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METO/JIH 3AXUCTY BIJ IMITYJIbCHOi DRFM 3ABAJH

Atamancbkuii /. B. — 1-p Texu. Hayk, mpodecop, npodecop XapKiBCHKOr0 HalliOHAIBHOTO YHIBEPCUTETY
[ositpsnux Cun imeni IBana Koxxeny0a, Xapkis, Ykpaina.
Psidoyxa B. II. — ng-p texH. Hayk, npodecop, mnpodecop XapKiBCHKOr0 HaIliOHAIBHOTO YHIBEpCHTETY

pamioenekTpoHiky, XapkiB, Ykpaina.
Bacuanmmn B. 1. — 1-p TexH. Hayk, npodecop, HadanbHUK Kadeapu XapKiBCbKOro HAIIOHATEHOTO YHIBEPCHTETY
osiTpsanx Cui imeni [Bana Koxxeny0a, XapkiB, YkpaiHa.

Cemensika A. B. — KaHI. TexH. HayK, CTapIIMi HAyKOBHH CIIBPOOITHHK XapKiBCHKOTO HAI[iOHAIBHOTO
YHIBEpCHUTETY paJliOeTeKTPOHIKH, XapKiB, YKpaiHa.
Karromun €. A. - crapmumii HaykoBUil CHiBpOOITHHK XapKiBCHKOTO HAI[IOHAIBHOTO YHIBEPCHUTETY

pajioenekTpoHiky, XapkiB, YkpaiHa.
CroBba P. JI. — Bukiagay XapkiBchKoro HauioHansHOTo yHiBepcutety lloBiTpsinux Cun imeni IBana Koxenyoa,
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AHOTANIA

AxTyanbHicTe. Bignosiani immynecui 3aBaau Tury DRFM (Digital Radio Frequency Memory — (ykp. undposa pagiogactorHa
mam’site) uist immynscHux  PJIC, 3okpema, 3 miHiMHO uacToTHOIO Moayismiero (JITYM) 30HIyBaqbHHX CHTHAIIB, IyXKe
YCKIIAHIOIOTh pajioyioKariifHy obcrtaHoBKy. Ha expanax iHAmKaTopiB paiosioKamiifHUX 3aco0iB, KpiM BIIMITOK BiJ iCHYIOYHX
(icTMHHMX) wine#, 3’SBIATBCSA iHIN, IO IMITYIOTh aHajJoriuydi iM xuOHI wimi. Bimomi Mmeromu Gopotsbu 3 GaraTopa3oBUMH
IMITyJIbCHUMHY BiJITOBITHUMH 3aBajaMu Juist 3aBajn Ty DRFM manoedexrusHi, mo o6ymosneHo crenudikoo GopMyBaHHS 3aBaju.
CTBOpEHHS METO/IIB, AJITOPUTMIB 1 clicTeM OOpPOTHOM 3 TAKMMH 3aBaJjaMH € JI0CI aKTyaJIbHUM 3aBIaHHSIM.

Merta. OLiHUTH MOXJIMBOCTI BiJOMHX METOJIB 3aBaJ03aXUCTY LIOJ0 3HIDKECHHS HEraTHBHOIO BIUIMBY iMITyJIbCHUX 3aBaj| THILY
DRFM Ha edexTrBHICTH 0OpOOKH KOPHUCHHX CHUTHAJIB Ta 3alporoOHyBaTH HOBHW Meton o6pobku JIUM curnany ua ¢oni DRFM
3aBaju.

Meton. EdekTuBHICTE METOIIB BH3HAYAETHCS EKCIEPHUMEHTATIBHO 32 pe3yJbTaTaMU IMITAI[IfHOTO MOJENIOBAHHSA Ta IXHBOTO
TIOPIBHSHHS 3 BIIOMHUMH Pe3yJIbTaTaMH, BUKJIAJICHIMH Y BiIKPHTIH JiTepartypi.

PesyabTatn. OOrpyHTOBaHO HEE(EKTHBHICTh BIIOMUX CIIOCOOIB 3aXHCTy BiJ BIAMOBITHOI IMITYyJIBCHOI 3aBajyl JJIsI 3HIDKCHHS
HeratuBHoro BIMBY DRFM 3aBanu Ha 00poOKy curHaimy, BimOuToro Bim Iimi. BusnaueHo xapakrep HeratuBHOro BIIMBY DRFM
3aBajJ] Ha OOpOOKY BiIOMTOrO Bif Wiii CHrHAIY. 3aBajOl0 MOXXE CTBOPIOBATHCH SIK iMiTallis BiAMITOK BiJ HEiCHYyROUHX (XHOHHX)
LiIeH, Tak 1 MacKyBasibHHN edekT. [lokazaHo, 1110 MPUCTPiil 3 TBOCTOPOHHIM 0OMEKHHKOM aMILTITY I Ha BXOJII (QIBTPY CTHCKY, IO
3a3BUYail BAKOPUCTOBYETHCS ISl 3Ty LICHHs IMITYJIbCHOT 3aBaiy, HeeeKTHBHUIA [uts 3armyiieHHss DRFM 3aBaiu.

IIpogemoHncTpoBaHo, 110 st Manoba3oBux JIUM curnamiB sk QinbTp CTHCKY MOXKE BUKOPHUCTOBYBAaTHCh (QisIbTp, Y3rOMKEHHN 3
JIUM curHanom 3 BeJIHKOIO 0a3010, X04a Taki y3roKeHi QUIbTpH He mpu3HadeHi i1 o0pooku JIUM curraniB 3 Manumu 6azami.
BusHaveHi ymoBH y3romkeHoi ¢inbTparmii mManobazoBux iMmyiabcHUX JIUM B QinpTpax, Y3rOmMKEHHX 3 CHUTHAIAMH 3 BEIHKHMHU
6azamu. JIOCTaTHBOIO YMOBOIO Y3rojpKeHOI (inbrpamii Mamo6a30oBuX CHTHANIB € 30ir iXHBOTO ()a309aCTOTHOTO CHEKTPY 3
BIJITOBIZIHOIO JIUITHKOIO (ha309acTOTHOTO CHEKTpy BelnkobOa3oBoro curHamy. Jlama oOcTaBMHA MOSICHIOE edekT (OpMyBaHHS
MaKCHMyMiB Ha BUXo.i ¢inbTpa cTucKy 1o immmyiabcax DRFM 3aBanu i popmyBaHHS XMOHNX BIIMITOK Bij IiJIeH.

[Noka3zano, mo oOMeXeHHs PiBHSI CUTHAJIB Iepes IXHbOI0 00poOKo0 B (UIBTPI CTUCKY yCyBae eHEpreTHYHY IepeBary 3aBaiu
HaJl KODHCHUM CHUTHAJIOM, aJie He BIUTMBAae Ha (opMy (ha304acTOTHOrO crekTpa 3aBaau. LI ocobauBicTh aMILIITY IHUX 0OMEXKyBadiB
€ MPUYUHOI0 Hee(eKTHBHOI 00poOKHM KoprcHOro curHaity Ha ¢oni DRFM 3aBaau B mpuCTpOsIX THITy aMILTITYJHHH 0OMexXyBad —
y3romKkeHuit GpiapTp.

3anmponoHOBAaHO METO]| 3ariIyIICHHS BiAMOBIIHOI IMITyJILCHOI 3aBaI, B OCHOBI SKOTO JIEKHUTh NPHUPOJHE MPUIYHICHHS PO
HaJISKHICTH JI0 BIUTIKIB 3aBajiy IIOTY>KHUX BIIIKIB BXixHOI cyminm. B xoxi udpoBoi 06poOku peasnizyeTsest 0OHYIIIHHSAM BiJUTIKIB,
IO NEepeBHIIYIOTh 3amaHuil piBeHb oOMexeHHA. [lokaszaHo, moO MPHCTPOi OOPOOKH, SKI BUKOPHUCTOBYIOTH TaKe OOMEKEHHS,
3abe3mneuyoTh eeKTHUBHY 00p0oOKy KoprucHOro curnany Ha goni DRFM 3aBanu.

BucnoBkn. HaykoBa HOBM3HA OTpHMaHMX pe3yJbTaTiB IOJSrac B TOMY, L0 HaOyja IOJAJIBIIOrO PO3BUTKY IpPAaKTHKa
3aBayo3axucty PJIC 3 immynascHumu JIYM 30HAyHOUMMH CHUTHAlaMH, a caMe 3alpONOHOBAHO IPHCTPIH, 110 BUSBILE BinOWUTHI
cUrHaji Ha (OHi iIMITyJIbCHOI 3aBajHl y BiANOBiIb TakoMy curHany. HaGyna moianpioro po3BUTKY MPAaKTHKA y3ropKeHoi (inbTparil
CKJIaMHUX CHUTHAJiB, a caMe BHU3HAYCHI YMOBH Y3TO/DKEHOI (imbTpamii mMano6a3oBux immyiabcHuX JIUM curHamiB y ¢inprpax,
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Y3TO/DKEHUX 3 CHUTHaJlaMH 3 BEJIMKMMH 0a3aMu. JIOCTaTHBOIO yMOBOIO € 30ir ()a309acTOTHOrO CIEKTPYy Majao0a30BOTO CHIHATY 3
BiZINTOBIZTHOIO JIISTHKOIO (Pa304aCTOTHOIO CIIEKTPY BEIMKO0A30BOro curHaiy. [IpakTH4Ha IiHHICTb TOCIIIKEHb MOJrae B TOMY, L0
3alpONOHOBAHUM NPUCTPIH 0OpOOKH, B NepeBaXkKHil OLIBLIOCTI MPaKTUYHUX BUINAJAKIB 3a0e3nedye NPHOIM3HO B ABivi OLiblne
3HAYCHHS HMOBIPHOCTI MPaBHJIBHOTO BUSIBIICHHS CUTHATY, BiJOUTOTO BiJ LiJi, y MOPIBHSHHI 3 BIIOMUMH MPUCTPOSIMU OOPOOKH.
KJIIOYOBI CJIOBA: meron, DRFM 3aBaza, JTUM panioimmnyise, PJIC, MaTemaTiyHe MOJETIOBAaHHS, BiAMOBIAHA iMITyJIbCHA

3aBaza.

ABPEBIATYPHU

AK — aBTOKOMITIEHCATOD;

AIII3 — akTHBHA IIyMOBA 3aBajia;

AYC — aMIUTI Ty THO-9aCTOTHHIA CIEKTP;

BI3 - BiamoBinHa iMITyIIbCHA 3aBaja,;

DRFM (Digital Radio Frequency Memory) -
nugpoBa paiodacTOTHA IIaM ATh,

JCA — miarpama cripsSMOBaHOCTi aHTEHH,

3PI — 30HIYBaTBEHUHA PaIiOIMITYIIEC;

IKO - ingukaTop KpyroBoro orisimdy;

IX — iMmynibCHA XapaKTepUCTHKA,

JIUM - niniiiHa YacTOTHA MOAYJISILIIsS;

MAPII - wMwuTTEBe aBTOMATHYHE
MACUIEHHS,

Mo0 — moudikoBaHuit 0OMexKyBay;

HI3 — HecuHXpOHHA IMITYIILCHA 3aBaja;

SMSP (smeared spectrum) — po3ma3syBaHHs CITEKTpa
CUTHAIY;

C&I (chopping and interleaving) -
repeMeKyBaHHs (PparMeHTiB CUTHAITY;

CPII — cenekuisi pyXOMHX IIiJICH;

Co6 — cranmapTHH 00MexXyBay,;

Y® — y3romxenuit GiibTp;

[TPIEBM —IPSIMOKYTHUI
BHYTPIIIHBOT MOTYJISILIIT;

I1bB — npunynieHHs 00KOBHUX BiIIMOBIICH;

[ITY - mixcnmoBay MpOMiXKHOT YaCTOTH;

PJIC - pagionoxkariitna cTaHIIis,

PTC - pagiorexHiuHa cucTEMa;

PTC - pagiorexHiuna cucrema,

PJIIT — panionokamniiiHe moure;

PEB — panioenektponHa 60poTs0a;

OYC - azoyacToTHHH CIIEKTp;

IIAPIT — mBHAKOIIOYE aBTOMATHYHE PEryJIFOBAHHS
1 ICWIEHHS,

peryJoBaHHS

BHpi3Ka i

pamioimmynec  0e3

OB -  mHWPOKOCMYTOBWH  MiICWIIIOBaY — —
JIBOCTOPOHHi I aMILTITy THUN 0OMEXHHUK -
BY3bKOCMYTOBHH ITiJICHIIIOBAY;

L@ — mudposuii pinbTp.

HOMEHKJIATYPA
I, — cMyra npornyckaHHs NpUIMaIbHOIO IPHCTPOLO;

T}, —nepiox noBTopeHHs immyinsci PJIC;

Bc— kpymtm3Ha wactotHoi  Momymauii JIUM
panioimmyinscy PJIC;

19— TpuBaiicts JIYM paxioimnyiscy;

Tj — TPUBAIICTH IMITYJIbCY KOPUCHOTO CUTHAILY,

T, — TPUBAJIICTb IMITYJIbCY 3aBajy;

Afy — nesiaris yacToT paxioiMiyscy;
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Bop— KpyTH3Ha YacTOTHOI MOIYJALIl CHUTHANY, sKa

XapakTepu3y€e MIBUAKICT, 3MiHM  4vactotm JIUM
KOJIUBAHHS 38 4aCoM,;

fg — Hecywa (cepemHs) YacToTa 30HIYBAIEHOTO
CHTHAITY,;

m — xoediniert ctucky JIYM paxmioimmynscy;
U nop.o6. — IOPIr (piBeHb) 0OMeEKEHHS;

C(w), S(up) — inrerpanmu Openens;

Z — kinmbkicTh Bimpi3kiB ¢yukmii f(t) mpuiiasToro

JIJUM  curHaimy, BHKOpUCTaHMX /I  (opMyBaHHs
imysiecy DRFM 3aBagu tumy C&l,;
N, — KiIBKICTh MPaBUIBHUX PIlICHb PO HAsABHICTH

KOPHCHOTO CHTHAITy B CYyMIIIli KOPHCHOTO CHUTHANl+3aBaja;
Ng— 3arambHa KiJbKICTh iTepauiii B eKCIepUMEHTax

(No=10%);
C(uy), S(uq) — inrerpamu Openes.

BCTYII

Hazea DRFM sk pizHOBHIY BiANOBiAHOT IMITYJIBCHOT
3aBagu OOYMOBJIEHa THM, IO 30HIYBaJbHHH CHUTHAJ
PJIC, nmpuiiHATHI TOCTAaHOBHUKOM 3aBaJH, MOBHICTIO 200
JaCTKOBO 3alaM’sITOBY€EThCsl B UdpoBiit opwmi [1, 2, 3].
IMpuctpoi  1tmdppoBoi  pamiodacTroTHoi mam’'sTi €
HalBa)XXIMBIIMMU eneMeHTamu cydacHux PED, B sikux
3actocoBytotscst [IJIIC Ta umdposi nporecopu 0O6poOku
CHUTHAJIB.

Texuomorist DRFM JI03BOJISIE CTBOPIOBATH
KOMIIaKTHI TIPUCTPOI, SKi MOXKYTh OyTH BCTaHOBJICHI Ha
TPaHCMIOPTHUX 3acobax OaraTbOX THIMIB, 30KpeMa, Ha
HEBEJIMKUX JITaNbHUX amaparax, K MUIOTOBaHUX, TaK i
6e3minorHuX. 3actocyBaHHs TexHoiuorii DRFM no3Bomse
OoTpUMaTu psiA CyTreBux nepesar st cuctem PED.
3okpema, B cuctemi 3 DRFM Hemae HeoOXimHOCTI 3 Hys
¢dbopmyBatu BimnoBimHWI curHanm Uit gii Ha PJIC
npoTuBHHKA. J[ms  1iel  MeTH  BUKOPHUCTOBYETHCS
npuiiManbauit curdan PJIC, skwii BigIOBITHHM YHHOM
00pOOIIAETHCS.

Cuctemun DRFM 0OararodyHKIioHanbHi, 3maTHI
(opMyBaTH BIATIOBINHI IMITYBaJbHI IMITyJBCHI 3aBajad i
MAacCKyBallbHI ITyMOBI 3aBajd, NPAIIOBATH Y PI3HUX
pexuMax 3armymenHs PJIC 3 pisHMMH  THIIAMH
30HAYBAIBHUX PAagiOIMITyTbCiB, SK 0e3 BHYTPIIIHBO
IMITyTIBCHOT MOAYJIALIi, TaK 1 3 BHYTPIIIHBO IMITYJIECHOIO
MoayJsiiero  (4actotHoro, (aszoBoro). Hampukiam, mist
PJIC BusiBieHHs: BOHM (POPMYIOTh YMCIEHHI XWUOHI Il

(puc. 1).

OPEﬂaﬁCCESS @ @ @



p-ISSN 1607-3274 PanioenektpoHika, iHpopmaruka, ynpasiinas. 2024.
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024.

zZ

3
3

Pucynok 1 — Burssin IKO 3 BinmiTkamu Bix XMOHUX 1ieit

[1ix yac mporpaMHOro KepyBaHHsI BUIIPOMIHIOBaHHAM
3aBajl, IMITYETbCS HE TUTbKMA PyX XMOHHX IiJICH 3 Oy/ib-
SKMM KypcoM, aie W pi3HI BHAM MaHeBpy. Yce Iie
MPUBOANTE JO TOTO, IO pajiojioKaliiHa OOCTaHOBKA
BHSBISIETBCS JIOCUTh CKIIAJHOIO, JOBOAUTHCS OOPOOIIATH
BEJIMKUI MAaCUB JaHHX, PO3MOPOIIYBATH CHIHM i 3acO0H,
TIpU3HAYeHi 11 00poTHOM 3 iCTHHHUMHE IUTAaMu. Bka3zani
O0COONMBOCTI 3aBajJ 3MYIIYIOTh BXKHBaTH CIICHialbHi
3ax0.1u JJ1st 60poThOHU 3 HUMH [4, 5].

MeTta crarTi — OIIHUTH MOXJIMBOCTI BIJIOMHX
METO/IIB 3aBaJ03aXUCTy MLIOA0 3HWKEHHS HEraTHBHOTO
BruiuBy BI3 Ty DRFM Ha 00poOKy KOpHCHHMX CUTHAIIIB
Ta 3alporoHyBaTH aJbTEPHATUBHHH MeETOJ 00poOKH
JIYM curnany Ha ¢poni DRFM 3aBagu.

1 IIOCTAHOBKA 3AJJAYI
Hexait B PJIC sk 30HIyBambHMH  CHTHal
BukopuctoByethes JIUM pagioimmyiibe [6]
U(t):Uo~cos(2nf0t+Tth2), 0<t<t,. (1)

Ha PJIC nitote DRFM 3aBagu tumy SMSP i C&lI.
Papioimmynscn DRFM 3aBagu Tty SMSP TpuBaictio
Tomsp CKIIQNAIOTHCS 3 OAHAKOBHX KOPOTKHUX (hparMeHTiB
(muckperT, eleMeHTapHUX IMITYNBCIB) TPHBAIICTIO T /N
(puc. 2,B) y N pa3 MEHIIOI TPUBAIOCTI 30HIYBATBHHUX
panioimmyinscis (3PI) PJIC 1 (puc. 2, @), ane 3 Takoo xe
nesiamiero wactotu Afy (puc. 2, 1), sik i B 3PI PJIC.

BianoBisHO, KPyTICTh 4aCTOTHOT MOAYJISILIT

Bsusp = AfO/(TO/n)z n- Af0/‘50 =n-f @)

uux ¢parmentie DRFM 3aBagu tuny SMSP y n pa3
6inbue kpyrocti Bo = Afg/1g JIUM immyiscy curaaty

TpuBanicts iMnynscy Tgyep DRFM 3aBagu tumy SMSP
MOXe nopiBHIOBaTH TpuBasocTi tg JIUM immynscy PJIC

(puc. 2, 6) abo mepepuinyBatu ii B 2 abo 3 (puc. 2, €)
pasu. Y 1upoMy pasi KUIBKICTb ()parMeHTIB B iMITyJIbCi

DRFM 3aBangyu CTaHOBUTH (1+ 3)- n (puc. 2,1, €). Meron
SMSP edexTuBHul B X011 popMyBaHHS BiAMITOK XHOHUX

mieir B ormmamosux PJIC i3 JTYM 30HAYyBaIbHUMH
pazioiMITyibcamH, 1o MaroTh 6a3y Menry Hix 500 [7].

© Aramancekuii 1. B., Ps6yxa B. I1., Bacunumms B. 1., Cemensika A. B., Kartommn €. A., Cros6a P. JI., 2024

DOI 10.15588/1607-3274-2024-3-1

Uo*. .
0

Uiy
0

vt
0

4

max
fmin

Ui
0

Ao

n=4 n=4 n=4

& o v e vl e e ¥ I

LT LT 10

Y e Y e Y

Tsmse A

PucyHok 2 — 3onayBanbHi immyascu PJIC (a), BizOuti
immynsen PJIC (6), DRFM 3aBana Tumy SMSP tpuBanictio 1
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Pucynok 3 — 3ouayBanbti iMiynbeu PJIC () i 3akoHK 3MiHH X
gactotH (0), immynscu DRFM 3aBagu tuny C&I (B) i 3akoHn
3MiHH iX yacToTH (r), IMIyJIbCH BIIOUTOrO Bij Wi curHaiy (i)

DRFM zaBaga tuny C&I (puc.3) sBuse coboro
PIBHOMIpHO pO3TallOBaHI B 4aci BUPI3KKM (parMeHTiB
curHaiy, npuitHsatoro Bing PJIC, mo 3armymyerscs, y
MeEKax TPUBAJIOCTI 30HayBajbHOrO imMmynscy PJIC [1, 5,
7]. Tlpunumn ¢opMyBaHHS Takoi 3aBajd IMOJATAE Yy
BUpi3aHHI  MOTpiOHMX  (parMeHTiB i3  curHany,
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OPOMYCKAIOYM 1HIN, CKIaJaHHI 3 HHX MEPEMIKHUX
CerMEHTIB 3aBaJM TAKUM YHHOM, 100 KOXXEH CErMEeHT
MEPEHOCUB 1H(OpPMAIliI0 CBOTO [iama3oHy YacToOT, i THM
camMuM rerepyBanHs iMnyiscy DRFM 3aBaan tuny C&l
B IIJIOMY.

Ccoopmonani pparmentn DRFM 3aBaan — 1ie KopoTki
JIUM pagioiMmyiabcH 3 OJHAKOBOIO JCBIaIli€l0 YacTOTH
Afge<< Afg  (Afg<Afg), ame 3 pi3HOW0O cepeaHbOIO

yactoror. [Jleiauis yacrotu Af.,, 3aBagu Ty C&I, Ha
BinMminy Big DRFM 3aBagm Ty SMSP, menme nesiarmii
4aCTOTHU 30HAYBaJIBHOTO iMIyibcy Afg :

Af g, = Mg —(2-1)- Afg = Afg —(2-1)-Afg/Nt.  (3)

Bimomi MeToau 3axUCTy Bil BIATOBIAHHUX 3aBal, IO
po3pobieni me 1o 3actocyBaHHS TexHoiorii DRFM.

HeoOximHO BH3HAYWTH AOIUIBHI METOAHM 3aBaJ03aXUCTY
Bix DRFM 3aBann.

Sk xputepii edpexkrtuBHOCTI  (Bimbopy) MeTomy
BUKOPHUCTOBYETHCS 3HAYCHHS YMOBHOi  IMOBIpPHOCTI
NIPaBHJIBHOTO BUSIBICHHS

D =Ny /No (4)

KOPHCHOTO CUTHATY, OTPHMAaHOI €KCIIEPUMEHTAIBHO LIS
KOXXKHOTO 13 METOMIB IO CYMIIlli KOPUCHOTO CHTHaIy +
3aBajia + BHYTPIIIHIN IITyM MpuiiMaya.

2 OI'JISIA JIITEPATYPHU

Jns npunyumeHHs: imitaunidHoi 3aBagu Ty DRFM
IIMPOKO  BUKOPUCTOBYETHCS  MiAXiJ, IO  MICTHTh
omeparilo  posmizHaBaHHS  3aBagu  [8-14].  Jlux
po3Mi3HaBaHHS 3aBaju BUKOPHUCTOBYIOTh pi3Hi
BIIMIHHOCTI CHTHaIy 1 3aBagd METOIU. 30KpeMa,
eHepreTHYHi BiqMiHHOCTI curHaiy i 3aBaau [15], pisny
KPYTH3HY 4YacTOTHOI MOJYJALil curHany i 3aBamu [16],
BIIMIHHOCTI YacTOTHO-YaCOBUX TOPTPETiB CHUTHAIY i
saagu [17], [18]. [Jani BigMiHHOCTI TPONOHYETHCS

BUKOPMCTOBYBAaTH B DI3HMX MOJENAX  MAIIUHHOTO
naBuannsa [19], [20], [21]. Opmmak, BKasami migxoau
po3Ii3HaBaHHS  3aBaj  HE  BPaxoBYIOTh  (DaKTop

ornepatiBHOCTI [3] 06poOKH MPUIHSATOT CyMillli cUTHANY i
3aBaJH.

B Toii ke yac BiZoMi METO/IM 3aXUCTY BiJl IMITOBaHHX
3aBaJl MOEAHYIOTh Y CO0i OHOYACHE MPUIYIICHHS 3aBaj 3
BHJIUICHHS KOPHCHOTO cUrHairy. Y Tabmuimi Nel HaBemeHi
OCHOBHI crmocobu 3axucty Big BI3 [22-27]. Hmkue
00OTOBOPIOETHCS CYTHICTh METOMIB 3aXHCTY, 3a3HAYCHUX Y
Tabm. 1, i ix 3acTocoBHicTh I 3axucty Bing BI3 Tmmy
DRFM.

Metoau 1-3 3a0e3MedyIoTh 3arTymeHHs
(ocmabienns) 3aBamx 10 BXOLY B MPUAMAIbHHNA TPaKT
PJIC, a iHwi — 3armymyroTh 3aBajy B TpakTax o0poOKu.

[TepecTporoBaHHsI HECYYOT YACTOTH SK METOJ[ 3aXHCTY
PJIC Bim 3aBajg BHMKOPHCTOBYE BiJMIHHICTh HECYYHX
YacTOT KOPHCHOro curHamy # 3aBamu. Croci6
3aCTOCOBYETHCS O€3MocepeIHbO B X0 1i O0HOBOT pOOOTH i
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3axXMINAE€ BiJl YCIX BHUIIB 3aBal, 0O JMJIIOTh 5K IO
rOJIOBHOMY, Tak i mo Oiunmx mnemoctkax (JICA PJIC.
Opnak ans 3axucty Bigm DRFM  3aBamu  BiH €
Hee(DEeKTHBHUI Yepe3 OIHAKOBICTH HECYYHX YacTOT
KOPHCHOTO CUTHAITY 1 3aBa/IH.

ABTOMAaTHUYHE PETYIIFOBAHHS ITiCHICHHS MPHU3HAYCHO
JUTS BUZIUTEHHS! KOPUCHOTO CUTHANY, IPUIHATOTO Ha (QOHI
3aBaJy BEUKOI MOTYXHOCTI. [IpuHIII poOOTH OIATaE B
TOMYy, MO0 3a 4ac mii iMITyTbCy 3aBagW HE BimOyiocs
[ePEBAHTAXKEHHS TPUINMAIBLHOI CUCTEMHU.

[Nonspu3aniiiHi BiAMIHHOCTI KOPHCHOTO CHTHANTy 1
3aBaJy MOXYTb BUKOPUCTOBYBATHCH AJIS 11 3arJIyIIECHHS.
Jns uporo PJIC mnoTpiOHI crerianbHi aHTEHH IS
PO3ILIBHOTO MpUHAMaHHA TOPU30HTAJIBHOL 51
BEPTHUKAJIBHOI CKJIa0BOI BEKTOpa MOJSpHU3AIlii 3aBajd i
MOJISIPU3ALIAHIIA  CEIEKTOp I 3ariylICHHS 3aBajii.
Jonarkose obnagHanHs 301b1ye BapTicts PJIC.

Ta6muus 1- OcuoBHi metoau 3axucty PJIC Big BI3

Ne HasBa mertony

IlepenamTyBasHsi 10 Hecydiii 4acToTi
[IpocTopoBa cenekiis

Honspuzaniiina cenexuis

IlepecTpoiika 49acTOTH ITIOBTOPEHHs (BOOYJISLIisT)
30HAyBAJIbHHUX IMITYJIBCIB

KommeHncariinuii MeToy,

Cenekuis 32 aMILTITYI010

ABTOMAaTHYHE PEry/IIOBaHHs ITi/ICHICHHS
CerexlIlist 32 TPUBAIIICTIO CUTHAITY

Cernexliist 32 YaCTOTOIO MOBTOPEHHS CUTHAITY
OnrumansHa QinbTparis

Cenekiist 32 3aKOHOM MOAYJISLUT palioiMITyJIbCIB

©® NS0 & (W

=
=

[N
[

ITpocroposa CeJIeKIis 3aBafil  JIOCATAETHCSA
3BY)KCHHSIM TOJIOBHOI TEIIOCTKM W 3MCHIICHHSIM DiBHS
Oiurmx menroctok JJHA 1 BUKOpUCTaHHI BiIMIHHOCTEH y
KyToBUX HampsaMkax nii Ha PJIC kopucHOrOo curHamy i
3aBamgu. Hna  3axucty PJIC  Bim  CHHXpOHHHX
(BiAMOBIAHUX) IMITYJIBCHHX 3aBajl BHKOPHUCTOBYETHCS
METOJ HeKOrepeHTHOT1 komreHcarii — cxema [16B. Bona
3abe3nevye ocJIabeHHs npuiiMaHHs AHTEHOI0
HECHHXPOHHHUX IMITYJILCHUX 3aBajl, 3aBaJ y BiAMOBIIb, 110
IUIOTh 13 HANpsAMKIB OiYHHX memocTok. OIHAK MeTo[
Hee(eKTHBHUH i1 Yac Jii 3aBaJiy 0 OCHOBHIM MEIOCTIN
JCA PJIC. Kpim mporo juist peanizanii MeToaa moTpioHo
3aCTOCOBYBATH JOJATKOBE OOJaIHAHHS], IO 30UIbIIye
Bapricts PJIC.

CenexIris 3a TPUBANIICTIO CHTHANY 3a0e3Meduye 3aXucT
PJIC Bim CHHXpPOHHHX IMIOYJIBCHHX 3aBaj, TPHBAJICThH
SKUX He 30iraerscs i3 TpuBamictio curHamy PJIC. V
BOMY pa3i TPHUILYyCKAE€ThCS, M0 KOPUCHUH CHUTHAN 1
3aBajia HE MAlOTh BHYTPIIIHBOT IMITYJIbCHOT MOIYJIALIT Ta
3aBaJy 33I0BOJIBHSIOTh YMOBI T, > Tj.

Meton 3axucty 0a3zyroThcs Ha BiAMIHHOCTI IIMPHHU

CHEeKTpa OJMHOYHUX IMITYyJIbCIB 3aBaaid # KOPHCHOTO
cuTHamy. SIK TPHUCTPOi 3aXHUCTy BiJl BY3bKOCMYTOBHX

IMIYJIBCHAX ~ 3aBaJl BHUKOPHCTOBYIOTh AW(epeHIiodi
JaHIIOTM Y  BileoTpakTi mnpuiiMaya ¥ cxemu
LIBUIAKOIIFOYOTO (MuTTEBOTO) aBTOMATUYHOI'O

perymoBanus mifgcunensst (IAPII, MAPII) y Ttpakri
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[IITY. Bonm 3abe3neuyroTh  3aridyLIeHHS
TPUBAJIICTh  IMIYJIBCIB  SKUX  CYTTEBO
TPUBAIIICTD IMITYJILCIB KOPUCHOTO CHTHAIY.

OnpHak  HaBeleHI  NPUCTPOi  3aXuCTy  OynyTh
HeedexTuBHI B xoxi 3armymenHs DRFM 3aBap, mo
pO3MIIAAAIOTECS, Yepe3 OAHAKOBY UIMPHHY CIIEKTPIiB
3aBaJy i BiTOUTOTO CUTHAITY.

Cenekiist 3a aMIUTTyOI0 BUKOPUCTOBYETBHCS IS
3arNIyImIeHHs 3aBajJ pPIi3HUX BHUIIB, aMIDNTyda SKAX
MepeBUIye TpaHWYHe 3HaueHHI. Cxemm cemexmii
CHUTHAJIIB 3a aMILTITY 1010 3a0e31euyroTh
camobOmankyBanHs HI3, ammiTyga SKHX TEpeBHUILy€E
BCTAHOBJIGHUI mOpIr y kaHaimi QopmyBaHHs OJaHKa.
HenmomikoM  cxemMH  BBaKaeTbCsi  caMOOJIaHKYBaHHS
CUTHAJIB BEJIMKOI aMIUNITYAW ¥ IIPOXO/DKEHHS 3aBal
MaJIoi aMILTITY/IH.

Cenexuist 3a YacTOTOIO MOBTOPEHHS  CHTHAILY
3a0e3neuye 3ariylleHHs HECHHXPOHHHX IMITyJIbCHUX
3aBajl, IepioJl MOBTOPEHHS SKUX BIIMIHHUH BiJ TIepiomy
moBTopeHHs immynbceiB PJIC. o cxem, mo 3a0e3nedyoTsh
3aryIymIeHHs] IMITyIbCHUX 3aBajJl Ha OCHOBI BiAMiHHOCTEH
y CTPYKTYpi ix mocmimoBHOCTE#H (MAvoK), BIAHOCSTHCS:
CXEMH CeJIeKIlii 3a YacTOTOI0 IOBTOPEHHS, AaHaJOTOBi

3aBaj,
MEPEBHUIILYE

HEKOT'€peHTHI HaKOIMYyBayi (petpkynsTOpH);
HaKoNM4yyBadi W NpOrpamMHi BHSBIIOBaYi JBIHKOBO-
KBaHTOBAaHMX CHUTHAJIIB, KOTEPEHTHI HAKONHMYyBaui.

OpHak HaBelGHI NPUCTPOI 3aXUCTy OYAYyTh TaKOX
HeedekTuBHI B xoni 3artymenHs DRFM 3aBagu B cuimy
OJTHAKOBOCT1 TEPiOJiB MOBTOPEHHS 3aBaJd W BiOUTOTO

CHTHAIY.

3acrocyBanHa cxem 3armymeHHs HI3 na 6asi
kopemsamitanx AK  mms  3armymenss Humu - HI3
BBAXAETHCS  MPOONEMaTHYHUM  dYepe3  IHepLiHHICTh

iHTerpytouoi JaHkW Kopemstopa [22], mo mocsrae 3a
PO3IMKHYTOTO JIQHIIIOTAa 3BOPOTHOTO 3B’SI3KYy COTEHBb
MIKPOCEKYH]T — OIMHHUIb MITICEKYH. IMITyJIhCH 3aBajy,
nepios; MPOXOPKEHHS SIKMX MPUONM3HO pIBHUN abo
NIepEBHIIYE MOCTiIHY 4Yacy iHTerparopa (Ha BiAMiHY Bij
BUIMAAKY 3 Oe3nepepBHoto Alll3), He BCTUTAIOTH 30YANTH
BIJINIOBI/IHI KOJNMBaHHS B iHTErpartopi. Y IbOMYy pa3i Ha
BUXOJl KOpEJISITOpa perylorya Hampyra BiICYTHS, IO
BHKITIOYa€ KOMIIeHcalliro 3aBaau B cymaropi AK. [Ipote B
pAnl BUMAIKIB € MOXJIIHMBICTH 3actocyBaHHA AK mms
3ariayLIEHHS MPOTSKHOT HI3, a TaKOXK
KOPOTKOIMITYJTbCHOI 3aBaJH, NEpioJl TOBTOPEHHS SKOI
MPUOIN3HO PIBHUM MOCTIHHIM yacy iHTerpartopa [22].

EdexktuBHe  3armimymieHHss — IMOYJBbCHHX — 3aBaj,
TPUBAIICTh SKUX 3HAYHO MEHIIE TPUBAJIOCTI KOPUCHOTO
CUrHaty 0e3 BHYTPIIIHBO IMITyJIbCHOI — MOJYJISIIIT,
3abe3neuytors cxemu OB y cknani mmpoKocMyroBoro
TTiICKITIOBAYA, JIBOCTOPOHHBOTO aMILTITy THOTO
00MEXHHKA, By3bKOCMYTOBOTO ITi/ICHITIOBaYa.

IMomiTHMI BUrpanl y BiJHOIICHHI CHUTHAI/3aBaja Mae
MicIle 3a YMOBH T < T.. Hemomiku cxemu [22]: B xoxi

BKJIFOYEHHI cxeMu B npuiiManbHuid  Tpakt PJIC
3HU)KY€EThCA €(PEKTUBHICTh 3ariIyLIeHHS 3aBaj] CUCTEMOIO
CPL, ockimbku OOMEKEHHS CHUTHATIB NPUBOJIUTH [0
pO3LIMPEHHs CcrieKTpa (IIYKTyalliif MacuBHOI 3aBajaH; Mij
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vac aii AIII3 moripiiyerhest BiTHONIICHHS CHUTHAI/3aBajia B
4m pa3, BUHUKHEHHs MEPEXPEeCHHX CHOTBOPEHb B XOJi
OIHOYacHOI Jii Ha OOMEXHHMK KOPHCHOTO CHUTHAIy W
3aBa/IM; HasBHICTH JIOJATKOBHUX BTPAT B XOJi OOMEXEHHS
Ha piBHI €(QEKTUBHOTO 3HAYCHHS BIACHUX IIYMIB

npuiimaua, sk 11, /11, <10 .

JIyist yCyHEHHSI IMX HEJOJIKIB 3aMiCTh aMILTITYAHOTO
OOMe)XHHMKa 3aCTOCOBYETHhCS KepoBaHHMU Kiod [22].
[TpuitHATHI CUrHAN aHANI3YEThCS 3a JIOIIOMOIOI0 CXEMHU
BUJUICHHS 3aBaad. JSIKIO0 BXiHa Hampyra Mae
XapaKTePUCTUKH 3aBajM, TO 3a3HAYCHA CXeMa BUPOOIISE
KEpyI4y Hampyry, sKka, BIUIMBAIOYHM HA KIIOY, 3aKPUBAE
OpUiMaIbHUNA TPAKT HA 4Yac il IMITyJbCHOI 3aBaji.

CxemMa eQeKTMBHO TpAIIOE 3a CepeAHIX YacToT
MMOBTOPEHHS IMITyJBCIB  3aBagd TOPAOKY JEKLTBKOX
KUIOTEpITiB.

Cxema HIOB 3axumae PJIC i3 BY3bKOCMYTOBHM
30HAYBAIGHIM CHTHAJIOM BiJI KOPOTKHX IMITyJIBCHUX
3aBajl, aje He 3abe3meuye 3axXUCT BiJ 3aBajl, TPUBAIICTh
SKUX TPHUOIM3HO [OpiBHIOE abo OuIbmie TPHUBAJIOCTI
KOPHUCHOTO cHrHaimy. Yepe3 OIHAKOBICTh TPHBAJIOCTI i
HIMPUHU CIEKTPY CUTHANYy 1 3aBal CXeMa TaKOX
HeedexTrBHA st 3arnmymenHs DRFM 3aBan. Ilpore,
BOHA JIiMJIa B OCHOBY 3alpONOHOBAaHOTO METOIY
sarmymenas DRFM 3asa.

V¥ PJIC, siki BUKOPHCTOBYIOTH 30H]IyBallbHi CHT'HaIN
i3 BHYTPIIIHBO IMOYJIBCHOK MOAYJISLIER (4aCTOTHOIO,
($a30BOI0)  3aCTOCOBYIOTHCS ~ CXEMH  Ha  OCHOBI
ONITUMAJIBHOTO (Y3TOKEHOTO0) (imbTpa i3 0OMEKHUKOM
Ha Horo BXoxmi. IMmynpcHa 3aBaja 3 BIIMIHHUM Bix
CHUTHAJIy 3aKOHOM BHYTPIMIHBOI IMITyJTbCHOI MOIYJIAIl
mocnabIseThCsl ONTUMANIBHUM (DITBTPOM 1 32 BIACYTHOCTI
oOMeXHUKa Ha BXOIi. IHTEHCHMBHA > 3aBaja, HaBIiTh
Oyayun ocnabjieHa GUIBTPOM, MOXXKE Ha HOTO BXOII
MEPEBHUIIYBATH IIYM i, OT)Ke, 30epiraT CBOIO 3aBaXKarouy
nmiro. Bxarouenns oOmexnnka, sk 1 B cxemi IIOB,
JI03BOJISIE TI030aBHUTH 3aBa/ly CHEPreTUYHOI IepeBary Ha
mIyMoM Ha BXxoJi (inbpTpa it TMM camuM 3a0e3neduTH
3arIyIIeHHS 3aBai Oy Ib-sIKOi IHTEHCUBHOCTI.

Cxema TeopeTHYHO 3a0e3medye 3ariIylmieHHsS 3aBaj
OyIop-KOi TpWBaNOCTi, abW TUIBKA 3aKOH IXHBOL
BHYTPIIIHBOI IMIYJIBCHOT MOAYINALII BIAPI3HABCA Big
3aKOHY MOJYJISILii KOPHCHOTO CUTHAITY.

3axwucrt Bix BI3, no sxux BigHocsatecss DRFM 3aBanm,
PO3IUISIOTH Ha JIBI YACTHHH: 3aXHUCT BiJl BUMECPEIKATBHUX
BI3 i 3axucr Big BI3 mo 6iunux nemoctkax JTHA.

3axuct BijI BUIIEPEKAIBHUX BI3 MOXeE
3MIHCHIOBATACh JBOMa crocobamu. [lepmmii  croci6d
3aCHOBaHMH Ha BHUKOPHMCTaHHI IIBHAKOI MO-IMITYJIbCHOT
mepedynoBu pobouoi gacrotu PJIC. SIkmo mBHAKICTH
nepedynosu Ve, 3anoBonbHse yMoBi Vipe 211, /Tn,
TO BUIepemKanbHi iMmyiascu BI3 He moTpamisaTs y TpakT
yepes Te, IO iX Hecy4a dYacrtora Oynae BiANMOBimaTH
gactoTi PJIC y monepeaHboMy IUKIIi BUTIPOMiHIOBaHHS.

VY npyromy croco0i BUKOPUCTOBYETHCS 3MiHA 3aMyCKY
it amaparypu 3axucty Bin HI3. Ilin wac 3mini 7}, Bin

mepiofxy OO Tmepiofy BumepemKanbHi immynbscn BI3

OPEﬂaﬁCCESS @ @ @
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3n00yBaroTh BiacTuBocTi HI3 i B
amapatypi 3axucty Big HI3.

Peaunizariiss po3mISHYTUX CIIOCOOIB CKIIaAHA. Y pO3aiIi
4 TIpOMOHYETHCSI MPOCTIIIMI Ha JIYMKY aBTOPIB METOJ
sarmymenas DRFM 3aBan, mo 0asyerscst Ha OCHOBI
ONTHUMAJIBHOTO (Y3rOKEHOro) (ijbTpa i3 0OMEKHHKOM

Ha WOTro BXOl.

3aryHIyroThCs

3 MATEPIAJIM I METOH
OcHoBHI pe3ynpTaTu OTpUMaHi METOIOM
IMITaifHOTO ~ MOJETIOBaHHA Tpoleaypu GimpTpamii
BXximHux curHanie B Y® JIUM cwurmamy, IX skoro
OITHCYETHCSI BiTOMUM BHpa3oM [6]:

h(t)= UlcOS(coo (tg —t)+ 7o - (g —t)z), 0<t<rty.

Awmmiitynra C  ioro  meHTpambHOI  (TOIOBHOT)
MENIOCTKA  BHXiAHOTO curHany Y@ moB’s3aHa 3
aMILIITY0I0  BXigHoro immynascy Ug  3anexHicTio
C=Ugy-vm [6].

Buxigauii edekrt € 3ropTkoro BXigHOro curHaiy i IX
(binpTpa CTHCKY

Uoult)= JUG)-hit—)ie

Tomy B mopjanblIoMy HOPMYBaHHS Hampyrd Ha BHXOJI
Y® 3a ymoBu Ug=U; 3niiCHIOETBCA BEIMYNHOIO

Ky =UgU;m=Ugm.
EdextuBHiCTE  METOMIB  3aXUCTy  Bil  3aBaj

TepeBipsETECA HA MOJENBHIN cuTyarii ¢popmyBanus BI3
s Bigouroro JIUM curHamy 3 JAeBiallief0 YacTOTH

Afg =1MTI'y, TpuBamicTio 7T,.,=1MCc Ta YacoBUM
3ami3HeHHsIM g =2 mc. B xomi  MonemoBaHHSA
3MIHIOIOTBCS ~ HacTymHi  mapametpu  BI3:  dgacose

3ali3HEHHS MEPIIOro IMIIYIbCY 3aBaJH T;gi; , KUIBKICTH

immynecis BI3 n; 44, .
Awmmnitynu BI3, npuiinsitoro JIUM curHany Ta piBHI

obmexerHst Uy, o6 320AIOTBCS Y BIAHOCHUX 11O
CepelHbOKBAIPATUYHOIO  PIBHIO  LIyMy  IHpuiiMauda
OJTMHUIISIX.

Hdns  imoctpanii  eekTHBHOCTI  3aIIPOIIOHOBAHOTO
METOY 3aXUCTY SIK BX1AHUI CUTHaJ Vo
BuKopHcroByBaiace cymim BI3 i1 JIYM curnamy Ha
BUXOJi JBOX OOMEXyBadiB, YMOBHO  HAa3BaHHUX

craggaptHuM (Co0) 1 MmoxudikoBanum (Mo0). duckpern
BUXITHUX CUTHAIIIB 00ME)KyBadiB OMHCYIOTHCS BUPA3aMHU:

U nop.06.» "PU |qu (i)|ZU 110p.006.
Ugy (1), npu |qu (|)| < Unop.06.

Q)

Ucos (') =

0, npu |qu (i)|2Unop.06.
Ugy (1), npu |qu (|)| < Unop.o6.

(6)

UMo6 (') =
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AMITIITYTHO-4acTOTHI ~ CIIeKTpH 1 (a3ouacToTHi
CHEKTpH Ha BXoJi i Buxoai Y® oTpumaHi cTaHAapTHUMHU
npoLeaAypamMHt MakeTy npukiagHux mporpam MATLAB.

AJleKBaTHICT, CTBOPEHOI MaTeMaTW4HOi MoJei
MEPEeBIPEHO  TMOPIBHSHHAM  BIIOMHX  aHATITUYHUX
pe3yNbTaTiB 3 OTPUMaHUMH MOJAEJUIIO 1 MiATBEPKY€ETHCS
36irom AUC i ®UC JIUM curHairy, OTpUMaHUX MOZCILTIO
i BimomMuMu AHATI THYHIMUA hopmynamu [6,
dopmymu (3.50), (3.51)].

CrnekrtpansHa ryctuaa JIUM curaamy

AOTO 1

2Jm V2

S(1) = Jlewy +cup +s(up + Sy

ulzm{lﬂ—%} uzzm{l_f‘fﬂ,
0 Afg
m= Afo’to
a ioro ®YC
2
ex(f):—TOAfO (f — f20) +arctg S(ul)_S(UZ) )
4 Af§ C(up) —C(up)
4 EKCIHEPUMEHTH

Jlnst oOrpyHTYBaHHS BIIMIHHOTO BiJ] BiIOMHX METOJY
sartymieHHs DRFM 3aBaau (. 2) mpoaHanizyeMo BUXiAHI
curHamyd  mpuctpoie  (puc. 4), mo wmictate LD,
y3romkeHnid i3 JIUM pamioimMIryibcoM Ta OOMEXKHHKOM
Co6 (2) na toro Bxomi (mpuctpiii 1) i [I® 3 oOMeKHIKOM
Mob6 (3) Ha #ioro Bxomi (pucTpiii 2).

“IU U
aMrutiTy aHui |l ? T b S
e IS T & | YO
rﬂ“fldl”‘n oﬁMe(;i()yBal n UM | Z[ -
a
i

1ol vhe[Smmm Vo

PSRY o6 626; a TYM = I -

0
PucyHok 4 — Crpykrypa npucrtporol (a) i mpucrporo 2(6)

BBaxaetbest, mo cymim notyxHoi DRFM 3aBagm i
cnabkoro Bigburoro JIUYM curnanmy i€ 1o roJOBHOMY
npomeHto JIH aHTenu. YV 1mpoMy BHIAKy amnaparypa
saxucty Bim HI3  nHeedexktmBHa (m. 2). Takox
nokiagaetsest, mo y PJIC HEMOXIHMBO peanizyBaTH II0-
iMIyneCcHY mepeOynoBy pobouoi wacrotw, a IX YO
¢ikcoBana i y3romkena 3 JIUM curnaiom 3 JeBiaii€ro
gactotd Af =1 MI'n ta TpuBanictio 1;. =1 Mc.

B 3aranpHOMYy BUNAIKy CHIHaJN, IO HOCTYIaE Ha
npuctpoi 1,2, MOXe MICTUTH: CHUTHaJN, BiIOWTHH Bix
UTI+BHYTPIIHINA ITyM; 3aBaJy+BHYTPIIIHIA IIyM; CyMIMI
3aBaja+BHYTPINIHIA [IyM+ CHTHaN, BIJOWTHI Bim MiMi.
Jns po3yMmiHHS CYTHOCTI 3allpOIIOHOBAHOTO METOMY
HIDKYE OMHCYIOTBCS pe3yJIbTaTH 0OpOOKH JBOX OCTaHHIX

BXIJHUX BIUIMBIB.
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Hexait Ha Bxinm mnpucrporo 1,2 BmimBae cymim 2 2
o ’ . Upux () Ugs MU (t) Ugg m 6, a
3aBaja + BHyTpimHii mym. Ha puc. 5, 6 nokasasi emopu B"fx( )/ % 02 BITX( )/ 06 *{f)’ : ‘/ ‘
ta @UC curnaiiB Ha BXoJi Ta BUXoi ¢piibTpa cTcKy YO 08 100 \ i~ s
npuctporo 1 ta mpucrporo 2 mix yac il Ha Horo BXix ' -200 <
DRFM 3aBaau tunty SMSR (puc. 5) ta tuny C&I (puc. 6) ¢4 30 \
TPHUBAICTIO  Tgysr =1 MC, KiNBKICTh  3TEHEpPOBAHMX o1 400 3
iMmyJIbCiB 3a yac TpuBasiocti 3aBagu N=1 (puc.5a, 6,8) 04 -500 _I/K
ta N=2 (puc.5r, 1, €), nesiamis 4acTOTH B IMITYJIbCI
: : 02 -60
Af,, =1 MTI'u. Bigsowennst h, ammiityau 3aBagu 10 . H“"l\ 70
o . . 0 s L 0 i 7 L L L L
npuitHsaToi 3a omuHHIO aMmmtTyau Uy  KOPHCHOTO 0 I tMc “005 115tmc g5 0.8 fMIn
curHaiy cranoButs 30 ab. a 6 B
Ha puc. 5 moka3ani oOMexeHi 3HU3Y [0 HYJbOBOT'O
piBHs emopu Hampyr Ha Buxoai Y@ mpuctporo 1 2 ) o)
. .pa
(puc.54a,6) ta mpuctporo 2 (puc.5r, ) mig vac il O_ZB“XU)/ Uiio ™ 0015 uB"{"(t)/ Uos 1 \\_(]\/) PR
3aBajy, Mo MicTUTh oauH (N =1) IMIyIsC TPUBATICTIO -100 S
1, =1; (puc.5a,r) Ta (N=2) imoynscu tpusamictio 016 200 4
T, =0,5t; (puc.56, ). Ha puc. 58, e nokazani ®UC (12 -300 b
CHTHANIB Ha BXOJi i BUXOMi MPHCTPoiB (puc.4). ' -400 )&\
Pisenb 0OMeXEHHS BCTaHOBJIEHO piBHEM 0'08: -500 \\
CEpEIHBOKBAIPATUIHOMY BIIXMJIEHHIO aMILTITYy 1 -600 2\\
BHYTPIIIHBOTO IIyMy TNpuiiMada. [Ipy 1npoMmy 3HAYuHO -700
OOMEXYEThCSl  €HEepreTH4Ha IiepeBara 3aBald  Hal i Lo
CUTHAJIOM BU:[ Hlﬂl t,MC 0051 t,MC 0.5 OSJCMFU,

3 Teopii ¢inpTpanii curnamis Bimomo, AUX YO
moBuHHa  30iratmcs 3 AUC  curnaiy, SIKUH
o6pobsaTuMeThest y dinbTpi. Moro ®UX 3 TouHicTIO 10
MHOXKHHKa 3amizHeHHs npoTtmiexxaa ®YC curnany.

