ISSN 2073-7394

HauioHanbHWn yHiBEpPCUTET
“MonTaBcbka noniTexHika imeHi KOpis KoHapaTioka”

National University
“Yuri Kondratyuk Poltava Polytechnic”

Cricneni
YIPABAIGE,
masiran

Ta SB'ASKY

Bunyck 4 (78)

LLlokBapTanbHe BUAAHHA

3acHoBaHe y 2007 poui

Y xypHani BigoGpaeHi pe3ynbTaTv HayKOBUX OOCHIAKEHb
3 po3pobKM Ta YOOCKOHANEHHS CUCTEM YNpaBniHHSA,
HaBirauji Ta 38’3Ky y pi3H1X NPOGNEMHUX ranyssix.

3acHOBHUK i BuUaaBeub:
HauioHanbHui yHiBepcuTeT
“MonTtaBcbka nonitexHika imeHi KOpia KoHapaTioka”

TenedoH:
+38 (050) 302-20-71

E-mail pegkonerii:
kuchuk_nina@ukr.net

IHcpopmauninHui canT:
http://journals.nupp.edu.ua/sunz

COMIMOIL

cCOMMUhicadon

SYSHEIMS

Issue 4 (78)

Quarterly

Founded in 2007

Journal represent the research results on the
development and improvement of control, navigation
and communication systems in various areas

Founder and publisher:
National University
"Yuri Kondratyuk Poltava Polytechnic"

Phone:
+38 (050) 302-20-71

E-mail of the editorial board:
kuchuk_nina@ukr.net

Information site:
http://journals.nupp.edu.ua/sunz

3a docmosipHicmb 8uknadeHux c¢hakmie, yumam ma iHwux eidomocmel gidnosidansHicme Hece asmop

XKypHan iHOekcyembcsi MikHapoOHUMU HaykomempuyHumMu 6asamu: Index Copernicus (ICV = 82.05),
General Impact Factor, Google Scholar, Academic Resource Index, Scientific Indexed Service

BameepdxeHuti 0o dpyky BueHoro Padoro HauioHanbHO20 yHisepcumemy
‘TlontaBcbka nonitexHika imeHi KOpia KoHapaTioka” (mpomokon eid 28 nucmonada 2024 poky Ne 13).

I10eHmucgbikamop media R30-04135 32i0HO 3 piweHHsIM HaujoHanbHOI padu YkpaiHu
3 numaHb menebayeHHs i padiomosneHHs 8id 25.04.2024 Ne 1416

BkrrouweHul o “Tlepeniky Haykosux ghaxogux sudaHb YKpaiHu, 8 SKux MOXymb rybrikyeamucsi pe3yibmamu
oucepmaujitHux pobim Ha 3006ymms Haykogux cmyrieHie okmopa HayK, kKaHOuGama HayK ma cmyrneHsi
0okmopa ¢pinocoghii ” 0o kamezopii b — Hakazamu MOH YkpaiHu 6id 17.03.2020 Ne 409 ma &id 09.02.2021 Ne 157

MonTtaBa ¢ 2024

© HauioHanbHui yHiBepcuTeT “lNonTaBcbka noniTexHika imeHi KOpis Kongpatioka”



PepakuiriHa Koneris

onosHuli pedakmop:
KOCEHKO Biktop Bacunbouu
(0-p mexH. Hayk, npog., [Nlonmasa, YkpaiHa).
3acmynHuku 20/108HO020 pedakmopa:

HECTEPEHKO KaTepuHa CepriiBHa
(0-p mexH. Hayk, npoap., Kuis, YkpaiHa);
LLIE®EP OnekcaHgp Bitaninosny
(0-p mexH. Hayk, npog., lNonmasa, YkpaiHa).
YneHu pedakuyiliHoi koneair:

BNAYHLWTEWH HaTtaH OnekcaHapoBuy

(0-p mexH. Hayk, npog., I13painb);
BOIrOM’A Bonoanmunp IBaHOBUY

(0-p mexH. Hayk, npogp., Kuis, YkpaiHa);
BAPBAHELIb PomaH AHaToninoBuy

(0-p mexH. Hayk, npog., Odeca, YkpaiHa);
BECONOBCLKUWM Kwuwtod

(0-p mexH. Hayk, npodp., MNMonbwa);
TABPUIIKO €sreH Bonoanmuposuny

(0-p mexH. Hayk, npod., Kuis, YkpaiHa);
FALWLMMOB EnbliaH Tisic ornu

(0-p Hayk, npogp., baky, AsepbalioxaH);
MWBA BaneHTnH AHaToninosmy

(0-p mexH. Hayk, npoap., Kuis, YkpaiHa);
OAKI OneHna AHaTtoniiBHa

(0-p mexH. Hayk, Oou., I3main, YkpaiHa);
KOBANEHKO AHapii AHaToninosm4

(0-p mexH. Hayk, npogb., Xapkis, Ykpai+a);
KONOMIWLIEB Onekciit Bonogmmmnposuy

(0-p mexH. Hayk, npogb., Xapkis, Ykpai+a);
KOPOBKO BorgaH Onerosuy

(0-p mexH. Hayk, doy., lMonmasa, YkpaiHa);
KPACHOBAEB Biktop AHaToninosuy

(0-p mexH. Hayk, npog., Xapkis, Ykpai+a);
KYYYK lNeoprinn AHaToninosmy

(0-p mexH. Hayk, npodb., Xapkis, Ykpai+a);
JIEBYEHKO Napuca OnekciiBHa

(0-p mexH. Hayk, Oou., Kuis, YkpaiHa);
NYKOBA-YYWKO Hartanis BiktopisHa

(0-p mexH. Hayk, npog., Kuis, YkpaiHa);
NYHTOBCBLKWUN Anppii Oneroeuy

(0-p mexH. Hayk, npog., HimeyyuHa);
MWUPOHL OB MukuTa leoHigosuy

(0-p ¢.-m. Hayk, c.H.c., Kuis, YkpaiHa);
NMEBHEB Bonogmmnp AxkoBnesuy

0-p mexH. Hayk, 0ou., Xapkis, YkpaiHa);
MNCAPYYK Onekcinn OnekcaHaposuy

(0-p mexH. Hayk, npog., Kuis, YkpaiHa);
MOOKOMAEB Ceprin BiktopoBuny

(0-p mexH. Hayk, npog., NokposckkK, YkpaiHa);

CEMEHOB Ceprivi 'eHHagiioBn4

(0-p mexH. Hayk, npog., Kpakis, lNonbuwa;
TPNCTAH AHgpin BiktopoBud

(0-p mexH. Hayk, npodp., Yepkacu, YkpaiHa);
OPOJIOB €sreHi Angpinosmny

(0-p mexH. Hayk, npog., [Nonmasa, YkpaiHa);
YOPHWI Onekciit MeTpoBuy

(0-p mexH. Hayk, npo., Kpemenyyk, YkpaiHa);

BidnoeidanbHuli cekpemap:
KYYYK Hina eopriiBHa
(0-p mexH. Hayk, npog., Xapkie, YKpaiHa).
TexHi4yHi cekpemapi:
3AXAPYEHKO PycnaH Bonogumuposuy
(kaHO. mexH. Hayk, doy., lNonmasa, YkpaiHa);

METPOBCBLKA IHHa HOpiiBHa
(0-p gpinocoqpii, Xapkis, Ykpaiva).

Editorial board
Editor-in-Chief:
Viktor KOSENKO
(Dr. Sc. (Tech.), Prof., Poltava, Ukraine).

Associates editor:

Katerina NESTERENKO

(Dr. Sc. (Tech.), Prof., Kyiv, Ukraine);
Oleksandr SHEFER

(Dr. Sc. (Tech.), Prof., Poltava, Ukraine).

Editorial board members:

Nathan BLAUNSTEIN

(Dr. Sc. (Tech.), Prof., Israel);
Volodymyr BOHOMYA

(Dr. Sc. (Tech.), Prof., Kyiv, Ukraine);
Roman VARBANETS

(Dr. Sc. (Tech.), Prof., Odesa, Ukraine);
Krzysztof WESOLOWSKI

(Dr. Sc. (Tech.), Prof., Poland);
Yevhen HAVRILKO

(Dr. Sc. (Tech.), Prof., Kyiv, Ukraine);
Elshan Giyas oglu HASHIMOV

(Dr. Sc., Prof., Baku, Azerbaijan);
Valentyn GLYVA

(Dr. Sc. (Tech.), Prof., Kyiv, Ukraine);
Olena DAKI

(Dr. Sc. (Tech.), Ass. Prof., Izmail, Ukraine);
Andriy KOVALENKO

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Oleksii KOLOMIITSEV

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Bohdan KOROBKO

(Dr. Sc. (Tech.), Ass. Prof., Poltava, Ukraine);
Viktor KRASNOBAYEV

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Heorhii KUCHUK

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Larysa LEVCHENKO

(Dr. Sc. (Tech.), Ass. Prof., Kyiv, Ukraine);
Natalia LUKOVA-CHUIKO

(Dr. Sc. (Tech.), Prof., Kyiv, Ukraine);
Andryy LUNTOVSKYY

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Mykyta MYRONTSOV

(Dr. Sc. (Ph.&M.), Senior Res., Kyiv, Ukraine);
Volodymyr PEVNEV

(Dr. Sc. (Tech.), Ass. Prof., Kharkiv, Ukraine);
Oleksii PYSARCHUK

(Dr. Sc. (Tech.), Prof., Kyiv, Ukraine);
Serhii PODKOPAIEV

(Dr. Sc. (Tech.), Prof., Pokrovsk, Ukraine).
Serhii SEMENOV

(Dr. Sc. (Tech.), Prof., Krakow, Poland);
Andrii TRYSTAN

(Dr. Sc. (Tech.), Prof., Cherkasy, Ukraine);
Yevhen FROLOV

(Dr. Sc. (Tech.), Prof., Poltava, Ukraine);
Oleksii CHORNYI

(Dr. Sc. (Tech.), Prof., Kremenchuk, Ukraine).

Responsible secretary:

Nina KUCHUK

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine).

Technical secretaries:

Ruslan ZAKHARCHENKO

(PhD (Tech.), Ass. Prof., Poltava, Ukraine);
Inna PETROVSKA

(PhD (Tech.), Kharkiv, Ukraine).




3MICT

HABITALISA TA FTEOIH®OPMALIINHI CUCTEMU

Hawenko P. E., Mapiowxo M. B. OniHKa BIIIIBY KOHTPACTHOCTI KOCMIYHMX 3HIMKIB
CUIBCHKOTOCTIOIAPCHKHX KYJIBTYD Ha BETMUUHHU (pakTanbHUX po3MipHocTeid Ta iHgekciB NDVI ..., 5
Lepne E. O., ’Kuna C. C., Ilonosé A. B., Bonxos €. I'., llleguyx C. /[., [ pubcoxuit O. I1., Bracenxo /. C.,
Kowapcoxuii B. B., Kosanvuyx /. I. KomrekcyBaHHsI BUMipIOBaHb B OOPTOBOMY paJiioNeIeHraTopi,
10 BXOJUTH JIO CKIaIy CUCTEMHU aBTOHOMHOT HABITAIIT BITJTA ....oociiiiiiiiiiiiiiee e 11

ABTOMOBIIbHUA, PIYMKOBUIA, MOPCbKU TA ABIALINHUA TPAHCINOPT

Topbauog I1. @., Jlooun €. B. Kputepiii BKIITOYSHHS PETYIFOBAHOTO MIEPEXPECTS B IUIAH MPOCTOPOBOT

L0 T0) 031 021221 1 1§ TP PSP PR PPN 21
Kosyyp K. I'., Ilmuya H. B., [lonomapwos /]. A. IligpuieHns e(peKTUBHOCTI CHCTEMH ITOCTAYaHHS
IIBUIKOIICYBHHX BaHTAXIB B HAPAMKY peciry0iika [Tompnia — YKpaiHa B CYYACHHUX YMOBAX ..oveerreereeressneseensenns 27

YNPABIIHHA B CKINNAOHUX CACTEMAX

Kucnuys JI. B., bacosa FO. O., Kucauysa C. I'., Koocywxo I'. M., 3axapuenxo P. B. Cucremu
ABTOMAaTHYHOTO KEPYBaHHS OCBITJICHHSM — e€(DEKTUBHUI LIISIX €KOHOMIT eeKTpoeHeprii

TA TMIABUILIECHHS STKOCTL OCBITIIEHHS .vvvvvrieeisiissreeteeessssissssessessssssssssssessssssssssssssssssissssssssssssssisssssssessssosssstesseesssosssreeses 31
Hocxkos B. 1., I'aspunenxo C. IO., I'eiiko M. B., I[lanuenxo B. 1. KOHTpOJIb BUKOPUCTAHHS

MTOTY>KHOCTI IU3EJS HA TATY B YMOBAX CKCIUTYATAIIT JI3CITB-TIOT3IIIB ..eeuveruvesseerreeseassesssessnessesssessseesseensesnnesssesseessenns 38
Pewemnixosa I1. E., 3akosopomnuii O. FO. MaremaTiuHa MOJI€Ib BEPTUKAIBHUX KOJUBAaHb

PYXOMOTO CKIIay, BUKJIHKAHAX HEPIBHOCTAMU 3AMIBHITHOT KOTIIT ..vervverreisiersreesteassearessresseesseesseessessnessesssessnessneennes 42

IHOOPMAUIAHI TEXHONOT I

Bymenko C. I. OcoOMMBOCTI KOPIOPATUBHUX THYOPMAIIHHUX CHCTEM ...vvvvieiereenresiesresressesseeseeresnesnensessessennes 46
Gavrylenko S., Poltoratskyi V. Network intrusion detection model based on convolutional

neural networks and tabular data converted iNt0 IMAJES ........ccoeriirireie i 52
JImumpenxo O. A., Ckyauw M. A. Metonu 360py iHpopmalii Ta peanizawii anroputMmy

JIOTIOBHIOBATIBHUX HABAHTAIKEHD ... .veuvesteseaseassessenstasesseaseaseessessesstsenseaseaseeseesse s e seabeab e e bt eh e et e e s e b nr e et e e bt eb e e e ennennennenns 56
Iauenko B. O., 3ybenxo C. I1., JIyoan A. C., @edopuenxo B. M. Metonu Ta iHCTpYMEHTH PO3pOOKH

CIIETiaJIi30BaHNX IHTETPATBHIX CXEM I MOOUTEHUX CHCTEM YIIPABIIIHHST ..veevvervienrensresseesieestessseenseensessessnessnesseens 60
Esmywenko O. C., 3axosopomuuii O. FO. 3acTocyBaHHS HEHPOHHUX MEPEX IS KIacu(pikarii

KOJIABAHD PYXOMOTO CKITAILY .tveuteeuteasseausesueesseesseesseessesssessssssesssessseensessseanseassesssenseesseassesssessssssssssesaseenseensesnsessesseessenns 64
Kaseyvxuu M. C., @edrowun O. 1., Ilpoconos B. B., @ponenxo B. O. AHamni3 61oK4deitHIB

HAa MOXKITUBOCTI PO3POOKH ACHEHTPATIZ0BAHMX 3ACTOCYHEKIB ...veeuvietiaureasreasrestiesteesteastesssessessseestesssesssesnsesnsesssesseesseens 68
Kapiton A., Tyshchenko D., Desiatko A., Lazorenko V. Evolution and distribution analysis

of multimodal artificial INtellIgENCE SYSIEMS .....oviiiiiie bbb 75
Kartashov A., Globa L. Towards seamlees multi-cloud integration: strategic approach ..........c.ccoceevvereivrennn. 79
Kacepec A., I'noba JI. C. Tliaxia 10 GopMyBaHHS MyJIbTHXMAPHOTO CEPEIOBHINA HA OCHOBI

0araToKpUTEpPiaIbHOTO aHAJI3Y T4 OHTOJIOTTUHOTO MOJIEITFOBAHHST «..ve.vvvieseesrestensessessessesseassessessessessessesseeseeseensensennens 84
Koorcesnixos I'. K., Mapxesuu M. 1., Mamsuw O. FO. TexHOIOTisS B3a€MOIIT MiXK By3JIaMH IPAHHYHOTO

TIAPY [HTEPHETY PEUCH ....eveiteeieeieiei ittt ettt st e st et ettt e s te e bt e s bt e s bt e s bt e st eas e ehe e eb e e eb e e b e e s b e e s b e eb et sbe e abeeabe e bt anneenneasbenneenbeen 92
Kprouenkos O. 1., Moposzosa O. 1., Hikimina T. C. MOOITBHI JIOTICTHYHI T4 MOHITOPHHTOBI CHCTEMH Ha

6a3i poiB BITJIA: BUKIIMKHU TA HATIPSMHE PO3BHTKY ...ecuveuvetirersiarissesseesessessessessessessessesssessssnsssesssssessssssessssnessessessesses 96
Matvieiev M. Analysis of optimization methods of web relationships with augmented reality ...................... 106
Mouwypa O., Jepxau T., Imumpenxo A., Knouko JI., JIoza B. Oco0nMBOCTI Ta MOXKIIMBOCTI 3aCTOCYBaHHS

LLM y chepi po3pOOKH MPOTPAMHOTO 3A0E3ITETEHHS ....e.vveureerriesrersresseesreesseesreaneasresseesseesneessearessnesesssessnessreensesnns 109
Omarov M., Muradova V. Cybersecurity problems in the oil and gas industry .........cccccocvevvivninieienerennnn, 114
Osadchy S. Smart packaging of pharmaceutical ProduUCES .........cccoovieriiiiinei e 119
Ilonos C. 1., Opexos O. O. Anapathi 3acodu 00pobieHHs iH(popMaIlii B iHTENEKTyaTbHUX CHCTEMax

MOHITOPHHTY JTiCOBUX HOXKEXK Ha 0a31 POTB BIITIA ....coiiiiiiii e 123
Rastegayev R., Martovytskyi V., Bolohova N., Filonenko B., Chechui O. Review of methods

for embedding digital watermarks for audio file ProteCction ..o 132
Pyonuyeruii B. M., Jlaoa H. B., Jlapin B. B., ITionacuii /]. A. IuCKpeTHO-Ka3yalbHE MOICTIOBAHHS

eJIEMEHTapHUX (YHKIIH oreparii, KEePOBAHUX THPOPMAIIEID ....ovvvrviririeierieiiiestiste sttt sresre e 139
Cepeowx O. A, Knownixog |. M. I'pynose 3actocyBaHHs O€3MIIOTHUX JITAIFHUX aniapariB Ta HA3EMHHUX

poOOTH30BaHMX 3aCO0IB: BUKIIMKH, PILIEHHS Ta MEPCIEKTHBY BIPOBAKEHHS XMaPHO-ar€éHTHUX TEXHOJIOTIH ..... 143
Skakalina O. Models of the spread and demographic consequences of COVID-19 .........cccoovininienicienenn. 156
Yanuu C. @., Jlewuncoxuii B. O. MopaemoBaHHS MOSICHEHD B IHTEJIEKTyaJIbHAX CHCTEMaxX Ha OCHOBI

IHTErpallii TEeMITOPATEHUX Ta KAY3ATBHUX 3ATEIKHOCTEH «vvivvrrurerrresrreseeesurssuessaesseesseesseesseensesssesseesseessesssesssesssnsnsesnees 163




ISSN 2073-7394 Cucrtemu ynpaBiiHHs, HaBiramii Ta 38's3ky. 2024. Ne 4

Anxo A. C., Imywxo A. /., Kpyk O. L., IIpoxyoin A. IO. IlineumeHHs eeKTUBHOCTI IpoLecy

KOPEKIIii JAHUX Y CUCTEMI 3ATTHITKOBIX KITACIB ....vetveteesteateaseasseassesssesseesseassesssessssssesssesssesnsesnsesssessesssesnsessessnesnes 169
LUUBINIbHA BE3INEKA

bypoeiina H. B., ITionicuuii A. A. locnimkeHHs piBHIB €IEKTPOMArHITHAX MOJIIB CHCTEM

KHUTTE3A0CITICICHHS OYITIBEITD 1 CTIOPYZL +uveeureesrersressresseessessseanseasseasseaseesseessesssesssesseessessneesseassesssesnsessesssesssesssesnnesnes 176
Tusea B. A., Ocaoyuii /. B. JlocnimkeHHS piBHIB €IEKTPOMArHiTHHX ITOJIB Ha 00’ €KTax

€JIEKTPOTeHEPAIlil Ta PO3POOIICHHS 3aC0O0IB TX HOPMAITIBAIIIT «..vevveerereesieesreereasressresseesneesreesressnessnesseesnessneesneenneenns 180
Tusa B. A., Tkauyk K. K., Kawnes M. C. JlochimkeHHS piBHIB IyMy TIPH PEKOHCTPYKIIii

1 BiTHOBIJICHHI OYy/IiBeINb 1 BU3HAUCHHS 3aXOIB HOTO SHIIKCHHST ... .veveerreesreesrensnessesssessneesseassesssesnsesseessesssesssessnssnes 184

3B’AA30K, TENEKOMYHIKALIT TA PAOIOTEXHIKA

Komnanieyv B. O., I[lycmosotimos I1. €. MeToJ MaTeMaTUYHOTO MOJICITFOBAHHS CaAMOTIOIiI0HOTO

TPaiKy y IHPOKOMYHIKAIIITHIX MEPEIKAX ...vvvverrisresiasessessesseassestesseasessessesseassessessessessessesseessesesresnessessessessnesnesnennes 187
Kpuxoseyokuii I'. 4., 3yopuyvkuii I'. M., Ckopoodenos B. B., barenxo O. 1. Meton BU3HauCHHs
CTaTHCTHYHUX XapaKTEPHUCTUK Tpadika pO3NOIIICHOT TEICKOMYHIKAITIHOT MEPEMKI «..vveveerrernrirnrenreesreeneenresnennnns 190

Kysneyos O. JI., Bacunuwun B. 1., Konomitiyes O. B., Forbac FO. O. MoxnuBocTi 3a0€31eUeHHS 3aJaH01
3aBaJJ03aXUIIECHOCTI CHCTEM PaIio3B’A3KY Ta PallioNIOKallii B peaJbHUX YMOBAX PO3IIOBCIOKCHHS PadioXBwib .. 194
Jesi JI. I., €80ouenxo O. 1., Kyw O. O., Acmpeba O. C., babuu C. I. baraTokpuTepialbHIH MiaXia

JI0 CHHTE3Y MYJIBTHCEPBICHUX TEICKOMYHIKAITIHIIX MEPEIK ..veeurerurerseesseesseessenseessesssessseesseansesssesssessesssesssesssesssesses 200
Ilycmosoiimos I1. €., Oxpumenko M. FO. MeToq aHaIi3y SIKOCTI JIOTIYHAX KaHATIB
Ta BUOIp MapUIPYTIB Y OAHOPAHTOBIA CEHCOPHIM MEPEIKL .vvevveurerreriirisiestisieeseeiesresre st ssesseee e snesne s e snesnennes 204

Xyoos I'. B., I'pioacos 1. FO., Xuscuax I. A., FO306a 1. IO., Kanimyain T. M., Conomonenxo 1O. C.,

Paiixos P. FO. AHani3 TaKTHKO-TEXHIYHMX XapaKTEPUCTHUK Ta TAKTUKHU 3aCTOCYBAHHSI OCHOBHHX

3ac00iB pajioeIeKTpOHHOT 60POTEOH (OIMKHBOT [TiT) POCIACHKOT DEMEPALIIT ..evvevvveveiieririeieete sttt
Shefer O., Myhal S. Analysis of the main requirements for 5G/6G networks

LImomnens M. A. bioiHCTipoBaHa ONTHMi3alis HEABIHKOBUX KOJIIB

3 MQJIOIO IIUTBHICTIO TIEPEBIPOK HA TTAPHICTD ..cvvvevveenrerieerieenenss

AN®ABITHUNA MOKAXKYUUK ..o,

OpeaHi3ayii aemopie

JIAHKOpaHCbKMIN AepxaBHUIA YHiBepcuTeT, AsepbangkaH

®depepanbHa noniTexHivyHa wkona, flosaHHa,
LLIserinapis

OepxasHuii HOl BunpobyBaHb i cepTudikaLii 036poeHHs Ta
BilNCbKOBOI TeXHikK, Yepkacu, YkpaiHa

[epxxaBHUA TOProBenbHO-eKOHOMIYHUI YHiBepcuTeT, Kuis,
YkpaiHa

IHcTUTYT pagiodismkn Ta enekTpoHiku imeHi O. A. Ycukosa
HAH Ykpainu, Xapkis, YkpaiHa

KuiBCbKUIA HaLioHanbHWI yHiBepcuTeT OyAIBHULITBA i
apxitektypu, Knis, YkpaiHa

HaykoBo-gocnigHuii iHCTUTYT BOEHHOT po3Biaku, Knis, YkpaiHa

HaykoBo-gocnigHui iHcTutyT « OPIOH», KuiB, YkpaiHa

HauioHanbHW aepoKOCMIYHUI YHIBEPCUTET IMEHI
M. €. XKykoscbkoro «XAl», XapkiB, YkpaiHa

HauioHanbHWUM TeXHIYHMI YHIBepcUTeT «XapKiBCbKUN
NOmMiTEXHIYHUIA IHCTUTYT», XapkiB, YkpaiHa

HauioHanbHun TexHiYHun yHiBepcuTeT Ykpainu «KIl imeHi
Iropsi Cikopcbkoro», Kui, YkpaiHa

HauioHanbHuit yHiBepcuteT «llonTaBcbka NonitTexHika iMeHi
HOpisi KoHgpaTiokar, Montasa. YkpaiHa

MonTaBcbKMIN AepXaBHWIN arpapHuii yHiBepcuteT, YkpaiHa

XapkiBCbkUiA HaLioHanbHW aBTOMOGINbHO-A0POXHIN
yHiBepcuTeT, XapkiB, YkpaiHa

XapKiBCbKUI HaLioHanbHUI YHIBEpCUTET padioeneKTpoHiku,
XapkiB, YkpaiHa

XapkiBCbkuiA HaLjoHanbHUiA yHiBepcuteT MoBiTpsiHMX Cun
imeHi IBaHa Koxepny6a, Xapkis, YkpaiHa

YKpaiHcbka AepkaBHa NboTHA akagaeMisi, KponneBHULbKUIA,
YkpaiHa

YKpaiHCbKUI fiep>XaBHUI YHIBEPCUTET 3ani3HNYHOTO
TpaHcnopTy, XapkiB, YkpaiHa

YepKacbkuii AepXKaBHUN TEXHOMOTYHUI YHIBEpCUTET,
Yepkacu, YkpaiHa

Authors affiliation

Lankaran State University, Lankaran, Azerbaijan

Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland

SR Institute of Testing and Certification of
Weapons and Military Equipment, Cherkasy, Ukraine

State University of Trade and Economics, Kiev,
Ukraine

0. Ya. Usikov Institute for Radiophysics and

Electronics, Kharkiv, Ukraine

Kyiv National University of Construction and
Architecture, Kyiv, Ukraine

Research Institute of Military Intelligence, Ukraine

SE "SRI"OION", Kyiv, Ukraine

National Aerospace University named after
M.E. Zhukovsky "KHAI", Kharkiv, Ukraine

National Technical University “Kharkiv Polytechnic
Institute”, Kharkiv, Ukraine

National Technical University “Igor Sikorsky Kyiv
Polytechnic Institute”, Kyiv, Ukraine

National University “Yuri Kondratyuk Poltava
Polytechnic”, Poltava, Ukraine

Poltava State Agrarian University, Poltava, Ukraine

Kharkiv National Automobile and Highway
University, Kharkiv, Ukraine

Kharkiv National University of Radio Electronics,
Kharkiv, Ukraine

lvan Kozhedub Kharkiv National Air Force
University, Kharkiv, Ukraine

Ukrainian State Flight Academy, Kropyvnytskyi,
Ukraine

Ukrainian State University of Railway Transport,
Kharkiv, Ukraine

Cherkasy State Technological University, Cherkasy,
Ukraine



http://applied.ire.kharkov.ua/index_e.html
http://applied.ire.kharkov.ua/index_e.html

Hagirauisi
Ta reoiHpopmauinHi cuctemum

YJIK 528.88 + 515.127.1

P. E. [lamenko?, M. B. Mapromiko?

doi: 10.26906/SUNZ.2024.4.005

Hucruryr pagiodisuxu ta enexrponiku imeni O. 5. Yeukosa HAH Vkpainu, Xapkis, Ykpaina
2 HamionansHuii aepokocMiunmii yriBepcutet imeni M. €. XKykosebkoro «XAl», Xapkis, Ykpaina

OIIHKA BIIVIMBY KOHTPACTHOCTI KOCMIYHHUX 3HIMKIB
CIJIbCBKOI'OCHIOAAPCBKHUX KYJIbTYP HA BEJIMYNHU
OPAKTAJBHUX POSMIPHOCTEHU TA IHAEKCIB NDVI

Anortanisa. KocMiuHi 3HIMKH, 5IKi BUKOPHUCTOBYIOTBCS Ui MOHITOPHHTY CLIBCHKOTOCTIOAAPCHKUX 3€MENb, MOKYTh MaTh
pi3Hy KOHTPACTHICTb, III0 MOKE€ BIUIMBATH HA SIKICTh NMPOBEACHHS OI[IHKH CTaHY CLIBCHKOTOCHOAApChKUX KynbTyp. Ilpen-
MEeTOM JIOCJIDKSHHSI € OIIHKA BIUIMBY KOHTPACTHOCTI KOCMIYHHX 3HIMKIB Ha BEJINYMHU (PPaKTaIbHUX PO3MIpHOCTEH Ta iH-
nekciB NDVI. O6’ekToM ToCTiKEHHS € KOCMIYHI 3HIMKH CYIMyTHHKa Sentinel-2 cilbCbKOTOCTIONAPCHKHUX KYJIBTYP 3 Pi3-
HOIO KOHTpAacTHicTIO. MeToI0 € OlLiHKa BIUIMBY KOHTPACTHOCTI KOCMIYHHX 3HIMKIB IIOJIB, 3aCiTHUX CLIBCHKOTOCIIONAPCH-
KAMH KyJIbTYypaMu, Ha BETMUUHN (paKkTalIbHUX po3MipHOCTeil Ta iHnekcise NDVI. Orpumani HacTynHi pe3yastaTu. [Ipo-
Be/IeHA OL[IHKa MaKCUMAaJbHUX 1 MiHIMaNbHUX 3HAYEHb SICKPABOCTI MPH 3MiHI KOHTPACTHOCTI BUXIAHUX 3HIMKIB Pi3HUX Ka-
HaiB (kaHaiiB b4 i b8) cymyrauka Sentinel-2 Ta BU3HaYeHO, 0 HASIBHICTH POCIMHHOCTI HA TOJI BILIMBAE HA 1X MOBEIIHKY.
3MmiHa [iana3oHy sCKpaBOCTI Ha 3HIMKY MPH 3MiHI KOHTPACTHOCTI TaKOK 3aJICKHUTH Bijl KaHaia cymyTHuka Sentinel-2 Ta
HAsIBHOCTI POCIMHHOCTI Ha TOJi. JIOCiPKEHO BIIMB KOHTPACTHOCTI KOCMIUHUX 3HIMKIB Ha BETMUUHH (paKTATbHUX PO3-
MipHOcTeit Ta inaexcie NDVI. Busnaueno, mo mij yac 30UIbIICHHST KOHTPACTHOCTI 3HIMKa MiHIMaJbHi, MAKCUMaIIbHi 1 ce-
penHi 3HayeHHs iHAeKkciB NDVI 30U1bIIyIoThCs, a ImiJ] 9ac 3MeHIIEHHsT KOHTPACTHOCT] — 3MEHIIYIOThCs. [1pu iboMy pi3HH-
s y BenmunHi inaexcy NDVI cknanae 6mausbko 0,3. SIKIIO Ui OLIHKY CTaHy MOCIBIB BUOPATH MOXKIIUBY 3MIiHY CEPETHBOTO
ingexcy NDVI ms pisHux noiiB y Mexax + 0,1, To npu 3MiHiI KOHTpacTHOCT Oisbiue + 20% npuilMaTi pillleHHs PO CTaH
MOCIBiB cTae HeMOXIMBUM. [loka3aHo, o cepenHi GpakTadbHI PO3MIPHOCTI 3HIMKA KaHATy b8 mpu 3011bIIEHH] KOHTPACT-
HocTi 3MeHnIyoThes Ha 0,02, a mpu 3MeHIIeHHI KOHTpacTHOCTI — 30umbnrytoThes Ha 0,01. SIKkuro it OLiHKHM cTaHy TOCIBIB
BUOpaTH MOXIUBY 3MiHY CEPEeIHBOI (paKTambHOI PO3MIPHOCTI I pi3HUX NOdiB y Mexax + 0,02, To craH mociBiB mpu
3MiHI KOHTPACTHOCTI MOXKHA OI[IHIOBATH HPY 3MEHIIEHHI KOHTpacTHOCTI 10 — 50% i mpu 30ijbLIeHHI KOHTPAaCTHOCTI —
1o + 40%. BucHoBku. [IpoBeneHi HOCTiIKeHHs MOKa3alH, 1[0 3aCTOCYBAHHS CepelHiX (paKTaabHUX PO3MIpHOCTEH Uit
OIIIHKU CTaHy TOCIBiB J03BOJISIE MPOBOIUTH aHAJI3 KOCMIYHHMX 3HIMKIB MPH OLTBININ 3MiHI X KOHTPACTHOCTI, TIOPIiBHSAHO 3
BUKOPUCTaHHIM cepeHix ingekciB NDVI.

Knio4oBi cioBa: oniHka cTaHy CiJIbCBKOrOCHOAAPCHKHX KyJbTYp, KOHTPACTHICTh KOCMIYHOTO 3HIMKa, (pakTaibHa po-

3MipHicTS, iHAekc NDVI.

Beryn

MOHITOPHHT CLIBCHKOTOCIIONAPCHKUX 3eMeNb J0-
3BOJISIE PETYJISIPHO OTPUMYBaTH 1H(QOPMAIIIO ITPO CTaH i
CTPYKTYPY 3€MENIbHHX JAUISHOK Ta IOCIBHUX ILIOLI.
KpiM TOro, arpoexojoriYyHWi MOHITOPUHT JO3BOJISIE
OLIIHIOBATH BIUIMB IIPUPOJIHUX, TEXHOTEHHHUX 1 aHTPOMO-
TeHHUX (HaKTOpiB Ha MOCIBH CUIBCHKOTOCHOAAPCHKUX
KynsTyp [1].

VY cydacHMX yMOBax AWHaMiKa MPOBEIEHHS CLIb-
CBKOT'OCIIO/IAPCHKUX POOIT MoTpedye onepaTuBHOI OIi-
HKM iX pe3yJbTaTiB i CTaHy CUILCBKOTOCHOAAPCHKUX
KyJbTyp. Bupimenns nux 3aBpanp 3abe3nedye perysis-
pHHUHA KOCMIYHHHM MOHITOPHHI 3€MeNb CUTBCHKOTOCHO-
JIapcbkoro mpusHadeHHs. OcTaHHIM 9acoM criocTepira-
€TbCSl TEHJICHIIS1 3pOCTaHHsI AOCTYITHOCTI 10 NaHUX JIU-
CTaHIifHOTO 30HAYyBaHHA. Hampukiaa, KOCMidHI 3HIM-
ku Sentinel-2 HamalTbCI KOPUCTYyBadaM Y BUTbHOMY
JoCTyMi 4epe3 Mepexy IHTepHeT (iCHye akTyallbHa Ta
MOCTIHHO TOTNOBHIOBAJbHA 0a3a KOCMIYHHX 3HIMKIB),
IO JIO3BOJISIE X 3aCTOCYBAHHS JJIsI BUPILIEHHS Pi3HO-
MmaHiTHUX 3ama4 [2, 3]. Cynythuku Sentinel-2 nosso-
JSIFOTH  OTPUMYBAaTH  HIMPOKOCMYTOBI  MYJIBTHCIICK-
TpaibHI 300pa’KeHHS! 3 BHCOKHUM IIPOCTOPOBUM PO3IO-

oM (B omHOMY Tiikceni 10 M) 3a TOITIOMOTOIO 3HiMa-
apHOI anmapatypu MSI (Multispectral Instrument) y 13
crekTpanbHux jaianasonax [3]. Kocmiuni 3HiMKH cymy-
THHUKa Sentinel-2 Ha 3amaHy TEPUTOPIFO MOKHA OTPHMY-
BaTH 2 pa3u HA THXK/CHb.

Benunka KiIbKiCTh METO/IiB MOHITOPUHTY CLIBCHKO-
rOCIOJIaPChKUX 3eMellb 0a3y€eTbCsi HAa BUKOPHUCTAHHI
BereTaliiianx iHmekciB (icHye Omm3pko 160 BapiaHTiB
TakuxX iHAeKciB) [4], AKi BH3HAYAIOTHCS EMITIPUYHO i
BpaxoBYIOTh (Pi3MUHI BIIACTHBOCTI CBITJIA, BiIOWBaOUy
3aTHICTP POCIHMH Ta IHII BaXIJIUBI XapaKTEPHCTHKU.
Cepen Bcix iICHYIOYHMX IHAEKCIB HaiOiNIbIEe PO3MOBCIO-
JDKEHHSI OTPUMAaB HOPMaJli30BaHUM PI3HUIEBUI Berera-
uitinuid ingexc (NDVI). B po6Goti [5] npuseneni pe-
3yJbTaTH Jociimkens 3MiH iHgekcy NDVI pizHouaco-
BUX KOCMIYHHMX 3HIMKIB CLIBCHKOTOCIIOJIAPCHKHUX 3e-
Melb. Y po0OoTi BKazyeThes, IO JUIS PO3PaXyHKY iHIIEK-
cy NDVI HeobOxinHO maHi 3 OJIMKHBOTO iH(QpauepBOHO-
ro Ta YEPBOHOTO KaHAJIB, IO MPU3BOJIUTH JO YCKIa-
HEHHS OTPHMaHHS BHXiIHOTO 300pakeHHS. A TaKoX,
irgexkc NDVI y 3HauHIH Mipi 3a1€XHUTh BiJ KiUTBKOCTI
aKTUBHOI1 OioMacu Ta crae Hee(DEKTHMBHMM B IEpiojy,
KOJIM POCITMHHICTH € TOCIa0JICHOI0 200 CIIOCTEPITaeThes
HU3bKHH piBEHb BereTarii.
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[lepcrieKTUBHUM HampsiIMKOM TIiBHILICHHS iH(Op-
MaTHBHOCTI KOCMIYHUX 3HIMKIB, SIKI OTPHUMYIOTBCS
TIBKY B OJJHOMY Jiana3oHi XBHJb, € 3aCTOCYBaHHS Me-
TOJIB (pakTaipHOrO aHamizy 300paxeHp [6, 7]. Pisna
CKJIaJHICTh TOBEPXOHb Ta POCIMHHOCTI NPHBOIUTH JI0
pizHEX (opM mHppPOBOTO 300paskeHHS, CKIATHICTD IKUX
MOXHA KUIBKICHO OILIHHATH 3a JOIOMOIOK BEIMYNHH
¢pakrampHOi po3mipHocTi. Y po6oTi [8] Ha ocHOBI 1a-
HUX TUCTAHIIIHOTO 30HIYBaHHS Ta BHUKOpHcTaHHSI OP
MMOKa3aHa MOKJIMBICTh PO3IIOALTY Pi3HUX THITB IPYHTIB,
a'y pobotax [9, 10] mokazaHa MOKIIHBICTb 3aCTOCYBaH-
HS (PpaKTaJIBHOTO aHAJI3y KOCMIYHUX 3HIMKIB CYIlyTHH-
ka Sentinel-2 st OmiHKK cTaHy MOCIBiB KyKypymasu [9]
Ta TIOJIIB, 3aCiSIHUX HIIMMH KYJIbTypaMu (COHSIIHUKOM,
MIICHULCH0, suMeHeM 1 rpeukoro) [10] Ha pisHux dazax
Bererallii, ajie y [ux poboTax He po3risiIacThCs MUTaH-
HSl OL[IHKM BIUIMBY KOHTPAaCTHOCTI KOCMIYHHMX 3HIMKIB
Ha BEJIMYHHH

Meta cTATTi: OLIHUTH BIUIUB KOHTPACTHOCTI KO-
CMIYHHX 3HIMKIB IIOJIiB, 3aCisTHUX CLIBCHKOTOCIIONAPCH-
KAMH KyJIbTypaMH, Ha BEJIHYNHU (QpaKTalbHUX PO3MIp-
HocTel Ta iHnekciB NDVI.

@®opMyBaHHSA KOCMIYHUX 3HIMKIB
CiIbCBKOroCnoapCchbKUX 3eMellb
3 pPi3HOI0 KOHTPACTHICTIO

Jis mocnimpKkeHHs BIUIMBY KOHTPACTHOCTI KOCMiY-
HUX 3HIMKIB CUIBCHKOTOCIIOJIApPCHKHUX KyJIbTYp Ha BEIH-
YHHA (QpakTalbHUX po3MipHOCTel Ta iHAekciB NDVI
OyJI0 IITYYHO CTBOPEHO Halip eNeMEHTIB KOCMIYHOTO
3HIMKa TI0JISI, 3aCiSTHOTO KYKYpY/I3010, 3 Pi3HOIO KOHTpa-
cTHiCTIO. {1 LBOrO 3acTOCOBYBAjacsi KOMII'IOTEpHA
mporpama Microsoft Word 2013. 3uimMku npeacTaBieHi
y rpajaiisx ciporo y ¢opmari *.bmp i MaroTe po3mipu
56x56 mikceniB. Po3mip 300paxeHHs 56X56 mikceniB
OyB BHOpaHHMH 3 MIpKyBaHb OTPHMAaHHS OJHOPIIHOI
CTPYKTYPH TIOJIsI Ha 3HIMKY.

KoHTpacTHICTh € BiTHOIICHHAM HaHCBITIIMIHX 00-
nmacteit 300pakeHHs 10 HairemHimux [11]. YV nporpami
Microsoft Word 2013 KOHTpacTHICTh PETYIIOETHCS 32
JIOTIOMOTOI0 CHeliadbHUX IIA0NIOHIB, SKi MAarOTh Pi3HI
cTymeHi excno3uii. Excro3wuiisi, y cBOkO 4epry, BU3Ha-
4ae CTYIiHb OCBITIICHHs/3aTeMHEHHs. [1i 9ac BUKOpHC-
TaHHs 3ac00iB HAcTpoiiku, mporpama Microsoft Word
2013 aBTOMaTHYHO 3/IifICHIOE 3MIHH B J(iama3oHi sicKpa-
BocrTi [11].

JIi1st 3MiHM KOHTPACTHOCTI KOCMIYHOTO 3HIMKa, BiH
3aBaHTAXXyBAaBCSI Ha CTOPiHKY mporpamu Microsoft
Word 2013. TTicast 11bOT0 3HIMOK BHALISABCS 1 3iHCHIO-
BaBcsl repexij 10 Bkiaagku «Dopmary. Y rpymi «3MiHH-
TH» (JIBOpYY Ha BepXHiil maHeni) BHOMpaiach BKIAIKa
«Kopexis», 1 y BikHi, 110 BiAKpHBajJOCs, BUOMpaIach
BkiIagka «Ilapamerpn xopekuii pucynkay. Ilicns nporo
NIpaBOpyY y BiKHi, MO Bixkpuiocs, «Dopmar pucyHKa»
Ha BkIaami «HacTpoiika pucyHka» B obmacti «KonTpa-
CTHICTB» BHOMpanocs moTpiOHe 3HaUYEHHS KOHTPACTHO-
cti (y Bimcotkax). [To3uTuBHI 3HAYEHHS BiJICOTKIB 30i-
JBITYIOTh KOHTPACTHICTH 3HIMKA, a HETaTUBHI — 3MEH-
IIYIOTh. 3MEHIICHHS KOHTPACTHOCTI MPHUBOJIUTH JO PO-
3MHTTS 3HIMKA, a MiIBUIICHHS — J0 MOKPAIIEHHS YiTKO-
CT1 3HIMKA, ajJe PU LIOMY BTPavyalOThCs IUIABHI Iepe-
XOJH Ha 3HIMKY, 1 3011bIIY€ETHCS HOTO 3epHUCTICTS [11].

[Ticns mpoBeaeHHs LUX oIeparii, 3MiHEHUH 3HIMOK (3
IHIIOF0 KOHTPACTHICTIO) BHIUIABCSA 1 BiH 30epiraBcs 3
IHIIIOFO HA3BOIO Y hopMarti .bmp.

ITpu 36imbmienHi konTpacTHOCTI Bix 0 1o +50%
eJIEMEHTH KOCMIYHHUX 3HIMKIB KaHayry b4 craBanu OuIbII
TEMHHMMH, a TIPH 3MEHIICHHI KOHTpacTHOCTI Bix 0 10 -
50%, HaBIaky, OUTHIT CBITIIMMH. 301TbIICHHS 3ePHUCTO-
CTi 3HIMKA TTi] 9ac 30UIBIIICHHS KOHTPACTHOCTI 1 pO3MHT-
TS 3HIMKA ITiJT 9ac ii 3MEHIIeHH] Bi3yaJlbHO HE CIIOCTEpi-
TaroThCA, 1110, CKOPIIIIE 32 BCE, OB’ A3aHO 3 OAHOPIIHICTIO
KOCMIYHOTO 3HIMKa 1 HasIBHICTIO TIEPEBaKHO TEMHHUX ITiK-
CeJIiB Ha 3HIMKY KaHally b4 (MakcUMallbHa SICKPaBiCTh Ha
BUXIIHOMY 3HIMKY 28 Tpazauiil sickpaBocTi 3 255 Mox-
JIMBHUX).

Po3risiHeMO Ik 3MIHIOIOTBCSI MakCUMaJbHI 1 MiHi-
MaJIbHI SICKPaBOCTI Ha 3HIMKY, IO JOCIHIKYETHCS, Iij
Yac 301IbLICHHS 1 3MEHIIIEHHS HOro KOHTPACTHOCTI.

V 1abin. 1 HaBegeHO MaKCHMaJIbHI, MIHIMAJIBHI sIC-
KpaBocCTi Ta iX pi3HUNIA (A) Ha 3HIMKaxX ABOX KaHAIIB
cynytauka Sentinel-2 (b4 i b8) monst 3 xykypym3oro
cranoMm Ha 31.07.2021 mpwm 30iLMBIOICHHI KOHTPACTHOCTI
Bix 0% 1o +50% y nporpami Microsoft Word.

Tabruysa 1 — MakcumasbHa i MiHiMa/IbHA siCKpaBOCTi
Ta iX pi3HMIS HA 3HIMKAX M0JIsI
3 KYKypya3omw cranom Ha 31.07.2021
npu 30iTb1IeHHI KOHTPacTHOCTI

Kon- SckpasicThb
TpacT- kaHaJ b4 KkaHaJ b8
METE ) Min, Make. A Miun. | Makec. A
3HIMKY
0% 22 28 6 112 142 30
+10% 19 24 5 110 144 34
+20% 16 20 4 107 147 40
+30% 13 16 3 104 150 46
+40% 9 12 3 100 153 53
+50% 4 6 2 95 158 63

Sx BumHO 3 aHamizy MaHWX TaOn. 1, mpu 3011b-
HIEHHI KOHTPACTHOCTI 3HIMKA KaHajly b4 MakcUMaJbHI i
MiHIMaQJIbHI SICKPaBOCTI 3MEHIIYIOTHCS, a Jliana3oH SICK-
paBocTi (pi3HHMI) 3BYXKYETBCSA Y TPU pasu 3 6 rpamariit
SICKpaBOCTI 110 2. SIk 3a3HaYanocs BUIIE, 1€ OB’ SI3aHO,
CKOpillle 3a BCe, 3 MEPEeBAKHOI HASBHICTIO HAa 3HIMKY
kaHay b4 TemHux mikcemiB. Takox y Ta0ia. 1 BHIHO,
oo [iana3oH 3MiHH SICKPaBOCTI HA 3HIMKY KaHary b4
JIy’Ke BY3bKHH 1 CKIIaiae 6 rpajamii sICKpaBOCTi.

Ha BigMiHy Bif 3HIMKa KaHayy b4 3HIMOK KaHAIy
b8 (ouB. Tabn. 1 mpaBopy4) € 3HAYHO CBITIIINM (MaK-
CHMaJIbHa SICKpaBiCTh Ha BUXiZHOMY 3HIMKY 142 rpana-
il sickpaBocTi 3 255 MOXIIMBHX) 1 Mae y 5 pasiB mup-
i fianma3oH 3MiHM sickpaBocTi. Kpim toro, mpu 30i-
JIBIIIEHHI KOHTPACTHOCTI 3HiMKa KaHaiy b8, makcuma-
JIBHI SICKPAaBOCTI Ha 3HIMKY 301NBIIYIOTECS, a MiHIMAaJIb-
Hi — 3MEHIIYIOTECS, TPH LOMY Jiama3oH SCKPaBOCTi
(pi3HHUI) pO3MHUPIOETHCS OlbIe HiX y ABa paszu 3 30
rpajamnii sckpaBocTi A0 63, Mo MPU3BOIUTH A0 TOSBU
3EpHHUCTOCTI.

V Tabi. 2 HaBe[eHO MaKCHUMAallbHi, MiHIMAJIbHI SC-
KpaBocTi Ta iX pisHUIA (A) Ha 3HIMKax IBOX KaHaJiB
cynytHuka Sentinel-2 (b4 i b8) mons 3 kykypyazoro
craHoM Ha 31.07.2021 npu 3MeHIIEHHI KOHTPAacTHOCTI
Bix 0% mo -50% y mporpami Microsoft Word.
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Tabnuya 2 — MakcuMasibHa i MiHiIMaJIBbHA SICKPaBOCTI
Ta iX pi3HMIS HA 3HIMKAX NMoJIst
3 KyKypy/a3o010 ctanom Ha 31.07.2021
NPH 3MEHIIeHHi KOHTPACTHOCTI

Kon- SlckpasicTb
Tpacr- kanai b4 KkanaJ b8
tiers Miu. | Makec. A Min. | Make. A
3HIMKY
0% 22 28 6 112 142 30
-10% 26 32 6 114 140 26
-20% 30 38 8 116 138 22
-30% 37 45 8 117 137 20
-40% 47 55 8 119 136 17
50% 60 67 7 120 134 14

VY Tabn. 2 BUAHO, IO TPH 3MEHIICHHI KOHTPACT-
HOCTI 3HIMKa KaHanmy b4 MakcuMaibHi i MiHIMabHI sic-
KpaBOCTi 301IBIIYIOTHCS, a Aiala30H ICKpPaBoOCTi (pi3HU-
1I51) 3MIHIOEThCS HE 3HAYHO 3 6 rpajamiil SCKpaBOCTi 10
7 abo 8.

[TpaBopy4 y Tabu. 2 TakoX BHAHO, IO NPU 3MEH-
[ICHHI KOHTPACTHOCTI 3HiMKa KaHany b8 makcumanbHi
SICKPABOCTI Ha 300pa)keHHI 3MEHIITYIOTHCS, a MiHIMAIbHI
— 30UIBIIYIOTHCS, ajie Aiana3oH SICKPaBOCTI (pi3HUILS)
3BYXKYEThCA y I1Ba pasu 3 30 rpagamiit sickpaBocTi 1o 14.
Sk 3a3Hayayocs BUILE, e MOB’I3aHO, CKOpille 3a Bce,
PI3HOIO CTPYKTYpOIO 1 SCKPaBICTIO BHXIIHUX 3HIMKIB
kaHamiB b4 i bS.

V 1abi. 3 HaBeAEeHO MaKCHMaJIbHI, MiHIMAJIbHI sIC-
KpaBoOCTi Ta iX pi3HHOA (A) Ha 3HIMKax JBOX KaHAIiB
cynytuuka Sentinel-2 (b4 i b8) mons, Ha sikomy Oyna
mocisiHa Kykypyzasa craHom Ha 22.10.2021 npu 36i16-
nieHHi konrtpactHocti Binm 0% mo +50% y mporpami
Microsoft Word, a y tabn. 4 — npu 3MEHIIICHHI KOHTpa-
crHocTi Big 0% 10 -50%. ToOTo aHamizyBagucs eneme-
HTH 3HIMKIB TIOJIsI TTiCJIst 30UpaHHs Bpoxaro (TpH BiACy-
THOCTI Ha MOJIi POCIIMHHOCTI).

Tabnuys 3 — MakcumaJibHa i MiHiMaJIbHA sickpaBoCTi
Ta iX pi3HHUSA HA 3HIMKaX M0JIsl, HA SIKOMY
OyJia mocisiHa KyKypy/A3a CTaHOM Ha
22.10.2021 npu 30inb1IeHHI KOHTPACTHOCTI

Kon- SckpasicTh
Tpacr- KaHaa b4 Kkanaj b8
HECTL Miu. | Makec. A Min. | Makec. A
3HIMKY
0% 53 77 24 68 89 21

+10% 47 71 24 62 84 22

+20% 41 64 23 55 78 23

+30% 34 57 23 48 71 23

+40% 26 48 22 39 63 24

+50% 17 38 21 29 53 24

Sx BuUAHO 3 aHamizy AaHuX Ta0m. 3, mpu 301Tb-
IIEHHI KOHTPACTHOCTI 3HIMKIB 000X KaHaiB (KaHaJiB
b4 i b8) mMakcuManbHi i MiHIMaJbHI SICKPABOCTI 3MEH-
IIYIOThCS, a JIiana3oH SICKPABOCTI (PI3HUILST) 3MIHIOETHCS
He 3Ha4YHO Ha 3 Tpajauii ICkpaBoCTi, aJie JuIsl kKaHaiy b4
PI3HMI 3MEHIIY€EThCS, IS KaHaly b8 — 30iIbIIyeThCS
Ha OJIHAKOBY BEIIMUUHY.

TakuMm 4MHOM, XapaxkTep 3MiHH SICKPaBOCTI Ha KO-
CMIYHMX 3HIMKax JBOX KaHaJiB CymyTHHKa Sentinel-2
3aJICKUTh Bifl HASBHOCTI a00 BIJCYTHOCTI Ha HHUX POC-
JIMHHOCTI.

VY Ttabn. 4 BUIHO, IO NMPH 3MCEHIICHHI KOHTpAacT-
HOCTI 3HIMKIB KaHaJiB b4 i b8 MakcumanbHi i MiHIMaJIb-
Hi SCKpaBOCTi 301JIBLIYIOTBCS, a Jiala3oH SICKPaBOCTI
(pizHuLs) 3MeHIyeThes Ha 10 rpaganiit sckpaBocTi.

Tabnuya 4 — MakcumanbHa i MiHiMaIbHA sICKpaBocTi Ta ix
Pi3HHIA HA 3HIMKAaX N0JIs1, HA AKOMY OyJia
nocisiHa Kykypyasza craiom Ha 22.10.2021
NPH 3MEHIIEeHHi KOHTPACTHOCTI

Kon- SlckpaBicTb
Tpacr- KkaHaja b4 KaHai b8
MY | Min, | Make. | A | Min. | Make. | A
3HIMKY
0% 53 77 24 68 89 21

-10% 59 83 24 74 94 20
-20% 66 88 22 80 98 18
-30% 73 93 20 86 102 16
-40% 81 98 17 92 106 14
-50% 89 103 14 98 109 11

TakuM 4KMHOM, TIPOBEACHHUH aHaJi3 MOKasye, IO
HAsIBHICTh POCIMHHOCTI Ha IMOJIi BIUIMBA€ HA MOBEIIHKY
MaKCHMaJIbHUX 1 MiHIMAJIbHUX 3Hau€Hb SICKPABOCTI MPH
3MiHI KOHTPACTHOCTI BUXIJHMX 3HIMKIB Pi3HUX KaHaiB
(xananiB b4 i b8) cynyrauka Sentinel-2. 3mina gianazo-
Hy SICKpaBOCTI Ha 3HIMKY IpH 3MiHI KOHTPacTHOCTI Ta-
KO 3aJISKUTh Bijl KaHata cymyTHuKa Sentinel-2 ta Ha-
SIBHOCTI pOCIMHHOCTI Ha momi. [IpoBememo anami3
BIUIMBY LIUX 3MiH Ha BenuuuHU iHAekciB NDVI i ¢pax-
TaJbHUX PO3MIPHOCTEH.

BnjiuB KOHTPACTHOCTI KOCMiYHHUX 3HIMKIB
HA BeJIMYMHU (PPaKTAIBLHUX PO3MipHOCTEi
Ta ingexciB NDVI

J1s. MOHITOPHHTY CLIBCBKOTOCIIOAAPCHKUX 3eMellb
y TenepiliHiil yac HailyacTille BUKOPUCTOBYIOThCS Bere-
taniiini iHgekcu [4]. Po3paxyHoK OiIbIIOT YaCTHHHU Bere-
TaIiiHUX iHIEKCIB 0a3yeThcs HA IBOX HaOULTBII cTadi-
JHHHUX (HE 3aJIeKHHMX BiJ| 1HIIMX YWHHHKIB) JUITHKAX
KPUBOI CIieKTpanbHOI BiOMBHOI 31aTHOCTI pociuH. Ha
4yepBOHY 30HY criekTpy (0,62-0,75 MKM) TOBOAUTBECS Ma-
KCUMYM TOTJIMHAHHS COHSYHOI pamiaiii xiopodiiom, a
Ha OmmkHIO iH(bpayepBoHy 30HY (0,75-1,3 MKM) — Mak-
CHMaJIbHE BIIOWUTTS EHEPrii KIITHHHOK CTPYKTYPOIO
nucta. ToOTO, BUCOKA (DOTOCHHTETHYHA aKTUBHICTH (3B'-
sI3aHa, AK MPABUIIO, 3 BEJIUKOI (PITOMACOIO POCIHHHOCTI)
BeJIe JI0 HW)KYMX 3HAYCHb KOC(IIliEHTIB BiTOUTTS B Uep-
BOHIH 30HI CIEKTPY 1 BEJIMKHUM 3HAYCHHSM B OJMKHIH
iHdpauepBoHiil. Haiibinpie po3noBCoUKEHHS A1 PO3-
PI3HEHHSI POCIMHHOCTI Bifl IHIIMX HPHUPOIHHUX OO'€KTIB
OTpUMaB HOPMaJIi30BaHWH PpI3HHUIEBUI BereTauidHUMA
innexkc (NDVI). HopmarnizoBauuii pi3HHIIEBHI BereTa-
[HHAT iHIEKC pO3paxXOBYETHCS 3a BHpasoMm [4]:
NDVI — NIR - RED ’ )
NIR+ RED
ne NIR — BinbuBaibHa iHppauepBoHa 00IACTH CIIEKTPY
(760-900 um), wo Biamosimae kaHary b8 (832 um) mns
cymytHuKa Sentinel-2; RED — BuauMa yepBoHa 001aCcTh
ciekTpy (630-690 HM), w0 BigmoBimae kanamy b4
(665 um) ms cynmytHuka Sentinel-2.
JIo OCHOBHHX HEIIOJIIKIB IIbOTO IHJEKCY BiIHOCITH
TaK 3BaHE «HACHUYEHHS» 1HAEKCY MPH BEIHUKIH KUTbKOCTI
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POCIHUH 1 HOro BUXOJOM Ha IUIAaTO, @ TAaKOX BIUIUB BiJl-
OMBHMX BJIACTHBOCTEH MOBEPXHI IPYHTIB Ha HOro BEJH-
YMHY NPH HU3bKIH 3iMKHYyTOCTI pocnuH [5]. Kpim Toro,
Ha Ie#l 1HIeKC BILTHUBAE 3aCMIYCHICTh MOCIBIB HA PI3HUX
¢azax Bererauii no-pizHomy. Bce 1e mpuBOIUTH 1O
JOJATKOBUX IMOXUOOK TiJ Yac MOHITOPHHTY CLTbCHKO-
TOCIIOAAPCHKHUX KYJIBTYP.

OCHOBOIO (paKTaIBHOTO aHANi3y KOCMIUHUX (IH-
(bpoBHX) 3HIMKIB € TTOOYI0Ba OIS PPaKTATBHAX PO3Mi-
pHOocteit (IIOP). Ilpomec mobymoBu IIDP merampHO
posrisiayTo 'y pobori [7]. ITix wac mobymnosu [P mpo-
BOJIMThCS CKaHyBaHHsI 300paK€HHS «BIKHOM», PO3MipOM
NXM miKceniB, 3 KPOKOM IepeMilieHHs S (pu S = 1 «Bi-
KHO» € TaKHM, 10 «KOB3ae», a mpu S > 1 — mo «crpu-
6ae»). I KOXKHOTO TIOJIOKCHHS «BIKHAY» BH3HAYAETHCS
YHCIIOBE 3HaYCHHS (PPaKTaTIbHOI PO3MIPHOCTI y «BIKHI»
1 3anMCy€ThCsl B MaTpuiio D, sika Ha3MBaETHCS «IOJIEM
¢pakragpHUX po3mipHOcTei». Ilix wac mobdynosu I1DP
y poOoTi po3Mipu eleMeHTa KOCMIYHOTO 3HIMKa CKJa-
JAr0Th 56X56 MmiKceliB, a pO3MIpH «KOB3alHOYOTO BiKHA)
(s = 1) nopiBHIOIOTE NXM = 4x4 mikceri.

Ha mpaxTumi HafigacTime s aHaiizy mu(pOBHX
3HIMKIB 3 BHUKOPHCTaHHSM ()pakTajbHOI PO3MIpHOCTI
3aCTOCOBYIOTh MeTON MOKpuTTs [12], sikuit peamisye
BU3HAUeHHs po3mipHocTi [aycmopda — besukosuua,
sIKa OITUCYETHCS BUPA3OM:

D= ||mlog—N(8)

0 log(l/e) ' @

Jie € — IOBKHHA CTOPOHU Ky0a (MakcMMaibHa JOBXKHHA
JOPIBHIOE pO3MIpYy «BiKHA»), IKUM MOKPUBAIOTh TPUBH-
MipHe mpejacTaBieHHs uupposoro 3uiMka; N(g) — Kiib-
KicThb KyOiB, 1[0 HAKPUBAIOThH 3HIMOK.

Besnocepennbo 3a 1iero Gopmysior po3paxyBatu
(dpakTansbHy PO3MIPHICTH 3HIMKA MiACTHILHOI MMOBEPXHI
HeMOXHBO. [Topsiiok BU3HAUYEHHS (PpaKkTaibHOI po3Mi-
PHOCTI 32 METOJJOM MOKPHTTS JOKJIAJIHO OMUCAHO Y Po-
6oti [12]. ¥V poborax [5, 9] 3a3Hauanocs, mo HaGiIbII
iHpOpMATUBHUMU MiJ] Yac OLIHKK CTaHy CLIbCHKOIOC-
MOTAPCHKUX KYJBTYpP € MiHIMallbHi, MaKCHMAJbHI 1 ce-
penHi 3HaueHHs iHAekciB NDVI i ppakTansauX po3mip-
HOCTEH.

Po3rissHeMO BIIMB KOHTPACTHOCTI KOCMIYHOTO
3HIMKa Ha MiHIMaJbHI, MAKCUMaJBHI 1 Cepe/iHi 3HaYeH-
Hs ingekciB NDVI i ¢pakransHux po3mipHOCTEH 1o,
3aCisTHOTO KYKYpPYA30¥0.

V T1aba. 5 HaBeIeHO MiHIMaJIbHI, MaKCHMAaJbHi 1
cepenHi 3HadeHHs iHgekciB NDVI, a y tabn. 6 minima-
JIbHI, MaKCUMaIIbHI 1 cepe/iHi 3Ha4eHHS 1 (paKTaIbHAX
posmipHocTei (kaHaiiB b4 i b8) 3HiMKa moutst 3 KyKypy-
n30t10 craHoM Ha 31.07.21 mpu pi3Hili KOHTPACTHOCTI.

Sk BuUmHO 3 aHamizy nmaHWX TaOn. 5, mpu 301Ib-
LIEHHI KOHTPACTHOCTI 3HIMKa MiHIMalIbHI, MaKCUMaJIbHi
1 cepenni 3HaueHHs iHaekciB NDVI 30inbmyrorscs, a
IIpY 3MEHIIEHHI KOHTPAcTHOCTI — 3MEHIIYIOThcs. [Ipu
npOMy pi3HHMIS y BenwuuHi iHAekcy NDVI cknanae
6mu3eko 0,3, ToOTO 3MiHa BimOyBaeThCS y MEpHIOMY
3HAKy TICIs KOMH. SIKIIO JJIsl OIiHKH CTaHy TMOCIBiB
BHOpaTH MOXJIMBY 3MiHy cepenHboro iHaekcy NDVI
UIS pi3HUX TomiB y Mmexax +0,1, To, SK BUIHO Y
Tabi. 5, Ipu 3MiHI KOHTPACTHOCTI Oinbime + 20% mpwii-
MAaTH PIllleHHS PO CTaH MOCIBiB CTa€ HEMOXKITUBUM.

Tabnuys 5 — 3navenns ingexcy NDVI 3HiMka moJst
3 KYKypyA3010 ctaHoMm Ha 31.07.21
NpH pi3Hiii KOHTpacTHOCTI

Komn- Inpexc NDVI
Tpacr-
HicTh NDV i NDV lmake NDVI cep
3HIMKY
0% 0,612 0,701 0,679
+10% 0,654 0,735 0,717
+20% 0,685 0,782 0,759
+30% 0,739 0,829 0,806
+40% 0,802 0,877 0,858
+50% 0,881 0,939 0,929
0% 0,612 0,701 0,679
-10% 0,572 0,657 0,636
-20% 0,517 0,607 0,584
-30% 0,453 0,542 0,517
-40% 0,376 0,458 0,434
-50% 0,290 0,362 0,337

Tabiuys 6 — 3HaveHHs1 PPaKTAIBLHOI PO3MipHOCTI 3HIMKIB
noJisi 3 KyKypyasoo cranom na 31.07.21
NpH pi3Hiii KOHTpacTHOCTI

Kon- ®DpakTajibHA PO3MIpHiCTH
Tpacr- kaHaJ b4 xanau b8
H{CTB DMiﬂ DM:ucc Dcep DMiH DMaKc Dcep
3HIMKY
0% 2,924 | 2,998 | 2,963 | 2,958 | 2,996 | 2,982
+10% | 2,933 3,000 | 2,975 |2,953 2,996 | 2,980
+20% | 2,906 | 3,000 | 2,952 | 2,944 2,995 | 2,977
+30% | 2,904 | 3,000 | 2,948 | 2,937 2,995 | 2,973
+40% | 2,891 | 3,000 | 2,956 | 2,925 2,996 | 2,969
+50% | 2,850 | 3,000 | 2,933 | 2,914 | 2,993 | 2,963
0% 2,924 12,998 | 2,963 | 2,958 2,996 | 2,982
-10% 2,934 [ 2,998 | 2,968 | 2,968 | 2,998 | 2,985
-20% 2,926 | 2,999 | 2,963 | 2,966 | 2,999 | 2,987
-30% | 2,937 [ 2,999 | 2,967 |2,970]2,998 | 2,988
-40% 2,948 2,999 | 2,974 |2,974]2,999 | 2,990
-50% 2,969 2,999 | 2,985 |2,980]2,999 | 2,992

3 mgaHux Tabn. 6 BHIOHO, IO XapakKTep 3MiH MiHiMa-
JBbHHUX, MAKCUMAIBHHX 1 CepeIHIX 3HAUCHb (DpaKTaIbHHUX
po3MipHOcTel aist KaHawiB b4 1 b8 3HIMKa MO 3 KYKy-
PYI300 BIZPI3HSIFOTHCS MiXk 00010, Tak st KOCMIYHOTO
3HIMKa KaHaixy b4 MiHIMasbHI 1 cepeiHi (pakTaibHi po3-
MIpHOCTI TpH 301IbLIEHHI KOHTPACTHOCTI CHOYATKy 30i-
JBUIYIOThCS, @ MOTIM 3MeHInyHThes. [Ipu 3MeHmeHHi
KOHTPACTHOCTI 3HIMKa KaHaiy b4, HaBMaKH, MiHIMAJbHI i
cepenHi GppakTabHi PO3MIPHOCTI CIIOYATKY 3MEHIITYIOTh-
Cs1, a OTIM 30UTBIIYIOThCS. TOOTO MOXKHA 3a3HAYUTH, IO
JUIsl KOCMIYHMX 3HIMKIB KaHalty b4 crocrepiraeTbcst He
MOHOTOHHA 3MiHa (PpPaKTATEHUX PO3MIPHOCTEHA.

Jlnsg kocMivHOTO 3HIMKa KaHamy b8 (nuB. Tabi. 6
npaBopyd) XapakTep 3MiH MiHIMaJbHHX 1 CepeaHixX
(pakTadbHUX PO3MIpHOCTEH OULIBII INPOTHO30BAHUM,
mpu 30iTbIIEHHI KOHTPACTHOCTI BOHH 3MEHIIYIOTBCS, a
MIpU 3MEHIIEHHI KOHTPAaCTHOCTI — 30UTbIIyIOTBCA. Y
3B’SI3Ky 3 IUM JIOIIEHO MTPOBOJUTH aHAIII3 CTaHy MOCi-
BiB 3 BUKOPUCTAHHS KOCMIYHUX 3HIMKIB KaHaimy b8 cy-
mytHuka Sentinel-2. MakcuManbHi 3HaueHHs (pakTa-
JBHUX PO3MIpHOCTEH Il 000X KaHAIIB MPAaKTHYHO HE
BIZIPI3HAIOTHCS TP Pi3Hii KOHTPACTHOCTI 3HIMKA.

VY Tabn. 6 Takox BHIHO, IO cepeaHi (pakranbHi
pO3MipHOCTI 3HIMKa KaHaiy b8 mpu 30UIbIICHHI KOHT-
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pactHocTi 3MeHIIyrOThCcs Ha 0,02, a mpu 3MEHIICHHI
KOHTpacTHOCTI — 30inbmryroTecs Ha 0,01, ToOTO 3MiHA
cepenHiX (pakTaJbHUX PO3MIpHOCTEH BiOYBAa€ThCS Y
JNpYyroMy 3HAKy IICIIA KOMH. MEHII 3MiHH CepeiHiX
(hoakTadbHUX PO3MIPHOCTEW NPH 3MEHILEHHI KOHTPACT-
HOCTi 00YMOBJICHO 3ITIaJKyBaHHAM 3HIMKa, TOOTO HOTO
MIOPi3aHICTh CTa€ MEHIIOIO.

SIKmmio [T OIIHKY CTaHy MOCIBIB BHOPAaTH MOKIIH-
BY 3MiHy cepenHboi (hpaKTaabHOI pO3MIpHOCTI IS Pi3-
HUX moJiB y Mexax = 0,02, To cTaH MOCIBiB TpH 3MiHi
KOHTPACTHOCTI MO’KHA OI[IHIOBATH IPH 3MEHIICHHI KOH-
TpacTHOCTI 10 — 50% 1 TpH 30UIBIIEHHI KOHTPACTHOCTI
— 1o + 40%.

TakuMm 4MHOM, 3aCTOCYBaHHS CepeHiX (paxTaib-
HHUX PO3MIPHOCTEH JUIsl OI[IHKM CTaHy MOCIBIB JO3BOJISIE
MIPOBOAWTH aHaTi3 KOCMIYHMX 3HIMKIB INpH OuIbLIIH
3MiHI IX KOHTPAcTHOCTi, HOPIBHSHO 3 BUKOPHCTAHHIM
cepennix iHgexcis NDVIL

VY Tabn. 7 HaBeIeHO MiHIMaJAbHI, MaKCHMAaJIbHI 1
cepenHi 3HadeHHs iHAekciB NDVI, a y tabn. 8 minima-
JBHI, MaKCHMaJbHI 1 cepelHi 3Ha4YeHHS (paKTaIbHIX
po3mipHocrteii (kananiB b4 i b8) 3HiMKa most, ske OyIo
3aCissHO KyKypyn3o0io, craHoM Ha 22.10.21 mpu pi3Hiit
KOHTPACTHOCTI.

Tabauys 7 — 3navenns ingexcy NDVI 3HiMka moJs,
sike 0yJI10 3aCisIHO KYKYpPY/A3010, CTAHOM
Ha 22.10.21 npwu pi3niii KoHTpacTHOCTI

Kon- Inpexc NDVI
Tpact-
HiCTh NDV i NDV lyake NDVI cep
3HIMKY
0% 0,016 0,142 0,077
+10% 0,017 0,152 0,084
+20% 0,020 0,177 0,097
+30% 0,023 0,186 0,108
+40% 0,028 0,224 0,134
+50% 0,020 0,030 0,174
0% 0,016 0,142 0,077
-10% 0,014 0,133 0,069
-20% 0,013 0,115 0,058
-30% 0,012 0,104 0,048
-40% 0,011 0,084 0,039
-50% 0,005 0,067 0,031

Tabruys 8 — 3nayeHHs GppaKTaAIBbHOT PO3MIpPHOCTI 3HIMKA
noJis, sike 0yJ10 3aCisiHO KYKYPY/I3010, CTAHOM
Ha 22.10.21 npwu pi3Hiit KoHTpacTHOCTI

Kon- dpakTajibHa po3MipHiCTH
Tpact- kanaia b4 KaHaJ b8
HI-CTB DMill Dmakc Dcep DMin Dmalcc Dcep
3HIMKY
0% 2,934 {2,994 | 2,970 | 2,936 | 2,994 | 2,974
+10% [2,928 [ 2,993 | 2,968 | 2,922 | 2993 | 2,971
+20% [2,919 | 2,992 | 2,964 | 2,908 | 2,993 | 2,965
+30% |[2,907 | 2,991 | 2,959 |2,897 | 2,992 | 2,959
+40% | 2,887 [ 2,989 | 2,950 | 2,880 2,990 | 2,952
+50% | 2,852 (2,995 | 2,939 |2,840 | 2,988 | 2,939
0% 2,934 {2,994 | 2,970 | 2,936 | 2,994 | 2,974
-10% | 2,940 | 2,994 | 2,973 | 2,946 | 2,998 | 2,979
-20% | 2,951 2999 | 2,978 | 2,955 2,998 | 2,981
-30% [ 2,960 [ 2,999 | 2,982 | 2,958 | 2,998 | 2,984
-40% [ 2,966 | 2,999 | 2,985 | 2,967 | 2,999 | 2,987
-50% 2,973 12999 | 2,989 |2,974 2,999 | 2,990

Amnaii3 nanux tabn. 7 i 8 mokasye, mo y pasi Bij-
CYTHOCTI POCIHMHHOCTI Ha TOJI MpH 30UTBIICHHI KOHT-
pacTHOCTI 3HIMKa XapakTep 3MiH MiHIMaJIbHHX, MaKCH-
MaJbHUX 1 cepeqHixX 3HaueHb iHaekciB NDVI ta dpak-
TaJIbHUX PO3MIPHOCTEH 3aJMIIAETHCS TaKUM JKe, 5K 1
MIpU HASBHOCTI MOCIBiB KyKypya3u. [Ipm mpomy 3miHa
BenmuuH iHAekciB NDVI 3Haxonutecs y AiamazoHi 3Ha-
YeHb, IO XapaKTEePH3YIOTh BiICYTHICTh POCIMHHOCTI,
TOOTO TIpH 3MiHI KOHTPACTHOCTI 3HiIMKa Oyne mpuiiMa-
THCS TIPAaBUIIbHE PIIICHHS PO CTaH MOJIA.

Xapakrtep 1 BenmnurHa 3MiH MiHIMaJIbHUX 1 cepel-
HIX 3Ha4YeHb (QPaKTAIbHUX PO3MIPHOCEH KOCMIYHOTO
3HIMKa KaHainy b8 mpu 301IbIeHHI KOHTPACTHOCTI Ta-
KOXX ZI03BOJISIE IPUIMATH MPaBUIbHE PIlIEHHS IIPO CTaH
T10J1s1, ajie PY 3MEHIIEHHI KOHTPACTHOCTI 3HIMKa 01JTb-
me — 20% cepenHi 3Ha4eHHs (QpaKkTaIbHUX PO3MipHOC-
Teil He JJ03BOJIAIOTH MPABUIBHO OIIHUTH CTaH MOJs. Sk
3a3HavaJIocsl BUINE, L€ TOB’S3aHO i3 3IVIaJUKyBaHHIM
3HiIMKa (10r0 MEHIIIO0 MOPI3aHICTIO), IO IPUBOAUTH JI0
30UTBIICHHS CepeliHiX 3HaUYeHb (PPaKTATBHTX PO3MIipHO-
cTeil.

TakuM YHMHOM, TiJ 4Yac 3aCTOCYBAaHHS CEpEIHIX
(dpakTaTbHUX PO3MIPHOCTEH [UIS OIIHKA KOCMIYHHX
3HIMKIB TOJIB TNpPH 3MiHI KOHTPAacTHOCTI HEOOXiJHO
OpaTu 10 yBaru nopy poky. Ilix yac HasBHOCTI POCITHH-
HOCTI Ha IIOJIi aHalli3 KOCMIYHOTO 3HIMKa IpH 3MEH-
IIEHHI TX KOHTPAaCTHOCTI MOXKJIMBUH, a TP BIICYTHOCTI
POCIIMHHOCTI MO>JINBI OMWJIKU TPH 3MEHIICHH] KOHT-
pactHocTi 3HIMKa Oinbire — 20%.

BucHoBku

OcCTaHHIM 9acoM JJisi MOHITOPHHTY CUIBCHKOIOC-
NOAAPCHKUX 3eMellb BCE 4YacTillle BUKOPHUCTOBYIOTHCS
KOCMIYHI 3HIMKH, SIKi € Y BIJIBHOMY JIOCTYII y Mepexi
Iareprer. Taki KOCMiYHI 3HIMKH MOXYTh MaTH Pi3HY
KOHTPACTHICTh, IO MOXKE BIUIMBATH Ha SIKICTh MpOBe-
JICHHS OLIIHKY CTaHy CUTBCHKOTOCIIONAPCHKUX KYIBTYD.

HasBHICTE POCITMHHOCTI Ha IOJIi BIUIMBAE Ha IIO-
BEJIHKY MaKCHUMaJbHHUX 1 MIiHIMAJIbHUX 3HaYeHb SICKpa-
BOCTi TIpH 3MiHI KOHTPACTHOCTI BUXIiJHHUX 3HIMKIB pi3-
HUX KaHamiB (kaHamiB b4 i b8) cymyrauka Sentinel-2.
3MiHa Jiana3oHy SICKpaBOCTI Ha 3HIMKY IIPU 3MiHI KOH-
TPacTHOCTI TaKOX 3aJeKUTh Bl KaHaja CyMyTHHKa
Sentinel-2 ta HassBHOCTI POCITMHHOCTI Ha MO,

Benunka KiIbKIiCTh METO/IiB MOHITOPUHTY CLIBCHKO-
TOCHOJApChKUX 3eMeNlb 0a3yeTbcs Ha BUKOPUCTAHHI
BETreTaIliTHUX 1HJEKCIiB, 30KpeMa HOPMaJi30BaHOTO Pi3-
HUIIEBOTO BereTarliiinoro iHnexcy (ingexcy NDVI). Ase
JUIL  PO3pPaxyHKy BereTaliiHUX IHAEKCIB HEOOXiIHi
JIaHHI JTBOX 1 OlNIbIIE CIIEKTpajdbHUX Jdiana3oHax (Oara-
TOCHEKTPaJIbHI 3HIMKHM). TakoX AJIsl OLIHKU 3MiH CTaHy
CUIBCHKOTOCIIOZIAPCHKUX ~ KYJIBTYp — 3aCTOCOBYBATHCS
(¢pakTadbHAN aHaTi3 KOCMIYHHMX 3HIMKIB, KM 06a3y-
€TbCA Ha MOOYIOBI MOJNS (paKTaIbHUX PO3MIpHOCTEH.
[pu pomy mig gyac moOyosu [TOP BUKOPHUCTOBYIOTHCS
JaHHI TITBKM 3 OMHOTO KaHaiy cymyTHuka Sentinel-2
(xanan b8).

Pi3zHa KOHTpacTHICTP KOCMIYHHX 3HIMKIB IIOJIB,
3aCITHUX CIJIbCHKOTOCIOAAPCHKUMH KYJIBTYPaMH, IMpH-
BOJIUTH /0 HEOOXIJAHOCTI TNPOBEAEHHS JOCIIJHKEHHS
BIUIMBY KOHTPAacCTHOCTI Ha BEJIMUYMHM (PaKTaIbHUX PO-
3MipHOCTe# Ta iHgekciB NDVI.
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ITin yac 30inbIICHHS KOHTPACTHOCTI 3HIMKA MiHi-
MaJlbHI, MaKCHUMallbHI 1 CepelHI 3HAUCHHS I1HACKCIB
NDVI 30inb1yroThcest, a miJl yac 3MEHIIEHHS KOHTpacT-
HOCTI — 3MEHIIYIOTbCS. [Ipy IbOMY PI3HHMI Y BETMUUHI
ingekcy NDVI cknanae 6musbko 0,3. SKimo s omiHKe
CTaHy IIOCIiBiB BHOpaTH MOXIIUBY 3MiHY CEpeIHBOTO
ianekcy NDVI mns pisHux momniB y mexax + 0,1, To mpu
3MiHI KOHTpacTHOCTI Oinbire + 20% mpuiiMaTH pilIeHHS
PO CTaH IOCIBIB CTA€ HEMOXIIUBUM.

Cepenni QpakTaipHi po3MIpHOCTI 3HIMKa KaHAITy
b8 mpu 30iMBIIEHH] KOHTPACTHOCTI 3MEHIIYIOThCA Ha
0,02, a npu 3MEHIIEHHI KOHTPACTHOCTI — 301TBIIYIOTHCS
Ha 0,01. SIkmio AJs OIiHKYM CTaHy MOCIBiB BUOpaTH MO-

pi3HuX noutiB y Mexax + 0,02, To craH 1MociBiB Mpu 3Mi-
Hi KOHTPAacTHOCTI MO)KHa OLIIHIOBATH IPH 3MEHIICHHI
KoHTpacTHOCTI 10 — 50% i mpu 30iNbIIEHH] KOHTpacT-
HoCTi — 10 + 40%.

3acTocyBaHHS cepeAHiX (PpaKTaIbHUX PO3MIipHOC-
Tell IS OIIHKM CTaHy IOCIBiB MTO3BOJISE IMPOBOIUTH
aHaJi3 KOCMIYHUX 3HIMKIB IpH OUTBIIIHA 3MiHI iX KOHT-
PacTHOCTI, TOPIBHAHO 3 BUKOPUCTAHHSAM CEpelHiX iHe-
kciB NDVI.

ITixg gyac moganbIINX MOCIIIKEHD, JOLIJIBHO 3aiiic-
HUTH OIIHKY BIUTUBY SCKPaBOCTI KOCMIYHHX 3HIMKiB
TOJTIB, 3aCisTHUX CLIBCHKOTOCTIONAPCHKUMU KYJIbTypaMHu,
Ha BENWYMHM (PaKTAJIbHUX PO3MIPHOCTEH Ta 1HIEKCIB

XKITMBY 3MiHY cepeaHboi (pakrambHOi po3MipHocTi as  NDVI.
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Estimation influencing contrast of agricultural cultures spaces pictures on sizes fractals dimensions and indexes NDVI
Ruslan Pashchenko, Maksym Mariushko

Abstract. Spaces pictures in-use for monitoring agricultural earths can have a different contrast that can influence on
quality through estimation of the state agricultural cultures. The subject of the study in the article is estimation of influencing
contrast spaces pictures on the sizes fractals dimensions and indexes NDVI. The object of the study is the spaces pictures of
agricultural cultures satellite Sentinel-2 with a different contrast. The goal is estimation influencing contrast spaces pictures of
the fields sown by agricultural cultures, on the sizes fractals dimensions and indexes NDVI. The following results were ob-
tained. Conducted estimation maximal and minimum values of brightness at the change contrast initial pictures of the different
channel (channel b4 and b8) satellite Sentinel-2 and it is certain that the presence vegetation on the field influences on their con-
duct. Change range of brightness on a picture at the change contrast also depends on the channel of satellite Sentinel-2 and
presences vegetation on the field. Influence contrast spaces pictures is investigational on the sizes fractals dimensions and index-
es NDVI. It is certain that during the increase contrast picture the minimum, maximal and average values indexes NDVI are mul-
tiplied, and during diminishing contrast — diminish. Thus a difference in the size index NDVI makes about 0,3. If for estimation
the state sowing to choose the possible change average index NDVI for the different fields in scopes 0,1, at the change contrast
anymore +20% to make decision about the state of sowing becomes impossible. It is show that average fractals dimension picture
of channel b8 at the increase contrast diminish on 0,02 and at diminishing contrast — Is increased on 0,01. If for estimation of the
state sowing to choose the possible change average fractal dimension for the different fields in scopes +0,02, that state sowing at
the change of contrast it is possible to estimate at diminishing contrast to -50% and at the increase contrast — to +40%. Conclu-
sions. The conducted researches showed that application average fractals dimensions for estimation of the state sowing allows to
conduct the analysis spaces pictures at the greater change their contrast, as compared to the use average indexes NDVI.

Keywords: estimation the state of agricultural cultures, contrast of space picture, fractal dimension, index NDVI.
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KOMILIEKCYBAHHS BUMIPIOBAHb B BOPTOBOMY PAIIONEJEHI'ATOPI,
O BXOJAUTD 10 CKIIAAY CUCTEMHN ABTOHOMHOI HABIT'AIII BITJIA

AHoTtanisi. CTaTTd NpHCBsiUYeHa PO3POOICHHIO MEeTOAy (PyHKIIOHYBaHHS HEJOPOroro, IMPOCTOrO 3a pealisaui€ro, ajie
BOJTHOYAC BHCOKOTOYHOTO OOPTOBOTO paJiioNeeHraTopa, o BU3HaYae KyTOBE IOJIOKEHHS JUKEPEIT PalioOBUIIPOMIHIOBAaHHS
Jutst mofankioi aproHoMHoi Hasirarii BITJIA. MeTolo cTaTTi € CTBOPEHHS BUCOKOTOYHOTO METOy KOMIUIEKCYBaHHS BUMi-
pIOBaHb B OOPTOBOMY pajioneneHraropi, po3ramosaHoro Ha kpmiatux BITJIA 3 aBTOHOMHHMM HaBeIEHHSIM, HaJJaHHS IIPaK-
TUYHHUX peKOMEeHJaNiil 3 oro anropuTMidHOl peaisamii Ta MpoBeAeHHs anpodanii OCHOBHUX orepariii 00poOKH curHaiiB
METOAaMH IMITaIlifHOTO MOJEIOBaHHS. 3aBJaHHA J0C/Ii/KeHHS BKIIIOYAIOTh: 1) aHaNli3 CTaTUCTUYHOI Teopii onTuMizariii
IrOpUTMiB 0OPOOKH CHTHAJTIB y paliOBUMIPIOBAIBHUX CHCTEMax; 2) po3poOKy aJrOpUTMIB MeJeHTalil JKepea palioBh-
MIPOMIiHIOBaHHS, 3[JaTHUX 3a0€3MeuyBaTH BUCOKY TOYHICTh y ITHPOKOMY [ialla30Hi KyTiB CIIOCTEPEKEHHS; 3) CHHTE3 CTPYK-
TYpHOI CXeMH paJioTeeHraTopa; 4) imiTariiine MOIeMIOBaHHS OCHOBHUX aJITOPUTMIYHUX OTEpalliil Ta OI[iHKa TOYHOCTI BU-
MIpIOBaHHS KyTOBOTO IOJIOKEHHs. OTpUMAaHUii pe3y/abTaT: iITBEPIKEHO TEOPETHYHI PO3POOKH METOY, 10 32 PaXyHOK
KOMIUTEKCYBaHHSI BUMiPIOBaHb 3 IBOAHTEHHOT'O aMILTITYAHOTO IIEJICHraTopa 3 By3bKHUMH JliarpaMaMH, IBOAHTCHHOTO I1elie-
HraTopa 3 MIMPOKUMH AiarpaMaMH i IBOAHTEHHOTO ()a30BOTO IEJICHIaTopa 37aTeH IT0I0JIATH IPOTHPIYYs MK BHCOKOIO TO-
YHICTIO 1 IIMPOKHUM Jialla30HOM OJHO3HAYHUX BHMIpIOBaHb. ['alTy3s 3acTOCYBaHHSI: OTPHMAaHI PE3yJIbTaTH € TEOPETHIHUM
MIATPYHTSM JUIS OJANBIINX EKCIIEPHUMEHTAIBHUX PO3POOOK PaJioNeNeHraToPiB Pi3HOTO MPH3HAYEHH, PO3SKPUBAIOTH TEO-
PETHYHI OCHOBH CHHTE3Y METOIiB KOMIUICKCYBAaHHS BUMipIOBaHb B Pai0CHCTEMaX Pi3HOTO MPU3HAYCHHS, @ TAKOK CIIPHUSIOTH
MiABUIIIEHHIO aBTOHOMHOCTI MoNboTiB kKpunatux BITJIA.

Knw4oBi caoBa: pagioneneHraTop, CraTUCTHYHUI CHHTE3 allTOPUTMIB, KOMIUIEKCYBaHHS BUMIipIOBaHb, iMiTaIliliHe MO-

JACIIOBAHHS.

Beryn

AkTtyanbHicTb. OIHUM i3 PagiOTEXHIYHHUX 3aCO-
0iB, TKUM Mae OyTH OOJIATHAHUI KOXKEH CYYacHUH aepo-
JIpoM, € TIpUBiJHA aepoapoMHa pamiocranmis [1]. 3a-
BJaHHIM IPHBOJHUX PaIiOCTAHIH € TPUBEICHHS JiTa-
KiB Ta BEPTOJILOTIB Y PaiioH aepoipoMy, BUKOHAHHS Tie-
pelnnocagKoBoro MaHEBPY, BUTPUMYBAHHS HAaIpPSMKY
B3JI0BX OCI 3J1iTHO-110Ca1KOBOT cMyry. HuHi B aBiauii Bu-
KOPUCTOBYIOTh NPHUBO/HI pajiioCTaHIii pi3HUX MOAUdi-
Kalliif Ta kommnaiii [2], a cama nmpoOiema npuBeaeHHs Jii-
TAJIBFHOTO amapary B 3alaHy TOYKY JOCIHIIKYETHCS BIKE
Ba/DKCHHSM y poOOTY CHCTEM JI0CTaBKH BaHTaXiB, Iepe-
Jladi TaHWX Ha BEJIMKI Bi[ICTaHi, CIIOCTEPEKCHHS 3a B~
KAMH JUITHKAMH TPOCTOPY TaKOX CTAJIO aKTyalbHUM
nutanHs npusezeHHs BITJIA B 30Hy 1X QyHKLIIOHYBaHHS
[3] abo ix aBTOHOMHE MOBEPHEHHS HA CTAPTOBY IUISTHKY
[4]. TIpu 1bOMY CTBOpEHHS CHCTEMH MeJeHTarlii pamio-
MasikiB 3 6opta BIIJIA Ta cuctem kepyBaHHS TOJIBOTOM
BIJTA mae cBoi 0COOIHBOCTI.

B nopiBasHHI 3 miTakoM uu BepTonboToM BITJIA
Mae OOMEXEHHI ra0apuTHI po3MipW Uil PO3MIIIEHHS
armapaTypHy Ta CKJIaJHI KOHCTPYKTHBHI OCOOJIMBOCTI IT0-
OyoBH Hecyuoi KOHCTpyKuii. YacToTi KepyBaHHS Ta 00-
MiHY JaHUMU 3 O€3MIIOTHUMHU arapaTaMy MatoTh BEJIUKY
BapiabeNbHICTh Ta HE Y3TOJPKeHi 3 aepoapomMamu. Touka
BUIbOTY Ta npusemieHHs BIIJIA He obnagHyeThes crie-
HiaTBHUMH CIIOpYyAaMHu ab0 TexHiYHIMH 3acobamu. L{ina
OOpPTOBOTO PAaTiOECNEKTPOHHOTO OOJIATHAHHS CTPIMKO
3pocCTa€ i BCE YacTille MepeBUIIye IiHy HOCIS.

3 ooy Ha BKa3aHi OCOOJNMBOCTI aKTyaJlbHUM CTae
3aJ1aua CTBOPEHHS OOPTOBOTO paIioTIeNICHTaTopy, 1o BOY-
JIOBYETHCSI B KOHCTPYKITito BITJIA, Mae BUCOKY TOUYHICTB

Ta IIMPOKMUH Jiana30H KyTiB OZHO3HAYHOTO BUMIPIOBAaHHS
HanpsIMKIB Ha PajlioMasiki, XapaKTepH3y€eThCsl HEBEJINKHUMHU
Maco-TabapHuTHI ITapa-MeTpaMH Ta IIPOCTOTOO peaIi3allii.

Jocsin po3podok 3a Temoro. [t mpuBeAeHHS JIiTa-
JBHUX arapaTiB B TOUYKY BUIIPOMIHIOBAHHS pajiio-Maska B
TIepIy 4epry BUKOHYIOTh BUMIPIOBaHHS KyTOBOTO IIOJIO-
JKCHHS JDKepeTa palioBUIpOMiHFOBaHHS. [l OLiHKY Ha-
TIPSIMKY 3a3BHYaii BAKOPHCTOBYIOTh Pa/liONIeTIEHraTOpH Ha
OCHOBI TOPIBHSHHS aMILTITY X [5], BUMiproBaHHs Yacy 3a-
TpuMKH [6], orinku npocTopoBoro crekrpy [7], intepde-
pomerpuuHoi 00pobKku curHaiiB [8], mormiepiBCchKOrO
3cyBy uactotH [9]. PosristHeMo iX GiIbIi JeTaabHO.

[MpuHmn poOOTH aMIUTITYJHUX PaioNelIeHraTopiB
TIOJISITA€E B ITOPIBHSIHHI aMIUTITY ] IPUHHATHX CUTHAJIB, 1110
TIPOTIOPLIHHI HPOCTOPOBUM XapaKTEPUCTHKAM IPHIMaITb-
HUX aHTEHY y HalpsIMKY, 1Ie 3HaXOUThCS IPKEPEo paiio-
BunpoMiHrOBaHHs. OCHOBHI eTany 00poOKH CUTHAIIB MPH
TeJIeHralii 3po3yMiii i paioBUMiproBadi MatOTh BiTHOCHO
MIPOCTO PEAITi3yIOThCS, HEBEIMKUI PO3Mip, Maily Bary i
HU3bKY HiHy. Ceper HeIoiKiB HeOOX1THO Bi[3HAYHTH HH-
36Ky TOYHICTh BUMIpPIOBAaHHS KyTOBOTO TIOJIOKEHHSI, 3aJIe-
JKHICTH BHMIPIOBaHb BiJ HOJApH3allii Ta BHKPHUBICHHS
XBHJIBOBOTO (PPOHTY PaiOXBUIIb.

[HTepdepomeTpruHi IeNCHraTOPH IPYHTYIOThCS Ha
BHMIPIOBAHHAX Pi3HMLI (a3 MK IBOMa PO3HECEHUMH Y
MIPOCTOPi aHTeHaMM, L0 MPUHHSIM CUTHAI BiJ] TOYKO-
BOTO JKepesia paJioBUIIpOMiHIOBaHHs. Takoro Tuy re-
JIGHTaTOpH IIMPOKO BUKOPHCTOBYIOTHCSI Ha MPAaKTHII i
BUTOTOBIISIIOTHCS 3aKOPJIOHHUMHU KoMIaHisiMu. [lepeBa-
ramMu (pa30BHX MNEJICHraTOPIiB € MPOCTOTa peaizalii aH-
TEHHOI CUCTEMH Ta AITOPUTMY OTPUMAaHHS BIIJIKY Ielie-
HTY, & TAaKOX CTIMKICTh A0 Mapa3uTHOI aMILUTITyTHOT MO-
nmynsii. JIo HeMOiKiB CITiji BiTHECTH CKJIAIHICTh peati-
3arii npuiiMaya 3 TIOBHICTIO iIEHTHYHUMU 33 (Ha30BUMHU
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XapaKTEepPUCTUKAaMK TPAKTaMH Ta BY3bKHI Jiana3oH Ky-
TiB OTHO3HAYHHUX BHMipPIOBaHb.

Pi3HOBHIOM iHTEP(HEPOMETPHUYHOTO NEJICHIaTOPY €
KopeLiiino-inTepdepomerpuununii [10], mo BUKOpHC-
TOBYE JIJIsl BAMIPIOBaHHSI KyTa KUJIbIIEBY aHTEHHY pellli-
TKY 3 TIOCITiIOBHOIO KOMYTAIli€I0 aHTEHHIX €JIEMEHTIB Ta
AITOPUTMH KOPEISAiHHOI 0OpOOKH BUMIpSTHUX KOMILJIE-
KCHUX aMIUTITY] Ha aHTeHHUX napax. Jlo mepeBar BigHoO-
CATh BACOKY UyTJIHBICTH 1 BUCOKY TOYHICTH TEJICHTAILi1,
MpoTe HiHa peaii3amii OaraTokaHaJbHHUX NPUIMAaYiB Ta
CKJIaTHICTh 0OPOOKHM CHTHAJIB B MU(PPOBHUX MPOIECcOpax
pOOHUTH HEMOXKJIMBHUM IIHPOKE 3aCTOCYBAaHHS KOpeEJsi-
LiitHO-iHTEepEepOMETPUYHHX IEJICHTaTopiB.

B nomnepiBchKUX IeNIeHraTopax BUMiPIOETHCS 3CYB
yacToTH Jloruiepa, o yTBOPIOETHCS B pe3yibTaTi PyXy
abo obepTanHs NpuiiManbHOT anTeHu. HalBuiuii eexr
BiJl IIbOTO METOJY JIOCSITAETHCS, KOJIM aHTCHA MOBHICTIO
MePEMILTYETHCS B HANPSIMKY XBHII, 10 IPUXOANTH. Jlo-
IUIepiBChKa TIEJICHTAlis 3a3BUYail He mepexdadae mps-
MOTO OOEpTaHHS IEJICHraTOPHOI aHTEHH, OCKUIBKH IIE
BaXKOJJOCSKHO B TEXHimi. BiH mosrae y BCTaHOBJIICHHI
KiJTbKOX aHTEH I10 KOJTy KOHIIEHTPUYHUX KiJl, 1 eIeKTPOH-
HUI IepeMHUKaY IIBHJIKO MiKJII0YAE KOXKHY aHTEHY B I10-
CJTiTOBHOCTI, III0 €KBIBAJICHTHO 00CPTaHHIO MEJICHraTopa
JI0 aHTeHU. JOMIepiBChKI PaioONeIeHaTOPH MalOTh BHU-
COKY YyTJIUBICTb, BUCOKY TOUHICTB, CJIa0Ky 3aJI€)KHICTh
BiJl OJISIPU3AIIil XBUJIb, HE YYTJIMBI IO CIOTBOPEHHS XBHU-
np0BOro (hpoHyT. HemomikoM MOMIepiBCHKOI CHCTEMHU
TIeJIeHT Il € HI3bKa epeKTUBHICTE 60pOTHOH 3 iHTEep(he-
peHuiitHnMHu niepemkoaamu. Cructema Bee 11e nepedyBae
Ha CTamii po3poOKH, 1i BIOCKOHANEHHS MpHU3BEIC 0
YCKJIaIHEHHS CHCTEMH, a BapTiCTh, BIATIOBITHO, 3pOCTE.

Tounicts (hazoBoi merneHramii 0OepHEHO-TIPOIIOP-
HiffHa 10 BificTaHi MiXk aHTEHAMU TIEIICHTAaTOPY, aJle Ma-
KCUMAaJIbHUI pO3MIp 0OMEXEHHUI TOBKHMHOI XBHJII elie-
KTPOMArHiTHUX XBWJIb, IO BUMiproroThcs. s mono-
JIAHHS 1IbOTO MPOTUPIYYSl BUKOPUCTOBYIOTHCS ITEJICHTa-
TOpH 3 BEJIMKOI 0a3010, aje BUMIpIOBAILHUM Mapamer-
POM cTae 4ac 3aTpUMKH 3aMicTh 3cyBYy (a3. IlepeBaramu
TaKUX CHUCTEM € BUCOKA TOYHICTh, HEUYTIMBICTH JIO MO-
Nspr3alii, BiICYTHICTh HEOJHO3HAYHOCTI BUMIipIOBAHb.
J10 HeOMIKiB CITiJ] BiTHECTH BEITUKI BiICTaHI PO3HECECHHS
BHMIpIOBadiB Ta HEOOXiJHICTh BHKOPHCTOBYBAaTH CHI-
HaJIM 3 IEBHUM THIIOM MOZYJISIIIT.

PanionenenraTopy, mo arTh OLIHKY NPOCTOPO-
BOTO TIOJIOXKEHHSI 33 Pe3yJIbTaTaMH BUMIPIOBaHHS IPOC-
TOPOBOTO CHEKTPY NPUIHATHX CUTHATIB CKIIQJAIOTHCS 3
Habopy aHTeH i baraTokaHaIbHUX KOT€PEHTHUX MPHHMa-
4iB, 1[0 PEECTPYIOTh aMIUTITY ¥ 1 a3y NPUHHITHX CHT-
HauiB. [logansma 06pobka BEKTOPY BHMipIOBaHb BHUKO-
HYETHCS B TUPPOBOMY MPOLIECOPI METOAMHU KOPEIISAIIiN-
HOro aHasizy. TeXHOJIOTis NPOCTOPOBOT OLIHKU CIICKTPY
MOXKE peai3yBaTu OJJHOUACHY MEJICHTalli0 KiJIbKOX JKe-
pel BUIIPOMiHIOBAHHS, CHTHAJIU SIKUX ICHYIOTb B OJTHOMY
KaHaJi B OJIMH 1 TOW e Jac, TakoK MOXKIIMBA peai3allis
nesieHranii 3 HaJApO3AUIbHOIO 3AaTHICTIO. [y ToyHOTO
BU3HAYECHHS HANPSMKY MOTPiOHA JIMIIE HEBEJMKA Kib-
KiCTh 3pa3KiB CHTHaNly, TOMy TaKWi METOJ IiAXOJUTh
JUTS TIEJIEHTAIlii CHUTHAIIB 31 CTpUOKaMU 4acTOTH. B 1ri-
JIOMY MOXHA CTBEpPAXKYBAaTH, III0 MA€ MiCIIE BUCOKA UyT-
JINBICTh, BUCOKA TOYHICTh, aHTEHHA PEIIiTKAa MOXKEe OyTH
peayizoBaHa 3 BHUKOPUCTAHHSM €JIEMEHTIB OyIb-IKOi

CIPSIMOBAHOCTI Ta BUMOTH JI0 TOYHOCTI ITOJIOXKEHHS IUX
eJIeMEHTIB He BHCOKI. [leperniueni BuIe nepesaru nese-
HIaToOPiB 3 MPOCTOPOBOIO OIIIHKOIO CIIEKTPY BHUPILIYIOThH
npoOemMH, sSIKi TPUBANINIT Yac iCHyBaJIM B paHille pO3IJis-
HYTHX MeToJiax. JaHi meneHraTopu BUMararoTh MINPOKO-
CMYTOBHX BXIJHHX TPAKTiB, a TAKOX y3TOKEHOCTI eJie-
KTPUYHHX XapaKTePUCTUK KOXKHOTO eJIeMEHTa aHTECHHOI
pemiTki Ta OaraTOoKaHANbHUX mpuiiMadiB. Kpim Toro,
JUTS BUPIIIEHHS IPaKTUYHUX 3aBAaHb HE0OXiTHI BUCOKO-
MIPOAYKTUBHI 0OYNCITIOBAIBHI IPOIIECOPH.

IocranoBka 3agavi. Buxomsum 3 mpoBeneHOTO
aHaNI3y MOTOYHMX HAYKOBHX JIOCIIKEHb Ta HaBEACHHX
MPOTHPIY BUIIMBAE aKTyaJlbHAa HAyKOBa IIpodJieMa MpoeK-
TYBaHHS PaJlioNeNICHraTopy, 0 Ma€e HEeBEJIMKI Maco-raba-
PHTHI XapaKTEPUCTUKK a00 BOYZOBYIOTHCS B KOHCTPYKLIIIO
BITJIA, 3nateH BUMIpIOBaTH KyTOBI IOJIOXKEHHS JDKEpena
PazIiOBUNPOMIHIOBaHHS 3 BHUCOKOIO TOYHICTIO 1 Yy ILIHPO-
KOMYy Jiara3oHi KyTiB, IIPOCTHH 1 JEIIeBUH y peaizartii.

JInst mocArHEHHS BU3HAYEHOI 3a1a4i HE0OX1JHO BH-
PIIIATH HACTYITHI YaCTKOBI 3aBIaHHS:

1) mpoaHai3yBaTH TEOPETHUYHI ITiTXOIU IO CTATUC-
THYHOT'O CUHTE3Y ONTHMAaJbHUX alrOPUTMIB IeIeHramil,

2) po3poOuTH IpOCTHH y peanizauii i TOYHUIT MeTOx
HeJIeHralil JpKepest paJioBUIPOMIHIOBaHHS Y HIMPOKOMY
Jiama3oHi KyTiB OJJHO3HAYHUX BUMIPIOBaHb,

3) pO3poOUTH CTPYKTYPHY CXEMY ONTHMAIILHOTO
0OpTOBOrO BUMipIOBaua HaNpsIMKIB Ha pajiioMasiKy,

4) BUKOHATH IMiTaIliliHE MOIETFOBAHHS OCHOBHHX
AITOPUTMIYHHAX OMEpaIliil i OIIHUTH TOYHICTH paiiomne-
JICHTaTopa 3 KOMIDIEKCHOIO 0OpOOKOI0 CHTHAIIB.

TeopeTU4Hi OCHOBU CTPYKTYPHOT'0 CUHTE3Y
PanioBUMipIOBAJILHUX CUCTEM

Jlis po3B’si3aHHS ONTUMI3ALIHAX 3a/1a9 CHHTE3Y
AITOpUTMi 0OPOOKH CHTHAIIIB B OaraToKaHaIBHUX pajio-
nejeHraropax OyJeMO BHKOPHUCTOBYBAaTH CTaTHCTHYHY
TEOPIiI0 ONTUMI3AIl] PATIOTEXHIYHUX CHCTEM JUCTAHIIIMN-
HOT'O 30H/IyBaHHsI Ta paIiosoKartii. 3riaHo Iiel Teopii s
BUpILICHHS 3a3Ha4eHOl MPOOJIEeMHU NOIIJIBHO BUKOPHCTO-
BYBaTH METOJ MakcuMyMmy (YHKLII MpaBaonoi0HOCTI.
CyTHICTB IbOTO METO/Iy MOJISITAE B MOLIYKY Mapamerpy A,
oI0  MakcuMidye  (DyHKIOHAN  MPaBIOIOIIOHOCTI
PLU(t) | A] [11, 12] — ymoBHuii (HyHKIIOHAT IIITEHOCTI
HAMOBIpHOCTI BHIaaKoBoro mnporecy U(t) npu ¢ikcosa-
HOMY 3Ha4YeHHI MmapameTpa A. 3aMiCTb (QYHKIIOHATY
P[U(t) | A] wacrie MakCHUMi3yIOTh HOro Jorapudm, TaK

sIK QyHKIIs Torapr(My € MOHOTOHHOIO 1 HE 3MIHIOE TOUKY
makcumymy P[U(t) | A]. st 3HaXOMKEHHS ONTUMATbHUX

OLIIHOK MapaMeTpa A HeoOXiIHO PO3B’I3aTH CUCTEMY DiB-
HSIHb
dInP[u(t)| 4]

) =0. (1)

A=true

d L ..
A€ —— — OICpaTop IMOX1AHO1, sIKa 6Cp€TBCH B TOYIIl 1C-

di

THHHOTO 3HaYeHHs Ay e Mapamerpa A, U(t) — piBHsAHHS

CIIOCTEPEKEHHSI, 1110 BKIIIOYAE CIIOTBOPEHI IIYMOM MPHHi-
Mada MPUHHATI KOPUCHI CUTHAIW. 3araJlbHUN BUTISI Pi-
BHSHB CIIOCTEPEKCHHS B OaraToaHTEHHHUX

12
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pajiorneseHraTopax Mnpy OLIHIOBaHHI HANPSIMKy Ha JKe-
PEeTo pamiOBUIPOMIHIOBAHHS Jg € HACTYIHUH

U(t) = Re{S(t, 6,)}+1i (1), @)
e () =uy(®), up @), . un O], 3)

Re{} — omeparop nificHol YaCTHHU BEKTOPY NPHHHITHX

KOPHCHHUX KOMIUIeKCHHX curHamis S(t,6;),

S(t,05) =[$1(t, 65), $2(1,65), ..., SN (6.65)],  (4)
$(t,65) =
= Kot [ Gi (066150~ 8, Atye 127 Tdle i @)gg, (5)
[©)
wi (65) = 27 oA (65)e ™
YKHOMY NPUHMaJIbHOMY KaHalli BITHOCHO ()a30BOro LieH-
Tpy nouist aHTeH, Al (6) — pi3HHLSA BicTaHeH, o npo-

— (a30BHii 3CyB CUTHAIY B KO-

XOJIATH €NEKTPOMATHITHI XBUIII Bi JKepena 10 KOKHOL
anTeHu, O(60—65) — nenpTa-QyHKINL, IO BH3HAYAE
MIPOCTOPOBE TMOJIOKEHHS TOYKOBOTO JKEpesa pajioBH-
MIPOMIHIOBaHHS y HanpsMKy 6, Kpj — koedinieHT min-

cuiieHHs | -ro npuiiMansHoro kanany, G;(8—6p) — ni-

arpama CIpPSIMOBAHOCTI |-i aHTCHH, WO Opi€HTOBaHA

CBOIM MakCUMyMOM y HanpsiMky Goj, A(t) — KomIwIek-
cHa O0BiJIHa CHT'HANY, 10 BUIIPOMIHIOETHCS JIKEPEIIOM,
e J2xfot _ rapMOHilfHe KOJTMBaHHS Y KOMIUIEKCHiH (o-

pMi 3 Hecydoro gacTotoro fy, t —4ac, & — xoopauHaTH

KyTiB, ¢ — HIBUJKICTh PO3NOBCIO/IKEHHS €IIEKTPOMArHi-

THUX XBUIb, i =1, N,

i(t) =y (@), np ), ...,

— BHYTpIILIHI LIyMH.

I'eomerpisi, 110 Jisirjia B OCHOBY Mojeni (5), moka-
3aHa Ha puc. 1. 3 wiel Moeli BUILIMBAE, IO BXiHI Tpa-
KTU BIiZIPI3HSIOTHCS JIMIIE KOe(ili€eHTaMM ITiJCHICHHS

ny ()] (6)

Source

A"; AZ;A3 Al; X

Puc. 1. 3aranpHa reomMeTpist BUMipIOBaHb
B pazioneseHraropax

BHyTpimHi myMu B npuiiManbHuX TpakTtax N (t)
OyzneMo BBaXaTW OIMMMH TayCiBCHBKHMH ITyMaMH, IO
B3a€EMHO HE KOPENbOBaHi, IPOTEe MAalOTh OJJHAKOBY CIICK-

TpalbHy WIinbHICTH moTyxHocTi 0,5Ng . Kopensaniiina
(YHKIISI BHYTPIIIHIX IIyMiB Ma€ BUIJIS
Ry (tt —t2) =0,5Npo(t —tp), U]

ae o(t —ty) — menpra-QyHKIISL

OpmHuM i3 HAWBaXITMBIIINX €TAIliB PO3B’A3aHHSA OII-
TUMi3ali#iHol 3amaui € BusHauenns P[U(t)|A]. B [13]
HaBe/lIeHA METOAWKAa KOHCTPYIOBaHHSA (DYHKITIOHAIIB
MPaBIOMIONIOHOCTI U MIMPOKOTO KOJa 3a7ad paziono-
Kamii Ta OUCTaHIIIHHOTO 30HAYBaHHA. B mpomy mocii-
JUKEHHI OyieMO BUKOPHUCTOBYBATH (DYHKIIIOHAJ IIPaBIO-
MOIIOHOCTI HACTYITHOTO BHUTIILY:

P[u(t)u,:a]:
= Kexp ——Zj[u (t) - Re{ s(te)}] @
0|1T

Je kK — KoeQIIlieHT, 10 HE 3aJIC)KUTH BiJ TApaMeTPiB, 110
HiAJISraloTh OIIHIOBAHHIO, | — Yac croctepexenHs. [la-
pametp A =6 € NOCTIHHOIO BETHIHHOIO.

[igcraBnsroun (8) B (7), OTpIMAaEMO CUCTEMY PiB-
HSHB TPaBIOTOAIOHOCTI

zj[u (t)—Re{s; (t,05)} |Re {ds'(tgg)}duo

Oi=1 T S

S dsi (t,65) | .
Z jU (t) RE{T}dt =

i=1T

. ds; (t, 6,
= z I Re{s$(t,65)} Re{M
i=17 dos

JliBa yacTrHa (9) BU3HAYA€E OCHOBHI ONTUMAJIbHI OTIe-
pailii, 110 He0OXiJHO BUKOHATH HAJl IPUAHATHMHU KOJIUBAH-
HaMu Ui (t) B xoxxHOMy Kanaii. JIiBy yacTHHY HEOOXiIHO

HOPIBHATH 3 IIPaBOI0 YacTuHOIO. [IpaBa yacTuHa — 1e nese-
HraliiiHa XapaKkTepuCTHKa 0araToKaHaJIbHOTO PaliomeNeH-
raTopy, 110 NOKa3ye peakxiiito BUMIpIOBa4a Ha 3MiHy KyTo-
BOTO MOJIOXKEHHSI JKEepelia BUIIPOMiHIOBaHHS s .

BusHaunBImIM YMOBH NpPOBEJEHHS BHUMIpIOBaHb Ta
THII pajioleneHraropa, a00 KoMOiHaIi0 JeKIIBKOX, MO-
JKITUBO CUHTE3YBaTU ONTHMAJIbHHUI aITOPUTM IeJIeHranii
JUKepen paiioBUITPOMiHIOBaHHS. BUKOHaEMO Taky ONTH-
Mi3alilo CTPYKTYpPH PaIiONeNeHTaTopy 3 ypaxyBaHHIM
BH3HAYEHOI HAYKOBOI MPOOIEMHL.

OnTuManbHU MeTO BHCOKOTOYHOI IeJIeHranii
JKepes1 pagioBUNPOMIHIOBAHHS y IIMPOKOMY
Aiana3oHi KyTiB O/THO3HAYHUX BUMIPIOBaHb

JI71 CTaTUCTUYHOTO CHHTE3Y METOTy 00pOOKH CHT-
HAJIIB B PAJIIOTIEICHIaToPi, IO 33JJ0BOJILHSIE CyTIepPEUIIU-
BHM BHMOTaM — HEBEJIMKiI Maco-Ta0apuTHI XapaKTepuc-
TUKH Ta epPrOHOMIYHE PO3MIIICHHS Ha OOPTY, BUCOKA TO-
YHICTh, IIMPOKHIA Jiana30Hi KyTiB OJHO3HAYHHUX BUMi-
PIOBaHb, MPOCTA peai3allis, HU3bKa I[iHa, Oy/1eMO BHKO-
pHUCTOBYBAaTH KOMOIHAILil0 HACTYyHHX TPbOX pajio-

13
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TeJICHIaToPiB: aMILTITYJHOTO pPajiolesIeHraTopy 3 LIH-
POKOCIIPSIMOBaHHMH aHTECHAMH, aMILUITYIHOTO pajiore-
JICHraTopy 3 BY3bKOCIPSIMOBAaHUMH aHTEHAMH, (Da30BOTO
panioneneHraTopy 3 BCeCpsIMOBaHUMH aHTeHaMu. [ eo-
METpisi BUMIpIOBaHb IT0Ka3aHa Ha puc. 2.

y A
Source

)a
obf‘i

Puc. 2. T'eomerpist BUMipIOBaHb
B [IECTHAHTCHHOMY IIEJICHIaTOPi

KopucHi curaanyi MaroTh Taki MOJIEITI:

$(t.65)=
= K01j61(9—0b —O,5951)5(0—HS)A(t)e—jzﬂfotdel
®
$5(t,65)=
= Kosz]_(H—@b +0'5951)5(0_QS)A(t)e_jZHfOtdg,
e)

dG; (06, ~0,5051 )|

dGy (66 +0,565 )|

$3(t.65)=
= Kog [ G (0- 6, —0,505,) 5(0 - 05) A(t)e” 1270 do,
®
84 (1,05 ) =
= Kog [ Gy (06 +0,505,) 5(0 - 05) A(t)e 17 o'do,
®

—j27zf0(t—1d cos(es—éb)J
2 c
(10)
- j27rf0(t+17d Cos(esf%)j
$6 (1,65 ) = KogGs (6 ) A(t)e 2o
e Gl(H—Hb —0,56’51) i Gl(€—3b +0,56’51) — imeHTH-

YHi 32 ()OPMOIO JiarpamMy CIPSIMOBAHOCTI IIMPOKOCIIPS-
MOBaHHX aHTEH, 1110 PO3HECEH] y IPOCTOpl Ha KYT g1 Bif

$5 (1,05 ) = KosGs (6 ) A(t)e

piBHOCHTHANBHOTO HApAMKY 6 , Gy (60— 6, —0,505, ) i
G, (66 +0,505,) — inenTnuni 3a hopmoto, ane pos-
HECeH1 y IpocTopi Ha KyT Os; BiJ pIBHOCUTHAIBHOTO Ha-
OpsIMKY 6, JAiarpamMH CIPSIMOBAHOCTI BY3BKOCHIPSIMOBA-
Hux aHrteH, Gg (Hb) — Koe(illiEHT MiJCUICHHS AHTCHH

(ha3oBoro IMENCHraTopy y HampsMky 6,, d — BiacTaHb

MDK aHTeHaMH (a30BOTO TEJICHTaTOpY, IO PO3MIIICHI Ha
OJIHI JTiHIT B3IOBXK OCI X .

B mogmensx curnamie (10), 110 COCTEpIiraoThCs B
aMIUTITYJHUX HEJICHraTopax, BiACYTHs iHpopMalis mpo
(a3oBuii 3cyB Mk aHTeHaMHU, a B pa30BHX HeJIEHraTopax
HaBIIaKH — Bcs iH(GOPMAILisl TIPO KyTOBE MOJIOKEHHS JKe-
pena 3akianeHa B a3y i He MOYKe CIIOCTEPIraTUCS B aM-
IUTITYTHUX MHOXXHUKaX. [lifCTaBNsA0O4M piBHSHHS CIIO-
CTEPEeXKEHHS, [0 CKIIAAOThCS 3 AUTUBHOI CyMillli KO-
pucaux curHaiiB (10) Ta nempTa-KOpeIhOBaHUX HIYMIB
(6), B HepiBHICTH (9), oTpUMyEMO

Ko [uy (Oh(t)dt+ Koz [up (®)h(t)dt ¥
de |¢9=9S T de |€=<9S T
L 4Gy (00, ~0.5055 )| Kaa U5 OR(1) it 9C2(0 =6 +0.505, )| Koo [ (O (1)t
do |9:95 T a6 |9:95 T

c

~G3 (& )sin(ds —%)x(cos[nfo w} jsin(ﬁfo MDX
C

><( i fodc—l)KosjuS(t)h(z)dt + Gy (6)sin(Bs — ) x(jnfodc—l)K%j g (£) (¢ )dt
T T

X(COS[ﬂ'fo dcos(b —6h) _%)j— jsin[;rfo dcos(bs —6h) _ab)Dz K
C

(11)

1dG1(6'—3b—0,5651)|

c deo 00,
1 dG, (6—6, +0,50 1
xGy (05 b +0,59§1)§Es+Koz al Zbg 51)| Gl(gs—%—0'55’51)55s+
0=0,
dG, (60— —0,5055)| 1 4G, (06, +0,565 )|

+ K03

do |9=95

G, (65 - +0:5952)§Es +Kos

do |9=9s

14
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><G2 (95 _61) _0,5952)%E5 +(K06 - K05)G§ (%)Sin(@s —lgb)(ﬂ' fo %j%ES'

ne h(t)= A(t)e_jZ”fOt — xoeillieHT nepeaadi onTuMa-
abHOro GineTpy, Eg = I|A(t)|2dt — EHepris CHWrHaiy,
T

10 BUIPOMIHIOE JIKEPEIIO.
JliBa yactuHa (11) mokasye ontuManbHi oneparii,
10 HeoOXiTHO BHKOHATH Ha TPHUHHATUME CHTHAAMHU

ﬁ(t) B KO)KHOMY NPUHAMAaJIbHOMY KaHaJi IeJIeHraTopy..

[Nepmii 4oTHpH pIBHSHHSA XapaKTepU3ylTh O0OpOOKY B
aMIUTITYJHUX MeJIieHraropax. B kosxHoMy KaHaiti HeoOXi-
JTHO BUKOHATH Y3TOKEHY (QUIbTpaLilo NPUIHATHX CIIO-
CTEpPEkKEHb Y (PIIBTPI 3 IMITYJILCHOIO XapaKTEPUCTUKOIO

h(t). Tani pesynsratn dinbTpanii MHOKaTbCS Ha Barosi
koedimienTn Kpj 1 KpyTH3HY Hiarpam CHpsIMOBaHOCTI,
110 BU3HAYAFOTHCS BUPAa3aMHU
dG; (06, +0,505 )|
dé

= G{(6-6, +0,505

N, -
o-0, |9_95

Tax sK KpHBi OJJHAKOBHUX JiarpaM B Meax JiHiHHOT
JUISTHKY HAaBKOJIO PIBHOCHUTHAJBHOTO HAIPsIMKY PO3Mi-
IICHI CHMETPUYHO, TO TIO CYTi KPYTH3HA MaTHUME pi3Hi
3HAKH 1 pe3yJapTaToM 00poOKHU Oy e BiTHIMaHHS BUMIpSI-
HUX TOTY)KHOCTEW CHT'HANIB B PI3HUX KaHaJIaX aMILIITY-
JHHX TejaeHraTopiB. [1’aTuii 1 moCTHit 101aHOK JOBOJIS-
I0Th OTPUMATH OILIHKY KyTOBOT'O IOJOXXEHHS JKepesa
palnioBUIIPOMIHIOBAaHHS 3 TOYHICTIO peaiizalii (a3oBux
BuMiproBanb. OCHOBHI omeparlii HaCTYyIIHi:

1) piBHsHHS Ug(t) Ug(t) HeoOXximHo mpomyctutn

yepe3 (QuIbTp, MapaMeTpH SIKOTO Y3Tr0oJHKEHI 3 KOMILIEKC-
HOI0 00BIJTHOIO 1 YaCTOTOIO CUTHAY BHUITPOMIHIOBAYA,

2) pe3ynbTaT NETeKTyBaHHA Ha HU3BKIH 9acToTi
MHOKaTbCsl HOPMYIOUi Ha KOe(illieHTH

Gs (Hb)( j”dec_l)KOGv

3) HOpMOBaHI aMIUTITYId HEOOXiMHO 0OpOOUTH B
KBaJIpaTypHOMY JIETEKTODI, [0 HAALITOBAHU HAa BHMi-
pIOBaHHS 3CYyBy (ha3u IO BHHUKAE 4Yepe3 BiIXUICHHs
JDKepeJia BUIIPOMiHIOBaHHA BiJf piBHOCHTHAIBHOI 30HU.

Pesynpratn 00poOKH TIepepaxoBYIOTHECS B KYTH 3a
JOTIOMOTOI0 TeJICHralifHO{ KPHUBOI, IO PO3PaxXOBYETHCS
B mipaBiit wactuHi (11). [Ipu 3agannx mapamerpax po3mi-
LICHHS Ta OpIi€HTAlii aHTEH B IICJICHIaTOpi MpaBa Yac-
tiHa (11) € dynkuiero xkyTa 05 1 3a cBo€ro (HizUUHOIO
CYTHICTIO MOKe OyTH Ha3BaHa IEJICHralliiHOIO XapaKTe-
puctukoro V() . Ha ocHOBI OTpMaHUX ONTHMAaJIbHUX
orepanii IOLIBHO PO3pOOUTH CTPYKTYpHY CXEMYy pa-
JIONeJIeHraTopy 1 AOCHiANTH 11 poOOTYy IMiTaliiHUM MO-
JCITHOBAHHAM.

Po3po0ieHHst CTPYKTYpPHOIL cxeMH
ONTUMAJILHOTO OOPTOBOI0 PalioNeIeHraTopy
iii imiTamiiine moaeTI0BaHHSA

Ipoanamnizysasiim anroput™ (11) Oysa po3pobieHa

CTPYKTYpHA CXeMa palioIeeHraTopy, 0 MoKa3aHa Ha
puc. 3.

Gi(9*91’*0,595110:0_«--—7 -------------------- ,

A K5 o : ;

! .
Gi(0_0b+0’505119*94____‘ :
-0, . :

= K5 o s ;
G’z(e-eb-0,5952)|9=9‘.____.' !

Ay Ko ’é ¢ > y % : Ouinka
; " ' > o
02(0—0b+0.3032)|9=9g+--__. v | | O —0)

A, n(t) F»Koa ] » E

|

A K3 ;
A Ky ;
I

I

' AT R +

.ITEI'Q.T

sin(nfo dcos(0, —Ob)]
c

Puc. 3. CtpyKTypHa cXeMa ONTHMaJIbHOTO LIECTHAHTEHHOTO OOPTOBOTO Pa/liONENeHIaTopy
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Bona cknanaeThes 3 IECTH aHTEH, 10 PEECTPYIOTh
€JICKTPOMArHiTHI KOJIMBaHHS 1 IEPETBOPIOIOTH iX y BHUCO-
KOYacTOoTHI curHaiau. CUrHaJIM 3 KO)KHOT aHTEHH MepPEeHO-
CATBCSL HAa NPOMDKHY YacTOTy Ta KOTEPEHTHO IETEKTY-

€TbCs B QiIBTPi h (t) , 1[0 HAJIAIITOBAaHUI HA PE30HAHCHY

gacToty fo i KOMIIEKCHY aMILTITY Iy A(t) CUTHAITy JUKe-

pena pamioBUMPOMIHIOBAHHS. Iliciisi JETEKTyBaHHS CHI-
HaJM B MIEPLIOMY, JPYroMY, TPEThOMY Ta YETBEPTOMY Ka-
HaJlax JOMHOXXYIOTBCS Ha KPyTH3HY iarpam CIpsiIMOBaHO-
CTi. SIKIo0 BUMIipIOBaHHS TPOBOAATHCS B MEKaX JHIHHOT
TJLSTHKY Jiarpam, To KpyTH3Ha Oy/ie TIOCTIHOIO BETMIIHO,
MPOTE B 3aTaJIbHOMY BHUITAIKY OJIOK ()OpMYBaHHS 3HAYCHB

dG; (06, +0,505 )|

do oo, o

€ ¢yHK1i€ero KyTa O, 0 MJIArae OLiHIOBAHHS 1 MOCTiH-

HOMY OHOBJICHHIO Y BUMIpIOBai.

B m’stomy Ta mocroMy KaHajax oOpoOka Oinblia
CKJIaIHA, ajpke NOoTpedye BU3HAUCHHS 3CyBY (a3 B
NPUHHATHX CUTHAJIAX, 10 00yMOBJICHI BiIXUJICHHSM JKe-
pesia BUIIPOMIHIOBaHHSI BiJl pIBHOCUTHAILHOTO HAIPSIMKY.
ITicis KOTepeHTHOro AETEKTYBAaHHS PE3yJIbTaTH BUMIpPIO-
BaHb MHOXaThCs Ha Koedimientn Ky , 1e i — Homep Bi-

JIMOBITHOTO KaHAITY, 1 3a3/]aJIeTilb PO3paxOBaHi 3HAYCHHS
cos(r fpd cos(6 —ab)c‘l) , sin(z fod cos(6s —Hb)c‘l) .

B kananmax MHOKEHHs Ha (QYHKI0 COS(-) HeoOXi-

JTHO OTPUMaHi 3HAUYEHHS I0JJATKOBO IOMHOKHUTH Ha YSIBHY
ONMHUIKO | . B m’stoMy KaHaii KBajpaTypHi KOMIIOHE-

HTH BiHIMAIOTECH, a B [IIOCTOMY KaHaJli HaBIIaKH — JIO/a-
10Thcs. Pe3ynbratn 00poOKH B IOCTOMY KaHaJi BigHIMAa-
I0TBCS BiJ pe3ynbTaTiB y m’sitomy. HactynHoro omepa-
i€r0 B PO3POOJICHIl CTPYKTYPHINA CXeMi € MHOXKCHHS Ha
BennuuHy Sin(6s —6,) IS BUAUICHHS HALPYTH, IO Bif-

TIOBi/la€ 3HAUCHHIO KyTa 65 — 6, . Pesynbrati OLiHKK B

II’ITOMY Ta [IOCTOMY KaHali MHOYKAThCsI Ha HOPMYIOUU I
-1

MHOXHUK Gg3(6,)(7 fgdc™™) Ta nomarotscst 1o pesynbra-

TIB BUMIPIOBaHb B MEPIIUX YOTUPHOX KaHanax. OTpumani
OLIIHKK TIOPIBHIOIOTHCS 3 PO3PAaXOBAaHUMH 3HAYCHHSIMH
JMcKpuMiHaLiiHoi kpuBoi W (6s) (mpaBa yacTHHa HepiB-
Hocri (11)). ITicnst oTpuMaHHs HEHyTbOBOTO 3HAUSHHSI BH-
MIpsHI HaNpyTrH MOAAIOTHCS Ha Kepytodi pyii BITIA nis
HOro NpHBENICHHS B 30HY BUIIPOMIHIOBAaHHS JKepesa pa-
niocursany. ITicims Kopekiii HanpsSMKy Hpoliec BUMIpIO-
BaHHS KyTOBOTO MOJIOXKEHHSI TOBTOPIOETHCSI.

Po3pobneHa cTpykTypHa cxema paaioneeHraTopy
Oyna mpomoensoBaHa B mporpami Simulink Bij kommanii
MathWorks B pexxumi noToky ganux. Imitariitna Mmoiens
rmokaszaHa Ha puc. 4. Imitariitna Mojen> yMOBHO CK1aja-
€TBCS 3 MIECTH KaHaliB 00poOku curHaimiB. Ha BXin kox-
HOT'0 KaHaJTy MOAAI0ThCS JIHIIHO-3MiHHI y 4aci 3HaYeHHS
kyTa Bix 0 mo 180 rpamyciB abo dikcoBaHe TecToBe 3Ha-

o
yeHHs O =97 . IlogaBaTu niHiliHO-3MiHHE y yaci 3Ha-

YeHHs KyTa He0OXiTHO ISl OL[IHKH TeJICHTaI[IfHOT Xapak-
tepuctukn VP (6;) . Taki BUMIpIOBaHHS MPOBOIITHECS B

iZleaJbHUX YMOBa — TIPH BIJICYTHOCTI BHYTPILTHIX IITyMiB.

B xoxHOMY KaHaJll MOJjaloThesl OIHAKOBI 32 CTaTHC-
THYHUMH XapaKTEPUCTUKaMHU OOMEKEHI 3a CIIEKTPOM Tay-
ciBcpki mymu. Taki nrymu resepyrotbest 610xkom Band-
Limited White Noise, mo ¢opmye rayciBCbKuil mym 3
OJTMHUYHOK muctiepciero, Ta Omokamu Clock, Gain.
Ocransi oTpiOHi 11 PpopMyBaHHS 3MIHHOI y Yaci Iwc-
riepcii myMy, oo B IOJANBIIOMY Oyle BUKOPHCTAaHA IS
OLIHKHM MOXUOKK TeJeHramii. 3MiHHa y 4aci aucnepcis
BHYTPIIIIHIX ITyMiB MHOXKUTBCS Ha IIIyM 3 OIWHIYHOIO IH-
crepciero. Bei mapamerpu O0KIB B KO)KHOMY KaHai Ha-
JIAIITOBaHI OJHAKOBO, ayie MPH oMy Tapamerp Seed B
Band-Limited White Noise mae pi3Hi 3HaueHHSI 17151 TeHe-
patiii HeKOpeIbOBaHUX MK KaHaJIaMH ITOCITiJOBHOCTEH.

Po3risiHeMo GiTbII AeTaTbHO KaHAIU (OPMYBaHHS
Ta 00poOKM curHaiiB. B koxxHOMY KaHai € HaOip OJIOKIB
(opMyBaHHS HECydOro KOJHMBaHHA y BUIIIAN (QyHKii
cos(27x fgt) , mo BrmrOYae O10K KOHCTAaHTH 277, OJIOK

¢opmyBaHHS mocTiiHOTO 3HaweHHS 1 k[, reHepatop
qacy t, 6ok popmyBanHs (azoBoro 3cyBy 7 /2 i 610K
TpUroHOMeTpHYHOI QyHKLIl Sin(27 fot).

[T’ srTrit Ta mocTrit kKaHAMH (PaxyBaTH 3BEPXY BHH3)
He MaroTh (hiKCOBAHOTO 3cyBY 7 /2, a TOAAIOTh JI0 TPH-
roHoMeTpu9IHOI (QyHKIIT pa30BHil 3cyB 00yMOBICHUI Bi-
JOXWJICHHS JUKEepeIa BUIIPOMIHIOBAHHS palioOCUTHAILY Bij
PIBHOCHTHAJILHOTO HAaNpPSIMKY.

[Tepiui 1Ba KaHAU OMKCYIOTh CUTHAIM B aMILTITY-
JTHOMY TI€JICHTaTOPi 3 INUPOKOCTIPIMOBAHIMH aHTEHAMH,
TPETii Ta 4eTBEPTHH — B aMIUTITYIHOMY HEJCHraTopi 3
BY3bKOCIIPSIMOBAaHMMH aHTEHAMHU, I1'SITUH Ta MIOCTUH —
(ha3oBHii TIeIEHTaTOP.

Indopmalttist mpo KyTOBE MOJIOKEHHS 11Tl B MEPIINX
YOTHPHOX KaHAJIAX 3aKJIaJa€ThCs B aMILTITY JHUH MHOX-
HUK y BUTJIAI iarpaMu CpsiMOBaHoCTi. liarpama crpsi-
MOBAHOCTI IEPIINX YOTHPHOX aHTEH 3aKiaJieHa B OJoKa
Al, A2, A3, A4 y Bursani gyHKIit

Glo-0,+ % |- a exp| -[0-9,+ %1 i (2(;—2)
1 - 2 1 - 2 I ’

qe i=1,2, & = 90 - PIBHOCHUTHAIILHUH HAIIPSMOK, B
nepmux 1Box aHreHax oy =40, 0,505 =40, a; =20,

HaCTYITHI JB1 By3bKOCIIPSIMOBaH| aHTEHH MalOTh apame-
TpU O7 :5, 0,5952 =5, az =4,

3HaueHHsT 00pPaHOro0 TECTOBOrO KyTa abo JiHiitHO-
3MiHHI 3Ha4eHHs KyTa IpoXosTh O1oku Al, A2, A3, A4
1 MHOXKaTbCSl HA BUCOKOYACTOTHUI NPUHHATHH curHai. B
JIaHI{ IMITAIiHIA MOJIeIi IEHTpaIbHa YacToTa O0paHa y
posmipi 1 k[’ a7t cripoIieHHsT MOJICIIIOBAHHS, a peajbHi
3HaYCHHs CKJIAJIAl0Th OJMHULI Ta aecstku [T

CdopmoBaHi y aMIuTiTyTHUX 1 (pa3oBOMy TesieHTa-
TOpi KOPUCHI CHTHAIIM 3 3aKJIAJICHOI0 iHGOpMAIIiEI0 PO
KyTOBE TOJOKEHHS JOJAIOTHCS 1O BHYTPINIHIX IIyMiB
npuiimadiB. [aii Bci G1oku mpucBsaeHi 06pob1ii CUrHaiB
Ta OILIHIOBAHHIO TEJIEHTY Ha JPKEPEsio PagioBHIIPOMiHIO-
BaHHSI.

[Mepmmii 610k 00pOOKM — 1€ aHAJOTOBUIT (INBTP,
1110 HAJIAIITOBAaHMH Ha PE30HAHCHY YacTOTy curHaiy. Lleit
(GiIbTp Bimirpae poib y3rofKEHOro (uIbTpy 3 iMITyJIbC-
HOIO XapaKTEPHUCTHUKOIO H(t) .
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Filter Design4 Analog
Filter Design5
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]

Phase shift 1
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Filter Design6 Analog
Filter Design7

Band-Limited
White Noise4

butter
«E' N =E

butter

Band-Limited

Gaind

White Noise5

Analog

Filter Design11

A 4

Puc. 4. ImitamiiiHa MoJiesTb GOPTOBOTO Pa/IiONOKAIITHOTO KOMILIEKCY
BHCOKOTOYHOTO TEJIEHTYBaHHsI [pKepesl PaaioBUIIPOMIHIOBaHHS

HacrynHoro oreparjieio B HepIIMX YOTHPhOX KaHa-
JIax € KBaJpaTUYHe JACTEKTYBaHHS aMILTITY/Id CUTHAJY Ta

1-D Akima
/\/1 Display
Response

vs
bearing angle

yCepeaHEeHHS OTPUMAaHIX KOJMBAHb B UIBTP1 HIDKHIX Ya-
CTOT, IO PeaTi3yIoTh onepamito inTerpyBaHs B (11). s
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BUJIUICHHS. KOPHUCHOT iH(pOpMalii 3 OTPIMaHNX aMILTITYA
B [IEPILIMX YOTHPHOX KaHaJIaX BUKOHYETHCSI MHOKEHHS KO-
JIUBAHB MiCIs (IIBTPY HUKHIX YACTOT Ha MOXIIHI BiJ Jia-
rpaM cHpsIMOBaHOCTI KOJKHOTO KaHaity. PearizoBaHi Taki
AMILTITYTU Y BUTJISAI TIOXITHUX BiJI AiarpaM CripsMOBaHO-
cti y omokax diff G1+ (mepmmit kanan), diff G1- (apyruit
kanan), diff G2+ (Tperiit kanan) i iff G2- (veTBepTHIi Ka-
Hai). Pe3yipratn MHOYKEHHS JOAAIOTHCS B CyMaTopi BCixX
KaHaiB.

B 3aranbHuil cymaTrop TakoX MOAAETbCS Hampyra 3
(ha30BOTO TIENIEHTaTOpy, M0 PEATI3YETHCS Y II SITOMY Ta
roctoMy KaHanax. KopucHi cUrHaiiB B CyMmilii 3 IyMamu
MIEPEMHOXKYIOCS Ta (QUIBTPYIOTHCS B (PUIBTPI HIKHIX Yac-

40

TOT. B pe3ynbTari BUKOHaHHS TaKHX Oreparliii HEKOpeJbo-
BaHi BHYTPIIIHI IIyMH IIPUIYLIYIOTHCS 1 OLIHIOETHCS Ha-
npyra, 1o NponopuiliHa pizHuLi (a3 Mixk kanamamu. Ha-
Npyra 3MiHIOETHCS 32 3aKOHOM CHHYCa B 3aJIe)KHOCTI BiJ
BIJIXUJICHHSI CUTHAJy BiJl PIBHOCHTHAIBHOI 30HU. Brutne
Ha 3arajbHi BUMIpIOBaHH: ()a30BOTO MEJICHTaTOpy Kope-
ryeTses miacumoBadeM Gaind.

PesynpraT m0ogaBaHHS BCIX aMILTITYA HA TEPIIOMY
erami poboTH Mozerni 3amucyroThes B (aitn Fimat mpu
BCTAHOBJICHUX HYJILOBUX 3HAUCHHSX TUCIIEPCii BHYTpilI-
HiX mrymiB. OTprMaHi 3ammucy B Gaiii € oLiHKaMH TeJIeH-
rariiinoi xapakrepuctuku P(0s). Ha puc. 5 mpokazani
Y(0s) st 9OTHPHOX THIIIB TIETICHTaTOPIB.

30 | .

o

Y g <1
.
.

230 tanr

0 20 40 60
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0 20 40 60

40

100 120 140 160 180

30 | P ~
20 -7 N
10
¥(0,) o

———1
.
\
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-20 *

0 20 40 60

100 120 140 160 180

Puc. 5. [lenenraniiini XapaKTepUCTUKH Pi3HHUX THIIIB I1EJICHTaTOPIB:
a — aMIUNTYJHUH IelIeHraTop 3 By3bKOCHPSIMOBAHIMH aHTEHAMH, O — aMIUTITy THHH MEeJIeHTaTop 3 MINPOKOCIIPIMOBAaHIMU
aHTeHaMH, B — KOMOIHAIIis ABOX aMILTITYHHUX MEJICHraToOpiB, I' — JBOX aMIUITYJHUX 1 ()a30BOTO MEJIEHTaTopiB
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Ha puc. 5 no3naueno:

— Tepuia MyHKTUPHA YepBOHA KpWBA MOKa3ye Ie-
JICHTalliHHY XapaKTEPUCTUKY aMILTITYAHOTO HEeJIEHraTopy
3 IIUPOKOCTIPSIMOBAaHUMH aHTEHAMHU,

— Jpyra IITPUXOBa CHHS KpHBa — aMIUIITYJHOTO
TIEJICHIaTOPY 3 BY3bKOCIPSIMOBAHHMH aHTCHAMH,

— TpeTs ITPHUX-IyHKTHPHA 3eJICHa KpHUBa — KOMOi-
HAIIi0 IBOX IIEPIIHX IIEJICHTaTopiB,

— dYeTBepTa CyLiIbHA YOpHA KPHBA — aMIUIITYTHIX
TIeJICHTaTopiB 1 (a30BOrO IMeENeHraTopy IMpH iX poOoTi B
KOMIUIEKCI.

3 OTpUMaHMX MeJICHraliiHUX XapaKTePUCTHK ClIi-
Jy€, 10 KOMOIHOBAaHUH MEJIEHTaTop 3 IBOX aMILTI Ty JHUX
i omHOTO (ha30BOTO MENEHraToOpiB Ma€ HAaHUIIMPINUHA JTia-

1a30H OJIHO3HAYHHMX BUMIPIOBaHb, TaK SK Ma€ HaHIIUp-
LMK J[iara30H HAaBKOJIO PIBHOCUIHAILHOTO HAMIPSIMKY e
KpHBa € MOHOTOHHO 3POCTaI0uOIo0.

Jlo HenoikiB HEOOXiJHO BiJHECTH Pi3HI 3HAYECHHS
KPYTH3HU AMCKPUMIHAIIIHOT KPUBOI y MeXkaxX OJHO3Ha-
YHHUX BUMIipIOBaHb, [0 MAaTHUME Pi3Hi TOKa3HUKH TOYHO-
CTi JUIA Pi3HHUX KYTiB.

B Toit camuii wac 6a4rMo, 0 TOYHICTH 301IBITY-
€TBCS 3 HAONMKEHHSAM /0 PIBHOCHTHAJIBHOTO HATIps-
MKY.

Jis omiHKM TOYHOCTI OynHM BHMIpSHI 3HAYCHHS
KyTa 97 rpamyciB IpH Pi3HUX IUCIEPCIsIX BHYTPIMIHIX
IyMiB npuiiMadiB. Pe3ynbTaTi MOAEIIOBaHHS BUMIpIO-
BaHb IOKa3aHi Ha puc. 6.

T T T T
1000~
80
L 60
Os.
40
20 ~
D =
-20 | 1 1 1
20 15 10 5
S/ N, nb
a
T T
99.5
o 99
0,
98.5
98 - X156
Y 97.5812
975 1 I I 1 I I 1 I 1 | | I L
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
S/ N, nb

Puc. 6. BumiproBanHs (ikcOBaHOTO 3HAYCHHS KyTa B 3aJIXKHOCTI BiJI CITiBBiTHOIIICHHSI CUTHAJI-3aBaja:
a — miana3oH 3Ha4yeHsb Bix 28 1o 0,5 nb 3a motyxHicTio, 6 — 301NIBIICHA AIISTHKA HAXOUTBII
THUTIOBOTO BUITAJIKY CITiBBiTHOIIEHHS CHTHAJ-3aBaja y paaioioKalii

3a BicCIO OpIWHAT BiIKJIAJACHO 3HAYECHHS BUMIpS-
HOTO KyTa, a 3a BicClo abCIIMC 3MiHa CITiBB1IHOIIIEHHS CH-
THaJI-3aBaJia 3a TOTYXHICTIO y 1b.

Ha mouwatky mepmioro rpadika crocrepiraloTbes
MyJIbcalii BUMipIOBaHb — 1€ TICPEXiTHHUIA MPOIeC B aHa-
JoroBHX (ijbTpax, M0 BUKOPHUCTAHI B IMIiTaLliHIA MO-
JeTIi.

B kiHIi mepmnroi KpUBOI CIIOCTEPIraloThesl 3HAYHI
CHOTBOPEHHS BUMIpIOBaHb, 110 OOYMOBJICHI BHCOKOIO
JMCIEPCI€I0 BHYTPILIHBOTO IIYyMY.

Ha apyromy rpadiky BuineHO HAOIIHIIT THTOBHA
Jliana30oH 3HAYEHb CITiBBiAHOIICHh-CUTHA 3aBajia y pa-
IioJIOKAaIlii.

IIpu 3Hayenns Oimpme 13 ab cmocTepiraerbes
yime 3cyB omiHku Ha 0,58 12 rpamycu Big 3aJaHoTO i 10~
crepcist po3KHUIy Ha ACKITbKa MOPSAKIB MEHIIIA Bi/I IIbOTO

3Ha4YeHHs. [10 Mipi 3MeHIIIeHHS CITiBBIAHOIICHHS CUTHAJI-
3aBajia CIIOCTEPIraeThes 3CYB OIIHKH i 301JIBIIEHHS PO3-
KMy 3HAYCHb.

3 aHaJTi3 OTPUMAaHMUX Pe3yIbTATIB iMITaLlifHOTO MO-
JICIIIOBAaHHS CIIAy€e Tpare3laTHICTh 3alporOHOBAHOTO
METOJTY, MOXIIUBICTh TOCATHCHHSI HOBHX KPUTEPIiB KO-
CTi B 3aIIPOIIOHOBAHOMY KOMILIEKCI 1 3arajibHa BiJIIOBiI-
HICTh OTPUMAHUX OILIHOK KyTOBOTO ITOJIOKEHHS BZIOMIM
BHITAIKAM BUMIPIOBAaHb B IIPUCYTHOCTI 3aBal.

Jamni oTpuMaHi TEOpPETHYHI METOAM Ta IMiTaliiiHe
MOJICITIOBAHHS B PEXHUMI TIOTOKY JaHUX MiATBEPIAUTH
eKCIIePUMEHTAMH.

g nporo croyaTKy HEOOXiTHO CIIPOEKTYBATH Ta
pO3poOUTH cepito MPUUMATBHAX aHTEH paJiolelieHTa-
TOPIB, IO 3JaTHI MPAIIOBATH BiIOKPEMJIEHO 1 B KOM-
TJICKCI.
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BucHoBKkH

3anpornoHoBaHWH ~ KOMOIHOBaHHWH  MeEJIEHTaTop,
SIKHH 00'€JHY€E /IBa aMIUTITy IHUX 1 OIuH (a30oBuil mene-
HTaTop, AEMOHCTPYE HAWIMUPIINAN [iama30H OJHO3HAY-
HUX BIMipioBaHb. Lle 3abe3neuye HaaidHICT poboTH CH-
CTeMH B IIMPOKOMY Miana3oHi KyTiB CHOCTEPEKECHHS.
Xo4a KOMOIHOBaHHH MEJICHraTop Mae HANIIMPIIUK Jia-
1a30H, pi3Ha KpyTU3HA AUCKPUMIHAIIWHOI KPHBOI B Me-
Kax IbOTO Jiana3oHy MPHU3BOAUTH JIO Pi3HOI TOYHOCTI
JUISL pI3HUX KYTIB.

OpiHaK, TOUHICTH 30UIBIIYETHCS 3 HAOMMKEHHSM 10
piBHOCHTHaJIBHOTO HampsiMKy. Ilin wac MmonenroBaHHS
OyJo ImoKa3aHo, M0 3MEHIICHHS CITiBBiIHONICHHS CHT-
HaJI-3aBaJia IPU3BOIUTH J0 3CYBY OILIHKH Ta 30iIbIICHHS

CTpIMKE TOTIPIICHHS OIIHOK KYTOBOTO IIOJIOXKCHHS,
cxnaznae 13 nb. Otpumana Benu4uHa € Qi3HYHO TOCIK-
HOIO TIPY CTBOPEHHI PaJIiONEIICHTaTOPY Ha CydJacHiii ere-
MEHTHi#1 0a3i.

3a pe3ynpTaTaMu IMITAI[ITHOTO MOJICITIOBAHHS ITiJI-
TBEPUKYETHCS TIPANE3JaTHICTh 3alpOIIOHOBAHOTO Me-
TOIy, IO JO3BOJISIE AOCSITATH HOBUX KPUTEPIiB SIKOCTI B
KOMIUIEKCI BUMIPIOBAaHb 1 € BAXKIMBUM JJISI TIOHAIBIIOT
PO3pOOKH 1 EKCIEpUMEHTAIBHOI IIEPEBIPKU paIioTeIeH-
raTopis.
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Combining measurements in the airborne direction finder as part of the uav autonomous navigation system
E. Tserne, C. Zhyla, A. Popov, Ye. Volkov, S. Shevchuk, O. Hrybskyi, D. Vlasenko, V. Kosharskyi, D. Kovalchuk

Abstract. The article is devoted to the development of a method of operation of an inexpensive, simple in realization, but
at the same time highly accurate on-board direction finder that determines the angular position of radio emission sources for further
autonomous navigation of UAVs. The aim of the article is to create a high-precision method of complexing measurements in the
onboard direction finder located on autonomous guided UAVS, to provide practical recommendations for its algorithmic imple-
mentation and to carry out approbation of the main signal processing operations by simulation modeling methods. The objectives
of the research include: 1) analysis of the statistical theory of optimization of signal processing algorithms in radio measurement
systems; 2) development of algorithms for direction finding of radio sources capable of providing high accuracy in a wide range
of observation angles; 3) synthesis of the structural scheme of the direction finder; 4) simulation modeling of the main algorithmic
operations and evaluation of the accuracy of angular position measurement. Obtained result: theoretical developments of the
method are confirmed, which due to the complexing of measurements from two-antenna amplitude direction finder with narrow
diagrams, two-antenna direction finder with wide diagrams and two-antenna phase direction finder is able to overcome the contra-
diction between high accuracy and wide range of unambiguous measurements. Field of application: the obtained results are a
theoretical basis for further experimental development of radio direction finders for various purposes, reveal the theoretical basis
for the synthesis of methods of complexing measurements in radio systems for various purposes, and also contribute to improving
the autonomy of flights of UAVs.

Keywords: direction finder, statistical synthesis of algorithms, complexing of measurements, simulation modeling.
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ABTOMOOINBLHUN, PiYKOBUMN,
MOPCLKUU Ta aBialiMHUN TPaHCNOPT

VIIK 656.051
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XapKiBCbKHI HalliOHANBHUI aBTOMOOITBHO-IOPOXKHIN YHIBEpCUTET, XapKiB, YKpaiHa

KPUTEPIA BKJIIOYEHHS PEI'YJIbOBAHOI'O IEPEXPECTA B II/TAH
IMPOCTOPOBOI KOOPAUHALII

AnoTanisi. CTaTTs MICTUTB pe3yNIBTAaTH OMHCY 1 OOTPYHTYBaHHS KiJIbKICHOTO KPHUTEPIil0 PO3MINPEHHS IUTaHy HPOCTOPOBOI
KOOpIMHALIT Ha AUITHKAaX MiCHKOI BYJIMYHO-IOPOXKHBOI MepeXi. BUKOpHCTaHHS 3alIPOIIOHOBAHOTO KPHUTEPIIO JJO3BOJISIE PO-
OWTH BHUCHOBKH IIPO JOLUIBHICTD BKIIIOYEHHS JOJaTKOBOTO PEryJbOBAHOTO IIEPEXPECTs 0 MPOCTOPOBOi KOOpAMHALIT Ha
IiICTaBi JTaHUX MPO IHTEHCUBHOCTI TPAHCIOPTHOTO NOTOKY Ha AUISHKAX BYJINYHO-TOPOKHBOT MEPEXKi, IO TOCTIKY€ETHCS.
Po3pobnennii kpuTepiii BiANOBiKae NPUHHATIH METOMULI PO3PaxXyHKY TPUBAIOCTI CBITIO(POPHOTO LUKITY, SIKa IPYHTYETHCS
Ha (OpMyBaHHI TAYOK 3€JICHOT XBIJII Y KOXKHOMY HaIpsAMi pyXy IUITHKaMH BYJIMYHO-TIOPOKHBOT Meperki Micta. HacTymanMu
eTanamy JIOCTIDKEHHA B IbOMY HANpSMKY € po3poOka iMmiTamiifHoi Mozeni MiaHy mpocTOpPOBOi KOOpAWHALIT Ha TUISIHI
BYJIMYHO-IOPOKHBOT MEPEKi Ta eKCIIEpUMEHTaJIbHA MIEpEeBipKa Mpare31aTHOCTI 3aIPONOHOBAHOTO KPUTEPI0 BKIFOUSHHS J10-

JATKOBOTO PETYJILOBAHOTO MEPEXPecTsl B IUIAH KOOPIMHAL.

Kaw4oBi cioBa: 3emeHa XBUiIs, iIHTCHCHUBHICTD, Ta4YKa aBTOMOO1JIIB, IUTaH MPOCTOPOBOi KOOPAUHAILIIT, peryIbOBaHE IIe-

pexpecrsi.

Beryn

IMocranoBka 3aBaanHsi. OCHOBHOIO METOIO Ili€l
CTaTTi € OTPUMaHHA KUTBKICHOTO KPUTEPIito, IO Ja€ Bif-
MOBi/Ib HA 3AIMTAHHS: 1€ JAOIILHO MPOBECTH MEXY 00'-
€KTa MPOCTOPOBOI KOOpauHAaIlii? AGo iHaKIIIe, HAa IKOMY
MepeXpPecTi 3yMHHUTHCS IIPH PO3IMUPEHH] 0061aCcTi KOOp-
nuHaIi? BiAMoBiAI0 Ha 11e 3alUTaHHs B Cy4acHId Hay-
KOBIf 1 METOAMYHIH JliTepaTypi 3 oprasizaiii JTOpOK-
uboro pyxy (OJIP) ciayrytoTh cy6'eKTHBHI OI[IHKH Bijic-
TaHi BiJl BKIIOUEHOTO B KOOPJAMHALIIO PEryJIbOBAaHOTO
nepexpects (PIT) go cycigaporo PII (momo sikoro posr-
JSAI0Th MUTAHHS HOTO BKIIIOUEHHS B KOODPJHMHAILII),
110 I'PYHTYIOThCS Ha IHTYITUBHUX MipKyBaHHSX IXHIX aB-
TOPIB II0/I0 TPOILECy PO3Maay nauku 3enaenoi xsuii (3X)
y mporieci ii pyxy [1-5].

[TpuiiHATO BBAXKATH, 10 UMM OLjIbIIA BiICTAHb MiXK
cycignimu PI1, THM MeHIIIe CeHCY B KOOpuHaIlii poOOTH
LUX JIBOX MEPEXpecTb MiXK co00I0, TOMY 1110 B pa3i cra-
iIOHAPHOTO a00 PIBHOMIPHOTO MOTOKY MPUOYTTS edek-
THBHIIIUM € 1HIWBiTyallbHE HAJIAIITYBaHHS CBIiTIO(POP-
Horo uukiy (CLL) Ha TpancnopTHi notoku (TII), mo Bxo-
JSITh Y TIEPEXPECTSL.

Take HanmamTyBaHHS TOJISITAE B IIPU3HAYEHHI paili-
onanpHOI TpuBasocti CLI i fioro okpemux ¢as, sxi 3a0e3-
MeYyI0Th MIHIMYM CEpeHbOTO Yacy 3aTPHUMKHU TPAHCIO-
pTHHX 3aco06iB (T3) Ha mepexpecTi 3a paxyHOK MiHiMi3a-
1ii 9acy O4iKyBaHHA BBIMKHEHHS J[O3BOJISIFOYOTO CHT-
HAaJTy /1715l KO)KHOT'O HAMpPSIMKY.

AJe He TITBKH Cy0'€eKTUBHHM XapaKTep OI[iHOK KpH-
TUYHOI JOBXXHHU IIEPETOHY 1, SIK HACIIAOK, BENUKHAN PO-
3Kuj i 3Ha4eHb € TEePEenIKoJaMu JJIsi OOIPYHTOBAHOTO
MPUHHATTS pIMIeHb MIOAO0 MEX KoopauHarii. 306i1b-
LIIEHHS IOBXHMHY Na4yky 3X HacHpas/ii He € IIEPEIIKOI0F0
JUISl KOOpAMHALT, OCKIIBKY HaBiTh 32 TAKMX YMOB BYacHE
YBIMKHEHHSI JJO3BOJISIOUOTO CUTHAITY, OPIEHTOBAaHE HE Ha

HaWIIBUALI aBTOMOOLT B Hilf, MOXKE CYTTEBO CKOPOTUTH
cepenHiii yac OYiKyBaHHS MOXIIMBOCTI IpPOI3my uepe3
TepexpecTs, Y IOPiBHAHHI 3 aJanTalli€io B peXkKuMi peax-
uii Ha npudyTTs T3 (vehicle actuated) [6], He kaxyun
BIXKE IIPO ONIOCEPEAKOBAHUI PEKUM PeaKIlii Ha IHTCHCHB-
nicte TII (traffic actuated) [7].

Le TBepMKECHHS MiATBEPIKYETHCS OTHUM i3 0a3o-
Bux MeroniB koopauHanii TRANSYT, mo cnupaerbcs
Ha IMKJIIYHI Tpodiii NOTOKIB, sIKi HE BUMaratoTh HasiB-
HOCTI B HuX mitbHOT auku [8]. Leit meton 3abe3mneuye
NpUOJIN3HO TaKy caMmy e(eKTUBHICTB, sIK 1 albTepHATHB-
HUM 0a30BHI METOJ] MaKCHMIi3allii ITUPUHH KOPHIOPY
it koopauHoBanux T3 [9], mo nepenbavae HAsSBHICTD
IIUTBHOT ITAYKH B TTOTOL.

OO0uaBa METOIM SKCILTYaTyIOThCS Bike Ounbine 60-
TH POKIB 1 TPOAEMOHCTPYBAIIN CBOIO MPAIe3JaTHICTh, IO
CBIIYUTH MPO MOKIIUBICTh €PEKTHBHOI KOOPAMHAIIIT po-
00TH CBITIIO(OPIB HABITP 3 BiICYTHOCTI MIUTFHIX MMAYOK
T3 y morori.

Ane Hal6inbma mpobiaemMa cTaHAaPTHOTO MiIX0Ty
JI0 BUPIIICHHS NMHTAHHSA IPO AOIUIBHICTH KOOpAWHAMI{
TIOJIATAE B TOMY, IO MEPEITiK YNHHUKIB, SKi BU3HAYAIOTh
rmapaMeTpy BXiJHOTO MOTOKY, HAacHpaBdi HE OOMexy-
FOTBCS IOBKHMHOIO MEPEroHy MiX CBITIIOOpaMu, 0coo-
JIMBO B MICBKHX YMOBAX, ¢ KOOPAMHALlIS € HAaKTyallb-
HIIIOIO 1 TOTEHWIHHO MaKCHUMAaIbHO e(pEeKTHBHOIO. Y
MPOCTOPOBIH, 1 JEII0 MEHIIe B JiHIWHIN, KOOpAWHALIT
mxepenamu popmysanns TII Haltuacrime BUCTYHarOTh
He oxne PII, a xinbka MEpEeTHHIB JUISHKHA BYJIUYHO-I0-
poxuboi Mepexi (BJIM), sika miIxoIuTh 10 epexpecTs,
3 iHIIMMHU BYJHISIMH, BHi3JaMH 3 JBOpPIB, NapKyBaHb
TOIIIO.

BoHM MOXYTh KapAWHAJIbHO 3MIHUTH HapaMeTpH
TII Ha meperoni nepen PIT i 3po0uTH KOOpAMHALIIIO He-
JIOIUTLHOTO, HABITh SIKIIO BiZICTaHb 10 cyciaaboro PII e
BiIHOCHO HEBEJIHMKOI0. MOKITMBI TAKOXK ¥ 1HII CUTYyaIlii,

© Topbauos II. ®., JTrobwmii €. B. 2024
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0 NPU3BOJATH JIO MOPYLIEHHS YMOB, NMPUAATHHUX IS
KOOp/MHAL{, HAPUKJIA/, HASBHICTh 3HAYHOT'O IOBOPOT-
Horo TII 3 moTeHiHHO IPyropsIIHOTO HANIPSIMY, SIKHH 32
BEJIMYNHOI0 MOXHA 1opiBHATH 3 TII Ha OCHOBHOMY Ha-
TpsIMi KOOpIUHAILLIT.

OmnrcyBaTH BCi MOXIINBI BUIIAIKH, IO MTPU3BOIATE
JI0 aHAJOTIYHUX PEe3yNbTATiB 3 MOTIAAY BIACTHBOCTEH
TII, mo BXOIUTH y EpeXpecTs, CEHCY HeMae, BHACIIIOK
HEOOMEKEHOI KUJIBKOCTI BapiaHTIB JOPOXKHIX CHTYaIliH,
TYT TUTBKH BaJKJIMBO MPUHHATH, IO KJIOYOBHM HapamMe-
TPOM TIiJT 9ac BH3HAYCHHS AOIIIEHOCTI BHECEHHS Yepro-
Boro PII no mnany npocroposoi koopaunanii € TII, sikuit
npubyBae 3 HOro OOKY IO BXKE BHECCHOTO B KOOPJ/MHA-
L0 TIepeXpecTs.

Bukaan ocHoBHOro MaTtepiaay

[Tix gac Bu3HaueHHs KpuTepiiB BKItoueHHs PI1 no
KOOpIUHAIII CITiT BUXOAWTH 3 TOTO, IO CITiJIbHA poOoTa
CyCiTHIX CBITIIO(OPIB CTa€ JOUITHHOO TOi, KON BOHA
Jla€ 3MOT'Y 3MEHIIUTH Cepe/IHIN Yac O4iKyBaHHS J03Bi-
JILHOTO CUTHAJY JIJIsi aBTOMOOLIIB, 1110 MPHUOYBAIOTH 110
KOOPAMHOBAHOTO TEPEXPECTsl, MOPIBHSIHO 31 CBITIO(O-
PHHUM PETYJIIOBaHHSAM Ha HbOMY 32 JIOOMOTOI0 MOCTIH-
Horo ontuMansHoro CII abo, MOXJIHMBO, TOPIBHSHO 3
ajanTUBHUM cBiTIIopopoMm. [ToBHICTIO po3B'sI3aTH TaKy
3a/a4qy B aHATITHYHOMY BUTJISAL MIOKU IO HE € MOKIIH-
BHM, Yepe3 BIICYTHICTh HAIIHUX aHAIITHIHUX OLIHOK
3arpumok T3 nHa PII, mpoTe MOKHa 3HAWTH OIIHKH IO-
TeHMi#HOI mpuraTHocTi BXixHoro TII 1 koopauHamii,
BHKOPHUCTOBYIOUH HOTO XapaKTepHUCTHKH, SIKi omocepe-
JKOBAaHO BiMOOpakaroTh LUKIIYHICTE TPOIECY MpH-
OyTTs1 aBTOMOO1JIIB JI0 TEPEXPECTs.

VY Haii3arajpHIIIOMY BUIAJKY, 11€ TUTaHHS [I0CTAE
BIKE Ha OYaTKy npoiecy hpopmMyBaHHs 00'€KTa IPOCTO-
poBoi KoopauHAaIlii, 32 HassBHOCTI oaHOro PII sik moTeH-
midHOTO 00'€KTa IUIsl KOOPJHMHAIT, X04a, HaWIMOBIp-
Hillle, TOYaTOK IHOTO MPOIeCy BU3HAYATHMEThCS JIEKi-
JTpKOMa ONU3BKO po3TamoBaHumu PII, momineHICTE KO-
opIuHAIIl SKAX € OYeBHAHOIO ampiopi. [ms mpose-
JeHHSI MeX 00'eKTa Toi He0OXiTHO po3rIsHyTH Bei PII,
SIKi € CYCITHIMH 3 YK€ BKITFOUSHUMH 10 KOOPIWHAIIIT TTe-
peXpecTsMH, 1 OIIHUTH TMOTCHIIHHI MOXIHUBOCTI, SKi
CTBOPIOE OT0 BKIIFOYEHHS 10 KOOPAMHALT Ha MijcTaBi
xapaxTtepucTtuk TII Mk HUMH.

Taka nmocraHoBKa 3a/aui nepedavyae NpoBeIeHHS
ob6crexenns TII na meenukid Bixcrani mepen PII, y
AKOMY (PiKCy€ThCS MOMEHTH MEPEeTHHY MepeaHiM O6aMm-
nepom T3 monepedHoro 3pi3y TOpOrH.

Bincranp Mix 3pi3oM 1 mepexpecTsM Mae OyTH
SIKOMOTa MEHIIIO0, aJie JOCTAaTHhO BEJIHMKOO UIS TOTO,
o6 yepra T3 mepeq HUM He BIUIMBAJIA HAa Pe3yJIbTaTH
obcTekeHHs, TOOTO He BimoOpakanacsi Ha iHTepBajax
npoizay T3 mos3 3pis.

Kpim Toro, 6axano, 1mo6 Ha TUISHIN MiX 3pi3oM i
nepexpectsiM He OyJio HEe3HAYHHMX JDKepen mosiBu T3
(BHi3aiB i3 ABOPIB 1 MapKyBaHb) i 0OOB'SI3KOBO HE TIO-
BHHHO OYTH HEpEryJbOBaHUX MPUMHKAHB APYTOPSTHUX
BYJIHIIb.

TpuBamicTs 00CTEKEHHS Ma€ CTAHOBHTH IOHAN-
MEHILIE TOJMHY, sIKa po30uBaeThCst Ha 15-XBUIIMHHI 1H-
TEpBaJM, NPUIHATI K opieHTHp crabdinbHocTi TII y
HCM 2010 [10] ta iHmIMX METOAMYHUX TOKYMEHTAaX.

Bona Hagani mo3HavyaeTbes Ts, C, KIIBKICTh 3adikcoBa-
HUX 3a yac cnoctepexxeHHst T3 — N, KisibKicTb 3adikco-
BaHMX iHTepBaiiB Mixk HUMH — N, N = Ng -1,

BinMiHHUM mapamMeTpoM pi3HHX BapiaHTiB HpH-
OyTTS € iHTEepBaX NPUOYTTS, a OCKUIBKH 1€ BHITaJKOBA
BEIMYMHA, TO BOHA MAa€ TIEBHI MapaMeTPH 1 3aKOH PO3-
TTO/TIITY .

HaiiGinpm iHpopMaTHBHUMH 3 mapaMeTpiB € Ma-
TEMaTU4HEe CIOJIBaHHA (CEepeaHe 3HAYCHHs) IHTEepBay
npudyTTst M 1 Horo crannaptHe BiaxwieHHs o . Cepe-
nHil iHTepBan owiHweTbes sk M =T /N, Tomy mix
Yyac OMNpALIOBAaHHS pE3yJbTaTiB TPUBANICTh 00CTe-
JKEHHS Ts CNiJ] yTOYHIOBATH TakK, IO TIOYAaTKOM 00CTe-
JKSHHS CJIiJI IPUHMaTH MOMEHT TIpoi3ay 4epes mepepi3
1-ro T3, a 3aKiHYEHHSIM — MOMEHT IIPOi3ly OCTAHHBOTO
T3 y apomy. CTaHmapTHE BiOXWIICHHS OIIHIOETHCSA 3a
(hopMyII0I0 AT TeHEpalbHOI CYyKyITHOCTI

ne lgo =t8,q —tf —K-if 3adikcoBanuii B o6cTexkeEHH] iH-

tepan Mix T3 k+1 ik, c; tf — (hakTUUHUI MOMEHT ITpO-

3my k -ro T3 B o6cTexeHHi, c.

Y peansaomy TII, B skoMy aBTOMOOLI iy Th OIMH
3a OJJHMM Ha JesKil MUCTAaHIIT, HyJIbOBUH iHTEpBa 3y-
CTpITHCS HE MOXe, IPOTEe ICHY€ MiHIMaJIbHUI IHTEpBaI
Tmin, sKUi MoOXe OyTH BH3HA4YeHO abo sIK MiHIMajbHE
3HA4YEHHS 3 YCiX CIIOCTEPEKEHb 32 YMOBH IUIBHOTO Ta
CepeAHBOTO MOTOKY, 200, 38 YMOBHU Ay’>Ke HU3BbKOI (hak-
tHaHOi iHTeHcuBHOCTI TII, po3paxyHKOBHM MIJISIXOM,
Ha OCHOBI cepenHix radaputiB T3 i qucraHIii Oe3neky.
Jpyruit Bunasox Aist JaHO1 3a7a4i BUIIIAJa€ HE 30BCIM
LiKaBUM, OCKIJIBKH 3aBJIaHHS KOOPAMHALII JUTsl HU3bKOT
inTencuBHocTi TII Garato B 4oMy BTpayae CBOIO aKTy-
ANBHICTb, TaK sK i mepeBary, MOPiBHSHO 3 a/IAITAIlI€lo,
O1IIBIIO0 MIPOIO MPOSBISIIOTECS B LIUIBHOMY Tpadiky,
ae SIKIIO K MPUOYTTS BUSBUTHCS IPYINOBUM, O3UTHB-
HU# ePeKT BiJ KOOpAHUHAIi poboTH CBITI0(OPIB 3 kKO-
PCTKHM HUKJIOM BCE K TaKW MOXIIMBHH 1 BUKIIIOYATH 3
PO3TIsILy LIO CUTYalilo HEe BapTo.

Posrmsan MmoxxnuBux Bapiantis mpuOyTTs T3 mo me-
pexpecTsi MOYNHAETHCS 3 PETYIISIPHOTO TIOTOKY, B IKOMY
T3 pyxatoTbcs 3 piBHUMH iHTepBaJaMH. Y LBOMY He
MIPUIATHOMY JJIsl KOOPJIWHALII, i7ieaai30BaHOMYy BHIIa-
JKY TIOTIK XapaKTepH3YEThCsI HYJIbOBUM CTaHIAPTHUM
BIAXUIICHHIM

o =0, ()

0 Ja€ MOKJIUBICTh BBXKATH MOTO KpailHIM BUMAJIKOM
cepen ycix BapiaHTiB mpUOYTTS.

HactynHum, 3a cTymeHeM 3pOCTaHHA CTaHAApT-
HOTO BiAXWJICHHS, BapiaHTOM NPHUOYTTS NpUIIMaeTbCs
Halinpocrtimuii, ITyacoHiBCcbKMi MOTIK, SKUH Ha Bia-
MiHY Bil PEeryJIIpHOTO ITOTOKY, IIMPOKO MOIIUPEHUH Y
pealbHOMY JKUTTI B3araji i B TpPaHCIIOPTHHX HpoIiecax
30KpeMa.

3araJibHOIIPUHHATHM € BUKOPUCTaHHS HAHIIPOCTi-
LIOTO MTOTOKY ITiJl Yac BU3HAYCHHS MapaMeTpiB podoTn
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CucreMu yrpaBiliHHs, HaBiraiii Ta 38's13ky. 2024. Ne 4

130JIbOBaHMX CBITIO(OpPIB, TOMY IO BiH 32 YMOBaMHu
BUHUKHEHHS LJIKOM HiAXOJUTH Uil LOTO BHIIAJIKY,
110 TaKOXK HE CIIPOCTOBYBAJIOCS YHCICHHUMH CIIOCTEpe-
JKEHHSAMHM 3a MoAIOHUMH 00'ekTamu. Ile#t moTik Takox
HE MiXOIUTh I KOOPIUHAIIIT, TOMY 1110 BcepeauHi i-
KCOBAaHOTO Ha OCi Yacy BiJIpi3Ka MOJii B HhOMY pO3IIO-
IiIeHi piBHOMipHO, TOOTO IMOBiIpHICTH iX MOTPATUIAHHS
B SKHNCH HEBEIUKUH MPOMIKOK 4acy HE 3aJCKUTh Bij
MicIsl PO3TallyBaHHS OCTaHHBOTO, a TIPOTOPIIiifHa TOB-
KHUHI TIPOMIXKY.

Taka piBHOMIpPHICTb HE Ja€ MiJCTaBH IJIsI BUOKpE-
MJIEHHS B I[bOMY HOTOLI SIKUXOCh IMPOMIXKIB 4Yacy 3i
3HWKEHOI0 IHTCHCUBHICTIO, IPOTATOM SIKHX 3a00poHa
Mpoi3ay Ul MOTOKY HE 301IbLIYE CepeiHill yac 3aTpu-
Mku T3.

VY Haiinpocrimomy mnoToui inTepBanu Mix T3 po3-
MOJIIIeH] MOKa3HUKOBO, a y Bumanky TII — moka3Hu-
KOBO, 31 3CYBOM PO3IIOALTY BIIPaBO Ha BETHYUHY T min. Y
BIJMOBITHOCTI IO BIJOMHX BJIACTUBOCTEN IMOKA3HUKO-
BOTO PO3MOIiNy, B IKOMy MaTeMaTH4HE OYiKyBaHHS i
HOro cTaHAapTHE BIIXWIECHHSI Og AOPIBHIOIOTH OJUH

oiHOMY, ToJi st peanbHoro TIT
o5 =M —Thin - 3)

OCKUNBbKM B PIBHSHHI CTaHJAPTHOTO BIAXHWICHHS
(3) 3'aBusiETHCS MaTEMAaTUYHE OYiKYBaHHSI, TO Bijl OKpe-
MOTO pO3IIISAY LUX ABOX IOKAa3HUKIB JOLIIBHO IIe-
peiiTh 10 iHIIOT XapaKTEPHCTHKH BHIIAJKOBOI BEIH-
9uHH — Koedinienty Bapiamii CV', mo o0'enHye ix Bia-
Homennsm CV =o/M .
Toni anst perymsapaoro TIT
CcVv, =0, 4

a i Haitnpocrimoro TIT
CV, =1 Tmin _q_ (5)
* M

HepiBHicTh omuHUIi KoedilieHTa Bapiaiii Haii-
npocrinioro TIT 3ymMoBiieHa THM, 10 € HEOAKAHOKO i/
Yac TOMIYKY BiAMIHHOCTEH MK PI3HHMH BapiaHTaMH
npubyTTs T3 10 KoopauHoBaroro PIT. Moro MoxHa 1o-
JI0JIaTH 3a JOMOMOTO0 HMPUIYIIEHHS PO Te, IO MiHi-
MaJbHHHA iHTEepBaI HabaraTo MEHIIHHA 3a HOTO CepeIHe
3HAYeHHS, Tnjn <<M .

Aune nie Oyne crnpaBeaIuBO HE IS BCiX YMOB 1 B
pasi 3pocranHs Tpadiky BimHOWCHHS Tnyi, /M Mmoxe

HaOmKaTucs 3uu3y 1o s3navenuss A=T,/T y — acTKH

3eneHoro curHany 7; B cBitnodopromy nukm 7, PITy
KoopauHaii, 10 sikoro npudysae nociimkyBanuid TII.
3 mornsay 3aBAaHHS, IO PO3IIISAAETHCS, HAOIMKEHHS
koedimieHTa Bapiarii HanpocTimoro motoky 1o 0 € He-
O6a’kaHUM, OCKITBKH 3BY)KY€ IOPIBHSUIBHY 0a3y IS OIli-
HIOBaHHA nmapametpis TII.

HeobxigHo BigidTH Bix IIbOTO SABWINA, YCYHYTH
HOTO MPUYMHY, IO MOJIATAE Y HEBIAMIOBITHOCTI MiX pe-
anpHAM TII Ta imeanbHUM HAHIPOCTIIIMM MOTOKOM, Y
SIKOMY TOJii € TOYKaMu Ha oci Jacy, a He BiJpi3KaMH
3aBJIOBXKKH T min.

{06 yHMKHYTH I1i€l HEBINMOBITHOCTI, JAOIIBHO
BHPI3aTU BiJIPi3KH Tmin, 1[0 TTOYMHAKOTHCS 3 MOMCHTIB

¢ikcanii T3 B oOcTexeHHi, 1 MepeTH BiJ MOYaTKOBOT
TpuBasIoCTi 00cTexkeHHs s jo ii mepeTBopeHoro (inca-
Ji30BaHOrO) anajuora 7y:

Ty =Ty ~Tnin N, (6)

3 BIJINIOBITHUM MEPETBOPEHHSM 3a(ikcOBaHUX B 00CTE-
JKeHHI MOMeHTiB npoizay T3 uepe3 oOpaHuii mepepi3 Ta
IHTepBaJiB Mi>K HIMH:

ty =ty —(k—=1)Tpin , 1<k < Ng, (7

I =t T (8)
e ty — mpuBemeHWH K0 HAHMPOCTIIIOTO MOTOKY MO-
MeHT npoizay K -ro T3 B ob¢cTexenHi, ¢; Iy =t 4 1 —
k-ii mpuBeaeHU 10 HAWOPOCTILIOro MOTOKY IHTEPBA
Mmix T3 k+11iKk, c.

[MeperBopenns (6, 7, 8) NpUBOAUTH 10 IIYKaHOTO
pesyabrary — BiamoBigHocti TII, mo nmpubyBae Ha KO-
OpAMHOBAHE IEpexXpecTs, WOro HaWMpOCTINIOMY aHa-
jory i 3abe3neuye piBHICTh KoedimieHTa Bapiamii mepe-
tBopenoro TII CV, ogunumi, CV, =1.

BoHo 3MeHIIye MaTeMaTH4HEe OYiKyBaHHS IHTEp-
BaIy Ha Tmin B OyIb-IKOMY BapiaHTi npuOyTTs, aje Hi-
4Oro He 3MiHIOE B Koe(ilieHTi Bapiamii peryyispHOro
HOTOKY (2), sikuii 3anuiaeTbes piBHAM 0.

TakuM 9MHOM JBa MOTOKH MPUOYTTH, K TOYHO HE
BIJIIOBIJAIOTh YMOBAaM BKJIIOYECHHS IXHBOTO JDKEpena B
KOOpPIMHAIII0, HATAI0Th ABa Koe(ilieHTH Bapiallii, mo
nopiBHIOIOTH 01 1.

ITomaganHs MK HUMH a00 HEBEJIHMKE IIEpEBU-
IICHHSI OJIMHUII OTPUMaHHUM y PE3yJIbTaTi 00CTEKEHHs
nepeTBOPeHNM KoedillieHTOM Bapiallil 03Ha4aTume He-
JOLUIBHICTH BKIIFOUEHHS 10 KoopauHariii P11, Bif skoro
el moTik nmpudyBae.

Jus Toro, mo6 3'sicyBaTH, HACKIIBKH BEIUKOIO
Mae OyTH BiIMiHHICTB BiJ 1 koediuieHTa Bapianii pea-
aeHOro TII, micnmsa meperBopenns (6, 7, 8) HeoOXimHO
po3paxyBaTH L€l MOKa3HHWK Ul BapiaHTIB HpUOYTTH,
SIKi JAJTs1 KOOPAMHALIT IMiIXOISATh.

Peanpuwmii BapianT mpubyTTs T3 Ha KOOPIMHOBaHE
mepexpects B OyIb-IKOMY pa3i € BHMAAKOBUM, BiAIO-
BiJIHO BHIIQAKOBHM OyJe i Koe(ilmieHT Bapiallii MOTOKY
npuOyTTA, IO HE a€ MOXIUBOCTI JJIsl BASHAYEHHS TO-
YHHUX OPIEHTHPIB JUIsl XapaKTEPUCTUKU TPYIIOBOTO MPH-
OyTTS, aHAJMOTIYHUX y’K€ OMHMCAHWM BHUIIE BapiaHTaM
MTOTOKIB.

Tomy po3B's3aTu 3ajad4y NPOBEICHHS MEXi paii-
OHY KOOpIWHAIlT MOXHA TiJIbKH 3a JOTIOMOTOIO ieali-
3anii, BIIMOBUBIINCH Bijl BUIAJKOBOCTI IPUOYTTS 1 3a-
JJaloud BapiaHTH TI'PyINOBOro NMpHOYTTS, SKi TapaHTo-
BaHO 3a0€3MevyI0Th MOXJIHUBICTD JUIs eeKTHBHOI KO-
opauHalii podotH cBitiaodopiB Ha ABOX cycinHix PII.

IneansHuM BapianToM rpymnosoro npudyrTs T3 1o
TepexpecTsi € HasBHICTh y MOTOI OAHIET a00 KiJTbKOX
OJTHOPO3MIpPHHUX MadoK 3 iHTepBajoM Mix T3 y HuX, 0
JOPiBHIOE Tmin, 1 PIBHIMH iHTEpBaJaMU MK HadKaMH.
Y nepeTBOpeHOMY MOTOIIi, IHTEPBAJIN B HAUIli TOPiBHIO-
BaTUMYTH 0.

JInst pi3HOT KITBKOCTI TAYOK Y TAKOMY TIOTOIlI He-
00X1J1HO po3paxyBaTH KoedillieHTH Bapiallii, ki CIyry-
BaTUMYTbh OPIEHTHPAMHU JUIS PO3B'A3aHHS IUTAaHHS
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11010 JOLUIBHOCTI BKIItOYeHHs HoBoro PITy koopnuna-
1iro.

Hexaii kinbKicTh avok y 3adikcoBaHOMY MiJ 4ac
obcrexenns TII nopisHioe i. Buxoasuu i3 3aransHoi Ki-
nbKocri inTepBaniB y TII, mo nopiBHioe N, KiJIbKiCTH
iHTEpBaiB MK TTAYKAMH JOPIBHIOE I, & KiJIBKICTh iHTE-
pBaiiB ycepennsi mauku popisuioe N-i. Tomi cranmap-
THe BigxunenHs Buxigaoro TII, mo ckiamaeTsed 3 i ma-
YOK, TOPiBHIOBATHME:

o=
N—i 5 i 2
2 (Toin =M )"+ 2 (Tax =M)™ )
= k=L
N ,

ne Tmax — IHTEpBaI MiXx maukamu 13, c.

Y mepeTBOpeHOMY MOTOMI Tmin cTa€ piBHUM 0 i KO-
PHUCTYIOUYHCH LM, & TaKOX TUM, L0 JOJAHKHA CYyMH B
[bOMY i/IeaJi30BaHOMY MOTOL € KOHCTAaHTaMH, CTaH/a-
PTHE BiIXWIICHHS U1l HBOTO MaTHME TaKUil BUTIIS:

o =

(N=i)M2 +i(Tax ~M)? - (10)

N

Mertoro nepeTBOpPEHb € OTPUMAaHHS 3HaueHb Koedi-
Li€HTIB Bapiatii ams pi3Hoi KinpkocTi madok y TII, Box-
HOYAC yK€ HAsBHI OPIEHTHPH IIOJ0 HOTO 3HAYCHB IS
PETYJIAPHOTO 1 HAMMPOCTIIIOrO MOTOKIB HE 3aJIeXkKaTh BiJ
HOT0 CTyIEeHs

CV =CV?,

10 JIa€ 3MOTY NepeiiTH 10 BAKOPUCTAaHHS KBajpara Koe-
¢ilieHTa Bapiamil SK IIYKaHOTO KPUTEPIIO JUIS PO3B's-
3aHHS UTaHHS PO JIOLUTBHICTh 3aHeceHHs HoBoro PII
Y KOOPIUHALII IO

2 2 2

N“o

cvi=| 2| = .
(Mj T2

e macTs 3MOTy CIPOCTUTH NIYKaHUH KPUTEPIH, TTO-
30yBIIUCH KBaApaTHOTO KOopeHs B (10), mpu npomy He mo-
ripuryroun iHQOpMAIifHIX MOXIUBOCTEH 1 HE BTpada-
F0YH CMHUCJIOBOTO HABaHTA)KEHHSI KPUTEPIIO:

cvi=
N[(N—i)Meri(TmaX—M)z}

T

(11)

(12)

PiBusaHs (12) MOXHa ICTOTHO CIIPOCTHTH, IS
OTPHMaHHS 3pO3yMilol (OPMHU KPUTEPil0, PO3KPHBIIH
JUTS TIOYaTKy KBaJpaT Pi3HUII B HOr0 YHNCENbHUKY:

cv? =
N[(N—i)M%i(Tn%ax—szaxM +|v|2)] (13)

T

BiZKpHUTTS 1y’KOK y YUCENBHUKY HaIa€ IMUPOKi MO-
JKJIMBOCTI JUTA OTPUMAHHS Takoi mpocToi GpopMu KpuTte-
piro (12):

NMZ-iM2 +iT2, -
20T M +iM 2

2
Cve =
Ta2

(14)
OCKIJTBKU JTa€ MOXKIIMBICTH IIJISI B3A€EMHOTO CKOPOUYCHHS
IIBOX JOIAHKIB:

2 ; 2
CVZ_N[NM 2T M +|Tmax}

> (15)

Ta

Kopuctyrouncek TuMm, 1mo B nepetoperomy TIT in-
TEpBaJ MiX MaYKaMH JOPIBHIOE

T
Tmax = a/’

MOYKHa MiJCTaBUTH HOTO 3HAYEHHS B IIONEPEIHE DiB-
HSHHSI:

2
N NMZ—ZiLaM +iLg
cv? = ! !

= (16)

a

[Ticns O4EeBMOHOTO NPHUBEICHHS CIITEHHX MHOXK-

HUKIB y ApoOax BHHHKae HOBa (opMma piBHIHHA (16), ¥y

SIKifl HAaKTHUBHIMIY POJb BiJirpae MaTeMaTHIHE OUiKy-
BaHHS iHTepBaIy M-

2
N| NMZ-2T,M i
1

cv?=

17
12 (1)

Ile mae MOXJIHMBICTh 3aMIHMTH HOTO BiJIIOBIIHHM

BUpa3oM Jurs nepersopenoro TIT, M = T% :

2 2
N|N 18 or, et
) N2 AN
CV* = 5 (18)
Ta

ITicast LBOro CTar0Th MOXKJIMBUMHU KIJIbKA OUEBU/I-
HHX IOCJIIIOBHHUX MEPETBOPCHb OTPUMAHOT HOPMHU KPH-
tepiro (18):

2 2 2
N[ Ta _oTa  Ta
cv?= N (19)
- > ,
Ta
2 2
NTL_TL
cvzo L' N 20
- 2 ' ( )
Ta
N
cvi=—-1. 1)

OTpumaHHil KpUTEPii JOCATaE MaKCHMyMy 3a OJI-
Hi€l mipHOT mauku B 3adpikcoBanomy TII:

CV2y =N-1. (22)
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31 3pocTaHHAM KUIBKOCTI ITa4OK BiH 3 YIOBUIBHEH-
HSIM 3HIDKYETBCS, OXOIMThH JI0 NMOKa3HUKa HaWIpoCTi-

woro motoky, CV 221 , TIpH
i=—, (23)

i MepeTBOPIOETHCS HA TOKA3HHUK PETYJISPHOTO MOTOKY,
2
CV® =0, npu

i=N. (24)

Taka moBeniHKa KpUTEPil0 MOKa3y€e B3a€MO3B'S-
30K MK XapakTEepUCTHKAaMHU Pi3HUX BapiaHTiB MOTOKIB
MpUOYTTA, 30KpeMa I[iKaBUM € CITiBBiIHOIICHHSI MIiX
KUTBKICTIO MIUIBHUX MaY0K y HAHIPOCTIMIOMY i piBHO-
MipHOMY ToTomi (23) 1 (24). BoHo mokasye, mo B ceHci
PeryJspHOCTI, HAWMPOCTIIIMKA MOTIK BiAPI3HAETHCS

[
=

ez N=400 of.

40

(%)
=

3HaueHHS KPHTEPIo
(3]
(=)

3a N=280 ox.

BiJl pIBHOMIPHOTO BJIBidi, OCKIIBKH HOTO aHAJIOTOM 3
MOTJISIAY UCHepCii MOTOKY € peryJsipHUH TpaHCHOPT-
HUH TOTIK, SKHH CKJIAAa€ThCs 3 Mavyok 1o aBa 13 y Ko-
KHIN. | 1[}0 BIIMiIHHICTh MPABUIBHO BBAXKaTH HE3HAY-

2
HOIO, 3 ypaxyBaHHAM MakcuMmaibHoro CV© (22), axe
3a peajbHUX 3HauYeHb N MmepeBHIIyBATUME 3HAYECHHS

cv? PETyJIApHOro 1 HAUIIPOCTINIOro HOTOKY Ha KiJbKa
TOPSIKIB.

OTpuMaHuil pe3yabTaT He CyIepeuuTh 3arajlbHo-
BIJOMHUM CTaTUCTHYHMM 3aKOHOMIPHOCTSAM, 3a SIKHX
MIOBHICTIO BUIIJKOBI IPOLIECH CXOIATHCA A0 PETyIIap-
HUX MOJIN, 10 A00pe LIoCcTpyeThes GopMyIaMu JUIs
JIOCTaTHBOTO 00CSTY BUOIPKH.

I'padiune mpencraBIeHHS 3aI€KHOCTI BETHINHA
kputepiro (21) Big Benmmuman N Ta i HaBeIeHO Ha
puc. 1.

===3a N=160 01. ===3aN=80om  ====33N=40 o1

0 20 40 60 80 100 120 140 160 180

200 220 240 260 280 300 320 340 3060

380 400

[HTeHCHBHICTD, O1./15 XB.

Puc. 1. Xapakrepuctnunuii rpadik (TeopeTH4Hi KpHBi)
3aJIe)KHOCTI BeanunHy kputepito (21) Bin N Ta i

Otpumanuii kputepiii (21) MoBHICTIO BiJmoBinacE
MpUHHATIH MeToamui po3paxyHKy TpuBajocti CII, mo
I'PYHTYETbCSI Ha (POpMyBaHHI nadok 3X y KOKHOMY Ha-
IPSIMi, OCKIJIBKH 32 BiJJOMOI 3 00CTeXeHHs KijpKkocTi T3,
N, ii po3mMip Ha HOCIiKyBaHOMY HaNpsMi TIOBHICTIO BH-
3HAaYaeThCs BigHomeHHsm N/i .

Bin nae 3Mory yxBagroBaTH pillleHHS 010 JOIIiITb-
HOCTI BKIItOUeHHs AoaaTkoBoro PIT mo mpocTopoBoi ko-
opAuHAI] Ha mifcTaBi maHUX 1po iHTeHcuBHOCTI TII y
JIOCITIIKYBAaHOMY paioHi.

Sxmo pospaxynkosuii CV 2 neperBoperoro TII
(21) ma mig'i3ai mo koopmuHoBanoro PII, 3a pamioHans-
HOT'O 3HAYCHHS BCJIIMYWHU ITaYKH 3X, BUSIBUTHCS BUIIIUM
3a Horo (hakTH4HE 3HAYCHHS, 1Ie 03HAYaTHUMe, 110 KOOp-
JQuHauisg poooTtu noaarkoBoro PIT HaBps un MOKIIMBa,
BHACJIIOK HOTO OJIM3BKOCTI 32 BIIACTUBOCTSIMHU 110 Haki-
MPOCTIIIOTO TIOTOKY.

I maBnaku, nepesunieHns Gaktuaaum CV 2 pospa-
XYHKOBOTO 3HaU€HHSI KPUTEPIIO CBIUUTHUME PO ITOTEH-
ifHY JOIIBHICTh BKIIOYECHHS 10 KOOPMHAIII 10aaT-
xoBoro PIT, xoua i He MOke rapaHTyBaTH e(heKTHBHICTb
LILOTO PILlIEHHs, BHACIIIIOK CYTT€EBOI 3aJIEKHOCTI Pe3yJIb-
TaTiB KOOPAMHAIIII Bil TeOMeTpii po3riIsiHyTOrO (hparme-

. 2
Hra BJIM, a Takox cnocoOy orpumanHs kpurepiro CV
(21) Ha ocHOBI imeamizalii peaJbHOrO TPAHCIIOPTHOTO
MTOTOKY.

Bemunsa CV2 3naumoro MIpOIO BHIQ/IKOBA, 1 HE
Ma€ OJHO3HAYHOI BiATOBIAHOCTI 3 KOKHHUM BapiaHTOM
TPaHCIIOPTHOT'O MOTOKY, TOOTO OAHI ¥ Ti cami HOro 3Ha-
YEeHHsI MOXKYTh BiJIITOBIIaTH Pi3HUM 32 HAOOPOM iHTEepBa-
JIiB IPUOYTTS TIOTOKAM.

ToMy BUKOpUCTOBYBATH HOTO CIiJ SIK HEOOXiqHY, a
HE JIOCTAaTHIO YMOBY AOIIIBHOCTI PO3MIMPEHHS 00'€KTa
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IIPOCTOPOBOi KOOPAMHALIT 32 paxyHOK JIOJJaTKOBOTO pe-
I'YyJIbOBAHOTO TIEpEXpecTs, BILAAI0UN NIepeBary ocTaTroy-
Hiif owiHI e()eKTUBHOCTI PI3HUX BapiaHTIB IUIaHy KOOP-
IuHanil B iMITalIMHINA MOJIEIII.

BucHoBxku

Huzbke 3HaUEHHS KpUTEPIIO

cvi<

IUIsL TIEPETBOPEHOTO TPAHCIIOPTHOT'O IOTOKY Ja€ OIHO3-
HAYHy HETATHBHY BiAIOBiNb HAa MUTaHHS MO0 JOIIJIb-
HOCTI BKITIOYEHHS B KOOPAMHALIIO JTOJATKOBOTO pEry-
JIBOBAHOTO IIEPEXPECTsi, OCKIIBKH BKa3ye Ha JyXKe BH-
COKY pPIBHOMIPHICTh MOTOKY MPUOYTTS 1O KOOPAWHOBA-
HOT'O PEeryJIbOBaHOTO IIEpEeXpecTsl.

BuokpemiieHHsT B TakoMy IOTOLI IMAYOK 3eJIeHOT
XBHJII Ha 16 HE BKIIIOUYEHOMY JI0 KOOPJHMHALIi peryibo-
BaHOTO MeEepexXpecTs, 3 MOMSAY E€KOHOMIii CepeIHbOTO
Yacy OYiKyBaHHS Ha KOOPIMHOBAHOMY PETYJILOBAHOMY
HepexpecTi, He Ma€e CEHCY, OCKUIBKH HOTO BIUIMB Ha II0-
TiK MPUOYTTS 10 KOOPJHMHOBAHOTO PETryJILOBAHOTO Hepe-
XPECTS BUSABISAETHCS B TAKOMY Pa3i IPAKTHYHO HEIIOMIT-
HHM.

llle omHMM pe3yNbTaTOM OLIHKH TPAHCIIOPTHOTO
MOTOKY Ha MiA'i3al 0 KOOPIAMHOBAHOTO PEryJIbOBAHOTO

MIepexpecTs Ma€ CTaTH OLliHKA HABaHTa)KCHHS Ha HbOMY,
110 nepe0av4aeThesi BUKOPUCTOBYBAHUM METOI0M KOOP-
nuHauii podoru cBiTiodopis. TyT Takox, siK 1 B poreci
MIEPETBOPEHHSI TPAHCIIOPTHOTO MOTOKY 3 METOK OTpH-
MaHHs KpuTepito (21), BaXXIMBY poJib Bilirpae 3HAYEHHS
MiHIMaJIFHOTO 1HTEPBAIY MiXX TPAHCIIOPTHUMH 3ac00aMu
Trmin, 0 IPUAMAETHCS B PO3paxyHKaX, MUTAaHHS BH3HA-
YeHHs SKOT0 B KOHKPETHUX MICLEBHX YMOBAX JO KiHIIA
HE BHpIIICHE.

[pyHTYIOUHMCh Ha BHCIOBJIEHHX HA TOYATKY IHOTO
MaTepiary MPHUITYIIeHHIX, KPAIiM BAIA€THCS KOMOIHO-
BaHMU croci0 HOro oTpuMaHH:, K MiHIMaJbHOTO 3HA-
YeHHsI 3 HOro po3paxyHKOBOI BEJIMUMHM, HA OCHOBI cepe-
JIHIX Ta0apuTiB TPaHCIIOPTHUX 3aco0iB 1 AucTaHmii Oe3-
MIeKH Ta MiHIMyMY 3 yciX 3aikcoBaHHX B 00CTE)KEHHI iH-
TepBaJliB. binblle yTOUYHEHHS IHOTO IMOKa3HMKAa MOX-
JMBE Hajalli, MijJi Yac HAKONWYEHHS EKCIEePHUMEHTAIlb-
HOTO JTOCBiy 3 peai3aiii IIaHiB IPOCTOPOBOI KOOPIH-
Harii.

[TomanpmMMy HAIPSIMKaMH JOCIIDKEHHS € POBe-
JCHHSA IMITaIlifHOTO EeKCHEPUMEHTY IIOIO0 PO3POOKH
IUIaHy POCTOPOBOT KOOPAMHALIT Ha BYJIMYHO-TOPOXKHIH
MepexKi 1 eKCIIiepUMEeHTalIbHa OL[IHKa Mpale3aaTHOCTI 3a-
HPOIIOHOBAHOT'O KPUTEPIiI0 BHECEHHS HOBOTO PEryJIbOBa-
HOT'O NepeXpecTs B IJIaH KOOPAWHALLI.
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The criteria for including a signalized intersection
in the coordination plan

Peter Horbachov, Yevhen Liubyi

Abstract. The article contains the results of the description and substantiation of the quantitative criterion for expanding
the coordination plan on sections of the urban street road network. The use of the proposed criterion allows us to draw conclusions
about the feasibility of including an additional regulated intersection in the spatial coordination based on data on the intensity of
traffic flow on the sections of the road network under study. The developed criterion corresponds to the accepted methodology for
calculating the duration of the traffic cycle, which is based on the formation of platoon progression in each direction of traffic on
sections of the city's road network. The next stages of research in this area are the development of a simulation model of the
coordination plan for a section of the road network and the experimental verification of the performance of the proposed criterion
for including an additional signalized intersection in the coordination plan.

Keywords: progression, intensity, platoon, coordinated plan, signalized intersection.
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K. T. Koenyp, H. B. IItuus, /1. A. [TonomapboB

XapKiBChKHI HAIllOHATBHUN aBTOMOOUTFHO-AOPOXKHIN yHIBEpCUTET, XapKiB, YKpaiHa

NIABUIMEHHA ECPEKTUBHOCTI CUCTEMUA ITIOCTAYAHHA
HNIBUJIKOIICYBHUX BAHTAKIB B HAIIPAMKY
PECIYBJIIKA MOJIBIIA-YKPATHA B CYUYACHUX YMOBAX

AHoTanisi. Po3snsigaeTecs MMTaHHS MiABUIIUTH €)EeKTHBHICTH CHCTEMH TIOCTadaHHsI IIBHIKOIICYBHUX BaHTaXIB y HaIpsi-
MKy [Tonpna — Ykpaina 3a paxyHOK 3HVDKCHHS CyMapHHUX BUTpPAT Ha JOCTaBKY. STk KpUTepii IS OI[IHIOBaHHS €(EeKTHBHOCTI
IIpolecy NOCTauyaHHs BaHTaXKIB 3aIIPOIIOHOBAHO BUKOPHUCTOBYBATH 3arajbHi BUTPATH Ha BUKOHAHHS MDKHApPOJHOTO IIepeBe-
3€HHJ, SIKi CKJIQAIOTHCS 3 BUTPAT Ha 3apo0iTHY IUIaTy BOAIS 3a MapIIpyTOM, BUTPAT HA IAINBO, BUTPAT Ha MACTHIBHI Ma-
Tepianu, BUTpPAT Ha TEXHIYHE OOCIYyrOByBaHHS aBTONOI31a, BUTPATH HA BITHOBICHHS LIMH, aMOPTH3ALIHUX BiIpaxyBaHb,
BUTpAT HA CTPaxyBaHHS, BUTPAT Ha CTOSHKH, BUTpAT Ha MUTHI 300pu. KpiM TOro BpaxoBaHO NOJATKOBI BUTpPATH, IO
OB s3aHi 3 O4iKyBaHHSAM OOCIYTOBYBaHHS uepe3 OJOKYBaHHS MOJBCHKUMHU MEPEBI3HUKAMH ITyHKTIB MPOMYCKY, SKi BKIIO-
YaroTh HACTYIIHI CTATTi BUTPAT — BUTPATH, ITOB’A3aHi 3 IMMOO1ITi3aIli€l0 TPOIIOBUX KOIITIB, BUTPATH HA AJIMBO Yepe3 podoTy
pedprmxepaTopHOT yCTaHOBKY IIPUUEITy aBTOIOI3ly Ta BUTPATH Ha 3apO0iTHY IUIATHIO BOJIIO Ha BiAPSDKEHHSI.

KawuoBi ciaoBa: BUTpaTH, MapIIPYT, MyHKT HPOITYCKY, CXE€Ma JIOCTABKH, Yac JOCTaBKH, MIBUAKOIICYBHHII BaHTaX

o0csiraMu TBOCTOPOHHBOI TOPTIiBIIi TOBapaMu MiXK YKpa-
THOO Ta Kpainamu €Bporu [2].

IMocTranoBka 3aBnanHs. Crenudika mocTayaHHS Jlns ampo6ariii TeOpeTHIHUX PO3POOOK pO3rJsia-
BCiX BH/IiB IIBMIKOICYBHUX BAHTAXIB Yepe3 KOPIAOH (po-  €ThCA YKpaiHChKE MIINPUEMCTBO, MAiSNIBHICTH SKOTO
PMy€ BUMOTH IIOJI0 MOLIYKY PillleHb 3 ePEKTUBHOIO BM-  CTIPSIMOBaHA Ha 3a0€3M€UeHHs BHYTPIIIHROTO PHHKY YK-
KOPUCTaHHs PeCypCiB (TpaHCIOPTHUX 3ac00iB, CKIagiB  PaiHH MI0J0BO-OBOYEBOIO MPOAYKILIEIO 3TiJHO CE30HHO-
TOILO), 3 MiHIMI3aL[i€r0 YaCy BUKOHAHHA TEXHOJOIIYHMX  CTi BUPOILYBAaHHS, a TAKOX, MIPOTYKIi€I0 HETHUIOBOT JJIsI
orepariii Ta 3MEHIIEHHSIM PU3KKIB U OBHOTO BUKO-  BHPOIIYBAaHHSA B KJIIMATHYHUX YMOBaX YKpaiHu (€K30TH-
HaHHS BUMOT 3aMOBHHMKIB TPAHCIIOPTHHUX MOCIYT. 3a pa-  4Hi GPYKTH i OBOYI, LUTPYCOBI).
XYHOK 30€pe)XeHHsI CXOPOHHOCTI Ta Oe3MeKH IMIBUIKOII- MapmpyT, mo JocimKeHo, npoisrae 3 Pecmy0-
CYBHHX TIPOAYKTIB ITiJl 4ac TPAHCIIOPTYBaHHs MoKe 3Ha-  Jiku Ilonbiia 1o Ykpainu. Posrispaerbes noctaBka s10-
YHO 3POCTATH 330BOJIEHICTh KII€HTIB, THM CaMMM Mig-  JyK pi3HHX copTiB. [ nepeBe3eHHs JaHOrO TUILy BaH-
BUIIUTECA  KOHKYPEHTOCIPOMOKHICTH TPAHCIOPTHHX  Ta)Ky HEOOXiJHO BUKOPUCTOBYBATH aBTOMOOLII 3 pedpu-
M ATPHEMCTE. epaTopHoro ycranoBkoro [3]. Ha mocriiiHiit ocHOBI 3

V nmporeci JOCTaBKM TakMil BUJ BaHTaXiB Moxke  TepiogudHicTIO 6M3pKo 1 — 2 pasm Ha TIXKIEHb 3JiHC-
BTpayaTH CBOIO IIHHICTH i CBiKICTh. B3aeMoJIis yuacHH-  HIOEThCS JaHe nepeBe3eHHs. IIyHKT HaBaHTakeHHs (3a-
KiB JIQHIIIOTa [I0CTa4YaHb OBMHHA BPaXxOBYBaTH 1nociino-  MuTHeHHA) — Ilomema (BrenmyB), myHKT po3Mur-
BHICTh BUKOHAHHSI yCiX OIeparliif Ta BCTAHOBJIIOBATH Bil- ~ HEHHsA/pO3BaHTakeHHs1 — Ykpaina (KuiB), myHkT nepe-
HOBIaILHICT KOXKHOIO 3 TAKUX YYaCHHMKIB 3a CBOK  XOHy KOpHOHYy — YkpaiHa (Srommn). IlpoTskHicTh Ta-
cthepy poOOTH, YHHKATH 3aTPHUMOK Ta 3a0e3redyBaTH  KOI'O MapIIpyTy CKiajaae npubmmsHo 853 kM (puc. 1, a).
IIBUJIKE pearyBaHHS Ha 3MiHH, IO BIUIMBAIOTh Ha BCIO ITynkTamMu NEpETUHy IBOX JAepiKaB € JIoporycek —
norictuudy cuctemy [1]. SAronun, 3ocin — Yerwiyr, Jlonrooudys — YrpuHis, I'pe-

MiXHapoJHa TOPriBNIs TOBapaMHM Ta mociyramu  OeHHe — PaBa-Pycbka, Bynomex — I'pymis, Kopuosa —
Mae Barome 3HaueHHs st Oy b-sK0i Kpainu cBity. 3ape-  Kpaxoseus, Meauka — Ileruni, Kpocnenko — Cwminb-
synbratamu 2023 poky [losblia mocinae nepiie miciie 32 HULIS.
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Puc. 1. Icnyroua Ta anpTepHaTHBHA cxeMa MapuipyTy pyxy biaenays (Ilonbmia) — Kuis (Ykpaina)

Ha pas3i B siuctomazi 2023 poky yepe3 OJOKYBaHHS  pyX BAHTaXXHOT'O TPAHCIIOPTY CIOBUIBHHUBCS (B cepe-
PYXy BaHTaXiBOK MOJHCHKUMH NIEPEBI3HUKAMHU Ha TPHOX  HHOMY | aBTOMOOLTL HA TOIAWHY), B TOMY YHCJI, 1 B Ha-
IMyHKTaX MPOITyCKYy Ha MOJbChKO-YKpaiHChKOMY KOPZIOHI  TIPSIMKY B’i3my B Ykpainy. Hapasi crmoctepiraBcsi cro-
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BinbHeHMH pyx uepe3 [1I1 «I'pebenne — PaBa-Pycbkay,
IIT «Kopuosa — Kpakiserp» ta I1I1 «/loporycek — Sro-
JUH» (PUCYHOK 2).

Jo rpyn (1-24) Ykpaincekoro iacugikaTopa To-
BapiB 30BHINIHHO-CKOHOMIYHOI JISUTEHOCTI BiTHOCSATHCS
ToBapu (TPOIYKIis), IIO BHPOUIYIOTHCS, BiATOIOBY-
I0ThCS, BHJIOBIIOIOTECS, 30MPalOTHCS, BUTOTOBIISFOTHCS,
BHPOOIISIOTHCS, TIEPEPOOIIAIOTECS Oe3M0CePEeqHBO BUPO-
OHMKOM ITMX TOBAapiB (IIPOIYKIIii), a TAKOXK MPOITYKTH 00-
poOKku Ta mepepoOKH HUX TOBapiB (MIPOAYKINI), SKIIO
BoHH Oynm mpuabaHi abo BHpoOJIeHI Ha BIACHHX abo
OPEHJJOBaHHUX MOTY>KHOCTSIX (ILIOMIAX) ISl IPOJIAXKY, IIe-
pepoOKH a00 BHYTPIIIHBOTOCIIONAPCHKOTO CIIOKUBAHHS.

o, N Y
Lubjin i +IrOQMH v
Monbwa 0
oo o Q-ﬂoporycw
Kensue \

L‘/'/
Y
|
e Q’JPQBG-PbeKo
S WiXpebeHHe

Kbukiaeub- ’
Kop--ior;ao-,0
zemysl

Kowmue
Kosice
o

Nesle

MSykpaiHa

auumMHa

Puc. 2. [lepexpuTnii pyx BaroBoro TPaHCIOPTY
Ha MAITIII ITonemmi 3 Ykpainoto

A oTe yac B 4ep3i 3riTHO 3 MOOLTBPHUM JOIATKOM
«E-uepra» [4] craHoBUTHME TIOHAA 17 AHIB, IO 30BCIM
CTa€ HEeNMPUILYCTUMHM IIPU JAOCTaBII sI0JIyK 10 YKpaiHu,
1m0 i OOYMOBIIIOE aKTYyajbHICTh IaHOI TEMH JIOCIi-
JoKeHHsS. MakCcUMalbHUA TepMiH 30epiranHs s0ayK cra-
HOBHTH 4-6 MICAIIIB B 3aJICXKHOCTI BiJl TeMIiepaTypH 30e-
piraHssi, BOJIOTOCTi TOIIO (PUCYHOK 3).

e Cosmyne 10 canpns

AropuH - [OporyceK. MepeTHH KOpAOHY Yepes ueh
NYHKT NPONYCKY THMYACOBO YCKNAOHEHo Yepea
CTPaiK NONECHKUX NepeBiaHUKIB.

Aropun - floporycek. Tosapw 1-24 rpynu YKT3E[.
MepeTHH KOPROHY 42Pe3 Uei NYHKT NPONYCKy
THMYACOBO YCKNARHEHO Yepes CTPaiK NoNbEEKUX

nepeaiannKis,

1 MicAUs 17 GBI 18 roamK 40
XEANKH 219

17 [HIB 51 XBHNIHA s19

Seors apeyerucn Gy s aemanint B re——

PaBa-PyChKa - XpeGeHHe, MEpeTHH KOPAGHY Hepes
Lei NYHKT NPONYcKY TUMYACOEO YCKNARHEHO
Hepes CTPafK NONLCLKHX NepesiaHukie.

Kpakiseus - KOpHoBa, NEpeTiH KOPROHY Yepes
el NYHKT NPoNYcKy THMYACOEO YCKNARHEHO
Hepe3 CTPafK MONbCbKIX NepesiaHuKia.

13 [MIB 6 FOMMK 50 xaMAK 920

13 [1HIB 3 FONMMM 4 XBMAMKA 2409

Puc. 3. Indopmariist npo uepru
B myHKTax nponucky Ionema-Ykpaina

3 BpaxyBaHH;IM HOoTO4YHOI cuTyarii Ha MATIIT «lo-
porycek» — MAITIIT «Sronus» TepMiH T0CTaBKH 3HAYHO
3pOCTe 1 CTAHOBHTHME MaiDKe MiCAllb, IO CKJauae
YBEPTh JKUTTEBOTO LUKIY JAHOTO BHJIY LIBHIKOIICYB-
HOTO BaHTAXY.

ITocraHoBKa 3aBmaHHS. Y 3B’S3KY 3 CUTYAIII€I0, IO
ckiaacsi Ha kopaoHi [onpmi Ta Ykpainu 1ouineHo po-
3MITHYTH MapuipyT y MDKHapOIHOMY aBTOMOOLIEHOMY
cnonyuennst biaennys (Ilonpma) — KuiB (Ykpaina) i3

MIPOXO/PKCHHSIM aJIbTEPHATUBHOT'O MI>KHAPOJIHOTO aBTO-
MOOUIBHOTO TMYHKTY mpormycky «Mexanka — Illeruni»,
cXema SIKOro HaBeJeHa Ha pUCYHKY 1(0), 3aranpHa Bijc-
Ta"b Akoro ckiaagaec 1100 kM. ITocrae 3amaya OLIHUTH
JOLUTBHICT 3MIHU MapIIpyTy Yepe3 CUTYaIlilo, [0 CKJIa-
machk Ha KophoHi Ykpainum Ta [lomsmi. Kpurepiem Bu-
6opy € BUTpaTH Ha OCTAYaHHsI 11 KOXKHOI CXEMH 3 Bpa-
XYBaHHAM JI0JaTKOBHX BHUTPAT, IKi MAlOTh BPaXOBYBATH
BHUTPATH B HESIBHOMY BHUIJIAI, @ CAME BTPATH IIiJ] 9ac 0di-
KyBaHHS B 4ep3i B 3a0JI0KOBaHHX ITyHKTaxX IPOILYCKY.

Bukaan ocHOBHOro MaTtepiaay

VY €ponelicekomy Cor03i peryJroBaHHs TPyI0BOI
IISTTBHOCTI BOIIIB BAaHTAXXIBOK 31HCHIOETHCS BiIIIOBITHO
no JupextumBu €Bpomapmamenty Ne561 Bim 2006
poky [5]. 3a3mauena nupekTHBa BU3HAYAE OOOB'I30K
BCTaHOBJICHHS Taxorpada Ha TpPaHCIOPTHHH 3acid Ta
BCTAaHOBIIIOE MITpadu 3a MOPYIICHHS TPYAOBUX HOPM BO-
JieM. 3arajbHa BiZICTaHb 3alPONIOHOBAHOTO MapILIPYTY
JoBIIa, HbK Mapupyty udepe3 MAIII «Zloporycek —
Sronuny, npoTe, 3a paxyHOK pyXy 110 MDXHAPOIHIH 10-
po3i E40 aBToM0011b Ma€ MOXKITUBICTh PYXaTHCh 3HAYHO
uBuiie. He 3Bakaroun Ha 3MiHY MapIipyTy depes 0o-
kyBaHHst MAIIIL, nmpu mocrauaHHi IIBUKOTICYBHUX BaH-
taxiB yepe3 MAIIII «Menuka — [lleruni» yac 10CTaBKH
3MIHHUTBCS HECYTTEBO 1 B 000X BHITa/IKaX BUKOHAHHS Ma-
pmpyTy 3aiime 5 mi6. B ckitazoBux TepMiHy JOCTaBKH HE
BPaxOBaHO MOJJIMBHI Yac OYiKyBaHHS B Uep3i, sKa CII0-
cTepiraeTbes B 3abnokoBanux I1I1, ane meit wac Baxko
CIPOTHO3YBATH i 3aJICKUTH BiH BHKIIFOYHO BiJ KITBKOCTI
TPaHCIIOPTHUX 3aC00iB B 4ep3i Ta MPOIYCKHOT CIPOMOXK-
HOCTI CaMOro MyHKTY. ['0JIOBHUM KpUTEpiEM OLIIHKH 3a-
NPOIIOHOBaHKX PillleHb 3aJMIIAETHCS BUTPATH Ha PyHK-
[[IOHYBaHHS CXEMH MOCTayaHHs. Ha 1i BUTpaTH MarTh
BIUIMB: cOOIBapTiCTh BHKOHaHHs i-X oIepaliid, oocsr
napTii BaHTaXiB, BIICTaHb IEPEBE3EHHS Ta 4acOBI Mapa-
METPH BUKOHAHHS i-X TEXHOJIOTIYHHX OTIEpariii.

KpurepieM eheKTHBHOCTI MPUAMAIOTHCS BUTPATH
Ha JIOCTaBKY Ha MapIIpyToM

3y — MIN (1)
3arajbpHi BUTpaTH Ha BUKOHAHHS MIXHApPOJHOIO
niepeBe3eHHs [6] MO)KHA BU3HAYXTH 32 HACTYITHOFO 3aJie-
HKHICTIO
=3,,+3,+3,+3,,+3,+ @
+3 ’

mum?

3)cyM
+A+3 +3

cmpax CMOsH

ne 3, — BUTpaTH Ha 3apo0iTHY IUIATHIO BOAIIO 3a Map-
LIPYTOM, TPH.;
3, — BUTpAaTH HA MAJIMBO, T'PH.;

3 . .
M — BUTpaTH Ha MacTHJIbHI MaTepiaiu, IpH.;

3,,, — BUTPaTH Ha TEXHIYHE 0OCIyroByBaHHS aBTO-
1oi3ja, rpH.;

3,, — BUTPATH Ha BiTHOBJICHHS ILIUH, T'PH.;

A — amopru3aniiini BigpaxyBaHHs, TPH.;

3¢mpax — BUTPATU HA CTPAaXyBaHHsl, IPH.;

3
cmoil — BUTPATH Ha CTOSIHKH, T'PH.;
3,,um — BUTPATH HA MUTHI 300pH, TPH.
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I'panuyHi HOPMU BiJIIKOAYBaHHS BUTpAT Ha Bij-
PSUDKEHHST B MeXaxX YKpaiHM Ta B MeXax 1HO3eMHHX
JIepKaB BU3HAYAIOThCs cTarTero 170 «OcobnmuBoCTi Ha-
paxyBaHHs (BUIUIaTH) Ta OIOAATKyBaHHS OKPEMHUX BH-
niB gpoxoxiB» IlogatkoBoro kogekcy Ykpainu [7] Ta
BCTAaHOBIIOIOTHCS 3aJIS)KHO BiJ pO3Mipy MiHIMaIbHOI
3apoOiTHOI MJIaTH Ha IMOYATOK 3BITHOTO, IOJATKOBOTO
poxy. Ilo 3akopmonHHM BimpsmxeHHAM [lomaTkoBwmii
KOZEKC YKpaiHH BCTAHOBIIOE HEOMOJATKOBYBaHI J10-
60Bi BUTpaTH Ha piBHI 80 €BpO 3a KOKHUI ACHD BiAps-
TKEHHSL.

