIIO, HE BHMa-
TaloTh CKJIAJHUX ICTOPUYHUX JAHHUX JUIS HABYAHHS Ta 32
CBO€IO0 TIPHUPOIOI0 HEKOHTPOIbOBaHI. HaitOumpmn morry-

JSIPHUM 1HCTPYMEHTOM JUIsl 33124 0OpoOKH 300pakeHb
€ OpenCV — Bigkpura Oi0mioreka aust poGOTH 3 anro-
pUTMaMy KOMIT'FOTEPHOTO 30py, MallMHHUM HaBYaHHSM
Ta 00poOKoii 300paskeHb. [103UTUBHUM TYT € Te, MO IIi
3aBJaHHS HE BHMAaraloTh aHOTOBAaHMX 300pa)KeHb, e
mronn 6 MapKyBaJId AaHi BpY4HY (A1 KOHTPOJIEOBAHOTO
HaBuaHHs). OpenCV, Oyaydn CydacHOIO BCEOCSIKHOIO
010J1I0TEKOI0, OXOIUTIOE IMUPOKHH CIEKTp 3aBIaHb
KOMII'FOTEPHOTO 30Dy, Bif 0a30BHX METOIIB 0OpOOKH
300pakeHb J0 MPOCYHYTUX PEKOHCTPYKIiH. [Jo MiHyCiB
MOJKHA BiTHECTH OOMEXKEHICTh METOMy KilbkoMma (hak-
TOpaMH, TAKMMH SIK OKJIFO3isl (4aCTKOBO MpUXOBaHi 00'-
€KTH), OCBITJCHHS 1 TiHi Ta eexTt Oe3nany [10].

Mertoau riuOOKOTro HaBUaHHS 3a3BUYAl 3aiekaTh
BiJI KOHTPOJIHOBAHOTO UM HEKOHTPOJLOBAHOTO HaBYaH-
HSl, TIPH 1IbOMY KOHTPOJILOBAHI METO/H € CTAaHJapTOM Y
3aJia4ax KOMIT'FOTEPHOTO 30DYy.

[IpoayKTHBHICTE TaKUX CHCTEM OOMEKeHa 0o0dmc-
JFOBAJIFHOIO TMOTYKHICTIO TpadiuHux mporecopiB. o
IUTFOCIB MO’KHA BiTHECTH T€, IO PO3Ii3HABaHHS 00'€KTiB
3a JJONOMOTIO TINTHOOKOrO HaBYaHHS 3HAYHO CTiHKile
IO OKJIFO31T, CKJIaJHUX CIIE€H, TIHEH Ta CKJIAJHOI'O OCBIT-
JeHHsL. AJie TyT OTpiOHa BesnKa KUIBKICTh HaBYaJIbHUX
JIAHUX; TIPOLEC THCTPYKIIT 300paXKeHb € TPYIOMICTKUM i
noporuM. IcHye Oarato erajsoHHuX HabopiB nanux (MS
COCO, Caltech, KITTI, PASCAL VOC, V5), ski 31at-
HI 3a0€3MeYnTH IOCTYIHICTh MO3HAYCHUX HAHUX JIJIs
posmiznaBanus [11, 12].

B ocranni poku po3poOiieHi Taki MOAEN PO3IIi-
sgaBaHHg sk SSD, R-FCN, Faster R-CNN, Mask
R-CNN Ta YOLO, B apxiTeKTypi SKUX MOXHA TTOOAYH-
TH 0araTto MOKpAIeHb Ta JAOCATHEHb Y METOJOJIOTisX
BHSIBIICHHS 00'€KTIB.

Hampukinan, n1yxe HOIYJSIPHOKO € MIBHIKA MOJIEb
posmisnaBanns Faster R-CNN, 1o siBisie 006010 KoMOi-
Hanito Mixk mMozenmo RPN i moxzenmo Fast R-CNN. Ti
MOXKHa BHMKOPHUCTaTH JUIS IIBUAKOTO PO3Ii3HABAHHS
IpiOHUX 00’ €KTIB CKIAAHOT (hopMH.

| 2k scores ]

| 4k coordinates |

k anchor boxes

e

cls layer \

[ 256-d

t
ANEAN

sliding window

conv feature map

’ reg layer .

intermediate layer

Puc. 2. Tlpunnun po6oru moxeni Faster R-CNN

Mogens CNN mpuiiMae B SKOCTI BXiJHUX TaHUX
Bce 300pakeHHS 00’€KTY 1 CTBOPIOE KaPTH XapaKTepHUC-
TuK. BikHO po3mipom 3x3 koB3ae€ 1o BCix KapTax 00'ek-
TiB 1 BUBOJIUTH BEKTOP O3HAK, MOB'SI3aHUI 3 JBOMA TIOB-
HICTIO 3'€THAHWMM IIapaMu, OJUH JJIsi OJIOKOBOI perpe-
cii Ta ouH 1715 6J10KOBOT KIiTacudikarii.

Komn 010ku mpuB'A3KM BHSBIIEHI, BOHH BHOWpa-
FOTBCSl IUISXOM 3aCTOCYBAaHHS IMOpOra JO ITOKa3HUKA
00'eKTHMBHOCTI, 11100 3aIMIIUTH TiALKH BiAmOBimHI 0J10-
ku. [li OIokM MpUB'A3KK Ta KapTH 00'€KTiB, 0OYUCIICHI

Buxigunoro mozeaao CNN, i momarote moaens Faster R-
CNN.
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Hatikpamii Faster R-CNN orpumanu oninku mAP
78,8% mnopiBHsHO 3 Habopom nanmx tecty PASCAL
VOC 2007 poxy Ta 75,9% mnopiBHSIHO 3 HAOOPOM JaHHX
tecty PASCAL VOC 2012 poky. Oninka mAP 3acto-
COBY€ETBCS ISl OTPUMaHHS TOYKOBOI OLIIHKH HECIIOCTe-
peXyBaHO! BENWYMHM Ha 0a3i EeMIIpUYHHX [OaHHUX 1
OB ’s13aHA 3 METOJIOM MaKCHMAaJIbHOI NpaBIOIoAiOHOC-
Ti, BUKOPUCTOBYETHCS U MOPIBHIHHA €()eKTUBHOCTI
PI3HUX METOAMK PO3Ii3HABaHHS.

IIpu mpoMmy po3mizHaBaHHS 00'€XTIB BXKe HEe 00-
MEXYEThCS CTATHYHUMH 300paKEeHHSMH, OCKUTEKH BOHO
Moe e()eKTMBHO BUKOHYBATHUCS Ha BiZleOKaJIpax y pea-
JIbHOMY 4aci Ta 3 BUCOKOIO TOYHICTIO.

[MuTaHHs BUABICHHS Ta KIAacU(pikaIii 00'eKTiB Me-
TOJaMH TTMOOKOTO HaBYaHHS IIUPOKO BU3HAHO JIOCIIJI-
HUKaMHU Ta BUKOPUCTOBYETHCSI KOMIIAHISIMH, sIKi 3aiiMa-
I0ThCS KOMITTOTEPHUM 30pOM [UIsi CTBOPEHHS KOMep-
LiHIX IPOIYKTIB.

BucHoBKH

1. PosnizHaBaHHs 00'eKTIB, 5K 1 paHille, 3ayUmIa-
€TBCSl OJIHIEI0 3 HAaWBWKIMBIMINX cep 3acTOCYyBaHHS
IUIsL CUCTEM HaBYaHHS Ta KOMIT'TOTEPHOTO 30py Ha ChO-
TOJHIITHIA IeHb, IPH HFOMY Y METOIOJIOTISAX BUSIBIICH-
Hi O0'€KTiB MOXHa MOOAYNTH OaraTo IMOKpaIieHb Ta
JIOCATHEHb, 1€ CTOCYETHCS K TPAAULIHHHX METOIIB
00poOKH 300paXkeHb, TaK 1 CYJaCHUX MEPEek TITUOOKOTO
HaBYaHHS.

2. ABTOMaTH4HI CHUCTEMH pO3Mi3HABaHHA, IO
MPaIOIOTh 32 JJAHOK METOJIUKOIO, JIO3BOJISIIOTH JOCITi-
JDKYBaTH PI3HOMaHITHI 00’€KTH, BiAPI3HAIOTHCS JOCTa-
THHO BHCOKOIO HIBUAKOJIEI0, ajle y 3B 3Ky 31 CKJIaJHiC-
TIO 1X BUKOPUCT@HHS B pPEAJbHOMY 4aci BHIIpaBJaHE
JIMIE Y THX BHUITAJKaX, KOJH Ii 00’ €KTH MarOTh CKIIaIHy
(dopmy 1 He MOKYTh OYTH PO3Ii3HaHI Ta KJIacH]iKoBaHi
3BUYAfHUMH OUTBII POCTHMH METOAMH Ta 3aCO0aMH.
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Methods of complex objects automatic recognition by form
N. Yermilova, Y. Zourab, R. lermilov

Abstract. The analysis of literary sources shows that the need to recognize both large and small objects is an important
direction in the development of robots’ technical vision modern systems and other automation technical means, which must be
able to recognize any object that has fallen into their field of vision by the measured values of attributes, assign it to a certain
class, make a decision, and issue a command to the robot's manipulators. The article considers approaches to recognition with the
subsequent classification of small objects by such features as the coefficient of ellipticity and the form complexity coefficient. By
identifying features and their combinations for identifying similar objects, you can train a machine learning model to recognize
the necessary types of patterns. A comparison of the measuring methods the areas of the projections of objects whose shape is
close to rectangular, objects of a round shape, and objects that represent a long, elongated figure of a complex shape is carried
out. The accuracy of measurement of area and perimeters of complex figures is estimated, errors of selected values of radii of
small objects are determined depending on quantization step. The possibility of recognizing objects using traditional image pro-
cessing methods or modern deep learning networks is considered: an open library for working with algorithms for computer vi-
sion, machine learning and image processing OpenCV, the latest recognition models SSD, R-FCN, Faster R-CNN, Mask R-CNN
and YOLO, in the architecture of which you can see many improvements and advances in methodologies detection of objects.
The advantages of using the popular Faster R-CNN recognition model, which is a combination of RPN and Fast R-CNN models,
for fast recognition of small objects of complex shape are shown. It is concluded that automatic recognition systems that work
according to this technique, allow to explore a variety of objects, have a sufficiently high speed, but due to the complexity of
their use in real time is justified only in cases when these objects have a complex form and cannot be recognized and classified
by common simpler methods and means.

Keywords: recognition, object classification, ellipticity coefficient, form complexity coefficient, measurement accuracy.
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Harmionansauil TexHI9HUHN YHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUHN IHCTUTYT», XapKiB, YKpaiHa

ITPOT'PAMHA PEAJIIBALIIA CHHEHIAJIIBOBAHUX AJI'OPUTMIB
I'EHEPAII ICEBJOBUITAIKOBUX YNUCEJI HA IVIAT®OPMAX
JJISA BBY JOBAHUX CUCTEM

AHoTanisi. Y cTaTTi NIpOBEIEHO aHAII3 MPOTPAaMHHUX peai3aiil pisHUX aJTOPUTMIB TeHepalii IICeBIOBUIIAIKOBAX YUCEI
(IIBY) Ta nceBnoBumnankoBux 0iToBux nociigosrocredt (IIBBIT), npuaaTHUX A1 BUKOPUCTAHHS B CKJIaai BOYIOBaHHX CH-
cTeM i3 oOMexeHNMH pecypcamu: IpucTpoiB [HTepHeTy peueit (IoT), 6e3apoToBux ceHcopHHX Mepex (WSN), KoMIureKciB
Ppazio3B's3Ky Manoro pajiycy il Ta paaio9acToTHOI ifeHTH(iKanil Tomo. BIKOHAHO KOPOTKHI OIS 1 aHANi3 ICHYIOYHX
wiathopm At po3poOkK BOYJOBAHUX CHUCTEM, CEpel IKUX 0OpaHO pillieHHsI JUIsl TPOBEACHHS AOCTiKeHb. 3iiICHeHO aHa-
i3 BUMOT J10 anroputmiB rereparii I1BY, ski nigxosaTs 11 peanizalii y CKiIai eIEMEHTIB CUCTEM 13 0OMEXEHUMU pecy-
pcamu. OOpaHO HaMOUIBII XapaKTepHi NPEICTABHUKU PI3HUX KJIACiB aJITOPUTMIB, peaiisawis Sskux Oyae HalOLIbII T0LiiIb-
Ho. [IpoBeieHO eKkcneprMEHTa bHI JOCHIPKEHHS, PEe3yJIbTaTh SKUX MOBHHHI JOIMOMOTTH PO3POOHHKAM y BHOOpPI Hai-
OLITBIII i IXOAAIIOT0 ATOPUTMY JUTS TeHepallii ICEBIOBUITAIKOBUX YHCEIT Y CKIIAJli CHCTEM i3 OOMEXCHUMH PECypCaMHu.

Kuro4oBi ci10Ba: niceBIoBUIaAKOBI Ynca Ta 0iTOBI MOCIiAOBHOCTI, TeHepaTtopu [1BY, BOymoBaHi cucremu 3 00MeKeHIMU
pecypcamu, npuctpoi loT, kpunrorpadivni anropurmu, ESP32.

Beryn

Po3BuTOK 1 MOMMpPEHHs! BOYJOBAHUX CHUCTEM, TAKUX
sIK, Hampukiaa, npuctpoi [arepHety peueit (IoT), 3abe3-
nievye ix rIMOOKe MPOHUKHEHHS B Pi3HI cepu IisLTbHOCTI
JIFOJIMHU: CUTbCBKE TOCIIOapCTBO, MOOYTOBA 1 KOMYyHAaIbHA
cdepa, IPOMHUCIIOBICTh, MEIUIIMHA. 3a OI[IHKAMHU TPOBIJI-
HUX eKCIIepTiB y ramy3i [1], mo mouatky 20-X pOKiB Kib-
KICThb PO3YMHHUX HPHCTPOiB, OPraHi30BaHUX B €JUHY Me-
PEXY TI0 BCBOMY CBITY, Ma€ JOCATTH Maibke 30 MIbsIpIiB,
a B chepax, zie prCTpoi 00'eTHYIOTHCSI B MEPEXKy Ta B3ae-
MOJIiFOTh MK c000r0 Oe3 ydacTi JFOIuHHU, — MoHan 15
MUIbSIpAIB ONMHHILG. Takuii BUCOKMH piBeHb iHTerpaii
BOYJJOBaHHMX CHUCTEM Y KPHTHYHO BXKJIMBI raiy3i MpH3BO-
JIMTh IO HEOOXIMHOCTI 3a0e3MeUeHHsT IUX MPUCTPOIB Ha-
JHHUME 3ac00aMu 3aXUCTy iH(pOopMaIIil.

IcHye mpakTHKa 3aCTOCYBaHHS TpaJMIIHHUX, T00pe
NepeBIpeHrX, BIITOYEHNX 3aco0IB 1 aJrOPUTMIB KPHUITO-
rpadiqHOrO 3aXWCTy HaHWX, SKi BHKOPHUCTOBYIOTHCS B
JPOTOBHUX Ta OE3POTOBHX MEpPEXKaxX 3arajJbHOTO HMpH3HA-
yenns [2, 3]. OnHak 1i MeToau Oyiu po3poOieHi s po-
60TH B yMOBax 0e3 0OMEKEHb pecypciB Ha BICOKOIIPOLY-
KTUBHUX OOYHCIFOBATFHHUX CHCTEMaX. BiNBINICTH 3 HHUX
JUIsL BUKOHAHHS 3aBJIaHHS BHMArae BEJIMKOI KUTBKOCTI 00-
YHCIICHB 1 OIlepy€e YMCIIaMH BEJIMKOI PO3PSAHOCTI. Y TOM
JKe 4ac, OCHOBHI TuiaTopmu sl BOYIOBaHHX CHCTEM
OyIyrOThCS Ha MIKpOmIpoliecopax i MiKpOKOHTpOJepax 3
HEBEJMKOIO MPOIYKTUBHICTIO, PO3PSIIHICTIO, 00'eMOM Ma-
M'SITi, @ KiHIIEBI pillleHHsT HA X OCHOBI MArOTh PsiJl JOAAT-
KOBHX OOMEXeHb, HANpPUKIAJA, 3MYyIICHI NpaIfoBaTH BiJ
ABTOHOMHOTO JDKEpelia )KUBJIEHHS! HEBEJIMKOI MOTY>KHOCTI
1 HE MarOThb MOXJIMBOCTI DPETYJISIPHOTO OOCIIyrOBYBaHHS
JUISL AOTO ITi/I3aps/PKEHHS UM 3aMiHH. 3a TaKMX yMOB HpH-
CTpoi 3MyILIEH] NpaIioBaTH B EKOHOMHOMY PEXHMi, BUKO-
PHCTOBYIOUHM KOPOTKI, a1alToBaHi I1iji apXiTeKTypy 004H-
CIICHHSI, 1110 BUMAraroTh HEBEJIMKOTO 00CATY HaM'sITi, TOTO-
Bi JI0 YaCTHX 1 TPUBAJMX MepexoiB 6a30Boi athopMu B
Pi3HI eHepro3oepirardi peXIMH POOOTH.

Takwii cTaH CrIpaB y>ke TPOTATOM ITOHAJT TiBTOpa JIe-
CATKIB POKIB aKTHMBHO Haauxae (axiBiiB 3 Kpurrorpadii
Ta iHQopMaIliiHOi Oe3rekn Ha Po3poOKy HOBHX Ta ajarl-

Tamifo iCHYIOUNX pIllleHb MO0 3aXucTy Manux. Lli pimen-
HS TIOBHHHI OyTH TIpUIATHI JI1 BUKOPUCTaHHS BOYyJOBa-
HHMH CHCTEMaMH i3 OOMEXESHHMH PecypcaMH, a BOTHOYAC
3abe3nedyBaTH KpUNTorpadiuHuid 3aXUCT HA PIBHI, KW
He MOCTYMAEThCS TPAIULIIHHIM 3aco0am.

Po3B's3aHHsI OCHOBHMX 3aBAaHb 13 3aXHCTy JAHUX
JUIsl BOYIOBAaHHMX CHCTEM IMepeadadyae peaisailio Miioro
KOMIUIEKCY ~KpunrorpadiuHux mneperBopeHb. Metonu
KpunTorpadiuHoOro 3axucTy BUKOPHCTOBYIOTHCS VISl IIH-
¢bpyBanHs (3a0e3neueHHs KOH(DINEHIIHHOCTI) TaHUX, IO
30epiraloThCsl Ta TMEPENAOTHCS, BUKOHAHHS HEOOXIIHHX
TpoLIeyp 3 BCTAHOBICHHS Ta MIATPUMKH 3aXHIICHHX Ka-
HAJIB 3B'3KY, ieHTH}IKALIT Ta ayTeHTH(iKaIil a00HEHTIB
i Take iHme. OQHUM 3 HANBaXKIMBIIINX €JIEMEHTIB I[HOTO
KOMILIEKCY € TeHepaTOpH BHIIaIKOBHX/TICEBIOBUIIAKOBUX
qpcel1 Ta OITOBUX IOCIIJOBHOCTE.

DopMyTHOBaHHS MPOOdJIEeMHU

VY BignosigHOCTI 0 mpuHIMTY Kepxroddca, criid-
KiCTh KpHUNTOrpadiuyHOi CHCTEMH 3aXHCTy iH(popMarii
MOBMHHA BUW3HAYaTHCA KiIodeM mudpysanHsa. Kiou
mmpyBaHHS TIOBHHEH OYTH NOCTaTHHO BEJMKHM 1 Mak-
CHMaJIbHO HemnepeadadyBaHUM Ul 3JI0BMHCHHKA, MO0
3pOOHTH 3aBHAaHHS HOTO BiOOPY MPAKTHYHO HEMOKIIH-
BuM. ['eHeparlrisi mOAIOHUX KIIOYIB — OJIHE 3 3aBJaHb,
sSIKE MalOTh BUKOHYBATH T€HEPATOPU BHUIAJKOBUX YHCEI
Ta 6itoBux mocmigoBHocteil (I'BY i I'BBII). [lo 3aBganb
st ['BY (I'BBIT) Takox BXOZUTH TeHEpAIlisl 3alIOBHEHB,
OJTHOPA30BHX MOCIiAOBHOCTEH (nonce), Tak 3BaHOI '"co-
ni", sika BUKOPHCTOBYETHCS JJIS TiBUINEHHS HAIHOCTI
30epiraHHs MmapoiiB. Y pIOKUX BHIAJKax T€HEPATOPH
TICEBIOBUIIAJIKOBIX OITOBHX MOCIIIOBHOCTEH MOXYTh
BUKOPUCTOBYBATHUCS SIK JDKEPENO TaMu MMdpy JUIsl 37iH-
CHEHHSI II0TOKOBOTO MIN(PYBaHHSL.

VY OyIp-sIKOMy BHIIaJKy T'€HEepaTop NOBHHEH BiAIO-
BiJIaTH >KOPCTKUM BHUMOTaM IIOJIO SKOCTI Te€HEPOBaHUX
yricest a00 MOCIIZOBHOCTEH 3 TOYKH 30py CTaTHCTHYHHX
Ta KOpPEeJMIINHNX 3aleKHOCTeH, a TakoxX OyTm Oe3med-
HHEM 3 TOYKH 30py Kpurrorpadii. Moro mexamism reme-
partii moBrHEH OyTH MOOYIOBaHHUN TAKHMM YHHOM, 11100 3
BHXITHO1 TIOCITITIOBHOCTI Oy/Ab-sKOI NOBXHHH OyJl0 He-
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MOXJIMBO BiTHOBHTH ITapaMeTpH HalAIUTyBaHb YW I10Ya-
TKOBI 3HAUCHHS CTaHy IeHepaTopa (BEKTOpH iHiliaji3a-
i), a TakoK HEMOXJIMBO NepeAdayuTH HACTYIHI 3Ha-
YeHHs OIT B MOCHIJOBHOCTI UM HACTYITHI BHXITHI YHCIIA.
Le nocsraerscs 3a paxXyHOK BHKOPHCTAaHHSI CTaHiB, pO3-
Mip SKHX 3HAYHO IIEPEBHUILYE PO3PSOHICTh BHXIiTHUX
3HaYeHb, a TAKOXK 32 PaXyHOK 0araTopasoBOrO IHKIIYHO-
r0 3aCTOCYBaHHS JIOCHTH CKJIAJHUX IepeTBopeHb. Taki
3aXOAW BCTYNAIOTh Y KOH(IIKT 3 OCHOBHHUMH BHMOTaMH
0 METOIB, MpH3HAYEHUX U peaii3amii BOYIOBaHHX
CHCTEM: MiHIMaJabHA OOYHCIIOBAJIbHA CKJIAJHICTh, BHCO-
Ka e(DeKTHBHICTh Ta IIBUIKOIIS HA HASBHUX OOMEKCHHX
pecypcax, a TaKoX MiHIMI3alliss €HEProCIOKUBAHHSI. Y
KIiHIIEBOMY MIJICYMKY PpO3pOOHHMK ITOBHHEH YBaXXHO 1
3B)KEHO MiJXOAMUTH JI0 BUOOPY IeHepaTopa BUITAJAKOBUX
YHCe, 0 OyJie Peali3oBaHO B CHCTEMI, CIIMPAIOYKChH HA
JaHl JIOCIIJDKEHb CTAaTUCTUYHOI Ta KpHUnTorpagivyHol
HaJIIHHOCTI PO3TILIHYTUX KaHIHMIATIB, a TAKOXK Ha JTOCBIJ
iXHBOT peanizarii 11 BOYIOBaHUX CHCTEM.

OCHOBHOI0 METOI0 CTATTIi € aHali3 e()eKTHBHOCTI
Ta TPONYKTHUBHOCTI TPOTPAMHUX peanizaii oOpaHux
AITOPUTMIB TeHeparii TICeBIOBHUIAAKOBUX ducen Ta Oi-
TOBUX IIOCHTIZOBHOCTEH JUIsi HAWOLIBII TOIMYJSIPHUX 1
BOKJIMBHX MIATGOPM T HOOYJOBH BOYIOBaHUX CUCTEM
B ckiani loT.

AHaJIi3 iICHYyI0OYHX Ta NepCcneKTUBHUX pillleHb

B ocranHiit yac 0ys0 OIMyOIiKOBaHO 0araTo OTIIsiIo-
BUX IyOMiKaIiH, SKi po3rAIatoTh MUTAaHHI BUKOPUCTAHHS
PBHHX METOZIB TeHepallii ICEBIOBHUIIAKOBIX YHCEI
(T'TIBY) Ta 6GitoBux nociinoBHocrei (I'TIBIT) y cucremax
[oT. BinblIicTh 3 HUX CTOCYETHCSI OCHOBHUX aCIeKTIB BH-
kopuctants ['TIBY nuist pisHMX KpunTOrpagiqHUX IiieH.
Y poborti [4] po3rsiaaoThess Pi3HI METOMM OTPHUMAHHS
BUIAJIKOBUX YHCEN, a TaKOXK IIEPCIIEKTHBU 1X BHKOpPHC-
TaHHA i cucteM [oT. OcHOBHMIA aKIeHT pOOMTBCS Ha
aNropuTMax, NPHUAATHUX JUI TporpaMHoi peaiisamii B
CKJIaJli BOY/IOBAaHOTO TPOTPaMHOTO 3a0e3MeUeHHs YH OIe-
pauiitaux cucrem st [oT. OcobnuBa yBara mpUALIAETHCS
kpurrrorpadivHiii Oe3reni 3anpornoHoBaHuUX pinieHsb. [1po-
BEJICHO SIKICHI JTOCTI/DKSHHS Ta OIlIHKA Pe3yJbTaTiB podo-
TH PO3IJISTHYTHUX METOJIB IeHepallii BUMAJKOBHX YHCeN 1
TMOCTIZIOBHOCTEH 32 JIOTIOMOI'OIO PI3HUX MAKETIB Crielialli-
30BaHUX TECTIB. Y CTaTTi [5] MpoBeeHo eTaibHUi aHai3
3ama4 B cuctemax loT, 1ist sikux HeoOXi/iHe BUKOPHCTAHHS
TeHepaTopiB BUMAAKOBHX yucell. [l KoXKHOI 3a/1adi mpo-
MIOHY€EThCA HAHOUTBIII MiAXOAAIIE DIlIEHHS, B 3B3KY 3
YHUM aBTOPH JIOKJIA/THO aHANI3YIOTh 1 OLIHIOIOTH Pi3Hi CIIO-
cOOM OTPUMAHHS BHIAJIKOBHX Ta IICEBJOBHIIAJKOBUX YH-
cern. BukoHaHmii orusiy MO>KHa BHKOPHCTOBYBATH SIK pe-
KOMEH/IAIIIF0 Ta CTAPTOBY TOYKY IpH BHOOPi ab0 po3podii
reHepaTopa BUIMAIKOBHUX YMCEI ITiJ] KOHKPETHY 3a/1ady JUIst
CHCTEM 3 OOMEXKEHUMH pecypcaMu. Takoxk y CTaTTi po3r-
JISTHYTI METOAM OLIHKH POOOTH T€HEepaTOpiB BHUITAJKOBHX
YuceN B CKJIAJIi CHCTEM, OCHOBHI CKJIQIHOII, SIKi MOXYTb
BUHUKHYTH TIPH TIPOTPaMHIN UM amapaTHii peasizaiii re-
Heparopa, a TakoX criocodn ix BupimeHHs. Jleski 0630pu
npucBsaeHi anaizy Buxkopuctanag [ TIBY Tta I'TIBIT mummme
3 TOUKH 30py Kpurrrorpadii Ta kibepoesnexu. Hanpukian,
y po0ori [6] aBTOpH NPOBENH MIMPOKHIA OIS My OiKaLii,
NPUCBSIMEHNX PO3poOLli, BUOOPY Ta BUKOPHCTAHHIO I'eHe-
paTopiB IICEBIOBUINAIKOBHX YHCEN y CKJIaAi BOYZOBAaHHX

CHCTEM 3 NEBHUMHU OOMEXCHHSMH, TAKUMH SIK MPUCTPOL
0T, By31n Gesnpoiguux cencopuux mMepex (WSN), npu-
crpoi inentudikanii pagiosacror (RFID) i 1. n. ¥V crarri
[7] mpoBemeHMI OIS OCHOBHMX METONIB OTPUMAHHS
TICEBJIOBHIIAJIKOBUX YHCENl Ta iX 3aCTOCYBaHHS B Taiy3i
3abe3neueHHs KibepOesneku. [IpoaHamizoBaHO XapaKTepH-
CTHKH METOMIB Ta cdepHr iX 3aCTOCYBaHHSI, 30KpeMa B 00-
JacTi KpunrorpadiqHOro 3aXMCTy Ta KibepOesmekd, a Ta-
KOX JUTsl BUKOpUCTaHHA y ckiaii cucteM [oT. PosrmsayTi
METOIM OLIIHKH SIKOCTI BUXIJTHMX ITOCIIIZOBHOCTEH 1 YHCEIT,
HAJIAHO OTIMCH OCHOBHHX TPOTPAaMHUX IHCTPYMEHTIB, SIKi
MO)KHa BUKOPHCTOBYBAaTH JUIsl 11boro. B GaraThbox mocii-
JDKEHHSIX TIPOIIOHYIOTHCS MPaKTHYHI peajizamil reHeparo-
PIB 11 BUKOPHCTaHHs y BOyJIOBaHHMX cucTemax. Hampu-
KJaj, y po0oTi [8] 3anpornoHoBaHO HEBHOArIMBHIA TeHEpa-
TOp ICEBJIOBHUIIAAKOBUX YUCEN AITOW, SIKHI HAJIGKUTH 10
cimelicta reneparopiB Trifork. Lleii renepatop 0asyeTbcs
Ha OCHOBI JIBOX B3a€MOIIOB'sI3aHUX reHepartopiB PiboHaydi
3 3amizHOBaHHSM (LFG), a Takox 3 BHYTpIIIHIM B3a€M-
HUM TlepeMillyBaHHSAM. 3a 3asBaMH aBTOPIB, BiH MiIXO-
JWTH IS IMAPOKOTO CHEKTPY 3aBaaHb B ramysi [oT. Ipo-
BEJICHO OIIHKY arlapaTHUX BUTPAT y BUIAJIKY, SKIIO AJITO-
PHUTM peai3y€eThCsl y IHTErpabHOMY BUIJISIZIL 32 TEXHOJIO-
rieto CMOS, Ta oIliHKY pecypciB, BUTPAUCHUX Ha Iporpa-
MHY peajizauifo JUisl JIESKHX MPUCTPOIB 3 EKOCHCTEMH
Arduino. OcraHHe TIoKa3ye He Jy>Ke BUCOKHIA PiBEHb MPO-
JYKTHBHOCTI, aJie, THM HE MEHIIL, MOXe Oy TH MPUIHITHOIO
JUTSL IESIKUX THITB IIPUCTPOIB, SIKi MPALFOIOTh HA HEBEITHKIH
TAaKTOBIH YacTOTi, HANPHKJIAMA, IPUCTPOIB PaaiodaCTOTHOI
imerrudikamii (RFID). ¥V poboti [9] mpencraBmero nBa
BapiaHTH TeHEPATOPIB MCEBJOBHIIAAKOBUX YHCEI, IO IPY-
HTYIOThCA Ha MeTonax biym-brnym-1ly6a (BBS), Xorshift
Ta KOHIPYEHTHIl TeHepalii ICeBIOBUIIAJKOBHX YHCEN 3
riepectaHoBKO10. OIIMH BapiaHT NPOTNOHYEThCS BHKOpPHC-
TOBYBaTH JUIs IIJICH 3arajbHOrO MPH3HAYCHHS, TOMI SIK
npyruit — ma npuctpoiB IoT B ymoBax cyBopo obmerxe-
HOTO €HEProCIOKUBaHHs. AmaparHi peaji3aili 000X me-
ToziB Ha 0a3i mporpamoBaHoi Jioriku FPGA mnokazamm
NPUAHATHI XapaKTepPUCTHKU 32 E€HEPrOCIOXKMBAHHIM Ta
OpOAYKTUBHICTIO. OHAK HE y KOXHIN CHCTEMi B CKJaji
IoT moxe Oytn mouinmsHO BuKOpHCcTOBYBaTH FPGA Yy siko-
CTi OCHOBHOI Tiatgopmu. Takox, po3poOka CHCTEM 3 BH-
KOPHCTaHHSM IPOTPAMOBAHMX JIOTIYHHX MIKPOCXEM BH-
Marae creniajgbHOI KBami(ikamii Bifi po3pOOHUKA Ta € JI0-
CHTH KOIITOBHOM. [lepeBipka mporpaMHuX peati3amii 1
HAWOLIBII MOMyJSIPHAUX MIaT(opM BOYIOBAaHNX CHCTEM HE
MPOBOAMIIACE. X04Ya B POOOTI 3a3HAYAETHCS MOXKIIMBICTH
BHUKOPHUCTaHHS 3allPOTIOHOBAHUX METOJIB y Traiy3i Kibep-
Oe3reKu, cami arOPUTMH HE BITHOCATHCS JIO KJIacy KpHII-
TorpagiuHo Oe3neyHrX, M0 Ha MPAKTHUIl CyTTEBO oOMe-
JKy€e 001acTh iX MOKIIMBOTO BHKOPHCTAaHHA. Y ctarTi [10]
ONMCAaHO TPaKTUYHWIA CIIOCi0 peastizalii reHepaTopa BH-
TaJIKOBUX YHCENl Ha 0a3l JOCTYIMHMX Ta HEJAOPOTHX KOM-
noHeHTiB. ['eHepaTop moOyJoBaHMIT 3a KOMOIHOBAHOIO
CXEMOIO, JIe arapaTHa YacTHHa BiIOBiIa€ 32 pOpMyBaHHS
JDKepella eHTpOMii Ha OCHOBI ol(poBaHNX 00pa3iB Heme-
pendadyBaHMX CHUTHAJIB 3 HABKOJIMIITHBOTO CEPENOBUIIA, a
MporpaMHa YacTHHA BUKOHYE JOJATKOBY OOpOOKY IaHMX
JOKepena eHTpoIii. ABTOpH HE HABOJAThH JAHWX IIOJIO pe-
3yJIBTATiB CUHTE3Y 1 MOJCITIOBAHHS 3alpOINOHOBAHOI CXe-
MH, a TaKOXX HE TPOBOJATH X04Ya O CTATHCTHYHY OIIHKY
TeHepOBaHO1 TOCIiTOBHOCTI. [HOMI 11 MOOYI0BU TeHepa-
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TOPIB MPOIIOHY€ETHCS BUKOPUCTOBYBATH JOCUTH CKJIa/IHI Ta
HaBiTh ek30THYHI MeToau. Hampuknan, y crarti [11] posr-
JSIIAETHCS. METOJT TTOOYZI0BU T'€HEPaTopiB MOCIiZOBHOCTEN
ne bpeiina Ha Ga3i 3CYyBHUX peTICTpIB 3 HEJHIMHUMHU 3BO-
poraumu 3B'si3kamu (NLFSR). 3anponioHoBaHumii aBTOpa-
MH METOZ JO3BOJISIE CHHTE3YBaTH IEHEPATOPH IICEBIOBH-
MaJKOBUX YHCEN 3 MOCTIZOBHOCTSIMH MAaKCHMAIBHOI JOB-
KUHH U 3a7aHoi pO3psIIHOCTI 3CyBHOTO perictpa. Taki
TeHEepaToOpy OCOONMBO AaKTyaJlbHi B CHCTEMaX 3axHCTY
iHdopmariii, OCKiIbKA BOHH BUMAararoTb MiHIMAJIBHHX pe-
CypciB T peaiizarii i mpu mpoMy 3a0e31edyoTh OiTbIn
SIKICHY TIOCJTIIOBHICTh BUXIIHUX OITiB, KA € 3HAYHO MEHIII
riepe10auyBaHOI0 HDK y PEricTpiB 3 JIIHIHHIMH 3BOPOTHH-
MU 3B's3Kamu. OnmcaHa B poOOTi cxema J03BOJISIE OTPH-
MarTH TeHepaTop, ajle He A€ HiSKOi MepeBipKH Pe3yJIbTaTiB
Horo poOOTH Ta OLIHKM KpunTorpadiuHoi HaailHOCTI 3a-
MPOIIOHOBAHOrO pimeHHs. Y crarti [12] 3anponoHoBaHOo
MeTOo/l MOoOYIOBH TeHeparopa IICEBIOBUITAJKOBHX UHCENT
Ha OCHOBI XaOTHYHHX BimOOpaxkeHb. SIKICTB OTpHUMaHOI
BUITAJIKOBOI TOCIIIOBHOCTI JI0ZIATKOBO TOJIINIIYEThCS 3a
JIOTIOMOT OO0 3aCTOCYBaHHs (DyHKIIiT IPUBEICHHS 32 MOJLY-
JIEM Ta TIEPEBIPSAETHCS 3a JOIIOMOTOI0 HAbOpy MaTeMaTHd-
HUX Ta CTaTUCTHYHHX TECTiB. AJITOPUTM IIU(pPyBaHHS
BUKOPHCTOBYE 3aIlPONIOHOBAHUI T'€HEpaTop MCeBIOBHIIAI-
KOBHUX YHCEJ JUIsl 3aXHIIEHOTO IIepeaBaHHsl KOJIbOPOBHX
300pakeHb, OTPUMAHHX KIHIIEBUMH IIPUCTPOSIMU B MEPEKI
IoT, 3a mportokoom MQTT wuepe3 6e3npoToBi KaHamH
383Ky Ta IHTepHeT. OKpiM CTaHIAPTHOI OLIHKH SIKOCTI
BHITAJIKOBO]I TTOCIIIIOBHOCTI, aBTOPH MPOBEIH PSAA KPHUIITO-
AHAIITHIHUX JIOCII/DKEHb 3alPOIIOHOBAHOI HUIMH KPHIITO-
cucteMd (TI0OyIOBa CTATHCTUYHHX TiCTOTpaM, OIiHKA

SHTpOIIil Ta KIIOYOBOTO MPOCTOPY, KOPEJALs CyCiITHIX
BIIUTIKIB, JU(EPCHIIINHIN KPUIITOAHATI3), IPOTE IIi JOCIi-
JDKCHHST HE MiATBEP/UKYIOTh KpunTorpadiuHy Oesnexy
3aIIPONIOHOBAHOTO AJTOPUTMY OTPUMAHHS IICEBJOBHIIAI-
KOBOI IOCJIIJOBHOCTI.

Buoip Ta oOrpyHTYBaHHA HiJILOBOI IVIATGOPMHU

[Ticnas nmpoBeneHHS aHai3y NMEPCHEKTHBHHX ILIAT-
(dopM Juis peanizalii By3miB Ul pi3HHX THIIB BOY/IOBa-
HUX CHCTEM i3 OOMEXEHHMHM pecypcamu (Tadmuns 1),
cepell yCiX KaHAWAATIB OCOOJMBY yBary 3BEpPHYJIHM Ha
ce0e KOMIUIEKTH PO3pOOKHM Ha OCHOBI MIKPOKOHTpOJIEpa
ESP32. ESP32 — me GaratodyHKIiOHaJ bHA CHCTEMa Ha
kpucraii (SoC), pospobiena Espressif Systems — xu-
TaCPKOI0 KOMIIaHi€to, mo 0azyerscst y Illanxai. ESP32
TIO3UITIIOHYETHCS SIK ABTOHOMHE PIllIeHHS JJIsl OpraHi3arii
OesnporoBux Mepex Wi-Fi, sike Moke opraHi3oByBaTH
ITIKITIOYEHHS OY/Ab-SIKOTO CTOPOHHBOTO MIKPOKOHTpOJIE-
paoro mpuctporo (MK) mo Wi-Fi, a Takox 3maTHe BHKO-
HyBaTH [POrpaMy aBTOHOMHO Ha BOysoBaHomy MK [13].
Jlo no3uTUBHUX OcoOMMBOCTEH L€l miaThopMu MOXKHA
BIJIHECTH HU3bKY LIiHY, BEJIMKY MOTY>KHICTh, BOY/IOBaHUI
MK wmae 3 sinpa, 2 3 SIKMX NPAaIOI0Th Ha YacToTi 1o 240
MI'n [14], a Takox OaraTo pi3HHX amapaTHUX MOYJIIB
JUIs BBOAY-BHBOIYy BKirouatoun Wi-Fi ta Bluetooth, mo
BIZIKpHBA€ BEIMKI MOXIMBOCTI IS 3aCTOCYBAHHS IIi€l
w1aThOpMHU U1 BUTOTOBJIEHHS pi3HMX npucTpoiB loT
[15]. ESP32 miaTpuMyeThcsl pisHUMH TOMYJSIPHAMH Ce-
pemoBumamMu  po3poOkW, TakuMmH, gk  Arduino,
PlatformlO, abo Moxxe mporpamyBaTHCs 3a IOIOMOTOH
¢peiimBopky ESP-IDF Bin Bupoonuka MK.

Tabruys 1 — 3BeeHi XapaKTEPUCTHKH MOMYJISIPHUX NIAaTGOPM 1151 BOYIOBAHHX CHCTEM

Tpuctpiii 1)1 o3 I311 (Flash) | Wi-Fi . ;1/'::3 oC BapricTh
Arduino 8-20 MI'x 1-8 Kb 16-256 Kb Hi 14-54 N/A $6-25
ESP8266 80 ML 80 Kb 512 Kb Tak 9 FreeRTOS $3-12
ESP32 160 ML 512 KB 4-16 MB TaK 43 FreeRTOS $5-15
RPi Pico (W) 133 ML 256 Kb 2-16 MB Hi (Tax) 26 N/A $6-12
Omega2 580 MI'n 64 MB 16 MB TaK 12 Linux $22
RPi Zero (W) 1ITn 512 Mb 16-32 b Hi (Tax) 40 Linux $15-20
C.H.LP. 1 ITn 512 MB 4-8TB TaK 45 Linux $50

ITnatdopma ESP32 BUKOPHCTOBYETHCS AJISL OTPH-
MaHHs Ta 00poOKM JaHuX 3 ceHcopiB [16], mis kepy-
BaHHS COHSYHUMH ITaHEISIMH Ta CHCTEMaMH ipuramii
[17], ms cucrem po3yMHUX OYJIMHKIB Ta CHCTEM KOHT-
poito sikocti noBiTps [ 18], [19], a Takok 111 KOHTPOITIO
CHCTEM JKHUTTEMISITBHOCTI JiroquHu [20].

XapakTepuCcTHKH TOCTIXKYBAHUX AJITOPUTMIB
renepaiii [1BY

Ha ocHOBI pe3yibTaTiB aHalli3y iCHyIOUHMX pillleHb
Oyso obpano Tpu anropurmu reHepauii [1BY: anropurm
Xoroshiro128++ (Bepcist 1.0), amropurm ISAAC, a Takox
aNTOPUTM TIOTOKOBOTO ImpyBaHHsA Salsa20, mo Moxe
mpamroBaT B pexkumi reHepartopa [1BY. Taxwii mepernik
MO)KHA MOSICHUTH HACTYIHUM 4YrHOM. JKOzieH 3 po3risiHy-
THUX METOJIB HE BXOJWUTh JO CKJIajy CTaHAapTHHX a0o
criemiaiizoBaHux 0i0Mi0TeK UIT CTBOPEHHS MPOTPAMHOTO
3a0e3nedyeHHs! ISl PO3IJITHY THX IUIAT(OPM, TOMY, SIKIIO B
3aBJIaHHI 3 IPOEKTYBaHHs OyB BKa3aHUH OJIMH 13 BUOpaHUX

AITOPUTMIB, PO3POOHMKY JIOBEIOCS O CTBOPIOBATH BiMIO-
BiIHE MpOrpamHe 3a0€3MEYCHHS CAaMOCTIHHO. AJITOpUTM
Xoroshiro128++ He BITHOCUTBCS O YKCiIa KpUnTorpahivHo
Oe3neyHnX, aje 3a IHIIMMU KPUTEpisIMU € OJHUM 13 Haii-
OLIBLI MEPCTIEKTHBHUX TEHEPaTopiB Ul CHCTEM 3 OOMesxe-
HUMH pecypcamy. [HImi J1Ba anropuTMu € KpunTorpadiqHo
Oe3neyHnMH, praoMy anroput™ Salsa20, o cyri, € anro-
PHUTMOM TTOTOKOBOTO IHM(pPYBaHHS, KU, 38 HEOOXiIHOC-
Ti, MO’KHa BUKOPHUCTOBYBATH SIK reHepatop [1BY.
AJITOPUTM  TEHepallii IICEBJOBHITAKOBUX YHCET
Xoroshiro128++ no3BoJisie OTpUMYBaTH PIBHOMIPHO pPO3-
nojtisieHi 32-6iTHi 1 yncna 6e3 3Haky. Bin OyB po3po0-
nennii CebacthsiHoM Birna pazom i3 JleBinom biaexmanom
SK OJIMH 13 BapiaHTIB y 3arajJJbHOMY CIMEHCTBI aJrOpUTMIB
xoshiro/xoroshiro [21]. Anroputm noGynoBaHui 3a OO~
MOTI'OI0 TPHOX OCHOBHHX OIleparliif: MoOITOBOrO BHKIIOY-
Horo-ABO (xor), miniiiroro (shift) Ta nukmgHOrO (rotate)
3cyBiB. UHCIIO B Ha3Bi MO3HAYA€E PO3PSIHICTH BHY TPIIIHBO-
ro crany. IcHyroTh Takox Bepcili 3 256-0itoBum, 512-
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6itoBuM Ta 1024-0iTOBUMH CTaHaMH, POTE came reHepa-
TOp i3 128-0iTOBMM CTAaHOM PEKOMEHIYETHCS ISl BUKOPH-
cTaHHs y BOYZOBaHMX CHCTEMax 3 OOMEXEHHMH pecypca-
M. ['eHepaTopH OTO CIMEHCTBA B)KE aKTHBHO BUKOpHC-
TOBYIOTBCSL SIK CTQHIApTHI IJI1 0araTb0X MOB IPOTpamy-
BaHHSA Ta mporpaMHuX 0OibmioTek (Java, JavaScript, .NET,
Rust, Lua, Julia), a Takox € reHepaTopaMu 3a 3aMOBUY-
BaHHAM Y orepamniitanx cucremax Mbed ta Zephyr, creri-
aITBHO po3pobiIeHNX 11 3acTocyBaHHs B [0T [22].

Amroputm  ISAAC (ckopouennst Bim Indirection,
Shift, Accumulate, Add, and Count) — kpurrrorpadivso
Oe3reyHunit reHepaTop MCeBIOBHIIJKOBHUX YHCEIl, PO3pO0-
nenuii Pooeprom J[xenkincom y 1993 poui [23]. Ctpyk-
Typa JIropuTMy y OaraTthboX BiIHOLIEHHSX MNOxiOHa 10
anroputMy notokosoro Immdpysanns RC4, skwuit iHOmi
TaKOX BUKOPHCTOBYEThCs K renepatop [1BU. Anropurm
MICTHTb MacuB 3 256 32-po3psIHUX LJIMX YUCE SIK BHYT-
pIIIHIA CTaH, SIKUH 9acTKOBO 3MIIIYEThCS KOXKHOTO pa3y
I 9ac reHepanii HaCTymHOTO d4mcia. s oTpuMaHHS
BHITAJIKOBOTO YHCIIa 3 MACHBY OOHMPAIOThCA 2 YMCia 3 JI0-
BUTFHUM 3HAYCHHSM JIYMIFHUKA 31 3cyBoM Ha 128 mo3u-
1iif omHe BiAHOCHO oxHOTO. OTpUMaHHA Pe3yJbTaTy Bif-
OyBaeThcss mpuOMM3HO 3a 19 omepamiii  Ham  32-
PO3PSIHUMYU YUCIAMH, IO € JOCHTh MIBHIKAM IS 32-
po3psiaaux 1wiathopM. OCHOBHUM HEIOIIKOM aIrOPUTMY
€ BIZTHOCHO BEJIMKHI PO3MIp CTaHy /ISl CUCTEM 3 00MeKe-
HHMH pecypcamu, [Uisl Horo 30epiraHHs MoTpioHO BUILIH-
TH moctiiino mpubmusno 1 Kb mam'sTi, a TakoX JOCUTH
TpHBaJa TpOIeAypa MOYaTKOBOI iHimiamizamii. OxHak cam
poboumii Tporiec Ay’Ke IMBUIKHA Ta ONTHMI30BAHUH IS
32-po3psiTHOT apXITEKTypH, caM TeHepaTop € KPUITOrpa-
(igHO Oe3neYHNM: BHXi/IHI 3HAYCHHS HE BHSBILIOTH KO-
HHX CTaTHCTUYHUX 3aJISKHOCTEH a00 3aKOHOMIPHOCTEH, 3a
OyIb-SIKOFO TTOCIITOBHICTIO BUXITHIX 3HAYCHb HEMOKITHBO
BIJIHOBUTH TIOYAaTKOBMI BHYTpILIHIH CTaH, HMOBIPHICTb
BUHUKHEHHS KOPOTLIMX LUKJIIB € Mi3ePHOIO.

Aunroputm Salsa20 6yB pospobiienuit Jlenienom be-
PIITEHHOM, TIEPII 3a BCE, SIK MOTOKOBUH IIU(p, TPHOITH3-
HO y 2005 poui [24]. Bin OyB npeacTaBieHnid Ha KOHKYpCi
BUOOpY Kpamux ainroputMiB mmudpysanns eSTREAM,
sikmit BinOyBaBest 3 2004 mo 2011 pik, i y pe3ynbrari yBiii-
0B 10 uncia QiHamictiB. THM He MeEHIIIe, aJrOpUTM MO-
e OyTH Tako)K BHKOPHCTAaHWH 1yt otprManHs [1BY: iio-
TO CTpyKTypa modynosana Ha npuHnumi [TIBY, sxi Buko-
pucToBye HaOip onepaniii "nomapanus" (add), "HKITIAHIIA
3cyB" (rotate), ‘"Bukmoune-ABO" (xor) mHam 32-
PO3PSITHAMU  OTIepaHaMH. AJITOPUTM BUKOPHCTOBYE SIK
noyarkoBi napamerpu 128- abo 256-OitHuil kimo4, 64-
OiTHE 3HAYEHHS BEKTOpa iHimiami3arii Ta 64-0iTHe 3HaUeH-
Hs1 iuwibHUKA. Jlari Bei i BUKOHYIOThCS Haa 5 12-0iTHUM
BHyTpimHIM cTaHOM. OIWH eTanm OTpUMaHHSA KiHIIEBOTO
pesyibTaty B anroputmi Salsa20 3aiimae 20 1uKIiIiB 1po-
XOJDKEHHS 10 BHYTPIIIHBOMY CTaHy, ITiCJIsl KOYKHOTO JIpy-
TOr0 BHUKOHYETBCS JI0JIaTKOBA OIEpallisi HE3BOPOTHOTO
nepeminryBanHa. OnHak il reHepauii ICeBJOBUIIAIKO-
BUX YKCEJ MOXXHa BHUKOPHCTOBYBAaTH CIPOILIECHY BEPCIIO
anropurMy Ha 8 ukimiB. [1in yac BUKOHaHHS eTamy CTBO-
PIOETBCS KOsl CTaHy i3 3MIHEHHMHM JAaHWUMH, TaK IO Ha
MOMEHT BHKOHAHHS aJITOpUTM IOTpedye MiHiMym 128
OaiitiB (1 KO6iT) omepaTtuBHOI mam'siTi, IPOTE MiXK €TariaMu
JIOCTaTHBO 30epiraTv JIMIIe MOTOYHHUK CTaH y 64 Oaiita
(512 6iT). Sxmio peamnizamist aroput™y Salsa20 € 060B's3-

KOBHM KOMITOHEHTOM KPHNTOrpadhiyHOro CTEKy BOYIOBa-
HOT'O TMPHUCTPOIO, TO BUKOPUCTAHHS AITOPUTMY Y MIOBHOMY
YHM CKOPOYCHOMY BapiaHTi sik reHepaTtopa [1BY no3Bosuth
CYTTEBO CKOHOMUTH T1aM'sITh, @ TAKOX JJO3BOJUTH OTPUMAa-
TH WBUAKKH 1 Hagiuauil ['TIBY.

OcodauBocTi peamizamii
Ta BUGIp MOBM NpOrpaMyBaHHA

Tect BUMIpIOBaHHS LIBUAKOCTI € CKJIaJHUM 3 Oara-
THOX NMPUYUH. BUMipIOBaHHS 32 JOMOMOTor0 BOYJOBaHO-
ro roguaEnka MK Moxke OyTH HEIOCTaTHRO TOYHHUM
yepe3 HEBHCOKY TAKTOBY YacTOTy pPOOOTH MHPHCTPOIO.
Heski MK MaroTe po3BHHYTI MOMITUBOCTI /IO TIapajiesnis-
My, TAKAM YHHOM BiJICTC)KCHHSI TOYaTKy 1 3aBEpIICHHS
BHUKOHAHHA 1HCTPYKIIH € Nemo HeJeTepMiHOBAHNM 1 CH-
JBHO 3aNIeKUTh Bif iHmMMX mogid. CydacHi mporiecopu
MaloTh MEXaHi3M 3MiHH POOOYOi YaCTOTH: BOHH LiiJieCT-
PSMOBaHO CTalOTh IOBUIBHIIIMMHU a00 IIBUIIIUMH, 3a-
JIeXKHO Bifl MOTpeOU 3AiHCHEHHS OOYHCIICHb: TIPH BiJICYT-
HOCTI HaABaHTAXXCHHS 200 MMPY BUKOHAHHI MEBHUX KOMAaH]I
BOHM MOXXYTbh 3HaYHO 3HI)KYBAaTH POOOYY 4YacTOTy, IO
3HIKYE €HEPrOCIIOXKHMBAHHS 1 MOJOBXKYE MOXIIMBUH dac
poboTH Bi 0OMEXEHOTO HKepea >KUBICHHS.

[Ile ogHMM Ba)KITMBHUM aCIIEKTOM € BHOIp MOBH IPO-
rpaMyBaHHS JIs peatizanii nporpamu Ha MK. 3a3Bryat,
et Bubip 00yMOBJIICHO MIITPHUMKOIO JTOTIOMIXHOTO arra-
patHOrO 3a0e3medyeHHS Ta MepUepifHUX MPHCTPOIB,
TaKMX, SIK iHTepdeiic BBeICHHS/BUBEIICHHS CUTHANIIB 3a-
ranpHoro npusHaueHHs (GPIO), ananorosi BXimHi JiHIT
Ta aHanoro-uudposi nepersoptoBaui curHaiie (ADC),
npoBiaHi undposi inrepdeiicu (SPIL, 12C) ta xomyHika-
uiiHi moxysi (Wi-Fi, Bluetooth), siki noTpiGHi st Bupi-
meHHs 3aqa4i. Pozpoonnkun MK maibke 3aBxkau npono-
HYIOTh BHKOPHCTOBYBATH ITIeBHI 0i0Ti0TekH abCTpaKTHO-
TO YsBICHHS armapaTHux pecypceiB (HAL) mis moctymy no
MIEBHHUX PETiCTPIB 1 MepudepiitHuX IPUCTPOTB IS IESSIKIX
MOB mporpamyBaHHs (3peOumbmoro ne C/C++). THmmm
ACTIEKTOM € MIATPUMKA TOT UM 1HIIOT MOBU BHCOKOTO PiB-
Hi1. J{y»*e gacTo 3aHaTO CKJIAJHI MOXIIMBOCTI MOBH HPO-
rpaMyBaHHsI BUCOKOTO piBHSI oOMexkeHi abo B3arajii He
peaiizoBaHi y Bepcii KOMITUIATOPA It BOYIOBaHUX ara-
patHux twiatgpopMm. BaxnuBo Takoxx Opatu 10 yBaru
KOMIUISITOP Ta IHCTPYMEHTH, 5IKI OyJyTh BHKOPHCTOBY-
BaTHCA A1 KoMl koy. Jist BOyaoBaHHX cepeno-
BUII[ Jy’)K€ Ba)XJIMBOIO € 3/aTHICTh ONTHMI3yBaTH He
TUIBKH MPOJIYKTHBHICTH CKOMITUILOBAHOTO 3aCTOCYHKY, a
ie ¥ po3mip Horo kKoxy.

BukoHaHHS KOJy 3AIHCHIOETBCS IMiJ| KEepyBaHHSIM
OIepAIlifHOI CHUCTEMH, SKa TaKOXK BHKOHYE JEsKi 1HIII
3aB/IaHHs, HaNpHKiIa] oOpoOKy moAid NpUiMaIbHO-
MepelaBTbHAX MPUCTPOIB, Takux K Momymi Wi-Fi a6o
Bluetooth/BLE. Bce 11e Moe MPUBOIWMTH 0 BapiaTHB-
HOCTI Yyacy BUKOHAHHS OJTHAKOBOTO KOJIY.

Haif6inpm mOMUMBHINM 7S pealtizaliii anropur-
MiB Ta mporpam tectyBanHs ['TIBY y BimnmoBigHOCTI 1O
3a3HauCHUX YMOB Oyne OOpaHHS MOB TPOTpaMyBaHHS
C/C++. Po3pobOka Ha mux MOBax HPOTrpaMyBaHHS MOKe
3IificHIOBaTUCS U OLMBIIOCTI TuiaTdopMm, BoHH 3a0e3-
MeYyIOTh NPSIMUA KOHTPOJIb Haj PO3IOAUIOM IaM’siTi, a
TaKOX JIJIS IMX MOB € HEOOXi/IHi 0i0JIIOTeKH, SKi MiATPHU-
MYIOTh oOylajHaHHs Ta nepudepiini npucrpoi. Jis mo-
piBusiHHs, MoBa Python (MicroPython) ne 3abesmeuye
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KOHTPOJIb 33 PO3MOJIOM MaM’sTi, Ta Mae JCII0 HU3KY
nponyKTuBHICTh, @ MoBa Go (TinyGo) Takox He Mae
miATPUMKH Oe3mpoToBux nepudepiitaux Moy (Wi-Fi
ta BLE) Ha minatdopmi ESP32.

TectyBanns Ha miatgopmi ESP32

TectyBanHs mpoBoammocss Ha twardpopmi MCU
ESP32-WROOM v3.1: wyacrora mnpouecopy 160MI,
nporpamHe oroueHHs ESP-IDF 5.01.0001. Ilporpama Ha-
micaHa Ha MoBi C++, KOMITLTIOBAnacsi 3a JIOTMOMOTOIO
komnisiTopy GCC 3 HanamTyBaHHSIM Ha TPOYKTUBHICTD
(Optimize for performance -O2). [Iporpama 3aBaHTaKyBa-
mace 1o Flash mam'sti MK ta BKOHYBanach mijx kepyBaH-
M OC FreeRTOS [25] 3 wacom kBaHTYyBaHHS 1 MC.

Bymo mpoBeneHo 3amipu 4acy BHKOHAaHHS | Minb-
HoOHy omepariii TeHeparii BUIIaAKOBHX YHCEI PO3PATHiC-
TI0 32 OiTH 32 JONOMOror0 pisHHX reHepartopiB rnd().
OtpumaHi 4Yucia MomaBajucs OO JIYWIBHHKA counter
SKAM TapaHTOBaHO OyJI0 PO3TAIOBAHO Yy JWUHAMIYHIN
nam'sti MK (atpudbyr DRAM_ATTR), 3a monomororo
omnepariii “Buxitoune-ABO”. Ile moTpiOHO 11t TOTO MO0
KOMIIJIATOP NpH ONTHMI3alii Mporpamu He BiIKUIaB
BUKJIMKH (DYHKIIH pe3yJbTaT SKUX HE BUKOPUCTOBYETH-
cs1. [ITaOnoH Koy At TECTYBaHHS:

static uint32_t DRAM_ATTR counter = 0;
void test(int steps)

counter = 0;
for(inti =0; i < steps; ++i)

counter "= rnd();

BumMiproBaHHs1 yacy BHKOHYBAJOCS 32 JOIOMOIOIO
BHyTpitHboro JivmibHuka MK (dyHkuis esp timer get
time()) 3 po3autbHOIO 3xaTHICTIO N0 1 MKc. Takox Oyio
BUMIPSIHO Yac BUKOHAHHS LMKy 3a Ma0IoHOM 0e3 reHe-
PYBaHHS 4Hcel, i OTPUMaHUI Yac BiJJHIMABCS B BUMIpsI-
HOTO TI0 KO)KHOMY T€HepaTopy, U1 TOro mod mpudparn
YacTKy, SIKy Oe3mocepenHb0 He 3aiiMae reHeparlis (BoHa
csrae B cepeaapoMy 6304 mxc). [lomaTkoBo Oyiio BUMIpS-
HO Yac, SKUH MoTpiOeH A1 OTPUMaHHS 3HAYEHHS 3 BHYT-
pimmasoro niummsarka MK (BiH cTaHOBUTH TpHOMI3HO 1
MKC), 1 3'sicOBaHO, IO BiH CYTTEBO HE BIUTMBAE HA PE3yib-
TaTH TecTyBaHHs. Bcl TecTu 3aryckaucs 3 0HOrO MOTOKY
onepatiitnoi cuctemu. Bei momymi MK (Wi-Fi, BLE Tta
iH.), sKi OTPeOyrOTh JoaaTkoBux mporecie OC Oynu Bij-
KJIIOYeHi. 3aMipH 4acy Juisl 04aTKOBOI iHiliami3arii reHe-
paTopiB BUNAIKOBHUX YHCEN HE MPOBOAMIMCS, Ta Yac, MOT-
piOHMIi Ha ii BUKOHAHHS, B KIHIIEBUX pe3yJibTarax He Bpa-
XOByBaBcs. Bci 3MiHHI, HEOOXiqHI I 30epiraHHs CTaHy
TeHEepaTopiB, TaKOXK OynaHM pO3TAIOBaHI y AWHAMIYHIN
mam'sti MK (32 pmomoMororo BKasaHHA — aTpuOyTy
DRAM ATTR), abo Ha CTeKy, I TOTO 00 3MEHIIUTH
BIUTMB 3aTPUMKH 3alUTy AaHHWX 3 Pi3HUX BHAIB MaM'STi
MK. Pe3ynbraTu TeCTyBaHHS HaBEICHO Y TaOI. 2.

JlonatkoBo Oyo IpoBejieHe TECTyBaHHS IPOrpam-
HHX peasizaliil anropurmiB Ha yactoTi 240MI'1, B siko-
My 3'ICOBaHO, L0 AJIsI alapaTHOTO FeHepaTopy BHIIAIKO-
BUX YHCEN KUIBKICTh IUKIIB JJIs OTPUMAHHS OJJHOTO YH-
cna 30inpnmnacsa 3 118 mo 126, a mis pemitu MeToniB
3aTMIINIIACS HE3MIHHOIO, Yac OTPHMAaHHS OJHOTO YHCIIa
3MEHIUBCA y 1.5 pasy, 1Mo € mponopuiitHuM 30iIbIIeH-
HIO YaCTOTH.

Tabauys 2 — Pe3yabTaTu nopiBusinus mBuakonii pisnux I'BY na ESP32 (1 sapo, 160 MI')

No Tun renepatopa Cepenniii yac BUKOHAHHS Yac revepyBanns | Yac reHepyBaHHsA
1 MJIH. onepauiii, MKC 1 yncia, MKC 1 yncaa, TakTiB
1| ITopoxHiii MK 6304 0.006 1
2| AmnapaTHuii reHepaTOp BUIIAIKOBHX YHCEI 744610 0.738 118
3| BOymoBaHmii reHepaTop ICEBI0-BUMTATKOBHX
grcen MoBu C++ (LCG/ MT19937/ SWC) 795060 0.789 126
4| Xoroshiro128++ 1.0 157369 0.151 26
5] ISAAC 329962 0.324 52
6] Salsa20 1019197 1.013 162

AHaui3 e¢eKTUBHOCTi Ta BUCHOBKH

V nmaniii po6oTi OyJn0 BHKOHAHO aHAI3 iCHYIOUYHMX
METO/1iB OTPUMAHHS TICEBJIOBHUIAIKOBUX YHCEN Ta OITOBUX
MIOCITiIOBHOCTEH 71T BOYIOBaHMX TPHUCTPOIB y CKIIAII
CHCTEM 3 OOMEXeHHUMH pecypcamu: cucrteM loT, mepex
0€3/1pOTOBHX CEHCOPIB, Ta MPUCTPOIB 3arajbHOIO IPHU3HA-
YeHHS 3 AaBTOHOMHUM OKHBJIGHHSM, SIKI  371aTHi
00’€IHYBaTHCh y JIOKAJIbHI Oe3apoToBi Mepexi. Ha 0asi
MIPOBEJICHOTO aHami3y OyJo c)OpMOBAHO OCHOBHI BUMOTH
JI0 TaKuX MeToxiB. Pa3oM 3 TUM OyJ10 PO3IVISIHYTO OCHOBHI
HaAWOUTBI BXXMBaHI IUTAaT(OPMH TS peati3arlii HPUCTPOiB Y
CKJIaJIi CHCTEM 3 OOMEXECHHMH pecypcaMi Ta 0OpaHo Haii-
OLMBII TEpCTIEKTHBHY 3 HHX. lIpoBemeHe excrepuMeH-

TaJbHE JOCHI/DKCHHS peali3allii TUTIOBUX aJTOPUTMIB JUIS
OTPUMaHHS TICEBIOBHIIAKOBIX YHCEN TMOKa3alo IIIo
Xoroshiro128++ ta ISAAC € HalOLIbII TTPOTYKTHUBHIIIH-
MH aJTOpUTMaMH, SIKi BUTIepepKatoTh BOynoBanuii [ TIBY
B 4.8 — 2.4 pa3u. OTpumMaHi pe3yibTaTd JT03BOJISTIOTH 3PO-
6uTH CBiZOMMIT BHOIp anropUTMYy TeHEpaIlii TICeBIOBUIIA I
KOBHX 4HCell 32 HeOOXiTHOCTI iX peaizallil y mpucTposix 3
obmexeHnmE pecypcamu. CIniJl 3a3HAYUTH, 110, YacC BU-
KOHaHHsS OOpaHHMX aJITOPUTMIB JJIsl TECTyBaHHS, Mpak-
THYHO HE 3MIHIOBAINCS Ha MPOTA31 TECTOBHX 3aITyCKiB
(moxmbka cknanana He Gimbie 5 Mkc). Okpim BOyIOBa-
Horo I'TIBY, ans sikoro KOJMBAaHHS 4acy CKJIaJaiu A0
100 Mkc, mo 00yMOBIEHO OCOOJNMBOCTSAMH peaiizallii
JIOCTYITy JI0 3MIHHHX, 5IKi BiH BUKOPHCTOBYE.
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Software implementation of specialized algorithms for generating pseudorandom numbers
on embedded systems platforms

A. Zuev, D. Karaman

Abstract. The article presents an analysis of software implementations of various pseudorandom number (PRN) and
pseudorandom bit sequence (PRBS) generation algorithms suitable for use in embedded systems with constrained resources:
Internet of Things (1oT) devices, wireless sensor networks (WSN), short-range radio communication complexes, and radio fre-
quency identification systems, among others. A brief overview and analysis of existing platforms for embedded system develop-
ment are provided, and a solution is chosen for further research. The requirements for PRN generation algorithms suitable for
implementation in elements of resource-constrained systems are analyzed. The most representative algorithms from various clas-
ses are selected for implementation. Experimental research is conducted, and the results are intended to assist developers in
choosing the most suitable algorithm for generating pseudorandom numbers in systems with limited resources.

Keywords: pseudorandom numbers and bit sequences, pseudorandom number generators, embedded systems with con-
strained resources, 10T devices, cryptographic algorithms, ESP32.
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IHTEJIEKTYAJIbHI CACTEMU ABTOMOBLIbHOI BE3IEKH
HA OCHOBI XMAPHUX APXITEKTYP

AHoTanist. Y poOOTi ZOCITIPKEHO IHTEJIEKTyalbHI CHCTEMH aBTOMOOUIBHOT Oe31eKkr Ha OCHOBI XMapHUX apxitektyp. [To-
Ka3aHO B3a€MO3B 30K CyYaCHHX CHCTEM aBTOMOOUILHOT Oe3Ieku 3 TeXHouorieto [HTepHeTy peueit. OxapakTepu30BaHO Cy-
YacHi IHTEJICKTyalbHI CHCTEMH aBTOMOOLIBHOI Oe3meku. PO3KpUTO MpHHIMITK (OPMYBAHHS OCHOBHHX (DYHKILIOHATBHHX
CKJIQJIOBUX cUCTeM. [loBenieHo, 110 Oe3cepBepHi O0YMCICHHS € 3HAYHUM 3PYIICHHSM Y CIIOCO0aX CTBOPEHHS Ta PO3rOpTaHHs
JIOJaTKiB po3poOHuKamu. HaronomreHo, mo abctparyroun 6a3oBy iHGpacTpyKTypy, Oe3cepBepHi 00UUCICHHS JO3BOJISIOTH
PO3pOOHHUKaM 30CEepEeANTHCH Ha HAlMCaHHI KOy Ta CTBOPEHHI (QYHKIIOHAIBHUX MOXJIMBOcTel. HesBaxatoun Ha mesiki 00-
MEXEHHsI, TlepeBaru 0e3cepBepHUX OOUHCIICHb, BKIFOYAI0YH MACIITa0OBaHICTh, EKOHOMIYHICTD Ta THYYKICTh, POOJIATE IX
MIPUBAaOIMBAM BapiaHTOM JUIS OaraTboX BHIIAJKIB BUKOPHCTAHHA y cdepi aBToM0OLUIBHOT Oe3mekn. OxapakTepu30BaHo Ka-
TEropii KOPUCTYBaviB CUCTEMH, II¢ KOPHCTYBaUi CHCTEMH, MMOCTAYAILHUKH TOCIYT 3 OI[IHKH BiMOBITHOCTI, aIMiHiCTpaTOpH
cucreMHoi mwardopmu. Onrcano MPUHIHIN (GOPMYBaHHS MIKPOCEPBICIB, 3a3HAYAETHCS, 10 Y CHCTEMI aBTOMOOUTBHOT 0e3-
TIEKH Pe3yNIbTaTH 0OMEKEHOTO KOHTEKCTY Oe3mocepeIHb0 iH(POPMYIOTh MiIpo3aia MikpocepBiciB. OctarouHa KOHIryparis
MIKPOCEPBICIB CKJIAIAETHCS 3 TPHOX OCHOBHUX JOMEHIB: JOMEH KOPUCTyBaya, JOMEH peaiizamii Ta 1oMeH npasuia. Chop-
MOBAHO KOMIUIEKCHY apXiTeKTypy IUTaTPOPMH, Ky MPEACTABICHO rpadivHO 3 BiTOKPEMIICHHAM JBOX OCHOBHUX CKJIQIOBHX
(dpoHTeHTy Ta GEKCHY, OMUCAHO CTPYKTYpy OaraToOpiBHEBOI JIOTIKM HAJaHHs MOCIYT Ta MOTIK JaHUX Y CUCTeMi. 3a3Hava-
€TBCSI, 10 BPAXOBYIOUH MACIITA0HICTh CyJaCHUX IHTEJIEKTYaJIbHUX CHCTEM aBTOMOOLIEHOT OE3IeKH 3arpoIIoOHOBaHa apXiTe-
KTypa Moe OyTH IHTerpoBaHa Iiji pi3Hi CHCTEMH TaKi sSK BUSBJICHHS HECIIPaBHOCTI B poOOTI aBTOMOOINIA, aBapiliHe Kepy-
BaHHS aBTO, CHCTEMa I ITPUMKH IIBUIKOCTI, TOIIO. JleTaJbHO OIMCAHO MPOLEC iHTErpallil CHCTEMH Ta NPUHLIUI PoOOTH i3
3aCTOCYBaHHSIM JJATYUKIB PI3HOTO HAIIPABIICHHSI.

Kaw4uosi cmoBa: xMapa, MikpocepBic, Oe3cepBepHa apXiTeKTypa, pO3MNOALICHa Iporpama, 6e3reka, 10pora, aBTOMOO1Ib,

IHTEeJIeKTyaJIbHa CHCTEMA.

Beryn

IlocranoBka mpodjemu. BpaxoByroun cydacHHI
PO3BHUTOK JIOTICTUYHOI CHCTEMH Ta MOCHIICHHS I1100aJti3a-
uii criocrepiraerbest nporpec y nudposizaiii Ta aBToma-
Tu3auii Beix cdep moackol nistbHOCTI. [losiBa TexHOIO-
rii Iareprery pedeii (IoT) npu3Bena g0 mommpeHHs B3ae-
MOIIOB’I3aHUX MPHUCTPOIB i CHCTEM, 10 OXOIUTIOIOTH IIH-
POKHIl CIIEKTp AATYUKIB, IHTENCKTYalbHUX TPUCTPOIB 1
CHCTEM YTIPaBIIiHHS aBTOMOOUIEHUM TPaHCIIOPTOM. 3HaU-
HHUH 00CAT TaHUX, CTBOPEHUX LIMMH TPHUCTPOSIMHU Ta CHC-
TeMaMHu, 3a0e3rnedye epeKTHBHY B3a€EMOIIO Ta OOMIH iH-
(dopwmairieto yepe3 [HTEepHET, 3HAYHO MPUCKOPIOIOYU PO3-
BUTOK aBTOMOO1IBHOI iH(OpMalii.

3 noBcro/iHOW iHTerparieto TexHouorii loT 3ara-
JIOM Ta IHTEJIEKTYaJbHOI aBTOMOOIIBHOT TEXHIKH 30K-
pema, nutanHs 6e3neku [oT HaOyso minBuUIEeHOT yBary.
B3aeM03B’ 5130k mpucTpoiB i cucteM B pamkax [oT Buma-
rae MiJKII0YeHHs Yyepe3 [HTepHeT, 3a J0IOMOTro0 SKOTo
3alUTH BiJ] PO3MOJIIEHNX NPHUCTPOIB IHEHTPAIi30BaHO
00pOOIIAIOTECST Ta BINMOBINAIOTh HA HHUX. OmHAK el
LEHTPaTi30BaHU I MiJIXi]] CTBOPIOE BPA3JIMBI MiCIsl B O€3-
Tieni, BKJIIOYAtoul MEpEKeBl aTaky, BUTIK JaHUX, [IOPY-
IICHHS KOH(IASHIIIHOCTI Ta Bpa3IMBiCTh CUCTEMHU Oe3-
neku. [TpumiTHO, 0 y cdepi iHTeNneKTyaaTbHOi aBTOMO-
61TpHOI TeXHIKM HEOoOXimHICTh iH(OpMaIiiiHOI Oe3mekn
Ta 3aXHCTY CTa€ e OLIbII KPUTHIHOO Ta CKJIATHOIO Ye-
pe3 3amydeHHs 30BHIIIHIX (haKkTopiB.

AHaJIi3 oCTaHHIX J0CHiTKeHb i myOJikaniii. Dop-
MYJIIOBaHHS HAYKOBO1 JyMKH B OKpeci aBTOMOO1IbHOT 6e3-
MIeKH Ta BIIPOBa/KEHHs TexHouorii [oT y aBTOMOOIBHY
cdepy € pi3HOPITHEM Ta MacmTaOHUM. Y CydYacHidl Hay-
KOBI{ IUIOLIMHI 3’SBJISIOTHCS POOOTH NPHCBSUECHI JOCITI-
JDKCHHSIM XMapHHUX CEpBICIB Ta aJTOPUTMIB iX BIIPOBa-
JDKCHHSI Y IHTEJIeKTyaJIbHi aBTOMOOUIbHI CHCTEMHU.

JlociiKeHHS aKTHBHUX CHCTEM O€3MEKH AT aBTOT-
pascnopTHEX 3aco0iB 3xiiicammu M. B. KopocrenmsoB Ta
A. B.T'Hatos [1]. ABTOpamu POBEICHO TOCIIIKSHHS aK-
THUBHHX CHUCTEM Oe3IeKH aBTOMOOLITIB Ha TOPO3i 3 METOIO
BXKHTTS 3aXOiB JJIS IMiJBHUIICHHS O€3IeKN YIaCHHUKIB J10-
POXXHBOTO PYXY, IPOAHATI30BaHO OCHOBHI CUCTEMH JIOTIO-
MOTH BOJIiFO B aKTHUBHI# cuCcTeMi Oe3meKku aBTOMOOLIISI i po-
3MVISIHYTO PI3HI €JIEMEHTH JUIsl MiIBULICHHS O€3IeKH JIH0-
nieli B aBToMOO111 B macuBHiM cucteMi 0esnexu. O.I1. Ane-
kcies, B.O. Asekcies, C.M. Heporos ta A.E. JIpsikoB [2]
PO3MIISTHYJIN TIPUHIUIN 1TO0YJOBU 1HTENEKTyalbHOI Tpa-
HCIIOPTHOI cucTteMu Micta. HaykoBui 3a3HavaroTh, 110
MicTa, siki 0a)KaroTh CTATH PO3YMHHM MICTOM, Hafdac-
TillIe TTOYNHAIOTH 13 PO30YIOBH IHTEIEKTYaIbHOI TPaHC-
MOPTHOT iHppacTpyKTypH y popmi [HTENeKTYansHOI Tpa-
HenoptHOT Mepexi (ITN). V [3] mocnimkero 60pToBi cu-
CTEMH IHTEJIEKTYaJIIbHOr0 aBTOMOOLIs. ABTOpaMu Ji0Be-
JICHO, 1110 JJIsl KEPYyBaHHS aBTOMOO1IEM OTPiOeH 00MiH
iH(pOpMAIi€I0 MK OKPEMUMH EIEKTPOHHUMH OJIOKaMH
KepyBaHHS, TOOTO, poOOTOI0 B MEpeXi y TICHOMY B3ae-
MO3B’ 513Ky OJHOTO 3 OJHHMM. 3aCTOCOBYBaHa Ha aBTOMO-
ourax cucreMa CAN mae MOKIMBICTE 00’ €IHATH B JIOKA-
JBHY MepesKy OJI0KH KepyBaHHS a00 CKJIaJ(HI JaTYHNKH.