AUYC zaBagm tury SMSP 3aBxxam 36iraetecs 3 AUC
CHUTHAIIy B i, IO IMITy€ThCS. Horo ®UC moxe
BIAPI3HATUCH. Y BUNAAKY T,; =T; PUC 3aBagu Ha BXonl

obineTpy ctucky (Ha Buxoxai Co0) cmiBnagae 3 ®YC Ha
Bxomi mpuctpoto 1, 1 He BiapisHserscs Big OUC
BiIOMTOTO BiJ| IiJIi CHTHANY.

Jnst naHoro BHIIAAKY CTaHIAPTHUH OOMEXyBad He
3miaroe ®UYC 3aBagu. OiIBTp CTHCKY Y3TODKCHUH SK 3
CHUTHAJIOM, TaK i 3 immynbcoMm 3aBamwm. Ha Buxomi Y@
micas 3akiHdeHHs BIUMBY 3aBamu (1 Mc) QopmyeThbes
CTUCHYTHH IMIYJIbC, OPOMOPIIHHHKA  IMIYNbCY, WLIO
chopmyBaBcs 6u B X011 00poOku Y Bigburoro Bim i
CHUTHAIY.

Emopu Ha puc. 50,1 ONKMCYIOTH CHTYaIll0 JBOX
IMITyJIbCIB 3aBaJy, KOXKEH 3 SKUX JOpiBHIOE T,; =0,51;.

@®UYC 3aBaau Ha Buxoxai Co6 (5) 36iraerscs 3 OUC Ha
Bxo/i, ane Bimpisuserscsa Bim PUC Bimburoro Bim mimi
curHaity. B mpomy # iHImmMX BHmaakax 3a N> 2 ¢ubTp
CTHCKY pO3Y3TO/DKECHHUI 3 IMITyJIbcOM 3aBajy. BuximHuid
CUTHaI (DiTbTpPa CTUCKY IO KOKHOMY i3 IMITYJIbCIB 3aBaad
HE Mae YiTKOro MakcuMyMy. Pe3ynpTyroumii cursan mo
BCIM IMIyJIbCaM 3aBagll SIK CyMa iXHBOI 00poOku B YO
SBIIIE  COOOI0  IMyMOTOAIOHMI CHTHal  IOJBOEHOI
TPHUBAJIOCTI 3aBa/IH.

© Aramancekuii 1. B., PsOyxa B. I1., Bacunumms B. 1., Cemensika A. B., Kartommn €. A., Cros6a P. JI., 2024

DOI 10.15588/1607-3274-2024-3-1

12

r it e
PucyHok 5 — Emtopu curnaiis sa Buxoai Y® npuctporo 1 (a, 6)
Ta npuctporo 2 (r, 1) B Xoai nojgayi Ha BXij 3aBaau triny SMSP
31T, =1; (a,1)i T4 =0,51; (6, x) Ta ®UC curnanis B
OKpeMux Toukax npuctpois 1, 2; 1 — ®YC JIYM curnany; 2 —
®UC 3aBaau Ha Bxoai Y@ npuctpois 1, 2 mij yac aii 3aBajau 3
T, = T; 5 3 — @UC 3aBanu Ha BUXOJi 00MeKyBaua IIpUCTporo 1
iz yac aii 3aBagu 3 T,; = T;; 5 — ®UC 3aBaqu Ha BXogi
npuctpois 1, 2 mij yac aii 3aBagu 3 T,; = 0,5Tl~ 16— ®dUC
3aBaJu Ha BUXOAi IpUcTporo 1 mix gac aii 3aBanu 3 T,; = 0,57;;
4 — ®YC 3aBaau Ha Bxozi YO npucrtporo 2 mig vac aii 3aBaau 3
Ty =T, 7 —DUC 3aBanu Ha Bxoai YO npuctporo 2 mij yac aii

3aBagn 3 T,; =0,57;

Ha sBigminy Bim ob6mexysaua (5) oOMexyBau
npucTporo 2 B cuiny (6) CHOTBOPIOE 4acoBY CTPYKTYPY
3aBaj i, BiamosiaHoO, 3mintoe ii ®UC (puc. 5, e, kpusa 4),
10 YHEMOXIUBIIIOE Y3TO/DKeHY (ijbTpaliito 3aBajm.
3aMicTe MakcUMyMy (OPMYETbCS poO3MazaHHil B daci
CUTHaJI, TOTY)XHICTb SIKOT'O 3MEHIIYEThCS MPOIOPLIHHO
3MEHILCHHIO 3HAYEHHIO PIBHS OOMEKEHHSL.

MopudikoBanuii 00MeKyBad CIOTBOPIOE
3aBajy 1 He BrumBae Ha @YC BinOuTOTO CHrHANY.

Ha puc. 6 mokasani ysBIEHHS Tporecy oOpoOKu
MPUHHATHX CUTHANIB B 4dacoBiih obOmacti DRFM 3aBamm
tuny C&I, ska Mae HACTymHI mapamMeTpH: TPHUBAIICTh
Tgg| =1 MC, KIIbKICTh 3reHEpOBaHUX IIAKETIB 3a Yac

oUC

TPUBAJIOCTI 3aBaJH 3 PI3HOIO JEBiali€ro 4acToTH Ny, =3,
KIJIbKICTh 3reHepOBaHUX IMITYJIBCIB y makeTi N = 4.

AYC (puc. 6, B) i ®UC 3aBaau tuny C&I 3apxau e
36iraetecst 3 AUC curHamy Bix miii, IO iIMITyeThCH.
OpHak  iMIyJnbCcH  Takoi 3aBajd  MOXYTh jo0pe

OPEN@&CCESS @ @ @
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o6pobmsitice B mpuctpoi 1. IlosicHeHHs nboMy, Ha
NEPIINKA MOTJISIT HEJIOTIYHOMY pPEe3yJbTaTy, HaJaloThCs B
po3aini 5.

Amnais pe3ybTaTiB MO/JICTFOBAHHS MoKa3ye
MIPUHIMIOBO Pi3HI edekTH Bix oOpoOku 3aBaau B YD
npuctpoiB 1, 2. Buxinguuii edexr ¢inpTpa cTUCKY mix Yac
nii Ha Horo Bxix immynscy DRFM 3aBaam tommy SMSP
SIBIIIE COOOI0 CYHUTBHHH IIYyMOMOMIOHWH cHWTrHam i
MacCKyBaTUMe CTUCHYTHIA CUTHAI Bif IiJi.

2
U gy gt)/U(% m uBI/IXY (t)‘/UTO6‘m

0.014
"2 0.012
0.15 0.01
0.008
01 0.006
0.05 0.004
0.002
005 115 2t,MC
a
i H i | H ;"‘”} \‘"‘ I f JP! ;"L “\‘ i
< L I lHAL ] \"\' ‘v‘;“ I ULl
§ 1“‘«\ H“\ ‘1 |‘ MW\‘ il W “m \U‘“ tm‘m it ”“ ‘W HW“ I
A ML
\
Z |
<

B
PucyHok 6 — Emtopu curnanis sHa Buxoai Y® npucrporo 1 (a) ta
npuctpoto 2 (6) B xoxi nogaui Ha Bxij 3aBaau tuny C&I ta
AYC curnany Ha Bxomi Y@ npuctpois 1, 2 (B)

Buxigauii edekr ¢inbTpa cTUCKY B X0Ai Iil Ha Horo
Bxim immynecy DRFM 3aBamm Ttumy C&I wmae
0araTonemtOCTKOBY (6ararorikoBy) CTPYKTYPY,
CTBOPIOIOYH eheKT XMOHUX 1ielt (puc. 6, a). [TomoxeHHs
3rpyNoBaHUX XUOHUX LiJIeH € KEpOBaHUM, 1110 3a0e3reuye
MOsIBY XWOHMX CHTHamiB 70 abo TMiCisg CTHCHYTOTO
KOPHCHOTO CHTHAILY.

Onnak  chopmoBaHi XHMOHI I MalwTh Pi3HY
IHTEHCHBHICTB uepe3 pi3Hy KiibkicTh (parmentisB DRFM
3aBaaM, SKIi  BUKOPUCTOBYIOTbCS  [UIi  iXHBOTO
(dopmyBaHHS.

Terep Hexail Ha BXix mnpuctpoiB 1,2 nmie cymim
3aBaa+BHYTPIMIHINA mIymM+ CHUTHaN, BiJOWTHH Bim mifi.
Curnan Bix mimi cmabkmit (Ug=1) i obmexyBau He

3MIHIOE aMILTITYly CUTHAIY.

Ha puc.7,a, 0 mokasani emtopu Hampyr Ha Buxoni YD
mpucTpoiB 1, 2 Ui MOJENBHOI CHTYaIlii CUTHAN + 3aBaja
turry SMPS. 3aBana Burepemkae NpUAHATHN Bif IUTE
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JIUM curnan. Bona He nepekpuBa€ KOPUCHUN CHUTHAJL
CripaBkHill MakCUMyM BiJ| LTI 3HAXOANUTHCS Ha 4acOBil
oci y Toutri 2 Mc.

3MOeTbOBaHA CHTYyallis JBOX IMIIYJBCIB 3aBajy,
KOXeH 3 skuxX popiBHoe 0,5 TpuBasocTi imiynscy
KOPHCHOT'O CHTHaly. BBaxkaeThCs, IO CHTHAN Bix I
cmabkuii, a piBeHb 0OMEKEHHS BHOMPAETHCS TAKHUM, IO
He 00MeXye aMIUTITYAy CUTHaTy. B maHoMy BUTIaKy BiH
JOpiBHIOE pIiBHIO cUTHamy Bim mimi. Ha puc. 7 BUmHO
CTHCHYTI iMmynscH B Toumi (2 MC) CIPaBKHBOTO
3HAXOPKEHHS CTUCHYTOTO Bif LTI CHTHAIY. Ix aMInTITYda
jgopiBHIoe Ugp =1, mo, fk BumiuBae i3 Teopii, #

NOBHHHO OyTH micist HopMmyBaHHs (quB. 1. 3). Lle € e

OJTHUM CIoco0oM TECTYBaHH:I MOJE, 110
BUKOPHUCTOBYETHCS.
! uBMX(t)/U(%m | Yo (t)/ U(? m
0.9 6.9
0.8 0.8
0.7 6.7
0.6 6.6
0.5 6.5
0.4 0.4
0.3 6.3
0.2 0.2
O L i, o
0 | 2 t,MC 0 1 2 f,MC
a 0
2
1 uBl/IX(t)/ Ug m 1 uBMX(t)/ UO m
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 it o
0.1 0.1
0 % "1  2imc 0 1 2fMc

B r
PucyHok 7 — Emopu curnanis Ha Buxoai Y® npucrporo 1 (a, B),
npucTporo 2 (0, r) mix yac aii cyminn Binduroro Bix i
currany i 3aBaau Tuity SMSP (a, 6) i C&I (8, 1)

I3 puc. 7 BummmBae, mo mpuctpiii 1 3 odMexyBaueMm
(5) MOXHa BHKOPHUCTOBYBATH [UISi BHSBJIECHHS CHUTHAJIiB
Bix i ¢oui 3aBaau Tuny SMSP (nus. puc. 7, a). OanHak
BKa3aHUH TPHUCTPid Moxe OyTH HeeeKTHBHUM Mif 4ac
00poOKHM CyMillli KOPUCHOTO cUrHaiy i 3aBagu tumy C&l
(muB. puc.7,B). llpuumHa 1BOMY  MAKCHMYMH,
chopmoBani YO 110 imMmybcam 3aBajiu.

B Toit ke uwac mpucTpiii 2 3 oOmexysauem (6)
BIICBHCHO BHJUISE CHTHAI Big [ut. MakcuMym
chopMoBaHO B MOMEHT 3akiHueHHsa nii JIYM curnamy
(tg=1mc) 3 BpaxyBaumsM 3amizHeHHs (tg=1 mc)
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Ha puc.8 mpuseneni rpadiku  iMOBIpHOCTI
NPaBWJIBHOTO BHSBJICHHS CHI'HANY BiJ LIl 32 KiUJIBKICTIO
NPaBWIBHUX pilleHh [0 CyMIilli BHYTPIMIHIA IIyM
npuiimaya + 3aBaja + (curHan Big 1im). 3aBama TUMy

C&l 3 mapamerpamu, 1O BIANOBIZAIOTH yMOBaM
MO/IEIIIOBaHHS pHcC. 6.

1 P 1 2

0.9 0.9 02/ 0.1

0.8 0.8

0.7 07 03

0.6 0.6 0.4

0.5 0.5

0.4 0.4 45

03 (_ 03045

02 t3—0.5,MC 02

0.1 0.1 t;=0.5,mc

051014 18 22n, Y910 14 18 221,

a 6

1 D: 1 D,

0.9 0.9

0.8 0.8

0.7 0.7

0.6 06

0.5 = ' =

0.4 N3=24 0.5 | N3=6...24,

0_3__’\22/\ 0.4

0.2 0.3

0.1 10 0.2

0102 03 04zmc  0.10.2 0304 t3,mc

B T

PucyHok 8 — VIMOBIpHICTh PAaBHJIBHOTO BUSABICHHS CHIHAITY
Bix uini npuctpoem 1 (a, B) Ta npuctpoem 2 (6, r)

3aBama BuIepemkae npuiHATHN Bim mimi JIYM
CUTHAJI. 3ami3HeHHS 3aBalH BiJHOCHO TOYATKY BiIUTIKY
3MiHIO€TBCS B giamasoni  t; =0,1...0,5Mc, o,

BIJIOBITHO, 3MIHIOE BENHMYMHY IEPEKPUTTS 3aBagll i
KOPUCHOTO curHaity Ha Bxoai Y ®. KilpkicTh iMITyJIbCIB B
MIaKeTi TeX 3MIHIOEThCS B Mexax N, =6...24. CrpasxHii
MakCUMyM Bif mimi micinst Y® 3HAXOAWTHCS Ha YacoBiit
ociy Togti 2 Mc.

BunHo, mo HMOBIpHICTP TPaBUIBHOTO BHABICHHS
curHainy Bin nimi D; mpuctpoem 1 He 3anexurts BiX
BEJIMYMHU MEPEKPUTTS CUTHATIB 3aBanu 1 uini (puc. 8, B)
Ha BiOMiIHY Big BigmoBimHoi  #iMoBipHOocTi D)
npuctporo 2 (puc. 8 ). B cBoro uepry, iimoBipHicts D,
MIPUCTPOIO 2 HE 3aeKUTh BiJl KUIBKOCTI IMITyJIbCIB B
3aBami (puc.8,0) Ha BigMiHy Bim HMmoBipHocTi Dy
(puc. 8, a).3araniom, B nepeBakHii OIIBLIIOCTI BHUIAAKIB
HMOBIPHICTh NPaBUJIBHOTO BUSIBJICHHS CUTHATY BiX I
D; mpuctpoem 1 Hmx4a 3a BignoBiaHy iMoBipHicTs D)
TIPUCTPOEM 2.

KpuBi puc. 8 sKicHO UIIOCTPYIOTH BIJMIHHOCTI B
epexTuBHOCTI npucTpoiB 1, 2. Burpam y 3nauenni D,
o 3a0e3nedye MPHUCTPii 2, 3alEKUTh TUIBKH  BiX
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BEJIMYMHH TIEPEKPUTTS] KOPHCHOTO CHTHAJIY 1 3aBajH.
KonkpetHi kinbKicHi 3HayeHHs D MOXyTh BiIPi3HATHCH
(mampukmazg, mig vac 36iTBIICHHS MOPOTY BHSBICHHS).
AJe cHiBBIHOIIEHHS MiX €(EKTHBHOCTSIMHU IPHUCTPOIB
1, 2 He 3MiHATHCS.

5 PE3VJIbTATH

Pe3ynpTraToM NMpoBeaeHNX AOCITIHKEHb € HACTYIIHE!

1. Bu3HaueHO XapaKTep HETaTHBHOTO BILTHBY DRFM
3aBaji Ha OOpOOKY BIAOMTOrO Bij Iyl cUrHAaNy. 3aBaja
tuny SMSP Mae iMiTyBajbHO — MAacKyBaJIbHHU e(eKT
(muB. puc.5), a tumy C&| — imityBambHHIT Ta (GopMmye
BIZIMITKH BiJl HEICHYIOUHX Iijei (quB. puc.6).

2. Binowmi crioco6u 3axucty Bix BI3 He mpuaartHi ans
3HIKEHHsA HeratuBHoro BIIMBY DRFM 3aBagu Ha
00pOOKy CUTHAITY, BITOUTOTO Bif ILTi.

3. Ipumcrpiii 3  JBOCTOPOHHIM  OOMEKHHUKOM
aMIUTTyId Ha BXoAl (iIBTpY CTHCKY, IO 3a3BHYald
BUKOPUCTOBYETHCS IS 3armymieHHs BI3, HeedexkTuBHMIA
i 3armymenas DRFM 3aBanu.

4. Tlpuctpiifi 3  IBOCTOPOHHIM  OOMEKHHKOM
amMIniTyqu Ha Bxomi Y@ 3HWKYE BiIHOIICHHA
CUTHAII/IYM, SIKIO aMIUTITy/la CHTHAIY, BiIOWTOTO Bif
1iJTi, OLTbIIE PIBHS OPOTY OOMEXKEHHS.

5. Sk ¢ineTp cTHCKy s ManobazoBux JIUM
CUTHAJIIB MO’K€ BUKOPHCTOBYBATUCH (DIJIBTP, y3TrOHKEHHI
3 JIUM curnanom 3 Benukoro 0a3oro, xoua Taki YO He
npusHadeHi Juis o6pobku JIUYM curnanmiB 3 Manumu
6azamu. [lana oOcraBuHA MOSCHIOE e(eKT (GopMyBaHHS
xuOHUX BigMiToK Big DRFM 3aBamu iy C&I.

6. BmsHaueni yMOBHM y3ro/KeHOI — QimpTparii
Mano6a3oBux iMnyiascHUX JIUM B QinbTpax, y3romKeHnX
3 CUTHAJIaMU 3 BEJIMKUMU 0a3aMu. JloCTaTHBOIO yMOBOIO €
30ir OUYC wmanob6a3o0BOro CurHaity 3 BiJIIOBIIHOIO
ninstakoi0 @UC Bennko0a30BOro CHTHATY.

7. OOMeXEHHS PiBHS CHUTHAJIIB Mepes iX 00poOKoio B
(binbTpi CTHCKY yCyBae €HEpPreTHYHy IepeBary 3aBaju
HaJl KOPHCHUM CHUTHAJIOM, aje He BIUIMBaE Ha (opmy
dYC 3aBajIu. Is 0COOIUBICTD aMILTITY THIX
oOMeXyBadiB € NPUYMHOI0 Hee(eKTHBHOI 00poOKn
KopucHoro curHarmy Ha ¢oHi DRFM 3aBamu tuny C&l B
MIPUCTPOSIX aMILTITYJHAH oOMexxyBad — Y.

8. 3armymuTH MOTYXHI BiINOBITHI IMITyJIECHI 3aBagn
MOXIIBO BHJIYYEHHSIM CIIEKTPaIbHUX CKJIQJOBHX 3aBaax
i3 cmeKTpa BXimHOI cymimri. B ocHOBI 3amponoHOBaHOTO
MeToxy 3ariayiieHHs BI3 nexuts npupogHe npuIyIeHHs
PO HAJEKHICTh O BiJUTIKIB 3aBay MOTY>KHUX BIIJIIKIB
BXiJHOT cyMimi. B xoni mudpoBoi 00podku peanizyerbes
OOHYJIHHSIM BIJUTIKIB, 110 IEPEBHUIILYIOTH 3aJlaHUH PIBEHb
0OMEKeHHSI.

B mactynHomy posmimi
OTPHUMAaHUM PE3yJIbTaTaM.

HagarOTbCAd  IOSACHCHHS

6 OBI'OBOPEHHSI
Crioyatky oOTpyHTYEMO pi3HI pe3ynbTaTH (imbTparii
y bineTpi cTrcky 3aBax tury SMSR (puc. 5), (puc. 7, a,0)
i Tuny S&I (puc. 6), (puc. 7. B,r). 3a3Haunmo, mo 3aBaan
y ¢impTpi 0OpOOIAIOTECSA TMO-IMITyJIBCHO, a CTHCHEHHS
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iMIysibcy BinOyBaeTbest y Bumaaky 36iry @UC 3aBamu i BI3 tumy SMSP — ne JIUM immynscu 3aBamu 3
OYC JIYM curnainy. JICBIAI[iEl0 YaCTOTH KOPHUCHOTO CHWTHAly, ajie B

HeBaxxko nokazaru, mo ®YC immyiscy 3aBajgyl THILY

SMSR i tuny S&| onwucyrorecs,  BigmoBimHO,
HaCTYITHHMH BHPa3aMU:
0 (f)__Ts.i(f_fO)z (7)
X3. Afo
2
10 f
0., (f)=- ,
X3.( ) Afo
L Af L Af
(fos () =) < f < (fo, () + =), ®
fos () = fos (=) + 2.

Ha puc. 9 moka3ani HOpMOBaHi 0 0a3u M CUTHATY
®YC immysbciB 3aBaau iy SMSR (a) 1 tumy S&I (6).
KpuBi 1 na rpadikax signosimatore ®UYC curnamy 3
nesiamiero wacrotu Afy = 1 MI', TpuBaiictio tg = 1 mc.

0,(f)/m 0 0x(f)/m
0 4772 NS4, |
-0.05 3 -0.05 VV—
2
-0.1 1 -0.1
-0.1 -0.15
0.15 0t
0.2 1A -0.2
0250 02 04 1 020702
Afq

PucyHok 9 — ®YC imnynbcy 3aBagu tuny SMSR (a)
i tumy S&I (6)

Kpusi 2-8 BimoOpaxatore ®UC immynbciB 3aBanu
BIAMOBIAHOTO THIY, po3paxoBanux 3a (opmynamu (7),

(8). Kpusi 11,12 opepxaHi eKCHEPUMEHTAIBHO.
TpuBanicte immyneciB 3aBagu THny SMSR  cxiapana
Tis =Tp (xpuna 10), T, =(1/2)1 (xpuBa 2),
1, =/3)tg (xpuBa3), 1, =(/4)ty (xpusa4).

Kinekicte immyneciB tumy S&|I n, =8, TpuBanicts

KOXKHOTO T;, =(1/8)7y, a nepiauis yactorn (U8)-Afy.

Bumno, mo ®UC imnynecy 3aBamu tmmy SMSR
(puc. 9,a) 3a n>1 sigpisuserscs Bix OUC JITYM
curHaiy. OckinbkH (QUIBTp CTHCKY Y3TOMKCHUH 3
IMITyJIbCOM CUTHaIIy i HE € y3rOJDKeHUM Juisi (pparMeHra
immynscy DRFM  3aBaam, sika Mae iHImy KpyTiCTh
9acTOTHOT Monmymsuii (AuB. puc.2), To BuXimHI edeKkTn
curHany i ¢parmeHra 3aBagu (ouB. puc. 3) CYTITEBO
BiJIPi3HSIOTHCA.
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3arajilbHOMy BWIIQJIKy IHIIOK TPHUBAJICTIO IMITYJIbCIB
TOOTO 3 BENMYMHOI 0asu, MO BIAPI3HAETHCA Bif 0a3u
JIYM curnany.

SIkmo 3aBajga MICTHTh OJHMH IMIIYJIEC TPUBAJICTIO

T,3=T;., TO Ha Buxoni Y® dopmyeTbcsi MakcuMyM 3

1.3 1.C»
aMILTITY1010, TPOMOPLIAHOK eHeprii 3aBaaud  (IuB.
puc. 5, a). Curyalist BimoBigae y3rokeHii Qimprparii
KOPUCHOTO CHI'HAITY.

SIkmo 3aBaja CKIANAETBCS 3 OJHOTO  IMITYJIBCY
TpuBajicTio T;,=0,57;., To Ha Buxoxi YO makcumym

pPO3MHBAETHCS  (PO3MIMPIOETBCST 1 3MEHINYETHCS 32
aMILTITY1010). MakcuMyM Ha BuX0Ii Y® po3IIUpIOETHCS
B XOJIi 3MiHI T;. B Pi3HI CTOPOHH Bif T, =1 Mc.

SAxmo 3aBana copMoBaHa SK ABa 3’€IHAHI IMITYIBCH

TpuBanicTio T;,=0,51;., To Ha Buxozi Y® MakcumyM €

CYMIIIl Pe3yJIbTaTOM OOpPOOKH KOKHOTO. Pesyibrar — B
JIBa pa3H MIMPUIMHA PO3SMUTHH IMITYJIbC, aMIUTITYAa SIKOT'O
MOXe€ IepeBHIIYBaTH aMILUITyy Binryky Y® wa JIUM
curHai (auB. puc. 5). 3aBajga Mackye BiIOUTTS BiJ| L.

®dopMyBaHHS IiKiB 1 TPOBAIIB y CyMapHOMY BiJTyKY
¢dinprpa Ha DRFM 3aBagm Tumy SMSP 3anexuts Bixg
CHIBBITHOIICHHS aMILTITYZ 1 ¢a3 y BiArykax ¢imbrpa Ha
KOXHHI (hparMeHT 3aBaau. [IpHuomy KibKiCTh BUXITHUX
MiKiB MO  TEpeBHILyBaTH  KUIBKICTh  BXIJZHHX
(hparMeHTiB 3aBajy.

Ha Bigminy Bim ®UC puc. 9, a pesynpryrounii ®UC
3aagu tuny C&I (puc. 9, 6, xpusi 2-9) sBnse coboro
CyMy CHEKTpIB KOXHOro iMmynbcy 3aBamu. CepenaHi
YacTOTH CHEKTPIB MOCIIZOBHO, MOYMHAIOYM 31 CIEKTpa
MEepIIOTo IMIYJBCY, 3CYyBaIOThCs Ha (DIKCOBaHY BENUYNHY
faeys = Afg/(N;). @UC oxpemoro immysnbcy 3aBamm

nmoBToptoe BimmoBimHy amingHKy @UC JIUM curnany.
TakuM YHHOM  BHKOHYIOTBCS YMOBH  y3TOIKEHOT
¢inprpanii sk JIUM cwrmamy, Ttak i JIUM 3aBamm.
3aBnasKkH 111 00CTaBHHI (OPMYIOTECS CTUCHYTI IMIYIIBCH
JUTSL KOSKHOTO iIMITyJTBCy 3aBau (IUB. puc. 7, B).

AMIIITYIM MakcUMyMiB Ha Buxoni Y@ mpomopuiiiHi
eHeprii BXiIHUX curHajiiB. ToOTO 3a TpaaWIiIHO 3HAYHO
OlnmblIiii  eHeprii 3aBaAM MOPIBHAHO 3 NPUHHATHM
BIIOUTHM CHTHAJIOM (OPMYIOTBCSI MAaKCUMyMH, SIKI €
IMITaIli€}0 CUTHAITY BiJT ITLJTI.

@i3uuHe MOSICHEHHS e€(eKTHBHOTO IIpoIiecy 0OpoOKu
cymimi BI3 1 mnpuiinaroro JIUYM curnany B Y@
MPUCTPOIO 2 TOJISITAE Yy TPHUPOAHOMY HPHUITYIIEHHI, M0
MOTYXKHa  3aBajia  MPOSBISTHMETHCS Yy  BEJIMKUX
aMIITylaX JUCKpeT B XOJI JWCKpeTH3allil 3a YacoM
npuitaAToi cyminm. OOHYJIIHHS IUX JAUCKPET IMPHUBOJIUTH
JIO CIIOTBOPEHHS 4acOBOI CTPYKTYpH 3aBajid, ajie He Jinae
IUCKpeT CcJa0Koro CHTHANy Big Iimi. AMIUtiTyna
CTHCHYTOTO  CUTHATYy  3MCHIIYETHCS  NPOIOPLIHHO
BEJIMYHHI IEPEKPUTTSI CUTHAIY 3aBaau (auB. puc. 8).

BigMiHHICT B «MOBEAIHI» KPUBUX Ha pwuc. 8, 1o
BIAMOBialOTh  mpucTposM 1,2, moysirae  y  pi3HUX
HiIXogax 10 yCYHEHHs HEraTHBHOTO BIUIMBY 3aBald Ha
pe3yapTar OOpOOKHM  BXImHOI  CyMimm. 3MEHIICHHS
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ABSTRACT

Context. The repeater reusable pulse jamming like DRFM (Digital Radio Frequency Memory) significantly complex the radar
situation for radar with LFM probing signals. Besides of the marks from the existing targets the other marks are arising on the radar
PPI-screen that simulate analogous to them false targets. The known methods of struggle with the repeater reusable pulse jamming
like DRFM are inefficient that caused by specificity of the jamming. The synthesis of the methods of the struggle with such jamming
is the actual problem

Objective. The estimation of possibilities of the known methods of noise immunity for reduction of the negative influence of
pulse jamming like DFRM on the processing of the useful signals and suggestion of the alternative method of LFM signal processing
on the DFRM jamming background.

Method. The efficiency of the methods is defined experimentally on the results of simulation and comparison of them with the
known results presented in the literature

The results. The inefficiency of the known methods of protection from repeater pulse jamming for reduction of the negative
influence of DRFM jamming on the processing of the signal reflected from the target is justified. The character of negative influence
of DRFM jamming on the processing of the signal reflected from the target is defined. These jammings can create as masking effect
as imitate the marks from the non-existing targets. It is shown, that device with two-side amplitude limitation on the input of
compression filter which traditionally used for suppression of repeater pulse jamming is inefficient for suppression of DRFM
jamming.

It is shown, that as compression filter for LFM signals with small base the filter matched with big base LFM signal can be used.
However, these matched filters are not designed for LFM signal with small bases.

The conditions of matched filtration of small base pulse LFM signals in the filters matched with big base signal are defined. The
sufficient condition of the matched filtration of small base signal is coinciding of their phase frequency characteristic with
corresponding area of the phase frequency characteristic of the big base signal. This fact explains the effect of forming of the
maximums on the output of compression filter for pulsed of DRFM jamming and the effect of forming of false marks from targets

It is shown that limitation of the level of signals before their processing in the compression filter remove the energetic advantage
of lamming above useful signal, however, do not influences in the form of phase frequency characteristic of jamming. This detail of
the amplitude limiter is the reason of ineffective processing of the useful signal on the background of DRFM jamming in the devices
like amplitude limiter-compression filter.

The method of suppression of repeater pulse jamming is proposed. The natural assumption about correspondence of powerful
samples of the input mixture to jamming samples is on the base of this method
In the case of digital processing this can be realised by nullifying the samples which are above the defined level of limiter. It is
shown that processing devices, which uses such limitation, provides the effective processing of the useful signal on the background
of DRFM jamming.

Conclusions. The scientific novelty of the obtained results is in the further development of practice of noise immunity of the
radar with LFM probing signal, specifically the device that detects the reflected signal on the background of the repeater pulse
jamming is proposed. The practice of matched filtration of complex signals obtains the further development, namely, the conditions
of matched filtration of LFM signals with small base in the filters matched with the signals with big bases are determined. The
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sufficient condition is the coincidence of phase frequency spectrum of the small base signal with corresponding area of phase
frequency spectrum of the big base signal.
The practical importance of investigation is that the processing device is proposed. This device provides the value of correct
detection of the signal reflected from the target approximately twice as much to the known processing devices in the most cases.
KEYWORDS: method, DRFM jamming, LFM pulse, radar, mathematical simulation, repeater pulse jamming.
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ABSTRACT

Context. We investigate a method to signal processing based on the Kolmogorov-Wiener filter weight function calculation for
the prediction of a continuous stationary heavy-tail process in the MFSD (multifractal fractional sum-difference) model. Such a proc-
ess may describe telecommunication traffic in some systems with data packet transfer, the consideration of the continuous filter may
be reliable in the case of the large amount of data.

Obijective. The aim of the work is to obtain an approximate solution for the Kolmogorov-Wiener filter weight function and to
show the applicability of the method to signal processing used in the paper.

Method. The Galerkin method based on the orthogonal Chebyshev polynomials of the first kind is used for the calculation of the
weight function under consideration. The approximations up to the thirteen-polynomial one are investigated. The corresponding inte-
grals are calculated numerically on the basis of the Wolfram Mathematica package. The higher is the packet rate, the higher accuracy
of the integral calculation is needed.

Results. It is shown that for rather large number of polynomials the misalignment between the left-hand side and the right-hand
side of the Wiener-Hopf integral equation under consideration is rather small for the obtained solutions. The corresponding mean
absolute percentage errors of misalignment for different packet rates are calculated. The method to signal processing used in the pa-
per leads to reliable results for the Kolmogorov-Wiener filter weight function for the prediction of a process in the MFSD model.

Conclusions. The theoretical fundamentals of the continuous Kolmogorov-Wiener filter construction for the prediction of a ran-
dom process in the MFSD model are investigated. The filter weight function is obtained as an approximate solution of the Wiener-
Hopf integral equation with the help of the Galerkin method based on the Chebyshev polynomials of the first kind. It is shown that
the obtained results for the filter weight function are reliable. The obtained results may be useful for the practical telecommunication
traffic prediction. The paper results may also be applied to the treatment of heavy-tail random processes in different fields of knowl-
edge, for example, in agriculture.

KEYWORDS: Kolmogorov-Wiener filter weight function, telecommunication traffic, Galerkin method, MFSD model, Cheby-
shev polynomials of the first kind, stationary random heavy-tail process.

ABBREVIATIONS NOMENCLATURE
GFSD is the Gaussian fractional sum-difference; T is a time interval on which the traffic data are ob-
ARIMA is an autoregressive integrated moving aver-  served,
age; p/s packets per second;
MFSD is a multifractal fractional sum-difference; z is a time interval for which the traffic prediction
MAPE is a mean absolute percentage error. should be made:

h(t) is the Kolmogorov-Wiener filter weight function;

o is a packet rate;
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0, A, & are auxiliary quantities which depend on the

packet rate;
R(t) is a traffic correlation function in the MFSD

model;
p(t) is a traffic correlation function in the GFSD

model;
I'(x) is a gamma function;
d is a fractional differencing parameter of the model;
a,b are auxiliary constants;
n is a number of polynomials in the corresponding
approximations;
gs are coefficients multiplying the polynomials;

S¢ (t) are Chebyshev polynomials of the first kind or-
thogonal on t €[0,T];

T, (x) are Chebyshev polynomials of the first kind or-
thogonal on x e[-1,1];

Left(t) is a left-hand side of the Wiener-Hopf integral
equation;

Right(t) is a right-hand side of the Wiener-Hopf inte-

gral equation;
Gy are integral brackets;

B, are free terms in the linear system of algebraic
equations in gs;

K, N, L are numbers of points in the numerical inte-
gration.

INTRODUCTION

Telecommunication traffic nowadays is usually treated
as a heavy-tail random process; see, for example, [1]. The
traffic prediction is an important problem for telecommu-
nications. Improving the accuracy of traffic prediction can
help companies to develop adequate business planning
and improve the economic benefits. Moreover, accurate
prediction results can also be urgent for optimal resource
management, sophisticated network design, and so on, see
[2-4]. Recently several models of the heavy-tail station-
ary heavy-tail processes which may describe telecommu-
nication traffic were proposed, for example, the general-
ized fractional Gaussian noise model [5, 6] and the GFSD
and the MFSD maodels [7].

There are a plenty of different methods for traffic pre-
diction, for example, such as ARIMA, neural networks,
etc., see, for example, [2, 4, 8]. Recently in our papers we
investigated such a simple prediction method as the one
based on the Kolmogorov-Wiener filter.

It was shown that both continuous and discrete Kol-
mogorov-Wiener filter may be applied to the prediction of
heavy-tail data if the data are smooth enough [9]. As is
known, see, for example, [9], in the continuous case the
Kolmogorov-Wiener filter weight function obeys the
Wiener-Hopf integral equation. This equation can be
solved on the basis of the Galekrin method, see the meth-
od description, for example, in [10] and references there-
in. In particular, it was shown that the Galerkin method
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may be applied to the solution of the corresponding Wie-
ner-Hopf equation in the case of the GFSD and the gener-
alized fractional Gaussian noise models, see [11, 12]. But
the investigation of the Wiener-Hopf equation solution for
the process in the framework of the MFSD maodel is not
yet done. So, this paper is devoted to the search of an ap-
proximate solution of the Wiener-Hopf integral equation
in the case where the corresponding continuous Kolmo-
gorov-Wiener filter is used to the prediction of the heavy-
tail process in the MFSD model.

The object of study is the Kolmogorov-Wiener filter
for the prediction of continuous heavy-tail process in the
MFSD model.

The subject of study is the weight function of the
corresponding filter.

The aim of the work is to obtain an approximate so-
lution for the weight function on the basis of Galerkin
method.

1 PROBLEM STATEMENT
The Kolmogorov-Wiener filter weight function in the
continuous case obeys the following Wiener-Hopf equa-
tion (see, for example, [9]):

].dth(r)R(t—r):R(t+z). )
0

The problem statement is as follows: to obtain the un-
known filter weight function as an approximate solution
of the integral equation (1) on the basis of the Galerkin
method.

2 REVIEW OF THE LITERATURE

The MFSD model of a stationary random heavy-tail
process which may describe telecommunication traffic
was proposed in [7]. In some sense, the MFSD model is a
modification of the GFSD model which was also pro-
posed in [7].

Our recent papers were devoted to the development of
the theoretical fundamentals of the continuous Kolmo-
gorov-Wiener filter construction for the prediction of sta-
tionery processes in different models; see [11-13]. In par-
ticular, paper [11] was devoted to the corresponding in-
vestigation for the GFSD model. However, the MFSD
model was not investigated in our previous papers.

In this paper we investigate the continuous Kolmo-
gorov-Wiener filter applied to the prediction of the tele-
communication traffic described by the MFSD model.
The Wiener-Hopf integral equation (1) is solved on the
basis of the Galerkin method [10], the Chebyshev poly-
nomials of the first kind are chosen as the required or-
thogonal function system. The numerical investigation of
the misalignment between the left-hand side and the right-
hand side for the obtained solutions is made. It is shown
that the proposed method leads to reliable results.

OPEN aﬁCCES




e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2024. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

3 MATERIALS AND METHODS
According to [7], the traffic correlation function for
the discrete MFSD model is as follows:

t) -z = (2)

where

p<t>=<1—e<a>>2(1t;’j‘(1_§)2‘” x

L(1-d) r(t+d) @)
r(d) r(t-d+1)’

2—7.21a0.75

0(a)= ) 721,075 4

and

oo offe).

o 5536 063
(o) = 5536063 7'

the packet rate o e [210'22 p/s,217'5 p/s] d=0.31, see

[7]. The definition of the Gamma function T'(x) is given,
for example, in [14]. The asymptotic behavior of R(t) at

t -+ is R(t) ~ const -t241 [7], so the MFSD model

describes a heavy-tail process. In [7] it is indicated that
the results (2) and (3) are valid for t >1. In [11] it is pro-
posed to redefine the function p(t) for the continuous
case as follows:

altP +1t <1
Cole 2(1-d)t* ~(1-d)*
(1-6(ct)) oy ©
r(1-d) r(jt+d)
r(d) r(ft-d+1)

=1

where the values a, b are chosen in such a way that

lim p(t)= lim p(t),

t—>1-0 t—1+0

(6)
lim dp(t)= m dp(t).
t>1-0 dt t>1+0 dt

So, in what follows we use the correlation function R(t)
in the form (2) where the function p(t) is taken according
to (5) and (6).
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Similarly to the calculations [11], the weight function
is sough in the form

(OB NCIENCR A RO

where the coefficients g, obey the following system of
linear algebraic equations:

n-1 _

Z gSGkS = Bk' k =0,n—1,

s=0

Go = [ Jdwts, (S, (IRC-0), (9
00

T
By = [dtSy ()R(t+2).
0
The free terms By are calculate with the help of the

Wolfram Mathematica package on the basis of the Ninte-
grate procedure built in the package. As for the calcula-
tion of the integral brackets Gy, the Nintegrate proce-

dure requires too much computation time, so the integral
brackets are approximately calculated as follows:

K-1
G =A% Y Sk[iA+%AjSS[jA+%AjR(iA—jA),
i,j=0

©)
A=T/K,

it should be stressed that only the calculation of Gy
where k and s are of the same parities is needed;
Gys =0 if k and s are of different parities, see [11] and

references therein. Expression (9) on the basis of the fact
that the function R(t) is an even one may be rewritten as

KL it o o
Grs ® A Y D1 Sk |A+5A S jA+EA +

i=1 j=0

+Sy (jA+%AJSS(iA+%AJJR(iA— iA)+ (10)
2K—l 1 1
+A% " Sy [iA+—AJSS (iA+—AJR(O).
-0 2 2
So, first of all the quantities G, and B, should be

calculated on the basis of (8) and (10). Then the coeffi-
cients gy are calculated as the solution of the system (8),

the corresponding calculations are made in the Wolfram
Mathematica package. The obtained weight function h(t)
is given by (7).

The left-hand side and the right-hand side of the inte-
gral equation (1) for the obtained solutions are as follows:

Left(t) =]dth(r)R(t—‘c),

Right(t)=R(t+2z),
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the calculation of the weight function h(t) is described

above in detail. The corresponding misalignment is de-
scribed by the MAPE:

1 t|Left(t)—Right(t)|
?£| Right(t) |

The corresponding integrals can hardly be calculated,
so they are estimated as follows, see [11, 12]:

Leﬁ(‘lU— Right(‘NTj‘
100% :

MAPE = dt-100% .

(12)

1 N-1
MAPE ~ =Y

N 3= ight[ 7
L_leht[ " j (13)
Left(t)zgj_o(h(jé‘))R(t— 8)+
+h((i+1)8)R(t—(j+1)8)), 5=T/L.

The ccorresponding numerical results are given in the
next section.

4 EXPERIMENTS
The following values of the parameters are chosen:
T =100, z =3, asimilar choice is made in [11].
The numerical results for the coefficients a, b for
different packet rates are given in Table 1, the results in
Table 1 are written rounded off to 3 significant digits.

Table 1 — Results for the coefficients in (5) for different packet

rates
o, p/s a,b
21 a=-0.746, b=0.381
28 a=-0.886, h=0.144
21 a=-0.956, b=0.0522
2Y a=-0.984, b=0.0186

The obtained MAPE results for different packet rates
are given in Tables 2 and 3. The results in Table 2 and
Table 3 are rounded off to two decimal places.

Table 2 — MAPE for the approximations of n polynomials for
rather low packet rates

o=2"pis o=2pis
n MAPE, % n MAPE, %
1 27.39 1 26.49
2 18.58 2 17.78
3 11.77 3 11.09
4 8.67 4 8.09
5 6.01 5 5.53
6 471 6 4.31
7 3.49 7 3.15
8 2.92 8 2.62
9 2.28 9 2.05
10 2.03 10 1.79
11 1.69 11 1.50
12 1.57 12 1.40
13 1.34 13 1.23
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The values K =3-10°, N =10?, L =10" are chosen
during the calculation of the results shown in Table 2. The
values K =6-10*, N =10°, L=10" are chosen during
the calculation of the results shown in Table 3. The value
K =3-10° does not provide the satisfactory accuracy of
the calculations of the integrals used in the obtaining of
the results given in Tabe 3, so a higher value of K is
needed. The increase of K leads to a rather significant
increase in the computation time for the integral brackets,
so we restricted ourselves to the value K =6-10°.

Table 3 — MAPE for the approximations of n polynomials for
rather high packet rates

o=2%pis o=2"pis
n MAPE, % n MAPE, %
1 26.30 1 25.46
2 17.57 2 16.75
3 10.94 3 10.18
4 7.97 4 7.32
5 5.46 5 4,96
6 4.25 6 3.86
7 3.14 7 291
8 2.61 8 2.47
9 2.07 9 2.10
10 1.83 10 1.95
11 1.56 11 1.81
12 1.45 12 1.78
13 1.29 13 1.74

As can be seen, the left-hand side and the right-hand
side of the integral equation (1) are really close for the
obtained solutions.

5 RESULTS
The obtained results are graphically illustrated on
Fig. 1 - Fig. 4.

-]
=1
=)

----Left(t)
—Right(t)

The left-hand and the right-hand
sides of the integral equation (1)

1 ' L 1 L F

n an 10
40 ] oo

Time 7= .EI
Figure 1 — Comparison of the left-hand and right-hand sides of

eq. (1) for the packet rate o. = 2" p/s for the thirteen-
polynomial approximation
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Figure 2 — Comparison of the left-hand and right-hand sides

of eq. (1) for the packet rate o = 2" p/s for the thirteen-
polynomial approximation
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Figure 3 — Comparison of the left-hand and right-hand sides

of eq. (1) for the packet rate o = 2° p/s for the thirteen-
polynomial approximation

The left-hand and the right-hand
sides of the integral equation (1)

= an an o Tnn
} &0 100

Figure 4 — Comparison of the left-hand and right-hand sides

of eq. (1) for the packet rate o = 2'7 p/s for the thirteen-
polynomial approximation

As can be seen from the corresponding graphs, the
left-hand side and the right-hand side of the integral equa-
tion (1) are really close for the obtained solutions. Ac-
cording to Table 2 and Table 3, the corresponding mis-
alignment MAPE is less than 2%.

6 DISCUSSION

The paper is devoted to the development of the theo-
retical fundamentals of the continuous Kolmogorov-
Wiener filter construction for the prediction of a station-
ary process in the MFSD model. Such a process may de-
scribe telecommunication traffic in the systems with data
packet transfer, see [7]. Of course, the traffic measure-
ments in fact lead to a discrete time series, but if we deal
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with large amount of data, the consideration of the con-
tinuous limit may be reliable, so the results may be also
used to digital signal processing of telecommunication
traffic.

An approximate solution for the filter weight function
is obtained on the basis of the Galerkin method based on
the Chebyshev polynomials of the first kind. The main
difficulty of the calculation is the fact that in the frame-
work of the considered problem the integral brackets can
hardly be calculated either analytically or on the basis of
the numerical integration procedure built in the Wolfram
Mathematica package. So, the formula (10) is used for the
integral brackets obtaining. The higher the number of
points K is, the more precise the result is; however, the
increase of the value of K leads to the significant in-
crease of the computation time. The value K =3-10° is
enough for rather low packet rates, but higher values are
required for rather high packet rates, the corresponding
value K =6-10° is chosen. The misalignment of the left-
hand side and the right-hand side of the integral equation
(2) is rather low for rather large number of polynomials
(corresponding MAPE is less than 2%), so we can con-
clude that the solutions for the weight function obtained
in this paper are rather accurate.

The plans for the future are as follows. The practical
applications of the constructed theoretical fundamentals
are of interest. Moreover, another orthogonal system may
be used in order to avoid such computational difficulties,
for example, the Walsh function system, see [13, 15]. The
method used in the paper may be applied to the self-
similar processes in other models, for example, for the
recently developed rational Gaussian noise model [16].
The heavy-tail processes play important role not only for
the traffic prediction, but also in other fields of knowl-
edge, for example, in agriculture [17, 18]. So the pro-
posed method may be useful for data treatment in agricul-
ture, for time series in mining (see [19, 20]) and so on.
These plans may be realized in other papers.

CONCLUSIONS

The Kolmogorov-Wiener filter weight function for the
prediction of continuous stationary self-similar heavy-tail
process in the MFSD) model is obtained on the basis of
the Galerkin method based on the Chebyshev polynomials
of the first kind. The obtained results may be used to digi-
tal signal processing of telecommunication traffic. Ap-
proximations up to the 13-polynomial one are in-
vestigated. It is shown that if the number of polynomials
is rather large, the coincidence between the left-hand side
and the right-hand side of the Wiener-Hopf integral equa-
tion is rather good, so rather accurate solutions for the
weight function under consideration are obtained.

The scientific novelty of the paper is the fact that for
the first time the weight function of the continuous Kol-
mogorov-Wiener filter is obtained for the heavy-tail proc-
ess prediction in the MFSD model, which may be impor-
tant both for analog and for digital signal processing.
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The practical significance, in particular, is that the
obtained results may be applied to telecommunication
traffic prediction in systems with data packet transfer.

Prospects for further research, in particular, are to
apply the obtained theoretical results to practical predic-
tion and to investigate the Galerkin method in the frame-
work of the problem under consideration on the basis of
another orthogonal function systems, for example on the
basis of the Walsh functions. The method used in the pa-
per may be also applied to treatment of time series which
may be measured by wireless sensor networks, including
agrotechnical purposes.
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AHOTALIA

AKTyabHicTh. Jlocnimkeno MeTon 0OpoOKK cUrHAIIB, 1m0 0a3yeThest Ha oOunciieHHI BaroBoi ¢yHKIil ¢ineTpa Kommoroposa-Binepa
JUISL IPOTHO3YBaHHsI HEMEPEPBHOIO CTaIliOHApHOTo Tporiecy 3 BaxkuMm xBoctom B MFSD (multifractal fractional sum-difference) moneni.
Takuii mporec MOXKe OIMCYBATH TEJICKOMYHIKaLiiHUIT Tpadik y AESIKUX CHCTEMax 3 MAaKETHOH Mepefadeio JaHUX, PO3IIIsL] HEIEePepBHOTO
¢binbTpa MoXke OyTH IOLINPHUM Y BUIIAJKY BEIUKOI KITBKOCTI JAHHX.

Meta podoru. Metoro po6OTH € OTpUMaHHS HAOIMKEHOTO PO3B’sI3Ky [uis BaroBoi ¢yHKIIT GinbTpa Konmoroposa-Binepa ta mokasatu
3aCTOCOBHICTh METOY OOpOOKH CHUTHAIIIB, BUKOPHCTAHOTO B POOOTI.

Meron. [l po3paxyHKy BaroBoi (pyHKLIi, IKy pO3IJIIHYTO B pOOOTI, BUKOPHCTOBYEThCSI METOX ['anepkiHa, 1o 6a3yeThesi Ha OpPTOroHa-
JBHUX MoniHoMax Yebuiosa nepuioro poxy. JociimkeHo pi3Hi HaONMKeHHs BKJIIOYHO 0 HAONMKSHHSI TPHHAIATH TTOJIiHOMIB. Binnosigui
iHTerpas 0GUKCIIEHI YMCIOBUMH METOAMU Ha OCHOBI MaremaTtnuHoro makery Wolfram Mathematica. Yum Ginbiia mBuakicTs nepemadi
MaKeTiB, TUM BHIIOIO0 Ma€ OyTH TOUHICTb OOUHMCIIEHHS iHTerpaliB.

PesyabTaTu. [lokasaHo, mo s JOCHTH BEMHKOI KiIBKOCTI HOJIIHOMIB HEB’s13Ka MiX JIIBOIO Ta IIPaBOI0 YaCTHHAMH iHTETrpaIbHOTO PiB-
HsiaHs Binepa-Xorda, 110 po3risaaeTses B poOOTi, € TOCUTh MAJIO0 AJIsl OTPUMAaHKUX po3B’si3KiB. Po3paxoBaHo BiAmoBiAHI cepeaHi abcostro-
THI BIJICOTKOBI TOXMOKH HEB’SI3KU JUTS PI3HUX MIBUAKOCTEH mepeaadi nakeriB. Metox oOpoOKH cUrHaiiB, BUKOPHCTaHUH y poOOTi, Aa€ ajaek-
BaTHI pe3ysbTaTu 11 Barool ¢yHkii GineTpa Konmoroposa-Binepa s nporHosysanss npouecy B MFSD monerni.