Jus 00iky BuKOpHCTOBYETECS Kype HBY, sixuii
JIisSIB HA KOXKHUU 3 THIB BigpsmkeHas. Hopma Heomoma-
TKOBYBAaHUX J100OBHX BUTpAT JUIS BIAPS/KEHb YKpai-

Hoto y 2023 poui — 670 rpa. (0,1 Bix MiHIManbHOT 3ap-
mwiatu Ha 01.01.2023), 3 01.04.2024 poxy — HOpMa He-
OII0/IATKOBYBAaHUX JO0OOBUX BUTpAT U BIJIPSKEHb
VYkpainoto cranoBuTh 800 rpH.

Jlyis BU3HAYECHHS BUTPAT Ha NAJIMBO CIIiJl BPaxoBY-
BaTH KpiM 0OCSTY BUTPAT NaJNBa HA BUKOHAHHS po0OTH
Ha ITiICTaBi 3arajJbHOT0 MPOOIry Ha KOXKHIN NiJISHIT, 1€
W ONAaTKOBI BUTPATH NMANMBa, 1[0 BPAaXOBYIOTh HOPMY
BUTPATH IIaIMBa TPAHCIIOPTHOTO 3aco0y y 3aBaHTaxe-
HOMY CTaHi Ta BUTpaTH MaJHBa Ha poOOTy pedprkepa-
TOPHO{ YCTaHOBKH.

Crip 3a3Ha4MTH, 10 CyMapHi BUTpPaTH Ha JOCTa-
BKY IIPY BUKOPUCTAHHI NEpIIOi CXeMH MEHIII, HiXK pH
3alpOIIOHOBAHO].

Tabnuys 1 — IlopiBHAHHSA cTaTell BUTPAT 32 iCHYIOYOIO i 3a[IPONIOHOBAHOIO CXEMOI0 10CTABKH

CxeMa 10CTaBKH

IMoxa3nuk
Icnyroua 3anponoHoBaHa

Butparu Ha 3apo0iTHY IIaTy BOISI 32 MapIIPyTOM, TPH. 8742,02 8646,74
Butparu Ha naauBo, TPH. 25927,79 28658,59
Butparu Ha MacTHIIBHI MaTepiasy, TPH. 3111,33 3439,03
Butparu Ha TexHiYHE 00CITYroByBaHHS aBTOINOI3/1a, IPH. 1176 1380
Butpary Ha BiTHOBIICHHS LIHH, TPH. 1960 2300
AMmopTH3aLiiiHi BigpaxyBaHHsI, TPH. 1332,8 1564
Butparu Ha cTpaxyBaHHS, TPH. 1274,8 1274,8
Butparu Ha CTOSIHKH, TPH.; 918,75 866,25
Burparyn Ha MuTHI 300pH, TpH. 800 800
CyMapHi BUTpaTH, IpH. 45243,49 48929,41

ITpu nasBHOCTI uepru Ha MAIIII «Zloporycek —
Sronuny dYepe3 OJIOKYBaHHSI MOJILCBKUMHU TEPEBi3HHU-
KaMH 3MIHATBCSI BUTPATH, TIOB’s13aHI 3 iMMOOLIi3aIiet0
TPOLIOBMX KOIITIB Yepe3 Te, IO BapTiCTh BaHTaXy Ha
Yac JI0CTaBKM BUIIy4a€eThes 3 00epTy. Kpim Toro, mix gac
MIOTPAIUISTHHS B Uepry pedprmxeparopHa yCTaHOBKa MpH-
Yelry aBTOIOI3/ly Mae MpAIfoBaTH yYBECh 4ac, IO 301Tb-
LIy€ BUTPATH HA MaIUBO. Takoxk 3’ SIBIIIOTHCS JOAATKOBI
BHUTPATH Ha 3apOO0ITHY IUTATHIO BOIIFO Ha BigpsKCHHS.
OTXe 101IaTKOBI BUTPATH, BUKJIUKAHI HASSBHOIO YEPTOI0,
CTaHOBHUTHMYTh

3900 = i+ 3om + 3pe¢ ' 3)
ne 3;, —BUTpaTH Ha IMMOOLTI3AIif0 IPOLIOBHX KOIITIB,
IPH.;

3,, — BUTpaTu Ha 3apoOiTHY ILUIATHIO BOAIIO (JO-
00Bi), I'pH.;

3 peg) — BUTPATH Ha MAIINBO, TIOB’s13aHi 3 pOOOTOIO pe-

(dpmwxkeparopa.
Burpartu nos's3aHi 3 THM, 0 BapTiCTh BAaHTAXY Ha
Yac I0CTaBKH BHIIYYa€ThCS 3 00EPTY PO3PaXOBYETHCS

lle'Td'ﬂ
3 =6 -0 2 4
2 365-100 @

ne 1], — miHa BaHTaxy, TPpH.;

T, — TepMiH I0CTaBKH, 1i0;

M — piuHa cTaBKa JUCKOHTY, %o.

KpiMm TOTrO, mMiJ Yac MOTparuIsHHS ABTONOI3AY B
4yepry pedprkepaTopHa yCTaHOBKA NPHYEITy Mae Ipa-
LIOBaTH yBECh 4ac, II0 301JbIIye BUTPATH Ha MaJHBO.
Butpartn nuzensHOrO nanuBa Ha poOoTy pedprkepaTo-
PHOI YCTaHOBKU CKJIayTh

Qperj) :Hpe(j)'Tpv (5)

ne H g4 —HOpMa BUTpATH MalMBa Ha poboTy pedproke-

paTOpHOI YCTaHOBKH, JI/ aBT.-TOJ;

T, —4ac poboTH TPaHCIIOPTHOTO 3aco0y, roA.

Takox 3’ SIBISIFOTHCSI IOAATKOBI BUTPATH Ha 3apo0i-
THY IIJIaTHIO BOJIIO.

HapaxyBauHs 3ap0o0iTHOT JIaTH BOJIEBI, SKUI BU-
KOHY€ MDKHAPOJIHHUM pPeiic, BU3HAYAETHCS

3o =S + Np 'Bei()p , (6)

ne S,, — craBka 3apoOiTHOI IUIaTH BOAIS (3a3BHYal 1e

MiHIMaibHa cTaBKa Mics4HOI 3apo0iTHOT maTh B YKpa-
1HHM), TPH.;
N p- KUTBKICTh PEHCIB 3a MiCsIIb, O]1.;
Byigp — BATPATH HA BIAPSUKEHHS, IPH.
MonentoBaHHS JOBKHWHHU Y€PTH 3 KPOKOM B 4 100U
(0, 4, 8, 12, 16, 20 gniB) mae 3MOTY BU3HAYUTH PaIlio-
HaJIbHY CXeMy noctayaHHs (puc. 4).
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Puc. 4. Butpatu Ha 1OCTaBKY IS pi3HUX CXEM JOCTAaBKU

BukopucraHHs 3alpOIIOHOBAHOI BapiaHTy MOCTa-
yaHHA npu HasBHOCTI yepru Ha MAIIII «Joporycek —
Sroauny TpUBaNIICTIO B 4 100U, 103BOJISE OTPUMATH EKO-
HOMIuHM edexT B po3mipi 17748,92 rpu. 3a peiic. [Ipu
30UIBIICHH] Yacy O4iKyBaHHS Ha IMyHKTI OPOITYCKY /0 8
110, BUTpAaTH Ha JIOCTaBKY Ul iICHYIOYOI CXEMH B JBa
pas3u MepeBUIYIOTh BUTPATH MPH BUKOPUCTaHHI 3aIpo-
ITOHOBAHOT CXEMH, 1110 JOBOIUTH €(PEKTUBHICTH 3aIPOIIO-
HOBAHMX PIllIeHb B YMOB, III0 CKJIAJINCH, JJIS IEPEBE3CHHS
IIBHAKOIICYBHHX BaHTaXiB.

OTxe mpH icHyI0Uil cxeMi goctaBku uepe3 MATIIT
«Joporycek — Srogun» BUTpaTH cTaHOBIATH 45243,49
TpH., o Ha 3685,92 rpH. MeHIIe, HiXK IPH BUKOPHCTaHHI

BaTH JOJATKOBI BUTPATH, SKi YTBOPIOIOTHCS Yepe3 TPHU-
BaJIICTh OUYIKyBaHHS B Uep3i.

BucHoBkH

BuxopucTtanss 3anponoHOBaHOI METOJIUKH BHU3HA-
YEeHHsI 3arajibHUX BHUTPAT, IO BPaxOBY€ JOJATKOBI BH-
TpaTH, MOB’s13aHi 3 OUiKyBaHHIM OOCIyrOBYBaHHS uepes
OJI0KyBaHHS MONBCHKIMH NEPEBI3HUKAMH ITYHKTIB MPO-
MyCKY, SIKi BKJIIOYAIOTh BUTPATH, MOB’sA3aHI 3 iMMOOLITI-
3aIli€10 IPOMIOBUX KOIITIB, BUTPATH HA MAINBO Yepe3 po-
60Ty pedprkepaToOpHOi yCTaHOBKH MPHUEITY aBTOMOI3 Y
Ta BHTPaTH Ha 3apo0iTHY IUTaTHIO BOMII0O Ha BiAps-
JUKCHHS, JO3BOJIATh BUSIBUTH BUTPAaTH HE TIJIBKU B SIB-

HOMY BUTJISII, a ¥ JIOJaTKOBI BTPATH, 1[0 BIUINBAE HA BU-
0ip cXeMH MoCTavYaHHsI.

3anporoHoBaHoi cxeMu. OJJHAK MTPU HasIBHOCTI Yepry Ha
MAIIIT «Jdoporycek — Sromun» HEoOXiJHO BPaxoBY-
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Improving the efficiency of the perishable goods supply system in the direction
of the republic of Poland - Ukraine in the current conditions

Kateryna Kovtsur, Natalia Ptytsia, Daniil Ponomarev

Abstract. The issue of increasing the efficiency of the supply system of perishable goods in the direction of Poland -
Ukraine by reducing the total costs of delivery is considered. As a criterion for assessing the efficiency of the cargo delivery process
it is proposed to use the total costs of international transportation, which consist of the cost of driver's salary on the route, fuel
costs, lubricants, road train maintenance costs, tyre recovery costs, depreciation charges, insurance costs, parking costs, customs
duties. In addition, additional costs related to waiting for service due to blocking of border crossing points by Polish carriers have
been taken into account, which include the following cost items — costs related to immobilisation of funds, fuel costs due to oper-
ation of the refrigerator unit of the road train trailer and driver's salary costs for travelling.

Keywords: costs, route, checkpoint, delivery scheme, delivery time, perishable goods.
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CUCTEMHU ABTOMATHYHOI'O KEPYBAHHS OCBITJIEHHAM — EOEKTUBHUM
MIJISIX EKOHOMII EJEKTPOEHEPTII TA MIABUIIEHHSA SIKOCTI OCBITJIEHHSA

AHoTanisi. B po6oTi po3risaaloThCs THMOBI (YHKILII CHCTEM KepyBaHHSI OCBITJIICHHSM Ta MEPCIIEKTUBH iX PO3BHUTKY 3
BUKOPUCTAHHAM CYYaCHHX JOCSTHEHb B CBITJIONIONHIM TeXHili, MiHiaTIopH3alii KOMIIOHEHTIB, sIKi MOXKYTh 1HTETPOBaHI B
CHCTEeMI CBITJIOMIOAHMX MOJIYJIB TAKUX SIK JaTYUKH, BAKOPUCTaHHI 0€3pOTOBOTO 3B’SI3KY, MOMKIIHBICTh KepyBaHHs iH(oOp-
Martieto yepes Internet. OcHoBHI THNOBI QyHKIIT CHCTEM aBTOMATHYHOTO KEPYBaHHS OCBITJIICHHSM: MIATPHUMAHHA LITYYHO-
IO OCBITJICHHS B NMPUMILICHHAX Ha 30pOBOMY DiBHIi; 3HI)KEHHS CIIO)KHMBAHOI MOTY)KHOCTI CHCTEM OCBITJICHHS 33 PaXxyHOK
BUKOPHUCTAHHS IIPHPOJHOTO OCBITJICHHS; 3HW)KCHHSI CIIOXKHUBAHOI MOTY)KHOCTI CHCTEM OCBITJICHHS 32 paxyHOK iX ONTHMIi3a-
il B KO’)KEH MOMEHT 4acy, 30KpeMa, BUXiJ{HI Ta CBATKOBI JIHI, 3aJIC)KHO BiJl MPUCYTHOCTI JIFOJICH B IPUMIIIICHHI Ta iH.; KOM-
OiHOBaHE KepyBaHHS OCBITJICHHSM 3 BUKOPHCTAHHSAM PYYHOTO Ta aBTOMAaTH30BaHOTO, IO J03BOJISIE BU3HAYATH ITapaMeTpu
OCBITJICHHS 3 BpaxXyBaHHIM iHJMBITyalbHUX MOOaXKaHb CIIOXKHBadiB; BUOIp MapaMeTpiB OCBITJICHHS HAa OCHOBI JQHUX II0-
MepeIHIX HANAIITYBaHb, SKI MOXYTh MOKPAIIUTH CBITIOBE CEPEAOBHILE; 3a0€3MeUeHHS TapaMeTpiB OCBITICHHS OPIEHTO-
BAaHOTO HAa KOHLEMII0 IHTETPATUBHOTO OCBITICHHs («OCBiTIeHHs mst mroaeiy», HCL) nuisixoM aBTOMaTHYHOTO Peryio-
BaHHS PiBHA OCBITJICHOCTI Ta KOJIIPHOCTI CBiTJIa BIPOAOBXK AHS Ta iH. CHCTEMH KepyBaHHS OCBITJICHHSAM B CBOill OCHOBI 0a-
3YIOThCA Ha BUKOPHCTAHHS JATYMKIB Yacy, MPUCYTHOCTI Ta PiBHIB OCBITICHOCTI, 800 KOMOIHOBAaHMX HATYHKIB, IO MOEA-
HYIOTH B c00i 11l pyHKIil. B cBiTOBIH MpakTHII I aBTOMaTHYHOT'O KEPYBAHHS OCBITIIEHHSM 3aCTOCOBYIOTHCS JBAa OCHOB-
HUX iHTepdelcn KepyBaHHS BUXIIHHM CTPyMOM: aHAIOTOBHUH i IudpoBuil. B crarTi HaBoAnTHCS iH(OPMALis CTOCOBHO
0COOJIMBOCTEH PeryJIroBaHHS IapaMeTpPiB CBITJIIONIOAIB 3 BUKOPUCTAHHIM aHAJIOTOBHX 1 HU(POBHUX iHTepdeiiciB, po3ris-
JAIOTHCS JIesIKi TUTaHHS CTBOPEHHS CUCTEM IHTEJICKTYaIbHOTO OCBITJICHHS Ta NEPCIIEKTUB BUKOPHCTAHHS B CHCTEMaX OCBi-
TJICHHS LITYYHOTO 1HTENEKTy. 3pO0JieHi BUCHOBKH CTOCOBHO €HEProe()eKTUBHOCTI BUKOPUCTAHHS CHCTEM aBTOMATHYHOTO
KEpYBaHHs OCBITJICHHSIM, OCHOBHHX BUMOT JI0 iX MapaMeTpiB Ta IEPCIICKTHBH PO3BUTKY.

Knao4oBi caoBa: cBiTIONIOAHI JaMIH, CHCTEMH KEPYyBaHHs OCBITJICHHSM, MEPEXTiHHS, TUMIHT, IHPOTHO-IMITyJIbCHA

MOTYJISIIIiS.

Beryn

HocTranoBka mpodaemu. 3rigHO 3 HaHUMH MiX-
HapojHoro eHeprernyHoro areHtcrBa (IEA) 19 % cai-
TOBOTrO BHpOOHHITBA enekTpoereprii (EE) BurpayaeTs-
Csl Ha OCBITJICHHS, TOMY HaJ3BHYailHO aKTyaJbHOIO €
npobiema ckopoueHHs1 cnoxuBaHHA EE cucremamu
oceitinenHs (CO). B €BponeiicbkoMy 3aKOHOIABCTBI B
ctepi eHeproeh)eKTUBHOCTI OCTAHHIM YacOM MPHUIHSTO
PSil HOBUX HOPMAaTHUBHHX JIOKYMEHTIB, HalpaBJIEHUX Ha
MiZBHUINCHHS eHeproe()eKTUBHOCTI ocBiTieHHs [1-2] Ha
OCHOBI SIKMX B YKpaiHi BIPOBaKYIOTHCS BIANOBIIHI
TeXHI4YHI pernaMeHTH. He MeHI BaxinBoOIO € pobiieMa
skocTi cBiTina. OOHUM 13 TOJIOBHUX 3aBJaHb SIKICHOIO
OCBITJICHHS € 3a0e31e4eHHsI KOM(POPTHOI 30pOBOi poOOTH
Ta a/IeKBaTHOTO CHPHIMaHHS HaBKOJMIIHBOTO CepeJio-
Buiia. HenaBHi MeauKo-0i0JIOTIYHI AOCIIHKEHHS ITOKa-
3aJH, 10 CBITJIO KpiM 30pOBHX (DYHKIIH CHpPHUMHSIE Ha
OpraHi3M JIFOJMHN HE30pOBHH Ol0JNOTIYHMIT Ta ICHXOJIO-
riyauit BB, KOpOTKOXBHIIbOBE CBITIIO BUKJIMKAE TIPH-
THIYEHHS CeKpellil MeNaToHiHy, IiBHIIy€E MOYyTTs Oa-
JIbOPOCTi, 4acTOTY CEpUEBUX CKOpPOYEHb, TEMIEPaTypy
Tida Ta iH. XOpoIe OCBITICHHS MO3WTHBHO BIUIMBAE Ha
310pOB’s, 6aABOPICTh, MPOAYKTHBHICTB MpAIli i HaBiTh Ha
AKiCTh cHY [3-6]. CucTeMu OCBITIICHHS CIIPOEKTOBAaHI 3a
NPUHIMIIAMY, 110 BPAaXOBYIOTH OIOJIOTIUHI Ta eMOLiiHi
edeKTH BIUIMBY CBIT/JIa Ha JIIOAWMHY, MalOTh 3abe3nedy-
BaTH pIiBHI OCBITJICHOCTI Ta CIEKTPAIbHHH CKJaJ BH-
MIPOMiHEHHS HAOJIMXKEH1 10 NpUPOJHUX [7].

CpOro/iHi JIaMI1 Ta CBITWJIBHUKH 3 BUKOPUCTAHHSIM
CBITJIOJIIO/IB CTaJII OCHOBHOIO TEXHOJIOTIEID OCBITJICHHS
NPaKTUYHO Y BCiX cdepax. Bonn mMaroTs 1imit psi nepe-
Bar B MOPIBHSHHI 3 JJaMIIaMHU PO3KapIOBaHHS Ta PO3PsiJi-
HUMH Jamnamu. KpiM BUCOKOT eHeproedeKkTHBHOCTI He-
00XI1THO Ha3BaTH BHCOKY HA/IIMHICTh Ta TPUBAIUH CTPOK
CITy>OH, EKOJIOTIYHICTh, CTIMKICTh IO MEXaHIYHUX BIUIH-
BiB, €JIEKTOPO-, TIOXKEXKO- Ta BUOYXOOE3IEUHICTh. 3aB/si-
KA KOMIAKTHOCTI PO3MIpIiB CBITIOIONIB CTBOPIOIOTHCS
HOBI MOJJIMBOCTI 3acTOCYBaHHS €(EKTHBHOI OITHKH,
PI3HHX TM3aiHEPCHKHX PIllICHb, a TAKOX JOJATKOBI 3py-
YHOCTI IIPU €KCILTyaTalil OCBITIIIOBAIbHUX YCTAHOBOK 3a
pPaxyHOK CHCTEM KepyBaHHsS OCBITJICHHSM, 3aCTOCOBY-
BaHHSM IHU(POBUX KOHTPOJIEPIB Ta iH. [6, 7].

OpHuM i3 e(eKTUBHUX HANPSMKIB 3HIDKEHHS CIO-
xwuBaHHA EE Ha ocBiTIeHHS OyHiBeNb € BUKOPHCTaHHS
Cy4acHHX CHCTeM KepyBaHHA OCBIiTIeHHAM. Cuctemu
KEepyBaHHS OCBITJICHHSIM B CBO{H OCHOBI 0a3ylOThCs Ha
BUKOPHCTaHHI JaT4YMKIB Yacy pIBHA OCBITJIIEHOCTI Ta
MPUCYTHOCTI JIFOAeH, a00 KOMOIHOBaHHX JAaTYHKIB, SKi
noeqHyoTh 1i GyHkuii [7-10]. KepyBaHHs OCBITICHHAM
MOJKE€ BHKOPHCTOBYBATHCH B YCTAHOBKAX SIK 3 PETYJIIO-
BaHHSM PiBHs OCBITJICHHS TaK i 0€3 HbOTO.

Exonomist EE cyTTeBO 3a1eXHTh Bi NMPHHHATOTO
crioco0y kepyBaHHs: ekoHOMiss EE 3pocTae mpubnmsno
BiZ 25% TIpu BUKOPHCTAaHHI JAaTYMKIB OCBITICHOCTI IS
HEpPEeryIbOBAaHOTO OCBITICHHS 10 75% TmpH BHUKOpPHC-
TaHHI KOMOIHOBaHHMX IAaTYMKIB y BUMAAKY peryjbOBa-
HOro ocBiTiieHHA. HaiOutbil edexkTUBHUM € pexum,
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KOJIM OCBITJICHHS BHMMHKA€ThCs (IIPU BIACYTHOCTI B
HBOMY moTpebu). Bukopucranns nporpamHoro 3abes-
TIEYCHHS JJIsl KepYBaHHS OCBITJICHHSM J03BOJISIE 1HIUBI-
JQyaJIbHIM KOpPHCTYBauyaM DPEryJIIOBaTH PiBEHb OCBITIIe-
HOCTI Ha pobGoyomy wmicti. ExoHOMIsl enexkTpoeHeprii
MOJKe TIPH I[bOMY JOCSATATUCh Yepe3 MiHiMi3amito piBHA
3arajibHOTO OCBITJICHHS 1 BHKOPHCTaHHS MEpEeBaKHO
MICIIEBOTO OCBITJICHHSI pOOOYMX MiCIIb.

[utanasm exoHowmii EE i mimBumenHio xomMdpopt-
HOCTI TIPH BHKOPWCTAHHI CHCTEM KEepyBaHHS OCBITJICH-
HSM TPUCBSYCHA BEJIHMKAa KUIBKICTh HAyKOBHX IIpallb.
Haii6inbim eeKTHBHUM HaNpsMKOM € BHKOPHUCTAHHS B
CY4YacHUX OCBITJIIOBUIBHHUX CHCTEMax IM(POBUX TEXHO-
qori#t [7, 11-14]. Pa3om 3i CBITJIOMIOJHUMH TEXHOJIOTIS-
MH OCBiTJIIeHHs LudpoBizamist 1 [HTepHET CTBOPIOIOTH
(haKTUYHO HOBY peajIbHICTh CBITJIOTEXHIKH. Pe3ynbraru
HOBUX JOCHJKEHb poJii CBiTJIa Juisi (hi310JI0TiYHOTO i
TICHXOJIOTIYHOTO 37I0POB’S JTFOJICH BiIKPHIH 0COOIHBOCTI
HE Bi3yaJbHUX e()eKTiB BIUIMBY, MOKA3alHd BaXKIIHBICTh
JVHAMIYHHX 3MiH CBITJIOBOTO CepeoBHUINa i Horo rapmo-
Hi3alil 3 OPUPOAHUM CBITIOBUM cepezoBuiiem [15-17].
B HOBIilf pemakmii CBITJIOTEXHIYHOTO CIIOBHHKa MixHa-
poaHoi xomicii 3 ocBiTiienHs: (MKO) Bxke 3’sBUBCS Tep-
Mmin «luterpatuste ociTienus» (Integrative Lighting) —
OCBITJICHHSI, IO MPU3HAYEHEe A1 KOPUCHOTO (i3iosori-
YHOTO 1 ICUXOJIOTIYHOTO BILTHBY HA JIFOJUHY.

MeTor0 1aHOI POGOTH € MPOBEACHHS aHAII3Y 1 BH-
3Ha4YEHHS MEPCHEKTHBHUX HANpsSIMKIB BJOCKOHAJICHHS
CUCTEM KEepYBaHHS CBITJIOIOMHNUM OCBITJICHHSM JUIS TTiJ-
BUINICHHS HOTO €HePTroe()eKTUBHOCTI Ta epTOHOMITHOCTI.

AHaJi3 OCTaHHIX JOCTiTKeHb | myOaikanii

Butparu EE Ha ocBiTJI€HHS MOKYTh OYTH 3HM)KEHI
nuIaxoM onTuManbHoi pobotn CO B KOXKEH MOMEHT
yacy. Haii0inpmr eekTHBHO 116 MOXKIIMBO 3IIHCHIOBATH
3a JIONIOMOTOK aBTOMAaTH30BaHMX CHUCTEM YIPaBIiHHS
ocBiTineHHsM. ABToMaTH30BaHi CO BHKOHYIOTH HACTY-
HI TATIOB1 QYHKIIIT:

— Iliompumanns wmyunoi oceimienocmi 6 npu-
MiweHni Ha 3a0anomy pieni. JlocsSTaeThCs e BBEICHHS
B CO ¢oronmarymka, mo KOHTPOIIOE YTBOPIOBAHY OCBi-
tieHictb. g yHkmis mo3Bomse exkonomutn EE 3a pa-
XYHOK OOMEXEHHS «HAIMIIKOBOI OCBITICHOCTI».

—  Bpaxysauns npupoouoi ocgimienocmi 8 npu-
miwgenni. Sk npaBuio, notyxkHictb CO po3paxoByeThCs
6e3 BpaxyBaHHS YaCTKH IPUPOJHOTO CBITIa, IO MOTPa-
IUTSIE€ B IPUMIIIEHHS B CBITIIy YacTUHY 400H. SIKmIo mif-
TPUMYBAaTH OCBITJIICHICTh, IIO CTBOPIOETHCS CIIIBHO
mryyHoro CO Ta NPUPOAHUM CBITJIIOM Ha 33aHOMY
PiBHI, TO MOYKHA 3HM)KYBaTH NOTYXHICTh CO B KOXXHUH
MOMEHT 4acy ( B IEBHHI nepioa poky, yacy noom). Lls
(GYHKIIS MOXE 3IHCHIOBATHCS TATYUKOM PIiBHS OCBIT-
JICHOCTI, SIKUH BiJCIIIKOBY€E MOBHY (NIPUPOJHY 1 MTYyY-
Hy) ocBiTieHicTh. [Ipn mpoMy MoxHa ekoHOMHTH 20-
40% EE Ha oCBiTI€HHS MIPUMIIICHB.

—  Bpaxysanns yacy 006u i onig muoicns. Jlogatko-
Ba exoHoMist EE Moxe Oytu mocsraena BumukanasiM CO B
MIEBHUN Yac TOOM Ta BHUXIiTHI 1 CBATKOBI aHi. [l peaniza-
uii miel ¢pynkuii CO mae 6yt o0nagHaHa BIacHUM rpadi-
KOM peaJIbHOT'0 Yacy BMHKaHHs/BUMHUKaHH OVY.

— Bpaxysanna npucymuocmi mooeii 6 npuminjen-
ni. Tlpu 3acrocyBanni B CO parynMka NpUCYTHOCTI MO-

KHa BMUKaTH 1 BuMukatd CO 3ajJeXHO Bif TOro, Yue
JIOJM B MPHUMIIEHHI. 32 paXyHOK Takoi aBToMartu3anii
moxHa ekonomutu EE no 10-25%.

3pocTaHHs POi CBITJIOMNIONIB B TEXHOJIOTISAX OCBI-
TJICHHS CHIPUYUHMIIO HOBMM MOIITOBX 1 B PO3BUTKY CHC-
TEM CBITJIIOPETYJIOBaHHA. Ba)kIMBOIO TepeBaror CBiT-
JOMIOMHUX CBITHJIBHUKIB Iepe]] CBITHIFHUKAMH 3 PO3-
PANHUMH JIaMIAMH € MOJMJIMBICTH OUTBII e(eKTHBHO
3IIHCHIOBAaTH KEpyBaHHS CBITIOBHM IOTOKOM. B cBiT-
JOIIOAHOMY CBITHIBHHKY MOXKHA peajli3yBaTd IUIaBHY
3MiHY CBITJIOBOTO MOTOKY (AMMIHT) B pyYHOMY 1 aBTO-
MaTHUYHOMY PEKHMI 3aJIeKHO Bif NEBHHX yMOB. Taku-
MU YMOBaMH MOXYTb OyTH, HAPUKJIA, 30BHILIHS OCBIi-
TJICHICTh, MPHUCYTHICTh JIIOJICH B OCBITIIOBAIBHIN 30HI
Ta iH. [IaBHE peryioBaHHS CBITJIOBOTO IIOTOKY J103BO-
asie OUTbI e()eKTHMBHO BHKOPHUCTOBYBAaTH 30OBHILIHIO
OCBITJICHICTH 1 3HM3UTH BUTpaTH Ha crioxkuBany EE.

Bci mpusnaueni ansa ekoHomii EE cucremu kepy-
BaHHS OCBITJICHHAM B CBOiifl OCHOBi 0a3yIOThCS Ha BU-
KOPHCTaHHI JaTYHKIB 9acy, MPUCYTHOCTI, PiBHA OCBIT-
JeHOCTi 200 KOMOIHOBAaHMX JaTYHKIB, IO 00’ € THYIOTH B
co0i i dynkmii [8-11].

CydJacHi iHTeJeKTyaJbHi JaTYNKH € TOJOBHUMH 3a-
cobamu kepysanus CO. 1li maTynku MOXKyTh OyTH ajar-
TOBaHI CTOCOBHO BHMOT J0 HPHCYTHOCTI JIIOAEH, 3MiHH
HPHUPOHOTO OCBITIEHHS Ta iH. ChOTroJHI cepiliHO BUPOO-
JISIFOTBCS 1 0araTolibOBI JATYMKH, IO MICTATH B COOi
(OTOENEeKTPUYHI JAaTUYUKK ISl peecTpallii 3MiH B piBHI
OCBITJICHOCTI, TIACHBHI iH()padepBOHI Ta yIHTPa3BYKOBI
JATYUKA YISl BUSBICHHS PYXOMHX 00’€KTIB Ta iHIII QY-
HKIii. Taki JaT4vkd MOXYTh BHKOPHUCTOBYBATHCH IS
CTBOPEHHS JIOTTYHUX KEPYIOUMX IPHUCTPOIB, SKI HAJAII-
TOBYIOTHCSI HA 3MiHY PiBHS OCBITJIICHOCTI IIPW BHSABJIICHHI
PYXOMHX OO0’€KTiB B 30HI, IO KOHTPOIFIOETHCS, SKIIO
PIBCHBb OCBITJICHOCTI B I1iii 30HI MEHIITI# 3a1aHOT BeIHYH-
HH. 3aJIeKHO BiJ yacy MO0 JaTYMK OCBITIIEHOCTI MOXE
pOrpaMyBaTUCh HAa 3MEHIICHHS PiBHS OCBITIICHOCTI MPH
BifIcyTHOCTI Jiroei. Ilicist 3akiH4eHHS PoOOYOro JIHS
Hel ke JaTiuK MoXe 3a0e3redyyBaTd MOCTYIOBE 3MEH-
IIEHHS] OCBITJIEHOCTI JI0 TIOBHOTO BUMHKAaHHS IPOTIIOM
MIEBHOTO 4Yacy, Hanpukiajg 10 xBwinH, a00 BMHKaHHSIM
CHUTHAJTy TIPO 3aKiHYEeHHs poO0YOro JHS.

Juts migBUIeHAS KOM(OPTHOCTI OCBITIICHHS ILIa-
BHE PETyJIIOBaHHS JaT4MKa 3aJIeXKHO Bil PIBHS NPUPOJ-
HOi OCBITJICHOCTI € BaJIMBUM IapaMeTpoM. Jlarunkwy,
0 TPHUETHAHI 10 OKPEMOTO CBITHJIbHHKA ab0 Tpymnu
CBITHJIBHHKIB ITPOTATOM JHS 3MIACHIOIOTH IUTaBHE PeTy-
JIIOBAaHHS PiBHS OCBITJICHOCTI 32 33JIaHOIO MPOTPAMOI0.

InTenekryanpHi gaTduku 3a0e3meuyroTh KoMpopT
OCBITJICHHS 1 B BeUipHIii yac, IJIaBHO 3MiHIOIOYH PiBEHb
OCBITJIEHOCTI NUIAXiB BUXOAY 3 OyaAiBeNb Ta 30H, IO
MIPWIATAIOTH 10 HUX 1 3MEHIIYIOTh HEpalliOHAJIbHE BU-
kopuctanHs EE Ha OCBITICHHS NIPU BiACYTHOCTI JIFOICH.

HoBum mepcnektuBHUM HarpsiMkoM ekoHomii EE
€ IHIUBiMyaJbHE KEpyBaHHS OCBITIICHHSAM. Bukopuc-
TaHHS CIELaJbHOIO MPOTrPaMHOTO 3a0e3le4yeHHs J0-
3BOJISIE IHJIUBITyalbHUM KOPUCTYBayaM 3a IOTIOMOTIOFO
pobounx craHmid i OoQIiCHMX KOMI'IOTEpiB KepyBaTH
ocBiTiieHHsAM. Exonomis EE mpm mpomy mocsraeTbes
IUIIXOM MiHIMI3aIlii piBHS 3arajgbHOTO OCBITIIEHHS i1
MaKCUMaJIbHO €()EeKTHBHOTO BHKOPUCTAHHS MiCIIEBOTO
ocBiTiIeHHsI. KepyBaTH BEITWYHHOIO CBITIIOBOTO MOTOKY
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CBITJIOAIOAHUX JIAMIT Ta CBITHJILHHKIBMOJYKHA KiJIbBKOMa
crocobamu.

B cBiTOBIi TpakTUI IS aBTOMAaTHYHOTO KEpy-
BaHHS OCBITJICHHSIM 3aCTOCOBYETHCS JIBA OCHOBHHX 1H-
Tepdeiicn KepyBaHHS BUXIJIHUM CTPYyMOM (JUMIHTY):
aHAJIOTOBUH 1 MUPPOBUIA.

AmnarnoroBuii iHTEepdeiic — ne inTepdeiic kepyBaH-
Hs, SKMH [0O3BOJIIE€ 3MIHIOBATH 3HAYEHHS BHXIIHOIO
CTPyMy 3a JIOTIOMOTO0 Kepyrowoi Hanpyru [18]. Lud-
poBumii iHTepdeiic — 1e iHTepdeiic KepyBaHHS, SKAN
JIO3BOJIIE 3MIHIOBATH BHXIIHUI CTPyM 3a JOIIOMOTOIO
IMPOTHO-iMIyNbcHOT Moayrsaii (IIIIM) [19]. 3aransHa

cXeMa CBITJIOJIIOJTHOTO CBITHIIbHUKA 3 (DYHKIIIEIO Kepy-
BaHHS SICKpaBICTIO IpeacTaBiieHa Ha puc. 1. Llg cxema
CKJIQJIAETHCS 13 YOTHPHOX OCHOBHHUX OJIOKIB: JiKepena
JKUBIICHHSI 31CTa0TI30BaHUM BUXITHUM CTPYMOM i BOY-
JIOBaHUM iHTEep(eHcoM KepyBaHHS, CBITJIO/AIO0HOTO
Moxyns i matguka JI. Iyt cTBOpeHHST aBTOHOMHOTO CBi-
THUJIBHUKA MOTPIOEH JaTYMK HA OCHOBI CHUTHANIB SKOTO
CBITHIIFHUK Oy/e BMHUKATHCH/BUMHKATHCh (IATIUK DPY-
Xy) abo0 3MiHIOBaTH SICKPaBiCTh (HATYHK PiBHS OCBiTIIE-
HOCTi). B sIKOCTI IpHCTpOI0 KepyBaHHS MOYKHA 3aCTOCO-
BYBaTH TOTOBi KOHTpOJEpH abo pO3poONSATH BIIACHI
IIPUCTPOI.
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%D w w

~2208B xepeno xusneHHA

VD12 vD22 VDON2
\‘@ b\ N

1..108
abo

JUL

MpuCTpiid KepyBaHHA il
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%SDH\J\

Puc. 1. Cxema CBITJIOIOAHOTO CBITHIIBHUKA 3 (YHKIIEIO AUMIHTY

AHanorose peryJoBaHHs CBITIOBOIO MOTOKY 3/Iific-
HIOETBCS IIUIIXOM 3MiHH MOCTIHOTO CTYMY, HIO MPOXO-
JIMTh Yepe3 CBITIIOMIOAHUI JaHI0KOK. [Ipu 1boMy pe-
T'YJIIOETHCS OTIOPHA HANpyra BCEPE/IMHI JpKepena CBiTia
abo Hampyra Ha CTPyMOYYTIIMBOMY PE3HCTOPi 30BHI
1BOTO JDKEpea.

Pery/iioBaHHsl SICKpPaBOCTi HIJISIXOM 3MiHM OTIOp-
Hoi Hanpyru. /s GinbLIOCTI CBITJIOAIONHUX ApaiBepiB
CTPYM CBITJIOZIIO/y BU3HAYAETHCS TAKHUM PIBHSIHHSM:

1 ep=Vrer/Rsns, 1)

ne Vrer — BHYTPIIIHS OTIOpPHA HAIIPYyTa CBITIONI0THOTO
npaiiBepa; Rsns — BennanHa onopy CTpyMOYyTIHBOTO
pesucropy.

CtpyM dYepe3 CBITJIOIION PETYJIOETHCS MUIIXOM
3MiHd Vger. AJle HEOOXIiZHO 3a3HAUMTH, IO HE BCi
JpaiiBepu [OIyCKalOTh TaKe peryiroBaHHA. IcHye nBa
crocoOu HaJaITyBaHHS JApaiBepiB 3 OMOPHOIO HAIIPY-
rOI0.

[Nepmmit 3 HUX MoOJsTae B 10/1a4i aHAJIOTOBOI Ha-
NIPYTH Ha BiANOBIIHWI BUBIJI ONOPHOI HAIPYTH, IO € B
MIKpOCXeMi.

Hpyruii crioci®é monsrae B perysroBaHHI OIMOPHOT
HATPYTH 32 OMIOMOTOI0 III(PPOBOTO iHTEpEHcy THITY.

IIle ogHMM PO3MOBCIOJDKEHHM METOAOM aHAJIOrO-
BOTO KEpyBaHHS CTPYMOM CBITJIOAIOAY, 3MiHA HANPYTH
Ha CTPYMOYYTJIHMBOMY pPE3HCTOPI, BEIMYMHA SIKOTO B
Oinprocti BunaakiB Mexmie 1 Owm.

Ha npakrtumi Harpyra Ha I[bOMY PE3UCTOPi 3MiHIO-
etbest Ha BUBOAI CS (puc.2) MiKpocxeMH 1ojadi 30BHi-
LIHBOT 3MIHHOI HaNpyTH.

Ha puc. 2 nokazanuil TUNOBUI aHAJIOrOBUH JaH-
LII0)KOK KEPYBaHHSI CTPYMOM CBITJIOJI0Y, B SIKiH Hampy-
ra 3MIHIOETHCS Ha CTPYMOYYTIIMBOMY PE3UCTOPI.

TPS92660 '

+

CS R1

R2 RSNS

VADJ

Puc. 2. TumoBa aHayoroBa cxeMa peryioBaHHI CTPYMY

Hanpyrana BuBoai CS BU3HAYAETHCS SIK:
Ves=R1(R1+R2)V.ps— R2(R1+R2) lLepRsns. 2

B criiikoMy crani Hanpyra Ha BuBoai CS nopiBHIOE
oropHii Hanpy3i. CTPyMCBITIOAIOAY 3MIHIOETHCS IIIS-
XOM pEryJIIOBaHHS 30BHITHLOT HanpyTH V,p; abope3uc-
TOpa 3MiHHOTO onopy Ro.

AmnarnoroBuil iHTepdeic KepyBaHHS JJ03BOJISIE pe-
T'YJIOBAaTH BUXIAHUI CTPYM 3a JOTIOMOTOIO 30BHILIHBOT
Kepylouoi HanpyrH, sKa HaJgaeThCsl Ha BUBOAM JUKEpea
xwuBieHHs. Kepyroua Hanpyra 3miHroeTses Big 1 no 10
B, 110 Mpu3BOIUTE 10 3MIHMBUXIAHOTO CTPYMY JKepeia
JKHMBJICHHS.

[pukian XapakTepUCTUKH KEPyBaHHS HaBEIECHO
Ha puc. 3.

ITo oci opauHAT BiKIaACH] 3HAYCHHS BUX1THO-
ro cTpyMmy (Y BiICOTKax), a MO OCi OpIMHAT — Kepyroda
Hanpyra (y BOJIBTAX).
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Puc. 3. XapakreprcTrka KepyBaHHs JKepea XKHUBJICHHS 3 JUMEPOM
(3 aHanoroBUM iHTEpdeiicoM KepyBaHH:)

Ieit rpadik He € 3aralbHUM JJIsl BCIX JKEPEIT JKUB-
JICHHA 3 aHaJOTOBHM iHTepdeiicom kepyBaHHs. s
KOXKHOTO MOJYJIsS peryiroBalibHa XapaKTepHCTHKa Ha-
BOJIUTHCS B TIACTIOPTI.

CyThb KepyBaHHA SICKPaBICTIO 3a JOIIOMOTOIO
IIIM monaraec B BMHKaHHI iBUMHKaHHI CBITIIOXIOIB 3
3aJaHUM KOe(]ilieHTOM 3alIOBHEHHS i 4acTOTOI0. Tak sk
MEPEMUKAHHS CBITJIOAI0IB MPOXOAATh JOCHTh IIBUIKO
(3 wacrororo 61p010200 1Y) TO CBITIO CIpUiMA€ETh-
s sk Oe3nepepBHe.

CTpyM, 10 MPOTIKAE Yepe3 CBITIOMION MpH
IOMY METOJi BH3HAYAETHCSIPIBHSIHHIM:

Ipy=D-liep, 3)

ne Ipy — perynboBaHuil cTpyM uepes cBiTimomion; D —
koedilieHT 3an0BHEHHS; | ep — NOCTIHHUI CTPYM Yepes
KOMYTYIOUUH JIAHLIOT.

Cxema IIM-curHamy Ta HpUKIAX PEryor04oi
XapaKTepUCTUKU JDKEpeda S>KUBJICHHS HaBeleHI Ha
puc. 4 Ta 5.

Burximunii
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Puc. 5. Cxema IIIM-curHamy kepyBaHHS
CTPYMOM CBITIIOIO/iB

Haii0inbI mepcneKTHBHUMHU CHCTEMaMH PEryJIio-
BaHHS OCBITJICHHSI € CHCTEMH, B SIKUX PETYJIOIOTHCS HE
TUIBKU PIBEHB OCBITIIEHOCTI, @ 1 3MiHa KOJBbOPY CBITJIA.
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Puc. 5. XapaxkrepucTuka peryoBaHHsI BUXITHOTO CTPYMY
npu [IIM kepyBaHHi SICKpaBiCTIO CBITIONIOAIB

CBITJIONI0/IM € ielTbHUMU JKEPEJIaMu CBITJIa, 0
3a0e3nedyroTh TOYHY YCTaHOBKY HEOOXiHOI KoJlipHOC-
Ti. KoJip Mo>XHa 3MiHIOBaTH LUISIXOM 3MilllyBaHHS CBiT-
Jia CBITJIOMIO/IB YEPBOHOTO, 3€JICHOTO Ta CHHBOTO CBIT-

na (RGB). Ipu 3mimmyBanHi 1IHX KOJBOPIB B CBITIOMIO-
JHUX CBITHJIBHUKAX 3 PEryJbOBAaHOI KOJIPHICTIO 3a-
CTOCOBYETBCS KUTbKA JIAHIIOXKKIB CBITJIOMIO/NIB YEPBO-
HOT'0, 3€JICHOr0Ta CHHBOTO CBITJIA 3 PErYJILOBAHOIO SICK-
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paBictio [20-21]. i CTBOpEHHsI BEJIHMKOi KiTbKOCTI
KOJIpHUX BIATIHKIB HEOOXIJHO 3MIHIOBATH SCKPaBICTh
KOKHOTO CBITJIO/IIOTHOTO KaHAIY.

Take perynroBaHHsS 3IHCHIOETHCS 32 JOTIOMOTOO
3MiHM BEJIMYHHHU CTPYMY, LIO NMPOXOIUTH yepe3 i JIaH-
IIOTH.

3acTOCOBYIOTHCS JIBa METOIN KEPYBAHHS CTPYMOM:

— aHAIOTOBHH (TIHIKHUH perynarop),

— IIIM peryntoBaHHS.

Limeroan peanmizyoThCs JIHIHHUMHI a0 IMITyIIbC-
HUMU JpaiiBepamH.

udposi iHTepdeiicu 3acTOCOBYIOTCS, SIK PaBH-
JI0, B CBITHJIbHUKAaX 3 IEHTPAII30BAHUM KEpyBaHHSM,
30KpeMa JJIsl BHYTPILIIHBOTO OCBITIICHHS IPUMIILCHB.

CBITJIOMIOAM J03BOJISIIOTH PEaTi30BYBaTH CHEPTO-
e(eKTUBHI PINICHHS 10JHOYACHO IMOKpAIlyBaTH SIKICTh
cBiT/Ia. BUPOOHUKY CBITHIIBHUKIB TEep MOXYTh 1HTeET-
pyBaTH CBITIOMIOIHI Kepela CBiTia 0e3mocepeHb0 B
CBITWIILHUKY 1 B 0araTboX BHUMAmKax Oinbine Hemae ¢i-
3UYHOI Pi3HMI MK DKEPEJIOM CBITJIA 1 CBITHILHHKOM.
CucteMn OCBITJIICHHS CTalOTh OUTHII (DYHKITIOHAIBHU-
MH, TIPOCTIIINMH B HaJaIITyBaHHI. BripoBamkeHHS CBi-
TIIOIIOJHUX TEXHOJIOT1H O3BOJISIE 3MIHIOBATH aHAJIOTO-
By CBITJIOTEXHIKY Ha IM(POBY, pealli3yloyd HOBY KOH-
LETIO IHTENEKTYalbHOT cUCTeMH OCBiTIeHH: (SLS).

I{poMy cIipusie mPOrpec B Pi3HUX TEXHOJOTIYHUX
CEKTOpax, sKi 3apa3 € YaCTUHOIO TEXHOJIOTIT OCBITICHHS,
30KpeMa MOXKJIMBICTIO KEPYBaHH: IHPOPMAIIi€I0,a TAKOK
peaiizari€ro 3B’sA3Ky HU(PPOBUX 1 aHATIOTOBUX TEXHOJIO-
riif yepe3 IaTEpHETTA 1H.

JlonaTkoBUMHE €IIEMEHTaMH, IO TOJETIIYIOTh pea-
Ji3amio OuX iHHOBAIlif, € MiHIaTIOpHU3alis KOMIIOHECH-
TiB, SIKi MOXXYTh OyTH IHTETPOBAaHNMH B CHCTEMH CBiT-
JOTIOHUX MOJYJIB, TAKHUX SK JATYHKH Ta O€3IPOTOBUN
3B’s130k [10, 12, 24].

ITpu kepyBaHHI OCBITJIEHHSM 3a JOIIOMOT'OI0 HO-
BUX aKTUBHHUX 1HTepQENCiB KOpUCTYBau Oe3M0ocepeHbO
MOXK€ 3/IHCHIOBATH PY4HE KepyBaHHs PIBHEM OCBiTJIe-
HOCTI, KOPEJIbOBAHOIO KOJIPHOI TEeMIIepaTypor, Ha-
MPSIMKOM CBiTJIa Ta iH. [25, 26].

OpHaK TMOBHICTIO Py4YHE YIPaBIiHHA B CKIAJHUX
CUTYAIisIX MOX€E MPUBECTH 0 XaOTHYHOTO OCBITIICHHS.
LeBinOyBaeThes, KoM 06arato JroAel 3MIHIOIOTH OCBIT-
JICHHA, 1 Ha 16 TaKOXX MOXKYTh BIUIMBAaTH (DAKTOPH, SIKi
HEe 3aJe)KaTh BiJ JIOACH, Taki SK 3MiHA TPHUPOIHOTO
OCBITJICHHSI.

Y BuNagKy NOBHICTIO aBTOMAaTH30BaHOTO Kepy-
BaHHS CHCTEMOIO OCBITJICHHS pillleHHS NPUIIMA€eTHCS Ha
OCHOBI iH(pOpMAIlii OTpEMaHOI BiJl JATYMKIB 1 Y JTIOTUHA
HE Ma€ MOXKJIMBOCTI BIUIMBATH Ha CBITJIIOBE CEPEOBHILIE.
ABTOMAaTH30BaHa CHCTEMa OCBITJIICHHsI 3py4YHa B CHUTYya-
LisAX, KOJIM HEOOXITHO OIHOYACHO KEPYyBaTH KiIbKOMa
CBITWIILHUKAMHU 3 PI3HUMH CBITJIOTEXHIYHUMH XapaKTe-
puctikamu. KpiMm Toro, aBToMaTn3oBaHa CHCTEMa MOKe
BUOMpPATH KOHKPETHE OCBITJICHHS Ha OCHOBI JIOCBiny,
OTPUMAHOTO TPH MONEPEHIX HANAIITYBaHHAX [12, 26].

CporosiHi epCcHeKTHBHIMHU € KOMOIHAIIT MiX py-
YHUMH Ta aBTOMaTHYHUMH CHCTEMaMK KEepyBaHHS OCBI-
TneHHsaM. [lpu oMy MOKHA 3HAXOJMTH OadaHC MiX
OCBITJICHHSIM sIKe 30epirae aBTOMAaTHYHI 1 pPy4dHi pexu-
MH POOOTH IJIsl TOTO, MO0 3abe3rnmeuyBaTn MEBHUN pi-
BEHb HaJAINTyBaHHA. Taka riOpuaHa cxema 03BOJISIE

JFOJIMHI B3a€EMOJISATH 3 CUCTEMOIO, BU3HAYAIOUM Xapak-
TEPUCTUKH OCBITIICHHSI.

OCHOBHI BUMOTH JI0 CUCTEM KEpPYBaHHS OCBITJICH-
HSM: LIMPOKHWH Jiana30H BXIAHUX 3MIHHUX Hampyr Ta
¢opm BXigHux curnaini; Bucokuit KK/I; BigcyTHicTh
MUTTIHHS 1 CTYIIIHYACTHX TEPEXO/IiB B HIDKHIA YaCTHHI
Ziarma3oHy peryiiOBaHHS; BIICYTHICTh NOTAacaHHS CBIT-
Ja; TIaBHE perymoBaHHA B mianaszoHi 0-100%; mammii
piBeHP HENMIHIMHUX CHOTBOPEHb HANPYTH, SK MOXHA
MEHIIII CHOTBOPEHHA KOCQIIiEHTy IMOTY)KHOCTI; HHU3b-
KHH PiBEHD €NEKTPOMATHITHUX MEPEIIKO i paaiodacTo-
THHUX LIyMiB; cTaOuIi3amis CTpyMy i MajIud KHJOK IycC-
KOBOT'O CTPyMY.

3a OCTaHHI POKHM HAayKOBi OpraHizaimii B ycboMmy
CBITI JIOCHI/DKYIOTh BIUIMB NPHPOAHOTO OCBITJIICHHS Ha
BupoOHMYi ymoBu. IlpupoHe OocBiTICHHS Bifirpae Ba-
JKIUBY POJb JIsi HOPMAJIBHOTO CaMOIIOYYTTS JIIOZACH,
0 3HAXOIAThCA B MpHUMIIIeHHi [26, 27]. BikoHHi akce-
CyapH Taki sIK IITOPH 1 Kairo3i Oe3rmocepeqHhO BILTH-
BAaIOTh HAa KIJIBKICTh CBITIIA, 10 IPOXOIUTH B IPUMIIIICH-
Hi. ToMy BuOip *amro3iTa JATYHKIB BiTirparoTh POIb I
3a0e3neueHHs eHeproeeKTUBHOCTI Ta KOM(OPTY OCBIT-
JICHHsI B IpUMilleHHi [7].

[NepenanamtyBaHHs K031 BiJTHOCHO 11aJ1al040T0
Ha BIKHO CBITJIa NPU3BOAUTH JI0 CYTTEBOI 3MiHHU PiBHIB
OCBITIIEHOCTI 1 OyinckaBocTi. Bubip nar4mkiB i ix po3mi-
meHHs (y BHIIAJKaX BUKOPHCTaHHS (POTOENEKTPUYHMX
JATYHKIB) € BAKJIMBUM MMUTAHHIM, TaK K MOXKHA 3a11o0i-
rTu HebakaHii OimckaBocti 1 ekoHomutH EE 3a paxy-
HOK IPUPOJHOTO OCBITJICHHSI.

[lepcriekTHBHUM JUIS PETYIIOBAaHHS Ta ITiBHIICH-
HS SIKOCTI OCBITJIGHHSI € BHKOPHMCTAaHHS IITYYHOTO iHTe-
aekty [28, 29]. CO Ha OCHOBI ITYYHOTO IHTEIEKTY MO-
K€ ONTHUMI3yBaTH 1 HAJAIITOBYBATH NapaMeTpH OCBIT-
JICHHSI IS TIO3UTHBHOTO BIUIMBY Ha CHPUHHATTS 1 KOM-
¢bopT noael. ANrOPUTMH IITYYHOTO THTEIEKTY MOXKYTh
OyTn po3poOiieHi yisi X BHKOPUCTaHHS B OKPEMOMY
KOMITOHEHTI, HaNpUKIIa, B 1aT4MKy (Y BUIAJKy JelIeH-
TpasIi30BaHUX pillieHb) a00 Ha cepBepi (AJIsI EHTPaTi30-
BaHMX PILICHB).

HITyuHuii iHTENEKT BIJHOCHTBCS 10 CUCTEM CTBO-
PEHHUX JIFOUHOIO 1 34aTHUM IHTEpIPETyBaTH HABKOJIUII-
HE CEpeloBHIIE, B SKOMY BOHH 3HAXOAATHCS, POOUTH
BHCHOBKH 1 BUKOHYBATH [ii, III0 J03BOJIAIOTH JIOCSATATH
paHile BU3HAYCHUX LiTCH.

Hanpuknan, xamepw, AONOBHEHI IMTYYHHM iHTe-
JIEKTOM, MOXYTh 3 BUCOKOIO TOCTOBIPHICTIO I€TEKTyBa-
TH TIPUCYTHICTH 1 pyX JIFOAeH B KiMHaTi abo mpocTopi i
HAJICHJIATH CHI'HAJI HA BUKOHAHHS MEBHUX il (BMUKATH
abo BumuKaTH cBiTio). llITyyHnii iHTENEeKT Mependayae
MalliHHEe HaBYaHHS — 3JaTHICTh 3HAXOAWUTH3aKOHOMIp-
HOCTI 1 mpuiiMaTH pilIeHHsS Ha OCHOBI JIaHMX, SIKI OTPH-
MaHi 13 HaBKOJIMIIHBOTO CEpEeJIOBUINA HE OyIydH SIBHO
3arporpaMoBaHUMH.

CO cratoTh Bce OUTBII CKJIaJHUMHU 1 THyYKUMHU B
HaJlaTyBaHHI sIKI MOTPeOyIOTh CIEIiajJbHUX 3HAHB 1
J0AaTKOBUX pecypciB. ToMy B CBITIOTEXHIYHIN ramysi
Ha BCiX eTamax >KHTTEBOTO IHKITy OCBITJIICHHS, BiJ| MPO-
eKTYBaHHS [0 BBEJEHHS B CKCIUTyaTallifo i HaJamTy-
BaHHSA IS KIHIIEBOTO CII0)KMBa4a MM MaTHMEMO CIIPaBy
AK 3 KOHTPOJIbOBAaHNMH TaK 1HEKOHTPOJIbOBAHUMH IIPO-
6reMaMM MaIIMHHOTO HAaBYaHHS.
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MiXHapOIHOK  acoIlialli€ld  CBITIOAU3AHEPIB
(IALD) onyOnikoBaHuii TexHiUYHHMI OOKyMeHT [5] B
SIKOMY PO3KPHTI HanpsMKd po3po0OK OpiEHTOBaHMX Ha
KOHLEeNIil0 «ocBiTiaenHs aist moaunm» (HCL) abo in-
tepakTuBHe ocBiTieHHs . Cucremn HCL moxyTh aBTO-
MaTHYHO PETYJIOBAaTH IHTEHCHBHICTH Ta KOJIPHICTb
CBITJIa BIIPOJOBXK THS, IO CHPHUSE MiITPUMAHHIO 30PO-
BHUX (yHKH i puT™iB [7, 27].

Ile TexHOMNOTIYHE PilIEHHS CTAa€ BCE OLNBIN TOMy-
JSIPHUM JJIsL CTBOPEHHS CIIPHUATIMBOIO CBITJIOBOTO Cepe-
JIOBHIIA JJIS JIFOJCH y Pi3HUX cepax >KUTTSL.

BucHoBku

1. ABTOMaTHYHI CHCTEMH KepyBaHHS OCBITJICH-
HAM € e(h)eKTUBHIMH 3aco0aMH €KOHOMIi eleKTpoeHep-
ril: iIX BIPOBaIKEHHS [03BOJsIE eKoHOMHUTH 10 50%
€JIEKTPOCHEPTii Ha OCBITIICHHSI.

2. Ilpum mpoekTyBaHHI CHCTEM KEepyBaHHS OCBIT-
JICHHSIM HEOOXiZHO BPaxOBYBaTH HE TiTbKH IapaMeTpH
€HEepProe(peKTHUBHOCTI, aJi¢ 1 ACTMIEKTH BIUIUBY OCBITICHHS
Ha CaMOIIOYYTTsI Ta 37I0pOB’sl JIt0/Ieil, CTBOPEHHS Bi3ya-
JIBHOTO KOM(OPTY, mapameTpoM Oe3reKH, 30Kpema 3a-
Oe3rieuyyBaTH HU3bKUH pIBEHb MHITIHHS SICKPABOCTI,
Bumoru JlupexktuB €C CTOCOBHO eNEKTPOMAarHiTHOI
CYMICHOCTI Ta iH.

3. OCHOBHI BUMOTH JIO0 CHCTEM KepyBaHHSA OCBIT-
JICHHAM CBITJIONIOMHUX JDKEpEN CBITIA: MIMPOKUH Jia-
Ma30H BXiMHUX 3MIHHUX HAIpyr Ta GOpM BXiTHUX CHI-
HauiB; Bucokuit KKJI; BiICYTHICTP MUTTIHHS i CTYIIiH-
YacTUX NEPEXOiB B HIDKHIM YaCTHHI Iiamma3oHy pery-
JIIOBAaHHS; BIZICYTHICTh IOTacaHHS CBITIIA; IUIABHE Pery-
moBaHHs B AianasoHi 0-100%; manuid piBeHb HeJiHil-
HHUX CIIOTBOPEHb HANPYIH; SK MOXXHA MEHIII CIIOTBO-
peHHs1 KoeillieHTy MOTY>KHOCTI; HU3bKUIl PiBEHb elleK-
TPOMArHiTHUX TMEPeIIKoJl 1 pajioyacTOTHHX LIyMiB;
cTaliizalist CTpyMy 1 Majuii KHAOK IIYCKOBOT'O CTPYMY.

4. TIpoBigHi BHPOOHUKH JDKEpEN >KUBJICHHS IS
CBITJIONIIOJIIB 3aCTOCOBYIOTH JIBa OCHOBHHX iHTepdeiica
KEepyBaHHS BUXIJIHMM CTPYMOM (JIIMMIiHTa): aHAJIOTOBUM
i nudpoBuit. Moaynb JXKUBIICHHS 3 aHAJIOTOBUM iHTEp-
(eiicoM IUPOKO BUKOPUCTOBYETHCSI B CHCTEMaX OCBIT-
JICHHS 3 aBTOHOMHHM KEPYBaHHSAM: B CHCTEMax BYIIHU-
HOTO OCBITJICHHS, OCBITJICHHS IAapKOBOK Ta iH. J[xepe-
Ja >KUBJICHHA 3 IUQPOBUM iHTEep(EHCOM IT03BOIIIOTH
KepyBaTH BUXITHHM cTpyMoM 3a gormomororo 1M i
3aCTOCOBYIOThCS, SIK TPAaBWIO, B CBITWIBHHKAX 3
LEHTPaNli30BaHUM KEPyBaHHSAM: [UII BHYTPIIIHBOTO
OCBITJICHHSl TPHUMIIIEHb, CHUCTEMaX apXITEKTYpHOTO
OCBITJICHHS Ta iH.

5. Haiibinbm eeKTHBHUM 3 TOUYKH 30py cTaliib-
HocTi mapamerpiB € IIIIM meron perymoBaHHS. AJe
Yyepe3 HENiHIHHY NpPUPOIY XapaKTepUCTHYHOI KpHUBOL
«CTPYM — OCBITJICHICTB» JUIS OIUIBIIOCTI CBITJIOMIO/IB
tpamumiiine [IIIM-perymoBaHHs He 3a0e3medye MaKCH-
MaJIbHY CBITJIOBY Biimady B ycboMy niama3oHi. [Totpiod-
Hi HOBI TEXHIUHI pIilICHHS U1 MiABHIICHHS CBiTOBOI
BiJladui 10 piBHS MakKCHMaJlbHOTO 3HAUCHHS B yCHOMY
Ziarma3oHi perymoBaHHS.

6. Ommiero 3 BaximBux npobmem [HIM-
peryJIroBaHHs CKPaBOCTI CBITJIA CBITJIIONIOHHX JKEPEI
€ BHUCOKWH piBeHb MHITiHHs. J{nst Ge3mevHocTi CBiTia
IpU IIMOOKOMY PEryJIOBaHHI HEOOXinHO 1100 yacrora
IMITyJIBCIB CTPYMY OyJia SIKOMOT'a BHIIOIO.

7. IlepcrieKTMBHUM MLUIIXOM MiJBHUIIEHHS EHep-
roe)eKTUBHOCTI Ta SKOCTI OCBITJICHHS € CTBOPEHHSA
IHTEJIEKTYaIbHUX CHCTEM OCBITJICHHS, SIKI MOXYTH aB-
TOMATHUYHO PETYJIIOBATH IHTEHCHBHICTH Ta KOJIPHICTB
CBITJIa BIPOAOBX JHS, IO CHPUSIENIATPIMAHHIO 3/10pO-
BHX O10JOTIYHUX PUTMIB.

8. Cucremu OCBITIICHHS Ha OCHOBI IITYYHOTO iH-
TENEKTY MOXYTh ONTHMI3yBaTH1 HalalITOBYBaTH Iapa-
METpH CBITJIa JUIsl IO3UTUBHOTO BIUIMBY Ha JIIO/ICH.

org/News/Reflections-Newsletter/IALD-

Springer International Publishing, 2019. URL:

Engineering  Society, 30(2), 111-125.

CNHCOK JITEPATYPU

1. Commission Regulation (EU) 2019/2020 of 1 October 2019 laying down ecodesign requirements for light sources
and separate control gears pursuant to Directive 2009/125/EC of the European Parliament and of the Council and
repealing Commission Regulation (EC) No 244/2009, (EC) No 245/2009 and (EU) No 1194/2012 (Text with EEA
relevance).

2. Commission Delegated Regulation (EU) 2019/2015 of 11 March 2019 supplementing Regulation (EU) 2017/1369 of the
European Parliament and of Council with regard to energy labelling of light sources and repealing Commission Delegated
Regulation (EU) No 874/2012//(Text with EEA relevance).

3. CIE 158:2009 Ocular lighting effects on human physiology and behaviour.

4. |ES TM-18-18. (2011). Light and human health: An overview of the impact of light on visual, circadian, neuroendocrine and
neurobehavioral.

5. Ladopoulos, I., & Shaw, K. (2017). IALD white paper: Lighting design for health, wellbeing and quality of light, a holistic
approach on human centric lighting. IALD. Available at: http://iald.

REFLECTIONS-24-February-2017. Accessed May 8, 2018.CIE

6. IALD. (2017, February). Joint position paper by LightingEurope and the International Association of Lighting Designers
(IALD) on Human Centric Lighting. Available at: https://www.iald.org/ Advocacy/Publications. Accessed September 30,
2018.

7. Rossi M. Circadian Lighting Design in the LED Era. Cham
https://doi.org/10.1007/978-3-030- 11087-1.

8. Caicedo, D., Li, S., & Pandharipande, A. (2017). Smart lighting control with workspace and ceiling sensors. Lighting
Research and Technology, 49(4), 446-460. https://doi.org/10.1177/ 1477153516629531.

9. Neida, B. V., Manicria, D., & Tweed, A. (2001). An analysis of the energy and cost savings potential of occupancy sensors
for commercial lighting systems. Journal of the Illuminating
https://doi.org/10.1080/00994480.2001.10748357.

10. Meugheuvel, N., et al. (2014). Distributed lighting control with daylight and occupancy adaptation. Energy and Buildings,

75, 321-329. https://doi.org/10.1016/j.enbuild.2014.02.016.

36


http://iald/
http://www.iald.org/
https://doi.org/10.1007/978-3-030-11087-1
https://doi.org/10.1007/978-3-030-11087-1
https://doi.org/10.1080/00994480.2001.10748357

ISSN 2073-7394 Cucrtemu ynpaBiiHHs, HaBirarii Ta 38's13Ky. 2024. Ne 4

11. Yeh, L., et al. (2010). Autonomous light control by wireless sensor and actuator networks. IEEE Sensors Journal, 10(6),
1029-1041. https://doi.org/10.1109/jsen.2010.2042442.

12. Casambi. (2018). Lighting control for the modern world. The most robust, cost effective and future proof wireless lighting
control solution. Available at:https://casambi.com/ (Retrieved: October 21, 2018).

13. Leitner, G. (2015). The future home is wise, not smart: A Human-centric perspective on next generation domestic
technologies (1sted. 2015 ed). Chamu.a: Springer

14. Gonzalez, L. I. L., Troost, M., & Amft, O. (2013) Using a thermopile matrixsensor to recognize energy-related activities in
offices. Procedia Computer Science, 19, 678-685. [In The 4th International Conference on Ambient Systems, Networks and
Technologies (ANT 2013), the 3rd International Conference on Sustainable Energy Information Technology (SEIT-2013)].
https:// doi.org/10.1016/j.procs.2013.06.090.

15. Berson D. M Phototransduction by Retinal Ganglion Cells That Set the Circadian Clock / D. M. Berson, F. A. Dunn, M.
Takao // Science. — 2002. — VVol. 295. — P. 1070.

16. Action Spectrum for Melatonin Regulation in Humans: Evidence for a Novel Circadian Photoreceptor / G. Brainard, J. Hanifi
n, J. Greeson, B. Byrne, G. Glickman, E. Gerner, M. Rollag // Journal of Neuroscience. — 2001. — Vol. 21. — No. 16. — P.
6405.

17. Thapan K. An action spectrum for melatonin suppression: evidence for a novel non-rod, non-cone photoreceptor system in
humans / K. Thapan, J. Arendt, D. Skene // J. Physiol. — 2001. — Vol. 535 (pt 1). — P. 261.

18. ICTY EN IEC 63128:2022 Iurtepdeiic ynpapiiHHs OCBITICHHSIM /I PETYIIOBAHHS SICKPABOCTi. AHAJIOTOBUil iHTepdeiic
peryiroBaHHs HAPyTH JJIs €JIEKTPOHHUX MPUCTPOIB KEPYBaHHS JUKEPEIOM CTPYMY

19. ACTY EN IEC 62386-105:2022 Lludposuii anpecHuii intepdeiic ocimienHs. Yacturaa 105. OcoOiiBi BUMOTH JI0 anaparty-
pu kepyBanHst. [lepenasanus mikpornporpamuoro 3adesneuenns (EN IEC 62386-105:2020, IDT; IEC 62386-105:2020, IDT)

20. Kun-Che Ho, Shun-Chung Wang and Yi-Hua Liu. Dimming Techniques focusing on the improvement in luminous efficiency
for High-brightness LED’s// Electronics 2021. Ne10, P.2161.

21. Manish Kumar Barwar, Lalit Kumar Sahu, Prabhat Ranjan Tripathi, Ranchi, Pallavee Bhatnagar, Hema Chander Allamsetty.
Krishna Kuar Gupta, Josep M. Guerrero Demystifying the Devices Behind the LED Light in Published in: IEEE Industrial
Electonics Magazine (Early Access) Page(s):2-13 Date of Publication: 16 May 2022.

22. TopmikoB B.B. EneproedexTuBHuil eIeKTPOTEXHIYHNIT KOMIUIEKC 3 €JIEMEHTaMH IHTEJIEKTYaJILHOTO KepyBaHHS IPOLECOM
OCBITJICHHSI BYJIMI[b HACEJICHUX ITyHKTiB: MOHOrpadis. (mix penakuieto npod. O.M. Cinuyka). - 2023. - 94 c.

23. Philips Hue. (2012). The definition of smart lighting. Available at: https://www.google.com/search? g=philips+hue&ie=utf-
8&oe=utf-8&client=firefox-b (Retrieved: October 25, 2018).

24. Floyd, D., et al. (1995). Energy efficiency technology demonstration project for Florida educational facilities: Occupancy
sensors. FSEC-CR-867-95.

25. Newsham, G., et al. (2004). Effect of dimming control on office worker satisfaction and performance. In Proceedings of the
IESNA Annual Conference. Tampa, New York: Illuminating Engineering Society of North America.

26. Newsham, G. R., et al. (2008). Individual control of electric lighting in a Daylit space. Lighting Research & Technology,
40(1), 25-41. https://doi.org/10.1177/1477153507081560.

27. Rea, M. S., Figueiro, M. G., & Bullough, J. D. (2002). Circadian photobiology: an emerging framework for lighting
practice and research. Lighting Research & Technology, 34(3), 177-187. https://doi.org/10.1191/1365782802It0570a.

28. Davila J. The Impact of Artificial Intelligence (Al) in LED Lighting /J .Davila// ISSUU from designing lighting. April 2021.

29. Bizip 10. C. lllTyunuii inTenekT y cucremax ympasiinas ocsitienictio / FO. C. Bisip / Asromarusauis ta [Tpunano0yry-
BauHs («Automation and Development of Electronic Devices» ADED-2023) : 36ipHHK CTYJICHTCHKHX HAyKOBHX CTaTCH. —
Xapki : XHYPE, 2024. Bum. 1. C. 7-12.

Received (Hapniiina) 15.09.2024
Accepted for publication (ITpuitasrta no apyky) 30.10.2024

Automatic lighting control systems - an effective way to save electricity
and improve lighting quality

D. Kyslytsia, Y. Basova, S. Kyslytsia, H. Kozhushko, R. Zakharchenko

Abstract. This paper examines the typical functions of lighting control systems and the prospects for their development
using modern advancements in LED technology, the miniaturization of components such as sensors that can be integrated into
LED modules, the use of wireless communication, and the capability of managing information via the Internet. The main typical
functions of automatic lighting control systems include: maintaining artificial lighting in indoor spaces at an appropriate visual
level; reducing the power consumption of lighting systems by utilizing natural lighting; reducing the power consumption of light-
ing systems by optimizing their use at every moment, particularly on weekends and holidays, depending on the presence of peo-
ple in the room, etc.; combined lighting control, which uses both manual and automated methods, allowing the determination of
lighting parameters while considering individual consumer preferences; selection of lighting parameters based on previous set-
tings data, which can improve the lighting environment; provision of lighting parameters aligned with the concept of integrative
lighting (“lighting for people," HCL) by automatically adjusting the level of illumination and color of light throughout the day,
etc. Lighting control systems are primarily based on the use of time, presence, and light level sensors, or combined sensors that
integrate these functions. In global practice, two main output current control interfaces are used for automatic lighting control:
analog and digital. This article provides information on the features of adjusting LED parameters using analog and digital inter-
faces, examines certain issues in the creation of intelligent lighting systems, and explores the prospects of using artificial intelli-
gence in lighting systems. Conclusions are drawn regarding the energy efficiency of automatic lighting control systems, the basic
requirements for their parameters, and future development prospects.

Keywords: LED lamps, lighting control systems, flickering, dimming, pulse width modulation.
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Harmionansauil TexHI9HUHN YHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUHN IHCTUTYT», XapKiB, YKpaiHa

KOHTPO.J/Ib BAKOPUCTAHHA NOTYKHOCTI TU3EJISI HA TAL'Y
B YMOBAX EKCIIVIYATALII AU3EJb-ITOI3/1IB

AHoTanis. O6'ekTOM J0CTITKEHHS € IIPOIIEC KOHTPOIIO BUKOPHCTAHHS IIOTY>KHOCTI an3ers Ha Tary. [IpeameTrom moc-
JIIPKEHHSI € METOIN NepeBipKN BUKOPHCTAHHS MOTY>KHOCTI U3elis Ha TATy. MeTolo cTaTTi € mifBUIIeHHs e()eKTHBHOCTI
po6otu auzens-noizaa JAEJI-02 mpu ioro ekciutyaranii. OTpumMaHo Taki pe3yabTaTi. JocnimkeHo nporec GpyHKIiOHyBaHHS
mmsenb-noizna J{EJI-02 npu 3acTocyBaHHi enekTponepenadi 3 TAroBuMu acuHxpoHHuME apuryHamu (TAl). Otpumano, mo
Takiii mepeaadi BIACTHBI TEXHIUHI Ta eKOHOMIUHI IIepeBary y MOpiBHAHHI 3 TPAAULIHHUME eleKTponepeaadaMu 3 TATOBUMU
JIBUTYHAMH MOCTIHHOTO CTpyMy. B Toii e "ac, peanizauis IIUX mepeBar NoTpedye BUPILICHHS PAAY NPoOIeM, 10 SKUX CIiJ
BIJIHECTH CTBOPEHHS CY4acHHX cHcTeM KOHTpouto Ta aiarHoctuku (CKII) craHy TaroBoro o6iaaHaHHS. 3 L€ METOMO 110
CKJIa[ly eNIeKTpoIepesadi qu3enb-moizna BBenena CK/l, sika BUKoOHaHa Ha 6a3i MepCOHAIFHOTO KOMII'I0Tepa 31 CHeliabHIM
IIporpaMHUM 3abe3nedeHHsIM. L[5 cucTeMa BUKOHYE TIOPIBHSHHS PO3PaxXyHKOBUX 3HaYeHb OCHOBHUX IIAPaMETPIB eJIEKTPO-
nepenadi (MOTY)XHICTb, Tsra, PUCKOPEHHS Ta iH.) 3 X peaJbHIMH 3HAYEHHAMH i Hasae iHdopmariiro MamuHicTy. BucHOBKH.
HaykoBa HOBH3Ha OTpHMaHHX PE3YJIBTATIB MOJATAE y PO3poOIi METOAy NMepeBipKH BUKOPUCTAHHS MOTYKHOCTI JHU3€IsI Ha
TATY B YMOBaX eKCIUTyaTallil, AKAi BiIpi3HAETHCA Bi BIIOMHUX PO3POOKOIO CHCTEMHU KOHTPOJIIO Ta JIarHOCTHKU CTaHy TATO-

BOT0 00JTalHAHHS, 10 AO3BOJIIJIO MiIBUIIUTHA €()EKTHBHICTh POOOTH AU3EIb-TI0i3a MPH HOTro eKCIUTyaTaii.

Knwuyogi ciaoBa: CJIEKTponepeaaya, TSATOBUI aCI/IHXpOHHI/Iﬁ JBUTYH, CUCTEMA KOHTPOJIIO i ﬂial"HOCTI/IKI/I.

Beryn

3acTocyBaHHS B €ICKTpONEpenavyax JIOKOMOTHBIB
TAJl y mopiBHSHHI 3 IBUTYHAMH IIOCTIHHOTO CTPYMY J0-
3BOJISIE MIZBHUIINUTH MOTYKHICTH BCTAHOBJICHOTO 00Jaj-
HaHHA (TIpH Til Jke Maci), SMCHIITUTH JUHAMIYHI BILTHBH
Ha eKia)k Ta KOJIIo, IMABUIIATH TOYHICTh, TEXHOJIOTIY-
HICTh, 3HU3UTH BapTICTh 1 CKCIUTyaTalliiiHi BUTpaTtH. B
TOW >Xe Yac, HAsBHICTh JOCTAaTHBO CKJIAJHOTO O0aj-
HAHHS | MOXKJIMBI HETATHBHI HACII KK HOT0 BiIMOB, 00Y-
MOBJIIOIOTh HEOOX1HICTh cTBOpeHHs cydacHoi CKJ] Ts-
rOBOT0 OOJIaJIHAHHS JIJIsl PAHHBOTO BUSIBJICHHS HECTIPaB-
HocTed. PimeHHs 1iei 3amaui morpedye BUKOPUCTAHHS
METOJIIB 1 AJITOPUTMIB IHTEJEKTYaJbHOI A1arHOCTHKH Ta
3ac00iB 3 BHKOPUCTAHHSM MIKPOIPOIECOPHUX CUCTEM
(MIIC).

AHaxi3 gitepatypu. TsroBo-eHepreTHYHi po3pa-
XYHKHU € OJTHIEI0 3 OCHOBHHX 3ajady, ki Tpeba BUpImTy-
BaTH ISl €EKTUBHOTO YNPAaBIiHHS IPOLECaMy IepeBe-
3eHHs Ha 3ami3Humi. Lli po3paxyHKH IS BU3HAYCHHS
€Hepro3aolla/KYyI0YuX TPAEKTOPIH PyXy JIOKOMOTHBA
nepe0avaoTh MOIIYK PallioHAIBHOT 3aJIC)KHOCTI BUTPAT
€Hepropecypcis i3 yacom mpu pyci noizaa [1— 4], a ix
pe3ynpTaTé OyAyTh ZOCTOBIPHUMH TiNBKY IPU HATICKHIN
SAKOCT1 pOOOTH OCHOBHHUX CKJIAQJOBUX €HEPreTUIHOI CcHC-
TEMH.

Pexxum BeseHHSI JIOKOMOTHBA MOXKHa PO3OHMTH Ha
¢azu:

— IYCK Ta PO3TiH J0 BUXOJy Ha 00paHy XOJOBY Xa-
PaKTepUCTHKY;

— pyx npu BkimroueHux TA/l;

— pyx Ha Bubiry npu BumkHenux TA/l i perymnsoBa-
JIbHE TaJbMYBaHHS Ha CIIyCKax Jisl TOTO, 1100 MiATpu-
MaTH MIBUJIKICTh HA 3aaHOMY PiBHi;

— TaJIbMyBaHHS JJIsl 3HU)KEHHS IIBHUIKOCTI JIOKOMO-
TUBA Iiepe]l 3yITHHKaAMU.

[Ipu mpodini msaxy, Ha TKOMY YEepryIOThCS -
HOMH, CITyCKH, TOPH30HTAIbHI IIJITHKH, JAOIITHBHO BECTH
JIOKOMOTHUB IIPU BKJIFOYEHOMY KOHTPOJIEP1 — IIPH LIbOMY

pETyIIOBaHHS IIBUAKOCTI PYXy 3IIHCHIOETHCS ILIAXOM
3MIiHH CHJIH TSTH [5].

Crpareris 00CIyroByBaHHsI JIOKOMOTHBIB 3 Iiepe-
XOZIOM BiJl TUIAHOBO-IIOIIEPE/KYBAILHOTO OOCIYTOBY-
BaHHs JI0 00CIIyTrOBYBaHHS 1 pEMOHTY 3 YpaxXyBaHHSM Te-
XHIYHOTO CTaHy nepenbadae HasBHICTH 6opToBoi CK/I.
[Ipu upOMY NMOBHHEH JOTPUMYBATUCH IPHHIIMIT JOCTAT-
HOCTI, SKH{ PeriaMeHTye BUKOPHCTaHHS HAasBHUX B CH-
CTeMi KepyBaHHS JaTYMKIB 3BOPOTHHUX 3B’s3KkiB. Ha Te-
TMIepilHii yac HEMae €IMHOTO CHCTEMHOTO MiIX0ay /0
MTUTaHb J1arHOCTHKH PYXOMOTO CKJIaay, TOMY MOCTIHHO
MPOAOBXKYIOTHCSI PO3POOKH HOBHX 3aCO0IB Ta METOJIB
KOHTPOJIIO.

TsiroBa enexkrpornepenaya au3eb-1oizaa 3aiicHIoE
nepenaydy MoTYXHOCTI In3elis 0 PyIIHHUX KoJiec i Ha-
JIOXKHThH JI0 OCHOBHHX CKJIaJIOBUX, SIKi BU3HAYAIOTH SIKICTh
pobotu noxomotuBa. Enexrponepenaua noizma 3 TA/]
mictuth MIIC kepyBaHHSI, IO 1a€ MOKIIMBICTh OJJHOYA-
croro crBopeHHst CK/l crany TsroBoro o0iagHaHHS 3
BHKOPHCTAHHSM 3ac00iB 00UMCITIIOBaNbHOT TexHikH. Ha-
SIBHICTB TaKoi CKJIaIOBOT B CUCTEMi KepYBaHHS €IEKTPO-
repenadi JA03BOJSE BUKOHYBAaTH Oe3NepepBHUH KOHT-
poib QyHKIIOHYBaHHS €JEKTponepeaadi MpH eKCIuTya-
Tanii He HOPYIIYIOUH ITaTHOI pOOOTH JHU3eb-N0i3a Ta
iH(pOpPMyBaTH MAIIMHICTa TPO BiAXWUJICHHS IapaMeTpiB
BiJl HOpMaTHBHUX. B JaHOMY BHIaJIKy KOHTPOJIIO ITi sl
TaloTh: MOTYKHICTh AU3EJSI TIO TIO3MITISIX KOHTPOJIEpa Ma-
[IMHICTa, BUKOPUCTAHHS BUTFHOI MOTY>KHOCTI AM3ETS Ha
TATY, peajti3allisi TATOBUX XapaKTePUCTHK TU3ENb-TI0i31a
Ta X MMOKa3HUKIB: IIBUJKICTb, IPUCKOPEHHS Ta iH.

[Tpu po3poOd1i 6opTOBUX CHUCTEM JIOKOMOTHBIB BH-
kopuctoBytoTbcst MIIC i3 3acTocyBaHHSIM pi3HUX JaT4Hd-
kiB. {51 epekTHBHOT pOOOTH ITUX CHCTEM HEOOXiTHA BU-
COKa IIBH/JKICTb OOMiHY, BUCOKA BIPOTiIHICTb 1 HU3BKHH
PpiBEeHb IIOMIJIOK Nepeadi iHpopmartii.

B sIKOCTi BUCOKOTIPOYKTHBHOTO 1 HATIHHOTO 1HTe-
pdeiicy ays 0OMiHy JaHUMH MiX Pi3HUMH OJIOKaMU CHC-
TEMHU yHIPaBIiHHSA i JIarHOCTYBaHHS BHKOPHUCTOBYETHCS
npotokosr CAN (Controller Area Network). Ileit Bubip

38 © Hockos B. I, Taepunenxo C. 10., I'eiiko M. B., ITanuerko B. 1., 2024



ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2024. Ne 4

3yMOBJICHHH BHCOKOIO IEPEIIKOJI03aXHIIEHICTIO, MOX-
JIMBICTIO PO3BUTKY Ta BiJTHOCHOIO IIPOCTOTOIO peastizarii
[6]. OcHOBHOO PHCOIO IIHOTO MPOTOKOJIY € MOXKIIHBICTh
MIPAIFOBATH Ha OCHOBI TEXHIKM PO3MOALIEHHUX MOBIOM-
JIeHb — iH(popMallis, epeiaHa B Mepexi, JOCTYyIHA JIs
npuiioMy OyIb-SIKUM BY3JIOM CHCTEMH, SIKHHA TpUiiMae
pimeHHs po 06poOKy abo iIrHOPYBaHHS MOBiTOMIICHHS.
[epenaqa mosimomnenns B Mmepexi CAN mMosxe OyTH iHi-
nifioBaHa OyIb-sIKUM BY3JIOM Mepexi IpH BiJbHIN MINHI,
BY3JIH MOXKYTh OOMiHIOBAaTHCS iHPOPMAILi€0 MiXk COO0IO.

B cratTi po3risanaeTbes 3agada 6e3nepepBHOTO KO-
HTPOJIO SIKOCTI pOOOTH TATOBOI €NeKTporepenayi au-
3eJ1b-T1013/1a 0e3 BILIMBY Ha i1 ()yHKI[IOHYBaHHS B poLeci
pyXy' . . .

Jns BupimeHHs i€l 3aaa41 NPOBEAEHO:

— aHaJIi3 CXeMH TATOBOI eJIeKTporepeaayi Ta i cuc-
TEMH KepyBaHHS;

— PO3IJIsI HassBHUX CUTHAJIB 3BOPOTHHX 3B’SI3KIB
cUCTeMH KepyBaHHA Ausl ix BukopuctanHs B CK/I;

— po3po0Ka METOIiB Ta aNTOPUTMIB KOHTPOJIIO KO-
CTi poOOTH eNeKTpornepeaadi B IITATHUX PEKUMAX EKC-
IUTyaTarlii An3eb-110i3/1a.

OcHOBHA YacTHHA

JlokoMoTHBH OfIHIET cepii, sKi MPAIfOIOTh B OJHA-
KOBUX yMOBaX, MOXYTbh MaTH CYTT€BI pO301XKHOCTI B TS~
TOBHUX XapaKTEPUCTHKaX, HOTYKHOCTI Ta MAJINBHIA €KO-
HOMIYHOCTI BHACTIIOK PO3XOKCHHSA IX TEXHIYHOTO
crany. Lli po30i>kKHOCTI BUHHKAIOTE B Pe3yiIbTaTi HOpMa-
THUBHHX JOITyCKiB HA PEMOHT, 3HOC, B PE3YJIbTaTi HEY3ro-
JPKEHOCTI JIAHOK YIIPaBIIiHHS JTU3elb-TeHepaTopa Ta iH.
BrpaTu MOTY»XKHOCTI Ta CHJIM TSITH MOXYThb BHUHHUKATH
Ipu PO301KHOCTI MOTY>KHOCTEH arperaris, sIKi Iparto-
I0Th MapaJielIbHO Ha 3arajibHe HABaHTaKECHHS.

HepiBHOMIpHICTh PO3NOALTY CTpPYMiB, HaBaHTa-
seHb Mixk TAJL, 1110 IpaIforoTh NapaieibHO Ha 3arajbHe
HaBaHTAKECHHS, BiIOyBAa€ThCS B Pe3yJbTaTi PO3KHIY iX
IIBUAKICHUX XapakTepuctuk. [Ipu npoMy BHHHKae OOK-
CyBaHHS, IEperpiB IEpeBaHTAXEHUX JABHUTYHIB, 3HH-
JKCHHSI TATOBOTO 3yCHWIUISA 1 KoedillieHTa KOPUCHOI mii
(KK) Tarosoi mepenaui. ®akTudHi pekUMHU Ta TATOBI
MIOKa3HUKHK MOXXYTh OyTH BHU3HAYEHI 3 JJOCTATHBOIO JIOC-
TOBIPHICTIO JIMIIE HAa OCHOBI TSATOBO-EKCILTyaTalliiHHUX

uuisixy [7, 8].

Ilpn excrutyarauwii aBTOHOMHHX JIOKOMOTHBIB
rapameTpy eJIEKTpoIiepeiadi MOKYTh BIAXHIISITUCS Bij
HOPMAaTHBHUX, 110 MPHU3BOIUTH A0 3HWKEHHS €PEKTUB-
HOCTI Ta JI0O BiIMOB y po0OTi jJokoMoTHBa. J[ist 3amo0i-
raHHs Takux Bunaakis CKJl moBHHHA BUKOPHCTOBYBATH
HasIBHI CHTHAJIM 3BOPOTHUX 3B’53KiB 0€3 BBEICHHS J10]1a-
TKOBUX IIPUCTPOIB BUMipy IapaMeTpiB, BUKOHYBAaTH OIli-
HKY SIKOCTi po0OTH eneKTponepenadi. 3 Mi€ro0 METOIO CH-
cTeMa, fKa peamizoBaHa Ha 0a3l IEpCOHAIBHOTO
KOMII'[0Tepa, 3 BUKOPUCTAHHSAM pO3pOOIEHNX MareMa-
THYHHUX MOJIEJIel, B pealbHOMY 4Yaci MPOBOAUTH po3pa-
XYHKH €JIEKTpOIlepeaadi Ta MOPIBHIOE 1X 3 pealbHUMHU.
[Ipu HasBHOCTI PO3X0KEHb B pOOOTI CUCTEMH E€NIEKTPO-
nepesayi s indopMallist JOBOJAUTHCS IO MAIIUHICTA.

Jnst po3poOKM MaTeMaTHYHHX MOJENei 1 IpoBe-
JICHHSI PO3paxyHKIB OyJIM BUKOPHUCTaHI OCHOBHI Mapame-
TPU IU3Eb-110i3/1a:

— CKJIAJICHICTh JHU3EIb-TI0i3/a: 1Ba TOJIOBHUX (MO-
TOPHHX) BaroHa i OWH IPUYiITHHIA;

— ochoBa (hopMyJia TOJIOBHOTO BaroHa: 2o — 22;

— miaMeTp Koieca Mo koxy xodenHs: 0,95 m (mpu
HOBHX OaHIaXax);

— Maca TapH 3 eKillipOBKOO: He Oijblie 64 T rojoB-
HOro (MOTOPHOI'0) Baroxa i 45 T npu4inHOro;

— KUIBKICTB MiCIb JUISl CUAIHHS: He MeHnIe 344.

Tsrosa nepenaua 3a0e3neuye:

— KOHCTPYKUIHHY WBUIKICT 130 KM/T;

— nyckoBy cuity 1aru 137 kH;

— CHIIy TSTH TPUBAJOTO PEXUMY NPH BUMKHEHOMY
eHepronocTadansi 54,8 kH;

— zaranpauil KK/ emextponepenadi B TpuBaaoMy
pexnmi (mpu KKJI Bumpsmisiaa ta igBeptopa 0,975) He
menme 0,825;

— MakCHMaJlbHe PUCKOPEHHs 11013/1a PHU PO3ToHi
JI0 MIBUAKOCTI 25 KM/T, 3aBaHTaKEHHIO 10 YUCITy MICIIb
JUIsl CUAIHHS 1 66% MacH exinipyBaJbHUX MaTepiaiB Ha
OpsAMid TOPU3OHTANBHIA AUISHII HUISIXY — HE MEHIIe
0,4 m/c2.

Ha nuzenb-noi3ai JIEJI-02 BUKOPHCTOBY€ETHCS MTPHU-
BoxHUi Moxynb Pover Pack 12V 183 DE ¢ipmu MTU
(HimeuuwnHa) 3 enekrponnum peryisropom ECS-183/1.
[MoTyxHIiCTh AN3ENB-TEHEPATOPA 110 MO3HUIIISIM KOHTpPO-

BUNPOOYBaHL JIOKOMOTHMBIB Ha pi3HMX [iNsHKax  J€pa MallMHiCTa HaBejeHa B TaOI. 1.
Tabauys I — IloTy:KHiCTH IM3e/Ib-TeHepaTopa

Ne no3unii KM 0 1 2 3 4 5 6 7 8
Ob6opoTu mu3ens, 00/XBHUIL 800 800 | 1000 | 1200 | 1400 | 1600 | 1800 | 2000 | 2100
IloTyXHICTh CHHX-POHHOTO TeHepa-Topa, Pr, KBT 68,5 72 129 | 191,7 | 250 | 330 | 381 | 441 | 4623
CHrHaJI perynstopa Au3ens, epr, B 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0

Ha puc. 1 nokazana (yHKIiOHaJbHA CXeMa CHC-
TEMH PETyJIIOBAaHHS i KOHTPOJIIO IIapaMeTpiB MOTOPHOTO
Barona noizaa JIEJI-02 i HaBemeni Taki mo3Hauenus: AIH
ITY — aBTOHOMHHI iHBEPTOP-TIEPETBOPIOBAY YaCTOTH;
KM — koHTponep MammHicTa; Ny, — HoMep no3utlii KM;
Uy, Uy, fq, fy— 3aBmanns mapamerpis IT4; n,,, Ny, —
CUTHAJIM 3aBJIaHHS YacTOTH OOEpTaHHsS Ta IOTY>KHOCTI
auzenst; Ny, N,— BuxinHi 9acToTa 06epTaHHA Ta MOTYX-

micts qusensi; U, f, — Hanpyra i wactoTta reHepatopa;

U0 — KOPUTYIOUHH CUTHAJ TOTYKHOCTI qu3erst; |y, 1,5,

— 3HaveHHst akrtuBHOro crpymy TAJ[l i TAI2; i,-

cTpyM 30ymkeHHst reHeparopa; fu;, Ty, Uyz Uy —
4acToTH Ta Hanpyru sxkusnenus TAIL 1 TA2; ty;, ty, —
temmnieparypa TA1 i TAJI2; ny, n, — gacrotu oGep-
tanHs poropi TA1 i TAJI2; lg, lgp — 3HaueHHs nos-
noro crpymy TAJl1 i TA2 [9].

AHajiz cXeMu TAroBoi eJeKTpolepenadi JU3elb-
noizga JAEJI-02 (puc. 1) mokasye, 110 BOHa BHKOHaHa
JBOXKOHTYPHOIO:
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Puc. 1. OyHkiioHanbpHa cXeMa CUCTEMH PETYJIIOBaHHS | KOHTPOIIIO TapaMeTpiB MOTOpPHOTo BaroHa moizaa JJEJI-02

— HepIIMi KOHTYp 3abe3neuye HeoOXiHI XapaKTe-
PHUCTHKH TSTOBOTO CHHXPOHHOTO T'€Heparopa y BCbOMY
niamazoHi poOoTH mMoi3za,

— Ipyrui KOHTYp 3abe3meuye >xuBieHHS TAJ] Big
4.

MIIC xepyBaHHS BHKOPHUCTOBY€E HEOOXiNHY Kilb-
KiCTh CUTHAJIIiB 3BOPOTHUX 3B’ A3KiB, SIKi XapaKTEePU3YIOTh
napaMeTpu enekrponepenadi. Lli curnanm Takox 3aBe-
neni B CKJI 1 103BONATh BUKOHYBAaTH HEOOXiMHI po3pa-
XxyHKH. [loTyXHICTh, sSIKy PO3BHBA€ Jn3eNlb, BU3HAUa-
€THCS 32 BUPA30OM:!

Pous =P,

ent P()n +R

on?

@)
ne P,, — moTyxHicTe enextponepenaui; P,, — moryx-

HICTb JONOMDXKHUX IOTped; P,, — HOTY>KHICTb ONaJeHHs

Haca)KI/IpCLKI/IX CaﬂOHiB.
IoTyXHiCTb, IKy BAKOPUCTOBYE €JIEKTPOIIEPEIaya,

PO3paxoByeThCs 3a (POPMYIIOKO:
_Up-ly

P@ua’ - )
M2 ey

@

ae U,, |, —3HadeHHs HANpyTy i cCTpyMy Ha BUXOJ BU-

NPSIMHOI YCTaHOBKH; , - K re”eparopa 1 BHU-
> Moy Mgy

NIPSIMHOI YCTAaHOBKH.

OtpuMaHa pO3paxyHKOBHM IIUIIXOM IOTYXHICTb
JU3eTIsl TIOPIBHIOETHCS 3 11 3HAUYEHHSM 3TiHO 3 JTaHUMH,
sKi HaBeieH1 B Tabm. 1. HasgBHICTh 4u BiICYTHICTD BiJXH-
JICHHS TIOTY)KHOCTI JM3€Ns BiJi HOPMATHBHUX 3HAYCHb
TAKOX MiITBEP/IKYETHCS CUTHAIIAMH 3 eJIEKTPOHHOTO pe-
rymstopa auzens (Uy,), IKuii moBuHeH nopiBHIOBaTH 5 B.
BinxuiieHHs 1IbOT0 3HAYEHHS B TY Y iHIITY CTOPOHY HO-
Kazye abo nepeBanTakeHHs auseins (Up, < 5 B), abo He-
JOBUKOpHCTaHHS Horo notyxHocTi (Up; > 5 B).

OuiHKa SKOCTI BUKOPUCTAHHS HOTY>KHOCTI JM3€IIs
Ha TATY BUKOHYETHCS 3a JIOTIOMOT'0I0 MaTeMaTHYHOT MO-
JIeJTi TU3eITb-TI013/1a, sTka MOKe OyTH MpeICTaBIeHa OCHO-
BHUM PIBHSHHIM PyXy AW3€Tb-T0i31a!

dw
J—=M, -M,,

™ ®)

ne J — moment iHepuii (J = mR,g); m — maca moisna;
R, — pamiyc koneca;W — KyToBa IIBHIKICTb Kojeca
(w=V /R,); V — mBuakicts pyxy noizga; M,, — mo-
MEHT TsrH; M, — MOMEHT omopy pyxy.

[Ticns oTpuMaHHS CUTHANIB 3BOPOTHUX 3B’S3KIB 13

CHCTEMH KepPYBaHHI MaEMO:
F=G-(102-(1+y)-a+W), 4)
ne F — Tarose 3ycwuist; G — Bara ausenb-moisfa;
(1+ ) — xoedimient ineprii o6eproBux mac (¥ =0,1),
a — nipuckopenHst; Wo — onip pyxy ausens-noizaa. Takox:

P
=, ®)
3,6-V

ne P, — moTyxHicTh Ha TATOBUX BICSX AM3ENb-TI0I371a,

sIKa 3HAXOAUTLCA 34 BUPA30OM:
(6)

Ae T4ir Mpeo — KKJI aBTOHOMHOTO iHBepTOpa i peayk-

Pe = Pey “Mai “Mpeor

TOpa BIAMOBIHO.

Ha puc. 2 HaBeieHa TAroBa XapaKTEPUCTUKA JIH-
3eJb-110134a — II€ 3aJE€XHICTh CHUIM TATH BiJ IIBHUIKOCTI
PYXY IpH Pi3HUX PEKUMAX POOOTH TATOBHUX JBUTYHIB B
Mekax 0OMeKeHb 3a HalIHHICTIO, CTIHKICTIO 1 0€3IMeK0I0

pyxy.
I A

Flaex |

»
E .I'.h:.X E ’

Puc. 2. TaroBa xapakTepucTHKa IU3eb-11013/1a
JUTSL MAKCUMAITBHOT TTOTY>KHOCTI TA3€IIst
(Fmax, Pmax, Vmax — MakcumaJsbHi 3Ha4YEHHS
TSITH, OTY>KHOCTI Ta LIBUAKOCTI BIAMOBIAHO)
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Haiibinpinma BenWYMHA CWIIM TATH HEOOXiIHA TpHU
TOpKaHHI 11013712 3 MiCIlsl, IpX HAOOPi MIBUIKOCTI Ta NMPH
pyci Haitbinb kpytum migitomom [10]. MomeHT omopy
B TIpOLIECi PyXy MOi37[a 00UUCIIIOETHCS PIBHSHHSM:

M, =i-R,-W, -G, @)

W, =1,1+0,012-V +0,00025-V 2, (8)

Je { — KOCQIIIEHT CXWITy, SIKHIA BiJOMUHN JJIs1 KOHKpPET-
HOTO BIAPI3Ky LUIAXY, HA SKOMY IPOBOISTHCS JOCHI-
JDKSHHS (U151 TOPH30HTANBHOI AUTSHKY i = 1).

OtpuMaHe 3HAYCHHS TATH MOPIBHIOETHCS 3 TATO-
BOIO XapaKTEPUCTHKOIO IW3eNb-TI0i3a i Ma€ BiATOBi-
JaTy 1 y BCbOMY Aiala3oHi MIBHIKOCTEH.

Ha puc. 3 HaBeneHa QyHKIIIOHAIEHA CXeMa MOJIEII
OJI0KYy OOYMCIICHHS TATH.

3rigHo 3 BupasoM (4) OOYMCIIOETHCS 3HAYCHHS
MIPUCKOPEHHS PyXy JAU3Eb-11013/1a, SKE MMOTIM MOPIBHIO-
€ThCS 3 pealbHUM (301r LIMX 3HaYEHb MMiTBEPKYE SKICTh
poOOTH MOTOP-KOJICHUX OJIOKIB au3enb-moi3ma). llei
MeTo OyB BUKOPHCTAHHI B CUCTEMI YIIPABIiHHS 1 KOHT-
POJIIO eNeKTpornepenadi auzes-noizaa JJEJI-02.

0.00025

102

Puc. 3. OyHKuioHaTbHA CXeMa MOJIENi 610Ky OOUYHCICHHS TSTH

PesynpraTn anamizy 3 ypaxyBaHHS 0cOONMBOCTEH
cXeMH TAT0BOI enekTporepenadi i MIIC kepyBaHHS 10-
3BOJIMUIA PO3POOHUTH METOA IEpPEeBIpKH BUKOPUCTAHHS
HOTY)KHOCTI AM3eNs Ha TATY B YMOBax eKcCIUTyarailii,

sKkuil OyB BIpoBaKkeHUil B po3poOky CK/l nusens-no-
i3ma JIEJI-02. Ils cuctema BusBHWIach €(DEKTHBHOKO B
npolieci BUKOHAHHS HAJAroJUKyBaJbHUX POOIT Ha 1u-
3enp-moizaax JIEJI-02, a Takosx mpu 1X eKCIuTyaTarfii.

BucHoBxku

IIpoBeneHo aHami3 CXeMHU TATOBOI eleKTporepe-
nadi nu3enb-moizaa JIEJI-02 ta ii cuctemu kepyBaHHSL.
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Control of the use of diesel power for traction in the conditions of operation of diesel trains
Valentin Noskov, Svitlana Gavrylenko, Maksym Heiko, VVolodymyr Panchenko

Abstract. The object of the study is the process of controlling the use of diesel power for traction. The subject of the study is
methods of checking the use of diesel power for traction. The purpose of the article is to increase the efficiency of the DEL-02 diesel
train during its operation. The following results were obtained. The process of operation of the DEL-02 diesel train when using power
transmission with traction asynchronous motors (TAD) was studied. It was found that such a transmission has technical and economic
advantages in comparison with traditional electrical transmissions with DC traction motors. At the same time, the realization of these
advantages requires the solution of a number of problems, which include the creation of modern control and diagnosis systems (CDS)
of the state of the traction equipment. For this purpose, an CDS was introduced into the diesel train's power transmission, which is
made on the basis of a personal computer with special software. This system compares the calculated values of the main transmission
parameters (powver, traction, acceleration, etc.) with their real values and provides information to the driver.

Keywords: power transmission, traction asynchronous motor, control and diagnostics system.
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Harmionansauil TexHI9HUHN YHIBEpCUTET «XapKiBCHKUHN MOMITEXHIYHUHN IHCTUTYT», XapKiB, YKpaiHa

MATEMATHUYHA MOJEJIb BEPTUKAJIbHUX KOJIUBAHb PYXOMOI'O
CKJIALY, BUKIMKAHUX HEPIBHOCTSIMM 3AJI3HAYHOI KOJIII

AnoTauis. [lig yac pyxy moizna 3ami3HUYHOIO KOJi€I0 BUHUKAIOTH KOJIMBAHHA BaroHiB Ta iX CKIaIOBHUX, 10 MPU3BOAUTH
110 3HW)KCHHS LIBUJIKOCTI PyXOMOT'O CKJIaJly, 3HOLICHHS HOro 4acTHH Ta HEKOM(OPTHUX Ta MOTEHLIHHO HEOE3MeUHNX s
MacaXHupiB CUTyaLiil. ¥ poOOTi po3rIAAaloTECS IPUUMHU Ta HACTIKH KOJIMBAaHb PyXOMOTO cKIagy. OTpUMaHO MaTeMaTHYHY
MOJIeJIb BEPTHKAJIBHUX KOJIMBaHb (IiACTpUOYBaHHS Ta raJolyBaHHs) Bi3KiB Ta Ky30Ba BaroHa, BUKINKAHUX BEPTHKAIHHOIO
JBOTOpOOI0 HEPIBHICTIO KOii. PO3p0o0IeHI KOMIUIEKCHA MaTeMaTHYHA Ta iMiTalliiHa MOJIEN TO3BOJIIOTh TOCHIKYBaTH 3a-
JIOXHOCT] IMX KOJMBAaHb PyXOMOTO CKJIAy BiJf IIBHIKOCTI PyXOMOTO CKJIaiy, SIKOCTI pelioK Ta MOKa3HUKIB TaCHHUKIB KOJIH-
BaHb, HASIBHUX Y II013]li, @ TAaKOXX B IMOJAJIBIIOMY MOXXYTh OYTH BHKOPHCTaHI y CHCTEMaX IiJTPUMKH HNPUHHSATTS pillleHb
(CTIITP) GopToBuX cucTeM KepyBaHHS Ha 3aJIi3HHYHOMY TPAHCIIOPTi YKpaiHH.

Knao4oBi croBa: maremaTH4HA MOJEINB, CHCTEMa HiITPUMKH NPUHAHATTS pillieHb, OOPTOBI CHCTEMH KepyBaHHS, PyXo-
MHH CKJIajl, KONUBAJIBHUH IPOIIEC, MiACTPUOYBaHHS, TaJIOyBaHHS.

Beryn

[ocTranoBka npodaemu. He3Bakatoun Ha BigHO-
CHY TMOIINPEHICTh BHUCOKOIIBUIKICHUX MaricTpaied y
KpaiHax €BpomnH, cepeqHs IIBHIKICTh MacaXXMPCHKUX
moi3miB YKpaiHu CTAaHOBUTH MpuoIm3Ho 50 km/rox. Haii-
IBUAMAME € TOTArH «IHTepciti» Ta «lHTepciTi+» 3 Ma-
KCHUMAaJILHOIO MBHUAKICTIO 10 160 KM/roj, Xo4a B JilicHO-
CTi MOKa3HUKHU 3HAUYHO HYK4i. CepeiHs MIBUAKICTh CKIla-
Jae 61amM3bKo 95 km/roz. JInie Ha esKUX HanpsiMKax, Ta-
kux sk KuiB-XapkiB Ta KuiB-JIbBiB, iHKOJIH IIBUIKICT
ux moi3aiB csarae 110 km/roa. Huspka MIBHIKICTE pyXy
MOT3/1iB BUKJIMKAETHCS 31€01IbIIOr0 3HOMIEHICTIO KOJTiH,
SIKi 3HAXOJSITHCS B KPUTHYHOMY cTaHi [1, 2].

[lig gac pyxy noizaa 3aJi3HIYHOO KOJIE0 BUHUKA-
IOTh CKJIQJIHI KOJIMBAJIbHI PyXH BaroHIB Ta iHIII HEpiBHO-
MIpHI PyXH IHEpIIfHUX Mac, sIKi BXOISITH JIO 3arabHOL
MEXaHIYHOI CHCTEMH PyXOMOTO CKJIaJy.

KonnBaHHsI 11013712 3yMOBIIOIOTBCSI HEPIBHOCTSMH
LUISIXY, HASIBHICTIO 3a30PiB Ha CTUKOBHUX PEHKOBHX 3’ €]
HaHHSX, KOHYCHICTIO OBEPXHI KaTaHHS KOJICHUX Map, a
TaKOX HAsIBHICTIO HEpIBHOCTEH Ha Il IMOBEpXHi, CTH-
KaMH pEHOK, THUIIOM PECOPHOrO MiABILIYBaHHS Ta iH-
MK pakrtopaMu. Y cydacHHX BaroHax BCTaHOBIICHI
MEXaHI9Hi TaCUTEN KOJHMBaHb, SIKi BHKOHYIOTH (DYHKIIIIO
3MEHILECHHS BIUTUBY AWHAMIYHUX 3YCHJIb 1 3a0€31eUyI0Th
OiBLI TTABHUH pyX 1oi3na, MpoTe Ais Hux 30ypeHb Bce
0JTHO IPU3BOJIUTH 10 TOTO, IO KOJIICHI apu BaroHa npu-
XOAATh B KOJMBAJIBHUHM CTaH Ta INEpeNaroTh i KO-
BaHHS HIIMM CKJIa[IOBUM PYXOMOT'O CKJIafy.

KomnuBaJibHI MPOIIECH Y CBOIO Yepry 3yMOBIIOIOTh
BUHUKHEHHS JUHAMIYHUX CHJI, BIIXHJIEHD BiJ| IOJO0KEHHS
piBHOBary, iHepUiHUX MepeHaBaHTaXeHb. BOHN MOXYTh
BUKJIMKATH TUCKOM(OPT macakupis, o Bexe 3a coboro
3HIKEHHS TIPUBAOIMBOCTI MIEPEMIIIICHHS 3aJII3HUIICIO Ce-
pen kopuctyBauiB. be3neka — 1ie ofHa KpUTHYHA cdepa,
Ha SIKy BIUIMBAIOTh KOJIMBaHHs BaroHa. CHJIbHI KOJIMBaHHS
MOXYTb 30UIBLIINTH PU3HK CXOJDKEHHS 3 pEHOK, 0COOIIMBO
KOJIM TOI31M PYXaroThCs MO KPUBHX ab0 Ha BUCOKHX
mBUAKOCTIX. KpiM Toro, moBTOproBaHI BEpTHKAIBHI Ha-
BaHTaKCHHS BiJ| KOJIWBAHb MOXXYTh IIPU3BECTH JI0 BTOMH
Ta BUXOAY 3 JIaJly OCHOBHUX KOMIIOHEHTIB, THM CaMHUM
CTaBJISTYM 111 3arpo3y 3arajibHy Oe3MeKy noizna.

CTpyKTypHA OUTICHICTH SIK PyXOMOTO CKJIAY, TaK i
KOJIiIHOT 1H(paCTPyKTypH TaKOXK CTPaXKJIA€ yepe3 I1i KO-
nuBaHHA. [TinBuIIeHUH 3HOC BiJ MOCTIHHUX BEPTUKAb-
HHUX PYXIB HPHUCKOPIOE NETPAJalif0o X KOMIIOHEHTIB,
110 MPU3BOJUTH A0 301IBIICHHS BUTpPAT Ha OOCIYrOBY-
BaHHs Ta 3aMiHy. Lle, y cBOIO 4epry, MoXe CIIpUYHHUTH
gacTinn nepedoi B 00CIyroByBaHHi, IO II¢ OLIbIIE 1Oo-
PYLIHUTH POOOTY 3aTi3HHUII.

KonuBaHHS TakoXX BIJIMBAIOTH 1 Ha 3arajbHy IpoO-
OYKTHBHICTh TiepeBe3eHHs 3amizHunero. 1106 mom’sk-
IINTH BIUIMB BEPTUKAIBHUX KOJMBaHb, MOXYTh OYyTH
BBEJICHI OOMEXCHHS MIBHUAKOCTI, IO 3HIDKY€E e(heKTHB-
HICTB 1 IPOITYCKHY 3JIaTHICTh 3ali3HUYHOT Mepexi. Kpim
TOT0, HEOOX1THICTh TOCUIICHOTO TEXHIYHOTO 00CIYTrOBY-
BaHHsI MOYE MIPU3BECTH JI0 OLIBII YacTUX mepedoiB y 00-
CJIyTOBYBaHHI, CIIPUYMHSIOUN 3aTPUMKHU Ta HE3PYYHOCTI
Ui macaxupiB. HapemiTi, BepTHKanbHI KOJWBAHHS
CIPHSIOTh MiJBUIICHHIO PIBHS LIyMY, 10 MOXeE OyTH
MPOOJIEMATHIHUM SIK JIJIS TACAXKHPIB, TaK 1 IS CYCITHIX
rpoma. [Tigpumena BiOparist TaKOK MOKE BIUTHHYTH Ha
HABKOJIMIITHI KOHCTPYKIIi1, BUKIIUKAIOYH MTPOOIeMH 3 Ha-
BKoJIMIIHIM cepenoBuiiem [3, 4]. BucokouyacrorHa Bi6-
partist BUKITUKA€E IPOOIEMH 31 3J0POB’SIM Y ITacakupiB Ta
TPAI[iBHUKIB 3aJT13HHMIII.

TakuM 4MHOM, BEpTHKAJbHI KOJIHMBAHHS PYXOMOTO
CKJIQJly MalTh 0araTorpaHHUi HEraTHMBHUI BIUIMB Ha
PyX mOi31iB, SKUH BKIO4ae B cebe BIULIMB Ha KOMGpOPT
nmacakupis, Oe3MeKy, IUTICHICTh KOHCTPYKIIii, eKCIITya-
TaIliifHi XapaKTepPHUCTUKH Ta HABKOJIMIIIHE CEPEIOBUIIE.
Bupimrennst nux npoGiem BiJirpae BEIUKY poJib y MijT-
puMLi 6e3nednoi, epekTuBHOI Ta KOM(MOPTHOT 3aJTi3HNY-
HOI CUCTEMHU.

KomrmiekcHa MatemMaTHyHa MOAENb JU3eIb-11013/1a
MOBUHHA BPaXOBYBAaTH Pi3HI BUJIU KOJHMBAHb PYyXOMOTO
CKJIaly, 30KpeMa MiJICTpUOyBaHHs Ta rajoyBaHHS.

Ile, y cBoto Hepry, nacTb MOXJIHMBICTBH JOCTIIKY-
BaTH Ha KOMIUICKCHIM MaTeMaTH4HIH MoJeni MpHIuHH
KOJINBaHb, iX XapakTep i B3a€MHHH BIUINB, a TAKOX BHU-
3HAa4YaTH 3aKOHM ONTHMAJIbHOTO YNPAaBIiHHA AJIS BHpi-
IICHHS 3aBJaHb ONTHMI3allii BUTPAT €HEpTii PyXOoMUM
CKJIJIOM Ta BH3HAYAaTH YMOBH CTIiHKOTO Ta OE3MEYHOTO
pyXy moi3na 3aJli3HUYHMMH II€PEroHaMH 3 HEpiBHOC-
M. KpiM 110T0, KOMIUIEKCHA MaTeMaTH4Ha MOZENb
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JI03BOJIUTH MPOBOJUTH ONHKCAHI BHIIE IOCIIKSHHS HE
JMIIE Ha IIBHJIKOCTSAX PyXy PYXOMOro CKiIamy, sKi
MIPUIAHSATI HA CHOTOHINIHIN JCHb 3ai3HUISIMEA Y KpaTHH
(mo 100 xm/ron), a it Ha MBUAKOCTIX BIACTUBUX INBUJI-
KiCHOMY pyXy moi3aiB. lle 103BoIHUTh YyTOYHUTH IS THi-
JBHIIECHUX MIBUAKOCTEH PyXy MOI3/1IB PE3yIbTaTH AOCII-
JDKEHB KOJIMBAaHb BarOHIB, sIKi 0€3M0CepeHbO 3aIe)KaTh,
3 0HOTO OOKY, BiJl IBUAKOCTI PyXy PyXOMOTO CKJIAZY,
T.K. 31 30UThIIEHHSM MapIIPYTHHUX IMIBUAKOCTEH pyXy HO-
{3/1iB TIO 3aI3HUYHUM IIEPETOHAM 301IBIITY€ETHCS aMILTi-
TyJa i 9acToTa KOJIMBAHb, 3 IPYTOTO OOKY, Bill AKOCTI 3a-
JI3HUYHOTO TIOKPUTTS.

AHaJni3 ocTaHHIX focaizkeHb i myOaikanii. Pos-
pOOKOI0 MaTeMaTHYHUX MOAENEH MOi3NiB 3alMaeThCs
0arato BUCHUX. [CHYIOUI MaTeMaTHYHI MOJIEIi TO3BOJISI-
I0Th BUKOHYBATH Ha HUX JAOCIIDKEHHs pyXy Noi3aa y pi-
3HUX HOTrO pexHuMmax, eeKTPOMarHiTHUX MpPOLECIB, sKi
BiIOyBalOThCA Y IBUTYHAX, a TaKOX, y Pa3i IpeacTas-
JICHHS MOi37]a sIK 0araToMacoBOi CHCTEMH, B3a€MOJII0
MK PI3HUMH YaCTHHAMH PYXOMOTO cKiaay [5—7].

Husky poOit Oyino mpUCBSYEHO MUTAHHSAM KOIH-
BaHHS PyXOMOI'O CKJIaJy Ta ioro ckimamoBux [6, 8—12].
Binpuricte BUSHUX HPUIUISIOTH YBAry IMOMNEPEYHUM KO-
JIMBaHHSIM BaroHa, TAaKUM SIK BUISHHs Ta OIYHUIT BUHOC
BaroHa, sIKi BUHUKAIOTh NPUPOJTHUM HUIIXOM y HpoLeci
pyxy [4, 6—12]. Onnak 4epe3 HEPIBHOCTI 3aTI3HUYHOTO
MOJIOTHA Ta HElIealIbHICTh KOMIIOHEHTIB 11013/1a BHHUKA-
[OTh TaKOX 1HII BUAM KOJIHBaHb, SKi 31 301IBIICHHIM
IIBUAKOCTEH IEPEBE3CHHSI MOXYTh HE TUIBKU 3MEHIIIY-
BaTH piBeHb KOM(OPTY MacakHupiB, a i CTAHOBUTH 3a-
rpo3y iX XKHUTTIO Ta OE3Mei.

Xoda moB3/I0BKHI Ta BEPTUKAIbHI KOJIHBAHHS 1HOI
1 3HaXOAATH CBOE MiCIle Y po0OTax JEsKUX aBTOPIB, IX
POIb Y TaKuX IMyOTiKaIisix HOCUTh HEUHCICHHUH, 0OMe-
*xeHuit xapakrep [8, 9].

MeTor cTaTTi € po3poOKa MaTEeMAaTHYHOI MOJEII
JM3eJb-TI0131a, SKa BpaxoBye IiJCTPUOYBaHHS Ta

mBzBl - ﬂz (ZK - ZBl - lK(oK) ) (ZK — Zp1 ~ lK¢K) + Zﬁlzsl + 2Clzsl =
MyZyy — ﬂz(zx — Zyp - lx(bK) Y (ZK — Zgp ~ lK¢K) + Zﬂlzsz + 2¢y2,;, =
Jry Py + 2By 0y + 25010,

Jry Py + 2L B, 0,y + 2010,

My — B,(22 — Zy1 = Zs3)

]Ky.(/}K + ﬁzlx(21K¢K - 251 - 252) + Cle(ZwaK — Zp1

Jle M, — Maca Bi3Ka; M, — Maca Ky30Ba; /), — IIPHBEJIe-
HHUI MOMEHT iHepIIii Bi3Ka; [, — MOMEHT iHepIii Ky30Ba;
Myr Mys N3y 1, — HEPIBHOCTI 3aJ1i3HAYHOTO MOJIOTHA MiJ{
TIEPIIOI0 Ta APYTOI0 KOITICHOIO Mapolo Bi3Ka

B stkocTi BUXiIHOT HEPIBHOCTI KOJIi1 0yJI0 MPUHHATO
nBoropOy HepiBHICTB. J{JIst KOJKHOI KOJIICHOT mapH, OKpiM
nepIoi 3a Xo0M pyXy Ioi3na, BOHA 3a/laHa 31 3CyBOM
Yyacy BUXOJSIYM 3 po3MipiB 0a3 Bi3KiB i Ky30Ba.

3amc (yHKLII, IO OIMCY€e AaHy HEpiBHICTb, Ma€e
BUTJIISAL;

n= a,sin(awt + 6) + a, sin(3wt + J), 2

27V .
ac w = L_ — 4aCTOTa BIUIMBY CTHKIB HNUJIAXY 3a MIBUI-
A

KOCTI pyXy Barona, V — mBUIKICTh pyXy noizaa, L, — 1o-
BXXKMHA XBWJII HEPIBHOCTI, @q, A, — aMIUIITYIM TaAPMOHIK
JIBOTOPOOT HEPIBHOCTI.

raJonyBaHHs Bi3KiB BaroHa, M0 BHKIIMKaHI HEPiBHOC-
TSAMU 3aII3HUYHOT KOJIii.

AL

Puc. 1. Po3paxyHkoBa cxema KOJIHMBaHb BaroHa
Y BepTHKaJIBHII MOB3IOBXKHIH IITOIKHI
B+ B, — KoeilieHTH B’I3KOTO TEPTS PECOPHOTO Ta
LEHTPAJILHOTO MiABINIyBaHHS BIIIOBIIHO; C1, C; — )KOPCTKOCTI
PECOPHOT0 Ta LEHTPAIBHOTO MiABIIIyBaHHS BiIOBIIHO; Zy1,
Zy1, Z — NACTPUOYBAHHS Bi3Ka; @, @, ¢, — TAIONYBaHHs
Bi3Ka Ta Ky30Ba; L, [,— MOII0BUHA BiJICTaHI M) KOJiCHUMH
IapaMy Bi3Ka Ta MK Bi3KaMH Ky30Ba

Buxkiax ocHOBHOro Matepiajy

VY po6oTi po3risiaeThesl KOMUMBAaHHSA BaroHa Iaca-
KUPCHKOTO AU3EIb-1I0i3/1a, 1110 Ma€ OChOBY (opMyiy 2—
2 Ta ABOCTyIiHYAcTe pecopHe minBimyBanHs. Ha puc. 1
HaBE/ICHO IPHKJIAJ PO3PAXyHKOBOI CXEMH, SKa BiAIOBI-
Jla€ KOJMBAHHIM MiACTPUOYBaHHS Ta TAJIONyBaHHS Ta-
KOO BaroHa.

Po3rnsiHeMO 110 PO3paxyHKOBY CXeMy SIK JAByXMa-
COBY CHCTEMY Ta 3aIlMIIEeMO Ul Hel cucTeMy audepeH-
LIHUX PIBHSHB KOJIMBaHb Ky30Ba Ta Bi3KiB BaroHa 3 ypa-
XYBaHHSM HEPIBHOCTEH KOJIIi il KOXKHOIO 3 HasIBHUX KO-
JICHUX map.

ﬂl(i]]_ + 772) + C1(’71 + 772)!
ﬂ1(i73 + 7.74) + C1(773 + 774);

= lBﬂl(hl - 772) + lBC1(771 - 772)1

=LA, (71, — #1,) + lac(my — m,); Q)
- CZ(ZZK — Zp1~ ZBZ) =0;
- ZBZ) = 01

®Da30Buif 3CyBH I HEPIBHOCTEH I KOYKHOI KOJTi-
CHO{ Mapu Bi/AMOBITHO JOPiBHIOKOTH:

5,=0,8, =221, 8, =221, 5, =2 (21, + 2L,).
Lll Lﬁl Lll

Jlna mepeBipku pe3ynpTaTiB Oylno CKIaJeHO MO-
JIelTb, sIKa BKJTIOYA€E B ceOe piBHSAHHA MiACTPHOYBaHHS Ta
raJoIyBaHHA Bi3KiB Ta Ky3oBa BaroHa (1), ski 3a3Hamu
MIPOCTHX MaTeMaTHYHUX NIEPETBOPEHb, PiBHIHD HEPIBHO-
CTi 3aJTI3HUYHOT KOJIi1 (2), @ TaK0XK MOJEIHh pyXy Moi3aa 3
OJIHUM CKBiBAJICHTHUM TSATOBHM JBHTYHOM [6].

as .
E —_ k1V,
av
P kz(lpazwﬁl - 'Pmlpﬁz) - ap— a;V—a,V?%
a, av,
d_:l =U,— a;¥y; + askrlluaz; d_?z =

= - arqlaz + arksl{lal - k3VqIB2,
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d‘;’Bl Up — as¥p, + ask, ‘1’32, = —a, ¥, + a ks Wp — k3VWes;
dzl: ps1-d§:2 = Bz;d(‘?—:lz Bl;d:i—:zz ng,'ZZth px;%: I,
17, = aysin(wt + &) + a, sin(3wt + &), i = 1,4; d"l =ny; %z nz;%z - %: ny; 3
dZ—Bl - _(ﬂl(nl +n) + C1(771 + 772) + 8, (0 — KgK) + Cz(Zx — Zpn lK(PK) —20,Ps1 — 2C1Z31);
dpaz _ —(ﬁl(n3 +n,) + C1(773 + 774) + B, — Doz — Leg) + Cz(Zx -z, lx(OK) — 2By — chsz);

dat

% = _(lsﬁl(n1 n,) + lBC1(’71 -
dg—Bz = _(lsﬁl(n3 —ny) +1 C1(773
- pBZ) + CZ(ZZK — Zp1 — ZBZ));

dt

dpy
= m_K(ﬂZ(ZpK — Ps1

dt

dge 1
I — E((_ﬂzlx(zhcgk — Ps1

dat

ne S — BiJICTaHb, 110 MPOXOJUTh PYXOMHH CKIIaI; t — Jac;

_ 1 _ Lm _ 1 _ Lm
kl, kz, k3, Cls— U_TS' kr_ Z, ar—G—Tr, ks— L—s,

_Lg Ly .
k ks, T = o T, = py L,, Lg, 1y, 1, — cTai Ko-

eQiIienTH, IKi BpaXxOBYIOTh TApaMETPH €KBiBaJCHTHOTO
JBUTYHA AU3Eb-TI013/13; Ay, A1, A, — CTaJl KOe(IIiEHTH,
AKi XapaKTePU3YKOTh MOMEHT HaBaHTakeHHs; ¥o 1, P —
MIPOEKIIi Ha Oci 0 Ta [J MOTOKO3YEIUICHb CTaTOpa CKBiBa-
JIEHTHOTO JIBUTYHa 110131a; Wy, Wp, — IIPOEKIIi Ha OCi
Ta [} MOTOKO3YEINICHb POTOpa CKBIBAJICHTHOTO ABUTYHA
noi3na; Uy, Up — npoekuii Ha oci o Ta § nanpyru oO6mo-
TOK CTaTopa €KBIBAJICHTHOTO JBUTYHA MOI3112; D1, Pg2,
Px — IPOMDKHI 3MiHHI JUIsl OXiJTHUX KOJIMBaHb IiJICTPHU-
OyBaHHS Bi3KiB Ta Ky30Ba BaroHa; gyq, sz, Jix — NPOMi-
KHI 3MIHHI JUTS TOX1JHUX TaJIONMyBaHHS Bi3KiB Ta Ky30Ba
BaroHa; 7, (i= ﬁ) — HEpIBHOCTI MiJl KOJICHUMH Ta-
pamu Barosa; nq, n,, Nz, N, — IPOMIXKHI 3MiHHI, 1[0 OMH-
CYIOTP TIOXi/THI HEPIBHOCTEH 3aTi3HUYHOI KOJIii.

MoyentoBaHHsL MOJIeNTi KOJIMBaHb (3) MPOBOIMIOCS
y cepenoBuiri MATLAB Simulink 3 BuKOpHCTaHHSIM
yrceapbHOro Metoaa Pynre-KyTra i3 kpokom, mo obupa-
€ThCSl aBTOMATUYHO, Ta 38 BUKOPUCTAHHS PEaJbHUX I1a-
pametpiB nusenb-noizaa JAEJI-02.

Ha puc. 2, 3 HaBeleHO pe3ysbTaTH MOEIIOBAHHS
BEePTUKAJIbHUX KOJHBAHb BI3KiB BaroHa Ha IIBUIKOCTI
60 km/rox. Ha puc. 4—5 pe3ynbTaTit MOAETIOBAHHS TTi/IC-
TpuOYBaHHS Ta TAJONYBaHHS Ky30Ba BaroHa 3a pi3HOI
LIBUJIKOCTI PyXOMOTO CKJIay, a caMme Ha MBUIKOCTAX 30,
60 Tta 90 km/To.

c=1-

Az . m
B
0.02 T T T T T T T T

0.015
001 f

0.005
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-0.015

-0.02
5

Puc. 2. I'padiku nigctpuOyBaHHs Bi3KiB BaroHa

- pBZ)

1,) = 21 ,Gu1 +2Lc10,,);
1,) = 218, 9m + 2LC10,,);
- CZlK(leq)K 17 ZBZ)):

‘:10-3 phiE‘ pan

'S

r

Puc. 3. 'padixu ranonyBaHHs Bi3KiB BaroHa
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Puc. 4. I'padik migctpuOyBaHHs Ky30Ba BaroHa

Ha puc. 4 BumHO, 1m0 HaKOiIbIIA aMILTITYa KOJIH-
BaHb IiACTPUOYBaHHS CIIOCTEPIraeThCs HA MBUAKOCTI 30
KM/To1. 31 30UTBIICHHSAM IIBUAKOCTI aMIDTITYJ]a CyTTEBO
3MEHIIIYETHCS, aJie TIPH IIbOMY 9aCTOTa KOJIMBAHb 3POCTAE.
I3 puc. 5 BumHO, 110 32 MiIBUINEHHS IBUAKOCTI PyXy HO-
1312 aMILTITYa 3MiHH KyTy TIOBOPOTY Ky30Ba Barosa (ra-
JIOITYBaHHS) TAKOK 3MEHIIY€eThCs. [Tpr iboMy 4acToTa Ko-
JIMBaHb 3pOCTAE 1 € HAHOIIBIIOI0 Ha IBUAKOCTI 90 KM/TOI.
PesynpraTi MomerOBaHHS MOKa3ald, MIO aMIUITya Ta
YacTOTa BEPTHKAJIBHUX KOJHMBAaHb PYXOMOTO CKIATy
JIICHO 3aJIeXaTh BiJI IBUAKOCTI PyXOMOTO CKIIafy.
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Puc. 5. I'padik ranomyBaHHS Ky30Ba BaroHa

Po3pobneni KOMIUIEKCHI MaTeMaTHYHA Ta iMiTa-
miffHa MozAeNi MOKYTh OyTH BHKOPHCTaHI JJIS TOJAlb-
I0OTO TMPOBEACHHS Ha Hill JOCHIIKEHh KOJIHWBAIBHUX
mporeciB y ausenb-moizai JJEJI-02, a Takox BHKOpHC-
taHi y CIIIIP 60pTOBHX cHcTEM KepyBaHHA Y IMOI3/1aX YK-
PalHCHKUX 3aITi3HUI.

BucHosku

VY cTaTTi pO3IIIHYTO IPUYNHNA BUHUKHEHHS Ta Ha-
CIIIIKM BEPTUKAIBHHUX KOJHMBAaHb PYXOMOTO CKJIany, a
TaKoX iX poyib MpoOJeMi MigBUIICHHS MIBUIKOCTEH
PYXy NOI37iB yKpaiHChbKUX 3aiIi3HULb. [linkpecieHo He-
0OXiJTHICTb JONOBHEHHS KOMIUIEKCHOT MaTeMaTH4YHOl
MoJIeNi Toi3/1a MOJEIUTIO KOJIMBaHb PYXOMOTO CKIIay
Juis OifbIII TOYHOTO NMPOBEJCHHS Ha HIH PO3PaxyHKIB
ONTUMAJIbHUX KepyBaHb JUIS HiJBUIIEHHS KoMdopry
MmacakupiB, Oe3reKku pyxy MOi3AiB Ta ONTHUMIi3amii BU-
TpaT MaJIUBHO-EHEPTETHYHUX pecypciB. Y poboTi po3-
pOOJICHO KOMIUIEKCHY MAaTeMaTH4Hy MOJenb, sKa
BKIIFOYA€E B cebe poOOTy eKBIBAIIEHTHOT'O IBUTYHA IIO-
1372, BEPTHKAIBHUX NepeMilieHb (miacTpuOyBaHHs) Ta
KYTiB IOBOPOTY (TaJIOIlyBaHHS) Bi3KiB Ta Ky30Ba Ba-
rOHa, sIKi 3aJIe)KaTh BiJl HEPIBHOCTI 3aJi3HMYHOI KOJIii.
Ha otpumaniii MaTeMaTHUHIN Ta IMITAIIAHIT MOJICIIAX
MOXHa BHMKOHYBaTH JOCHI/DKEHHS 3aJIeKHOCTI KOJIH-
BaHb PYXOMOTO CKJaay B HIBHJIKOCTI PyXOMOTO
CKJIaay, SIKOCTI PEHOK Ta MOKA3HUKIB TACHHUKIB KOJIH-
BaHb, HasABHUX y moi3mi. B momampmomy po3poOieHi
Mozeni MoxyTs Oyt Bukopucrtani y CIIIIP 6oproBux
CHCTEM KepyBaHHS y MOi3aX YKpaiHCbKUX 3aJ1i3HUb.
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Mathematical model of vertical oscillations of rolling stock caused by railway track irregularities
Polina Reshetnikova, Oleksandr Zakovorotnyi

Abstract. During the movement of the train along the railway track, the carriages and their components vibrate, which leads
to a decrease in the speed of the rolling stock, wear and tear of its parts, and uncomfortable and potentially dangerous situations for
passengers. The paper examines the causes and consequences of rolling stock oscillations. A mathematical model of vertical oscilla-
tions (jumping and galloping) of the trolleys and the car body caused by the vertical two-humped unevenness of the track was obtained.
The developed complex mathematical and simulation models make it possible to study the dependence of these rolling stock fluctua-
tions on the speed of the rolling stock, the quality of the rails and the indicators of the vibration dampers available in the train, and can
also be used in the future in decision support systems (DSS) of on-board control systems in railway transport of Ukraine.

Keywords: mathematical modelling, decision support systems, on-board control systems, rolling stock, oscillatory pro-
cess, jumping, galloping.
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OCOBJIMBOCTI KOPIIOPATUBHUX IHOOPMAIIMHAX CUCTEM

AHoTanisi. Po3sniHyTi 0cO0MMBOCTI MOOYZOBH Ta BUKOPHCTaHHS KOPIIOPATHBHUX iH(GOPMaIiHHUX CHCTEM AT ONTHMi3a-
1ii GpyHKIIOHYBaHHS OpraHizallii, TOKpaIleHHs NpoLeciB BUPOOHHUITBA Ta KEPYBaHHS MIEPCOHAIOM, a TAaKOX BHYTPIIIHBOI
B3a€MOJIi MIX PI3HUMH il Hixpo3aizaMu. Bu3sHadeHi OCHOBHI MOXKJIMBOCTI, IO HAJAIOThCS CUCTEMaMH JAHOTO TUIY AJIS
3abe3nedeHHs iHdopMmaniitHoi Oe3nexu. OnrcaHi OCHOBHI THITH MiJICUCTEM, III0 MOXKYTh CTBOPIOBATHCS IPH peatizauii cuc-
TeM JaHOTOo THITy Ta iX (yHkuii. BusHaueHi OCHOBHI mepeBaru TaKUX CUCTEM Ta MOJKJIMBI BPa3lIMBOCTI, 10 MOXKYTh OyTH
IIpUTaMaHHI TAKAM CHCTeMaM Yepe3 HeJIOCTATHICTh BIIPOBAKEHUX 3aX0/1iB Oe3IeK.

Knw4yoBi caoBa: koprnoparuBHa iH(popMalliliHa CUCTeMa, YIPABIIHHS pecypcaMH, aHaji3 JaHUX, YIPaBIiHHI B3a€MO-
BITHOCHHAMH 3 KITiI€HTaMH, EJIEKTPOHHUI JOKYMEHTOOOITr, KepyBaHHS O€3MeKO0.

Beryn

IMocTtanoBka mpo6jemu. KopmopatuBraa iH(Op-
MaljiifHa cmcrema - I BHA iH(pOpPMAaMiHHOI CHCTEMH,
SIKHH TIOKparrye GYHKIIIT IIPOLIECiB MiIPHEMCTBA YU Op-
rasizanii nusixom interpari. e, sk mpaBuio, o3Havyae
BHCOKY SIKICTh 00CITyrOByBaHH:I, pOOOTY 3 BEIMKMMH 00-
csiraMM JIaHMX 1 3IATHICTh MiATPUMYBATH SIKYCh BEJIUKY
opranizauito. KIC Moxe BUKOPHCTOBYBaTHCS BCiMa ITiJI-
po3ainamMy KOMIaHii Ta Ha BCiX 11 piBHSX.

KopnoparusHi indopmaniiini cuctemu(KIC) 3a6e3-
MIeYYIOTh TEXHOJIOTIUHY MIaThOPMY, sIKa JT03BOJISE OpTa-
Hi3alisgM iHTerpyBaTH Ta KOOPIMHYBATH CBOI IIPOIIECH HA
HaxiiHii ocHOBI. Ha croromni KIC BukopucToBy€eThCS B
MIO€IHAHHI 3 CHCTEMaMHM YIIPaBIiHHS B3a€MOBIJIHOCH-
HaMH 3 KITI€HTaMH 1 JaHIFoTaMH TTOCTABOK I aBTOMa-
Tu3aiii 6i3Hec-nporeci. KIC 3abesmneuye eauHy cuc-
TeMy, sIKa € [IEHTPaJIbHOIO [UIsl OpraHizalii, sika 3abe3re-
4yye 0OMiH iH(opMalli€ro Ha BCIX (YHKIIOHAIBHUX PiB-
HSIX Ta lepapXisiX ynpaBiiHHS.

KIC moxe OyTd BHKOpPUCTaHA IJIsl MiJABUIICHHS
MPOJYKTUBHOCTI Ta CKOPOYEHHS LHUKIIB OOCIyroBy-
BaHHS, [IUKJIIB PO3POOKHU MPOILYKTY Ta KUTTEBHUX IUKIIIB.
Moro MokHa BUKOPHCTOBYBATH JUIsl 00'¢/IHAHHS iCHYIO-
YHX MIPOTpaM 3au1s 3a0e3eUeHHs] BUIOTO PiBHS Ha/il-
HOCTI Ta mokpaieHHs inpopmariiiHoi 6e3neku [1]. B cy-
YaCHUX YMOBaX TaKOX CJIiJ{ 3a3HaYMTH HEOOXIIHICTh 3a-
OesreueHHs Oe3MeKn K MPH OpraHizalii B3aeMoIil Mix
PI3HUMHE pIBHSAMH CHCTEMH, TakK i pu 30epiranti, oopo-
61t Ta nepemadi indopmarii [2].

AHaJIi3 ocTaHHIX T0CTiIzKeHDb | myOaikaniii. B pa-
MKaX Cy4aCHHMX HAyKOBUX ITyOJiKalliil JOCTITHUKH Yac-
Tillle 3a BCE PO3TIBIIAIOTHCS 3aXOIM 10 3a0e3MeueHHI0
6e3meKkn KOpIopaTUBHUX iH)OPMAIIfHUX CHCTEM, a Ta-
KO 1X BUKOPHUCTAHHS JUIst ONTHMI3alii Ta aBToMaTu3aii
npouecis GpyHKIIOHYBaHHs OpraHi3alliil B pi3HUX cepax
JISUTBHOCTI.

Yacrie 3a Bce JOCITITHUKH PO3MIISIAIOTHCS KOPIIO-
patuBHI iH(pOpMaliiiHi cHCTEMHU JUIl BUKOPHCTAHHS 1X B
onTuMi3arlii 6i3Hec-NPOIECiB BETMKUX KOPIIOpalii, a Ta-
KO MaJioro Ta cepeanboro 6iznecy. ITpum anHamizi maHoi
chepu FiSTBHOCTI OyJIM PO3MIIIHYTI POOOTH 3a aBTOP-
ctBoM Ali Sunyaev, “The Future of Enterprise Information

Systems” [1], William MacKinnon “Enterprise Infor-
mation Systems and Strategic Flexibility” [3], David L.
Olson, “Enterprise Information System Trends” [4] Ta Ma-
ria Manuela Cruz-Cunha, “Enterprise information systems
design, implementation and management: Organizational
applications” [5] Ta ix crmiBaBTOpIB.

B poboti “The Future of Enterprise Information
Systems ” aBTOpH PO3KPHUBAIOTH OCHOBHI OCOOJIHMBOCTI
CHCTEM JIaHOTO THITY Ta MiJiifMar0Th TUTAHHS JOUIIBHO-
CTi BIIPOBADKEHHS ICIICHTPATI30BAHOTO MMiIXOY JI0 I10-
Oy/lOBH CHCTEM JIaHOTO THITy. Tako) aBTOPH BH3Haua-
I0Th OCHOBHI IlepeBard Ta MOXJIMBI PH3MKH Bij HOTO
BIPOBAJKEHHSI.

B po6ori “Enterprise Information Systems and
Strategic Flexibility” aBropu BH3HAYAIOTH MOKIIUBOCTI,
IO HAJAKOTHCS KOPIOPATUBHUMHU iHPOPMALiiTHUMU CHC-
TEeMaMH TIpH 3a0e3MeYeHH] CTPATETIYHOI THYYKOCTI Ke-
pyBaHHI IIpoIIecaMy OpraHizalii.

B po6ori “Enterprise Information System Trends”
aBTOPH PO3MIIAAIOTH CYy4YacHi TeHICHIIT IPU CTBOPEHHI
KOpPHOpPaTHBHUX 1H(GOPMAIIHUX CHUCTEM, BH3HAuYalOTh
OCHOBHI HaNpsIMKH HAyKOBHX JIOCHI/DKeHb B JaHil
cdepi, a TaKoXk ONMUCYIOTH MPOLIEC YIPABIIHHSI PUIHUKAM
3 ypaxyBaHHSIM OCOOJIMBOCTEH CHCTEM JaHOT'O THILY.

B coBoro uepry pobora “Enterprise information
systems design, implementation and management: Or-
ganizational applications” posrisinae 3aranbHe BUKOPHC-
TaHHS KOPIOPAaTUBHUX 1HPOPMAIIfHUX CUCTEM JJISI Oll-
TUMI3aIlil IPOIECiB B OPraHi3aIlisX.

OKpeMo po3IiIiJaoTh BUKOPUCTAHHS KOPIIOPaTHB-
HUX iHpopManiiHUX cucTeM B OaHKIBCHKIH cdepi uepes
MiABUIIEH] BUMOTH JI0 O€3IEKU JaHUX Ta 0COOIMBOCTEHN
opranizarii pobotu nmonioHUX ycraHoB. [Ipu anamisi na-
HOi chepu AisutbHOCTI OyIu po3rsHYTI poOOTH 3a aBTO-
pctBom Peggy E. Chaudhry “Enterprise Information
Systems Security: A Case Study in the Banking
Sector” [6], Mircea Georgescu “The Particularity of the
Banking Information System” [7], a Takox Karolina Pi-
larczyk “Importance of Management Information System
in Banking Sector” [8].

B po6orax “Enterprise Information Systems
Security: A Case Study in the Banking Sector” ta “The
Particularity of the Banking Information System” aBropu
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(OpMYIIIOIOTE 0COOJIMBOCTI BUKOPUCTAHHS KOPIOPATHB-
HUX 1H(OpPMaLIHUX cucTeM B 0aHKIBCBKOMY CEKTODI Ta
MIPOTIOHYIOTH CBIM MiIXiJ 10 MoOyaoBH iHPOpMAIiHHOT
0e3IeKy 3 ypaxyBaHHSIM HOro 0COOIMBOCTEA.

B cBoro uepry B poboti “Importance of Manage-
ment Information System in Banking Sector” asropu ¢o-
KYCYIOTBCSI cCaMe Ha BUKOPHCTaHHI iHQopMamiifHuX cuc-
TeM JUIS OpTaHi3alii Ta OITUMi3allii mporecy MeHeIKMe-
HTY KOMITaHi.

Tako BaXJIMBUM ITUTaHHSM B 1aHil cdepi € 3a06e3-
nedeHHs iHpopMariifHoi 6e3mekn KOpnopaTuBHUX iH}O-
pMauiitHux cucreM. JlaHa TeMaTHKa PO3IIISIAETHCS SK B
PO3pi3i OKpEeMHX MIJICUCTEM TaK i JUIS BCi€i CHCTEMH 3a-
rajoM.

[pwu ananizi gaHoi cdepu AisIBHOCTI Oynu po3ris-
HyTi po6oTi 3a aBTopcTBoM Johansson E. “Assessment
of Enterprise Information Security; The Importance of
Information Search Cost” [9], Merrill Warkentin “Enter-
prise Information Systems Assurance and System
Security: Managerial and Technical Issues” [10],
Anirban Sengupta “A Formal Methodology for Detecting
Managerial Vulnerabilities and Threats in an Enterprise
Information System” [11], Wei She “Security for Enter-
prise Resource Planning Systems” [12], Olesia Fedoruk
“Security and protection of information in electronic doc-
ument management systems: improving the level of
cyber defense” [13], Peggy E. Chaudhry “Enterprise In-
formation Systems Security: A Conceptual Framework”
[14], Radoslav Nikolov Hrischev “ERP systems and data
security” [15], Jeffry Ventje “Customer Relationship
Management and Information Security in the Develop-
ment of Small and Medium Enterprises in the Era of Dig-
italization as Strengthening Human Resources” [16], a
takok Stefan Brands “Secure Access Management:
Trends, Drivers and Solutions” [17] Ta ix cmiBaBTOpiB.

B po6Goti “Assessment of Enterprise Information
Security; The Importance of Information Search Cost”
ABTOPH OINHUCYIOTH MIJIXOAU 10 MPOBEJCHHS 3arajJbHOT0
aHaii3y iHpOpMaIiiHOT Oe3MeKH B KOPIIOPATHBHUX 1H-
(dbopMaliifHuX cucTeMax, Ta BH3HAYAIOTh MIDKHAPOJIHY
HOPMaTHBHO-TIPaBOBY 0a3y IS IOTO.

B pobGori “Enterprise Information Systems
Assurance and System Security: Managerial and
Technical Issues” aBTopu onuCyOTh TEXHIYHI Ta OpraHi-
3aliifHi BUKIHKH, 0 BUHUKAIOTH TIepe] pO3pOOHIKAMH
KOPIIOPAaTHBHUX iHPOPMALIHHIX CHCTEM B PE3yJbTaTi
PO3BUTKY TEXHOJIOTIH Ta 3MiHU OTped opraHizamii.

B po6oti “A Formal Methodology for Detecting
Managerial Vulnerabilities and Threats in an Enterprise
Information System” aBropu (OKyCYrOTBCS Ha BHSB-
nenHi BpasnuBocteil B KIC B pe3yibTaTi ynpaBiIiHCEKHX
HenomikiB. Takoxk (GOpPMYy€eThCS CTPYKTYPOBAHUH MiAXij
JUISL IPOBEJICHHS] KOMIUIEKCHOTO aHai3y yNpaBIiHCHKOT
CTPYKTYpPH OpraHi3alii Ta BUSIBICHHS B Hilf TOTEHIIITHNX
Bpa3IUBOCTEN.

VYeci iHmi poOOTH, 10 3a3HAYEHI BUCYE PO3TIIAa-
I0Th 0COOJMBOCTI 3a0e3neueH s Oe3MeKH B OKPEMUX ITi-
ncucremax KIC .

Tako Ba)XJIMBOIO TEMOIO JUISl JTOCIIIKEHI B JaHl
chepi € BUBYCHHS TOTCHIIHHUX ITiJICUCTEM B paMKax KO-
priopaTuBHUX iHQOpMamiitHuX cucteM. Jlocmimkyoun
JaHe TIMTaHHS OyJM BHBYEHI HAayKOBi MyOikarii 3a

aBropcTBoM Adnan Mustafa AlBar “Enterprise Resource
Planning (ERP) Systems: Emergence, Importance and
Challenges ” [18], Ellen Monk “Concepts in Enterprise
Resource Planning” [19], Essam Shehab “Enterprise re-
source planning: An integrative review” [20], Adam
Idzikowski “Customer Relationship Management
(CRM) - Philosophy and its Significance for the Enter-
prise” [21], Ioan Alexandru Ripa “Customer relationship
management in the international context — theoretical and
practical considerations” [22], Andrea Disanferdinand
“Human Resource Management”[23], Lee Khuay Guan
Lionel “Human Resource Management And Organiza-
tional Performance” [24], Mustafa Kamal “Enterprise IT
Asset Management” [ 25], Khaled El-Akruti “A frame-
work for the engineering asset management system” [26],
Ikuomola Aderonke Justina “A Secured Cloud-Based
Electronic Document Management System” [27].

OCHOBHUMH 33/Ia4aMH{ POOIT TaHOI TPYIH € aHai3
0COONMBOCTEI KOHKPETHHX MIiJCHCTEM KOPHOPATUBHUX
iHpOpMaNiHHIX CUCTEM, BU3HAYCHHS NPUHIAIIB iX dy-
HKIIOHYBaHHS Ta MTOOYIOBH, a TAKOXK BU3HAUYCHHS PHH-
OUMIB iX 3aCTOCYBaHHS Ui 3a0e3neueHHs (YHKIIOHY-
BaHHs OpraHizarii.

Meta. JIoCHiIuT MOKIMBOCTI 1110 33JaF0ThCS KOP-
HNOPaTUBHUMHM 1H(POPMAIIHHUMU CHCTEMaMH JUIsl ONTH-
Mi3auii mpoueciB, MEHEIXKMEHTY Ta 3a0e3neueHHs 0e3-
nekd. Bu3HaunTH OCHOBHUI HAOIp MiACUCTEM IS CUC-
TEM JIaHOT'O THUIly Ta 1X 3arajbHHiA BIUIMB Ha ii (QyHKIIO-
HyBaHHs. BU3HaunTH nepeBary, 110 HAJAIOTHCS TAKUMH
CHCTeMaMH¥ Ta TMOTEHIIHHI BPa3JIMBOCTI, IO MOB'sI3aHi 3
X BUKOPUCTaHHSM.

Buknag ocHOBHOro Mmarepiajy

KopnopaTtuBHi iHpOpMaliifHi cUCTEMH MOJiNIs-
IOThCSl Ha KiJIbKa KaTeropiii, Ko>KHa 3 HUX 3aiiMae MeBHy
HILIY B XMTTEBOMY LUWKJII opraHizamii. BoHn mMoxyTtb
OyTH BUKOPHUCTaHI K OKPEMO, TaK i B KOMIUIEKCI, JIs 3a-
Oe3medyeHHsT OUThII MIMPOKAX MOXIHBOCTEeH. OCHOBHI
KaTeropii CHCcTeM OIMICaHi HIDKYE.

ERP (Enterprise Resource Planning) - Cucrema
mranyBaHHsA (ympaBniHHg) pecypcamu. ERP-cucremu
PO3pOOISIOTECST HABKOJIO CIIJIBHOI, BU3HAYEHOI CTPYK-
TypH JaHHUX (CXeMH), sika 3a3BHYail Mae€ 3arajipHy 0asy
nanux. ERP-cucremu HajaroTh 1OCTyI JO KOPIIOPATUB-
HHUX JIaHUX 3 KUIBKOX BHIIB JAisUIBHOCTI, BUKOPHUCTOBY-
FOYH 3arajibHi KOHCTPYKIIi Ta BU3HAYEHHS, a TAaKOX 3a-
TTBHUN KOPHUCTYBAIbKHUNA JOCBI/I.

Kitouosum npuniiunom ERP € mentpamizoBanmii
30ip JaHWX IS MIHPOKOTO PO3MOBCIOKEHHS. 3aMiCTh
KiJIbKOX aBTOHOMHHX 0a3 JaHUX 3 HECKIHUCHHUM CIIHC-
KOM PO3pI3HEHHUX eNeKTpOHHUX Tabimip, ERP-cucremu
BHOCATH MOPSIOK Y Xaoc, mo0 yci KopUcTyBadi 3 pis-
HUMH TIpaBaMH JJOCTYILy Ta poOOYMMH (DYHKIISIMH CTBO-
proBain, 30epirajgy Ta BUKOPUCTOBYBAJIM OJHI i Ti cami
JlaHi, OTpUMaHi 3a JOIIOMOTOI0 3arajlbHUX MpoIleciB. 3a-
BISIKM O€3MEYHOMY Ta IEHTPaTi30BAHOMY CXOBHIILY Ja-
HUX KOKEH CIIBPOOITHHUK OpraHizalii Moke OyTH BIIEB-
HEeHHUH, 110 JIaHi € IPaBUIbHUMH, aKTYIbHUMH Ta TTOB-
HUMU. [liTiCHICTh JaHUX TapaHTYETHCS IS KOXKHOTO 3a-
BJIaHHSI, 1110 BUKOHY€ETHCS B yCiii opranizamii [18].

CxeMmarnyHe npejcTaBieHHs (yHKIIOHaIbHUX 00-
JacTed moxaHo Ha puc. 1.
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- DiHaHCK
onepaliiiHe NNaHyBaHHA

Kepy: % J YpaBniHHA
i nepcoHanom
BUPOTHULTBOM

Cuctema - -
3anacamu pecypcamu

KOHTpONb AKOCTI

&] % YNpABAIHHA TEXHMHUM
@ % 0GCIYrOBYBAHHAM

KepysaHHA
npofaami

KepysaHHa Desnekoto

Puc. 1. ®ynkuionansai obnacti ERP-cucrem

ERP-cucrema oxomiroe HacTyIHI 3araibHi QyHKIIi-
oHanpHI OOyacti. Y 0ararboX CHCTEMax JaHOI'O THITY
BOHM HAa3WBAIOTHCSI 1 TPYMYyIOTBCS Pa3oM SIK MO
ERP[19, 20]:

- (inancoBuii o0iK;

—  ymOpaBIiHCHKHiT OOJIK;

- BUpPOOHUITBO;

- 00poOka 3aMOBJICHb;

—  yNIpaBIiHHSA JAHIIOTOM IOCTABOK;

—  yNOpaBIiHHSA NPOCKTAMU;

—  YIpaBIiHHS B3a€MOBITHOCHHAMH 3 KITI€HTAMU;

—  CEpBICH JaHUX.

[Mixn ¢dinancoBum 06IIKOM pO3yMieEMO TLIATEXI,
BKJIFOUQIOYH, BUMOTH JI0 OILUIaTH, BUKOHAHHS IUIATEXIB
Ta CTATHEHHs, YIPaBIiHHA rpouuMa, GhiHaHCOBa KOHCO-
migamis. Ilig ynpaBiiHCBKHUM OOJIIKOM PO3yMieMO Of0-
JDKETYyBaHHs, 004YMCIIeHHs cOOIBapTOCTI Ta YHpaBIiHHS
BuTpaTami. [1ig 06poOKOI0 3aMOBJICHE PO3yMieMO 3aMo-
BJICHHS Ha TOTIBKY, BBEJICHHS 3aMOBJICHHS, IEpeBipKa
KPEIUTOCIPOMO>KHOCTI, I[IHOYTBOPEHHS, AOCTYITHE JUIS
0OIIsTHHS, 3aMacy, JOCTaBKa, aHAII3 i 3BITHICTH MpoJa-
KIB, a TakoX KoMiciitHi mpomaxi. Ilig BHpOOHHITBOM
po3yMieThes crienuikaiis MaTepiaiB, IUIAHYBaHHS, YII-
paBIIiHHS POOOYUMH MPOIECAMHU, KOHTPOJIb SKOCTI, BHU-
poOHMuMil mpoliec, BUPOOHWYI HPOEKTH, BHUPOOHMUMIL
MOTIK, YMPaBIiHHSI XUTTEBUM MUKIOM Tpomykiii. ITig
YIPABJIIHHSAM JIAHLIOTOM IIOCTaBOK PO3yMIEMO ILIaHY-
BaHHs JIAHLIOTa TIOCTABOK, [IaHyBaHHS MI0CTA4alIbHHUKIB,
KOH(]IrypaTop MPOIYKTiB, 3aKyIiBIsA, i1HBEHTapH3allisd,
00po0OKka nperen3iit, 30epiranus. [1ig yrpaBIiHHIM Ipo-
eKTaMH po3ymieMo [lnaHyBaHHS NPOEKTY, IUIaHyBaHHS
pecypciB, OOYHCIICHHS BapTOCTI NMPOEKTY, CTPYKTypHa
JICKOMITIO3MLIsl poOIT, BHCTAaBICHHS PaXyHKIB, yIpaB-
TMiHHS AisueHICTIO. [lig ympaBimiHHAM B3a€MOBITHOCH-
HaMH 3 KITI€HTAMH PO3yMi€MO IPOJaXi Ta MapKETHHT,
KOMICi#Hi, 00CITyroByBaHHS, KOHTAKTH 3 KJII€EHTaMH.

Ilixg cepBicamu 1aHUX PO3yMi€EMO pi3HOMaHITHI iH-
Tepdericn caMooOCITyroByBaHHS I KIIIEHTIB, OCTada-
JIBHUKIB Ta/ab0 CIiBPOOITHHKIB.

CucteMu ynpaBIliHHS B3a€MOBITHOCUHAMM 3 KITI€EH-
tamMu(CRM) BUKOPHCTOBYIOTH JUIS yNPaBJIiHHS Ta aHa-
73y B3aeMOZii 3 KIIEHTaMU Ta JaHUX IPOTITOM YChOTO
KHUTTEBOTO IMKIIY KJIIEHTA 3 METOIO TOKPAIIEHHS JiI0-
BUX BIJIHOCHUH, CIIPUSHHSA X YTPUMAaHHIO.

Cucremu CRM 30upatoTh 1aHi 3 pi3HUX KaHaIIB
KOMYHIKaIlii, BKJIFOYAO4YH BeO-calT KoMmaHii, TenedoH
(1o SIKOTO YacTo BXOJMUTH MpOTpaMHe 3a0e3MeUeHHS ISt

IP-tenedonii), enekTpoHHY MomITY, YaT B pealbHOMY
yaci, MapKETHHI'OBI MaTepiajli, a TaKoX 3 COLIaJbHUX
Mepex. BoHu 103BONSIIOTH miAnpreMcTBaM Ji3HaTucs Oi-
JIBIIIE TIPO CBOIO IITLOBY ayAMTOPIIO Ta K Kpalie Biano-
BiJIaTH IXHIM MOTpeOaM, THM CaMHUM 30epiraroyu Kii€H-
TiB Ta 3abe3mnedyroun 3pocTanHs npoaaxis. CRM moxe
BUKOPUCTOBYBATHCS 3 MUHYJIMH, IOTOYHUMH 200 IOTe-
HIIHHUMU KiieHTaMH. L[ mMOBHa B3a€MOISl OXOILTIOE
Oe3mocepeHill KOHTAKT 3 KIIEHTaMH, TaKi sIK Omeparii 3
MpoAaXy Ta OOCIyrOBYBaHHS, IPOTHO3YBaHHSA, aHAII3
CIIO)KMBYHMX MATEPHIB Ta IIOBEIIHKH 3 TOUKH 30py KOMIIA-
Hii. 3arajgpHa cxema B3a€MOJii 3 KJII€EHTAMH B paMKaxX
CRM mnonana Ha puc. 2 [21, 22].

B33EMOBIHOCHUHU

3 KnieHTamu

PozeuTox
KIIEHTa

Puc. 2. Cxema B3aemogii 3 kimieHTamu B pamkax CRM

Cucrema  ympaBiiHHA  JIIOACBKUMH  pecyp-
camu(HRM) - ne popma mporpamuoro 3abe3rnedeHHS,
sIKa TOETHYE B co0l pSI CHCTEM 1 TIpoIIeciB s 3a0e3rre-
YEeHHsI JIETKOTO YINPABIIHHS JIIOACEKUMH PECypCaMH,
npouecamu i ganuMu. [Iporpamue 3abe3neueHHs 11 yIi-
PaBIIiHHS MIEPCOHATIOM BHKOPUCTOBYETHCS ITiIPHEMCT-
BaMH /i1 00'€JHaHHA Psy HEOOXiTHUX (YHKIIIH, TAKUX
sIK 30€piraHHs JaHuX CIIiBPOOITHHKIB, YIIPaBIiHHS Hapa-
XYBaHHSM 3apo0iTHOT I1aTH, Mia0ip nepcoHaity, aaMiHi-
CTPYBaHHs IiJbT, 00JIKy poOoYOro yacy Ta BiABiayBa-
HOCTI, YIIpaBIiHHS €()eKTUBHICTIO CIiBPOOITHHKIB, a Ta-
KO BiICTE)KE€HHSI 3aIIHCiB PO KOMIIETEHIIi1 Ta HABYAHHS
[23]. Cucrema HRM e Haitypa3nuBimioro 3 morisigy 3a-
XHCTY TIEPCOHAIBHHUX JJAHUX

Cucrema ynpaBiiHHS JFOJCHKMMH pecypcamu 3a-
Oesneuyrots [24]:

—  BEJEHHS KaJpOBOTro o0JIiKY;

—  3BITHICTB 1 aHaJI3 JaHUX IPO MPALIBHUKIB;

—  poGounii rpadik Ta 00K BiBITyBaHHS,

—  OIiHKa MPOJAYKTUBHOCTI TpaIli;

—  BUIUIATY MiJT Ta KOMIICHCAIIINH;

—  PEKPYTHHT Ta aJarTalliio mepcoHaiy;

—  IUTaHYBaHHS YNPaBIiHHS Ka/IpaMu;

—  QopmyBaHHS KaJpOBHX PE3EPBIB;

—  BIJICTEXyBaHHS IIPETCHACHTIB Ta iX pe3ioMe.

CxeMaTH4He NPE/ICTABICHHS CUCTEMH YIPABIIiHHS
JIOZCHKUMH PEeCypcaMu MoaaHo Ha puc. 3 [24].
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YnpaBniHHA
NOACBKUMU
pecypcamu

HaguaHHa

-||‘Inauvaaunu
i Biabip

Puc. 3. Cucrema ynpapiiHHS JIIOACEKUME PECypcaMu

npasniHHA
NPoAYyK-
TUBHICHIO

NnaHysaHHAR

I INaHyBaHHA

KapbepH

Cuctema ymOpaBIiHHA aKTHBAMH  Oprasizamii
(EAM) — cucreMa yrpaBiiHHS )KUTTEBUM IUKIOM (i3u-
YHHUX aKTHBIB OpraHizaiiii. BoHa 0XOIUTIOE Taki TeMH, K
NPOEKTYBaHHs, OyJIIBHHMITBO, BBEACHHS B EKCILTyaTa-
1if0, eKCIUTyaTallisi, TEeXHIi9He 0OCITyTOBYBaHHS Ta BUBeE-
IIeHHS 3 eKcIuTyartamii abo 3aMiHa yCTaHOBOK, 0Oian-
HaHHA Ta CIopyl. AKTHBaMHU MOXYTh OyTu abo HepyXxo-
MICTh, TaKa SK OyIiBIi, 3aBOAH, BHPOOHWYE OO THAHHS,
abo pyXxoMi aKTHBH, TakKi sIK TPAaHCHOPTHI 3aco0u, Kopa-
611, pyxoMe 00JIalHAHHS TOIIO. YTIPABIiHHS KUTTEBUM
LUKJIOM LiHHUX (i3UYHUX aKTHBIB BHMara€ perpecuB-
HOTO TUTAHYBaHHsI Ta BUKOHAHHS poboTu [25, 26]. Cxe-
MaTH4HE NPE/ICTABICHHS 33124 CUCTEMH YIPABJIiHHS aK-
THUBaMH TTiMPUEMCTBA MOAaHo Ha puc. 4 [27].

Ynpasaluus
CXNBACHKHMM

Crparerin
xuTTesoro
umxay

Puc. 4. 3agadi cucteMH ynpapJliHH aKTHBaMH MiANPUEMCTBA

Tl'onosroto Metoro EAM-cucteMm € 3abe3neueHHs
TaKOTO PEXMMY eKCIUTyaTalii OCHOBHMX BHPOOHMYMX
¢douiB, KUl 3a0e3neuyBaB OM MaKCUMaJbHY IMPOITyC-
KHY 3[IaTHICTh BUPOOHMIITBA 332 PaXyHOK MIATPUMKH He-
00xigHOro KoedilieHTa TEXHIYHOT TOTOBHOCTI ITPH AOIY-
CTMMOMY DiBHI BUTPAaT Ha 00CJIyrOByBaHHs i pEMOHT OC-
HOBHUX (DOH[IB MiANPHEMCTBA.

Cucrema eneKTpoOHHOro NOKyMeHToobiry (EDMS)
- IIe MporpaMHe pilllcHHS, sSKe 3a0e3Mmeuye eHTPali3o-
BaHy IatdopMy I yIpaBiIiHHS, opraHizaunii Ta 30epi-
TaHHs eJIEKTPOHHUX TOKYMEHTIB 1 daiinis. EDMS no3Bo-
JIsle OpraHi3anisM ONTHMI3yBaTH IPOLIECH KePYBaHHS 10-
KyMEHTaMH, TTOKPAIINTH CIIBIIPAIIO Ta MiABUITNTH Oe3-
MeKy Ta OCTYNHICTh CBOiX IM(PPOBHX JTOKYMEHTIB.
EDMS 3a3Buuaii BKiIIOYae Taki QpyHKIII, SK CKAaHyBaHHS
JOKYMEHTIB, 1HIEKCYBaHHS, KOHTPOIb BEPCii, KOHTPOIIb
noctymy Ta ¢yHKUiA nomyky. i ¢yHKmii 103BOISIOTE
opraizamisM mudppoBizyBatn poOodUi mporecu 3 IOKy-
MEHTaMM Ta aBTOMAaTH3yBaTH 0araTto py4HHX 3aBJaHb
JUTsL KepYBaHHS ManepoOBUMH JOKyMeHTamu[28].

OpHna 3 nepeBar BukopuctanHs EDMS mnosnsrae B
TOMY, III0 BOHA MOXE IMiJIBHIIUTH O€3MeKy Ta JOCTYII-
HicTh M poBHUX TokyMeHTiB. EDMS Hanae ¢pyHkuii ko-
HTPOJIFO JOCTYITY, SIKi JO3BOJISIOTH OpraHi3aIlisiM KOHT-
POJIIOBATH, XTO MOXE OTPHUMYBATH JOCTYII IO CBOIX IIH-
¢poBuxX HOKyMeEHTIB i 3MmiHIOBaTH ix. EDMS Takox Ha-
nae GpyHKIT KOHTPOIIO BepCiii, sIKi JO3BOIISIOTH OpTaHi-
3aIisM BiJICTEKYBaTH 3MiHH JTOKYMEHTIB y 4daci, 3abe3re-
YyIOYN KOHTPOIBHUH KYpHAN 3MiH 1 MEperisiiiB TOKy-
MmeHTiB[29,30]. CxemMaTH4He NMpeACTaBICHHS IaHOi CHC-
Temu nojano Ha puc. 5 [30].

MNepeTBOpeHHA
3 naneposoro 8
3NEKTPOHHUI
dopmar

3abe3neyeHHa suaavi
[OKYMEHTIB BIANOBIAHO

[0 npas gocTyny |

PoGouin npouec

IHAeKkcauia

MocnigosHicTh MpUCBOEHHA
3asAaHb, AKa € iHAeKcis, Wo
YacTUHOK BinbLoi BKa3yTb Ha Micue
afaudi Ta € CHHOHIMOM CTBOPEHHA,
GisHec-npouecis 3BepiraHHa

B

Bugaya

JOKYMEHTIB Y Pi3HKX|
hopmarax

Puc. 5. 3amadi cucteMn e1eKTPOHHOTO TOKyMEHTOO0O0ITY

Takox B IMEBHUX HAYKOBHUX POOOTAaX OKPEMO BHIi-
JISIFOTh CUCTEMY 3abe3reueHHs iHpOopMaIiiHOi Oe3meKu.
Jana mijicucrema BKIIIO4ae B cede mporiecu 30opy ta 00-
poOku iHdopMAIIil MPo IHIKUACHTH OS3MEKH, 1110 BHHUKA-
10Tb B iHmux nigcucreMax KIC, MOXIMBOTI IO aBTOMa-
TH30BaHOMY ab0 KepOBaHOMY aJMIHICTPaTOpPOM CHC-
TEMH pearyBaHHIO Ha Ii IHIMACHTH, TOIO. Takox Iij
(hyHKIIOHAT TaHOT MiICKCTEMH MiANadae KepyBaHHS JI0-
crynom a0 pecypcis KIC, Bu3HaueHHS Ta KepyBaHHS 110-
JITHKOIO NapoliB, 3a0e3Me4eHHs 3aX0/iB Oe3reku, 1o
BH3HAYCHI MOJIITUKOIO OE3MeKH KOMITaHii, B POIIEC Iie-
penaui, 06poku Ha 30epiraHus inpopmarii. Cxema 3a0e3-
neuenns 6esnexu KIC nonana Ha puc. 6.

BaxxnueuMm axTopoM mpu opraHizartii macucTeMu
JAHOTO THITYy € MUTAHHSA [EHTpamizamnii ado JeneHTpati-
3amii KepyBaHHS O€3MEKOIO.
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Mogene

MOpYLUHUKa Mozene sarpos

MOHITOpPUHT Ta

KepyBaHHA
De3anexkow

Puc. 6. Cxema 3a6e3neuenns 6esnexu KIC

JeneHTpaiizoBaHe KepyBaHHs 0€3IEKOIO MOJIATAE B
CTBOPEHHI OKPEMHX O€3MEKOBHX 3aXOMiB B PaMKax KOXK-
Hoi 3 mincucrem KIC. [lo mepeBar noaiGHOTO MPUHIMITY
noOymoBwu ciij Biguectu [2, 9-13]:
—  TOJITHKM Ta PIICHHS Y3rOMKYIOThCS 3 KOHK-
PETHOIO MOJICILIIO Ta MOTPpedaMH B paMKax Ko-
JKHOI 3 MiJICUCTEM,

—  OlUThbIIa MWBHIKICT MPUHHSATHUCS PIillIEHb Ta aB-
TOHOMI3aIlis orepamniii 6e3meKH;

—  IIHPII MOXITMBOCTI 1O HAJAIITYBAaHHIO ITOJIi-
THK O€3TIeKH.

B cBotO X yepry HeHTpaTi3oBaHU MiIXiT 10 Kepy-
BaHHS O€3MEKOK T0Jsira€ B CTBOPEHHI 3arajibHOI CHC-
Temu Oe3rneky, 1o Oy/ie 3AupaTu, Ta 00pOOIIIOBATH IaH1
3 pi3HMX MiJICUCTEM Ta BCTAHOBIJIIOBATH 3arajbHi 3aX01
Oe3riexH, 1110 OyIyTh JIiSITH B paMKax BCiei opraHizarii.

Takox CITijl 3a3HAYUTH, 1110 AESKi BEJIUKI KOpIopa-
il BUKOPHUCTOBYIOTh KOMOIHAIIO LIEHTPAJi30BaHOI Ta
JICIICHTPATi30BaHOoi Mozei. BoHa mossirae B Tomy, IO

CTBOPIOIOTHCS LICHTPAJII30BaHi CUCTEMH KepyBaHHS 0e3-
TIEKOI0 JUI KOYKHOTO 3 perioni(o0iacTi, KpaiHH TOIIO)
SIKi 3a0e3Me4yIoTh 3aX0a1 OE3MeKH B MeKax JAaHOTo pe-
riOHY Ta IepeatoTh 3BiTH B LIEHTpaJIbHUI odic 11 aHa-
T3y IHIMAEHTIB OE3MEKU Ta CTBOPEHHS PEriOHAIBHHUX
abo 3araJpHUX pEKOMEHAALil Mo 3abe3meueHHI0 0e3-
meku [31, 32].

BucHoBkH

Buxomsiuu 3 TOoCiKCHUX HAYKOBHX ITyOJTiKamii B
paMKax KOPIIOpPaTUBHUX 1H(GOPMAIIHHUX CHCTEM PEKO-
MEHIYETHCSI BUKOPHCTOBYBAaTH CaMe LEHTpPali30BaHy
MOJIeNb MOOYZIOBH CUCTEMH 3a0e3leueHHs Oe3leku ue-
pe3 1i moTeHIiftHO OIBIIHIT piBEHb 3aXUIIEHOCTI, OPiB-
HSHO 3 JEICHTPAJi30BAHOIO, 3MEHIICHHS PHU3HKIB He-
Y3TOKEHOCTI TMOJNITHK Oe3Mekr B Pi3HHUX ITiIpo3Iinax
oprasizarii.

Bci onmicani BucYe cHCTEMH TO3BOJSIOTH PO3MOIi-
JMUTH 3a7adi B paMKax IMiIMPUEMCTBA, PO3POOHTH Ta
BIPOBAJMTH BIJIIOBIIHI ITPOrpaMHi, arnapaTHi Ta OpraHi-
3awiifHi 3axoau Oe3neKH Ui KOXKHOT 3 oOnacTell Jisuib-
HocTi. CHCTeMH yNpaBiliHHS aKTUBaMHU Ta JOKyMEHTa-
LI€0 J03BOJIATh ONTHMI3yBaTH OOJIK IHIMICHTIB 0e€3-
neky. Ha ocHOBI 3BiTiB PO iHIWAEHTH Oylie MOKINBO
MIPOBECTH aHai3 Ta BUSBUTH HEJOJIKHA CUCTEMHU.

Cunig TakoX 3a3HAYUTH, IO Y pasi TOro, SKIIO 3a-
Xo1u Oe3IeKH, 0 peai3oBaHi B paMKax KOPHOPATUBHOT
iHpopManifHOi cucteMu OyIyTh HETOCTATHIMH, TO IIE
MOe MPU3BECTH JI0 BUTOKY NEPCOHAIBHUX TaHUX KOPHU-
CTyBaUiB, IPaIliBHUKIB KOMITaHii, KOPIIOPATHBHOI iHOP-
Mariii, mopymeHHs pyHKI[IOHyBaHHS cHCTeMH a0o0 ii TmiJ-
CHCTEM, MOIIKO/HKEHHIO a00 BiJIMOBI 3aC00iB BUPOOHUII-
TBa Ta IHIIUM IHIIMJCHTaM Oe3MeKH.

KIC HamatoTh MMPOKHUH CHEKTP MOKIHMBOCTEH MO
onTUMIi3aii npoiecy BUpOOHHIITBA, YIIPABIiHHS T1€pPCo-
HaJIOM Ta aKTHBaMH Ta BIPOBA/KEHHSIM 3aX0jiB 0e3-
meku. Aue uepes 30UIbIIeHHs 00’ €My TaHUX 1o 30epira-
IOTBCS T4 KUTBKOCTI OOCIYrOBYIOUOTO MEPCOHANY, KU
MO€ OTPUMATH JOCTYTI IO JAHUX B PaAMKaX CHCTEMH ITi-
JBUIIY€THCS PU3UK BUTOKY iH(popMmartii. Uepes 1e Takuid
THIT CHCTEM TaKOXK HOTPeOye KOMIUIEKCHOI CUCTEMH Oe3-
ek 1o OyJie OXOILTIOBATH BCi cdepi MisTbHOCTI TiI-
pHEMCTBA, CUCTEMH BUSIBIICHHS 1HIUJICHTIB Ta 3aX0/H 3
i 3an00iranHHs.
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Features of enterprise information systems
S. Butenko

Abstract. The features of constructing and using corporate information systems for optimizing the functioning of an or-
ganization, improving production processes, and managing personnel, as well as internal interaction between its various depart-
ments, are considered. The main capabilities provided by such systems to ensure information security are identified. The main
types of subsystems that can be created when implementing such systems and their functions are described. The main advantages
of such systems and possible vulnerabilities that may be inherent in such systems due to insufficiently implemented security
measures are identified.

Keywords: enterprise information system, resource management, data analysis, customer relationship management, elec-
tronic document management, security management.
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NETWORK INTRUSION DETECTION MODEL BASED ON CONVOLUTIONAL
NEURAL NETWORKS AND TABULAR DATA CONVERTED INTO IMAGES

Abstract. The object of the study is the process of identifying the state of a computer systems and network. The subject
of the study are the methods of identifying the state of computer systems and networks. The purpose of this paper is to
improve the quality of detecting intrusions into computer networks. The UNSW-NB 15 set, which contains information about
the normal functioning of the network and during synthetic intrusions, was used as input. Deep neural networks (DL), their
advantages and problems in big data processing are considered. It was found that deep neural networks when processing
tabular data require their transformation. Modern methods of tabular data transformation were studied. The results obtained.
A method of converting tabular data into an image is proposed. The method converts each object of a separate class from a
set of tabular data into an image by mapping the attribute values onto a two-dimensional plane. The method was implemented
programmatically using the GOOGLE COLAB cloud service based on Jupyter Notebook. Conclusions. It was found that
the use of the proposed conversion method of tabular data into an image made it possible to use a classification model based
on the CNN neural network and increase the quality of detection of intrusions into computer networks up to 4%.

Keywords: intrusion detection systems, computer networks, machine learning, deep neural networks, tabular data

conversion.

Introduction

Despite significant progress in the field of cyber
security, today there is a need for continuous
improvement of methods and technologies used to
monitor and identify intrusions into computer networks
[1].

Network traffic represents a complex set of data
transmitted across a network. Its characteristics are
determined by the interaction of numerous factors,
including the properties of devices, software, the data
itself, and the network. This forms the key features that
characterize the traffic.

e Hardware components: The device type,
technical specifications (processor, RAM), operating
system, and network adapters significantly impact the
nature of the generated traffic.

o Software: The use of different applications,
their functionality, versions, and interaction protocols
shape the characteristics of the traffic.

o Data: The type of data (text, images, video), its
volume, and transmission frequency directly affect the
network load.

e Network infrastructure: Bandwidth of
channels, transmission delays, quality of service, and
network topology determine the data transmission
capabilities.

The set of features characterizing network traffic is
flexible and can be adapted to specific analysis tasks. For
example, when studying cyber threats, attributes related
to attacks, such as type, source, and target are added to
the traditional set of features. This approach allows for
the creation of a detailed traffic profile but also increases
its dimensionality. A large number of features
complicates the process of training machine learning
models, as it requires more computational resources and
time. The presence of high-dimensional data introduces
the problem of computational complexity, which can
make training machine learning models slower and more
expensive.

Today, models based on deep neural networks are
the most popular for big data processing [2-4]. Neural
networks are typically associated with image and text
processing. However, they can also be successfully
applied to tabular data, though this requires transforming
the data first [5].

The purpose of this work is to develop a method of
transforming tabular data into images and using deep
neural networks to improve the quality of intrusion
detection in computer networks.

1. Approaches and methods

Deep neural networks (DL) have a unique ability to
autonomously discover and learn hidden patterns in data,
forming internal representations of information. This
feature makes them a powerful tool for solving complex
problems such as image recognition, natural language
processing, and speech signal analysis. Their ability to
automatically identify abstract representations allows
deep learning models to effectively adapt to new tasks
and generalize acquired knowledge to new data. In many
tasks, especially with large amounts of data, neural
networks demonstrate higher accuracy compared to
traditional machine learning methods like linear
regression or decision trees. Additionally, deep neural
networks can detect complex nonlinear relationships
between data features, which is particularly useful for
tabular data with many interactions between variables.

Due to these properties of deep neural networks,
numerous attempts have been made to apply them to
various types of tabular data [6].

Converting raw data into images is one of approach
to applying DL to tabular data [7].

For example, Taehoon Kim et al. in his work [8]
uses dimensionality reduction algorithms such as t-SNE,
UMAP, PCA, and others to convert tabular data into
grayscale images, which are then combined into a color
image.

Sharma A. et al. [9] also proposes a method called
Deeplnsight, whi.h involves arranging similar or
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correlated features in neighboring areas of a two-
dimensional feature map to facilitate learning their
complex relationships and interactions. This method also
involves using t-SNE or kPCA. The authors also note that
the resolution of the image is significant; a lower
resolution means that more features will overlap, which
can lead to information loss.

Bazgir O. et al. [10] proposed a method called
Representation of Features as Images with Neighborhood
Dependencies (REFINED), which transforms tabular
data into images using Bayesian Multidimensional
Scaling (BMDS) and a hill climbing algorithm.

Finally, Zhu et al. [11] introduced a technique for
converting tabular data into images called the "Image
Generator for Tabular Data" (IGTD). This technique
assigns one pixel in a grayscale image to each feature,
positioning similar objects closer together. Research has
shown that models based on recurrent neural networks
and CNNs trained on images generated by IGTD perform
are better than CNN models trained on images from other
converters. However, the quality of such models still
requires improvement, particularly in the context of
multiclass classification.

2. Method development

In this work, the UNSW-NB15 dataset is used as the
source data. This dataset was developed by the Cyber
Range laboratory of the Australian Centre for Cyber
Security (ACCS) and contains information on normal
network operations as well as synthetic intrusions [12].

UNSW-NB15 represents nine main attack
categories using the IXIA tool: PerfectStorm Analysis,
Backdoors, DoS, Exploits, Fuzzers, Generic,
Reconnaissance, Shellcode, and Worms. There are 45
features developed using the Argus and Bro-1DS tools, as
well as twelve algorithms, which cover network packet
characteristics.

The model was implemented programmatically
using the GOOGLE COLAB cloud service based on
Jupyter Notebook.

As part of the study, the following stages of data
pre-processing were performed:

o Data cleaning. Removal of erroneous or invalid
data such as empty values, invalid records.

e Removal of non-informative features (for
example, id).

o Data balancing.

o Data Scaling. So that all features have the same
range of values.

To simplify modeling for multiclass classification,
four of the ten classes were selected based on the largest
number of objects: Normal, Generic, Exploits, and
Fuzzers.

Data analysis revealed that the data was
imbalanced. To simplify modeling and reduce training
time, the RandomUnderSampler algorithm [13, 14] was
applied to remove excess objects.

To convert tabular data of an object into an image,
the following algorithm was proposed:

1. Store the target features in a separate set.

2. Convert categorical data to numerical values
using the “factorize()” method.

3. Normalize the data using the “MinMaxScaler()”
method.

4. lterate through each row and transpose it so that
feature names become indices. This is necessary to
position features along the x-axis and their values along
the y-axis.

5. Generate a plot, convert it to a grayscale image,
and save it in .png format.

Using the developed algorithm, all objects in the
dataset were converted into image format. The images
are created as two-dimensional line plots, where the x-
axis represents the features and the y-axis displays their
values (Fig. 1).
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Fig. 1. An object of the Normal class
with the standard set of features

Preserving the number of features eliminates the
risk of information loss, thereby increasing the model's
effectiveness. Moreover, converting data into images
removes the need for a preprocessing step such as feature
selection. Regardless of the number of features depicted
in the image, the final volume of data fed into the model
remains unchanged.

The next step in building the model is to create
training and testing datasets for the classification model,
which include these objects.

The following algorithm is proposed:

1. Inaloop, load the current object's image using
the “load_img()" method, convert it to a three-
dimensional array using the “img_to_array()" method,
and then add it to the list.

2. Serialize the list for storage. Serialization is
needed for convenient storage of the dataset and quick
loading.
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3. Convert the list into a NumPy array, resulting in
a four-dimensional array that can be fed into the neural
network.

4. Also, load the class labels that were previously
saved in a separate dataset.

5. Split the data into training and testing datasets.

The combination of the two previously developed
algorithms forms a method for transforming tabular data

into images, which are then used as input data for the
model.

Since the IGTD method for converting tabular data
into images showed the best results in previous studies,
we will compare its results with those of the proposed
method.

Fig. 2 shows an object of the Normal class
transformed into an image using the IGTD method.

0 1 2

3 4 5 6

Fig. 2. An object of the Normal class transformed into an image using the IGTD method

For comparative analysis, a Convolutional Neural
Network (CNN) model was constructed. The UNSW-
NB15 dataset, which was converted from tabular data
into images, was used as the input data. The model's

performance was assessed using metrics such as
Accuracy, F-1 Score, Precision, Recall, Training Time,
and Recognition Time. The test results are presented in
Table 1.

Table 1 — Results of multiclass classification of the dataset converted into images

using the IGTD method and the proposed method

Transformation method Model of Accuracy, F1-score, Precision, | Recall, Trainin | Recognition
classifier % % % % gtime,s time, s

IGTD CNN 83.21 83.35 84.9 81.66 680.2 10.45

Proposed method CNN 86.89 87.06 88.02 85.59 669.3 10.62

As shown in Table 2, using the proposed method for
converting tabular data into images enabled the
construction of a classification model based on a CNN
and improved classification quality by up to 4%.

Conclusions

This work investigates the effectiveness of using
modern deep neural network models for intrusion
detection in computer networks.

Deep neural networks are among the most popular
methods for analyzing big data. Typically, neural
network models are used for processing images and texts.
For handling tabular data, these models require a
transformation of the input data.

The research analyzed various data conversion
approaches. It was found that the most effective
technique for converting tabular data into images is the

"Image Generator for Tabular Data" (IGTD). However,
the quality of the model remains insufficient.

To improve model quality, a method for converting
tabular data into images has been proposed. Initially,
images are created for each object in the form of two-
dimensional line plots, where features are represented on
the x-axis and their values on the y-axis. The images are
then converted into a three-dimensional array, and a list
of objects is formed. This list is converted into a NumPy
array, resulting in a four-dimensional array that can be
fed into the neural network.

The proposed method was implemented using the
GOOGLE COLAB cloud service based on Jupyter
Notebook. An intrusion detection model for computer
networks based on a Convolutional Neural Network
(CNN) was developed. The model also includes a block
for converting the input data into images.
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In this work, the UNSW-NB15 dataset is used as the
source data. This dataset was developed by the Cyber
Range laboratory of the Australian Centre for Cyber
Security (ACCS) and contains information about normal
network operations as well as synthetic intrusions.

For comparative analysis, the input data was
converted into images using both the proposed method

Using the proposed method for converting tabular
data into images enabled the application of a CNN-based
classification model and improved classification quality
by up to 4%.

Future research will focus on augmenting the input
data with synthetic features and evaluating their impact
on model performance.

and the IGTD method.
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Monaesib BUSIBJIEHHS BTOPIrHEeHb y KOM]'[’I()TepHy MeEpeRy
Ha OCHOBI 3ropTKOBHX HeﬁpOHHl/lX MeEpexK Ta TA0JIUIHUX AaHUX, NEPETBOPECHUX HA 306pamemm

C. 0. I'aBpuiterko, B. O. ITonTopanpkmit

AHoTanisi. O6’ekToM HoCTiIKeHHsI € mpoliec ineHTH(iKanii cTaHy KOMI IoTepHOl cucteMu Ta Mepexi. [lpeqmerom
JOOCJTIZKeHHsI € METOM iIeHTH(DIKAIl CTaHy KOMITIOTEPHHUX CHCTeM 1 Mepek. MeTor JaHOi po6OTH € IMiIBHIICHHS SKOCTI
BUSIBJICHHS BTOPTHEHb B KOMITTOTEpHI Mepesxi. B sxocti BXimHUX MaHux BUKOopHcToByBaBcs HaOip UNSW-NB 15, skuii MicTuTh
iHpOopMaIifo mMpo HopMallbHe (YHKIIOHYBaHHS MEpEXi Ta TiJl Yac CHHTETHYHHX BTOPTHEHb. PO3MIISHYTO TIHOOKI HEHpOHHI
mepexi (DL), ix mepearu Ta mpo0ieMu B 0OpoOIli BEeNMKUX NaHWX. BusBieHo, mo rimOoKi HEHpOHHI Mepexi mpu oopoOii
TaONMMYHUX JaHUX NOTPeOyIoTh iX TpaHchopmamii. JlocmimkeHo cydacHi MeToau TpaHcdopmanii Tabmmaanx qaHux. OTpuMaHo
Taki pe3yJbTaTH. 3apONOHOBAHO METOJ TEPETBOPEHHs TAOIMYHUX NaHUX B 300pakeHHs. MeToJ MepeTBOPIOE KOXKEH 00’ €KT
OKpEeMOro Kjacy 3 Habopy TaONMYHHMX JaHUX Ha 300pa)KeHHs NUIIXOM BiZOOpakeHHs 3HA4YeHb aTpuOyTiB Ha JBOBUMIPHY
ouHy. MeTox peanizoBaHo mporpaMHo 3a gornomoroio xmapaoro cepsicy GOOGLE COLAB Hna 6a3i Jupyter Notebook.
BucHoBkn. BcTaHOBIICHO, 110 BHUKOPHCTAHHS 3alPOINIOHOBAHOTO METOJY IEPETBOPEHHS TAONUYHUX JaHUX B 300pakeHHS
JI03BOJIAIIO BUKOPUCTATH MOJIENb Kiacudikarii Ha ocHoBi HelipoHHOT Mepexki CNN Ta MiABUINUTH SKICTh BUSBICHHS BTOPTHEHb Y
KOMIT I0TepHI Mepexi 10 4%.

Knw4yoBi cioBa: cucreMu BUSIBICHHS BTOPTHEHb, KOMITIOTEPHI Mepexi, MalllMHHE HaBYaHHS, MIUOOKI HEHpOoHHI
Mepexi, HepPeTBOPEHHS TaOINIHUX TAHUX.
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METO/IM 350PY TH®POPMAIII TA PEAJII3ALIT
AJITOPUTMY JONOBHIOBAJTBHUX HABAHTAKEHD

AHoTamisi: Y cTaTTi po3riIaaacThest IpobdiaeMa epeKTHBHOTO BUKOPUCTaHHS PECYpPCIiB Y XMapHUX OOUHCITIOBAIBHUX cepe-
JOBUINAX, IO CTA€ AeNalli aKTyaJbHILIOK Yepe3 3pOCTaHHs MOMUTY Ha 00YHCIIOBaIbHI TOTYXHOCTI. [Ipeacrasnenuii anro-
PHUTM ONTHUMI3allii pO3MOALTY HaBaHTaKECHHS CTBOPEHOTO MiKpOCEpBicCaMK Ta MOHOJIITAMH Ha CEPBEPHI BY3JIH, CIIPAMOBAHUI
Ha MaKCHUMi3allil0 BUKOPUCTAaHHS JOCTYIMHHX pecypciB. CTaTTa 30cepekeHa Ha OMUCaH1 TEXHOJIOTIH, SKi JOIOMOXYTh I10-
BTOPHUTH aJITOPUTM JIOKAJIBHO 3 METOIO HOro TecTyBaHHS I BIacHUX moTpel. [IopiBHIOIOThCS METOAM 300py METPHK, a
TaKOX CEpPe/IOBUIIA, Y SKHX MOXKHA BIPOBaJUTH Liel anroputM. OcobiuBy yBary npuineno Kubernetes i MosJIMBOCTI 3a-
CTOCYBaHHS PI3HHX MEXaHi3MIB PO3IOALTY MiKpocepBiciB, Takux sik Node Affinity, Pod Affinity/Anti-Affinity, a Takox Biia-
cHi ianyBanbHUKK (Custom Schedulers). st npoakTnBHOro MacIiTadyBaHHs BKIIOYAI0OUH "rapsauii po3irpis" By3iiB 3a-
nporoHoBaHo BukopuctanHs Horizontal Pod Autoscaler 3 BUKOpHCTaHHSIM METPUK POOOTH EIEMEHTIB CHCTEMH.

Kawuogi crosa: Kubernetes, 36ip MeTpuK, JOMOBHSIbHI HABAHTAXKCHHS, XMapHI CUCTEMH, MiKpPOCEPBICHA apXITEKTYpa,

MOHOJIITH.

Beryn

Cyuacue IT pyxaetbcs y HanpsIMKy 3a0e3meueHHs
CepBiCiB B Oyb-SIKUil Yac JOBUIBHIN KiJBKOCTI JIFOICH.
Yacro oiHE porpaMHe 3a0e3MeUCHHS He00X 1 THE JTFOSIM
B PI3HUX KYTOYKax CBITY, HAaNpHKJIaJ, CAWT MOKYIKH
aBiabineriB. lle HaKTamae JOAATKOBI BUMOTH Ha IIPOTpa-
MHE 3a0€3IeUeHHs, a caMe 3MYIIye Horo OyTH TOTOBUM
70 pi3KMX HaBaHTAXXEHb KOJIM-3aBrogHo. Lle roBoputh
PO HEOOXIAHICTH POTPAMHOT0 3a0e3NCUSHHAS MacCIIITa-
OyBaTHCh (scaling) Ta piBHOMIpHO pO3IOIIISATH HABaHTA-
xenHs (load balancing). 3 Takor METOI0 CTBOPIOBAIINCH
XMapHi CHCTEMH, a TpOXH 3rozioM 3’siBuBcsi Kubernetes
[1], xoTpwmii Tesx Ma€e Taki MOXKIIMBOCTI.

ABTOpaMH CTaTTi MPOMOHYETHCS anroput™ [2],
SIKMH BJIALITYEThCS Yy CTaHAApTHI A00pe BiITECTOBaHI
MPOLIECH XMapHOI CUCTEMHU Ta JIOTIOMOXeE pecypcoedek-
TUBHO PO3IOAUINTH HABAaHTAXKEHHS JIOAATKIB, 1100 BUKO-
PHCTOBYBAJOCH MEHIIIE CepBEpPiB Ui 3a0e3MedeHHs! TOi
caMol MPOAYKTUBHOCTI IUIIXOM PO3TallyBaHHS JOTIOB-
HSUTbHUX HaBaHTAXKEHb Pa3oM.

I[ocranoBka mpodJeMu. 3arponoOHyBaTH CIIOCOOU
peadizarii MeToay MouIyKy AOTIOBHIBHHX MiKPOCEPBICIB
JIOKAJIbHO 3 METOI0 pealni3aiii Ta TeCTyBaHHS aJITOPUTMY
JONOBHSUIBHUX JOAATKIB (MIKpOCEpBICIB) Ta MOTEHIIiH-
HOT'O HOro BUKOPHCTAHHS ISl CBOTO MPOEKTY, PO3TOPHY-
TOTO Ha XMapHil CUCTEMI UM 1HIIOMY cepBep MpoBanaepi.

AHami3 ocTaHHIX J0CTiTkeHb Ta myoOJikauiii.
Konu MoBa izie npo ajnroputM, KOTpUii Ma€ BUKOHYBaTHCh
Ha XMapHOMY CEepeJIOBHIII, Ta IIe H cCaMUM OIepaTopoM,
CJIiJ] MaTH PECYpCH IUISA iMiTaIlii MmpoIiecy Ha JIOKaJTbHUX
cepBepax, abu HOro NMpPOTECTyBaTH Ta HANAIITYBATH Tapa-
Mmetpu. [1o cyTi €TMHUM IHCTPYMEHTOM, SIKMI MOJXKe 3iMi-
TyBaTH XMapHy cuctemy € Kubernetes. Lle miatdopma 3
BIZIKPUTHM BHXiJTHHM KOJOM IS YIIPABJIiHHSI KOHTCIHE-
pusoBanumu (depe3 Docker [3]) pobounmu HaBaHTaXEeH-
HSIMH Ta CYIyTHIMH CITy>KOaMH (HapUKIad, TPEKiHT MeT-
pUK). BoHa xapakTepu3yeThecsi KPOCTUIATPOPMEHHICTIO Ta
PO3IIUPIOBAHICTIO, TOOTO B pa3i MOCHJICHOTO HaBaHTa-
JKEHHSI, BOHA MOJKE aJ]aNTyBaTHCh Ta BUPOCTH, aOH SIKICHO
HAJIaTH MOCIyTy KopucTyBadam. Kubernetes gacto acorri-
I0€ThCSI 3 XMapHUMU TexHoJorisiMu (cloud) uepes Te, 110
00HIBI KOHLETIIIT MAIOTh CIIJIBHY METY — 3a0€3MeYHUTH

MacImTaboBaHiCTh, aBTOMATH3AIII0 Ta PEKTHBHE YIIPaB-
TiHHA pecypcaMu it qofatkiB. Kubernetes, sik i xmMapHa
cucTeMa, BKJIIOYae OallaHCYBaHHS HABAaHTAXXEHHS, PO3-
TIOJILT PECYPCiB i aBTOMATHYHE BiTHOBJICHHS KOHTEWHe-
piB micist 360iB [1]. Xmaphi miarhopmu (AWS, Azure,
Google Cloud) Takoxx HamarOTh pecypcu aBTOMAaTHYHO 1
BUMararoTh MiHIMaJIbHOTO BTpY4aHHsI KOPHCTyBaya.

Sk i B XMapHHX cepenoBuinax, Kubernetes 103Bo-
JIsie MacITadyBaTH TOATKHU 32 HEOOXiTHOCTi, aBTOMATH-
YHO CTBOPIOIOYH HOBI IHCTaHCH (E€K3EMILISIPH) KOHTEHHE-
piB. Lle cxoxe Ha MacmTabyBaHHS PeCypciB B XMapHUX
iHpPACTPYKTypax, Je MOKHA TUHAMIYHO JOJaBaTH abo
BUIAATH O0UNCITIOBAJIbHI PECYPCH Ha OCHOBI IOITHUTY.

XMapHi CepBiCH HAaJalOTh MOKJIMBICTh KEPYBaHHS
PI3HUME pecypcaMH, TaKUMH SK BIpTyaJbHI MaIldHH
(VM), MepeskeBi MmiKIFOUEHHs, CXOBHIIA 1 0a3u JaHUX.
Kubernetes 3a6e3mnedye opkecTpailifo KOHTCHHEPHU30Ba-
HHX JIOJATKIB, II[0 € aHAJIOTOM TaKOT'0 YIPABIiHHS HA Pi-
BHI nozaTkiB. | xmMapHi TexHosorii, i Kubernetes noope
HIIXOMATh /s pOOOTH 3 MIKPOCEPBICHOK apXiTEKTYy-
poto. BoHr J03BOJISIIOTE JIETKO pO3ropTaTH, MacIiTady-
BaTH Ta MIATPUMYBATH HE3AJIEXKHI CEPBICH, 3 SIKMX CKJIa-
JIA€ThCS TOJIATOK, [0 € OCHOBHHUM IiIXO0M y XMapHUX
cucremMax. TakuM YMHOM, IMiTalisi poOOTH aIrOPUTMY
Ha Kubernetes € cmocoboM mporecTyBaTH HOT0, @ MOXK-
JIMBO 1 IOBHOILIIHHO KOPHCTYBATHUCh, SIKILIO MOBA W€ Tpo
cepBep-IpoBaiinepa, KOTpHU He 00CITyrOBY€ KII€HTIB HA
piBHI XMapHOi TEXHOJIOTII, a JIWII HaJa€ JIOKAJIbHI TOC-
nyru xoctiary. Ilo6inkmie, To 6arato XMapHUX IUIaT-
(dhopm BuKOpHCTOBYIOTH Kubernetes sik OCHOBHUI Mexa-
HI3M 711 yHIpaBlliHHS KOHTeWHepamu. BOHM HajgaroTh
cepsicH, 1o 6azytoTbes Ha Kubernetes 1uist criporeHHs
PO3TOPTaHHS Ta YNpPaBIiHHS KOHTEHHEPH30BaHUMH JI0-
natkamu B xmapi. Cam Kubernetes 6yB po3po0ienuii y
Google, sikuii BIIKPUB AOCTYI 10 BUX1THOT'O KOIy IIpOe-
kty Kubernetes y 2014. Google Kubernetes Engine
(GKE) — cepsic Big Google Cloud, nobynoBanuii Ha oc-
HoBi Kubernetes. Tak camo icHye Amazon Elastic
Kubernetes Service (EKS) — cepsic Bix AWS mis ym-
pasmiaas Kubernetes-kimactepamu (iMiTyeThes 3a 10TIO-
Moror iHcTpymentie kOps a6o EKS-D) ta Azure
Kubernetes Service (AKS) — cepsic Bixm Microsoft
Azure s po3ropTaHHs Ta ynpasmiaaa Kubernetes.
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3BaKalouH Ha 11, TOJIOBHOIO 3aJa4€I0 TECTyBaHHSI aJl-
roputMy € posropranHs Kubernetes Ha JOKaJIbHUX cepBe-
pax. MosxHa HaBiTh CTBOPHUTH MpHUBaTHY XMapy. Minikube
- OJIMH 3 HAWMOIIMPEHININX IHCTPYMEHTIB JUIS JIOKAIbHOT
incramsinii Kubernetes-knactepa Ha ogHOMY By3i (single-
node). BiH maxomuTe A TECTYBaHHS Ta PO3POOKIL
Minikube no3Bomste mparroBatr 3 Kubernetes Ha iokais-
HOMY KOMIT FOTepi, IMITyIOUH XMapHE CepPeIOBHIIIE.

Iamam  inctpymentom € Kind (Kubernetes in
Docker). Biu nossossie posroprata Kubernetes ximac-
Tepu 6e3nocepenapo y Docker-kontetinepax. Lle Takox
XOPOIIMH BapiaHT AJsl PO3POOHUKIB, SKMM MOTPIOHO Te-
CTyBaTH JI0JJaTKU B KOHTEIHEPaX.

Kubeadm - ue iHCTpyMeHT JJ1si CTBOPESHHSI TOBHO-
miHHuX KiaactepiB Kubernetes Ha JOKaNbHUX MalIMHAX
abo BipTyanbHUX MamuHax. BiH 3a0e3mnedye OuLIbII 1O-
BHY KOH(]Iryparito, 1o maXoIuTh Ui TeCTyBaHHS abo
HaBiTh NPOJAKIIH-OTOYCHb.

Takox icaye MicroKa8s, aie ockinbKH 11e Jierka pe-
amizamiss Kubernetes Big Canonical (po3poOHUKH
Ubuntu), BiH He ayke MiIXOIUTH JJI TeCTyBaHHS rada-
PHUTHOTO alNrOPUTMY, aJKe CTBOPCHUH IJIS PO3TOPTaHHS
Kubernetes-kimactep Ha MaJOMOTYXHHX MPUCTPOSIX, Ta-
kux sik Raspberry Pi, ane Tex 1 Ha JJOKQJIbHUX MalllMHAX.

Omxe, XxMapHi ™mIaTGOPMU BUKOPUCTOBYIOThH
Kubernetes sik 0JJH 3 OCHOBHHMX IHCTPYMEHTIB JJIsl OpKe-
cTpauii ~ KoHTeiHepiB.  JlokanmbHe — po3ropTaHHs
Kubernetes no3Bossie imiTyBaTtd XMapHy iHdpacTpyk-
TYpy M1 TECTYBaHHSI Ta pPO3POOKU. 3 IOIOMOIOO
Kubernetes MoxxHa imiTyBaTH XMapHi cuctemu AWS,
Azure, Google Cloud [4], [5], [6] Ta ixmii oKansHO, 1110
HaJja€ MOXJIMBOCTI JUI TECTYBaHHS JIOJIATKiB Ta OPKECT-
patii JoAaTKiB y XMapHOMY KOHTEKCTi 6e3 HeOOXiJHOCTi
BHUKOPUCTOBYBATH pealibHi XMapHi pecypcu. Takum 4u-
HOM, po3ropHyBiuu Kubernetes 3a gjonomororo Minicube
MOYKHa 3IMITyBaTH MOTPiOHI MiKpOCEpBICH Ta MPOTECTY-
BaTH QJITOPUTM IIOLIYKY JOMOBHSUIBHUX OCOOUH.

MeTo10 cTaTTi € TIOKa3aTu MOXJIMBICTb BUKOPHC-
TaHHS aJTOPUTMY JONOBHSUIBHHX MIKPOCEPBICIB K Ha
JIOKJIILHOMY IIPOEKTI, 3aITyIEHOMY Ha CEpBEPHOMY TIpO-
Baiiziepi YM XMapHii CHCTEMi, TaK i TI00aIBHO IS OpKe-
CTpaIlii BCiX MPOEKTIB, MiIKPOCEPBICIB Ta MOHOJITIB Ha pi-
BHI IIpoBaiiziepa cepBepiB UM XMapH.

Bukaan ocHoOBHOTO MaTepiairy

CyTb aJIrOpuTMy NOLIYKY I0NIOBHEHb. AJITOPUTM
CIPSIMOBaHMN Ha ONTHMI3aIil0 BHKOPUCTAHUX PECYPCiB
i1 9ac poboTH 0araTOKOMIOHEHTHOI CHCTEMH, 30KpeMa,
npu MacirabyBaHHI ii By3JiB Juisi 3a0e3MeUeHHs MOK-
PUTTS HaBaHTA)KCHHS BCIX KOPUCTYBAIBKHX 3aIUTIB. AJI-
TOPUTM BUDISAIA€ HACTYIHUM 4rWHOM. Ilinm Wac momryky
KOMIUIEMEHTapHUX HaBaHTAXEHb (MIKpOCEpBiCiB) ajro-
PHUTM BUKOHYE KJIaCTEPHU3aLlil0, B PE3YJIbTaTi YOTO eK3eM-
IUTIPH MIKPOCEPBICIB TPYITYIOTHCS 33 CXOXKICTIO poO0YHX
mabJIoHIB y KJIach €KBIBAJIEHTHOCTI. B MekaxX KOXKHOI
IPYIH EK3eMIUISIPU COPTYIOTHCS 32 aMILTITY/IOK BUKOPH-
cTaHHA pecypci. Jlami rpymu, 1mo BU3HAYEHi SK TOTTOBHSI-
JIBHI, IEPETHHAIOTHCS 3 METOIO 3HANTH MapH KOMIUIEMEH-
TapHUX MiKpocepBiciB. EK3eMIUIsIpH 3 TPOTHICKHUME
1a0JIOHAMH HABAHTAXKCHHS, aJIe CXOKUMH aMILTITyIaMH,
KOMOIHYIOTBCS 1S €(DEKTHUBHINIOTO BUKOPUCTAHHS PECy-
pciB. Takok MOXYTb PO3IJIAIATHCS Tapud 3 HU3BKOIO

aMIUTITY 1010 ISt 3alIOBHEHHS “TIpOoOiIiB”. AJIrOpuT™ BU-
KOPHCTOBYE KaJIIOHHUH MinXiz, o0 3HAWTH IepIunii ex3e-
MIULIp MIKPOCEpBICY, IO BIANOBiNA€ KPUTEPISM JIOTOB-
HEHHsI. SIKIO JOMOBHEHHS B MeXax Mepuiol rpymu He
3HalIeHo, 30epiracThcsl CTaTUCTHKa KOMOIHAIIN 3 ycima
€K3EMIUISIPaMH, 1 TTOITYK TPUBAE 10 3HAXOHKEHHS OTIOB-
HEeHb a00 BHYEpHAaHHA JONOBHMIBHUX IpyI. IIporec mo-
BTOPIOETHCSA 10 3HAXOHKEHHS BCIX MOJKIIMBHX Iap, X04a
3aJIMIIKOBI €K3EMIUTIPH MIKPOCEPBICIB € OYiKyBaHHUMH.
s MikpocepBiciB, 10 HE 3HAUIILTN JOIOBHEHb, 3aCTO-
COBYETBHCS TOJATKOBUH aHAI3 eKCTPEMYMiB 3 BUKOPHC-
TaHHSIM CEPEJHBOTO Ta CTaHAAPTHOTO BiIXMICHHS, 1100
MiBUIUTH HMOBIPHICTH 3HAWTH KoMILIeMeHTH. Kiacre-
pu3alist 1 HOIIYK MPOJOBKYIOTECS 10 OCTAaHHBOI yCITill-
HOT cripoOu. SIKIO 3aIMIIaeTHCs HEBEIUKA KITBKICTh Mi-
KpOCEpBiciB 0e3 mapH, BOHU KOMOIHYIOTBCS 3a JOIIOMO-
TOI0 pillleHHs 3a/1a4i PO MHOXKHHHUHN prok3ak [2, 7, 8].

Metoau 300py BXiIHHX JaHHX. AJTOpPUTM Oa3y-
€ThCS HA CTATUCTHYHUX JaHHX, 3aIIPOIIOHOBAHHX B IIEPIILY
4epry po3poOHUKaMu mporpamHoro 3abdesnedeHHs (113).
i maHi BayKIUBi 711 TOYTKOBOI KIacuQikaii MiKporpo-
necopa, Budopa fiomy napu. [Ipu HenpaBuIIEHOMY BHOODI
napH, pe3yJbTaTu ajJropuTMy He OyIyTh KpalluMH, HDK
craHapTHi. BapTicTh TOMUIKK 300py [TOYAaTKOBHX JAHUX
He Jy>Ke BeJnKa, aJuKe KIlayI-IpoBaiiiep 3HiMaTiMe 1 CBOi
METPHUKH, KOTpi OyAyTh 3aCTOCOBYBATHCh HA HACTYIHHUX
iTepanisx. AGK KOPEKTHO MPOBECTH 30ip JaHUX, CIij KO-
PHUCTYBaTHCh JOAATKOBUMH iHCTpymeHTamu. lllaGmonu
THCTpYMEHTIB IJ1s1 300py Ta 00POOKH METPHK MiKpOCEPBi-
CiB Taki: cucTeMa MOHITOPHHTY Ta 300py METPHK, SKa J0-
Ope inTerpyerbcs 3 Kubernetes (ramp., Prometheus); iH-
CTPYMEHT U1 Bi3yamizamii MeTpuk (Hamp., Grafana,
Kibana); inctpymenTu asst 300py Ta 06po6kw Joris. B no-
rax MOXYyTb OyTH JOJaTKOBI METPHKH, SIKi MOXYTh OyTH
HEOOXiTHi 1711 popMyBaHHS IOBHOT KAPTHHHU Y pO3POOHU-
kiB I13 (mamp., Fluentd abo Logstash, Grafana Loki,
ElasticSeach). Ockinbku 11 XMapHOTO TIPOBaiiiepa rojio-
BHE — CaMi METPHUKH, a He 1X Bidyaizallisi, HI)KYE OITH-
CaHo jieTalti cTocoBHO pobotu Prometheus.

Prometheus — 1ie moTy»Ha crcTeMa Jiist MOHITOPH-
HIY Ta 30MpaHHS METPUK, SIKa MPAIOE NULIXOM HaJICH-
nanas HTTP-3amuriB mo iHTepdeiicy B3aemomii (API,
endpoints), 1m0 oBepTae HeoOXiaHI MeTpuku. Takuii iHTe-
pdeiic 3 TOKaTEHUMH METPUKaMH Ma€ OyTH HAIMCAHWH B
3aCTOCYHKax Ta cepBicax, SIKi MOTpeOyIOTb MOHITOPHHTY.
3i0pani mani 30epiraroThCs B Creiali3oBaHiil 0a3i JaHux
yacoBux psaxiB Prometheus, mo 3abe3medye BUCOKY edexk-
TUBHICTb 1 IBUJKICT JOCTYITY 10 iH(GOpMAIIil, HaJae MOX-
JMBICTh OTIEPATHBHO AHAJI3YyBAaTH 3MIHM y METpPHKaxX i3
MHOM 4acy. L cuctema € uyoBUM BHOOPOM JUTSI MOHI-
TOPHHTY BHKOPHCTAHHSA pecypcis, Takux sk CPU, RAM i
MepexeBi iHTepdelicy, ockimbkn MicTuTh B co0i Node
Exporter 7151 ekcriopty upx nanux [9]. Prometheus miarpu-
Mye€ KiJIbKa (opMarTiB JJaHHX, CEPe SIKMX IPOCTHI TEKCTO-
Buii popmat 1 OpenMetrics. Bin 31ateH 30upatn MeTpuxu
3 PI3HOMaHITHHX JPKEpeJl, TAKUX K BeO-cepBepH, 0a3u 1a-
HHX, araparHi NPUCTPOi, KOPUCTYBALbKI 3aCTOCYHKH.

PosrissremMo ocHOBHI QyHKIIT Prometheus.

JInst po3pOOHMKIB MPH aHATI31 TPOOIJIEM MPOIYKTHB-
HOCTI CUCTEMH Ta CTAaTUCTUKH Oyae KopucHUMH PromQL
(Prometheus Query Language) — moTy»kHa MOBa 3aIIUTiB,
fKa JO3BOJIIE THYYKO 3alUTyBaTH Ta aHAJi3yBaTH
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30epexeHi faHi. {15t MOHITOPUHTY CHCTEMH B PEalbHOMY
yaci B Prometheus icHye MexaHi3M JuIsi CTBOPEHHS CIIOBI-
LIIEHHs1 HAa OCHOBI 3a3/aJIeTiIb BU3HaUeHnX yMmoB. Lli cro-
BillleHHs 00poOIIsIIOTECS uepe3 Alertmanager, sSIKHA MOKe
IHTErpyBaTHCS 3 PI3HUMHU CUCTEMaMH CIIOBIIIEHb, TAKHUMH
sIK enekTpoHHa nomra, Slack abo PagerDuty, 3abe3neqy-
F0YM CBOEYACHY PEAKIIF0 Ha KPUTHUYHI MOI1.

AnprepHatuBy Prometeus B po3pisi 300py Ta 30epe-
KEHHSI METPHK I10 PeCcypcax I YaCOBHX PSIB CKIIAIAI0Th
InfluxDB Ta Telegraf. Telegraf - arenr, sixuit 36upac nani
nipo Bukoprctanas CPU, RAM, auckoBi pecypcu Ta mepe-
KeBl iHTepdericH 3 pi3HUX Jukepen i nepeaae ix B InfluxDB.
InfluxDB - oHa 3 Ha#noTyKHiIIKX 6a3 TaHUX YaCOBHX Psi-
JiB, ONTUMI30BaHa JIIsi BUCOKOIIBHUIKICHOTO 30€piraHHs i
3armutiB 3 InfluxQL - SQL-moibHa MOBa 3amMTIB, IO JI0-
3BOJISIE BUKOHYBATH CKJIAJHI 3aITUTH JUTSl QHAITI3Y MPOIYK-
TUBHOCTI CHCTEM Y pealibHOMY 4aci. Takoxk MoXHa Kopuc-
TyBatuch Zabbix, Oe3mmaTHuM iHCTPYMEHTOM 1 300py
PI3HOrO POAY METPHK Ta JIOTIB, IO MPALIOE Yepe3 BIIACcHI
areatat a0o SNMP. Bin mae po3BHHEHY CHCTEMy CIIOBi-
IICHP 1 MATPIMY€E Bi3yalri3amito YaCOBUX PSIiB.

Jst 3nificHeHHST IPOdeCiifHOro MOHITOPHHTY Ha XMa-
PHOMY TIpOBaiiziepi KOPUCHUM IHCTPYMEHTOM OyJe KoMmep-
IiiiHuit xMapHuii cepsic Datadog. Bin Hagae npocri B Hana-
LITYBaHHI areHTH JUisi 300py METPHK 3 CepBepiB, KOHTElHe-
piB i xMapHux miardopm, Takux sk AWS, Azure un GCP.
Hum 3py4HO 30MpaTn METPHKH, BIICTEKYBaTH PECYpCH Ta
aHaJII3yBaTH NMPOAYKTUBHICTH CUCTEM Y peasibHOMY Yaci. J{o-
JATKOBO, JUTS CTAPTY Ta HAJIALITYBaHHS POOOTH CHCTEMH, KO-
pHCHAMH Oy TyTh aBTOMATHUYHI TAIIIOOPIH - Bi3yaTizaril 3 3i-
OpaHMX JaHUX. [HIOMMU JOCTYIHUMH aHaloramu € New
Relic, VictoriaMetrics Ta Netdata, siki pairor0Th 3 4aCOBHUMH
PpsiIamu, BETIMKIMH JAaHUMU Ta 3HIMAIOTh MOTPiOHI METPUKA
[9, 10]. HaiiyHiBepcanpHIilILM, 3 BIIKPUTHM KOJIOM
(opensource) Ta Oe3miataum € Prometheus. 3 Hum iHTErpY-
I0TbCsl 0arato J0JIaTKOBHX IHCTPYMEHTIB, a TOJIOBHE - BiH
criBrpairoe 3 Kubernetes 3a nornomororo nogatkie Thanos
abo Cortex. Bonu no3BosisitoTh MaciiradyBatu Prometheus
JUIsL JIOBTOTPUBAJIOTO 30€piraHHs METPUK 1 poOOTH 3 pO3IIo-
ninenumH kiacrepamu Kubernetes . Bonu nonarots peruika-
1iFo, o 3a0e3meuye pe3epBHe 30epiraHHs, 3aXUCT Bill BTpAT
JIAHFX 1 IICHTPATI3AIliF0 METPHK i3 AEKIIHKOX KIIACTEPIB.

MoBu nmporpaMmyBaHHSI /sl HATUCAHHS CKPHII-
TiB. OOpaHa MoBa IporpaMyBaHHsI Mae j100pe cIiBmpa-
moBaty sk 3 Kubernetes, Tak i 3 cucremoro 300py MeT-
puk. Sk ocranHro, odepemo Prometheus. /lo HpoOTO icT-
HYIOTb 010J1i0TeKH Bix BUpOOHMKA Ha IIiICTh MOB IPOrpa-
MyBaHHS, a TAKOXX I0AATKOB1 6101i0T€KH 7151 BCiX MOTIHN-
penux moB [11]. Kubernetes nanmcanwuii Ha GO. Bona 3a-
Oe3mnedye BUCOKY MPOAYKTUBHICT Ta IHTETPAIIIO 3 CUC-
TEMOI0. [HIIIOI MOMIMPEHOI Ta 3pYYHOK) MOBOKO JIJISI
HalMCaHH CKPUNTIB, IKi MOXYTh 00pOOIATH Ta aHai-
syBatu Merpuku € Python. BiGmioTeku 10 1ux MOB Ha-
nicaHi aBropamu Prometheus, a oke € rapasrist sKocTi
Ta MATPUMKA B pa3i BAHUKHEHHS 1pobieM. s Python
BHUKOPHCTOBY€TChsl OibmioTeka kubernetes-client, a mis
Go - client-go. Tomy nponoHy€eThCst 00paTH OJHY 3 LUX
MOB ISl BAKOHAHHS QJITOPUTMY IOIIYKY JAOIIOBHEHb IS
Kubernetes Ta XMapHHUX CHCTEM.

