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YIOCKOHAJIEHUH METO/] OIIHIOBAHHSI HAJIIMHOCTI OB’€KTIB
31 SMIHHOIO CTPYKTYPOIO
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CIIEIIaIbHOTO 3B’s3Ky Ta 3axucTy iH(opMmarii HamioHampHOTO TexXHIYHOro yHiBepcuTery YKpainum «KwuiBchkuit
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AHOTANIA

AxTyanbHicTe. OCHOBHaA i/less — BpaxyBaHHS MOXIIMBOCTI BIUIMBY IIPUXOBaHMX Je(eKTiB HA HaJiHHICTh OaraTopeXxMMHHX
panioeneKTpoHHNX 3aco0iB 31 3MIHHOIO CTPYKTYpOIO, IO HE BPaxXOBYIOTh BIJIOMi METOAM PO3paxyHKY IOKa3HHKIB HaJifHOCTI.
[IporoHyeThCsl KijbKiCHAa OLIHKAa MapaMeTpa MOTOKY BiZIMOB BHPOOIB 3 BpaxXyBaHHSM BIUIMBY Ha HOrO 3HA4YEHHs HAKOIMYCHHS
MIPUXOBAHUX JC(EKTIB.

Mera. YaockoHalleHHsI METOLy OLIHKM HaJIHHOCTI 00’€KTiB 31 3MiHHOIO CTPYKTYpOIO BPaxyBaHHIM MOXKJIMBOCTI BHHUKHEHHS
MPUXOBAaHMX JIE(EKTIB IiJ] Yac BUKOPUCTAHHAM 32 NPU3HAYCHHSAM B OKPEMUX PEXKUMaX poOOTH.

Meton. BUKOPHCTOBY€ETHCS METOMOJIOTISI OLIHKK 3HAYCHb MOKA3HHUKIB HAMIMHOCTI CKIAJHUX TEXHIYHUX CHCTEM. MeTox, IIo
PO3pOOIIAETECS, € PO3BUTKOM AITOPUTMY OIIHKHM TOKA3HUKIB HaIiHHOCTI OaraTope)KMMHHX 00’€KTiB B HANpPSMKY BpaxyBaHHS
MOXJIMBOCT] TOSIBH i HAaKONHWYEHHS NPUXOBAHMX JC(EKTIB B MIIMHOXHHAX €JIEMEHTIB 00’€KTy, SKi NIpH HOro poOOTi B OKPEMHX
peXMMax He BUKOPHCTOBYIOTb.

Pesyabratn. OTpuMaHi (QYHKI[IOHATbHI 3aJEKHOCTI YACTKOBUX 1 KOMILICKCHHX ITOKAa3HUKIB HAJIHHOCTI 0araTope:KMMHHUX
00’€KTIB BiJ] HAKONUYECHHS IPHXOBAHHX AC(EKTIB, SIKi NMPOSBISIOTHCS TUIBKH MiJ Yac TEXHIYHOIO OOCIyroByBaHHs abo 3MiHHU
pexuMiB poboTu. PirreHHst popmaii3oBaHO y BUIIISAL alrOPUTMY, L0 BUKOPHCTOBYE Pe3yJIbTaTH AOCIIJHOI eKCIlTyaTanii BUpoOiB B
SIKOCT1 BUXIJHUX JTaHUX.