I3 3apyOikHUX aBTOPIB BapTO BIAMITHTH POOOTH Ta-
KHX HayKoBIB sK: JIinp [sup4ao, JIi JIi [4] skwuii 3anpo-
MIOHYBaB e()eKTUBHY Opi€HTOBaHY Ha Oe31eKy MOJIeb Clli-
nyBaHHA aBToMoOUIT 1t CAV 3 ypaxyBaHHSM BIUTHBY
muckpetHux curHaini; Ban I0#, ¥V 11ze, Xe Xausdy [5]
MPOBEJIM TEMaTH4HE JOCIHIKEHHsI TOIepe/KyBaIbHUX
3HAKiB YOTHPHOX OCHOBHHX MAPOK aBTOMOOIIIB y IIbOMY
CIIeHapii Ta JOCTIAWIN METO PO3POOKH CUTHAITY B ClIeHA-
pii momepemkeHHs mpo BUI3A 31 cMyTHu pyxy; Cyn HyHu-
3stHb, Wky bin, Wkao 1386, Xan 1341, Yens WxndeH [6]
3aIpPOIOHYBAJIN CTPATETII0 KOHTPOJIIO 38 aBTOMOOIJIEM Ha
OCHOBI TiOpuay HaBuanHs 3 migkpimneHusm (RL) i
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HaBuaHHs mig HarisaoM (SL); JTro S1n, ®ane [HOi, Xyan
HapyH, Mi bo, Xyan Jlitoans [ 7] npeacTaBuiy npakTH4He
JIOCITIDKCHHS IHTEIICKTYaIbHOTO aBTOMOOLIS, 3MOJICITBO-
BAHOTO CTOXAaCTMYHUMHU Mepexxamu Ilerpi ta Z. Pesyib-
TaTW IOKa3yloTh, IO 1€ MOXKE MiJBUIUTH Oe3neKy Ta
e(CKTUBHICTh IHTENEKTYaJbHOI CHCTEMH BOJIHHS aBTO-
moOinst; Enpcamanici Omap, 1i Tausroit, CmupHOB I,
Abnynxaii baxep [8] 3anponorysanu SECRM (besneuna,
eeKkTHBHA Ta KOM(OPTHA MOJIEITH CITiTyBaHHS 32 aBTOMO-
6inmeM Ha ocHOBI RL) 111 aBTOHOMHOTO CITiTyBaHHS 32 aB-
TOMOO1TeM, sIKa BPiBHOBaXKy€ MaKCHMI3aIlifo e(heKTHBHO-
cTi Tpadiky Ta MiHIMI3aI[iI0 PUBKIB, MiITOPSIKOBYIOUNCH
JKOPCTKUM aHAIITHYHHM OOMEXEHHSM Oe3NeKH 00
npuckopenss; Yens Cintoit, bait Xaiizsaub, [in Xen, ['ao
[[3subme, Xyan Benbizioans [9] Ha OCHOBI iHTENEKTya-
npHOI Mozieni LSTM y noeHaHHi 3 MOJeIUTIo 6€31eYHOTo
YHUKHEHHS 3iTKHeHb Gipps MoOyJoBajiM HOBY MOJEIb
Gipps-LSTM, sika MO)ke HE JIUIIEe BUBYATH PO3YMHY IIO-
BEIHKY JIFOJICH, aje i 3abe3nedyBaTu Oe3IeKy TPaHCIop-
THUX 3ac00iB. [nes komOinanii moneneit Gipps-LSTM mo-
Jsira€ B HACTYITHOMY: BBOAMTHCS KOHIETIS TOTEHIIIHHOT
touku 3iTkHeHHs (PCP), a Mmomens LSTM abo moxens
Gipps KOHTPOJIFOETHCSI Ta 3aIyCKAa€ThCS 3a JIOTIOMOIOO
aIropuT™My OLiHKH pu3uky; JIi Maomen, ®aunp [3in, Jli
JlxetioH [10] posumpuiu moaens CF st apanranii mo-
BE/IiHKH PYYHOTr'0 BOJIIHHS Ha CTaHi Pi3HUX PiBHIB Oe3MeKH
Ta TpoaHaTi3yBaJld MOTIK JAOPOKHBOTO PYXy B Cepeno-
BUIIII BiJl pyYHOTO BOIHHS JI0 IHTEJICKTYaIbHOTO BOAIHHS
BHCOKOTO DiBHA 3 pi3HHUMH 3aTpuMKkamu; Ban Illydew,
Ban Cinpkaii, Ban [lixao [11] po3pobumm moxparmery
MOJIETIh eJTirica aBTOMOOLISA Ta 3aCTOCYBAJIH ii JO MiHiMa-
JBHOT Oe3MeYHOT BiICTaHi IS BITBHOT 3MiHH CMYTH PYXY
IHTENeKTyaIbHAX TPaHCTIOPTHUX 3aco0iB; [len JlirroHs,
Xyamn Lztoit, Yxoy Tymsn, Croii Llymaii [ 12] mocmimKyroTs
MPOYKTHBHICTH TPAHCIIOPTHOTO MOTOKY B IIMPOKO MOIIH-
peHomy cepemoBuiii V2V, po3ropHyTOMy Ui BCIX THIIIB
HDV ta 1V, piasx Big LO g0 LS. Buxoasuu 3 11b0ro npu-
IyILEHHsI, TIEPeMIILIeHHsT Ta omnepatlii TPaHCIIOPTHOIo 3a-
co0y 30uparoThes B Haoip manux V2X BSM, i st Oyzap-
SIKOTO TPaHCIIOPTHOT'O 3ac00y B MapKy IOCIIJOBHI PyXH Ta
MOBEMIIHKY aBTOMOOLTS TOTIepeay MOKHA Iepea0adiTi B
KOPOTKOCTPOKOBI/ TIEPCHEKTHBI Ta PO3TIBIIATH K BXiTHI
JlaHi U1l MOJIeITh KOONIEPATHBHOTO aJJalTHBHOTO KpPyi3-Ko-
aTpoio (CACC) kepoBaHoro aBToMoOins; Kamamis Pis,
MexTa Kyt [13] po3nisiHym 3MiHy TapagurM, ska Mo-
KITMBA 3aBISKA METOJIAaM TJIIMOOKOr0 HaBYaHHS YISl OTPH-
MaHHS CTabUTbHOTO Ta HAAIMHOTO aBTOHOMHOTO Kepy-
BaHHS IS OE3MUIOTHUX aBTOMOOLTIB Ta 1HIIIHNX.

OpHak He3BaXKaloUM Ha MAaCHITaOHICTh HAYKOBHX
JOCIi/PKeHb TUTAHHS JOCIIPKEHHS 1HTENEeKTyalbHUX
CHCTEM aBTOMOOIBHOT Oe3Mekn Ha OCHOBI XMapHUX ap-
XITEKTYp 3 HOAANIBIIOI PO3POOKOIO aIalITUBHOT apXiTe-
KTYPH CHCTEMH HE BUKJIMKAE CyMHIBIB.

[ocTranoBKa 3aBHaHHsA. MeTOO pOOOTH € TOCITi-
JUKCHHS 1HTEJNEeKTyallbHIX CHCTEM aBTOMOOUIRHOI Oe3-
MIeKH Ha OCHOBI XMapHHX apXiTeKTyp 3 TOJANIBIIONI0 PO3-
POOKOIO aanTHBHOI apXiTEKTYPH CUCTEMH.

BukJiaeHHs] 0CHOBHOTO
MaTepiajay J0CaiIKeHHs

OnHUM 13 BXJIMBHX HANPSIMKIB PO3BUTKY 1HTEJICK-
TyaJIbHUX aBTOMOOIUIBHHX CHCTEM € CHCTEMH O€3IeKH

aBTOMOOLI1. OCHOBHHMM NPU3HAYECHHSM CHCTEM OE3IIEKH €
3ano0iraHHs aBapiiHii cuTyauil, TPy BUHUKHEHHI SKOI
cHCTEMa caMOCTIHHO (0e3 yuacTi BOjiis) OLiHIOE HMOBIpHY
HeOe3meKy Ta 3a HeoOXiTHOCTI 3amobirae i IUIIXOM ak-
THBHOTO BTPYYaHHS y HPOLEC YIPaBIiHHS. 3aCTOCYBaHHS
cHucTeM Oe3MeKH I03BOJIsiE€ 30eperTi KepoBaHiCTh Ta Kyp-
COBY CTIHKICTb aBTOMOOLIA Y KPUTHYHHUX CHTYaIlisX.

B yMoBax CbOTOAEHHS LIMPOKOTO 3aCTOCYBaHHS
3HAWIIIN iHTENIEeKTyallbHI CHCTEMH aBTOMOOIUTBHOI Oe3-
TeKH HaBeJeHi y Tabm. 1.

B ocHOBiI pob0oTH IHTENEKTyaIIbHUX CHCTEM aBTO-
MOOUIBHOT Oe3neku sexuTs npuHiun 10T, denenrtpani-
30BaHi XapaktepucTuku creHapiiB loT edekrusHo rap-
MOHYIOTh 3 apXITEKTYpOIO PO3MOAUIEHUX NoAaTKiB. JIBi
BiJIOMi MapajurMu IpOEKTYBaHHS apXiTeKTypH Hporpa-
MHOT0 320€3IeUeHHS], a CaMe apXiTeKTypa MiKpOCepBICiB
1 apxiTekTypa 0e3 cepBepiB, HAOYJIM HIUPOKOTO MOIIH-
PEHHSA B pi3HHAX O0JIACTSIX K HEBiJl' €MHI KOMITOHEHTH ap-
XITEKTypH pO3MOIUICHIX IporpaM. ApXiTeKTypa MiKpo-
CEpBICiB MOJIETIIye CTBOPEHHS Ay>Ke THYYKHX 1 MacIITa-
0OBaHMX CHCTEM, MEPEBEPUIYIOYN CKIAMHI IEHTPaIi30-
BaHI METOIOJIOTii 0OPOOKH 3 TOUKH 30py MacIITaboBaHO-
CTi, 3py4YHOCTI 00CIyroByBaHHs Ta po3iupenHs. O1xe,
MIKpOCEpBIC MPOINOHY€E YyAOBY aJalTUBHICTH A0 3MiH-
HHUX BUMOT, Ii/IBUIYIOYH HAAIWHICTh i MPOAYKTUBHICTh
cucteMH. 3 iHIIOro OOKy, Oe3cepBepHa apxXiTEKTypa
npeCTaBJIsie€ OUIbII THYYKUH 1 YHIBEPCATbHUHN MMiIXi[] 10
PO3pO0OKH, SIKMH NPHUCKOPIOE PO3rOPTaHHS HOBUX IIPO-
rpaM, OJHOYAaCHO 3MCHIIYIOUH BUTPATH HA PO3pOOKY Ta
eKCILTyaTaIliio.

ApXITeKTypa MiKpOCEpBIiciB i Oe3cepBepHa apXire-
KTypa CTHKAIOThCS 3 TIEBHUMH IpoOJIeMaMH, IOB’si3a-
HUMH 3 IUTICHICTIO CHCTEMH Ta iH(pOpMamiifHOw Oe3rre-
KOIO, BKJIFOYAOUU PU3UKU TOPYIICHHS KOH(QIICHIIiITHO-
cti iHdopmalii, BUKpUTTS iHTepdeiicy Ta HealeKBaTHI
3ax01u Oe3MeKu Ta KOH(IAEHI[IHHOCTI B PI3HUX MIKpPO-
cepBicax i GYHKIIISX.

3aB[SIKM LIMPOKOMY BIIPOBA/DKEHHIO TEXHOJIOTIT
3B’s13ky 5G loT 3a3naB 3Ha4qHOrO Nporpecy. EdexTuBHumit
po3moin pecypciB B enoxy 5G i 6G craB BUpIIIaIbHUM,
BPaxOBYIOUYH €KCIIOHEHIiaJIbHE 3POCTAHHS JaHuX y pis-
HUX TaJly3sX, [0 BUMAarae iHTeJIeKTyaJIbHUX PIllIeHb JUIs
ITiIBUIIEHHS IPOYKTHBHOCTI MEpEeXi Ta Ha/laHHS BUCO-
KOSIKICHUX TIOCITYT KopUcTyBadaM. Pi3Hi ciieHapii gogar-
kiB [oT BUMararoTh pi3HHX IiIXOMAIB 0 apXiTEKTypH CH-
CTeMH, 11100 BiJNOBiaTH BUMOTaM JI0 KOMYHIKAIlIHHUX,
00YHCITIOBATIBHIUX pecypciB i pecypcis 30epiranas. Y Ha-
cTymnaiody epy 6G o0uucIIOBaIbHA MOTYXHICTH ITOIIHPIO-
BaTHMEThHCS 110 BCiif Mepesxi. Po3BuTOK XMapHUX 00dwC-
JeHs 1 mepudepiiHX OOYHMCICHb MOJETTINB MITpario
3BUYAHHUX MPOTpaM JI0 XMapHUX 1 nepudepiiHux cepe-
JIOBUILI, TO3BOJITIOYH IM 00OCITyTOBYBaTH OLIBITY 0a3y KO-
puctyBadiB. [lepeHocs iU 3HAUHY KUIBKICTh 3aBJIaHb XMa-
PHUX OOUYHCIIEHD Ha CEPBEpP, MOXKHA 3HAYHO 3MEHIIINTH Ha-
BaHTa)KEHHsI HA MEPEXEBY XMapy, THM CaMUM IIPHCKOPIO-
10YH HIBUJIKICTH 00pOOKHM JaHuX. BpaxoByroun HasBHI pe-
CYPCH XMapHHX 004HCIIeHb, TYMaHHHUX OOYHCIICHb 1 IepH-
(epiitHX 00YMCIIeHb, BaXXIMBO THYYKO BHKOPHCTOBY-
BaTH IIi PECypCH Ta ONTUMI3yBaTH IUIAHYyBaHHS PECypCiB,
o0 3aJ0BOJBHUTH BUMOTH 0araTopiBHEBOTO PO3TOp-
TaHHS Ta THYYKOTO IUIAHYBAaHHS OOYHCIIIOBAJBHUX CXO-
BHIIT i MEPEKEBUX PECYPCIB I MaOyTHIX mociyT 6G.
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Tabnuysa 1 — IaTEJEKTYaTbHI CHCTEMH aBTOMOOIJILHOI 0e31eKH

Ne Haspa

AKTHBHUH JaTYUK / mpuaajg

®ipma BUPOOHHUK

Cucrema ctexenns 3a | Road tracking

iH(ppauepBOHU JIa3epHUN TIPOMIHb;
cerncop LIDAR (Light Detection And

Advanced Pedestrian Detection
System komnanii TRW i
EyeSight pipmu Subaru, BMW
Night Vision, Honda Sensing,

JIOPOTOI0

system

Ranging)

Ford Pre-Collision Assist,

Toyota Night View, PRE-SAFE

Big Mercedes

Cuctema Hi4HOTO Oa-
YEHHS U1 BUSABICHHSA
2 | mimoxomiB y HebOe3meu-

Dynamic Light

JaTYHK CepUeOUTTS

BMW

oo . N Spot
Hill GJIM3BKOCTI 10 MPOi-
JKIDKOT YaCTHHH
LDW (Lane BMW Night Vision, Honda
CucrtemMa CTEKEHHS 3a . . . .
3 . . Departure JIaTYUK BiJCTaHi Sensing, Ford Pre-Collision
PO3MITKOIO Ha 10PO3i Warning) Assist
Cucrema aBTOMaTHY-
4 |HOTO [CPCMHKAHHA G- HBA (High KaMepH CTEKCHHS BMW, Honda, Ford

JKHBOT'0 Ta JaJIEKOro CBi-
Tia dbap

Beam Assist)

OlOMETPHYHI JaTYUKH:

iH(pauepBOHUH JaTYUK 32 KEPMOBHUM
KOJIECOM, III0 KOHTPOIIIOE TEMIIEPaTypy
00Ty YSL.

'€30€JICKTPUYHHUH JaTYHK Y peMeHi 0e3-

DAS (Driver MNeKd Ul MOHITOPHHTY YacTOTH [Ii
5 | KoHTponb BTOMH BOAiA Attention XaHHﬂ'H PUHTY A Ford, Toyota
Support) . .
OPOBIZHI HAKIAAKK Ha 00if pyJIbOBOTO
KoJieca ISl BUMIPIOBaHHS ITyJIbCY;
iH(bpadyepBOHi JATYMKH Ha OOIA PYJIbO-
BOTO KOJIeca [UIsl BUMIPIOBAHHS TeMITepa-
TYPH JI0JIOHb.
. SAS (Speed
CucremMa miaTpUMKH . . . .
6 . Assistance JIATYMK [IBUIKOCTI, JaTYUK BifcTaHi Ford, Toyota, Mercedes
MIBUAAKOCTI
Systems)
. ATYUK BUMIPIOBaHHS PIBHS CHCTEMH TIi-
.y AES (Automatic A MIp P
7 ABTOMaTHYHE aBapiitHe Emergency CIIS-aBapifHOTO MOHITOPUHTY, NaTYHK BMW, Honda, Ford, Toyota,
KepMO Steering) MIBUIKOCTI, JTATYHUK OCEH, TaTYHK TOBOPOTY Mercedes

KepMa

TpaauniiiHa MOHOJIITHA apXiTeKTypa IPOrpamu,
sika 00’ €THy€ BC1 IpOrpaMHi MOy B €IWHY MIPOTPaMy,
CTBOPIOE ITPOOIIEMH 3 TOUKH 30py PO3POOKH, 00CITyTrOBY-
BaHHS Ta pO3MEXyBaHH: 3aBlaHb. 11lo morpedye minBu-
OICHUX BUMOT JI0 MOJIYJIBHOCTI Ta MacIITaOOBaHOCTI
mporpamHoro 3abe3neveHHs. [1{o6 3am0BoNEHUTH 1Ii BU-
MOTH, apXiTeKTypa CIy*OH H0JaTKiB €BOJIOLIOHYBaia
BiJl IOYATKOBOI MOHOJIITHOI apXiTEeKTypH IO CEPBICHO-
OpI€HTOBAHOI APXITEKTYPH, a 3TOJIOM JI0 apXiTEKTYPH Mi-
KpOCEpBICIB, sika Kpallle y3ro/pKyeTbCsi 3 BUMOraMu [H-
tepHeTy. KoHmenmis apxiTekTypu MikpocepsiciB Oyna
BIepmie mpeAcraBieHa Maptinom — @aynepoMm i
Jlxeiimcom JIvtoicom y 2014 pomi. B ocranHi poku 3i
LIBHIKKM 3pPOCTaHHAM |HTEpHETYy MOHOJIITHA apXiTek-
Typa JOJAATKIB CTaja HEJOCTaTHHOIO IS 33J0BOJICHHS
BHMOT, 10 ITPU3BEJIO A0 MINPOKOT0 BIPOBAPKEHHS apXi-
TEKTYpPH MIKpPOCEpPBICIB y Pi3HUX raiy3sx. Y BiJIIOBiIHO-
CT1 10 KOHLIENIIH PO3MOAIIEHOT apXiTEKTYpH Ta BiioOpa-
JKEHHS BIPTyaJIbHOI Mepeski, apXiTeKTypa MiKpocepBiciB
IHKaIICyJIIO€ BiTHOCHO HE3JICXKHI MPOrpamMu B Pi3Hi CIIy-
KOU, 130JTF0€ OI3HEC-JIOTIKY Ta PO3TOPTAE KOKHY CIYKOY
OKpEeMO Ha pI3HUX cepBepax. YTMpaBIiHHSI KOHTEHHe-
paMH  BUKOPHCTOBYETBCSI [UII  KOHTPOJIIO  KOXKHOI

ciryx0Ou, 3a0e3nedyroun eeKTUBHE YIPABIIiHHS Ta PO3-
TOPTaHHS KOMIIOHEHTIB CHCTEMH.

11106 3BUTEHUTH PO3POOHUKIB Bifi OOTSKIIMBHX 3a-
BIJaHb KEpyBaHHS CepBEpOM, Oe3cepBepHa TEXHOJOTis
BBOJWTH KOHICMIII0 XMapHUX CEPBICIB y OOUYHCIIOBA-
JTpHY Mozenb. Lst Moiens GakTHIHO BiTOKPEMITIOE PO3-
pOOHUKIB JOJATKIB BiJ] CEpPBEpiB, 3BUIBHIIOUM IX BiJ
000B’sI3KiB, ITOB’A3aHMX 13 KEPYBaHHAM 1 O€3MeKoro cep-
BepiB. Kpim Toro, mocTaqanbHUKHA XMapHUX MOCITYT PO3-
MIIIyIOTh 0a30By iH(}pacTpykTypy, yCyBaiOYHM BIUIHB
BIIMIHHOCTEH MPHUCTPOIB HA IPOTPAMH BEPXHBOTO PiBHS.
[TopiBHSAHO 3 TpanUIiTHIMU OOYHCITIOBAIEHUMH MOJIe-
nsiMu, Oe3cepBepHa TEXHOJOTIS JEeMOHCTPYE MaKCHMa-
JbHY IPOJYKTHBHICTD 3 TOUYKH 30pY BHCOKOTO Mapaelti-
3My, HU3bKOI 3aTPUMKH Ta iHIIUX acrekTiB. OTxe, QyH-
KUil IUIaHyBaHHS Ta YIPABIIHHS pecypcaMu, a TaKoX
MIPAaKTHKH PO3IMOJUICHUX JIOJATKIB € KHUTTEBO BaXIIHU-
BHMU 00JIACTAMU JTOCHIIKEHB y cepi Oe3cepBepHHX Te-
XHOJIOTIH.

3aranoM iHTeJNEeKTyalbHa CHUCTEMa aBTOMOOIIHHOL
Oe3meku HalliJieHa Ha TPH pi3Hi KaTeropii KOPUCTyBadiB:
KOpPHUCTYBadi CHCTEMH, IIOCTAYaIbHUKH MOCIYT 3 OLIHKH
BIAMTOBIAHOCTI, aAMiHICTPATOPH CUCTEMHOI TIAT(HOPMH.
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Ha ocHoBI aHani3y noyatkoBoi (yHKLIIOHAIBHOT CKIIaJ0-
BOT CHCTEMH MIKPOCEPBiCH MOKHA PO3AIIUTH 32 (QYHKLII-
sIMA BUKOHAHHS [iii. B mpuHIUM, KOXXEH OOMEXCHUMN
KOHTEKCT BiJIIOBI/Ia€ OTHOMY MiKpOCEpBICY; OJHAK TaKi
(axkTopy, SK BiJNOBINAIBHICTH 32 OOCIYrOBYBaHHS Ta
HEOJTHOPITHICTh KOMaH/IH, TOBHHHI BPaXxOBYBaTHCS i
Yac MpoIiecy BIPOBAKEHHS. Y CHCTEMi pe3ylbTaTh 00-
MEKEHOTO KOHTEKCTY Oe3mocepelHb0 iHQOPMYIOTh ITiJI-
po3nin mikpocepsiciB. OcTaTouHa KOH}Iryparist Mikpo-
CepBiCiB CKIIAAAETHCA 3 TPHOX OCHOBHHX JOMEHIB: IOMECH
KOPHCTYBada, JIOMEH peaji3alii Ta JoMeH mpaBmia. Ha
JIOAaTOK 10 IIMX OCHOBHUX JIOMEHIB i1CHY€ JIOMEH CTaTH-
CTHKH, SIKUH MOJIErIIye NomykK iHpopmanii angminictpa-
TOpa, a TAKOXK 3arajlbHUI JOMEH, KUl MiATPUMYE CHC-
TEMHI omneparii.

Ha ocHOBiI nu3aiiHy MiKpOCEpBICIB 1 pO3aijIeHHS
(opMyeThCS KOMIUIEKCHA apXiTekTypa miardopmu. s
iABUIEHHS SKOCTI BIIPOBaKEHHSI Ta (PYHKIIOHATIHHO-
CTi IHTENEKTyallbHOI CHCTEMH aBTOMOOLUTBHOI Oe3IeKu
MIPOTIOHY€ThCS CUCTEMHA IuTaT(opMa, SIKa MOEAHYE MiK-
pocepBicHY Ta Oe3cepBEpHY apXIiTEKTYpH, PO3TIIAAa0un
Pi3HI acTeKTH, BKIIOYAIOUH 3arallbHy JiarpaMy apXiTek-
TypH, JiarpaMmy CUCTEMHHX aCIIeKTiB, OJaHHs MPOLECY,
PEeXUM 3B’SI13Ky MIKPOCEPBICY Ta MEXaHi3M B3a€MO/IIT Mi-
Kpocepgicy. IIpoekT apXiTeKTypu cucTeMu 3abesrnedye
JieTalIbHE YSIBJICHHS PO 3arajibHy TEXHIYHY apXiTeKTypy
CHUCTEMH, CTPYKTypy OaraTtopiBHEBOi JIOTIKH HaJaHHSI
MOCIIYT Ta MOTIK JaHuX y cuctemi. Jlu3ain 6e3nepepBHOT
iHTeTparii/0e3mepepBHOTO PO3TOPTAHHS OKPECIIOE Me-
TOJU PO3TOPTAHHS SK iHTep(PeHCHOTO0, TaK 1 OEKCHI-KOM-
TIOHEHTIB, a TAKOX MMOKPOKOBUX mpornenyp. Kpim Ttoro,
PEKHM 3B’SI3Ky MIKpOCEpPBICY MOSICHIOE OOIPYHTYBaHHS
BHOOpPY TEXHOJOTIi peai3amii Ta MPOIOHYE PIlICHHS
nuto3y APL

VY mpotieci NpoeKTyBaHHs apXiTEeKTypH OLiHKa Tpa-
(hiKOBOro HaBaHTA)XKEHHS Ha CUCTEMY BHSBJISIETHCS CKIla-
JIHOIO uepe3 BIIPOBA/PKEHHS HOBOTO Oi3Hec-cClieHapito.
PosropranHs 1o1aTkiB 6e3rocepeiHbO Ha XMapHUX cep-
Bepax i3 BUKOPUCTAHHSIM TPAIUIIIHUX IMiXO/iB BUMa-
raTUMe TOPU30HTAJIBHOTO MacIITa0yBaHHS BPY4YHY JJIs
3a0e3neueHHsT HeIOCTaTHROTO TpadiKy, M0 MOTEHITIHHO
TIPU3BEJIE 110 BTPATH PECYPCIB, AKIIO KiTbKa CepBEPIiB Ha-
JTAHO 3a37aleTiab. st BUpinieHHs i€l mpoOiieMu Ta BiJl-
MOBiTHOCTI Oi3HEC-BUMOTaM MPHUUHATO Oe3cepBepHY ap-
XiTekTypy Ha ocHOBI AWS. 3aBIsIKH pO3ropTaHHIO MiK-
pocepgiciB Ha AWS Lambda Ta Bukopucransro nepuce-
piftHEX 00YHCIIEHb MpOrpamMa MOXe aBTOMATHYHO eyac-
THYHO MacImTabyBaTUCS 3aJIe)KHO Bif o0csaTy Tpadiky, a
BHUTPATH PO3PAaXOBYIOTHCSA BiANOBITHO O KiJIBKOCTI 3a-
ITUTIB 1 9acy OOYMCIICHHS.

[[{o6 onepaTHBHO pearyBaTH Ha 3MiHYy BUMOT KOpH-
CTyBauiB, IiIBUIYBAaTH €()EKTHBHICTb PO3POOKH Ta NPH-
LIBHIIYBAaTH JIOCTaBKy CUCTEMH, BIIPOBAKEHHs Oe3Iie-
pepBHOi iHTerpaii Ta 6e3nepepsroi gocraBku (CI/CD)
Ma€e BaXIIMBE 3HAYEHHs JUI1 aBTOMaTH3allii BCbOTo Mpo-
mecy. ABTOMATH3allisi TAKWX 3aBlaHb, SIK KOMITUIAIS,
30ipKa Ta po3ropTaHHs KOy, 3BOJAMTH 0 MiHIMyMY ITOT-
peby B pydHOMY MOHITOPHHTY KOXXHOI 3MiHU Ta 3HUXKYE
CHUCTEMHI PU3HKH IIUIIXOM IIPOAKTHBHOTO BUSIBIICHHS 10~
TeHIIHHUX TpoOsieM. Llei mporec aBToMaTu3alii oxor-
JIFOE€ HE TIABKH I1i, MOB’sA3aHI 3 KOAOM, ajie¢ i JUHAMIYHE
CTBOPEHHS, 3HHUINEHHA Ta OHOBJICHHSA pPECYypCiB,

HEOOXiHHX JJIsl pOOOTH CUCTEMH, BKIIFOUAIOUH CEPBEPH
Ta 0a3u JaHuX. 3arabHUM qu3aifH Oe3cepBepHOI apXiTe-
KTypHU CHUCTEMH MOKa3aHui Ha puc. 1.

/ \ / bekenn
K]}whmm'pr,‘aw'-;- \ [ Kon ]_.[ Komninsuis
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53
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{ API gateway H Cognito ]
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Puc. 1. ApxiTekTypa CHCTEMHU

®ponTeH
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53
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Lambda

S

TexniyHa apxiTeKTypa CHCTEMH B IEpIIy Yepry
CKJIQIAETHCS 3 HACTYITHMX KOMITOHEHTIB:

— MIKpOCEpBiCHHI CepBEpHUI MOTYJIb, IO CKIIaza-
etsest 3 Lambda. Cepsep BukoprcroBye AWS Lambda sik
00UNCITIOBANTFHAI OJTOK IJIS peaizaliii Oe3cepBepHOi CHc-
TEMHOT apXiTEKTypH, BUKOPUCTOBYIOUH il MOKIIMBOCTI aB-
TOMaTHYHOTO MacIITa0yBaHHs Ta eKOHOMIYHY €(EeKTHB-
HICTh Ha OCHOBI IPHHIINIIIB OIIATH 32 BUKOPUCTAHHS;

— inTepdeiicHuit MOyJIb, CTBOPEHHH 32 JOTIOMO-
roto React i po3mimienuit y xmapaux ciayxo0ax. [aTep-
(elicHi QpyHKIIIOHATBEHI MOAYIIi pO3POOIISIFOTECS 32 IOTIO-
Mororo React, a ckOMIIbOBaHI (aiiiii poO3ropTaIOTHCS
Ha S3 i nommprooThes yepe3 CloudFront CDN, mo6 mo-
KpAIIUTH JTOCTYIHICTh TI00AEHUX KOPHUCTYBAYIB 1 ITiJI-
BUIIUTH NPOAYKTHBHICTB;

— Oe3cepBepHi 3arajbHi KOMITOHEHTHI ITOCIYTH,
110 HAJAI0ThCs MOCTaYaJIbHUKAMH XMapHUX MOCIHYT. 3a-
rajbHi 0e3cepBepHi KOMIOHEHTH OXOIUIIOIOTH 0a3u Jia-
Hux DynamoDB NoSQL, uepru noBiioMJIeHb, CIIyKOu
€JISKTPOHHOT MOIITH Ta CiyXOu 30epiraHHst 00’€KTiB.
Xoua 0a3a JaHUX CIELiadbHO MPU3HAYCHA IS MIKpPO-
CepBiCy, pellTa KOMIIOHEHTIB PO3pPOOIICHO SIK 3arajbHi
KOMITOHEHTH, JOCTYTHI AJIsI OOYHCIIIOBAIEHOTO MOJTYJIS
Mikpocepsicy (Lambda);

— KOHBeepH Oe3repepBHOI iHTerparii Ta 6e3mnepe-
pBHoro posropranus (CI/CD). Konseep CI/CD po3mi-
JIEHO HA JIBa aBTOHOMHI KOHBEEPH JUIS IHTEpEHCHOTO Ta
BHYTpilIHBOrO0 MoAaynmiB. KoXeH KOHBeep BKIIIOYA€E B
cebe cxoBHIE KOAY, CIIy)kOy 30ipku Ta OJIOK po3rop-
taHHs. [Ticis BUsBIEHHS 3MiH y OCHOBHIH T1JIIII CXOBHINA
KOAy KOHBEEp iHINiI0O€ BUKOHAHHA Ta, MICII 3aTBEp-
JDKEHHS, pO3TOpTa€ 3MiHU Y IPU3HAYEHOMY CEepEIOBHIII
obmixoBoro 3amucy. Bnposamkenus CI/CD crpusie mpu-
CKOpEHiH po3po0Ili Ta 3MEHIIICHHIO 9acy JOCTaBKH.

BpaxoByroun MacIITabHICTh CyYacHHUX IHTEJIEKTya-
JBHUX CHCTEM aBTOMOOIIBbHOI Oe3MeKH 3alporoHOBaHA
apxiTeKTypa Mo)ke OyTu iHTerpoBaHa Mij pi3Hi CHCTEMHU
TaKi K BUSBJIEHHsS HECHPaBHOCTI B poOOTI aBTOMOOLII,
aBapiiiHe KepyBaHHS aBTO, CHCTEMa MiITPUMKH IIBHUJIKO-
CTi, TOIIO.

BinOyBaeTbes 11e 32 paXyHOK BCTaHOBJICHHS TaTIH-
KiB Ta iX 3B’s3Ky 3 MiKpoIpoiecopom 3 marpumko WiFi,
AKAH € JIOCTYIIHHM Y CYyYacCHHX MIKpOKOHTPOJUIEPax,
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SIKMH, TAKAM YNHOM, MOKE BCTAHOBJIIOBAaTH O€3/IpOTOBE
3'€IHAHHS MK PI3HUMH Mepexamu Ta [HTepHeToM 1 Ha-
BITh IlepesiaBaTy Ta npuiiMatu aaHi. [lapamerpu pyxy Ta
CTaHy aBTO 1 IOPOTH, 3UUTYIOTHCS IaTYMKAMU 1 BUKOPH-
CTOBYIOThCS MPUCTPOEM, a OTPUMAHI JaHi 30epiraroThes
B XMapHy 0a3y IaHHX.

BucHoBkH

Y po6oTi mpoaHati30BaHO IHTEIEKTyalbHI CHCTEMH
aBTOMOO1IBEHOT O€31eKH Ha OCHOBI XMapHHX apXiTeKTyp.
JloBeneHo, 110 cy4yacHa iHTeJIeKTyalnbHa CUCTEMa aBTo-

MOOUIBHOT Oe3neku noTpedye PpO3MOJUICHOI, T'HYYKO
KOoH(DIrypoBaHoi Ta JTUHAMIYHO MacIITabOBaHOI apXiTeK-
TypHu MepexeBoi mporpamu. Lls apxitekrypa mae Bax-
JIMBE 3HAYCHHSI, 1100 3310BOJIEHUTH MOCTIHHO 3pOCTal0yi
BHMOTH JI0 PO3IIUPIOBaHOI cuctemu nonatkis loT, mia-
BHUIIYIOYH IPH IIbOMY T'HYYKICTh IJIaHYyBaHHS Ta MacIl-
TaOOBaHICTB.

[epciekTBaMu MOJANBIINX JOCIIIKEHB € PO3PO-
OKa Ta BIPOBADKCHHS IHTEICKTYAIbHOI CHCTEMH Kepy-
BaHHA PyXOM aBTOMOOINSA B CKIAAHMUX YMOBax YIpaB-
TiHHA Ha 0a3i 3aIpOIIOHOBAHOI apXITEKTypH.
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Intelligent automotive security systems based on cloud architectures
Denys Polozhyi, Oleksandr Oriekhov

Abstract. Intelligent automotive security systems based on cloud architectures are investigated in the work. The relation-
ship between modern car safety systems and Internet of Things technology is shown. Modern intelligent automobile safety systems
are characterized. The principles of formation of the main functional component systems are disclosed. Serverless computing has
proven to be a significant shift in the way developers build and deploy applications. It is emphasized that by abstracting the under-
lying infrastructure, serverless computing allows developers to focus on writing code and creating functionality. Despite some
limitations, the advantages of serverless computing, including scalability, cost-effectiveness, and flexibility, make it an attractive
option for many automotive safety use cases. The categories of system users are characterized, these are system users, conformity
assessment service providers, and system platform administrators. The principles of formation of microservices are described, it is
noted that in the car safety system, the results of the limited context directly inform the microservices unit. The final configuration
of microservices consists of three main domains: the user domain, the implementation domain, and the rule domain. The complex
architecture of the platform is formed, which is presented graphically with the separation of the two main components of the
frontend and backend, the structure of the multi-level logic of service provision and the flow of data in the system are described. It
is noted that, taking into account the scale of modern intelligent car safety systems, the proposed architecture can be integrated into
various systems, such as detection of malfunctions in the operation of the car, emergency control of the car, speed support system,
etc. The process of system integration and the principle of operation using sensors of various directions are described in detail.

Keywords: cloud, microservice, serverless architecture, distributed application, security, road, car, intelligent system.
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AACKPETHO-KA3YAJIBHE IPECTABJIEHHSI MOI!'EJIEI‘fl
EJIEMEHTAPHUX ®YHKIIU I CET-OIIEPALIIA

AHoTanisi. Y CTaTTi 3aMpONOHOBAHO OJUH 3 TEPCIEKTUBHUX HANPSIMKIB PO3BUTKY MallopecypcHoi kpunrorpadii, a came
CET-um¢pysanns. OcHoBHOIO nepeBaroro CET- mmdpyBaHHS BBaXKa€ThCSI MOKIIMBICTh CTBOPEHHS TEXHOJIOTIT OOy J0BH
muQpiB 3 3aJaHUMH XapakTepucTukaMu. [IpoBeneHnit orsia JTiTepaTypHUX JKepen Mo Temaruni crarti. OOIpyHTOBaHO
HeoOxiqHicTs cTBopeHHs B CET-omnepanisx eneMeHTapHUX QYHKIIH, sSKi 3a0e31edyIoTh JTiHilHe i HeliHiifHe TepeTBOPEHHS
BximHux Ci-KBaHTiB B BHXIiJIHI, IO NPUBOTUTH JI0 CKIAJHOCTI MOJENel omepariid. 3acTOCyBaHHS JHUCKPETHO-
anreOpaivHOro OMHCYy MoJelel 3a0e3neyye MOXKINBICTE OJTHAKOBOTO MPECTABICHHS, K JiHIHHUX Tak 1 HemiHiiHNX CET-
omepauiil. 3amponoHOBaHNi TUCKPETHO-Ka3yaldbHUI omuc 3abe3neuye crpomenHs moxaeneit CET-onepauiii 6e3 BTpatu
iH(OPMATHUBHOCTI, a TAKOXK 3a0e3meuye MOXKIUBICTE MoAentoBaHHs Oararoonepannaux CET-onepauii, ki MOE€AHYIOTH B
co0i sIK JIiHIMHI Tak 1 HenmiHiiHI ogHoonepannHi CET-onepanii. J{uckpeTHo anreOpaiunuii onvc Moaenel BUSBHBCSA ITPOMi3-
JIKUM 1 HE IPUIATHUM JUUTS MOJICIIFOBAHHS 1 JocipkeHHs Oaratoonepananux CET-oneparrii.

KawuoBi ciaoBa: manopecypcua kpunrorpadis, CET-mu¢pyBanns, omeparii kepoBaHi iHpOpMaIi€ro, e1eMeHTapHi
(hyHKIIi, TUCKPETHO-Ka3yallbHI MOJIETIi, MTOTOKOBE MIH(PYBaHHS.

Beryn

IMocranoBka mpo6iemu. Ha tenepimHiii yac B
teopii CET-nm¢pysanns knacudikosano mume 3Ci-
kBanToBi CET-omepamii. Cnmig 10JaTKOBO BiIMITHTH,
o0 KJIACH(IKOBaHI TPYIH OIEpaliif, ONMUCYIOTHCS 3a
JOIIOMOTOI0 PI3HOTO MaTeMaTHYHOTO MPEICTABICHHS.
Jlume 3acTocyBaHHS JHCKPETHO-alIreOpaidyHOro mpen-
craBieHHs 3a0e3meuye yHipikoBanmit ommc CET-
omepariid, are MPUBOIUTH A0 30UTBIICHHS CKIATHOCTI
MoOJeNel, CKIagHOCTI peanmizaimii, 1 YyCKIaaHIE ix
CIPUMHATTS.

Knacudikyrorecss CET-omepariii 1o KilIbKOCTI
omepaHaiB Ta 1o Kinbkocti Ci-KBaHTIB iHpopMallii, ska
KOAYEThCsA. B gaHOMYy MOCTIIKEHHI OOMEX)UMOCS 2 i
3Ci-kBanropumu CET-onepauisiMu, ornepaiisMu, sKi
KoaytoTh 2 abo 3 Ci-kBaHTH iH(pOpMAIIii.

Tpaguuiino B kpuntorpadii BUKOPHUCTOBYETHCS
JIOCTaTHRO OOMEXEHHUH Hadip omepamiid kpunrorpadid-
Horo neperBopeHHs. Lle onepanii qoxaBaHHS 3a MOAy-
JSIMH, TIJCTAHOBKHM, IEPECTAaHOBKM Ta 3CYyBH. Takox
MepecTaHOBKH, 3CYBH Ta omneparii ski kepyroTscest iHdo-
pMarttiero. OCHOBHOIO BUMOTOIO JI0 MOKJIMBOCTI 3aCTO-
cyBaHHSA OyZb SKOi oneparii B KpUITO aJlTOPUTMI € Has-
BHICTH ormeparlii 00epHEHOro MepPeTBOPEHHs. 3acTOCy-
BanHa CET-omepariii 103BoJisi€ 3HAYHO 301TBIIATU Ki-
JBKICTh KpUOTOTpadiuHUX NEPETBOPEHD HA OCHOBI SKHX
OynyroTecst Kpunto anroputmu. KpiMm toro, B mporeci
noOyznosu Ta nociimkennss CET-onepaniii BUABISIOTH-
Cs1 HOBI TIPUHIUIN 1 TIJIXOH ISl MOOYZA0BH KPUIITOAT-
TOPUTMIB.

Jnst cnpuiHATTS TepeiuyeHux Tirnore3 Ta posy-
MiHHs cyTHocTi CET-onepauiii po3risiHeMo HpHKIaR 3
SIKOTO TI0YANIOCs 1X JTOCHIPKEHHSI.

BciM Bimomo mio TpamuiiiiHe MOTOKOBE IMIH(PY-
BaHHA TIOJISITa€ B MOCIIJJOBHOMY TMOOITOBOMY [10/1aBaH-
HI0O TI0O MOJAYJIIO JBa iHQopMaIli i ICeBIOBUIAIKOBOI
(ramy1o4oi) mociigoBHOCTI. B pe3ynbrari BUKOHAHHS
JIOJITABaHHIO [0 MOJYIIO JBa, OIT iH(opMallii, B 3aex-

HOCTI BiI 3HaueHHs OiTa IMCEBIOBHUIAIKOBOI ITOCIIIIOB-
HOCTI 3aJIMIIUTHCS HE3MiHHNM, a00 Oy/e iHBEpTOBaHUI.
[Hmumu cioBamu, Hax 6iToM iHPOpMALii MOXKYTE OyTH
BHUKOHAHI NIBI Omeparlii: omepailis MOBTOPY, SKIIO OiT
MICEBIOBUITAKOBOI TMOCIMOBHOCTI piBHHI «0», abo
ormeparisi iHBepCii, AKIIO OIT MMCEBIOBUIAIKOBOI MOCITi-
JIOBHOCTI piBHUHN «1».

AHaJni3 ocTaHHIX JocaifzkeHb i myGaikamiii.

OcuoBorw CET-mmudpysanns € CET-omnepariii, ski
OyAYIOThCS 3 €IIEMEHTAPHUX (PYHKIIiH KpHUIITOrpadiaHO-
ro neperBopenns [1]. Tomy knacudikariss CET-omnepa-
miff B3a€EMOMOB’si3aHa 3 KiacHu(]iKalmiero eleMeHTapHUX
¢byukuiit [2]. JociipKkeHHs eneMeHTapHuX (QYHKIN 1
moOynoBanux Ha ix ocHOBi 3Ci-kBanoBux CET-omepa-
il NpOBOAMIIOCH HA OCHOBI KiacudikoBaHux rpym [2].
[Tpu upoMy 1uisi KOXKHOI Ki1acU]iKOBaHOT IpyIH BHU3HA-
4yaBCs MaTeMAaTUYHUM anapar, sSIKUi J03BOJISE OIMCYBa-
T CET-omepaii [3] — [4], a Tako MOZENIOBATH TPYITH
knacudpikoBanux omepariit [5] — [7]. Ha croromuirmmii
JeHb 3amada onmcy i moxaemoBaHHs CET-onepamii,
moOyTOBaHUX HAa OCHOBI eleMEHTapHUX (DYHKIIH 3 pi3-
HUX KJIaCH()iKOBAHUX I'PYII HE po3risiaanacs.

MeTtow po6oTH € po3poOKa CHemiani30BaHOl
KOMIT'FOTEPHOI CHCTEMH, SIKa JIO3BOJIMTH MOJEITIOBATH
3aMKHEHI TOHKOCTIHHI IMIIHIPUYHI 00OJOHKH Ta 3.iH-
CHIOBAaTH PO3PaxyHOK MEXaHIYHHMX XapaKTEpPHCTHK 3a-
Jla4y npyKHO-1eopMOBaHOTO CTaHy 0OOJOHKOBUX KOH-
CTPYKIIiH 13 MiABUIIICHOIO TOYHICTIO.

OcHoBHMii MaTepian

BignosinHo no knacudikarnii [2] rpymna enemeHTa-
pHUX (YHKIII epecTaHOBOK Ma€e caMi IPOCTi MOJIEIi:

fi5 = X; f51 = %o} fg5 = X3; 1)

foa0 = %15 fooa =%} f170 = X3
HwkHi iHIEKCH B TIO3HAYEHHI eJIeMeHTapHUX (QyH-
KIIi# BiZoOpaaroTh AECATKOBY MO3HAYCHHS JBIHKOBOTO

KOJy, SIKHi BiIIOBiZa€ pe3yJIbTaTy MEPETBOPSHHS, Bi-
MOBIAHO A0 Tabnumi ictuHHOCTI pyHkmii. HrokHi iHmE-
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KCH B IIO3HAYC€HHI apryMeHTY, BiIIOBINAIOTh MMOPSIKO-
BoMy HoMepy Ci-kBaHTa BXiJHOT iH(opMmarii.

Ha ocHoBi enementapuux QyHnkuii (1) OyayroTbes
CET-omneparii nepectaHoBok Ci-kBaHTiB [5]:

X2
Cs117045 (X) =| %3 |:
LR (2)
/ 3
C5117045 (X) = Cas 15,204 (¥) =| 11
X2

Hagenennit npuknax CET-onepaiii (2), ams mps-
MOTo i 00epHEHOT0 TepeTBOpeHHs iH(opMarii mokasye
MIPOCTOPY NPEACTABIEHHS MOJENEN JaHOi TPYyH.

PosrnsHeMo enemeHTapHi GyHKIIii moOy0BaHI Ha
OCHOBI JI0TaBaHHs 3a MOTyJIeM 1Ba [5]:

f60:X1®X2; f90=X1®X3; f102=X2®X3;
flos =X @ X ®X3; flgs =X ®X ®1.  (3)

Ha ocHoBi nanux enemeHtapuHux (yHkiii (3) Oy-
nytotbest MatpuuHi CET-onepanii. Hanpukman:

Xo @ X3
X1®X2(‘BX3 )
X D X3

C102105,90 (¥) =

/
C102,105,90 (¥) = C90.102.105 (%) =
X1 @ X9 (4)
= X2 @ X3
Xl D X2 D X3

[Ipu BUKOpPUCTaHHI IHBEPCHUX eIeMEHTapHUX (y-
HKI[i}f, TAKO’)K BHKOPUCTOBYETHCS MAaTPUYHE MPECTaB-
neHHs (JTiHiIHHE), 3 JTOJAaTKOBHM ramyBaHHsM. Hampwu-
KJIa:

Xy © X3 0
Cio2105165 (X) =| X @ X ® X3 |®[0 |;
X D X3 1

C21{02,105,165 (X) = C90,153,150 (X) =
X @ Xo 0
=| X @ X3 @|1
X @ Xy @ X3 1
IMpn cunre3i CET-omepaniii 0gHOYacCHO MOXYTh
BUKOPHCTOBYBATHCS eleMeHTapHi (yHKii mepectaHo-

BOK Ta eJleMeHTapHi (QyHKIii moOymoBaHi Ha OCHOBI
JOJIaBaHHSA 3a MoayJeM nBa. Hampuknan:

X2 @ X3
Cr02,6051(%) = | ®@x2 |}
X2
X9 ® X3
/
C102.105.165 (X) = C102,85,90 () =| *3 . (5
X1 ® X3

[MoOymoBa Ta BUKOpHcTaHHs Moxenel qanux CET-
omepallii He BHKJIHMKA€ CKJIATHOCTI, TOMY IO BOHH
MPEACTABIAIOTHCA MATPUYIHUMHU (JTIHIHHUMY) MOJEIsS-
MH, a00 MAaTPHYHUMHU MOMAETSMH 3 JAOAATKOBUM TaMy-

BaHHsM. 'pyna eneMeHTapHHX (QYHKLIH MepecTaHOBOK
KepoBaHUX iHpopmaniero 3ade3mneuye Bubip Ci-kBaHTa
pe3ynpTary 3 nBox BximHux Ci-kBaHTiB. BubGip 3ame-
®uTh Bin 3HaueHHs Ci-kBaHTa ympaBiiHHs [7]. Pe3ysib-
Tytounii Ci-KBaHT, MOe OyTH SIK IIPSIMHUM TaK i iHBep-
ToBaHuM. Hampukmnan:

f46 :Xl-Y2VX2-Y3; f53=X1-X2\/X2-X3;
fog =% xpvx %35 fr1=%Xp x3vx-xp.  (6)

Ha ocHOBi maHmx ememeHTapHHX (QYHKIIH Oymy-
rotecsi CET-omeparii mepecTaHOBOK KepoBaHUX iH(OP-
Mariero. [lani CET-omepariii ommcyroOThCS AUCKPETHH-
MH, a0 IUCKpeTHO-anrebpaidHuMu Mozensmu [4]. Ha-
TIPUKIIA];

X2 X3V X3
Ca958116 (X) =| %X v X5 |
XZ . X3 Y Xl - X9

x| 72 vV Xg - Y3
/ o .
C39,58,116 (X) =Cyp,27,92 (X) S[ X X3V X2 -X3 |,
Yl "Xz VX - 72

{Xz AKWO X3 =0

X akwo x3 =1

C39,58,116 (x)=

Xo  axwo x =0
X3 sakuo xp =1

{X3 axuo xp =0

X axkuo xp =1

X axuo x9 =0
X3 axuo xp =1

/ X1 sakwo x3 =0
C39,58,116 (¥) = Cag,27,92 (¥) = {X; o X33 D
{Xg akuo x1 =0

Xo axwo xp =1

Ipu cunre3i CET-onepauiii enemMeHTapHUX (BYHK-
Iiif TIepecTaHOBOK KEpOBaHUX I1H(OpPMALIEId MOXKYTh
MOEIHYBATHCS 3 eJIeMEHTAapHUMH (yHKHii mepectaHo-
BOK, a00 elleMeHTapHUMHU (QYHKIISIMH TOOYIOBaHUMH
Ha OCHOBI JI0/IaBaHHS 3a MOJYJIEM [IBa.

Hampuxnan:

Xo - X3 VX - X3
C39,85,27 () = | 3 ;
X X3V X2 - X3

/
C39,85,27 (X) = C71,20,51 () =
X X3V XX (8)
= X1~72VX2~X3 )
X2
71 . X2 Vv Xl . X3

X Xo VX X3 |;
X2(‘BX3

Cs3,58102 (X) =

Cé3,58,102 (x) = Ce0,27,78 (x) =

X © xp (9)
=| X X3V Xy-X3
X X3V Xo X3
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Posrisayti CET-oneparii (7) — (9), BKIIOYAOTh B
ceOc HelNiHilHI eneMeHTapHi (QyHKIIT nmepecTaHOBOK Ke-
poBanux iHdopmariero. ToMy iX CHHTE3 i aHA3 BUMa-
ralTh CYMICHOTO JOCII/KCHHS JIHIMHUX 1 HETiHIHHUX
kpunrorpadiuaux meperBopenb [6]. Ha choroamimmmiit
JICHb BiACYTHI MyOJiKamii Ipo pe3yibTaTH JOCTIHKEHb
CET-onepauiif, OTpuMaHi Ha OCHOBI TIO€THAHHS €JIEMEH-
TapHUX (PYHKIIH IIepecTaHOBOK KEPOBAaHUX iH(POPMAITIEI0
3 eNleMeHTapHUMH (PYHKIIi mepecTaHoBoK (mpukiaf (8)),
abo 3 ememeHTapHMMH (yHKOiSIMH MOOYIOBaHMMH Ha
OCHOBI JI0OJTaBaHHS 32 MOAyJeM 1Ba (rpukiaf (9)).

PosrnsiHeMo Tpymy eneMeHTapHHX (GYHKIIH orie-
pauiii kepoBanux iHdopmariiero [2]. Tlo anasorii 3 ene-
MEHTapHUMHU (QYHKLISIMH TEPECTAHOBOK KEPOBaHUX
iH(popMaIli€ro X IONUILHO TPEICTABISTH JUCKPCTHU-
MU, a00 AUCKPETHO-aNreOpaidHIMU MOJISIISIMH.

Hampuxnan:

f77 =% - XovXx X3 vXy-X3=
{XZ X3 Akujo x =0;

Xo v X3 axwo x =1

f212:Y1-Y2VY1-X3VY2~X3:
Xp v X3 axuyo x =0;
- Xp X3 sakwo x;=1.

[pu modynosi CET-omepaniii naHi enemMenra-
pHi QyHKIIT MOXKYTb MO€THYBATHCA 3 €IEMEHTapHHUMHU
(GYHKIISIMA TIepEeCTaHOBOK KEpOBaHUX 1H(pOpMALIEO.
Hampuxnan:

X1~X2\/X1vX3\/X2~X3

C2343113(X)=| ¥ -Xo VX - K3 v X2 %3 |
Yl'XZ \/Y1~X3vX2-X3

/
C2343113 (%) =Caz 2377 (x) =

Xl'X2VX1'Y3VX2~Y3 (10)
= Xl‘X2\/X1~X3\/X2~X3 )

X] X VX - X3V X9 - X3
X] - X2 VX X3V X9 -X3

Co358113(X) =| X1 X2 v 1%y ;
71X2 \/Yl'X3VX2 'X3

/

C o313 (¥) = Cas 2377 (x) =

X1~72\/X2'Y3 (11)
=| X X2 VX X3V Xg - X3

X1~72\/X1~X3\/Y2~X3

IpencraBumo CET-omeparii (10) i (11) muckper-
HO-aNreOpaiyHIMH.

[ X9 -X3 axwyo x; =0
Xo v X3 sakuo x; =1

X -X3 axwo xp =0
C2343113(X) = {

X VX3 akwo xp =1

X1 - X9 axuyo x3 =0
X Vv Xy saxuyo x3=1

/
© 2343113 (%) =Cyg2377(x)=

[ X9 -X3 saxuyo xp =0 ]
Xo v X3 saxujo x =1
(12)

X X3 axwo xp =0
XV X3 akuo xp =1

X -Xo saxkwo x3 =0
X VvXy axwo x3=1

I X| X3 aKuo x9 =0 ]
XV X3 axuyo xg =1

Co358113(X)=

X akuo x1 =0
X3 axwyo xp =1

X1 - Xo axuo xg =0
XV X akuo xg=1

/
C X)=C X) =
2358113 ) = C46,23,77 (¥)
[(x axwo xp=0 |
X3 akuo xp =1

{X1~X3 axwo xo9 =0 (13)

XV X3 axwyo xo9 =1

X X9 axkwo x3=0
X Vv Xy akuo x3=1

[pu cunresi CET-onepariit exeMeHTapHi QyHKIIiH
oreparlii kepoBaHUX iH(HOPMALIEI0 MOXYTh HOETHYBa-
THCS 3 €JIeMEHTapHUMH (YHKIISIMH PO3LIMPEHOTO MaT-
puuHoro kpumnrorpadidnoro neperBopenHs. o rpymu
€JIEMEHTapHUX (YHKIIA PO3MIMPEHOI0 MaTPUYHOIO
KpUNTOTpadivHOrO MEPETBOPEHHS HaIekKaTh EIeMEHTa-
pHi QYHKIIT OTpUMaHi LLIIXOM JI0JaBaHHS 10 MOJYJIFO
JBa O eleMeHTapHOiI (YHKII{ epecTaHOBKU HENiHIl-
HOTO0 fonaHKy. Hampuknan:

f3g =X @ (X2 - %2) ;
f57 = X2 (‘B(Xl'73) X
f106 =X3® (% X2) .
X @ (X2 - X3)
C30,57,106 (X) =| X2 @ (x1-X3) |;
x3 @ (X -X2)

/
C30,57.106 (¥) = C45,54106 (¥)

X @ (X2 -X3)
=| X2 ®(x-x3) |;
X3 @ (X -X2)

(14)

X @ (x2 - x2)
C30,77120 (X) = | X -T2 vX - Xg vXp X3 |;
X @ (%2 -X3)
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/ _
C30,77120 (X) = C4310854 (X) =
Xl-X2VX1~X3VX2-X3 (15)
= X2 @ (fl . YS)
Xp @ (¥ - X3)

HuckperHo-anrebpaiani mozxeni CET-omepariit
(14) 1 (15) mo>kHa IpeCTaBUTH.

i Xp X3 sakwo x; =0 i
Xp X3 sAkwo x =1

X1 - X3 akuo xp =0

C
30,57.106 (X) = R o v <1

{Xl Xo axujo x3 =0

X -Xo AKWo X3 = l

x)=C

30 57 106 ( 45,54,1067 ( )

Xp-X3 ecnu x| = 0 |
Xp-X3 ecnu x =1

{Xl . X3 ecau Xp = 0 (16)

X| X3 ecau xo =1

XX akuo x3=0
X - Xo akwo xg=1

Xp X3 sakwo x; =0 i
Xp X3 sAkwo xp =1

Xp X3 skwo x; =0
C X ;
30,7420 (X) = {szxg o =1
Xo - Xg axwo x =0
X2 X3 axuo x =1
/ = —
C30,77.120 (*) =Caz10854 (¥) =

[ X X3 akuo x9 =0
XV X3 axyo xp=1

X - X3 axwyo x9 =0 (7)
X X3 axwyo xp =1 .

X X3 akuo xo9 =0
X X3 akuo xp =1

Mopgueni veniniitnux CET-onepaniii (10) - (17) He
320€3MeuyroTh MPOCTOTY B3a€EMO3B’S3KiB MK Omepalli-
SAMHU TIPSAMOTO 1 00E€pHEHOTro KpUnTorpadigHoro mneper-
BOpPEHHSI, 1[0 CYTTEBO YCKJIATHIOE IX 3aCTOCYBAaHHS B
KpurTorpadiyHux cucteMax.

Ciuig BiAMITUTH, [0 MaTEMATUYHUN OIUC JAaHMX
MOJICJIeH CYTTE€BO BIAPI3HAETBCA BiJl MaTEMaTUYHOTO
ormcy mozenei (2), (4) 1 (5).

JuckperHo-anreOpaiuHe MpeCTaBICHAS MoOIeei

CET-onepauiii 03BOJIsie OMMCATH SIK JIHIAHI Tak 1 He-
JiHiAHI KpunTorpadiyni neperBopeHHs. Hampukian,
eJleMeHTapHi (GyHKIII nepectaHoBok (1) MoxHa mpen-

CTaBUTH:

foa0 =% ={

X AKWo X9 =0;
fh5=% ={ =

f51=><2={

={

f85=X3={

X AKWo Xxo =1

x| AKWo X3 =0;
B X| AKwo x3 =1

Xo  AKuo x| =1
Xp AKWo xg= 0;
X9 AKWO X3 =1

X3 AKWo Xo =0;
B X3 AKWYO X9 =1

X AKWo X3 =0;
B X axwyo xg3 =1

Xo AKwo xq = 0;

X3 AKwo x| = 0;
X3 axwo x; =1 -

X axkuyo x9 =0,
X axkwo x9 =1 a

Enemenrapni ¢yHkuii moOynoBaHi Ha OCHOBI J0-
JaBaHHs 32 MOAyJeM aBa (3) MOXKHA OIMCATH HACTYII-

HHUM YUHOM:

f60 =X X2 = {
X3
fgo =X1@X3 ={Y
3

X3
flo2 =% ®x3=1

x| AKWo Xxp =0;
a X AKwo X9 =1

X AKWo X3 =0;
B X axkwo x3=1

X axuo x3 =0
B Xo axwo x3=1

f105=X1@X2@X3=

_{XZ DX akwo x| =0; ~

X9 (&) X3 AKWo x| =1 B

Xl@X3 AKWO X9 = 0
X1®X3 AKWYO X9 = 1

_{Xl@XZ AKWO x3:O;

X ® Xy axuyo x3=1

Xo akuo x1 =0,
Xo akujo x| —l,

AKWYO X| = 0;
akuyo x1 =1 B

akuo xop =0
axkwo xp =1 B
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Xo AKujo x1 = 0;

floe =X @ Xy ®l= =

X AKwo xo =0;
X akuo x9 =1.

Hageneni Momeni eneMEHTapHUX (QYHKIIH CBif-
yate npo Te mo Oyap sky CET-omepauito quckperHo-
anreOpaivyHoI0 MOJIEIIIIIO. [Ipote JIIACKPETHO-
anrebpaigai mogeni CET-omepaniit 1ocTaTHEO TPOMI3I-
Ki (CKIamHi) 1 YCKIAQJHIOIOTH TOMIYK B3a€MO3B’SI3KiB
MiX IPSMUMH 1 OOEpPHEHUMH OTIePAIisIMH, a TAKOX B3a-
eMo3B’s3KiB B rpynax CET-omepanmiii.

BupimuTta mpoTHpidds MK pPO3IMIUPEHHIM MOX-
muBocti onmHotunHoro omwmcy CET-omepamiit i 3MeH-
LIEHHSM CKJIaJHOCTI CaMHX MOJIeNIeH ITOJIsirae B Mpen-
craBiaenHss CET-onepauiii sik anantoBaHOTO JHMCKPET-
HOTO aHaJIOra OIUCY CUCTEMH CHTYaI[li{HOTO YIpaBJliH-
Hs.

B cutyaniiiHOMy ympaBiiHHS CTaH CHCTEMH OIIU-
CYETBCS 32 JIOIIOMOT'0I0 TPHOX IO

(A B;C),

ne A — momist sika mepenyBana momii B, B — momis sika
pearnizyetbes B qanuit yac, C — Homis sika Oyne peanizo-
BaHa JIMIIE MICJs YCIIIIHOTrO 3aBepiieHHs mofii B [8].
OmmmemMo CTaH JUCKPETHOI CHCTEMH YTPaBIiHHS Ha-
CTYIHUM YHMHOM: B 3aJISKHOCTI BiJl pe3ysbTary 3aBep-
nieHHs nofii B Oyxe peanizoBana nofist A, ado moxis C.
Hexaii monii 4, B 1 C npeacTaBisiioTh co00i0 peaiiza-
Iito IUCKpeTHUX GyHKUil fi(x), fp(x) 1 fa3(x). Hua
CIIPOILEHHSI CIIPUAHATTS TUCKPETHOI QyHKIII K HAOO-
py 1l TPBOX CKIIaJOBUX, MOUITHHO KOXKHY CKIIQJOBY B3s-
TH B y’)KKU. B pe3ynbTaTi oTpMaeMo MOJIENb:

() = (f00)(F2 () (f3(x))

Mogens (18) TpakTyeThcsi HACTYITHUM UYHWHOM: B
3aJIeXKHOCTI BiJl Pe3yNbTaTy BUKOHAHHS (QYHKIIT fy(X)

(18)

Oyne peanizoBaHa QyHKIIA fi(x), abo fz(x) . [yt oxHO-
3HAYHOTO TpakTyBaHHS Mojeni (18) Oynmemo BBaxaT,
mo 3a yMOBH fy(x)=0 OyIe BHKOHyBaTuCsS (YHKIiS

fl(x) , iHaKme Oyne BUKOHyBaTHCS QyHKIIS f3(X) .

Mogens (18) Oymemo Ha3uBaTH JUCKPETHO-
Ka3yaJIbHOIO MOAEIIIIO.

Crig BiIMITUTH 1O B JUCKPETHO-Ka3yalbHIH MoO-
aem (18) dynkmii f(x), fo(x) 1 f3(x) MOXyTb OyTH
MPE/ICTaBICHI IMCKPETHO-Ka3yaJbHUMHU MOJICIISIMH.

JIuCKpeTHO-Ka3yalbHUH OMHUC Ja€ MOXIJIUBICTh
CIIPOCTUTH AWCKPETHO-aredpaiuHi Moeni eJeMeHTap-
Hux ¢yskuii i CET-omneparriii.

JIuCKpeTHO KazyalbHUH METOJ A03BOJISAI0 OIHUCY-
BaTH pO3TIIsAHYTI panime moneni CET-omepartiii.

CET-onepanii 3 BHUKOPHUCTAHHSM eJIEMEHTapHUX
(GyHKIIH nepecTaHOBOK KepoBaHMX iH(opmamiero. Ha-
npuknag mozeni (7) — (8).

(X2)(x3) (%)

C39,58116 (X) =| (x2)(x)(X3) |;
(X3)(x2) (%)

() (x2)(X3)
Cé9,58,116(x):C46,27,92(X): () (x3)(x2) |;
(X3)(x)(X%2)
(X2)(x3)(%q)
C39,85.27 (X)=| (x3)(xq)(x3) |;
() (x3)(x2)
(X3)(%2)(%)
Ca9.85.27 ()= C71.29,51 (%) =| 00)02)03)
(X2)(x)(x2)

CET-onepanii 3 BUKOPHUCTAHHSIM €JIEMEHTapHUX
¢GyHKLiH omepauiii kepoBaHHX iH(popMaliieto. Hampu-
wiax moaeni (12) i (13):

(X2 - X3)(¥) (X2 Vv X3)
C23,43113(X) =| (4 - X3)(x2)(xq v Xg) |
(% - %2)(X3) (X v X2)
C/23,43,113 ()=Cag.23.77(x) =
(X - X3) (%) (X2 v X3)
=1 (X - x3)(X2)(%q vV X3) |5
(¥ - X2)(X3)(¥ v X2)

(XZ . X3)(Xl)(X2 \Y X3)
Ca358113 (%) =| (x)(2)(%) :
(Yl . X2)(X3)(71 Vv X2)

/ _
C23,58,113 (x)= Ca6,23,77 (x)

(x2)(x)(X3)
= (Xl . X3)(X2)(X1 \Y% X3)
(Xl . Yz)(X3)(X1 Vv 72)

CET-onepatiii 3 BUKOPHCTAHHSM €JIEMEHTAPHUX
(GYHKUIH pO3LIMPEHOr0 MaTPUYHOTO KPUITOTpadivHOTO
nepetBopenns. Hanpukinan moaeni (16) 1 (17).

(X2 - X3)(¥q)(X2 - X3)
C30,57,106 (X) =| (x-X3)(X2)(¥1 - X3) |
(X - X2)(X3)(% - X2)

/ —
C 30571063 ) =Ca5,54106 ()

(X2 - X3)(%q) (X2 - X3)
=1 (% - X3)(%2) (¥ - X3)
(% - X9)(x0) (X - X2)

(X2 - X3)(X)(X2 - X3)
C30,77,120 (X) =| (X2 - X3)(x)(X2 v X3) |;
(X2 - X3) (%) (X2 - X3)
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/
C30,77120 (X) =C43108,54 (¥) =

(Xl . 73 )(XZ)(Xl \ 73)
=1 (% - X3)(x0)(% - X3)
(% - X3)(X2)(¥q - X3)

HaBeneni auckperno-kazyanbHi Mmopneni CET-
OTepalio MATBEPIKYIOTh TIMOTE3y PO MOXKIUBICTH
Ha iX OCHOBI yHi(piKyBaTH ONHC NiHIHHUX 1 HEMIHIHHUX
omepanii KpunTorpagpiqvHOTO MepeTBOPEeHHs iH(opMma-
ii.

Jlari Mozemi CIpOIIyIOTh MONANBIINNA MPOIeC 10-
cimimxernHs rpyn CET-omepartiii.

HeoOXiqHO BIIMITHTH, IO TUCKPETHO-Ka3yalbHE
MIPEACTABICHHS AUCKPETHUX (YHKIIH CTBOPIOE MOKITHU-
BicTh OynyBaTu Garatoonepannni CET-onepauii, mose-
Ji SIKUX TOETHYIOTh B c0o0l KOpPTEXi HemiHiHHuX, abo
niHiHEX 1 Henminiitaux CET-omeparriii.

JlaHe 3acTocyBaHHS IUCKPETHO-Ka3yadbHOT'O MO-
JETIOBAHHS € OCOOIMBO MEPCIIEKTUBHAM.

Ha croroauimHii 1eHp BimoMi Mozeni 6aratoore-
PaHIHUX oOIepamii fKi peani3yloTh KOPTEeXi JIHIHHHX
onnoonepanganx CET-omepamiii. Mogeni manmx CET
omepamniidi OyIyIOTBCS Ha OCHOBI JOIAaBaHHS 32 MOXY-
JIeM.

BucHoBku

B mpomeci mocmimkeHHS KIacH(piKOBaHUX TPyl
3Ci-KBaHOBUX €JIeMEHTApHUX (YHKIIH OyIO BCTaHOB-
JICHO IO TPYIH eJeMEHTapHUX (YHKMIN 1 K HACIITOK
rpymn CET-omepamiii MOZETIOIOTECA Pi3HAM MaTeMa-
THYHHM arapaToM.

[oennanns B CET-onepauisix eaeMeHTapHHX (Y-
HKIIIH, AKi 3a0e3Me4yroTh JiHiiHe 1 HeliHiiiHe mepeTBo-
penns BxigHux Ci-KBaHTIB B BUXIIHI HPUBOIUTH JIO
CKJIQJIHOCTI Mojieneil onepauiil. 3acTocyBaHHS JHCKpe-
THO-aIreOpaidyHOro OMHCY Mojeneil 3ade3neuye MOX-
JMBICTh OJHAKOBOTO IPEICTABICHHS SIK JiHIWHI Tak i
semiHitHi CET-omepaniii. JluckpetHo anredpaidHOTO
OIIHCY MOJEJEH BUABUBCS TPOMI3AKHAM 1 HE PUIATHIM
JUIL MOJICTIOBAHHS 1 JOCIHIIKEHHS OaratoomnepaHIHUX
CET-onepamii. 3anponoHOBaHUM JUCKPETHO-
KazyalbHUIl omuc 3a0e3rnedye CIPOIICHHS MOJeNeH
CET-onepauiit 6e3 BTpatu iH)OPMATHBHOCTI, a TaKOX
3abe3nedye MOXKJIMBICTh MOJETIOBaHHs OaratoorepaH-
nanx CET-omepartiii, siki MOEAHYIOTh B COO1 sIK JIiHIiHI
Tak 1 HeniHiitHi ogHoonepanani CET-onepauii. Iloxa-
JBLI JTOCHI/PKEHHs1 OyIyTh HallpaBiieHI Ha pPO3pOOKY
MeroniB cuHTe3y Oararoonepannuux CET-omepauii i
TPyl omepamii 3 BHKOPUCTAaHHAM  JHCKPETHO-
Ka3yaJIbHOTO TIPEJICTABICHHS MOJICIIFOBAHHS.
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Discrete-casual presentation of models of elementary functions and set operations
V. Rudnitsky, V. Larin, O. Melnyk, D. Pidlasy

Abstract. The article proposes one of the promising directions for the development of low-resource cryptography, name-
ly SET-encryption. The main advantage of SET encryption is the possibility of creating a technology for building ciphers with
specified characteristics. A review of literary sources on the topic of the article was conducted. The need to create elementary
functions in SET operations that provide linear and non-linear transformation of input C-quants into outputs is substantiated,
which leads to the complexity of operation models. The use of a discrete-algebraic description of models provides the possibility
of the same presentation of both linear and non-linear SET operations. The proposed discrete-casual description provides simplifica-
tion of models of SET operations without loss of informativeness, and also provides the possibility of modeling multi-operand SET
operations, which combine both linear and nonlinear single-operand SET operations. The discrete algebraic description of the mod-
els turned out to be cumbersome and not suitable for modeling and researching multi-operand SET operations.

Keywords: low-resource cryptography, SET encryption, information-driven operations, elementary functions, discrete-
casual models, stream encryption.
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OCOBJIMBOCTI PO3I'OPTAHHA 3ACTOCYHKY ESET MDM/MDC
JJIAA 3BABE3IIEYEHHSA BE3ITEKW MOBIJIBHUX ITPUCTPOIB

AnoTauis. IIpexrMeToM IOCITIIKEHHS B CTATTI € aHATI3 MOKIIMBOCTEH Ta Iporiecy po3ropranus 3actocyHky ESET Mobile
Device Connector (MDC) 3 MeTo10 3a0e31eueHH s Oe3IEKU Ta YIPaBIiHHS MOOLIHIUMU IPUCTPOSIMU B KOPIIOPATUBHUX Ce-
penoBuIax. B cTarTi BUPIMIYIOTHCSA HACTYIHI 3aBAAHHSA: PO3LIISA CTPYKTYpH Ta cKianoBux ¢yukmii MDC cucremu, Bu-
3HAYCHHs] OCHOBHUX MPOOJIeM Ta HEHOIKIB il yac akTUBALIT MPOAYKTY Ta KOHGIrypyBaHHi cucreMu.. OTprMaHO HACTYIIHI
Ppe3yNbTaTH: PO3TIAHYTa CTPYKTypa poboTtu cucteMu MDC, mopsiiok ii po3ropTaHHs, BUSBICHO HEAOMIKH ML 9ac IHCTAALIT
Ta CrIocoOH IX BUpIMIEeHHs, 3a0I0K0BaHO 3arpo3u cucteMoo MDM . BucnoBku: JlocimipKeHHS MIATBEP.IIIIO, IO BCTAHOB-
JIeH1 oJiTHKY Ta cucteMa MDM edekTHBHO 3a0I0KOBYIOTH BPA3JIMBOCTI Ta 3arpo3X Ha MOOUTBHUX IPHCTPOSIX B KOpIOpa-
THUBHUX MEpeXax, aJle BUMAaraloTh IPaBIIIbHAX HANAIITYBaHb Ta JOCBIMY JUIS YCIIIIHOTO PO3TOPTaHHS.

Knaouogi ciosa: MDM cucrema, MDC cuctema, BinnaneHe kepyBaHHS MOOUTBHUMH IIPUCTPOSIMH, 3aXUCT KOPHIOPATH-

BHOT iH(popmanii, CYIb.

Beryn

IMocTtanoBka mpo6jemu. Bimomo, 1mo MoOiuIbHI
MPUCTPOT NPUHECIIN 0araTo KOPUCTI OpraHizalisM y BU-
IS M ABMIIEHHS MOOLIBHOCTI, JOCTYIYy A0 iH(popMmarii
Ta 3pYYHOCTI B pOOOTi.

B mo6omy BHMaAKy CHiBpOOITHHK 3a JOMOMOTOIO
cMapThOHY OTPUMYE IOCTYII IO iHPOopMarii mo o6poo-
JSETBCS B OpraHi3amii, MoYynHaro4uu Bif ¢ororpadii ta
KIIIEHTIB EJIEKTPOHHOI TOIITH, 3aKiHIyIOUH 3aCTOCYH-
KaMH 3 OJHOPA30BUMH KIFOUaMH JUIsl ABO(GAKTOPHOI aB-
TeHTUdiKaii.

OpnHak TXHE BUKOPHCTAHHS TaKOX BUMArae peTelb-
HOTO IUIAaHYBaHHS 1 yIpaBiiHHS, 1100 3a0e3neunTn 0e3-
neKky Ta epeKTHBHICTh Oi3HEC-TIPOIIECiB.

Kpim Toro, kopuctyBadi MOOUIBHUX MPUCTPOIB Ya-
CTO MarOTh MOXIIMBICTb IIPOITYCKAaTH OHOBIICHHS J0/1aT-
KiB Ta omnepamniiiHoi cucTeMn, BCTAHOBIIIOBATH CTOPOHHI
MIPOTpaMH Ta IMAKIIOYATHCS 10 0COOMCTHX 1 3arajbHO-
noctymHEX Mepex Wi-Fi. Xoda mi ¢yHKmii i tomomara-
I0Th KOPUCTYBa4daM, BOHH HiIIal0Th JaHi Ha IUX MPHUCT-
pOsIX CepHO3HOMY PH3HMKY BUTOKY ab0 KpaliKKH 3JI0B-
MHUCHHUKaMH.