HanamryBannsa Kubernetes nis BHKOHaHHSA
aaroputmy. Y Kubernetes Mo)xHa HajamTyBaTH iHTEIe-
KTYaJIbHHH PO3MOJII MIKPOCEPBICIB MK TOJaMH Ta

By3JIaMH, BUKOPHCTOBYIOUHM Pi3HI MEXaHI3MH, Taki sK
ianyBansHUKH (schedulers) [12], nomituku ad¢initi Ta
antHaddiHiTI - NPUHANEKHICTH A0 NMEBHUX BY3JIB, YU
HaBIIaKH, MPO sIKi PO3Ka3aHO HWXKYE, a TaKOX METPHKU
JUIsL MacITadyBaHHS 1 «po3irpiBy» pecypceis. s 3acto-
CYBaHHS alTOPUTMY PO3IOiTy HABaHTaXXCHHS JUIsl BUPi-
LICHHS, Ha SIKi TOJIM HAIIPaBJLATH IOAATKH, 0a3yI0UHCh Ha
pani ¢dakropiB, Takux Ak HasBHICTH pecypciB (CPU,
RAM) Ta BU3Ha4YCHHS KITBKOCTI ITO/IiB Ha BY3JIi, CIIiJ iH-
TETrpyBaTH 30BHIIITHI iHCTPYMEHTH Ta METPUKH 3 0a3u n1a-
HHUX Ul JeTajbHOTO IUIAaHYBaHHSA Ta IependadyBaHOro
"rapsiaoro posirpiy" (hot standby) [13] By3iB.

Node Affinity i Pod Affinity/Anti-affinity - e mexa-
HI3MH, 110 J03BOJIIOTH 33/1aBaTH MpaBuiia JUisl [UIaHyBajlb-
HHKA, I[00 BiH PO3MIIIyBaB IOJ1 HA KOHKPETHHUX BY3JIaxX
a00 Ha OCHOBI ONM3BKOCTI 70 iHIMX mojiB. Hampukian,
Mo)kHa ckazaTu Kubernetes po3MilityBaTu neBHi MiKpocep-
BicH OMIDKYE OJJMH IO OAHOTO 200 HABIIAKH — PO3TIOIUISITH
iX Ha pi3Hi By3JH 111 SMCHIIICHHS HABAHTaXKCHHS.

Mexanizm Custom Schedulers mae moxnusicTh
po3pobutH BiacHui mianyBansHEK (scheduler) [12, 13],
SIKUi Oy[le BpaxOBYBaTH 3a3HaueHi B aITOPUTMIi (haKTOPH
a0o /1 po3noIily oiB Mixk By3iamu. Ha npomy erari,
MOJKHA IHTErpyBaTH METPUKH 3 B/], 11100 BIUTHBAaTH HAa Pi-
IICHHS TIaHyBaJIbHUKA.

3a momomororo Taints and Tolerations moxua
"mo3Hayatu" By3JH, 00 MEBHI OU MOTJIA OyTH PO3ro-
PHYTI TUIBKY Ha HUX a00 YHUKaTH IIMX By3iiB. Lle kopu-
CHO JUIA YIPAaBJIiHHA IOJAMH, Ha SKHX HaBaHTAXKCHHS
MOXK€ CHIBHO 3MIiHIOBATHCh, a0M 3amoOO0IrTH CHTYyaIii
NPU3HAYCHHS JIOJATKOBOTO HABAHTA)XCHHS HAa BY30J B
TOM Yac, K CKOPO BITBHUIA MPOCTIp Ha BY3JIi 3HUKHE. 3a
YMOBH JOJATKOBOIO HaBaHTa)XCHHs JIOBENOCh OM po-
OWTH 10JATKOBMI HebakaHuil ckeiminr [15].

o6 peanizyBatu "rapsunit posirpis" [13] By3mis
Ha OCHOBI METPHUK, MOXKHa IHTETrpyBaTH pillieHHs Ha Oa3i
Horizontal Pod Autoscaler (HPA) - nomasansus goaar-
KOBHX BY3J1iB a00 I[f0 33/]a4y TEX MOKJIACTH HA aJITOPUTM
Ha OCHOBI CTaTHUCTUKH MeTpUK. OCTaHHE JIONIOMOXKE 3a-
nobiraTy MkKoBOMY HaBaHTa)KEHHIO 1 AaCTh OLJblIe Yacy
IUIsL pO3irpiBy HOBOT HOJM. ['OpH30OHTAIBEHE aBTOMACIITA-
OyBaHHS BHKOpUCTOBYe MeTpukH, Taki sk CPU i
mmam’siTb, JUIi aBTOMaTHYHOTO 301JbIICHHS a00 3MeH-
LICHHS KiJIBKOCTI MOJiB HA OCHOBI HaBaHTaxeHHs [16].
BuTsrayT MeTpuku 3 6a31 JaHUX 1 BAKOPHUCTOBYBATH iX
y HPA moxna BukopucroByroun Custom Metrics API
abo Prometheus Adapter.

IammM MmexanizsmMom MacmTabyBaHHs € Vertical
Pod Autoscaler (VPA) no3Bosissie aBTOMaTU4YHO 3MiHIO-
BaTH KinbkicTe pecypciB (CPU, mam’aTh) U1 OKpeMux
MOJIiB, ajie y IOTo MiAXxoay € oomexxeHHs. [Ipu 3miHi
KIJIBKOCTI pecypcy NoJ HeOOXiHO Iepe3aBaHTaKyBaTH,
TaKUM YMHOM IIe He MOXe OyTH €JMHUI 0] JUIs MIiKpO-
cepBicy, 00 He NMPUITHMHATH OOCIyroByBaHHS JOAATKa
[15], a Takox ue GaxaHinie poOMTH P 3MEHIICHHI Ha-
BaHTa)XCHHSI, a He 30UIBIICHHI, 00 HE ImepecTaBaTu 00-
CJIyTOBYBaHHS MiIKOBOT'O HaBaHTA)KEHHS KOPUCTYBAYiB Ta
00 He CIPUYUHATH TOTEHI[IHHUX MTPOoOIeM 00CIyroBy-
BaHHS KOPHCTYBAadiB IOB’A3aHHUX 3 II€PEBAHTAXKECHHAM
nonatka. TakuM YMHOM, aJTOPHUTM IOLIYKY JOIIOBHEHb
OPIEHTOBaHUH Ha TOPH3OHTAJBHE PO3IIUPEHHS, KOTPE
rapaHTOBaHO JaBaTHME HEOOXiTHHIA pe3ylbTaT Ta Oyle
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6inpLI nependavyBaHe, HE CTaBISIYM i 3arpo3y 3ade3-
MIEYCHHS CepBiCOM KOpHUCTyBauiB. J0JaTKOBO Ciij BiJ-
mitutu Kubernetes Event-Driven Autoscaling (KEDA),
10 JI03BOJISIE MAcIITaOyBaTH MOIM Ha OCHOBI MOJIiit b0
30BHIIIHIX METPHK, TAaKWX SIK TMOBIJOMJICHHS 3 Yepr,
HTTP-3anuTiB, a6o ananithku 3 0a3 mannx. KEDA mia-
TpuMye iHTerpaito 3 Prometheus, Azure Monitor, AWS
CloudWatch Tta immmmu cuctemamu 300py MeTpuk. B
pasi panToBoi 3MiHH 0OCTAaHOBKH MOXHA CKOPHCTATHChH
UM MEXaHI3MOM, aje Ha Lieil 4ac ajJropuT™ JOMOBHIO-
BaJIbHUX HABaHTAKEHb IIe HE mepeadayac.

BucHoBku

VY ctaTTi po3TIIIHYTO 3ac00M peatizamii anropuTMy
HOLIYKY ZOMOBHIOBAJIbHNX HABAHTAXEHS [ 7] OKaIbHO 3
METOI0 TIEPEBIPUTHU AKICTh HOTO POOOTH Ta 3a MOTPEOH
CKOPHCTaTUCh HUM IIPH JIEIUIOl BIACHOTO MPOrPaMHOro
3a0e3IeUeHHs Ha XMapHy cucteMy. Bee ik, IlaHyeThCs,

IO JaHWH aJrOPUTM 3aCTOCOBYBAaTHMETHCS Oijblie Ha
BCiit XMapi, ajpke Horo eeKTHBHICTD ToAi OyJie BUIIO.
OCHOBHOIO TEXHOJIOTI€IO IS peai3anii alrOpuTMy
nponoHyeThes B3t Kubernetes. SIk nokaipHMIA TIOMIY-
HUK MOxe BHcTynaTH Minicube. Prometheus - npomoHo-
BaHA CHCTEMa JJISI 3HATTS METPUK. AHai3 METPUK CIif
mmokJlacTé 4actkoBo Ha Python ab6o Go, a wacTkoBO Ha
Kubernetes. HammcaBmm  BmacHWH — IUIaHYBaJIbHHK
(Custom Scheduler) 3 BuKopucTaHHSIM 00MEXEHB, TAKHAX
sk aginiTi, aHTiaiHITI Ta TONEpallii - XapaKTepPUCTUKU
TIPUB’SI3aHOCTI 10 BY3JiB Ta MOJIB 171 (GOpMyBaHHS Ipa-
BUWJI PO3TOPTaHHsI IOJAATKOBHX BY3JIiB Ha €TaIli TOpU30HTa-
JBHOTO MacIITa0yBaHHs, sIKe MepeadayeHe aIrOPUTMOM.
BrnipoBapkeHHST anropuTMy AOTOBHIOBAJIBHUX Ha-
BaHTa)XEHb CIIPHUATHME 3MEHIIEHHIO KUTBKOCTI HE0OXia-
HHUX CEpBEpIB AJIsl XOCTIHTY, ONTHMI3alii eHepPreTHIHIX
pecypciB  Ta SK pe3yNbTaT, MEHIIOMY HEraTHBHOMY
BIUIMBY Ha €KOJIOTIIO Yepe3 aHTPOIIOTCHHUH (hakTop.
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Methods of data collection and implementation of accomplishing loads algorithm
O. Dmytrenko, M. Skulysh
Abstract: The article addresses the issue of efficient resource utilization in cloud computing environments, which has be-

come increasingly important due to the growing demand for computational power. The presented algorithm focuses on optimizing
the load distribution generated by microservices and monoliths across server nodes, aiming to maximize the usage of available re-
sources. The article focuses on technologies that help replicate the algorithm locally for testing and adaptation to specific needs. It
compares methods for collecting metrics, as well as environments where the algorithm can be implemented. Special attention is given
to Kubernetes and the possibilities of applying different microservice distribution mechanisms, such as Node Affinity, Pod Affin-
ity/Anti-Affinity, and custom schedulers. For proactive scaling, including "hot start" of nodes, the use of Horizontal Pod Autoscaler
with system element metrics is proposed.

Keywords: Kubernetes, metric collection, complementary loads, cloud systems, microservice architecture, monoliths.
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METOIHU TA IHCTPYMEHTH PO3POBKU CIIEHIAJII3OBAHUX
IHTEI'PAJIBHUX CXEM JJA MOBIVIBHUX CUCTEM YIIPABJIITHHA

AHoTaunis. AkryaasHictb. CrenianizoBani iHterpanpti cxemu (ASIC) € KITFOYOBMMH KOMIOHEHTaMH TSI CUCTEM YIIPaBITiHHS
poboTamMH, OCKIIbKH BOHH 3a0€3Me4yI0Th BUCOKY MPOAYKTUBHICTE 1 e()eKTUBHICTE 0OpOOKH. BUKOPHCTOBYIOTHCS A1 00pOOKU
JIaHKX 3 CCHCOPIB, TAKUX K KaMEPH, JIiJapH Ta iHII JaTYUKU. BoHU 3a0€31edyIoTh IBHIKY 1 TOUHY 00pOOKY CUTHANIB, HEOOXITHIX
JU1s HaBiranii Ta BusieieHHs 00'ekTiB. ASIC MoyKyTh OyTH HanamToBaHi sl YIPaBIiHHS PI3HUMH ABUTYHaMH. Bonu 3a6e3meuyioTs
TOYHE 1 IIBHUAIKE KEPYBAHHS pyXaMH POOOTIB, [0 € KPUTUYHO BaXKIIMBAM JUISI MPOMHUCIIOBHX POOOTIB 1 pOOOTIB-MaHIITyIISITOPIB.
Takosx 3a0e31edyroTh BUCOKOIIBH/KICHY Nepe/iady JaHUX MDK PI3SHUMH MOJYJISIMH CHCTEMH poOOTOTeXHIKH. Lle MoxyTh OyTH
iHTepdeiicn Tt 3B 53Ky MK IPOIIeCopaMH, CeHCopamu Ta akTyaropaMi. ASIC BUKOPHCTOBYIOTECS I ONTHMI3ALT CIIOKUBAHHS
€Heprii, [0 € BaXKJIMBUM aCIIEKTOM JUTsl MOOUTBHHX POOOTIB Ta GE3MINIOTHHX arapaTiB, sIKi IIPAIOIOTh Ha aKyMyJsiTopax. B pestkix
punaakax ASIC cnemiami3yroTecsl Ha BUKOHAHHI aITOPUTMIB MAllIMHHOTO HABYAHHS 1 HEHPOHHHX MEPEIK, IO JO3BOJIIE PoOOTaM
3[IHCHIOBATH CKJIA[HI 3aBAaHHS, TaKi SIK PO3ITi3HABaHHS 00'€KTIB Ta NPHHAHATTS PillicHb B peansHoMY 4aci. ASIC po3poOIstoThest
JUTSI BAKOHAHHS KOHKPETHHX 3aB/IaHb, 110 JJO3BOJIE 3HAYHO IMiIBUIIUTH iX MPOLYKTHUBHICTG Y MOPiBHSAHHI 3 YHIBEpCAILHAMH TIPO-
necopamu. Lle 0coOIIIBO BaXKIIMBO ISl CUCTEM YIPABIIHHS poOOTaMu, e HeoOXiHa mBHAKA 00pOOKa TaHUX y PeabHOMY Yaci.
Creniati3oBaHi CXeMH CII0)KUBAIOTh MEHIIIE €Heprii IOPIBHIHO 3 YHIBePCATBHUMY PIlIEHHSIMH, OCKIIBKY BOHU ONTHMI30BaHi Ui
BUKOHAHHS KOHKPETHUX (QYHKIIH. [{e KpUTHYHO BXIMBO Il aBTOHOMHHUX POOOTIB 1 MPUCTPOIB, IO MPAIIOIOTh Ha OaTapesX.
ASIC 103BOIISIFOTE 3MEHIIIHTH PO3MipH CHCTEMH 32 PaXyHOK BHCOKOTO PiBHS iHTerpartii KOMHOHEHTIB. Lle criprsie CTBOPEHHIO KOM-
MIAKTHUX POOOTOTEXHIYHUX PIllIeHb, SIKi MOXKYTh OyTH BUKOPHCTaHi B ()YHKLIOHYBaHHI MOOUIEHUX poOoTiB. CrienianizoBaHi iHTe-
TPpaJIbHI CXeMH 3a0e3MeyI0Th BUCOKUH PIBEHb HAJIHHOCTI Ta OE3MeKH, OCKUIBKY BOHH CIIPOEKTOBaHI UL poOOTH y BH3HAYCHHX
YMOBax Ta 3 KOHKPETHUMH 3aBIaHHAMH. Lle 3MeHITye pu3iK BUHUKHEHHS TOMIJIOK abo 3001B y poOoTi cucteMu. Jlis BEMMKUX
00csriB BUpOOHULTBA po3poOka i Bukopuctanas ASIC mMoxe OyTH eKOHOMIYHO BHTiAHILION, OCKUTBKH BOHA JIO3BOJISIE 3HU3UTH
BapTICTh OJJHOTO Yila 3aBIAKU MacTabHOMY BUPOOHUITBY. Brkopucranus ASIC 103BoJis€ MIBUIIIIE BIPOBAHKYBaTH HOBI TEX-
HOJIOTI Ta alTrOPHTMH, OCKLUIBKH CIICLiai30BaHi PIIeHHs MOXYTh OyTH IIBHIKO aJaNTOBaHi UIS MATPHMKHA HOBUX (DYHKIIH 1
MOoJHBOcTei. Bei mi hakropu podisite po3podky ASIC akTyalbHOO Ta Hala€ MOXIIMBICTH CTBOPIOBATH YHIKAJIbHI apXIiTEKTypH,
SIKI MAKCHMAJTBHO BiZITIOBIIAIOTH BUMOTaM KOHKPETHHX CUCTEM YIIPaBIIiHHS, 10 3a0e31euye iX onTuMansHy podoTy. MeToro nanoi
Po00TH € JOCIIKEHHS ICHYIOUMX METO/IIB Ta IHCTPYMEHTIB PO3POOKH CIICIIiali30BaHUX iHTETPATIBHUX CXEM ISl MOOLTBHHX CHC-
TeM yrpasiiHasi. O6’€KTOM TOCTiIKeHHs € QyHKIIOHYBaHH Cliellialli3oBaHuX iHTerpaibHuX cxeM. [Ipeamerom mocmimkeHnst
€ MeToM 3a0e3TeueHHsT eHeproe)eKTUBHOCTI CIIeNiali30BaHUX HTErparbHUX cxeM. PesyabraTu. [IpoBeneHo aHami3 iCHYIOUMX
METO/IiB Ta IHCTPYMEHTIB PO3POOKH CIIeHiali30BaHUX IHTETPaJFHUX CXEM Ui MOOLTPHHX CHCTEM YIIpaBJiHHSA. BuKopucTaHHS
ASIC st 00poOku cUTHAMIB 1 300pakeHb Y pOOOTOTEXHIII TO3BOJISIE IOCATATH BHCOKOI MPOAYKTUBHOCTI, €)eKTHBHOCTI Ta TOY-
HOCTI, 110 € KPUTHYHO BOKJIMBUM JUTsI 6araTboX 3acTocyBaHb. Lle 3a0e3meuye po6oTaM MOKIIMBICTE IIBHIKO 1 TOYHO pearyBaTH Ha
3MiHH B HABKOJIMIITHROMY CEPEIOBHUIIII Ta BUKOHYBATH CKJIa/IHI 3aBIaHHS 3 BUCOKOIO eekTHBHICTIO. [IpH yrpaBiiHHI pyXoM J0Cs-
TaeThCsl BACOKA TOYHICTh, €(EKTUBHICTh Ta HAJiHHICTh CHCTEM YIIPaBIIiHHS, a TAKOXK BiIKPHBAE HOBI MOXKIIMBOCTI JUISl CTBOPEHHS
OINBIIT CKJIATHUX 1 (QYHKIIOHAIBHUX POOOTH30BAaHNX CHCTEM, 3aTHUX BUKOHYBATH LIMPOKUI CIIEKTP 3aBJaHb Y Pi3HHX Taily3sX,
BKJIFOYAIOYX NTPOMHUCIIOBICTh, MEIULIMHY, TPAHCHIOPT i HoOyTOBI 3acTocyBanHs. Xoua ASIC He € yHIBEpCATbHUMH Y 3BUYAHHOMY
PO3yMiHHI, BOHH 3a0€3M1€UyIOTh BUCOKY IPOYKTHBHICTh, €HEProeEeKTUBHICTD 1 HATIHHICTS TS CHeM(pIYHNX 3aBIaHb. Y I01aT-
Kax 3 BU3HAYEHUMHU BUMOT'aMH 1 BEJTMKUMH 0OCATaMH BUPOOHHIITBA, I BUCOKA MIPOIYKTHUBHICT 1 eHEProe(heKTUBHICTD € KPHTHY-
HiMH, BukoprcTaHHs ASIC e BunpaBranuM i eeKTUBHIM pilieHHsAM. J{J1s HIINX BUIAKIB MOXKYTh OYTH JOIUTEHUMU T1OpHIHI
Tixoau, mo noeaHyioTs nepeBaru ASIC 1 yHiBepcabHHX pileHb, Takux K FPGA abo yHiBepcatbHi poLecopH.

Karwuori camosa: ASIC, EDA, FPGA, Synopsys, eneproedeKTMBHICTh, MAIIMHHE HABYAHHS, POOOTOTEXHIKA, MOOLILHI
cucremu ynpasiinas, Mentor Graphics.

[3], 3abe3meuytoun ix HamiWHICT | BUCOKY MPOIYKTHB-

Beryn HicThb. Jlns pearmizamii MUX METOJIB BUKOPUCTOBYIOTHCS

Po3po0Oka crneniagizoBaHux iHTErpaibHUX cxeM [1]
(ASIC) nnst MOOUTPHMX CHCTEM YIPABJIIHHS BHUMarae
0CcOOIMBUX METOJIB 1 MiIXOMIB Yepe3 0OMEeXeHHs, TaKi
SIK pO3MIp, EHEProCIOXUBAHHS [2] Ta BUMOTH 10 MPOIy-
KTUBHOCTI. BOoHa MiCTUTBH BKJIIOYA€ JIEKUIbKA OCHOBHHX
METOJiB Ta eTamiB, fKi 3a0e3medyioTh e(PEeKTHBHICTH,
KOMIIAKTHICTh 1 HU3bKE €HEPTrOCIIOKUBAHHS: aHaJli3 BHU-
MOT, apXiTeKTYpHE ITPOEKTYBaHHSI, MOJICIIOBaHHS Ta CH-
MYJISIII0, CHHTE3 1 ONTHMi3amiio, (i3WdHE MPOEKTY-
BaHHS, Bepu(QiKalil0 Ta TECTyBaHHS, CHEPrOMEHEIK-
MEHT, IHTEeTpallilo Ta TECTyBaHHA CUCTEMH, TepMiHAJIbHI
Ta (izuuHi BUIIPOOyBaHHs, 3BOPOTHIN 3B’A30K Ta BJOC-
KoHaseHHs. L{i MeToaM 03BOJISIIOTH CTBOPIOBATH e(eK-
TUBHI, KOMIIAKTHI 1 eHeproe()eKTUBHI crewianizoBaHi iH-
TErpajbHi CXEMH JUIsI MOOUIBHUX CHCTEM YIPaBJIiHHA

IHCTPYMEHTH aBTOMAaTH30BaHOTo mpoekTyBaHHs (EDA),
Taki sk Synopsys, Cadence, Mentor Graphics, sxi 3a6e3-
MEeYyITh BCi HEOOXiJHI €Tamu BiJg KOHIIETITyaJILHOTO
MIPOEKTYBaHHA /10 (i3UUHOI peanizamii i TeCTyBaHHS 4i-
miB. L1i iHCTpyMeHTH 3a0e31euyoTh aBTOMaTH3aLIiI0 Pi3-
HUX eTaniB npoektyBaHHs. [HcTpymentn EDA 3abesme-
YyI0Th KOMIUIEKCHUH Miaxia 1o po3podku ASIC, aBro-
MaTH3YIOUYH OLIBLIICTh eTamiB Ipolecy i 3a0e3neuyroyn
BHCOKY TOYHICTb 1 €(DEKTHBHICTb POEKTYBaHHs. AKTya-
JBHICTB 3acTOCyBaHHA iHCTpyMeHTIB EDA 1o po3poOku
ASIC € Hag3BUYAltHO BUCOKOIO, 3BAXKAIOYM HAa YHCIICHHI
repeBar, siki BOHH HaJal0Th y Cy4acHHX YMOBaXx.
MeToro 1i€i po6oTH € TOCHTIKSHHS ICHYIOUHX Me-
TOJIiB Ta IHCTPYMEHTIB PO3POOKH CIIeIialli3oBaHUX 1HTE-
TPAJIBHUX CXEM U1l MOOUIBHUX CUCTEM YIPaBIiHHS.
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OcCHOBHA YacTHHA

O06poOka curHaiiB i 300pa’keHb € KPUTUIHO BayKIIH-
BOIO JIsi POOOTOTEXHIKH, OCKUIBKA POOOTH ITOBHHHI
CHpUMaTH 1 aHANI3yBAaTH HABKOJWIITHE CEPEIOBHUILE IS
BUKOHAHHS CBOIX 3aBIaHb. BUKOpPHCTAaHHS creriali3oBa-
HuX iHTerpamsHuX cxeM (ASIC) mrst nux mineit 3abe3e-
4y€e BUCOKY MPOXYKTHBHICTS i epexTnuBHicTh. ASIC BHKO-
PHCTOBYIOTBCS JUISl IPUCKOPEHHS aITOPUTMIB pO3ITi3Ha-
BaHHS 00'€KTIB Ha 300pa’KeHHSIX, IO J03BOJISIE poOOTaM
LIBU/IKO 1 TOYHO ieHTH(]IKyBaTH NMPEAMETH B IXHHOMY
ortoueHHi. e BaxxnuBo /s Hagirauii [4], yHUKHEHHSI ie-
pEeLIKOJ i BUKOHAHHS KOHKPETHHX 3aBJJaHb, TAKHX SIK COP-
TyBaHHS 00'€KTiB Ha BUpOoOHMYHX JiHisAX. CrenianizoBaHi
CXeMH MOXYTh OOpOOJSATH BiNCOMOTOKH B peaTbHOMY
Yaci A7 BUABJICHHS Ta BIICTE)KEHHSA PyXOMHX OO0'€KTIB.
Ile ocobmuBO BaXIMBO [UIST aBTOHOMHHUX TPAHCIIOPTHHX
3aco0iB, IPOHIB Ta CUCTEM OE3IeKH, e HeoOXiTHO peary-
BaTH Ha pyxomi 00'ektu. ASIC MOXyTh BUKOHYBATH ara-
paTHe CTHCHEHHS 1 IeKOyBaHHsI 300pakeHb Ta BiJIeo, 110
JI03BOJISIE 3MCHIIIMTH O0CST NaHUX 151 30epiraHHs i mepe-
nadi 6e3 BTpaTH sikocTi. e BaxkmBo ais cucteM 3 oOme-
YKEHHMH pecypcaMy am'sTi Ta NPOMyCKHOT 3/1aTHOCTI.

CrienianizoBaHi iHTETpaIbHI CXEeMH JT03BOJISIOTH BHU-
KOHYBATH CKJIA/IHI alTOPUTMH aHAi3y 300pakeHb, TaKi sK
BUSIBJICHHS KpaiB, CErMEHTalis 300pakeHb, aHaJi3 TeKc-
Typ 1 kKoipopiB. Lle mo3BosIE podoTam Kparie po3yMitu
CTPYKTYPY 1 3MicCT 300paskeHb. IcHye neKibKa MPUKIaIiB
ukopuctanHs ASIC mns oOpoOku curramis: NVIDIA
Jetson, Google Edge TPU, Intel Movidius Myriad, Vision
Processing Unit (VPU).

ITnatpopmu NVIDIA Jetson BUKOPHCTOBYIOTH CIIe-
miamizoBani rpadiuni nporecopu (GPU) ta ASIC mus
MPUCKOPEHHSI AITOPUTMIB MAIIMHHOTO HaBYAHHS 1 KOMIT'-
IOTEpPHOT0 30py. BOHU HIMPOKO BUKOPHCTOBYIOTHCS B aB-
TOHOMHHUX po0O0Tax, APOHaX Ta TPAHCHOPTHUX 3aC00aX.

Google po3pobmia criemianizoBaHi — iHTErpaibHI
CXeMH I IPUCKOPEHHST 0OpPOOKN HEHpPOHHHMX MEpeX Ha
niepudepii Mepexxi. BOoHH BHKOPHCTOBYIOTBCS UIS BHUKO-
HaHHA 3aBJaHb MAIIMHHOIO HAaBYaHHs Ha MicCIl, 6e3 HeoO-
XiHOCTI mepeavi Janux y xmapy. Yimm Movidius Myriad
CIIeNialIi3y0ThCs Ha 00po01Ii 300pakeHb 1 KOMITIOTEPHOMY
30pi. BoHH BHKOPHCTOBYIOTBCS B JIpOHAX, Kamepax Ta iH-
LIMX TPUCTPOSIX, JIe BOKIMBO MaTH BHUCOKY IPOIYKTHB-
HICTb IPU HU3bKOMY eHeprocroxuBansi. VPU — e creri-
aTi30BaHi MPOIECOPH IsT 00POOKH Bi3yaIbHUX JaHUX, 10
3a0e3MevyI0Th BUCOKY NPOIYKTHBHICTB 1 €HeproedeKTHB-
HICTB I 3aBJlaHb KOMIT'IOTepHOro 30py. IlepeBaramu Bu-
kopuctanas ASIC st 06poOku curnaiis Ta 300paXkeHb €
BHCOKA ITPOyKTHUBHICTb, €HepreTHIHa e(peKTUBHICTD, MiHi-
MaJIbHi 3aTPHUMKH, KOMITAKTHICTB Ta IHTErpais.

[HmmM Hanpsimkom BukopuctanHs ASIC e ympas-
JIHHS PyXOM B MOOUIbHHX cucTeMax abo pOOOTOTEXHHMILI.
CreriamizoBaHi iHTETpabHI CXEMH 3a0€3Me9yI0Th TOYHE
YOPaBIiHHA PI3HIMH THIIAMH JABUTYHIB (€JIEKTPOIBHTY-
HaMH, CEPBOJBUTYHaMHU, KPOKOBHUMH JIBUTYHAMH), IO JIO-
3BOJISIE JIOCSTATH BUCOKOI TOYHOCTI 1 MIaBHOCTI pyxiB. Lle
Ba)KJIMBO JUTS pOOOTIB-MaHIIyJISITOPiB, aBTOHOMHHX TPAHC-
MOpTHHX 3aco0iB Ta npoHiB. Bukopucranns ASIC s ym-
PaBIIHHS PyXOM Y pOOOTOTEXHILII JO3BOJISIE JOCSATTH BUCO-
KOi TOYHOCTI, IBU/IKOCTI Ta €Heproe()eKTUBHOCTI. Y IpaB-
JIHHS PYXOM BKJIIOYA€ KOOPAMHALIIO PI3HUX JBHUTYHIB i

MEXaHi3MiB, SIKi BIJNOBIAIOTH 32 MEPEMIIICHHs! pOOOTIB,
MaHiIyJIATOPIB Ta IHIINX PyXOoMHX YacTHH. OCHOBHUMH ac-
niektamu BUKopuctanus ASIC st ynpaBiiHHS pyXoM €:
KOHTPOJIb JIBUTYHIB, IIBU/IKa 00pOOKa CUTHAIIIB, IHTErpalis
3 CEHCOpaMH, eHeproedeKTUBHICTb, MIATPHUMKA CKIIaHUX
anmroputmiB yrpaBniHHA. ASIC 3a0e3meduyoTh TOYHE YII-
paBIiHHA PI3HUMH THIIAMH [BHUTYHIB, Takumu sk DC-
MOTOpPH, CEPBOJIBUTYHH Ta KPOKOBI IBUTYHH. Lle BKIIFOUae
PETyITIOBaHHS IIBUAKOCTI, TOJOXKEHHS Ta KPyTHOTO MOMeE-
HTy. Bucoka mBuakicts 00pooxu no3soisie ASIC mBuako
pearyBaTy Ha 3MiHH BXiJTHUX CHUTHAJIB BiJI CEHCOPIB Ta iH-
IIMX KOMITOHEHTIB CHCTEMH YIIPaBIIHHA, 3a0e3nedyroun
ruiaBHUH 1 To4HUl pyX. ASIC MOXyTb iIHTErpyBaTHCs 3 pi-
3HHMH CEHCOPAMH, TAKHMH SIK €HKOJIEPH, aKCEIEPOMETPH,
ripOCKOIH Ta iHII JaTYuKH [5], 11t 3a0e3neueHHs 3B0pOT-
HOTO 3B'A3KY 1 KOpEKLil pyXy B peaJbHOMY 4aci. 3aBIsKu
onTuMi3awii Uil KOHKpEeTHUX 3aBzaHb, ASIC 3abe3neuy-
I0Th BUCOKY €Heproe()eKTUBHICTb, 110 € BAYKIMBAM TSI MO-
OUTPHHX Ta aBTOHOMHHX POOOTIB, Ki MPAIIOIOTh HA OaTa-
pesx. ASIC MoXyTh peanizoByBaTH CKJIa[IHI aJTOPHUTMH
VIIPaBIiHHSA, TaKi K MPOTIOPLIHHO-IHTErpaIbHO- T (epeH-
niitae (PID) perymroBaHHs, aqanTHBHE YIPABIIHHA Ta Te-
pendauyBalibHE YIIPABITIHHSA, 3a0€3MCUyI0Ud BUCOKHN pi-
BEHb TOYHOCTI 1 CTaOLIBHOCTI.

[pykiagaMyn BUKOPHCTAHHS € POOOTH-MaHiITyJis-
TOpPH, aBTOHOMHI TPaHCIIOPTHI 3aco0H, MOOLIBHI poOOTH,
JpoHHU Ta Oe3ninoTHi JetanbHi anapatu (BI1JIA), a Takox
MEANYHI poOOTH. Y IPOMHCIOBUX POOOTaX-MaHiIyJIsITO-
pax ASIC BUKOPHCTOBYIOTHCS U1l TOYHOIO KOHTPOJIO KO-
JKHOTO Cyriio0a i CerMeHTa, 1o 3ade3nedye BHCOKY TOY-
HICTh BUKOHAHHS CKJIAJHUX BHPOOHMYMX 3aBHaHb. ASIC
YTIPaBIISIOTh IPUBOJAHUMH CHCTEMaMH Ta CHCTEMaMH py-
JHOBOT'O YIIPaBJIiHHS, 320€31e4yI04r TOUHEe MaHEBPYBaHH,
JOTPUMAHHS TPAEKTOPIi Ta YHUKHEHHSA TIeperIko. Y Mo0i-
npHUX poboTax ASIC BUKOPUCTOBYIOTHCS IS YIIPABIiHHSA
PyXoM Kostec abo I'yCeHHIIb, 3a0e3Neuy04H IUIaBHUM PyX 1
TOYHE Mo3uLioHyBaHHs B mnpoctopi. ASIC ynpaBisioTh
JIBUTYHaMH Ta TIpOoTIeiepaMu JPOHIB, 3a0e31euytoun cTadi-
JIBHUI TIOJIIT, KOPEKITiFO MOJIOKEHHS Ta BUKOHAHHS MaHEB-
piB. Y xipypriuaux po6orax ASIC 3a0e3neuyroTh TouHe
VIIPaBIIiHHS IHCTPYMEHTAMH T4 MAaHIMyJIATOPAMH, IO JI0-
3BOJIsI€ BUKOHYBATH CKJIa IHI OTleparlii 3 BUCOKOIO TOYHICTIO.
[epeparamu Bukopuctarus ASIC mis ynpaBiiHHSI pyXoM
€: BICOKA MPOIYKTHBHICTH (CTeIiani3oBaHi cxeMH 3a0e3re-
YYIOTh BUCOKY IIBHJKICTB 1 TOYHICTH OOPOOKU JaHWX, IO
JIO3BOJISIE PEaTi30BYBATH CKJIAHI aJITOPUTMH YTIPABIIiHHS B
peaybHOMY Yaci); HU3bKE €HEePrOCTIOKHMBAHHS (ONTHMIi3a-
11is1 11T KOHKPETHI 3aBJIaHHS JO3BOJISIE 3HI3UTH €HEPTOCTIO-
JKUBAHHSI, 110 € BOXKIIUBUM JIJIsl aBTOHOMHHX POOOTIB); KOM-
makTHicTh Ta iHTerpamnis (ASIC MoxyTs 00'€qHYBaTH JIeKi-
nbpKa (QyHKIN B OXHOMY dilli, SMEHILYIOUH PO3MIp i Bary
CHCTEMH YIPABIIHH); HAMIHHICTB 1 cTablIbHICTD (crieria-
Ji30BaHi IHTErpaJIbHI CXeMH 3a0e3MeUyr0Th BUCOKY HaJIil-
HICTB 1 CTaOUTBHICTH POOOTH HAaBITh y CKIAJHHX yMOBax
eKcIUTyarallii); THy4KicTs i MacmraboBanicTs (ASIC Mo-
YKHA HaJIAIITYBATH I1ij1 criely(ivai BAMOTH Pi3HHMX 3aCTO-
CyBaHb, 110 POOHTb IX YHIBEpCATLHUMH JUISl PI3HUX THIIB
poboTiB i cucTem).

ASIC 3a06e3ne4yoTh BUCOKOIMIBHAKICHY Ta HaIilHY
KOMYHIKAIIi}0 MiJK Pi3HUMH MOIYJISIMA pOOOTOTEXHITHUX
cucreM. Ile BkItogae oOMiH TaHUMH MiX MPOLIECOPAMH,
CEHCOpaMH Ta aKTyaTOpaMu, IO JO3BOJISIE IHTEIPyBATH
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Pi3HI KOMIIOHEHTH B €IMHY CUCTEMY. 3a0e31Ie4eHHs KOMY-
HiKalil MK MOIYJIIMH POOOTOTEXHIYHHUX CHCTEM 3a JIO-
MOMOTOI0 crenianizopanux inTerpanbHux cxem (ASIC) e
KPUTHYHO BaXKJIMBUM I €(peKTHBHOTO (DyHKIIOHYBaHHS
po6oriB. ASIC 3a0e3rneuyoTh BUCOKY MIBHJKICTH Hepe-
Javi JaHUX, HATIHHICTB 1 eHeproe()eKTHBHICTS, 110 € KITIO-
YOBUMH (DaKTOpaMH IS YCIINTHOT iHTEeTpaIlii pi3HIX KOM-
MIOHEHTIB y pOOOTOTEXHIYHMX chcTeMax. OCHOBHUMH ac-
TIeKTaM¥ 3a0e3MeueH s KoMyHiKarii 3a moromoroio ASIC
€: BUCOKOIIBU/IKICHA TIepe/iada IaHNX, HU3bKa 3aTPUMKA,
eHeproeeKTUBHICTh, HAMIMHICTD Ta CTaOUTBHICTD, MiIT-
puMKa pi3HuX iHTepdeiiciB. ASIC 3abe3nedyroTh BUCOKY
MPOITYCKHY 3ATHICTP 1 MIBUJKICTH Tepeaayi JaHUX Mik
MOJIYJISIMH, III0 A03BOJISIE poOOTaM 00pOOIISTH BEJIHKI 00-
cary iHdopMalii B peaTbHOMY Yaci. 3aBJSIKM ONITUMI3aIlil
JUTsl KOHKPETHHX 3a/1a4d koMyHikanii, ASIC 3a6e3neuytoTs
MiHIMaJIbHI 3aTPUMKH P TIepeadi AaHuX, IO € KPUTH-
YHO BaKJIMBHUM UL KOOPAWHALIT pOOOTH Pi3HUX KOMIIO-
HeHTiB cucteMu. Criemiani3oBaHi iHTeTrpanbHI CXeMH 3a-
0e3Ieuyr0Th BUCOKY HAIIHHICTP 1 CTa0UTBHICTh KOMYHIKa-
LIMHKX 3'€THAaHb, 1[I0 3MEHIITY€ PU3UK BUHUKHCHHS [TOMH-
JIOK 1 3001B y poboTi cuctemu. ASIC MOXYTh MATPUMY-
BaTU Pi3HI KOMYyHiKaliiHi iHTepdeticy, Taki sk 12C, SPI,
UART, CAN, Ethernet, 1o 3a6e3rneuye rHy4KicTh B iHTe-
rpauii pisHUX MOJYJIIB.

B sikocti nmpuknanis Bukopuctanis ASIC st komy-
HIKaIii MK MOZIYJIIMU MOXYTb OyTH pO3MO/iIeHi poOOTH-
30BaHi CUCTEMH, aBTOHOMHI TPAHCIIOPTHI 3aCO0H, IHIYCTpi-
aIbHI pOOOTH Ta MEIMYHI pOOOTH. Y CHCTEMax 3 BEIHKOIO
KUTBKICTIO ceHcopiB i akTyartopiB, ASIC 3abe3nedyroTh
edexTBHY Nlepenaty JaHUX MiXK IIMMHU KOMIIOHEHTaMH, 1110
JIO3BOJISIE POOOTY MpUiMaTH OOTPYHTOBaHI PIillICHHS B pea-
nmpHOMY Yaci. st aBToHOMHMX aBToMOO1L1iB ASIC BUKOpH-
CTOBYIOTBCS JIJIsI KOOPIUHAIIIT pOOOTH Pi3HUX CHUCTEM, Ta-
KHUX SIK CEHCOpH, OJIOKH YNpPaBIiHHS PyXOM, CHCTEMH 0e3-
TIeKH 1 KOMYHIKallii 3 IHIIUMHU aBTOMOOUIIMU. Y TIPOMUCIIO-
BHUX pO00TaX, sSIKi BAKOHYIOTh CKJIa/IHI BUPOOHHYI OTeparlii,
ASIC 3a0e3neuytoTs HIBUIIKY 1 HAIIHHY KOMYHIKAIIIIO MK
MaHiMyJITopamMH, KOHTPOJIEpaMH Ta CHCTEMaMH YIpaB-
JiHHs. B MeanuHnX poboTax, TaKKX SIK XIpypriuHi CHCTEMH,
ASIC 103BOISTIOTE 3a0€3MEYUTH CHHXPOHI30BaHY POOOTY
PI3HUX IHCTPYMEHTIB Ta CHCTEM MOHITOPHHTY, IO ITi/BH-
IIy€e TOYHICTH 1 Oe3meKy omepariid. [lepeBaraMu BUKOpHC-
tarHs ASIC st KOMyHiKamii MK MOIYJISIMH €: OTITHMIi3a-
IisT i KOHKPETHi 3aBIAHHS, 3HIKCHHS CKIIAJJHOCTI CHC-
TEeMH, MacIITa00BaHICTh, 3aXUCT 1 Oe3neka nanux. ASIC
MIPOEKTYIOTHCS 3 YPaXyBaHHAIM CIIEIM(iTHIX BUMOT KOMY-
HiKaIlii, 10 J03BOJISIE TOCSATTH ONTHMAIILHOT PO TyKTHBHO-
cti 1 HapidHOCTI. Bukopucranus ASIC no3Bosnsie iHTETpY-
BaTH KiTbKa (DYHKIIIH B OJHOMY dil, 10 3MEHIIY€E KiJlb-
KICTh KOMIIOHEHTIB 1 CKIamHICTh cucteMr. ASIC MOXyTh
OyTH MaciTabOBaHUMH JUIS MIATPUMKH PI3HUX PO3MIpIB i
CKJIaJITHOCTEH POOOTOTEXHIYHNX CHCTEM, IO POOHTH X YHi-
BEpCAILHIUMH JUISI Pi3HUX 3acTocyBaHb. CrielianizoBaHi
CXeMH MOXKYTb BKJIIOYATH BOYJIOBaHI 3aco0M 3aXUCTy Ja-
HUX 1 KpunTorpadii, 1mo 3ade3neuye Oe3rneKy KoMyHiKarii
MDK MOJTYJISIMU.

Buxopucrauns ASIC s 3HWKEHHS €HeProCIOKHU-
BaHHS € KPUTUYHO BOKIIUBUM y 0araTtboX Cy4acHUX pobo-
ToTexHiYHUX cucteMax. ASIC po3poOsIFOThCs T BUKO-
HaHHS crienu@igHuX (YHKINH, 0 TO3BOJISIE ONTUMI3Y-
BaTH iX poOOTYy 1 3HU3UTH EHEPrOCIOXHBAHHA B

MOPIBHSIHHI 3 yHIBEpCAIbHUMH DILICHHAMH, TAaKUMH SK
MPOLIECOPH 3arajibHOTrO NPU3HAYCHHS. BuKkoprcTaHHs Te-
XHOJIOTIH TMHAMIYHOTO PEryJIIOBaHHS HANPYTH 1 4aCTOTH
(DVFS) no3Bosnsie anantyBaTH €HEproCIOKUBAHHS 10 T0-
TOYHUX 3aBJaHb. ASIC MOXKyTbh BKIIFOYATH CIIellialIbHi pe-
JKIIMH €HEepro30epexeHHs, TaKi SK CIULT4i pexxumH (sleep
modes) 1 pexuMH HH3BKOTO criokuBaHHS (low-power
modes), 10 JO3BOJISIOTH 3HU3UTH SHEPTOCTIOKMUBAHHS TTi]|
Yac mepiofiB HU3BKOI akTHUBHOCTI. O0'eTHAHHS KUTBKOX
(GYHKII HAa OHOMY Hilli TO3BOJIE 3HU3UTH €HEProCIo-
JKUBaHHS, OCKUIBKH 3MEHIIYEThCA KITBKICTh 30BHIIITHIX
3'eHaHb 1 BIIIOBIJHUX €HEPreTHYHUX BTpar. Po3zpobka
ASIC 3 BUKOpUCTaHHSM apXiTEKTyp, ONTHMI30BaHUX IS
€Heproe()eKTUBHOCTI, TAKUX SK aCHHXPOHHI CXeMH abo
CXEMH 3 HU3BKUM CHEPrOCHOXKUBAHHSAM, A03BOJISIE J1OCS-
I'TH 3HAYHOTO 3HIKEHHS EHEProcroXMBaHHA. Bukopuc-
TOBYEThCSI Y MOOUTBHUX pOOOTax Ta JPOHAX, IPOMMUCIIO-
BUX po00TaX, MEINIHHUX HMPHCTPOSIX Ta MOOYTOBIH €NeKT-
poHini. [lepeBaramu BUKOPHCTAHHS €: BUCOKa eHeproede-
KTUBHICTh, KOMITAKTHICTB 1 JICTKiCTh, 3HIKCHHS TCTUIOBH-
JIJICHHS, IIPOJOBXEHHS 9acy aBTOHOMHOI poboTu. Takox
icaytorb ASIC, siKi po3po0IIeHi CIIeIianbHO IS MaIlHH-
HOrO HaB4aHHS [6], 3a0e3Mmeuyr0Th BUCOKY MPOIYKTHB-
HICTh MPH 3HAYHO HIDKYOMY €HEProCIOo)KHMBaHHI, 110 PO-
OUTH X i€aIbHUMU IS PI3HUX 3aCTOCYBaHb, BiJ] ICHTPIB
00pOOKHM JTaHWX /10 MOOUIBHHX IMPUCTPOIB 1 BOYZIOBaHHUX
cucteM. OCHOBHHMM acTieKTaMH iX BUKOPUCTaHHsI JUIsl Ma-
IIMHHOTO HaBYaHHSI € BUCOKA MMPOJYKTHBHICTh, CHEProe-
(heKTHBHICTB, MATPUMKA BEIUKUX 00CATIB JaHUX, HU3bKA
3aTpuMKa. 3 TepeBar MOKHA BHIUTUTH ONTHMI3aIlisl ITiJ
KOHKPETHI 3aBIaHHs, 3HIKEHHS BapTOCTI, MiJBUILEHY Ha-
JUMHICTD Ta 3MEHIIEHHs TeIUIOBHILICHHS [7, 8].

BucnoBku

[IpoBeneHo aHaN3 iICHYIOYHX METOMIB Ta iHCTpyMe-
HTIB PO3pOOKH CHEHiali30BaHUX IHTETPABHUX CXEM IS
MOOUTEHHX cucTeM yrpaBiiHHs. Bukopucranns ASIC gns
00pOOKHM CHUTHAIIB i1 300paXeHb Y pOOOTOTEXHiIl JTO3BO-
JISI€ TOCSITaTH BUCOKOT MPOJyKTHBHOCTI, €)EKTUBHOCTI Ta
TOYHOCTI, 1110 € KPHTHIHO BAXKJIMBUM JUIsl OaraTbox 3acTo-
cyBanb. Lle 3abe3meuye podOTaM MOXKJIMBICTH MIBHIKO i
TOYHO pearyBaTH Ha 3MiHH B HAaBKOJIMIIHBOMY Cepelo-
BUII[ Ta BUKOHYBATH CKJIA/IHI 3aB/IaHHS 3 BUCOKOIO e(hek-
THBHIcTIO. [IpH ynpaBiiHHI PyXOM JOCSTaEThCsl BUCOKA
TOYHICTh, C(DEKTHUBHICTh Ta HAMIAHICTH CHCTEM YIIPaB-
nminasg. [e BiAKpWBaE HOBI MOMIIMBOCTI JUISI CTBOPEHHS
OiIbII CKJIaHUX 1 PYHKIIOHAIBHUX POOOTH30BAHNX CHC-
TEM, 31aTHUX BUKOHYBATH IIMPOKHH CIIEKTP 3aB/aHb Yy pi-
3HUX Tajy3sX, BKJIIOYAIO4M TPOMHUCIIOBICTb, MEIMIHMHY,
TPAHCIIOPT 1 MOOYTOBI 3acTOCYBaHHS. TakoX BHKOpHC-
taHHst ASIC 3abe3neuye KOMyHiKalii Mi>k MOZYJISIMH PO-
OOTOTEXHIYHUX CHCTEM € KJIIIOYOBUM (haKTOPOM JUIS AOCS-
THEHHS BICOKOI ITPOTyKTUBHOCTI, HAAIHHOCTI Ta €Heproe-
(exTHBHOCTI poboTH30BaHMX cucTeM. Lle 1o3BosIsie cTBO-
PIOBAaTH CKJIaIHI IHTETPOBaHi pIIIEHHS, 3/1aTHI BUKOHY-
BaTH HIMPOKUI CIIEKTp 3aBJaHb Y PI3HUX Taiy3sx, TAKHX
SK TIPOMHCJIOBICTh, MEJWIIMHA, TPAHCIIOPT i MOOYTOBI 3a-
CTOCYBaHHS. 3aB/IIKM BHCOKil eHeproedeKkTHBHOCTI, CIie-
LiaJTi30BaHi iHTErpajbHI CXEMH JJO3BOJISIOTH CTBOPIOBATH
ABTOHOMHI IIPUCTPOT 3 TPHUBAIUM YacoM pOOOTH, 3HIKY-
I0YM TETUTOBUIUICHHS 1 MiJIBULIYIOYH 3arajibHy e(eKTHB-
HicTh cucteM. lle BigkpuBa€ HOBI MOMIIMBOCTI IS
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BUKOPUCTaHHS POOOTOTEXHIKH y Pi3HHX rajry3six, BiJl po-
MHCJIOBOCTI 10 MEJIULIHY 1 ITOOYTOBOT €JICKTPOHIKH.

B nesxux Bunankax ASIC BHKOPHUCTOBYIOTBCS IS
3aB/IaHb MAIlIMHHOTO HAaBYaHHS, 1110 JI03BOJISIE JOCSATTH BH-
COKY NPOAYKTUBHICTb, €()EKTUBHICTh Ta HAIHHICTB, IO €
KPUTUYHO BaXJIMBHM [UIS CYYacHHX IOJATKiB. 3aBISIKU
cnenianmi3amii mig koHKpeTHi 3aBgaHHA, ASIC 3abe3meqy-
I0Th OIITUMAJIbHY ITPOIYKTUBHICTD | HU3bKE CHEPrOCIOKH-
BaHHS, IO POOUTH iX He3aMiHHUMH I CKIIATHHX 1 pecyp-
COMICTKHX 3aBJiaHb MAIlTHHOT'O HABYAHHS.

Xoua ASIC He € yHiBepCaJIbHUMH Y 3BHYaHHOMY pO-
3yMiHHI, BOHM 3a0€3Ne4yIOTh BHCOKY HPOIYKTHUBHICTB,
eHeproe()eKTUBHICTh 1 HaIHHICTD Ui crienu(iyHIX 3a-
BIaHb. Y J0JlaTKax 3 BU3HAYEHUMH BUMOTaMH 1 BEJTMKUMHU
o0csiraMy BUPOOHUILITBA, JIe BUCOKA ITPOYKTHBHICTH 1 €He-
proedeKTHBHICTh € KpuTHYHUMH, BukopucTanHsi ASIC e
BUTIPaBIAHUM i €(eKTHUBHUM pilieHHsM. [y iHmmx BUna-
JIKiB MOXYTh OyTH JOIUTBHUMH Ti1OPHIHI ITi IXO/IH, IO I10-
enHyIoTh niepeBary ASIC 1 yHiBepcabHUX PillleHb, TAKAX
sk FPGA a6o yHiBepcaiibHi Iporiecopu.
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Methods and tools of the development of specialized integrated circuits for mobile control systems
Vladyslav Diachenko, Serhiy Zubenko, Luban Artem, VVolodymyr Fedorchenko

Abstract. Relevance. Application-specific integrated circuits (ASICs) are key components for robot control systems because
they provide high performance and processing efficiency. They are used to process data from sensors, such as cameras, lidar and other
sensors. They provide fast and accurate signal processing necessary for navigation and object detection. ASICs can be configured to control
various motors (DC, servo motors, stepper motors). They provide accurate and fast control of robot movements, which is critically im-
portant for industrial robots and robot manipulators. They also provide high-speed data transfer between various modules of the robotics
system. These can be interfaces for communication between processors, sensors and actuators. ASICs are used to optimize power con-
sumption, an important aspect for mobile robots and battery-powered drones. In some cases, ASICs specialize in running machine learning
algorithms and neural networks, enabling robots to perform complex tasks such as object recognition and real-time decision making.
ASICs are developed to perform specific tasks, which allows to significantly increase their performance compared to universal processors.
This is especially important for robot control systems, where fast real-time data processing is required. Specialized circuits consume less
energy compared to universal solutions because they are optimized to perform specific functions. This is critical for autonomous robots
and battery-powered devices. ASICs make it possible to reduce the size of the system due to a high level of integration of components.
This contributes to the creation of compact robotic solutions that can be used in narrow spaces or on board mobile robots. Specialized
integrated circuits provide a high level of reliability and safety, as they are designed to work in specific conditions and with specific tasks.
This reduces the risk of errors or system failures. For high-volume production, the development and use of an ASIC can be more cost-
effective, as it allows for lower cost per chip due to large-scale production. The use of ASIC allows faster implementation of new technol-
ogies and algorithms, as specialized solutions can be quickly adapted to support new functions and capabilities. All these factors make the
development of ASIC relevant and provide an opportunity to create unique architectures that maximally meet the requirements of specific
control systems, which ensures their optimal operation. The purpose is to research existing methods and tools for the development of
specialized integrated circuits for mobile control systems. The object operation of specialized integrated circuits. The subject are is the
methods of ensuring the energy efficiency of specialized integrated circuits. Results An analysis of existing methods and tools for the
development of specialized integrated circuits for mobile control systems was carried out. The use of ASICs for signal and image pro-
cessing in robotics allows for high productivity, efficiency, and accuracy, which is critical for many applications. This provides robots with
the ability to quickly and accurately respond to changes in the environment and perform complex tasks with high efficiency. Motion control
achieves high precision, efficiency and reliability of control systems, and also opens up new opportunities for creating more complex and
functional robotic systems capable of performing a wide range of tasks in various industries, including industry, medicine, transport and
domestic applications. Although ASICs are not general purpose in the usual sense, they provide high performance, power efficiency and
reliability for specific tasks. In applications with defined requirements and large volumes of production, where high performance and
energy efficiency are critical, the use of ASIC is a justified and effective solution. For other cases, hybrid approaches combining the ad-
vantages of ASICs and general-purpose solutions such as FPGAs or general-purpose processors may be appropriate.

Keywords: ASIC, EDA, FPGA, Synopsys, energy efficiency, machine learning, robotics, mobile control systems, Mentor
Graphics.
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3ACTOCYBAHHSI HEWPOHHUX MEPEX
JJIA KITACU®IKALIL KOJIMBAHB PYXOMOI'O CKIUIAY

AHoTauis. Y poOoTi po3risIHYTO aKTyaJlbHYy CHOTOJHI MPOOIeMy HiIBUINECHHS MaKCUMAaJIbHOI IIBUAKOCTI 3aJli3HUYHOTO
TPAHCIOPTY, OOMEXEHHS Ta MEPELIKOAN Ha NUIAXY ii BUPIIIEHHS 1 MOXKIMBOCTI HOAONAHHA UX nepeniko]. OKpeMo po3Tiis-
HYTO MOXIJIUBICTb MiIBUILECHHS MaKCUMAaJIbHOI IIBUIKOCTI MO131a Ha TUX OUISHKAX 3aJIi3HUYHOTO IULXY, € 1€ JOMYCTHMO.
Jlnst peanizaii i€l MOXKJIMBOCTI aKTYaJIbHOIO € 3aa4a BUSBJICHHS, aHATI3Y Ta Kiacudikaiil KOIUBaHb, SIKi BAHUKAIOT i/
qac pyxy noizzaa. I[IpoBesieHo orsia 10CiiKeHb, IPUCBIIEHUX BUKOPHCTAHHIO HEHPOHHIX MEPEX Y CyMIXXHUX MPEIMETHUX
rajxy3sx. 3a pe3yibTaTaMH aHajli3y JOCII/HKEHb IIPOIOHYETHCS Ul BUKOHAHHS ITOCTABJICHOI 3a/1aui BHKOPHUCTOBYBAaTH MO-
nudikauiro HeifiporHoi Mepexi Growing Neural Gas — Growing When Required (GWR), sika € oNTUManbHORO TSl BAKOHAHHS
3amadi aHai3y Ta Kiacudikamil KOJMBaHb MOI3y Ta Ma€ MOXKIMBICTh JOHABUATUCS Oe3 MOIIKOPKEHHS PaHiIle 3aCBOEHOT
inpopmarii. Po3pobieno cTpykrypy HeliponHoi mepexi GWR. TIpencrasieHo anroput™ pobotu Heiipornoi mepesxxi GWR.

Kawuosi cimoBa: mryuni Heiiponni mepesxi, Growing Neural Gas, GNG, Growing When Required, GWR, 3anizHunynuii

TPaHCIIOPT, aHaJIi3 KOJIMBaHb M0I3/1a.

Beryn

[ocTranoBka mpo6iaemn. Ha croronmHi omHieo 3
TOJIOBHUX JTWJIEM IMOJANBIIOrO PO3BUTKY 3aJi3HUYHOTO
TPAHCIOPTY € MUTAHHS TOJO0JAaHHSI 3HAYHUX OOMEKEHb
HAa MaKCHUMaJlbHY IIBUAKICTE pyXy. OCHOBHOIO MPHYH-
HOI0 BUHMKHEHHS IIMX OOMEXeHb € JIeeKTH 3ai3HHY-
HOTO TMOKPUTTS Ta TUHAMIYHHUX CJIEMEHTIB MOi37a: Tpi-
IIMHY, 3JIaMH, Pi3HI BUAX 3HOCY, IUIACTHYHI fAedopmarrii,
KOpO3is, MeXaHiuHi MOMKOopKeHHs. [IpnanHamu iX BU-
HUKHECHHS € CIIUTBHUH BIUTUB 0araTboX (PakTopiB, TAKUX
SIK TpHUBaja eKCILTyaTallisi, HesKiCHe TeXHI9He 00CIyTo-
BYBaHHJ, ITOTOTHI yMOBH TomI0. [0IIKOIKESHHS 3alTi3HU-
YHOTO IUIAXY Ta/ab0 TUHAMIYHHX eJIEMEHTIB T0i3a MO-
JKYTh MPU3BECTH JIO MOSIBU MMOB30BXKHIX Ta MOMEPEIHUX
KOJIMBAJIbHUX MPOIIECIB MiJ] Yac PyXy 3aJi3HHYHOTO Tpa-
HCIIOPTY.

He nuBisiunch Ha Te, 10 MOIIOHI KOJIMBAIbHI TIPO-
[IECH € AKTUBHUMH MPOTATOM YChOTO TPOIIECY PyXY MOi-
31y Ta IPOSIBJIIOTHCS 1 IIPU PYCi HA HEBETHUKUX MIBUIKO-
CTSIX, I Ipo0IIeMa € HafO1IbII KPUTHYHOO JIJISl BUCOKO-
MIBHKICHUX MOI3/iB, OCKIIBKH 1X YAaCTHHU IiIHAr0ThCS
CWIIBHINIOMY BIUTUBY CYBOPHX YMOB Y IOpIBHSHHI 3 1H-
mMMH oi3aaMu. Ha XapakTepucTHKY IUX AMHAMIYHUX
MIPOIIECiB MPSMO BIUTUBAE IIBHIKICTb, 3 KOO IOI3] PY-
Xa€THCS, IO MPU3BOJUTH 10 BAHUKHEHHSI 3HAYHUX 00Me-
JKCHb MaKCHMaJIbHOI IBUAKOCTI PyXOMOTO CKJIay.

3riiHO 3 pe3ysbTaTaMu OCIiHKEeHb, 110 OyJIr Tpo-
BenleHi B po6oTi [1], 3pocTaHHs aMIUTITyAM Ta YacCTOTH
KonmBaHb Ha mBUAKoCTAX 100-120 xm/rox € OinbIn 3Ha-
YHUM, HDXK Ha MBUAKOCTSIX, HIOK4Ye 100 km/roa. Lle npu-
3BOJWTH O BUHUKHEHHS CKJIQIHHX MEPEIIKOI Y BHKO-
HaHHI 3aJa4i iJBUIIECHHS MaKCHUMAaJIbHUX IIBHAKOCTEH
PyXOMOTo CKJIaay 10 BigMmiTok Bumie 120 km/ron. OnHUM
3 IUISXiB YaCTKOBOTO MMOJOJIAHHS IMX MEPENIKO] € ITiJI-
BHILIEHHS IIBUAKOCTI HAa THX 3alli3HUYHHUX JIIISHKAX, 1€
KUTBKICTh E(CKTIB MiHIMAJIbHA, a OTXKE aMILTITyAa KO-
JMBaHb HEe3HA4HA. BupimieHHs i€l 3aga4i poOuTh axTy-
QIBHOIO TIPOOJIEMY BUSIBJICHHS Ta KiacUQiKaiis KOJH-
BaHb, SKi BAHUKAIOTH TIiJT 9aC pyXy PyXOMOTO CKIIaIy.

AHaJi3 ocTanHix gocaimkennb. i knacudikamii
KOJIMBaHb iCHY€e 0arato pi3HOMaHITHHUX METOIIB, cepen

SIKMX HaWOLIbII MEePCIICKTUBHUM € 3allydeHHsI HEHpOH-
HUX Mepek. BUKOpUCTaHHS IITYYHUX HEHPOHHUX MEPEXK
Jla€ MOXKIIMBICT IIBUAKO OOPOOISATH BENMKI 00CsATH J1a-
HUX, BUAUIATH B HUX CKJIaJHI 3aKOHOMIPHOCTI Ta 3aCTO-
COBYBATH BHM3HAU€HI TAKUM YMHOM MAaTEPHH Ui 0OpO-
OKM HOBOI iH(pOpMAIIii.

HITyuHi HEHPOHHI MEpexki BXKe YCHIIIHO BUKOPHC-
TOBYIOTBCSI Ha 3aJIi3HUYHOMY TPAHCIIOPTI JUIsl IIPOTHO3Y-
BaHHS TEMIIEPATyPHOTO BIUIMBY Ha peiiku [2], mependa-
YeHHsI Ta MomnepeKeHHst aedekris [3, 4], npoBeneHHs
OnTUMI3aIlil MPOIECiB TEXHIYHOTO 00CIyroByBaHHs [5],
30epexxkeHHs1 Ta Kiacugikanis iHGopMaliiHUX TaHHUX
JUIL CUCTEM MIATPUMKH HPUHHATTA pimeHs [6]. OmHak
OCHOBHHMH HEJOIKAMHU ICHYIOUHMX IITYYHHUX HEHPOH-
HUX MEPEXK € BIACYTHICTP MOXJIMBOCTI iX JOHAaBUAHHSI
HOBOIO iH(hopMaIrieto Oe3 BTpat BKe 3araM’ ITOBaHUX pa-
Hime ganux. llefl HeIOMiK MOXIMBO YCYHYTH 3aBIISIKH
BUKOPHCTaHHIO HelpoHHux Mepex Growing Neural Gas
(GNG) Ta ii moaudikamii — Growing When Required
(GWR), sixa mobpe mprcTocoBaHa 10 Kiacuikariii Be-
JIMKUX OOCSATIB JaHUX Ta MOXE JOHABYATHUCS y MPOIECi
¢ynkuionyBanns. lle pobutre mepexi GWR mnpuaart-
HUMH TS BAKOHAHHS TOCTaBJICHOT 3a1aui Kiaacugikaii
KOJIUBAJIbHUX TPOIIECIB.

MeTtorw po0OOTH € aHai3 MOMIJIHUBOCTI 3aCTOCY-
BaHHS IITY4HO! HeWpoHHOT Mepexi Growing When Re-
quired it BUKOHAHHS KiacH(DIKaIlil TUHAMIYHHIX TPOIIe-
CiB, SIKI BUHMKAIOTh HiJl 4ac pyxy Ioi3zna, po3poOka ii
CTPYKTYPH Ta ITOPUTMY POOOTH.

OcCHOBHA YaCTHHA

Jlns BUKOHaHHS TMOCTaBJIEHOI METH PO3IJISTHEMO
HelipoHHy Mepexxy Growing When Required (GWR), sika
BUHMKJIA SIK Mou(ikarist "3pocTatounii HelpoHHuit raz"”
(Growing Neural Gas), skuit OyB 3anpONOHOBaHHIN
Bepunom Opiuke y 1995 poui [7].

GNG 0OyB po3pobneHuil s BUpINICHHS TpoliIeM
KJIACTepH3aIlil Ta TOTOJIOTIYHOTO HABYAHHSI IUUISIXOM JIH-
HaMigHOTO 30iJIbIIEHHS KiJbKOCTI HEHPOHIB Yy MEpEexKi.
Mepexa 0a3yeTsCsl Ha IPUHINIIAX KOHKYPEHTHOT'O HaB-
YaHHS i CAMOHABYAHHS, JIO3BOJISTIOYH MEPEKi OCTYIIOBO
aIanTyBaTHUCS 710 BXiTHOTO IPOCTOPY.
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GNG nounHaeThCs 3 HEBEIUKOI KIIBKOCTI HEHpO-
HIB 1 MOCTYIMOBO JI0JIa€ HOBI, KOJH BHUSBISETHCS, IO TO-
TOYHA MEpPekKa He MOXKE aJICKBATHO MPECTABIATH BXiTHI
nani. Ile mo3Boisie anropurMmy 30epiraTé TOMOJIOTIYHI
BJIACTHBOCTI BXKE 3aCBOEHOI iH(opMallii 1 aganTyBaTUCs
710 CKJTaJHUX JTaHUX.

[ompu cBoro epextuBHicTE, GNG Mae geski oOme-
KCHHS:

1. HeoOximHiCTh pyYHOTO HANAIITYBaHHS ITapaMe-
TpiB. KinpkicTh irepamiii, 4acToTa HOHaBaHHS HOBHX
HEHpOHIB Ta iHII MapaMeTph MOTPEeOYyIOTH IOTepe-
HBOTO HATAIITYBaHHS, [II0 MOXKE OYTH CKJIaJTHUM 3aBJIaH-
HAM.

2. TlorenmiiHa HaaMipHICTB. Yepe3 peryisipHe
JI0JITaBaHHS HOBUX HEHPOHIB Mepexka MOXKE CTaTH HaIMi-
PHO BEJIHKOIO, 1[0 3HIKYE 11 €)eKTUBHICTb.

3. BiacyTHicTs amanTaiii 0 MOTOKOBUX aHHX:
GNG He 3aBXI1 €EKTHBHO aaNTy€e€THCS 0 NTAHUX, IO
HAJIXOJSTh y pPeaJbHOMY Yaci.

JJis moJoNaHHs NEesIKUX 3 X 00OMEKeHb Oyma po-
3pobineHa Heliponna mepexka Growing When Required
[8]. OcHoBHa ifest 3pocTaryoi 3a HEOOXiIHICTIO Mepexi
nojsrae B TOMy, 100 J0/aBaTW HOBI HEWPOHH JIMIIE
TOJIi, KOJIM 1ie JifiCHO HeOOX1IHO, HAa OCHOBI IEBHHUX KPHU-
TepiiB, TAKUX 5K MOMMJIKA MPEICTaBJICHHS BXIIHUX Ja-
Hux. lled minxix mo3Bosisie 30eperTd KOMIAKTHICTH 1
e(CKTHBHICTh MEPEXKi, OJHOYACHO 3a0e3MeUyroud BH-
COKY TOYHICTb NPE/ICTaBICHHS JJaHUX.

GWR Bximtouae xrrodoBi inei GNG, Taki K KOHKY-
pEHTHE HaBYaHHS | JUHAMIYHE YIPABIIHHS 3B'S3KaMU
MiX HEHpOHAMH, ajie¢ TAaKOX BBOJUTH HOBI MEXaHi3MH
JUTS €)EKTHBHINIIOTO HABYAHHS:

1. AnpantuBHe nonmaBaHHS HelpoHiB. HoBi Heii-
POHHU IOMAFOTHCS JIHMIIEC TOMI, KOJH BXiJHI aHI HE MO-
KyTb OyTH aJIeKBaTHO MPECTaBJICH] ICHYIOUUMH HEHpo-
HaMH.

2. KoHTpousb MOMUIIOK. AKyMYJISILIiSE TOMUJIOK JIJIsI
KOXKHOTO HEeWpoHa J103BOJISIE MEPEkK] BUSBISITH 00J1aCTi,
SIKI HOTPeOYyIOTh I0JJATKOBOT yBaru.

3. Bupanenns crapux 3'enHaHb. 3'€HaHHS MiX
HEHpOHaMU, SKi CTAalOTh 3aHAITO CTAPUMH, BHIAJS-
FOTBCS, 10 J03BOIIIE MEPEXKi 3AIUIIATUCS THYYKOK Ta
a/IalITHBHOIO.

Mepeka CKIATaeThCs 3 ABOX BaXKIMBHX KOMIIOHE-
HTIB — BY3JIiB i3 ITOB’SI3aHAMU 3 HIMH BaroBUMH BEKTO-
pamu Ta pebep, sIKi 3’ € JHYIOTh BY3JIH, YTBOPIOIOYH CYCiI-
CTBa BY3IIB, SIKi MPEJCTABISAIOTh MOAIOHE CIIPUWHSATTSI.
Sk By3mnu, Tak i pedpa MOKHa CTBOPIOBATH Ta 3HHUIITYBAaTH
i1 9ac mpoIiecy HaBYaHHS.

TexHika, sika BUKOPUCTOBYETHCS JJIsI CTBOPEHHS Ta
3HUILIEHHS MEX MEPEKi, € KOHKYPESHTOCIIPOMOKHIM Me-
Toj/I0M HaB4YaHHs ['€60a [7, 8]. It KOXKHOTro BXO/1y TeHe-
PYETbCSL TpaHW4YHE 3’€IHAHHS MDK BY3JIOM, SIKMH Haii-
Kpallle BiJIOBiJjae OAWHMIY, 1 ApyruM HaWKpaiie Biaro-
BigHUM OJokoM. Lli kpaifoBi 3’€IHAHHS MalOTh ITOB’sI3a-
HUH «Bik». CrIoYaTKy BCTaHOBJICHO 3HAYEHHS HYJIb 1 30i-
JBITYETHCS HA KOKHOMY KPOIIi Yacy Ul KOKHOTO pedpa,
sIKe TIAKIIOYEHO 10 By3Ja-MepeMOoXIs. €ANHUM BHHSIT-
KOM € MeXa, sIKa 3’ €Hy€e HalKpally Ta Apyry HalKpamii
OJIMHUII, BiK SKMX CKHIAETHCS HA HyJb. Pebpa, Bik sIKUX
MICPEBUIIYE NESKY TMOCTIHHY Qypqy, BUOAISIOTECSA. Byib-
SIKFI BY30J1, SIKU HE Ma€e CycCilliB, TOOTO HE Ma€e TpaHUd-

HUX 3’€IHaHb, BUJAISIETHCS, OCKUIBKH BiH € MEPTBUM BY-
37I0M.

HoBa yacTriHa anropuTMy HOJISTaE B TOMY, SIK 31~
CHIOETHCS ITPOIIEC BUPOLYBaHHs. 3aMiCTh TOTO, 00 J10-
JlaBaTH HOBHH BY30JI IICJISI KOKHOTO A BBEICHHS, 5IK Y
Mepexxi GNG, HOBI By3JIM MOXHA JIOZIaBaTH B OYAb-SIKUH
yac. Hanpuxnan, xiibka By3/1iB MOXHA J10JjaBaTH OJUH
3a OZJHMM, a TIOTiM OiJIbIIIe HE JOAaBaTH IPOTATOM HACTY-
MMHUX cTa iTepanii. HoBi By3mH po3TamoByrOTECS 3aire-
JKHO BiJl BX{JHUX TaHUX 1 HOTOYHOTO BUTPAITHOTO BY3JIa,
a He JOJAIOTBhCS TaM, Ji€¢ HaKOIWYeHa ITOMMJIKA HaiOi-
npa, sk B anroputMi GNG [8].

AJNBTEpHAaTHBOIO BUKOPUCTAHHIO ITPOCTOTO JITYHIIb-
HUKa JUI 3allUCy YacTOTU 3alyCKy KOXKHOTO By3Ja €
3MiHHA, SIKa CKCIIOHEHIIIaIbHO 3MEHINy€eThes Big 1 1o 0,
00 HOBI BY3JIM MaJid 3HAYCHHS 1, a By3JH, sIKi 4acTo
3amyckanucs, 0yiau 6mu3bki 10 0. Lle ekBiBageHTHU Ji-
YUJIBHUKY 3 BEPXHBOIO MEXKEI0, alle Ma€ KijJbKa MepeBar.
Mo>kHa BU3HATH TOH (DakT, 110 CYCiTH By37Ia-TIEPEMOKIIS
TaKOX HABYCHI, OCKUIBKHM IXHI 3MiHHI TaKOXX MOXYTb
3MEHIIIyBaTHCS, X049a i y MeHIIi# mipi. Kpim Toro, Kisb-
KIiCTh pa3iB, KOJH BY30J CIPaljbOBYBaB, MOXKHa IIyXe
JIETKO BpaxyBaTH B IIBUIKOCTI HaBYaHHS, TaK IO BY3IIH,
SIKI 9acTO CIIPalbOBYIOTh, TPEHYIOThCS MeHIIe. Lle ycy-
Ba€ 1Mpo0JseMy, Bijl IKOT 4acTO CTPaXKIaI0Th MEpPEexi, sKi
NOCTIHHO HAaBYAIOThCS, Baru A00Ope HaBUCHHUX BY3IiB
NPOJOBXKYIOTh 3JIeTKa pyXaTHCs, TaKk IO Mepexa He
30mImKy€eThes. SIK 1y OUTBIIOCTI CAMOOPTaHI30BaHUX Me-
PEX, HAAIITYBaHHS IIBUIKOCTI HABYaHH 3a3BHYail Oa-
3y€ThCsl Ha TONEpeIHiX ekcrnepumeHTax. Hapemri, e
o3Hauae, 1o Mepexxy GWR MoxkHa BUKOPUCTOBYBATH K
¢inbTp HOBU3HU 0e3 Oyab-KHX MOIHM]IKAIii: SKIIO
BY30J]1, IKUI CIIPallbOBY€, PaHille He CIpanboByBaB abo
CIIpaIbOBYBAB TyXKE PIAKO, TOMI BXiJI € HOBHM.

Ha puc. 1 300pakeHo 3aranbHy cxemy HEHPOHHOL
mepexi GWR. Heiiponna mepexxa GWR ckinanaetbes 3
BXiIHOrO mIapy, mapy kinacrepusauii (CL) 1 BuxigHOro
HelipoHa. KinbKicTh BXiHUX HEHpOHIB no3HavyaeTbest N;,
BEKTOD aKTHBalliil BXiJHMX HEHPOHIB I, a KiIbKiCTh HEM-
poHiB mapy kinactepusanii — N.. KoxkeH HelipoH kiracTep-
HOTO PIiBHA C 3'€JHAHUIA 3 yciMa BXiTHIMHU HEHPOHAMH de-
PE3 BEKTOp 3BAKEHHMX aJANTHBHUX BXiJHUX 3'€HAHb W,
poswmipy N,, . Kpim Toro, neiiporu CL MoxyTh OyTH 3°€11-
HaHi OIVH 3 OZIHNM HE3B)KCHUMH 3B’ SI3KaMH, YTBOPIOIOUH
cycimcTBa, ae 3’emHaHi HeiipoHun CL TIpencTaBITIOTH
CXOXI XapaKTepUCTUKH. BUXil HOBH3HU JOPIBHIOE MOTO-
YHOMY 3BHKaHHs llepeMoxHoro Heiipona CL, he € (0; 1).

Ha ko’kHOMY KpOLli yacy akTHBY€EThCS 33/1aHa KiJlb-
KicTe N; BXiIHUX HEHWpoHiB. BXigHuii piBeHb MOBHICTIO
MiIKITIOYSHUN 10 piBHS KiacTepiszanii (Ha puc. 1 st Ha-
OYHOCTI 300pa)KE€HO 3B'A30K yCiX BXIIHUX HEHPOHIB
TUIBKU 3 HEHPOHOM ¢, ). 3B’SI3KH MiXk HelipoHamu CL BH-
3HAYaIOTh CYCiAICTBa, Nie 3’ €HaHI HEUPOHH MPECTABIIS-
10Th TONiOHI Bxoau. KoxeH Helipon CL Mae NMOKa3HHK
3BHKaHHS, h;, 1 MOKa3HUK 3BUKAHHS HEHpPOHa-TepeMo-
KA MpeacTaBisie BUXiM Mepexi. Ciig 3ayBaskuTH, IO
puc. 1 mokasye cuTyamnito, B AKiif BXiTHHH BEKTOp Mae
JIOBXXUHY 3 1, OToKe, MCHIIIMIA 32 KUTBKICTh BXiJTHUX HEH-
poHiB (3 < N). Pemrra BXiZHUX HEWPOHIB aKTHBYIOTHCS
31 3HaueHHAM 0. Y NpOTHIEKHOMY BHMIAJIKy HAHOLIBII
BiJaNieHi Bi3yaJlbHI XapakTEPUCTUKA Y CEHCOPHOMY
BX1JTHOMY BEKTOpi OYIyTh BIAKHHYTI.
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BekTop gaHux

p1

BxigHui wap

P2

Ps3

Wap
Knacrtepisauii

BuxigHwuia wap

Puc. 1. Cxema GWR

Po3risiHeMO neTanbHO anropuTM poOOTH Mepexi
GWR:

Kpox 1. Tnimiamizanis cTpyKTypH Mepexi:
o [mimiamizyBaTH BXimHUH mapy po3MipoMm Nj.

e ImimiamizyBaru map kinactepusaiiii (CL) nBoma
Heiiponamu (To6to N = 2).

e BcranosuTyn nowyatkosi Baru (W; ) 3B'A3KiB MK
BXiJIJHUIMH HEHpOHAMH Ta HEHpOHaMH KiacTepu3auil B
BUIaAKOBI 3HaYeHHs Bix 0 1o 1.

e BcraHOBUTH 3BHKaHHS KOXKHOTO HEHpOHa Kilac-
Tepu3anii h, Ha 1.
Kpox 2. AkTuBallisi BXiJIHOTO BEKTOPY:

e Orpumaru ceHCOpHMH BXiIHHI BEKTOp I pO3Mi-
poM Np (TOOTO KiTBKICTh BHABIICHHX O3HAK).

e PerymoBatu akTUBaIlif0 BXiTHUX HEHpPOHIB Ha
OCHOBI pO3Mipy BXiJTHOTO BEKTOPY:

e JSkmo Np < N;, BCTAHOBHTH aKTHBAIlIO IIep-
mmx Np BXiIHMX HEHPOHIB y 3HAUEHHS BXIiJHOTO BEK-
Topa Ta pemry N; — Np HelipoHiB y 0.

e Sxmo Np = N;, AN KOXXHOTO BXiJHOTO HeEM-
poHa i BCTAaHOBHTH aKTHBaLilO0 HeWpoHa i Ha i-Te 3Ha-
YeHHS Y BXiTHOMY BEKTOPI.

Kpox 3. 3HaliTH IepeMOKHIH HEHPOH:

e OOuucnuty BiAcTaHb d, KOXHOTO HeHpoOHa
KJIACTepH3aIlii ¢ Bijl BXiTHOTO BEKTOpa i:

e Bubpartn HelpoH S 3 HaMEHIIOIO BiJICTAHHIO
dg siK BUrpaBIIHii HeWpoH dg = gel}vn dc.
Cc

Kpox 4. 3naiitu apyruii 3a KparicTio HeHpoH t aHa-
JIOTIYHUM YHHOM.

Kpox 5. SIkmo Heiiponu s 1 t He 3'enHaHi, 3'€HATH
X, 00 YTBOPHUTH Mi’K HAMH 3B'S30K.

CL=CLU{(s,t)}
Kpoxk 6. O0UnCINTH aKTHBAIIIO ag HEHPOHA S:
as = exp(—ds).

Kpox 7. [lonat HOBUI HEHPOH KJIACTEPHOTO APy,
T, AKImo ags > O Ta a, < 6y, ae O Ta 6, € moporamu
akTUBAIll Ta 3BUKAHHS BiAIIOBIIHO.

e BcraHoBUTH Baru HOBOTO HEWpOHa!
e BcraHoBUTH 3BUKaHHS HOBOTO HEMpOHA:
h.=1;

e 3’enHaiiTe HOBUII HEWPOH 1 13 S 1 t. Bumamutn
3B'SI30K CYCIICTBa MiX S i t.

Kpox 8. AnantyBatu Baru BXiIHUX 3'€JJHaHb HEW-
pOHa S Ta BCIX CYCIZHIX HEHPOHIB N, 10 SIKMX BiH ITiJK-
JIIOYCHUMN:

Wis);

Aw;, = min (1, wﬂ—?) n X hy X (ij - Wj,n)’

Aw;j s = n X hg X (ij —

Ie 17 - ue KoedimieHT HaBYaHHS Mepexi, a 1P — 1e Koedi-
nieHT nponopuiinocTi (0 < P < 1).

Kpox 9. 3icraputu rpaHuLi Ha KiHII S
age(s‘l-) = ag6(5’l') + 1.

Kpox 10. 3MeHmunTH 3BUKaHHS HEMpoHA S Ta Horo
CyCifiB:

(@l - h)- 1)
_ ! ,

Ah
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(@ - k)= 1)
- . a
min (1,—¢an) T
Kpox 11. TlepeBipuTH, 4u € siKich By3iu a0o pebpa
JUTS BUTAJICHHS, TOOTO YU € BY3JIH, Ki OLTBIIIC HE MAKOTh

cyciaiB, abo pedpa, cTapiini 3a HAHOUTBINE TO3BOJICHUIA
BiK. Bupansemo ix, SIKIIIO BOHH €.

Ah,

Kpox 12. Sxkmio mocTymHi JOJATKOBI AaHi, TOBEp-
HYTHCS 10 KPOKY 1 y BUITAJIKy, SIKIIO HE JOCATHYTO IIEB-
HOTO KPHUTEPIfO0 3yIUHKH.

[MapameTpu Mepesxi Oy BCTAHOBIICHI SIK

6y =0.3,n=0.3,a=1.05,
t=333ta@p =0.1.

ITapamerpu 64 Ta Ny, 3HaYHO BIUIMBAJIM HA MOBE-
JIHKY MEpexi, 1 pi3Hi apXiTeKTypH MEpexi, TAKUM YH-
HOM, BHHHUKAIM B pe3yJbTaTi pi3HUX KOMOiHaWil iXHIX
3HAYEHb.

et anroput™ rapantye, 00 HEHPOHHA Mepexka
GWR xknacudikye BXimHi maHi, JHHAMIYHO 3pOCTaE i
aganTyeTbes 10 HOBOI iHpopMarii Ta nonaBuatucs 0e3

BTpaTH BXKE 3amaM’siTOBaHOI paHime iHpopmanii npu
bOMY JI0JIal0YM HEHPOHH TUTBKH 332 HEOOX1THOCTI.

BucHoBku

TakuMm 9WHOM, Wi Yac aHaNi3y MOXJIHBOCTI 3a-
CTOCYBaHHS INTYYHOI HeWpoHHOT Mepexi Growing
When Required mist BukonanHst kiaacugikamii quaami-
YHUX TIPOIeciB Oynmu pO3TIAHYyTI i1 BiAMIHHOCTI Bim
Heitponnoi mepexi Growing Neural Gas, rosoeHi me-
peBaru i HeJloJIiKK Ta OMMCAHO CTPYKTYpPHI 0COOJINBO-
CTi Mepexi.

Ha ocHoBi mpoananizoBaHoi iHdopmanii Oyiu
CTBOpEHI CTPYKTypHa CXeMa Ta JeTaJbHHUI MOKPOKO-
BHI anTopuTM poboTtu HeliponHoi mepexi GWR, skwii
rapaHTy€ MOKJIHMBICTD 1i BUKOPUCTAHHS AJs KiIacugi-
Kalii TOB3JOBXKHIX Ta MMOIePEYHUX KOIUBAIBHUX IIPO-
LECIB.

PesynbraT poOOTH CTBOPIOIOTH IEPCIEKTHBU
UL TOJANbIINX JOCHTI[PKEHb IHTAHHA IiJBUICHHS
MaKCHMaJIbHOT MIBUJIKOCTI pyXy TOi3/a.

OTpuMaHi CTPYKTypHa CXeMa Ta ajJiroputM Oy-
JOyTh BUKOPHCTaHI JUIs MpOrpaMHoi peamizanii mryd-
Hoi HelipoHHOT Mepexi GWR.
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Development of a neural network structure
for oscillation classification

Oleksandr Yevtushenko, Oleksandr Zakovorotnyi

Abstract. The paper examines today's urgent problem of increasing the maximum speed of railway transport, limitations
and obstacles on the way to its solution and the possibility of overcoming these obstacles. The possibility of increasing the maxi-
mum speed of the train on those sections of the railway track, where it is permissible, was separately considered. To realize this
possibility, the task of detecting, analyzing and classifying the vibrations that occur during train movement is relevant. A review
of research devoted to the use of neural networks in related subject areas has been conducted. According to the results of the
research analysis, it is proposed to use the Growing When Required (GWR) neural network — Growing Neural Gas modification
to perform the task, which is optimal for performing the task of analyzing and classifying train oscillations and has the ability to
learn more without damaging previously learned information. The structure of the GWR neural network has been developed. The
algorithm of the GWR neural network is presented.

Keywords: artificial neural networks, Growing Neural Gas, GNG, Growing When Required, GWR, railway transport,
analysis of train oscillations.
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XapKiBChKHIA HAIlIOHATHPHUN YHIBEPCUTET PaIiOeNeKTPOHIKH, XapKiB, YKpaiHa

AHAJII3 BJIOKYENHIB HA MOKJIMBOCTI PO3POEKHA
JAEINEHTPAJII3OBAHUX 3ACTOCYHKIB

Anorauis. IIpexmMerom A0CTiKeHHSI € MOXKIMBOCTI OJIOKYESHH-TIIATGOPM AJIs1 PO3POOKH JCIICHTPATi30BaHMX 3aCTOCY-
HkiB (DApps), 3 aKIICHTOM Ha MPOyKTHUBHICTh, MACIITA00OBaHICTh, PO3POOKY CMapT-KOHTPAKTIB, EKOCUCTEMY, BapPTICTh Tpa-
H3aKI[i Ta BIAMOBIIHICTD PEryJIsLisM. 3aBaHHsI CTATTI MMOJIATaE B aHAI31 TIIATGOPM, BU3HAUYCHHI TX CHJIBHUX 1 CITAOKUX
CTOPIH Ta JONOMO3i PO3pOOHNKaM y BUOOPI ONTUMAIIFHOT TEXHOJIOTT U1 pearizamii mpoekTiB. BUCHOBKM: ITpoBeIeHE 10C-
JIKeHHS TT0Ka3aio, o Ookyeitnn Aptos Ta Solana mMaroTh 10BOII HEMOTraHi 3arajibHi XapakTepUCTHKH IS pO3pOOKH Oi-

JIBIIIOCTI JICIICHTPANIi30BAHNX 3aCTOCYHKIB.

Kawuosi caosa: Giokueiin, Ethereum, Solana, Optimism, Tron, BNB, Avalanche, Polygon, Hedera, Aptos.

Beryn

AKTyanbHICTD JOCHTIIPKEHHS OJOKYCHHIB HA MOX-
JUBOCTI y PO3pOOIi AEHEHTPaNi30BaHUX 3aCTOCYHKIB
(DApps) o0yMoBiIeHa IIBUAKIM PO3BUTKOM TEXHOJOT1MH
PO3IOJIICHOTO PEECTPY Ta IX 3POCTAOUOI0 MOMYJISIPHI-
CTIO Y pi3HHX c(epax, uepes 1o 3’ ABIsEThCs OaraTo 6J10-
KYeWHIB, cepesl SKUX CKIagHO o0patu Halkpamuil. Mu-
HYJIMH pik OyB JIy’Ke CIIPUSTIUBHN JJIs1 KPUITOBAJIIOT, e
3a manumu MiHdiny [1] kamiTanizamis puHKY 3pocia
3795 mupn mo morounux 1,55 tpmH (+95%), Oararto
KIIFOYOBHX TPAaBIiB BUCTOSIIM IIiJ] HATUCKOM DPEryJIsiTO-
piB. 3a mporHo3amu [2], TI00aNBHUNA PUHOK OJOKYCHHY
1o 2030 poky mocsrrHe BaptocTi 1,431.54 Minbsipaa mo-
napiB, 3pocraroud 3 cepenabopiuauM TemnoM (CAGR)
nipudmm3Ho 85.9% 3 2022 mo 2030 pik. Kpim Toro, 6:10k-
4yelH Moxe 30UtbinTH Ta00ansHuii BBIT Ha 1.76 Tpu-
neiiona gomapis 70 2030 poky [2]. Lle cBiguuTs npo cyT-
TEBUI BIUIMB TEXHOJIOTII Ha €KOHOMIKY. JlOCHiHKEeHHS
TaKOX MOKa3yI0Th, 0 96% eKxcrepTiB y (piHaHCOBHX MO-
ciyrax BBaXaroTh, LIO OJIOKYEHH JOCATHYB MacoBOTO
BIPOBapKeHHs [2]. Y BUpOOHHMITBI OJIOKYEiH 3pocTae 3
temnioM 73% mix 2023 1 2026 pokamu [2]. ITpo3opicTs
Ta BIJICTIIKOBYBAHICTh € TOJOBHUMH (pakTOpamu, IIO
CTHMYJIIOIOTh BIIPOBa/UKEHHS OJIOKUYEHHY.

VY cBiTi, Ae Oe3meka Ta MPO30PIiCTh NaHUX CTAIOTh
MpiopUTETaMH, OJOKYESHHU MPOIMOHYIOTh YHIKalbHI pi-
LIEHHS, sIKi JO3BOJISIIOTH CTBOPIOBATH CHUCTEMH 3 BHCO-
KHM piBHEM 3aXHCTY BiJl BTpy4YaHHs Ta Laxpaiictsa. Bo-
JHOYAC, 301TBbIIEHHS KiJIBKOCTI KOPUCTYBAUiB Ta TPaH3a-
KIIi¥l BUMarae Bij 6J0Kk4edH-Tu1aTGOpM HE TiIIIbKH CTabi-
J5HOT pOOOTH, aje i BUCOKOI MPOTyKTUBHOCTI Ta MaCII-
TaboBanocTi. CamMe TOMy aHaIi3 MPOAYKTHBHOCTI, PO3-
PpOOKH cMapT-KOHTPAKTIB, EKOCHCTEMH, BAPTOCTI TpaH3a-
KIiH, iHTEeporepadenbHOCTI Ta BiAMOBIIHOCTI perys-
LisIM € BKpali Ba)KJIIMBUM JUIsl pO3pOOHHUKIB, SIKI INIAHYIOTh
crBoproBat DApPS. TexHosoriuni iHHOBaii, 30Kkpema
BIIPOBA/PKCHHSI HOBHMX MEXaHI3MiB KOHCEHCYCy Ta iH-
CTPYMEHTIB 151 PO3pOOKH, CyTTEBO BIUIMBAIOTH Ha CIIPO-
MOJKHICTH OJIOKYEHHIB 3a/I0BOJILHSTH TOTPEON CydacHHUX
3acTocyHKiB. OIliHKa IINX aCIEKTiB JO3BOJISE 3pO3yMIiTH,
AKi OJIOKUeHH-TUTATOPMH € HAHOTBIIT TePCTIEKTUBHUMHU
JUTST PO3POOKH JIEIIEHTPATi30BAaHUX 3aCTOCYHKIB, 110, B
CBOIO Yepry, CTpHUsA€ PO3BUTKY iHHOBAIIMHUX PIllICHb Y
PI3HUX Tay3sX, BKIIOYAIOUH (DiHAHCH, JIOTiCTHUKY, 0XO-
POHY 3I0pOB’s Ta OaraTo iHIIUX.

MeTto10 1aHOI POOOTH € MIPOBEACHHS JICTAILHOTO
aHai3y MOJMJIMBOCTEH pi3HHX OJOKuYeHH-TIarhopMm y
KOHTEKCTI pO3pOOKH JACHEHTPaNli30BaHUX 3aCTOCYHKIB.
Lle BkITOYa€e OLIHKY IPOAYKTHBHOCTI Ta MacIITa0OBaHO-
CTi, 3PYYHOCTI PO3POOKH CMapT-KOHTPAKTiB, EKOCHC-
TEMH Ta MiATPUMKH, BApTOCTI TPaH3aKIIii, iHTEepomepa-
OCTHHOCTI Ta BIAMOBIMHOCTI peryimisM. BusHadeHHS
CHIIBHHUX Ta CITa0KUX CTOPiH KOXKHOI IUTaT(OpMH IIOTIO0-
MOJKE PO3pOOHHKAM 00paTH HAHOIIBII MiIXOASIIY TEX-
HOJIOTIIO ISl peanizalii CBOiX IPOEKTIB, 3a0e3nedyodn
THUM CaMUM iXHIO YCHILIHICTh Ta e()EeKTUBHICTb.

Buxksiag ocHOBHOTO MaTepiajy

Baok4yeiiH Ta JAeneHTpaNizoBaHi 3acTOCYHKH
Brokueits — 11e po3nofineHa 6a3a qaHuX a00 MUPPOBUIA
peectp, sKuil 30epirae iHGopMAaIifo y BHIAOL OJIOKIB,
3B'sI3aHUX MK COOO0I0 3a 10MOMOror kpunrorpadii [3].
KoskeH 0JI0K MICTUTh TIEBHY KIJIBKICT 3aMUCIB PO Tpa-
H3aKii Ta yHIKaQJIbHUNA KpUunTorpadiuHuii rem nonepe.-
HBOTO OJIOKY, L0 YTBOPIOE JIAHIIIOKOK OJIOKIB, 200 6J10-
k4eiiH. Llst cTpykTypa 3abe3rnedye He3MIHHICTh JaHUX Ta
3aXMCT BiJI HECAHKI[IOHOBAHOTO BTPYYaHHS. 3aBJSIKH
CBOIH JEICHTPali30BaHiil MPUPOi, ONOKYECHH HEe Mae
LEHTPAIBEHOT0 KOHTPOJIIOI0YOT0 OpPraHy — BCl yHYaCHUKH
Mepexi MaroTh Koo 0a3u JaHWUX 1 pa3oM IMiATBEPIKY-
FOTh TPaH3aKIlii, 0 POOUTH CHCTEMY CTIIKOIO IO aTax i
3001B.

Blockchain 0yB po3po0sieHuii sik BiAMOBIAb HA IIi
npobaemu. Bin BIpoBaKye MPakTUKY AOAAaBaHHS 0J10-
KiB TCJI KOXHOI TpaH3akmii, siki 0OMiHIOIOTBCS BCiMa
KOPHUCTYBadaMH MEPEXi 1 CTBOPIOIOTH PO3MOAIICHY, Jie-
LIEHTpaJli30BaHy Mepexy [4].

JeuentpamnizoBani 3actocyHku (DApps) — e
MIPOrpaMHi 3aCTOCYHKH, IO NPaIIOIOTh Ha JICIIEHTpaIi-
30BaHUX MepeXax, TaKuX sIK OJok4eiiH. Bonn BinpizHs-
I0ThCS BiJ| TPaJULIIHHUX IIEHTPali30BaHUX 3aCTOCYHKIB
THM, 1110 HE MalOTh €MHOTO IIEHTPAJILHOTO cepBepa abo
KOHTPOJIIOIOUOTo OpraHy. 3amicTh 11boro, DApps BHKO-
PHUCTOBYIOTH CMapT-KOHTPaKTH — IPOTpaMHi IPOTO-
KOJIH, 5IKi aBTOMaTHYHO BUKOHYIOTH ITEBHI Aii P BUKO-
HaHHI BM3HA4eHHX yMOB. CMapT-KOHTPAKTH PO3MIMIy-
IOThCs Ha OJIOKYElHI, Mo 3a0e3Medye Mmpo3opicTh, 0e3-
MeKy Ta He3MIHHICTh BUKOHaHHs koxay [4]. Lle mo3Boisie
CTBOPIOBAaTH 3aCTOCYHKH, 110 MPAIIOI0TH O€3M10CEPEAHBO
MK KOPUCTYBadaMu 0e3 TIOCEPEIHUKIB, SHIKYIOUH PH-
3MKH IIaxpaiicTBa i HOKPaIlyroud e(heKTHBHICTS.
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Baxnuoro ocobmuBicTio DApps € TxHs apxXiTek-
Typa, sika 3a0e31euye OBy IPO30PICTh Ta CTIMKICTH 10
LEH3YPH MOPIBHSHO 31 3BUYaliHUMHU Be0-3aCTOCYHKAMHU.
3amicTh 30epiraHHs TaHUX Ha IIEHTPATi30BaHUX CepBe-
pax, sk e pooutbcst y Be62, DApps 306epiratots iHdpop-
Mariiro Ha OokueiiHi. Lle mo3Bosie KoprucTyBauaM MaTH
MTOBHHUH KOHTPOJIb HAJI CBOIMH JaHUMH Ta 3abe3medye
ixHI0 Oe3mexy [5].

Takox B maHii o0iacTi Ciaix BBECTA OHATTS Be62
Ta Be03. /e Be62 — mie apyra renepartis [aTepHery, sika
30cepeKeHa Ha IEHTPalli30BaHUX CepBicax Ta iHTepakK-
TUBHOCTI. Be62 mno3Bojsle KOpUCTyBayaM CTBOPIOBATH
KOHTEHT, B3a€MOMIATH 3 IHIIMMHU 4epe3 COoLialbHI Me-
pexi, 610rH, Ta Be6-3acTocyHKH. OCHOBHOIO XapaKkTepH-
ctukoio Beb2 € neHrtpanizoBaHe yNpaBiiHHS JaHUMH
KOMIIaHiSIMH, SIKI HaJaloTh IUIATQOPMHU Ui B3a€MOJII.
Be63 — 11e HaCcTymHE MOKOJIHHS IHTEPHETY, sike 0a3y-
€TBbCS Ha JCLUCHTPANI30BAaHUX TEXHOJIOTISIX, TAKUX SK
omokueitn. Be63 Hamae kopucTyBadaM OiMBIIUI KOHT-
POJIb HaJl CBOIMH JaHWMH, JO3BOJISIE CTBOPIOBATH Ta BHU-
KOPHCTOBYBATH JICIEHTpali3oBaHi 3acTocyHKH (DApps)
6e3 mocepenHnkiB. OCHOBHMMH XapaKTCpHUCTHKaMHU
Be63 € nposopicTh, Oe3neka Ta JelEeHTpali30BaHe YII-
PaBJIiHHS.

Bigminnocti Mixk Be62 Ta Beb3 € 3Hauymmmu i
OXOIUTIOIOTH KijJIbKa acriekTiB. Y Be62 moneni OLIbIICTD
3aCTOCYHKIB 3ajie)KaTh BiJl LEHTPaJIi30BaHUX CEPBEPIB,
10 HaJIeKATh OKpeMuM KommaHisM. 1{i kommaHii MaroTh
KOHTPOJIb HaJl TaHUMH KOPHCTYBadiB, MOKYTh MOHETH-
3yBaTH iX 1 HaBiTh OOMEXyBaTH JOCTYO IO CEpBICiB.
Be63, 3acHoBaHwmi Ha OnokueiHi Ta DApps, BiIMOBIIS-
€THCS BiJI IEHTPATI30BAHOTO KOHTPOJIIO, HaJJAal0Ul KOPH-
cTyBauaM OijIblIIe KOHTPOJIIO HaJl CBOIMH JJaHHMH Ta B3a-
€MOIISIMH.

Y Be63 kopucTyBadi 30epiratoTh BJIacHi AaHi i Mo-
KyTb B3aemonisitu 3 DApps 6e3 nocepenuukis. e cTBo-
proe OibI Oe3nevHe Ta MPUBATHE CEPEIOBHIIE, ¢ MaHi
KOpPHUCTYBaviB 3axHIlIeHi Kpunrorpadiero i po3noineHi
o Bciit Mepexi. I1po3opicTh cMapT-KOHTPAKTIB J103BO-
nsie Oyb-KOMY IIEperdisiiaTh JIOTiKy 3aCTOCYHKIB 1 OyTH
BIIEBHEHHMMHU B iX 4€CHOCTI Ta Oe3Ieln.

Takum 9uHOM, OJIOKYEHH Ta ACIIEHTpaIi30BaHi 3a-
crocyHk# (DApps) € KIIF090BUMH KOMIIOHEHTaMH HOBOI
nmapagurmu Be63. biiokuelin 3abe3neuye HamiiiHy Ta 6e3-
TIeYHy OCHOBY JUIs 30€piraHHs JaHUX 1| BAKOHAHHS TPaH-
3aKmii, Toai sk DApps BUKOPHCTOBYIOTH ITI0 iH(ppacTpy-
KTypy IUIi CTBOPEHHS iHHOBALiHMX NPOTpaMHHUX pi-
eHb. YSIBITh OJIOKYEHH K 1HPPACTPYKTYPY, AKa HaIae
He3MiHHI 3amucu Ta 6e3meky, Toxi sk DApps € momar-
KaMH, 1110 TPAIIOITh Ha Iil iHPpacTpyKTypi, HaIaloun
KOPHCTYBa4aM pi3HOMaHITHI QYHKIIi Ta cepBicH 6e3 mo-
TpeOu y HeHTpasizoBaHOMy KoHTpoui. lle moenHaHHS
CTBOPIOE HOBI MOXJIMBOCTI /I pO3POOKH MPOTPaMHUX
pillleHsb, siKi € Oe3MeYHUMH, TPO30PHMHU Ta CTIKUMH /10
LIEH3YPH, BIIKPUBAIOYH IIIIAX 10 OLIBII JIelleHTpasIi3oBa-
HOTO IHTEPHETY Ta EKOHOMIKH.

AHaJi3 BaXKJMBHUX eJIeMeHTIB OJ10KueiiHy ajis
JeleHTPATi30BaHUX 3aCTOCYHKIB. AHaTI3 OJIOKYEIHHIB
Ha MOJIMBOCTI pO3pPOOKHU JCLEHTPANi30BaHUX 3aCTOCY-
HKiB (DApps) mepenbadae OIIHKY KUTBKOX KIFOYOBHX
rapaMeTpiB Ta BIIACTUBOCTEH PI3HUX OJOKYEHH-TIIAT-
(dhopwm. ITeprmii BaXKIMBHUI aCTIEKT — MPOTYKTUBHICTH Ta

MacmraboBaHicTh. TyT BapTO 3BEpHYTH yBary Ha KiJib-
KIiCTh TpaH3aKLil, siki MOke 00poOuTH OJIOKYElH 3a ce-
kyHny (TPS), yac minTBeppkeHHs TpaH3akLii Ta Mexa-
Hi3M KoHceHcycy. Hanpuknan, Proof of Work (PoW) Bi-
JIOMHH CBOEIO BUCOKOIO OE3IEKOI0, ajle MOBIILHOIO [IBU-
IKicTro, Tofi 1k Proof of Stake (PoS) mpomonye mBummri
TpaH3aKIii 3 MEHIINMH eHepro3aTpaTaMu. Baximso ori-
HIOBaTH, HACKUTPKM oOpaHa miatdopMa MoOe BIIOpa-
THCS 3 HAaBAHTAKCHHSIM BEIHKOI KUIBKOCTI KOPHCTYBa-
9iB.

Jpyruit acnekT — po3poOka cMapT-KOHTPAKTIB.
Le BritO4Ya€e MOBH NPOrpaMyBaHHs, SKi MiATpUMYE O10-
kueitH, Taki sk Solidity mist Ethereum ado Rust mus
Solana. Takosx ciix BpaxoByBaTu HasiBHICTb 3aC001B po-
3pOOKH Ta MIATPUMKH iIHCTPYMEHTIB, TakuX sik IDE, 6i0-
JmioTeku Ta (peiiMBOpKH. besmeka cMapT-KOHTpPAKTIB €
KPUTHYHO BXKJIMBOIO, TOMY HasIBHICTh IHCTPYMEHTIB IS
ayIWTy Ta BUSIBICHHS BPa3IMBOCTEH JIONIOMAarae yHHK-
HYTH HOTCHIIHHUX TpoOIeM.

Tperiit BaXXIIMBHIA aclieKT — €KOCHUCTEeMa Ta MiAT-
puMKka. KigbKicTh aKTHBHHX pPO3POOHUKIB, SIKi TpaIlio-
I0Th 3 IIaTGOPMOIO, MOXKE 3HAYHO BIUIMHYTHU Ha I po3-
BUTOK Ta IMOIYJISIPHICTB.

SIKiCTh MTOKYMEHTAIIT Ta HASBHICTh TEXHIYHOT Mij-
TPUMKH 320€31eUyIOTh JIErKICTh Y HABYaHHI Ta BUKOPHC-
TaHHI MI1aThopMu. AKTHBHE KOM'IOHITI, JOPYMH Ta KOH-
(epeHLil cupusoTh 00OMiHY 3HAHHSIMH Ta MIATPUMIIL PO-
3pOOHUKIB.

BapricT TpaH3aKIii TaKOK Ma€ BEIMKE 3HAYCHHS.
Kowmicii 3a TpaH3akIiii MOXyTh BapifOBaTUCS B 3aJICHKHO-
CTi Bi TIaTGOPMH Ta HAaBAaHTAXKCHHS Ha Mepexy. Bax-
JMBO BPaxOBYBaTH BapTiCTh PO3TOPTAHHS CMapT-KOHT-
PaKTiB Ta 00CIyTrOBYBaHHS, OCKIIBKH I1€ BIUIMBA€E Ha €KO-
HOMIYHY €()EKTHBHICTh IPOEKTY.

InrepornepabenbHICTh OJIOKYEHHY — 11€ 3JIaTHICTb
B3aEMOIISITH 3 IHIIUMU OJIOKYSHHAMH Ta MiATPUMKA Pi3-
HHX TOKEHIB.

MO>KJIMBICTh MDKJIAHIFOTOBUX TPaH3aKIil pO3IIK-
proe dyHKIioHamBHICT DApPpS Ta 103BOIISIE IHTETPALlifO
3 IHIIUMH CHCTEMaMH.

[MigTprMKa cTaHIApTIB TOKEHIB, Takux sk ERC-20
a6o ERC-721, Takox BaxJiBa It pO3pOOKH piZHOMaHi-
THHX 3aCTOCYHKIB.

BignoBigHICTE perymsmissM € KPUTHIHUM AacIieK-
TOM, OCOOJIMBO B KOHTEKCTi 3POCTAar0uoi yBaru 3 OOKY
JepKaBHUX opraHiB. biokueiitH-miardpopma moBHHHA
BIAMOBIZATH MICIIEBUM 3aKOHAM Ta PETYJAIIsIM, 1100
YHUKHYTH I0pUANYHUX 11podsieM. [IpuBaTHIiCTh faHuX Ta
MEXaHI3MHU X 3aXHCTy TakKOX € BaYXJIMBUMH s Oara-
ThOX 3aCTOCYHKIB, III0 TOTPeOYIOTH 30epiranus koHdime-
HIIIHHOT iHpOpMaIii.

[Mpuknaan nomynsipHuX OIOK4YeHH-TUIATGOPM JUI
po3podku DApps Brimouaroth Ethereum, Solana,
Polkadot ta Binance Smart Chain (BSC). KoxHa 3 mux
wiatgopm Mae cBoi ocobimBocti. Ethereum Bimomwmii
CBOEIO BEJIMKOIO €KOCHCTEMOIO Ta MiATPUMKOIO CMapT-
KkoHTpakTiB Ha Solidity, xo4a i Mae BHCOKI KOMicii.
Solana mpomoHye BUCOKY IMBHUIKICTh Ta HU3bKI KOMICIi,
o pobuts ii mpuBabimMBotO 1715 po3poOHuKiB. Polkadot
3abe3neuye iHTeponepadeNbHICTh MiXk OJOKYeHHAMU Ta
MOXIIMBICTh CTBOpPEHHS TapadeiiHiB. Binance Smart
Chain Binpi3HA€THCS HU3LKUMH KOMICISIMU T2 aKTHBHOIO
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CHUIBLHOTOIO, 1110 poOUTH 11 nomysipHoro y cdepi DeFi.
VY3araui, npu Bubopi OsrokueiH-marhopMu it po3po-
6xu DApps HeoOXimHO BpaxoByBaTH crelU(ivHi MOT-
peOu KOHKPETHOTO 3aCTOCYHKY, TaKi SIK IIBUJIKICTbh, 0e3-
TieKa, BapTiCTh, MATPUMKa PO3POOHHKIB Ta MOXKIUBICTh
iHTerparii 3 IHIINMA CHCTEMaMH.

KoxxHa miatdopma Mae cBOI mepeBard ta Helo-
JKH, SIKI TOTPIOHO PETEeNPHO aHANi3yBaTH IS JOCST-
HEHHs HaWKpaIuX pe3yibTaTiB y po3poOIli AereHTpalti-
30BaHMX 3aCTOCYHKIB.

HopiBusiabHUi anaxis 6aokveiiniB. s nopis-
HSUIBHOTO aHaJli3y OJOKYEHHIB MPOIOHYETHCS KOMILUIEK-
CHO MiAIWTH O aHaNIi3y, Ta 3pOOUTH MOPIBHSJIBHUI aHa-
Ji3 3a pI3HUMH IOKa3HUKaMH, BKIFOYAIOYM MOKa3HUKH
LIBUKOAIT OJOKYEiHY, Or0 TIOTOYHHUI CTaH Ha PUHKY,
IHCTPYMEHTH JUIS AOCHiTHHUKA Ta KOM IOHITI po3poOHU-
KiB, a TAKOX caMi XapaKTePUCTHKH OJIIOKIEHHY.

Hacrymaa tabmmig (tabm. 1) Oymna 3i6paHa BUKOpH-
CTOBYIOUH BiIOMOCTI 3 pecypcy, sSIKHH CIIeIiai3yeThCsI Ha
AHAJITUIN TEXHIYHUX METPHUK OJIOK4eiH ruaTdopm [6].

Tabnuya 1 — lopiBHAHHSA 0JIOKYEHIB 32 MapaMeTPOM IIBUAKOIIT

Hassa TPS na moment | MakcumaabHuii MaxkcumanbHHii Yac 610Ky, TTF Mopeanb
21.07.2024 orpumanuii TPS | Teopermunmii TPS ceK ynpasJiiHHs

Ethereum 12.85 62.34 119 12.04 16 xB Off-chain
Solana 777 7229 65000 0.45 12 cex Off-chain
Optimism 6.6 67.41 714 2 16 xB On-chain
Tron 70.47 236 2516 3 57 cex On-chain
BNB Chain 31.66 1731 2222 3 7 cex On-chain
Avalanche 2.47 92.74 357 2 0 cex On-chain
Polygon 29.68 429 649 2.15 4 xB Off-chain
Hedera 1821 3287 10000 2 7 cex Council
Aptos 11.08 7480 160000 0.22 1 cex On-chain

Ha ocHoBi Hajganoi Ta0mn. 1, mpoBenemMo MopiBHs-
JIBHUH aHasi3 OJIOKYCHHIB ISl pO3POOKHU ICIICHTPAITI30-
BaHMX 3acTocyHKiB (dApps). PosrinsiHeMo koxeH mapa-
METpP OKPEMO Ta 3p0OMMO BUCHOBKH I110J10 HAHKpAIIHUX 1
HaWripInX OJOKYEHHIB.

ITounemo 3 napamerpa TPS Ha MOMEHT HanMCaHHS
crarti 21.07.2024. Haiikpammii OKa3HUK Mae OJIOK-
yeitH Hedera 3 1821 tpanzakmieto 3a cekyrny (TPS). Lie
3HaYHO TICPEBHINYE IMOKA3HUKHU IHIIUX OJIOKYCHHIB.
Haiiripmum y npomy moka3HuKy € Avalanche 3 mume
2.47 TPS, mo CBiTYHATH PO 3HAYHO MEHITY MPOIMYCKHY
3JIaTHICTb.

ITpu ananizi MakcumanbHOro orpumanoro TPS,
Aptos BusiBiseTbes Jinepom i3 7480 TPS, nemoHcTpy-
F0YH 3Ha4YHI MOYIIMBOCTI IiJ] 4ac MIKOBUX HABAHTAXKEHb.
Ha inmomy «inii cmektpa 3Haxomuthes Ethereum 3
63.34 TPS, mo € HaHMEHIINM MTOKa3HUKOM Cepell YCixX
OJIOKYEHHIB.

Maxkcumansauii Teopetuunuii TPS po3kpuBae mo-
TEHI[IHI MOKJIMBOCTI OJIOKYCHHIB. Aptos BUIUIIETHCS 3
konocasisHUMHU 160000 TPS, 1o poburs Horo Haiikpa-
oM y 1ii kateropii. Ethereum, 3 inmoro Ooky, mae
HaliMeHIHi TeopeTnuHuid Makcumym y 119 TPS, mo
00Mexy€e HOTO MOTEHITIIHY MacIITaOOBaHICTh.

Yac 6510Ky TaKOX € BXKJIUBUM ITOKa3HUKOM. APtos
Mae HaliMeHmit 9ac 6soky — 0.22 cexkyHau, 1o 3a6e3-
nedye MBHAKY 0OpoOKy Tpan3akuiif. Haitbinpmuit gac
omoky, 12.04 cexynmu, mae Ethereum, mo moxe cratu
TIEPETIKO/I0K0 JUTS IIBUIKAX TPaH3aKIIiH.

TTF (Time to Finality) € oie oHIM BaskJIHBHUM I1a-
pameTpoM. Avalanche nokasye HaliKpaui pe3yabTaT i3
HYJIBOBHMM 4acoM JI0 (GpiHaJIbHOT TpaH3aKlii, 110 03HAYae
MUTTEBE MiATBEpUKEHHS. Halripmmid mokasHUK Yy
Ethereum Ta Optimism, ne TTF cranoButh MO

16 xBuirH. MoJiesb yrpaBitiHHSI MOXe OyTH Cy0’ €KTHB-
HHUM [apaMeTPOM 1 3aJI€KUTh BiJl BUMOT 1O yIPaBIiHHS
KOHKPETHOT'O MpoeKTy. Jleski 6J0K4eliHl BUKOPUCTOBY-
10Th on-chain mozeni (Ethereum, Optimism, Tron, BNB
Chain, Avalanche, Aptos), meski off-chain (Solana,
Polygon), a Hedera BukopuctoBye monens Council.

3rigHO 3 TPOBEICHUM NOPIBHAIBHIM aHAJI30M
ONOKYCHHIB JUIsT pO3pOOKH IEIICHTPATI30BaHUX 3aCTOCY-
HKiB (dApps), HalikpanuM OJOKYEHHOM y OLTBIIOCTI Ha-
pametpiB BusABUBCs Aptos. BiH geMoHCTpye BHCOKI TO-
Ka3HHKH SK MaKCUMalbHOTO oTpumaHoro TPS (7480
TPS), Tak i Teopernunoro makcumymy (160000 TPS), a
TaKOXX Ma€ HaiiMeHmmi yac 61oky — mume 0.22 ceky-
Hau. Ui xapakTepucTuku poOJATh HOro HaI3BHUYAHO
MOTY)KHHM 1 MacImTabOBaHUM DILICHHAM JUIS IBUAKOT
Ta e()eKTUBHOI 00POOKH TpaH3aKIii.

3 inmoro 0oky, Ethereum mokasas Ha#ripiii pe-
3yJIBTAaTH Y KUIBKOX B)KJIIMBUX KaTETOPIsIX, TAKUX SIK Ma-
keumanbHui otpumanuii TPS (63.34 TPS), teopernd-
Huii MmakcumyM (119 TPS) i wac 610Ky (12.04 cexyHmm).
Bapro 3a3HaunTH, 110 B aHaIIi31 BUKOPHCTOBYBABCS 0JI0-
kueitH Ethereum 3 Proof of Work (PoW), 1o 3na4Ho 06-
MEXy€ HOro MpOAYKTUBHICTD i MacmTaboBaHiCTh MOPiB-
HSHO 3 HOBIIIMMHY OJIOKYEHHAMH.

Otxe, Aptos € HalikpamuM BHOOPOM It pO3po0-
HUKIB JCLEHTPai30BaHUX 3aCTOCYHKIB 3aBASKH CBOIM
BHCOKMM MOKa3HHKaM IMPOIYCKHOT 3aTHOCTI Ta IIBU/I-
KocTi 00poOku TpaH3akiiid. Ile poOuTk ioro ineaapHUM
JUIS TPOEKTIB, SKi HOTPeOyIOTh MIBUAKOI 0OPOOKH Ta Be-
JIMKOI KiJTBKOCTI TPaH3aKIIii.

B Ta6. 2 noka3aHoO MOTOYHHM CTaH LUX OJIOKYEN-
HiB Ha pUHKY. [lani Oy 310paHi Ha MomeHT 21.07.2024,
a TAaKOX IMOKa3aHO iX 3MiHy 3a ocTinHi 30 muiB. JlaHi
Oyno B3sto 3 cepeicy DappRadar [7].

70



ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2024. Ne 4

Tabnuys 2 — IopiBHAHHSA 0JI0KYEiHIB 32 NOTOYHOI0 CUTYALI€I0 HA PUHKY

Ha3zBa TOHli]e{f{ly IIDC;IE)E)S T]I)(::"l-"l/l galjfvl(/}le DeFi TVL | NFT 06’em Tpaun3zakuii Izg,pc F;ls
croeun | S352¢ |4t [ | 1em | sesore | s219.23m 6.87M $220.718
001% | +28 1561% | -18.86% -52.9% -30.36% +10.07%

Solana $17384 | 302 5 9.97M $1.52B $51.1M 470.54M $3.91B
+20.94% | +9 +9.15% | +23.38% -4.28% +78.11% -14.91%

Optimism $193 | 288 Lok 998.98k | $304.94M ] 1.94M $7.06B
+3.76% | 45 7.06% | -3454% -4.01% +8.23%

o s0.434 | 1386 | .o 54.27k ] $3.80k 41419k $1.11B
+1531% | +1 +6.41% +11,007.77% | +9.97% +22.85%

| $597.25 | 5433 3.06M $2.98B $214.93k 18.33M $18.53B
BNBChain | o889 | +30 8156k | 262806 | -13.07% -65.27% -17.52% -25.72%
Avalanche | 52879 | 611 Lok 12922k | $620.17M | $110.22k 697.1k $750.78M
+3.94% | +9 032% | +13.96% | -32.78% 7.73% +0.78%

Polygon s054 | 2209 [ .o | 808M | $61441M | $13334M 55.37M $6.38
6.8% | +32 1.44% | 3754% | +73.19% 5.53% -17.55%

Hedera $0.0746 | 29 6 6.71k $7.50M $73.92k 185.18k $79.3M
-8.36% 0 -3843% | -6.05% -75.08% -26.23% -37.95%

Aptos $7.42 34 - 219M | $419.17M ] 13.72M $1.02B
+6.46% | +4 958% | +22.83% -85.67% +18.12%

3 tabun. 2 BuaHO, mo Ethereum mae HaiiBuiy winy
TOKEHY cepel ycix Onok4eiHiB, qocsiraroun $3.52k, xou
e i Ha 0.01% MeHIe mopiBHAHO 3 MOMEPEAHIM MiCSAIIEM.
Le cBiguuTh PO BUCOKY PHUHKOBY BapTICTh Ta CTA01Nb-
HicTh Ethereum. 3 iHmoro 6oky, HalHIWKYY [iHY TOKESHY
mae Hedera — $0.0746, mo TakoX 3MEHIIMIOCS Ha
8.36%, BKa3yrouu Ha MEHIINH PUHOK abo OBy 10CTY-
mHicTh. TokeH OokueiiHy Solana mae Hermorany TeHze-
HILIO POCTY.

lono KiAbKOCTI JICLEHTPaNIi30BaHUX JIOAATKIB
(Dapps), BNB Chain migupye 3 5,433 Dapps, 3011b11HB-
ek Ha 30 3a octansi 30 nHiB. Lle cBiguuTh PO BeJIUKY
MOy JIIPHICTE TIATPOpPMH cepeli po3poOHUKiB. BoaHo-
qac, Hedera mae nmmre 29 Dapps, 1 iX KiTBKICTh 3aTUIIH-
J1ach HE3MIHHOIO, III0 MOYKE BKa3yBaTH Ha HOBH3HY a00 Me-
HIITY aKTUBHICTb TIAT(QOPMIL

Ethereum Ttakox Mae HaliOLIBITY KUTBKICTH KOHT-
pakTtiB — 179.67k, mo BKa3zye Ha aKTHBHE BUKOPUCTAHHS
1aThOpMH IS CTBOPEHHS CMapT KOHTPAKTiB. Aptos, 3
iHIIoro 60Ky, Ma€ HalMEHITy KiTbKiCTh KOHTPAKTIiB — 57,
10 BKa3y€ Ha MEHIIIy aKTHBHICTH a00 HOBH3HY Iiatdo-
pMH.

Cepen akTHBHUX KOPUCTYBadiB HAaHO1IbIIIE BUAIIS-
erbes Solana 3 9.97 wminpiioHaMu, 30UIBIIMBIIKMCHE Ha
9.15% 3a ocranni 30 auiB. Lle cBigunTh MPO MOMYJISIP-
HIiCTB TUTATGOPMH cepel] KOPUCTYBaUiB, a TAKOXX MOXKHA
0a4ynTH rapHi epcIeKTHBU po3BUTKY. Hedera, HaBnaku,
Ma€ HaflMEHIIy KIUJIbKICTh AKTHBHHUX KOPUCTYBadiB —
7.61k, 3menmmBIch Ha 38.43%, 110 BKa3ye Ha HU3BKY
AKTHBHICTB.

Ethereum Ttakox mimupye y cdepi DeFi i3 3arans-
HOIO 3a0mokoBaHo0 BapricTio (TVL) y po3mipi $65.97B,
x04 e i Ha 18.86% MeHIIe MOopiBHIHO 3 TONEPEIHIM Mi-
csiieMm. Lle cBimIuTh PO 3HAYHY KUTbKICTh KOIITIB, 320J10-
KOBaHUX y JEICHTPATI30BaHUX (DIHAHCOBHX JOJATKaX.

Hedera mae Haiinmwkuy 3a610KkoBany Bapticts — $5.75M,
10 3MeHImIach Ha 60.65%, Bka3yroun Ha HU3bKY aKTHB-
HicTb y cepi DeFi. i Tron mgani moxo TVL BincyTHi.

O6car NFT na Ethereum € HaiiBUIIIIM i CTAHOBUTH
$219.23M, xoua 3menmmBcs Ha 52.9%. Le cBimuuth po
axtuBHuA pruHOK NFT Ha it mratdopmi. HaHmkgmii
o6c¢sr NFT na Tron — $3.89k, ane BapTo Bi3HAYUTH, 110
e mokasHuk 3pic Ha 1,197.77% 3a ocrauni 30 qHiB.

Solana mae HalOLIbIIY KUIBKICTh TpaH3aKLid —
470.54 minbiioHH, 110 BKa3y€ Ha BEJHKY KiJbKICTh Olle-
pariiit Ha wiatdopmi, 30iTbmuBIIKCE Ha 78.11%. Haii-
MEHIIY KibKicTh Tpan3akiiii mae Hedera — 26.3K, 3meH-
IIMBIIKCE Ha 85.67%, 1110 BKa3ye Ha HU3bKY aKTHBHICTb.

Haii0inpmmii oOcsar neneHTpati30BaHuX JOJATKIB
(Dapps) cnioctepiraetbest Ha Ethereum — $220.71B, 36i-
apmmBIIHCch Ha 10.07%. Lle cBiquuTh Mpo BENHKY aKTH-
BHICTh Ta BUKOPHCTaHHA I1aTGopmu. HaltHmkamit o0csr
Dapps y Hedera — $12.8M, mio 3menmuBes Ha 37.95%,
BKa3yIOUHd Ha HU3bKY aKTHBHICTb.

3 Tabu1. 3 6aunMo, 110 BCi OJIOKUEHHM M ATPIMYIOTh
LIOHAaMEHIIIe OJTHY MOBY JUIsl IPOTPaMyBaHHS CMapT KO-
HTPAKTIB JJIs1 pO3pOOKH JACICHTPANi30BaHUX 3aCTOCYH-
kiB. Ethereum BuxopuctoBye Solidity Ta Vyper, Solana -
Rust, C, C++, a iHmi 6J10K9eHN TepeBaKHO BUKOPUCTO-
BytoTh Solidity. Hedera BHIUIAETHCS BUKOPHCTAHHIM
Java Ta JavaScript.

JlinepoM 1o KinbKocTi 3ipok Ha ritxabi € Ethereum
3 46.8 Tuc 3ipok, a Solana Hazmorause ¥oro 3 12.7 tuc,
aJte Bee 11e ganeko. Optimism, sikuii € Layer 2 pimeHHsIM
st Ethereum, mae 5.5 Trc 3ipok, 0 mokasye 3pocraro-
4mii iHTepec 1o MacmradyBanHs Ethereum.

Kinskicts (opkiB Takox Haitbinema y Ethereum
(19.8 tuc). CriBBiAHOIIEHHS BiAKPUTHX Ta BHUPIMICHUX
npobiem y Ethereum moBomi Hemorane (276 BiIKpUTHX
ta 7771 BUpilmIeHUX).
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Tabnuys 3 — IlopiBHAHHS 0JI0KYeiiHIB 32 mapaMeTpPOM LIBHIKOIT

Mosa Kinbkicts | KinbkicTs | Binkputi/ Bupi- Ocranmiii KoMiT
Ha3Ba Im’st makery GitHub | po3po6ku cmapt | GitHub 3i- | GitHub | meni GitHub npo-| . ’
. R . (pi3Huus yacy)
KOHTPAKTIB poK ¢dopkis 0s1emu (issues)
Ethereum | 9'thub-COM/etnereum/go- | oy vyper | 46.8 e | 19.8 e 276/ 7771 18.07.2024
ethereum (3 mui)
Solana github.com/solana- Rust C,C++ | 127mc | 4mic 379/ 4994 22.03.2024
labs/solana (4 micsi)
Optimism | 9ithub.com/ethereum-opti- | ¢ ir S5t | 3muc 139/995 19.07.2024
mism/optimism (2 mui)
github.com/tronprotocol/ - 08.07.2024
Tron java-tron Solidity 3.7 THc 1.4 Tnc 1771441 (2 Trxcai)
BNB Chain | github.com/bnb-chain/bsc | Solidity 26mme | 1.5mme 13 /1261 17('27;;}21?)24
Avalanche | github.comfava-labsfava- | ¢ i 6o | 2.1 e 652 135/ 628 19.07.2024
lanchego (2 nni)
github.com/maticnetwork/h - 05.06.2024
Polygon cimdall Solidity 251 176 2/324 (Gibe Micau)
Hedera glthub.com/hashgraph/ Solidity, Java, 203 113 55 /597 18.07.2924
hedera-sdk-java JavaScript (3 ani)
Aptos github.com/aptos-labs/ap- Move 6 1He 3.6 1He 463 /1722 20.07.2024
tos-core (Buopa)

Polygon wmae HaliMeHNIy KiNBbKICTh BIIKPHTHX
issues (2) BiHOCHO 3arajbHOi KUTBKOCTI BHPIIICHUX
(324), mo Moxe cBiTUUTH TIPO €(EKTUBHE BUPIMICHHS
mpooIeM.

IikaBo, mo Aptos, He3Ba)KarOUu Ha BiJJHOCHO He-
BEJIMKY KUIBKIiCTB 3ipoK (6 THC), Ma€ HaWOIIBIIY Killb-
KiCTh BIAKPUTHX issues (463), o MoXKe BKa3yBaTH HA aK-
THBHY PO3POOKY Ta 3aJTy4eHHs CITIIBHOTH.

3 orisiy Ha AaTy octaHHboro komity (18.07.2024)
Ta IHIIMX OMHCAHHUX BUILE MMOKA3HUKIB MOXKHA CKa3aTH,
mo y Ethereum naiikpamia akTHBHICT Ha riTxa0i, 110
CBIIYMTH NIPO TE, 1[0 MPOEKT PO3BUBAETHCS IOCUTH HETIO-
rado. JlaTi OocTaHHIX KOMITiB JJIsi OLIBIIOCTI TPOEKTIB
JOCUTh CBiXi (umeHb 2024), o0 BKa3ye HA aKTUBHUMA
PO3BHTOK.

[Hmi Onok4YeiHn He Taki MOMYJSIPHI, ale Ha JIpy-
TOMY MICIIl CTOITh IepcreKTUBHA Solana, sika MOXe I1e
cebe mokaszary, 00 MoKa3yBaja HENOTaHWH NMPHPICT MO
OCHOBHHMM ITOKa3HHKAM 3 XapaKTepUCTHK B Ta0I. 4.

AHaTi3yl09n TeXHOJNOTi{ pi3HUX ONOKYeHH-TIIaT-
¢opM, MOXHA BHOKPEMHTH Ti, SKi TIPOTIOHYIOTh HAHBH-
[TUH piIBEHB 3aXUCTY, a TAKOXK BUSBUTH Ti, 1[0 MAIOTh T1e-
BHI PHU3HKH.

Aptos BHPI3HAETHCSA cepe]] iHIINX 3aBASKH BUKOPH-
CTaHHIO MOBH ITporpamyBaHHsA Move, sika Oyia crienia-
JBHO po3poOJieHa Ui 3MEHIIEHHS HMOBIPHOCTI ITOMH-
JIOK Yy cMapT-KoHTpakTax. Lleil mixxiny 3Ha4HO 3HHMXKYE
PU3UKH, TTOB's13aHi 3 0€3MEKOI0, 0 POOUTH Aptos OIHIEIO
3 HalHapmiiHImmX MmiatdpopM. JlogaTkoBO, MeEXaHi3M
koHceHcycy Proof of Stake (PoS) 3abesneuye Bucokmii
piBeHb AeIeHTpaltizamii, o YCKIaIHIOE IIEHTPaTi30BaHi
aTaky Ha Mepexy. Aje JaHa CHCTEMa HOBa Ta HE MPOH-
[I1a IEPEeBipKy JacoMm.

Ethereum Takox JeMOHCTPY€E BUCOKHIA piBeHb Oe3-
TIeKH 3aBJIKH CBOIH PO3BHHEHIH EKOCHCTEMI ayJuTy
CMapT-KOHTPaKTiB. BoHa € o/HI€I0 3 HAMOLTBIN 3pUTHX Y
OJOKUYCHH-CBITI, [0 3MEHIIYE BPA3JHMBICTE MEpPEXi IO
atak. Kpim Toro, 3aBAsKu JOBTiH iCTOPil PO3BHUTKY Ta
IIMPOKIHA miaTpuMI criabHOTH, Ethereum mBuako Bu-
SIBIISIE TA BUIIPABIISIE TIOTCHIIAHI YPa3IHUBOCTI.

Hedera BuminseThcs CBOIM yHIKaIbHUM MEXaHi3-
MoM koHceHcycy Hashgraph, sxuii 3a6e3nedye BUCOKHi
piBeHb OE3MEeKH 3aBISKH [IBUAKIA 00pOOIIi TpaH3aKIIiH 1
CTIHKOCTI 710 aTak. Bucokuii piBeHb AeleHTpatizalii, mo
JIOCSIraeThes Yepe3 ynpasiiHag Mepexeto KoHcynbraTu-
BHOIO PaJIOl0, TaKOX CIIPHUSE IBHUIICHHIO OE3MeKH Ta
3armo0iraHHIO IICHTPATI30BaAHUM aTaKaM.

Ha nportuBary nibomy, Tron Mae neBHi pH3HKH de-
pe3 HU3BKHU PIBeHb NEIEHTpali3allii, o € HacTiIKOM
BukopuctanHs MexaHismy Delegated Proof of Stake
(DPoS).

Takuii migxig 3a0e3nedye ympaBIiHHSI MEPEKEro
HEBEJNKOIO KUTBKICTIO BaJiIaTOPIB, IO MiABHIIYE PH3UK
LeHTpaTizamii Ta MOXIIUBICTH 3JI0BKMBaHb. Kpim TOTO,
BiZIOMi BHIIaJK{ aTak Ha cMapT-KOHTpakTh Ta DDoS-
aTaKW CBiAYaTh NPO HASBHICTH BPA3IUBOCTEH y il Me-
pexi.

BNB Chain Takox AeMOHCTpY€ cepelHii piBeHb
Oe3mekn 4yepe3 CXOXki MpoOJeMHu 3 JCHCHTPAi3alli€ro,
BUKOpHCTOBYIouH MexaHi3M DPoS. He3paxkatoun Ha Ha-
SIBHICTb CHJIBHOT €KOCHUCTEMH ayTUTY, MEPEXa NepexKHIa
KiJIbKa XapA(OpKiB, 110 CBITYUTH PO MOXKIIMBICTH BUHHU-
KHEHHSI KPUTHYHUX TIOMHJIOK Y 11 poOOTi.

Solana, xo4 i € HOTYKHOIO IIaTPOPMOIO, TAKOK
Mae€ TIeBHI PU3UKU Yepe3 CBOIO CXHIIBHICTH 10 TIepeBaH-
TaXXCHHS MEepexi.
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Tabnuys 4 — IopiBHAHHSA 0e3neKkH 0JI0KYeiiHiB

Acnekr . BNB
Aptos | Ethereum Solana Optimism Tron - Avalanche | Polygon | Hedera
Oe3nexu Chain
Proof of . Delegated |Delegated
. Proof of Proof of His- N Proof of
Mexanizm Stake (PoS) Optimistic | Proof of | Proofof | Proof of
Stake . tory (PoH) + Stake | Hashgraph
KOHCEHCYCY (PoS) (micnst The PoS Rollup Stake Stake |Stake (PoS) (PoS)
Merge) (DPoS) (DPoS)
PiBens ne-
neHTpani- |Bucokmii| Bucoxnit Cepenniii | Cepenniti | Huspkuii | Cepenniii | Bucokuii |Cepenniii| Bucoxmit
3anii
Vmpas- . .
. VnpasniHHA . VYnpas- Vnpas- YnpasniHHS
JIHHSA .| YnpaBniHHs . VYupas- . . VYupas-
Moaenas yn- yepe3 DAO i . VhopaBmiHHeA | . . | 1HHA Ba- |JTiHHA BJac-| . uepe3 Kon-
. BJIACHU- . BaJIiiaTo- JHHSA BaNi- | . JIHHS 4e-
PaBJIiHHA BJIACHUKIB gyepe3 DAO JiaTo- | HUKaMH TO- CyJbTa-TH-
KaMHU TO- . pamu JIaTo-pamu . pe3 DAO
. TOKEHIB paMu KEHiB BHY pany
KEHiB
Hoga me- IlepeBanra-
IcTopist oHo-| pexa, |3HauHa icTO-| >KEHHS Me- . Xapado- eKiTbKa . exinbKa | be3 gopkis
p pexa, . . Mana icro- pad A Icropia A Gbop
BJIeHb Ta MOKH IO | pis, OaraTo | pexi, iHOU- | . .| pxu 3a He- | xapadop- . xapadop-| (mpoTokon
. . pist popki . . . ¢opkiB .
(dopkis 6e3 dop-| Gopkie | meHTH 3 ara- o6ximHocTi KiB KiB Hashgraph)
KiB KaMH
3abesme- Buxkopucro- Ioryxna | [Tlintpumka | [TotyxHa | ITigTpumka
Aynur N ITotyxHa ITotyxHa pHCT IoryxHa Y TP Y TP
YeHUH Bye Solidity, eKOCHC- ayauTy eKOCHC- ayauTy
CcMapT-KOH- eKOCUCTeMa | eKOCHCTEeMa | °. eKocucreMa
. yepes HiATpHMKa TeMa ay- |CMapT-KOH- | TeMa ay- |CMapT-KOHT-
TpakTiB ayauTy ayauTy ayauTy . .
Move ayauTy JHATY TPaKTiB ATy PaKTiB
VYpasnuso-
DAO Hack, P Ypaznu- Exc-
. . Ilepe- CTI cMapT- . o
Bigomi TToxu mo Poly IToxu o BOCT1 Ypaznuo- | okt B | [Toxu 1o
BaHTaKCHHS KOHTpaK- . .
aTaku HEMae Network . HEMae . cMapT-Ko-| cti B DeFi |cmapt-Ko- HEMae
Mepexi tiB, DD0S .
Hack HTPAaKTIB HTpaKTax
aTaku
Bucoxkunit VI . . -
. ., . |CepenHiil pi-| Ontumizo- | Cepenniit | CepenHiit . . L.
piBeHsb, | Bucokwii pi- o . h Bucoxkuit | Bucokwuii | Bucoxwuii pi-
ITpoTokoan . BEHb, po0oTa| BaHWH JUIs | piBEHB, 3a- | PiBEHBD, - .
Move Mi- | BeHb, OaraTo . .| piBeHb 3a- |piBeHb 3a-| BEHb 3aXH-
Oe3nexku HiMisve inens |3 TepeBaHTa- MacimTalby- | XHCT Bifl |3aXHCT BiX HeT HeT or
Y p KCHHAM BaHHS DDoS DDoS M M Y
TTOMHJIKH
BigrocHO . | AxTHB-
o . . Perynsa- | AxTuBHUi .
Hopui, | [ligBumena | IligBumena . . . HUI KOHT-| BruBae Ha
Peryasito- B npoueci | Ilignsrae |Topu ciif-| KOHTPOJb .
. BIUIMB | yBara pery- | yBara pery- pOJB pe- |3aKOHOJABYI
pHi acnexkTn | . . . . ajanTamii | peryiamii | KylOTh 3a | peryisTo- .
MiHiMa- JSITOPIB JSITOPIB . . . TYJIATO- | pillIeHHS
o JSUTBHICTIO piB .
JBHUH piB

L[C MOXKE BIUIMBATU HaA 3arajbHy 663H6Ky Ta po-

O6uTH Mepexy Oulbll Bpa3nuBolo 10 arak. JlomaTkoso,
cepenHii piBeHb AeleHTpalizalii Ta oOMeXeHe ynpas-
JIHHSL MEPEeXXEeI0 BUKIMKAIOTh 3aHEMIOKOEHHS 111010 0e3-
TIeKH IIi€T TUIaTHOPMH.

Takum wwmHOM, IUTaTdOpMH, Taki SK Aptos,
Ethereum ta Hedera, € HaiiOinbIn O€3MEYHUMHU 3aBISIKH
CBOIM iHHOBAIlIHHUM TEXHOJIOT1sIM, BUCOKOMY PiBHIO Jie-
LeHTpaJTizamii Ta HaliiHUM MeXaHi3MaM KOHCEHCYCY.

Boanouac, Tron, BNB Chain i Solana MaroTh reBHi
PH3HKH, TOB'sI3aHI 3 IIEHTpaJli3ali€lo Ta icTopielo Bpas-
JIUBOCTEH, MO pOOUTH X MEHII CTIHKMMH JI0 TTOTCHIIIH-
HHX aTaK.

BucnHoBku

Y BHCHOBKY MOKHa 3a3HAYUTH, IO IPOBEACHUN
aHali3 MOXKJIMBOCTEH pi3HUX OJIoKYeHH-TaTdhopM s
pO3pO0KHM JeneHTpali3oBaHuX 3acTocyHKiB (DApps)

MATBEPIKYE, IO BHOIp TIATPOPMH 3aJICKHUTH BiJl CITe-
UQiYHEX BUMOT 1 LiIeH MPOEKTy.

KoskHa 3 posrisiHyTHX 11athopM Mae cBoi yHiKka-
JIBHI TIEPeBary Ta HEJOMIKH.

Ha ocHOBi npoBeieHOT0 aHaNi3y MOXKHA BUAUTATH
nBa OJOKYEHHU, SKI AEMOHCTPYIOTh HaWKpaIl MoKa3-
HuKkH: Aptos Ta Solana. Aptos Bpakae CBOIMH XapakTte-
PUCTHKaMH, MalOYyd HalBUIUMI MaKCUMaJbHUMA OTpUMa-
Huii TPS y 7480 ta Teopernynmii MmakcumyM y 160000
TPS, a takox HalimMeHIInH yac 610Ky - Bcporo 0.22 ce-
KyHIu. Solana He BizicTae, TOKa3ylOYH BUCOKHH MOTOY-
Huilt TPS y 777, makcumansauii orpumanuit TPS y 7229
Ta APYTUil HAUBUINKI TeopeTUUHU MakcuMyMm y 65000
TPS.

Kpim Toro, Solana mae myxxe manuii yac OJIOKy B
0.45 cexynmu ta mBuAKui gac a0 ¢ginamsHocTi (TTF) v
12 cexynn. Ob6ugBa OJOKYEHHH JEMOHCTPYIOTH Bil-
MiHHY IPOJAYKTHBHICTH Ta MacIITabOBaHiCTh, IO POOUTH
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X HaNepCHEeKTUBHIMIKMMU JUIs PO3POOKH JeEeHTPai30-
BaHMX 3acToCyHKiB. Ha mportuBary mpomy, Ethereum y
Bepcii Proof of Work BusiBisieThCst HAUTIpIIUM ceper 11o-
piBHIOBaHHMX OJIOKYEHHIB. BiH Mae HHU3bKMII NOTOYHUMH
TPS y 12.85, HallHWxkuni MakcUManbHUN OTpUMaHHUH
TPS y 62.34 ta TeopernyHmii MakcuMyM Jwmie y 119
TPS. Kpim Toro, Ethereum mae Haii0Oinpmmii gac 610Ky
B 12.04 cexynnu Ta Haiimosmuii TTF y 16 xBumuH. Taki
MOKa3HUKH  CYTTEBO  OOMEXYIOTh  e(eKTHBHICTH
Ethereum s cygacHHX AeneHTpaTi30BaHUX 3aCTOCYH-
KiB, 0COOJIMIBO IOPIBHAHO 3 OUTBII MPOXYKTHBHUMH alTb-
TEpHATHBaMHU.

lono naHux mo MOTOYHIN CUTYyamlii Ha PUHKY, TO
Ethereum 3anummaerbes JinepoM pHHKY 3a OaraTtbma
KJIFOYOBUMH MOKa3HUKaMu. BiH Mae HaiBuIly LiHy TO-
KeHa, HalOIJIbLly KUIBKICTh CMapT-KOHTPAKTIB, HaWBHU-
it moka3uuk TVL y DeFi cexTopi Ta HaiO1bIIuMiA 00-
csar NFT. Lle cBiqunuTh TIpo BHCOKY IOBIpY iHBECTOPIB,
aKTHBHE BHKOPHCTAaHHS IJIaTGOPMHU PO3POOHMKAMHU Ta
3HayHy nomysipHicTh y DeFi ta NFT cermenTax. Solana
JEMOHCTPY€E BpPaKalOuuil Mporpec, Maodd HaHOLIbIIY
KUTBKICTh aKTUBHUX KOPHCTYBadiB Ta TpaH3aKIlili, a Ta-
KO’ NIOKa3yI04H 3Ha4He 3pOCTaHHs B [IUX Kareropisx. Lle
BKa3zye Ha 3pocTarouy NOMYJISpHICTh ruiatdopmu Ta ii
MOTEHI[iall CTaTH CEpPHO3HUM KOHKypeHToM Ethereum.
BNB Chain migupye 3a KUIBKICTIO JCIIEHTPATi30BaHUX
JIOJIATKIB, 10 CBIMYMTH MPO ii MOMyJIAPHICTH CEPe PO3-
poOHUKIB. Aptos, He3BaXKal0OYM Ha CBOI TEXHIYHI mepe-
Bary, MOKH 10 MA€ HEBEIIUKY KiTbKICTh KOHTPAKTIB, IO
MOJKE BKa3yBaTH Ha PAaHHIO CTAJII0 PO3BUTKY E€KOCHC-
temu. Hedera neMoHCTpy€e HaltHIKYi TOKa3HUKHU B Oara-
THOX KaTeropisix, BKJIIOYAIOYM I[iHy TOKEHa, KUIBKICTb
Dapps, aktuBHUX KopuctyBadiB, TVL y DeFi ta obcsr

Dapps. Lle Moxe cBiquuTH npo Te, 1o Iardpopma Bee
11Ie 3HaXOMUTHCS Ha paHHil cTazii po3BUTKY abo CTHKa-
€THCS 3 TPYAHOLIAMH B 3aJIy4€HHI KOPUCTYBAYiB Ta pO3-
POOHUKIB.

[{omo cutyartii 3 koM’ roHITI, TO Ethereum nigupye
3a PO3MIpOM Ta aKTHUBHICTIO CIIIFHOTH PO3pPOOHWKIB,
Malo9YH HaHOIIbIITy KiTBKIiCTh 3ipok 1 popkiB Ha GitHub,
a TaKOX MiITPUMYIOYM KiIbKa MOB IIPOTpaMyBaHHSI.
Solana nmocigae npyre micie 3a MOMYJISIPHICTIO Cepex po-
3pOOHIKIB, IEMOHCTPYIOUH 3pOCTAIOUni iHTepec. Aptos
MTOKa3y€e BHCOKY aKTHBHICTh PO3POOKH, HE3BAXKAIOUH HA
MEHIIY KUIbKICTh 3ipok. Optimism npuBepTae yBary siK
MIepCIIeKTUBHE pillleHHs i MaciutabysanHs Ethereum.
Polygon Big3HavyaeTbcst eheKTHBHUM BUPIIICHHSIM IIPO-
65eM. binbIIicTh NPOEKTIB AEMOHCTPYIOTH AKTUBHHUH PO-
3BHUTOK, MO IIO CBiJJYaTh CBIXkI1 JaTH OCTAaHHIX KOMITIB.
3aranom, xo4ya Ethereum 3amumiaerbcst migepom, iHI
Omokueitan, oco0mmBo Solana Ta Aptos, MOKa3yrOTh 3Ha-
YHUH TOTEHLIal POCTY Ta aKTHBHE 3aJy4eHHS pO3po0-
HHKIB, 1110 CBITYHTH IIPO 37I0POBY KOHKYPEHIIIO B €KOCHU-
CTEMI.

Llomo cutyanii 3 O€3MEKO0, TO MOXKHA CKa3aTH,
uro Onokueitau Aptos, Ethereum ta Hedera, € Haii6inbIn
0e3MeYHUMH 3aBIAKH CBOIM IHHOBAL[iMHUM TEXHOJO-
risiM, BACOKOMY PIiBHIO JielieHTpaJIi3auii Ta HaJiHHUM Me-
xaHi3MaM KoHceHcycy. Bomnouac, Tron, BNB Chain i
Solana MaroTh MeBHI PU3UKH, MOB'3aHi 3 LEHTpaia-
LI€I0 Ta ICTOPi€I0 BPa3IMBOCTEH, IO POOHUTH iX MEHII
CTIAKMMU IO TIOTEHIIIMHUX aTak.

VY migcymky, 6mokueitn Ethereum mokasye Hero-
raHi pe3yJbTaTH, ajle Mo JUHaMIli pocty Solana Mae Bci
LIAHCH BUPBATHCS BIIEpE] Ta CTAaTH HOBHM JIJEPOM Y
cdepi po3poOKH JEeIeHTPaTi30BaHUX 3aCTOCYHKIB.
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Analysis of blockchains for the development
of decentralized applications

M. Kavetskyi, O. Fedyushyn, V. Prosolov, V. Frolenko

Abstract. The goal of this work is to conduct a detailed analysis of the capabilities of various blockchain platforms in the
context of developing decentralized applications. The study covers the evaluation of key aspects such as performance, scalability,
ease of smart contract development, ecosystem and support, transaction costs, interoperability, and regulatory compliance. Identi-
fying the strengths and weaknesses of each platform aims to help developers choose the most suitable technology for their projects,
ensuring their success and efficiency in the dynamic world of blockchain technologies. The article will be useful for researchers
and developers of decentralized applications who need to build fast and reliable blockchain-based systems.

Keywords: blockchain, Ethereum, Solana, Optimism, Tron, BNB, Avalanche, Polygon, Hedera, Aptos.
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EVOLUTION AND DISTRIBUTION ANALYSIS OF MULTIMODAL ARTIFICIAL
INTELLIGENCE SYSTEMS

Abstract. The article considers the main aspects of evolution and performs a thorough analysis of the stages of
formation of multimodal artificial intelligence systems (AIS). It was determined that in modern realities, artificial
intelligence has undergone a transformational shift towards embracing multimodality in large language models. Modern
approaches and ways of improving large language models by means of processing and generating a large amount of data
are analyzed. The stages of transformation of artificial intelligence in the direction of multimodality of innovative
development in large language models have been studied. The issue of verification and interaction of information systems
with the surrounding world is considered. It was determined that they are inherently multimodal, multicomponent. Ways of
improving large language models with the help of the ability to process and generate different data modalities are analyzed.
It has been investigated that modern multimodal artificial intelligence systems are effectively used in various fields of
science, education, and economics and require further development and improvement. It was determined that due to the
rapid development of information technologies and systems in various spectrums of life, Al is experiencing a rapid
modification, where generative models, which are becoming more and more perfect, deserve special attention. An overview
of the architecture of the AnyGPT model is performed, where modalities are tokenized into discrete tokens, on the basis of
which LLM performs multimodal perception and generation in autoregression. The methodology underlying AnyGPT was
found to be multi-component, with the model demonstrating capabilities on par with specialized models in all assessment
modalities tested. It has been established that tools designed to detect objects generated by artificial intelligence are in a

state of development and are constantly being modified.

Keywords: artificial intelligence, bioengineering, generative models, multimodality.

Introduction

Artificial  intelligence  has  undergone a
transformational shift towards embracing multimodality
in large language models (LLMs), which has ushered in
a new way of looking at how machines perceive and
interact with the world around them. This evolution
stems from the recognition that human experience is
inherently multimodal, encompassing not only text but
also speech, images, and music. Hence, enhancing large
language models with the ability to process and generate
different data modalities holds great promise for
increasing their utility and applicability in real-world
scenarios. Information technologies and systems play an
increasingly important role in today's world. Their
influence is felt in all spheres of life, from economy and
education to science and transport. Information
technologies and systems not only make our work more
efficient, but also open up new opportunities for
development and innovation. The purpose of this study
is to analyze the impact of information technologies and
systems on the economy, education, science and
transport, identification of key problems and challenges
related to the development of these technologies and
systems.

Analysis of recent research and publications. The
problem of analyzing the evolution of the development of
artificial intelligence in the direction of multimodality
and transformational development in large language
models (Ilm) has always been in the scientific focus of
leading foreign and domestic scientists. It was the study
of verification and interaction of information systems
with the surrounding world that caused, according to
scientists, this evolution of views regarding the
perception of certain results that are inherently

multimodal and multicomponent. Analysis of the
improvement of llm with the help of the ability to process
and generate different data modalities in the field of view
of a number of foreign scientists. C. Wang, S. Chen, Y.
Wu, Z. Zhang, L. Zhou, S. Liu, Z. Chen, Y. Liu, H.
Wang, J. Li, L.He, S. Zhao, F. Wei, Z.Tang, Z. Yang, M.
Khademi, Y. Liu, C. Zhu, and M. Bansal consider the
issue of language models of neural codecs [1, 2].

Y. Wang, Y. Kordi, S. Mishra, A. Liu, N. Smith,
D. Khashabi, and H. Hajishirzi investigate the problems
of self-learning from the point of view of matching the
LLMs with self-created instructions [3].

Sh. Wu, H. Fei, L. Qu, W. Ji, and Tat-Seng Chua
They study the main advantages and disadvantages of
multimodal Next-gpt [4].

T. Zhang, Y. Wu, T. Berg-Kirkpatrick, K. Chen,
Y. Hui and S. Dubnov consider the features of large-
scale contrastive pre-learning of speech and audio with
feature fusion and keyword addition to captions [5].

N. Zeghidour, A. Luebs, A. Omran, J. Skoglund,
and M. Tagliasacchi explore the features of
Soundstream through the lens of an end-to-end neural
audio codec [6].

D. Tyshshenko, T. Franchuk, R. Zakharov,
V. Moskalenko in their works explore the design of key
information management protocols using multimodal Al [7].

According to domestic scientists, one of the main
tasks in this dynamic field is the design and development
of models capable of seamlessly integrating and
processing various types of data. It is the analysis of the
creation of dual-modal models that combine different
forms of data that is devoted to the works of O.
Sukhorebrogo, D. Nenych, A. Kurilekh [8, 9]. Practical
applications of the integration of artificial intelligence are
investigated by S. Gladkyi, M. Prorok [10].
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Main part

Al became the fastest service to reach one hundred
million monthly active users. According to PwC's 2023
Emerging Technology Survey, more than fifty four
percent of surveyed companies integrated generative Al
into their business processes during the year. They was

practiced by Blackrock  Neurotech, Precision
Neuroscience and many others. but Neuralink's main
difference is its focus on expanding human capabilities,
not just restoring lost ones. The analysis of scientists'
research on the main characteristics of multimodal Al
technologies made it possible to highlight the key ones
are presented on Fig. 1 [11-20].

The name of the multimodal
AT technology

Characteristics of multimodal
AT technology

Natural Language
Processing (NLP)

NLP has evolved to not only
understand written and
spoken language, but also to
interpret context and nuance
when combined with data
from various sources

Image and video analysis

AT models can now more
accurately analyze visual
media by understanding
content and context,
especially when combined
with textual descriptions

Speech recognition and
processing

improved speech recognition
allows Al systems to more
accurately understand spoken
language, including tone and
emotional context

Fig. 1. Key technologies of multimodal Al

Information technologies and systems are rapidly
developing, having a significant impact on all spheres of
life. Al is experiencing explosive growth, with
generative models becoming increasingly sophisticated.
Mobile communication is evolving to provide access to
communication anywhere in the world. Bioengineering
is taking significant steps forward in exploring the
possibilities of the brain-computer interface. In our
opinion, the best tools for recognizing artificial
intelligence Al are presented on Fig. 2 [17-20].

Tools designed to detect Al-generated images are
mostly still in a state of development, evolving along with
technological advances. The rapid pace of change in the
field of Al is impressive, as significant advances are made
almost every day. As more Al tools become available, the
more they increase our efficiency, and this momentum of
progress is expected to accelerate even further.

AnyGPT's performance underscores the efficiency
of its design. Thanks to the rapid development of
generative Al, creating convincing fake content has
become much easier and more accessible. Al-based
image generators and deepfaking technology are used
for a wide range of purposes, from students to cheat on
tests to fraudsters spreading disinformation about wars,
elections and natural disasters.

Researchers have identified several approaches to
multimodality, a brief description of which is presented
are presented on Fig. 3.

This indicates a significant growth of Al in last
year.The most famous of them is Google, which
announced a competitor to ChatGPT Bard. In April,
thanks to the merger of Google Research and DeepMind
teams, they are creating methods to improve the

effectiveness of reinforcement learning. Such systems are
able to perform extremely complex tasks through
thousands of training iterations. In last year, Sundar
Pichai, CEO of Google, together with Demis Hassabis of
Google DeepMind presented Gemini, a multimodal Al
that not only has the ability to understand text or images,
but also combines different types of information in a way
that is much closer to how humans perceive Al and other
IT giants such as Microsoft Bing were also presented
(renamed COPILOT in two thousand twenty-four year),
Meta announces its open source LLM model, Anthropic
releases Claude 2 and receives investment from
Amazone. Working with the above systems on mobile
devices requires a stable, fast and accessible connection.

This is precisely what can be used to show all
possible combinations of high-resolution image
synthesis, which helps to work on a whole series of
different sets of solutions to the assigned problems.
Usually, to create a given image, a special colab is used.
In particular, Google Colab is a free service that
presents everything you need for machine learning,
divided into many separate cells.

Conclusions

The development of neural networks is a multi-
component system, where each subsequent component
is connected with the previous one, being its basis. First,
language models appeared, tailored to work with text,
and then, layer by layer, other modalities began to be
added, such as photos, video and audio. Therefore, the
primary source and basis of the research currently being
conducted concerns multimodal Al, which is directly
related to classical text neural networks.
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AT identification tool
Winston AL

——
Numinarty

————
Hive Moderation

————
Is It AI7?

—
Originality.ai

————
GPTZero

——-
Copyleaks

————

Characteristics of Al identification
tool

the tool determunes 1t the umage
was created by artificial
intelligence., the results include
image information such as C2PA,
IPTC and Exif data

a toel for verifying the origin of an
image on the Internet, provides an
estimate of the likelihood of the
involvement of artificial
intelligence

an Al detection tool, specifically
for detecting Al in images and
videos, provides API services for
processing and tagging images,
videos, GIFs, web pages, audio,
and live streams for content
moderation

a tool designed to identify an image
or text generated by artificial
intelligence offers a free version for
basic use with the option to
subscribe to additional features or
integrate it into your AI content
review platform

offers Al text recognition services
for writers, marketers and
publishers, has three modes — Lite,
Standard and Turbo

AT text detector for teachers.
writers, cvber security
professionals and recruiters

copvleaks' Al text detector is
designed to detect human writing
patterns  and flags content as
potentially AT only when it detects
deviations from these patterns

Fig. 2. The tools for recognizing artificial intelligence

Method | ‘

Characteristics of the method

Tool-augmented LLM

combines several
independent models in one
product

End-to-end multimodal
LM

instead of using separate
models for text and images,
such a model is trained on all
necessary types of data at
once, within a single
structure

Modality bridging with
pretrained models

eliminating the gap between
modalities, combining them,
where models exchange data
through’t a text request, but
using mathematical vectors

Fig. 3. Characteristics of approaches to multimodality
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Separately, it is necessary to looks the problems of
large multimodal models: inclusion of more data modalities;
availability of diverse data sets; generation of multimodal
outputs; list of instructions (LMMs face the challenge of
mastering dialogue and following instructions beyond
simple completion); multimodal reasoning (seamless

integration of multimodal data for complex reasoning tasks);
LMM compression (the resource-intensive nature of LMMs
is a major obstacle, making them impractical for compute-
constrained peripherals). Compressing LMMs to improve
efficiency and make them deployable on resource-
constrained devices is a critical area of current research.
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EBouronist Ta aHami3 po3BUTKY MYJbTHMOJAIBLHIX CHCTEM IITYYHOTO iHTEJIEKTY
A. Karmitomn, 1. Tumenko, A. lecsatko, B. Jlazoperko

AHoTanisi. Y cTaTTi po3rVISIHYTO OCHOBHI aCHEKTH EBOJIOLIT Ta MPOAaHaTi30BaHO PO3BUTOK MYJIBTUMOJAIBHUX CHCTEM
IITYYHOTO iHTENeKTy. BU3HAueHO, IO B Cy4aCHHX pealisfix INTYYHHH IHTENEKT 3a3HaB TpaHc(opMaliifiHOro 3cyBy B Oik
OXOIUICHHSI MYJIbTUMOJAIBHOCTI Y BENHMKHX MOBHHMX MOJENAX. IIpaHali30BaHO NUISXM BJOCKOHAJIEHHS BEIMKHX MOBHHX
MOJIEIIEH 3a TOTIOMOTOFO 3/IaTHOCTI 0OpOOIIATH 1 TeHEpYBaTH BEIMKHA 00CAT JaHWX. MeTor bOTO JOCIIIKEHHS € aHajli3 BUMOT
JI0 PO3pOOKH Ta BIPOBAIKEHHS MYJIbTHMOJAIBHUX CHCTEM IUTYYHOTO iHTENEeKTY. JJOCIDKEHO eTamnu TpaHchopMallii ITyIHOro
IHTEJIEKTy Yy HampsMKy MYJIBTHMOJAIBHOCTI iHOBAaLifiHOrO PO3BHUTKY Yy BEJIMKMX MOBHHMX MOJENSAX. PO3INISHYTO MHTaHHS
Bepudikamii Ta B3aemoxii iHGOpPMALifHUX CHCTEM 3 HAaBKOJMIIHIM CBiTOM. BH3HaueHo, L0 BOHH 3a CBOEI0 CYTTIO €
MyJIbTUMOJAIBHAMH, 0araTOKOMIOHEHTHUMH. [IpoaHami3iBaHO LUISIXM BIOCKOHAJICHHS BEJIMKMX MOBHHMX MOJENeH 3a
JIOTIOMOT OO 3/IaTHOCTI 0OPOOJIATH 1 TeHEPYBATH Pi3HI MOJATBHOCTI AaHUX. J[OCHIKEHO, 110 CYyYacHI MYJIbTHMOJAIbHI CHCTEMU
IITYYHOTO iHTENEKTy e(heKTUBHO BUKOPUCTOBYIOTHCS B PI3HHX Tally3sX HayKH, OCBIiTH, €KOHMIKH Ta MOTPEOYIOTh MOAAIBIIOIO
PO3BUTKY Ta BIOCKOHAJEHHs. Bu3HaueHo, 1110 BHACIIIOK OypXJIMBOrO PO3BUTKY iH)OPMALiHHUX TEXHOJOTIH Ta CHCTEM B PI3HHX
cnekTpax xkurrenisuibHocTi, LI mepexusae OypxnmBoi Momudikarii, 16 0coOIMBOI yBaru 3acilyrOBYIOTh T€HEPAaTHBHI MOJEN,
SIKI CTAlOTh Bce OUMBII JOCKOHAIMMHU. BukoHano ormsn apxitektypu moneni AnyGPT, ne MomambHOCTI TOKEHI3yIOThCS B
JIMCKPETHI TOKeHH, Ha OCHOBI sIkuX LLM BHKOHY€ MyJbTHMOJAJbHE COPUHAHATTS Ta TeHEpyBaHHS B aBTOperpecii. BusHaueHo,
[0 METOJIOJIOTA, MO JIKUTh B 0CHOBI AnyGPT, € 6araToKOMIOHEHTHOIO, MOJIENTb KO IEMOHCTPYE MOKIJIMBOCTI Ha PiBHI 3i
CIreniai3oBaHUMK MOZEIISIMU B yCiX MPOTECTOBAaHMX MOJAIBHOCTAX OLHIOBaHHSA. BCTaHOBIJICHO, 1110 1HCTPYMEHTH, IPU3HAUYCH]
JUTSL BUSIBIICHHSI 00’ €KTIB, 3reHEPOBAHUX IITYYHUM IHTEIEKTOM, Iepe0yBaroTh y CTaHi PO3BUTKY, Ta MOCTIHHO MOAU(IKYIOTHCSI.

Kaw4oBi ciaoBa: mry4Huil iHTeNneKT, OioimxeHepist, TeHepaTHBHI MOJEINI, MyIETHMOIATEHICTb.
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TOWARDS SEAMLEES MULTI-CLOUD INTEGRATION: STRATEGIC APPROACH

Abstract. Background. Cloud computing has transformed the IT landscape, offering scalable and cost-efficient solutions
for data storage and access. The emergence of multi-cloud environments as a strategic approach to leverage various cloud
service providers' strengths has introduced new challenges and opportunities. Existing multi-cloud frameworks and
approaches lack versatility in addressing key concepts such as data security, scalability, cost optimization, and resource
management. Objective. Designing and developing an ontological model and optimization function to enhance data
management practices and decision-making in multi-cloud environments. Methods. The research employs an ontological
approach to formalize domain concepts, relationships, and properties in multi-cloud environments. Additionally, an
optimization function is proposed for selecting the best public cloud provider based on specific features. The study focuses
on designing distributed storage techniques, optimizing data access latency, and developing security frameworks for multi-
cloud settings. Results. The proposed ontological model successfully formalizes the domain's concepts, relationships, and
properties in multi-cloud environments. The optimization function demonstrates effectiveness in selecting the most suitable
public cloud provider based on the proposed features, enhancing data management practices automation and decision-making
processes. Conclusions. This work addresses the critical challenge of improving data management and decision-making in
multi-cloud environments through the development of an ontological model and optimization function. The research
contributes to enhancing data security, scalability, cost optimization, and resource management in multi-cloud settings.
Future work should focus on further refining the ontological model and optimization function, as well as exploring their
application in various industry sectors.

Keywords: Cloud computing, multi-cloud environments, data storage, data access, ontological model, optimization

function, data security, scalability, cost optimization, resource management.

Introduction

In recent times, cloud computing has transformed
the landscape of the IT industry, providing scalable and
cost-effective solutions for data storage and access.
Notably, the emergence of multi-cloud environments has
become a strategic approach to leverage the diverse
strengths of various cloud service providers, thereby
reducing the risks of vendor lock-in and optimizing
overall system performance [1].

However, the process of migrating applications
and/or data to the cloud has proven to be a complex
endeavour. Numerous hurdles exist that impede the
realization of cloud computing's full potential [2]. These
difficulties often stem from the fact that existing
applications have specific requirements and attributes
that need fulfilment by cloud providers [3].

These challenges present an opening to establish a
systematic approach for the assessment and
quantification of cloud providers. Each provider extends
analogous services with varying cost structures,
performance metrics, security layers, and an array of
features [4]. The large number of diverse service
packages makes objective evaluation of different cloud
providers' quality, performance, security, privacy, and
dependability a daunting task [5].

This scientific paper delves into the domain of
cloud computing, focusing specifically on data storage
and access within multi-cloud setups. Our research
explores the significant importance of this domain,
encompassing critical aspects such as data security,
scalability, cost optimization, and resource management.

The primary goal of this paper is to propose a
comprehensive ontological model that formally
represents key concepts, relationships, and properties
within the domain of cloud computing and multi-cloud

environments. This ontological model serves as a
foundational framework to enhance our understanding of
the complex interactions and interdependencies that exist
in the cloud ecosystem. Moreover, it lays the groundwork
for informed decision-making and innovative
developments in cloud technologies.

To achieve this objective, the paper is structured as
follows: Section 1 discusses the lessons learned from the
literature and also defines cloud evaluation criteria
conducted from the previous research. Section 2
introduces the ontological model designed to formalize
the concepts, relationships, and properties in cloud
computing and multi-cloud environments. It outlines the
structure and key components of the model, elucidating
how it helps capture the complexity and nuances of the
cloud domain. Further Section 3 describes the
Optimization Function for Cloud Provider Selection.
Here, we present an optimization function that facilitates
the selection of the most suitable public cloud provider
based on a set of proposed features. This function
leverages the ontological model to calculate a score for
each cloud provider, enabling data-driven decisions and
enhanced performance in multi-cloud setups. The
conclusion provides a summary of the key contributions
and insights gained from the research. It reiterates the
significance of the proposed ontological model and
optimization function and offers concluding remarks on
their potential impact on the field of cloud computing.

1. Set of criteria for multi-cloud storage

The field of cloud computing has witnessed
extensive research efforts aimed at understanding the
intricacies of multi-cloud environments and optimizing
data storage and access strategies. Several studies have
highlighted the advantages of adopting multi-cloud
architectures, such as increased redundancy, improved
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performance, and enhanced fault tolerance [6]. Multi-
cloud solutions also provide organizations with the
flexibility to choose cloud services based on specific
requirements, ensuring cost-effectiveness and mitigating
the risk of relying solely on one cloud provider [7].
Based on our literature review, conducted in the
previous paper, and current cloud computing standards

Table 1 — Comprehensive set of Criteria

for storage and access, we define a complex set of criteria
for storing data in multi-clouds that includes
consideration of a wide range of factors that may affect
the location, management, and retrieval of data across
different cloud service providers [8]. Table 1 shows a
comprehensive set of criteria that should be considered in
the research.

# Criteria Category Specific Criteria Measurement Metric (possible)
1 Latency Requirements Milliseconds (ms)
2 Data Accessibility Redundancy and Availability Auvailability Percentage (%)
3 Criteria Data Consistency Data Consistency Index
4 Data Encryption Encryption Strength (e.g., AES-256)
5 Cost Efficiency Cost per GB/month ($)
6 S(t)isl’:zzrt]?or?ecsfigrciz Resource Allocation Resource Utilization (%)
7 Data Lifecycle Management Percentage of Archived Data (%)
8 Data Type and Format Data Classification Data Classification Score
9 Criteria Data Format Data Format Compatibility
10 Compliance and Regulatory Compliance Compliance Audit Score
11 Security Criteria Data Ownership Data Ownership Policy Adherence
12 Security Protocols Security Protocol Strength
13 Scalability and Scalability Scalability Factor
14 Performance Performance Metrics Throughput (requests/second)
15 Data Migration and Data Portability Data Portability Index
16 Interoperability Criteria Interoperability Interoperability Score
17 Vendor Lock-In and Vendor Lock-In Mitigation Lock-In Reduction Score
18 Vendor Criteria Vendor Reputation Vendor Reputation Rating
19 Disaster Recovery Plan Recovery Time Objective (RTO, hours)
20 Disaster Recovery and Recovery Point Objective (RPO) and RTO | Recovery Point Objective (RPO, hours)
21 Backup Data Backup Frequency Frequency (e.g., per day, per week)
22 Backup Storage Redundancy Redundancy Level (e.g., dual-site)
23 Monitoring and Monitoring Tools Tool Effectiveness (e.g., Score)
24 Reporting Reporting Reporting Accuracy (e.g., Percentage)
25 Environmental Impact Carbon Emission Reduction (%)
26 Sustainability Energy Efficiency Energy Usage (kWh)
27 Resource Sustainability Resource Conservation Index

2. Defining Ontological Model

To formalize the concepts and relationships in the
domain of cloud computing with a focus on data storage
and access in multi-cloud environments, we propose an
ontological model based on the defined set of criteria. This
model  represents  the  essential  components,
interconnections, and properties of cloud providers, cloud
services, storage systems, access control mechanisms, data
encryption algorithms, and other key entities. The
ontological model enables a systematic and structured
representation of the domain, facilitating better
understanding, knowledge sharing, and future research:

A. Ontological Model

1. CloudProvider: Represents a cloud service provider,
and it is characterized by the "hasName" property.

2. CloudService: Represents a cloud service offered by
a provider, and it is characterized by the "hasName™ property,
and the "providesService" relationship, which relates a cloud
provider to the services it offers.

3. StorageSystem: Represents a storage system used by
a cloud service, and it is characterized by the "hasName"
property, and the "usesStorageSystem" relationship, which
relates a cloud service to the storage system it uses.

4. AccessControlMechanism: Represents an access
control mechanism implemented by a cloud service, and it is

characterized by the "hasName" property, and the
"implementsAccessControl" relationship, which relates a cloud
service to the access control mechanism it implements.

5. DataEncryptionAlgorithm:  Represents a data
encryption algorithm used by a cloud service, and it is
characterized by the "hasName" property, and the
"usesEncryptionAlgorithm" relationship, which relates a cloud
service to the encryption algorithm it uses.

6. ServiceLevelAgreement: Represents a service level
agreement associated with a cloud service, and it is
characterized by the "hasDescription" property, and the
"hasSLA" relationship, which relates a cloud service to the
service level agreement.

7. DataReplication: Represents a data replication
mechanism performed by a storage system, and it is
characterized by the "hasName" property, and the
"performsReplication” relationship, which relates a storage
system to the data replication mechanism it performs.

8. Application: Represents an application hosted by a
cloud service, and it is characterized by the "hasName"
property, and the "hostedBy" relationship, which relates an
application to the cloud service hosting it.

9. DataAccessMethod: Represents a data access method
used by an application, and it is characterized by the "hasName"
property, and the "usesAccessMethod" relationship, which
relates an application to the data access method it uses.

10. DataStorageTier: Represents a storage tier available
in a storage system, and it is characterized by the "hasName"
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property, and the "hasStorageTier" relationship, which relates a
storage system to the available storage tiers.

11. DataConsistencyModel: ~ Represents a  data
consistency model followed by a cloud service, and it is
characterized by the "hasName" property, and the
"followsConsistencyModel" relationship, which relates a cloud
service to the data consistency model it follows.

12. DataBackupStrategy: Represents a data backup
strategy used by a storage system, and it is characterized by the
"hasName" property, and the "hasBackupStrategy"
relationship, which relates a storage system to the data backup
strategy.

13. DataTransferProtocol: Represents a data transfer
protocol supported by a cloud service, and it is characterized by
the "hasName" property, and the "supportsTransferProtocol"
relationship, which relates a cloud service to the supported data
transfer protocol.

14. DataCompressionAlgorithm: Represents a data
compression algorithm used by a cloud service, and it is
characterized by the "hasName" property, and the
"usesCompressionAlgorithm™ relationship, which relates a
cloud service to the compression algorithm it uses.

15. DatalndexingMethod: Represents a data indexing
method used by a cloud service, and it is characterized by the
"hasName" property, and the "usesindexingMethod"
relationship, which relates a cloud service to the indexing
method it uses.

16. DataVersioningMethod: Represents a data versioning
method used by a cloud service, and it is characterized by the
"hasName" property, and the "usesVersioningMethod"
relationship, which relates a cloud service to the versioning
method it uses.

17. DataLifecycleManagement: Represents a data
lifecycle management mechanism used by a cloud service, and
it is characterized by the "hasName" property, and the
"hasLifecycleManagement" relationship, which relates a cloud
service to the data lifecycle management mechanism.

18. DataMigrationStrategy: Represents a data migration
strategy followed by a cloud service, and it is characterized by
the "hasName" property, and the "followsMigrationStrategy"
relationship, which relates a cloud service to the data migration
strategy.

19. DataSharingMechanism: Represents a data sharing
mechanism supported by a cloud service, and it is characterized
by the "hasName" property, and the “supportsSharing
Mechanism" relationship, which relates a cloud service to the
supported data sharing mechanism.

The ontological model presented above represents a
comprehensive domain of cloud computing, with a
specific focus on data storage and access in multi-cloud
environments.

Each concept is enriched with properties and
relationships that allow for detailed descriptions and
associations.

The axioms are logical statements that define
specific relationships, constraints, and properties within
the ontological model.

The logical representation of the axioms further
strengthens the ontological model. These axioms provide
a formal foundation for the representation and reasoning
of cloud-related concepts, enabling the development of
optimized algorithms and decision-making processes in
selecting the best cloud provider based on the proposed
features.

By combining the axioms with the ontological
model, we can gain deeper insights into the domain.

B. Logical representation of the axioms:
1. Each CloudProvider provides at
CloudService.
o VxCloudProvider(x)— 3y CloudService(y) A
providesService(x, y)
2. Each CloudService uses exactly one StorageSystem.
o VxCloudService(x)—3y StorageSystem(y) A
usesStorageSystem(X, y)
o Vx,y,z(CloudService(x)A
usesStorageSystem(x,y)A usesStorageSystem(Xx,
Z) Ay #z) — False
3. Each CloudsService
AccessControlMechanism.
o VxCloudService(x)—3yAccessControlMechanis
m(y)A implementsAccessControl(X,y)
4. Each  CloudService uses at least one
DataEncryptionAlgorithm.
o VxCloudService(x)—3yDataEncryptionAlgorith
m(y) A usesEncryptionAlgorithm(x, y)
5. Each CloudService has exactly one
ServiceLevel Agreement.
o VxCloudService(x)—3ly
ServiceLevel Agreement(y) A hasSLA(X, y)
6. Each StorageSystem performs at least one
DataReplication mechanism.
o VxStorageSystem(x)—3yDataReplication (y) A
performsReplication(x, y)
7. Each Application is hosted by exactly one
CloudService.
o Vx Application(x) — 3!y CloudService(y) A
hostedBy(x, y)
8. Each  Application
DataAccessMethod.
o VxApplication(x)—3y DataAccessMethod (y) A
usesAccessMethod(x, y)
9. Each  StorageSystem has at
DataStorageTier.
o VxStorageSystem(x)—3y DataStorageTier(y) A
hasStorageTier(x, y)
10. Each  CloudService
DataConsistencyModel.
o VxCloudService(x)—3y
DataConsistencyModel(y)A
followsConsistencyModel(x, y)

least one

implements at least one

uses at least one

least  one

follows at least one

These axioms express logical statements that define
the relationships and constraints within the ontology,
specifying the required conditions and properties for the
concepts involved.

In the current context of the ontological model,
relationships play a vital role in defining the connections
and interactions between various concepts. Each
relationship is expressed through a logical statement that
establishes a link between two entities in the domain.

C. Descriptions of the relationships

1. providesService (CloudProvider, CloudService)
Indicates that a specific CloudProvider delivers a particular
CloudService to users.

2. usesStorageSystem (CloudService, StorageSystem)
Specifies that a particular CloudService relies on a specific
StorageSystem for data storage and management.

3. implementsAccessControl (CloudService,
AccessControlMechanism)  Indicates that a  specific
CloudService employs a particular AccessControlMechanism
to regulate data access and user permissions.

4. usesEncryptionAlgorithm
DataEncryptionAlgorithm) — Specifies that a

(CloudService,
particular
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CloudService employs a specific DataEncryptionAlgorithm to
protect data confidentiality.

5. hasSLA (CloudService, ServiceLevelAgreement)
Indicates that a specific CloudService is bound by a particular
ServiceLevelAgreement that defines the quality of service and
performance guarantees.

6. performsReplication (StorageSystem,
DataReplication) States that a particular StorageSystem
implements a specific DataReplication mechanism to duplicate
data for fault tolerance and availability.

7. hostedBy (Application, CloudService) Indicates that
a specific Application is hosted and executed by a particular
CloudsService.

8. usesAccessMethod (Application,
DataAccessMethod) Specifies that a particular Application
utilizes a specific DataAccessMethod for data interactions.

9. hasStorageTier (StorageSystem, DataStorageTier)
Specifies that a particular StorageSystem offers a specific
DataStorageTier with distinct performance characteristics.

10. followsConsistencyModel (CloudsService,
DataConsistencyModel)  Indicates that a particular
CloudService adheres to a specific DataConsistencyModel to
maintain data integrity.

In summary, the logical statements describing these
relationships provide essential insights into the
associations and interactions between different
components in the ontology of cloud computing with a
focus on data storage and access in a multi-cloud
environment.

These relationships form the backbone of the
ontological model, which is visually shown on the Fig. 1,
enabling a comprehensive understanding of the domain
and facilitating the optimization of cloud provider
selection based on proposed features.

Fig.1. Visual representation of the Ontological model

3. Setting Optimisation Function

In order to make informed decisions when selecting
the best public cloud provider in a multi-cloud
environment, we introduce an optimisation function.

This function incorporates a weighted scoring
mechanism based on relevant criteria such as data

security, performance, cost-effectiveness, compliance,
and scalability. By assigning appropriate weights to these
criteria, the optimisation function calculates a score for
each cloud provider, aiding decision-makers in choosing
the most suitable option that aligns with their specific
requirements and objectives.

To define the optimization function in algebraic
form, we can express it as a weighted sum of the desired
features:

e V = Set of cloud vendors (AWS, Azure, GCP);

o F = Set of desired features;

o W = Set of weights corresponding to each desired
feature.

The optimization function can be defined as follows:

Score =

= >"[ feature  F ~vendor |(W | feature]), @)
where:

e Score(vendor) represents the score of a specific
cloud vendor based on the presence of desired features
and their corresponding weights;

o feature € F N vendor denotes that the feature is
both desired and offered by the vendor;

o W[feature] represents the weight assigned to
each desired feature.

The function calculates the score for each vendor by
summing the weights of the desired features that are
present in the vendor's offerings. The higher the score,
the more suitable the vendor is considered for data
storage based on the desired features and their assigned
weights.

More complex optimization function could involve
additional factors or constraints, such as cost,
performance, and reliability. An example of an extended
optimization function that considers cost and
performance along with the presence of desired features:

e V = Set of cloud vendors (AWS, Azure, GCP);

e F = Set of desired features;

o W = Set of weights corresponding to each desired
feature;

e C(vendor) = Cost factor for a specific vendor;

e P(vendor) = Performance factor for a specific
vendor.

The optimization function can be defined as follows:

Score =
=Y "[ feature € F ~vendor |(W [ feature])+ (2)
+a.-C(vendor)+p- P (vendor),

where o and B are coefficients that determine the relative
importance of cost and performance in the optimization
function.

The function calculates the score for each vendor by
summing the weights of the desired features present in
the vendor's offerings and adjusting it based on the cost
and performance factors.

The coefficients o and B control the balance
between cost and performance considerations.

For example, if a particular feature's contribution
to the score is dependent on a continuous variable
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(e.g., time, data volume, latency), the function could
involve integrals to evaluate the accumulated effect
over a range of values. Similarly, derivatives can be
utilized to capture the rate of change or sensitivity of
certain factors.

Future research could involve expanding the
ontological model to include additional criteria and to
account for changes in technological infrastructure for
cloud storage.

Itis also crucial to continually refine the ontological
model by adapting it to new requirements and emerging
technologies.

Furthermore, the development of an optimization
function within the ontological model could enhance its
efficacy in dynamically adjusting data distribution

Conclusion

In conclusion, the research domain of cloud
computing with a focus on data storage and access in
multi-cloud environments represents a vital area of study
with profound implications for data management
practices. This scientific paper highlights the importance
and scientific goals, emphasizing the need for advanced
security measures, scalable storage solutions, and
efficient resource management strategies.

By proposing an ontological model and an
optimisation function, we aim to enhance data
management practices, drive innovation in cloud

technologies, and facilitate informed decision-making in
multi-cloud environments. They both serve as a

foundation for further research and the enhancement of
strategies for multi-cloud environments.

strategies based on real-time performance metrics and
cost considerations.
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lnsx 10 6e310BHOT MYJILTHXMAPHOI iHTerpauii: crpaTeriynuii minxin
A. 1. Kapramos, JI. C. 'mo6a

AnoTtanis. IIpo6aemaTtnka. XmapHi oOuncnenHs tpancdopmysamu IT-iHaycTpilo, MpONOHYIOUM MacIITaboBaHI Ta
€KOHOMIUHO e(eKTHBHI pillleHHs 1y 30epiraHHs Ta JOCTYIy A0 AaHuX. [losiBa MyJbTHXMAapHUX CEpEIOBUII K CTPATEri4HOrO
HiIXOy 10 BUKOPHCTAHHS MEpeBar Pi3HUX MMOCTa4albHUKIB XMapPHUX MOCIYT CTBOPHJIA HOBI BUKJIMKH Ta MOXJIMBOCTI. ICHYr0UNM
MyJIBTHXMapHUM (peliMBOpKaM Ta IifXxoaM Opakye yHIBEpCAIbHOCTI y BUPIIICHHI KIIIOUOBMX KOHIICMIiH, TakuxX sk Oe3meka
JAHUX, MacIITaOOBaHICTh, ONTHMI3allisi BUTPAT Ta YIpaBIiHHSA pecypcamu. Merta mociaimkeHb. Po3poOka Ta BIpoBaKEeHHS
OHTOJIOTIYHOI Mojeni Ta (QyHKIii ONTHMi3amii Uil BIOCKOHAIECHHS MPAKTHK YIPABIIHHA NAaHHUMH Ta MPUHHSTTS PIlICHb Y
MyJIBTHXMapHUX ceperoBuinax. Meroauka peadizauii. J{ocikeHHs] BUKOPHCTOBY€E OHTOJIOTIYHUHA MiaXid A (popmaizamii
KOHIICTIiH, 3B’3KIB Ta BIACTUBOCTEH OHTOJIOTIYHOI MOJENi Yy MYJbTHXMapHHX cepeloBuIiax. KpiM Toro, 3ampornoHOBaHO
¢byHKUi0 onTuMizamil 1uisi BUOOpY Haikpamioro myOJiYHOTO XMapHOTO INpOoBaiifiepa HA OCHOBI KOHKPETHHX XapaKTePHUCTHUK.
JlocmipKeHHsT 30CcepeKY€ThCs Ha po3po01li METO/IiB PO3IOAIICHOr0 30epiranHs AaHUX 3 ypaxyBaHHSM 3alPONOHOBAHOTO HAOOPY
BHMOT U MYJIbTHXMapHHUX CepeIoBUI. Pe3yabTaTH Koc/iIzKeHb. 3apoloHOBaHa OHTOJIOTIYHA MOJIENb yCIinHo Gopmainizye
KOHIIeNii, 3B’13KM Ta BJIACTUBOCTI OHTOJIOTIYHOT MOJIeNi B MyJIbTUXMapHUX cepenoBuiax. OyHKIis oNTUMI3aLil JeMOHCTpYE
e(eKTHBHICTh y BUOOPI HAWOUTBII i IXOIAIIOTO MyOIIYHOTO XMApHOTO MPOBaiiiepa Ha OCHOBI 3aIPOITOHOBAHIX XapaKTEPUCTHK,
MOKPAIIyF04YX aBTOMATU3ALI0 PAKTHK YIPaBIiHHS JaHUMHU Ta HPOLECiB MPUHHATTS pimieHb. BucHoBKH. s poGoTta nponoHye
ONTHUMIi30BaHe PIlICHHS KPUTHYHOI MPOOIEMH BIOCKOHAJICHHS YNPABIIHHS JAHHMH Ta TPUAHATTS PillleHb Y MyJbTHXMapHHX
CepeoBHINAX NUIIXOM PO3POOKH OHTOJIOTIUHOI Mozeni Ta (yHKIil omTumizamii. JJochmiKeHHs Cpusie MiIBUIICHHIO Oe3MeKH
JaHUX, MacmTabOBaHOCTI, ONTHMI3allii BHUTpPAT Ta YNpPaBIiHHA pecypcaMHd B MyJbTHXMapHUX CepeAoBHINaX. MaiOyTHi
JOCIIDKEHHST TIOBMHHI 30CEPEUTHCS Ha ITOJANBIIOMY BJOCKOHAICHHI OHTOJIOTTYHOT MOZIENi Ta (GyHKIIT ONTUMI3aLlil, a TAKOX Ha
BHBYCHHI 1X 3aCTOCYBaHHS B Pi3HHX Tay3sX MPOMHCIOBOCTI.

Kaw4doBi caoBa: XxMapHi 00YHCIICHHS, MyJIbTHXMapHi cepeoBuUIla, 30epiraHts JaHnX, OCTYII [0 JaHuX, OHTOJIOTIYHA
MoJes1b, QyHKILsI onTuMi3alil, 6e3neka JaHuX, MaclITabOBaHICTh, ONTHMI3aLlis BUTPAT, YIIPABIiHHS PECypPCaMH.
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A. Kacepec, JI. C. I'no6a

Harmionansamii texnigamnii yHiBepcuteT Ykpainu «KIII imeni . Cikopcskoro», Kuis, Ykpaina

HIAXIA 10 POPMYBAHHA MYJIbTUXMAPHOI'O CEPEJOBHUIIA HA OCHOBI
BATATOKPUTEPIAJIBHOI'O AHAJII3Y TA OHTOJIOI'TYHOI'O MOJAEJIFTOBAHHA

AHoTauis. Ha choromHimHiii 1eHb BUKOPUCTAHHS JEKIIBKOX XMap I 30epekeHHs 1 00pOOKH JaHUX BXKE € PO3IOBCIO-
JDKEHOIO IIPAKTHKOIO 110 BCbOMY CBITY. KOXHMI mOCTa4anbHUK XMapHHUX PECypCiB MPOMOHYE I IbOTO Pi3HI PILICHHS, 110
YCKIIaIHIOE BUOIp KOPUCTYBaUYeBi MOCTayaIbHUKA IIOCIYT, aJ)Ke BiH, Y CBOIO Yepry, IparHe JOCSITTH MaKCUMaJIbHOT e(heKTH-
BHOCTI 32 HaiiMEHIIUX BUTpAT. Y NaHid poOOTi HOCTIHKYIOThCA OaraToXxMapHi MapagurMu: MyJIbTHXMapHi IUTIO3U 30epi-
TaHHA JaHHX, IDTATGOPMH KepyBaHHS JaHUMH Ta XMapHO-He3alexHi 6i0miorexn. B maHoMy nociikeHHI IPOIIOHY€THCS Ha
ocHOBI OaratokputepiansHoro aHamizy (MCDA) metonamn AHP i TOPSIS o6paru xpammuii miaxif aist KOpIopaTHBHUX 1
aKaJeMIYHUX pimeHb. KpHTepisMu CIIyryIoTh BapTiCTh, 3yCHIUII IOJO BIIPOBADKEHHs, Oe3reKa i MpoayKTUBHICTE. Kpim
TOTO, 3aIPOIIOHOBAHO OHTOJIOTIYHY MOJIENb IS JOpMyBaHHS THYYKOTO CIIEHapil0 BHOOPY MYJIbTHXMAapHUX MiAXOIB, OpH-
TIHAJBHICTP KO MMOJISTAa€ Y BUKOPUCTaHHI BaroBUX KOE(illi€HTiB OTPUMAHUX 3 MPAKTUYHUX EKCIIEPUMEHTIB 13 3aCTOCYBaH-
M AHP ta TOPSIS mertonis, Ta choxycoBaHHX Ha crienu(illi BAKOPUCTaHHS MyJIbTUXMAapHUX CEPEIOBHUIL Y KOPIIOPATHB-
HOMY Ta aKaJeMivHOMY cepenoBHuIax. Lle 103Bosie oTpuMaTi HaOTBII eheKTHBHI CIIOCOOH MOETHAHHS XMapHHUX CEPBICiB
IUIS KOHKPETHOTO CIEHapilo 3acTocyBaHHs. [IpoBeneHi eKkcriepuMeHTaIbHI JOCTIIKEHHS TO3BOJSIIOTH 3pOOUTH BUCHOBOK,
o JUIs aKaJeMiYHHX 3a7ad HalOUIbIIe MiIXOIITh MYJIbTHXMApPHI IIIIO3H 30epiraHHs JaHUX, MPOTe I KOPIOPATHBHUX

CepeIOBHII - XMapHO-He3aJIexkHi 0i0Ti0TeK! i 1aThopMu KepyBaHHS JaHHUMHU.

KawuoBi cioBa: xmMapHi 009HCIICHHS, MYJIBTH-XMapa, CyMicHICTh gaHnx, MCDA, OHTOJIOTi4HA MOJIEIb.

Beryn

VY chepi xMapHUX 00YHCIICHL OaraToxMapHa apxiTe-
KTypa € eeKTUBHUM DIIICHHSIM U1 KOMIaHiH, sSKi Tpar-
HYTb OTPHMATH BHTOJLy, CyMIIlIal0uH IIepeBary pisHuX Io-
CTa4YaJbHUKIB XMApHUX IIOCHYT. BimmomimHO 1O 3BITY
Flexera 2024, crioctepira€TbCst 3pOCTaHHS IHTErpallii J1a-
HUX MK XxMmapamu 110 45% 3 37% y 2023-2024 pokax,
OCKUIBKH OpTraHi3amii IIyKaroTh HaAHKpaIruii BapiaHT I
MPHUKJIAHAX IPOTPAMHKX CHCTEM Ta aHami3y aanux [1]. Y
BOMY 3BITI IiJKPECITIOETHCS TEHCHINS 0 3POCTaHHS
BIPOBADKEHHS 0araToXMapHUX CTpaTeriil, a TaKoXK BKa-
3y€ThCs Ha BUPIIIANILHY POJIb B3aEMO/IT JJAHUX Y TOBHOMY
BUKOPHCTAHHI MOTEHIIIATYy O0araTOXMapHUX apXiTEKTyp.

3pocTaHHsl BIIPOBA/DKEHHS MYJIBTUXMApHUX TEXHO-
JIOTiH Pa3oM i3 3pOCTAFOYHM ITONMUTOM Ha e(DEeKTUBHY CyMi-
CHICTh JJaHHX CTBOPIOE CKJIAIHY MpOOJeMy IS OpraHi3a-
[ii. Pi3HOMaHITHICTE XMapHUX IIaT(GOPM, KOXKHA 3 SKUX
Mae crierugivHi it nocradanbHuka APL, cimy»xOu Ta Mexa-
Hi3MH Oe31eKH, 30UTbIIy€e CKIIaHICTh MYJIBTUXMAPHUX ap-
xitektyp [2]. L5 CKIaaHICTh BUMArae CTPYKTYPOBAHOTO Ta
CTpaTeriyHoro MiIX0/Ay /O NPUHHSTTS pilieHb. PimieHHs
10710 CYMiCHOCTI MalOTh HE TUTBKH BiIMOBIIaTH TEXHITHUM
BHUMOT'aM iHTETpallii, ajie i BiIOBiIaTH IIUPIIIAM OpraHiza-
OiHHAM UM IOJI0 MAacIITabOBaHOCTI, MPOTYKTUBHOCTI
Ta Baptocti [3]. BukopucTauHs 6araroXMapHOTo TMiIX0y
noTpedye METOIIB, SIKi JI03BOJIAIOTH OpPraHi3allisiM 3acToco-
ByBaTH HaiiOLibII edexTBHI cTpaterii. Cepen 0B Be-
JIMKOI KUTBKOCTI MiIXO/[iB MyJIbTUXMAapHOT B3aemoii [4-6]
opraHizalisM HeoOXiJHO 0OpaTu came Ti, sIKi HalKpamm
YHHOM Bi/IMOBINAFOTH iXHIM TIOTpeOamM. OCHOBHUMH KPHTE-
PpisiMH, SIKi MOXYTh OYTH Ba)XKJIMBI Ha eTari BUOOpY THX 41
IHIITKX 3aCO0IB MOJKHA Ha3BaTH TakKi: IIBHIKOIIS, Oe3IeKa,
CKJIaJTHICTh BIPOBAIKEHHSI, BAPTICTh. SIKIIO MBUIKOIIIO Ta
BapTICTh MPOCTIIIE PO3PaxyBaTH, TO Taki MapaMeTpH 5K
Oe3reka Ta CKIAIHICTh BIPOBAHKEHHS € JIOBOJI HEMpOC-
THMH 3 TOYKH 30py 1X BU3HAYEHHSI, A7 YOTO 3aCTOCOBYIOTh
PI3HOMaHITHI IHTEJEKTyaabHi MeToau. Taki O0YHCIIEHHS B
pEabHUX YMOBAX € 3aTPaTHUMH.

TakuM 9MHOM, METOIO0 DaHOI POOOTH € CTBOPEHHS
OHTOJIOTIYHOI MOJICJIi Ha OCHOBI 0araTOKpHUTEPiaIbHOTO
aHaIi3y, sKa J03BOJMTh BU3HAUYUTHUCS 3 THYYKUM CIICHa-
pieM popMyBaHHS HaOOpy IHCTPYMEHTApIO IS peatiza-
1ii MyJIBTHXMApHOTO JIOCTYIy B KOHKPETHIl opraHi3arii.
OHTONOT1YHa MOZIENb BU3HAYAE ONTUMAIIBHUI 32 KOMILIe-
KCHHM KPHUTEpPIEM HAOIip TEXHOJOTIH I aKaJeMiuyHHX 1
KOPIIOPAaTHBHUX PIlICHB. Y SKOCTI METOJIB OaraToKkpuTe-
pianmpHOTO aHami3zy BukopucTano meron 1 OPSIS, pesyns-
TaTH SKOTO MOPIBHSIHO 3 aHANOTiYHEM MetomoM AHP. ¥V
SIKOCTI JTOCHI[DKYBaHHUX MIiIXOAIB 0OpaHO MYIBTHXMAapHI
[UTIO3U 30epiranHs qaHux (Ha npukiani S3Proxy), mmat-
¢dopmu kepyBanus nanumu (Apache NiFi) Ta xmapHo-He-
3ajexHi 6i0miorexu (Apache Libcloud).

Orusg cy4acHOro CTaHy MiaXoAiB
MYJbTHXMAPHOI B3a€MOAil

B nammii 9ac poip MyJNBTUXMapHHAX TEXHOJOTiH
OPOIOBXKY€E 3pocTaTd. YHMCENbHI CTATTI TOBOPSITH PO
3HAYHI MmepeBaru ix BUkopuctanus [7—9]: HesanexHicTh
BiJl MOCTaYaJbHUKA; EKOHOMIUHA €(DeKTUBHICTD; MTOKpa-
mieHa Oesreka. Ajie pa3oM 3 TUM, HEpIl HiXK PO3ropTaTH
MYJBTUXMApHY CTPATErito, OpraHizallis Mac BpaxyBaTH
Taki akropu: BHOIp IHCTPYMEHTApilO; MiATOTOBKY Iep-
COHaJly; MOHITOPHHT 1 OHOBJICHHS HAJIaIITyBaHb.

Hapasi icHye mocuth 6arato MyJabTHXMapHHX Mij-
xoxiB. PosristHemMo ziesiki 3 HUX.

Inuempymenmu cmanoapmusayii API. 1e rpyna pi-
[ICHB, SKi JI03BOJISIOTH IPUXOBATH BiaMiHHOCTI API pi3-
HUX XMapHUX [OCTa4ajJbHUKIB, TOOTO BUKOPHCTOBYBATH
TOW camMuii pobounii mporec 11 KepyBaHHS JeKiTbKoMa
npoBaiiiepamMH, MOJIeTIIyI0YN KepyBaHHs xMapamu [10,
11]. Jlo BKkasaHMX IHCTPYMEHTIB MOXKHA BimHECTH
JClouds, Pulumi, Apache Libcloud, Terraform Ta inmri.

Mynemuxmapni  wmosu  3bepicanna  (Multi-Cloud
Storage Gateways (MSG)). 103BONSIOTE OTpUMATH J0C-
TYHI JI0 XMapHOTO CXOBHIA MK PI3HHMH ITOCTa4aibHH-
KaMH uepe3 €IMHUH iHTepdeic, TOOTO MiI0Th K MICT MiX
JIOKaJbHUMHU IIpOrpaMaMH Ta BiJJIaJICHUIMH XMapHHMH
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ueHtpamu 30epiranus [12]. Oxkpim nikBimauii po3puBy
MDK 3acTapiIMMH pIlICHHSAMH Ul 30epiraHHs JaHuX i
XMapHUMH TEXHOJIOTISIMU BOHU Ha/Ial0Th HU3KY JI0JJaTKO-
BuX nepesar. Cepe/ TAKUX — CIIPOILIEHUH TOCTYTI 10 (aii-
JIB JJ1s1 KOPHUCTYBaUiB, CIIPOILEHE KEPYBaHHS CXOBHUILEM 1
sumwkeHnst Butpar [13]. Jlizepamu Ha puaky MSG MoxHa
HazBatu: Web-cepsicu Amazon, Microsoft, Oracle,
NetApp, Inc, Dell EMC. Cepen npukiazis MoKHa BHIi-
mut - MinlO, S3Proxy, Hitachi Content Platform
Anywhere Edge, AWS Storage Gateway Ta iHIIi.

Koumertinepizayis ma opkecmposxa Konmeunepie.
OpxkecTpoBKa XMapHHUX pecypciB (Ipolec aBTOMAaTH30-
BaHOTO KEpyBaHHS KiIbKOMa pOOOYMMH HaBaHTa)KEH-
HSIMH B KUIBKOX XMapHHX PIIIEHHSX) CTOCYETHCS CKIIal-
HUX OIepaliif, TAKUX SK BUOIp, pO3TOpPTaHHS, MOHITO-
PHHT i KepyBaHHS pecypcaMH Mifl 4ac BUKOHaHHs [14].
KoHreiiHepu3auis J03BOJIsIE TPOrpaMam IpanoBaTh y3-
TOJDKCHO B PI3HUX XMapHUX CepeloBHILaX. [HCTpyMeHTH
OPKECTPOBKH KOHTEIHEpIiB JONATKOBO MOJIETIIYIOTH Ke-
pyBaHHA UMM KOHTeWHepamu B xmapax. IIpencraBHu-
kamu ganoro migxony € Docker Swarm, Google
Kubernetes, Apache Mesos, Toro.

Inamgpopmu KepysanHs oanumu (Data
Management Platform (DMP)). Taki matdopmu 103B0-
JISIFOTH TIEPEMIIIyBaTH, IEPETBOPIOBATH Ta KEPyBaTH Jia-
HUMH B KIJIBKOX XMapHHX CEepeNOBHUIaX 0e3 MpUB’SI3KH
JI0 TIEBHOTO MOCTAaYaIbHUKA XMAPHUX TexHoJori# [15].
[ligxomaTh AJs OpraHizaiiil, sKUM HEOO0XiTHO 00pOO-
JATH BEIHMKY KUTBKICTH pPi3HOpimHUX naHuxX. [Ipukia-
namu € Azure Synapse Analytics, Google Cloud
BigQuery, Talend, Apache NiFi.

Takox cepel] MEHII MOLIMPEHUX IiJXOAiB MyJIbTH-
XMapHoi B3aemo il MoxkHa Ha3Batu Multi-Cloud Service
Mesh, TiOpugHy Xmapy Ta OaraToXMapHy MEpexy
(Hybrid Cloud and Multi-Cloud Networking), Mixxma-
pui xkoueeepu CI/CD (Cross-Cloud CI/CD Pipelines).

AuJe pa3oM 3 TUM, BHOIp KOHKPETHOT'O TEXHIYHOTO
pillICHHS] B KOHKPETHUX YMOBax X 3aCTOCYyBaHHs BUMa-
rae OKpeMuX JIOCII/IKeHb Yepe3 Pi3HOMaHITHICTh BUMOT
JI0 TIPOYKTUBHOCTI, OE3MEKU Ta BUTPAT, & TAKOK HEOO-
XIHICTP BpaxOBYBAaTH MOIMEPEIHIA JOCBIl BHKOpPHC-
TaHHS aHAJIOTIYHHX PIllleHb Y TOAIOHIX CepelOBHIIAX.

B mocnimkeHHi 30cepeuMoch Ha pukiagax Apache
Libcloud (xmapHO-He3amexxHa OiOmioteka), S3Proxy
(MSG) Ta Apache NiFi (DMP), Tomy 1110 1aHi TEXHOJIOTII €
open-source, TOOTO TOCTYITHI 7151 O€3KOIITOBHOTO BUKOPH-
CTaHHsI, € THYYKUMH — JI03BOJISIOTh a/IalITyBaTH IPOrpaMHe
3a0e3neveH s KiHIIeBOTO KOPUCTYBada 70 CTPYKTYPH My-
JBTUKJIAYTHOTO CepeIOBHIIA T Pi3HI MOTPeOH i HamiIeH]
Ha aBTOMATH3AaLiio0 Oi3HEC-TIPOIIECiB B HHOMY.

Bu6ip MeToay 6araTokpuTepiajsbHOro aHasmizy

[Tpu BubOpi MyneTHXMapHOT cTpaTerii opraHizariro
LiKaBUTh €(hEeKTUBHICTD, SIKY MOXIIHBO BiJ I[bOTO OTpPH-
MarTH, a 1ie 6e3MmocepeIHRO OB’ I3aHO 3 BAPTICTIO 00CITy-
TOBYBaHHS, IBUIKICTIO 00OpOOKH TaHUX, OE3MEYHICTIO, a
TaKOX CKJIJHICTIO HajamTyBaHb cuctemu [16]. Takum
YUHOM, KOXKEH 3 ITUX TiIX0/1iB OIIHIOBATUMETHCSI 3 KPH-
TepisIMH TIPOAYKTHUBHOCTI, BapTOCTi, 3yCHJIb BIPOBa-
JDKEHHS 1 0e3IeKu.

Posristnemo wotupu KpuTepii, 3a SKUMU HEO0OXiTHO
o0paTi TOM WinXin, SKWUA HaWKpamnie 3aJ0BOJIbHHUTH

motpebu opranizanii. KoxkHa opranizaiiisi cTaBuTh CBOI
BUMOTH, TOMY HEOOXiJJTHO CTBOPUTH MOJIEJb, sika O Bpaxo-
ByBaJa creludiyHi oTpeOr KOHKPETHOTO KOPHUCTYBaya.

PosrisinemMo moOynoBy Takoi MoOJesl Ha MpHUKIai
notped akaJeMiuHMX 1 KOpPIOPAaTUBHUX OpraHi3amii.
OueBHAHO, MO Yy OIOKETHUX OpTaHi3alii THITy HaBda-
JHHUX I MEOUYHHUX 3aKiaiiB OyAyTh iHII HpPiOPUTETH,
HIX Y BEIMKHUX KOPIOpamiid, TOMY HIPOIIOHYETHCS 3aCTO-
CYBaTH paHKyBaHHS O3HaUCHHUX KPHUTEPIiB.

3 ormsamy Ha 3BiT [1] BapTicTh € HAKOUIBII BarOMIM
(axTOpOM A OpraHi3amiid pi3HUX THMIB, MO0 iHIINX
rapameTpiB 3alporOHOBAaHO HA OCHOBI MNPAaKTHYHOTO
JIOCBIZly TaKy MOCIiIOBHICTh BiJ{ HAWBHUIIOTO 10 HAWHU-
JKYOT'O TIPIOPUTETIB.

AxazieMiuHi pillleHHS: BapTICTh, 3yCHJUIS BIPOBa-
JDKEHHS, Oe31eKa 1 MPOIyKTUBHICTb.

KopnopaTusHi pileHHs: BapTicTb, Oe3meKa, mpory-
KTUBHICTb, 3yCHIIS BIPOBAIKCHHS.

Y nocmimxenni [17] Oyao BHKOPHCTaHO METO[
AHP miis cTBOpeHHST Mozei BHOOPY MYJIBTHXMAapHOTO
MiAXOY, TPOTE He OYII0 PO3AiIEHHS IPiOPUTETIB IS KO-
priopamii i akagemii. Kpim Toro, y morouyHOMy mocii-
JDKEHHI PO3TIISTHYTO 1IOJATKOBHI METOM JJIsl TOPIBHSHHS
OTPUMAaHUX TEOPETHYHHUX PE3yJbTATIB Ta rapaHTyBaHHs
ix mocroBipHoCTi. Buxoasum 3 ormsimy mxepen [18-21]
o6pano merox TOPSIS. Horo cyTh nonsrae y BuGopi iei
aNbTCPHATHBH, sIKa € HAHOIMKYOO 10 11eanbHOi. Takox
BiH JJO3BOJISIE BPAXOBYBATH BaXKJIMBICTh KOYKHOTO KPHUTE-
pito, Tak camo sik i meton AHP.

IlocTanoBka 3amaui

Cepen miaxoaiB MyJbTHXMapHOI B3aeMOIil HEOOXi-
JIHO 00paTH HAMOLIBII ONTUMATBHUN /IS aKaJEeMIiYHUX 1
KOPIIOPaTHUBHHX 3a/1a4, CIIMPAIOYHCh Ha KpUTEpil BapTOCTI,
HPOJIyKTHBHOCTI, O€3MEKH 1 3yCHIIb 111010 BIIPOBA/PKCHHSI.

Bxigni pami:

AnprepratuBn: A={CAL, SG, DMP},
ne SG — MynmpTHXMapHi nuTI03u 30epiranas naanx, DMP
— miatdopmu kepyBanHs ganumu, CAL — xmapHO-He3a-
JexkH] 010II0TeKH.

Kpurepii: CR={C, P, S, IE},
ne C — BapTicts, P — npoxykTuBHICTS (y 3HAUYCHHI IIBHU-
JIKOCTI ocTymy 10 Qaiiie), S — Oesneka, |E — 3ycusms
I10J10 BIPOBKCHHSI.

Bapticts C Moxe OyTr 00YHCIIeHa Ha OCHOBI TAKHX
CKJIaJJOBHX: BUTPATH Ha 30epiraHHs, BUTPATH Ha €K3EM-
IUISIp BIPTyaibHOI MAlIMHK Ta BUTPATH HA 3aIUTH:

C= {;1 Ci 1)
ne K — KiUTbKiCcTh IHOBUX (aKTOPiB.

[IpoxyxTuBHicTh P y HamoMy BHUIaaKy — 1e cepen-
Hilf 4ac nepenaBaHHs QaililiB pi3HOTO PoO3Mipy:

_ Tt TiSi
b= Yiz1Si ' (2)
ne S; — posmip i-ro daitny, T; — 9ac JOCTymy 10 i-TO
(aiimy, N — KUTBKICTH (paiimiB.

Junst omiHKK Oe3nexku BapTo BpaxyBaTH Taki acrie-
KTH K aBTEHTH(IKalig Ta aBTOpH3aLis, MH(PPYyBaHHSI
IaHUX, 3a0e31eYeHHs BIAIMOBOCTIHKOCTI. Y IOCIIIKEHH]
BHKOPHCTAHO Bard Uil TAKUX IMapaMeTpiB Oe3mexu S:
W, — kepyBaHHs ineHTudikauiero Ta nocrynom, W; —
mudpyBanus, W; — ToryBaHHS Ta MOHITOPHHT.
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S=W,+W; +W,. (3)

Baru 0Oe3nexoBux napameTpiB HaBeaeHi B Tabi. 1.
[pomnoHy€eThCs MPU3HAYNTH Bar TaKUM YuHOM: 1 — 6azo-
BUIi piBeHb Oe3rexH, 2 — cepeaHiil piBeHb, 3 — po3mmupe-
Huit. 3ycuiuisa BoposamkeHHs |E — e gac i pecypcn, He-
0OXifmHi IJI1 POTOPTaHHS PIMIEHHS y MUTBTUXMApPHOMY

Tabruys 1 — Barn napameTpiB 6e3neku

cepenoBuiLi. [l1st BU3HAYEHHS KPUTEPIIO CKJIAJHOCTI PO3-
ropTaHHs OyJO 3ajly4e€HO TPU NPOBIIHI KOHCAJITHHIOBI
KOMIIaHii 3 po3po0ku xMapHUX TexHoiorii: Crayon [22],
Nordcloud [23] i Tech5 [24].

Ix oninka npescTapnena y Tabn. 2 y BUIMISI BUTpa-
YEHHX JIFOJIMHO-TOIMH.

ITapamerp Ge3nexn

XMapHO-He3aJ1eKHi
0i0rioTexu (Bara)

MyabTUXMapHI HLTI03H
30epiranns ganux (Bara)

IInardopmu kepy-
BaHHS JaHUMHU (Bara)

KepyBaHHs i1eHTH(IKaLIEIO Ta JOCTYIIOM 1 1 3
[ubpysanHs 1 1 2
JloryBaHHsI Ta MOHITOPHHT 1 1 3

Tabnuys 2 — Ouinka 3ycujib BIPOBaIKEeHHsI

Koncanrinrosa XMapHo-He3aJ1exkHi 0i0.1i0- MyabTUXMapHi HLTI034 30epi- Inardopmu kepyBaHHS Aa-
KOMIIaHis TeKH (JIIIUHO-TOAUHM) raHHs AaHuX (JTIOAUHO-TOANHM) HUMHU (JTIOAUHO-TOAUHM)
Nordcloud 30-50 40 - 60 40 - 60
Crayon 40 -50 50 - 60 50 - 60
Tech-5 50-70 30-40 30-40
s akageMigHUX i KOPIIOPAaTUBHUX 3a7ad BKa3aHi Aneopumm memody AHP:

KpuTepii MaloTh pi3Hi npioputeTH. Tak, BapTICTh € Hald-
Ba)KJIMBILIIMM IIapaMeTpoM st 000X BUiB 3a1a4. [Ipore,
JUIsL aKaJeMIUYHUX YCTAaHOB HACTYITHHM 3a Ba)KJIMBICTIO
rapamMeTpoM € 3yCHIUIS BIIPOBA/DKEHHS 4yepe3 oOMexe-
HICTh JOCTYIY J0 HEOOXITHHX CIleiaiicTiB abo iX HaB-
yaHHs. J{7s1 KOpIOpaTUBHUX yCTaHOB Lieil (akTop He €
nmpoOieMaTHYHIM, TOMY Ma€ HaliMeHIry Bary. Hacryn-
HUM IIapaMeTpoM 00paHO Oe3IleKy, Tak K B aKaJeMid-
HOMY CEpPEIOBHILI TAKOX MOXKIMBO OOPOOISATH JOCHTH
BaroMi Jafi, MpoTe BUMOTHU O OE3MEKH € MEHII KOPCT-
KHMHU, HIX y KOproparisx. B Toif e 4ac ocTaHHI MarOTh
BHCOKI BUMOTH JI0 CTaHIapTiB OE3MEKH 1 10 MPIOPUTETY
JlaHa XapaKTEepPHUCTHKA Oy/ie 3aiiMaTH HACTYITHE MICIIC ITi-
cist BapTocTi. [IpogyKTHBHICTD AJIs aKaJieMiuyHuX 3a/1a4
OIUHSIETHCS] HA OCTAHHBOMY MICTI, JUIsl KOpHoparii — 3ai-
Mae MicIie Mmicis Oe3meKH.

TakuM YMHOM OTPUMYEMO TaKy MPIOPUTETHICTH
KpUTEPiiB:

- Jlns akagemivyHUX pillleHb Bif HAHOIIbII Baro-
moro: C, IE, S, P.

- JInsg KopnopaTUBHUX PillleHb BiJ HAWOLIBII Ba-
romoro: C, S, P, IE.

Buxinni pesyabraTn:

Jlns BU3HAYEHHS ONTHMAIBHOTO MiAXOAY 00dHnC-
JIUTH 3arajbHy OLIHKY UIS aKaJeMidHUX 1 KOpIOpaTHB-
HUX DPillIeHb:

E; = Xiw; * x5, 4)
ne w; — Bara Kkputepito CR;, X;; — OLiHKa abTePHATUBH
Aj 3a xpurepiem CR;

Bubupaemo miaxi 3 MAaKCUMaIBHOIO OIIHKOIO IS
KOXKHOI KaTeropii 3aaad.
Optkorp= max Ej, Optakas= max E; . (5)

OnTtuManbHUN TiAXiA TPOMOHYEThCA 0OMpaTH 3a
JIOTIOMOTOI0 METOJIiB  0araTOKpUTEPIaIbHOTO aHAII3Y
AHP i TOPSIS.

Jnst 060X METOAIB NEpIINM KPOKOM € CTBOPEHHS
tabnuui (tabin. 1) 3 anprepHaTHB (psiaku TadbauLi) i Kpu-
TepiiB (CTOBOLI TaOHIII).

1. Jlns KO)KHOTO KPUTEPII0 CTBOPIOETHCS MaTPULIS
NONAapHUX MOPIBHSIHD alIbTEPHATHB, JI€ KOKHHUN €JIEMEHT
HaOyBae 3HaueHHs BiJ 1 10 9, MpU4OMy OJTHAKOBI anbTe-
pHATHBH MPUAMAaIOTh 3HaueHHs 1. [HmMu nudpamu no-
Ka3aHo IMepeBary OJHi€l albTepPHATUBY HAJ 1HIOW. YuM
OinblIe YuCiIo, TUM Oiblia nepeBara. Tak sk KpUTepiiB
YOTHUPH, Ma€e OyTH YOTHPH MATPHUIIL.

2. Jlami CTBOPIOETHCS MATPHUILI MOMAPHOTO MOPiB-
HSIHHSL KPUTEPiiB, /16 aHAJIOTIYHO OLHIOETHCS MepeBara
OITHOTO KpHTepis Haj iHmMWM. [ KOPHIOPaTUBHOTO i
aKaJEeMIYHOTO ITiIXO/iB I[i MATPHIli OYAyTh PI3HIMH.

3. Hopwmanizauis MaTpuiip.

4. OOGuuclieHHS BEKTOPY MNPIOPHUTETIB, SKUH MO-
Ka)Xe pamKyBaHHSA albTEpHATHB (HAHOIIBIIOMY 3Ha-
YCHHIO BIJITIOBIZa€ Kpalla ajbTCPHATURA).

5. TlepeBipka yyTJIMBOCTI OTPUMAHHX NapaMeTpiB.
SIKIIO 3HA4YeHHS He 3aJ0BOJIBHSIOTH IIEBHOMY IOPOTO-
BOMY 3HA4€HHIO, HEOOXiJHO TPOBECTH KOPETyBaHHS Ma-
TPUIb NONAPHOTO HOPIBHAHHS.