BucHoBku. HaykoBa HOBU3HA moJjisirae 'y po3poOili HACTYTHUX iHHOBAaUiHHKX pimieHb: 1) Brepiie 3amporoHOBAHO BPaxOBYBaTH
HasIBHICTh IPUXOBAHUX JS(EKTIiB MPH OLIHII HATIHHOCTI 6araTOpeKMMHHUX 00’ €KTIB 31 3MIHHOIO CTPYKTYPOIO; 2) BIEpIIEe OTPUMAHO
1 JIOCHIDKEHO (yHKLIOHAJBHI 3aJIe)KHOCTI BIUIMBY HAsSBHOCTI IPHXOBAHUX AE(EKTIB Ha 3HAYEHHS YAaCTKOBHX Ta KOMIUIEKCHHX
MOKa3HUKIB HamiiHOCTi. [IpakTdHe 3Ha4YeHHS pe3yJbTaTiB IIOJSrac B TOMY, IO Ie JO3BOJISIE HA €Tami JOCTIJHOI eKCILTyaTaril
pamioeeKTPOHHUX 3acO0iB 31 3MIHHOK CTPYKTYPOK 00’ €KTHBHO OI[IHUTH BiMOBIJAHICTH PO3PaxyHKIB HEOOXIIHHUM 3HAUCHHSIM
MOKa3HMKIB HaJiHHOCTI 3aBISKH BPaxyBaHHIO MOXKJIMBOCTI TIOSIBU IPUXOBAaHHUX AE(EKTiB.

KJIFOUOBI CJIOBA: owuiHOBaHHS MOKa3HUKIB HAIMHOCTI, 00’ €KTH 31 3MIHHOIO CTPYKTYpPOIO, IPHXOBaHI 1e(eKTH.

ABPEBIATYPU A' — KoedimieHT TOTOBHOCTI 00’€KTa 0€3 BpaxyBaHHS
BPO — GaratopexxumHi 00’ €KTH; MPUXOBAaHUX JAe(EKTiB;
3BT —3aci6 BUMipIOBaIbHOI TEXHIKH; 0; — KOe]iIlieHT MPUXOBAHUX BIIMOB B IMiIMHOKHHI
O3C — 06’€eKTH 31 3MIHHOIO CTPYKTYpOIO; eneMeHTiB L,
PE3 — panmioenexTpoHHi 3aco0H; 0 — CcepedaHe 3HA4YeHHS Koe(ilieHTy MPUXOBaAHHUX
YAJ] — yMOBHHI anropuT™ JIiarHOCTyBaHHS. BiZIMOB B 00’ €KTI;
L — miIMHOXHHA EJIEMEHTIB, 1[0 BUKOPHCTOBYETHCS B
HOMEHKJIATYPA pexumi poboTH i;
A — xoediIlieHT TOTOBHOCTI 00’ €KTa; Qi — KUIBKICTh BHW3HAYCHHX MPUXOBAHUX BiMOB B

pexumi poboTH i;
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Q - 3zarampHa KiTBKICTH BIZMOB B 00’€KTi 3a Yac

pobotu T,

K — cepemHst KUIBKICTH TNEPEBIPOK IPHU MOUIYKY
Ie(eKTy;

Ki — cepemHst KUIBKICTH MEpEBIpOK NpH BiAMOBI
00’€eKTy B pesxkuMi poOOTH i;

Ni — koedilieHT BpaxyBaHHS BIUIMBY INPHUXOBaHUX

nedekTiB Ha mapaMeTp MOTOKY BiJJMOB,;

P — #iMOBipHICTB BipHOT IOCTAHOBKH [[iaTHO3Y;

P(t) — imogipHicTh Ge3BimMOBHOT poGoTH 3acobiB
BUMIiPIOBAIIbHOI TEXHIKH B MDXKIICPEBIPOUHUH TIEPIOJ T;

p — WMOBIpHICTP BIPHOI OIIIHKH pe3yNbTaTy
BUKOHAHHS IIEPEBIPKH;

R — KIIBKICTH MIAMHOXHH €JIEMEHTIB 3aJI€KHO BIJ
PEeKHMIB pOOOTH;

T — HapoOiTOK 00’€KTY Ha BiJIMOBY;

T' — HapoOiToK 00’€KTy Ha BiJIMOBY 0e€3 BpaxyBaHHs
MPUXOBaHUX Je(EKTIB;

T, — cepenHiii yac BiTHOBIICHHS 00’ €KTY;

T,/ — cepemHiii uac BiTHOBJICHHS 00’ekTy 0e3
BpaxXyBaHHS MPUXOBAHUX IC(PEKTiB;