I{i Bpa3nuBOCTI OE3MEKH CTArOTh OLIBII TPHUBOXK-
HUMH, KOJIM CHIiBPOOITHUKH BHKOPHCTOBYIOTH BIIACHI
cMapTQOHH, IUIAHIIETH Ta HOYTOYKH JUIsl IOCTYITy Ta 00-
Mminy [30/] He monepepKyouH Binain iHpopmaliiHoi 6e3-
TIEKW OpraHi3arii.

OpHe NopyIIeHHST IPU3BOJIUTH JI0 TOTO, 10 OpraHi-
3allis He IOTPUMYEThCS ePXKaBHUX CTaH/apTiB, HOPMATH-
BHHX JIOKYMEHTIB 1 CIIJIa4y€ BEJIMKI MITpadu NpH MepIii
ke TmepeBipii. SIKmo, 3BiICHO, KOMIIaHisS HE MPOBOIHTH
BHYTpIlIHIN a00 30BHIIIHIA aymuT iH(popMauiiiHoi Oe3-
NIeKH Xo4a O pa3 Ha piK Ta He BUSABIISIE aHi OPYIICHHS B
py4uHOMY pexmMi [1].

Tomy, s 3a0e3nederHs 3aXucTy iHGopMarlii, KoH-
TPOJTIO BCTAaHOBJICHHX 3aCTOCYHKIB, KEpPYBaHHS aHTUBIPY-
CHMMH CUCTEMaMH Ta METO/IaMHU BBO/Iy, BUBOJIY iH(popMma-
mii, BUKOPHCTOBYIOTH cepBicu Mobile  Device
Management (nani - MDM).

MeTo10 1aHOTO AOCTITKEHHS € aHAJIi3 MOXKJIUBO-
ctel Ta mpouecy posropraHHs 3actocyHky ESET
MDM/MDC pns 3abesnedenHs Oe3nekd MOOUIBHHX
IIPUCTPOIB B KOPHOPATHUBHUX CEPEIOBUILAX.

Buxuiag ocHOBHOTO MaTepiajty

CrpykrypHa cxema po6oru MDC. Mobile Device
Connector (mani - MDC) — 1e wactuna iepapxii ESET
PROTECT, sika 3abe3neuye 3B 530K MK MOOUIBHUMHU
mpuctpossiMu Ta camoro BeO-cepBepy ESET  mus
BuKopuctanHsi ¢yHkuinh MDM. MDM - cucremu
MIOBHOTO KOHTPOJIO 3a MOOUIBHMMH TIPHCTPOSMH,
Device Loss Prevention Ta Mobile Application
Management € HeBia eMHOO ioro yactunoo [2, 3].

Ha puc. 1 HaBenmeHO cTPyKTypHY cxeMy OOMiHY
nanumu Mk npoaykramu ESET PROTECT rta
MOOIIBHUMH TIPUCTPOsIMU [2].

ESET PROTECT - MDC - Device

Communication scheme
Apple Push Notification

Google / Firebase
Cloud messaging

‘ MDC
Agent
ESET

PROTECT
i-fg (

| Server Message board

Puc. 1. CtpyktypHa cxema pobotn MDC

MDC — ne pimeHHs sike 103BOJIsIE KEpyBaTH MOOi-
JBHUM TPUCTPOSIMU Oe3 areHTiB. 11 30epeskeHHs pecy-
pciB MOOUTLHUX PUCTPOIB, areHTH HE MPAIIOI0Th Ha ca-
MUX IIPUCTPOSIX.

Cepgic € xocTOM 3 BipTyadbHUMHU areHTamu. JlaHi
JUIL KepyBaHHS mpucTposimu 36epiratotecst y B SQL.
Ceptudikar HTTPS HeoOXimuuii s aBTeHTH(IKAIi1
0oOMiHy maHMMH MiX MOOiITPHEM mpuctpoeM i MDC.
Ceptuoikat mpokci-cepBepa BUKOPHUCTOBY€ETHCS /IS aB-
teHTudikanii 38’s13ky Mix cepsepom ESET PROTECT
ta MDC [2].

Jlo kepyBaHHs IPUCTPOSIMH Apple 3aCTOCOBYIOTHCS
JIOZaTKOBI BUMOTH, TaKi sIK CIIeIliani3oBaHi cepTudikary,
sIKI HEOOX1/THO MiANUCYBAaTH JOBIPEHUMH LIEHTPaMH cep-
tudikanii Apple. Ha Binminy Big Apple, npuctpoi Ha
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CucreMu ynpaBiIiHHsI, HaBirarii Ta 38's3ky. 2023. Ne 4

ocHoBi OC Android He MarOTh CHEIiAIbHUX YMOB JI0 Cep-
tudikaris [4]. Uepes 1ie nepeBeicHHS TAKUX IPUCTPOIB HA
KepyBaHHS € IIPOCTILINM Ta 3aiiMae MEHIIIE Yacy.

Amnaui3 pearyBanns cuctemu MDM. [lis ananizy
pearyBaHHS Ha Bpa3lMBOCTI, IO BHHHUKAIOTh Ha
MOOLTBHUX TPHUCTPOSAX MiIKIIOYCHUX 0 MEpexi, Oyim
JOJaHi CTAHJAPTHI TTOJIITHKH:

- MDDKMEpEKEBHU eKpaH;

- Be0-3aXHCT;

- aHTHBIpYC.

Bci BoHE cripaioThCSI HA ICHYIOI IpaBmiIa i cIiuc-
KM, SIKI HaJla€ Ta OHOBJIIOE B pPEalbHOMY 4aci Perno3uTo-
piit ESET. 1li npaBuia i CHCKH, MOXHA CTBOPIOBATH
caMmocTiitHo. B pe3ynpTaTi mpoBeNEHUX TOCTIIKCHB
Oysii OTpUMaHi pe3yNbTaTH, IO HaBeleHI Ha rpadiky
pearyBaHHS 3TiJJHO BCTAaHOBJICHMM HOJIITHKAaM 3a Mepiof
B 7 IHIB Ha 5 MOOLIBHUX MPUCTPOSIX (puc. 2).

Puc. 2. I'padix KigbKOCTi 3a0JI0KOBaHHUX BPA3IMBOCTEH 32
TrokaeHb. (DioneToBui — AHTHBIPYCHHX 3aXUCT, YepBOHUH —
Be06-3axuct, bakutHuil — MbKMepeXeBHii eKpaH)

Ha puc.3 MoXxHa neperyisHyTH pe3yJibTaTH JOCIi-
JUKEHHS KIJTBKOCTI BUSIBJICHUX 1 3a0JIOKOBaHUX CIIPOO TIO-
PYIICHHST BCTAaHOBJICHUX MPAaBHJI HAa MOOUIBHUX IMPHCT-
posix 3a 31 neHb.

Detections

Security vulnerability exploitatio.

» connect to URL

© Antivinu

ally unwanted application

© Antiviru Suspicio

is application

Puc. 3. CrarucTrka BUSBICHHS 3 COPTYBaHHIM
3a KaTeropi€io MpaBiiI

HCJI, cnpobu noctymy Ha HeOesmeuni URL-an-
pecu, NMOTeHIIHO HeOa)kaHi Ta MifO3piNi 3aCTOCYHKH,
eKCIITyaTallist Bpa3JInBOCTe! Oy yCIiIIHO 3a0JI0KOBaHi
BCTaHOBJICHUMH IOJIITHKAMH HA MOOLTHHHUX MPHUCTPOSIX.

Ane posropuytu ESET MDC anminicTparopy,
SIKMA HEe MaB JIOCBiNy 3 MOAIOHMMH CepBicaMu, HE Tak
npocto. [Ipu mocimkenHi Oyiu po3po0ieHi pekoMeH1a-
mii mozo BcTaHOBIEHHs cepBicy Ha Windows Server
2016 ta migkmoueHHs Horo a0 Be6-nomarky. Jlami po3r-
JITHEMO KPOKH 1HCTAJISIII].

OcHoBHi kpoku incraasuii MDC. B xoHncoi
ESET PROTECT oTtpumyemo nmocuiianss 10 o(pimiifHoTo

PEMo3HLiI0, 3BiIKK MO>KHA 3aBaHTAXXUTH 1HCTAIATOP. 3a-
ITyCKAEMO 1HCTAJISITOP, 03HAHOMITFOEMOCH 3 JlineH31iHO0
YIrOZ0I0 KOpUCTyBaya Ta IpUUMaeMo 1.

Hami neoOxigno minkpinmutu HTTPS ceprudikar
MiAMMcaHuid BiIacHUM LeHTpoM cepTudikanii ESMS
Certification Authorities. [y 1boro MOTPiOHO BiAKpUTH
BeO-3actocyHok ESET Protect, B mento Certification
Authorities 3renepyBaTu ceptudikar Arenra (puc. 4).

DETECTIONS

Peer Certificates @

CERTIFICATES

Peer Certificates

Puc. 4. 3renepoBanuii ceptudikar

[pukpimutoemo ceprudikar 1o incransuii. B Ha-
CTYITHOMY KpOLi aIMiHICTpaTOpH 3a3BHUYai CTUCKAIOTHCS
3 mpoOiemoto. Ilicns mepuioro HanalmTyBaHHS OCHOB-
Horo cepepy ESET Protect, sskuii MOxe HaJIaIITOBYBaTH
IHIIMHA aaAMIHICTPaTOpP, PEKOMEHIY€ETHCSI 3MIHUTH CTaH-
naptHi moptu nocryny no bJI. Hosuii agminicTparop,
10 posroprae MDC npo0ye miIKIFoYnuTHCh 10 0a3u na-
HUX IO CTAaHAAPTHOMY TOPTY 1 HE OTPUMYE IOCTYILY.
Came Tomy pexoMeHAyeThcsi posropratd MDC Ha Tiif
camiit BJ] mo # ESET Protect. era_db — ctannapTaa Ha-
3Ba B/I, a 1433 — cranmapTHHI TOPT MiTKIIOYCHHS 10
Hel. 3aMiCTh I[LOTO, BaM MOTPIOHO CTBOPUTH OKpPEMY
0a3y nmaHux mij Ha3Boro era mdb mopyd 3 OCHOBHOIO
era_db, cCTBOpUTH OKpEMOro amMmiHicTparopa Ui i€l
0a3u TaHUX 1 3MIHUTH OPT 332 3aMOBYYBAHHIM [UIS Mi€i
HOBOI 0a3n manux. Takok, HEOOXIAHO 3aMIHUTH HaJIall-
tyBanHs localhost Ha iM’s cepBepy Kyau BCTaHOBIIIO-
€TBCSI KOHEKTOp, ToOTO, cepBep ESET Protect.

OTxe, i 3ax01u 3a0e3MeUyIOTh OE3IeKy Ta ONTH-
Mizanito podotu cucremu ESET Protect Ta 6a3m manux
MDC.

Ha puc. 5 Ta 6 npencrapneHi HaNalITyBaHHS 3a-3a-
MOBYYBaHHSIM — MEPIIAN Ta OaXkaHi — IPYTHU.

ﬂ ESET PROTECT Mobile Device Connector Setup —
Database server connection

Please enter database server connection,
Database: MS SQL Server b
ODBC driver: SQL Server v
Database name: ‘era,mcmjb
Hostname: ‘\ocalhost
Use Named Instance: O
Port: W
Database account
Username: [
Password:

Back Next Cancel

Puc. 5. HanamryBaHHS 3a-3aMOBYYBaHHAM
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ﬁ ESET PROTECT Mobile Device Connector Setup - X
Database server connection s
Please enter database server connection. (esk
Database: MS SQL Server v
ODBC driver: SQL Server v
Database name: Ie'a-mdb
Hostname: | wiN-NPB5052ED13
Use Named Instance: O
Port: [19222
Database account
Username: | dmytro
Password:
T o

Puc. 6. HanamryBanHss migxmodeHHs 10 b

HacTynHuM KpOKOM MiAKIIOYEHHS 0 BeO-cepBepy,
MOPTH 3aJHIIaeMo 0e3 3MiH, 3aMIHIOEMO server host Bin-
MOBIIHO JI0 HA3BU CEPBEPY opraxizaitii (puc. 7).

ﬂ ESET PROTECT Mobile Device Connector Setup - X

Connection to ESET PROTECT server
Please enter agent configuration below.

@D

Network connection to ESET PROTECT Server

Server host: |win-NPa50526D 13

2222

Server port:

(®) Server assisted installation
(O offiine installation

ot [ ]

Cancel

Puc. 7. [TinkaroueHHs 10 BeO-cepBepy

Ha ¢iransrOMY Kpoti Tpeba HamaTi 00IiKOBI qaHi
JUIL TIKITIOYeHHS 10 BeO-cepBepy. [lposeneni mocii-
JIKCHHST BUSBUIIN, 1[0 OOJIIKOBI JJaHi, Ha SIKMX HAJIaIlITo-
BaHO ABO(AaKTOPHY aBTEHTU(IKAIIi0, HE MiATPUMYIOTHCS
(puc. 8). BupoOGHuK mporpaMHOro 3a0e3nedeHHs peKo-
MEHJIY€ 0Jipa3y BKJIFOUATH 11 MiCJIsl CTBOPEHHS aKKayHTY.

®

Connection to ESET PROTECT Server
Please spedfy ESET PROTECT Server connection below.

| $8/ ESET PROTECT Mobile Device Connector
|

Connection to ESET PR
i Itis not possible to authorize to ESET PROTECT
Server host: \) Server with provided credentials as Two-Factor
Authentication is not supported in server assisted
Web Console port: installations. Please enter different cedentials.
Web Console login crede‘ E
Username: [dmyvc
Password: Ssssssssssssssnes
[[JLog into domain
o o

Puc. 8. [Tomuiika mij 9ac AOCTYITy 10 CEpBEPY

Jis momanbiiol iHCTAMNAIIl HEOOXiTHO CTBOPUTH
OOJIKOBUH 3aliCc KOPUCTyBaua Il PEecTpaliii Ha cep-
Bepi. [IpaBa nocrymy 060B’13K0BO MOBUHHI Oyan Anmi-
HICTpATHBHI. 3aX0TUMO Ha BeO-cepBep, B TAaHOMY BHIIa-
aky  https://WIN-NP85052ED13/era/#  id=USERS,
BimkpmBaemMo MeHI0O KopueryBaui Ta CTBOproeMo HO-
Boro kopuctysada mdmuser 3 HaGopamu nossonis Ad-
ministration permission set 6e3 aBodakTOpHOI aBTEH-
tudikanii. BukoprcToByroun HOBi 00JiKOBI JaHi, MaeEMO
(iHAMBHUI KPOK Ta MIATBEPIKY€EMO MicIle iHCTaIAMiT 3a-
CTOCYHKY. Ilicist 9oro modYHEeThCS MPOIEeC IHCTAIALIT
(puc. 9). ITicns ycmimHOI iHCTANSANIi MOXKHA BIAKPUTH
KOHCOJIb BiJIajleHOro anMiHictpyBaHHs. [lepernisHyTH
CTIOBIIIIECHHS PO cTaH cuctemH (puc. 10).

E ESET PROTECT Mobile Device Connector Setup =

Connection to ESET PROTECT Server
Please specify ESET PROTECT Server connection below.

Connection to ESET PROTECT Server

Server host: [win-npas0s2eD 13
Web Console port: 2223

Web Console login credentials

Username: [mdmuser

Password: [ eeoesenee
[[JLog into domain

Back Next Cancel

Puc. 9. Kondiryparis miaxiroueHHs 10 BeO-cepBepy Ta MicIisd
iHCTaIAIIT

(& @ https://win-np85052ed13/era/webconsole/#id=CLIENTS:id=CLIENT_DETAILS;u=41250af0-9376

i Ornsa
S Koudirypauis
2 XypHanu

D BukoHauus 3aBaaHbL

Ceprudixar HTTPS He Bianosinae kpuTepito, aKwil BumMaraesca Apple

IHCTanLoBaHI Nporpammn

TIPOAYKT He aKTUBOBAHO

CnosiweHHa Nanuox

ceprwdixatia HTTPS HerogHmil
? Nuranma

BusBneni 06'exTi Ta kapaHTUH

= [loknaaHiwe

Puc. 10. BaxxinuBi CIOBIIEHHS CHCTEMH OE€3IIEKHA

OOOB’513K0BOI0 BUMOT'OIO0 € aKTHBALsl NMPOAYKTY,
OKpeMa JLeH31sl He BUKOPHCTOBY€EThCS, TUIBKY OCHOBHA,
SIKOK0 aKTHBOBAaHI 1HINI MPOIYKTH HAa JaHOMY CEpBepi.
Jlinensii KymytoTb Ha poboui craHii 200 KOpUCTyBadiB,
1X MOXHa TIepe3HadaTH Ha iHII CTaHIlii, ypa3i BUXO1y 3
nagy abo 3aMmian. ToMy KymmyBaTH JIiIIEH311 3 3a11acoM He
000B’3K0BO, 3aBXKIM MOXKHA JOKYNUTH poOoui micus
a00 KOPHCTYBaYiB.

ITepen peectpariiero MOOLTBHUX TPUCTPOIB HEOOXi-
JTHO 3reHepyBaTH cepTu(ikaty, mo OyayTh BiIIOBIgaTH
kpurepism Apple. Ta 10MOBHUTH JIaHIIOXKOK cepThdiKa-
tiB HTTPS [5].
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3a JaHMM METOIOM IHCTAJISILIIT MOJKHA BUKOPUCTOBY-
BaTu pi3HI cepTUdiKaTH: SKIIO OpraHizalis Mae IEHTp
cepTudikallii, reHepye Ta BAKOPUCTOBYE BiacHi cepTudi-
KaTH JJ1s BeO-CepBepiB, TO IaHUI CEpPBIC MiATPUMYE BUKO-
puctanHs cTopoHHiX ceptudikarisB HTTPS. Axe o npu-
cTpoiB Apple, 000B’s13K0BO, TTOBHHHI OyTH CTBOPEHI cep-
tudikatnu APN/ABM Ta mignucani ZOBIpeHUM IIEHTPOM
ceprudikarii Apple [5]. ESET mae BiacHwHii IIeHTp CepTH-
¢ikamii ESET PROTECT, sixuit Moke TeHepyBaTH CepPTHU-
(biKaTH OJJHOPAHTOBHX BY3JIIB JUIS areHTIB [6].

VPN — tyHenoBanHs. OIHI€IO 3 KIFOYOBUX CKJIa-
IOBMX MOOLILHOI Oe3leku € 3a0e3reueHHss 0e3eYHoro
3'€IHAHHST MK MOOUTBHUMH MPHUCTPOSIMH Ta CEpBEPaAMHU
opranizanii. ¥ 1jboMy KOHTEKCTi, BUKOPHCTaHHS BipTya-
npHOT npuBaTHOi Mepexi (VPN) BusBiIsieThCS 1IEBUM iH-
CTPYMEHTOM JUIsi 3a0e3NeUeHHs] 3aXMIIEHOTO 3B'S3KY,
SIKMH JTO3BOJISIE YHUKHYTH MOXJIMBHUX aTak 1 Mepexor-
nenHs nanux [7]. 3aBmsku BukopuctanHio VPN, agmiHi-
CTPaTOpPH MOXYTh 3a0e3meunuTn Oe3reky Ta KOH]imeH-
iAHICTD JNaHWX, M0 TMepeNaloThcs MK MOOUTEHIMH
npuctposimu ta cepsepamu MDC [6]. VPN no3Bossie
CTBOPUTH 3aXHIIEHE TyHEJIbHE 3'€AHAHHA, IUPPYIOIH
JIaHi Ta 3aXUIIA0YH iX BiJ] HCCAaHKI[IOHOBAHOTO JAOCTYILY.
Le ocobnmBO BaxJIMBO B cdepax, e 30epiratoThCst 4yT-
JIUBI KOPIIOPATHBHI JlaHi, TaKi SK MePCOHANIbHI AaHi KIIi-
€HTIB, (IHAHCOBI JlaHi Ta IHTENEKTyaJbHA BJIACHICTb.
Tomy 000B’S3KOBOI0 BUMOT'OIO € ITiIKJIIOUEHHSI KEpOBa-
HHUX MOOUTBHHUX HPUCTPOIB 10 KOPIOPATHBHOI MEPEXKi Ta
LEHTPY KEPYBaHHS IIPUCTPOSMH TUIBKH Yepe3 3aXHIIeHE
TyHeNbHEe 3’ €HaHHs [7].

Honasarus VPN nmo apceHamy 3axofiB 3a0esrie-
yeHHs Oe3nexn B MDC minBHInye piBeHs HaIIHHOCTI Ta
JIOBIpH IO CUCTEMH YIPaBIiHHI MOOUTEHUMH MPHUCTPO-
SIMH. 3aXUIIEHUN 3B'SI30K CIIPUSE MONEPEHKEHHIO MOX-
JIMBHX aTax i 3abe3nedye Oe3neKky JaHuX Mif yac iX re-

penadi. OKpeMi CUCTEMH TaK0X MOXYTb BUKOPHUCTOBY-
BaTH aBTEHTU(]IKALilO MPH OCTYHl A0 KOPHOPAaTHBHOI
Mepexi mudpyBanns ycboro Tpadiky. IIpucyTHs Mox-
JMBICTh CTBOPIOBATH ISl KOXKHOTO JOJATKa OKPEMHI
VPN kaHa, 10 Takoxk 3a0e3nedye J01aTKOBY 3axullie-
HICTh 32 YMOBH BHKOPHCTAHHS 3araJbHOIOCTYTIHHUX 200
HEHaTIMHUX Mepex [7].

BucHoBku

VY crarTi Oy10 po3IiIsiHY TO IMTaHHS PO3rOPTaHHS 3a-
crocynky ESET Mobile Device Connector (MDC) ns 3a-
Oe3nieyeHHs1 Oe3MeKy Ta yIpaBJIiHHS MOOUIEHUMH IPUCT-
posIMH B KOPIIOPAaTHBHHX CepemoBHInax. JlocmimKeHHS
mmokasaio, mo edexruae posropranHsi MDC moxe 3Ha-
YHO TiIBUIINTH PiBE€Hb O€3MeKH Ta MPOLYKTHBHOCTI B Op-
TaHI3aIligX, ¢ MOOUIBHI MPHUCTPOi BHKOPHCTOBYIOTHCS
UL poOOTH Ta 0OMiHY JaHUMH. 33 JOTIOMOTOO ITPABHIIh-
HUX HaJIAITYBaHb Ta MPAaKTUYHUX KPOKIB, aaMiHiCTpa-
TOpH MOXYTh yCHinHo posroptaty MDC, 3abe3neuyroun
BIJIMOBITHICTh CTaHIAPTaM OE3MEKH Ta BUMOTaM KOpIIopa-
THBHHX HOPMAaTUBHUX JOKYMEHTIB. BaknBUMU eTanamu
€ CTBOpEHHs okpeMoi 6a3u manux it MDC, Hamamry-
BaHHs CepBEPY Ta BeO-CepBepy, a TAKOK TeHEpaIlisi CePTH-
¢ixariB, 110 BiAMOBIAa0TH KpuTepisimM Apple. lonaTkoBo,
aKTHBAIlsI TPOAYKTY Ta HaJIe)KHA KOHQITyparis CHCTeMH
€ BOIMBIMHU KpoKaMu 1y yemimaoi podotr MDC. Op-
TaHi3allii TOBMHHI TAK0)X BPaXOBYBAaTH MOXKITHBICTh JOKY-
MBI JIIIEH31H B pa3i HEOOXiTHOCTI pO3IMUPEHHS 00CATY
3aXUCTy MOOUIBPHMX TNPUCTPOiB. 3aramoM, pO3TOpTaHHS
MDC moxe OyTH epeKTHBHIM iHCTPYMEHTOM JIJIS yIIpaB-
JIHHS MOOLTEHOIO OE3MEKO0 Ta MiABUILEHHS MTPOIYKTHB-
HOCTI B Cy4YacHHMX KOPIIOPaTHBHHX cepeloBHIlax. Bax-
JIMBO IOTPUMYBATHCS HallKpalX NMPaKTHK Ta 3a0e3redy-
BaTH BIMOBIHICTD CTaHAAPTaM O€3MEeKH ISl JOCATHEHHS
YCIIIIHUX Pe3yJIbTaTiB.
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Deployment features of ESET MDM/MDC application for mobile device security
D. Serdiukov, O. Sievierinov, Z. Sydorenko

Abstract. The article focuses on the analysis of capabilities and the deployment process of the ESET Mobile Device
Connector (MDC) application with the aim of ensuring security and mobile device management in corporate environments. The
following tasks are addressed in the article: an examination of the structure and components of the MDC system's functions,
identification of key issues and drawbacks during product activation and system configuration. The following results have been
obtained: the working structure of the MDC system is reviewed, the deployment process is outlined, installation issues are identi-
fied, and methods to address them are discussed. The MDM system effectively mitigates threats to mobile devices within corporate
networks, although it requires proper configuration and experience for successful deployment.

Keywords: MDM system, MDC system, remote mobile device management, corporate information protection, ISMS.
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INNOVATION PARKS CREATION IN THE TERMS
OF THE INFORMATION SPACE FUNCTIONING

Abstract. The article examines the leading principles of designing and creating innovative parks in Ukraine. The
organizational and legal foundations of the organization of the innovation park were analyzed, the components of their
infrastructure, components of the service provision system, as well as sources of financing were investigated. The
purpose of the article is to analyze the prospects for the development of innovation parks in the conditions of the
functioning of the information space. Prospective directions for the use of domestic and foreign experience of
innovation parks in conditions of active development of the information space have been determined. The experience,
history of creation, creation and development prospects and features of the implementation of innovation parks were
analyzed, the possibilities of reorganization and development of modern innovation parks of Ukraine were determined,
and ways of their improvement were proposed. The main conditions for creating a favorable environment are
determined, the main approaches that have the greatest financial and economic efficiency in the chosen field of activity
are determined, taking into account the current and modern requirements for the development of all branches of
production, in particular, the field of information and telecommunication technologies. The main active projects and
innovation parks in Ukraine, which are actively developing and have great potential, despite the difficult conditions in
which the country has recently been, have been studied. It has been proven that modern science and innovation parks
have one of the leading values, in particular, the processes and results of their interaction with leading companies in the
IT industry, which affect the quality of training of specialists who will have relevant knowledge in the field of
information and communication technologies, have been investigated.

Keywords: innovation park, information management system, information technologies, information technologies,

startup.

Introduction

The IT sector today is one of the major areas of
social development. But there are also systemic
problems that hold back this direction in Ukraine from
even more rapid development. Let's analyze what these
problems are and how they can be solved. There is a
rapid increase in demand for specialists in the IT
sector.

The personnel market cannot keep up with this
growing need, and there are two main problems with
the training of specialists: the IT field is relatively new
and it is developing very quickly. The Law of Ukraine
on Innovation Parks defines the legal and
organizational principles for the creation and operation
of innovation parks on the territory of Ukraine in order
to ensure the development of the economy of Ukraine
through innovation, the activation of innovative
activities, the development of modern innovation
infrastructure, the production and introduction of
innovative products on the domestic and foreign
markets[1-5].

Analysis of recent research and publications.

A number of scientists are paying attention to the
problem of creating and developing innovation parks
in Ukraine and the world.

Scientists study the experience of implementing
modern innovative technologies in the leading
countries of the world and prepare their own proposals
for methods and means of developing innovation parks
in the conditions of active development of the
information space.

Rybytska O., Karpyak A., Bublyk M. in their
numerous works study the issues of world and
domestic experience in design, development, use,

future  changes, development  trends  and
implementation of modern means of information and
communication technology implementation based on
research and interpretation of the obtained results,
which were made public at well-known sites and
gatherings at the World Economic Forum[6].

Borodina O., Alyoshin S., Nosach O.B analyze
the information society and the problems of the
development of the informatization of the economy
[71.

Melnyk M., Korcelli-Oleynichak E., Chorna N.,
Popadynets N. study the development of regional IT
clusters in Ukraine through the prism of institutional
and investment dimensions [8].

A. M. Hafiyak investigates the problems of
business analytics and its connection with modern IT
technologies, analyzes and improves the classification
of information and analytical systems [7, 9, 10].

O. Krot analyzes technological revolutions of
Ukraine, the experience of Ukraine and the world [11].

Chernyuk V. draws attention to the state and
problems of science parks in Ukraine [12].

Main part

It can be argued that innovation activity is a highly
costly activity where it is impossible to do without a
high degree of risk, which is caused by an increase in
risk in the process of solving the assigned task.
Insufficient stimulation of innovation activity leads to a
lag in the development of all areas of science and
practice, namely in the development and use of
information technologies in all areas. According to the
Draft Law of Ukraine "On Innovation Parks", they are
considered as a state communal institution, which
should be organized through the development of
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scientific and technical or innovative activities [1-5, 13,
14]. Analyzing the main stages of the process of
initiation, design and development of innovation parks
for the implementation of cooperation between
enterprises of various forms of ownership, which solve
issues in all spheres of activity, in particular in the field
of information and telecommunication technologies
with the aim of accelerating the speed of economic
growth of many enterprises and business development
thanks to its support at the state level. It is the expansion
of potential connections with specialists in this field and
the provision of opportunities for implementation and
development, in particular due to the identification of
potentially profitable projects. Among the leading
functional capabilities of innovation parks, the
following can be distinguished [1-5]:

performing scientific and technical analysis of
research for the purpose of implementing innovative
ideas;

work on the creation of innovative products,
implementation of a set of steps for their phased
implementation in the medium and long term;

implementation of a set of actions regarding
design, organization, implementation of innovative
ideas in production;

search for sources and funds for financing
innovative projects for the purpose of their
implementation in scientific, industrial and other
innovation parks;

provision of opportunities and support for the
development of innovative activities of enterprises;

stimulation of innovation;  ensuring the
organization of mutual assistance of all subjects of the
innovation environment;

creation of a comfortable environment for
stimulating the increase in the efficiency of all types of
scientific and technical activities affecting the totality of
the combined processes of the innovation park;

development of a number of innovative projects to
solve current issues affecting the development and
implementation of a system of various researches and
analysis of the implementation of innovative projects.

List of services provided by the innovation park
looks as shown in Fig. 1.

Among the main types of innovation parks,
scientific and technological, industrial, and economic
companies are distinguished.

An innovation park can include a scientific and
technological park, an industrial park, an innovation
cluster, as well as other components of the modern
infrastructure in the field of innovation.

The essential conditions of the agreement on joint
activity include:

the purpose of its conclusion;

information about the members of the innovation
park;

rights and obligations of participants of the
innovation park;

the responsibility of the participants of the
innovation park for obligations arising in connection
with participation in the innovation park or the
implementation of projects of the innovation park,

List of services provided by
the innovation park

Conducting an audit of educational,
scientific and technical and/o
innovative activities

Financial and economic support fo
the implementation of investment

Providing advice on obtaining
licenses, patents or other special
permits in accordance with the law

_|Search for sources of financing

Co-financing of scientific research
and innovative projects

Attraction of investments, venture
financing; providing support to start
ups

Carrying out scientific examination,|
examination of business plans

Fig. 1. List of main services provided
by the innovation park

the responsibility of the participant of the
innovation park in the event of his exit from the
innovation park before the completion of the
implementation of the corresponding project, according
to obligations, which arose during his participation in
the contract;

priority activities of the innovation
management bodies and the governing body;

the procedure for financing the activities of
management bodies and the governing body;

the procedure for accepting new participants of the
innovation park;

the procedure for terminating the agreement on
joint activities.

Among the components of the infrastructure of the
innovation park, it is possible to single out the
components of the modern one innovative, research and
other infrastructure that help the successful conduct of
scientific and technical, innovative and other
entrepreneurial activities mediated by modern means of
information and telecommunication technologies.

Schematically, the main components of the
infrastructure of the innovation park are currently
reflected in the components of the scheme shown in
Fig. 2.

In the innovation park, the opportunity to lay the
foundation for open innovation and limitless
possibilities in the field of information technologies is
important.

These opportunities are created thanks to the
emergence and implementation of local ideas that have
a global impact on the development of the information
environment.

The success of an innovative technology company,
in particular in the field of information technology, is
only the first step in the modernization of all other
companies and businesses of various industries.

park;
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Infrastructure elements of the
innovation park

:Business accelerator |

—|Business incubator |

:'nnovation cluster |

:'nnovation hub |

:Technology transfer center |

Center for  examination and
assessment of scientific, technical
and innovative projects

Other elements of innovative

infrastructure

Fig. 2. Infrastructure elements of the innovation park
Today, we have successful projects created by

domestic specialists, but the main attention of scientists
is directed to the means of improving them, changing

Table 1 — The largest innovation parks of Ukraine

their scalability and increasing their number.
Information about the most famous innovation parks of
Ukraine is presented in Table 1[14].

The development of modern innovations, which
cause the development of technologies, provide an
opportunity for their modification and implementation.
Certain technical and technological means help to solve
certain tasks, in particular, new modern office centers
with infrastructure  equipped for technological
companies. Personnel issues also require attention and
analysis.

The main idea of modern start-ups and innovations
can be formulated so that today, development is
mediated by rapid informatization processes in all
fields, as a result of which knowledge is spread
instantly.

The conducted analysis determines the expediency
and necessity of further study of the proposed concept
of modern innovations, in particular in the field of
innovative technologies, the main purpose of which is
the continuous encouragement of investors, specialists,
scientists, stakeholders for further actions regarding the
study of all relevant public requests for the introduction
of innovative technologies, specifications and
generalization obtained results of actions taken to solve
the problem of financing ideas.

Name f ek (1) Ve ot men Aren e
Unit.City (Kyiv) 2017 250
LvivTech.City (Lviv) 2020 60
Industrial equipment. Renovation (lvano-Frankivsk) 2017 37,8
Bila Tserkva (Bila Tserkva) 2019 700
Ecopolis KhTZ (Kharkiv) 2020 500

The following points can be noted in the
innovation park development strategy: support and
implementation of flexible workspace for new and well-
known enterprises; encouraging the continuous
operation of business incubators and accelerators;
systematic organization and holding of various
seminars, meetings, networking; combination of
specialists and investors around innovative ideas;
organization of educational processes with the
possibility of further professional development,
internships in leading global and domestic companies.

The main tasks of the innovation park are to
establish effective cooperation between educational
institutions, businesses and the city community in order
to speed up: development of new technological
solutions; technology transfer;  reengineering and
creation of own innovative solutions; incubation and
scaling of startups; creation of new jobs; modernization
and transformation of educational services, due to the
creation of a platform and material base for scientific
research and joint projects. World experience shows that
the economic growth of the developed countries of the

world and their individual regions is based on the field
of knowledge and high technologies, the effective
combination of which guarantees rapid progressive
development. One of the most successful forms of such
integration are innovation parks, which are
characterized by a high level of innovative activity and
represent a form of integration of science and
production.

Conclusions

Many investors investing in IT and operating in
the international market have to look for workarounds,
creating numerous risks for themselves. Therefore, in
Ukraine, one of today's tasks is to create a favorable
environment where people want to implement their
knowledge and skills in the chosen field of activity,
receive decent remuneration for their work and satisfy
mandatory needs. These requirements are relevant for
the development of all branches of production, in
particular, the  field of information and
telecommunication technologies. This approach will
bring positive changes throughout the economy. By
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implementing at least a few of the above solutions, our
country will have a chance to become an IT giant not
only in our region, but also on a global scale. The
number of such projects in Ukraine is growing rapidly.
Because only through direct contact and interaction
between students and existing IT companies can we
develop new specialists who will have up-to-date
knowledge and understand how the industry works in
practice. That is why the development of science parks
in the IT sector in Ukraine can lead to rapid growth of
innovation in this area. Export of IT services is one of
the largest categories of service exports in Ukraine. But

the problem is that most of the services provided are
often outsourced. In other words, the market now works
more to fulfill someone else’s order, to create products
based on someone else’s ideas and for foreign owners.
Parks compete with leading IT companies, startups,
creative firms and even great corporations. The park
provides its residents with a package of additional
services for business development. The mission of
innovation practice is to create a unique innovation
platform where it will be easy for leading companies,
start-ups and experts to find one, grow and grow,
highlighting the quality of their products and services.
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CTBOpeHHs iHHOBaNiliHUX MapKiB B yMoBax (pyHKLiOHYBaHHs iHopMauiliHOro npocTopy
M. Tumenko, T. ®panuyxk, P. 3axapos, 1. Kapnynin

AHoTanisi. Y cTaTTi AOCITIPKEHO MPOBIJHI MPUHIMIN NPOSKTYBAHHS Ta CTBOPCHHs iHHOBALIfHUX MapkiB B YKpaiHi.
[IpoananizoBaHo OpraHizaliifHO-IIPaBOBI OCHOBH OpTraHi3alii iHHOBALIHOTO MapKy, MOCHIIKEHO CKIaIOoBi iX IHPPACTPYKTYpH,
CKJIaJIOBI CHCTEMH HaJaHHS MOCIyr, a TakoX Jkepeiaa ¢QiHaHCyBaHHA. METOI0 CTaTTi € aHaji3 MEepCHEeKTHB PO3BHUTKY
IHHOBaliHNX TApKiB B yMOBaX (YHKIIOHYBaHHA 1H()OpPMALIHHOTO TPOCTOpPY. BHW3HAYEHO TEPCIIEKTHBHI HAPSMKH
BUKOPHUCTAHHS BITYH3HSHOTO Ta 3apyOiKHOTO IOCBiAy IHHOBAaIiHUX MapKiB B yMOBaX aKTHBHOTO PO3BHUTKY iH(QOpMAIIHOTO
npoctopy. [IpoanasnizoBaHo JOCBi, iICTOPit0 BUHUKHEHHS, CTBOPEHHS Ta MEPCIIEKTUBH PO3BUTKY Ta OCOOJIMBOCTI BIIPOBAKSHHS
iHHOBAI[IfHUX MapKiB, BU3HAYE€HO MOJIIMBOCTI peopraHizaiii Ta pPO3BHTKY CyYacHHMX IHHOBaUiffHUX mapkiB YKkpaiHM Ta
3aMpOINOHOBAHO NUIIXM [X YJOCKOHAJeHHs. BH3HAYEHO TOJOBHI YMOBHM CTBOPEHHS CHPHSATIHBOTO CEPEIOBHINA, BH3HAYCHO
OCHOBHI MiZXO/AH, L0 MAIOTh HAHOLIBLIY (hiHAHCOBO-EKOHOMIYHY €()eKTHBHICTH B 0OpaHiil cdepi TisTbHOCTI, 3 ypaxyBaHHIM
aKTyalbHHX Ta CyYaCHMX BHMOT IIOJO PO3BUTKY BCIX Taiy3ell BHpPOOHHITBA, 30KpeMa, cdepu iHopMmamiitHUX i
TEIEKOMYHIKAallifHAX TEXHOJOTiH. BWBYEHO OCHOBHI MiFOYM MPOEKTH Ta IHHOBANIWHI Mapkd B YKpaiHi, O[O0 aKTUBHO
PO3BHBAIOTHCS Ta MAIOTh BEJHKUil TOTEHIIAN, HE3BaXKAIOUM HA YCKIAJHEHI YMOBH, B SKHX OCTaHHiH 4ac mepeOyBae KpaiHa.
JloBesieHO, 10 CydYacHiI HAYKOBI IHHOBamilHI MAapKH MAalOTh OJHE 3 NMPOBIIHUX 3HAYEHb, 30KpPEMa, IOCITI[HKEHO MPOIECH Ta
pe3ynbTaT iX B3aemoii 3 npoBigHuMu kommanismu [T ramysi, 1110 BIUIMBAIOTh HA SKICTh MiATOTOBKH CIELIaiCTIB, SKi MATUMYTh
aKTyaJbHi 3HaHHS B rany3i iHpopMaliifHO-KOMYHIKaI[iHHIX TEXHOJOTiH.

KnwouoBi ciroBa: iHHOBamiltHMI mapk, iHpopManiiiHa cucTeMa yrpasiiHHs, iHpOpMaNiiiHi TeXHOIOT], cTapTa.
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! XapkiBchKuii HalliOHATBHUM YHIBEPCUTET palioeleKTpOHiKH, XapKiB, YKpaina
2 Hayk0BO-/10CITi IHH, MPOEKTHO-KOHCTPYKTOPCHKHUH Ta TEXHOJIOTIYHMIT IHCTUTYT Mikporpadii, Xapkis

PO OJVH IIIXIT 10 PINIEHHA ACUMETPAYHOI TSP - 3AJIAUI ITPH B2C
JOCTABKAX 3A 1O0IIOMOI'OIO IIVIAT®OPMMU "SWARM-BOT" - SYSTEM
Y ®I3BUYHOMY HEOPT'AHIBOBAHOMY CEPEJOBHUIII

AHoTauis. Ha crorommimmiii neHs y cdepi HamaHHSI MOCITYT, MICAS HNPOBEACHOrO AHATI3y PUHKY MOIMTIB Ta HPOTMO3WILH,
TIPOBOJLITHCS JIOCII/DKEHHS. 3 METOI0 BU3HAYCHHsI MOXKIMBOCTI 3acTOCyBaHHs Iuiatopmu "Swarm-bot" - System s mocraBku
3aMOBJICHB KiHLICBUM KopHcTyBadaM. Y poii "s-hots", 1o BxomsTs 10 ckiany omsiel "Swarm-bot" - System, akTHBHO 3aCTOCOBYIOTBCS
drones. JlocraBka 3aMOBIICHb Ta KOPECTIOHZCHI 3 BHKOPUCTaHHsAM IutaTdopmu "Swarm-bot" - system mepenbadae HasBHICTH
Crieniati3oBaHoro KOHTEHHepa, Po3MilleHoro Ha kopryci drone. JIocmimKeHHs POBOIATECS VTS TOTO, MI00 3ICyBATH Y 3MOXKYTh
drones 3aMiHHTH HOIITOBE MOBIJOMJICHHS 10 KO0 MH Bci 3BuKIH. [Tpu BripoBa pkeHHi ratdopmu "Swarm-bot" - System B peansHy
eKCILTyaTallito, JIFoANHA Oepe y4acTh y MpoLeci IOCTaBKY K OIeparop, a drones IepeMilliaroThes 3a3aNeripb 3aIporpaMoBaHUM
MapipyToM. Ha cbOropHimmHiii AeHh HaiOUIBII ONTHMAIBHUM IS BHpIMICHHS OpoONeMH 3MEHIICHHS BiICTaHI JIOCTAaBKU
3aMOBJICHHS € pilneHHst acuMerpudHoi TSP - 3amaui (travelling salesman problem). Llst crarmst npucBsiueHa OCIIDKEHHIO
MO>KITBOCTI 3aCTOCYBaTH aJTOPUTM, 3aCHOBAaHHI Ha METOZI "TiIOK Ta MexX", 711 BUpimeHHs acuMetpraHoi TSP - 3amaqi mpu B2C
JIOCTABKax 3a JIOoMOroro riardopmu "Swarm-bot" - system y physical unorganized environment.

Kawuosi caoBa: "Swarm-bot" - system, "s-bot", embedded systems, business-to-business, business-to-consume, drones,
KOMYHiKaris, MeTox "riiok Ta Mex', acumerprana TSP - 3aqaqa.

Beryn

Y cdepi HamaHHA TOCIYT, MCISI MPOBEACHOTO
aHaNi3y PUHKY MOIHTIB Ta NMPOMO3UIIH, aMepUKaHChKa
KOMIIaHis Amazon cTaja 3acTOCOBYBaTH IuIaT(opmy
"Swarm-bot" - SyStem s TpaHCTIOPTYBaHHS 3aMOBJICHb
kmientam [1,2]. ¥V pomni "s-bots", o BxomsaTh 10 ckaamy
oxuiei "Swarm-bot" - system, Amazon 3acrocysaia
drones. JloctaBka 3aMOBIICHb Ta KOPECHOHICHINI 3
BUKOpHCTaHHSIM Tardpopmu "Swarm-bot" system
nepenbdavae HasSBHICTH CICIiali30BaHOTO KOHTEHHepa,
po3MirieHoro Ha kopmyci drone [3-6].

Ilicts Amazon, BCECBITHRO BiloMa MDKHApOIHA
KOMIIaHis JIOCTaBKM BaHTaxiB 1 mokymenriB, "DHL -
express", cTajia akTUBHO IIPOBOAMTH HAYKOBI JOCITIKEHHS 3
METOI0 BU3HAUECHHS MOXKJIMBOCTI 3aCTOCYBaHHS IIaT(hOpMU
"Swarm-bot" - system [uis TOCTaBKM 3aMOBJICHb KiHIIEBUM
kopuctyBayam. JIOC/TiHKEHHS BEIMyThC, 100 3'ICyBaTH, Yn
3MOXKYTh drones 3aMiHMTH TMOIITOBE TOBIJOMIICHHS, [0
SKOro MM Bcl 3BHKIM. [Ipo TpoBeneHHs IOJiOHKX
JOCIDKeHb, 3  METOI0  BH3HAUEHHS  MOXKIMBOCTI
3acTocyBaHHS Twiatgopmu 'Swarm-bot" - system, micist
NPOBE/ICHHS  Psily  YCHIIIHMX  TECTOBHUX  JIOCTABOK
TIOKYTIIISIM, OMyOJiKyBamu cBoi 3BiTH nomtu lIBeiinapii,
Cunramypa Ta Ascrpamii. Takox Oynm  BimMiueHi
excriepumentn  "DHL - express" i B VYkpaini. [lpu
BIIPOBa/DKEHHI miaThopmu "Swarm-bot" - system y peanbHy
eKCIDTyaTallio, JIFOIMHA Oepe yJacTh y TPOIIeCi JOCTABKH 5K
ormeparop, a drones TEPEMIIYIOThCS  3a3MaJieTiob
3aMporpaMoOBaHUM  MapUIpyToM. Y 3araJbHOMY BHIJISIII
NPUKIAJ ~ &ITOPUTMY  TPaHCIOPTYBaHHS  3aMOBJICHb
KIHIIEBUM ~CIHOXKHMBayaM MOXKE MaTh TaKdil  BHIJISL
Kpok Nel - 3aMOBJIEHHS TOKyMIsl a00 KOPECTIOHISHIIIS
PO3MILIYIOTECS Y CHELiaTi30BaHOMY KOHTEHHepi; Kpok Ne2
-y "Swarm-bot" - system mnporpamyeTbcs MapLIpyT
JIOCTaBKM Ta PO3PAaXyHKOBHMI 4Yac y A0po3i; Kpok Ne3 -
drones, mo BxomsaTh A0 ckimamy "Swarm-bot' — system,
TOTYIOTBCS JI0 PYXy 32 3a[aHUM MapIIpyToM; Kpok Ned -

drones 3ifiCHIOIOTh JOCTABKY 3aMOBIICHHS KJTi€HTaM abo
KOPECTIOH/ICHIIii B 33/IJaHy TOYKY, OPIEHTYIOUHCh Ha CHUTHAI
GPS, i B mporieci pyXy MOXYTh YTOYHIOBATH CBOE MICIIe
PpO3TalllyBaHHS B IPOCTOpi depe3 oreparopa "Swarm-bot" -
system 3a JIOTIOMOTO0 MPOMDKHHX HA3EMHHX CTaHIIIH.

Ha  cporommimmHiii  JOeHH  OCHOBHI  3yCHIUIA
PO3pOOHMKIB Ta MPOEKTYBaJBbHUKIB IuiaTdopmu "Swarm-
bot" - system crnpsmoBaHi Ha BHIIICHHS HACTYIHHX
3aBJaHb. K MacITa0yBaTH IDATQOPMY, SKIIO MOBa
trme He TUbkH mpo B2B (business to business), ane i
mpo B2C (business-t0-COnsume) MOCTaBKH; SK 1 SKAM
CII0CO0OM TIOBITOMHTH KITIEHTA PO MAHOYTHIO OCTaBKY;
SK 1 B SKHA CIOCIO KIIEHT TOBHHEH IiITBEPIUTH
OTPUMaHHS 3aMOBJICHHS, SIK BHPIIIATH MPOOIEMyY TapaHTil
JOCTaBKM  3aMOBJICHHS, SIK  BHPIMTH  Tpodiemy
3MEHIIICHHS Yacy JOCTaBKU 3aMOBJIICHHS, SIK BUPIIINTU
npo0JieMy 3MEHIIICHHS Bi/ICTaHI TOCTAaBKH 3aMOBJICHHS.

Ha cporogimHiii aeHp HAMONTUMABHIIIAM IS
BUPINICHHS TPOOJEMH 3MCHIICHHS BIJICTaHI JOCTABKU
3aMOBJICHHSI € pilieHHs acuMerpuuHoi TSP - 3amaudi
(travelling salesman problem).

MerTa cTaTTi - TOCIIIUTH aTOPUTM, 3aCHOBAHHH Ha
MeTozi "riJIok 1 Mex" U1t BUpillIeHHsT acuMeTpuyHoi TSP -
3amaui ipu B2C npocraBkax 3a joromororo "Swarm-bot" -
system y physical unorganized environment.

Buksan ocHOBHOro Martepiany

B nanmif yac HayKoBO OOTPYHTOBAHO, IO PIIEHHS
NP (non-deterministic polynomial — wexerepminoBanwmit
MOJIIHOM) - CKJIaJHUX 3aaad Oinblml e(eKTUBHO TOIi,
KOJIM 3aCTOCOBYEThCS MutaTdopma "Swarm-bot" - system
y LiJIOMY, @ HE OKpeMi eJIeMEHTH, IO BXOJIATh IO ii
CKIajy, Hampukiam, okpemi drones [7-10]. Tomi, mpwu
3acrocyBanHi mardopmu "Swarm-bot" - system,
3HaYHO CKOpouyeThcs yac B2C - mocTaBKU 3aMOBIICHB
3a paxyHOK KUIBKOCTi drones, IO BXOIATH O CKJIAIy
miei "Swarm-bot" - system. TSP - 3aga4a BigHOCHTBCS
no knacy NP - cknagHux. Y 3arainbHiil TOCTaHOBIN IS
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3aja4a MOJSIra€ y IMOUIyKY TaMiIbTOHOBA IHKIY, 3
YMOBOIO, II0 y TIOBHOMY Opi€HTOBaHOMY rpadi cyma
Bar ayr Oyzae MiHimMaibHa. Cepel MeTaeBPUCTHYHHX
ITOPUTMIB HalOIIBIIOW NOMyJsIpHICTIO pimenHs: TSP
- 3amaui kopucTyeThes anroput™m "Lin-Kernighan",
MpoTe Ha CHOTOAHIMIHIA [eHb OUIBII  BEIUKY
HONYJISIPHICTE  OTPHMaB AJITOPUTM 3aCHOBAaHUI Ha
Mertozi "rinok i Mex".

IMoctanoBka TSP - 3apgaui. Ilepma 3ramka mpo
TSP - 3amauy B HaykoBUX IyOuikarisx 3agikcoBana Ha
Binencekiit kondepennii B momosini Karl Menger. ¥V
TepMiHax Teopii TpadiB mocranoBka TSP - 3amaui
OyAyeTbCA TUIIXOM 3ICTaBICHHS: MICT, SIKI Mae
BiZIBiaTH KOMiBOsDKep (y HamoMmy Bumanky drone), 3
BepLIMHaMU rpada; MapupyTy, Mo 3'€IHYI0Th LI MicTa
Ta BapTICTh NPOi31y - 3 HABAHTAKEHUMH JTyTaMH.

Ha BuxXomi  BHXOIUTh  [OBHOOPIEHTOBAHHM
acumerpuurnii rpad (G) ma (n) Bepmmmax 6e3
BJIACHUX METENb, 38JaHN MaTPULICIO BAPTOCTEM:

A=(ajj), @

ne (ajj) dopmanisyerses sk
ai'j=ooVi=1,_n , (2)

Toni TSP - 3amada QopmymoeTbes sk 3agada
MOUIYKY TaMiJIbTOHOBOTO IMKJIYy HalMEHIIOI BapTOCTi
Ha oOpieHTOBaHOMY Tpadi, SKHH € HECHUMETPUIHOIO
Matpuriero Baprocti A. [pu nocmimkenni TSP - 3amgaui,
OyJM BUAUICHI TPU OCHOBHI THIH 3a7ay, KOXKHA 3 SKUX
Mae CBOIO 0COONHUBICTS.

Hepwuii mun - acumempuuna TSP - 3adaua. TSP -
3ajlaua Ha3WUBAETHCSI ACHUMETPUYHOIO 33/1aUer0, SIKIIO
OYTH PO3TISIHYTOTO OpiEHTOBAaHOro rpada € pebpamu.
Tomi 11 KOXKHOT TApH MICT BapTiCTh NPOI3y B OJTUH OiK
Ta Ha3aJ He 30iraroTecs. [pyeuti mun — cumempuyna TSP
- 3a0aua. Ko nyru opieHTOBaHOTO Tpada mpeacTaBieHi
peOpamu, a s KOXKHOI TapH MICT BapTicTh MPOi3my B
oxuH OIK Ta Hasaj 30irarotbcs, TO Taka |SP - 3amaua
Ha3WBAETBCSA  CHMETpUYHOK. [IpoBimHi  3apyOixkHI
nociigaukd A. Jonker i T. Volgenan mnpu po3poOui
QITOPUTMIB  JIMIUIM  BHCHOBKY, IO  Oyab-sKy
acumetrpuyHy TSP - 3amauy MOKHa NEepeTBOPUTH Ha
cumerpuuHy TSP - 3agagy. Take mnepeTBOpeHHS
JIO3BOJISIE  3aCTOCYBaTH, OTPUMaHMH B  pe3yJbTaTi
eKCTIEPUMEHTY 331101, AJIsl BUpiMIeHHs acuMeTpuaHoi TSP
- 3apavi. Tpemiu mun — mempuuna TSP - 3a0aua. Sxuo
ysButu cumeTtpuuny TSP - 3apady y BUIIISIi HEPIBHOCTI:

ajj <ajy +agvijk=1n(i=j k=i k=j), ()

TO MOXKHa MPHITYCTUTH, IO B 33jJadax TaKOTO KIacy
HeTpsAMI HUISXW 3aBKAM OUThII 3a mpsMi nuraxu. [Ipu
TakoMy 3aTtBepkeHHI TSP — 3amada Ha3MBaeTHCS
METPUYHOIO.

Oruisii aArOpUTMIB PO3B'A3aHHS ACHMETPHYHOT
TSP - 3apaui

TouHi airopuT™Mu po3B'sizaHHsA acumMerpudHoi TSP
- 3apadvi. ['pyna nocnigaukiB Dantzig G., Fulkerson R. ta
Johnson S. 3ampomoHyBamy yHIBEpCATbHUHA "aIrOpUTM -
T'omopi" nst Bupimennst TSP - 3amaqi. Tpoxwu mizHime mei
aNTOPUTM CTATM 3aCTOCOBYBAaTH JUISI BUPIIICHHS 3aB/aHb

LIJIOYMCIICHHOTO TIPOTrpaMyBaHHs, ajie OyJIo Bi3HA4YECHO, 110
yac pobotu "airoputmy - ['omopi" € moBrum. J{iis ycyHeHHs
wiel mpo6nemu BueHi M. Held ta R. Karp i, He3asexHO Bif
Hux R. Bellman, 3zampornoHyBamu psii KpOKIiB IIOJO
YCYHEHHSI IIOrO HEMOMIKYy. Pesymsratom 1i€i poOoTH
3'IBANAcs TPOTIO3MIIISL — 3aCTOCYBAaTH METOJ AWHAMITHOTO
TporpamMyBaHHS 11 BUpimieHHA acumerpuaHoi TSP —
3ajadi, KU Hagam oTpuMaB HasBy "amroputm - Held -
Karp". Iix yac TIPOBEICHHS GaraTopasoBHX
eKCIIepUMEHTATFHIX JOCIIDKEeHb in a physical unorganized
environment, Oyl0 BCTaHOBIICHO 3OUIBIIEHHS MIBHIKOCTI
LIOTO AJITOPUTMY TOPIBHSHO 3 "asroputMoM - ['omopi", ane
BUSIBUBCSL HCZONIK, SIKMA BHMaraB OUIBIIOTO 00CATY
OIEpaTHBHOI aM'sITi 0OUKCITFOBAJILHUX TPUCTPOIB.

[Ticns mpoBexeHHsS! psily BAAIMX EKCIIEPUMEHTIB,
Bimomi mocmiguuku Little J., Murty K., Sweeney D. ta
Karel C. 3amponoHyBaii BUKOPUCTOBYBATH METOJT "TIIOK 1
MexX" [T BUpirIeHHsT acuMeTprdaHoi TSP - 3amadi. [leprma
BAJIa Mou(iKaris LBOTO METOy Oyma
MPOZIEMOHCTPOBaHA HAYKOBI TPOMAICHKOCTI BYCHHUMH
Padberg M. i Rinaldi G. Lis moxudikairist Oyna cxpanieHa i
OTpUMalna Ha3By — MeTof "TiJIoK Ta BifcideHs". [ami Oyio
NPOBEACHO PsiJi EKCIIEPUMEHTIB, ICIs SKUX 1€l MeTox
CTaB YCIIIIHO 3aCTOCOBYBaTHCs i BupimeHHs TSP -
3ama4i BeJmKol po3miprocri [11-13].

Haonmkeni AJITOPUTMH
acuMerpuaHoi TSP - 3amauyi.

Ockinbku acumeTpudHa TSP - 3amava BiHOCHTBCS
o wracy NP - cxmamaux, To me O3HaYae, MO SIKIIO
rimore3a mpo HepiBHicTH KimaciB P i NP BipHa, TO Ha
CBOTOMHIIHIN JIeHb HE iCHY€ TOYHOTO TOJIIHOMIHAJIBHOTO
anroputMy Ut po3B'szaHHs TSP - 3amadi. Y 3B'3Ky 3 UM
TTCIIS TIPOBEICHHSI HU3KH JIOCIIPKEHb CTalla aKTyaJbHOO
TIPOTIO3UIIiSI 3aCTOCYBaHHS HAONMMKEHHUX aNroputMiB (Y
HAayKOBiif JiTepaTypi BOHM BIIOMI $IK EBPUCTHYHI
anroputMu a0 METAaeBPHUCTHYHI ~ aJrOPUTMH) IS
BupimenHss TSP - 3amaui. Xoua, sSK MOKa3ajid KiHICBI
pe3ysibTaTH, OTPUMAaHI M Yac TPOBEIACHHS HHU3KU
€KCIIePUMEHTIB, HAOJIIKEHI aJTOPUTMH HE TapaHTyIOTh
TOYHOTO pillIeHHs, aje BOHM 3JaTHi 13 3aJI0BUILHOIO
TIOXHOKOIO 3HANTH pIllIeHHs, TOCUTH OJM3bKE O TOYHOTO
3a MPUHHATHUH Yac (Ha JyMKY JOCIITHUKIB).

Ilpn mpoBeseHHI OrIALy Ta aHAT3y HAYKOBHX
myOmikamiii y 1id Tamy3i Oylno BCTaHOBJIEHO, IO
HaOmmKeHi anmroputMu  BupimeHHs TSP - 3amadi
TIOJTIISTIOTHCSL Ha TpH 0a30Bi CIMEHCTBA alTOPUTMIB.

- Tmepie ciMencTBo — "»kanioHi anropurMn';

- IpyTre CIMEHCTBO — "swarm anroputMu',

- Tpere CIMEHCTBO — aJTOpPUTMH, CIPSIMOBaHI Ha
TTOKPAIIEHHS PillIeHHSI.

V meprioMy CiMEWCTBI MMMPOKY TMOIMYJISIPHICTH Cepe
TIPEZICTAaBHUKIB "KaliOHIX aJITOPUTMIB" OTpHUMaB aJrOPUTM
"HAOMKYUX CycimiB". AJie MpU TPOBEICHHI JOCIIDKCHB
OyJI0 BCTaHOBJICHO, IO TOXMOKA KIHIIEBOTO PE3YJIbTATy
OumblrocTi  "KamiOHMX aNTOpUTMIB" Jy)ke BHCOKa. Y
PO3BUTOK Jpyroro ciMelicTsa "sSwarm aaropuTtmis" BEJTMKUNA
BHECOK 3po0MiM poOOTH TAaKUX BIIOMHMX BUYEHHX, K M.
Dorigo - "mypammnmii anropurm”, Hamed Shah-Hosseini -
amroput™M  "kparuni momry" Ta T. Sato - "OmkosmHMi
ayroput™". Y PO3BUTOK TPETHOTO CiMeicTBa HaOIMMKEHHX
QITOPUTMIB CBili BHECOK BHECIM TaKi BiOMI BYCHI, K S.
Lin - anropu™ "A-0pt", C. Rego - anropurm "Tabu search" i

PO3B'si3aHHS
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B. Kernighan - anropurm "Lin - Kernighan".

AJropuTM™, 3aCHOBAHUI Ha MeTOi ''TiJIOK i Mex'',
JUIs1 BUPilIeHHA acuMeTpru4Hoi TSP - 3axayi.

TonoBHa inest MeToy "riJiok 1 Mex" mossirae y mozii
Oe3miul  JIOMyCTMMHX pillleHh Ha MiqMHOXHHK. [loTim
BUKOHYIOTECSI TIOJAJBII CKOpOdeHHS nepebopom. Ls
npoLeaypa Ha3UBAETHCS — POTAIYKEHHSM. 3 KOXKHOIO
TaKOI0 IIIMHOXKHHOIO ICHy€ TIOB'3aHa OIliHKA, SKa
HA3WBA€ThCS — HIDKHA MeXa TPH IMOMIyKy MiHiMymy. Lls
OIiHKa 3a0e31edye BiICIKaHHS ITAMHOKIH, [0 HE MICTITh
ONTHUMAIBHOTO pitieHHs. L[ mporexypa Ha3HBaeTbCs —
1o0Oy0Bot0 Mex. TakiM 4MHOM, 3a JIOTIOMOTOI0 METOIY
"T'JI0OK 1 MeX" JOCHITHUK MPUXOHUTH 10 JepEeBONONIOHOT
MOyieNli IPOCTOpY PpillieHb. Y HAIIOMY BHIAJKy TaKoOO
BUXITHOKO MHOXKHHOIO € 0314 "BCIX MOKITUBUX PYXiB O
MapuipyTy", Ha sIKiii MiHIMI3y€ThCsl IUTbOBHH (yHKITIOHA,
10 33/1a€ BapTIiCTh "BCIX MOXKIIMBUX PYXiB MO MapIipyTy".
[1pr npoeKTyBaHHiI AITOPUTMIB PO3POOHHKH IIPOTrPAaMHOTO
3a0e3nevYeHHs MalOTh IepeI0AYNTH Taki KPOKU: Kpok Ne 1
- omeparis Tepexo[y NIpH BUKOHAHHI UM HEBUKOHAHHI
TIEBHOI yMOBH; KPOK Ne 2 - BUOYIOBYBaHHS MEXK.

Omepariss  mepexogy TpH  BHUKOHAaHHI  abo
HEBUKOHAHHI MEBHOI YMOBH, sIKa NIOYMHAETHCS 3 KOPEHS,
BKJIIOYAE B ceOe JIiro MOIIYKY JiepeBa pilieHb. Toai MoXKHa
CTBEPIDKYBATH, 110 KOPiHb JiepeBa pIlleHb CKIAIacThCs 3
muokuad K Beix  (N-1)! "moxumBux pyxiB 1o

MapmpyTy".  3aBoaHHA mependadae HasBHICTH SIKOICHh
KibkocTi MicT n. Ormeparliss Mepexofy BUKOHYEThCS 3a
AITOPUTMOM BHOOPY ommici myrw, Hampmkmag (m,l), 3
Oe3uiul Ayr, M0 BUXOAATH i3 KopeHs. [IpoekTyBaibHHUKH
QIrOpUTMYy Ha OCHOBI Meromy 'Timok 1 Mex"
3aIIPOIIOHYBAJH iIeI0 - PO30MTH BHXIJHY MHOXHHY "BCIX
MOXKJIMBHX PYXIB 10 MapIIpyTy" Ha ABI MHOYKHHH:

- Ieplmia MHOXHHA - BKJIIOYae B cebe pyx Io
OIITUMAIILHOMY MapIIpyTY;

- JIpyra MHOXXMHA - HE BKJIIOYa€ B cebe pyx Io
OIITUMAIILHOMY MapUIPyTy.

s Toro mob 1 imess  crparroBaina,
MPOEKTYBAJILHUKU  PO3POOMII  OCOOJHMBHI  allTOPUTM
pusHadenns ayru (M, 1), axa BXomuts 10 "ONTHMAIBLHOTO

pyxy mo mapuipyty". Muoxuna K moginserscs Ha JBi
MHOKUHHM: MHOkuHa {M, |}, 1o skoi BXomsTs BCi "pyxu
no mapupyty" i3 K, ski mictate mo ayry, To6TO
npoxomsaTh depes Hei; mHOxuHa {M,[} - "pyxu mo
MapmpyTy", sIKi He MICTATB IO IyTY.

Kommu omepauiss mepexoqy npM BHKOHAaHHI abo
HEBUKOHaHHI II€BHOI yMOBHM OpraHi3oBaHa Tak, LIO
3IIHCHIOETBCS BHOIp "mpaBWibHOI' JIyTrH, TO Tepexif
3aKiHYYyEThCS Micis N iteparii, puc. 1.

BubynoByBanus mex. Yucio 11, ske 3HAXOTUTHCS
B KOpEHI JiepeBa pillleHb, II03HAYAE HIDKHIO MEXY
BapToCTi "BCIX MOXJIMBHX pyxXiB mo Mapmpyty"'. Ha
HACTYITHOMY €Tall  alrOpuTMy HpPOEKTYBaIbHHKH
3amporpamMyBaiH BHOIp Ayru Ui Oomeparii mepexomy.
Toxai, MHOXXHMHA "BCIX MOXXJIMBHX PYXiB IO Mapuipyty"
MOJUIAETECS HA MHOXHUHY "pyXiB 1O MapmpyTy', sKi
mictars ayry (1,4), na puc. 1 nosnadaersest sx 1—>4;
MHOXXHHY "pyXiB MO MapmipyTty", sKki HE MIiCTATh AYTY

(1,4) , na puc. 1 no3HavaeTbCA AK 154,
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Puc. 1. ®parmenT nepeBa Bu6opy "mpaBUIbHOL" TyTH

Jami, 3rigHO 3 JIOTIKOIO pPOOOTH aNropuTMYy,
BiZI0OyBa€eThCsl BUOIp MHOXKHMHHU "pyXiB MO MapupyTy'.
Bona BiZHOCHTECS 10 BEPIIUHH 3 HIDKHBOIO Mexkero 12.
Toni w0 MHOXWHY MOXKHA PO3AUTUTH HA HACTYIHI
M IMHOXUHU,

- miamHokuHa _Nel - mictuth y co0i ayry (2,3);

- miaMHOoXXuHA_Ne2 - He MicTUTh y cobi ayry (2,3).

Ha puc.2 npuiiHaTi HACTYIIHI TO3HAYCHHS.

-B — MHOXuHa, fKa € MiIMHOXHHOIO "pyXiB 1O
MapupyTy" i3 A, mo npoxoasTs uepes xyry (m,l);

-B - MHOXHHA, sKa € MIMHOXKHHOK "pyXiB IO
MappyTy" i3 A, mo He mpoxonars uepe3 ayry (m,l).

3 KOXKHOIO BEPIIMHOIO JepeBa 3B'SI3YETHCS HIDKHS
MeKa BapTOCTi Oyab-IKOro "pyxy mo Mapuipyty" 3 el
MHOXUHHU. TOJI MOXHA CTBEpXKYBaTH, LIO 3aBIaHHS
MOJISITae B OTPUMAHHI IKOMOTa TOYHIIINX HHXKHIX MEX.

BucHoBkH

[lpu mnpoBeneHHi OrJAAy Ta aHajlidy HayKOBOT
Jitepatypu OyJI0 BCTAHOBJICHO, IO HA CHOTOJHI HE ICHYE
OJIHO3HAUHOTO aJrOPUTMY PO3B'SI3aHHS ACUMETPUYHOL
TSP — 3ajaui, skuii Mir OM HaJIaTH KiHLIEBUI pe3ynbTaT 3a
NPUHHATHUN Yac 3 BUKOPHUCTAHHIM JIOITYCTHMOTO 00CATY
OIEpaTHBHOI TaM'ATi OOYHCIIOBAIBHUX HPHCTPOIB Y
peanbHOMY Yaci. I, mBumie 3a BCe, TAKOTO AITOPHTMY
Hemae. HaBiTb mpu TOMy HEHONIKYy, IO 4ac, SKHi

BUTPAYAETBCA  OOYHCITIOBAIbHUMA — TIPHCTPOSIMH LIS
TOYHOTO po3B's3aHHA acuMmeTpuynoi TSP - 3amadi
BENIMKHMHA, a U1 BEIMKUX PO3MIPHOCTEH 1 30BCiM

HEZIOCSDKHUIM, 013HEC-NIOTPpeOU BUPILIIEHHS 1[bOTO 3aB/IaHHS
Ha CHOTOJIHI 3aJIMIIAIOTBCS aKTyalnbHUMHU. ONTUMI3ZYIOUH
cBOI mil, JOCHIOHHKKA JUIS JIOCATHEHHS KIHIIEBOTO
pe3ynbTaTy BHUPIMIWIN BAATHCA 10 MOIUpiKarii pirreHHs
acumetprmynoi TSP -  3amaui. Ilpm  mpoBenenHi
eKCIIEpUMEHTAILHUX Jocimkens y physical unorganized
environment Xopomr pe3yieTaTd OpPH  PO3B'A3aHHI
acumetpuynoi TSP - 3amaui mokaszamu  HaOIKeHi
amroputMy. Xoda BOHH MAalOTh TIEBHY IOXHOKY TIpH
BupimeHHi acumetpuyroi TSP - 3amaui, ane, sk Tokaszanu
KIiHIIEBI pPe3yJbTaTH - BapTICTh 3HAWICHOTO IULIXY PYXY
Onr3pKa /10 BapTOCTI ONTHMAIBHOTO NUIIXY PyXY, a 4ac,
AKAA BUTpadae OOYMCIFOBAIBHHUN HPHCTPIA Ha pilIeHHS
acnmetpuyHoi TSP - 3amadi, € mocuth mpuitHATHUM. Sk
OyJI0O BCTAaHOBJICHO TP MPOBEJICHHI Cepii eKCIIEPUMEHTIB,
JKEPTBYIOYM TOYHICTIO TIIPM OTPHUMaHHI  KiHIIEBOTO
pe3yabTarTy, JOCUTH MIBUIKO BUHHUKAE TAMITBTOHIB ITHKI,
0 B OUIBIIOCTI BHUMAIKIB € HEOOXITHOK 1 JOCTATHBOIO
YMOBOIO Ta 3aJIOBOJIBHSE MOTpeOaM JOCIHITHUKIB. Ale,
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HE3BAXKAIOYM HA  TO3UTUBHI  KIHIEBI  Pe3yJbTaTd
BUpilleHHs acuMmerpuyHoi TSP - 3ajmavi, orpumani 3a
JIOTIOMOTOI0 HAOJMKEHUX AITOPUTMIB, TIPH MPOBEJICHHI
eKCIIepUMEeHTANBHIX JociimpKeHs B physical unorganized
environment, KOCiTHUKH BUPILIAIN HE BIMOBIISITHCS Bijl
3aCTOCYBaHHS ~ TOYHHMX  QITOPUTMIB  PO3B'I3aHHSA
acumetpryHoi TSP - 3amadi, HaBiTh SAKIIO IIE TOB'I3aHO 3
TaKMMH HEOJNIIKaMH, SIK 9ac poOOTH OOYHCITIOBAIIBHOTO

NPUCTPOI0, TaK 1 pecypcHu o0'€eMiB mam'siti, M0
BUTPAYalOThCs. TOMy, MPOBEIACHHWN ODNISAA Ta AaHai3
HayKOBOI JIiTepaTypH Ta MPOBeEHI HayKOBI JIOCIIKEHHSI,
MATBEPIMIA TOJAJBITY HEOOXITHICTh Y YIOCKOHAICHHI
AITOPHUTMY, 3aCHOBAHOTO HAa METOJI "TUIOK Ta Mex", IS
BupimenHs acumerpuaaoi TSP - 3amaui mpm B2C
JOCTaBKax 3a JoroMoror Iiatgopmu "Swarm-bot" -
system y physical unorganized environment.
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Interaction between «s-bots» one «Swarm-bot» system in a physical unorganized environment
V. Tokariev, 1. llina, 1. Shevchenko, I. Hrytsenko

Abstract. Today, in the field of service provision, after an analysis of the supply and demand market, research is being
conducted to determine the possibility of using the "Swarm-bot" - system platform for delivering orders to end users. In the role
of "s-bots", which are part of one "Swarm-bot" - system, drones are actively used. Delivery of orders and correspondence using
the "Swarm-bot" - system platform implies the presence of a specialized container placed on the drone body. Research is being
conducted to see if drones can replace the email messages we're all used to. When implementing the "Swarm-bot" - system
platform into real operation, a person participates in the delivery process as an operator, and drones move along a pre-
programmed route. Today, the most optimal way to solve the problem of reducing the order delivery distance is to solve the
asymmetric TSP problem (travelling salesman problem). This article is devoted to exploring the possibility of applying an
algorithm based on the "branch-and-bound" method to solve an asymmetric TSP problem in B2C deliveries using the "Swarm-
bot" - system platform in a physical unorganized environment.

Keywords: "Swarm-bot" - system, "s-bots", embedded systems, business-to-business, business-to-consume, drones,
communication, branch-and-bound method, asymmetric TSP - problem.
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BUKOPUCTAHHS METOAY BEPUDIKALIIL FMEDA/FIT JIJIsI OLIIHIOBAHHS
KIBEPBE3IIEKH TIPOT'PAMOBHOI'O JIOTTYHOT'O KOHTPOJIEPA

AHoTauis. 3 KOXKHUM POKOM 3pOCTa€ KUIbKICTh aTak Ha KpUTHYHY iHPPACTPYKTYpy, AKa BiIIrpae KIOYOBY POJIb y KHUT-
TeAIAIbHOCTI MIoAUHU. OCHOBHOIO HIJUTIO 3I0BMUCHHMKIB IPH 31 CHEHHI TaKOro THITy KibepaTak € MporpaMoBaHi JIOT14H1
KOHTPOJIEPH, SIKi BUKOPUCTOBYIOThCA 111 oOynoBu IKC texHonmoriunux mporecis. Sk mpasuio, o takoro tumy IKC ta
MIPOTPaMOBAHUX JIOTIYHUX KOHTPOJEPIB BUCYBAIOTHCSA BHMOTHU LIOAO 3a0e3meyeHHs (pyHKIIHHOI Oe3MeUHOCTI, SKa OLiHIo-
€Tbesl nUIXoM nposeneHHs FIT Ha 6a3i FMEDA. A nust oniHroBaHHS piBHS KiGepOe3IeKy mporpaMoBaHOTo JOTIYHOTO KO-
HTpoJepy BUKOpHcTOBYeTECs PNT Ha 6a3i IMECA. Takum unHOM, 1014 OIHKY piBHA QyHKIIIHHOT Oe3medHocTi Ta KibepOes-
MIeKH HeoOXiHO NMPUKIIAIaTH TOABIIHI 3ycHuIsi. Aye y TOH e 4ac, CiIiJi BpaXxOBYBaTH 3HAa4HI 4acoBi Ta (iHAHCOBI iHBeC-
THULIT JUT1 BU3HAYCHHS CTYTICHS BiJIIIOBITHOCTI HaBiTh 10 oxHiel 3 HUX. ToMy, 3a1a4a oOTpyHTYBaHHS MOXKJIMBOCTI BHKOPHC-
TaHHS BXXE€ OTPUMAHUX Pe3yJbTaTiB, MO0 BiAMOBIZHOCTI BUMOraM (YHKIIIHOI O€3MEeYHOCTI Ui OIIHKU piBHS KibepOes-
MIEKH IPOTPAaMOBAHOTO JIOTIYHOTO KOHTPOJIEPY € aKTyalbHOIO i TaKOl0, 10 Ma€ MPAaKTHYHE 3HA4YeHHS. Y CTATTI pO3risija-
I0ThCS TIMTAHHS OLIHIOBaHHs piBHs KibepOesmekn SPLC, nobynoBannx Ha OCHOBI BukopucTants texuonorii FPGA. SPLC
BIAMOBIAAIOTh BUMoram (yHKIi#iHOI 6e3meutnocti piBHst SIL-3 i Bonu € ssapom IKC, Ha siki MOKIAfae€Thesl 3aBAAHHS MO 3a-
Oe3MeyeHHI0 Oe3MeYHOr0 YIPABIiHHSI KPUTHYHIMH TEXHOJIOTIYHIMY IponecaMu. OOTpyHTOBYETECSI MOYKIIMBICT BUKOPHC-
TanHs pe3ynbrariB FIT Ha 6a3i FMEDA nnst amaparHoi wacturn SPLC y sikocti pesynberatiB BukoHaHHs PnT Ha 6asi
IMECA. BBenena MeTpika JjIs OL[iHKY 3arajibHOI KiTbKOCT] allapaTHHUX BiMOB, SIKi OTHOYACHO MOXKYTh OYTH PO3IJISTHYTI y
SIKOCTI KiOepaTak. 3a 0OpaHUM MOKa3HWKOM Oyjia BUKOHaHA olliHka pe3yibraTiB FMEDA s omnoro 3 momynis SPLC.

BukopucTaHHs 3aIiponoHOBAHOTO MiAX0AY HaJa€ 3MOTH €KOHOMIi MiHIMyM 240 JIF0JHHO/TOTUH.

KnaouoBi croBa: QyHkuiiina Ge3nedHicTs, KibepOesneka, anapaTHuil 1eekT, KioepBpas3IHUBICTb.