Aneopumm memoody TOPSIS:

1. Hopwmasizaiisi mo4aTKOBOI MaTpPHIIi.

2. PosnopineHHs 3HaU€Hb Bard MPiOPUTETIB Y Bill-
TIOBITHOCTI 10 BaXJIMBOCTI KPUTEPIiiB.

3. OOuucneHHs HOPMali30BaHOI 3Ba)KEHOI Mart-
puti. Y HamoMy BHUNAAKY ix Oyme ABi: IUIsl KOPIOparii i
aKkazeMmii.

4. BuOip HaliKpamux i HAWTIPIIUX pillIeHb 3 OTPH-
MaHUX TaOJIULb.

5. OOumcneHHs BiACTaHi 10 HAMKpaIIoro i Halri-
PILIOTO 3HAYEHHS AJIsl KOXKHOT allbTepPHATHBH.

6. BusHaueHHs OJM3bKOCTI KOYKHOT albTepHATUBH
110 imeanpHOro 3HaueHHA. HaliOlipie 3HaueHH 1ac Hali-
BHIIMH TIPIOPHUTET.

Buxopucrannsa merony TOPSIS
JUISL AHAJII3Y MYJIbTHXMAPHUX MiAX0AiB

Jlns koxkHOTO TIiXoMy OyJiM BH3HAYEHI TapaMeTpH,
HaBeJnieHi y Ta0u. 3. [lapaMeTp mpoayKTHBHOCTI BU3HAYCHO
SIK CepeHii Jac NoCTyIry 10 (haiiiniB pizHOTO pO3Mipy.
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Tabnuys 3 — 3arajbHa TadMIsi KpUTEpiiB

Minxi Cepenns npo- | Cepennsi BapTicTh| 3ycu/isi BIpoBazkeHHs1, | besneka (Barosi
XL OYKTUBHICTD, € 3a TB, USD JIFOIUHO-TOAUHH KoedinieHTH)
XMapHO-He3aaexkHi 010110TeKH 0,27 117,3 48 3
MynbTHXMapHi HUTI03U 30epiranHst JaHuX 0,34 121,7 47 3
IInardopmu KepyBaHHS JaHUMH 7,24 126,1 87 8
VY Ttabn. 3 mpeAcTaBIeHO CepeIHBO3BAKEHE 3HAa- HactynHmii Kpok — HOpMalizamisi MaTpHIl
YeHHS Yacy TiepefiaBaHus s (aitmy posmipom 1 MB.  (tabum. 4), HaBexeHoi y Tabm. 3:
Bapricte po3paxoBaHO Ha OCHOBI MOZETI I[IHOYTBO- aij ©)

pennst AWS [25], e Gyiro BpaxoBaHO BUTpaTH Ha 30epi-
TaHHs, Ha CK3EMIUISIPH Ta Ha 3aIUTH. Y TaOJIUII IpeacTa-
BJIEHO cepeaHbo3BaxkeHe 3HadueHHs 3a 1 Th. 3ycumns
BIIPOBAJPKCHHS BU3HAUEHO HA OCHOBI JIyMKH €KCIIEPTIB 3
obnacti po3po0Oku. [laHuit mapamMeTp BU3HAUCHO SIK KiJIb-
KICTh TOJMH, HEOOXITHHX PO3POOHUKAM [UIS PO3TOp-
TaHHs JaHOTo migxoay. be3nekoBuii mapaMeTp BU3HAYEC-
HUI SIK CyMa Bar, sKi OyJlo MPU3HAYEHO KOXHIH TEeXHO-
JIoTi1 Ha OCHOBI ITApaMeTPiB YIPaBIiHHSA iIeHTUDIKAIIIEI0
Ta IOCTYIOM, I (PyBaHHs, JIOTYBaHHS Ta MOHITOPHHTY.

Cyts metoxy TOPSIS nomnsrae y Bubopi Tiei anmbre-
PHATHBH, sKa € HAHWOMKYOIO 10 ineabHol. [lepiM Kpo-
KOM JUIsl IHOTO € TI00YI0Ba MATPHLIl HA OCHOBI pe3yJIbTa-
TiB ONMMCAHUX BHILE EKCIIePUMEHTIB. MaeMo Tpu anbTep-
natuBu (Apache Libcloud, S3Proxy, Apache NiFi) i 4o-
Ttupu kputepii (Cepennst npoaykTuBHicTh, CepenHs Bap-
ticte 32 Th, 3ycumns BrnpoBamkeHHs i besneka), To0To
MOYaTKOBA MaTPHIL MaTUME BUTJISL Ta0. 3.

Tabruys 4 — HopmasnizoBani mapamerpu

Ti ;= —
)
m 2
JZk=1 %k

€ Q;; — 3HAYECHHS €JIEMEHTIB ITOYaTKOBOI MaTPHILi, T; i =
HOpMaJlli30BaHe 3HAYCHHSI.

[Ipu3zHayaemo Barm KpuTepiiB y BiANOBITHOCTI /10
BU3HAYCHUX paHillle NPIOPUTETIB: HAWBUILOMY INPiOpH-
TeTy Oyze BianoBinaTy Buia Bara. Hanpukian, nuis aka-
Jemii BapTicTh € HalOUThIn BaxxmuBow, Tomy W:-=0,4.
HaiiMeHI Ba)JIMBOIO € MPOAYKTUBHICTB, TOMY Wp=0,1.
[Ipu mpoMy cyma Bar Mae gopiBHIOBaTH 1. Posmominumo
Baru TAaKUM YHHOM.

s akageMidHHX
W;£=0,3; Ws=0,2 (tabm. 5).

Hdus xopmoparuBHuX pimenb: Wp=0,2; W-=0,4;
W;£=0,1; Ws=0,3 (tabm. 6).

OO04HnCITI0EMO 3HAYECHHS] HOPMaITi30BaHOI 3BaXKEHOT
MaTputi 3a GopmyIoro:

vy = Wi x 1y, (7

Wp=0,1; W,=0,4;

pillieHb:

Minxi Cepennst npo- | Cepenns Bapricts 3ycuiuisi BnpoBaxenns, | be3nexa (Barosi
XL JOYKTHUBHICTD, € 3a TB, USD JIIOTUHO-TOAUHHI KoedinieHTn)
XMapHo-He3anexHi 010sioTekn 0,037 0,556 0,437 0,331
MynpTHXMapHi LT3 30epiraHHs JaHUX 0,047 0,577 0,428 0,331
[Inardopmu KepyBaHHS JAHUMH 0,998 0,598 0,791 0,883

Tabruys 5 — HopmasizoBaHa 3BakeHa MAaTPHUS I/ aKaAeMiqYHOT0 MiAX01y

Cepenns npo-

Cepennst BapTicTs| 3ycuiiisi BHPOBa/I»KeHHSs,

Be3neka (Barosi

Minxin JOYKTHUBHICTD, € 3a TB, USD JIIOTUHO-TOAUHHI KoedinieHTn)
XMapHO-He3aIexHi 610110TeKH 0,004 0,222 0,131 0,066
MynipTHXMapHi IUTI03HU 30epiraHHs JaHuX 0,005 0,231 0,128 0,066
IInardopmu KepyBaHHS JaHUMH 0,100 0,239 0,237 0,177

Tabnuys 6 — HopmaJtizoBana 3BakeHa MaTPHIIS /ISl KOPIIOPATHBHOI'O MiAX0XY

Cepenns npo-

Cepennst BapTicTb| 3ycHi11s1 BIPOBAIKEHHS,

Be3neka (Barosi

Minxin OYKTUBHICTD, € 3a TB, USD JHOAUHO-TOAUHHU KoedinieHTH)
XMapHO-He3alIexKHi 610110TeKH 0,007 0,222 0,044 0,099
MybTHXMAapHi [IUTF03W 30epiraHHs JaHuX 0,009 0,231 0,043 0,099
IInardopmu KepyBaHHs JaHUMH 0,200 0,239 0,079 0,265

Jaxi Bu3Ha4aemo 3a popMyJioro 8 Halkpalie i Haii-
ripue pimenHs (tadm. 7).

Tabauys 7 — 3HaYeHHS KPaILOro i ripimoro BapiaHTiB

Miaxia P C IE s
Vo 0,004 0,224 0,128 0,177

- 0,100 0,237 0,237 0,066
Vit 0,007 0,224 0,043 0,265
Viorp 0,200 0,237 0,079 0,099

st mapameTpy IIBUAKOIIT, BAPTOCTI 1 3yCHIIb BIIPO-
BaJDKEHHS1 00MpaeMo HalMeHIIIe 3HaYeHHS, 711 Oe3MeKH —

HalOUIbIIE.

Bubip 3nauens pobumo 3 Tadm. 51 6.

+ — [t gt
V™ = (v, v3, ...,

v,V = Wi,v7, .., v7). (8)

Bigcrans 1o Halkpamoro i HaUTIPIIOTO PilIEHHS
BHU3HAYAETHCS 32 (POPMYITAMH:

= Z?:l(vij - Vj+

)% )
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Ei = (10)

/Z?:l(vij —vi)? .

BuznauaeMo BiTHOCHY OJM3BKICTh KOXKHOI ajbTep-
HATHBH JI0 1ICATLHOTO PilllCHHS:
E:
R} =4+ 11
= (11)
Yum Oinblie 3Ha4eHHS R}, THM Kpalle ajbTepHa-
tuBa. OTpUMy€EMO 3HaUYEHHsI, HaBe/leHi y Ta0. 8.

Tabnuysa 8 — PesynbTaTn

iaxin R} qq | Paur| Rgorp |Panr
XmapHo-He3anexHi 6iomiorekn | 0,566 | 2 [0,542| 1
MyJ'I.I)TI/IXMale IITIO3H 0567| 1 |0539| 2
30epiraHHs TaHUX
IInardopmu xepyBanus manmmu | 0,431 | 3 |0,458| 3

3 tabin. 8 BUAHO, IO AJIS aKaJIEeMiYHUX PillleHb MY-
JMBTHXMApHI OUTIO3HW 30epiraHHs JaHWX MAlOTh HaiiOi-
JbLIE 3HAYCHHS, TOMY 1M HAJIa€ThCsl MEPIIHi NPiopHTeT,
Ha JPYrOMYy MiCIli — XMapHO-He3allekHi Oi0mioTekn i
OCTaHHE MiClle 3aJMIIAECThCA 32 IUIaTGopMaMH Kepy-
BaHHS JaHUMH. J[I1 KOPIOPAaTHBHHUX pilleHb 0a4numo,
110 HAMKpaIIUi pe3yIbTaT MatOTh XMapHO-HE3aJICXKHi Oi-
OJi0TeKH, Jaji MyJIbTUXMAapPHI IUTI031 30epiraHHs JaHuX

Tabnuys 9 — MaTpuus HOPiBHSIHB /151 IPOAYKTUBHOCTI

1 HalripmMii pe3ysbTaT 3HOBY MOKa3alu MIaTGOopMHU Ke-
PYBaHHS JTaHUMH.

Pe3ynbTaTn exciepuMeHnTy

AHani3 oTpuMaHuX pe3yabTatiB. OTpumani pe-
3ynbraTa MetogoMm TOPSIS moka3yroTs, mo 11 akane-
MIYHHX DillleHb HaWKPAIINM IiIX0I0M € MYJIbTHXMAapHi
nuTio3u 30epiranHs JaHuX. s KOpIOpaTHBHUX PillICHb
e XMapHO-He3anexHi 6i6miorexu. Brim, odunBa 1i mis-
X0 MalOTh 30BCIM HEBEIMKHUN po3puB. Hailripmmii mo-
Ka3HUK MaloTh I1aTGopMu KepyBaHHS JaHUMH.

VY nocmimxenHi [17] Bxe Oyno po3IJIsIHYTO CTBO-
peHHsi OaratokpurtepianbHoi Moneni metomom AHP —
AQHATITUYHUH Tpoliec iepapxii, TOMy HW)XYe HaBeJCHO
JlaHi, HeOOX1/THI IJIst TOOYIOBH MOJIEII TSI aKaAEMITHUX
1 KOPIIOPaTHUBHUX PillIeHb. Y IbOMY METOi ISl KOYKHOTO
KpHUTEpil0 HEOOXiTHO CTBOPHUTH IMOPIBHSIIbHI MATPHIIL.
Jis IpOTO BHUKOPHUCTOBYETHCS MmKana Bif 1 mo 9. Uum
Kpalia aJbTepHaTHBA, THM OUIBIIy Bary BOHa OTPHMYE.
PiBHi anbTepHaTiBU oTpuMyt0Th 1 [26]. Hampukan, ma-
TPUISL TOPIBHSIHD MPOAYKTHBHOCTI U1 HaBEICHUX Ja-
HHUX Ma€ BUIJISI, HaBeACHUI y Tabmn. 9. [lns xoprnoparu-
BHUX 1 aKaJIeMIYHUX PIlllCHh BU3HAYUMO MATPHIIi aJIbTe-
pHatuB (Tabm. 10, 11). ITicnsa nporo po3paxoByeMo BeK-
TOp MPIOPUTETIB AJIsI BUSHAYCHHS PAHTY ITiIXO/IIB.

A XmapHo-He3aJexkHi | MyabTuxmapsi maiosu | Ilnatdopmu kepyBaHHs
Tinxin e . .
0i0JtioTexkn 30epiraHHs JaHUX JaHUMHU
XMapHo-He3anekKHi 6i0T10TeKH 0,007 0,222 0,044
MyapTHXMapHI MUTIO3W 30€piraHHs TaHUX 0,009 0,231 0,043
[Tnardopmu KepyBaHHS JAaHUMH 0,200 0,239 0,079
Tabauys 10 — MaTpuus ajJbTepHATHB 1J15 aKaJAeMiYHUX pilleHb
Kpurepiii [poaykTuBHiCTH BapricTh 3ycuiuisi BIPOBaIKeHHS Be3neka
ITposyKTHBHICTh 1 1/4 1/3 172
Bapricth 4 1 2 3
3ycuiuisl BIPOBaIKEHHS 3 1/2 1 2
besneka 2 1/3 1/2 1
Tabauys 11 — MaTpuus aJlbTepHATHB 1J1s KOPNOPATHUBHUX pillieHb
Kpurepiii [poaykTuBHiCTH BapricTh 3ycuiuisi BIPOBaIKEeHHS Be3neka
TIpoayKTHBHICTH 1 1/3 2 1/2
Bapricth 3 1 4 2
3ycHLIs BIPOBAKCHHS 1/2 1/4 1 1/3
Besneka 2 1/2 3 1
Tabnuys 12 — BekTOpH NPiopUTETIB ISl aKaeMiYHUX | KOPNIOPATUBHUX pillleHb
Minxix AxkajeMiyHe pilleHHs Panr KopnopaTtuBHe pimeHHs Panr
XMapHO-He3aIexHi 010Ti0TeKH 0,3132 3 0,3058 3
MynpTHXMapHi IUTI03H 30epiraHHs JaHuX 0,3715 1 0,3072 2
[TnardopMu KepyBaHHS JaHHUMHU 0,3153 2 0,3869 1

Ha ocHoBi mposenenoro anamizy meromgom AHP
KpallliM BBaXKAE€THCS BapiaHT i3 HaWBUIIMM OanoMm. 3ri-
JTHO 3 OI[IHKaMH, BEKTOP MPIOPUTETY IS aKaJeMI4HUX
3aBaanb cranoButh [0,3132 0,3715 0,3153]. Takum uu-
HOM, 0araToxMapHi IUTIO3W CXOBHII] CTAIOTh ONTUMAITb-
HUM BHOOpPOM TS aKaJeMidHHX YCTaHOB. BexTop mpio-
PUTETY ISl KOPIIOPATUBHUX 3aBlaHb CTaHOBUTH [0,3058

0,3072 0,3869], mo Bkasye Ha Te, mo DMP e kpammm

BapiaHTOM JUIA TaKUX CEpEeOBMUILI.

IlopiBHAHHS pe3y/bTATIB
MCDA/AHP i MCDA/TOPSIS

3BeeMO pamKyBaHHS 3a oOoOMa METOAaMH Y

Tabi. 13, 14.
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Tabnuya 13 — IlopiBHAHHS Pe3yIbTATIB PAHKYBAHHS
niAXoaiB A1 akageMiYHUX pilleHb 3a

merogamu TOPSIS ta AHP
izxxin Panr | Panr
TOPSIS| AHP
XmapHo-He3anexHi 6i6mioTexkn 2 3
MynbTHXMapHi MUTI03U 30epiraHHs JaHuX 1 1
IInardopmu kepyBaHHS TaHUMH 3 2

Tabruys 14 — IopiBHSAHHSA pe3yJbTATiB PaAH:KYBAHHS
NiAX0AiB /18 KOPIOPATHBHUX pillleHb 32

metogamu TOPSIS ta AHP
Mixxin Panr | Panr
TOPSIS| AHP
XMmapHo-He3anexHi 610ioTexn 1 3
MynbTUXMapHi HUTI03U 30epiranHst JaHuX 2 2
IInardopmu kepyBaHHS TaHUMHU 3 1

3 tabn. 13 BuUAOHO, 10 00MABA METOAHM IIOKA3ajld
MYJIBTUXMAapHI IIUTI03W 30epiraHHs JaHUX K HalKpalui
pe3yJsbTar Ul aKaJeMiYHUX PillleHb, 00 PAHKyBaHHS
IHIIUX MiIXOJIB — PE3YJIbTaTH PO3IHILINCS.

JJis KOpIIOpaTUBHHX PillleHb MiAXix XMapHO-He3a-
nexxHux 0iomiorek meromom TOPSIS moka3aB Haiikpa-
i pe3ysbTaT, B TOH Jac sk 32 AHP BapTo Hamatw e-
peBary miatpopMaM KepyBaHHS JaHMMH. J[pyre micue
3a 000Ma METOJaMH IIOCIAAI0Th MYJIbTUXMAapHI LIUTIO3H
30epiraHHs JaHUX.

3rigno 3 [19] AHP mae mocuts Beaukuii yac po3pa-
XYHKIB 1 CHJIBHUI Cy0’€KTHBHHUI BIUIMB, Y TOHM dYac K
TOPSIS mpocrimuit 'y peamizamii 1 Mae MCHIIHIA
cy0’€KTHBHUIA BILIMB Ha pe3ynbTaTu. [IpakTuyHi noci-
JOKEHHSI ATBEPIKYIOTh 1€, CTBOPIOIOYH BiMOBIIHI MO-
JIeTTi I71s1 KOPIIOPAaTUBHUX 1 aKaJeMiYHHUX PIllICHb.

Maroun HabOip amprepHatuB A={CAL, SG, DMP} i
kpurepiiB CR={C, P, S, IE}, dopmanizyemo nany npen-
METHY 00JIaCTb, 3alIPONOHYBABIIHM OHTOJIOTTYHY MOJEIb
Uit GopMyBaHHS HalKpalIux CTpaTeriii BHOOPY MYIIb-
TUXMapHUX MiIXOIiB.

IMoOynoBa oHTOIOTiYHOI MOaeJIi

JocniguBmm pi3HI METOOM MYJIBTHXMapHOI
B3a€EMOIiT, TOOYIyEMO OHTOJIOTIYHY MOenb [27,
28], sixa 103BOJIMTH HAOYHO MMOKA3aTH OCHOBHI T10-
HATTA 1 3B’SI3KM BKa3aHOI mpeaMeTHoi obnacTi, Ta
CHpOCTUTH Tipoliec (OpMyBaHHS ClieHaApit0 BUOOPY
HAMKpAIIoro CTeKy TEXHOJOTiH JUIs TOOYI0BH My-
JBTUXMApPHOTO CEPEeNOBHIIA ITiJI YMOBH KOHKPET-
HOTO TiANPUEMCTBA.

OwnTosI0rist Ma€e pi3HOMaHITHI (POPMH MpejIcTa-
BJICHHS, TIPHM LIbOMY CKJIQIA€THCS 3 1€PapXidHOTO
onrcy konnenTis [29]. [IpeacraBineHHs oHTONOTIT Y
BUIJISII OPIEHTOBAHOrO Ipada J03BOJISIE OJHOYA-
CHO BIZOOpakaTW BEJUKY KUIbKICTh 00 €KTIB 1
3B’s13KiB Mixk HUMH [30].

Bysnu rpada npencTaBisroTh KIIFOUOBI KOHIIETI-
mii abo CyTHOCTI, 30KpeMa OaraToxMapHi IIiIXOJH,
KpUTepii, 3HaYeHHsI BEKTOPiB MpioputeTiB. CTpiIku
BKa3yIOTb Ha 3B’SI3KH 200 B3a€MOIII0 Mi>K OHATTAMH.

KosxeH By301 mepeTikae Bif OIIHIET CYTHOCTI
1o irmoi. [TapameTpu yTBOPIOIOTH i€papXiro OIiHIO-
BaHHSI, ]I ITiJIXOIM 3HAXOASATHCS Ha OJTHOMY PiBHI, a
KpUTepii 1 ouiKyBaHa OL[iHKA HA 1HIIHX.

Buxonsum 3 oTpuMaHuX Mojeeii 6araTokpu-
TepiaTbHOTO aHAaIi3y JJIsl KOPIOPATHBHUX 1 aKaje-
MIYHUX pillIeHb Y 3B’s3KaX OHTOJOTIi IPOCTABICHO
Baru MpiopuTETIB KPUTEPIiB.

[IpencTaBUMO OHTOIIOTIIO Y BUTJIISIIL:

0=<C, AV, I, R>, (9)

ne C —HaOip ycix KIIFOUYOBHX CYyTHOCTEH ab0 KOHIIe-
NI (KOHIENTyallbHI KJIacHu), 3ay4eHUX J0 TPO-
[ecy TpUHHATTS pilleHs MoJ0 BUOOpPY Oararo-
XMapHOTO MiAX0Y; Y PO3IIALyBaHOMY BUTIAJIKY LIE
MYJIbTUXMapHI [UTI03W 30epiraHHs JaHuX, miaTdo-
PMU KepyBaHHsI JaHAMH Ta XMapHO-He3aIexHi 0i0-
TOTEKH:

C={CAL, SG, DMP}, (10)

ne SG — MynbTHXMapHI IUTI03M 30epiraHHs TaHuX,
DMP — mnardpopmu kepyBanns nanumu, CAL —
XMapHO-He3aJIeXxHi 010J1I0TeKH; TpH BUKOPUCTAHHI
THIINX MiIXO0/1iB MyJIFTUXMapHOi B3aeMoii Habip C
MOK€e OYTH PO3IIUPEHO;

A — HabOip aTpuOyTiB i XapaKTEPHCTHK, IIO
OIMCYIOTh KJIACH TTOHSATB:

A={C,P,S, IE}, (11)

ne C — BapricTh, P — mpoayKTUBHICTB, S — Oe3reka,
IE — 3ycuyuist 11010 BIIPOBAIKEHHS;
V — pe3ynbTyrodi 3HA4YeHHS Yy BHIJIAJ PaHTy
NPIOPUTETIB:
V={V1, Vz,...,Vn}, (12)

ne V1 — HalBUIIMI TpiopuTeT, a Vi — HAMHMKINN;
| — MHOXXWHA €K3eMIUIIPIB KIAaciB, MpeAcTaB-
JISIOTH HAa01p BapiaHTIB MyJIBTH-XMapHOi B3a€MOJIii:

I={ S3Proxy, Apache NiFi, Apache Libcloud}; (13)

R — HaOip BiIHOIIEHD MiX KJIACaAMH, SIKi BKa3y-
IOTh Ha 3B’ SI3KHU 200 B3aEMOIII0 MK ITOHATTSIMH.

KoxeH mimxig OIiHIOEThCS HAa OCHOBI HOTO
e(EKTUBHOCTI 11010 KOKHOT'O KPHUTEPIIO, OB’ 3y~
FOUH iX 13 MOTEHI[IHHUMH Pe3yJIbTaTaMU.

V npencraBiieHil OHTOJIOTIT MOXKHA BUILIATH
TaKi 3B’SI3KU:

1. BigHomeHHS MiX KOHIEIIIMU Ta EK3EMII-
aspamu R(Ci, 1j), e xoxen exsemmsp |j mos’s3a-
Huli 3 kounenmicro Ci.

2. BimHoOmeHHS MIX €K3eMIULIpaMH Ta aTpu-
oyramu R(li, Aj)—Vk, e 11t KOKHOTO eK3eMIUIIpa
li (manpuxiaa, S3Proxy) icHye BiiHOILIEHHS 3 aTpu-
Oyramu A; (Hanpuxiaza, BapTicte C, IpOIYKTHB-
HicTh P TOI0), 1110 MPU3BOAUTH 110 OMIHKH Vi (pe-
3YIABTYIOYOTO 3HAYCHHS).

3. BimHomeHHs MK aTpuOyTamu Ta pe3ylib-
taramu R(Aj, Vj) BimoOpaxaTh 3B 530K MiXK KpH-
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TEepIAMH Ta BIAMOBITHAMHU pe3ybTaTaMH PaHXKy-
BaHHS a00 TIPIOPUTETAMH.

Ha puc. 1 npencrapiieHa onucana OHTOJOTIS y
BUTJISAL opieHTOBaHOTO rpady. BepxHiii piBeHb BY-
311iB SIBJISIE€ COOO0IO0 KITACH MYJTBTUXMAPHUX IT1AXO/IIB.
Hacrymauit piBeHs BigoOpaxae KOHKpPETHI TEXHO-
sorii. Jlami ¥Wae piBeHb OIIHOYHHX KPUTEPIiB.
OcTanHill piBeHb BitoOpakae pe3yIbTaTH.

Puc. 1. O"ronoriuna Mmoaenb
BUOOPY MYJTBTHXMAPHOTO MiAX0IY

Taxkum 4nMHOM, JaHa MOJIENb y3aralbHIOE BiZJOMO-
CTi, HEOOXiHI AN BHOOPY MYJIBTUXMAPHOTO MiAXOIY.
Binpor toro, 1aHy MoJellb MOXKHA PO3IIMPUTH Ha KOX-
HOMY i€papXiYHOMY piBHI, I¢ MOKHA JJOJATH iHIII MYIIb-
TUXMAapHi CTpaTerii Ta KpUTepii.

Bi3Hec-mporiec OIiHKY aTbTePHATUBHUX PIilICHb Ha
OCHOBI OHTOJIOT'YHOT MOJIEJIi MOKHA PO3JIUIMTH Ha TaKi
eTaru:

1. Bu3sHaveHHsS METH i BUOIp KOHIICTIIIH I1i]] KOHK-
pETHHI cLieHapii.

2. BusHaveHHs KpuTepiiB ouiHKH. B onucaniii Mo-
JeNi - 1le TPOAYKTUBHICTh, Oe3leka, 3yCHIIIs BIIPOBa-
JUKEHHS 1 BapTiCTh.

3. PamxyBaHHS aJbTEpHATHB HAa OCHOBI OIIIHOK.

4. JInst KOXKHOI ajbTEpPHATHBU NPOBOJMTHCS OLi-
HKa 10 BKa3aHUM KPUTEPIsIM.

5. PamxyBaHHS aJbTEpHATUB Ha OCHOBI OILIHOK.

6. IIpuitHATTS pillIeHHS MO0 BIPOBAXKEHHS KOH-
KPETHOTO MiJXOY.

BuxopucTaHHS OHTOJOTI{ JO3BOJISIE OXOIHUTH BaXK-
JIMB1 aCTIeKTH NPUHHATTS PIilICHHS, CHPOIIEHO i HA0THO
Bi3yari3yBaTH HPOIEC OIIHKH, a TAKOXX BH3HAYUTHUCS 3
THYYKHM CIieHapieM (popMyBaHHS Habopy iHCTpyMeHTa-
pifo I peanizariii MyJIbTHXMapHOTO JOCTYIY B KOHKpe-
THill opranizamii.

BucHoBkH

Hana poboTa aHamizye METOOM MYJIBTHXMapHOL
B3a€MO/Iii 3 METOI0 MOOYJOBH THYUKOTO CIleHapiro ¢dop-
MyBaHHS Habopy iHCTpyMEHTapiro AJs peaizamii MyJib-
TUXMapHOTO IIOCTYIly B KOHKPETHIA opraHizamii, ais
YOro 3aCTOCOBAHO METOJM OaraTOKpUTEpialbHOI ONTH-
Mi3alii Ta OHTOJIOTIYHA MOJIEIb.

Buxonsun 3 pesynbTaTiB 0araToKpUTEpialbHOTO
aHanizy Ha ocHoBi MetoaiB AHP i TOPSIS, orpumano
Taki pe3yJabTaTH: MyJIbTUXMapHI [IUTI03W 30epiraHHs ja-
HHUX Ha¥KpaIe miaxXomiTh I/ aKaJeMIYHHUX PIlllCHb, B
TOMW Yac SIK JUIsi KOPIOPATUBHUX PillleHb OiNblle Mmiaxo-
JIITh XMapHO-He3aJIekKHI 010110TeKH 1 waThopmu kepy-
BaHHS JIaHUMHU.

BuznaueHo rpymy TEXHOJIOTIH ISl MyJIbTHXMapHOI
B3aemozii Ha ocHoBl MetoxaiB TOPSIS 1 AHP, mo no3so-
J151€ 3pOOUTH BUCHOBKH:

—metox AHP e 6inpm TpymomicTkuM (TIOTpiOEH Be-
JMKHUHA 9ac U1 o0y IOBH 1 pO3paxyHKIB) 1 Tyke IyTIIH-
BUM JI0 KOPUCTYBAlIbKUX HaJIalITyBaHb,

—wmerox TOPSIS nabarato mpocTimiuii B peaiza-
Uii, Mpy LLOMY pe3yJbTaTH HabaraTo MEHII YyTIHBI 0
KOPUCTYBAIbKUX PillICHb.

VY nonanbIux J0CTIHPKEHHSX [UIAHYETHCS 3pO0UTH
AHAJIOTIYHUH aHaJi3 I JMHAMIYHOTO PO3MOIiTy 00YH-
CJIIOBAJIBHOTO HABaHTa)KEHHS y MYJIbTHU-KJIAYZ CHCTe-
Max.

[MincymxoM poOOTH € y3araabHEHHS MYyJIbTHXMap-
HUX TIIXOMIB 1 3B’S3KiB 3 iX MapaMeTpaMu, IpeICTaB-
JICHE Y BUTIISA1 OHTOJIOTIYHOT MOJIETi, IO JJO3BOJISE TijI-
NPUEMCTBAM I JBUIIUTH €()EKTHBHICTh OTPUMAHUX TeX-
HIYHHUX pIlIeHb MIOJNO MYJIbTHXMapHOi B3aeMOJii, Jaae
MOJIMBICTh aBTOMATH30BAHUM IIUISIXOM IIPOBOJIMTH OL1i-
HKY aJbTEPHATHBHHUX PIilIEHh Ha OCHOBI CTATHCTUYHOI
iHpopMarii, ska BU3HAYa€ HaABHUH JOCBiI poOOTH B pi-
3HUX XMapHHUX CEPEe/IOBHIIAX.
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A multi-criteria and ontology-based approach to multi-cloud environment selection
Anton Caseres, Larysa. Globa

Abstract. Today, multi-cloud environments for data storage and processing have become a standard practice worldwide.
Each cloud provider offers own unique solutions, making it challenging for end users to select a service provider, as they aim to
maximize efficiency while minimizing costs. This paper explores multi-cloud paradigms, including multi-cloud storage gateways,
data management platforms, and cloud-agnostic libraries. The study uses multicriteria decision analysis (MCDA) with AHP and
TOPSIS methods to identify the optimal approach for corporate and academic applications, based on criteria such as cost, imple-
mentation effort, security, and performance. Additionally, an ontological model is proposed to create a flexible framework for
selecting multi-cloud approaches. This model leverages weighting factors derived from practical experiments using AHP and
TOPSIS, focusing on the specific requirements of multi-cloud environments in corporate and academic contexts. The model pro-
vides the most effective strategies for combining cloud services based on particular application scenarios.

Keywords: cloud computing, multi-cloud, data interoperability, MCDA, ontological model.
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TEXHO.JIOTI'ISA B3AEMO/II MI)K BY3JIAMU T'PAHUYHOI'O LIAPY
IHTEPHETY PEYEN

AHoTanisi. AKTyajbHicTb. Bee O1blny MOMy ISIpHICTD Y Pi3HUX raly3sX Ha CbOTOHI OTPUMAIOTh CHCTeMH IHTepHeTy peueit
(IoT). dnst 06poOxu iHPOpMAIIHHIX TOTOKIB, 10 HAIXOIATH 3 BENUKOI KUTBKOCTI KIHLIEBUX AATYHKIB 3aCTOCOBYETHCS XMapHa
TEXHOJIOTisl. AJle TIPU HAaIXO/DKEHHI 10 XMapy ONEpaTUBHUX TPAaH3aKIil HeJoTpuMaroThest Bumorn QO0S. BupirieHHio 1aHOT
npo0JieMHy CIPHUSIIO TOSIBJICHHS Ha TPAaHMYHOMY I1api [HTepHeTy pedeil oqHOIIaTHUX KOMIT 1oTepiB, MeTa cTaTTi — Bubip Te-
XHOJIOTii B3aeMOJIil MK By3JIaMH TpaHHYHOTO II1apy I[HTepHeTy pedeid, ska opicHTOBaHa Ha 0OMeKeHi 00UNCITIOBANIBHI pecy-
pcu By3miB, o HabmmkeHi 1o nataukis [oT. PesyabraTn pociimkennsi. [IpoBenennii aHami3 XapakKTepUCTHKA iCHYFOUHX
TEXHOJIOT1H B3a€MO/ii 00UYHCITIOBAIEHUX BY3JIiB HIDKHBOTO IIapy [HTepHeTy pedeil, BUAIIEH] epeBaru Ta HeJOMiKH KOXKHOT
TexHouorii. B pe3ynpTarti B sikocTi 6a30B0i 00paHO TEXHOJIOTIIO BIIAICHOTO BUKINKY ITpoueayp. [IpoBeneHo MoaemoBaHHs
Mpoliecy NMpU3HAYCHHS 3aBAaHb HAa HIHKHBOMY IIapi [HTepHeTY pedeil 3 BUKOPUCTaHHAM OOpaHOi TeXHOJOril. BUCHOBOK.
3anponoHOBaHMUH MiAXiA N0 opraHi3amii B3aeMoil 0OUNCIIOBAIBFHUX BY3JiB HIDKHBOTO IIapy [HTepHeTy pedeil 3 BUKOpHC-
TaHHSM TEXHOJIOTI1 BiITAIEHOT0 BUKJIMKY MPOLEAYp AO3BOJIHMB BUKOHATH BUMOTH QO0S 1o onepaTuBHUX Tpan3akuiii [oT.

Kawuosi ciaoBa: IHTepHeT peyeil, TyMaHHI 00YHCIICHHS, XMapHa CHCTEMa, TPAHUYHI OOYHMCIICHHS.

Beryn

Ha cporoHi cTpiMKOTO pO3BUTKY HaOyI1a KOHIICTIITIS
Iurepuety peueii (I0T) [1-3]. OcHOBHOIO 0OYHCITIOBAIE-
HoOo TaTopMoIo, Ha sKiit 6azyerses [oT, € xmapHa 1m1a-
TopMa, JOCTYII 10 sIKOT MPUCTPOI [HTepHeTY pedeil oTpH-
MyIOTb 4epe3 Mepexy IHTepHer [4]. Ane npu Hamxo-
JDKEHHI 10 XMapHOT I1aT(HOPMH ONIEPATUBHUX TPaH3aKLii
[oT BuHuMkae mnpoGnema HenoTpuManHs BumMor QOS,
OB’ s13aHa 3 BEJIMKUMH YaCOBUMH 3aTPUMKaMH IIpH Tiepe-
Javi JaHuX 10 XxmMapu [5].

BupiienHio 1aHoi npoOJieMy CIPHUSUIIO MOSIBICHHS
Ha TpaHWYHOMY Iunapi IHTepHeTy peueil oxHOIUIATHHX
KOMIT OTEPIB, 5Ki, X09 i MAIOTh 0OMEKEHI 00UHCITIOBATEHI
HOTYKHOCTI, ajJlé MOXKYTh BUKOHATH JIESIKi 3 ONIEPaTUBHHX
3aBIaHb, HE MMOCUIAIOYH X JO XMapHHUX [EHTPIiB 00pOOKH
nanux [6]. IIpu upoMy BUKOPHCTAHHS IPaHUYHHUX 00YHC-
JIeHb TIOTpeOye BIPOBAPKEHHS TEXHOJIOTII, sIka Oyie opi-
€HTOBaHa Ha JIOKAJIbHY PO3MOJIJICHY MEPEXy OIHOILIAT-
HUX KomIT foTepis [7-9].

Meta npocaimkeHHs — BUOIp TeXHOJIOTIT B3aeMOIiT
MDK By3JIaMHM I'DaHUYHOIO Iiapy IHTepHery peuel, sika
Opi€eHTOBaHa Ha OOMeXeHI 00UUCIIOBAJIbHI PECYpPCH BY-
3J1iB, 110 HaOmKkeHi 1o aaruukis [oT.

1. XapakTepucTUKH iCHYIOUHX TEXHOJIOT il
B32€MOJil 004YNCTIOBATBHUX BY3JIiB
HMKHBOTO mapy InTepHeTy pedeii

1.1 Cokern. Ilepenaya maHMX MK PO3MOMILTIONO-
YUM BY3J0M (cepBepoM) i OOUMCIIOBAJIBHUM BY3JIOM
(kimieHTOM) MOKE OYTH peai30BaHO Ha OCHOBI COKETIB,
MIpOTpaMHUX iHTEepQeiciB, Mo 3a0e3neuyroTh 0OMiH Ja-
HUMH MDXK JIBOMa 3aCTOCYHKaMH.

VY cepBepHill TporpaMi CTBOPIOETHCS METOI-3ary-
mika (Stub-method), koTpuii BUKOHYETBCS y BUMAIKy Ha-
JIXOJPKEHHS TTOBIJJOMJICHHS BiJl KIIIEHTA, a MTOTIM Iepeiae
ynpaBiiHHS (YHKIII, M0 peatizye OOYHCIIOBATBHUM
npumituB. PoGoTa anroputMy rpyHTY€ThCSl HA TOMY, 1110
KJIIEHT CTBOPIOE COKET Ta BIJIIKPMBAE HOTO Ha 3'€JHaHHA
3 CEpBEPOM, a MOTIM BiPaBIISiE B HHOTO TOBIIOMIICHHS
(message = “m”), sKe BIAMOBiIAE OOYHUCITIOBATHLHOMY

NPUMITUBY Ta EpeJaHuM HOMY MapameTpaM Ha cepBepi,
SIKW HEOOX1THO BUKOHATH.

CepBepHa yacTHHA NPOTPaMU CTBOPIOE CEPBEPHUI
COKET, SIKMI YeKae IiJKII0YEeHHs 110 IEBHOMY MOPTY 1, Y
pasi yCHilIHOTO MiJKIIOYEHHs 3 CTOPOHM KII€HTa, cep-
BEPHUI COKET MOBEPTAE 3BUUANHUHN COKET. 3 OTPUMAHUM
COKETOM 3B'SI3YETHCS BXiIHUH MOTIK. BukopucToByoun
Oydepr3oBaHe YNTAHHS CEPBEPHHUN 3aCTOCYHOK 3UUTYE
HaJicIaHe moBimoMieHHA. [1oTiM cepBep aHaI3yeE MOBi-
JOMJICHHS, CTaBUTh HOMY Y BiAIIOBIIHICTH OOUYHCITIOBA-
JBHUM NPUMITHUB 1 IIepeia€ mapaMeTpH.

Juts peanizamii 3BOPOTHOI B3a€MO/Ii1, KOJIH ITOBiIO0-
MJICHHSI HaJICHJIAIOThCSI BiJl 00UMCITIOBAILHOTO By3J1a J10
By3Jla PO3IOJICHHS 3aBllaHb, KJIIEHTChKA Ta CEpBEpHa
YaCTUHU MIHAIOTHCS MICLISIMH.

1.2 Bignanenunii BUKJIHMK npouexyp. Bimganenuii
BUKJIMK TIPOLENyp B Java peanizoBaHuil B BUIIISAL TeX-
Honorii RMI (Bimnanenuii Bukiauk meronay — Remote
Method Invocation). L{s TeXHOJIOTIs1 JO3BOJISAE 3TIHCHIO-
BaTH B3a€EMOJII0 MiX OO'€KTaMH, PO3TalIOBAaHUMH Ha
PI3HUX BIpTyaJIbHUX MaIIHHU.

s opranizanii B3aemonii uepe3 RMI y posmoine-
Hilt oOuncroBanbHil iHppacTpykTypi (POI) IoT HEOOXI-
JIHO CTBOPUTH iHTepeiic, B ikoMy OyayTh OMKCaHI Ipo-
TOTHIIH BCiX HEOOXiMHUX OOYHMCIIOBAIIEHUX MIPUMITHBIB,
10 MOXKYTh BHUKJIMKATHCS KIIEHTOM i sKi OymyTh peaiti-
30BaHi Ha cepBepi.

Hannii inTepdeiic ToBUHEH OyTH JOCTYITHUM 1 KITi-
€HTY 1 cepBepy, OCKUTLKHA Ha CTOPOHi cepBepa BiH Oyle
peanizoBanuii (implemented) y Burisiai kiacy Server, a
31 CTOPOHM KJIIEHTa BiH Oy/ie NPEACTaBICHUHN Y BUIIISAL
Proxy. Kmac Server peamizye BCio (hyHKIIOHaJIBHICTh
CepBEpHOT YaCTHHU OOYHCITIOBAIBHOI CHCTEMH, BCi PyH-
KIii, M0 BIiJMOBiMHI OOYMCIIOBAJIBHUM IPHMITHBAM.
[MpumipHuK kiacy Server 3abe3nedye BiagaJeHUH noc-
tyn. Ciryx6a HaiiMeHyBaHHsA Naming 3abe3nedye yHi-
BepcaibHE HaiiMeHyBaHHS npUcTpoiB loT i1 momryk Binx-
naneHux 00'exTiB Ha muHI RMI, 17151 9oro BUKOpHCTOBY-
€Tbcs peectpamis B peectpi (Registry), kyam mepena-
€ThCS IM's, 3aJlaHe PO3POOHUKOM, i OE3MOCepETHBO CaM
eK3eMIUISIp Kilacy Server.
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VY KIIIEHTCHKOMY 3aCTOCYHKY CTBOPIOETBHCS 00'€KT,
onucanuii iHTepgeiicoM cepBepy, 1 BignaieHHH 00'eKT
JUISL IOCTYILY, 110 3aIUTYEThCSI B Ci1y>k01 Naming 3a iforo
iMEHeM, 3aJJaHiM Ha eTalll peecTpallii Ha CepBepHOMY 3a-
CTOCYHKY.

1.3 Texnousorin CORBA (Common Object Re-
quest Broker Architecture). Jlana TeXHOJIOTIisI JO3BOJISE
3MIACHATH B3a€EMOZII0 MPOTPAMHOTO KOy, HAIHCAHOTO
pI3HUMH MOBaMH 3 JIOTIOMOTOI0 IDIaT()OpMOHE3aIekK-
noro mosu onmcu IDL (Interface Description Language,
MoBa ommcH iHTepdeiicy). VYHidikamis TexHOIOTIi
CORBA 3xiiicHIOETbCS Y BIIHOBIAHICTD 10 CTaHIAPTY
OMG (Object Management Group) Ta npu3Ha4deHa ais
peainizarii po3noiieHux mporpaM. 3a anajoriero 3 RMI
texHosoriss CORBA Takox Mae «ImHy», Ha SIKi# 37iic-
HIOETBCS PEECTPAIlis 1 MOIIYK BiJIaJICHUX 00'€KTIB.

a1 ocobnuBocti TexHosorii CORBA ananoriuni
RMI, ane mo3Bossie BUKOPUCTOBYBATH KiJIbKa MOB IIPO-
rpaMyBaHHs TPH peanizaiii po3NOAIICHOrO MPOrpaMu,
0 MiJBHUINY€E CKIAAHICTh ii BUKOPHCTaHHA 1 PO3rop-
TaHHSL.

2. [TepeBaru Ta He0JIKU
HaBeJIeHUX TeXHOJIOTil

KoskHa 3 onrcaHnx TEXHOJIOTIH Ma€e cBOi mepeBaru
Ta HEJOJIKH, sIKi HEOOXiTHO BpaXOBYBAaTH i/ 4ac po3po-
OKH pO3MOIiIeHOT 00YUCITIOBATBHOT iHppacTpyKTypH [H-
TEpPHETY peyeil.

Jlo mepeBar COKeTiB MOKHA BiTHECTH TaKe:

— MPOCTOTa BUKOPHUCTAHHS 1 peaizaiii;

— 33 paxyHOK BiICyTHOCTI NPUB'SI3KH 110 Tu1aTdopm
COKETH JI03BOJISIFOTH B3a€EMOJIISITH 3aCTOCYHKAM, HaIlica-
HUX Ha PI3HUX MOBAax MPOrpaMyBaHH,

— TEXHOJIOTisI COKETIB peaii3oBaHa Ha MPAKTUIHO
BCix miatdopmax (y TOMy YuCii B MiHIMajbH] BOYIO-
BaHy IUIaTGOPMY AJS pOo3pOOKH MOOITEHUX 3aCTOCYHKIB
Java ME).

Hemomiku TeXHOJOTIT COKETIB HACTYITHI:

— Y 3aCTOCYHKY MarOTh OyTH MiIIpOTpaMH, sKi 3a-
0e3meuyoTh 00pOOKY BXIAHHUX MMOBIIOMIICHB;,

— BIJICYTHICTh CHCTEMU HalilMEHYBaHHsI Ta peecTpa-
11ii 00'€KTIB, 110 YCKJIAIHIOE peai3allito poOOTH 3 IPHCT-
posimu IHTEpHETY peuei;

— JUIsl CEPBEPHOT MPOTrpaMu HEOOXiTHO HAIAIITOBY-
BaTH KiJIbKa MOPTIB (BXiAHUH Ta BUXITHUN) 1151 3a0e31re-
YEeHHsI JIBOCTOPOHHBOI B3a€MO/Ii1, @ TAKOXX TaKUil HabOp
MOPTIB HEOOXiTHWH JJsI KOKHOTO BIIJAJICHOTO NpH-
crpoto [oT.

o nepesar TexHozorii RMI moxHa BigHecTH Ha-
CTYIIHE:

— TIpocToTa peanizamii Ha miatdopmi Java;

— MporpaMHa IMIMHA JUIS PEeECTpariii 1 HOIIyKy Bifma-
JIeHnX 00'€KTiB (MOJKJIMBA PEECTpallis CAMHUX CEpBEPHHUX
Ta KJIIEHTCHKHUX 3aCTOCYHKIB K BiJTaIeHNX 00'€KTiB);

— He MOTpiOHE BUKOPHUCTAHHSA OKPEMHX 3aCTOCYH-
KOBHX MOB JUIsl OTTUCY BiJITAICHUX 00'€KTIB.

o nerartuBHUX cTOpiH TexHoyorii RMI mMo>xHa Bi-
JTHECTH HACTYIIHE:

— TEXHOJIOTISl € YaCTHHOIO IuIaThopMu Java, Tomy
B3a€EMOJIiSl 3 3aCTOCYHKaMH, HallMCAaHUMH Ha 1HIIMX MO-
BaMH 1 peali30BaHMX Ha IHIIMX IIaThopMax, YCKIIa HIO-
€ThCH,

— HE BXOJUTH 10 3aMOBYYBaHHIO B IIaT(opmy po-
3poOku BOynoBaHuX 3actocyHKiB Java ME (morpiGHO
TIoTiepeTHE BCTAHOBJICHHSI BIATIOBITHUX 010/mi0TEK).

o crocyetbes po3podku PICIB  TexHomoris
CORBA mae Taki nepeBaru:

— MOXITUBICTh PO3POOKH 3aCTOCYHKIB 3 BHKOPFC-
TaHHSM PI3HIX MOB IPOTPaMyBaHHS 1 IPOTpaMHUX IIIa-
ThopM;

— TEXHOJIOTiI € BIOKPHUTOIO 1 CTaHAApPTH30BaHA
OMG;

— HasABHICTh MPOTPAMHOI IIMHM [UIS PEECTparii Ta
MOMIYKY BiIJAJICHIX KOMITOHCHTIB.

Ho uenomnikiB Texuomorii CORBA MoxHa BiTHECTH
TaKe:

— CKJIAJIHICTh peaji3allii i po3ropTaHHs PO3MOIiie-
HUX 3aCTOCYHKIB;

— 7151 KOXKHOI TUIaThOPMH MOBHHEH OYTH pO3po0-
JICHUH OKpEeMUH 3aCTOCYHOK ISl peatizallii mporpaMHol
IIMHY;

— HEOOXITHICTh ONMHCY BiANATEHUX KOMITOHCHTIB
okpemoro MoBor IDL, sika He € YaCTHHOIO AKOICh 1HIIOT
MOBH IIPOTpaMyBaHHS.

3. Bulip Texnouiorii B3aemonii
00YHCTIOBAIILHUX BY3JIiB
HHKHBOTO apy IHTepHeTy peyeii

OckinbKy Ui peanizauii po3noAiIeHoi 004ncIo-
BaJIbHOT 1H(QpacTpykTypu IHTepHETY peuedl HaillOinbI
MIPUIHATHAM BapiaHTOM € BUKOPUCTaHHSA IuaT(opmu
Java Ta BiAMOBiIHOT MOBH MPOTrpaMyBaHHs, TO B JAHOMY
BUIAJKy MOXXJIMBO BUKOPHCTaHHS BCIX TEXHOJIOTIH, sIKi
3a0e3Meuyr0Th B3aEMOJIIO 3aCTOCYHKIB, OCKUTBKH BOHH €
B CTaHJapTHHX Oi0mioTeka Java.

BukopucranHs iHIIKX, OUTBII CKJIAJHUX TEXHOJIO-
riif, Takux sik Spring abo Enterprise Java Beans (EJB),
B3a€MOJIIi KOMIIOHEHTIB 004MCIIOBANBHOI iH(pacTpyk-
Typu IHTepHeTy pedeil HE Ma€ CEHCy TOMy, IO BOHH
CTBOPEHI JyIsi PO3pOOKH KOPIOPAaTHUBHUX J3aCTOCYHKIB i
B JKOJHOMY BUIJIAJI HE MOXYTh OyTH BUKOPHCTaHI MpU
poboti Ha ManonoTyxHuX npuctposx [oT (Hampukian,
cami 0i0IIOTEKH MPOrpaMHIX KOMIIOHEHTIB BUMAraroTh
COTHI Mera0alT MOCTIHHOT MaM'sTi).

[Minxin, 3acCHOBaHMI Ha BUKOPUCTAHHS COKETIB, BU-
Marae y JIesIKMX BHIAJKaX po3poOKH JOAATKOBOTO IIPO-
IPaMHOTO KOIy:

— 11t 0OpOOKH BXiTHHUX TIOBiIOMJICHb,

— ans 3a0e3ledeHHs anapecaiii i HalMeHyBaHHS
BiggaaeHnx 00'€KTiIB.

TakuMm yMHOM, BUHHKA€E CUTYaIlisl, 110 BCE, LIO € 3a
3aMoBuyBaHHAM y TexHoJorisix RMI a6o CORBA, pos-
pPOOHUKY TOBEAETHCS Peali3oByBaTH CAMOCTIIHO, 1I€ BH-
3HAYa€ BiJIMOBY BiJl BUKOPHCTAHHS COKETIB IIPH pealtiza-
1ii po3noaiseHoi o6uncIIoBaIbHOI iHppacTpykTypH [H-
TEPHETY pedeH.

V texnonorii CORBA € 6e311i4 MOXKIHMBOCTEH, 110
3abe3nedye ii yHiBepcalbHICT, ajle IPH I[bOMY TaKOX
30UTBIIYETHCS 1 CKIAHICTh PO3POOKH MPOTPAMHOTO 3a-
Oe3nedeHHs s PO3MOoAUIeHOT 00UUCTIIOBAIBHOT 1H(pa-
CTpYKTypu IHTEpHETY peuei.

Mynerutaropmaicte CORBA moxe 0ytu cyT-
TEBUM TIEPEBAror0 JIs peasizaiii Ha TeTeporeHHUuX 00-
YUCITIOBAILHAX BY3JaX, ajJie OCKIIbKU TependadaeThes
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HasIBHICTb BIpTyaJIbHOT MaIinHu Java Ha BCIX IIPUCTPOSIX,
TO BKa3aHa IiepeBara BTpayae CBii CeHC.

RMI mae yci nepeBaru CORBA, ane € yactiHOO
wiatdopmu Java, ne nependavaeThes peasizalis po3no-
JineHoi oOuucroBanbHOI iH(pacTpykTypu IHTEpHETY
pedeit. B nanomy Bumanky, Texsoxoris RMI mae mpoc-
TilTy peai3aliro, HiXK KOHKYPYIOdi TEXHOJOTI, a TaKOX
BOHA PO3BUBAETHCS Pa3oM 3 MIaTGOPMOIO Java, cTaodn
Bce OLIbIIe MPOCTOIO0 I PO3POOHMKIB. TakuMm YMHOM,
YHIBepcaJIbHICTh MOBH Java J03BOJII€ PO3pOOIATH TIPO-
TpaM¥ JJIsl MHAPOKOTO KIIacy MPUCTPOiB, a HASBHICTH Bi-
pryanbHoi MammuHu JVM mist omnepauiidiHOi cucteMu
GNU/Linux 103BoJIsiE peai30oByBaTH MPOrPaMHHUN KOJI
JUI €JIEMEHTIB PO3MOIIICHOT OOYMCIIOBAIBHOI H(pa-
cTpyKTypH [HTEpHETYy peueil, B OCHOBI sIkoro Oyne Jie-
xatu TexHouorist RMI.

VY pe3yabTarti, peanizaliio po3noIiIeHuX 3aCTOCYH-
KiB JuIs 3a0e3mnedeHHs (YHKIIOHYBaHHS YacTHH PO3IO-
nimeHoi oOumcmoBaidbHOI iH(pacTpykTypu IHTEpHETY
pedeil TpoaoHYEThCS 3MiHCHIOBAaTH HA HATHBHIN TEXHO-
norii margopmu Java - RMI.

4. MopenoBaHHs Npouecy NpU3HAYeHHS
3aBJaHb HA HIZKHBOMY 1Iapi InTepHeTy peyeii

Ha cporoxHimHi# 1eHb iCHY€ ITHI PsI alTOpHT-
MiB PO3MOIUTY 3aBAaHb 110 BY3JIaM PO3IOAUICHOI 004YH-
cmoBanbHOI cuctemu [10-17]. IcroTHa yacTuHa anropu-
TMIB NPUITyCKaE, IO CTPYKTypa OOUUCIIOBAIBHOI CHC-
TEeMU He Oy7e 3MIHIOBATHUCS TIiJl 9YaC POOOTH, TOMY MOX-
JIMB1 METOJM CTATHYHOT'O ONITHMAIILHOTO (CyOONTHMAIIb-
HOT'0) PO3MO/LTY 3aBAaHb. [loka3HUKaMK OL[IHKH pOOOTH
QITOPUTMY JUTS BCIX JIOCITIHKEHb € TaKi, 110 3aCHOBaHI Ha
HOro cepeHil MOBEIiHII, HATPHUKIIA!

— cepenHi 3HaUeHHS MPOAyKTUBHOCTI (Mean rate);

— ¢yHkuii BuHaropoau (Mean reward);

— ¢yHkuis BTpaT (Mean regret), 3BopoTHa QyHKIIISA
10 GYHKIIIi BHHATOPOTH.

JlaHi MOKa3HUKH ONMUCYIOTH B IPUHIIMII ONTHMAaIIb-
HICTh 00paHOT ar€HTOM CTpaTeTii.

JUis mocnipkeHHs TOKa3HUKHU JIOTIOBHIOIOTBCS Ya-
COM BUKOHAHHS 3aB/IaHHS B 3aJISKHOCTI BiJ] UMCIIa BY3JIiB
1 po3Mipy BxijHUX aiiis.

VY SKOCTI pO3B'I3yBaHOIrO 3aBIaHHS BUOUPAETHCS
3aBJIaHHsl, 1110 Ma€ BUCOKHUI PiBEHb po3MapajieroBaHHs,
IIpH IIbOMY HEOOX1THO BpaxyBaTH, IO 3aBAaHHs (004uC-
JIIOBaJIbHI NIPUMITHBHU) NMOBHHHI OyTH OJHAKOBUMH IIO
OOYHCITIOBANIGHIN CKJIATHOCTI Ta KIIBKOCTI MEpeaaHuX
naHux. Takok Ha OOYMCIIOBAJIBLHHUX BY3Jax ITOBHHHA
OyTu ojiHaKOBa pealtizallis 00YHCITIOBATEHOTO MOTYJIS, 3
METOI0 3MEHIIECHHS BIUIMBY XapaKTEPUCTHK amapaTHoi
w1aT(OpMH Ha MiICYMKOBY OIIHKY pOOOTH alTOpUTMY.

JlocmimpKkeHHs TTOBEIIHKN aJNTOpUTMY IIPH CTalio-
HApHOMY CTaHi IPOBOJIWIIOCH TIPH TAKUX YMOBAX:

— OJIMH PO3MOAUTIOIOUNI By30J B PO3MOIiICHIN 00-
YHCTIOBANIBHIHN iH(pacTpykTypi IHTEepHETY peueit;

— B mporieci poOOTH anTopuTMy Ha BCIX iTepamisx
PO3IOIUTIOIUNI By30JI HE 3MIHIOETHCS;

— KUTBKICTh 00YHCITIOBAILHUX BY3JiB HA HUDKHBOMY
mapi [HTepHeTy pedeil nocriliHa i He 3MIHIOEThCS y Yaci;

— IHTETpaJIbHI XapaKTEPUCTUKU OOYHCITIOBAIBLHUX
By3JIiB HIDKHBOTO wIapy IHTepHeTy peded NOCTiiiHi,
TOOTO 3HAaYEHHS BUHArOpo/I MOCTIiHI;

— rapamerTp &, 110 XapaKTepU3ye YaCTHHY BHUIIaIKO-
BUX IIPU3HAYEHB, JJIsI KOXKHOT'O EKCIIEPUMEHTY NpUiiMae
enuHe 3HaueHHs i3 muoxunu E = [0; 0,001; 0,05; 0,25;
0,1; 0,2; 0,3; 0,4; 0,5; 1] 1 30epirae 1e 3HAYCHHS HA TIPO-
Ts131 poOOTH OxHIET iTepalii anropuTMy; mijJ iTepariero
NPUIMAETHCS IPU3HAYCHHS BCIX 3a1a4 OJJHOTO 3aBIaHHS
O0YHCITIOBAJIGHUM BY3JaM HIDKHBOTO Inapy IHTepHery
peuei.

VY craTHdHOMY peXHMi CTPYKTypa Ta TOBEIiHKa
O0YHCITIOBATFHUX BY3JIiB HE 3MIHIOETHCS, TOMY ITiJ] 4ac
B3a€MOIii PO3MOIUTIOIOYOTO BY3iIa 3 00UMCIIOBATEHUMHI
BY3JIaMH ITOBEPTAETHCS MOCTIHHE 3HAYSHHS BUHATOPOJIH.

Jns OIiHKM TpolenypH NMpU3HAUCHHS 3aBJaHb y
BUKOPHCTOBY€EThCS BapiaHT aJIroputMy Oararopykoro
0aH/uTa, y SIKOTO TTapaMeTpu WMOBIpHOCTEH BHOOpY Aii
3aJIMIIAIOThCs He3MiHHMMHU. [lapamerp € Bu3Hauae Oa-
JIAHC MDK peXHMMaMH JIOCITIDKEHHSI Ta eKcIutyaTauii. B
JaHOMY BHIIAJKy HE BAXKJIUBO, SKE 3aBJAHHS BHpILIyBa-
THUMETBCA 1 SKi TapaMeTPH € Y O0UHCITIOBATIFHUX BY3IIIB.
OCHOBHOIO YMOBOIO € T€, III0 B KO)KHOMY €KCIIEPUMEHTI
i mapaMeTpu OyJIH OTHAKOBHMHU.

Ha pmiarpami puc. 1 moka3aHO 3HAa4eHHS BHHAro-
poau, onepKyBaHe areHToM mpu BuOopi 20 niit Ta BUO-
paHuX 3HAUCHHSAX IapaMmeTpa & MNepeMUKaHHS MOoAei
NPU3HAYCHHS 3aBAaHb BiJ CTaaii AOCIIIPKESHHS 10 CTauii
BUKOPHCTAHHsI Ta BUOOPY Aii 3 IPOBOIUTHCS 3 MaKCHMa-
JIBHO MOJKJIUBOIO BUTOZIOIO.

= epsilon
A,sz-w =

R bt~ 55
_ 51‘, MWMWMWW%M@NW‘V"*M*%W‘% 2

Mean Rate of Choosing BestArm
o

o/ ™

o 50 100 150 200 250 300 350 400 450 500

Time Step

Puc. 1. CepenHs MBUAKICTH JOCITHEHHS ONTHUMAIBHOT
cTparerii Bubopy Haiikparioro il mpu 1000cumymsiisx

Pesynbratn, mokaszani Ha puc. 1, 1eMOHCTPYIOTS,
10 3HAYEHHS CepeIHBbOI BUHATOPOIH i3 4acOM JOCATaE
JIESIKOTO CTabiIbHOTO 3HAYEHHS, TOOTO MpoIeaypa Ipu-
3HaueHHs1 Oyje B pe3yJbTaTi MaBaTH CTa0iIbHY SKICTh
PO3IOJIiTY 3aB/IaHb.

30inbIIEHHS TapaMeTpa € MPU3BOIUTS JI0 TOTO, IO
AITOPUTM POOUTH OLIBIIE CIPOO AOCITIPKEHHS Ta MCHIIIE
cipo0 ekcruryararii, TOOTO areHT HaMmaraeTbCs JOCIi-
JUKYBaTH HaBKOJIUIIHE CEePEIOBHIINE OLIBINE, HIX OTpPHU-
MYBAaTH BiJ] Hei KOPUCHUI pe3yibTaT: pO3NOAITIOI0UNH
BY30J1 TIOCTIHHO 3IMCHIOE BiANpaBlIeHHS 3aBlIaHb Ha
HOB1 BY3JH, 3aMiCTh BHUKOPHCTAaHHS OOYHCIIOBAIBHUX
BY3JiB, XapaKTEPUCTUKHU SIKUX HOMY BiTOMi.

BucnoBxku

VY craTTi NpoBeAEHUI aHaIi3 XapaKTePUCTHKH iCHY-
I0YMX TEXHOJIOTIH B3aeMOJil OOYMCIIOBAJIBHUX BY3IIIB
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HIDKHBOTO 11apy [HTepHeTy pedel, BuieseH] NepeBard  BUKOPUCTAHHSM OOpaHOI TEXHOJIOTII. 3arnponoHOBaHU
Ta HEJOJIKHM KOXHOI TexHoJoril. B pe3ysbTati B sIKOCTI  MiXia A0 opraHizauii B3aeMozii 0OUUCITIOBAIBHUX BY3-
6a30B01 0OpaHO TEXHOJIOTIIO BiJIAJICHOTO BUKJIMKY NPO-  JIIB HU)KHBOTO LIapy IHTepHETY pedeil 3 BUKOPHCTaHHIM
uenyp. IlpoBeseHo MojentoBaHHS MpOLECY IpPH3HA-  TEXHOJOTIi BIAJAJICHOTO BUKIMKY HPOLERYp JI03BOJIUB
YeHHsI 3aBJlaHb Ha HIDKHbOMY mapi IHTepHeTy peuedd 3  BHKOHaTH BUMoru QoS 1o onepaTuBHUX TpaH3akuii [oT.

CIMCOK JIITEPATYPU

1. Schulz, A.S. (2023). User Interactions with Internet of Things (10T) Devices in Shared Domestic Spaces. ACM International
Conference Proceeding Series, 577-579. doi: https://doi.org/10.1145/3626705.3632615

2. Chalapathi, G.S.S., Chamola, V., Vaish, A., Buyya, R. (2022). Industrial internet of things (liot) applications of edge and fog
computing: A review and future directions. Advances in Information Security, 83, 293-325. doi: https://doi.org/10.1007/978-
3-030-57328-7_12

3. Petrovska, I., Kuchuk, H. (2023). Adaptive resource allocation method for data processing and security in cloud environment.
Advanced Information Systems, 7(3), 67—73. doi: https://doi.org/10.20998/2522-9052.2023.3.10

4. Pardo, C., Wei, R., Ivens, B.S. (2022). Integrating the business networks and internet of things perspectives: A system of sys-
tems (SoS) approach for industrial markets. Industrial Marketing Management, 104, 258-275. doi:
https://doi.org/10.1016/j.indmarman.2022.04.012

5. Zakharchenko, A., Stepanets, O. (2023). Digital twin value in intelligent building development. Advanced Information Systems,
7(2), 75-86. doi: https://doi.org/10.20998/2522-9052.2023.2.11

6. Li, G, Liu, Y., Wu, J, Lin, D., Zhao, Sh. (2019). Methods of Resource Scheduling Based on Optimized Fuzzy Clustering in
Fog Computing. Sensors, MDPI, 19(9). doi: https://doi.org/10.3390/s19092122

7. Qayyum, T., Trabelsi, Z., Wagar Malik, A., Hayawi, K. (2022). Mobility-aware hierarchical fog computing framework for
Industrial Internet of Things. Journal of Cloud Computing, 11(1), 72. doi: https://doi.org/10.1186/513677-022-00345-y

8. Zuev, A., Karaman, D., Olshevskiy, A. (2023). Wireless sensor synchronization method for monitoring short-term events.
Advanced Information Systems, 7(4), 33-40. doi: https://doi.org/10.20998/2522-9052.2023.4.04

9. Kuchuk G., Kovalenko A., Komari I.E., Svyrydov A., Kharchenko V. Improving big data centers energy efficiency: Traffic
based model and method. Studies in Systems, Decision and Control, vol 171. Kharchenko, V., Kondratenko, Y., Kacprzyk, J.
(Eds.). Springer Nature Switzerland AG, 2019. Pp. 161-183. DOI: http://doi.org/10.1007/978-3-030-00253-4 8

10. Kyuyk H. T'., Mepnak B. 1O., Cxopozenos B. B. MeTon 3MeHIIIeHHs 9acy JOCTYITY [0 CIabKOCTPYKTypoBaHuX Aanux. CyyacHi
inpopmayiuini cucmemu. 2020. T. 4, Ne 1. C. 97-102. doi: https://doi.org/10.20998/2522-9052.2020.1.14

11. Kalaiselvi, P., Michael Jones, M., Murugesh, S., Veerakumar, K., Prakash, N. (2023), Design And Implementation of Smart
Billing System, 2023 International Conference on Sustainable Emerging Innovations in Engineering and Technology, ICSEIET
2023, crpanuusr 212-218, doi: http://dx.doi.org/10.1109/ICSEIET58677.2023.10303608

12. Kyuyk I'.A. Ynpasninusa tpadikoM MyJbTHCEPBICHOT po3mnoaineHoi TenekoMyHikaniiiHol Mepexi / I.A. Kyuyk // Cucremu
ynpasiHHs, HaBirauii ta 38’sa3ky. — K.: [IHAI HiV, 2007. — Bum. 2. — C. 18-27.

13. Kyuyk I'.A. Po3paxyHOok HaBaHTakeHHS MyJbTHCEpBicHOT Mepexi / [.A. Kyuyk, S1.10. Cracesa, O.0. Bomo6am // Cucremu
030poeHH 1 BilicbkoBa TexHika. — 2006. — Ne 4 (8). — C. 130 — 134,

14. Kyuyk I'. A., Moxaes O. O., Bopo6iioB O. B. Meton nporao3yBanss ppakransHOTO Tpadika. PagioenekTpoHHi Ta KOMIT'I0-
TepHi cucremu. 2006. Ne 6 (18). C. 181 - 188.

15. Jayasuriya, D.B., Perera, I. (2019), Ontology Based Software Design Documentation for Design Reasoning, MERCon 2019 -
Proceedings, 5th International Multidisciplinary Moratuwa Engineering Research Conference, pp. 710-715, 8818813, doi:
http://dx.doi.org/10.1109/MERCon.2019.8818813

16. Xynos B.I'"., Kyuyk I".A., Makogeiiuyk O.M., Kpmwxuuii A.B. AHaini3 BiJOMHX METO/IiB CErMEHTYBaHHs 300pa)KeHb, 1110 OTPH-
MaHi 3 OOpTOBHX CHCTEM OITHKOEJIEKTPOHHOTO criocTepeskeHHA. Cucmemu 00pooxu ingopmayii, 2016. Bum. 9 (146).
C. 77-80.

17. Gomathi, B., Saravana Balaji, B., Krishna Kumar, V., Abouhawwash, M., Aljahdali, S., Masud, M. and Kuchuk, N. (2022),
“Multi-Objective Optimization of Energy Aware Virtual Machine Placement in Cloud Data Center”, Intelligent Automation
and Soft Computing, Vol. 33(3), pp. 1771-1785, doi: http://dx.doi.org/10.32604/iasc.2022.024052

Received (Haniitnuia) 20.09.2024
Accepted for publication (ITpuitnsra no apyky) 06.11.2024

Interaction technology between nodes of the edge layer of the Internet of Things
H. Kozhevnikov, M. Markevych, O. Matyash

Abstract. Topicality. Internet of Things (IoT) systems are becoming increasingly popular in various industries today.
Cloud technology is used to process information flows coming from a large number of end sensors. But when operational transac-
tions enter the cloud, QoS requirements are not met. The solution to this problem was facilitated by the emergence of single-board
computers at the edge layer of the Internet of Things. The purpose of the article is to selection of the technology for interaction
between the nodes of the edge layer of the Internet of Things, which is focused on the limited computing resources of nodes close
to 10T sensors. Research results. An analysis of the characteristics of existing technologies for interaction of computing nodes of
the lower layer of the Internet of Things was conducted, the advantages and disadvantages of each technology were highlighted.
As a result, the remote procedure call technology was chosen as the basic one. The process of assigning tasks at the lower layer of
the Internet of Things was simulated using the selected technology. Conclusion. The proposed approach to organizing the interac-
tion of computing nodes of the lower layer of the Internet of Things using remote procedure call technology made it possible to
meet the QoS requirements for operational 10T transactions.

Keywords: Internet of Things, fog computing, cloud system, edge calculations.
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MOBIJIBHI JIOTICTUYHI TA MOHITOPUHI'OBI CUCTEMUA
HA BA3I POIB BILIA: BUKJIUKH TA HAIIPSIMA PO3BUTKY

AHoTanisi. [3 po3BUTKOM TEXHOJOTiH 1 aKTHBHOIO HU(POBI3ALL€I0 ACMIEKTIB KUTTS BiJ TPAHCIOPTY IO TOPTiBIi, 3pOCTAE
notpeba y CTBOpEHHI HAAIHUX MOOLIBHUX JIOTICTHYHUX CHCTeM Ha 0a3i poiB O0e3mioTHUX JitanbHuX amapartiB (BILIA). 3a-
crocyBantsi poiB BITJIA 3xaTHe CyTTEBO MiABUIIMTH €()EKTHBHICTD JIOTICTUYHUX 1 MOHITOPHHTOBHX OTepalliii, 3a0e3medyrodn
0e3neKy Ta ONTHMI3yIOUM BUTPATH 3aBASKU 300py Ta aHANI3y JAHUX M NPUHAHATTA pillleHb Y peanbHoMYy yaci. OCHOBHOIO
METOIO ITi€] CTaTTi € oIV METOIB 1 MPOrpaMHUX 3aco0iB, 110 3a0e3NedyIoTh HAMIHHY poOOTy MOOUIEHHX JIOTICTHYHHX 1 MOHI-
TOPHHTOBHX crcTeM Ha 6a3i poiB BIIJIA. Takoxk po3rsiaaloThCs KITFOUOBi chepr MiSTTBHOCTI 3 MPUKIIaJaMH1 IX 3aCTOCYBaHH,
XapaKTepHUMH pHcaMy, IpodireMamMy, 0OMeXeHHAMH Ta repeBaraMi. CTaTTs TakoX (POPMYIIIOe 3arajbHi BUKIMKA Ta 00Me-
JKEHHS y LiH ramy3i. Y poOoTi PONOHYEThCsl KOHIEisl BUKOpUCTaHHs poiB BITJIA 1yt BupinieHHS JOTICTHYHUX Ta MOHITO-
PUHTOBHX 3aBJIaHb, 10 HiIBUIIYIOTH €()EKTUBHICTh POOOTH Ta 3HIKYIOTh PH3UK BUHHKHEHHS HEeTlepe10aueHuX CUTYAIlii mpo-
TATOM JKUTTEBOTO IHKJY orepaniil. BUmiistoTees Tpu OCHOBHI MAXOAW IO pealizamil Takux cucreM: aBTOHOMHI poi BILIA,
Ppoi, KepoBaHi orepaTopom, i ribpunHi cuctemu. Kpim Toro, posrisaaerses 3actocyBanas poiB BIUIA y pisHux chepax misib-
HOCTI, TAKHX SIK TOCTaBKa TOBApiB, MOHITOPUHT CKJIAIIB Ta iIHYPACTPYKTYPH, a TAKOXK MiATPUMKA MTOLTYKOBO-PATYBAIBHHX OIe-
pauiid. KoHueriisi MOOITbHHX JIOTICTHYHUX 1 MOHITOPHHIOBHX cHcTeM Ha 0a3i pois BITJIA moxke Oyt BIpoBamkeHa Maibke y
BCIX rajry3six, ajie Il CTaTTs 30Cepe/DKeHa Ha HaHMOMMpeHinX cdepax, 10 CyTTEBO BIUIMHYIM HA PO3BUTOK TAKUX CHCTEM.
[IpoBeneHo aHaNi3 OCHOBHUX Tajy3eil 3acTocyBanHs poiB BITJIA, BH3HAUCHO OCOOIMBOCTI Ta MPOOIEMH TX BUKOPUCTAHHS Y
KOXHIH 13 po3IIIHYTHX cdep AiSUIBHOCTI. ByIo y3araisHeHo BUKIMKH, epeBard Ta cnerudiky Bukopructanus pois BILUIA.

KawuoBi caoBa: poi BIIJIA, MoOiLIBHI JOTICTHYHI CHCTEMH, OE3MITOTHI JiTaBHI anapatd, e()eKTHBHICTD JIOTICTHKH,
ABTOHOMHI CHCTEMH YIpaBIiHHS, IIM(POBI3aIlis JOTICTUKH, 00pOOKa BEIMKHUX JaHHUX, Oe3MeKa JaHUX, CTaHIapTH3Allis, Bill-

MOBOCTIHKICTB, ONITHMI3aLlisl MapIIpPYTiB.

Beryn

CyyacHi JIOTICTHYHI CHCTEMH CTHKAIOThCS 3 HE0O-
XIJIHICTIO aJanTyBaTH HOBITHI TEXHOJIOTIi JJIs IIiJBHU-
nieHHs epekTuBHOCTI Ta HamiHHOCTI. OMHIE 3 KITHOYO-
BHX TEXHOJIOTH, 1[0 CIPUSIOTH 11l PEBOIIIOLIIT, € POi Oe3-
nitoTHHX JitaneHUX anapaTiB (BITJIA), siki MOXYTh BH-
KOHYBATH CKJIAJHI 3a7a4i 0e3 BTpy4aHHS JIIOAWHH, 3HHU-
JKYIOYH BUTPATH Ta IiIBUIIYIOYH OE3MeKy Omepartii.

Mertou Ta mporpamHi 3acoOu 1JIsi CTBOPEHHS 1 BU-
KOPHUCTaHHS TapaHTO3JaTHUX MOOUIBHHX JOTICTHYHHX
cucteM Ha 6a3i poiB BIIJIA cipssMoBaHi Ha MiABUIICHHAS
€(eKTUBHOCTI JIOTICTUYHUX IPOLECIB, 3MEHILEHHST BU-
TpaT Ta MiJBUIIEHHS HAJIIHOCTI CUCTEM.

Poi BITJIA 103BOJISIFOTH CTBOPIOBATH TOYHI MOJIEII
¢i3uuHNX 00'eKTiB 200 MPOLIECIB, SIKi 31aTHI 30UpaTH 1H-
(bopmariiro 3 peaJibHOTO CepeIOBHUIIA, BUKOHYBATH Tepe-
BIpPKY Ta 3a/1aui B TPYIHOAOCTYITHHX JJISl JIFO/IEH MiCIIsIX.
Lle nmomomarae mpuiMaTH pillIeHHS B peaJbHOMY daci
JUTS T IBUIIICHHS €()EKTHBHOCTI POOOTH.

[cHYIOTH TPM OCHOBHI MiAXOIW O MOJEIIOBAHHS:
(yHnaMeHTaIbHEe MOJICTIOBAHHS, MOJICIIOBaHHS Ha OC-
HOBI JJaHUX 1 Ti0OpHHE MOJCTIOBAHHSI. [HIIMI acTIEKT BU-
kopucranHs pois BITJIA — 1e iepapxist iX 3acToCcyBaHHS:
BIJl MOJIEIFOBAHHSA KOMIIOHEHTIB 1 O0JaIHAHHS 10 CHC-
TeM Ta nporieciB. Poi BITJIA MoXyTh IpeACTaBIATH TPO-
cTi ceHcopH abo MOXKYTh 00'€THYBaTH Ta KOOPIHMHYBaTH
poOOTY KiTbKOX BUPOOHUYHX MiACHCTEM. .

3acrocyBanns poiB BIIJIA B morictumi Moxe BiOy-
BaTHCs Maibke y BCix cdepax JisuIbHOCTI, aie OCHOBHUMHU
raTy3siIMH € TPAHCIIOPT, TOPTIBIIS Ta IIPOMHUCIIOBICTb.

VY nocnimpkenHi, nposeaenomy B 2019 poui Joonyup
Eun ta xoseramu, OyB BUKOHaHWI MaTeMaTHYHUN aHAII3
CTIHKOCTI JIOTICTUYHHUX CHCTEM, L0 0a3yIOThCS HA BUKO-
pucranni BIUTA. Ile mocmimkeHHsS H03BOIMIO BHIUTUTH

KIIFOYOB1 TIapaMeTpH, sKi € KPUTHYHUMH Ui 3a0e3rre-
YeHHS HaJiiHOCTI Takux cucteM [1]. [mes BukopucTanHs
pois BIUJIA y moricTuri mBUIko HaOyla MOIMYJISAPHOCTI
3aB/ISKH CBOilM 3aTHOCTI ONTHMIi3yBaTu MPOIECH JOCTa-
BKH 1 3HAUHO 3MEHIIYyBaTH Yac Ha BUKOHAHHS 3aBJIaHb.

Konuenuist Bukopucrauns pois BITJIA nependauae
iEpapxiuHy CTPYKTypy, IO BKJIFOYAE KOMITOHCHTH,
MaiiHo, cuctemu Ta npouecu. Poi BITJIA MoxyTs OyTH
BUKOPHCTAHI SIK Iyl BUKOHAHHS (QYHKIIN MPOCTUX CEH-
COpIB, TakK 1 JUIsi MOJICIIIOBAHHS JIEKIIbKOX BHPOOHUYUX
migcucTeM ogHOYacHO. Lle BinKprBae HOBI MOKIIMBOCTI
JUIL aBTOMATH3allli Ta OMTHUMI3aIlil JIOTICTHIHUX OIepa-
i, 3a0e31medy0Yn BUCOKY €(EKTHBHICTD i THYYKICTh B
yIpaBIiHHI pecypcamu [2].

Mertoro 1iei ctaTTi € aHai3 KoHmemnii poiB BITJIA
B KOHTEKCTI MOOUIBHHUX JIOTICTUYHUX | MOHITOPHHIOBUX
CHCTEM, BHM3HAUEHHS KJIIOYOBHX HAIpPSMIB iXHBOTO 3a-
CTOCYBaHHS, a TaKOX BUBYEHHS METOJIIB 3a0e3MeUeHHS
HaJIAHOCTI WX CUCTEM. Y CTaTTi pO3TIISIAIOTHCS KOHK-
PeTHi 3a1a4i, AKi BKJIIOYAIOTh: OIIHKY €(EeKTHUBHOCTI BHU-
kopuctanHs poiB BITJIA mJist BUpimeHHs JOTICTUIHHX Ta
MOHITOPUHIOBUX 3aBJaHb, aHaTi3 OCOOIMBOCTEH, MpO-
61eM 1 mepeBar npu BukopucranHi poiB BITJIA y pisHux
cdepax, 3arayipHi MpoOIEeMH Ta OOMEXKCHHS, 3 SKUMH
CTHKAIOTBhCsl MOOUIBbHI cucteMn Ha 6a3i poiB BIIJIA.
AHaIi3 UX JHKepet IPOBEIeHO BIAMOBIIHO 0 Kiacudi-
Kallii, orMcaHoi B PO3AuI 2, 3 MiJCyMKOBUM OTJISIZIOM
MiIXOIB, MpeAcTaBleHuX y po3aimi 3. Jlam HaBeaeHO
BHCHOBOK 1 ITO/IaJIBIII HAIIPSIMKH POOOTH.

1. Orasa BuaiB pois BILJIA

Poi 6e3minoTHMX NiTaIbHUX anaparis SBISIOTH CO-
0010 O/IMH i3 HAMOLIBII IIEPEIOBUX HAINPSMKIB y CydacHIH
JIoricTni Ta aBToMaru3anii. BoHu MaroTh oTeHIial 3Ha-
YHO 3MIHHMTH CIIOCOOM JIOCTABKH, YIPABIIIHHS PeCypcamMu
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Ta BUKOHAHHS 0araThoX iHIIKX 3aBaHb. Llei orysin doky-
cyeTbes Ha pisHuX THHax pois BILJIA, ix ¢yHkIioHansHUX
MOJJIUBOCTSIX Ta 3acTocyBaHHsX. Poi BITJIA MoxyTh Kia-
cudikyBaTHCs 32 PI3HUMH O3HaKaMH, TaKUMHU SIK THITH
araparis, 110 BXOASATH JI0 CKJIaJy POIO, piBEeHb aBTOHOM-
HOCTI, CTIOCOOW YTIpaBIiHHSA, a TAKOX 32 CHEIU(PITHIMHU
3aBIaHHAMH, IKi BOHH BUKOHYIOTH (puc. 1).

Knacudikauia Pois BINJ1A

3a Tunamwu anaparie 3a piBHeM aBTOHOMHOCTI

aBTOHOMHI ABTOHOMHI

MoeHicTio ‘

Hanis- ‘

‘ QOpHOopPIgHI ‘ PiaHopigHi ‘

3a cnocobamm KepyBaHHA

3oBaHi

LieHTpani-
30BaHi

HeueHTpani- ‘

Puc. 1. Kimacudixkauis pois BITJIA

3a TMIIaMu amnaparis:

e OpHopinHi poi: Bei anmaparu y poi € izeHTHY-
HUMH 33 CBOIMH XapakTepucTHKamu i (yHkmismu. Lle
JI03BOJISIE CTAHAAPTU3YBATH IIPOIIECH YIIPABIIiHHS Ta KO-
opauHAIil, ane 00MeXye THYUKICTh Y BUKOHAHHI Pi3HO-
MaHITHHUX 33BJaHb.

e Pi3HOpimHI poi: BrimowaroThe amapaTu pi3HHX
THIIIB Ta XapaKTepHUCTHK. Lle nae 3MOory BUKOHYBaTH IIH-
PILIUIA CIIEKTP 3aBJaHb, NPOTE YCKIIAHIOE YIPABIIHHS 1
KOOpAMHAIIIFO.

3a piBHEM aBTOHOMHOCTI:

e [loBHicTIO aBTOHOMHI poi: MaloTh 37aTHICTH
CaMOCTIIHO MpUMaTH PIllICHHS HAa OCHOBI 3aJaHUX all-
TOPHUTMIB 1 ceHCOpHOI iH(popMarii. BUKopHuCTOBYIOThCS
JUTS CKJTaTHUX 1 HeOe3MeUHUX 3aBaHb, 1€ JII0/IChKE BTPY-
YaHHS € MIHIMaJIbHUM 200 HEMOKJIFBHM.

e HamiBaBTOHOMHI pOi: BUKOHYIOTE 3aBIaHHS ITi]]
HarJIAIo0M 1 3 MOXJIMBICTIO BTpydYaHHsl omeparopa. Lle
TIO€/IHY€E TIepeBary aBToMaTu3aii Ta THy4IKiCTh pyYHOTO
yIPaBJIiHHSL.

3a crmocobamMu KepyBaHHS:

e IlenTpamizoBani poi: YmpaBiaiHHA 3MIHCHIO-
€TbCSl 3 OJJHOTO LIEHTPAJBHOIO BY3Jia, SIKUl KOOPAMHYE
Bci aii anmapaTiB y poi. Lle criporirye KOHTPOJIb, ajie CTBO-
PIOE PU3MK BUXOJY 3 JIa/ly BCHOTO POIO Y BHIAJKY MPO-
0JIeM 13 IEHTPAILHUM BY3JIOM.

e JlenenrpaiizoBani poi: KoxxeH anapar mae re-
BHY CTYIiHb aBTOHOMHOCTI 1 3JJaTHUI B3a€EMOJIIATH 3 iH-
LIMMH anapaTaMu i koopauHauii aid. e miguinye
CTIHKICTb /10 BIMOB OKPEMHUX KOMITOHEHTIB i 3a0e3neuye
O17IbLTY THYYKICTB.

Krnacugikamis MOOITPHIX JIOTICTHYHAX CHCTEM i3
3acrocyBaHHAM TexHojorii poiB BITJIA HaBemeHna Ha
puc. 2. Poi BITJIA M0oXyTh BUKOHYBAaTH pi3HOMaHITHI 3a-
BIAHHSA, III0 3aJIeXXaTh BiA iXHBOI KOHQIrypamii Ta mpo-
rpamMHOrO 3a0e3neueHHsa. Cepen OCHOBHHX (PYyHKIIIOHA-
JBHUX MOYKIUBOCTEH BHIUISIOTH:

e MounitopuHr i ciocrepesxennsi: Poi BIIJIA mo-
KYTh BUKOPUCTOBYBATHCS JJIsl 30MpaHHs JaHUX y peallb-
HOMY Yaci, 110 € 0COOJIUBO KOPUCHUM Y CUTLCBKOMY T'OC-
I0JJapCTBI, JTICOBOMY T'OCIIOIAPCTBI, 0XOPOHI HABKOJIHUIII-
HBOTO CEPEOBUINA Ta MICHKOMY IIaHyBaHHI [24].

e Jlorictuka i mocraBka: 37aTHI MIBUAKO i edek-
THBHO JOCTABJIATH BaHTaXi, MEMKAMEHTH Ta iHIII KpHU-
THUYHO BKJIHMBI pECypCH y BiganeHi a0o BaKKOIOCTYTIHI
paiionu [41] .

o [lomrykoBo-pstyBanbHi omnepauii: Poi MoxyTbh
LIBUJIKO OOCTE)KYBATH BEJHKI IUIOLII, BUSABIATH OCTpPA-
KIATUX 1 epenaBaté iHGOpMaLio PATYBAIBHUM CITyK-
6am [9].

e IudpacTpykrypni iHcnekuii: BuxopucToBy-
I0ThCS JIJIsL IEPEBIPKH CTaHy MOCTIB, JIiHIH eJleKTporiepe-
nad, Ha)TOo- 1 ra3ompoBOJIB, IO IO3BOJISIE BUSBISATH
npoOJieMH Ha PaHHIX CTAJIsIX 1 MPOBOAUTH HEOOXIHI pe-
MOHTHi po0oTH.

Taxox poi BITJIA mMoxyTh OyTH 3acTocOBaHi B pi3-
HHX Taly3sX:

e Cinbchke TOCHOAAPCTBO: BHKOPHCTOBYIOTHCS
JUIL MOHITOPHHTY CTaHy IIOCiBiB, BHECEHHs ITOOpHB Ta
MIECTHIIU/IIB, a TAKOX JJIS OL[IHKU BpOKaiHOCTI [28].

e DbyniBauutBo Ta iHdpacTpykTypa: 3abe3meuy-
I0Th 1HCIEKLIT OyNiBeIbHUX MaiJIaHYUKIB, MOHITOPHUHT
nporpecy OyIiBHHIITBA Ta MEPEBIPKY OC3MEKH CIIOPYI.

e BiiicbkoBa cripaBa: BUKOpUCTOBYIOTBCS AJIs pO-
3BIJIKH, CIIOCTEPEKEHHS, & TAKOXK JUIsl TAKTHYHHX Ollepa-
iif, mo moTpeOyrTh KOOPAWHAIII BEJIMKOI KiJIbKOCTI
amaparis.

e Ekosoriyanii MoHITOpUHT: JloOMaraioTs y BU-
SIBIICHHI 1 MOHITOPHHTY €KOJIOTIYHHX MPOOIIEM, TAKUX SIK
3a0pyAHEHHS BOIH i IOBITPS, 3CYBH IPYHTY Ta iHIII TIPHU-
pOIHi sBHIIA.

HazemHi MoBiTpAHI KombiHoBaHi
Y
ot L . c L Cuctemu, WO BUKOPUCTOBYIOTh
0d0TU30BaHI ucremu Poi BIM/A anA BIMNA ana AK HA3eMHi, TaK i NOBITPAHi
Ha3eMHi aBTOHOMHOTO . .
. [OCTaBKK MOHITOPUHIY Ta TpaHcnopTHI 3acobu anA
TPAHCNOPTHI TparcriopTyBanHA BaHTaxiB iHcnekuii KOMMIEeKCHUX NOriCTUYHUX
3acobu Ha cknagax
3aBAaHb

Puc. 2. Knacugikanis MOOLTHPHUX JIOTICTHYHUX CHUCTEM 13 3aCTOCYBaHHAM TexHouIOTii poiB BITIIA
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2. Knacndikanisa pxepen

Konrermis pois BITJIA mosxe OyTH 3acTocoBaHa B Oa-
raThoX cepax HisUTEHOCTI, alie B Iiif CTaTTi pO3TILIIal0ThCS
HAWOUIBII TTOMIMpPEH Tajy3i, sIKi MOYKHA BBa)KATH OCHOB-
HUMH 200 TaKUMH, [0 CYTTEBO BIUTMHYJIM HA PO3BHUTOK ITi€i
TexHouorii. TakuM 4rHOM, OyJI0 IIEPErIIHY TO HU3KY OTJIS-
noBuX poOiT mono poi BITJIA, mo6 3po3ymiti HaiiOiTbI
00rOBOpIOBaHI rajys3i 3 TOUKH 30py (Tadm. 1).

JloricTrka, po3yMHI MiCTa Ta Taixy3l OXOpPOHHU 370~
POB’sl MOXKHA 3HANUTH Maike B KOXKHIH OTJISA0OBIN cTATTI
4yu po6oTi npo poi BIUJIA. Ta6n. 1 ue miarBepmxkye. Lli
rajy3i Oyyin oOpaHi OCHOBHUMH JUIsl OTJISIAY B TIOTOYHIM
crarti. llle Tpu ramysi OyoyTs pO3IIISIHYTI 4epe3 LiKaBi
poOoTH Ta [Tk MOIIMPEHHS KOHTEKCTY IIPH aHANi31 iHIy-
ctpii poi BITJIA, a came ocBita, OyAiBHHAIITBO Ta 3aji3-
HUYHUH TpaHCHOpT. ByJo po3rstHyTO 101aTKoBi poOOTH
i3 KOHKPETHHMH TpHUKJIaJaMd BIPOBA/KECHHS PpOiB
BIUTA y koXxHIH i3 iHAyCTpii.

Tabruys 2 — Ilepestik iHAyCTpili 111 OTJISAY Ta aHATIZY

[ToBHwMit epetik raxy3ei, ki OyLyTh pO3IIISHYTI, 1
0B’ s13aHi poOOTH MOXKHA 3HAWUTH B TabI. 2.

Tabnuya 1 —T'any3i Ta orsaosi podotu,
B AIKHUX i rajy3i aHajaizyBajucs

lanysb Orasnosi podorn

(11, [2], [3], [4], [5], [6], [37],
[38], [39], [40], [41], [42]

(91, [10], [11], [14], [30]

(9], [24], [32], [34], [44], [45],
[46]

(71, 8], [9], [10], [27]

[12], [13], [14], [15], [16], [29]
[17], [18], [19], [23], [35]

‘Ne

1 | Jlorictuka

2 | Besneka
3 | MonitopuHT

Komynikarii
5 | Po3ymHi MicTa

6 | Cucremu 3a0e3me-
YEHHS HaIiHOCTI
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3. AHaJi3 qKepesi Ta MiAX0AiB 32 PisHUMH
iHaycTpismMn y Bukopuctandi pois BIIJIA

Jlns BU3HAYEHHS TiepeBar i mpoOyieM y 3acTocy-
BaHHI poiB BITJIA, a Takox (opMyItOBaHHS 3arajbHAX
BUKJIMKIB 1 0cOOIMBOCTEH, OyJ10 MPUIHATO PillIeHHS IIPO-
aHaNi3yBaTH KIOYOBI 1HIYCTPIi, & BAKOPUCTOBYIOTHCS
poi BITJIA. Ile 103BOINTH OB IIMPOKO MOTJITHYTH Ha
MOXKJIMBOCTI TEXHOJIOTII. ¥ I[bOMYy po3aiii OyayTh nera-
JBHO PO3IJISIHYTI Ta MpoaHalli3oBaHi oOpaHi ramysi 3a-
crocyBanHs poiB BITJIA. KosxeH i3 maparpadis 1o ramysi
MICTUTh 3arajlbHUH OIMHUC, OCOOIMBOCTI, mMpobiemMu Ta
MIPUKIIaAA BUKOPUCTAHHS.

3.1. Jlocicmuxa. CoOroHi JIOTICTHKA € OIHICIO 3
HaWTIEPCIIEKTUBHIMNX cep A1 BIPOBAHKCHHS Ta

interpanii pois BITJIA. Lleii cekrop Bkirouae pisHi ¢o-
pMaTH BUKOPHCTaHHS POiB Ha KOXXHOMY €Talll JIaHI[IoTa
MOCTa4YaHb — BiJI CKJIalyBaHHS Ta TPAHCHOPTYBaHHS 10
JocTaBku Ta oociryroyBanHs. Poi BITJIA moxyTs no-
ITOMOTTH 3 ONTHMI3aIli€I0 MAPIIPYTiB TOCTaBKU, MOHi-
TOPUHTOM CTaHy BaHTaXiB, OI[iHIOBAaHHAM €(EeKTHBHO-
CTi JIOTICTUYHHUX IIPOIIECIB, @ TAKOXK MOKPAIIEHHIM 00-
CIIyTOBYBaHHSI KJII€HTIB Yepe3 MBUIKY 1 TOYHY JOCTa-
BKy. Ouikyetscs, mo poi BIIJIA cTaHyTh TOTOBHUM iH-
CTPYMEHTOM Y JIOTICTHYHIN CUCTEMi MailOyTHBHOTO,
OCKIJIbKH IX MOXKHa 3aCTOCOBYBATH Ha KOXKHOMY €Tarti
JOTICTHYHOTO IMKITY.

OnHUM i3 BUKJIMKIB y JIOTICTHYHHX CUCTEMaX € aB-
TOMAaTH3allis Ta 3a0e3neyeHHs Ha/liHHOT JOCTaBKHU B €KO-
HOMi4HO edekTuBHMH croci6. Poi BITJIA MoxyThb nono-

98



ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2024. Ne 4

MOTTH B OILHLI Ta aHali3l epEeKTUBHOCTI JOTICTHYHUX
orepariiif, a TaKoXX KOXKHOTO 3 (haKTOpiB, 110 BIUIMBAIOTh
Ha SIKICTb Ta MIBUAKICTH JOCTAaBKH.

B oaniii i3 po0it [5] OyJi0 3anponoHOBaHO MOJETb
i3 TpbOMa THIIAaMU 3acTocyBaHb poiB BIIJIA y norictuy-
HUX IIpoIiecax, siKi POKYCYIOTHCS Ha Pi3HUX acMeKTax Jo-
TiCTHKH:

e Poi 1T MOHITOPHUHTY BaHTaXIB — CTEKEHHS 3a
CTaHOM Ta OE3MEeKOI0 BaHTAXIB TMiX Yac TPaHCHIOPTY-
BaHHS.

e Poi i onTuMizariii MapIIpyTiB — IUTaHYBaHHS
HaWKpalmx MapIIpyTiB IS IBUIKOT Ta epeKTUBHOT 10-
CTaBKH.

e Poi s aBToMaTH3aIil CKIIayBaHHs — aBTOMa-
TUYHE NepEeMilLlieHHs TOBapiB Ha CKJIa/II.

Takoxx Oyno 3ampOINOHOBAHO JIOJAaTH YETBEPTHH
MYHKT JJO PO3IISIHYTOI Kiacudikaii — yTuitizawis Ta re-
pepoOKa BiIXOIiB JIOTICTHYHUX OTIePaLiii.

Inme mocmimkenns [43] nokasye, mo poi BITJIA
MOXYTh OyTH KOPHCHHUMH i 9ac HaBYAHHS JOTiCTHY-
HOTO TIepCOHAITY a00 ISl JOMIOMOTH HHU3BKO KBali(hiKo-
BaHMUM IMpaniBHHKaM. OmepatopaMm MOTpiOHI TIHOOKI
3HAHHS CUCTEMH, 100 MIBUAKO MPUIMATH BaXIIHBI pi-
LIEHHS ITiJ] Yac JIOTICTHYHMX onepauiil. Y ofHil 3i cTareit
MIPOTIOHY€EThCS BUKOPHCTOBYBAaTH MOOIUIBHY CHCTEMY
BiJIJIaJICHOTO MOHITOPUHTY 3 BUKOPHCTaHHSM JIONIOBHE-
HOI peayibHOCTI, 100 JOMOMOITH OIepaTOpaM i3 HU3b-
KOO KBai(ikaii€ero MoJIermuTH poOodrii poIiec.

JloricTrka TakoX Ma€ BIACHHUN TEPEITiK mpoodIeM:

e PoGota poiB BIIJIA y pexxumi peaapbHOTO Yacy
— JIOTiCTMKA BHMAarae MmBHIKOI peakmii. BogHodac, poi
moTpeOYIOTh MOTYXHOCTI JJ1s1 00pOOKH BETUKUX OOCSTIB
JaHUX.

e Bemnuesni o0csarn gaHuX — BEIUKAa KUIBKICTH
B332€MO3B’SI3KIB YCKJIaJHIOE CHUCTEMY Ta T'€HEpYE Bell-
KHH MOTIK JaHUX.

e Poi BIJIA y yioricTHIli BiKPUBAIOTh ABEPI IS
MaiOyTHIX CHCTEM aBTOMATH30BaHOT I0CTaBKH, 3a0e31e-
YyIO4H HIBUIKICTh, TOYHICTh Ta €)EKTUBHICTH yCiX JIOTi-
CTHYHUX TPOLECIB.

3.2. Besnexa. Poi BIIJIA cTaroTh Bce OUTBIII BasKITH-
BAMHU y cdepi Oe3reKu 3aBIIKH CBOI 31aTHOCTI IIBHIKO
Ta e(peKTHBHO BUKOHYBATH Pi3Hi 3aBaaHHsA. OCHOBHI ac-
MeKTH BUKOpHCcTaHHs poiB BITJIA B miii ramys3i:

Poi BIIJTA MoxyTh OyTH €(EeKTHBHO BHKOPHCTaHi
JUTS MOHITOPUHTY BEJIMKHUX TEPUTOPIH Y peaTbHOMY daci.
Bonun MoxyTh 3a0e3neunTd Oe3lepepBHE cCrocTepe-
KEHHS 32 KpUTHIHUMH iHPPACTPYKTYPHUMHU 00'€KTaMH,
TaKUMHM SIK €JIeKTPOCTaHIlii, TpybompoBoau abo HadTo-
0a3u. 3aBasKH CBOili MOOUTFHOCTI Ta MOXKIIMBOCTI Tpa-
IoBaTH B KoopauHaii, poi BITJIA MoXyTs mBHIKO pe-
aryBaTH Ha Oy/b-sIKi 3arpo3u abo mizo3piii mii, 3abe3mne-
YyIOYM OIepaTopiB HEOOXiTHOIO iH(oOpMAaIiero is
MPUAHATTS PilllCHb.

Poi BIIJIA MOXyTh 3HaUYHO HMOKPAIIUTH €(EeKTHB-
HICTB TOIIYKOBO-PATYBaJIbHUX omepaliid [9]. Bouu mo-
XKYTh LIBHIKO NOKPHUBATH BEJIMKI IUIOII, BUSBIISTH TOC-
TpaXJANX 1 epeiaBaTh iXHi KOOPJUHATH PATYBaJIbHUM
koMaHgaM. OcHaIeHI KaMepaMu 3 BUCOKOIO PO31TLHOIO
3/IaTHICTIO Ta 1HPPaYESPBOHUMHU CEHCOpPaMH, IPOHU MO-
XKyTb NPALIOBATH 5K BICHB, TaK 1 BHOY, y BaKKOJOCTY-
MHUX a00 HeOE3MEYHNX ISl JTFOAEH MICIIIX.

Poi BITJIA Takox MOXyTbh OyTH BUKOPHCTaHI JJIs
KOHTPOJIIO MacOBHX 3aX0/IiB, 3a0€31euy0uun Oe3IeKy Mij
Yyac KOHIIEPTiB, CIOPTUBHUX MO/ abo nporecTiB. BoHu
MOXKYTb BIJICTE)KYBaTH HATOBII, BUSBJISITH IIOTEHIIIHHI 3a-
Ipo3M Ta MIBUAKO IepeiaBaTh iHPOPMAIIo IPaBoOXo-
POHHHUM OpraHaM. 3aBISKH CBOilf MOOUTBRHOCTI, poi MO-
JKYThb OTICPATHBHO pearyBaTH Ha 3MiHU CUTYaIlii Ta Haia-
BaTH MATPUMKY B pEaTbHOMY Yaci.

VY codepi arTHTEpOpHUCTHYHUX omepamniid poi BITJIA
MOXXYTb BHUKOHYBATH PO3BiAyBalbHI Micii, 3abe3medy-
BaTH CUTyalilHy 00i3HAHICTh Ta HaBiTh OpaTH y4acTh y
HeWTpamizauii 3arpo3. BoHM MOXyTh NIPOHUKATH y BaxK-
KOJIOCTYITHI MicIisi, 3a0e31euyro4n oneparopis iHpopma-
i€, 1110 JO3BOJISIE Kpallle IUIaHyBaTH orepariii ta MiHi-
Mi3yBaTH PU3UKH JUIsl OCOOOBOTO CKIIay.

OnHak iICHYIOTh 1 BUKJIUKH, MOB'SI3aH1 3 iX BUKOpH-
CTaHHSM, Taki sk 3a0e3NeYeHHs HalIHHOTO 3B'SI3KY MIXK
JIpOHAMH, 3aXHCT B KidepaTak Ta iHTETpamis 3 iCHyIo-
YUMH CHCTEMaMH O€3IeKH.

Poi BIIJIA maroTh Benn4e3HHH MoTeHIian y chepi
0e3IeKH 3aBISIKM CBOIM YHIKaJIbHUM MOXIHBOCTSIM. He-
3BaKAIOYM Ha iICHYIOUl BHKIJIMKH, PO3BUTOK TEXHOJIOTIH
Ta inTerpauis pois BITJIA 3 icuyrounmu cucremamu 6e3-
HEKH MOXKYTh 3HAYHO TIOKPAIIUTH 3arajbHUil piBeHb 0€3-
HEKH.

3.3. Monimopune. Poi BIIJIA Takox € BaXIUBUM
IHCTPYMEHTOM J|JIsl pI3HOMaHITHUX 3aBJjaHb 3 MOHITOPH-
HI'y 3aBJISIKM CBOil THYYKOCTi, aBTOHOMHOCTI Ta 3/1aTHO-
CTi IIpaIffoBaTH y KoopanHamii. Hmkde HaBeIeHi OCHOBHI
cnoco6u BukopucTtanas poiB BITIA y miit cdepi:

Poi BITJTA MoxyTh OyTH OCHAIIICHI JATIYMKAMHA JIIIS
MOHITOPUHTY XiMIYHUX, O10JOTIYHIX, padiONOTIYHAX Ta
SIIEPHUX PedoBHH. Lle 0cOOIMBO BasKJIMBO y CUTYaIlisX,
MOB'A3aHUX 3 aBapisiMM Ha IPOMHUCIOBUX OO'€KTax.
BITJTA MOXyTh HIBHIKO OOCTEKWTH BEJMKI ILIOII, BU-
SIBUTH HAasBHICTh HEOE3NEeYHHX PEYOBHH Ta IEpeAaTH
JIaHi B peaJbHOMY Yaci 10 BiANOBITHUX Cayx)0 [9].

Poi BIIJIA BUKOPHCTOBYIOTHCS VIS MOIIYKY 3HHK-
JAUX 0Ci0 y BaKKOJOCTYIMHHX MICIIEBOCTSX abo0 miciis
cTuxiitaux gux. OCHAIlEH] TeIUIOBI30paMH Ta KaMepaMu
3 BHCOKOIO PO3/1JIbHOIO 31aTHICTIO, IPOHN MOXYTh IIIBH-
JIKO BISIBIITH TOCTpakaanux [32], HaBiTh y CKIATHUX
yMOBaX, TaKHX sK JIiCOBI mokexi abo zemuerpycu. Lli
JlaHl JO3BOJIAIOTH PATYBAJIBHUM CIyX0aM OIepaTHBHO
pearyBaTy Ta HaJaBaTH JOTIOMOTY.

BIUTA moxyTh OyTH oOmagHaHI CEHCOpPaMH JUIS
MOHITOPHHTY SIKOCTi HOBITPS Ta BOJH, MOHITOPHHTY BU-
TOKIB Ha()TH Ta IHIMX 3a0pyIHIOIOYNX pedOBHH. BoHM
3/1aTHI 00CTEXyBaTH BEIUKI BOJHI Ta 3eMeNIbHI TEPUTO-
pii, BUSBIIATH JKepena 3a0pyAHEHHsS Ta KOHTPOJIIOBATH
€KOJIOTiuHy cutyallito. [{e 0co0IMBO KOPUCHO IS IIIBU-
JIKOTO pearyBaHHs Ha aBapii Ta 3anmo0iraHHs iX 1MoJalib-
oMy posnosciojkeHHo. Poi BITJIA mMoxyTh OyTH BH-
KOpHUCTaHi 11 MOHITOPHHTY Ta MOHITOPHHIY JiCOBHX
MoXxex. BOHM MOXyTb ONEpaTMBHO OLIHIOBaTH MAacil-
TaOM MOXexXi, BUSBILITH HOBI OCEPEAKH 3aiiMaHHs Ta Ha-
JlaBaTH TOYHY iH(opMalito pATyBaabHUM KomMaHaam. Lle
JI03BOJISIE IIBWJILIE pearyBaTH Ha MOXKEXI Ta 3MEHIIY-
BaTH IIKOJY JISl IPUPOJIU Ta HACEJICHHS.

OpHak, iICHYIOTh 1 BUKIIMKH, TaKi K 3a0e3MeueHHs
HaJIAHOTO 3B'SI3Ky MK IpOHAMH, IHTETpallis 3 iCHyro-
YUMU CHCTEMaMU Ta 3a0e3TneueHHs KibepOesmeku.
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V peanbhux ymoBax poi BITJIA Bxe BUKOPUCTOBY-
I0TbCS JUIS MOHITOPHMHIY BEJIMKHUX 1H(QPACTPYKTYpPHHX
MIPOEKTIB, TaKWX SK HapTOBI MIarGopMH Ta ra3orpo-
BoJY. BOHM MOYTb BUSIBIIATH BUTOKH, OLIIHIOBATH CTaH
KOHCTpYKIiH Ta 3a0e3mnedyBaTy Oe3neKy npaiiBHUKIB.

Bonm 3pmatHi 3a0e3meuntH e(hEeKTUBHUHA MOHITO-
PHHT, IIBUIKE PearyBaHHs Ta BUCOKHH PiBEHb OE3MEKH y
pizHuX ramy3sx. He3Bakaroun Ha iCHYIOUi BUKIHKH, PO-
3BHTOK TEXHOJIOTiH Ta iHTerparis poiB BITJIA 3 icayto-
YUMH CHCTEMaMH MOXXYTh 3HAYHO IOKPAIIUTH 3araib-
HU piBeHb Oe3MeKH Ta €(peKTHBHOCTI MOHITOPHHTY.

3.4. Komynixayii. Poi BITJIA BinkpuBatoTh HOBI ro-
pU30HTH Y chepi KOMYHIKaIlii 3aBIsSKHA CBOTH 34aTHOCTI
3a0e3nedyBaTd NIBUIKE PO3rOPTaHHS, THYUYKICTh Ta aB-
TOHOMHICTh. HiKue HaBeieHi OCHOBHI CII0COOM BUKOPH-
cranHs poiB BIIJIA y miii ramysi:

Poi BITJIA MoxyTb OyTH PO3rOpHYTI Uil CTBO-
PEHHS THMYaCOBUX KOMYHIKAI[ITHUX MEpPEX ITi/1 4ac Hal-
3BUYAIHHX CUTYalliif, TAKAX K CTHUXIiHHI TnXa abo Tex-
HOTeHHi KatacTpodu. Born MoxyTh 3a0e3nedyBati 3B's-
30K MDX pATYBaJIbHUMHU KOMaH/IaMH Ta MOCTPAKIATHMH,
JI0IIOMararoyy KOOPIMHYBATH Omnepanii 3 pATYBaHHS Ta
HaJaHHs 1onomMoru [9].

VY BinpaneHux abo Ba)XKOJOCTYMHHX paiioHax poi
BITJIA moxyTh OyTHM BHKOPHUCTaHI AJISI PO3TOPTaHHS
THMYaCOBHX Mepex 3B's13Ky [7]. BoHr MOXyTh 3a0e3rie-
YyBaTU IHTEPHET-AOCTYII, TeJeOHHUIT 3B'SI30K Ta Iepe-
Jady JaHuX sl CIUTBHOT, SIKi HE MarOTh MOCTIHHOT KO-
MYHIKaiiHOI iHPPaCTPyKTYpH.

VY wicrax poi BIIJIA MoxyTe OyTH BHKOpHCTaHI
JUTSL pO3IINPEHHS ICHYFOUNX KOMYHIKAIIIHHAX MEPex i
Yac BENUKUX 3aXOJliB, TAKUX SK CIIOPTHBHI momii abo
KOHLEpTH. BOHM MOXyTh 3a0e3nedyBaTH JONATKOBY
MIPOITYCKHY 3/1aTHICTh MEPEXi, IMOKPAILyIO4YH SIKiCTh 3B'SI-
3Ky Ta HIBHIKICTh MepeAadi AaHuX Jyisi YYacHHKIB 3a-
X0my.

V BilicbkoBiii cdepi poi BITJIA MoxyTh OyTH BHKO-
pucTaHi Juis 3a0e3neueHHs 3B'I3Ky MIXK MiJPO3/iIaMH B
yMoBax 0oioBuX Jiii. BoHM MOXyTh CTBOprOBaTH MOOI-
JIbHI Ta 3aXUILEeHI MEPEexi, 3a0e3euyoun HaliiHui 3B's-
30K HaBiTh y HalcKJIagHIMMX yMoBax. Lle no3Bomse ko-
MaH/IyBaHHIO e(pEKTUBHINIE KOOPAMHYBATH Jii BIHCHK Ta
OTIepaTUBHO pearyBaTH Ha 3MiHHI 0OCTaBHHH.

VY xoHTeKkcTi po3yMHHX MicT poi BIIJIA mMoxyTh
OyTH BUKOpHUCTaHI Ui 3a0e3MedeHHs 3BSI3Ky MK pi3-
HUMH eJIeMeHTaMHU MichKoi iHdpacTpykTypHu. Bonn mo-
KYTb JOTIOMAaraTty B yIpaBJIiHHI JOPOKHIM PyXOM, MOHi-
TOPHHIY CTaHy HAaBKOJIMIIHHOTO CEPEOBHINA, a TAKOXK
3a0e3meuyBaTy 3B'I30K MK JaTYUKaMU Ta CHCTEMaMu
ynpasiiaasa [12].

OcuoBunMu niepeBaramu poiB BITJIA y cdepi xo-
MYHIKalii € IXHI MOOUIBHICTh, IIBUIKICTH PO3TOPTaHHS
Ta THYYKICTb. BOHM MOXyTh 3a0e3nedyyBaTH 3B'S30K y
HAMCKJIAHIIIX YMOBAX, JIe TPAJAUIIIHI METOIN KOMYHi-
Kallii HeIoCcTymHI a00 HeJocTaTHRO edekTuBHI. OMHaK,
ICHYIOTb 1 BUKJIMKH, TaKi SIK 3a0e3Me4eHHs Oe3neKu me-
penadvi JaHuX, CTIHKICTh A0 MEPENIKO]] Ta TPUBATICTh PO-
6otu BITJIA.

Poi BILJIA MatoTh BeNWKwHii MOTEHIAN y cdepi Ko-
MYHIKaIlid 3aBISIKA CBOIM YHIKaJIbHHM MOMJTHBOCTSIM.
Bonu 37aTHI 3a0e3nednTH HaAIMHUNA 3B'SI30K y PI3HHX
YMOBaXx, HIBUAKO pearyBaTy Ha Ha/[3BUYaliHI CUTYyaIlii Ta

MOKpallyBaTy iHPpacTpyKTypy 3B'I3KY y MICbKHUX Ta BiJ-
JajeHux paiioHax. HesBakaroun Ha iCHYIOYl BUKIIMKH,
PO3BHTOK TeXHOJIOTiH Ta inTerpauis poiB BITJIA 3 icHy-
I0YMMHU KOMYHIKAIlIHHUMH CUCTEMaMHU MOXXYTh 3HAYHO
MiIBUIINTH 3arajbHUi piBeHb KOMYHIKaIiiHOI iH(pa-
CTPYKTYpH.

3.5. Posymnui micma. Po3ymMHI MicTa BUKOPHUCTOBY-
FOTh CyYacHi TEXHOJIOTIi IS MiIBUIICHHS SKOCTI KUTTS
CBOIX MEIIKAHIIIB, IIOKPALICHHS 1HPPaCTPYKTypH Ta 3a-
Oe3medeHHs CcTiikoro po3BUTKyY. Poi BITJIA € BaxmBIM
KOMIIOHEHTOM Y IIiif eKOCHCTEMi, OCKITBKH BOHH MOXKYTh
BUKOHYBATH Pi3HOMaHITHI 3aBJIaHHS 3 BUCOKOIO e(peKTH-
BHICTIO Ta THYYKICTIO.

Poi BITJIA MOXyTb BUKOPHCTOBYBATHCS JUISL pery-
JSIPHOTO MOHITOPUHTY CTaHy MICBKOi iHppacTpyKTypH,
BKJIFOYAIOYM MOCTH, JOpOTH, OyIiBii Ta iHII OO0'€KTH.
BoHr MOXyTh 3IIHCHIOBATH IHCICKIIi1, BUSBISATH IO~
KOJDKEHHSI Ta 3armo0iraTé aBapisiM, 3a0e3Medylodn THM
caMuM O€3IeKy Ta JOBTOBIYHICTh MiCEKHX CIIOPY/I.

VY posymuux mictax poi BIIJIA mMoxyTh momoma-
raTd y MOHITOPHHTY Ta YIPaBIiHHI JOPOXHIM PYXOM.
Bonn MoxyTh 30upaTi AaHi po Tpadik y pexumi pea-
JIBHOTO 4acy, BUSBJIATH 3aTOPH Ta aBapii, a TAKOX HaJa-
BaTH PEKOMEHIAIIIT II[0I0 ONTHUMATBHUX MapIIPYTiB IS
BomiiB. lle momomarae 3MEHIIUTH 3aTOPH, ITiJBUIIUTH
0e3rneKy Ha JIOporax Ta MOKpAIUTH 3arajbHy MOOiTIb-
HICTB Y MICTI.

Poi BIIJIA MOXyTh BUKOPUCTOBYBATHCS JIJIsI MOHI-
TOpHUHTY [16] SKOCTI OBITpPS, BOIYU Ta CTAaHY HABKOJIHIII-
HBOTO CepenoBUINa. BoHN MOXYTh 30MpaTH JaHi Ipo pi-
BEHb 3a0pyIHCHHS, BUKHIM TAPHUKOBUX Ta3iB Ta iHIIIL
€KOJIOTi4HI MoKa3HuKH. Lle 103Bossie BUacHO pearyBaTu
Ha EKOJIOTiYHi MPOoOJIeMH Ta 3MIMCHIOBATH 3aX0IH JUTA 1X
BUpINIEHHS, 3a0€3Me4y0un TaKUM YHHOM 3JI0POBE cepe-
JIOBMILIE IS MELIKAHLIB MiCTa.

Poi BITJIA MoxyTh 3a0e3neuyBaTu NaTpyIFOBaHHS
Ta MOHITOPHUHT MICBKUX PAMOHIB IS ITiABHIICHHS PIBHS
6e3rnexu [12]. BoHu MOXyTb BUSIBIISITH ITiA03DPiTy aKTHB-
HICTb, 3aM00IraTé 3JI0YMHAM Ta OMEPATUBHO pearyBaTH
Ha HaJ3BUYalHi cutyaiii. Ile m103BoJIsIE MIABUIUTH Pi-
BEHb TPOMAJICHKOI O€3IeKH Ta CTBOPHUTH KOMQOPTHI
YMOBH JJISI KHUTTSL.

VYrpaBiiHHS BiIXOJaMH € BaXXIIHMBOIO CKJIAJIOBOIO
po3ymHuux micT. Poi BITJIA MOXXyTh BUKOPHUCTOBYBATHCS
JUTI MOHITOPHHTY Ta ONTHUMI3alii mporecy 300py Ta yTu-
mizanii BigxoaiB. BoHW MOXyYTh 3/IHCHIOBATH THCIIEKITii
CMITTEBUX KOHTEHHEPiB, IUIAHYBAaTH MApIIPYTH IS
CMITTEBO3IB Ta 3a0e3medyBaTi epeKTUBHY pOOOTY cHC-
TEMH yTPaBJIiHHS BIIXOJaMH.

[lig gac Ham3BuuaiHMX cutyamii poi BITJIA mo-
KYTb OyTH PO3TOPHYTI JUIS IBUKOTO pearyBaHHs Ta Ha-
nanHs gornoMord [13]. BoHu MOXYTh 3[iHICHIOBATH I10-
LYK 1 pATYBaHHS MOCTPAXJIAJINX, TOCTaBISITH MEIUYHI
3aco0M Ta KOOpJIMHYBAaTH pATYyBasbHI oreparii. Lle no-
3BOJISIE 3HAYHO 3MEHIIMTH Yac pearyBaHHS Ta IIiJ(BH-
LIUTH €PEKTUBHICTD PATYBAJIBHUX 3aX0IIB.

Poi BITJTA MatoTh BelMKHUil MOTEHIIAN Y PO3BUTKY
PO3yMHHX MicT. BOHM MOXyTh BUKOHYBaTH pi3HOMaHi-
THi 3aBJaHHA, 320€3MeYyI0Yd MOHITOPHHT, YIIPaBIiHHA
Ta pearyBaHHS y Pi3HHX cdepax MIChKOTO KHTTA. 3a-
BIISIKM CBOIM YHIKaJbHUM MOXKIUBOCTSIM, poi BITJIA mo-
KYyTh 3HAYHO INIBHIMUTH SIKICTh >KUTTS MENIKAHIIIB,
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MOKPaLIUTH 1HQPACTPYKTYpY Ta 3a0e3MEYUTH CTIHKHUMA
PO3BHUTOK MiCBKHX TEPHUTOPIH..

3.6. Cucmemu 3abezneuenns Haoitinocmi. CUCTEMHU
3a0e3nedeH s HaJiiHOCTI € KIIOYOBUM acCIIEKTOM IIpH
BukopuctanHi poiB BIIJIA y pisnux cdepax. Poi BIUJIA
MOXYTh 3HAYHO ITJBHIIUTH CHCTEMH 3a0€3MCUCHHS Ha-
JifHOCTI y iHPPACTPYKTYpi, KOMYHIKAIIiSIX Ta OMeparisax
3aBIISIKM CBOTH THYYKOCTI, IBUAKOCTI pearyBaHHA Ta MO-
JKIIMBOCTI TPAITIOBATH y BAXXKOIOCTYITHUX MiCIIIX.

Poi BIIJIA MOXyTh IPOBOIUTH PETYISIPHANA MOHi-
TOPWHT KPUTHYHOI iHPPaCTPyKTypH, TAKOI IK MOCTH, J1a-
MOH, enekrpocraHuii Ta HadrompoBoau. Bonu 3maTHi
LIBHIKO BUSIBJISITH TIOIIKO/KEHHS 200 03HAKH 3HOCY, 1110
JI03BOJISIE CBOEYACHO MNPOBOAWUTH HEOOXiJHI PEMOHTHI
pobotu Ta 3amobiratu aBapisM. 3aBASKH OMY ITiJ[BU-
LIYy€ETHCS 3arajibHa HaAiHHICTh IHPPACTPYKTYPHUX 00'€K-
TiB [17].

VY coepi eneprernku, Hanpukmaa, poi BITJIA wmo-
JKYTh BHKOPHCTOBYBATHUCS UL 1HCIICKIIii JHIH eIeKTpo-
repenad Ta BiTpoBUX TypOiH. BOHN MOXYTh 3HiiCHIOBATH
JIeTaNbHY TIepeBipKy CTaHy OOJIaTHAHHS, BUIBILITH Hede-
KTH Ta IJIAHyBaTH 00CITyTOByBaHH:A 0e3 HEOOXiIHOCTI 3y-
nuHKH pobotu cucteM. lle 3abe3neuye Oe3nepepBHICTH
pOOOTH Ta 3MEHIIYE PU3MKH BiIMOB 00JIa THAHHSL.

[Mix wac npupoaHux KatacTpod abo TEXHOTCHHHX
aBapiii poi BIIJIA MOXyTh IIBHAKO pearyBaTd Ta Haja-
BaTH OINEpaTHBHY iH(OpMalio Npo cTaH iHdpacTpyk-
TypH Ta J0IIOMarat y MpoBeJIeHH] pATYBAJIBHHUX Olepa-
1iii. BoHM MOXXyTh CTBOPIOBATH KapTH 3pyHHOBAHUX Te-
PHUTOPIiH, 3HAXOAUTH MOCTPAKAAINX Ta JOCTABIATH He-
00XimHI pecypcH, IO MiIBUINYE SPEKTHBHICTH peary-
BaHHS Ta 3MEHIIIy€ BTPaTH.

Poi BITJIA MOXyTh BUKOPHCTOBYBATHCS IS 320€3-
MeYeHHS HANIHHOCTI KOMYHIKAIliil y Ba)KKOOCTYITHUX
abo BigmaneHux paiioHax. BoHM MOXyTh CTBOpIOBaTH
THMYACOBI MEPEXKi 3B'13Ky y pa3i BUXOMY 3 JIaay CTaIlio-
HapHOI iHdpacTpyKkTypH abo 3abe3neuyBaTH 3B'I30K i
Yac BEJMKHX 3aX0JIiB, KOJH ICHYIOUI MEpexi nepeBaHTa-
xeni. Lle no3Bosisie 3a0e3meunT Oe3nepepBHUi 3B'SI30K
y KPUTHYHHX cuTyalisx [19].

Poi BIIJIA € mOTyXHHM iHCTPYMEHTOM JJIs 3a0e3-
MeYeHHS HAIIHHOCTI y pi3HHX cdepax. BoHE MOXYyTH
MIPOBOJIUTH JETaIbHUI MOHITOPHHT, iHCIIEKIIi1 Ta 00Cy-
TOBYBaHHS iH(pacTpyKTypH, pearyBaTi Ha HaJ[3BUYaiHI
cuTyarlii Ta 3abe3nevyBaTi HadiHICTh KOMYHIKaIiil. 3a-
BISKM CBOIM YHIKaJbHHUM MOXJIHMBOCTSIM poi BIIJIA
CIIPUSIFOTH MiIBUIIICHHIO HAJIHHOCTI Ta O€3MEKH y cydac-
HUX CHCTeMax Ta iHhpacTpyKTypax.

3.7. Auaniz ma obpobka Oanux. MaliMHHE HaB-
YaHHs € OJHIEI0 3 HAWOUIBII MEPCIEKTUBHUX TEXHOJO-
Tiif, SIKa MOXKe 3HAYHO MOKPAIIUTH (QYHKIIOHAIBHICTD Ta
edexruBHicTh poiB BITJIA. Buxopucranns III B posix
BITUTA BiakpuBa€e HOBI MOXIIUBOCTI JUII aBTOMATH3AIli1,
00poOKHM TaHUX, NPUIHATTS pillleHb T2 BAKOHAHHS CKJIa-
nuux 3aaanb. I no3sosise posim BIUJIA mpaioBatu
ABTOHOMHO 0€3 IIOCTIHHOTO BTpY4YaHHS JIOJWHHU. 3a-
B/SIKM aJTOpPUTMaM MAalIMHHOTO HaBYaHHS Ta HEHPOH-
HUM Mepexam, BITJIA MOXyTs caMOCTiiHO OpraHi3oBy-
BaTH CBOIO POOOTY, KOOPAMHYBATH [ii 3 1HIIMMH JIpO-
HaMH B poi Ta aganTyBaTUCS A0 3MIHHHX YMOB CEpelo-
Bua. lle 0coba1Bo KOPUCHO [UIs BUKOHAHHS 3aBJaHb Yy
BKKOJOCTYIMHUX a00 HEOE3MEUHNX MiCIIsIX.

Poi BITJIA, ocHamieni 111, MmoxyTh 30upaTu Ta 00-
poOJIsITH BenM4e3Hi 00CATH TaHUX y PEXHUMI PealbHOTO
yacy. BoHu MOXyTh aHanizyBaTH 300pa)keHHs Ta Bijieo
[28], BusBIATH aHOMAJII, pO3Mi3HABATH O0'€EKTH Ta PO-
OWTH BHCHOBKH Ha OCHOBI 3i0paHoi indopmarii. Lle mo-
3BOJIsIE BUKOpUCTOBYBaTH poi BITJIA s MOHITOPHHTY
CTaHy iH(pPaCcTPyKTypH, CUTLCHKOTOCIOJAPCHKUX YTilb,
MIPUPOJTHHX pecypciB Ta iHmux 06'ekriB. L1 mosxe ontu-
Mi3yBaTH MapHpyTu moisoTy poiB BIIJIA s Buko-
HaHHA Pi3HMX 3aBJaHb, TAKHX K JOCTaBKA BAaHTAXIB, Ma-
TPYNIOBaHHS a00 TMOIITYKOBO-PATYBANbHI omeparii. AJ-
TOPUTMHU ONITHMIi3allil MOXXYTh BPaxOBYBaTH pi3Hi (ak-
TOPH, BKJIFOYAFOUH TIOTO/IHI YMOBH, 0OMEXEHHS HOBITPSI-
HOT'O [IPOCTOPY, EHEPreTUYHI PecypcH APOHIB Ta Ipiopu-
TETHICTB 3aBJlaHb, 3a0€3M1EeUyI0UN TAKUM YNHOM e(EeKTH-
BHe BHKopHcTaHHsi pecypciB. LI no3Bossie mporuosy-
BaTH MOXJIHBI ITOJIOMKH Ta BiZ]MOBH B po0oTi pois BITJIA
Ha OCHOBI aHANi3y AaHUX IPO iXHIO eKcInTyaramito. Lle
JI03BOJIsIE BYKUBATH MIPEBCHTUBHI 3aX0H U 00CITyTOBY-
BaHHS Ta PEMOHTY APOHIB, 1110 3HW)KY€E PU3HK HEOUiKyBa-
HUX TOJIOMOK Ta MiJBWIIY€ 3arajbHy HAIIHHICTH CHC-
TEMH.

VY cdepi 6e3niexu poi BITJIA MOKyTh BUKOPUCTOBY-
Batu IIII 1a BUSBICHHS Ta 3HEUIKODKEHHS MOTEHLIN-
HHX 3arpo3. Hanpukiaa, BOHH MOXKYTh 1IeHTU(IKYBaTH
mi103pisti 00'€KTH, BIJICTIIKOBYBATH PyX IMiJO3PIOBAHUX
0cib abo TpaHCTIOPTHHX 3ac00iB Ta HABITH 3IMCHIOBATH
aBTOMAaTH4YHE BTpy4aHHs y pasi 3arposu. Lle poOuts ix
LiHHAM 1HCTPYMEHTOM AJIs 3a0€3IeYeHHs IPOMaICHKO]
Oesmekn Ta O0poThOM 31 3moumHHicTiO. LI mo3BOMAE
posim BITJIA HaBuaTHcs Ha OCHOBI IOIEPEIHBOTO JIOC-
BiJly Ta aanTyBaTH CBOI [Iii 10 HOBUX yMOB. Lle 3ab6e3re-
4ye MOCTiliHE MOKPAIIeHHs iXHbOT e(PEKTUBHOCTI Ta MO-
KIJIUBICTh BUKOHAHHS BCE OUIBII CKIIaJHUX 3aBJaHb. 3a-
BISIKM METoJaM rinbokoro Hasyauts, poi BILJIA mo-
XKYTbh MOCTIHHO BJIOCKOHAJIIOBATH CBOT HABMYKH Ta 3/1aT-
HICTh pearyBaTd Ha HOBI BUKJIMKH. B omHiit 3 pooir [36]
Oyno posrisayTo Bukopuctanns LI ans pois BIUJIA B
CUIBCBKOMY TOCHO/AApCTBI. 3aBAsSKM MalIMHHOMY Ha-
BYAHHIO JIPOHHU MOXKYTh aHAJIi3yBaTH CTaH IOCIBIB, BUSIB-
JISITH IIKIHUKIB Ta XBOPOOU POCIIHMH, IPOrHO3YBAaTH BPO-
JKAHICTh Ta ONTHMIi3yBaTH BHKOPUCTAaHHS H0OpuB. [H-
i puKITa — 3actocysanHs LI s koopauratii pois
BIUTA mix gac pATyBadbHUX OTEPAIii MiCIs MPUPOIHIX
KatacTpod, e JPOHU MOXKYTh CAaMOCTIHHO PO3MOIUIATH
30HH TIOIIYKY Ta 3a0e3nedyBaTH e(heKTUBHY KOMYyHiKa-
1Iif0 MiJK COOOFO Ta PATYBATLHUKAMU.

Tarerparis LI B poi BITJIA 3ra4HO po3mupioe ixHi
MOJKJIMBOCTI Ta MigBHUINY€E e(heKTHBHICTh BUKOHAHHS 3a-
BllaHb. 3aB/SIKA aBTOHOMHOCTI, IHTEJICKTYaIbHOMY TLTa-
HyBaHHIO, IPOTHO3YBaHHIO Ta ananraiii, poi BIIJIA mo-
XKYTh YCHIIITHO BUKOHYBATH Pi3HOMAHITHI 3aBIaHHs Y pi-
3HUX c(hepax, 3a0e3rneuyrour BUCOKY HaJiiHICTb Ta Mpo-
JYKTUBHICTb.

4. BUCHOBKH 32 OTJISIAOM HANPSAMKIB

Poi BITJIA € BiZHOCHO HOBOIO Ta iHHOBAIiHHOIO
KOHIIETIII€I0, 10 IIBUIKO PO3BUBAETHCS. BOHU Bxke Jie-
MOHCTPYIOTh 3HAYHHIA MOTEHIIIAN Y PSIIi Tay3ei, BKITIO-
Yyaro4u 000poHY, Oe3eKy, CIIIbCbKE TOCIIOJapCTBO Ta JI0-
rictuky. AHani3 BpoBapkeHHs poiB BITJIA B uux coe-
pax Iokasye, 110 iX BUKOPUCTaHHS HPUHOCHUTh YHCIICHHI
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mepeBary, 30KpeMa B MiJBHUINCHHI ¢()eKTUBHOCTI, 3HU-
JKEHHI BUTpAT 1 PO3LIMPEHHI MOXIIHMBOCTEH IUISi BHKO-
HAHHS CKJIATHUX 3aBJIaHb.

BiamoBigHO 10 MPOBEACHOTO OTJISAY, MOXHA Bifl-
3HAYHTH, IO KIIFOYOBUMHE oOnacTsamu, e poi BILUIA 3Ha-
XOJSTh HaHIIMPIIE 3aCTOCYBAHHS, €: 000POHHHN CEKTOP,
Jie BOHH BUKOPHCTOBYIOTHCS JJIs1 BUKOHAHHS PO3BidyBa-
TBHUX 1 OOMOBHUX 3aBlaHb; CLIBCHKE TOCIIONAPCTBO, 1€
poi IormoMararoTh Y MOHITOPHHTY KYJBTYp 1 yIIpaBIliHHI

pecypcamu; Ta JIOTICTHKA, JIe BOHH ONTUMI3YIOTh JJOCTa-
BKY TOBapiB Ta yNpaBJIiHHS CKJIaACEKUMH 3anacamu. Of-
Hak poi BIIJIA Tako akTHBHO BUKOPUCTOBYIOThCA B Ta-
KX ctepax, SK HaJI3BUYAliHI cUTyalii Ta pATYBaJbHI
oreparii, Jie X 31aTHICTh LIBUIKO pearyBartu i 30uparu
iH(pOPMaIi0 € KPUTHYHO BaXKIIHBOIO.

VY Tabn. 3 miIcyMOBaHO OCHOBHI XapaKTEPUCTHKH
Ta MPOOIJIEMH [T KOKHOI PO3TIITHYTOI Tary3i.

Tabauys 3 — OcodIMBOCTI Ta NPO0JIeMH PO3IJIAHYTHX rajay3eii Bukopucranus pois BIIJIA
Y MOOLJILHHUX JIOTICTUHYHUX CHCTEMAaX

Ne Tamy3s

Oco6mBoOCTI

Buxnukn

1 Jlorictuka

Poi BIUJIA 3nmaTHi aBTOMaTH3yBaTH CKIAJICHKI OIle-
pauii, MOHITOPUTH BaHTaXi Ta ONTHMi3yBaTH MapIil-
py™a poctaBku. BoHm 3a0e3meuyioTh e(heKTHBHY
KOOPAWHALIIO IiHf, [0 T03BOJISIE CKOPOTUTH Yac Ha
BUKOHAHHS JIOTICTUYHUX 3aBJaHb 1 3MCHIIUTH BHU-
TpaTH.

OCHOBHHMHU TIPOOJIEMaMH € HEOOXiTHICTh iHTe-
rpariii 3 iCHyFOUMMH JIOTICTHYHUMH CHCTEMaMH,
3a0e3medeHHs Oe3MeKu JaHuX 1 3SMEHIICHHS pH-
3Ky 3ITKHEHb MK JPOHAMH Ta iHIINMHU 00'€K-
TaMu.

2 | Besmeka

Poi BIIJIA BUKOpPUCTOBYIOTBCS JUIsl ATPYIFOBAHHS
TEPUTOPii, MOHITOPUHTY T'POMAJICHKUX 3aXOJIB i
IIBU/IKOTO pearyBaHHs Ha HaJ3BHYAMHI CHTYyaIii.
Bonu 31aTHI 3a6e3neuyBartH I1iJ10JJ000Be criocTepe-
JKEHHS Ta 30ip JaHHX y peaJbHOMY daci.

OCHOBHMMH BHKJIMKAMH € 3aXHCT Bijg Kibep3a-
Ipo3, MATPUMAHHS MOCTIHHOT KOMYHIKAI{ Mi
JPOHAMU Ta OIIEPaTOPaMH.

3 | Mownitopuar

Poi BITJIA MOXyTb BUKOPHCTOBYBATHCS JUIsl MOHi-
TOPHHT'Y aHOMaJiii, MOHITOPUHTY 3MIH y HaBKOJIUILI-
HBOMY CEpElOBHIIl Ta pO3Mi3HaBaHHS 00'€KTiB.
BoHu MOXyTb POBOJUTH PO3BIAKY y BaKKOIOCTY-
MTHAX a00 HeOE3NEeTHNX MICIIAX.

OcHOBHI TIpo0JIeMH BKJIFOYAIOTh 3a0e3MeueHHs
TOYHOCTI MOHITOPHHTY, 0OPOOKY BEITMKOT KiJlb-
KOCTi TaHHX 1 PO3pOOKY AITOPUTMIB IS aBTO-
MaTHYHOTO PO3Mi3HaBaHHS 00'€KTiB.

4 | KomyHnikarii

Poi BITJIA MOXyTh CTBOPIOBATH THMYACOBI MEpEexi
Ui 3a0e3MeYeHHs 3B'I3Ky B 30HAX HaI3BHYAHUX
cuTyailiii a0o B pailoHax 3 0OMEKEHUM JOCTYIIOM JI0
iHppacTpykTypu. BoHr MOXyTh 3a0e3neuyBary Ie-
penady JaHUX i TOJIOCOBOTO 3B'SI3KY MiX Pi3HHMH
TOYKAMHU.

OCHOBHHMMM BHKJIMKAaMH € 3a0e31medueHHs cTaoi-
JBHOT TIepeadi JaHuX, MTOI0JIaHHS NEePemIKo 1
3HIKEHHSI 3aTPUMOK Y 3B'A3KY.

5 | Po3ymHi micra

Poi BITJIA MOXyTh HOMOMaraTy y MOHITOPUHTY Ta
YIOpaBIiHHI iHQPACTPYKTYpPOIO PO3YMHHX MICT,
BKJTIOYAIOYM TPAHCIIOPTHI CHCTEMH, €HEeproIocTa-
YaHHS Ta cUcTeMH Oe3nekdu. BoHW 3maTHi 30upaTn
JIaHi PO CTaH JOPIr, AKICTh TOBITPS Ta iHIII Mapa-
METPH MiCHKOTO CEpPEOBHIIIA.

OcHOBHI TIPOOJIEMH BKITIOYAIOTh 1HTETPAILIO 3
iCHYIOUMMH MICBKHMH CHCTEMaMH, 3a0e3re-
YEeHHS PUBATHOCTI JaHUX 1 CTBOPEHHSI HOPMa-
TUBHOI 0a3| ISl BAKOPUCTAHHS JIPOHIB Y MiCh-
KHX YMOBax.

6 Cucremu 3a6e3-
NeYEeHHs Halii-
HOCTI

Poi BIIJIA MOXyTh BUKOPHUCTOBYBATHUCS JJISI pEry-
JSIPHOTO MOHITOPUHTY CTaHy iH(PacTpyKTypH,
BKJIIOYAIOYM MOCTH, IOPOTH, EJIEKTPOMEPEKi Ta Ha-
¢T0- i razonpoBoau. BoHU 3/aTHI BUSBIISATH MOIIKO-
JDKEHHS Ta POTHO3YBAaTH HEOOXIHICTE 00CITyroBY-
BaHHSI.

OCHOBHHMMHM BUKIINKAMH € 3a0e31eueHHs 0e3me-
pepBHOI poOOTH poOIO B Pi3HUX yMOBax, 30H-
paHHs TOYHHX JaHHX 1 PO3poOKa alropuTMiB
JUTSL IPOTHO3YBAHHS BiJIMOB.

7 | Anani3 ta o6po-
OKa TaHuX

InTerparis L1 3 posmu BITJIA no3Bossie aBToMaTH-
3yBaTH CKJIaHi 3aBIaHH:, BKIIIOYaI0UH 00pOOKY J1a-
HUX, MPUAHATTS PIICHb 1 aganTamilo 10 3MiHHHX
ymoB. LI nonmomarae qpoHamM caMOCTIiifHO OpraHi-
30ByBaTH CBOIO POOOTY Ta ONTHUMI3yBaTH BHKO-
HaHHS 3aBJaHb.

OcHOBHI IPO06JIEMH BKITIOUAIOTh PO3POOKY ede-
ktuBHHX anroputmiB LI, 3abe3neuenHs 6e3-
MKW Ta HAIIHHOCTI CHCTEM, a TaKOX iHTerpa-
miro I 3 iHIKMMHA TEXHOJIOTIIMHA Ta CHUCTE-
MaMH.

Bararo mpobmem, 3 sikumu ctukatoTses poi BITIA, € crmi-
JILHUMM JUIS PI3HUX rajly3ei, HalpHKJIal, IpooieMH 3 iH-
TErpawiclo B iCHyIOUYl CUCTEMH, YIPaBIiHHS JaHUMH Ta
3abe3nedeHHst Oe3NeKy MoJboTiB. BaxinBo 3a3Ha4uuTH,

110, xo4a poi BITJIA MoxxyTs OyTH aganToBaHi 10 pi3HUX
3aBllaHb 1 CEPEIOBMUIL, iX e(DEKTUBHICTP 1 TIEpeBaru Mo-
XKyTh OyTH MakCUMi30BaHi TUIBKY 32 YMOBH BpaxyBaHHS

102



ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2024. Ne 4

cneuudiyHUX BUMOT KOXKHOI ray3i Ta NOJOJIaHHS iCHY-
I0YMX BUKJIMKIB. [HIIMM acriekToM, sSIKUi BUIUISETHCS B
KOJKHIH raiy3i TexHikH, € 3acrocyBaHHs poiB BITJIA Ha
PI3HHX PIBHSIX MPOTATOM )KUTTEBOTO IIUKITY JIOTICTHYHUX
cucreM. Sk Mg yac onTUMi3alii MaplpyTiB, TaK i Mij
Yyac aBTOMAaTH3Aallil CKJIaAyBaHHs, TOYATKOBI MOJIENI MO-
KYTh OYTH IIPOTECTOBAHI, & MPUITYIICHHS ITiATBEPIKCHI
Y BipTyaJIbHOMY CEPEeOBHIII IIepel II09aTKOM IIOBHOMA-
cmtabHOTO BIpOBaKeHHA. | B cuctemax Oesrmekw, i B
cucreMax kKomyHikamiid poi BITJIA BuMmaratoTs mocTiii-
HOT'O MOHITOPHHTY Ta 00CIyrOBYBaHHS, SIKE MOXHA OII-
TUMI3YyBaTH 3a JJOOMOT'OF0 METO/IiB POTHO3HOTO TEXHi-
YHOTO 00CITyrOBYBaHHSI.

IlepeBarn. [[o 0CHOBHHUX IepeBar MO>KHa BiJTHECTH:

e IIBHJKE BIPOBA/KCHHS Ta ajanTallis 10 3MiH-
HHUX YMOB;

e IIPOTHO3yBaHHs MMPOOJIEM 1 IUTaHyBaHH oIepa-
il — IPOTHO3HE 00CIYTOBYBaHHS;

e (Oe3meka Ta 3MEHIICHHS PU3HKIB — JOIIOMOTa B
nepenOaveHHi aBapiit ab0 MPOCTOIB CUCTEMU;

® IIiIBUIIEHHS NMPOAYKTHBHOCTI Ta 3HW)KCHHS BH-
TparT;

e jnoctynHicTh — poi BIIJIA MOXyTh KOHTPOJIIO-
BaTHCS Ta BUKOPUCTOBYBATHUCS BiijajieHo abo B aBTOMa-
THU30BaHOMY PEXHUMI;

e 3MEHIICHHS BUTpAT — JIONIOMaralTh YHUKHYTH
HaJIMIPHOTO BUKOPHCTAaHHS pECypCiB Ta MOKPaIlIUTH
e(eKTUBHICTH OIeparliii;

® HaBYaHHS — CIPOIIYIOThH MIPOLEC HABYAHHS Iie-
PCOHAY Ta HOJIETIIYIOTh BUKOHAHHS CKJIQJIHUX 3aBIAHb.

Buxanku. OcHOBHI Ipo0IeMH IIPH CTBOPEHHI POiB
BITJTA moB’si3aHi 3 BUCOKOK) CKJIaIHICTIO, TOYHICTIO MO-
JIeMIOBaHHS Ta 3a0es3medeHHsM Oe3nekn cucreM. lle
TIOB’sI3aHO 3 TUM, 10 poiioBi cuctemu BITJIA 06’ enHyOTH
LIMPOKUH CHIEKTp MEepeIOBUX TEXHOJIOTIH 1, B ACSIKHX BH-
TaJiKax, BKJIIOYAIOTh BUKOPUCTAHHS PI3HUX THIIIB JIPOHIB.
CydacHi npo0iieMH MOYKHA IiICYMYBaTH TAKUM YHHOM:

e cHeproedexktuBHicTh — poi BITJIA 3a3Buuait
JKMBJIATBCSI Bij Oartapei, 1 ynpaBiiHHS €HEpri€lo crae
KPUTUYHHUM, OCOOJIMBO JUIsi BEJIMKUX POIB, SIKI MOXYTb
MaTH TpuBaii Micii. [Tomyk crmoco6iB MPOAOBKHUTH Yac
po0OTH Ha OZTHOMY 3apsi/ii 3aJIMIIAETHCS AKTYaTbHUM 3a-
BIAHHSIM;

® IIEPEIIKOIH MiXK APOHAMH — Y POSIX, IO CKJIaia-
FOTBCS 3 BEJIHMKOI KIIBKOCTI JAPOHIB, iCHY€e TmpoOiiemMa iH-
Tepdepenuii curHany, sika Moke BIUIMHYTH Ha KOOPIH-
HaIlio Ta 3B’ 530K Mix HUMH. Lle ctae ocobmmBo mpooire-
MaTHYHUM Y CKJIaJHUX YMOBax abo 3 BEIHMKOIO KiJIbKi-
CTIO JIPOHIB;

e KkibepOesmneka — OCKITbKY APOHH MPAIIOIOTH Ye-
pe3 6e31poToBI Mepeki, BOHH MOXKYTh CTaTH 00’ €KTaMu
XaKepChKUX aTak. 3axHMCT KaHaJIB 3B’SI3Ky Ta JAaHHUX Bij
KiOep3arpo3 € BasKJINBOIO IPOOIIEMOIO;

e 3a0e3nedeHHs1 Oe3MeKH Ta HaAIHHOCTI - Y posiX
BIUTA BaxxiuBO 3a0€3MeYUTH HAAIWHICTD X poOOTH Ha-
BiTh B YMOBaX BTPATH 3B'I3Ky 3 [IEHTPAILHUM KOHTpOJIE-

pom abo inmmMu apoHamu. HeoOximHi MeToau ais ca-
MOCTIHHOTO MPUHHATTS PillleHb Ta ajanrauii 10 HecHo-
JIBAaHHUX CUTYaIili;

e [paBOBE PEryJIIOBaHHS - y 0OaraTbox KpaiHax
JIOCi HEMa€ YiTKUX MPaBHJI i 3aKOHIB, 10 PETYJIIOIOTh BU-
kopuctanHs poiB BITJIA, oco0nmBO B rpoMaaCchKUX Mic-
ix. Lle oOMexye MOKIMBOCTI 1X 3aCTOCYBaHHS 1 MOXE
raJbMyBaTH PO3BUTOK TEXHIKH;

e CeTHYHI NUTaHHSI — BUKOpUCTAaHHS poiB BILJIA,
0CO0JMBO Y BIICEKOBHUX OIEpaIlisiX, CTABUTh 0araTo eTH-
YHMX IIATaHb, BKJIFOYAIOYH BIAITOBITAIBHICTS 3a Iil aBTO-
HOMHHMX CHCTEM Ta IXHIH BIUTMB Ha [IMBIJIbHE HACEJICHHS.
Cyuvacni pociimpkenust poiB BIIJIA namaratotrecst Bupi-
LIXTH L MPOOJIEMH, OTHOYACHO PO3IIMPIOIOYH 00J1acTh iX
3acrocyBaHHs. He3Baxkarouu Ha ni npooiaemu, poi BITJIA
BBAKAIOThCS OJHIEIO 3 IPOBIITHMX TEXHOJOTIH Yy Joric-
THIII, BINCHKOBUX Ta IHIIKUX CEKTOpax. 3pOCTAluUii Hay-
KoBHii iHTepec 0 poiB BIIJIA cBimunTh Tpo iXHE BemuKe
3HA4YECHHS HE TUIBKH I HAYKOBUX JOCII/DKEHb, a M A
MPAaKTUYHOTO BHUKOPUCTAHHS B Pi3HMX c(epax, TaKuX sIK
JIOTICTHKA, MIiCbKE YTPABIIHHS, Ta IHIII Taiy3i, Ie Bax-
JIFBa BHCOKA €(PEKTUBHICTH Ta OTIEPATHBHICTH IPOIIECIB.

5. Hopanbuii HAPAMKH podOTH

VY paMKax IMoJaJIbIINX JOCIHIIIKEHb IIIaHY€ETHCS PO-
3BHBaTH TeMy «Mozei, MeToiu Ta 3aco0u po3poOIeHHS
1 po3ropTaHHi MOOLTEHUX JIOTiICTHYHUX CHCTEM Ha 0asi
poiB BITJIA».

Sk 3a3Havanocs paHilie, JIOTICTHKA € OTHIEI 3
KIII0YOBUX oOnactei st Bukopuctanus poiB BITJIA, sxa
noTpedye BHCOKHMX CTaHAApTiB e(eKTHBHOCTI Ta 0e3-
neku. BianoBimgHo, OCHOBHI 3aa4i JOCIIKEeHb BKITIOYa-
I0Th:

e pO3pOO0JIEHHS KOHICMIII Ta CUCTEMHOI MOJei
MOOLTPHUX JIOTICTHYHHX CHCTEM — CTBOpPEHHS (yHa-
MEHTaJbHOI MOJIEN, sSKa BpPAXOBYBATUME CIICIU(IKY
pois BILJIA Ta ix iHTerpariro B JOTiCTHYHI IPOIIECH;

® pPO3pOOJEHHS Ta JOCII/KEHHS MaTeMaTHYHUX
moneneit MJIC sik cucTeM MacoBOTO 0OCITYTOBYBaHHS —
po3poOKa MaTeMaTHYHUX MOJIENeH JUIs ONTUMI3aLii Jo-
riCTUYHHMX oOnepaliii 3a YMOB pPI3HOMAaHITHOCTI poOiB
BIUTA Ta BUMOT A0 Yacy AOCTaBKH;

e pO3pOOJICHHS Ta JOCIIKCHHS METOJIB 3a0e3-
ne4yeHHs rapaHro3natHocti MJIC — BH3HaueHHST METO-
JIB JUTS TJABUINCHHS HAAIMHOCTI CHCTEMH 3 ypaxyBaH-
HSIM JIOTICTUYHUX MOKA3HUKIB, TAKUX SK IIBHJIKICTh, TO-
YHICTH Ta Oe3MeKa JJOCTaBKH;

e pO3pOOJNEHHS METOMIB 1 CHCTEM MiATPUMKH
MIPUIHATTS pilleHb — CTBOPEHHS aJropUTMIB U1 (op-
MyBaHHs onTuManbHUX poiB BITJIA BiqmoBigHO 10 KOH-
KPETHHX JIOTICTUYHHX 3aBJaHb Ta YMOB KiOepdi3uaHOro
CepeJloBHIIA.

Takum unHOM, 1151 poOOTA CHPSIMOBaHA Ha MOKpa-
IIEHHS iTICHOCTI Ta O€3MEKH MOOITBHUX JIOTICTUYHHX
cucteM Ha 6a3i poi BIIJIA, miaBuIeHHS iX MTPOAYKTHB-
HOCTI Ta aJJalTUBHOCTI 10 CKJIAJHUX YMOB €KCIUTyaTaltii.
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Mobile logistics and monitoring systems
based on UAV swarms: challenges and development directions

O. Kriuchenkov, O. Morozova, T. Nikitina

Abstract. With the development of technology and the active digitalization of aspects of life from transport to trade, there
is a growing need to create reliable mobile logistics systems based on swarms of unmanned aerial vehicles (UAVs). The use of
UAYV swarms can significantly improve the efficiency of logistics and monitoring operations, ensuring safety and optimizing costs
through the collection and analysis of data for real-time decision-making. The main goal of this article is to review the methods
and software tools that ensure the reliable operation of mobile logistics and monitoring systems based on UAV swarms. Key areas
of activity are also considered with examples of their application, characteristic features, problems, limitations and advantages. The
article also outlines the general challenges and limitations in this field. The paper proposes the concept of using UAV swarms to
solve logistical and monitoring tasks that increase work efficiency and reduce the risk of unforeseen situations during the life cycle
of operations. There are three main approaches to implementing such systems: autonomous UAV swarms, operator-controlled
swarms, and hybrid systems. In addition, the application of UAV swarms in various fields of activity, such as the delivery of goods,
monitoring of warehouses and infrastructure, as well as support of search and rescue operations, is considered. The concept of
mobile logistics and monitoring systems based on UAV swarms can be implemented in almost all industries, but this article focuses
on the most common areas that have significantly influenced the development of such systems. An analysis of the main fields of
application of UAV swarms was carried out, the features and problems of their use in each of the considered spheres of activity
were determined. The challenges, advantages and specifics of using UAV swarms were summarized.

Keywords: UAV swarms, mobile logistics systems, unmanned aerial vehicles, logistics efficiency, autonomous control
systems, digitalization of logistics, big data processing, data security, standardization, fault tolerance, route optimization.
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ANALYSIS OF OPTIMIZATION METHODS OF WEB RELATIONSHIPS WITH
AUGMENTED REALITY

Annotation. Topicality. With the development of mobile and wireless technologies, AR has received a new post for
integration into the full life, in particular with the help of WebAR. The technology is rapidly being introduced into other
fields such as commerce, medicine and education. However, other technical challenges include standards for 3D technologies
in web applications, which limit the quality and performance of AR applications. Optimizing these applications is an im-
portant aspect to improve the user experience and expand the application of AR in various industries. The purpose of this
work is the analysis of optimization methods of web applications with augmented reality. The object of research is web
applications with augmented reality. The subject of the study is methods of optimizing web applications with augmented
reality. The results. The work analyzes methods of optimizing web applications with augmented reality. Conclusion. An
analysis of the optimization methods of web applications with augmented reality was carried out.

Keywords: web, augmented reality, optimization.

Introduction

Augmented reality (AR) is a technology that pro-
vides enhanced perception of the physical world, giving
users the opportunity to visualize, hear and interact with
reality through superimposed multimedia content, which
is characterized by a high level of interactivity and infor-
mation saturation.

Since its inception in the 1950s, augmented reality
has seen significant development in fields such as medi-
cine, engineering, education, and more. At first, for its
implementation in the real world, you used bulky and
heavy equipment. Since 1997, AR has become a recog-
nized research field covering various aspects: tracking,
interaction, display, visualization, calibration and regis-
tration. The emergence of smartphones has opened up
new opportunities for the development of the augmented
reality application market.

The period of research devoted to the impact of mo-
bile and wireless technologies on the development of
augmented reality has begun. After 2010, researchers fo-
cused on the technical challenges and opportunities of
AR application development, which further contributed
to its integration into everyday life, particularly through
browser-based AR  applications (WebAR) for
smartphones. Modern smartphones, equipped with cam-
eras and such sensors as GPS, accelerometers and gyro-
scopes, are able to fully reveal the potential of augmented
reality [1, 2].

Today, augmented reality is being actively imple-
mented in various spheres of human life, in particular, in
trade. However, at the initial stages of its development in
this field there were certain difficulties due to investors'
doubts about the maturity of the technology. At that time,
games were the main driver of AR use. Currently, busi-
ness models have evolved, and many companies are real-
izing the importance of investing in WebAR to expand
their brand. As more and more brands integrate into e-
commerce, competition in this market is intensifying. In
order to stand out, businesses must implement innovative
solutions to improve the user experience. AR allows con-
sumers to preview a product, which solves the problem
of choosing a design, color or size. Technology not only

attracts customers, but also increases their satisfaction
and positively affects long-term purchase intentions. To-
day, many commercial sites support AR for selling
clothes, furniture and cosmetics. For example, L'Oréal
recently launched a website with AR to help customers
choose cosmetics more easily online.

Over time, AR is increasingly used in the medical
field, where it is useful for both doctors and patients. The
technology is used during complex operations, allowing
doctors to work with greater precision.

AR also improves education and training by inte-
grating digital content into the real world. Students can
use their smartphones or tablets to access AR content that
provides interactive learning, exploring complex con-
cepts, or performing virtual experiments.

In addition to commerce, medicine and education,
WebAR is actively used in areas such as tourism, hospi-
tality and entertainment. It is expected that the implemen-
tation of AR will continue to positively affect the markets
of commerce, healthcare and real estate in the coming
years. The growing number of studies in this area indi-
cates that in the future sites with integrated AR technol-
ogies will be able to significantly improve user interac-
tion with digital environments, providing everyday aug-
mented reality [3, 4].

Based on the above, it can be concluded that the use
of augmented reality in web applications has become
popular in the modern context. However, the lack of web
standards for the use of 3D technologies negatively af-
fects the spread of WebAR applications, which leads to
the creation of poorly optimized software solutions. This
leads to a deterioration of interaction with the user and a
limitation of the performance of the application - a de-
crease in the frequency of frames, an increase in the delay
or an inefficient use of the device's resources, which af-
fects the responsiveness and smoothness of the AR inter-
action.

So, based on the above, the research and optimiza-
tion of currently common WebAR applications are rele-
vant today, and the analysis of their optimization meth-
ods is expedient.

The purpose of this work is to analyze methods of
optimization of web applications with augmented reality.
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Main part

Optimizing 3D models plays a key role in reducing
resource consumption and ensuring fast and smooth op-
eration in WebAR environments, effectively minimizing
latency and reducing content loading time. Excessively
large or complex 3D models can slow down the operation
of the site and reduce its sensitivity, which negatively af-
fects the interaction with the user and can lead to the out-
flow of the audience. In turn, the application of optimiza-
tion methods helps to improve the operation of the appli-
cation and create a more comfortable user experience.

Significant delays in the visualization of the thickest
model occur due to the use of a one-time mechanism for
loading and rendering model data, which is based on the
synchronous mode of data exchange. In synchronous
mode, the client is forced to wait for the complete transfer
of the entire model before it is loaded and displayed in the
web application. In addition, low bandwidth or instability
of the mobile wireless network causes additional delays in
loading models. Combined with the site's limited compu-
ting resources, this can cause the page to look like it's fro-
zen in the browser. The solution to this problem is the use
of WebAR application optimization methods.

The asynchronous and decentralized method of
transferring 3D models eliminates the network conges-
tion that occurs during a one-time download. Asynchrony
consists in the transfer of data in parts. For example, the
process of data transfer of a three-dimensional model oc-
curs gradually: first, the basic mesh of the model is trans-
ferred, and during its rendering on the client side of the
web application, a file with refined data is simultaneously
received. With the receipt of these data, the model is
gradually detailed until complete restoration (Fig. 1). De-
centralization, in turn, involves the use of several data
sources for 3D models, which allows to evenly distribute
the load and increase the transmission efficiency [5].

-

Fig. 1. The process of grid refinement has several stages

The use of model compression technology reduces
the file size of 3D models, which increases their efficiency
for storage and transmission through a web browser. Li-
braries such as Zstd and Oodle aim for fast decompression,
but do not account for redundancy in vertex data, which
can lead to low compression ratios. The Draco algorithm
uses quantization and delta coding to reduce the accuracy
of vertex attributes, although it does not prioritize texture
quality. To optimize results, it may be useful to combine
Draco with other texture compression methods, such as
KTX2. The Corto library supports streaming, providing
fast mesh topology reconstruction during decoding.

The method of data reduction of component similar-
ity in the model increases the efficiency of the process of
transfer and loading of models by reducing the amount of
data that needs to be transferred. The method is based on
the identification of similar parts of models that are the
same or similar in the model and the elimination of redun-
dant information. Similar components in the model are de-
fined and represented by a single set of data. Instead of
transferring multiple versions of the same geometry or tex-
ture, the data is compressed to avoid duplication.

The level of detail (LOD) method optimizes the use
of computing resources, such as memory and processor,
by dynamically adapting the model. This approach re-
duces the number of displayed details taking into account
the distance, position and orientation of the user (Fig. 2).

LOD 100

Fig. 2. Reducing object detail using LOD

This allows you to reduce the load on the system
without a significant loss of visualization quality. Algo-
rithms such as meshoptimizer focus on mesh optimiza-
tion to improve performance, while multi-resolution
methods offer efficient data compression and minimize
CPU and GPU load. Hardware acceleration of tessella-
tion and continuous LOD open perspectives for stable
frame rates in high-quality AR applications.

With the development of machine learning technol-
ogies and neural networks, an updated method for imple-
menting data storage and transmission of 3D models is
proposed. The method is a Bayesian learning algorithm
for reducing the complexity of coding using the multidi-
mensional Ga-us distribution and the method of maxim-
izing the expected value for subsets without affecting the
visual quality of the model [6].

Recently, an HTTP-adaptive streaming system for
augmented reality was presented, which aims to provide
high-quality streaming services with minimal delay in the
conditions of variable wireless networks. The system
uses progressive mesh technologies together with a meta-
file structure to optimize visualization and data transfer
planning, taking into account the current network load.
Unlike systems that depend on the viewing angle, this
system adapts to network conditions and the scale of AR
overlays on the screen, which ensures the optimization of
transmitted fragments to improve the perception of visual
content by the user [7].

In terms of rendering performance, there is no uni-
versally lightweight format for 3D files. The USDZ for-
mat, developed by Apple and Pixar, is compact and inte-
grates augmented reality features into 3D content, but it
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is designed for iOS and has limited creation tools. This
creates a compatibility problem between the use of cross-
platform SDKSs and the specific capabilities of each plat-
form. The gITF format, as well as its glb binary, provides
efficient loading of 3D scenes in the browser, but differ-
ent gITF renderers may produce different visual results.
To optimize this process, frameworks such as gltfpack
with meshoptimizer, which applies various optimization
steps, and the Gltf pipeline from CesiumJS with support
for Draco compression [8] can be used.

One of the ways to overcome the shortage of com-
puting resources of mobile devices over the last decade
has become mabile cloud computing, which allows users
to upload intensive computing tasks to cloud servers de-
ployed on remote cloud platforms for processing.

Additional aspects of optimizing web applications
with elements of augmented reality are the on-demand
downloading of resources, in particular animations and
the implementation of model caching mechanisms in web
applications [9].

Conclusions

Modern society actively uses web applications for a
wide range of tasks, including buying and selling goods,
receiving online services and searching for information.
The global implementation of the 5G network creates the
basis for the large-scale application of WebAR technol-
ogy in various industries. Optimizing such applications
becomes critical to ensure a quality user experience, es-

pecially when interacting with websites, where visualiza-
tion and interactivity are key aspects. Further improve-
ment of WebAR technologies will facilitate more effec-
tive integration with digital platforms and increase user
satisfaction.

As a result, an analysis of methods of optimization
of web applications with augmented reality was carried
out. Optimization methods of 3D madels, such as asyn-
chronous loading, level of detail (LOD), and data com-
pression, allow you to reduce delays and reduce the load
on computing resources. A combination of compression
methods (for example, Draco for geometry and KT X2 for
textures) improves data transfer efficiency and reduces
download times. Decentralization of data allows you to
avoid network overload by evenly distributing the load
between several sources.

A combination of different optimization methods
can significantly increase the efficiency of processes in
WebAR applications. For example, combining LOD for
dynamic adaptation of the model with the Draco com-
pression algorithm allows you to reduce the size of files
and optimize the use of resources. Another option is
asynchronous non-loading of models with gradual detail-
ing in combination with KTX2 texture compression,
which reduces network load and speeds up loading. Also,
the distribution of the load between several sources of
data transmission in combination with cloud computing
allows you to transfer computing tasks to remote servers,
reducing the load on local devices.
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AHauni3 MeToiB onTUMi3anii Be03aCTOCYHKIB 3 TOMOBHEHOK) PeaIbHICTIO
Muxkuta MaTtBeeB

AHoTanisi. AKTyaJbHicTh. 3 PO3BUTKOM MOOLTBHUX i 6€3pOTOBUX TeXHONOTiH, AR oTprMana HOBHiT TOIITOBX JUIS iHTET-
patii y HOBCSIKIEHHE KXUTTS, 30Kpema 3aBisiki WebAR. TexHoor s IBUAKO BIPOBADKYETHCS Y Pi3HI cdepH, Taki sSK TOPriBIs, Me-
JuIrHa Ta ocBitTa. OJHAK ICHYIOTh TEXHIYHI BUKJIMKH, 30KpeMa BiACYTHICTb cTaHAapTiB 11 3D-TexHomoriil y Be63acTOCyHKaXx, 110
00OMeXye€ SIKICTb i TPOAYKTUBHICTB AoAaTKiB AR. Ontumizaris IiMX J0JaTKIB € BKIMBUM aCleKTOM ISl IOKPAIEHHs KOPUCTYBAIBKOTO
JOCBify 1 po3mmpeHHs 3actocyBaHHs AR y pi3HuX ramy3sx. MeToro qaHoi po0oTH € aHalli3 METO/iB ONTHMI3allii Be03aCTOCYHKIB 3
JIOTIOBHEHOIO peabHiCcTIO. 00’ €KTOM T0CITiIKeHHs € Be0O3aCTOCYHKH 3 IOTIOBHEHOIO pealbHicTio. [IpenMeToM K0cTiKeHHs € METOTH
onruMisanii Be6apfcnjceykis 3 IOMOBHEHO peanbHicTio. Pe3yabTaT. Y poOoTi MpoaHali3oBaHO METO/M ONTUMI3allii BeOIOIATKIB 3
JIOTIOBHEHOIO pealbHiCTIO. BicHOBOK. [IpoBeeHO aHami3 MeTo/iB ONTHMI3aii Be03aCTOCYHKIB 3 IOTIOBHEHOIO PEAIBHICTIO.

KawuoBi cioBa: BeO, J0MOBHEHA PealibHICTh, ONTUMI3ALLIS.
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! Hanjonansnuii yaisepcurer «Ilontasceka nonitexnika imeni IOpis Konapatiokay, ITonrasa, Ykpaina
2 denepanpHa moiTexHivHa mkona, Jlozanna, [lBetinapist

OCOBJIMBOCTI TA MOKJIMBOCTI 3BACTOCYBAHHA LLM
Y COEPI PO3POBKHU ITPOI'PAMHOI'O 3ABE3IIEYEHHA

AHoTanis. Y maHiil cTaTTi AOCHIKEHO poii Ta MoxmBocTi Bemuknx Mosaux Mogeneir (LMM) y cdepi po3poOku
MPOTPaMHOT0 3a0€3MeUCHHS, SKi BapilOIOTHCS BiJl CIEIialli30BaHUX, OPIEHTOBAaHUX HA KOHKPETHI MOBH a00 TOMEHH, JI0O 3a-
TaJbHUX MOJeTei, SIKi MOXYTh 3aCTOCOBYBAaTHCS J0 MIMPOKOTO CIIEKTPY 3agad. [IpoBeseHo orisig OCHOBHUX 0COOIMBOCTEH
LMM, akueHT Ha IXHbOMY MOTEHIliali y TIMOMHHOMY aHaji3i Ta TeHepallii TEKCTY, a TAKOK PO3KPHUBAE MOMIIMBOCTI 3aCTO-
CyBaHHS B IIMPOKOMY CHEKTpi 3aaad. [IpoaHanizoBaHO OCHOBHI HAMpsMHU LIOJ0 ONTHMI3allii podotr 3 LMM, siki BKIto4a-
I0Th B cebc KOHTEKCT, fine tuning, BekTOpH3aIlis iH(GOpMAIlil, BAKOPUCTAHHS BOYIOBAHOTO 1HCTPYMEHTapito miaTdopmM,
prompt engineering, zero-shot prompting, few-shot prompting, chain-of-thought prompting, directional stimulus
prompting, IPOMIT 3 BUKOpHCTaHHAM dsp, mpomnT Oe3 BukopucTaHHA dsp, tree of thought prompting, reward prompting,
Developer driven LLM, Repository driven LLM, Project driven LLM. [leTaisHO aHaTi3yIOThCS TIEPEBATrd Ta HEJONIKHA KO-
MepiiHuX Ta Bigkputux (OpenSource) moneneii. [IpencraBneno crparerii Bukopuctanas LLM moxeneit it po3poOHH-
KiB, SIK ocoOuCcTHIA NOCBia pobdoTr 3 LLM Ta inei ski me goBeneThes peanizoByBaTi. OCOOIMBY yBary MpUIUICHO KOHIICTI-
LisIM, K1 OPIEHTOBaHI Ha PO3POOHHMKA, SKI HAAIOTh MIATPUMKY Ta BIIIMOBIII HA OCHOBI BEJIMKUX JAHUX Ta KOHTCKCTY IPO-
€KTy Ta BKIIIOYAIOTh B OOl TICBHI 3BUYKH B KOJyBaHHI, BIIOJOOAHHS 0 MEBHUX TEXHOJIOTIH 4n 010JIOTEK, 1 HABITh CICLH-
(hiuHI JTOMEHHI 3HaHHS, SKI PO3POOHHMK 3aCTOCOBYE Y CBOiM pyTHHHIN poOoTi. Bu3HaueHO HEOOXIIHICTh BPaXOBYBATH, XTO
OyZIe BUKOPHUCTOBYBAaTH MOJEIB: JIUIIE PO3POOHUKH UM TAKOK 3aMOBHHKH Ta KOPHCTYBadi, B 3aJI€KHOCTI Bifl ayIUTODii,
ajanTyBaHHs piBeHs moctyny no iHdopmarii. Chopmosani iimoBipHi npobnemu podoty 3 LLM 3 SKUMH MOXYTb 3iTKHY-
THUCS pO3POOHHUKH TIPU POOOTI 3 BETUKHMU MOBHHUMH MOJICIISIMH, SIKI MOYKYTh TCHEPYBAaTH HEPEICBAHTHI BiIOBIIi, MICTUTH
TIOMIJIKOBY iH(OpPMAIIif0 YH CTBOPIOBATH 11 (TAIONMHALIIT), @ TAKOXK MaTH yIIepeDKEHHS Ta 3aTPUMKY y BpaxyBaHHI OCTaH-
HiX mofiii. BusHaueHo moacekuil hakTop, sIK KIIOYOBHI (JakTOp B OLIHII i KOPUCTYBaHHI pe3ysbTaTaMH pOOOTH MOBHHX
MOJEJICH, repe i BIPOBaPKeHHAM y IPOoeKT. PoOoTa mpu3HaueHa st iHpOpMyBaHHS PO3pOOHHUKIB PO CTpaTerii BUOOpY

Ta aganramii Mmoxeneir LMM s cieruiqHEX BUMOT MPOEKTIB 3 YpaxyBaHHSAM IXHBOTO KOHTEKCTY.

Kawuosi caosa: Bemki Mosui Mogeni, miry4ynuii inrenekr, fine-tuning, Bexropusaris, OpenSource.

Beryn

VY cy4acHOMY CBITi TEXHOJOTIH Ta IIBHAKOIUIAH-
HOi iH(OopMaIii, po3pOOHUKHN TOCTIHHO MIYKAIOTH M-
XH ONTUMI3AIIil CBOIX pOOOYHX MPOIIECiB.

IHTerpanisi MOBHHX MOJIENIeil MOXE CTaTh peBO-
JIFOLIIHHUM KPOKOM JIJIs ONITHMI3aLil poliecy po3poOkHu,
HAJIAI0uM JIOJJATKOBI pECypecH JUIsi aHajli3y, TBOPYOCTI Ta
IHHOBAIIi}, 3aBJISIKM BUKOPUCTAHHIO ILITYYHOTO IHTEJIEK-
Ty. BUKOpHCTaHHS Takux TIOTYXHUX IHCTPYMEHTIB
pPO3pOOHMKAMU 3MIHIOE BEKTOp PpO3BHUTKY IIporpa-
MYBaHHS.

MoBHI Mojeni BHOCSATh 3HAYHHWK BKJIAJ Y IMOLIYK
MIBUAKUX Ta €()eKTHBHUX DIlIeHb A CKIAJHUX 3aB-
JlaHb, JO3BOJSIOUM PO3POOHHMKAM 30CEepeNuTHCS Ha
OiIpII KPUTHYHMX Ta TBOPYMX AacleKTaXx CBOIX Mpo-
€KTIB.

MeTtoro nanHoi po6OTH € JOCITIDKEHHS pOJi Ta
MomBocTelt Benmukux MoBuux Mogeneit (LMM) y
chepi po3poOku mporpaMHOTo 3a0€3MeueHHS!.

OcHOBHA YaCTHHA

LLM (Large Language Model, Benuka MosHa
Mogenb) — TUI INTYYHOTO IHTENICKTY, SKHH MOXe
aHai3yBaTH Ta TeHepyBaTH TekcT. Lli Momemni TpeHy-
IOThCS Ha BEJTMKWX MacuBax iHpopMmarlii (3Bigcu i Ha3Ba
"Benuka").

IIpocrime kaxyun, BMM — 11e komm'roTepHa mpo-
rpama, fKa OTpPHMaja JOCTaTHBO MPHKIAAIB, 100
pO3Mi3HAaBaTH Ta IHTEPIPETYBaTH JIOACHKY MOBY Ha
IITMOMHHOMY DiBHi.

Taki Mouzelli BUKOPHUCTOBYIOThCS ISl IIUPOKOTO
CICKTPY 3aBlaHb, Bil ABTOMATHYHOTO T'€HEPYBaHHS
TEKCTy 0 aHalli3y eMOLiHOro 3abapBieHHs (CEeHTH-
MEHT-aHalli3y), BIONOBiIeH Ha 3alHWTaHHs], aBTOMAaTHY-
HOTO TIepeKyaxy Ta 6araTo iHIIOTO.

OcobmuBictio LLM € ix 3matHiCTE He mpocTo
MPAaIOBaTH 3 TEKCTOM Ha MOBEPXHEBOMY DIBHI, aie i
PO3YMITH HIOAHCH Ta KOHTEKCT MOBH, IO POOUTH iX
HA/I3BUYAITHO MOTY>KHUM 1HCTPYMEHTOM B Tally3i IITy4-
HOTO IHTEJIeKTY.

Mopeuni. Y OinbIIOCTI BHIIAJIKIB, KOJIU TOBOPSTH
npo LLM y momynsipHuX Meia, akleHT poOuThCs Ha
BEJIMKHUX KOMEPLIHHUX Mojeisix, Takux sik ChatGPT Bin
OpenAl, Gemini (Takox Bigomuii sk Bard) Big Google,
a6o Claude Big Anthropic.

i Mozxemi e myxe BIZOMHMH HpPUKIaJaMH BHUKO-
pucranas LLM s CTBOpPEHHS MOTYKHHX I1HCTPY-
MEHTIB TeHEepallii TEeKCTy, MiaJOrOBUX CHCTEM Ta IHIIUX
IOTaTKiB.

IIporte, y OLTBmIOCTI Wi MOIeNi 3aKpHTi, a 3a-
CTOCYHKH MOJXXYThb YHTATH MMOBIIOMJICHHS 3 MEPEIUCOK
KOPHCTYBadiB, 10 He € pekoMeHaoBano aiusi NDA mpo-
eKTiB.

Hapa3i icHye Benmmka KinmbKicTh mopeneid LLM
pi3HOi cnpsAMOBaHOCTI, 6arato 3 SKHX € BiJKPUTHUMH
(OpenSource) i AOCTYMHUMHU [UIsl BHKOPUCTAHHS Ta
MoaudiKaIii CiIbHOTOKO.

Lli ™omem BapirOIOThCS BiJ CIEIialli30BaHUX,
OpIEHTOBaHMX Ha KOHKPETHI MOBH a0 JOMEHH, 0
3arallbHUX MOJIENICH, SKi MOXYTh 3aCTOCOBYBATHCS IO
[IMPOKOTO CIIEKTPY 3a/1a4.

© Momypa O., lepkau T., [Imutpenko A., Knouko JI., JIoza B., 2024
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BinpiiicTe BIIKPpUTHX MOJEICH MOXHA MEperiis-
HyTH Ha caiiti huggingface.co, Tam myOiKylOTh CBOI
Mojeni sk 1 Oinbrricts npoBigaux [T kommaHii, Tak i
cTapTan KOMaHIM, M HaBiThb 3BHYalHI €HTy3iacTH. A
BEJIMKUM IUIIOCOM M€l ImIaThopMU € MOXKIMBICTD
MiAHATTS Oy SIKOi MOJET B MIPHBATHOMY PETO3UTOPii
110 TO3BOJISIE 36KOHOMUTH 9ac 1 KOIITH Ha TECTyBaHHS.

VY cydacHHX peanisix po3pOOHHKH MAalOTh 0OMpaTH
LI acucTeHTa Tak camo PETENBHO, K 1 KOJip iHTep-
¢eiicy y croiit IDE.

KonTeker. Po3mupeHHss KOHTEKCTY IJIsI MOBHUX
MoJieJiell € KITF0UOBUM (PaKTOPOM I OTPUMAaHHS OLIbII
peNeBaHTHUX Ta TOYHUX BiJIOBICH.

Hwxye npeacraBieHi neKkinbka MiAXOIIB, sIKi MO-
KYTh JOTIOMOTTH PO3POOHHMKAM ITOKPAIIUTH B3aEMO/IIIO
3 LLM.

Fine tuning. Fine-tuning no3Bojse amanTyBaTH
3araibHy MOJENb i KOHKpeTHI moTpedu mpoekTy. Lle
JOCSTaeThCs IUISIXOM JI0JaTKOBOTO HAaBYaHHS MOJIEI Ha
MEHIIIOMY, crienuigHOMy HaOopi JaHUX, SIKHA BimoO-
pakae OCOONHMBOCTI 3aBIaHb, 3 SKHUMH MOIenb Oyrme
MIPAIFOBATH.

IlepeBaru: 30iNMbIIEHHS TOYHOCTI BIAMOBIACH Yy
cneuudiyHUX JOMEHaX, Kpalle PO3yMiHHS KOHTEKCTY
3aBJIaHHS.

Henonixu: norpedye 10AaTKOBUX AaHUX JJIS Tpe-
HYBaHHsI, MOKE 3aiHSITH JJOAATKOBUI Yac Ta pecypcH.

BexrTopu3zanis indopmanii. Bekropuzamis iH-
¢dopmarii nmepenbadae MepeTBOPEHHST TEKCTOBUX JaHUX
Yy BEKTOpM 4YHCEN, SKi MOBHa MOJAENb MOXeE e(ek-
TuBHIIIE 00pobmsaTH. Lle MoXxe JOmOMOTTH MoAemi
Kpale po3yMITH BiTHOCHHH MK CIIOBaMH Ta KOHIICTI-
LisSIMH Y 3aITHTI.

[lepeBaru: mokpamieHe po3yMiHHS HIOAHCIB MOBH,
3MATHICTh MOJICNI BHSIBJIATH 3B'S3KH MK PI3HUMU clie-
MEHTaMH KOHTEKCTY.

Henosixu: noTpedye po3yMiHHs MPOLECIB BEKTO-
pu3ariii Ta onTHMI3anii MOJeI 11l BEKTOPU30BaHi 1aHi.

BuxopucranHsi BOYJA0BaHOr0 iHCTPpyMeHTapiio
miatgopm. barato miardopm, 1110 HAAAIOTH TOCTYII 10
LLM, Takox MpOIMOHYIOTH iHCTpyMeHTH Ta APl mis
poOOTH 3 KOHTEKCTOM.

i iHCTpYMEHTH MOXXYTh TOIIOMOITH pPO3POOHH-
KaM KepyBaTH KOHTEKCTOM 3allUTiB Ta BiINOBineH
OUTBII €PEKTHBHO.

[lepeBaru: 3py4HICTh BHUKOPHCTAaHHS, ONTHUMIi30-
BaHi I1iJ] KOHKPETHY IaThopMy pILlIEHHs, SKi MOXYTb
MOJIETIIUTH POOOTY 3 KOHTEKCTOM.

Henosiku: 3anexxHicTh BiJ MOXIMBOCTEH Ta 00-
MEXEHb KOHKpETHOi IiaTdopMmu, MOTEHIiHHA Heoo-
X1HICTh afanTaiii 10 cuenudiku iHCTpyMEHTapito.

Prompt engineering. ns Toro mo6 oTpuMaTu
OGakaHy BIiANOBiAb, Tpeba IPaBWIBHO IPOIHCATH
MPOMOT (3aIUT) OO Takoi Mozeni. 3a3BUYail Iie MUTaH-
us: "Yomy Python 2 Bxe He migTpumyeThes?" abo iH-
cTpykuist: “Hanumm penent 1uist Beuepi, SIKIIO y MEHE €
KiJI0 KapTori”.

Binpme indopmamii Tpo TEXHIKYy HPOMITHHTY
MOKHA OTpUMAaTH Ha pecypci
https://www.promptingguide.ai/techniques  [1]. Bci
BIJNOBIZi HA MPOMNTH OyJIM 3TEHEPOBaHI Yepe3 MOAETb
gpt-4 Big OpenAl

[opanu.

1. Tloumnaiire 3 mpocroro. IIpu npomymyBaHHI
MIPOMIITY Ba)KJIMBO PO3YMITH IO Li€ TBOPYMII Ipoliec,
SKMH BHMarae IEBHOTO 4Yacy JUIi OTPHMAaHHS OITH-
MaJIbHUX pe3yJbTaTiB. BajJIMBO MNOCIIZOBHO IOKpa-
IIyBaTH CBill MIPOMIT i3 INTMHOM CIIPoO JOJal09H IEBHI
netaii abo BiApizalodn HEMOTPiOHUHA KOHTEKCT

2. YHuKalTe HETOYHOCTEeH. 3aBXKIu BKa3yHTeE IO
BaM KOHKpPETHO TpebOa. SIKIo BH OUIKy€Te Ha SKHICH
pe3yabpTaT TO BapToO HOro BKa3aTw B mpomiTi. ""Hamwimu
MeHi 1Ba pedeHHs npo LLM mis po3poOHMKiB" BHTIISA-
nae HabaraTo kpamie HiK "Po3KaXku KOpPOTKO IIO Take
LLM".

3. Bka3yiiTe KOHTEKCT. YSBITb 1110 BU PO3MOBIISIETE
3 KOJIETOI0 11010 TIEBHOTO HOBOI'O (DYyHKIIOHATY B KOJI.
[Muranas "Yomy o¢ynkuis get weather() He moBeprae
iHpopMmanito?" BHUKIMYE TIJIBKH LIe OLTbLIE MUTaHb Y
BaIIIOr0 KOJETH.

Tak 1 3 MOBHUMH MOJEIISIMU.

3BiIKM BOHM 3HAIOTh [0 Ii¢ 3a MeToh. Jomaiite
JOAATKOBUI KOHTEKCT y BHIVIAAI HIMATKy KOXY, OiKy-
BaHOr0\peaJbHOTO Pe3yJbTaty, Tpeicoex, i T.1.

Hampuxnan:

1. "Jlaii MeHi mopagu 100 HporpamyBaHHs." —
MOJKHA 3aMiHUTH Ha: "Jlall MeHi m'sTh mopaja AJis IOo-
yarkiBuiB y Python."

2. "Yomy Miii kom He mparroe? [IOMUIKOBUI
kona|" — Bapro 3aminuTH Ha: "Miii Python kox Bumae
mommwiky 'IndexError: list index out of range' B ipomy
¢parmenTi Kona: [HOMUIKOBHUI kox]. SIk me BUIpaBu-
™?"

3. "Poskaxwu MeHi mock mikase npo LI B IT." —
MOJKHA TIOKpamuTH depe3: "SIki OCHOBHI 3MiHM B iHAY-
crpii IT mpuHecna WTYyYHHH IHTENEKT 3a OCTaHHI 5
poxkis?"

4. "Tlokpamu xoj: [kon]." — BapTO 3aMIHUTH Ha:
"SIk MOXXHa ONTHUMI3yBaTH Leil (parmMeHT Koxy Ha
Python s kpamuioi mpoxyKTUBHOCTI MpU PoOOTi 3 Be-
JUKAMU ciuckamu? [kox]"

5. "fx 3poOuTH mOCH KpyTe y mporpamyBaHHi?"
— MOXHa 3aMiHUTH Ha: "SK CTBOPUTH BeO-IOIATOK i3
BukopucTanHsaM React ta Python nns ynpasniaas mpo-
exkramu?"

Zero-shot prompting. IlpoctumMu  croBamu
mpoMnt 0Oe3 MPUKIAAIB. [neampbHO I MUTaHB AKi HE
BHMararTh Bill Bac 10JaTKoBOI iH(OpMAIlii, Hampu-
KJIa:

Bu: "Uu xaByH 1ie ppyxr?"

LLM: "Hi, ue sroma.”

Bu: "SIk 3po6utu HTTP GET 3amur 8 Python?"

LLM: "BukopucroByiite BOymoBaHy 0i0mioTeKy
urllib, a6o requ..."

Bu: "Illlo Tpeba mis Binnpasku 3BiTHOCTI 1o PO-
y? "

LLM: "/lns Bianpasku 3BiTHOCTI o POIT (¢piznu-
Hilf ocoOi-nianpuemnro) B Ykpaisi..."

LLM Ha To i € "Benukumu Mosaumu Mogensmu”
100 MaTH 3MOTY BiJIMTOBICTH HA 3arajbHi MATAHHS

Few-shot prompting. Ile mpomTHHT 3 K07aBaH-
HAM npukiafgiB. Coocid TakoX 30CepeKeHHH Ha
HECKJIaJHUX NHUTaHHAX YU 1HCTPYKifX, OakaHO HE BHU-
KOPUCTOBYBATH MOTO JUJISl CKJIQJHUX TEM.
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Chain-of-Thought prompting. Jlanoxok my-
MOK — L€ iZIealbHUH TUII IPOMITIB KOJIM BU OTPUMYETE
HENPABIIGHUHA Pe3y/bTaT Ha CKIajHe NuTaHHA. Moro
BUKOPHCTAaHHS JJOCHThH €JIETaHTHE, BaPTO JONHCATH JI0
cBoro mpomnry: "Jlymait mociigoBHO" uum ‘'Posmumiu
KpOK 3a KpoKoMm"

Bu: "Komn meni Oymo 6 pokiB, Mosi cecTpa Oyia
BIBiui Mojyoama. 3apa3 MeHi 70 pOKiB, CKIIBKH POKiB
Mofiii cecTpi?”

LLM: "Cectpi 35 pokis. "

Tax sik MOBHI MOJlelTi HE BUKOHYIOTh MaTeMaTHIHi
omeparii BOHM CXWIbHI BIJIIOBIIaTH 3aKOHOMIPHO.
Tomy cripobyemo Takuit miaxin

Bu: "Konu meni Oyno 6 pokiB, Mos cecTpa Oyina
BABiul Monoama. 3apa3 mMeHi 70 poKiB, CKIJIBKH POKIB
Moili cectpi? Po3nmumm kpok 3a kKpokom™.

LLM: "Konu Bam Oy1no 6 pokiB, Bamia cectpa Oyna
yaBidui Monoamia, To0To it Oyno 6/2 = 3 poxu. PizHUIA
y BiIli MiJK BaMH Ta BaIlIOI0 CECTPOIO 3aBXIU OyIe o-
HAKOBOIO, TOOTO 6 - 3 = 3 poku. TakuMm 4UHOM, BamIiit
cectpi 3apa3 70 - 3 = 67 pokis"

Takox mei TN MPOMITHHTY MOXHA PO3LIMPUTH
3a pomnomororo Few-shot prompting 3amis oTpuMaHHs
HaWOITBII PEJICBAHTHOTO PE3YJIbTATY

Directional Stimulus Prompting. Cnopsmosane
CTHMYJIFOBaHHS — 1I€ IPOMITHHT Y SIKOMY BH JIOJIA€TE
mijkasku abo CHpSIMOBYETE Ha SKYCh BIAIOBIiJb.
Hanpuknan npu reHepauii mijcyMKy 3i CTaTTi MOXHa
BKa3aTH "MiAKa3K{' TOTO IO BH XOd4eTe OauuTH B pe-
3yJBTATI.

Hanpuknan, korTekct “CoHsIYHA €HEprisd - 1Ie 9H-
CTE Ta BiIHOBJIIOBAHE JUKEPENIO CHEPTii, IKe OTPUMYIOTh
3a JOIIOMOTOO0 COHSYHHX ITaHEJNeH, 0 MepeTBOPIOIOThH
COHSYHE CBITIIO Ha eNeKTpuky. Lled merom BupoO-
HUILTBAa EJIEKTPOEHEPril He JIMIIe JONOMarac 3HU3HMTH
BYTJIELIEBUH CITifl, ajie 1 Moke 3abe3medyBaTd 3HAUYHI
€KOHOMI4YHI TlepeBary, 30KpeMa 3HIKEHHS! paXyHKIB 3a
€JIEKTPOCHEPTIIO.

HesBaxkatoun Ha MMOYaTKOBI BUCOKI BUTpAaTd Ha
YCTaHOBKY, COHSYHI MaHeNi 4acTO OKYIAIThCS HPOTS-
TOM JICKUIBKOX POKIiB, IIPONOHYIOYH JIOBFOCTPOKOBE
pitIeHHs U1 BUPOOHHUIITBA eHepril."

Ipomnrt 3 Bukopucranusim DSP:

Bu:"IlinkpeciiTh eKONOTiYHI Ta €KOHOMIYHI Tiepe-
Barn BUKOPHCTAaHHS COHSYHOI €Heprii Ha OCHOBI HaBe-
JIEHOTO TEKCTY."

LLM: Consiuna eHeprisi 3HMXKYE BYIJIELEBI BU-
Kuau Ta 3a0e3nedye EKOHOMiI0 Ha paxyHKax 3a
€JIEKTPOSHEPTit0, NIBUAKO OKYIAIOUd MOYaTKOBI BUTpa-
TH Ha YCTAHOBKY.

ITpomnT 6e3 Bukopucranus DSP:

Bu:"VY3araneHiTh TEKCT PO COHSYHY €Heprito."

LLM: Consiuna eHeprisi HmepeTBOPIOE CBITJIO Ha
CJIEKTPHKY, 3a0e3Meuyour EKOJOTIYHI Ta €KOHOMIYHi
repeBary, He3BaXKalouy Ha BHCOKY II0YaTKOBY BapTiCTh.

Tree of Thought Prompting. IepeBo nymok — e
THUII IPOMIITUHTY JUISl CKJIQJHUX 3ajady, Jie IPOCTi MeTo-
U BXKE HE JOMOMAararTh BHUPIIMTUH Tpobiemy, abo
OOTrpyHTOBAHOCTI iX BigNOBiAeW HemOCTaTHBO. Ilpu
BHKOPHCTAaHHI IOTO MiAXoAy Tpeba BH3HAYUTH KiJb-
KICTh KaHJUIATIB Ta KPOKIB Micis AKUX Oyjae OTpruMaHO
BiJIMTOBiIb.

Reward Prompting. Ie# migxim npoMmTHHTY,
BKJIIOYA€ CUCTEMY BHHAropoJ| abo CTUMYILy JUIS MOJEII,
JUISL TOTO 100 BOHA MOTIJIa CAMOCTIHHO OLIIHIOBATH SIK-
iCTh CBOIX BiAIIOBIiZEH.

Takox BiH e()eKTHBHUH B ITE€PaTHBHOMY ITpOIIEC] —
MOBHa MOJENh BXE 3HA€ Ha OCHOBI IONEpPENHIX
BiNOBieH o0 BaM Tpeba, a 1o Hi.

Tunu Buxkopucranuss LLM mopeneii ans po-
3pooHukiB. CtpaTerii BUKOPHUCTaHHS ONHKCaHi B JOCIi-
JDKEHHI — 11e ocobuctuii mocBin podotn 3 LLM Ta inmei
SIK1 e TOBEJETHCS PeaTi30ByBaTH.

TyT 3rasaHo MeXaHIKM SIKi MOXKHa 3aCTOCOBYBaTH
SIK 1HJIMBITyaJIbHOMY PO3pOOHMKY Tak 1 KoMaHaaMm abo
HABITh KOMIIAHISM JUJIsl TPUINBUIIICHHS Oi3HEC MpO-
LieCiB.

Developer driven LLM. Konuemniiisi MOBHOI MO-
eI, siKa OpiEHTOBaHa Ha PO3POOHHMKA.

Jlns Toro mo6 OTpUMYBAaTH pENICBaHTHI BiAMOBiIl
Bil MOBHHUX MOJeNeH, YHHKaroun 0a30BUX BiAIOBimeit
"A un Bu cupoOysamu mepesamyctut [1K" po3pobHHIK
MOXe “po3KazaTé’ TPOXH MPO cede, aganTyBaBIIH MO-
JeTb 0 HOTo NMepcOHAIbHOTO JOCBiLy, CTHIIIO poOOTH,
a00 KOHKPETHHX MOTped y MpOeKTax.

Ile Moke BKJIOUATH B ceOe TMEBHI 3BUYKH B KOMY-
BaHHI, BIOJ00AHHS 0 MEBHUX TEXHOJOIiH 4u 6i0Imio-
TEK, 1 HaBiTh crieludiuHi TOMEHHI 3HAaHHS, SIKi pO3p00-
HHK 3aCTOCOBY€ y CBOIil pyTHHHII poOOTI.

EnemeHTH KOHTEKCTY:

1. CV. e BcranoButs pamku cTeky mmst LLM i
JacTh PO3YMIHHS TOTO, IO PO3POOHMK 3HAE, a TPO IO
BapTo po3kazaTu. ko CV HeMae TO B KOHTEKCT MOX-
HA IOJIATH TaKy iH(OpMAIIifo sK:

a. cremiami3amis Ta HampsMKd poboTtm. Hampu-
kmax Backend Development um Data Science uu
Automation QA,

b. MoBu mporpamyBaHHsS siKi PO3POOHHK 3HAE.
BapTo BUILIMTH OCHOBHI, SIKIIO X MEKIIbKA;

c. rtexuojorii. Hampukmam Postgres, Docker,
Redis, GraphQL i 1.1.;
d. imcrpymenrapiii Ta cepsicu (Git, Jenkins,

Github, Gitlab, Heroku i 1.11.);

e. ¢peiiMBopkH Ta OiOMIOTEKH 3 SKUMH PO3p00-
HHK HPALIoE.

2. CnaOki CTOpOHHM Ta HOBi 3HaHHS. 3a3HAYCHHS
obacTeit, e po3poOHIK BiTdyBae HecTady JAOCBimy abo
TUIBKU TIOYMHAE BUYUTHUCH.

3. Tlpoektu ta noprdomio. Jeranbuuii onuc po-
3pO0JICHUX MPOEKTIB, BKIIOYAIOYH BHKOPUCTAHI TeX-
HOJIOTIi, BHUpimIeHI NPOOJIEeMH, pPOJIb PO3POOHUKA Y
NPOEKTI Ta JOCATHYTI pe3yibTaru. Lle nomomosxe mo-
JIeNli Kpalie po3yMITH JOCBiZ pO3poOHHMKA Ta HOTO
crienianizanmiro.

4. OcsitHii ¢oH. IHdopmanis npo QopmanbHy
OCBITY Ta CaMOOCBITY, BKJIIOYAI04H KypCH, cepTudikaru
Ta creniamizoBaHi TpeHiHru. lle HamacTh Moxmeni ysB-
JIEHHsI [IPO TEOPETHYHI 3HAHHS Ta BMIHHS PO3pOOHHKa

5. 3Buuku npu po3pobui. Posyminus ocobiu-
BOCTEH pPo0OOUYOTO mMpolecy pO3pOOHHKA, TaKUX SK
MIJXOHM 10 TeCTyBaHHS, BUKOPUCTAHHS CUCTEM KOH-
TPOJIIO Bepciif, CTUIb KOAYyBaHHS, MOXeE JOHNOMOITH
MOJZleNli HaJgaBaTH TMOpajd, IO BiAMOBIJAIOTH UM
3BUYKAM.
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Repository driven LLM. Lle xoHuernuiss MOBHOT
MoJeN, sIKka aHanizye iH(OpMalilo NPOEKTY B PENo3u-
TOpISIX, BKIIFOYHO 3 KOJIOM, 3MiHaMH, 3allUTaM{ Ha 3JIUT-
Ts1, Ipo0JIeMaMu Ta TIOKyMEHTAIII€IO.

Ile mo3Boyisie Mojesi HagaBaTH TOYHIIII BiAMOBIAL
Ta peKOMEHallii, BpaXOBYIOUH KOHTEKCT PO3POOKH.

[ITo6 mokpamuTH aHaji3 Ta 3MEHIICHHS KiTBKOCTI
HAQ/ITMIIKOBOI iH(pOpMarii, MoIelb MOXKe BHUKOPHCTO-
BYBaTH CTpAaTerii:

1. Onrtmmizamiss kxomy. BuHOCHTH oOTroOIICHHS
KJIaciB, METOMIB i KOHCTaHT y OKpeMuil (haiiy, BEKTOpH-
3y€ iX AJIsI MIBUAKOTO MOUIYKY, IIOTIM BUKOHY€E KPOKH:

a. Ilomyk mekiapaniii 3a 3aIIMTOM.

b. JlonaBauus kody BiAMOBIAHUX JIEKJIapariii 10
KOHTEKCTa 3aluTaHHs.

2. Cymapwuzanis 00TroBopeHb. 3aMiCTh HOBHOTO
TEKCTy OOroBOpEHb, MOAENb CTBOPIOE iXHill KOPOTKHIi
3MICT 3 KIIIOYOBOIO iHPOpPMAIIi€T0, TOTIM:

a. llomrykye 3aroyoBKM Ta JOKyMEHTALIO.

b. Hdonae anamizoBaHWii 3MicT 0 KOHTEKCTa 3a-
MU TAHHSA.

3. KemyBanus nannx. 30epiraHHs 9acTo 3aIUTY-
BaHMX JIaHUX Y Kelli MOXKe 3HaAYHO MPUCKOPUTHU JOCTYII
JI0 HUX 1 3MEHIINTH Yac BiamoBiai moaeni. Ile oco6nmuBo
KOPHUCHO JJIsl TIOBTOPIOBAHUX 3aIIUTIB

4. CeMaHTHuYHE TpyIyBaHHS. 3acTOCYBaHHS Me-
TOAIB MAIIMHHOTO HaBYaHHSA JUIi CEMaHTHYHOTO
IpYIyBaHHS CXOXKMX 3allUTiB, 1LI'l0, MyJI-PIKBECTIB Ta
JOKyMEHTAIil J03BOJIA€E BUSBIATH 3arajbHi TeMH abo
mpobIeMH, a TaKoXXK MOKe TPUIIBHIIIUTH BiOBIIb Bij
MOBHOI MOei

I BXe Ha OCHOBI 3aCTOCOBAaHHX CTpaTerii Taka
MOBHA MoJens OyJie TOTOBa IS BINIMOBiI HAa MUTaHHS.
[i MoxHa 3acTocoByBaTH:

1. HoBum po3poOHukam. [Iyisi BXOJDKEHHS B HO-
BUH TMpoeKT 1 I onTuMmizamii 4acy OTpHUMaHHS
BIJIMOBIZII 3aMiCTh OOTOBOPEHHS 3 IHIIMMH PO3POOHU-
KaMH.

2. Jljgs MWBHAKOTO BIAHOBJICHHS Yy maM’sITi cTapo-
r'o KOAy.

3. ns mpoayMyBaHHS CTpaTerii peakTopuHry.

4. J1ns momnryky Bpa3iHBOCTEH Y KOII.

Project driven LLM. Konuenis "Project Driven
LLM" Btinmtoe B co0i TarboKe iHTEerpyBaHHS B MPOCKTHI
MpOIIeCH, aHAN3YIOUM Ta aJanTyrouyd iHPOpMAIio He
JIMIIE 3 PEeNO3UTOPiiB, aje it 3 0OroBOpeHb, 3BOPOTHOTO
3B'A3KY BiJl KOPHCTYyBadiB Ta 3aMOBHHUKIB. Lle no3Boisie
CTBOpPUTH  0araromapoBHii KOHTEKCT, 30aradeHuit
PI3HOMAaHITHUMH JDKEpEIaMU JIaHHX, SIKi BiIoOOpakaroTh
peajbHy KapTHHY MPOEKTY.

B co0i Taka MOBHa MoOJielib TIOBUHHA MICTHTH YCI
NOB’S3aHI  PENO3HTOpPii  MPOEKTY (Hanpuknan,
MiKpocepBicHa apXiTeKTypa, Y1 OKpeMi Peno3nuTOpii 1iIs
Android, IOS, WEB) a Takox B Hel BapTO JI0IaTH:

1. Cymapuzauis o6roBopeHs po3pooHuKiB. IIpo-
CTUMH CJOBAaMH MOXHA CyMapHu3yBaTH 4YaT pO3po0-
HUKIB (IT0000BO, TOTMKHEBO 1 T.J.) BiQiIbTPyBaBIIH
JIIIEe TeXHIYHI IUCKYCil IS MIBUAKOTO MOUIYKY 00T0-
BOpPEHb

2. Cymapu3zauis 0OroBopeHb 3 KIIiEHTaMH Ta 3a-
MOBHHMKaMHU. 3BEACHHS JO MiHIMyMy KOMYHiKamii 3
3aMOBHHMKAMHU Ta KJIIEHTaMH [O3BOJISIE BHUSIBHTH OC-

HOBHI BUMOTH Ta OYiKyBaHHS, 3a0e3Ne4yl0ud TOYHE
po3yMiHHs mpoekTHHX Iieil. I{eit mpouec rapaHTye,
oo (iHATEHUH NPOAYKT MAaKCHMAJbHO BiAMOBiIa€E
norpebaM KOpHCTYBaviB.

3. Cymapuzanis ¢inOexy Bil KOpHCTYBadiB.
AHai3 BIATYKiB KOPUCTYBadiB € HEBiJ'€MHOIO YaCTH-
HOIO TIpoIlecy pPo3poOKH, OCKUIBKHM BiH Haja€ IiHHE
0Ga4yeHHSA TOTO, SIK MPOXYKT BHUKOPHCTOBYETHCS B pe-
AJIBHOMY JKUTTI Ta K HOTO MO>KHA ITOKPAIINTH.

4. TIporHo3yBaHHS MOTPEO MPOEKTY

5. ImTerpamis MamIMHHOTO  HAaBYAHHA A
aHaJIi3y ICHYIOYHMX JaHUX HPOEKTY MOXE AOINOMOTITH B
aBTOMaTH3alii MPOrHO3yBaHHS MalOyTHIX mnOTpeO
po3poOKH, 30KpeMa IIOJ0 pecypciB, 4Yacy Ha pe-
ai3aIlio Ta MOTCHIIIHHUX PU3HKIB.

6. BusnauenHs npioputeriB po3poOku. OuiHKa
KPUTHYHOCTI 3afad 1 (YHKIIOHANy J03BOJIIE OI-
TUMI3yBaTH TOPANOK peamizamii MPOeKTHHX pooiT,
30CepeHKYIOUNCh HAa HAWOUIBIN 3HAYYIIMX aCHEeKTaX
JUISL TOCSITHEHHS CTPATETIYHUX IIEH.

IIpy mpoMy, BaXJIIMBO BPaxOBYBaTH, XTO Oyne
BUKOPUCTOBYBAaTH MOJEIb: JIMIIE PO3POOHUKH YH Ta-
KOX 3aMOBHHKM Ta KOpUCTyBaui. B 3amexHocTti Bifj
ayauTopii, HeOOXiHO aJanTyBaTH PiBeHb AOCTYILY IO
iHpopmanii

VmoBipHi npo6aemu po6oTu 3 LLM.

MoBHI Mozel MOXYTh OYTH HOTY)KHHM I1HCTpY-
MEHTOM [UIs DPO3POOHUKIB, Halalo4d MIATPUMKY Ta
BIAMOBiZI HAa OCHOBI BENUKHX IAHUX Ta KOHTEKCTY
npoekTy. OnHak, HEe BCi pe3yiabTaTH, sKi BOHH T'CHe-
PYIOTh, 3aBXIHM 1€aTbHO BIAMOBIOAIOTH MOTpedOaM
KOPHUCTYBadiB.

Hwmxue HaBemeHi Aeski MOXJIHBI TpoOieMw, 3
SIKHMH MOXYTB 3ITKHYTHCS PO3POOHHUKH TPH poOOTI 3
BEJIMKMMHU MOBHUMH MOJIEIISIMU:

1. HepeneBanTHi BianoBiai. He3Baxkatoun Ha Be-
JUKUN 00CSr 3HAHb, BEJIHKI MOBHI MOJENI MOXYTh
reHepyBaTH BIJIMOBIAI, SAKi HE BIXHOCITBHCS 1O CYTI
HoCTaBJIeHOro 3anuTtaHHs. lle mMoxe OyTu pesyibra-
TOM HENPaBWILHOTO IHTEPHpPETYBaHHsS 3amury abo
HEJOJIKIB CTPYKTYPH 3HAHb MOJETII.

2. Tlomwunkoma iHdopmamis. MoBHI Momem MO-
KJIaJal0ThCsl HAa HaBYAIbHI JaHI Il TEHEepyBaHHS
BIAMOBiAEH, 1 AKIIO Ii JaHi MICTSITh MOMHJIKOBY iH-
¢opmaniro, LLM Moke pemtikyBaTH IIi TOMWJIKH Y
CBOIX BIIIOBIISX.

3. Tamoumnanii. IHoxi MOBHI MoJeNi MOXKYTh
"ramonuHyBaTi” BiINOBIAI — TBOPUTH (akTH abo aaHi,
SKi HEe MaroTh MiACTaB B AiiicHOCTI. L{e ocobnuBo mpo-
0JeMaTUYHO B TEXHIYHMX a00 HAayKOBHUX KOHTEKCTaXx,
Jie TOYHICTh KPUTUYHO BAXKIIMBA.

4. 3arpuMKa y BpaxyBaHHI OCTaHHIX moaid. Be-
JIMKI MOBHI MOJIEJII YaCTO BIJICTAIOTH IIOJ0 BKIIOYEHHS
OCTaHHIX HOBMH a00 TPEHAIB y CBOO 0a3y 3HaHb depe3
LKA OHOBJIEHHS. Lle Moke mpu3BOANTH 10 TOTO, IO
mopagu a00 aHami3W 3AIMCHIOITHCS Ha OCHOBI 3a-
crapinoi indopmarii.

5. Vmepemxennsa i crepeorunu. KoxkHa MoBHa
MOJAENs Hece y co0i NPHUXOBaHI YIEpeKeHHS, fKi
OepyThes 3 JaHUX, Ha SIKMX BOHA HaBuaiacs. e moxe
BKJIFOYATH TEHJIEpHI, pacoBi YW KyJIbTypHI yrepe-
JOKEHHS, IO MOXe BiJoOpakaTHCh y BIAMOBIASX MO-
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Jieqli Ta CHOTBOPIOBATH 3arajbHUN KOHTEKCT CIIUIKY-
BaHHs 3 pO3POOHUKAMH.

BucHoBxku

BpaxoByroun Bullle3a3HAYCHE, MOKHA KOHCTATY-
BaTH, 1LI0:

1. Bemuki Mosai moxeni (LLM) € He3aMiHHUM
IHCTpYMEHTOM Yy apceHalli po3poOHMKa, TOXiOHO [0
TOTO SIK MOJIOTOK € KIIOYOBUM I1HCTPYMECHTOM JIJIs
OyaiBenbHUKA. BOHM TiABHUIIYIOTH HMPOIYKTHBHICThH Ta
e(eKTUBHICTb, 3a0e3Meuyloun MiATPUMKY B aHali3i
BEJIUKHUX 00CATIB JaHHUX.

2. ns OTpUMaHHS TOYHINIMX BIMNOBIACH Bix
MOBHOI MoOJejl, HeoOXiaHO HajgaBaTd 1M OaraThii Ta
pelieBaHTHUI KOHTEKCT, aJie TPH [[bOMY J0/IaBATH JIUIIIE
iHpopMamito, mo Oe3mocepelHFO MOB'SI3aHa 3 MOCTaB-
JIEHUM 3aIIUTaHHSM.

3. Bsaemomist 3 MOBHMMH MOJIEIISIMHU YacToO € iTe-
PATUBHKM IIPOIIECOM, 1[0 BUMATae MOIIYKY MPaBUIbHUX

MIPOMIITIB T2 KOPUTYBAaHHS 3alUTIB A OTPUMAHHSI
HeoOxiHoT iHdopMmarii.

4. Po3poOka crieriagi3oBaHHX MOBHHUX MOJIEINEH
JUISL KOHKPETHHX IPOCKTIB MOXKE CYTTEBO CKOPOTHTH
Yac po3poOKM Ta TMPHCKOPUTH MOUIYK HEOOXITHOI iH-
¢dopmariii, OCKIBKM Taki MOJENI ONTHUMIi30BaHi [T
crenn(iYHIX BUMOT TIPOEKTY.

5. HesBaxaroum Ha iX KOpHUCTh Ta 3PYUHICTS,
MOBHI MoJielli He € Oe310oraHHIMU. BOHH MOXYTh TeHe-
pyBaTH HEpEJEeBaHTHI BIAMOBiAl, MICTHTH HOMHJIKOBY
iH(pOpMaIito YK CTBOPIOBATH il (TaJIOIMHAILI), a TAKOX
MaTH ynepelkeHHS. Buxonsuum 3 nporo, QiHanbHe
pilIeHHs Mae NpUHAMAaTHCS JIIOAMHOI0 Ha OCHOBI KpH-
THUYHOT'O aHajIi3y BiANOBiAeH MOAENI.

6. Jltoncwkmii akTop 3aMMIIAETHCS KIIOYOBUM B
OLHIII 1 KOPUCTYBaHHI pe3yibTaraMu poOOTH MOBHHUX
Mojeneld, i po3poOHHMKaM CIlijJi PETENbHO IEepeBipsATH
inpopmamnito, orpumany Binm LLM, mepex ii Bmpo-
BAJUKEHHSM Yy IPOCKT.
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Features and capabilities of LLM application in software development
O. Moshura, T. Derkach, T. Dmytrenko, A. Dmytrenko, V. Loza

Abstract. This article explores the roles and capabilities of Large Language Models (LLMs) in software
development, ranging from specialized models targeted at specific languages or domains to general models applicable to a
wide array of tasks. It provides an overview of the key features of LLMs, emphasizing their potential for deep analysis and
text generation, and reveals opportunities for their application across various challenges. The article analyzes primary
directions for optimizing interactions with LLMs, which include context management, fine-tuning, information vectorization,
leveraging built-in tools from platforms, prompt engineering, zero-shot prompting, few-shot prompting, chain-of-thought
prompting, directional stimulus prompting, prompts using domain-specific prompts (dsp), prompts without using dsp, tree of
thought prompting, reward prompting, Developer-driven LLMs, Repository-driven LLMs, and Project-driven LLMs. It details
the advantages and disadvantages of both commercial and open-source models. Strategies for utilizing LLMs by developers
are presented, drawing on personal experiences with LLMs and ideas yet to be realized. Special attention is given to
developer-oriented concepts that provide support and responses based on large datasets and project context, including coding
habits, preferences for specific technologies or libraries, and even specific domain knowledge that developers apply in their
routine work. The necessity of considering who will use the model—whether developers, clients, or end-users—is emphasized,
highlighting the importance of adapting the level of access to information based on the audience. Potential issues that
developers may encounter when working with LLMs are identified, including the generation of irrelevant responses,
misinformation or "hallucinations,” as well as biases and delays in accounting for recent events. The human factor is
identified as a critical element in evaluating and utilizing the outputs of language models before their implementation in a
project. This work aims to inform developers about strategies for selecting and adapting LLMs to meet the specific
requirements of projects while taking their context into account.

Keywords: Large Language Models, artificial intelligence, fine-tuning, vectorization, OpenSource.
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CYBERSECURITY PROBLEMS IN THE OIL AND GAS INDUSTRY

Abstract. Due to the widespread use of digital and Internet technologies in all processes of the oil and gas industry's
production cycle, cybersecurity is becoming an increasing threat. Therefore, today cybersecurity is becoming one of
the priorities of technological development of oil and gas companies. The article provides a brief description of the
digital transformations taking place in the oil and gas industry, analyzes the main new cybersecurity threats and
provides information on cybersecurity incidents. The issue of developing new technologies based on deep learning for

smart oil fields is considered.
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Introduction

Currently, the oil and gas industry is going through
a transitional period accompanied by a number of serious
problems, this transitional period is characterized by a
sharp drop in oil prices on world markets and chaotic
fluctuations, depletion of light oil reserves, expansion of
the heavy oil phase (heavy oil due to both its density and
complexity of production), characterized by deepening
competition between the leading players in the industry
(transnational oil companies, oil-producing countries).

One of the main characteristics of this transition
period is the widespread use of intelligent information
technologies throughout the entire production cycle. It
should be noted that large multinational oil and gas
companies now have special departments dealing with
intelligent oil and gas field technologies. Such companies
are Shell (“Smart Fields”), BP (“Field of the Future”),
Chevron (“iFields”), as well as Saudi Aramco, Petrobras,
Kuwait Oil and others. Oil and gas companies
Optimization of various oil and gas production processes
using technologies such as the Internet of Things (loT),
cloud technologies, Machine Learning (machine
learning, algorithms that learn during data processing),
high-performance computing (data processing). large
amounts of data) are working on the development of
methods [1, 2]. The application of these technologies
allows finding new methods to improve the efficiency of
oil and gas field development, increase oil recovery rates
and reduce costs.

At the same time, the oil and gas industry is facing
new threats due to the widespread use of digital
technologies and increased dependence on cyber
structures. Cyberattacks on oil and gas facilities can be
targeted at a variety of purposes: cyberterrorism,
industrial espionage, sabotage of operations, data theft,
etc. Oil and gas companies are forced to take various
measures to prevent the legal, operational and technical
risks they face in cyberspace.

1. Classification of the oil and gas industry

The oil and gas industry has different sectors, which
include crude oil production, refining and the retail
distribution network. In the English-language literature,
these sectors are referred to as Upstream, Midstream and
Downstream, respectively.

Upstream - generally, organisations involved in
exploration - includes oil and gas exploration and
production. Oil and gas exploration includes prospecting,
seismic surveying and drilling for the purpose of
developing oil and gas fields. Upstream often includes
the well, wellhead, completion and reservoir, while
downstream includes production and processing.

Midstream - includes the transportation,
processing and storage of oil. This usually includes gas
processing plants, LNG plants, and oil and gas pipelines.

Downstream includes oil refining, petrochemicals
and retail.

2. Exploitation technologies
in the oil and gas industry

Along with IT technologies, industrial automation
technologies are widely used in the oil and gas industry.
The term “operational technology” is wused to
demonstrate the technological and functional differences
between traditional IT systems and industrial control
systems. Operational technologies are hardware and
software used to monitor and change the physical state of
a system.

Operational  technologies include industrial
automation and control systems such as SCADA
(supervisory control and data acquisition systems), DCS
(distributed control systems), PLC (programmable logic
controller), open platform communication servers,
devices, and analyzers.

Rational technologies are used to monitor and
control physical processes in the oil and gas sector; the
data obtained on process parameters are used to automate
processes.

Automation is possible with the help of electrical,
mechanical, hydraulic, pneumatic actuators and control
valves.

The integration of IT and OT technologies is now
increasing, and devices are connected to the corporate
network and external networks [3]. Attackers who can
easily connect to control devices can cause even more
damage. It is not only about the damage caused by
stopping the technological process, but also about the
possibility of causing physical damage - for example, a
fire or explosion may occur at oil refineries and
petrochemical plants. This scale of cybersecurity risks
brings them to the national level [4].
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3. Key cybersecurity threats
in the oil and gas industry

Analytical company DNV GL has compiled a list of
the ten most pressing cybersecurity threats to companies
operating on the Norwegian continental shelf [5].
Obviously, these threats can be applied to other oil and
gas companies around the world:

1. Lack of awareness and training of employees in
the field of cybersecurity

2. Remote work during operation and maintenance

3. Use of standard IT products with known gaps in
the production environment

4. Limited cybersecurity culture among vendors,
suppliers and contractors

5. Insufficient separation of data networks

6. Use of mobile and storage devices, including
smartphones

7. Data networks between land and sea facilities

8. Data centre premises, offices, etc. inadequate
physical security

9. Sensitive software

10. Outdated and unusable management systems at
enterprises

These gaps in cybersecurity can be overcome with
a risk-based approach [6]. An international survey of
1,100 professionals conducted by DNV GL found that
while companies are actively managing their information
security, only just over half (58%) have adopted a
specific management strategy and only 27% have set
specific goals.

Note that IT and OT are created for different
missions, so ownership and responsibility is fragmented
across the organisation. The nature of new threats is related
to attacks through loT devices. The number of sensors,
transmitters, and smart industrial systems connected to the
network is growing rapidly, and hackers are finding new
ways to connect to the network. The characteristic of 10T
devices is that their computing power is low and it is
difficult to build security systems on them, including
mutual authentication and traffic encryption.

Another threat is caused by the increasing
interdependence of systems, forming links in a single
production chain. In [7], it is emphasised that a
cyberattack on any element of the supply chain affects all
other nodes.

4. Cybersecurity incidents
in the oil and gas industry

The history of software incidents in the oil and gas
industry goes back to the 1980s. In his book Into the
Abyss, Thomas Reed, a senior US national security
official, described how the US allowed SSRI to steal the
codes for its pipeline monitoring programme from a
Canadian company.

The malicious code embedded in this programme
caused a massive explosion on the Trans-Siberian
Pipeline in June 1982. The Trojan was activated during a
pressure test on the pipeline, dramatically increasing the
normal pressure and causing an explosion [8].

In the winter of 2002-2003, during a cyberattack on
PDVSA (Petroleos de Venezuela, S.A.) systems, hackers

managed to penetrate the SCADA system responsible for
loading tankers at a marine terminal in eastern
Venezuela. The hackers prevented the loading of the
tanker for eight hours by deleting a programme in the
PLC. The attackers' tactics were not perfect, and the
problem was the relatively easy detection and restoration
of the PLC programs from backups.

Here is a brief chronicle of the history of
cybersecurity incidents that have occurred in the oil and
gas industry.

2009 - A computerized monitoring system in
Bayamon, Portugal, failed, causing an explosion of a tank
filled with gasoline and a three-day fire.

2010 - The Stuxnet virus was used to take over
industrial control systems around the world, including
computers used to run oil refineries, pipelines, and power
plants.