BucnoBku. JlocikeHO TeOpeTHIHI OCHOBH N0OYIOBH HenepepBHOro ¢insrpa Konvoroposa-Binepa mist mporHo3yBaHHS BHIIAIKOBOTO
nporecy B MFSD mopeni. BaroBy ¢dyHkiito ¢inbTpa oTpuMano sk HaOIMKEHHI PO3B’sI30K IHTErpanbHOTro piBHsAHHS Binepa-Xomda 3a no-
rnoMororw Merony ['anepkina, mo 06a3yeTbesi Ha mojiHomax YeOumioBa mepuioro ponay. IlokasaHo, 1o OTpUMaHi pe3ysbTaTH Ul BaroBoi
GbyHkuii GpinbTpa € anekBatHUMH. OTpUMaHi pe3yJIbTaTH MOXKYTb OyTH KOPHCHUMM JUIS IIPAKTHYHOTO NIPOTrHO3YBAHHS TEIEKOMYHIKaliHHOro
tpadiky. Pesymbratu poboTu Takox MOXKYTh OyTH 3aCTOCOBaHI IS PO3IILALY BHIIAJIKOBUX IIPOLECIB 3 BaXXKUM XBOCTOM Y Pi3HHX raly3sx
3HaHb, HAMTPUKIIA, Y CUTLCBKOMY TOCIIOIAPCTBI.

KJIFOUOBI CJIOBA: Barosa ¢yrkuis ¢inerpa Konmoroposa-Binepa, TenekoMyHikaniiinuii tpadik, metox anepkina, MFSD mo-
JIeb, TToTiHoMY YeOumIeBa epuioro posy, CTalioHapHHIl BUIIAAKOBHH IPOIIEC 3 BAXKKUM XBOCTOM.
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ABSTRACT

Context. The important task was solved during this scientific research related to specific development and verification of the
fundamental suitability of the software application that provides visualization of the automatic synthesis of Petri nets while setting up
the multi-level control systems. This task is current because the for the first time the integration of means of discrete-continuous net-
works from the DC-Net environment in the Labview environment is realized through the implementation of automatic synthesis of
Petri nets. This makes it possible to automate the processes of synthesis for the control algorithms based on the development of ap-
propriate intelligent systems.

Obijective. The purpose of the scientific work is to minimize the time and to automatize process in synthesis of the control algo-
rithms by integrating the means of discrete-continuous networks and implementing the principles of automatic synthesis of Petri nets.

Method. This scientific article proposes the principle for automatic formation of Petri nets based on logical algorithm for classi-
fying various uncorrected algorithms. The multilayer neural network in the Labview 2009 software environment was implemented to
realize the appropriate algorithm. This artificial neural network provides algorithm formation, automatic synthesis and operation of
Petri nets. The article is devoted to the study of operating principle of the software application implementing such automatic synthe-
sis of Petri nets while setting up the multi-level control systems.

Results. A number of experiments were performed on the classification of algorithms and formation of Petri nets based on the
ready-made software application. The control system was automatically set up based on the Labview 2009 environment application
for the determined object.

As a result of these experiments we have determined the fundamental suitability of the software application for the synthesis of
some multi-level automatic control systems. It was also shown during these experiments that all mismatch signals in the system and
deviations from the ratios of values controlled variables are reduced to zero. All parameters of the control systems settings were
noted after the multi-level system setting procedure on the front panel of the virtual stand.

Conclusions. The task related to the software application development based on the Labview 2009 environment which provides
the automatic synthesis of Petri nets was solved in this scientific work. Thus the method of automatic synthesis of Petri nets and
technology for developing certain algorithms based on the functioning of the artificial neural network was further developed.

KEYWORDS: Petri net, artificial neural network, coordinating automatic control system, coordination of transient processes,
ratio control, algorithms of setting.

ABBREVIATIONS
NN is a neural network;
PN is a Petri net.

t7 is a i-th transition in a petit network, where
i=1...10;

pi is a i-th position in the Petri net, where i=1...10;

w;; is a coefficient of interneuronal connection of the i-
NOMENCLATURE th neuron of the j-th layer.

AQi+ is a i-th the uncorrected algorithms, where

i=1...4;

¢(t) is a deviation from ratio of variables;

e(t) is a deviation of the controlled variable from the
set value with in time;

Jis an integral criterion of system;

u1, % is a control action on the flow of cooling water
on the condenser;

uz, % is a control action linked to the speed of rotation
of the compressor shaft of the refrigeration plant;

ATis a coefficient matrix;

p is a differential operators;

Gxais a compressor capacity;

Pxis a condensation pressure;

b is a constant;

X1, X3, X4 are input variables for determination of the
initial algorithm control;

o is a weighting coefficient in the integral criterion of
system;
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INTRODUCTION

Petri nets are the mathematical apparatus for discrete
systems modeling. It was presented by Carl Petri in 1962
and it has many extensions nowadays. Despite this, there
are few software tools to implement the synthesis of Petri
nets. The well-known MATLAB software environment
also does not have the appropriate tools for the synthesis
and analysis of networks. Instead there is StateFlow soft-
ware module that is implemented based on MATLAB for
graphical representation of the finite state machine as the
states diagrams. The DC-Net program has the significant
difference compared with MATLAB/Simulink/StateFlow
in the principle of constructing models in the complex
systems [1]. The DC-Net software environment is special-
ized in the field of analysis and synthesis in hybrid or
logical-dynamic systems [2—4]. It is possible to imagine
quite visually the synthesis of Petri nets and the develop-
ment of logical-dynamic models using this environment.
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Research has shown that DC-Net tools can be integrated
with other software products. Thus, this research work
represents the integration of DC-Net tools to implement
automatic synthesis of Petri nets and to form of algo-
rithms and sequential calculations. Automatic synthesis of
Petri nets and the formation of algorithms are advisable
for some tasks in the field of intelligent technologies. In a
special case it could be the formation of setting algo-
rithms for the synthesis of complex multi-level automatic
control systems with subordinate control processes.

The object of study is the processes of automatic syn-
thesis of Petri nets while setting up the coordinating
automatic control systems.

The subject of study is the methods of automatic syn-
thesis of Petri nets while setting up the coordinating
automatic control systems.

The purpose of the scientific work is to minimize
the time and to automatize process in synthesis of the con-
trol algorithms by integrating means of the discrete-
continuous networks and implementation of the principles
for automatic synthesis of Petri nets.

1 PROBLEM STATEMENT

To achieve this purpose it is necessary to solve the
problem associated with the development and verification
of the fundamental suitability for a software application
that provides visualization of the automatic synthesis of
Petri nets while setting up multi-level automatic control
systems. In this case, the developed software application
for setting of the multilevel control systems is acceptable
if it allows to determine all the values of the k;; parameters
of various levels for the control system. These k;; parame-
ters of setting must give the minimum value of J integral
criterion in the multilevel system. The integral criterion is

3= [(o-[et) emax |+ [0(t) / @max Dot . (1)

o —8

where a is coefficient indicating the temporal coordina-
tion of the control processes; ¢(t) = AT . X +b is devia-

tions from the ratio of the values of regulated variables; AT
is a coefficient matrix, b is a constant;
Pmax = X1max 'K = X2min +b is maximum deviations

from the ratio of the values of regulated variables; e(t) is
the deviation of some variable in time from the given

value; X =[x xzc]r is controlled variables vector;
Ximax » X2min are the maximum and minimum values of

the control variables.

If 0.3<a<0.7, then it is possible to obtain the sub-
ordination of the control processes and to establish the
fundamental suitability in order to implement appropriate
control algorithm AQi+, where i=1...4. This setting algo-
rithm is presented during the synthesis of a Petri net based
on the appropriate software application. In this case, the
practical implementation for automatic synthesis of Petri

nets is possible through software. This software is capable
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DOI 10.15588/1607-3274-2024-3-3

of providing visualization of the Petri net synthesis proc-
ess, as well as graphical programming of Petri net synthe-
sis and analysis algorithms. In such case, it is necessary to
use the means of discrete-continuous networks of the DC-
Net environment to represent hybrid systems or systems
with a logical-dynamic nature of functioning [5].

Currently, there is no integration of discrete-
continuous networks tools into software products for im-
plementing the synthesis of appropriate complex systems.

Consequently, the task was determined to integrate
various software tools for developing complex systems
while expanding Petri nets and development of the means
for discrete-continuous networks of the DC-Net environ-
ment was determined. In the particular case these systems
which provide the implementation for automatic synthesis
of Petri nets based on the Labview environment. For our
research the Labview platform was chosen along with
such tools as MATLAB, C++ builder, Flash ets.

Undoubtedly, the integration of the capabilities for
various software tools MATLAB, Flash, DC-Net gives
obvious results, however, Labview in this case is intended
for specialists with programming experience in this field
activity. The Labview environment has a specific graphi-
cal programming apparatus and its own visualization plat-
form.

Thus, the task about integrating of the means for dis-
crete-continuous networks is relevant if we can use the
graphical programming language for the appropriate envi-
ronment to implement the automatic synthesis of Petri
nets. It should also be noted that the Labview environ-
ment is integrated with various automation hardware in
order to create measurement laboratories and different
virtual stands.

2 REVIEW OF THE LITERATURE

One of the first mentioned ideas about the automatic
synthesis of Petri nets was in the work of J. Peterson [6].
It was noted in this work that “the use of Petri net lan-
guages would be in the specification and automatic syn-
thesis of Petri nets. If the behavior which is desired can be
specified as a language, than it may be possible to auto-
matically synthesize a Petri net whose language is the
specified language. This Petri net can be used as a con-
troller, guaranteeing that all and only the sequences speci-
fied are possible”.

Since then, a number of scientific articles related to
the automatic synthesis and generation of Petri nets have
appeared [7-10]. These scientific works reflect the princi-
ples for synthesis of Petri nets based on the rules of com-
position for individual subnets.

It was proposed to generate automatically Petri nets
based on the functioning of the artificial neural network in
such scientific works [11-13]. This artificial neural net-
work provides the necessary composition of Petri nets and
the intelligent technology for generating algorithms. This
automatic composition of Petri nets was implemented
primarily in order to form algorithms for the step-by-step
setting of multi-level automatic control systems.
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The proposed integration of software tools was able to
identify the direction linked to the software implementa-
tion of automatic synthesis of Petri nets [14-16]. This
primarily applies the software integration of DC-Net with
visualization tools on the Flash platform. We have found
out that the integration of the mathematical apparatus for
discrete-continuous networks of the DC-Net environment
into the Labview environment is possible through the
implementation of automatic synthesis of Petri nets. Thus,
it was determined the path of development for automatic
synthesis of Petri nets based on software implementation
using the Labview environment.

3 MATERIALS AND METHODS

The synthesis of Petri nets is performed according to
the relevant rules and can be implemented using software.
The proposed synthesis of Petri nets based on the func-
tioning of artificial neural networks is also the software
implementation of synthesis in an automatic way. In this
case, the neural network provides classification of algo-
rithms and their adjustment to the given task. And this
neural network is realized in software.

The formation of a Petri net when classifying various
uncorrected A01+, A02+, A03+, A04 algorithms can be
represented on the basis of a logical classification algo-
rithm representing a binary tree [17 — 18]. In this case we
have different logical classification algorithms; one of the
simplest algorithms is shown in Figure 1. In such a tree
the predicate is prescribed at each vertex
Bi: X —{0; 1}. It should be noted here that the algo-

rithm may include various X4, o,y Vvariables and linguis-
tic rules for generating the appropriate result f(x4,o,v) .

If we consider the classification of setting algorithms
and the functioning of coordinating automatic control
system, then B(x;) =1 when selecting logical control

algorithm which provides the sequential inclusion of con-
trol loops in operation, B(x3)=1 when setting up the

control system in a step-by-step mode, B(x4,c,v)=1

when setting up the system on the structural-temporal
subordination of control processes.

The multi-layer neural network was implemented in
the Labview 2009 software environment using graphical
programming tools in order to implement the appropriate
algorithm.  This artificial neural network pro-
vides classification of algorithms, automatic synthesis and
operation of Petri nets.

The generated Petri net represents a step-by-step algo-
rithm for setting up the multi-level automatic control sys-
tem that provides the separation of motions mode [13,
19]. Thus, the control system is synthesized and also pro-
vided a coordinated change of the controlled variables in
transient modes.

The process of generating Petri net and the setting up
process of the control system are visualized on the front
panel on the virtual stand. This front panel of the stand is
shown in Figure 2. The process of Petri net synthesis is
presented as the result of the composition PN;...PN,, in-
dividual networks. The front panel shows a number of
PN;...PN,, individual Petri nets that can represent the
functioning of individual elements for the system being
developed.

The classification algorithm which is represented by a decision tree

D ¥veV opnex —> Predicate 8 X —{0; 1}
) ¥ve Vleaf — classname Y A0+, A02+, A03+, A04+
If 8(x,)=1then Y170 “
move right: If S(x,)=1 then
1,0 =4 04 + move right:; 0 1
else V= A02+ \
move left else
V, =1, move left 404 +
Vl Pl VQ
0
v, =y,
If S(x,.a,y)=1 then !
move right:
v, =403+ 0 1
else / \
move left
A0l +
v, =A01+ A03+

Figure 1 — The logical classification algorithm
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It is also presented on the front panel such items:

— the automatically generated Petri net as a result of
the classification by 401+, 402+, 403+, 404 various
algorithms;

— the markings of Petri net;

— the errors displayed at various stages of system op-
eration;

— the values of control system settings parameters.

At the initial stage of operation in this software appli-
cation we have set the certain parameters of the control
object and the ratio coefficients between the controlled
variables that we need to coordinate.

After that we can select a task from the various op-
tions, such as:

— step-by-step system setting;

— setting to separation of motions mode;

— the control logical.

We also can select the algorithm of step-by-step ac-
tions or the algorithm of parallel operation. Petri net is
formed as a result of choosing the appropriate task and
algorithm. This Petri net is formed as a result of the com-
position of individual Petri nets, which are presented on
the front panel of the stand (Fig. 3).

After the Petri net has been formed, it starts its func-
tioning. The artificial neural network interacts with the

PN;...PN, Petri nets, and the process of the synthesized
Petri net is visualized (Fig. 4). As a result of the move-
ment of markers in the Petri net, changes are made to the
settings of the coordinating control system. If deviations
from the predetermined ratio between the regulated vari-
ables are reduced to zero then a certain transition in the
Petri net is triggered to perform the next stage of system
setting. Thus, the Petri net demonstrates the setting of the
control system. The operator only makes sure that at all
transitions of the Petri net there are no errors when setting
up the system.

Ultimately, the system setup will have been completed
while appearing the marker in position pso.

The formation of Petri net is implemented as a result
of classification of algorithms and their adjustment if er-
rors are noted at certain stages while operating the synthe-
sized Petri net. One can see in Fig. 5 the NN multilayer
neural network in the fragment of the front panel of the
virtual stand. This multilayer neural network operates on
the principles of feedback with PN;...PN,, separate Petri
nets. However, wherein it is ensured the synchronous
movement of markers in PN;...PN,, Petri nets linked with
an NN artificial neural network.

The automatic synthesis of Petri net based on the functioning of artificial neural network
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Figure 3 — Front panel of the virtual stand demonstrating the generated Petri net

One can perform the composition of a Petri net dur-
ing the synchronous changes in the markings in Petri nets.
In a particular case, this composition will represent an
algorithm for step-by-step configuration of a multi-level
control system. It is shown that each position of the gen-
erated Petri net matches a specific position of the PN;
Petri net connected to the NN neural network. The t’, and
t'y transitions covered by the dotted curve are combined
into t, transition and so on according to the diagram of the
generated Petri net. This is shown in Fig. 5.

4 EXPERIMENTS

A number of experiments were conducted based on
the finished software application. A number of experi-
ments were performed by classification of algorithms as
well as the formation and correction of Petri nets. The
parameters of a certain control object were also specified,
for which control systems were automatically imple-
mented based on the Labview 2009 environment. A re-
frigeration turbocompressor was chosen as the object. To
improve the operating efficiency of a turbocharger, we
need to coordinate changes in the shaft rotation speed and
the cooling water flow rate on the condenser when regu-
lating the boiling pressure. The appropriate block diagram
of the customizable control system is presented as seen
from the Fig. 4. According to the diagram, we have repre-
sented the system control law in the following way:

U=0g+Up=[u up], where: T :[uql uqz]r is

the control vector of the 1st level;

Up =Ugy =Kg - (1+kyg '%)'(P(t) ;

Ug2 = ko - (1+kpg }/p)(P(t) i Upg =Ugp +Upo

Upz = APkip 'k3(1+ k31'%+k32p) is the law of 2nd
level of control; o(t)=k; -Gy, — px +b; APkip is a
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deviation of the controlled variable from the set value; ki,
K11, Ko, Ko1, Ks, kap, ks are parameters that are determined
in the process of step-by-step setting according to the
generated Petri net. These parameters are determined in
this way that the integral indicator has a minimum value.

We have also carried out the system optimization in
MATLAB/Simulink 5.2 in order to assess the quality of
system settings. All parameters in the model of control
object and in the appropriate control system which was
set we have also shown in Fig. 6. The comparative analy-
sis of the experimental results has been performed using
the MATLAB environment.

5 RESULTS

The fundamental suitability of the software applica-
tion for the synthesis of some multi-level automatic con-
trol systems was established as a result of the experi-
ments. After carrying out the procedures for setting up a
multi-level system, all the control system setup parame-
ters were presented on the front panel of the virtual stand
and it was also shown that all mismatch signals in the
system and deviations from the ratio of the values of the
controlled variables were reduced to zero. Signals of
mismatch and deviation from the given ratio were reduced
to zero both during the step-by-step setting up of a multi-
level system and when sequentially connecting the control
loops into operation. However, the most important thing
is that the developed software application has demon-
strated the principle for automatic synthesis of Petri nets
based on the logical classification algorithm. In the par-
ticular case it was demonstrated the automatic synthesis
of Petri nets in the formation of algorithms for setting up
multi-level automatic control systems.

It was also established the possibility for automatic
generation of Petri nets based on the reachability tree.
Such a generated Petri net will represent a logical control
algorithm ensuring the sequential connection of the con-
trol loops for a multi-level system to operation.
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The experimental results are presented in Table 1. All  ment. Based on the data presented in the table we can
these data from Table 1 were obtained as a result of simu-  determine the fundamental suitability of the developed
lation in the MATLAB/Simulink 5.2 software environ-  software application for setting control systems.

The automatic synthesis of Petri net based on the functioning of artificial neural network
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Table 1 —Values of the J integral indicator for the quality of system functioning after setting and optimization based on software

Setting for separation of Setting for separation of Step-hy-step system set-
motions mode at o = 0.3 motions mode at o, = 0.7 tingat o =1
Setting in the application based on the 45.32 98.7 115.36
Labview environment
Optimization in the 36.4 81 87
MATLAB/Simulink 5.2 framework.

Transient processes of the optimized and set systems
in different software environments are also presented in
Fig. 6. Such obtained graphs allow to evaluate the quality
for setting of system.

6 DISCUSSION

The setting program of systems for the subordination
of control processes we can compare with an analogue of
the optimizer program based on the MATLAB/Simulink
5.2 environment. Comparing the data from Table 1, we
can draw the appropriate conclusion. The difference in the
values of the integral indicator for different systems is
small. However, it is obvious that the quality indicators of
the system have become better after optimization in the
MATLAB/Simulink environment. In order to assess the
fundamental suitability of the presented software applica-
tion we also need to synthesize on its basis a number of
control systems for the various objects of automatic con-
trol not only in the field of refrigeration equipment. Fur-
ther expansion of the software application should be di-
rectly related to an increase in the dimension of the multi-
layer artificial neural network, which is implemented in
software with elements of the initial training (Fig. 5).

This expansion is quite important, since in such a sys-
tem any operator action is associated with the work of an
artificial neural network, which represents an intelligent
technology for automated configuration of the multi-level
control system. This automated setting has a significant
difference from similar synthesis and optimization using
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the MATLAB/Simulink environment. In a particular case
during operation of the control object we able to rebuild
the system in order to provide subordination of regulatory
processes.

CONCLUSIONS

The scientific novelty of the results. The problem as-
sociated with the development of a software application
providing automatic synthesis of Petri nets was solved in
the present work. This software application was devel-
oped based on Labview 2009 environment for setting up
multi-level control systems. Thus the design technique of
automatic synthesis of Petri nets based on a logical classi-
fication algorithm has got the further development.

The practical significance of the results. The devel-
oped software application has practical importance. The
Labview 2009 software environment is integrated with
the various software and hardware automation of labora-
tory research and technological processes.

The prospects for further research. Further devel-
opment of the scientific direction should be directly re-
lated to the formation of methods for training of neural
networks which we can use in the developed software
application.
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IPOTPAMHA PEAJI3ZAIISI ABTOMATHYHOI TEHEPAIII MEPEX ITETPI

I'ypebknii O. O. — kaHA. TEXH. HayK, JOLUCHT Kadeapu aBTOMaTH3allii TEXHOJIOTTYHUX MPOLECIB i pOOOTOTEXHIYHUX CHCTEM iH-
CTUTYTYy KOMII'IOTEpPHHX cHcTeM i TexHosnoriit «Iumyctpis 4.0» im. IL.H. ITnatonoBa Onechkoro HaioHaJIbHOTO TEXHOJOTIYHOTO
yHiBepcurety, Oneca, Ykpaina.

Oyona C. M. — crapumii BUKIagad kadeapy aBTOMAaTH3alii TEXHOJOTIYHUX MPOLECIB i POOOTOTEXHIYHUX CHCTEM IHCTHTYTY
KOMIT'IOTEpHUX CHCTeM 1 TexHomorii «Iuxyctpis 4.0» im. I1. H. [TnaTornoBa Oniechkoro HamioHAIBHOTO TEXHOJIOTIYHOTO yHIBEpCHUTE-
1y, Oneca, Ykpaina.

AHOTAIIIA

AKTyaabHicThb. BupinieHo akTyansHe 3aBiaHHsl, 1[0 1T0B’s3aHE 3 PO3POOKOI0 Ta MEPEBiPKOI0 Ha NPUHIHUIIOBY MPUAATHICTD TIPO-
rpaMHOrO JZIOZATKy, SIKMH MPEACTABISE Bi3yawi3allilo aBTOMaTUYHOTO CHHTe3y Mepex Ilerpi mpu HamamrTyBaHHI OaraTopiBHEBHX
cucTeM ympaBiiHHs. Take 3aBIaHHS € aKTyaJbHHM, OCKIJIBKH BIEpIIE peaidyeThesl iHTerpauis 3aco0iB JHCKPETHO-0e3nepepBHIX
mepex cepenosuina DC-Net y cepenoBumie Labview 3a paxynok peanizaiii aBromatudaroro cuatesy mepex Ilerpi. le mae moxim-
BiCTh aBTOMATH3YBaTH MPOLECH CHHTE3Y AJITOPUTMIB YIIPABIiHHSA Ha OCHOBI pO3POOKH BiATOBIAHUX 1HTEIEKTYaIbHUX CHCTEM.

Merta po6oTu — MiHIMI3aIlis Yacy Ta aBTOMATU3aIlisl IPOLECY CHHTE3Y aJTOPUTMIB YIIPaBIiHHS 3a PaxyHOK iHTerpamii 3aco0iB
JIMCKPETHO-6e3MepepBHUX MEPEX Ta pealti3allil IPUHIHUIIB aBTOMATHYHOTO CUHTE3y Mepexk Ilerpi.

MeToa. 3anipONOHOBAHO MPUHIINI aBTOMATHYHOTO (hopMyBaHHs Mepex [leTpi Ha OCHOBI JIOTIYHOTO anropuTMy Kinacugikanii pi-
3HUX HECKOPHMIOBAHUX AJTOpUTMIB. JIJIs peasizalii BiANOBIAHOro ajaropuTMy, B mporpamuomy cepenosuiii Labview 2009 3a poro-
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MOTO0I0 3ac00iB rpadigHOro mporpaMyBaHHs OyJI0 peasi3oBaHO OaraTomrapoBy INTYyYHY HEHpOHHY MEpexy, Ha OCHOBI SIKOi 3a0e3me-
4yeThCst QOPMYBaHHS aJrOPHTMIB, aBTOMAaTHYHHUI CHHTE3 Ta (yHKIIOHYBaHHs Mepek Ilerpi. ITokazaHo pUHIKIT POOOTH MPOrpam-
HOTO JIO/IATKY, 1[0 peajli3ye Takuil aBTOMaTH4HUH cuHTe3 Mepesx [leTpi npu HajamTyBaHHI 6araTopiBHEBUX CHCTEM YIIPABIIIHHS.

Pe3yabTaTn. Ha ocHOBI B)ke TOTOBOTO IIPOrPaMHOTO AOAATKY OYJIO MPOBEACHO Psiji eKCIIEPUMEHTIB 3 KiacH(dikallii aropuTmis,
¢dbopmyBaHHs Ta KopuryBaHHs Mepex Ilerpi. Bymu 3agani Takoxx nmapameTpu Iesikoro o0’ €KTa ympaBIliHHs, IS SKOro Oyjau aBTOMa-
THUYHO HAJIAIITOBaHI CHCTEMH yTpaBiiHHs Ha 0a3i cepenoBuina Labview 2009. B pe3ynbTaTi mpoBeAeHUX SKCIIEPUMEHTIB Oyi10 BCTA-
HOBJICHO NPUHIMIIOBY MPHIATHICTH IPOrPAaMHOTO IOAATKY IS CHHTE3Y JICSKUX 6araTopiBHEBHUX aBTOMATHYHHUX CHCTEM YIPABIIiHHS.
[Ticnst mpoBeieHHS NMpoleyp HANAIITYBaHHS BIIIOBIIHOI OaraTopiBHEBOI CHCTEMH Ha JIMILOBIH IaHell BipTyaJlbHOTO CTEHIY Bif-
3HAYaIUCs BCI MapaMeTpH HaJIAIITyBaHHS CHCTEMU KepyBaHHsI, a TAKOXK OyJIO TOKa3aHo, 10 BCi CHIHAIM HEY3rOPKEHOCTI B CHCTEMI
Ta BIIXWJICHHS BiJ CIIiBBITHOILICHHS 3HAYEHb PETyJIbOBAaHUX 3MIHHHX 3BE/ICHI 10 HYJIS.

BucnoBkn. TakuM ynHOM, y poOoTi OyJI0 BUPIIIEHO 3aBAaHH!, II0B’s3aHE 3 PO3POOKOIO MPOrpaMHOr0 3a0e3MeUeHH s, Ha OCHOBI
cepenosuiia Labview 2009, mio peanizye aBromaruunuii cunTe3 Mepex Ierpi. TuM caMuM OTpUMalia MOJANIBIINI PO3BUTOK METO-
JIMKa aBTOMAaTHYHOTO CHHTE3y Mepex IleTpi Ta TexHOOris po3poOKH MEBHUX AITOPUTMIB Ha OCHOBI (DYHKI[IOHYBAaHHS LITYYHHX
HEUPOHHUX MEPEXK.

KJIFOYOBI CJIOBA: mepexa Iletpi, mTydHa HepoHHa Mepexka, KOOPIUHYBaJIbHA CHCTEMa aBTOMATUYHOTO YIPABIISHHS, y3-
TOJDKEHHS TIEPEXiHUX HPOLIECIB, PETYIIIOBAHHS CIIiBBIIHOLICHHS, aJITOPHTM HACTPOMKH.
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ABSTRACT

Context. The article presents the results of a study of the effectiveness of using the Nelder-Mead method to optimize the parame-
ters of linear approximations of synthesized signals. Algorithms have been developed and tested that integrate spectral, temporal, and
statistical analyzes and provide reasonable optimization. The effectiveness of the application of the Nelder-Mead method was proven
by experiment. The obtained results substantiate the improvement of the properties of the mutual correlation of signals and the reduc-
tion of the maximum deviations of the side lobes, which opens up prospects for the further application of the method in complex
scenarios of signal synthesis.

Obijective. The purpose of the work is to evaluate the effectiveness of the application of the Nelder-Mead method when adjusting
the parameters of linear approximations to optimize the mutual correlation and minimize side deviations of complex synthesized
signals.

Method. The main research method is the comparison of various optimization algorithms for the selection of the most effective
approaches in linear approximations of synthesized signals, taking into account such criteria as accuracy, speed and minimization of
deviations. Scientific works [1, 2, 4-6, 8, 9] present algorithms, including the Nelder-Mead method and differential evolution. The
effectiveness of these methods is achieved due to adaptive optimization procedures that improve the characteristics of signals.

It is worth noting that the methods have disadvantages associated with high requirements for computing resources, especially
when processing large data. This can be minimized using combined optimization methods that take into account the interaction of
signal parameters. Another important direction of improvement is the optimization of methods for adaptation to dynamic changes in
the characteristics of complex signals, which allows to achieve high adaptability and reliability of real-time systems.

Results. As a result of the experiment using the Nelder-Mead method, an increase in the similarity of spectral densities was
achieved from 0.52 in the first iteration to 0.90 in the fourth, with a significant decrease in the distance between the peaks of the
spectrum from 1.2 to 0.4, which indicates high adaptability and the accuracy of the method in adjusting the parameters of the synthe-
sized signals.

Conclusions. The effectiveness of the Nelder-Mead method for adjusting the specified parameters of the synthesized signals was
experimentally proven, which is confirmed by a significant improvement in the similarity of the spectra with each iteration. This
opens the way for additional optimizations and application of the method in various technological areas.

KEYWORDS: optimization method, synthesized signals, Nelder-Mead method, approximation by linear functions, spectral
characteristics, ensemble properties of signals, iteration algorithm, noise immunity, side lobe emissions.

NOMENCLATURE Xy, is the worst point of the simplex, the point with
J(x) is an objective function the highest value of the objective function;
x(t) isasignal; o is a “reflection” coefficient;
y(t) is a set value for deviation:; x is a set of parameters for an ensemble of signals;
T is a duration: Sy is a spectral density of an ensemble of signals
E is an energy; with parameters x;
BW s a spectrum width; Sy is a given spectral density;
C is across-correlation; H, is a signal function with parameters x;
P(t) is a deviation of the signal at the moment of Hy is a given signal function;
time;

ww, is a weighting factors that determine the impor-
tance of the similarity of the spectral densities and the
level of blurring of the side lobes;

SiMepsemble — the similarity function, which takes into

t is atime index;
AW, E,vois a parameters that regulate the weight be-

tween the deviation criterion and the side lobes;

x; s the initial value of the i-th variable; account the similarity between the spectral characteristics
X is a displayed point; of the signals in the ensemble;
X is a centroid, calculated as the arithmetic mean of Bluryesistans is @ blur function that takes into account
all points of the simplex, except for the worst one; the blurring of the side lobes of the signal function;
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o,B is a weighting factors that regulate the impor-

tance of ensemble properties and immunity properties,
respectively;
Si(t),S;(t) is a functions of the spectral density of

two different distributions of signals (“true” distribution
and approximation of this distribution);
Si(t) . . . -
logl ——= |dt is a logarithm of the ratio of the distri-
(51 (t)]

bution densities at each moment of time t, which reflects
the local difference between them;

o is a standard deviation or scale of uncertainty or
noise;

t is a time parameter;

S(t;0) is a signal or its spectral component depends on
certain parameters 63;

2
J'fwexp _t_2 is a Gaussian function that de-
@ 2c

creases on either side of the center.

INTRODUCTION

Optimizing the parameters of synthesized signals us-
ing methods with constraints that use approximation by
linear and nonlinear functions is a promising and relevant
area of research [1-14]. These methods make it possible
to obtain signals with specified spectral, temporal, statis-
tical and other characteristics, including a high level of
immunity. They turn the problem of signal synthesis into
the problem of optimizing the chosen objective function,
which contains physical or technological limitations [2, 6,
8]. Various approaches are used to study the properties of
synthesized signals, in particular, the analysis of their
frequency, time characteristics and resistance to interfer-
ence. Solving this problem is important and necessary for
improving the efficiency of telecommunication systems,
because it ensures their stable and reliable operation in
conditions of various disturbances.

The object of study is the process of optimizing syn-
thesized signals according to given parameters.

The subjects of study are optimization algorithms
and methods, in particular the Nelder Mead method.

The purpose of this work is to evaluate the effec-
tiveness of the Nelder-Mead method for optimizing the
parameters of linear approximations of synthesized sig-
nals in order to improve their properties.

1 PROBLEM STATEMENT

Let us consider the most effective methods of ap-
proximating functions for solving optimization problems
in signal synthesis. Classical optimization methods with
constraints, which are based on the approximation of the
objective function by linear functions, are widely used for
the synthesis of signals with defined characteristics. Such
methods include the Nelder-Mead method, methods based
on gradients, Newton’s method, and others [1, 3, 5]. We
will analyze the effectiveness of the Nelder-Mead method
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for the synthesis of complex signal ensembles, in particu-
lar, focusing on improving the cross-correlation properties
and significantly reducing the maximum deviations of the
side lobes of the target function.

Methods based on linear approximation of the objec-
tive function systematize scientific optimization problems
using the universal algorithm presented in Fig. 1.

Choose the -
. : Evaluation of
:JI?II::;::‘ approximation Initial values Iterations ] results
el
method

Figure 1 — General optimization algorithm by linear ap-
proximation

These methods, in particular, make it possible to sim-
plify the optimization process through the linear represen-
tation of complex dependencies, which is the key to effec-
tively solving a wide range of current scientific problems.

Linear approximation provides ease of use and im-
plementation, especially when initial data or functional
dependencies are too complex for direct analysis. It al-
lows you to estimate the influence of various parameters
on the target function with high accuracy, without delving
into the excessive complexity of real processes. The main
stages of this algorithm include defining the problem,
choosing an approximation method, calculating parame-
ters, verifying the obtained results, and correcting the
model for the purpose of optimization.

2 REVIEW OF THE LITERATURE

Research in the field of optimizing the parameters of
synthesized signals using the Nelder-Mead method and
other evolutionary algorithms is actively considered in the
scientific works of various authors. The works [1, 4, 5, 6,
8, 9, 10, 12, 13] analyze various aspects of linear and
nonlinear signal approximations, demonstrating signifi-
cant progress in improving the spectral characteristics and
efficiency of signals. However, these studies also reveal
underexplored areas, such as the impact of algorithmic
constraints on system scalability and stability under di-
verse conditions. Special attention is drawn to the works
[2, 3, 11, 14], which investigate the use of Nelder-Mead
and other optimization methods for improving block dia-
grams of signal processing and their analytical models. It
was found that despite the effectiveness in specific sce-
narios, there are problems with the integration of these
approaches into wider systems, which requires further
research into the adaptation and scaling of the algorithms.
The comparative analysis of optimization methods pre-
sented in [7] indicates the differences in efficiency and
areas of application of various approaches, offering addi-
tional opportunities for improving interoperability and
interaction in complex scenarios. Also an important as-
pect is the development and optimization of automatic
control systems, as stated in [8], where the Nelder-Mead
algorithm is used to achieve higher accuracy and control
adaptability.

These works formed the basis for further research de-
voted to the evaluation of the effectiveness of optimiza-
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tion methods for linear approximations of synthesized
signals, namely the Nelder-Mead method for complex
signal ensembles, where high accuracy and adaptability to
variable conditions are critical. The use of such methods
will allow not only to improve the characteristics of sig-
nals, in particular their spectral efficiency and mutual
correlation, but also to ensure a high level of immunity
and performance in complex and dynamic telecommuni-
cations systems that require high reliability and adaptation
to environmental changes.

3 MATERIALS AND METHODS

Let us consider in more detail the stages of the general
optimization algorithm by linear approximation.

Preliminary Stage. An optimization problem is deter-
mined with the formalization of the objective function and
constraints. For demonstration, consider the problem of
signal synthesis. [3].

Let the signal be the specified value for the deviation,
and the objective function is defined as the sum of the
squares of the deviations of the side lobes from the speci-
fied value [5] by the formula (1):

I(0) =Y, x() - y(1))*. (1)

Limitations determine such parameters of the ensem-
ble of signals as their duration, energy, spectral width,
mutual correlation, etc. This approach is essential to
minimize the discrepancies between the side lobes and the
desired signal profile, ensuring optimal signal quality and
performance. By focusing on the deviations of the side
lobes, we can effectively control and optimize the overall
signal structure.

Suppose there are restrictions on the duration of the
signal duration, energy, spectrum width, cross-correlation,
then the mathematical system of restrictions will look like
this in the sample:

gl(x)zT ~Trmax <0,
92(X) =E —Emax <0,

g3(x) = BW — BWp0x <0 (2)
94 =C—Cpax <0

The cross-correlation determined by the formula (3)
[7, 6]:

2 X)) .
RO, ®

The discrete approximation for sequences is calculated
by the formula (4):

ny ()=

Cyy [n] = Zﬁz_oo X[m]' y[m + n] . 4
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In this case, it is also necessary to consider the pa-
rameter of the signal energy, which is determined as the
square of its amplitudes. For the signal x(t) it is calculated

2
using the mathematical formula: E:J'_Oooo|x(t)| dt. In the

case of a discrete signal or sequence x[n], it takes the
form of the mathematical expression [2, 4, 11]:

w 2
E=Y" _|xIn] . ©)
The side lobes of the signal reflect the deviation of the
signal  amplitude  from its  average  value

P(t) = x(t) — Xayer - This indicator is an important parame-
ter for evaluating signal quality and stability. To quantify
these deviations, the sum of the squares of the deviations
is used, which is determined by the following formula (6)

[5]:
Jsige = > P2 (D). (6)

To consider the objective function in the optimization
problem along with the cross-correlation and constraints,
the general optimization problem will look like this for-
mula (7):

Mind (X)+ % C+ - (T ~Trapd +V- (E~Emad +&- (BW-BWoz.  (7)

1 Stage. Determination of initial values of variables.
At this stage, the initial values of the variables to be opti-
mized are determined. These values can be chosen arbi-
trarily or with the help of expert judgments. The choice of
initial values is important because they can affect the rate
of convergence of the optimization algorithm and whether
it reaches a global or only a local optimum. Initial values
obtained from previous experiments or simulations can be
used for the task of optimizing signal parameters. If the
initial values of the variables are chosen arbitrarily or
with the help of expert estimates, they can be specified by
a formula [10,13]:

xoz{xf,xg,xg,...x,?J (8)

2 Stage. Iterative method for finding optimal values of
variables. This stage involves the use of an iterative
method to find new values of variables that are closer to
the optimal ones. At each iteration, the method updates
the values of the variables, trying to decrease (or increase)
the objective function. Examples of such methods are
Nelder Mead, gradient descent, Newton, or heuristic op-
timization algorithms such as genetic algorithms [6, 13].

3 Stage. Evaluation of the optimization result and
checking for compliance with constraints. To evaluate the
optimization result, it is necessary to check whether the
obtained variable values satisfy the constraints of the
problem. If not, then it is necessary to continue the execu-
tion of the optimization method.
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4 At the final stage, the model is corrected and further
optimized (if necessary).

Let us consider in more detail the solution of the op-
timization problem using the Nelder-Mead method. The
Nelder-Mead method is one of the most popular con-
strained optimization methods. It provides an effective
search for the optimum within the permissible values of
the variables, as it works by successive refinement of the
estimate of the global minimum of the function [6, 9].

The Nelder-Mead method, also known as the de-
formed simplex method, is one of the direct optimization
methods that does not require the calculation of function
gradients. It is especially useful in problems where it is
difficult or impossible to calculate the gradient, or where
the function has numerous local extrema [14].

The general view of the optimization algorithm ac-
cording to the Nelder-Mead method is presented in Fig. 2.

Starting point

.\'U = l.'\!o..\?..\'?....‘\SJ

Initialization with n+1 based on x°

,

3
Calculation of f (x) at each point of
the simplex
J

y

No .
Simplex
transformation

C heckmg the stop criterion

)- ] <€

lll ﬂ.\

Figure 2 — Optimization algorithm based on the Nelder-Mead
method

The main stages of calculation by the Nelder-Mead
method are the following.

1. Initialization. Selection of initial simplex consist-
ing of n +1 points in n — dimensional space. These points
need not lie on the same hyperplane to form a dimen-
sional simplex. Each point of the simplex is initialized so
that they are located close enough to each other, but at the
same time form a structure sufficient to start the optimiza-
tion process.

2. Evaluation of the function. Calculation of the value
of the objective function at each of n +1 points of the sim-
plex. Ranking points by function value from best (lowest
value) to worst (highest value).

3. Simplex transformation. It consists of a step — re-
flection — that is, the calculation of the mapped point rela-
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tive to the worst point to investigate whether a better
value can be found outside it, and extension — that is, if
the mapped point shows an improvement, the method will
try to “stretch” the simplex in that direction to investigate
further. The formula for this step of the algorithm looks
like this formula (10) [2]:

Xp =Xc + O‘(Xc - Xh)- 9)

This formula allows you to calculate a new point x_,
which is a “mirror” of the worst point x, relative to the
centroid x_, directing the search in a direction that can

improve the value of the objective function. If no im-
provement can be found, the simplex is compressed to-
wards the best point. If compression also fails, reduction
is performed, where the simplex is reduced in size around
the best point.

4. Checking the stop criterion. To check the stopping
criterion in the Nelder-Mead method, the concept of stan-
dard deviation or another indicator of the dispersion of the
function values among the points of the simplex is used.
One approach is to check whether the maximum differ-
ence between the function values at the simplex vertices

f (x;) and the function value at the best point f (x") does

not exceed a given threshold <. If the condition is ful-
filled, the optimization process ends, there is no need for
further iterations [8], formula (10):

fx)- 1x’] < <

For practical testing, consider the application of the
optimization algorithm based on the Nelder-Mead method
for the synthesis of signals with specified ensemble prop-
erties and noise immunity. This method is optimal for
application in the case of minimizing the difference be-
tween the spectral characteristics of the generated signals
and the given target spectral density, as well as for con-
trolling the blurring of the sidelobe deviation level.
Mathematically, the function for the task of creating an
ensemble of signals with a given similarity of spectral
densities and a defined level of blurring of the side lobes
is defined as [6] formula (11):

n+l

max
i=1

(10)

£(X) =W |y = Sol* +Wa - Hx = Ho[[* (11)

This function defines the main minimization criterion
for solving the problem of synthesis of signals with de-
fined properties. The goal is to find such a set of parame-
ters x that minimizes the function. The general form of the
functional for optimization using the Nelder-Mead
method for the synthesis of signals with given ensemble
properties and immunity properties can be formulated as
formula (12) [3]:

f(8) = o~ Simgpgemple(S) + B - Blulesistan s (S(6)).
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This approach allows the signal parameters to be pre-
cisely tailored to optimally meet the given criteria and
ensure efficiency in a wide range of applications, from
telecommunications to radar.

For a given objective function, different measures can
be chosen to evaluate the similarity and blurring of sig-
nals. The choice of a specific measure depends on the
specifics of the task and the desired characteristics of the
signal. For similarity function can be selected:

— Kullback-Leibler similarity measure. It is especially
valuable in scenarios where complex signal ensembles
need to be analyzed, such as those used in telecommuni-
cations, cryptography, or radar. This measure not only
allows us to measure the distance between two probability
distributions, but also provides insights into the effective-
ness of representing one distribution by another. For
complex signal ensembles, the Kullback-Leibler measure
provides a deeper understanding of how effectively a par-
ticular modulation or coding scheme can reproduce the
properties of the original signal [7].

This is important in situations where highly complex
signals need to be accurately reconstructed, such as in
satellite communication systems, where every lost or dis-
torted bit can lead to serious errors in data transmission. A
measure is used to measure the distance or difference be-
tween two probability distributions, allowing us to esti-
mate how much one signal distribution deviates from a
reference distribution. The mathematical expression that
describes the Kullback-Leibler similarity measure can
take the form [9, 10]:

Si(®

MeasureKL(Si,S) IS (t)Iog( 5.0
i

Jdt (13)

The integral is calculated over all possible values of t,
which makes it possible to estimate the total difference
between the distributions over the entire range of their
definition.

— Gaussian similarity measure. This measure is based
on considering the spectral density of signals as Gaussian
processes, which allows us to estimate the differences
between them through the parameters of their distribu-
tions. Unlike the Kullback-Leibler similarity measure, it
does not evaluate the difference between probability dis-
tributions, but focuses on the analysis of deviations be-
tween two signals taking into account noise or uncer-

tainty:

MeasureG(Si,S ) exp(—z_joo(M) dt). (14)
(&

oo}

The exponential function transforms the result into a
range from O to 1, where a value closer to 1 means a
smaller total deviation between S,(1),S;(t) i.e. a higher
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similarity. Function blurring Blur.__.

resistans
following measures [5, 8]:

— Gaussian blur measure: used to estimate the fuzzi-
ness of the side lobes of a signal by modeling them as a
Gaussian process. This helps determine the level of
smoothing of unwanted spectral components:

may include the

2
Measure g Blur (S(t;0)) = L;w exp(— ;—2]|S(t; 0)|dt. (15)
(e}

Gaussian function that decreases on either side of the
center. The integral of this function along t gives a gen-
eral estimate of the effect of Gaussian blur on the signal.

— Riemann-Lebesgue blur measure: takes into account
the integral sum of deviations from the “reference”
(“ideal™) level of the side lobes, which allows for a more
accurate assessment of their impact on the overall signal

purity:

| e[S & 8)J(w)|

Measureg, Blur(S(t;0)) = j —d (16)

Differentiated application of various measures allows
for the adaptation of the optimization algorithm to solve
specialized tasks in the field of signal synthesis and
analysis. The use of the Kullback-Leibler similarity
measure provides a deep understanding of the efficiency
of reproducing complex signals, which is critically impor-
tant for telecommunications and cryptography. The Gaus-
sian similarity measure accounts for deviations between
signals considering noise, enhancing the accuracy of
evaluation. The Gaussian blur measure and the Riemann-
Lebesgue blur measure help assess the level of smoothing
of unwanted spectral components, improving signal clar-
ity in radar systems and wireless cognitive systems. This
approach enables precise tuning of signal parameters,
ensuring high efficiency in various applications.

4 EXPERIMENTS

To demonstrate the effectiveness of the Nelder-Mead
optimization method in the synthesis of an ensemble of
signals with given properties, a Matlab code was devel-
oped. The results of the program execution are presented
in Figures 3 (a,d.c), which illustrate the process (dynam-
ics) of the current spectral density (blue region) compared
to the target spectral density (red region) at each iteration.

The closer the blue line (area) is to the red, the better
the optimization result (Table 1).

Parameters: similarity, distance between peaks, error
of spectral densities, step size, objective function value,
smoothing factor, computation time, sample size, and
significance level — show the evolution of the optimiza-
tion process with each iteration of the Nelder Mead
method, and the gradual approximation of the current
spectral density to target An additionally introduced
smoothing factor is used to eliminate noise and stabilize
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3
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the spectral analysis data, while the computation time

reflects the time required for each iteration of data proc-

essing, which is important when evaluating the algo-

rithm’s performance. Sample size refers to the number of

data points used in the spectral analysis and is important
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to ensure the reliability of the results. Finally, the level of
significance was used to statistically check the dynamics
of changes between iterations, confirming their signifi-
cance or insignificance in the course of the experiment.
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Figure 3 — Iterative optimization process of approximation of the current spectral density value to the target value:
a— First iteration, b — The second iteration, ¢ — The third iteration, d — The fourth iteration, i — The fifth iteration

Table 1 — Dynamics of signal spectral density parameters by optimization iterations

. Lo Distance Error of . Objec_tive Smoothing | Calculation - Level of
Iteration Similarity between spec_tr_al Step size function factor time (sec) Sample size significance
peaks densities value
1 0.52 1.2 0.5 1.2 0.02 0.1 15 1000 0.05
2 0.68 0.9 0.3 0.9 0.01 0.1 12 1000 0.05
3 0.82 0.6 0.2 0.6 0.005 0.1 10 1000 0.05
4 0.90 0.4 0.1 0.4 0.002 0.1 8 1000 0.05

© Lysechko V. P., Komar O. M., Bershov V. S., Veklych O. K., 2024
DOI 10.15588/1607-3274-2024-3-4

OPEN 8 ACCESS

40



p-ISSN 1607-3274 PanioenexTpownika, indpopmatrka, ynpasninns. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

Table 1 shows how the similarity process of spectral
densities between signal parameters and the target spec-
trum changes with each iteration of the Nelder-Mead al-
gorithm. This confirms the effectiveness of the method in
adapting the signal parameters to achieve optimal values
according to the relevant criteria.

5 RESULTS

As can be seen from Table 1 and Fig. 3—7, the similar-
ity of spectral densities increases with each iteration. At
the first iteration, the similarity is 0.52, that is, the initial
parameters of the signal are very different from the speci-
fied spectral density. And on the fourth iteration, the simi-
larity already reaches 0.90, which means that the synthe-
sized signals become more similar to a signal with a given
spectral density.

In the fourth iteration, the similarity increased by 78%
compared to the first iteration. The distance between the
peaks of the spectral densities also decreases with each
iteration. In the first iteration, the distance is 1.2, and in
the fourth iteration — 0.4. This means that the signal spec-
tra are becoming more and more similar.

The error of the spectral densities also decreases with
each iteration.

From the point of view of ensemble properties, the
synthesized signals with each iteration become more and
more similar to a signal with a given spectral density.
This means that they will have similar statistical charac-
teristics such as mean, variance, autocorrelation function.

Fig. 3 (a—i) and table 1 demonstrate that in this ex-
periment, the speed, accuracy and stability of conver-
gence of the Nelder-Mead method is also high. For 4 it-
erations, it increases the similarity of spectral densities
from 0.52 to 0.90, that is, by 90%, which is equal to an
increase of 1.7 times.

The Nelder-Mead method used in this experiment
proves its high convergence speed and ability to precisely
tune signal parameters, which is critical for applications
where high accuracy of spectral characteristics is re-
quired, such as in communication, radar, and acoustics
systems. Optimization that allows for greater similarity of
spectra can significantly improve the quality of signal
transmission, reducing errors and interference.

The further development of the direction of this re-
search is that the Nelder-Mead method can provide higher
efficiency in optimizing the parameters of complex signal
ensembles when it is integrated with other technological
approaches to further improve the results. In particular,
the use of machine learning can help in the selection of
initial parameters for an algorithm based on previously
analyzed data, which can potentially reduce the number of
iterations required and improve the convergence of the
algorithm.

Training models on existing data sets can help deter-
mine optimal initial parameters for the Nelder-Mead algo-
rithm, reducing the time to reach the optimal configura-
tion. Also, machine learning models can adaptively adjust
optimization parameters based on changing environ-
mental conditions or real-time input, thus providing more
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stable and efficient results. This extension of the Nelder-
Mead method can significantly improve its versatility and
open up new opportunities for its application in diverse
and demanding technological areas.

6 DISCUSSION

The closest analogue to the proposed Nelder-Mead
method for optimizing ensembles of complex signals is
the method proposed in the work [12]. Unlike the ap-
proaches suggested in this paper, the authors of the refer-
enced article applied the differential evolution method for
optimizing the parameters of synthesized signals. How-
ever, the disadvantage of their methods lies in the low
speed due to the need to calculate the distances between
instances and the necessity and ambiguity of integrating
the indicator into the complex measures of the informa-
tiveness of the instances.

Another relevant article [2], which proposes an ap-
proach for optimizing signal processing block diagrams
using the Nelder-Mead method. The difference in this
work is the focus on optimizing the block diagrams of
signal processing, whereas our paper addresses the opti-
mization of parameters of synthesized signals. The disad-
vantage of the method proposed by the authors is the need
for numerous iterations to achieve acceptable results,
which can lead to significant computational costs.

The advantage of the Nelder-Mead method proposed
in this paper lies in its ability to provide an efficient
search for the optimum within the permissible values of
the variables without requiring the calculation of function
gradients, significantly reducing calculation time and in-
creasing convergence speed. However, this drawback can
be seen as an advantage in the case of large samples: if we
use a computationally simple distribution (e.g., a regular
grid) and know the minimum and maximum values of
each parameter, the computational cost of the proposed
metrics will be lower than using a set of matched filter.