Beryn

MotuBania. OcTaHHI JECATWIITTA BHU3HAYAIOTHCS
BCEOCSDKHUM IIEPEXO00M BiJI aHAJIOTOBUX TEXHOJIOTIH 10
U(POBUX, CYHITHHOIO AMKUATAIZAIIEIO Ta IHTEICKTYai-
3aIli€l0 MPOMHUCIOBHX CHCTEM, B KOHTEKCTI BIIPOBa-
JDKeHHsI KoHuenuii [naycrpis 4/5.0. Skuio B aeskux cde-
pax 1eii npolec BijI0yBa€ThCs MIBUAKO Ta BCEOIUHO, TO y
TaTy3siX, KpUTUYHHX JJ1s1 OE3MEKH JIFOAMHN, TaKi IPOLIECH
€ IOBOJII TIOBUTFHUMH, 3 OTJISITY Ha X OLTBII KOHCEpBaTHU-
BHUI xapakrep. [HpopmaniiiHo-kepyroua cuctema (IKC) e
OITHMM 13 KJIFOUOBHX EJIEMEHTIB y 3a0e3IeucHHI Oe3red-
HOT'O Ta KOHTPOJIBOBAHOTO MEPediry TEXHOJIOTTYHUX TPO-
1ieciB, HeOe3MeUHNX JUTs JMOAUHH. ToMy, 10 TAKHX CHCTEM
BHCYBAIOTHCS BUCOKI BUMOTH, 1010 3a0€3IIeUeHHs HaIiii-
HOCTI, (PYHKI[IiHOT O€3MeYHOCTI Ta KibepOe3neKy.

LludpoBi cucTeMH CTHKAIOTHCSI 3 HOBUMH BUJIAMU
3arpo3 - Kibep3arpo3amu, siki He OyJIM aKTyalbHAMH IS
aHanoroBux cucrem. ¥ [1] mokaszaHo, 1o piBeHb KiOe-
pataxk IKC 36inmpmmBes Ha 41% 3a mepiry IOJIOBHHY
2021, i 3 Hux 71% knacudixyBaluch K cepiio3Hi abo
KPUTHYHI. SICKpaBUM NPHUKIJIAJ0M KibepaTaky Ha IPOMH-
cIoBY iH(paCTPyKTypy CTaB iHIUJICHT 3 TPyOOIPOBOIOM
Cologne Pipeline y 2021 [2]. [Ipukianom oHiel 3 ocTal-
HIX TOTYXHHX aTaK, sika Bif0yJIach HANPHKIHII CEpIHA
2023p., € araka Ha komnadito Energy One Limited, sixa €
MOCTa4YaJIbHUKOM MPOTPaMHOro 3a0e3eueHHs Jis eHep-
TeTHYHUX KoMMaHii [3]. Y To# xe gac, JoCHiIKEHHS CBi-
JT9aTh, 0 MEHIIIE MOJIOBHHH (44%) pecioH1eHTiB BUIIO1
JIAaHKH BBAXAIOTh, III0 IM HEOOX1AHO MPOBECTH TEPMiHOBI
TIOJTIMIIEHHs B HAUOIMKUi KiJIbKa POKiB, 00 3amooirtu
cepHo3Hil arani Ha iXHilf 0i3Hec, a OLIBII SIK TpeTHHA
(35%) ¢axiBLiB y Tay3i €HEPreTHKH CTBEPIUKYIOTH, 10
IXHIM KOMIIAHIsIM TOBEJICThCS 3ITKHYTHCS 3 CEPHO3HUM
IHIIMZGHTOM, TIepII HiXK 1HBECTYBaTH y CBii 3axucT [4].
[e Mae mosiICHEHHSI, OCKLTBKH 3a0€3ICUCHHS 1 MIATPUMKA

BHCOKOTO PiBHSI KibepOe3rneku moTpedye MOCTIHHUX Ta
3HAYHHX iHBecTHLINH. ToMy, 3a1a4a IOMIyKY IUIAXIB, SKi
HA/Ial0Th 3MOTY BUKOHATH, X04a 0 YaCTKOBE OI[iHIOBAHHS
KibepOe3neKu MPoayKTy 0e3 3aTydeHHs BETUKUX J0aT-
KOBHUX IHBECTHIIi#i, 32 paXyHOK BUKOPHCTaHHS BXXE OTpPHU-
MaHHUX Pe3yJbTaTiB, CTOCOBHO IHINIUX CKIAQJOBUX Oe3-
MIeKH, 30KpeMa, PYHKIIIHOT 0€3MeTHOCTI, € aKTYIEHOKO
1 Ma€ CyTTEBY NMPAKTHYHY KOPHUCTb.

AHani3 myOaikaniii po3moyHeMO 3 BHCIIOBIIO-
Bauus Caitie McCaffrey 3 Microsoft Research, sike ctu-
CJIO TIepelia€ BXIIMBICTh Ta HEOOXIIHICTh TECTYBaHHS
HIIIXOM 3aciBy aedexTiB: «Bu HIKONM He Ai3HAETECH,
SIKHM YMHOM I0BeJie cede cucTeMa Iij dyac 30010 abo He-
MITaTHOI CUTYallii, 10 TUX Tip, TOKKA HE BIATBOPHTE Ti».

Sk ckazaHo y [5], cepis crarnaptis IEC 62443 Gyna
po3pobieHa must 3a0e3nedeH s Oe3MeKH CUCTEM TIPOMUC-
JIOBOi aBTOMATH3AIlil Ta YIIPABIiHHS MPOTATOM yChOTO 1X-
HBOTO JKHUTTEBOTO HUKIy. Hapasi, BiH BKIIIOYae IEB'ATh
CTaH/IAPTIB, TEXHIYHKX 3BITIB 1 TEXHIYHUX crienudikariii.
V¥ crargapti IEC 62443 3acTOCOBYETHCS MiIXia 10 Kidep-
0e3meKw, 1o TPYHTYETHCSI Ha OIIIHII PU3HKIB, IKAN 3aCHO-
BaHWH Ha KOHIIEMIIi1, 3T1/THO 3 SIKOO CTIPOOH 3aXUCTUTH BCi
aKTHBHU OJTHAKOBOIO MipOI0, HE € Hi €()eKTHBHUMH, Hi CTiHi-
KuMH. BiH cTOCy€ThCS HE TUTBKU TEXHOJOTI], 1110 BXOIUTh
JI0 CKJIaJly CHCTEMH KepyBaHH:, a i poO04HX Iporecis, 3a-
XOJIiB IPOTHUIIT Ta CIIBPOOITHUKIB [5].

VY [6-10] Bu3HaYeHI MiIX0AU OLIHKH KibepOesneKu
CHCTEM, pedeil Ta MpoILeciB Yepe3 BUKOHAHHS TECTYBaHHS
Ha nponukHeHHs (PnT — penetration testing). HaBeneni
OCHOBHI €Talll, 3 IKMX CKJIa/IA€ThCSl BUKOHAHHS TaKOT'O Te-
CTyBaHHS Ta TpadidHi CXeMH iXHBOI MOCTIJOBHOCTI 1 B3a-
€MO3B’s13Ky. HamaeThcst cTHCIEe ONMUCAHHS 3MICTYy KOX-
HOTO 3 eTamiB. AJle, IEPEeBAKHO JTOCIIKYETHCS CETMEHT
IHTepHETY pedeii, KOMIT FOTePHHUX OE3JPOTOBUX MEPEX Ta
CUCTEMU 3a0e3TeUeHHS 3 IKOCTI MiAMPHEMCTB, SKE XapaK-
TEPHU3Y€THCSI BUKOPUCTAHHSIM KOMEPLIHHUX 3aC00iB.

114

© Xapuenko B. C., Iaciok O. O., 2023



ISSN 2073-7394

CucreMu yrnpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2023. Ne 4

VY crarTi [11] HaBOAATHCS ETANBHI TPUKIATIU PO3-
pobOxu xoxy aist KoHgirypauii mikpocxem ASICS. [loc-
JIDKYFOTBCS KEHCH 13 IMIUIEMEHTAIIIEI0 Y KOJI anapaTHOT
3aKJIaJIKK Ha eTari po3poOku. OcoOIHMBICTIO TAKOTO THITY
MIKpPOCXEM € Te, 1[0 BOHU HE MOXYTh OYTH Hi MIEPEKOH-
¢irypoBaHi, Hi cTepTi KopucTyBadeM. ToMy enuHe, 110 B
TaKOMY BHIIQJKY € Y KOPHCTyBada, I1e IPOBEICHHS TeC-
TyBaHHS FTOTOBOTO PillleHHs 3a MeTo1oM “‘black box”. Ta-
KUM YHHOM, KOPHCTYBad OTPUMY€E BHPiO, KW IpH Ha-
CTaHHI «TPUTEPHOI» MOi1, HATIPUKIIA], HATUCKAHHS MIeB-
HOI TOCITITOBHOCTI KHOIIOK, aKTHBY€ «aIlapaTHy 3aKia-
JKy». Xoua aBTOp 1 MPOAEMOHCTPYBAB «HEMOMITHICTBY
TaKoi 3aKJIAJKH, ajle BOHAa MOXe OyTH JOCHUTBH JIETKO
3HaiiieHa Ha erami Bepuikamii Koy, B paMKax mooy-
noBu QyHKIiHHO- 6e3neunux PLC, 3rimao Bumor IEC
61508. [logaTtkoBo, CITijl BIAMITUTH, SK JaHUN MaTepial
SICKPaBO JIEMOHCTPYE PH3MKU BHKOPHCTAHHS IPOTpaM-
HUX IPOIYKTIB TPETHOI CTOPOHHU.

VY [12] HamaHO meTamBHUI OTHC TEXHIKH 3aCiBY Jie-
(eKTiB A BIATBOPEHHS OIMHUYHHX allapaTHUX BiIMOB
komipok mam’sti y FPGA (field-programmable gate
array), siki MaroTh Ha3By «soft faulty i xapakrepu3syoThcs
3MIHOIO 3HauYeHHs 0iTa, 110 30epiraeThcs. TexHika po3-
pobiuena i tectyBanHs FPGA 3 Bukopucranus Static
random access memory, siki Burorosisie dipma Xilinx.
3aciB ge(heKTiB MPOBOAUTHCS 3 BUKOPUCTAHHSIM CIIeilia-
JIbHO TPHU3HAYEHOTo IporpaMHoro 3abesnedyeHHs (soft
error mitigation) 3 Bukopucranusm (intellectual property
core.). Lls TexHika mpucTOCcOBaHa BUKIIOYHO 11 FPGA,
¢ipmu Xilinx i Moke OyTH BHKOpHCTaHA IS TIEPEBIpKH
OJIHOTO THITY Je(eKTiB. Y TOM ke Jac, y CTaTTi HaBeJCHi
PiBHI, Ha SIKUX 3aCiB MOKE BIIOYTHCS, a caMe: allapaTHAN
(OesmocepenHiil BILTMB Ha KOMIPKY ITaM’sTi), IPOTpaM-
HUH (3aKkmanka y daim KoHQITypamii, sika akTHBYEThCS
y pasi HacTaHHs TPUI'ePHOI CUTYyaIlil) piBEHb CUMYJISALIT
(cTBOpeHHsT Mojeni KOMIpOK mam’siTi, 3a JIOIIOMOTOI0
Hardware Description Language ta ixHs mepeBipka) Ta
piBeHb eMyJisiLii (Kou BiOyBa€eThCs BHECEHHS IEEKTy
6e3mocepenHbo B «po3ropuyTHit» y FPGA ko, 3a mormo-
MOTOI0 CIIeliaNbHOTO 1HCTpyMeHTapito). Takox 1i 4o-
THPH METOJH 3aciBy AedekTiB aHamizyBamch y [13].

V¥ cranmapti [EC 61508 po3risimaroTbes MUISXA 3a-
Oe3medeHHsT (PYHKLIHHOI OE3MeKH eIeKTPOHHHX 1 Tpo-
IpaMOBaHUX €JIEKTPOHHUX MIPHUCTPOIB, 1 OLIHIOETHCS TIa-
PUpPYBaHHS BHUITAIKOBHX OJWHUYHUX alapaTHUX BiIMOB
[14, 15]. V Toif ke vac, cTangapT He Hajgae iHpopMmarrii
SIKMM YMHOM 3QIACHHATH IMiTarii TAKUX BIZMOB Ta HIYOTO
HE TOBOPHUTHECS Mpo KibepOes3meKky Takux MPHUCTPOIB.
[puctpiit Mmoxxe OyTH Oe3rmeYHNM, ajle Y MOXKEMO MH
JOBIpATH HOTO peakitism?

B icHyrouomy Ha IaHWii yac €MUHOMY CTaHAAPTI 1O
3aciBy nedekris (fault injection testing, FIT) [16] omucy-
€ThCSI METOOJIOTIS Ul OLIIHKK HAJiHHOCTI Ta Oe3IIeYHO-
cTi IMQPOBUX CUCTEM KEPYyBaHHs Y SAEPHUX EHEpreTnd-
HUX YCTAHOBKAX, 33 JIOTIOMOTOI0 BIPOBA/DKEHHS TOMMIIOK
(medexriB). Po3risgaroTeCsi METOAM 3aCTOCYBaHHS Jia-
Horo iHctpyMeHTapito st ouinku IKC, sixi moOymoBaHi
a6o Ha FPGA Ttexnosorii, 00 Ha OCHOBI MiKpOTIPOIIECO-
piB. Ane y cTaHmapTi HE PO3TILIIAETHCS MOXKIIMBHH 3B'S-
30K MiXK allapaTHUMH Bi]MOBaMH Ta KiOEPBPa3THBOCTSIMH.

V pobotax [17-19] BUCBITIIIOETHCST OIM3BKICTh (QYH-
KIiiHOi Ta iH(QOpMAIliifHOT Oe3MeYHOCTI KOMIT IOTEPHUX

CHCTEM, SIKI KepYIOTh KPUTUUHUMH TEXHOJIOTIYHUMH TIPO-
necamu. Habip iHcTpykuiit mo npakTuyHiil peanizanii 3a-
CciBy e(eKTiB Ta MPUKIAAN iXHBOT IMITIEMEHTALT ITij yac
TECTYBaHHS MPOrPaMOBAHOIO JIOTIYHOTO KOHTPOJIEPY
(TIJIK, programmer logical controller — PLC) Oy:io Hanano
y [20, 21].

BrCHOBOK: €IMHUM IUIAXOM TMEPEBiPKHU MTOBEiHKH
CHCTEMH TIiJI Yac BUHUKHEHHS arapaTHoro neekrty abo
HaMaraHHs 3I0BMHCHUKA CKOPUCTATHCh allapaTHOO Bpa-
3IUBICTIO, € BUKOHAHHS TECTIB, Ki BiITBOPIOIOTH IIi TO-
qii. /10 CbOrOAHIIIHBOTO JHSA TaKW THIH TecTiB, Ak FIT
ta PnT, po3rnsganucek K LiJIKOM OKpeMi THUIH TECTY-
BaHHs. ToMy, BUpIILICHHS 3aBJaHHs 3 BU3HAYCHHS TOYOK
IXHBOTO «IIEPETHHY» HAJAI0Th MOIJIMBOCTI Iepexpec-
HOT'O BUKOPHCTAaHHS PE3yJIbTATIB IXHBOTO MPOBEICHHS,
110 y CBOIO 4€pry, JO3BOJIUTH CKOPOTHTH Yac Ta IHBECTH-
11, HEOOXIHI JJI1 BUKOHAHHS OILIHKU KibepOe3meku Ta
¢yskmiiiaoi 6e3neunocti PLC.

Meta Ta CTpyKTypa podoTH. MeToI0 CTaTTi € BU-
3HAYCHHS KUTBKOCTI TECTIB 13 3aCiBOM Je()eKTiB, pe3yiib-
TaTu SIKUX MOXXYTh OyTH BHKOPHCTaHHI y SIKOCTI BHKO-
HaHHS TECTIB HA IPOHUKHEHHS.

OCHOBHHUI MaTepiall CTaTTi HaBeACHUH y 2-y Ta 3-y
po3zinax, a BACHOBKHM y po3aiui 4. Y posziii 2 nponoHy-
etbcst Metonuka FIT, pesynbprati BUKOHaHHS SKOT TiJ] 4ac
OLHIOBaHHS (DYHKLIHHOT O€3MeYHOCTI OJHOYaCHO MO-
KyTh OyTH BHKOPHCTaHI 1 y SIKOCTI pe3yJIbTaTiB BHKO-
Hauus PnT, mig yac oniHroBaHHS KibepOe3neku. Y po3aiti
3 HamaIOTHCS MPAKTUYHI MPUKIIaJ BUKOPHUCTAHHS 3aIIpo-
TTOHOBAHOI METOIVKH TSI OLiHKH KibepOesmexu PLC.

MeTtonoJiorisi oniHIOBaHHA KidepOe3nexku
3a pe3yJbTaTaMH OLiHIOBAHHS
(yukuiiinoi 0e3meyHoCTI

BuznaueHHsi 00’ €kTy a0caigxeHns. Sapom Oyab-
axoi nudposoi IKC, nmos’s3anoi 3 6e3nexoro — € PLC,
KU MOe OyTH o0y JOBaHUH Ha OCHOBI MIKPOKOHTPO-
nepy uu FPGA. Came PLC cTae 06’exToM KibepaTak 3110-
BMHCHUKIB [7, 21].

PLC cknagaerscs 3 amaparsoi (HW) ta mporpawm-
HOi (SW) wactun. [Iporpamna 4acTiHa HOIINIAETECA Ha
mrathopmMHy (system software) Ta anropuTMidHYy
(application software) ckmamosi [14].

Y pamMkax cTaTTi 00 €KTOM JOCIIKEHb € arapaTHa
yactuHa PLC, na 6a3i FPGA, sikuii po3po0sieTses y Bif-
noBigHOCTI 10 BUMOT cTanaapty [EC 61508 i Binnmosinae
piBHIO ¢yHKHiHOI Ge3nmeunocti SIL-3. Sk mpaswmio,
PLC Ttakoro tumy BukopuctoByioThes B IKC, sxi BuKO-
Hy!0Tb QyHKIil 6e3mexn [23]. 3a KopIOHOM, Taki cuc-
TeMH Ha3MBaloTh «safety» [24], Tomy Hanmani oOpaHuii
00’€KT JOCII/DKEHHS JUISl IPOCTOTH BUKOPUCTaHHS MPO-
noHyetscst HazuBatu SPLC.

Posrisinemo oco6mBocti SPLC. BoHn He MaroTh
iHTepdeiiciB 13 30BHIIIHIMM KOMII'IOTEPHHMH Mepe-
’KaMH, Ta B HUX HE BUKOPHUCTOBYIOTHCSI IPOTPAMHI IIPO-
OykTu TpeTix cropiH. SPLC cknamaioThes i3 OKpeMux
(mporpamMHO-amapaTHUX) MOIYJIIB OTPHMaHHS CUTHAIIB
BiJI TOJILOBUX CEHCOPIB, MOIYJISA 200 MOIYIIB peai3artii
MPUKJIaAHAX AITOPUTMIB KEpyBaHHS, MOJIYJIB BUXOIY
JUTSL TIepeaadi eJIeKTPUIHUX KOMaH/ Ta KOMYHIKaIliHIX
MonyiB 1y 3’ enHanns 3 iHmuM SPLC. Vi Moy po-
3MILIYIOTBCSL Y CHENialbHO IMPU3HAYSHOMY MJIsl IIbOTO
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maci. OOMiH iH(poOpMaLi€l0 MK MOIYJISIMH OJHOTO
SPLC Bin0OyBaeTbcs 32 paxyHOK BHYTPILIHIX KOMYHiKa-
uiftHux minii. Skmo y ckiag IKC Bxoaute poboue mictie
orepaTopa Ta J0JaTKOBHH cepBep Ui 30epiraHus i Bi-
J00paXKeHHsI MOTOYHOI TEXHOJIOTiYHOI iHdopMalii, To
BHKOPHCTOBYIOTBCS OJHOCIIPSMOBaHi iHTepdeiicu abo
amapatHi iHpopmaniiiHi mionm (data diode). Ipomec
3MiHH YCTaBOK BiIOYBa€ThCS TUTBKU TIPH BIOKITIOYCHHI
IKC Big onepatiifHOi TeXHOJIOTIYHOI TisSTBHOCTI Ta 3 BU-
KOPHUCTaHHSAM CIIEI[iaIbHOTO TIporpaMHOro 3abesre-
genHns [15, 17].

AnaparHa yactiuaa SPLC Moske ctatu 00’ €KTOM Ta-
Kux Kibeparak, sik: mopymieHHs koH¢irypauii SPLC
(3MiHa KUTBKOCTI Ta TUIY MOJYJIB y IIaci); IHCTaJALIs
HEBaJITHOTO MOJIYJIs Yy IIaci; aTaka Ha (aiin koHpirypa-
uii FPGA; araka Ha BHYTpIillIHI iHTepdelicy; aTaka Ha 30-
BHiIIHI iHTepdeiicy; «soft faultsy kpucramy FPGA, ski
JOPIBHIOIOTH aTalli Ha CHCTEMHY JIOTIKY, SKa BHKOHY-
€THCS y TaHWH Jac.

Acnekr kioepoe3nexn y konrekcti FIT. J{7s omi-
HKH QyHKUiHHOI Oe3meunocti SPLC BHKOPHUCTOBYIOThCS
CTaHOApTU30BaHI 1 BimmpameoBaHi Metomm FMEDA
(Failure Modes and Effects Diagnostics Analysis) & FIT
— Il METOJTM 30CEPE/DKCHI Ha OIIHIOBAaHHI PU3UKIB BiJl-
MOB (KPUTHYHUX Ta HEKPUTHYHHUX ), 00yMOBICHUX (i3u-
YHUMH JeQEKTaMU anapaTHUX 3aco0iB (BUIIAIKOBI 01U~
HOYHI BiZ]MOBH) € JIOCTAaTHIM, SIKIIO HEMOXJIMBI KiOe-
paraku abo iHIIi BTpy4aHHs B cuctemy [15, 17].

Ane, SKIIO Taki aTaKd MOXKJIUBI, HEOOX1THO BHKO-
HYBAaTH OIIHIOBaHHA KibepOesmeku. 11 oIliHIOBaHHS Ki-
OepOesrekn BHKOpHCTOBYIOThCsl aHaiorm FMEDA &
FIT, a came IMECA (Intrusion Modes and Effects Criti-
cality Analysis) & PnT, cyTHICTb SIKHX IOJISITAE€ B TOMY,
0 aHATI3Y€EThCS JAHIIOT «3arpo3a-Bpas3MBiCTh-aTaKa-
HACJI IKU-KPUTUYHICTBY 1J1s KibepOe3neku.

TakuM YMHOM, MA€EMO JIBa OMNEPAI[ifHAX KOMILIC-
keu (mporenypu) orniHioBanas Proc FS = {FMEDA,
FIT} — dynkuiitaoi 6e3meunocti i Proc CS = {IMECA,
PnT} — xibepOesmeky, siKi 3a3BHYaif, pO3TISAIAI0OTHCS, K
He3anexHi. OTke, 4acoBi 1 EKOHOMIYHI BUTpaTH B Ta-
KOMY BHIIQJIKy € CyMOIO YaCOBHX 1| EKOHOMIYHHUX BUTpAT
nBox npoueayp: Proc FS ta Proc CS.

Ha ocHOBI BHIIEBHKIIaIEHOTO CHOPMYITIOEMO TilO-
Te3y mpo Te, mo npu Bukonauui Proc FS = {FMEDA,
FIT} moxmuBa cutyaris, KOJIM OKpeMi BU3HAYCHHI Jie-
¢extu i BignosigHi iMm FIT, MoxyTs Oyt BUKOpHCTaHI
JUIl aHamizy KibepOesmeku (MOBTOPIOBATH PE3YJIbTaTH
oneparniii mpoueaypu Proc CS). Takox, moxe OyTu
chopMyIIbOBaHa CUMETPUYHA Jpyra rifnoTe3a — Mpu BHU-
koHaHHiI Proc CS MoximBa cuTyailis, KO OKpeMi pe-
3yJIbTaTH BUKOHAHUX OTIEepaliil aHaIli3y Bpa3InBOCTEH Ta
PnT MoxyTh OyTH BUKOpUCTaHI A7 aHAI3y (QYHKIIHHOT
Oe3revHoCTi (TTOBTOPIOBATH 3a pe3yjbTaTaMH omepaii
npoueaypu Proc FS). To6To anaparnmii nedexr i € ana-
PaTHOIO BPA3JIMBICTIO, TA HABIAKH.

BusHavyeHHsl BiIHOCHOI MOTYKHOCTI MHOKHHH
PnT ua muoxkunu FIT. )19 BU3HAUSHHS I AMHOKHHI
tectiB PnT Ha mincrasi mHoxuHu FIT, HeoOxigHO mpo-
BECTH aHaJIi3 1 BiliOpaTy Ti, 10 MOBHOIO MipOIO Bi/IMOBI-
JaloTh ab0 EKBIBaJCHTHO IMITYIOTH CIPOOY 3JOBMWC-
HHKa BIUIMHYTH Ha poOoTy KoHTponepa. Lle came amapa-
THi 1e(DeKTH, SIKi TOTEHIIIHHO MOXYTh OYTH BUKOPHUCTaHi

3JI0BMHCHUKOM Il TOpYIIEHHS KOH(IAEHIIHHOCTI,
JOCTOBIPHOCTI, ITiICHOCTI a00 ToCcTYNHOCTI iH(popMarii,
SIK B cepeuHi, Tak i3 30BHI SPLC (puc. 1, ne, F— MHOXHMHA
nedexris 3a pesynpraramu FMEDA, sxi Marots OyTH ne-
pesipeni mig yac FIT, y BianosizgHocTi 10 00paHoro piBHs
SIL; | — MHOXWHa Bpa3NMMBOCTEH 3a pe3ysbTaTaMu
IMECA, sixi MaroTh OyTH niepesipeni mmig uac PnT).

Puc. 1. Cxemaruune 300pakeHHS 00J1acTi
BPa3MBOCTEH Ha MHOKMHI anapaTHUX Ae(PEKTiB

BBenemMo HacTynmHy METPHKY I€PETHHY, 3a IIPO-
SIBOM BpPa3JIMBOCTEH 1 Te(EKTiB,

a=Card (FN1)/CardF,

sIKa BU3HAYAE, Ky YaCTHHY arnapaTHUX Ae(eKTiB 3a
pe3yinsTaramu FMEDA MoxHa BBa)KaTu OJHOYACHO 1 Ki-
OCpPBPA3TUBOCTIAMH.

VY HacTyMHOMY PO3/iTi PO3IIITHEMO MPHUKIIAIH, AKi
3acBiyaTh MNPAKTUYHY 3aCTOCOBHICTh TiNOTE3H, sKa
Oyno copMyTEOBaHA Y IIBOMY PO3ILII.

IIpakTH4He 3acTOCYBAHHS TA BUCHOBKHU

OpHieto 3 HaiiBaxkmBimux BuMor 10 SPLC e iioro
MOBHICTIO JIeTepMiHOBaHa MOBeIiHKa. ToOTO, BiH MOBHHEH
OYiKyBaHO NIEPEXOJIUTH 3 OJIHOTO JI03BOJICHOTO CTaHy B iH-
Wi, y pa3i HACTaHHs OJMHUYHOI arapaTHol BUIIaJKOBOT
BinMoBH. [lepexoam Mixk cTaHAMHU TaKOX MarOTh OyTH Ui-
TKO JeTepMiHOBaHi. 3 To4km 30py KibepOesmeku, SPLC
Ma€e MOBOANTHCS BIJIIOBIZHO JIO CTpaTeriii 3HWKEHHS He-
TaTUBHOTO BIUIMBY (mitigation strategy) min dac KiOe-
paraku, yepe3 HOoro araparHy Bpa3JIuBICTh. TaKiM 4HHOM,
HEBAXKIIMBO, 1110 Oy/ie MPUYMHOIO BiIMOBH, aJjie MOBeIiHKa
SPLC mae OyTH cTporo nerepMiHOBaHa.

VY pa3i BUHUKHEHHS KPUTHUYHOI anapaTHOI BiIMOBH
SPLC, y BiamoBinHocTi 110 [14], Mae nepexoauTu B «0e3-
MEYHUH CTaH», SIKUH BU3HAYAETHCS TEXHIYHUM 3aBaH-
HIM 1 MOoke OyTH abo de-energize-to-trip, abo energize-
to-trip. IIpn BuHUKHeHHI HekpuTH4HOI BigMoBH SPLC
Mae ii JiarHoCcTyBaTH (I€TEKTyBaTH) Ta CyIPOBOKYBATH
omoBimeHHsMm [ 14, 15, 17].

Po3risiHeMO NpakTHYHUI HPUKIIAN, KOJIU AeheKTH
B3:1i 3 FMEDA, i moOyioBaHi Ha iXHiif OCHOBI TECTH LIS
FIT, MoxyTh OyTH BUKOPHCTaHI IiJi YaC BUKOHAHHS OLli-
HKku kibepOesnekn SPLC. Pesynbraté 1bOTO OIJISIIY
npejacrasieHi B Tab. 1.

VY xomonui «FMEDA symptom» HazaHO pe3yib-
tatu BukoHanHs FMEDA mis SPLC. ¥V croBmuuky «The
essential of symptom» HamaHO OMHUC CyTi CHMIITOMY,
ToOTO TOAIT, sIKy Oyno onineHo B FMEDA. KiGeparaxa,
sIKa BINIOBIZIA€ OMMCY CYTi CUMIITOMY, IIPEACTaBJICHA B
konouui «The corresponding cyber-attacky, a B konoHmi
«Expected results/Mitigation strategy» 3anucaHuii odi-
KyBaHuil pesynbrar nosefinku SPLC i crpareris no-
M'SIKIIICHHSI HETATUBHUX HACHIJKIB y pa3i KibepaTaku.
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Tabnuys 1 — Iopisuanvuuil ananiz anapamuux 8i0mo8 i Kibepamax

The corresponding
cyber attack

Expected results/
Mitigation strategy

The malefactor tries to dis-
rupt the internal communica-

Each SPLC modules detects it and the
SPLC transits to the safe state due to se-
verity level of fault

The malefactor tries to re-
place the correct firmware

The module detects it and not to transit
in to normal operation mode

The malefactor tries to imple-
ment the wrong path into the
existing logic algorithm

The module detects it and transit in to
safe state from the normal operation
mode

The wrong module is in-
stalled to change the configu-
ration of the SPLC

The main module detects it when wrong
module replaces the correct module
while the normal operation mode and
transit entire SPLC in to safe state

The main module detects it when wrong
module replaces the correct module be-
fore operation starts and transit entire
SPLC in the safe state immediately with-
out normal operation mode.

The malefactor tries to break
the external connected mod-
ule from the another SPLC to
change the configuration of

# | FMEDA symptom The essential

of symptom

1| Loss of comm to | The physical corruption
each IOM of internal communica-

tion lines between main | tion link
module and 1/O mod-
ules.

2 | FPGA config | While the bitstream is

memory soft fault being transferred from
an external device into
the FPGA the error oc-
curs.

3 | FPGA user RAM | The error occurs into
soft fault the logic of FPGA algo-

rithms.

4 | No incompatible | A module that is not re-
(non-safety or non- | lated to the verified
interfering) module | modules is being in-
is installed. stalled in SPLC.

5 | Fault of external | The external connected
connected module | module has the critical
occurs fault

entire 1&C

The main module of SPLC detects it and
make the annunciation about the de-
tected fault and staying in the normal op-
eration mode

SIKi BUCHOBKM MO>KHA 3pOOHTH MPH aHANi3i iH(OP-
Manii B Tabi. 1: Hacammepes, MOCTa€ MUTaHHS PO TIPH-
4yuHY 30iry O4iKyBaHHX pe3yJibTaTiB npu BukoHauHi FIT i
cTparerii MMOM'SKIICHHs HEraTUBHHUX HACHIAKIB KiOe-
paraku y pasi BukoHanHs PnT. OueBuiHO, 1110 TPUINHOIO
HaCTaHHS BiqMOBH, po3risiHyToi B FMEDA, Moxe OyTH,
SIK ONMHIYHUH BHUITAJIKOBHUI armapaTHUH Te(eKT, TaK i Ha-
BMHUCHe BTpy4aHHA B poOoTy SPLC. OCKimbKH peakiiis
SPLC na meratuBHy nofiro 3 FMEDA wmae Oytn ogHaKo-
BOFO, HE3AJISKHO BiJl MPUYXHH, IO ii BUKIIMKAaJa, BinOyBa-
eTbes 30ir B ocTaHHiH konoHIi. Came «Expected resultsy i
«Mitigation strategy» sKkpa3 1 pO3IVISAAIOTH MOBEAIHKY
(peaxuito) SPLC Ha HeraTUBHY TOJIIO.

[To3HAaYMMO MHOXHHY TECTOBUX KEHCIB 3aciBaHHS
nedexriB Ha ocHoBI FMEDA, sx TCFIT, a 1i 3aBnanss y
BUTTIAIL

TCFIT(N)={TCFIT(Z™, )},

Jie n — KiIbKicTh BiqMoB 13 FMEDA, ski maTth OyTH mpo-
tecroBani; TCFIT(i) — i-if Tect keiic 3aciBy nedexry, ast
nepeBipku i-o1 moxii i3 cmcky FMEDA.

OCKUTbKM MHOXXHHA anapaTHuX KiOepBpas3IuBOC-
teii TCPn(m) € miIMHOKHHOIO MOXIUBUAX OJMHUIHHUX
arnapaTHHUX JIeEeKTiB, TO KIJIbKICTh TECTOBUX KEHCIB BH-
koHaHHA PnT € miIMHOXMHOIO TECTOBUX KEHCIB 3aci-
BaHHs gedextiB TCFIT(n):

TCPn(ml1)c TCFIT(n).

3 inmoro Ooky, mHoknHa TCPn(ml) € yactuHOIO
MHOXXUHH TecTOBHUX KelciB PnT no nepesipi ycix Mox-
mBuX Kibepspaznusoctelt (TCVIT (m)), siki BU3HaUeH1
3a pesynbratamu IMECA st anapatHoi i mporpaMHoi
yactud SPLC, Tomy

TCPn(m1)cTCVIT(m).

Ha mizacTaBi 1boro, poOMMo BUCHOBOK IO T€, 10
TCVIT (m) 1 TCFIT (n) # @.

BusHauyeHHs KiJIbKOCTI TECTIB, SKI OJIHOYACHO 3aJ10-
BOJILHSIIOTH BUMOTraM, sik FIT, Tak 1 PnT, Hagaemo y Ha-
CTYITHOMY BHUTJISI I

TCPn={TCFIT(i)|Pn(TCFIT(i))}, 1)

ne Pn(TCFIT(i)) — BIacTHUBICTHP TECTOBOTO KeHCy
TCFIT(i), 3 muoxunu TCFIT, oxmHouyacHO iMiTyBaTH, i
OJIMHUYHMI anapaTHuil nedekT 1 kibeparaxy.

Ha ocHogi 3anicanoro Buiie npasuia (1), 0yio Bu-
KOHAHO OI[IHKY KIUIBKOCTI TECTOBHX CIIEHApiiB TecTy-
BaHHS HA IMPOHMKHEHHS, HA OCHOBI TECTOBHX CICHapiiB
3aciBy OJMHUYHHMX BHIAJKOBHX arapaTHUX JedeKTiB,
st ogHoro 3 MonyiiB SPLC. Pe3ynprati orniHIOBaHHS
HaBeJICHO B TaOn. 2. AHami3yrouu I JaHi, poOUMO BHU-
CHOBOK, 1110 KUIBKICTh TECTIB Ha IPOHUKHEHHS, Y JaHOMY
BUNAJKY, NopiBHIOE 10 i, TAKNM YMHOM, OOpaHa METpHKa
Oyne nopieuioBatu 0=10\38=0,263. Oco6aKBO iKaBUM
€ BUIMAJOK i3 36 1 37 TECTOBUMHU CLIEHAPIsIMU, SKi BIAIO-
BimaroTh 10-My TEeCTOBOMY CIIEHApil0 TECTyBaHHS Ha
npoHukHeHHs. 1le cBiguuTh mpo Te, mo ojHa Kibep3a-
rpo3a, a caMe po3puB 3B'sA3Ky i3 30BHIMHIM SPLC Moxe
CTaTHCs depe3 pizHi anapatHi nedexTn (0yTH exBiBasieH-
THOIO 3a Haciijkamu). BucHoBok: Y crarTi ans oOpa-
HOTO 00’€KTY JIOCII/DKEHHS, a caMe arnapaTHOI YacTHHH
SPLC na 6a3i FPGA, sikuit po3po0iseTsest y BiANOBiz-
Hocti 1o Bumor IEC 61508, 6yno copmynsoBaHo i 1o-
BE/ICHO TiNoTe3y, 10 10 MOKJIMBOCTI 3aCTOCYBaHHS pe-
3ysbTaTiB aHaii3y anapatHux nedekrie FMEDA Ta Bu-
koHaHHs FIT, y sikocTi WacTuHM pe3ynbTartiB aHai3y
BpasznuBocteii IMECA ta Bukonanus PnT. Ha ocHoBi
K01 OyJ10 po3paxoBaHo KinbKicTh FIT, pe3yiabTatn SKux
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MOXYTb OyTH BUKOpUCTaHHi y sikocTi PnT, 6e3 ixHpoi ok-  moanHo/ronus, To it 10 FIT wacosi Butpartu OyayTsh
pemoi peanizauii. 3 ypaxyBaHHSM TOrO, LIO Uil BUKO-  jAopiBHIOBaTH 240 JIOJMHO/TOAMHAM 1 11€ TUIBKH JUISl Of1-
HauHs onHoro FIT B cepenHboMy BUTpavaeTbes Big 24 HOTO MOAYJIS, i TUIBKH IS allapaTHOI YaCTHHH.

Tabruys 2 — BusHayeHHs1 anapaTHUX BiIMOB, sIKi 0/IHOYACHO € KidepaTakamMu

EIT/Pn DX.XX.X/Module on 2018-02-26 / 7:58:27 from FMEDA3.wk3- LISTS OF FIT TESTS PER
PHYSICAL MODULE
TCair TCen Requirement/Solution Text notes
1 [CM 5v low]
2 [CM VCCA 2.5v lost]
3 [CM VCCL 1.1v lost]
4 [DELETED--CM VCCL 1.5v lost]
5 [CM VCC 0.9v lost]
6 [CM VCCIO 2.5v lost]
7 1 [CM F-Optic fault] In operating mode
8 2 [CM LVDS fault] In operating mode/during installation
9 3 [CM RS232/485 corruption] In operating mode
10 [CM clock A fault]
11 [CM clock B fault]
12 [CM clock C fault]
13 4 [CM FPGA package failure] during installation
14 5 [CM fpga config hard failure] during installation
15 6 [CM fpga user logic gates ram hard faults] during installation
16 7 [CM fpga config soft faults] during installation
17 8 [CM fpga user ram soft faults] during installation
18 [CM.PS 3.3v low]
19 [CM.PS 3.3v high]
20 [CM.PS 5v low]
21 [CM.PS 5v high]
22 [CM.PS VCCL 1.1V lost]
23 [CM.PS VCCL 1.1V low]
24 [CM.PS VCCL 1.1V high]
25 [CM.PS VCCH 1.5V lost]
26 [CM.PS VCCH 1.5V low]
27 [CM.PS VCCH 1.5V high]
28 [CM.PS VCC 0.9v lost]
29 [CM.PS VCC 0.9v low]
30 [CM.PS VCC 0.9v high]
31 [CM.PS VCCIO 2.5v lost]
32 [CM.PS VCCIO 2.5v low]
33 [CM.PS VCCIO 2.5v high]
34 [CM.PS clock B fault]
35 9 [CM routing - corrupt CRC] In operating mode
36 10 [CM.PS 3.3v lost *IT loss of comm'n sensed by {local | In operating mode
MM} + {remote MM} + {remote CM}]
37 10 [CM.PS 5.0v lost *IT loss of comm'n sensed by {local | In operating mode
LM} + {remote LM} + {remote OCM}]

[MomanpmuMy HampsIMKaMH PO3BHUTKY i€l Tema-  aHalizy abo meBHO{ BepHdikallii pe3ynpTaTiB OI[iHKH Ki-
THUKH € Bu3HaueHHs Habopy PnT, sixk amaparnoi wactuni  GepOesneku 6e3 mpoBeaeHHs OKpeMoi poteaypH. JJoma-
SPLC, tak i mporpaMHoi. TakuM 9MHOM, MOXe 3’ IBUTbCA ~ TKOBO IUIAHYETHCS IPOBECTH OLIHKY (hiHAHCOBHX Ta Ya-
MEPCIEKTHBA BUKOPUCTAHHS pPE3yNbTATiB, OTPUMAHMUX  COBHX BHUTPAT, IKi MOXKYTh OyTH CKOpOUYEHi ITpH BUKOPH-
BIIPOZIOBXK OIIHIOBAaHHS (PYHKIIHHOT OE3MEYHOCTI, IUIsI  CTaHHI JAHOTO IMIAXOJY B I[IOMY.
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Using the FMEDAJ/FIT verification method to assess the cybersecurity of a programmatic logic controller
Oleksandr lvasiuk, Vyacheslav Kharchenko

Abstract. Every year, the number of attacks on critical infrastructure, which plays a key role in human life, is growing.
The main target of malefactor in this type of cyberattack is programmable logic controllers used to build I&CS. As a rule, this type
of 1&CS and programmable logic controllers have to meet the requirements of ensure functional safety, which is assessed by
conducting FIT based on FMEDA. Additionally, to assess the cybersecurity level of a programmable logic controller, PnT based
on IMECA is used. Hence, to assess the level of functional safety and cybersecurity, it is necessary to make double efforts. How-
ever, at the same time, significant time and financial investments should be taken into account to determine the degree of compli-
ance with even one of them. Therefore, the task of substantiating the possibility of using the results already obtained regarding
compliance with the requirements of functional safety to assess the level of cybersecurity of a programmable logic controller is
relevant and of practical importance. The article discusses the issues of assessing the cybersecurity level of SPLCs based on FPGA
technology. SPLCs meet the functional safety requirements of the SIL-3 level and they are the core of ICS developed to ensure the
safety of critical technological processes. The possibility of using the results of FMEDA-based FIT for SPLC hardware as the
results of IMECA-based PnT is substantiated. The metric chosen to assess the total number of hardware failures that can be con-
sidered as cyberattacks at the same time. The selected metric was used to evaluate the FMEDA results for one of the SPLC modules.
The using of the proposed approach allows saving at least 240 labor/hours.

Keywords: functional safety, cybersecurity, hardware defect, cyber vulnerability.
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THO®OPMAIIIMHA TEXHOJIOI'ISI OOIHKA ITOAACHEHD
B IHTEJIEKTYAJIBHIM IH®OOPMAINIUMHIN CUCTEMI

Anoranis. [IpexMeToM BUBYCHHS B CTAaTTI € IIPOIECH TOOYAOBH MOSCHEHB IIOO0 IPOIIECIB OTPUMaHHS PIllIEHHS Ta OTPH-
MaHUX pe3yJbTaTiB B IHTENEKTYaIbHIN iHpopManiiiHiii cucTeMi. MeTo10 po3poOKa TEXHOJIOTII OLIHKY MOSCHEHb 3 ypaxy-
BaHHSM K YyTJIHMBOCTI ITMX IOSCHEHb N0 BIIMIHHOCTEH y BXiJHHX NaHHX, TaK i MOMJIMBOCTEH BHKOPHUCTAHHS IOSCHEHb
KOPHCTYBadeM 3TiTHO KOHIIENIii BUKOPUCTAHHS PIllIeHHS IHTEIEKTyaIbHOI CHCTEMH.. 3aBAAaHHSI: CTPYKTypH3aLlis 3a1a4 Mo-
OyZOBH MOSICHEHbB Y aCIEKTi OLIHKHU TIyMadyeHb; CTPYKTYPH3allisl HOKAa3HHUKIB OL[iHKH MOSICHEHb 3 ypaxXyBaHHAM 3aJIeKHOCTEH
MK HUMH TIOKa3HUKaMU; po3po0OKa MOCIi JOBHOCTI eTamiB iHpopMamiiiHOT TEXHOIOT1] KOMITJIEKCHOTO OLiHIOBAHHS MOSICHEHb
B IHTEJIEKTyaJbHIN cucTeMi.. BUKOpHUCTOBYBaHMMH MiIX01aMU €: METOU OOy IOBHU IOSICHEHb, METOIU Ta MiAXOAH JI0 OLli-
HKU MOSACHEHb B CHCTEMax LITYYHOTO iHTenekTy. OTpuMaHi HACTYIHI pe3y/JIbTaTH. BUKOHAHO CTPYKTYpH3aLilo 3a1a4 Mo-
Oy/I0BH MOSICHEHB 3 ypaxyBaHHs;V OLIHKH OTPUMaHUX TIyMadeHb. BUKOHAHO CTPYKTYypHU3alilo MOKa3HUKIB OI[IHKY NOSICHEHb
3 ypaxyBaHH;IM 00MeXeHb JOCTYITy [0 IIPOLeCy NPUHHATTS PillleHb B iHTeJIeKTyalIbHil cucteMi. [lokazaHo, 110 B 3aJIeXKHOCTI
Bifl TOCTYIIHOCTI JaHHX IIPO IPOLEC MPUHHATTS PIlICHHs B IHTENEKTyalbHill CHCTEMI IOLIIbHO BUKOPHCTOBYBATH HOKa3-
HUKH TOYHOCTi a00 KOpeKTHOCTi. II0Ka3HMK YyTJIMBOCTI Ja€ MOJMIIMBICTh OLIHHUTH INOSCHEHHS IPH KaTeropusauii 3HaHb
1010 BIACTUBOCTEN 00'eKTiB a00 BXimHUX HaHKX. [I0Ka3HUK MPOCTOTH BU3HAYAE BILUTUB KUTBKOCTI BXiJHUX 3MiHHHX Ha IMO-
sicHeHHs. BucHoBku. HaykoBa HOBH3HA OTpUMaHUX pe3yJIbTaTiB MOJIATAE B HACTYITHOMY. 3alpOIIOHOBAHO iH(opMamiiHy
TEXHOJIOTIIO OLIIHKHU MOSCHEHb B iHTENEKTYyalbHil iHpopMaLiiiHii cucTeMi. TeXHOIOTIA MICTUTH MOCIIIOBHICTh €TAIIB 13
PO3paxyHKy IMOKa3HHKIB YyTJIMBOCTi, KOPEKTHOCTI Ta MPOCTOTH MOSICHCHHS, a TaKOX BiZOOpPY IMJMHOXHHH TMOSCHEHB 32
LIMMH [TOKa3HUKaMH 3 BUKOPHCTaHHIM B3a€MO3JIEKHOCTEH MiXK HUIMH Ta MOXJIMBOCTI 0OMEKEHb 110 MMOKa3HUKY KOPEKTHO-
cTi. B mpakTHyHOMY I1aHi 3apONOHOBAaHA TEXHOJIOTISI CTBOPIOE YMOBH JUTsl MiJOOPY IMOSICHEHS 3a X YyTIHMBICTIO Ta MPOC-
TOTOIO JUTSl KOPUCTYBaua 3 ypaxyBaHHAM OCOOIMBOCTEH BXiTHUX JaHUX Ta MPOLECY BUKOPHUCTAHHS PillIeHHS.

Kaw4oBi cioBa: iHTeIeKTyaabHa CHCTEMA, OSCHEHHS, POLIEC MPUAHSTTS PillleHHs, TPUYNHHO-HACIIIKOBUI 3B'I30K,

OLIIHKA MOSCHEHbD.

Beryn

[NosicHeHHsT B IHTEJIEKTYaJIbHUX CHUCTEMax AaloTh
MOXIIBICTh KOPHCTYBa4€Bi EPEKOHATUCH Y KOPEKTHO-
CTi OTpuMaHuX pimeHb[1, 2], OCKiNBKH 3a/1af0Th MPOCTI
MPUYUHHO-HACIIIKOBI 3aJIeKHOCTI MIX BXIJHUMHU Jia-
HUMH Ta OTPUMaHUM pe3yapraTom [3].

Hocnimxennst B cdepi ncuxosiorii mi3HaHHS MOKa-
3yI0Tb, IO JIOJMHA 3a3BHYail MAa€ OTPUMATH OOTPYHTY-
BaHHS HOBHX 3HaHb. Taki OOIpyHTYBaHHS 4acTO HaJa-
10Thes Y hopMi nosicHeHs [4- 6].

AKTYaIIBHICTh 1 BaXKJIMBICTh BUKOPHCTAHHS TIOSIC-
HEHb TOB'SI3aHa i3 IIMPOKUMH 3aCTOCYBAHHSM B Cy4aCcHHX
IHTEJIEKTYaJIbHAX CUCTEMaX JITOPUTMIB MAIIMHHOTO HaB-
yaHHs1. Ha pe3ynbrati poOOTH TaKHMX aJrOpPUTMIB CYTTEBO
BIUIMBAIOTH YNEPEIDKEHICTh Ta BUKHIM B NaHUX. Biamo-
BiZTHO, OTPHMaHI PillIeHHsI MO>KYTh HE BiJIOBIIaTH MOTpe-
0aM KOpHUCTyBaya, 10 Ha MPAKTHII IPUBOIUTH JI0 Heede-
KTHBHOTO BUKOPHCTAHHS PE3YJIbTATIB CHCTEMH IITYHYHOTO
IHTEJIEKTY 1, K HACTIJOK, IO MarepiallbHUX 30UTKiB. [H-
IKii acTeKT poOOTH IHTEIEKTYJIbHUX CHCTEM ITOB'SI3aHUH
13 IOPUIMYHIMH OOMEXEHHSIMH, 110 HE JJO3BOJIIIOTH PO3-
KpHUBaTH alrOPUTMHU iX POOOTH KiHIIEBOMY KOPHCTYBa-
yeBi. Taki 0OMeXeHHs 3HIDKYIOTh JIOBIPY KOPHUCTyBaYa JI0
MIPOTIO3HUIIIH CUCTEMH HITYYHOT'O iHTEJIEKTY 1, 3HOBY 3K, 00-
MEXYIOTh BUKOPHCTAHHS I[UX PillleHb [7].

HampsimMok po3po0Ky MOsSICHEHD B iHTETEKTyalTbHUX
cHCTeMax IHTEHCHBHO PO3BHBAETHCA OCTaHHI 15 pokis. B
MepImux podOoTax TOJIOBHA yBara MPHUIIUIACh BH3HA-
YEHHIO TIOKa3HUKIB 33/I0BOJICHOCT] KJTIEHTIB pEKOMEH 1a-
uiftHux cucreM [8]. OmHak 00YKCIIEHHS TAKHX [TOKAa3HH-
KiB € IOCTaTHBO TPYAOMICTKUM, OCKUTBKH MOTPEOYE Mpo-
BEICHHS 1HTEPB'IO 13 KJIIEHTaMH.

[IBuaKHiA PO3BUTOK METOJIB MOOYIOBH MOSICHEHB
BiZI0OYBCs B ocTaHHI poku B pamkax «Explainable Artifi-
cial intelligencey, o 6yma po3pobiena DARPA [9].

OpHaK ICHYIOYi TiIXO0JIH 0 OI[IHKH MOSCHEHb Opie-
HTOBaHI B IIEPIITy Yepry Ha IepeBipKy Kay3aJbHUX Ta Te-
MIOPAITBEHUX 3aB'SI3KiB MK BX1THUIMH IaHUMH Ta PE3yJIb-
TaTroM iHTenekTyanbpHoi cucrem [ 10-13]. Po3pooii kom-
IUIEKCHOT TEXHOJIOTIi, sika Oyna O opieHTOBaHa Ha BHOIp
NPOCTHX TOSCHEHb 3 IEPEBIPKOI0 X KOPEKTHOCTI He
NPUIUISIOCH JOCTaTHBO yBAarH.

3a3HaueHe CBIMYHTH PO aKTYAIbHICTh 3a7a4i Po3-
poOku iHpOpMAIITHOT TEXHOJIOTIT OI[IHKH MOSICHEHb.

MeTtor0 cTaTTi € po3poOKa TEXHOIOTIT OIIHKH TI0-
SICHEHb 3 YPaxXyBaHHAM K YyTJIHBOCTI IIUX MOSICHEHB JI0
BIIMIHHOCTE! y BXIIHUX JaHUX, TaK i MOXKIIMBOCTEH BU-
KOPHUCTaHHS MOSCHEHb KOPHCTYBAa4YeM 3TiTHO KOHLISII|
BHUKOPHCTAHHS PIllICHHS IHTEJIEKTyaJIbHOI CHCTEMH.

Jnst ToCsITHEHHSI TOCTABJIEHOI METH BUPIIIYIOTHCS
TaKi 3a7a4i.

— CTPYKTypu3aIis 3aaa4 moOya0BU MOSICHEHb Y ac-
TIEKTi OIiHKHU TIyMadeHb,

— CTPYKTypH3aIlisi IOKa3HUKIB OILIHKH TOSCHEHb 3
ypaxyBaHHSM 3aJIeKHOCTEH MIXK [[IMHU MTOKa3HUKAMH;

— po3po0OKa IOCHiIOBHOCTI eTamiB iHpOpMamiiHOT
TEXHOJIOT11 KOMIJIEKCHOTO OI[iHIOBaHHS MOSICHEHb B iH-
TEeNEeKTyalIbHIH CHCTEM.

IHoxa3HUKH OLIHKM MOSICHEHb
B iHTeJIeKTyaJIbHiil cucTemi

3amava OLIHKK TOSCHEHb BUPIINIYETHCS B paMKax
KOMILIEKCY 3aJ1a4 MO0y IOBH Ta 3aCTOCYBAHHS MOSCHCHb
B IHTEJICKTYAIbHUX CHCTEMaX. BOHa BHKOPHCTOBYE B
SAKOCTI BXIHWX JaHUX JaHi Ta pe3yJbTaTd 3aaad

120

© Yamuii C. ®., Jlemunucekuii B. O., 2023



ISSN 2073-7394

CucreMu yrnpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2023. Ne 4

PO3YMIHHS IICUXOJIOTIi MOSCHEHb Ta PO3POOKH METOIIB
oOyZOBH MOSICHEHb. 3arajbHa cxXema, 10 BinoOpakae
3B'A30K MDK LUMH 33/lauaMH Ta Iepenady iHpopmarii
JUIS OLIIHKH TIOSICHEHB, MTpeiCcTaBlieHa Ha puc. 1.

1. Po3ymiHHS
TCHXOJIOTIT
HOSICHEHD

[ToGynoBa
KOHLIENITYaJIbHUX
IPE/ICTABICHB:
MOKa3HHUK
TOYHOCTI/KOPEKTHOCT1

Kareropuzarist
3HaHB:
TIOKa3HHK YYTIUBOCTI

2. Po3poOka MeToxiB
100YI0BHU MOSICHEHb

IC six
IC s «OLTHI ST
(OpHHE AHK: MOKA3HUK TOYHOCTI
ITOKa3HUK IC sx
KOPEKTHOCTI  «Cipuii sTIK»:
MTOKa3HUK

TOYHOCTI/KOPEKTHOCTI

3. Po3po6ka meToniB
OIIiHKH MOSICHeHb:
TMOKA3HHK
CKIJIAJTHOCTI

Puc. 1. Cxema B3aemogii 3agau
(hopMyBaHHS Ta OLIHKH MOSICHEHD

3anmpHa MOCTiIOBHICTE (hOPMYBaHHS ITOSICHEHHS TIe-
penbayae BUSBJIECHHS IICHXOJIOTIYHAX XapaKTEPUCTHK KO-
pHCTyBaya iHTeNeKTyalbHOI cucTeMu. [Ipy BUpileHHi 3a-
Jia4i po3yMiHHsI ICHXO0JIOTii HOSICHEHb BUKOPHCTOBYIOTHCSI
Teopil mi3HaHHS 1 GOPMYETHCS BiIIOBIIHA MEHTAIbHA MO-
JeNb, sIKa BigoOpakae Mpollec Mi3HaHHS JIFouHU [4-6].
[linTBepmKeHHS BHSABJICHHX 3aKOHOMIPHOCTEH 3a3BHYait
peani3yeThest 4epe3 eKCIepUMEHTH 3 HaBUaHHIM JIiTeH Ta
HaJJaHHSIM TIOSICHEHb Y MPOLeci IIbOr0 HAaBYaHHS.

MeHTansHa MOZIENb POLIECY IMTi3HAHHS A€ MOXIIH-
BICTh OOIPYHTYBATH TaKi acIleKTH IOSCHEHb B IHTEJIEKTY-
anbHIH iH(opMaIiiiHii cucTeMi:

— Ha0ip MOKa3HHUKIB, [0 BUKOPUCTOBYETHCS IS OITi-
HKH TIOSICHEHB;

— MOXJIMBOCTI Ta CHOCIO BHKOPHCTaHHS BiJOMHX
BJIACTUBOCTEH BXIJHUX IAHUX YISl OLIHKH TIOSICHEHb;

— y3arajgbHEHY MOCIIJOBHICTh MPOBEJACHHS OIlIHKH
MOSICHEHb B IHTENEKTyalbHIN iH(opMamiiiHii cucTeMi,
sIKa BpaxoByBaJia 0 3B'I30K Mi>K BHOpaHUMH TIOKa3HUKaM
Ta iX BJIIACTHBOCTSIMH.

BukoHanuii aHamiz INCHXOJIOTTYHUX TEOpid mosic-
HEHHsI J1a€ MOXKJIMBICTh 3pOOUTH HACTYIHUHA BHCHOBOK.
[Mosichenns, sike Oyzae 3pO3yMUIMM Ul KOpHCTyBaya

IHTEJIEKTyaJIbHOT CUCTEMH, Ma€ BiATIOBIIATH ABOM aJibTe-
PHATHUBHHM LLIAXaM Mi3HaHHA [6]:

—Mi3HaHHS LUBIXOM MOOYZOBH KOHLEIIIH II0J0
CTaHy Ta JAWHaMIKH NpeaMeTHol obnacTi, B sKiil BinOyBa-
€ThCSI HABUAHHS;

— MOSICHEHHST Ha OCHOBI KaTeropmsarii 3HaHb MO0
BJIACTHBOCTEH 00'€KTIB IIpeaMeTHO1 00JIaCTi; TaKi BIacTH-
BOCTi MOXXYTh OYTH CTaTUIHUMH Ta TUHAMITHIMHU.

B nepmomy Bumaaky MOsSICHEHHS Mae 3a0€3Ie4nTH
Y3TO/DKEHHS 3HAHb KOPUCTYBAayYa i3 PillIeHHAM iHTEIICKTY-
aIBHOI iH(pOpMAIIiiiHOI cHcTeMH.

Take y3ro/keHHs MOXKe BUKOHYBATHCH 33 O1HApHOFO
Ta YMCIIOBOIO OLIHKOIO. YMcoBa oliHKa HpejcTaBieHa
TOYHICTIO MOsICHEHb. TOYHICTh BU3HAYA€ BIAXMICHHS 3a-
JIe)KHOCTEH y TIOSICHEHHI Bijl 3aJI€)KHOCTEH, MOB'SI3aHUX 13
MPOLIECOM MPUIHATTS Ta BAKOPUCTAHHS PILICHHSL.

3 no3uii BIacHUKa IHTENEKTYaIbHOI CHCTEMH, TO-
YHICTh BU3HAYAETHCS YEPE3 BiIXUICHHS 3aJIEKHOCTEH M0-
SICHEHHS Ta IIPOLIECy OTPUMAHHS Pe3yJIbTary.

3 TOYKH 30py KOPHCTyBada TOYHICTH Ma€ BimoOpa-
JKaTH BIATIOBITHICTh TOSCHEHHS CIOCOOY BUKOPHUCTAHHS
PpilICHHS IHTENeKTyanbHOI cucTeMr. OCTaHHE X 3aJICKUTh
BiJl 3HaHb NP0 NPEAMETHY 00JacTb. | mpobiema OuiHKH
TOYHOCTI MOJIATAE B TOMY, 110 ()OHOBI 3HAHHS JTIOJJMHH Mi-
CTUTb HESIBHY CKJIaJIOBY.

3arajioM CyKyINHICTh 3HaHb KOPHUCTYBaya iHTEJIEKTY-
QTBHOI CHCTEMH JIOIIBHO po3aiiuTu Ha sBHI (explicit),
HesBHI ommcoBi (implicit) i westBHi moBenminkosi (tacit)
3HaHHSI (pHC. 2).

SBHI 3HaHHA MOXYTh OyTH Oe3mOCepeTHEO BiIoOpa-
JKCHI y BUIIIIAI MPUIHHHO-HACIIAKOBUX, TEMIIOPATEHIX
Ta aHAJIOTTYHUX 3aJIeKHOCTeW. ToMy SIBHI 3HAHHS MOXYTb
OyTH Oe3mocepeJHO BUKOPUCTAHI ISl TIOOYIOBH IOSIC-
HEHb 1 TAKOX IS OLIIHKY TOYHOCTI MOSICHEHB 3 TOUKH 30py
KOPHCTYyBaya.

HesiBHI onMcoBi 3HaHHS MOXYTh OyTH BUKOPHCTaH1
JIBOMa CIIOCOOaMH.

[Mo-nepie, BoHK MOXYTh OyTH TpaHC(HOPMOBaHI B
SIBHI METOJIaMHU TpaJuLiiiHOI iHkeHepii 3HaHb. Taka exc-
TepHaJli3allis 3HaHb BUKOHYETBCS y Mpolieci Oeciau iHxe-
Hepa 3HaHb i3 eKCIIepTaMH B IIPEIMETHIH Tamys3i i IMUApOKo
BUKOPUCTOBYETHCS, HAIIPUKIIA, MpH MoOynoBi 6a3 3HaHb
B €KCIEPTHHUX CHCTEMAaX.

[o-npyre, HesBHI OMMCOBI 3HAHHSI MOXYTh OYTH
OTpHUMaHi B Pe3yJIbTaTi aHANI3y JIOTIB (MKYpHAIIIB TOii)
IHTeNeKTyanbHOI iHpopMamiiHoi ciuctemu. Jlor 3a3Buyaii
MICTHTh MHOXHHY IOCITIJJOBHOCTEH MOJiH, ska BimoOpa-
JKae TIporecH, 1o BinOyBaeThea B iH(opMmamiiiHii cuc-
TEMi, a TAKOXK MPOIECH B3aEMOIii KOPUCTYBaya 3 €0 CHU-
ctemoro. KoxkeH mporiec CKIaIaeThes i3 BUKOHAHOT TOCTi-
JOBHOCTI Jiil. | ko)kHa Taka Jisi mpejacTaBiieHa TOMI€I0
nory. BinnoinHo, npu 6araTopa3zoBoMy BHKOHaHHI IPO-
Liecy NMpUHHATTS pillleHb B iHTEJEKTyalbHil CHCTEMI JIoT
MICTHUTB 3allUCH IIPO aJbTEPHATUBHI MPOLECH NPUHHSTTS
pitresb. [TopiBHIIBHUN aHATI3 X TPOIECIB A€ MOMKITH-
BICTh BUSIBUTH HESIBHI 3HAHHSI.

HesBHI OBeMIHKOBI 3HaHHS 3a3BUYail CKJIAIal0THCS
3 HABUYOK BHKOHAHHS OKPEMHUX [ 9M TOCIiIOBHOCTEH
Il y mporiecax BUPINICHHS 3a/1a4 y IPEAMETHIN ramysi.
11i 3HanHs He BepOami3yIOThCsl BHACTIIOK X MPAKTUIHOT
HaIPaBJICHOCTi 1 TOMY HE MOXYTh OYTH €KCTEpHaIIi30-
BaHI TPAIULIHHAMHU METOJaMH 1H)KEHEPii 3HaHb.
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HessHi onmcosi
— (implicit ) 3namms

HessHi moBe/iHKoBi
(tacit)
3HAHHS

ExcrepHanizaryis
Ha OCHOBI aHaJTi3y
JKYpHAIIB IOt

ExcrepHani3arris

Bep6asbHa . .
. Ha OCHOBI aHaJIi3y
eKCTePHATI3aList . o
o KYpHAIIB MOl
TPAIHL HHAME
METOIaMH

IHKeHepii 3HaHb

SIewi (explicit)
3HAHHA

(bopmanbHi,
BepOabHi)

Puc. 2. Excrepranizaitis (iepeTBOPEHHS
B SIBHY ()OpMY) HESIBHHUX 3HaHB JUIS OLIIHKH
TIOSICHEHb B iHTEJIEKTYaJIbHIl cHCcTeMI

Jast IX BUITy4eHHsI BUKOPHCTOBYIOTECS JIMIIE PE3yJIbTaTH MOHITOPH-
HI'y NPOLECIB B IHTENEKTYaJIbHIH CUCTEMI, IIPEJICTABIIEH] y BUIIAL Kyp-
HamiB monid. TakuM YMHOM, HESBHI 3HAHHS 000X BHIIB MOXYTh OyTH
OTpUMaHi Ha OCHOBI aHAJII3y JIOTiB, OTPUMAaHUX B PE3YJIbTATI MOHITOPUHTY
MIpoLIECiB B iHTEJIEKTyalbHill cHCTeMI Ta Tpoleci B3aeMozii 3 KopucTyBa-
yem. OHaK OCTaHHIN BHJ MPOIECIB HE 3aBXXIN MOXKe OyTH TpecTaBiie-
HHU{ B JIOTax, IO CTBOPIOE NPOOJIEeMy 3 BUKOPHUCTaHHS YHCIOBOI OLIHKH
MOSICHEHb. Y TaKOMY BHIAJIKYy JOIIEHO BUKOPUCTATH OiHAPHY OIHKY ITO-
SCHEHb BHUIY: KOPEKTHE/HEKOPEKTHE TiayMaudeHHs. [laHa OLHKa MoOXKe
OyTH OTpHMaHa 3 BUKOPUCTAHHS map (BXigHI JaHi, pe3yiIbTaT).

VY3aranpHEeHy NOPIBHUIBHY OIliHKA MOKAa3HHUKIB TOYHOCTI Ta KOPEKT-
HOCTI TIOSICHCHBb HaBeJIeHO y Ta0u. 1.

Takum 4yrHOM, TIpU TOOYIOBI MOSICHEHs HAa OCHOBI ()OPMYBaHHS KOH-
LeMLiH 11010 IpeMETHOT 00J1acTi, B SIKii BAKOPUCTOBYIOTBCS pE3YJIbTaTH
IHTEJIEKTYaJIbHOI CUCTEMH, JOLUILHO BHKOPHUCTOBYBATH OLIHKY «KOpEK-
THE/HEKOpEKTHE MosicHeHHs». OCTaHHs BU3HAYa€ BiJIOBIIHICTh PillIEHHS
BXIJTHMM JIaHMM 3TiZIHO mpoliecy (QyHKIIOHYBaHHs IHTEIEKTYyalbHOI CHC-
TeMH (3 MO3MIIi BIACHWKAa CHUCTEMH) a00 K BIANOBIOHICTH Pe3yNbTaTy,
OTPUMAHOI0 32 BU3HAYCHUX BXIJIHUX NAHUX 3HAHHAM KOPUCTyBaya IOJO
CTII0CO0IB BUKOPUCTAHHS Pe3yIbTaTy Y BU3HAUCHIH PeIMETHIH obmacTi. Y
JIpyroMy BUMNAIKy, MpH MOOYAOBI MOSCHEHHS HAa OCHOBI KaTeropw3amii
3HAHP MO0 00'€KTIB MPEeIMETHOI 00J1acTi, He0OXiTHO, 00 MOSCHEHHS OYII0
CXOHUM JUTs 00'€KTIB OJIHI€T KaTeropii i BiAPi3HsIIOCH A1 00'€KTIB 1HIIOT Ka-
teropii. BractuBocTi 00'eKTiB B iHTeNIEKTyabHI iHpOpMaLiiiHiii cucTemi 3a-
JIAFOTHCSI Yepe3 HaOOpHU BXiTHHUX JaHHX. TOMY B SIKOCTI OIIHKA MOSICHCHHS
JIOLIIJIEHO BUKOPHCTOBYBATH Yy TJIMBICTh TIIyMaueHHsI 710 BIaCTUBOCTEH 00'-
extiB. Taka 4yTIMBICTh BiZloOpaXkae CTyMiHb BIAMIHHOCTI PIillIEHHSI CUCTEMH
B 3aJIXKHOCTI BiJi BIIMIHHOCTI 3HAUCHb BXIMHHUX JaHUX. BigXuieHHs y 3Ha-
YCHHSX BXITHUX JTAHUX MOXKHA 3a1aTh a00 Oe3mocepeTHho Yepe3 BiqMiHHO-
CTi 3HAYCHb 1UX JAHUX, a00 yepe3 BiAMIHHOCTI iX Bar [14].

Tabnuys 1 — IopiBHAJIbLHA OLIHKA BJIACTHBOCTEH Ta 00MeKeHb MOKA3HUKIB TOYHOCTI Ta KOPEKTHOCTI MOsSICHEHb

O0me:xeHHs Ta chepa 3acTocyBaHHSA

1) Mae OyTn HassBHUM XypHAI TOAIN iHTENEKTya-
JIBHOI CHCTEMH, LI0 BiJI0OpaXkaroTh MPOLEC HMPHi-
HATTS pimenHs; 2) HasBHiCTb J0TiB (KypHAIiB MO-
niil) B3aeMoJii 3 KopucTyBaueM; 3) 3acToCyBaHHS
MepPEeBAXHO MPH KaTeropu3allii 3HaHb.

1)HasBHICT BXiTHUX JaHHUX Ta pe3yJbTaTy iHTEINe-
KTyaJIbHOI CUCTEMH;
3acTocyBaHHs TEPEBAXKHO MpH MOOYIOBI KOHIIETI-

Iloxa3s- .
Baacrusocri
HHUK

Tou- 1)Yucnosa ominka; 2) 3 MO3UIIN BIaCHHKA 1HTEIEKTYalbHOI CH-

HICTh CTEMHM: BIJIIIOBIJHICTEL/BIIXUIEHHS 3AJIEKHOCTEN IOSCHEHHS Ta
IpoLecy OTPUMAaHHs pe3ynbTaTy; 3) 3 TOUKH 30py KOPHUCTyBaya:
BIZIMOBIZHICTh MOSICHEHHS CIIOCO0Y BUKOPHCTAHHS PillIeHHs iHTe-
JIEKTYaJIbHOI CUCTEMH.

Kopex- |1)binapna ominka; 2) 3 Mo3ulliii BIaCHUKA CHCTEMH — BiJIIOBi/-

THICTH | HICTh HOSICHEHHSI napi (BXiIHI JaHi, pe3yabTaT); 3) 3 mo3umiit Ko-
pHUCTyBaya CHCTEMH — BiATIOBITHICTh MOSICHEHHS KOHIIEMIIi1 BHKO-
pYCTaHHS y IpeMETHIi obuacTi.

TyalbHHX IPEJICTaBICHb Y MIPeMETHIN 00acTi

[Nepa cutyanis Moke OyTH BUKOPHCTaHA TIPH Y-
CJIOBMX 3HAYEHHS BXiJHMX JaHUX. Tofi 1li 3HaYeHHS HO-

PMYIOTbCS, a Uy TIMUBICTh Sgi) mix Expl; ta Expl; pos-

paxoBy€eThCA SIK BIIMIHHICTH CIIBBiIHOIIEHb MIX Pi3HHU-
LIEF0 BXiHUX 3Ha4eHb AV Ta BinmoBigHuX pimens AR
IHTEJIEKTYaJIbHOT CHCTEMH 32 YMOBH, IO IIi IIOSICHEHHS €
OJIM3bKMMU a00 CIIIBIIAaI0Th:

o) _|AVidR; —AVjAR;|
J ARAR; |

iff Expl; ~ Expl;. (1)

SIKmo x pileHHs CHiBNajae B KUIbKICHOMY IUIaH1
a00 € sKiCHIM 4u OiHapHUM (HAIPUKIAJ, TIOTOIKCHHS
Ha BUKOHAHHS MEBHOI /ii), TO OLiHKa YyTIMBOCTI IT0sIC-
HEHHS Ma€ BUTIIAL;

s = |av; - av;|iff Expl; = Expl;. @

Bupasu (1) Ta (2) BayKKkO BUKOPUCTATH y BUIAIKY,
SIKIIIO BXIJIHI JIaHi € SIKICHUMH, HalIPHUKJIIAJI, MAlOTh Tepe-
nigyBanuit Til. ToOTO HaHi MarOTh KiHIIEBUH HAOIp 3HA-
YyeHb 13 3a1aHol MHOKUHK. Taki BXigHI JaHI JOCUTH Ya-
CTO 3yCTPIYarOTHCS, HAIIPUKIIA]], B PEKOMEHIAII HHIX CH-
creMax. 30Kpema, Ipy BUOOpi KOMIT'IOTepa MOXe Bi0y-
BaTUCh IOPIBHSAHHI MK Tporecopamu i3, i5, i7, 19,
Tomo. B maHoMy BumanKy IOWIIBHO BPAaXOBYBAaTH Bary
3Ha4YeHb. Hampukian, 3Ha4eHHS 3MIHHOI «IIPOIECOpPY,
110 TOPiBHIOE «i7», MOKe OyTH KOMIIPOMiCHHM MiX IIPO-
JTYKTUBHICTIO Ta IIHOIO 1 MOXe MaTH OUIbINy Bary. 3Ha-
YeHHS i€l &K 3MiHHOT «i19» ab0 «i3» - MEHIITy BHACIIIOK
Oib1Iof 1IiHK a00 MEHIIOT MOTYXHOCTI BiamoBigHO. Toxi
OLIIHKA Yy TJIMBOCTI MOSICHEHHS B PEKOMEH IaliliHii cuc-
TeMi BHJly «MH 3aIIPOTIOHYBaH Bam naHy MoJens HOYT-
Oyka, TOMy [0 BOHA BUKOPUCTOBYE MOJIEIb IIPOIecopa
...» 0a3yeTbCsl Ha BU3HAUCHHI PI3HMLI Bar [uis map 3Ha-
YeHb 3MIHHUX BHIY «i9» i «i7» abo «i7» 1 «i3». TooTo
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YuM OlJIbIIE Pi3HULS Y 1iHI 200 TPOAYKTHBHOCTI, THM Oi-
JIBIIOIO Ma€ OYTH 1 Uy TJIMBICTH HOSICHEHHSI.

3 iHIIOi CTOPOHM, NPU MOPIBHSIHHI MPOLECOPIB 3
AQHAJIOTIYHUMH MOJKJIMBOCTSIMU BiJ| PI3HUX BHPOOHHUKIB
YyTIUBICTh Ma€ OyTH MEHIIOK AJsl TOro, o0 mosic-
HEHHS BiANOBigao morpedaM KOpHUCTyBada.

SIKIIo 171st HOSICHEHHS BUKOPHCTOBYEThCS ICKIIbKa
3MiHHUX, TO MH Ma€eMO TIOPiBHIOBATH iX CyMapHy Bary.
3a yMOBH CX0KOTO pe3yJIbTaTy OIiHKA Yy TIMBOCTI HOsIC-
HEHHS Ma€ BUIIL

s = Zw —ij iff Expl, = Expl,. (3)
I ]

Jis Toro, mo0 BU3HAYMTH MEXI UyTIUBOCTI, IPO-
MOHYETHCS BUKOPUCTOBYBATH ITOKA3HUK KOPEKTHOCTI.
ToO6T0 MH MaeMO MOCSITH MAKCHMAJIbHOI YyTIHUBOCTI
S}i) 3a yMOBH KopeKTHOCTI nosiciens C; Ta C; . Biamo-
BIJTHO, 3a/1a4 MOOYJOBH MOSICHEHb 3 BUKOPUCTAHHAM iX
OIIIHKM Ha OCHOBI MOKA3HUKIB UyTIHUBOCTI Ta KOPEKTHO-
CTI Ma€ BUIJIS;

max(${")|C, ,C; = true. )

TakuM YUHOM, MPH OIIHIII IOSICHCHHS 3 YpaxyBaH-
HSIM PE3yJIbTATIB BUPILICHHS 3aa4l pO3yMiHHs ICHXO-

TexHoJ10ris OLIHKY MOSICHEHDb

[MocninoBHICTH eTamiB 3amponoHOBaHOI iH(GOPMAIIHOI TeXHOJOTIi

OIIHKH MOSICHEHb MPECTABICHO Ha puC. 3.

[pu owiHIi MOSICHEHB 3TiHO 3aIPONOHOBAHOT TEXHOJIOTIT MOCHiI0-
BHO BHUPILIY€ETHCS PSA MiA3a/1a4, 0 BPaXOBYIOTh IIOKA3HUKH Ty TIHBOCTI, +

KOpCKTHOCTi Ta MPOCTOTH TIIyYMAUCHHA.

1) Ominka 9yTJIMBOCTI MOSCHEHB 3riAHO BHUpa3iB (1)-(3). PesynpraTom
JIAHOTO €TaIly € MHOXHHA MOXIIUBUX MOSICHEHb 3 PI3HOIO Yy TIUBICTIO.

J0T1i MOSICHEHb IOLIJIBHO BUKOPUCTOBYBATH KOMOIHALIIIO
OLIIHOK KOPEKTHOCTI Ta 4y TIMBOCTI.