2012 - Saudi Aramco, the world's largest oil
producer, became the victim of a large-scale cyberattack.
The oil giant announced that 30,000 computers were
infected with the virus. A group of hackers called Cutting
Sword claimed responsibility for the attack on Saudi
Aramco. They infected the company's systems with
malware for political reasons [9,10].

2012 - Telvent, a provider of remote control and
monitoring tools for the energy sector, suffered a breach
of its internal firewall and security systems. According to
Telvent, every Fortune 100 energy company uses its
systems. The attackers stole files related to the SCADA
project, a remote control tool that allows you to connect
outdated IT equipment to Smart Grid technologies. Most
likely, the hackers were trying to find holes in the
software to directly attack energy companies, so they
were looking for the source code.

2012 - Ugly Gorilla attacked more than two dozen
American gas companies, stealing confidential data from
gas pipeline companies.

2012 - The computer system of RasGas, the leading
LNG exporter in Qatar, was infected with an unknown
virus, which led to the company's closure for several
days[11,12,13].

2012 - The popular Flame malware was used to spy
on a company in the Middle East. The malicious program
has the ability to record audio, screenshots, and user
actions.

2014 - Hackers attacked about 300 different
companies in the Norwegian oil and gas industry,
including Statoil. The attack was carried out via email.
When the email was opened, malware was downloaded
and security holes were discovered.

2015 - It was discovered that online attackers were
remotely controlling ATG (Automated Tank Gauges)
devices used to measure gasoline levels at retail stations
in the United States. The attackers could cut off the fuel
supply to the ATGs.

2017 - Qil and gas companies were attacked by the
global ransomware Petya [14-16].

5. Scada systems security standards

Companies turn to standards to ensure the security
of their SCADA systems [6]. The ISA-99.02.01 standard,
approved by the American National Standards Institute
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(ANSI), is one such standard (Security for Industrial
Automation and Control Systems). The standard defines
seven key steps for establishing a cybersecurity
management system (KMS) for SCADA and control
systems.

The steps of ISA-99.02.01 fall into three main
categories: risk analysis, risk management through KMS,
and monitoring and improvement of KMS. The first
category establishes milestones for both assessing the
current security situation and determining what security
objectives it wants to achieve.

The second category reflects the processes for
defining security policy, security organisation and
security awareness in the company, and provides
recommendations for security measures to improve
SCADA security. The key idea in this category is a
concept known as defense in depth, where security
solutions are carefully deployed at multiple levels to
prevent cyber attacks.

The Network and Information Security Directive
(NISD), which came into force in the European Union in
May 2018, ensures that energy companies' network and
information systems meet minimum cybersecurity
standards. The UK National Cyber Security Centre has
developed detailed guidance on the requirements for
compliance with this Directive.

The directive refers to operators of ‘essential
services’, which will apply to many energy companies.
Along with electricity producers and transmitters, and oil
and gas producers and distributors

the companies involved are also covered by this
Directive. The Directive requires Member States to
introduce ‘appropriate policies and regulatory measures
to achieve and maintain a high level of security of
network and information systems’, as well as an
obligation to report incidents. The Directive provides for
‘effective, proportionate and impartial’ sanctions for
non-compliance with the relevant standards and failure to
report incidents.

6. Security issues at the layers
in IoT architecture

The technical solutions used by companies in the oil
and gas value chain are known as the Internet of Things
(1oT). The 10T is a dynamic, large-scale environment
where things are connected to a network and transmit
data through software, sensors, and receivers [19]. loT
involves the collection, analysis, and action of data
created by a network of objects and machines. An loT
device is a computer, laptop, smartphone, tablet, etc. with
Internet access. In addition to these devices, it also
includes Internet access for other traditional
“unintelligent” devices and things. All events occurring
in the environment can be monitored with the help of
numerous small-sized receiving devices (sensors) using
wireless technology. However, storing big data collected
from sensors requires storage with a large capacity.

As you know, 10T can aggregate and analyze constantly
changing data, which is necessary for making decisions
driven by it. In the current industrial environment, oil and
gas companies handle data the same way they handle
hydrocarbons; data needs to be generated, transmitted,

stored, and processed. With the development of loT
strategies, oil and gas enterprises are trying to capitalize
on the era of “digital transformation”.

In today's digital era, information can often flow
from the mine to the operational process network, then to
the corporate network, and finally to the end user, and
vice versa. This also includes trojans, malware,
ransomware, viruses, etc. means that such cyber threats
exist. People move from the Internet to the corporate
network, from the corporate network to the ERP network,
and from there to the industrial network. The conclusion
from this point is very critical - if there are cyberattacks
on oil and gas organizations, the consequences will be
very serious.

Areas of application of 10T

The scope of the 10T concept is very broad. For
example, the oil and gas industry, environmental
monitoring, smart homes, smart transportation
management, e-medicine, etc. can be widely used in
various fields. As an example, it can be noted that as a
result of the integration of the industrial concept and the
10T concept, intelligent devices involved in production
processes will achieve minimization of human error, real-
time evaluation by decision support systems. processing.
This will lead to improved production quality, reduced
financial costs by ensuring optimal use of resources and
the production of competitive products.

1) Industrial 10T devices [20]: The use of existing
industrial automation systems together with 10T devices
has many important advantages:

- Smart devices with 10T functions can control the
production process and minimize operator intervention
by creating automatic communication with each other
over the network;

- Recovery/protection measures against predictable
failures can be implemented by preliminarily identifying
possible errors;

- Shortage of raw materials to produce products of
plants or companies can be ensured in a timely manner
by determining in advance;

- Control issues at plants or companies can be
carried out from anywhere in the world. Thus,
information about the production process and
malfunctions that have occurred is available from
anywhere via a network connection.

The architecture of the Internet of Things.

Data collected from receiving devices/sensors
placed on objects in the fields is continuously transmitted
to the monitoring and control center via RFID or any
wireless transmission medium, which is monitored
online in real time. By functionality, the 10T architecture
is divided into the following levels (Table 1)/

The application of existing data security solutions
to the 10T concept requires transmission environments
that are not secure at a serious level, are dynamic and
large-scale, have a large number of devices of different
origins, etc. is not considered effective for reasons such
as Given that large amounts of data contain sensitive
information during transmission, it becomes necessary to
ensure data security. In general, the loT has an
architecture consisting of the following layers [21]: the
receiver (perception) layer, the network layer, and the
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application layer. Since the processes performed at
different levels of the loT architecture differ, security
issues also differ by level. Security issues in the 10T

Table 1 — 10T Architecture

concept require a different approach at each of these
levels. Thus, in Fig. 1, the security issues in the loT
architecture are described as follows:

loT architecture
in layers

Levels Characteristics

Program layer )
9 y environment data

Integrated layer with existing hardware (RFID, sensors, actuators, etc.) to acquire physical

Network layer

The layer that ensures the interaction of sensors and receiving devices with each other and the
transmission of data over the network via a wired or wireless network.

Receiver layer
programs.

Interface layer (SCADA, DCS, etc.), which provides methods of interaction with the user and other

L I

Data security in programs
Security of cloud technologies
Middleware security

RFID security
RFID network security
555 security etc

Security of transmission
over the netwark

IT Security
Internet Security, etc

Fig. 1. Security issues at the layers of 10T architecture

A. Program layer. The program layer is the lowest
layer in the 10T architecture. Typically, the memory and
processing capacities of sensors/receivers are not at an
adequate level.

Security issues at this level include ensuring the
physical security of sensor devices and the security of
data collection. Security systems are difficult to install
here, and sensor data must be protected in terms of
completeness,  availability, and  confidentiality.
Additionally, attacks from the external network
environment, such as DoS attacks, pose new security
challenges. RFID includes security issues such as
information leakage, replication attacks, data tracking,
counterfeiting, cloning attacks, and man-in-the-middle
attacks [21].

B. Network layer. The implementation of existing
communication security mechanisms at this layer is
complex and difficult. Verification of the authenticity of
the data provided by the user (subject) - authentication
and identification of the subject by unique information
previously recorded in the system - identification is one
of the methods of preventing unauthorized access. It is
the basis of a security mechanism where confidentiality
and integrity are equally important. In addition,
distributed denial of service attacks is a common attack
method in the network, especially in the Internet of
Things, as this attack method is more relevant, an
approach should be developed to solve against
distributed denial of service attacks.

C. Receiver layer. The receiver layer is the highest
layer in the loT architecture and imposes different
security  requirements  for different application
environments.

In general, security concerns at the receiver level
include tracking and external intrusions. In addition to
being responsible for processes such as transmission
control and traffic management, this layer also includes
responsibilities for securing the applications used to
collect data by sending requests, converting data into an
understandable, relevant form.

For example, data sharing at the receiver layer can
create issues such as data privacy, access control, and
disclosure.

The completeness and reliability of sensor data is
becoming a major research area [21]. Another key issue
in sensors is to ensure objectivity, which is one of the
main challenges. It is necessary to apply mechanisms to
protect the privacy of people and objects in the physical
environment. People are often unaware of the
sensors/receivers around them. For this reason, it is
necessary to adopt rules to protect human rights

Conclusions

The oil and gas industry is one of the industries most
exposed to cyberattacks, with serious potential economic
and national security implications.

Therefore, cybersecurity is an extremely important
issue for the oil and gas industry, and cybersecurity
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measures must keep pace with the speed of digitalisation
of oil and gas operations.

Different sectors of the oil and gas industry
naturally have different levels of risk and require
different cybersecurity strategies. It is necessary to
address the cybersecurity of mines, oil and gas
transportation and processing, environmental processes,

and the entire range of activities in the industry. On the
other hand, it is necessary to adopt laws and regulations
related to the physical environment in the environment
that surrounds us.

Therefore, there is a need to overcome the
contradictions and improve the security of the loT
concept as a relevant and new field of research.
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IIpo0saemu kidepoe3nexu B HadTorasosii raaysi
Mypax Omapos, Brocans Mypangosa

AHoTauis. Bracmigok mupokoro 3actocyBaHHs IH(POBHUX Ta IHTEPHET-TEXHOJIOTIH Y BCIX MPoIiecaX BUPOOHUIOTO IUKITY
HaTOTra30BOi MPOMHUCIOBOCTI KiOepOesmeka crae Bce OUIBIIOI 3arpo3or. ToMy chOromHi KibepOesneka CTae OIHHM i3
MIPIOPHUTETIB TEXHOJOTIYHOTO PO3BUTKY Ha(TOra30BHX KOMIAHIH. Y CTaTTi HOAAaHO KOPOTKHI OIMIC MU(PPOBUX TpaHCHOpMaIIii,
oo BimOyBarOThCs B HaTora3oBiil ramysi, aHami3yIOThCS OCHOBHI HOBi 3arposu KibepOesmeli Ta HaJaeThecs iH(GOpMAIis Mpo
IHIIUICHTH KiOepOesmneku. Po3risgaeTbcs MUTAaHHS MO0 PO3POOKH HOBHX TEXHOJIOTiH Ha OCHOBI TNTHOOKOTO HaBYAHHS IS
iHTENEKTya bHUX HAQTOBUX POJOBHIILI.

Kawuosi caoBa: HadTorazosa npomuciosicts; nudposuit Maitninr; OT; IoT; kibepOesneka.
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SMART PACKAGING OF PHARMACEUTICAL PRODUCTS

Abstract. Smart packaging of pharmaceutical products covers modern technologies that are transforming packaging
approaches in the pharmaceutical industry. The study demonstrates how the use of intelligent systems, such as temperature
and humidity sensors, RFID tags, and time indicators, improves control over the storage and transportation of products. In
particular, smart packaging not only ensures the safety and quality of medicines, but also meets modern market requirements
for transparency and regulatory compliance. The importance of smart technologies in packaging is growing due to the needs
of consumers, who demand reliability and additional information about products. Thus, investments in smart packaging are
becoming essential to maintain competitiveness in the global market.

Keywords: smart packaging, pharmaceutical products, packaging technologies, RFID, monitoring storage conditions,
intelligent systems, quality control, transparency, regulatory requirements, technology investments.

Introduction

In the modern pharmaceutical industry, smart
packaging plays akey role in ensuring the quality, safety and
traceability of medicines at all stages of their life cycle -
from production to delivery to the end consumer. Today, the
development of the Industry 4.0 concept, characterized by
the integration of smart technologies and automation of
production processes, poses new challenges for
pharmaceutical companies in terms of implementing
innovative solutions for monitoring and controlling product
quality. Smart packaging, which includes temperature,
humidity and other sensors, allows for continuous
monitoring of storage conditions, instant detection of
violations and prevention of possible negative consequences
for patients. Given the high requirements for drug safety and
the growing importance of product traceability, the use of
smart packaging technologies is becoming an integral part
of sustainable and safe production. The implementation of
such solutions helps pharmaceutical products meet
international quality standards and allows companies to adapt
to the new realities of Industry 4.0, where digitalization, quick
access to data and its analysis for making informed
management decisions are of particular importance.

The purpose of the article is to study and
substantiate the feasibility of introducing smart packaging
technologies for pharmaceutical products in terms of
improving the quality, safety and efficiency of managing
the storage and transportation of medicines. The study
aims to identify the key advantages and challenges
associated with the use of smart packaging equipped with
temperature, humidity and other parameters, as well as to
determine their role in the current conditions caused by the
concept of the Industry. The results of the study should
help to understand the need to integrate innovative
solutions into the pharmaceutical packaging industry to
ensure high product quality standards and compliance with
international norms and standards in the supply chain.

Main part

The trend of smart packaging in the pharmaceutical
industry, which includes temperature and humidity
indicators, is an important area for ensuring the quality and
safety of medicines at all stages of their life cycle - from
production to delivery to the consumer. Smart packaging is

designed to solve the problem of monitoring storage and
transportation conditions, as many medicines are sensitive
to changes in temperature and humidity.

The development of smart packaging for
pharmaceuticals is based on international standards that
define the requirements for quality, safety and control over
storage conditions. The main standards governing this area
are: 1SO 15378 is a standard for primary packaging of
medicines that covers requirements for materials,
production, and quality control. It applies the principles of
GMP (Good Manufacturing Practice) and describes the
requirements for the packaging of sensitive pharmaceutical
products [1]; 1SO 13485 is a standard for quality
management systems in the production of medical devices,
which also covers technologies for controlling the storage
and transportation of pharmaceuticals [2]; USP 1079 - a
standard developed in the United States, it contains
recommendations for optimal storage conditions, protection
against temperature fluctuations, humidity and other factors
that may affect medicines [3]; GDP (Good Distribution
Practice) is a European Union standard that defines the rules
for ensuring the quality of pharmaceutical products during
their transportation and storage. GDP contains requirements
for smart packaging that controls environmental conditions.

Smart packaging requires the use of special electronic
devices that allow you to monitor storage conditions and
send information in real time:

1. Temperature and humidity indicators are small
sensors that can continuously or periodically measure the
temperature and humidity levels inside the package. These
sensors often have the function of automatically recording
data. They can be disposable or reusable, depending on the
type of drug and the needs of the company" [4].

2.RFID (Radio Frequency Identification) is a
technology that allows for wireless tracking of goods. RFID
chips can be integrated into packaging and contain
temperature and humidity data that is updated when
conditions change. This technology allows you to automate
the monitoring process and read data using an RFID reader
at different stages of transportation [5].

3. NFC (Near Field Communication) - allows you to get
information about storage conditions using a smartphone or
other NFC-enabled device. This ensures that data on the
condition of the drug is available even to the end user, which
can be of particular value for temperature-sensitive drugs [6].

© Osadchy S., 2024
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4. Bluetooth Low Energy (BLE) - modules that allow
the transmission of data on storage conditions over a short
distance. BLE sensors can be configured to transmit data to
mobile devices or the cloud, providing access to real-time
storage data.

Single-use sensors - some packaging includes
disposable indicators that change color when a certain
temperature or humidity is reached, indicating a possible
deterioration in product quality. This simple solution is cost-
effective and easy to use, although it does not provide full
real-time monitoring" [7].

A general view of the above sensors is shown in
Fig. 1 and Table 1 shows a comparison of their technical
characteristics.

The conclusions on the use of Sensirion SHT35-
DIS-B and Maxim Integrated DS1923 iButton in smart
packaging of pharmaceutical products show that both
sensors have their advantages depending on specific
requirements. The SHT35-DIS-B provides high accuracy
and continuous real-time monitoring of temperature and
humidity, which is suitable for products that require

constant monitoring of storage conditions. However, it
requires an external power supply and direct connection
to the monitoring system. The DS1923 iButton, on the
other hand, is convenient for tracking historical data due
to its built-in memory and autonomous power supply,
making it ideal for long-term monitoring during
transportation. Thus, the choice between these devices
depends on the need for continuous or intermittent
monitoring and the storage conditions of the product.

N

s
a b

Fig. 1. Common temperature and humidity sensors used for
smart packaging of pharmaceutical products: a— SHT35-DIS-B
sensor [8]; b — Maxim Integrated DS1923 iButton logger [9]

Table 1 — Comparison of technical characteristics of SHT35-DIS-B sensor and Maxim Integrated DS1923 iButton logger

Characteristics

Sensirion SHT35-DIS-B [8]

MaximlIntegratedDS1923 iButton [9]

Type

Digital sensor of temperature and humidity

Temperature and humidity logger

Temperature accuracy

+0.2°C (0to 60°C)

+0.5°C (0to 70°C)

Humidity accuracy

+1.5% RH (20% to 80% RH, at 25°C)

+5% RH (10% to 90%RH)

Temperature measurement range

-40°C to +125°C

-20°C to +85°C

Memory

Absent (transmits data in real time time)

8192, temperature and humidity records

Power consumption Low

Works autonomously for a long time

Appointment

Continuous monitoring of conditions

Data logging for tracking purposes storage
conditions

Form factor

Compact sensor

Compact in iButton format

Let's analyze disposable sensors that can be used for
smart packaging of pharmaceutical products, providing
temperature and humidity control during transportation in
smart packaging of pharmaceutical products. Disposable
sensors for smart pharmaceutical packaging usually have
limited functionality and are used for one-time monitoring
of temperature or humidity during transportation or storage.
They do not store detailed data, but only indicate when
thresholds are exceeded, often through a color change or
other simple visual signal. Their specialty is that they are
cost-effective, do not require batteries, and can be easily

integrated into packaging. In contrast, reusable sensors for
smart packaging are often equipped with more sophisticated
electronics, can store data for long-term monitoring, and
have the ability to transmit data in real time. Such sensors
are used for continuous monitoring and analysis, which
allows for detailed tracking of storage conditions and
optimization of logistics processes for pharmaceutical
products. A general view of disposable sensors that can
be used for smart packaging of pharmaceutical products
is shown in Fig. 2, and their technical characteristics are
shown in Table 2.

Table 2 — Comparison of technical characteristics of Temptime LIMITMarker and 3M MonitorMark

Characteristics

TemptimeLIMITMarker [10]

3M MonitorMark[11]

Type

Disposable temperature indicator

Temperature accuracy

Triggered at specified temperature thresholds

Temperature measurement range

Depends on the model (thresholds from 0°C to +38°C)

Data recording

Visual color change indicator

Energy consumption

Does not require bhatteries

Features

Instant detection of temperature

Easy to use, ideal for monitoring

regime violations

during transportation

Application

Control of the “cold chain”

Temperature control in pharmaceutical packaging

The analysis of the technical parameters of
Temptime LIMITMarker and 3M MonitorMark shows
their high efficiency in one-time monitoring of the
temperature of pharmaceutical products. Both indicators
do not require batteries, making them easy to use and

cost-effective. The Temptime LIMITMarker offers
flexibility in setting temperature thresholds, allowing it
to be adapted to different storage conditions, while the
3M MonitorMark provides reliable control with fixed
temperatures, which can be useful for standard products.
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LIMITmarker™ F-M
Temperature limit
exceeded when
RED/PINK appears

www.temptimecorp.com

M
Monkor Mark

T
a b
Fig. 2. General view of single-use sensors that can be

used for smart packaging of pharmaceutical products:
a— Temptime LIMITMarker [10]; b — 3M MonitorMark [11]

The visual color change indicator in both models
allows for instant detection of temperature abnormalities,
which is critical to ensuring the quality and safety of
pharmaceutical products. Due to their compact size, both
sensors can be easily integrated into the packaging, making
them ideal for monitoring the cold chain during
transportation. Thus, the choice between these two
indicators depends on the specific requirements for
temperature control and flexibility in use. Obtaining data
from disposable sensors for smart pharmaceutical
packaging involves several steps that ensure monitoring of
storage and transportation conditions. The main components
of this structure include:

- the sensor part, disposable sensors such as
Temptime LIMITMarker or 3M MonitorMark, equipped
with sensors that respond to changes in temperature or
humidity. The sensors constantly monitor the surrounding
conditions, detecting violations of the set temperature
thresholds; visual indicator, when conditions exceed the
set values, the sensors activate a visual indicator, usually
in the form of a color change. This indicator allows you to
instantly detect whether the product has been exposed to
unfavorable  conditions, which is critical for
pharmaceutical products;

- data storage, as a rule, does not store data on
temperature conditions, as their purpose is to provide instant
information about violations. Once the indicator is activated,
the violation data cannot be saved or analyzed further;

- packaging integration, the sensors are designed to
be easily integrated into the packaging of goods, which
allows them to be used directly during transportation. This
makes them effective for monitoring the “cold chain”
during the transportation of temperature-sensitive
pharmaceutical products.

- testing and verification, after receiving the results
from the sensor, manufacturers or logistics companies can
conduct verification by analyzing whether the color
change of the indicator is really an indication of a violation
of conditions;

- interaction with logistics systems, although
disposable sensors do not transmit data in real time, they
can be used in conjunction with other monitoring systems
that automatically record the temperature conditions in
containers during transportation. Such systems can be
integrated into larger logistics platforms to provide
comprehensive control.

Smart packaging in the pharmaceutical industry offers
numerous benefits that significantly improve product
management and safety. Firstly, the technologies used in
smart packaging allow for continuous monitoring of storage
conditions such as temperature and humidity, which is
critical to maintaining the quality of pharmaceuticals. This
significantly reduces the risk of loss of efficacy or product

safety due to improper transportation conditions. In
addition, smart packaging makes it possible to track the
history of goods movement in real time, which contributes
to increased transparency in the supply chain. An important
aspect is also the ability to detect counterfeits, as modern
technologies such as QR codes and RFID make it easy to
verify the authenticity of goods. However, the use of smart
packaging also has some disadvantages. The cost of
implementing such technologies can be significant, making
them less affordable for small businesses. There is also a
need for staff training, which may require additional time
and resources. In addition, the technologies may face
compatibility issues with existing management systems.
Despite these challenges, smart packaging remains an
important step in the development of the pharmaceutical
industry, as its advantages far outweigh its disadvantages,
ensuring a high level of product control and safety.

The prospects for the use of sensors in smart
packaging in the pharmaceutical industry look promising as
the technology continues to evolve and improve. First of all,
the integration of the latest sensor technologies, such as loT
(Internet of Things), can ensure continuous monitoring of
storage and transportation conditions. This will reduce the
risk of product spoilage and improve product quality. In
addition, new sensors with self-learning capabilities will be
able to adapt to different conditions, making them even
more versatile and efficient. Advances in microelectronics
will make it possible to create smaller and cheaper sensors,
which will facilitate their widespread use even in small
businesses. Connectivity to cloud platforms will enable in-
depth analysis of sensor data, helping to identify trends and
optimize processes. Users will also be able to receive real-
time notifications of any deviations, which will facilitate
timely response. At the same time, the introduction of
blockchain technologies will provide an additional level of
security and transparency, allowing for easy tracking of
product history. Expanding the functions of sensors, such as
measuring not only temperature but also other parameters
such as oxygen or pH, will open up new horizons for quality
control. Thus, the use of sensors in smart packaging is
becoming not only a necessity, but also an opportunity to
significantly improve efficiency and safety in the
pharmaceutical industry. In the course of the study and
analysis of scientific publications, the percentage of use of
sensors, loggers and disposable sensors for smart
packaging of pharmaceutical products was determined.
The results obtained are shown in the graph in Fig. 3.

Usage of Sensors in Smart Packaging for Pharmaceutical Products

Time-Temperature Indicators
Smart Labels and Tags

10.0% 20.0%

RFID and !

Sensor-based Packaging

Fig. 3. Graph of the use of sensors, loggers and disposable
sensors for smart packaging of pharmaceutical products
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The pie chart below illustrates the distribution of sensor
usage in smart pharmaceutical packaging, emphasizing the
important role that each type of sensor plays in ensuring
product safety and quality. Sensors based on touch
technologies are the most common technology, accounting
for 40% of the total usage, indicating the critical need to
monitor environmental conditions such as temperature and
humidity, which are vital to maintaining the effectiveness of
pharmaceutical products. RFID and NFC technologies are
next in importance, accounting for 30% of the total,
demonstrating their importance in improving traceability and
supply chain management by providing detailed product
information and tracking capabilities throughout the
distribution process. Time and temperature indicators account
for 20% of the total, showing their function in alerting users
to any temperature irregularities that could threaten product
integrity. Finally, smart labels and tags, while making up the
smallest portion at 10%, still play a valuable role by providing
additional product information and improving the consumer
experience. The trend towards increased adoption of smart
packaging technologies is in line with the growing demand
for improved product safety, regulatory compliance and
consumer transparency in the pharmaceutical sector. This
emphasis on integrating advanced technologies into
packaging not only improves operational efficiency, but also
supports sustainability efforts by potentially reducing waste
and ensuring that products are stored and transported in
optimal conditions.

Conclusions

During the study, it was found that smart packaging
of pharmaceutical products has a significant impact on
ensuring the quality and safety of goods. The integration
of modern technologies, such as temperature and humidity
sensors, RFID tags, as well as time and temperature
indicators, allows not only to control the storage conditions
of products but also to reduce the risk of product spoilage.
This is especially important in the pharmaceutical sector,
where compliance with product safety and quality
standards is critical. Studies show that the introduction of
smart packaging supports regulatory compliance, which
significantly increases the responsibility of companies for
the safety of their products. In addition, smart packaging
provides convenience for consumers by providing access
to additional information through smart labels, which
contributes to better product awareness. Innovations in this
area also help to reduce the negative impact on the
environment by optimizing the use of resources. Thus,
smart packaging not only meets modern market
requirements, but also opens up new opportunities for the
development of the pharmaceutical industry. It is
important to note that investments in smart packaging
technologies are becoming critically important for
maintaining competitiveness in the growing global
pharmaceutical market and improving the interaction
between producers and consumers.
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Smart makyBanus papManeBTHYHOI MPOAYKIIil
C. 1. Ocamunii

AnoTtanisi. Cmapt nakyBaHHs (hpapMalleBTUYHOI MPOAYKIIT OXOILUTIOE CyYacHi TEXHOJIOTIT, sSIKi TpaHCHOPMYIOTh i IXOIH 10
yMakoBKH B (apManeBTHUHIH iHAycTpil. JIOCTiIKEeHHS JEMOHCTPYE, SIK BUKOPUCTAHHS IHTENIEKTYaJbHUX CHCTEM, TAaKUX SIK JaTYHKH
Temneparypu Ta BonorocTi, RFID-MiTk Ta iHAMKAaTOpH Yacy, MOKpAIye KOHTPOJIb 32 yMOBaMH 30epiraHHs Ta TPaHCIIOPTYBAaHHS
npoIyKiii. 30kpeMa, cMapT MaKyBaHHs 3a0e3Nedye He JIMIIe Oe3MeKy Ta sSKICTh JIKApChKUX 3aco0iB, aje i BIAMOBIAAE Cy4acHUM
BHMOTaM PUHKY II[OI0 IPO30POCTi Ta BIAIOBIIHOCTI PEryISTOPHUM HOpMaM. BaximuBicTh cMapT TEXHOJIOTIH y MaKyBaHHI 3pOCTaE y
3B’3Ky 3 OTpeOaMU CIIOXKUBAiB, [0 BUMAraloTh HAAIHHOCTI Ta JoAaTKOBOI iH(opManii npo mpoxykiiro. TakuM YMHOM, IHBECTHITIT
B CMapT [TAKyBaHHs CTAlOTh HEOOXITHUMH JUIS M ATPUMKH KOHKYPEHTOCIPOMOKHOCTI Ha TII00AIBHOMY PHHKY.

KawuoBi caoma: cmapr makyBaHHs, (apMaleBTHYHA HPOIYKIis, TexHouorii ymakoBkH, RFID, moniTOpHHT ymoB
30epiranHs, iHTENEKTyalbHi CHCTEMH, KOHTPOJIb SIKOCTi, IPO30PiCTh, PETyIATOPHI BUMOTH, IHBECTHUIII] B TEXHOJIOTII.
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METO/IA I TIPOTPAMHO-ATIAPATHI 3ACOBHY OBPOBJIEHHS IH®OPMAIIIT
B IHTEJIEKTYAJIBHUX CUCTEMAX MOHITOPUHI'Y JIICOBUX HHOXKEX
HA BA3I POIB BILJIA

AHoTauis. JlocmimkeHo METOAN ITYYHOTO 1HTENEKTY UL CUCTEM MOHITOPHHIY JIICOBUX HOXkexX Ha 6a3i poi BITJIA. Pos-
TIBTHYTO METOJIH, III0 3aCTOCOBYIOTHCS SIK s oKpeMux BITJIA, Tak i [urst pisHUX apXiTeKTyp, [0 BUKOPHUCTOBYIOTH piit BITIA.
[Moxkazano, mo ixrerparis 11 po3mmproe MmoxxmuBocTi BITJIA 11070 paHHEOTO BUSIBICHHS ITOXKEXi, MOHITOPHUHTY B peabHO-
My 9aci Ta NpHHHATTS pilleHs. JJocmimKeH s okas3ano, mo xoda iHopmaris, 3i0pana okpemumu BITIA, € niHHOIO, iCHYIOTH
0OMEKEeHHI, sIKi MOYKHA BHKJIFOUHTH, BUKOpHCTOBYIoUH piit BIIJIA, y sIkoMy HiJCHIIIOIOTECS 1HTENEKTyabHi 00UMCTIOBATEHI
MOXKJIMBOCTI. JloBeIeHO, IO Pi3HI apXiTEeKTypH — HEHTpalli30BaHa, PO3IIO/iIeHa Ta TiOpraHa — HA[aloTh YHIKAIbHI IIepeBard B
PI3HUX CICHAPIAX MOHITOPUHTY MOXKEX. JOCTKEHHS MAKPECIUIO BAXIIUBICT, BUOOPY PAIliOHAIBHOT apXITEKTYPH BUXOIS-
YH 3 KOHKPETHUX 3aBlaHb MOHITOpUHTY. KojkHa apXiTeKTypa Mae TIeBHI 0OMEXEHHS, ajie 3aIporOHOBaHi PillIeHHs BiJ3HA4a-
FOTHCSI TTOKpAIICHHIM e(EeKTHBHOCTI, HAAIHHOCTI Ta MaciurtaboBaHocTi. OcTarouyHa KOH(MIryparisi CKIaIaeThes 3 KOMOIHAIT
BITJIA Ta 3aco6iB LI, po3pobneHnx i MaKCHMAIBHOTO MiIBUIICHHS e()eKTUBHOCTI MOHITOPUHTY TOXeXKi. Po3BuTOK moTe-
HIliaJTy pOHOBOTO iHTENEKTY, MPOTHO3HOI aHANITUKH Ta aJallTUBHOTO PO3MOIULY 3aBIaHb BH3HAYCHO SK BaXIMBHU HAIPsSIM
JUIsT MaHOYTHIX JOCHIKEHb. 3a3HayeHo, IO IIi Pe3yJIbTaTH BaKIUBI UL pO3POOJICHHS] HOBUX CHCTEM YIPAaBIiHHS I MOHi-
TOPHHTY, 3al00iraHHs1, 0OMe)XEHHs Ta BU3HAYEHHI HACIIIKIB JIICOBUX MOkeXK Ha 6a3i poiB BILIA.

Kaw4oBi c1oBa: icoBi Mmoxexi, MOHITOPHHT, iHTEIEKTyalbHI CHCTEeMH, OC3MUIOTHI JiTanpHi anapaTth, poi BITJIA, ri-

OpHIHI apXITEKTYpH, INTYIHHH 1HTEIEKT.

Beryn

MotuBanis. JlicoBi MOXeXi CTaHOBIATH 3HAYHY
HeOe3nmeKy Il eKOCHCTeM, KHTTS JIIoAeH 1 BIaCHOCTI.
Tomy icHye oTpeba B CTpaTerisix MOHITOPHUHTY Ta paH-
HBOTO BHSIBJICHHSI. 3pOCTaHHs KUIBKOCTI Ta iHTEHCUBHOC-
Ti MOXEX BHACIIIOK 3MiHu Kimimary [1] mpuseeno 1o
TOTO, 1[0 TPAAULIHHI METOJM MOHITOPUHTY CTajJl MEHII
epextuBHUMH. JlochmiJDkeHHST e(eKTHBHOCTI  CHUCTEM
00poTHOM BKa3yIOTh Ha T, IO IHBECTHINI Y HUX IS
PaHHBOTO BHUSIBJICHHS IOXKEX B JICCATKH, a 1HO/I 1 B COTHI
pa3iB MeHIII, HiXK MOTEHIIHHI 30uTKH [2].

BesminotHi mitaneHi amapatu (BI1IJIA) HagaroTh Be-
JIMKI TIEPCIIEKTHBY 11010 HAJAHHS JaHUX y PEXHMI pea-
JIBHOTO 4acy, iIXHBOTO ONpAIIOBAHHS Ta IIBHIKOTO pea-
ryBarHsA. TuMm He MeHII, xo4da okpemi BITJIA mokpamty-
IOTh BUSIBIICHHS TI0’KEXKIi Ta MOHITOPHUHT, OyIb-sSKUi O1H-
HouHMH BITJIA 0OMeXeHuii BITHOCHO HEBEJIMKOIO 30HO0
MOKPUTTSl B NIEBHUH MOMEHT 4acy, a OO0CSr JaHUX, IO
MOXYTh OyTH 00pOOJICHI Ha OOPTY, OOMEKEHHIA.

Tyunnit intenext (ILI) Bupintye Taki npodiemy,
BUKOPHCTOBYIOYM BIOCKOHAJICHY AHANITHKY JaHUX 1
NPOLIECH NPUAHATTS piteHsb [3], Ta OilbLICTD NiTEpaTy-
pu Gazyetbest Ha okpemux BITJIA. Tennenuis 1o Buko-
puctanss poro BIIJIA BinkpuBae Hinmii psii HOBUX MOX-
JIUBOCTEH 1 BUKJIMKIB; 30KpeMa Ti, 0 CTOCYIOTHCS edek-
TUBHOI KOOPIUHAIIIT Ta KOMYHIKaIlii IPOHIiB.

JociipKeHHsT 1 BIPOBA/KEHHS PI3HUX apXITEKTyp
B3a€EMOJIIT — IIEHTPAi30BaHOI, PO3MOiICHOI UM TiOpu-
HOi — onTuMi3ye cucteMu 3 poeM BITJIA, ocKiTbKkH KOX-
Ha 3 HAX € KPAIOkOo JJIsl Pi3HOTO CIIEHApiTo.

VY naniit orasA0BIN CTATTI MPOMIOHYETHCS TOCTITUTH
11l apXiTeKTypH 13 BpaxyBaHHAM BpoBakenHs 1111, mob
BU3HAYUTH Halkpami KOHGIryparii i1 MOHITOPHHTY
JICOBHUX TOKEX, MIHIMI3yBaBIIH ICHYI04i OOMEKEHHS.

Meta. OcHOBHa MeTa 11i€l poOOTH MOJIATAE B TOCII-
JDKCHHI 3aCTOCYBaHHS IITYYHOT'O IHTENEKTY B CHCTEMax
MOHITOPHHTY JIICOBHX noxex Ha 6a3i BITJIA, BpaxoByto-

Yy pilIeHHs K JUII OKpPeMHX, Tak 1 s poro BIIJIA.
Pitenns s okpemux BITJIA OymyTh AeTanbHO mpoaHa-
Ji30BaHI 3 OKpECJEHHAM IXHIX IMepeBar Ta HENOJNIKiB.
Takox Oyze omiHeHO moTeHHian cucreM i3 poem BIUIA
[UIIXOM JOCIIDKCHHS PI3HUX apXIiTeKTyp B3aeMOil Ta
MOJJIMBICTIO 3aCTOCYBaHHS Pi3HHX METOJIB IITyYHOTO
IHTENeKTy, 100 BHU3HAYMATH HAHOUTBII TEPCIEKTHUBHI
MIXOAH U BIOCKOHAJICHHS MOHITOPUHTY Tokex. KiH-
LIEBOIO METOF0 OyZe ONTHMI3allisl iCHyI0401 abo po3pobka
HOBOI ONTHUMAJILHOT apXiTeKTypH, sika 3a0e3reuye BHsIB-
JICHHS JIICOBHX MOXKEX 1 pearyBaHHsI Ha HUX 3 HAWBHIINM
piBHEM epeKTHBHOCTI Ta pe3yJIbTaTUBHOCTI.

Orasg pxeped. 3a pe3yabTaTaMu OTJISIAY KITFOUO-
BHX JpKeped iX MOXKHa Kilacu]ikyBaTH y TaKHi cHoCio:

- JpKepenia 3 OIIIZIOM aKTYaJbHOCTI TEMH JOCITi-
JUKEHHS, JIe BUCBITJICHO 3pOCTaHHS MPOOIEeMH 31 3MIHOIO
kiimaty [1], epeKTUBHICTh IHBECTHUINH y JaHWUH HATIPSM
[2], mommpeHi METOIH, IO 3aCTOCOBYIOTBCS UIS IIONO-
JIaHHS POOJIEMHU Ta CYYaCHI MEPCIeKTUBHI Hanpsimu [3];

- CTaTTi, IO PO3MIIAAAIOTH 3aCTOCYBAHHS IITYYHO-
ro iHremekry mmsi okpemux BIUIA. Ile wnampsmu,
OB ’s13aHi 3 BUSABJICHHS Ta PO3Mi3HABaHHAM 00’€KTiB [4,
6], anomaniii [7, 8], mianysauas mapupyty [9, 10],
aHamizy Tepmorpadii [11] Ta 06’exHaHHS maHUX 3 Pi3-
HUX AaT4uKiB [12];

- CTaTTi, 0 MPHUCBSYEHI 3aCTOCYBAHHIO MITYYHOTO
iaTenexTy g poro BITJIA. Takumu MeToaMHu € CIIiiTb-
He KaprorpadysanHs noxex [13, 14], nenenrpanizona-
He MPUAHATTS pimens [15, 16], axanTuBHOTO po3noiy
3apnanb [17], poroBuii imTenekr [18, 19], mporrosna
aHaNiTHKa nommupeHHs noxexi [20, 21] Ta kooneparu-
BHE CIIOCTEpEXXeHHs [22] ;

- CTaTTi, OO0 AOCHIIKYIOTh apXiTeKTypH B3a€MOIi
BIUTA Ta MOXJIHMBOCTI 3aCTOCYBaHHS IITYYHOTO iHTe-
nexty. Takumu € neHTpasizoBana pisux tumis [23, 24],
posnoginena [25], iepapxiuna [26], riOpugHa [27] Ta
IHII 3 aHATI30M 1 BUAUICHHSAM HaWOIIbII e€(EeKTUBHUX
cepen Hux [28, 29].

© C. L Iomog, O. O. Opexos, 2024
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InTesiexTyabHI MeTOIU 00POOJIEHHS
indopmanii B cucteMax MOHITOPHHTY
JIiICOBHX MOsKesK 151 okpemux BIIJIA

ITyynuit inTenekt, interposanuii y BIIJIA, Oara-
TOPa30BO 301IBIIMB MOTEHIiAN IUX TPAHCHOPTHUX 3aCO-
6iB, OCOOJNMBO B MOHITOPHHTY JIiCOBHX moXkex. lIITyd-
HUi iHTeNekT Terep no3ossie BITJIA BukoHyBaTH 3a-
BJaHH, II0B’sI3aHi 3 aBTOHOMHHM BHSBJIEHHSIM 00’ €KTIB,
BUSIBIICHHAM aHOMaJil, IUIAHYBaHHSIM IILIAXY, TEPMOT-
padiero Ta 06’ €qHAHHAM JaHUX Y pearbHoMy daci. Hmk-
Ye HaBeNICHO OTJIS PI3HHX PIllleHb MTYYHOTO iHTEIIEKTY,
IO CTOCYIOTHCSI IUX MPOoOJIeM, i TIOKa3aHO TXHI METO.H,
riepeBary, HeZIoJIiKK Ta 0OMEXXEHHS, oM SIKILIeH] po3rop-
TaHHAM poiB BITJIA.

Texnonorii 1l wnaninsrors BIUJIA  3patHicTio
NpUMaTH pillleHHsT Ta 00pPOOJIATH AaHi B aBTOHOMHOMY
pexumi. ITommpeHIMI METOIAMH € aITOPUTMH MAIINH-
HOTO HaBYaHHS], METOAM TTTMOMHHOTO HAaBYAHHA Ta HEW-
poHHI Mepexi, ski mo3Bomsttoth BITJIA posmizHaBaTH,
KacuQiKyBaTH Ta pearyBaTd Ha pi3Hi CHTHAIH B Cepeo-
Bumii. Ta eeKTUBHICTh TAKUX PIilICHB IITYYHOTO iHTENe-
KTy B OLIBIIOCTI BUMAAKIB 0OMEKEHa O0UUCIIOBAIHLHOIO
notyxHicTio BITJIA, Horo narynkamu Ta 30HOO TOKPUT-
1. Hmwkde Oyne po3risiHyTO 3aCTOCYBaHHS LITYYHOTO
IHTEJIEKTY, sIKi BUKOPUCTOBYIOTh okpeMi BITJIA, a Takox
XHI BiJIIOBI/IHI IEpeBary Ta OOMEKEHHSI.

BusiBneHHs Ta po3ni3HaBaHHS 00’ €KTIB Jy>Ke Ba-
JIUBI U BUSBIICHHS CIajaxiB BOTHIO, UMY Ta IHIIHX
BIIMOBITHUX 00’€KTIB y JlicoBoMy cepemoBumi [Tommpe-
HUMH METOJIaMH INTYYHOTO iHTEJNEKTY, SKi BUKOPHCTO-
BYIOThCH, € 3ropTKOBi HeliporHi Mepexxi (CNN) [4], sk-oT
anroput™ You Look Only Once (YOLO) [5] i periona-
1eHI CNN (R-CNN) [6]. BoHr HaB4arOThCS Ha BEIMKHX
Habopax IaHWX, MO0 PO3Mi3HABaTH NEBHI MIAOJIOHH Ta
00’exkTH Ha aepodoTO3HIMKAaX. METOa Ma€e BHUCOKY TOY-
HICTh BUSIBJICHHS KOHKPETHHUX O0'€KTIB, TAKUX K UM 1
BOTOHb, BUCOKY IIBHKICTH OOPOOKH, OCOOJIUBO B ONTHU-
Mi3oBaHiii mozeni, sk YOLOVS Ta MOXIHBICTh Mpariio-
BaTH B PEXHMMi PEaIbHOTO 4acy — MHUTTEBHUI 3BOPOTHHUI
3B’5130K. Y TOM e Jac HOro MpOXYKTUBHICTH MOKE TIOTi-
pIIMTHCS B CKJIAJHMAX CEepeloBHINAX i3 Oap’epamwu, Ha-
TIPUKJIAJ], y TYCTHX JIicaX, 33Ul BUCOKOI TOYHOCTI METOJ
MOXE BHMaraTéd BEJIHMKOi KiJBKOCTI OOYMCIFOBAIBHHX
pecypciB a1 0OpoOKH B peaTbHOMY 4aci, 1, 3BiCHO, TPo-
6JeMOI0 € CKJIA/HICTh POOOTH 3 APIOHUMHU TpeaMETaMH
yepe3 BucoTy pobotu BIUIA, mo moxe 3HHU3UTH PO3-
NTBHY 37aTHICTB 300pakeHHs. Piit BITJIA moxe posrop-
TaTUCS JUIS TIOKPAIICHHS! BUSIBIEHHS 00 €KTIB 3a JIOTIO-
MOTOI0 CHIJIBHOTO 30HIyBaHHA, kKo BILJIA 3axormumo-
IOTh Pi3HI KyTH 4d 00JacTi, 3MEHIIYIOYH OKJIIO3il0 Ta
TTOKPAIIYyIOYH BUSBICHHS MEHIINX 00’ €KTIB.

MeTo/ BUSIBIICHHS aHOMaJIili BUKOPHCTOBYETHCS JUTS
(ikcyBaHHS He3BHYANHHUX Mojenel abo Aiif, sIKi MOXYTb
NPU3BECTH JI0 TOXEXKIl. METoau INTYYHOro iHTEIEKTy
BKITFOYAIOTh OAHOPaHroBi SVM [7], aBTOKO/IyBaNbHUKH Ta
MoOyieni TJIMOMHHOTO HaBYaHHS, Taki SK Mepexi JIOBro-
crpokoBoi mam’siti (LSTM) [8], 1o 3matHi gocmimkyBaTin
3MiHy JTaHWUX JJIs BUSIBIICHHs aHOMautiil. IlepeBaramu na-
HOTO METONy € €(EeKTUBHICTh Y PO3Mi3HABaHHI PiJKICHUX
TIOJTIH, SIKi HE BiIOBIAIOTh PETYJSIPHAM TpPEHIIAM, MOXK-
JIUBICTHh HABYAHHS HA ICTOPUYHMX JAHUX, MO0 3 Yacom

MIIBUIIATH TOYHICTh Ta 3JaTHICTH MPAIFOBATH CaMOCTIH-
HO, 3MCHILYIOUM 3aJIeKHICTh BiJi BTPYyYaHHS JIFOJMHH.
l'onoBHIME HENOJIIKAMM € BUCOKHH BiZICOTOK XHOHOIIO3H-
THBHHX CIIPallbOBYyBaHb Yepe3 BUCOKY MIHJIMBICTh HaBKO-
JIMITHBOTO CEPeIOBHINA, HANPHUKIIAM, 3MIHU TEMIIEPaTypH,
CKJIQ[THICTD BifIPI3HWUTH CHPaBXHI aHOMAIii, Taki sIK BO-
TOHb, BiJl IHIHMX TOOPOSIKICHUX 3MiH, TaKUX SK BiTOWUTTS
COHSIHOTO CBITJIa, HOTpeda y BEMKIX HaOOpax JaHUX IS
HapyaHHA. Posropuytwmit piii BIIJIA mepexpecHO mepeBi-
psie aHoMautii, BusiBiieHi pisHUMHU BITIA, TiM cammm 3me-
HINYIOYA TIOMHJIKOBI CHPAIlbOBYBAHHS Ta IIiABUIIYIOYN
HaIIAHICTh BUSBICHHS.

[TnanyBaHHs MapuIpyTy Ta HaBiraiis BasKJIWBI JUIs
e(EeKTUBHOTO OXOIUICHHS BEJIMKUX TEPUTOPIH 1 JIOCHT-
HEHHsI TIEBHHMX MICIlb, HANpPUKJIAJ, CHAJaxiB MOXEX.
3acTOCOBYBaHMMHM METOAAMH € MOEIHAHHS KJIACHYHHUX
A* amroputmy, amroputmy Hifikctpu [9] 3 Thmu, 1o
BHUKOPUCTOBYIOTh IUTYYHHH IHTENEKT, TAaKUMH SK HaB-
yanus 3 migkpimienssiM (RL) 1 reHeTH4HI anroputMu
(GA) [10], sixi nozomsitors BIUIA auHamiuHO KOpHUTY-
BaTH TpaekTopito. EQPEeKTHBHE MOKPHUTTS BEMMKHUX ILTON] 3
MiHIMaJbHUMH €HEPrOBUTpPATAMH; 3JATHICTh aanTyBa-
THCS O MIHJIMBOI'O HaBKOJIMIIHBOTO CEPEIOBHINA, Ha-
NPHKIIA] BITPY, Y PEXKUMI PEaNbHOTO Yacy € TOJIOBHUMH
3aBJaHHSAMH MeETOMy. ABTOHOMHa poOora 3a0e3meuye
MEHILUH KOHTPOJIb 3 OOKy Jrogunu. [Ipobnemu BUHHKa-
I0Th Y CKJIaJJHUX CEpeIOBHUILAx 3 NepelikoaMu (Hamnpu-
KJ1a/1, BACOKMMH JIepeBaMH), YCKIIAJHIOIOYH TJIaHyBaHHS
IUIsIXy. MeTo BUMarae 3Ha4HOI OOYHMCITIOBAIIBHOI TTOTY-
JKHOCTi, OCOOJTMBO JJIsi KOPUTYBAaHHS B PeaJbHOMY Yaci.
OOMmexyeTbes TepMiHOM ciyxOu Oarapei BITJIA, mo
00MeXye TpPUBAIICTH i BiACTaHb MiCiif. BukopucraHHs
poto BIUJIA no3Bosisie CKOOPAMHOBAHO IIaHYBaTH Map-
mpyT, e BITJIA MOXyTh pO3IUTATH 30HY MOHITOPHHTY
MK co0O00, 3a0e3nedyrour OUIbII MOBHE MOKPHUTTS Ta
CKOpOYYIOUH Hac, HEOOXiJHUI JIsl pearyBaHHs Ha Cria-
JaX TIOKEXKI.

Tepmorpadist Mmae BupiliajgbHE 3HAUCHHS [T BUSB-
JICHHSI TEIJIOBUX CUT'HATYP, SIKI iHaKiIe He Oyiu 6 BuanMmi
JIOJICBKUM OKOM, I1I0 BKa3y€ Ha Te, 1110 CTajacsl Moxexa.
Mertoan MITYYHOTO IHTENEKTY, SIKi BUKOPUCTOBYIOTHCS B
FOMY KOHTEKCTi, OXOIDTIOIOTH METOIu 00poOKu 300pa-
KEHb Y TO€JHAHHI 3 MOJACJISIMU TTTHOOKOTO HaBYaHHS,
takuMH K CNN 1 aropuTMy BUSBJICHHS TEIUIOBHX aHO-
mauiii [11]. Metoj 103BOJIsIE BUSBIISATH HOXEXY B YMO-
Bax HEJAOCTATHHOI BUAMMOCTI, HANIPUKIIAA Y TEMpPsBi abo
yepe3 nuM. BiH Takox Moke KiacH(iKyBaTH BOTOHb Ta
IHII JpKepenia Teria 3a JIOTIOMOTOK OTPUMAaHHX TeIIo-
Bux mpo¢imB. lle mokpamrye 3maTHICTE MOHITOPHHTY
TOXKEX]I B PEKUMI PEaIbHOTO Yacy 3 IIBUAKUM peary-
BaHHSAM. Y TOH e 4ac TEIIOBI KaMepH JacTo JOpPOTi Ta
MOXYTh OyTH BR)XKUMH, II0 OOMEXY€E X BUKOPHUCTaHHS
Ha MeHIUX BITJIA. ®akTopu HaBKOJMIIHBOIO CEpelo-
BUIL[A, HANpPUKIA] IIOroja YM TYCTE JIMCTS, MOXYTb
BIUIMBaTH Ha TOYHICTh. Tepmorpadiui 300paskeHHs
BHCOKOT PO3IIBHOI 3/1aTHOCTI TOTPeOyIOTh 00IaHaHHS
31 3HAYHUM 00’ €MOM TaM’ATi U1 30epiraHas Ta 00poOKH
nanux.  Bukopuctamns  poro  BIUIA  mo3Bomse
00’eHyBaTH TEIUIOBI aaHi 3 Kimbkox BITJIA, mo6 cTBO-
pHUTH IyXe AeTanbHy W TOYHY TEIUIOBY KapTy KOHTPO-
JILOBAHOI TEPUTOPii, TAKMM YHHOM ITiJIBHIYIOYH 311aT-
HICTh BUSBIISTH HEBEIMKI 200 T0Ope MPUXOBaHi IMOKEXKIi.
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OO0’eHaHHS JaHUX y PEXKUMI PEaTbHOrO 4acy 3a-
Oe3ricuye MOBHE YSIBICHHS PO HABKOJHMIIHE CEPEIOBHU-
e LIIAXOM KOHCOMimamnil JaHWUX Bix YHMCIEHHHMX NaT4Yd-
KiB, HaNpPUKIAJ, Bi3yalbHHUX, TemwioBux, LiIDAR, Tormo.
Jns iHTerpauii 1aHuX y pexuMi peaibHOro 4acy BHKO-
PHUCTOBYIOTBCSL TpamWIiiHI METOmy, Taki SK (inbTpH
Kammana i 6a€coBCBKiI Mepexi, ITOpsA i3 TUMH, IO BHUKO-
PHUCTOBYIOTH INTYYHHH IHTEIEKT, TaKUMH SK MOJeINi
TTIMOWHHOTO HaBuaHHS 3 migkpimennsM (DRL) [12]. Tle
IiIBUIITy€ TOYHICTH BHABJIICHHS ITOXKEXKi, OCKITIBKH Ha€
3MOTY BHKOPHCTOBYBATH iHIII JOCTYTHI DKEpeNna JaHUX.
Merton 3abe3rmeuye IiTiCHE YSIBICHHS PO KOHTPOJILOBA-
HY TEPHUTOPIir0, 3a0€3MEeUyr0Yl TUM CaMHM Kpallle MpHid-
HATTA pinieHsb. L{e 3MeHIye pu3uK NOMIIKOBUX TPHUBOT
3aBISIKM TIEPEXPECHUM TMOCHIAHHSIM Ha KiIbKa JKEpen

Janux. HegomikaMu € iHTEHCHBHI OOYMCIIEHHS, 10 BH-
Marae BJOCKOHAJIECHHX BHCOKOIPOIYKTHBHHX HPOIECO-
piB. BoaHowac, 00poOka Ta CHHXpOHI3alisl TaHuX 3 pi3-
HUX JATYMKIB CKJIA/IHA, TOMY MOXYTh OyTH MPOOJIEeMH i3
3aTPUMKOIO ISl OTlepalliil y peajlbHOMY 4aci yepe3 HaBa-
HTaXXCHHSI Ha 0OpOOKy. Y BHIIaIKy BHKOPHCTAHHS POIO
BIUIA mokHA po3ainuTa nporiec 00’ eAHAHHSA JaHUX MiXK
KiJTbKOMa OJIOKaMM, 3HaYHO 3MCHIIYIOYH HABAHTaKCHHS
Ha 00poOKy Oymp-sikoro okpemoro BIIJIA Ta pobimsan
MOJKIIMBOIO IIBU/ITY Ta HAAIHHINTY iHTETpaIlifo JaHUX.

[opiBHAHHS ONMMCAHUX METOIIB 33 3aCTOCYBAaHHSIM,
BUKOPUCTOBYBAaHMMH METOJAMH, OCHOBHUMH (YHKIIisI-
MH, TOTOYHUMHU OOMEXKEHHSMHM, i THMH 3 HHX, SIKI MO-
XKyThb OyTH BHPpIIIEHI 32 PaXyHOK BUKOPHUCTaHHS POIO
BITJIA HaBeaeHo y Tabum. 1.

Tabnuys 1 — MeToau, 110 BUKOPHUCTOBYIOTHCS B iHTeJIEKTyaIbHHX CHCTEMAX 151 00po0kn 1aHux 3 okpemux BILJIA

IHoxpamenns
Ne Pimenns 3acTrocyBaHHS Meton IlepeBaru Hepouixu 3 BUKOPUCTAHHAM
poio BILJIA
IoripimenHs npoayK-
TI/IBHI:)CTi CKJ'IpaI[I}[I}II/IX Toxparuene BrABIICH-
Bussiaenns ta Y CNN, Bucoka TouHICTB, ce e}:[OBI/II?IIIaX BHCOK H 32 JIOITOMOT'00
1 | posmi3HaBaH- BOTHIO, M YOLO, R- | mBuakicts 06pobku B 06‘I:I/ICJ'I}0BaJ'IBI:Ii BHMO CILJIBHOTO 30H/IyBaH-
Hs 00'€KTiB ’ y CNN peanpHOMY 4aci . Hsl, 3SMEHIIIEHA OKJTIO-
T'Hl, IpoOIeMH 3 JIpio- sis
HHIMH TIPEAMETaMH
E . . Benuka kinbkicTs N .
Osopanrosi (eKTUBHUI y po3i- XMBHHX CTIpAITBOBY- epexpecHa IepeBip-
Y SVM. aBTo 3HABAaHHI P1IKICHUX BaHb, CKIAIHICTD ka pizHumu BITJIA 3i
Bussnenns . > MOiH, MOKJIMBICTh L . | 3MEHIIEHHAM ITOMUJI-
2 . HE3BHYAlHUX | KOJLyBaJIbHU- BiZIPI3HUTH CIIPaBKHI
aHoOMaUiit roi i i < Mepei | TOKPAIICHHS pobotu aHOMai. motpeGa v | KOBHX CTIPALbOBYBAHb
» MoP HaBYaHHSM Ha iCTOpHU- » T10TPEda y Ta MiABUIICHHAM
LSTM BEJIMKHMX Habopax . .
YHUX JJAaHUX HaiifHOCTI
JIAaHUX
EdexruBne
O)?OHJ‘ICHH?I Eextusie nokpurra 5 CkoopanHOBaHe
IInanyBanHs BOIHKIX TEDH A* anroput- | MiHIMaJbHUMH BUTpa- | 3pocraroda CKiaj- A BaII)-I L MaDII
3 | MapupyTy Ta Topiii }locsl[)r mu, JlifikeT- TaMH, aJIanTallis B HICTh pOOOTH B CKJIa- T y}:[J'IH « amg rop y
HaBiraris P, .| pu, RL, GA peXuMi peasbHOTO JTHHUX CEePeIOBHUILAX Y P
HEHHsI OCepe/IKiB dacy, aBTOHOMHICTS HOKPUTTS TEPUTOPIT
TTOXKEXKI1 ’
IMokpaieHe BUsIBICH-
CNN, anro- . ’
’ Pobora mig gac Heno- HSl HEBEJIMKHUX 1 NpU-
. BusiBnenns pUTMU BUSIB- N - Jlopore o6naHaHHS,
Tepmorpadis CTaTHBOI BHUMOCTI, . XOBAaHUX MOXKEK
4 . TEIJIOBUX CUTHA- | JICHHS Tell- . BHCOKI BUMOTH 10
3 aHaNIi30M T HOBUX aHO HaINpUKIAJI, BHOUI IH HEOTO 3aBASKU CTBOPEHHIO
yp M yepes JuM JIeTabHOI TETIOBOL
KapTH
®inbTpu
Kanvana, [ligBumena Tounicte | 3pocTaHHs ckinagHoc- | O0’eqHaHHS PO3IOII
O06’etnanns . 0a€eCOBCHKI AABHIIL .. P 8 JIHAHFG P A
JAHUX y binapin nosue MEDEX BHUSBJICHHA, UIICHE T1 06p06KI/I JaHHX, JICHUX MDX IMArpyna-
5 . YSABJIEHHS IIPO rHI/II6)I/IHI;3 YABJICHHSA PO TEPUTO- CI/IHXpOHiSaL[iﬂ JaHUX MU JaHUX, IIBUAIIA
PEKUML pea- CepeIOBHIIE Ppifo, 3MEHIIIEHO PU3UK | JaTYMKIB, OTCHIlIMHA | Ta HaAiWHIIIA iHTET-
JIBHOT'O qacy HaB4YaHHA 3 .
i TKpiTUICH ITOMUJIKOBUX TPUBOT 3aTPUMKa pawis
Hsim DRL

TexHoOTil IITYYHOTO IHTENEKTY 3HAYHO PO3IIH-
profoTh MOXJIHBOCTI okpemux BIIJIA y MoHiTOpHHTY
JIICOBHUX ITOKEX 332 paXyHOK aBTOHOMHOT'O Ta €()eKTHBHO-
T'O BHSBJICHHSI, HaBiramii ta oOpoOku manmx. OIHAK Taki
CHCTEMH TaKOX CTPAXKIAIOTh BiJl HEJIOCTadi OOYHCITIOBa-
JIBHOI TTIOTYXHOCTI, 0OMEXeHb JaTYMKIB 1 30HU ITIOKPHUTTS.
Taki mpo0eMu MOXKHA YaCTKOBO MOM’SKIITUTH 32 JOMO-
Moror posropaytoro poro BITJIA, sxi 3a0e3neuyroTh
OUTBII HafiHE Ta MAacIITa0OBaHe PIIICHHS JJIT MOHITO-
PHHTY JIICOBHX TOKEX. BHUKOpPHCTaHHS TaKWX CHIIBHHX
CTOpIH, 5K CIUIbHE 30HIyBaHHS, CKOOPJUHOBAHE IIJIaHY-

BaHHS TPAEKTOpil Ta po3mojiiieHe 00 €AHAHHS NAHUX 3
pisanx BIIJIA, 3HayHO MiABUIIUTH €(EKTHBHICTH 1 Ha-
JIMHICTD BUSBJICHHS ITOXKEXI Ta pearyBaHHsI.

InTenexTya bHi MeTOAU 00POOIEHHSA
indgopmanii B cucteMax MOHITOPHHTY
JicoBux nmoskex 11 poro BIIJIA

MomuitopuHr JicoBux moxex poem BITJIA cTBoproe
a0COJIIOTHO HOBI aCTeKTH €(PEKTUBHOCTI Ta HAIIMHOCTI.
Y Tolf Wac SK ITYYHUH i1HTETCKT HAIUIAE OKPEMUMA
BIUIA po3mmpeHrMH MOXIIMBOCTSAMH, CIIBIpAIlT MK
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kinbkoMa BIIJIA BinkpuBae mmMpIIi NEPCHEKTHBH Ta
MacIITaOHili onepatii. ¥ npoMy po3Jiii po3risaatoThCs
pi3HI pINIEHHS IITYYHOI'O IHTENIEKTY, PO3POOJIEHI IS
poto BIUJIA, B acnekrax croiibHOro KaprorpadyBaHHS
MOXKEXI, NeEHTPai30BaHOTO MPUIHATTS pillleHb, ajar-
TUBHOTO PO3MOALUIY 3aBIaHb, POHOBOTO IHTENEKTY IUIS
CTPUMYBAHHS MOKEXI, IPOTHO3HOI aHATITHKA MTOITHPEH-
HS TIOXKEXI Ta CHITBHOTO crocTepexeHHs. byne posris-
HYTO TIepeBaru, HEJONIKA Ta OOMEKEHHS WX PillleHb 1
MAKPECIeHo, sIK MOXKHa BUKOpHCcTOBYBaTH pid BITJIA
JUTSL BUPILIICHHS TICBHUX TIPOOIIEM.

I Tyunwuii intenekt y poi BIIJIA no3Bossie npoHam
CaMOOPraHi30ByBaTUCs, MO0 CIUILHO BUKOHYBATH TaKi
3aBJaHHs, SK BUSBIICHHS BOTHHUINA, JIOKATi3allis Ta MO-
HITOpUHT. METOJM IUTYYHOTO IHTENEeKTY, II0 3aCTOCO-
BYIOTBCSI IO IIMX CHUCTEM, BKJIIOYAIOTh aJTOPUTMH Ma-
LNIMHHOTO HaBYaHHS, HEWPOHHI Mepexi, HaBYaHHS 3
MiAKPIIICHHSM, METOIN POHOBOTO iHTENeKTy Tomio. Lli
MeToau 103BoIritoTh BITJIA oOMmiHtoBaTHCS iH(pOpMAITi-
€10 Ta TIPUIMATH IEICHTPAIi30BaHI PillICHHAS, THHAMIY-
HO PO3MOIUISIOYH 3aBJaHHS 100 NOMINPEHHS MOXKEXI.
OnHak Taki CHCTEMH TaKOX MOJAlOTh CKIATHOCTI, IO
CTBOPIOE HOBI IPOOJIEMH 3 TOYKH 30pY 3B 53Ky, CHHX-
PpoHi3auii Ta NPUIHATTS pillleHb Y PeaIbHOMY Yaci.

CninbHe KapTorpadyBaHHS MOXKEK BKIIIOYAE B ceOe
BITJIA, siki ciiBOpamiooTh AJIsl CTBOPEHHS TIOBHOI KapTH
30HHU TOXeXKI. sl IbOTO BUKOPUCTOBYIOTHCS TaKi METO-
ai mryyHoro iHTenekty, sk CNN 3 posnopineHumu
HeWpoHHUME Mepexamu [14], a Takox rpadoBi 3ropTko-
Bi Hetiponni mepexi (GCN) [13]. Taki metoau n03BOJIS-
1oth BIIJIA BijIbHO Ta He3aJIe)KHO JOCIIIKYBATH BEIHKI
TepUTOpii, OOMIHIOIOYHCH TAHUMH OJUH 3 OJHUM Y TIPO-
nenypax kaprorpadysanHs. Lle cTBoproe noBHy Ta gera-
JbHY KapTy BEJMKHX TEPHTOPIH y PeXuMI peasbHOro
4acy, MOKpAIIye€ TOYHICTh BHUSBJICHHS IMOXKEKI IIIIXOM
MePEXPECHOro MOPIBHIHHS JaHHX 3 Kiibkox BIUJIA Ta
30UIBIY€E MOKPUTTS HUISIXOM 3MEHIICHHS CIIMHAX 30HU
3aBJISIKU CIIJIBHOMY CIIOCTEPEKEeHHIO. | OJIOBHUMH HeJo-
JKaMH METOJy € 3B'SI30K 1 CHHXpOHI3alisl JaHHX MK
BITJIA. IHTeHCHBHICTH OOYHMCIICHb TaKOX 3pPOCTAE, OCKi-
neKH KoxkeH BITJIA moBuHEH oOpoOIIATH NaHi Ta TUTATH-
cs1 HUMH 3 iHmmMHE. [1ig 9ac 00’ €qHaHHS TaHUX MOXYTh
BUHUKAaTH 3aTPUMKH ab0 TIOMWJIKH, TOMY OCTaTOYHa
KapTa MOKe MaTH HETOYHOCTI.

JlenieHTpanizoBaHe NPUHHATTS pPIlICHb JO3BOJISE
poto BITJIA mparroBaTé aBTOHOMHO 0€3 IEHTPaTbHOTO
OJIOKY ympaBlliHHA. METOJU IITYyYHOTO 1HTENEKTY, SIKi
BHKOPHUCTOBYIOTBCA I Toro, mo6 mo3Bomutu BITJIA
MpUiMaTH PIIIEHHS Ha OCHOBI JIOKAJBPHUX JAHWUX 1 Aii
JPOHIB, 10 3HAXOAATHCSA MOOIM3Y, BKIOYAIOTh O6araTo-
areHTHI cucTeMu HaBuaHHs 3 migkpimenasm (MARL)
[15], deneparuBHe HaBuaHHs [16] Ta poioBui iHTe-
nekt. IlepeBaramMu MeTOAy € MEHIIA 3aJEXHICTH BiJ
LEHTPAIBHOTO OJIOKY YNpPaBJiHHS, 10 MijBUINYe cTali-
JBHICTh CHUCTEMH; OUTBII IIBHIKE MPUHHATTS PIIICHB,
ockinbku BITJIA MOXyTh pearyBaTH Ha JIOKJIbHI 3MiHH
B PEXXHMI peaJbHOr0 yacy, MOKpalleHHs maciraboBa-
HocTi, ockiibku HOB1 BITJIA MokHa momaBaTtv 10 CHC-
TeMH 0e3 IepeBaHTaKEeHHS [IEHTPaIbHOTO OJ0Ky. B TOM
JKe Jac iCHy€e pu3uK Toro, mo BITJIA MoXyTh ipuiiMaTh
HETOCIIIOBHI PIllIeHHs, SKII0 BOHHU HE OTPUMAIOTh
JIOCTaTHRO iH(pOpMallii ab0 HENmpaBWILHO IHTEPIIPETY-

10Th JaHi JokanbHO. CTae Bce Bakde 3a0€3NEUUTH po-
6oty Bcix BITTA mis eaunoi 3amavi. Takok MOXYTb
BUHHMKHYTH BY3bKi Micls B KOMYHIKaIlii, 0COOJIMBO Y
BUNAJKY BEJIMKHUX POiB.

[Ipu MeToxi axanTHBHOTO PO3IMOILTY 3aBJaHHS PO-
3MOAUIAIOTECS AWHAMIYHO 3 YpaxXyBaHHSAM ITOTOYHOL
cuTyamii Ta MOMIJIHMBOCTEH KOXHOTO IpoHa. Metoam
HITYYHOTO iHTeNeKTy — rubunHi Q-mepexi (DQN) [17]
IpU BHUKOPHUCTaHHI 3 PO3MOAUICHAMH HEHPOHHUMHU
Mepex)aMH — 3aCTOCOBYIOTBCS JJISI ONTHMI3allii po3Imo-
ITy 3aBIaHb y peanbHoMy daci. Lleft miaxin mpomoHye
psiz mepeBar, OCKiJIbKH IMiABUIILY€E e(eKTUBHICTH pOOOTH
BIUTA 3aBAsiki BUKOHAaHHIO 3aBJaHb, NOKIAJCHUX Ha
HANMOTYXHIIIl OC3MIJIOTHUKH. 3aBASKH THYYKOMY pPO3-
MOJTy 3aBJaHb MOXKHAa JIETKO aJanTyBaTH MiHIJIUBE
cepenoBuine HaBith i poto BIIJIA. 3a ymoBH 3MeH-
UICHHS 1HIMBIMyaJbHOTO HaBaHTa)keHHs xonaeH BITJIA
HE BHKOPHUCTOBYETHCS HAaIMIPHO, 1, OTXE, 3HOILICHHS
3MeHIIYeThCs. Hemonmikamu MeTony € Te, 0 HaBKOJH-
IITHE CEPEIOBHIIE MOCTIIHO OIIHIOETHCSA Ta KOHTPOIIIO-
€TBCS, IO MOXE OyTH JOCHTH BHMOTJIMBHM IO OOYHC-
JI€Hb, OCOOJIMBO y BEIHMKHX POSIX 13 CKJIAJHUMH BHUMO-
raMu J0 3aBJiaHb. SIKIIO )X MOJENb HEe HaBYCHA HAJIeK-
HUM YUHOM a00 CEPEOBHIIE 3MIHIOETHCS Ty)KE INBU/-
KO, LIe MOJKE TIPU3BECTH JJO HEONTUMAJIBHOTO PO3MOALTY
3aBJIaHb.

PoiioBuii iHTenekT ontumisye noseninky BIIJIA B
poro mix yac MOHITOpHHTY moxkex. lle mocsraethes 3a
JIOTIOMOTOI0 METOJ(iB MITYYHOTO IHTEJIEKTY, AKi ONTHUMI-
3y1oTh Meromu poro dactok (PSO) [18] i mypamuni
anroputmu (ACO) [19], siki moneruyoTh CHiJbHY I0-
BeniHKy kimpkoxX BIIJIA mim yac BHKOHAHHS 3aBJaHb.
Lleit MeTox € yHiBepcaIbHUM, IO JO3BOJISIE BUKOPHCTO-
ByBaTH BeNWKYy KibKicTh BITJIA. ¥V Toit xe wac BiH €
THYYKUM: piil 3IaTHUI ajanTyBaTucs 10 3MiH HaBKO-
JIMIIHBOTO CepelioBHIa abo BTpaTH OKPEMHUX HOTro
4yacTHH. E(EeKTHBHICTh MOXKEKOTraciHHS TaKOX MOXKHA
IBMIINATH, OCKIJILKM MOXJIMBI [il B KiJIBKOX MiCIISIX
onHouacHo. CKiaqHicTh peattizauii nojisrae y cKiagHux
ITOPUTMaxX B3a€MOJIi, BACOKMM BHMOTH JI0 3B’SI3KY Ta
3B’SI3HOCTI, 0COOJIMBO Y BEIHMKHX POSIX, IO MOXKE MpPHU3-
BECTH 0 3aTpUMOK abo mommiok. He BHKIrOUaeThes
pU3HK HerependadyBaHOi TOBEIIHKH POIO 3a BiJCyTHO-
CTI HAaJEKHOTO [EHTPANi30BAaHOTO YIpaBIiHHA abo
PI3KHX 3MiH YMOB CepeIOBHIIA.

IIporno3na anamituka BukopucroBye I, o6
nepe0aynTy, K NOMIMPIOBATUMETHCS TI0XKEXKa, BPaxo-
BYIOUH TIOTOYHI JaHi Ta YMOBHU HABKOJIMIIHBOTO cepe-
JIOBHIIA. MeTo/iu TIMOWHHOTO HaBYaHHS, PEKYPEHTHUX
uetiponrnx mepex (RNN) [20] i ananizy gacosux psimis
3acobamMy ManmmHHOTO HaB4aHHS [21] 3aCTOCOBYIOTHCS
JUISL TIPOTHO3YBaHHSI TPAEKTOPiM MOXexXi, Ha OCHOBI
SIKMX MOXYTb NMpHAMaTHcs pimeHHs. OTpuMaHa KopHc-
Ha iH(popMalis ae 3MOry HpPOTHO3YBaTH HMOBIpHUH
PO3BHUTOK TOXEXi, IO JI03BOJIIE BUKOPHCTOBYBATH
cTparerii aKTUBHOTO pearyBaHHs. MeTox MOKe BKIIIO-
YyaTd pi3HI JpKepena JaHWX, BKIIIOYAIOYM IIPOTHO3H
TOTOM, KapTH POCIUHHOCTI Ta JIaHi JaTYUKIB y peaib-
HOMy 4aci. EdekTuBHICTE 6OpPOTHOM 3 TOXKEKAMHU TIiJI-
BUIy€ThCSA I[UIIXOM MPOTHO3YBAHHA 30H BHCOKOTO
PU3MKY Ta MOTEHIIIHHUX IIIAXIB eBaKyallii. AJe mporie-
Cy OOYHCIIEHHS TIOTPIOCH BEJIMKHI 0OCAT TaHUX i 00YH-
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CIIIOBAJIBHOT MOTYXHOCTI, OCOOJIMBO SIKIIO L€ CTOCYETh-
Cs CKJIaJHMX 4YM IIBHIKO3MIHHMX cepemoBuml. Hempa-
BWJIbHI MIPOTHO3U MOXYTh BUHHUKHYTH, SKIIIO MOJICITH HE
HABYCHA HAJIC)KHUM YHHOM ab0 BiIOYBAIOTHCS BEIHUKI
3MiHM B yMoBax cepenosuina. KpiM Toro, pesynbraTu
nependavdeHHs] MOXKYTh OyTH BiiKIaAeHi, SKIOIO JaHi B
pearsHOMY Yaci HeTOCTYTIHI.

KooneparuBHe crocTepexeHHs — 1e cucrema 0e3-
MEPEPBHOTO CIIOCTEPESIKCHHSI BEIMKOI TEPHUTOPIi POEM
BIUTA. Metoau mtydHoro iHTenekry, Taki sk MARL,
PO3TOAiNIeHI CEHCOPHI Mepexi Ta (eaepaTHBHE HaBYAH-
Hsl, BUKOPHCTOBYIOTECS pa3oM, 1100 3a0e3MeunTy oBHE
nokputtst [22]. Lle m03BOJIsSIE€ MOCTIMHO KOHTPOIIOBATH
BEJNUKI TEpUTOpii, OTKe, 30UIBIIYETHCS MOXKIHMBICTH

BUSIBIICHHS TIOXKEXKI Ha paHHIX CTamisx. MeroJ TmiIBuU-
IIy€ TOYHICTh CIIOCTEPEIKCHHS, OO0 €JIHYIOUM JIaHi 3
pizaux BITJIA, mo 3MeHurye WMOBIpHICTH BTpaTH LiH-
HUX JaHHUX Yepe3 MPOTAIMHM B OXOIUICHHI abo 30ii
nat4ukiB. J1o 3B’S3Ky Ta KOOpIWHALII Mpes sSBISIOTHCS
BHCOKi BUMOTH, 0co0IMBO y Benukux pois BITJIA. Jlms
e(pEKTHBHOTO OXOIUICHHS MOTPiOHI CKIIQJHI aJTOPUTMH,
00 Bigpi3HATH AyOIiKaTH HaHUX. MOXIINBI 3aTPAMKH
a0o moOMMIIKH B 00podui qarux, ocodnuBo skmo BITJIA
EKCILTYaTyIThCS B CKJIAJHUX YMOBaX.

[opiBHAHHS ONMMCAHUX METOIB 32 3aCTOCYBAaHHSIM,
BUKOPUCTOBYBAaHMMH METOJaMH, OCHOBHHMH IiepeBara-
MH Ta HEJOJIKaMHU 1 TUMHU 3 HHX, SKI HE CTOCYHOTHCS
okpemux BITJIA, HaBeneHo y tab. 2.

Tabnuys 2 — MeToau, 110 BUKOPUCTOBYIOTHCS B iHTeIEKTyaJIbHUX CHCTEMAX /1151 00po0ku 1anux y poi BILIA

IlepeBaru

Henomaixkn

OcHoBHi 00MeKeHHS,
SIKi He CTOCYIOThCS
okpemux BIIJIA

Kommnekcue Bino6pa-
JKEHHsI 3arajbHOl Kap-
THUHH TIOXKEXI1 B peab-
HOMY 4Yaci, MmiJJBHIICHA
TOYHICTB, MMOKpAIICHE
TIOKPHTTS

Bucoki Bumoru 1o
3B 13Ky Ta CHHXPOHi-
3aril JaHUX MIK
BITJIA, Bucoka o6umc-
JIFOBaJIbHA IHTEHCHUB-
HICTh

Ipo6nemun macmrabo-
BaHOCTI y BeJIMKOMac-
IMTa0HUX OTIEPALlisX.

IligBuineHa CTidKICTEL
Yyepe3 MEHIITY 3aJIexk-
HICTB BiJl IICHTDY,
IIBHJIKE TPUAHSITTS
pilieHb, HOKpanieHa
MacITaboBaHICTh

Pusux HemocnizoBHUX
pillieHb, MiIBUIICHOT
CKJIQJHOCTI, By3bKHX
MICIIb y CHIIKyBaHH1

Komrmnexkcna koopau-

HAIlisl Ta CHHXPOHi3a-

LISl JaHUX MIXK KiJdb-
koma BITJIA.

[TigBurieHHs epeKTUB-
HOCTI, THyYKOCTi B
YIpaBIiHHI 3aBJaHHS-
MH, 3MEHIIEHHS po0o-
YOTO HAaBAaHTAKEHHS

Bumarae HeriepepBHUX
o6uuCIIeHb, PU3HK
HEONTHMAITLHOTO

po3moiny

3aTpuMKa B IPUHHATTI
pilieHb Yepes moe-

HaHHS [IEHTPai30Ba-

HOTO Ta JAELEHTPai30-
BaHOTO KOHTPOJIIO.

YHiBepcaIbHICTB, IO
JI03BOJISIE BHKOPHCTOBY-
BaTH BEJIUKY KiJTb-KiCTh

BITJIA, aganTuBHa
THYYKICTB JI0 3MiH i
BTpar

CkJ1aiHi anropuT™Mu
B3a€EMOIi1, BUCOKI
BHMOTH JI0 3B’3Ky Ta
3B’SI3HOCTI Y BEJIMKHUX
POSIX, PH3HK Hemepes-
0adyBaHO1 IOBEIIHKH
BCHOT'O POIO

TIpob6nemu 3 koopau-
HAIII€I0 Y BETUKHX
3rpasix.

[IpoakTuBHE pearyBaH-

HSI HA IPOTHO3H PO3BU-

TKy ITOKEXK, BUABJICHHSA

MIOTEHIIHHUX 30H BUCO-
KOTO PU3HKY

Benukuii o0car ganux
JIUIS1 HAaBYAHHS, BUCOKI
LiHU Ta BUMOTH J10
o0NaiHaHHs JUIs Kope-
KTHO1 poboTH Mozeni,
3aJI€XKHICTh BiJl IIEHT-
PaBHOTO MTyHKTY
KepyBaHHS

He xapaxrepHno s
okpemux BITTA,
OCKIJIBKH iM HE BHCTa-
Yae MOTY>KHOCTI 1St
HpOFHO3yBaHHH.

Ne Pimennss |3acrocyBaHHs MeTton
I'pacosi 3ropt-
Kaprorpady- p (b | 3ropT
. KOB1 HEHPOHHI
CriisibHe Kap- |BaHHS BEITMKHX .
o Mmepexi (GCN),
1 | rorpadyBaHHS | TEPUTOPIH, -
posmoziiaeHi
TOXKEX OXOIUICHUX . .
HEeWpOHHI Mepe-
BOTHEM .
Ki
Bararoarentne
HaBYaHHSA 3
JlenenTpanizo ABTOHOMHA i IKPITUICHHSIM
ha) poborta 6e3 p
2 | BaHe MPHUIHSAT- (MARL), dpene-
h LEHTPAJIBLHOTO
TS pillIeHb . paTHBHE HaB-
YIPaBITiHHS N
YaHHS, pOHOBHUH
IHTEJIEKT
JluHamiuHe I'mubunHi Q-
AnantuBHU# | mpusHaueHHs | Mepexi (DQN),
3 po3monin 3aBIaHb Ha po3moineHi
3aBJaHb OCHOBI CUTya- | HEHPOHHI Mepe-
it XK1
Mertoau urryd-
L 3narojpkeHe : Y
PotioBuii iHTe- HOTO IHTEJIEKTy
4 CTPUMYBaHHSA . .
JIEKT BOLHIO B TiCHil po06OTi
3PSO, ACO
[ToBToproBani
HEeHpOHHI Mepe-
IIporunosna P P
. IIporaosysan- xi (RNN),
aHANITHKA JUTS
5 Hsl TIOIIMPEHHSI | 3200 MallyH-
MOIMINPEHHS .
. TOXKEKI HOT'O HaBYaHHS
TIOXKEeXI .
JUTSL aHaJi3y
4acOBHX PSIIB
bararoarentHe
HaBYaHHA 3
[MocriitHuii | miAKpiIUICHHSIM
Koonepatusne .
monitopunr | (MARL), pos-
6 | coctepexeH- . .

st BEJIMKOI TepH- | MOJIIEH] CeHCO-

TOpIl pHI Mepexi,

(dheneparuBHe

HaBYaHHS

T[TocriitHuii MOHITOPHHT,
IT1IBUII[EHA TOYHICTb,
3HIDKEHHMIT PU3HK BTpa-
TH iHOopMarIii

Bucoxi BUMoru 1o
3B 3Ky Ta KOOpAUHA-
1ii, HeoOXiQHI CKIadH1
AITOPUTMH, MOXKJIHBI
3aTPUMKH 200 TIOMHJI-

KH B 00poOIIi JaHUX

3abe3neyeHHs y3ro-
JOKEHUX JIAaHUX JUTS
BITJIA.

ITyunuii iHTeNeKkT, iHTerpoBanuii y piit BIIJIA,
BIZIKpUBAE JIBEPi 10 HOBMX MOXIIMBOCTEH Y MOHITOPHH-
Iy Ta yNpaBiliHHI JICOBUMH IOXEKaMH. X04a KOXKHE
pIIICHHS IITYYHOTO IHTEJNEKTY Ma€ HH3KY IIepeBar,
BOHO TaKOX CTBOPIOE HOBI MpoOJieMH, OB’ A3aHi 3 KO-

OpJMHAIIE€I0, KOMYHIKAlli€l0 Ta BUMOTaMH JIO OOYHC-
neHb. TakuM YMHOM, IHTErpallis MTYYHOTO 1HTEJIEKTY B
poi BIIJIA peanizye TpancdopmaniiHuii miaxin y MoHi-
TOPHHTY JIICOBUX TIOXEX, [0 CTAHE MOXIIMBHUM y O17b-
oMy maciTabi 3aBIsKH 00’ €JHAaHHIO 3yCHib. [HCTpY-
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MEHTH LITYYHOTO 1HTEJIEKTy Hapasi OyJi BUKOPHUCTaHi B
LIUX cucTeMax y (OopMi CHUIBHOTO KapTorpadyBaHHS
TIOXKEX, JICIIEHTPaII30BaHOTO NPUHHATTS pillleHb, aaam-
TUBHOTO pO3IOJUTYy 3aBIaHb, POHOBOTO IHTENIEKTY,
MIPOTHO3HOI aHANITHKKM Ta KOOINEPaTUBHOIO CIOCTEpe-
KeHHs, mo0 ontuMmizyBatu ix. KokHe pimieHHS Mae
nepeBard Ta, BOJHOYAC, BUKIMKH 3 TOUKH 30pY 3B’S3KY,
KoopAMHAI{ Ta OOYHCIIOBANBFHUX NOTped. 3aBasSKH
00’eMHAHUM MOXIIMBOCTSAM ©Oarato 3 [uX MpodieM
MOKHa 3r0JIOM MOIOJIATH.

ApxiTexkTypu B3aemonii poro BIIJIA

Bubpana apxiTekTypa CHCTEM MOHITOPHHIY JIiCO-
BHX TMOXXek Ha 0Oa3i poro BIIJIA Bu3Hauae eexTHB-
HICTh, HaAIWHICT i MacmTaboBaHiCTh omepariii. Pi3Hi
apXIiTeKTypH TIO-pi3HOMY BHKOPHCTOBYIOTH IPOTPaMH
IITYYHOTO IHTEJIEKTY, KOXKEH 3 SIKUX BiAMOBIA€ IIEBHUM
omepatuBHUM moTpedaM. Jlami Oyme po3risgHyTO pi3Hi
BapiaHTH apXiTEKTypH LIOAO iXHBOI NPHIATHOCTI JUIA
3actocyBanns LI, migkpeciarorouun, YoMy IeBHI METOIH
I € 0co6a1BO eheKTUBHUMU B KOXKHIH apXiTeKTypi.

VY uenrpanizoBaHiii apxitektypi, ne BITIJIA niroth
MepeBaKHO SK 30Mpaui JaHuX, Maixke Bcs 0OpoOKa BH-
KOHYETHCSI B LIGHTPaJIbHOMY OJioli KepyBaHHs. Sk mpa-
BUJIO, 16 Ha3eMHi craHiii ynpasninas [23] abo BucOTHI
mwiatgopmu, sk Ounem moTykHi BITJIA iHmoro Tty
[24], siki rpatoTh PoIb HEHTPATIBHOTO OJIOKY YIPaBIiHHS.
Uepes pi3HI MOXKIMBOCTI 1X OyZe pO3TITHYTO OKPEMO.

B nepmomy Bumaaky, komu BITIA mirote nmuime sk
MIPUCTPIHA I 300py JaHWX IS HA3eMHOI cTaHmii, yci
abo mepeBakHa OLTBIIICTH (PYHKIIH OOPOOKH BHKOHY-
f0Thes Ha Hiil [23]. Ls apxiTekTypa HAWOiNbII TPHAHSAT-
Ha s Meronis 11, 1110 BUMararoTh BUCOKOIHTEHCUBHUX
obuncnenb. OHAK BaroMor0 MpoOJIeMOI0 Takoi IEHTpa-
J1i30BaHOi 0OpPOOKH € HMOBIPHICTh 3aTPUMKH BIANOBII Ta
BPa3JIHBICTh CHCTEMHU 70 CJIAOKOTo 3B’s3Ky. BimmoBigs
CHCTEMH, TaKUM YMHOM, HE BiJIOBiJa€ BUMOTaM CHCTe-
MH PEaIbHOTO Yacy, M0 € 000B’SI3KOBOI0 Y BUCOKOANHA-
MIYHOMY CIIeHapil TOkKexKi.

Taky meHTpalli3oBaHy apXiTeKTypy MOXXHa BJIOC-
KOHAJIUTH 32 JOIOMOTOI0 JITal40oi XMapH, 1 OUThII
Baxkuii BITJIA, ocHalleHHi 3HAYHUMHM OOYMCIIIOBAIIb-
HUMHU pecypcamH, BHKOHYBaTMMe pOJIb MOOLIBHOTO
1eHTpy 00pobku nanux [24]. Ile apxitekrtypa, sika 3/1a-
THa 3HAYHOIO MIPOK BHKOPHCTOBYBATH 3aCO0M IITYY-
HOTO iHTENEKTY, SKi BUMararoTh 0OpoOKH B peaTbHOMY
yaci moOnm3y mkepena naHux. HezBakaroum Ha Te, 110
ISl apXiTeKTypa 3MEHINy€e 3aTPUMKY Ta 30iJIbIIye MOX-
JMBOCTI 00pOOKH, Iie BiOyBa€ThCs 3a PaxyHOK 301iib-
LIEHHs BapTOCTi Ta CKJIAIHOCTI: jitatoui xmapHi BITJIA
MaroTh OYTH JOCTaTHHO HAJIMHUMH, 11100 HECTH ITOTYX-
Hi npouecopu. EQekTUBHICTH TakoX 3ajekaTuMe Bij
TOT0, HACKUTBKHM e(DeKTHBHA KOOPAWHAILIS MiX JIiTaro-
qoto xmMaporo ta MeHmumu BITJIA, a st mporo noTpi6-
Hi CKJIaIHI aNTOPUTMH MTYYHOTO 1HTEIEKTY.

VY posnoginewii apxirekrypi, ne BITJIA ocnameni
IpPaHUYHUMH OOYHCITIOBAIBHUMHU MOXKJIMBOCTSIMH, KO-
xeH BITJIA BUKOHYe 9acTKOBY 0OpOOKy JaHUX, sSIKi BiH
36upae [25]. Taka apxirekTypa HailOijblIe IigIX0AUTh
s gonatkie I, me HeraiiHe NOKambHE pIlICHHS €
000B’SI3KOBHM, B TOW Hac SIK TpajauliiHa iHppacTpyK-
Typa HEJOCTyIHa abo Moxke Oyt oOmexeHoro. OnHaK

Taka pO3MOJIIECHAa apXiTeKTypa JO03BOJISIE PO3TOPTATH
mutre npocti Moaeni LI yepe3 HU3bKY 00UYHCITIOBATIBHY
MIOTYXHICTb, 5IKy Moxe BHecTd oauH BIIJIA. Ile npus-
BOJUTH JO0 MEHII TOYHOTO Ta MEHII IIOBHOTO aHaJi3y
MOPIBHSHO 3 LIEHTPAJIBHOI 00pPOOKOIO.

lepapxiuna apxiTekTypa YCIaJKOBY€E IIepeBaru
LEHTPaIi30BaHMUX i PO3MOIIIEHUX CHCTEM, JO3BOJISTIOUN
rpaHngHy 00pTOBY 00poOKy Ha BIIJIA, i B Toit e gac
KOOpAMHYIOYNCH 3 IICHTpaJbHUM OJIOKOM, Oymp TO Ha
3emui abo B JiTarouiit xmapi [26]. Ils apxitektypa Oyme
0COOJMBO PUAATHOIO I IPOTPaM IITYYHOTO iHTEIeK-
Ty, SKi BHMaraloThb BIJIIOBifeH ypeaJbHOMY daci Ta
CKJIQIHOTO aHaiizy. Mae iepapxiuHy CTPYKTYpYy, OTXe,
30alaHCOBY€E Yac BIATYKY Ta OOYMCIIOBAJbHY IIOTYX-
HicTb. HaTomicTs BuMarae eeKTHBHOI KOOpAMHALIT Ta
3B’s13ky Mik BITJIA Ta nentpansHum Omokom. Lle min-
BUIYE CKJIAAHICTH CHCTEMH B  IIOEJHaHHI 3
TIOB’SI3aHUMH 3 IIIM TIOMUJIKaMH B pasi 30010 3B sI3KY.

lbopugHa apxiTekTypa BKIIIO4ae B cebe koMOiHamii
TMIOTIEPEIHIX apXiTEKTyp, SIKI BUKOPHUCTOBYIOTBHCS Pa3oM
3 MeTol0 00’€IHaHHS IepeBar Ta 3MEHIIEHHS oOMe-
XKeHb. [IpHKIamoM Takoi apXiTEeKTypH € PO3MOIiICHa 3
TPaHUYHUMH OOYHMCIICHHSMH 3 pPOWOBHUM IHTENIEKTOM
[27]. BILIA camocriiino 00po06ol0Th AaHi Ha GOpTY,
OpU [bOMY TMPAIIOIOYHU K Pild JUIs HOCSITHCHHS CIiib-
HuUX 1iei. 1le myxke cxoke Ha 3BHYAHY PO3IOIUICHY
apXiTEeKTypy, aje BiJMIHHICTh IOJSITAE B TOMY, LIO
JPOHM MPAIOIOTh B POIO, @ HE TUIBKH MOOMHIN, IO
JO3BOJISIE OTPUMYBATH OinbIe iHPOpMAIi KOKHOMY
apony. Ille omHUM TNPHKIAZOM Takoi apXiTEKTypH €
MO€IHAHHS LEHTPATi30BaHOTO Ta PO3IOJINICHOTO Y-
PaBIiHHSA 3 MOJIMBICTIO TUHAMIYHOTO IEPEeMUKAHHI
porneir. Il Moxke MO3BONUTH IICHTPAIBHOMY OJOKY
OpaTH IiJ KOHTPOJIb CUTYAIlI0 Y KpUTHIHHUX CHTYAIlisX,
HaIpUKJIIaJ, IMiJ] 4ac MOXKEXKI, SKa MIBUAKO MOUIHPIOETh-
cs, ane 3anumaTti BITJIA aBTOHOMHIMY 32 HOpMaJIbHUX
YMOB UM BiJICYyTHOCTI 3B’s3Ky. [Ipukian Takoi B3aemoii
— KOJIM IUTYYHUH IHTENEKT Yy LeHTpaJbHOMY OJoLi Mo-
JKe HAJaBaTH NUPEKTUBU BHUCOKOTO PIBHS MiJ 4Yac Io-
JKEeXi, sIka MBUAKO TomuproeTbes, a bITJIA TouHo Ha-
JAIITOBYBATH CBOI /1ii HA OCHOBI YHUKHEHHS TI€PEIKO
a00 KOpWUTYBaHHA BHCOTH Yepe3 INUIBHICTH AWMY 32
JIOTIOMOT'010 OOPTOBOTO MITYYHOTO 1HTEIIEKTY.

[icnsa ornsany pi3HUX apXiTEKTyp IS MOHITOPHH-
Ty JIicoBHX TMOkeX Ha ocHoBi BIUJIA 1Bi 3 HUX BHza-
JOTBCSl HaWOUTBII TEPCIEKTHBHUMH 4epe3 MpaBUIbHUI
Oamanc y MmacmTaboBaHOCTI, e€(peKTHBHOCTI 0O0pOOKH
JAHWX Ta aJalTHBHOCTI y PI3HUX CIEHApiIX MOHITOpPHU-
HTY TIOKEXX: TPaHWYHI OOYHCIIEHHS 3a TiOpumHoi apxi-
TEKTYPH KePYBaHHS Ta apXiTEKTypH JITar04uoi XMapH i3
MOETHAHHSAM [IEHTPATi30BaHOI Ta PO3MOAIJIEHOT apXiTe-
KTyp.

ApxiTekTypa rpaHu4HOi 0OpOOKM TOETHYETHCS 3
ribpugHO0 MOAEIIIO KepyBanHs [28], ne koxen BITJIA
miaTpumye OOpPTOBY OOpOOKY, SIKa Mae MOMKIJIMBOCTI
aHaNI3y JaHWX y peasbHOMY 4aci. Lle Moke BKIItOUaTH
TaKi METOJU K BUSBIICHHS Ta PO3Ii3HaBaHHS 00’ €KTIB,
aHOMaJlil, TJIaHyBaHHS IIIAXY, 00 €JHAHHA JAaHHUX 3
PI3HUX AAaTYMKIB y peanbHOMY 4aci. MoxyTs OyTH Bu-
KOPUCTaHI HACTYNHI METOAM INTYYHOTO iHTEIEKTY:
rmbuaHi Hewponni mepexxi CNN, YOLO, R-CNN,
SVM, LSTM, meroan MammuHoro Hasyanusa RL, DRL
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Tomo. J[0 mBOro TakoX NOAAETHCS METOJ| POHOBOTO
IHTEJIEKTY, 3a SIKOTO JPOHH MOXYTh OOMIHIOBAaTHCS
iH(opMaIli€r0 IS MiJABHUIICHHS TOYHOCTI Ta KPAaIoro
MOKPUTTS. AJie TpH LBOMY ICHYE TI€BHHH Ha3eMHUM
LEHTPaIbHUH IyHKT KEPYyBaHHS, SIKMA MOXXE HaJaBaTH
BIUTIA indopmanito mpo rio0aimbHy CTpaTeriro Ta He
JaBaTH IM BIAXWIATHCS BiJ 3aIUIAHOBAHOTO KypCy A
MiHiMi3a1il HerependadyBaHOCTI y POWOBIH MOBEMIHIII.
[Ipu mpOoMy, AKIIO 3B’S30K i3 IMYHKTOM BTPAada€ThCs,
BIVTA MOXyTh MpPOAOBXKYBaTH TPYIOBY 3amady Hali,
CIMPAIOYNCh HA BIIACHI PECYpPCH.

V mitarodiit XMapi 3 IEHTPaIi30BaHUMH Ta PO3IMO-
JIEHNMH elleMeHTaMu pii yHiBepcanbuux BITJIA no-
MOBHIOETHCSI BAXYUM 1 HOTYXKHIIIUM JIPOHOM, SIKHH
BUKOHYE poJib Jitatouoi xmapu [29]. Lleit apon € cBoe-
PIAHEM MOOLTBHHUM OOYHCIIOBAILHUM IICHTPOM, SKUN
BUKOHY€ OUIBII CKJIJHI OOYKMCIICHHS Ta CTAE LIEHTPaIb-
HUM BY3JIOM y PO3MOAUICHIH Mepexi, TOMi SK iHII
BIUTA 3pilicHIOIOTH TomepenHiit 30ip Ta oOpoOKky na-

Tabnuys 3 — Apxitektypu B3aemonii BILIA

Hux. Lls apxiTekTypa ycnaJakoBye IepeBaru rpaHHIHAX
004YHCIICHb, 3 OOYHMCIIOBAJIBHOIO NMOTYXKHICTIO LIEHTpa-
JBHOTO OJIOKY, IO 3HAXOAUTHCS OJNIMKYE IO 30HU Iii,
HiK HazeMHi craHuii. ToMy TyT MOXHa BUKOPHUCTOBYBa-
TH MOJIeli, SIKI BAKOPUCTOBYIOThCS i1t poiB BITJIA, sik-
OT CHiJbHEe KapTorpadyBaHHS IOXKEXi, MPOTHO3HA aHA-
JITHKa TIOIIUPEHHS TOXEXi, KOONepaTHBHE CHOCTepe-
JKeHHS. B OCHOBI mi€i apXiTeKTypH JEKUTh IITYyIHHHA
IHTETIeKT, IKUW Ja€ MOXKIIUBICTP JiTatodiii xmMapi o0po-
OnmaTH Ta POOWTH NPOTHO3M HA OCHOBI BEIMYE3HUX
o0cCsTiB HaHWX, KOOPIUHYBAaTH MOBEOIHKY pOIO Ta
npuiiMaTH BiAnoBifHi pimenHs. CydacHi Mojeni mTyd-
HOTO IHTENEeKTy, TakKi SK IIMOWHHI HEWPOHHI Mepexi
RNN, GNN, Q-mepexi, OararoarcHTHE HaBYaHHS 3
nigkpimenassM MARL, posnonineHHi HelipoHHI Mepe-
XKi, @ TAKOX AITOPUTMH ONTHMIi3alii rapaHTyIOTh, IO
cUCTEMa MOXE aJIalTyBaTUCS IO MIHIUBUX YMOB 1 ede-
KTUBHO KOHTPOJIIOBATH Ta CTPUMYBATH JIICOBI MOXKEXKI.
Pesynbratn aHamizy apxiTeKTyp HaBemeHO y TaOm. 3.

Ne Pimenns IlepeBaru Hepouikn
IenTpanizoBana .
N N . .. . | €nuHa TovKa BIIMOBH, 0OMEXEeHa MacCIlTa-
(uenTtpansuii 650k | IIpocTuii y BIpoBaKeHHI Ta yIIpaBIIiHHI, BACOKHN . . S
1 . . - 0OBaHICTh, BICOKa 3aJIOXKHICTB BiJI JIHI{
YIPaBIiHHS - HA3eM- piBeHb KOHTPOIIO T 3/1aT0PKCHOCTI. ) .
. 3B'S13Ky, 0OMeXeHa aBTOHOMHICTh BITJTA.
Ha CTaHIIis)
LentpanizoBana . IV €1Ha TOYKa BiIMOBH, IIEHTPATbHUAN
. 3MeHIIeHHS 3aJIeKHOCTI BiJl HA3EMHUX CTaHINIH 1 .
(ueHTpansHuil 610K R . BITJIA BuMarae 3Ha4HUX PECypCiB, BUCOKE
2 . 3B’SI3Ky, THyYKICTh BUKOPHCTAHHS, IIBUAKE
YIPaBIiHHSA - TOTY- O3TOTAHIS B THHAMIMHIX CEPEAOBHIAX 00UHNCITIOBAIbHE HABAHTAXKEHHS Ha IIEHTpa-
skrmit BIUIA) po3rop P : nbHuit BIUIA.
. o . . Bui 064ncioBanbHi BUMOTH JI0 KOKHOTO
Bucoxka BiIMOBOCTIHKICTh, MOXKIIMBICTH MacIITaly- . .
. .. | BILIJIA, MOKJIUBICTh IPUMHATTA Cyneped-
. BaHH JI0 BEJIMKUX PO3MIpIB POI0, aBTOHOMHE TIPHIi- . o .
3 Posznoginena . , . JIMBHX PillleHb, TOTPiOHI PO3IIUPEH] AJITro-
HSTTS pillieHb, 3MEHILIEHA 3aTPUMKa 3B'I3Ky MK .
BIUTA PHUTMH HOBEIIHKHI POIO, IO A0JA€ CKIAI-
) HICTP peaizallii Ta KOOpAMHAIII].
IMoennye B co0i CHIIBHI CTOPOHY LIEHTPATi30BaHOI Ta . .
. .. . CKITaiHICT TPOEKTYBAHHS Ta yNPaBIIiHHS,
PO3MOAINIEHOT apXiTeKTyp, THY4KiCTh poOoTH 3 Oana- . \ T
. o MOXIIHBI 3aTPUMKH 3B'SI3KY MiX PiI3HIMHI
. HCOM aBTOHOMHOCTI Ta KOHTPOJIIO, €()eKTUBHUIT . . [ .
4 lepapxiuna . . . o piBHAMH i€papXii, MOTpiOHI CKIaIHI anro-
po3MoAiN pecypcis, 6araropiBHEBHI KOHTPOIb SKOC- .
Ti PHUTMH KOOpJHHALI{, BUIIIA BAPTiCTh Yepe3
’ KiJIbKa PiBHIB OJIOKiB KEPYBaHHS.
- . [MixBumeni BUMoTH 70 amapaTHoOro 3ades-
. . 3MeHIIeHHS 3aJIeKHOCTI BiJl IEHTPATBHUX OJIOKIB .
I'OpunHa apxitekry- neuenHs BITJIA, 36inbIiieHe eHeprocmoxu-
. 4yepe3 BUKOPUCTaHHS TPAHMYHNX OOUHCIICHB, BUCOKA ; .
pa (po3noxinena 3 o . . BaHH Yepe3 IHTeHCHBHI 004NCIICHHS,
5 " . CTIHKICTB, TOKPAIIEHO POHOBHI IHTENIEKT 1 ATaNTHB- . .
pOHOBHM iHTETEK- | . . BHCOKA CKJIAJJHICTh Y BIIPOBAPKEHHI Ta
HIiCTb, epekTHBHA 00pOOKa BEUKHUX HAOOPIB TaHUX Y . :
TOM) . 00CIyroByBaHHI, MOXKJIMBICT TIOSIBH BY3b-
PeXMMIi peasbHOro Jacy. ) A
KUX MiCIlb Y KOMYHIKaILii.
I'parnuHi 06UKCIICH- .
15 33 FGPUHOT MoKITHBI 3aTPUMKH EPEMHUKaHHS Kepy-
apxiTex P e Bucoka aBTOHOMHICTb 13 iJIBUIIIEHOIO O€3MEKOI0 Ta | BaHHS ITiJl YaC KPUTHYHUX CUTYyaliil, cKia-
XITEKTypH - . . . .
6 Bar:lHﬂ (5 ]Z]pm”ql;{m HaJIMHICTIO y KPUTHYHNX CHTYalisX, ONTHMI30BaHe |HICTb BU3HAYCHHS MOMEHTY ITepEMHUKAHHS
. auisg( LeHT o0unCIIOBaIbHE HABAaHTAXXEHHS II1J] Yac PETYISPHUX |KepYBaHHS, MOXKE IPU3BECTH 0 Hee(eKTH-
Y P orepariif, SMEHIIIEHHS 3araJbHOI CKIaTHOCTI. BHOTO BUKOPHCTAHHS 00YHCITIOBATEHIX
Oepe Ha cede Kepy- ’
€CypCiB Y HEKPUTHYHUX CHTYaIlisX.
) peCypCiB y HEKp y
[oenHaHHS B cO0i CHIIBHUX CTOPIH IEHTPATI30BAHOT 1
Posmoxinena 3 ira PO3IIOIIEHOT apXiTEKTyp, AMHAMIYHA Ta aJaliTHBHA [otpiOHa HaxiiiHa i BHCOKOIIBUAKICHA
7 OO0 XMAPOIO CTPYKTypa KepyBaHHS, e()eKTUBHE BUKOPUCTAHHS | KOMYHIKAIIisl, BUCOKa CKJIQJHICTh KOOPIH-
P 00YMCITIOBAJIBHUX PECYPCIB LIIAXOM PO3IOIIIECHHS Halii Ta ynpaBIiHHS JaHUMH.
004HnCIIeHb, BUCOKA MAacIITa0OBaHICTh i THYUKICTB.

Juckycisg. O0rpyHTyBaHHSA HANIPAMY
i 3a1a4 KocIinKeHb

B nmamiit crarTi craBuiacs 3agadya OETAJILHOTO aHa-
JIi3y MOJMJIMBOCTEH BHWKOPHCTaHHsS 3aco0iB IITYIHOTO

IHTENEeKTY B MOOUIFHUX CHCTEMax MOHITOPHHTY JIiCOBHX
mokex Ha 6a3i oquanmdHux BITJIA, a Takox ixHIX Kepo-
BaHWX poiB. Ha mijcTaBi aHamizy BU3HAYEHO TEpeBard i
OOMEXEeHHSI ICHYIOUHX pillleHb, a TaKO>X MOXJIMBI Bapi-
aHTH apxiTekTyp. [TopiBHAHHS apXiTEeKTyp 3a SIKICHUMH
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MOKa3HUKaM{ Haaaio 3MOory copMyBaTH PEKOMEHIALT
IIOJI0 IXHBOI'O BHKOPHCTAHHS 1 BHOOpY pallioHaIbHHX
BapiaHTiB. OTXe, Ll pe3y/bTaTH HA/JaI0Th 3MOTY BH3Ha-
YUTH METY 1 3aBaHHS MOJATBIINX JOCHiIKEHb. MeToro
JOCTI/DKeHb Mae OyTH MiABHIIEHHS e()eKTUBHOCTI MOOI-
JMBHAX IHTENEKTYaJbHUX CHCTEM MOHITOPHHTY 1 3amo0i-
TaHHS JTICOBHX TOXeX Ha 0a3i pois BIIJIA mmsxom pos-
poOneHHs 1 BIOPOBAIKCHHS HOBHUX MOJIENICH, METOMIB 1
apXiTeKTyp, MmO 0a3yIOThCS Ha PO3MOAUICHHX 3acobax
mrygHoro iHTenexTy. [lin eeKkTHBHICTIO TaKuX CHCTEM
PO3yMieMO BiTHOCHE 30iNBIICHHS TOKa3HHUKIB TOYHOCTI,
JIOCTOBIPHOCTI Ta OMNEPaTHBHOCTI iMeHTH(IKALIT MOMXKex
Ha OZIMHHUIIIO BUTPAT.

OCHOBHI 3aBJaHHS:

- PO3pOOJICHHS 1 CKCIICPUMEHTAIIBHE JTOCHIIKCHHS
PO3NOAUICHUX MOZENEH TYYHOrO IHTENEKTY MOOITBHUX
CHUCTEM JJIs MOHITOPHHTY, 3amoOiraHHs, JiKBifgamii Ta
OIIHKK HACTIJKIB JICOBHX IOXKEK 332 TOPU30HTAIHHOIO
(potioBoro, Ha piBHI B3aeMogii okpemux BIIJIA) i BepTu-
KaJbHOWO (IH(ppacTpyKTypHOI, mO0 00’€IHye Ha3eMH,
OOpTOBI, TPaHWYHI 1 XMapHi peCypcH) CKIIaJOBUMH;

- pO3pOOIICHHS Ta MOPIBHAUIBHUI aHAIi3 BiAIOBiA-
HUX MHOXHH apXiTeKTyp, OKPECJICHHX B JaHiil CTaTTi,
3a OOIPYHTOBaHMMH KUIBKICHUMH TOKa3HHKaMu. Bu-
3HAYCHHS Ha I MiJcTaBi MOXIMBOCTI MOOyIOBH Ti0-
PUIHHX IHTEJNIEKTyalbHUX cUCTeM Ha 0a3i poiB BIIJIA 3
aIalITUBHOIO apXITEKTYPOIO, SKa 3MIHIOETHCS 3aJIEKHO
BiJl 3MiHM TapaMeTpiB CepelOoBHINA, BUHUKHEHHS Ta
JUHAMIKH PO3MOBCIOKCHHS ITOXKEXKI;

- pO3pO0JEHHS cuCTeMH (apXiTEKTypH, Mporpam-
HUX 3aco0iB 1 iHTep(eiiciB) MIATPUMKH NPUIHATTS
pileHp moao oOrpyHTyBaHHs ckiany poiB BITJIA mis
IHTEJIEKTYaIbHUX CHCTEM MOHITOPHHIY 1 3amoOiraHHs
MOXEeX, IXHBOTO PO3rOpTaHHs Ta HaAIHHOTO i Oe3mey-
HOTO BUKOPHCTaHHS B YMOBaX pealbHUX OOMEKEHb.

BucHoBkH

Jane nocinijkeHHS BH3HAuYa€ KIFOYOBI 3acodu 1
METO/IY IITYYHOTO IHTEIEKTY SIK JJIsl OKPEMHX, TaK 1 IS
poto BITJIA, minkpeciroroun TXHii NOTEHIial y MOHITO-
PHHTY JiCOBHX TTOXKEXK.

[licng nmerampHOTO aHANI3y pI3HUX apXiTEKTyp
MOJKHA 3a0e3meunTn CyTTeBe 3pocTanHs poiB BITJIA Ta
ixHpOi edexrtuBHOCTI 3aBmaku iHTerpamii LII. Ile me-
MOHCTpYE, M0 TOEIHAHHA PIi3HUX TiOpUAHUX apXiTeK-
TYyp 31 CHeUiaTbHUMH PIMICHHAMH INTYYHOTO iHTEJCKTY,
BUSIBIISIETBCSI JIy’KE€ TEPCIEKTHUBHUM JUIS €()EKTHBHOTO
MOHITOpUHTY, KapTorpadyBaHHs, CTPUMYBaHHS Ta
BU3HAYEHHSI HACIIIJIKIB TIOXKEXI.

BuznaueHo HampsMu MaiOyTHIX JOCIIIKEHb, SIKI
IUIAHYEThCS CIPSIMYyBAaTH: y TEOPETHYHOMY CEHCI — Ha
PpO3po0IeHHS MoJieNiel 1 METO/IB POHOBOTrO 1HTENEKTY
MOOITBPHHAX CHCTEM €KOJIOTIYHOTO MOHITOPHHTY, 30Kpe-
Ma JIICOBHX TIOXKEX, Y NPAaKTUIHOMY — Ha PO3pOOJICHHS
Ta BIPOBAPKCHHS BIINOBITHHX NPOTPaMHO-arnapaTHHX
pimens mns IT-iHdpactpykrypum poiB BIUIA, ska
00’eqHye OOpTOBI, TPaHWYHI Ta XMapHI pecypcH Ta
3a0e3revye BHKOHAHHS OCHOBHUX BHMOT.
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Methods and hardware and software for information processing
in intelligent forest fire monitoring systems based on UAV swarms

Stanislav Popov, Oleksandr Oriekhov

Abstract. Artificial intelligence methods for forest fire monitoring systems based on UAV swarms were investigated.
The methods used both for individual UAVs and for different architectures using a UAV swarm are considered. Al integration
has been shown to enhance UAV capabilities for early fire detection, real-time monitoring and decision-making. The study found
that while the information collected by individual UAVs is valuable, there are limitations that can be overcome by using a UAV
swarm that augments intelligent computing capabilities. Different architectures — centralized, distributed and hybrid — have been
proven to provide unique advantages in different fire monitoring scenarios. The study emphasized the importance of choosing a
rational architecture based on specific monitoring tasks. Each architecture has certain limitations, but the proposed solutions are
marked by improvements in efficiency, reliability and scalability. The final configuration consists of a combination of UAVs and
Al tools designed to maximize the effectiveness of fire monitoring. The development of the potential of swarm intelligence,
predictive analytics and adaptive task allocation is identified as an important direction for future research. It is noted that these
results are important for the development of new management systems for monitoring, preventing, limiting and determining the
consequences of forest fires based on UAV swarms.

Keywords: forest fires, monitoring, intelligent systems, unmanned aerial vehicles, UAV swarms, hybrid architectures,
artificial intelligence.
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REVIEW OF METHODS FOR EMBEDDING DIGITAL WATERMARKS
FOR AUDIO FILE PROTECTION

Abstract. The article presents an analysis of modern approaches to audio information protection using digital
watermarks. It discusses various watermark embedding methods, including those based on the time, frequency, and time-
frequency domains. Special attention is given to the characteristics of watermark robustness and imperceptibility, which are
critical for ensuring high sound quality and reliable protection against attacks. Methods based on transformations, such as
the discrete cosine transform (DCT), as well as adaptive approaches that take into account the properties of audio files, are
analyzed. The article also provides an overview of criteria for evaluating the effectiveness of watermarking methods, such
as signal-to-noise ratio (SNR) and detection probability. The conclusions of the study emphasize the need for careful
selection of methods to achieve an optimal balance between protection, sound quality, and resistance to manipulation.

Keywords: steganography, digital watermark, information protection, audio information protection.

Introduction

The rapid development of information and com-
munication technologies (ICT) and their convergence
has led to a dramatic increase in the volume of digital
content that is created, stored, distributed, and used
across various fields. The term "content” in a broad
sense refers to any digital information, such as audio,
video, graphics, animation, images, text, or any combi-
nations of these types. This digital content can be easily
accessed, copied, quickly distributed, and widely used
without quality loss, unlike the situation with earlier
analog media, such as audio cassettes and VHS tapes.
However, these advantages of digital media formats
over analog ones turn into disadvantages in terms of
copyright management, as the ability for unlimited cop-
ying without loss of authenticity has led to significant
financial losses for copyright holders [1].

To reduce financial losses from unauthorized
copying, content owners most often turn to cryptog-
raphy, which is one of the most widely used methods
of digital content protection. When cryptographic
methods are used, the content is encrypted before be-
ing provided to the consumer, and then the decryption
key is given only to those who have purchased legal
copies of the content. However, cryptographic meth-
ods do not offer a reliable solution for combating con-
tent piracy. For example, a pirate can legally purchase
the encrypted content and then use the decryption key
to illegally produce and distribute copies of the con-
tent. In other words, once the content is decrypted, it
no longer has any further protection.

Thus, there is an urgent need for an alternative or
complement to cryptographic methods for protecting au-
dio content. To address the issues faced by cryptography,
watermarking has been proposed, as it has the potential to
offer greater reliability. Watermarks can protect digital
content during its normal use, as copyright information is
embedded in the content in such a way that it cannot be
removed. This unique feature of watermarks makes them
one of the most promising methods for digital content
protection, which has been a motivating factor for most
research in the past two decades.

Problem statement and its connection to
important scientific or practical tasks

Digital Watermarks (DW) in audio files are one of
the modern technologies for copyright protection, in-
creasingly applied in the music industry, media, and
digital products. The main problem lies in ensuring reli-
able copyright protection while preserving the quality of
audio content and maintaining resistance to various
types of attacks.

n order to better understand the process of embed-
ding watermarks in digital audio and subsequently iden-
tify some unresolved issues in current implementations,
a comprehensive literature review was conducted. The
algorithms examined are diverse and therefore divided
into different categories, such as time-domain-based
algorithms, transform-domain-based algorithms, and
hybrid algorithms, according to the methodology em-
ployed by each. The advantages and disadvantages of
key algorithms in each category are reviewed based on
the following criteria:

— performance in terms of imperceptibility, robust-
ness, capacity, and computational complexity: Each
algorithm is evaluated based on how well it ensures that
the watermark remains undetectable to the human ear
(imperceptibility), its ability to withstand attacks (ro-
bustness), the amount of information the watermark can
carry (capacity), and the computational resources re-
quired (complexity).

— reliability of the results presented for each algo-
rithm: This involves examining the testing methodology
used, such as the types of tests conducted (e.g., re-
sistance to attacks, quality checks) and whether the re-
sults are reproducible and applicable to real-world sce-
narios.

— determining if the embedded digital watermark
can be removed: This focuses on the algorithm’s ability
to resist removal attempts, such as through manipulation
or degradation of the audio file.

— determining if the algorithms incorporate addi-
tional processes to bypass the trade-off between imper-
ceptibility and robustness: Some algorithms may im-
plement extra techniques or processes to balance the
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need for the watermark to be both imperceptible and
resilient against tampering, ensuring that neither aspect
is compromised.

This comprehensive analysis aims to uncover gaps
and strengths in existing approaches and point towards
improvements in digital watermarking techniques for
audio files.

The reason for choosing the aforementioned crite-
ria is that they are critical factors for evaluating the ef-
fectiveness of watermarking algorithms in practical ap-
plications. Furthermore, these criteria are useful in de-
termining whether further research on the reviewed al-
gorithms is warranted.

Quantitative Evaluation of the Performance of
Digital Watermarking Methods for Audio Files

In order for digital watermarks (DW) to effectively
perform their function, it is necessary to evaluate their
efficiency using quantitative methods. Such an evalua-
tion includes analyzing various aspects, such as the im-
perceptibility of the watermark, its robustness against
attacks, and its ability to be accurately extracted.

Let’s consider the main criteria for the quantitative
evaluation of the effectiveness of audio watermarks.
These criteria include:

— imperceptibility (Integration): The watermark
must be imperceptible to the listener, meaning it should
not degrade the quality of the audio.

—robustness: The watermark should remain un-
changed and recognizable even after applying various
types of processing, such as compression, editing, or
noise attacks.

— extractability: It is important that the watermark
can be reliably extracted and recognized using special-
ized algorithms.

— computational efficiency: The process of embed-
ding and extracting the watermark should be efficient in
terms of computational resources and time.

The discussed criteria are key factors that influ-
ence the evaluation of watermarking algorithms and
determine their practical value. Let’s analyze each of
these aspects, present methods for their quantitative
assessment, and discuss the testing results of various
watermarking algorithms using real audio files as ex-
amples.

The goal is to provide a comprehensive overview
of the methods for quantitatively assessing the effec-
tiveness of audio watermarks and to conduct a thorough
evaluation of digital watermarking methods. This will
contribute to the further development of copyright pro-
tection technologies and enhance their reliability in the
digital environment. In general, there are three ap-
proaches to evaluating the perceptual quality of audio:

— subjective assessment through human listening
tests;

— objective assessment using signal-oriented meth-
ods, such as Signal-to-Noise Ratio (SNR);

— objective assessment that incorporates a model
of the human auditory system (HAS), such as Perceptu-
al Evaluation of Audio Quality (PEAQ).

Subjective assessment can be conducted in several
ways. One approach involves using the ABX test. Each

test consists of the original audio file A, the water-
marked audio file B, and an unknown audio file X,
which can be either A or B. The listener is asked to de-
termine whether X is A or B. A high level of correct
identification indicates that the watermark is noticeable,
while approximately 50% correct identification suggests
that the watermark is imperceptible, as the identification
resembles random guessing.

In addition, the Mean Opinion Score (MOS) can be
used to evaluate the subjective quality of listening to wa-
termarked content. The MOS is a scale that quantifies
listener perceptions, where higher scores indicate better
quality. The MOS rating scale is presented in Table 1.

However, subjective evaluation based on human lis-
tening tests is time-consuming, and the results may be
inconsistent among different listeners. This inconsistency
arises because the auditory abilities of different listeners
vary depending on factors such as age, exposure to loud
sounds throughout life, and even personal musical prefer-
ences. Additionally, some listeners may be trained expert
listeners. Therefore, it can sometimes be challenging to
fairly compare different subjective assessment results,
and it is preferable to have a more objective evaluation
based on specific signal characteristics.

Table 1 — Systematization of Attacks on Watermarks

MOS 5 4 3 2 1
Descrip- | Excel- Satis- Very
tion lent Good factory Poor Poor

The Signal-to-Noise Ratio (SNR) is widely used as
an objective measure of sound quality. It is easy to in-
terpret, straightforward to apply, and signal-oriented.
According to the recommendation of the International
Federation of the Phonographic Industry (IFPI), when
the SNR exceeds 20 decibels (dB), audio watermarks
will be considered imperceptible. SNR can be formulat-
ed as follows:

IR
> Is(m)-s' (]’

where s(n) is the time-domain original signal, and s'(n)
is the time-domain watermarked signal.

Since equation (1) equally weights all errors in the
time domain without considering the energy that varies
over time and distortions that change over time, an im-
proved estimate can be obtained by calculating the SNR
for short frames and averaging the results. The frame
measure, referred to as "Segmental Signal-to-Noise Ra-
tio" (SNRseg), is defined as follows:

SNR =i§“10|oglo hg“j _Sm |
M n=N*(j—1)+1[S(n)—S’(n)]2’

where M is the number of frames, and N is the frame
size.

Problems with SNRseg arise when including silent
frames, as they can lead to large negative values for
SNRseg. This issue can be addressed by setting a low
threshold and replacing all frames with SNRsey values
below this threshold with the threshold level

SNR =10|Oglo (1)

=L
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(a reasonable threshold is 0 dB). On the other hand,
frames with SNRseg values above 35 dB are not per-
ceived by listeners as significantly different but still
affect the resulting SNRseg. The upper threshold (typi-
cally 35 dB) can be used to cap any unusually high
SNRseg values to this upper limit.

A low SNR or SNRseg clearly indicates that the
distortions introduced by watermarks are audible; how-
ever, a high SNR or SNRseg is not sufficient to claim
that the watermark is imperceptible, as this measure
does not take into account any model of the Human
Auditory System (HAS). Based on numerous experi-
ments, the behavior of HAS has been thoroughly inves-
tigated by many researchers. These studies have made
significant progress in defining the characteristics of
HAS. Some terms have been proposed, such as "abso-
lute threshold of hearing,” "simultaneous masking," and
"temporal masking."

The "absolute threshold of hearing™ characterizes
the amount of energy required for a pure tone to be rec-
ognized by a listener in a silent environment. *Masking"
is the phenomenon where one sound becomes inaudible
due to the presence of another sound. This phenomenon
can occur in the frequency domain, known as "simulta-
neous masking," or in the time domain, referred to as
"temporal masking." To more accurately reflect human
perception, it is preferable to have an objective assess-
ment that incorporates one of the HAS models.

PEAQ is one such objective assessment method. It
has been defined as a recommended standard in
BS.1387. The result of PEAQ is the Objective Differ-
ence Grade (ODG). It classifies the perceptual differ-
ences between the original audio signal and the water-
marked audio signal. The ODG values range from [-4,
0], as shown in Table 2, where 0 means that both signals
are perceived as identical, and -4 indicates that the dif-
ferences between them are "very annoying." Thus, the
closer the ODG value is to zero, the greater the likeli-
hood that the signals are perceived as identical.

Table 2 — Description of the ODG Indicator

ODG 0 -1 -2 -3 -4
Descrip- | Imper- Pek;ceptlble Slightly Anno- Very
. . ut not anno- . anno-
tion ceptible : : ying -
annoying | ying ying

The correlation between PEAQ and subjective lis-
tening tests has been investigated. It was found that the
correlation coefficients are 0.837 and 0.851 for the basic
and extended versions of PEAQ, respectively. Undoubt-
edly, PEAQ cannot fully replace subjective listening
tests, but it is a widely accepted objective measure of
sound quality in the industry and is extensively used to
evaluate the imperceptibility of watermarking algo-
rithms. The accuracy of a watermarking algorithm is
defined as the accuracy of detecting a watermark with-
out the influence of any attack. It can be measured by
the bit error rate (BER) [17], which is defined by the
formulas:

W () D W, (i)

BER(W;,W,) = N

®)

where W1 and W- denote the original watermark bit se-
quence and the detected watermark bit sequence, re-
spectively, N represents the number of bits, and iii de-
notes the bit index. In this article, "accuracy" is used to
evaluate performance, as it is more straightforward. It is
defined as follows:

N . .
Precision(Wy,W5) = N _zizl\,\ll\ll(l)@wzo) = ©

=1- BER(W,,W,).

The value of each variable is the same as in equa-
tion (3). If N audio signals are used in the experiment,
the average accuracy, denoted as Precision mean, is
calculated using formula (5), where \('i \) is the signal
index.

N L.
i Precision;
-

The robustness of the watermarking algorithm is
defined as the accuracy of watermark detection after
attacks. It can also be measured using Bit Error Rate
(BER). Similarly, accuracy is used to assess robustness.

Generally, to enhance robustness, a "repetition”
process is included in the scheme, where the same se-
quence of watermark bits is repeated. On the detection
side, the "mode™ operation is used to identify the wa-
termark bit sequence. In statistics, the "mode" operation
is used to find the most frequently occurring data in a
given dataset. For example, in the dataset {0, 1, 0, 1, 1},
the mode is "1," as it occurs one more time than "0."
The procedure for incorporating the "repetition" process
into the watermarking scheme can be formalized as fol-
lows:

1. Generate the watermark bit sequence By, for the
signal to be watermarked.

2. At the embedding stage, insert By, into the sig-
nal, say d times.

3. At the detection stage, the detected bit sequence
Be is divided into d groups: Bei1, Be, ..., Beds. The
i-th bit of the detected watermark bit sequence B'y is
determined as the mode of the bit set { Be1,, Bei, ...,
Bed,i}.

The capacity of the watermark can be measured as
the number of bits per second (bps). Assuming the dura-
tion of the audio recording is k seconds and the number
of bits in the embedded watermark is n, the bandwidth
is given by n\k bps.

Computational efficiency can be assessed as the
processing time required for embedding and detecting
watermarks. This depends on the implementation plat-
form.

Precisiongean =

®)

Overview of Audio Watermarking Algorithms

The variety of available algorithms can be catego-
rized based on the methodology they employ. The vast
majority of audio watermarking algorithms fall into
three main categories:

1. Time-Domain Algorithms.
2. Frequency-Domain Algorithms.
3. Hybrid Algorithms.
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Watermarking algorithms belonging to each of
these three categories will be discussed in detail further.

Time-domain algorithms literally embed the wa-
termark into the time domain. They are simple to im-
plement. Many time-domain algorithms have been de-
veloped [19-21]. However, algorithms in this category
are less robust against attacks, and statistical methods
are often employed to enhance their robustness [22].

Let’s consider two main algorithms in this catego-
ry: the Least Significant Bit (LSB) algorithm and the
Echo Hiding algorithm.

LSB (Least Significant Bit) is one of the earliest
methods for embedding watermarks in audio as well as
other types of digital content. The standard approach
involves embedding watermark bits by altering the val-
ues of certain samples in the digital audio. The water-
mark bits are detected by comparing the modified sam-
ple values with the original sample values.

The primary advantage of this algorithm is its abil-
ity to achieve exceptionally high capacity. However, its
main drawback is its extremely low robustness, as ran-
dom signal alterations can destroy the watermark. It is
very unlikely that the embedded watermark bits will
survive DAC (Digital-to-Analog Converter) and subse-
quent ADC (Analog-to-Digital Converter) processes.
Additionally, altering the quantization values introduces
low-power additive white Gaussian noise, which makes
this algorithm less transparent to perception, as listeners
are very sensitive to this type of noise.

A significant improvement to the standard LSB al-
gorithm was proposed in the paper [22]. The main idea
is that after embedding watermark bits by manipulating
a single bit of a 16-bit WAV sample, all other 15 bits of
the sample can also be altered in such a way that the
difference between the original sample value and the
manipulated sample value is minimized. As a result, this
leads to reduced distortions.

For example, if the original 16-bit sample value is
""0000000000001000" in binary format, and the water-
mark bit to be embedded is "0," suppose the watermark
bit is embedded in the fourth least significant bit of the
sample. Instead of creating the value
""0000000000000000" in binary, as would be expected
in the standard algorithm, the improved algorithm also
flips the first three bits of the sample, creating the value
""0000000000000111" in binary. Consequently, the dif-
ference between the original sample and the manipulat-
ed sample is only 1 in decimal notation, which is the
closest possible to the original sample value. Thus, the
distortions introduced are minimized.

Echo hiding embeds watermark bits by introducing
an "echo signal." An echo is a reflection of sound that
reaches the listener some time after the direct sound
[24]. Four parameters of the echo are used: the initial
amplitude, the decay rate of the echo signal's amplitude,
the "unit" shift (delay time to the original signal), and
the "zero" shift. As the shift between the original and
the echo signal decreases, the two signals merge. At a
certain point, the human ear hears not the original signal
and the echo but one mixed signal. It is challenging to
determine the exact moment when this occurs, as it de-
pends on the quality of the original recording, the type

of sound being echoed, and the listener. The algorithm
employs two different kernels: the "unit" kernel, which
is used to generate the echo signal with a "unit" shift
corresponding to a binary "1," and the "zero" kernel,
which is used to generate the echo signal with a "zero"
shift corresponding to a binary "0" [25].

Transformation-based algorithms typically embed
watermark bits by utilizing the properties of data in the
post-transformation representation. Popular transfor-
mations include the Fast Fourier Transform (FFT), Dis-
crete Cosine Transform (DCT), and Discrete Wavelet
Transform (DWT) [26-27]. Some methods, such as
Quantization Index Modulation (QIM), Singular Value
Decomposition (SVD), and interpolation, are often used
to manipulate data to embed watermark bits in the post-
transformation representation. Many watermarking al-
gorithms fall into this category, as the embedded wa-
termark bits are more resistant to attacks.

The HAS model is typically used to minimize the
perceptual distortions introduced during watermark em-
bedding. However, there is a trade-off involved, as embed-
ding watermark bits into perceptually significant compo-
nents is more robust but less transparent to perception. On
the other hand, embedding watermark bits into less percep-
tually significant components is less robust but more trans-
parent to perception. Additionally, using the HAS model
increases computational time, limiting the applicability of
these algorithms in time-critical applications. Typical algo-
rithms in this category will be discussed further. The FFT
was developed as a fast version of the Discrete Fourier
Transform (DFT). The DFT is a well-known and powerful
computational tool for performing frequency analysis of
discrete time signals. It takes a discrete signal in the time
domain and transforms it into a discrete frequency domain.
Numerous watermarking algorithms have been proposed
that are based on manipulating the components contained
in the FFT spectrum. Most algorithms manipulate the
magnitudes of the FFT components and enhance robust-
ness against typical audio compression systems by incor-
porating the HAS model.

The scheme proposed in [27] selects a set of fre-
quencies by comparing the FFT spectrum of the original
signal with that of the corresponding compressed de-
compressed signal. Watermark bits are embedded at
those frequencies that have similar magnitudes in both
spectra. However, this selection leads to perturbations in
the output signal at the most significant frequencies,
which is undesirable from a perceptual transparency
perspective. The scheme proposed in [28] introduces
some randomness into the frequency selection process,
allowing for improved transparency at the cost of some
robustness. All of these schemes are not blind, meaning
that the spectrum of the output signal is required to de-
tect the embedded watermark bits.

The algorithm proposed in [29] embeds watermark
bits based on spline interpolation of data obtained from
the FFT transformation. The embedding process is illus-
trated in Fig. 1. As shown in the figure, FFT analysis is
applied to each frame (i.e., short segment) of the output
signal to obtain the magnitudes of the odd bits. Then,
the interpolated values of the even segments are ob-
tained through spline interpolation of the odd segment
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values. The watermark bits are embedded by manipulat-
ing these spline-interpolated values of the even seg-
ments. Finally, the watermarked signal is reconstructed
using the inverse FFT.

Calculate the
magnitudes of
odd segments

Original signal FFT analysis

Spline

interpolation

Determine the
values of the
even segments.

Manipulation
for watermark
embedding.

Watermarked
signal

Fig. 1. Process of embedding
in the algorithm proposed in [29]

As seen in Fig. 2, FFT analysis is applied to the
watermarked signal to obtain the values of the odd and
even segments based on each frame. Spline interpola-
tion is then used to derive the interpolated values of the
even segments. These interpolated even bit values are
compared with the even bit values obtained via FFT to
detect the watermark bits. The process of watermark
detection is presented in Fig. 2.

This algorithm achieves a high bitrate of about
3000 bits per second and is resilient to most attacks. The
average ODG score is -0.5, which is acceptable. The
computational efficiency of this algorithm is high, as it
only involves interpolation, FFT, and inverse FFT pro-
cesses. A drawback of this algorithm is that the embed-
ded watermark bits can be easily removed since the em-
bedding positions are known. Additionally, since this
algorithm is based solely on comparing values that can
be easily disrupted, it will be vulnerable to certain at-
tacks. Finally, since the test was based on only five
songs from a single album, the assessment was limited.

This algorithm achieves a high bitrate of approxi-
mately 3000 bits per second and is resilient to most attacks.
The average ODG score is -0.5, which is acceptable. The
computational efficiency of this algorithm is high, as it
only involves interpolation, FFT, and inverse FFT process-
es. A drawback of this algorithm is that the embedded wa-
termark bits can be easily removed since the embedding
positions are known. Additionally, because this algorithm
is based solely on comparing values that can be easily dis-
rupted, it will be vulnerable to certain attacks. Finally,
since the test was conducted based on only five songs from
a single album, the assessment was limited.

Hybrid algorithms are new algorithms, such as the
Chirp coding algorithm [30], the "patchwork encryp-
tion" algorithm [31], and the SVD-based algorithm [32],
that cannot be easily classified into either of the two
aforementioned categories. The primary reason for
highlighting this category is to emphasize their novelty.
An example of one of these algorithms will be exam-
ined in detail below.

Curnai 3
BOJSIHUM
3HAKOM

Amnaiz IITID

Bennunan
MapHUX
CErMEHTIB

Bennunan
HeTapHUuX
CErMEHTIB

Crnaifs-
IHTEPIOJIALIS

[HTepnonboBaHi
3Ha4eHHs

TMapHUX
CErMEHTIB

IopiBHsAHHS

Bitu BogsHOTO
3HaKY

Fig. 2. The watermark detection process proposed
in the article [29]

In [33], a fragile watermarking algorithm was pro-
posed. The embedding process can be described as fol-
lows: first, a 7-level wavelet decomposition of the sig-
nal is performed to obtain 7 levels of "detail" coeffi-
cients. To measure the global effect of watermarking on
the signal, the "approximation” coefficients at the 7th
level are also used. Thus, a total of 8 decomposition
vectors are generated. The reason for using the “detail"
coefficients is that they are highly sensitive to attacks
such as lossy compression and audio trimming. Then,
the percentage of energy of each vector is calculated
relative to the total energy of the 8 vectors. These per-
centages are rounded to the nearest whole number and
converted into a binary stream that will be used as the
watermark bit sequence.

Next, a Chirp function is created. This function is
then multiplied by a new signal formed based on the
binary sequence and scaled by a predetermined scaling
factor to obtain the Chirp code. This Chirp code is add-
ed to the original signal to create the watermarked sig-
nal. To make the watermark inaudible, the generated
Chirp code has very low frequency and amplitude.

On the detection side, the same Chirp function
used during the embedding process is applied to the
watermarked signal. This allows the watermark bits to
be recovered. Subsequently, it can be verified whether
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the signal has been tampered with by comparing the
restored sequence of watermark bits with a potentially
altered binary stream that can be generated directly from
the watermarked signal.

In terms of this algorithm, the embedded water-
marks are difficult to remove from the host signal, as both
the starting and ending frequencies of the Chirp function
are determined at the user's discretion, and its position in
the data stream can be varied through shifting. All these
parameters collectively form a private key. Listening tests
have shown no perceptual difference between the original
signal and the watermarked signal. The recovery of the
Chirp code is uniquely robust even in cases of very low
SNR, making this algorithm easily adaptable as a robust
watermarking technique.

Thus, various popular algorithms developed for
watermarking audio files have been discussed. To com-
pare all these algorithms, imperceptibility is evaluated
uniformly using the Mean Opinion Score (MOS), and
the Objective Difference Grade (ODG) can be directly
correlated with the MOS score, as shown in Table 3.

Tables 3-5 summarize the results of typical algo-
rithms that have been reviewed. The Chirp-coding-based
audio watermarking algorithm is not included in these
tables because it was originally developed as a fragile
watermark. However, it has significant potential for de-
velopment as a robust watermarking algorithm. Table 4
presents four main characteristics of each watermarking
algorithm: imperceptibility, assessed by MOS; robust-
ness; bitrate; and computational efficiency. Table 5 lists
some other characteristics of the algorithms.

Table 3 — Relationship Between MOS and ODG

Table 5 — Other characteristics of each audio
watermarking algorithm

LSB Echo hiding FFT
Invisibility. + - +
Additional processing - - -
Extractability Easy Difficult Easy
Reliability - + +

ODG 0 -1 -2 -3 -4

MQOS 5 4 3 2 1

Table 4 — Four Main Characteristics of Each Typical
Audio Watermarking Algorithm

Tables 4 and 5 show that different algorithms have
different strengths and weaknesses.

Conclusions

The article discussed different approaches to pro-
tecting audio files using digital watermarks. There are a
large number of methods for applying digital water-
marks, which can be classified according to various
criteria: by the type of signal, the method of embedding,
the place of embedding, resistance to attacks and other
parameters. The most important characteristics of wa-
termarks are their resistance to attacks (in particular, to
changes and manipulations of audio files) and invisibil-
ity to the listener. This means that the watermark should
not affect the sound quality, but should be strong
enough to withstand various types of audio processing.

Methods that use the frequency or time-frequency
domain for watermarking are often more resistant to
attacks and changes compared to methods that work in
the time domain. Transform-based methods such as
discrete cosine transform (DCT) and others are widely
used. These techniques allow watermarks to be embed-
ded in a way that makes them less vulnerable to attack.
Adaptive methods that take into account the properties
of the audio file when embedding the watermark can
significantly improve both the robustness and impercep-
tibility of watermarks.

Various metrics such as signal-to-noise ratio
(SNR), detection probability, and others are used to
evaluate the performance of watermarking methods.
Experimental studies show that the combined use of

LSB Echo hiding FFT different methods can provide better results.
Imperceptibility 5 5 45 The choice of a particular method depends on the
Robustness Low Low Low specific requirements and conditions of use, such as the
Capacity 44100 n/a 3000 level of protection required, the acceptable changes in
Efficiency High n/a High sound quality, and the expected types of attacks.
REFERENCES
1. Corporate Kaijus Clash: 15 Famous Copyright Infringement Cases [Enexktponnuii pecypc]. — Pexum nocrymy:

https://www.abounaja.com/blogs/copyright-infringement-cases

2. Zhou, N.R., Hou, W.M.X., Wen, R.H. et al. Imperceptible digital watermarking scheme in multiple transform domains.
Multimed Tools Appl 77, 30251-30267 (2018). https://doi.org/10.1007/s11042-018-6128-9

3. Hosny, Khalid M., and Mohamed M. Darwish. "Invariant image watermarking using accurate polar harmonic transforms."
Computers & Electrical Engineering 62 (2017): 429-447. https://doi.org/10.1016/j.compeleceng.2017.05.015

4. Tao, H., Chongmin, L., Zain, J. M., & Abdalla, A. N. (2014). Robust image watermarking theories and techniques: A review.

Journal of applied research and technology, 12(1), 122-138.

5. Yuan, X. C., & Li, M. (2018). Local multi-watermarking method based on robust and adaptive feature extraction. Signal
Processing, 149, 103-117. https://doi.org/10.1016/j.sigpro.2018.03.007

6. Yamni, M., Karmouni, H., Sayyouri, M., & Qjidaa, H. (2022). Efficient watermarking algorithm for digital audio/speech
signal. Digital Signal Processing, 120, 103251. https://doi.org/10.1016/j.dsp.2021.103251

7. M. Torcoli, T. Kastner and J. Herre, "Objective Measures of Perceptual Audio Quality Reviewed: An Evaluation of Their
Application Domain Dependence,” in IEEE/ACM Transactions on Audio, Speech, and Language Processing, vol. 29, pp.

1530-1541, 2021, doi: 10.1109/TASLP.2021.3069302.

8. P. M. Delgado and J. Herre, "A Data-Driven Cognitive Salience Model for Objective Perceptual Audio Quality Assessment,"
ICASSP 2022 - 2022 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Singapore,
Singapore, 2022, pp. 986-990, doi: 10.1109/ICASSP43922.2022.9747064.

137



Control, Navigation and Communication Systems. 2024. No. 4 ISSN 2073-7394

9. Greenspun, Philip, and Leigh Klotz. "Audio analysis VI: testing audio cables."” Computer Music Journal 12.1 (1988): 58-64.

10. Streijl, R.C., Winkler, S. & Hands, D.S. Mean opinion score (MOS) revisited: methods and applications, limitations and
alternatives. Multimedia Systems 22, 213-227 (2016). https://doi.org/10.1007/s00530-014-0446-1

11. J. Zhang, K. Tan, J. Zhao, H. Wu and Y. Zhang, "A Practical SNR-Guided Rate Adaptation,"” IEEE INFOCOM 2008 - The
27th  Conference on Computer Communications, Phoenix, AZ, USA, 2008, pp. 2083-2091, doi:
10.1109/INFOCOM.2008.274.

12. Deller Jr, John R., John G. Proakis, and John H. Hansen. Discrete time processing of speech signals. Prentice Hall PTR,
1993.

13. Moore, J. K., & Linthicum, F. H. (2007). The human auditory system: A timeline of development. International Journal of
Audiology, 46(9), 460-478. https://doi.org/10.1080/14992020701383019

14. Vecchi, A. O., Varnet, L., Carney, L. H., Dau, T., Bruce, I. C., Verhulst, S., & Majdak, P. (2022). A comparative study of
eight human auditory models of monaural processing. Acta Acustica, 6, 17. https://doi.org/10.1051/aacus/2022008

15. Becerra Martinez, H.; Hines, A.; Farias, M.C.Q. Perceptual Quality of Audio-Visual Content with Common Video and Audio
Degradations. Appl. Sci. 2021, 11, 5813. https://doi.org/10.3390/app11135813

16. Kabal, Peter. "An examination and interpretation of ITU-R BS. 1387: Perceptual evaluation of audio quality." TSP Lab
Technical Report, Dept. Electrical & Computer Engineering, McGill University (2002): 1-89.

17. Juliy, Boiko; Andriy, Mokrytsky; Ilya, Pyatin. JIOCJIJDKEHHSI KIJT CUHXPOHI3ALII ITU®POBUX CUCTEM
3B’A3KY. XMenbHUIBKOro HalliOHATLHOTO YHiBepcuTety, 2022, 113. DOI 10.31891/2307-5732-2022-313-5-113-121

18. Griffiths, Dawn. Head first statistics. O'Reilly Germany, 2008.

19. Y. Xiong and Z. X. Ming, “Covert Communication Audio Watermarking Algorithm Based on LSB,” International
Conference on Communication Technology, ICCT 06, pp. 1-4, 2006.

20. B. S. Ko, R. Nishimura, and Y. Suzuki, “Time-spread Echo Method for Digital Audio Watermarking,” IEEE Transactions on
Multimedia, vol.7(2), pp. 212-221, 2005.

21. H. O. Oh, J. W. Seok, J. W. Hong, and D. H. Youn, “New Echo Embedding Technique for Robust and Imperceptible Audio
Watermarking,” Proc. ICASSP 2001, pp. 1341-1344, 2001.

22. Wang, Xiang-Yang, Pan-Pan Niu, and Hong-Ying Yang. "A robust digital audio watermarking based on statistics
characteristics." Pattern recognition 42.11 (2009): 3057-3064. https://doi.org/10.1016/j.patcog.2009.01.015

23. N. Cvejic and T. Seppénen, “Increasing robustness of LSB audio steganography by reduced distortion LSB coding,” Journal
of University Computer Science, vol. 11(1), pp. 56-65, 2005.

24. N. Rashmi, "Analysis of Audio Steganography combined with Cryptography for RC4 and 3DES Encryption," 2020 Fourth
International Conference on Inventive Systems and Control (ICISC), Coimbatore, India, 2020, pp. 210-214, doi:
10.1109/1CISC47916.2020.9171142.

25. Gruhl, Daniel, Anthony Lu, and Walter Bender. "Echo hiding." Information Hiding: First International Workshop
Cambridge, UK, May 30-June 1, 1996 Proceedings 1. Springer Berlin Heidelberg, 1996.

26. Huang, HN., Chen, ST., Lin, MS. et al. Optimization-Based Embedding for Wavelet-Domain Audio Watermarking. J Sign
Process Syst 80, 197-208 (2015). https://doi.org/10.1007/s11265-013-0863-y

27. Masmoudi, S., Charfeddine, M. & Ben Amar, C. A Semi-Fragile Digital Audio Watermarking Scheme for MP3-
Encoded Signals Using Huffman Data. Circuits Syst Signal Process 39, 3019-3034 (2020).
https://doi.org/10.1007/s00034-019-01299-4

28. D. Megias, J. H. Joancomarti, and J. Minguillon, “Total Disclosure of the Embedding and Detection Algorithms for a Secure
Digital Watermarking Scheme for Audio,” ICICS 2005, pp. 427-440, 2005.

29. M. Fallahpour and D. Megas, “High capacity audio watermarking using FFT amplitude interpolation,” IEICE Electronics
Express, vol. 6 (14), pp. 1057-1063, 2009.

30. C. Cai, Z. Chen, J. Luo, H. Pu, M. Hu and R. Zheng, "Boosting Chirp Signal Based Aerial Acoustic Communication Under
Dynamic Channel Conditions,” in IEEE Transactions on Mobile Computing, vol. 21, no. 9, pp. 3110-3121, 1 Sept. 2022, doi:
10.1109/TMC.2021.3051665

31. He, J., Liu, Z., Lin, K. et al. A novel audio watermarking algorithm robust against recapturing attacks. Multimed Tools Appl
82, 18599-18616 (2023). https://doi.org/10.1007/s11042-022-14197-w

32. Abdelwahab, Khaled M., et al. "Efficient SVD-based audio watermarking technique in FRT domain." Multimedia Tools and
Applications 79 (2020): 5617-5648.

33. J.Blackledge, “Digital Watermarking and Self-Authentication using Chirp Coding,” ISAST Transactions on Electronics and
Signal Processing, ISSN 1797-2329, vol. 1 (1), pp. 61 — 71, 2007.

Received (Haniitnura) 13.09.2024
Accepted for publication (ITpuitasara no apyky) 20.11.2024

Orusin MeToiB HaHeceHHs1 HU(POBUX BOASHUX 3HAKIB U1 3aXHUCTy ayaiodaiiiis
P. I. Pacreraes, B. O. Maprosunskuii, H. M Bonorosa, b. B. dinonenko, O. B. Yeuyii

AHoTanis. Y cTaTTi BUKJIAIEHO aHANI3 Cy4acHHX ITiJXOMIIB 10 3aXHUCTy ayAioiH(popMalil 3a ZomoMoroo uppoBuX BO-
ISHUX 3HaKiB. Po3risHyTO pi3Hi MeToan BOYJIOBYBaHHS BOJSHUX 3HAKIB, BKJIIOUAIOYH Ti, 110 0a3yIOThCA HA YacOBii, 4aCTOTHIN
Ta 4acOBO-9acTOTHIH oOmacTax. OcobuiBa yBara IMpuaiIeHa XapaKTepUCTHKaM CTIHKOCTI Ta HETIOMITHOCT] BOJSTHUX 3HAKIB, SKi €
KPUTHYHUMH JUIs 3a0€3MIeUeHHsT BUCOKOT SIKOCTI 3ByKY Ta HaJilHOTO 3aXMCTY Bif atak. IIpoaHanizoBaHO METO/IM HA OCHOBI Iepe-
TBOpEHb, TaKi 5K TUCKpeTHE KOocUHyCcHe meperBoperHs (DCT) Takok amanTuBHI MiAXOIH, IO BPaXOBYIOTh BIACTHBOCTI aymio-
¢aitniB. CTaTTS TaKOXK MICTUTPH OTJISA KPUTEPIIB OIIHKH €()EKTHUBHOCTI METO/IIB BOJSHHUX 3HAKIB, TAKHUX SIK CITIBB1THOIICHHS CHUT-
Ha/myM (SNR) Ta iiMOBipHICTh BHSBICHHS. BUCHOBKH JHOCITI/KCHHS T IKPECITFOIOTh HEOOXIJHICTh PETENHLHOI0 BUOOPY METOIB
JUTSL IOCSTHEHHS ONTHMAIIBHOTO 0alaHCy MK 3aXHCTOM, SIKICTIO 3BYKY Ta CTIHKICTIO 1O MaHIiITyJISLIH.

KawuoBi caoBa: creranorpadis, mudpoBuii BoJsHUH 3HAK, 3aXHUCT iH(opMarii, aynioiHdopmarris.
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! Nepxasuuii HJII BunpoGyBausk i ceprudikaiii 036poeHHs Ta BiicbKoBOi TexHiku, Yepkacy, Ykpaina
2YepkachKuii epkaBHHUI TeXHOJIOTiUHMI yHiBepcuTeT, Yepkacu, Ykpaina

AACKPETHO-KA3YAJIBHE MOJEJIIOBAHHA EJIEMEHTAPHUX ®YHKIIN
OIIEPAIIIM KEPOBAHUX IH®OOPMALICIO

AHoTanisi. Y CcTaTTi 3aporOHOBaHO MeTo]] 6araToBapiaHTHOTO CHHTE3Yy AMCKPETHO-Ka3yalbHHX MOJENEH eleMeHTap-
HUX (QyHKIIH onepariif kepoBanux iHdopMamiero. Peanizalis 1aHOr0 METORy PO3IIMPHUTH MOXKINBOCTI IIPOSKTYBaHHS MaJIO
pecypcuux npuctpoiB peamizamnii CET-oneparniif nus moOyxoBr KpunrorpadidHUX CHCTEM 3 IOIBIHHHM YIIPaBIIiHHSIM
nponecoM mupyBaHHs. 1 JaHUX CHCTEM 3aXUCTy iH(pOpMalil yIpaBIiHHSI IpolecoM MUQPYBaHHS Oy/e BU3HAUATUC
SIK KJTFOYEM,TaK 1 iHpOpMaIli€ro ska 3ammdpoByeThes. JIMCKpEeTHO-Ka3yaabHi MOIEI eleMEHTapHUX (QYHKIIH omepaltiit ke-
poBaHUX iH(GOPMAIIi€I0 TOPIBHIHO 3 JUCKPETHO-AITeOpalyHMMU MOACTISIMU CYTTEBO 3MEHIIYIO CKIIHICTh peatisarii 6ara-
Toonepanauux CET-onepariii, Tak sk iX MpeacTaBiIeHHs, TO3BOJISIE MPH 00’ €IHAHHI BUKOPUCTOBYBATH METOJM MiHIMi3a-
1ii. 301IbIICHHS KUTBKOCTI BapiaHTIB MPENCTaBICHHS AUCKPETHO-Ka3yalIbHIX MOJeNel eJeMeHTapHuX (PyHKIIi 103BONIUTH
3a0e3MeYNTH BIPOBAHKEHHS JCKIIBKOX CTpaTeriil iX 00’ €IHaHHA I CHIpolieHHs Mojaenei mooynosanux CET-omepariif.
BaraToBapiaHTHICTh ANCKPETHO-Ka3yaJbHUX MOJENEH eleMeHTapHUX (YHKIIH onepamiii kepoBaHHX iH(OPMAIIEIO T03BO-
nsie inTerpyBary ix B CET-omepamisix cyMiCHO 3 AUCKPETHO-Ka3yalbHHMH MOJIEISIMU elleMeHTapHuX (DyHKIIIH mepecTaHo-
BOK KepoBaHHX iHpopMmanicro. Cdepa BUKOPUCTAHHS OTPUMAHHMX Pe3yJIbTaTiB: MOOUIBHI i CTalliOHApHI CHCTEMH MaJlopecy-
pcHOTO KpHnTorpadivHoro 3axucty koHpineHniinoi ingopmartii.

KnaouoBi cmoBa: mamopecypcua kpunrorpadis, CET-mmudpysanns, omepaunii kepoBaHi iHpopmarllieto, eneMeHTapHi
(GyHKIIT, TUCKpEeTHO-Ka3yaJIbHI MOJIEN, TOTOKOBE MU(PYBaHHS.

Beryn

HocTranoBka mpobdaemu. OZHUM i3 TTO3UTHBHHUX
HACJIJIKIB CTPIMKOT'O PO3BUTKY KOMIT'IOTEPHUX MEpPEeX i
TEJICKOMYHIKAIIHHIX CHCTEM CTaJl0o CTBOPEHHs Tio0a-
JIbHOTO iH(OpMauiiHoro mpocropy. HeraruBHoro cro-
POHOIO CTaJI0 BUHUKHEHHsI KiOep3JI0YNHHOCTI, TPOTHIIS
SKii BHMarae 3axucty KoHQiAeHiiHoi iHpopmalil.
OpHUM 3 TIPOBITHUX HATPSAMIB 3aXUCTy iHPOpMaIii OyB
1 3anmuImaeTbes kpunrorpadigauii 3axuct [1]. 3a ocran-
Hi JECSATUPIYYS CHCTEMH KPHITOIPadiqHOTO 3aXHCTY
HaOynau 3Ha4yHOro po3BUTKY [2, 3]. Ha choroawimHii
JIeHb OCOOJIMBO aKTyaJbHOK € MaJlopecypcHa KpPHIITO-
rpadis, a;pke caMe BOHa 3a0e3medye 3axucT iHpopMarii
B OOMEKEHHX JaCOBHX Ta CHEPreTHYHHX yMmoBax [4, 5].
OpHUM 13 UUBIXIB PO3BUTKY MOJIOPECYPCHOI KPHUITO-
rpadii € nobyaosa mmuppie Ha ocHoBi CET-omeparriit
(Cryptographic Encoding Theory — omepauiit) [6]. CET-
ormepailii MPEACTAaBIAIOTE COOOK JAMCKPETHI MOJENi
TabJMIb MiZACTaHOBOK siki peanmidytotbess B CET-
mm¢pax. 3MEHIICHHS CKIIaJHOCTI IUCKPETHUX MOJIeNeH
CET-onepauiit s mpssMoro i 06epHEHOTro IepeTBIIo-
peHHs iH(popMarii MPUBOJUTE 10 3MEHIIEHHS PECYPCiB
HEOOXITHUX Ha peaizallilo KpUITOCHCTEMH.

AHani3 ocTaHHix Aociaigxkenb i myOgaikauniii. B
MoHorpadii [6] npeacrapieHi pe3ynpTaT AOCTIIKSHHS
apxitektypu CET-omepamiif, Ta mpuHIUMIIB MOOYIOBH
TEXHOJIOTiHf TOTOKOBOTO IH(pPYBaHHSI Ha X OCHOBI.
IIpore ocobmmBocTi mobynoBu camux Mmoxeneit CET-
omepanii He posriasmanmuca. IloOymoBa AMCKpPETHHX
mozeneit CET-omnepartiii moB’s;3aHa 3 CKIaHICTIO OIHCY
JMHIHHUX 1 HENIHIHHMX NEepPeTBOPEHb 3a JOIMOMOTO0
€IMHOTO MaTeMaTHYHOTO arapaTy JIOCTaTHhO CKJIAHA i
He 3aBxau epektuBHa [7]. Cepen Heniiiinux CET-
orepariiii ocodnrBe micle 3aiiMaroTh orneparii KepoBaHi
inpopmaniero [7]. Amxe came 3actocyBanus CET-
omeparliii 3a0e3nedye MOABIHHE YNpaBIIiHHS IPOLECOM

mmdpyBanHsa. Pesymprar mudpyBaHas Oyne 3aiexaTH
SIK BiJ KpUnTorpadiqHOro KIIroda, Tak i Big iHpopMmarii,
sIKa 3aIIU(PPOBYETHCS.

BignosinHo no [7] CET-onepaii kepoBaHi iH}po-
pMartieto noginstorecss Ha CET-omeparnii mepecTaHOBOK
kepoBaHux iHQopmariero i CET-omepamii Ha ocHOBIi
eJIEeMEHTapHUX (YHKIIH KepoBaHHUX iH(pOPMAL€LO.

Crartss [8] mpuCBSIYeHAa CHHTE3Y JHCKPETHO-
anreOpaiyHUX MOJeNel eleMeHTapHuX (QYHKINN omepa-
il kepoBauux iHdopmariiero. B crarri [9] 3anpomoro-
BaHO BHMKOPHCTOBYBATH JIMUCKPETHO-Ka3yalbHE Ipe.-
CTaBJIeHHs Mojelneil enemeHtapuux ¢yHkuin i CET-
orepaniid. Pe3ynpTaTé IMCKpeTHO-Ka3yalbHOTO MOjie-
moBanHa CET-omeparrii mepecTaHOBOK KEpOBaHHX IH-
¢dopmariero HaBezeni B [10]. B podorax [7-10] Bigmiua-
eTbes mo moOynoBa Beix CET-omepariii i enemenTap-
HUX (QYHKIIH KepoBaHHX iHPOPMAIII€I0 TOYNHAETHCS 3
BU3HAYCHHS KIJIIOYOBOTO e€JIeMEHTy Mojelni (BXiaHOi
3MIHHOT sike 3a0e3reuye YIpaBiHHS MPOIECOM IepeT-
BOPEHHS).

OnxHO3HAYHICT BU3HAYCHHS KIIFOYOBOTO €JIEMEHTY
TIPUBOJIUTH 0 oiHO3HAYHOCTI o0y moBu CET-oneparriii
JUI TIpSAMOTO 1 00epHEHOTO KPHNTOrpadidHOTO Meper-
BOPEHHSI.

[Ipore B enemeHTaHMX (QYHKIIAX omepamid Kepo-
BaHMX iH(OpMaLi€I0 KIIOYOBUM EIEMEHTOM MOXe OyTH
Oynp siKa BXiJHa 3MiHHA, 110 MOBHHHO MNPHUBECTH 0
30UIBIICHHS KUIBKOCTI Mopened 1 KpunrorpadigyHoro
TIEPETBOPEHHS 1 PO3IMIMPEHHI MOXIIMBOCTEH NPH MOJie-
mroBaHHg CET-omepaiii.

Meto10 po6oTH € po3pobOka MeToay OaraToBapia-
HTHOTO CHHTE3y IMCKPETHO-Ka3yallbHUX MOJENeH ere-
MEHTapHHUX (QYHKIIII omepariii kepoBaHUX iH(oOpMaIli-
€10 SIKMU PO3LIMPUTH MOXKIJIMBOCTI TPOEKTYBAHHS MaJlo
pecypcHux npuctpoiB peamizamii CET-omeparmiit s
MoOyAoBH KpunrorpagiuHux CHCTEM 3 MOABIHHUM yH-
PABJIIHHSM MPOLIECOM IMU(PPYBAHHS.
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OcHoBHu# MaTepian

I'pyna enemenTapHuX (DYHKIIH omepariii kepoBa-
HUX iHpOpMaIi€l0 BKIIOYaE B cebe 8§ eleMeHTapHUX
¢yukmiit [11]. nckpeTHi MoJeNi TaHUX eIEMEHTAPHUX
¢yHKui HaBeneHi B Tabn. 1. [Hgexc enemenTapHoi Qy-
HKIIi BiANOBIJAIOTh 3HAYCHHIO NIECATKOBOI mudpu pe-
3yJNbTaTy TEPEeTBOPEHHS 11 IBIHKOBOTO KOXIy 3TiIHO
YIOPSIKOBAHOT TAOJHUII iCTUHHOCTI.

Tabnuysa 1 — EnementapHi ¢pyHkuii onepauii,
KepoBaHHX iHdopMmanielo

foz(X) =X - Xp VX - X3V Xy X3 =

X9+ Xg, sAkwo x; =0
—{ = (X2 X3 )(X)(X2 V X3).

Xo V X3, AKuo x =1

PesynbraT moOynoBu enemMeHTapHUX (QyHKIIN ore-
pamiif kKepoBaHHX iH(OpMAIli€ro HaBeIeH] B Ta0II. 2.

Tabauys 2 — EnementapHi ¢pyHkuii onepaniii
KepoBaHHX iHpopMmanicio

EnemenrtapHa QyHKIis EnemenrtapHa QyHKIis

EnemenTapHa QyHKIIIs EnemenTapHa QyHkiis

Fra () =X Xy VX Xy V Xy Xy | Frgp(X) =X -, VR Ry VX, - Ky

Fa(X) =X X VX KV Xy XK | Ty (X) =%, - X, v

I

Xy VK, Xg

~N

frr(X) =X Ko VXX VX X | i (X) =X, X, VKX v X 0 X

fs() =X X VX Xy VX Xy | Fp(X) =% %, VX Xy VK, - Xy

Cepen HaBeneHUX B TaOn.l eixeMeHTapHHUX (QyHK-
uiit 4 enmemenTtapHi QyHKIIl OyayTh mpsMumu i 4 ene-
MeHTapHi (QyHKIi1 iHBepcHUMU. [Ipsma i BiamoBigHA 1it
iHBEepCHa eJieMeHTapHI QyHKIIT 3HAXOIATHCS B OJTHOMY
psanky Tabn.l. [Ins enementapHuX (YHKILIH omeparii
KEepOBaHUX IH(GOPMAIIIEI0 HEBIOMO SKi 3 HUX OyAyTh
NPSIMUMHU, a SIKI IHBEpCHUMH. TOMY YMOBHO BU3HAYHMO
B SIKOCTI MPSAMUX eNIEeMEHTapHUX (YHKIIH eleMeHTapHi
GyHKIIT 3 MEHIIUMH IHACKCAMH, sIKi MPEICTaBICHI B
mepuIoMy cToBIIi Tadm. 1.

Ha ocHOBi Mopmenelt ememMeHTapHUX (QYHKIIIH
NpENCTaBICHUX B TalOl. 1 MOXXHa 3pOOHMTH BHCHOBOK,
oo TpsMa eJeMeHTapHa (YHKIIS BiIpi3HAETHCS Bix
iHBepcHOi iHBepcieto BimnmoBimgamx Ci-kBaHTI. Ko,
BiJOMa TpsMa eJIeMeHTapHa (YHKIIS, TO MOOyAyBaTH
iHBepCHY MOXHA iHBepTyBaHHAM i Hil Ci KBaHTIB X, ,
X, 1 X,. Hanpuknan: inBepryBaBmm BXigni Ci-KBaHTH
B Qynkiii f,;(X) =X, - X, vV X, - X3 V X, - X; , OTPUMAEMO
fo,(X) =X, -X, VX - X3 VX, X;. | HaBnaxwm, npu in-
BepTyBaHHI BXinHUX Ci-KBaHTIB B iHBEpCHIH eleMeHTa-
pHilt QyHKIIT Oyme oTpuMaHa mpsiMa eixeMeHTapHa dy-

HKOis. [loOynmoBy iHBepCHOI eneMeHTapHO! (QYHKIIi
omeparii KepoBaHOi iH(pOpPMaIi€l0 MOXKHA TIPEICTABUTH:

L ®1=f,(0) = (%), M

e © — nmomaBaHHS 33 MOAyJeM 2; =1 — [ECATKOBE
MIpeCTaBICHHS iHBEPCHOTO ABIHKOBOTO KOAY IECSITKO-
BOTO YHCIa | .

Enemenrapna ¢yHkitis omnepamii kepoBaHoi iH(o-
pMarttiero peamizye BHOIp pe3yabTaTy JIOTIYHOTO MHO-
’KE€HHs, a00 JIoriuHoro AoxaBaHHs aABox Ci-KBaHTIB BXi-
JHOT 1H(pOpMaIii B 3a1I€KHOCTI BaJl 3HAYECHHS TPETHOTO
Ci-xaHTa iHpopMarii.

MMix Ci-kBanToM iH(OpMaNii MiAPO3yMiBaAETHCS
MiHIManbHUH o0csar iHdopmaii 3 sixkum omnepye CET-
omnepauis (0iT, 6aiiT, cloBoO,...) [6].

BHKOpHCTAEMO IHCKPETHO-Ka3yajabHE IPEACTaB-
JIEHHSI MOJIEJIeH eleMeHTapHuX (YHKIIH omepamii Ke-
poBanux iHdopmariero [9].

Hanpuxnan,

Fra(X) = (X3 - X3 ) (%) (%, v X3)

232 (X) = (%, v X3 ) (% )(X; - X5)

fia(¥) = (X - X3 )(%)(X, v X3)

f (%) = (%, - X3 )(X%) (X, v X5)

178(X) = (X v X3 )(X)(X, - X;)

flaa () = (X, v X3 )X ) (X, - %)

f
fo00 (X) = (X, v X3 )%, ) (X; - X5)
f
f

142 (X) = (X5 - X5 ) (%) (X, v X3)

Amnani3 Tabn. 2. IoOKa3as, M0 eIeMEHTAPHI (YHKINT
fls(X) 1 f,(X) MOpeYHO TOMIHATH MiCUAMH, IO 3a-
0e3neYnTh HasBHICTH BCiX BapiaHTiB iHBepcii Ci-KBaHTIB
X, 1 X;. B pesynbrari mepecTaHOBKH MiX CTOBILAMU

¢Qynxuii f,,(x) i f,,(X), B nepmomy cTOBNLI Mpu Hy-
NOBOMY 3HAUEHHs 3MiHHOI X, OyJe BHKOHYBAaTHCs JIOTi-

yHe MHOeHHs1 Ci-KBaHTIB, a IPU OJJMHUYHOMY 3Ha4YeHHI
noriuHe nonasanHs Ci kBaHTiB. B mpyromy croemui Ha-
BIIAKH, IIPY HyJb0BOMY 3HAYCHHSA 3MIiHHOi X, Oyze BUKO-
HyBaTHCs JioriuHe noxaBaHHsA Ci-KBaHTIB, a TIPH OJTUHH-
YHOMY 3Ha4CHHI JIoriuHe MHOXEHHS Ci-KBaHTIB.

JlucKkpeTHO-Ka3yaabHI MOJIENI MalOTh BJIACTUBICTD:
iHBepCis pe3ynbraTy peatizamii (GyHKIIT yrnpaBiiHHI
NpUBEJE N0 MePEeCTaHOBKU MiclsiMH (YHKIIH nepeTBo-
penns [10]:

F() = (,00)(F00)(F300) = (F300)(F ((F1(¥) , (2)

ne f(x), f,(x), f;(x) —Oynp ki quckpeTHi QyHKIiI.
3 BpaxyBaHHAM TepecTaHoBkd QyHkuii f,(x) i
flp(X), 1 BOacTHBOCTI (2) OTPUMAEMO €NEMEHTApPHi

GyHKLIT onepaliiii kepoBaHUX iH(OpPMAIIi€r, TPEICTaBICHI
B Tabn. 3. YnopsakoBaHa MOCIHIIOBHICTh (opMyBaHHs
inBepciii BxinHux Ci-KBaHTIB HaBeJeHa B Ta0I. 4.

Tabauys 3 — EnementapHi pyHkuii onmepamiit
KepoBaHHX iH(popMalico

EnemenTapHa QyHKIIis EnemenTapHa QyHKIIis

foa(X) = (%, - X5 )X ) (X, v X5) [Fr5, (X) = (X, - X)) (%) (X, v X, )

f43 (X) = (Xz X )(X1)(X2 v X3) f212 (X) = (Xz 'Xa)(xl)(xz V Xq )

f77 (X) = (Xz X3 )(Xl)(XZ Vv X3) fl78 (X) = (Xz 'X3)(X1)(X2 v X )

a0 (X) = (X, - X3 )X (X, v Xo) | F1i3(X) = (%, - X5) (X)) (X, v X5 )

[Micnsa popmyBanHs HaboOpy iHBepciii Oyayerhcs
MOJIeNb  eJeMeHTapHOi (YHKIII onepaiii KepoBaHOi
inpopmamiero. Buxoasun 3 mporo Tabi. 4 MOXHa Ha-
3BaTH TaOJIUIIEI0 CHHTE3Y eleMEeHTapHUX (PyHKIII.

Otpumani B Tabu. 4 nepuii 4 eneMeHTapHi QyHKIIT
OyoyTh TpsSMHUMH, a HACTYyIHI iHBepcHUMH. B3ae-
MO3B’ 30K MiJK IPSIMAMH 1 IHBEpCHUMH €JIEMEHTaApHUMHU
(yHKIIIMA BU3HAYAETHCS BiAmoBimHO 1m0 BHpasy (1),
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a0o sK: Ni’n,, + M, =7, ne Ngn,, — MOPSIKOBUI HOMED
npsmoi enementaproi dpyuxuil (M, €{0,.., 3}); M, —

MOPSAKOBUI HOMEp IHBEPCHOI eleMEeHTapHOi (yHKIIi

(Mo, €{4,.., T}).

Tabnuys 4 — Tadnuus cuHTe3y eleMeHTAPHUX GyHKUii

Ne Kon Ci-kpanTy CuHTe30BaHa

/o] madpn | X | X,| X, eJleMeHTapHa (QyHKIIis
000 |0 [0]x [X|Xs] Fau(®)=0X; %)X )(%, v %)
1o oL x|X| X fau(®)=0x X )(X)(X, v X)
210 11 (0% X[ X ) T (%)= (X %5 )X (X, v X5)
3101 1]x (X[ X fu () =(X %) ()X, v X5)
41101010 1X (X[ X frus (0= (X - X3)(X) (X, v X5 )
51110 1% [X|X) fire(¥)=(X - X)(X) (X, v X5)
61| 1]0)%|%| X fara(¥)= (% X )(X)(X, v X5)
711|155 | %] Fa(¥) = (% - X)(X)(X, vXy)

VHIKaJbHICTh eleMeHTapHUX (QYHKIIH omepariit
KEepOBaHUX I1HPOPMAIIIEI0 MMOJIArae B TOMY IO Oyab
axuil BXinawi Ci-xBaHT: X, X,, a00 X,, MOxe OyTH
YIPABISIOUUM.

IIpogemoHCTpy€EMO Lie Ha MPUKIAAL f23(X). Dy-
HKI[IOHaJIbHI CXeMH peaiizalii eneMeHTapHOi (yHKii
f,5(X) , B 3anexnocri Bix Bubpannx Ci-kBaHTIB yrpas-
JiHHS HaBeaeHi Ha puc. 1 -3.

Sx BumHO 3 puc. 1 —3 OyHKIIIOHANBHI CXEeMH pea-
nizauii enemenrapuoi dynkuii f,,(X) BigpisHstoTsCs

niie Hymepariiero Bxigaux Ci-KBaHTIB.

X
.. | |
= &
X, & X
f]_%(x)
i =k
&
1

Puc. 1. Oynkuis fy3(X) mpu ynpasiiHHI Ha OCHOBI Xq

X5
xl &
X & ,
- ! .f23 (X)
1 |
&
1

Puc. 2. Oynkuist fy3(X) mpu ympasmninii Ha OCHOBI X,

|

- &

S (x)

Puc. 3. Oynkuis fy3(X) mpu ympasiiHHI Ha OCHOBI X3

Jlust enemenrapuoi dyukuii f,,(X) orpumaemo:

foe = (X, X5 )(X) (X, v X5) (3)
frg = (X, X3 )( X)) (X, Vv X;) 5 (4)
frs = (% X3 )(X5) (X v X,) - (%)

Ha ocHoBi mopeneii (3) — (5) MoxxHa 3poOUTH BU-
CHOBOK, IO Tpu Mopudikamii erxeMeHTapHOT (YyHKIIi
orepamniii KepoBaHUX iH(OpMAaIiero MOXKHa Ha OCHOBI
TPBOX IIEPECTAaHOBOK:

X, > X5 X Xy X > Xs.

(6)

INosHauka Haz |-10 3MiHHOWO X, B Mozeni (6) —

3MiHHI TIEPECTaBILTIOTHCS Pa30M 3 HASSBHUMH iHBEPCIsIMU.
CunTte3 eneMeHTapHHX (YHKIH omepamiii Kepo-
BaHUX iH(OpPMAIli€r0 BIAMOBIAHO 10O Ta01..4 1 MOCIiTOB-
Ha peaji3allis HaJ KOXKHOI 3 HHX MOJeJel IepecTaHo-
BOK (6) 3abe3meuye OaratoBapiaHTHY MOOYyIOBY HOBHOL
MHOXXHHH elleMeHTapHuX (YHKIIH oneparliii KepoBaHHUX
iHpopmarieto. JlaHui pe3ynbTaT MOKHA TPAKTyBaTH 5K
MEeTOZ  0araToBapiaHTHOIO  CHHTE3y  JHCKPETHO-
Ka3yaJbHUX MOJENeH eJeMeHTapHUX (YHKIIH onepariii
KepoBaHUX iH(popMmalie. 3a pe3ynpTataMu peajizaiii
JaHoro weroxy Oyae mnoOymoBaHo 24 JHUCKpPETHO-
Ka3yalbHI MOJEINi elleMeHTapHHX (YHKIIN omeparriit
KEepOBaHUX iH(pOpMaIIi€I0, sIKi HaBeeHi B Ta0IL.5.

Tabnuysa 5 — baratoBapiaHTHiI MOTHOI eJleMeHTapPHUX
(yHkuniii onepauiii kepoBanux ingopmaniero

EnemenrapHa ¢yHKIis EnemenrapHa yHKis
(0 = (% 15 )00 v %) [Tz (0 = (%5 - %) (%) (%, v %o )
T 00 = 0 X )0)06 v Xa) [T (9) = (% - Ko) (Ro) (% v K, )
B (0= (%%, )% (% v 5) [ F0(0) = (% %,) (%) (% v %, )
() = 0 % )00) (% v %5) [Fara (09 = (5 X0) (R (% v %, )
T (0= (% 5 )00)06 v %) [T () = (% - ) (%) (% v %, )
T (0= (% ) )06 v %) | T () = (% - 5)00) (% v X, )
F7 (%) = (X - X3 )X )(Xp v X5) [f17 (X) = (6 - X5 )(X ) (X, v X; )
F2700) = (X X5 J(X) (X0 v X5) | fi7g(X) = (X - X ) (%) (%, v X )
f27(%) = (X, - %, )(X) (X, v %) | 17 (X) = (% %, ) (%) (X v X, )

12 (X) = (X, - X3 )6 (X, v X5) | 11 (X) = 0 - X5) (%) (X, v %5 )
fip (X) = (X - X3 ) (%) (% v X5) | F115(X) = (X - %) 06) (% v %5 )
fip (X) = (X - X5 )(X3) (X v %) | i (X) = (% - %,) (%) (X v %, )
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KOpeKTHICTh 3alponoOHOBaHOTO METOJY MiATBep-
JUKYETBCS CIIIB MaJlaHHSIM KUTBKOCTI OOYJIOBaHUX JIHC-
KpPETHO Ka3yaJlbHHX MOJeNied 3 KUIBKICTIO AMCKPETHO-
anrebpaiuHuX Mopenel HaBeneHux B [8]. 3ampormoHo-
BaHMH METOJ Ma€ MEHIIY aJrOPUTMIYHY CKJIAIHICTh
NOpiBHSAHA 3  METOAOM  CHHTE3y  IHCKPETHO-
anreOpaiqHuX Monenel eneMeHTapHuX (YHKLIKA omepa-
1iff kepoBaHWX iH(poOpMamielo. BiH He BUMarae mopart-
KOBOTO INEPETBOPEHHS IHCKPETHO-aNreOpaiyHux Moze-
JIeH B IUCKPETHO-Ka3yalbHi MOJIEI.

BucHoBkH

Po3pobneno MeTon 0OaraToBapiaHTHOTO CHHTE3Y
JMCKPETHO-Ka3yallbHUX MOJIENIeH eJIeMeHTapHUX (YHK-
il omepaniii kepoBaHuX iH(popMmariero. JlaHmii pe3yb-
TaT PO3LUIMPHUTH MOMJIMBOCTI MPOEKTYBaHHS Maio pe-

cypcHux npuctpoi peanizanii CET-onepaniii mis mo-
OynoBH KpunrorpadiuHUX CUCTEM 3 MOJABIHHHUM yIpaB-
JIHHSM TPOIecOM MH(PYBaHHS.

JuckpeTHo-Ka3yalibHI MOJENI eleMEeHTapHuX ¢y-
HKIIH omeparniii kepoBaHUX 1H(OPMAIEI0 MOPIBHSHO 3
JHMCKPETHO-aNreOpaiYHUMU MOJEISAMH CYTTEBO 3MECH-
IIyIOTh CKJIaTHICTh peadizarii 6araroonepangaux CET-
orepaniii. 301bIIEHHS KUTBKOCTI BapiaHTIB IPEICTaB-
JIeHHS AUCKPETHO-Ka3yaJIbHUX MOZENCH eleMEeHTapHHX
¢yHKIii 103BOMUTE cripocTuTH niporec moodynosu CET-
omepaniii. KpiMm  OGaraToBapiaHTHICTH  IHCKPETHO-
KazyaJlbHUX MoJeJiell eeMeHTapHuX (YHKIIH omepartiii
KEepOBaHUX iH(QOPMAIIIE€I0 TO3BOJIIOTH IHTETPYBATH X B
CET-onepauisix CyMiCHO 3 JAHCKPETHO-Ka3yaJbHUMH
MOJIEIISIMU  €JIEMEHTapHUX (YHKI[IH MepecTaHOBOK Ke-
pOBaHMX iHpOpPMAIIi€IO.

CIIMCOK JIUTEPATYPU

1. Zheng, Z.,Tian, K. & Liu, F. (2023). Modern Cryptography Volume 2. A Classical Introduction to Informational and
Mathematical Principle. Springer: Singapore. https://doi.org/10.1007/978-981-19-7644-5

2. Ryan, M. (2021). Evolution of Applied Cryptography. In: Ransomware Revolution: The Rise of a Prodigious Cyber Threat.
Advances in Information Security, vol 85. Springer, Cham. https://doi.org/10.1007/978-3-030-66583-8_3

3. Yalamuri, G., Honnavalli, P. & Eswaran, S. (2022). A Review of the Present Cryptographic Arsenal to Deal with Post-
Quantum Threats. Procedia Comput. Sci. 215, 834-845. https://doi.org/10.1016/j.procs.2022.12.086

4. Sabani, M., et al. (2023). Evaluation and Comparison of Lattice-Based Cryptosystems for a Secure Quantum Computing Era.
Electronics, 12(12), 2643. https://doi.org/10.3390/electronics12122643

5. Khudoykulov, Z. (2024). A Comparison of Lightweight Cryptographic Algorithms. In: Aliev, R.A, et al. 12th World
Conference “Intelligent System for Industrial Automation” (WCIS-2022). WCIS 2022. Lecture Notes in Networks and
Systems, vol 912. Springer, Cham. https://doi.org/10.1007/978-3-031-53488-1_36

6. Apxirexrypa CET-omepariiii i TexHouorii motokoBoro mmudpysanns. Architecture of CET-operations and stream encryption
technologies: MmoHorpadis / B. M. Pynunnpkuit, H. B. Jlaga, I'. A. Kyuayk, [. A. [liznacuii. — Yepkacu: Bun. IToHomape-
ko P.B.,2024.—374 c. https://dndivsovt.com/index.php/monograph/issue/view/22/22

7. babenxo Bipa. Knacugikarist Tpupo3psIHUX eleMEeHTapHUX (QYHKIIH Ui KpUNTOrpadiqHOro MepeTBOpeHHs iHpopmarii /
Bipa babenko, Onsra Mensauk, Pycnan Menbsauk // besneka indopmarii: Hayk. sxypHai. — Kuis : HAY, 2013. — Tom 19. —
Ne 1. — C. 56-59. https://jrnl.nau.edu.ua/index.php/Infosecurity/issue/view/220.

8. Pymuuupkmit B.M., Jlama H.B., Ilimnacuit JI.A., Mensauk O. I'. CuHTe3 AHCKpETHO-anTreOpaiyHIX MOJENeH eleMeHTapHIX
¢byHKUiN omepauiii kepoBanux iHpopMaiero. Enexktponne daxoBe HaykoBe BunaHHs «KibepOesneka: ocBita, Hayka, TeXHi-
kay. Kuis: KuiBcbkuit yHiBepcuter imeni bopuca I'pinuenka. Tom 3 Ne 23 (2024): Kibepbesneka: ocBita, Hayka c. 6-16.
DOI: https://doi.org/10.28925/2663-4023.2024.23.616

9. Pynuunekuii B.M., Jlapin B.B., Mensuuk O. I, [Tigmacwuii JI. A. JluckpeTHO-Ka3yaabHE MPEICTABICHHS MOJICICH eleMeHTa-
panx  ¢yskmii i CET-omepamiii. CucremMu ympapiiHHA, Hapiramii Ta 3B°s3Ky, 2023. Ne4  ¢1.96-101.
DOI: doi:https://doi.org/10.26906/SUNZ.2023.4.096.

10. V. Rudnytskyi, N. Lada, V. Larin, D. Holovniak, H. Haponenko, D. Pidlasyi and T. Stabetska Discrete and casual modeling
of cet-operations of data-controlled permutations. Journal of Xidian University Volume 18 — Issue 6 — June 2024 Page
No: 747-767. D0i.10.37896/jxu18.6/067

11. Pynuunpkuii B. M., ba6enko B. I'., XKunse [I. A. AnreOpaiuHa CTpyKTypa MHOXHHH JIOTIYHHX ollepaliif koxyBanHs. Hayka
i TexHika [ToBiTpstaux Cun 36poitnux Cun Ykpainu. 2011. Bum. 2 (6). C. 112-114.

Received (Hapniiinuia) 10.09.2024
Accepted for publication (TTpuitasita 1o apyky) 13.11.2024

Discrete-casual modeling of elementary functions of operations controlled by information
V. Rudnitsky, N. Lada, V. Larin, D. Pidlasy

Abstract. The article proposes a method of multivariate synthesis of discrete-casual models of elementary functions of
operations controlled by information. The implementation of this method will expand the possibilities of designing low-resource
devices for the implementation of SET operations for the construction of cryptographic systems with double control of the en-
cryption process. For these information protection systems, management of the encryption process will be determined by both the
key and the information to be encrypted. Discrete-casual models of elementary functions of operations controlled by information,
compared to discrete-algebraic models, significantly reduce the complexity of implementing multi-operand SET operations, since
their representation allows the use of Boolean function minimization methods when combined. Increasing the number of options
for presenting discrete-casual models of elementary functions will allow for the implementation of several strategies for combin-
ing them to simplify the models of constructed SET operations. The multivariate nature of discrete-casual models of elementary
functions of operations controlled by information allows to integrate them in SET-operations compatible with discrete-casual
models of elementary functions of operations controlled permutations. Scope of use of the obtained results: mobile and stationary
systems of low-resource cryptographic protection of confidential information.

Keywords: low-resource cryptography, SET encryption, information-driven operations, elementary functions, discrete-
casual models, stream encryption.
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! HanjonansHuii acpokocMiunmii yHiBepeuTeT “XapKiBChKuii aBianiiinuil incturyt”, Xapkis, Ykpaina
2 XapkiBchbkuil HaionanbHuii yHiBepeutet [oiTpsnux Cui im. 1. Koxkeny6a, Xapkis, Ykpaina

I'PYIIOBE 3ACTOCYBAHHS BE3IIJIOTHUX JIITAJIBHUX AITAPATIB TA
HABEMHHUX POBOTU30BAHUX 3ACOBIB: BUKJIMKH, PILIEHHSA TA
HNEPCIIEKTHUBH BIIPOBAI)KEHHSI XMAPHO-ATEHTHHUX TEXHOJIOTTH

AHoTamisi. 3acrocyBaHHs 0e3miToTHHX JitanbHux anaparis (BILIA) ta HazemHi poGoTu3oBani 3acobu (HP3) 5 akryansHuM
TPEHAOM CchorozieHHs. IIpH 1IboMy 1X IIOOAMHOKE 3aCTOCYBaHH NEPEXOUTh JI0 TPYIIOBOTO 3aCTOCYBaHHsI, KOJIM HEoOXiHO 3a6e3-
NeTyBaTH KOMYHIKaIliii Ta ONTUMalIbHe BUKOPHUCTaHHS pecypeiB. IlpeaMeToM cTaTTi € porecu rpynoBoro 3acTOCYBaHHS Oe3i-
JIOTHUIX JITAJIGHAX 1 HA3eMHHUX arapatiB. MeTa cTaTTi — IpoBeieH s BceOIIHOro aHastizy OcCHOBHHX cdep 3actocyBaHHs BITJIA i
HP3, Bu3HaueHHs MeTO/IB ONTHMI3ALi 3aBIaHb UL TPYII IIMX IPUCTPOIB, a TAKOXK OIIHKA JTOLUJIEHOCTI Ta NMEPCIIEKTHB BIIPOBa-
JDKEHHST XMapHUX TEXHOJIOTIH UL pO3NOIiTy 3aBIaHb Ta ONTHMI3amii MapipyTis. B pe3yabTaTi po6oTn BH3HaYeHO, 0 HAHOLIBII
axkTyansHUME TeMaM B raimy3i BITJIA Ta HP3 e 3actocyBanHsS XMapHUX TexHOJIOTH, iHTerparis HP3 y cucremu 3 BITIA, po3pobOka
CHCTEM TIOTICPEUKEHHS TOKEXK Ta 3aCTOCYBAHHS METOIIB MAIIMHHOTO HABYaHHs. BKa3aHi METO/M Ta TEXHOJIOTIT aKTHBHO 3aCTOCO-
BYIOTBCS IPH BUPILIIEHH] CKJIATHHX 33/1a4 IUIAaHyBaHHS MapUIPYTiB Ta pO3NOUTY 3aBaaHb y rpymnax BITJIA ta HP3. Ane npu ipomy,
HEZIOCTaTHBO yBard MPUALULIETHCS BIUTMBY PiI3HOMAHITHHX IOrOHUX yMOB Ha podoty BITJIA ta HP3, a Takox po3paxyHKy Haiii-
HOCTi Micii. Lli acTiekTH € KpUTHYHO BaXKJIMBUMH JUTSl IPAKTHYHOTO 3aCTOCYBAaHHS OE3MITIOTHUX CHCTEM, OCOOIMBO B CKIAIHUX
YMOBax Ta [P BUKOHAHHI BiNOBIIAJFHUX 3aBJaHb. PO3POOL aJaNTHBHUX aJTOPUTMIB, 3aTHUX BPaXxOBYBAaTH JMHAMIUHI 3MIHU
HaBKOJIUIITHKOTO CEPEJIOBHUINA, TA HA CTBOPCHHI KOMILICKCHUX MOJICIICH OIIHKY HaIMHOCTI MICili 3 ypaXyBaHHSM SIK TEXHIYHUX
XapaKTEePHCTHUK MPHUCTPOIB, TaK i 30BHIIIHIX (hakTopiB. HampsiMok mogaibIInX J0CTiTKeHb TOJSTae y po3poOii aanTHBHAX
AITOPHUTMIB, 3/1aTHUX BPaxOBYBaTH AMHAMIYHI 3MiHH HABKOJIMIIHEOTO CEPEJOBHIIA, Ta CTBOPEHHI KOMIUIEKCHUX MOJIEIICH OLIHKH
HaJIHHOCTI MiCiii 3 ypaXyBaHHSM SIK TEXHIYHUX XapaKTEPHCTUK NPHCTPOiB, TaK 1 30BHIMIHIX (aKTOPIB.

KnaouoBi caoBa: Ge3nminoTHHH JiTaNbHUI anapat; Oe3MiNOTHI Ha3eMHI TPAHCIOPTHI 3aCO0H; TPYIOBE 3aCTOCYBAaHHS;

OJIS TOCI/KEHb; Cy4acHi TEXHOJIOT1.

Beryn

IocTtanoBka nmpodaemn. be3ninoTHi JiTaneHi ana-
paTH Ta Ha3eMHi poOOTH30BaHi 3aCO0H CTPIMKO PO3IIHU-
PIOIOTH CepH CBOrO 3aCTOCYBAHHS, IEMOHCTPYIOUH He-
aOusIKy e(QeKTUBHICTh y PI3HOMaHITHHX Tally3siX - Bij
MoHiTopuHry 06'extiB [1, 2] i nikBimamii HacmiAKiB CTH-
XIMHUX JIHX 10 BificbkoBUX omepaiiii. [Ipote ix rpymose
BHUKOPHCTAHHS IOPOJKY€E HU3KY BUKIIMKIB, 30KpeMa OIl-
TUMAJIbHUI PO3IOLI 3aBJaHb Ta 3a0e31CUCHHSI HaTIHOT
KOMYHIKAaIii Mi>K IPUCTPOSIMHU.

Jiist BUpitIeHHs UX po0ieM cydacHi migxoan Oa-
3YIOTBCSI Ha 3aCTOCYBaHHI MTYYHOTO iHTenekry (1) Ta
MepeZIoBUX anropuTMiB. HemomaBHi JOCTiIKEHHS Jie-
MOHCTpPYI0Th, o LIl cyTTeBO TMimBHIIyEe eheKTUBHICTD
poiB BIIJIA, onTiMizyrouu iXHi MapUIPYTH Ta MOBEAIHKY
B pPI3HOMaHITHUX cleHapisx [3]. 3aBasku iHTerpauii an-
roputmiB 1111, ogaa cucrema abo omepaTop MOXke Kepy-
BaTH BCiMa JITAJILHUMU anapaTamH, PO3paxoBYIOYH OIl-
TUMaJIbHI MapUIPYTH ISl KOXKHOTO 3 HUX.

Y KOHTEKCTi ONTUMI3allii MIaHyBaHHS MapIIpyTiB
BITJIA, ribpuaHi anropuT™MH BUSIBHIIHCS Halie(heKTHBHI-
VMU, TIEPEBEPIINBINN €BOJIFOLIINAHI Ta POEBI MiAXOIH.
JloCITiTHUKY HAaroJIOMYIOTh Ha BaXKIMBOCTI ONTHMi3alii
Yyacy B MaTeMaTHYHUX MOJIEIISIX Ta BpaxXyBaHHI JMHAMIY-
HOTO CepeIOBHIIA, 110 BiOOpakae MparHeHHs 110 TTiIBU-
IICHHS 00YHCITIOBAIBHOT €(PEKTHBHOCTI Ta alanTaii 10
peansHuX ymMoB [4].

Konmnenmis 6araToareHTHUX cUcTeM HaOyBae Bce Oi-
JTIBITION MOTYJISIPHOCTI [5], pO3IIMPIOI0OYN MOXITUBOCTI B3a-
eMogii MK pi3HUMH THIIAaMH O€3MUTOTHIX TPAHCTIOPTHHUX
3aco0iB. Y mpomy KoHTekcTi BITJIA cTaroTh 9acTHHOIO
CKJIQTHOT Mepeski pOOOTOTEXHIYHUX CUCTEM, ITI0 IO3BOJISIE
MIPOBOUTH KOMILICKCHI oriepariii Ta B3aemorii mixk BITJTA

ta HP3. JlocmipkeHHs B I1i#l ramy3i 30CepeDKYOTHCS Ha
KOOP/IMHAIIIT PI3HOMaHITHUX areHTIB JJIS TIOCSATHCHHS CITi-
JBHUX LUTEH, PO3IIHPIOIOYH ONIEPATHBHI MOKIIMBOCTI Oe3-
MIJIOTHUX CHCTEM Yy TPYNOBHX yMoBax [6].

Oco6imBa yBara IpUAUTSETHCS CTPATETisIM KOOP.IHU-
Hawii Ta cradbinsHocTi st BITJIA ta HP3. InHoBamiiHi
MiAXOTU 0 TUTAHYBAaHHS Ta CTa0Lmi3amii MapmpyTiB J0-
3BOJISIIOTH areHTaM e(peKTUBHO B3aEMOJIISITH B CKIIaJHUX
cepeoBuInax 0e3 3aIe)KHOCTI Bijl 30BHILITHIX CUCTEM I10-
3UIIOHYBaHH. MeTOI1 ONTHYHOT JIOKai3aii BiAKpuBa-
I0Th HOBI MOXJIMBOCTI JIJIsl TICHOT CHIBIIpaLli MK pOsiMU
BITJIA Ta HP3 y munamiqaux ymoBax [7].

CucteMaTu4HUi OrJIsAZ  OlOJOTIYHO-HATXHEHHUX
ITOPUTMIB AJIS TIJIAHYBaHHS TPAEKTOPIl MONBOTY TPyl
BIUTA, npoBenenwmii y cratTi [8], oXxommoe miTeparypy 3
2013 mo 2021 pik. JocHigHUKH TPOaHATiI3yBaIH IIHPO-
KHH CIEKTp IiJXOJiB, BKJIIOYAIOYH METOJ POI0 YacTOK
(amrm. Particle Swarm Optimization, PSO), renernuni
QITOPUTMH, ONTHMIi3allifo ciporo BoBka (aHri1. Gray
Wolf Optimization, GWO) Ta onTuMi3alito MypammHoi
xonoHii (anra. Optimization of Ant Colony, ACO). An-
TOPUTMH OyJH KiIacu()iKOBaHi SK OpUTiHANBHI, BIOCKO-
HaJIeHi Ta TiOpuHi, 3 ypaxyBaHHAM (paKkTOpiB IpeacTaB-
neHHs cepenosuma (2D Ta 3D), nuHAMIYHOCTI, METOIIB
VHHKHEHHS 3iTKHeHb Ta crermdivyanx cdep 3acrocy-
BaHHA. Pe3ynbrarn nokasany, mo PSO e naiinommpeHi-
MM QJITOPUTMOM, a OUIBLIICTH JOCIIKEHb 30cepe-
JUKEHI Ha BIOCKOHAJIEHHUX BepCisix 010JI0T1YHO-HATXHEH-
HUX JITOPUTMIB Ul BUPIIIEHHS KOHKPETHHX 3aB/IaHb
TUIaHyBaHHS TpaekTopiit rpyn BITJIA.

OnHak, oOMexxeHa OOYMCITIOBalbHA TMOTY)KHICTD
BITJTA ta HP3 Moe cTaTH CYyTTEBOIO TMEPEIIKOIOI0 IS
e(heKTUBHOTO PO3paxyHKy MapIIpyTiB Ta PO3MOIiTY 3a-
BIaHb. Y IbOMY KOHTEKCTI IIEPCIIEKTHBHUM DILIEHHSIM €
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3aCTOCYBaHHSI XMapHHUX OOYHCIIIOBAJIBHUX TEXHOJIOTIH.
BoHu 103BOJISIIOTE IEPEHECTH PECYPCOEMHI O0UHCIICHHS
Ha Bi/iZaJIeHi cepBepH, ONTUMI3YI0UU MPOYKTUBHICTH Ta
3HW)KYIOUYH BapTiCTh OKPEMHX ITPUCTPOIB.

Merta craTTi nossarae y BceOivHOMy aHali3i OCHO-
BHUX cep 3acrocyBanns BITJIA i HP3, BuB4uenHi merto-
IiB ONITUMI3alii 3aBAaHb AJIS TPYII X MPUCTPOIB, a Ta-
KOX OIIHII JOIITFHOCTI Ta MEPCIIEKTHB BIIPOBAIKCHHS
XMapHHUX TEXHOJIOT1H AJIs pO3IIOALTY 3aBIaHb Ta ONTHMI-
3anii MapmpyTiB. [l DOCATHEHHS TOCTAaBICHOI METH
BH3HAYEHO HACTYIIHI 3aBIAHHS JOCIIHKCHHS:

- IPOBE/ICHHS MOPIBHSJIBHOTO aHaJi3y aKTyaJIbHHX
cnoco6iB Bukopucrantst bITJIA ta HP3 y piznux rany-
39X;

- BU3HAUYCHHS HaHOLIbIII OIIMPEHHUX HATIPSIMH IOCITI-
JOKCHB Ta aropuT™MiB ontuMizarii nusixy BITJIA ta HP3;

- 00TPYHTYBaHHS JIOLUILHOCTI 3aCTOCYBaHHS XMap-
HUX TEXHOJIOTiH JJI ONTHMI3aIlil MapIIpyTiB Ta CIIOCO-
6iB B3aemomii BITJIA i HP3, 3 ypaxyBaHHAM HEOOXiqHO-
cTi 3a0e3neueHHs HAOIHOCTI Ta BIUIMBY HAaBKOJIMII-
HBOT'O CEePEeIOBHUIIA.

Buknag ocHOBHOro Mmarepiajy

Metoaoaorisa aHadizy OCTaHHIX JOCTiIKeHb i
ny6Jikaniii. Bys npoBesieHut aHami3 my0OIiYHO AOCTYII-
HUX CTaTeH 1 JOCIiIKeHb Y raimy3i Oe3MiIOTHUX JIiTallb-
Hux amapartiB (BI1JIA) Ta 6e3miToTHIX Ha3eMHHUX TPaHC-
moptauX 3aco0iB (HP3). OcHoBHUMHE kepenmamu IS
300py iH(popmamnii Oynmu oOpaHi aBTOPUTETHI HAYKOBi
mwrathopMu:

- ResearchGate — mixkHapojHa colliaibHa Mepexa
JUTSL HAYKOBIIB Ta JOCIIIHUKIB.

- MDPI  (Multidisciplinary Digital Publishing
Institute) — BUIABHUIITBO PEIIEH30BAHMX HAYKOBHX XY~
HAJTIB BIIKPUTOTO JAOCTYILY.

- SpringerLink — omaita-miatgopma, mo Hamae
JOCTYII IO MiJIbI{OHIB HAYKOBUX TOKYMEHTIB 3 KYPHAJIB,
KHAT Ta JOBITHUKIB, OITyONIKOBaHWUX BHIABHHUIITBOM
Springer Nature.

JlocimKeHHsT OXOTLTFOBAJIO MyOJTiKarlii 3a OCTaHHi 5
pokiB (2019-2024) nns 3a0e3neueH s aKTyaIbHOCTI 1H(pO-
pmaii. [omyk 3miiCHIOBaBCS 32 TaKMMH KIFOYOBHMU
croBamu Ta ix KoMOiHartisimu: uav path optimization; multi
uav path; multi uav task offloading; multi uav cloud; multi
uav fire; multi uav ugv. Koxue Bimibpane mocimkeHHs!
Oyno migmaHo raubokomy aHamizy. Jms KoXHOI cTarTi
OyJI0 CTBOPEHO NETATBHHIA OIKWC, IO BKJIIOYAB OCHOBHI
pe3yIbTaTH, BUKOPUCTAHI METOOJIOTII Ta KJIFOUOBI BUCHO-
Bkr. Oco0yBa yBara IpHIULLIACS BHIUICHHIO KITFOYOBUX
CIIiB, sIKi BiZToOpakaJ OCHOBHI KOHIIETIIii, METO/IN Ta TeX-
HOJIOTT, IPEeICTaBIICHI B JOCTipKeHHI. JIJ1st cucteMaTu3arii
Ta e(heKTUBHOTO yNpaBJIiHHs 3i0paHoto iH(opMariero Oyio
BUKOpHCTaHO mnporpamy Obsidian. Y 1poMy iHCTpyMeHTI
JUTST KOYKHOTO JTOCHI/KEHHS CTBOPIOBABCS OKPEMUIA (haii-
AHOTAIIis, 110 MICTUB KOPOTKHI OIHC JOCHTIIKEHHS, KaTe-
ropii (Teru), HoCHIaHHS Ta iHITY iHpOpMAITifo.

AHaJti3 9acTOTH BUKOPHCTAaHHS KIIFOYOBUX CJIIB JO-
3BOJIUB BUSIBUTH OCHOBHI TEHJICHIIIi Ta HAPSMKH JTOCITi-
JOKEeHb y Taiy3i. Y Tabn. 1 mpeacraBieHo 10 kimo4oBux
CJIIB, IO € HAMOLIBII 3ralyBaHUMU. SIK BUAHO 3 TaONIHII,
HaWOUIBII aKTYaJIbHUMH TEMaMU JOCIIUKEHb €: 3aCTOCY-
BaHHS XMapHHUX TEXHOJOTiH; inTerpanis HP3 y cucremu

3 BILJTA; po3poOka crcTeM MONEepeKCHHS MOXKEK; 3a-
CTOCYBaHHSI HCHPOHHUX MEPEK Ta IHIIMX METOMIB Ma-
IIUHHOTO HABYaHHSI.

Tabnuya 1 — Kno4oBi cjioBa B my0Jikauisx,
IO € HAKHOINbII 3raJyBaHUMHU

KinbkicTh

Kuaiouose c10B0 . .

nyoJikauii
UAV (unmanned aerial vehicle) 44
Multi-UAV 27
Cloud 11
A-star-algorithm 6
Particle-swarm-optimization 6
UGV/(unmanned ground vehicle) 6
Fire-prevention 5
Neural-network 4
Review 4
Task-offloading 4

OxpeMo OyJi0 ITpoaHalli3oBaHO MOMYJISPHICTh pi3-
HHUX JITOPUTMIB, 1[0 BUKOPUCTOBYIOTHCS B JIOCII/KEH-
usax BITJIA Ta HP3. Pe3ynpTat 11500 aHamisy npejacra-
BJICHI B TaOII. 2.

Tabauysa 2 — ANTopuTMHM, 110 3yCTPiYaIOThCSA
B JOCJI/I’KEHHAX

AJITOPpUTM KiabkicTh myoaikamii
A-star-algorithm 6
Particle-swarm-optimization
Genetical-algorithm
Ant-colony-optimization
Gray-wolf-optimization
Bee-colony-algorithm
Cuckoo-search-algorithm
Floyd-warshall-algorithm
Nearest-neighbor-algorithm
Voronoi-algorithm

PRk k kNN w o

Haii6inbin momyJsipHUMH  BHSIBUJIUCS: aJTOPUTM
A* (A-star); onrtumisartis MetooM poto yacTtok (Particle
Swarm Optimization); reneTu4Hi anrOPUTMH.

L1i anropuT™H MMPOKO 3aCTOCOBYIOTHCS JUISl ONTH-
Mi3alii MapuIpyTiB, IUTAHYBaHHS 3aBJJaHb TA BUPIMICHHS
IHIMX cKIagHUX pobieM y cdepi BITJIA Ta HP3.

Jnst Kpamoro po3yMiHHS TEHJICHIIH Y BHKOpHC-
tanHi BITJTA Gyno cTBopeHo miarpamy (puc. 1), sika io-
CTPYE CHIBBIJIHOLICHHS JOCIIIKEHb, 10 (OKYCYIOThCS
Ha BuKopucTanHi onuHoYHUX BITJIA ta rpyn BIUIA. Sk
BHJIHO 3 pHC. 1, OUIBIIICTH TOCIiHKEHb (OKYCYIOTHCS Y
HanpsmKy Bukopuctanas BITJIA y rpymax. Ha puc. 2 Ha-
BEJICHO OCHOBHI HAlPSAMHU JOCITIIKEHb, B PAMKax SKUX
BEJIHCA PO3IIAHYTI poOOTH.

27

> Onunu BIUIA: 17

Puc. 1. Cnoco6u Buxopucranss BITJIA (KinbKicTh TOCTIIKESHB)
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Puc. 2. Iogin nocmimkeHb
Ha c(hepu BUKOpHUCTaHHA 1 3acTocyBanHs bITJIA

BinmpmicTh po3risHYTOrO MaTepiany CTOCYEThCS Ta-
KUX 3arajJbHHUX MUTaHb K ONTHMI3aLis ILIAXY, 4acy po-
6otu 1 posmominy 3amad must BIUIA. Tami momynspHi
ctepu 3actocyBanus BITJIA ta HP3 1ie MoHiTOpUHT Ta
3ano0iraHHs MOXeX, MOHITOPHHI 1H(PACTPYKTYpH Ta
PATYBaJIbHO-MIONIYKOBI Oneparii.

J1n1sl BU3HAUEHHS aKTyaJIbHOCTI Ta Cy4acHOCTI Ipo-
aHaJIi30BaHMX JIOCIPKEHb OYJI0 IIPOBE/ICHO aHalli3 POKIiB

myOutikauii crateil. PesynapraTu 1boro anamiszy npezicra-
BJIEHI Ha pHc. 3.
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Puc. 3. Po3nozin my6iikariiif 3a pokaMu

SAx BugHO 3 rpadiky, mepeBakHa OUTBIIICTH TPO-
aHaJi30BaHUX cTaTei Oyia omyOmikoBaHa B iepion 2022-
2024 poxkiB. Lle cBiquuTh PO BUCOKY aKTYaIbHICTH MIPO-
BEJICHOTO JOCIIKeHHS Ta Horo (oKyc Ha HAHOBIIINX
po3podkax Ta TeHAeHmisx y ramysi BIIJIA ta HP3.

Jlnist rmmO1oro po3yMiHHs B3a€MO3B'SI3KIB MIXK pi3-
HUMH JOCTIUKEHHSIMH Ta KJIIOYOBUMH KOHLETILISIMH
0y1o cTBOpeHO rpad 3B'S3KIiB 3a JOMOMOTOK MPOTrpaMu
Obsidian (puc. 4). ILle 103BOJMIO Bi3yalbHO MpeCTa-
BUTH CKJIaJJHy MEPEKY B3a€MO3B'I3KIB MIXK PI3HUMH ac-
mekTamu gociimkers y cepi BITJIA ta HP3. Ha ctBo-
peHOMYy Tpadi CBITIII KpamKH MPEACTABISAIOTh KIFOUOBI
CJIOBa, BiTOOpaXkaroun OCHOBHI KOHIICTIIII1 Ta TEXHOJIOT 1.
TeMmHI Kpamky BiIIOBiTAarOTh OMFCaM OKPEMHUX CTaTeH,
NPENCTaBISIFOYH KOHKPETHI JOCIIPKSHHS.
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Amnaini3 rpady J03BOJIMB BUSIBUTH HAWO1IbII MOIIN-
PEHi Ta B3a€EMOIIOB'A3aHI TEMH JOCIIIKEHb, OKpIM 0e3-
nocepenuso BIUJIA Ta HP3:

- Cloud (xmapHi TexHouorii): BigoOpaxae 3pocra-
104y POJIb XMapHHUX OOYMCIIEHb Yy KEPYBaHHI Ta ONTHUMI-
3amii poOoTH OE3MIJIOTHIX CHCTEM.

- Particle Swarm Optimization (onTEMi3amis poeM
YaCTWHOK): MOIYJIIPHUN aNrOpPUTM JUTS BHUPIIICHHS 3a-
J1ad oNTHMIi3alii, 0cOOIMBO B KOHTEKCTI INIAHYBaHHS Ma-
PIIPYTiB Ta po3moniny 3aBaaHs ayst rpym BITJIA.

- A Star Algorithm (anroputm A*): mHUPOKO BUKO-
PHUCTOBY€ETBCS JUIsl €()eKTHBHOTO IUIaHYBAHHS LUISXY Ta
Hagiranii BITJIA Ta HP3 y cknagHux cepefoBuInax.

- Neural network (HelipoHHI Mepexi): BigoOpaxae
3pOCTal04e 3aCTOCYBAaHHS METO/IB MAIIMHHOTO HaB-
YaHHsI U1l HOKPAIlleHHsS aBTOHOMHOCTI Ta a/IalTUBHOCTI
0E3ITIIIOTHUX CHUCTEM.

- Task offloading (po3monin 3axa9): KIIFOYOBa KOH-
menmist st ontumizamii podotu rpyn BITJIA ta HP3,
0COOJMBO B KOHTEKCTi 0OMEXECHUX O0UNCITIOBATIHHUX pe-
CypCiB OKpEMHUX IPHUCTPOIB.

- Genetical algorithm (reHeTHdHUIT anTOpUTM): IIIE
OJIMH TIOMYJISIPHUI METOJl ONTHMI3allii, 4acTO BUKOPHC-
TOBYBAHUI1 111 BUPILICHHS CKJIQJIHUX 337124 TIaHyBaHHsI
Ta po3nojiny pecypciB y cucremax BITJIA Ta HP3.

Hwkue npencraBieHi KIHOUOBI pe3yJIbTaTH JOCITi-
JDKeHb, TPEJICTABICHUX B MyOIiKallisax, sKi 3rpynoBaHi
IO 3aBJAHHSM, II0 PO3B’SA3YIOTHCS, Ta TEXHOJIOTISIM, IO
BUKOPHCTOBYIOTHCS.

OnTumizanis MapmpyTiB pyxy. Y miif yacTusi
PO3TIIHYTO TOCTIKCHHS, IPUCBIYCHI PO3POOIIi Ta BIIO-
CKOHAJICHHIO aJITOPUTMIB ONTUMI3aIlii TpaeKTopiit pyxy
BIIUTA. OcHoBHy yBary Oyno MpHUAITICHO poOOTaM, sKi
MIPOTIOHYIOTh 1HHOBAIIWHI PIMIEHHS UL CIEMU(PITHIX
CIICHAPITB 3aCTOCYBaHHS OC3MIIOTHUKIB.

AuroputM poioBoro iHTenekty Directional Drive-
Rotation Invariant Quadratic Interpolation White Shark
Optimization (DD-RQIWSO) mist mitaHyBaHHS TpaekTopii
Mmopcekoro BITJIA npeacrasnenuit y [9]. Bin Bkirouae Ki-
JIbKa CTpateriil 171 BJIOCKOHAJICHHSI OPUTiHAIBLHOTO ajro-
putmy White Shark Optimizer (WSO). Po3po6iena mo-
JIeb MOPCBHKOTO CEPENOBHINA BPAXOBYE MEPEIIKOIN Ta
BIUTUB BITPY, BUKOPHCTOBYIOUH BHUXPOBY Mozeib Jlamba-
Ocena. Macmrabni ekcniepumentd B 2D i 3D Bipryains-
HUX cepefoBHIIax nopiBHIOITE DD-RQIWSO 3 wotnpma
IHIIMMU  TIepenoBUMH  ainroputMamu: Spider Wasp
Optimizer (SWO), Reptile Search Algorithm (RSA),
Autonomous Groups Particle  Swarm  Optimization
(AGPSO) Tta opurinansaum WSO. PesynbraTtét 1eMOH-
ctpytoTh nepeBary DD-RQIWSO 3a sxicTio nmsxy Ta
cTabiNbHICTIO B PI3HUX TECTOBUX BHIIAIKaxX. X04a CTATTS
MICTHUTB J€TaJbHUI aHai3 BIUIMBY BiTpY Ha X BITJIA,
IHIII TIOTO/IHI YMOBH, TaKi SIK ONaJid, HE PO3TIIAAAI0THCSL.

[NapanensHuii camoaanTHBHUK ajIroOpUTM ONTHMI-
3auii MypammHoi koJoHil (anri. Parallel Self-Adaptive
Ant Colony Optimization Algorithm, PSAACO) nis nna-
HyBaHHs1 nuisixy BITJIA 3 ypaxyBaHHSM 30H, 300pOHEHHX
qutst monboTiB (aHri. No-Fly Zone, NFZ), 3anmporioroBano
B [10]. ABTOpHM BHKOPHUCTOBYIOTH METOJ Ha OCHOBI CITKH
U BimoOpaskeHHsT kapTorpadidyHoi o0yacTi Ta MapKy-
BaHHS KIIOYOBHX TOYOK, a TAKOX IPEICTABIAIOTh ANHA-
MiuHHHA anroput™ Drokina s eeKTHBHOTO YHUKHEHHS

NFZ. Ouinka mijaxoay IpOBOANUTHCS 32 METPUKAMH 4acy
BUKOHAHHS MICIl Ta CIIOKMBaHHS €HEprii, MOPiBHIOIOYH
Woro 3 amroputmamu Back-and-Forth, Spiral Ta
Wavefront. Xoua aBTOpH 3rayt0Th JOLLIBHICTH BUKOPH-
CTaHHS XMapHHX CEpBEPIB IS CKIIATHUX 3aBJIaHb IIaHy-
BaHHS IITAXY, KOHKPETHI JIeTalli 3aCTOCOBAaHNX XMapHHX
TEXHOJIOTii HE HaZal0ThCSL.

ABtopu pocrimkeHHs [11] mponoHyIOTs KOMILICK-
cHull Metop mnaHyBaHHa MapiipyTy BIIJIA 3 ypaxyBaH-
HSIM PU3HUKIB Ta BUTPAT JUIA MICBKUX cepefoBHIl. BoHn
PO3pOOIIAIOTE MOAETH PU3HKIB ST OLIHKHA HEOE3IEeK 11o-
np0TiB BITJTA y MicTax, sika BKIFOYAE PU3UK MEPEIIKO/I,
PU3MK CMepTi Ta pHU3MK BTpaTtd MailHa. JlOCHiIHUKH
MIPEACTaBISIOTH anroput™ Min-cost A* Ha OCHOBI Tpa-
quuiiiHoro anroputMy A*. BoHM Takok 3aCTOCOBYIOTH
BJOCKOHAJICHWH anroput™ Duoiina mist 3riapKyBaHHs
3reHEPOBAHOI0 MApIIPYTY 3 HU3bKUM pH3UKOM. Edektu-
BHICTB IXHBOTO MiJXOLy IEMOHCTPY€ETHCS 3a JOTIOMOT OO
CUMYJIALIN Ha MIiCBKill TepuTopii miommeto 1 km X 1 kM y
micti Cians, Kuraii, mokasyrouw, mo anrroputM Min-Cost
A* 3MeHIIye pr3uK MapmpyTy Ha 44,44% TOpIBHIHO 3
TPaTUIIHHAM anroOpuTMOM A*.

VY nocnimkenHi [12] npencraBieHo iHHOBaIIHHUIA
ITOPUTM TUIaHyBaHHsS TpaekTopii nmonboty BITJIA mus
pearyBaHHs Ha aBapil Ha MaricTpajlbHUX HadTO- Ta ra3o-
NpOBOJaX Ha BEMHKHUX BifcTaHsX. OCOOMHBICTH I[LOTO
HiIXOMy TOJISITaE B ypaxyBaHHI HNOMMJIOK IO3HILIOHY-
BaHHS, 110 KPUTHYHO Ba)XKJIMBO JJIsl TOYHOCTI OTEpallii.
ABTOpH PO3POOMIN MOJENb, SIKa ONTHMI3y€ 3arajbHy
TPAEKTOPIIO TOJIBOTY, AOTPHUMYIOUNCH OOMEKEHb HA BH-
TIPaBJICHHS TOMMJIOK. JIJIs IBUAKOTO TUIAHYBaHHS OIITH-
MaJIBHOT TPAa€EKTOPii BUKOPHCTOBYETHCS MOJU(DIKOBAHUH
anroputM A-Star 3 agantoBaHoIO BifcTtaHHIO Eifnepa sk
OILIIHOYHOI (YHKIIEI BapTOCTi. EQeKTHBHICTH METOIy
OyJia IPOZIEMOHCTPOBAHA YePe3 MOJICIIIOBAHHS 3 BUKOPH-
CTaHHSM peabHUX JaHUX 3 KOHKPETHOI MOJIbOTHOT 30HH.
TopiBHAIBHUE aHaJi3 MMOKAa3aB MEPeBary 3anpornoHOBa-
HOTO MiX0oAy HajJ anroputMoM JleHKcTpu sk 3 TOUKH
30py e(eKTHBHOCTI, TaK i 4acy 0OYMCIICHb, IO ITiKpec-
JIFO€ WOTO MOTEHIIaN JUIsl PaKTUYHOTO 3aCTOCYBAHHS B
CKJIQ/IHUX YMOBaX.

Asropamu B [13] mpomoHyeThbcs HOBATOPCHKHIA
MAX11 IO TPOBEICHHS aBapiiHO-PATYBATBHIX ONepartiit
3 BukopuctaHasM BITJIA Tta cmaptdoniB. OcHOBHA ifes
MOJISITa€ 'y BUPINICHHI MPOOIEMH 0OMEXKEHUX PECypciB
BITJTA nmisixoM mepenadi peCypcoOEMHHUX 3aBAaHb 3 00-
poOKH 1aHUX Ha cMapT(OHH, SIKi MaIOTh OLTBITY 004YHC-
JOBAJIbHY NOTY>KHICTh. J{J1s1 onTHMi3aliii boro mporiecy
aBTOpU pO3po0MWIM OaraToIiIbOBHA MYyTalliiHO-IMYH-
HUI anropuT™ Kakana (anrit. Multi-Objective Mutation-
Immune Bat, MOMIB), sikuii € TiOpuIOM aliropuTMy Ka-
»KaHa Ta IMyHHOTO ayropuTMmy. Lleil iHHOBamiiHUH 1mif-
Xiz OyB peTeNIbHO MPOTECTOBAHUH B MAaCIITA0OHUX CHUMY-
JSIMIHHAX eKCIIepUMEHTaX, SIKi MOJIETIOBAJIM CIIeHapii Ka-
TacTpod pi3zHOTO CTyINEHs CKIlafHoCTi. Pe3ynbraTn noka-
3aJM 3HA4HY e(EeKTHBHICTH 3aIlPOIIOHOBAHOTO METOJY
MOPIBHSAHO 3 TPATUIIIHHAMU MiIXOAaMH, IO BiIKpUBAE
HOBI NIEPCHEKTHBH IS MTiABUIICHHS €()eKTUBHOCTI PATY-
BaJIbHUX omepariii 3 BukopuctanasM BIIJIA B ymoBax
00MEXEHHUX PeCcypciB.