CONCLUSIONS

Optimization of synthesized signal parameters using
methods with constraints based on linear and nonlinear
function approximations is a promising and relevant area
of scientific and practical research. These methods allow
obtaining signals with specified spectral, temporal, statis-
tical, and other characteristics, including a high level of
noise immunity. They transform the signal synthesis task
into an optimization problem of the chosen objective
function, which includes physical or technological con-
straints. Solving this problem is necessary to improve the
efficiency of cognitive telecommunication systems, as it
ensures their stable and reliable operation under various
interference conditions.

The scientific novelty of the article lies in the im-
provement of the Nelder-Mead method for optimizing
ensembles of synthesized signals by developing algo-
rithms that integrate spectral, temporal, and statistical
analyses and provide comprehensive justified optimiza-

tion.
OPEN a.ﬁCCESS




p-ISSN 1607-3274 PanioenexTpownika, indpopmatrka, ynpasninns. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

The practical results of the study show that the
Nelder-Mead method is effective for tuning the parame-
ters of linear approximations of synthesized signals. It has
been experimentally proven that the use of this method
significantly improves the mutual correlation properties of
signals and reduces the maximum deviations of side
lobes.

The obtained results justify the prospects for further
application of the method in complex signal synthesis
scenarios.

The urgent problem of mathematical support devel-
opment is solved to automate the sampling at diagnostic
and recognizing model building by precedents.
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3A JOIIOMOI'OIO METOAY HEJIIEPA-MIJA
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Beximu A. K. — acmipant xadenpu TeneKoMyHIKalliiHHX CHCTeM Ta Mepex, [lep)kaBHHil yHiBepcHTeT iH(pOpMamiiHo-

KOMYHIKaliiHUX TexHoJjorii, Kuis, Ykpaiua.

AHOTANIA
AKTyanbHicTb. B cTaTTi MpecTaBieHo pe3ynbTaTy JOCIiKeHHs e)eKTUBHOCTI BUKOpUCTaHHs MeTony Hennepa-Mina mis on-
THMi3amii mapaMeTpiB JHIHHNX ampOKCHMamiii CHHTE30BaHHMX CHUTHANIB. Po3poOieHo Ta ampoOOBaHO aqTOpPHTMH, IO IHTETPYIOTh
CIIEKTPAaIbHHUI, YaCOBHIA Ta CTATUCTHYHHI aHaJi3u Ta 3a6e3MeuyroTh OOIPYHTOBaHY ONTHMI3alif0. E(GEeKTHBHICTh 3aCTOCYBaHHS Me-
tony Hennepa-Mina moBeneHO 3a JOIIOMOror ekcrepuMeHTy. OTpuMaHi pe3yibTaTd OOIpyHTOBYIOTH IOJIIIICHHS BIACTHBOCTEH
B3a€EMHOI KOpeJIsllii CUTHAJB Ta 3MEHIIICHHS! MAaKCUMaJIbHUX BiIXHJICHb OIYHMX MENIOCTOK, IO BiIKPUBA€E MEPCIEKTHBU Ul MOJA-
JIBLIIOTO 3aCTOCYBaHHS METOJy B KOMIUICKCHHX CLEHAPisAX CHHTE3y CUTHAIIB.

© Lysechko V. P., Komar O. M., Bershov V. S., Veklych O. K., 2024
DOI 10.15588/1607-3274-2024-3-4

42

OPEN a ACCESS




p-ISSN 1607-3274 PanioenexTpownika, indpopmatrka, ynpasninns. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

Meta. MeToro po0OTH € OIiHKA Pe3yIbTAaTUBHOCTI 3acTocyBaHHS MeTtony Hennepa-Mina mpy HanamTyBaHHI apaMeTpiB JIiHIN-
HUX anpOKCUMAIiH JUTS ONITHMI3allil B3a€EMHOT KOPEJISIii Ta MiHiMi3allii MOOIYHUX BiXUICHD CKIIaHAX CHHTE30BAaHMX CUTHAIB.

Metoa. OCHOBHMM METOJOM JOCIIDKEHHS € IMOPIBHSAHHS Pi3HUX aJTOPHTMIB ONTHMI3aLil Uil BUOOPY HAMOUIBII MEpCIIEKTHB-
HUX HIiIXOJIB Y JIHIIHUX ampoKCHMALisfX CHHTE30BAHMX CHIHANIB. ICHYIOTH Pi3HI NOKa3HUKH /IS MOPIBHSHHS, Taki SK TOYHICTh
onTHMi3alii, IBUAKICTh BAKOHAHHS aJTOPUTMIB, Ta MiHIMi3allisl BIAXHUJICHb.

V naykoBux poborax [1, 2, 4, 5, 6, 8, 9], npezcrasiieHi pi3Hi METOAM Ta ANITOPUTMH ONTUMI3alil, BKIoYaroun Metox Hemmepa-
Mina ta nqudepenniansay eBomroniro. Haitbinpm epekTHBHI 3 HIX OCHOBaHI HAa BUKOPHCTaHHI aJaliTUBHUX METOIB ONTUMI3amii Ta
ITepariifHuX MpoLexyp A HOJIIIIEHHS XapaKTePUCTHK CUTHAIB.

BapTo Bifm3HauKTH, IO 3aIPOITOHOBAHI METOIU MAIOTh HEJOMIKH, OB’ sI3aHi 31 CKIAIHICTIO i BAMOTaMH J0 O0YUCITIOBAIBHHUX pe-
CypCiB, 0COOJIMBO NPH BEJIMKHUX 00CATaX JaHUX a00 BUCOKHX BUMOTax 10 TOYHOCTI. L1i HeOIiKi MOXKHA CYTTEBO 3MEHILIHUTH HIIIXOM
3aCTOCYBaHHs KOMOIHOBaHHMX METOMIB ONTHMI3alii, sKi BpaXOBYIOTh Pi3HI aCIIEKTH MOZETIOBAHHS, TaKi sIK B3a€MO3B’sI3KM MK Iapa-
METpaMH CUTHAJy Ta iX BIUIMB Ha 3arajbHi BJIACTUBOCTI CUCTEMHM. IHIIMM Ba)XIMBHUM HANPSMKOM BJIOCKOHAJICHHS € ONTHMi3allis
METOJIB AJIs afanTamil 10 ANHaMIYHUX 3MiH y XapaKTEePUCTHKAX CKJIAJHUX CHUTHAJIB, IO AO3BOJISIE TOCSATTH BHCOKOI aJalTUBHOCTI
Ta HaJIIHOCTI CHCTEM.

PesyabTaTn. B pesynpTari eKCliepUMEHTY 3 BHKOpUCTaHH:IM Metony Henmepa-Mima Oyio HOCSTHYTO 30i7BIICHHS CXO0XOCTI
CIeKTpalbHUX IIbHOCTeH 3 0,52 y meprmiit itepanii mo 0,90 y weTBepriif, 31 3HAYHNM 3MEHIIEHHSIM BiJICTaHI MK ITIKaMH CHEKTPY 3
1,2 o 0,4, 1m0 CBIIUUTE PO BUCOKY aJalTHBHICTH Ta TOYHICTH METO/Y B HAJAIITYBaHHI TapaMeTpiB CHHTE30BAaHUX CHTHAIIIB.
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ABSTRACT

Context. The problem of human factor management in the process of making relevant decisions in the management of critical in-
frastructure facilities is currently very important and complex. This issue is becoming increasingly significant due to the dynamic and
unpredictable nature of the environment in which these facilities operate. Effective management of CIF requires the development of
new models and methods that are based on adaptive management principles. These models and methods must take into account the
personal emotional and cognitive capabilities of the decision maker, who is often operating under the influence of destabilizing un-
certain factors. The challenge is further compounded by the need to integrate these adaptive methods into existing human-machine
systems, ensuring that they can respond in real-time to the rapidly changing conditions that can affect the decision-making process.
The complexity and importance of this problem necessitate a multifaceted approach that combines probabilistic methods, intellectual
technologies, and information-cognitive technologies. These technologies must be capable of providing real-time adaptation and
assessment of the DM’s emotional and cognitive state, which is critical for making relevant and timely decisions. The current unre-
solved problems in the field of creating adaptive information technologies for decision support in the management of CIF highlight
the urgent need for a promising approach that can address these issues effectively and efficiently.

Obijective. The objective is to propose a a comprehensive method for evaluating the process of relevant decision-making, which
depends on the functional stability of critical infrastructure facilities and the adaptation of factors related to the emotional-cognitive
state of the decision maker. This method aims to provide a systematic approach to understanding how various factors, including the
psycho-functional state of the DM, influence the decision-making process. Additionally, the objective includes the development of
adaptive information and intellectual technologies that can support real-time evaluation and adjustment of the DM’s emotional and
cognitive states. This approach seeks to ensure that decisions are made efficiently and effectively, even under the influence of desta-
bilizing uncertain factors. By addressing these aspects, the method aims to enhance the overall reliability and resilience of the CIF
management processes. Furthermore, the objective encompasses the integration of Bayesian networks and a comprehensive knowl-
edge base to facilitate the decision support system in providing timely and accurate information for decision-making.

Method. To implement this method, probabilistic methods, intellectual and information-cognitive technologies were used to pro-
vide acceptable adaptation and evaluation of the relevant decision-making process in real-time.

Results. The proposed method, based on intellectual and information-cognitive technology, allows for real-time assessment and
adaptation of the emotional and cognitive state of the decision maker during the process of making relevant decisions. The imple-
mentation of probabilistic methods and Bayesian networks has enabled the development of a robust decision support system that
effectively integrates adaptive management principles. This system ensures that the decision-making process remains stable and reli-
able, even in the presence of destabilizing uncertain factors. The real-time capabilities of the system allow for prompt adjustments to
the psycho-functional state of the DM, which is critical for maintaining the functional stability of critical infrastructure facilities. The
results demonstrate that the use of intellectual technologies and a comprehensive knowledge base significantly enhances the DM’s
ability to make informed decisions. Experiments have shown that this method improves the overall efficiency and effectiveness of
CIF management, providing a promising approach for future applications in adaptive decision support processes. The results obtained
from these experiments validate the potential of the proposed method to revolutionize the management of CIF by ensuring that deci-
sions are both timely and appropriate, thereby contributing to the resilience and reliability of these essential facilities..

Conclusions. The results of the experiments allow us to recommend the use of the proposed method of rapid assessment and ad-
aptation of the emotional and cognitive state of the decision maker for the process of making relevant decisions in real-time. The
integration of intellectual and information-cognitive technologies into the decision support system has proven to be effective in en-
hancing the stability and reliability of the decision-making process in the management of critical infrastructure facilities. The real-
time capabilities of the system facilitate prompt adjustments to the psycho-functional state of the DM, ensuring that decisions are
made efficiently and effectively, even under the influence of destabilizing uncertain factors. The experimental results demonstrate
that the proposed method significantly improves the overall efficiency of CIF management by providing a robust framework for
adaptive decision support. The results obtained can be used in the development of adaptive DSS in the management of CIF, offering
a promising approach for future applications. This method not only enhances the decision-making capabilities of DMs but also con-
tributes to the resilience and reliability of CIF, ensuring their functional stability in dynamic and uncertain environments.

KEYWORDS: human-machine systems, decision making, adaptation, decision maker, information-cognitive technologies, intel-
ligent technologies, Bayesian networks, information security, cybernetic security.
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ABBREVIATIONS
HMS is a human-machine systems;
DM is a decision maker;
DMP is a decision making process;
DSS is a decision support system;
BN is a Bayesian networks;
DS is a decision support;
CIF is a critical infrastructure facilities;
PFS ia a psycho functional state;
KB is a knowledge base.

NOMENCLATURE

Sw is a main factors associated with the current psy-
cho-emotional state of the DM;

F is a physical and emotional fatigue;

ET is an emotional tension;

PR is a productivity;

Sp is a main factors associated with the current cogni-
tive state of DM;

Pl is a perception of information;

RT is a reaction time;

DT is a decision-making time;

C is a concentration;

IS is an information security;

CS is a cyber security;

Risk is a risk state of the production process of a criti-
cal facility;

Pi is a probability of the implementation of the i-th
threat to the production process of a critical facility;

Ci is an amount of damage from the implementation
of the i-th threat;

FS is a functional stability of a critical infrastructure
facility;

Ad EC is an adaptation of the emotional and cognitive
state of the DM;

REL is a relevance of decision-making;

uy is a linguistic variable “decision-making time”;

Uy is a linguistic variable “reaction time”;

uzis a linguistic variable “perception of information”;

ugis a linguistic variable “productivity”;

Us is a linguistic variable “physical and emotional fa-
tigue”;

Ug is a linguistic variable “emotional tension”;

U-is a linguistic variable “concentration”;

v is a linguistic variable;

{“standard”, “not standard”} is a term-set of variables
Ui;

{“low”, “
ablev;

R* is a critical value of the measure of relevance of
the decision making;

f1() is a function for assessing the degree of adaptation
of DM’s emotional-cognitive state factors;

f,() is a function for assessing the degree of functional
stability of CIF;

f3() is a function for assessing the degree of relevance
of decisions made by DM.

average” , “high”} is a term-set of the vari-
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INTRODUCTION

The human factor in emergency situations, as one of
the most important in safety, has become a subject of fun-
damental and applied scientific research and development
in recent years. Recent events indicate the importance of
the influence of destabilising factors of the external and
industrial environment on the decision-making process of
the DM, which leads to an increase in the probability of
wrong decisions, especially in multi-level CIF with in-
creased risk in management.

The classical methodology of decision-making with a
given number of alternatives and complete information
about them is not suitable for these conditions, because
the information is limited and incomplete, while decisions
should be made promptly, relying on the psycho-
emotional and cognitive state of the DM.

In this regard, one of the most important problems is
mutual adaptation and optimal distribution of functions
between technical means and the operator, taking into
account his psychophysiological and cognitive capabili-
ties. However, the solution of this problem goes beyond
the possibilities of traditional methods and means of solv-
ing these issues. For this purpose, an essential role should
be given to the engineering-psychological aspect, which
should be based on modern tools of artificial intelligence
and information-cognitive technology.

Therefore, the technology of decision-making process
in the process of CIF management should be based on the
principle of hybrid intelligence — symbiotic integration of
the functionality of artificial (computer) and natural (op-
erator) intelligences.

The object of study are informational and mathe-
matical models of decision-making process evaluation
depending on the functional stability of CIF and the adap-
tation of factors of the DM’s emotional and cognitive
state of mind when managing the object.

The subject of study are models and methods of de-
cision-making in man-machine systems in the manage-
ment of CIF.

The purpose of the work is to propose a method for
evaluating the process of making relevant decisions de-
pending on the functional stability of the CIF and adapta-
tion of factors of the emotional-cognitive state of the DM.

1 PROBLEM STATEMENT

In the process of decision-making, the DM is influ-
enced by external factors of the production environment
and factors characterising his psycho-emotional Sw =
={ET, PR, F} and cognitive Sp = {PI, RT, DT, C} state.

It is necessary, on the basis of expert evaluations and
information-cognitive technology to estimate the degree
of relevance of decisions made by DM REL = f5(Sp, Sw,
IS, CS, Risk) depending on the adaptation of factors of his
emotional-cognitive state Ad EC = fi(Sp, Sw) and the
functional stability of CIF FS = f,(IS, CS, Risk) in condi-
tions of limited time in the management of the object.
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According to the results of evaluation to draw a con-
clusion about the degree of adaptation of the emotional-
cognitive state of the decision-maker for the relevance of
the decision-making process. If the value of REL> R*
then an adaptation of the emotional-cognitive state of the
DM is sufficient. In case of REL< R* it is no sufficient
and requires adjustment of factors Sw and Sp in accor-
dance with engineering-psychological standards.

2 REVIEW OF THE LITERATURE

The operation of critical infrastructure facilities is as-
sociated with both information and cyber vulnerabilities
and risky process conditions and requires the develop-
ment of new tools to ensure the sustainability of operation
based on knowledge of the state of the management ob-
jects, the state of the operating environment and the im-
pacts that occur. An integral element of such systems is a
number of decision support subsystems, the capabilities
of which directly depend on the ability to provide the DM
with qualitatively balanced information characterizing the
actual and forecasted states of the CIF.

In scientific works of a number of authors, it is noted
that the most important problem in the theory of decision-
making is to overcome the factor of subjectivity, which is
caused by the presence of psychological and cognitive
characteristics of the DM, in the decision-making process.

Research [1] shows the dependence of human operator
efficiency on the characteristics of the workplace envi-
ronment and proposes a comprehensive assessment of
their impact. However, cognitive models for identifying
and assessing uncertain situations of the impact of uncer-
tain environmental and production environment factors on
the DSS have not been studied.

Studies [2, 3] present human errors that depend on
time and other factors affecting work productivity. A
roadmap methodology for the selection and consistent
application of approaches to the human factor is pre-
sented. The ergonomic functional approach to modeling
control processes for the tasks of adapting the technical
component to the human operator is proposed, but the
models and methods of functional dependence of the effi-
ciency of complex systems on the influence of external
factors and the uncertain risk of making irrelevant deci-
sions are not investigated; Hierarchical cognitive models
for determining the optimal interaction of uncertain fac-
tors of the external and production environment on the
psychophysiological state of a person in decision-making.

Publications [4-6] describe the technology and cogni-
tive aspects of human factor engineering. The optimiza-
tion of human-machine interaction at the stage of design-
ing dynamic systems focused on the problems of physical,
functional and information security is indicated. A method
for analyzing the reliability of a human-machine system
based on the IDA model is proposed. Recommendations
for the use of various methods of formalized description
of operators’ activities in the process of engineering and
psychological support for the development of human-
machine systems have been determined. However, no
study has been made of fuzzy cognitive models for de-
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termining and evaluating the optimal interaction of envi-
ronmental factors on the decision-making process of DM
in the management of real-time CIF.

Studies [9-11] indicate the main sources of cyber and
information security factors, which differ significantly
from other categories of risks, such as human behavior.
The process of determining the risks from erroneous deci-
sion-making by DM under the influence of threats is pre-
sented. However, models and methods for assessing the
dependence of the functional stability of a critical infra-
structure facility on the impact of cyber and information
security factors have not been studied.

Publications [12-14] propose methods that make it
possible to determine the total amount of damage caused
by threat factors for a certain period of time. It is also
noted that the process of determining and assessing the
risk of erroneous decision-making under the influence of
threat factors is the basis and basis for research in the
field of analysis and improvement of existing, as well as
the invention of new methods of risk assessment, improv-
ing the accuracy of its assessment. The author recom-
mends that in the course of functioning of the CIF, the
risks of irrelevant decision-making by DM arising in un-
predictable conditions, as well as special requirements to
the emotional and cognitive state of a person and their
admission to perform particularly responsible work
should be taken into account. It is also noted that the in-
formation and cognitive aspects of human factor engi-
neering play a key role in the safety, reliability and effi-
ciency of the management of critical control facilities.

3 MATERIALS AND METHODS
Based on the results of the literature analysis, it is not-
ed that the decision-making process is most significantly
influenced by the factors of the emotional and cognitive
state of DM shown in the information-logical model
(Fig. 1), [15-18].

Factors of the emotional and
cognitive state of DM
Sw = (ET,PR,F}
Sp = [PI,RT,DT,C}

Risk state of the
production procass
of a critieal facility

Risk =%Pi- Ci

I 0 1

Functional stability
of a critical infrastructure facility

FS = f»(IS,C5,Risk)

i 4

Information
securily
15

Cybersecurity
Cy

Adaptation of the emotional -
cognitive state of the DM

Ad EC = fi(Sp.5w)

DM’'s PFS Assessment of decision-making relevance
correction REL = f5(Sp,Sw, 15,05, Risk)
REL < 0,95 REL =095

Figure 1 — Information-logical model of adaptation of the
emotional-cognitive state of the decision-maker for the
relevance of the decision-making process

For quantitative assessment of the degree of relevance
of the decision made by the DM, it is proposed to use the
BN, shown in Fig. 2. It should be noted that when build-
ing the structure of this BN and filling in the tables of
conditional probabilities for the variables of the network,
the requirements of engineering-psychological standards
of working conditions of human operators and knowledge

of experts were used.
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Risk status of
the critical

infrastructure
object

Adaptation of the
psycho-cognitive
state of the PMD

Functional stability
of the Cntical Object

Figure 2 — A Bayesian network for estimating the probability of
relevance of a decision made by a DM

All nodes of the network are binary, i.e. they have two
states and are of type “Chance — General”. Thus, the Risk
node characterises the Risk status of the critical infra-
structure object and can take only two values: “occurs” if
such a risk exists and “not occur” otherwise. The IS and
CS nodes characterise information and cyber security and
can also take two values. If the object is informational or
cybernetically fully protected, the corresponding vertices
take the value “protect”, otherwise they take the value “no
protect”. The probability that these nodes take the value
“no protect” is determined by the security control mod-
ules.

Since the nodes “Functional stability of the Critical
Object” and “Assessment of the relevance of DMP” each
have several parent nodes, the Noisy MAX type is as-
signed to these nodes to reduce the labour intensity of
filling in the conditional probability tables. In this case,
conditional probabilities are conditioned on the separate
influence of factors on the expected event rather than
jointly, which makes it easier for experts to estimate the
conditional probability [19]. The “Functional stability of
the Critical Object” node can take the values “sufficient”
and “not sufficient”, and the “Assessment of the relevance
of DMP” can take the values “relevant” and “irrelevant”.

To describe the nodes “Functional stability of the
Critical Object” and “Assessment of the relevance of
DMP”, the experts were asked to estimate the conditional
probabilities of the possible states of these nodes. The
results are presented in Tables 1-2.

Examine the node “Adaptation of the psycho-
cognitive state of the DM”. The random value of “Adap-
tation of the psycho-cognitive state of the DM” is influ-
enced by the following factors of the emotional-cognitive
state of the DM: “physical and emotional fatigue” F,
“emotional tension” ET, “productivity” PR, “perception
of information” PI, “reaction time” RT, “decision-making
time” DT, “concentration” C. Based on engineering and
psychological standards for the working conditions of a
human operator [20-22] and the results of expert assess-
ments, Table 3 shows the levels of values of these factors
in relative units.
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Depending on the values of emotional-cognitive fac-
tors, the degree of adaptation of the DM to the decision-
making process may be different. The question arises:
what is the probability that the random variable “Adapta-
tion of the psycho-cognitive state of the DM” takes the
value “negative”?

To answer this question, it is proposed to use a prob-
ability value prediction system based on fuzzy logical
inference using Mamdani’s algorithm on a fuzzy knowl-
edge base, in which the values of the input and output
variables are given by fuzzy sets. Taking into account that
according to [21, 22] the most noticeable influence on the
cognitive state of the LPR has the factors time to make
decisions DT, reaction time RT, and information percep-
tion PI, the experts propose the following uncertain
knowledge base:

RULE 1: IF uy is “not standard” AND u, is “not stan-
dard” THEN v is “high”.

RULE 2: IF u; is “not standard” AND u, is “not stan-
dard” AND us “standard” THEN v is “high”.

RULE 3: IF ug is “not standard” AND us is “standard”
AND ug “standard” AND u; “not standard” THEN v is
“high”.

RULE 4: IF u, is “not standard” AND ujz is “not stan-
dard” AND us “not standard” AND u; “standard” THEN
v is “average”.

RULE 5: IF uq is “standard” AND u; is “standard”
AND u, “not standard” AND us “not standard” AND ug
“not standard” THEN v is “average”.

RULE 6: IF u, is “standard” AND us; is “standard”
AND u, “standard” AND us “not standard” AND ug
“standard” AND u; “not standard” THEN v is “average”.

RULE 7: IF ug is “not standard” AND u, is “standard”
AND u; “standard” AND u, “standard” AND u; “stan-
dard” AND uy “not standard” THEN v is “low”.

RULE 8: IF uy is “standard” AND u, is “standard”
AND uj; “standard” AND u, “standard” AND us “stan-
dard” AND ug “standard” AND u; “standard” THEN v is
“low”.

The membership function y;(x;) of the term “stan-

dard” of linguistic variables U; (i =1,7) will be given in
the form of a two-sided Gaussian function:
u; (x;) = gauss2mf (xi , lcsil, cj,ciz,cin):
i 2 i 2 )
e (% —C]I_) /Z(Gll) , If 05X Scl',
=J1,  ifd <X <ch,

i\2 i2 .
e (X =Cy) /2(02) , ifey<x

i . i . i i- .
where parameters i, o} >0; ¢}, ch>0; clg c: X; are

an elements of the universal set X = [0; 1], on which the

terms “standard”, “not standard” are defined.
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Table 1 — Conditional probabilities of the “Functional stability of the Critical Object

Parent Risk IS CS

State occurs not occurs | no protect | protect no protect protect
not sufficient | 0.2 0 0.25 0 0.35 0
sufficient 0.8 1 0.75 1 0.65 1

Table 2 — Conditional probabilities of the “Assessment of the relevance of DMP”

Adaptation of the psycho- Functional stability of the Criti-
Parent cognitive state of the DM cal Object
State no sufficient sufficient negative positive
irrel 0.3 0 0.2 0
rel 0.7 1 0.8 1

Table 3 — Levels of significance of factors of emotional and cognitive state of DM

State ET F PR Pl RT DT C
high 0.85-1 08-1 0.75-1 08-1 0.85-1 0.86 -1 0.76 -1
average 0.4-0.84 0.36-0.79 0.46-0.74 0.46-0.79 0.55-0.84 0.55-0.85 0.41-0.75
low 0.15-0.39 0.2-0.35 0.25-0.45 0.15-0.45 0.25-0.54 0.3-0.54 0.25-0.4

Considering the values of the factors of the emotional
and cognitive state of the DM (Table 3) allows us to de-
termine some of the values of the parameters

ol,ch,cl,ch(i=17). Then the membership functions
w;(x) can be written in the form:

The function 0,(y) is defined as a symmetric Gaus-
sian function:

0;(y) = gaUSSfm(y,[Gi,Ci]) —e (y- Ci)2 /20i2 | @)

11,(4) = gauss2mf (Xl,[1:0,012,0.3]) x, <[04]; Where parameters . >0; ¢; >0, (i=13).

1y (X5) = gauss2mf (xz, _1,0,0% ,0.25]), X, €[0];
1g(xg) = gauss2mf (x3, cf,O.S,l,lD X3 €[01];
14 (X4) = gauss2mf <x4, _csf ,0.75,1,1]) X, €[01]; 2

Below are characteristic graphs of membership func-
tions. The graphs of the functions py(X1), @i(X), Ha(X2),
92(X2), Ms(Xs), Ps(Xs), Me(Xe), Ps(Xs) have the form of the
graphs in Fig. 3. The graphs of functions ps(xz), ¢s(Xs),
Ma(Xa), @a(Xs), H7(X7), @7(%7) have the same form as in

us (X5) = gauss2mf (x5, 1,0,02,0.2]) X5 €[0]] Fig. 4.
te (Xg) = gauss2mf (XG, 1,0,02,0.15]) Xs €[0.1]; - : : : ;
] u P
u7(x7) = gauss2mf <x7, _csI ,0.76,1,1]) X7 €[01]. ! NG |
. . 0.8
For definition, the parameters o, o5 of the member- =
ship functions, which can, as the analysis of the data in i; 06k i
Table 2 shows, take any values, are assigned the value 1 g
in the formula (2). S 0sl :
The statement “the i-th external factor takes the value 5 AN
“not the norm” is opposite to the statement the i-th exter- e '
nal factor takes the value “standard”. Then the member- 021
ship functions @;(x;) of the term “not standard” of the lin-
guistic variables u; have the form: ot
. e 0 0.2 0.4 0.6 0.8 1
@i (X)) =1—p; (%), (i1=17). x

Figure 3 — Membership functions ply(X;) and ¢1(X1)
For the membership functions of the terms ‘low’, ‘av-
erage’, ‘high’ of the linguistic variable v are introduced

the notations 6;(y) (i =1,_3) correspondingly, where y

are the elements of the universal set Y = {0; 1}, on which
these terms are defined.
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Figure 4 — Membership functions pls(X3) and @3(X3)

| low average high

08}
0.6

0.4
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02r
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Figure 5 — Membership functions g, (y) @ =1,_3)

To set up the fuzzy model F, i.e. to determine the co-
efficients of the model

612,c%,csg,cg,cf,cf,cz:cj.cj,(j=]§)’ it is required that

the value of root mean square deviation should be mini-
mized:

R="1 (s ~F(P,E))2 > min. @)
k=1

Here n is the volume of the sample of experimental
data connecting the inputs E = (X3, X, X3, X4, X5, Xg, X7) 1O
the output y of the investigated dependence:

(Ex,yx). k=1n,

where Ex = (Xc1, Xk2, Xc3, Xkar X5, Xky Xk 7) IS @ vector of
inputs and vy, is an output in k-pair. In addition,
F(P, E) is the value of the output of the fuzzy model at

the value of the inputs specified by the vector Ey;
P =(o1,0%,5j,¢j) is a vector of coefficients of mem-
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bership functions of terms of input and output variables of
the fuzzy model.

Taking into account the knowledge of experts about
the influence of the factors of the emotional and cognitive
state of the DM on the degree of adaptation to the deci-
sion-making process, it is possible to find a solution to the
mathematical programming problem (4) with the help of
the Fuzzy Logic Toolbox and Optimization Toolbox
packages and thus set up a fuzzy model.

4 EXPERIMENTS

To verify the proposed method, numerical experi-
ments were carried out, the essence of which was the fol-
lowing.

Assume that at some point in time the corresponding
control modules fix certain values of the factors of the
emotional-cognitive state of the LPR. On the basis of the
above proposed fuzzy knowledge base using the Mam-
dani algorithm and the known values of the corresponding
factors, the probabilities of the states of the top of the BN
“Adaptation of the psycho-cognitive state of the DM” are
estimated.

According to the respective functional resilience con-
trol modules of the CIF, its information and cyber security
status probabilities and risk status probabilities are deter-
mined.

The found probabilities allow us to estimate the value
of the probability (relevance=rel) of relevance of the deci-
sion made by the DM according to the proposed BN
(Fig. 2). Comparing the value of P(relevance=rel) with
the critical value of Pcr. according to a given criterion
allows us to attribute the decision taken to either relevant
or irrelevant.

5 RESULTS

Numerical experiments were carried out for two cases.
Let at some moment of time modules, control of factors
of emotional and cognitive state of DM, fixes the follow-
ing their values (Table 4).

Using Mamdani’s algorithm, the probabilities of the
states of the BN node “Adaptation of the psycho-
cognitive state of the DM” are estimated from the data in
Table 4. The values of the probabilities of a given node
and the probabilities of the states of the nodes “Risk status
of the critical infrastructure object”, “IS”, “CS” are indi-
cated on the icons of the corresponding nodes (Fig. 6).
The calculation performed in the GeNle system shows
that the probability of making a relevant decision by the
DM turned out to be equal to P(relevance=rel) =0.93.

In the second case, the calculation was performed with
the same values of the probabilities of the nodes “Risk
status of the critical infrastructure object”, “I1S”, “CS” and
values of the emotional and cognitive parameters as in the
first case, except for the RT factor, which now takes the
value 0.3. The BN calculation (Fig. 2) shows that in this
case the probability of making a relevant decision by the
DM turned out to be equal to P(relevance=rel) =0.96
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Table 4 — The values of factors of emotional and cognitive state of DM

ET F PR PI RT DT C
high 0.9 0.95 0.85 0.9
average
low 0.15 0.2 0.5
Risk status of the st —. C
O critical infrastructure prosed 1M
' iprotact S =
object ) o5
oceur 50'0! noprofact 20% l
nooceur 95% & I bnctoct 0% | -

Adaptution of the

C psvcho-cognitive state of

the DM
ﬁcgativc?ﬂ"»’o F

ositive 80% |

Assessment of the
relevance of DMP

oy Functional stabilily of
the Critical Object

nosufficient 10%|[
sullicient  90%|| o

Figure 6 —Estimation of the probability of making a relevant decision by the DM at the value of the parameter RT = 0.85

Risk status of the
(© critical infrastructure
object

5%||
nooccur 95%

occur

<0

Adaptation of the
© psycho-cognitive state of|
the DM
negative 5%l
positive 95%|]

<]

o s

inoprotect 10% |

protect  90% | =
S cs
noprotect 20% ([l
protect  80% 7l

Functional stability of
the Critical Object

Assessment of the
relevance of DMP

nosufficient lﬂ%il
/suiﬁcient 90%|:'; =

irrel 4%
rel 96%]]

Figure 7 — Estimation of the probability of making a relevant decision by the DM at the value of parameter RT = 0.3

6 DISCUSSION

In accordance with the results of studies of literature
and regulatory sources for many CIF, when the probabil-
ity value REL > 0.95, the decision made is considered
relevant. Since in the first case the calculated probability
is less than the permissible Pcr =0.93, the decision made
by the DM cannot be considered relevant. The results of
the BN calculation in this case are presented in Fig. 6.

It is assumed that the probabilities of the values of the
BN nodes “Risk status of the critical infrastructure object
“I1S”, “CS” remain unchanged during the experiment.
Then, it is only possible to increase the degree of decision
relevance by increasing the degree of adaptation of the

© Perederyi V. ., Borchik E. Y., Zosimov V. V., Bulgakova O. S., 2024
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DM to the decision-making process. The analysis shows
that the only emotional-cognitive factor whose value is
out of the standard is the factor (RT = 0.85), the value of
which is too high for an adequate response to the situa-
tion. After the adjustment of this factor in accordance
with the recommendations of engineering-psychological
standards, its value can be reduced to the value of 0.3.
The results of the BN calculation in this case are pre-
sented in Fig. 7. After that the probability of making a
relevant decision by the DM turned out to be equal to
P(relevance=rel) = 0.96, which is greater than the critical
probability Pcr = 0.95. Therefore, the decision made by
the DM can be considered relevant.
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The obtained results of numerical experiments are
quite consistent with practical situations of decision-
making in critical infrastructure systems. In the first case,
the overestimated value of one of the emotional and cog-
nitive factors (RT) — the reaction time of the DM to the
situation — negatively affected the process of relevant
decision-making. In this case it is necessary to correct this
factor according to engineering psychological recommen-
dations and requirements. In the second case after adjust-
ment of the factor (RT), at the same values of other fac-
tors, the probability of relevant decision-making of the
DM has significantly increased. In this case, adjustment
of the degree of negative impact of factors was not re-
quired.

Therefore, the results of the experiments allow us to
recommend the use of the proposed method of rapid as-
sessment and adaptation of the emotional and cognitive
state of DM to the process of making relevant decisions in
real time. The results can be used in the development of
adaptive DSS in the management of CIF.

CONCLUSIONS

The urgent scientific and applied problem of adapta-
tion of the decision-making process in the process of
management of the CIF, taking into account the personal
emotional and cognitive capabilities of the DM under the
influence of destabilising uncertain factors, has been
solved.

The scientific novelty of obtained results is consist:

— the method of operative estimation and adaptation of
emotional and cognitive state of DM to the process of
making relevant decisions, in real time and uncertainty,
when managing man-machine systems of critical infra-
structure is proposed,;

— on the basis of research and assessments of experts,
a fuzzy knowledge base has been developed, which al-
lows to determine the degree of adaptation of the DM to
the decision-making process in real time.

The practical significance of obtained results is that
the proposed method can be used for rapid assessment
and adaptation of the emotional and cognitive state of the
DM to the process of making relevant decisions in real
time, when managing man-machine systems of critical
infrastructure.

Prospects for further research are are to develop
tools and methods for adapting decision making, in real
time and uncertainty, to improve the efficiency of man-
agement of critical infrastructure human-machine sys-
tems.
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AJANTANISA NPOLECY NPUMAHATTSA PILIEHD ITPH YITPABJIHHI OB’€KTOM KPUTUYHOI THOPACTPYKTYPH

Tlepenepiii B. 1. — 1-p TexH. Hayk, npodecop kKadeapu KOMIT FOTEPHUX TEXHOJIOTIH 1 iHpopMmaliitHoi Oe3neku, HanionansHoro yHisep-
curery kopabiedyyBaHHs iMeHi anqmipana Makaposa, Mukonais, Ykpaina.

Bopunk €. }O. — xaux. TexH. HayK, JOUEHT Kadenpu iHGOpMAIiHHIX TeXHONOriH MHKOIaIBCHKOr0 HANIOHAIBHOTO arpapHOTo yHiBep-
cuteTy, Mukonais, YkpaiHa.

3ociMmoB B. B. — 1-p TexH. Hayk, npodecop kadenpu koM roTepHoi iHxkeHepii OfechbKoro HalliOHAIBHOTO TEXHOJIOTIYHOTO YHIBEpCH-
tety, Oneca, YkpaiHa.

Byarakosa O. C. — kaH/. TeXH. HayK, JAOIEHT Kadeapu KoMIT roTepHol itmkeHepii Oechbkoro HaI[iOHATBHOTO TEXHOJIOTTYHOTO YHIBEp-
curety, Oneca, YkpaiHa.

AHOTANLIA

AxTtyanbHicTs. [Ipobiema ynpasiiHHS JIIOACEKEM (HaKTOPOM Y IPOIIECi IPUHHATTS PEICBaHTHUX PIllICHb B YIIPaBIiHHI 00’ €KTaMH KpH-
tuuHol iHdpacTpykrypu (OKI) Ha choromHi € ayke BaKIHBOK i cKianHOo. Ile muTaHHs cTae Bce OLIbIN 3HAYYIIUAM Yepe3 AMHAMIUHMK i
HenependavyBaHUH XapaKkTep CepeaoBHIIa, B SKOMY MpaiioioTh 11 00’ extH. EdextuBre ynpasninas OKI BuMarae po3poOku HOBUX Mojesnen
1 MeToAiB, MmO 0a3yIOThCS Ha NPHHIUIAX aJalTHBHOIO yIpaBiiHHA. Lli Monemi Ta METOAU OBHHHI BPAaXOBYBAaTH OCOOHCTI eMONLiifHI Ta KOT-
HITHBHI MOXJIMBOCTI 0co0H, sika npuiimae pimenns (OITP), sika 4acTo i€ mia BILIMBOM JiecTabini3younx HeBu3HaYeHuX (akropis. ITpobie-
Ma YCKJIaIHFOEThCS HEOOX1THICTIO IHTerpallii UX aJanTHBHAX METO/IB Y ICHYIOY1 JIFOJMHO-MAIIHHI CUCTEMH, 1110 3a0€3MeUuTh iX 37aTHICTh
pearyBaTu B peaJbHOMY 4aci Ha IIBUAKO3MIHHI YMOBH, SIKI MOXYTb BIUIMBATH Ha MPOLEC NPUHHATTS pilieHb. CKIaAHICTh 1 BXKIUBICTD L€l
poOIeMH BHMAraioTb 06araTOrpaHHOTO IiAXOAY, INO IOEJHY€e HMOBIpHICHI METOAHM, IHTENEKTyalbHI TEXHONOTii Ta iH(popMamiiHo-
KorHiTuBHI TexHoorii. L{i TexHomnorii moBuHHI OyTH 31aTHI 3a0e3MeuyBaTH aanTailiio Ta OLIHKY eMOIiifHOro i KorHiTuBHOrO ctany OIIP B
peasbHOMY Yaci, 10 € KPUTHYHO BXKJIMBUM JJIsl IPUAHSTTS pEJICBAHTHUX 1 CBOEYACHUX pilieHb. HeBupileHi npobiaeMu B rainysi CTBOPEHHS
aJlaNTHBHUX iH(QOPMALIHHUX TEXHONOTIH A1 MiATPUMKM NPUHHATTS piiens B ynpasiinHi OKI migkpeciooTs NoTpedy y nepcreKTHBHOMY
HiaXoxi, KU MOXe epEeKTUBHO Ta pe3yIbTaTUBHO BUPINTyBATH IIi TUTaHHS.

MeTa po6oTH — 3aNPONOHYBATH KOMIUICKCHUI METO/ OLIHKHU TPOILECy MPUNHSITTS PEIEBAHTHHUX PIllieHb, 10 3aJeKHUTh Bil (QyHKIIOHA-
JIBHOT CTa0IIbHOCTI 00’ €KTIB KPUTHUHOT 1H(PpACTPYKTYpH Ta ajantauii GpakTopis, MOB’I3aHUX 3 EMOLIHHO-KOTHITUBHUM CTaHOM 0CO0H, sIKa
npuiiMae pimenHs. lei MeTox Mae Ha MeTi HaJaTH CUCTEMATHYHUI MiJXiJ IO PO3yMiHHS TOTO, K Pi3HI (haKTOPH, BKIIOUAIOUH MCUXO(YHK-
uionaneHuid crad OINP, BIuMBarOTh Ha mpoliec MPUAHATTS pimieHsb. JI0AaTKOBO, MeTa BKIIFOYAE PO3POOKY aJanTUBHUX IH(POpMAIIHHUX Ta
IHTEJIEKTyalbHUX TEXHOJIOTIH, SIKi MOXYTb MiATPHUMYBATH OLIHKY Ta KOPUTYBaHHs eMOLIHHOTo Ta KorHiTHBHOTO ctaHiB OIIP B peansHOMY
yaci. Lleit ninxin cnpsiMoBaHuii Ha 3a0e3meueHHs! e()eKTUBHOTO Ta Pe3yJbTATUBHOTO NPUHHATTS pillleHb, HABIiTh il BINIMBOM JlecTadii3yto-
YHX HEBH3HAYCHHUX (hakTOpiB. BpaxoBylouu 1Ii acreKTH, METOJ CHPSIMOBAHHUI Ha MiJBHIICHHS 3arajbHOI HaJIHHOCTI Ta CTIMKOCTI MpoueciB
ynpasiniaas OKI. KpiM Toro, MeTta oXoruioe iHTerpaiito 0aileCiBCbKUX MEpeXk Ta KOMIUIEKCHOT 0a3u 3HaHb /T 3a0€3MeUeHHs CUCTEMH M-
TPUMKH MIPUAHATTS PILLICHb CBOEYACHOIO Ta TOYHOIO iH(OPMAIIEIO TSI IPUHHATTS PillICHb.

Merton. [lyst peani3zalii 1aHOro METOy BUKOPUCTOBYBAIIKCS IMOBIPHICHI METO/IU, 1HTENEKTyalbHi Ta iHGOpMaLiiHO-KOTHITUBHI TEXHO-
Jorii, mo 3a6e3IedyoTh NPHUITHATHY aJalTalliio Ta OLiHKY IIPOIleCy IPUHHATTS PEICBaHTHHUX DIillleHb Y peaTbHOMY daci.

Pe3yabraTn. 3anpornoHoBaHuil METO/I, 3aCHOBAaHHMI Ha IHTEJIEKTYaJIbHUX Ta iH(OPMAIL[IHO-KOTHITUBHUX TEXHOJOTISX, JJO3BOJISIE B pea-
JIbHOMY 4aci OL[IHIOBATH Ta a/lallTyBaTH eMOLINHUI 1 KOTHITUBHUI CTaH 0cO0H, IKa IpuiiMae pillieHHs, Mij 4ac Mpouecy NpUHHATTS pelneBa-
HTHHX pillleHb. BrpoBa/UkeHHS HIMOBIPHICHUX METOAIB Ta 0alieCiBCHKUX MEpEex J03BOJIIIO PO3POOUTH HAIiliHy CUCTEMY IiITPUMKH IpHifH-
SITTSI pillicHb, siKa e()EKTUBHO IHTErPYE MPHUHIMITK aJanTHBHOTO yrpaBmiHHs. L[s cucrema 3abesnedye cTabiibHICTD i HAAIMHICTD MPOLECY
MIPUAHATTS PIlICHb HaBITh 332 HASBHOCTI JECTa0UII3yI0YMX HeBH3HAUCHHUX (hakTOpiB. MOXKIMBOCTI CHCTEMH B PEAIbHOMY Haci J03BOJISIIOTh
OIEpPaTHBHO KOPUTYBaTH Icuxo¢yHKiioHansHUH craH OIIP, mo € KpUTHYHO BXIMBUM JUIS MIATPUMKH (YHKIIOHAJIBHOI CTaOIIBHOCTI
00’eKTiB KpUTHYHOI iH(pacTpyKTypu. Pe3ynpraTi OKa3yIoTh, [0 BUKOPHCTAHHS IHTEJICKTYaIbHUX TEXHOJIOTIH Ta KOMIUIEKCHOI 6a3u 3HAaHb
3Ha4yHO mixBuiye 3aatHicte OIP mpuiimati 0O0TpyHTOBaHI pilieHHs. EKCIEpUMEHTH MOKa3aliy, 110 1Iel METO/ MOKpaIlly€e 3arajibHy edek-
TUBHICTh Ta pe3ynbratuBHicTh yrpasiinHs OKI, npornoHyroun nepceKTHBHUN MiAXiq A7 MaiOyTHBOTO 3aCTOCYBaHHS B aalNTHBHUX IPO-
necax MiATPUMKHU NPUHHATTS pimeHb. OTpUMaHi pe3ysbTaTu €KCIePUMEHTIB MiATBEPKYIOTh ITOTEHIliaN 3allpOIIOHOBAHOIO METOY PEBO-
mrorionizyBatu ynpasiiaas OKI, 3abe3neuyroun cBoeyacHe 1 BIAMOBIAHE NPUITHATTS PILlICHb, 1[0 CIPHUSIE CTIHKOCTI Ta HAMIHHOCTI [IUX BaXK-
JIMBHX 00’ €KTIB.

BucHoBKH. Pe3ynbTaTH GKCIICPUMEHTIB JIO3BOJIIIOTH PEKOMEHIYBATH BUKOPHCTaHHS 3aIl[POIIOHOBAHOTO METONY IIBHAKOI OLIHKU Ta
aJanTanii eMONIffHOTO Ta KOTHITMBHOTO CTaHy OCOOH, sIKa IpHiiMae pillleHHs, UL IIPOLECY HPHUIHATTS PEJICBaHTHUX PIlIeHb B PealbHOMY
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gaci. [HTerpanis iHTeNeKTyanbHuX Ta iHGOPMAIiHHO-KOTHITUBHUX TEXHOJIOTIH Y CHCTEeMY HMiNTPUMKH NPUHHATTS pillleHb BUSABHIIACS e(eK-
TUBHOIO JUTS MiIBUIIEHHS CTaOUIBHOCTI Ta HAAIMHOCTI MpOIeCy MPUIHATTS PIllICHb B YIPaBIiHHI 00’€KTaMU KPUTHYHOT iHYPACTPYKTYPH.
MOXJIHBOCTI CHCTEMH B peaibHOMY 4aci CHPHSIOTH ONEPaTHBHOMY KOPHTYBaHHIO NcuXxodyHKIioHaneHOro crany OIIP, 3abe3neuyroun
e(exTHBHE Ta pe3yJIbTaTUBHE NPUIHATTS pillleHb HaBITh I1iJl BIULIMBOM JIeCTa0lIi3yIouux HeBU3HaueHuX (akrtopiB. ExcriepumeHTanbHi pe-
3yJbTaTH JEMOHCTPYIOTH, IO 3aIIPOIIOHOBAHHI METO/ 3HAUHO MOKpaIIye 3araibHy epekTuBHicTb ynpasninas OKI, 3abesnedytoun HaniiiHy
OCHOBY JUIS aJaNTHBHOI MIATPUMKH MPUHAHATTS pimeHb. OTpuMaHi pe3ysibTaTd MOXYTh OyTH BHKOPHUCTaHI TPH PO3pOOLi aaanTHBHHX
CIIITP B ynpasninni OKI, npornoHyroo4r nepcrneKTHBHUI MiAXia Uit MaiOyTHIX 3acTocyBaHb. Lleif MeToa He TiJbKH Mi/IBUILY€E 37aTHICTh
OIIP npuiimMaTu pimenHs, ane i cnpuse ctiiikocti Ta HagiltHocti OKI, 3a0e3neuyioun iX (yHKIiIOHANbHY CTAOUIBHICTh B AMHAMIYHHUX Ta
HEBU3HAYCHHUX YMOBAX.
KJIFOYOBI CJIOBA: nrofnHO-MalIMHHI CUCTEMH, MPUAHATTS PIlICHHS, afanTailis, 0coda, ska mpuiimae pimeHHs, iHpopmaiiiHo-
KOTHITHBHI TEXHOJIOTIi, IHTENIeKTyaJIbHI TeXHOJOTii, baliecoBchbki Mepexi oBipH, iHpopMaliiiHa Oe3reka, KibepHeTHYHa Oe3IeKa.
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ABSTRACT

Context. The primary objective of this article is to explore aspects related to ensuring security and enhancing the efficiency of
authentication processes in intelligent systems through the application of visual biometrics. The focus is on advancing and refining
authentication systems by employing sophisticated biometric identification methods.

Objective. A specialized intelligent system has been developed, utilizing a Siamese neural network to establish secure user
authentication within the existing system. Beyond incorporating fundamental security measures such as hashing and secure storage of
user credentials, the contemporary significance of implementing two-factor authentication is underscored. This approach
significantly fortifies user data protection, thwarting most contemporary hacking methods and safeguarding against data breaches.
The study acknowledges certain limitations in its approach, possibly affecting the generalizability of the findings. These limitations
provide avenues for future research and exploration, contributing to the ongoing evolution of authentication methodologies in
intelligent systems.

Method. The two-factor authentication system integrates facial recognition technology, employing visual biometrics for
heightened security compared to alternative two-factor authentication methods. Various implementations of the Siamese neural
network, utilizing Contrastive loss function and Triplet loss function, were evaluated. Subsequently, a neural network employing the
Triplet loss function was implemented and trained.

Results. The article emphasizes the practical implications of the developed intelligent system, showcasing its effectiveness in
minimizing the risk of unauthorized access to user accounts. The integration of contemporary authentication methodologies ensures a
secure and robust user authentication process.

Conclusions. The implementation of facial recognition technology in authentication processes has broader social implications. It
contributes to a more secure digital environment by preventing unauthorized access, ultimately safeguarding user privacy and data.
The study’s originality lies in its innovative approach to authentication, utilizing visual biometrics within a Siamese neural network
framework. The developed intelligent system represents a valuable contribution to the field, offering an effective and contemporary
solution to user authentication challenges.

KEYWORDS: 2FA authentication, Siamese network model, Triplet Loss algorithm, facial recognition systems.

ABBREVIATIONS M is a function looking for higher image identifier
SNN is a Siamese neural network; value from inputs;
TLA is a triplet Loss algorithm; m is a spare value that is less than 1;
2FA is a two factor authentication; p is a spare value that is higher than 0;
CLA is a contrastive loss algorithm; Gw are the coordinates of one point;
Bl is a biometric identification; X'is an image initial value;
DCM is a discrepancy classification matrix; N is a negative sample;
AIM is an anchor image scheme; P is a positive sample;
DF is a data frame; A is an anchor sample;
FRT is a facial recognition technology. f2 is an anchor function;

f* is a positive function;

NOMENCLATURE f" is a negative function;
Dw is an Euclidean distance; o is a difference class operator;
I'is a set of identifiers; Fy is an approach that describes vector representation;

Y is a boolean image value;
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Fu is an approach that describes the pure entities
interaction;

a is a parameter that determines the minimum distance
among the positive and negative values;

C, is a convolution layer;

P, is a pooling layer;

D, is a dropout layer;

F, is a fully loaded layer;

H;, is a hidden embedding;

C, are convolution parameters;

Pg are pooling parameters;

Dy are dropout parameters;

1 are user login and password;

%2 are generated cookies;

Y3 are authentication data logs;

%4 IS @ user token;

s are the storage requirements;

A1 is a user identification operator;

A, is a first factor authentication operator;

A3 is a second factor authentication operator;

A4 1S an authentication verification operator;

As IS an access permission operator;

¢; are rules and configurations governing the
authentication process;

¢, are previously saved or registered credentials
associated with the user account.

INTRODUCTION

In the context of the rapid evolution and integration of
intelligent systems, the security and efficiency of
authentication processes emerge as pivotal challenges.
This article is dedicated to addressing these challenges by
advancing  authentication  systems  through  the
incorporation of sophisticated visual biometrics and
contemporary machine learning methodologies. The
primary objective is to develop an intelligent system
utilizing a Siamese neural network to guarantee robust
user authentication. Beyond the implementation of
fundamental security measures like hashing and password
storage, the adoption of two-factor authentication
employing facial recognition technology is essential. This
approach substantially elevates security levels, rendering
many modern hacking techniques infeasible.