Jlpyra 3amaya — noOy/oBa IOSICHEHHS Ma€ CyTTEBI
OOMEXEeHHSI Ha OOYMCIIIOBaJbHY CKJIagHicTe. Jloci-
JDKEHHSI B paMKkax rnporpamu XAl nokasaim, 1o KopucTy-
Ba4 Ma€ BHTPAdaTH MiHIMyM 4acy Ha pO3YMIHHS IOsiC-
HEHHs. [HaKIe cyTTeBO 3HIKYETHCS €(PEKTUBHICTh BHKO-
PHCTaHHS Pe3yJbTaTy pOOOTH iHTEIEKTya bHOI CHCTEMH. 3
ypaxyBaHHsM y 3araJIlbHOMY BHIIAJIKY BiZICYTHOCTI IOBHOT'O
JOCTYITY 10 TIPOIIECY IPUIAHATTS PIillICHHS B IHTEICKTyallb-
Hilf cCHCTeMi CKJIaHICTh IPOTIOHYETHCS OLIHIOBATH 32 KiJlb-
KICTIO BXiJJHUX 3MIHHHX, II[0 BUKOPUCTaHIi JJIs OOYIOBU
NosicHeHHs1. 1 0J10BHa i71es1 TaHOT OLIHKY MOJISITae B TOMY,
11100 BU3HAYMTH KIIFOYOBI BX1HI 3MiHHI, 3HAYEHHS SIKHX Ja-
I0Th MOXJIMBICTh TOOyayBaTH mHosicHeHHs. Toxi 3amada
3HIDKEHHS CKJIAJJHOCTI TMOSICHEHHs1 0a3yeThcsl Ha BH3HA-
YEHHI Bar BXiTHUX 3MiHHUX (Ha BIZIMIHY BiJl 4y TJIMBOCTI, JIe
MOXKYTh BUKOPHCTOBYBATHCh Bard 3Ha4eHb 3MiHHHX Yy BH-
MaJIKy TIepeNiayBaHoro THITY JaHUX ). TakuM 9iMHOM, 3a/1a4a
OLIIHIOBaHHS TIOSICHEHP B IHTENEKTyaTbHIH CHCTEMI ITOJIATaE
y TIOCITiIOBHOMY BH3HA4YCHHI KOPEKTHOCTI, Ty TJIIMBOCTI Ta
CKJIQTHOCTI TTOSICHEHHSL. 3a3Hau¥MO, 1110 B JAHOMY BUIIAJIKY
MH PO3IIISIAEMO KOPEKTHICTB, @ HE TOYHICTb, OCKIJIbKH Te-
plia omiHKa Mo)ke OyTH BHUKOPHCTaHA HaBiThb Y BHUIAIKY
NPECTABIICHHS CUCTEMHU SIK «YOPHUH SIIUKY.

DopMyBaHHSI MHOXUHU
HaOOpiB: BXiJHI (ITPOMIXKHI)
JIaHi, pillieHHsI IHTEJICKTya bHOI
CHCTEMH, BapiaHT MOSICHEHHS

O1liHKa Yy TIUBOCTI €IEMEHTIB
MHOXHMHHU MOXKJIMBHX MTOSICHEHD

2) OriHKa KOPEKTHOCTI MOSICHEHHS 3 YPaXyBaHHIM Bar 3HAY€Hb BXiJ-
HHUX 3MIHHHMX. Baru 3Ha4yeHb BXiJHHMX JaHHX MOXYTb OyTH OTpHMaHi Ta-
KAMH crioco0aMu: eKCIIepTHE OLIHIOBAaHHS; CTAaTUCTHYHA OIiHKA; Ma-
LIMHHE HABYaHHS.

pyruii cniocio nae ycepeaHeHe 3HaUCHHS, a TPETiii — 3a0e3reuye Bu-
3HAYEHHs Bar B 3aJIGKHOCTI BiJl Kareropii BXiqHUX jAaHux. Hanpuknaza, Bu-
3HAYEHHs Bar KOHKPETHUX MOJENEH MPOLECcOpiB B peKOMEHIaliiHii cuc-
TeMi MOke OyTH OTPUMAaHO yCepeIHEHHIM KUIBKOCTI MMOKYHOK KOMIT'OTe-
PiB 3 IMMU MoJeIsIMHU niporiecopiB. OTHaK IPH BUKOPUCTaHHI MAIIMHHOTO
HaBYaHHS MM MOKEMO JI0JJaTKOBO KOPUT'YBAaTH Baru B 3aJIeXKHOCTI BiX pe-
TiOHY NPO/IaX, 3HaHb IIPO KOPUCTYBaya, TOLIO.

3a pe3ynbpTaTaMy OLIHKK BUKOHYETHCS BiZI0Ip KOPEKTHHUX MOSCHEHb
3TiHO YMOBH (4).

3) OmiHKa CKIIaHOCTI MOSICHEHh BUKOHYETHCS JUISI MHOKHHH KOPEK-
THUX TJIyMa4eHb, [0 OYyJIH OTPUMaHi B pe3yJIbTaTi BHKOHAHHS eTaiy 3.

4) YopsAKyBaHHS IOSICHEHb BUKOHY€THCS CITOYATKY 32 OILIIHKOIO UY-
TJIMBOCTI, a IMOTIM 32 OIL[IHKOIO CKJIaJHOCTI.

Takuii miaxia A0 ynopsaKyBaHHS MOB'I3aHUM 13 TUM, IO OiBII YyT-
nBe (ajle KOPEKTHE) MOSCHEHHs BiloOpakae BIIMIHHOCTI YMOB OTpH-
MaHHS pilleHHs. B monanpmomy i3 mosicHeHb 31 CX0KOI0 Uy TIIMBICTIO MO-
’KHA BHOpaTH OLIBII pocTe.

BucHoeku

BukoHAHO CTPYKTypH3allilo 3324 OOYAOBY MOSICHEHb Ta 3aB'sI3KiB
MIDX I[FIMH 33JlJa4aMU y acIleKTi OI[iHKK OTPHUMaHUX TiIyMaueHb. CTPYKTY-
POBaHO MOKA3HUKH OLIHKU MOSICHEHb. [10Ka3aHo, 110 B 3aJIC)KHOCTI BiJ i1~
XOJIy IO BHPIIICHHS 3a/1a4i TICUXOJIOTIi MMOSICHEHB IS OLIIHKH OCTaHHIX MO-
JKHA BUKOPHCTOBYBATH MTOKA3HUKH TOYHOCTI/ KOPEKTHOCTI Ta Ty TJIMBOCT.

\
YnopsakosaHa 3a

3HA4YCHHAM ‘IyTJ'II/IBOCTi
MHOXHWHa
MOXIHUBUX ITOSICHCHDb

+

O11iHKa KOPEKTHOCTI MOSICHEHB

TligMHOXXMHA KOPEKTHHUX MOSCHEHb

O1iHKa CKJIaMHOCTI IIOSICHEHD

MHOXHHa KOPEKTHUX ITOSACHCHb

3 OLIHKaMH YyTJMBOCTI Ta CKJIaHOCTI

YropsiiKyBaHHS BapiaHTiB
MOSICHEHb 32 OL[IHKaMU
Yy TIMBOCTI 1 CKIAIHOCTI ISt
Bi100py HalKpalliux NOSCHEHb

Puc. 3. TlocnigoBHICTB eTamniB TeXHOJIOTIT
OL[IHKH IOSICHEHb 3 BUKOPHCTAHHIM
MIOKA3HHKIB Yy TJIIMBOCTI, KOPEKTHOCTI

Ta CKIAIHOCTI
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Ioka3HUK TOYHOCTI € YKCIIOBUM 1 BU3HAYAE CTYIiHb
BIITIOBITHOCTI TIOSICHCHHSI 1 OTPUMAHOTO B IHTENICKTyITbHIN
cucreMi pimeHHs. J{pyruil nokasHUK € OIHAPHUM 1 MOXKe
OyTH BUKOPHUCTAHHUM SIK OOMEXEHHS Y TIPOIIEC] OIIHKH TO-
sicHeHb. [IOKa3HUK TOYHOCTI TMOSICHEHHS TOTpedye NoaT-
KOBOI iH(OopMaIIii 1010 TIPOTIeCy MPUHHATTS PIlICHHS B iH-
TEeNeKTyanbHil crcTeMi. ToMy HOro BUKOPHCTAHHS € 00Me-
JKEHIM TIpH TIPE/ICTABIICHHI CHCTEMH Y BHIJIALI YOPHOTO
suKy. [ToKa3HUK 9y TIIMBOCTI 33/1a€ OIIIHKY ITOSICHEHHS Ye-
pe3 KaTeropmsallifo 3HaHb IIOJO0 BIACTHBOCTEH OO'€KTIB.
[Noka3HUK TPOCTOTH BH3HAYA€ BIUIMB KUJIBKOCTI BXITHUX
3MIHHHUX Ha MOSICHCHHS. BUKOpPHUCTaHHS TAHOTO MOKA3HHUKA

JIa€ MOXJIMBICTD CIIPOCTUTH TOSICHEHHSI ISl KOPUCTYBaya.
3anpornoHoBaHO iH(pOpPMALiHY TEXHOJIOTIIO OL[IHKH MOsiC-
HCHb B IHTCNICKTYyaNIbHIN cucTemi. JlaHa TeXHOOTIsS epe-
0auae TOCNIIOBHUI PO3paxyHOK MOKAa3HHKIB Yy TJIMBOCTI,
KOPEKTHOCTI Ta MPOCTOTH MOSICHEHHS, a TAKOX BiAOIp mif-
MHOKHHH TTOSICHEHB 32 [TUMH OKA3HUKaMH 3 BUKOPUCTAH-
HSIM TIOKa3HMKA KOPEKTHOCTI B SIKOCTI 0OMeskeHHs. B mpak-
TUYHOMY IUTaHI 3alpONOHOBAaHA TEXHOJOTISI CTBOPIOE
YMOBH UTS IMi00PY TOSICHEHHS 3 YpaxXyBaHHAM OCOOJIMBO-
CTell BXiTHHUX JAaHWX Ta MPOIECY BUKOPHUCTAHHS PillICHH,
1o BimoOpakae TOTpedr THIIOBOTO KOPHUCTYBada iHTEJICK-
TyaJbHOI iH(OpMaIiiiHOT cUCTEMH.
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Information technology for evaluating explanations in an intelligent information system
Serhii Chalyi, Volodymyr Leshchynskyi

Abstract. The article’s subject matter is the process of constructing explanations regarding the decision-making process
and the obtained results in the intellectual information system. The goal is to develop a technology for evaluating explanations,
taking into account both the sensitivity of these explanations to differences in input data, and the possibility of using explanations
by the user according to the concept of using an intelligent system solution. Tasks: structuring the tasks of constructing explanations
in the aspect of evaluating interpretations; structuring of indicators of evaluation of explanations considering the dependencies
between these indicators; development of a sequence of stages of information technology for comprehensive evaluation of expla-
nations in an intelligent system. The approaches used are: methods of construction of explanations, methods and approaches to
evaluation of explanations in artificial intelligence systems. The following results were obtained. The structuring of the tasks of
constructing explanations taking into account the evaluation of the received interpretations was carried out. The structuring of the
evaluation indicators of the explanations was carried out, taking into account the limitations of access to the decision-making
process in the intelligent system. It is shown that, depending on the availability of data on the decision-making process in the
intelligent system, it is advisable to use indicators of accuracy or correctness. The sensitivity indicator makes it possible to evaluate
the explanation when categorizing knowledge about the properties of objects or input data. The simplicity index determines the
effect of the number of input variables on the explanation. Conclusions. The scientific novelty of the obtained results is as follows.
An information technology for evaluating explanations in an intelligent information system is proposed. The technology includes
a sequence of stages for calculating indicators of sensitivity, correctness and simplicity of explanation, as well as selecting a subset
of explanations based on these indicators using interdependencies between them and the possibility of restrictions on the indicator
of correctness. In practical terms, the proposed technology creates conditions for the selection of explanations according to their
sensitivity and simplicity for the user, taking into account the peculiarities of the input data and the process of using the solution.

Keywords: intellectual system, explanation, decision-making process, causal relationship, evaluation of explanations.
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MPOLEAYPA 3ABE3NIEYEHHS BIIMOBOCTIMKOCTI KOMIT'FOTEPHOI
CUCTEMHU HA OCHOBI BUKOPUCTAHHA MOAYJSAPHOI APUPMETUKHU

AHoTamisi.VY crarTi 3apoONOHOBAHO 10 PO3MIBIAY Npolec GpyHKIioHyBaHHS KomiT'toTepHoi cuctemu (KC) y MoxymspHiit
apupmetnni (MA) Ha OCHOBI BHKOPHCTAaHHS HPHHIMITY BiAMOBOCTiIHKOCTI. BrmacTuBicTh BimMoBocCTiHKOCTI 3abe3neuye
MOXJIMBICTh BUKOHAHHS 3aJaHUX O0UYHCITIOBAIBHIX (DYHKIIIH MiciIs] BUHUKHEHHS BiIMOB, SIK 32 PaXyHOK 3HIDKEHHS B JOITY-
CTHUMHUX MEXax OyIb-IKHX MOKA3HHUKIB SIKOCTI (PYHKI[IOHYBaHH:, TaK i 0€3 MOTipIIeHHS MOKAa3HUKIB AKOCTi (PyHKLIOHYBaH-
Ha KC. VY crarti posrisgaetbes pexxuM BigmoBocTiiikocTi KC y MA, mo peanizyerscst MeTogoM 3aMiHH. CyTh SIKOTO TOJIS-
rae B HaCTYITHOMY, SIKIIO pe3epB BHUYEPHAHO (Pe3epBHUI OOUYUCIIOBAJIBHUI TPAKT), TOAI pexuM BiaMoBocTiiikocTi KC y
MA peani3yerbcs MeTooM moctymoBoi aerpazanii. KC y MA MoxHa po3risfaTh K MyJIbTHMIKPOIIPOLIECOPHY OOYHCITIO-
BIBHY CHCTEMY 3 AWHAMIUYHHMM pe3epBYBaHHSIM Ta MOJAJBIIO IOCTYIIOBOIO Jerpajanicio GyHKIIOHAIFHUX MOYKIHBOC-
Teil Ipy BUHUKHEHHI BiqMoB. Po3pobieHo cTpykTypy ¢yHKIioHyBaHHS BigmoBocTiiikoi KC y MA.

KiawuyoBi cjoBa: akTWBHA BiIMOBOCTIMKICTH, BUAM PE3E€PBYBAHHSA, KOMII'TOTEPHA CHCTEMa, MOAYJIAPHA apr(pMETHKA,
9 9

00YHCITIOBANEHUH TPAKT.

Beryn

IIparaeHHs miIBHICHHS (YHKIIOHAIBLHOCTI TPH-
CTpPOiB 3HAYHO BHIEPEHKAE TEMITM PO3BUTKY Ta BJOC-
KOHAJICHHSI ICHYFOUMX METO/IIB IiABUIIICHHS HAAIHHOCTI.
V rakiii cutyauii €TMHUM eEeKTUBHUM 3acO00M 3axmc-
Ty Bix 300iB y poOOTi € mo0OyJ0Ba BiIMOBOCTIHKHX CHC-
TeM. Ha chorozmHimHii JeHb He ICHye KOMI IOTEpPHOI
cucremu (KC), sixa rapantye 100% crilikicts a0 Bin-
MoB. [Hmmmu cimoBamu, He icHye KC, sxa rapanTye
100% imMoBipHICTH O€3BIIMOBHOI POOOTH MPOTATOM
3aJ]aHOTO TIPOMDKKY 4acy.

IcHye 1Ba OCHOBHMX HampsMKH MpU HOOYIOBi
BimmoBoctiiikux KC. Iepmmii crmoci6 — BUKOpUCTaHHS
mume cTifikux 1o BiaMoB kommnoHeHTiB KC. [Ipu peari-
3ail 1boro HanpsMy KoxeH komroHeHT KC Mosxe mpo-
JOBXKYBAaTH CBOE (DYHKIIOHYBaHHS, HaBiTh SKIIO
onuu/Kkingpka migkommnoHeHtiB KC Buxomats 3 namy.
Hpyruit cmocid po3pobka METOAIB, IO TapaHTYHOTh
nodyznoBy BigmMoBocTiiikoi KC 3 KOMIOHEHTIB, 1110 HE €
BIAMOBOCTIHKUMHU. Y TaKUX CUCTEMAaX BiJIMOBOCTIUKICTH
peaii3oBaHa 3a PaXxyHOK 3alpOBa/DKEHHsS HAJAMIPHOCTI
Ta pO3pOOKH CHEUiAILHOTO MPOrpaMHOro 3abe3mnedeH-
H$l, €JIEMEHTHUX B3a€EMO3B'SI3KIB Ta aJTOPUTMIB (YHKIII-
oHyBaHHs [2].

VY cTarTi po3rIAgaeThes Mpoleaypa 3abe3nedeHHs
BigMOBOCTiHKOTO (yHKHioHyBaHHI KC Ha OCHOBi Bu-
KOPHUCTaHHSA OCOOJIMBOCTEH MOIYJSpHOI apu(METHKH
(MA), 3actocyBaHHsI SKOi (K OCHOBHOI CHCTEMH YHC-
nennst KC), 103BOJIMTE CTBOPHTH i, Hamaji, JOCIIIUTH
BapianTH Mojuenei BiamoBocTiiikocTi KC Ha 0OCHOBI
BUKOPHUCTAHHS TPUHIMIIIB aKTUBHOI (3 mMepedyaoBoio
crpykrypu KC) abo nacusHoi (0e3 nepeOynoBu cTpyk-
Typu KC) BiTMOBOCTIHKOCTI.

Busnaunmo nonsarrs sigmosocriiikicte KC B Ta-
Kuil croci6. BiAMOBOCTIHKICTh KOMITFOTEPHOI CHCTEMHU
— 1e BiactuBicTh apxitekrypu KC, mo 3abesneuye iH,
K OUQPOBIH Tak JIOTIYHIA cHCTeMi OOpOOKM HaHUX,
MOXIIUBICTh O€3BiIMOBHO (DYHKIIIOHYBaTH BiIITOBiIHO
10 BHKOHyBaHoi mporpamu [1]. HeBupinrenicts mpo-
OyleMu cTBOpeHHsT BHCOKOBiaMoBocTiiikux KC mpusena

0aratbox MOCTITHUKIB 0 METOMIB, 3aCHOBAHHX Ha 3a-
cTocyBaHHI KojiB Y MA. 3Ha4Huii BHecok mie y 60-x
POKax y PO3BHTOK TeOpii Ta IPAKTHKH MOIYJIIPHOIO
KOAyBaHHsI Ta BUKOPHCTaHHS HOT0 s II00YIOBH BHCO-
KOCTiHKHX Ta BHcokoHamiitHmXx KC BHecnn paasHCBKi
BUCHI, aJie IHTepecC JO i€l TEMH aKTyadbHHUH 1 Ha ChO-
TOJTHI, HAHI BEIyThCS IHTCHCHBHI MOITYKH HOBHX acIie-
KTiB BUKOPUCTaHHSI MA NJIs TiIBHINEHHS BiMOBOCTIH-
kocti KC.

MerToro cTaTTi € po3poOKa BiIMOBOCTIHKOT CTPYK-
TYpH KOMIT FOTEPHOT CUCTEMH Ha OCHOBI BHKOPHCTaHHS
MOJTYJISIPHOT apU(METHKH.

OcobamBocTi KOAOBOI CTPYKTYpH B MA

Buxomsau 3 BILTMBY OCHOBHUX ocoOnuBocTeii MA
(He3aJIeKHICTh, PIBHONPABHICTH 1 MaJOPO3PSIHICTD,
CYKYIHICTh SIKMX BH3Ha4a€ MOJYJSIPHY KOJOBY CTPYK-
TYpY) Ha CTPYKTypy Ta npuHuun ¢yHkiionyBanus KC
NPE/ICTABIATUMEMO HOTO SIK OOYMCIIOBAILHY CHCTEMY,
110 CKJIAaeThest 3 N iHGOpMAIIHHUX 0OYUCITIOBATBHUX
tpaktiB (IOT) Ta omHOrO pe3epBHOr0 OOYHCIIIOBAILHO-
ro tpakry (POT) [3].

Koxen IOT mae kiHNEeBe 4nCciI0 pi3HUX (YHKINO-
HAIBHUX CTaHiB. [l03HAYMMO KiHIIEBE YHCIIO PI3HHUX
¢ynknionansanx cradiB [IOT 3a momynmem m; sk

Y ={0.5i}, i=Ln.

Sxmo B motounnii MomeHT 4acy t IOT mepebysa-
I0Th BIINOBIJHO y CTaHax $;, Sp,..., Sy, TOJI CTaH BCiX
I0T KC y MA moxHa xapakTepu3yBaTH CYKYIHICTIO
3Ha4YeHHs cTaHiB S=(S;, Sp,...,S;). MHOXHHY CTaHiB
POT KC nossaunmo six Yy ={Ln}.

VY 3aranbHOMY BHIAJKY, IpoONec (PYHKIIOHYBaHHS
KC y MA 3 ypaxyBanusm ogHoro POT, moxHa onuca-
TH 32 JOIIOMOTOI0 BEKTOPY CTaHiB!

S() ={51(0),S2(0).-.. Sy 0. SO}, ()

ae Si(t) — cran IOT mo momymo M; B MOMEHT 4Yacy

t>0; S'(t) — crau POT mo moaymo My,q.

© suko A. C., KpacHoGaeB B. A., JTro6uenko P. O., Cabenpnikosa I1. C., 2023 125



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

VY crarti posrisigaersest KC y MA, y sikiit Bci 00-
yucmoBaneHi TpaktH (OT) onnakoBo HapiiHi. Kinb-
kictb IOT nopiBHIOBaTHME KiTBKOCTI N iH(OpMaLiitHuX
moayniB MA, a onun OT mepebyBae y pesepsi (k =1).
TakuMm 4nHOM, y IIbOMY BHIIAJIKy PEXHM BiIMOBOCTIH-
kocti KC y MA peamizyeTscsi METOJIOM 3aMiHH. SKIIO
pe3eps POT BuuepmaHo, TOMI peXUM BIIMOBOCTIHKOCTI
KC y MA peani3y€eTbcsi METO/IOM TIOCTYIOBOI Jerpasia-
uii. SIk BUIHO 3 pe3yJbTaTiB MOMEPEIHIX JOCHTIKCHB,
KC y MA MmoxHa po3risiaT sIK MyJIbTUMIKpOIIpOLIe-
copHy (OararoMamiMHHy) OOYMCIIOBAIBHY CUCTEMY 3
JMHAMIYHUM PE3EpBYBaHHSIM Ta IMOJAJBIIOI MOCTYHO-
BOIO JIETpajiammiero GyHKIIOHATLHUX MOMIIMBOCTEH TpH
BUHHMKHEHHI BisiMoB [4].

Ctpykrypa BinmoBocTiiikoi KC y MA

VY cuiy BIUIMBY BHIIE 3rajJaHUX OCOOJMBOCTEH
MA Ha npouec cuntesy KC, crpykryphe, iHpopmaiii-
He Ta (hyHKILIOHAJIbHE Pe3epBYBaHHS HA/JAIOTh OJMH Ha
OJHOTO OJHOYACHUW B3a€EMHHUN IO3UTUBHUN BIUIMB.
Hanpuknan, BBeleHHs BTOPHHHOI CTPYKTYpHOT HaaMip-
HOCTI (3aCTOCYBaHHSI CTPYKTYpPHOTO pE3epBYBaHHs), 3a
JIOTIOMOT010 J1ofaTkoBOoro Bukopuctands POT no Hass-
HUX N ocHOBHMX IOT, mpu3BOIUTH IO TIPOSBY SIK iH(O-
pMariiiHoro, Tak i (YHKIIOHAIBHOTO pPE3CPBYBAHHS.
Indopmariiine pe3epByBaHHS IMOB's3aHe 3 iHQOpPMAIIii-
HOT HaJIMiIpHICTIO, 00YMOBIICHOT HAsIBHICTIO HaJTUIIIKO-
BHX KOJOBHX CIIiB, pealli30BaHOI OUITXOM BHKOPHCTaH-
HsI JomaTkoBol iHdopmarii, oxepxyBanoi 3 Buxomis K
POT. Illono ¢yHKIIOHATBHOTO pe3epBYBaHHS 3a3HAuH-
MO, 110, BIAMOBIAHO 10 ocobnuBocTeit MA, onuH mpa-
uesnaraniit OT KC, wo ¢ynkuionye no moaymo Mg,

MOJKE B3SATH Ha cebe 00uYHMCIIOBaibHI (QYHKIT 10 P 00-
YHUCITIOBAIBLHUX TPAKTiB [5], 1110 0JHOYACHO BiAMOBHMIIH,
[PU TOTPUMAHHI YMOBH:

p
mg > H m;, . 2)

Ha puc. 1 mpeacraBneHa cIpolieHa CTPYKTypa
BiamoBoctiiikoi KC y MA (mpuctpiit juis ogHOuacHOT
peaizarii CTpyKTypHOTo, iH(popMariitHoro Ta GyHKIi-
OHAJILHOTO pe3epByBaHHSI B MA). JlaHuit mpucTpiid aJis
pe3epByBaHHA MA wmictuth iH(opManiiiHi M, (i :ﬁ)

Ta KOHTpoIbHUH M, OT, Onox xontpomo (BK), me-

mudparop (L), moriuni enementn I Ta ABO. Ilpucy-
THICTh cUrHajy Ha K-ii Buximuuii BK Binnosinae Biamo-

Bi k-ro OT my (k :1,n+1). Takum 4YHHOM, 3 BHUXOIY

BK ma BXim nemmdpparopa HaIXOAUTH N-PO3PSAHUI
NBINKOBHUI KOJ, IO Hece iHdopMmarliro mpo mpare3aar-
HICTP poOOYMX TpakTiB My +My upucrporo. [Ipucyr-
HICTh OJTUHHIb HA JCSKHUX IMO3UIISX OTO KOy BiAIO-
BiJla€ BiJIMOBH POOOYMX TPAKTIB 3 HOMEPAMH, IO BiJ-
MOB1IAIOTh HOMEPaM IMO3MIIIH X OHHUIIb.

V 1abn. 1 HaBeneHO NMPUKIIA] YTBOPEHHS BUXiTHO-
ro koxy BK mis MA, 3amanoi iHGopMaIitHuMu Moy-
miMa mp =3, my=4, mg=15 my= 7 Ta KOHTpO-

JBHUM MOIylIeM Mg = 23.

Tabnuya 1 — Ilpuxiian yreopeHHsi Buxignoro koay BK

ani}:l]l;lllzii KO Homep ‘é . g
Otl", o CniBBmH?me- § ; E-
my |my | mg | my BiAMO- | HH#A moay.JaiB MA s E =
BHB = =
0j]0j0]|0 - - +
0|0|0|1 my < Mg
o(oj1]0 Mz < Mg +
060|011 3,4 Mg - My > Mg -
0j1|]0]|0 2 My < Mg +
01|01 2,4 m, -my > Mg -
0j1(1|0 2,3 My - M3 <Ms +
oj1]1])1 2,34 m, - Mg -my > Mg -
1(0(0]|0 1 m <mg +
110]0{1 1,4 my-my <Mg +
110(1]0 13 My - Mz <Mg +
11011 1,34 my-Mg-Mmy > Mg -
1(1]0]|0 1,2 my -Mp <Ms +
111101 1,24 my-my - My > Mg -
111|11|0 1,2,3 My - My - M3 > Mg -
4
1]1]1|1] 14 [Tmi>ms -
i=1

Po3rasiHEMO po6OTY 1IFOTO MPUCTPOIO.

1. Yci ocHOBHI TpakTH MYy +M, mnpane3gaTHi. Y
FOMY BHIIAJKY 3 BUXOXIy OJOKy KoHTpomto kox 0000
HaJIXOIUTh Ha BXin pemmudparopa L, 3 Buxoxy sikoro
CHTHaJ Ha HYJbOBIH 1uHI yepe3 enemeHT ABO Hanxo-
JIUTh Ha BUXIJI «IIpale3/1aTHOY», IO CBIUUTh MPO Te, 110
NPUCTPIH € TIpane3aaTHUM.

2. YacTHHA OCHOBHHUX TPaKTiB Helpare3/1aTHa.

2a) IlpumycTrMoO, IO BiIMOBWIIM TPakTH IO MO-
JyasiM My ta my. 3 Buxoay BK kox 1100 magxomuts
Ha BXij gemmdparopa JII, 3 Buxomy SIKOTO CHTHAI 110
nBaHaauaTid BuxigHii muHi (11002=1210) uepes erne-
meHT ABO Hagxoauts Ha Buxin «Ilpamnesmatao». On-
HouacHO koj 1100 BimkpuBae mepimii i ApyTUil eaeme-
HTH (OAWHUIN Ha mepirii i apyriit mo3utisx xoxy 1100)
1 CHTHaJ MWHN « YTIPaBIiHHS» Yepe3 MepInil i APYTHiA
enemenTn ABO HagxoanTs Ha Kepyrodi BXOIU «3yNuH-
Ka)» BIANOBIIHO HepmIoro My i apyroro M, TpakTiB
MIPUCTPOIO, a TakoX depe3 enemeHT ABO HagxonuTh Ha
kepyrounil BXin «Ilyck» KOHTPONBHOIO TpakTy Ms.
Takum unHOM, NMpUCTPiil npane3natHui Ta iHGopMamis
00po0iseThCa ONOKaMHU Mg +Mg (TpakTH My i My,
BiJIKITIOUEHI);

20) IIpumycTumo, 1m0 BiAMOBHIM TPAaKTH IO MO-
aym Mz i mMy. 3 Buxomy BK xox 0011 Hanxomuts Ha
BXiJ apemmdpaTopa. 3 BUXOIY AemU(paTOpa CHIHAI
tpethoi BuxigHol mmuu (0011,=319) yepes eneMeHTH
ABO HagxXoauTh Ha BXOAM «3YIHHKa» TPAKTIB Ny + Mg

(mg-my =35> mg =23). B npoMy BuUIAaKy mpUCTpiid

Hempamne3aaTHuid i curHan muau «[Ipare3gatao» Bina-
CYTHIMH.
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Ilyck
m, mp m, My
‘} A y 3 A A -
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Puc. 1. Ctpyxkrypa BinmoBocriiikoi KCy MA

Oco0sMBICTh (DYHKLIOHYBaHHS LOTO IPHCTPOIO
MIOJISITAE y PO3MMPEHH] (PYHKITIOHATEHUX MOXKIIMBOCTEH
3a pPaxyHOK 3aMiHM OJHHM CHpPaBHUM KOHTPOJIHHUM
TPAKTOM HE OJIHOTO, a OJIHOYACHO KiJIbKOX HeTparesia-
THUX poOOYMX TPakKTiB MpH BHKOHaHHI ymoBH (2). Lle
JIO3BOJISIE ICTOTHO MIJABUIIATH CTIHKICTh 10 BIIMOBH
00YHCITIOBAILHUX CTPYKTYP 32 PaXxyHOK MOJKJIMBOCTI
0JIHOYAaCHOTO BUKOPHCTAHHS TPHOX BUJIB pe3epByBaH-
HS:

CTPYKTYPHOTO (32 paxyHOK BBEJECHHS KOHTPOJIb-
HOTO OOYMCIIIOBAILHOTO TPAKTY IO MOIYIIO My IO T1a-
panenbHO (DYHKIIOHY€E 3 OCHOBHUMH OOYMCITIOBAJILHHU-
MH TPaKTaMH),

iH(popMamiiHOTO (32 paxyHOK BHKOPHUCTAaHHS HIO-
JnaTkoBoi BHXimHOI iH(poOpMAIii KOHTPOJBEHOTO OOYHC-
JIIOBAJILHOTO TPAKTY, IO 3a0e3Iedy€e MOKIUBICTh KOpe-
KIIii crioTBOpeHoi iHpopmarrii),

(YHKIIIOHAJIBHOTO pE3epBYBaHHS 32 PaXyHOK BH-
KOHaHHsI YMOBH (2).

Hagepnenuit npukiaz mokasye, mo MA, Ha BiIMiHy
JBIMKOBOI MO3WIIMHOI CHUCTEMHM YHCIICHHS, BBEACHA

JIOJJATKOBA HAAMIPHICTh MAKCHMAJIbHO TIOBHO BUKOPHUC-
TOBY€ThCs TotinmenHs xapakrepuctuk KC [6].

JliticHO, BUKOpUCTaHHS OY/Ib-SKOTO BHUILy PE3EPBY-
BaHHS B KiHIIEBOMY MIZCYMKY MPU3BOAUTE 10 CTPYKTY-
pHOi (amapatHOi) HaAMIpHOCTI, sSika B MA (Ha BiAMiHY
Bi ABIAKOBOI MO3UIIIHHOI CHCTEMU YWCIICHHS) BUKOPH-
CTOBYETBCS JUIsS OpraHizanii 0J{HOYacHO JEKiIBKOX pi3-
HUX BUJIB PE3CpPBYBaHHS, IO MiIBUIIYE KOCPIli€HT
BHKOPHCTAHHS HAJUIAIIKOBOTO 1 3aTalbHOTO CYMapHOTO
obonannanusa KC, mo BBOIUTHCS.

BucnoBku

YV craTTi IpOBEACHO JOCTIKEHHS Mporecy QyHK-
uionyBanus KC y monmyssipHiii apudmeTuii Ha OCHOBI
BUKOPHCTAHHS IPUHIIMITY BiJIMOBOCTIHKOCTI.

Y monynsipHiid apudmeruii BigMmoocridikicte KC
3a0e31euyeThesl 38 PaXyHOK ypaxyBaHHsI OCHOBHHX BJlac-
THBOCTEH JaHOI MOJYJISIPHOT CUCTEMH YMCIICHHS, a CaMe:

HE3aJIeKHICTD,

PIBHOTIPABHICTB,

MaJIopO3PSITHICTD,
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CYKYIHICTb SKHX (POPMY€ MOAYJSIPHY KOJOBY CTPYKTY-
py.

3 MEeTOI0 3py4YHOCTI Ta HAOYHOCTI MPOBEJICHHS J10-
CIIJDKEHHS Tpoliecy (YHKI[IOHYBaHHSI KOMIT FOTEPHOT
CHCTEMH y MOAYJISIpHiH apuMeTuli, y CTaTTi BBEACHO
N-pO3PSITHUI TBINKOBHI KO, SIKUH BiJoOpa)kae CyKyTl-
HICTh O3HAK MPAIE3aTHOr0 CTaHy OOYMCIIIOBAIBHUX
tpaktiB KC.

3a JI0MOMOrO0 [[LOr0 KOy MPOBEICHO aHali3 pi3-
HUX pexuMmiB BimmoBoctilikocti KC 'y MomynsapHii
apuQMeTHIII.

TakuMm 4MHOM, Y ILOMY BUIAJKYy PEKHM BiJMOBO-
criikocti KC y MA peanizyeTbcsi METOJOM 3aMiHH.
SIkio peszepB 00UMCITIOBAIBHUX TPAKTI BUYEPIIAHO, TOI
pexxum BimmoBocriiikocti KC y MA peainizyerbest Me-
TOJIOM IIOCTYIOBOI JIerpaariii.

SIK BHIIHO 3 PE3yJIbTaTiB MOMEPEIHIX JOCHIIKCHb,
KC y monynmsapHiii apuMeTHIIl MOXKHA PO3TIISIATH SIK
MYJIBTUMIKPOTIPOIIECOPHY (OaraTroMammHHy) OO9YHCITIO-
BaIbHY CHCTEMY 3 JIUHAMIYHUM PE3epPBYBaHHSIM Ta MO-

JAITBIIOI0 TIOCTYIOBOKO JCTPAJAIEr0 (PYHKIIOHATBHUX
MOJKJIMBOCTEH TP BUHUKHCHHI BiJIMOB.

Hageneno mnpuknamu BiamoBoctiiikocti KC mst
KOHKPETHOI CYKYITHOCTI MOIynniB MA.

[MopiBHsANBHUI aHaANI3 MPOBENCHUX Y CTaTTi pe-
3yJBTATIB TOCTiKEHb MTOKa3aB HACTYITHE:

IPH BiAMOBOCTINiKOMY (YHKIIIOHYBaHHI B PEXH-
Max 3aMiHK 200 3aMiHH 3 HACTYIHOIO IOCTYIOBOIO Jie-
rpaganiero, KC y monymsapHiit apudmeruti edekTuBHi-
me, HiK aHanmoriuHa KC y nBiiikoBil mMo3uWIiiHINA cuc-
TEMi YUCIICHHS.

Bukopucranas MA sk cuctema YMCIICHHS, J103BO-
asie crBoputu cTpykrypy KC, monibHy no cTpykTypH
pe3epBOBaHOi OOYHCIIOBAILHOI CHCTEMH Y JBIHKOBIN
MO3MIIHHIN cucTeMi uncieHHs. {1 obcraBuHa, mopsn 3
IHIIMMU TO3UTHBHUMH aCHEKTaMH BUKOPUCTaHHS MO-
JYJISIPHOTO KOJIyBaHHSI, 3yMOBJICHUMH BIUIMBOM OCHOB-
HUX ocoOmmBocTer MA Ha CTPYKTYpy Ta NPHHIIUIIHN
¢ynakmionyBanas KC, mo3Boimse BBakaTd MA TOTYX-
HUM 1HCTPYMEHTOM IIiIBUIIICHHS BiAMOBOCTIHKOCTI.
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The procedure for ensuring fault tolerance of a computer system
based on the use of modular arithmetic

A. Yanko, V. Krasnobayev, R. Liubchenko, P. Sabelnikova

Abstract. The article proposes for consideration the process of functioning of a computer system (CS) in modular
arithmetic (MA) based on the use of the principle of fault tolerance. In MA, the fault tolerance of the CS is ensured by taking
into account the main properties of this modular numbering system, namely: independence, equality and low-bitness, the to-
tality of which forms a modular code structure. In order to facilitate and visualize the study of the functioning of the computer
system in the MA, the article introduces an n-bit binary code that reflects the set of signs of the operational state of the com-
puting tracts of the CS. With the help of this code, an analysis of various modes of fault tolerance of CS in MA was carried
out. The fault-tolerance property provides the possibility of performing specified computing functions after the occurrence of
failures, both due to a decrease in the permissible limits of any indicators of the quality of functioning, and without deteriora-
tion of the indicators of the quality of the functioning of the CS. The article considers the mode of fault tolerance of CS in
MA, which is implemented by the method of replacement. The essence of which is as follows, if the reserve is exhausted (re-
serve computing path), then the failure-tolerance mode of the CS in the MA is implemented by the method of gradual degra-
dation. CS in MA can be considered as a multi-microprocessor computing system with dynamic redundancy and subsequent
gradual degradation of functionality in the event of failures. The structure of the functioning of the fault-tolerant CS in MA
has been developed. Examples of CS fault tolerance for a specific set of MA modules are given. The comparative analysis of
the research results carried out in the article showed the following: with fault-tolerant functioning in the modes of replace-
ment or replacement with subsequent gradual degradation, the CS in MA is more effective than the similar CS in the binary
positional numbering system. Using MA as a counting system allows you to create a CS structure similar to the structure of a
reserved computing system in a binary positional numbering system. This circumstance, along with other positive aspects of
the use of modular coding, caused by the influence of the main features of MA on the structure and principles of operation of
the CS, allows to consider MA as a powerful tool for increasing fault tolerance.

Keywords: active fault tolerance, types of redundancy, computer system, modular arithmetic, computing tract.
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INSTABILITY OF CLOUD INFRASTRUCTURE RESOURCES AND SERVICES

Abstract. Increasing non-stationarity of cloud infrastructure resources and services leads to a significant decrease in its
productivity. Therefore, the purpose of the article is to identify the reasons for non-stationarity of cloud infrastructure
resources and services; finding ways to reduce the level of non-stationarity . As a result of the research, the following results
were obtained . Sources leading to the specified non-stationarity are identified . Existing approaches to reducing
non-stationarity are analyzed . An example of basic resource allocation using standard linear programming methods is
given. Variants of application of these methods for dynamic redistribution of resources are shown. Conclusion.
Allocation and dynamic redistribution of resources in the cloud infrastructure can be done using standard linear
programming methods. But due to the significant non-stationarity of the cloud environment, the proposed approach will
reduce the productivity of cloud resources. At the same time, with an increase in the number of variables and restrictions,
the computational complexity of the proposed algorithm will grow exponentially . Therefore, it is necessary to look for
other approaches for the distribution and redistribution of cloud resources in conditions of significant non-stationarity .

Keywords: cloud environment, cloud resources, non-stationarity , uncertainty, redistribution of resources.

Introduction

Cloud computing is widely recognized by both
practitioners and researchers as a reliable solution for
storing and processing data for both commercial and
scientific purposes. Although cloud computing has many
advantages, not all problems with it have been fully
solved, especially in the field of security, reliability,
performance, etc. The vast majority of research in the
field of planning assumes the availability of complete
and reliable information about the problem, work, that is,
a static deterministic execution environment. However,
in cloud computing, services and resources are subject to
significant non-stationarity when accessing and using
resources. Volatility is a significant problem in cloud
computing, creating additional challenges for end users,
resource providers, and administrators. It is necessary to
abandon the usual paradigms, adapt the existing models
to the evolution of computing tools, and develop new
strategies for planning and managing resources to
effectively overcome non-stationarity . Uncertainty in
user perception of qualities, intentions and actions of
providers, privacy, security, availability, etc., among
other aspects of cloud computing, are actively being
researched [1-10]. However, their role in resource and
service planning has not yet been adequately addressed.

The purpose of the article is to identify the
reasons for non-stationarity of cloud infrastructure
resources and services; finding ways to reduce the level
of non-stationarity .

1. Sources of uncertainty

There are many sources of uncertainty. Table 1
describes some of them and briefly explains their
planning implications. Among them: elasticity of work,
dynamic change of characteristics, virtualization with a
weak connection of applications with the infrastructure
on which they are executed, variability of the time of
provision of resources, inaccuracy of estimation of the
time of execution of work, change of time of processing
and transfer of data, time limits of processing, directive
deadlines, change in real bandwidth and other
phenomena. The workload can change dramatically. It

is difficult to accurately estimate the time of execution
of works, to build models of its forecasting taking into
account the history of calculations, to dynamically
adjust the forecast, to correct errors in forecasts, etc.
building [11, 12].

Actual performance can vary by sharing shared
resources between different virtual machines. It is
impossible to gain accurate knowledge about the
system. Parameters such as the actual processor speed
at which the virtual machine is processed, the number of
available processors, or the actual bandwidth change
over time. The principle of elasticity of cloud resources,
when the user can change requests for resources, has a
positive effect on the quality of service, but adds a new
factor of uncertainty. Uncertainty can be in various
components of computing and communication
processes. The following knowledge is important: how
specific dynamic computing and communication
characteristics  affect  planning; how  these
characteristics can be used by the scheduler to reduce
the impact of information incompleteness and achieve
the desired QoS ; how to effectively solve the relevant
optimization problem; how to ensure scalable and
reliable GRID behavior under constraints such as
budget, QoS , SLA, energy cost, etc. Various stochastic,
adaptive, reactive planning algorithms that do not
require knowledge are studied, which are considered as
effective alternatives to known technologies of
deterministic optimization of the theory of schedules.

2. Approaches to reducing non-stationarity

Unspecified factors that can reduce the reliability
and security of data, such as unexpected and
unauthorized data modifications, hardware and
software failures , disk errors, integrity violations or
data loss, malicious intrusions, falsifications, denial of
access for a long time, information leakage, conspiracy,
etc., are considered in [13]. The authors propose a
customizable, reliable, and secure distributed data
storage scheme with an improved data detection and
correction method, as well as their encoding/decoding
speed. Technical failures, data breaches and collusion
are difficult to predict.
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Table 1 — Cloud infrastructure parameters and their main sources of uncertainty
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Available memory + + + + + + +
Number of processors + + + + + + +
Auvailable storage space + + + + + + +
Data transfer time + + +
Resource potential + + + + + +
Network performance + + + + +

This type of uncertainty is one of the main
challenges when designing a reliable IT infrastructure.
Modified Asmuth-B thresholds and weighted Mignotte
secret sharing schemes are proposed to reduce
encryption redundancy and damage caused by cloud
collusion [14].

Technical failures, data breaches and collusion are
difficult to predict. This type of uncertainty is one of the
main challenges when designing a reliable IT
infrastructure.

Most existing optimization solutions assume that
the behavior of virtual machines and services is
predictable and stable in operation. In real cloud
infrastructures, these assumptions are not justified.
Although most providers guarantee a certain processor
speed, memory capacity, and amount of local storage
for each dedicated virtual machine, the actual
performance depends on the physical hardware used, as
well as the use of shared resources by other virtual
machines assigned to the same computer. This is also
true for the communication infrastructure, where the
actual bandwidth is very dynamic and difficult to

guarantee.
The combination of virtualized computing
resources, storage, software and services of

dynamically scaling cloud environments adds a new
dimension to the planning problem. The way services
are provided depends not only on the properties and
required resources, but also on other users who share
the resources. Managing and optimizing cloud
infrastructure is a complex task. Existing planning
models do not accurately account for the uncertainty
and dynamic performance changes inherent in
heterogeneous and distributed infrastructures .

Two types of uncertainty can be distinguished:
parametric and systemic. Parametric uncertainties arise
as a result of incomplete knowledge and changes in
parameters, for example, when data are imprecise, they
are estimated using statistical methods and expressed as
probabilities. Their analysis quantifies the impact of
random input variables on optimization results. The
efficiency and accuracy of probabilistic uncertainty

analysis is a matter of trade-off. This type of uncertainty
is not reduced because it is a property of the system
itself. Systemic uncertainty arises as a result of
incomplete understanding of the processes that control
service planning and can be reduced by obtaining more
information. It is modeled using the theory of
probabilities, the theory of evidence, the theory of
possibilities, and fuzzy sets.

A robust design minimizes the impact of
uncertainties on system performance and behavior.
Traditionally, it was carried out using either a
probabilistic approach or a worst-case analysis. Both
approaches treat uncertainty either as random variables
or as interval variables. In fact, uncertainty can be a
combination of both.

Understanding and accounting for uncertainty
should lead to improved resource planning efficiency.
Most cloud applications require communication
resources to exchange information between services,
databases, or end users. However, providers may know
the amount of data they will have to manage or the
amount of computation required to perform the work.

One of the possible approaches to reducing
non-stationarity is to allocate resources using standard
methods. After that, with increasing non -stationarity , it
is suggested to redistribute resources. Let's consider this
approach using a simple example.

3. An example of a basic distribution
of resources

Two streams of Big Data ( stream A |, traffic T a
terabytes per hour; stream B , traffic T g terabytes per
hour) are processed in the cloud environment. The
corresponding cloud infrastructure has two critical
resources during the current maintenance cycle. The first
resource is dedicated RAM for storing the generalized
results of data processing . The existing limitation is a 1
Mb . The second resource is fast external memory for
storing selected data for further use. The existing
limitation isa > GB .

On average, in one hour, the flows have the
following characteristics:
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stream A summarizes a 1a MB of information and
selects for storage a 2o GB of data;

flow B summarizes a 18 MB of information and
selects for storage a ov GB of data.

We will consider the example on the following
specific data:

traffic intensity of information flows: T A=5, T &
=4 terabytes per hour;

the amount of allocated RAM: and 1 =24 MB ;

the size of the allocated fast external memory: and
2=6GB;

intensity of receipt of generalized data
reprocessing results : a 1a=6 Mb /h.; and 1v=4 Mb /h;

the intensity of receiving the selected data: a ,a=1
Gb /h.; and oy =2 GB / hour.

In addition, during the current service cycle, the
cloud infrastructure can process no more than 8 terabytes
of stream B , that is, data processing takes no more than
8/4=2 (hours). Also, the duration of service of stream B
cannot exceed the duration of service of stream A by
more than 1 hour.

Itis necessary to find the optimal time of the current
service cycle, based on the requirement of the maximum
possible total traffic received for processing from both
streams.

First, it is necessary to carry out a mathematical
formalization of this task. To do this, we will introduce
the variables x aand x g - the duration of service of Big
Data flows in the cloud environment (in hours).

Based on the verbal constraints described above,
the system of task constraints can be formalized as
follows:

Xp6+Xg-4<24; (1)
Xp -1+ Xg -2 <6; (2)
Xg —Xp £1; (3)
Xg < 2. @)

In addition, there are implicit semantic restrictions
(the value of the duration of maintenance of flows on a
switching node cannot be negative):

Xp 20; (5)
Xz 2 0. (6)

The total volume of traffic for one processing
cycle is equal to the sum of 5 x o+ 4 x g Therefore, the
objective function of the task will look like this:

Yy =5Xp +4Xg — max . (7

Therefore, the standard form of the linear
programming problem is obtained (expressions (1) - (7)).
For its solution, with a small number of constraints and
variables, any existing methods can be used, for
example, the simplex method.

For clarity, we will find the values of the required
variables using the graphical method (we will use the
presence of only two variables).

In the XA Oxb coordinate system, we SUCCESSIVElY
construct & POlygon of permissible values (Figs. 1-3), based
on the formalized constraints (1) - (6) .

The points of the space of admissible solutions
marked in Fig. 4 in blue, satisfy all restrictions at the
same time. This space is limited by straight line segments
that connect at the vertices of the resulting polygon.

L1
5
o 1(5)2 3 4 5 6 x

Fig. 1. Consideration of implicit restrictions and limitations (1)

N /
&)
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] T ] 1 ] S
0 1@2 3 4 5 6 Xxa
Fig. 2. Adding a restriction (2)
Xs
6
®
4
30
\ /
] T ] ] IOJ\ >
-1 0 1@2 3 4 5 6 Xa

Fig. 3. Adding a restriction (3)
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] T ]
1@2 3 4 5 6 x
Fig. 4. Polygon of permissible values

Any point located inside or on the boundary of a
given polygon is an admissible solution, that is, it
satisfies all constraints. Since the feasible solution space
contains an infinite number of points, some procedure for
finding the optimal solution is required.

In order to find the optimal solution, it is necessary to
determine the growth direction of the objective function (7)
(since it should be maximized). We can equate z to several
increasing values. These values, substituted instead of z in
the expression of the objective function, generate the
equations of straight lines (Fig. 5). The objective function
can increase as long as the straight lines corresponding to
the increasing values of this function cross the region of
admissible solutions. The point of intersection of the area of
admissible solutions and the line corresponding to the
maximum possible value of the objective function will be
the point of the optimum.

&,

L »
4 5 6 Xa
y=15\
y=10 Yy = max

Fig. 5. Projection of the objective function

In fig. 5, it can be seen that the optimal solution
corresponds to the point highlighted in black. This point
is the intersection of straight lines (1) and (2), so its
coordinates X a and x g are found as solutions to the
system of equations defining these straight lines:

6xp +4Xg =24,
Xp +2Xg =6.

The solution of this system will be xa= 3 and xg = 1.5,
while the value of the objective function is z = 21.

Therefore, the required time of the current service
cycle will be three hours, while reprocessing will be
performed for 21 terabytes of Big Data.

4. Dynamic redistribution of resources

In the example of point 3, the result is obtained for
unchanged task data. But in the process of processing,
any changes may occur. Some restriction can be either
strengthened or completely removed. Data acquisition
rates may also change. Such situations can be resolved
by varying the task statement.

For example, consider the option of removing
restriction (4). As we can see in fig. 6, the result
remained unchanged.

b

GXA

I
-1 4\5

y = max
Fig. 6. Removal of restriction (6)

But removing a significant constraint or changing
the objective function may change the result. This can be
seen in Fig. 7, where restriction (1) is removed. As a
result, it turned out to be expedient to rework only flow A
, and the time of the current service cycle increases.

XBA
6

y=15

y=30
Fig. 7. Removal of restriction (1)
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But it should be noted that due to the
non-stationarity of cloud infrastructure resources and
services, this step will have to be performed very often.

the proposed approach will reduce the productivity of
cloud resources. At the same time, with an increase in
the number of variables and restrictions, the

computational complexity of the proposed algorithm
will grow exponentially.

Therefore, it is necessary to look for other
approaches for the distribution and redistribution of
cloud resources in conditions of significant
non-stationarity.

Conclusion

Allocation and dynamic redistribution of
resources in the cloud infrastructure can be done using
standard linear programming methods. But due to the
significant non-stationarity of the cloud environment,
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HecranionapHicTs pecypciB Ta nocjyr XMapHoi iHppacTpyKTypH
10. O. Augpycenko, T. I'. ®ecenko

AHoTanis. 30iIbIIEHHS HECTalIOHAPHOCTI PECYpCiB Ta MOCIYT XMapHOI iH(PPACTPYKTypH HMPU3BOAUTH IO CYTTEBOTO
3HIDKEHHS ii TPOJYKTHUBHOCTI. TOMy MeTOI0 CTATTi € BH3HAYEHHS NMPUYMH HECTAliOHAPHOCTI PECypCiB Ta MOCIYT XMapHOI
IHQPACTPYKTYpH; 3HAXOKCHHS NUIAXiB 3MCHIICHHS PIBHSA HECTAaliOHApHOCTI. B pe3ynpraTi AOCHIIKEHHS OTpPHMaHI Taki
pe3yabTaTH. Bu3HaueHi mKepena, MO MPU3BOAATH O BKa3aHo! HectarioHapHOCTI. [IpoanamizoBaHi iCHYIOWI MiAXOIU JIO
3MEHILeHHsI HecTalioHapHocTi. HaBeneHuii mpukiiaa 6a30BOro posnojiny pecypciB 3 BUKOPUCTAHHSM CTAHIAPTHHUX METOJIB
niHiiHOTO TporpamyBaHHs. [lokasaHi BapiaHTH 3aCTOCYBaHHS AaHWX METOJIB /IS JUHAMIUYHOTO MEPEPO3MOALTY PecypcCiB.
BucHoBok. Po3nozin Ta AMHAMIYHAN TIEPEpO3ITOIia PECYPCIB Y XMapHiil iHPpacTpyKTypi MOKHA TPOBECTH 3 BHKOPUCTAHHAM
CTaHJAPTHUX METOMIB JIHIHHOTO MporpaMyBaHHs. AJie 32 PaxyHOK CYTTE€BOI HECTAIL[iOHAPHOCTI XMAapHOTO CepepoBHIIA
3aIIpOIIOHOBAHMH MiAXiA 3HU3MTh MPOXYKTHUBHICTH XMapHUX pecypciB. [Ipyn mpoMy npu 30UIbIIEHHI KUNBKOCTI 3MIHHHX Ta
00MeXeHb OOUYHCIIOBaJbHA CKIAJHICTH 3alpONOHOBAHOTO ANTOPUTMY Oyae 3pocTaTH eKcroHeHHiitHo. OTke, HeoOXiIHO
IIYKaTH 1HIII MXOMH JUIS pO3IIOILUTY Ta IEePepo3NOAITy XMapHHUX PECypCiB B yMOBaxX CyTTEBOI HECTAlliOHAPHOCTI.

KawuoBi cioBa: xmapHe cepeioBuIIle, XMapHi pecypcH, HeCTalllOHapHICTh, HeBU3HAYEHICTb, IEPEPO3IOILT PECYPCiB.
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SYNTHESIS OF A COMPUTER NETWORK
FOR CONTROLLING MOVING OBJECTS

Abstract. Today, there are many methods of synthesis of the basic network of the computer control system. But they
do not take into account the mobility of control objects. Therefore, the purpose of the article is to develop a method of
synthesis of the basic network of the computer control system, which takes into account the mobility of control objects. The
method is based on the use of the function of the average loss of messages in the network at the input load and the dynamic
resource allocation plan. Regardless of the selected class of the basic network, the developed method assumes: the selection
of an appropriate management efficiency assessment function; synthesis of control algorithms for restricting access to the
network; synthesis of adaptive routing algorithms that ensure optimal distribution of flows on the short-circuit network.
The direction of further research is to take into account the placement of base stations of the computer system.

Keywords: computer system, moving object, core network, optimization, synthesis, cloud computing, fog computing,

packet switching, traffic.

Introduction

The basic network of the computer system for
managing moving objects should provide users with the
following services [1]:

- transmission of information packets from system
sensors in real time;

- transfer of packages of control stations and
mainframes;

- exchange of information between nodes of the
computer system;

- transmission of traffic of local nodes of the
computer system;

- access to cloud systems;

- exchange of video images;

- transmission of protected traffic.

To provide the above services, the transit transport
mechanism of global computing networks (GOM) is
used, which is based on the three lower levels of the OSI
network model. In parallel, with the growing popularity
of the Internet, the share of services related to the upper
levels of the protocol stack is growing: access to
hypertext information WEB-nodes, broadcasting of
video information, search and delivery of information
according to individual orders, etc.

Today, there are many methods of synthesis of the
basic network of the computer control system [2-11]. But
they do not take into account the mobility of management
objects.

Therefore, the purpose of this article is to develop a
method of synthesis of the basic network of the computer
control system, which takes into account the mobility of
control objects.

Research results

A fragment of the structure of a modern basic
network of a computer system for managing moving
objects, operating in packet switching mode (PC), is
presented in Fig. 1, which shows the following blocks:
USM - switching or routing devices ; DCE - physical
layer protocol support equipment; DTE - network
terminal equipment; UNI - "user - network" interface;
NNI - "network - network" interface.

’USMHDCE lM{DCE }—‘USM HDCE }—

DCE
UN

DCE

UNI
DCE H DCE H UsMm ‘

Fig. 1. A fragment of the structure basic network

This option is optimal both from the point of view
of the total traffic transmitted by the network per unit of
time, and in terms of the cost of network services [2]
(other things being equal, a packet-switched network is
2-3 times cheaper than a channel-switched network [3]).
However, it is not always possible to build a basic
network of a computer system for managing moving
objects based on packet switching. Therefore, depending
on the allocated communication channels, networks
based on allocated channels are also considered. When
building all of the listed types of networks, issues related
to the improvement of adaptive network management
methods, including management of information flows
and communication channels, are particularly relevant.

Let's consider the construction of information flow
management algorithms that take into account adaptive
routing and a number of network constraints (load
limitations, buffer memory capacity, and limited
bandwidth of communication channels). Let's consider
the network as a set of means of communication and
switching and network management system. We define
the network model as an undirected regular graph
G(V, R) , where V is the set of nodes of the network, and

R={ rij| i,jeV} is the set of communication lines

between them. Let us consider a stationary flow
A ={k;;} with a priori - unknown parameters on G. The

load coming to the network will be distributed according
to given static (Ps)) and dynamic (Pgn) plans, and the
routes of the Py plan in any case have priority. The
distribution plan of each node i (i € V) is defined by the
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routing matrix S; :(pif) , JeV, where pif is the

conditional probability with which a call belonging to the
plan Pgn, Which arrived at the i-th node and is addressed
to the j-th node, is directed to the node IeV on the short
circuit ri eR. With a given model of the network
management system (Msun), the task of adaptive flow
management is the selection of the optimal load
distribution of the dynamic plan, which is provided for
the given network structure, static plan, network load and
functionality, which evaluates the effectiveness of the UE
algorithms (F), i.e.

F(GiAl Pdnl Psty McyM)—>EXtr .
A, Pyn

In networks with channel switching, as always, one
of the main components of the above functional F is the
probability of successful connection establishment, and
the management task is the maximum use of the network
bandwidth when the input load changes within wide
limits. At the same time, it is necessary to avoid
unproductive network overloads associated with
broadcast messages, repeated calls and unreasonably
long routes. These tasks are solved by load limiting
algorithms, which limit subscribers’ access to the
network, and adaptive routing algorithms [4], which limit
the choice of outgoing directions.

When considering flows without priorities, it is
advisable to use the function of the average loss of
messages in the network [5] at the input load A and the
dynamic distribution plan:

Ajj (M gy 1Tt) -
j n»A4st
W Soy -3 3 M,
ieV jev ieV jev ] L @
B (Ai(jg) (Hdnlnst)):
where Aj is the intensity of the flow arriving according
to the given plans to the communication channel rjj from
nodes i and j; A(g) is the intensity of the repeated flow
on the communication channel rij; pj; (Ai(j“) (Hdn,Hst))

is probability of blocking path r;; for flow Ai(f) .

For each of the components of the sum (1), the
partial derivatives are equal

doy g PPy oA @)
ong 0 aA(g) ony
where Ai(jtr) = Ajj —(ﬁ,ij +/1ji)

is the intensity of the flow of transit calls on r ij arriving
from nodes i and j.

Opjj
oAy
under the given conditions have an analytical expression
[6]. To estimate their values, an empirical estimate is used,
which is calculated on the basis of data on the change in

flows Aj; and Ai(j“) on the previous iteration, i.e.

The partial derivatives of expression (2)

AN [n - 1]
AA” [n —1]

oA)
n

8Aij

When routing with priorities, the functional of the
average value of the total value of the messages
transmitted by the network is considered [7]:

oD =
K 3)
=22 (1— Ri (A, Pun, Pyt ))I Lj (uij )du;,
eV jev 0

where R (A(O) : Pc}r?) , Ps(to) )
is the probability of message transmission failure by
communication channels r ij with limited input load A(0)

and limited plans Pd(r?), Ps(to); Lij (uij) is the limit

function of the value of the messages of the flow passing
through the communication channel r ij , when exceeding

which (77ij > Ljj (uij)) the message transfer requests are

accepted by the network for servicing; cij — limit limit for
the flow through the communication channel rj;; ujj is the
value of the current flow through the communication
channel ;.

So, in this case, it is necessary to choose such A(0),

Pd(r?) and Ps(to) , at which the maximum of the functional

(3) is ensured. At the same time, the synthesis of flow
control algorithms can be divided into two stages. At the
first stage, it is necessary to synthesize algorithms that
ensure a minimum weighted average loss of messages
A(0), i.e

k(ci)- A©@ pO pO) 5 min
> 3 k(ey)- 4Ry (AR
ieV jev

nlgmax)

k)= |

Lj (ci)

where uijtij (uij )duij

is the weighting factor determined in accordance with (3)
and the average priority rating tij (us).

At the second stage, algorithms are synthesized that
provide the maximum total value.

A necessary condition of optimality is the equality

. A ob .
of partial derivatives to zero —, i.e
8cij

0 0
Lij (¢ )(1_ Ry (AR R )))_

ory (A@, R P )5
- I Ly (ujj)dui; =0
0

aCij
1
2O D)

dn

Ry (A(O), P, Ps(to)) Gj

- | L (U5 )du; .
% £ i () dug

Lij (cij) = . (

or

(4)
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Since the functional (3) is concave [11], the
expression (4) is also a sufficient condition for the
optimality of the input load limitation. To implement (4)
on G(V,R), you can use iterative procedures that use
positive increments of the value cj. According to the
found values of cjj [n] the required value of the threshold
Lij is determined for the priorities of messages arriving at
the short circuit rij. When packet switching based on
virtual channel switching is used in the network, when
the transmission of the message is preceded by the
organization of a virtual channel, it is possible to draw a
complete analogy with channel switching [12] and
therefore expressions (2) — (4) can be applied with some
restrictions. When transmitting packets of the same
message along different, independently chosen routes
(for example, the datagram method), the main
requirement for the network is transparency for
subscribers. Therefore, message delays in the network
must be minimal, and the capacity of the buffer memory

is chosen so that, on the one hand, it ensures the
intermediate storage of packets transmitted in the
network with low delays, and, on the other hand, the
probability of overflow is sufficiently small. Algorithms
for restricting access to the network and choosing the
optimal route are built accordingly.

Conclusions

The method of synthesis of the basic network of the
computer control system, which takes into account the
mobility of control objects, has been developed.
Regardless of the selected class of the basic network, the
method assumes: the selection of an appropriate
management efficiency evaluation function; synthesis of
control algorithms for restricting access to the network;
synthesis of adaptive routing algorithms that ensure
optimal distribution of flows on the short-circuit network.
The direction of further research is taking into account
the placement of base stations of the computer system.
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CuHTe3 KOMI'IOTepHOI Mepeski 1J18 yNpaBJIiHHS PyXOMHMH 00'€eKTaMHU
H.T. Kyuyxk, A. I1. llluman

AHoTanisi. Ha ceorosni icHye 6arato MeTo/1iB cuHTe3y 0a30B0i Mepexi KOMII IOTePHOI CUCTEMH YIpaBiiHHs. Al B HUX
HE BPaxOBYEThCS PyXOMICTh 00 €KTiB ympaBiiHHs ToMy METOIO CTaTTi € po3poOKa METOy CUHTe3y 6a30B0T MepeKi KOMII IOTEPHOT
CHCTEMH YTIPABIIiHHSA, sIKa BPAXOBY€E PYXOMICTb 00’ €KTIB yrpaBiiHHA. MeToj 6a3yeThesi Ha BAKOPHCTaHHI (QyHKITIOHAA CepeTHIX
BTpAT MOBIJOMJIEHb Y MEPEXi IIPH BXiJTHOMY HaBaHTaKEHHI 1 THHAMIYHOMY IUIaHI pO3NOALUTY pecypciB. HezanexHo Big BUOpaHOTO
Kacy 6a30BO1 Mepexi, po3po0ieHni METO]| MIPHUITyCKae: BUOIp BiAMOBITHOTO (PyHKIIOHATA OLIHKU €()eKTHBHOCTI YIpaBIiHHSI,
CHHTE3 KEepYIOUHMX AalIrOpUTMIB OOMEKEHHS JOCTYMy [0 MEpexXi; CHHTE3 aJrOPUTMIB aJaNTHBHOI MapIIpyTH3alii, [0
3a0e3MevyIoTh ONTHMAIBHUHI po3noaii nmotokiB mo K3 mepexi. Hanpsiv mofanplimx JOCHiKEHb — BpaXyBaHHS PO3MILICHHS
0a30BHX CTaHILiil KOMIT IOTEPHOT CHCTEMH.

Kamo4doBi c1oBa: KOMII'IOTepHA CHCTEMa, PYXOMHUIA 00’ €KT, 6a30Ba Mepexka, ONTHMI3allisl, CHHTE3, XMapHi 00YUCIICHHS,
TyMaHHI 00YHCIICHHS, KOMYTaIlis IIaKeTiB, Tpadik.

136


https://doi.org/10.20998/2522-9052.2018.3.10
https://10.0.82.6/2522-9052.2021.2.22
https://link.springer.com/book/10.1007/978-3-030-37207-1
https://link.springer.com/book/10.1007/978-3-030-37207-1
https://link.springer.com/article/10.1186/s40294-014-0005-9#auth-Muaz_A-Niazi-Aff2
https://doi.org/10.1186/s40294-014-0005-9
https://doi.org/10.15587/1729-4061.2023.274177
https://doi.org/10.1186/s13638-021-01912-8
https://doi.org/10.20998/2522-9052.2022.3.13
https://doi.org/10.20998/2522-9052.2017.2.04
https://doi.org/10.20998/2522-9052.2017.2.04

ISSN 2073-7394 Cucremu ynpaBiiHHs, HaBirarii Ta 38's3ky. 2023. Ne 4

YJIK 004.896 doi: 10.26906/SUNZ.2023.4.137

A. O. Ilopopoxwusik, C. 1. HaitmuteHnko

Harmionansauiil TexHI9HUHN YHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUHN THCTHTYT», XapKiB, YKpaiHa

PO3POBKA TA TOCIIXKEHHSA CEPBICY
JJIsA PO3YMHOTI'O ITPOTE3Y BEPXHIX KIHIHIBOK

AHoTanis. O6’ekTOM JOCIIHKEHHs aHOT poOOTH € mpoliec YHKIIFOBAHHS PO3yMHOT0 MPOTE3y IO YIPABISETHCS MIKPO-
nporecopoM. MeTa nanoi poOoTu mojsirae y JOCTiIKEHH] CEpBICY I PO3YMHOTO MPOTE3y BEPXHiX KiHIIBOK. OCHOBHUM
3aBJAHHAM JTaHOTO OCITIDKEHHS € aHaJli3 aHAJIOT1B ICHYIOYHX IPOTE3iB Ha PUHKY, BUOIp TUILy IPOTE3y IS pO3POOKH 1 0-
CITiKEeHHS, MiAGIp cepeoBHIla po3poOKH i MOJeTIOBaHH, IIATGOPMHU Ta MiIKPOKOHTpOJIEpa, MpOrpaMHa peasisaiis aaro-
pUTMy GYHKIIOHYBAHHS IPOTE3y Ta JAOCITIIKEHHS €IeKTPOHHOI 1 HaTypHOI MOJENI cepBicy U pO3yMHOTr0 MPOTe3y i3 BU-
KOPHCTaHHSM MiOEIEKTPHYHNX AATYHKIB. Y pe3yibTaTi JOCIILKEHHS iCHYIOUMX aHaJIOTiB OyJI0 BHSBIICHO MEBHI Mpo0iIeMu
Ta 3HalICHO NIUISXH X BUpIiNICHHS. BUKoHaHO mi10ip KOMITOHEHTIB BiIIIOBIHO JI0 TOCTABJICHOT 3a/1a4i. BUKOHAaHO pO3pOOKyY
Ta TECTYBaHHS PO3POOJICHOTO CEpPBIiCY Ha OCHOBI BipTyalbHOTO Ta HATYPHOTO MOJEIIIOBaHHS. BH3HAUeHO IEpCIEKTHBU PO3-
poOIieHOrOo cepBicy Ta BUSBICHO BEIMKHI MOTEHITIAN 3aIIPOIIOHOBAHOI PO3POOKH IS TIOJIETIICHHS JKUTTSA JIOJISH sIKi 32 Te-
BHUX IPUYUH HE MalOTh (PYHKIIOHYIOUMX BEPXHIX KiHIIBOK Ta (hiHAHCOBO OOMEXKEHI IPH MPOTE3yBaHH.

Knamo4oBi ca1oBa: po3yMHHI IpoTe3, MIKPOKOHTPOJIEP, MOJIETIOBAHHS, IPOrpaMHa peati3alis, MioeJIeKTpUIHHIN JaTIuK.

Beryn. IlocTtanoBka 3anaui

[[{omeHHO MO HOBHHAM T'€HIITA0 3BITYETHCS MPO Ki-
JIBKICTH 3HHUIICHOI TEXHIKH, 30MTH paKeT, 3HUIIEHUX BO-
poriB. OJHaK MM HaBiTh HE YSBISEMO SIK BayKKO IIe Ja-
€ThCSl HAIIUM 3aXUCHUKaM. KOXXHOro IHS MOXYTh TH-
HYTH JECSTKH, a TO ¥ COTHI BICHKOBHX, II¢ OiibIIe
OTPUMYIOTh IOPAHEHHsI PiI3HOI CTYIIeHI TSHKKOCTI, B TOMY
YHCII MOPAHCHHS 110 TPU3BOIATH IO aMITyTallii BEpXHIX
Ta HIWKHIX KiHIIBOK. TaKi JItoJ1 B MoJanbiomMy OyayTh
oTpedyBaTH MPOTE3iB, KOTPi 3MOXKYTh TOBEPHYTH 1X 110
OUTBII MEHI HOPMANBHOTO ()YHKIIOHAJBHOTO J>KUTTS.
OnHak B YKpaiHi JIMIIe IOYNHAE PO3BUBATUCEH MPOTE3Y-
BaHHS 1 JIFOJTU SIKi OTPUMAITH TPaBMHU i1 9aC BOEHHUX i
YM TO HapOAWINCH i3 BPOKEHHMH JIe(EeKTaMH TOIIO,
MaloTh Y€KaTW JOBI'MH Yac TOKH iM 3pOOJIATH MPOTE3.
OnHak HaBITh 10 [IOTO €TAIly 3HaYHA YaCTHHA JIF0JICH He
Iiiije, ajKe sKiCHe IPOTe3yBaHHs JOBOJI IOPOre i He BCi
MOXYTb COOI 11€ JT03BOJIUTH.

IIponoHoBana poboTa Opi€eHTOBaHA Ha JOCIi-
JDKEHHSI MOYKJIMBOCTEH CTBOPEHHsI OIOPKETHOIO Ta JIer-
KOT'0 Y BUPOOHHIITBI MPOTE3y BEpXHIX KIHIIBOK, a came
pyku Ta nepearutiyus. ['onoBHa 3ama4ya npoTe3y — MOK-
pHUTH X04a O MiHIMaNbHI TOTPEOH JIFOMHHU Y TTOBCSKICH-
HOMY JKHUTTI 5IK, HAIIPUKJIaJl, TPUMaHHsI CTOJIOBUX MPHOO-
piB ITix yac npuiiMaHHA XKi, BIAKPUTTS JBEpel 4u TpH-
MaHHS HEBR)XKUX NPEIMETIB.

Merta cTaTTi: ies JaHOTO JTOCIIIKEHHS MOJIsIrae B
HACTYITHOMY: IIPOBECTH aHAaJIi3 aHAJIOTIB iICHYIOYHX IPO-
Te31B Ha PUHKY, BHOIp TUITy IPOTE3y [T PO3POOKH 1 HO-
CIiKeHHs, Mia0ip cepenoBHINa PO3POOKH 1 MOMAEIIO-
BaHHS, TIATHOPMHU Ta MiKPOKOHTPOJIEpa, MPOTrpaMHa pe-
amizanis anroput™My GyHKIIOHYBaHHS IPOTE3y Ta TOCTi-
JOKSHHS €JICKTPOHHOI 1 HaTypHOT MOJIEITi CepBicy IS PO-
3yMHOT'O MpOTE3y i3 BHKOPHUCTaHHSAM MiOEJIEKTPHIHMX
JaTYHKIB, a TAKOK (POPMYJTIOBAHHS IIEPCIIEKTHB 3aCTOCY-
BaHHS Ta NOAAJIBIIOTO PO3BUTKY.

AHaJli3 pHHKY NPOTe3iB BepXHIiX KiHIIBOK

I'moGansHUlt pUHOK MPOTE3yBaHHS BEPXHIX KiHITi-
BOK — I1€ 3pOCTAr04ii CErMEHT MEMIHOI IIPOMHCIOBOCTI,
10 PO3BUBAETHCS 3aBISKU TEXHOJIOTTYHOMY IIPOTPECy Ta

3pOCTar0Yiil KiIbKOCTI JIFO/ICH 3 aMITyTOBaHMMH KiHI[iB-
KaMH BHACJIJIOK TPaBM 41 3aXBOPIOBaHb. PUHOK moisi-
€THCS Ha KiJIbKa KaTeropii NpoayKTIB, TAKHX SIK MITYYHE
NPOTE3yBaHHS, CICKTPHYHE MPOTE3YBaHHSA Ta KOCMETH-
YHe npoTe3yBaHHA [1]. 3a ocTaHHI POKH PUHOK MPOTE3iB
BEPXHIiX KIHI[IBOK CTaB CBIJJKOM 3HAYHHX 3MiH 3 TOYKH
30py IHHOBAIIIfHOT MPOAYKINI Ta TEXHOJOTIYHOTO TPO-
rpecy. Hanpukman, BinOyBcs 3CyB 1O MiOCTEKTPUIHUX
NPOTE3iB, SIKI KOHTPOJIOIOTHCS M’S30BUMH CHTHAJIAMH
BiJl 3aJMIIKOBOI YaCTHMHM KIiHI[IBKH, OCKIJILKH BOHH 3a-
0e3reuyoTh OUIbII NPUPOJHI PYXH Ta Kpamyy (yHKIio-
HaJIBHICTP TIOPIBHIHO 3 TPAAUI{iHHUMH TpoTe3amu [2, 3].
Kpim Toro, po3Burok TexHoiorii 3D-apyKy 103BOJIUB
CTBOPIOBATH 1HIMBINyasbHI NPOTE3H, SIKi aAaNTOBaHi J0
KOHKPETHHUX HOTpeO i BIIO00aHb JTFOIUHH.

3rigHo 3BiTy Strategic Market Research Bkasyerbcst
Ha TPU OCHOBHI (DaKTOPH, sIKi CIIPUSFOTH 3pOCTaHHIO PH-
HKY: 30UThIIICHHS ITOMYJIALIT TepiaTpUYHUX JTiKapiB, 3po-
CTaHHS 3aXBOPIOBAHOCTI Ha paK KiCTOK iHIII XPOHIYHi 3a-
XBOPIOBaHHs1, TEXHOJIOTIYHHHI porpec [4].

Iammii 3eiT Big Allied Market Research aknenrye
yBary Ha MIOGJIESKTPUYHHX IPOTE3aX, SKi OUIKYETHCS, 1110
OyayTh TOMiIHYBaTH Ha PUHKY 3aBJASKH CBOIH mepenoBii
TEXHOJIOTI] Ta 3a0e3meuyBaTuMyTh OiIbITYy MOOITBHICTD
1 GYHKIIOHAJBHICTH JJIS1 KOPUCTYBadiB. 3BIiT TAKOXK BKa-
3y€ Ha POJIb KITiHIK MPOTE3yBaHHS SIK HAHOTBITNX KiHIIe-
BHUX CIOXXHBa4iB MPOTe3iB BepXHix KiHLiBOK (puc. 1) [5].

Global Upper Limb Prosthetics Market (2021 - 2030)

North America 4.97%
e

Representing a CAGR of

$720.86 million

Revenue in 2021

“0£02 Aq

9E'LELLS JO anjen e

$1131.36 million

Puc. 1. 'moGanbHuii pUHOK MPOTE3yBaHHs BEPXHIX KiHI[IBOK

[IporHo3oBana KiJbKiCTh MPOTE3iB 32 BUAAMH HaBE-
JieHa Ha puc. 2.