I'pynoBe 3acrocyBanusi. BIIJIA Takoxx MOXyTbh
BHKOHYBAaTH 3aBJaHHA y Tpynax. B misomy po3aiii Oynn
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PO3MIISTHYTI JOCIIIKEHHS, 0 (POKYCYIOTHCSI HA ONITHMI-
3amii IUISXiB Ta 3ama4d mias gekinekox BITJIA. Tak, Ha-
MIPUKIIaJ, B JOCHiIKeHH] [ 14] IpOIOHY€ThCS BUKOPHCTO-
ByBatH rpynu BIIJIA s onTumizanii ruiaHyBaHHS pe-
TpaHCISILIHHUX MapIIPyTiB B TPChKiii MiCIIEBOCTI 3 Me-
TOO TIOKPAIIEHHS TTOKPUTTS 3B'SI3KY I MOIIYKOBO-PS-
TYBaJIFHHUX OMNepaliif. ABTOpH ZOCIiIKEHHSI BUKOPUCTO-
BYIOTb MOZenb nommpenHs Jlonrmi-Paiica mns Bu3Ha-
YEHHSI 30H 3 TIOTaHUM HOKPUTTSIM CUTHAILY, 5K MOTIM T10-
3HAYAIOTHCS K TOYKH iHTEpecy. ABTOpH BUPILIYIOTH 3a-
Jady KOMiBOsDKEpa ISl ONTHMI3alii ToCIiqOBHOCTI Bif-
BiZlyBaHHS TOYOK IHTEpecy, a MOTIM 3aCTOCOBYIOTb aJIr0-
PHUTM HOIIYKY A* 1715l IIaHyBaHHS MapIIPYTY, SIKMI Bpa-
XOBY€E BUCOTY MiCIIEBOCTI Ta 0OMEKEHHs MOKpUTTsL. [1i-
XiJl TakoXX BpaxoBye Taki (aktopu sk eHeprozbepe-
KEHHsI Ta BITPOCTIHKICTh, PO3PaxOBYIOUYH ILIBHUJIKICTH
BITJTA B 3aJ1e)KHOCTI BiJf IOTOJHUX YMOB ISl ONITUMI3a-
1ii vacy poboTu akyMmyIsiTopa. Ase cTarTi Opakye aera-
JIFHOTO OTIACY HATIMHOCTI Ta CTIMKOCTI CHCTEMH B Pi3HUX
MIOTOAHUX YMOBaX.

BIIUTIA Takox MOX€ BHKOPUCTOBYBAaTUCS [UIsS
OTJIMY 1 pEeKOHCTPYKIii 00'ekTiB iHPpacTpykrypu. Pos-
pobnena y mocmimpkenHi [15] cucrema ckiaamaeTbes 3
JIBOX €TaIliB: PO3BIIKM Ta €KCILTyaTallii, CIpIMOBaHHX Ha
30ayaHCyBaHHS pOOOYOro HABAHTAXKCHHS I CKOPOUYCHHS
3arajJbHOI0 Yacy BHUKOHAaHHS 3aBHaHb. JlociimHUKH
BIIPOBA/KYIOTh METO/] IOOYIOBU KapTH IIUIBHOCTI, SIKHH
HaJa€ sK rNIo0albHy, TakK 1 JIOKaJbHY iH(MOpMALiIo s
IUTAaHYBaHHS Ta BUKOHAHHS MICiif 3 MOHITOPHHTY Ha OC-
OBl BITJIA y pexumi peanpHOoro dacy. BoHm Takox
BIIPOBA/KYIOTH AWHAMIYHHH alTOPUTM HA OCHOBI Jiar-
pamu BopoHoro [yt piBHOMIpPHOTO PO3NOAITY 3aBAaHb
Mix aekimbkoma BITJIA. ABTOpH MiAKPIMTAIN CBIH MiAXiA
CHUMYJISILISIMH B Pi3HHUX CEPEIOBHINAX 1 TECTAaMHU B peallb-
HHUX YMOBaXx, IPOJIEMOHCTPYBABIIHU TOKpAIEHY YacOBY
e(eKTUBHICTb 1 HAJIMHICTh TTOPIBHIHO 3 ICHYIOUUMH Me-
ToJaMHU. AJie aBTOPH HE PO3MIISAAI0Th IUTAHHS ONTHMI-
3alil eHeprocroXKMBaHHI 1 4acy aBTOHOMHOI poOOTH
BIUTA, 1o Moxe MaT BupilIagbHe 3HaU€HHS IPU BUKO-
HaHHI TPUBAJINX 3aBJIaHb 3 MOHITOPHUHTY.

V crarri [16] aBTOpH HOCTIIKYIOTH OaraToarcHTHE
m1anyBaHHs MapuipyTy it BITJIA B He3HalloMoMy cepe-
JIOBHIIII 3 HEBITOMUMH CTAaTHYHUMH IeperkoaMu. Boxu
po3po0mH yHi(IKOBAaHUN MIXiT VI peai3amii Ta aHa-
M3y TpHOX HaWCydacHImmX mimxoxiB: Multi-Agent
Deterministic Policy Gradient (MADPG), Hybrid
Simplified Grey Wolf Optimization with Modified
Symbiotic Organism Search (HSGWO-MSOS) Ta nokpa-
mennid anroput™ Artificial Potential Field (APF). {ocmin-
HHKH cTBOpIIK 2D cepeioBHIIIe 115l IUIaHY BAHHS TPAEKTO-
pii BIIA amst MofenroBaHHS KOYKHOTO IIiJIXOy, 3aIyCTH-
B 450 cuMysiniit 3 pisHuMu po3mipamu poro BITJIA (3,
51 10 areHTiB) y TPhOX CEPEIOBHINAX PI3HOI CKJIAJHOCTI.
BoHu NopiBHIOIOTH TIPOJTKTHUBHICTb AJITOPUTMIB 38 TOKa3-
HHUKaMH YCIIITHOCTI, Yacy BUKOHAHHS Ta JIOBXUHH IILISIXY,
BUKOPHCTOBYIOUM KJIACHYHUH A* airoput™m sk 0a3oBHH.
Ha ocHOBI cBOiX BUCHOBKIB aBTOpHY HaIal0Th peKOMEHaMi1
LI0/I0 ONTHUMAJIFHOTO BUKOPUCTAHHS KOXKHOTO MiJXOLy 10
ra"yBaHHA MapupyTy BITJIA, BpaxoByroun CKIagHICTh
CEepeNoBHINA Ta MIBUAKICTH JOCTABKH BAHTAXKY.

ABTopu nociimkeHHs [17] mponoHyOTh HOBHIMA TTijI-
X1 10 BHpilIEHHS TPOOIeMH TUTAHYBaHHS PO3BidyBajlb-

Ho1 Micii MHOkuHHU BITJIA (anrn. Multi-UAV Cooperative
Reconnaissance Mission Planning, MUCRMP) B kon-
TEKCT] BUSIBIICHHSI MHOXKMHOIO paiapis. JlociiTHUKH po3-
poOmIM MozeNib ONTHMI3aLil, CIIPSAMOBAaHYy Ha MiHIMi3a-
uito Biactani nuwsixy BITJIA B mexax mianma3oHy BUSB-
JICHHS pafapa, BPaxOBYIOUH TaKi (aKTOPH, SIK MOCITiOB-
HICTB PO3BiAKH, BiTHOCHE ITO3UIIOHYBaHHSI MO0 ITiIeH Ta
xapaxrepuctuku BITJIA. ABTOpH po3po0IIsIOTE HOKpAaIIie-
HUM CHHTCTHYHHWN EBPUCTUYHUHA alroOpuT™M (QHIIL
improved synthetic heuristic algorithm, ISHA) ans Bupi-
IICHHS I1i€] CKTamgHoi 3a/1adi, SKUH MOEJHY€E aJTOPUTM
Haibmmkyoro cycina (anrn. Nearest Neighbor Algorithm)
Ta Metoz ontumizaiii 2-OPT. 3anponoHoBanuii MeTo Te-
CTY€TBCS Ha 3a71a4i 3 68 LiTbOBUMHU TOUYKAMH, IEMOHCTPY-
I0YM CBOIO J1i€BICTh. [IOpIBHSHO 3 ICHYIOUHMH aJlrOpHT-
MaMH, TaKUMH SIK aJalTUBHUI T€HETHYHUH aJITOPHTM
(amrn. adaptive genetic algorithm), Meton poro yacTok
(amrm. particle swarm optimization) Ta onTEMI3aIlis Mypa-
OIMHAMHA KOJIOHisIMK (aHMI. ant colony optimization),
ISHA mokasye mokpaiieHi aHTUpagapHi XapaKTepUCTHKU
quist BITJIA Ta mBuanry KOHBepreHmito B KOHKPETHHX PO-
3BIyBANBHUX MICiIX. ABTOPH BH3HAIOTh, II0 BOHH HE
BPaxoBYIOTh TOro (haxkropy, 1o napamerpu micii BITJIA
MOKYTh MOCTIHHO 3MIHIOBATHUCS 3QJIEIKHO BiJl YMOB HABKO-
JIMIIHBOTO CEPEIOBUIIA Ta Yacy TOJIbOTY.

B nocnimkenti [ 18] Oyia npoBeneHa OliHKa Ta po-
3po0Ka anropuTMiB e()eKTUBHOTO IJIaHyBaHHS MapuIpy-
TiB 1 po3moainy 3aBaanb i aekinbkox BIUIA, mo Bu-
KOHYIOTh CIIIJIbHI orepamii 3 MOMNIyKy Ta MOHITOPHHTY
00'exTiB. BOHY NpeCTaBIAIOTH Ba OCHOBHI aITOPUTMH:
AITOPHUTM CITUTFHOTO TOIIyKy aekinmbkox BITJIA Ha oc-
HOBI kafioHoro mgxoxy (MUCS-GD) i anroput™ Ha oc-
HOBiI OIHAPHOTO MOIIYKY 3 OOMEXKEHHSIMH IO CITOXKH-
BanHIo eHeprii (MUCS-BSAE). locnigHuKH mOpiBHIO-
I0Th 1[I QITOPUTMHU, BUKOPHCTOBYIOYH M'SITh PI3HUX MO-
JeNiell NUISIXY HOIIYKY: 3MITHY KPUBY, KPUBY «IIPSIMOKY-
THOTO CUTHaIy», kpuBy Ileano, kpusy I'inb0Oepra i KpuBy
Mypa. Bonu npoBosiTh cuMyIsiii, 11100 oiHuTH edek-
THUBHICTb IIMX aJITOPUTMIB 1 TPAEKTOPIil MOIIYKY B PI3HUX
CIICHAPIsIX, BPAXOBYIOYH TaKi (JaKTOPH, SIK CIIOKUBAHHS
€HEeprii, MBUAKICTH MOJBOTY i po3Mip Teputopii. Pe3yis-
TaTU NOKa3yloTk, o aaroputMm MUCS-BSAE nepesep-
mrye anroputv MUCS-GD, nokpamnryroun eQekTUBHICTD
Ha 25,8%. Kpim TOro, aBTOpHM IIPONOHYIOTH MOKpAIIEHY
Bepcito MUCS-BSAE (IMUCS-BSAE) crietiansHo aist
KPHBOI TPAEKTOPIii «IPSIMOKYTHOTO CHT'HAITY», IO I0JaT-
KOBO MiBHILY€E e(eKTUBHICTH Ha 2%.

Anroputm OararokoHdumikTHOTO Toyky (MCBS)
JUTSL CITUTFHOTO TUTAHYyBaHHS MapHIpyTiB Aekimpkox BITJIA
y CKJIQJIHMX yMOBax, onmcanuii B [19], BpaxoBye npocto-
POBi Ta 4YacOBi OOMEXEHHsI, BKIIIOYAI0UN OOMEXEHHS I10-
JbOTY, BIUTMB HaBKOJIMIIIHEOTO CEPEIOBHINA Ta BUMOTH JI0
B3aemozii Mixk BIIJIA. Po3pobiena TpuBnmipHa MOJETb
CepeZoBHINA BKIIFOUaE reorpadiuHy iHpopMamiio Ta pi3Hi
Ty 3arpo3. MCBS BUKOpHCTOBYE iepapXiuHHi MiaXiz 3
ITOPUTMOM A* JUIsl TUTaHyBaHHS 1HAWBIIyJIbHUX Maplil-
PYTIB Ta BUCOKOPIBHEBOIO CHCTEMOIO BHPILIEHHST KOH]ITI-
KTiB ay1s1 B3aemoiii BITJIA. Anroput™ 3anpoBajiKye mpio-
puteTHY 00p0oOKy KOH(IIIKTIB, MOIM(iIKOBaHNI METO pO-
CTy ZiepeBa 0OMe)KeHb Ta HOBY €BpUCTHUYHY (YHKIIi0. Pe-
3yJIBTaTH JOCIIPKEHb MiATBEpIMINA e(DEKTUBHICTD alro-
PHUTMY B MOIIYKY ONTHMAJIbHUX O€3MIEUHNX MapLIPYTiB.
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AanTUBHANA €BOJIIOLIMHMI 0araroLijIbOBHHA aro-
putM ouinku posnoxaity (AEMO-EDA), npeacrasieHuit
B [20], Bupinrye npobiieMy CIiIFHOTO IUIaHyBaHHS MapIil-
pyTiB mekutbkox BIUJIA. Anroputm OyB mpoTecToBaHHI
Ha erasoHHUX 3anadax (DTLZ i WFG) ta nopiBHsHUH 3
IHITMYA CyJaCHUMH alrOpHTMaMH, TaKiMH Ik NSGA-I11,
RVEA i NSGAIII-GBFE. MopemtoBaHHS CIieHapiiB Ii1a-
HyBaHHS TPA€KTOPii moboTy nekinpkox BITJIA mpomemo-
HCTpYBaJI0 €(eKTUBHICT MiIXOJy B YHHKHEHHI 3arpo3 i
OJIHOYACHIH onrTuMi3ani JeKIITBKOX 3a1ad.

Hocmimkernns [21] mpomoHye MeTo] OnTHMi3amii
JUISL CITIJIBHOTO TIPUIHSATTS PillIeHb 100 PO3MOJITY Ha-
BaHTa)XEHHS Ta IUIaHYBaHHS TPA€KTOpil B cucreMi MoOi-
nbHUX nepudepiiHux obuuciens (aHrin. Mobile Edge
Computing, MEC) 3 nexinbkoma BIIJIA. 3anaua cdop-
MYJIbOBaHa K MIHIMi3allisi CyMH 3aTPHMOK Ta CIIOKH-
BaHHSI CHEPrii 3 ypaxyBaHHIM 0OMEXEHb Ha 00J1aCTh 110-
meoty BIUJIA, yHUKHEHHS 3iTKHEHb Ta OOYHCIIOBAIBHY
MOTY>XHICTh. J{71st orrrumizartii Tpaekropiit BITJIA pospo-
6neno anroputm Simulated Annealing-Beetle Antennae
Search (SA-BAS), skuii moeanye meroau Simulated
Annealing i Beetle Antennae Search. Yncnenni cumyns-
il migTBep A €(heKTUBHICTH 3aIPONIOHOBAHOI CXEMH B
MiHIMi3alil 3aTPUMKH Ta €HEProCI0KUBAHHS TOPIBHIHO
3 IHIIMMH aJIrOPUTMaMHU.

[Ipobnema rIaHyBaHHS MOKPUTTS VIS JCKIIBKOX
BITJIA y cknagHuX yMOBax i3 3a00pOHEHUMH ISl [IOJIBO-
TiB 30HAMH PO3TIISIAETHCSA B [22]. 3amponoHOBaHO J1Ba
anmropurmu: MBS-MUCCPPAFOA (Multi-base station
Multi-UAV  Cooperative Coverage Path Planning
Algorithm with Flexible Obstacle Avoidance Ability) Ta
MUAV-CCPPAFOA-AS  (Multi-UAV  Cooperative
Coverage Path Planning Algorithm with Flexible
Obstacle Avoidance Capability based on Area
Segmentation), cripsiMOBaHi Ha ITiABUIIICHHS €(DEKTUBHO-
cTi Ta eHeprocnoxuBanHs poiB BIIJIA npu BukoHaHHI
3aBJIaHb 3 HOKPUTTS TepuTOpii. AnroputM A* BHUKOpHC-
TOBYETBCSI IJIsl 00X0y mepeiko. IMitaniiiHi excrepu-
MEHTH MOPIBHIOIOTH 3alIPOIIOHOBaHI AJITOPUTMH 3 0a30-
BUM QJITOPUTMOM IUIAaHYBaHHS IOKPUTTS MIPU PI3HHUX PO-
3Mipax poO0d0i 30HH i CKIIAJHOCTI HABKOJIHIITHBOTO Ce-
penoBuma. OHaK, HE PO3TIISAAAI0THCS MOTSHITIHHI 00Me-
KEHHs aJITOPUTMIB y peajbHUX CIEHApiAX Ta MUTAHHA
oOMeskeHHs 3B's13ky MK BITJIA i 6a30BUMH CTaHIIisIMH.

Pimmennst iepapxignoi 3amavi komiBospkepa JlyOiHa
(anrm. hierarchical multi-UAV Dubins traveling salesman
problem, HMDTSP) B ckmagHOMy TpHBHMIPHOMY cepe-
JIOBHIIII 3 MEpelIkoaMu npejcraBieHo B [23]. ABTopu
PpO3pOOMIH aNTOPUTM OaraToImapoBoi MPOSKIIHHOT Kiac-
tepm3amii 3 geximpkoma BITJIA  (amra. multi-UAV
multilayer projection clustering, MMPC) s edpexruBHOT
KJ1acTepu3allii TepMiHaliB 3B'13Ky. IMiTaLiiHi ekcriepume-
HTH TiOTBEPKYIOTh €(EKTUBHICTH 3alPOIIOHOBAHMX
CTparTeriil y Ha/laHHI peaJlicCTHYHNX BapiaHTIB PillleHb IS
HMDTSP B cknaiHux cepeioBHUILAX 3 NEPEIIKOJAMH.

Hocnimxenns [24] ¢pokycyerses Ha npoOemi ma-
HyBaHHs MapmpyTiB BIIJIA 3 BpaxyBaHHSIM BIUIUBY Bi-
TPY B IHTENEKTyaJbHUX TPAHCIOPTHUX cucTeMax. Po3-
pobmnena nBodasHa cucTeMa IUTAaHYBAaHHS MapIIpyTiB
BITJTA BKITFOUA€E pO3MOIIT Yacy, OHOBJICHHS CITUCKY KJTi-
€HTIB 1 aHAI3 TMHAMIKH TIONTUTY. BrockoHaneHuit anro-
PUTM TIJIaHYBaHHS MapIIpyTiB Ha OCHOBI ONTHMi3allii

poto yactuHOK (PSO) BUKOPHUCTOBYETHCS JUIsS BUPILLICHHS
rocTasieHoi 3agadi. MacmraOHe YHCellbHE MOJIENo-
BaHHS 3 BHKOPHCTaHHSIM Mou(ikoBaHOTO Habopy na-
Hux Solomon R201 mpomeMoHCTpyBasio HOKpallieHHs
e()eKTUBHOCTI IOCTaBKH BaHTa)Ky T4 BUKOPHCTAHHS aKy-
myisitopa BIUIA. Ipote, y mociimkeHHi BiACYTHI mopi-
BHSHHS 3aIIPONIOHOBAHOTO AJITOPUTMY 3 IHIIIMMH aJITOPH-
TMaMH IUTaHYBaHHS MapIIpyTiB.

BIIIA Tako MOXyTb BUKOPUCTOBYBATHUCS Y Ipy-
max 3 HP3. JJochimxenns [25] 3ocepemkero Ha onTuMi-
3amii MapIpyTiB 000X BHUIIB TPAHCIIOPTHHX 3aCO0IB I
MaKCHMaJIbHOT e()eKTHBHOCTI 3 ypaxyBaHHSIM oOMe-
JKEHb, TaKUX SIK €MHICTh akymyisitopa BITJIA Ta mBua-
kictb BH3T. ABTOpH NPONOHYIOTH MOCIIIOBHY Oararoa-
TeHTHY CXEMy IUIaHYBaHHS, 10 BUKOPHCTOBY€E MiHIMa-
JbHE MOKPUTTA MHOXHHH (aHri1. Minimum Set Cover)
JUIsL pO3MOALTY 3aBJaHb Ta MiIXiJl HA OCHOBI 00YHCIIOBA-
JTBHOI MaTEMaTHKH JUIs BUPIIICHHS 3a/1a4i MapIpyTH3a-
il TPaHCTIOPTHHUX 3aC00iB 3 OOMEKEHHAM EHeprii Ta Ja-
copumu BikHamu (anri. E-VRPTW). EdekrtuBHicth
CXEMH OIIHIOETHCS 32 JOTOMOTOI0 CUMYJIALIN B PI3HUX
CIICHapisIX, IEMOHCTPYIOUH ITOTEHIIiITHI mepeBaru CIiB-
npaui BITJIA ta HP3 3 Touku 30py yacy BUKOHaHHS 3a-
BJIaHHS Ta CHOXHBaHH:A eHepril. OJHaK, y CTaTTi HE Ha-
BEJICHO JIOCTATHBO iH(GOpMAIIiT 111010 OOUNCIICHHS HaTiii-
HOCTI CUCTEMH a TaKOX CIOCO0IB Ta METOAIB KOMYHiKa-
uii mi>xx BITJIA ta HP3.

VY nocmimkeHHi [26] mpeacTaBiacHa cucTeMa 300py
nmaHux 3a gonomororo BIUIA mis Ge3mpoToBuX ceHcop-
HUX MepeX, CIPSMOBAaHA Ha MiHIMI3aIlif0 Yacy BUKOHAHHS
Micii. 3ampormoHoBaHO JBi cTpaTerii criBmpari: 6e3 iHpo-
pMariitHol B3aemonii Ta 3 Hero. [Ipobirema BU3HAYEHA 5K
criyibHA orrtuMizariis MapmpyTiB BIIJIA ta HP3, 00'en-
HaHHS CCHCOPHHX BY3JIIB Ta BHOIp CTparterii 3 ypaxyBaH-
HSIM OOMEKEHb €HEProCIIOKMBAHHS Ta BUCOTH TOJIBOTY.
Po3po0iieHo GaraToeranHuil aJITOPUTM ONTUMI3allii, 110
HOEIHY€ METO/IM OITyKJIOT ONITUMI3allil Ta FeHETUYHI ajIro-
putMu. CUMYJISILIT AEMOHCTPYIOTh 3HAYHE MOKPAIIEHHS
Yyacy 3aBepLICHHsI Micii Ta eHeproe()eKTUBHOCTI IMOpiB-
HSTHO 3 €TAJIOHHUMHU cXxeMamu. OJIHaK JTOCITiKEHHS HeJ10-
CTaTHBO BPAaXOBY€ pealibHi ()aKTOPH HABKOJHIIHBOTO Ce-
peIoBHINA, TaKi K MePEenIKoau ado MOTOIHI YMOBH.

VY cratti [27] aBTOpH MPOMOHYIOTH METOJ CIIiJIh-
HOTO YNPAaBIiHHS CKJIAQJAHUMH Oarato3aJadHUMH Hpolie-
camH 3 BUKOpHUCTaHHAM TiOpuanoi cuctemu BITJIA/HP3
y CepeloBHIII 3 BENHUKOI Tuiomiero. Iliaxin crnpsiMoBa-
HUI Ha MiHIMI3aIl[if0 BUTPAT Yacy Ta €Heprii mpu BHUKO-
HaHHI TIOCTaBJICHHUX 3aBIaHb. ABTOPU TOIUISIIOTH MPO-
OJeMy Ha TPH eTanu: BU3HAYEHHS ONTHMAJILHOTO PO3Ta-
ITyBaHHS peTpaHcismiiaux cranniit ans HP3 3a momo-
MOTOI0 METOJy aJalTHBHOI KilacTepu3alii, po3B's3aHHA
3aja4i IiaHyBaHHs Tpaekropii pyxy HP3 3a nonomororo
BJIOCKOHAJICHOTO alTOPUTMY 303YJ1i (aHTd1. cuckoo search
algorithm) Ta po3nozin 3aBnans Mixk BITJIA 3a nomomo-
TOI0 METO/Ly TPYILyBaHHSI, 110 6a3yeThcs HA BIOCKOHAIIE-
HOMY QJITOPUTMi JIMHAMIYHOTI'O TIpOrpaMyBaHHs. MeTox
MIPOTECTOBAHO 32 JOMOMOTOK CHUMYJILIH HPOCTHX i
CKJIQJIHUX KOOIEPATHBHUX 3aBIaHb, IO JEMOHCTPYE
1oro epeKTUBHICTD Y Pi3HUX CIEHAPisX. ABTOPH TaKOX
00TOBOPIOIOTH KITIOYOBI TApaMETPH Ta MOPIBHIOIOTH CBiit
IX1T 10 PO3IMOAUTY 3aBIaHb 3 ONTHUMI3AIlIEI0 PO Yac-
THHOK Ta aAiOHWUMU METOJaMH, TEMOHCTPYIOUH KpalTi
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MOKa3HUKH 3 TOYKU 30pY CIOXKMBaHHS €HEprii Ta 4acy
BUKOHAHHS 3aB/IaHb.

Mozenp CHiIBHOTO TOBITPSHO-HA3€MHOTO BHSIB-
JIEHHS JEKIJIbKOX LIJIEll Ha OCHOBI 3MIIIAHOIO LIJI0YKCE-
JILHOTO JTiHIMHOTO nporpamyBaHHs (aHri1. Mixed Integer
Linear Programmin, MILP) ans xoopamnarnii BITJIA i
HP3 omucana B gocmimkenHi [28]. Bona Bkitodae B cebe
TUHAMIYHE YHUKHECHHS 31TKHEHb, PO3IIOALT 3aBJaHb Ta
oOMekeHHS Ha 00'13]] MepenIkol A CUMYJIAI] peab-
HUX CIIeHapiiB. JlOCIiAHUKH CTBOPMIM KOMILJICKCHY CHC-
TeMy, sIKa BpPaXOBY€ BUTPATH 4acy, CIIO)KUBAHHS CHEPTii
Ta IUIABHICTH TpaekTopii. st BUpimeHHs i€l ckinagHol
onTHMI3aliifHol 3aJa4l BOHU NIPEJCTaBUIN HOBUH METO/,
110 MOETHYE AITOPUTM T'JIOK 1 MEX 3 MOKPAICHUM I'eHe-
THyHAM ~ anroputMom  (amrmi.  Branch-and-Bound
algorithm with an Improved Genetic Algorithm, IGA-
B&B). 3anponoHoBaHui MiAXia MepeBipeHo 3a JOMIOMO-
TOI0 CUMYJIALIH y 6araToareHTHOMY CepeIOBHIII 3 Oara-
ThMa NEPEIIKOIaM1 Ta I0JaTKOBO MPOTECTOBAHO B pea-
JIbHUX yMoBax. Pe3ynbratu nokasyroTts, uo Merox [GA-
B&B ckopouye gac o6uncnens Ha 30% mopiBHIHO 3 Tpa-
JTUIIHHAM METOAOM T1JIOK 1 MeX, 30epiraloun mpu oMy
SIKICTb PILLICHHS.

Heiiponni mepesxi. /[y ontumizanii po6oTu rpymnu
BITJIA mMoxyTb OyTH BUKOPUCTaHI HEWPOHHI Mepexi. Y
crarti [29] po3risgaeTses npobdaeMa 3a0e3neueHHs Ha-
niiiHocTi poro BITJIA, siki BAKOHYIOTH 3aBaHHS 3 KapTO-
rpadyBanHs MicrieBocTi. I1in yac BUKOHAHHS MicCil piid
Moke BTpadatu BIIJIA dwepe3 (i3udHI MOIIKOMKEHHS
ab0 BHUEpIAaHHS EHEeprii, M0 3MEHIIYE MOKPHUTTS TePH-
Topii. [y BUpiMIeHHS i€l MpoOIeMu aBTOPH IPOIIOHY-
10Th HOBUI METO/I, 3aCHOBAaHMI Ha OaraTroareHTHOMY Ha-
BUaHHI 3 migkpimeHasM (anrt. Multi-Agent Deep
Reinforcement Learning, MADRL). Koxen BITJIA pos-
[JISIIAETHCS SIK OKPEMHUIA areHT, 1110 NPUiiMae pillleHHs Ha
OCHOBI iH(opMalLlil PO CTaH HABKOJMIIHBOTO CEpelo-
BHIIIA T iHITUX areHTiB. Bukopucranus MADRL 103Bo-
JISIE POX0 HABYATHUCSI ONITUMAJILHO PO3IIOAUISATH 3aBAaHHS
Mix girounmu BITJIA HaBiTh B yMOBax BTpAT, [0 MiHiMi-
3y€ 3HIKEHHS e()eKTUBHOCTI MiClii.

VY nocmimkerdi [30] mpomoHyeThCS HOBHA IMiIXiT
JI0 TUTaHyBaHHS MapUIPyTiB y OaraToareHTHUX CUCTEMaX.
Y HbOMY BHKOPHCTOBY€EThCS TJIMOOKE HABYAHHS 3 MiK-
pitutenssiM (auri. Deep Reinforcement Learning) as 3a-
OesredyeHHs HaBirauiitaux MoxumBocTei BITJIA B ckia-
JHUAX CEPEOBHIIAX Ha OCHOBI JIaHHX JIA3€PHOTO CKaHy-
BaHHs1. KIIFOUOBUM HOBOBBE/ICHHSIM € THTETpallisi METOLY
IUTaHyBaHHS MapUIpyTy HAa OCHOBI BHOIpKH, IO ITiJIBH-
mye e(QeKTHBHICTh. 3ampolOHOBAaHWKA METOJM TaKOXK
BKITIO9ae oOMiH mapamerpamu Mix BITIA mns mpucko-
PEeHHsI HAaBYaHHS Ta MOKPAILICHHS NPOIYKTHBHOCTI. J[j1s
BupimieHHs 1npobiem mnoseninku BITJIA BBeneHa pe-
TEJILHO po3po0iieHa (GyHKIlisi BHHATOPOIH.

VY nayxkogiii ctarti [31] npencraBieHo iHHOBAITiH-
HUH miaxin 10 koopauHamii nekinpkox BITJIA B ymoBax
00MeKEeHOT0 3B’SI3Ky. ABTOPH PO3pOOMIN HOBHH aJro-
putm GPMF (anrn. Graph attention network supported
Partially — observable Mean Field Multi-agent
reinforcement learning), sxuii 06’enHye TpadoBi HEH-
POHHI MepexXi Ta Teopito cepenHporo mods. Llei miaxin
e(eKTHBHO BpaxoBYe CKIaaHi B3aemoxii Mmix BITJIA Ta
3abe3neuye epeKTUBHE PUHHATTS pillleHb. Pe3ynbraTtn

EKCIIEpUMEHTIB MoKa3ytoTh nepesary GPMF nax icHyto-
YUMH METOAAMH Y CKJIQJHMX KOOIIEPAaTHMBHUX 3aBJaH-
HsX. Xoua CTaTTs 30Cepe/KeHa Ha MOKpaIIeHHI CHiTb-
HOTO IPUHHATTS pitneHb Mixk BITJIA B ymoBax oOmesxe-
HOTO JIiara3oHy 3B'I3KY, BOHA HE MICTUTb YiTKHX CTpare-
Tiif A7s cuTyalliil HoBHOI BTpaTH 3B'A3Ky a00 HeCIIpaBHO-
cti BITJIA.

XMmapHi TexXHOJOril.Y mboMy po3imi 0yJ0 po3ris-
HYTO JOCIIIKEHHS, MO0 (OKYCYIOThCS Ha BUKOPHCTaHHI
BIUTA Ta BTH3 3 xmapHuMH TexHONIOTiIMU. OCHOB-
HUMH HaTIPSIMaMU JOCHIKECHB € IIEPEHECeHHS 00YMCITIO-
BaJIbHO BaXXKUX 3aBJIaHb HA XMapHi CepBepH, 110 3a0e3-
Tieyye MiZIBUIIEHHS e()EeKTUBHOCTI MiCii.

Iurerpartis BITJIA 3 TexHOIOTi€0 XMapHUX 00YHUC-
JIeHB JJIs1 CTBOPEHHS OinbIl eekTHBHOT Ta MaciuTaboBa-
Hoi cucteMu s 3actocyBaHb BIIJIA e kmrodoBoro Te-
Moto ctaTTi [32]. ABTOpH NPOMOHYIOTh CTPYKTYpY, sIKa
BUKOPHCTOBYe PecypcHO-Opi€HTOBaHYy  apXiTeKTypy
(ROA) ta BeO-cepBicH Ha OCHOBI Tiepeaadi perpe3eHTa-
tuBHOTO cTany (REST) mis 3abe3neueHHs yHiBepcalb-
HOTO JOCTyIy A0 pecypcis i mociyr BITJIA. 3anpomono-
BaHa CHCTEMa BKIIOYa€ OpOKEPCHKUH piBEHb, SKHH Ke-
pye€ po3moainioM 3aBjans BignosigauM BITJIA, 3a0e3me-
YyIO4HU BiIOKpEMJICHHSI KIIIEHTA BiJ] MOCTaYaJIbHUKIB TO-
ciyr. Y CTaTTi JeTallbHO ONKMCAHO peasi3alilo i€l cTpy-
KTYpH, BKJIIOHaI04YH po3poOKy pecypciB API ta 6a3u na-
HUX JUIs 30epiranss iHpopmauii npo BIIJIA. Xoua aB-
TOPH OLIHIOIOTH Yac BiJITYKy CUCTEMH Ta NOPIBHIOIOTH ii
3 TPaJULIHUMH METOIaMH OtHOpaHTroBoro RF-3B'3Ky,
CTaTTS Ma€ JesKi HeMONiKU. 30KpeMa, BiICYTHICTh pea-
JBHOTO BIPOBA/KEHHS XMapHOI cucTeMH abo neralib-
HOTO KOHIIENTY, a TaKOX OpaKye po3paxyHKiB HaJlilHO-
CTi CHCTEMH, KOMIUIEKCHOTO aHai3y ITPOJXyKTUBHOCTI Ta
eHeproedexTuBHOCTI BIIJIA, 0 € BaXKIIMBUMU I TTiJI-
TBEPKECHHSI IPAKTHYHOT )KHUTTE3JaTHOCTI 3aIIPONIOHOBA-
HOI KOHIIEIII.

VY crarti [33] aBTOpH IPOTIOHYIOTH CIUIBHY CTpaTe-
riro po3noainy (auri. collaborative offloading strategy)
Jutst 3acrocyBanb BITJIA, sika BUKOPHCTOBY€E MOMKIIMBOCTI
tyMmanoi (anri. fog) Ta xmapHoi (anri. cloud) obuncio-
BaJbHUX cucTeM. CTpaTeris CiipsMOBaHa Ha MiHIMi3aIlifo
3aTPUMOK B KOMYHIKallii Ta 3MEHIICHHS! €HEPrOCIIOXKH-
BaHHS OE3MUIOTHHUKIB MUITXOM OINTHMi3alii pO3MOALTY
o0YHCITIOBATBHUX pecypciB s koxHoro BITJIA. Pe-
3yJBTATH OCTIDKCHHS ITOKa3ylTh, MO IXHIA MiAXif
MOJK€ 3HaYHO 3HM3WTH 3aTPUMKy KOMYHiKamii Ta 3ara-
JbHE €HEPrOCIOKUBAHHS BY3JIiB CHCTEMH MOPIBHIHO 3
aIbTepHATUBHUMHU cTparterisiMu. OfHaK B CTATTi BIACYT-
Hil aHaJi3 HAJIHHOCTI, IKWA Ma€ BUpIlIaIIbHE 3HAUYSHHS
i 3actocyBaHHS BIIJIA B KpUTHYHHX CIEHapisX, i
BOHa ependayac ileanbHUH 3B'I30K 0€3 ypaxyBaHHsI MO-
TEHIIHUX 300iB B KOMyHikamii Mixk BITJTA, TymMmaHHUMU
BY3JIaMH 1 XMapHUMH CEpBEPaMH.

Po3pobka Ta peanizamiss XMapHOI CHCTEMH ISl aB-
TOHOMHOI 1HCIIEKIIiT 00'€KTIB IHPPACTPYKTYPH 32 JIOIO-
mororo BITJIA posrisigarotecs B crarti [34]. YV wiit po-
00Ti aBTOpH NPEICTABWIN JOAATOK i3 MIKPOCEPBICHOIO
apXiTEeKTypOIO ISl BUCOKOPIBHEBOTO TIAHYBaHHS, MOHi-
TOpHHTY Ta TecTyBaHHS Miciit BIIJIA, Takux sk mepesi-
pKa JiHIH eneKTporepenad, BeX, MOCTIB Ta 3aJi3HHUIIb.
CucreMa BHKOPHUCTOBYE KOHTeWHepu3allito ta Kuber-
netes I pO3rOpTaHHS, MacIITa0OyBaHHS Ta YIIPABIIIHHSA,
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3 Oe3nepepBHOIO IHTErpaLi€0 Ta pPO3TOPTAaHHSAM (aHTJL.
continuous integration and continuous deployment,
CI/CD) uepes cepsic GitLab. ABTopu peanizyBanu pizHi
cepBicH, BKIIIOYal04H BeO-iHTepdeiic, onTiuMizaTop Map-
mpyTiB 1 cumynsatop BITJIA, mo6 3abe3neuntr miany-
BaHHS MICili, pO3paxyHOK MapIIPyTiB i MOHITOPHHT B pe-
anmpHOMY 4aci. [IpoBeneHa omiHKa MPOAYKTHBHOCTI I10-
Ka3ajia 3JaTHICTh CCTEMH CIPABIIATUCS 31 3pOCTAIOUNM
KOPHUCTYBAaI[bKIM HaBaHTAXXCHHSM Ta i ITPUMYyBATH HU-
3BbKHI 9ac BIATYKY 3aBISKH MacIITaOyBaHHIO CEPBICiB. Y
MOJANBIIOMY PO3BHUTKY CHCTEMH AaBTOPH IUIAHYIOTbH
CTBOPUTH OKPEMHH CEpBiC JUIsl BU3HAYCHHS BIUIUBY I10-
TOJHUX yMOB Ha MapuipyTu BITITA.

Meton mnanyBaHHS aBTOHOMHHX Miciii BILJIA,
SIKMH Tiepe10avae nepeHeceHHs: 00YHCIIIOBAIEHO BAXKKHX
3aBJIaHb Ha NepudepiiiHi cepBepH, 3aIPOINOHOBAHO B JI0-
cimkenHi [35]. Apropu peanizyBaiu Model Predictive
Controller (MPC) mist kepyBaHHS TPa€eKTOPi€l0 JpOHA
Crazyflie, sxuif Mmae oOMexeHi OOPTOBI OOUNCITIOBAIBHI
MOJUJIMBOCTi. ApXITeKTypa CHCTeMH 0a3yeThcs Ha
Kubernetes, mo 3a0e3mnedye opraHizaiilo po3ropTaHHS
KOHTEeHHEepHUX MojarTkiB, BKiIrouatoun MPC ta rojgoBHy
onepariiiny cucremy ROS (Robot Operating System). Y
XO/i €KCIIEPUMEHTIB JOCTITHUKY aHaTi3yBald MPOIYyK-
TUBHICTh CUCTEMH IIPH PI3HHUX Mapamerpax i MIBHIKOC-
Ts1x MPC, BUMIpIOIOYH TOYHICTh TPAEKTOPIT, 3aTPUMKH B
MIPOXO/PKEHHI MapLIpyTy Ta 3arajbHy MOBEIIHKY CHC-
TeMH. Pe3ynbTaTH JEMOHCTPYIOTh, LIO 3alpPOIIOHOBaHA
cucreMa 31aTHa epekTuBHO KepyBatu BIIJIA, xomu Bu-
COKOpPIBHEBHI KOHTPOJIEP PYXy Ipamroe Ha mepudepiii-
HOMY CepBepi, 10 BIAKPHBAE MOXKJIMBICTh BUKOHAHHS
OIIIBINI CKJIAJHUX aBTOHOMHUX Miciii mis BITJIA 3 oOMe-
KEHUMH pecypcamu.

Pobora [36] npencTaBisie HOBUIA MiIXiJ 10 OLIHKH
JIOCTYITHOCTI Ta HaJIIHOCTI CUCTEM MOOUIBHUX XMapHUX
o6uuciens (anrit. Mobile Cloud Computing, MCC) 3 Bu-
kopuctaHusaM BITJIA it noBiTpssHMX OO4MCIIeHb. AB-
TOpPH PO3pOOMIIM MoJielli Oe3MepepBHOr0 4YacoBOr0 Map-
koBcpKkoro nanmpora (anria. Continuous Time Markov
Chain, CTMC) ans omucy apXiTeKTypud CHUCTEMH, IO
CKJIATa€eThCsl 3 MOOUIBHUX mpucTpoiB, BITJIA, 6azoBux
CTaHIIIH 1 XMapHUX cepBepiB. Y MOCIIIKCHHI IPEICTaB-
JIeHO 0a30BY MOJICITH Ta 1B PO3IIMPEHI MOJEINI, IKi BKIIIO-
YalOTh CTPATETIi rapsuoro i X0JI0IHOTO pe3epBYBaHHS IS
MiABUIIEHHA HafiiHOCTI cuctemu. [IpoBeneHuit amami3
MOKa3aB, M0 PO3IIUPEH] MOIEI1 3HAYHO TiIBUIIYIOTH JI0-
CTYIHICTh CHCTEMH: MOJIEIb Tapsuoro pe3epByBaHHs 3a-
6e3neuye 99,97% MOCTYMHOCTI 1 CKOPOUY€E Yac MPOCTOIO
Ha 62 TOAWHYU TIOPiIBHSHO 3 0230BOI0 MOJIEIUTIO.

V¥ crarti [37] po3rismaeTbes apxiTekTypa BUOOpY
mocayr y BIIJIA-xmapi Ha ocHOBi Teopii irop (aHri.
Game Theory-based UAV-cloud of Service Selection
Architecture, GT-SSA), sika Bupillye NMUTaHHS yIpaB-
JIHHS pecypcaMy Ta BUOOPY MOCIYT y XMapHHUX Ceperio-
Bumax aust BITJIA. 3anponioHoBaHa apXiTeKTypa BHKO-
PHUCTOBY€E NPUHIUIIM TEOPii irop Juist onTUMi3alii npui-
HATTS pillieHs ApoHaMu-kiieHTamy (anri. Client Drones,
CD) Ta nponamu-nipoBaiinepamu (auri. Provider Drones,
PD), mo miaBumtye eheKTUBHICTE BUOOPY HMOCIYT Y pam-
kax Flying Ad hoc NETworks (FANETS). s mozneto-
BaHHS MMOBEIIHKY Ta KOMYHIKaIliil APOHIB aBTOPHU peai-
syBas GT-SSA 3a gomomororo cumyssaropa OMNeT++

4.6 Ta ppeiimBopkiB INET i AVENS. Ouinka npoxyKkTu-
BHOCTI apXiTEKTYpH IPOBOAMIACH 32 TAKUMHM ITOKA3HH-
KaMH, sIK 3aTPUMKa BHSIBJICHHS, 3aTPUMKa CIIOKUBAHHS,
HacKpi3Ha 3aTPHMKa Ta CIIOKUBAHHS €HEprii, IPH LOMY
GT-SSA noxkasaina kpamii pe3yibTaTi MOPiBHIHO 3 iCHY-
oYnMH migxomamu, TakuMu sk GTCS.

VY crarri [38] aBTOpH IPE3eHTYIOTH IHHOBAIIHHIH
MiAXiA 10 BUPIMIEHHS MPOOJieM KOOpAMHAII Ta yIpaB-
niaas posimu BITJIA. ABTOpH BUKOPHCTOBYIOTH MaTeMa-
TUYHY MOJIENb JJIs KepyBaHHS pyxoM poro BITJIA Tta mo-
KpallleHHs 3aXOIUICHHSA 300pakKeHb Ha HAIliBBUITAIKOBii
TPAEKTOPii HONBOTY. Y CTATTI PONOHYETHCS XMapHa MO-
JIeTIb, SIKa BUKOPHCTOBYE IMEPEIOBI METOAHM 1 aJITOPUTMHU
JUISL pO3POOKH BiIMOBOCTIHKUX CXeM 1 0Oy IOBHU JIeIIeH-
tpanizoBanoro poto BITJIA. Jlns peanizanii mocraBieHoi
3a7a4i BoHM BUKOpHcTOBYI0TH OpenStack Ta Kubernetes,
110 3abe3reuye HaliliHy Ta e(eKTHBHY IPOAYKTHBHICTB.
CrBopeHa cumcTeMa TakoXX BKIOUae B cebe
OpenDroneMap mist 00poOku aepooTO3HIMKIB 1 BUKO-
pucroBye BITJIA, ocHameni Raspberry Pi ans 360py na-
HUX. 3alpONOHOBAHE DILICHHS € MOIYJNBHHM 1 MOXe
OyTH aJanToBaHe 0 Pi3HUX cdep 3aCTOCYBaHHS.

VY mochimxenni [39] yBara 3ocepe/pkeHa Ha Mpo-
0JIeMi CIIJIBHOTO PO3MOALTY 3aB/aHb 1 PECYPCIB y MYJIb-
TUXMapHii 00YMCITIOBANIBHIA CUCTEMI 3 BUKOPHCTAHHIM
BIUTA nna mpuctpoiB IHTepHeTy pedeit (aHri. Internet
of Things, 10oT). ABropu hopMyIIIOIOTH AMHAMIYHY OII-
TUMI3aliiiHy 3a7a4y, COpsIMOBaHy Ha MiHIMi3allito eHep-
rocioxuBaHHs BIIJIA mpm 30epexeHHi cTabiIbHOCTI
YeprH, BpaxOBYIOUH BUTPATH Ha IIEPeaady JaHUX i BUKO-
HaHHS 3aBJaHb. 3alPOIIOHOBAHO AJITOPUTM CHIIBHOTO
PO3BaHTaXCHHS 3aBJaHb 1 PO3MOAITY pecypciB (aHIIL.
Collaborative Task Offloading and Resources Allocation
Algorithm, CTORAA), 3acHOBaHMIf Ha MeTOJaX IITYydY-
HOTO IHTEJIEKTY, 10 J103BOJIsiE €(DEKTMBHO BHPILyBaTH
3aBJIaHHs PO3BaHTaXXEHHs Ta 300py eHeprii. Imitauiiiui
EKCIIEPUMEHTH MiATBEPIUIN e(EeKTUBHICTh allTOPUTMY,
HOPIBHIOKOYHW HOTO 3 THIIMMHU ITiAX0AaMH.

Agrtopamu nociimkenns [40] Oymo nmpe3eHTOBaHO
cucremy UAV Flight Tracker — xMapHy cucremy aist Mo-
HITOPHUHTY Ta ynpasiiHHs Kitbkoma BITJTA B pexwmi pe-
anmpHOrO dacy. BukopucranHs apxitektypy MEAN
(MongoDB, ExpressJS, AngularJS ta NodeJS) 3a6e3rme-
Yye MacITabOBaHICTh Ta e(h)eKTUBHE BiJICTSIKCHHS, YHU-
KHEHHS 3ITKHEHb 1 YIPaBIiHHSA TPAEKTOPISIMHU IIOJIHOTY.
AJTOpPUTM yHUKHEHHS 3iTKHEHb PEaTi30BaHO Y TPHOX 30-
Hax: Oe3revHa, mepeHanpapieHHs Ta aBapiliHa. [Ipoxyk-
THUBHICTH CHCTEMH OI[IHIOETHCSA 38 TAKIMH ITapaMeTpaMH,
AK 9ac BIATYKY, BHKOPHUCTaHHS PECypCiB i €pEeKTUBHICTD
YHUKHEHHS 3iTKHeHb. [lim wac cumysmiid 3 go 100
BIUTA anami3yrOThCs pi3HI MOKa3HUKH, BKIFOYAIOYH Yac
OHOBJICHHSI JaHWX 3 JIaTYMKIB 1 3aBepuieHHs Micii. Pe-
3yJIBTAaTH MIATBEPDKYIOTh 34aTHICTh CUCTEMH JI0 MacIll-
tTaOyBaHHA Ta €(EKTHBHICTh B YIPABIIHHI KiIbKOMa
BIIJIA onnouacno. IIpote, Opakye aHanizy HamiHHOCTI
Ta BIIMOBOCTIMKOCTI CHCTEMH, a TaKOX TECTYBaHb y pe-
QIBHUX YMOBaX 3 ypaxyBaHHSM BIUIMBY HAaBKOJHMIITHEOTO
CepellOBHIIA, TAKHUX SIK OTOJIHI YMOBH.

V¥ crarri [41] aBTOpH IPOTOHYIOTH eHEpProedeKTn-
BHY 1 0€3MeYHy CUCTeMY pO3IOiIy 3aBIaHb JIJIs EKiJb-
kox BITJIA 3a momomororo mepudepiiHux XMapHUX 00-
gncnens (aura. Edge-Cloud Computing, ECC). Boun

150



ISSN 2073-7394

CucreMu yrpaBiliHHs, HaBiraiii Ta 38's13ky. 2024. Ne 4

(OpMyJIIIOIOTE ONTUMI3aLiiHY 3a1a4y, SKa BKIIOYaE PO3-
MOJIIT 3aBJaHb 1 PecypciB, CTHCHEHHS 1 3a0e3redeHHs
Oesneky sl MiHIMI3amil 3arajJbHOIO EHEepProCIOXKH-
BaHHS B YMOBaX OOMEKEHb Ha 4Yac 3aTPUMKH. ABTOPH
MIPOBOASATH OLIHKY CBOET MOZIEII 32 JOIOMOTOI0 CUMYJIs-
uiit B MATLAB, mopiBHIOI0OYH ii 3 JIOKaIEHUMH, TIEpH-
(depiiHUMH Ta XMaPHUMU CTPATETisIMA BUKOHAHHS, a Ta-
KOX 3 IHIINMH iCHYIOUHMH MOJCISMH PO3IOMITy 3a-
BIaHb. Pe3ynbTaTu JEMOHCTPYIOTH, IO 3aIPOIIOHOBAHA
HUMH MOJIeNb 3a0e31euye 3HauHy eKOHOMII0 eHepril mo-
PIBHSHO 3 €TaJOHHUMH DIICHHAMH, 3 TTOKPAIICHHIMHI
Bix 12% 1o 21%.

Haniiine Bukonanus 3aBaans. 1l ono po3paxys-
KiB HaMiifHOCTI Miciit 3 BukopuctanHsM BIIJIA Oyio
3Hal/IeHo He Tak Oararo crateil. Y poOoti [42] aBTopH
MIPOTIOHYIOTh METOJ IIaHYBaHHsS 3aBJaHb IS POiB
BIUTA, opienToBaHUil Ha 3a0e3MCUCHHS HAIIHHOCTI BU-
KOHAHHS TOCTaBIIeHNX Micii. CTBOpEeHO MoOJeNb Hamiii-
HOCTI JUTA pOIB, IO BUKOHYIOTH PO3BiTyBalibHI Ta O0HOBI
3aBIAaHHs, 3 ypaxyBaHHAM BHCOTH MOJBOTY, TUIOMII TTOK-
PHUTTS Ta 3arpo3 BiJ MPOTHBHUKA. J{JIs1 MOZIEITIOBaHHS Ta
PO3paxyHKy HaJiHHOCTI MICiif Ha pi3HHX eTamax — 3amy-
CKy, MOJBOTY Ta OOMOBHX Jili — aBTOPU 3aCTOCOBYIOTh
OJIOK-CXeMHU HaIHHOCTI, epeBa BiJIMOB 1 IBIMKOBI aiar-
pamu npuitHATTS piwenps (aHrn.  Binary Decision
Diagrams, BDD). OnTumizaiis miaHiB BUIpoOyBaHb
3MIACHIOETHCS 32 JOMTOMOT0I0 AJITOPUTMY OAaraToijIbo-
BOT ONTHMI3allil pOI0 KBAaHTOBHUX YacTHHOK (aHri. Multi-
Objective Quantum Particle Swarm Optimization,
MOQPSO), sikuit BpaxoBye HaIiiHICTB 1 BapTiCTh MiCil.
Merto IEMOHCTPYETHCS Ha TIPHUKJIA/l POIO 3 PO3BigyBa-
JBHAMH 1 O0HOBHUMH MOKITHBOCTSIMH, T AKPECITIOI0YH, K
ONTUMAJTBHI TUIaHU TOJIBOTY MOXKYTh OyTH 00paHi 3aie-
JKHO BiJ] CIIEHApIiB 3 BIIOMHM 1 HEBIJOMUM MiCIIe3HAXO-
JOKEHHSIM BOPOXKHUX ITITCH.

VY nocnimxeni [43] 3anponoHOBaHO METOJI BU3HA-
YeHHsI ONITUMAIILHOT yrcenbHocTi GuoTtmiiit BITJIA, Bpa-
XOBYIOYH HaIMHICT JIITAJbHUX amapaTiB i HEOOXiAHY
SIKICTh MOHITOPHUHTI'Y Yy Ha/[3BUYaiiHUX CUTYyallisIX. AHai-
3ytouu (hakTOpH, 110 BIUIMBAIOTH HAa CTPYKTYPY YIpyHo-
BaHHS, aBTOPH BCTAHOBWJIM 3AJICKHICTH €(EeKTHBHOCTI
BHKOHAHHS 3aBJIaHb BiJ iMoBipHOCTI BimMoBH BITJIA mix
BIUIMBOM HETaTHBHUX (hakTopiB. BukopucraHo teopiro
pU3UKY, IMOBipHOCTEH, KOMOIHATOPUKY, TEOPi0 HaTii-
HOCTI Ta METOJM MaTeMaTH4HOI ONTHMI3allil U1 po3po-
O0xu Moxeni. [IpencraBiaeHo CTPYKTYpHY CXeMy YIpaB-
ninas uotumismu BITJIA, sika BpaxoBye MOMKIHBICTH
CaMOBITHOBJICHHS CHCTEMH B YMOBax JAerpajamii mix
BIUIMBOM JecTabimi3yrounx (akropiB Ta 3arpo3. Kpim
TOrO, PO3pOOJIEHO MaTeMaTW4Hy MOJENb Ui OLIHKH
SKOCTI YIIPaBJIiHHA YTPYIIOBAHHAM 1 c(hOPMYIIEOBAHO OII-
TUMI3aliiHy 3a1ady i MaKCUMi3aIlil MpoayKTUBHOCTL
CHCTEMH 32 HasBHOCTI 3aJjaHuX oOMexeHb. OfHaK y po-
60Ti Opakye iHdpopMmaii 070 MPaKTUYHOI peaizanii Ta
00MeKEeHb 3aIpONIOHOBAaHOTO METOLY.

3ano6irannsa JicoBUM noxke:kam. Buxopucranus
BITJIA ta HP3 y rpynax asst 3ano0iraHHs JIiCOBHM I10-
KeKaM € OJTHUM i3 HaiOiJIbII PO3MOBCIOMKEHUX HAmps-
MKiB cydacHuX fociimkenb. BITJIA ta HP3 MoxyTh BH-
KOPHUCTOBYBATHUCS JUIA 33729 3 MOHITOPHUHTY MiCIIEBOCTI
JUTS 3amo0iraHHs TONAJIbIIOMY PO3IOBCIOHKEHHIO TI0-
HKEXKI.

VY crarti [44] aBTOpPH IPEACTABISIOTH AITOPUTM
Probabilistic Path Planning (PPP) mis BITJIA s nmokpa-
LIEHHSI MOHITOPHHTY Ta 3aro0iraHHs JIICOBUM ITOKEXKaM.
ANTOpUTM TO€AHYE iHPOPMALiIO PO HMOBIPHICTH BU-
HUKHEHHSI IT0’KEeX1 B peajbHOMY 4aci 3 AMHAMIYHUM IIPO-
TpaMyBaHHSAM IS ONTHMI3allil MapHIPyTiB MaTpyIIIO-
BaHHs BIIJIA. JlocnmimHWKH BHKOPHUCTOBYIOTH JIOTiCTH-
YHY perpecito Il po3paxyHKy HMOBIPHOCTI ITOKEXi Ha
OCHOBI TakWX (aKTOPiB HABKOJHIITHBOTO CEPEIOBHIIA,
SIK TEMIIEpaTypa, PiBEHb BOJIOTOCTI MOBITPS i KIIBKICTH
omazis. [IoTiM BOHH 3aCTOCOBYIOTH MEXaHi3M (inbTpaii
JUISL BUIAJICHHS TOYOK 3 HU3bKUM PIBHEM PHU3UKY i BUKO-
PHUCTOBYIOTH METOJ JHHAMIYHOTO MPOTpaMyBaHHS IS
CTBOPEHHSI ONTHMAIBHOTO MapIIpyTy HaTpyJIIOBaHHS 3
ypaxyBaHHSAM BiJCTaHi Ta WMOBipHOCTI moxexi. Edex-
THBHICTH ajroputMy PPP oninioeTscs 3a gomomororo cu-
MYJIALIHM, MOPIBHIOOYH HOro 3 TPaAWLIHHHUMHU METO-
JaMu, SIKi BpaxOBYIOTh JIMIIE BifcTaHb. PesymbraTn mo-
Ka3yIoTh, 110 3aIIPOIIOHOBAHMH METO] CKOPOUYE Jac Iia-
TpyoBaHHS Ha 18,5% Ta rurony nommpeHHs MoXexi Ha
23% TOpPIBHAHO 3 TPATUIIIHHAMH TiAXomaMu. Xo9a J0c-
JDKCHHS TIPENICTaBIIsle HOBUN MiAXiA IO MOHITOPHHTY
JicoBux mokex 3a gomomororo BIIJIA, idiomy Opakye
aHanizy HajiitHocTi cuctemu. Kpim Toro, aBTopu Moriu
0 IOCHIUTH TOTEHIIHHY IHTErpalil0 METOMAIB MalluH-
HOT'O HaBYaHHS JJIs TTOJIANIBILOTO ITiABUIEHHS TOYHOCTI
HPOTHO3YBaHHS TTOXKEX.

ABTOpu nociipkeHHs [45] NPONOHYIOTH MeETOon
IUTaHyBaHHA MapupyTiB moasoTiB BIUJIA s MmoniTOpH-
HT'y JIICOBUX TTOKE3K 3 BAKOPUCTAHHAM KapTH PU3HKIB JIi-
COBHUX IOKEX. BOHM NpenCcTaBisAIOTH MiAXil, 3aCHOBa-
HUH HA BU3HAYCHHI MapHIpyTy MaTpyJIIOBaHHA 3 ypaxy-
BaHHsAM pr3ukiB (RSUPP), sxwif moemHye BigcTans, npu-
JATHICTH U1 poOOTH HA BENHMKHUX IUIOMIAX Ta iH(opMa-
IO PO MOXKEXKHY HeOe3neKy A ONTHMI3allii Mappy-
TiB natpyioBanHs BITJIA. MeTox BUKOPHUCTOBYE anro-
putM Gaussian mixture clustering Juis oAy BEJIMKUX
TEpUTOPIiil Ha MEHIII 1iJ30HH, & TOTIM BUKOPHCTOBYE aJl-
roput™ Ring Self-Organizing Map (RSOM) s ruiany-
BaHHS €()EKTHBHUX MapLIPYTiB MOJBOTY B MEXKaX KOXK-
HOI MiJ30HU. ABTOPH TaKO3X IPEJCTaBISIOTH CXeMy KOO-
mieparii qexinpkox BITJTA mist mogonanHs 0OMeXeHb Ia-
TpynroBaHHS onHUM BITJIA BenHWKHX JTICOBUX MAaCHBIB.
BoHM OLIHIOIOTE CBil MiIXiJ y MOPIBHAHHI 3 METOJaMH
BUIIJKOBOTO TIOIIYKY 1 JIOKQJIFHOTO TOIIYKY, BUKOPHC-
TOBYIOYH NPAaKTUYHUI HAOIp JaHUX, IEMOHCTPYIOUYH I10-
KpalleHe TOKPUTTS 30H MiBUIIEHOTO PU3UKY i CKOPO-
YeHHsI 3arajbHOI BiZICTaHi MOJbOTY. CTaTTs BKIIIOYAE JI0-
CJTJDKEHHS HAI[IOHAJILHOTO JIicOBOTO Mapky B Kurai, mo6
MIPOLTIOCTPYBATH 3aCTOCYBAHHS 3aIIPOIIOHOBAHOTO HUMH
MeTo/My. AJle Hakallb aBTOPH HE PO3IJISIAI0TH ITOTEH-
LifiHI OOMEXEHHS, Taki sSK BIUIUB MOTOJHHX YMOB Ha
npoayktuBHicTh BIIJIA abo iHTerpaiiiro OHOBJICHB Ja-
HUX B peaJIbHOMY 4Yaci B IPOLIEC IIaHyBaHHS MapIpyTy.

s 3a0e3mnedeHHs MIBHIKOTO pearyBaHHS Ha JIi-
COBI MOXeXI1 B cTaTTi [46] po3po0IiIeHO TeHeTHIHUH aj-
TOPUTM MapUIpyTH3alil Ta MIaHyBaHHS 3 YaCOBHUMH 00-
mexxennsmu (anrin. Genetic Algorithm-based Routing
and Scheduling with Time constraints, GARST) i3 3ay-
geHHsIM rpynu BITJIA. @opmymoBanHs npoOiIeMu 3BO-
JUTHCS 10 337a4i HAHKOPOTIIOTO MapUIPyTy 3 YACOBUMHU
0OMEeXEHHIMH, 1110 Ma€ Ha METi MiHIMI3yBaTH 3arajJbHUi
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yac JIKBIAaMii MOKexi, 3a0€3MeUy0UYH MPH BOMY, IO
BCI OcepelKH MOoXexi OyayTh 00poOiIeHi Ik OKpeMi 3a-
Branns jisg BIUIA (amrn. Single UAV Tasks, SUTSs).
AJITOPUTM BUKOPHUCTOBYE I'€HETHYHI ONIEPATOPH, TaKi 5K
CeJICKIlisl, KPOCHHIOBEp, MYyTallis Ta CIITHU3M, A TO-
IIyKy ONTHMAaIbHHUX a00 OIM3BKUX MO ONTHMANBHUX Pi-
meHb. EpexruBHicTs GARST migTBepmkeHa cuMyIsili-
SIMH 3 PI3HOIO KiJBKICTIO ITOKEX Ta aHaJIi30M METOJO0M
Mownte-Kapio, mokasyodn BUCOKY YCHIITHICTD Y CIIeHA-
pisix, e KITbKICTD BUTIAAKIB MOXKEX Y 5 pa3iB IMEepPEeBHILYE
kimpKicTh BITJIA. 3anpomoHoBaHMiA TiAXi TEPCIIEKTHB-
HUH JUIs 3MCHIICHHS TUTONII 3HHUIICHOT TepUTOpil Ta 3a-
Oe3rneueHHs MIBUKOI JiKBixamii licoBux moxex. [Ipote,
y poOOTi He TPOBEACHO aHami3 (PAKTOpPIB HABKOJIHIII-
HBOTO CEPEIOBHIIA, TAKHUX SIK IIBUIKICTh Ta HAMPSIM Bi-
Tpy abo penbed, sIKi MOXKYTh CYyTTEBO BIUTMHYTH Ha TIPO-
nykruBHICTh BITJIA B peanbHUX yMOBax.

VY crarri [47] aBTOpH 3ampONOHYBAIN CHCTEMATH-
YHy cTpaTerito BuKopucTaHHs poiB BIIJIA mns Buss-
JIeHHA Ta OOpOTHOM 3 JIICOBUMU MOXKexkaMu. Po3polire-
HUH MIXIT OXOIUTIOE MOBHHUN LUK — BiJ BHUSABJIEHHS
OCepeKiB MOKEeXKi 0 aHaNi3y Ta BIPOBAKCHHS 3aX0/IiB
KOHTPOJII0, 0a3yHOUNCh HA MOEJHAHHI AJITOPUTMIB OITH-
Mi3aii poto yactuHok (PSO) Ta mry4Hoi 01K0IMHOT KO-
noHii (anra. artificial bee colony, ABC). Y tpuBumip-
HOMY CEPEIOBHUII OyJIO 3MOJECIBOBAHO PI3HOMAHITHI
crieHapii JIICOBUX MOXEeX, BPaXOBYIOUH Pi3HI BUCOTH Tip,
MICIISI 3arOPSIHHSI Ta TUTOMII mokexi. Aigroputm PSO Bu-
KOPHUCTOBYETHCS Il €(DeKTUBHOTO IDTAHYBAaHHS MapIil-
pyTiB BITJIA 3 MeTO!O IIBUAKOTO BHABICHHS KITBKOX TO-
YOK 3aropsiHHSA, Toi K anroputMm ABC omiHIO€ iHTCHCH-
BHICTh TMOXEXI Ta MPOIOHYE BiAMOBIIHI 3axomu OOpo-
T60n. CUMYILILIT MATBEPIKYIOTh €()EeKTUBHICTD IIiJI-
XOJy, IEMOHCTPYIOUH, K poi BITJIA M0oXyTh epeKTHBHO
OpIEHTYBATHCS HA CKJIAJHINA MICI[EBOCTI, BUSBIISTH JIEKi-
JIbKA OCEPEIKIB MOXEKI Ta OIIHIOBATH IXHIO IHTCHCHUB-
HICTb.

PesyabTaTu anagizy myéuikauiii. B xoni ananizy
44 myOmikaii, sSIKi JOCIHKYIOTh TUTAaHHI 3aCTOCY BAaHHS
BITJIA, BCTaHOBIIEHO, 110 JuiIe y podotax [42] Ta [43]
JeTaTbHO PO3TIIANAIOTECS MUTAHHS HAIIMHOCTI Micii 3a-
nexxHO Bif KibkocTi BITJTA Ta iHIINX BaXKITUBUX (hakTo-
piB. [Ipu bOMy mHTaHHA BIUIMBY BITPY Ha TPaeKTOPil
mosboTy BITJIA BHCBITIIOETBCS JTHIIE Y MOCIIKEHHSIX
[9], [14] ta [24]. Ha >xainb, JOCITiKEHHSI BIUTMBY 1HIIHUX
MOTOIHUX YMOB, TAKHX SIK JIOLI YM TyMaH, HE MPEACTaB-
JICHO B JKOJHIM 3 TpoaHami3oBaHUX mmyoOuikarii. OgHax
i 4CMEKTH € KPUTHYHO BAXKIMBUMH JUIS TOIIYKOBO-Psi-
TyBaJbHUX OIeparliii, e TOYHICTh HaBiramii Ta Hamii-
HICTB MiCil MalOTh KITIOYOBE 3HAYEHHS.

BinmbimicTs mocmikeHb 30CepePKeHi Ha BIIOCKOHA-
JICHHI QITOPUTMIB onTUMi3arii, Takux sk A*, PSO Ta re-
HetnuHi anroputmu [4], [5], 1m0 £03BOJISE MiABUIIMTH TOY-
HICTB Ta e()eKTHBHICTB ITaHyBaHH MapuipyTiB 1uist BITIIA.
L[i anxropuT™Mu aKTHMBHO BHKOPHCTOBYIOTBCS JUISI PO3B'S-
3aHHsI 33/1a4 ONTHMI3allii TPaeKTOpii MOJILOTY, 3a0e3medy-
104M OUThbII e(eKTHBHE YNpaBIiHHSA pecypcaMH 1 3MeH-
LICHHSI BUTPAT 4acy HAa BUKOHAHHSI 3aB/IaHb.

HeiiporHi Mepexki TakoXX JIEMOHCTPYIOTh 3HAUYHHI
ToTeHIiaN y nokpamenHi Hasiramii BITJIA, 3aBasaxu ixHii
3aTHOCTI 10 aJanTUBHOTO HABYAHHS i IIPOTHO3YBAHHS, SIK
nokasaso y gociimkenni [30].

Amnaii3 nokasas, 110 OUIBIIICT POOIT aKLEHTYIOTh
Ha 0OMEXEHUX 00UYHMCIIOBAIBHUX MOXIMBOCTIX BITJIA
Ta MO>JIMBOCTI EPEHECEHHS YaCTUHU (QYHKIIHA ONTHMI-
3arii nUIxiB 10 xMapHux cepsepis [32], [33], [35]. Bu-
KOPUCTaHHS XMapHUX TEXHOJIOT1H JJ03BOJISIE HE JIUILIE T10-
JmmTH 00poOKy MOTOJHUX YMOB, 3aB/ISKH iHTErparii 3
cepBicaMH TOTOM Ui KOPEKIii TPaeKTopiii MOJIBOTY
BIUTA [34], ane i 3ailiCHUTH JeTaNbHIIINA pO3pPaxyHOK
HagiiHOCTI Micii. XMapHi mmaTgopmu 31aTHI 00poOIATH
BEJIMKI OOCSTH JaHWUX Ta BUKOHYBaTH CKJIaaHI oOdwmC-
JICHHSI, 110 € KPUTHYHO BAXKIIMBHUM [UIsl €(DEKTHBHOTO YII-
pasininns posimu BI1JIA B peanbHoMYy yaci. Lle Binkpusae
HOBI MO>JIMBOCTI JUIsl ITiIBUILEHHS] TOYHOCTI Ta Ha/liHHO-
cti miciit BITJIA, a Takosx Juis afganrtarii 10 3MiHIOBaHHX
YMOB HaBKOJIMIIHBOTO CEPEAOBHIIIA.

BuznauenHst HanpsiMiB MOAQIBINMX IOCJi-
JKeHb. Y KOHTEKCTI CTPIMKOTO PO3BHTKY TEXHOJIOTIH
BIUTA Ta MymbTHareHTHHX CHCTEM IOCTa€ MOTpeda y
BIIOCKOHAJICHHI METOMIB ONTHMI3allil pO3paxyHKiB Map-
mIpyTiB 1 po3moniny 3aBmaHb. KIlOYOBHM HampsMoMm
MaHOyTHIX TOCIIKEHD € IHTerpallisi XMapHUX TEXHOJIO-
riff Ta BIOCKOHANCHWX AalNTOPUTMIB IJIS IIiABUICHHS
e(eKTUBHOCTI TJIaHyBaHHsI 1 BUKOHAaHH: Miciit BITJIA.

OfHUM 3 TEepCIEeKTHBHUX BEKTOPIB DPO3BHUTKY €
CTBOPEHHS CUCTEM JUIsl ONTHMI3allii po3paxyHKy HUISXIB
y MyJbTHAreHTHHX CHUCTEMaxX 3 ypaxyBaHHSIM JHHaMiy-
HHX 30BHILIHIX ()aKTOpiB, 30KpeMa BITpY Ta IHIIUX Me-
TEOpOJIOTIYHUX YMOB. Po3poOka aganTHBHUX alIrOpHT-
MIB, 3JaTHIX BPaxOBYBATH 3MiHH IIOTOJIHIX YMOB y pea-
JTHHOMY 4Yaci, HabyBae KpUTHYHOTO 3Ha4eHHS. L{e mepen-
0avae IHTETPaIlit0 METEOPOIIOTIYHNX MIPOTHO3IB Ta aKTy-
QIPHUX JAaHUX NpO aTMoc(epHi YMOBH Ul OTEPATHB-
HOT'O KOPUTYBaHHS TpaekTopiit momsoty BITJIA.

BaxximMBUM acmeKkToM € JOCHIDKEHHS HaIiMHOCTI
MiCili y MyJIbTHAareHTHUX cucremax. Po3poOka mojeneit
OIIIHKY HAAIWHOCTI, SIKI BPAXOBYIOTh SIK TEXHIUHI Xapak-
tepuctuku BITJIA, Tak i 30BHilIHI (hakTOpH, 103BOJIUTH
3a0e3ne4nTH OLIBII TOYHE IIaHyBaHHs MiCii 1 MiHIMI3Y-
BaTH pHU3HK BiqMOB. lle BKJIIOUAE PO3paxyHOK HaiiHO-
CTi Ha PI3HHX eTanax Micil — BiJ| 3aIyCKy J10 BUKOHAHHS
3aBJlaHb — 3 ypaxyBaHHAM IMOTEHLIHHMUX 300iB y cucTe-
Max yIpaBIiHHS Ta KOMYHIKaIlii.

[Moxanpni gociiUKEHHS MOXKYTh OXOIUTIOBATH aHa-
i3 CyYyacHUX XMapHHUX TEXHOJIOTIH Ta mIatdopM, TaKuX
sk Azure, GCP, AWS, Ta MOXITHBOCTI iX iHTErparii 3 cu-
cremamu BITJTA.

Ha puc. 5 mpencraBieHo cxeMmy B3aeMoOJii He3alle-
*KHUX areHTiB. KoxxeH areHT moxe Oytu ¢iznaanm HP3
a6o BIUIA, ocHameHIM BITaCHUM IIPOTPaMHUM 3a0e31e-
yerHaMm (I13). Le I13 no3Bosie areHTaM ONTHMI3yBaTH
CBIif MapupyT Ta 3aBaHHS 3aJIeKHO BiJl CTaHy Cepejio-
BHIIA Ta iHIIKX areHTiB. KiJbKICTh areHTiB MOXKE Bapiro-
BatHcsi. OOMiH iH(pOpMAIli€l0 MK areHTaMH Ha CXeMi
M03HAYEHO CcTpioykaMu. IlepeBaroro mporo miaxomy €
ABTOHOMHICTb CHCTEMHU, 10 OCOOJINBO IIIHHUM B YMOBaX
BIZICyTHOCTI 3B'AI3KY.

OnmHak 1e 30imbIIye OOYMCIIIOBAJIbHE HaBaHTa-
JKeHHS Ha areHTiB, IO IiJBHIIyE€ BAaPTICTh KOXKHOTO
BIUTA a6o HP3 Ta eneprocnoxuBaHHs.

Puc. 6 imrocTpye cxemy B3a€MOJIii areHTIB 3 BUKO-
PUCTaHHSM XMapHHUX TEXHOJOTiH. AreHTH ((i3uyHi ere-
meHTu cuctemu, BITJIA ta HP3) koMyHIKyIOTh 3 XMap-
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HOIO CHCTEMOIO uepe3 OanaHcyBau HaBaHTaxeHHs (Load
balancer). Moro ¢ysKuis — onTUManbHUi PO3MNOLT Ha-
BaHTa)XEHHA 1 3aIIUTIB BiJ ar€HTIB MK MHOKMHOO KOITIi
I13. Li komii I13 3a3Buuaii po3ropraroThcsi y KOHTEHHE-
pax 3a JIOIOMOTOI0 TakKMX IHCTpYMeEHTIB, sik Docker Ta
Kubernetes [48]. Kinbkicts arentis i komiii I13 Moxe
OyTH pi3HOIO, a OalaHCYBa4 HABaHTAXCHHS 3TATHUH -
HaMI4HO 3MIHIOBaTH KiIbKiCTh KOHTelHepiB [13. Cxema
TakoX BimoOpakae B3aemonito I13 3 6a3oro manux (B/I)
Ta 30BHINTHIM CEpBiCOM TIOTOJTH.

n3 ArenT nz Arent

ns Areut

Puc. 5. Cxema B3aeMoO/il He3aJI€KHUX areHTIB

Arent ArenT Arent

/ /

- \ ~
Load
balancer

KMaPa

\

Puc. 6. 3anporoHoBaHa cxeMa B3a€MO/Ii1 areHTIB
3 XMapHUM CEPEIOBHUIIEM

[epeBaroto Takoro miaxoAay € nepeHeceHHs o04mc-
JIEHb Y XMapHEe CEePeAOBHIIE, 10 3HIXKYE BapTICTh eKC-
ryaranii areartiB. Henmomikom Moxxe OyTH BpasiHBICTbh
70 riepe6oiB abo MOBHOT BTPATH 3B'SI3KY 3 XMapHUM ce-
PEOBHILEM.

[Ipote e He BUKIIIOYAE MOKIMBOCTI KOMOIHYBaHHS
JIAHOTO MiJXO/Y 3 MONEePEeIHIM ISl JOCSTHEHHS ONTHMa-
JILHOTO 0ajyaHCcy MiX aBTOHOMHICTIO Ta €()eKTUBHICTIO.

BucHoBku

YV xoni gocmimxeHHs OyJo npoaHaiizoBaHo 44 Hay-
KoBi myOmikarii 3a mepion 3 2019 mo 2024 poxw, npucss-
YeHi onThMi3alii poOOTH OE3MUTOTHUX JITAIFHUX arapa-
tiB (BI1JIA) Ta Ge3minoTHUX Ha3eMHHUX TPAHCIIOPTHUX 3a-
co0iB (HP3) 3 BukopucTanHsM XxMapHUX TexHOJOT1H. [ei
aHaJII3 JI03BOJIMB BUKOHATH MIOCTaBJICH] 3aBJIaHHS Ta 10CS-
I'TH METH JIOCIIKEHHS, a caMe: MPOBECTH MOPIBHUIbHUH
aHaN3 aKTyaJbHUX crocoOiB BukopucTtaHHs BITJIA Ta
HP3, Bu3HaunTH HANHOINBII MOIMYJISIPHI HANIPSIMHU JOCITi-
JUKEHB Ta aJTOPUTMH ONTHMI3allii, 8 TAKOX OOIPYHTYBAaTH
JOITBHICT 3aCTOCYBaHHS XMapHHUX TEXHOJIOTIN IS OTI-

Pesyneratu gocmimkeHHS TOKa3aid, 0 HaHOUTBII
akTyarbHUMH TeMaMu B raiy3i BITJIA ta HP3 e 3acrocy-
BaHHS XMapHHUX TEXHOJOTiH, iHTerpauis HP3 y cucremu
3 BITJIA, po3po6ka cucteM nonepekeHHs MMOKeX Ta 3a-
CTOCYBaHHSI METO/IiB MallMHHOTO HaBuaHHs. Cepen aji-
TOPUTMIB ONTUMI3alli] HAHOUIBITY MOMYJIAPHICTh MAlOTh
A¥*, onTUMi3allis METOI0OM POIO YaCTOK Ta FeHETHYHI ajl-
roput™u. Lli MeToqu akKTUBHO BHKOPHCTOBYIOTBCS IS
BUPIICHHS CKJIaJHUX 33/1a4 IUIaHYBaHHSA MapLIPYTIB Ta
po3noxiny 3aBnans y rpymnax BITJIA ta HP3.

BaxnuBuM BHCHOBKOM € T€, IO BHUKOPHUCTAHHS
XMapHHUX TEXHOJIOTIH BiIKpHBa€e HOBI MOJIIMBOCTI IS
migBumeHHs eexktuBHOCTI podoTH BITJIA Ta HP3. XMma-
pHI TuIaTGOpMH MO3BOJISIOTH IEPEHECTH PECYpPCOEMHI
0OYHMCIICHHS Ha BiJIaJIeHi CEpBEpH, LII0 3HAUYHO PO3IIH-
PIOE MOXKIJIMBOCTI ONTHMI3allii MapuIpyTiB Ta PO3MOALTY
3aBnaHb. 1le 0cOOIMBO aKTyaabHO B KOHTEKCTI 0OOMexe-
HHUX 00YMCIIIOBAILHHUX PECYPCiB caMux NpHcTpoiB. Kpim
TOTO, IHTETpallis 3 XMaPHUMH CEPBICaAMH ITOTOH JI03BO-
Jsl€ BPaxOBYBAaTH METEOPOJIOTIYHI YMOBH MpH IUIAHY-
BaHHI MICiH, [0 MiABHIIY€E X HamilHICTh Ta e()eKTUB-
HICTb.

OpHak, TOCIiIKSHHS BASBWIIO 1 MEBHI MPOTATMHA
B iCHYI04YHX poOoTax. 30KpeMa, HeZJOCTaTHBO YBaru npu-
JUNS€THCS BIUIMBY PI3HOMaHITHHUX ITOTOJJHAX YMOB Ha po-
6oty BIIJIA ta HP3, a Takox JeTanbHOMY pO3paxyHKY
HaJiitHOCTI Miciil. LI acnekTu € KpUTHYHO BaXKIMBUMH
JUISL TIPAKTUYHOTO 3aCTOCYBaHHS OE3MIJIOTHHX CHUCTEM,
0CcO0JIMBO B CKJIQJIHUX YMOBAaXx Ta IMPU BUKOHAHHI BiAImmO-
BiJJaJIbHUX 3aBJaHb.

Tomy monanbimi JOCTIKEHHS MAlOTh 30CEpeIu-
THCS Ha po3poOIi aaNTHBHUX AITOPUTMIB, 37aTHHX
BpaxoBYBaTH AMHAMI4HI 3MiHHW HaBKOJIMITHBOTO CEpPe/I0-
BHUINA, Ta HA CTBOPEHHI KOMIUIEKCHUX MOJEJNeH OIiHKH
HaJliIHHOCTI MICiii 3 ypaxyBaHHSM SIK TEXHIYHUX XapaKTe-
PHCTHK IIPUCTPOIB, TakK 1 30BHINIHIX (hakTOpiB. 3amporo-
HOBAHO CX€Ma CHCTEMHU ]I ONTUMIi3allii 3aBJlaHb MYJIb-
THAreHTHUX CHCTEM 3 BUKOPHCTAHHSIM XMapHHUX TEXHO-
JIOTiH, OanaHCcyBavya HAaBAaHTAXKEHHS Ta CTOPOHHBOTO Cep-
BiCy ITOTOJTH.
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Group application of unmanned aerial vehicles and unmanned ground vehicles:
applications, tasks, features and technologies used

Artem Serediuk, Ihor Kliushnikov

Abstract. The use of unmanned aerial vehicles (UAVs) and unmanned ground vehicles (UGVSs) is a current trend. At the
same time, their individual use is moving to group use when it is necessary to ensure communication and optimal use of resources.
The subject of the article is the processes of group use of unmanned aerial and ground vehicles. The purpose of the article is to
carry out a comprehensive analysis of the main areas of application of UAVs and UGVs, to determine the methods of task optimi-
sation for groups of these devices, and to assess the feasibility and prospects of introducing cloud technologies for task distribution
and route optimisation. As a result of the work; it is determined that the most relevant topics in the field of UAVs and UAVs are
the use of cloud technologies, the integration of UAVs and UAVs, and the integration of UAVs and UAVs with other technologies.
These methods and technologies are actively used in solving complex problems of route planning and task distribution in UAV
and UAS groups. However, insufficient attention is paid to the impact of various weather conditions on UAV and UGV operations,
as well as to the calculation of mission reliability. These aspects are critically important for the practical application of unmanned
systems, especially in difficult conditions and when performing critical tasks. development of adaptive algorithms capable of taking
into account dynamic environmental changes and the creation of comprehensive models for assessing mission reliability, taking
into account both the technical characteristics of devices and external factors. The direction of further research is the development
of adaptive algorithms capable of taking into account dynamic changes in the environment and the creation of complex models for
assessing mission reliability, taking into account both the technical characteristics of devices and external factors.

Keywords: unmanned aerial vehicle; unmanned ground vehicles; group application; research review; modern technolo-
gies.
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CREATION AND RESEARCH OF FORECASTING MODELS
OF THE SPREAD AND DEMOGRAPHIC CONSEQUENCES OF COVID-19

Abstract. The outbreak of "pneumonia of unknown etiology"” marked the beginning of a new era in global health care
and public life. The disease quickly spread throughout the world, turning into a pandemic that posed a serious threat to the
international community. Ukraine, like many other countries, has been seriously affected by the consequences of this
pandemic. Effective prediction of the spread of COVID-19 is a key task for informing health management and making
strategic decisions to minimize the consequences of the pandemic. Many studies have been conducted using different
methods and approaches to predict the spread of COVID-19. However, most of these methods do not adequately take into
account all aspects that may affect the spread of the disease. This paper analyzes the known methods of forecasting
COVID-19, evaluates the impact of various arguments on the spread of the disease, and develops a mathematical model for
forecasting. For this, data on the spread of COVID-19 in Ukraine was used.

Keywords: COVID-19, GMDH, forecasting the spread, pandemic.

Introduction

The World Health Organization announced the end
of the pandemic status of the coronavirus disease
COVID-19. WHO Director-General Dr. Tedros
Adhanom Ghebreyesus announced this on May 5, 2023.

According to the WHO, the coronavirus no longer
poses such a danger and therefore cancels the global
health emergency. At the same time, many countries of
the world canceled the state of emergency covered by
the pandemic.

The WHO considers the cancellation of the
pandemic status of COVID-19 as a key moment in the
evolution of humanity's relationship with the
coronavirus. Meanwhile, the disease retains the status of
a pandemic, like HIV [1].

Due to COVID-19, the Cabinet of Ministers of
Ukraine has extended quarantine restrictions on the
entire territory of Ukraine until June 30, 2023, as well as
the state of emergency in the unified state system of
civil protection [2]. As of early May 2023, 5.5 million
cases of COVID-19 and more than 110,000 deaths from
this disease have been recorded in Ukraine. The first
cases of the disease in the country were recorded in
March 2020.

The spread of the coronavirus in Ukraine took
place in a wave-like manner. The largest wave of cases
was in the fall of 2020, when the daily number of new
cases exceeded 18,000. In the spring of 2021, the
number of new cases decreased to 2-3 thousand per day,
but then there was a second wave, and in July the
number of new cases exceeded 2,000 daily.

The most infected areas are located in the western
and central parts of the country, especially Lviv,
Khmelnytskyi, Kyiv, Chernivtsi and Poltava regions.
These regions have seen the highest incidence and highest
number of deaths from COVID-19. According to WHO
data, at the end of April 2023, more than 560 million cases
of COVID-19 and more than 7 million deaths from
complications of this disease have been confirmed in the
world [5]. These numbers could be much higher because
not all cases of COVID-19 have been diagnosed and
reported. The global spread of the coronavirus has

significantly affected economic and social life. In many
countries, this has manifested itself in a decrease in the rate
of economic growth, significant delays in solving social
problems, and an increase in unemployment.

Literature analysis. Approaches to solving
forecasting problems can be classified into the following
categories:

» method of group consideration of arguments;

» simulation modeling;

* methods of machine learning;

* epidemiological models;

» statistical methods of forecasting time series.

A comparative analysis of modeling and forecasting
methods is important for choosing the best method for
predicting the spread of the coronavirus. The advantages
and disadvantages of the methods are presented in the
Table 1.

These methods have their advantages and
disadvantages, and the choice of method depends on the
specific situation and task. Some methods, such as
simulation modeling and machine learning, require
more computing power and access to large amounts of
data, while statistical methods for PD prediction may be
simpler to apply but less flexible to account for complex
dependencies. Epidemiological models are useful for
analyzing the distribution of diseases, but may have
limited accuracy, depending on the information
available and the quality of the data. Each method has
its own strengths and weaknesses, and their use should
be considered and adapted to the specific situation and
research needs.

Article [9] is a study that offers an overview of
current prediction models for the disease COVID-19, as
of June 2020, when more than 7 months have passed
since the beginning of the pandemic.

This article examines the various approaches and
methods used to predict the spread of COVID-19. The
authors provide a detailed analysis of various
methodologies, including statistical models, machine
learning techniques, epidemiological and simulation
modeling. They review the basic principles of each
method and explain their advantages and disadvantages
in the context of COVID-19 forecasting.
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Table 1 — Advantages and disadvantages of different methods of creating predictive models

Method Advantages Disadvantages
Easy to use; It is necessary to clearly understand the relationship

GMDH May contain many factors; between the arguments;

Processes a wide range of data; Processing noisy data can lead to serious errors;

Can simulate various scenarios; Building a model requires
Simulation Conducting research in conditions that are a lot of time and resources;
modeling impossible in reality; Conducting research without May not take into account

risk to humans; all factors affecting the system;

Methods of Receives accurate forecasts; Training models requires large amounts of high-quality
machine Processes large volumes of data; data; They are difficult to use for people without
learning Used in various industries; special training;

Epidemiological

Can understand and predict the spread of disease;
Determine optimal disease control and prevention

It is necessary to understand in detail the features of the
disease and other factors that affect the spread of the

models e h : : - )
strategies; disease; In some cases, they have insufficient accuracy;

Statistical Takes into account the dynamics of changes over Dependencies are assumed to be stable,

methods of time; ldentifies trends and periodicity in data; but in real life this is not always the case;

forecasting time Used to make predictions based on past Unusual events or significant changes

series observations in data cannot be accurately predicted,;

It also focuses on various aspects of forecasting,
including the assessment of parameters such as trends,
rates of spread and peak values, which help to better
understand the dynamics of the pandemic. The authors
consider the practical application of each method in the
context of health care management and decision
making. They identified the following problems related
to forecasting the future situation:

e observation of infected persons and those who
came into contact with them;

e long incubation period;

o lack of necessary data;

e model retraining;

e excessive cleaning of data.;

e arge volumes of data;

e errors in the selection of algorithms and input
functions;

o complexity of the selected model.

A division of the various forecasting methods into
main categories has been made, which involve the
processing of large amounts of data from various sources
such as WHO, National Data Sources and social media.
This classification, without a doubt, can be useful for
researchers, inspire them with new ideas for further
forecasting.

Group method of data handling

GMDH can be used to predict the spread of the
coronavirus. The method involves statistical analysis of
data to search for factors affecting the spread of the virus.

In order to apply GMDH to coronavirus, it is
necessary to collect data on past cases of infection, their
distribution, time and place of occurrence, etc. MGUA
reveals complex interrelationships between factors
influencing the spread of the virus that are not easily
observed. The method is also useful for predicting the
risk of infection in the future and allows timely
countermeasures.

The article [10] presents the results of modeling the
process of the COVID-19 pandemic in Ukraine using
official statistics on confirmed cases of the disease. The
main goal of the article is to define a dynamic model of
the process, which is expressed in the form of a disaster.

Four methods of constructing an autoregressive
predictive differential model were used in the study. It is
assumed that the basic forecasts are obtained by
conventional autoregressive methods. The maodified
predictions obtained from the baseline predictions are
compared using combinatorial genetic algorithms GMDH
COMBI-GA and the Lasso method. The research is
useful for predicting the further spread of coronaviruses
in order to identify trends in time and implement specific
protection measures. Forecasts using combinatorial
genetic algorithms turned out to be the most meaningful.

Simulation modeling

The article [11] describes a detailed study of the
spread of COVID-19 in the city of Daegu, located in
South Korea. The authors used an individual-oriented
simulation model to understand and predict the
dynamics of the spread of the virus among the city's
population.

The model is based on an individual modeling
approach where each agent in the model corresponds to
an individual with its unique characteristics, behavior
and interactions with other agents. When developing a
model of viral transmission, various factors are taken
into account, such as geographic location, population
density, contact network and activity level of people.

Researchers run simulations with different
scenarios and control strategies, such as quarantine,
social distancing and mass testing, to assess their
effectiveness and impact on the spread of the virus.
They also make forecasts to assess the future
development of the pandemic and develop
recommendations for strategic decision-making in crisis
management.

The main advantage of this work is that the
simulation model for individuals can be used to
reproduce in detail the reality of the spread of the virus
in the population. This allows researchers to analyze
different scenarios and control strategies, evaluate their
effectiveness and make predictions about the further
development of the pandemic.

The research also has some drawbacks. They are
characterized by the limited generality with which the
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simulation model developed for the city of Daegu can
be applied to this particular context. Due to different
geographical, sociocultural and epidemiological
characteristics, the results may not be applicable to
other places. As with any model, there are some
assumptions and uncertainties that can affect the
accuracy and reliability of the results. The model is
simulation-based, so it may have limited ability to
predict long-term trends and complex evolutionary
changes in a pandemic. Although it can be useful for
short-term forecasts and for evaluating the impact of
specific strategies, it should be remembered that long-
term forecasts may be less accurate.

In [12], it is proposed to use a simulation model to
analyze possible scenarios and strategies for controlling
the spread of COVID-19 in universities.

The authors use mathematical modeling and agent
simulation to reproduce real situations of the spread of
the virus in the university environment, among students,

teachers and other employees. Factors such as
population density, frequency of contact,
implementation of safety measures, testing and

quarantine are also considered.

The authors use simulation modeling to analyze
different control scenarios, such as social distancing,
mass testing, vaccination, and the introduction of safety
protocols. The impact of these strategies on the spread
of the virus, the number of infected individuals, and the
ability to control the pandemic in a university
environment is being investigated.

The results of this study highlight the importance
of combining different control strategies, such as social
distancing, mass  testing, vaccination, and
implementation of safety protocols, to effectively
manage the spread of COVID-19 in the university
community.

If we talk about simulation modeling in general,
we can conclude that it is an important approach for
understanding the spread of COVID-19. The only
drawback is the lack of statistical data. Currently, we
can only artificially simulate all the parameters defined
by the authors of previous works.

Methods of machine learning

In [13], machine learning methods are used to
create forecasts about the number of infected, recovered
and dead people up to 10 days later. The data was
obtained from Hopkins University.

Research has shown that linear regression will
provide better results than other methods in this case. The
authors noted that improved forecasts will allow
governments to take timely measures and make decisions
to prevent crisis situations related to COVID-19.

The following article [14] uses data obtained from
the Ministry of Health of Israel. The dataset includes the
daily primary registration of all residents tested for
COVID-19 across the country. The researchers
developed a model to predict test results using eight
binary variables: sex, age (60 years or older), presence
of contact with an infected person, and severity of five
clinical symptoms. Initially, the database contained
51,831 records of people who had been tested. The

model was built using decision trees with gradient
boosting. The method proved effective and showed
good accuracy, but required data on people's tests and
symptoms, not just a single time series.

Epidemiological modeling

The work [15] used the logistic growth curve
model for short-term forecasting; SIR models for
predicting the maximum number of active cases and
peak times; and a time-lagged regression model to
estimate the impact of quarantine and other
interventions.

A logistic growth curve model accurately predicts
the short-term scenario for India and high-incidence
states. Forecasting through the SIR model can be used
to plan and prepare health care systems. The study also
suggests that there is no evidence that there is a positive
effect of quarantine on reducing new cases.

In the article [16] for August 2020, researcher lhor
Nesteruk analyzes the new wave of the COVID-19
pandemic in Ukraine and its dynamics. Epidemic waves
are caused by a number of factors, including quarantine
conditions, pathogen activity, and compliance with
quarantine restrictions. In this work, the classic SIR
model is used to forecast the outbreak waves: four
waves are distinguished and calculations are made for
the fifth and sixth waves. Taking into account the
forecasting period, the final estimate of the number of
cases is worse, which is quite reasonable given the
beginning of the holiday season and non-compliance
with the mask regime.

Statistical forecasting methods

The article [17] analyzes the growth model of the
COVID-19 pandemic in India from March 4 to July 11
using regression analysis (exponential and polynomial),
ARIMA, and exponential smoothing and the Holt-
Winters model. The study revealed periods of geometric
regression, quadratic regression and linear growth in
prevalence. After analyzing each forecasting method, it
was concluded that ARIMA gave the best results with
an accuracy of 97.38%. The Holt-Winters model took
second place with an accuracy of 97.11%. When
estimating the number of patients in India, it does not
make sense to compare scenarios with other countries
due to different demographics. The next step was to
split the series and use ARIMA to forecast for a shorter
period of time, resulting in a forecast accuracy of
99.86%.

The following article [18] describes the application
of a logistic model for forecasting.

A generalized logistic equation is used to interpret
data on the COVID-19 epidemic in several countries:
Austria, Switzerland, the Netherlands, Italy, Turkey, and
South Korea. Model coefficients are calculated: growth
rate and expected number of infected, as well as
exponential indicators in the generalized logistic
equation. The dependence of the number of infected
persons on time is on average well described by a logistic
curve with a coefficient of determination exceeding 0.8.
At the same time, the dependence of the number of
infected people per day on time has an uneven character
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and is approximately described by a logistic curve.
Therefore, it is necessary to take into account the
dependence of the model coefficients on time or on the
total number of cases. The spectra of the variability of the
coefficients have characteristic peaks with a period of
several days, which corresponds to the observed serial
intervals. A stochastic logistic equation was used to
estimate the number of probable disease peaks.

In the end, the authors note that the real variability
of daily virus testing data is related to uncontrolled
conditions of administrative actions and social behavior
of people. The best approximation for such uncontrolled
factors is approximation by random functions.

In [19] a study was conducted to forecast the
situation in Pakistan using ARIMA. Three projections
were made for confirmed cases, recoveries and deaths.
It was concluded that the choice of methods as well as
accurate data from the Ministry of Health is important
for evaluation. It was also noted that there is always
uncertainty due to the insufficient amount of historical
data, which makes it impossible to identify specific
patterns based on this data.

Object, subject and methods of research

The object of the study is the spread of COVID-19
in Ukraine. The subject of the study is the development of
a methodology using GMDH for forecasting the spread
of COVID-19 in Ukraine. The method of group
consideration of arguments is an approach that allows
taking into account various factors that influence the spread
of a disease, such as socio-economic, demographic and
medical indicators. Statistical models for analysis of
collected data and development of a mathematical model
for forecasting the spread of COVID-19 on the basis of
GMDH were used as research methods.

Results

Group reasoning is used for deep learning,
knowledge discovery, data prediction and analysis,
optimization and pattern recognition in many fields such
as economic, environmental, medical, demographic,
meteorological, military and many others. GMDH'‘s
inductive algorithms automatically discover relationships
in the data and select the best models and network
structures to improve the accuracy of existing systems.

This unique approach to self-organization differs
from the deductive method used for modeling. It is
inductive and seeks the best solution from a set of possible
alternatives. GMDH aims to minimize the influence of the
author on the simulation results by ranking different
network solutions. The computer finds the optimal model

structure and law to apply to the system. GMDH is a set of
various algorithms for solving various tasks. It consists of
parametric algorithms, clustering, analog binding, library
and probabilistic algorithms.

This inductive approach ranks increasingly complex
models and selects the optimal solution based on the
minimum externality criterion. Nonlinear, stochastic
functions, clustering, and polynomials are used as basic
models [20].

Formation of the sample

The following factors were used to describe the
factors used to predict the spread of the virus:

e Infected

o  Fatalities

e  Recovered

3 algorithms from the GMDH Shell platform are
used to build models: combinatorial (Combi), neural
network (Neuro), step-by-step mixed (Mixed). The first
two are traditional GMDH algorithms. Another is a
regression analysis algorithm, but it uses model
generation based on the principles of GMDH.

This study used official statistics on cases of
COVID-19 among patients in Ukraine for the period
from March 3, 2020 to February 1, 2022. Since after the
deployment of Russian troops on the territory of Ukraine,
the accuracy of statistical data decreased, information
about recovery became unreliable and in some cases
completely absent. However, this does not indicate the
disappearance of COVID-19, since the next update of
statistics was carried out in the month of September,
where the number of cases is not decreasing. In order to
achieve greater forecast accuracy, this time period was
taken into account for the analysis.

In accordance with the task, the time series of the
listed indicators were constructed, and we also forecast
the data of the listed indicators for the cut-off of the
forecast horizon with a step of 12 combinatorial GMDH,
neural network GMDH and stepwise mixed GMDH.

The results of the validation of the forecasting model
based on the combinatorial algorithm of GMDH

After applying the algorithm creation
parameters, the following results were obtained.
Variable "Infected" (Fig. 1, Tabl. 2).

Results of the validation of the predictive model based
on the GMDH neural network algorithm

After applying the algorithm creation
parameters, the following results were obtained. The
"Infected" variable (Fig. 2, Tabl. 3).

Confidence band #

Actual data # ~ Model fit # - Predicted

" anfid
Armaan VY ¥
02107 !

Fig. 1. Combinatorial MGUA for the variable "Infected"
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Fig. 2. Neural network MGUA for the variable "Infected"

Table 2 — Actual values "Infected" combinatorial MGUA

Results of final processing Teaching| Exam
Number of observations 664 12
Max. negative deviation -4,8932% | -6,4797%
Max. positive deviation 5,1722% | 8,2834%
Mean Percent Error (MAPE) 2,73033% | 5,4899%
Root Mean Square Deviation in 4,49645% | 7,5847%
Percent (RMSPE)
The sum of deviations 25,5627% | -35,988%
Standard deviation of residuals 4,49613% | 4,9339%
Coefficient of determination (R2) | 0,955499 | 0,918739
Correlation 0,978103 | 0,945353
Step-by-step mixed algorithm
After applying the algorithm creation

parameters, the following results were obtained. The
"Infected" variable (Fig. 3, Tabl. 4).

Comparative analysis of varieties of GMDH

To compare the obtained models, a table of indicators of
the obtained descriptive statistics was created. It was
created for all the factors that were investigated. In this
work, the results are given for the “Infected" variable.
Comparing the values in the tables, we see that the
combinatorial GMDH has a smaller average absolute
error, so we conclude that the combinatorial GMDH is
more accurate than the others (Tabl. 5).

Table 3 — Actual "Infected" values of neural network GMDH

Results of final processing Teaching| Exam
Number of observations 456 12
Max. negative deviation -26,799% | -81,404%
Max. positive deviation 22,8915% 0%
Mean Percent Error (MAPE) 5,60189% | 47,339%
Root Mean Square Deviation in

Percent (RMgPE) 7,42653% | 50,347%
The sum of deviations 426,961% | -568,07%
Standard deviation of residuals 7,36727% | 17,1282%
Coefficient of determination (R2) | 0,887649 | -2,56757
Correlation 0,943923 | 0,924417

Table 4 — Actual ""Infected" values of step-by-step

mixed GMDH

Results of final processing Teaching | Exam
Number of observations 665 12
Max. negative deviation -24,786% | -75,205%
Max. positive deviation 19,5493% 0%
Mean Percent Error (MAPE) 2,7967% | 45,345%
Root Mean Square Deviation in o 0
Percent (RMSPE) 4,38279% | 47,6518%
The sum of deviations -37,758% | -544,15%
Standard deviation of residuals 4,38243% | 14,642%
Coefficient of determination (R2) | 0,957717 | -2,19637
Correlation 0,979502 |0,946733

At

A

st

% Confidence band ¥ - Actual data ¥ = Model fit ¥ ~ Predicted

Fig. 3. Step-by-step mixed GMDH for the variable "Infected"

Table 5 — Indicators of descriptive statistics of GMDH models of the " Infected variable

Combinatorial Neural network Turn-by-turn mixed

Training | Foresight] Training |Foresight| Training |Foresight
Number of observations 664 12 456 12 665 12
Maximum negative error -4,8932% | -6,4797% | -26,799% |-81,404% | -24,786% |-75,205%
Maximum positive error 5,1722% | 8,2834% | 22,8915% 0% 19,5493% 0%
Mean absolute percentage error(MAPE) 2,73033% | 5,4899% | 5,60189% | 47,339% | 2,7967% | 45,345%
Root Mean Square Percentage Error (RMSPE) | 4,49645% | 7,5847% | 7,42653% | 50,347% | 4,38279% | 47,652%
The sum of deviations 25,5627% | -35,988% | 426,961% | -568,07% | -37,758% | -544,15%
Standard deviation of residuals 4,49613% | 4,9339% | 7,36727% |17,1282% | 4,38243% | 14,642%
Coefficient of determination (R2) 0,955499 | 0,918739 | 0,887649 | -2,56757 | 0,957717 | -2,19637
Correlation coefficient 0,978103 | 0,945353 | 0,943923 | 0,924417 | 0,979502 | 0,946733
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In order to verify the reliability of the obtained
results, let's compare the distribution of the obtained
residuals (Fig. 4). Calculation formulas for GMDH

algorithms were obtained (Fig. 5 — 7). Similar
mathematical predictive models were obtained for the
variables Recovered and Deaths.

¥ = | earning residuals ¥ ® Prediction residuals ¥ — 2 x std. deviation ¥ — Mean
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Fig. 4. Distribution of residuals of the series of the "Infected" variable of the combinatorial GMDH

Y1[t] = -1618.89 + IHdikoeaHi[t-7]*"IHdikoeani[t-1], cubert"*0.0433502 + IHdikosaHi[t-7]*IHdikoBani[t-8]*(-9.299572-06) + IHdikosaHI[t-
1]*cycle*4.01134e-05 + IndikoeaHi[t-6]*"THdikosaHi[t-1], cubert"*(-0.00302266) + "IndikoeaHi[t-1], cubert"*(-38.2424) + "IndikosaHi[t-8],
cubert"*"IHdikosani[t-9], cubert"*13.4263 + IHdikoBaHi[t-7]*"[HdikoeaHi[t-9], cubert"*(-0.0307405) + "IndikoeaHi[t-1], cubert™ "THdikosaHi[t-6],
cubert"*18.5437 + IHdikoeaHi[t-2]*cycle*7.4818e-06 + "IHdikoBaHri[t-2], cubert"*"IHdikosani[ t-8], cubert"*(-8.9343) + IHdikosaHi[t-9]*cycle*3.2044e-06
+ cycle*0.26896 + IHdikosaHi[t-1]*IHdikoBani[t-7]1*(-3.12521e-053) + IHdikosaHI[t-6]*IHdikosani[t-11]*2.70739e-06 + "IndikoeaHi[t-2],
cubert"*"IHdikosani[t-3], cubert"*6.26657 + IHdikoBaHi[t-7]*"[Hdikoeani[t-8], cubert"*(-0.0393959) + IHdikoBaHI[t-9]*"THdikoBaHi[t-3], cubert"*(-
0.0339301) + IHdikoeani[t-3]*"IHdikoBani[t-3], cubert"*0.00569815 + IndikoeaHi[t-71*"IHdikosani[t-11], cubert"*0.050938 + "IHdikoBani[t-2],
cubert"*"IHdikosani[t-10], cubert"*12.1116 + IHdikoaHi[t-9]*"THdikoeaHI[t-6], cubert™0.00676234 + IHdikoBaHi[t-7]*[HdikoeaHi[t-9]*3.80441e-05 +
THcbikoBaKi[t-7]*cycle*(-1.55226e-05) + IHdikosaHi[t-11]*"THdikosani[t-11], cubert"*(-0.0630896) + ITHdikosani[t-11]*"IHdikoBani[t-10],
cubert"*0.0392643 + [HdikosaHi[t-10]*"THdikoeaHi[t-6], cubert"*(-0.0102642) + "IHdikosaHi[t-2], cubert"*cycle*(-0.0221279) + IHdikosaHI[t-

21*" THebikosaHi[t-11], cubert"*(-0.021685) + "THdikosaHi[t-8], cubert"*"THdikosaHi[t-10], cubert"*(-18.9774) + THdikopaHi[t-8]*"IHdikobaHi[t-8],
cubert*0.00861705 + IHdikoBaHi[t-1]*"THdikosaHi[t-11], cubert"*(-0.0406456) + IHdikosaHi[t-11]*"THdikosani[t-2], cubert"*0.0507985 + IHdikosaHi[t-
1]*"ThihikoBani[ t-8], cubert™0.0453702 + Tdikopani[t-1]*THdikosani[t-8]*(-1.16938e-05)

Fig. 5. The mathematical model of the time series was obtained using the combinatorial GMDH for the variable "Infected"
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Y1[t] = 128.663 + IHdikosaHi[t-7]*IHdikosani[t-8]%(-2.37025e-03) + IHdikosaHi[t-8]*cycle*1.57124e-05 + IHdikosaHi[t-1]*IHdikosani[t-5]%(-1.71477e-
05) + IndikoeaHi[t-7]*THdikosani[t-11]*4.55765e-05 + IHdikosaHi[t-11]*THdikosaHi[t-12]%(-4.4346e-05) + "IHdikosani[t-10], cubert"*cycle*(-0.0124289)
+ IHdbikosani[t-1]*"IHdikosani[t-1], cubert"*0.0881802 + IndikosaHi[t-1]*"THdikosani[t-5], cubert"*(-0.122514) + Indikosani[t-1]*IHdikosaHi[t-4]*(-
1.25223e-05) + IHdikosani[t-5]*"[Hdikosani[t-8], cubert"*(-0.037494) + Indikosani[t-5]*"THdikosani[t-1], cubert"*0.138385 + IHdikoeaHi[t-
10]*IHdikoeaHIi[t-12]*4.2451e-05 + IHdikoeaHi[t-10]*"IHdikoeaHi[t-7], cubert™(-0.0370063) + "IHdikosani[t-6], cubert"*"[HdikosaHi[t-10],
cubert"*16.5001 + IHdikoeani[t-3]*"IHdikoeani[t-11], cubert"*(-0.0460126) + Indikosani[t-8]*IHdikosaHi[t-12]*(-7.5576e-06) + "IHdikosani[t-5],
cubert"*"[Hdikosani[t-9], cubert"*(-19.6297) + IHdikosaHi[t-11]*"IHdikoeaHi[t-7], cubert"*0.0271007 + "IHdikosaHi[t-9], cubert"*cycle*0.00654018 +
[HdikoeaHi[t-2]*[HdikoBani[t-5]*(-7.09562e-06) + "IHdikoBani[t-8], cubert"*"IHdikosaHi[t-11], cubert"*(-9.29727) + IHdikoeani[t-8]*"IHdikosani[t-6],
cubert"*0.0129638 + IHdikosaHi[t-6]*"THdikosaHi[t-10], cubert"*(-0.0290325) + IHdikoeani[t-6]*"IHdikoeani[t-9], cubert"*0.0250301 + "IHdikoeaHi[t-5],
cubert"*"[Hdikosani[t-10], cubert"*14.4743 + "Indikosani[t-1], cubert"™*"IHdikoeani[t-8], cubert"*3.76744 + IHdikosani[t-3]*"[Hdikosani[t-10],
cubert"*0.0134076 + "IHdikoeaHi[t-1], cubert"*cycle*0.00441033 + IHdikoeaHi[t-1]*IHdikoBaHI[t-3]*1.64818e-06

Fig. 6. Mathematical model of TS obtained using a step-by-step mixed GMDH for the variable "Infected"
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Fig. 7. Mathematical model of TS obtained with the help of
neural network GMDH for the variable "Recovered"

Conclusions

After reviewing the obtained mathematical models
with the help of the combinatorial algorithm of GMDH,

the neural network algorithm of MGUA, and the
step-by-step mixed algorithm of GMDH, it can be
firmly stated that neural network models are more
complex than combinatorial ones, and step-by-step
mixed models, in turn, are more complex than neural
network models. Since the results demonstrated by
neural network models have a greater deviation from the
average, and therefore are of lower quality for
predictions, from the point of view of practical
implementation, they are much more expensive. As a
result, it can be concluded that the GMDH
combinatorial algorithm is more suitable for building a
TS based on this problem.
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Since the official data on the development of the
coronavirus infection after February 24, 2022 are
inaccurate, nevertheless, they occasionally coincide
with the predicted data of the GMDH combinatorial
algorithm.

Which indicates the accuracy and reliability of this
algorithm.

The study carried out forecasting of the spread of
COVID-19 in Ukraine using GMDH. The following
tasks were performed:

> a review of the subject activity was carried
out, including the history of the emergence of
COVID-19 and comparison with other pandemics. In
particular, the importance of research and analysis of
the COVID-19 pandemic was considered.

> acomparative analysis of various modeling and
forecasting methods was carried out, including GMDH,
simulation modeling, machine learning methods,
epidemiological models and statistical methods of TS
forecasting.

This study shows that GMDH is an effective
method for predicting the spread of the COVID-19
pandemic. GMDH can be used to make accurate
forecasts and reasonable recommendations for further
management of the situation.

Thus, the results of this study demonstrate the
importance of GMDH as a forecasting and management
tool in the context of the COVID-19 pandemic, which
can be used for further research and decision-making in
the field of public health and crisis management.
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CTBOpeHHS Ta J0CTi:KeHHS Mojeiei
NMPOTrHO3YBaHHS MOLIMPeHHs Ta AeMorpadiunux Hacaiakis COVID-19

O. B. Cxakaiina

AHoTanis. Cnanax «ITHeBMOHII HEBiIOMOI €TiOJIOTii» 03HAMEHyBaB MOYAaTOK HOBOI €pH y CBITOBil OXOpOHI 3/0pOB’s Ta
CYCHIJIBHOMY JKUTTi. XBOpoOa MIBUIKO HOIIUPHIIACS 10 BChOMY CBITY, IEPETBOPUBILKCEH HA MAHJEMII0, IKa CTAHOBUIIA CEePHO3HY
3arpo3y Uil MDKHapoaHOI CHiJIbHOTH. YKpaiHa, sk i 6arato iHIIMX KpaiH, CepiO3HO MoCTpaXkaana Bill HACTIJKIB 1€l maHaemil.
E¢exruBae mporHosyBanns mnomupenHss COVID-19 e kmo4oBrM 3aBiaHHSAM A8 iHQOPMYBaHHS KEPiBHHUIITBA OXOPOHH
30pOB’sl Ta MPUIHATTS CTpPATEeriYHMX PpillleHb 00 MiHiMi3auii HacmiakiB mangemii. Byno mpoBexeHo 6araTo JOCHTIIKEHb 3
BUKOPHCTAHHSIM Pi3HUX METOIB i MiAXofiB s mporao3yBaHHs nomupeHHs COVID-19. Onnak GimbmIicTh i3 IIUX METOJIB HE
BPaXOBYIOTh HaJEKHIM YHHOM YCi aCIeKTH, SKi MOXXYTh BIUIMHYTH Ha ITOIIMPEHHS 3aXBOPIOBAaHHSA. Y il poOOTi aHATI3YIOTECS
BimoMi Metoan nporHo3yBanHs COVID-19, omiHIOEThCS BIUIMB pi3HUX apryMEHTIB Ha MOIMIMPEHHS XBOPOOM Ta po3poOIsieThes
MaTeMaTHIHA MOJIENb JUIs IPOTHO3yBaHHs. i1 mboro Oynu BukopucTaHi gaHi npo nommupenas COVID-19 B YkpaiHi.

Kawuosi caosa: COVID-19, GMDH, nporHo3yBaHHS MONIMPEHHS, TaHAEMIsl.
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MOJEJIOBAHHA ITIOSACHEHD
B IHTEJIEKTYAJIBHUX CUCTEMAX HA OCHOBI _
IHTET'PALIII TEMIIOPAJIBHUX TA KAY3AJbHUX 3AJIEXKHOCTEM

AnoTtanis. IIpetMeToM BUBYEHHS B CTATTI € NPOIeCcH TOOYIOBH IOSICHEHD B IHTEJIEKTyalIbHAX CHCTEMAaX 3 BUKOPHC-
TaHHIM TEMIOPAJIbHUX Ta Kay3aJbHHX 3aleskHOCTeH. MeTolo € po3pobka migxoqy 0 MOoOyIOBH IMOSICHEHb HAa OCHOBI
iHTerpamii TeMIIOpaIIbHUX Ta Kay3aJbHUX 3aJE€KHOCTEH M0N0 Mpoliecy NMPUHHSATTS PIlIeHHS 3 THM, 00 3abe3nednTn
MOXUIUBICTE (POPMyBaHHS MOSCHEHHS SIK JUIS 30BHIIIHIX, TaK 1 U1 BHYTPIMIHIX KOPUCTYBadiB IHTEIEKTyalbHHX iH(Op-
MaIliifHuX cucTeM. 3aBJaHHs: BU3HAUCHHS BiaMiHHOCTeH moctymy mo indopmanii B IIC st 30BHILIHIX Ta BHYTPILIHIX
KOPHCTyBauiB; po3poOKa iepapxiyHoi Mojesi MOsSCHEHHS Ha 0a3i TeMIIOpaNbHUX Ta Kay3aJbHUX 3aJIC)KHOCTEH; po3poOKka
METOy T0OYI0BH MOSICHEHHS 3 BUKOPHCTAHHAM TEMIIOPAIBHUX Ta Kay3aJbHHX 3aJeXHOCTeil. BUKopucToByBaHUMH Hi-
JAXO0JAaMM €: METOAH MOOYAOBY MOSICHEHB, METOAU OOy IOBH Kay3aJlbHUX 3aleKHOCTeH. OTpHMaHi HACTYITHI pe3yJbTaTH.
BukoHaHO CTpYKTypH3aNLilo BiAMIHHOCTEH NOCTyIy A0 iH(opMalii KOpHCTYBaviB iHTEIEKTyalbHAX CUCTEM Ul OOTpYH-
TyBaHHS HEOOXITHOCTI OaraTopiBHEBOI AeTali3alil MosSCHeHb. 3apONOHOBAHO i€epapXidHy MOJEIb MOSCHEHHS Ha OCHOBI
TEMIIOPATBHUX Ta Kay3albHUX 3aJIeKHOCTEH. 3alpoIIOHOBAaHO METO MOOYAOBY MOSICHEHD 3 BUKOPUCTAHHSIM TEMIIOPab-
HUX Ta Kay3aJbHUX 3aJIS)KHOCTEH MK cTaHaMu abo AisMU mpolecy (GOpMyBaHHS PIilICHHS B iHTEJEKTyalbHIA CUCTEMI.
BucnoBku. HaykoBa HOBH3HA OTPUMAaHUX Pe3yJIbTATIB NOJIATa€ B HACTYITHOMY. 3allpOIIOHOBAHO 1€papXidHy MOJEIb I10-
SICHEHHSI, IKa MICTUTh JIOKAJIbHHUM, MIPOLECHUHA Ta TI00aTbHUHI PiBHI HOSCHEHD 3T1AHO MOYKJIHBOCTEH JTOCTYIYy KOPHCTY-
BayiB 10 iH(opMarii moxo mporecy GopMyBaHHS PIIICHHS, IO JAa€ MOXIUBICTH BPaXOBYBATH HEMOBHOTY iH(popMaii
[IOJ0 CTaHY IHTENEKTyalbHOI CHCTEMH NPH MOSCHEHHI 11 pillleHb I 30BHIMIHIX Ta BHYTPIIIHIX KOpUCTYyBadiB. Po3po0-
JICHO METOJ T00YA0BH MOSCHEHb, KUl MICTHTh (h)a3u NOOYJOBH IOSICHEHb 3 BUKOPHCTAHHAM TEMIIOPAIbHUX Ta Kay3aib-
HUX 3aJI©KHOCTEH MK BXIIHUMH JAaHWMH, CTAHaAMU Iporecy GopMyBaHHS PIillICHHS Ta OTPUMAHUM PE3yJIbTaTOM Ta Ipe.-
CTaBJICHH MOSICHEHb, 110 1a€ MOXKJIMBICTh COPMYBATH Kay3albHi 3aJIe)KHOCTI Ha JEKIJIBKOX PIBHAX AeTalli3alil Ta nmpea-
CTaBHUTH 1X KOPHUCTYBady y BUTJLIII YIOPSIIKOBAHOT 32 Barol0 MHOKUHY aJIbTEPHATHBHUX IOSICHEHb.

Kaw4oBi ciaoBa: iHTenekTyalbHa CHCTEMa, CHCTEMa INTYYHOTO iHTENEKTY, MOSCHEHHS, MPOIEeC MPUHHATTS pi-

NICHHSI, TEMIIOPAJIbHI 3aJIGKHOCTI, Kay3albHi 3aJeKHOCTI, Kay3aJIbHICTh, MOXJIUBICTb.

Beryn

Cy4acHi IHTeNeKTyalbHI iHQOpMaMiifHi CHCTEMH
(IIC) mmupoko BUKOPUCTOBYIOTH aJTOPUTMU MAIIHMH-
HOT'O HAaBYaHHS JJISl BUPILICHHS CKJIAJHUX MPAKTHYHUX
3aja4, MOB'A3aHUX 13 Kiacu(ikalieo, NPOTHO3YBaH-
HsIM, T0OYI0BOIO pekoMeHaanii Tomuo. OnHak, Taki ai-
TOPUTMH 3a3BHYail € HENPO30PUMH JIJIsl KOPUCTYBAYIB,
T00TO TPHUBOJATH 10 BimoOpaxenHus IIC sk «4yopHOl
CKpUHBKIM» ab0 «cipoi ckpuHBKH» [1]. Hemposopicts
03Hauae, 10 KOPUCTyBadi HE MAlOTh JOCTYIY /10 BHYT-
PINTHBOI JIOTiKH pOOOTH CHCTEMH 1 TOMY HE MAalOTh MO-
XKIJIUBOCTI TIOSICHUTH, SIK caMe MPUHMAIOThCSI PilIEHHS.

Jus 3a0e3medeHHs JOBIpH KOPUCTYBadiB 10 pe-
3ynbraTiB pobotn [IC HeoOXingHO, 1100 BOHK po3yMinu
mporec no0yIOBH PIlIEHHS Ta MPUYHMHA OTPUMAHOTO
pesyabraty [2]. Jas Toro, mo6 3a0e3nednTu 3po3yMi-
JCTH ISl KOPUCTYBAYiB, MPOIEC MIPUHHATTS PillIeHb B
IIC mae GyTu inTepnpeToBaHuM. [ iHTeprpeTartii po-
6otu Hempo3zopux IIC HeobximHO (opmyBaTH mOfAC-
HEHHS, SKi pO3KPHUBAIOTH JIOTIKY (PYHKIIIOHYBaHHS iHTe-
JeKTyaspHOi cuctemu [3].

Taxi mosicHeHHsI MalOTh BPaXOBYBAaTH BiIMiHHOCTI
MIX 30BHIIIHIMHU Ta BHYTpilIHiMH KopuctyBadamu 11C.
30BHIIIHIMU KOPUCTyBauaMH € KiHIEBI CIIOKMBadi pi-
LIEHb CUCTEMH, HAIIPUKJIIA/, KJIIEHTH pEKOMEHAIiHHIX
CHCTEeM Ha IulaTdopMax eIeKTpoHHOi komepuii. BayT-
PIITHIME KOPUCTYBa4aMH € aHAJITHKU Ta €KCIIePTH, SAKi
3aiiMaloThCs HATAIITYBAaHHSIM Ta IMiITPUMKOIO iHTEICK-
TyaJdbHUX 1HPOPMAIIITHUX CUCTEM, HAITPUKJIIA KOPUTY-
I0Th THIT peKOMeHarii [2].

BiamoBigHo, 1yt 30BHINIHIX KOPUCTYBAUiB BasKJIH-
BHM € PO3YMIiHHS, SIKi came BXiTHI JaHi CTald MpHYH-
HOIO OTPUMAHOTO pimeHHA. ToMy MOsSCHEHHS IS i€l
KaTeropii KOpUCTyBadiB MarOTh 0a3yBaTUCh HA Kay3ajlhb-
HHUX 3aJIeKHOCTAX [5] Mik 3HAaUEeHHSIMH BXiJIHHUX 3MiH-
HuX Ta pe3ynbratoM podotu IIC. Ile mae MOXIHBiCTH
KOpHUCTyBadyaM OI[IHUTH BiJIOBITHICTh PillICHHS iX IOT-
pebam.

st BHYTpILIHIX KOPUCTYBauiB CTBOPUTH YMOBH
JUIsL aHaJIi3y Ta YJOCKOHAJEHHs mpolecy (hopMyBaHHs
pimens B 1IC.

Tomy nosicHeHHs Jy1s1 i€l KaTeropii KOPUCTyBayiB
MalpTh BPaXxOBYBAaTH TEMIIOPATbHY YHOPSAKOBAHICTH
Il Tpolecy MPUUHATTS pPillleHb, a TaKOX HMPUIHNHHO-
HACJIIIKOBI 3B'SI3KM MK MPOMIKHUAMH JiSIMH Ta KiHIIE-
BUM pe3ysbTaTtoM [6].

TakuMm uynHOM, TpoOJIeMa MOOYIOBH IMPOLECHO-
Opi€EHTOBaHI MOSCHEHHS JJIsl BHYTPIIIHIX KOPUCTYBAYiB
1 Kay3aJbHUX MOSCHEHD JIJISl 30BHIIIHIX KOPUCTYBAYIB €
aKTYyaJbHOIO.

[upoxi mochimkeHass B cdepi MOOYIOBU TMOsIC-
HEHb JJIS 1HTEJNIEKTYaJIbHUX CHCTEM 3all04aTKOBaHi 3Ti-
nHo mporpamu XAI (Explainable Artificial Intelligence)
Bix arenrctBa DARPA [3]. Lls nporpama opieHToBaHa
Ha CTBOPEHHSI METO/[iB OOYA0BH 3p0O3yMIIMX MOJEIeH
¢dopmyBanus pimens B [IC, a Takox Ha po3poOKy iHTe-
pdeliciB mpeacTaBIeHHS TMOSCHEHb IIOAO PIlICHB,
OTPUMAaHUX B TAKHX CHCTEMaX.

Icuyroui MeToau NoOy0BH MOSICHEHb MOXKHA PO3-
JUINTH Ha Bl IpyNH, MOB'A3aHi 3 Po30picTio abo He-
MPO30PICTIO IHTENEKTyTbHUX iHQOPMAIIHHUX CHUCTEM:
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METOIH, 10 0a3yIThCsA Ha IHTEepHperTanii Mojaeni, Ta
METOH MocT-00podku [7].

[epura rpyna BKiIIOYa€ METOJIH, 1[0 BAKOPHCTOBY-
I0Th MOJIEN, IKi MOXKYTh OyTH Oe310ocCepeiHbO 1HTepII-
peTOBaHI KOpUCTyBaueM, HaIllpHKJIal, JepeBa pillleHb
a0o niHIWHI MOIET.

Hpyra rpyna MeToniB nependadae moOyI0By I0-
JaTKOBOI MOJIEN, sIKa allPOKCHMY€E MOYaTKOBY MOJIENb
MPUHHATTS PIlICHb 1 BUKOPHUCTOBYETHCA IS (HopMy-
BaHHSI MTOSICHEHb.

s mocT-00poOKH HA CHOTOMHI IMUPOKO BHKOPH-
croBytotbes anroputmu LIME (Local Interpretable
Model-agnostic Explanations) [8] Ta SHAP (SHapley
Additive exPlanations) [9].

Anroputm LIME Oynye nokanbHy iHTEpHpeTo-
BaHy MOJeJb (HAapUKIaJ, JIiHIIHY perpecito) HaBKOJIO
KOHKpPETHOTO pileHHs1 6a30Boi Mozeni. JlokanpHa MoO-
JIeNIb apOKCHMY€E IMOBEAIHKY 0a30BOi Momeli i Moxe
OyTH BHKOpPHCTAaHA SK MOSCHEHHS, BU3HAYAIOUH, SKi
03HAaKH HaHOIbIIEe BIUIMHYJIN Ha PE3yIbTaT.

Meton SHAP 6a3yetscs Ha Teopii irop Hleri.
Bin o0uncmoe BHECOK KOKHOT O3HAKH y OTpHUMAaHE pi-
IICHHS Ha OCHOBI YCEPEIHCHHS BHECKY O3HAKHU IO BCIM
MOJKJIMBUM MHOXXMHAaM O3HaK.

Jliist ToOyI0BY MOSICHEHB MO0 Mpoliecy 00poOKH
300pakeHb BUKOHYETHCS Bi3yautizailis obnacreii 300pa-
KEHb, KI MaJIM HalOIIbIINH BIUIMB HA PILICHHS MOJEII
KOMIT'FOTEPHOTO 30py. BoHU Oy IyIOThHCS NUIIXOM 00YH-
CJICHHA TPali€HTIB (YHKIT BTpAaT BiIHOCHO MiKCEIiB
BxigHOTO 300paXkenus [10].

PosrsiayTi Metonm (OKyCYIOThCS Ha MOSICHEHHI
BIUTMBY OKpeMHUX 03HaK Ha pimenHs [IC, ane He Bpaxo-
BYIOTh IPUIMHHO-HACIIIKOBI 3B'I3KU Ta MOCIiJOBHICT
Ii¥l y mponeci NpuHHATTS PillICHb.

Temmopanbhi 3anexnocti [11] BukopucTOBY-
IOTBCS JUISL OIMCY MOCJIIOBHOCTI Ail mpouecy hopmy-
BaHHsI PILICHHS B IHTEJIEKTYallbHIi CHCTEMI B IIOMY
[12, 13] ta dopmyBaHHS HOBHIT Bepciil mporiecy Ha oc-
HOBI iiMOBipHicHOTO BUBOAY [14]. Bukopucranus tem-
MOpaJbHUX 3aJEeKHOCTEH A MOOYyJOBH MOSICHEHB 3
ypaxyBaHHSIM 3MiH BUMOT KOPHCTYBadiB 3aIPOINOHO-
BaHo B [15].

Kay3anpHi 3anexHOCTI BH3HAYaIOTh NPUYHHHO-
HACJIIIKOBI 3B'SI3KM MXK OKPEMHUMH JTiSIMH, a TAKOXK MiX
MOCIIJOBHICTIO NIl Ta OTpUMaHWUM pimeHHIM. Kpim
TOT'0, Kay3aJIbHi 3aJIe)KHOCTI BiI0OpaKat0Th BIUIMB 3HA-
YeHb BXIJHUX 3MIHHHX Ha pe3yabTaT poOOTH iHTENEK-
TyasnpHOiI cuctemu [16].

[MoenHaHHS TEMIIOPAIbHUX Ta Kay3aJbHUX 3aJIeK-
HOCTe#l 1 o0y IOBH MOSICHEHb 3alPOIIOHOBAHO B PO-
6oti [17]. OnHak 3amada getamizamii MOSCHEHb B JaHIl
po0oTi He po3risaanack.

Takum 4rHOM, iCHYIOUI HiAX0AM /10 1TOOY/I0BH TO-
SICHEHb OpI€HTOBaHI Ha BU3HAYEHHS BIUIMBY OKPEMHX
¢dakTopiB Ha orpumaHe pimenHs. OJHAK KOMIUIEKC-
HOMY IMiJIXOAY, B IKOMY PO3IJIAJAJINCh O NPUYHMHU pi-
LIEHHS B IIJIOMY Ta HPUYMHU OKPEMHMX JIill mpouecy
MPUHHATTSA PilIeHHS HE MPHUIISUIOCH TOCTaTHBO yBAary.
Tomy akTyanbHOIO 33J]a4€I0 € pO3poOKa MiAXOAY 10 TO-
OyZOBU TOSICHEHb B IHTENCKTYaIbHUX CUCTEMaxX Ha OC-
HOBI iHTeTpalii TeMIopaabHUX Ta Kay3aJIbHUX 3aJIeK-
HOCTEH IIOAO TpOLECYy MNPUHHATTA PpIIICHHS IS

3a/IaHOTO PiBHS JICTaTi3All].

Le nae MOXIUBICTE CHOPMYBATH MOSICHEHHS, SKi
PO3KPHBAIOTH SIK 3arajibHy JIOTIKY (YHKI[IOHYBaHHS 1H-
TEJIEKTYaJbHOI CHCTEMH, TaK i NPUYMHU HPUHHATTS
KOHKPETHHX PillIeHb.

Merto10 cTaTTi € po3poOKa MAX0ay 10 MOO0YIOBH
MMOSICHEHD Ha OCHOBI iHTerpamii TeMIOpanbHAX Ta Kay-
3aJIBHUX 3QJIEKHOCTEH IMOJ0 MpoIecy MPUHHATTA pi-
IOICHHS 3 THUM, 00 3a0e3MeYnTH MOXKIIHUBICTH (HOopMy-
BaHHS MOSICHEHHSI 5K JUIA 30BHIIIHIX, TaK 1 Ui BHYTpi-
ITHIX KOPUCTYBAYiB IHTENEKTYyalIbHHAX iH(pOpMAIiHHIX
CHCTEM.

JJist TOCATHEHHS MOCTABJICHOT METH BUPILIYIOTHCS
Taki 3ajaui:

— BU3HAYCHHS BIJIMIHHOCTEH mMocTymy A0 iH(op-
Mauii B 1IC st 30BHINIHIX Ta BHYTPIIIHIX KOPUCTYBa-
4iB;

— po3poOka iepapxiqHOi MoJeni TOsSCHEHHSI Ha
6a31 TeMIOPATBHHUX Ta Kay3albHHUX 3aJIC)KHOCTEH;

— po3pobka MeToay NOOYIOBH MOSCHEHD 3 BHKO-
PHUCTAaHHSIM TEMIIOPAIBHUX Ta 3BaXKEHHX Kay3aJlbHUX
3aJI€)KHOCTEH.

BinminnocTi 1ocTyny kopuctyBaviB
1o indpopmamnii B 1IC

Bumorn kopucTyBadiB /0 NOSCHEHb BU3HAya-
I0THCSI Ha OCHOBI 0COOJIMBOCTEH 3ajad, sIKi BUPIIIYIOTh
BHYTPIILIHI Ta 30BHIIIHI KOPUCTYBAayi 1HTEJIEKTYaIbHUX
cucreM. KitoyoBa BiIMIHHICTh MK MMM KOPHCTYBa-
YaMM ToJsrae y piBHI Joctymy 1o iHpopmanii mpo
CTPYKTypy Ta npouec ¢pyHkionyBanus 11C.

BryTpimHi KopucTyBadi — 1ie ¢axiBIi, ki 6e3mo-
CepeAHbO 3aJyueHi 10 pO3POOKH, HaBUAHHS, TECTY-
BaHHI Ta MATPUMKH iHTEIEKTyanbHOI cucteMHu. Jlo miei
KaTeropii HajexaTh iHXEHEPH MalIMHHOTO HaBYaHHS,
¢daxiBmi 3 aHamizy naHUX, KOMaHAa MiATPUMKH, a Ta-
KOX, B JESKHX BHIIQJKaX, PO3POOHUKH MPOrpaMHOro
3abe3neueHHs. BHyTpillHI KOpUCTYBadi MalOTh YaCTKO-
BUil mocTyn a0 iHpopMalii Ipo apXiTeKTypy CHCTEMH,
BUKOPHUCTaHI aJrOpUTMU Ta MOJEIi, mpoliec o0pooKu
JAHUX Ta MPUHHATTS pilieHb. TOOTO JUIs HUX IHTENEeK-
TyaJbHa CHCTEMa IPEe/ICTaBlIeHa y BUTIISII «Cipoi CKpH-
HBKI.

30BHIIIHI KOPUCTYBadi BUKOPUCTOBYIOTh PE3YIlb-
TaTH POOOTH IHTENEKTyalbHOI CHCTEMH ISl BUPIICHHS
cBOIX 3a1a4. BoHH MOXyTb OyTH eKkcrepTaMH B IIpej-
METHIH o0rnacti, AN SKOI 3aCTOCOBYETBHCS CHCTEMA,
MpoTe 3a3BUYai HE MAIOTh ITHOOKKX 3HAHB B cdepi iH-
TEJIEKTYaJIbHUX TEXHOJIOTIH.

s 30BHIMHIX KOPUCTYBaviB CHCTEMa BHIJISAE
SIK «4OpHa CKpUHbKa». BOHM MaloTh MOXKJIMBICTH Hala-
BaTH BXiJHI IaHi Ta oTpumyBatu pimenss [IC, ane BHy-
TPIlIHA CTPYKTypa mporecy o0poOku iHpopmartii € 1ist
HUX NPUXOBAHOIO.

TakuM YMHOM, B 3aJICKHOCTI BiJI piBHSI JOCTYITY JI0
iHpopManii B iHTENEKTyaqbHUX iH(POpPMaLiiHUX CHC-
TEM, BHYTPIIIHI Ta 30BHIIIHI KOPHCTYBayi MaIOTh pi3HE
PO3YMIHHSI IIOJI0 TOTO, SK CaMe IHTEeJIeKTyajbHa CHC-
Tema (opmye cBOi BUCHOBKM BHyTpilHI KOpHCTyBaui
MOXYTh aHaJi3yBaTH MPOMIKHI Pe3yIbTaTH, HAJAIITO-
BYBaTH MapaMeTpHu alTOPUTMIB, MOAU(IKYBaTH HaBUYa-
JBHI BUOIPKH TOIIO. 30BHINTHI KOPUCTYBadi ONEPYIOThH
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JIUIIE BXITHUMU JAHUMU Ta BUXiTHUMHU PIlICHHAMU, HE
MalO4Yu MOXKJIMBOCTI O€3MOCepeIHhO BILTUHYTH HA Xij
00po0Oku iH(popMallii BcepeJuHi CUCTEMU.

IepapxiuHa Moaesb MOsICHeHHsI Ha 0a3i
TeMIOPATbHUX TA Kay3aJbHUX 3aJIeKHOCTEI

3 orysay Ha BIAMIHHOCTI B IocTy1Ii 10 iH(popMaii
JUIS. BHYTPIIIHIX 1 30BHIIIHIX KOPUCTYBaiB, 3arporo-
HOBAHO i€papXiyHy MOJeJb HOSICHEHHS PillleHb iHTelle-
KTyaJlbHOI iIHpOpMaLiiHOT CHCTEMHU.

Po3pobnena Mozesb BpaxoBye NMpesICTaBICHHS CU-
CTEeMH SK BHUIIIAII «Cipoi», Tak 1 y BUTISAL «IOPHOI»
CKpUHBKH, IO CTBOPIOE YMOBH IS iHTEPIIpETAIlil TIpo-
ecy (hopMyBaHHS PIIICHHS 3 PI3HUM CTyIICHEM JeTali-
3aii.

Mogens P wmicTuTh TpH piBHI HOSCHEHHS: JIOKa-

apui P, npouecuuit P Ta rnobanshuii P, npuaomy

JIOKaJbHUN 3a/1a€ OOMEXEHHsI Ha MOJKJIMBI peanizauii
mporecy GopMyBaHHS PillICHHS.

P=P,:3P,

R 1)

JloxanpHuil piBeHb MOSICHEHHs P mpu3HayeHHiH

JUIsl BHYTPILIHIX KOpHcTyBauiB. Ha nanomy piBHi nosic-

HCHHA 6y}1yIOTI)CH 3 BUKOpHUCTaHHAM TCMIIOpaJIbHUX 3a-
m-n

JIEXKHOCTER S,

MDK M—N Ta M cTaHaMH NIPOLECY

(¢bopMyBaHHS pIlICHHS, MO BiZOOpa)karoTh IMOCIIJOB-
HICTB i 13 mocsarHeHHs pimenHs B [1C.

OoMmesxeHHs y Bupasi (1) 3a1ar0Thest uepes Kaysa-
JIbHI TIpaBHJIa-00MEKCHHS, SKi BUKOHYIOTBHCS JJIS BCIX
BiZIOMHX |— peaiizamiii mporecy MPUHAHSITTS PillleHb.
To6T0 Taki TEMIOpaNbHi 3aJIEKHOCTI Sy ' ICHYIOTb IPH

M000My BiJOMOMY BHKOHAHHI Iporecy (opMyBaHHS
pilIEHHS :

R={sn"

(Hm,n):(Vi)Hsrﬁ‘”}. (2)

[TosicHeHHSsI HA OCHOBI OOMEKEHHS Ha JJOKATbHOMY
PIBHI J1a€ MOJJIMBICTh BUSIBUTH «BY3bKI MicCUs» B po-
0O0TIi IHTENEKTyaJIbHOT CHCTEMH.

[TponecHuit piBeHb TaKOXK OPIEHTOBAHUHN Ha BHYT-
pimHix kopucTyBauiB. [ToscHEeHHs Ha IbOMY PiBHI Mic-
TATH iHpOPMAIIiI0 PO MOCHTIJOBHICTE Aii MO MpHUBENa
70 GopMyBaHHS NMEBHOTO KJIACy CXOXHMX pimieHb. Taka
TIOCTIIIOBHICTH il 33a€ThCS Yepe3 TEMITOpalbHi 3aje-

KHOCTI Sy " !

T m

P =(Smsp ) =Y. @)

Ha 6a3i TemmopansHUX GOPMYIOThCS 3BaXKEeHi Ka-

y3albHi 3aJIEKHOCTI W, "

w1 TOZl TOSICHEHHS IpuiiMae

BUTJIAO:

T

P :<V\é,...,w;1”’”,...>:>Y. 4)

[osicHeHHS POIIECHOTO PiBHS Tal0Th MOXKIIUBICTh
BUSIBUTH 3arajibHi 3aKOHOMIPHOCTI poOOTH iHTEIEeKTya-
JIBHOI CUCTEMU.

I'moGanpHM piBeHH MOSICHEHHS OPi€HTOBAHMHN Ha
30BHIIIHIX KOPHUCTYBAaYiB.

Ha npoMy piBHI cucTeMa npeacTaBieHa y BUTISAAL
"q4OpHOI CKpUHBKH'", 2 TIOSICHEHHS Oy IYIOThCS HAa OCHOBI

3BAXKCHUX Kay3aJIbHUX 3aHC)KHOCTeI7[, 110 BU3HA4YalOTh
. o X . .
TIPUYNHHO-HACIIIIKOBUA 3B'A30K WY MK BX1IHHUMH Oa-

HUMU Ta (piHATBHUM PilICHHIM:
X
P7[ - WY ' (5)

Taxi mosichenHs JlaloTh MOKIJIMBICTH OOTPYHTY-
BaTH pe3yJbTaT poOOTH CUCTEMH B TEPMiHAX OIHUCY BXi-
JHHX JJAaHUX Ta pe3yJbTaTy 0e3 neTasizalii BHyTpIlHIX
nporueciB 00pooku nanux B 1IC.

Mix piBHSAMH MOJEINI iCHYIOTh i€papXidHi 3B'SI3KH.
TemmnopaibHi 3aJ€KHOCTI JOKaJIFHOTO PiBHS MPEICTaB-
JSAI0TH 00010 CKIIAOBI MPOIIECHUX MOsiICHEeHb. [Iporre-
CHi TTOSICHEHHS PO3KPUBAIOTH JIeTasli (POPMYBaHHA TII0-
0ampHUX Kay3aJbHUX 3aJEKHOCTEH, 10 3B'A3yIOTh BXi-
IHI aHi 3 OTPUMaHUM B iHTEJEKTyalbHIl cucTeMi pi-
HICHHSIM.

TemmopanbHi 3aJ€KHOCTI BiirPalOTh KIOYOBY
POJIb B 3aMPONOHOBAHINA MOJIENi, OCKUIBKYA BOHH Oe3110-
CepeNHbO BiOOPaKAIOTh BIOPAIKOBAHICTh CTAHIB iH-
TEJIEKTYaJbHOI CHCTEMH B ITpolieci 0OpOOKH JaHHUX Ta
¢bopmyBaHHs pimenb. Ha oCHOBI IUX 3aJeXHOCTEH B
mojanbIioMy (HOPMYIOTBCS Kay3allbHI  3aJIeKHOCTI
OLIBII BUCOKOTO PiBHSI.

Kay3anpHiCTh B JaHOMY KOHTEKCTI MOXKHA BHU3Ha-
YHUTHU K IPUINHHO-HACIIAKOBHH 3B'I30K MIXK IIEBHUMHU
(akTopamu (HampuKiIal, 3HAYCHHAMH BXIiIHUX JaHUX
abo TOCIIZIOBHICTIO BUKOHaHHS Iii mporecy ¢opmy-
BaHHS PillICHHS) Ta Pe3yJIbTaTOM POOOTH CHCTEMH.

HasiBHICTD MOBTOPIOBAHUX TEMITOPAILHUX 3aJIEK-
HOCTEH, 110 CHIOCTEPIraloThes AJIsl BCIX BIIOMHUX pealti-
3aIiil mpoIecy NPUHHATTS PIllIeHb, A€ MiACTaBH CTBE-
PAKYBATH PO HasIBHICTh Kay3aJbHOTO 3B'SI3KY MiXK BiJl-
MTOBITHUMH CTaHAMH YH JisIMH CUCTEMHU.

ToOTO MOBTOPIOBaHICTH MEBHUX MATEPHIB B yIIO-
PSAAKOBAHOCTI CTaHIB € O3HAKOI MPUYMHHO-HACIIiAKO-
BUX BiJHOIIEHB.

Baru kay3anpHUX 3aJI€XHOCTEH B 3alpOIIOHOBA-
HIl MOJeNi BU3HAYAIOTHCH 3 BHKOPHCTAHHIM Pi3HUX
MiAXOMIB Il KOXKHOTO PiBHs mosicHeHHs. Ha yokaib-
HOMY PiBHI Bard npaBuiI-00OMeXeHb NPUIHMAaIOTHCS PiB-
HUMH 1, OCKIJIBKH I1i MIPaBHJIa BUKOHYIOTHCS JUISL BCIX
BIJIOMHUX BapiaHTIB npolecy (GopMyBaHHS PillICHHS.

Ha npouiecHomy Ta rino0aibHOMY piBHSX JUIsl BU-
3HA4YECHHS Bar 3aJIeXHOCTEH 3aCTOCOBY€EThHCSI MaTeMaTH-
4HUit anapar Teopii MmoxiuBoctei [18]. Ll Teopis, po-
3pobnena Jlordi 3ane, onepye oniHKaMH MOKIHBOCTI
Ta HeOOX1JHOCT]I HACTAHHS IIEBHUX ITOIN.

MoOXIUBICTD B TeOpii MOXKIIMBOCTEH TPaKTy€ETHCS
SIK CTYIiHb IpaBJIONONIOHOCTI NeBHOI moxii (Hampu-
KJIaJ, MPUYMHHU PilIeHHs) 32 BiICYyTHOCTI AOKa3iB ii He-
MOJKITUBOCTI.

HeoOximgHicTh, B CBOIO Uepry, BimoOpakae Mipy
BIIEBHEHOCTI B HACTaHHI MOJii 3 OTJSAY HA HasABHI BXi-
IIH1 JaHl.

3 MO3MIIii OLIHIOBAHHS Bar Kay3allbHUX 3aJI€KHO-
CTEeH MOXIIMBICTh XapaKTepu3ye MOTEHIIIHY 31aTHICTh
MeBHOTO (DaKkTOpy BIIMBATH Ha pe3ysbrar podotn IIC,
a HeoOX1IHICTh BKa3ye Ha OOOB'SI3KOBICTb BpaxyBaHHS
BOT0 (GaKTOpy AJIst KOPEKTHOTO (pOpMyBaHHS pillICHHS.

ChinbHe BUKOPHCTAHHS OLIIHOK MOXIIMBOCTI Ta
HEOOXITHOCTI J103BOJISE OUTBII THYYKO OIHMCYBATH

165



Control, Navigation and Communication Systems. 2024. No. 4

ISSN 2073-7394

MPUYMHHO-HACIIAKOBI 3B'S3KM MOPIBHSAHO 3 KJacHd-
HUMH HMOBIpHICHUMH MOJEJISIMH, 30KpeMa 3 ypaxyBaH-
HSIM HEBU3HAYEHOCTi, HEMOBHOTH Ta HETOYHOCTI iH(O-
pMaii noa0 npouecy NpUHHSTTS PillIeHHs MPH MpeJC-
taBienHi [IC y Burisni «cipoi» abo «40OpHOI» CKpH-
HBKH.

Metoa noGya0BHU MOsICHEHb 3 BHKOPHCTAHHIM
TEMIOPAJIBHUX TA 3BAKEHUX
Kay3aJbHUX 3aJIe5KHOCTel

Meton moOynoBm 0OaraTopiBHEBOTO MIPEICTaB-
JICHHS MOSICHEHHS JJIsl IHTENEKTyalbHUX CHCTEM Ha OC-
HOBI TEMIIOpPAJIFHUX Ta Kay3aJbHUX 3aJIEKHOCTEH Mic-
THTH B OCHOBHUX (ha3u:

— (opMyBaHHS NOSICHEHHS;

— TIpe/ICTaBIICHHS MOSCHEHHSI.

@Dasza 1. DopMyBaHHS MOACHEHHS.

Jana ¢asza mependauae CTBOPECHHS TMOSCHCHHS Ha
JIOKaJIbHOMY, POLIECHOMY Ta TJI00abHOMY DIBHSIX Jie-
Tamizaii.

Eman 1.1. TlobynoBa mOsICHEHB JIOKATBHOTO PiBHS
neraizarii.

Ha nokampHOMY piBHI TOSCHEHHS OyIyHOTbCA
IIISIXOM TIOCIZIOBHOTO ()OPMYBaHHS TEMIOPATHHUX Ta
Kay3aJbHUX 3aJIC)KHOCTEH MK CTaHaMH IPOLIECY IIPHUH-
HATTS pIlIEHHS B IHTENEKTyalbHIA CHCTEMi 3TiIHO
MIPEICTaBJICHHIO (2).

Kpox 1.1.1. ®opmyBaHHS TeMIOpaIbHUX 3aJIeXK-
HOCTEH.

TemmnopanibHi 3aJeKHOCTI 3aJal0Th MOPSIOK Yy
yaci Ui cTaHiB mnpouecy GopmyBaHHs pimeHHs. [Ipu
1o0y/10BI TaKNX 3aJIEKHOCTEH BUKOPHUCTOBYETHCS Bij-
HOCHHH 4ac, M0 Ia€ MOKJIMBICTh MOPIBHATH TEMIIOpa-
JMBEHY YIOPSAKOBAHICTh IS AEKLIBKOX peaiizamiif mpo-
ecy GopMyBaHHS pillIeHHS.

Ha nanomy xporii ¢opMyIOTbCS TeMITOpaIbHi 3a-
nexHocti X ta F tuny [11]. Tlepiuri 3a1at0Th TOPSI0K
JUIs1 IBOX TIOCJTIJOBHUX CTaHIB MPOIIECY, HAPUKIIA TS
MEPIIOTO Ta IPYroro CTaHiB 3ajeKHICTh MO3HAYAETHCS
K S; . Apyri 3a1a50Th MOPSIOK AJIS CTaHIB, MIXK SKUMHU

€ IPOMIXHI CTaHH.

Hanpukia Ui nepiioro Ta TpeTboro craHiB $o-
PMYEThCS 3aJIEKHICTD S; .

PesynbraToM 1aHOT0 KPOKY € MHOYKHHA TEMIIOpa-
JIBHHUX 3QJIE)KHOCTEH BUIY:

R ={5},55,50,83,8] ). (6)

Kpox 1.1.2. ®opmyBaHHS Kay3aJbHUX 3aJ€KHOC-
teil. Kay3ainbHi 3a/1e)kHOCTI Ha JaHOMY PiBHI JieTaji3a-
1iT BU3HAYAIOTHCS SIK TEMIOPAJIbHI 3aJIe)KHOCTI, SIKi BH-
KOHYIOTBCS I BCiX BapiaHTiB (peai3aliii) mporecy
MPUHHATTSA pimeHHsa. Ha qanoMy Kporii HOpiBHIOIOTHCS
BCi BioMi |— BapiaHTH BHKOHAHHsS mporecy. SIKmo
Taka yMOBa 33J0BOJIBHSETHCS, TO Bara 3aJI€XKHOCTI
Wm—n

n | BCTAHOBIIIOETHCSI PIBHOIO OJMHUII:

H m-n m-n
(Vi)3asy " =>wp " =1 (7
Pe3yHBTaTOM €Talry € MHOXMHa TEMITOPAJIbHUX 3a-

JIOKHOCTEH S " Ta MiIMHOKHUHA Kay3albHUX 3aJI€KHO-

CTeI7[, 10 MaroTh OAUHUYHY Bary.

[epuri BUCTYnaroTh SIK €JI€MEHTH OOYAO0BH IPO-
LIECHOTO PiBHS NOSICHEHHS, a IpYT'l — IK OOME>KEeHHs J1a-
HOTO PiBHS.

Eman 1.2. I1oOynoBa nosicHeHb NPOLIECHOTO PiBHS
neTaiizarii.

Ha mponecHoMy piBHI aHami3yeThCS CYKYIHICTH
TEMIIOPATHHUX 3aJICKHOCTEH, SKi BiTOOpaKarOTh MOPSI-
JOK CTaHiB y MOTOYHOMY Iiporieci (opMyBaHHS pi-
[ICHHS B 1HTEJICKTYalbHIN CHCTEMI.

KaysanpHi 3anexHOCTI Ha IIBOMY pPiBHI hopmy-
I0TBCA 3 TEMIIOPATBHUX 3 BUKOPUCTAHHIM MaTeMaTH-
YHOI'O amapary Teopii MOXXIMBOCTEH, IIO J03BOJISIE
OLIIHUTH CTYIiHb BIIEBHEHOCTI Y HasBHOCTI HIPUYUHHO-
HACJIIIKOBOTO 3B'13Ky M)XK CTAaHAMH Ha OCHOBI YaCTOTH
CIOCTEPEIKEHHS BiJIMOBIAHOT TEMIIOPAIBbHOT 3aJI€XKHO-
CTI y pI3HHMX peami3alisix Mpouecy HPHUHATTS pi-
HICHHSI.

Eman 1.3. TlobynoBa mosicHeHb TII00aTBHOTO Pi-
BHS JIeTaizarii.

Ha rmoGansHOMY piBHI BH3HAYaIOTHCA Kay3albHi
3aJIE)KHOCTI MK BXIIHUMH NAaHUMH IHTCIEKTYalIbHOI
CHUCTEMH Ta OTPUMaHHUM PilICHHAM 3TiIHO (5).

Baru nmx 3anexHocTell TakoK OOYHCIIOITHCS 3
BUKOPHUCTAHHSIM OI[IHOK MOXKJIMBOCTI Ta HEOOX1THOCTI B
pamMkax Teopii MmoxkiuBocTei [18].

Lle nmo3Boysie BpaxyBaTH HEBH3HAYEHICThH ILOJIO
BIUIMBY OKPEMHX BXIZHUX (haKTOpiB Ha KiHIEBHH pe-
3yJbTaT.

@Da3za 2. DopMyBaHHS NPEICTABICHHS NOSICHEHHS.

daza (opmyBaHHS TIPEACTABICHHA MOSCHEHHS
CKJIAIA€THCA 3 IT'ATH €TalliB, AKi 3a0e3MevyoTh BHOIp Ta
JieTai3amifo MOsSCHEHb Ul KOPUCTyBada IHTENIEKTya-
JIBHOI CUCTEMH.

Eman 2.1. ®opmyBaHHS MHOXMHH aJIbTEPHATHB-
HUX TIOSICHEHb.

Ha nepriomy erani popMyeTbCsi MHOKHHA ajlbTe-
PHATHBHUX MOSICHEHb Ha OCHOBI Kay3aJbHUX 3AJIEIKHO-
CTeil, OTpUMaHUX Ha monepeaHii dasi.

Li mosicHEeHHsI BIOPSIKOBYIOTHCS 338 Baroo, ska
BiZIOOpaka€ CTyIiHb BIEBHEHOCT] Y IPUYNHHO-HACII-
KOBHX 3B'AI3KaX.

Eman 2.2. Ouinka MosICHEHb 32 KPUTEPiSIMH KO-
CTI.

Ha apyromy etami BHKOHYETBCS OIliHKa ChOpMO-
BaHUX IOSICHEHb.

30Kpema, Ha JaHOMY €Talli TepeBipsIEThCS CKIaI-
HICTh MOSICHEHb. TaKoX BHKOHYETHCS OI[IHKA KOPEKT-
HOCTI Ta YyTJIMBOCTI TosicHeHb. [lepmma BimoOpaxae
CTYTMiHb BiJIMOBITHOCTI MOSICHEHHS PEATBHOMY MPOIIECY
MIPUHHATTS PIlICHHS B IHTEJIEKTyalbHiN cucteMi. [Ipyra
BioOpaXkae CTYIiHb 3MiHM TIOSICHEHHS TIPU 3MiHI BXiJI-
HUX JTJaHUX a0o MmapameTpiB MOJENi.

Eman 2.3. Bin0ip nosICHEHb.

Ha tperpomy erarmi 31iliCHIOETBCS BiOip KOpEKT-
HUX TOSICHEHB, SIKI MAIOTh MaKCUMaJIbHY Bary Ta BiAIo-
BiJalOTh BCTAHOBJIIEHUM KPHUTEPisIM YyTJIMBOCTI Ta
ckiagHocTi. Lle no3Bossie oOpatyu peneBaHTHI Ta 3p03y-
MiJTi 4711 KOPUCTyBada MOSICHEHHS.

Eman 2.4. [leranizalis MosScCHEHb 3a 00'ekTamu, 3
SKUMU omiepye mporec Gpopmysanus pimenns B 1IC.

Ha geTBepToMy erarmi BiniOpaHi MOsSCHEHHsI, 3a IO~
TpeOH, NETANTI3YIOThCS UIIXOM BCTAaHOBJICHHS 3B'3KiB
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MIX Kay3aJbHUMU 3aJIS)KHOCTSIMH Ta 00'€KTaMU, sIKi BU-
KOpHUcTOBYE mpouec hopmyBanHs pimenss [19].

Ile no3BONsEe KOpHCTYBady Kpalle 3pO3yMITH
BIUIMB KOHKPETHUX CYTHOCTEH IpeaMeTHOI obnacTi Ha
Joriky GopMyBaHHS pillIeHHSI.

Eman 2.5. JIoNOBHEHHS MOSCHEHb BXITHHMH Ta
MIPOMIKHUMH TaHUMH.

Ha n'sTomy eTami kay3anbHi 3aJI€KHOCTI, IO yT-
BOPIOIOTH IIOSICHEHHS, JOIOBHIOIOTHCS BXIXHUMH Ja-
HUMH, K1 OyIIM BUKOPHUCTaHi Ipy GOpPMyBaHHI BiIIOBi-
JTHUX CTaHIB MpOIeCy MPUUHATTS pilleHHS.

Takuii miaxin 3abe3nedye MOXKIUBICTh IHTEpIIpE-
Talil MOsICHEHb Ta JI03BOJISIE KOPUCTYBAaYy BCTAHOBUTH
3B'I30K MK BXiJHHUMH JaHUMH, JIIMU Ta OTPUMAHUM
pe3yIbTaToOM.

PosrnsiHemo peamizanito ¢asu 1 gaHoro Meromy
JUTs TOOYTOBU MOSICHEHHS I10JI0 PEKOMEH/IAIIIH B CHC-
TeMi eJIeKTPOHHOI KOMEpIIil.

Hexaii y mporeci ¢hopMyBaHHS peKOMEHIAMIi KO-
pUCTyBaueBi CIIOCTEPIralOThbCcs HACTYIMHI CTaHH: C, —

KOPHCTYBay Meperisaae cropinky toBapy «Cmaprdon
Samsung Galaxy S21»; C, — KOpucTyBa4 1o/a€ TOBap
«Cmaptdon Samsung Galaxy S21» mo xommuka; C, —

KopucryBau odopmittoe 3aMoBIeHHs Ha ToBap «Cmap-
thon Samsung Galaxy S21».
Ha nepmiomy erari ¢popMyrOThCSI TEMITOpPAIBHI 3a-

NEKHOCTI Sj,S3,S; Mik uMH cTanamu. OCKibKY 11i 3a-
JISKHOCTI € XapaKTepHUMH Uil BCIX KOPUCTYBadiB, sIKi
KyTyIOTh TaHHUi TOBap, TO W, = W; = W. =1, To6T0 naHi
3aJI€XKHOCTI

HSIMH.
Ha npyromy etami gopmyeThes mporiec i3 moci-

€ Kay3aJbHUMU HpaBI/IHaMI/I—O6M€)KeH—

. v ool Q2
JIOBHOCTI1 Kay3aJIbHUX 3aJIC)KHOCTEH S, S; , 1110 BUZHAYA-
I0Th MOCJIIOBHUHN MepexiJ BiJl MEPLIOro J0 Apyroro, a
. .1

MIOTIM JI0 TPETHOTO CTaHY, a TAKOX 3aJE€XKHOCTI S, IO
BU3Ha4yae 00O0B’A3KOBY HAsBHICTH C, B MalOyTHbOMY
micist C, . Lle#t ¢pparmMeHT mporecy € neTepMiHOBaHUM,
OCKiJIbKM TpaBuna S;,S; Ta S, BHCTYMAOTh B SKOCT
00MEXEHb.

Ha npyriii ¢a3i BU3HAYAIOTHCS aTpUOYTH CTaHIB
C, — C, 1 MOSICHEHHS AETali3y€EThCs 3 ypaxyBaHHSIM 00'-
€KTiB, 1O AKUX HaJIEXaTh Il aTpHOyTH.

Ha rno6ansHOMY piBHI JeTanizaiii mosiCHEHHS BU-
3HAYAIOTHCS Kay3aJdbHi 3aIeKHOCTI MK XapaKTePUCTH-
KaMH KOpHCTyBada (BiK, CTaTh, MiCTO IPOKMBAHHA) Ta

¢bakrom kymiBii ToBapy «Cmaprdon Samsung Galaxy
S21».

Po3paxoByeTbcs 3HAYCHHS MOXIIMBOCTI 1 BitOupa-
€TbCS MOSCHEHHS 3 HAaHOUIBIINM 3HAYEHHSIM MOXIIH-
BOCTI.

3okpema, nosicHeHHs1 Buay «Kopucrysadi 4o1oBi-
4oi craTi BikoM 25-40 poKiB 4acTO KyMyHTh CMapTHOH
Samsung Galaxy S21 micas #oro meperisigy Ta goia-
BaHHS Y KOIIHK.

BucHoBkH

3 MeTor OOIpYHTYBaHHS HEOOXITHOCTI Oaratopi-
BHEBOI JieTaltizanii MosiCHEeHb BUKOHAHO CTPYKTYypH3a-
IO BIIMIHHOCTEH MOCTYIy 110 iH(popMaIlii KopucTyBa-
YiB IHTEIEKTyalIbHUX CUCTEM.

[TokazaHo, o BHYTPIlTHI KOPHCTYBadi MAafOTh Ja-
CTKOBHH NOCTYIl IO BHYTPImIHBOI iH(opMarii momo
TpoLecy MPUHHATTS PIllICHHA, IO MOTpedye BiAMIOBIA-
HOI meTtamizarii ITOSICHEHb.

3anmponoHOBaHA 1€pPAPXIYHY MOJENb TOSICHEHHS
Ha OCHOBI TEMIIOpAIbHUX Ta Kay3aJdbHUX 3aJICKHOCTEH,
sIKa MICTHUTb JIOKaJbHUH, IPOLIECHUI Ta TII00aIbHUH Pi-
BHI ITOSICHEHb 3T1IHO MOXIIMBOCTEH JOCTYIy KOPHUCTY-
BaviB 10 iHpopmauii moa0 npouecy GpopmyBaHHS pi-
IICHHS B IHTEJIEKTYaJbHINH CHCTEMI.

JlokanbHUil Ta NMpPOLECHUI PiBHI Opi€HTOBaHI Ha
BHYTpILIHIX KOPUCTYBadiB i nepeabayvaroTh OiIbII je-
TaJbHUNA aHaJi3 pOOOTH CHCTEMH SK "Cipol CKPUHBKH".
['moGanpHMIT piBeHP MPU3HAYCHUH I 30BHIIIHIX KO-
pHCTyBadiB i HaJae y3aranbHEeH] IMOSICHEHHS IIPH Ipea-
CTaBJICHHI CUCTEMH y BUTJIAAL "9OpHOI CKpuHBKH". Te-
MIIOpaJIbHI 3aJI€KHOCTI BU3HAYAIOTh NOPSIIOK Iii mpo-
necy hopMmyBaHHS pimneHHs. Ha iX 0cHOBI popMyrOTBCS
3BaKCHI Kay3alibHi 3aJICKHOCTI.

Mojens 103BOJISIE BpaXyBaTH HEBH3HAYEHICTh Ta
HEMOBHOTY iH(popMaii Ipy NOSICHEHHI pillieHb 1HTeJIe-
KTyaJbHUX CHCTEM JUIsS 30BHIIIHIX Ta BHYTPILIHIX KO-
pHUCTYBaviB.

3anporoHoOBaHO METO/ 100y JOBH MOSCHEHb 3 BHU-
KOPHCTaHHSAM TEMITOPAIBbHUX Ta Kay3aJbHUX 3aJIe)KHO-
cTeil Mixk cTaHaMu abo [isMU mporiecy popMyBaHHS pi-
[ICHHS B IHTEJICKTYallbHIN CHCTEMI.

Meton MictuTh (asu GOpMyBaHHS Ta TPEACTaB-
JICHHS TIOSICHEHb. MeToJ1 103BoJIsie ChOpMyBaTH Kay3a-
JbHI 3aJIEXKHOCTI Ha JCKIIBKOX PIBHIX AeTasizarii Ta
NPEACTAaBUTH 1X KOPUCTYBady y BHUIVIAII YHOPSIKOBa-
HOI 32 Baroro MHOXKWHH aJIbTEPHATHBHUX IOSICHEHb.

Jetanizamist MOSICHEHD 3 ypaXyBaHHSAM BJIACTHBO-
cTeil 00'eKTiB, 10 BUKOPUCTOBYIOThCA Yy Tpotieci ¢op-
MYBaHHS PIIICHHS, @ TAKOXK JOTIOBHEHHSI IOSICHEHb Ha
OCHOBI Kay3aJbHUX 3aJIe)KHOCTEH BXITHHMHU JIaHUMHU
CHpUsiE KpalioMy pPO3YMIHHIO KOPHCTYBadeM JIOTIiKH
po0OTH iHTENEeKTyaIbHOT CHCTEMH.
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Modeling explanations in intelligent systems
based on the integration of temporal and causal dependencies

S. Chalyi, V. Leshchynskyi

Abstract. The article’s subject matter is the processes of constructing explanations in intelligent systems using
temporal and causal dependencies. The aim is to develop an approach to constructing explanations based on the integration
of temporal and causal dependencies regarding the decision-making process in order to provide the possibility of forming
explanations for both external and internal users of intelligent information systems. Tasks: determining the differences in
access to information in 1S for external and internal users; developing a hierarchical model of explanation based on temporal
and causal dependencies; developing a method for constructing explanations using temporal and causal dependencies. The
approaches used are: methods of constructing explanations, methods of constructing causal dependencies. The following
results were obtained. The structuring of the differences in access to information of users of intelligent systems was per-
formed to justify the need for multilevel detailing of explanations. A hierarchical model of explanation based on temporal
and causal dependencies is proposed. A method for constructing explanations using temporal and causal dependencies be-
tween states or actions of the decision-making process in an intelligent system is proposed. Conclusions. The scientific
novelty of the obtained results is as follows. A hierarchical model of explanation is proposed, which contains local, process,
and global levels of explanations according to the possibilities of user access to information about the decision-making
process, which makes it possible to take into account the incompleteness of information about the state of the intelligent
system when explaining its decisions for external and internal users. A method for constructing explanations has been de-
veloped, which contains the phases of constructing explanations using temporal and causal dependencies between input data,
states of the decision-making process, and the obtained result, and presenting explanations, which makes it possible to form
causal dependencies at several levels of detail and present them to the user in the form of an ordered by weight set of
alternative explanations.

Keywords: intelligent system, artificial intelligence system, explanation, decision-making process, temporal depend-
encies, causal dependencies, causality, possibility.
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NIJIBULLIEHHA E@EKTUBHOCTI IMPOLIECY KOPEKIIIT JAHUX
Y CUCTEMI 3AJIMIIKOBUX KJIACIB

AHoTanisi. Y cTaTTi pO3risAaloThCs BIUIMB KOPUTYBaNbHUX 374i0HOCTEH Hemo3uuiiHux komoBux cTpykTyp (HKC), ski
MpeJCTaBlIeH] B3aEMHO HE MPOCTHMHU OCHOBaMH cucTeMu 3anuikoBux kiaciB (C3K). Ha manuit wac Taki HKC nocmimkeni
JOCTaTHBO MTOBEPXHEBO Ta OIUCYIOTHCS CKOpille SKICHO, HIK KiJIbKiCHO. J[0 TenmepiliHporo 4acy mpakTUYHO HE MPOBOIM-
JIOCh TPYHTOBHHX JOCITIKeHb KopuryBanbHuX BiactuBocTeil HKC C3K, mo mMaroTh 0CHOBH, AKi HE SBISIOTHCS B3a€EMHO
MIPOCTHMH YHCIAMH. AHAQJIOTiYHA CHCTEMa TaK0)XK Ma€ 3Ha4yHi KOPHTYBaJbHI MOXKIIHMBOCTI, II0 0OYMOBIIOE HEOOXITHICTH
OILIHKHM MO>KJIMBOCTI Ta AoninbHOCTI 3acTocyBaHHs HKC, mpencraBieHnX y BUIIISLAL B3a€MHO HE NMPOCTHX OCHOB UIS Mij-
BUIIEHHS JOCTOBIpHOCTI 00unciens komm'rorepHux cucteM (KC). 3 MeToro momansoioro JOCTiHKEHHS Ta pO3BUTKY JaHHX
HKC posrisiHeMo psit HAyKOBUX TBEP/KCHb, BAKOPHCTAHHS PE3YNbTATIB SKUX JO3BOJINTH OUIBII MOBHO TOCITIJUTH KOPH-
ryBanbHi BractuBocti HKC 3 B3aeMHO He mpocTuMu OCHOBaMH. Po3po0iieHO anropuTMH HpOLECiB KOPEKIii Ta KOHTPOIIO
naanx y C3K 3 B3aeMHO MomapHO HE IPOCTUMH OCHOBaMH. BUKOPHCTaHHS IIMX aJrOPUTMIB CHPOIIY€E MPOLEC BUABICHHS 1
BUIPABJICHHS OAWHUYHUX HOMUIIOK. 3a3HaYMMO, 110 32 HPOCTOTOI KOHCTPYKIIIT CXeM JeKOAyBAIbHUX IIPUCTPOIB PO3IIIs-
Hytux HKC, He MatoTh aHANOTIB y MO3UIIHHIX CHCTEMax YUCIeHHs. Lle nocsaraeTses 3a paXyHOK OOMEXEHHS K1acy MOX-
JIMBUX KOPUTOBaHMX MOMMJIOK LIJIIXOM BBEJICHHS JOJATKOBOI anaparypHoi HaammkoBocti npexacrasinenss HKC B C3K.

Kao4oBi cioBa: B3aeMHO HE MPOCTI OCHOBH; BHUIIPABICHHS MOMMIOK; KOMITIOTEpHA CHCTEM; KOPEKIIisl JaHUX; KOPH-

TyBaJIbHI BIACTUBOCTI; CHCTEMA 3aJIMIIKOBUX KIIACIB.

Beryn

BizoMo, 1m0 B HEMO3MIIHHIN CHCTEMI YHCIEHHS B
3aJIMIIKOBUX KJIAcaX IIMPOKE PO3IOBCIOMKCHHS OTpH-
MaJld KOPHUTYBajbHI KOIH, TOOTO HEMO3HUIIiHI KOOBI
ctpyktypu (HKC), o npencrapieHi HabopoM B3aEMHO
MPOCTHUX OCHOB JaHOI CHCTEMH 3aJIMIIKOBHX KJIACiB
(C3K) [1]. Le obymoOB€HO MPOCTOTOK (OPMYyBaHHS
crpyktypu nux HKC, Bucokoro eheKTHBHICTIO TX KOpH-
I'YBaJIBHHUX BJIACTUBOCTEH, a TAKOXK BIJHOCHOIO JIETKiC-
TIO TTOOYJOBH JJIsi MiHIMANBHOI KOJOBOI Bi[ICTaHIi, siKa
Oyne 3anana [2]. Y paMkax JaHOTO JOCIIIKEHHS PO3r-
nsHyTi kKopuryBanmbHi HKC 3 B3aemMHO He mpocTHMu
OCHOBaMH. BiICyTHICTh TPYHTOBHUX JOCIIIKEHb BHKO-
pUCTaHHsS KOpUT'yBaJbHUX MoOxiuBocTed nanux HKC
3HaYHO OOMEXKYe ePEKTHBHICTh Ta c(hepy BUKOPUCTAH-
Hs1 C3K. [lana oOcraBuHa OOYMOBIIIOE HEOOXIIHICTDH
OILIIHKM MOJXJIMBOCTI Ta JIOUIJIBHOCTI 3aCTOCYBaHHS
HKC, ocHOBHU SIKMX € B3a€EMHO HE IPOCTHMH YHUCIIAMH
JUTSL TBUINEHHS JOCTOBIPHOCTI OOYMCIICHh KOMIT'HOTE-
puux cuctem (KC).

3 METOI0 TOAANBIIOTO TOCTIIKCHHS PO3TIITHEMO
HU3KY HaykoBuX TBep/pkeHb (HT), BukopucrtaHHs pe-
3YJBTATIB SKUX JO3BOJIUTH OLIBII TOBHO JOCIIIUTH
kopuryBaibHi BiactuBocTi HKC 3 B3aemMHO HE mpocTtu-
mu ocHoBamu C3K. Ha ocHOBi JOBeZeHHS SIKUX PO3pO-
OmsteThesl HAaOlp e(PEeKTHBHUX alTOPUTMIB KOpPEeKIii Ja-
HUX, npencrasienx y C3K.

AJTOPUTMH BUSIBJIEHHS TA BUNPABJICHHSA
nomMuiok y C3K

Jlema 1. s OyIb-IKOTO HKC
E=(ellelllle,) BC3K3ocnosamu k, (g=1m) i

Juts 6y b-s1Koi mapu ocHoB K, 1 K; TOBMHHA BUKOHYBa-
THCh yMoBa (6, —€) =0(mod ;) , me X (K,, k) Haii6i-
JIBIIWN CIIBHUM TIJIBHUK OCHOB (MOZ[yHiB) kg Ta ki, a

g,i=Lm; g=i [3]. Orxe, 3a pesynpratamu nemu 1,

JUTS BU3HAYCHHS HEOOXITHUX 1 TOCTATHIX YMOB JJIsI BU-
ABJICHHA OJMHHYHUX MOMMWIOK 3a gomomoroio HKC 3
B3aeMHO He mpoctumu ocHOBamu C3K chopmymoemo i
noseneMo HactynHe HT.

HT 1. JIns BUSBJICHHS MTOMIJIOK Y 3aJIMIIKY 32 JO-
BinbHOIO ocHOBOIO K, (g =1,m) HKC E=(g|e,l..[e,),

3amanoi ocuoBamu K, ..., K., HeobXimHO, 106 OCHOBa

IR
kg Maia TMpUHANMHI OJWH, BIAMIHHUH BiJ OJWHUII,
CHiibHUE NiNbHAUK 3 iHmuMu ocHoBamu K, (g = 1) [4].

Jloseodenns. Hexait HAHOIIBIINK CITIIBHUE T1THHUK
Xgi(kg,ki) BU3HAUYeHUN a1 AoBUIBHUX ocHOB C3K

(g #1), 1 momunka cramacsi 3a OcHOBOK K, , TOOTO
eg = eg +Aeg .

Tokasxemo, 1o Bupas (€, —€)Mod X; exsiBaseH-
THU 2€,(MOd X;) . 3rizHo 3 Jemolo 1, BUKOHYETbCs
Take piBHicTb (6, —€)=0(modx) . 3anumemo Bupa3
e, o€, =¢,(modk,) y surnani e, +ae, =k-k, +¢ ,

ne k — mine umcno. Jlns BHU3HAYEHHS CIOTBOPEHOTO
3aJIUIIKY BUKOPHUCTAEMO OCTaHHIN BHUpa3
e =¢ +ag —k-k. Toni

MOXEMO  3amucard, Mo

&, —& =[ (e, —&) +(-khx) +ae, .

Tak, SIK (e, —&)=0(mod x) Ta
—khx; =0(modx;), ne k;, =hx;, a h — marypanbue
YHCIIO, SKe BHUKOHY€ TaKe MOPiBHAHHS

(e, —€) =ae,(mod X;) . be3ymOBHO, IO NMPH BiJICYTHO-
CTi CHNUIPHMX MAUIBHHUKIB, AKIWO X, =1, maemo, w0
Ae, = (mod Xgi) , O JOBOIUTH HeoOXimHy ymoBy HT 1,
AKINO TIOMWJIKA HE KpaTHa MIIBHHKY X . /lificHo,

(kxg; +€g) = 0(mod x;), nst 0 <ey; <Xy .

© Suko A. C., I'mymko A. J1., Kpyk O. L., Ilpokyxir A. 10., 2024
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HT 1 moxHna chopmymoBaTH TakuM 4uHOM. Jlist
BUSIBJICHHS OJMHMUYHOI NMOMWIKK (Y 3aJIMIIKYy 32 J0-
BinbHOI ocHoBolo k ) HKC E =(e ||, ]..|le,) wHe-
00ximHO 1 ;OCTaTHBO, MO0 MoOMIUIKAa Oyjia HE KpaTHa
AUIbHUKAM Xy Ta X, 1€ X, — HallMEHIIE CIiIbHE Kpa-

THE JUILHUKIB X, = (Xgl, Xgo1 ees Xgm) .

Ha ocHoBi pesympratieB HT 1 chopmyemo anro-
PHUTM (OPSJIOK) BU3HAUCHHS OJMHIUYHOT ITOMUJIKY.

1. 3pilicHIOEMO TIepEeBipKY 3aJHIIKy 332 OCHOBOIO
k,. 3 1i€0 METOK BM3HAYAEMO CYKYIHICTh 3HAYCHb!

e —e,=¢e,(modx;,), e —& =€ (modx;,), s
e, —€,=¢e,(modx,). Sxmo e, =(modx,), Toxi

3MIACHIOETHCS TIEPEBipKa APYTOro 3aIUIIKY i T. 1.
2. 3 meTol0 BU3HAYEHHA 3HadeHb €, (g #1i) He-

00XiJJTHO yTBOPUTU MaTPUIIIO TAKOTO BUAY:

e12 e13 elm
A: e21 eZ3 eZ3
eml emz emm—l

Ilin yac cknamanHs Matpuili A He 000B’sS3KOBO
BKa3yBaTH CIPABKHE YHCIOBE 3HAYEHHS € , IOCTATHBO
MPEACTABUTH i BUKOPHCTOBYBATH HOTO BiMiHHY O3Ha-
Ky:

0, axwo e, —e, = 0(mod Xgi ),
€, =
¥ |4, aaxkwo ey —e; = 0(mod xy).

3. fxmo BU3HAYHWUK MAaTpPHII |A|=O, 0 HKC

E=(lell..lle,) — npaBuibHa, a SKIIO A| =0, To

E — mempaBmibHa.
Po3risiHeMO Jiesiki TEOpEeTHYHI OCHOBH, IIO Jal0Th
MOXIJIMBICTb CIIPOCTHTH HaBEJICHUH BHIIIE aJITOPHTM.
Bpaxosytouu, 110

eg -6 = [Xgi - (eg —€ )](mOd Xgi) ,

BHU3HAYHUK |A| MOXXHAa HC 3HAXOJUTH. v LIbOMY BHUIIA]-

Ky JOCTAaTHIM € BH3HAYCHHS MiarOHABHUX E€JIEMCHTIB
MaTpuIli A Ta JI0omaBaHHS OJHOTO JOJATKOBOTO 3HAYCH-
HS. €, ,acaMe €,,8,,65,...,6, 1 ,€

ml ml
JlocTaTHRO JICTKO IMiATBEPIHUTH, IO 3a TAKUX 3HA-
YeHb €; , MOJKHA BUSBHUTH HE TUIbKH CaM (DaKT BUKPHB-
neunst HKC, ane ¥ Bu3HauuTh JoKajizaiio (HOMEp)
CIIOTBOPEHOTO 3AJUIIIKY.

Jlyis BcTaHOBIICHHST HEOOXiTHUX YMOB JUIS IPOBE-
JICHHS TIPOICypPH BUIIPABIICHHS OAMHUYHUX MTOMHIIOK
3a gonomororw HKC 3 B3aeMHO HE MPOCTUMHU OCHOBAMU

C3K chopmynroemo i goBegemo HactymHe HT.

HT 2. ]lnst BUNpaBJICHHS. NOMHJIKA B 3QJIUIIKY 3
JIOBIIBHOIO OCHOBOI uucia E = (g, e,,...,€,), 3amaHol
B C3K 3 ocHoBamu K, k,, ..., K, , HeoOxigHo, o6 Buko-

HyBaJlaCb YMOBAa.

(Xgh _1)(Xgi _1) 2 kg _:I'_(Lxgh + Lxg, - L[xgh,xm]) ' (l)

me Xy = (kg K)o x5 =(kg, ki) 5 L, - — KimekicTs aimb-

HUKIB, KPaTHIX Xgh s L, — KUIBKICTh AITBHUKIB, KpaT-
-

HUX X ; L[ — KUTBKICTB NIJTBHUKIB, KPATHUX Haii-

Xgh +Xgi ]

MEHILIOMY CIIIBHOMY KpaTtHoMmy [Xy,,X;] JinbHHMKIB

Xgo T Xy, §#1i.

Josedennsn. O6UMCIUMO 3HAYCHHS €y, €y, € .

SIKmo mommIKa cranacs 3a ocHosoro K, o €, =0, a
e; #0 Ta ey #0. Kigpkicts pisuux xomOiHauii e,
€y PiBHO (X5 —1)-(Xy, —1), me (X; —1) — 4mcno mosk-
NMBUX 3HaYeHb BenmuuHM €y (e, #0), (X, -1

YHCIIO MOKJIMBUX 3Ha4eHb € (€, =0), a yucio Mox-
JIMBHX TIOMHUJIOK 32 OcHOBOI K, piBHO K, —1 (ag, #0)

3 ypaxyBaHHSIM KUIbKOCTI HEBHUSBJICHUX MOMHIOK. Ki-
JBKICTh HEBUSIBIICHHX MMOMMJIOK CKJIAJA€ThCS 3 KiJIBKOC-
Ti IOMHUJIOK, KPATHUX JUILHUKY Xy, — LXgh .

TakuM YMHOM, KiIbKICTh MOXKJIHBUX 3HAYCHbH BH-
SIBIICHUX ITOMUJIOK JIOPiBHIOE 3HAYEHHIO

kg —1—(LXgh + Lxg. - L[xgh,xg.]) .

3 MeTor 3a0e3medeHHs BiAIMOBIMHOCTI MOTEHIN-
HUM 3HQYCHHAM TIOMMJIOK 3a OCHOBOW K, HeoOXinHo
BHKOHaHHS HepiBHOCTI (1), m0 Gyiio noTpi6HO AOBECTH.

HeoOxinna ymoBa HT 2 € nocratHbolo, SKIIO pi3-
HUM 3HAYCHHSIM [OMHUJIOK A€, BIINIOBIAIOThH pi3HI 3HA-

YeHHs T0OYTKy €y, -€;, 1 HaBmaku. B 1boMy KOHTEKCTI

gi?
ICHY€ OJIHO3HAYHA BIAMOBIAHICTH MK MOXITUBUMH 3Ha-
UCHHSMH Ta 3HAYEHHAMHU JOOYTKY €y, - €y, L0 J03BOIISE
TOYHO BHU3HAYUTH BEIMYMHY MOMHJIKH. BpaxoByrouu
HT 2, cxmagemMo airoput™M KOpPEKIii MOMHJIOK 32 JOBi-

JIBHOK) OCHOBOIO kg :

1. BCTaHOBMMO HOMEp CIIOTBOPEHOTO 3AJTHIIKY. 3
IIEF0 METOO PO3PAXyEMO 3HAYCHHS:

e —e, =e,(modx,),
€, —€& =ey;(modx,,),

Y

€n1—Cn =€nam(mod X, ),

m-. m-1m

€n —€& =€, (modx,).
Sxo Bei sammukn € =0(mod X ), o HKC E
TnpaBuiIbHa. SIKIO IOMMIIKA CTaNacs 3a OCHOBOW K, TO
X; #0 ta ey #0 Takum umnom, mepesipouna HKC
E=(ellell.-I&l.-lle,) €nenpapumbroro.
2. 3a 3HAYEHHAM €y Ta €y 3BEPTAEMOCH JIO OJIOKY

KOHCTaHT MOMWIIOK, Jie¢ OOMpaeMO BiAMOBITHE 3HAYCH-
HA Aeg .

3. Bukonyemo kopekuito yucna E y sanmmky e,

i orpumyemo mnpaBwibHe uucino E =E-aE, T006TO
E=(ellell..llellIle,)
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Sxmo B C3K yepe3 BUKITIOYEHHS] OCHOBH, 1[0 TPHU-
3BeNia JI0 TIOMHIIKH, € MOXIIUBICTh OJHO3HAYHO IIPE[-
craputd HKC E, To 3amicTh BHM3HAUYE€HHS BEIUYHHU

NOMWIKH A€, 3a 3HAYCHHAMH €; Ta €y , MOKEMO Oe3-

MOCepeIHbO OOYMCIUTH 3HAUECHHS KOPEKTHOTO 3ATUILIKY
e, . Manmi posrisHeMO anroput™ (TOpAI0K) KOPEKIIii
ITOMUJIOK.

1. Po3paxyeMo 3HaUCHHS 3AIHIIKIB €,, €55, ...\ € -

2. 3’acyeMo HOMEp CIIOTBOPEHOTO 3aiUINKy. BBa-
’Ka€MO, IO TOMMIIKA CTajacs 3a OCHOBOIO kg. Bigmo-
BITHO I[F0 OCHOBY HeoOXimHo Bukimountd, a HKC E
¢t npencraButy 3a ocHoBamu K, k,, ..., K, , To6ro:

E=(elle, [l lleglleg.ll-lle,)-

3. Buxonaemo sropranas HKC E B mo3umidHuUit
KOJI.

4. Bu3HauuMO CIpaB)KHE 3HAYCHHS CIIOTBOPEHOT'O
3aJIMIIKY 32 BiOMOIO (hopMyIoro:

e, =E-[E/k, |k,

ne [y] — uina yactuua Y, mo He mepesuinye Y. Bu-
npasinena HKC:

B =Cll& Il lle I lle,) .

BusHauuMo yMOBH, $IKi JI03BOJISIFOTH BUKITIOYMTH
neski ocHoBr 3 C3K. 3 11i€r0 METOI0 OCHOBHM BHUXIJTHOIL
C3K npencTaBuMo y KaHOHIYHIN Gopmi

— b1l ey
k =o' o3 SRZT

— 21 82 2
K, = @5 053 c Do

— M1 HEm2 Emim
km _§0m1 ¢m2 "'q)mjm '

K=ol .00,

Jns onnosnaunoro BusHaueHHs HKC E B C3K 3
ocHoBamu K, K,,...,K, , 1m0 3HaxomuThcs y niamasoHi

1 Nmos

[0,K), chii BUKIIOUWUTH JHUIIE OCHOBH, IS SKHMX
P =P, s (k=1h, g=1m). IIpu upomy HeoOXimHO,
mod e > ey

TakuM 4UHOM, BCTAHOBJIEHO HEOOXIIHI Ta JOCTaT-
Hi YMOBH I KOPEKIIii MOMIJIOK NUISXOM BHKJIIOUCHHS
CIIOTBOPEHOI OCHOBH.

i ymoBHu mepembadaroTh OJHOYACHE BUKOHAHHSI
cnenudivyHoi piBHOCTI Ta HEPIBHOCTI:

D =Py, 8 =€y . )

9]

Posristnemo C3K npencrasiieHy ocHoBamu K, =4,
k, =6, k, =12, k, =18. Ipn IbOMY
K =[4,6,12,18] =36 . BiamosiaHo a0 ymoBHU (2), m1o
BH3HAYa€ MOJKJIMBICTH KOPEKIlii MOMHIIOK, BU3HAYHMO
ocaoBu C3K, ski migaararTh BUKIIOYEHHIO. OCHOBH
C3K npencTaBuMo y KaHOHiuHi# dopmi: K =27,
k,=2-3, k,=2°-3,k,=2-3% ta K=2?.3,

OueBHJIHO, WIO NIyKaHi OCHOBHM OyayTh Taki
k,, k,a k;. BukoHaemo mepeBipKy, I 4OTO CKIaAeMO

‘-IaCTKOBi 3HAUYCHHAA HaﬁMeHHlI/IX CHiJ'II)HI/IX KpaTHI/IX:
K, =[6,12,18] =36 ,
K, =[4,12,18] =36,
K, =[4,6,18] =36
K, =[4,6,12]=12.

YacTkoBe 3HaUYEHHS HAIMEHIIOTO CHUIBHOTO Kpa-
tHoro K, <36, mo marBepaxye NpaBUIbHICTh BU3HA-

YyeHHs BUKIIoueHnx ocHoB C3K.

Buime Oyno mpencraBieHO alropuTM BHSBICHHS
ta BunpasieHHs noMmwiok y C3K 3a momomororo HKC 3
B3a€EMHO HE NPOCTHMH OCHOBaMH. BBakaemo, mo mpu
obuncienHi 3Ha4yeHb (€, —€,,,) Mod X,,,,, BCTaHOBICHO,

mo € ,, # 0, e #0, a Bci iHImI 3HaAYEHHS JOPiB-

g g+l

HIOIOTh €, = (6, —€,,,)modXx, ,=0. Tonmi crBep-

mkyethses, mo HKC E HenpaBmibHa, a MOMMIKA TIPHUCY-

THY Yy 3aIMmIKy 33 OcHOBol K,  TOOTO
E=Cllell.1I&ll.Ile,).
3BepTarOunCh A0 3HAYCHD €1 g i € gu1 Y oot

KOHCTAaHT IIOMMIIOK, OOYMCIIMMO 3HAYEHHS ITOMUJIKH

Aeg N MicJIsg YOTr0 BH3HAYHMMO MpaBUJIbHC 3HAYCHHA 3a-

MKy €, =€, —ae, . Bunpasnene uucno Gyzne mpe-

sentoBane y surnani E,, = (e |le, ||...1le, ., [I.-]e,) -

Jlnst yeminiHOro BUMPABJICHHS MOMUJIKUA 3 BUKOPHUCTAH-
HSAM pO3pO0JIEHOT0 METOMY KOPEeKIii CIif, 100 MOMILI-
Ka A€, He OyJa KPaTHOK OJHOYACHO JIBOM JIiJIbHAKAM

X Ta Xg g+l 1o O6MC)Ky€ KJIaC KOPUI'OBAHUX I10-

g-1g

MMIIOK.
Metox KoOpekiii OIWMHUYHUX MMOMHJIOK, SKHAH JO-

3BOJISIE BUTIPABIISITA TIOMUIIKH, 5IKi € KPATHUMH OJTHOMY

3 AUJIBHUKIB X971 g qu Xg gLt CKJIAJa€ThCA 3 HACTYIIHO-

ro. Skmo C3K 3amaHa 3 B3a€MHO HE MPOCTUMHU OCHOBa-
MH, TOOTO HAHOINBIIMKA CIUILHUI NIILHUK BU3HAYAETH-
cst HacTymHuUM 4uHOM (K, K, ...,K,) = 2. BusHaummo

BCl 3HA4YeHHsA €., TOOTO €,,€,, €y, .., & €

m-1m?*~m1°-
He mopymryroun 3araibHOCTI MipKyBaHb, OyJeMO BBa-

Katu, wo €, ., #0, a Bei iHwi 3Hauenns €, .., #0.

Tax sx €, ., = (e, —€,,;) Mod X # 0, nomunka Mo-

g g+l
XKE 6yTI/I BUABJICHA JIMIIC B 3aJIMIIKAX 3a OCHOBAMH kg

ato k

VY 11bOMy KOHTEKCTI MOXKHa cpopMyIIroBaTH JBI Ti-
MOTE3M: MepHa — MOMHIIKA NPUCYTHS Y 3aJMIIKY €,

g+l

Apyra — MOMHIKA MPUCYTHS Yy 3aUIIKYy €, . o Toro

SIK TIEPEITH JI0 PO3MIIsAY HPOLieCy KOPEKIlii MOMHIIOK 3a
JIOTIOMOT'O}0 3aIPOIIOHOBAHUM METOJIOM, C(HOPMYIIFOEMO
Ta noBereMo HactynHy Tteopemy HT 3. Pesymbratn
LILOTO JIOBEAEHHS Oy/IyTh 3aCTOCOBAaHI JUISi BU3HAYEHHS
npouecy 30bkHOcTi  cykymHocti HKC  Burmsanmy

(hy) .
E V= (el ” ” eg—l ” eghg “ eg+1 ” ” em) Ao HpaBI/IJ'II)HOI
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HKC E® =(e,||...lle, lley, ey Il ll€,) . Monepe-

JTHBO PO3TJITHEMO HACTYITHY JIEMY.

Jlema 2. PizHuis, cyma Ta JOOYTOK OyIb-SKHX
HKC 3 B3aeMHO HE TPOCTUMH OCHOBAMHU € KOJOBUM
cioBoM [5].

HY3. Hexait y snopsakosaniii (k,, <k
g =1,_m) C3K 3 ocnoBamu ki, k,, ...,k
BUJIbHE (CIIOTBOPEHE B OJHOMY 3aJIMIIKy) YHCIO
E=(lle,ll. ey ll&lleg.|l--lle,) i
Akg = Izg —kg = hhnglg. Toni B CyKymHOCTI 3HaucHb
ymodk,
npu sxomy HKC E“ =(g ||e, lleg, Il
MIPaBUIBHOIO, AC X (kgfl,
=12,.. k / Xg 19—

Hosedenns. TlokaxeMo, O iCHy€e Take 3HAYCHHS
€, » 1pH sKOMY HKC E@ =(e e, lle lle,) €

HE CIOTBOPEHOIO (IIPaBHIBHOIO). 3a YMOBOIO TEOPEMH
NOMHUJIKA A€, KPaTHA JiNBHUKY X Bupas h x,

n 3aJaHO Hempa-

Hexal

= (e iCHyC TaKC €IMHC 3HAYCHHS

9919

le,) e

€40

91g k ), a h, moske npuiiMatn

3HAYEHHS hg

go Il

g-1g° 9

MICTUTB BCI MOKIIMBI YUCIIA, KPATHI Xy 4 -

TakuM 4WHOM, 3HAWAETHCS MPHHANMHI OJHE 3Ha-
YEeHHS hg =@, NPH SKOMY &€y, =@ X, ,, Ta

&, =€ —a€,

o . Mokaxemo, mo E enune TIPaBHIIb-

Ha HKC 3 cykynnocti HKC Buny E™’ . Brakarumenmo,

WO iCHYe 3HA4CHHS €, =€ —@,X; ,,, L SKOro

HKC E? rtakox € mpaBuibHOW0. Y TakoMy BHIIAJKY,
BIiZINOBITHO bi(s) JeMH 2 HKC

(@) (@) _
E —E" =(0]... €, II-110) € mecnorso-

penoo (paBHIbHO0). ko yncio E™ —E“) e npa-
BHJIBHHM, TO Y BIATIOBIIHOCTI 10 JieMu | oTpuMaeMo:

(a)Z _a)l)xg—lg = O(mOd Xl—i) 1

ey, —

(@, @)X, 14, =0(mod X, ),
(@, - )Xy, =0(mod X, ).
Axmo g=#m, To emude npaBwibHa HKC

E“ —E“ Gyne mymsoBe KxonoBe cioBo. Takuii pe-

3yJIbTaT 3yMOBJICHHH THUM, 110 X #0 Ta X HE

g-1g g-19
JOPIBHIOE HaWMEHIIOMY CHUIBHOMY KPaTHOMY IiNbHU-
KiB Xygy Xog s voer Xpng -

[Tpy upoMy HepiBHICTB X, ;. ;t[xlg,ng,...,xmg]

CIIPOCTOBYE ~ YMOBY  JIOBUTLHOTO  BHOOPY  OCHOB
k., K,,...K,. OTxe, BUKOHYETbCS HACTYIHE PiBHSHHS
E) —E®) = (©0]0]...]|0||...]|0). BinmogiHo,

@, = ®,, MO € 00’€KTUBHUM TBEPIKCHHAM €IWHOCTI

iCHyBaHHﬂ @, , 3a AKOTO0

E™ =(elle . Il &)

€ MPaBWILHUM 3HaYCHHSM, 1110 OYJIO MOTPiIOHO JOBECTH.

|| ego}l ”

ChopMynIoeEMO  aJITOPUTM  KOPEKLil TOMMIIOK,
SIKMH 0a3yeTbcsi HA BHCHOBKAaX, OTPHUMAaHHX y Teopemi
HT 3. INounemo 3 anamizy mepmioi rimore3u. Tak sk

€ 1g = 0, moMmIIKa € KPaTHOIO IUTBHUKY Xg1g- Orxe,
MOMHUIIKA 32 OCHOBOK MOXe HalOyBaTH 3HAYeHb
a8, = thf1g , IS hg =12,.., kg /nglg —1. O6uucnu-

ymodKk, .
SIKmmIo B Wil CyKyIHOCTI 3HaWIETHCS TaKe 3HAYCHHS €4
Alege Il

CIIOTBOPEHOIO, TO MepIlia TiloTe3a € BipHOI0, TOOTO IT0-
MHJIKA TIPUCYTHS Y 3alMIIKy 33 OCHOBOIO K, . V mbomy

HKC E,, =E%™, ne

SKkmo mpu BCiX 3HAYCHHAX

MO CYKYIIHICTbL 3HA4Y€Hb :(eg

eghl g g 1g

npu skomy HKC E® = (e, ||e, ||.. lle,) e me-

BUTIAIKY
g = (&, —kx, ;) modKk, .

BUITpABJICHA

h .
€y HKC g™ HCTIPaBUIIbHA, TO 3HAYCHHS €, € ic-
9

TUHHHM, TIOMHIIKA BigOy/iacs B 3alIMIIKy 33 OCHOBOIO
Ky.; - Tak six € =0, To momuJKa 3a 0OCHOBOK K,

=h_ X

g+17g+1 g+2 ? ne

g+l g+2
KpaTHa AUIBHUKY X, ., TOOTO a€y
hy.,=12.,k
HICTh TaKuX

eg+1hg+1 = ( g+1 hg+1xg+1 g+2) mOd kg+1

manux pesynbratiB HT 3 cnigye, mo B wili cyKymHOCTI
O0OB'A3KOBO 3HAHIETHCS TAaKe €IMHE 3HAYEHHS €y, p

” eg+lP ”

HECIIOTBOPEHOK. 3a3HAYNMO, 1[0 YeProOBiCTh MEPEBIPKH
TinoTe3 € AOBUTHHOIO 1 HE BIUTMBAE HA WMOBIPHICTH KO-
pexiii TOMWIOK. BTIM [JIsl MiJBUINEHHS IIBUIAKOCTI
BHU3HAYCHHS HOMEpa CIOTBOPEHOIO 3aJHIIKYy, HEpIIO-
YEeproBo HEOOXITHO IEpPEeBIPUTH Ty TiNOTE3y, AJs SKOT
sHauennst K, /%, ,, (h=0,9+1) e naitmeHmmm.

/X —1. Jlani BU3HAYMMO CyKyI-

g+l g+lg+2
3HA4YCHb

. Ha ocHoBi oTpu-

npu sxomy HKC E® =(e ||e, ... lle,) €

Hasenemo mpukian peamizaliii 3alpOIOHOBAHOTO
anroputMy (TOPSAIKY) KOPEKIlil MOMIJIOK 3a JOIIOMO-
roto HKC 3 B3aemno He npoctumu ocHoBamu C3K.

Pozrnsinemo C3K, 1o mpexncraBieHa HACTYITHUMH

ocHoBamu Kk =4, k, =6, k; =12, k, =18. Ilpu 1po-
My K=36, X,=2, X)3=6, X, =6, X, =2. O6csr
HKC naseneno B tao0m. 1.

[MotpibHo  BcTaHoBuTH  mpaBwibHicTh  HKC

=(3]|5]|7]|7), Ta 3a HassBHOCTi (haKTy CIIOTBOPEHHS

nanoi HKC BinpenaryBatu HenmpaBUIIbHUH 3aJIHIIOK.
1. HeobximHo oO0uncinTn 3HayeHHA €, =0,

3 =2, 6,=0,e,=0.Tak six €,, #0, To HKC E ¢

HENPaBWIBHOIO, 1 IPYTUH YU TPETil 3aJIMIIOK MICTUThH
TIOMUIIKY .
2. Tax six K, / X, > K, / X3, , TO mepiua rinoresa mo-

jira€ B TOMYy, IO IMOMHAJIKA ITPUITYCKAETHCA Yy 3aJITUIIKYy
3a OCHOBOIO Kj.

3. BusHaunMmo 3HAaueHHS €y, =€,

—hX, =7-1.6=1,

—h,X,; ms 3Ha-
uenns hy =1. Otpumaemo ey, =e,

npu sxomy orpumana E® = (3]|5]|1||7) me sBnserscs
KOZOBUM cloBOoM (Tabum. 1). BiamoBinHo mepia rinoresa

Oy/ie HEBIPHOIO 1 came B 3aJMIIKY 3a OCHOBOIO K, cra-
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Jlacda IIOMMIJIKA.

4. BunpaBumo uucio E . JIng mporo pospaxyemo
IIyKaHe 3HAYCHHA €, =€, -h,x,, 3a 3HaueHHSIM

h,=12:
h,=1, e, =e,-hX, =5-1.2=3,
h,=3, e, =e,-hX, =5-2-2=2.

TakuM YHHOM, OTPUMAEMO JBa KOJOBHX CJIOBA:
EQ=@|I3)|7117) Ta E® =(3]||1]|7||7). 3rigso 3
tabn. 1, smavenns E® e equnum MpaBUILHUM KOJIO-
BUM CII0BOM, To6T0 E,, = E® = (3||1]|7]7) .

Tabnuys 1 — Binnosianicts HCK xonoBum cioBam C3K [4]

Komogi ciosa B C3K Komogi cioa B C3K
E E
K, | K, | kg | K, k, k, | ky; | K,
0 0 0 0 0 |15] 3 3 3 15
1 1 1 1 1 16| O 4 4 16
2 2 2 2 2 |17 1 5 5 17
3 3 3 3 3 18| 2 0 6 0
4 0 4 4 4 19| 3 1 7 1
5 1 5 5 5120| 0 2 8 2
6 2 0 6 6 |21 1 3 9 3
7 3 1 7 7 122] 2 4 |10 | 4
8 0 2 8 8 [ 23] 3 5 11 5
9 1 3 9 9 24| 0 0 0 6
10 | 2 4 10 | 10 {25 1 1 1 7
11 3 5 11 | 11 (26| 2 2 2 8
12 0 0 0 12 | 27| 3 3 3 9
13 1 1 13 | 28| O 4 4 10
14 | 2 2 2 14
Komogi cioBa B C3K
Eg
ki ka ks
0000 00 000 0000
0001 01 001 0001
0010 10 010 0010
0011 11 011 0011
0100 00 100 0100
0101 01 101 0101
0110 10 000 0110
0111 11 001 0111
1000 00 010 1000
1001 01 011 1001
1010 10 100 1010
0101 11 101 1011

OTxe, 3aMpOIOHOBAHKMA METOJ KOPEKIlil ITOMHUIIOK
y C3K cnpuse po3mmpeHHIO KJIACy KOPHUTOBAHHX ITO-

MUJIOK, IO CYTTEBO PO3IIMPIOE KOPUTYIOUHA MOXKIHBOC-
ti HKC 3 B3aemHO He npoctumu ocHoBamu C3K.

O4YeBHIHO, IO TPOIEC BHUSABJICHHS MOMWJIOK B
arapaTHO-4aCOBOMY acCIEKTi Peali3yeTbCs BHHATKOBO
npocto. Yac BusiBnenns nomuiok mist C3K, 3amaHoi
Oyab-KIMHU B3a€EMHO HE NPOCTHUMH OCHOBaMH, 3aBXKIH
JOPIBHIOE TPHOM YMOBHHM YacOBUM TaKTaM i He 3aie-
JKUTD BiJl KUTBKOCTI iH(OpMAIiHHUX OCHOB.

PosrnsiHeMo [esKi IOBENEHHS, SKI J03BOJIATH
CIPOCTUTH BHIIECOMUCAHE MPHUCTPIH Ui BHUABICHHS
momMmwiok. CrodaTKy JOBEJEeMO  CIIiBBiIHOIICHHS
(e, +€,)=(g +€,)Mod X, , Ha OCHOBI SIKOrO CKJIaja€-

Mo amroput™ Kopekuii nomwmiok. Hexaih B HKC
E=(ellel..lle,) cmorBopeno 3amumok k;, T06TO
€ = (&, +a€;) modk; . 3anmmemo cucreMy piBHOCTEIL:
h =e, —€ =¢, +(k —€)=(¢, —& +k —ag;)modk; ,
h,=€ —e, =¢ +a€ —¢, = (& —€, +&)=modk; .

CkrageMo piBHOCTI Ta OTPUMAEMO
h +h, =k;(modk;) a6o h +h, =0(modx).

TakuM YMHOM, TOKa3aHO, IO BUKOHYETHCS PiB-
nanus (6 +¢€,) = (e, +e,)modx,, , T06T0 B HpUCTPOT
JUI BUSBJICHHS TOMHIJIOK 3aMicTb M—1 cymatopiB 3a
MoyneM K, JIOCTaTHbO MaTH JIMIIE OJIMH CyMaTop 3a
MmoxyneM K, .

Po3pobnennit anroputM peanizamnii Iporecy BHUsB-
JICHHSI TIOMWJIOK BU3HAYA€THCS HACTYIHUMH CIIiBBIIHO-

[ICHHSIMH: e, +k —e = (e, +€)mod x, i

e, +k —e =(e;+e)modx,;,.

Buie po3risiHyTi BapiaHTH IPUCTPOIB /i BU3HA-
yeHHA NOMMWIOK y C3K 103BONSAIOTH rapaHTOBAaHO BU-
aBuTH ¢akt cnorBopeHHs HKC E , omgmak mpu oMy
HE BU3HAYA€THCS HOMEP OCHOBH, 32 SIKOIO CTaJOCs CIIO-
TBOPEHHS 3aJIMIIKY .

[Jiarnocruka cniorBopenHss HKC E ocHoByeTbest
Ha HACTYHIHIii mpouexaypi. Jocmimumo mpoueaypy BH-
3HAYEHHS HOMEpa 3alIMIIKY, 33 SIKMM CTaJoCsl CIOTBO-
penns E.

Posrnaremo C3K, mo mpexacraBneHa HACTYITHHUMH
ocuoBamu Kk =4, k, =6, k; =12, k, =18 . IIpu upo-
My B=K=[46,12,18]=36, x,=2, X;4=6,
X =6, Xy =2, E=(0][2]|8][2).

Posrnsnemo Bumnanok, mo HKC E cnotBopena 3a
ocuoBot K, , tobro e, =(e, —ag,)modKk, , Ta mpumyc-
THMO, IO A€, =5. Y 1[bOMYy BHUNAJIKy Ha BUXOJi CyMa-

TOpa 3a MoOayJieM kz OTpUMaeEMoO 3HA4YCHHA

e,=k,—e,=4; mo wmomymo K, orpumaemo —
e,=k,—e,=4, Ha BuXOZ CymaTopa 3a MOMIyleM —
k, —e, =k, —e, =11. Ha Buxozi cymaropa 3a MOyIiem
X, OTPMMA€EMO YHCJIO, ILIO BiANOBifA€ 3HAYCHHIO
(e, +e_2) =0(mod x,,) , Ha BUXOAI cyMmaropa MOIYIIIO
X,, OTpEMaeMo uucio (g, +e,) = 0(mod X,,) , Ha Buxoxi
cyMaTopa IO MOIYTIO X

OTpUMAaEMO  4YHUCJIO
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(e;+ a) =0(mod x,,) , Ha BUXOAI CyMaTopa IO MOJYJIO
X,, oTpuMaemo uncio (€, +€ ) =1(modx,,) . Ha Bxozax
CyMaTopiB 1O MOAYJIO X;, Ta X, HPHUCYTHIH HEHYIbO-
BUI pe3ynbTaT omeparii (g, +€) mod X, , ToMy BifKpH-
THUI1 YeTBepTHH eneMeHT I, ToOTO Ha YeTBepTii BUXiAHII

UIMHI TPUCYTHIN CUrHa. 3BiJICH BHIUIMBAE, IO MTOMILJI-
Ka CTaJacs y 4eTBEpPTOMY 3aiHIIKy €, (Tabm. 2).

Ha ocuosi nosenenoro HT 3 HeoOXinHOIO YMOBOIO
BUSBJICHHS IOMHWJIKU y 3a/ulIKy 3a MoayneM K, C3K e

yYMOBa 1. L[f{ yMOBa € i JOCTAaTHHOK), SKIIO ITOMHJIIKA

Aeg = eg —eg HE KpaTHa OJAHOYAaCHO AUIbHUKaM Xg_1 g

Ta X TOOTO HaCTyllHUM  IBOM Z[iJ'H)HI/IKaM

gi+l?

oy _ (g+1) _ =
Xigg ) =(x Aeg)—l TA Xg: _(Xgi+l’Aeg)_1'

9g-19? €

Tabnuys 2 — Bignosianicte HCK xoxoBum ciosam C3K [4]

Koposi ciosa B C3K Konogi cioBa 8 C3K
E E

k, | k, ky | Kk, k, | k, ky | k,
0 0 0 0 0 |18 | 2 0 6 0
1 1 1 1 1 (19| 3 1 7 1
2 2 2 2 2 20| O 2 8 2
3 3 3 3 3 (21| 1 3 9 3
4 0 4 4 4 122 2 4 10 4
5 1 5 5 5 23] 3 5 11 5
6 2 0 6 6 [24]| O 0 0 6
7 3 1 7 7 125| 1 1 1 7
8 0 2 8 8 |26 | 2 2 2 8
9 1 3 9 9 27| 3 3 3 9
10| 2 4 10 | 10 | 28| O 4 4 10
11| 3 5 11 | 11 |29 | 1 5 5 11
121 0 0 0 12 | 30| 2 0 6 12
13| 1 1 1 13 (31| 3 1 7 13
14| 2 2 2 14 | 32| 0 2 8 14
15| 3 3 3 15 (33| 1 3 9 15
16| 0 4 4 16 | 34| 2 4 10 | 16
17| 1 5 5 17 | 35| 3 5 11 | 17

3rigao 3 pesynbratamu HT 3 moOymyemo anro-
PHUTM KOPEKIIii TOMUIIOK 32 J0BiTLHUM OCHOBOKO K !

1. BwusHaumMo BCi MOKJIHMBI
(eg _eg+1) = eg g+1(m0d Xg g+1) )

3HAYCHHA THITY

€ —6 =6, (mod Xiz)v
€, —€; =8y (mod Xza)v
3)

€1 € =Chim (mOd X1 m)l

m-1

€n—€ =€n (mOd Xml)

2. Slxmo Bci 3HaueHHs (3) AOPIBHIOIOTH HYIIIO, TO
abo ToMMIKM Hemae, ab0 BOHAa KpaTHa KOXKHOMY 3

MUIBHUKIB X, 5, X;g,,, (OPUIYCKAETHCS OTHOKPATHA

TTOMUIIKA).

3. SIkmio €1g* 0, e # 0, a Bcl iHIII 3HAYEH-

g g+1

HA €y = 0, To moMMIIKa CTayacs 3a MOAYJIeM kg , TOOTO
€, =6, tag, (1<ag, <k, -1).

3rigao 3 moBexeHoro HT 3 HeoOXimHOIO yMOBOIO
JUISL BUMPABICHHS TIOMHJIKH Y 3aJMIIKy € yMOBA 3all-
CaHa B 3araJbHOMY BUIJISII:

(Xgn =D (X5 —1) = 7 (a8,), 4
ne y(agy) =K, —1—(Lxgh + Lxg, - L[xgh,xg.l)' IIpn msomy
Ma€eMO HACTYIHI MO3HAYEHHS Lxgh — YHCJIO MOYKJIMBHX

IUIBHUKIB TTOMHIIOK A€, 3a OCHOBOIO kg (4nciao Mox-
JIMBUX JIIBHHUKIB 4YHUCIIA kg —1), KpaTHUX 3HAYCHHIO

X L ~ — YHCJIO MOXJIIUBUX HiHLHI/IKiB IIOMHJIOK Aeg

gh ; Xgh
32 OCHOBOIO K, KpaTHMX 3Ha4€HHIO X, ; L[xgh,xgi] -
YHCIIO MOKJIMBHX JIUIbHUKIB IOMHIIOK A€, 32 OCHOBOKO
K,, KpaTHUX 3Ha4YEHHIO HAHMEHNIOTO CIHiNTBHOTO KpaT-
HOTO YHMCEN Xy Ta Xg; -

3azHaunMo, 1m0 ymoBa (4) € MOCTaTHBOIO, SIKIIO
Pi3HAM MOXIMBMM 3HAYEHHSAM NOMHIOK y(a€;) 3a
ocHoBoro K, (g =1,m) BiamosinaioTh pi3Hi mapu Be-
JIMYHH €y, Ta €.

Po3riisiHeMO mMpHKIaq KOHKPETHOTO BHKOHAHHS
omepanii kopekuii mommwiok y C3K, 3amganiii ocHOBamMH
k=4, k, =6, k,=12. ¥V mpomy Bunaaky tabauis
KomoBux ciiB B =[4,6,12] =12 nogaeTbcs y BHUIIISAAL
Tadm. 2. 3a3Haumumo, 110 X, =(4,6)=2,
Xp3 = (6,12) =6, Xy =(4,12) = 4; 7(ag) =2
(tabn. 3), y(ae,)=3 (1abmn. 3), y(ae;)=8 (tabm.4),
ne.
7(Ae1) = kl _:I'_(Lx12 + Lx31

y(a8) =k, ~1-(L,_ +L,

- L[x12x ><31]) !
- L[Xuxxza]) !

}/(Ae-’:) = k3 _l_(szs + Lx31 - L[x23,><31]) '

Tabnuys 3 — Tadauus pimeHb

€31 e =1 €23 e =1
1 afp =1 1 a8y =5
2 - 3 a8y =3
3 a8 =3 5 agy =1
Tabnuysa 4 — Tadbnuus pimeHb
€23
€31
1 2 3 4 5
1 | ag3=7 - a3 =3 - sty =11
2 - a3 =2 - 283 =10 -
3 | agg=1 - ag3=9 - 283 =5
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HeobxinHo BU3HAUYUTH HPaBUIIBHICTD HKC
E =(11]/100|0111) . ¥V mepruwmii i Apyruii BXiaHi peric-
TpH 3aHOCUTHCS BuxigHe umciio E. Ilepmwmit cymarop
nepmoi TpynW BH3HAYAE 3HAYCHHS e_1 =k —¢ =01,
IpyTrui
g =k, —e, =010, a Tperiif cymaTop BH3HAaYaE 3HAYUCH-

cyMaTop BU3HAYa€e 3HAYEHHSA

HS g =k, —e, =0101. Ilepmmit cymaTop o MOAYJIO

X, BHU3Hauae 3HaueHHsA €, = (e +e,)mod,,, npyruit

cymatop e, =(e,+e,)mod,,, Tperii  cymarop

€, = (e; +€)mod,;. Takum 4MHOM, 3 BHXOJIB BilMOBi-

JHUX AemnppaTopiB TUIBKK HA APYTUil KOMyTaTop Ha-
IXOISTh 3HaUCHHA €, =1, €, =3, BIATIOBIOHO 10 AKHX

(muB. Tabn. 6) BiH BU3HA4Ya€ 3HAYCHHS 1HBEPTOBAaHOI 3a
MoxymneM K, mommiku, T06TO a€, =3, sKi yepe3 apy-

Ui JemudpaTtop y OBIHKOBOMY KOJI HaIXOAWUTh Ha
MEPIINiA BXiJ APYroro CyMmaTopa, Ha JAPYTHil BXiJ] SKOTO

3HA4YCHHA

BucHoBku

VY cTarTi yTOUYHEHO AesKi acIeKTH Teopii KOpHUry-
BampHHX HKC, mpencraBieHnx HabOpoM B3a€MHO HE
mpocTtux ocHoB C3K.

Po3pobneno anropuTMH KOHTPOJIO Ta KOPEKMii
mommiiok B C3K 3 B3aeMHO mpocTuMu ocHOBamMH. Buko-
pHUCTaHHS X AITOPUTMIB JI03BOJISIE BITHOCHO IPOCTO
peaiizyBaTH TIPOLEAYPY BHSIBICHHS Ta BHIIPABICHHS
0JTHOPA30BUX HOMHJIOK.

3anpornoHoBaHi B CTAaTTI NPOLELYPH KOHTPOIIIO,
BUSIBJICHHS 1 KOPEKLIT 0IHOPAa30BUX IMOMUIIOK JJO3BOJIS-
I0Th JIOKaNi3yBaTH IIOMUJIKOBY OCHOBY 1 BHUIIPaBHUTH
MIOMHUIIKY B OJHOMY 3aJIMIIKY BCHOTO 32 IT’SITh YMOBHHX
TakTiB ans Oyap-skoi kimbkocTi ocHOB C3K. OcHOBHI
nepeBarn HKC 3 B3aemuo He npoctimu ocHoBamu C3K
MOJISTAIOTh Y TEXHIUHIN Ta 9acoBiil MPOCTOTI Mporeay-
PH KOHTPOJTIO Ta BUSBJICHHS OMHJIOK.

Bapro 3a3HaunTH, MO 32 IPOCTOTOK KOHCTPYKIIT
CXeM JIeKOIyBalbHUX NPHUCTPOiB po3ristHyTHX HKC 3
B3a€MHO He npocTuMH ocHoBamu C3K He MaroTh aHa-

HaJXOINTh e, =e, +ae, =100. Cymarop : I
JIOTiB y MO3ULIAHUX CHCTEMAX YUCIICHHS.