The primary aim of this research is to enhance
authentication systems within intelligent frameworks by
leveraging visual biometrics. The implementation of
advanced authentication techniques is explored,
specifically the adoption of a two-factor system
employing facial recognition technology integrated with a
Siamese neural network. The overarching goal is to
establish a trustworthy, secure, and efficient intelligent
system, mitigating the risk of unauthorized access and
ensuring a high degree of user account protection. To
systematically approach this objective, the main tasks are
delineated. The foremost task involves creating and
training a model for facial recognition using Siamese
neural network technology. The rationale behind choosing
a Siamese neural network is justified based on its efficacy

© Batiuk T., Dosyn D., 2024
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in comparing two objects and generating vector
representations, particularly crucial for biometric
identification.

Architecturally, the Siamese neural network comprises
two branches that learn collaboratively, processing two
input images and producing vector representations of the
system user’s face. The utilization of the Triplet Loss
function in training ensures that vector representations for
the same user are proximate, while those for different
users are distant.

The role of training and optimization is crucial when
utilizing a dataset comprising pairs of face images for
both training and testing phases. This process must be
fine-tuned to adapt the model weights during training.
Following the acquisition of a trained model, a distinct
dataset is essential to validate the model’s efficacy,
ascertain the accuracy of face recognition, and evaluate
the quality of the generated vector representations.

In the successful implementation of two-factor
authentication, particularly emphasizing the technology of
searching, recognizing, and comparing users’ faces,
several pivotal steps and details demand consideration.
Defining specific security and speed requirements for the
system is paramount. The choice of face recognition
technology for the second stage of two-factor
authentication needs careful consideration. With an
understanding of the chosen technology, developing a
mechanism for searching, recognizing, and comparing
faces and seamlessly integrating it with the Siamese
neural network is imperative. The implementation of two-
factor authentication, where the first factor is the login
and password, and the second is facial recognition,
constitutes a crucial part of the process. Once a functional
model of two-factor authentication is established,
optimizing existing biometric identification methods
becomes necessary. This involves exploring the latest
advancements in biometric identification and selecting
optimal means of authentication to enhance accuracy and
speed.

The final significant step involves integrating the
neural network into the intelligent system. This
encompasses creating an interface for seamless interaction
between the neural network and the intelligent system,
ensuring the automated operation of the system utilizing
facial recognition for authentication and storing user data
in the database. Consideration must be given to storing
not only general user information but also a photo of the
user’s face and its factors, facilitating a subsequent
comparison with the user’s webcam image during logins.
Once a fully functional system is in place, thorough
evaluation and testing across diverse datasets and
conditions become crucial. This process enables data
collection on system performance, allowing for an
assessment of accuracy and security, including potential
vulnerabilities to attacks and challenges. Each stage is
meticulously designed to culminate in the development of
an effective and secure authentication system based on
facial recognition and advanced biometric identification

methods.
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The scientific paper outlines an innovative approach in
the development of an intelligent system, amalgamating
advancements in biometric identification and machine
learning. A notable innovation lies in the utilization of a
Siamese neural network for facial recognition, a method
designed to account for each user’s unique features,
thereby ensuring heightened identification accuracy. The
implementation and training of this neural network using
the Triplet Loss Function represent a groundbreaking step
in enhancing biometric methods. Furthermore, the
incorporation of face search, recognition, and comparison
technology into the framework of two-factor
authentication introduces an additional layer of
innovation, elevating the security level by making visual
biometrics a more dependable and secure authentication
method.

The scientific endeavor also dedicates attention to
optimizing biometric identification methods through the
application of advanced algorithms and techniques,
thereby contributing to the increased accuracy and
efficiency of face recognition. The integration of various
stages, including neural network development, two-factor
authentication implementation, and biometric
identification optimization, into a unified intelligent
system exemplifies an innovative strategy in addressing
security and authentication challenges within intelligent
systems. This comprehensive scientific approach aims to
create an effective and reliable system capable of
minimizing the risk of unauthorized access and ensuring a
high level of user security.

1 PROBLEM STATEMENT
The intelligent system of optimizing authentication
security through visual biometrics is represented by a
tuple simulation model:

N=<Dw, I, Y, M, Gw, X, Fy, Fu >,

where Y = {yi, Y2, Va3 Yab, X = {Xi, X2 Xa Xe},
A:{}\‘ll )\‘21 7\'37 7\'4}1 (D:{(Plv (p27 (P3l (P4}

A SNN type of neural network architecture consisting
of two identical subnetworks with shared parameters. It is
designed for tasks involving the comparison of input
patterns to determine their similarity or dissimilarity:

Ci=fieffof,
Pi=m(p(o (91, P2, ©3), X1, %X2), M)
D=F°H,°m,

A TLA loss function train models for comparing
objects in vector space: C, =® ° p °m, SO

Pﬂ = fa (fp (fn (Cm XSI X4v X,S)v 7\'4! 7\'5)1 (PZ)

A security 2FA process that requires two forms of
identification before granting access to an application:
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Dy=a°w®p °H,,
M =X1(@2(Aa(@a(Y1,X1),Y2) X2),P1).

The DCM matrix is evaluating classified instances of
the performance of classification models:

Fy=Ci°Pi°Di°F,
F 1= ya(Aa(Ya(Aa(Co, Pp), D), X3), @a).

2 REVIEW OF THE LITERATURE

The publication [1] has significantly contributed to the
field of cybersecurity and automated vulnerability
detection. The authors advocate for the application of
graph neural networks to automatically assign Common
Weakness Enumeration identifiers to vulnerabilities. A
notable strength of the article lies in the utilization of
graph neural networks, enabling the model to effectively
scrutinize the relationships among various vulnerabilities
and their characteristics. Employing graph structures
holds the potential to enhance the precision of
vulnerability identification and classification. The authors
showcase a well-articulated overview of existing methods
for vulnerability detection and CWE identifier
assignment, reflecting their profound understanding of the
domain. While the proposition to employ graph neural
networks in this context is original and promising, a more
comprehensive discussion on the limitations and potential
risks associated with this approach would be beneficial.
Additional insights into specific parameters of graph
neural networks, as well as details on training and
validation methods, would enhance the reader’s
comprehension of model stability and robustness. The
paper introduces an innovative perspective on
vulnerability detection and automated CWE identifier
assignment.

On a separate note, work [2] introduces a novel
approach to developing an intelligent system for
socialization, considering  personal interests and
leveraging SEO technologies and machine learning
methods. The article’s positive aspects include the
incorporation of SEO technologies within a social
platform for user interaction and the application of
machine learning methods for analyzing and
recommending personal interests, showcasing the authors’
high level of technical competence. The structured and
logically presented information enables readers to easily
grasp the concepts discussed. However, to enrich the
understanding of the technical implementation of the
intelligent system, more specific details are warranted.
These could encompass insights into the chosen machine
learning algorithms, the rationale behind selecting SEO
technologies, and their significance in this particular
context.

In the publication [3], the authors delve into the
application of Siamese Trackers based on deep features
for visual tracking tasks. The article underscores crucial
aspects of utilizing deep features and Siamese models to
enhance the precision and efficiency of object tracking
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within a video stream. The strengths of the article include
a lucid problem formulation and the apt choice of
Siamese Trackers for addressing visual tracking
challenges. Notably, the rationale behind employing deep
features, enabling high tracking accuracy in diverse
conditions, deserves special attention. The authors
provide a comprehensive review of various facets of
Siamese Tracker implementation, encompassing deep
network architectures, loss functions, and model updating
methods. This renders the article valuable for both
researchers and practitioners seeking advancements in
visual object tracking technologies. Additionally, it’s
worth mentioning that the paper could further elevate its
value through subsequent research that compares Siamese
Trackers [4] with contemporary visual tracking methods,
evaluating their effectiveness under different conditions.
This work constitutes a significant contribution to the
field of visual tracking, leveraging Siamese Trackers and
deep features to enhance real-world object tracking
outcomes.

In the context of the publication [5], the authors
explore a crucial aspect of employing Siamese neural
networks in regression and uncertainty quantification
tasks. They introduce a novel approach to enhance
Siamese neural network performance through similarity-
based pairing. A key strength of this work lies in the
successful integration of the similarity concept to bolster
the accuracy and reliability of Siamese neural networks in
regression tasks. The authors conduct a thorough analysis
of the impact of various pairing methods on results,
showcasing that similarity-based pairing contributes to
enhanced neural network performance. An additional
merit of the article is the exploration of Siamese neural
networks for uncertainty quantification, a current research
frontier. The presentation of compelling results and the
indication of using similarity to enhance uncertainty
estimation reliability in regression problems make this
article a valuable addition to the methodology of
employing Siamese neural networks in regression and
uncertainty  quantification.  Similarity-based pairing
emerges as an effective approach for enhancing their
performance.

In their publication [6], the authors introduce an
innovative method for detecting clones in Java code using
a Siamese neural network based on bytecode. The article
meticulously explores the challenge of identifying clones
in software, a critical task in software development and
maintenance. Notably, the use of bytecode to represent
Java code and the application of a Siamese neural
network for discerning similarities between code
segments are key strengths. This approach allows
consideration of both structural and semantic aspects of
clones, potentially enhancing detection accuracy. An
additional advantage lies in the implementation of a
Siamese neural network method for bytecode comparison,
facilitating the identification of more complex clone
forms, including altered clones that traditional methods
might struggle to detect. The work also provides a

comprehensive overview of current clone detection
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methods, comparing their advantages and disadvantages,
making it valuable for readers familiar with the field. The
clear and logical structure of the article aids in
understanding the methodology and results. Well-defined
experimental stages and obtained results substantiate the
efficacy of the proposed method. This article [7]
introduces an intriguing and promising approach to clone
detection in Java code using Siamese neural networks
based on bytecode, potentially contributing significantly
to the field of software analysis.

In the case of the publication [8], the article addresses
the challenge of object visual tracking and proposes an
effective and resource-efficient method using the
differentiated search of neuroarchitecture approach. The
focus is on achieving high tracking efficiency with limited
computing resources. A notable strength is the utilization
of the DNAS method to autonomously identify the
optimal neuroarchitecture for visual tracking tasks. This
automated model selection process is crucial for
achieving efficiency within resource constraints. The
article  [9] elaborates on the  differentiated
neuroarchitecture search and model lightness approaches
in detail to ensure high real-time performance. The
authors introduce effective mechanisms for reducing
model volume and computational complexity, making it
adaptable to variable conditions. The results achieved
demonstrate a commendable level of efficiency and speed
for the proposed method compared to other visual
tracking approaches. Experimental findings further affirm
the competitiveness of the developed model.

3 MATERIALS AND METHODS

During the course of this project, it is essential to
delineate two primary objectives. Firstly, it involves the
creation, training, and testing of a Siamese neural network
tasked with two main functions: detecting a face in a
user’s photo and comparing two photos to ascertain the
user’s authenticity during login attempts. Secondly, the
focus shifts to implementing the developed neural
network within the intelligent system [10] and
configuring its seamless operation as a two-factor
authentication module for users.

The Siamese neural network belongs to a distinctive
class of deep neural networks crafted specifically for
tackling comparison tasks. Its nomenclature draws
parallels with “Siamese twins”, reflecting a shared origin
but individual characteristics. The fundamental concept
behind a Siamese neural network is to learn the similarity
or dissimilarity between two input patterns. The
architecture comprises two or more identical subnets that
share parameters. Each subnet processes a distinct input
sample, extracting its crucial features. The resulting
representations are then compared to discern similarities
or differences between the input data. A primary
application of Siamese neural networks [11] lies in visual
comparison tasks, encompassing activities like face
recognition, object detection, and addressing tracking
challenges. The architecture facilitates the study of neural
representations to gauge the similarity degree between
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two input samples, rendering it effective for comparison
and classification tasks. For our implementation, we
employ an input layer followed by a 2D convolutional
layer and a 2D pooling layer [12]. The data undergoes
smoothing, and a compression layer is introduced.
Ensuring the optimal functioning of this layer involves
normalizing its values. The object size is set at 128 units.
Combining these two models involves utilizing the scalar
product of objects. Given that the features are already
normalized, their values fall within the 0 to 1 range,
facilitating straightforward comparisons with the target
labels.

The contrast loss function [13] exhibits certain
drawbacks that necessitate consideration. Notably, it is
sensitive  to  hyper-parameters, implying that its
effectiveness hinges on factors such as the distance
between positive and negative samples, demanding
meticulous tuning. Achieving a balance between positive
and negative pairs is essential for the effective training of
the contrast loss function, a task that can prove
challenging with real data. The computational burden
escalates significantly when dealing with a large number
of pairs, especially in scenarios involving extensive data
volumes and intricate models. Furthermore, the quality of
vector representations provided by the model markedly
influences the outcomes of the contrast loss function;
inadequate learning of useful features by the model can
result in suboptimal results.

In the context of a large number of classes, the
selection of effective pairs for comparison becomes
challenging, potentially impeding the effectiveness of the
learning process. Therefore, for optimal performance, it is
advisable to consider a more contemporary function, such
as the triplet loss function (Triplet loss function [14]).
This type of loss function is frequently employed in
Siamese neural networks to train models for comparing
objects in vector space. The fundamental concept behind
the triplet loss is to ensure that vector representations of
similar objects are in close proximity, while vector
representations of dissimilar objects are distinctly
separated in space.

The triplet loss function takes into account three
samples: a positive and a negative sample for a specific
object, along with a negative sample for another object
(trivially negative). The objective is to minimize the
distance between the vector representations of the positive
and anchor (trivially negative) patterns, simultaneously
increasing the distance between the vector representations
of the anchor and the complex negative pattern. Figure 1
provides a conceptual illustration of the triplet loss
function, featuring a pivotal input [15] (anchor), as well
as positive and negative objects at the input.

Figure 1 illustrates a diagram outlining the process of
initializing two-factor authentication for users in the
intelligent system. This involves capturing an image,
conducting a facial recognition search, and subsequently
storing the media key in the database.
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User login and
password

v

Validation of entered
information

Finish

The user exists

Activating
the webcam

v
Take a photo of the user

v

Save the photo to
localstorage

v

Compare the photo of the user's face
with the saved one photo in the DB

Finish

A

Is the face No

the same

Complete the successful
authentication process

v

Account access
v

User work in the system

Figure 1 — Process of initializing two-factor authentication

Figure 2 depicts a diagram detailing the user
authentication process. This process involves validating
the entered login and password, saving the user’s photo,
captured using a web camera, in local storage, and
comparing the current photo with the one already stored
in the database [16] containing the user’s facial
information. In the event of a successful match, the user
gains access to the available functionality within the
intelligent system.

The Siamese neural network with a triplet loss
function offers several advantages, particularly its
efficacy in handling limited data by utilizing three images
for training instead of pairs. This model [17] can
effectively generalize features crucial for distinguishing
various classes or instances in input data. The triplet loss
function addresses the challenge of managing similarity
and dissimilarity in the feature vector space by
minimizing the distance between positive pairs and
maximizing the distance between negative pairs. Its
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Figure 2 — The user authentication process

versatility makes the model suitable for various tasks,
including face recognition, object extraction, or pattern
recognition, aligning well with our requirement for a
unified format [18] for processing user photos and
extracting facial features.

However, there are certain drawbacks to the Siamese
neural network with a triplet loss function. The model’s
sensitivity to hyper-parameter choices, such as triplet size
and parameters of the triplet loss function, may
necessitate additional tuning. While this is not critical
within the scope of the intelligent system being
developed, as it will process standardized photos, it
should be initially configured. Dealing with a large
amount of data [19] may pose challenges in selecting

© Batiuk T., Dosyn D., 2024
DOI 10.15588/1607-3274-2024-3-6

effective triplets for learning, potentially leading to
increased computational complexity. However, this is not
a significant concern for the current system, as it
processes only two photos at a time for each user—the
current photo captured using a web camera and a photo
saved in the database. In the case of improper triplet
selection for training, the model may not be efficiently
trained, and, conversely, like many other models, Siamese
neural networks may be susceptible to overfitting [20],
especially with limited data. This consideration is crucial
when implementing the Siamese neural network and
selecting datasets for model training.

4 EXPERIMENTS

Throughout the project, a pivotal task involves the
creation of a Siamese neural network, which, following
testing, will be integrated into an intelligent system. The
implementation will be carried out using the Python 3.10
programming language, and the PyCharm IDE has been
selected for code development. The initial step
encompasses downloading a dataset comprising photos
and corresponding user labels essential for training and
testing the neural network. The dataset encompasses a
total of 5000 images featuring 50 unique elements [21],
signifying 50 users with facial images captured from
various angles and expressing different emotions. Each
image measures 128 by 128 pixels and features a black
background behind the user faces. Moreover, all images
are presented in grayscale. The pixel values have been
scaled to fit within the interval from 0 to 1, and each user
in the dataset has been assigned a corresponding ID
ranging from 0 to 49.

Following that, the data undergoes reformatting,
wherein each image in the dataset is transformed into a
one-dimensional array of size 4096 * (128 * 128). The
training and test datasets are constructed by partitioning
images [22] from the initial dataset. Additionally, a
DataFrame is established, encompassing subject IDs for
the training dataset. A DataFrame, a primary data
structure in the pandas library for data processing and
analysis, structures data in a two-dimensional array akin
to a table, facilitating the organization of data into rows
and columns. Each row in the DataFrame corresponds to a
single sample in the training dataset, playing a crucial role
in the subsequent exploration and analysis of
dependencies between subject identifiers and properties
and indicators in the neural network.

The subsequent step involves the generation of triplets
for application in a Siamese neural network. A function is
crafted, taking three arguments: the path to the image
directory, a dictionary where keys represent folders
(classes) and values signify the number of files in each
folder, and the maximum number of files to consider for
each folder. An empty list is initialized to store the
triplets, and a list of all created folders [23] is formed
based on the dictionary keys. Tuples for the anchor and
positive image within the current folder at specified
indices are implemented, and a variable for the negative
image folder is assigned, initially equal to the current
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folder. Tuples for positive and negative images are
selected, and all triplets are appended to the collective list.
Ultimately, the program function returns a list comprising
all created triplets.

Figure 3 depicts a diagram illustrating the projection
of people’s faces onto a plane using the principal
component analysis method. Each point on the diagram
corresponds to an individual’s face, with the two axes
representing the first two principal components
determining the primary directions of variation among the
face images. The X-axis corresponds to the first principal
component, and the Y-axis to the second principal
component. Each point represents the face of a specific
individual, and the placement of dots signifies facial
variations within the sample. Proximity between points
[24] indicates facial similarity, while distance signifies
facial diversity. Different colors denote distinct
individuals, distinguished by identifiers, providing a
visually clear demarcation between different persons.
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Figure 3 — Projection of people’s faces using the principal
component analysis method

Subsequently, it is imperative to define various
functions and models for implementing a Siamese neural
network with a triplet loss function. A function was
crafted to retrieve a batch of image triplets, taking into
account a list of triplets, the number of triplets in each
batch, a boolean value indicating whether image
preprocessing should occur. Calculations were made to
determine the number of steps required to obtain all
batches of triplets [25], and lists for the anchor, positive,
and negative images in the current batch were initialized.
The anchor, positive, and negative images for the current
triplet were retrieved, and images for each category were
added to their respective lists. This process yielded a
batch of triplets in (128, 128, 3) format suitable for
utilization in a neural network. Following the creation of a
function to obtain an image coding model (feature
extractor), a class was implemented to compute distances
between coded images.

With the function in place for acquiring the image
coding model, another function was introduced to obtain a
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Siamese neural network based on the coding model and a
specialized distance layer. This resulted in the acquisition
and testing of a Siamese neural network model. Figure 4
depicts a diagram illustrating the discrepancy matrix for
classification results using the feature extractor method
based on distances between coded images. Along the
horizontal and vertical axes are user face numbers [26]
corresponding to different faces. Each matrix cell denotes
the number of faces that were correctly classified (on the
diagonal) or incorrectly classified (off the diagonal). The
color of each cell signifies the number of faces classified
for the corresponding image pair (anchor class, predicted
class), with darker colors indicating a higher number of
faces in the corresponding class. This matrix facilitates
the evaluation of how effectively the model classifies
faces for each individual.
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Figure 4 — Discrepancy matrix for classification results

The subsequent step involved declaring a Siamese
neural network model class, creating a corresponding
class that inherits from the general data model class of the
TensorFlow library, and defining methods for training and
testing the model, calculating losses, and initializing
parameters. An object of the Siamese neural network
model class was instantiated, and an optimizer with
specific parameters was defined. With a completed
model, a testing function for triplets was defined,
evaluating the model’s accuracy [27] on test triplets. This
evaluation included accuracy on the test set of triplets and
the average values of distances for correct and incorrect
pairs. The training process was conducted for a specified
number of epochs, specifically 512 epochs. For each
epoch, calculations were performed on the derived value
of the average loss of the training set of triplets.

5 RESULTS
The model underwent testing on a set of triplets, and
various metrics such as accuracy, average distances, and
standard deviations were computed. Model weights were
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saved upon improvement in accuracy on the test set, and
the final step in training involved saving the ultimate
model weights after completing all epochs. The primary
objective [28] was to train a Siamese neural network
utilizing a triplet loss function to address the task of
comparing a user’s face in two photos and determining
whether the response is positive or negative within a
specified context. The model endeavors to minimize
losses for correct pairs of user faces (anchor positive
images) and maximize distances for incorrect pairs of user
faces (anchor negative images).

Figure 5 illustrates a diagram depicting a curve, where
the X-axis represents completeness, and the Y-axis
represents accuracy. Each point on this curve corresponds
to a specific decision threshold for the classification
model. Accuracy indicates the fraction of positive cases
correctly labeled by the model, while completeness
denotes the fraction of positive cases actually detected by
the model. The accuracy-completeness [29] curve
elucidates how accuracy and completeness evolve at
different thresholds for solving the problem. The area
beneath this curve serves as an indicator of the model’s
quality, with a larger value signifying better performance.
Additionally, the diagram highlights the area between the
curve and the X-axis, colored purple, signifying the
average accuracy score averaged across all classes.

Average precision score, micro-averaged over all classes: AP=0.95

00

0. 10

.0 02 U.‘4 0?6 018
Figure 5 — Specific decision threshold for the classification
model

Figure 6 illustrates an instance of a comparison
between the anchor image and the input similarity check
function. As evident from the figure, the two photos
depict the same user, leading to a positive prediction.
Within this display, each pixel is represented by a shade
based on the magnitude of the difference between
corresponding pixels in the first two images.
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Darker areas signify less difference, while lighter
areas indicate greater dissimilarity. Consequently, this
analysis helps ascertain whether the photos represent the
same person.

Image 1 Absolute Difference

-
-~
T
Same person: True

Figure 6 — Comparison between the anchor image and the input
similarity check function

Image 2

6 DISCUSSION

A novel encoding function was devised, building upon
the architecture of the original encoding model. This
process involved traversing the coding layers of the initial
model and transferring their weights to equivalent layers
in the new encoding structure. The weights of the
resulting encoded model were saved, and a description of
the encoding layer’s architecture was generated. After
obtaining embeddings for the provided sets of facial
images, the squared distance between face embeddings
was computed, and classification was carried out based on
a threshold value, yielding an array with predictions of 0
or 1. Two lists of predictions [30] (positive and negative)
were generated, corresponding to similar and dissimilar
pairs of user faces. All available test triplet packages
underwent testing, and an image classification function
was implemented to derive predictions for positive
(similar) and negative (dissimilar) pairs of user faces. The
final step in assessing the Siamese neural network with

triplet loss function involved invoking the metrics
function to evaluate and visualize the model’s
performance.

The relationship between training losses and the
number of iterations is a critical aspect of understanding
the behavior and performance of machine learning
models. In Figure 7, each data point represents the loss at
a specific iteration, providing insight into the model’s
convergence and learning process. On the horizontal axis,
we have the iterations or steps involved in the training
process. These iterations typically correspond to epochs in
the context of deep learning models, where one epoch
refers to a complete pass through the entire training
dataset. As training progresses, the model adjusts its
parameters to minimize the loss function, aiming to
improve its predictive capabilities. The vertical axis
displays the corresponding loss values at each iteration.
These losses represent the discrepancies between the
model’s predictions and the actual target values in the
training data. Lower loss values indicate better alignment
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between predictions and targets, reflecting improved
model performance.

The depicted loss function undergoes a hyperbolic
decline in the initial iterations, showcasing rapid
improvement as the model learns from the training data.
This phase of rapid reduction in loss signifies the model’s
ability to capture relevant patterns and features from the
data. However, as training continues, the rate of decrease
in loss gradually diminishes, eventually reaching a
plateau. This plateau indicates that the model has learned
most of the salient features present in the training data,
and further adjustments to parameters yield diminishing
returns in terms of reducing loss. The stabilization of
losses on the plateau suggests that the model has
converted to a stable solution, where further training
iterations are unlikely to significantly improve
performance on the training data. Analyzing this
convergence behavior provides valuable insights into the
training dynamics and helps assess the overall efficacy of
the training process. In summary, the visualization of
training losses over iterations serves as a powerful tool for
monitoring model training, understanding convergence
behavior, and evaluating the effectiveness of machine
learning algorithms.

Training Loss over Iterations (Hyperbolic Shape with Plateau)

1.0 — Training Loss
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0 50 100 150 200 250 300
lteration

Figure 7 — Training Loss over iterations

In Figure 8 the ROC (Receiver operating characteristic
curve) is used to evaluate the performance of a binary
classification model across different thresholds. It plots
the true positive rate (sensitivity) against the false positive
rate (1 — specificity) for various threshold values. It helps
in visualizing the trade-off between sensitivity and
specificity of a classifier across different threshold values.
The ROC curve is particularly useful when you need to
understand how well a classifier can distinguish between
two classes. Imbalanced datasets are common in many
real-world applications, including biometric recognition
tasks addressed by Siamese networks. The ROC curve
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remains a valuable tool for evaluating model performance
in such scenarios. It allows practitioners to assess the
classifier’s ability to correctly classify both rare and
abundant classes, ensuring robust performance across the
entire spectrum of class distributions.

Receiver Operating Characteristic (ROC) Curve
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Figure 8 — The performance of a binary classification model
across different thresholds

The precision-recall curve in Figure 9 illustrates the
trade-off between precision and recall for different
threshold values of a classifier. It provides insights into
the classifier’s performance, particularly in cases of class
imbalance where the positive class is rare. The precision-
recall curve is more informative when dealing with
imbalanced datasets, as it focuses on the positive class
prediction accuracy.

Precision-Recall Curve
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Figure 9 — Trade-off between precision and recall for different

threshold values

OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, inbopmatrka, ynpasninss. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

Learning curves provide insights into how well a
Siamese Neural Network is learning from the training
data and how its performance generalizes to unseen
validation data as the amount of training data increases.
These curves help diagnose potential issues related to
model bias or variance, which are crucial for optimizing
the SNN’s performance.

The blue line represents the average training accuracy
of the SNN as a function of the number of training
samples. It shows how well the model fits the training
data. The green dashed line illustrates the average
validation accuracy of the SNN across different training
sample sizes. It indicates how well the model generalizes
to unseen data.

The shaded regions around the mean lines (blue and
green) represent the variability or uncertainty in the
accuracy estimates. They are computed as the standard
deviation of the accuracy scores across different cross-
validation folds. If both the training and validation
accuracies are low and converge to a similar value, it
suggests that the model may have high bias. In the context
of SNNs, this could mean that the network architecture or
complexity is insufficient to capture the underlying
patterns in the data.

A significant gap between the training and validation
accuracies indicates potential overfitting. If the training
accuracy is substantially higher than the validation
accuracy, it suggests that the model is memorizing the
training data and failing to generalize to new data points.

Learning curves help determine the optimal amount of
training data required to achieve satisfactory performance.
If the validation accuracy plateaus or starts decreasing
with additional training data, collecting more data may
not be beneficial. If the SNN exhibits high bias,
increasing model complexity, adding more layers, or
tuning hyper-parameters may help improve performance.

To address overfitting, techniques such as
regularization, dropout, or reducing model complexity can
be employed. Additionally, collecting more diverse
training data or applying data augmentation techniques
may also help. In Figure 10 X-axis label denotes the
quantity of data used for training the SNN.Y-axis label
represents the model’s classification performance.

CONCLUSIONS

Throughout the research and development of an
authentication system utilizing visual biometrics with a
Siamese neural network, a thorough analysis of security
aspects and the effectiveness of the authentication process
in intelligent systems was undertaken. A pivotal step in
this research involved exploring and weighing alternatives
to implementing the Siamese neural network, considering
both the contrast loss function and the triplet loss
function. Through an examination of existing scientific
literature, the principal advantages and drawbacks of
Siamese neural network loss functions were identified. It
was crucial to discern the optimal method for integrating
the neural network into an intelligent system.

Consequently, the triplet loss function emerged as the
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preferred choice for training the model, ensuring a high
level of accuracy in user face recognition.

Learning Curve
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Figure 10 — Model’s performance on the training and validation
sets as a function of training instances

The essential characteristics of Siamese neural
networks were elucidated using diagrams, outlining the
operation of the neural network as both a monolithic
element and a service within an intelligent system. Block
diagrams and a sequence diagram were employed to
illustrate the system’s operational algorithm and the
HTTP requests between its components. Following
conceptual design, the programming code was crafted,
and a Siamese neural network with a triplet loss function
was trained and tested.

This network exhibited dual functionality, capable of
both searching for a user’s face in a single photo and
comparing multiple photos to determine if they belong to
the same user-an imperative requirement for the seamless
integration of a neural network into an intelligent system.
Moreover, the system’s capabilities were expanded to
include two-factor authentication, employing facial
search, recognition, and comparison technologies. This
expansion not only elevated security levels but also
enhanced the efficiency and reliability of the
authentication process.

The integration of the Siamese neural network into the
intelligent system vyielded an effective tool for user face
recognition, along with the storage and comparison of
data during authentication. This approach minimizes the
risk of unauthorized access, ensuring the security of user
accounts. Consequently, the developed system stands as
an effective and secure instrument for user authentication,
proficient in mitigating security threats within intelligent
systems. This approach holds promise for enhancing the
protection of confidential information and ensuring robust

system access control.
OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, inbopmatrka, ynpasninss. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

10.

11.

12.

13.

14.

REFERENCES
Zhu Zhiliang et al. Video Object Segmentation Using Multi-
Scale Attention-Based Siamese Network, Electronics, 2023.
Vol. 12, No. 13, P. 2890. DOI:
10.3390/electronics12132890
Zhen Pan et al. A Radio Environment Map Updating
Mechanism Based on an Attention Mechanism and Siamese
Neural Networks, Sensors, 2022, Vol. 22, No. 18, P. 6797.
DOI: 10.3390/s22186797
Zhang Yumeng [et al.] Similarity-based pairing improves
efficiency of siamese neural networks for regression tasks
and uncertainty quantification, Journal of Cheminformatics,
2023, Vol. 15, No. 1. DOI: 10.1186/s13321-023-00744-6
He Xiangdong et al. An Uncalibrated Image-Based Visual
Servo Strategy for Robust Navigation in Autonomous
Intravitreal Injection, Electronics, 2022, Vol. 11, No. 24,
P. 4184. DOI: 10.3390/electronics11244184
Ding Weiping et al. Brain age prediction based on resting-
state functional MRI using similarity metric convolutional
neural network, IEEE Access, 2023, P. 1. DOL:
10.1109/access.2023.3283148
Batiuk T., Vysotska V., Lytvyn V. Intelligent System for
Socialization by Personal Interests on the Basis of SEO
Technologies and Methods of Machine Learning, CEUR
Workshop Proceedings, 4th Intern. Conf. on Computational
Linguistics and Intelligent Systems COLINS 2020, 2020,
Vol. 2604, pp. 1237-1250.
Batiuk T. et al. Intelligent System for Socialization of
Individual’s with Shared Interests based on NLP, Machine
Learning and SEO Technologies, CEUR Workshop
Proceedings, 6th Intern. Conf. on Computational Linguistics
and Intelligent Systems, COLINS 2022, 2022, Vol. 3171,
pp. 572-631.
Kumari Tulika et al. Generating popularity-aware reciprocal
recommendations using Siamese Bi-Directional Gated
Recurrent Units network, Vietnam Journal of Computer
Science, 2023. DOI: 10.1142/s2196888823500045
Batiuk T., Dosyn D. Intelligent system for clustering users
of social networks based on the message sentiment analysis,
Journal of Lviv Polytechnic National University
“Information Systems and Networks”, 2023, Vol. 13,
pp. 121-138. DOI: 10.23939/sisn2023.13.121
Batiuk T., Vysotska V. Technology for personalities
socialization by common interests based on machine
learning methods and seo-technologies, Radio Electronics,
Computer Science, Control, 2022, No. 53 (2), pp. 121-138.
DOI: 10.15588/1607-3274-2022-2-6
Lim S.-C., Huh J.-H., Kim J.-C. Siamese Trackers Based on
Deep Features for Visual Tracking, Electronics, 2023,
Vol. 12, No. 19, P. 4140. DOI:
10.3390/electronics12194140
Seydi S. T., Shah-Hosseini R., Amani M. A Multi-
Dimensional Deep Siamese Network for Land Cover
Change Detection in Bi-Temporal Hyperspectral Imagery,
Sustainability, 2022, Vol. 14, No. 19, P. 12597. DOI:
10.3390/su141912597
Roodsari S. M. et al. Shape Sensing of Optical Fiber Bragg
Gratings Based on Deep Learning, Machine Learning:
Science and Technology, 2023. DOI: 10.1088/2632-
2153/acdal0
Park S. K. et al. Binary Dense SIFT Flow Based Position-
Information Added Two-Stream CNN for Pedestrian Action
Recognition, Applied Sciences, 2022, Vol. 12, No. 20,
P. 10445. DOI: 10.3390/app122010445

© Batiuk T., Dosyn D., 2024
DOI 10.15588/1607-3274-2024-3-6

64

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zargbski Sebastian et al. Siamese Neural Networks on the
Trail of Similarity in Bugs in 5G Mobile Network Base
Stations, Electronics, 2022, Vol. 11, No. 22, P. 3664. DOI:
10.3390/electronics11223664
Karuppasamy R., Velusamy G., Soosaimarian R., Raj P. A
Novel Approach of Dynamic Vision Reconstruction from
fMRI Profiles Using Siamese Conditional Generative
Adversarial Network, Brazilian Archives of Biology and
Technology, 2023, Vol. 66. DOI: 10.1590/1678-4324-
2023220330
Liu Peng et al. Graph neural network based approach to
automatically assigning common weakness enumeration
identifiers for vulnerabilities, Cybersecurity, 2023, Vol. 6,
No. 1. DOI: 10.1186/s42400-023-00160-1
Gao Peng et al. Efficient and Lightweight Visual Tracking
with Differentiable Neural Architecture Search, Electronics,
2023, Vol. 12, No. 17, P. 3623. DOI:
10.3390/electronics12173623
Sharma Neha et al. Siamese Convolutional Neural Network-
Based Twin Structure Model for Independent Offline
Signature Verification, Sustainability, 2022, Vol. 14, No. 18,
P. 11484. DOI: 10.3390/su141811484
Lis K., Niewiadomska-Szynkiewicz E., Dziewulska K.
Siamese Neural Network for Keystroke Dynamics-Based
Authentication on Partial Passwords,  Sensors, 2023,
Vol. 23, No. 15, P. 6685. DOI: 10.3390/s23156685
Hong J.-W., Kim S.-H., Han G.-T. Detection of Multiple
Respiration Patterns Based on 1D SNN from Continuous
Human Breathing Signals and the Range Classification
Method for Each Respiration Pattern, Sensors, 2023,
Vol. 23, No. 11, P. 5275. DOI: 10.3390/s23115275
Zhu lJinting et al. Task-Aware Meta Learning-Based
Siamese Neural Network for Classifying Control Flow
Obfuscated Malware, Future Internet, 2023, Vol. 15, No. 6.
P. 214. DOI: 10.3390/fi15060214
Fan Jiwei et al. PSiamRML: Target Recognition and
Matching Integrated Localization Algorithm Based on
Pseudo-Siamese  Network, International Journal of
Aerospace Engineering, 2023, Vol. 2023, pp. 1-16. DOI:
10.1155/2023/1135946
Tchynetskyi S., Polishchuk B., Vysotska V. Sentiment
analysis technology for user feedback support in e-
commerce systems based on machine learning, Radio
Electronics, Computer Science, Control, 2023, No. 3,
P. 104. DOI: 10.15588/1607-3274-2023-3-11
Du Guocai et al. High-Performance Siamese Network for
Real-Time Tracking, Sensors, 2022, Vol. 22, No. 22,
P. 8953. DOI: 10.3390/s22228953
Marattukalam Felix et al. Deep Learning-Based Wrist
Vascular Biometric Recognition, Sensors, 2023, Vol. 23,
No. 6, P. 3132. DOI: 10.3390/s23063132
Vasconcellos Eduardo M. M. et al. Siamese Convolutional
Neural Network for Heartbeat Classification Using Limited
12-lead ECG Datasets, IEEE Access, 2023, P. 1. DOI:
10.1109/access.2023.3236189
Liu Dali et al. Design of Siamese Network for Underwater
Target Recognition with Small Sample Size, Applied
Sciences, 2022, Vol. 12, No. 20, P. 10659. DOI:
10.3390/app122010659
Kummerow André et al. Siamese Sigmoid Networks for the
open classification of grid disturbances in power
transmission systems, IET Smart Grid, 2022. DOI:
10.1049/stg2.12083
Accepted 22.04.2024.
Received 14.08.2024.

OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, inbopmatrka, ynpasninss. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

VK 004.9

ONTUMI3AIIIA ABTEHTH®IKAIIL B IHTEJEKTYAJBHIUX CUCTEMAX BI3YAJBHOIO BIOMETPUKOT JIJIs
HNIIABUIIEHHSA EGEKTUBHOCTI BE3IIEKHA

Batok T. M. — acnipanT kadenpu «IHpopmManiitHi cuctemu Ta Mepexi», HamionansHuit yHiBepcuTeT «JIpBiBChKA MOTITEXHIKAY,
JIbBiB, YKpaiHa.

Jocun JI. I'. — n-p TexH. HayK, cTapmuil HaykoBuil criBpoOiTHHK, mpodecop kKadenpu «IHGopMariiiHi CHCTEMH Ta MEpexi»,
Hanionansauii yHiBepcuTeT «JIpBiBChKa HOIIiTeXHIKa», JIbBIB, YKpaiHa.

AHOTANISL

AxTyanbHicTh. OCHOBHOIO METOK wLi€l CTaTTi € JJOCHI/PKCHHs AacleKTiB, IOB’s3aHUX i3 3a0e3MedeHHsM Oe3leKH Ta
MiABUIICHHSIM e()eKTHBHOCTI MpoweciB aBTeHTH(]IKaIi B iHTEIEKTyaJbHUX CHCTEMaX LUISIXOM 3aCTOCYBaHHs Bi3yajbHOI OioMeTpii.
OcHOBHa yBara NpPUAUIIETHCS BIOCKOHAJIECHHIO Ta BIOCKOHAJICHHIO CHCTEM aBTEHTH(iKamii 3a JOMOMOrOI0 CKIAQJAHUX METOIB
OiomMeTpru4HOI ineHTH]IKALI].

MeTtoro mocaimkeHHs1 OyJIO CTBOPEHHS CIELialli3oBaHOI IHTEJNEKTYaJIbHOI CHCTEMH, sIKa BUKOPUCTOBYE CiaMCBbKy HEHpOHHY
MepexKy JUIsl BCTAaHOBJICHHsI Oe3nevHoi aBTeHTH(iKanii KopucTyBada B icHylo4il cucteMi. OKpiM BIPOBAPKEHHSI OCHOBHHUX 3aXO0JIiB
Oe3nekH, TakUX SK XeIIyBaHHs Ta Oe3rmeuHe 30epiraHHs OOJIKOBUX ITaHUX KOPUCTYBada, MiIKPECIIOEThCS CydacHe 3HAYCHHS
BIPOBA/DKEHHST IBO(GAKTOpHOI aBTeHTHikamil. Takuil miAxig 3HAYHO MMOCHIIIOE 3aXHCT AAHUX KOPUCTYBadiB, IEPEIIKOKAIOUYH
OIIBLIOCTI CYyYaCHUX METOJIB 3JI0MY Ta 3aXHIAI0YM BiJl BUTOKY JaHuX. J[OCHiIKeHHs BU3HA€E MEBHI OOMEXEHHS y CBOEMY MiAXOI,
10, MOXIIMBO, BIUIMBAa€ Ha MOJKIJIMBICTh y3araJbHEHHS pe3yibTaTiB. Lli oOMeXeHHS BiAKPHUBAIOTH MOKJIHMBOCTI Ui MaiOyTHIX
JOCIIKEHb 1 PO3BIIOK, CHPHUSAIOYH MOTOYHIH €BOJIOLII METOIOJIOT1H aBTeHTH(IKAI] B IHTEJICKTyaJbHUX CHCTEMaX.

Metoa. Cuctema nBoakTopHOi aBTeHTH(DIKALI IHTETpy€e TEXHOJIOTII0 PO3IMi3HABaHHS OONMYYS, BUKOPUCTOBYIOUH Bi3yalIbHY
GioMeTpiro JUIsl MiABUILEHHS Oe3IeKy MOPIBHIHO 3 aJbTEePHATHBHUMH METOJaMH Bo(akTopHOi aBTeHTUdiKawil. Byio omineHo pisni
peanizanii ciaMcbkoi HEHPOHHOI Mepesxi, 10 BUKOPHCTOBYIOTh KOHTPAacTHY (DyHKIIiF0 BTpAT i QyHKIIII0 TPHIUICTHUX BTpAT. 3rof0oM
OyJa peali3oBaHa Ta HaBYEHa HEHPOHHA Mepesxa, 1110 BUKOPUCTOBYE TPUILIETHY (YHKIiIO BTpAT.

Pe3yabTaT. V CTaTTi HAaroJoOMIyeThCsl HA MPAKTHYHUX HACIIIKAX pO3pPOOJICHOI iHTEICKTYalIbHOI CHCTEMH, AEMOHCTPYEThCS ii
e(eKTHBHICTh y MiHIMIi3alii PU3UKY HECAHKI[IOHOBAHOTO IOCTYIy A0 OOJIKOBUX 3alKCiB KOpUCTyBayiB. IHTerpamis cy4acHHX
METOOJIOTiH aBTeHTUdiKaMii 3a0e3medye Oe3neuHmii 1 HaaiifHui mporec aBTeHTU(iKaIil KOpUCTyBaUiB.

BucnoBku. BripoBamkeHHs TeXHOJOTT po3mi3HaBaHHS OOJMYYS B IPONECcaX aBTEHTHGIKaNil Mae MMpII COIiadbHI HACIIIKH.
Ile cnpuse crBOpeHHIO OLTBII Oe3meYHOro IM(GPOBOTO CEPENOBHINA, 3aM00Iraloyn HECAHKI[IOHOBAHOMY JOCTYILy, 3PEIITOI0
3axMINAl0Yl KOHQIACHIIWHICTE KOpUCTYyBauiB 1 AaHi. OpHUriHAIBHICTH MOCTIMKCHHS TOJArae B IHHOBAIIMHOMY MigXOmi 0
aBTeHTH(IKaLil 3 BHKOPUCTaHHSIM Bi3yallbHOi OioMeTpii B pamMKax ciaMcbKol HeHpoHHOI Mepexi. Po3poOnieHa iHTenekTyajibHa
CHCTEeMa € [[IHHUM BHECKOM Y If0 cepy, MPONOoHy04YH eeKTHBHE Ta CydacHe pillleHHs npobieM aBTeHTU]IKaLil KOPUCTYBaYiB.

KJIFOUYOBI CJIOBA: Ayrentudikauis 2FA, Mozens ciamcbkoi Mepesxi, anmroputm Triplet LOSS, cuctemu po3mi3HaBaHHSI JIHILIb.
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TEXHOJIOI'TA IHTEJIEKTYAJIBHOI'O AHAJII3Y BIAEOIIOTOKY JIJIA
ABTOMATHUYHOI'O PO3MNI3HABAHHS HIJIEH CUCTEMU
KEPYBAHHSA BOT'HEM HA OCHOBI MAIIIMHHOI'O HABYAHHA

Bucouska B. A. — 1-p TexH. HayK, IOLEHT, JOLEHT Kadenpu «IHpopMmauiliHi cucteMu Ta Mepexi», Hanionansanit
yHiBepcuteT «JIpBiBChKa MoiTexHiKa», JIbBiB, YKpaiHa.

Pomanuyk P. B. — acmipantr kadenpu «ladopmariiiai cuctemMn Ta Mepexi», HamioHadpHHH YHIBEPCHTET
«JIpBiBCHKA MOMiTEXHIKa», JIBBIB, YKpaiHa.

AHOTAIIA

AKTyanbHicTh. Po3mi3HaBaHHs Liyiel € MpiopuTeTOM y BiNCHKOBIH crpasi. lle 3aBnaHHs yCKIaAHIOETHCS THM, IO HEOOXiTHO
po3mi3HaBaTH pyxoMmi 00’exTH, pi3HMH penbed 1 HaHAmadT CTBOPIOIOTH MEPELIKOAM JUIsl po3li3HaBaHHsS. BoitoBi mii MOXyTh
BinOyBaTucs B Pi3HUI 4yac 100u, BIANOBIAHO, HEOOXIIHO BPaxOBYBAaTH PaKypc OCBITJICHHSA Ta 3arajbHe OCBITICHHA. HeoOXimHo
BUSIBUTHU 00’ €KT Ha BiJICO IIUIAXOM CErMEHTAIlil BiICOKaaApiB, pO3Mi3HATU Ta Kinacu]pikyBaTH foro.

Meta — po3poOJIeHHSI TEXHOJOTIi aHaji3y pO3pOOJCHHS TEXHOJIOTII PO3Mi3HABaHHs LiJied B peaJbHOMY MacmiTabi dacy, K
CKJIaJIOBOT CUCTEMH yTPABIiHHSA BOTHEM, 33 PaXyHOK BUKOPHCTaHHS MTYy4HOTO iHTenekTy, YOLO Ta MaltmHHOrO HaBYaHHS.

Metoa. B crarTi po3po6ieHo TeXHONTII0 aHANI3y BiAEOMOTOKY JUIS aBTOMAaTHYHOT'O PO3Ii3HABAHHS LiTEH CHCTEMH KepyBaHHS
BOTHEM Ha OCHOBI MAIIMHHOTO HABUaHHS. Y pOOOTI 3aIpOIIOHOBAHO PO3pOOKY MOMYJIS pO3ITi3ZHABAHHS IIiJIeH SIK CKJIAJOBOI CHCTEMH
YIPaBIIiHHS BOTHEM B paMKaX 3allpOIIOHOBaHOI iH(OpMAamifHOI TEeXHONOril 3 BHKOPHCTAHHAM INTYYHOTO iHTenekTy. CiMeHcTBO
MoJeseit posmizHaBanHs o0pasiB YOLOV8 Bukopucrano Iuisi po3poOKu MOIyIIsl po3mi3HaBaHHs Iiiyield. MeTou, siki BUKOPHUCTAHO
MiJ] 9ac JOCIiKEeHHS ¢(hOPMOBAHOTO ATACETY.

— Bounding Box: Noise — Up to 15% of pixels (o6mexyBanbHa pamMka: 10AaBaHHS 10 300paKCHHS IIYMY «COJIi Ta MEpIEo» — 10
15% mikceniB).

— Bounding Box: Blur — Up to 2.5px (o6mexyBaibpHa pamKa: J0JaBaHHs 10 300paxkeHHs: po3MUTTs 3a ['aycom — 10 2,5 mikcerniB).

— Cutout — 3 boxes with 10% size each (Bupizatu yactuny 306pakeHsst — 3 Kopobku mo 10% posmipy KoxHa).

— Brightness — Between —-25% and +25% (3miHa sickpaBOCTi 300paskeHHsi Uil 30ULIBLICHHS CTIMKOCTI Mojeni OO 3MiHH
OCBITJICHHS Ta HANAIITYBaHb Kamepu — Bix —25% mo +25%).

— Rotation — Between —15° and +15° (o6epranHs 00’ ekta 300paXkeHHs — 32 200 MPOTH F'OJUHHUKOBOI CTPIIKK Ha CTYIiHb Bl —
15° no +15°).

— Flip — Horizontal (nepeBepranHns 06’ ekta 300paXeHHs TOPU30HTAIBHO).

PesyabsTaTn. Jlani 3i0paHi 3 BIIKpUTHX JOKEpel, 30KpeMa, 3 BiJIC03alHKCiB, PO3MIIIEHNX Y BIKPUTHUX JDKEpesiax Ha miatdopMi
YouTube. OcHOBHHM 3aBIaHHSM MHONEPEIHBOI 0OPOOKH AaHMX € Kiacu(ikalis TpboX KiaciB 00’€KTiB Ha Bigeo abo B pexumi
peanbroro yacy — BTP, BMII i TAHK. Habip manux dopmyerses 3a ponomororo miatgopmu Roboflow na ocHoBi iHcTpymenTiB
MapKyBaHHS Ta, 3TOZOM, IHCTPyMEHTIB JomoBHeHHs. Habip manux cknagaerbest 3 1193 yHikanpHUX 300pakeHb — MNPUOIU3HO
MOPIBHY [UIsl KOXHOTO Kiacy. TpeHiHr mpoBoamBes 3 Bukopuctanusm pecypciB Google Colab. Ha uaBwanus mozeni minwio 100
CIIOX.

BucHoBKH. AHalti3 MPOBOAUTECS BiAmoBiaHO 10 mokaszHukiB MAP50 (cepenns Tounicts 0,85), mAP50-95 (0,6), Tounocri (0,89)
i 3amam’sitoByBanHs (0,75). Benuki BTpat € yepes Te, W0 MiJ 9ac JOCIHiUKEHHs He Oyso BpaxoBaHO (DOH — HAaBYaHHS MOMYJIS Ha
OCHOBI MIATBEPPKEHUX JaHHX (300paxkeHb) HOHY O6e3 TEeXHIKH.

KJIFOUYOBI CJIOBA: po3ni3HaBaHHs pyXOMHX 00’ €KTiB, Oe3neka, koHdinenuiiHicts, YOLO, ineHTHdiKalis e, MaliiHHe
"asuanus, bTP, BMII, TAHK.

ABPEBIATYPA
BMII — Oo#ioBa MamnHa MixoTH,
BIUJIA — Ge3ninoTHUIA MiTaTPHANN amapar;
BTP — 6ponerpancmoprep;
ATRU - automatic target recognition unit;
YOLO - you only live once (ueitporna mepexa).