T, — PO3paxyHKOBHIl yac BiIHOBJIEHHS 00’€KTy IpU
BIJIMOBI,

T,,' — po3paxyHKOBHUIl yac BiJHOBJIEHHS 00 €KTy 0e3
BpaxyBaHHS IPUXOBAHUX AC(EKTIB;

T,, — UpUILyCTUME 3HAYEHHS CEPEAHBOrO Yacy
BiJTHOBJICHHS BUPOOY MICJIs Bi]MOBH;

T; — 3aranbHUi yac poOOTH 00’ €KTa B PEIKUMI 1]

T, — npurycTMMe 3HAuYeHHs HapoOiTKy BHpOOy Ha
BiJIMOBY;

T, — 3aranpHuii yac pobOTH 00’ €KTa;

t — cepenHiif Yac BUKOHAHHS ITEPEBIPKY;

t, — cepenHiii yac yCyHEHHs HECIIPAaBHOCTI;

U — koeiIieHT HETOTOBHOCTI 00’ €KTa;

U' - KoedillieHT HEroToBHOCTI
BpaxyBaHHS [IPUXOBaHUX JIE(EKTiB;

Ui — BIZHOCHUH 4Yac poOOTH MiAMHOXHUHH €JIEMEHTIB
Li;

Z — mapameTp NOTOKY BiJMOB 00’ €KTa,;

Z' - nmapamerp TIOTOKY BIIMOB
BpaxyBaHHS IPUXOBAaHMX Je(DEKTIB;

Z" - TmapameTp TIIOTOKY BiJIMOB
MPUXOBAHUX JAC(EKTiB;

Z; — mapaMmeTp IIOTOKYy BiZMOB 00’€KTa B PEXHMI
poboTH i;

Nt — edeKT Big YTOYHEHHS 3HAYEHHS HAPOOITKY
00’€eKTy Ha BiIMOBY;

NMu — edeKT Big YTOYHEHHS OLIHKA 3HAYCHHS
KOC(IIiEHTY HETOTOBHOCTI.

o0’exkta 0e3

00’ekta 0e3

o0’exkta BIiJ

BCTYII

MorTuBarisi JOCTIDKEHHS NPOJUKTOBaHA THM, IO
cydacHi pagioenektpoHHi 3acoou (PE3) BigHOCATHCS 10
Oaratopexxumuux 00’ektiB (BPO), ski mig dac
BUKOPUCTaHHS 32 MPU3HAYCHHSIM 3aCTOCOBYIOTH pi3HI
CYKYITHOCTi €IIeMEHTiB, TOOTO € 00’€KTaMu 31 3MIHHOIO
crpykryporo (O3C). Ilpu npoMy B 4acTHHI 00’€KTY, sKa
HE BHKOPHCTOBYETHCS, MOXKIMBE IIOSIBA 1 HAKOIMYEHHS
NPUXOBAHUX AC(EKTIB. X BHU3HAYCHHSA MOXIIMBE TiIbKH
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NP 3MiHI PEeXUMIB POOOTH, KOJIW TiAKIIOYAlOThCS HOBI
MIMHOXHWHH €JEeMEHTIB, ab0 Imig dYac TEXHIYHOTO

obcinyropyBanus PE3 3 moBHOWO — mepeBipkoio
Mpane3laTHOCTI B YCIX MOXIIMBHX PEXHUMax poOOTH i
IHCTpYMEHTaJIbHOT ~ TIEPEeBIpKM  3HA4YCHb IapameTpiB

3acobamu BuMiproBanbHoi TexHiku (3BT). Lis ob6cTaBuna
BIUIMBAa€ HAa peajbHiI 3HAYCHHS IOKA3HUKIB HAIIHOCTI
PE3, ame B BimoMux MerTogax X KUIBKICHOI OLIIHKH HE
BPaxOBaHO, 1[0 BU3HAYAE AKTYaJbHICTh POOOTH.