ITe nmocsraeThcsi 3a PaxyHOK OOMEXEHHS KIacy
MO>KJIMBHX KOPEKTOBAaHUX ITOMHJIOK LIIIXOM BBEICHHS
IOJATKOBOI amapaTypHOi HaAMIPHOCTI MPEACTaBICHHS

KOJIIOBHX CIIiB.

JpyToi TPyN¥ BH3HAYA€ 3HAUCHHS pe3yNbTaTy Omeparii
(ae, +e,)modk, = =(k, —ae, +€, +ae,)modk, =001.

Ha Buxig mnpuctporo Haaxomuth Bumpasiena HKC
E =(11]/100|0111) (tabmn. 2).
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Improving the efficiency of the data correction process in the system of residual classes
Alina Yanko, Alina Hlushko, Oleg Kruk, Andrii Prokudin

Abstract. The article examines the influence of the corrective abilities of non-positional code structures, which are rep-
resented by mutually non-prime bases of the system of residual classes (SRC). Currently, non-positional code structures, which
are represented by a set of mutually non-prime bases of SRC, have been researched rather superficially and are described qualita-
tively rather than quantitatively. The fact is that until now, almost no one has been engaged in a deep research of the corrective
properties of non-positional code structures of SRC, the bases of which are mutually non-prime numbers. Such a system also has
significant corrective capabilities, which makes it necessary to assess the possibility and expediency of using non-positional code
structures presented in the form of mutually non-prime bases for increasing the reliability of computer system calculations. For
the purpose of further research and development of these non-positional code structures, we will consider a number of scientific
statements, the use of the results of which will allow us to more fully investigate the corrective properties of non-positional code
structures with mutually non-prime bases. Algorithms for control and correction of data in SRC with mutually pairwise non-
prime bases have been developed. The use of these algorithms makes it relatively simple to implement the procedure for detect-
ing and correcting single errors. The process of detecting errors in the considered non-positional code structures in the hardware-
time aspect is implemented extremely simply. The error detection time for the SRC given by any mutually non-prime bases is
always equal to three conventional time cycles and does not depend on the number of information bases. Note that due to the
simplicity of the design of decoding device schemes, the considered non-positional code structures have no analogues in posi-
tional counting systems. This is achieved by limiting the class of possible corrected errors by introducing additional hardware
redundancy in the representation of non-positional code structures in the SRC.

Keywords: mutually non-prime bases; error correction; computer systems; data correction; corrective properties; system
of residual classes.
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JOCJIIKEHHS PIBHIB EJIEKTPOMATI'HITHUX ITOJIIB
CUCTEM KUTTE3ABE3IIEYEHHA BY AIBEJIb I CITIOPY [

AHoTanis. J{oCTiPKEHO eeKTPOMArHiTHY 00CTaHOBKY, sika (DOPMY€ETHCSI CHCTEMaMHU YKUTTE3a0e3MeUCHHS TPOMHUCIOBHX
Ta )KUTIOBHX OYZiBeNb 1 CIOPYA. AKTYalbHICTh JOCIIUKEHHST 00yMOBIICHA TUM (AaKTOM, III0 HACHYEHICTh MOOYTOBOTO Ce-
PEIOBHINA EIEKTPUIHUM Ta €IEeKTPOHHUM OOJaIHAHHSAM 3HIKYE e(eKTUBHICTH BiJHOBJICHHS OPraHI3My JIOAWHH ITiCIIS
BIUTMBY €JICKTPOMATHITHHUX IOJIB y HPOIEeCi TPYAOBOI AisUIBHOCTI. Po3risaanncst yMOBH, 3a SKHX SK Y BUPOOHUUMX, TaK i
MoOYTOBHX YyMOBaX yci HPUCTPOi, IO NEPiOJUYHO BILIMBAIOTH HA PiBHI €IEKTPOMArHiTHHUX IOJiB, Oyian BUMKHeHi. [Ipose-
JCHO HATYpHI BUMIPIOBaHHS 3HAYCHD CJICKTPUYHOI 1 MAarHITHOI CKITaJJOBUX EIIEKTPOMATrHITHOTO TIOJIS IPOMHUCIIOBOT YaCTOTH
Ta eJIEeKTPOMArHITHUX IOJIB YacTOT 6e3APOTOBOTO 3B’ 3Ky (DOHOBHX 3HAYCHb y O(ICHHUX Ta KUTIOBUX MpUMIIICHHAX. Bu-
MipIOBaHHS 3A1HCHIOBAIKCS Y O(QICHUX Ta XHUTIOBUX NMPUMILIEHHX Y ICHHUI Ta BewipHii 4ac. BctaHOBIICHO, IO Y IeHHUH
Yac eNeKTPHYHI OISl IPOMHCIIOBOT 9acTOTH y 0(iCHUX mpuMilieHHs X ckiananu 18—25 B/M, y sxutioBux — 7-9 B/m; marHi-
tHi momst — 0,2— 1,8 mx T, 0,12-0,14 MxT1; UiIBHOCTI MOTOKIB €HEPTii eIeKTPOMATHITHUX TOJIB YIBTPABUCOKHUX YaCTOT —
0,16-1,20 MmxBt/cM? Ta 0,14-1,30 MxBt/cM? BinmopizHo. Y BedipHilf yac aMIIiTY[Hi 3HAYEHHs CKIAaJand BiATIOBiIHO
13- 24 B/m; 14-28 B/m; 0,14-1,30 MxTn; 0,18-0,22 mxTi; 0,12-0,19 mxB1/cm?; 0,18-1,35 mxBT/cm?. Bubipka npumimeHs
BUITaIKOBA. BIJIMB 30BHIIIHIX JUKEpeN Ha eJIEKTPOMAarHiTHy 00CTaHOBKY y NMPUMIILIEHHSAX HE BPaxoByBaBcs. BumiproBaHHs
TIOJTiB HaAHU3BKOT YacTOTH 31ilicHIOBanocs Oe3 BpaxyBaHHS BIUIMBY I'apMOHIK Ta IHTEprapMOHIK IPOMHCIOBOT YaCTOTH, IO
BIJTIIOBi1a€ BUMOTaM YWHHHX CaHITapHUX HOpM. [loka3aHo, IO e€IEeKTPUYHI Ta MAarHiTHI MOJSA TapMOHIK IPOMHUCIIOBOT Jac-
TOTH, KPaTHI TPHOM aBTOMATHYHO T'CHEPYIOTHCS B YMOBAX HAsBHOCTI OOJIaIHAHHS 3 HENIHITHUMHE BOJIBT-aMIIEPHUMH XapaK-
TEPUCTHKAMH Il HaBEICHO PO3PaxyHOK 3HAYCHb BIATIOBIIHUX EIEKTPUYHUX cTpyMiB. [lokazaHo, 0 KpiM LIBOTO, 32 BUIAA-
KOBUX HECUMETPUYHOCTEH €JIeKTPOHABAaHTAXKEHb Ha OKpeMi (pa3u Tpr(a3zHOi CHIOBOI MEpeXi MOXKIINBA JOAATKOBA T'eHepa-
LISl HATIPYT, CTPYMIB TapMOHIK ITPOMHCIIOBOT YaCTOTH Ta EIEKTPUYHMX | MarHITHUX TOJIB, SIKi HUIMH I'eHepyIOTbcs. Bpaxo-
BYIOUH TPAaKTHYHY HEMOXJIMBICTh YHHKHEHHs TeHepalii oOJiaHaHHIM 3 HEeNIHIHHUMH BOJIBT-aMIIEPHUMH XapaKTepHUCTHU-
KaMHM reHepallil ojIiB rapMOHiK IPOMHCIIOBOT YaCTOTH Ta OBHOT CHMETPHYHOCTI HABAHTAXKEHHS1, 00T pyHTOBaHA OLIBHICT
PO3pOOIIEHHST TEXHIYHO Ta €KOHOMIYHO NMPHUHHATHOTO OOJaIHAHHS KOMIIEHCAllii PeaKTHBHOI MOTYXHOCTI y Mepexax Ha-
npyru 0,4 kB 3 QyHKIisIMA TPHIYIIEHHS TApMOHIK IIPOMHCIOBOI YaCTOTH.

KnaouoBi croBa: enekrpoMarHiTHa Oesmneka, ciucteMa )UTTe3a0e3MeueHHs], TapMOHIKH IIPOMHCIIOBOT YaCTOTH.

Beryn

He nuBns4uch Ha BIPOBAJPKEHHsI €HEProsaolna-
JDKYBaJIbHUX TEXHOJIOT1H, CIIOKHMBaHHS €JIEKTPOEeHEepTii
y OymiBIIAX 1 CIIOPYax 3aJMIIAE€THCSA Ha BUCOKOMY pi-
BHI. Binpuricte eHeproBurpar o0yMoOBIIeHa POOOTOIO
BUPOOHUYOTO 00 JHAHHS Y TIPOMHUCIIOBHUX OYAIBIISIX Ta
MOOYTOBOTO — Y KHUTJIOBHUX. AJie 3HAYHI BUTATH €JICKT-
poeHeprii 00yMoBIIeHI GYHKI[IOHYBAaHHSIM CHCTEM JKUT-
Te3abesneueHHs OyaiBens i ciopyn. Le midgrose rocmo-
JIapcTBO, BOymOBaHI TpaHC(HOpPMATOpPH, EIEKTPOLIH-
TOBI, €JIEKTPONPHBOJ] HACOCIB BOJONOCTAauYaHHS TOIIO.
Oco0nHMBO 11 CTOCYETHCS BUCOTHHX OyniBelb, Y SKHX
Ha HOPMAaTHBHOMY DiBHI nepenbadeHa HasBHICTH BOY-
JOBaHMUX TPaHC(HOPMATOPIB CyXOTO THILY CHUCTEM IPH-
MYCOBOi BEHTHJIAIII 1 KOMIJIEKCY aBTOMATH3AIli] iHXKe-
HepHUX cucteM OyauHKiB. L{i mkepena reHepyoTh ene-
KTpHUYHI Ta MaTHITHI MOJIsI, [0 00yMOBJIeHO (QyHIaMme-
HTanbHUMHU (i3uyHUMU 3aKoHamMu. CHTyallis ycKiani-
HIOETHCS THM, L0 3HaYHA YacCTHHA EJEKTPUYHOrO Ta
€JIEKTPOHHOTO 00JIa/THaHHS Ma€ HeJiHIHHI BOJIbT-aMIIe-
pHi XapakrepucTuky. lle aBTOMaTHYHO MPU3BOIUTD JIO
reHepanii oONagHaHHSAM TapMOHIK Ta IHTEPrapMOHIK
€JIEKTPUYHOTO CTPYMY IPOMHMCIIOBOT YaCTOTH, SIKi TeHe-
PYIOTh BIJTOBiIHI MarHiTHI oJis. B Toit ke 4yac, YuHHI
Jep>kaBHI OyIiBeJIbHI HOPMU 3 MIPOEKTYBAHHS €IIEKTPO-
oOyamHaHHA 00’€KTIB IMBIILHOTO TPW3HAYEHHS HE

mepen0davyaroTh 000B’SI3KOBOT HAsIBHOCTI CHCTEM KOM-
NeHcalii peakTHBHOI MOTY>KHOCTI 3 ypaxyBaHHSIM Has-
BHOCTI TapMOHIK Ta IHTEPTapMOHIK EJIEKTPOCTPYMY
MIPOMHUCIIOBOT YAaCTOTH.

VY pe3ymnbTarti, ccTeMH 3a0e3NeUeHHS (PYHKIIOHY-
BaHHs OyJIiBeJIb 1 CHOPY/I PI3HOTO IPU3HAYEHHS I'eHEepy-
I0Th €JICKTPOMArHiTHI TIOJIsl ri€HIYHO 3HAYYIIUX PIBHIB.
KisbKicHI 3HaueHHsI €IeKTPUYHMUX Ta MArHITHUX IOJIB
TaKOTo MOXOJUKEHHS JIOCHI/PKEHI HEJIOCTaTHBO 3 OTJISILY
Ha MOCTiHE OHOBJICHH 00nanHanHsA. HaBenene o00ymo-
BITIO€ aKTyaJIbHICTh JTAHOTO JOCITI KESHHS.

Orasn pocaigkens i po3podok. HaiiGuibmma Kins-
KIiCTh JIOCHI/PKEHb Ta PO3POOOK 3 TEMATHKH, 10 PO3IJIs-
JIA€THCSL CTOCYETHCS SIKOCTI eJIEKTPOSHEepril y OymiBIsIX B
1iioMy, 6e3 3’sicyBaHHs JPKEpeJl CIIOTBOPEHb.

VY pobotax [1,2] BU3HAYCHO KUIBKICHI 3HAYCHHS
€JICKTPOCTPYMY BUTOKY Y TPH(a3HUX CHIIOBHUX EIEKTPO-
Mepexax Ta po3po0IeHo 3aco0u IPUAYIIEHHS TapMOHIK
Ta IHTEPrapMOHIK y eJIeKTpoMepekax. 3 HaOyTTSAM YHH-
HOCTI B YKpaiHi 3aralbHOEBPONCHCHKIX CTaHIAPTIB eJre-
KTPOMArHiTHOI CyMiCHOCTI, Hanpukiaz [3, 4] mocTae 3a-
Jlada HopMaltizaii yCiX MOKa3HUKIB SKOCTi eIEeKTPOCHe-
prii. ['onoBHOIO TPOGIIEMOIO 3 TOYKH 30py OE3MeKH JIto-
Jiel SIK y BUPOOHHYIOMY, TaK 1 y TOOYTOBOMY CEpeIOBHILI
€ Te, 1110 FAPMOHIKH Ta IHTEPTapMOHIKH 3MiHHOTO CTPYMY
IIPOMHMCIIOBOT YacTOTH T'€HEpPYIOTh BiAINOBIJHI MarHiTHI
nosst. Lli enekTpocTpyMu MpOTIKalOTh TUIBKH HYJILOBUM
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pobounM TIPOBITHUKOM TpU(A3HOI eNeKTpOoMepexKi,
TOMY T'€HEpPOBaHI HUMHU MarHiTHi IOJII HE KOMIICHCY-
I0ThCS MTOJISIMU, TEHEPOBAHUMH CTPYMaMH MPOTHIICKHOT
cHpsiMOBaHOCTI. JI0CIiIPKEHHIO JKepes rapMOHii eleKT-
PUYHHX CTPYMIB IIPOMHCIIOBOi YacCTOTH OCBSIYEHA PO-
60t [5, 6]. Anle Ha CHOTOIHI BOHH € 3aCTapiINMH Yepes
YaCTKOBY 3MiHY €JIEKTPHYHOTO Ta eJICKTPOHHOTO 00a -
HaHHS BUPOOHIYOTO Ta MOOYTOBOTO MPU3HAYCHHS. Y PO-
60Ti [7] moKka3aHO, 1[0 OINBIIICTE CHCTEM EIEKTPOXKHB-
JIeHHA OymiBeNb, 30KpeMa CHCTEMH OpraHizamii 3a3em-
JICHHS HEeTaTHBHO BIUIMBAIOTH Ha €ICKTPOMArHiTHy 00-
CTaHOBKY BUPOOHHYMX CEpeNIOBHUII. AJle [PKepenaMH HO-
PMaTUBHUX TOJIB, KPIM CUCTEMH EJICKTPOXKHMBJICHHS B
LJIOMY, MOXKYTb OyTH KOHKPETHI OAWHHMIII 200 TpynH oJ1-
HOTHIHOTO 0o0sasHaHHs. [1{o10 00’ €KTIB eHEPreTHKH, 11e
nociipkeHo y po6oti [8]. oo miaAnprueMCcTB UBLITEHOT
aBiallii, T yci MOXIIHMBI JpKepelia eIeKTPOMarHiTHUX I10-
JB ociimKeHo y pobori [9]. Ane y Ginbimocti 6yaiBens
i CIIopyx € cTaHmapTHE 00JIaJHAHHS )KUTTE3a0e3eYCHHS
3 BEIIMKOK KIJTBKICTIO EJEKTPUYHHMX Ta CJICKTPOHHHX
KOMIIOHEHTIB, 5IKi TEHEPYIOTh SIIEKTPOMArHiTHI OIS He-
nepenbadyBaHUX HANPYKEHOCTEH Ta 3aKOHOMIPHOCTEH
nomupeHHs. J1oCiiKeHHs eIeKTPOMarHiTHUX MOJIiB Ba-
JKITBE 3 TOYKH 30Dy BiJIOKPEMIICHHS T€HEPOBAHUX HUMHU
ITOJTiB BiJI IMOJIIB TEXHOJIOTIYHOTO 00magHanus. Lle € Bax-
JIMBHM 3 TOYKH 30py PO3POOJICHHS Ta BIPOBAIKEHHS Op-
raHi3aniiHO-TEXHIYHUX 3aXOJIiB €JICKTPOMAarHiTHOI Oe3-
MIEKH.

Meta po60TH — JOCIIIUTH aMIUTITYJHO-9aCTOTHI
XapaKTePUCTUKH EJICKTPOMATHITHUX TIOJIB eJIeKTPHY-
HOT'O Ta eJICKTPOHHOro O0JIaJHaHHS CHCTEM JKUTTe3a0e-
3MeYeHHs Oy[IiBEINb i CIIOPYA Ta BU3HAYWTH T'OJOBHI Ha-
MIPSIMA X HOpMaJIi3arlii.

BuknageHHsI 0CHOBHOI0 MaTepiany

BaxnuBicTh po3MiIsy €JIEKTPOMArHiTHHX IOJIB
CUCTEM XHUTTe3a0e3MeYeHHsT OyAiBeNb Pi3HOTO MpPU3HA-
YeHHs1 00yMOBJICHA THM, IO IIi CHCTEMHU (QYHKIIOHYIOTb
MOCTIHO, TOMY CTBOPIOIOTH EJIEKTPOMATHITHHHA (OH.
TaxuMm 4nHOM, BiIOyBa€ThCS XPOHIYHHUI BIIMB €JIEKTPO-
MAarHiTHHAX MOJIIB Ha JIFOIEH.

TpamuuiiHUM TiAXOIOM 10 BH3HAYEHHS BIUIUBY
OyIb-KUX HEOE3MEYHHUX Ta IIKIJIUBUX TEXHOJOTTUHUX
(dakTopiB Ha mozeH € qo30Buil miaxia. 1logo emexTpo-
MAarHiTHHX OB, TO 3a3BUYai OIIHIOETHCS J0OYTOK Ha-
MpY’KEHOCTEH EJIEeKTPUYHUX 1 MAarHiTHHX TIOJiB, abo
IIITFHOCTI TOTOKY €Heprii Ha Jac BIUIMBY. ToMy BBaXka-
JIOCSI, 0 Y BUPOOHUYHMX YMOBAX MPAIIOI0Ui M0 ThCS
NIEBHOMY HECHPHSATIMBOMY BIUIMBY 3 OOKYy €JIEKTpHU-
HOTO a00 eJIEKTPOHHOTO 00JIaTHAHHS 1 TAKUH BIUIUB PO-
3paxoBY€ThCS /I BOCBMHUTOAMHHOT €KCIIO3HIIIT.

VY nozapobounii yac BBa)Kajocs, 110 BiOyBaeThCs
BiJTHOBJICHHSI OPTaHI3MYy.

VY cy4yacHMX yMOBax CHUTyallis Jemo 3MiHwiacs. B
OCTaHHE JIeCATUPIYYS BIIOYJI0CS HACHYEHHS T00YTOBOTO
CepeNIOBHUINA ENEKTPUYHUM Ta eJIeKTPOHHUM 00saaHaH-
HSM Pi3HOTO pU3HAYEHHS, SIKE Ma€ MMUPOKHUI YaCTOTHIH
Ziarma3oH eNeKTPOMArHiTHUX TOJIB 1 BIUIMBAE Ha JIFOACH
moctifiHo. Hampukmax, me cuctemMu 6€3IpOTOBOTO
3B 3Ky pizHOTrO npm3HaueHHA. LI{iThbHOCTI MOTOKIB eHe-
prii Big poyTepiB HEBENUKi, aie y Oyab-sKiil OyaiBmi Ta-
KHX TIPUCTPOIB IOCTaTHHO Oararo. B ocTaHHii gac Bif-
OyBa€eThCsl TIOCTYNOBHH MEpexiJ Ha 1HIUBIAyaJIbHI CHC-
TeMH miAirpiBy Boau. boiinepu miakiodeHi 10 cucreMu
€JICKTPOXKMBJICHHS MOCTIHHO, TOMY Y €JIeKTPOMEpEXi y
HIYHUH Yac HUPKYJIIFOE EIEKTPUYHUNA CTPYM, SIKHI T'eHe-
pye MarHiTHI nosist. IIpy 1bOMy €NEKTPOHHI CHCTEMH
TEepMOpEryJIsiLii MalOTh HEJTiHIHHI BOJIBT-aMIIEPHI Xapakx-
TEPUCTHKH, IO OOYMOBIIOE CKJIaJHUH TapMOHIYHUH
CKJIA/T X TOJIB. Y TaKMX yMOBAX KyMYJISATUBHHHN €EKT
BIUIMBY €JIEKTPOMArHITHUX MOJIB Ha JIfo/ei Henepeaoa-
YyBaHUM.

AHaIOTIYHO MOXKHA PO3TIIIIATH 1 BHPOOHHYE cepe-
JIOBHIIE, Y SIKOMY TIOCTIHHO (pyHKLIOHYIOTH OaraTo mpke-
peJt eNEKTPOMArHITHHX IOJIIB.

BuzHaueHHI0 ()OHOBUX 3HAUEHDb €JICKTPOMATrHITHHUX
THOJIiB IIUPOKOTO YaCTOTHOI'O Jiana3oHy SIK Y BUPOOHH-
YHX, TaK 1 y MOOYTOBUX YMOBaxX Maiike HE IPUILISIOCS
yBaru. ToMy ZOLIJIBHO OLIIHUTH PiBHI €J1EKTPOMAarHiTHUX
TIOJIiB Ha/THM3bKO1 9aCTOTH (IIPOMHUCIIOBOT) Ta yIBTPaBH-
COKHX YacTOT y HaiOunpm TumoBux OyniBisax. Haifmo-
OIMPCHIITIMHA BUPOOHUYUME OYHIBISIMH € OYHIBII, sIKi
YMOBHO MOKHa Ha3BaTu odicHumH. Lle agMiHiCTpaTHBHI
OymiBIIi 1 IPUMIIIEHHSI, 3aKJIaJd OCBITH, OUTBIIICTE Me-
JUYHAX 3aKIadiB TOIIO. Y TPHMIIMIEHHAX IUX CHOPY.
(GyHKIIOHYE cTaHIapTHe oOjagHaHHsS — TpudaszHa CH-
JI0Ba eJeKTpoMepexa, JTiTH, UPKYJIAIiiHI HACOCH CH-
CTEM OTAJICHHS, KOMIIT I0TepHa TexHika Toujo. OCHOBHA
YaCTHHA JKUTIOBUX OyJIBEelIb TAKOXK MAE OJHOTHITHE 00-
JaJiHaHHs, SKe ITOTEHIIHHO MOXKe TeHEepYBaTH €JIEeKTPO-
MarHiTHi IoJist FirieHiYHO 3HAYYIIHMX PIBHIB.

Byno mpoBeneHo BuUMIiprOBaHHS KITBKICHHX 3Ha-
YeHb eJICKTPUYHMX 1 MarHiTHUX TIOJIIB IPOMMCIIOBO] 4Ya-
CTOTH Ta €JEKTPOMArHiTHUX MOJIB YJIBTPaBUCOKHX Yac-
TOT y BAPOOHNYHNX Ta XKHUTIOBUX OyNiBIAX THIIOBUX KOH-
CTPYKIIiH Yy ICHHUH Ta BEeHipHii uac. BumiproBaHHs 3/11ii-
CHIOBJINCH KaJIiOpOBaHUMHY MIPWIaJaMH — BUMipIOBadeM
EJIEKTPUYHHX T4 MArHITHUX I10JIIB TPOMHUCIIOBOT 4YaCTOTH
[13-50 Ta BUMiproBaueM eNeKTPUIHMX Ta MarHiTHHUX I10-
nie I13-31 (y pmiamasoHi d4actoT 6€3IpOTOBOTO
3B s3ky — 1,8-5,0 I'T'my).

Pesynpratn BUMiproBaHp HaBeeHi y Taom. 1.

Tabnuysa 1 — 3HaYeHHs eJIGKTPUYHOT Ta MATHITHOT CKJIAJ0BHX €1eKTPOMATHITHUX MOJIiB MPOMHCI0BOI YaCTOTH
Ta eJIeKTPOMArHITHUX MOJIB YJIbTPABHCOKHMX YaCTOT Y BHUPOOHUYNX Ta KUTIOBHX OYTiBJISIX

Odicni oynais.i Kutosi oyaiBai
Yac BuMipoBaHb
E, B/m B, mxTa W, MkBT/cM? E, B/m B, MxTa W, MkBT/cM?
JICHHUH 18-25 0,2-1,8 0,16-1,20 7-9 0,12-0,14 0,14-1,30
BeUipHiit 13-24 0,14-1,30 0,12-1,19 14-28 0,18-0,22 018-1,35
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Bubipka mpumimens Oyna BHIAJIKOBa, aje HaBe-
JICHI JaHi y Ta0J. 1 ToCTaTHBO TUIOBI. 3HAYHI BiIMIHHO-
CT1 y JaHMX 0OYMOBJIEHI KiJJbkoMa IpUYMHAMH. MUTTEBI
HaBaHTAKEHHS HA CHJIOBY EJIEKTPOMEPEXY TyXKe Biapis-
HSIIOTBCS, HaBITh Y MeXax OJIHi€1 OyiBii (HaBaHTa)KEHHS
Ha pi3Hi Qa3u MOXKYTh OyTH Pi3HHMH y 3aJIeKHOCTI Bif
KUJIBKOCTI BBIMKHEHHX TEXHIYHUX 3ac00iB). HemoximBo
BHU3HAYHTH 30BHIIIHII BIUIMB Ha PE3yJIbTaTH BHMipIO-
BaHb. lle HaBaHTa)kKeHHS Ha 30BHIIITHI JIiHI] eleKTpomnepe-
Jadi, BIUTUB 0a30BUX CTAHIIIH MOOLIEHOTO 3B’ 3Ky TOIIO.

Bcranosiniero, mo y Mexax OyZiBii 3HA4HI BiIMiH-
HOCTi OOYMOBIICHI PO3TalllyBaHHAM POYTEpPIB y MOMeELI-
KaHHSX Ta BUpPOOHWYMX NPUMIIIEHHSX. SIK npaBuio, y 1mo-
MEIIKaHHAX, HaBITh Y JACHHWH 4ac HAWBUIII PiBHI IOJIB
MIPOMHUCIIOBOT YacTOTH CIIOCTEPIraloThCsl Ha KyXHSX, IIO
0o0yMoBIIeHe POOOTOI0 XONOAMIbHUKIB. [Ipn mpomy yci
BUMIPIOBAaHHSI BUKOHYBAJIKCSl Y MOMENIKaHHAX 3 cydac-
HOIO TTOOYTOBOKO TexHiKOI. HaBiTh HaBenmeHi naHi CBin-
YaTh MPO HASBHICTH MPOOJIEMH eIEeKTPOMAarHiTHOi 0Oe3-
neku. CIiJ BpaxoBYBAaTH, IO BHMIPIOBaHHS BHKOHYBa-
JIMCSL B YMOBAxX TIOBHOTO BiIKJIIOYEHHS BHPOOHHYOTO Ta
1oOyTOBOrO OOJATHAHHS, SIKE BUKOPHUCTOBYETHCS IIEpio-
JIMYHO.

YunauMmu B YKpaiHi caHITApHUMH HOPMaMH 3 eJle-
KTpoMarHiTHOi 6e3neku [10, 11] y obnacti enekrpomar-
HITHHX TIOJiB HAJHU3bKOT YaCTOTH Tepe0aueHUuil KOHT-
POJIb EIEKTPUYHOI Ta MAarHITHOI CKJIQJIOBUX CJICKTPOMa-
THITHOTO MOJIsI MPOMHUCIIOBOT YacToTH. KOoHTponb nomniB
YacTOT TAPMOHIK Ta iHTEPrapMOHIK HPOMHCIIOBOI dYac-
TOTH 3/1ICHIOIOTH TIJIbKM €HEPIeTHUKH 3 TOYKHU 30Dy 3a-
Oe3IeueHHs] CHHYCOiIadbHOCTI HANPYTH 3 METOIO 3allo-
OiranHs BTpat eHeprii. [Ipunamu i TirieHIYHAX TOCTi-
JDKeHb X 4acTOT HAaBiTh HE aTecTOBaHO B YKpaiHi. B
TOH K€ Yac BiIOMO, IO yCi eIeKTPOCIOXKHMBAYl 3 Helli-
HIIfHUMH BOJIbT-aMIIEPHUMH XapaKTEPUCTHKaMH aBTO-
MaTHYHO ['€HEPYIOTh HAIIPYTY 1 €JIEKTPOCTPYM YacTOT I'a-
PMOHIK IIPOMHCIIOBOI YacTOTH. BiNOBIAHO 3’ SIBISIFOTHCS
1 MarHiTHI MoJst UX yactot. Lle moripiiye erexrpomar-
HITHY 0OCTaHOBKY uepe3 Te, IO I0JIs IIMX YacTOT JI0Jia-
I0ThCS JI0 TI0JIsl OCHOBHOT 4acToTH. B ToOH e uac cyvacHi
CHUCTEMH TPUAYIICHHS TapMOHii Ta iHTeprapMoHik [2]
3aCTOCOBYIOTHCS Y CHJIOBHX MEpEeXax 3 BEJIMKHMH CIO-
XKHMBaHHAMH €JIEKTPOEHEPTii 3 METOIO 3HW)KEHHS CHePro-
BTpat. Jns mepex Hanpyramu 0,4 kB 3acTOCOBYIHOTBCS
HaAWIIPOCTIIi CHCTEMH KOMITEHCAIlil PeaKTHBHOI MOTYX-
HOCTI 13 3acTOocyBaHHAM Oatapei koHmeHcaTopiB. Kpim
oOMexeHO T 1X (YHKIIOHATBHUX MOJKIHNBOCTEH, CTaH
Takux Oarapeit y 6araTbox OyiBIIsSIX HE3a0BIILHUM.

Enextpuynmii cTpyM cCIokrMBada 3 HENiHIHHUMH
BOJIbT-aMIIEPHUMHU XapaKTEPUCTUKAMH BHUKIIUKAE CIIO-
TBOPEHHSI CHHYCOITalbHOI HANPYTH (CTPYyMy) Ha BXOJi
HEJIIHIHHOTO HaBaHTaXXCHHs. BoHa Bioma (axiBIsM K
«IUTacKa» CUHycoina.

Takuii eeKkT € HAcHiAKOM MaaiHHS Halpyrd Ha
BHYTPIIIHBOMY €JIEKTPOOIOpi Mepexi. BukpupieHHS
Harpyru U, Ha BXOJli HABaHTa)KCHHS BU3HAYA€ETHCS SIK:

U, (£)=Uy (F)=1(F)Zy ,

ne Uwm (f) — cunycoinanbha Hanpyra cuiioBoi elekTpomMe-
pexi; | (f) — iMImyabCcHUI eNeKTPUYHMI CTPYM HaBaHTa-
JKeHHS; Zm — TIOBHUH OITip eJIeKTpOoMeEpexki 3 00Ky HaBa-
HTa)KCHHSI.

HecunycoinanpHuii ~ Xapaxkrtep  €IEKTPHUYHOTO
CTpyMy € HACJIJKOM HajiHHA Hampyrd Ha omopi Z. Lle
00YMOBJICHO HASBHICTIO Ha BXOJi HENIHIHHOTO CIOXU-
Baya CIIOTBOPEHOI CHHYCOiAM Hampyrd. AHaJoTiuHe
SIBUIIIC MAa€ MiCIle Ha BXOJAX YCiX CIIOKUBAYIB, SIKi ITiJIK-
JFOYCHI TTapajeTbHO HEeNliHIHHOMY HaBaHTa)KEHHIO. Y TPH-
(ha3Hi CHIIOBIH eTeKTpoMepexki TeHEPYIOThCS BUIIII FapMo-
HIK{ HaIpyTH MIPOMHUCIIOBOI YaCTOTH, KpaTHi TphoM. Tax
TapMOHIKH MalOTh OIHAKOBI (a3u Ta ammutityau. e Bu-
KIIMKA€ TIOSIBY Y HYJTHOBOMY pPOOOYOMY TIPOBITHHUKY TPH-
(a3HoO1 eeKTpoMepexi eNeKTPIIHOTO CTPYMY, KU J0-
PIBHIOE MOTPOEHIH CyMi €JIEKTPOCTPYMiB BHIIHMX I'apMoO-
HIK, KpaTHUX TpboM. HaBiTh 32 CHMETPHYHOTO HaBaHTa-
JKEHHsI HECUHYCOIlaNbHUI €JIEKTPUYHUI CTPYM Y HYJIBO-
BOMY p0o0OOUYOMY IPOBIJHUKY CKJIAaE:

I =3 |3+|9+...|n

ne |3, lo, In — mirodi 3HAYCHHS €IEKTPOCTPYMY BiIIOBIN-
HHX FaPMOHIK.

MarsiTHe ToJie TaKHX CTPYMIB HE KOMIICHCY€EThCS
TIOJIEM 3YCTPIYHOI CHPSIMOBAHOCTI 1 HOTIPIIYE ENeKTPO-
MarHiTHy o0cTaHoBKY y Oyzisii. He nquBmnsiuuck Ha sxop-
CTKI BUMOTH JI0 CUMETPUYHOCTI €JIeKTPOHABaHTaKECHHS
okpemux (a3 y TpudasHiii CUIOBIH Mepexi, CHMETPHUY-
HICTh HABaHTAXXECHHS MOJKE MOPYIIyBATHCS BUITAIKOBUM
YMHOM 4Yepe3 BMUKAHHS Ta BAMUKAHHS I0CTaTHBO TOTY-
JKHUX HaBaHTa)XCHb 32 HASBHOCTI y OyiBJI BENHKOI Ki-
JBKOCTI criokuBadiB. Lle mpuTamaHHe SK BUPOOHUYNM,
TaK 1 )KUTIIOBUM OYHIBISIM. Y IIbOMY BHMAJKY Y CHJIOBIi
SJICKTPOMEPEIKi TAKOXK aBTOMATHYHO 3’ SIBISIFOTHCS TIPH-
HallMHI TpeTi TapMOHIKU eJIEKTPOCTPYMY IPOMHCIOBOT
YaCTOTH CYTTEBUX aMILTITYI.

3a 0IHOYACHOT MOSIBH KIJIbKOX YHHHHKIB 3MIHHU Ta-
PMOHIYHOTO CKJIaJly eJIeKTPOKMBIICHHS, HaBITh 3a X He-
3HAYHUMHU OKPEMHMH 3HAYEHHSMH, CyMapHHUH egexT
MOXe OyTH Tiri€HiYHO 3HauynuM (aKTOpOM BIUIMBY Ha
JIIOJIEN.

[IpakTU4HO yCi Cy9acHi eNeKTPUYHI Ta eNEeKTPOHHI
MIPUCTPOT IIPOMHCIIOBOTO Ta ITOOYTOBOTO MPU3HAYCHHS €
€JICKTPOCTIOKNBAaYaMH 3 HENIHIHHUMH BOJIBT-aMIIep-
HUMH Xapakrepuctukamu. Lle oOymMoBiIeHO BaroMumu
TEeXHIYHMMH Ta EKOHOMIYHUMH TiepeBaramu. Tomy, aist
3HW)KEHHSI BILTMBY HeOa)KaHUX SIBUILL I1[0JJ0 HECTIPHSTIIU-
BOTO BIUIMBY €JIEKTPOMATHITHHUX IIOJIIB Ha JIFOJEH Y BU-
POOHMYHX Ta MOOYTOBHX YMOBAx IOIUIEHO PO3pOOUTH
MPUHHATHY 32 (QYHKI[IOHATOM KOHCTPYKIIIO OJHOYAC-
HOTO MIPHUIYIICHHS TAPMOHIK Ta IHTEPTapMOHIK HAIIPYTH
IIPOMHCIIOBOT YaCTOTH 1 KOMITEHCAIi pPeaKTHBHOI MOTY-
JKHOCTI Y HU3BKOBOJIbTHUX MEpPEXKaxX eJeKTPOKUBICHHS
Ta BUPOOHMYHX 1 )KUTIIOBHX OyAiBENb Ta CIIOPY/I.

BucHoBku

1. HarypHi BUMipIOBaHHS €EKTPHYHUX Ta MarHi-
THUX CKJIAJOBUX CIEKTPOMATHITHHX ITOJIiB IPOMHUCIIOBOL
YacTOTH, 4 TAKOXK CJIEKTPOMATHITHHUX MOJIB 4acToT Oe3-
JIPOTOBOTO 3B’S3Ky Y BUPOOHHUUX Ta KHUTIOBUX MPUMi-
MEHHSIX CBiAYWTH, II0 HABITH 3a BiJICYTHOCTI HaBaHTa-
JKEeHHS 3 00Ky TEXHOJIOTiYHOro Ta MOoOyTOBOrO 00maj-
HaHHS PiBHI €JIEKTPOMAarHiTHUX TOJIiB CYTTEBI.

2. Y mporieci BUMIpIOBaHb HE BPaXOBYBAJIKCS 3Ha-
YeHHS €JEKTPHYHUX Ta MarHiTHUX MOJIB YacTOT Tap-

178



ISSN 2073-7394

CucreMu ynpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2024. Ne 4

MOHIK Ta iIHTeprapMOHIK IPOMHUCIIOBOT 4aCTOTH Yepe3 Bi-
JICYTHICTb CaHITapHUX BUMOT JI0 iX aMILTITYy/] 3HaU4€Hb Ta
BIJIMIOBITHOTO METPOJIOTIYHOTO 3abe3medycHHsA. [loka-
3aHO, 1110 HOJIsl TApMOHIK IPOMHUCIIOBOT 4aCTOTH 000B’ 513~
KOBO I€HEPYIOTHCS CYYacHUM OOJIaHAHHSAM 3 HEINiHiH-
HUMH BOJIbT-aMIIEPHUMH XapaKTePUCTUKAMH.

Ile oOymoBOE HEOOXIMHICTH BpaxyBaHHS IIOJIHB
TapMOHIK JJIsl 3HIDKCHHS €JIEKTPOMArHITHOTO HaBaHTa-
JKEHHS Ha JTI0JEH.

3. BcraHoBieHO, IO HABITH 33 MITATHOTO (YHKIIi-
OHYBaHHS CHMJIOBOi TpH(]a3HOi eneKTpoMepexi reHepy-
I0ThCS €JIEKTPOMArHiTHI IMOJISI TaPMOHIK MPOMHUCIOBOT
YaCTOTH 4Yepe3 BHIAJIKOBI 3MiHM HAaBaHTa)KCHHS Ha OK-
pemi ¢as3u Tpudasnoi enexrpomepexi. Tomy Juist npu-
OyIICHHS TapMOHIK IOIIIFHO PO3POOUTH TEXHIYHO i
€KOHOMIYHO MIpHUITHATHE 00NaJHAaHHA, IKE OJHOYACHO
BHKOHY€ (YHKIIIF0 KOMITEHCaLlil peaKTHBHOI HOTYXHO-
cTi y Mepexxax Hanpyramu 0,4 xB.
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Studying the levels of electromagnetic fields of life support systems of buildings and structures
N. Burdeina, Ya Pidlisnyi

Abstract. The electromagnetic environment formed by the life support systems of industrial and residential buildings and
structures is investigated. The relevance of the study is due to the fact that the saturation of the living environment with electrical
and electronic equipment reduces the efficiency of recovery of the human body after exposure to electromagnetic fields in the
course of labor activity. The conditions under which all devices that periodically affect the levels of electromagnetic fields were
turned off in both industrial and domestic environments were considered. Field measurements of the electric and magnetic compo-
nents of the electromagnetic field of industrial frequency and the electromagnetic fields of wireless communication frequencies of
background values in office and residential premises were carried out. The measurements were carried out in office and residential
premises in the daytime and in the evening. It was found that in the daytime, electric fields of industrial frequency in office premises
were 18-25 V/m, in residential premises - 7-9 VV/m; magnetic fields - 0.2-1.8 pT, 0.12-0.14 uT; energy flux densities of electro-
magnetic fields of ultrahigh frequencies - 0.16-1.20 uW/cm? and 0.14-1.30 uW/cm?, respectively. In the evening, the amplitude
values were respectively 13-24 V/m; 14-28 V/m; 0.14-1.30 pT; 0.18-0.22 uT; 0.12-0.19 pW/cm?; 0.18-1.35 uW/cm?. The sample
of premises is random. The influence of external sources on the electromagnetic situation in the premises was not taken into ac-
count. Measurements of ultra-low frequency fields were performed without taking into account the influence of harmonics and
interharmonics of industrial frequency, which meets the requirements of current sanitary standards. It is shown that electric and
magnetic fields of harmonics of industrial frequency in multiples of three are automatically generated in the presence of equipment
with nonlinear volt-ampere characteristics, and the calculation of the values of the corresponding electric currents is given. It is
shown that, in addition, under random asymmetries of electrical loads on individual phases of a three-phase power network, addi-
tional generation of voltages, harmonic currents of industrial frequency and the electric and magnetic fields generated by them is
possible. Taking into account the practical impossibility of avoiding the generation of industrial frequency harmonic fields by
equipment with nonlinear volt-ampere characteristics and complete load symmetry, the expediency of developing technically and
economically acceptable reactive power compensation equipment in 0.4 kV networks with industrial frequency harmonic suppres-
sion functions is substantiated.

Keywords: electromagnetic safety, life support system, harmonics of industrial frequency.
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JTOCJLIYKEHHSI PIBHIB EJJEKTPOMATHITHUX IOJIIB HA OB’€EKTAX
EJIEKTPOTEHEPAIII TA PO3POBJIEHHS 3ACOBIB IX HOPMAJII3AIIL

AHoTauis. JJocmmkeHo piBHI €JIEKTPOMAarHiTHUX MOJIiB Ha HAHOLIBbII KPUTHYHHUX AULTHKAX ITiIIPUEMCTBA TEIUIOBOI Te-
Hepallii exekTpoeHeprii. BctaHOBIEHO, 1110 HAMPYKEHOCTI €IeKTPUYHOI Ta MarHiTHOI CKJIaJOBUX €IEKTPOMATHITHOTO MOJIS
MIPOMHCIIOBOI YaCTOTH Ha POOOYMX MICIIIX MEPCOHANTY TOJOBHOTO IUTa KEPyBaHHS HE MEPEBHIIYIOTh TPaHUYHI piBHI. A
€JIEKTPOMATHITHI IOJI1 Y KOHTPOJILOBAHMX CMYyTaX 4acTOT AJ €KCIUTyaTalii KOMII FOTEepHOI TEXHIKH 3HAYHO MEPEeBUILYIOTh
rpaHnyHi 3Ha4eHHs. [1ixBuIIeHi KOHIEHTpaIil aepoioHIB 00yMOBIIEHI PO3psAaMH SIBUIAMH Y TEXHOJIOTTYHOMY 00JIaHaHHI.
OTpHMaHO CIIEKTp €JIeKTPOMArHiTHHUX IIOJIIB PafioyacToT, SIKUH CBIIUHUTH NP0 CKIAJHICTH €IeKTPOMarHiTHOI 00CTaHOBKU.
BumipsiHi Hanpy»XeHOCTi MarHiTHUX IIOJIIB HAaBKOJIO TypOoreHepaTtopa motyxHicTio 320 MBrT. [lo Bincrane# 1o 5 M Bix
HBOTO HAINpy>KeHOCTI MarHiTHOTO IIOJIS NIEPEBUINYIOTh IPAaHUYHO JOMYyCTUMI piBHI. Brn3HadeHo, mo moGimsy reneparopa
iCHy€ 30Ha MiHIMAJIBHOTO TIOJIS, IO AOUITHHO BUKOPUCTATH AJIsl BU3HAUCHHS 30H O€3MIEUHOr0 IepecyBaHHs nepcoHany. He-
CUMETPHUYHICTD IOJISI YOTUPUIIOMIOCHOT eNEeKTPUYHOI MAaIIMHU OOyMOBIIeHa (hyHOAMEHTATbHUMH (i3UIHUMH 3aKOHAMH.
[IpoBeneHo BUMipIOBaHHS HAMPY>KEHOCTI MarHiTHOTO MOJIS MOOIU3y MIMHOMPOBOAA. 3a HaBaHTakeHHs 280 MBT i Hampyru
20 kB Hanpy»eHOCTi MarHiTHOTO MOJISI Ha BiAcTaHi 2 M Bix KpallHbOTO CTPYMOMNPOBO/a ckiaananu — 1,6—1,7 kA/m, 1o mepe-
BUIILY€ TpaHUYHUH piBeHb (1,4 KA/M). [yl 3HIDKCHHS BIDIMBY €JIEKTPOMAarHiTHHUX IIOJIB Ha IEPCOHAN PEKOMEHIOBAHO 3a-
CTOCOBYBATH €KpaHyBaHHs. [IJIs1 TOKPUTTS MOBEPXOHb BEIHMKUX IUIOMI JIOIIJIBHO 3aCTOCOBYBATH €IEKTPOTEXHIYHY CTalb
knacy 121, uis ekpaHyBaHHS HEBEITUKHX 00 €KTIB (Jkeperna Oe3nepeOiiHOro KHUBICHHS ) AOIIIBHO 3aCTOCOBYBATH CTPIYKO-

BUi (pepoMarHiTHUI aMOpQHUIT CIIIaB.

Kamo4oBi cioBa: ejxekrpomarHitHa Oe3reka, eJIeKTPOreHepallist, Hapy>KeHiCTh MOJIS.

Beryn

[lignpueMcTBa TeHepalii €IeKTPHYHOI eHeprii €
00’ €KTaMU KPUTUIHOT iHPPACTPYKTYpH Bif Oe3mepeOiii-
HOI poOOTH SKUX 3aIeXKHUTH Oe3nepebiitHe QyHKIIOHY-
BaHHS YCIX JIAHOK NPOMHMCIIOBOCTI KpaiHH Ta 3abesrie-
YEeHHsI HAJIOKHMX YMOB IPOXKMBaHHS HaceneHHA. Kpim
CYTO TEXHIYHUX aCIeKTIB iX poboTH icHye npobiiema 3a-
Oe3rieueHHs] HaJle)KHUX YMOB Mpalll MepCOHAy LUX
00’€KTIB, BiJ IKOTO MIEBHUM YHUHOM 3aJISKUTH Oe3mepe-
OiliHicTh reneparii enexTpoeHeprii. Ha choromsi 3 ycix
MAPUEMCTB TeHepallii HaiblIblna yBara npuaiseThes
Oe3rerli aTOMHUX eJIeKTpocTaHiiil. ToMy s HUX po3po-
OJIeHI OKpeMi HOPMATHBH IIOI0 3aXOIiB OE3MEKH, y TOMY
YHCHi W Taki, MO PerJaMeHTYIOTh YMOBH IIpalli Iepco-
Hanmy. Ha mro xareropiro mparfiorouux HaBiTh HE PO3IO-
BCIOJDKYIOTBCS CaHITapHI HOPMHU POOOTH 3 KOMIT IOTEp-
HOIO TEXHIKOI0. B Toif e yac Hali0iibIIa KiITBKICTh elre-
KTPOCTAHIII{ B YChOMY CBITI 11 TEIJIOBI €JICKTPOCTAHIIIT,
SIKI HaBITh y KpaiHax 3 BEIMKMMHU 00CAraMu siJIepHOT Te-
Heparlii € MAaHEBPOBUMH MOTYKHOCTSIMH, SKi KOMIICHCY-
IOTh HECTauy €Heprii 3a MKOBUX HaBaHTaeHb. Ha Taki
00’€KTH TOIINPIOIOTHECS BHUMOTH yCiX YHHHUX CaHiTap-
HHUX HOPM.

B Toii 5xe yac ymMoBaM Ipaiti, MpHHAHMHI 1010 ele-
KTPOMArHITHOI O€3IEeKH MPAIFOI0YNX, Ha TaKUX ITiIpH-
€MCTBax NMPHIUISETHCS HEOCTaTHRO YBaru. AHaii3 Joc-
TYIHUX JDKEPEIT CBIYUTh, IO JTOCIIKCHHS PIBHIB elre-
KTPOMArHiTHHX MOJIB Ha IIANPUEMCTBAX TEIIOEHEpre-
TUKH TI€BHUM YMHOM 3acTapiyi. BoxHowac 3HauHa vac-
THHA TETUIOBUX €JIEKTPOCTAHIliH B YKpaiHi yIIKOHKeHA
BHACTIZIOK TEPOPHCTUYHHMX aTaK 1 Miajsrae BigHOB-
neHHto. ToMy akTyaJlbHOIO 3aJa4yel0 € JOCIiKEeHHS
YMOB TIparli Ha TaKUX MiANPHEMCTBAX Ta PO3POOIECHHS
KOMIDIEKCY MEPCIIEeKTHBHUX 3aXOiB 1 3ac00iB HOpMaITi-
3aii eJIeKTPOMarHiTHOT 00CTAaHOBKH SIK Ha pOOOYHX Mic-
LSIX TIEPCOHAITY, TaK 1 3HWKEHHsI BIUIMBY Ha HACEJICHHSI.

AHani3 ny0aikanii 3 eJJeKTpOMAarHiTHoI 6e3nexn
00’ekTiB eHepreTruku. [IpoGnemaruni 3a0e3neyeHHs
eJICKTPOMArHiTHOT OE3NeKH MEepPCOHANly EHEepPreTHYHHX
00’€eKTiB IpHCBsiueHO podoTH [ 1, 2]. Posrisinanucst ymoBu
npaili nepcoHalry TypOOreHepoBaHHUX 3aJIiB, LIUTIB Kepy-
BaHHS PI3HOTO PiBHS. AJIe I TOCHiPKEHHS IEBHUM YHHOM
3acTapisi ¥ moTpeOyIoTh YTOUHEHHS y Cy4acHHX yMOBAaXx.
EmexTpoMarHiTHI TOJIS pO3TIIAIaIrCs Y KOMIUICKCI 3 iH-
oMU QI3UYHIME (pakTopamu [3], Mo Mae IeBHi mepe-
Barw, ajic i 0OMeXye MOCHiIPKSHHS cCaMe eJIeKTPOMAarHit-
HOTo YyMHHHUKA. TuM OiJTbilie, 3 TOro 4acy B YKpaiHi MeTo-
JIOM MiATBEPKCHHS HaOyJla YMHHOCTI HU3KA MIXHAPOI-
HHUX CTAQHJAPTIB 3 EJIEKTPOMArHiTHOT CyMICHOCTI, HAIIpH-
Kiaj [4, 5], 110 HaKIaa€e M01aTKOBI OOMEXKEHHS Ha aMIl-
JITYAHO-YaCTOTHI XapaKTePUCTUKH EJIEKTPOMArHiTHHX
TIOJIIB.

Ciing BpaxOBYBaTH TaKOX BMMOTHM HOBOI penaxuii
MDKHApOJIHOTO CTaHAAPTY 3 €IEKTPOMArHITHOI Oe3meKn
[6], AKHMit perIaMeHTy€e PiBHI IEKTPOMATHITHUX TOJIB 5K
JUTSL TIPAIFOIOYMX, TaK 1 I HACETICHHS, 1 € HEeBiJ €MHOIO
CKJIaJIOBOIO €BpOIEHCHKOI TUPEKTHBHU 3 €JIEKTPOMArHiT-
Hoi Oe3rieku [7]. Y Toii e Jac, HaBiTh JIiHI eJIeKTporepe-
Jiadi, sSIKi BiIOMparoTh €HEPTito 3 00’ €KTIB TeHepallii € JKe-
peraMu MarHiTHHUX TOJiB TTi€HIYHO 3HAYYIIUX PiBHIB, SKi
noTpeOyroTh ekpanyBanHs [8, 9].

Ha cporomui BiACYTHI JOCTIIKEHHS MO0 PiBHIB
€JIEKTPOMArHiTHHUX MOJIiB BIIKPUTHX PO3MOIITBYUX MIPH-
CTPOIB, 3HaYHa KUIBKICTH SIKMX PO3TalllOBaHa y MeEXax
HaceleHHX NyHKTiB. HaBene oOyMOBIIOE aKkTyabHICTH
JOCII/DKEHHS.  aMILTITYZJHO-4YaCTOTHUX XapaKTEPUCTHK
€JICKTPOMArHiTHUX IOJIB 00’ €KTIB eleKTporeHepauii i
BH3HAYCHHS 3aXO0JiB 1 3ac00iB iX HOpMai3amii Ta miaT-
pUMaHHS Ha HOPMaTUBHOMY PiBHI.

Merta aoc/iIskeHHs] — BU3HAYCHHS aMILTITyIHO-
YACTOTHHUX XapaKTEPUCTHK CIEKTPOMArHiTHUX IOJIB Ha
00’eKTax eJeKTporeHeparlii Ha po3poOsieHHs 3aco0iB iX
HOpMaJTi3allii.
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BukianeHHst 0CHOBHOI0 MaTepiany

JIxepemna eleKTpOMarHiTHUX TMOJIB Ha ITiAIPHEMC-
TBaxX reHeparii eeKTPUIHOI eHeprii MOXXHa YMOBHO PO-
3MUTMTH Ha OBI KaTeropii: JOKajJi30BaHI Ta po3ocepe-
JokeHi y mpoctopi. Taka rpagamis oOyMOBIIOE pi3HI Me-
TOJIOJIOTIYHI ITiTXOAX 10 3HIKEHHS HAPY>KEHOCTEH IIUX
momiB. Jlo JToxanizoBaHMX MOXKHA BiHECTH T€HEpaTOpH
Ta TpancpopmaTopu. Po3zocepekeHIMH € JIiHIT eneKT-
poriepenayi, IIMHONPOBOAN Ta OOJIaJHAHHS BiJKPUTHX
PO3MOUTBYUX IPUCTPOIB.

Hait0ip11 BiIOBIJAIEHOO JIAHKOFO MiATIPHEMCTBA
reHepallii eJeKTpoeHeprii € IuTH KepyBaHHs. L{e 00ymo-
BJICHE THM, IO BiJl OE3MOMMIKOBUX Iiif IIepcoHay M-
TiB 3HAYHOIO MIpOIO 3aJIEKHUTh CTaOITBHICTE 1 Oe3aBapiii-
HiCTh pobOoTH migmpuemMcTBa. Ha piBHI eleKTpoMarHiT-
HUX TIOJIiB Ha POOOYMX MICIIAX MEPCOHATY LIUTIB BILIU-
BalOTh 0arato (akTOpiB, a 3TiTHO YHHHUM CaHITAPHUM
HOpMaM YMOBH TIpalli IOBMHHI BiJIIOBIAaTH HOPMaM pPo-
00T 3 KOMIT'IOTEPHOIO TEXHIKOIO.

CxeMma TOJIOBHOTO IIIUTa KepyBaHHs HaBeleHa Ha
puc. 1.

Puc. 1. Cxema posramryBaHHs 00J1aJHAaHHS TOJIOBHOTO IIUTA
KepyBaHHS TEIUIOBOI eNIEKTPOCTAHIIT: 1 — pobodi Micus
MepCOHaIy, 2 — MOHITOPH NEPCOHAILHUX KOMIT IOTEpiB,

3 — KT 3 BUMIPIOBAJIBHOK anapaTryporo

Crix 3a3HaYMTH, IO y 3aralbHOMY BHIAJAKY LA
cXeMa OJIHOTHITHA, ajieé Ha KOXXKHOMY EHEepPreTH4HOMY
00’€KTiB BiCTaHi poOOYUX MicCIlh BiJ mad 3 KOHTPOIIb-
HUM oOmagHaHHAM pi3Hi. He cranmaptuzoBaHe
KOMIT FoTepHe 00aHaHHSI, EMHOCTI M IOTY>KHOCTI JpKe-
pen Oe3nepebiifHOTO >KUBJICHHS. YU HE TOJIOBHOIO BiJ-
MIHHICTIO € Pi3HI peXUMH BeHTHsLii. Tomy 3a Oyxb-
SIKHX YMOB PO3TJISIIA€ThCS BUIAI0K.

Tex citiJ 3a3Ha4YUTH, 110 3TiAHO 3 TIr€HIYHOIO KJjla-
cuikariero ymoB mpatii [10] ymMoBH mpari nepcoHary
IIUTIB KepyBaHHA BiONOBiZaroTh Kiacy 3.2. Bumipro-
BaHHS PiBHIB €IEKTPOMArHiTHHX TIOJNIB HA pOOOYNX Mic-
LSX TIEpCOHANy 3AiicHIoBaocs 1yt yactotr 50 I’y 1 ok-
pemMo s dacTtoTHHX cMyr 5 Ti—2 k' ta 2 k10—
400 k['1, o0 BiAMOBigae BUMOTaM 3arajibHOEBPOIICHCH-
xoro cragaapty MPR I [11].

PesynbraTi BUMipIoBaHb HaBeAEHO y Tadu. 1.

Tabnuysa 1 — 3HaYeHHS eJIEKTPOMATHITHHX OB
Ha po00oYMX MicUAX NepcoHaTy
TOJIOBHOTO IINTA KepyBaHHS

AMILNTY/AHi 3HAYEHHS
Yacrora, I'nl
B, uTn E, B/m
50 8700-9100 60-64
5-2000 340-380 24-26
2000-400000 28-34 5,6-6,0

Sk BumHO 3 TaOi. 1, 3HaYEHHS 1HAYKIIi MarHiTHOTO
Ta HANPY>KEHOCT] EJIEKTPUYHOTO OIS IPOMHUCIIOBO] Ya-
CTOTH HWJKYi 32 TPAHUYHO JIOITYCTHMI PiBHI JUIsl BUPOO-
HUYUX YMOB. AJle 3HaYCHHS MarHiTHOI'O Ta eJICKTpHY-
HOTO I0JI1 Y KOHTPOJILOBAaHHUX CMYyTax JUisl 3ac00iB 004UH-
CJIIOBAJILHOT TEXHIKM 3HAYHO IEPEBUIIYIOTh I'PAHUYHO
nonyctumi piBHi. /logaTkoBO Oyiio BUMIpPSHO 3HAUEHHS
HIUTBHOCTEH MOTOKIB CHEpPrii Ha YacTOTax 0e3pOTOBOrO
38’s3ky 1,8-5,0 I'Tu. BumiproBanHs mokazaid, mo Iie
3HaueHHs nepebysae y Mexax 1,8-2,5 MkB1/cM?, 1110 Bi-
JTOBila€ HOPMATHBY. AJie TPUMILICHHS TOJIOBHOTO
IIHUTa IEBHUM YNHOM 3a€KPaHOBAHO BEJIHMKOIO KIIBKICTIO
MeTaJIeBUX KOHCTPYKIIi# Ta 001aqHaHHA. 3a3BHU4ail y Ta-
KHX yMOBAX, HaBIiTh y 32113006 TOHHUX OYMiBIISX 31 IIiTb-
HHUM pPO3TalllyBaHHSIM apMaTypH CHT'HAJIM 3HAYHO HYDKYI.
Tomy Oyno n0AaTKOBO BH3HAYEHO MOJKIIMBOCTI TeHepa-
il BUCOKOYACTOTHHUX BHUIIPOMIHIOBAHb TEXHOJIOTIYHHM
obnagHanHsaM. CKIaIHICTh MOJIATAE Y TOMY, 1[0 BUMIipIO-
BaHHs aTCCTOBAHUM B Y KpaiHi KaaiOpoBaHUM MPHIAI0M
I13-31 mosxuBi TinbkH y aianazoni 300 MI'q — 30 I'T,
TOOTO BHUIMIPIOETECS IHTErpalibHA BEIMYMHA. Bumipro-
BaHHS Ha 9acToTax 0e31poToBoro 3B 513Ky — 1,8; 2,4, 2,6;
5,0 ITn HeMoxmBi 4Yepe3 Te, IO i YacTOTH JOCHUTH
yMOBHi. PeanbHi poOodi 4aCTOTH BiAPI3HAIOTHCS Bill HUX
Ha JIOBUIbHY BEJIMUYHHY, 110 HATYPHUMH BUMipIOBaHHAMHU
3’ACyBaTH JIy’ke BaXKKO.

Byo 3z1ilicHeHO BUMIpIOBaHHS KIJIbKICHUX 3Ha4Y€Hb
€JIEKTPO3AJICIKHOT0 (PI3UUHOr0 YMHHHUKA - KOHIICHTPAIIii
AepPOIOHIB Y MPUMIIIEHHI TOJIOBHOTO IIATa KEPYBaHHSI.

3HaueHHs KOHICHTpAIlii:

HEraTUBHUX aepoioHis — 650— 720 cm3,

nosutusHuX — 760-780 cm3, (t—18-19°C; ¢ —
45-50 %).

Taki koHueHTpanii 3rigao [10] € HOpMaTHBHUMH.
AuJte 3a HasIBHOCTI BEJIMKOI KIJIBKOCTI 3a3€MJICHHX MeTa-
JeBUX KOHCTPYKLIH 3a3BHYail CIIOCTEPIra€Thcs TEHAEH-
mist 1o neioHizanii mositps. Lle cBimYUTH MO MOKIH-
BiCTh HASIBHOCTI Y MPHUMIIIEHH] JoKepen 10Hi3alii moBi-
Tpst. TakuMm JKEepenoM MOXYTh OyTH €JIeKTPHUYHI po3-
psian, HapUKIIal KOPOHHI.

Bynp-siki po3psaM TeHEpYIOTh eJeKTPOMAarHiTHi
MOJIsl BUCOKMX YacTOT. BUMIpIOBaHHS CHEKTPaIbHOTO
CKJIa/ly €JIEKTPUYHOTO MOJIsl HABEJIEHO Ha PHC. 2.

KoHTponb 3HaueHb E€JIEKTPOMArHiTHOTO MOJIS IO
gactot 300 MI'11 31iiICHIOETHCSI OKPEMO 38 EICKTPUIHOKO
Ta MarHiTHOIO CKJIQ/IOBHMH.

Hameneni Ha puc. 2 fmani cBigyath, o0 BinOyBa-
€THCS TIEBHA TE€HEPaLlisl eJICKTPOMArHiTHUX MOJIB pajio-
YacTOT, SKa He IpUTaMaHHA [TOKa3HUKaM 30BHIIIHBOTO
CepeIOBHUINA.
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Puc. 2. CnexTpanbHuii CKIal €IEKTPUIHOTO MOJIS
pazioyacToT y NPUMIIICHHI TOJIOBHOTO IIUTA KEPyBaHHS

AMIIITYIHI 3HaYESHHS 32 OKPEMUMH YaCTOTaMH He-
3HAYHI, ajie iHTerpajibHe 3HaUeHHsI MOXe OYTH CYyTTEBUM.
Cuijy 3a3HaYUTH, IO Y MPOLECi BUMIPIOBaHHS PiBHIB I10-
JIB 4aCTOT MOOIUIBHOTO 3B’S13KY TEPIOANYHO 3’ SBISIINACS
KOPOTKOYAacHI  CIUIECKM  3HaueHb momst  4300-
5000 MxBT1/cM?. Lle HabaraTo BUINE 3a YMHHI TpaHUYHI
3Hauenss (100 MkBT/cM?), ajie TIOXOKEHHS i 3aKOHOMI-
PHOCTI TIOSIBH ITUIX TIOJIiB HE BHUSBIICHO.

[TopiBHAHHSA OTPHMaHMX JAaHHX 3 Pe3yJIbTaTaMH Ha-
BeJICHUMH y po0oTi [3], CBITYUTE TIpO CYTTEBI BiIMIHHO-
CTi MOKa3HMKIB HA OTHOTHITHUX 00’ exTax. [lani [3] oTpu-
MaHi y 3UMOBHH IepioJi, TOMY 3Ha4YeHHS KOHLICHTpAIii
AcpOIOHIB MOXYTh BIIPI3HATHUCH, aJiec 1Ie HE CTOCYEThCS
eJIEKTPOMAarHiTHOro ¢axkropa. MoxkHa JIIiTH BHCHOBKY,
10 POOOTH 3 MOHITOPUHTY Ta HOpMaJTi3allii eleKTpoMa-
THITHOT OOCTAaHOBKHM Ha TaKUX 00’€KTaX, sIK MiAMPHEMC-
TBa EJICKTPOTeHepalii JOULTbHO BHKOHYBATH OKPEMO
JUTSL KOKHOTO TiIIPUEMCTBA.

Byio nmpoBeneHo BUMiploBaHHS 3HaY€Hb MAarHiTHOT
CKJIaZI0BOI €JISKTPOMArHiTHOTO TOJISl IIPOMHCIIOBOI Yac-
totn Oinsg TypOoreHepatopa TI'B 320 motyxHicTiO
320 MBt. Ha MOMeHT BUMIpIOBaHb IMOTY>XHICTh CKJIa-
nama 280 MBt. BumiproBanHs 31iHCHIOBAIUCS 3 Tpa-
BOTO Ta JIIBOro 00Ky reHeparopa, po3TalioBaHOTO I'OpH-
30HTAJIBHO Ha MaWJaH4YMKy OOCIyroByBaHHS. Pe3yib-
TaTH BUMIpIOBaHb HaBeJIeHO y TaluI. 2.

Tabauys 2 — Hanpy:KeHOCTi MATHITHHX MOJIiB
3 ABOX 0OKiB TypOoreneparopa

bik Bigcranb, m H, kA/m
1 3,2-33
2,8-2,9
1,7-1,8
3,2-33
1,2-1,3
1,4-15

[TpaBuit

JliBmit

g |l w |k |0 | w

OTtpuMaHi pe3ynbTaTd CBi4aTh, IO B YCIX TOUKAX
BUMIPIOBaHHS HANPYXEHOCTI MarHiTHUX IIOJIiB TEPEBH-
LIYIOTh T'PaHWYHO JONycTUMHH piBeHb (1,4 kKA/M). Bu-
HATOK — HAIPYXKEHICTh IMOJIT Ha BiACTaHi 3 M 3 JIiBOTO
O0oky reneparopa. lle sBumIe mpuTaMaHHE MarHITHOMY
TIOJTIO €JIEKTPHYHUX MAIIHH 3MiHHOTO CTPYMY.

3a pi3HMX 3aKOHOMIPHOCTEH 3HW)KEHHS HarpyKe-
HOCTEH MOJIB JIBOX MEPIIMX TapMOHIK MarHiTHOTO MOJIs
iCHy€ TOYKa HYJbOBOTO 3HAYEHHsI MOJISI 3 OJAHOIO OOKY
esleKTpuyHoi ManuHy. [lone ycix 6araTtonoiarocHUX Ma-
LIMH HECUMETPUYHE, 1110 BUIUIUBAE 3 AUIMOIBHO-KBAAPY-
MONBHOT (OpMHE TS (Ul YOTHPHUIIOIFOCHOT MAITMHM).
Le#t axT MO>KHA BUKOPUCTOBYBATH AJIsI BASHAUYEHHS 30H
0e311eYHOr0 NepecyBaHHs IEPCOHAITY.

3a pobotu reHepaTopa y pexumi 280 MBT 3 po6o-
yoro Hanpyroi 20 kB muHonpoBoagaMu Tede eneKTpuy-
HUll ctpyM mopsiaka 2,8 kKA. Tomy Oynu mpoBeneHi Bu-
MipIOBaHHSI HANPY>KEHOCTI MarHiTHOTO MOJIst 011t IUHO-
npoBoaiB. He nuBisunch Ha Te, 110 MIMHOIPOBOJIU Ma-
I0Th 30BHILIHIO METaJIeBy 000JIOHKY, Ha BiIcTaHi 2 M Bij
KpaiHbOTo (pa3HOr0 CTPYMONPOBOJLY HANPYKEHOCTI Ma-
THiTHOTO ToNs ckianganu 1,6—1,7 kA/m. To6T0, mepecy-
BaHHS IEPCOHAY MICTKOM HaJl MOBITPOIPOBOJOM II0-
BHHHE OyTH OOMEXCHE.

Cri 3a3HaYNTH, IO KOHIIEHTPAIIil aepOioHIB Y Typ-
OoreHepaTOpHii 3aii mepedyBalOTh Y HOPMATUBHHUX Me-
xax — HeraTueHi — 600-650 cm3, mo3uTHBHI — 670-700
cm, Lle MoKHa MOACHUTHU 10HI3aLI€0 HOBITPS y KOIEK-
TOPHOMY BY3JIi €JIEKTPHYHOT MaILIHU.

Pe3ynbTati BUMIPIOBaHb CBiTYATh, 10 HAWOUIBII
KPUTHYHI TIEPEBUILEHHS T'PAHUYHO JONMYCTHMHUX DPIBHIB
€JISKTPOMArHiTHUX TI0JIiB IPUTaMaHHe POOOYUM MICIISM
HEepCOHATy TOJIOBHOTO IIWTa KEpyBaHHS. 3a PIBHIMHU
BOHH HE € KPUTUYHUMH LIOJI0 BIUIUBY Ha 370POB’S JIIO-
Jei, ane (GopManbHO HEMPUIYCTHMI 3 TOYKH 30py eKc-
IUTyaTarii KOMIT I0TepHOi TeXHIKU. Y Takiil cuTyarii Mo-
JKIIABI IPOOJIEMH 31 CTAOITBHICTIO POOOTH EEKTPOHHOTO
oO0JaTHAHHA.

J1is1 3HMOKEHHSI PiBHIB SIK SMIEKTPUYHHX TaK 1 MarHi-
THUX TIOJIiB HAWO1TBII €(pEeKTUBHUM METOIOM € eKpaHy-
BaHHsI Jukepelt. YiTke BU3HAYCHHS JKEPEIT MOJIiB 3 00Ky
KOHTPOJILHOTO 008 iHAHHS miuTa KepyBaHHs (3, puc. 1)
CKJI/IHE, TOMY 32 MOJJIMBOCTI JOLIJIBHO 3aeKpaHyBaTh
yce oOnajiHaHHA, KpiM IPUCTPOIB Bi3yamizalil JaHHX.
Jnst 1poro 10CTaTHhO €(PEKTHBHOIO € eNIEKTPOTEXHIYHA
cranp kiacy 121. B Toii ke yac 3a3nainerijib KpuTHYHE
JUKEpeno — JpKepeno  Oe3nepeOifHOTo  KUBIICHHS
KOMIT IOTEpiB IOLIEHO €KPaHyBaTH METAJIONOIIMEPHUM
THYYKHM KOMIIO3UTOM a00 CTPIYKOBHM aMOppHHM (e-
POMAarHiTHUM CILIABOM.

Li expaHyroUi MaTepianyd MarTh Ty IEpPeBary, o
3JIEKHOCTI X 3aXUCHUX BIACTUBOCTEH Bijl aMILIITy THO-
YaCTOTHUX XapaKTEPUCTHK eIEKTPOMArHITHHX TIOJIB, AKi
moTpeOyIOTh eKpaHyBaHHA, n00pe mocmimkeni. Cif
BpaxoBYBaTH, IO €JIEKTPOTEeXHIUHa cTanb 121 mocrart-
HBO e(peKTHBHA /I eKpaHyBaHHS MAarHiTHOI CKJIaJ0BOi
€JIEKTPOMAarHiTHOTO TIOJIsI IPOMKCIIOBOI YacTOTH. AJie 3a
ITiIBUIIEHHS HANpy>KEHOCTI MarHiTHOrO IOJsI JI0 3Ha-
4yeHp, Ounpmmx 3a 150-200 A/M koediuieHT expaHy-
BaHHS 3HIDKYETBHCSI.

Hemonikom matepiany € Benuki KoeQillieHTH Bif-
OWUTTS BHCOKOYAaCTOTHUX E€JIEKTPOMArHITHHX XBHIIb.
AmopdHmii K0OaIPTOBHUH CIUIaB HaA3BHUYAHO €()EeKTHB-
HUW JUIsl YChbOTO HMU3BKOYACTOTHOTO Jiama3oHy. Aje 3a
HaIpY>KEHOCTI MarHiTHOro moss Oinbire 3a 50 A/M xoe-
(himieHT eKpaHyBaHHS Pi3KO 3HIKYETHCA. Y IbOMY BHTIa-
JIKy HaWKparui eeKT JoCATaEThCcs HOro KOMOIHAITIE0
i3 3aJi30-HIKEJIEBUM CIUTaBOM. Y OyAb-SIKOMY BUITaJIKy
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3aCTOCYBaHHS CKpaHyBaHHs BiOyBa€eThCs 3a pe3ysbTa-
TaMH MOHITOPHHTIY €JIeKTPOMAarHiTHOT 0OCTaHOBKH.

BucHoBxku

1. BcranoBieHO, 0 Ha PoOOYHMX MICISIX TOJIOB-
HUX OIATIiB KEPYBAaHHS MIATIPHEMCTB TeHepaIlii eleKTpo-
€HepTii MaloTh Miclle IePEBUIIEHHS TPAaHNYHO JOMYyCTH-
MUX PiBHIB €JIEKTPOMATHITHHX IIOJIB Y KOHTPOJIBOBAHUX
JiamazoHax Juisi KOMIT I0TepHOI TexHiku. Kpim Toro Bu-
MipIOBaJIbHE OOJIQJIHAHHS IUTIB TEHEPY€E CKJIaTHUMA
CHEKTp eJIEKTPOMArHiTHUX TI0JIiB PajlioyacTor.

2. HampysxeHocTi MarHiTHUX T0JIiB 011 TypOore-
HepaTopiB y OLIBIIOCTI IEPEBUILYIOTh TPAHUYHO JOIYC-
TUMi 3HaueHHA. AJle iCHYIOTh 30HH 3 OJHOTO OOKYy

reHepaTopa Jie Hallpy>KeHOCTI MarHiTHOTO ToJIsl MiHiMa-
nbHi. Le#t ¢pakT TouisIbHO BUKOPUCTOBYBATHU )il BU3HA-
YEeHHsI MapIIpyTiB 0€3MeYHOT0 NepecyBaHHs IEPCOHAIY.
Hamnpy>»keHoCTi MarHiTHUX MOJIIB 01151 ITMHOIIPOBO/IB Ta-
KO IIEPEBUILYIOTh TPAaHUYHO JomycTuMi piBHi. Lle 00y-
MOBITIOE JTOLIJBHICTE OOMEXEHHs dYacy mepeOyBaHHA
JOAEH y MX 30Hax.

3. s 3HIDKEHHS PiBHIB MArHITHHX IIOJIiB IPOMH-
CIIOBOI YaCTOTH, €JIEKTPUYHHX Ta MATHITHHUX IOJIB KOH-
TPOJBOBAaHUX YACTOTHHX CMYT JUIS KOMII IOTEPHOI TeX-
HIKH JOUUTHPHO BIIPOBAPKyBaTW eKpaHyBaHHs. Haii-
01T NPUHHATHUMH €KPaHYIOUHMMU MaTepiaiaMH € eJie-
KTpOTeXHiuHi cTaii kinacy 121 ta amopdHni pepomartitHi
CIIJIaBH.
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Studying the levels of electromagnetic fields
at power generation facilities and developing means of their normalization

V. Glyva, D. Osadchiy

Abstract. The levels of electromagnetic fields in the most critical areas of a thermal power generation enterprise are
investigated. It is established that the intensity of the electric and magnetic components of the electromagnetic field of industrial
frequency at the workplaces of the main control panel personnel does not exceed the limit levels. And the electromagnetic fields
in the controlled frequency bands for the operation of computer equipment significantly exceed the limit values. Elevated concen-
trations of air ions are caused by discharge phenomena in technological equipment. The spectrum of radio frequency electromag-
netic fields was obtained, which indicates the complexity of the electromagnetic situation. The magnetic field strengths around a
320 MW turbine generator were measured. For distances up to 5 m from it, the magnetic field strengths exceed the maximum
permissible levels. It was determined that there is a zone of minimal field near the generator, which is advisable to use to determine
the zones of safe movement of personnel. The asymmetry of the field of a four-pole electric machine is due to fundamental physical
laws. The magnetic field strength near the bushar was measured. At a load of 280 MW and a voltage of 20 kV, the magnetic field
intensity at a distance of 2 m from the outermost current conductor was 1.6-1.7 kA/m, which exceeds the limit level (1.4 KA/m).
To reduce the impact of electromagnetic fields on personnel, it is recommended to use shielding. To cover large surfaces, it is
advisable to use electrical steel of class 121, for shielding small objects (uninterruptible power supply) it is advisable to use a tape
ferromagnetic amorphous alloy.

Keywords: electromagnetic safety, power generation, field strength.
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JOCJIIIPKEHHS PIBHIB LIYMY IIPU PEKOHC:I‘PYK]_[IT 1 BITHOBJIEHHI
BYIIBEJIb I BUBHAYEHHS 3AXO0/1B HOI'O 3HUKXEHHSA

AnoTranis. J{ocmimkeHo piBHI OyiBeIbHOT TEXHIKH, K2 BHKOPHCTOBYETBCS UL PEMOHTIB 1 BiJTHOBJIEHHS Oy/IiBENb Y Me-
’Kax KUTIOBOI 3a0ynoBH. BcTaHOBIIEHO, 10 y GLIBIIOCTI BUITAIKIB Ma€ MicIle IIEPEBHIIEHHS TPAHIYHO JTOITyCTHMHX 3HaYeHb
JUISL HACEeJICHUX MicIlb. AHaJi3 BUMIpIOBaHb y OKTaBHHX CMyTaX 4acTOT CBITYHTH, IO MepeBaka€ HU3bKOUYACTOTHHH IITyM.
Jnst eheKTHBHOTO 3HMKEHHS TAKOTO IIyMY IOLIIBHO 3aCTOCOBYBATH pe30HaHCHI moriuHavi. Hamano po3paxyHkoBy ¢op-
MyJTy AJIsl BU3HAUEHHS PE30HAHCHOI YacToTH maHeni. HanamTyBaHHS naHelNi Ha 4acTOTY 3BYKY HaiOUIbLIOT aMILTITY TN 3HA-
YeHb MepeBuIlye e)eKTUBHICTh 3aXUCTy. BUMIpsiHI piBHI IIyMy HaflOLIbII MOLIMPEHHX €IEKTPOTeHepaTopiB Pe3epBHOTO
€JIEKTPONIOCTaYaHHs. BCTaHOBNICHO, 110 IIIyM JHU3EIbHUX TEHEPATOPiB HE MEPEBHIILY€E TPAHUYHO JOMYCTUMUX piBHIB. [Ilym
OCH3MHOBHX EJIEKTPOTeHePaTOPiB 3HAYHO MEPEBHUIIY€ IPAHUYHI PiBHI. 3aIIPOIIOHOBAHO MOPSIOK PO3POOIICHHS 3aXHCHOT KOH-
CTPYKIII. Y SKOCTI KPUTHYHOI YaCTOTH JOLIJIBHO 00paTH YacTOTy 3BYKY 3 HAHOUIBIIO aMILIiTyj010. I IBOTO Ha IToTie-
pEeIHBOMY eTalli MPOEKTYBaHHs JOLIEHO OTPEMAaTH MaKCHMAaJIbHO HENEepPepBHUM CIIEKTp 3BYKY. JlJIs1 0THOYACHOTO eKpaHy-
BaHHS 3BYKy Ta iH(ppa3ByKy BHKOPHUCTOBYEThCS JBOIIAPOBa MMaHenb. KoxeH miap (maHesi) HAAIITOBYETHCS HA MIEBHY Yac-
TOTY — P€30HAHCHY 1 KpUTUYHY. Lle poOUTh KOHCTPYKIIiIO ITUPOKOCMYTOBOIO. [ migBUIIEHHS e()eKTHBHOCTI KOHCTPYKIIT
MPOIIAPOK MK JABOMA MaHEISIMHU CJIiJ] 3alOBHIOBATH 3BYKOIOTJIMHAIBHUM MaTepiajoM, HalpUKIaj, TpaHyIbOBaHUM IiHO-
MOJIICTUPOJIOM. 32 MOKJIMBOCTI BIICTaHb MiX JBOMA MaHEISIMH KOHCTPYKIIii TOBUHHA JOPiBHIOBATU YBEPTi JOBKUHH XBUITI

MaKCHMaJIbHOI aMILTITYIH.

KawuoBi cioBa: 3axuct BiJ IIyMy, aHeIb, PE30HAHCHA YaCTOTA, €KPAaHyBaHHS.

Beryn

JlocmipKeHHIO aKyCTHIHHUX XapaKTepPUCTUK TEXHi-
YHHX 32Cc00iB, 30KpeMa OyAiBeITbHOT TEXHIKH Ta PO3po0-
JICHHIO 3aXO0/iB i1 3ac00iB iX HOpMaIi3alii MPUILTIETHCS
Oararo yBaru. Y OUIBIIOCTI IIe CTOCYETHCS KaIliTaTbHOTO
OymiBHHIITBA, IOPOXKHIX pobiT Tomro. TobTto poboTu
30IACHIOIOTHCS Ha 3a31aJIerilb MiArOTOBIEHUX MaijgaH-
YHKax, OCTATHBO BiAJICHUX BiJl )KUTIOBOI 3a0yI0BH.
Aue Ha cporo/iHI B YKpaiHi HOTpeOyIOTh PEMOHTY 1 Bif-
HOBJICHHSI 0arato 00’ €KTiB iIHPPACTPYKTYPH, SKi OCTpa-
JKJIaJIM BHACJTIIOK OOMOBHX il Ta TEPOPUCTUUHHUX aTak.
e 3axmagym OCBITH, OXOPOHH 3I0pOB’s Tomlo. Taki
00’ €KTH SIK TIPaBUIIO, PO3TAIIOBAHI Y MICIISIX MIUTHHOI 3a-
OyZoBH, TOMY IIyM OYIiBeIbHOI TEXHIKH MOYE HETaTH-
BHO BIUTMBATH HE TUIBKM Ha MpAIIOIOYMX, a W Ha Hace-
nenns. [Ipy npoMy, SIKIIO IIyM cepeHbOi Ta BUCOKO] da-
CTOTH JIOCTATHHO IIBHUIKO 3racae 3 BIICTAHHIO, TO HU3bKO-
YaCTOTHHH 3BYK Ta iHPPa3ByK PO3MOBCIOIKYETHCS HA Be-
JIMKI BiJICTaHI ¥ MPAaKTUYHO HE TOTJIMHAETHCS OyiBelb-
HUMH KOHCTPYKI[ISIMU Ta IHIIMMH [EPELIKOIaMHU, HAIIPH-
KJIa1, 3eIeHUMH HacapKeHHsAME. L[boMy acriekty 3axucty
BiJI IlyMy Maibke He IpHIUIEThCS yBar. Bimomo, mo 3a-
XHCT BijI HU3bKOYACTOTHUX KOJIMBAaHb Jy)KE CKJIAJIHHM,
TOMY JUISl BUPILLICHHS 3a/1a4 3aXHCTY JIIOAEH Bil IyMy He-
00XiZIHO BHM3HAYUTH AKYCTHYHI XapaKTEPUCTHUKH THIIO-
Boro obnaanaHHs. KpiM Toro, B yMOBax nediluTy enexr-
poeHeprii B YKpaiHi IIMPOKO 3aCTOCOBYIOTHCS €JIEKTpore-
HEPATOPH PE3EPBHOTO €JIEKTPOKUBIEHHS. IX IIyMOBi Xa-
PaKTEepPUCTHKN HA/IAIOTHCS BUPOOHMKAMH y BHUIJISAI €KBi-
BAJICHTHUX 3HAY€Hb UIyMy. AJie JUisl 10ro 3HW)KEHHS He-
00XifHe BH3HAUCHHS CHEKTPAJIBHOTO CKIALy LIyMy, IIO
JIO3BOJIUTH PO3pOOUTH aIeKBaTHI 3aX0/K 3axucTy. Hase-
JIeHe 00YMOBJTIOE aKTYaIbHICTh TOCHIIKESHHSI.

AHaui3 my0Jikaniii 3 eleKTpoMarHiTHoi 6e3nexku
00’€KTiB eHepreTukH. Y JiTEpaTypHHX JDKepenax 3

OXOpPOHHU Tpalli y OyIiBHHLTBI HalaHO IIIYMOBI XapakTe-
pHUCTHKH OYIiBEIBHOI TEXHIKU. AJie 11i pOOOTH MEBHUM
YHHOM 3acTapiii 4epe3 3MiHy HOMEHKJIATYPH TeXHIYHUX
3aco0iB. JIo TOro x Taki JaHi CTOCYBAJIHCS CTaHIAPTHHX
YMOB KamitanbHoro OymiBHUITBA. CydacHi JOCIIIKCHHS
010 PIBHIB IIyMy OYHiBEIbHOI TEXHIKH CBi4aTh, TIPO-
GreMa 3aXHCTy JIFOJEH Bil aKyCTUYHHX BIUIMBIB 3aJIMIIA-
erbed [1, 2]. YV nux poboTax HamaHI TUTBKH €KBiBaJCHTHI
PiBHI IIyMy 3a IIKAJIOI0 KOPEKIIii «A», III0 YCKIIAJTHIOE PO-
3po0JIeHHS 3ac00iB eKpaHyBaHHS Ta IIYMOIIOTIIMHAHHS. B
TOM 7K€ Yac €BPONCHUCHKI HOPMATHUBHI aKTH ITiIBHIIYIOTh
BUMOTH 111010 piBHIB 1ymy [3]. CaniTapHi HopMH YKpa-
{HU HE perJIaMeHTYyI0Th caMe OyAiBeNbHUIA 11yM, a iH}pa-
3BYK PETJIAaMEHTYETHCSI TUILKH SIK (h)aKTOp HOTO CYTTEBOCTI
— 3a PI3HUIICIO TIOKA3iB 3a JIHIHHOO IKAJI0K Ta MIKAJIOK
Kopekii «A» [4]. B ocrarHi poku 6araTto yBars npuaiis-
€TBCS HU3BKOYACTOTHOMY 3BYKY Ta iH(GpPa3Byky [5, 6].
Aure 11 ipobiieMa BUHUKIIA depe3 3’sicyBaHHS (akTy re-
Heparlii iHppa3ByKy BiTpoeneKkTpocTaHmismu [7]. Maibke
yci 1i poOOTH pPO3MIILAAIOTh BIUIMB HHU3bKOYACTOTHOTO
3BYKYy Ta iH(pa3ByKy Ha JI0Jiel, He BU3HAYalOUYH LIIIXIB
ioro 3umxkenHs. [Ipuknagna po6oTa [8] cBiquuTh, 1O CY-
YacHI KOMIO3UIIIHHI MaTepialli MalOTh TEBHUH e(peKT y
HU3BKOYACTOTHIN 00JacTi 3BYKOBOTO CIIEKTpa i 3abe3re-
YyIOTh 1HAEKCH 3HIKEHHs myMy 6—8 nb. Ane ans indpa-
3BYKY JIOCHI/DKEHHSI HE MPOBOMMIKCS. YacTKOBO LUISIXH
BUpIIIEHHS POOIEMHU HaBeIeHO y nociimkenHi [9]. 30k-
peMa IoKa3aHO MOXJIMBICTh €KpaHyBaHHS LIyMy SIK 3BY-
KOBOTO Jliana3oHy, TaK i indpasByky. ¥ nocimipkensi [10]
HaBEAECHO PO3PaxXyHKOBUH amapar Ta 3acaid IPOEKTY-
BaHHS KOHCTPYKIIiT PE30HAHCHOTO THILY, SIKi JIO3BOJISIOTH
TIOTJIMHATH aKyCTHYHI XBHJII 3BYKOBOTO Jiala3oHy Ta iH-
¢pa3Byk. Taki KOHCTpYyKIii NpU3HAYEHI VIS CTalliOHap-
HOTO BUKOPHUCTAaHHS y OyIiBIsAX. AJie aKTyaJIbHOIO € 3a-
Jlaga po3poOIIeHHs 3acaa 3a0e3MeueHHs 3HKESHHS ITyMy
y HECTAIlIOHAPHUX YMOBAX.
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MeTta po0OTH — JOCIIIUTH PiBHI Ta CHEKTPAIbHUH
CKJIaa 1IyMmy OyZiBeNbHOI TEXHIKHM M JOMOMDKHHX HpH-
CTpOiB Ta BU3HAYMTH 3aCa¥ 3HIKCHHS aKyCTHYHOTO Ha-
BaHTa)XEHHS Ha MPALFOIOYHX 1 HACEICHHS.

BukianeHHss 0CHOBHOIO MaTepianxy

Jlis BU3HAYCHHS TIEpeIiKy Ta BMICTY oOpraHiza-
LiHO-TeXHIYHNX 3aXOMiB 31 3HIKEHHS OyNiBEIBHOTO
LIyMy HEOOXiJIHO BUMIpATH (haKTHYHE 3HAYCHHS PiBHIB

myMmy OyxiBenbHOI TexHiku. Lli BuMiproBaHHs Tpeba
3IIMCHIOBAaTH NPUHAHMHI Y OKTaBHHX CMyrax 4acToT.
Taki gaHi 103BOJISAIOTH OUIBII KOPEKTHO BU3HAYMTH 3a-
co0H 3aXHCTy, 0 00yMOBIICHE PI3HUMH TEXHIYHUMHU Pi-
LIEHHSMHU ISl €KpaHyBaHHS 3BYKY PI3HHUX YaCTOTHHX
CMYT.

Pesynpratn BUMiprOBaHHS pPiBHIB IIYMY THIIOBOTO
o0TaHaHHS, 110 BUKOPHCTOBYETHCS B MPOIIECaX BiTHOB-
JIOBAJIFHUX POOIT HaBeJeHo y Tadur. 1.

Tabnuya 1 — PiBHi 11yMy TeXHIYHHX 32c06iB, 1110 BHKOPHCTOBYIOTHCSI HA OyAiBHUITBI

PiBeHb 3Byk0BOro THCKY, AB, y OKTaBHUX cMyrax
Texniunuii 3aci i3 cepelHbOreOMeTPUYHMMH YacToTamu, I'L.
31,5 63 125 | 250 500 1000 2000 4000 8000 Lexs, 1IBA
Berono3minryBau 101 96 90 88 91 87 78 74 72 86
KommpecopHa cranitist 104 95 92 93 94 97 95 92 91 94
beroHoHacoc 95 95 90 87 94 85 86 78 70 86
Bibpomornor 95 102 97 101 99 102 101 98 92 98
Bibpauiitauii 6pyc 98 90 84 89 92 85 84 79 77 85
ExckaBatop 102 94 90 88 87 92 90 87 78 90
Bynisenbuuii nepdoparop 103 76 92 92 89 88 91 85 77 90

Bincranp BUMiproBaHHA cKiagana 5 M. SIK BUIHO 3
HaBEJCHUX JIaHHX, PIBHI LIyMY IIEPEBUILYIOTh IPAHUYHO
JIOMTYCTUMI PIiBHI SK MPAIIOI0YKX, TaK 1 Ui HACEICHHS.
[Tpu upOMY HIYM KOXKHOTO arperaTy BUMIpIOBaBCS OK-
pemo. 3a ix 0fHOYaCHOT pOOOTH CKBIBAJICHTHI 3HAUCHHS
3pOCTyTh. BiicTanp BHMIpIOBaHb HCBEIIHKA, aje JaHi
Tabn. 1 cBiguark, 110 HAWBUILI 3HAYEHHS IIYMY IpHIIa-
JIal0Th Ha HU3bKOYACTOTHY 00JIaCTh 3BYKOBOTO CIICKTpa.
KoedimienTr 3racaHHs HUI3bKOYaCTOTHOTO IITyMY HE3Ha-
YHi, TOMY BiH IIOIINPIOETHCS HA BEJHKI BifcTaHi. B Toi
e 4Jac 3aco0M eKpaHyBaHHS TAKOTO IIyMY MAaroTh Maiy
e(pEKTHBHICTh Yepe3 BEJHKI JOBXWHN XBWJIb Yy Iiil 001a-
cTi cnekTpa. Pe3oHaHCHa dYacToTa pO3paxoBYEThCS 3i
CHIBBITHOILICHHSI:

K F
r=or < e
21\ pybh
ne K — mopsimok pesonancuoi yacroru (K=1, 2, 3...), F—
CUJia HATSDKIHHS MaTepiajly MaHeni, pm — TyCTHHA Mare-
piany mawmemni, | — noBxuna, b — mmpuna, h — ToBITIHA
TIaHesi.

Tabauys 2 — PiBHI 11yMy pe3epBHHX eJIeKTPOTreHepaTopiB

3navyenHs K=1 BigmoBingae MiHIMaIbHIN pe30HAHC-
Hiif yacrori. [TornrHaHHs BiAOYBaEeTHCS U1 YCIX 4acTOT,
KpaTHHUX MiHIMaJIBHIH.

Byno BUKOHaHO BUMIpIOBAaHHS PiBHIB IIyMY AH3e-
JbHUX Ta OCH3WHOBHX elleKTporeHepatopis. HaiOinbIr
TUIIOBUMHU MOTYXKHOCTSIMU TU3EIbHUX TeHEPaTOPIB € 34—
55 kBT, 6en3unoBux — 2—4 kBt. Y Tab:1. 2 HaBeaeHo yce-
penHeHi naHi.

Hameneni naHi opieHTOBHI 4epe3 yCepeIHeHHS I10-
Ka3HHKIB [0 OKTaBHHX CMyrax 4acToT, aJie 4iTKO MpOc-
TEXYIOThCS TIEBHI 3aKOHOMIpHOCTI. PiBHI mrymy OeH3u-
HOBHX T€HEPaTOpiB Ha0araTo BHUIII 3a AM3EIBHI 1 B yCiX
BUITaIKaX MEPEBHIIYIOTh TPAHUYHO JMOIYCTHUMi piBHi.
[Ipu upOMy IS M3ENBHUX T€HEpaTopiB MaKCHMallbHi
aMIUTITY/IHI 3BYKH NPHUTaMaHHI HU3bKOYACTOTHINH 00Ma-
CTi 3ByKOBOTI'O CIIEKTpa.

Sk 3a3Hauanocs, Uil HU3bKOYACTOTHOI 00JacTi
3BYKOBOTO CIIEKTpa JOL1JIbHO BUKOPUCTOBYBATH PE30Ha-
HCHI 3aXUCHI maHesi. st iyMy cepesiHixX i BACOKHX 4a-
CTOT JAOLUILHO BUKOPHCTOBYBATH 3BYKOIIOTIMHAIBHI Ma-
Tepiany # KOHCTPYKIIT 3 HUX.

1 . 315 63 125 250 500 1000 2000 | 4000 | 8000 | Lew, ABA
VCTRH 92 94 90 85 78 74 65 65 62 76
BeH3MHOBI 84 86 72 88 105 97 100 102 98 92

SIK1110 BUKOPUCTOBYBATH OJJHOLIAPOBY MaHENb, TO ii
MIPOEKTYBaHHS JIOLIBHO 3J[IICHIOBATH 32 NIEBHUM aJIr0-
PUTMOM, TOOTO Y HACTYTIHIH ITOCIiTOBHOCTI.

Ha citmi koopauHAT 1o 0ci abCIc HAHOCSTHCS 3Ha-
YeHHS 3BYKY JJIS KPUTHYHOI Y9acTOTH W ii rapMOHIK —
0,25f;; 0,5f¢; fc; 2f.. ITo oci opaunat — 3ByKOIZ0MIALIsS R
abo0 1HIEeKCH 3HIKEHHS 3BYyKy AL.

JI1st KOXKHOT 3 YOTHPHOX YaCTOT — rpadidHo OTpH-
MYIOThCS 3HaueHHs R abo AL.

OTprMaHi YOTHPHU TOYKHU 3 €THYIOTBCS W OTPUMY-
€TbCSl KpUBa €PEKTUBHOCTI IaHeli y Jenudenax Ha OK-
TaBy.

Emmnipnuna ¢opmyna aist BU3HaYEHHS KPUTHYHOL
YaCTOTH:
2
f. =0,55-0
hop,
Jie Lo — IMIBHAKICTh 3BYKY y TMOBITPi, Um — IIBHIKICTH
3ByKy y Marepiaii, h — ToBIIHHA aHeri.

SAxmo € motpeda 0 HOYACHOT 3BYKOI30JIAIIIl Y 3BY-
KOBOMY Jliana3oHi Ta iH(ppa3ByKOBOMY Jliama3oHi, TO Ia-
HEnb poOuThCs ABOIapoBoro. [Ipn mpoMy npyra naHemsb
(mns iHpa3ByKy) po3TAIIOBYETHCS 1MO3ay TepIoi Bif-
HOCHO IIPOMEHIB PO3NOBCIOJDKEHHS IIYyMy. Y LBOMY
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BUIIAJKY BIICTaHb MK ITaHEJISIMH MOJKJIMBO 00partu Ta-
KOI0, sika Oy/ie BiANOBIAaTH OJHIH YBEPTi 3BYKOBOT XBHJIi
HANOLIBIIOK aMILTITYAH, IO PI3KO MiJABHUIINUTE e(eKTH-
BHICTH IIyMo3axucTy. /[yl migBHIIEHHS e(QEeKTUBHOCTI
KOHCTPYKIIi MPOMIXXOK MK HaHEJISIMH JIOLIBHO 3aII0B-
HHUTH IIYMONOIIMHAIEHAM HEOMHODPITHUM MaTepialoM,
HaTIpUKJIaJ, TPaHyJbOBAaHUM ITiHOIONICTHPOJIOM. Jlis
eKpaHyBaHHS 3BYKY CJIEKTPOT€HEpaTOPiB MOLITBHO 3a-
CTOCOBYBaTH KOHCTPYKIiO y ¢opMmi mapaineneminesna.
€aHUM 00OMEXEHHSIM € HeOOX1AHICTE 3a0€e3IeYeHHS BE-
HTWIALII Ta Ta30BIABOIY B TeHEpaTopa.

BucHoBku

1. BumipsiHi 3Ha4eHHS IIyMy OyIiBeTbHOI TEXHIKH
Y OKTaBHHX CMYTaX 4acTOT CBiT4aTh, O OaraTb0X BHIIA-
IKaX € MEepPEeBUIIECHHS TI'PAaHUYHO JOMYCTHMHX DiBHIB.

VY GuIbIIOCTI BUMAAKIB IIyM TEXHIYHUX 3aC00IB IepeBa-
JKHO HHU3bKOYacTOTHHWi. lle 00ymoBmoe po3pobieHHs
3ac00iB 3aXMCTy IPAIIOIOYMX 3 BUKOPHCTaHHSIM KOHC-
TPYKUii Pe30HAHCHOTO THUILY.

2. BuMipsiHi 3HaueHHs IIyMy €JIEKTPOreHepaTopiB
aBapifHOTO XKWBIICHHA. BCTaHOBIIEHO, IO AW3ENbHI Te-
HEepaTopu MarOTh IIYMHICTb, KA HE IEPEBHIIY€E TPaHU-
YHO JOMyCTHMi piBHI. BeH3WHOBI reHepaTtopu MaroTh
IOIyMOBiI XapaKTEPHUCTHKH, SKi 3HAYHO MEPEBUIIYIOTH
TpaHNYHI 3HAYCHHS.

3. Po3pobierHo mocimiToBHICTh MTPOSKTYBAaHHS 3aXH-
CHUX TaHeNeH Ul eKpaHyBaHHS 3BYKY Ta iH()Pa3BYKY.
Jns mpoexkTyBaHHS 3aXMCHOI KOHCTPYKIIi HEOOXiJHO
MaTH JjaHi II0/10 aMILTITYJHO-4aCTOTHUX XapaKTEPUCTHK
LIyMy, IO HAaJacTh MOKJIMBICTh HaJalITOBYBAaTU 3aXH-
CHI IaHeJIi Ha 9aCTOTH MaKCUMaIbHUX aMIUTITYI.
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Investigation of noise levels during the reconstruction and restoration
of buildings and identification of noise reduction measures

V. Glyva, M. Kashlev, K. Tkachuk

Abstract. The levels of construction equipment used for repair and restoration of buildings within residential areas are
investigated. It is established that in most cases there is an excess of maximum permissible values for populated areas. The analysis
of measurements in octave frequency bands shows that low-frequency noise prevails. To effectively reduce this noise, it is advisable
to use resonant absorbers. A calculation formula for determining the resonant frequency of a panel is presented. Adjusting the panel
to the sound frequency of the highest amplitude values exceeds the effectiveness of protection. The noise levels of the most common
backup power generators have been measured. It was found that the noise of diesel generators does not exceed the maximum
permissible levels. The noise of petrol generators significantly exceeds the limit levels. The procedure for developing a protective
structure is proposed. It is advisable to choose the frequency of sound with the highest amplitude as the critical frequency. To do
this, it is advisable to obtain the most continuous sound spectrum at the preliminary design stage. A two-layer panel is used for
simultaneous sound and infrasound shielding. Each layer (panel) is tuned to a specific frequency — resonant and critical. This makes
the structure broadband. To increase the efficiency of the structure, the gap between the two panels should be filled with sound-
absorbing material, such as granular polystyrene foam. If possible, the distance between the two panels should be a quarter of the
wavelength of the maximum amplitude.

Keywords: noise protection, panel, resonant frequency, shielding.
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Harmionansauii TexHIYHUHN yHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa

METOA MATEMATUYHOI'O MOAEJ/JTIOBAHHA
CAMOIIOAIBHOI'O TPA®DIKY Y IHOOKOMYHIKAHIMHUX MEPEXAX

AHoTanis. BUCBITICHO HOBUI MiIXiA 0 BUPILIEHHS MPOOJIEMHU aJeKBaTHOTO MOJIETIOBAHHS MEPEKEBOro Tpadiky. 3ampo-
TIOHOBaHO HOBHH METOJ, IO I03BOJISIE TEHEPYBAaTH CaMOIOAI0OH] IIOTOKU ITAKETiB 3 IOBUIHHUM 3aJaHUM CTYIIEHEM CaMOIOIi0-
HOCTI y iHpOKOMYHIKaIIIfHIX Mepexkax. Meron 6a3yeThbcsl Ha BAKOpUCTaHHI po3noniny [lapero Ta MeTomy MakcCHMallbHOI IIpa-
BIOTIOAIOHOCTI TS OLIHKY HapaMeTpiB Mozeri. OTpuMaHi pe3yIbTaTH MOXKYTh OyTH BUKOPHCTaHI Il HOOYZOBH OLTBIN peati-
CTUYHUX IMITaliifHUX Mozenel iH(POKOMYHIKaIlIHHIX MepeK. ABTOPH MPOIIOHYIOTH METO/] MATEMAaTHYHOT'O arapary Ui po-
nexypu popMyBaHHS caMOIOAIOHOTO TpadiKy, KU IOJArae B CTBOPEHHI TOYHOI Ta epeKTUBHOI MOJIeNi, 110 BioOpaxae pea-
JIBHI BIIACTUBOCTI CaMONOMIOHOCTI y IMTOTOKAaX JaHHX. 3alpOIOHOBAHO e()EKTHBHUIT IHCTPYMEHT ISl MOJIETIOBAHHS CKJIaIHUX
MEpEKEeBHX MPOIIECIB, IO JO3BOJISIE TOYHIIIIE IPOTHO3YBATH OBEAIHKY iH(POKOMYHIKaLIifHOT MeperKi Ta ONTUMI3yBaTH ii poOoTy.
Y mpencTaBieHiif CTaTTi 3alpONOHOBAHO MPOLeAypY (GOpMyBaHHS caMonofiOHOro TpadiKy Ha OCHOBI 3aKoHy posnoniny [lapeto.
Lleii 3akoH 0OpaHuMii 3aBISKU CBOIH 3AATHOCTI OIMMCYBAaTH BUITAJKOBI BEJIMYMHH 3 JOBIMMH XBOCTaMH, III0 IPUTAMAHHO 0ararox
peanbHuX cucteM. OCHOBHUM MapaMeTpoM, IO BU3HAYAE PiBEHb CAMONIONIOHOCTI TOTOKY, € MapaMeTp XepeTa, Mo J03BOJISE THY-
YKO MOJICITFOBATH Pi3Hi ClicHapii Tpadiky. 3amponoHoBaHa MpoIeaypa € BaKIMBUM IHCTPYMEHTOM JUIS TOCIITHHKIB Ta iHXEHEe-
PpiB, 10 3aliMAIOTHCS] MOZGIIIOBAHHSM Ta AHAJII30M MEPEXEBOro TpadiKy, MOXKe 3aCTOCOBYBATHCS ISl MOJIETIOBAaHHS Tpadiky B
iH(OKOMYHIKaLIfHIX MeperKax, 10 CIPHUsIE MOKPAIIEHHIO TOYHOCTI BiITBOPEHHS PEIbHUX YMOB POOOTH MEPEX.

KawuoBi ciroBa: camononiOnmii Tpadix, mapamerp Xepcra, posmnonin [lapero, meron, iHpoKoMyHiKamiliHa Mepexa.

Beryn

AKTyaJbHIiCTh JocTimKkeHHs. JocmipkeHHs MaTe-
MaTHYHUX MOJIeNIel caMomnoAiOHoro Tpadiky, Mo Haaxo-
JMTH 1O By371a iHQOKOMYHIKAIiiHOI Mepexi, € Ha/I3BH-
YaifHO aKTyallbHAM y Cy4acHUX YMOBaX 3pOCTaHHS 00cCs-
IiB JJAHUX 1 CKJIAIHOCTI MepexeBux cucreM. Camonoio-
HiCTh Tpadiky, 10 XapaKTepH3YEThCsl TOBrOTPUBAIMMHU
3aJICXKHOCTSIMH Ta BAKKAMH XBOCTAMH PO3MOLIIB, MA€ ic-
TOTHHIA BIUIMB HA MPOCKTYBAHHS, YIIPABJIIHHS Ta OMTUMI-
3arito Mepex. TpaauiiitHi Mozeni, siKi IPHUITyCKalOTh BH-
MaJKOBICTh 3 KOPOTKOTPUBAJIO MaM'ATTIO, HE MOXYTh
aJIeKBaTHO BI1IOOpPA3UTH peaibHi YMOBH pOOOTH MEPEK,
Je Tpadik 9acTo BUABIISIE CaMOIIOIi0OHI BIaCTHBOCTI.

AKTyanpHICTE T1i€i Temu 3pocTae Ha (OHI IIBHI-
KOTO PO3BHUTKY TEXHOJIOTiH, TakuX SK [HTepHET pedew,
ITOTOKOBE BiZICO T BEIUKI IaHi, IKi CTBOPIOIOTH HOBI BU-
KIIUKHU 7151 MepekeBoi iHppacTpykTypu. Mozeni camo-
noaioHoro Tpadiky AO3BOJISAIOTH Kpalle MependaduTh
HaBaHTaXXCHHsI Ha BY3JIM MEPEXKi, ONTUMI3yBaTH peCypcH
Ta MOKPALTUTH SKICTh 00CIyroByBaHH:. TouHE MOzemIo-
BaHHS TAKHX SBHUII € KIIFOYOBUM ISl 3a0C3MCUCHHS CTa-
61TpHOCTI Ta €()eKTUBHOCTI MEPEKEBUX CHCTEM Y peallb-
HUX yMoBax. KpiM Toro, po3poOka MaTeMaTHIHHX MO/Ie-
nei camorofioHoOTO Tpadiky sornoMarae y BUSBICHHI Ta
BUpIIIEHH]I MPo0JIeM, OB’ sI3aHUX 13 3aTPUMKaMH, Iepe-
BaHTa)KCHHSIM Ta BTpaTaMH MAaKeTiB y Mepexax. Mojeni,
0 BPaxOBYHIOTH CaMOMNOAiIOHICTh, 3a0€3MeUyITh TOY-
Hillle TPOTHO3YBaHHS HABAHTAXXEHHS 1 [O3BOJSIOTH
Kpallle YIPaBIATH PECYpCaMH, 10 KPUTHYHO BaXKIIUBO
JUTS 3a0€3MeUeHHsT HaiHHOCTI Ta e(DeKTUBHOCTI cydac-
HUX 1HQOKOMYHIKAIIIHHUX MEPEK.

BuBueHHs MaTeMaTHYHUX MOZEIENH CaMOIIOXIOHOTO
TpadiKy TaKOX Mae BEIMKE 3HAYCHHS JJIS PO3POOKH HO-
BHUX alNTOPUTMIB 1 TEXHOJIOTiH YIpPAaBIiHHI MEpeKaMH.
IHHOBaWiT B 1iK 00JNACTI MOXYTh BKIFOYATH aJalTHBHI

METOAN KOHTPOJIFO Tpadiky, HOBI MiIXOAN 10 MapLIPyTH-
3aIil Ta YIpaBIiHH SKICTIO 00CITyrOBYBaHHS, 10 3a0e3-
NeYyoTh OUIbII e(eKTUBHE BUKOPUCTAHHS MEpPEKEBHX
pecypciB Ta MOKPALLyIOTh 3arajibHy MPOIYKTHBHICTh Me-
pex. TakuM YMHOM, JOCIHIIKEHHS MaTeMaTHIHUX MOJIe-
nel caMmonoAiOHOTO TpadiKy € BaXKITMBUM KPOKOM JI0 BJIO-
CKOHAJICHHS 1HPOKOMYHIKAIIIITHAX MepexK, 3a0e3meueHHs
X CTaOUIBHOCTI Ta e()EKTHBHOCTI, 8 TAKOX PO3POOKH HO-
BUX TEXHOJIOTIYHHX PIlICHb, SIKi BiIIIOBITAIOTH BUMOTaM
CYYaCHHX Ta MalOyTHIX KOMYHIKAI[IHHIX CEPEIOBHIII.

Orusp Jitepatypu. MaTtemaTH4Huil amapatr map-
KIBCBKHX MOJICNICH JTOBOJII YacTO BUKOPHCTOBYETHCS IS
MOJICJIIOBaHHS Mepex. MapKiBCbKi MOJIeli € CTaTUCTHY-
HUMH MOJIEJISIMH, 1110 BUKOPUCTOBYIOThCS B 0araTbox pea-
JIBHUX 3aCTOCYBAHHSX Ta CHUJIbHOTAaX. Bukopucranus ma-
PKIBCBKHX MOJEINEH CTaJlo IepeBakaTh B OCTaHHI ECATH-
JUTTS, MO MiATBEPIKYETHCS BEIUKOIO KUTBKICTIO OITyOti-
koBaHMX crareil. ¥ [1] posrsiHyTo Oinbi Hix 200 my0Omi-
Kall[iif 1110/10 MapKiBCEKMX MOJEINEH, 110 OyJIM 3aCTOCOBaHi
JI0 pi3HUX cdep 3actocyBaHHs. CTaTTsl IEMOHCTPYE 3Ha-
YHI TEHJCHIII Y JOCHIKCHHSIX BapiaHTIB MapKiBCHKHX
MoOJIeJiel Ta iX 3aCTOCyBaHb, ajleé HOCUTb JIUIIIE OTJISIIOBUM
xapaktep. Tak, 3a JOMOMOr0I0 MaTeMaTHYHOTO anapary
MapKiBCBKUX JIAHITIOTIB CTAJ0 MOXJIMBHM MOJIETFOBATH
pisHi BuaM Tpadika Ta pisHi mpotokomu [2, 3.

ITpu noOynoBi MapKiBCEKHX Mojenell GpyHKIIIOHY-
BaHHS iHPOKOMYHIKAIIHHIX MEpeX TPaAUIIHHO NPHUITY-
CKalOTh ITyaCOHIBCHKMH XapakTep BXiIHOTro Tpadiky.
AJte, 3 BUXOJIOM CTATTi [4] Take MPUITYIICHHS, MO0 ITy-
acoHiBcekoro Tpadiky Oyino posBiHuaHo. bymo moka-
3aHO, 1[0 pealbHUI Tpadik Mae McIAio, a A1 BUMIpPY
piBHA micisanii Tpadika craqu BUKOPHCTOBYBATH Iapa-
metp Xepcra H [5]. Takuii Tpadik 1me Ha3uBarOThH Hade-
YHUM Y4 caMomoaiOHuM. Lle siBHIIIE MOSCHIOETHCS HasIB-
HICTIO JIOBTO1 MaM'siTi B TMpoliecax, Mo reHepyoTh Tpa-
ik, HampUKIaA, TP Tepemadi BeTuKux ¢aime ado
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MIOTOKOBOMY BiJI€O, Jie IHTEHCHUBHICTb TpadiKy 3auiia-
€TBCSl BUCOKOIO NPOTATOM TPHUBAIMX MPOMIXKIB Hacy,
CTBOPIOIOYHM e(DeKT KIacTepH3aLlii Ta 3aJIe)KHOCTI MIXK pi-
3HUMH YacCOBUMH IHTEpBaJaMHu. Y CY4YacHHX MOJEISX
MepeXX HaMararoThCs 3aKJIaJaTH BIIACTUBICTH CaMOIO-
no0u 1o BimmoBimHUX Moneneil. Hampukman, y [6] posr-
JAAAI0THCS 3acO0M mependadeHHs TMOBEAIHKH CKIIATHOT
CHCTEMH MacoBOTO OOCIyTOBYBaHHS i3 aBTOKOpEIILIii-
HHMM BXIJHHM ITIOTOKOM, III0 Ma€ IMICISIII0, ajle Taka MO-
JIENb CHJIBHO 3aJIEKHICTD Bl IKOCTI JaHUX.

ITocranoBka MeTH Ta 3aga4 gocaimxenus. Cra-
THUCTUYHI CIIOCTEPEIKEHHS 32 MEPEKHUM TpadikoM y pe-
ATbHUX 1HQOKOMYHIKaliHHUX Mepekax MOKa3ay, 0
BX1JTHMH TOTIK MAKEeTiB JaHUX Ma€ BIACTHUBICTb CaMOIIO-
JiOHOCTI. BiNbIIOI0 MipOO BIACTUBICTH CAMOIIONIOHOCTI
BUSIBJIIETHCS Y HAsBHOCTI MICJISIAIT y BUIIAJIKOBOMY Xapa-
krepi Tpadiky. lle o3Hauae, MO 3pOoCTaHHS HaBaHTa-
JKCHHSI B MEPEXi MOKe MPU3BECTH A0 IIe OLIbmoro 30i-
TBLICHHS HAaBaHTA)KCHHS HaJalli.

AHanmiTHYHUN omuc Tporiecy QYHKI[IOHYBaHHS iH-
(hoKOMyHIKaNIHHOT MepeKi 13 3a1aHIM 3HAUYCHHIM Hapa-
MeTpa caMonoAiOHOCTI BiACYTHIN. Y 3B'S3Ky 3 IIUM TpHU-
POIHUM € BUKOPUCTAHHS IMITAlIMHUX MoJenei. [{ns mo-
OyZI0BH aJcKBATHOI IMITAIifiHOT MO/Esl HEOOXITHO iMi-
TyBaTH MepexeBHi Tpadik i3 GpakTaaIbHOI CKIIAJI0BOIO.

Meta nociipkeHHS — PO3pOOUTH ANrOPUTMHU Ta
MaTeMaTu4Hi iIHCTPYMEHTH, SKi JI03BOJISATh T'€HEpYBaTH
Ta aHaji3yBaTH Tpagik 3 BIACTHBOCTSIMH CaMOIOi0HO-
CTi, TaKi sIK JOBT1 XBOCTH PO3IOLTIB Ta aBTOKOPEIAIIHI
cTpykTypH. Lle BKirovae B cebe 3agadi po3poOKH HOBHX
METO/IiB [l MOACTIOBaHHS Ta OLIIHKH ITapaMeTpiB caMo-
MOIOHOCTI, IO BIATIOBIAAIOTH PI3HUM THIIAM MEPEK Ta
HaBaHTaXeHb. OKpIiM IbOTO, 3aJa4i TaKoX Iependava-
I0Th IHTErpariro po3poliIeHnX MoJellell v peanbHi clie-
Hapii MEepeKeBOro ynpasiiHHs, 00 nepeBipuTH ix ede-
KTUBHICTh Y IPOTHO3YBaHHI HaBaHTaXKEHHSI, YIIPaBIiHHI
pecypcaMu Ta OnTHMI3aIlii SKOCTI 00CayroByBanHs. Ba-
JKIIMBOKO YAaCTHHOIO 3aj1a4i € Bepudikaiis Ta Kamiopy-
BaHHS MaTeMaTHYHOTO arapary Ha OCHOBI peajbHHX Jla-
HHUX, [0 I03BOJIMTH 320€3MeYUTH HOTo MPaKTUIHY 3aCTO-
COBHICTh 1 TOYHICTh y BiTOOpa)keHHI CaMOIOIiIOHOCTI
Tpadiky B pi3sHHX yMOBaX MEpEKHOT poOOTH.

Pe3yabTaTtu gociaixxenn

MeTtoa OTpMMAaHHS BUMAAKOBOI MOCTiIOBHOCTI
inTepBajiB Mixk makeramu. [leprr HiXx reHepyBaTH BU-
MaJIKOBY TIOCTiIOBHICTB 13 MICISIIEI0 PO3TISTHEMO METO/T
OTpUMaHHSI BHIIQJIKOBOi TOCIZIOBHOCTI 32 OY/b-SKUM
Hariepes 3aJlaHiuM 3aKOHOM posmoainy. Hexait Buman-
KOBa BeJTMYMHA X PO3MOJIiIeHA 32 JESTKUM 3aKOHOM

Fx)=PX<x)=[" f(xydx=y, (1)

ae f(x) - WiIbHICTD PO3IOIily BUNIAIKOBOT BETMYMHH X.
@yukuis posnoaity F(x) Bu3Hauae HMOBIpHICTH TOTO,
10 BHUIIAJIKOBA BETMYMHA X MEHIIa abo0 TOPiBHIOE X.

3Haiinemo Tenep 3BopotHy (GyHkuio F~1(w), axa
BU3HAYA€ETHCA SIK TaKa, 110 JUIs BCIX 3Ha4€Hb U 3 IHTEp-
Baiy [0, 1] BUKOHYETBCS PIBHSAHHS

F7H(F () = u. O]

Jaxi juis reHepyBaHHs BUNaaKoBoro uucia U 3 pi-
BHOMIpHOTO po3noziny Ha inrepsani [0, 1] Bukopucro-

BY€ETBCS TCHEPATOP PIBHOMIPHUX BHUIAJKOBUX YUCEN. Y
CBOIO Yepry, 3a JOHOMOT'0I0 3BOPOTHOT PyHKIIT OTpUMY-
€MO 3HAYCHHS BHIIAJKOBOi BEIUYMHHU X, SIKI OTPUMY-
rothed 3 F1(w), puc. 1.

.

X, 0 X x

Puc.1. OTpumaHHS BUIIAIKOBOTO 3HAYCHHS
3a 33IaHUM 3aKOHOM PO3IOALITY

3a BU3HAYEHHAM 3aKOH po3mnoxainy F(u) BHmaako-
Boi BernuuHU U €

Fy)=P(U<y)=P(F(w) <F(x)) =
=P(U<x)=F(x) =y, ®)

npugomy 0 <y < 1.
BukopucToByroun (3), HanumeMo

PWU<x)=[" f(x)dx=y. (4)

Toni, SAKWO Yi,¥2,V3,--+)Vis+~ - TOCIITOBHICTD
3Ha4YeHb BHUIMAAKOBOI BeIHMYMHU U PIBHOMIPHO PO3IMOJi-
nenoi B inTepBaii [0; 1], To, Bupinyoun piBHSHHS (4)
HIOJI0 BEPXHBbOI MEXi X, OTPHUMAEMO IIOCIIJIOBHICTBH

X1,X, X3, ..+, X, .. BHINAIKOBHX YHCEJ, PO3MOIIICHHX
BiAnoBigHo 1o (1), mpudomy
Xi .
F(x;) = f_o‘of(x)dx =y, i=12,... (5)

MeToa oTpUMAaHHSI BUNIAJKOBOI MOCJTiI0OBHOCTI i3
nicasiiero. PosrisiHemo cnoci6 (hopMyBaHHS BUNAIKOBOT
MOCITOBHOCTI, $IKa Ma€ BJIACTHBICTH camomnoao0u. Jlis
reHeparii IOTOKY 3 IiCIIsIII€I0 BUKOPUCTAHO PO3MOALT BH-
najkoBoi BenmmauHu [lapero, sikuii Mae BaKkuid XBicT. Bu-
KOPUCTOBYEMO (5) IJIsl OTpHMAaHHS BUITAIKOBUX BEIHIHH,
po3moieHux 3rimHo i3 3akoHoM [laperto. Toni:

ka

Feo=1-(%), 6

a piBHSHHA (5) HaOyBae BUTIALY
k a
1- (x‘) =u,. @)

3Bigcu MaeMo
AN k 1
() =1-w, T=0-ww
Xi

Xi
X = Ll (8)
(1-upa

Temnep, hopMyrOUYH MTOCTIIOBHICTH BHITAIKOBUX YH-
cel U;, pIBHOMIpHO po3noniiieHux B inTepsaini [0; 1], Ta
MiACTaBISIOUN X y (8), po3paxyeMo IIyKaHy IOCIiI0B-

HicTh [TapeTo-po3noIijIeHIX BUTIAAKOBUX BEIHUNH.
MeToa Mojel0oBaHHsSI BIUIUBY pPiBHSI caMomo-
100M HAa BUNAJAKOBHI Tpagik 3riqHo 0 3aJaHOT0 ma-
pametpy XepcTa. 3anponoHOBAaHO NPOLEIYPY BH3HA-
4yeHHst 3aiexHocti napamerpis (a, k) Ilapero — po3smno-
nimy Tta mapamerpa Xepcra H [7]. Jns 3amaHoro
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3HAUEHHs Iapamerpa Xepcra BUKOPHUCTYEMO (OpMYIy
ABTOKOPEJIALIHHOT QYHKIIT U1 caMonoAiOHOTO Mpoliecy

r(t) = (1+71)"1, 9)

[Nopanba nocnigoBHICTH Jii Taka:

a) s CyKyITHOCTI YaCOBHX iHTEpBAJIiB, IO HE Tie-
peTHHAIOThCS, (OPMY€eThCI OOYMOBIIEHA aBTOKOpPEIs-
LiHOI0 (PYHKIIEIO TTOCIiAOBHICTh KOPEIbOBAaHUX BHIIA-
JKOBHX BEITMYWH, IO 331af0Th KUTBKICTH MTOB1IOMJICHD y
KO)KHOMY iHTepBaJi;

0) BIOBITHO 10 OTPUMAHOTO PO3MOILTY YHCIIA ITaKe-
TIB Y KO)KHOMY iHTepBai ()OPMY€ETHCSI BUIAKOBA MOCITIT0-
BHICTb JIOBXKHH IMPOMDKKIB MK TIAKETAMU 3 MICISIIET0;

B) ITOCJIIOBHICTb BUIIaJIKOBUX MPOMIXKIB Mi’K MO-
MEHTaMH{ HaJIXOJUKEHHS MaKeTiB, 10 BUHUKAE, YTBOPIOE
TOTIK 13 3aJJaHUM [TapaMeTPOM CaMOIIOJi0HOCTi;

r) OTpUMaHUH CaMONOAIOHHMH MOTIK CTAaTHCTHYHO
00poOIIAEThCS, Yy pe3yNbTaTi OyAyeThes TicTorpaMa Bif-
HOCHHX YacTOT IOSIBH POMIXKKIB 3aJaHOI IOBXKUHU;

Il) METOJJOM HaiMEHIINX KBAJIPaTiB 3[IHCHIOETHCS
BHOIp BigmoBigHUX mapaMeTpi [lapero-po3monity, mo
aIPOKCUMY€ TiCTOTpaMy, SKi CTaBIATHCS Y BIIOIOBiA-
HICTb 10 3aaHoro 3HaueHHs. H.

Jani onucana mpoleaypa NOBTOPIOETHCS ISl HO-
Boro 3HaueHHs H. PesynmpraT, mo OTpHMYIOTBCS HpH
LIOMY, BAKOPUCTOBYIOTBCS JJISl BiIIITyKaHHS 3aJ1€)KHOCTI
napametpiB [lapeto — po3moniny Bij YMCENBHOTO 3Ha-
4yeHHs napamerpa H.

BucHoBku

3amporoHoBaHO Tpoueaypy (HopMyBaHHS caMOIO-
IiOHOTO MMOTOKY HA OCHOBI 3aKOHY po3noxiny [lapero. Pi-
BEHb CAMOIIONIOHOCTI ONIEpKYBaHOTO TOTOKY BH3HAYa-
eTbcs mapameTpoM Xepcera. [Iponenypa Moxxe OyTH BUKO-
pucTaHa Juisi omucy Tpadiky npu moOymoBi iMiTarliiiHOT
Mozeni GpyHKIIOHYBaHHS iHPOKOMYHIKAIIIHOT Mepexi.

[Mpouenypa ¢GopmMyBaHHS CaMoONOIIOHOTO HOTOKY
3aCHOBaHa Ha I'eHepallii BUMAJAKOBUX YHCEI BiIIOBIIHO
10 3akoHy po3nofiny Ilapero. Lleit po3noain BuOpanuit
yepe3 HOTo BIaCTHUBICTH CTBOPIOBATH JOBI1 XBOCTH, IO €
XapaKTepHUM JUIA 0araTboX peasbHUX CHCTEM. 3a JIOTIOo-
MOTOI0 IapaMeTpa XepcTa BUSHAYAEThCS CTYIIHb CaMo-
MOMIOHOCTI TOTOKY, IO IO3BOJISIE MOJICNIOBATH Pi3HI
creHapii Tpagiky. [IpencrasieHi B poOOTi anroputMu Ta
MaTreMaTH4YHi IHCTPYMEHTH, JIEMOHCTPYIOTh, SIK 3MiHIO-
€THCS TIOBEIIHKA IIOTOKY IPH Pi3HUX 3HAUSHHSX Mapame-
Tpa Xepcra, 110 HaJae MOXKIUBICTH Kpallle 3po3yMiTH i
nependaYuTH podoTy iHPOKOMYHIKAIIIHHUX MEPEXK.

BukopucranHs camonoJiOHUX MOTOKIB J103BOJISE
O1JIBII TOYHO BiITBOPIOBATH YMOBH PEajIbHUX MEPEK, IO
CrIpusie po3poOIi ePeKTHBHUX aJTOPUTMIB Ta CTpaTeriit
ympaBIiHHS TpadikoM. 3acTOCyBaHHA MmapameTpa Xepcra
JUISL PETYIIOBaHHSA PiBHA CaMOMOAIOHOCTI MOTOKY JOHAE
THYYKOCTI B MOJICIIFOBaHHI, JO3BOJISIOUH aallTyBaTH MO-
JIeTIh 11T crenudigHi TOTpeOH Ta YMOBH eKCIDTyaTallii Me-
pexi.

CIUCOK JITEPATYPU

1. Bhavya Mor, Sunita Garhwal & Ajay Kumar / A Systematic Review of Hidden Markov Models and Their Applications.

2. Pustovoitov, P. Assessment of QoS indicators of a network with UDP and TCP traffic under a node peak load mode. / Pustovoi-
tov, P., Voronets, V., Voronets, O., Sokol, H., Okhrymenko, M. // Eastern-European Journal of Enterprise Technologies, 2024.
V 1. Ne 4(127). P. 23-31.

3. Ilycrogoiitos I1.€. Monens By3ia eneKTPOHHOT KOMYHiKallii, 1110 oociyrosye tep-tpadik / Boponens B.M., [Tycrosoiitos I1.€.
// CucreMu ynpaBiiHHs, HaBiramii ta 38°s13ky. [Tonrasa, 2023. Ne 4(74). C. 152-155.

4. WIill E. Leland, Walter Willinger, Murad S. Taqqu, Daniel V. Wilson / On the Self-Similar Nature of Ethernet Traffic (Extended
Version) // IEEE/ACM Transactions on Networking, 1994.

5. Wojciechowski, Krzysztof, and Rafal Kruczek. The Hurst Parameter: Theory and Practice. Springer, 2020. ISBN 978-3-030-
41411-6.

6. Zhen Chen, Yaping Li, Tangbin Xia, Ershun Pan / Hidden Markov model with auto-correlated observations for remaining
useful life prediction // ScienceDirect, 2022. ¢.1-15.

7. G. Millan, “Estimation of Hurst exponent in self-similar traffic flows,” 2021, arXiv:2103.08592.

8. Millan G., Lefranc G., Osorio-Comparan R. The Associative Multifractal Process: A Novel Model for Computer Network
Traffic Flows // Computing Research Repository, 2021. — URL: https://doi.org/10.48550/arXiv.2106.14666.

Received (Haniinua) 23.08.2024
Accepted for publication (ITpuiiasta 1o npyky) 30.10.2024

Method of mathematical modeling of self-similar traffic in infocommunication networks
Volodymyr Kompaniiets, Pavlo Pustovoitov

Abstract. This article presents a new approach to solving the problem of adequate network traffic modeling. A novel method
is proposed that allows generating self-similar packet flows with an arbitrarily specified degree of self-similarity in infocommunication
networks. The method is based on the use of the Pareto distribution and the maximum likelihood method for estimating model param-
eters. The obtained results can be used to build more realistic simulation models of infocommunication networks. The authors propose
a mathematical apparatus method for the procedure of forming self-similar traffic, which consists in creating an accurate and efficient
model that reflects the real properties of self-similarity in data flows. An effective tool for modeling complex network processes is
proposed, allowing more accurate prediction of infocommunication network behavior and optimization of its operation. The article
presents a procedure for forming self-similar traffic based on the Pareto distribution law. This law is chosen due to its ability to describe
random variables with long tails, which is inherent in many real systems. The main parameter determining the level of flow self-
similarity is the Hurst parameter, which allows flexible modeling of various traffic scenarios. The proposed procedure is an important
tool for researchers and engineers engaged in modeling and analyzing network traffic, can be used to model traffic in infocommunica-
tion networks, contributing to improving the accuracy of reproducing real network operating conditions.

Keywords: self-similar traffic, Hurst parameter, Pareto distribution, method, infocommunication network.
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! HaykoBso-mocmiguuii iHcTUTYT BocHHOT po3Binku, Kuis, Vkpaina
2 HanioHanbHuii TeXHIYHUH YHIBEPCUTET « XapKiBCHKHI TIOITEXHIYHMI IHCTUTYT», XapKiB, YKpaiHa

METOJ BUBHAYEHHS CTATUCTHUYHUX XAPAKTEPUCTHUK
TPA®IKA PO3IOJIJIEHOI TEJEKOMYHIKAIIHHOI MEPEXKI

AHoTanisi. 3amporoHOBaHMIT MiX1/ 10 BU3HAYCHHS CTATUCTHYHAX XapaKTEePUCTHK MYJIBTHCEPBICHOI PO3IIOIICHOT Telte-
koMyHikaniitHol Mepexi (PTKM). BukopucranHs BIacTHBOCTEH caMONOAIOHOCTI HO3BOJIMIIO OJIEPIKaTH CTATHCTHYHY MO-
JIeTTb MEPEXHOT0 TPOIIECY, IKIIO 3a1aTH CKIHYEHHOBUMIPHHUH pO3MO/in Horo BiutikiB. HaBeneHi pe3ynbTaTi TeOpeTHIHIX
JOCIiPKEHb II[0JJ0 BU3HAYEHHS CTAaTUCTUYHUX XapakTepucTuk Tpadika PTKM ta mex 3MiH BIacTHBOCTEH TpagikoBOTo Mpo-
necy. [loOynoBaHa BigmoBiAHA MaTeMaTHYHA MOJIEINb, 10 € 0Aa30BOIO U1 OTPUMAHHS CTATUCTUYHUX XapaKTepHCTHK. Bci
PO3IIISHYTI CTATUCTHYHI XapaKTEPUCTUKU OJJHO3HAYHO BU3HAYAIOTHCS 32 JONOMOIOI0 BCHOTO TPhOX IapaMeTpiB: (pakra-
JIbHA EKCIOHEHTa; IHTeHCHBHICTh TOUYKOBOTO HpoIiecy; (hpakTanbHU Yac yCTAHOBIEHH:. [neHTHdIKaIlis HUX MapaMeTpiB €
JOCTaTHBOIO JUIS TOOYAOBU MOJieNeil CTaTHCTHYHO caMonoAioHux mpoueciB y PTKM.

KawuoBi cioBa: tpadik, ppakran, po3noaizeHa TeICKOMyHIKalliiiHa Mepexa, JOBrOTpHBala CTATUCTHYHA 3AJICKHICTB,

yuHHUK DaHo.

Beryn

SIKicTh mpoliecy ynpaBiliHHS B Cy4acHUX MYJIbTH-
CEPBICHUX PO3MOAUICHUX TEJICKOMYHIKalliHHUX Mepe-
Kax CyTTEBO 3AJIEXKHTh BiJl IBOX OCHOBHHX (DaKTOpiB:
Moeli 00CITyTOBYBaHHS Ta MoJeni TpadikoBoro mpo-
exTyBaHHA [1]. Monmenp 00CITyroByBaHHS BH3HAUYAE Pi-
3HI KJIACH OOCIIyrOBYBaHHS Ta BCTAHOBIIIOE PO3MOILN
MepeXXHUX pecypcis [2]. Moaenb TpadikoBOTo mpoek-
TyBaHHS BUKOPHCTOBYETHCS 3 METOIO BU3HAUCHHS IOT-
pibHOT eMHOCTI MepexXHUX pecypciB [3] Ta 6a3yeTscs
Ha TIAMOJICIIAX BIAMOBITHIUX MEPEIKHUX MPOIECIB.

Jis MoJenoBaHHs MEpPEeXHUX MNPOIECiB TPaau-
LIHO BHMKOPUCTOBYBAJIHUCS KJIACHYHI MoOJeni Teopii
MacOBOTr0 00CITyrOBYBaHHS y paMKaX KOPEJSIiHHOT Te-
opii. [IpoBeneHuil anai3 eKCIEPUMEHTAIBHUX TaHUX
[4] Bxa3zye Ha HENOCTATHIO TOYHICTh TaKUX MOJEINEH
1010 3a7a4d JOCIHIHKeHHS # ineHTudikamii crenudiy-
HUX ocobmmBocTeit mporeciB y PTKM. Le nacammepen
BiIHOCHTBCS J0 MPOSBY Pi3HUX (HOPM CXOBAaHUX Tepio-
JMYHOCTEH 1 TOBrOTPUBAIMX CTATHCTHYHUX 3aJICKHO-
cTeil [5], ki MaloTh 3arajibHAN MeXaHi3M BUHUKHCHHS,
00yMOBJICHUH MpOLleCaMy arperyBaHHs, 10 Ha JIOKa-
JILHOMY DIBHI PO3IIISIy OKPEMHUX MEPEXHHX 3'€IHaHb
HOCSITh MYJbTHIUIIKATUBHUN, a Ha PIBHI 00'€IHAHUX
Mepex — anIuTHBHUIT xapakrep [6]. JocmikeHHs mo-
Ka3yloTh, LIO MOJENSIMH 0araThOX MEPEKHHUX SIBUIL
MOXYTbh OyTH NPOIECH, CTATUCTHYHA CTPYKTYpa SKHX
XapaKTepU3y€eThCSl CTENEHEBUM 3aracaHHsIM KOpeJs-
iIAHUX 3B'3KIB 1 00YMOBIICHOO IIUM POIIECOM MacIII-
TaOHOO iHBapiaHTHICTIO [7]. [Ipu 1pbOMYy BJIACTHBOCTI
MepexHoro Tpadika NoTpiOHO MOB'SI3yBaTH 13 3aCTOCO-
BYBaHMMH B KOMIT'TOTEpPHUX Mepekax METOJaM1 MaKe-
THOI KOMYTAIlii Ta Mponecamu, 0 BUHUKAIOTh IIPH Ta-
Kiif komyTanii. Kpim Toro, ciix 3a3Haunty, mo Tpadik
CyYacHUX MYJIbTHCEPBICHUX IIIPPOBUX TEIEKOMYHIiKa-
LHIHHUX MEPEeX 3 IHTerparieio ciryx0 y 6aratbox Buma-
JKax Mae (ppakranbHUil xapakrep [7].

Takuit Tpadik MOPOIKy€ETHCA BUIIAJKOBUMHU ITO-
JisIMH, 11O € JIOKaJi30BaHUMH B OKPEMi MOMEHTH 4acy
[8], ToOTO hpakTanbHi BIACTHBOCTI POLECiB TOTPeOy-
I0Th aHaJli3y He TUIBKM NepIInX, ajle i JPyrux cTaTuc-
TUYHHX MOMCHTIB BUHHKaIOUuX mpouecis [9], a Takox

HermapaMeTPUYHUX CTATHCTHK OPYTOro IOpsAAKY (Ha-
TIPUKIIA]], CIEKTPaTbHOI MIUIBHOCTI, KOPEIAiiHOI (Y-
HKIII{ KiJTBKOCTI BiJTIKiB, HOPMOBAHOI AMCIIEPCil KiJib-
KOCTI BifJTiKiB, KoedilieHTa KOPEJSIil TOIo), SKi 10-
3BOJISIOTH BH3HAYUTH XapaKTEPHCTHUKH CaMOIOIIOHO-
cti Tpadika [10]. Tomy mMepesxxHOMY Tpadiky MOXKHA 3i-
CTaBUTH CTOXACTHYHI MPOIIECH 13 BIACTHBICTIO MAacCUI-
TaOHOT IHBapiaHTHOCTI, SIKa BUHUKAE IPU arperyBaHHi
JIOCTATHBLOI KiJTBKOCTI TOYKOBUX BIIKIB, 11O JO3BOJISE
BUKOPHCTOBYBAaTH METOAU (PaKTaJIbHOI'O aHANi3y Ta
3aCTOCOBYBATH Pi3HI HMOBIpHICHI METOIU IS OIepa-
THUBHOT'O MPOTHO3YBAaHHS MPOLECIB 3a JOMOMOTOK MO-
Jlesieid 3 MiHIMaJIbHOO KUTBKICTIO HACTPOIOBaHUX Mapa-
meTpiB [11]. OTxe, HOCSITHEHHS HEOOXIAHOT SIKOCTI
npoiiecy ynpasninas PTKM notpedye po3poOku KoHc-
TPYKTUBHHX MaTEeMaTHYHUX MOJIENIeil MEPeXKHUX Mpo-
neciB, Ha 0a3l SKUX MOXHa MPOMOJENIOBATH Tpadik,
aJleKBaTHUI peasbHOMY MepexxHoMy Tpadiky. s
L[BOT'0 TIOTPIOHO MaTH OLIHKY HOr0 CTATUCTUYHUX Xa-
pakTepucTUK. ToMy MeTOI0 JaHOI CTATTi € po3podKa
HiIX0/1y 10 BU3HAYCHHS CTATHCTHYHUX XapaKTEPHCTHK
MYJBTUCEPBICHOI PO3MOIIEHOT TeIeKOMYyHIKAI[iHHOT
Mepexi, IKHH BpaxoBye (QpaKTaNbHHUIA XapaKTep iCHY-
I04O0T0 MpoLecy.

Pe3yabTatu gociaixkeHb

Juts nocikeHHs U ineHTudikamnii moaeni tpadika
PpO3rIIsiHEMO CTallioHapHuil Bunaakosuii npouec {Ek}, y
SIKOMY 1HTEPBaJM MIX MMOMISIMHU € HE3aJIC)KHUMU BUTIA]I-
KOBUMHM BEIMYHMHAMHU. BUKOpPHCTaHHS BJIaCTUBOCTEH ca-
MOTIOJIIOHOCTI TO3BOJIIE OJEP)KATH CTATHCTUIHY MO-
JIeJTb MEPEIKHOTO MPOLECY, SIKIIO 33aTH CKIHUCHHOBH-
MipHHH po3mofin foro BimikiB. Peamizamiro opauHap-
HOTO TOYKOBOT'O IOTOKY MOYXHA MMOJATH Yy BHUIJISIII He-
cnanHoi crymiHdactoi ¢yHKIii, 0 HaOyBa€ TITbKU He-
Bi’€MHHX IIJIOYHCENBHUX 3HA4Y€Hb. MOMEHTH 3MIiHHU
i€l QYHKIIT € BUMAIKOBUMHU BETHYUHAMU, 4 BEJIHYUHA
MPUPOCTY JIOPIBHIOE OAMHHIL, TOOTO

NT = ZE(t—‘Ej) ,
jeP;
e Tj — MOMEHT IPUXOAY j-TO nakera; Pr — MHOXMHA na-

KETiB, [0 HAINIILIK 32 Yac T; € — OyyieBa QyHKIIIsI, sKa
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JIOPIBHIOE OJMHUIN TUTbKK Tpu > 1T i IToToku BigHOB-

JICHHS — OPIMHAPHI TOYKOBI MPOIECH, MOXHA OIICATH
3a jornomororo xapakrepuctuanoro 0(V,T) Tta crpas-
mrodoro L(u,T) dysakuionanis. XapakTepucTHIHUN
byHkuioHan € y3araipHeHHsIM @yp'e-mepeTBOpeHHs
LIIJIBHOCTI HMOBIPHOCTI CKIHUEHHOBUMIPHOT'O BUITA KO-
Boro ToukoBoro motoky {&(tj), i =12,...n} npu 30in6-
LIEHH] KIIBKOCTI HOT0 BiIiKiB, KO N —> 00, TOOTO

.
O(V,T) = M| exp j.[V(t)g(t)dt , 1)
0

ne M{-} — matemaruune cnoaisauns; V(t) — momomixxua
GbyHKITIS.

Jlnst omrCy JTOKANBHUX XapaKTEPUCTHK TOYKOBHX
MPOIIECiB BUKOPUCTOBYIOTHCSI MOMeHTHI T, (-) 1 Kopems-

wiiiHi gy, () ¢yHknii, abo BixnoBinHo ¢yHKIT minbEHO-
CTi 1 KopensAawii MiIbHOCTI TopsAAKy n. CIpaBisTFOuHiA
(YHKIIOHAI MOKHA pO3paxyBaTH sK [2]

n
1 - i 1
LW T) =M TT@+u(t) @)
i=1

ae u(tj) — momomixHa GYHKIISA, M0 OOYUCTIOETHCS B
TOYKAaX IOSIBU MOIIH tj, 10 Aa€ 3MOTy OJepIKaTH PO3K-
JIaaHHs JOCII[KYBAHOTO CUTHAJY 3a CHCTEMOIO Oa3uc-
Hux QyHKIii fy i On, 32 JOMOMOTOK SKMX MOXKHA BH-
BYATH BJIACTHUBOCTI BHIIAJKOBOI IHTEHCHBHOCTI TOYKO-
BOTO TIPOLIECY.

IMpu upoMy ciij 3BaXkaTu, IO peajti3aiis BUMaJI-
KOBOI IHTEHCHBHOCTI € IOTOKOM JIeJIbTa-IMITyJIbCIB SIK
pe3yibTar Au(epeHIitoBaHHS BUMIAIKOBOTO TOYKOBOIO
npouecy N:, To6TO

5= = X-1). ©

ne i — KoopIuHAaTa MOSBU TOYKH (TIAKET 1) Ha 4acoBiit
oci; 8(+) — menbra-pyHkiuis Jipaka.

BuxopucToByroun (imbTpyrOYi BIACTHBOCTI Jie-
nmpTa-(QYHKIIi, MOYKHAa OTPUMATH CITiBBiIHOIICHHS, IO
3B's3ye xapakrepuctuunuii 0(V,T) Ta cnpasnsounii

L(u,T) dyukrionanu:
oV, T) = LeVOL, @)

Tomy 3 ypaxyBaHHSIM BHpas3iB ISl XapaKTepUCTH-
YHOTO Ta CIIPABISIOYOro (QYHKIIOHAIB y GopMi (yHK-
LIOHAJIBHUX PSAJIiB BUTIISAY:

o jn TT n
0(V,T) =exp Z—j...jkn(tl,...tn)HV(tr)dtl...dtn ;
n=1 n! 00 r=1

o0 l T T n
L(u, T) = exp z—'j...jgn(tl,...tn)Hu(tr)dtl...dtn
n=1n' 00 r=1
OACPIKUMO Taxi CHiBBiZ{HOIlICHHSI, 10 3B'i{3y}OTI) Xapak-

TEPUCTUKHU TOUKOBUX HOTOKiBZ

kq (1) = 01 (0);

5
Ko(t,t2) =91 (t)3(t —tp) + 92 (4, to). G

Inentudikaniro Takoi Mozgeni Tpadika OyaemMo npo-
BOJMTH 3 ypaxyBaHHAM (3), pO3IIIIA04H CTATUCTUKH
TUIBKH APYTOrO MOPSIKY, 3BaKAI04YM Ha T€, 110 BOHU He
3aJIeKaTh BiJ MOTOYHOrO 4acy, a X 3Ha4eHHs BU3HAUa-
IOTBCS BEIMYUHOK T =ty —ty, ToMy 3 (5) BUILIHBAIOTH

Taki CITIBBITHOIIICHHS:

ky =gy =fy=const; Ky(t) =Ad(r) +92(7), (6)

Jie A — IHTCHCHUBHICTh TOYKOBOT'O TPOIIECY.
3 ypaxyBaHHSIM pPiBHOCTEH

fo(ty,t) = F(toft)Fi (), f(t2| tl): ft,—t;)="f(r)
npencraBuMo GyHkIio g, (t) K

02(0) = f2(t1,15) ~ 17 = MF (to]t) —1)= 1(F (1) 1),
YMoBHa (QyHKIS HIITFHOCTI WMOBIPHOCTI Xapakx-
Tepu3y€e HMOBIPHICTH MOSIBU TOYKH B OKOJII MOMEHTY
yacy {2 32 YMOBH iCHYBaHHS TOYKH Y MOMEHT 4dacy tq,

t, > t;. Lla ¢pyHkuis Mmoxe OyTH BU3HAuUeHA 3 IHTErpa-

JIHOTO PIBHSIHHS BiJHOBJICHHSI, SIKE IS CTAIllOHAPHUX
TOYKOBHX IPOIICCIB Ma€ BUTIISI:

t
f(1) = (@) + [w(r-Dfdt, )
0
ne y(t) — mijbHicTh HMOBIPHOCTI YacOBUX IHTEpBAJIiB

MIXK TOYKaMH.

3acTocoByroun 110 piBHsHHS (6) neperBopenHs Dy-
p'e, OlEPKYEMO BHUpa3 IS CICKTPAIbHOI IIUIBHOCTI
IIEHTPOBAHOI CKJIAZIOBOI BUIIaIKOBOi iIHTEHCHUBHOCTI J10-
CJTiKYBAHOT'O TOYKOBOTO IPOIIECY

o0
S(o) = j K, (1) exp(— jot)dr =
w ®
=+ jgz (1) exp(- jot)dt = A +S; ().
—00
BuKOpHCTOBYIOUHN BBE/ICHI MO3HAYECHHSI, BUpa3 st
kopessiiinoi GpyHkiii G (t) MOKHa 3amucaTH sK

Gn (1) =my(7) = Ka(ty, tp) + Ky (ty) +ka(t)
a BpaxoByoud (6), oTpuMaemMo
G (D) =ka () +kf =ky(1) 427 =

/ ©
=A8(1) + 9, (1) + 17 =A8(1) + Ry (1),

ne Ri(t)=g,(7) + - MOJIyITIOIOYa CKJIaJ0Ba MOMEHT-
HOi QyHKIi; T =ty —t; — iHTepBaI KOpemsIii moIiii.
s ppakTansHEX MporieciB KopesniiHa QyHKIIS
JPYroro mopsaky g, (t) Mae BUIISAA CTENEHEBOI craj-
HOI QyHKIIT
6o (1) =27l /0 /" (10)

3 IpoOOBUM IMOKa3HUKOM CTereHs o < 1, ska € mxepe-
JIOM TOYKOBHX TIPOIIECIB 13 MPOTSHKHOIO CTATUCTHYHOIO
sanexHicTio (I1C3).

JIyis BU3HAYCHHS YUCEIbHUX XapaKTEPUCTHK BJIac-
THBOCTEH MacmTabHOI 1HBapiaHTHOCTI BHUKOPHCTOBY-
FOThCS 1 1HIII CTATUCTUKYU BIJTIKIB, HATIPUKIIA], YUHHUK
®ano F(T) . I3 Bupasie (7) ta (9):
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;
F(T)=D(M)(AT) ™ =20.T) [ (T - )k, (x)dr =
0

-
=2T) (T - r)(G N (1) =22 )dr = (11)
0
T 7b2 T
=20.T) j (T-o8(x)dt+—— j (T -1t de |

0 T oo
3BaXkalo4yM Ha Te, 10 MEPILUi IHTerpai y mpasii
vyactuHi Bupasy (11) Ha migcTasi GinbTpyr0Unx BIaCTH-
BOCTel AenbTa-QyHKii gopieaoe A T/2 , a micns 06un-

CIEHHS JpYyroro iHTErpama OICpPKYEMO BEIHUHHY

22 To‘fl/ (oc(l + a)rgfl , @ BUpas3 11 ynHHUKa DaHo:

FM) =1+ (T/Ty)*; T = %oc(l+ a)/(m%;‘*), (12)

ae Tp — dpakranbHMi Yac; OL — mapamerp.
AHAJIOTYHO MOKHA OAEPXKaTH BUpa3 Uil KOpeIs-
iitaol ¢yHkiii kinekocti Bigmikis C(K;T) mpu k >1:

Ck;T)= j( )k, (KT - 7)de

.
= J(T—|r|)(GN(kT —r)—kz}ir:
-T
.

.
=M (T=)8(KT = y)dry + [ (T=17)3(KT +77)dlry +(13)
0 0

)Vz t a-1
+—I(T—r)(kT—r) dr+
0

+

[ (T =) (KT +19)* g =3 + 35 + 3+ 1y,
0 o
ae J; +J, = 0 (BpaxoByrwoun GiuIBTpyrOUi BIACTHBOCTI

nenbra-QyHkii), a interpanu Jz i J4 ITOpIBHIOOTH:

321
Jg=—— [(T-7)(KT -7)*Fdr=
a-1
’EO 0

1 1
2K - (k=D% |+ = (k-1 +
:sz‘”l (a (k-1) j 0L( )

| (k-ne ko)
a(l+a)
22 T
Jg == [(T=e)(KT +11)* ey =
TO 0

st &(k 1) —kaj—é(k +1% +
a-1 1
+

al+a)

((k +1)(x+l _ koc+1)

TOOTO
Ck;T)=Jd3+34 =

_1 l ¢ a+l o+l _ o+l (14)
_ZxT(TO} ((k+1) 2k 4 (k1) )

3rigHo 3 (9) cekTpalibHy IUIBHICTh € TAKOK0:

Sn(@) = [Gn () exp{-jotd =
= (15)

—o
= 210.28(w) + x[ﬂJ vy
®©p

e og = ZKCOS( > JF(OL) 15 ¢; (o) — ramma ¢yHk-

1is, abo
Sn(®) =S (w) + A, (16)

-
ne Si(w)= IRl(r) exp{—jotdr = 2nk26(0))+[ J -
o ©o
CHEKTpajJbHa IIUIBHICTh MOAYJIOIYOro curHainy. Bsa-
Karum, mo Sy (o) = 2nk26(w) +S(w) , ne S(w) — cne-
KTpaJlbHa LIIJIBHICTh EHTPOBAHOI CKJIAJ0BOI BHUIAIKO-
BO{ IHTEHCHBHOCTI TOYKOBOT'O IPOIIECY, BU3HAYHMO

To_lal+a). . g _2xcos( jl“(oc) e,
2 prg @ 2

a TaKoX 3B'A3yIoue X CIIBBIHOIICHHS
of T§+ = cos(mh/2)M (o +2) .

[Mapamerpu To, To Ta o XapakTEPU3YIOTh MEXi, Yy
SIKMX CTATHCTHUKHU JPYTOro MOPSIKY 30epiraroTh Maciii-
TaOHO-1HBapiaHTHI BIAaCTHBOCTI. BUKopucTaeMo OIiHKY
HOPMOBaHOI KopessiniiHo1 gyHkuii Tpadika

(k. T) = C(k;T) T)
D(T)

17

(02

— T ((k+l)a+1 _2k0,+1 +(k—l)a+1).
ZiTOL +T5xi

CryneneBuii xapaktep 3aracanus r(k;T) Bkasye Ha
(bpakTanbHUI XapakTep 0JepruaHol KOpeISLiHHOT 3a1ex-
HOCTI, NPUYOMY 1€l XapakTep BUSBISIETHCS TUM Oijlb-
1100 MipOIO, UMM OiJIblIe 3HAYCHHS IHTepBajy BiUTIKY T
MO BIJIHOIIEHHIO 10 (pPaKTaIbHOrO Yacy YCTAHOBJICHHS
npouecy Tg. Taka acCHMOTOTHYHA BIACTHBICTH CaMOIIO-
IOHOCTI € 1 y cepeHhO3BaKEHUX BIIUTIKIB Tpadika Ha N
HETIepeCiuHNX iHTepBajax TPHUBAIICTIO T !

x(M —fx(M:k=0,1,..n,..}=

k+1)m

X+ Xm  Xkmet tet Xeepm [ 1 kD
= - - D X,
| km+1

ge M 1 K — BIANOBIJHO MapameTpu arperyBaHHs i
3cyBy. I TaKOTO arperoBaHOro MPOLECY CTATHCTHKH
JIPYTOTO MOPSAAKY MAarOTh TaKUI BUTIIS;

.
M (k;T)=m™>2 mj(mT - |r|XG(kTm —17)- kz)dr =
-mT

= m‘zc(k, mT);

m) L.y To «
-y |41,

X ((k +1) ok 4 (k —1)‘“1).

D™(T)=m~2C(0, mT);
(18)
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IIpy M — o0 KoediuieHT KOpemsLii r(m (k;T)
BIXKE HE 3aJICXKHUTH BiJ] CIOCOOY arperyBaHHs i ToMy 30e-
pirae cBoro cTpykTypy. KoedinieHT kopensuii He 3ane-
XKHTh BiJ] MacIITa0yrouoro napamerpa M i Mae BUIIIAL
CTETIeHEeBOT 3aJIe)KHOCTI

r(M(k;T) ~ %((k +1)* 2k 4 (k —1)‘“1).

[Ipu Benukux M i3 ypaxysanusu (18) e cnpasen-
JIMBMM TaKW{ aCUMITOTUYHUH BUpa3 Uil AUCHEpcii ar-
PEroBaHOro MPOIECY:

DM (y =AML T/Ty)* )=
M =2 (o710

= xT(m‘1 +(T/T0)°‘m°‘_1)~ AT(T/Ty)*m*2,
3a3Ha4YNMO, 10 BCi PO3TIIAHYTI BHIIE CTATHCTHYIHI
XapaKTepPUCTUKH OJHO3HAYHO BH3HAYAIOTHCS 3a JOIO-
MOTOFO BCHOTO TPHOX MAPaMETPIiB: O — (hpaKTaIbHA eKC-
TIOHEHTa; A — IHTEHCHBHICTh TOYKOBOTO Iporecy; Tg —

(dpakTanbHUi Yac ycTaHOBICHHS. ToMmy imeHTH]IKAIis
X MapaMeTPiB € TOCTATHBOIO IS TOOYI0BU MOIEIICH
CTaTUCTHYHO camonofioHux mpormecis y PTKM. [ami
JUI MiATOTOBKH IO MOJCIIOBaHHS TpagikOBOro Mpo-
1eCy HeoOXiTHO BH3HAYMTU MEXi 3MiHH HOTO 4acToT-
HHUX Ta MPOCTOPOBUX BIACTUBOCTEH.

Bucnosku

VY cTarTi panmponoOHOBAHUHA MiAXiJ 1O BH3HAYCHHS
CTaTUCTUYHHX XAPAKTEPUCTUK MYJIBTHCEPBICHOT PO3MO-
JIJICHOT TeNeKOMYHIKaliiHOT Mepexi. Bukopucranus
BJIACTUBOCTEH CaMOMNOMAIOHOCTI JO3BOJIMIO OZEPXKATH
CTAaTHCTUYHY MOJIETb MEPEKHOTO MPOLECy, SIKIIO 3aaTH
CKIHYEHHOBHUMIpHHUII po3mnoain #oro BimmikiB. HaBexeni
pe3yNbTaTh TEOPETUUHHX JIOCIIIKEHb 11010 BU3HAUSHHS
CTaTHUCTUYHHUX XapakTepucTHK Tpadika PTKM Tta mex
3MiH BIIacTUBOCTEH TpadikoBoro mporecy. IlobymoBana
BIANOBIAHA MaTeMaTHYHA MOJENb, 10 € 0a30BOIO IS
OTPUMaHHSI CTATHUCTUYHHUX XapaKTepUCTHK. Bci po3riis-
HYTi CTATUCTHYHI XapaKTEPUCTUKH OJTHO3HAYHO BU3HAYA-
I0ThCS 32 JIOTIOMOTO0 BCHOTO TPHOX MapaMeTpiB: ppaKTa-
JIbHA EKCIIOHEHTA; IHTEHCHUBHICTh TOYKOBOTO IPOIECY;
(bpakTanbHUN Yac yCTaHOBJICHHS. [neHTrdiKaIis 1ux na-
paMeTpiB € JOCTATHBOO IS TOOYAOBH MOJICIICH CTaTHC-
TUYHO camomnoiOHux mporiecis y PTKM.

Hanpsamxom noodanvuiux 00cnioxycens € po3podka
MoJeni oOCITyroBYBaHHS, sika OyAe OHMHAMIYHO BH3HA-
YyaTd pi3Hi Kiacu 0OCIYyroByBaHHsS Ta BCTAHOBIIIOBATH
PO3IOIIT MEPEIKHHUX PECYPCIB 3 METOIO MOAATBIIOTO ITi/-
BUILICHHS SIKOCTI POIIECY YIPABIiHHS B MYJIbTHUCEPBiC-
Hux PKTM.
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Method for determining statistical characteristics traffic of a distributed telecommunication network
H. Krykhovetskyi, H. Zubrytskyi, V. Skorodelov, O. Balenko

Abstract. The proposed approach to determining the statistical characteristics of a multiservice distributed telecommuni-
cation network (DTT). The use of self-similarity properties allowed us to obtain a statistical model of the network process if we set
a finite-dimensional distribution of its samples. The results of theoretical studies on determining the statistical characteristics of
DTT traffic and the limits of changes in the properties of the traffic process are presented. The corresponding mathematical model
is constructed, which is the basis for obtaining statistical characteristics. All considered statistical characteristics are uniquely de-
termined using only three parameters: fractal exponent; point process intensity; fractal settling time. Identification of these param-
eters is sufficient for building models of statistically self-similar processes in RTCM.

Keywords: traffic, fractal, distributed telecommunication network, long-term statistical dependence, Fano factor.
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! XapkiBcpkmit HamionansHuii yHiBepcutet [NopiTpsanx Cuit iMeni Isana Koxeny6a, Xapkis, Ykpaina
2 HanioHanbHuMii TeXHIYHMH YHIBEpCUTET “XapKiBChbKUI MOJiTeXHIUHMM iHCTHTYT, XapKiB, YKpaina

MOKJIUBOCTI 3ABE3INEUEHHSA 3AJIAHO1 3ABATO3AXUITEHOCTI
CUCTEM PAJIO3B’A3KY TA PAAIOJIOKAIIIL B PEAJIBHUX
YMOBAX PO3ITOBCIOKEHHS PAIOXBUJIb

Anortanisn: Cucremu panio3B’a3Ky Ta pamionokanii pyHKIIOHYIOTh B YMOBAaX BIUIUBY TPOIOC(EPHUX HEOTHOPITHOCTEH
Ta HiICTUIBHOI MOBEPXHI, 1110 € MPUYNHOI0 BUHUKHEHHS (QIyKTyauiil (a3oBoro ppoHTy eIeKTPOMArHiTHAX XBHJIb. 30KpeMa,
Guykryanii GpoHTY 3aBaOBUX XBHIIb IIPU3BOAATE 0 3HIDKECHHS 3aBaJI03aXUILEHOCTI JaHUX cucTeM. IIpeaMeToM BUBYEHHS
B CTaTTi € BIUIUB (IIyKTyaniii ¢pazoBoro GppoHTy XBHIII aKTHBHOI MAacCKyBaJIbHOI 3aBaJi Ha e(eKTUBHICTD ii ITOJaBICHHS B
CHCTEMax pajlio3B’s3Ky Ta pajioyokaiii. MeTor CTaTTi € OIIHIOBAaHHS MOXKIIUBOCTEH CHCTEM Pajio3B’sI3Ky Ta palioioKallii
11010 3a0e3MeyYeHHs 3aJaHol 3aBaJO3aXUIICHOCTI B peaJbHUX YMOBAX PO3MOBCIOUKEHHS PadiOXBHIb. 3aBIAHHIM € JOCTi-
JOKSHHSI 3aJIe)KHOCTI €(eKTHBHOCTI ITOJJaBJIeHHSI aKTUBHOI 3aBaJy BiJl HANPSIMKY ii IPUXOLy IPH Pi3HUX po3Mipax Ta po3He-
CeHHAX (Da30BHX IIEHTPIB aHTEH CHUCTEM Paio3B’sI3Ky Ta paliojoKalii, a TakoK BH3HAYCHHS MPOIO3HLIi mox0 ii miaBu-
nieHHs. B xozi po3B’si3aHHS BKa3aHOTO 3aBJAHHS JOBEAEHO MEPCIEKTHBHICTh BUKOPHCTAHHS B CHCTEMax Paxio3B’si3Ky Ta
panionoKarii y sSIKOCTi aHTeHHUX CUCTEM aIallTUBHUX HU(PPOBHUX aHTCHHUX PEIIITOK. 32 JOMIOMOTOI0 METOIB MaTeMaTHIHOL
CTaTUCTUKH OLIHEHO CTYIIiHb BIUIUBY (IyKTyawliii ¢pa3oBoro (hpoHTY aKTHBHOI 3aBaJM B 3aJICKHOCTI BiJ iX CTATHCTHYHHUX
XapaKTepHCTHK, IO BiJIIOBIJAIOTh peabHUM yMOBaM PO3IOBCIO/DKEHHS palioXBWIIb. [IpoaHanizoBaHO 3ayIeKHICTh Koedi-
I[iEHTa TO/IaBJICHHS aKTHBHOI 3aBaJil BiJl CTYIEHs BIUIMBY (a30BUX (UIyKTyalill B eleMeHTax NPUHAMAIBHOI allepTypH Npu
(hiKCOBaHUX 3HAUCHHSX BIIXWJICHB KyTa IIPUXOJY 3aBaJU BiJl HAIPSIMKY MaKCUMyMy Oi9HOT IEJIFOCTKH AiarpaMH CIIpSIMOBa-
HOCTI aHTeHH. [IpoBeIeHO OIIHIOBaHHS BKa3aHOTO KoedillieHTa BiJ po3MipiB Ta po3HeceHHs (a30BUX IIEHTPIB OCHOBHOI Ta
JIOTIOMDXKHOT aHTEH palioTeXHIYHOI cucTeMd. BH3HaueHO YMOBH HaWKpalIoro MOIABJICHHS aKTUBHOI 3aBaIi B CHCTEMaXx pa-
Ii03B 53Ky Ta panionokarii. IlepcriekTHBHUM HaIpsSMKOM MOJAIbIINX JOCTIIKEHh MOXe OyTH 3aCTOCYBaHHS OTPUMAaHUX
pe3yIbTaTiB CTOCOBHO 3a0e3MeueHHs 331aH01 3aBaJO3aXHUIICHOCTI BKa3aHUX CHCTEM B YMOBaX BIUTUBY KOMOIHOBaHUX aKTH-
BHO-TIACUBHHUX 3aBa]l.

Kaw4doBi ciaoBa: agantuBHa nudpoBa aHTEHHA PELIiTKa, aKTHBHA MAacKyBaJlbHA 3aBajia, 3aBaI03aXHUIIECHICTh, Koedimi-
€HT NOJaBJICHHS, MiACTIIIFHA IOBEPXHsI, CHCTEMa Paio3B’sI3Ky, CHCTEMa PadiosIOKallii, CTATHCTHYHI XapaKTEPUCTHKH, TPO-

nocepHi HeOTHOPITHOCTI, (Pa30BHHA HEHTP, QIyKTyalii (pa3oBoro GpoHTy.

Beryn

3a0e3nedeHHs 3a1aHOT 3aBaT03aXUILEHOCT] € HE00-
X1JTHOIO YMOBOIO (DYHKIIIOHYBaHHS Cy4acHHX CUCTEM pa-
J103B°513Ky Ta pajioJiokariii. PeajgbHi yMOBU pO3IOBCIO-
JOKCHHSI €JIEKTPOMAarHiTHOI XBWJII aKTUBHOI MAacKyBallb-
HOI 3aBa/in, 30KpeMa, BIUIMB TPOIOC(EepHUX HEOTHOPI-
HOCTEH Ta MiZCTHILHOI IIOBEPXHi, € IPUYNHOIO BUKPUB-
TeHHs i (ha30BOTO QPOHTY Ta, SK CIiJ, SHIKCHHS e(eK-
THUBHOCTI 3aCTOCYBaHHS IPUCTPOIB 3aBaT03aXHUCTY.

AHaii3 e(eKTHBHOCTI 3aCTOCYBaHHS IPHCTPOIB,
110 3a0e3MeUyr0Th aaNnTaIliio 10 30BHINIHBOT 3aBa0BOT
00CTaHOBIII B peaJlbHUX YMOBaX BUKOHAHHS Pa/liOTeXHi-
yanx cucteM (PTC) 3aBgaHp 3a MpU3HAYCHHAM € aKTya-
JIbHUAM MPAaKTHYHHUM 3aBJIAHHSM.

3aBagy 3aBXKIM NPUCYTHI B NPUHHATOMY KOJH-
BaHHi. X Kmacu}ikyioTh 3a Pi3HUMM 03HAKAMHU — HPUPO-
JI0I0 BHHHKHEHHS, crocoOoM (opMyBaHHS, epeKToM
BIUIUBY, CTPYKTYPOIO Ta HAIpPaBJICHICTIO BUIPOMiHEHHS
€JICKTPOMArHiTHUX XBHJIb.

Haii6inpi eeKTHBHUMHU IIIOJI0 3aCTOCYBAHHS €
PAMONIYMOBI 3aBajiH. IX BIUIMB € eKBiBaJEHTHUM 36iTb-
LIEHHIO IHTEHCHBHOCTI BHYTPILIIHBOTO IIYMY NPUHMaIIb-
HOTO MPHUCTPOIO, HA BiJIMiHY BiJ SKOTO, iIHTEHCHUBHICTh
30BHIMIHKOI 3aBafy 3 YaCOM 3MIHIOCTLCS BIAMOBIAHO 1O
(hopmu 1 3aKOHY TIEpPEeMIIIEHHS AiarpaMu CIIPSIMOBAaHOCTI
anrenu (JICA) PTC.

V ¢Bo10 "epry, 301UIbIICHHS CTIEKTPATBHOT TYCTUHHI
MOTYXKHOCTI CyMH IIYMOBHX KOJMBAaHb NPHU3BOAUTH IO
3MEHILECHHS BiJIHOLIEHHS CUTHAJI-IIYM Ha BUXOJI CXEMH

00pOOKH 1, BiIIOBITHO, 10 3HWKEHHS STKOCTi 00POOKH 1H-
¢dopmarii. [Ipu HeZOCTaTHEOMY TUHAMIYHOMY Jiarla3oHi
MIPUIMaIBHOTO TIPUCTPOI0 MOXKIMBE OOMEXEHHS CyMH
KOPUCHOT'O CUTHAITY Ta IIIyMiB, 1[0 IIPHU3BOIUTH 110 Iiie Oi-
JIBLIOTO 3HW)KEHHS BIIHOLIEHHSI CUTHAJI-LIIYM, aX JI0 HO-
BHOT'O MPUIJIYIICHHS KOPUCHOTO CHrHany. Tomy, akTu-
BHI MacKyBaJIbHI 3aBaJiyl CKOpouytoTh 30HY aii PTC Ta
BEAYTH JI0 TIOSBU CEKTOPIB ii €()eKTHBHOTO MO1aBIICHHS.

TypOyneHTHICTh TpOonOChepH NPU3BOAUTH 10 (Iy-
KTyarliif 1l HoKa3HHMKa 3aJIOMJICHHS, 1110 Yy CBOIO YEpry BH-
KIMKae (a3oBi CHOTBOPEHHS 3aBaJOBOTO CHTHAITY, IO
PO3TOBCIOIKYEThCST Kpi3h TporochepHi HeoTHOPiTHO-
CTi. 3TiZJHO 3 EKCIIEPUMEHTAILHUMH Ta TEOPETHYHUMHU
JaHUMH, Y CTBOpeHi (azoBux (iaykTyauiid pamiocursa-
JiB HaHOUTBIIMIT BHECOK BHOCSTH TypOYJICHTHOCTI TpPO-
nocdepH 13 30BHINTHIM MacIITaboOM Bil COTEHb METPIB J0
OJIMHUITH KIJIOMETPIB.

CydacHi aKTHBHI CTaHIi 3B’S3Ky, pagioloKaTOpH
Ta JpKepella aKTUBHUX 3aBaJl BUIPOMIHIOIOTH Y TIPOCTIp
CUTHAJIN TTOPIBHSAHO BEJIMKOI MOTY>XKHOCTI. YacTuHA mi€l
MOTYXHOCTI OTJIMHAETHCS 36MHOIO (MOPCBHKOIO) TIOBEp-
XHEI0, PelliTa CUTHAIy BiJIOMBAETHCS Bij HEl Ta B3aEMO-
Jie 3 mpsiMuM nipoMeneM. Kpim Toro, curHaim npu pos-
TIOBCIO/KEHHI MOKYTh BIJIOMBATHCS 1 BiJ] pI3HUX METEO-
yTBOpeHb. To0To, BUHHKae OaraTonpoMiHeBe pO3MOBCIO-
JUKEHHS! €JIeKTPOMArHiTHUX XBWIIb, NIPU SIKOMY TIOJIE Y
MICIIi IPHHOMY CTBOPIOETHCS Y PE3yNbTaTi CKJIaJaHHS
JIEKITbKOX CUTHAJIB 3 PI3HUMHU 3HA4YCHHSAMHU (a3, 110
TIPUBOJIUTH JIO CIIOTBOPEHHS (pa30BOro GPOHTY CyMapHOi
3aBa/IOBOT €JIEKTPOMATHITHOI XBHJII HAa BXOJlI aHTCHH.
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TakuM 4MHOM, PO3MOBCIOJDKEHHS 3aBaJJOBOTO CHUT-
Hally Kpi3b HEOIHOPIAHOCTI TporocdepH, BiTOUTTS Bix
LIOPCTKOT TOBEPXHi i METEOYTBOPEHB, € MPUYNHOIO BU-
HUKHEHHs (pa3zoBux ¢urykryauiid. [Ipu npomy, aHamni3 ta-
Kux (QiayKkTyauii Moxe MPOBOAUTHCS TUIBKH 3 BUKOPHUC-
TaHHAM CTAaTUCTUYHUX METOJIIB.

AHani3 ocTraHHIX JocaimKeHb i myOsaikamii.
EdexTuBHICTS BUKOPUCTAHHA 33 IPU3HAYEHHAM CHCTEM
3B’S3KY Ta padioioKalii Oe3nocepeHbo MoB’A3aHa i3 3a-
0e3IeYeHHAM KOTEPEHTHOCTI MPUHHATOTO PAaIiOCUTHAILY
[1-3]. HanpsiMkoM po3BHUTKY BKa3aHHX CHCTEM € peati-
3aisi B HUX TeXHOJOTiH 1udpoBoi 06podku iHpopmarii
Ta BIIPOBADKEHHS Y SIKOCTI aHTEHHUX CHCTEM IIM(POBUX
anteHHux peuritok (L{AP) [4, 5]. Onnak, Ha SIKiCTh BUKO-
HaHHS 3aBJaHb KoMyHikaniiiHumu ta PTC cyrreBunit
BIUIMB OKa3ye CTaH CEpeJOBUINA MOLIMPEHHS pPaaioX-
BWJIb, 30KpeMa Tpornocdepu 3emii [6], o BU3HAYAE Iie-
BHI 0COOJIMBOCTI iX 3acTocyBaHHS [7].

Po3zmoBcromkeH s pagioXBIIIB KPi3k TPOIOCQepHi
HEOJTHOPITHOCTI CYMPOBOKYETHCA SPEKTOM (IIyKTya-
it ix ¢a3oBoro PpoHTY, CTATHCTUYHI XapaKTECPUCTHKH
SIKUX PO3TIIHyTO Y [2, 8]. Jani ¢urykTyanii 3qaTHi npu-
3BECTH TO TOPYIICHHS KOTEPEHTHOCTI MPHUHSITOrO pa-
JIOCHTHaly Ta CYTTEBOTO 3HMKEHHS TOYHOCTI BHM3Ha-
YCHHS MICIIE3HAXOKEHHS 00 €KTIB CITOCTEPEKEHHS [9,
10], o Bumarae ix BpaxyBaHHS Y BiAMOBITHHUX alropH-
TMaX 00pOOKH CHUTHATYy B CUCTEMax 3 aHTCHHOIO PEIIIiT-
koto [11]. Ilpu oMy, OKpiM BILIUBY Tpomocdepu, Ha
SIKICTB 00pOOKH 1H(QOpPMATITIT CYyTTEBHIA BILTUB MOYKE 31M-
CHIOBaTH HEOJHOPITHOCTI 3eMHOI (MOpPCHKOI) IMOBEPXHIi
[12].

Bucgitiena mpobiema y moBHOMY 00Cs3i BigHO-
cuThCs N0 UTaHb 3aBago3axumieHocti PTC. Tak, y [13-
15] posrnsayto BruMB (uiykTyaimiid GpoHTY 3aBagoBOT
XBWI Ha €(DEeKTUBHICTH 11 MOMABICHHS KOPEISIIIHHAMU
MPUCTPOSIMK 3aBaJJ03aXMCTy Ta HaJaHO BIAMOBIJIHI pe-
3yJIbTaTH MaTeMaTHYHOTO MOJICITIOBAHHSI.

3okpema, y [16] npoBeneHO OI[iHIOBAHHS Yacy Ha-
CTPOMKM JAaHMX IPUCTPOIB HA IIOJABJIECHHS B yMOBAax
¢dnykryartiii Gpa3oBoro GpoHTY XBHJII aAKTUBHOT 3aBajIH.

VY [17] npoananizoBaHo BIUIMB IUX (GIIYKTyaIliii Ha
SIKICTB 3aBaI03aXHCTY IPH PI3HUX CITiBBiTHOIICHHIX PO-
3MipiB OCHOBHOI Ta nomomixkHoi anTeH PTC.

Y [18] Bu3HaUCHO TPaHUYHI PO3MIpH arepTypu Aa-
HHUX aHTEHH 32 YMOBOIO HasiBHOCTI BKa3aHOTO BILIMBY.

JI71st KOHKpETHUX 3pa3KiB pajioOKaIlitHOT TEXHIKH
PI3HHX ITiana3oHiB TOBXUH XBWIb y [ 19] HagaHo pe3yib-
TaTH TOPIBHIHHS TEOPETHYHHUX Ta €KCIIEPUMEHTAIBHHUX
OIIIHOK e()EeKTHBHOCTI OCJTA0JICHHS aKTUBHUX 3aBaj] KO-
pensuiitanmu aTokomieHcatopamu (AKIT) manux 3pasz-
KiB, a ITOTEHIIIHI MOKJIUBOCTI 0CJIa0JE€HHS 30BHIIITHLOT
3aBajqu BU3HaueHo y [20, 21].

TakuM YMHOM, JOLIIBHO 3/1IHCHUTH MOAAJIbLIE J0-
CITIJPKEHHS BKa3aHUX IMUTaHb CTOCOBHO 3aJIEKHOCTI ede-
KTHUBHOCTI ITOJIaBJICHHS aKTUBHOI 3aBa ! BiJl HAMPSIMKY i1
MIPUXOJLy TIPH Pi3HUX PO3Mipax Ta pO3HECEHHX (ha30BUX
LIEHTPIB aHTEH CHCTEM 3B’SI3KY 1 pajioJioKalii 3 MeToro
BH3HAUEHHs TMPONO3Wiii mmojo ii migBumieHHs. [lpu
IbOMY, OIIIHIOBAHHS CJIiJl POBECTH CTOCOBHO CAHTHUME-
TPOBOTO, AETIMMETPOBOTO Ta METPOBOTO Jialla30HiB JOB-
JKUH XBWJIb, SIKi € HAWOIIBII MOIMMPEHUMH JJII CHCTEM
3B’SI3Ky Ta paaioJoKarii.

MeTo10 €TATTi € OLIIHIOBaHHS MOXJIMBOCTEH CHC-
TeM paslio3B’s3Ky 1 pajionokanii oo 3ade3neyeHHs 3a-
JIaHO1 3aBaJI03aXMIIEHOCTI B PEaIbHUX YMOBaX PO3MOB-
CIOJUKEHHSI PaZioXBUIIb.

OcHoBHMii MaTepian

CyuacHi PTC mpenctaBisifore co00I0 CHCTEMH 3
uudpoBor 00pobdkoro inpopmaii. [Ipu npomy, mepcrre-
KTUBHHMM HAaIlpsIMKOM iX PO3BHTKY € BHUKOPHCTAaHHS Y
SIKOCTI aHTEHHUX CHCTEM aJalTUBHUX H(PPOBUX aHTEH-
Hux peuritok (ALIAP) [5].

[Tin AIIAP po3yMmiroThCsl aHTEHHI PELIITKHU, B IKHUX
mudpoBumMu MeronaMu oOpoOku iHpopMarii 3aiiicHIo-
€ThCS Y peIbHOMY MacmTabi yacy aHaji3 00CTaHOBKH
Ta 3a0e3MevYyeThCsl afalTHBHE PETYIIOBaHHSA (OPMH Ta
npoctopoBoi opienTaii JJCA A mocsrHeHHS MaKCHMa-
JpHOT eekTuBHOCTI (hyHKIioHyBaHHS PTC 3a 3amanumu
KPUTEPIsIMH.

V 3agadax 3B’sA3Ky (pamiosokarlii) ONTHMI3YEThCS
30Ha MOKpUTT: (Y paniosokauii — 30Ha OrJisiLy), onepa-
THUBHO TEPEHAIIIOIOTECS TPUHMalIbHO-TIEpeIaBalIbHI
MPOMEHI y 3aJI€KHOCTI BiJl TEPUTOPIAILHOTO PO3MOALTY
a0OHEHTIB (Y paaioyioKalii — 00’ €KTiB paIi0JIOKaIiifHOTO
crioctepesxeHHs1). Habip mpoMeHiB cHHTe3y€eThCs 3a a-
TOpPUTMaMH AUCKPETHOTo nepeTBopeHHs Pyp’e.

Texuomnorist AIIAP ictorHO mominmIye sKicTh
3B’S3Ky Ta pajiosiokalii B yMOBaX 0araTolpoMEHEBOTo
MOIIMPEHHS PaJioXBWIb Ta MiABUILYE 3aBag03axHILe-
HICTh CHCTEM IIPH IHTCHCHUBHOI PaIioONpOTHIII, a TAKOX
CIIpUsi€ MiJBHIICHHIO AMHAMIYHOrO JAiarnasoHy mpuiMa-
JBHHX aHTeH [5].

Tak, npu cuH}a3sHOMy CKJIaJaHHI CUTHAIIIB, cepe-
JIHS TIOTYXKHICTh IIYMY 3POCTA€ MPOMOPIIHHO KiJIbKOCTI
KaHaJIiB aHTEHHOI PELIITKH, a MOTYXKHICTh CUT'HAIY 3pPO-
CTa€ MPOIOPLIHHO KBAIPATy aMILTITY/IH.

TakuM 4MHOM, MiJBUILYETHCS BiJIHOLICHHS CUTHAI-
IIyM Ta, SIK CJiJ, — IMHAMIiYHUA Aiana3oH. [Ipu mpomy,
«aym» JICA y HampsMmkax Ha JpKepena 3aBax Gopmy-
I0TBCs1 0€3 «3aIUIMBaHb» MPOBAIIB, 10 3BUYAHO Ma€e Mi-
CLIe TIPU HEJOCTATHEOMY AWHAMIYHOMY Jiala3oHi mpuii-
MaJbHOTO MOIyIs (puc. 1).

Hxepeno
CUTHANY J[>xeperno
3aBaj

Jxepeno
3aBaj

Puc. 1. AnantusHa JICA 3 HyJIsIMH y HanpsIMKy Ha JoKepena
3aBajl Ta MAKCHMYMOM Ha JDKEpelio CUraany (mkepeno: [5])

PesynpraTy OLiHIOBaHHS BKa3yIOTh Ha MOXIUBICTb
TIO/IaBJICHHS aKTUBHOI IIryMOBOi 3aBamu y AIIAP Ginbir
Hik Ha 30 gb 5K 3a OlYHMMH, TaK 1 38 TOJTOBHOIO ITEJIFOC-
Tkam JICA B izeaibHUX yMOBax [5].
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3acrocyBanHs AIIAP Ha 0a30BUX CTaHIIISIX 3B’ SA3KY
Ta PaIioNOKaIifHUX CTAHIISAX JO3BOJISIOTH CYTTEBO 30i-
JBIIUTH 1X MPOMYCKHY 3/aTHICTH 32 PaxyHOK OJHOYac-
HOro 0araTONpOMEHOBOTO NMPHHOMY CHTHAJIB B Po0o-
yoMmy cekropi. [Ipu 11bOMy, MOXJIMBUM € HOCSTHEHHS
HA/IBHCOKOIi PO3iIEHOI 3IaTHOCTI 32 KyTOBUMH KOOP/IHU-
HaTaMd. PeanpHI yMOBHM pPO3NOBCIOKEHHS 3aBaJoOBOL
XBHII y Tponocgepi 00yMOBIIOIOTh BHHUKHEHHS (ITyK-
Tyaniif pa3u B eneMeHTax anepTypH aHTCHH, TUCTICPCis

2 . e
G, Ta pajiyc Kopemsuii p, SKHX BU3HAYAIOTHCS BUPA-

3aMH 3a HACTYITHUM BuTsizom [14, 16]:

o2 =0,065C7k*dL,**, (1)
p, = (0,27C7k*d) **, )

ne C?=2c°/12® — crpykrypHa nocriiina; o2 — jwc-
mepcis QIIyKTyariii BiTHOCHOI JieNeKTPUIHOI MPOHUK-
HocTi Tponocdepu; L, — 30BHimIHIN MacmTab TypOye-
arHOCTI Tponochepy; Kk = 2n/A — xBuIBOBE YnCNO; A —

nomxuHa xBuii;  — nuisx xBuii y tpornocdepi.

Jiis oLiHKY CTYNeHs BIUMBY (QIyKTyamiid ¢a3u pa-
JIiOCHUTHANY, 10 OOYMOBIICHI TYpOYIICHTHICTIO TPOMOC-
¢epu 3emui, Ha 3aBago3axumieHicTh PTC 3py4HO KOpHC-
TYBATHUCS CITiBBiTHOIICHHSM, sIKe 3 ypaxyBaHHsM (1) Ta
(2) mae takuii Burisin [14, 16]:

2
c 8/5
_ ey _ 3/5 _16/5 2
a,, =—"L=32LL"c (d/2*)", ©)
Po
e L — niHiiHUA po3Mip aHTEHH.

Curnamu PTC nomiprorThes y Tponocdepi, Heo -
HOPIHOCTI SIKOT OOYMOBJIEHI HEPETrYJISIPHICTIO 3MiHM
BiTHOCHOI J1€JCKTPUYHOT MPOHHUKHOCTI.

ITpu npoMy, 3HAUEHHsI AUCTepCil QuIyKTyarril aiesne-

eu . 2 -12
KTpH4Hii npoHukHOCTI Tponocdepu o, =0,25-107° e—
. 2 12
MiHiManbHEM, a G, =9:107° — MakcHMaIbHO MOMKIH-
Bumu [18]. Ha puc. 2 npezacTasieHi rpadiku 3aaexxHOCT
napamerpa a,, , o po3paxoBaHi 3a BUpa3oM (3), Biz 10-

BKkuHE xBWIi A 3a ymoBoto: d =50 kmta Ly =1 xm.

Apn
1x10°
B 2B 4
SRR /T
I~ iLE R yAWAVI/
IS RIFEN yARRvAlNwA
001 NI NN/ ARY Al v
N ] IR / 7 VA
10~ \\ 33| f’ Vi
14078 \\\/ ' /]
140" S
\:_
1x10 ™

10~ 001 01 1 Iy 10

Puc. 2. 3anexHicTh mapameTpa dg; Bii JOBXUHH XBUIIi
(mxepeno: [14])

I'padixu oTpumaHi U1 HACTYIHUX BUIIAAKIB:
1-06°=9-10"%, L=30wm;

2— 65 =9.10™, L=10 M;
3- Gﬁ =0,25-10", L=30wm;
4-6°=0,2510", L=10 m.

3 rpadikiB, 10 MPUBEICH] Ha PHC. 3 MOXKIIMBO 3aKITIO-
YHTH 10, TIPH (IKCOBAHIH JOBKHMHI XBHII, 30UTBIICHHS JTi-
HIMHOTO PO3MIpY aHTEHHU Yy 3 pa3H, BUKIIMKAE 3MiHY Mapa-
Mmetpy a,, o 10 ab 3a nmotyxsictro. Too6To, 6mm3pK0 10

e =

pasiB. Y cBOIO "epry, 3MiHa AucTiepcii GpIyKTyarii BigHOC-
HOI JIieJIeKTPIYHO{ TIPOHUKHOCTI TporocdepH Bif MiHIMa-
JBHOTO JI0 MAKCHMAJILHOTO 3HAYEHHS IPU3BOJUTD 10 3MiHA
napamerpa a,, npubmusHo 10 30 b 3a MOTYXHICTIO.

To6to, 6m3pKo 1000 pasis. 3i 3MiHOO Aiana3oHy JAOBXKUH
XBUJIb Bijl CAHTUMETPOBOTO JI0 METPOBOT'O 3HAYCHHSI Mapa-
METpy 8, BHIDKYEThCS Ha JECATKH AB 32 MOTYKHICTIO.

Bkazane CBiqUuTH TIPO 3HAYHO OLTHIIMI BIUIMB Ha Iapa-
METp @, YMOB MOLIMPEHHSA 3aBajl, HDK JIiHIHOro po3mipy

anteHu. [Ipu 1boMy, 31 3MIHOIO Jiaa3oHy JOBKHH XBHJIb
Bl METPOBOT'O JI0 CAHTUMETPOBOI'0, 3HAUCHHS MTAPAMETPY

ad” 361J'II>HIy€TI>C$[ Ha JCCATKHU Z[B 3a HOTYKHICTHO.

Takum unHOM, (QIyKTyarii (pa30Boro GpoHTY XBHII
3aBaju MPH MPOXOKEHHI Kpi3hb Tporochepy 3 BUMAAKO-
BUMH HEOJHOPIAHOCTAMU € OLIbII 3HAYHUMH, YHM
MeH1e fopxuHa xBuii PTC.

Bupimenns 3apnanns 3axucty PTC Bijg akTHBHUX
MaCKyBaJIbHHX 3aBa]l, 1110 JIFOTh 3a FOJOBHOIO Ta O1YHUM
nemoctkam JJCA, 3a06e3meuyeThesi 3aCTOCYBaHHIM KOpe-
msmiiaux AKII, moOymoBaHUME 3a KBaJpaTypHOIO abo
TeTePOJMHHOI0 cXeMaMH. BIUIMB BHNagKOBHX BHKPHUB-
neHb (pa3oBOTO PPOHTY XBUIII 3aBaIH YCKIATHIOE poOOTYy
AKII Ta 3aMXYE sKicTh 3aBago3axucty PTC.

[pwu 3acrocyBanni B PTC kopemsmiitanx AKII, opi-
eHTawii monmoMixkHoi xoMmeHcauniiinol anrenn PTC Ha
JUKEpeTIo 3aBajiv Ta JIHIHHOMY 3aKoHi yOyBaHHS Koedi-
ienTta kopessiiii ha3oBux (uykryariii, Bupa3 koedirie-
HTa MOJIaBJICHHS 3aBanu 3a [15] Mae HaCTymHUI BUTIISL:

o> l+a,ctg’y , LT

K, =—F-=—"——|1+ctgy——| , (4

a 3L

BHX ¢

2

6UX

e csfx — Iucriepcist akTuBHOI 3aBaau Ha Bxoni AKIT; o

— IMcTiepcist akTUBHOT 3aBaay Ha Buxoxi AKIT; y =bL/2
. 2 . .
— y3arajbHeHui KyT; D= 7 Sin@ — peryssipHa 3MiHA

¢bazu; O — KyT MK HOpMaILTIO 10 OCHOBHOT anTeHn PTC
1 HaIIPsIMOM Ha JPKEPEJIO BUIIPOMIHIOBaHHS; L, — po3mip

anepTypu JonoMixkHOT komneHcartiitHoi antean PTC. Mi-
PO TIPUITYIIIEHHS 30BHIITHFOT aKTHBHOI IITYMOBOT 3aBa/Ix
MOJKE CITy)KUTH 1i OCITaOJICHHS, SIK BETMYUHA OOCpPHEHA 10
KoeilieHTa MOJaBICHHS 3aBa/Id TAKAM YHHOM:

E=YK,. (5)

PosrnsgaeTscsa BUMagok P >> L, ockinbku nuie

3a Ii€10 YMOBOIO MOXKITUBE peajibHe OCJIa0JICHHS 3aBaJIu.
Haii0inpmr cupusTINBIMH yMOBaMH OCJIAOJICHHS
BIUTUBY 30BHIIIHBOT 3aBaJU € TaKi:
— HAsBHICTh TUILKH OJHOTO JDKEpesa 30BHIIIHBOT
3aBaju;
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— CTaJMH PexHM;

— paniyc kopemsuii ¢a3zoBux (uUIyKTyauiii 3HauHO
OiplIIe PO3MIpY anepTypH aHTeHH.

[Ipy BiIMIHHUX yMOBax pe3yJbTaTH KOMIIEHCAIil
3aBaqu OyAyTh TiUNbKH Tipiie. L{e 103Bosisie BBaXkaTH OIli-
HKH, 3p00JIeH] P NPUHHATHX yMOBAX IPAaHNYHUMHU.

Y OLIPIIOCTI MPAKTHYHHUX BHITAAKIB BHKOHYETHCS
ymoBa a,, <<1.IIpu HeBUKOHaHHI JaHOI yMOBH BTpayae

CEHC caMa 3aJava KOMIIEHcallii 30BHIIIHLOI 3aBagu. Y
CBOIO Y€pry, yMOBa 8,, <<\ BHKJIIOYA€ BUNAIOK 30iry

KyTiB IPUXOJy aKTUBHOI 3aBaJi Ta KOPHCHOTO CUTHAITY.

IIpu HEKOPETFOBAHOCTI 32 YACOM 1 IPOCTOPOM BIIa-
CHHX ITyMiB Ta HEKOPEIHOBAHOCTI 3a 4acoM, aie Kope-
JIBOBAHOCTI 33 TIPOCTOPOM 30BHIITHBOT 3aBaJIH, ONTHMA-
JIbHA TIPOCTOPOBa 00poOKa 3BOANTHCS J10 Takoro [13].

IIpocTopoBa 00poOka B OCHOBHOMY KaHaji y3ro-
JDKEeHA 3 HANPSIMOM TPHXOJy KOPHCHOro curaany. IIpo-
cTOpOBa 00pOOKa B IOTIOMIKHOMY KaHaJIi IOBHHHA OyTH
y3roJDKEHa 3 HampsMOM IPHUXOJY 3O0BHIIIHBOI 3aBaj,
aJle BUKOPUCTOBYETHCSI HEPIBHOMIPHHH, 3aJIe)KHUN Bij
IHTCHCUBHOCTI 30BHIIIHBOI 3aBa{y aMIUTITYIHUI PO3IIO-
JIUT y3[IOBXK arepTypu AOIOMiXKHOT anTeHu. Po3mipwu arre-
PTYpH OCHOBHOI Ta JIOTIOMIKHOI aHTCH OBUHHI OYTH pi-
BHUMH, a iX (a30Bi meHTpHu cymimeHumu. [Ipu npomy,
OLlIHKA T'PaHMYHO MOJKIIMBOI'O OCJIAOJEHHS 30BHIIIHBOI
3aBajiu Mae HactynHud Bursig [20]:

g 1+2cigy

g (6)

2 1+ 2ay, Ctgz\u

Haiibinpime ocmabiieHHST Mae Micle UIT MaKCHUMY-
miB 6iunnx nemocrtok JIC ocHoBHOI anTenn (ctgy =0).
Jis Hy1pOBUX 3HaUeHb Takoi JIC ocrabeHHs BIACYTHE,
OCKUJIbKH BiICYTHSI cama 30BHIIIHS 3aBajia.

Ha puc. 3 300pakeHo 3a1exKHICTh KoedilieHTa mo-
JIaBJICHHS aKTHBHOI 3aBajii, OTPUMAaHOTro 3rifiHo (5) Ta
(6), Bin y3aranbHeHOro napameTpa a,, Tpu GikCOBaHMX
3HAUEHHSAX BIIXWICHb Ay y3aralbHEHOTO KyTa | Bif

HanpsiMKy Makcumymy Oiunoi nemoctku JJCA. Kpusi 1,
2, 13 Bignosigarote Ay = 60, 45, 30°.

K, nb

30,

10
1x107° Aga 001

Puc. 3. KoedilienT nonapieHHs 3aBajii B yMOBax (IIyKTyatliit

(hpoHTy il XBUII (KEpEIo: po3pobICHO aBTOPAMH )

3a oTpuMaHUMU TpadikaMu MOXKIUBO 3aKITIOYUTH,
10 Koe(ilmieHT OJaBICHHS 3aBaH € MPAKTHIHO TPSIMO

NPONOPLIAHKUM @, Ta 3aJeXKHUTh Bix Ay . IlopiBHSIHHS
rpadikis BKasye Ha Te, 10 NpH 3Ha4eHHAX @, > 0,01 3a-

CTOCYBaHHS 3aC001B MO/IAaBJICHHS aKTUBHUX MAacKyBalb-
HUX 3aBa]l He 3a0e31euye HeoOXiAHy 3aBaI03aXUIICHICTD
CHCTEM 3B’ 53Ky Ta paJioIoKaIlii.

Sk noseneno y [19] npu nepexoai Bii METPOBOTO
JIO CaHTHMETPOBOT'O Jialna3oHy JOBKHH XBHJb, 3MEH-
LIeHHs Koe(illieHTa o1aBIeHHs aKTHBHOI 3aBa i MOXe
CKJIQJIaTH AeCsITKH 1b.

[Tpu oMy, TponiocdepHi HEOAHOPITHOCTI BHOCSTD
3HAYHUH BIUIMB Ha 3HWKEHHS €(DEKTHBHOCTI MO1aBICHHS
akTuBHOI 3aBaau AKII y caHTUMETpOBOMY Ta I€LUMET-
pOBOMY Hiara3oHaxX TOBKHH XBHIIb. Y METPOBOMY Jia-
Ma30Hi BIUTUB TPONOC(epr Ha 3MEHIICHHS e(peKTUBHOCTI
MOJABIICHHS aKTUBHOI 3aBaill € HECYTTEBUM, aje y
[OMY Jliala3oHi JOBXHWH XBHJIb OCHOBHHH BHECOK Y
3HIDKEHHSI KOeQillieHTa ITO/aBICHHS aKTHBHOI 3aBalH
BHOCHTB BILIMB 3¢MHOI (MOPCBHKOT) ITOBEPXHI.

JloninbpHO MpoaHani3yBaTH HaCTYIHI BUITAAKH PO3-
HEeCeHHs (ha30BHX IICHTPIB ( OCHOBHOI Ta MOTMOMIXKHOL
AHTEH CHCTEM Pajio3B’sI3Ky a0 pasionoKaIiii:

— anepTypy OCHOBHOI Ta JIONIOMIXHOT aHTEH TIepeK-
pHBaKOTHCs MOBHiCTIO: 0 < ( < (L- Ll)/2 ;

— amepTypu aHTEH NEPEKPUBAIOTHCS YACTKOBO:
(L-L)/2<r<(L+L)/2;

—  aneprypu
(>(L+L) / 2.

J1nist JOBLIBHOTO 3HAYCHHS BEIMYMHM ( Ta CIIPSIMO-
BAHOCTI JIONIOMDXKHOT aHTEHH Ha JKEPEeJIo 3aBaiu Koedi-

LI€HT TTOIaBJICHHS aKTHBHOI 3aBaaH (4) IePETBOPIOETHCS
JI0 HACTYITHOTO BUTIISAY:

aHTEH HE  MEepeKpPHUBAIOTHCS!

-1

1+a, ctg?
= =7 gw1+ctgzw—3il_+§((2) . (7

n

ar/u
Bennuuna cknanoBoi §(() ams poSrIsHYTHX BH-

NajIKiB BU3HAYAETHCA TAKUM YHHOM:
- C()=0mpn 0<(<(L-L,)/2;

Cogy=tfiho2eY
(;(f)—‘“_l[l . Lj npu

(L-L)/2<e<(L+1,)/2;

_ C(.ﬁ):%—l npu KZ(L+L1)/2.

Ha puc. 4 npeacrasneni rpadiku 3ane:xHOCTI Koedi-
Li€HTAa MOJIABJICHHS 3aBajiil Bij y3arajbHEHOTO KyTa V ,
SIKi BIIMOBiIar0Th BumaakaM: kpua 1 — (=0 kpuBa 2 —
(=5; kpusa 3 — (=15), 3a ymoBamm: L=1L =10m,
a,, =0,01. Ha puc. 5 naeneno nani rpadiku npu pis-
HUX PO3Mipax OCHOBHOI Ta JOITOMIDXKHOI aHTEH 3a yMO-
BOIO CyMIIleHHs iX (a3oBux neHtpis (kpuBa | — L =1L ;
kpuBa2 —L=2L ; xpusa 3 — L=10L)).

Kpupa 4 Ha puc. 4 Ta 5 BiINOBiTaE ONTUMATBHIN
npocTopoBiit 06podLi 3rinto (5) Ta (6). 3a rpadikamu, mo
HaBeIeHI Ha pucC. 4 MOXKIIMBO 3aKJIFOUUTH, IO TIPH pO3HE-

CeHHAX (Da30BUX IIEHTPiB OCHOBHOI Ta JOMTOMIXKHOI BiI0y-
Ba€ThCS 3MEHIIICHHS Koe(illieHTa TIOAaBICHHS 3aBajIH.
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BennunHy 110 14 % (kpuBa 2), a BUHeceHHS (Ha30BOTO

20

10

LEHTPY 32 MEXI aHTCHU Ha ITOJIOBUHY I[bOTO PO3MIpy —
1o 37 % (xkpuBa 3).

3a rpadikamu, 110 HaBeICHI Ha PUC. 5 MOXKITHBO 3a-
KJIFOYUTH, IO Pi3HULS PO3MIPY OCHOBHOI i JOJATKOBOI
AaHTEH KOMIICHCATOPiB BIUTUBAE Ha KOE(IIi€eHT MOIaB-
JICHHS B MEHIIIOMY CTYIICHI HIXK PO3HECEeHHS iX (pa3oBuX
LEeHTPiB. Y MOPIBHSAHHI 3 ONTHMAIBHOIO MPOCTOPOBOIO
00pobKoIo (KpuBa 4), Ipu piBHUX po3Mipax aHTECH 3MEH-
HIeHHs KoedilieHTa nmojaBieHHs ckiaagae 10 7 % (kpuBa
1) Tpu 3MeHIIEHH]I PO3Mipy I0IaTKOBOI aHTEHHM B 2 pa3u
y TOpIBHAHHI 3 pO3MipOM OCHOBHOI aHTeHH — 10 11 %
(xpuBa 2). I1py 3MeHILIEHH] pO3MipY A0AaTKOBOi aHTECHH
y 10 pasiB # Oinbe — 1o 15 % (xpusa 3).

3aBajIM BiJ y3aralbHEHOTO KyTa IPH Pi3HUX PO3HECEHHIX
(ha30BHX LIEHTPIB aHTEH (KEPEN0: pO3pOOICHO aBTOPaMH)

20|

10

1 2 3 Takum 4nHOM, Ui 3a0e3NeUeHHs YMOB HaWKpa-
LIOTO TIOJIABJICHHS! aKTHBHOI 3aBaJy PO3MIpH amepryp
OCHOBHOI Ta JOTIOMI>KHOT aHTEH CHCTEM Pazio3B’si3Ky Ta
panionokamnii moBUHHI OyTH piBHUMHY, a X (pa30Bi HEHTPHU

— CYMIIOICHUMH, IO I03BOJISIE HAONM3UTH aNalnTHBHY

Puc. 4. 3anexHicts koedillieHTa MOAABICHHS aKTHBHOT

K MIPOCTOPOBY 0OPOOKY J0 ONTHMAIBHOI.
n
BucnoBku

1. PO3MOBCIOIKCHHS 3aBaJI0BOI XBIII y peaIbHIX
YMOBax € MPUYMHOI0 BUHUKHEHHs (uiyKTyauiit ii daso-
Boro ¢ponry. [Ipu npomy, aHani3 nux Guykryamiii Moxe
MIPOBOANTHCS TUIBKHU 3 BUKOPHCTaHHSIM METO/IIB MaTeMa-
THYHOI CTaTUCTHKH.

3. TpomocdepHi HEOTHOPITHOCTI 3IAaTHI CYTTEBO
3HU3UTH KOE(IIIEHT MMOJaBICHHS aKTHBHOI 3aBajn I
CHCTEM Pajio3B’sI3Ky Ta PajioyIOKaIlil CAHTHMETPOBOTO
Jiara3oHy JIOBXKHMH XBWIb. [Ipy 11boMy, BOHH HE OKazy-
I0Th 3HAYHOTO BIUIMBY Ha 3aBa103aXHUIIEHICTh JaHUX CH-
CTEM y METPOBOMY Jiana3oHy JOBXHH XBWJb, aje y

Y

1 2 3 [bOMY JiaMa30Hi CYyTTEBUI BIUIMB Ha X 3aBaq03axHIIC-

HICTB 3IHICHIOE 3¢MHA MTOBEPXHSI.

Puc. 5. 3anexHicTh KoedilieHTa TOTABICHHS aKTHBHOT
3. lns 3abe3nedeHHss yMOB HaiKpalloro mHojias-

3aBajlM BiJ y3araJbHEHOTO KyTa IPH PI3HUX po3Mipax

aHTeH (IKeperto: po3poOIeHO aBTOPaMH)

B nopiBHSIHHI 3 ONITUMAIIEHOIO IIPOCTOPOBOIO 00PO-
OKoto (KpuBa 4), BigXWieHHs 00pOOKH BiJl ONITUMAIIBHOT
3MEHIIye Koe(ilieHT OAaBICHHS Ha BEIWIUHY 10 7 %
(xpuBa 1), 3cyB $a30BOro HEHTPY JOAATKOBOI aHTECHU HA
[TOJIOBUHY T€OMETPUYHOTO PO3MIPYy OCHOBHOI aHTCHH
MPU3BOJUTH JI0 3MEHILIEHHs KoedillieHTa NoAaBIeHHs Ha

JICHHS1 aKTUBHOI 3aBaJii PO3MIpH anepTyp OCHOBHOI Ta
JOTIOMDKHOT @aHTEH CHCTEM 3B’SI3Ky Ta pajiojokanii mo-
BHHHI OyTH piBHUMH, a TX ()a30Bi EHTPH — CyMIIICHAMH.
[IpocTopoBa 06poOKa y TOMOMIXKHOMY KaHaJi MOBUHHA
OyTH y3rojkKeHa 3 HalpsIMOM IPHXOIY 30BHILIHBOI 3a-
BaJIM Ta BUKOPUCTOBYBATHUCh HEPIBHOMIpPHUI, 3aJI)KHUI
BiJl IHTEHCHBHOCTI 30BHINIHBOT 3aBaJy AMIUTITYIHHIA
PO3MOJIIT Y3JIOBXK anepTypH AOMOMIKHOT aHTEHH.

Artech House, 2012. 264 p.
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Possibilities of ensuring the specified failure protection of radio communication and radar systems
in real conditions propagation of radio waves

0. Kuznietsov, V. Vasylyshyn, O. Kolomiitsev, Y. Bolbas

Abstract. Radio communication and radar systems operate under the influence of tropospheric inhomogeneities and the
substratum, which is the cause of fluctuations in the phase front of electromagnetic waves. In particular, fluctuations of the inter-
ference wave front lead to a decrease in the immunity of these systems. The subject of study in the article is the effect of fluctuations
of the phase front of an active masking interference wave on the effectiveness of its suppression in radio communication and radar
systems. The goal is to evaluate the capabilities of radio communication and radar systems to ensure the specified immunity in real
conditions of radio wave propagation. The task is to study the dependence of the effectiveness of suppression of active interference
on the direction of its arrival at different sizes and differences of phase centers of antennas of communication and radar systems,
as well as to determine a proposal for its improvement. In the course of solving the specified task, the perspective of using adaptive
digital antenna arrays as antenna systems in radio communication and radar systems has been proven. Using the methods of math-
ematical statistics, the degree of influence of the fluctuations of the phase front of the active interference was estimated, depending
on their statistical characteristics, which correspond to the real conditions of radio wave propagation. The dependence of the sup-
pression coefficient of active interference on the degree of influence of phase fluctuations in the elements of the receiving aperture
at fixed values of the deviations of the angle of arrival of the interference from the direction of the maximum of the side lobe of
the antenna directional diagram was analyzed. The specified coefficient was evaluated based on the size and phase difference of
the main and auxiliary antennas of the radio engineering system. The conditions for the best suppression of active interference in
radio communication and radar systems have been determined. A promising direction of further research may be the application
of the obtained results in relation to the issues of ensuring the given interference immunity of the specified systems under the
influence of combined active-passive interference.

Keywords: adaptive digital antenna array, active masking interference, interference immunity, suppression coefficient,
substratum, radio communication system, radar system, statistical characteristics, tropospheric inhomogeneities, phase center,
phase front fluctuations.
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Hanionanenwuii ynisepcutet «IlonraBcrka momitexnika imeHi FOpist Konapatrokay, [TontaBa, Ykpaina

BATATOKPUTEPIAJIBHUM IIIXI] .
A0 CHUHTE3Y MYJIbTUCEPBICHUX TEJIEKOMYHIKAINIMHUX MEPEK

AnoTranis. HalfedpexTuBHinie 3acTocyBaHHS MYJBTHCEPBICHUX MEPEXK BiOyBae€ThCS Y TPAOHULIITHAX ONepaTopiB 3B's-
3Ky, II0 3HAYHO PO3LIMPIOE CIIEKTP MOcayT. [y KOPIOPAaTHBHOTO PUHKY KOHCOJNIJAMis BCIX BiAJaJCHUX IiIPO3AITiB B
€JIMHY MYJIBTHCEPBICHY MEpPEKY MOXE 3HAYHO ITiIBUIIUATH ¢PEKTHBHICTE 00MiHY iH()OpMaIli€ro Ta 3a0€3MeYNTH CBOEYa-
CHY JOCTYIHICTh JaHUX. 3aBISKH MOXIHBOCTI OOMiHY BEMKMMH OOCSTaMH JaHHX MDK o(icaMH MOXHa IUTaHYBaTH
KOH(EPEHII-I3BIHKN Ta BiICOKOH(EPEHIIl 3 BiAgaleHUMH MMiaApo3aiiaMu. Bee 1ie mpHCKOproe pearyBaHHS Ha 3MiHH B
KOMITaHii Ta 3a0e3meuye CBOE€YacHEe i ONTUMI30BaHE YNpaBIiHHSA BCiMa MpolecaMu. MysbTHCEpBiCHA Mepexa — 1ie 0a-
raToIJIbOBE CEPEIOBHILC 3aTaJbHOTO MPU3HAYCHHS, TIPU3HAYCHE IJIs Iepeaadi royiocy, 300pakeHp 1 JaHUX 3a JOIOMO-
rOI0 TEXHOJOTii KOMyTaii makeTiB. BoHO XapakTepHu3yeThCs XapaKTepHUCTUKaMU HaliiHOCTI TeneoHHOT Mepexi (mmopi-
BHSTHO 3 HErapaHTOBAHOIO SIKICTIO 3B'A3Ky B [HTepHeTi) i 3a0e3medyye HU3BbKY BapTiCTh nepenadi oguHuI iHdopmamii
(6mm3pky o BaprocTi mepexadi naHux B IHTepHeri). OCHOBHMM 3aBIaHHSAM MYJIBTHCEPBICHHX MepeX € 3a0e3medeHHs
poboTH pi3HOPITHHUX 1HGOPMALIITHAX 1 TEIEKOMYHIKalliHHUX CHUCTEM 1 TOJAaTKiB B €IMHOMY CEepeNOBHUINI Hepenadi, ae
ennHa 1HQPACTPYKTypa BHKOPUCTOBYETHCS JUIS Iepepadi 3BHYaliHOTO Tpadiky (IaHMX) Ta iHIIOro iH(opMariifHOro
Tpadiky (MOBJICHHS, BiIcO TOLIO). AJTOPUTM HPOEKTYBaHHS MYJIBTHCEPBICHUX TEICKOMYHiKaliiiHux Mmepexx (MCTM) —
1Ie MPOoLeC PO3POOKU CHCTEeMHO-TEXHIYHHUX PIllleHb MPH iX MOOYIOBI MPH KOPOTKOCTPOKOBOMY, CEPEIHLOCTPOKOBOMY i
MEepPCIEKTUBHOMY pO3BHUTKY. Onrtumizanis npoekryBanHds MCTM 31iliCHIOEThCS Ha OCHOBI 3aCTOCYBaHHS IPHHIIMITIB
JEKOMITO3UIIi1, CHCTEMHOCTI Ta iTepalifHOCTI MPOCKTYBAaHH:, a TAKOXK METOMIB MOCTIIOBHOI ONTHMi3amii Ta HMOBIipHic-
HOT 3rOPTKH IIPH OTPUMAaHHI y3arajJbHEHHX KPUTEPiiB. 3alPONOHOBAaHHUH CIIOCIO O3BOJISIE IEPEUTH BiJ PIillIEHHS ONTH-
Mi3aliifHoT 3a/1a4i BEJIMKOi PO3MIPHOCTI O B3a€MO3aJC)KHOI 32 BXIJIHUMHU Ta BHUXIJHHMHU JaHUMH MOCITIJTOBHOCTI 3a-
BJJaHb MEHINOI po3MipHOCTi. B pe3ynbrari 3a0e3neuyeTbes moeTanHui itepauniinuii cuates crpykrypu MCTM i BuGip
3Ha4YeHb BHYTPIIIHIX IMapaMeTpiB MIJSIXOM MTapaMEeTPUYHOT ONTHMI3allil, IPH SIKUX BUKOHYIOTHCS BUMOTHU 0 SIKOCTI (y-
HKI[IOHYBaHHS 1 BapTOCTi MPOoeKTy. [Ipu IboMy PO3BHHYTO TEOPIiI0 Ta METOIU CTPYKTYPHOTO Ta MapaMeTPpUIHOTO CHH-
Te3y MYJbTHUCEPBICHUX TEICKOMYHIKALIMHUX HAKJIAICHHUX MEPEX Ha OCHOBI pO3pOOKH HOBHX MoOjIelieii OaraTopiBHEBUX,
0araTomapoBHX MEPEX 1 METOJIB CTPYKTYPHOTO i MapaMETPUIHOTO CHHTE3Y, SIKi BPAXOBYIOTh HAasBHICTh MiXK PIBHSIMH
HaKJaJIeHNX Mepex (pi3UYHUX 1 JTOTIYHUX 3B'SI3KIB.

Kaw4doBi ciaoBa: MynbTHCEpBICHA Mepeka, MapaMETPUYHA Ta CTPYKTYPHA JEKOMIIO3UIIisl, OaraTOKpUTEpialbHUH i/~

X1/, BeKTOpHUI KPUTEPil, MOCTIJOBHA ONITUMI3aIlisl.

Beryn

IMocranoBka mnpodiaemu. TenexkomyHikauiiiHa
Mepexa 3arajJbHOr0 KOPHCTYBaHHs O3HAYa€ CHUCTEMY
nepenayi, sika MOBHICTIO 200 YaCTKOBO BUKOPHUCTOBY-
eThcs s 3abe3medeHHs Tepenadi CHTHATIB MiK
BH3HAYCHUMHU KiHIEBHUMH TOYKAMH 3a JOMOMOTOIO
TenerpagHUX, pagio, ONTHYHUX a00 IHIIUX EJIEKTPO-
MarHiTHHX 3ac00iB, II0 O3HAaYa€ TEIIEKOMYHIKaIliiHe
oOnajHaHHS Ta iHIII pecypcH, 3alexXHOo Bix obcra-
BHH.

TenexomyHiKamiitHi MOCIYTH - 1€ MMOCIYTH, KPiM
panmio- Ta TeJNEBi3iIHHOTO MOBJICHHS, HAJaHHS SKUX
MOBHICTIO 200 YacTKOBO CKJIQJAEThCA 3 Tepenadi Ta
rnepenadi CUTHAJIB TO TENEeKOMYHIKAaIliHHUX Mepe-
Kax.

IcHye kareropis, fika OXOIUTIOE MEpeXi MiAmIpHu-
€MCTB, aQiniiloBaHNX 3 KOMIIAHISIMH Ta YCTaHOBaMH,
Oi3Hec-1HTepecH SKUX BUXOIATH 32 MEXi TEIEKOMY-
HIKaIiHHOT raimy3i.

Omneparop 3arajibHOJOCTYIHOI TEJIEKOMYHiKa-
HidHOT 1HPPACTPYKTYpH, SIKUIl Ha3MBAETHCS ONEPATO-
pOM Mepexi, CIpusie nepeaadi CUTHaJIiB MiXK BH3HA-
YEeHUMHU TYHKTaMH TPU3HAYCHHA B MEPEXi 3a JI0To-
MOTOI0 Pi3HHUX 3ac00iB, Takux K TenedoH, MiKpoX-
BWJIHOBUM, ONTHYHUNA ab0 €JIEKTPOMAarHiTHUH METO-
mu. 3 iHmoro 0oKy, mpoBalaep MEpeKEeBUX IOCIYT,
Oynp To izuuHa 9K IOpUIUYHA 0coba, Oepe ydacTh y

MPOTIOHYBaHHI MOCHYT y cepi myOTIIHIX TEIeKOMY-
HIKaIli{, 0 mepeayciM mepeabadae mepegavy CUrHa-
JiB y MEpexi 3B’ A3Ky.

3B’A30K OXOILUTIOE OyAb-sSKY (QopMy 3’ €THAHHSA,
TUMYacOBOTO YH IOCTIHHOrO, sike 3abe3rneuye oOMiH
iHpopMaliero MiX JBOMa abo Oijble KOpUCTyBaya-
MU CHCTEMH Nepeadi JaHHuX.

TenekomyHiKkaliitHi TOCIYrH OXOILTIOIOTH Hepe-
Jady JaHUX MK Mepexkero abo KOpHucTyBauyeM i IMyH-
KTOM npu3HaudeHHs. Llg nmepenaua nependayae oOMiH
iHpopmariero, HEOOXiMHOKW Ui  BCTAHOBJICHHS
3’€JHAaHHA Ta KOHTPOJIIO 332 HOro NMpOCYBaHHSM, Ha-
MPUKJIAJ] 3a0UT HAa YTpUMaHHS a0o iHIIiIOBaHHS Ie-
penaui.

Kpim Toro, indopmanis npo 3’€qHaHHS, BKIIO-
Yar4u TPUBATICTh 3’ €IHAHHSA, JOCTYIHA SIK OTIEpPaTo-
Py Mepexi, Tak 1 mocTadanbHUKY HocTyT Mepexi. Lli
MOCJIYyTH, SIKI JI03BOJISIIOTh KIHIEBUM KOPHUCTYyBadam
Ta {HIIUM oIlepaTopaM IepeaaBaTH Tpadik yepes CBOI
Mepexi, Ha3MBAIOThCS IOCIYraMH TPaHCIOPTYBaHHS
iHdopmarii.

OCHOBHHMM  3aBJIaHHSIM  TeJIEKOMYHIKaI[iHHIX
CIyK0 € 3a0e3mevycHHs MOXKIUBOCTI 0OMiHY iH)Op-
MaliiHUMHA [OBIZOMIIEHHSMH MIDXK BiAfajJeHUMU
o0'exramu. [Ipu cTBOpeHHI MepexKi 3arajJbHOI0 KOpH-
CTYBaHHSA OIlepaTop 3000B's13aHUN 3a0€31EUNTH CTaH-
JnapTHi iHTepdeiicu (TOYKM MiJKIIOYEHHs) CKpi3b, Je
B MEpeXi IMAKII0YeH] KiHI[eBi MPUCTPOI.
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IcHye kateropisi, sika OXOIUIIOE MEPEXi MiINpH-
€MCTB, aQiniiloBaHUX 3 KOMIIaHISIMHU Ta yCTaHOBaMH,
Oi3Hec-iHTepecH SIKUX BHUXOJISATH 32 MEXI TEJIeKOMY-
HIKaI[iHHOT ramy3i.