R — ocHOBHI mpaBwWia ONpAIfOBAaHHS BXITHUX TaHUX
BimeonoToky, R = {ry, Iy, I3, 4, Is};

U - mapaMeTpu ONpAaIfoBaHHA BXIJHHX HTaHUX
BimeonoToky, U = {uy, Uy, Uz, Uy, Us};

N — HelipoHHa Mepexa HaBYaHHsS pO3Ii3HABAaHHS,
inentudikamii Ta Kiacudikamii 00’€KTIB BiIHCHKOBOT
texniku tTury TAHK/BMIT/BTP;

HOMEHKJIATYPA

M — Moayne CHOCTEpEXKEHHS Ui aBTOMATHYHOTO
posmizHaBaHHSA Ta  ijeHTudikaumii wined  cucremu
KEePYBaHHS BOTHEM;

| — MHOXWHA BXITHUX JAHWUX Y BHTIIII BiICOTIOTOKY 3
Bimeokamepu, | = {iy, iy, i3, is};

O - MHOXMHA BHXIIHMX JaHUX Y BHIJLII
posmizHaBaHHs Ta igeHTH(]ikail 00’€KTiB BiHCHKOBOI
texuiky, O = {04, 05, 03};
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0L — OTIEPATOpP aHaJI3y Ta PO3KAAPOBKH BXITHHUX JAHUX
BiJICOIIOTOKY;

B — omeparop ompaifoBaHHS 300pakeHb uepe3
CEerMEHTYBaHH:I Ta aHaJi3 CECTMCHTOBAHUX 00’ €KTIB;

Y — omeparop po3mi3HaBaHHSA, idcHTU(IKAIi Ta
knacudikanii  00’e€kTiB  BICBKOBOI TEXHIKH  THILY
TAHK/BMII/BTP;
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L — orepaTop po3IMi3HaBaHHS NOTEHIIHUX OYyIb-SIKHX
00’ekTiB Ha 300paxkeHHi (OymiBii, MOCTIiB, BiHCBKOBOI
TEXHIKH TOIIIO);

i — MHOXXMHA JaHUX i3 BiJCONOTOKY Ta 300pakeHb
OpHriHay;

i, — MHOXHHA 300paXKeHb BifiChKOBOT TEXHIKH;

i3 — MHOXHHA JaHuX (DOHIB MEH3aKIB MiCIIEBOCTI;

i — CIOBHHKHM BaJIiIOBaHUX 300pake€Hb BiCHKOBOI
TEXHIKY,

1 — TMpaBWwia pO3KAJPYBaHHS BiJICONOTOKY Ha
300pakeHHS;

I, — IpaBHJIa CErMEHTYBaHHS 300paXKeHHS;

I3 — IpaBujIa aHaJIi3y CErMEHTIB 300pakKeHHS;

r, — NpaBWiIa MAaIIMHHOIO HABYAHHSI HEHPOHHOT
Mepexi i1eHTudikanii BiiicbkoBOT TEXHIKH;

I's — mpaBuia kiacudikaiiii BiiChbKOBOI TEXHIKHY;

Up — MHOXHHA yMOB (OpMyBaHHS 300paXeHb 3
BiJICOIIOTOKY;

U — MHOXXMHA BHMOT aHali3y 300pa)KCHb, B TOMY
4yucIi QiTBTPYyBaHHS BiJl IIyMY;

Uz — MHO’KHMHA YMOB OIPAIFOBAHHS 300paKeHb;

Uy — MHO’)KMHA YMOB PO3IIi3HAaBaHHSA Ta iIeHTH]iKarii
00’ €KTiB BiliCbKOBOI TEXHIKH,

Us — MHOXXMHA BHMMOI Kiacudikamii po3mi3HaHUX
00’ €KTiB BiliCbKOBOI TEXHIKH;

¥ — OIepaTrop pOo3Mi3HABaHHA MOTEHIIHHUX 00’ €KTIB
BiICHKOBOT TEXHIKM Ha 300pakeHHI;

0; — MHOXHWHA pO3Mi3HAHUX BCiX O0O0’€KTIB Ha
300pakeHHi;

0, — MHOXHHA PO3ITi3HAHNX BCiX 00’€KTIB BiCHKOBOT
TEXHIKH Ha 300paXCHHI;

03 — MHOXHHA IICHTU(IKOBAHUX BCIX 00 €KTIB
BiliCEKOBOI TEXHIKH Ha 300pa’keHHi;

® — omeparop imeHTHiKauii po3Mmi3HAHOTO 00’ €KTY
BIICEKOBOi TEXHIKM HAa MHOXHWHI PO3KaIpOBAaHUX 3
BiJICOTIOTOKY 300pa’keHHSX;

A — omeparop ximacudikamii igeHTH(IKOBAHOTO
00’€eKTy BiICPKOBOI TEXHIKH Ha MHOXHHI PO3KaJPOBAHUX
3 BiJICOTIOTOKY 300pakeHHSIX.

BCTYII

ChoroziHi POBIJHI apMii CBITY MpParHyTh ITiBUIIUTH
MOKIIMBOCTI CBOiX OCHOBHHX 3pa3KiB TEXHIKM Ta
030pO€EHHSI 32 PaxyHOK MOJEpHi3alii iCHyIouOro mapky,
a0 pO3pOoOJICHHST HOBITHIX 3pa3kiB. ABTOMAaTHYHE
posmizHaBanHs 1ted ATRU momsrae y 3matHOCTI
ANITOPUTMY 200 TIPUCTPOFO PO3II3HABATH 1T 200 00’ €KTH
Ha OCHOBI JIaHUX OTPUMAaHUX BiJI CEHCOPiB, B TOMY YHCIi
BiXl BimeocmoctepexxeHHs, Hampukmaz Bim BITJTA, takmx
AK JOpOoHH, abo BiX Bigeo-peecTpaTopiB Ha OOHOBHX
MammHaxX. 3 IHMIOTO OOKy y 3B’S3Ky 31 30UIBIICHHIM
Bukopuctanag BIIJIA mns po3Biaku Boporom Oes3mexa Ta
KOH(IACHIIHHICTh 0araTb0X KPUTHYHO BAXKIUBUX MICIIb
MOXYTh OyTH CKOMIpOMeTOBaHi. ToMy BOHHM TakoX €
3aKOHHOIO  LITF0  JJIsl  PO3IMi3HABAHHS  CHUCTEMOIO
KEpyBaHHS BOTHEM.

[adopmaniitna TexHOJOTIS pO3Mi3HABAHHSA LiTEH €
OCHOBHMM CKJIQJIOBUM B Kpunatux pakerax Ta BIUJIA, a
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TaKoX U po3po0IeHHsT 00HOBUX poOOTIB ab0 PoOOTIB-
carnepis. ABTOMAaTHYHE PO3Mi3HABAHHS e
3aCTOCOBYIOTh HE JIMIIE Y BIHCHKOBUX CIIpaBax, aje
HANpUKJIAN B OpraHizamii momyky Jroei/o6’ektiB (B
MOPi, B 30HI CTHXIHHHUX JIUX, TOKEK TOIIO).

3agaya aBTOMATHYHOTO pO3MI3HABaHHA IJIeH B
yMOBax OOWOBHX [ilf YCKIATHIETBCS IEKiLTBKOMA
YHHHUKAMH, 30KpeMa:

— MOXITUBHUH pyX 00’ €KTa, STKUI pO3Ii3HAETHCS;

— pyx 06’exta (6otioBoi Manmau abo BITJIA), 3BimKku
HIe BiIEOCIOCTEPEKECHHS Ta TMOAAJbINE PO3Mi3HABAHHA
LiIeH;

— pi3Hi IOrO/IHI YMOBH;

— pi3Huid penbed MiceBocTi Ta jaHAMA(T, B TOMY
YHCITi JIICOBI CMYTH;

— NIPUCYTHICTh HIMX 00’€KTIB, SIKi MOTEHUIHHO HE €

v (OyaiBii, migOWTI/3HUIEHI OOWOBI MAIIWHH,
YACTHHU CHOPY/L SIK MOCTH TOIIIO);

— OCBITJICHHS,

— IOTCHIIAHO 00’€KT, SKWHA pO3MI3HAETHCSA, HE €
BOPOTOM;

—YacTHHA 00 €KTY, SIKUH PO3II3HAETHCSA, CXOBAHO 3a
MepeIIKoaMu;

— KyT CIIOCTEPEKEHHS TS Pi3HU 00’ €KTIB pi3HUE (11st
BITJIA 3Bepxy BHM3, Juis OOHOBHX MallMH HE JIHMIIE
BIIEpeI/HABKOJIO, ajie BBEPX Juts Hanpukiaa BITIIA).

Sk Gaummo, yMOBHM OCBITJICHHS, pi3HI pO3MipH
00’exTiB, pyxomuii (GOH Ta pI3HOMaHITHI (OHOBI
KOHTPACTH 3HAYHO BIUIMBAIOTH Ha SKICTh, ONEPATHBHICTH
Ta [IBUJIKICTB po3Mmi3HaBaHHS 00’ €KTIB 3
Bimeocmoctepexennss [1-2]. HeoGximmo He mmiie
BUSIBUTH 00’ €KT Ha BiJIc0, CCTMEHTYBABIIHN Bi/I€0-KaIpH, a
i posmi3HaTH Ta KiacuikyBaTd Horo (HANPHKIA[, IPOH
YM TITax, MamIMHa 9u OYIiBIISA TOIIO), i Ie BCe 3a3BMYAil
i 9ac pyxy SK 00’€KTa CIOCTEpPEeKeHHs, Tak 1 00’ €KTa-
criocTepiraya MpH HECHPHUSATIUBUX YMOBaxX y peajibHOMY
yaci. BusBinenus mitarounx o00’ekTiB a00 00’€KTiB, sKi
pYXalThcs B HECHPHUATIMBUX YMOBaX, Ha BiJeo
BiJIPI3HSETHCS BiJl CTAaHIAPTHOTO BUSBJICHHS 00 €KTIB,
OCKIIBKH PO3Mip Hepyxomoro/pyxomoro/mitarouoro i/abo
YaCTKOBO 3aXOBaHOTO 00’eékTa 3a IHIIUM 00’ €KTOM
MOCTIHHO 3MIHIOETBECA B Kampax 3alie)kKHO BiI HOTO
BiICTaHI Ta pyXy 00’ eKTa-criocrepirada. BiH mae Taki
mpobiemMu, SK HH3bKAa pO3AUIbHA 3IaTHICTH, 3MIiHH
OCBITJICHHS 4Yepe3 JIeHb 1 Hi4 1 HecTabimpHUHA (QOH, pi3Hi
morogHi  yMoBH. TakoX TOYHICTH  PO3Mi3HABAHHA
3aJICXKHUTh Bifl IKOCTI KAMEPH CIIOCTEPEIKEHHS, BUOIp SIKOT
mig 4ac OOHOBHMX Iiif HE KOHTPOJLOBAHHUM IPOIICCOM.
CKkJamHICTh  CIIOCTEPEKEHHS  30UIBLIYETHCS  IMpU
posmizHaBanHi Bix 2D (nonepeny nepen kameporo) o 3D
(3Bepxy 3 JOHa MiJ Pi3HUMHU KyTaMH Ha Pi3HUX BHUCOTaX)
PYXOMHX O00’€KTiB 3 BpaxyBaHHSIM MaclITaOyBaHHS Ta
TIPOTIOPIIiH. AHaNorivao 3MEHIITy€E TOYHICTB
po3mi3HaBaHHSA O0’€KTiB, SKi MDK CO0OOI0 Bi3yalbHO
MOMiOHI Ta BiAPI3HAIOTECA MAIMMH O3HAKaMH abo iX
BIJICYTHOCTI TIpM CIIOCTEpPE)KEHHI B Pi3HHX pakypcax abo
IpA YaCTKOBO CXOBaHOMY KOPHyCi 3a  IHIIUMH
npupoaHiMH 00 ’ekTamn abo OyaiBmsamu  (HampuKiIa,
Jestki mouikariii TaukiB cepii T). OTke, BUABICHHS Ta
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Ppo3mi3HaBaHHS HepyXoMuX/pyXoMux/ mitarounx/
PyXJuBHX /a0 YaCTKOBO 3aXOBaHUX 00’ €KTIB 32 IHIIMMH
00’€KTaMHU B CTaHI HEPYXOMOCTI/pyXOMOCTi crocTepiraua
B PI3HUX MOTOJHUX YMOBaX, JIAHAMA(TAX, OCBITJICHHI Ta
Ha pI3HIM BHCOTI MalOTh BEIMKHH OOCST CIIOCTEPEKCHHS
Ta BHUCOKY MOOIIBHICTh. ICHye cmibHa moTtpeda B Takmx
mporpamMax y pealbHOMY CBIiTI 4epe3 BIAMIHHOCTI iX
po3Mipy B MekaxX OJHOTO THIYy 00’€KTa Ta MPOCTOPOBOI
PO3MIIBHOT 3AaTHOCTI TaTIHKA.

MeTo0 AOCTIAKEHHS € pO3POOJICHHS TEXHOJIOTI]
pO3Mi3HaBaHHS IiJIEH B peaJlbHOMY MacmTadi dacy, sK
CKJIQIOBOi CHCTEMH YIPAaBIiHHA BOTHEM, 33 PaxyHOK
BUKOPHCTAaHHS IITYYHOTO IiHTeNnekry. s nocsrHeHHs
MeTH OyJM IOCTaBJICHI TaKi 3aBIaHHS:

— BU3HAUUTH €(EeKTHBHUH MiJXiJ IHTEJIEKTyaJbHOTO
aHaJI3y BiJIEONIOTOKY JUIS aBTOMAaTHYHOTO PO3Ii3HABAHHS
LiJIel cUCTeMH KepyBaHHSI BOTHEM Ha OCHOBI MAIIMHHOTO
HAaBYAHHS,

— IIPOBECTHU EKCIEPUMEHTAIBHE TOCIIPKCHHS METOIIB
Ta IHCTPYMEHTIB iHTENEKTYaIbHOTO aHANI3Y BiJICOTIOTOKY
JUIA aBTOMATHYHOTO pO3Mi3HaBaHHA IJIEH CHCTEMH
KepyBaHHS BOTHEM Ha OCHOBI MAaIIMHHOTO HAaBYaHHS,

— pO3poOUTH  METOJ  PO3paxyHKYy  BIpOTiTHOCTI
PpO3Mi3HaBaHHSI LiNeil CUCTEMH KepyBaHHs BOTHEM,;

— 3/1IHCHUTH aHaJl3 pe3yJbTaTiB eKCIePUMEHTAIbHOT
arnpo0arii ~ 3amporoHOBaHOI  TEXHOJOTl  aHamizy
BIJICOTIOTOKY JUUIs aBTOMAaTHYHOTO PO3Mi3HABaHHS IiJIeH
CHCTEMU KEpyBaHHS BOTHEM Ha OCHOBI MAalIMHHOTO
HaBYaHHSI.

OO0’ €T HOCHIKEHHS — MPOIIECH aHAII3Y BiICOIOTOKY
IUIsl  aBTOMaTHYHOTO pPO3Ii3HABaHHA IiJIed CHCTEMH
KepyBaHHS BOTHeM. [Ipeamer HOCHiIKEHHS — METOIM Ta
3acobu aHamizy BIJEONMOTOKY IS aBTOMATHYHOTO
pO3Mmi3HaBaHHA IIiJIeii CHCTEeMH KepyBaHHS BOTHEM.

1 MOCTAHOBKA MTPOBJIEMH
3a OCTaHHI POKH Ml Yac MOBHOMACINITAOHOI BifiHH B
VYkpaiHi 3 MOCTYHNOBHM BIOCKOHAJCHHSM TEXHOJIOTIT
KepyBaHHS JIPOHaAMH 300paKeHHS Ta BizIeo
JMUCTaHIIHOTO 30HMYBaHHS BIIJIA craim BaxIUBUM
JUKEpEIIOM OTNepaTHBHUX JaHWX. [lapalielbHO OCHAIICHHS
0OHOBHX MAaIMH BiJeo-pericTparopaMu Uil  Bimeo-
CTIIOCTepE)KCHHS 3 C€IEMCHTAMH INTYYHOTO IHTENCKTY Ta
MaIllMHHOTO HaBYaHHS JJs pO3Mi3HaBaHHA 00 €KTiB
pearpHOMY 4Yaci JO3BOJHTH 30UIBIIHUTH DPiBEHb OE3MEKH
y4acHUKaM OOMOBHX il MPH BIAMOBITHOMY CBOEYACHOMY
pearyBaHHI Ha pe3yJIbTaTH PO3IMi3HABAHHS IIiICH.
Bioeo-kadpu — ceamenmayis gioeoxadpy —
BUSIBTIEHHS NOMEHYTUHUX 00’ €KMi8 —> BUSGNIeHHS 00’ €EKMig
8 pyCi — pO3Ni3HABAHHA 00’ EKMi8 AK NOMEHYIlIHO
Hebe3neyHux — Kracu@ikayis 00’ ekmie —>
ioenmugbixayis 00’ ekmy.

Moayns  cHOCTEpeXeHHs s~ aBTOMAaTU4HOTO
posmizHaBaHHSA Ta  ijeHTHdikamii mined  cucremu
KepyBaHHS BorHeM M monaHo iMiTalifiHOIO MOJEILTIO
4yepes KOPTexk:
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M =<1,0,R,U,N,aB,y>.

OCHOBHUMU TIPOIIECAMH MOJEJi CIHOCTEPEKESHHS IS
aBTOMATHYHOTO PO3IMI3HABAHHS Ta IACHTHU(IKAI] MijIeiH
CUCTEMH  KepyBaHHS BOrHeM €  «OmpalroBaHHS
BiZICONOTOKY», «OmpalfoBaHHs 300pakeHb», «Maine
HaB4aHHI» Ta «Kitacudikaris 00’ €KTiB».

[Mpouec «OmpaitoBaHHS —BiZEOIOTOKY»
CYTIEPIIO3UIIIEI0:

OIMUIIEMO

Cau =p°B°a, Cau =p(B(auiy, iy, 13), 11, Ug), Up).

Ipomec  «OrmpamtoBaHHs OITHUILIEMO

CYTIEPIIO3UIIIEIO:

300pakeHb»

Ccu =¢°B°a, TOOTO
Ccu =x(B(a(Cau, iz, i3, 14), 01, 12, Ug), I3).

[Ipouec «MaimHe HaBYaHHSA» ONULIEMO SIK:

CUL =®°Y°Boa'
Cut=o(y(B(a(Ccu, i1), 02, 14), Ug), I4).

Iporec «Kiacudikariist 06’ €KTIB» ONMUIIEMO SK:

Cus =Ay°B°a,
Cus=My(B(a(Cus, i1), 03, is), Us), Is).

AHai3 3ICHIOETHCS 3a TOTIOMOTOI0 Kiacuikarii au
KJlacTepusallii, 0 CErMEHTH 3a NMEBHUMH KPHUTEPISMH.
Xou 30ip iHpopmamii # BigOyBaeTbcs aBTOMATHYHO,
MpOTe Bce IIMe HeoOXimHa peaizallis TaKuX ITOCIIIKCHb
3TiIHO pO3Mi3HaBaHHA, iHeHTH]iKamii Ta Kiacupikamii
00’€KTiB B HECTIPUATIMBHX BIMOTa B PYCi Ta IPH MOTaHOL
SIKOCTI 300pa’keHHsI, Ta BiAMOBiIHA 00pOOKa pe3yibTaTiB.
TakoX CyTITEBO BIUIMBaE€ Ha Pe3yJbTaTH NOCIIHKEHHS
e(eKTUBHICTh OINpALIOBaHHS BIANOBIIHOrO (OHY Ta
00’€eKTiB Ha HROMY (HANpHKIA[ 3ejicHe Ha (DOHI 3EIEHOMY
ab0 yacTuHa 00’€KTa cxoBaHe 3a iHmmM 06’ektom). Ille
OJIHUM 3 HAWBXIIMBIMINX KPUTEPIiiB MOAIOHOT TEXHOIOTIT
€ MOXJIMBICTh 300py JaHWX B 3aJIeKHOCTI BiJ mepiomy
J00M Ta MOpHM POKY, Ta X MEpiOJUYHICTH i3-32 3MIHK
(hoHy i3-3a pe3ynbTaTiB BEJCHHS aKTUBHUX OOMOBUX Iiif B
IEBHINA MICIIEBOCTI.

2 AHAJII3 JIITEPATYPHUX JKEPEJI

CporonHi 3a3BU4all 3aCTOCOBYIOTh HEHPOHHI Mepexi
Ta TIMOMHHE HaBYaHHA JUIA TaKuX 3aBlIaHb, SK
cermenrartisi 300paxens [3-5], BusBnents 06’exri [6-8]
i kmacudikaris  300paxens  [9-11].  Bimbimicts
3aCTOCOBYBAaHUX Ha JJAHWII MOMEHT IIMOOKMX HEWPOHHUX
MepexeBux moneneid, Takux sk PSPNET [4], U-NET [5],
RESNET [10], VGG [11], po3pobieHi Ha OCHOBi
3i0paHux BpydYHy HaOOpiB MaHUX 300pakeHb (HE BiJeo)
TpU CIPHUATIMBAX yMOBax, Takux sk MS-COCO [12],
VOC2012 [13], VOC2007 [14].

IcHye nmBa 3aranpHUX cIieHapil 3aCTOCYBaHHS METOIIIB
BUSBJICHHS 00’ €KTiB ITUCTAHIIITHOTO 30HAYBaHHSA APOHOM
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ab0 Ha OCHOBI BiJIeO-CIIOCTEPEKECHHS 3 MAILIMHH, 30KpeMa
OIIPAIIOBAHHS JJAHUX Nepe0ayacThes:

— micast MOJBOTY/TIOT3 KK 3a JIOTIOMOTOF0
CTalliOHAPHHUX KOMIT 0TepiB (HMOTpiOHA BHCOKA TOYHICTh
BUSIBIICHHS Ta ineHTH(iKAIIiT).

— B P&XKHUMI PeaJbHOTO Yacy Iijl Yac MoJjboTy/MOI3/KH,
Ko BOYMOBaHWN KOMIT'IOTEp Ha IPOHI ab0 B MaIIWHI
BIJIOBITHO CHHXPOHHO OMPAIlbOBYE JaHi BiIeO Y PEKUMI
peanmsHOTO dacy. [lapamerpm Mozmeni MmoBWHHI OyTH B
MeXax IEBHOro MacmrTady, mob BiAMOBiZaTH BHMOTam
0 pobotn BOymoBaHoro obnanHauHA. [licns BUKOHAHHS
poOOYHMX YMOB TOYHICTH BHABIICHHS METOIY TaKOX
NOBUHHA OyTH SIKOMOTa BHIIOIO.

ToMy 3acTOCOBaHI METOMU BHUSBJICHHSA 00 €KTIB Ha
OCHOBI HEHpPOHHOI Mepeki MOBHHHI BiANOBINATH PI3HUM
BHMOTaM JUIsl KOXKHOTO CIIEHapito.

TakuM 4YMHOM, METOIM HEWPOHHOI Mepexi st
BUSBJICHHS 00’ €KTIB Ha BiJICO JUCTAHIIIMHOTO 30H/yBaHHS
0C3MiTOTHUKIB a00 MPH BiZCO-CIIOCTEPEIKEHHI B O0HOBHX
MallvHax IOBHHHI MaTH MOXIIHMBICTH aJANTyBaTUCA JO
KOHKPETHUX XapaKTepUCTHK LIMX AAaHWX. BoHM moBHHHI
OyTH pO3poOJeH] BIATNOBIAHO A0 BHMOT OIPAIFOBaHHSA
JaHUX THCIs TONBOTY/TIOT3IKH, 10 MOXKE 3a0e3meunTh
BHUCOKY TOYHICTh 1 HIBHAKICTH BIIKIMKaHHS, ab0 BOHH
NOBUHHI OyTH po3poOiieHI sSK MoJeni 3 TapaMeTpaMu
MEHUIOro Macmrady, sKi MOXHa po3ropraru y
BOYZIOBaHMX arnapaTHUX CEPEOBHUIIAX YIS ONpPaliOBAHHS
B peaNbHOMY Yaci Ha JApOHW/MAamMHKU. Y il poOOoTi MH
MIPOTIOHYEMO 3aCTOCYBaHHS HEHPOHHOI MepeXi Ha OCHOBI
apXITeKTypH YOLOVS TUTS aBTOMAaTHYHOTO
po3mi3HaBaHHSA 00’€KTiB K MOTCHIIMHUX LITEH CHCTEMH
KepyBaHHS BOTHEM.

Ha cporomeHHsi 3ampoIlOHOBAaHO YHCIEHHI METOIH
BUSIBJICHHS OO’€KTIB Ha OCHOBI HEUPOHHUX MEPEX,
30KpeMa 3a jgormomororo cepii YOLO [15-22]. Ha Binminy
BiJl IBOCTAITHMX METOJIB, OJHOCTAITHUN METOJ MOEIHYE
BU3HAYCHHS PO3TAllyBaHHS 00’€kTa Ta Kiacu(ikaiio B
OJIMH KPOK, JOCSATAl0YM BUSBJICHHS 00’€KTa B PEabHOMY
yaci sIK Ha poOOYOMy cTONi, Tak 1 Ha BOyIOBaHOMY
obnannanHi. 1i MeToau He TINBKK JOCSTArOTh XOPOIINX
pe3ynpTariB  imeHTH(]iKamii, ame TaKoXK MPOIOHYIOTH
HHU3KY BJIOCKOHAJICHb Yy TaKHX O00NacTsX, SK METOIM
30LIBIICHAS JaHUX HABYaHHS, METOIU HaBYAaHHSI MEPEXi,
¢ysakmii  BTpaT, QYHKIII aKTHUBamii Ta CTPYKTypH
MEPEXKEBUX MOJIENIEH.

B [18] 3zanpononoBano YOLOX, momenb He#poHHOT
Mepexi 3 OJHOCTAIIHUM BHSBJICHHAM 006’ekTiB. B [19]
aBTOPU 3alpOINOHYBAIM MOZEIb HEHpPOHHOT Mepexi 3
OJIHOCTAITHUM BHABICHHSM Itimi. B po6oti [20] aBTOpHM
JOCTITMIA ONITUMAITEHY TIBUIIKICTh 1 TOYHICTh BUSIBIICHHS
00’extiB Ha ocHOBI YOLOV4. Aptopu B [23] omucanu
CSPDarkNet sk MaricTpanbHy CTPYKTYPY MEpexi,
MOKPAIlylOYd 34aTHICTh JO HABYaHHS 3TOPTKOBUX
HEWPOHHHX MEpex, HO3BOJIAIOUM Mepexi MiATPHUMYBaTH
TOYHICTH BHIIYUEHHS KapTH 03Hak. Y pobori [24] aBropn
sanponoryBanu Meton CrowdDet Ha ocHOBI HEHpOHHOI
Mepexi I BUABICHHSA MIUIBHUX 1 B3a€EMHO 3aKPUTHX
mied Ha 300pakeHHsAX. Y MIMHHIA YacTHHI Mepexi
BBeneHo Moayiab SPPF i moayms PAFPN [25]. Arop Bce
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tte BukopuctoByroth CSPDarkNet [23] sik maricTpanbHy
Mepexy, ane BBoauTh SiLU sk GyHKIir0 akTuBalli, ska
BUpINIyEe MPOOJEeMy TIpalieHTHOI IUcriepcii, KOiM BXin
¢yukuii ReLU neratuBhuil, a Buxin nopisroe 0 [26-27].

IcHye Garato mociiUkeHb Ha OCHOBI PI3HMX Bepcid
YOLO, ame pgoci 3aauIIacTbCsl HANOLIBII BaXXIHUBOIO
mpobimema Tpu  igeHTHQIKAil 00’€KTIB e(eKTHUBHE
BUSBIICHHS MaluX OO’€KTiB Ta TOYHICTh Kiacudikamii
pPI3HUX pYXJIHBHX OO0 €KTIB TpH PI3HAX YMOBax
HAaBKOJIMIIIHBOTO ~ cepeioBrina (Hampukiaag o0’€KT B
PI3HHX Tpajamlisx 3eleHOr0 KONBOpYy 3a0apBiCHHS Ha
(bOHI TaKOX PI3HOTO CHEKTPY 3€JEHOTO KONBOPY) B Bimeo
MOTOL PI3HOT SKOCTI 300pakeHHs INPH NOAAIBLIOMY
PO3KaJpOBIIi Ta CErMEHTYBaHHI BIINOBIAHUX 300paKeHb
Ut ineHTrdikauii Ta kiacudikaii.

300paykeHHsI AWMCTAHIIMHOTO 30HIYBaHHS YacTo
MaloTh BENUKI pO3MipH, CKIagHUH QOH 1 3HAYHY
MIPUCYTHICTH ApiOHUX 00’€KTIB. 3alpoONOHOBaHE PillICHHS
30CepPEIDKEHO Ha ONTUMI3allii TOYHOTO BHSBICHHS MAJIHX
00’eKTiB Ha BifACTaHI Ta O0’€KTIB B pyCi NpH PI3HUX
yYMOBaX HaBKOJHMIIHBOTO cepemoBuia. IlepeBara mepex
cepii YOLO mnonsrae y BHKOpUCTaHHI OaraTtopiBHEBUX
TOJIOBOK BHSBJICHHS, IIO JIO3BOJIE BHUSIBIATH 00 €KTH
pi3HOTO pO3Mipy 3 pi3HHX PIBHIB BEKTOpiB O3HaK. Hai
MiZXIi7 TOJIOBHUM YHHOM 30CCPE/DKCHUI Ha BHSBICHHI
MaJIeHbKUX OO0’€KTIB, @ TaKOX PYXJIUBHX 00 €KTIB 3a
JIOTIOMOT'OI0 BEKTOPIB O3HAK i3 HW)KHIX IIapiB, sIKI MaroTh
BUIILy ITPOCTOPOBY PO3IIBHY 3/1aTHICTh. J{JIsl TOCATHEHHS
miei METM MH BHMKOPHUCTOBYEMO MOJYJb MAIIUHHOTO
HaBYaHHS JUIS  omnTumizamii TXHIX  CEMaHTHYHHUX
XapaKTePHCTHK. TonoBku BUSIBJICHHS MOXYTh
OTPUMYBATH BEKTOPH O3HAK 5K 3 BUCOKOI HPOCTOPOBOIO
PO3IIIBHOIO 3ATHICTIO, TAaK 1 3 TOYHOI CEMAaHTHYHOIO
iH(popMaIi€lo, MABHIIYIOYH TaKUM YHHOM 3araibHy
TOYHICTh 1JeHTH(]IKAIIT.

ITix yac rmTMOMHHOTO HaBYAHHS METOIM BWIIyYCHHS
o3Hak SIFT (macurrabHO-iHBapiaHTHE MEPETBOPEHHS
o3Hak) i HOG (rictorpamu Opi€HTOBaHHMX TpPAIi€HTIB)
BUKOHYBJIM 1€  3aBJaHHS, 3aCTOCOBYIOUM  JEsKi
AITOPUTMHA MaIIMHHOTO HaBYaHHS MOBEPX
knmacudikaropa. YacTHHY METOMIB TIIHMOOKOTO HaBYAHHS
3aCTOCOBYIOTH JUIsl KOJILOPOBUX 300paXkeHb, a iHIII — 10
[Y4-300paxens. OmnpamtoBanns [Y-300paskeHp y pexuMi
peampHOTO dYacy € TMPOCTIIIO, OCKIIBKH BHMAarae
MEHIIMX  00csATiB  maM’siTi  Ta  OOYHCIIFOBAJIBHOI
moTyxHocTi. Takok He BIUIMBa€E Ha pi3HI YMOBH
ocBiTIIeHHs. Ane 310paT HaBUaJIbHMH JaTtaceT Juisi
JESKUX TpeAMEeTHHX obsacte (HAMpHKIan BiiiChKOBI
TEXHIKA TiJ Yac BiHH) MPAaKTUYHO HE MOXKJIHBO.
Anropurmu cimeiictBa YOLO, 3acHoBaHI Ha apXiTeKTypi
CNN, € mmpoko BUKOPHCTOBYBAaHHMHU i 100pe BiJOMHMHU
NTOPUTMaMH Ul BUPILIEHHS 1poOJeM BUSBIICHHS
00’extiB. YOLO v4 i YOLO v5 — me B OCHOBHOMY
BxkuBadi mopneni. YOLO v4, Oyayun moandikoBaHOIO
Bepcicto YOLO3, BHUKOPHUCTOBYE MEXKETAlHY YacTKOBY
mepexxy (CSPNet) y Darknet, crBoproroun HOBY

Marictpajgb  eKCTpakropa  (QYHKLIH miJx  Ha3BOIO

CSPDarknet53.  Ilo6  migBumutd  eeKTHBHICTH

ANTOPUTMY, YOLOv4 BHUKOPHCTOBYE MIIIIOK
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0E3KOIITOBHUX 1 MILIIOK crieniajbHuX nporno3uliil. [ToBHa
Brpata |OU (CIOU), perynspisamis OGIIOKyBaHHS
BUNANAHHsI Ta 0araTo MigXOMiB JO PO3IIHPEHHS.
Axruaris Mish, Diou-NMS i moaudikoBani Mmepexi
arperarii NUIAXIB BKJIIOYCHI B MAKET CICI[IaJIbHOCTEH.
Ane YOLOVS BinpizHsieTbes Bi monepeanix Bepciid. Tyt
samicte Darknet BukopucroByethess PyTorch. Biu
BukopucroBye CSPDarknet53 sik cTpyKkTypHY MiATPUMKY.
Ls wmaricTpans ycyBae HaIMIIKOBY iH(pOpPMAIO TIPO
TPafi€HT, IKy MOXHA MOOAYNTH Y BETUKUX MaricTpajsx, i
BKIIIOYA€ 3MiHY TpalieHTa B KapTd (QYHKIIH, 110
NPUIIBHALIYE BUCHOBOK, IIOKpALIy€ TOYHICTb 1 3MEHIIy€
po3Mip Mopedi 3a paxyHOK 3MCHIICHHS KiIBKOCTI
napameTpiB. BiH  nmocwmoe  moTik  iH(opmaii,
BHUKOPHCTOBYIOUH Mepexy arperarii nutsixis (PANet), o
MIPU3BOJUTE JI0 TPHOX PI3HUX BUXOJIB KapTH (QyHKIIH
Juis GararoMacmTaOHOTrO MporHo3yBaHHsA. lle mokparnye
3IATHICTh Mojeni edekTHBHO mepeabadarn aApiOHI Ta
BETHKI mpenMeTn. 300pakeHHS Hancunaerbes mo PANet
s o0’emHaHHS — QYHKOIH — Tmicas  BBEACHHA B
CSPDarknet53 mms Bwitydenns ¢yakmii. [IBuaxicts
06pobku YOLO v4 i v5 konmuBaerbes Bix 45 po 150
KanpiB B cekyHAy. OmHak, Ha BiAMiHy Bif mBuamoro R-
CNN, BiH Mae MeHmy NOXMOKY 3amam’sTOBYBaHHs Ta
BUIly JoKamizalito. OCKUIbKM KOXHa CITKa MOXe
3alpONOHYBATH JIMIIE 1Bl OOMEXyBajbHI PaMKH, BOHA
TaKOX Ma€ MpOoOJIEeMH 3 BUSBICHHSAM IIPEAMETIB HOOIH3Y
Ta JnpiOHEX 00’ektiB. OCTaHHIM JIOTIOBHCHHSM JIO
cimeticTBa 3aco6iB BusiBieHHs 00’ekTiB YOLO € monens
YOLO v8. Ile HadtmBuImwi i HARTOYHIIIAA Ha CHOTOJTHI
JETeKTOp 00’€KTiB y peadpbHOMY 4aci. Bci iHCTpyMeHTH
Ha ocHOBi YOLOV8 mepeBepmyloTh mOIEpenHi
JIETeKTOpHU 00’ €KTIiB 3a MIBUAKICTIO Ta TOYHICTIO.

3 MATEPIAJIN TA METOIU
Y po0OoTi 0OroBOpPIOETHCS TIOPUAHUN migxXim i3
BUKOPUCTAHHSIM CNN-LSTM IS MOKpAaIeHHs
NPOJYKTUBHOCTI BUSIBIICHHSI BIHCHKOBOT TEXHIKH PALIKH 3
pyxomMuM (OHOM 1 pI3HHUMH BIJCTaHSIMH, a TaKOX ii
TAHK/BTP/BMII. OCHOBHi BHECKH CTATTi.

1.36ip 300pakeHh 13 BIZKPUTHX JDKEpenl 3a
m1aTHOpMH FOTEOO.
2. lNbpunna MOJENb CNN-LSTM 3

rinmeprnapaMeTpU4YHUM HAJAMITYBAaHHSIM 32 JIOTIOMOTOIO
0alfeciBCHKOI ONTHMI3ALl 1JIsI BUSBIECHHS 00 €KTIB.

3. leranpuuii ananiz momeni YOLOVS8 Ha pi3zHux
qiarma3oHax 300pakeHb 1 BH3HAUCHHS 1X TOYHOCTI 3
MIEBHUM 3HAYCHHSM JIOBIPH.

AJITOPUTMH ~ BUSIBJIICHHS OO0 €KTIB Yy DIHOOKOMY
HABYAaHHI B OCHOBHOMY TOJIISIOTHCS HA PETiOHATBHI Ta
perpeciiini. OCHOBHUM 3aBIaHHSM BHSBIICHHS 00’ €KTIB
BiliCEKOBOI TEXHIKH PAIlIKH € BHUSBICHHS 00’ €KTa B KaJpi,
Jle TPUCYTHI 00 €KTH PI3HMX MITFOBHX KIACiB; OTXE,
kimacudikamis 00’€KTIB € HEOoOXiTHOK YMOBOKO IS
BHUSABIICHHA OO0 €KTiB 3a [IOTIOMOTOI0 OOMEXYBaIBHOT
paMKH.

1. AnropuTMH Ha OCHOBI perpecii BUKOPHCTOBYIOTHCS
MIEPEBAYXKHO UISI BUSABJICHHSA O0’€KTIB y pealbHOMY dHaci.
Ile omHOeTamHi CTPYKTYpH, 3aCHOBaHI Ha TJI00abHIH
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perpecii/knacudikarii, siki MpsiMO BiZ0OpaXarTh MiKcei
300paKCHHS Ha KOOpAWHATH OOMEXKYBAJIbHOI pPaMKH,
3MEHIIYIOYH BUTpaTd dYacy. OpHi€l0 3 HaHIBHIIINX
Mojenell po3mizHaBanHsi 00’ekTiB € YOLO, ska moxe
aHamizyBaTH Kajpu 3i mBuakictro go 150 FPS mus
HeBenukuX Mepexx. Xoda YOLO He € HaliTouHimoro
MOJCIUTIO 3 TOYKH 30pY CEpPeIHBOI CEpPeaHBOI TOYHOCTI
(MAP), BoHa mokaszanma cebe JOCTaTHRO HOOpe Mix dac
HaBYaHHS.

VY dacTWHI BUSBIEHHS 00’ €KTIB BIMCBKOBOI TEXHIKH
MPOBOJHBCS eKCIIePHMEHT 3 ABTOMATHYHOTO
po3mi3HaBaHHA Ta igeHTHUdIKAmil miled cucreMu
KepyBaHHs BorHeM. Lle Oys10 peasizoBaHO 3a JOIIOMOTOO
pI3HUX MojeJel BHSABICHHA 00 €KTiB. EkcrnepuMeHT
3ocepekeHnid Ha peanizauii anropurmy YOLO v8 mus
MOPIBHSHHS 3 IHIIMMH BEPCISIMHU.

2. ANrOpuTMH Ha OCHOBI PEriOHAJIHHUX ITPOIO3UILIH.
Gicnst mosBu  Biamosiguocti CNN  3ampomonoBana
perioHanbHa 3roprouHa HeifponHa mepexa (R-CNN). V
nmopiBHsHHI 3 Mogemsmu 0Oe3 rmOokmx CNN, R-CNN
3HaYHO WiABHIIMB €(EKTUBHICTh BHSIBICHHS IIOJO
cepennboi cepeansoi TouHocti (MAP). Bin mae kinbka
HE/IOJIKIB, BKIIIOYAIOYN JOpOTe HABYAHHA 3 TOYKU 30py
rpomreii i wacy, i, Hairipiie, BHCOKY 3aTpHUMKy (4ac
BusiBiieHHs1). Couparounck Ha po6oty R-CNN, mBuakuit
R-CNN miziBuIye TOYHICTh, TPUCKOPIOIOYN HABYAHHS Ta
tecryBanHs. IlIBunkuit R-CNN pisko ckopouye wac
HaBYaHHS Ta TECTYBaHHs, OJHAK PETiOHAIBHI MPOIO3UIIT
BCE Il CTBOPIOIOTHCS 3 BHKOPUCTAHHSAM TPAAUIIHHUX
METOJIB, SIKi TOTPEOYIOTh 0arato 4acy Ui MOTepeIHbOL
00poOku. [IBummmit R-CNN  mpomoHyeThcst 5K
BUPIIIEHHS MPOOIIEMH BY3BKOTO MICIISI 3 IPOTIO3UIIISIMH
perioHiB, SKi poOIATH TPOMO3UINI pETIOHIB depe3
Helipouny mepexy. HIsuakuit/mBuammit R-CNN Ta immmi
JIETEKTOpH 00 €KTiB, SKi BHKOPHCTOBYIOTH MeEpexi
perioHaTbHUX NPOTIO3HIiH, TPOJEMOHCTPYBAIHN MEPEIOBY
NPOJNYKTUBHICTH y Oarathbox Tecrax. OJHAaK BOHU HE
3aBXIM YCIIIIHO 3HaXOAATh ApiOHI mpenmeru. [loTouHi
MIiXOIU TipIIi M[OJ0 MOBTOPIOBAHOCTI Ta y3araJbHEHHS,
KOJIM 00CTaBHHH PEaJbHOTO CBITY IOCTIHHO 3MiHIOIOThCH,
OCKIIBKM BOHHM 3aJIe)KaTh BiJl KOHKPETHHX HaHUX
300paskeHHS.

3. Knacudikamis  HepyXxoMoro/pyxoMoro/miTadoro
i/ab0 4acTKOBO 3aX0OBAaHOTO 00’€KTa BiCHKOBOI TEXHIKH
32 IHIMM O00’€KTOM MPH HECHPHUSATIUBUX YMOBaxX ¥y
peampHOMY daci. BusBieHHS miTaroumx 00’€KTiB abo
00’€eKTIB, SKI PYXalOTbhCs B HECHPUATIMBHX YMOBax, Ha

BiZICO BIAPI3HAETBCSA BiJ CTaHIAPTHOI'O BHUSBIICHHS
00’€eKTiB, OCKUJIBKH po3mip
HEPYXOMOTo/pyXxoMoro/iTatouoro i/abo YaCTKOBO

3aX0BaHOro 00’€kTa 3a IHIIUM OO0 €KTOM MOCTIHHO
3MIHIOETBCS B KaJ[pax 3aJIS)KHO BiJl HOTO BiZICTaHi Ta pyxy
o0’ekTa-ciocTepirada. BiH Mae Ttaki mpoOiemu, 5K
HU3bKa PO3MUTbHA 3IATHICTH, 3MIHH OCBITICHHS Yepes3
JIeHb 1 HIY 1 HecTabinmpbHUNA (POH, pi3HI MOTOIHI YMOBH.
TakoX TOYHICTH pPO3IMi3HABAaHHS 3aNEXKHUTH BiJl SKOCTI
KaMepH CIIOCTEPEKEeHHS, BUOIp AKOi Mg 9ac O0HOBHX i
HE KOHTPOJILOBaHUM MIPOIIECOM. CkJaiHICTh
criocTepeXeHHst 30UIbLIYEThCS TPH po3Mi3HaBaHHi B 2D
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(momepeny mepen kameporo) g0 3D (3Bepxy 3 moHa mifg
PI3HUMH KyTaMH Ha Pi3HHX BHCOTAX) PyXOMHUX 00’ €KTIB 3
BpaxyBaHHSAM MacutaOyBaHHs Ta MIPOTIOPLIIH.
AHaJOr1YHO 3MEHIIY€E TOYHICTH PO3Mi3HABaHHS 00’ €KTIB,
SKI MDK CcO00I0 Bi3yaJIbHO MOJIOHI Ta BiAPI3HAIOTHCA
MaJIMMH ~ O3HakamMu abo iX  BiACyTHOCTI  mpu
CIIOCTEPEKEHHI B PI3HUX pakypcax abo HpH YacTKOBO
CXOBaHOMY KOpITyCli 3a iHITMMH HPUPOAHIMH 00’ €KTaMH
a60 OyniBIAML.

4. Metoau BUSIBICHHS 00’ €KTIB Ha OCHOBI IIMOOKOTO
HaBYaHHA IJI PI3HUX 3a/ay, AKi BKIIOYAIOTH BHSBICHHS
CMYTH, IHTEIEeKTyallbHI CHCTEeMH TPAaHCIIOPTHHX 3ac00iB,
BUSIBJICHHSI PYXOMHX 00’€KTiB, B TOMY YHCII BifiCbKOBOT
TEXHIKH TOLIO.

AHaini3 311iCHIOETHCS 32 IOTIOMOTOI0 KiTacudikamii un
KJlacTepusanii, 0 CErMEHTH 3a NMEBHUMH KPHTEPisSIMH.
Xou 30ip iHpopmanii ¥ BigOyBaeTbCsi aBTOMATHYHO,
MPOTE BCe IIle HEOOXiJHA pealizallis TaKuX JOCIiIKEHb
3TIOHO PpO3Mi3HABaHHA, iACHTHU}IKAl Ta Kimacudikarmii
00’€KTiB B HECTIPUATIMBUAX BIMOTA B PYCi Ta MPH IMOTaHOL
AKOCT1 300pa’keHHs, Ta BilMOBiTHA 00pOOKa pe3ynbTaTiB.
TakoX CyTTEBO BIUIMBaE€ Ha pE3YNbTaTH IOCIHiKECHHS
e(eKTHBHICT OMpAIIOBaHHS BiANOBITHOTO (oHY Ta
006’exTiB Ha HBOMY (HANpPHKJIA[ 3eJicHe Ha (DOHI 3eIEHOMY
abo wacTuHa 00’€kTa cxoBaHe 3a iHmMM 00’exktom). 1lle
OJTHMM 3 HaWBaXIMBIIINX KPUTEPIiB MOAIOHOT TEXHOJIOTIT
€ MOXJIMBICTh 300py JMaHWX B 3aJISKHOCTI BiJl Hepiomy
J00M Ta MOpM POKY, Ta X MEepioJUYHICTh i3-32 3MIHM
(oHy i3-3a pe3yIbTATIB BEACHHS aKTHBHHUX OOWOBHX Jiii B
MEBHIN MICIIEBOCTI.

4 EKCIIEPUMEHTHA
B poGoti aBTOpamMu MPOMIOHYETHCS PO3POOKa MOAYIIS
PO3Mi3HABaHHS IiIEH, K CKJIaZOBOI CHCTEMH YIIPABIIHHS

BOTHEM B paMKax 3alpoNoOHOBaHOi iH(popMariiHo1
TEXHOJOTiT 3a paxyHOK BHUKOPHCTaHHS IITYYHOTO
IHTEJEKTY.

s po3poOku  MOAyJs  PO3Mi3HABAaHHS  IiJIeH

BHKOPHCTAaHO CIMEHCTBO MOJENEH ISl PO3Mi3HABAHHSI
mogeneir YOLOVS. lle nHaiiHOBima Bepcist HOMyJISIPHOTO
npoaykry kommawnii Ultralitics muis BusiBieHHs 00’ €kTiB Ta
CcerMeHTalii 300paxkeHp y peanpHOMy dYaci. YOLOVS
MOCTABISETBCS B KOMIUICKTI 3 TAKUMH MOMEPEAHBO
MM ATOTOBJIEHUMH MOJIEISIMM:

— Mopeni kmacudikamii 300pakeHp, IO MOMEPEIHBO
HaBYaOTbCA Ha 0Oa3i maamx ImageNet 3 pozmineHOIO
3JIaTHICTIO 300paxkeHHs 224,

— KoHTposbHI  TOYKH  CerMeHTariil
HaBYCHI Ha HabOpi [OaHMX CerMEHTAIlil
PO3IUTEHOIO 3/1aTHICTIO 300paxeHHs 640.

— KoHTpoJIbHI TOYKM BHUABJICHHSA OO0 €KTIB, IO
HABYAKOTHCS Ha OCHOBI Habopy manux COCO detection 3
PO3ALTBHOIO 3MaTHICTIO 300paxeHHs 640.

— BuBenenHs BUKOHY€eThCS 31 mBUAKICTIO Maibke 105
KaapiB B CeKyHAy Ha TrpadidyHOMy IpoIecopi
CepeHbOCTATUCTUYHOTO ~ Cy4acHOro  HOyTOyka, a
a/IBeTIKa MOJIENb MPAIIOE B CEPEAHBOMY 31 HIBHIKICTIO
17 xampiB 3a CeKyHIy.

eK3eMILIsIpa,
COCO 3
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YOLOV8 sBukopucroBye ¢peiimopk PyTorch -
(hpeiiMBOpK I PO3POOJICHHS TJIMOOKHUX HEHPOHHUX
Mepexx Bim kommanmii Facebook. YOLOV8 wmae psn
nepeBar y MOpiBHAHHI 3 IHITUMH 3ac00aMH, 30KpeMa;

— IlinTpumka OLIBILICTIO cepBiciB HaJaHHSA
00YHCITIOBAIEHUX TOTYKHOCTEH.
— Benmnka  KiTBKICTH  CITOCOOIB  3aCTOCYBaHHS i

BUKOPUCTaHHS MOJEIEH.

— Benukuii  piBeHP TOYHOCTi, IO TiATBEPHKEHO
Tectam Ha Habopax mannx COCO ta Roboflow 100.

Sk 3aszHayanocs Buie, YOLOV8 nocsrae BHCOKOL
touHocTi Ha Habopi nanux COCO. Hampukian, mopaensb
YOLOV8m — nocsirae 50,2% MAP mpu BUMIiprOBaHHI Ha
COCO. ITig gac mopiusauus 3 Roboflow 100, wabopom
JIaHUX, SIKHUH KOHKPETHO OLIIHIOE MPOAYKTHBHICTH MOJEINI
B pi3HMX obOnactsix, YOLOV8 oTpumMaB 3Ha4HO Kpamuid
pesynbtar, Hibk YOLOVS. Kpim toro, YOLOV8 Hnanmae
JUIs pO3pOOHUKIB 3HAUHMH mepertik ¢yHKuii. Ha BigMiny
BiJl IHIIUX MOJENEH, Y SKUX 3aBIAHHS PO3IOAUISIOTHCS
Mik OaraTtbMa pisHuME (Qaimamu Python, YOLOv8
noctayaetbess 3 CLI-intepdeiicom, skuit  poOuth
HABYaHHS MO OUTBII 3pO3yMiJIFIM.

Jlnsi HaBUaHHS BHKOPHCTOBYBaBcsi cepsic Google
Colaboratory, 6inbm Bimomuii sk “Colab”. “Colab” — ne
xMapHa Bepcis Jupyter Notebook. 11106 BukopucToByBaTH
Colab, He mOTpPiOHO BCTAHOBIIOBATH Ta BUKOHYBATH a00
OHOBIIIOBATU amapaTHe 3a0e3Me4YeHHsT KOMIT oTepa, 100

BiAmoBimatu BuMmoram Python 1o  iHTeHCHBHOTO
naBantaxxennss CPU/GPU. Kpim Toro, Colab wuanae
OE3KOIITOBHUI JOCTYT hie} 00YHCITIOBAILHOT

IHQPACTPYKTYpH, SK-OT CXOBHIIE, ONEPATHBHA IaM’siTb,
00UHCITIOBANTBHI TIOTYKHICTB, Tpadiuni mporecopu (GPU)
i rerzopHi nporiecopu (TPU).

Metoau, SKi BHKOPHCTaHO T Yac IOCIIHKEHHS
c(hOpMOBaHOTO JaTaceTy.

—Flip - Horizontal
300paKeHHS TOPH30HTAIBHO).

— Rotation — Between -15° and +15° (oGepranus
o0’exta 300pakeHHs — 3a ab0 MNPOTH TOAWHHUKOBOT
CTpiNKH Ha cTymiHb Bif —15° mo +15°).

— Brightness — Between -25% and +25% (3miHa
SICKpABOCTI  300paskeHHS JJIsl  30UTBIICHHS CTIHKOCTI
MOJIETI 10 3MiHM OCBITJICHHS Ta HAJIAIITYBaHb KaMepH —
Big —25% 1o +25%).

— Cutout — 3 boxes with 10% size each (BupizaTtu
gacTuHy 300pakeHHS — 3 kopoOku mo 10% posmipy
KOKHA).

— Bounding Box: Blur — Up to 2.5px (o6mexyBansHa
paMKa: JofaBaHHs 10 300pakeHHs PO3MUTTS 3a ['aycom —
J10 2,5 mikceniB).

—Bounding Box: Noise — Up to 15% of pixels
(o6MexyBanbHa paMKa: TOJaBaHHS 0 300paKEHHS IIyMy
«coui Ta nepio» — 10 15% mikcernis).