© Tlomopoxusk A. O., Haitmutenko C. 1., 2023
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Puc. 2. [Nonmynsawii mpoTe3iB BEpXHiX KiHIIBOK

Hapasi icHyrOTh AeKiTpKa THIIIB MPOTE3iB cepen
SIKHX MO’KHAa BU3HAYUTH HACTYITHI: TATOBI; MIOEIEKTPH-
YHi, FiOpHUIHI, KOCMETHYHI, crierianbHi. Cepes iCHYyrUnX
THUIIB 3yNMHUMOCS] Ha MIOEIEKTPUYHUX, OCKIJIBKH came
1ei THIT IpoTe3y OyIe po3pobIATHCE B OAabIIOMY [6,
7]. Mioenextpuunuii abo enekrpoMiorpadidHuii mpoTe3
KEpYIOTbCSl €JICKTPUYHUMH CUTHaJaMHu, L0 TeHepy-
FOTBCSI M’ I3aMM 3QJIMIIKOBOI YaCTUHU KiHIIIBKH, a00 eJe-
krpomiorpadiunumu (EMI) curnanamu [8]. IIpore3u Ha
ocHoBi EMI" mpamtoroTh IUITXOM BUMIPIOBAHHS €IICKT-
pUYHOI aKTUBHOCTI M’sI3iB, SIKa BHHHKAE I 4ac PyxXy
a00 X HaNPYKEeHb M’S3iB.

Po3po0ka cepBicy

J1ist npoeKTyBaHHs CePBICY PO3YMHOTO IIPOTE3y MO-
TpiOHO MaTH B 030pOEHHI 3py4He i OaraTopyHKIiOHATbHE
cepelioBHIIIE PO3POOKH Ta MOJIETIOBAHHS. Y SIKOCTI cepe-
JIOBHIIA, 10 MPOIIOHY€E MOTY>KHY THYUKY IuaTdopMmy Ta
Mae B co01 IMPOKHH [Tiara3oH 00IaJHaHHsI IS pO3pOOKH
cepaicy Oyio oopano Proteus 8. Hactynmauwm etamom Oyio
BU3HaYEHHs IUIaTGOpMU Ta MIKPOKOHTpoOJepa Iyl cep-
Bicy. Cepen MOXKIIMBHX BapiaHTiB po3risiiaiucs miarho-
pmu Arduino, Raspberry Pi, ESP32 Ta stm32.

UYepes eKOHOMIYHI OOMEXEHHsI Ta JOCBIJ| aBTODIB
Oyno o6pano miatpopmy Arduino. TomoBHMME 1T TIEpe-
BaraMu € 3pydYHHUH iHTepdeiic mporpaMyBaHHS, BEJHKa
KiJIbKiCTh (haxiBIiB Ta MiATPUMKA JOBOJII IIUPOKOTO CIIe-
KTpy MikpokoHTposiepi. Kpim Toro Arduino minrpumye
6arato MOB IpOrpaMyBaHHs, IO JJO3BOJISIE IIBHJIKO Ta
e()eKTUBHO CTBOPIOBATH IIPOTPaMH /ISl YIIPABIIiHHS Pi3-
HUMH TIPUCTPOSIMHU.

[Ipu posrisai mozensHOTrO psiny Arduino, 6yso po-
3rgHyTo Uno, Mega ta Nano. OxHak BuOip BHaB came
Ha MoJienb Nano, 9epes ii JOCTYMHICTh Ta Malli PO3MIpH.
300pakeHHsI BUKOPUCTAaHOI IUIATGOPMH HABEIACHO Ha
puc. 3.

Puc. 3. 306paxenns miatrdgopmu Arduino Nano

[Ticns BUOOPY OCHOBHHX KOMITOHEHTIB OYJI0 BH3HA-
YEHO y3araJbHeHHH alrOpUTM CEepBiCy, KU 300pakeHo
Ha puc. 4 [9].

Arduino CepeonpuBogu

Puc. 4. Y3aranbHeHHii allrTOPUTM CEpBICY

Ipu posrmsai icHytounx moneneit EMIT nataukis
OyIo 3HaiieHo mpoOiieMy — IIe iX 3aBHCOKa IliHa 3 ypa-
XYBaHHSIM III0 OCHOBHA KOHIIETIIisS PO3POOKH — OFOKET-
HUll BHpiO. BukopucTtoByroun cepemoBmine Proteus Tta
oOpaHuii onepaniitamii mincmmosad LM324n 6ymo pos-
pobiieno cxemy EMI™ maTuuky mpencrasieHy Ha puc. 5.

Binerp Exigwitk cuniania

SO :
Ty R1 " InTpmeHTansHid ridowoS=

880

R ay R2

NOUT

Puc. 5. Cxema EMI" natunky

[Ticnst oTprMaHHs CHTHAIB 3 €JeKTPOJiB BOHH TPO-
XOmATh (pinpTpamniro abu YHHKHYTH HeOa)kaHNX BUCOKOYAC-
TOTHHX HIyMiB. OCKiIbKM curHaiy nosepxHesoi EMI icuy-
10Th B JianasoHi He Buie 5001w, Ha BXoAi cTOiTh QLIBTp
HI3bKKX YacToT (PHY) 3 caMe Takoro 4acToTolO 3pizy.
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Jani orpuManuii curyai npo-
XOAUTH eTan miacuieHHs. Tyt pea-
J30BaHO CXEMY IHCTPYMEHTallb-
HOT'O TiJICHJIIOBaYa 3 MOTEHIIIOMET-
poM, 1o 3abesneuye KOCPIli€HT
migcHiIeHHs qaT4uKy Bix 2 mo 1000.
1 Bke micis MIACWUIIEHHS CHUTHAI
MiANAETECA OCHOBHIN (inbTparii,
abW BIZOKPEeMHUTH caMe YacTOTH
EMT curnany (30-5000t). dinbtp
peali3oBaHO HAa OCHOBI TOMOJOTii
BarrepBopTa 4-T0 MOPSIIKY.

VY3aranbHeHa OJIOK cxema al-
rOpuTMy poOOTH IPOrpaMu MiKpo-
KOHTpOJIepa CEpBICY PO3yMHOIO
IIpoTe3y MpeicTaBiIeHa Ha puc. 6.

[Ticns 3amycky Ta iHimiamizari
HEOOXiMHMX 3MIHHHUX IIpOrpaMHe
3abe3medeHss (I13) 3unrye curHan 3
puxoniB EMI'-gatuuka. IlotiM nei
CHT'HAJI TIPOXOAWTH 4Yepe3 eTamnu
JFICKPETH3aIlii Ta JOJAaTKOBOI (isib-
Tpallii, BAKOPHUCTOBYIOUH CIICIiallb-
HU 1MdpoBuit GuILTp. a came bar-
TepBoOpTa 4-Tr0 MOPSIKY, 13 CMYTO0
npomycky 30-500 I'u. ITicas nporo
I13 BH3HaYae MaKCUMaJbHHH CHI-
Hal JUIl TIOJAJIBIIOTO BHUKOPHC-
TaHHS NPY BU3HAYCHHI, Y1 BUKOHY-
BaTH pyX (CTHCHEHHs/po3ciad-
nerHs). Pyx BinOyBaeTbcs 3a yMOB,
KOJIM KOPHCTYBa4 Harpy>Kye M’si31
Ha 2/3 BiI MakCUMAaJILHOTO 3Ha-

YMOBKH

-MaKCUMANEHWA CUrHan Sinslwe 3a o0
-CMrHan Mmas OyTu Ginsle Hix 2/3
MEKCUMArkHOro CHIHamny

-NO3ULIA He NOBMHHE GyTH 160*
-@nar noauuii - pyx 4o3B0NeHo

YMOBK

-MaKCHMMANEHWA CUrHan Sinslwe 2a 0
-CMrHan Mmas OyTu Ginsle Hix 2/3
M3KCUManbsHOMo cUrHany

-NO3MLIA He NOBMHHE GyTH 1207
-@nar noauuii - pyx 4o3B0NeHo

YMOEM

-nar nosuuii - pyx s3abopoHeHo
-CMIHan MeHblle 338 NoONoBUHY
B MBKCUMENEHD

IHILiENI3aUIR SMIHHL
MigrnioyeHHA BXIQHWX NiKIB

i

OaT4YNEIE

OTPUMEHHA ZauHux 2 EMT |

¥

[MCHPETU3ALIA BEXITHUX
curHanis

)

@inkETpauia exigHMx
cur{anie

Flepesipes, un & OTDMMERA
CWMHAN HIWSIMsWwMM

Y sagoeinsHeHi yMOEK

Yn 33008iNLHEH] YMOEN

i1 33A08INEHEH yMOSH

SMIHKEMO IHSUSHHA
3MIHHOT MAKCHManNsHoro
cHurHany

MepesoAKMo CEpEONPHEDT
Ha kyT 160
chnar noawuii
pyx 2a00pOHEHD

MepeBoAKMO CEpBONPHEDT
Ha kyT 20*
chnar nozuuy
pyx zafopoHeHo

chnar noswuui
PYX [403BONEHO

yeHHs. OKpiM LIbOTO, BUKOPHCTOBY-
FOThCs OyJIeBI 3MiHHI I OLTBII Yi-
TKOi poboTH BUpoOy. Cxema min’e-
HauHst EMIT curnany micist ¢iabr-
parlii Ta yrnpasJsiFOuUX CEPBOMPHUBO-
JiB MPOTE3y 0 MIKPOKOHTpOJEpa
IIpeACTaBIIeHa Ha pucC. 7.

SERVO_5
£ F=
g SERVO_4
E‘ D 7 sl
$ Arduino | Q%
E Nano SErvp 3 EEE
=3 =
£ 0
E =
c
5 SERVO_2
Ly
w T o
=
SERvo 1 | A
S
0
()
ARDUING NANG -

48V GND

Puc. 7. Cxema nmin’equanns EMI curnany ta ynpasisounx
CEpPBOIPHBOJIIB 1O MiKPOKOHTpOJIEpa

HocaigxeHnHs: po3po0/1eHoro cepsicy

JocnimkeHHs npane3aTHocTi po3pobieHoi Bepceii
CepBIiCY PO3YMHOTO MPOTE3Y MPOBOJAMIOCH SIK JUI HOTO

Puc. 6. Y3arampHeHa GJIOK cxeMa aJropuTMy poOOTH MPOrpaMu MiKpOKOHTpOJIepa

SJIEKTPOHHOI TaK i s ¢izuaHoi Moxeni. Emextponne
MOJICITFOBAaHHS IIPOBOAMIIOCH B cepenoBui Proteus 8.

[epesipka pobotn EMI' natumka MopaeiroBasiach
Ha cXeMi IpejcTaBieHiil Ha puc. 5. A came, nepeBipsi-
J1aCh MOXKJIMBICTB 3a0€3ME€UeHHS MTiACHICHHS KOPUCHOTO
curnaiy y nosoci 30-500I'r y giarmasosi Big 100 mo 1000
pasiB. [Ins nporo Ha Bxoau IN+,IN- momaBamucs cuHy-
coimansHi curaamm ammritygamu 0.2 ta 0.1 V, 3HaueHHs
REF nopisaroBano 0 OCKiJIbKH 1€l KOHTAKT BUKOPUCTO-
BYBABCS SIK €TAJIOHHUHN ISl CXEMHU.

ITix gac TectyBaHHS QiIBTPY Ha HOro BXiJ 1MojaBa-
JIUCSI CUTHAJIK PI3HOI YaCTOTH Ha BXOAaX AaTyuky. Odi-
KYBAJIOCh, III0 CUTHAJH SKi BUXOJATh 32 3aJaHUi Jiamna-
30H MPOIMYCKY OyayTh MmocnadmroBaTHCh. Pe3ynbraT moc-
JIJPKSHHS HABEICHO Ha puc. 8.

Ha puc. 8 %0BTUM KOJIBOPOM MO3HAUYEHUN CUTHAJ
IN+, uepBorum — IN-, Ta 3enernm — iNOUT curnan. ba-
YUMO OYIKyBaHHMH pe3yJbTaT, TOOTO 3HA4HE Mocad-
nerns curaaiy (mo 1000 pa3iB) Ha gactoTax 20 I'ma 550
I'1, BiZHOCHO CHTHANIB M0 3HAXOMAATHECS Y TOJIOCI TIPO-
myckaHHs (40 ' ta 490 I'm).
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Digital Oscilloscope
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Puc. 8. PesynbraT poboTH QiIBTPY 3 4aACTOTAMHU
(@—10Tu, b—40 T, ¢ —490 T'u, d — 550 T'y)

OKpiM IIBOTO TOMIYEHO 3HAYHHIA 3CYB CUTHAITY Ye-
pe3 morany ®PUX BUKOPHUCTOBYBaHHMX (DITBTPIB, MIO
CTaHe TPEIMETOM JOJJATKOBUX JOCIIHKEHb Ha peallbHil
cxeMi y MaiOyTHBOMY.

Taxox Oys10 MPOBEJCHO TECTYBaHHS PO3p0O0IEHOT0
[13 cepgicy, 1110 peasi3yBallo 3aIPONIOHOBAHUH alNTOPUTM
(puc. 6). Ilix yac ¥foro TectyBaHHs OYyJIO BUKOPHUCTaHO
CXeMy IpeJCTaBlieHy Ha puc. 7. JlociiPKeHHS TIPOBOIH-
JIOCh y HACTYITHOMY ITOPSIIKY:

a) CEepBOMPHBOJ BCTAHOBIIOETHCS B IIOJOIKCHHS
60 rpamyciB Ta BABOAUTHCS MOBIJOMIIEHHS PO ITOYATOK
poborty;

b) orpumyemo curHam, 3UMTYEMO MaKCHMalbHE
3HAYCHHS IICIIS YOTO 3aIMCY€EMO HOTO y 3MiHHY;

C) OTpMMaHi CHTHAJIHM TIOPIBHIOIOTHCS 3i 3HAYEH-
HAM 2/3 BiJi MAKCUMAQJILHOTO 3HAYCHHSAM CUTHAIY, MiCIsI
YOro KO OTPUMAHUIN CUTHAI OiNTbIINe, BiIOYBAETHCS Tist
“CTUCKaHHS", pe3yJIbTaT BiJoOpaXkaeThCsl HE TUTBLKH Y Bi-
pTyaIbHOMY TEpMiHai, a i Ha caMUX CEPBONPHBOJIAX;

d) micns 1pOTO icHY0Ua 3MiHHA (hIary moJ0KeHHS
HaOyie cTaHy “pyx 3a00pPOHEHO”, MIKPOKOHTpOJIEp OyIe
YeKaTH IT0CIa0JICHHS CUTHAILY, @ CaMe J0 II03HAYKH B HO-
JOBHHY BiJ] MAKCUMAJIBHOTO CHUTHAIY, MICJIs 9Oro duiar
MTOJIOKEHHS 3MIHUTPH Ha CTaH “pyX TO3BOJCHO”;

€) micns TOro K (iar MOJOKCHHS MaTUME CTaH
“pyX H0O3BOJICHO” BiIOYAETHCS allTOPUTM CXOXKHHU TO ITy-
HKTY «b», oHaK Terep Oynae QirypyBaru Iie W 3MiHHA
TIOJIOKEHHSI KOTpa HE JJO3BOJIUTh BUKOHATH JIiI0 “‘CTHC-
KaHHA TOBTOPHO;

f) micis BUKOHAHOTO MYHKTY «e» BinOyaeThes mo-
BTOPHE BUKOHAHHS MYHKTY «d» 1 JaJli MyHKTY «C».

3arajoM OuiKyeThCsl HACTYITHUI MOPSIIOK Ail:

a->b->c>d->e->d->c->d->¢;

OnHak TaKoX 3a3HAYUMO 10 B Oy/b SIKWH MOMEHT
KOpPHCTYBa4 MOXKE€ IIOCHJINTH OTPUMYBAHUI HA MIKPOKO-
HTpOJIEp CHTHAJ 1 ToAi Aist “b” moBTopuThes. Hampu-
KJIa:

a->b->c->d->b->e->d->c->d->

Ha mpakrturii posrisiHemo juiie 1-if BapiaHT, OCKi-
JIbKH BCl iHIII Oy yTh 6a3yBaTHCh 32 HHOMY.

PesynbpTat MosentoBaHH pOOOTH CXEMH IS IbOTO
BapiaHTy IJI KOXKHOTO i3 3a3HAYCHHX ITyHKTIB IpHBe-
JIEHO Ha puc. 9.

AHali3 HaBeIeHUX Pe3yNbTAaTiB MOJCIIOBAHHS T0-
Kazye, 110 BCl BU3HAUCHI €JIEMEHTH POOOTH aJropuTMy
poboTu cepBicy (puc. 6) BiIIPanbOBYIOTECS Ha €JIEKT-
POHHIIT Mozieni y TOBHOMY 00Cs3i.

Takox OyJno NpOBeleHE HATypHE MOJIEIIOBAHHS
KITIOYOBUX EJIEMEHTIB CEpBiCY pO3yMHOTO mpoTe3y. B
mporieci HaTypHOTo MoperoBaHHA podotn EMI™ Ta 13
cepsicy 3amictb iatu Arduino Nano 6y:io BUKoprucTaHo
il Ginein po3BuHyTHH anamor Arduino Mega, a poGoTy
CEPBOIPHUBO/IIB IMITYBaIIA CBITIOIIOH.

[Mig wac mociiKEeHHS Mpane3JaTHOCTI OyJIo BiAT-
BopeHo cxemy EMI natumky (puc. 5) Ha peabHUX KOM-
MMOHEHTaX. EJIeMEeHTH NaT4uKy 3HAXOMWINCh Ha MaKeT-
Hiii wiati (puc. 10).

Jo ui€ei cxemu Oyno poxaHo enekrpoau (puc. 11)
sKi (iKCYIOTBCS Ha pyLi KopucTyBaya (puc. 12).

[Ticns 3amycky Makery Oyio BHKOHAHO HaIpy-
JKEHHS M’s131B, B pe3y/bTaTi Ha €KpaHi MepPCOHATBHOTO
KOMIT'IOTEpa OTpHMalyu Tpadik 3MiHH aMIUIITYId Mio-
curraiy (puc. 13).
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SERVO_1

Virtual Terminal

. UALUE S TEHA
.00

SHAL 157.00
L 0.00

. WALLE & L 157.00

Puc. 9. Pesynprar TectyBaHHS pobOTH
CEpBICY 13 CEPBONPUBOIOM

i

Puc. 11. 306paxkeHHs eIEKTPO/IiB
(3eneHuit — «+», 61Hit — «-», yepBoHUit — «REF»)

Puc. 12. 300paskeHHs €NeKTPOIIB HA PYIli KOPHCTyBava
(a — xoHTaKTH «t» Ta «-», b — koHTaKT «REF»)

Puc. 13. 3mina aMIuTiTy 11 MiOCHTHAITY
i1 9ac HaNpy>KEeHHS M ’s31B PYKH

AHari3 oTpuMaHuX pe3ynbTaTiB i3 Bimomumu [10,
11] moka3sas, 1110 3MOIEBFOBAHHUI IPUCTPIi MPAIIOE SK i
04iKyBajnioch. Takox OyJI0 MpoBeACHE TOCIIHKSHHS Tpa-
11€3/IaTHOCTI OCHOBHOTO alroputmy (puc. 6) po3pobie-
Horo I13 Ha HatypHil Mmozeni. [lepeBipsutacst 3miHa mo-
PAAKY TOPIHHA CBITIOAIOAIB (IMITYIOTH POOOTY cepBOIm-
PHMBO/IIB) B 3aJIS)KHOCTI BiJ| HAIIPY>KEHHS M’sI3iB pyku. B
pe3ysbTari JOCITIDKEHHS OTPUMAIM, L0 HAIpyXXCHHS
M’s131B IPU3BOIUTH 10 3MIHH MOPSIKY TOPIHHS CBITIONI-
ofiB (puc. 14) y moBHiil BiINOBiTHOCTI A0 OTpHUMAaHUX
pe3yJIbTaTiB €JIEKTPOHHOTO MOJICJIIOBAaHHS TECTyBaHHS
pobotu cepricy i3 cepBONPUBOIOM (puc. 9).
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Puc. 14. 3mina IOPAAKY rOpiHHS CBITIONIOAIB
y pe3ynbTati TectyBaHHs [13 MikpokoHTpoJIEepa

BucHoBKH Ta nepcneKTUBU
MoJAJBIINX JOCTiTKEeHD

B xoni BukoHaHHS maHOi poOOTH, Oyjla BUKOHAHA
po3poOKa Ta JOCITiHKEHHS CepBiCY pO3yMHHUX MPOTE3iB.

Bymno po3po0iieHo rHyYKwii B HAJMAIITYBaHHI BIIac-
Huit EMIT maTyuk, mo Mae mpoIyCcKHI XapaKTepUCTHKH
SIKI BIATIOBINAIOTH HOpMaM eleKTpomiorpadii ta pery-
JIbOBaHUi koedinieHt migcuwieHHs Bix 2 no 1000.

CrBopenwuii ainroputm 113 cepBicy n03Boisie KOpH-
CTyBayy 3a JOIIOMOI'0OI0 KOPOTKOTO HAarpy>KEHHs BUKO-
HyYBaTH [Iii CTUCKaHHS/PO3TUCKAHHS MalbliB MpoTe3a 3
BUKOPHCTAHHSIM CEPBOIIPUBO/IIB.

Po3pobneHuii mpoayKT OyII0 JOCHTIKEHO Ha €JICK-
TPOHHIH MOeTi 3a JoroMoror cepenosuma Proteus §, a
TakoX Ha (Di3MYHIN MOJerni, BUKOPUCTOBYIOUH peajbHi
KOMITOHEHTH. Pe3yIpTaToM I1bOT0 TECTyBaHHA OyII0 M-
TBEPUKEHHS (PYHKITIOHATEHOCTI PO3POOKH.

B xoxi mocmimkeHHs Oyi0 BHUSABICHO TAaKOX JEKi-
JIbKa HEeJIOJIIKIB PO3POOKH OB’ I3aHUX 3 OCOOIIUBICTIO (i-
JBTpaLil MIOCHTHAIB, SKi pa30M i3 TEXHOJIOTISIMH IITY-
4yHOrO iHTeNeKkTy [12, 13] cTaHyTh HAIPSIMKOM MOJajb-
LIIOTO MOKPALIEHHs IPOIYKTY.

3arasnom, nana pobora Mae 6€3CyMHIBHHUIH TO3UTH-
BHHI BHECOK Y PO3BUTOK MEIMYHUX TEXHOJIOTIH Ta MOXe
OyTH BUKOPHCTaHA JJIs TIOaJIBIIIOT0 BIOCKOHAJICHHS Oi-
OHIYHHX TIPOTE3iB.
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Development and research of a service for upper limbs smart prosthesis
A. Podorozhniak, S. Naimytenko

Abstract. The object of research of this work is the process of functioning of a smart prosthesis controlled by a micropro-
cessor. The purpose of this work is to research the service for a smart prosthesis of the upper limbs. The main task of this research
is the analysis of analogs of existing prostheses on the market, the choice of the type of prosthesis for development and research,
the selection of the development and modeling environment, platform and microcontroller, the software implementation of the
algorithm of the prosthesis and the study of the electronic and live service model for a smart prosthesis using myoelectric sensors.
As a result of the study of existing analogues, certain problems were identified and ways to solve them were found. The selection
of components was carried out in accordance with the task. Development and testing of the developed service was carried out based
on virtual and real-life simulation. The prospects of the developed service were determined and the great potential of the proposed
development was revealed to facilitate the life of people who for certain reasons do not have functioning upper limbs and are
financially limited in prosthetics.

Keywords: smart prosthesis, microcontroller, modeling, software implementation, myoelectric sensor.
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AKYCTUYHHWMH TA EJEKTPOMATHITHUAM BILINB KOPOHHUX PO3PAIIB
HA CTAH BUPOBHHUYOI'O CEPEJOBHUIIA

AnoTanisi. Ha ocHOBI aHami3y JOCIIKEHb MO0 IHTEHCUBHOCTI KOPOHHUX PO3PS/IiB OKA3aHO, M0 €IeKTPOMArHiTHI BH-
MIPOMIHIOBAHHS Ta aKyCTUYHHH IIyM, TeHEPOBaHI KOPOHHUMH PO3pPsAaMH, MOXKYTh MaTH HPSIMUIL Ta OIIOCEpEIKOBAHUIT He-
TaTHBHUH BIUIMB Ha MPALIOIOYMX. 30KpeMa, OIMOCEPEIKOBAHNI BIMB IOJISITAE y BIUIMBI HECTAOLIBHOCTI (DYHKIIOHYBaHHS
TEXHIYHHX 3aC00IB Ha eMOIIIHO-TICUXOJIOTIYHMI CcTaH ozaeil. Bu3HayeHo 4acTOTHI CIIEKTPH eNeKTPOMAarHiTHUX BHIIPOMi-
HIOBaHb KOPOHHHUX po3psmiB. [lokazaHo HalOLIBII MPUAHATHUI METO BU3HAYCHHS IHTCHCUBHOCTI KOPOHHUX PO3PSAAIB Y
3aJIGKHOCTI BiJ] HAMPYKEHOCTI €IEKTPUYHOTO OIS 011 moBepxHi 3emiti. [loka3ani HaOUIBII MPUHAHSATHI CITiBBiAHOLICHHS
MiX PiBHSMH KOPHCHOTO palioCUTHAITY Ta piBHAMH panio3aBaj. HagaHo criBBiJHOIIECHHS 1010 3TacaHHs PiBHIB pajio3aBaj
3 BIICTaHHIO BiJl JpKepelia BUMPOMiHIOBaHHs. HalaHO 4acTOTHY 3aje)HICTh IHTEHCUBHOCTI paziio3aBaj, o MOXe OyTH BU-
KOPHCTAHO MY BUKOHAHHI ITPOEKTHUX poOiT. [IpescTaBiieHo KiTbKiCHI 3HaYeHHS eMicii HaifO1IbII ITOMMPEHUX 0e3POTOBHX
CHCTEM Ta TEXHIYHHX 3ac00iB, a TAKOXK iX CTIMKOCTI 710 pamio3aBan (HOyTOYKH, cepBepH, MOOIBHI Tesedonu Tomro). [Toka-
3aHO, 110 Paaio3aBad MOXKYTh OyTH IPUYNHOIO HE TUIBKH HECHPHUSTINBOIO BILIMBY Ha JIIO/ICH, a i CIPUYMHATH HECTaOIbHY
poboty obnagHaHHS 00’ €KTiB KPUTUYHOT iHPpaCTPYKTYpH depe3 Herepea0auyBaHi CIIeCKH BHCOKOYACTOTHUX BUIIPOMIHIO-
Baub 10 1,5-3,5 MB1/cM?. BusHaueHo, 10 HAWOLIbII CYTTEBUM aKyCTHYHMM BIUIMBOM JIiHIH eleKTponepenadi € 3ByKOBa
gacrora 100 ', Ta kpatHi iii. KpiM Toro KopoHH1 po3psau reHepyoTh IIMPOKOCMYToBuil nryM. Hamano po3paxyHku piBHIB
mymy. [TokasaHo, 0 eMImipuyHi CIiBBITHOIIEHHS PO3PAXyHKIB PiBHIB IIyMy AEMIO HEOJHO3HAYHI, TOMY Y IPaKTHYHIN Aisi-
JIBHOCTI, 0COOJIMBO y MPOIIeCi BUKOHAHHS MPOEKTHUX POOIT, ZOUIJIBHO MOPIBHIOBATH PE3yIbTATH 3 HATYPHUMH BUMIpPIOBaH-
HSIMH Ha JiFounx 00’ ekrax. [1iBUIeHHs IHTEHCHBHOCTI ITyMY 31 30UIBIIEHHSIM KiJIbKOCTI IPOTIB y a3i pa3oM 3i 3HIKEHHSIM
HAIpPY>KEHOCT] eNeKTPUYHHUX MOJIB OISl HOBEPXHi APOTIB BiJKPUBAE MOXKIMBICTh ONTHMIi3allii KOHCTPYKTHBHHX DillleHb 3

TOYKH 30py MiHIMi3allii HECTIPUATIMBOTO BIUIUBY JIiHIN eleKTporiepeaadi Ha JIIoAei i TOBKILIS B LIIOMY.

Kaw4oBi cioBa: KOpOHHUIA po3psl, pagio3aBaan, aKyCTUIHHUHA IIyM, eIEKTPOMAarHiTHa CYMiCHICTb.

Beryn

B ymoBax cydacHOro BUpOOHMIITBA ITapaMeTpH ce-
penoBuma 3a yciMa (i3MYHAMH YHHHUKAMHU (opmy-
I0ThCS 32 paxyHOK OaraTtbox BIUTHBIB. L{e 00ymMoBIeHO sk
PI3HOMaHITHICTIO TEXHOJIOTIYHOTO 00IaIHAHHS, TaK i 30-
BHIMIHIMU (akTopamu. OIHUM 3 TakuX (aKTOpiB € KO-
POHHI PO3psIIH, 110 BUHUKAIOTh 32 BUCOKUX HAIPyr Ta
HEIITATHHUX SBUIL y POOOTI €NEeKTPOTEXHIYHOTrO 00Jal-
HaHHSI.

BinbIIicTh TOCIIKEHD 010 3MEHIIICHHS KOPOHY-
BaHHS CIPSMOBAHI Ha MiHIMI3aIlif0 eHEPTeTUIHHUX BTPAT.
AJe eNleKTpOMAarHiTHI MOJIS CepeaHiX Ta Ay)Ke BUCOKHX
YacTOT, SIKI TeHEPYIOThCSI KOPOHHUMH PO3pPSIaMH, MO-
XKYTb HECTIPUSTJINBO BIUIMBATH Ha JIIOIEH Ta CTBOPIOBATH
3aBa/iM TEXHIYHUM 3aco0aM, HAIPHUKIIAJ] KOMIT IOTepHIH
TEXHilll, 0 € OTIIOCEPEKOBAHUM HETaTHBHHUM BIIMBOM
Ha npamorodnx. KpiM Toro, KOpoHHi po3psian CynpoBo-
JDKYIOTBCSI IEBHUM IIIYMOM, SIKMH CTBOPIOE JrCcKOMdop-
THI YMOBH JJIS TIEPCOHAIY.

Ii nuTaHHS Ha CHOTOJTHI 3ATMIIIAIOTHCS Maike T03a
YBaror 4yepe3 HeBHCOKi PiBHI €JEKTPOMAarHiTHUX OB
Ta MIyMy, ajie y KOMIUIEKCI 3 1HIMUMHU (i3HIHUM BIUTH-
BaMH MOXKYTh CYTTEBO BIUIMBATH Ha SIKICTh BAPOOHUYOTO
CepeoBHIIa.

Jani nutanHs noTpeOyoTh 3’sCyBaHHs Ta BU3HA-
YeHHs 3acO0IB OILIHIOBAHHS PIBHIB 1 NUIAXIB 3HMKCHHS
BIUIMBY KOPOHYBaHHS Ha CTaH CEpPEIOBHUINA.

Orasig JiTepaTypHHX JKepesi Ta IOCTAHOBKA
3a7a4 J10CJiIKeHHsI

OCHOBHUMH MIXXHapOJHHUMH HOPMAaTHBHHUMH akK-
TaMH, siIKi 0OMEXYIOTh IHTEHCUBHOCTI KOPOHHHX pO3psi-
IIB € JIOKYMEHTH, IO PErJIaMeHTYIOTh €MICil0 Ta He-
CIPUUAHSTIMBICTD SJIEKTPUYHOTO Ta EJIEKTPOHHOT'0 00J1a-
JIHAHHS IIOJI0 EJISKTPOMArHiTHUX BIUIMBIB, HANPUKIIA]
[1, 2].

B YkpaiHi iHTCHCHBHICTh KOPOHYBAaHHS PETJIAMEH-
Ty€eTbCsl BimoMunuMm HOpMatuBoM [3]. Bin crnpsiMoBaHwuii
Ha 3HIDKEHHS BTPAT €JICKTPOEHEPTii BHACIIIOK KOPOH-
HUX PO3PS/IiB.

Lle 00yMOBIIIO€ BUKOHAHHS JOCIIKEHb 11010 PO3-
poOJIeHHsS 1 BIPOBAKEHHS 3aXOJiB 1 3ac00iB 31 3HH-
JKEHHsI BTPaT EJIEKTPOCHepPTii Ha KOPOHY.

V pob6ori [4] 3anpormoHoBaHO €roOCi6 AiarHOCTY-
BaHH JIiHIH eJIeKTpornepenadi 3a aKyCTHYHIM CIEKTPOM
KOPOHHOT'O PO3psILy.

Hocnimkenns [5] cToCyeThes TAKOK BUSBICHHS KO-
POHYBaHHS y aBTOMaTtudHOMY pexumi. L{i mocimimkeHHs
JI03BOJISIFOTH CBOEYACHO BUSIBUTH HELITATHI SIBUIIA Ta JIi-
KBilyBaTH IX.

Cepist ZOCIIKEHB Y ITIICYMKY CIIPHsIIA HAYKOBOMY
OOTPYHTYBaHHIO BU3HAYEHHS BIUIMBY KOPOHHHX pO3psi-
JIiB HA SIKICTB eNeKTpoeHepril [6]. AJe Taki JOCTi KSHHS
HE CTOCYIOTBCS PSIMOTO Ta OMOCEPEIKOBAHOTO BILUIUBY
KOPOHHHUX PO3PSIIiB Ha JFOICH.

© Bomibpyx b. B., Kosnirin O. O., Ocamuuii . b., 2023
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V pobori [7] mokazano, 0 CBOEYACHE MPOBEICHHS
periiaMeHTHUX poOIT Ha eHepreTHYHNX 00’ €KTaX MiHIMI-
3y€ BUHUKHEHHS KOPOHHU.

Le x crocyeTbest pobotu [8], ne mokasaHo, 1m0 Ha-
raJbHOI0 TOTPEOOI0 /IS 3HIDKEHHS €IEeKTPOMAarHiTHUX
BIUIMBIB Ha JIONIEH € 3a0e3neueHHs ONTUMizalii po3Mi-
LIEHHS 00Ia{HaAHHA.

Ha croromni BcTaHOBJIEHO, IO IIYM Majoi iHTEH-
CHBHOCTI, HaBiTh HU3bKOYACTOTHHIA, HETATHBHO BILIMBAE
Ha jroeii [9].

Bracitok KOpOHHUX pO3PsIiB BiZOyBa€eThCS 10HI-
3alisl MOBITPsI, ajle MPH [[bOMY HEKOHTPOJHOBAHO I'€He-
PYETBCSL 030H Ta OKCHJM a30Ty, IO IIKIJIMBO JUIS JIFO-
neil. Bracninok neionizanii atMocdepHOro mnopitps ue-
pes3 ekcrutyarariito TexHiuHux 3aco6is [10] y nmpuMitieH-
HSIX IIUPOKO BUKOPHCTOBYIOTH NMPUCTPOI ITYYHOI 10HI-
3arii MOBITPSL.

AJre OUTBIIICTD 3 HHUX TIPAIFOE 32 MPUHIUIIOM KO-
POHHOTO PO3psy, IO HETaTUBHO BIUIMBAE HA JIIOJCH
[11].

Ha cporoaHi HE po3p0O0IICHO CHCTEMHOTO ITiIXOILy
II0J10 BU3HAYCHHS CTYICHIO BIUITUBY KOPOHHHX PO3PSIiB
Ha JII0JIel y BUPOOHWYHX yMOBaX i3 ypaxyBaHHsIM HE00-
X1THOCTI 3a0e3nedeHHs eNEeKTPOMAarHiTHOI CyMiCHOCTI
TEXHIYHUX 3ac00iB

Meta po6oTH — BU3HAUCHHS IHTEHCHUBHOCTI IpOC-
TOPOBUX MOIIUPEHb ENIEKTPOMArHiTHUX IMOJIB Ta IIyMY
KOPOHHHUX PO3PSIIiB Ta BU3HAYCHHS YMOB MiHiMi3allil X
BIUTMBY Ha JIIOJCH Y BADOOHHYNX YMOBaX.

BukiageHHsl 0CHOBHOI0 MaTepiajy

Haii6inbiry iHTEHCHBHICTh KOPOHHHMU PO3pS Mae
Ha JIiHIsAX enekTponepenayi. Bin cTBoproe 3aBaau po6oTi
yCili eIeKTPOHHII anaparypi, sika BAKOPUCTOBYE Oe3/1po-
TOBHH 3B’S30K, a TAKOXK aKyCTH4HHUil mrym. Haibinbuia
IHTEHCUBHICTD pajio3aBall Ta MIyMy OOYMOBJIICHA CTpH-
MEpPHHMH pO3psilaMi Ha IPOTaX.

CrpuMepHa KOpOHa BUHHUKAE 33 OyAb-SKHX YMOB y
3aJICKHOCTI Bl HATIPYTH Ta HEOJHOPITHOCTI €IEKTPHY-
HOTO TIOJISI, aJie HAWOLIBI CIIPUATINBI YMOBH € 32 HasB-
HOCTi onajiB. HalicuipHimI paaio3aBaay i IIyM BHHUKA-
FOTh Ha BHCOKOBOJIBTHHX JIHISX IiJ Yac JoIry. Ajie 3a
CyXO0i HOr0/Id KOPOHHI PO3PSITH BUHUKAIOTh Y MICIISIX IO~
LIKOJDKEHHS 130JISITOPIB, TipisiHI, 3a0py/AHEHi JApOTiB
TOIIO.

KopoHa npuramaHHa TipisHIAM 3 YIIKOJKEHHX
a60 3a0pyaHEHUX KEPaMiYHHX 130JIATOPIB.

CHexTp 4acToT eJNeKTPOMarHiTHOrO BHIIPOMIHIO-
BaHHs Mae Aiana3oH Bif 10 kI go 1 I'Tu, ane 3aBagu 3
yactoramy, BumumMu 3a 30 MI'1 BUHUKAIOTh 32 KOPOHY-
BaHH JiHi# Hanpyramu Bix 220 kB.

IHTeHCHBHICTD pajio3aBall XapaKTepHU3y€eThCs Bep-
TUKAJIbHOIO CKJIaZ0BOI0 HAMPYKEHOCTI ENeKTPHYHOTO
T0JIs1 TOOJIN3Y MTOBEPXHi 3eMili. BoHA BH3HAYA€THCS CITiB-
BIIHOIIIEHHSIM:

2
E E
I =10lg| =2 | =2lg—=2,
S S
ne E> — HanpyKeHIiCTh eJIeKTpUYHOro IoJst Oijst moBep-
xHi 3emuti; E; — 6a3oBe 3HauenHs. Eq3a3Buyail mpuiima-
10Th 32 1 MKB/M.

TobTo, y po3paxyHKax MOXKHA BBAXKATH:
| =20IgE, .

3rigHo 3 pexoMeHaaliero Mi>kHapoIHOTO KOMITETy
3 pamio3aBaj 3a pO3PaxyHKOBY 4acTOTy OepeThcs dac-
tota 0,5 MI'm.

PiBeHB KOPHCHOTO CHTHAITY Ha LIl 9aCTOTI CKIIaae
npubnmsHo 60 n1b. Pobota pamioanapaTypu BBaKa€ThCS
CTablIIbHOIO, SKIIO KOPHUCHUH CUTHAII IEPEBUIILYE 3aBaIH
Ha 20 nb.

ToMmy 3a CIIpUSTIMBHX IOTOJHHX YMOB NPHAHST-
HUH piBeHb pamioszaBay ckianae 40 nb. 1le 3HaueHHS Bi-
JITIOB1/1a€ HANIPY)KEHOCTI eJIEKTPUYHOTO I10JIs O1iisl IoBe-
pxHi 3emi 100 MxB/m. 3riqHO YMHHAX HOPMATHBIB, TaKa
HaIPY>KEHICTh €JIeKTPHYHOTO TOJ pafi3aBajg € IOImyc-
TUMOI0 Ha Biactani 100 M Bix mpoekmii kpaTHOTO (has-
HOTO APOTY JiHii enekrponepenadi Hanpyror 330 kB Ha
3eMIIi.

Hatypri BuMiproBaHHA CBim4aTh, IO HaBeIcHa
MeKa JIOCATAEThCSl HAaBITh HA JIHIAX MEHINOI HanpyTH,
1110 00YMOBJICHO TEXHIYHUM CTaHOM apMaTypH.

PiBHI paio3aBa 3HIKYIOTBCS 3 BiICTAHHIO, 1110 ITi-
JIKOM TIPUPOJIHO.

Al =20k Igli ,
I

ne li, > — Bigcrani Bix mkepena BumpomiHoBaHHs; K —
koedimient 3racannsa. g wacror 0,15-1,00 MI'm Big
ckianae 1,6.

3aJIeXKHICTh MiX PIBHAMH pajiio3aBaj i HanpyXeHo-
CTi €JIEKTPUYHOTO I10JIsl HA IOBEPXHSX JIPOTIB JIiHIHHA 1
BIJITIOBIZIA€ EMITIPHYHOMY CITiBBITHOIICHHIO:

I -1 =K1 (Ex - Ey),

ne Ez, E1 — Hanpy»XeHOCTi eNeKTPUIHOTO OIS Ha TTOBe-
pxHsX 1poTiB; |2, |1 — BimnmoBigHI piBHI pagio3asan; Ki —
KoedimieHT npornopuiHocTi. 11 HanpykeHOCTEH MoTiB
20-30 xB/em K; = 1,8.

Coi 3a3HaYMTH, 110 B YCIX PO3paxXyHKax HAMpyKe-
HICTB €JIEKTPUYHOTIO 10JIsl BU3HauaeThes y KB/cm. 1le Bi-
JIOBIZIA€  PO3PAaXyHKOBOMY amapary, 3aTBepPKEHOMY
BIJITIOBITHUMH HAIlIOHAJTHHUMH HOPMATHBAMU.

Cu1iJ1 3a3HAYUTH, IO PiBHI paio3aBajl 3HWKYIOTHCS
31 3pOCTAHHSIM YaCTOTH €JIEKTPOMArHITHOTO BUITPOMIHIO-
BaHHs. Y miana3oni wactot 0,15-5,00 MI' piBeHs pamio-
3aBaj| MO BIIHOLICHHIO J0 iX piBHA Ha yactoTi 0,5 MI'1
BH3HAYA€THCS SK:

I :5,5[1—2(I910f)2} :

ne f—ugacrora, MI't.

Ile mae 3Mory OLIHUTH pajio3aBajy, siKi TeHepyBa-
TUME JIiHIS eNeKTpomepenadi, mo MpOoeKTyeTbes. Jns
IOTO HEOOXI1HO MaTH HailHI JaHi 010 JiHil, SKa 1e-

pebyBae y ekcIuyarartii.
Kz
|2 = Il +l,8(E2 - E1)+4O|gK— .
1

Ha croromni mpo0ieMor € HasBHICTh KOPOHHHUX
PO3pSAMIB  yCepeluHI NPUMIIIEHb, IO MPUTAMAHHE
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00’€KTaM EHEePreTUKH i YaCTKOBO 1HIINM MPUMILICHHSM,
HAlpHKJIaJ, Y SKNX BUKOPHCTOBYETHCS BHCOKOBOJIBTHA
armaparypa.

[Ipukiaagom MoxyTh OyTH BHCOKOBOJIBTHI iOHi3a-
TOPH TOBITPSL, AKi € PI3HOBUAAMH JIIOCTPH UHMKEBCHKOTO.

IIpu BU3HAuUEHHI PiBHIB €NEKTPOMATHITHOI CyMic-
HOCTi Cy4acHOI eJIEKTPOHHOI TEXHIKH CIiJ] BpaXOBYBaTH
i1 eMiciifHi BITaCTHBOCTI 00JaTHAHHS Ta HOTO CIIPHIHSAT-
JIUBOCTI MO0 eIeKTPOMArHiTHHX 3aBaj (Tadi. 1, 2).

Tabnauys 1 — PiBHI BUNPOMiHIOBAHHS 110/10
€JIeKTPOMAarHiTHOI CyMiCHOCTI anapaTtypu

Notebook -36 nbm
Wi-Fi poytep -30 nbm
Cepsep -40 nbm
MoOGineHuii TenedoH -25 nbm
DTU - T2 npuiimay -26 nbm

Tabauys 2 — YyTauBicTh 00J1aTHAHHS

be3npoToBuii Mikpodon -110 nbm
Bluetooth -90 nbm
Wi-Fi 802-11 -90 nbm
FM - mpuiimay -110 nbm
DTU - T2 npuiimay -80 n1bm

He nuBisyuck Ha MaJji 3HaUSHHS L[OJI0 eMicii Tax i
JOCTaTHIO CTIMKICTh amapatrypH, HEoOXiJHO BpaxoBY-
BaTH 3HAYHI KOJIMBAaHHS BUIIPOMIHIOBaHb Pajli03aBaIu.

Hanpuknan, y mporieci BUMIPIOBaHb MIUIBHOCTEH
MOTOKIB eHeprii y 0araTb0X BUPOOHUYMX MPUMIIIEHHSX
— JIMCIETYEPChKUX aepoIopTIiB, MAIMHHUX 3aJlaX IreHe-
paTopiB eNEeKTPOEHEPTii, JIA0OPaTOPisSX EIECKTPHIHUX
MAaIllMH CHCTEMHHM SIBUILEM OyJIM ParnToBi CIIECKH BH-
COKOYACTOTHUX BHUIpOMiHIOBaHb piBHIB 1500-3500
MkBt/cM?. e noTpiGHO BpaxoByBaTH y MPAKTUUHIM fis-
JIBHOCTI.

Bigomo, 1o akycTHYHMI ITyM IreHepy€eThCsl KOPOH-
HUMH PO3psIaMu 37€01JIbIIOT0 32 HasIBHOCTI BUCOKOT BO-
JIOTOCTI TIOBITPSI, ajie 3a YIIKO/DKEHb anapaTtypH CyTTe-
BUIl IlyM BHHUKAE 1 3a CyXoi i coHssyHOoI noroju. Excrie-
PUMEHTAJIEHO BCTAHOBIICHO, IO IIUITIHHSA BiJl KOPOHH Bi-
nnoBifae gacToTi 3Byky 100 I'r Ta kpaTHHM 11 9acToTam.
Takok reHepyeThCsl IIMPOKOCMYTOBHH IITyM.

Yacrora 100 I'n He BumaskoBa. Bona o0ymoBieHa
pyxoM 00’€MHOTO 3apsay y IpoTax JBidi 3a mepiox, 1o
BiZINOBilae poMucioBiii actoti Harpyru 50 I'u. IIpu
LILOMY CTBOPIOIOTHCS XBHJII 3BYKOBOTO THCKY.

[IIrpokocMyToBHUii IITyM T'€HEPYETHCSI CTPUMEPHOIO
KOPOHOIO.

BumiproBaHHS TakWX IIyMiB 3AIHCHIOETHCS 1 HOP-
MY€ETBCS 32 IIKAJIOI0 KOPEKIlii «A» 3 ypaxyBaHHSAM UyT-
JIUBOCTI CIyXY JIIOJUHH.

Haiibinsim cyTTeBi piBHI 3BYyKY MiJ 9ac IOLIy i Ty-
MaHy. PiBHI T'y9HOCTI IT€peBUIIYIOTh 3BHYAIHNN 3BYKO-
Buil poH Ha 5—6 nBA.

Jnis BU3HAYEHHsI TYYHOCTI MOXKHa BHKOPHUCTOBY-
BaTH €MITipUYHE CIIBBiIHOIICHHS:

L=16+114E+9r+15Ign-10Igl,

ne L — pisens ryunocti, 1bA; r — pazgiyc mpoTis, cMm; E —
MaKCHMaJIbHa HAIPYXXCHICTh €JIEKTPUYHOTO IOJIS IOBe-
PXHI ApOTIB, KB/CM; N — KUIBKICTB JPOTIB y PO3ILEIIICHI i
¢asi; | — BigcTaHp Big KpaliHEOTO (Ha3HOrO APOTY IO Mi-
CIIsS BU3HAYEHHS TYYHOCTI, M.

Cuizr 3ayBaXXUTH, IO iICHYIOTh PO30DKHOCTI IIO/0
BHU3HAYCHHS T'yYHOCTI JIiHIH eJeKTporepeaayi.

Hanpukmanm, 3acTocOByeTbCs Take CHIBBiTHO-
LICHHS:

L=20+0,0111E +900r +15lgn—-20Ig1,

ne L — piBens 3ByKy, AbA; I — pagiycu npotis, m; E —
Zifode 3HaUYeHHS MaKCUMAaJIbHOI HAIIPY KEHOCT] eIeKTPHU-
YHOTO TIOJII Ha TOBEpXHI OpoTiB, KB/M; N — KiTBKiCTH
JPOTiB y po3iieruieHii ¢asi; | — BigctaHp Bij KpaHBOTO
(azHoTO APOTY, M.

[Tpy IEOMY HaNpPy>KEHICTh EIEKTPUYHOTO IOJIS Ha
TIOBEPXHI IPOTiB BU3HAYAETHCS 31 CITIBBIIHOLICHHS:

c__CU
2\/§7Z'80r ’

U — nitoua Hanpyra, B; C — emHicts onHoro apory, @;
& — eJeKkTpuuHa crana, (8,85*107% d/m); r — paxiycu
JPOTIB, M.

V CBOIO Yepry €MHICTh IPOTY PO3PAXOBYETHCH SIK:

_ 2mgpe

CIn(d/r)

JIe £— BiTHOCHA JTieNIEKTPUYHA TPOHUKHICTh MOBITpPs, d —
CepeTHbOreOMETPUYHA BiICTAHb MIX JAPOTAMH, M.

Sk BUIHO 3 HaBeAEHHX CIIIBBIJIHOIIEHD, IHTEHCUB-
HICTh IIYMY 3pOCTAa€ MpH 301IBIICHH] KUTBKOCTI JPOTIB y
¢asi, mo 3a0e3rneuye 3HIKCHHS JOMYCTUMOI HampyiKe-
HOCTI €JICKTPUYHOTO IOJIs Ha MOBEpXHi ApoTiB. TooOTO, ¥
npolieci BAKOHAHHS ITPOEKTHUX POOIT Ta OLIHFOBAHHSI I'e-
Hepauii IyMy MOXIIMBA palioHani3allis napamerpis i3
3a0e3neueHHs IPUAHITHUX 3HAYCHD 11010 BUHUKHCHHS
KOPOHHHX PO3PSIIiB Ta reHepallii eIeKTPOMArHiTHUX Ta
AKyCTHYHHUX JIPOTIB.

BucnoBku

1. TlokazaHo, IO KOPOHHI PO3PSOH € CYTTEBHM
JDKEpeTioM pajio3aBall, fKi CIPHYHHAIOTH MPOOIEMH
I0/I0 eJIEKTPOMArHiTHOI CyMICHOCTI €JIeKTPOHHOI ara-
paTypd Ta HEraTHMBHO BIUIMBAIOTh Ha TNPAIIOIOYHX
(psiMo Ta onocepenkoBaHo). KopoHHI po3psiiu renepy-
I0Th aKyCTHYHUI IIYM Tiri€HIYHO 3HAYYIIMX PiBHIB, 110
y HO€THAHHI 3 IHIIUMH TEXHOTEHHUMH (DaKTOpaMH CKJIa-
Jla€ CyTTEBUI HECHPUATIMBUI KOMOIHOBaHU BIUIMB Ha
JIFOJIEN.

2. Hamano 4aCTOTHHI CHEKTP Ta CITiBBIIHOIICHHS
0710 BU3HAYEHHS IHTEHCHBHOCTI KOPOHHHX PO3PSIiB
Bim miHiA enexkTponepenadi. lle mo3Boisse BU3HAYHUTH
30HHU 0Oe3mevHoro nepedyBaHHs MEepPCOHANy y BiAMOBI-
HOCTI 3 III0YHMH CaHITapHO-TITi€HIYHUMH HOPMaMH.

3. BusHayeHHi 3HaYeHHS eMicii Ta CTIHKOCTI Hai-
01761 NOIIMPEHOT EJIEKTPOHHOI anaparypH, sika BUKOpH-
CTOBY€e 0€3IpOTOBI crocoOu mepenavi iHpopmarii, mo
no3Boisie  3abesneuyBarn ii  crabinbHy poboTy 3a
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paxyHOK Ii B3a€MHOT'O PO3TallyBaHHS Ta PO3MILICHHS Y  PUCTaHHS y HpoLieci BUKOHAHHS NPOEKTHUX poOiT. He-
30HaX MiHIMJIFHOTO 30BHILIHBOTO BILTUBY. 00XiZIHOI0 YMOBOIO € ITOPIBHSHHS PO3PaXyHKIB 3 JAHUMHU

4. Hanmano 3acaju BHM3HAuU€HHS DIBHIB aKyCTH4-  IIOJIO JIiHIH elekTporepenadi, siki mepedyBaroTh y eKc-
HOT'O IIyMY KOPOHHHX PO3PS/IiB, 10 AOLIJIBHO JJIS BUKO-  ILTyararfii.
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Acoustic and electromagnetic influence of corona discharges
on the condition of the production environment

B. Bolibrukh, O. Kozlitin, B. Osadchiy

Abstract. Based on the analysis of studies on the intensity of corona discharges, it is shown that electromagnetic radiation
and acoustic noise generated by corona discharges can have a direct and indirect negative impact on workers. In particular, the
indirect influence consists in the influence of the instability of the functioning of technical means on the emotional and psycholog-
ical state of people. Frequency spectra of electromagnetic radiation of corona discharges were determined. The most acceptable
method of determining the intensity of corona discharges depending on the intensity of the electric field near the earth's surface is
shown. The most acceptable ratios between the levels of the useful radio signal and the levels of radio interference are shown. The
ratio of the attenuation of radio interference levels with the distance from the radiation source is given. The frequency dependence
of the intensity of radio interference is given, which can be used when performing project works. Quantitative emission values of
the most common wireless systems and technical devices, as well as their resistance to radio interference (laptops, servers, mobile
phones, etc.) are presented. It is shown that radio interference can cause not only an adverse effect on people, but also cause unstable
operation of equipment of critical infrastructure facilities due to unpredictable bursts of high-frequency radiation up to 1.5-3.5
mW/cm?. It was determined that the most significant acoustic impact of power transmission lines is a sound frequency of 100 Hz
and its multiples. In addition, corona discharges generate broadband noise. Calculations of noise levels are provided.lt is shown
that the empirical ratios of noise level calculations are somewhat ambiguous, therefore, in practical activities, especially in the
process of project works, it is advisable to compare the results with field measurements at existing facilities. An increase in noise
intensity with an increase in the number of wires in a phase together with a decrease in the intensity of electric fields near the
surface of the wires opens up the possibility of optimizing design solutions from the point of view of minimizing the adverse impact
of power transmission lines on people and the environment as a whole.

Keywords: corona discharge, radio interference, acoustic noise, electromagnetic compatibility.

146


https://www.etsi.org/deliver/etsi_en/300200_300299/30022002/
https://doi.org/10.15587/1729-4061.2022.253110

ISSN 2073-7394

CucteMu ynpaBiiHHS, HaBiraiii Ta 3B's3ky. 2023. Ne 4

YK 697.1:621.178:697.34

A. C. Benikos, €. O. Xene3uakos

doi: 10.26906/SUNZ.2023.4.147

[IpunHinpOBCHKa NepKaBHA akajeMis OyAiBHUIITBA Ta apXiTekTypH, AHinpo, Ykpaina

BU3HAYEHHA KPUTHUYHHUX YMOB MIKPOKJIIMATY TA BE3IIEKH
EKCHJI}’ATAIIIT CUCTEM TEIIVIOIIOCTAYAHHA
IIPU ABAPIMHUX BIAKJITIOYEHHAX TEIIJIOIIOCTAYAHHA

AnoTtanisi. Merta. JlocnipkeHHS PU3HKY JOCSATHEHHS KPHUTHYHHUX YMOB €KCILTyaTallil CHCTEM TeIUIONOCTadaHHsS IpH
aBapiffHUX CHTYyalisX i3 ypaxyBaHHSAM KOHCTPYKTUBHHX ocoOIMBOCTeH OyriBens Ta 3abe3redeHHs] HeOOXiTHIX YMOB MiK-
pokiiMary. MeTtoauka. TeopeTnyHi Ta eKCliepiMeHTalIbHI JOCIIKEHHSI Ha OCHOBI ()yHIaMEHTAILHUX 3HAHb y rajy3i Te-
IUTOBUX IIPOLIECIB Ta METOJMK BHPIIICHHS 3aB/aHb TEIIOOOMIHY, METO/IIB MaTeMaTHYHOI CTATHCTHKHU Ta IIPOTHO3Y, MoJe-
JIFOBaHHA 3MiHY TEMIIEPaTyPHOTO PeXXUMY NPUMIIICHb NPH BiJKIIOYEHHSIX CHCTEM TerulonocradaHHs. Pesyasraru. IIpo-
BEZICHI JOCHI/KCHHS Ta BH3HAUYEHHI 3aKOHOMIPHOCTI KPUTHYHHX YMOB MIKpPOKJIIMAaTy OJEpXaHi IpU HATYpPHHUX IOCIHi-
JDKEHHSX Ta TEOPETHKO-CKCIIEPUMEHTAIBHUX JO3BOJIIOTH 3pOOMTH BUCHOBOK, IO OJICPXKAHHI PE3yJbTaTH AOCHIIKEHb B
MOBHI{ Mipi BiANOBIIAIOTh BU3HAYEHHIO PEaJbHUX YMOB MIKPOKIIMATy B MPUMIIICHHSX IPH aBapiiHUX BiAKIIOUEHHSAX CH-
cTeM TeruionocradanHs. [Ipy nboMy pi3HHI BH3HAYSHUX 3HaYEHb ITPOTHO3Y TEOPETHYHMX IOCITI/PKEHb 1 HATYpHHX HE Iie-
peBuiye 5%, M0 JOMYCTUMO B iH)KCHEPHUX JOCTIPKeHHX. [IpoBeieH I OCIiqHO-IIPOMHCIIOB] BUIPOOYBaHHSI 103BOJIH-
7 1ipy AeilnTax TEIIOBOi eHepril TeIIonocTayalbHIM OpTaHi3allisiM MiABUIIUTH HaliiHICTh 3a0e3NeyeHHs BCTaHOBIIe-
HOi MIHIMaJbHO JOIYCTHMOI TeMIlepaTypy BHYTPIIIHBEOTO TIOBITPSl B NPHUMIMICHHSAX, @ TAaKOX HE JOIMYCTUTH JOCSTHEHHS
KPUTHYHUX TEMIIepaTyp Ta 30UIBIINTH Yac )KUBYYOCT] CHCTEM TEIUIONOCTAuYaHHsI, 33 paXyHOK BIIPOBA/PKECHHS KOMIUIEKCHOT
CHCTEMH aBTOMAaTH30BAaHOTO KOHTPOJIO Ta YNPaBIiHHS HapaMeTpaMH MiKPOKIIMAaTy MPUMIIIEHb MPH aBapiitHO-aeiuT-
HHX CHTyallisX B CHCTEMax Teronocrayantsi. HaykoBa HoBH3HA. BCTaHOBIIGHHS 3aKOHOMIPHOCTEH BIUIMBY KOHCTPYKTH-
BHHUX 0COONHMBOCTEH OyIiBeNlb HA MATPUMAHHS YMOB MiKPOKITIMATy MPUMILIEHD [IPU aBapiifHUX CUTYAIlisIX B CHCTEMaX Te-
IUIOTIOCTaYaHHsI, IO J03BOJISIE KEPYBATH PEKUMOM TEIUIONOCTaYaHHs Ui 3a0e3MeueHHsT HeOOXiTHUX YMOB MIKpOKIIIMaTy
B NPHUMINICHHSX Ta HEJOMYNIEHHS BUHUKHEHHS KPUTHYHHX YMOB €KCIDIyaTtamii cucTeM TeruionocradanHs. IIpakTudane
3HaYeHHsl. B1ockoHaleHHsI IPOrHO3YBaHHs TPaHUYHUX YMOB JIIKBiamii HAaCiKIB aBapiiHUX CHTyalill B CHCTEMax Tel-
JIONIOCTAYaHHS JT03BOJIUTH ONTUMI3yBaTH JisTIbHICTE PEMOHTHO-PSTYBAIBHUX CIIYXKO, IO € 0COOJIMBO BaXKJIMBUM Yy 3B’SI3KYy
13 BUXO/IOM 3 JIay 3aCTapiinX CHCTEM TEIUIONOCTaYaHHs Ta OOHOBUMHU HisIMH Ha TepPUTOPIT KpaiHu.

KnouoBi cmoBa: aBapiifHi BiIKIFOUEHHS; MIiKPOKJIIMAT; 30BHIIIHI KJIIMaTHYHI YMOBH; KOHCTPYKTHBHI OCOOJIMBOCTI,

KPUTHYHI YMOBH MIKpOKITIMaTy.

Beryn

BcranoBneHo, mo mHTaHHSA 3a0€3NCUEHHS yYMOB
MIKpOKJIIMATy MPUMIIICHb OyAiBeIh Ta CIOPY. B XOJIO-
JHY TIOpPY POKY MarOTh BHHSTKOBY Ba’KJIMBICTh, OCKIJIb-
KA BOHH € OCHOBOIO 3a0€3ICUCHHs OC3MEKU >KHUTTEIi-
STIBHOCTI Ta 3/I0POB’sI JIIOJIEH.

Oco0nuBy aKkTyalbHICTh 1[I TMTAHHS OTPUMYIOTD B
yYMOBax 3pOCTaHHS B YKpaiHi YHCENHHOCTI aBapiiiHMX
CUTyalliil B cHCTeMax TEIUIONOCTaYaHHs, SIK BHACHIJOK
BHCOKOTO PIiBHSI 3HOIICHOCTI iX iH(pacTpykTypu 3ara-
JIOM, TaK i Ha3BUYAIHUX CHTYalliii BOEHHOTO Yacy.

BusHayeHi 0OCTaBUHH MEPEIIKOMKAIOTH ITiITPH-
MaHHIO HOPMAJIBLHOTO CTaHy 3JIOPOB’Sl Ta >KUTTEJiSUIb-
HOCTI HaceJIeHHs, MOXYTb IPU3BECTH 10 HENONPaBHUX
MOPYIIEHb Ta pPYHHYBAaHHS CHUCTEM >KHUTTENISUIBHOCTI
00’€KTIB, Yepe3 BUXiJl CUCTEM TETIJIONIOCTAUYaHHS 3 JIay.

ToMy, TpOBENCHHS MOCTIMKECHD 13 3a0e3medeHHs
0e3mekn eKcIuTyaTamii CHCTeM TEeIUIONOCTadaHHS IPH
aBapifHUX BIIKIIOUEHHSIX Yepe3 BU3HAUCHHS 3aKOHOMi-
pHOCTEH 3MiHHM TeMIepaTypH B HPUMIMICHHSX, TOCST-
HEeHHSI KPUTHYHOT TeMIepaTypH Ta 4acy poOOTH CHCTEM
TEIJIONOCTaYaHHsl 13 ypaxyBaHHSIM MPOCTOPOBOTO PO3-
TallyBaHHS NMPHUMIIIEHb B OyIiBIAX Ta IX KOHCTPYKTHB-
HHUX O0COOJIMBOCTEH € aKTyallbHOIO 3a7a4yero.

AHani3 ocTaHHIX gocaifxkens i mydaikanii. [Tpo-
LleC JOCIIJDKEHHS! YMOB MIKPOKJIIMary NpHUMIlIeHb IOT-
pedye BpaxyBaHHS BIUIMBY IIPOCTOPOBOTO PO3TAILlyBaHHS
MPUMIIICHHsT Y OyAiBIi Ta Jii 30BHIIIHIX KIIMATHYHHX
(bakTOpiB, KOTPi Yepe3 30BHIIIHI OTOPOHKYBAIBHI KOHC-

TPYKLIT 320€3MeYyI0Th B3aEMO/II0 MiXK 3aMKHYTHM IIpOC-
TOPOM TIPUMILIEHHS T2 HABKOJIUIIHIM CEPEJOBHIIIEM.

Sk BimOMO 13 eKcCIuTyaTaliifHOT NMPakTUKH KyTOBI
NPUMILIEHHS Ta MPUMIILEHHS i3 BEJIHMKOIO IUIOIIEO 30B-
HILIHIX OrOpOJUKYBaIbHUX KOHCTPYKIIIH, BIAPI3HAIOTHCS
3HQYHUMH TeMIIepaTypHUMH KOJHMBAaHHAMHU BHYTpIill-
HBOTO TIOBITPS. 3HAYHI TeMIepaTypHi KOJMBAaHHS CTBO-
PIOIOTH HECHPHSTINBUI BIUIMB HAa CAMOIIOYYTTS JIFO/eH
[16-19]. Tomy npoBejieHHS TOCHIPKEHb Ta BU3HAYCHHS
t;,°C TemmepaTypH BHYTPIIIHBOTO MOBITPSHOTO cepe-
JIOBHIIIA CTAJIO MPoOIeMoro croromerus [1-3].

Mera nociigxkeHHs. AnpoOarlisi pe3ynbTaTiB 10-
CJIIJDKEHHS] BU3HAUYEHHS KPUTUYHUX YMOB MIKPOKIIIMATy
MIpH aBapiiHUX CUTYAIisX Y CHCTEMax TeIJIoNoCTavyaH-
Hs 13 ypaxyBaHHSIM MPOCTOPOBOTO PO3TAIllyBaHHs IMPHU-
MIIIeHb BcepeanHi OyniBenb Ta Cropyl i KOHCTPYKTH-
BHUX OCOOJIMBOCTEH OYIiBEIb.

Metoan nocaimkennsi. Teopernuni Ta excrepu-
MEHTAaJbHI JOCIIDKEHHS HAa OCHOBI (pyHIaMEHTaIBHUX
3HaHp y Tajy3i TEIUIOBHX NPOLECIB Ta METOIUK BHpI-
LIEHHs 3aBJlaHb TEIUIOOOMiHY, METOIIB MaTeMaTHYHOL
CTAaTHCTHKH Ta MPOTHO3Y.

BukianeHHs 0CHOBHOIO MaTepiany

Y 3a5IeKHOCTI BiJl OCOOIMBOCTEH POCTOPOBOTO PO-
3TanlyBaHHS TPUMILICHHS BCEpeIHI OyAiBIi, BIUIMBY
TEIIO(I3UYHUX XAPAKTEPUCTHK OTOPOIKYBATHBHUX KOH-
CTpYKLiH Ta ii 30BHIMIHIX KIiMaTHYHKUX (akTopiB napa-
METpU MIKPOKIIIMaTy MOXYTh NpPUIMAaTh SK JOIYCTHMI
Ta ONTHUMAJIbHI, TaK i KpUTHYHI 3Ha4eHHs [5, 8, 17].

© Bemnikos A. C., Xenesuskos €. O., 2023
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BcranoBneHo, 1m0 Yy BHIIAJKYy KOJHM XapakTep
BIUIMBY 30BHILIHBOI'O CEPEJOBHUIIA Ta TEIUIOAKYMYJIIO-
BaJbHA 3/IaTHICTH OTOPOJPKYBAIBHHX KOHCTPYKLIHM €
BEJIMYNHAMHU BIJJOMHMH, TO BUHHMKAE MOXJIMBICTH OII-
TUMI3YBaTH SIK SIKICTb, TaK 1 KUIBKICTh TEMJIOBOI eHepril,
o0 € HEOoOXiAHOIO AJIS MATPUMKH BCEpeAWHI OyIiBImi
ONTUMAIIFHUX TapaMeTPiB MiKpoKITiMaTy [4—6].

B pesynbrari mocmimkens [2,3,11] BcranOoBIEHO,
mo mpu 3a0e3revYeHHi HOPMATUBHOTO 3HAYCHHS IOBIT-
PpOOOMiHY MPHUMILICHb 32 paXyHOK 30BHIIIHHOTO MOBIT-
ps B OyAIBISAX MiATPUMYIOTHCS TaKi BOJIOTICTH 1 PyXJIH-
BICTh BHYTPIIIHBOTO IOBITPS, SIKI HE 3MIHIOIOTh BH3HA-
YaJbHOTO BIUIMBY TEMIIEPAaTYPHUX MOKA3HUKIB Ha Tell-
JoBi ymMoBU. ToMy mpH po3paxyHKax 3a0e3neueHOCTI
TEIJIOBOTO PEKMMY MOKHA BPaxOBYBATH TiJIbKH TEMIIE-
parypHuil pakTOp MiKpOKIIiMaTy.

Tomy nociikeHHs 3MiH TapaMeTpiB MIKpOKIIIMaTy
MPUMIIIEHD JKUTIOBUX OYyaAiBeNb, BUKIMKAHHUX aBapiid-
HUMH CHTYalliIMH T4 BiIKIIOYCHHSIMH CHCTEM TEILIOIO-
CTayaHHs, i3 ypaxyBaHHSAM MPOCTOPOBOTO PO3TALIyBaHHS
MIPUMIIIEHb B OYAIBIAX, IX KOHCTPYKTUBHHUX 0COOIHUBOC-
Tell Ta il 30BHIMIHIX KIIMATHIHUX (PAaKTOpPiB, OTpeOye
BU3HAYCHHSI 3aKOHOMIPHOCTEH 3MIiHM TeMIlepaTypu B

¥

6000

MPUMIIICHHSX, JOCATHEHHS KPUTUYHOI TEMIEpaTypu Ta
Yyacy poOOTH CHCTEM TETUIONOCTaYaHHSI.

BuznaueHo, 1o nopyueHHs: B poOOTi CUCTEM TeTl-
703a0e3MeyeH s IPU3BOANTH O BUHUKHEHHS B MPUMI-
LIEHHSX JKUTIOBHX OYAiBeNb AUCKOM(POPTHHX YMOB,
1100} HE BIIITOBIAIOTH BHMOTaM CaHITapHHUX
HopMm[16,17].

Kpim toro, npu aBapiifHOMy BiAKIIOYECHHI Ta TpH-
BaJIOMY IIPOCTOI OOCIYTOBYBaHHS IH)KEHEPHUX KOMYHi-
Kalill TeXHI4YHI MPHUCTPOI CXWIBHI HO BUXOAY i3 Jamy
TIpH TEMIIepaTypi moBiTps B mpumMimerHi 8 °C i HIDKYE i
MOXYTh BUMaraTH 3Ha4HUX MaTepiaJbHUX BUTpAT HA iX
BiJTHOBJICHHSI B Mai{0yTHHOMY .

Hocnmimkenass Oyno TpPOBeICHO B mepiog 3
12.01.2023 mo 17.03.2023 Ha 00’€KTi: >KUTIOBHIl Oy-
JTUHOK 3a ampecoro M. Jluinpo, Bya. C. Banmepwu, 13,
KBapTHUPH [IBYX- Ta TPbOXKIMHATHI. Y KiMHaTax Oyiu
BH3HAYCHI TOYKH BHUMIpPY TeMIIEpaTypu BHYTPIIIHBOTO
MOBITPSL Ta TEMIIEPATYPH OTOPOIKYBAIBHUX KOHCTPY-
KO TPH MOJENOBaHHI aBapiiHO-AeIIUTHUX CHUTYya-
it B cucTeMax TeruionocrayanHs. Ha puc. 1 ta 2 HaBe-
JICHI CXEMH TPUMIIIEHh Ta TOYKH BHUMIpY 3 ypaxyBaH-
HSIM KOHCTPYKTHUBHHX-OCOOJIMBOCTEH PUMIILEHB.

H Cexkuis Net ke. Ne102
g g T T T ’7 T 6 -
PR — E— p— a lepednokid
Nez | 6 |k
‘ ‘ 8 Kyxtsi-cmonosa
| i | ’7 2 Tapdepob
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@ ‘ % ‘ x Tlodxus

6000

Cekuyisi Ne1 ke. Ne99
a INepednoxiti
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8 KyxHs-cmonosa
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Puc. 2. Cxema npumilieHHs TPhOXKIMHATHOT KBAPTUPU Ta TOYKH BUMIpY
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BHYTPIIIHII TOBEPXHi CTIHKH.

BukoHaHi U1 MPakTUYHUX AOCIIHKEHb TEIUIOTe-
XHIYHI BUMIPIOBaHHS, IO3BOJIMJIM BCTAaHOBHTH 3aJI€XK-
HOCTI 3MiHH TEMIIEpaTypu BHYTPIIIHHOTO MOBITPs Ta
TEMIIepaTypy BHYTPIIIHBOT HOBEPXHi CTIHKM Ta BH3HA-
YUTH MOXMOKM HATypHHUX JOCITIPKEHb Ta TEOPETHKO-
eKCIIEPUMEHTANBHUX JOCHTIHKEHB, OIepKaHIX B pOOOTI.
B sxocTi 3ac00iB BUMIpIOBaHHS 3aCTOCOBYBAJIICH
OiMeTaiYHUN TEPMOMETP i3 IDIOCKOIO CIIpAILII0 — IS
BUMIPIOBaHHS TEMIEpaTypH BHYTPIIIHHOTO MOBITPS;
mudposuit Tepmometp testo 905-T2 i3 30HIOM Temrte-
paTypu TOBEpXHi — IS BUMipIOBaHHS TEMIIEpaTypH Ha

[Ipn BH3HAueHHI pe3yJbTaTiB AOCIIIKEHHS Bpa-
XOBYBaJlaCh HEJOCKOHAJIICTh BUTOTOBJICHHS 3ac00iB
BUMIPIOBaHHS, HETOYHICTh iX IpaJylOBaHHS, BIUIMB 30-
BHIIIHIX (pi3UNYHUX YMHHHKIB (TEeMIeparypH, BiIHOCHOT
BOJIOTOCTI, €JIeKTPOMAarHiTHOTO IMIyJbCY, BiOpauii To-
o), CyO €KTHBHI TOMIIKHA OIepaTopa i psi iHIINX

YUHHHUKIB 3yMOBIIIOIOTh HEMHMHYY€ BHHHMKHEHHS ITOXH-
OoK.

Ha ocHOBI mpoBeZcHOTr0 aHami3y OJCpKaHHUX Ja-
HUX OyJjla BU3HAayeHa MOXWOKa BUMIPIOBAaHHS 3aCTOCO-
BaHMX 3aco0iB BUMIploBaHHS. [Ipy MOHTaxIi NpuiIaziB
UL BEMIpYy TeMIIepaTypd Hamu OyJi0 BpaxOBaHO, IO
TOYHICTH BUMIPY TEMIIEpaTypH 3aJEeKUTh HE TIIBKH Bij
KJIacy TIpWiIamgy, aje i BiI Micls, A€ BCTaHOBIIOIOTH
eneMeHTH nardukiB. [Ipu mpomy, Ui JaHHX YMOB BH-
MipiB TeMIepaTypu BpaxOBYBaJIOCh PO3MIIIEHHS 3aco-
0iB KOHTPOJIO TaKUM YHHOM, 100 (QikcyBamacs Haii-
OLUTBII XapaKTepHa TeMIIEpaTypa MpoLecy.

Ha ocHOBI nipoBeeHNX HATYPHUX JOCIHiIKEHB OY-
JIO BCTaHOBJEHO (puc. 3-5) 3aKOHOMIPHOCTI 3MiHM Iia-
paMeTpiB TeMIepaTypu MOBITpPS Ta TeMIeparypu Ha
MOBEPXHI OT'OPOKYBaJIbHUX KOHCTPYKLIN IIpU Moje-
JIIOBaHHI 3aKPUTHYHUX CHUTYalliil B poOOTi CHCTEMH Te-
IUIOTIOCTAYaHHS.
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Puc. 3. 3MiHa TemrepaTypu BHYTPILIHBOTO HOBITPS IS 3-X KIMHATHOI KBAPTHPH ( ==#==| — HATYPHi BUMIpPH)

25

20

15

10

6 12

18

24

25

20

25

20

15

10

12 18 24 0 6 12 18 24

— ClueHb

— JIFOTUH

—— — Oepe3eHb

Puc. 4. 3MiHa TemnepaTypy BHYTPILIHEOTO HOBITPS U1 2-X KIMHATHOI KBapPTHPH ( ==#==| — HATypHi BUMIpPH)

25,00 1 25,00 25,00 -
20,00 ! 20,00 - 20,00 4
15,00 \ 15.00 \-_ I 15,00 4
—— ’ e
10,00 10,00 - 10,00 1
5,00 5,00 5,00
0,00 0,00 I || o000 |
0 6 12 18 24 R 13 18 34 0 6 12 18 24
. —— N
=== CiYCHB — JIIOTHIA ==f§==| — Oepe3eHb

Puc. 5. 3mina Temneparypy BHYTPIlIHBOI MOBepxHi cTiHH (=== — HaTypHi BUMipH)

149



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

IpoBeneHi TOCHIIKCHHS Ta BU3HAYCHHI 3aKOHOMi-
PHOCTI OziepaHl NpH HATypHUX JOCIIJDKEHHSX Ta TEO-
PETHKO-EKCIICPUMEHTAJIBHUX JI03BOJISIIOTh 3pOOMTH BH-
CHOBOK, L0 OJICpPKaHHI pe3yJIbTaTH JOCIIJDKEHb B IOB-
Hil Mipi BiJIOBialOTh BU3HAUYCHHIO PEATBHUX YMOB MiK-
POKITIMATY B IPUMIMICHHSX MIPY aBapifHNX BiIKITIOYECHHSIX
CHCTEM TeruionocTayanss. [Ipyu mpoMy pi3HHIL BU3HAYe-
HUX 3HAYCHb MPOTHO3Y TEOPETHYHHUX NOCIIDKEHb 1 HAaTy-
PHUX He TiepeBHIIye 5%, IO JOMYCTUMO B IH)KCHEPHHX
JOCTpKeHHSIX. KOHTponb Temmeparypu BHYTPIIIHBEOTO
TIOBITPSI Y TIEpiol OXOJIODKCHHS Iependadac CBOEYACHE
BKJIIOUCHHS CUCTEMH PE3EPBHO-TIEPEPUBYACTOTO OIAJICHHS
NPH JOCSTHEHHI MIHIMaJIbHOTO 3HAYCHHS TEMIIEPaTypH.
3amnpornoHOBaHa METOJMKa MO03BOJMIA BH3HAYHUTH JUIS
oOpaHoro BapiaHTy OyZiBii OUIKyBaHy TeMIIEpaTypy
BHYTPILIHBOTO TMOBITPsS {8, KOTpa BCTAHOBUTHCS B TIPH-
MillleHH] 4epe3 4ac Z micisi NOPYUIEHHS HOPMaJbHOTO
TEIUIOBOTO PEXUMY NPH aBapidHUX BiIKIIOYCHHIX CHC-
TeM TeronoctadyanHs. [IpoBeneHi ocmiqHO-IpOMUCIIOB]
BUIIPOOYBaHHS TO3BOJIMJIM NPH Ae(iliTaX TEIUIOBOi CHe-
Prii TeronocTavaJbHIM OPTaHi3allisM ITiABUIIUTH HaIii-
HIiCTh 3a0€3MeYeHHsI BCTAHOBIICHOI MiHIMAIBHO JOITYCTH-
MOI TeMIIepaTypy BHYTPIIIHEOTO HOBITPsI B IPUMIILICHHSIX,
a TaKoX HE JOIYCTUTH JOCSTHEHHsSI KPUTHYHHUX TeMIIepa-
Typ Ta 30UTBLINTH Yac >KMBYYOCTI CHCTEM TEIUIONOCcTaYaH-
HS, 32 PaxyHOK BIPOB3KEHHS KOMIUIEKCHOI CHCTEMH

ABTOMATH30BAaHOTO KOHTPOJIIO Ta YIPABIiHHA Hapamer-
paMH  MIKpPOKJIIMAaTy NpHMIlleHb TpH  aBapiiiHo-
JNe(IIUTHUX CUTYallisIX B CUCTEMaXx TEIIONOCTaYaHHs.