Omneparop 3arajibHOJOCTYIHOI TEJIEKOMYHIKa-
miitHOT iIHPPACTPYKTYPH, AKHH HA3WMBAETHCSA OMEPaATO-
pOM Mepexi, Cpuse mepeaadi CUTHaIiB MiXK BH3HA-
YEeHUMH IMyHKTaMU NPU3HAYCHHS B MEPEXi 3a JOTO-
MOTOI0 PI3HUX 3ac00iB, TakWX sAK TenedOH, MIKpOX-
BWJIHOBUM, ONTHYHUNA ab0 €JIEKTPOMAarHiTHHH METO-
pivz8

3 iHmoro 00Ky, MpoBaiJiep MEPEKEBUX MOCIYT,
Oyap To Qi3uyHa UM ropuAMYHA ocoba, Oepe ydacTb y
MPOITOHYBaHHI MOCHyT y cdepi myOoniyHIX TEeIeKOMY-
HIKaIli{, 0 mepeayciM nepeabdavae mepenayy CUrHa-
JIB y MEpexi 3B’ SI3KY.

3B’530K OXOIUIIOE Oyab-siKy (Gopmy 3’€THaHHS,
TUMYACcOBOT'0 YW TOCTIHHOTO, K¢ 3a0e3meuye oOMiH
iHpopMmaliero M aBOMa abo OinbIle KOPUCTyBada-
MU CHUCTEMH Iepesiadi JaHuX.

Bynemo BBaxkaTH, 10 3a/1aHO:

— IPU3HAYCHHS Ta OCHOBHI BapiaHTH 3aCTOCY-
BaHHSl QJITOPUTMY IIPOCKTYBAaHHS MYJIbTUCEPBICHOT
TenekomyHikamiiHoi Mmepexi (MCTM) Ha ocHOBI
0araToKpUTEepialbHOTO MiAX0Y;

— BUMOTH /10 XapaKTEepUCTUK MEPExKi, 3aCHOBaHI
Ha BUKOPHCTaHHI KOMIUICKCHHX METOJIB OLIHKH, SKI
BPaxoBYIOTh KiJIbKa KpUTEPIiB;

— BU3HAYCHI KpUTEPii BIACTUBOCTEH MEpexKi;

— mporpamHe 3a0e3nedeHHs (KoHGirypamis Tta
G yHKIIIT).

IcHye moTpebda B po3poOii anropuTMy MpPOEKTY-
BauHI MCTM Ha oOCHOBI 0araTOKpHTEpialbLHOTO
MiIXOIy.

[Tpu upoMy BBa)KaeThCs JOLIIBHAM AOTPUMYBa-
THCh HACTYITHUX OOMEKEeHb: XapaKTePUCTHKH MEPEKi
JIOCTYIy PO3PaxOBYIOTHCS HAa OCHOBI ICHYIOUYOTO Te-
JIEKOMYHIKalif{HOro o0jajHaHHS BiOMUX BHPOOHU-
KiB 1 BIIMOBIZHO 0 BHMOT TEXHIYHOI JOKYMEHTAIIIl;
TEPMiHM PO3POOKH Ta PO3paxyHKy IPOEKTY TEXHIKO-
€KOHOMIYHHX IOKa3HHKIB BU3HAYAETHCS 3aMOBHUKOM
[1, 2].

AHaJji3 ocTaHHiX JocjiKeHb i myOaikamiii.
[Ipu mpoexTyBaHHI MepeX 3B'A3Ky PI3HOTO IpHU3HAa-
4eHHsI (POPMYETHCS BIANOBIIHA ONTUMI3alliifHA 3aja-
ya,

Jns BupimeHHs MoAiOHMX 3amad JOIINBHO 3a-
CTOCYBaTH HACTyIHI Mmetomu [3, 4].

1) Momyk koMmpoMmicHUX e€(peKTHBHHX PIllICHb,
ONTHMAaJbHUX 32 MEBHUMHU KOMIIOHEHTAMU BEKTOPHO-
ro xkpurepiro 3a [lapero.

2) Tlowyk pimeHb, ONTUMaIbHUX 3a T00aNb-
HUM CKaJIIPHUM KpUTEpieM, SIKHH OTPUMAHO LUIIXOM
3TOPTKH ITEBHUX KOMIIOHEHT BEKTOPHOTO KPUTEPIIO.

[TapameTrpuuHa Ta CTPYKTYpHa JEKOMIIO3HIs
MCTM joninbHa 3 ypaxyBaHHSAM iX HOJaJIBIIOTO
PO3BUTKY.

Bona mnepenbadae mOCTIAOBHUN iTepamiiHuN
CHHTE3 CTPYKTYPH Ta BU3HAUEHHS BHYTPINIHIX TMapa-
METpiB IIIAXOM TMapaMeTpudHoi onrtmmizarii. Ilpu
IIbOMY BPaxXxOBYIOTHCS BUMOTH JIO SIKOCTI (yHKITIOHY-
BaHHS Ta BapTOCTI MPOEKTY.

[TepenbavaeTncsi, 10 BUMOTH 10 SKOCTI (yHK-
IOHYBaHHS (OPMYIOTH CHCTEeMY OOMEKEHb Ha BHUXi-
JHI mapaMeTpu MYJIbTHCEPBICHUX TEJIeKOMYHiKallil-
HUX MEpEX.

Ha nmpakrtuui, sk npaBuio, onTuMizaniiHa 3aaa-
Ya 3BOJIUTHCS NI0 3HAXOJDKCHHS MIiHIMyMYy (QYyHKITiO-
HaJly TEXHIKO-CeKCILTyaTallifHuX BUTpaT. Po3paxyHok
BKJIIOYA€ BUTpaATH, MOB’S3aHI 3 OPCHJIOI KaHAaIiB
repeaadi, mepepaxoBaHy BapTiCTh MEPEXKEBOro oOa-
IHAHHSA Ta 1HBeCTHUIT, HEOOXiaHI I BIAIIOBIAHOCTI
BCTAHOBJIICHHM a00 [OCSDKHHUM CTaHAAapTaM SKOCTI
poboru.

L[s1 MeTprKa BCTaHOBIIIOETHCS IUIIXOM PO3TIISIY
CyMapHOi HWMOBIPHOCTI 3aJOBOJICHHS BHUMOT SKOCTI
00CITyroByBaHHsS I PI3HUX KJIAciB IOBiIOMJICHb,
BKJIIOYAIOYM MiACHCTEMHU KepyBaHHs, iHQopMauiliHy
0e3neky Ta CTaOULIbHICTh MYJIBTHCEPBICHUX TEJIEKO-
MYHIKaI[iHHAX MEPEexK.

Takuii mMaxig migKpeciIroe 0araTorpaHHICTh TO-
CTaBIICHOTO 3aBIaHHS.

OmHOUYacHO BpaxyBaHHS 3HA4YCHb HPOITyCKHOT
37aTHOCTI JUISI €JIEMEHTIB MEpeki 3B'SI3Ky, BUOpAHUX
i3 3alaHOr0 Jiama3oHy IIBUIKOCTEH IUGpoOBOi cuc-
TEMHU Iepenayi, BKiIOYae (aKTOp MUTOMHUX BUTpAT,
NOB'SI3aHUX 3 OPEHJOI0 KaHaliB nepenadi. Ha ui Bu-
TpaTH BIUIMBAIOTh JOBXKHHA MapuIpyTy JIOCTaBKH
indopmauii, TpuBamicte poboTu Ta niroui TapudHi
CTaBKH.

HasBHicTh Baxkko (opmanizoBaHHX OOMEKEHB,
OaraTokpuTepiadbHUN XapaKTep 3aBIaHHS 3YMOBIIO-
IOTh 3aCTOCYBaHHS ITEPaIifHOTO alITOPUTMY IMPOCK-
TyBaHHS.

Buxons4u 3 mporo, MpomoHY€ETbECS METOJ Mpoe-
kryBaHHsI MCTM, gxuii ckiaamgaeTbes 3 MOCIiTOBHOC-
Ti B3a€EMOTIOB'SI3aHUX €TalliB.

OcTaHHIi eTan OXOIUTIOE BCeOIYHHMN aHali3 BH-
KJIMKIB, MOB’S3aHUX 13 MIATPUMKOIO SIKOCTI HOCIYT Y
MCTM y 3B’43Ky 3 CaMOTIOAi0OHOIO MPUPOIOI0 BY3b-
KOCMYTOBOI'O Ta IIHPOKOCMYTOBOT0 Tpadiky.

Le#t eran Britouae B cedbe (HOpMYIIOBAHHS Me-
TOAMKH, sIKa MICTUTh KOHKPETHI 3aXOIH, aJalnTOBaHI
0 YMOB caMomomiOHOro Tpadiky B KOMIOHEHTaX
MCTM:

1) MopentoBaHHS TPOLECIB (GOpPMyBaHHI Camo-
noxiOHoro (MyJnbTHCEpBiCHOTO) Tpadiky Ta HOro
00CIIyroByBaHHs TPH Pi3HUX crHocobax ympaBiiHHS,
BKJIFOUAIOYHW MPIOPUTETHE 0OCIYroByBaHHS Ta pe3ep-
BYBaHHS PECypCiB;

2) po3paxyBaHHs MOKa3HUKH SKOCTi poGOTH cH-
ctemMu MacoBoro oociyrosyBanas (CMO) 3 3actocy-
BaHHAM caMomnofioHoro Tpadiky Ta BUKOHATH yTOY-
HEHHS 00cATy HaKONHW4YyBaya Ta BHU3HAYMTH MPOIYK-
TUBHICTh By3J1a KOMyTalii 3 ypaxyBaHHSM BIpPOBa-
JOKEHHS PiBHIB SIKOCTI 00CITyroByBaHHS.

®opmya0BaHHSI MeTH cTaTTi. MeTa po3poOku
METOJIMKH CHHTE3y CHCTEM pO3IJIAIyBaHOrO Kjacy
MOJIATa€E B CTBOPEHHI aJTrOPUTMY IPOEKTYyBaHHS
MCTM Ha 0CHOBi OaraToKpUTepiaTbHOTO MiAXOTY.

Taka MeTonmka MOBHHHA 3a0€3MEYUTH BUCOKY
e(peKTUBHICTh MPUUHATTA yIPaBIiHCBKUX PIillleHb Ha
TEIEKOMYHIKaIllIMHUX MepekaxX IMpu ix moOymoBi Ta
MOJIepHi3aIrii.
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OcHoBHa yacTHHA

Buxonsium 3 momepenHBOro aHaji3y, IOLIIBHO
BBaXKAaTH, 110 peati3amis Mpolecy CUHTE3y MyJbTHCE-
PBICHHX TENEKOMYHIKallilHUX MepexX BiIOYBaeThCs
HACTYIHUM YHHOM.

1) Buximni nani. BoHn ckiIamaroThCs 3 TEXHITHO-
ro 3aBmanas (T3), ocHoBHOoro mpusHauenHs MCTM,
KoH(iryparmii Ta KaTteropiii KOpucTyBadiB, HOMEHKIIA-
TYpH TIOCIYTH Ta 0a30BOI CTPYKTYpPH Mepexi, 11 miak-
JMIOYEHHSI, a TaKOX 3aCTOCOBYBAaHMX KOMYHIKaIliHHUX
TEXHOJIOTIH 1 MOJIITHKH OE3MEKH.

2) ®opMyBaHHs HOJITUKHU iHPOpMaIiiiHOT Oe3re-
KH. BOHU BCTaHOBIIOIOTHCSI HA OCHOBI BUMOT, ITPABUII
Ta 0OMEKEeHb 110 CTOCYEThCS 3A1icHeHHS 1H(opMa-
IAHOT MisTIBHOCTI, CIIPSIMOBAHOT Ha TOCSATHEHHSI Ta
MiATpUMaHHs HAJIEKHOTO piBHS iH(OpMariiiHoT 0e3-
TICKH.

3). Po3poOmneHHs cUCTeMH KpHUTEpiiB SKOCTI Ta
BIAMOBIMHMX BUMOT. IliIrOTOBKAa CHUCTEMH MOKA3HUKIB
sskocti MCTM, ix B3aeM03B’s13Ky Ta BHMOT 3 ypaxy-
BaHHSAM pPEKOMEHIAIiH, CKIaJIeHNX Ha OCHOBI MiXHa-
ponuux crangaptie MCE-T, ISO 9000, TL 9000. Bu-
3HaueHHs poboynx ymoB MCTM Ta oOMexeHHS 3Ha-
YeHb 30BHIIHIX MapameTpiB.

4) ®opmyBaHHs yHiKaIbHOI cTpykTypu MCTM.
Bono 3acHoBaHe Ha anamiTmyHoMy omuci MCTM Ha
OCHOBI Teopil CkiIagHuUX cucTeMm 1 Teopii rpadis. Lle
¢dopmye novarkoBy crpykrypy MCTM, ska po3po0-
JIeHa Ha OCHOBI MOIITYKY MEpeXi MiHIMalbHOI JTOBXKH-
HU. [IpumyckaeTscsi, M0 BOHA 3TOJIOM PO3LIMPIOETHCS
IS 3a0e31eYeHHS BUMOT CTa0lIBHOCTI, a00 BHIIICHHS
CTPYKTYp ICHYIOUHX KOMYHIKAIIHHUX MEpexk, SKi MH
Ha/1aeEMO.

5) Po3poOka MapmipyTu3aiii Ta po3moaisl MOTOKIB
B MCTM. Ilepenbavyae pimieHHs 3ajad CTATHYHOI
MapuipyTu3amii Ta po3noiily MOTOKIB 3a MpiopuTeTa-
MU TIOBIIOMJICHB, SIKi 3a0e3MeuyIoTh IOIIYK eKCTpe-
MyMy JUId TIOKa3HUKIB SIKOCTI (yHKIIOHYBaHH:
MCTM.

6) YMoBHU GopMyBaHHS Ta OOMEXKEHHS 30BHIITHIX
napameTpiB. BoHu BH3Ha4aroTh yMOBHM eKCIUTyaTarii
Ta 00MEXYIOTh 30BHIIIHI TapaMeTpH (YHKIIOHYBaHHS
MCTM.

7) Ilpouec moOynoOBHM MaTeMaTHYHHX MOJIEINCH
JUIsL BY3JIiB 1 Mepex, SIKuil nependayae BUKOPHCTaHHS
PI3HOMaHITHIX MaTeMaTHYHUX METOJIB i MPUHIIUIIIB:

e pO3pOOIEHHS aHATITHYHUX MOJEIEH NI KOMY-
TaliiHUX BY3JiB, BUKOPHCTOBYI0UH Teopito CMO, ski
OXOIUTIOIOTH Pi3HI €JIeMEHTH, TaKi SK MPOCTi MOTOKH,
(ikcoBaHi Ta EKCIOHCHINANbHI JOBXWHHU IIaKETIB,
OYiKyBaHHS, BTpaTH, BiJHOCHI NPIOPUTETH Ta HEHa-
JiHAN cepBICHUN PUCTPIii;

e TIOCTaBJICHAa 3ajJaya IOJSTra€ y BH3HAYEHHI
MIPIOPUTETIB 3a KJacaMH SIKOCTI MOCIYT 1 KaTeropisMu
KOPHCTYBauiB, IO BKJIOYA€ YIPaBIiHHA Tpadikom,
3abe3neueHHs iHQOpMaLiifHOT Oe3neKy Ta iHII miacu-
cremu MCTM.

e KpiM TOTO, HEOOXiHO MOOYMyBaTH aHAIITHY-
HY MOJIeJIh KOMYHIKAI[iHHOT MEepeXi IIJIAXOM ii JTeKOM-
no3wuiii Ha 6aratogdazny CMO.

8) Amnani3z epexTHBHOCTI (QYHKIIOHAIBHUX IPO-
neciB kepyBannsi MCTM:

e DBusHaueHHs MeETOJIB aHami3y Ta KpUTEpiiB
1010 TPABWJI IPUITHATTS PillIeHb;

e Po3paxyHOK ITOKa3HHKIB SKOCTi BiJHOCHO
npoxykTuBHOCTI Mt MCTM, nmo SKHX BigHOCATHCA
cepenHiii 4ac Ta WMOBIpHICTH CBOEYACHOI JOCTaBKH
MMakKeTiB IMOBiIOMJICHb, a TaKOXX CEepemHs IOBXKHHA
YEepru.

e BusHaueHHs y3araibHEHOTO MOKa3HHKA edek-
tuBHOCTI (yHKuionyBanHsa (YIIE®) 3a mgomomororo
METOJy CTOXAaCTHYHOI 3TOPTKH, TOJI SIK CEpeIHs Me-
pexeBa WMOBIPHICTh TOTO, IO MOBIIOMJICHHS Pi3HUX
KJIaCiB y MEpEXki TOCTaBISIOTHCSI CBOEYACHO, CIYKHUTh
VIIE®. BoHr BU3HA4YalOThCs TUIIAMHU HaJaHUX MOCITYT
Ta KaTeropisiMM KOPUCTYBauiB, a TAaKoX iHQopmariii-
HOI0 Oe3nekolo mijacucreM ynpasiinas Ta MCTM.

9) OnrtuMizamist BHYTPIMIHIX TapaMeTpiB MyJIbTH-
CEpBICHOI TeNeKOMYHIKaMiiftHOI Mepexi. OnTumizamis
mobynoBn MCTM (¢yHKITIOHAT BapTOCTI MOXHA Mi-
HIMI3yBaTH, JOTPUMYIOUYUCh MiAXOAYy MOETAITHOTO
CHHTE3y AJsl BU3HAUCHHS CTPYKTYPH Ta BHOOpPY BiArmo-
BIJTHMX 3HAY€Hb JUId BHYTPILIHIX MapaMmeTpis, sKi 3a-
JIOBOJILHSIIOTH BUMOTAM CTa0IIBHOCTI Ta SKOCTI 00Ciy-
TOBYBAHHS).

10) Amnami3z cTIHKOCTI MYJBTHUCEPBICHOI TEJIEKO-
MYHIKali{HOT Mepexi:

® OIliHKA €JIEMEHTHOI Ta KOHCTPYKTUBHOI Hamiii-
HOCTi, kuBy4octi Ta criikocti MCTM nepenbauae
PO3paxyHOK BiAMOBIIHUX MOKA3HHUKIB.

® yIpaBIIiHHS BJIACTHBICTIO CTIHKOCTI MYyJIbTHCE-
pBicHOT TelekoMyHiKamiitHoi Mepexi. Ilpu mpomy y
HOTO CTPYKTypi BiIOYBAa€ThCS IMOIIYK EJIEMEHTIB, SKi
BOJIOZIFOTh XapaKTEPUCTUKaMH K HU3bKOI CTaOlIbHO-
CTi, TaK 1 BHCOKOi 3Ha4uymocTi. [Ipw IIbOMY BasKJIH-
BiCTh BU3HAUYAETHCS 3B A3HICTIO Ta 00CSATOM ypPa3IHMBHX
€JIEMEHTIB y Mepexi, a I paHKyBaHHS — CTyICHEM
BIUIMBY Ha 3arajbHy CTaOUIbHICTH Mepexi Ta peaiiza-
i€ MexaHi3miB momudikamii. L{i BIacTHBOCTI 3Mi-
HIOIOTBCS 3QJIE)KHO BiJl CTPYKTYPH Ta 3aXHCTY €JEeMEH-
Ta.

11) TlepeBipka BiAMOBIAHOCTI YMOBi CTIHKOCTI
(sIkmo «Hi», To BimOyBaeThes mepexin mo m. 12). Ilo-
YaTKOBI 3HaYeHHs BHOpAaHHMX BHYTPIIIHIX HapameTpiB
BUKOPUCTOBYIOTBCS JJISl OIIHKM €()eKTUBHOCTI (PyHK-
LIOHAJBHOCTI, NIEPEBIPKM BUMOT JI0 SKOCTi Ta CTa0ilIb-
HOCTi (PYHKIIOHAJIILHOCTI, @ TAKOX BapTOCTI NPOEKTY.
Sxmo BUMOTH (PyHKIIOHAJIBHOI SKOCTI HE BUKOHYIOTh-
cs, BHYTpPIIIHI TapaMeTpd MYJIBTHCEPBICHOI TEIeKo-
MyHIKaliifHOI MepexXi ONTUMI3YIOThCS.

12) Kopexkriist CTpyKTypu MyJIBTHCEPBICHOI Teie-
KoMyHikartiitnol Mepexi (mepexin 3 m. 12 g0 m. 5, 3 m.
5 1o m. 7, moku He Oyae OTPUMAHO BipHUI pe3yibTaT).
SIKIIO HE BIAETHCS 3HAWTH 3HAYEHHS BHYTPINIHIX Ma-
pametpiB obpanoi crpykrypu MCTM, mo Bignosiga-
I0Th BUMOTaM SIKOCTI IPOEKTY, CTabIIbHOCTI poOOTH Ta
BapTOCTi, CTPYKTypa Mepexi 3B’sI3Ky MOAM(DIKYETHCS.
ko moxuBo, T3 Oye BUIPABICHO.

13) Bubip Meroay KepyBaHHs [apamMeTpamu
MCTM. ba3yeTbcsi Ha MPOBEACHHI OUIBII AETATLHOTO
JOCITi/PKEHHST TTUTAaHHS 3a0e3MeYeHHs] SKOCTI 00CIyro-
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BYBaHHsI MyJIbTHCEPBICHOT TEJICKOMYHIKaliiHOT Mepexi
B YMOBax caMoONoOAiOHOCTI TpadiKy NMpH BUKOPHCTaHHI
BY3bKOCMYTOBHX Ta IMIMPOKOCMYTOBHX MOCIYT.

14) TloGynoBa MaTeMaTHYHOI MOJENI MPOLeCy
(bopMyBaHHs Ta MIITPUMKH MYJIBTUCEPBICHOTO Tpadi-
Ky. MogemnioeThcs iponiec OpMyBaHHS CaMOIIOAi0HO-
0 MYJBTHCEPBICHOTO TpadiKky Ta HOTO 0OCIyroBy-
BaHHSA 3a DPI3HUX METOZIB yHpaBIiHHA (TPiOpHUTETHI
MIOCITyTH, pe3epBYBaHHS pecypciB).

15) Amnami3 skocti obcimyroByBanHs B MCTM.
Po3paxyHOK TIOKa3HUKIB SKOCTI (DYHKIIOHYBaHHS
CMO 3 camomnonioOHUM TpagikoM.

16) IMepepipka BiAMOBIAHOCTI YMOBI caMomoai6o-
cTi Tpadiky (AKIO «Hi», TO BiAOYBaeThCs MEpexia 10
m. 13).

[Tpu BHOOPI MOKA3HUKIB SKOCTI 00OCIYrOBYyBaHHS
€MHICTh HAaKONW4YyBada Ta MPOJYKTUBHICTb BY3JIB
KOMYTaIlil KOPUTYIOThCS 3 ypaxyBaHHSAM BIPOBAKCH-
Hi KJIaciB AKOCTi OOcCiyroByBaHHS. SIkmjo BuMora
caMOTOIiOHOCTI TpadiKy HE BUKOHYETHCS, HEOOXiTHO
HEepeTH 0 pO3pOOKH METONy KepyBaHHs HapaMeTpa-
MU MYJIBTUCEPBICHOI TEIIEKOMYHIKAI[ITHOT Mepexi.

17) TlinrotoBka MpoeKTy MyJIbTHCEPBICHOI Tele-
KOMYHIiKaliiiHoT Mepexi. BukoHyeTbcs po3pobka npo-
€KTHOT JOKyMEHTalii MYJbTHCEPBICHOI TEJIeKOMYHi-
KaIliifHOT MEPEexKi.

Bucnosku

BararokpurepianbHUN METOJ MPOEKTYBAHHI MY-
JHTUCEPBICHOT TEJIECKOMYHIKAIIITHOT MepexXi JT03BOJISIE
BUPIIIATH HACTYITHI 3a/1a4i.

1) Ha ocHOBi y3araibHEHHX MOKAa3HHKIB, TaKHX
SIK YMOBH caMOTOoMiOHOCTI Tpadiky, AOCTIAUTH eeK-
THUBHICTh MpOLECY eKCIulyatanii MyJIbTUCEpPBICHOT
TEJIEKOMYHIKAIiifHOT Mepei Il pi3HUX ILijeid 3a
PI3HUX YMOB BUKOPHCTAHHS.

2) BusHaunTH e(heKTHBHICTH MPOIIECIB HATAHHS Ta
iHTerpauii pisHUX BH/IB IIOCIYT 3 PI3HUMH BUMOTaMH JIO
SIKOCTI TIOCIYT 3 YpaxXyBaHHSM MOJIIMBOCTEH OKPEMHX
MJCHCTEM YTIPaBITiHHSA Ta iHpOpMaIiiHOT Oe3MMeKH.

3) OmrumizyBati 1OGYIOBY MYJIBTHCEPBICHOI
TEJICKOMYHIKAIIHHOT Mepeki 3a KpUTepisMH 3ade3re-
YeHHS CTIMKOCTI, MiHIMi3amil TeXHiKO-eKCIUTyaTaIlii-
HUX BHUTpAT, 3a0€3MeYuTH SIKICTh OOCIyrOBYBaHHS 3
ypaxyBaHHSIM BBEJEHHS BH3HAUYCHOI Kiacudikarii
SIKOCT1 00CITyrOBYBaHHS.

3arajgoM I €JIeMEHTH BH3HAYAIOTh HOBI NULIXU
no0y/JI0BU KOMIIO3UIIITHUX CTPYKTYpP MYJIBTUCEPBICHOT
TEeJIEKOMYHIKaIiifHOT Mepexi Ta opraHizamii 3B’s3KiB
JUIL OKPEMHX JIOCIIIHUIBKMX 3aBlaHb. lle mae Mox-
JUBICTh MPUHUMATH TMPaBHJIbHI YIPAaBIIHCHKI PilICHHS
LIOJI0 CHHTE3y JAHOTO KIIACy MEPEK.
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Application of the multi-criterial approach
for the synthesis of multiservice telecommunication networks

L. Lievi, O. Yevdochenko, O. Kushch, O. Yastreba, S. Babych

Abstract. The most effective use of multi-service networks occurs with traditional communication operators, which sig-
nificantly expands the range of services. For the corporate market, the consolidation of all remote divisions into a single multi-
service network can significantly increase the efficiency of information exchange and ensure timely availability of data. With the
ability to exchange large amounts of data between offices, you can schedule conference calls and video conferences with remote
units. All this speeds up the response to changes in the company and ensures timely and optimized management of all processes.
A multiservice network is a general-purpose, multi-purpose environment designed to transmit voice, images, and data using
packet-switched technology. It is characterized by the reliability characteristics of the telephone network (compared to the un-
guaranteed quality of communication on the Internet) and provides a low cost of transmitting a unit of information (close to the
cost of data transmission on the Internet). The main task of multi-service networks is to ensure the operation of heterogeneous
information and telecommunication systems and applications in a single transmission environment, where a single infrastructure
is used to transmit ordinary traffic (data) and other information traffic (broadcast, video, etc.). The design algorithm of multi-service
telecommunication networks (MSTN) is a process of developing system and technical solutions during their construction with short-
term, medium-term and long-term development. The optimization of MSTN design is carried out on the basis of the application of
the principles of decomposition, systematic and iterative design, as well as methods of sequential optimization and probabilistic
convolution when obtaining generalized criteria. The proposed method makes it possible to move from the solution of a large-
dimensional optimization problem to a sequence of tasks that are interdependent in terms of input and output data. As a result, a step-
by-step iterative synthesis of the MSTN structure and the selection of the values of the internal parameters by means of parametric
optimization are provided, in which the requirements for the quality of functioning and the cost of the project are met. At the same
time, the theory, and methods of structural and parametric synthesis of multi-service telecommunication overlay networks were
developed based on the development of new models of multi-level, multilayer networks and methods of structural and parametric
synthesis, which take into account the presence of physical and logical connections between layers of overlay networks.

Keywords: multi-service network, parametric and structural decomposition, multi-criteria approach, vector criterion, se-
quential optimization.
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METO/ AHAJI3Y SIKOCTI JIOTTYHUX KAHAJIIB TA BUBIP MAPIIIPYTIB
Y OJJHOPAHT' OBIIA CEHCOPHIN MEPEXKI

AHoTaunisi. CeHCOpHI Mepexki BiAIrpalTh KIIOYOBY POk y 0araTbox raiy3sx 3aBISKH CBOIH 34aTHOCTI e(peKTUBHO 30H-
patu ta nepenasaTu AaHi. OnHak 3abe3nedeHHs HaJIHOCTI Ta KOCTI epeJaBaHHs JaHUX 3aJIHIIA€THCS OHIE0 3 OCHOBHUX
mpo6seM. Y CTaTTi mpeCTaBIeHO METO ] PO3PaXyHKY SKOCTI KaHAJIIB y CEHCOPHIN Mepeixi, IKuil 6a3yeThcs Ha BUKOPHUCTAHHI
amapary HeuiTKOi MaTeMaTHKH, a caMe OIeparlii TpaH3UTHUBHOTO 3aMUKAHHS HEYITKOTO O1HapHOTO BiTHOIIEHHA. 3alpONOHO-
BaHMI METO]] BUKOPUCTOBY€ HediTKe GiHapHe BiHOIICHHS ISl MOAENIOBAHHS SIKOCT] KaHAIIIB 3B'I3KY MK By3JIaMH MEpPEKi.
BukoHyioun TpaH3UTHBHE 3aMHKaHHSI, METOJI I03BOJISIE OTPHMATH OUTBII TOYHY Ta JalTHBHY OIIHKY SKOCTI KaHaJiB, Bpa-
XOBYIOUH Pi3HI (h)aKTOpH, TaKi SIK 3aTPHMKa, NPOITyCKHA 3/1aTHICTh, CHEPTOCIOKUBAHHS Ta HaiiHICTh. Pe3ynpraTn qocii-
JDKeHb TI0Ka3yI0Th, III0 BUKOPHCTAHHS Ollepallil TPaH3UTUBHOTO 3aMUKaHHS HEYITKOTO OIHApHOTO BiTHOIIECHHS JO3BOJISIE
3HAYHO MOKPAIIUTH TOYHICTh OL[IHKU SKOCTI KaHAJIIB Ta MiJBUIIUTH e()EeKTHBHICTH BUOOPY MapIIPYTIiB y CEHCOPHIii Mepexi.
3anponoHOBaHUK METO MOKE OYTH KOPUCHUM ISl HOKPALICHHS MPOAYKTUBHOCTI Ta HAAIHHOCTI CEHCOPHUX MEPEK, 3a0e3-

MIEYYIOUH TXHIO CTIMKY Ta epeKTUBHY pOoOOTY Y pPi3HHX YMOBAX €KCIUTyaTaIlii.

Kaw4voBi ciaoBa: JoriyHuil KaHaI, ONTUMAIBHUNA MapIIPYT, OJHOPAHTOBa CCHCOPHA MEpeiKa.

Beryn

Jloriunuit kKaHan y ceHCOpHiH Mepexi (abo Mepexi
JATYNKIB) SBISIE COOOI0 KOHIENTYaIbHUH MUIAX, IO
SIKOMY JIaHi TIepelaloThCs MK BY3JaMH MeEpexi. 3BH-
YaifHO, IIe He 00OB'SI3KOBO (Pi3UUHUM MUIAX, a IIBUIIC
aOcTpakmis, sSiKa 0TIOMarae OpraHiyBaTH Iepenady Ja-
Hux. JIOriyHi KaHaJIM BUKOPUCTOBYIOTh JUIsi BU3HAYCHHSI
LUISIXY, SIKUM JaHl IIOBHHHI NepeaaBaTHCs Bill CeHcopa
70 6a30B01 cTaHIIii a0 IHIIOTO KiHIEBOro MyHKTY [1].

CTBOpEHHsI 3aXMILEHUX KaHauiB [2] [yl mepenadi
YYTIUBHX JaHUX JO3BOJIAE 3a0€3MeunuTH KOHQIICHINN-
HICTB, HUTICHICTh Ta aBTCHTHYHICTH iH(pOPMAIIii B CEHCOp-
HHUX Mepexax, 3aXHIIaouy ii BiJl HECAHKIIOHOBaHOTO JIO-
CTYITy, IEPEXOIUICHHS Ta MOAM(IKaLii, 10 € KPUTUIHO Ba-
JKITMBUM IS MIATPUMKH O€3MeKH 1 HaIiifHOCTI B Pi3HUX
3aCTOCYBaHHSX, TaKMX SIK MOHITOPHHI HAaBKOJIMIIHBOTO
CepeIOBHIIA, MEAMYHI CUCTEMH a00 BICHKOBI omepaii.

B ceHcopHUX Mepexax MOXKYTb iCHyBaTH Pi3Hi TUIIN
noriuanx KaHamie [3], Hampukna: yHibiKoBaHI KaHAIH
(BHKOPHCTOBYIOTBCS TSI TIepenadi JaHuX BiJ KOKHOTO
By3Jia JI0 IIEHTPAIBLHOTO By3/a ab0 0a30BOi CTaHIL), rpy-
NOBI KaHaM (TpU3HAYEHi JUIsl Tepeadi JaHUX MDK By3-
JIaMU, sIKi 3HAXOIATHCS B MEYKaxX OZHIET mimMepexi abo Kiia-
crepa), TMHaMIYHiI KaHaH ((POPMYIOTBCS Ta 3MIHIOIOTECS B
3aJIEKHOCTI Bil IOTOYHOI MEPEXEBOI TOMOJIOri Ta BUMOT
JI0 Tiepeziavi faHuX). JIOri4Hi KaHAIK T0OMAratoTh ONTH-
Mi3yBaTH poOOTy CEHCOpPHOI Mepexi, 3abe3meuyroun Ha-
JIIHICTB, €()EKTHBHICTh Ta OS3IEKy repeadi JaHuX.

AKTyanbHicTh gocaigxenns. Mera podorun. On-
HOPAHTOBI CEHCOPHI MEPEeki CKIAJAIOThCS 3 BEIHMKOL Ki-
JIBKOCTI B3a€EMOTIOB'SI3aHUX CEHCOPIB, IKi 0OMIHIOIOTBCS
JAaHWMHU TIPO HABKOJHMIIHE cepenosuiie. HamiltHicTh i
e(EeKTHBHICTh INX MEPEX 3aIeXKAaTh BiJI IKOCTI JIOTIYHUX
KaHaJliB Ta ONTHMAaJILHOTO BUOOPY MapIIPYTiB IS TIepe-
avi JaHuX.

Mertoj aHai3y SIKOCTI JIOTIYHUX KaHAJIiB Ta BUOIp
MapHIpyTy Y OJHOPAHTOBiil CEHCOpHIH Mepexi € aKTy-
AJLHUM 4epe3 3pocTaiody noTpedy B eheKTHBHOMY yII-
paBIiHHI CEHCOPHUMH MEpeXaMH, sIKi BUKOPHUCTOBY-
I0ThCS B PI3HUX Tally3siX, TAaKUX SK OXOPOHA 3JI0pOB'S,

HPOMUCIIOBICTb, CUIBChKE TOCIOAAPCTBO Ta PO3YyMHI Mi-
cTa. 31aTHICTh HaMIHO 30MpaTH Ta NepeaaBaTH JaHi B
peaJbHOMY Yaci € KpUTHYHOIO ISl ATPUMKHU Oe3repe-
6iliHOT poOOTH LMX cucTeM. Binnosiguuit MeTos aHamizy
SIKOCTI JIOTIYHUX KaHaJIIB JOIIoMarac 3a0e3rneuuTy crali-
JBHICTB 1 HAAIWHICTH 3B'I3Ky MK CEHCOpaMH, IO € He-
OOX1THIM ISl IPUHHSTTS 00T pyHTOBaHHX PIllICHb HA OC-
HOBI 310paHUX JaHUX.

OkpiM TOTO, METOJT BHOOPY MApLIPYTy y OJHOPAH-
TOBIilf CEHCOPHIN MepexKi CIIPHUsIE iABUIICHHIO 3araibHOL
HaIHHOCTI Ta Oe3meku cuctemMu. BpaxyBaHHs SKOCTI JI0-
rYHUX KaHaJiB JI03BOJISE 3a100IiraTH MOXKIMBUM 3005M
3B'sI3Ky Ta 3a0e3medyBaTH Oe3MepepBHICT mepenadi 1a-
HHUX HaBITh Y BHMIAJKy BUXOJY 3 JiaJy OKPEMHX BY3IiB.
Le 0co0mMBO BaXKIIMBO JUIsl 3aCTOCYBaHb, J¢ Oe3neka Ta
HaJIIHICTh JaHUX MalOTh KPUTUYHE 3HAYEHHS, TAKUX 5K
MOHITOPHHT 3I0POB'S MAILI€HTIB 200 KOHTPOJIb TPOMHC-
JIOBUX TporieciB. BiqnmoBimauii minxin 1o BuOOpy Mapii-
pyTy MiIBHINYE CTIHKICTh Mepexi J0 3001B Ta 3abe3me-
4ye cTaOUThHY poOOTY B PiI3HUX YMOBaX CKCILTyaTaIlii.

MeTo10 1aHOTO JIOCIHIKEHHSI € po3po0Ka METOIy
aHaJII3y SKOCTI JIOTIYHMX KaHaNIB 1 BHOOPY ONTUMAIBHHUX
MapIIpyTiB y OAHOPAHIOBiil CEHCOPHIii Mepexi s 3a0e3-
NeYeHHs] HaJIHOCTI 3B'A3Ky, MiHIMI3alil €HeprocoKu-
BaHHS Ta MiIBUIICHHS 3arajbHO1 €(DEeKTUBHOCTI MEpEXi.

Ui ocATHEHHS MOCTaBJIEeHOI MeTH Tpeba BHpI-
IIWTH TaKi 3aadi:

- TPOBECTH OIJISAJ ICHYIOUHMX METOJIB aHaJi3y
SIKOCTI JIOTYHHMX KaHAJIB 1 MapIIpyTH3alii B OJHOPaHIO-
BUX CEHCOPHUX MEpexkax;

- BU3HAYHUTH KIIOYOBi (haKTOpH, IO BIUIMBAIOTH
Ha SIKICTB JIOTIYHMX KaHAJIIB Ta BUOIp MapLIpyTiB, Taki K
€HEproCIIOKUBaHHS, IPOITYCKHAa 3/aTHICTh, 3aTPHUMKH
nepenayi Ta HaJaiHHICTb;

- pO3pOOUTH METOJ JUIS OLIHKH SKOCTI JOTTYHHX
KaHaJiB, BPaXOBYIOUM MapaMeTpH, L0 BIUIMBAIOTH Ha
MIPOAYKTUBHICTH MEPEXi;

- CTBOPUTH QJITOPUTM BUOOPY MapuUIpyTIB, IO 3a-
Oe3redye OayaHC Mi>K METPUKAMH SIKOCTI TIepeiadi JaHuX;

- peasizyBaTH 3alpONOHOBAaHMH METOX Ta ajro-
PHUTM y IPOTPaMHOMY CEPEIOBHIILI;
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- IPOBECTH MOJICIIFOBAHHS POOOTH OJHOPAHTOBOT
CEHCOPHOT MEPEKi 3 BUKOPUCTAHHIM PO3POOIICHOTO Me-
TonYy;

- pO3poOUTH peKOMEHAIIIT 00 BIPOBAKCHHS
PO3pO0IEHOTO METO/TY Y peajibHi CEHCOPHI Mepexi.

1. Orasin aiteparypu

CeHCOpHI MepeKi CKIIAaf0ThCS 3 YUCICHHNX HEeBe-
JIMKHUX CEHCOPIB, sIKi B3aEMOAIIOTH It 300py 1 mepenadi
JaHUX TPO HABKOJHMIIHE cepepoBuuie. Lli ceHcopu Mo-
KYTh BHMIPIOBAaTH Pi3HI IapaMeTpH, TaKi SIK TeMIiepa-
Typa, BOJIOTICTh, THCK, PyX Ta iHII (i3uyHi sBuma. CeH-
COpPHI MepeXi 3aCTOCOBYIOTbCS y 0Oarathbox cdepax,
BKITIOYAOYH OXOPOHY 370POB'Sl, IPOMHCIOBICTH, CiJIb-
ChKE TOCIIOIapCTBO, EKOJIOTIYHUH MOHITOPHHT Ta PO3y-
MHI MicTa. BOHM D03BOJIAIOTE 3M1HCHIOBATH MOCTINHMI
MOHITOPHHT 1 aHaNi3 HaHWUX, M0 CHPHUSIE MPHUHATTIO
OUTBII OOTPYHTOBAHUX PIllICHB Ta ITiABHUIICHHIO e(EKTH-
BHOCTI mporieciB. ToMy Ui yrpaBiiHHSI TaKAMHU Mepe-
YKaM¥, BU3HAYCHHsI JIOTIYHUX KaHAIB Ta MapLIpyTU3aLii
BUKOPHCTOBYIOTh Pi3HI METOIH.

B po6orax [4, 5] npuainseTscss yBara MepexeBuM
MPOTOKOJIaM Ha OCHOBI KiacTepu3alii, siki MaloTh Taki
nepeBary, K 3HKCHHS €HEProCIoKUBaHHs (By3JIH Iie-
pelaroTh JaHi JHIIE A0 HEHTPY KIacTepa, 0 3MEHIIYE
KUTBKICTh TIepefay Ha BEJHKI BiCTaHI) Ta MOKpAaIICHY
MacmrtaboBanicTe (Benmnka mepeka po3OMBaeThCS Ha
KJIacTepH, IIO JO3BOJIAE Kpalle MacumTadyBaTHCSA TIPH
301IIBIICHH] KIJIBKOCTI BY3J1iB).

AJte icHy€e BICOKA 3aJICKHICTP BiJl KIIACTCPHUX IICH-
TpiB. SIKIIO KiacTepHWH LEHTP BUXOIWTH 3 Jamy, Ie
MOX€ BIUIMHYTH Ha BCIO ITiIMEPEXy. Y CBOIO 4Yepry He-
pIBHOMIpHE CIIOXXHMBaHHS €HEprii, yepe3 Te, 110 KiacTe-
PHI HEHTPHU CHOXKMBAIOTH OijIbllle eHepril, HiX iHIII BY-
31TH, IPUBOJIUTH JI0 IMIBUIKOTO PO3PSIKEHHSA IX 6aTapeit.

B po6orax [5, 6] po3risgaoThCst METOIH MapUIPy-
TH3aIii Ha OCHOBI Mo3uMLiHOT iHGopMarrii. Bonu pospa-
XOBYIOTh MapIIPyTH 32 PaXyHOK BUKOPHCTaHHS reorpa-
(IYHNX aHMX, 10 JT03BOJISE 3HAXOAUTH HAWKOPOTII Ta
HaliepeKTHBHIII NUIIXW U Tepenadi JaHux. Metoau
BHOHMPAIOTh HAWONMKYI BY3JIH SK IMPOMDKHI BY3IH, IO
3MEHIIYE 3aTPUMKH B Iiepefadi JaHux. AJe, y CBOIO
4epry, y BEIMKUX Mepexkax CKIIAIHO MiATPUMYBaTH aK-
TyaJbHY MO3ULIKMHY iH(pOpMAII0 ISl BCIX BY3IIB, IO
YCKJIJHIOE MacIiTaboBaHicTh. 111 poOOTH METOIIB CTa-
BUThCS BUMoOTa HasBHOCTI GPS abo inmux 3aco0iB Bu-
3HAYEHHSI MOJI0KEHHSI KOOPJIMHAT, aJie He BCI BY3JIH MO-
XKyTh OyTH 00JIafHaHHI TAaKUM HPHIIATOM.

B po6orax [7, 8] nponoHyrThCS METOIH MapIIPY-
TH3allii y CCHCOPHUX MEpekax Ha OCHOBI €HEPreTHYHHUX
pecypciB. MeToan BpaxoBYyIOTh piBeHb 3apsity Oarapei
BYy3JIiB, IIO0 J03BOJISE €(PEKTHBHIIIE BUKOPHCTOBYBATH
pecypcu Mepexi. Y CBOIO uepry, 30aJaHcoBaHe BUKOPH-
CTaHHS €HEepril MiXk By3JIaMH IIPOJIOBKY€ 3aralbHUH Tep-
MiH CIy)01 Mepex. AJie BpaxyBaHHS €HEPreTHYHHX pe-
CYpCIiB KOKHOT'O By3Jla BUMarae CKJIa[HUX aJlrOPUTMIB Ta
00urcIeHb, MTOTPiIOHO MOCTIITHO KOHTPOJIIOBATH €HEpTe-
TUYHHHA CTaH KOXXHOTO BY3Ja, L0 YCKJIAJHIOE YIIpaB-
JIHHS y BEJIMKUX MEpeKax.

Mertou Ha OCHOBI i€papxivyHOT MapIIpyTH3aLi, SKi
po3nsaoThess y [9], NmpumyckaroTh, 10 i€papxiuHa
CTPYKTypa J03BOJIsiE  e(CKTHBHINIC  OpraHi3yBaTH

repefady AaHUX, & HABAaHTAKCHHS Ha BY3JIHM 3MEHIIY-
€THCS 3a PaxXyHOK TOTO, IO BY3JIM 3 HUXKYOTO PIBHS Iie-
penaroTh JaHi JMIIe 0 By3JiB BHIIOTO PiBHS, IO 3HHU-
Kye HaBaHTaxkeHHs. [Ipore, iepapXidHa CTpyKTypa MoTt-
peOye CKIIaaHOTO YIPaBIIiHHS Ta HaIAIITyBaHHS, 8 BUX1]
3 JIaJty BY3JiB BHIIOTO PiBHSA MOXKE 3HAYHO BIUIMHYTH Ha
pobOTYy Mepexi.

[IpoTokoan Ha OCHOBI MYyJIbTHUIUIIXOBOI MapLIpy-
TH3amii, po3risaHyTI y [9] 6a3yroThcs Ha OYEBHIHOMY
TBEP/UKCHHI, IO HASBHICTh KIIBKOX ANbTEPHATHBHHUX
[OUIAXIB TO3BOJISIE 3a0e3MeUnTH Oe3IepepBHICTh mepe-
Jadi JaHUX y pa3l BUXOXy OJHOTO 3 BY3JIB 3 Jany, i, y
CBOIO 4Yepry, po3noAaia tpadiky MK pi3HUMH LOUISIXaMH
JorioMara€e yHUKHYTH IIepEBaHTaXKEHHSI OKPEMHX BY3JIiB.
Aue, 3HOB TaKu, Ile BUMAarae IiJIBUIIEHE €HEProCIoXHU-
BaHHS, TOMY IO MiATPUMKA KiTBKOX MapIIpyTiB MOXe
BUMaraty Ourbine eHeprii. Takosx, BUOIp onTHMaIbHUX
OUIAXIB Ta MIATPUMKA aKTyalIbHUX MapIIpyTiB MOXe
OyTH CKJIaZHUM 3aBJAHHSAM 3 TOYKH 30py 30epiraHHs
0a3u MapmIpyTiB Ta YIPABIiHHSI MEpPEXeEIO.

KoxkeHn meron Mae cBOi 0COOIHMBOCTI 1 MOXe OyTH
o0OpaHuii 3aJIe)KHO Bif CTIEU(ITHAX BIMOT Ta YMOB PO-
00TH CEHCOPHOI MEpexKi.

2. [locTaHoBKa 3agaui

Po3risiHeMo Mojienb CeHCOpHOi Mepeki (puc. 1),
cTBOpeHy B cepenoBuii OMNeT++. Leit npukitan sBise
cO00I0 Bi3yallbHE TPEICTABICHHS apXiTEKTYPH MEpPEXi.
Bizyamizamis B OMNeT++ gonomarae 3po3yMiTH CKIa-
ITHI B3a€MOIIT MiJK €JIEMEHTaMHU MEPExKi.

BymiBHHIITBO THMYacOBHUX JIOTIYHUX KaHAJIB y ce-
HCOPHI# Mepexi 3a NEBHUMH METPUKAMHM JI03BOJISE OI-
THUMI3yBaTH Mepeiavy JaHuXx 1 3a0e3MeYnTH HaliiHICTh
3B"s13Ky. Lle 0cO0NMMBO BaXXJIMBO B JAWHAMIUHHUX CEpPEIO-
BUIIAX, /I YMOBH MOXYTb IIBUJIKO 3MIHIOBaTHCS, Ha-
NPUKIIAJ, Yepe3 3MiHy (i3HYHOro po3TallyBaHHs CEHCO-
piB ab0 3MiHy YMOB HaBKOJHIIHBOTO cepenoBHIIa. Bu-
0ip ONTUMAJIFHIX JIOTIYHUX KaHAIIIB HA OCHOBI TAKHX Me-
TPUK, SIK EHEPrOCIIO)KUBaHHS, POITYCKHA 3/1aTHICTb, 3a-
TPUMKa TepeAavi Ta HaIiHHICTb, JO3BOJISE alaNTyBaTH
MEpeXy /10 TMOTOYHHX YMOB i 3a0e3neunT e(heKTHBHY
repeiady JaHuXx.

TuM9acoBi JIOTIUHI KAHAIM TAKOXK CIIPHUSIOTH 30aa-
HCOBaHOMY BHKOPHCTaHHIO PECypciB Mepexi, 3amodira-
I04H TIEPEBAHTAKEHHIO OKPEMUX BY3JIB Ta MOJOBXKYIOUYH
gac poboTH Bciel cucteMu. BoHM 103BONSIOTE po3momi-
JISITA HaBaHT)KEHHA MK PI3HUMH CEHCOPaMH, BPaXxOBY-
FOUM 1XHiI IOTOYHI pecypcu Ta cTaH. Lle momomarae 3meH-
LINTH PU3HK BUXOJY 3 JIay KPUTHYHO BaXKJIMBHX BY3JIIB 1
3a0e3Me4YNTH CTIKICTh Mepexi 10 3001B. TakuM duHOM,
CTBOPEHHSI THMUYacOBHUX JIOTTYHNX KaHAJIB HA OCHOBI BiJI-
TIOBIIHMX METPHK MiJBUILY€ 3aralibHy e(peKTHBHICTD 1 Ha-
JUIHICTE CEHCOPHOT MEPEXKi, 10 € BAXIIUBUM IS 11 yCIIi-
ITHOTO (PYHKITIOHYBaHHS Y Pi3HHUX 3aCTOCYBaHHSX.

TakuM YMHOM, CTaBUTBCS 33j1a4a PO3POOKH METOIY
aHaJIi3y SKOCTi Ta CTBOPEHHS THMYACOBHUX JIOTTYHNX KaHa-
JIB y CEHCOPHIN Mepexi Ha OCHOBI NMEBHUX METPHK, IO
JI03BOJIUTH ONTHMi3yBaTH Ilepeiady JaHuX i 3a0e3neUnTH
HaJIAHICTH 3B'I3Ky. BpaxyBaHHS METpPHK, TAKHX SK HPO-
IMyCKHA 3JIaTHICTb, 3aTPUMKa Tepeaayi Ta HaaiiHICTh, 10-
3BOJISIE /IANITYBATH MEPEXKY 0 3MIHHUX YMOB HaBKOJIHILI-
HBOTO CEPEIOBHIIA 1 PI3MIHOTO PO3TANIYBAHHS CEHCOPIB.
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Puc. 1. Expanna gopma

PitreHHs 11i€1 3a1a4i CpUSTUME 30a71aHCOBAHOMY BH-
KOPHCTaHHIO PECYpPCiB Mepexi, 3arno0iraHHI0 IepeBaHTa-
YKEHHIO OKPEMHX BY3JIiB 1 IIOJIOBXXEHHIO Yacy poOOTH BCi€l
cucremu. Le 103BOINTE €PEKTHBHO PO3MOILIATA HABAHTA-
JKEHHSI MDXK CEHCOpaMH, 3MEHIIIYIOUH PU3HK BUXOIY 3 JIajTy
KPUTHYHO BYKJIMBHX BY3IIB 1 IMiIBUIYIOYH CTiHKICTH Me-
pexi o 300iB. OTKE, po3poOKa METOY aHAJI3y SKOCTI Ta
CTBOPEHHS TAMYACOBHX JIOTTYHHIX KaHAJIIB Ha OCHOBI BiZIIO-
BITHUX METPHK € KIIFOYOBOIO JUISl ITiJBUIICHHS 3aralbHOl
e(eKTHBHOCTI Ta HaIMHOCTI CEHCOPHOT MEPEXKi.

3. OcHOBHi pe3yabTaTn

CeHcOopHy MepeXy, MOJENb SKOi HaBeleHa Ha
puc. 1, Oyso npeacTaBieHo y BUJsiAL rpada, 1e KOXKEH
BY30JI CEHCOPHOI MepeXi Ta 3B'I3KM MiX HUMH iHTepIIpe-
TOBaHI, SIK BEpIINHH Ta pedpa rpada BigmosigHo. Koxen
CEHCOpPHUH BY30J1 (CEHCOp) Y MEpexXi MPEICTABICHO Be-
pumHOIO rpada, ski nozHadeHo v;, i = 1..8. YV cBoro
4epry, 3B'SI3KM MK CEHCOpPAMH IPECTaBICHO pedpamu
rpada, SKIIO CEHCOPH MOXYTh OOMIHIOBAaTHCS TaHUMH
Oe3rocepeIHbO OAMH 3 OAHUM. T0oOTO, AKIIO CEHCOPHUH
BY30J1 V; Ma€ 3MOTy 0e3MocepeHbO0 Nepe1aBaTh 1aHi ce-
HCOPHOMY BY3JIy Vj, TO MiX Vj Ta Vj IIPOBOIIOCH PEOPO.
VY BiImoBiIHICTE KOXKHOMY peOpy cTaBHWiach Bara (3Ha-
YEeHHsI SIKOCTI JIOTTYHOTO KaHATy MIX By3JlaMH) - JiiiicHe
yucno 3 intepsany [0..1].

Taxuii rpad G(V, E, p) npeacraBieHo y BUIIISII
matpuni Mg, Tabn.1, [le, V- MHokunHa BepunH rpada,
E —muoxwuna gyt rpada, pqo (< v;, v; >) — QyHKIiA AKO-
CTi KaHaNy, IO 3aJISKUTh BiJ Mapw BY3IiB v, V), SIK1

L (v, v,) = minfug (< v, vn, >),

Mozeni mepexi y OMNeT++

MOEHY€E KaHas. SIKIO By3/IM HE OB’ sI3aHi OJIH 3 OTHUM
OesnocepenHbo, TO y MaTpulli My CTaBUTLCA HyIlb Ha Ie-
peXpecTi BIAIOBITHOTO CTOBIIIS Ta CTPOKH.

Tabruysa | — Matpuus M) 6e3nocepennix 38’ A3KiB By3JIiB
Ta AKOCTi KaHAJIB

V1 V2 U3 Vs Vs Ve V7 Vg
v 1) 0,75( 0,32 0,47| 0553| 0,68 0,71| 0,83
vy, | 0,75 1)011( 0,73| 0,89| 0,51| 0,49| 0,42
vz | 0,32] 0,11 1| 0,29 0,87| 0,37| 0,34| 0,92
v, | 0,47| 0,73| 0,29 1| 0,17| 0,23| 0,59| 0,67
vs | 0,53]| 0,89 0,87| 0,17 1| 0,86| 0,36 0,24
ve | 0,68] 0,51 0,37| 0,23| 0,86 1| 0,75| 0,79
v, | 0,71 0,49| 0,34| 0,59| 0,36| 0,75 1| 081
vg | 0,83]|042|092| 0,67| 0,24 0,79| 0,81 1

BukopucroByroun MareMaTHUHMH amapar Teopil
HEYiTKOT MAaTEeMAaTHKH JJIsl ONKCY BiTHOMICHb MiX yciMa
rapamH BY3JIiB MEpexi, MaeMo OiHapHE HEYiTKe BiJHO-
LIeHHs Q = {< v, v >, o (< vy, v; >)}.

OGepeMo mapy BY3JIiB MEpeXi, HAPHUKIAL, V; Ta
v}, N0OyTyeEMO MHOXHHY BCiX MOXIMBUX ILIAXiB, AKi
TOYMHAIOTECS Y BY3J V; Ta 3aKiHUYIOTBCA Y By3ni vj i
MIPOXOAATH Yepe3 BCi iHII By3/IH cEeHCOpHOT Mepexi. [l
KOXXHOro Takoro mumxy (< v, v, L < Vn,Vp, >
< Vnpp Vj >) po3paxoBYETHCS HOrO METPHUKA SIK

1o (< Vnpy Vn, =), s ttg(< vy, vy >)} (1)
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Je t — HOMEp MOJIMBOTO MapLIPYTy BiJ By3la V; JI0 By-
37ma vy, Ny, Ny ... N, - AEAKi MPOMIXKHI By3/IU MapiupyTy,
z £ m — 2 (MapmpyT He 000B’SI3KOBO IOBHHEH OXOILIIO-
BaTHU BCI BY3JI MEPEXKi), 1M — KUIBKICT BY3JIiB y MEPEXKI.
Tenep, cepel MHOXKUHU t MOKJIMBUX Mapuipy-
TiB Bil By3na v; 10 By3Nla Vj BiAIIYKy€TbCA TaKHH,
ij
JUTSL SIKOTO 3HAYEHHS! METPUKH L[t ]](vi, vj) Oyne mak-
cumanbiuM. Tonmi ansa mapu Bysnis < v;,V; > 3Ha-
YeHHs QYHKI[IT HAJIE)KHOCTI HEYITKOTO BiJHOIICHHS
R(< v, v >, ur(< vy, v; >)) PpO3paxoBYyETHCS SIK
_ [i.j]
Up(< vy, v >) = mtath (vl-, vj) . 2
[MoBTOpIoroun TaKy mpoueaypy s BCiX map By3JIiB
V; Ta Vj, OTPUMYEMO CYKYIHICTh 3Ha4eHb (QYHKIIii Haslexk-
HOCTI Ug (< vy, Vj >) PE3yNBTYIOYOrO HEYITKOrO BilHO-
wenns R(< vy, v >, (< v, v; >)) , ke sBise co6oto

togo(< Vi vy >) = n};ax( min{po (< v, v, >), po(< v, >)}),

Ta BU3HAYAE BEJMYMHY HACKHOCTI efeMenTa < v;, vj >
710 OiHAapHOTO BigHONICHH Q@ (Q 3 MATPHUIICIO HAJICHKHO-
CTi Upgg-

Takum ywHOM, BigmoBiaHo 10 (3) QiHanbHE 3Ha-
YEHHS METPUKH SKOCTI VXY MK OyIb-SIKUMHU BY3J1aMH
Mepexi BUSHAYAETHCS cepell Hallkpalnux MapLpyTiB ce-
pen cykymHocted 1...m — 1 naHIIOroBUX MapIupyTiB.
[Tpu yomy, Tpeba MaTH Ha yBa3i, 10, SKIIO Ha JEIKOMY
etami, Hanpukiaaa Ha k + 1 xpomi npu oO4nCIIeHH] MaT-
puwi M§** 3’scyetses, mo M§*! = M, To 3posymino,
wo i M§ = M = M§*™2 .. MJ**. Tomy, y Takomy BH-
najgKy oOYMCIICHHSI MOXKHA NPUITMHUTH Ha k KpoL.

Po3paxyemo BigHOIICHHS R® i3 Mmarpu-

LIEF0 HAJIE)KHOCTI M}gz) = MQVMé, JUTSL BUTIQAKY, KOJIU
BIZIIIYKYIOTHCSl HAWKpAIll NUIIXH 3 TOYKH 30Dy IOKa3-
HUKa METPHKH SIKOCTi, SIKi CKIIQJAlOThCS BUKIIOYHO i3
OJTHO- Ta JBOJIAHIIOTOBUX MapmpyTiB (Tadm. 2). TyT ko-
JBOPOM BiIMiU€HO JTBOJIAHIIIOTOBI MAPIIPYTH, SKi TOKpa-
LIMIA METPHUKY SIKOCTI Y MOPIBHSHHI 13 OJJHOJIAHIIIOTO-
BHMH, 110 MAIOTh Ti K BY3JI1 BiJJIIPAaBKH Ta NPU3HAYCHHS.

Tabauys 2 — Matpunsa M 522) METPHKH IKOCTi O1HO-
Ta JBOJIAHUIOTOBHX MapLIPYTiB

V1 V2 V3 Uy Vs Ve [ Vg
v 1| o75| 0,83| 0,73| 0,75 0,79| 0,81| 0,83
vy | 0,75 1| 087 0,73| 0,89| 086| 0,71| 0,75
vz | 0,83| 0,87 1| 0,67| 0,87| 0,86| 0,81| 0,92
v, | 0,73| 0,73| 0,67 1| 0,73| 0,67| 0,67| 0,67
vs| 0,75| 0,89| 0,87| 0,73 1| 0,86| 0,75| 0,87
ve| 0,79 0,86 0,86| 0,67| 0,86 1| 0,79| 0,79
v,| 081 0,71 0,81| 0,67| 0,75| 0,79 1| 081
vg| 083| 0,75 0,92| 0,67| 0,87| 0,79| 0,81 1

Haui, BuxopucroBytoun (3) ta (4), po3paxyemo Te-
Tiep BiTHOIICHHS R® is MaTpHLEIO HAJIS)KHOCTI

MY = MeVM3VMS, (6)

TpaH3UTHBHE OiHapHE 3aMUKaHHS HEYITKOro OiHapHOro
BiHOMEHHs  (Tabi.1) i3 MaTpuIero HalexHOCTI M.
[IpakTryHEe BHWKOHAHHA OIEpallii TPaH3UTHBHOTO
3aMuKaHHSA R OiHapHOTO HEWITKOTO BigHOIIEHHS () pea-
J3Y€ThCS IIIAXOM 00’ €/[HaHHA MaTpuub My i3

My = MgVMGVMZV ..VMfs ®)

ae M'é — TIpesicTaBnse coboro k- cTyneHb Martpuii M,
OIHApHOTO HEUiTKOro BimHOmIeHHS Q, k <m —2, m-
KIJIBKICTh BY3JIIB Mepexi. Y CBOIO 4epry, k-a cTyneHb
MaTpuIlli OIHAPHOTO HEYITKOTO BIJHOIICHHS OOYHCITIO-
€THCS] PEKYPEHTHO 13 CIIBBIIHOIICHHS

ME = My ®ME ™k > 1, (4)
Je 3HaK @ - omeparlisi KOMIO3UI{ MaTpUIlb HAJIS)KHOCTI

JBOX OIHApHHMX BigHOIICHb. Hampukiang, KOMITO3UILsS
Mygo nBOX Matpuih M, 3ama€Thest HopMyIIo0

z# 1,2+, (5)

JUISL BUMNAJKY, KOJW BiALIIYKYIOTBCSI HAMKpalll IUIIXH 3
TOYKH 30py TOKa3HHKa METPHUKHU siKocTi cepen 1..3 naH-
roropux MapuipyTis (tabdm. 3). TyT, aHaoriyHo, KOJIbO-
POM BHIIUICH] TPUIAHIIIOTOBI MapIIPYTH, SKi IIOKPALIFITH
METpPUKH, OTPUMaHI Ha IOTepenHiH iTeparii.

Tabauysa 3 — MaTpuus Ml(f) MeTpHuKH sikocTi 1..3
JIAHUIOTOBHX MapUIPYTiB

vy Uy U3 Uy Us Ve vy Vg
vy 1/075|083|0,73]|083]|0,79]|0,81|0,83
v, | 0,75 11087)073]|089|086|0,75 | 0,87
vz | 0,83 | 0,87 1073|087 |086 081|092
v, | 0,73 10,73 | 0,73 1(0,73|0,73|0,71 | 0,73
vs | 0,83 | 0,89 | 0,87 | 0,73 11086081087
ve | 0,79 | 0,86 | 0,86 | 0,73 | 0,86 10,79 | 0,86
v, | 081|075 |081]0,71|0,81|0,79 11081
vg | 0,83 087 | 092 |0,73 | 0,87 | 0,86 | 0,81 1

Ha werBepTOoMy Kpomi pO3paxoBYEThCS MaTpHILL

M sxan 6muwi 4. Y
R pencrasieHa y Tabnumni 4. Y cBoro 4epry, po-
3paxyHOK matpumi M }(?5) HE /1aB Oy/Ab-SIKMX TOKpaIleHb
METPHUKH SIKOCTi, TOMY TOAAJIbII PO3PaXyHKH MOXKHA HE

. . 4
IPOJOBXKYBATHU 1 3yIIMHUTUCH HAa MaTpHUIIl MI(Q ),

Tabauysa 4 — Matpuus Mz(e4) MeTpHuKH AKocTi 1..4
JIAHUIOTOBUX MapUIPYTiB

vy 2 V3 Uy vs Ve vy Vg

vy 1| o083| 083 0,73| 0,83| 0,83| 0,81| 0,83
v, | 0,83 1| 087| 0,73| 0,89| 0,86 0,81| 0,87
vz | 0,83| 0,87 1| 0,73| 087| 0,86 0,81| 0,92
v,| 0,73 0,73| 0,73 1| 0,73| 0,73| 0,73| 0,73
vs| 0,83| 0,89| 0,87| 0,73 1| 0,86 0,81| 0,87
ve| 0,83| 0,86| 0,86| 0,73| 0,86 1| 081| 0,86
v, 081 0,81 0,81 0,73| 0,81| 0,81 1| 081
vg| 0,83| 0,87| 0,92| 0,73| 0,87| 0,86| 0,81 1
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4. O0roBopeHHs pe3yabTaTiB
VY 1abin. 5 HaBeACHO MATPHITIO TTOCIiTOBHOCTI Ma-
PIIPYTIiB, fKa BimoOpakae 3HAWICHI MIIXHU IIepenadi aa-
HUX Y BUX1JIHIH ceHCOpHii Mepexi. KoxkHa kiriTHHKa 1i€]

MaTpHLli BiANOBITa€ KOHKPETHOMY MapLIpPYTY, IO CKJIa-
Ja€Thesl 3 KUIBKOX MOCIIOBHUX BY3JiB Mepexi. Buzna-
YEeHHsI IKOCTI MapuIpyTy 0a3yeThCs Ha MOKa3HUKAX MeT-
PYKH, AKY 3a7a€ agMiHICTPaTOp MEpEexi.

Tabnuya 5 —MaTpuus NOCTiI0OBHOCTI BY3diB 171 1.. 4 JaHIIOrOBUX MapHIPYTiB

V1 ) U3 Vs Us Vs V7 Vg
2 1-8-3-5-2 |1-8-3 1-2-4 1-8-3-5 1-8-3-5-6 1-8-7 1-8
v, | 2-5-3-8-1 2-5-3 2-4 2-5 2-5-6 2-5-3-8-7 2-5-3-8
vz |3-8-1 3-5-2 3-5-2-4 3-5 3-5-6 3-8-7 3-8
v, | 4-2-1 4-2 4-2-5-3 4-2-5 4-3-5-6 4-2-1-8-7; 4-2-5-6-7 4-2-1-8
vg [ 5-3-8-1 5-2 5-3 5-2-4 5-6 5-3-8-7 5-3-8
Vg | 6-5-3-8-1 | 6-5-2 6-5-3 6-5-2-4 6-5 6-5-3-8-7 6-5-3-8
v, | 7-8-1 7-8-3-5-2 | 7-8-3 7-6-5-2-4; 7-8-1-2-4 |7-8-3-5 7-8-3-5-6 7-8
vg | 8-1 8-3-5-2 8-3 8-1-2-4 8-3-5 8-3-5-6 8-7

Marpuist (Tabn. 5) m03Bosisie TOPIBHIOBATH Pi3Hi BHCHOBKH

MapIIpyTH MK CO000 (SKIIO IX AEKiTbKa) Ta 0OMpaTH
HaWOLIBII ONTHMAJIBHI 3 HUX 32 JOMOMOT OO TOAATKOBHX
METpUK s 3a0e3neueHHs epeKTUBHOI Ta HaiiHOI ITe-
penadi ganux. [TokazaHo MPUKIAAH, KOJIH OiIbI OaraTo-
JIQHITFOTOBHI MapIIpyT (TOM, 10 Ma€ OLIBIIE TPOMIKHIX
BY3JIiB) MOe OyTH KpalluM 3a MEHII JaHIoroui. Lle
MOXKE CTAaTHCS Yepe3 Pi3Hi IPUYUHH, HATIPUKIIAJ, Kpaliy
SIKICTh 3B'SI3KY 200 MEHIIy 3aBaHTa)KEHICTh OKPEMHX Ce-
IMEHTIB 0ararTojaHIIoroBoro Mmapipyty. Taki mapui-
PYTH MOXXYTh MaTH TIEpeBaru y cTaOLIBHOCTI Ta HaMiH-
HOCTI Tepenadi NaHUX, OCKUIBKA KOXCH MPOMIKHHMA
BY30J1 MOXE BHKOHYBAaTH (QyHKIIT peTpaHCIsITOpa Ta KO-
PEKIIiT TOMUIIOK, 3a0e3Meuy0oqn OiTBI CTIHKHIT 3B'I30K.
Bubip 6araTolaHIFOrOBOT0 MapIIpyTy MOXe TaKOXK 3HHU-
3WTH HABAHTAKCHHS Ha OKPEMi BY3JIH Mepexi, po3moi-
JsiF0YM Tpadik PiBHOMIpHIIIE i TAKUM YHHOM I10JIOBXKY-
I0YH 3araJibHUN TEPMiH CITy>)KOM CEHCOPHOI Mepexi.

Po3pobka MeTomy aHasi3y SIKOCTI JTIOTTYHUX KaHAIB
Ta BUOOPY MapuIPyTiB Y OJHOPAHTOBili CEHCOpHIH Me-
PeXi TO3BOJIHIIO TIOKPALUTH TApaMETPH SIKOCTI pOOOTH
Mepexi, cepel] HUX: HaliiHICTh nepeaadi TaHuX, IpoIy-
CKHA 3JaTHICTh Ta 3arajibHa ¢(QEeKTUBHICTh (PYHKIIOHY-
BaHHs Mepexi. Lle cipusTiMe i IBUILIEHHIO POIYKTHB-
HOCTI Ta TPHUBAJIOCTI POOOTH CEHCOPHUX MEPEXK.

Ha npakTuni BUKOPHCTaHHS TaKOTO METOILY MOXK-
JMBO Y YIpaBISIIOYMX BYy3/ax KIacTepiB IJs IOKpa-
IIEHHS METPUK (QYHKIIOHyBaHHS came Kiacrepa. Peko-
MEH/Ialil CTOCOBHO YaCTOTH BUKOHaHHS HaBEJICHUX PO3-
PaxXyHKIB 3ajieXkath BiJ 0araTb0X MOKa3HUKIB CEHCOPHOT
Mepexi, TaKhX sIK JUHAMiKa BY3I]iB, IIBHJIKICTb PYyXY,
3MiHa HaBaHTKCHHS Ta T.I. Taki peKOMeHaIli moTpe-
OyIOTh MOAANBIIOTO JOCHIKEHHS, Pe3yJbTaTh SKOro
OyayTh OIyOIiKOBaHI y MallOyTHEOMY.
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Method for analyzing the quality of logical channels and choosing routes in a single-rank sensor network
Pavlo Pustovoitov, Maksym Okhrimenko

Abstract. Sensor networks play a key role in many industries due to their ability to effectively collect and transmit data.
However, ensuring the reliability and quality of data transmission remains one of the main problems. The article presents a method for
calculating the quality of channels in a sensor network, which is based on the use of fuzzy mathematics, namely the operation of
transitive closure of a fuzzy binary relation. The proposed method uses a fuzzy binary relation to model the quality of communication
channels between network nodes. By performing transitive closure, the method allows to obtain a more accurate and adaptive assess-
ment of channel quality, taking into account various factors such as delay, bandwidth, energy consumption and reliability. The research
results show that the use of the transitive closure operation of a fuzzy binary relation can significantly improve the accuracy of channel
quality assessment and increase the efficiency of route selection in a sensor network. The proposed method can be useful for improving
the productivity and reliability of sensor networks, ensuring their stable and efficient operation under various operating conditions.

Keywords: logical channel, optimal route, peer-to-peer sensor network.
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XapkiBcbkuii HarlioHanpHUN yHIBepcuTeT [loBiTpsaux Cui im. . Koxemy6a, Xapkis, Ykpaina

AHAJII3 TAKTUKO-TEXHIYHUX XAPAKTEPUCTUK TA TAKTUKHU
3ACTOCYBAHHSI OCHOBHHUX 3ACOBIB PAI[IQEJIEKTPOH-HOi BOPOTHBHU
(BJINKHBOI J1I) POCIMCBKOI ®EJEPALII

AnoTtanisi. IlpegMeromM BUBYCHHS B CTaTTi € TAaKTUKO-TEXHIUHI XapaKTEPHCTHKU Ta TAKTHKA 3aCTOCYBAHHS OCHOBHHX
3aco6iB pamioenekrpoHHOi 60poTebu (PEB) GmmkHboi il (oxonHuit PEB), siki 3aCTOCOBYHOTH 30pOiiHI criti pocifichKol
¢benepauii (pd) B pociiicbko-yKkpaiHCbKiil BiliHi. MeTOI0 € aHasi3 TaKTUKO-TEXHIYHMX XapaKTEePHCTHK OCHOBHHX 3ac00iB
PEB 6mmxkHboi aii (oxonuuit PEB) Ta ix TakTuku 3acTocyBaHHs. 3aBaaHHs: igeHTudikanis Ta knacudikaiis 3acodis PEB
30poiiHuX cui pd, aHaTi3 OCHOBHHX TeXHIUHHX mapamerpiB 3aco6iB PEB Ommxuboi aii (oxomuuit PEB), mocmimxenHs
cTpateriit 3acrocyBanHs 3aco0iB PEB O6mmkHboi nii (oxonmHuit PEB) y 6ofioBuX misx. BUKopHcTOByBaHUMH METOJAMHU €:
MOPIBHAUTPHUHN aHANI3, METOIN KJIACTepH3allil JaHUX, aHATITUYHI Ta EMIIPUYHI METO/IU aHANI3y 3acTocyBaHHs 3aco0iB PEB
y pociiicbko-ykpaiHchKiil BifiHi. OTpruMmaHi Taki pe3yabTaTH. [IpoBeneHMI CTPYKTYpOBaHHMII aHaIi3 TaKTHKO-TEXHIYHHX
XapaKTEPHUCTHK Ta TAKTUKHU 3acTocyBaHH: 3aco0iB PEB 6mmkHboi nii (okomuuit PEB) 30poiitHux cuit pd, HaBeaeHi ix mepe-
Barv Ta HEIOJIKH, c()OPMOBaHI MPOMO3HUINT MO0 MUIAXIB MOAATBIINX JOCTIIKCHb. [I[paKTHYHA 3HAYUMICTh OTPHUMAaHHUX
pe3ynbTaTiB B MaiOyTHROMY MOKE CTaTH OCHOBOIO JUISl yJOCKOHAJCHHS iCHYIounx ynapHux FPV-npowis, siki 3acTocoBy-
1o1ecst 30poiiHnMu CuiiamMu YKpaiHd, a came: OOTpyHTYBaHHS HULIXiB MPOTHIL Y pa3i MOAaBIEeHHS X KaHAY YIpaBIiHHI
3acobamu PEB. BucHOBKH. AHani3 TAKTUKO-TEXHIYHUX XapaKTEPUCTUK Ta TAKTHKU 3acTocyBaHHs 3aco0iB PEB pd Gmmk-
Hboi 1ii (okonHuii PEB) moxkasas, mo 3aco6u PEB Takoro Tuiy € oIHNM i3 Ai€BUX IHCTPYMEHTIB MpoTHAil yaapauM FPV-
JIpOHaM, SKi B CBOIO Uepry CYTTEBO BIUIMBAIOTH HA XiJ] CYYaCHHUX BIMCHKOBHX omepamiil. 3 MOYaTKOM MIHPOKOMACIITa0OHOTO
BTOPTHEHHs 30poiHMX cui pd Ha TepuTopito Ykpainu, 3acobu PEB, sxi Oynu npoanaizoBaHi B poOOTi HOCTIiIHO yI0CKO-
HAJIFOBAINCS 3 TOYKH 30Dy 1X HMapaMeTpiB Ta TAKTUKH 3aCTOCYBaHHS B 00H0BHX yMoBax. Takox cyTTeBo Oyiu 30iIbIICHHI
KiJIbKICHI TOKa3HUKH X BUpPOOHMITBA pd, po3pobiieHa 3HaYHa KUIBKICTh HOBUX KOoMILUIeKciB. CiliJy KOHCTaTyBaTH, IO 3aC0-
6u PEB 6mmxHbO01 11if (okonHuii PEB) cTaHOBIATE CYTTEBY 3arpo3y B Cy4acHUX yMOBax BeieHHs OoroBux aiil. [TokazoBum
YHHHUKOM aKTYaJIbHOCTI JaHOTO HANpPSMY JOCHIIKEHb € TOH (akT, mo 30poiiHi CHIIH pd 3 BEIUKOIO IHTCHCHUBHICTIO yJI0-
CKOHAMOIOTH 3acobu PED, 3 MeTor0 BiAMOBIZHOCTI iX MapaMeTpiB Ta TAKTHKU 3aCTOCYBAaHHS CyYaCHUM YMOBaM ChOTOICHHS
B BilicbKOBHUX omeparisx. OTxe, Ha TenepinHii gac 30poiiHi Cunn YKpaiHu MaroTh BUKIIMKH 00 poTuAii 3acobam PEB
omkHBOI il (okormHMi PEB), BomHOUAcC y0Ha KpaiHa CBiTY HE Maja TaKoro JOCBiAY MPOTHIl, TOMY OTPHMaHHI HAyKOBi
pe3ynbTaTH B MaiOyTHROMY MOXYTb CTaTH MIAIPYHTAM JUIsl pO3pOOKH IUIAXiB BUPIMIEHHS JaHOTO MPOOIEMHOr0 IUTaHHS.

Kaw4yoBi caoBa: OesminoTHuil mitansHuid anapar, FPV-npon, oxomamii PEB, pamioenexrpoHHa 60poTh0a, TaKTHKO-

TeXHIYHI XapaKTepUCTUKH, TAKTHKA 3aCTOCYBaHHS.

Beryn

[ocTanoBka npo0JjeMH y 3arajbHOMY BHIVISIAL
AmHani3 cydacHHUX BIHCHKOBHX KOH(QUIIKTIB Yy IBaJIIATh
MEPIIOMY CTOJITTI, K JOKAIBHUX TaK 1 TJI00aJbHUX, MO-
Ka3aB, 1110 MPOTHCTOSIHHSI CTOPIH Bce Oijblile IepPeXO0UTh
y IUIOLIMHY PaJioeJeKTPOHHOTO NPOTHCTOSIHHS, JIe BH-
pillaJibHy POJIb BIAICPArOTh 3acO0M PaioeIEKTPOHHOI
6opotebu (PEB) [1]. PEB — e xomriekc ckoopanHOBa-
HUX Aii migpo3niniB 30poiHnx Cun (3C), cnpsMoBaHHX
Ha OTpUMaHHA iH(pOpMaNil Mpo MiClEe3HAXO/PKEHHsI pa-
nioenexTpoHHnX 3aco6iB (PE3), cuctem ynpasiiHHS Biid-
ChbKaMH Ta 030pO€HHSIM IPOTHBHHKA, a TaKOX IXHE 3HH-
IIIEHHS1, BUBEACHHS 3 JIay abo 3aXOIUICHHS LIISIXOM pa-
nioenekTpoHHoro nmonarieHHs. Bognodac PEB Brimouae
3ax0/u 1010 3axucTy BnacHuX PE3, cucteM ynpapmiHHS
BiJl BIUTMBY PaJiOeNeKTPOHHOI PO3BIIKK MPOTHBHHUKA Ta
KOHTpPPaIioeneKTpOHHOT poTurii [2].

PEB mnepenbauac BUKOPUCTAaHHS Pallio Ta €JIEKT-
POMAarHiTHUX CHTHANIB JUII 3aXHUCTy ab0 MOPYLICHHS
poboTn KomyHikaniii Ta odnanHanHsa. CtpykrypHo PEB
CKJIQJAETHCSl 3 TPHOX OCHOBHUX HAIPSMIB: pajlioeieKT-
POHHA aTaka, pagioeJeKTPOHHHUI 3aXUCT Ta pa/liOeNeKT-
poHHa miaTpuMKa. PajioenekTpoHHa aTaka cripsMoBaHa
Ha ypayKeHHs paJapiB, KOMYHIKalliHHUX 1 HaBiraliiHUX
CHUCTEM IPOTHBHHUKA 32 JOIOMOIOI0 PaJiOXBHIb IS
MTO/IaBIICHHS, 3 METOIO 3HIDKEHHS iXHBOT e(PEeKTHBHOCTI
a00 MOBHOTO BHMBEAEHHSA 3 Jaay. Ha mportuBary mpomy,

PamioCIEKTPOHHUN 3aXHCT 30CEPEKCHUN Ha 3aXHCTI
BiJl 3a3HAUEHMX CIPOO IMOJABICHHS MPOTHBHHUKOM, 3a-
Oe3meuyroun (YHKIIOHYBaHHS KOMYHIKAIif Ta CHCTEM
HaBiTH B yMOBaX 3aBaj. PalioeleKTpoHHa MiATPHMKa
BKJIIOUYa€ B ce0e BHUSABIICHHS Ta JIOKAJI3aMilo eIeKTpOMa-
THITHUX BHIIPOMIHIOBaHb, II0 B CBOIO 4YepTy, Ha Ipak-
THILII PU3BOJUTD JI0 HEY3TOIDKEHOCTI 3 PajlioesIeKTPOH-
HOIO PO3BIJIKOIO, OCKIJIBKH 00M/Ba HAMPSIMH ITOB’sI3aHI 3
MEPEXOIUICHHSM  BUKOPHUCTAHHS ~ €JIEKTPOMAarHiTHOTO
CrieKTpy npoTuBHUKOM. CIiji 3a3HAYMTH, IO Pi3HUIA
MIXK pajioeeKTPOHHOI MiATPUMKOIO Ta PaliOeIEKTPOH-
HOIO PO3BIJIKOIO € CYTTEBOIO, SIKa BU3HAYAETHCS METOIO,
MacmTaboM Ta KOHTPOJIOIOYOI0 CTOPOHOIO BiMCHKOBOI
onepanii. Hanmpukian, y Crnonyuenux Illtatax Amepn-
kn (CIIA) pamioeneKTpoHHA HiITPUMKA 3/1€0LIBIIOTO
00CIIyroBy€ TaKTHUYHI MMOTpeON KOMaHIUPIB MiIPO3/ALTiB
B palioHaX BeleHHs OOHOBHUX Miif, MPOTE, K paJiocicK-
TPOHHA PO3BiZKa BUKOHYE (yHKIiI0 300py po3BigyBa-
JBHUX JTAaHWUX, HA CTPATEriYHOMY PiBHI, MIAMOPAIKOBAHY
OKpeMHUM MiHicTepcTBaM [1].

VY mporieci cydacHux O0HOBHX Iiif, 30kpemMa Bpa-
XOBYIOYH JIOCBiJl POCIHCHKO-YKpaiHCBKOI BiHHH, CIO-
CTepiraeThesi 3HaYHE PO3MIMPEHHS HOMEHKIIATYPH 3ac0-
6i8 PEB, siki MoxyTh OyTH 3acTOCOBaHi SIK Ha cTpare-
riYHOMY, TaK i Ha TaKTHYHOMY piBHiAX. OnHMMMU 13 OC-
HOBHHX KOMIOHEHTiB 3aco0iB PEB 30poitHux cmi po-
ciiicekoi ¢enepauii (pd) € KOMIUIEKCH ATl PaIiOeNeKT-
POHHOTO NOJAABJIEHHS, PaliOENEeKTPOHHOI PO3BIIKM Ta
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CUCTEMH JISl 3aXHMCTY BIACHMX KOMYHIKAIIMHUX Ta PO3-
BiZlyBaJIbHUX MEPEX BiJ BIUIMBY NPOTHBHUKA. Baxknu-
BUM € T€, 1110 BUKOPUCTAHHS LIUX CHCTEM J03BOJIIE P
He JMIIe OOMEXyBaTH MOJJIMBOCTI yKpaiHCBKUX CHII
Oe3rexky i 000pPOHM Yy MaHeBpax Ta KOOpAMHaLIl il ane
7 ne3opieHTyBaTH X y TUIAHYBaHHI omeparii [3].

HeoOxigHO BpaxyBaTé TO# (axT, MO AOCBiA po-
CIHCHKO-YKpaTHCHKOI BiffHM 3HAYHO BIUIMHYB Ha KOHIIE-
TIIiI0 TAKTUKA 3aCTOCYBAaHHS BIiMICBK Y Cy9acHUX CBIiTO-
BuX BiiiHax. Ile B cBOIO 4epry MOB’S3aHO 3 BEIHKOIO
IHTEHCUBHICTIO 3aCTOCYBaHHS OC3MUIOTHUX JiTAIbHUX
amapartiB (briJIA) pi3Hux Tumis, a came ynapaux FPV-
apoHiB. Criji KOHCTaTyBaTH, 110 B NMPOTHBAry 3a3Haye-
HOMY, 30poOiHI cuin pd CHCTEMHO 3aCTOCOBYIOTH Ha
Bcix piBHsX 3acoou PEB.

TakuM yMHOM, BHHHKA€E akTyalbHa 3ajia4a JIOCIi-
JDKEHHSI TaKTUKO-TexHIYHuX Xxapakrtepuctuk (TTX) 3aco-
6iB PEDB 30poitanx cmi p¢ Ta iX TaKTUKH 3aCTOCYBAaHHS B
OOHOBHX YMOBaX, SIK Ha TAKTUYHOMY, TaK 1 Ha OICpPATHB-
HOMY piBHsX. B pamkax manoi myOmikamii aBTopr oOme-
KYIOTBCS aHami3oM 3aco0iB PEB Ta ix TakTHKH 3acTocy-
BaHHS Ha TAKTUYHOMY piBHI, SIKi € OCHOBHIM HPOTHIIIO-
4yuM (akTopoM B 60poTr0i i3 yaapaumu FPV-nponamu.

Jlanuii HaIpsiM JTOCHIPKEHb € aKTyaJlbHHM Y KOH-
TEKCTI POCIHCHKO-YKpaiHChKOI BIMHHU, OCKIJIBKH OTpH-
MaHi pe3yJbTaTH MOXYTh CTAaTH HiIIPYHTSIM, LIO JO-
3BOJIUTH B Maii0yTHHOMY YJIOCKOHAJIUTH TAKTUKY 3aCTO-
CyBaHHS MiApO3AUIiB. A Bukopuctanus FPV-mpownis
MOJKe, B CBOIO Uepry, 3MimHATH 37aTHICTh 3C YKpainu
e€(EeKTUBHO NPOTUCTOATH B YMOBaX IHTEHCHBHOTO pa-
JIOGIEKTPOHHOTO TMOJABJICHHS 3ac00iB 030pO€HHS i
BilicbkoBOi TexHiku (OBT).

AHaJii3 OCTaHHIX a0cCaiIKeHb 1 myOJikamii. Y
3B’S3KY 3 MIUpoKoMacmTabHuM 3actocyBaHHIM 3C Yk-
paiau yaapaux FPV-apoHiB i gOCATHEHHS nepeBaru
Ha noJti 0010, BUHMKae HaranbHa notpeba anamizy TTX
Ta TaKTUKU 3acTOCyBaHHS 3aco0iB PEB 36poitanmu cu-
gamu pd. Lle B CBOIO depry oOyMOBJICHO MOTPEOOIO
MOCTIHHOTO Y/IOCKOHAJIEHHS MOXJIMBOCTEH YyJapHUX
FPV-apowniB B ymoBax 0oifoBux aiii Ta mpoTHIIl 3aco-
6am PEB mporuBHuKa. BiamoBigHo, y maHomy mocimi-
JUKEHHI aBTOpH (POKYCYIOTHCS Ha BUBYCHHI Pi3HHUX ac-
NeKTiB 3acTocyBaHHs 3aco0iB PEB Ha TakTHuHOMY piBHI
B paMKax BilicbKOoBHMX omepauiil. Ha Tenepimmniii vac,
TEMAaTHI JOCIIDKEHb MPUCBIUCHO 3HAYHUI psi pooiT.
HeransHoMy aHamizy mimsrama pobotu [4-9].

Tak, y po6oti [4] mpoBeneHo aHaji3 Cy4acHHX Me-
toniB PEDB, iX TeXHIYHMX XapaKTepUCTHK Ta e€(eKTHB-
HOCTI 3aCTOCYBaHHS. PO3rIsgHYTO pi3HI THOH 3ac00iB
PEB, 30kpeMa akTuBHI Ta MacWBHI CUCTEMH, 11O 3aCTO-
COBYIOTBCSl JUIsl 3aXWCTY BiJi paioIOKAI[ifHOTO BHUSIB-
JeHHs. TakoX OCIIHKEHO MPOOJeMH, SKi BUHUKAIOTH
mig yac BukopuctanHs PED sk BifiCEKOBUMH, TaK i IU-
BUIBHUMHM Oprasizanisimu. HaBeneno npukmaau cydac-
HHUX TEXHOJIOTiN BukopucTaHHs 3aco0iB PEB, a Takox
crocobu MacKyBaHHSI 00’ €KTIiB BiJl BUSIBIEHHS pajliofio-
KaliifHUMK cucTteMamH npoTuBHHKa. KpiMm Toro, mpo-
aHamizoBaHo poib 3acobiB PEB y cyuacHux ymoBax,
T IKPECITIOIOYH 1X BOKIMBICTD I 30€pEKCHHS JKUTTS 1
3I0pOB’sT 0COOOBOTO CKJIAMy TiAPO3AUIIB, 3HHUIIECHHS
TEXHIKM NPOTHUBHMKA Ta BUKOHAHHS OOHOBMX 3aBJIaHb.
Takox y HayKoBiii cTaTTi HaBelIeHI OCHOBHI METOIHU

npotunii PEB. Jns 3a0e3neueHHs mpame3 aTHOCTI ele-
KTPOHHHUX CHUCTEM B YMOBaXxX BIUIMBY PaJiOCHI'HAJIB BHU-
KOPHUCTOBYIOTHCSI TaKi METO/H, K KOMIUICKCHUH TEXHi-
YHUH KOHTPOJb, MAacKyBaHHs, 3aXHCT BiJ Kibeparax,
CHCTEMH 3aXHCTy BiJl €JIEKTPOMArHiTHOTO IMITYJIbCy Ta
pe3epBHI CHCTEMH 3B 3Ky 1 KOMYHIKaIii.

VY [5] aBTOpu mochimmnu cydacHi meronu PEB Ta
iX BIDIMB Ha mepedir 00MOBUX Nifl. AKTYalbHICTh I[HOTO
JOCIIKEHHST BU3HAYA€ThCs 3pocTarouoro pontio PEB y
Cy4YacHHX JIOKaJhbHHUX KOH(pIiKTax Ta BiitHaXx. ¥ poboTi
HaBe/ICHI Taki KJIIOYOBI aCIEKTH, SIK POCIHCHKI METOIH
PEB, a came: aHaii3 OCHOBHHX pO3pOOOK Ta iX poib y
BIICPKOBHX oOllepallisx, 3axinai meroqu PEB, B pamkax
OTJISTy TIPOBIHUX PO3POOOK Ta IX 3aCTOCYBaHHS y CY-
yacHUX BiifHaX. Takox HaJlaHO MOPIBHSHHS POCIICEKUX
i 3axigHux migxoaiB no PEB Ta 3poGiieHO mporHo3u
MO0 X MOAAITBUIOr0 PO3BUTKY. OKpeMo JOCIiIKEeHO
cy4acHi xapakrepuctuku PEB, 30kpema BHKOpHCTaHHS
MOOITPHHX CHCTEM, iX THYUKICTP 1 IHTETpamis 3 iHIUMHU
TexHonorisiMu. OcoONMUBY yBary HpHIUIEHO NMHUTaHHIM
3axucry Bix PEB.

Astopu poGotu [6] BukiIanu marepiaiu, sKi € iH-
CTPyMEHTOM /Ul aHaNi3y Ta IMOPIBHSIHHS PI3HUX THIIB
cucteM PEB Ta paniosnoxauiiiHux 3aco6iB. 3mict myOmi-
Kallii OXOIUTIOE KITFOUOBI TEXHIYHI MapameTpu, HeoOXimHi
JUTSL pO3POOKH Ta YIOCKOHANCHHS cydacHux cucteMm PEB,
30KpeMa e()eKTHBHICTh 3aC00IB MOABICHHS Ta 3aXHCTY,
METOAM iHTerpalii 3 IHIIMMH cucTeMaMH O030pO€HHS Ta
TEXHOJIOTIYHI iHHOBaIlil. Y KOHTEKCTI HayKOBHX ITyOi-
KaIliii, meit mociOHUK MoXke OYTH BHKOPHUCTAHHUN K JIKe-
perno i OIiHKH e(peKTUBHOCTI HOBHX PO3pOOOK, TXHBO-
rO BIUTMBY Ha OINEPATHBHI MOXIIMBOCTI BIMCBK Ta yJIO-
CKOHAJICHHS 3aC00IB PaliOeIeKTPOHHOTO 3aXHCTY.

VY [7] 6ymo po3risiHyTO mporpec pd B amamTarii
IHHOBALIMHKUX TIIXOMIB 10 BEICHHS BIiifHH, 30KpeMa B
MEPEKCIIEHTPHUYHUX TEXHOJIOTISIX Ta BUKOPHUCTAHHI 1H-
¢dopmartiitnoro cepemopuiia. ['0JI0OBHUIT aKIIEHT Y pOOOTI
pOOHTHCST Ha IHTErpallil0 aBTOMAaTH30BAHUX CHCTEM YII-
PpaBJIiHHS, PO3BIIKH, CIIOCTEPEKEHHS Ta 3B’53KY, IO JIO-
3BOJIsIE 30pOMHUM cuiiaM P MOKPAIIUTH IIBHIKICTH
MIPUAHATTS PIMICHB 1 TIOCHIIFOE 1X 3[aTHICTH IO IIBHIKOTO
pearyBaHHs. ABTOpH POOOTH HaroJIOUIyIoTh, IO pd yc-
ITIIHO CKOPOYY€E PO3PUB MIX TEOPETHYHHMH HaIparo-
BaHHSIMU BIMCHKOBOI HAayKH Ta IPAKTUYHHM BHKOpHC-
TaHHSAM MOXJIUBOCTEW 3ac00iB. OCOOIHBO IIe MMOMITHO Y
3aCTOCYBaHHI KOHIICTIIT “MHOKHHKIB CUIN~ — KOMILICK-
CHOTO MIJXOy, IO JTO3BOJISE MiIBUMIUTH €()EKTUBHICTD
BilicbKOBHX omepariil. [Tompu e y poGoTi BHCBiTIEHI
BHCHOBKH, IO BHKOPUCTaHHSA pociiicekux 3aco6iB PEB
Ha MBAEGHHOMY CXOAi YKpaiHH HE CTBOPIOE 3HAYHHX 3a-
rpo3 mis kpain-uwieHiB HATO, ockiibku AJIbSIHC BOJIOTIE
Habararo cydJacHIIIMMH TexHoorissMu. Kpim Toro, aBTo-
pPH BBaXAaIOTb, IO 3asiBU OQIIIHHUX NpencTaBHUKIB P
PO TIOBHY 3/IaTHICTh TEXHIYHO ITOJABIIOBATH EJIEKTPO-
MarHiTHHH CIIEKTp € NepeOiIbIIeHIMH.

VY HaykoBiii myOumikamnii [8] npoBeneHuid aHami3 3a-
cTocyBaHHS 30poiiHMMHU cuiamu p¢ 3acobiB PEB min
gac 30poitHOi arpecii mpotn Ykpaiau. Po3srmsgaerbes
MPU3HAYCHHS Ta HaJaHi 300pakeHHsS OCHOBHHUX CydYac-
HUX cucTeM Ta koMmIuiekciB PEB po, siki Oynmu BusBiIcH-
Hi Ha TepuTOpii YKpaiHH 3 MOYaTKy MOBHOMACIITAOHOTO
BTOPTHEHHS 30pOHHUX CWII pd Ha TepuTopii YKpaiHu.
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Astopu podotr [9] 30cepemKyBanu JOCTiIKEHHS
Ha aHauni3i HOBiTHIX 3aco0iB PEB p¢d oneparuBHOTrO piB-
Hsl, BKJIIOYAIOUH X MOPIBHSUIBHUIA aHAIII3 Ta OL[IHKY MOX-
JIUBOCTEH TO/IABJICHHS Ta X (YHKIIOHAIBHI MOKIIMBOCTI
B paifoHax BeJeHHsS 00WOBMX Aid. Y JOCIIPKeHHI 3po0-
JICHO BUCHOBKH INOAO MOTCHIIHMX CTpaTeriil ImiaBu-
mieHHs e(heKTHBHOCTI yKpaiHchkux 3aco0iB PEB. Asropu
TaKOX 3BEpPTAIOThH yBary Ha TeHneHmii po3sutky PEB Ta
HOBITHIX CHCTEM YIIpaBJIiHHS BificbKaMH i 30po€to B TIpo-
BITHMX KpaiHax CBITy. AHaJi3 WX TEHACHIIH BKa3ye Ha
HEOOXiHICTh Teperisny TPaAWIiHUX MiIXOIiB IO Be-
nenss PEB y cywacHux ymoBax Ta y MaiOyTHhOMY. 3a-
MPOTIOHOBAHI HIIAXM MOJIEpHi3alil Ta YJZOCKOHAJICHHS
3aco0iB PED, mo0 Biamosizatn BUMOraMm cy4acHHUX BH-
KJIMKIB Ha mouti Ooto. Ile BiMMarae acumMeTpu4yHOrO 1 BH-
NepeKyBaJIbHOTO MiAXO0AY 1O po3BUTKY 3aco0iB PED y
BIAMOBIiAB Ha rII00AJILHI TEHIEHLII.

TakuMm 9YMHOM, aHANi3 OCTaHHIX JOCIIMKEHb 1 my-
Omikariii mokasaB, 0 Ha TEMEPIlIHIN Yac MPHCBSYCHA
JOCTAaTHS KUIBKICTP HAayKOBHX pOOIT B SKHX JJOCIHIi-
mxerHi TTX icHyrouux 3aco6iB PEB po. IIpore, mepe-
BakKHa OUTBIIICTH pOOIT TMPHCBIYCHA IOCIHIIHKCHHIM
3aco0iB PEB omepaTuBHOro Ta CTparerivHoro mpu3Ha-
yenHs. Cria 3a3HAYUTH, MO0 B POOOTAX, SKI MiAJIATaIn
aHayi3y He OynM pO3TJISIHYTI MUTAHHS aHANi3y 3ac00iB
PED TakTMYHOTO NIpHU3HAYEHHS, a IUTAHHS TAKTUKU
3aCTOCYBaHHs B3araji He Oy/lM BHUCBITICHI B JKOJHIH
myOmikaiii. BpaxoByroun Toi (akt, 1110 BUKOPHCTaHHS
yaapaux FPV-npoHiB 3 modaTkoM mmpoKoMacITabHO-
r'0 BTOPTHEHHs 30poiHUX crmi pd Ha Tepuropiro Ykpai-
HU HOCHTh CHCTEMHHH XapakTep Ta € e(EeKTUBHHM 3a-
co0OM ypaskeHHS IIPOTUBHHKA, [TOCTA€ aKTyalbHa 3a/1a-
4a JTOCIIKEHHS METO/IB i CITOCcO0iB MPOTHIIl 3aco0am
PEB mporuBHuka. OTXe, OTpUMaHi pe3ylbTaTd IOCIi-
JDKEHb € aKTyaJbHHUMH Ta MOXYTh CTaTH HiAIPYHTIM
JUTSL PO3POOKHM MPOTO3UIIii 11070 npoTuail 3acobam PEB
pd abo ynockonaneHHs yaapuux FPV-apoHnis.

MeTa cTaTTi noJjsirac B aHali3i KIIOYOBHX TaKTH-
KO-TEXHIYHHMX XapaKTEPUCTHK Ta TAKTUKHU 3aCTOCYBaHH:I
OCHOBHUX pociiicbkux 3aco0iB PEb 6mmxHboI aii (oKo-
naux PEB).

OcHOBHA YacTHHA

1. Knacudikauiss 3aco6is PEB 306poiinux cua
p¢. Biiiceka PEB 30poitanx cuin pd — me cTpyKTypHUIA
nigposain PEB cnemianbaux Bifickk 30poitHUX cui pd.
ITigposninu Bitickk PED BUKOHYIOTE 3aBAaHHs, CIIPSIMO-
BaHI Ha JOCATHEHHS IEpPEeBard B E€JIEKTPOMArHiTHOMY
CHEKTpi, 3a0e3neyeHHs] 3aXHUCTy BJIACHUX CHCTEM YII-
paBiIiHHS BificbkamMM i 030pO€HHSM BiJ BIUIMBY pajioe-
JIEKTPOHHUX TEPEIIKOJl NMPOTUBHHUKA, a TAKOX IOpY-
IIeHHS (YHKIIOHYBaHHS CHUCTEM YIIPaBJIiHHS Biiich-
KaMH NPOTHUBHMKA 1 3HWKEHHs €(eKTUBHOCTI BUKOPHC-
TaHHS HOoro 60HOBHX 3ac00iB.

Ho crpykrypaux migpo3ainiB PEB 30poiiaux cun
p®d Hanmexath: GatanbiioHu, By3nu (IIeHTpa), pOTH, aBia-
uiitai maaku PEB Tommo.

OcHoBy cui PEB p¢ craHoBisaTh Ha3eMHi Ta aBia-
ifHI 9aCTHHU 1 MiAPO3IiiH, M0 BXOAATh IO CKIATY
00’emHaHb 1 3’€HAHb PI3HUX BHIIB Ta POJIB BIHCBHK
36poiinux cun p¢. 3acoou PEB yTBOpIOIOTH cuctemy
030poenns PED, sika Bkitouae CyKyITHICTh TEXHIYHHX

3aco0iB mizpo3niniB PEB, a Takoxx OopToBi cucremu
PEB, sxi mpusHaueHi JUis 1HAWBIAYalbHOTO 3aXHCTy
OBT (pakeTHHX KOMIUICKCIB, OOHOBHX JIITaKiB, BEpPTO-
JBOTIB, KOpabiiB, OPOHbOBAHMX MAIUH TOIIO) Bij 3a-
co01B PO3BiIKM Ta BUCOKOTOYHOT 30pOi.

Knacudikamis 3aco6iB PEB p¢d Brmowae xinmpka
OCHOBHHX KaTETOpiii, SKi IPYHTYIOThCS Ha IXHIX (QyHK-
[isX, TPU3HAYCHHI Ta THIIAX HOCIiB. 3a3Budail, 3acobu
PEB p¢ knacudikyroTs 3a TakuMu mokasaukamu [10].

3a manpHIicTIO 3acTocyBaHHA 3acobu PEDB p¢ momi-
asroteest Ha [10]:

— CTpATerivHOr0 3aCTOCYBaHHS;

— OIIEpaTUBHOTO 3aCTOCYBaHHS;

— TAKTUYHOTO 3aCTOCYBaHHS;

— 6mmxHboi ii (oxonHuii PEB).

3a micuem 6azyBanHsaM 3acobu PEB pd xmacudi-
KytoTb [10]:

— Ha3eMHI 3aco0u;

— aBlaliiHi 3aco0u;

— MOPCBKIi 3ac00H;

— KOCMI4HI Ta IOBITPSTHO-KOCMIYHI 3ac00W;

— MOOiIBHI 3ac00H.

3a QyHKIIOHATEHUM Tpu3HaveHHsIM 3acodou PEDB
KiacuGpikyoTh TakuM yraoM [10]:

— MEPENIKO]] HA3eMHHUM 3ac00am;

— MEPEIKO/] aBialliiHIM 3ac00aMm;

— MEPEIKO]] MOPCHKHUM 3aco0am;

— pagioeNneKTPOHHOTO 3aXUCTY.

Jo 3aco6iB PEB pd Hanexars [10]:

— creniajJbHa Ha3eMHAa TEXHIKa TEePenKoI;

— TeXHiKa YIIPaBIiHHS MEepPeNIKojaMu;

— CHCTeMH pa/liopO3BIJKH Ta NEJICHI'YBaHHS;

— mepeiaBadi Mepemko/;

— TeXHIKa pajio-, palioTEeXHIYHOTO KOHTPOITIO;

— aBialliiiHi Ta kopabenbHi 6OPTOBI 3ac00U Tepen-
KO/I.

JocBin pociiicbko-yKpaiHChKOT BIHHM CBiAYHTB,
1I0 OJHIEI0 3 OCHOBHUX PHUC BEICHHS OO0HOBUX miif
(omepariiif) € mMUpPOKE 3aCTOCYBaHHS 000Ma CTOPOHAMMU
niei BifiHM BrJIA BifiCbKOBOTO NpPU3HAYCHHS DPI3HHX
tuniB. HapomryBaHHs iX KUIBKICHO-SKICHOTO CKIIAAY,
HaJaHHs iM BIAacTHBOCTEH ymapHOi 30poi Ta MacoBaHe
3aCTOCYBaHHS Ha I0Ji 6010 00yMOBMIIO 3MiHH B Xapak-
Tepi 30poiiHoi O6opoThOH, PopMax Ta crocodax 3acTo-
CYBaHHS BIMCBK (CHII).

OmHuM 13 NUIIXIB 3MEHIIIEHHS 00MOBUX MOYKITHBO-
creit brJIA € moOynoBa Ta 3acTOCYBAaHHS BiJITOBiAHOI
PED Ta ii inTerparis B cucTeMy HpPOTHIIOBITPSIHOT 000-
ponu (IITO). Crnix koHCTATYBaTH, 10 30pO¥HI CHITH pd
MOCTIHHO aganTyIOTh CBOIO CHCTEMY IiJl CydacHi BH-
KIUKK Ta 3arpo3u. [ns BusHaueHHS BuMor 10 OBT
HEeoOXi/THO 3HaTH CIPOMOXHOCTI Bopora. Lle € nepBuH-
HOIO OCHOBOIO NOJAJIBIIHX JIOCHI/PKEHb. 3 YpaxyBaHHIM
nepBUHHOCTI Xapaktepuctuk OBT nporusHuka, a came
3aco6iB PEB ommxkHbO1 1ii (okonauii PEB) nouinsauM €
mpoBecTH aHai3 ocHoBHUX TTX 3a3HaueHUX 3aco0iB.

2. Ananiz TTX icuyounx 3aco6iB PEB 6amx-
Hboi 1ii (oxomuuii PEB). BukopucranHs ynmapHHX
FPV-nponis (First Person View) y BiificbkoBUX omepa-
migX Ha TepuTopii YKpaiHi HOCHTH OTEepaTUBHE Ta TaK-
TUYHE 3HaYEHHS. Y KOHTEKCTi BiiiHM B YKpaiHi, e 0o-
WOBI il BEMyThCS Y PI3HOMAHITHUX YMOBax Ta TEPUTO-
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pianbHUX OOMeXeHHsX, yaapHi FPV-gponu cratoth
Ba)XJIMBUM IHCTPYMEHTOM JJIsi 000X CTOpIH i€l BifHU.
lonoBue 3aBmanus 3acoby PEB mporuaii briJIA — ne
3aXUCT OCOOOBOTO CKJIAJy Ta BICHKOBOI TEXHIKU Bif
BrJIA cynporuBHuKa pizHux tunis. 3acobu PEb G-
ueoi il (oxomumit PEB) € yHiBepcanbHUMH KOMILICK-
camu Ui mpotufil ymapaux FPV-npowis, y Burisimi
KOMIUIEKCY BCTAQHOBJICHOTO Ha Jaxy TPaHCIOPTHOTO
3aco0y, B oxori (OmiHgaxXy) abo BUKOPHCTAaHHS 0CO00-
BUM CKJIaJIOM y BUTTISIII IEPEHOCHOTO KOMILIEKCY.

ITin 3acobamu PEB 6mmkab0i i (okomauii PEB) B
paMkax paHoi myOuikamii po3yMi€Tbcs — cHeliajizoBa-
HUW TIPUCTpiH, NPHU3HAYCHWH I TONABJICHHS KaHAITY
ympasiinas briJIA Ha Bincrani 1o 2000 metpiB. OcHOBHa
MeTa 3acTocyBaHHs 3aco0iB okornHoro PEB — me 3abes-
NeYeHHs NpOTHIIT BiJ 3HUIIEHHs ynapuumu briJIA cra-
ioHapHux ykpimnens, OBT ta oco6oBoro ckmamy [11].

OcnoBHi Bumor# 110 3aco6iB PEB p¢d 6mmxab0T mii
(oxomuuit PEB):

—3a0e3meueHHs] €PEKTUBHOTO TIOJIABICHHS KaHAIIB
ynpasiniHasa Ta HaBiramii briJIA Ha BigcTaHp He MEHIIE
2000 metpiB, IO B CBOIO Yepry IO3BOJIIE CBOEYACHO
HEWTpasi30ByBaTH 3arpo3u Bin ynapaux FPV-npoHis;

— CNIPSIMOBAHICTh CHUTHAY, i3 3aCTOCYBaHHSIM BH-
COKOHAIpaBJICHUX aHTEH, II0 B CBOIO YEpPry JI03BOJISIE
CKOHIICHTPYBATH €HEPTil0 BUIPOMIHIOBAHHS Ha KOHK-
perHomy BrJlA, 3MeHIIylouM mpu nboMy HMOBIpHICTH
BusiBiieHHs 3aco0y PEB;

— IMIMPOKHUH YaCTOTHHUH Jialta30H IOJABJICHHS CHT-
HaIiB;

— MaJjia Bara Ta po3MipH;

—3a0€e3MeUeHHs] JI0CTaTHBOTO EHEPrONOTEHI ATy
(oTYXHI aKkyMyJIATOpHi OaTapei);

— HasBHICTH PEXHMIB iMiTaIlil IEPEIIKO/T,

— CTIHKICTh JI0 PI3HUX KIIMaTUYHUX YMOB Ta
BIUIMBY €JIEKTPOMArHiTHOTO BUIIPOMiHIOBaHHS;

— IPOCTOTA YIIPaBIiHHS;

— BIJICYTHICTh BIUIMBY E€JIEKTPOMArHiTHOIO BHIIPOMi-
HIOBaHHS1 Ha OTlepaTopa I1iJl 4ac TPUBAJIOTO 3aCTOCYBaHHS;

— MOXJIMBICTh IIBHJIKOI'O PO3rOPTaHHS B PI3HUX
yMoBax 00HOBOTO CepeIoBHUINA.

Amnani3 3aco6iB PEb pd momo nporuaii briJIA mo-
3BOJIMB 3pOOMTH BHCHOBKHM CTOCOBHO 3aCTOCYBAaHHS IIEB-
HUX 3aXOJIiB, SIKi 3IHCHIOIOTHCS IS IPOTHUIIL, a came:

— CTBOPEHHS 3aropo/DKyBaJIbHUX 3aBajl Ha YacTo-
TaxX, AKi BHUKOPHCTOBYIOTHCS IMBUIBHUMH 3aco0aMu
3B 3Ky A ynpaBiiHHA BriJIA (THIIOBI 4acTOTH CTib-
HUKOBOTO Ta TPaHKIHTOBOTO 3B’s13Ky, 3G, 4G, 5G, me-
pexi Wi-Fi, Wi-Max Toro);

— BHSIBJICHHS IIapaMeTPiB CIEIiali30BaHUX KaHATIB
panmioymnpasniaasg (KPY) BnJIA Ta ctBopenHs pamioerne-
KTPOHHUX 3aBaJl, CIPSMOBAaHHUX 33 YaCTOTOIO Ta CTPYK-
Typoto curtainy KPY (sxmouatoun it KPY y pexumi 3
epe0yI0BOK0 YaCTOTH);

— (hopMyBaHHS LIYMOBHX 3aBajl, CHPSIMOBAaHHX 32
YacTOTaMU HAHOUIBII MOMIMPEHHX CYNyTHHUKOBUX pa-
nionapiraniaux cucrem (GPS, TJIOHACC, BeiDou,
Galileo Tomo);

— CTBOPCHHS IMITAIlifHUX 3aBajl, CIIPSIMOBAHHUX 3a
YaCTOTOIO Ta CTPYKTYPOIO HE3aXMIICHHWX KaHATiB Hai-
OB TIOITUPEHUX CYIMyTHUKOBHX pPaliOHABITAIIHHUX
cucteM (GPS, I'TTOHACC, BeiDou, Galileo Tomro).

3acrocyBanns 3aco0iB PEB, sk mpotunii BrJIA,
MOPIBHAHO 13 3aco0aMy BOTHEBOI'O YPaKCHHS Ma€ Ha-
CTYIIHI TIepeBaru:

—mig yac 3acrocyBaHHs 3acoou PEB He BuTpaua-
I0Th J)KOJJHHX MaTepiajbHUX PecypciB ypakeHHs, a JIu-
1€ BiTHOBIIOBAaHUN PeCypcC eIeKTPOMAarHiTHOI eHeprii;

— cyuacHi 3acobu PEB 3matHi dopmyBaTu mmpo-
KHHA CHEKTp PaIiOeleKTPOHHHUX 3aBajl, aJallTHBHO OOH-
patoun Ti, AKi € MaKCUMajdbHO €()EeKTUBHUMH NPOTH
KOHKPETHHUX 00’ €KTiB TIOJaBIICHHS;

—3acobu PEB matoTe mimommHHMN edexT, mo 10-
3BOJISIE OJJTHOYACHO YPa)KaTH BEJIMKY KinbKicTh briJIA 3i
CXOKMMH paJIioeJIEKTPOHHUMU MapaMeTpamH;

—3a YMOBH YCHIIIHOTO pO3Mi3HABAHHS IIJICH SK
OKpEeMHX  BHIIPOMIHIOBAIBHHX  PaliOeICKTPOHHUX
06’extiB (BPEO), 3acoou PEb MoxyTh OyTH BUOIpKO-
BuMH, nofasisitoun juiie BPEO 3 meBHuMEU mapamer-
pamu, HalpUKIaA, MyHKTH ynpaBiiaas brJIA, ski gop-
MYIOTb CHUCTEMY KEepyBaHHS 3i CIeHHU(IYHOIO CTPYKTY-
PO¥O CHTHAITIB;

—y AeAKHX BHIIAJKax, 32 YMOBH YCIIIIHOTO BHSIB-
JeHHS CTPYKTYpPH CHTHaliB Ta (opmary mnepenaHux
MOBIZIOMJIEHb y CHCTEMi KEpyBaHHS Ta HaBiraiiifHoMy
kaHayi, 3acobu PEB 103BONISAIOTH NMEpEeXOnuTH yHpas-
nminast bnJIA Ta HaB’s3atu oMy XHOHY TpPaeKTOPiiO
TOJIBOTY.

Haui 6inbin getansHO po3ristaeMo TTX oCHOBHHX
3aco0iB PEB, ski BUKOpUCTOBYIOTbCSI 30pOHUMH CHIIa-
MU pd B pOCIHCHEKO-YKpaiHCHKUH BiliHI. Y Mexax JaHol
myOmikamii, 3acoou PEB 6mmkap0i nii (oxomHuii PEB)
PO3MOAUISIOTHCS Ha JIBi TPYIIH:

- nepecysHi 3acoou PEB (kpyrosa miarpama crpsi-
MOBAHOCTI CHTHAIY);

—nepeHocHi 3aco6um PEB (HampamieHa miarpama
CIIPSIMOBAHOCTI CHTHAITY).

IepummmM y poOOTI mpoBeAcHU aHami3 3aco0iB
PEB, siki BITHOCSTBCS 10 TPYIH EPECYBHUX 3aCO0IB.

MobGinsauit komrmiekc PEB  “Jleep-2” (puc. 1)
NPU3HAYCHUI JJIsI TIPOBEACHHS PaaioeIeKTPOHHOI po3-
BIJIKH, TIOCTAHOBKH PAJiOCIeKTPOHHUX meperikos PE3,
imiTamii poborn PE3, a TakoX OILiHIOBaHHS €IEKTpOMa-
THITHOI OOCTaHOBKHM IIPH TNPOBEACHHI 3aX0iB 00HOBOT
miaroroBku. Po3poonnk — BAT Beepociiicbkuii HayKo-
BO-BUNpOOyBanbHK iHCTUTYT “ETtanmon” (M. Mockga).
[puitasaTii Ha 030poenHs y 2013 pomi. Exinax xowm-
IUIEKCyY 2 4oJoBiKa (Boiit Ta oneparop-odinep) [12].

Puc. 1. Mo6Ginbhuii kommieke PEB “Jleep-2” [12]
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OcuoeHi TTX mo6ineHOTO KOMIUIeKey PEB “Jleep-
2” naBeneni B Tabn. 1 [12]. 3aramom, MOOinbHUI KOM-
wieke PEB “Jleep-2” xapakTepH3yeThbcsi BUCOKOIO MOOI-
JIBHICTIO, TOYHICTIO Ta 3/JaTHICTIO ©(EKTHBHO [isITH B
LIMPOKOMY Jlialla3oHi 4acToT, 10 poOHTh ioro mpuuar-
HHUM JUTSl IAPOKOTO CTIEKTPa paioeIeKTPOHHMX 3a1ad.

Tabnuya 1 — TakTHKO-TeXHIYHi XapaKTepHCTHKHA
MobijabHOro komiuiekcy PEB “Jleep-2” [12]

XapaKkTepucTuka 3Ha4yeHHs
[Miana3on 4acTot pajio- i pagioTexHi- 0,1-18000
YHOTO KOHTpoio, MI'y
TouHICTh HaBIraliMHOT MPUB’SI3KU, M >15
Yac posropTaHHsl, XB 10

IoryxHicTs BUIIpOMiHIOBaHHS, BT:
JUISL TAXOBHX aHTEH
JUISL OTJIOBHX aQHTEH

e menme 200
He menme 500

TOYHICTH MEJICHTYBaHHSI, TPAJ;:
JUISL TaXOBUX aHTEH 3
JUTA IIOTJIOBUX aHTEH 2

IBuAKICTH OTJISTY TIO YACTOTI MiJT 9ac He Menie 2000
BUSIBJICHHS 3 TIeJICHIyBaHHs, MI'1/c

EnexTpoxuBneHHs: 380B 50 I'u

BiJl IPOMHMCIIOBOI MEpPEXi: 380 B

CyMapHa HOTYKHICTb, SIKa CIIOKHBa- 1o 4,5

€TbCs, KBT

ba3zose miaci I'A3-2330 “Turp”
Kommnexkc PEBb  BbnJIA  “IlunoBHux-Apeo”

(puc. 2) mpusHaueHW#l I pagionogaBieHHs (OJI0Ky-
BaHHs) KaHamiB ympasiiHHsi bBrnJIA. Po3poOHuk —
“O6penuHEHHAs TNPHOOPOCTPOUTENbHAS KOPIOpAIHs”
(M. Mocksa).

Puc. 2. Kommuiekc PEB 3 BriJIA “Ilunosauk-Apeo” [12]

MosxnmBocti komiiekcy “IlnmoBHUK-Apeo™:

— aBTOMATH30BaHMI TOLIYK, BUSBIICHHS, IIEJICHTY-
BaHHA, ineHTH]iKallis i BU3HAYEHHS TUIIIB CHUTHAIIB
MIPALIOI0YHX JIiHIM ynpaBmiaaS BriJIA;

— (opMyBaHHS CIUCKY 4YacTOT, WOro Kiacudika-
15, IEPEXOIUICHHSI, aHalli3 1 BU3HAYEHHS XapaKTepHuc-
TUK KaHaITy yrpaBimiHHA briJIA;

— paziononaBieHHsl KaHaiB ynpasiiHHA brJIA
IIISIXOM KOMIUIEKCHOTO 3aCTOCYBaHHS TPbOX METO/IIB:
OJIOKyBaHHs KaHaJIy HaBiraiii 3a paxyHOK ITOCTaHOBKH
nepemko/ Hapirauiinomy nomo GPS, panioenexTpon-
HOMY TIOJIaBJICHHIO KaHally ynpasiinHsa briJIA, nepexo-
wieHHst ynpasiiaasg briJIA 3a paxyHOK BBeIEHHS B Ka-
HaJl YIPaBIIiHHSA KOPEKIIii.

VY taba. 2 naBeneni ocuoHi TTX kommurekcy PEB
3 brJIA “IIunosauk-Apeo” [12].

Tabnuysa 2 — TAKTHKO-TeXHIYHi XaPAKTePUCTHKH KOM-
nmiaekcy PEB 3 BrnJIA “IllunoBuuk-Apeo” [12]

XapakTepucTuKa 3HayeHHs

[Tiana3zon actot pafio- i pagiore- 25-2500

XHIYHOT0 KOHTposo, MI'1p

400-500, 800-925,
2400-2485

[ianazon po6ounx gacrot PEIT
ynpasiinas brJIA, MI'g

Yac BusBiieHHs brJIA, cex OIM3LKO 25

Yac BusBinenns briJIA, skio gac- omm3eko 700

TOTH BiJIOMI 3a3/1aJI€T1/1b, MKC

TouHICTh MeNeHIyBaHHS, TPaj 2-3

Yac Ha po3ropTaHHs CTaHIi, XB 2040

Exinax MaImey, 4o7I. 3 (BoJiii, 2 oneparopa)

Li xapakTepHCTHKU JAEMOHCTPYIOTh, L0 KOMILJIEKC
PEB “llIunoBHuk-Aepo” € e(heKTUBHUM IHCTPYMEHTOM
JUISL BUSIBJICHHS, TEJICHTYBaHHS Ta TOJABJICHHS CHIHAIIB
ympasiinasa brJIA, mpore norpebye neBHOro 4acy Ha
PO3rOpPTaHHS Ta HANAIITYBAHHS, IO POOUTH HOTO BiIHO-
CHO BpPAa3JIMBOIO IO I ypaxkeHHs. Crin 3a3HAUNTH,
110 Jiara3oH poOOYHNX YacTOT KOMIUICKCY 0OMeXye HOro
3aCTOCYBaHHS B CyJaCHHX YMOBAax BEICHHS OOHOBHX Aill.

Ha puc. 3 npexncraBieHnil mepeHOCHAH KOMIIICKC
“Crpnx”. BiH npu3HaYeHUN 17151 aBTOMaTHYHOTO BHUSB-
JIEHHSI CUTHaIy ynpasiiHHs BbnJIA, GiokyBaHHIO BHSsB-
JIEHUX CUTHaJIB a00 CUr'HAIIB HaBiramii.

=

Puc. 3. Ilepenocuuii komrureke “Ctpmxk” [12]

VY Tabn. 3 HaBemeHi ocHoBHI TTX mepeHOCHOTO
komiuiekcy “Crpmx” [12]. BpaxoByrouu BiJHOCHO He-
BeNMKi rabapuTHI NMOKAa3HUKU Ta CEKTOp IOJaBJICHHS,
3a3HAYEHNII KOMIUIEKC € JOBOJI TIEBUM 3acOo00M ISt
mpotuii brJIA B Mexax B3BOJHOTO OTIOPHOTO MYHKTY.

Tabauys 3 — TakTHKO-TEXHIYHI XapaKTePUCTHKHU
nepeHocHoro kommiekcy “Crpux” [12]

XapakTepuCTHKA 3HaueHHS

CucreMu HaBiralii, sKi moaaBJIIOIOThCS GPS, I'monac

JliamazoH po60YNX YacTOT MOJABIICH- 433, 868, 1575,

Hs1, MI'1g 1600, 2400, 5800
JlanbHicTh 1ii, M 1o 1000
CekTop MoJaBJIeHHs, rpaj 360
Po3mip, cM 35x35x170
Bara, kr 46

Ha puc. 4 no Bamoi yBaru npeacTaBIeHUN TOJaB-
moBad bnJIA “Cepn-BC6”, sxkuii mpu3HAYCHUN IS
MOJIaBJICHHs KaHaliB ynpasiinHs brJIA, ta 3aBani po-
00TH IpHiiMaya CUIHaNIB HaBirauiiHUX CyITyTHUKOBUX
CHCTEM Ha BiICTaHi 10 5 KiJIOMETPIB.
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Puc. 4. Tlopasmosay briJTA “Cepn-BC6” [12]

V Tabm 4 HaBemeHi ocHoBHI TTX momasmaroBada
BriJIA“Cepn-BC6” [12]. MansHicTs mil maHoro 3acoby
PEB Ta iioro pi3HOMaHITHICTH IONO Iiama3oHy pooo-
YHMX YaCTOT HAJA€ HOMY OCHOBHY IepeBary B MOPIBHSHI
i3 IHIIUMU PO3TIITHYTUMHU 3aCO0aMHU.

Tabruys 4 — TakTHKO-TeXHIYHI XapaKTePHCTHUKHU
noxasaoBad BiiJIA“Cepn-BC6” [12]

XapakTepucTHKa 3HaueHHS

430-470, 840-910, 925—

960, 1160-1280, 1570

1610, 2400-2500, 2500~
2600, ,6inpmre 5715

Jiana3zon po6oYux 4acToT
nojaBiieHHs1, MI'1g

JlanpHicTh Oil, M 0 5000
CeKTop MMOIaBICHHS, TPaj 360
Bumnpowminmomya noTyxHicTs, BT 1o 80
Bara, kr 10

Ha puc. 5 300paxenuit MoOinpHIN KoMITIeKC “Tla-
TPYJB~, SKAH PO3TOPTAETHCSA HA IIaci JIETKOBUX aBTO-
Mo0OimiB Tuny “Tlikarn”. BiH nmpu3HaueHUA IS BEICHHS
0e3MepepBHOr0 PaIiOCIIOCTEPSIKECHHS, BHUSBICHHS CHI-
HamiB ynpaeiinHs BrnJIA Ta dopmyBaHHS CUrHamiB
npotuaii. Y Tabu. 5 naBeneni ocHoBHi TTX MoGibHOTO
kommuiekcy “Tlarpymp” [12]. OcobmamBicTiO gaHOTO
komruiekcy PEB € #oro posropraHHs Ha maci JISTKOBHX
aBTo. [lapameTpn IaHOTO KOMIUIEKCY JTO3BOJISIIOTB 31IiH-
cHioBaTH npotufiro briJIA Ha BenwKii BifcTaHi, O B
CBOIO YEpPry HAJa€ MOXIIMBOCTI PO3TOPTATH KOMIUIEKC
Ha BEIUKHI BifcTaHi Bif JiHil 60iioBoro 3iTkHeHHs. Lle
pOOUTH HOTO BITHOCHO 3aXHIIEHUM BiJl ypasKeHHs.

Puc. 5. Mo06inpHuUi komreke “Tlatpys”

Tabauys 5 — TaKTHKO-TeXHIYHI XapaKTePUCTUKH
MoGinbHOro Komiuiekey “Ilatpyan” [12]

XapakTepucTuka 3HaueHHS
CucreMu HaBiranii, ki mojas- GPS, I'nonac, Galileo
JIFOKOTHCS (L1,E1, G1), BeiDou
Jiana3zon poO0YNX 4acToT MOAa- 400-6000, Wi-Fi,
BieHHs, MI'11 LTE
ABTOHOMHICTb, XB 110 40
JlanbHicTh 1ii, M 110 25000
CeKTop moJaBiIeHHs, rpaj 360

3a pesysibraTaMu aHalily nepecyBHuX 3aco0iB PEb
30pOIHUX crT P MONKITHBO 3pOOHUTH TaKi BUCHOBKHU:

— IIMPOKHH Jiana30H 4acTOT Yy OUIBLIOCTI PO3IJIs-
HyTuX 3aco0iB PEB 103Bosise eheKTHBHO MONABIATH SK
HaBiramiiHi, Tak i KOMyHiKaIiiai cucremu brJIA, o
POOHTSH iX yHIBEpCATbHUMU IS Pi3HUX CHUTYAIii;

— MoOinbHICTh TIepecyBHHX 3aco0iB PEDB 3abesme-
Yy€eThCS KOMIIAKTHUMHE PO3MipaMHy 1 MOMKIIUBICTIO BCTa-
HOBJICHHS HA Pi3HI THIM IHAaci, IO JO3BOJISAE IIBHIKO
MepEMITyBaTH CUCTEMH B PaliOH 3aCTOCYBaHHS Ta OIle-
paTHUBHO pearyBaTd Ha 3arpo3H;

— QHTeHU KpYyroBoi Jiarpamy CIpSMOBaHOCTI y 0i-
JBLIOCTI KOMIUIEKCIB J03BOJISIIOTH CTBOPIOBATH IOBHE
MOJIABJICHHS B pajiyci iX nii, 3a0e3neuyroun HaaiiHui
3aXHUCT y OyIb-IKOMY HampsIMKY, IO € OCOOJIMBO Ba-
JIMBUM y TUHAMIYHHUX OOHOBUX yMOBax;

— TOYHICTh BUSIBJICHHSI Ta NIEJICHI'yBaHHsI Pa/lioCHTHa-
JiB migBHITy€e eeKTUBHICTD TpoTuAii briJIA, no3Bosstoun
IIBUJIKO BUSIBJITH JDKEpesia 3arpo3 Ta iX moJaBIIsTH.

Omxe, iepecyBHi 3acobu PEB nemoHCTpyOTh BHCO-
Ky e(beKTHBHICTD ¥ CydacHHX OOHOBHX yMOBax, OCOOIMBO
y npotuaii briJIA, 3aBagku cBOii MOOLTEHOCTI, JaTBHOCTI
JUii Ta 3ATHOCTI JI0 aamTallil 10 Pi3HUX THIIIB 3arpo3.

Jani aHamizy miuisiraloTh MajorabapuTHI EPEHO-
chi 3acoou PEB y ¢opmari pizHOro poay “eleKTpoHHUX
aBTOMATIB” a00 “€JeKTPOHHUX TBUHTIBOK”, SIKi peryJs-
pHO Tpe3eHTyloThesd y pd moumnaroun i3 2015 poky,
KoJIK Tipo0siemMi npotuaii briJIA movanu npumiIsSTH M-
BUIIEHY yBary. BiqMiHHMUMH pHcaMM WX NEPEHOCHHX
komiuiekciB PEB, y mopiBHSHHI 3 TEpeCyBHUMH €:

— BIICYTHICTh OyAB-KOI pPO3BIAYBANBHOI MiACHC-
TeMH, IO J03BOJISIE BHSABIATH HapaMeTpH KaHATIB Y-
paBmiaHs BriJIA;

— BUKOPHUCTaHHS /IS [TOJJaBJICHHS IIIyMOBHUX 3aBa/l,
CIPSIMOBAaHMX Ha HANIMOIIMPEHINll YacTOTH KaHaNiB
HaBirauii Ta kaHaiiB 3B’s3Ky 3 briJIA;

— HU3bKUI €HEepPromoTeHIial, 0 3YMOBJIIOE Mally
JIAnbHICTE Jii;

— BUKOPHUCTaHHSI CHPSIMOBaHUX aHTEHHHUX CHCTEM,
SIKi CITIBNAIAI0OTh 32 OPIEHTALIEI0 3 HANPSIMKOM CaMOTro
TIPUCTPOIO;

— BUKOpHCTaHHA y ckiani 3aco0iB PEb axymyis-
TOpHHUX OaTapeil 3 OOMEKEHHM 3apsAoM — Ha JEKiTbKa
TOJIMH €Mi30JMYHOTO 3aCTOCYBaHHS;

— st iesikux MoOutbHUX 3ac00iB PEB BkasyroThcs
MeIW4YHI OOMEXEHHS 00 TPHUBAJIOCTI BHKOPHCTAHHSI
LIUX TPUCTPOIB OIEPATOPOM 4YEPE3 HEraTUBHUN BILIUB
€JIEKTPOMArHiTHOTO BHIIPOMiHIOBAHHS.

s mpuxiany, y po6oti HaBeneni TTX Tpbox me-
peHocHux komrekciB PED 36poitaux cui pd.

Mepenochuii kommieke “Tlitans-ITPO” (puc. 6) npu-
3Ha4YEHUII 714 3pHBY NOJILOTHOTO 3aBAaHHs briJIA, nusixom
TIO/IaBJICHHST KaHAIIB 3B’A3KY, YIPaBIIHHS Ta HaBiramii. Y
Tabn. 6 HaBeneHi ocHOBHI TTX mepeHOCHOTO KOMILIEK-
cy “[Minrane-1TIPO” [12].

Puc. 6. IeperocHuit kommeke “ITimans-I1TPO” [12]
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Tabnuysa 6 — TAKTHKO-TeXHIYHi XapaKTePUCTHKHA
nepeHocHoro komiiexcy “Ilimans-ITPO” [12]

XapakTepucTHKa 3Ha4yeHHs
Cucremu Hapiranii, ski nomas- | GPS, I'monac, Galileo,
JIOIOTBCS BeiDou
Hiana3on po6o4nx 4acToT Moja- 433, 915, 1500, 2400,
BieHHs, MI'1I1 5800
ABTOHOMHICTB, XB 110 60
JanpHicTb aii, M 110 2000
€wmmuicte BOymoBanoi AKB, A/g 10
Posmip, cm 200%240x930
Bara, kr 3,2

Ha pwuc. 7 300pakeHO TIepEHOCHUI KOMIDIEKC
kommiekcy “Crumier”. Moro npu3HauyeHHS TOTOXHE
komiuiekcy “Ilimans-ITPO”. ¥V Tabn. 7 HaBeneHi OCHOB-
Hi TTX nepenocuoro kommiekcy “Crumer” [12].

Puc. 7. TlepeHocHuii komruieke “Crummrer” [12]

Tabnuysa 7 — TakKTHKO-TeXHIYHi XapaKTepHCTHKHA
nepeHocHoro komiiekey “Cruiier” [12]

XapakTepucTuka 3HaueHHS
Cucremu Hapiramii, sxi nogas- | GPS, I'monac, Galileo,
JIIOIOTHCS BeiDou
Jiana3zon po6oYux 4acToT moaa- 390-490, 850-1400,
BieHHs, MI'g 2200-2400
ABTOHOMHICTB, XB 110 40
JlanbHicTh 1ii, M 1o 1000
E€wmuictb BOynoBanoi AKB, A/u -

Posmip, cm -
Bara, kr 9

Ha puc. 8 300paxkeH0 nepeHOCHHUil KoMILieke 6o-
pots0u 3 BrJIA “TIpama-01”. Bin npusHaueHuit ams
MTOJIABJICHHS KaHANIB 3B’S3Ky, YIPABIIHHS Ta HaBiramii
BrJIA. V tabn. 8 HaBeneni ocHoBHI TTX mepeHOCHOTO
komIutekcy 60potsou 3 BriJIA “TIpamia-017 [12].

Puc. 8. [lepeHocHuii KoMIIekc 60poTEON
3 BrJTA “TIpamia-017 [12]

Tabruys 8 — TakTHKO-TEXHIYHI XapaKTEePHCTHKHU MePeHoc-
HOro KoMILiekcy 60poTbou 3 BnJIA “TIpama-01~ [12]

XapaxkTepucTHKa 3HavYeHHsS
CucreMu Hagiranii, ki moaas- GPS, I'nonac, Galileo,
JIFOIOThCS BeiDou
Jliana3zon poOOYUX YacTOT MOMA- 400-5800
BieHHs1, MI'11
ABTOHOMHICTb, XB J10 60
JlanbHicTh 1ii, M 1o 2500
CekTop MOIaBJICHHS, IPaj 20
Po3mip, cm 260x900%140
Bara, kr 7

AHaiiz BIMIHHUX PHC TEPEHOCHHX KOMILICKCIB
PEB Ta ixnix TTX mo3Boiisie 3p0OMTH BHCHOBOK, IO ITi
3aco0M € HaWMEHII “IHTEeJeKTYyaJIbHUMH~ Ta HaliMEeHII
e(eKTHBHIMH ITpY BUPILIEHHI 3aBIaHHS MPOTUIT MaIUM
BrJIA. 3 omHoro 00Ky, mpocToTa Ta MOOUIBHICTH IHX
3ac00iB JO3BOJISIE iX BUKOPHCTOBYBATH OKPEMHMH OIIe-
paropaMu 0e3 cremianizoBaHOi IMATOTOBKH. 3 iHIIOTO
00Ky, Il 3aCO0M MOXYTh 3aCTOCOBYBATHCS JIMILIE €Mi30-
IYHO 1 opieHTOBaHI Ha Haimpoctimi BriJIA. Bukopuc-
TaHHSA JaHUMH THUIIaMH 3ac00iB HAIpaBIICHOI JiarpaMu
CHPSIMOBAHOCTI, TOTPEOYIOTh IIOCTIHHOTO Bi3yaJBHOTO
CriocTepekeHHs1 Ta cynpoBiny brnJlIA, mo B peanbHHX
001OBHX YMOBAX CTa€ BaXKKOIO 33/1a4€I0 JUIst ONlepaTopa.

Biacyrnicte y ¢QyHKIIOHaN po3misHyTHX 3aco0iB
PEB pexumiB GopmyBaHHS IMITYyIOUHX 3aBaj 10 KaHATY
HaBiraiii, IpU3BOUTH IO TOTO, IIO cTpareris pyxy bm-
JIA B yMOBax IIIyMOBOTO ITOJIaBJICHHSI KaHAIIB yIpaBIIiH-
HS Ta HaBiramii crae pakTUYHO HemepenOadyBaHoro. He-
3Ba)KAIOYM Ha 3asBJICHI BUPOOHHWKaMH TaKHX IPHUCTPOIB
epextn, sk mamiaaa bnJIA, mpmsemnenns BrJIA a6o
moBepHeHHsT BnJIA 1o myHKTY ympaBiiHHS, (akTHIHA
crparerisi pyxy bmJIA Bu3HauaeThcs BHKIIOYHO HOTO
HpOrpamMoro il y pasi BTpaTH 3B’S3Ky 1 MOXE CyTTEBO
BIZIPI3HATHUCS BiJl 3a3HAYCHUX, aX JO MPOJOBKCHHS IO-
JIBOTY BiJIIOBITHO JI0 3a3/1aJI€TiIb 33JaHOT IIPOrPaMH.

TakuMm 4MHOM, CIIiJI KOHCTAaTyBaTH, IO y BHIIAJIKax
BEJIMKOI IHTEHCUBHOCTI BEZICHHsI OOMOBUX i, PO3IJIAHY-
Ti 3aco0u PEB € manoedexkTHBHUMY Ta MOTPEOYIOTH MMOC-
TiitHOTO CynpoBomkeHHs briJIA omepaTtopom

3. TakTnka 3acrocyBanHs 3aco6iB PEB p¢. Po-
CiiicbKo-yKpaiHChKa BilfHa — IIe BiifHa TEXHOJOTIH, JFOJI-
CBKOTO Pecypcy Ta MOTHBalii. ¥ IIbOMy KOHTEKCTI 3ac0-
6u PED BizmirparoTh BaXIIUBY pOJb y BIHICEKOBHX OIlepa-
MAX K TEXHOJOTIYHHN eneMeHT. HOBITHI KOMILIEKCH
PEB p¢ (3acoou PEB 6mmxHBOI 1ii) MatOTh MOXKIUBICT
BUOIPKOBOT'O TMOJIABJICHHS CUTHAIB, CIIPSIMOBYIOYH CBOIO
HOTY>KHICTb JIMILIE HA NIEBHI YaCTOTH, Ha SIKKX MPALOIOTh
cuctemu 3B’ 13Ky, BriJIA Tomo. Hampukian, kBaapokor-
Tepu THIy Mavic 3 BUKOPHCTOBYIOTh YacTOTHI Jiarna3o-
uu 2,4 I'Tu i 5,8 I'Tn, i cydacHi 3acobu PEB p¢ 3xatHi
CTBOPIOBATH CIIPSIMOBAHI MEPENIKOIH JIMIIE Ha IUX Yac-
TOTax, He BIUIMBAIOYM Ha iHIII aiama3onu [13].

Jnst po3yMiHHS BiAMIHHOCTEH B TaKTHII 3acTOCy-
BaHHs 3aco0iB PEDB 30poitHuMu cramut pg B pociiicbko-
YKpaiHCBKil BiifHi, pO3IITHEMO []Ba CTHCIMX IPUKIIAIN
TaKTHKU 3acTocyBaHHA 3aco0iB PEB 30poiHuME cuiamu
CIIA B Ipaky (1991 pix) Ta 36poitHuMEu cuiamMu pd y
BitHi B ['py3ii (2008 pik). [Tix gac omeparii “byps B myc-
tenmi” 30poitHi cmmm CILIA BukopucroByBamm PEB sk
KITFOUOBHH €JeMEHT JUII HeWTpauizalii 3aco6iB 3B’ 53Ky 1
cucTeM ympaBiiHHA 30porHMX cmi Ipaky. Taktuka 3a-
CTOCYBaHHS TIOJisIrajla y TOMY, IIO Iepell MOYaTKOM aK-
TUBHHX OOWOBHX JIi¥ TiifiMaBCs B MOBITPS CHELiaTbHUN
nitak PEDB, npusHadeHWil i MONABICHHS PaIiOeleKT-
POHHUX CHTHAJIIB Ha IIMPOKOMY Miala3oHi 4acToT, SIKi
BUKOPHCTOBYBaH 30poiiHi cuiu Ipaky [14].

Jlitakx PEB cTBOpIOBaB IHTEHCHBHI IIEPEIIKOAN HA
BCIX YaCTOTaX, M0 YHEMOXKITUBITIOBAIIO KOOPIMHAIIIIO T
IpaKCbKHMX BIWCHK Ta iX edexkTuBHE ympaBmiHHA. [licis
I[bOTO MPOBOMBCSI MACOBAHMUII ITyCK KPHIIATHX PAKET, SIKi
BpakaJl KIFOYOBI IIiJTi, B TOMY YHCI pajioioKaIliiiHi
crarnii (PJIC) ta cucremu III1O. Hactymuaum erarmom,
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aBianis CIIIA HaHOCHIIA yIapH MO 3aJIMIIKOBUX 00’ €KTaxX
Ta BIMCHKOBHX MiApO3/inax, ski Oynu mo30aBiieHi MOX-
JIMBOCTI e(EKTUBHO OOOPOHATUCH 4Yepe3 NOpYLICHHS
CHCTEMH YNpaBiliHHA. Taka MOCTIIOBHICTE — CHOYATKY
nogaBieHHs 3aco0iB 3B’s3ky PEB, motim 3actocyBaHHs
BHCOKOTOYHOI 30poi 1 aBiarii — 103BOJIsIA 3HU3UTH 0O-
HOBI MOXKJIMBOCTI BIHCHKOBHX chi Ipaky i 3a0e3nmedunTu
ycmix BilicekoBoi omepartii. [Tpote, 30poitni cim CIIA
HE MaJIi B apCeHAJIi OKOIMHUX a00 MaorabapuTHHX 3aco-
6i8 PED mis OmmkHBOTO 3acTOCYBaHHA, SIKi O MOTIH
e(EeKTUBHO TPAIFOBATH HAa TAKTHIHOMY PiBHI Oe3mocepe-
JIHBO B 30HI OOMOBUX Iiif, 1 I[eH acCMeKT 1 Ha TeTepilIHIN
Yac 3aJIMIIAETHCS HEIOCTaTHRO PO3BHHEHUM Yy IXHIH Tak-
THLI 3acTocyBanHs 3aco6iB PED [14].

Cnizx 3ayBasKHTH, 1110 O/IOHA CUTYyaIlis criocTepira-
€ThCs 1 B €Bponelchkux KpaiHax wieHiB HATO, ne Bu-
POOHHKH TEpEeBaKHO 30CEPEPKyBalld CBOIO YBary Ha
po3pobi 3acobiB pamioenekTpoHHOI po3Biaky. Li 3acobn
CIEHiaNTi3yIOTHCS Ha TIEPEXOIUICHHI CUTHAIIB 1 PO3KPHUTTI
IUTaHIB TIPOTHBHUKA, HATAI0YU iH(OPMALIi0 IJIsI cTpate-
rivHoro asamizy. JlaHa cHTyaIlisi CTaHOBUTH IICBHI BH-
KIIMKU Ta 3arpo3d A CyYacHHX BIHCBHKOBHX OIEpalliH,
BOJIHOYAC, MDKHApO/HI TMapTHEpU YKpaiHU yCBIZOMIIIO-
FOTh IO TPOOJIEMY.

VY xoni Bilinu B I'py3ii B 2008 poui 30poiiHi cunm
pd 3iTKHYIHCS 3 MPOOIEMOIO, KO BUKOPUCTAHHS JIiTa-
kiB AH-12I1I1 ans nonaenenus rpy3uHcbkux PJIC mpus-
BOJIWJIO IO BIUIMBY HE JIMIIIE Ha BOPOXKI CHCTEMH, a i Ha
pociiiceki cTaHMmii, mo 3Haxoawmcs Ha BiacTani 100-120
KM BiJ] 30HN ITOCTaHOBKH HEPEIIKo]. AHAJIOTIYHI CUTYa-
il BUHMKaIW TPH 3aCTOCYBaHHI HA3€MHUX KOMIUIEKCIB
PEB, sxi 0oIHOYAaCHO MOPYIIYBAIH JiHIl 3B’S3KY 5K TPY-
3UHCHKHX, TaK i pociiicekux Biichk [10]. [Monpu Hama-
TaHHS BHPIMIUTH IF0 TPOOJIEMY ILIAXOM ITiJBHIICHHS
TOYHOCTI Ta CEJICKII PAIiOCIeKTPOHHUX yaapiB, pd Ha
MOMEHT IIIHPOKOMACHITAaOHOTO BTOPTHEHHA 30pOHHMX
cuint pd y aroromy 2022 poKy HE BAAIOCS HOCSTTH edek-
TUBHOTO BUpimieHHs. Kpim Toro, mpu po3poOii HOBHX
komiuiekciB PEB Oyjio HemocTaTHhO BpaxoBaHO HasiB-
HICTh Yy 30HI KOH(IIKTY HUBIIBHUX palioeIeKTPOHHHX
3ac00iB 3B 513Ky, SIKi BHKOPHUCTOBYIOTECS CITy)KOaMHu eKc-
TPEHOI JTOTIOMOTH, PATYBaJbHUMH ITiIPO3ALTaMH, TTOJIITi-
€ro Tomo. JlaHi KaHaM 3B’SI3KY € BaXKIMBHMH JUIsl KOOP-
JIMHAIIIT [l B yMOBaX BIHCHKOBHX OIEpaIlii, IO CTBOPH-
JIO JIOAATKOBI BUKJIMKH Ta 3arpO3H U1 POCIHCHKHX Biii-
cpKOBHX. J{y1st BUpIiIIeHHS JaHO1 Mpo6aeMu 30poiiHi CHimu
p® mouanu cucteMHo 3actocoByBaTH 3acodu PEB Gmk-
HBOI Jii miJ 9ac pociichKO-yKpaiHChbKoi BiitHH. Takum
YMHOM, JIOCIHI/DKEHHS ITUTaHb TaKTUKH 3aCTOCYBaHHS
3aco6iB PEB 6mmxHbO0i aii (okomHuit PEB) € akTyansHOIO
3a7a4ero, MUTAHHAM JOCIHiKeHHS SKOi Ha TeTepilIHii
Yac MpUcBsYeHa 0OMex)eHa KUIbKICTb poOiT.

Taktuka 3actocyBanHs 3aco6iB PEB pd mix gac Be-
JICHHS OOMOBMX Jil BKIIOYA€ KijbKa OCHOBHHUX €TarliB,
sKi 3a0e3reuyloTh e(EeKTHBHICTh Ta MaKCUMaJbHY pe-
3yJIbTAaTUBHICTH X BUKOPUCTaHHSL.

[Mo-nepme, nepen HamxomwkeHusM 3acodiB PEB no
BIHCHKOBHX IMiAPO3ALTIB 30pOHHNX CHIT pd), BOHH IPOXOISITH
BceOiuHI BUIPOOYBAHHS B JTJAOOPATOPHUX YMOBAX, & TAKOXK
TECTYIOThCSl Ha TIOJIITOHAX 3a ydacTio omepartopiB BriJlIA.
JInme micnst mporo 3acobu PEB OmxubOi i (OKOTTHMIA
PEB) nmepenaroThest Tl BAKOPUCTAHHS B OOHOBHX yMOBaXx.

Sk Bxe Oyno 3a3Ha4eHO, naHi 3acodu PEB Oymu BunpoOy-
BaHI Ha TOJIIFOHAX 1 IEMOHCTPYIOTh S(DEKTHBHICTh Y pealib-
HHUX ymoBax OoioBux niid. OxomHi 3acoou PEB akTuBHO
3aCTOCOBYIOTHCS PI3HUMH MIIPO3/iiaMu 30poiHUX cuil pd
JUTSL 3aXKCTY BIIACHUX TIO3MIIiH, 0COOOBOIO CKJIAIy Ta BifiCh-
KOBOI TEXHIKH BiJI 3aTp03, sIKi HAIX0IATh Bix BriJIA.
[o-mpyre, 3acoom PEB OmmxabOi il (OoKOmHMI
PEB) nimpo3 i 30podHIX ¢t pd po3ropTaroTh B3IOBK
TiHiT 60HOBOTO 3ITKHEHHS 01151 B3BOAHMX OIOPHHX ITyHK-
TaX, CIOCTEPE)KHMX IIOCTiB. Takok 3a3Ha4yeHi 3aco0u
PEB BCTaHOBIIOIOTBCS Ha aBTOMOOINAX, 00iOBHX Opo-
HbOBaHUX MammHax. [lepeHocHi kommiekcu PEB 3acro-
COBYIOTHCSI OKPEMHUM OCOOOBUM CKJIaIOM, SIKMI Mae crie-
miaJibHy TMiArOTOBKY IOMO HOro 3acrocyBanHs. Cimif
3ayBa)KUTH, 1110 HE3BKAIOUH Ha TPOCTOTY BUKOPUCTaHHS
nepeHocHux 3aco6iB PEB, npu 3acrocyBaHHi X HeHaBue-
HUM OCOOOBUM  CKIJIQJIOM, BHHUKAIOTh TPYJHOLII
TIOB’s13aHi 13 Bi3yaJbHUM BHsIBIICHHSAM bBrJIA i fioro mo-
naBieHHAM. Lle moB’s13aHe 13 HeNpaBHIGHIM PO3yMIHHAM
orieparopa, a came SIK MPaBHIbHO BUKOPHUCTOBYBAaTH IIe-
peHocHi kommiiekcn PEB y SKHX BHKOPHCTOBYETHCS
CTIpSAMOBaHA JiarpaMa HalpaBJIeHHS ITOJaBIISAI0YOrO CUT-
Haiy. Y cdepi PEB meTonu posropranHs cucteM pagioe-
JIEKTPOHHOTO TMO/IABJICHHSI 3HAYHO BIIPI3HSIOTHCS 3aJIEK-
HO BiJ| THITy, KJacy Ta KOHCTPYKTHBHHX OCOOJMBOCTEl
[UX CHCTeM. MOOUIbHI CUCTEMH, HABMAKH, MAIOTh IIHPO-
KUl apceHan 3aco0iB nepemimeHHs. Lle MoxyTh OyTH
TPUYCIH, BAaHTAXHI aBTOMOOLI, mikamu abo 00#ioBi Opo-
HBOBaHI MaIlMHA. 3aBISKN CBOT MaHEBPEHOCTI, IIi CHC-
TEeMH € HaHOIJIbII aJanTHBHAME Ta MaJOIOMITHUMH 3a-
cobamu PED, 31atHIMU BUKOHYBaTH Pi3HOMaHITHI 00HO-
Bi 3aBJIaHHS B YMOBAaX BEJCHHS OOHOBUX JiiA.
3acobu PED, siki po3ropHyTi Ha B3BOJHUX OMOPHHUX
MMyHKTaX, CIOCTEPEKHUX ITOCTaX, aBTOMOOUIIX B OLIb-
UIOCTI BUMAKIB BUSBISIIOTE BriJIA 10 MOMeEHTY iX Bi3ya-
JBHOTO KOHTAaKTy Ta HEWTpal3yloTh iX Ha Oe3nedHiit
Bifictani. 3anexHo Bim tumy brJIA, BiH 3miiicHUTH aBa-
piiiHy 1oca/iKy, IIOBEPHETHCS Ha MicIie 3alycKy abo Oyze
3HeceHHi BiTpoMm. Y Oyzap-skoMmy Bunaaky, brnJIA He
3MOYKE€ BUKOHATH CBOE 3aBJIaHHSI 32 IPU3HAYCHHSIM.
OpnHak, naHi 3acobu PED 31aTHI BUKOHYBaTH 1 1HII
3aBIaHHS: JE30pIEHTYBaTH po3BimyBanbHi brJIA a6o
CTBOPIOBATH XHMOHI 1iii Ju1sl yrapHux FPV-npoHnis.
Paniyc nii 3aco6ie PEB 3aiexuTh Bill IXHBOIO THITY
Ta MOTY’KHOCTI: OKOITHI CHCTEMH MaloTh MEHIINH pajiyc, a
TaKkTH4IHI — OuUThbmmiA. JlaHi 3acO0M BHKOPHUCTOBYIOTh
TIPUHIIMI MOJTYJISILIT, 3MIHIOIOUHM XapaKTePUCTHKU CHTHAITY
i1 9ac nepenadi. [HImM TaKTHIHUM 3aBJIAHHSM € OJIOKY-
BaHHA 3B’S3Ky MK OOMOBMMHM MiAPO3/AiTaMH Ha HEBEIH-
kux Bigctansx. OxonHi 3acobu PEB MaioTh HIBKY Xapak-
TEPHCTHK, IO POOIATH iX eheKTHBHUMH y OOpOTHOi 3 Cy-
YaCHUMH €JIEKTPOHHUMH 3arpo3amu. Brcoka MOOUIBHICT
Ta MOXIMBICTh IIBHIKOIO PO3rOpPTaHHsA MHOOJIM3Y 30HU
OoHOBHX il € IXHIMM KIIOUOBMMH TepeBaramu. OKOIHI
cucrtemu PED 3marHi 3a0e3meunTd HamMiMHANA 3aXUCT BIi-
CBKOBHX 00’€KTIB B3JIOBXK JiHi1 00i0BOro 3iTKHEHHS. [l
okorHux 3aco0iB PEB xapakrepHe po3raintyBaHHS Ha BiJc-
ta"i 50-100 MeTpiB Bim 00’ekTa (HampUKIaJ, OJHIAKY
abo0 ormopHOTo MyHKTY). OnepaTopyu MepeMinlyioTh BiiCh-
KOBY TEXHIKY U YKPUTTS a00 Oe3rmeqHoi 3MiHu Mictst. Y
pazi nenenrartii 3aco6iB PEb Ta ii 3HUIIEHHS omepaTtopu
TAKUM YMHOM 3aJIAIIAI0THCS 11032 HEOE3MEKOIO.

216



ISSN 2073-739%4

CucteMu ynpaBiiHHS, HaBiraiii Ta 3B's3ky. 2024. Ne 4

Jlo HemomiKiB IMX CHCTEM MOKHA BigHECTH OOMe-
KEHUH pajiyc Aii Ta 3aJeXHICTh BiJ MiCLEBOCTI JuIsl 3a-
Oe3nedeHHs1 edexTuBHOI poboTH. KpiM TOro, BOHM MO-
XKyTb OyTH Bpa3iIMBUMHU JO 3acO0iB paioe’eKTpPOHHOI
PO3BIIKM NPU HAsBHOCTI TOYHUX JAaHUX MPO IXHE pO3Ta-
IITyBaHHS.

IepenocHi 3aco6u PEB npusHadeni it MOOLTEHO-
T'O BUKOPHCTAHHS Ha Pi3HUX THIIAX TeXHIKK abo Gesmoce-
pemHbO OKpeMHM OCOOOBHM CKiIaaoM. BoHM Bim3Haua-
IOTBCS BUCOKOIO MOOIUTBHICTIO Ta THYYKICTIO, IO J03BO-
Jst€ iX IMIBHIKE PO3rOPTaHHS B PI3HUX TAKTUYHHX CHTYa-
uisx. [anuBinyaneHi 3acobu PEB BCTaHOBNIOIOTHCS MMO-
Bepx Oponexwmiera. Ilin yac poGOTH BOHHM CTBOPIOIOTH
eJIeKTpoMarHitHe mose B pazaiyci Big 100 no 300 mertpis,
ke eEeKTHBHO MNepelIKko/pkae (YHKIIOHYBAHHIO yaap-
uux FPV-npoHis.

OcHoBHOIO TiepeBarolo nepeHocHux 3acob6iB PED e
iXHA MOOUTBHICTB, IO J]a€ 3MOTY ONECPATUBHO pPearyBaTd
Ha 3MiHy TAaKTUYHOI CHUTYyalil Ta pO3TOpPTaTH 3aco0H B
KITFOUOBHX TUISTHKAX 0OF0. IXHS KOMIAKTHICTH Ta BiHOC-
Ha JIETKICTh TaKOX POOJSATH IX 3pYyYHHMH Y BUKOPUCTaH-
Hi. OHaK TIEPEHOCHI CUCTEMH MArOTh ITeBHI OOMEXCHHS
I0JI0 JAJIBHOCTI [Iif, HOTY>KHOCTI IMOPIBHSHO 31 CTaIlioHa-
PHUMH KOMILJIEKCAMHU Ta CIHPSMOBAHOIO Jiarpamor0 Ha-
npaBieHOCTi. BOHM Takox MOKyTb OyTH MeHII edeKxTH-
BHHMMHU 32 YMOB BHCOKOi MOOUILHOCTI POTHBHUKA.

Coepa 3actocyBanHs mepeHocHuX 3aco0iB PED
BKJIIOYAE TAaKTHYHI orepauii Ha INepenoBii, creriaibHi
PO3BioyBallbHI 3aBHAaHHS Ta AWBEPCiitHI omepamii. Bonn
TaK0>X BUKOPHCTOBYIOTBCS JJIsl 3aXHUCTY HEBEIMKHX TPyI
BIHICPKOBHX Ta TEPEXOIUICHHS KOMYHIKaliii MPOTUBHUKA
Ha KOPOTKHUX BiJICTaHsX.

[porenennit ananiz TTX 3acobiB PEB p¢ mokasas,
10 OJJHUM i3 Ji€BUX HAINpsMIB mpoTuaii ymapHux FPV-
JIPOHIB Ha TETEPIIIHIA Jac € 3acTocyBanHs 3aco0iB PEB,
a came 3aco6iB PEb Omwxuboi nii (oxonuuii PEB), pe-
CypC SIKHX, 33 HasBHOCTI 30BHIIIHBOTO CJICKTPOXKHBJICH-
HSl, IPaKTHYHO HeoOMexeHui. [Ipu npoMy, XxapakTepuc-
THKH 3a3Ha4yeHuX 3aco0iB PEB MoxyTh OyTH BUKOpHCTA-
HI OJTHUM i3 KUJIbKOX cIIOCO0IB 200 iX KoMOiHaIi€0:

— MOJaBIICHHST a00 HaB’S3yBaHHSA XHOHHUX PEXUMIB
po0OTH KaHAJIB YIPaBIIHHS Ta PamioNiHIA Tepenadi qa-
Hux briJIA;

— NozaBJIeHHs! a00 HaB’sI3yBaHHS XMOHMX PEXHUMIB
pobotu kaHaiy Hairauii briJIA, 3acHoBaHOrO Ha TpH-
riomi Ta 00poOIi curHamiB OnHIET a00 KiILKOX CHUCTEM
panioHaBiramii CyIry THUKIB.

3actocyBanHs 3aco6iB PEb GumkHBO1 il (OKOTHMI
PEB), six npotuaito briJIA mae Taki nmepeBaru:

—mig gac 3actocyBanHs 3acoou PEB He BuTpaua-
I0Th MaTepiadbHUX 3ac0o0iB ypaKeHHS, a JIMIIE BiIHOB-
JIFOBAaHWH PECypC eINEeKTPOMAarHiTHOI €Heprii;

—3acobu PEBb MoXyTs ¢opMyBaTd IIMPOKHUHA
CHEKTp Pa/iOeNIEeKTPOHHUX IIEPEIIKOA, aJalTHBHO O0H-
paroyH Ti 3 HUX, SIKi € MAKCUMaJIbHO €()eKTUBHUMU ITPOTH
KOHKPETHHUX 3aC00IB ypa)KeHHS;

—3acobu PEB BOnONitoTh IJIOIMHHUM edexToM,
10 JTO3BOJISIE OJTHOYACHO BPa)KaTH BEJIMKY KUTBKICTh bri-
JIA, sxi MaroTh CXOXi pagio3acoOu, €muHI KaHATW YII-
paBIIiHHSA, TIPUHIMIM HaBiramii, 3aCHOBaHI Ha BUKOPHC-
TaHHI CHTHAJIB OJHUX 1 THX CaMHX CYIYTHHUKOBHX pa-
JIOHABITaLiHUX CHCTEM;

—3a YMOBH YCIIIIHOTO BM3HAUCHHS IJIEH, K OK-
peMEX JpKepen pamioeneKTpoHHOI iHdopMarii, 3acodu
PEB moxyTh OyTH BHOIPKOBHMH, MOJABIIOIOYM JIUILE
3aco0u 3 IEBHUMHU IapaMeTpaMy;

— B OKPEMHX BHIIaJIKaX, 32 YMOBHU YCHIITHOTO PO3K-
PHUTTSI CTPYKTYpH CHTHAJIB Ta (OpPMaTy MOBIIOMIICHb Y
KaHaJli KepyBaHHS 1 HaBiramii, 3acobu PEB mo3Bomsrors
niepexonuTH yrupasiiHas briJIA i HaB’s13aTH oMy XHOHY
TPAEKTOPIIO MOIBOTY;

—3acobon PEB e moctaTHRO MOOIITEHHMH Ta MarOTh
BITHOCHO HE BEJHKY I[iHy 32 BUTOTOBJICHHS OJHi€l OIH-
HULL,

— He NOTpeOyIOTh BEIMKOI KBadi(ikalii oneparopis,
sIKi 1X OOCIIyrOBYIOTh Ta BHUKOPHUCTOBYIOTH B OOHOBHX
yMOBaXx.

BucHoBku

Takum ywmnOM, aHami3 TTX Ta TaKTHKH 3aCTOCY-
BaHHs 3aco0iB PEB p¢ Omwkuboi nii (oxonnuit PEB)
nokasas, 1o 3acoou PEDB Takoro tumy € oqHuM i3 mieBHX
IHCTpYMEHTIB TpoTuAii yaapHuM FPV-nponam, siki B
CBOIO YEpry CyTTEBO BIUIMBAKOTH HA XiJ] CYYACHUX BIHCh-
KOBHUX OIlepaliil. 3 HoYaTKOM HIMPOKOMAacIITabHOTO BTO-
prHEHHS 30poiHUX cui pd Ha TepuTopito YKpaiHu 3aco-
o6u PEDB, sxi Oynm mpoanami3oBaHi B poOOTi MOCTIiHO
YAOCKOHAIOBANIUCS 3 TOUKM 30py iX TTX Ta TakTUKH
3aCTOCYBaHHS B 00i0BHX yMoBax. Takoxx cyTTeBO Oyyn
30UTBIICHHI KUTBKICHI TOKA3HUKH iX BHUPOOHHIITBA PO,
po3pobiieHa 3HaYHA KITBKICTh HOBHX KOMIUIEKCiB. Ciin
KOHCTaTyBaTH, 110 3acobu PEB 6mmxHbOT aii (oxomHuit
PEB) CTaHOBIATH CyTTEBY 3arpo3y B CYy4acHHX yMOBax
BEJICHHsI OOMOBHUX JIIi.

[Toka30BUM YHMHHHUKOM aKTyaJbHOCTI JAQHOTO Ha-
npsiIMy JOCIIJDKEHb € TOH (akT, 1o 30poiHi cumm pd 3
BEJIMKOO IHTCHCHBHICTIO yIOCKOHAIOIOTE 3acobu PEB, 3
MeToro BigmoBimHOCTI iXx TTX Ta TaKTUKH 3aCTOCYBaHHS
CYYacHHM yMOBaM CHOTO/ICHHS B BIFICBKOBHX ONEpPAILisX.
Omxe, Ha TenepimHii yac 36poitHi Cumm Ykpainu ma-
FOTh BHKIIHK II0A0 mpoTuiii 3acodam PEB OmmkHBOT mil
(oxomamii PEB), BomHOYAc jx0tHA KpaiHa CBITY Ha Maja
TAKoOTO JIOCBiAy NPOTHAIl, TOMy OTpUMaHi HAyKOBi pe-
3yJIbTaTH B MalOyTHHOMY MOXKYTh CTaTH MIAIPYHTSIM ISt
PO3pOOKHM NUTAXiB BUPIIIEHHS AaHOI IPOOIeMH.

Hanpsimok nmogajibIux AocaimKenb. Anamiz TTX
3aco6iB PEB 6mmxHBOI aii (oxomHuiA PEB) pd Ta mocigy
TAKTUKH 1X 3aCTOCYBaHHS JIO3BOJIMB 3aIPOIOHYBATH MO-
JKIIMBI HANpsIMU TOJANBINUX JIOCHTIIDKEHb, SKi OyIyTh
CIIpSMOBaHi Ha yJ0CKOHalleHHs ynapHux FPV-npowis, a
caMe aBTOMaTHU4YHE 3aXOIUICHHS (32 JIOTIOMOTOI0 CerMeH-
TyBaHHS 300pa)XCHHS) Ta HaBEICHHS HA LUIb Y Pasi Mo-
JIaBJIeHHs1 KaHaiy ynpasiiHHS BbrJIA Tta 3acrocyBaHHS
LITYYHOTO IHTENEKTY, SIK JIONOMIKHOTO IHCTPYMEHTY NpH
ynpasmiaHi briJIA y pasi nportunii 3aco6iB PEB mpotus-
HUKA.

JocmimkenHs: Oyiy IpoBe/ieH] 32 paXyHOK I'PaHTO-
Boi miATpuMKH HarioHansHOTO (OHIY MOCTIIKEHb YK-
paiau B pamMkax KOHKypcy “Hayka mist 3mittHeHHST 000-
poHo3aTHOCTI YKpaiHu”, Ha3Ba Npoekty “IHpopmartiii-
Ha TEXHOJIOTISI aBTOMAaTH30BAHOTO CErMEHTYBaHHS 30-
OpakeHb O0’€KTIB B CHCTEMax HAIJIOBAHHS YAApHHX
FPV-1poHiB Ha OCHOBI QJITOPUTMIB POHOBOrO IHTEJNECK-
Ty”, peectpaniiinuii Homep 2023.04/0153.

217



Control, Navigation and Communication Systems. 2024. No. 4 ISSN 2073-7394

CIUCOK JIITEPATYPU

1. Russian Electronic Warfare: From History to Modern Battlefield. Irregular warfare initiative : BeG-caiit. URL :
https://defensebridge.com/article/electronic-warfare-the-silent-battlefield-of-the-future-explained.html

2. CemenenxoO. M., Boiiko P. B., ToopoBonschkuii 0. b., Isanos B. JI., Kpememnuit O. I. Kontppaaioenexrponta 60pothba sk
CKJI[IOBA YaCTHHA pajioenekTporHoi 60poTedu B 3CY. Cucmemu 036pocnns i giticokosa mexuixa. 2016. Bur. 46. C. 141-145.

3. PEBb. o me i sk 3aco0M pajiioeNeKTPOHHOI OOpPOTBOM MPOTHIIOTH BOpokuM pakeram. Mind : BeG-caiit. URL :
https://mind.ua/publications/20269499-reb-shcho-ce-i-yak-zasobi-radioelektronnoyi-borotbi-protidiyut-vorozhim-raketam

4. Omipcekuii 1P., bubuk P.T. Hocmimkenns cydacaux meroxis PEB ta meronis i 3aco6iB ii mporuxii. Ukrainian Scientific
Journal of Information Security. 2023. Ne29 (2). C. 99-97. https://doi.org 10.18372/2225-5036.29.17873.

5. HlamanoB /. O., Copokin A. P. AHani3 cy4acHHX METOMIB palioeneKTpoHHOI 60poTedu. Cucmemu ynpaeninna, masieayii
ma 36 ’a3ky. 2024. T. 1 (75). C. 211-214. https://doi.org/10.26906/SUNZ.2024.1.211.

6. M. Moran. Electronic Warfare and Radar Systems Engineering Handbook. Naval Air Warfare Center Weapons Division,
Point Mugu, California. 2013. P.455.

7. MixHapomHuil IeHTp 00OPOHHMX JOCTiKeHb. Pociiickka pamioenexkTpoHHa 6opoTba mo 2025 poky. ICDS Report : Be6-
caiir. URL : https://www.icds.ee/wp-content/uploads/2018/ICDS_Report_Russias_Electronic_Warfare_to_2025.pdf

8. Kaszimipos O., Bmacos K., KyproB A., ITorixeHcpkuii A. AHani3 3aCTOCyBaHHS 3aC00IB palioeIeKTpOHHOI 60pOTHEON 30poii-
HUMH CHJIaMHU pOCificbkoi derepanii y xonai 30poitHoi arpecii mpotu Ykpaiuu. Scientific Collection «InterConfty». 2024.
Ne44(197),C. 670-680. https://doi.org/10.51582/interconf.19-20.04.2024.063.

9. IHywmwuraii O.B., €pmornenko O.B. Cyuachwuii cran 6aratodyHKIIOHATHHUX 3aC00IB Ta KOMILIEKCIB paaioeneKTpOHHOI 60po-
T60u. TeHaeHwil Ta NepCIeKTUBHI HAIlPSIMU X PO3BUTKY. 30ipHux Haykosux npays Hepaxcasrnozo HJI eunpobysans cepmu-
@ixayii 036poenns ma siticoko6oi mexuixu. 2020. Ne5(3). https://doi.org/10.37701/dndivsovt.5.2020.14.

10. PapmioenektpoHHa Oopotsba : aHnami3 apcenany Pocii. Defence Express : BeG-caiit. URL : https://defence-
ua.com/weapon_and_tech/radioelektronna_borotba_jak_i_chim_rosija_vojuje_proti_ukrajini-708.html

11. Oxkonumit mnopraruBauii PEB : mnpm3HauenHs Ta xputepii BubGopy. 3doanbymie 1497 : Beb-caiit. URL:
https://zdolbyniv.rv.ua/2024/05/okopnyj-portatyvnyj-reb-pryznachennya-i-kryteriyi-vyboru/

12. . JToBimHHK-KaTagor OCHOBHHUX 3pa3KiB 030pO€HHS Ta BIHCHKOBOT TEXHIKH SIKi 3aCTOCOBYIOTHCS IMIPOTHOOPYIUMH CTOPOHAMH
i 9ac BiJICIYi MIMPOKOMAcCIITaOHOTO BTOprHEeHHS p¢ B Ykpainy (24.02.2022-30.06.2023) : LleHTp mociimpkeHb BOEHHOT ic-
topii 30poriHnx Cun Ykpainu. Kuis, 2023. 245 c.

13. Haiitexnosoriunima 30pos Biiinu — PEB : 110 nponoHyiots 3anyHuii Ta imxkeHepu, mob mepemortu Pociro. Paxio CBo6o-
na. Be6-caiit. URL : https://www.radiosvoboda.org/a/reb-voyna-ukraina-rossia/32706892.html

14. Onepanis “Byps B mycremi”. 25 pokiB motomy. 3 noik giticbkogo-nampiomuunuii yeump. BeO-caT. URL
https://3polk.com.ua/articles/history/operatsiya-burya-v-pusteli-25-rokiv-potomu.html

Received (Hapniiuua) 23.09.2024
Accepted for publication (ITpuitasita 1o apyky) 20.11.2024

Analysis of the tactical and technical characteristics and tactics
of the application the main electronic warfare systems (short-range) of the russian federation

H. Khudov, I. Hridasov, I. Khizhnyak, I. Yuzova, Y. Solomonenko, T. Kalimulin, R. Raikov

Abstract. The subject of the article is the tactical and technical characteristics and the tactics of employment the main
short-range electronic warfare (EW) systems (trench EW) used by the armed forces of the russian federation in the Russian-
Ukrainian war. The aim is to analyze the tactical and technical characteristics of the main short-range EW systems (trench EW) and
their tactics of employment. Tasks include the identification and classification of the EW systems of the russian federation armed
forces, analysis of the main technical parameters of short-range EW systems (trench EW), and the study of strategies for employing
short-range EW systems (trench EW) in combat operations. The methods employed are: comparative analysis, data clustering meth-
ods, analytical and empirical methods for analyzing the application of EW systems in the Russian-Ukrainian war. The following
results were obtained. A structured analysis of the tactical and technical characteristics and the tactics of employment of the short-
range EW systems (trench EW) of the russian federation armed forces was conducted, highlighting their advantages and disad-
vantages, and proposals for further research were formulated. The practical significance of the obtained results may serve as the basis
for improving the existing strike FPV drones used by the Armed Forces of Ukraine, particularly in counteracting the suppression of
their control channels by EW systems. Conclusions: the analysis of the tactical and technical characteristics and tactics of employ-
ment of the short-range EW systems (trench EW) of the russian federation showed that such EW systems are one of the effective
tools in countering strike FPV drones, which, in turn, significantly impact the course of modern military operations. Since the begin-
ning of the large-scale invasion of the russian armed forces into ukrainian territory, the EW systems analyzed in this study have been
continuously improved in terms of their tactical and technical characteristics and their employment in combat conditions. Additional-
ly, their production rates in the russian federation have significantly increased, with a considerable number of new complexes devel-
oped. It is important to note that short-range EW systems (trench EW) pose a significant threat in modern combat conditions. A key
factor demonstrating the relevance of this research direction is the fact that the russian armed forces are intensively enhancing their
EW systems to ensure their tactical and technical characteristics and employment tactics are aligned with the current demands of
military operations. Therefore, at present, the Armed Forces of Ukraine face the challenge of countering short-range EW systems
(trench EW), while no other country in the world has encountered such extensive experience in dealing with these threats. Hence, the
scientific results obtained in this study may provide the groundwork for developing solutions to this problem in the future. The research
was conducted with grant support from the National Research Foundation of Ukraine within the framework of the competition “Science
for Strengthening Ukraine’s Defense Capability,” project title “Information Technology for Automated Segmentation of Objects in Tar-
geting Systems for Strike FPV Drones Based on Swarm Intelligence Algorithms,” registration number 2023.04/0153.

Keywords: electronic warfare, FPV drone, tactical and technical characteristics, tactics of employment, trench electronic
warfare, unmanned aerial vehicle.
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ANALYSIS OF THE MAIN REQUIREMENTS FOR 5G/6G NETWORKS

Abstract. Not long ago, the fifth-generation (5G) telecommunications standard was introduced, and active development is
already underway for the sixth-generation (6G) standard. The subject of the study is the key characteristics and requirements
of 5G/6G networks. The purpose of the research is to conduct a comparative analysis of the main features of communication
networks built using 5G and 6G technologies. The following results have been obtained. Several key aspects of research
directions and new technologies for designing 6G radio access networks, which meet the requirements of future wireless
communication systems, have been examined. The main characteristics of terrestrial communication networks that must meet
the declared requirements for 6G applications are analyzed in detail. Requirements for fifth-generation communication
networks are identified, including distributed processing and analysis of large data volumes combined with content caching
and delivery to mobile devices, support for ultra-low latency, scalability of arrays, and mobile communication management.
These are compared with the projected features of sixth-generation communication networks. Conclusions. The transition to
6G will inevitably intensify the requirements for fifth-generation communication networks and introduce new ones to ensure
the operation of systems demanding ultra-high reliability, high availability, and ultra-low response times.

Keywords: telecommunication network, communication network, terrestrial network, aerial network, radio access

network, 5G standard, 6G standard, SDN network.

Introduction

This study examines the architecture of a terrestrial
network capable of handling traffic from all levels,
including dynamic terrestrial and flying networks. The
terrestrial network, which serves as the core of the system,
is designed with the requirements of 6G applications in
mind [1]. The key features of 6G Radio Access Networks
(RAN) focus on creating ultra-dense, heterogeneous,
intelligent, and adaptive networks while improving overall
network energy efficiency [2]. Integrating terrestrial and
flying networks is one of the most complex challenges [3].
The network core is considered using the Software-
Defined Networking (SDN) paradigm [4]. The core
incorporates SDN  multi-controller  structures and
OpenFlow switches [5]. The system must ensure
interaction between terrestrial and flying networks,
meeting 6G requirements. Integrated flying networks are
key components of 6G networks [6]. These networks are
expected to play a significant role in fulfilling the 6G
wireless communication requirements. Moreover, their
integration with terrestrial networks is highly demanded.
However, such infrastructure faces numerous challenges,
including the interaction of heterogeneous channels,
processing vast amounts of traffic, and meeting security
requirements [7]. This paper outlines the essential
specifications supported by inter-layer communication
technologies, primary use cases, and key performance
indicators (KPIs) for various network levels. The
architecture of the terrestrial network processes all types of
traffic [8]. Numerical modeling and simulation using high-
level software continuously support hardware prototyping
within such a network model, helping to predict
performance and interpret results [9]. Additionally, the
development of the model includes determining precise
technical specifications, such as power, bandwidth, and
interfaces required by devices and equipment. These
include radio access modules, high-performance edge
computing nodes, SDN controllers, OpenFlow switches,
and network interfaces [10]. The characteristics of all key
network devices and elements are also defined.

Objective of the Study: To conduct a comparative
analysis of the main characteristics of communication
networks built using 5G and 6G technologies.

1. Radio Access Networks

The design of 6G Radio Access Networks (RAN)
encompasses several key aspects and technologies that
align with the requirements of future wireless
communication systems. While 6G standards are not yet
fully defined, several research directions and emerging
technologies for designing 6G RAN have already been
identified. Below are some of the key aspects:

Spectrum Utilization: 6G RAN is expected to
utilize a broad range of frequency bands, including
higher-frequency ranges such as terahertz (THz) and
sub-terahertz  (sub-THz) frequencies. These bands
provide extensive resources for high-speed data
transmission and massive device connectivity.
Developing efficient spectrum utilization methods, such
as advanced beamforming, carrier aggregation, and
dynamic spectrum sharing, will be critical to
maximizing 6G RAN capacity and efficiency.

Massive  MIMO and Beamforming: Massive
Multiple-Input  Multiple-Output  (MIMO) technology,
combined with advanced beamforming techniques, will be
a core component of 6G RAN. Massive MIMO involves
deploying a large number of antennas on both base stations
and user devices, enabling spatial multiplexing and
enhanced spectral efficiency. Beamforming focuses radio
signals toward specific users, improving coverage,
capacity, and signal quality. These technologies will be
further advanced in 6G to support even larger antenna
arrays and more complex beamforming algorithms.

Ultra-Dense Networks: 6G RAN will incorporate
ultra-dense networks, where base stations and access
points are densely and systematically deployed. This
network densification will increase capacity, coverage,
and overall system performance. Advanced technologies
such as network densification, small cell deployment, and
dynamic base station coordination will be employed to
mitigate interference and optimize resource utilization.
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Heterogeneous Networks: 6G RAN will integrate
various wireless access technologies, including traditional
cellular networks, satellite communications, and new
wireless technologies. This integration will enable
seamless connectivity, continuous coverage, and efficient
resource allocation. 6G RAN design will focus on
developing protocols and algorithms to support seamless
handovers, network selection, and efficient traffic routing
between diverse transmission devices. This will facilitate
the full integration of terrestrial and aerial communication
layers. Deploying new technologies, including artificial
intelligence (Al), distributed edge computing, and SDN,
will help achieve these goals.

Intelligent and Adaptive Networks: 6G RAN will
leverage artificial intelligence (Al) and machine learning
(ML) techniques to create more intelligent and adaptive
networks. AlI/ML algorithms can be used for proactive
network optimization, predictive resource allocation,
dynamic spectrum management, interference minimization,
and self-healing. These intelligent and adaptive features
will allow the network to adjust to changing conditions,
optimize performance, and provide personalized services
based on user demands and network status.

Energy Efficiency: With energy consumption
becoming a critical concern, 6G RAN will place
significant emphasis on improving energy efficiency.
Design approaches such as energy-efficient hardware,
power management mechanisms, and the development
of intelligent algorithms for transitioning to sleep modes
will be adopted to minimize energy consumption while
maintaining performance.

2. Terrestrial Network

The terrestrial network is a ground-based
communication network that must meet the
requirements set for 6G applications. The terrestrial
layer of 6G acts as the heart of the system. All traffic
from all levels is transmitted through the terrestrial
network, which imposes significant limitations on its
design. The overall structure of the terrestrial layer of
such a system consists of two main parts: the Radio
Access Network (RAN) and the Network Core.

RAN (Radio Access Network): This consists of the
radio communication technologies and solutions
deployed to provide ground-based communication
services and support ground users.

Network Core: It manages the traffic of radio
access networks and other levels to meet the
requirements of 6G systems. The core network will be
built using the Software-Defined Networking (SDN)
paradigm. SDN with multiple controllers will be used to
manage the vast amounts of network traffic. A special
algorithm will need to be implemented on SDN
controllers to address the placement and distribution of
these controllers. The SDN network core should have
the following characteristics.

Network Programmability: The SDN network
core for 6G networks is expected to offer a high level of
network programmability. This will allow network
operators to dynamically configure and manage network
resources, services, and protocols through SDN APIs.
Such programmability will enable flexible and efficient

resource distribution according to the constantly
changing demands and traffic characteristics, supporting
heterogeneous traffic from various applications and
communication channels.

Virtualization and Orchestration: The SDN
network for 6G systems will use Network Function
Virtualization (NFV) and orchestration methods. An
NFV MANO platform will be implemented to realize
multiple virtualized network functions. Virtualization
allows network functions to be decoupled from
hardware and run in a virtual environment.
Orchestration refers to the automated coordination and
management of virtualized network functions for
deployment, scaling, and managing network services.
Virtualization and orchestration provide efficient
resource utilization, scalability, and flexibility for the
network core.

Service-Oriented Architecture (SOA): The 6G
systems will use a service-oriented architecture (SOA)
for the SDN network core. SOA enables the
decomposition of network functions into smaller
reusable components (network services). These services
can be dynamically combined to create custom network
fragments tailored to specific applications or service
requirements. SOA promotes flexibility, scalability, and
efficient service delivery in the network core.

Network Slicing: Network slicing will be a key
feature of the SDN network core for 6G. It will allow
the creation of multiple logical networks (slices) on a
shared physical infrastructure, each optimized for
specific use cases, applications, or service requirements.
Network slices ensure individualized resource
allocation, guaranteed Quality of Service (QoS), and
isolation between different network services, allowing
the network core to efficiently support diverse 6G use
cases with varying network performance requirements.

Intelligent Resource Management: The SDN
network core will include mechanisms for intelligent
resource management. These mechanisms will use
artificial intelligence (Al) and machine learning (ML)
algorithms to optimize resource allocation, traffic routing,
and load balancing based on real-time network
conditions, user demands, and performance requirements.
Intelligent resource management will enhance network
efficiency, scalability, and QoS in 6G networks.

Functional Interoperability and Open Interfaces:
The SDN network core will use open interfaces and
standardized protocols to ensure compatibility between
network components, domains, and providers. This will
promote seamless interaction between different network
elements, support an environment with multiple
operators, and foster innovation, allowing third-party
applications and services to leverage the capabilities of
the network core.

3. Comparison of Requirements for 5G and 6G
Communication Networks

In the ITU-R M.2083-0 recommendation, the key
design  principles  for  fifth-generation  (5G)
communication networks are flexibility and diversity to
support a wide range of use cases [11]. These
requirements vary in importance depending on the
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specific use case. The general list of existing
requirements for 5G networks is shown in Table 1.

Table 1 outlines the following scenarios:

eMBB (enhanced Mobile Broadband): Distributed
processing and analysis of large data, along with content
caching and delivery to mobile devices.

uRLLC (ultra-Reliable Low Latency
Communications): Support for ultra-low latency and
scalable arrays.

mMTC
Communications):
communications.

(massive Machine-Type
Management of mobile

Table 1 — Requirements for Fifth-Generation
Communication Networks

Possibility Requirements |Scenario
Peak data rate over terrestrial 20 Gbit/s eMBB
channels
Peak data rate over radio channels 10 Gbit/s eMBB
User data rate over terrestrial 100 Mbit's | eMBB
channels
User data rate over radio channels 50 Mbit/s eMBB
4ms eMBB
Latency
1ms URLLC
. eMBB,
Mobility 500 km/h URLLC
Density of connections 108 km?  [mMTC
Throughput 10 Mbit/cm? | eMBB

In Table 1, the requirements for uRLLC networks
include latency and mobility. Additionally, the round-trip
latency must be imperceptible to humans, with a
maximum of 1 ms for applications within the uRLLC
group. Furthermore, mobility support must be maintained
even at maximum object speeds of 500 km/h. Moreover,
communication networks with ultra-low latency require
data transmission reliability greater than 99.9999% [11].
Implementing these requirements ensures high reliability
and accuracy of real-time data transmission, which is
essential for applications in autonomous technology,
telemedicine, industrial automation, and more. To build
the corresponding level of network infrastructure,
advanced technologies such as multi-user MIMO,
broader frequency spectra, high-frequency bands, and
intelligent optimization of network and device operations
must be used. Additionally, new data analytics and
processing technologies, as well as artificial intelligence,
are needed to handle large volumes of information and
make decisions based on the data obtained.

The architecture must be flexible and scalable,
consisting of layers that interact with each other through
separate network interfaces [11]. There should be control
and efficient distribution of network resources. Overall,
the implementation of uRLLC services requires a
comprehensive approach to the development of network
infrastructure and the use of advanced technologies. The
transition to 6G strengthens the discussed requirements
and introduces new ones (Table 2).

Let’s break down the key differences between 5G
and 6G technologies:

Table 2 — Comparison of 5G and 6G

Parameters 5G 6G
Start of operation 2020 Approximately 2030
Information transfer speed 20 Gb/s 1 This
Frequency ranges 3-—300 GHz 1-10THz
Accuracy / error m - level cm - level
Coating 2D 3D
Connection density (km?)| 102 devices 10° devices
Delay (ms) 4-5 0.1
Jitter 1ms 1 us

. High, using block-
Security Low chgain techgnology

. Limited by | Unlimited battery

Battery life battery size life*
Spectral efficiency (Hz) 30 100
Mobility support (vehicle|More than 500( More than 1000
speed) km/h km/h
Satellite communication No Yes

* — zero-power devices and chips with external power supply function
are used

Mobility: The maximum allowable speed will
increase from 500 km/h to 1000 km/h.

Network latency: End-to-end latency will decrease
by a factor of 10.

Throughput: The maximum throughput for 6G will
be 1 Thps, which is 1000 times faster than in 5G.

Energy efficiency and spectrum utilization: Energy
efficiency will increase by a factor of 100.

Next, let’s focus on reliability, security, and
availability in more detail.

Reliability. Reliability refers to the probability that
the system will operate without failure over a specific
period. As 6G networks will be highly distributed, the
main task for ensuring reliability will be organizing
effective coordination of computing nodes. To achieve
this, appropriate data transmission protocols between
network nodes are necessary, as well as a reliable
backbone network capable of handling large amounts of
traffic generated during data storage and retrieval.

Availability. Availability refers to the probability
that the system will be functioning correctly at any
given moment. Distributed Al solutions for 6G
networks are a promising option to reduce learning time
while simultaneously lowering resource consumption,
thus enhancing the availability of Al-based systems and
services.

Security. Security is the system’s ability to protect
itself by detecting threats in a timely manner and taking
the necessary actions to safeguard services deployed
within the system, as well as data exchanged between
devices and users. For 6G network services, distributed
Al/MN algorithms are necessary for local model
training to detect and eliminate threats, ensuring the
confidentiality of end-user data. Furthermore, security
also refers to the system’s ability not to cause harm to
human life, the environment, or private property. Since
6G networks will feature use cases where human life
may be at risk, such as with autonomous vehicles, the
role of AI/MN becomes particularly crucial.

Availability and Reliability. Availability can only
be achieved after reliability is ensured. Reliability is the
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probability that the system is operational overall, while
availability refers to the probability that it is operational
at a specific moment in time. Availability guarantees
that authorized access to the system will not be denied.
A major advantage of distributed systems is that the
presence of many nodes and communication channels
helps prevent failures. Current trends in edge computing
research aim to enhance system availability through
careful planning of task and data transfers from end
devices to edge servers, using mechanisms that make
decisions based on network statistics and the
computational capabilities of edge servers. Additionally,
availability can be increased by reallocating tasks from
failed nodes to functioning ones. Since availability and
reliability are interrelated, it is important to note that
both characteristics need to be balanced against each
other, as different systems may require different values
for these characteristics.

Conclusions

The article examines key aspects of research
directions and new technologies for designing 6G radio
access networks that meet the requirements of future
wireless communication systems. It provides a detailed
analysis of the main characteristics of terrestrial networks
that must meet the requirements for 6G applications. The
requirements for fifth-generation communication networks
have been outlined for the following scenarios: distributed
processing and analysis of large data, along with content
caching and delivery to mobile devices; support for ultra-
low latency and scalable arrays; management of mobile
communications. The transition to 6G will inevitably
strengthen the requirements for fifth-generation networks
and introduce new ones that will ensure the operation of
systems requiring ultra-high reliability, high availability,
and ultra-low latency.
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AHaJi3 0CHOBHHMX BHMOT 10 Mepe:x 3B’sA3Ky SG/6G
O. B. Illedep, C. B. Murans

AnoTtauis. [IpeaMeToM J0CITiIKEHHS € OCHOBHI XapaKTEePUCTHKH Ta BUMOTH JI0 HUX y Mepexax 5G/6G. MeToro 10Ci/uKEeHHS €
HPOBEICHHSI MOPIBHSIBHOTO aHali3y OCHOBHHMX XapaKTEPUCTHK MEPEeK 3B’s3Ky, NOOyIOBaHMX 3a TexHonorismMu Ta 6G. OrpnMani
HACTYNHi pe3yjbTaTH. PO3IJISTHYTI AeAKi KIFOYOBI ACTIEKTH HANPSMIB JIOCTIDKEHDb 1| HOBUX TEXHOJIOTIH JUIS TMPOCKTYBAHHS MEPEK
pamiomoctyrmy 6G, IO BIJNOBIZAIOTH BUMOTaM MaHOYTHIX cHCTeM O€3[pOTOBOrO 3B'SI3Ky. JleTalbHO PpO3MIISIHYTI OCHOBHI
XapaKTEePHCTHKN Mepeki Ha3eMHOTO 3B'3Ky, SIKa MOBUHHA 3a0e3MeYNTH I 3aCTOCYHKIB 6G 3asBieHi BUMOrH. BuaineHi Bumoru 1o
MEpeX 3B'3Ky I'ITOr0 MOKOJIHHS JUIs PO3MOALICHOI OOpOOKM Ta aHalidy BENMKHX IaHHX Pa3soM 3 KEIIyBaHHSIM KOHTCHTY Ta
JIOCTABKOIO Ha MOOLIBbHI MPUCTPOI; MATPUMKH HaTHU3BKOI 3aTPHMKH, a TAKOK MACHBIB, 1110 MAaCIITa0yIOTHCS; YIPABIiHHSI MOOUTBHUMH
KoMyHikamismu. [IpoBefieHo 1X MOPIBHAHHA i3 IUIAHYEMHMH —XapaKTEPUCTHKAMU MEPEeXK 3B'S3Ky ILIOCTOTO MOKOJIHHS. BHCHOBKH.
[Tepexin 1o 6G y Oyap-KOMy pa3i MOCHWIHTh BUMOTH JI0O MEPEX 3B'I3Ky M'ATOrO MOKOJIHHS Ta J0JacTh HOBI, IO 3a0e3rnedaTh
(yHKUIOHYBaHHS CUCTEM, SIKi BUMAraroTh HaIBUCOKOI HaAIHOCTi, BUCOKOIO IOCTYITHOCTI 1 HAAHU3BKOT'O Yacy BiITYKY.

KnwouyoBi ciaoBa: TenekoMyHikaliliHa Mepeka, Mepexa 3B’S3Ky, Ha3eMHa Mepeka, JTaioda Mepexa, Mepexa
panionoctyiy, cranaapt 5SG, cranaapt 5G, mepexxa SDN.
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YkpalHChKuU Iep)KaBHUH YHIBEPCHTET 3aII3HUYHOTO TPAHCIIOPTY, XapKiB, YKpaiHa

BIOIHCIIIPOBAHA OIITUMI3AIIISI HEJIBIMKOBUX KOIIB
3 MAJIOIO IIIVIBHICTIO NTEPEBIPOK HA ITAPHICTD

AHoTauis. Y poOoTi 3amponoHoBaHo 0i0iHCIIPOBaHMHN MiAXix 4O onTUMi3alii HEABIMKOBUX KOMIB 3 MAJIOIO IIIIBHICTIO
NepeBipoK Ha mapHicTh. Ha mepmoMy erami po3po0sieHOro MeToqy ONTUMI3alii 3aJal0ThCsl XapaKTePUCTUKU TepelaBaHHs
iHpopmanii Ta mapamerpu obpanoi mporenypu OioincmipoBaHoi onrumisarii. KirouoBumit eram meromy mnomsrae y
iTepaTUBHOMY IIOIIYKY NEpPEeBIpOYHOI MATpHILli 3 BUKOPUCTAHHAM OOpaHOi O0ioiHCHIpOBaHOI MpOoLEAYypH ONTHMI3aIii i3
3aCTOCYBaHHSAIM KOMII FOTEPHOTO MOJICIIOBaHHS. MOJENIOBaHHS IIpolLecy IepeqaBaHHs iH(popMamii MpOBOJUTHCS UL
3a1aHOTO METOXy MOJIYJBLii Ta oOpaHMX ITapaMeTpiB KaHaly 3B’s3Ky. IloOynmoBa HaGOpiB IepeBIpOYHUX MaTpPHUIb
HEJBIMIKOBUX KOJIIB 3 MAJIOKO IIUTBHICTIO IEPEBIPOK Ha MapHICTh 3ifICHIOETHCS HA OCHOBI MeToy progressive edge growth.
OmiHioBaHHS e(EeKTUBHOCTI KOXHOI 3TeHEpOBaHOI IIEePEeBIipOYHOI MATpHIl 3aCHOBAaHO HA OOYMCIICHHI KoedimieHTy
MMOMMJIOK 32 PE3yJIbTaTaMH ITEPAaTHBHOTO JEKOTYBaHHS Ha OCHOBI PO3MOBCIO/KCHHS NOBipH. st mporpaMHOi peamizamii
3allPOIOHOBAHOTO MiAXO0AY PO3POOICHO alropuTM Oi0iHCHIPOBAaHOI ONTUMI3alii HEIBIHKOBUX KOMIB 3 MO HIUIBHICTIO
MepeBipoK Ha mapHicTe. [IpencraBieHnii METOA ONTUMI3alii JAHUX HEABIMKOBHX KOIIB JOIUIHLHO BHKOPHUCTOBYBATH UL
MiABUIICHHS e()EeKTHBHOCTI CUCTEM PaIio3B’ 13Ky HOBOTO TOKOJIHHS.

KawuoBi ciaoBa: OioiHcmipoBaHa onTHMIi3allis, epeKTUBHICT, KOIM 3 MAJIOKO IIUIFHICTIO MEPEBIPOK HA MapHICTh, He-

IIBIIIKOBI KOJTH, CHCTEMH Pagio3B’s3Ky.

Beryn

IMocTanoBka mpodsaemu. TexHONOTIi pamio3s’s3-
Ky HOBOTO TIOKONIHHS Iepen0adaroTh HaJaHHS Cydac-
HHUX TIOCIYT €JIEKTPOHHUX KOMYHIKamid, cepen SKuX
MOJKHa BUAIIUTH [HTepHET pedel, BipTyalbHy Ta JOIO-
BHEHY DPEAJIBbHICTh TOIIO. BrpoBa/ikKeHHA IHX TMOCIYT
BHCYBAa€ MiJBHUIICHHI BUMOTH JO JOCTOBIPHOCTI mepe-
JaBaHHs iHpoOpMalii, 3aTpUMKH 00pOOKH NaHUX Yy By3-
JlaX MEpPEeXi Ta JOCATHEHHsI BUCOKOI MPOITyCKHOT CIIpO-
moxHocTi [1, 2]. 3 MeTor0 3ab€e3MeYeHHs JaHUX BUMOT
MIPOIIOHYIOTHCS HOBITHI MeTOIu 00pobieHHs iH(opMa-
1ii, 30KpemMa, METOAN 3aBajocTiiikoro xoxyBaHHs. Ce-
pell HasBHUX 3aBaJIOCTIMKMX KOMOBHX KOHCTPYKIIH
BaXJIUBY POJIb Y CYYacHHX 3aco0axX pamiosB’s3Ky Bifir-
paroTh KOIW 3 MOl IMIJBHICTIO TEPEeBipOK Ha map-
micte (MIUIII-koan). [ani Koau XapaKTepHU3YIOTHCS
BHCOKOIO €()EKTHUBHICTIO METOIIB KOJIYBaHHS Ta IEKO-
JyBaHHS 3 IPUHHATHOI O0YUCIIOBAILHOI CKIIAJHICTIO
[3]. Joeri Bumazakosi asiiikoi MILIIII-koau 103BOIISA-
I0Th TIPAKTUYHO JIOCSATTH MEX IMPOIMYCKHOI CIIPOMOYKHO-
CTI 7St ISSIKUX MOJIeJiel KaHaly 3B 13Ky MPU BUKOPHC-
TaHHI METOIy ITepaTHBHOrO JCKOJYyBaHHS Ha OCHOBI
PO3MOBCIO/PKEHHS JOBipH. 3 iHIIOTO OOKY, Ha TIPaKTHII
y CY4acHHX TEXHOJIOTiSIX pajio3B’ 3Ky 3aCTOCOBYIOThCS
BigHOcHO KopoTki MIIIII-koau. IlepeBipouni MaTpui
JIaHUX KOJIB XapaKTepH3YIOThCS HAasBHICTIO KOPOTKHX
LUKJIB, 110 3HAYHO NOTipHIye e(EeKTHBHICTH JIEKOIY-
BaHHS 32 PO3IOBCIO/DKEHHSAM J0BipH. st mojonaHHs
IILOr0 OOMEXEHHS 3aCTOCOBYIOTHCSI PI3HOMAHITHI Ipo-
LIeAypH, CIIPSIMOBAHI HA ONTHMI3alii0 CTPYKTYpH Iepe-
Bipounoi matpuui MIIIIII-xoxy 3 o6pannmMu mapamer-
pamu. Bimomo, mo nensilikoBi MIIIIII-konu MaroTh
Kpally KOperyBaJbHY 3/1aTHICTh HOPIBHAHO 3 €KBiBaJie-
HTHUMH JIBIHKOBUMH KOJaMH, TOMY aKTyaJbHUM 3a-
BIaHHSIM € PO3LIMPEHHs iX 3aCTOCYBaHHS y CHCTeMax
paio3B’ 13Ky HOBOTO MOKOMiHHS [4].

AHasi3 ocTaHHIX JociailkeHb 1 myOaikauiii.
VY [5] 3anpormoHOBaHO HOBITHINM MiAXix 10 MOOYHAOBH
MIIIIII-koxiB Ha 6a3i cXeMU MepeAaBaHHs 30BHIIIHBOT

inpopmarii mpororpady IS CHCTEM pamio3B’sI3Ky 3
PO3HECEHUMH IepeIaBAIbHUMHU Ta NMPUAMaJIbHUMH aH-
teHamu. OTpuMaHi y poOOTI KOJM MalOTh BHUILly €Hepre-
THYHY €(EKTUBHICTh Ta Kpallll NOKa3HUKH Yy Jiana3oHi
BHCOKOT'O BiTHOILICHHSI CUT'HAJI/3aBa/1a.

VY cyd4acHHX cHCTEMax pafio3B’si3Ky 3aCTOCOBY-
OTBCS Pi3HI TUOH TpocTopoBo3B’s3anmx MIIIII-
KOZIB, IO MOTPEOYIOTh OMTHUMI3AII] IS 3aJaHIX YMOB
3actocyBanns. Hanpukinan, y [6] nobymoBa Ta ontumi-
3amist ycideHux kinmbneBux MILIIII-xoniB maHorO KIa-
Cy, IO JEKOAYIOTHCS 3a PO3IMOBCIO/KCHHIM JOBIpH 3
nepeTacyBaHHsIM, 3/IHCHIOETHCS Ha OCHOBI alaliTOBAHOT
CXEeMH MepeJaBaHHs 30BHIMHBOT iH(popMarii. [Togasns-
MK PO3BUTOK ONTHMI3alil NPOCTOPOBO3B’SI3aHUX
MIIIII-komiB Ta MiABHINCHHS X €(EKTHBHOCTI MpH
3aCTOCYBaHHI BIKOHHOTO JI€KOJYyBaHHS 3aCHOBAHO Ha
BIPOBA’KEHHI HOBOT METPHKH — BIKOHHOTO CEPEIHBOTO
napamerpy [7]. i oOrpyHTyBaHHS, OTPUMaHHX y pO-
0O0Ti pe3ynbTaTiB, TOJATKOBO OYJIO BH3HAYCHO CTPYKTY-
PHI XapaKTEepPUCTHKHN ONTAMI30BaHHUX KOJIIB.

V [8] 3anpornoHoBaHo miaXiA 10 MOOYA0BH KBa3i-
mukTigHuX perymsapaux MIIII-koxie Ha 0a3i eBpwc-
THUYHOI TNpouenypu imitamii Bigmanay, LIO JI03BOJISIE
OTpPUMATH KOJY 3 MOKPAIICHUMH XapaKTePUCTHKAMH Y
nmiarra3oHl BUCOKOTO BIAHOIIEHHS CUTHAI/3aBaja.

V [9] mpexacraBnena GioiHCHipoBaHa ONTHMI3AIlisA
Heperymsapaux nBifikoBux MIIIIII-koxiB 3 BHKOpHC-
TaHHSM TMPOLENYPU KaXKaHiB, 10 IPYHTYEThCS Ha cdo-
PMyJIbOBaHIHM onTHMIi3aliiHIi 3a1a4i HesliHIHHOTO TIpO-
rpamyBaHHSI.

OnTumizamis HeasirikoBux MIITIII-komiB 1t cuc-
TeM paJio3B’sI3Ky 3 PO3HECEHHMH NepelaBalbHUMU Ta
NpUMaIbHUMU aHTEHaMH BHCOKOI PO3MIpHOCTI, IO
0a3yeThCsl HA 3aNpONOHOBAHIN CHMBOJIBHIN cXeMi mepe-
JaBaHHS 30BHIMIHBO{ iH(OpMAIIii, TO3BOJISE IiIBHUIIUTH
iX eEeKTUBHICTh IS IUKIIYHOTO CUMETPUIHOTO KaHATY
3B’SI3Ky 3 QIUTUBHUM OinnM raycoBuMm mymom [10]. V
[11] nmpencraBneHo mimxix mo onTuMizalii HEABIHKOBUX
MIIIII-koaiB 3 BUKOPUCTAHHSAM METOJOJIOTIi MaTpHIli
Y3TOMKEHHA BarW U CIELiaJbHUX MOJENel KaHary

© Irommens M. A., 2024
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3B’S3Ky Ta cucteM 30epexeHHs iHdopmamii. ¥ poboTi
3aIPOIIOHOBAHO HOBITHE NPEJCTaBICHHS 3arajbHUX II0-
IJIMHAJIBHUX Ha0OpIB, IO BiAITPalOTh KPUTHYHY POJIb Y
JIaHI# METOMOJIOTIi, Ta MPOBEICHO anreOpaidHuil aHami3
XapaKTepUCTUK OTpuMaHuX HensiikoBux MIIIII-koxis.
3acTocyBaHHs anreOpaiyHOTO MiAXOLy IO ONTHMI3arlil
Hengifikoux MIIIIII-koxie Mae psg oOMeXeHb, TOMY
JOIITFHO PO3TILTHYTH MOSKIIMBICTE Oi0iHCTIIpOBaHOI OII-
TUMi3amii TaHOTO KJIacy KOIiB, IO MOXYTh OyTH 3aIpo-
Ba/DKCHI Y CHCTEMax pajlio3B’ 13Ky HOBOTO TIOKOJIIHHS.

Meta cratTi: po3poOieHHS MeTomy OioiHcmipo-
BaHOI ontuMizamii HeaBikoBux MIITIII-komiB.

Bukaan ocHoBHOro MaTtepiaiay

PosrissHeMo  eranm  omTmMizamii  HEOBIMKOBHX
MIIIII-koxiB HAa OCHOBI 610iHCTIIPOBAHOTO TAXOIY.

Etan 1. BcraHOBICHHS mapaMeTpiB HEIBIHKOBOTO
MUIIII-koxy, MeToxy MOIYJAIii, KaHaly 3B’SI3Ky Ta
0ioiHCIIpOBaHOT MPOLEYPU ONTHMI3ALLii.

Ha nanomy erami oOMpaeThCs LIBHAKICTH KOAY,
JIOBXKMHA KOJIOBOTO CJIOBa, JOBXHHA 1H()OPMAIIITHOTO
MTOBITOMJICHHS, @ TAKOX 33J[a€ThCSI METOJ MOIYJIAINT Ta
3HAUEHHs BIJHOLICHHS CHUTHaJ/3aBajga [yl OOpaHuX
yMOB riepeaaBanHs inpopmaiiii. Kpim Toro, ooupaerscst
OioiHCTpoBaHa TpolUeAypa I 3MIHCHEHHS OINTHMi3a-
Iii Ta 3a0af0ThCA 11 MapaMeTpu.

Etanm 2. BioiHcmipoBaHa onTuMi3alisi IepeBipod-
Hoi MaTputi HeasiiikoBoro MIIIII-komy.

Ha npomy ertami criouaTky 3aCTOCOBYETHCSI 0OpaHa
mporenypa Oi0iHCIIpOBAaHOI ONTHMI3alii CIUTEHO 3 Me-
TooM progressive edge growth (PEG) mist popmyBaHHst
Ha0Opy NepeBipOYHMX MaTpHUllb HEJBIIKOBOIO Koay i3
3aJaHUMU Tlapamerpamu. Jlami s KOKHOT 3 oTpuMa-
HUX TePEBIPOYHUX MaTPUIIb T€HEPYIOThCS KOJIOBI CIIOBA
Ta 31HCHIOEThCS KOMIT IOTEPHE MOJIETIOBAaHHS Iepeia-
BaHHS iH(OpMaIii depe3 KaHaI 3B 3Ky 3 BUKOPUCTAH-
HSM BIAMOBITHOTO MeTOAY MomyIrimii. Jns nexomayBaH-
HS TpUHATOI 3 KaHAMy iH(opMaIli 3acTOCOBYETHCS
KJIACUYHUI METOJI iTepaTHBHOTO JI€KOyBaHHS Ha OCHO-
Bi PO3IIOBCIODKEHHS JNOBipU. B sikoCTi KpuTepito edek-
TUBHOCTI cpopMoBaHOi nepeBipodnoi matpuri MILIIII-
KOJly BUKOPHCTOBYETHCS MiJpaxoBaHUi KoedillieHT
noMuiIoK. Jlani 0 moyaTkoBHX MEPEeBIPOYHUX MaTPHIb
3aCTOCOBYIOThCS MIrpaliiiHi orepatop, siki BH3Ha4a-
I0ThCsl 00paHOIO OiOIHCHIPOBAHOK IPOLEAYPOIO, Ta
(opMyeThCSI HOBUI Habip MEpEeBIPOYHNX MATPHUILh, IS
SIKOTO JIaHWH Tpollec NOBTOproeThbes. [IpoBeneHHss Mo-
JICTIFOBaHHS 3aBEPILYETHCS NPU JOCSATHEHHI 3aJ]aHOTo
qrcia itepariii 0i0iHCIIIPOBaHOT ONITHMi3allii.

Eran 3. ®opmyBaHHS ONTHMIi30BaHOI IepeBipoy-
Hoi MaTpwuili HeasiiikoBoro MIIIII-komy.

[Janmii eran nepenbavae BU3HAUCHHS IEPEBIpoOd-
HOT MaTpuIli, JJIs SKOi 3a0e3MeuyeThesl HallMeHIe 3Ha-
YeHHsI KOeQiIli€eHTY MIOMUIIOK 3a pe3yJIbTaTaMu eTamy 2.
OTpuMaHa TMepeBipoYHa MATPUIIS PO3TISIAETHCS SIK
OnM3pKa 10 ONTUMAJIBHOL JJI O0paHMUX MapaMeTpiB Ie-
penaBaHHs iHQOpMAITii.

KirouoBa 0CcOONMBICTE TPEACTABIEHOTO METOTY
ontumizanii Hengifikopux MILIIII-koniB monsArae y
3aCTOCYBaHHI Jesskoi O10iHCHIpOBaHOI HpoUeAypH IS
BU3HAYCHHS ONTHMAJIBHOI IEPEeBIpOYHOI MaTpHLli 3a
KpHUTepieM MiHIMI3alil Koe(ilieHTy MOMWIOK Juisi 00-

paHuX yMOB mepenaBaHHs iH(popMalii. AIropurm me-
TOJy HaBeleHUH Ha puc. 1.

{ Mowatox )

/
[Tapamerpu HeaBilikoBoro
MIIITI-komy, napaMeTpn MeTOIY
MOy ALY, TapaMeTpH KaHamy
3BA3KY, NnapaMeTpH
GioiHcnipoBaHoi npoueypH
onTHMizauil

Mianpotec dopmyBaHHS NOYATKOBOrO Habopy
TepeBipOYHHX MATPHLb HelBiiikoBoro
MILITT-koy Ha ockoBi Metoay PEG

”
%

Y

TMinnpouec KOMN IOTEPHOTO MOAETIOBAHHS
nepenaBaHHA iHpopMAaLLi 3 BUKOPHCTAHHAM
neagiiikoBoro MLLIII-komy na Oasi
chopMOBAHHX NEPEBiPOUHHX MATPHLL Yepes
KaHa 38’ 43Ky 3 0GpaHHM METOI0M MOIYIALLT

,

[lianpouec od4ucnenHs kKoediLlieHTY MOMHIOK
JUIH BUTA/IKY 3aCTOCYBAHHS KOKHOT
nepesipounoi MaTpuui MLLIIT-koxy

~ Kinbkicts iTepauiii ioincniposanof
_ onTuMizauii Makcumaneha? -

[Mianpotec 3acTocyBaHHs MirpaiiiHix
oneparopis DIOIHCIIPOBAHOT NpoLeLypH —
ONTHMI3aLiT /10 MepeBipOYHAX MATPHILL

!

[iznpouec opMyBaHHA ONTHMi30BaHOT
nepesipounol Matpini MILT-koxy

!

Tepesipouna MaTpHLLs
neagiiikosoro MLLTTI-koay

v

‘._/" . k \w
I Kiveus )

Tax

Puc. 2. Cxema anropurmy 6ioiHcnipoBaHoi onTUMi3awil
HeapiiikoBux MILTIIII-komiB

VY naHoMy anropuTMi BXiZHHUMH JJaHUMU € XapakTe-
PHUCTHKH TiepeqaBaHHs iH(popManii (apameTpu HelBiid-
koBoro MIIIIII-koxy, MeTomy MOIYJSAINI Ta KaHATY
3B’S3Ky) Ta TapameTpu oOpaHoi mpolieaypu OioiHCHipo-
BaHOi onmTuMizallii. BilmoBiHO A0 aNTOpUTMy CTBOPIO-
€TBCSl TIOYATKOBMII Ha0ip MEpeBIpOYHMX MAaTPHIb, IO
OyayroThCs 3 BUKOpUCTaHHIM Metony PEG, mst 3amannx
napameTpiB HenpitikoBoro MIIIIII-koay (mOBXUHH KO-
JIOBOTO CJIOBA, JOBXXUHHU 1H(OPMALiHHOTO TOBIJOMJICHHS
Ta MIBHAKOCTI KoayBaHHs). OTpuMaHi nepeBipoyHi Mart-
puui HeagifikoBoro MIITIII-koy BHUKOPUCTOBYIOTHCS
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Cucrtemu ynpaBiiHHs, HaBirarii Ta 38's13Ky. 2024. Ne 4

IIPY TIPOBEJICHHI KOMIT IOTEpHOTO MOJICIIOBAHHS Nepe/a-
BaHHs iH(opMalii 3 0OpaHUM METOJOM MOIYJIALIT uepes
KaHa 3B’SI3Ky Y 3a/laHOMy Jlialla3oHi CHTI'HAJ/3aBaja. 3a
pe3yJibTaTaMM MPOBEICHOTO MOJAEIOBaHHS 004MCIIOETh-
cs1 Koe(ilieHT MOMUIOK, 10 JOCATAETHCS TIPH BUKOPHC-
TaHHI KOXHOI mepeBipounoi matpuui MIIIII-koxy, mpu
3aCTOCYBaHHI ITEpaTHBHOTO JEKOJyBaHHS Ha OCHOBI
PO3IIOBCIOKEHHS IOBIpH. SIKIIO0 MakCUMaibHa KUTBKICTh
iTepamiii onTuMizamii He JOCATHYTa, TO 3aCTOCOBYIOTHCS
Mirpatiiiai onepatopu oOpaHoi 6i0iHCHIpOBaHOI MpoIie-
oypu anst (opMyBaHHS HOBOTO HaOOpy IepeBipOYHHX
Marpuipb HeasiikoBoro MILIIII-koxy Ta HaBeneHi BUIIE
KPOKH aJITOPUTMY MOBTOPIOIOTECS. Y pe3yibTari poboTH
AITOPUTMY BU3HAUYAETHCS MIEPEBIpOYHA MATPHUIS HEIBiM-
koBoro MIIIIII-komy, it sikoi 3a0e3meuyeThcsl Haid-
MEHIlIa BEIWYMHA Koe(illieHTy MOMMIIOK JUIS 33JaHHX
YMOB Tiepe/iaBaHHs iHhopMartii.

Jns mporpamHOi peainizamii IpencTaBIeHOTo al-
TOPUTMY ONTHMI3aIil MOXXYTh OyTH BUKOPHUCTaHI CTaH-
JapTHI MOBHU IporpaMyBaHHs abo0 crewiani3oBaHi mpo-
TpaMHi cepeoBHIIa MOJICTIOBAHHS.

BucHoBku

Hengifikoi MIIIIII-koan pi3HUX THIIIB BUKOPHC-
TOBYIOTBCSl y TEXHOJIOTISIX Pajio3B’sI3Ky HOBOTO MOKO-
minHg. CTpyKTypa TepeBIpOYHOI MAaTpHIl KOPOTKHX
MIIIII-koxiB moTpeOye onTUMizalii Py BUKOPUCTAHHI
ITEpaTUBHOIO JIEKOIYBaHHS Ha OCHOBI PO3MOBCIOIKEH-
HSM J0BipH. Y poOOTi 3anponoOHOBaHO OioiHCIIpOBaHUI
maxigx g0 onrtumizamii  HeasikikoBux MIIIIIIT-koaiB.
Ki1rou0B010 0COONHBICTIO TAaHOTO TAXOMY € iTepaTHBHUH
TIONTYK TIePEeBiPOYHOI MAaTPHUIl 3 BUKOPUCTAHHAM OioiHC-
MPOBaHOI TPOLIEAYPH ONTHUMI3aIil Ta METOAY MOOYIOBH
PEG nuisixoM KOMIT IOTEPHOTO MOJICITIOBAHHS JIS 3a/1a-
HUX YMOB TepenaBaHHs iHpopMmarliii. B sxocTi kputepiro
e(peKTUBHOCTI 0OpaHO KOCHIIIEHT MOMUJIOK, 1[0 BH3HA-
Ya€eThCs IS KOKHOT 3TeHepOBaHOi IIepeBipOYHOT MaTpuLi
MIIIIII-koay. Takox uis mpakTHYHOT peasizamii mpen-
CTaBJICHOTO MiAXOMy PO3POOJICHO aIrOpUTM Oi0IHCIIPO-
BaHOI onTUMi3auii. 3anpoOHOBaHUI MeTO] MOXe OyTH
BUKOPUCTaHO JUIsl TiJBHILEHHS e(eKTHBHOCTI mepena-
BaHHS iHQOpMaIIii y HOBITHIX CHCTEeMaX pamio3B’s3Ky.
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Bio-inspired optimization of non-binary low-density parity-check codes
M. Shtompel

Abstract. The paper proposes a bio-inspired approach to the optimization of non-binary low-density parity-check codes.
At the first stage of the developed optimization method, the characteristics of information transmission and the parameters of the
selected bio-inspired optimization procedure are set. The key stage of the method consists in iterative search of the parity-check
matrix using the selected bio-inspired optimization procedure based on computer simulation. Modeling of the information trans-
mission process is carried out for a given modulation method and selected parameters of the communication channel. The con-
struction of sets of parity-check matrices of non-binary low-density parity-check codes is based on the progressive edge growth
method. The evaluation of the performance of each generated parity-check matrix is used the calculation of the error rate based
on the results of iterative belief propagation decoding. For the software implementation of the proposed approach, an algorithm
of bio-inspired optimization of non-binary low-density parity-check codes has been developed. The presented method of optimiz-
ing these non-binary codes is advisable to use to improve the efficiency of new generation radio communication systems.

Keywords: bio-inspired optimization, efficiency, low-density parity-check codes, non-binary codes, radio communica-
tion systems.
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