OcranHi /iBa IyHKTH 3aCTOCOBYIOTH JUISl PO3IIMPEHHS

(mepeBeptanus ~ 00’ekTa

piBHA 00MeXyBaJIbHOT paMKu npu
(dopMyBaHHI/TeHEpYBaHHI HOBMX HaBYAIBHHX JIAHUX,
JUIIE 3MIHIOIOYH  BMICT OOMEXYBaJbHHX  pPaMOK

BHXiTHOTO 300pakeHHs. 30UTBIICHHS 300pakKeHHS — IIe
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npouec 30UIbLICHHS po3Mipy Ha0Opy HaHUX HIISIXOM
MaHIMyJIIOBaHHS  HAasSBHUMHM HaBYaJbHUMH  JaHUMHU.
30inblIeHHs 300paKeHHsl JornoMarae MoJenl Kpaiie
y3araJbHUTH JUISi  IIUPOKOTO  CIIEKTPY KOHTEKCTIB.
Hanpuknan, MoxxHa 3MIHHTH SICKpaBicTh a00 TEMHICTh
00’exTa BigHOCHO Horo ¢oHy. AGO, MOXINBO, po3MUiiTE
00’eKT BIOHOCHO #oro (oHy ansd 3aBIaHb, SKi 9acTo
BKJIFOYAIOTh 3WOMKY OO0’€KTiB, IO IIBHUAKO PYXAaOTHC.
Momudikarnii nume oOMeXyBadbHOI PaMKH TPH3BOISATH
JI0 CHCTEMHHX IOKpAIIeHb, OCOOIUBO JJIsI MOJENeH, sKi
OyaM HEBEJMKMMH Habopamu maHuX (IeKijgbKa THCSY
¢$oT0). MOXHA TAaKOX 3MIHHUTH KOJBOPH JIHIIE 00’ €KTIB
Ha OCR-300pakeHHI, 3alpOBaTUTH PO3MHTTS JIUIIE IS
PYXOMHX O0’€KTIB, SK-OT BIHCHKOBOi TEXHIKH B Pi3HHX
CIICKTpaX 3eJICHOr0o, o0epTaTH 00’€KTH, SK-OT 00’ €KTH Y
30HI CIIOCTEPENKEHHS 3TOpH, 1 NMEPEeBEPHYTH OpiEHTALII0
00’exTiB, 100 CcTBOPUTH  e(eKT  I3epKalIbHOrO
BiIOOpaXXCHHS, MOMIOHMH 1O THX, IO TPHCYTHI B
OUTBIIOCTI CUTYAIIH 3 KaMEPOIO.

5 PE3YJIbTATH

Ilepen  po3pobneHHAM  MOZYJIs  ABTOMAaTHYHOTO
pO3Mi3HABaHHSA IiJIel CHCTEeMH KEepyBaHHS BOTHEM
OpraHi3oBaHO poOOYMil MPOCTIp Ta BH3HAYEHI MpaBUIa
JOCTyMy /O CXOBHIIA JaHUX Ta  OIpAlOBaHHS
BIAMOBIAHMX  JaHMX 3  HBoro. JIiug  HaBYaHHS
BuKkopucroByBascs cepsic Google Colaboratory, 6inbi
Bigomuii sik “Colab”. “Colab” — e xmapna Bepcist Jupyter
Notebook. OcHoBHOW 3a7aueto MPEMpOLECiHry AaHHX €
krmacudikarmisi TppoX KiaciB 00’€KTiB Ha Bimeo abo y
pexxuMmi peampHOro wacy — BTP, BMII, TAHK. [ami
MPOBOIMJIOCH CTBOPEHHS Ta HAIIOBHCHHS BiJIIOBiJHOTO
Habopy nanmx. JlaHi HamoBHIOBAIMCS 3 BIIKPUTHX
JDKepen, 30KpemMa 3 BiCOKaapiB, pO3MIMIEHUX V
BiZIKpHUTHX JUKepenax Ha YouTube mratrdopmi (Bimeo 3
NPOCYBaHHS TEXHIKM pallKKM B Neplli JHI BIHHK 1O
Teputopii YkpaiHu Ta 3 BIMCHKOBUX MMapajiB POCIHCHKOT
texuiku). lleii mporec BkIOYaB B cebe  MOIIYK
300paKeHb Ta BilEO 3 BHIICHA3BAaHMMH 00 €KTaMHU Ta
PO3MITKOIO BiAoBigHHUX 00 ekTiB. [aTaceT copmoBanuii
3a pgonomoroio Roboflow platform na ocuoBi 3aco6iB
PO3MITKH Ta B MOJANBIIOMY 3ac0o0iB ayrmeHTarii. Habip
MaHux cknamaeTbes 3 1193 yHikampHUX 300pakeHh —
NpuONM3HO TIOPiIBHY [UIA KOXHOro kiacy. [licis
3aCTOCYBaHHS IIONEPEIHBOr0 OIPALIOBAHHI 300pakeHb
Ta METOMIB apryMeHTamii, Habip AaHUX Mae€ HACTYITHHUH
sursay (Ta6muns 1):
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Tabmuns 1 — Posnofin nanux B HaOOpi TaHUX

Tun Habopy | AGcomoTHe 3HaueHHsT | BigHOCHE 3HAaYEHHS
Train Set 2490 87%
Valid Set 225 8%
Test Set 138 5%

train: ../train/images

val: ../valid/images

test: ../test/images

nc: 3

names: ['bmp', 'btr', 'tank’]

6 OBI'OBOPEHHS

HaBwyaHHS TpOBOIIIOCH i3 3aCTOCYBaHHSA pPECypCiB
Google Colab. Bymo B3sto 100 emox misi HaBYaHHS
Mmojeni. CTaTUCTUYHI pe3yJibTaTH HaBYaHHS HEHPOHHOT
Mepexi 300pakeni Ha Puc. 1-2. Anani3 mpoBaauBcs 3a
merpukamu MAP50 (mean Average Precision), mAP50-
95, precision ra recall (Puc. 1).

AP (Average precision) — e momysspHa METpHKa
BUMIPIOBaHHSI TOYHOCTI JIETEKTOPIB TaKMX OO’ €KTIB, SIK
Faster R-CNN, SSD i t.n. Average Precision o6uucioe
cepennio Tounicth Jys recall B miamasoni Bix 0 mo 1. Ile
MOKAa3HUK TOYHOCTI MOJIENI, IO BPaxoBye JuIe 'merki”
BusiBiieHHs. MAPS50-95: cepenHe 3Ha4yeHHS CcepenHbOl
TOYHOCTi, pO3paxoBaHE TMpPH PI3HUX  IOPOTOBHUX
3naueHHsx 10U, mo Bapirototses Big 0,50 no 0,95. Bono
Jla€ TIOBHE YSIBJICHHS IPO NPOJYKTHUBHICTH MOJENI Ha
PI3HHX PIBHSAX CKJIaIHOCTI BUSBJICHHS.

Precision Bumiproe, HACKiITbKM TOYHI Ballli MPOTHO3H.
Hampuknan, sskuii BiICOTOK BalllMX MPOTHO3iB KOPEKTHHIA.
Recall Bumiproe, HackibKu 100pe BH 3HAXOIHWTE YCi
TO3UTHBHI 3pa3kd. Hanpuknan, Mu MOXXeMO 3HaXOAUTH
75% Bix yCiX MOKITMBHUX ITO3UTHBHUX BHUMAMKIB y HAITUX
Kpalux NporHozax. Sk Mu Moxkemo OayutH 3 puc. 1,
MeTpuka Precision mae GinbIvii KOMHBaHHS Ha MOYATKY
Ta crae Outbil cxokuMm Ha MAPS0 HampukiHii, Komu
KUJIbKICTh BUNpPOOyBaHp 30unbiIyeThes. MAPS0-95 mae
norani 3Hauennst (0,5-0,6) HampuKiHIN, KOJIHA KiTBKICTH
npo6 36imburyershesi. Merpuka Recall mae BimHOCHO cTane
3gayeHHs B Mexax 0,85-0,75 micng  mojaoBUHU
npoBeaeHux gocuiaiB (enox). Ile He € mocuth M0OpUM
pe3yJIbTaToM Ta MOTpedye MOJANBIIOr0o JAOCIIKEHHS Ta
HABYAHHS MOJCNIi Ha OUIBIIOMY JaTaceTi aKTyalTbHUX
naaux. Metpuka Precision mae Tpoxw xpaiii pe3yabTaTi
— B Mexax 0,85-0,89.
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Metrics

Model accuracy measured on validation set
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Pucynok 2 — I'padiku BTpat Moaemi

Ha pucynkax 3-5 300paxeni mnpuknazd pobGotu  ¢oHy 0e3 TexHiku. Lle Oyme HactymHumit kpok. Takox
cucreMd. Benuki BTpaTM € uepe3 Te, MO0 MiJi 4Yac  HEOOXIMHO po3WHMpHUTH Kiacudikaliio s 00’eKTiB
JIOCHI/DKEHHsT He Oyino BpaxoBaHo (oH — HaByaHHS  BiMCHKOBOI TexHiku — 110 came T-64, E-72 uu T-90.
MOJyJISl Ha OCHOBI TIATBEP/KEHUX JaHUX (300pa)kKeHb)
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Pucynok 3 — [Ipuknan po3mizHaBaHHs 00’ €kTy Kitacy BMP

tank 0.68

Pucynok 4 — Ilpukiazn po3miznaBanus 06’ ekty kinacy TAHK
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Benmuki BTpath TmpuHCyTHI i3-3a  TOrO, IO B
JIOCITIZDKeHH] He BpaxoByBCsl ()OH — HABYAHHS MOJYJIS Ha
3 BpaxyBaHHs BaJliIOBaHUX JaHUX (300pakeHsb) (hoHy 6e3
texHiku. [{e Oyne HacTynHUM KpokoM. Takox HeoOXimTHO
po3iupuTy  Kiacudikaimiro i 00’€KTIB  BiHiCHKOBOT
TEXHIKU — gkuii caMme tak T-64, E-72 uu T-90.

BUCHOBKHU

BupimieHo akTyanbHE 3aBIaHHS B MOJIENIOBaHHI
MIPOIIECIB  aHaJIi3y BIJEOMOTOKY Ui aBTOMAaTHYHOTO
pO3mi3HaBaHHSA IIe CHUCTEMH KEpyBaHHA BOTHEM Ha
OCHOBI MAaIlMHHOTO HaBYaHHA. Posmi3HaBaHHA IiIEeH €
mpiopuTeTOM y  BiliCBKOBif cmpaBi. lLle 3aBmaHHS
YCKJIAIHIOETECS THM, IO Tpeba po3mi3HaBaTH pPyxoMmi
o0’extH, pisHHH penped 1 maHAMA(T CTBOPIOIOTH
TIePEIKOIH T po3mizHaBaHH:. BoiioBi Aii BinOyBaroThCs
B Pi3HMHU Yac 100H, BiIMOBITHO, HEOOXIMHO BPaxOBYBaTH
paKypc OCBITJICHHs Ta 3arajbHe OCBITICHHs. HeoOximHo
BUABUTH OO’€KT Ha BIJEO NUIIXOM CEerMeHTarii
BiJICOKa/IpiB, pO3Mi3HATH Ta Kiacu]ikyBaTu Horo.

HaykoBa HOBH3Ha OTPHMaHUX PE3YJIBTATIB MOJIATAE Y
TOMY, 10 BIEPIIE 3aIPOIMOHOBAHO METOJ PO3IMi3HABAHHS
Ha knacugikamii 1yt 00’ €KTiB BIHCHKOBOT TEXHIKU — SIKUH
came tak T-64, E-72 yu T-90.

[IpakTryHa I[iHHICTH TONSATAa€ y TOMY, IO BOHA €
CTPYKTYPHOIO CKJIaJIOBOIO IIPOLIECY aHai3y BiJICOMOTOKY
JUIL  aBTOMATHYHOTO pO3II3HABAHHS MiJed CHCTEeMHU
KepyBaHHS BOTHEM Ha OCHOBI MallIMHHOTO HABYaHHSI.

B pe3yJibrarti MIPOBEACHUX EKCIIEPUMEHTIB
peai3oBaHO Ta  MPOaHANi30BaHO  (DYHKIIOHYBaHHS
nmaruraiiH 13 300py Ta ONpalfoBaHHS 300pakeHb

Bi}.'[COKOHTCHTy JJIs1 aBTOMaTH4YHOTI'O pO3Hi3HaBaHH${ uinef/i
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Pucynok 5 — [Ipuknan po3misHaBaHHs 00’ exTy Kiiacy bBMP

CHUCTEMH KEpPYBaHHS BOTHEM Ha OCHOBI MAIIMHHOTO
HaBYaHHSI.

TpeHiHT TPOBOAMBCS 3 BHKOPHCTAaHHSIM pPECYpCiB
Google Colab. Ha maBuanus mogeni minuro 100 emox.
Amnaniz npoBomuBcs BigmosimHo g0 MAPS0 (cepemns
TouHicTh), MAPS50-95, TOoYHOCTI Ta  MOKAa3HHUKIB
3amam’sITOBYBaHHs. 3alpoONOHOBaHHUN CIIOCIO MoXke OyTH
BUKOpHCTaHUI Uil ineHTudikanii 00’ €KTiB BiHCHKOBOTO
XapakTepy Ta pO3IMi3HABAHHS M€ JUIs CTBOPEHHS
(MomepHi3arlii) Cy4acHMX CHCTEM YIPABIIHHS BOTHEM
Cy4acHOI BIfiChKOBOT TEXHIKH. METPHKa

Precision ngae GunbIinii KONMMBaHHS HA TIOYATKY Ta CTAE
Oimpm cxoxum Ha MAPS0 HampwKiHII, KOMH KiTBKICTH
BUIpOOyBaHb 30utbLIyeThest. MAP50-95 mae morani
snauennst (0,5-0,6) HampukiHmi, KOMM KUTBKICTH TPOO
301IBITy€THCS.

Merpuka Recall mae BigHOCHO cTaje 3HAYCHHSA B
Mexax 0,85-0,75 micns moNOBHHM MPOBEACHUX TOCIIIiB
(emox). Ile He € mocuTh J0OpPUM pe3yJbTATOM Ta
nmoTpe0ye MOJANBIIOT0 TOCIIKCHHS Ta HABYaHHS MOJICII
Ha OLTBIIIOMY JTATAaceTi aAKTYAIbHUX JaHUX.

Mertpuka Precision nae Tpoxu Kpaiii pe3ysibTatd — B
mexax 0,85-0,89. Benwmki BTpaTH € yepes Te, mIO I yac
JOCTIKeHHST He Oyio BpaxoBaHO ()OH — HaBYAHHI
MOMYJISl Ha OCHOBI TiATBEpKEHHUX TaHUX (300pakeHb)
¢dony 0e3 rtexuiku. lle Oyme Hactymuuit kpok. Takox
HEOOXiTHO pO3MMPHUTH Kiacu(ikamito i 00’ €KTiB
BilicbKOBOI TeXHIKH — 1110 came T-64, E-72 yu T-90.

ToMy  mHepCHEKTHBH  MOJANBIIMX  JOCHIIKCHB
MOJISITA0Th B JOCII/KEHHI BIZJONIOTOKY 3 BpaxXyBaHHSIM
HaBYaHHS Mojeli Ha ()OHOBHX 300pakeHb TEpPHUTOPPIl
Ykpainu 3 BiIIIOBITHIMH IPUPOJHIMH JTaHAIIa(TaMu.
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INTELLIGENT VIDEO ANALYSIS TECHNOLOGY FOR AUTOMATIC FIRE CONTROL TARGET RECOGNITION
BASED ON MACHINE LEARNING

Vysotska V. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.

Romanchuk R. — Post-graduate student of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.

ABSTRACT

Context. Target recognition is a priority in military affairs. This task is complicated by the fact that it is necessary to recognize
moving objects, different terrain and landscape create obstacles for recognition. Combat actions can take place at different times of
the day, accordingly, it is necessary to take into account the perspective of lighting and general lighting. It is necessary to detect the
object in the video by segmenting the video frames, recognize and classify.

Obijective of the study is to develop a technology for the analysis of the development of a technology for recognizing targets in
real time as a component of the fire control system, due to the use of artificial intelligence, YOLO and machine learning.

Method. The article develops a video stream analysis technology for automatic target recognition of the fire control system based
on machine learning. The paper proposes the development of a target recognition module as a component of the fire control system
within the framework of the proposed information technology using artificial intelligence. The YOLOV8 pattern recognition model
family was used to develop the target recognition module. The methods used during the study of the formed dataset.

— Bounding Box: Noise — Up to 15% of pixels (limiting frame: adding salt and pepper noise to the image — up to 15% of pixels).

— Bounding Box: Blur — Up to 2.5px (bounding box: adding Gaussian blur to the image — up to 2.5 pixels).

— Cutout — 3 boxes with 10% size each (cut out a part of the image — 3 boxes of 10% size each).

— Brightness Between —25% and +25% (changing the brightness of the image to increase the resistance of the model to changes
in lighting and camera settings — from —25% to +25%).

— Rotation — Between —15° and +15° (rotation of the image object — clockwise or counterclockwise by degrees from —15° to
+15°).

— Flip — Horizontal (flip the image object horizontally).

Results. The data is collected from open sources, in particular, from videos posted in open sources on the YouTube platform.
The main task of data preprocessing is the classification of three classes of objects on video or in real time — APC, BMP and TANK.
The dataset is formed using the Roboflow platform based on the labeling tools and subsequently the augmentation tools. The dataset
consists of 1193 unique images — approximately equally for each class. The training was conducted using Google Colab resources. It
took 100 epochs to train the model.

Conclusions. Analysis is performed according to mAP50 (average precision as 0.85), mAP50-95 (0.6), precision (0.89) and
recall (0.75). Big losses are due to the fact that the background was not taken into account during the research — training the module
on the basis of confirmed data (images) of the background without technology

KEYWORDS: moving object recognition, security, privacy, YOLO, target identification, machine learning, APC, BMP, TANK.
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YJIK 004.8

MOJEJIb 3BOPOTHHUX JIAHIHIO’KKIB MAKCHUMAJIBHUX BATI'
I AHAJUII3Y ®AKTOPIB BIIVIUBY
INIATPUMKU ITPOI'PAMHUX KOMIIVIEKCIB

IMykauy A.I. — xaHn. TexH. Hayk, acucTeHT kadenapu ApromarnzoBaHux Cucrem VYmpasmiHHs [HCTHUTYTY
Komm’'torepunx Hayk Ta Indopmarniitnux Texnosoriii HarionaneHoro YHiBepcuteTy «JIbBiBchbka IlosiTexHika,
JIbBiB, YKpaiHa.

Tecaiok B. M. — n-p TexH. Hayk, npod., 3aBixyBau xadenpu AromatnzoBannx Cuctem YmpasniHes [HcTHTyTy
Komm’rorepunx Hayk Ta Indopmaniiinux TexHosoriii HamionamsHoro YHiBepcurery «JIbBiBcbka IlomiTexnika»,
JIsBiB, YKpaina.

AHOTANIA

AKTyasbHicTh. Po3risiHyTO 3amady po3poOieHHs MOJeli 3BOPOTHHX JIAHIIFOXKKIB MAaKCHMaJIbHUX Bar, HEOOXiqHOT Il aHamizy
(axTopiB BIUTHBY ITiATPHMKH ITPOTPAMHHX KOMIUICKCIB.

O0’€KTOM JOCIIIKEHHS € IPOLIEC PO3POOICHHS MOAETI 3BOPOTHUX JIAHIIOKKIB MAaKCUMAaJIbHUX Bar.

IIpenmeroM moCTiTKEHHS € METOIH Ta 3aCO0H PO3POOICHHS MOJIEIi 3BOPOTHHX JIAHIIOKKIB MAKCHMAIbHIX Bar.

MeTo10 po60TH € po3pOOICHHS MOJIEINi 3BOPOTHHX JIAHIIOKKIB MAKCHUMAIBHUX Bar U aHalli3y (akTopiB BIUIMBY MiITPUMKH
MPOrpaMHHUX KOMIUIEKCIB.

MeTtoa. 3anpoNOHOBAHO PO3POOJICHHS MOJENI 3BOPOTHHX JAHIIOKKIB MaKCHMAJIBHHUX Bar Ul aHallizy ()akTopiB BIUIMBY Mil-
TPUMKH NPOTrPAMHUX KOMIUIEKCIB, IO JIa€ 3MOT'Y BUSIBUTH Ta C(OPMyBaTH BIIIOBIHI 3BOPOTHI JIAHI[IO)KKM MAaKCHMAJIBHUX Bar JUis
ineHTHGiKanil Ta NOAANBIIOrO aHai3y (aKTOpiB BIUIMBY, SIKi BIUIMBAIOTH HA PE3YJIbTATH CHPUHHSATTS 00°€KTa — MiATPUMYBAHOTO
MIPOrPaMHOT0 KOMIUIEKCY YM MPOLECIiB HOro MiATPUMKH, BiAHOBIIHUMH Cy0’€KTaMH B3a€MOIl, [0 HAPSIMY YH OIOCEPEIKOBAHO
B33€EMOJIIIOTH 3 HUM.

PesyabTaTu. Pesynpratamu poGoTH po3poOiIeHUX MoAeNeH, BIAMOBIIHO, € OTpUMaHi c()OpMOBaHi 3BOPOTHI JAHIFOKKA MaKCH-
MaJbHUX Bar, sKi B HOAAJIBIIOMY BUKOPUCTAHO IS PO3B’sI3aHHS HAYKOBO-TIPUKJIAAHOL 3a1adi ineHTudikamii, popMyBaHHs Ta BiTHO-
BJIEHHS I'paHUNb (paKkTOpiB BILUIMBY, BTPAueHHUX BPE3yJIbTATi BIPOBAIPKCHHS BiIIIOBITHAX Mojeiell 6araTomapoBoro nepuentpoHa B
MoOJIeNi Cy0’€KTHBHOTO CIPHHHATTS 00’€KTIB MiATPUMKH IPOrpaMHUX KOMIDIEKCIiB. Po3pobiena moxmens 3abe3nedye MOXKIHBICTH
3IIMCHEHHS aHai3y IEePEeTBOPEHHS BXIIHHMX XapaKTEPUCTHK 00’€KTa MiATPUMKH Yy BUXIJHI Pe3yJbTYIOUi XapaKTEPUCTUKH HOTO
Cy0’€KTUBHOTO CIPUIHATTS IUIIXOM BIITHOBJICHHS TIpaHUIb (aKTOpiB BIUIMBY IOTO IepeTBopeHHs. HaBexeHo pesynbTaTi
PO3B’SI3aHOT MPHUKIAAHOT PAKTHYHOI 3a/1a4i IEPBUHHOTO MOHITOPHHTY YaCTOTHOTO NPOSBY 3aJaHOr0 Cy0’ €KTHBHOTrO (hakTopa BILIU-
BY B PEXKHMI IOCTPEATIBHOTO Yacy, B IKOCTI IPHUKIIALY IIPAKTUYHOTO 3aCTOCYBAHHS PO3POOIICHOT MO/IeNi 3BOPOTHHX JIAHIFOXKKIB MaK-
CHMaJIbHHX Bar.

BucHoBku. Po3pobiena Mozmenp BUpilTye MOCTaBIeHY 3afady izeHTr¢ikamnii, GopMyBaHHS Ta BiIHOBICHHS IPaHUNb (HaKTOPiB
BIUTUBY, BTPAUCHUX BPE3YNHTATi BIIPOBAIDKCHHS BIANOBIAHUX Mojeiell OaraTomrapoBoro HepueNnTpoHa B MOAENi CyO’€KTHBHOTO
CIIPUHHATTS 00’ €KTIB MIATPUMKH IIPOTPaMHUX KOMIUTEKCiB. BosmHouac, po3pobieHa Mozels MOKpaly€e KITaCHIHEe PO3YMIHHS IITYyd-
HUX HEHPOHHUX MEpex THUIly 0araTomapoBOro MEpLENTPOHA, OCKIIBKH BBOIMTH JOAATKOBE 3HAUCHHS JUIl HEHPOHIB IMPUXOBAHUX
mIapiB, SKi 3 BOPOBAHKEHHAM PO3pPOOJIEHUX MOJEIEN 30aTHI BUKOHYBaTH a0COIIOTHO HOBY (DYHKIIOHAIBHY pOJib (MapkepiB (akTo-
piB BIUIUBY), TOAI SIK y KJIACHYHOMY PO3yMiHHI BOHHM HE BUKOHYBAIH XOJHUX (DYHKIIHM, OKpiM apupMETHUHUX Ui 3a0e3MeucHHs
KOPEKTHOCTI HaBYaHHSA Ta (yHKIIOHYBaHHS IITYYHUX HEHPOHHUX MEPEXk THITy 0araTolapoBOro IEpLEnTpoHa B XOAi iX eKcIuTyara-
[ii y BUpilIeHHI HAPi3HOMAHITHIIINX 3a/1a4.

KJIFOYOBI CJIOBA: nporpamMHuii KOMIUIEKC, MATPUMKA, (PaKTOp BIUIMBY, aBTOMATH3allisl, HEHPOHHI Mepexi, baraTomapoBuit
MIePIENTPOH.

ABPEBIATYPU
AAR — After Action Review (anami3 micns nii);
BSA - Brain Strom Optimization;
DevOps — Development and Operations;
GenCode — generic code;
GML - Generalized Markup Language;
HTML - HyperText Markup Language;
NofHL — Neuron of Hidden Layer (ueitpon npuxosa-

HOTO I1apy);

OL - Output Layer (Buxiamwuii map);
RC — Reverse Chain (3BopoTHHIi JIaHITIOXKOK);
SGML - Standard Generalized Markup Language;
XML - EXtensible Markup Language;
ITHM - mTy4Hi HelipoHHI Mepexi;
BII — 6araTomapoBuii nepuenTpoH.
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HOMEHKJIATYPA

Fobj[1..p][1..q] — wmatpuus posmipHOCTi P*Q, 1110
NpEeACTaBIsiE HENiHINHY (yHKIIOHANBHY 3aJIeKHICTh Ta
CKJIaJa€eThes i3 (YHKIIH epeTBOPEHHs BXIHUX XapakKTe-
PHCTHK 00’€KTa MATPUMKH Yy BiIMOBIIHI BHXiJHI Xapak-
TEPUCTUKU HOTO pe3yJbTYIOYOTr0 Cy0 €KTHBHOTO CIIpHii-
HATTSL;

Fobj[i][j] — enemenT maTpuii GyHKIiH TepEeTBOPECHHS
BXIJTHUX XapaKTEepPUCTUK 00’ €KTa MINTPUMKH Yy BUXiJHI
XapaKTepPUCTHKH HOTo pe3ysbTYIO4oro cy0 €KTHBHOI'O
CIIPUMHATTS;

IL[lofMaxInfIToNofHL[prev][1]] — Heiipon BXimHOrO
wapy BIT,;

I[i] — i-uit HelipoHn BXinHOTO Wapy BIT;

lobj[i] — i-umit BximHuit mapamerp 06’ €KTa MiATPUMKH;
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List() — criicok 3 eIeMeHTiB, MepeTiueHux B TyKKaX;

MatrixModel — mMomens 3BOPOTHUX JIAHITIOXKKIB MaK-
CHUMaJIbHUX Bar, MoJaHa y MaTpuuHii (opmi npejacras-
JICHHS;

Model — Mozens 3BOPOTHHX JIAHIFOKKIB MaKCHMaIlb-
HUX Bar B MaTeMaTH4Hil GopMi IpeICcTaBICHHS,

NofHL[lofMaxInflIToOL[a]][m] — HelipoH ocTaHHBOTO
npuxoBaHoro mapy BIl, Bkiax sKoro B akTHBALiO HEH-
pona OL[a] 6yB MakcUMaTbHUM;

NofHL[lofMaxInflIToPrev][j] (j&[m-1;1]) — nepebip
HelpoHiB ycix mpuxoBanux mapis BII Bim mepemocrtan-
HBOTO 10 TIepIIoro (came B TAKOMY, ClIAJal0uoMy, TIOPSI-
Ky), KOJKHOTO pasy 3 JO/IaBaHHSM y JIAHIIO)KOK THX HEii-
POHIB, BKJIaJ SIKHX Yy aKTHBAI[I0 MOMEPETHbO BXKE J0AA-
HOTO Y JIAHIIIOXKOK HEeHpoHa — OyB MaKCHUMaJIbHHM,

NofHL[j][i] — i-wit HelipoH j-0ro MPHUXOBAHOTO MIAPY
BIT;

O[i] - i-nit me#ipon BuximHoro mapy BIT;

OL[a] — akTuBHuit HelipoH BuxigHOTO Iapy BIT;

Oobj[j] - j-a BuxigHa XapakTepHCTHKA PE3yIBTYIOUO-
ro cy0’€KTUBHOTO CHIPUHHSATTS 00’ €KTa MiATPUMKH,

Union — 06’ eqHanHs (MHOXKHHA).

BCTYII
Ha cporoxmHi mpoaoBKy€eMO CIIOCTEpIiraTH SBUIIE aB-
TOMaTH3allil HallPI3HOMAaHITHIIINX MPOLECIB, B TOMY YHUC-
J1i 1 IpoLEeCiB MOZ0 PO3POOKH, TECTyBaHHSI, BIPOBAKEH-
Hsl, BUKOPHCTaHHS, KOMIUIEKCHOI MIATPUMKH IIPOrPaMHUX
KOMILJIEKCIB, 3a0e3eueHHs, 3ac00iB, CUCTEM, TOLIO.

Moo Temu aBTOMAaTH3aLii MATPUMKH MPOTPAMHHX
KOMILJIEKCIB — BOHA MPOIOBKYE 3AUILIATHCS HEJOCTATHBO
PO3KPHTOO, aKTyaJbHOI, KOMIUICKCHOK, Ta HETPUBIAIb-
HOI0 HAayKOBO-TIPHKJIAJHOK MPOOJIEMOI0, IO BKIIFOYAE
HaJ[3BUYAIHO BEJMKY KUIBKICTh PI3HOMAHITHUX MOXIJIHUX
Ta CyMDKHHX HaYKOBO-TIPUKJIATHUX 3a]ad, OHI€I0 3 KX
€ HeoOXi/IHICTh aHaNizy (akTopiB BIUIMBY, IO BIUTUBAIOTh
Ha pe3yJbTaTH CHPUHHATTS 00’ €KTa — MiITPUMYBAHOTO
MPOTPaMHOT0 KOMILIEKCY YH MPOIECIB HOro MiJATPUMKH,
BIIIOBIMHIUMH CyO’€KTaMH B3a€MOZIii, M0 HANpsAMY UH
OTOCEPEKOBAHO B3aEMOIIOTE 3 HUM (06’ e€kTOM). B cBOTO
4epry, Ui MpeICcTaBiIeHHs [UX (aKTOpPiB BILIMBY 3aIpo-
ITOHOBAHWA BiANOBITHIHA PO3POOICHHUH IMiIXi]] 3 BUKOPHC-
TaHHSIM IITYYHUX HEHPOHHUX MEPEX THIYy OaraToIrapo-
BOTO MEPLENTPOHA B MOJIENSAX CYO’ €KTUBHOTO CIPHUHST-
T 00’€KTIB MIATPUMKH, JI¢ MPUXOBaHI IIapH, BJIACHE,
penpe3eHTyoTh (GakTopu BILUBY. [IpoTe, cama mpupona
0araTomapoBoro MepIenTpoHa He mependadae HasBHICTh
Oyab-aKUX (PYHKI[IOHATEHO-CMUCIOBHX 1ICHTHYHOCTCH
HEWPOHIB MPUXOBAHKX IIAPIB, IO TPU3BOJKUTH A0 BTPATH
(po3MuTTs) rpaHuib GAaKTOPIB BIUIMBY B TAKUX MOJCTISIX 3
IHKANCyJIbOBAHUMH IITYYHUMU HEHPOHHUMH MepekaMmu
THUITy 0araTomapoBoro neprenTpoHa.

O0’exTOM J0CITiZKeHHS € IIPOLEC PO3POOIEHHS MO-
JIeNli 3BOPOTHHX JIAHIFOKKIB MakcuManeHUX Bar. Ilpen-
MeTOM [I0CJTiIyKeHHSI € METOIN Ta 3aCO0M PO3POOICHHS
MOJIeNTi 3BOPOTHHX JIAHIIIOKKIB MAaKCUMAJIbHUX Bar.
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Meta nocaiIykeHHs] TIOISTae B PO3pOOJICHHI MOJENi
3BOPOTHHX JIAHI[IO’KKIB MaKCUMaJIbHUX Bar, IO JIa€ 3MOTY
JIOCII/KYBaTH (DAaKTOPU BIUTUBY Ha 00’ €KTH MIATPUMKH, B
SIKOCTI SIKHX MOJKYTbh BHCTYIATH SIK Oe3MocepesHbo cami
HiATPUMYBaHI POrpaMHi KOMIUIEKCH, TaK i IMPOIECH I10-
JI0 1X MATPUMKH.

1 IIOCTAHOBKA 3AJIAUI

PosrnsHemMo Qopmaizamiro 3amadi aHamizy (akTopiB
BIUIMBY Ha 00’ €KT MIATPUMKH y BUIIAI 3a7adi HeNiHii-
HO1 MyJTBTH(YHKITIOHATEHOT 3aJIe)KHOCTI.

B Ttakomy pa3i BXiZHUMH 3MIHHUMH 3a1adi €
00’€KTHBHI TapaMeTpd IOCHTiKyBaHOTO 06’¢kTa (abo
nporiecy) miarpumku: lobj[i] (i=[1..n]), xe n — kineKicTs
BXI1JTHHX [TapaMeTpiB 00’ €KTa.

BuxigHuMHU 3MIHHUMH 3a/1a4i € BUXITHI XapaKTepHC-
TUKH PE3YJIBTYIOUOro CIPHUHATTS 00’€KTa IMiJTPUMKU
BiAMOBiAHMM cy0’ekToM B3aemonii 3 Hum: Oo0Dbj[j]
(j=[1..m]), me M — KimbKiCTh BUXITHHX XapaKTECPUCTHK
PE3YIBTYIOUOTO CIPUUHATTS 00’€KTa NESKUM Cy0’€KTOM
B3aeMO/il 3 HUM.

Hexait 3amano meperik (akTOpiB BILTUBY, IO BILIH-
BalOTh HAa TMEPETBOPEHHS KOMOIHAIMl BXiITHMX XapakTe-
pUCTHK 00’€KTa MIATPUMKH Yy BiAMOBigHI KOMOiHaIii BHU-
XITHAX PE3yNbTYIOUUX Cy0 €KTHBHHX XapaKTEPHUCTHK
MPEJCTABICHHS 1OTO0 00’€KTa MIATPUMKHU BiIIOBITHIM
Cy0’€KTOM B3a€MOIIT 3 HIM:

O0bj[L..m]=Fobj[L..p][L..q](Iobj[L..n]), Q)

OCHOBHUM HEOOXITHMM KpHUTEpieM 3amadi € CKiHde-
HICTh MHOXXHHHU BHU3HAUCHHX ()aKTOPIB BIUIUBY, IO Iie-
penbadae MOXKIUBICTIO ONEPYBaHHSA B 3a/adi JIUIIE BU-
3HAYEHOI0 CTAJIOK KIJBKICTIO JAETEpMiHOBaHUX (HaKTOPIB
BILIHBY.

OOMexeHHs 3a/1aui:

1. 3HaveHHs BXiJHUX NapaMeTpiB JOCIIIKYBaHOTO
06’exta migrpumku 10bj[1..n] moBuHHI OyTH TOKAHUMHE Y
BUTJIAAI JIMCHUX YHCeNn B HOPMAJi30BaHIN (opmi mpen-
craBnenHs (To0To B miama3oHi 3HayeHp Mik 0.0 ta 1.0):
lobj[1..n] € [0..1].

®opmyna (1) nae MOKIHBICTE iHTEpIIpeTanii 3a1adi 3
JOIIOMOTOI0 IITYYHOT HEWPOHHOT Mepexi Tuiry Oararo-
IIAPOBOTO MEPLENTPOHA, e:

— lobj[1..n] — npencrasnste BXiqHuit map HEHPOHiB;

— Fobj[1..p][1..q] — BimoGpaskae HeHPOHN IPUXOBAHKX
IapiB;

— Oobj[1..m] — penpe3enTye BUXiHHI MIap HEXPOHIB.

[Ipote, Taka iHTEepHpeTalis IPU3BOJUTH 10 KPO3MUT-
TSI» TPaHUIb (AKTOPIB BIUIMBY, AK€ HEWPOHH MPUXOBA-
nux mapis IIHM tuny BII He HecyTs »OmHOTO (QyHKIIi-
OHANIbHOTO-CMHCIIOBOTO HABAHTAXKEHHS, a HATOMICTh
MpU3HAYCHI I KOPEKTHOCTI HAaBYaHHSA Ta (PYHKIIIOHY-
BanHsa LITHM BII.

TakuM 4YHHOM, BHHHUKA€ BIAOBIJHA HAYKOBO-
TPHUKIaHA 3amada MOXIHBOCTI(-e#) imentudikamii Bix-
MOBITHUX (DaKTOPIB BIUIUBY cepell HEHPOHIB MPHUXOBAHO-
ro mIapy BiAMOBiAHOI iHKANCyIhOBAaHOI MOAEi OaraTo-
mapoBoro nepuentpona. CaMe Juisi po3B’si3aHHA 1€l Ha-
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YKOBO-TIPUKJIAHOI 3amavi i Oyma po3poOsieHa Ta Ipen-
CTaBjeHa B Wil poOOTI MOJENb 3BOPOTHHX JIAHIIOKKIB
MaKCHMaJIbHUX Bar JJIsl aHayizy (akTopiB BIUIUBY Iij-
TPUMKH MIPOTPAMHUX KOMIUIEKCIB.

Mertoro cTaTTi € BUCBITJIIEHHS pO3pOOJIeHOI Mojeli
3BOPOTHHX JIAHIIO)KKIB MAaKCHMAaJIBHUX Bar Ul aHawlizy
(hakTOpiB BIUTUBY MiATPUMKH IIPOTPAMHIX KOMIUICKCIB, a
TaKOX BIATIOBIAHOTO pPO3pOOICHOTO aIrOPUTMY TTOOYI0BU
OUX 3BOPOTHUX JIAHIFOXKKIB MaKCUMalbHHX Bar, II0 B
CYKyITHOCTI  [AlOTh  3MOTY  pO3B’S3aTH  HAYKOBO-
MIPUKJIAJHY 3aaady iaeHTu(iKalii, aHamizy Ta BiHOBJICH-
HS TpaHHIb (AKTOPIB BIUIUBY MIATPHUMKH IMPOTPAMHHX
KOMIUIEKCIB B MOJEISIX Cy0’€KTHBHOTO CIPHUHSATTS
00’ekTiB MiATpUMKHM 3 iHKancyiaboBanumu LITHM tumy
BIIL

2014 JITEPATYPU

AHai3 nocmipKkeHb Ta myOikaniii OyB 3aiiCHEHHH B
JBOX HampsMKax: B HalpsIMKy aBTOMAaTH3alii Mporpam-
HUX KOMIUICKCIB, a TaKO)X B HANpPSIMKy 3aCTOCYBaHHS
LITYYHOTO iHTENEKTY, a caMe — IITYYHUX HEHPOHHUX Me-
pex Tumy OararomrapoBoro nepuentposna. Hwkue npen-
CTaBJieHa iH(OpMaIlis 10 KO)KHOMY 3 HAIIPSIMKIB.

Jo mpuknany, me He Tak JaBHO, 3TiIHO JaHHUX Mpea-
craBieHux y pob6ori [3]: mume 26% ycix TecT-KeiciB
NPOEKTIB JIOCIIDKYBaHUX KOMIMaHid Oyinu MOKpPHUTI 3a
JIOTIOMOTOI0 aBTOMAaTHYHOI'O TECTYBaHHS. A HalpHKIIa
Bcporo Jum 10 pokiB mo Tomy, 3rigHO iH(OpMAIIii mpes-
craBlieHoi B pobori [1]: 88% kommaHiii aBTOMaTH30BYIOTh
50% abo OinpIe cBOIX TECTIiB, MO MPU3BOIUTH 10 3HAY-
HOTO TIPUIIBUALICHHS IUKIIB TecTyBaHHS, Ha /1% Oimb-
II0TO OXOIUICHHS TEeCTyBaHH:iIM i Ha 68% kpamroro BusB-
JIeHHA Tpo0IeM, a 3a JaHUMH KypHAIy IJIs PO3POOHHKIB
MIPOTPaMHOTO 3a0E3MEUeHHS, 32 OCTaHHI /1Ba POKH aBTO-
MaTH3allis TecTyBaHHs 3pociia Ha 85%.

OkpeMHM HanpsMKOM aBTOMAaTH3alii € HarpsMOK
DevOps. BianoBinHo 10 JaHUX, IPEICTaBICHUX B pOOOTI
[5] — npaktuku DevOps 3a3Buyaii MOAUISIOTHECS HA JBi
KaTteropii: MpaKkTUKW CHIBIpalli MK WIEHaAMH KOMaH/AN
MIPOEKTY, Ta NPOLEIYPHI NPAKTHKH, SKi 34€OUIBIIOro aB-
TOMATH30BaHi, 30KpeMa y MPOLEAypHUX HMPAKTUKAX BECh
TpoLec aKTHBHOCTEH JTOBKOJA MPOrPaMHOTO 3a0e3IeueH-
HS aBTOMATH30BaHO BiJ| 3aIUTiB Ha 3MiHYy BUMOT JIO0 BXKeE
TOTOBHX 3MiH, SIKi PO3TOPTAETHCA HA CEPEAOBUINAX KITi€H-
TiB. Y BIATIOBIAHOCTI 3 JaHUMH, IPEACTaBICHUMH B p00O-
i [9]: 80% omuTyBaHKMX MPaKTHKIB PO3POOKH Ta IMiATPH-
MKH TpOrpaMHOro 3a0e3nedeHHs, ski Opanu yd4actbh y
JIOCJIIIKCHHI, CTBEPIXKYIOTh, 1[0 HAUTIPOCTIIIIC aBTOMATH-
3yBaTH caMme 30ipKH IMPOTPaMHOTO 3a0C3ICUCHHS, a BXKE
3a HUMHU WIyTh €Taly MaKyBaHHS Ta PO3TOPTaHHS IIpo-
rpamuoro 3abesnedeHns (51,2% i 43,9% BiamoBigHO).
Kpim TOro, muraHHs aBTOMaTH3alii 3 BHKOPUCTAHHAM
DevOps B HampsimMkax KibepOe3lekn akKTUBHO PO3KPHBa-
F0TBCsS B poboTi [4].

Baratomaposuii meprentpon (BII) e Ham3BuuaitHo
YHIBepCaTbHIM 1HCTPYMEHTOM IUISL JOCHTIPKEHB B 00JIacTi
IMITYYHUX HEHPOHHUX MEpeX Ta aBTOMAaTH3alii, Ta Mpen-
CTaBlieHWH B 0araTboxX HampsMKax. 30Kpema, B poOoTi
[10] xommIeKkCHO OITHCaHi TeOpis Ta 3aCTOCYBaHHs Oara-
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TOIIAPOBOTO TepientpoHa. Pobora [6] € Takox Ham3BU-
YallHO KOMIUIEKCHOIO IpalLei0 B HANPsIMKYy OOYHUCIIOBa-
JBHOTO IHTEJEKTY, B TOMY YHCIIi 1 OararomapoBoro nep-
LEeNTPOHA.

[MpuknamiB MOCTIHHOTO PO3MIMPEHHS Cdep 3acToCy-
BaHHs 0araToIapoBOro IMEpIENTPOHa € Oe3iy, 30Kpema,
HanpukKian, B poOoTi [2] HaBeneHe BUKOpHCTaHHS Oara-
TOIIAPOBOTO TEPIENTPOHA Ui imeHTH]IKaIii THITIB Me-
peXKEBUX  aTak, TaKUX K 30KpeMa, HaIpHKIaL
WebAttack, DoS a6o BruteForce. B Toii xe uac iine mo-
CTiifHa Ta HEBMUHHA po0OOTa 6araThOX SIK TEOPETHKIB, TaK
1 IPAaKTHKIB, HAJ JOCIIIKEHHIM Ta ITOKPAIICHHIM XapaK-
TEPUCTUK 1 CHOCOOIB BUKOPHCTaHHS 0araTrouiapoBoro
MepIenTPOHa, 30KpeMa, HaNpHKIa[, 3TiJHO MOJaHuX Ja-
HHX JIOCITIHKEHHS MPOBEACHOTO B po6oTi [7]: 3MeHIIeHHS
CTYNEHS CKJIAJHOCTI ITyYHOI HEMTPOHHOI Mepexi IIs-
XOM TOOYIOBH IITy4yHOI HEWTPOHHOI Mepexi i3 mpoBe-
JICHHSIM Ta 3aCTOCYBaHHSM JIOJaTKOBOTO aHaNi3y (aKTo-
PiB y MOZETi IpUXOBAaHOTO MIAPY A€ MO3UTHBHUAN e(eKT,
Bpe3yJIbTaTi 4Oro 4yac moOyAOBH Ta HaBYaHHS OYJO CKO-
poueno Ha 75% Big BHXimHOI Mozem 3i 30epeKEHHSIM
TOUHICTE Kimacudikarii. Takox, B po6oTi [8], Hanpukan,
3aMpOIIOHOBAaHUK PO3MHPEHUN aITOPUTM ONTUMI3aIil
Mo3skoBoro mrypmy (Brain Storm Optimization — BSA)
IUIA ONTUMI3alil 3HayeHb Bar 3B A3KIB Ta 3MIILEHb, a Ta-
KOX Ul HaBYaHHS Mojesel GaraToiapoBoro nepuent-
poHa.

3 MATEPIAJIX I METO/HN

Po3mnouHeMo Oinblnl AeTanbHE O3HAHOMIICHHS 3 HPO-
0JIEeMaTHKOI0 KOHKPETHOT 3a7aui, MpeACTaBieHol B pobo-
Ti, 13 O3HAYCHHS MOHATTSA MOJEIN Cy0’€KTUBHOTO CIIpHIA-
HATTS. 00’€KTa MATPUMKH MPOTPAMHHUX KOMILUIEKCIB, IO
npencrasisie (Momens) cob0r0 Momenb y Oyab-sKii icHy-
F04ifl M HOBil AOBLIBHIM hopmi (MareMaTHUHIMH, CTPYK-
TYpHIi{, IPOrpaMHil, aHATITUYHIH, KOHIENTYabHIH, CyT-
HiCHIlf, TOI110), MPOTEe 000B’A3KOBO 3 BU3HAUYCHHSIM:

— YCIX BXIIHUX XapaKTEPUCTUK 00’ €KTa JOCIIIKCHHS
(miATPEMYBAHOTO MPOTPAMHOTO KOMILIEKCY, UM MPOIECiB
HOTO MiATPUMKH);

— BHXIHHUX PE3YJIbTYIOUUX XapAKTEPUCTUK — PE3yJiIb-
TaTiB Cy0 €KTUBHOTO CIPUHHATTSA 00’€KTa BiAIOBITHUMHU
Cy0’€KTaMH, 110 3 HUM B3a€MOJIIOTH (HAIpsiMy, Y OIO-
CEPENIKOBAHO);

— a TaKOX yCiX HasBHHUX, BU3HAYEHUX, TA YiTKO OKpe-
CJIEHUX KOHKPETHUX (haKTOPIiB BILTUBY, L0 BILUIMBAIOTh Ha
pe3yabTaTh Cy0’ EKTHBHOTO CHPUAHSTTS 00’ €KTa BIJMOBI-
JTHUMH Cy0’€KTaMH B3a€MO/IIT 3 HHM.

[Ticnst moOynoBH Mozeni Cy0’€KTUBHOTO CIIPHUHSTTS
00’ekTa MIATPUMKH IMPOTPaMHHUX KOMILIEKCIB 3HiHCHIO-
€ThCS IHKAICYJIAIIS B [0 MOOYIOBaHy MOJENbh — JIOJAAT-
KOBOI MOJIel ITYy4HOI HEWTPOHHOI Mepexi Tumy Oara-
TOIIAPOBOTO TMEPIENTPOHA (X0Ya 3TiJHO 3aMPOTOHOBAHO]
PO3p0o0IeHOT KOHIIETii — MOXKe OyTH 1 OyAb-IKUN 1HIINH
TUI HEHTPOHHOI Mepexi, MPOTe B IAHOMY BHUMAJKY B
SIKOCTI TIPUKIIAAy BUKOPHUCTaHWN came OaraTomapoBuit
MIEPIIETITPOH).

[IpoTe B HAIIOMy KOHKPETHOMY BHIIAJIKy PO3po0Ie-
HUI HOBHUH MiJXiJ BUKOPHCTaHHS MOAeied Oarartomapo-
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Hi Mozieni cy0’€KTUBHOTO CIPUHUHATTS 00’ €KTa MiATPUM-
KM BIINOBIMHUMH Cy0’€KTaMH B3a€EMOIIl 13 IUM
00’exToM. Bpesynprari Takoi iHKancyssinii Mozaeni Gara-
TOLIAPOBOI0 MEPLUENTPOHA — HEHPOHU NMPUXOBAHUX IIapiB
HaOyBaIOTh HOBOTO ()YHKIIIOHATBHOTO 3MICTY, OCKLIBKH
PEIIPE3eHTYIOTh BIUTHB (haKTOPiB BIUIMBY Ha PE3YJbTATH
Cy0’€KTHBHOTO CIIPUHHSATTS BXIITHHX XapaKTePUCTHUK JIO-
CIIJKYBAHOTO 00’€KTa Ta IMOETAIHE MEPEeTBOPCHHA iX Y
BIJIMOBI/IHI BUXIJHI Ppe3yJbTaTH LbOTO CyO’€KTHBHOTO
CIIPUMHSTTSL.

HacTtymauM eramom € po3rimsin camoi MOJelNi 3BOpOT-
HUX JIQHI[FOXKKIB MaKCHMAJIbHUX Bar JJIs aHami3y (akro-
PIB BIUIMBY ITIATPUMKH IIPOTPaMHHUX KOMILIEKCIB.

@®akTUYHO, BXIIHUMHU JAaHUMH Uil pO3pOOJIeHOT Mo-
JIeJTi 3BOPOTHHX JIAHIIFOKKIB MAaKCUMAJILHUX Bar JUIsl aHa-
73y (akTopiB BILIMBY MiATPHUMKH ITPOTPAMHHX KOMILIEK-
ciB € moBHi (i3 MPOMDKHIMH 3HAYCHHSIMH YCiX HEHPOHIB
yCiX MPHUXOBaHUX MIAPiB, a HE JUIIE HEWPOHIB BXiTHUX i
BUXIi[HUX IIapiB) pe3yJIbTaTH TECTyBaHHs HABYCHOI iHKa-
MICYITLOBAaHOI MOJIeJTi 6araTomapoBOro MepIenTPOHa.

[Tpu npoMy, oapasy *k BapTo 3ayBakKUTH, IO IIPHU IIO-
CTaHOBIIl TMOAANBINNX 3amad, sKi OymyTh po3B’s3aHi 3a
JIOTIOMOTOI0 Pe3YJIbTaTiB, OTPUMaHUX Ha BHXOMAI (YHKI-
OHYBaHHS PO3PO0JICHOT MOJEi 3BOPOTHHUX JIAHIIFOXKKIB,
KOH'FOHKTYpa BUMOT Oyia cpopMOBaHA caMe TaKUM YH-
HOM, IO MEpIIOYEProBO WIKABUTHMYTh BHUKIIIOYHO JaHi
MO3UTHBHUX PpE3yJbTaTiB TECTYBaHHS BiJIIOBIIHUX Ha-
BUYCHHUX IHKAICYJbOBAaHUX MOJIENICH OararomapoBoro Ie-
pLENTpoHa.

A0O IHIIUMH CIIOBaMU — B JaHOMY KOHKPETHOMY BH-
NajgKy Npy po3B’si3aHHI 3a/1ad, 10 CTOCYIOThCS HAyKOBO-
MPUKIAAHOT TPOOIIEMAaTHKK aBTOMATH3AIll MiATPUMKH
NPOrpaMHMX KOMIUIEKCIB, Ha BXiJl po3pobieHoi moneni
3BOPOTHHX JIAHIIIOXKKIB MOJaBaTUMEMO JIMIIE Ta BUKIIIOY-
HO TO3WTHBHI PE3yJIbTaTH TECTyBaHHs BIJIOBIAHUX Ha-
BUCHHX IHKamNCyapoBaHUX Mojeneit BIT (me axryanbHuit
pe3yNbTaT KO)KHOTO OKPEMOTO TECTY BiJIIOBIIA€ OWiKyBa-
HOMY).