BucHoBku

[IpoBeneHi mOCHiKEHHS Ta BH3HAYCHHI 3aKOHO-
MIpPHOCTI OAep)kKaHI NpH HATYPHHUX JOCIIDKSHHAX Ta
TEOPETHKO-EKCIEPUMEHTAIBHUX JIO3BOJISIIOTH 3POOHTH
BHCHOBOK, IO OJIEp)KaHHI Pe3yJbTaTh JOCTIUKEHb B
MOBHiil Mipi BiJIIOBIIAIOTh BU3HAYCHHIO PEaJbHUX YMOB
MIKpOKIJIIMaTy B MPHUMIIIEHHSIX MPU aBapiiHUX BiIKIIIO-
YEeHHSIX CUCTEM TeruionocradanHs. [Ipu nupoMy pisHULS
BU3HAUYCHHUX 3HAYCHb INPOTHO3Y TEOPETHYHUX JOCIi-
JDKEHD 1 HATypHHX HE IepeBHuIye 5%, 110 JOMyCTHMO B
IIKEHePHUX AOCIHIIKEHHIX.

[IpoBeneHHi DOCTITHO-TIPOMHUCIIOBI BHIIPOOYBaHHS
JO3BOJIWIIE TIpH Ae(ilnTax TEIIoOBOI SHEeprii TerIomno-
CTadaJlbHUM OpTaHi3alisM TiJBUIINTH HAIIHHICTH 3a-
Oe3reueHHsT BCTAaHOBJICHOT MIHIMAJIBHO JIOMYCTHMO]
TeMIlepaTypy BHYTPILIHHOTO TOBITPs B MPUMIILEHHSX, &
TaKOX HE JOMYCTHTH JOCATHEHHS KPUTUYHUX TeMIlepa-
TYp Ta 30UIBIIMTH Yac )KUBYYOCTI CHCTEM TEIUIONOCTa-
YaHHsI, 32 PaXyHOK BIPOBaKEHHS! KOMIUIEKCHOT CHCTe-
MH aBTOMaTH30BaHOTO KOHTPOJIIO Ta YNpaBJIiHHS Mapa-
MeTpaMH MIKpPOKJIIMAaTy NpPUMINIEHb IpH aBapiiHoO-
neiUTHUX CUTYallisIX B CHCTEMaX TEIUIONOCTaYaHHL.
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Determination of critical microclimate conditions and operational safety of heat supply systems
during emergency heat supply shutdowns

A. Belikov, Ye. Zheleznyakov

Abstract. Purpose: Study of the risk of reaching critical modes of operation of heat supply systems in emergency situa-
tions, taking into account the structural features of buildings and ensuring the necessary microclimate conditions. Methodology:
Theoretical and experimental research based on fundamental knowledge in the field of thermal processes and methods of solving
heat exchange problems, methods of mathematical statistics and forecasting, modeling of changes in the temperature regime of
premises during shutdowns of heating systems. Results: Conducted research and determination of regularities of critical micro-
climate conditions, obtained during field studies and theoretical-experimental studies, allow us to conclude that the obtained re-
search results fully correspond to the determination of real microclimate conditions in rooms during emergency shutdowns of
heat supply systems. At the same time, the difference between the determined predictive values of theoretical studies and natural
ones does not exceed 5%, which is permissible in engineering studies. Conducted research and industrial tests allowed heat sup-
ply organizations to increase the reliability of ensuring the set minimum permissible indoor air temperature in the premises, as
well as to prevent critical temperatures and increase the life time of heat supply systems, due to the introduction of a complex
system of automated control and management of the microclimate parameters of the premises in emergency and shortage situa-
tions in heat supply systems. Scientific novelty: Establishing regularities of influence of structural features of buildings on
maintenance of indoor microclimate conditions in emergency situations in heat supply systems, which allows to control the heat
supply regime to ensure the necessary microclimate conditions in the premises and prevent the occurrence of critical operating
conditions of heat supply systems. Practical significance: Improving the forecasting of the limit conditions for liquidation of the
consequences of emergency situations in heat supply systems allows optimizing the activities of repair and rescue services, espe-
cially in connection with the failure of outdated heat supply systems and combat operations on the territory of the country.

Keywords: emergency shutdown, microclimate; external climatic conditions, structural features, critical microclimate
conditions.
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HanionaneHuii TeXHIYHUHA YHIBEpCUTET « XapKiBCHKHI TONITEXHIYHAN IHCTUTYT», XapKiB, YKpaiHa

MOJIEJIb BY3JIA EJEKTPOHHOI KOMYHIKAIII,
IO OBCJIYIT'OBY€ TCP-TPA®IK

AHoTanisi. BaxmnBoro akTyaabHOIO IIPOOIEMOIO € aHAII3 Ta OIIHKA e()eKTUBHOCTI (YyHKI[IOHYBaHHS By3Jla €IeKTPOHHOT
KOMYHIKaIliifHOT Mepexi 3 ypaxyBaHHSIM IIOBTOPHOI Iepeaadi 3aryOIeHuX IakeTiB. PeabHa MOXKIIMBICTH IIPOBEACHHS Ta-
KOTO aHaji3y — mo0yzoBa ageKkBaTHOI MaTeMaTHIHOI MOJIENi By3/a. MeToro 3aBJaHHs € BiqUIyKaHHsS HMOBipHOCTEH mepe-
OyBaHHSI OIMCAHOI CHCTEMH Ha MHOXKHHI CTaHIB, 3HAXOKEHHSI HIMOBIPHOCTI BiJMOBH CHCTEMH Ta HMOBIPHOCTI iHIIiOBaH-
HS MakeTy, mo crpuMye Tpadik. [1o0ymoBaHO MOzeNs By3i1a eIeKTPOHHOI KOMYHIKaiiHOT Mepexi, sika 6a3yeThCcsl Ha Ma-
TEMaTUYHOMY arapary CHCTEM MacoBOTO OOCIyroByBaHHS. Moenb BpaxoBye 30epiraHHs KOIiM MepeJaHuX IaKeTiB A0
MOMEHTY OTPHUMAaHHs MiATBEPIKEHHS PO BAALY IOCTABKY, IHAKIe BOHH 3HOBY CTABIISTBCA Y YEpry OOCIyrOBYBaHHS.
OTtpumano $HopMynn po3paxyHKy HMOBIPHOCTEH CTaHiB TaKOi CHCTEMHU.

Kaw4oBi cioBa: elexkTpoHHa KOMYHIKalliifHa Mepexka, By30JI, MOAEIb, CHCTEMa MaCOBOTO OOCITyTrOBYBaHHS.

Beryn

Po3Burok iHdopManiiHUX TeXHOJIOTIH 3a4inae Oa-
raTo rajxy3ed HapOJHOTO TOCIONAapCTBa, a 3aCO00M Iie-
pemadi HaHUX € CNeKTPOHHI KOMYHIKamiiHI Mepexi
(EKM). EKM MO0XyTb BUKOPHCTOBYBATH Pi3HY TOIIOJIO-
Tifo, MapmpyTH3alilo, Ta MPOTOKOIH Tepenadi NaHUX.
Bimomi mpotokonu tparcmopTaoro piBHa TCP ta UDP
BiIpi3HSIOTECS THM, o TCP rapanTye mocraBKy make-
Ty, a y pa3i BTpaTH NakeTy, OCTaHHIN By30J, siKuil 30e-
pirae Horo Kormito, 3MyIIEHHI MOCWIATH HOTO MOBTOP-
HO, TUM CaMHM IIIBUIIYIOYH HaBaHTa)XEHHS Ha BY30II
EKM. IlixgBuIiieHHs: BTpAT MAKETIB MigBHUILY€E Tpadik 3a
paxyHOK MOBTOPHHX Hepenady, 10, Y CBOK 4epry mil-
Buiye BTpatu. OYeBHIHO, IO Y pa3i YaCTHX HEBAAINX
mepenad Komil makeTiB OyqyTh HaKOIMHMYIyBaTHCS, 3a-
HMaro4YM mam'siTb MapuIpyTH3aTopa, 0 MOXKe IPHU3BEC-
TH A0 CHUTYyallil, KOJH BY30J MEpexXi BiIMOBIATHME B
puiioMi Ha 0OCIYTOBYBaHHS HOBUX MAKETiB.

[ndopmanito mpo Te, M0 MakeT JaHUX INEeperaBCs
BIAJI0, MapIIPyTHU3aTOp Mi3HAETHCS, OTPHMABIIN Bij
By3JIa-TIpuiiMada ciry)kOOBHH IakeT, 10 MOBIJIOMIISE
PO BJAJe MEPECHIAHHS, TOMAI KOIisl MakeTa 3 mam'siTi
BHJIYYa€THCS, 3BUTBHIIOUN MicIe JJIS TaKeTiB, M0 Haj-
xomath [1, 2]. YV cBoro wepry, 30iIbIIeHHS maM'sTi Ma-
pIIPYTH3aTOpa 3HMKYE KiNBKICTH BiJMOB, ajleé TaKOX
MIPU3BOJUTH JI0 MIOMITHOTO ITOCTIHHOTO 3HMIKECHHSI IIBH-
JKOCTI poOOTH amapary 3 nepenadi nakeris [3].

1. Anani3 JiTepaTypu Ta NOCTaHOBKA
3aBJAaHHSA JOCTiZKeHHS

BaxmBoro akTyaqpHOIO HMPOOJIEMOI0 € aHaji3 Ta
OIiHKa e(eKTHBHOCTI (PYHKI[IOHYBaHHS BYy3Ja €JIEKT-
POHHOI KOMYHIKaIiifHOT Mepexi 3 ypaxyBaHHSM IIOBTO-
pHOI mepenaui 3aryOjeHuMX makerTiB. PeasibHa MOXIH-
BICTH NPOBEJICHHS TAKOTO aHallizy — Mo0yaoBa aJeKBar-
HOi MaremaruuHOi mMozen By3na EKM. Haii6inbmi pe-
3yJIBTaTH MOJICIIIOBaHHS Mepe OyJI0 OTPUMAaHO 3 BUKO-
pPHUCTaHHSIM MaTEeMaTHYHOrO amapary CHCTEM MacOBOTO
oOciryroByBaHHS [4].

Posrnsaemo mopens By3na EKM, Ha BXinm skoro
HAIXOAATh MAKeTH 3 JUKepela 3 IHTeHCUBHICTIO /; . Ila-

KeTH, MmO NpHOYyIH, OOCIYTOBYIOThCS (TIEpPEeHarOThCS
HACTYIHOMY BY3JIy 3a MEKaMH MOJIENi) 3 iHTCHCHUBHIC-
TIO (4, a IX Komil HOMINIAIOTBCS Ha 30epiraHHi y

nam’sti Bysna EKM 1o miaTBeppkeHHS Mpo yCHilIHY
JOCTaBKy (cneuiayibHui ciryx0oBuii naker). [licns mpo-
ro MakeT i3 JaHWMH BUAAISIETHCS 3 MaM'aTi. 3aaamo
IHTCHCUBHICTh BHIAJICHHS MakeTa 3 maM'sati y pasi yc-
TIIIHOI ITepeaadi - 4, .

SIkuio BiJnpaBieHUWil MakeT HE Jocsrae ajpecara,
Horo pesepBHa KOIIisl MEPEMIIAETHCS Y 3arajibHy 4epry
JUTSL IOBTOPHOI BiAMPaBKH.

Hexaii iHTCHCHBHICTDh MOSIBH MOMHJIOK Iepeaadi
OJTHOTO TIaKeTa JOPiBHIOE A .

[am’ste By3na EKM Mosxe BmicTuTH B c00i N mMa-
KETIB, cepell sIKUX MOXYTh OyTH SIK KOIii BXke mepena-
HHUX TIAKeTiB, 110 YCKAIOTh HA MMIATBEPIKCHHS, TaK i
HOBI, ITOCTAaBJICHI JI0 Yepru Ha OOCIyroByBaHHs (mepe-
Jaqy).

Bimomo, 110 iHTepBa M MK HaIXOMKCHHIMHU IIa-
KETIB Ha BXiJl By3Jla, IX Nepelaueto, MosiBOI0 MOMHIIOK
Ta BUIAJICHHSIM YCIIIIHO NMEpeaHnuX IaKeTiB, pO3Ioi-
JIeHi eKCIIOHEeHTHO [5].

Toni na aHamizy cucreMu Moxe OyTH BHKOpHC-
TaHWI MaTeMaTUYHUH arnapaT CUCTEM MacoBOTO 0OCIy-
roByBaHHs [6].

[MoOGyxyemo rpad craHiB Ta mepexojiB OMHCaHOI
cucremi (puc. 1).

Tyt By3ny rpady (i, j) Bimnosimae cram, xomu y
cucTeMi 30epiraroThCs | KOMii Pi3HUX MepeaHuX Make-
TiB, 110 YEKAIOTh HA IMiITBEPKEHHS MPO YCIHIIIHY JT0C-
TaBKy ajpecary, Ta j HOBHX ITaKEeTiB y 4ep3i, Mo OUiKy-
IOTh TIepeiadi.

TakuM 4MHOM, METOIO 3aBIAaHHS € BiJIIyKaHHS
HMOBipHOCTEH TIepeOyBaHHS ONHCaHOI CHCTEMHM Ha
MHOXHHI CTaHIB, 3HAXOJ/[KCHHS WMOBIPHOCTI BiIMOBH
CHCTEMH Ta HMOBIPHOCTI IHII[IIOBaHHS IIaKETy, IO
crpumye Tpadik [7-9].
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Puc. 1. I'pa¢ craniB Ta mepexoAiB CHCTEMH Mepeaadi makeTiB

2. OcHOBHI pe3yJbTaTH

P03i0'eM0 MHOXXHHY CTaHIB CHCTEMH Ha IiJMHO-
JKIHU B TaKuid ciocio (puc. 2).
VY rpyny E; morpamnith e1eMeHTH, CyMa iHIEKCiB

y AKHUX JIOPIBHIOE | , HATIPUKIIAT,
EO = {(O, O)} ’ E]_ :{(l, O)v (011)} )
E; ={(2,0), @.1), (0.2)}.
CkiazieMo piBHSHHS OajaHCy Iyl OTPHUMAaHOTO
rpacga:
taoR = 401F =0,

1Py + 201 Py — (A2 + 119)P =0, 1)

Puc. 2. I'pa¢ rpynoBaHux cTaHiB Ta epexomiB

Tyr P - ¥iMoBipHicTH mepeOyBaHHS CHUCTEMU B
rpynoBoMy cTaHi K, gy 1 - iHTEHCHBHICTh MepexoaiB
3 rpynosoro ctany K B rpynosuit ctan K -1, 4 . -
IHTEHCHBHICTD IIEPEXO/iB 3 TPyMOBOro crany K B rpy-
mosuii ctan k+1, k=0,1,2,...,n.

Bgenemo lﬁl,k—i - YMOBHY HMOBIpHICTh mepely-

BaHHs CHCTEMH B |-My cTaHi K -ro mapy, 3a yMoBH
3HAaXOJKEHHS B I[bOMY IIapi.

Toni HMOBIPHOCTI MEPEXOiB MIXK IIapamMu JOPiB-
HIOIOTb

k
Mxs1 =D MR i =

=) Ri=4
i-0
k A
Hi k-1 = Zkﬂzpl,k—i =
- . ®3)
=k ) B ki = Kita.

i=0

Iepenumemo piBHSHHS OanaHCy 3 yMOBOO (2)-(3).

#oP = 4Py =0,
2p7Py + 4Py — (4 + 12)R =0,
BugP3 + 4P — (4 +2u)P5 =0, 4)

Beenemo zp =Kk B — 4R -
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BukoHaBmIu miACTaHOBKY Z) B (4), OTpUMaEMO M . .
BBenemMo p =—=, nNpuUBECHY IHTCHCHBHICTb TO-
Zl = 0, /12
2, -2, =0, TOKY, 1[0 HAIXO/IUTb. i
23—, =0, (5) 3a yMOBU HOPMYBaHHs Z R =1 orpumaemo
i=0
z,=0. 2 3 n
n P+ pPy+ 2Py + 2Py +..+ LRy =1,
. 2! 3! n!
3Bi/ICH 3HAXOAUMO
Z, =k - =0. 6 2 3 n
k= KepP AP ©) PO(1+,o+p—'+’0—|+...+p—I =1.
Buxopucrosytoun (6), BupasuMo HWMOBIpHICTH 2t 3 n:
cTanis crcTemy sepes Fy . Ockinbku 3 (Qi3UIHUX MIPKyBaHb 3pO3YMLIO, IO
A M < o [XX], TO [ HOCTATHBO BEIMKOTO N MAEMO
R=—"h,
Ho 2 3 n
14 p+2 12 4 1P seP,
M M A 21 3! n!
241 21y 1y Toni
2 1
_ /112 PO, PO ~ e P
2445 [pu oMy
A A A -p Kk
p=lp A ﬂl_lpoz Pk:epp |
Bup Bty 2y 117 k!
_A g ' k=01, ..,n. %
=—5R;
3445 TakuM YHHOM, 3HaHACHI WMOBIPHOCTI TPYHOBUX
_______________ CTaHIB CHUCTeMH. 3HaWAEMO TeTep pO3MOALT HMOBiIpHOC-
Tel CTaHIB ycepeIHi KOXXHOTO Iapy.
k . .
A M Posrisinemo rpa¢ craHiB Ta nepexoxis mms K ma-
Pk:_ Z—Po, k=1,2, N
Kt K1k py (puc. 3).
Kh : 39'“2/-""& 23 P i
I
I
K Ky My My

Puc. 3. I'pad cranis i nepexoais ais K-ro mrapy

CkiazieMo piBHsHHS OajaHCy JUisi po3riisaeMol  sika cuctemy (8) MPUBOIUTH JI0 BUTIISLY

Mepexi: Z,=0
ZoPika - 1Pk =0, Z,-2, =0,
22,P By — APy g — Z3=2, =0,
2Pk o+ mPok =Rk
_/ulpl,k—l = 0' Zk — O
......................... (8) 3Bixcu BurumBae, wo Z; =0, i=1,..,k

(+D APk is1) + 4P 1k—(i1) —

A . i, ome, 4Ry i —mP 1k (i1 =0
1R ko PR k=i =0,

......................... Toni |51,k—1 = % FA)O,k ’
k2P0 — 1411 = 0. 2
BukoHnaeMo miICTAaHOBKY 3MiHHHX Is2,k—2 = 2/171 Is1,k—1 = 2#_1& AO,k = /1_12 ISO,k "
2 A A 2104

Zi =i2R i — 1P k()
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M 3 Moo
R.i=—=B_ i in="P:,
1,k—i iﬂ.g 1-1,k—(i-1) i!ﬂé 0,k
i=12,..,k.
M
Bsenemo a—l—. 3 yMOBH HOPMYBaHHS
2
k A
Z R k—i =1 orpumaemo
i=0
2 3 k
A a - a” & a” a a a
PO,k +EPO,k +EPO’|< +§P0,k +...+ﬂ PO,k Zl,

Pok

2 3 k
l+g+a—+a—+...+a—J:1.
o2t 3 k!

AHAJIOTIYHO TONEPEIHHOMY, MAEMO

Pok =€
IIpu upomy
-a i
Rk = =12 k.

Takum 4rHOM, 3HAHIGHO YMOBHY HMOBIPHICTB Tie-
pebyBanus cuctemu B ctani (i,K —i) 3a ymoBu mepe0y-

BaHHs B K 1mapi.

Toni Ge3ymMOBHAa HMOBIPHICTH 3HaXOJDKEHHS CHC-
temu moxe (i, J) mopiBHIOE

pitigl (o)
(i+ )i

BucHoBok

Rj=RirjxRj=

Takum 9YrHOM, OYJIO OTPUMAHO CITiBBITHOUICHHS IS
pO3paxyHKy HMOBIpHOCTElH mepeOyBaHHS CHUCTEMH Ha
MHOJKUHI CTaHiB.

Topni HMOBIPHICTE BiIMOBH PO3PaxOBYETHCS SIK HIMO-
BipHOCTI repe0yBaHHSI CHCTEMH y N Imapi

n n i n

P o pta) X _P p

o= 2 Ry = e
i+j=n : i=0

a IMOBipHICTh BUKHIAHHS By310M EKM crpumyrodoro

naketa [10] mopiBHIOE HMOBIpHOCTI mepeOyBaHHS CHC-

TEeMU B TPYNOBOMY CTaHi, HOMEp SIKOTO OOYHCIIOETHCS
SIK HalMCHIIIC 1IiJIe, SIKe OLIbIIe HiXk [O.S*ﬂ . Kopucno

Oyyo O 3ampoBaUTH KPUTEPIiil, 0 BU3HAYAE CEPEIHIO
KUTBKICTh NepelaHuX MaKeTiB B OJIMHHULIIO Yacy

n= m(/llv n)(l_ PomK (ﬂ“ll M2 n)) )

ne m(A,n) - yMOBHa cepelHs KUIBKICTh IaKeTiB, sKi

BY30JI TOTEHLIIHHO TOTOBHUH NepeliaTh 3a YMOBH BiJICYT-
HOCTI BiJIMOBH.
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Model of an electronic communication node handling TCP traffic
V. Voronets, P. Pustovoitov
Abstract. Animportant current problem is the analysis and evaluation of the efficiency of the functioning of the node of

the electronic communication network, taking into account the retransmission of lost packets. The real possibility of conducting
such an analysis is the construction of an adequate mathematical model of the node. The goal of the task is to find the probabili-
ties of the described system being in multiple states, to find the probability of system failure and the probability of initiating a
traffic-blocking packet. It was developed the network node model based on the mathematical tools of the queuing theory. A mod-
el takes into account the storage of sent packages copies until the moment of successful delivery confirmation receiving; other-
wise they are again enqueued on service. The formulas to estimate the probabilities of system states are got.

Keywords: electronic communication network, node, model, mass service system.
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ANALYSIS OF METHODS FOR DETERMINING THE QUALITY OF FUNCTIONING
OF TELECOMMUNICATION SYSTEMS

Abstract. The rapid development and spread of information and communication technologies is taking on the character
of a global information revolution today. Users have a need for communication services that can be flexibly configured.
Next Generation Networks (NGN) - the modern stage of development of telecommunication networks (TCN) - represent a
single transport platform on the basis of which various types of services are combined. One of the main aspects that should
be taken into account when designing NGN is the provision of appropriate quality of service. With the introduction of
multi-service networks, the approach to the task of service level based on the requirements of the users themselves for the
quality of services becomes predominant, which requires the improvement of methods of managing the quality of services
in TCN. The analysis of the works of domestic and foreign scientists regarding service quality management in TCN
indicates the need to improve service quality management methods. It should be noted that in the works on the quality
management of telecommunication services (TCS), attention is mainly paid to the technical indicators of the quality of
services, while the development of effective methods of taking into account the user's opinion in managing the quality of
services is currently relevant. The existing subjective methods of assessing the quality of TCS take into account the quality
of the transmitted media information based on expert assessments, but do not provide a full assessment of the quality of the
service by the user. The ITU-T recommendations describe different points of view on the quality of service, but do not
provide specific methods for evaluating and managing the quality of TCS taking into account the opinion of the user. It is
the unsolved task of comprehensive assessment of the quality of services in next-generation TCN that determined the

purpose of this work.

Key words: network, service, internet, protocol, control, session, quality of service, user interface.

Introduction

Currently, global networks (Wide Area Networks,
WAN) are used to provide information and
communication services to a large number of end
subscribers scattered over a large area - within a region,
state, continent or the entire globe. Considering the long
length of the communication channels, it is necessary to
provide the necessary bandwidth of the channel,
constant support in working condition of hardware and
software nodes of the network, which are scattered over
a large area. The main requirement for networks is to
provide users with access to the resources of all
computers connected to the network [1].

Research and analysis of the state and constant
monitoring of telecommunication networks is an urgent
task. Telecommunications monitoring is: observation,
selection based on certain characteristics, processing
and registration of a communication session in
telecommunications networks using the
telecommunications network monitoring system [1].

At the monitoring stage, the procedure for
collecting primary data on the operation of the network
is performed: statistics on the number of packets of
various protocols circulating in the network, on the state
of ports of hubs, switches and routers, etc.

According to the state of the primary parameters of
the telecommunications network, the above-mentioned
parameters of the network are determined. Let's call the
current state of the telecommunications network the set
of current parameters of the telecommunications
network measured in a given time interval. Thus, under
the monitoring of the telecommunications network we
will understand the collection and recording of the
current state of the telecommunications network in a
given time interval. Let's call the normal state of the

telecommunication network the set of parameters of the
telecommunication network, which are established by
the regulation of its operation in a given time interval.

Thus, under the analysis of the
telecommunications network we will understand the
process of comparing the current and normal states of
the telecommunications network in a given time
interval.

By the result of the analysis, we will understand
the set of recorded values of discrepancies between the
current and normal state of the telecommunications
network for each parameter. The task of analysis
requires more active human participation and the use of
such complex tools as expert systems that accumulate
the practical experience of many network specialists.

The received information about the operation of
the telecommunications network can be analyzed with
varying degrees of depth or detail.

Analysis of recent research and publications.
The relevance of the study of this issue is confirmed by
the analysis of the works of scientific workers and the
opinions highlighted in these works in magazines,
collections of reports of conferences held in our country
and abroad. In this connection Khlaponin Y., Zhyrov G.
investigate  the problems of monitoring of
telecommunication networks based on intelligent
technologies [1]. In the research work Mozhaiev M.,
Peresichansky V., Roh V., Bellorin-Herrera O. consider
method of analysis of quality indicators of computer
network of information system of critical application
[2]. Tykhvinsky V. pays attention to Management and
quality of services in GPRS/UMTS [3]. Also, the focus
of scientific research is the analysis of issues principles
of architecture of intelligent networks [4]. A number of
works by domestic and foreign scientists are devoted to
the study of the ITU-T Recommendation [5].
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Main part

One of the most urgent issues in the provision of
communication services is the issue of service quality.
A high level of quality is important both for the user and
for the service provider, while it is important to
guarantee the quality of the services provided, when the
user has the opportunity to choose the level of service
he needs, and the service provider undertakes to provide
this level. Authors such as P. Ferguson, R. Huston
addressed issues of service quality for all services
supported by the NGN network. Regulation of
heterogeneous traffic flows was considered by the
following authors: Ya. Wang, S. Patek, E. Liebeherr.

Level of quality

assessment
r———— - - -
I
| User level
I
'_ _______
Service level

Service platform
(voice, video, data)

Quality issues are considered in ITU-T
recommendations [2]. Quality assessment in the next
generation network is carried out at three levels: — at the
user level, indicators of a person's subjective judgment
are assessed, for example, a subjective assessment of the
quality of perception of a particular type of information;
— at the level of services, various aspects of service
quality are evaluated, such as data transfer speed,
coding mechanisms and much more; — at the transport
level, the quality of network functioning is evaluated:
delays, losses, delay variation, etc. In the work of
Tykhvinsky a three-level quality assessment model and
the corresponding assessment parameters are given

(Fig. 1) [3].

Quality indicators

——————— i
|

Quality of service l

(QoS) |

|

_______ |
|

|

Network Performance |
Quality (NP) I

|

_______ N

Fig. 1. Three-level quality assessment model

The MCE-T model is sufficient, covers all planes
and network components of NGN. It not only includes
ETSI TISPAN solutions, but also complements them.
However, the works of MCE-T are of a general nature,
so the use of this model in practice is complicated.

Therefore, it is necessary to improve the methods
of managing the quality of services using ITU-T
recommendations and to develop specific procedures for
the implementation of the process of ensuring the
quality of services in next-generation
telecommunication networks, taking into account the
opinions of users.

One of the main aspects that should be taken into
account when designing NGN networks is ensuring the
quality of service. The issue of ensuring the quality of
communication services is relevant, and currently about
12 large international organizations are dealing with this
issue, including: ITU-T, ETSI, 3GPP, DSL Forum,
CableLab, etc. [4].

Quality of service (QoS) is a set of characteristics
of a telecommunications service related to its ability to
satisfy established and anticipated needs of the user
regarding the service (the definition is borrowed from
the 1SO 8402 standard). For a comprehensive

assessment of QoS, it is necessary to consider both the
level of QoS planned and actually achieved by the
service provider, and the subjective assessment of QoS
by the user.

QoS management can be explained by applying
four perspectives on QoS. These views cover all aspects
of QoS - from the point of view of the provider and the
user (or client) of the service. The four views of QoS
are: customer QoS requirements; QoS offered by the
operator (or planned / targeted QoS); QoS achieved
(provided) by the operator; customer perception of QoS
(QoS evaluations based on survey results). (Fig. 2)
shows the relationship between the user's and the
operator's points of view on the quality of services [5].

‘ Client/User ‘ ! ‘ Operator
1
Customer's QoS ! N QoS offered by
requirements I ] provider
—Ti. 1 ,1,
1 )
QoE, Customer's QoS QoS achieved by
experience 1 . provider
1

Fig. 2. Point of view on the quality of services
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The quality of perception (Quality-of-experience,
QOE) is the acceptability of the service or program as a
whole, which is subjectively perceived by the end user.
The quality of perception takes into account the
influence of all aspects and participants of the service
provision (user, terminal, network, etc.). The
acceptability of the service may depend on the user's
expectations.

Parameters
perception:

— network efficiency ratio (NER);

— delay in providing the service;

— quality of provided media information (MOS /
R-factor).

Customer's QoS requirements determine the level
of service quality required by customers. The criteria
and parameters that determined this level are reflected
in the requirements. QoS offered by the operator (QoS
offered by provider) is a list of clearly defined
requirements that can be used: as a basis for forming
SLA (Service Level Agreement); for the operator to
declare the level of quality available to users; as a basis
for planning and maintaining the service at a given
level; as a basis for users when choosing an operator
that provides the most acceptable level of service
quality. QoS achieved by the operator (QoS achieved by
provider) is the level of service quality actually
provided by the operator. It can be used: by customers,
the regulator as a basis for comparing the level of
service quality offered by the operator and actually
provided, and checking the fulfillment of the SLA,;
operator as a basis for corrections. QoS perceived by the
client (QoE, Customer's QoS experience) is the quality
of services perceived by the client and expressed in the
form of an assessment. It is based on customer surveys
and characterizes the customer's opinion regarding the
quality of the services received. These data can be used
for: comparison with the proposed level of service
quality and determining the reasons for deviations;
planning corrections. When determining the quality
criteria of a telecommunications service, it is necessary
to take into account these various views. (Fig. 3) shows
the relationship between Quality of Service and
Network Performance [5].

affecting the quality of service

Quality os service (QoS)

/’r'// HHM
’ -
Parameters of network
operation (Network Offline options.
perfomance)

For example, the
number of bit errors,
the loss ratio, etc.

For example, tariffs,
response to
complaints, etc.

Fig. 3. Relationship between Quality of Service
and Network Performance

Parameters of network performance (NP) - the
network's ability to provide functionality that ensures
user interaction: IPTD - information transmission delay,

IPDV - delay deviation, IPLR - proportion of
information loss, IPER - proportion of errors. Based on
the analysis of the state of the issue, it can be concluded
that MCE-T presented the most complete description of
the concept of service quality, taking into account
different points of view, but did not provide specific
ways of calculating and forming a comprehensive
assessment of service quality. Let's consider the
developed methods of taking into account subjective
quality indicators when forming a QoS assessment.

The rapid development and spread of
communication technologies is taking on the character
of a global information revolution today. Subscribers
have a need for communication services that can be
flexibly configured according to their requirements.
This requires the development of evaluation methods
and effective consideration of the user's opinion
regarding the quality of services. Satisfying user
requirements includes both technical (network
performance parameters) and non-technical (user
service) aspects. The analysis of scientific and technical
literature  shows that the development of
telecommunication  technologies  exacerbates the
problem of ensuring high quality of services, presenting
ever-increasing demands on various aspects of their
functioning. The urgency of improving and developing
new methods of assessing the quality of
telecommunication services is also due to the need to
form a comprehensive assessment of the quality of
services, which takes into account the contribution of all
participants in the process of creating and providing the
service. To date, various models have been developed
for evaluating and managing the quality of services,
which mainly take into account the technical indicators
of the quality of the telecommunications network. To
evaluate subjective indicators, MOS scores are used,
which, however, also do not give a complete picture of
service quality.

Despite the large number of works in the field of
managing the quality of telecommunication services, the
question of taking into account the opinion of users in
managing the quality of services remains unresolved.
When developing methods of managing the quality of
services, it is rational to use a systematic approach: the
problem of quality assurance should not be solved in
isolation, but in the unity of relations with the
environment - by the user. The existing methods of
taking into account subjective quality indicators were
analyzed and the methods of fuzzy logic and neural
networks were chosen.

On the basis of the chosen methods, existing
approaches and recommendations, it is necessary to
develop a method of taking into account the opinion of
users when managing the quality of services. At the
same time, the contribution of various parties -
participants in the process of creating and providing the
service should be taken into account, and indicators
should be grouped depending on which of the parties is
responsible for their provision. The completeness of the
assessment is ensured by the formation of a set of
quality indicators, which should characterize the degree
of satisfaction with all or most of the properties of the
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services intended for the user. To select the quality
indicators of a certain service, it is necessary to assess
the impact of these indicators on the degree of user
satisfaction with the quality of the service. At the same
time, it is necessary to avoid the redundancy of the
system - there should be no more than 4-6 indicators in
each group. To assess the degree of user satisfaction
with the quality of services, it is necessary to define
sub-criteria that take into account the participation of all
parties in the process of creating and providing services.
When forming the degree of user satisfaction with the
quality of services, the significance or "weight" of each
of the quality indicators should be taken into account.

The possibility of  forecasting  network
development needs should be considered based on a
comparison of the current level of user satisfaction with
the quality of services and the required value. To
evaluate the effectiveness of the developed methods,
simulation models should be developed.

QoS parameters are user-oriented and refer to the
service as a whole, while network performance
parameters may or may not be end-to-end. Although
QoS  parameters and  network  performance
characteristics differ in essence and serve different
purposes, it is clear that there is an internal relationship
between them, some have a direct or indirect, and
sometimes even inverse effect on the other. Based on
the fact that QoS is a measure of "the degree of user
satisfaction with the service", it is possible to assume
that ideally subjective measurement methods should be
used to determine the quality of service. However,
subjective measurement is a complex and time-
consuming process.

Objective measurements of network performance
parameters can be used to identify and analyze specific
QoS problems associated with network operation. The

QoS measurement policy should take into account the
parameters affecting the resulting quality of service
between a number of aspects of the communication
network architecture [1-5].

Thus, to obtain a complete picture of QoS, both
methods should be considered - objective and
subjective. Objective measurements are performed in
case of determination of network performance
parameters and other QoS parameters, which can be
presented in quantitative form.

Subjective measurements are performed in the case
of subjective aspects, and are also subjected to
numerical expression of parameters, if the customer's
perception of the quality that they think they receive is
determined.

Conclusions

The principles of building telecommunication
networks of the next generation have been studied. It is
shown that the rapid development of information and
communication technologies causes an expansion of the
range of services provided.

On the basis of the conducted study of existing
methods of taking into account the opinion of users
regarding the quality of services in NGN, the necessity
of developing methods that allow determining the level
of quality of telecommunication services from the point
of view of users is shown.

Based on the analysis of existing methods of
evaluating and managing the quality of services in next-
generation networks, the need to improve existing and
develop new methods and approaches to managing the
quality of telecommunication services, which must take
into account both the technical characteristics of the
network and the opinion of users regarding the quality
of services, is shown.
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AHaJIi3 MeToiB BU3HAYEHHS SIKOCTi QYyHKIIOHYBaHHSI TeJIeKOMYHIKAIiifHNX cucTeM
A. Kamiton, P. Tanu6os, O. /[3106an, b. Kanisers

AHoTanisi. Y CTaTTi pO3IJIAAaEThCs NPUHLIUNK NOOYIOBH TENEKOMYHIKAIHHUX MEpPEeX HACTYIHOTO ITOKOJIiHHSI.
[TokaszaHo, MO CTPIMKHUI PO3BUTOK iHPOPMAIIITHO-KOMYHIKAiHHAX TEXHOJIOTIH 3yMOBIIOE PO3MIUPEHHS CIEKTPY ITOCIYT, IO
HaJaroThcs. Ha OCHOBI MPOBEIEHOTO JOCITIIKEHHS iCHYIOUHMX METOMIB BPaxyBaHHsS AyMKH KOPHUCTYBadiB MO0 SKOCTi MOCTYT
MMOKa3aHO HEOOXIMHICTh PO3POOKH METOJIB, SKi JO3BOJSIOTH BH3HAYHUTH PIBEHBb SKOCTI TEJIEKOMYHIKAiHHUX MOCIYT 3 TOYKH
30py KopucTyBadiB. Ha OCHOBI aHaNi3y iCHYIOYHX METOJIB OLIIHKH Ta YIPABIIHHSA SKICTIO OCIYT Y MEpekaX HOBOTO MOKOJIHHS
BUSIBIICHO HEOOXIJHICTh YAOCKOHAJICHHS ICHYIOYHMX Ta pPO3pOOKM HOBHX METOJIB 1 WIiAXOAIB JO YIPaBIiHHA SAKICTIO
TEJICKOMYHIKAI[IHHUX TOCIYT, SKi HOBHHHI BPaXOBYBAaTH SIK TEXHIUHI XapaKTEPUCTHKUA MEpexi TaK i TyMKY KOPHCTYBadiB IOJIO
SIKOCTI TTOCITYT.

KawuoBi ciaoBa: Mepexa, mociyra, iHTEpHET, IPOTOKOJI, KEPYBAHHS, CEaHC, IKICTh 00CITyTrOBYBaHHS.
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HanionaneHuii TeXHIYHUHA YHIBEpCUTET « XapKiBCHKHI TONITEXHIYHAN IHCTUTYT», XapKiB, YKpaiHa

IMEPCUBHE HABUAHHSA CTYJAEHTIB Y TAJIY3I TEJEKOMYHIKAIIIA

AnoTtanisi. CydacHuil OCBITHIH Iponec Moxe OyTH KapAWHAIGHO 3MIiHEHHH i3 3aCTOCYBaHHSAM TEXHOJIOTIH IMEpCHBHOTO
HaBUaHHA — BipTyaJIbHOI, JOTIOBHEHOI Ta 3MilIaHoi peangbHOCTI. [Ipy miaroToBui cnenianicTiB 3 TeJIeKOMyHiKaliil Ta pagio-
TEXHIKA MOXIIMBICTh HAKJIQJAAaTH MYJbTHUMEAINHHI 00’€KTH Ha pealbHUH CBIT A MEperyisiay depes3 MPUCTpoi 3 iHTEepHeT-
MATPUMKOIO, Taki 5K TeJae(OHH Ta IUIAHIIETH, IEPCOHANBHI KOMIT IOTEpH O3Hauae, 110 iHdopMallis Moxe OyTH JOCTyITHA
CTYICHTaM y IiI0J000BO 1 B mOoTpiOHOMY Mici. Lle moTeHUifHO MOXe 3MEHIIUTH MEePEeBAaHTAXECHHs CTYAEHTIB MPHU BU-
BUYEHHI HaBYAJIbHUX AWUCIUILIIH, HATAIOUN IM HAHOUIBII COPUSTINBI YMOBH 1 TEMIT 3aCBOEHHS MaTepiany. Y TaHOMY JOKY-
MEHTI PO3TIINAIOTECS TepeBard IMEPCHBHOTO HABYAHHS Ta CIeNU(iKa BUKOPHCTAHHS IMEPCHBHHX TEXHOJIOTIH B OCBIT-
HBOMY TIporieci. Ha 3aBepuieHHsT HABOJUTHCS OIS HAa MaOyTHI TOCITIIKEHHS y Taly3l CTBOPEHHS HaBUYAJIBHUX PECypCiB

3 BUKOPHUCTaHHAM TEXHOJIOT1H iMepCI/IBHOFO HaBYaHHA.

KnaouoBi caoBa: iMepcuBHe HaBUaHHS; BipTyalbHa peaybHICTh; VR momoBHeHa peanbHicTh; AR; 3Milana peanbHiCTh;

MR; TenekomyHiKartii.

Beryn

BunpoOyBanHs 14 raiy3i yKpaiHChKOT OCBITH, SIKi
moctanu depe3 emimemiro COVID-19, Oymu 6aratokpa-
THO NPUMHOXeHi BiiiHoo. IllupokomaciurabHe BTOpT-
HenHst Pocii Ha Teputopito Ykpainu y motomy 2022
POKy CTal0 NPUYMHOI MaclTabHUX Ta CEepHO3HUX
mpobeM B yKpaiHChKiil ocBiTi. BHACTiOK BOEHHUX Iiit
YacTHHA CTYIEHTIB YKpaiHu Oylia BUMYIICHa IepeMic-
TUTHCS 10 1HIIMX MICIb IIPO’KUBAHHS, 3HAYHA KUIBKICTh
3aKJaJiB OCBITM 3a3Hajia MOUIKO/KCHb Ta PyHHYBaHb.
KepiBHHITBO 3akiamiB  OCBITH BHMYIIEHO OyIIO
MIPUHHATH PIICHHS PO Tepexi] Ha AUCTaHLIHHY (dop-
My HaBuaHHs [1]. Ase BHKIHMKH, SIKi OCTalH TeEpes
ocBiTsiHaMu uepe3 emigemiro COVID-19 Ta Biiiny, crpi-
MKO NPUCKOPWIH Tepedir MPUPOJHUX TEHACHIIH po3-
BUTKY CHUCTEMH BHWIIOI OCBITH LIOAO ONTHMI3alii Ta
Kopekiii HaByanbHOro mnpouecy. IlepeayciM igerbes
PO PO3BHUTOK LU(POBOI Ta AUCTAHIIIHHOI OCBITH, 30K-
peMa OHJIAHHOBOI, Ta BHPOBAPKEHHS HOBHX iH(OpMA-
LiHIX TEXHOJIOTIH Ta IMEpCUBHOTO HABYAHHS.

[IpoTsrom GaraThoX POKIB OCBITSHH HAMArarThCs
3aCTOCOBYBATH Pi3HOMaHITHI TEXHOJIOTII, 00 3ayYUTH
CTYZAEHTIB, BUKJIIMKATH 1HTEpeC 70 HABYAHHS, TTOKpAIH-
TH PO3YMIHHS T€M, IO BUKIAJAIOTHCS Yy HaBUAIBHHX
aucuuruiinax. OcTaHHIM 4acoM 3pocTae yBara A0 3a-
CTOCYBaHHS y HaBYaHHI IMEPCUBHHUX TEXHOJIOT1H, TAKHUX
AK BipTyanbHa peaibHicTs (VR), J0OBHEHA peanbHICTh
(AR), 3mimrana peansricts (MR) [2, 3]. Lli TexHomorii
JO3BOJIIIOTH BTUIMTH y TPUBHMIPHOMY IPOCTOpi imel
Marepiany, 110 BHKIAQJAEThCS, a I€ Ja€ MOXJIMBICTH
CTyZA€HTaM Kpallle 3p03yMiTH Ta 3aCBOITH MaTepial.

BukopucranHs TOTEHIIATy MOMJIMBOCTEH TEXHO-
noriii VR, AR, MR nonomoske BizyanizyBarn abcTpakTHi
TEOPETUYHI KOHIIENIii HaBYaJIbHUX JUCIHMIUIH 3 Taiy3i
IHKeHepii TeeKOMyHIKaliil 1 MOKpaIIUTH SIKICTh Teope-
TUYHOTO HABYAHHS CTY/ICHTIB, OTPUMaHHS HUMH MPAKTH-
YHUX HABUYOK Ta KOMIIETEHTHOCTEH, MepeadadeHunx
CTaHAAPTOM Ta OCBITHBOIO IIPOTPAMOIO. 3aCTOCYBAHHS
HasiBHUX (GOpM iHGOpMaiHHO-KOMYHIKaIiHHAX TEXHO-
JIOTiH Ta MepeIOBUX TEXHOJIOTiH IMEPCHBHOTO HABYaHHS
Ha pI3HHMX pIiBHAX HABYAIBHOTO TIPOIECY JTO3BOJHTH
BUPIIIUTY 3aBJaHHs, 110 OCTAIIM Nepe] CHCTEMOO OCBI-
1 YKpainu uepe3 nangemito COVID-19 i arpecito PO.

JaHa cTaTTs NpUCBSIYCHA BUCBITICHHIO MUTAHb 3a-
CTOCYBaHHSI TEXHOJIOTill iIMEpCHBHOIO HAaBYAHHS iHXKe-
HEPiB 3 TEIIEKOMYHIKaIIiii.

1 IloHATTS iMEpCUBHOT0 HABYAHHS.
TexHouorii iMepcCHBHOT0 HABYAHHS

[MuraHHAM IMEPCHBHOTO HAaBYAHHS MPHUCBSIYCHO
Oarato myOJiKaIlliii 3 IpUKIaJgaMy 3aCTOCYBaHHS Y Pi3-
HUX cdepax ocBiTH. IMepcuBHE HaBYaHHS — 1€ HABYaH-
H 3 e(DeKTOM 3aHypeHHs, METOAMKa HaBYaHHS Ha OC-
HOBI JIOCBifly, sika BUKOpUCTOBY€E peaibHicTh (VR, AR,
MR) a1 MOJCNIOBAaHHS CIICHAPIIB PEeanbHOTO CBITY Ta
HABYAHHS CTYJEHTIB y 06€3MeYHOMY Ta 3aXOIUTIOI0YOMY
HaBYAJILHOMY CEpe/IOBHINI. BHKOpHCTaHHS IITYyYHOTO
CepeJIOBHUINA, MAaKCHMaJIbHO HAOIMXEHOTO JI0 CIIPaBXK-
HBOTO JKUTTSI, JIO3BOJISIE HE TUIBKH YCYHYTH 30BHIIIHI
BiJIBOJIIKAIOYi (PaKTOpPH, aie i mo30yTHCS OJTHOMAaHITHO-
CTi B IIpOIleCi HaBUaHHS, 3a0€3MEUyIOUN CTHMYIIOI0UY
Bigyauizamito [4-15]. 3aBIsKu TEXHOJIOTISIM iMEPCHBHO-
ro HaBYaHHS CTYACHTH MOXYTh KOHTpOJIIOBATH CBOI
pe3yJbTaTd, MOB'SA3yIOud 1X 3 pealbHUM JOCBIIOM,
YIPaBISITH BIPTyaJlbHUM CBITOM, y SIKOMY BOHHU Iiepe-
OyBatoTh. TexHONOriT IMEPCHBHOTO HaBUaHHS J03BOJISI-
I0Th BIITBOPUTH BIPTyaJIbHO Oy/b-sike (i3nyHE cepeio-
BHIILIE, 10 SIKOTO He OYJI0 JOCTYIy B CTiHAX ayAuTOpii [2,
16]. TexHomorii, 1110 BUKOPUCTOBYIOTHCS B IMEPCHBHO-
My HaBuaHHi [5, 8]:

1) BipTyasibHa peaJIbHICTh;

2) IOTIOBHEHA PEATBHICTH;

3) 3MimIaHa peaibHICTh ;

4) 3D-iMepcHBHE HABYAHHSL.

BipryanbHa peanbHicTh (VR) BHKOpHCTOBYE
uudpoBe MOJICTIOBAHHS JJsI BIATBOPEHHS pPEAbHHUX
creHapiiB. KopucryBad, BUKOPHCTOBYIOUH TapHITYpY,
3aHYPIOETHCS Y BIpTyalIbHUH CBIT 1 MOXKE JTOCIIHKYBaTH
Horo koMnoHeHTH. VR BuMarae moBHOTO 3aHypeHHS Y
BipTyaJbHE CepesloBHINE, TOOTO, Yy 3a3laleriib 3Moe-
JHOBAHUH CBIT 1 YaCTKOBOTO (B MEPCIEKTHBI — IOBHE)
i130JIIOBaHHS HOTO Bif CBIiTY (izuuHoro. st mporo Bu-
KOPUCTOBYIOTECSI IIOJIOMH BIpTYaJIbHOI pEaNBbHOCTI #
iHmi crnenianbHi npucTpoi. Po3poOHKKN mparHyTh iMi-
TyBaTH B3a€EMOJIII0 31 CTBOPIOBAHOIO HUMH TICEBIOpEa-
JBHICTIO NIISAXOM BIUIMBY Ha BC1 HAsBHI Yy JIOAWHH Op-
TaHU Yy TTA.
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JonoBHena peanabHicTb (AR) B pexxumi peanbHO-
ro 4acy JIOINOBHIOE PEabHE CEPeAOBHIIEC LUPPOBUMHU
KOMITOHEHTaMH, 110 3a0e3Me4yeThCsl KOMITTOTEPHUMH
npucTposiMu (cMapTdoHamH, IUIAHIIETaMU Ta OKYJIspa-
MU AR). BinOyBaeTbcsi mpoeKTyBaHHs I€BHOI [(POBOT
iHpopmanii (300pakeHHs, Bieo, TEKCT, rpadika i T.x.)
Ha eKpaHi I(pPOBOro MpHUCTpoio. PeansHuil cBiT HoMIO-
BHIOETHCS IITYYHAMH €JIEMEHTaMH i HOBOIO iH(opmarti-
€10. BUKOPHCTOBYETBCSI CEPENOBHIIE PEaTbHOTO CBITY,
MOBEPX SIKOTO HAKJIAZAETHCS NEBHA YaCTHHA BIPTyallb-
HOTO CepeloBHINA, HANpWKiIax rpadiudi 300paxkeHHS,
3BYKH Ta peakxiiis Ha AoTUKH. AR moxe OyTu peanizo-
BaHa 3a JIOMOMOI'OI0 JIOJATKIB JJIsl 3BUYaWHUX CMapT-
(OHIB 1 IUIAHIIETIB, OKYJISIPIB JONOBHEHOI PEealbHOCTI,
CTalllOHApHHUX EKpaHiB, IPOEKUIHHUX TNPHCTPOIB Ta
iHmmX TexHojorii [11, 13].

3mimana peanbHicth (MR) BUKOHYe TMO€THAHHS
JIOTIOBHEHOI PEAJIbHOCTI Ta BIPTyaJbHOI pPEabHOCTI
(puc. 1), poOuTth BipTyasbHi B3a€MOIil OLIBII peaicTHy-

JlOOBHEHA PEaNBHICTE

HUMH, 103BOJISIE HU(POBUM Ta Pi3MIHUM 00'€KTaM CIiBi-
CHyBaTH Ta B3aEMOJISTH B PEXKHMI pEalbHOTO dacy.
BukoHyeTbcsi HakiaJaHHS HEICHYIOUMX BIPTyalbHHX
00’€KTiB Ha HaBKOJMIIHII CBIT. IPOEKTYyBaHHS TPUBHMI-
PHUX BipTyaJbHUX 00'eKTiB 200 rosmorpaM Ha (iznuHHi
npocrip. J0o3BoIsie mepeMimaTrich HaBKOJIO BipTyalbHO-
r0 00'eKTy, OTIIIIATH HOT0 3 yCix OOKIB i, 32 HEOOXiTHOC-
Ti, BcepeauHi. BuMarae, sk TpaBHiIO, CIIEIiaJbHOTO 00-
nagHaHHS (OKYIsApiB abo monowmis). BipryanbHi oOpasu
MIPUBHOCATECSA Y (Pi3MYHME TPOCTip, Bi3yali3yroThCs 1
PO3TAIIOBYIOTECS, BIAMIOBIHO MPEIMETIB PEaTbHOCTI
TaK, 100 BOHU CIpPUHAMANHUCS 5K peajbHo icHytoui. Jlto-
JIMHa TIPOJIOBXXYE B3aEMOJIISITH 3 (DI3UYHUM CBITOM, Y
SIKOMY, B TOH e yac, IPUCYTHI BipTyalibHi 00'€KTH, 1HOJI
Maiike HEMOKITHBO BifIpi3HHUTH Bij peansaux [10-15].

3D-imepcuBHe HaBuyaHHs (3D) cpuse nmornuoie-
HOMY HaBYaHHIO Ta BUKOpHCTOBYe 3D-Bisyaizauii Ta
CHMYJIALIT, 0100 320e3MeYnTH KOPUCTyBaYaM OTPUMAH-
Hsl ICBHOT'O JOCBINY.

ITudporHit
CBIT

BipTyansHa peaisHICTh

3MilIaHa peanbHICTE
Puc. 1. Cmieeigromenus AR, VR i MR

BripoBa/keHHS! IMEPCHUBHOTO HAaBYAHHS J03BOJIUTH
HaJaTH CTy/A€HTaM HOBI HAaBUUYKH Ta PO3MIMPUTH IXHIO
6a3y 3HaHb. HaBenemo nepeBary iMepcBHOTO HaBUaHHSL.

1. INokpamieHHs HaBYAHHS Yepe3 BUKOHAHHS: MPO-
[leC HAaBYAHHS € [MHAMIYHHMM, BiH 3JIHCHIOETHCS Ha
OCHOBI IIPaKTUKH, CTY/ICHT HABYAETHCS, SIK pearyBaTH B
peaybHUX )KUTTEBUX CLEHAPIsX.

2. 3abe3neucHHs CepeOBHUINAa HaBYaHHS Oe3 Bij-
BOJIIKaHb: IMEPCHBHE HaBUYaHHS 3abe3redye cepeoBH-
nie 0e3 BiiBOJIIKaHb (30BHILIHE CEPEOBUIIE OJIOKYETh-
Cs1 YaCTKOBO 200 MOBHICTIO), CTYJICHTH MOXYTb IOBHIC-
TIO 30CEPEAUTHUCS HA 3aBIaHHI.

3. IloBTOpeHHA NPAaKTUYHUX i 3 MOJAIBIIAM
aHaJI30M pe3yNbTaTiB. HANlA€ JIOCBIX i ToTIoMarae 3po-
6utn Horo nockoHamuM. Lle ocobmmBO BaxkiMBO JUIS
MIPAaKTHYHOTO HaBYAHHS, OCKUIBKHU JOIIOMAarae po3BUHY-
TH M’SI30BY T1aM’ATh 1 BJIOCKOHJINTH KOHKPETHI TEXHi-
KH, JIe IOMWIKH B peajlbHOMY CBITI MOXKYTh OyTH KaTa-
CTpOGIIHUMI.

4. HabmmkeHHS HaBYAHHS /10 PEANTBHOTO JKUTTH:
TEXHOJIOTi1 3aHypeHHS MPOOY/KYIOTh IHTEpecC 10 HaB-
YaHHsI, TOKPAIIYOTh PO3YMIHHS HABKOJIMIIHBOTO CBITY.

5. ImepcuBHE HaBUaHHS OpPI€EHTOBaHE HA KOPHUCTY-
Baya HaBYaHHs], HOro MOKHA IEpCOHANI3yBaTH: Mifi0-
paTtu HaWKpamuid TeMI HaBYaHHS, MiJJIAIITyBaTH IIiJ
KO>KHOTO CTYAEHTA XiJ| ITPOIiecy HaBYaHHS.

6. CryneHTH MOXYyThb OTPHMYBaTH JOCBiJ Ta
3HAHHS I1iJ] KEPIBHUITBOM BHKJIa/Ia4a Y PEKUMI peasib-
HOTO 4Yacy: e JIa€ MOJJIMBICTh HErailHO OTPUMYBAaTH
3BOPOTHHH 3B’S30K Y XOJi HABUAHHSI.

7. HapuaHHs € Oe3NeUHUM: BiATBOPEHHSI peabHUX
cuTyanii B mudpoBoMy MpocTopi BigOyBaeThCs y 0€3-

MEYHOMY Ta OE3pH3MKOBOMY CEPEIOBHIIi, CTYIECHTH
MalOTh MO>KJIMBICT IPOBEICHHS JOCIHIPKCHb Ta HaBYa-
THCS Ha 3pOOJIEHUX MOMUIIKAX.

2. Oco0MBOCTI MiATOTOBKHU cremiajicTiB
3i cnewiaabHoCTi «TesiekomyHikanii
Ta pagioTexHika»

IligroToBKa BHCOKOKBaTi(hiKOBAHOTO, KOHKYpPEH-
TOCHPOMOIKHOTO, IHTEPOBAHOTO y CBITOBHH IPOCTIp
¢daxiBis B rajgy3i TeJEKOMYHIKAlil Ta palioTeXHIKH
opieHTOBaHa Ha (POPMYBaHHS KOMIIETEHTHOTO (DaxiBII.
Takwii ¢axiBerb Ma€ MaTH BHCOKHI PIBEHb TEOpPETHY-
HOI Ta MPaKTHIHOI TPOQeciHHOi MiArOTOBKH, BMITH
KPUTHUYHO aHAII3yBaTH Ta OILHIOBaTH CTaH TEJIEKOMY-
HIKal[ifHAX CHUCTEM Ta MEpek, OyTH CIIPOMOKHUM BHU-
pimryBaTu HasBHI MpoOJIeMH Ta 3HAXOJUTH HOBI pillIeH-
HA B cdepi TeIeKOMYHIKalid Ta pamgioTexHiKH, iHpOp-
MaIllifHO-KOMYHIKaIlliHHUX CUCTEM. BaXJIMBUM acrek-
TOM JISITBHOCTI TaKOTO (axiBIll € 3MATHICTh PO3POOIIS-
TH 1 peami3oByBaTH MPOEKTH y cdepi TeleKOMyHiKariit
Ta 3M1HCHIOBATH BJIACHI JOCIIIKEHHS.

3riIHO BUMOT OCBITHHOT'O 3aKOHOZABCTBA Y KpaiHH
Bci 37100yBayi BUIOI OCBITH MalOTh Haroxy cdopmyna-
TH 1HAMBIyaJIbHy OCBITHIO TPa€KTOpit0, TOOTO, mepco-
HaJILHUH IUISX peajti3auii ocoOucTicHOro Ta mpodeciii-
HOTO NOTeHIiany 3/100yBaua BHUMIOi OcBiTH. OCBITHA
TPAEKTOPIS € MUITXOM PO3BUTKY 3[I0HOCTEH, OCOOHCTI-
CHHUX SIKOCTEeH 1 MCUXIYHUX TPOIECiB CTyneHTa. BoHa
Mae Ha MeTi 3a0e3MeYNTH MaKCHMAaJIbHO CIIPHSTIIHBI
YMOBH AJISI HABYAHHS W PO3BUTKY KOJKHOTO CTYJEHTA.

¥ ocBitHil nporpami 3i crerianbHOCTI 172 — «Te-
nexomyHikaii Ta pagiorexHika”’HTY «XTIII» maemo nBi
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OCHOBHI OCBITHI TPa€KTOpii, sIKi TICHO MEPEeILTiTal0THCS,
— TPAEKTOPIIO TEIEKOMYHIKaIliil Ta paJioTeXHIKU 1 Tpa-
€KTOpit0 1H(GOPMAIIITHAX KOMIT IOTCPHUX TEXHOJIOTIH.
KosxeH cTyJeHT Mae MOXJIUBICTH c(OPMYBAaTH iHIUBI-
JyaJIbHy TPAa€eKTOPil0 HAaBYAaHHS, HaWKpamly Uil Horo
0COOMCTHX IIiJIEH Ta BIIOXOOAHb.

JlIs miAroTOBKM CHEIIAJICTIB 31 CIELiaIbHOCTI
“TenmexoMyHiKaIii Ta pagioTexHika” CTyIEHTaM BHKJIA-
JAFOTh TIPUHIUNH MOOYI0BH 1 (PYHKIIOHYBaHHA CydJac-
HUX TEJNEeKOMYHIKaIlifHuX JApoTOBHX 1 0e3IpOoTOBHX
KOMIT'FOTEPHHX MeEpeX, Mepek MOOLIBHOTO 3B’S3KY
PI3HUX TOKOJIHb, (PIKCOBAHOTO i MOOIIBHOIO iHTEpHe-
Ty, CYNYTHHKOBOTO 3B’s3Ky. CTyAEHTH OTPUMYIOTbH
3HAHHS CTOCOBHO INPHHIMIIB (YHKIIOHYBaHHS Ta IO-
OylOBH TENEKOMYyHIKaliliHUX, 1H(MOKOMYHIKaIIIHUX
cucTeM, cHUCTeM Trepepadi Ta KomyTtauii. CTyIaeHTH
BUBYAIOTh JUCLUIUIIHY, MOB’S3aHi 3 IpOrpamMyBaHHIM
Ha pi3HUX MatdopMax, OpraHi3amielo Ta 30epiraHHsIM
JAHWX, 3aXHUCTOM IHQOpMAIii, 3aCTOCYBaHHIM CydJac-
HUX 1HQOPMAIIHIX TEXHOJIOTIH B iH(OKOMYHIKaIiii-
Hux cuctemax [1-19].

TeopeTnuHUit 3MIiCT TpeAMETHOI OOJIACTI TeIeKo-
MyHIKaIii Ta pagioTEeXHIKH OXOIUTIOE KOHIICTIIil, PUH-
LIUIK, TOHSTTS, CTAHAAPTH, MOJIEJI Ta METOIU MO0y a0-
BU i (pyHKLIOHYBaHHS TEJIEKOMYHIKalliHUX, pagioTex-
HIYHUX Ta 1H()OKOMYHIKaliHHUX MPUCTPOIB, CUCTEM,
KOMILICKCIB, TEXHOJIOTIH Ta iXxHiX koMnoHeHTiB. Teope-
TUYHI 3HAHHS CTYJCHTH 3aCTOCOBYIOTh JJIsI TOOYIOBU
TEJICKOMYHIKAIIIHHIX CHCTEM, aHali3y CTaHy TeJeKo-
MYHIKallifHOTO OOJamHAHHSA, TEXHIYHOTO OOCIyTOBY-
BaHHS Ta BJOCKOHAJICHHS TEJIEKOMYHIKALIHUX CHCTEM
[19-21].

IMepcuBHHMIA OCBITHIH pecypc € 3aco0oM 3aTydeH-
HS Cy0'€KTa, 1110 HABYAETHCS, y CEPEAOBHIIIE, SIKE BU3HA-
Ya€eThCsl 3MICTOM Ta KOHTEKCTOM HaBYaJbHOI JTUCLIUILII-
HHU. IMepcHBHICTP MOXXHa BHM3HAUUTH SIK BJIACTHBICTb
TEXHOJIOTIYHOI YaCTHHH CEepeIOBHUINE, 10 3a0e3IeUyIoe
TICUXOJIOTIYHUNA CTaH JIOAWHH, B SIKOMY HOTO BJIaCHE
«S» cnpuiimMae cebe BKIIIOYEHHM B IPOLIEC 1 B3aEMOJIIE
i3 cepenoBuieM, 10 3abe3rneuye HoMy OesnepepBHHI
MOTIK CTUMYIIB i focBiny [2].

IMepcuBHI TEXHOJOTI{ Y MiATOTOBIII CIICIIIAICTIB 3
TEJICKOMYHIKAIii MOXYTb 3HAHTH 3aCTOCYBaHHS SIK TIPH
BUKJIQJIaHH] JUCIUILTIH TEOPETUYHOI, TaK 1 MPaKTUIHOI
MMATOTOBKH.

[Tpu BuBUeHHI y cepenoBuimi VR npukiagHux mu-
TaHb HaBYAIBHHUX IUCLHUIUIIH, TAKHX SK TEJIEKOMYHIKa-
HiKHI CHCTeMH Ta MEpexi, CHCTeMH Tiepeaadi iHhopma-
1ii, KOMIT'FOTEPHI CHCTEMH Ta MEPEXi Ta iH., CTyIeHTH
MOXYTh BHOpaTH pEXHWM OTPHMAaHHS 3HaHb — 1) BHU-
BYCHHSI BHYTPIIIHBOT CTPYKTYPU OKPEMHUX KOMIIOHEHTIB
obmannanns TKC 3 BUKOpUCTAaHHSM TPUBUMIPHOI Bi3y-
amizanii mux 00’€KTiB, 2) 30BHINIHIX XapaKTePUCTUK
KOMIIOHCHTIB Ta CIIelU(IiKU iXHBOT B3a€MOIIT 3 IHITUMH
00’eKTaMu cUCTEMH, 3) KOMIIOHYBAaHHs CHCTEMH 3 Has-
BHUX KOMITOHEHTIB 3T1THO 3 3asBICHOI0 KOH(IrypaIjiew
3 MOXJIMBICTIO TIEPEMILIEHHS Y BIpTYalIbHOMY ITPOCTOPi,
4) mepeBipKH Mpane3laTHOCTI Ta TECTyBaHHSA MOOYIO-
BaHOi cucteMu. KokeH CTyZEHT MOXe caM BHOHMpaTH
TEMIT Ta TOCHIIOBHICTh PEKUMIB HaBYAHHA. Y pPe3yilb-
TaTi TaKOrO HABYAHHS KOXXEH CTYICHT HaHKpaIuMm
YUHOM OTPUMYE EMITpUYHI 3HAHHS, 3 Bi3yali3alli€ro

3aBJaHb Ta pPO3yMiHHAM wined. Takuii iMepcUBHUIH
HaBYAJILHUH pecypc, pO3MillleHHH y XMapi, € JOCTyII-
HUH yYacHMKaM HaBYaHHS MLiJ101000BO y OyIb-sKOMY
MICIIi 32 HAsSBHOCTI BiJTIOBIJTHUX KOMYHIKaIliii. ¥Y4acHu-
KM HaBYaHHS MOXYTb 3HAaXOJIWTH PILLIEHHS CIIEIiajbHO
CTBOPECHUX HaBYAIBHHX MPoOIeMHHUX cuTyaniil. Cryne-
HTH CTAlOTh OibIe 3aTy4eHUMH A0 3MiCTy HaBYaIBHOT
IUCHUIUTIHM, MAaloTh 3MOTYy Oe3le4HO OaraTOKpaTHO
MIOBTOPIOBATH CBOi E€KCIIEPUMEHTH, HE OOSYHCH IIOCH
371aMaTH a00 TTOIIKOINTH.

OCo0IMBOIO PUCOIO TIITOTOBKH iHXKEHEPIB 3 Tele-
KOMYHIKaIlill € Te, 110 BOHH MarOTh BMITH BUKOHYBaTH
PO3pOOKY SK TEICKOMYHIKAIIMHUX CHCTEM SK TaKUX,
Tak 1 iXHIX KOMIIOHEHTIB. 3 BHKOPHUCTAaHHSIM IMEPCHB-
HUX TEXHOJIOTIH CTYJEHTHM MOXYThb CTaBaTH AW3aiiHe-
pamu, HampHKIal, 3 JIOMOBHEHOIO pealbHICTIO0. Takuit
HiJIXiJ| CTBOPEHHS 00’€KTIB y BIPTyaJbHOMY CEPEAOBH-
i oroMarae€ po3BHBAaTH MUCICHHS BHIIOTO PiBHSA 1
MOKpallye pe3yipTaTd HaB4aHHSI. OKpiM MOKpaIIeHHS
KOHLIENTYaJbHOTO PO3YMIHHS, HAaBYaHHA Ha OCHOBI
BIPTyaJbHOI PO3POOKHM Ta EKCIIEPEMHHTYBaHHS Mae
MIPU3BECTU JI0 TIOKPAIICHHS MOTHBAIl CTYAEHTIB IpoO-
JIOBXXYBaTH Kap’€py B raiy3i NPaKTHKH 3 TEICKOMYHi-
Kaiii. SIKicTh 3HAHb CTY/JCHTIB MOJKHA ITiBHIUTH
HIIIXOM OOrOBOPEHHs, BUPILIEHHS HPOOJieM, TEOpETH-
3yBaHHS Ta BUPOOJICHHS BHCHOBKIB [21].

IMepcHBHI HaBYaNBHI PECYpCH TPHU BHBYEHHI TEO-
PETHYHUX ACTIEKTiB AMCUMIUIIH MOXYTh HaJaBaTH CTyJe-
HTaM iHTEpaKTHBHI MOJEN, 00 €KTH KOMIT IOTEpHOI Tpa-
¢iku (miarpammu, rpadiku, KapTH, TabIHIl), IHTEPaKTUBHI
cxemu, Qotorpadii, BimeopparmenTr, aymiodhparMeHTH,
kommioHeHTH 3D aHimarrii. i1 KOXKHOT TeMH HaBYaJIbHOT
JWICITUIUTIHA HEeOOXiqHO BW3HAYUTH MPUAATHICTH 3aCTO-
CYBaHHsI TEXHOJIOT1H iIMEPCHBHOTO HABYAHHSI.

HaBuanus 3 edexkrom 3aHypeHHS O0a3yeTbCs Ha
MOJICIIOBaHHI, HAaBYaHHI Ha OCHOBI Irop, TEXHOJOTIsX
peanbrOCTi Ta 360-Tpagycuux Bigeo [10]. Hassani Bu-
Ie TEXHOJIOTI] PEeaNbHOCTi, BKIIOYAIOUU BIpTyalbHY
peasbHICTh, JOMOBHEHY PEalbHICTh 1 3MIllIaHy pealb-
HICTb, MAalOTh [I03BOJIMTH CTYJCHTaM 3aHypPUTHCS B
3MO/ICJIOBAHE CEPEIOBUIIE Ta BIAUYTH B3aEMOJII0 MiX
¢izuuHrMU Ta BipTyansHuMu 00’ektamu [14]. VR mae
MMOBHICTIO 3aHYPUTH CTYICHTIB y BIpPTyallbHHH CBIT,
JIO3BOJISIFOYM BiUYTH HaJ3BHYAHO pealliCTHYHE cepe-
JIOBHIIIE, 32 JIOTIOMOT'OI0 Bi3yaJIbHUX, CITyXOBHX, IHTEpa-
KTHBHHUX Ta iHIIMX €JIEMEHTIB CEHCOPHOI CTUMYJIAIIii.
KopucrtyBaui VR B3aeMonifoTh JumIe y BipTyaJbHOMY
cBiTi. AR cmpoMoxHa [OTIOBHIOBAaTH BipTyaJbHUMH
o0’extamMu peanbHe cepenoBuiie. Kopucrysaui cnpuii-
MarTh IUQPOBUI KOHTEHT, CTBOPEHUN OOYUCIIIOBAIIb-
HUMH TPUCTPOSIMH, AK 3aci0 11 B3aeMozii 3 Gpi3sHuHIM
cBitToM. MR Hajae MOXXJIMBICTD OLIHIOBATH HaBKOJIMIII-
HE CcepeloBHIIE y TpUBHMipHOMY Qopmari. 3romom
udposi 00’ exTH, cTBOpeHi TexHouorisiMu MR, MoxyTb
OyTu peanizoBaHi y ¢izuuHomy cBiTi. Lle nokasye, mo
AR-texHo0TIi MOXYTh €(EKTHBHO JOIIOMaraTH Ipo-
Llecy HaBYaHHS CKJIAJHMUX TEOpiil i KOHLENLiH 3a A01o-
MOTOI0 Bizyaumizariii 00’ exTiB. OHaK TEXHOJOTIi IOMOB-
HEHOI pPeaJbHOCTI HE MOXYyTh aHamizyBatd 3D-
CepeloBHINe JUIA peamizamii 1muppoBux 00 €KTIB, i,
omke, TexHosorii MR MOBHHHI BHKOPHCTOBYBATHCS
Jaii Ui TEXHOJIOTIYHOT OCBITH.
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[ToOynoBa HaBYANBHOTO pecypcy y Taiysi TelaeKo-
MyHiKaliid 3 BUKopuctanHsaMm texnoioriii AR, VR, MR
MOYKE CKJIQIATHCS 3 HACTYITHUX KPOKIB.

1. BusHaueHHst MeTH, LJIeH Ta 3aBlIaHb TEMH, IO
BUBYAETHCS.

2. Amami3 imei CTBOpPEHHS pecypcy, HepeBipka
3MIMCHEHHOCTI Ta JKUTTE3MATHOCTI 171€l.

3. BukoHanHs migdopy TEXHONIOTIiH Ta 3aco0iB s
cTBOpeHHsI pecypciB. [lepeBipka (yHKIIOHATHHUX MO-
XKIIMBOCTeH BUOpaHOTO 3a0e3medeHHA. JlocmimkeHH
4acoBUX Ta (DiHAHCOBHX BUTPAT Ha PO3POOKY.

4. CrBopeHHsi 0a3u Bi3yaIbHHX 300pakeHb
00’€eKTIB, siKi OyTyTh BUKOPHCTOBYBATHCSI.

5. CtBopeHHs 0a30BOi Bepcii pecypey Ui mepeBi-
PKH HOTO OCHOBHHX (DYHKIIiH.

6. JlonoBHeHHs A0AaTKYy HOBUM BMicToMm VR, MR.

IIporpamsi pecypcu VR, AR, MR i HaB4asbHO-
ro cepenoBuina y xmapi [6] moxyTts OyTH mobyaoBaHi
3a 3araJbHOI0 apXIiTeKTyporo (pHuC. 2).

XmapHi cepBicH

IOZIE/OBAHHA KOHTEH

BHMOTH 10 DOZATKY
3D of'exTH

BipTyanbHi MozZeni
KOHTEeKCT KOpHCTyBadJa
TTapameTpH OTOYeHHS

eMyNAIli Ta NPHCTPOiB
O3ByuKa

OpeHHA

Puc. 2. 3aranpHa apXiTeKTypa IIPOrpaMHOTO pecypey
JUIs IMEPCHBHOTO HABYAHHS

VY MozenroBaHHI KOHTEHTY BHUKOPHCTOBYIOTH Me-
xaHi3Mu 3D-MozenroBaHHS BiAMOBIIHO JO BUMOT IIPO-
rpamu. s epekTuBHOI iMiTaIlil BIpTyalbHUX 00’ €KTiB
i pO3MiIlIeHHS B peabHOCTI BUKOPUCTOBYIOTH JaHi PO
KOHTEKCT KOpHCTyBada Ta cepenoBumie. Hampukian,
3aBJSIKM BHUKOPHCTaHHIO XMapHHUX CIyXO0, Takux SK
KepyBaHHsS BMICTOM, pero3uTopiii, 00podka 300paxeHpb
i BeO-cepBicHM, YCTAaHOBKM Ta HabOpH I1HCTPYMEHTIB
JIONATKIB PEaNbHOCTI €(PEKTUBHO BHUKOPHCTOBYIOTHCS
s ctBopersst 3D-Bizyamizamii. s Bizyamizamii 3D-
BMICTy I1HCTPYMEHTH pO3pOOKH BeO-CaiiTiB MOXYTb
CKOMIIUTIOBATH TIaKeT MPOTPaMHOTO 3a0e3NeUeHHs IS
npuctpoiB VR/AR/MR i emynsaTopiB [uisi BIATBOPEHHS.

KpHuTHYHO Ba)XKJIMBHM €JIEMEHTOM y CTBOPEHHI Ha-
BYAJIBHOTO PECYPCY 3 TEJIEKOMYHIKAIIi BiJlirpae BUKIIA-
Jay SIK Ju3aiiHep, po3pOOHUK Ta MOMIYHHK. Y 6araTtbox
BHUIIaJIKaX MOXXYTh BUHHKATH MPOOJIEMH, SIKIIO BUKJIA-
Jlaqi HeJIOCTATHHO OCHAIIEHI YW HaBYCHI JUIS €(EeKTHB-
HOTO BHPIIICHHS TEXHIYHHMX mHpobieM i1 mpobiem, ski
MOXYTh BUHUKHYTH, KOJIM TEXHOJIOTisI peajbHOCTI (yH-
KIIIOHy€ HEHAJIe)KHUM YMHOM. Bukiamadi motpedyroTh
MOCTIHHOI Ta e(eKTUBHOI MIATPUMKH CIEHIaTICTiB It
pPO3pOOKHM Ta BHKOPUCTAHHS HAaBYAJbHUX PECYypCiB 3
IMEpCUBHUMH TE€XHOJIOTISIMH.