OO0’€eKT HMOCHKEHHA — TMpoIec KUTBKICHOI OLIHKA
3HAaYE€Hh YACTKOBUX Ta KOMIUIEKCHHUX IIOKAa3HUKIB
HaxiiHOoCTI cyyacHuX PE3.

[MpeaMeT [OCHIIKEHHS — YIOCKOHAICHHS METOIY
OILIIHIOBAHHSA 3HA4YEHb ITOKasHMKIB HamiiiHoCcTi O3C 3
BpaxyBaHHSAM MOXJIMBOCTI TMOSIBM 1 HaKOINHYCHHS
MIPUXOBAHUX Je(EKTiB.

MerTa A0CTIHKEHHS — YIOCKOHAJICHHS MAaTeMaTHYHOTO
amapaty 1 (opmarizaiisi TpOIecy OIIHKH 3HAYCHb
nokaszHukiB HafiiHocTi O3C 3 BpaxyBaHHSM MOXKIIMBOCTI
MOSIBY TIPUXOBAHUX JE€(EKTIB B MiIMHOXXUHAX CIICMCHTIB,
SIKi B OKPEMHUX PEKUMAax POOOTH HE BUKOPUCTOBYIOT.

1 TTIOCTAHOBKA 3AJJAYHN

CyuacHi mnporpamHo-kepoBani PE3 BimpisHArOTBECA
OaraTo(yHKIIOHANBHICTIO Ta 0araTOpPEeKXUMHICTIO, MPH
BOMY 3QJIE)KHO BiJi peXuMy pOOOTH BHKOPHCTOBYIOTH
Pi3HI CYKYNHOCTI eJleMeHTiB. ToOTO BOHH BiJTHOCATBCS 10
0O3C, 3HayeHHS MOKAa3HUKIB HAMIMHOCTI SKUX CYTTEBE
3a]eXarh BiJ BIAHOCHOTO 4Yacy poOoTH BHPOOy B
KOHKPETHOMY pekuMi. BoueBuip, 10 pecypc OKpeMHx
Mi/ICUCTEM TIPH IIbOMY BHKOPUCTOBYETHCSI HE PIBHOMIpPHO.
Kpim ToOro, BimomMo, moO Mg Yac KOPOTKOYACHOTO i
JIOBrocTpokoBoro 30epiranus PE3 B HUX HaKomM4IyOThCs
puXxoBaHi Je(eKTH, sIKi HEMOXIIMBO BUSABUTU U yCyHYTH
0  BKIIIOYEHHS  amapaTypd Ta  TepeBipku i
mpane3gaTHocTi. TakoX e Mae micme i mig gac poboTH
PE3 B migMHOXWHAaX €JEMEHTIB, SKi NPH I[OMY HE
BHUKOPHUCTOBYIOTb. [TpuxoBani nedexru, K1
HaKOMHMYYIOThCS, TAKOX MOXKJIMBO BHSBUTH TUIBKH IPU
3MiHI PEXHMY poOOTH BHPOOY. AJie i 0OCTaBHHA B
BiZOMHUX MeTojax OLiHKM HaxgiiiHocti BPO, skl
BimHOCATRCS 10 O3C, 70 I[BOTO Yacy HE BPaXOBYETHCS.
Tomy BuHMKae mpobjeMa OIIHKM 3HaueHb IOKA3HHUKIB
HagiHOocTi O3C 3 BpaxyBaHHSIM BIIACTHBOCTI IOSIBH
MPUXOBaHUX JEPEeKTiB B  TMiACHCTeMax, fAKi He
BUKOPHCTOBYIOTh B JJAHUI MOMEHT 4acy.