[Ipote, O6epyun mo yBaru TO# (akT, mo po3podicHa
MOJIETIb 3BOPOTHHX JIAHIFO)KKIB MaKCUMAJIbHHX Bar € Hal-
3BHYaHHO THYYKHM Ta yHIBEPCAJbHUM IHCTPYMEHTOM, B
rJ100aJIbHOMY PO3YMIHHI MPEJCTaBIICHHsT KOHLEMIi po3-
pobneHoi Mojeni — Ha BXiJl MOJENi MOXYTh IOCTYIIATH
OyIb-sKi pe3yabTaTh TecTyBaHHs mozencit BII: sk mo3u-
THBHI, Tak 1 HeratwBHI. T00TO, rio0aibHa KOHIIEILIS
Po3pobIIeHOl MoseNi 3BOPOTHUX JIAHIIOXKKIB He Tependa-
4yae 0OMe)XeHb B IaHOMY acIeKTi.

Ha pucynky 1 momaHo mpukiax peanbHOi HaBUEHOT
mozemi BIl iHkancynpoBaHO! B OOHY 3 pealbHUX JOCIHiI-
HUIBKUX MoOJeNeld CyO'€KTHBHOTO CHPUHHATTA 00’ €KTa
MIATPAMKH, OTPHUMAHUX Bpe3yJbTaTi CYMDKHHX [OCIHi-
IKEHB B il 00J1acTi.

IToOymoBa Ta ()YHKIIOHYBaHHS MOJIEIEH 3BOPOTHHX
JIAHIIOKKIB MaKCHUMAaJIBHUX Bar JJisi aHamizy (axkTopiB
BIUIMBY MiATPUMKH MPOTPAMHUX KOMILUIEKCIB BiIOyBa€Th-
Csl 3TIIHO aIrOpUTMY, OJIOK-CXeMa SKOTO Mpe/CTaBIeHa
Ha PUCYHKY 2.

Pucynok 1 — Ipukiaj iHKancyns0BaHOT HABYEHOT MOJei 6araTomapoBoro nepuenTpoHa
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Pucynok 2 — briiok-cxema anropurmy no0yaoBa Ta pyHKLIIOHYBaHHS MOAEIEil 3BOPOTHHUX JIAHIFOKKIB MAKCUMAIBHHUX Bar
IUTS aHaJi3y (PaKTOPiB BIUTUBY HiATPUMKH MPOTPaMHHUX KOMIUIEKCIB

BianoBizHO 10 po3po0IEHOr0 Ta MPEACTaBICHOTO al-
ropuTMy — NoOyznoBa Ta (YHKIIOHYBaHHSI MOZEJel 3BO-
POTHUX JIaHIIOXKKIB PO3NOYNHAETHCA 13 3UYMTYBaHHS KOH-
¢iryparii KOHKpEeTHOI JOCTIKyBaHOI Mozem Oararormia-
poBoro meprentpona. Ilicns 4oro BigOyBaeTbcs 34UTY-
BaHHS IOBHHX PE3YNBTATIB TECTYBAHHSA IOCIHIIKYBaHOT
Mojieni 6araTomapoBoro mepentTpona (y BHMNAIAKY KOIH
MOJICITIOBAHHS 3[IHCHIOETHCS «O(d-TaiiH» 1 HEeMae MOXK-
JIMBOCTI MPOBOJUTH MOJEIIOBAHHS CHHXPOHHO 3 TECTY-
BanusiM BIT), mpote mepenbayeHuii Takox BapiaHT MoJIe-
JIIOBaHHS «OH-JIAHH», KOJH MOOYZ0Ba MOJIENi 3BOPOTHUX
JIAHIFOXKKIB 3iHCHIOEThCS MapasiesbHO (CHHXPOHHO) 3
TECTyBaHHSM JIOCIIJDKyBaHOI MoJeni OararomapoBoro
nepuenTpora (B TAKOMY BHIAAKY (OPMYEMO MOICIH
3BOPOTHHX JIAHIIO)KKIB Ha OCHOB1 KOXKHOTO 13 TECT-KEHCIB
BIT). HacTynHHM KpOKOM 3MIHCHIOETBCS Mepedip ycix
pe3ynbTariB TecTyBaHHA bII: y Bumaaky posB’s3aHHS
3aja4 aHaiizy (akTopiB BIUIMBY — 00OB’S3KOBO 3 BiJIO-
BIJTHOIO iEHTH(IKAIIEI0 KOHKPETHOTO JOMIHYI04YOro (ha-
KTOpY BIUIMBY; IPOTE B 3arajbHOMY BHUIAIKy OYAb-SKHX
IHIIUX JOCIIPKEHb — IIeH KPOK € He00OB I3KOBUM 1, (hak-
TUYHO, HEAKTYaJIbHUM.

HactymHuM ertarmoM po3nodnHaeTbess (HOpMyBaHHS
HOBOTO JIAHIIO)KKA 3BOPOTHBOTO 3B’SI3KY, SIKE, (hPaKTUIHO,
NoJsira€ B TOMY, 110, IOYWHAIOYH i3 aKTUBHOTO BUXIJJHO-
ro HelipoHa (Ha KOTpHii HABOJMMO BKa3iBHHUK «IIOTOYHOTO
HelipoHa») — mpoxoanmo/mepebupaemo yci mapu BIT y
3BOPOTHBOMY MOPSAKY (BiA OCTAHHBOIO IMPHUXOBAHOTO
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mapy, 4epe3 yci nomepenHi NpuxoBaHi OIapH, ax a0 BXi-
JIHOTO 1Iapy), i JogaeMo y (HOpMOBaHHUI 3BOPOTHHIA J1aH-
I0)KOK MaKCHMAIIbHUX Bar Ti HEHpOHH (3 MOMEpeaHbOro
MIapy BiJHOCHO IIOTOYHOTO HEHpOHa»), BHECOK SKHX Y
AKTHBAIII0 «IIOTOYHOTO HEWpOHa» OyB MaKCHMaJIbHHM,
IICJIA YOT0 TaKUH HEMPOH aBTOMAaTHYHO CTA€ HOBUM «IIO-
TOYHUM HEHPOHOMY, 1 BXKE TIEPEXOANMO /10 ONPALIOBAHHS
nonepeanboro mapy BIT (ax 10ku He ompaimoemMo BXif-
HUH 11ap).

TakuM 4MHOM, MOJENb 3BOPOTHUX JIAHIIOKKIB MaK-
CHUMaJIbHUX Bar JJIs aHalizy (aKkTopiB BIUIMBY IiATPUMKH
NPOTPaMHUAX KOMIUIEKCIB SBJsiE 00010 Hablp OKpeMHux
HE3AJICKHUX JIAHITFOXKKIB HEHPOHIB Ta 3B’ A3KIB MK HUMH,
KOXKEH 3 AKUX (JaHIH0KKIB):

— 000B’SI3KOBO PO3MOYHHAETHCS 13 BHUXIJTHOTO aKTHUB-
Horo Heiipona BII;

— 000B’13KOBO MICTUTH 110 OJHOMY HEHPOHY 3 KOKHO-
r0 IPHXOBAHOTrO LIapy (B 3BOPOTHBOMY IOPSIAKY MPOXO-
JUKCHHSI [IUX TIPHXOBaHUX 1mrapis BIT);

— 1 3aBepIIyeThCs NEBHUM BXiTHUM HelipoHoM BI1.

Po3risiHeMo Takox po3pobiieHi pOopMU MpecTaBleH-
HsI MOJIEIEH.

[IpencraBnenHss Mopeneil 3BOPOTHUX JIAHIFOKKIB Ma-
KCUMaJIBHUX Bar JUIsl aHalizy (PakTopiB BIUIMBY HMiATPUM-
K{ TPOrpaMHUX KOMIUIEKCIB HE Tepedadac oOMEKEHb,
Ta MOXXJIMBE B OyIb-sKiil 3py4Hii, TOMUTBHIN, 91 TOBIITB-
Hill popmi percTaBICHHS.

OPEN a ACCESS
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Posrnsinemo, s mpuKiamy, Kiibka 0a30BUX (opMm
[[BOTO TPEICTABJICHHS, CEPEel SIKMX, 30KPEMa, HATPUKIIAI:
MareMaTuyiHa, MaTpU4Ha; JIeKcukorpadivHa; Ta rpadivyna.

MatematudHa (opMa MpeCTaBICHHS OMUCYE MOJICIb
SIK CKIHUCHY MHOXHHY 3BOPOTHUX JIAHITIOKKIB MaKCHMa-
JBEHUX Bar. PO3MIpHICTh I1i€] MHOKWHY piBHA BEJIMYHHI N,
e N — KUIBKICTh OTPUMAaHUX 3BOPOTHHX JIAHITIOXKKIB.
OcobnuBicTio 1i€i (GopMH TpenCcTaBIeHHS € ii JIaKOHI4-
HICTh Ta MOXKJIMBICTh TOHAJBIIIO] iHTETpallii B MaTeMaTH-
4yHi BUpa3d. MartemaTu4yHa ¢opma MojaHa BiJIOBIJIHOO
Po3pobIeHO0 (HOPMYIIO HIKYE!

Model = Union (RC [i € [1..n]] = List ( OL[a];
NofHL[lofMaxInflToOL[a]][m]; (1)
NofHL[lofMaxInflToPrev][j] (j € [m-1;1]);
IL[lofMaxInfIToNofHL [prev][1]] ) ),

Jie, BJlacHe, caMa MoJielib — 1ie, (pakTUUHO, MHOKHHA
(n omuHuIB) OTpUMaHUX 3BOPOTHHX 3B’si3kiB (Reverse
Chains — RC), a xoxen 3BoporHuii 38’5130k RC — 1e cnm-
COK 13 HACTYIHUX CKJIQ/IOBHX €JIEMCHTIB!

- OL[a];

— NofHL[lofMaxInflIToOL[a]][m];

— NofHL[lofMaxInflToPrev][j] (j € [m-1;1]);

— IL[lofMaxInfIToNofHL [prev][1]].

Marpuyna ¢popma npeICTaBICHHS MOJIENI MA€ BUTIISI
TPUBUMIPHOi MATPUIl — SIK OJHOBUMIPHOTO MacHBY IBO-
BHMIPHUX MAaTpHIh, KOKHA 3 SIKMX (3 IUX JIBOBUMIiPHHX
MAaTpHIlb) MICTHTE GiHApHE 3HAYCHHS:

— 1 B mo3utiii Heiipona BI1 y Bunanky sKio mner Hei-
POH BXOJMTH B OTOYHUIT JIAHI[FOXKOK;

— a60 0 — sKIIo 1eil HeHPOH HE BKJIFOUCHHH 10 MOTO-
YHOTO JIAHIIFOXKKA.

Hwxue, B sKOCTI NpHUKIIaay, HaBeJeHa MaTpudHa (o-
pMa Tpe/CTaBICHHsI MOJIEI 3BOPOTHHX JIAHIIOXKKIB MaK-
CHUMAJIbHUX Bar, OTPUMAaHOI BPE3yJbTaTi OJHOTO 3 YHC-
JICHHUX EKCHEPUMEHTAIBHUX JOCHIIKeHb, 3 Ha0OpOM
KUTBKOX 3BOPOTHHUX JIAHI[FOXKKIB (JIs1 KOMIIAKTHOCTI BiI0-
OpaxkeHH).

MatrixModel =[[100101
000010
010000
001000
-0000-]
[000000
101011
000000
010000
-0010-] (3)
[000000
100000
000101
010010
-0100-]
[000000
010000
100100
000011
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Oco0uBicTIO pO3p00IeHOT MaTpUYHOI GopMHU TIpea-
CTaBJICHHS MoJenell € 3a0e3MeUeHHs] MAKCUMAaIbHOI IIIBH-
JIKOCTI ONpallfOBaHHS NaHWUX 3a JOMOMOIOK HHU3BKOPIB-
HeBuX (B TOMY YHCII — amapaTHUX) KOMIT FOTepPHUX METO-
JIiB OTpAIfOBaHHsA, ajKe 11 (popMa MpeCTaBICHHS € KJia-
CHYHOIO J1BO-OiTHOIO (hOpMOIO TpencTaBieHHs iHdopma-
i, ToOTO SBIIAETHCS MAKCUMAJILHO HAOJIMKEHOIO 10 HU-
3bKOPIBHEBOI amapatHoi (OpMHU TIPENCTaBICHHSA iHOP-
Mmarii.

Kpim Toro, Taka ¢opma mpeacTaBieHHS pO3pOOIIOBa-
HUX Mofemnel 3abe3reuye MOXIUBICTE MaKCHMAaJBHOTO
CTymeHst cTHCHeHHs (apxiBaiii) iHdopmarli y BUmamky
HEeoOXIIHOCTI ONpaltoBaHHs 3HAYHUX 00’ €MiB iH(popMarii.

Ille oxmiero po3pobiieHO (HOPMOIO TPEACTABICHHS
MoJeni € JekcukorpadiuHa Gopma, mo Mae BUTIIs Habo-
py JekcukorpadiyHUX iHTepHpeTanii moOyaoBaHUX 3BO-
POTHHUX JIAHIFOXKKIB MAKCHMAJIbHUX Bar.

Hwxue momanmii mpukian Jekcukorpadivyaoi Gpopmu
NPEeNCTaBICHHS KOHKPETHOI MOJEIi 3BOPOTHHX JIaHIIFOXK-
KiB MaKCHMaJlbHUX Bar, po3po0ieHoi B X0/ aHaJi3y OA-
HOTO 3 HabopiB JOCTIKYBaHUX (PAKTOPIB BIUIUBY (10
CJIOBa, e TOH XK€ MOCHiAHUI Keiic, mo OyB HaBeIeHHHA
BHIIC Ha PHCYHKY 1).

O[0] <- NofHL[3][1] <- NofHL[2][0] <-
NofHL[1][3] <- NofHL[0][2] <- I[0]

O[1] <- NofHL[3][1] <- NofHL[2][4] <-
NofHL[1][1] <- NofHL[0][3] <- I[1] 4

O[2] <- NofHL[3][3] <- NofHL[2][2] <- )
NofHL[1][4] <- NofHL[0][3] <- I[1]

O[3] <- NofHL[3][3] <- NofHL[2][2] <-
NofHL[1][4] <- NofHL[O0][1] <- I[2] ,

Oco0mnuBicTIO PO3POOIIEHOT Ta PEenpe3eHTOBAHOI JIeK-
cukorpadiuHoi GopMu mpeacTaBICHHS MOJEIEH 3BOPOT-
HHX JIaHIFOKKIB MAaKCHUMaJIbHHX Bar €:

— sIK 3a0e3MeYeHHs] MOXKJIMBOCTI TPEJCTaBICHHS Ja-
HHX 32 JOMOMOTOK Pi3HOMaHITHUX MOMYJSIPHUX (opma-
TIB Ta MOB pO3MITOK (30KpeMa, HAlpHKIal, TaKuX SK:
GenCode, TeX, Scribe, GML ta SGML, HTML, XML un
OyIb-AKUX HIIHX);

— TaK 1 MoJabIlla MOXKIIMBICTD ONPALIOBAaHHS JaHUX B
mif gopmi mpencTaBieHHS BiANOBITHUMHU 1CHYIOUUMH
METOJlaMH, aJITOPUTMaMH, 3ac00aMH Y IHCTPYMEHTaMHU
OIPALIIOBaHHS JIEKCUKOTpadiuHOI 4M JIeKCHYHOT iH(OP-
marii.

HacrymHoto ¢opMoro mpezncraBieHHsT MOAENI € Tpa-
¢iuna dopma, mo BimoOpakae MOJIENb 3a JONOMOTOI0
Oynp-skoi (HoBiNbHOI) rpadivHOl Bi3yatizalii.

Hwmxuae, Ha pucyHKy 3, 300pakeHU pUKITaj rpadiv-
HOT (hOpMH IIPEICTABICHHS BCE Ti€l K eKCIIePHMEHTAIb-
HOI MoOAemi, Ky po3Ijiijadd i B TomepenHix (opmax
HpENCTaBIeHH, a TAKOXK BUIIE Ha PUCYHKY 1.

OcobnuBicTiO  3anpornoHoBanoi rpadiuHoi  popmu
MPEJCTaBICHHS MO €, HacaMIepes, 3py4HicTs ii Bi3y-
AIIBHOTO COPUUAHATTS JIFOMUHOK (IPOSKTAHTOM, KOPHCTY-

BayeM, TOIIIO).
OPEN a ACCESS
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Pucynok 3 — [pukian rpadivnoi hopmMu NpeICTaBICHHS MOJICTI 3BOPOTHHX JIAHITIOKKIB MAKCHMATBHUX Bar JUIsl aHami3y (akTopiB
BIUTUBY MiATPUMKH IIPOTPAMHUX KOMILIEKCIB

4 EKCIEPUMEHTH

ExcnepuMeHT moniArae y MOKPOKOBOMY BHKOHAHHI
BCIX eTamiB omucaHux B poOoOTi, a came: BUOOpI mocii-
JOKyBaHOTO 00’€KTa, Cy0’ €KTa B3a€MOJil, 3aTBEpIKEHHI
BXIJTHUX XapaKTEPUCTHK 00 €KTa, BU3HAYCHUX (HaKTOPIiB
BILUIMBY, Ta BUXIJHUX PE3YJIbTATIB Cy0 €KTHBHOTO CIPHIi-
HATTS 00’€eKkTa, MOOYJOBI MoJeNi Cy0’ €KTHBHOTO CIpHIA-
HATTS, TOOYAOBI Ta iHKancyssiii Biamosiguoi IITHM BII,
MiJTOTOBI JIaTa-CeTiB I HABYAHHS Ta TCCTYBaHHS i€l
IIIHM BII, no0OynoBi 3BOPOTHUX JIAHIFOKKIB MaKCHMa-
JBHUX Bar JJIS KOXKHOTO 3 BU3HAYEHHX (PaKTOPIB BILIHMBY,
a TakoX (piHATPHOMY TECTYBaHHI MOJETI 3 METOO i/eH-
Tudikarmii mocmimkyBanoro(-uux) ¢akropy(-iB) BIUTHBY,
Ta MPEICTaBICHHI OTPHUMAaHUX Pe3yNIbTATiB iAeHTU(IKAII]
B JIOBUIBHIN (opMi.

5 PE3YVJIBTATHU

Sk Bxxe OyJio 3rajjaHo B aHOTalii A0 1iel poOOTH — Oc-
HOBHUMH pe3yJIbTaTaMH pPOOOTH PO3pOOJIEHHX Mozesen
3BOPOTHHUX JIAHIFOKKIB MaKCUMANbHHUX Bar JUis aHai3y
(axTOpiB BILIMBY HiITPUMKH IIPOrPaMHUX KOMILIEKCIB €,
BIZIMOBiTHO, c()OPMOBaHi 3BOPOTHI JIAHITFO)KKH MaKCHMa-
JBHUX Bar IITYYHHX HEHPOHHMX MEpeX THIy Oarartoria-
pPOBOTO  MEpLENTPOHa iHKANCYJbOBAaHMX B  MOJIEINI
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Cy0’€KTMBHOTO CHPHUHHATTA MIATPUMYBAHUX IPOTPaAMHHUX
KOMIUIEKCIB.

Bapro 3ayBaxkuty, 110 B I[iif pOOOTI MapanensHo 3 BH-
KJIaACHHAM TEOPETHYHOIo MaTepially, TakoX Bxe Oyiu
YaCTKOBO ITPEJCTABJICHI JEsIKi BiIMOBITHI MPaKTHYHI pe-
3yJIbTaTH, OTPUMAHI B XOJi MOJICIIIOBAHHS CKCIICPHUMECH-
TAIBHUX JOCHI/DKeHb. BinNoOBiHO, Ha KOHKPETHOMY
MPUKIIaZl OJJHOTO 3 TAaKMX JIOCHI/PKEHb Oyjla OTpUMaHa, B
TOMY 4YHCJi, peaJlbHa HaBUCHA IHKAICyJhOBaHA IITy4YHA
HeWpoHHa Mepeka TUITy 0araTromapoBOTO IEpLENTPOHa,
TpencTaBlieHa Ha pucyHkKy 1. [lami, Ha OCHOBI TeCTyBaHb
i€l HaByeHoi bI1 Ha BigmoBimHii BUOIpI HaHUX — OyiH
OTpHUMaHi pe3ynbTaTH TecTyBaHb bII. A Bxe, B cBOIO Uep-
Ty, Ha OCHOBI IIUX pPe3yNbTaTiB Ta 3a JOIOMOTOIO Ipe.-
CTaBJICHOT'O aJropuTMy moOyaoBa Ta (YHKI[IOHYBaHHS
MoJieiel 3BOPOTHHX JIAHIIOXKKIB MaKCUMAJIbHUX Bar JUIs
aHaii3y (akTopiB BIUIMBY MIATPUMKH IPOTPAMHUX KOM-
IUIEKCIB — OyJia OTpHUMaHa BIAMOBIAHA MOJIEINb, JIEKCHKO-
rpadiyna ¢opma NpenCTaBICHHs SKOI IOoJaHa HIDKYE Y
tabmuui 1. Monens BigoOpaxkae Bci yHIKaJbHI 3BOPOTHI
JIAHIIO)KKA MaKCHMMaJIbHUX Bar, OTpUMaHi B XOJIi aHaJi3y
PO3IIITHYTOTO KOHKPETHOTO NPHUKJIAAY CKCIIEPUMEHTAIb-
HOTO JIOCIIIJKEHHSI Ta Ha OCHOBI JJAHMX TECTYyBAaHHS Ha-
BUeHoOi iHKancynpoBaHoi BII, mo Oyna nogana Ha pUcyH-

Ky 1.
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KoxeH 3 oTprMaHUX yHIKaJIbHUX 3BOPOTHHX JIAHITIO-

VHiKaIbHUI 3BOPOTHHUIT JTAHIIFOKOK
B JIeKcHKorpadiuHii popmi npeacTaBIeHHs

NOFHL [3][0]<-NofHL[2][1]<-NofHL [1][1]<-NofHL[0][1]

NofHL[3][0]<-NofHL[2][1]<-NofHL[1][1]<-NofHL[0][3]

NOfHL [3][1]<-NofHL[2][0]<-NofHL[1][3]<-NofHL[0][2]

NofHL[3][1]<-NofHL[2][1]<-NofHL[1][1]<-NofHL[0][3]

NOFHL [3][1]<-NofHL[2][4]<-NofHL[1][1]<-NofHL[0][1]

NOFHL [3][1]<-NofHL[2][4]<-NofHL[1][1]<-NofHL[0][3]

NofHL[3][1]<-NofHL[2][4]<-NofHL[1][4]<-NofHL[0][1]

NofHL[3][2]<-NofHL [2][0]<-NofHL[1][0]<-NofHL[0][3]

NofHL[3][2]<-NofHL[2][2]<-NofHL[1][4]<-NofHL[0][1]

NofHL [3][2]<-NofHL[2][2]<-NofHL[1][4]<-NofHL[0][3]

NofHL[3][3]<-NofHL [2][0]<-NofHL[1][0]<-NofHL[0][3]

NofHL [3][3]<-NofHL[2][2]<-NofHL[1][4]<-NofHL[0][1]

NOFHL [3][3]<-NofHL[2][2]<-NofHL[1][4]<-NofHL[0][3]

KKIB HAJIOKUTH 710 OJHOTO abo Oinbre (akropis BrummBy.  NOfHL[O][3]

Tabmuus 1 — Otpumani yHIKaIbHI 3BOPOTHI JIAHIFOKKH MAKCHMAJIBHHAX Bar

NofHL[3][3]<-NofHL[2][2]<-NofHL[1][4]<-

3okpema:
1) daxrop BrTHBY 1 BKITFOUAE JIAHITFOIKKH:
NofHL[3][1]<-NofHL[2][0]<-NofHL[1][3]<-
NofHL[0][2]
NofHL[3][1]<-NofHL[2][1]<-NofHL[1][1]<-
NofHL[0][3]
NofHL[3][1]<-NofHL[2][4]<-NofHL[1][1]<-
NofHL[O][1]
2) hakTOp BIUIMBY 2 MiCTUTB JIAHIIFOXKKH:
NofHL[3][0]<-NofHL[2][1]<-NofHL[1][1]<-
NofHL[O][1]
NofHL[3][1]<-NofHL[2][4]<-NofHL[1][1]<-
NofHL[0][3]

NofHL[3][2]<-NofHL[2][0]<-NofHL[1][0]<-
NofHL[0][3]

NofHL[3][3]<-NofHL[2][2]<-NofHL[1][4]<-
NofHL[0][1]

NofHL[3][2]<-NofHL[2][2]<-NofHL[1][4]<-
NofHL[0][1]

NofHL[3][2]<-NofHL[2][2]<-NofHL[1][4]<-
NofHL[0][3]

4) daxTop BIUMBY 4 nependayae JTaHIFOKKH:

NofHL[3][3]<-NofHL[2][2]<-NofHL[1][4]<-
NofHL[0][1]

NofHL[3][3]<-NofHL[2][2]<-NofHL[1][4]<-
NofHL[0][3]

NofHL[3][1]<-NofHL[2][4]<-NofHL[1][1]<- NofHL[3][1]<-NofHL[2][4]<-NofHL[1][4]<-

NofHL[O][1] NofHL[O][1]
NofHL[3][0]<-NofHL[2][1]<-NofHL[1][1]<-
NofHL[0][3] Hiokde Ha puCYHKY IoJjaHa Bi3yaizallis BiJIHOBICHUX

3) akTop BILIIMBY 3 OXOILUTIOE JIAHIFOKKH:
NofHL[3][3]<-NofHL[2][0]<-NofHL[1][0]<-
NofHL[0][3]

rpaHuIlb (PaKTOPIB BILIMBY HA OCHOBI OTPUMAHHUX 3BOPOT-
HUX JAHIFOXKKIB.

Pakrop praney 2
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PucyHok 4 — Bisyaiizaliis BiJHOBJICHHX IPaHHUIb (PAKTOPIB BIUIMBY HA OCHOBI 3BOPOTHUX JAHIIOKKIB. ([TpOJOBKEHHS)

Takox Ha PUCYHKY HMXKUe 300pa)keHa Bizyasti3allis
inTepdepeHii BiTHOBICHNX TpaHULb (HaKTOPIB BILIUBY.

TakuMm 4rHOM, TOOYIOBaHI 3 JOMMOMOTOK po3po0Iie-
HOI MOJEJi 3BOPOTHI JIAHIFO)KKM MAKCHMAaJbHHX Bar Ja-
FOTh 3MOTy ifeHTH(iKyBaTH (BiJHOBHUTH) IPAaHHMLI (PaKTO-
piB BIUIMBY, BTpadeHi Bpe3ynbraTi iHKancyssinii [THM
BII.

3aB/SIKM IbOMY CTAa€ MOXJIMBOIO ieHTH(]iIKaIis dak-
Topa(-iB) BIUIMBY sl OYIb-SIKOTO MEPETBOPEHHS OYIb-

SKOT BXIZIHOI XapaKTepUCTHKH Yy OyAb-SIKMH BHXITHHNA
pe3ynbrar ii Cy0’€KTUBHOIO CHOPUHHATTS B MOJIEIAX
Cy0’€KTHBHOTO CIPUHHSATTS 00’ €KTIB MiITPUMKH, IO J1A€
3MOTY OTPHMATH SKICHUI aHaNi3 BiJIIOBIIHOTO NEPETBO-
peHHSI.

To06T0, 3aBIOSKH OTPUMaHUM pe3yibTaTraM, Jis Oyab-
SIKOTO TMEPETBOPEHHSI MOXKEMO, 3a HEOOXIJAHOCTI, OJHO-
3HAYHO 11eHTH(IKYBaTH BCI 3amy4eHi (pakTopy BILTUBY.

Iateppepennin pakTopie BILINBY

Daxtop ey 1 @akTop BOauey 2 @akrtop Bnaupy 3 ®axtop BOoauBY 4
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Pucynox 5 — Inrepdepentii BifHOBICHNX TpaHUIlb (HJAKTOPIB BIUIUBY
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B cBoro uepry, po3poOieHa MoJenb TaKOXK HeaOHsIK
BrockoHanmtoe inctpyment IIIHM BII, amke kmacuuHi
IITHM BII He nepenbadaroTh XOTHOTO (PYHKI[IOHATBHO-
CMHCJIOBOTO HaBaHT&KEHHS Ui HEWPOHIB MPUXOBAHUX
mapis, B TOH 4ac sk po3poOiieHa Mozeib nependadae Ta
OJTHO3HAYHO iIeHTU(IKYE X MPUHATIEKHICTS 10 (aKTopiB
BILTHBY.

Takox po3pobieHa MojeNb Ja€ 3MOTY 3IIHCHIOBATH
MOJICITIOBaHHS NIPH PO3B’A3aHHI IHPOKOTO CIEKTPY IpaK-
THYHUX 3a]a4.

OpHi€ro0 3 TaKUX MPUKIATHAX NPAKTHYHUX 327134 € 3a-
Jadya TIEPBUHHOTO aHamizy (MOHITOPHMHTY) YacTOTH IPO-
sBy 3amanoro ¢akropy (abo (akTopiB) BILTHBY B PexkKHMI
MOCT-peallbHOTO Yacy 3 BHKOpUCTaHHsM migxony AAR
(After Action Review). Pexxnm mocT-peanbHOTO 4acy — Iie
PEKUM MaKCHMAIBEHO OIEPAaTHBHOTO aHAJIi3y pe3yJbTaTiB
Il mociipKyBaHoro cy6’ekta (B TOW 4ac sK, 10 MOpiB-
HSIHHS, KJIACHYHHUH PEXHUM PEalbHOI0 4acy — Il MakKCH-
MaJbHO OIEPATUBHUMA aHANi3 MOid  OCIiIKYyBaHOTO
cy0’eKTa).

To06T0, BiAMIHHICTE PEKHUMY HOCT-PEaTHHOTO 4acy y
MOPIBHSAHHI 3 KJIACHYHUM PEXUMOM PEaJbHOTO Yacy IIo-
JsTae B TOMY, IO OCTaHHIN mepeadayae MOKIUBICTh MO-
HITOPUHTY JiH, B TOH Yac sIK MepIInii — MOXIIUBICTh MO-
HITOPHUHTY JIMIIE PE3YJIbTATIB KX MiH, 10 MOBHICTIO BiJl-
noBimae miaxomy AAR (amani3 miii Bxe michst ix 3miiic-
HeHHst). OOrpyHTyBaHHS BUOOPY came Takoi KoH(iryparii
3YMOBJICHO THM, IO OJHO3HAYHO iJeHTH(]IKyBaTu 3aja-
HUH (haKTOp BIUIMBY MOXKJIMBO JIMIIE ITICJIS TOTO, SIK IeH
3aJaHuil (paKkTOp BIUIMBY BXKE NPOSBHB cebe, 110 MmiaATBep-
JUKYETHCSL BIATIOBIIHUME aHANi30M Pe3yJIbTaTiB OTpHUMa-
HUX Ha BUXOJI MOZETi Cy0’ €EKTHBHOTO CIIPUAHSATTS.

30kpema, poO3polJIeHy MOJelb BHKOPUCTAHO ISt
PO3B’sI3aHHS PUKJIAAHOT PAKTUYHOT 3a/1aui IEPBUHHOTO
aHaJli3y MpPOSIBY IICHXOEMOILIHHOIO IepeHABAHTAKCHHS
YIEHIB KOMaH/IM MiATPUMKH IIPOIPaMHOT0 KOMILIEKCY.

B nocmimxyBaHomy keiici Qakrtop 4 BigmoBimae 3a
MPUXOBaHy MCUXOEMOIIIHY pO3ApaToOBaHiCTh (MapKepamMu
MPOSIBIB TaKOi PO3APATOBAHOCTI € BiAIOBIIHI JIHIBICTHYHI,
ay/ianpHi, Bi3yanbHi, Ta iHmi Bimomi ¢opmu). Ha ocHoBi
PE3YNbTATIB CIPUHHATTS HA0OPY BXiTHHUX XapaKTEPHCTHK
JIOCHIIPKYBaHIUM Cy0’€KTOM MOOyIOBaHa BiJIOBiIHA MO-
JieNb 3BOPOTHHX JIAaHIIFOXKKIB MaKCHManbHUX Bar. Ha pucy-
HKY HWJKYE TPE/CTaBJICHA HasBHICTH (3HaueHHs «1») abo
BificyTHICTh (3HaueHHs «0») GakTopy BILTHBY 4 B KOKHOMY
3BOPOTHHOMY JIAHIIFOXKKY TTO0YT0BAHOT MOJIEIII.

OTxe, sIK 6a4MMO 3 TPENCTABICHOI HA ONEPETHBOMY
PHCYHKY TicTOTpaMH — HPHCYTHICTH JOCIIJKYBaHOTO
¢axTopy 4 Oyna BusiBIeHa B psiai KeiiciB. Takox Bigcimia-
KOBYIOTbCSI MOMEHTH CIUIECKY YacTOTH IIPOSIBY 3aIaHOTO
¢dakropy. B momampmomy oTpuMaHi IaHi MOXKHA OiIbII
JETaNbHO JIOCHIKYBAaTH Ul BH3HAYEHHS KOHKPETHHX
JIaT 1 MOMEHTIB 4acy, a TaKOXX WMOBIPHUX NPUYHH BHUSB-
nernx cruieckiB. Ilpote Ha nanomy erami miei iHdopMmariii
BKe OUTBII HIK TOCTATHBO UL PO3B’SI3aHHS MOCTaBICHOL
3aja4yl MEpPBUHHOI'O MOHITOPHMHTY YacTOTH INpPOSBY 3ajia-
HOTO ()aKkTOpy BIUTHBY B PEXKHUMI IIOCT-PEATBHOIO 4acy 3
BUKOpUCTaHHAM minxonay AAR.

TakuM dmHOM, po3poOieHa MOJENb Ja€ 3MOry
PO3B’sI3yBaTH psi MPUKIAIHNX NMPAKTUYHKX 33/1a4, cepelt
SKHMX, 30KpeMa, 1 MpeJCTaBlIcHa y Mid poOOTi, B SKOCTI
HA0YHOTO NPHKIAIY, 3aa4a IIEPBUHHOTO aHaNi3y 4acTo-
TH TPOSABY 3aZaHOTO (aKTOp BIUIMBY CyO €KTHBHOTO
CIIPUIHSATTSL.

1 15 29 43 57 71 85 99 113 127 141 155 169 183 197 211 225 239 253 267 281 295 309 323 337 351 365 379 393 407 421 435 449 463 477 491

PucyHnok 6 — [lepBHHHUIT aHAII3 YaCTOTH MPOSBY 33aHOTO (HaKTOPy
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6 OBI'OBOPEHHSI

B pob6ori [11] posraspaersest 3actocyBanus [ITHM
BIT s apromartu3aiii B raiysi €lIeKTPOTEXHIKH, 3 KOPO-
TKOCTPOKOBUM IPOTHO3YBAaHHSIM HaBaHTAXXCHHS €HEpro-
CHCTEMH K 00’€KTa JOCIIPKEHHS, 13 JT0JJaTKOBUM 3aCTO-
cyBaHHAM Kaprorpadiunoi Oa3u naHux (axkTopiB, IO
BIUIMBAIOTh Ha KOPOTKOYAaCHE HABAHTAXXEHHS €HEPTrOCHC-
TEeMH, SKi TOJUIAIOTHECS Ha TPH KaTeropil: THII poOOYoro
ITHSI, METEOPOJIOTiUHI ()aKTOPH Ta TeMIepaTypHi (aKTOpH.
[IpryomMy, BIATIOBIAHO A0 MPEACTABICHOTO y il poOOTi
JIOCJTIJDKEHHS — YUM TIOBHIIIa KapTrorpadivyHa 0a3za JaHux
BitoOpakeHHs (paKTOPIB BIUIMBY, THM BHIIA TOYHICTH
NPOTHO3yBaHHsS HAaBaHTa)KEHHSI EHEPrOCUCTEMH 3a JI0IO-
MOTOI0 HEHpOHHOT Mepeski. B inmiii po6ori [12] B sikocTi
00’€eKTa JOCHIPKEHHS! PO3MIISIHYTO MPOLEC MPOrHO3YBaH-
Ha wiH akmii 3a monomororo IITHM BII. BignosinHo 1o
pe3ynbTariB, MOJaHUX y Wil poOOTi, 32 JJONOMOroI0 BH-
KOpUCTaHHS (aKTOpiB BIUIMBY BTIJICHO Kpally TOYHICTh
MPOTHO3YBaHHSA Ui Mopeni HerpoHHoi wmepexi BII,
CTBOPEHOI 3a JIOTIOMOT0I0 OCHOBHOTO (haKToOpa, BU3HAUe-
HOTO (DaKTOPHUM aHAII30M SIK HE3aJIeKHOI 3MiHHO1, 1 IIi-
HH aKIii K 3aJI€KHO01 3MIHHOT.

To6T10, B 000X pO3TIISIHYTHX BUITAIKAX MiATBEPIKCHO,
IO BUKOpUCTaHHA (DakTopiB BIUMBY B Mojuensx LITHM
BIl nae kpauty pe3ynbTaTuBHICTH (PYHKIIOHYBaHHS LHX
mozenei. [Ipore, B )xoqHOMY 3 BUNAIKIB (haKTOPH BILIH-
BY HE PO3TJIIAIOTECS K YacTHHA BHYTPIIIHBOI CTPYKTY-
pu mopeneit IITHM BII, HatoMmicTe BOHH BHCTYMAIOTh
BHKITIOYHO B POJIi 30BHIIITHIX JOJAATKOBUX apaMeTpPiB JIs
HaBYaHHS Ta MOAAIBLIOTO TECTYBAaHHSA MOOYIOBAHUX MO-
nexeit IHTHM BIT.

B Tolf wac sk po3poOiieHa Ta MpeACTaBICHA B TaHii
CTaTTi MOJEIb 3BOPOTHUX JIAHIIOXKKIB MAKCUMAJIBHHUX Bar
CYTTEBO BIOCKOHATIO SIK € KJIACHYHE PO3YMIHHS Tak 1
MOJKJIMBOCTI IIIOJI0 BiIMOBIAHOTO MOJAIBIIONO 3aCTOCY-
Bagfs IITHM BII, ockiIbKu BBOIUTE JOAATKOBE 3HAYEHHS
JUIsl HEHPOHIB NPHUXOBaHUX IIApiB, SKi Temep 3MOXYTh
BUKOHYBaTH aOCOJIIOTHO HOBY (DYHKIIif0 MapkepiB (akro-
PiB BIUIMBY, B TOH Yac K B Ki1acHiyHOMY po3yminHi LITHM
BII HelipoHu MpHXoBaHMX LIapiB HE BUKOHYBAIN OJIHUX
GyHKIOIA OKpiM apuMETHIHHUX IS 3a0€e3MCUCHAS MOXK-
JUBOCTI KOPEKTHOTO HaBYaHHSA Ta (YHKIIOHYBaHHS
[ITHM BII.

Ha Buxoai mMonmem oTpuMyeMO MOBHHH IEpENiK yCix
3BOPOTHHX JIAHIIO’KKIB MaKCHMaJIbHUX Bar pe3yJbTaTiB
tecTyBaHHs BIl, mo B momanemomMy gae€ MOXIUBICTh BH-
KOpHCTATH 1X JUIsl imeHTUdiKallii, BcTaHOBICHHs (BiJHOB-
JICHHS), aHaNi3y, a TaKOK IHIIMX JOCIIDKeHb SIK II0/I0
rpaHuib (akTopiB BIUIMBY, TaK i MIOA0 caMuX (haKToOpiB
BIUIMBY, MOJIeNIei Cy0’€KTHBHOTO CHPUIHATTA 00’€KTa
MATPUMKH, II0 € YaCTKOBOIO HAayKOBO-TIPHKJIAHOIO 3a-
JAuer0 OUTBII KOMIUIEKCHOI Ta TIOOAThHOT HayKOBO-
MIPUKIAAHOT TpoOJIeMH aBTOMATH3AIlii MiITPUMKH IIPO-
IPaMHUX KOMIUIEKCIB.

B sKocTi mOmaNBIIOrO 3acTOCYBaHHS PO3POOIEHUX
Mozened 6ayuMO MOXMIIMBOCTI IIOAO pPO3B’sI3aHHA Oara-
THOX IHIIUX MPHUKJIAJHUX NMPAKTUYHUX 3a/1a4, BKIOYAI04n
(ayre He 0OMEKYIOUHNCH), 10 IPUKIIALY, Taki 3a1adi sK:
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— (hopMyBaHHS IIOPTPETIBY» WIEHIB KOMaH]| MiATPUM-
K{ TPOrPaMHUX KOMIUIEKCiB; (*ropTper — Habip uucio-
BUX MOKa3HHUKIB KOXKHOTO 3 MHOXXUHH (DaKTODIB BILUIUBY,
10 BKa3y€ Ha BaroMiCTh BIUIMBY KOXHOTO 3 HHX, (op-
MYIOUHM BIAIIOBIAHY iepapxito (akTopiB Bij HaiOUIBII
BaroMUX JI0 HAMEHIIl BATOMHX)

— (opMyBaHHS y3araJbHEHHX ITOPTPETIB KOMAH] Iif-
TPUMKH NPOTPAMHHUX KOMIUICKCIB;

— (opMyBaHHS KOMaHJ Ta IiI-KOMaHJI Ha OCHOBI Cy-
MICHOCTI MOPTPETIB iX WICHIB,;

— BHSIBIICHHS rinepTpo)oBanuX (BIUIMB SKHX 3aHAITO
BaroMuil y TIOPiBHSAHHI 3 PemTo0 (HakTopiB) 4M TimoTpo-
¢doBanux (BIUTMB SIKMX MPAKTHIHO BiJCYTHIN y MOPiBHSH-
Hi 3 pemToro $akTopis) GakToOpiB BILTHBY;

— MOLIYK HANpsSMKIB PO3BUTKY SK OKPEMHUX 4JICHIB
KOMaH/I, TaK 1 KOMaHJ| BLIIJIOMY, Ha OCHOBI iX ITOPTPETIB
Ta BHSBJIEHHUX SIK TinepTpoOBaHMX Tak 1 rimorpogosa-
HUX (AaKTOPIB BIUIHBY.

TakuM YMHOM, BpPaxOBYIOYM INMPOKHHA CHEKTp NpH-
KJIaJHUX 3aJ]ad4, JOLUIBHICTh MOJANBIINX JOCIIIDKEHb B
IBOMY HAIPAMKY € IILIKOM OOTPYHTOBAHOIO.

Kpim Toro, po3pobieHa Mozenb MOXe OyTH BHKOPHC-
TaHa TAaKOX 1 OIS IIJIKOM iHIUX objacTeli Haykd Ta
NPaKTHKH, He 0OMEXYIoUuCh e cdeporo iHpopmarrii-
HHUX TEXHOJIOT1H, a PO3NOBCIO/IKYIOUUCH TaKOX B 00JIAaCTi,
30KpeMa, TICHUXOJIOTii Ta COIIOJIOTIi, J¢ MOCIIIKCHHS
CHPUUHATTA 00’€KTiB €, (JaKTUYHO, KIFOUOBHM MOHATTSIM
Ta 0a3ncoM.

BUCHOBKH

Po3pobiieHo Mojens 3BOPOTHHX JIAHIOKKIB MaKCH-
MaNBHUX Bar IS aHali3y (akTOpiB BILTUBY MiATPHMKH
mporpaMHAX ~ KOMIDiekciB.  OCHOBHOIO  HAyKOBO-
MIPUKIIATHOIO 32/1a4€10, SIKY BHPIIIye PO3pO0IIeHa MOIETb,
€ BUSBJICHHA Ta (OPMYBaHHS 3BOPOTHHUX JIAHIIFOXKKIB Ma-
KCUMaJIBHUX Bar 3 METO ieHTH(IKalli Ta 1MoJalIbIIoro
aHaii3y (akTopiB BIUIMBY, sSIKi BIUTMBAIOTh Ha pe3yJIbTaTH
CHPUHHATTS TOCHTIPKYBaHOTO 00’ €KTa — MiATPUMYBaHOTO
MPOTrPaMHOT0 KOMIUIEKCY YH IMPOIECIB HOro MiITPUMKH,
BIJIMIOBITHUMH CY0’€KTaMU B3aEMOJIi, IO HANPSAMY YH
OTIOCEPEAKOBAaHO  B3AaEMOMIIOTH 3  JOCIHIIKYBAaHUM
00’€KTOM MIATPUMKH. BXimHUMH maHWUMH PO3pOOIEeHOL
MOJIETIi 3BOPOTHHX JIAHIIOKKIB MaKCHMAaJIBHUX Bar JUis
aHaii3y (akTopiB BIUIMBY MIATPUMKH MPOrPAMHUX KOM-
TUIEKCIB € TIOBHI (i3 POMIKHAMHU 3HAYECHHSAMH YCiX HEM-
POHIB YCiX IPUXOBaHUX IIapiB, a HE JIUIIEe HEHPOHIB BXi-
JHUX 1 BUXIJHHX IIApiB) pe3yJbTaTH TECTYBAHHS HaBue-
HOT IHKanCyIpoBaHoi Mozeni BIT.

3anporoHOBaHO JBa BapiaHTH MOOYIOBH MOJEcH Ha
OCHOBI pe3yJbTaTIB TECTYBaHHS BiNIOBIIHOrO Oararomia-
POBOrO mepLentpoHa: BapianT «odd-naiiH» (Konu Hemae
MOXJTUBOCTI ITPOBOANTH MOJICJIIOBAHHSI CHHXPOHHO 3 Tec-
tyBauusM BII), a Takoxk BapiaHT «OH-JaWH» (Koiu moby-
JI0Ba MO/JIEJIi 3BOPOTHHX JIAHIFOKKIB 3/IIHCHIOETHCS TTapa-
JENBHO (CHHXPOHHO) 3 TECTYBaHHAM JOCIHIKYBaHOI MO-
JiesTi 6araTomapoBoro MepIenTPOHa).

[IpencraBneno BigHOBIOHWI PO3POOICHUI AITOPUTM
moOyIoBH Ta (QYHKIIOHYBaHHA MOJIEJIEH 3BOPOTHUX JaH-
II0KKIB MaKCUMaJIbHUX Bar Jyisi aHallizy (akTopiB BILIH-
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By HIATPUMKH ITPOTPaMHHUX KOMIUIEKCIB, 110 BioOpaxae
MOKPOKOBE (hOPMYBaHHS MOJICII.

[Togano 6a30Bi GopMU MpeicTaBICHHS MOAEIEH 3BO-
POTHHX JaHIIOKKIB MAKCUMANbHUX Bar, a came. MaTeMa-
THUYHA, MaTpUYHa, JIeKcukorpadiuHa ta rpadiuHa Gopmu
MPENCTABICHHS, 3 HABEJACHUMHU PCANbHUMH MPUKIAJAMUA
Ppe3yIbTATiB MOJICIIFOBAHHSI.

Po3pobnena mMonens 3abe3nedye MOXIUBICTD 3MiHC-
HEHHS SKICHOTO aHali3y MEPETBOPEHHS BXiTHHX XapaKTe-
PHUCTHK 00’ €KTa MIATPUMKH Y BUXIJIHI PE3yJbTYIOUi Xapa-
KTEPUCTHKU HOTO Cy0’€KTHBHOTO CHPHUHHATTS B MOMEISIX
cy0’€eKTHBHOTO CHPUAHATTS 00’ €KTiB MiATPHMKH.

HaykoBa HOBHM3HA moJyisirae B PO3pPOOJICHHI MOEII
3BOPOTHHX JIAHI[I0)KKIB MAaKCUMaJIbHUX Bar, 10 A€ 3MOT'Y
JOCIiKYBaTH (DaKTOPU BIUIMBY IIATPUMKH POTPAMHUX
KOMILJIEKCIB.

[IpakTUyHe 3HAYEHHS [TOJISIrac B pO3poOIIeHHI ajro-
puTMy noOyznoBa Ta (DyHKLIOHYBaHHS MOJEJeld 3BOPOT-
HUX JIAHIIOXKKIB MaKCHMAIIbHUX Bar JJIS aHawi3zy (akro-
PiB BIUIMBY MiITPUMKHU IPOTPAMHUX KOMILIEKCIB, a TAaKOXK
B po3poOiieHHI 0a30BUX (GOpM IMpeaCcTaBICHHS MOJesen
3BOPOTHUX JIAHLIOKKIB MaKCUMAJIBHHX Bar, TaKuUX SK:
MaTeMaTH4Ha, MaTpPUYHA,; JIeKCuKorpadiuna; ta rpadidna
(dhopMu mpencTaBICHHS.

IlepcnekTHBH MOJANBIINX AOCTIINKEHb TOJATAIOTH
B pO3pO0JICHH] BIIIOBIHOIO TOJATKOBOTO CHeliani3oBa-
HOTO aJITOPUTMIYHOTO Ta IPOrpaMHOro 3a0e3nedeHHs s
MOJICTIFOBaHHSI 3BOPOTHHX JIAHIFO’KKIB MaKCHUMaJIbHUX
Bar, a TaKoX B MOAAJBLIOMY 3aCTOCYBaHHI PO3poOJIEeHUX
Mozerneil 1t BUBYeHHs (DakToOpiB BIUIMBY Ta iX IpaHHULb
K Yy HalpsIMKy aBTOMAaTH3alil MiATPUMKH HPOrpaMHHX
KOMIUIEKCIB, TaK 1 B iHIIMX HAyKOBO-NPUKIJIATHAX HAMPS-
MKaXx JOCIIKEHD.

MNOJSAKHN
PoGora € inimiatuBHO0O. J{OCTiPKEHHSI TPOBOMIINCH
B paMKax HAyKOBOi [iSUIbHOCTI aBTOpIB 1M03a poOOYMM
4acoM 32 OCHOBHUMH TI0CaJaMH.
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ABSTRACT

Context. The problem of identification, formation and restoration of the boundaries of influencing factors, lost as a result of the
implementation of multi-layer perceptron models into the models of subjective perception of the object of software complexes sup-
port, as well as the applied practical problem of primary monitoring of the frequency manifestation of a given influencing factor in
the post-real-time mode, is considered. The object of research is the influencing factors of support of software complexes.

Objective — the goal of the work is to develop a model of inverse chains of maximum weights for the analysis of influencing fac-
tors of the software complexes support.

Method. A model of maximal weights inverse chains for the analysis of the influence factors of the software complexes support
was developed for the analysis of the influencing factors of the software complexes support. The developed model provides possibil-
ity to identify and form feedback chains of maximum weights for the identification and further analysis of influencing factors that are
reflected into the results of the object perception (the supported software complex or its support processes), by the relevant subjects
of interaction which directly or indirectly interact with it.

Results. Results of the resolved applied practical problem of primary monitoring of the frequency manifestation of a given influ-
encing factor in the post-real-time mode have been provided as an example of the applied practical use of the developed model. The
output results of the developed models functioning — are the reverse chains of maximum weights. In the future, the results obtained
by the developed model are used to solve the applied-scientific problem of identification, formation and restoration of the boundaries
of influencing factors, lost as a result of the implementation of the appropriate models of multilayer perceptron inside the models of
subjective perception of the software complexes support. So the developed model of maximal weights inverse chains for the analysis
of the influence factors of the software complexes support resolves this applied-scientific problem, initially caused by the implemen-
tation of the corresponding multilayer perceptron models inside the model of the subjective perception of the object of software com-
plexes support. The developed model provides the possibility of carrying out a qualitative analysis of the transformation of the input
characteristics of the object of support into the output resulting characteristics of its subjective perception.

Conclusions. Developed model allows to resolve the described problems. At the same time, the developed model improves the
classical understanding of multilayer perceptron artificial neural networks, as it introduces an additional value to the neurons of hid-
den layers, which (starting from now) are able to perform a completely new role of influencing factors markers, while in the classical
understanding of multilayer perceptron artificial neural networks they did not perform any functions other than arithmetic to ensure
the possibility of correct learning and functioning of a multilayer perceptron artificial neural networks.

KEYWORDS: software complex, support, influence factor, automation, neural networks, multilayer perceptron.
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