Buxnagayi noBuHHI MaTH INIMOOKI 3HAHHS B TEMa-
TUYHIA 00JaCTi Ta 3AATHICTH CIIPUATH CTBOPEHHIO cepe-

JOBHIIA JUI CIIUIbHOTO HaB4aHHs. KpiM Toro, BUKIana-
4l MarOTh MaTH OaXaHHs Ta 37aTHICTh BUOMPATH 3 IIH-
POKOTO CIIEKTPY MEJaroriYHuX MiAXOIiB, 100 J03BOJIHU-
TH CTYJCHTaM IEPEXOMTH BiJ TOCBiIy MO OLIBII KOH-
LEeNTyalbHUX Ta aHATITHIYHUX (POPM.

BrpoBamkeHHsT iMEepCHBHOTO HAaBYAaHHS JUIS IIiJ-
TOTOBKH CIEUIANICTIB y Tairy3i TeIeKOMYHIKaIii Ti pa-
IIOTEXHIKH € aKTyaJbHHM, ajie CKJIaJHUM IHTaHHSM.
ImMepcuBHe HaB4YaHHA Mae 0arato IepeBar, aje He €
BUTBHUM BiJ] HEJOMIKiB. ICHYIOTH 0OMEKEeHHS BHKOpPHC-
TaHHS TEXHOJIOTiH IMEpCHBHOTO HaBYaHHA: 1) TeXHIYHI
ACIeKTH 3aCTOCYBaHHS HaBYaJbHUX pecypciB (HampH-
KJajn, Juis BUKopucTaHHi AR-cuctemu HeoOXigHo 3a-
cTocyBanHsl TexHouorii GPS, mporpamHoro 3a0e3re-
YeHHsI 3 PO3IMi3HaBaHHs 00pas3iB, CHCTEM ayJio Iporpa-
BaHHJ, AOCTYIy 110 [HTepHeTy, 3ac00iB MaHIMyIIOBaHHS
BIpTyaJbHUMH 00’ €KTaMH Ta B3aeMojil 3 HUMHE [6]); 2)
BHCOKA BapTICTh BIIPOBAIKEHHS 1 eKCIUTyaTamii pillicHb
B cepi JOMOBHEHOI 1 BIpTYanbHOI peanbHOCTI; 3) He-
CTaya CIICI[ialli30BaHOTO KOHTEHTY 1 HEJOCKOHAJICThH
MPUCTPOIB (KOHTEHT Ma€ BIATIOBiAAaTH IiioMy Habopy
BHMOT, B TOMY YHCIi HAayKOBIf IOCTOBIpHOCTI, HOTO
MO>KYTh 3alPONIOHYBATH JAIEKO HE BCi po3pOOHUKH); 4)
MOJKJINBUI HETaTHBHUH BIUIUB HA 3/10pOB’S, ICUXOEMO-
niiiHe HanpyxeHHs [2]. 3HauuMolo mpodJieMo € i
BIZICYTHICTB €uHOI MeToa01oTii [11].

3. 3aco0m 1J151 CTBOPEHHS pecypciB
iMepCHMBHOI0 HABYAHHA

IIporec po3poOKK MPOEKTIB, IO BKIHOYAIOThH 1H-
HoBaniitHi TexHonorii AR, VR, MR, € ckmagaum. IIpu
po3po0ui TPOeKTy 3 HyJsl BUTPAYAETHCS JTy’Ke Oarato
3yYCHIIb, aJKE ICHy€ 0araTto acmeKTiB, sKi CIiJ] BPaxoBY-
BaTH Ta PO3TIIAIATH.

OpHi€o 3 HAWOUTBII TOMYNSAPHAX AJISL CTBOPCHHS
3D-npoekriB miardopmoro € Unity 3D. Bona mpononye
PpO3pOOHMKAM MOBHHH 1HCTPYMEHT PO3poOKH BipTyalb-
HOI PeajbHOCTI 3 BEJIMKAM CXOBHIIeM akTBiB 2D i 3D
1a0JI0HIB JIM3aifHy VISl JIETKOTO IMIIOPTY.

Jnst po3poOKY MPOEKTIB, MPU3HAUSHUX VIS iMep-
CHBHOTO HaBYaHHs, MOTPiOHI BiINOBIJHI IHCTPYMEHTH
[22]. Many npobiiemy MOXHA BHPIIIUTH, 3aCTOCOBYFOUYH
SDK. SDK (Bix anri. software Development Kit) —
Habip i3 3aco0iB po3poOKM, YTHIIT 1 JOKYMEHTAIIl,
SIKMH JI03BOJISIE TIPOTPaMiCTaM CTBOPIOBATH INPHKIIAIHI
MIpOrpamMu 3a BU3HAYCHOIO TEXHOJIOTIEI0 a0o IS IEBHOT
wiatTgopmu (mporpamMHoi abo MporpaMHo-anapaTHol).
Taxki 3aco0M HO3BOJSAIOTH PO3POOHUKAM 3aCTOCOBYBATH
THIIOBI Ta TIEpEBipeHi YacoM pillIeHHs Ta MAaOI0OHU MPH
po3pobmi. Poms AR/VR SDK monsrae y BHUKOHaHHI
HETPUBIAILHOTO 3aBJIaHHS 3TUTTS MU(PPOBOTO BMICTY Ta
iHpopMaii 3 peaJbHUM CBITOM.

Tvori Hagae MHUPOKUIH CHIEKTP MOMIMUBOCTEH Bix
PO3pOOKH TIPOTOTHINIB CIOXKETY Ta MakeTiB 70 (Gopmy-
BaHHs ponatkiB AR, VR, MR a6o ctBopeHHs mOBHOMA-
citabHoi aniManii. [lepenbayae komanaHy poOOTY Hax
JIOZIATKOM Ta CIIPOILy€e OOMiH TBOpamMH 3 WJICHaMH KO-
MaH/HY, sSKi mpamorTh Hajx npoekramu VR. Lleit iH-
CTPYMEHT Ma€ BENHMKY 0i0JIiOTeKYy PEKBI3WTIB, MPOCTHX
(dhop™m 1 edexTiB, SIKi MOKHA TOAATH JO CBOIX MPOEKTIB.
€ MoxuBicTh iMmoptyBatd 3D-mopeni, Bieo, 3BYKH
Ta 300pakeHHs IO CBOiX mpoToturiB. Ile mporpamue
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3a0e3nedeH sl J03BOJISIE KOPHCTYBauaM EKCHOPTYBaTH
cBoi poborH 5K Bimeo, dororpadii, 1ocBin BipTyalbHOT
peanbHOCTI Ta 3D-aHiMOBaH1 MOJIEIT.

Vuforia — e SDK nomoBHEHOT peanbHOCTI, M0
MIPOTIOHYE PsiJ TPOAYKTIB Uil po3podku AR-monarkis,
Bkirouaroun Vuforia Engine, Studio ta Chalk. IIporpam-
He 3a0e3MedeHHs MATPIMY€E CTBOPEHHS K MapKepHOI,
Tak 1 6e3mapkepHoi AR Ta Mae Kinpka KIIFO40BHX (yHK-
i, sKi poOIATH 1i ONHIEIO 3 HAMKPANMX U PO3Mi3Ha-
BaHHA 00’€kTiB Ta 3D-MonemoBanss. Lli ¢ynkmii BriTIO-
garots Ground Plane (st momaBaHHS BMICTy 10 TOPH30-
HTaNbHHX TOBepXoHb), Visual Camera (po3mmproe miar-
pUMyBaHi Bi3yasbHi JpKepena, KpiM MOOUTbHUX Ternedo-
HIB 1 aHmeTiB), i VuMarks (BIacHi MapKepH, siKi MOXK-
Ha BUKOPUCTOBYBaTH B po3li3HaBaHHI oOnmu Vuforia, a
TaK0XX KOyBaTH JIaHi).

ShapesXR — 1ie iHCTpyMeHT [U1si CTBOPEHHS BipTya-
JMBHOT pealbHOCTI Ta cmiibHOi poboTtm Bixm Tvori. s
mporpaMa TpH3HAa4YeHa JUI CTBOPEHHS HPOCTOPOBOTO
KOHTEHTY JoIloMarae po3poOHMKaM cTBoproBatH 3D-
PO3KaJpOBKH, MOTOKM KOPHCTYBAadiB 1 MPOTPaMH, IO
3aXOIUTIOIOT MPOTOTHIH, Y cepenoBuini VR.

KopuctyBadi MOXyTh BUKOPHCTOBYBATH MOTYKHi
MOXJIMBOCTI IHCTPYMEHTY i1 cTBOpeHHst MR 11t pos-
pobku npuctpoiB AR, nogarkis VR Ta iHTepakTHBHUX
cepenosuiil. KopucTyBaui MOKYTh CTBOPIOBATH KOHTEHT
3a joroMoroto mabinoniB ShapesXR abo 3aBaHTaxyBaTH
B 101aTOK cBOi 3D-momeni y ¢opmari .obj.

ARKit (Bim Apple) — e mporpamue 3a0e3neyeHHs
It po3poOkn AR-70aTKiB, K€ HEMOXKIIMBO BUKOPHC-
ToByBatu Ha TenepoHax Android. [Iporpamue 3a0e3me-
YEHHs CIIMPAEThCS HA JIaHi JATYMKIB KAMEpH Ta J0JaTKO-
Bi JaHi (HaNpHKIAM, 3 TIPOCKOMa Ta aKcelIepoMeTpa) 3
METOI0 BUSIBJICHHS Ta aHalli3y OTOYEHHS KOPHCTYBadiB
st Bisyaumizarii AR. ARKit migrpumye mBuake Biacre-
JKEHHSI PyXY, BIJICTeXXEHHS OOJIMYYsI, IBUIKUH Teperiisi
(BimoOpa)keHHsI MOJIeJIel Ta CLEH, sIKi MO)KHA JIErKO Iie-
pemimaru Ta MacitaOyBaTh) Ta pi3Hi eekTH Bizyaiza-
ii.

ARCore (Binm Google) mpu3HaYEeHO i1 BUKOHAHHS
AR-po3pobok s miatrdhopmu Android (cmaprtdomis,
mwraHmetiB). ARCore Hamae kopuctyBaveBi QyHKIIT I
AR - BiZICTe)KCHHS PyXY, BUSBIICHHS ITOBEPXHI TS PO3Y-
MIHHS JTOBKIJUIS, OIlIHKA OCBITJIEHOCTI. € OE3KOIITOBHUM
JUTS. PO3POOHUKIB Ta MIITPUMYE IIHHA psiI cMapTOHIB
Ta IDTaHIIeTiB i3 maTpuMkoro Android i iOS.

Gravity Sketch — ne 3D-miatdopma, sika gomoma-
ra€ MbKIUCIIMIUTIHAPDHAM KOMAaH/aM CITiBIPAIfOBaTH Ta
edexTuBHO cTBOproBaTH npoxyktu VR. Kopuctysaui
OTPUMYIOTH JIOCTYI 10 Pi3HOMaHITHHUX ITU(POBUX 1H-
CTPYMEHTIB BiJl pO3pOOKH KOHIIETITyaIbHIX €CKi3iB 110
IeTtanbHuX 3D-Moerei.

ARToolKit — ue SDK 3 Bigkputum Komom Ta 6e3-
KOIITOBHHUM /Il BUKOPUCTAHHSI, JIOCTYITHUM JUIS PO3PO-
6kn AR m1a mpuctpoiB Ha pizHuX miatdopmax. OxpiM
Android Ta 10S, ARToolKit BHKOpPHCTOBY€TBCS IS
nonatkiB AR y Windows, Linux ta OS X. ARToolKit
MOCTa4YaeThCs 3 JEKUTbKOMa JOJaTKOBMMH IUIariHaMHU
T po3poOk 3a gonomororo Unity Ta OpenSceneGraph.

MAXST AR SDK - e kxpoc-tuiatrdopmumii Mexa-
Hi3M AR, sikuii Hamae Bci (yHKINI Ta cepemoBHINA IS
po3pobku AR-mporpam. 3ade3neuye Kpoc-TuraThopMHUIMA

MexaHi3M AR, 3a0e3neuyroun po3poOHHKa yciMa (yHK-
wisiMu Juist ctBopeHHst  AR-nopatkiB. Po3poOka AR-
nonatkiB Ha atdopmi MAXST € MOpiBHSIHO HIBHAKOO
Ta IPOCTOIO.

Spark AR Studio — ue mmatdopma 10MoBHEHOT pea-
aeHOCTI 1t Mac 1 Windows Bix Facebook, sika mo3Boiiste
3 JeTKiCTI0O cTBoproBatd AR-edextnn it MOOLTEHHX
KaMep, CTBOPEHHS aHIMOBaHHUX MAacoOK, irop ta edexriB
st Instagram. KopuctyBay Moske cTBOpIOBaTH Bifeo abo
a”HiMyBaTH ()OTO, HAKIANAIOUYM HA 300pa’keHHS BIIACHI
IMHAMIYHI MAacKH.

Wikitude — migxomuts st po3pobku AR-momarkis
quist npuctpoiB 10S, Android ta Smart Glasses. Ilinrpu-
My€ PI3HOMAaHITHI METOIU Ta TEXHOJOTIi BiJCTCIKCHHS,
BKJIIOYAE I'€0JIOKAllio, PO3Mi3HABAaHHS XMap Ta (QYHKLIT
MacliTaOyBaHHS €JIEMEHTIB JIONOBHEHOI peasbHOCTI
BIJIHOCHO BIJICTaHi /10 Pi3HUX HOBEPXOHb YU 00’ €EKTIB.

Bumie3a3HayeHi mporpamMu € TMOIYJSIPHUMH Cepen
po3pobuukiB. KojkHa 3 HHX Mae CBOI CHUIBHI Ta ciaOKi
CTOPOHH, SKi B OCHOBHOMY CKJIAJAIOThCS 3 MiATPHMYBa-
HUX Ta HEMITPUMYBaHUX (QYHKIiH Ta mmatdopm. Jmsa
Toro, mo0 cTBopuTH cBiif AR-momatox, ciig obmparu
IHCTPYMEHTH, SKI HalKpalle BiINOBiZaTUMYTh BHMOTaMm
Ta BHONOOAHHAM PO3POOHHUKIB MPOEKTIB IMEPCHBHOIO
HaBYaHHSI.

4. OdaagHaHHA 1JIs1 iIMEepCMBHOTO HABYAHHS

BaxnmmBuM IUTaHHIM IIPU BIPOBA/DKEHHI iIMEPCHB-
HHUX TEXHOJIOTiH y HaBYJIBbHHH INPOIEC € amapaTHe 3a-
Oe3nieyeHHs. Y ICHYIOYHMX pealisiX CTYICHTH MOXYTb
HaBYaTHCS B ayIUTOPisx abo OHNAifH. 3ajexHo Bix Oo-
JDKETY HaBYaJIBbHOTO 3aKjaly Ta cuTyauii MoxkHa 1)
CTBOPHUTH Ha Kadeapi BIpTyalbHy JadopaTopito 3 Terne-
KOMYHIKAI[IHOT 1HKeHepil ajs HaBuyaHHs oduaiH; 2)
BHUKOPUCTOBYBATH BIIACHI MPUCTPOi CTYIEHTIB Ta BHKJIA-
JlaviB [P HABYAHHI OHJIAWH.

IIpuctpoi s 3acrocyBanns VR, AR, MR moxHa
PO3IUTMTH Ha HACTYIIHI TPYIH: MOOUTHHI MPUCTPOIL, CTa-
LIOHAPHI PUCTPOI, crelianbHi 3acobu [23].

Hpuctpoi AR. MoOinbHI TPUCTPOi - TUIAHIICTH,
cMapThOHH, OKYJISAPH JOMOBHEHOI pPEATbHOCTI, JIH3M
JONIOBHEHOT peasbHOCT. Ha rumaniierd i cMapThoHu Mae
OyTH BCTaHOBIICHO crieriaizoBane [13 - 6pay3epu nomo-
BHEHOI peansHoCcTi, Taki sk Wikitude, Layar, Blippar,
City Lens ayist Windows Phone.

OKyJsipy TOTIOBHEHO1 PeajbHOCTI MAIOTh (PYHKIIIO
MIPOEKTYBaHHS TroyiorpaM Ta iHpopMmanii y peabHui
npocTip 6e3 npuB’s3ky iX 10 X iznuHUX 00’ekTiB. Bo-
HU SIBJSTIOTH cOOOI0 eKpaH repen ounma. HaiOinbmr Bi-
nomumu € okymsipu Google Glass, Vuzix Blade, Epson
Moverio, Sony SmartEyeglass.

Okymsipu Microsoft HoloLens, Magic Leap One u
Meta 2 npusHaueHi i 3MilIaHOT PEabHOCTI, BOHHU
JIO3BOJISTIOTH TIPAIIIOBAaTH 3 BIPTYaIbHHIMH 00’ €KTaMu,
MIPYB’SI3aHUMH JI0 PeajibHOTO CBiTY. JIiH3M IS JOTIOBHE-
HOI PeasbHOCTI TOKH e JIMIIAIOTHCS TEXHOJIOTIEI0 Maii-
OyTHBOTO. MeTOI0 PO3POOHUKIB € IEPETBOPESHHS JTIH3U y
MPO30pHH €KpaH, [0 MICTUTh CHCTEMY YIIPaBIiHHS,
MIHIaTIOpHY Kamepy, aHTeHY, CBITJIOAIOH Ta iHIII ONTO-
€JIEKTPOHHI KOMIIOHEHTH.

2. CramioHapHi npucTpoi - TeneBi3op, €KpaH
KOMIT'10Tepa, irpoBuii koM’ otep. Ha ekpan TeneBizopa
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BUBOJIUTECS JIONOBHEHE 300pakeHHS [HOAI BMKOpHCTO-
BYIOTbCSI IMPOKO(OPMAaTHI eKpaHH, a TAKOX MPOEKIIHHI
CHCTEMH, 3/1aTHI HakJiagaTH 300paKeHHs HE JIMILIE Ha
eKpaHH, ajie 1 Ha Oy/1b-5IKi TOBEPXHi.

3. CreniabHi 3ac00M - CIEIiaNi3oBaHi IIOJOMH, Ha
CKJIO SIKMX BHUBOAWTHCS HEOOXimHa rpadidHa Ta TEKCTOBa
iHdopmartis i KopucTyBad MOKe CIIpHHMATH i1, He TIepeBO-
JSTYH TIOTIBI Ha iHm 06’ektr. CeHcopH, po3TaIIoBaHi y
II0JIOMi, CIIJKYIOTH 32 MOBOPOTOM TOJIOBH KOPHCTyBada
YH PyXOM OYHHX SOTyK. Taki IIOJIOMH € JTy’Ke JOPOTHMH.

Hpuctpoi VR. Po3zpobuukn cucrem VR npumins-
I0Th HaWOLIBIIY yBary HPHCTPOSIM, IO 3a0e3MeuyloTh
¢dbopmyBaHHS 300pakeHb, Ockimbku 80% iHpOpMAIi
JIOJMHA OTpUMYye uepe3 3ip. CydacHi po3pOoOHMKH Be-
JyTh POOOTH Haj MPHUCTPOSIMU 3 TAaKTWIBHHUX BIUYTTIB 1
HaBiTh iMiTamii 3amaxis.

1. Illonomu BipTyasbHOI peasbHOCTI MICTSTh OJWH
a0o0 KiNbKa IUCIIIEiB, HA SKi BHUBOIATHCS 300pakKeHHS
UL JIIBOTO 1 IIPABOTO OKa, CHCTEMY JIiH3 AJIsI KOPUTYBaH-
HS TeoMeTpil 300pakeHHsI, CHCTEMYy TpEeKiHTY, IO Bijc-
TEXy€ OPIEHTAII0 MPUCTPOIO B MPOCTOPIi. 32 30BHIITHIM
BUIUISZIOM BOHHU TEIlEp CXOXI Ha OKYJISIpH, TOMY iX BCe
4yacTo Ha3uBawTh VR-rapHiTypamu ado okymspamu VR.
[ITonomu € OCHOBHMM KOMIIOHEHTOM VR 3 IOBHUM 3aHy-
PEHHSIM, OCKUIBKM HE TUIbKH 3a0e3nedyloTh 00'eMHe
300pa)KEeHHS 1 CTEPEO3BYK, ajie II¢ i YaCTKOBO i30JIFOIOTh
KOPHCTYBa4a BiJl HABKOJIMIIIHBOI PEabHOCTI.

Ix MOKHa po3inuTH Ha TpU rpyIH:

- OKYJSIpH, B SIKUX 0OpOOKY i BUBEIICHHS 300paskeH-
Hs 3abe3neuye cmaptdoH (Android, iPhone, Windows
Phone); cywachi cmaptdoHH 31aTHI caMOCTIHHO 00p0o0-
JATH TPUBUMIPHI 300pakKeHHS; OHCIUE] CMapT(OHIB
MalOTh JJOCUTH BHCOKY PO3JUIBHY 3[aTHICTb; IIPAKTHIHO
KOKeH cMapTdoH 3abe3rneueHnii faTunKaMu, o J03BO-
JISIFOTh BU3HAYATH TOJI0KEHHSI IPHCTPOIO B TIPOCTOPI;

- OKyJISIpH, B SKHX 0OpOOKy 300pakeHHS 3abe3re-
yye 3oBHiHIA npuctpiit (ITK, Xbox, PlayStation Toio);
30BHIILHIN TPUCTPIK Mae OyTH BUCOKONPOAYKTUBHUM, a
OKYJISIpH — 3a0€3MCUCHI TaTYUKAMU TTOJIOKEHHS,

- aBTOHOMHI OKYJISIpH BIpPTYallbHOI peasibHOCTI
(Lenovo Mirage Solo, crninero 3 Google, Oculus Quest
Bix Facebook, Samsung Gear VR Tommo).

2. Motion Parallax 3D-mucruiei BUKOPHUCTOBYIOTh
BJIACTHBHN JIIOAWHI MEXaHi3M CHPUHHATTA 00cary —
napanakc. /Iy KopucTtyBada B KOXXKEH MOMEHT 4acy re-
HEepYEThCS BIMOBIIHA MPOEKI[isT TPUBUMIPHOTO 00'€KTY,
BUXO/JISIYM 3 HOTO MOJIOKEHHs 1110JI0 eKpaHy. [lepemira-
FOUUCh HAaBKOJIO CLIEHH, KOPUCTYBau MOXKE OIJISHYTH ii 3
ycix OOKiB, IPH IIbOMY BCi 00'€KTH CIIEHU TIEPEMIIIAIOTh-
cs1 OJTHa BiTHOCHO iHIIO. SIBUIIE mapanmakca 6araropaso-
BO MiACWIIOE cpuiHATTS o0csry. Texnomoris Motion-
Parallax3D m03BOJIIE KOpUCTYBaueBi poO3risiHyTH 3D-
CIICHY 3 yciX OOKiB, 1 BHHUKAE 10311, HIOH Bee ii 00'ekTH
€ peambHUMHU. CHcTeMa, 10 BHUKOPHCTOBYE MEXaHi3M
rapajakca, BIIOBIIIOE HAMPIOHINI pyXW TOJOBH KOpHC-
TyBaua 1 BIZICTEXY€ iX 3 BUCOKOIO LIBHAKICTIO 1 TOUYHic-
TIO, TaK II0 MO30K He (PIKCy€ CIIOTBOPEHHS Te€oMeTpil
00'eKTiB, BUKJIMKAH{ 3aIli3HEHHAM 3MiHH 300paKeHHSL.

i mpuctpoi, sk mpaBuiIo, 3a0€3MeUyI0Th HETIOBHE
3aHypEHHS, OCKUIBKH BiIITBOPIOIOTHCS HA JUCIUIESAX 1 HE
130JIFOFOTh KOPUCTYBada BiJ] HaBKOJIAIITHBOTO CEPEOBH-
ma. BuHATOK — KIMHATH BIpTyanbHOI peasbHOCTI

(CAVE, cave automatic virtual environment). ¥ Takux
KIMHaTaxX Ha KOXKHY CTiHY IPOEKTYEThCSI CTEPEOCKOITIYHE
300paXKCHHS, PO3paxOBaHe Ui KOHKPETHOT TOUKH, B Kl
1 3HAXOJIUTHCS KOPUCTYBad. Y MiJICYMKY Take 300paKeH-
HS OTOYYE JIIOJIMHY 3 YCiX OOKIB, 3aHyplo€ ioro B cebe.
Jleski ekcriepTH BBaXKaroTh, IO VR-kiMHaTté HabaraTto
kpamie VR-monomiB: 3a0e31edyioTh OiTBII BUCOKY PO3-
IUTBHY 3[aTHICT, HEMae HEOOXITHOCTI HajsIrath Ha
TOJIOBY TPOMI3AKHN HPHUCTPiH, B SKOMY NESIKHX HAaBITh
3aKOJIUCYE, 1 caMoineHTHdiKamis BinOyBa€eThCs MpOCTime
3aBISIKH TOMY, III0 KOPHCTYBa4 Ma€ MOXIIMBICTh MOCTil-
HO GauntH cebe.

3. Ilpuctpoi mis BINTBOPEHHS 3BYKY pealli3ylOThCS
sk OaraTokaHalbHI aKyCTH4HI cHCTeMH. BoHU 103BOJIS-
I0Th BUPOOJISITH PO3TAIIyBaHHS JUKEpelsia 3ByKy Y CLEHI,
3aB/ISIKM YOMY KOPHCTYBau MOJXKE OpPIEHTYBATHCS B BIPTY-
TLHOMY CBITI 32 JOIIOMOTOIO CITyXY.

4. TakTuimbHI Ta iHON BITYYTTS CTBOPIOIOTHCA 3a
JOTIOMOTOI0 PYKaBHYOK Ta KOCTIOMIB BIPTyaJlbHOI pea-
JIBHOCTI, SIKI MAlOTh JAaTYMKH, IO JO3BOJISAIOTH BIACIIJI-
KOBYBaTH pyX 3aIl'sICTh 1 MANBIIB PyK a00 BCHOTO Tijia.
Texnigao 116 MOXKe OyTH peaji3oBaHO PI3HUMH METOJa-
MH: 3 BUKOPHUCTAHHSIM OINTOBOJIOKOHHHX KaOesliB, TEH30-
METpUYHHMX a00 IT'€30eNEKTPUYHHUX JATYHMKIB, & TaKOX
€JICKTPOMEXaHIYHUX MPUCTPOIB (TAKHUX SK MOTEHLIOMET-
pu). KoctioMu BipTyasbHOI peajbHOCTI BiACHIAKOBYIOTh
3MiHY TOJIOKEHHSI BChOT'O Tijla KOPHCTYBaya i MepeaaTh
TaKTUIIbHI, TEMIIEpaTypHi 1 BiOpaliiHi BiT4yTTd, a B
KOoMOIHAIIi1 3 IIOJIOMOM — 30POBI 1 CITyXOBI.

5. Ilpuctpoi ymnpaBimiHHSA BHKOPUCTOBYFOTBCS IS
B3aeMOfii 3 BipTyalsHHM cepenoBuiieM Lle cremianbHi
JOKOWCTHKH (TefiMriaan, wands), o MICTATh BOYIOBaHI
JaTYMKH TTOJIOKEHHS 1 pyXy, @ TaKoXX KHOIKH 1 KoJieca
NPOKPYTKH, 5K y MHIII. 3apa3 Taki JKOWCTUKH BCe dac-
Tile poosATh GeCpOBiIHUMU. Y SIKOCTI MPUCTPOIB yII-
PaBJIiHHS MOXYTh TaKOX BHKOPHCTOBYBATHCS 3rajaHi
BHIIE iH(OpMAaIiliHI PyKaBUYKH 1 KOCTIOMH BipTyallbHOT
peanbHOCTI.

3 HaBEICHOTO OIJIIIy amapaTHHX 3aco0iB BHIHO,
110 BapTiCTh 00JIaJHAHHSL, 10 MOYKE BUKOPUCTOBYBATUCS
y HaBUYAILHOMY IIPOIIECi, BapIIOETHCS 1 MOXKE OyTH JTykKe
BHCOKOK. TOMKY Tipy BHOOpPI TEXHOJIOTIi JUII CTBOPESHHS
IMEPCHBHOTO HaBUYAJBLHOIO pecypcy HEOoOXiIHO mpoaHa-
J3yBaTH HE TUTBKH OCOOJIMBOCTI HABYAIBHOI JHCIIHILII-
HU, aje ¥ TeXHIYHI MOXIIMBOCTI Kaeapu, CTyAEHTIB Ta
MOXJTHBI (DOPMHU TIPOBEICHHS 3aHSTh.

BucnoBxku

VY npaHiif cTaTTi PO3MISTHYTO NMHUTaHHS 3aCTOCYBaH-
HSI TEXHOJIOT1H IMEpCHBHOIO /ISl HABYAHHS 1HXKEHEPIB y
rajgy3i TeJIeKOMYHIKaIliil Ta pajaio eNeKTPOHIKH. AHai3
myOJrikamii 103BOJIMB 3pOOUTH BHCHOBOK PO aKTyallb-
HICTh CTBOPEHHS €JIEKTPOHHUX HABYAIBLHUX PECypCiB 3
BUKOpPUCTaHHSIM TexHoJyoTid VR, AR, MR, ockinbku 11e
JTIO3BOJIUTH MiBUIINTH SIKICTh HAJAHHS OCBITHIX MOCITYT
1 MAroTyBaTH BUCOKOKBATi(piKOBAHUX Ta KOHKYPEHTO3-
JATHUX CIICMIANICTIB y raily3i TeJeKOMyHiKamii Ta pa-
JIioTexHIKA. Y HACTyHHHMX MyOmiKamisx MU IUTAHYEMO
MIPEACTABISITH PO3BUTOK IIi€] TEMH 3 TOUYKH 30py MiAXO0-
JiB JI0O CTBOPEHHSI IMEPCHBHHMX HaBYAJIBbHUX PECYpPCIB y
rajy3i TEeJIeKOMYHIKaIliil Ta pagioTeXHIKH Ta BHCBITIIIO-
BaTH OTPUMaHi pe3yJbTaTy.
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Immersive education of students in the field of telecommunications
L. Nikitina, N. Dzheniuk

Abstract. The modern educational process can be radically changed with the use of immersive learning technologies -
virtual, augmented and mixed reality. In the training of telecommunications and radio engineering specialists, the ability to over-
lay multimedia objects on the real world for viewing through Internet-enabled devices such as phones and tablets, personal com-
puters means that information can be available to students around the clock and at the right time. place This can potentially re-
duce the overload of students when studying academic disciplines, providing them with the most favorable conditions and pace
of learning the material. This document examines the advantages of immersive learning and the specifics of using immersive
technologies in the educational process. In conclusion, a look at future research in the field of creating educational resources
using immersive learning technologies is provided.

Keywords: immersive learning; virtual reality; VR augmented reality; AR; mixed reality; MR; telecommunications.
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KYTOBHUM PO3SHECEHUU ITPUMOM HA JIIHISIX
TPOIIOC®EPHOI'O TA IOHOC®EPHOI'O 3B’SI3KY

AHoTanisi. B po6oTi omiHeHO e(eKTHBHICTh KyTOBOTO PO3HECCHHsI CUTHAJIB Ha TPOMOC(EPHUX Ta i0HOCGHEPHUX JTiHIMX
Yyepe3 BU3HAUCHHS ONTHMAIBHOIO KyTa PO3HECEHHS Ta eHePreTHYHOT0 BUTPAIITY Bi/l KyTOBOTO PO3HECEHHS. 3aIllCaHo 3ae-
XKHICTB TIOTY>KHOCTI Ha BXOAI NpHHMada Bil a3UMYTaJbHOTO KyTa IPH a3UMYyTaJbHOMY KyTOBOMY po3HeceHi. OTpuMaHO
Koe(iIlieHT KOpeJsii OTHHAI0Y0! CUTHAY IIPH KyTOBOMY PO3HECCHHI 0 a3uMYTy. 3HalIeHO CHEepreTHIHUH BHUTPall IIpH
KyTOBOMY PO3HECEHHI IIPH Opi€HTaLil JiarpaMH CIPsIMOBAHOCTI B3JJOBX HANpsIMKY pamioxXBwib Ha Tpaci. Hagano naGmu-
xKeHy (opmyity it HMOBIPHOCTI MOMHJIKH TpH 4YeTBipHOMY mpuitoMi. [IpencraBneHo GpopMyny eHEpreTHuHOro BHIpAIy
MIPH TEPEXOi BiJ NOABIHHOTO MPOCTOPOBO-PO3ZHECEHOTO NPUIOMY O YETBIPHOTO MIPUHOMY 3 KyTOBUM PO3HECEHHAM. 3HAl-
JICHO MaKCHUMAaJIbHUI €HePreTHYHUI BUTPALl IPH ONTHMAIFHOMY KyTi B OPIBHSHHI 3 MOABIIHMM IIPOCTOPOBO-PO3HECEHUM
npuiioMmoM. OLIHEHO ONTUMAaJIbHI KyTH PO3HECEHHS MPH Pi3HUX JiarpamMax CIpsMOBaHOCTI aHTEH.

Kaw4oBi c1oBa: KyToBuil po3HECCHUH IPHIOM, TPOCTOPOBO-PO3HECEHHUI PUIOM, TporocdepHuit 3B'130K, ioHOChep-
HUH 3B'S30K, KOCQIII€HT KOpEIALil, eHepreTHYHUI BUTPAIIL.

Beryn

3aBMHpaHHS Ha JiHIAX TportocdepHoro Ta ioHOChe-
PHOTO 3B’5I3KY BIUIMBAIOTh Ha HMOBIPHICTH HOMMJIKU HIPH
npuitomi curnanis [1]. OgHuM i3 coco6iB OTpUMAHHS
HEKOpETIbOBaHHUX 3aBMUPaHb IPH PO3SHECEHOMY IIPHHOMI
Ha PaioNiHIsIX 3 BAKOPHCTAaHHIM i0HOC(HEPHOTO po3Cito-
BaHHS METPOBHX XBWJIb Ta TPONOC(HEPHOTO PO3CIIOBAHHS
CaHTUMETPOBHX XBHJIb MOXE OyTH KyTOBE PO3HECEHHS
Jiarpam CIpsIMOBAHOCTI MPUHAMAaJIbHOT aHTEHH B TOPHU30-
HTaJIbHIN IJIOIIHUHI.

KyToBe po3HeceHHsI He € MOBHOLIHHOI 3aMiHOIO
MIPOCTOPOBOI'0 PO3HECEHHSI aHTEH, OCKIJIbKH MPU BEIU-
KUX KyTaX PO3HECEHHs, HEOOXITHUX JUIsl OTPUMAaHHS He-
KOpEJbOBaHHX 3aBMHpPaHb, 3MEHINYETHCS aOCOIIOTHUI
PiBEHB PO3CITHOTO CHTHANY. BumaeTbcss HEOOXiTHUM BU-
3HAYUTH ONTHUMAIIBHUI KyT PO3HECEHHS, NPH SKOMY

KyTOBE PO3HECEHHsI 3a0e3Neuye MaKCUMalIbHUN BUTpalll
0 BiTHOILIEHHIO JI0 OJMHAPHOTO MPUHOMY, a TAKOXK OIli-
HUTHU e()EKTHBHICTh KyTOBOTO PO3HECEHHS B TIOPIBHIHHI
3 IPOCTOPOBO-PO3HECCHUM MPUIOMOM.

3a HasBHOCTI JIBOX aHTEH, PO3HECEHHX Y MPOCTOPI,
KyTOBE PO3HECEHHS MOJKHA 3J[IHCHUTH Ha KOXHIH 3 HUX
i, B pe3yabTaTi, OTPUMATH YETBIpHUH NpHUioM (ITOIBiH-
HHUH TPOCTOPOBO-PO3HECEHNUH PUIOM Y MTO€IHAHHI 3 K-
TOBHM PO3HECEHUM IpuiioMoM). Taxwii mpuiioMm mnpu Bu-
KOpHUCTaHHI KyTOBOTO PO3HECEHHS Ma€ IepeBary B I0pi-
BHSHHI 3 MOABIMHMM HPOCTOPOBO-PO3HECEHUM IpHUiO-
MOM, aJie MOCTYMAEThCS 32 €(PEKTUBHICTIO YETBIPHOMY
MIPOCTOPO-PO3HECEHOMY ITPUIOMY.

[pu KyTOBOMY pO3HECEHOMY MPHUHOMI KOXKHA 3 JTia-
rpaM aHTCHHU «BHPi3a€» y MPOCTOPI CBil 0OCAT MepeBuII-
pomintoBanHst (puc. 1), ne 1, 2, 3, 4 — 06’ emu iepeBHIIPO-
MIHIOBaHHSI.

Puc. 1. O6csirn nepeBUNPOMIHIOBAaHHS, SKi BiNOBIIAIOTH JByXIIPOMEHEBOMY KYTOBOMY PO3HECEHHIO CUTHAJIIB

SIKIo po3HECeHHsI MiXK JiarpaMaMi CIPSIMOBAHOCTI
JIOCUTh BEJIMKHH, Ii 00CATH BHSBIISIOTHCS 130Jb0BAaHUMH
OJIVH BiJ O/1HOTO. B3aeMHe po3TalryBaHHs Ta B HEOHO-
PIIHOCTEH ieNeKTPUYHOI MPOHUKHOCTI ITOBITPS B 130J160-
BaHUX 00csrax OyayTh pi3HMMH. TOMYy CHUTHAINM MOXYTb
OyTH I0CTaTHHO HEKOPEJIbOBAaHUMH 1 KyTOBHI PO3HECEHUH
npuiiom Oyne e(eKTUBHMM 3a YMOBH, IO CEpEeIHE 3Ha-
YEeHHS aMILTITY T WX CUTHAJIIB He OYAyTh CUJIBHO BiIpi3HS-
THCS. [HaKIIe ePEeKTUBHICT PO3HECEHOTO TIPUIOMY Pi3KO

3HIKYETHCSI. OCTaHHS YMOBA HAKJIAIa€ OOMEXKEHHS Ha Be-
JIMYMHY KyTOBOTO po3HeceHHs. CripaBa B TOMy, IO PiBEHb
CHTHAJy NpH HAIHBOMY TPOMNOC(HEPHOMY PO3IOBCIO-
JUKEHHIO PajioOXBWJIb 3aJIEXKUTh BiJl CIIPSIMOBAHOCTI IpH-
HoMy. Y TOJIOBHOMY HAaIIpsIMKY CIIOCTEPIra€ThCsi MAKCHMYM
CHUTHAJTy 1 IPH BiIXWJICHI Bijl TOJIOBHOTO HAIIPSIMKY PiBEHb
CHUTHaJTy pi3Ko nanae. Lle mpu3BoauTh 10 TOTO, 10 Ky TOBHI
PO3HECEHU TPUIOM BUSBIIETHCS SPEKTUBHUM JIMIIIE 32
BHUKOPHCTaHHIM TOCTPOHAIPABICHUX AHTEH Ta € JOIIb-

© TIlouepnsies B. M., Maromenoa M. C., CuskoBa H. M., llledep O. B., 2023

167



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

HHMM JUISl BIIPOBA/DKEHHSI B KOMOIHOBaHHMX TEJIEKOMYHIKa-
LIHUX CHUCTEMax, HANPUKIAJ, B MOOUIBHUX MU(PPOBUX
TponochepHo-ioHOCHEpHUK Ta MOOUTEHUX MU(PPOBHUX TPO-
nocepHO-pasiopeNeHuX cTaHIisx [2-6].

Amnaji3 giteparypuux qxepen. TexHika po3Hece-
HOTO TPUHOMY HIMPOKO BHKOPUCTOBYETHCS Y Pamio3B's-
3Ky. HaiiGinmpmoro mommpeHHsT HaOyB IPOCTOPOBO-PO3-
HECEHUH IpUiloM, SKHUH 3aCTOCOBYETHCSI B CHCTEMax
MIMO [7, 8], mix gac mepenaui curaanis OFDM [9], y cu-
cTeMax MLUTIMETpOBOTO fiana3zoHy XBWik [10], y cucremax
3B'A3Ky pi3HOTrO npr3HaueHHs [ 11-13]. KyToBwmii po3nece-
HUM npuiioM BUKOpUCTOBYeThCs B cucteMax MIMO [14],
y CEHCOPHHX Mepexax 3B's3Ky [15], Ha BUCOKOIIBHIKIC-
HUX JIiHiSX 3B'13Ky [16—18]. 3a3Haunmo, 1o nosspusa-
LilfHe PO3HECEHHS CUI'HAJIIB BUKOPUCTOBYETHCS SIK y Me-
pexkax paniosB's3ky [19], Tak iy pamionokanii [20].

Meta po6oTn — OUIHUTH €(EKTHUBHICTH KyTOBOTO
PO3HECCHHS CHTHATIB Ha TPOHOC(epHIX Ta i0HOC(HEpPHUX
JHIAX Yepe3 BU3HAYCHHS ONTHMAIBHOTO KyTa PO3HECSHHS
Ta €HEPreTHYHOrO BHIPALLY Bil KyTOBOI'O PO3HECCHHSI.

OcHOBHA YacTHHA

[Tpu a3umyTanbHOMY KyTOBOMY PO3HECEHI 3alexk-
HiCTh MOTYKHOCTI Ha BXOJi mpuiimaya Py, Bil a3uMyTa-
JBHOTO KyTa [5 MOXKHA 3aIUCATH Y BHIJIAII:

Pan =4 (ﬁ) GHpﬂGl'lle (1)

ne A(B) — MHOXKHHUK, 1[0 XapaKTepu3ye CIpsMOBaHi Bia-
CTHBOCTI PO3CIKOBAIILHOTO CEPENOBHINA; Gy, Gy — KO-
eQiIlieHTH CIpsIMOBAHOI Jii IepegaBagbHOI Ta MpHiMa-
JIBHOI aHTEH BiAIIOBIIHO.
@dopmynu Uil BU3HAYCHHS BEJIMYHUH, IO BXO-
1sth 110 (1) HacTymHi:
_p2
AB) = e F, (2
2p2
— — —-a
Gupg = Gopu = €% F". ®)

Ha mpakrtumi, Haifwacrinre, Ma€e Miclle BHIAIOK, KOJH
0o0OuJBI JliarpamMy CIPSIMOBAHOCTI MPUIMANbHOI aHTEHH
3pYIICHI CHMETPUYHO, 1010 HAMPSIMKY MOIITHPEHHS pa-
JTIOXBHJIb HA TPACi, K MOKa3aHO Ha puc. 2.

Ilepegaga

Ilpuiiom

Puc. 2. Cxema po3rairyBaHHs
nepeaBaibHOl Ta IPUUMAaJIBbHOI Aiarpam
CIIPSIMOBAHOCTI IIPH KYTOBOMY PO3HECEHHI CHTHAJIIB

Toni, xoedimieHT a y popmydi (1) mae BUTIIA:

a’ =e/(Bo)?, (4)
ne By — MMpUHA JiarpaMu CrpsiIMOBaHOCTI Y TOPH30HTa-
JIBHIN ITUTOIIHHI.

KoedimnienT kopensiii MUTTEBUX 3HaYE€Hb HALIPYTH
CHTHAJy TIPH KyTOBOMY PO3HECEHHI BiIMOBIAHO O poO-
6oTr [21] Moske OyTH 3amUCaHUM TAKMM YHHOM:

T(ﬂkp) = exp[_ﬂkpaz(l - a,Z/pZ)]’ (5)

ne BenuuuHa p? = 2a? + 1.

Bynemo BBaxaTu, 1110 OTHHAOYA CUTHAJY Ha JIHIsSX
Tpornoc(hepHOro Ta 10HOCGHEPHOTO 3B'SI3KY PO3MOJUICHA
3a 3akoHOM Pernest 1 koe(illieHT KopeJsiiii OrHHAIYO0T0
CHTHAITY MOKe OyTH MPENCTaBICHUIA Y BUTTISAII:

R(Bo) = [r(Bs)] )

3 ypaxyBanHsm (4), (5), (6) orpruMaemo koedilieHT
KOpelsilii OrMHarouoi CHrHaly NpU KyTOBOMY PpO3He-
CEHHI 110 a3UMYTY B HACTYITHOMY SIBHOMY BHTJISL:

e
2 [1+—=

R(Bep) = ex0i =B oo lrme- |- ()
B

®opmyna (7) mokasye, o KOpeIsisi BU3HAYAEThCA
HE TUTBKH KyTOBHM DPO3HECEHHSM, alie i BiAHOIICHHIM
HIMPYHHU JliarpaMu CIIpSIMOBaHOCTI aHTEH J0 IIUPUHHU KY-
TOBOTO €HEPreTUYHOI'O CICKTPY PO3CISIHUX Tpomocde-
poto xBuiib. Ciil 3a3HaYMTH, 110 3 BUBEICHHS (GopMyI
HE BPaxOBYBaJIacs IIMPHHA JiarpaMu CIIpSIMOBAHOCTI aH-
TeHd, mo nepenae. Oanak Bigomo [21], uro npu 36imb-
IIEHHI PO3MIpy PO3KPHUTTS aHTEHH, IO Tepe/ae, 3BYKY-
€THCS KyTOBUI €HEpreTHUHHI CIEeKT. SIKIIO 11e B3ATH JI0

. 1. .
yBary, To y popmyuti (7) BeTHIUHY ~7 CIIiZl 3aMIHHTH Ha

BETHYIHY
1 1
o + En
1€ PBrp, — WMPUHA JiarpamMy CIpPAMOBAHOCTI MepeiaBa-
JIbHO1 aHTEHH.
SIKIIO B3STH BiTHOIICHHS MOTY)XHOCTI CUTHAIY O
TIpH KyTOBOMY PO3HECEHH1 curHaiy npu S, = 0, To Be-
JTMYUHA © 30iraeThes 3 KoedimieHTOM KOPENAIii MUTTE-
BUX 3HA4YCHb CUTHAITY:
Pup 2 2 27,2
5 =2 = exp[-pLa*(L - a?/p?]. (8

Py

[lporo BuMarae i Teopiss maibHBOTO Tpomochep-
HOT'O PO3IMOBCIOPKEHHS PaJliOXBHIIb.

J1y1s1 BU3HAUEHHS €HEPreTHYHOI0 BUIpallly IpH Ky-
TOBOMY pPO3HECEHHI HEOOXiJIHO 3HATH WMOBIPHICTH IO-
MUWJIKH BiJl BIZHOLIEHHS CUTHAJI/IIYM NP OJMHAPHOMY
NpUOMI Ta MPUIOMI 3 KyTOBHM PO3HECEHHSIM.

BianoeinHo mo [22] mpu oaumHapHOMY mpuitomi
HMOBIpHICTP IOMUJIKA HACTYIIHA:

PlHOM ~ 1/h21 (9)

ne hg — cepeiHe 3HAYCHHS BiTHOIICHHS MTOTYKHOCTI CH-
THAJy JIO MOTYKHOCTI IIyMY.

Bupas s iIMOBIpHOCTI TIOMUWIIKH [UIS TIOABIHHOTO
HEKOTEPEHTHOTO NPUHOMY HAOIMKCHO BHU3HAYAETHCS
HACTYITHUM YHHOM:

PZI'IOM ~ 4/h%(1 - R) (10)
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Eneprernunmii BUrpai rnpu nojaBiiHOMy npuiomi
B IMOPIBHAHHI 3 OAMHAPHUM HPUIOMOM MOXKHAa OTpH-
MAaTH, BUKOPUCTOBYr0UH Gopmynu (9), (10):

h2/h3 =~ (= R)/Prow

ne hq, h, — BiTHOIICHHS CUTHAJI/IITYM TIPH OAWHAPHOMY Ta
nozABiHHOMY mpuiiomi BigmoBigHo. EnepreTnunuii Bu-
rpall Mpy KyTOBOMY PO3HECEHHI IPH OpieHTAii JiarpaMu
CIIPSIMOBAHOCTI B3JJOBXK HAIPIMKY PO3NOBCIO/KEHHS pa-
JIOXBHIIb Ha Tpaci 3HAXOAUMO 3 YpaxyBaHHIM (8):

(11

hZ
ARZ_, = h—ié‘. (12)
1
Bpaxosytrouu (5), (6), (8) orpumaemo:
AR3_; =
\/exp[—Zﬁﬁpaz(1—2‘—;)][1—exp[—2ﬁ}%pa2(1—2—§)”
= N . (13)

BennunHa ONTHMAaNbHOTO KyTa PO3HECEHHS IIPH
SKOMY Ma€ Miclle MaKCHMalbHUH EHEPreTUYHHH BH-

rpam;
Bope = [m2/2a? (1= )]

[MincraBnsroun B (13) Bupas (14) 3HaxoAnMO Mak-
CHMAJILHUA €HEPTETUIHUH BUTPAII TIPH By -

(14)

ARZ,,, ~ 0.25,/ P, . (15)

Ha uudposux tpomnocdepuunx crauuisx [23] MoxyTh
BUKOPUCTOBYBATHUCS JIBI IPOCTOPOBO-PO3HECEH] aHTEHH 1
Ha KOXHIH 3 HUX 3[iiICHIOBaTH KyTOBE po3HeceHHs. Bin-
MOBITHO 710 po6oTH [22] HaGmKkeHa popMyITa It HMOBI-
PHOCTI HOMMJIKHY TIPU YETBIPHOMY MPHIHOMI TaKka:

8me?

hE(1-R)2 "

(16)

P4l'IOM =

EnepreTnuHuii BUrpai npu nepexoii Bij MOABii-
HOT'O IPOCTOPOBO-PO3HECEHOTO MIPUHOMY 10 YETBIPHOTO
MpUiOMy 3 KyTOBHM PO3HECEHHSM 3 ypaxyBaHH:sM (10),
(16) MoxHa TIpeACTAaBUTH HACTYITHOIO (POPMYIIOIO:

ARG, =

[t ol 2]
= V2P

Bukopucrosyroun dopmymu (14), (17) 3Haxomumo
MaKCUMAJIbHUH eHepreTHYHUI BUrparl npu B, B MOpis-

. a7

HSHHI 3 TIOJIBITHAM ITPOCTOPOBO-PO3HECEHUM TIPHHOMOM:

Ah4-—2 max ~ 0-25/4\/ Pl'lOM' (18)

OuiHUMO TONEepeIHbO ONTHMAIBHI KYTH pO3He-
CEHHS P,y TPHU PI3HUX Jiarpamax MepenaBagbHOI Ta
npuiManeHOT aHTeHu B Tabu. 1.

Tabnuya 1 — OnTAMATBHI KyTH PO3HECEHHS NPH
HaBeJeHHUX JiarpaMax cnpsiMOBaHOCTi

BO ﬂon'r
1° 51'
10° 4%44’
12° 5022’

3 1aba.1 BUAHO, IO MPU BUKOPHUCTAHHI BIITHOCHO
BY3bKOCIIPSIMOBAaHUX AHTEH BEJIMYMHA ONTHMAajbHOTO
KyTa pO3HECEHHS [3,;; BIAMOBiTae MPUOIN3HO TIOJIOBUHI
IIMPHHY JiarpaMy CIPSIMOBAaHOCTI IPUIMAaIbHOT aHTCHH
U 10HOC(EepHUX JiHIH i HE3HAYHO MEHIIIE JUIS TPOIOC-
(bepHUX TiHIH.

BucnoBxku

[Tpu onTUManbHOMY KyTi pO3HECEHHS (1S 3aJaH0T
IMIMPUHHA JiarpaMH CHPSMOBAHOCTI aHTEHH) e(EeKTHB-
HICTh HIOABIHHOTO Ta YETBIPHOTO MPUHOMY HE 3aJIC)KUThH
BiZl Jiarpam CHpsIMOBAHOCTI aHTEH, IO BHKOPHCTOBY-
IOThCA.

IMpu kyTi By NOABIWHUIN NPUHOM IIPH KYTOBOMY
PO3HECEHHI B IOPIBHAHHI 3 OAWHAPHUM NIPUHOMOM Ja€
eHepreTHYHUi BUrpam nopaaxky 9 ab npu P, =102 ta
13 nb npu P,,,, =10,

[MoagiliHuMi MpUHAOM NPU KyTOBOMY PO3HECEHHI B
MOPIBHSHHI 3 NOABIHHIM MPOCTOPOBO-PO3HECCHUM MPH-
oMoOM Mae eHepreTudHuit mporpaim 31b.

[Mpu xyTi Son; YETBIPHUIT MPUHAOM 3 KYTOBUM PO3-
HECEHHSIM MOPIBHSIHO 31 MOJBIHHNM IPOCTOPOBO-PO3HE-
CEHNM NPUHOMOM Ja€ EHePreTHYHUH BUTPaIl MOPSAKY 3
1b npu Py, =10

YeTBipHUI TPHIOM IPU BHUKOPUCTAHHI KyTOBOT'O
PO3HECEHHS B TOPIBHIHHI 3 YETBIPHUM NPUAOMOM IPHU
MPOCTOPOBOMY PO3HECEHHI aHTEH Ma€ EeHepreTHUHH
nporpaut 01m3pko 3 1b.

Ipu xopemsuii curHanis R = 0,5 ...0,6 cTymiab
MOJNIMIIEHHS CHCTEMH 3a PaxyHOK DPO3HECEHOro NpH-
HOMY MPaKTUYHO TaKa cama, siK 1 IIpH MPUHOMI IIOBHICTIO
HEKOPEIbOBAHUX CUTHAIIB.

BpaxoByroun meBHy 3MiHHICTH KoedillieHTa Kope-
msuii B yaci, MOXKHa KOHCTaTyBaTd, L0 mpu R =
0,5...0,6 edeKkTHBHICTH KYyTOBOTO PO3HECEHOTO NpH-
oMy OyJie Taka K, sIK 1 IOBHICTIO HEKOPEIhOBAHUX CHT-
HAJIiB.

Jlns MoOimEHIX TH(POBHUX TPONOC(HEPHUX CTAHITIH
KyTOBHUI PO3HECEHUH MPHUIHOM Kpalle peari3oByBaTH IO
TOPU3OHTAI, HIXK 110 BEPTHKAJII.
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Angular spaced reception on troposcatter and ionospheric communication lines
V. Pochernyaev, M. Mahomedova, N. Syvkova, O. Shefer

Abstract. Inthe article paper estimates the effectiveness of the angular diversity of signals on troposcatter and ionospheric
communication lines by determining the optimal angle of diversity and energy gain from angular diversity. The dependence of the
power at the input receiver of the azimuthal angle at the a angular diversity is presented. The correlation coefficient of the signal
envelope at the angular spread in azimuth was obtained, which shows that the correlation is determined not only by the angular
spread, but also by the ratio of the width of the antenna directional diagram to the width of the angular energy spectrum of waves
scattered by the troposphere. The energy gain at the angular diversity when the directional pattern is oriented along the direction
of the radio waves on the track is found. An approximate formula for the error probability of a quadruple reception is given. The
formula for energy gain when switching from double spatially dispersed reception to quadruple reception with angular diversity is
presented. The maximum energy gain at the optimal angle in compare with the double spatially dispersed reception is found. It was
established that the double reception with angular separation has an energy loss in comparison with the double spatially separated
reception. The optimal diversity angles for different antenna patterns diagrams is estimates. It is proved that the degree of improve-
ment of the system due to the spread reception is almost the same as when receiving completely uncorrelated signals. Taking into
account the change in the correlation coefficient over time, it was established that the efficiency of angular diversity reception will
be the same as that of completely uncorrelated signals. It is recommended that angular spread reception for mobile digital troposcat-
ter stations is better implemented horizontally than vertically.

Keywords: angular diversity reception, spatially diversity reception, troposcatter communication, ionospheric communi-
cation, correlation coefficient, energy gain.
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OPTIMISATION OF OPTICAL
INFOCOMMUNICATION NETWORKS

Abstract. The article reviews existing approaches to network analysis, taking into account the topological properties
of networks. A sequential analysis from a network link to the properties of a set of network links is carried out. The
network link is analysed as a set of optical channels, and an analytical description of the transmission quality in such a
channel is carried out. A model for calculating crosstalk in the paths of information and communication optical networks
is proposed. As can be seen from the results, for an optical fibre of a given length, there is a number of steps for selecting
the input polarisation ellipse for which the efficiency of the method is maximised. Also, with an increase in the number
of steps, we observe a decrease in the efficiency of this compensation method. So, for an optical fibre of a given length at
constant dynamics, there is a number of input signal polarisation ellipses for which the polarisation-mode dispersion will
be minimal. For a particular fibre, this parameter (the number of input signals) must be selected, because this value is
different for different fibres (within the range of 15-30 points).

Keywords: network, optical channel, model.

Introduction

Network analysis plays a crucial role in the design
of optical information networks - it is thanks to the
analytical apparatus that it becomes possible to draw a
conclusion about the effectiveness of a particular
network solution and identify mechanisms that can
improve existing optical networks. In turn, a modern
information and communication network is built using
multi-channel optical paths, which are rather complex
systems.

Therefore, there is a need to apply a consistent
integration approach, starting with an analytical
description of critical and important elements of the
network structure and then summarising their properties
in a global analytical description of the network.

Thus, it is necessary to form models of the links of
the global network structure - tools for their study,
considering the peculiarities of optical networks. It would
also be useful to consider the approaches to analysing the
link-network layer used in global backbone networks.

The analysis of an optical path link involves
consideration of the entire set of influence parameters -
both dispersion effects and nonlinear phenomena, noise
and interference.

Consideration of existing approaches to network
analysis is impossible without taking into account the
topological properties of networks.

Analysis of the network path

The network path is an integral element of any
network design. The main technical parameters of
networks depend on the capacity of the network path.

Modern backbone networks have gradually
replaced radio relay communication lines, copper
symmetrical and coaxial cables as information channels
due to a sharp increase in requirements for
transmitted/received information.

It should be added that the requirements for the
reliability of the transmitted information are increasing in
proportion to the requirements for the volume of
transmitted information.

Analysing the path capacity is an important
technical task. In this article, we analyse paths with time
and spectral compression of information, which are
widely and actively used in backbone networks in most
countries of the world and Ukraine.

In time compression, the dispersion properties of
fibres impede high and ultra-high data transmission rates.
The article discusses the main methods of dispersion
control and proposes a method of its compensation.

To analyse the spectral compaction, a complex of
nonlinear effects arising in the guiding system - optical
fibre - is considered. A generalising mathematical model
of the optical channel transmission quality of a group
optical path of a DWDM system is derived.

The methodology for calculating the network
structure congestion based on its topology, proposed in
[1, 2], makes it possible to determine the level of
interference in an optical system implemented using the
technology of all-optical networks.

Topological analysis also made it possible to create
a new toolkit - the flow structure - and manage it within
the capabilities of high-level network management
technologies.

Quiality aspects of information transmission
in DWDM systems

Q-factor is the Electrical Signal-to-Noise Ratio
(ESNR) at the input of the receiver's decisive circuit. ITU
Recommendation 0.201 is intended to the measurement
of Q-factor. The relationship between Q-factor and BER
(bit error rate) is described in ITU G. Sup. 39.

According to 0.201, the Q-factor is defined as:

M~ H

oy -0op

where p; and p, - transmission voltage levels "1" and
"0"; g, and g, - are deviations of the noise distribution
at levels "1" and "0"; u is the position of the decision
threshold of the receiver logic circuit.

Q-factor is a system parameter that is determined
by statistical patterns at the receiving end of the system
when making decisions about the signal strength at any
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given time. To ensure that the quality of information
transmission over a fibre optic transmission system
channel is determined, these patterns must consider all
the noise (and, consequently, interference) in the system.

Therefore, the Q-factor is one of the main
parameters that characterises the optical channel of a
transmission system, regardless of whether it is a
spectrally compressed or single-channel system.

The main system parameter that characterises the
quality characteristics of a system with a digital method
of information transmission is the reliability of
information transmission. The main system parameter
that characterises the quality characteristics of a system
with a digital method of information transmission is the
reliability of information transmission. In digital
transmission systems, the reliability of information
transmission is characterised by the K error rate (BER)
or the Pe error probability arising in the process of
transmitting a certain number of messages (bits of
information). In general, Per can be interpreted as a

function of the signal-to-noise ratio (S/N), i.e.

Py :f(S/N)-

For binary digital communication channels, this
function is the Crump function, which is tabulated and
widely used in engineering calculations. Thus, the
calculation of Pe is equivalent to the calculation of the
signal-to-noise ratio, which, in turn, is determined by
analysing the total system channel noise, which includes
crosstalk, equipment noise, and fibre noise.

Accounting for nonlinear effects
of optical components

Stimulated Raman Scattering (SRS) is a much
lesser problem when compared to Stimulated Brillouin
Scattering (SBS). Real fibre-optic links (FOCLSs) allow
the use of an optical amplifier (EDFA) with a level of
about 25 dBp or several amplifiers with a lower output
level. SRS is similar in nature to SBS but is caused by
different physical phenomena.

SRS is frequency-dependent and is more
pronounced at short wavelengths than at long
wavelengths (i.e., at higher frequencies). It can be noted
that short-wave channels have a much lower amplitude
compared to long-wave channels, i.e., there is a change
in signal amplitudes for each channel. At the same time,
it is the shorter-wave (high-frequency) channels that are
subject to greater attenuation. In WDM systems, the
effect of this type of scattering is to redistribute power
from short-wave to long-wave channels. In this case, this
phenomenon works like a Raman amplifier and the long-
wave channels are amplified at the expense of the short-
wave channels if the difference in wavelengths lies
within the Raman gain band. This phenomenon can occur
in quartz fibre, where gain can result from using a
channel spacing of 200 nm.

Short-wave channels are the most impoverished, as
their power can be simultaneously pumped into many
channels at the same time. This redistribution of power
between channels can be determined by the
characteristics of the system because it depends on the

nature of the bit arrangement - amplification occurs only
when binary "1" are presented in both channels at the
same time. Such amplification leads to an increase in
power fluctuations, which increases the receiver's noise
level and worsens its performance. Raman crosstalk can
be avoided if the channel powers are so small that the
gain is negligible along the entire length of the fibre.
When Raman amplifiers are used in DWDM systems, it
is necessary to consider the fact of crosstalk caused by
the presence of several signals transmitted at different
wavelengths.

SRS can occur in systems that use both single and

multimode fibre. To observe SRS in the presence of only
one channel, without the use of an optical amplifier, it is
necessary to have a signal level of about +30 dBp. The
literature [5,6] indicates that the threshold at which a 1
dB degradation is observed in a multichannel system
caused by the presence of Raman radiation can be
estimated from the inequality:
P, AL-Lg <40[mW.-nm-Mm], (1)
where Py — total capacity of all WDM channels (mW);
AL — the optical spectrum band (nm) in which these
channels are distributed; Les— effective length, measured
in megameters (Mm), which is defined as:

4,343
Lett =——

where a - fibre attenuation coefficient (dB), L - fibre
length (km).
According to (1), (2) we write from:

Bt +4,343-A4
40-a

The SRS threshold for systems using G.653 fiber is
slightly lower than for systems using G.652 fiber due to
the smaller effective area of G.653 fiber. SRS has
virtually no degradation in single-channel systems. The
SRS effect actually limits the light output in the channel.

When using single-channel systems, unwanted
spectrum regions can be eliminated by using filters. For
WDM systems, there are currently practically no
techniques that would allow to eliminate the SRS effect.
However, the impact of SRS can be decreased by
reducing the input optical power.

SBS (Stimulated Brillouin Scattering) sets an upper
limit on the level of optical power that can be transmitted
by an optical fibre. When a certain level of optical power,
called the SBS threshold, is exceeded, an acoustic wave
is generated in the OF, which changes the refractive
index n. Changes in n cause light scattering, which leads
to additional generation of acoustic waves. To excite the
Mandelstam-Brillouin scattering, the spectral density of
the initial radiation should be much higher than for
Raman scattering - 10 mW in the frequency band 10-50
MHz. As a result of this effect, a wave with a shifted
frequency (Stokes wave) propagates in the opposite
direction to the light source, which reduces the useful
transmitted optical power. This limits the maximum
achievable power that can be transmitted by the
transmitter into the line. For example, at a wavelength of

(1_ e—0.23aL), (2)

Ksrs (1-e2%)0Bp). (3
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1550 nm, the scattered light is shifted to the right by
approximately 11 GHz. This scattering (SBS) has the
lowest threshold power. It has been shown that the SBS
threshold can vary depending on the type of fibre and
even depending on the specific fibre. The threshold is on
the order of 5 to 10 mW for narrowband externally
modulated lasers. For directly modulated lasers, this
power can be around 20-30 mW. For G.653 fibres, the
SBS threshold is slightly lower than for G.652 systems.
This is due to the smaller effective area of G.653 fibres.
It can also be said that this is true for all the nonlinear
effects considered. The SBS threshold is sensitive to the
spectral width of the radiation source and the radiated
power level. However, it does not depend on the number
of WDM channels.

In addition to the effect of reducing the useful
power, noise occurs (the relative noise intensity (RIN)
increases, for example, from -155 dB/Hz to -138 dB/Hz),
which worsens the BER (probability of error)
characteristics. It is especially important to control SBS
in high-speed transport optical systems, necessarily using
external modulators and CW (Continuous Wave) laser
sources.

The resulting acoustic wave is hypersonic in nature,
and its frequency spectrum can be located in the band up
to 10...13 THz (10 Hz). SBS limits the level of light
energy that can be transmitted by the fibre. The level of
input power introduced into the fibre, at which a sharp
increase occurs, is defined as the SBS threshold, and is
described by the formula:

Pth _o1. KAeff . AUp AUB l (4)
Olett Avg

where g — Brillouin gain coefficient, 4e — effective core
area, K is a constant determined by the degree of
polarisation state freedom, for G.652 - K = 2.

Avg idvp are variables representing the spectral
width of the Brillouin band and the pumping source,
respectively; Le — effective length.

The degradation caused by SBS does not occur in
systems where the line width of the radiation source is
significantly greater than the Brillouin bandwidth or
where the signal power is less than the SBS threshold
power.

It can be assumed [5] that if the theoretical
threshold (4) is exceeded, the KSBS degradation will be
approximately 10 dBp per channel, which is absolutely
unacceptable.

Four-wave mixing (FWM) occurs if two signals with
different frequencies and sufficiently high intensity are
introduced into the channel - the spectrum of the scattered
signal will contain components with four frequencies
(taking into account Rayleigh-Mandelstam scattering),
and in the case of superposition of two of the frequencies
on each other, which is quite possible, photons with
frequencies that differ from the carrier appear

v,=v, —20,.

The frequency spectrum of the scattered radiation
is expanded, and some of the components can be
enhanced by suppressing others. Given N optical carriers,

the number of components resulting from the FWM is
determined by the ratio (5):

0,5N?(N -1). (5)

The FWM can also occur with a single optical
signal that transmits information by amplitude
modulation, i.e., its spectrum consists of three main
components: the central frequency and side frequencies;
at high transmission rates, the side frequencies are very
far apart from the central frequency, so each of them is
an independent carrier from the point of view of the
FWM. The effect of FWM on transmission is manifested
as additional crosstalk, inter-symbol interference at high
transmission rates, and impoverishment of the power of
signals from some channels due to the influence of
signals from other channels.

The effectiveness of the FFS is also sensitive to the
total optical power in the fibre. An approximate formula
for calculating the FWMP efficiency for SMF-28, taking
into account the frequency spacing of N channels ds can
be written as:

FWM [0B]~ 57 +101g (ﬁj L1120 (6)
df ) df

Thus, for an 8-channel CWDM with a frequency
spacing of df = 200 GHz (192.4 - 193.8 THz), the FWMP
will be ~ -46.7 dB, and for a 16-channel CWDM with a
frequency spacing of 100 GHz, the FWMP will be ~
37.7 dB.

Recall that the electrical equivalent of FWMP is
equal to twice the optical efficiency of FWMP and for the
latter case will be equal to -75.4 dB.

FWM has the greatest parasitic effect in FOCs in
which the optical path is built on G.653 DSF zero-
dispersion shifted fibre; FWM is practically not
manifested in single-mode standard G.652 SMF fibre.
Experiments have shown that for G.653 fibres, this
interference is unacceptable (up to 20 dBp), while for
G.652 it is practically absent.

In order to adequately suppress the generation of
FWM products, the industry has proposed the use of
fibres with a minimum permissible but non-zero
dispersion in the gain region of optical amplifiers. As an
alternative, it is proposed to use alternating spans with
opposite dispersions. Of course, it is possible to provide
an increase in the channel spacing and the existence of an
uneven spacing between them, thereby reducing the level
of interference from the FWM.

Active components of optical systems
with spectral channel compression

If certain DWDM specifications require
compliance with a small emission bandwidth (0.01...0.5
nm) G.692, G.957, not all emitters provide it.

The spectrum of the intensity-modulated signal
resembles that of an AM signal. It contains lateral
components, and the spectrum of the output signal must
be limited to the first harmonic of the signal clock.
Frequency instability for STM-64 at 10 GHz will cause
overlap with the frequencies of the neighbouring group
channel, unacceptable noise growth, signal suppression
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and system malfunction. For STM-256, even half the
tolerances of the STM-64 system are out of the question.
That is, the frequency stabilisation system must be of
very high quality. For STM-64, the width of the spectral
line should not exceed 0.08 nm at spectral intervals of 50
GHz. For STM-16 = £0.5 nm (G.957).

Exit from the specified frequency bands leads to the
appearance of unacceptable crosstalk. In principle, the
issue can be solved by introducing additional filters, but
this will entail a significant increase in the cost of the
system and the need to use additional amplifiers.

Let us calculate the noise figure of the radiation
source together with the photodetector using the analysis

formulas from [6-7]:
2q 12"
AL o
PS PS?

chan in

m?2
KN.RS+KN.FD:2AV [R

where m - channel optical modulation index, often
referred to as OMI (Optical Modulation Index).

It is usually expressed as a percentage, but a
dimensionless value, such as mp}/100, should be
substituted into the calculation formulas.

For example, m = 4% is equivalent to m = 0.04;
Av nan— channel noise band in a selected band; R —
relative intensity of noise RIN (Relative Intensity Noise),
which is calculated as the noise power reduced to a 1 Hz
band relative to the optical power of the unmodulated
carrier, dB/Hz; q — electron charge; S — sensitivity of the
optical module, which depends on the optical
wavelength.

Typical values of S are Si310 = 0.85 A/W and Sisso =
0.95 A/W for wavelengths of 1310 nm and 1550 nm,
respectively. Physically, the S parameter indicates the
current (in mA) that will appear at the output of the
photodetector when an optical power of 1 mW (0 dBp) is
applied to its input;

In is the equivalent noise thermal current of the
amplifier, measured in pA/Hz. A typical value of I, for a
transimpedance stage based on a GaAs field-effect
transistor is 7..8 nAl/Hz. Nowadays, amplifying
transistors with low noise and very high input impedance
have appeared, and they have an input noise current of up
to 5 ndl/Hz.

In addition, as the frequency band is limited, the
total useful power will decrease, and as it grows beyond
the limit, it will decrease due to redistribution to the
prohibited out-of-channel frequency range, thus
initiating a decrease in the signal-to-noise ratio, which, in
turn, is equivalent to a deterioration in the quality of
information transmission in the system.

Let us write down the interchannel interference
level coefficient of an optical signal, which characterises
power losses [5-6]:

_5Aunands

Kean = Poan € ", ®)

chan chan

where Pchan — optical channel power; Avpgnas —
frequency range allocated to a channel.

The optical amplifier increases the level of not only
the useful optical signal, but also the parasitic harmonics,

which, in fact, form the basis for crosstalk in optical
systems. In addition, optical amplifiers (both EDFA and
SRS) have their own noise.

The noise figure (NF) of an amplifier is caused by
amplified spontaneous emission (ASE). The ASE noise
figure is determined from the following expression [5]:

(9B), )

__ 2Pase
hveAv(Gp —1)

where Pse - power of amplified spontaneous radiation;
h - Planck's constant; v. - signal frequency.

PASE = ZnShVAVA(GA —1) s (10)

where ns - spontaneous emission rate.

The spontaneous emission factor can take on a
value from 1 to 10 for optical amplifiers with Ga >1. For
typical erbium amplifiers of modern fibre-optic
information transmission systems with Ga >10 dB, the
typical NF value is in the range of 3dB < NF < 6dB. If
the amplifiers are switched on in successive stages, it can
be shown that the noise figure of the first stage
determines the noise figure of the entire amplifier. The
noise figure NFr of a Raman distributed amplifier is
determined from the expression:

NFgr =2/InGg, (12)
where Ggr - is the coefficient of gain of the Raman
amplifier, which is determined from the expression:

grPL

Gg=e ' (12)

where gr — Raman coefficient; Py — pumping power;
Aet — effective cross-sectional area; L — fibre length.

We can assume gr = 7- 107 km/W. The actual
pumping power ranges from 0.5...0.8 W to several watts
[6]. Thus, we obtain the total noise figure of the optical
amplifier:

1
KN.OA:HAZ/[:KN.chan'(NFAM —Kay, ) (13)

where NFa - noise of a particular amplifier; K, -
coefficient of gain of the amplifier; Ky chan - Noise figure
of the transmission channel obtained before each optical
amplifier; M - number of amplifiers.

The photodetector noise and, accordingly, the
coefficient Knchan are set based on the information
provided by the manufacturers.

K chan s also calculated based on the data provided
by the equipment manufacturers.

In practice, a 3 dB margin is taken into account in
terms of signal-to-noise ratio due to the frequency-
exchange coding (FEC) used in backbone fibre-optic
transmission systems. This margin is introduced as an
improvement of the signal-to-noise ratio at the
photodetector and is not the maximum possible.

Conclusions

In this article, we have considered a sequential
analysis from the network link to the properties of a set
of network links.
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The network link is analysed as a set of optical
channels, and an analytical description of the
transmission quality in such a channel is given.

A model for calculating crosstalk in optical
network paths is proposed.

As can be seen from the results, for an optical fibre
of a given length, there is a number of steps for selecting
the input polarisation ellipse for which the efficiency of
the method is maximised.

Also, with an increase in the number of steps, we
observe a decrease in the efficiency of this compensation
method. This is due to the fact that during the selection
of the minimum value, transmission is also carried out,
and the value of the differential group delay is not
minimal. Of course, with a decrease in dynamics (an
increase in the time during which the optical fibre does

not change), the efficiency of using the compensation
method increases.

So, for an optical fibre of a given length at constant
dynamics, there is a number of input signal polarisation
ellipses for which the polarisation-mode dispersion will
be minimal.

For a particular fibre, this parameter (the number of
input signals) must be selected, because this value is
different for different fibres (within the range of 15-30
points).

The speed of determining one value of differential
group delay at the output of the optical line path and
transferring this value to the transmitting side is fixed,
and therefore 20 measurements and 100 measurements
(for different numbers of input channels) also take this
time.
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Onrumizanis onTHYHUX
iHoxomyHikaniiiHNX Mepex

M. T. Crapoaybues, C. B. XpycransoBa, B. B. Hesmronosa, P. 10. Annaxsepanon

AHoTanifi. Y cTaTTi pO3rNITHYTO HAsiBHI MIAXOAM 0 MEPEKEBOTO aHANI3Y, 3 YPaxXyBaHHAM TOMOJOTIYHUX BIACTHBOCTEH
Mepex. [IpoBeeHo MOoCIiTOBHMI aHaIi3 Bl MEPEXEBO1 JJAaHKHU JI0 BIACTUBOCTEH CYKYITHOCTI MEepeXeBUX JIaHOK. [IpoaHanizoBaHO
MepeXKeBy JaHKy SK CYKYIHICTh ONTHYHUX KaHATIB, MPOBEICHO AHANITUYHUA ONMHUC SKOCTI IMepeAadi B TaKOMY KaHA.
3anporoHOBAaHO MOJENb JUI PO3PaxyHKy HEepeXpecHuX 3aBaj y TPakTax iHQOKOMYHIKalifHMX ONTHYHHUX Mepex. SIK BHIHO 3
OTPUMaHHX Pe3yNbTATIB, A ONTHYHOIO BOJIOKHA 3aJaHOi JOBXHMHH ICHY€ Taka KUIBKICTh KPOKIB BHOOPY BXiJHOTO ejirca
nosspu3anii, A1 AKoi eheKTHBHICTh METOJNy € MaKCHMalbHOW. Takox mpu 30UTBIIEHH] KiTBKOCTI KPOKIB MU CIIOCTEpiraeMo
naiHHs epeKTUBHOCTI BUKOPUCTAHHS TAKOTO MeTOoIy KoMneHcarrii. OTxke, st OB 3a1aHoi TOBXKHHH 3a IOCTIHHOT TUHAMIKH ICHY€E
Taka KiJIbKICTh NIICiB MOJsIpU3amii BXiTHOTO CHUTHAIY, U SKOI HOJIApH3alifHO-MOA0Ba Aucnepcisa Oyne MiHiManbHOIO. {7t
KOHKPETHOTO BOJIOKHA IIei mapaMeTp (KUTbKICTh BXIHUX CHUTHAIIIB) MOTPiOHO MoOHpaTH, 60 I pi3HUX BOJIOKOH II¢ 3HAUCHHS €
pizHUM (IepebyBae B Mexkax 15-30 ToUoK).

KawuoBi caoBa: Mepexa, ONTHUYHUHN KaHAI, MOJCIb.
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