Bupimryerscss mpobiema KinbKiCHOT OLIHKH BIUIHBY
MPUXOBAaHUX Ne(EeKTiB HAa 3HAYCHHS IapaMeTpa MOTOKY
BiIMOB OKpeMux miamMHoxuH enementis O3C. HeobxinHo
BU3HAYUTH 1 KIUIBKICHO OIIHUTH BIUIMB 301IbIICHHS
mapaMeTpa IOTOKY BIiIMOB OKPEMHX  ITiIMHOYHH
CIEMEHTIB HAa 3HAYCHHS 4YacTKOBHX (HapoOiTOK Ha
BiAIMOBY 1 cepeaniii yac BimHoBienHs PE3) i
KOMIUIEKCHUX (KOe(il[ieHTH TOTOBHOCTI i HETOTOBHOCT)
03C [1], sxi B Bimomux metomax [2] me Bpaxosano. Js
MPAaKTHYHOTO BUKOPHCTAHHS PE3YJIBTATIB JIOCIIHKEHHS
JIOUWibHO (opMamizyBaTH iX y BHTIAAI

peadizarii.
OPEN a ACCESS
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To6T0, 3amaua momsrae y: 1) po3pobii cTpyKTypHOI
CXEMH peaizallil yI0CKOHAICHOTO METOMY; 2) KiTbKiCHOT
OLIIHKM BIUIMBY IPUXOBaHUX Ae(EKTIB Ha YaCTKOBI Ta
KOMILUICKCHI MOKa3HWKK HamiidHocTi; 3) ¢dopmanizamil
NPOLIECY OILIHKK 3HAYeHb TMOKA3HWKIB HajiiHOCTI; 4)
MepeBiplli  MOXKIMBOCTI peanmizaiii; 5) mocmimkeHHs
oTpuMaHuX (YHKIIOHAIBHHUX 3aJICKHOCTEH; 6) OIiHI
e(eKTy BiJ] BIIPOBaKEHHS Pe3yJIbTaTIB JOCIIKEHHS.

2 OIJIAA A JITEPATYPU

B ocraHHI pokH OTpHUMAaHO i TOCTIIKESHO HOBI MOJEINi
i meromu ominku HagifiHOCTI O3C, sKi MiOBUIIYIOTH
TOYHICTH PO3PaxyHKIiB B MOPIBHSHHI 3 Bimomumu [3—10],
aje BOHM HE BpaxoOBYIOTh MOXJHBicTE mosiBu B O3C
NPUXOBAaHUX JIEPEKTIB.

AHai3 oCTaHHIX AOCTIIKEeHb Ta MyOiKalii CBITYUTH
PO PO3BUTOK B Trajly3l TEXHIYHOI HaIIHHOCTI CKJIaIHUX
TeXHIYHUX 00’ekTiB 1 cucteM. Ilin wac mpoekTyBaHHS
HOBHX 3pa3kiB PE3 KiJNBKICHO OIIIHIOIOTH YacTKOBI Ta
KOMIUTEKCHI TOKa3sHuKH HaxifiHocTi [1, 2]. Ane mpu
IbOMY BJIACTHBICTH 3MIiHH CTPYKTypH OO0 €KTy I dYac
BUKOPHCTAHHS 3a IPHU3HAYCHHSIM HE BPaxoByOTh [3-8].
BcranoBieHo, 1m0 Ha 3HAYEHHS ITOKA3HHWKIB HaIIHHOCTI
PE3 BrmummBaroTh okpemi Buau Hammmmkosocti [9, 10].
Kpim Toro, Ha HapiitaicTe mporpamuo-kepoBanux PE3
CYTTEBO BIUIMBA€E SIKICTh 1X IPOrpaMHOro 3a0e3neyeHHs
[11, 12]. B [13] mokasaHo, 110 B MifiCHHI Yac BiJCYTHI He
TIJTBKH 1HDKEHEPHI METOIM, aje 1 TeOpeTHYHa PO3poOKa
aHaizy HaNIAHOCTI TEXHIYHHX CHCTEM 31 3MIHHOIO
cTpykrypoto. Lle 3aBnanns ycmimHo Bupimeno B [14-16],
JIe 3aIpONIOHOBAHO HOBI MOJIEIb 1 METOJ| OLIHKH 3HaYCHb

moka3HukiB  HamiHOcTi O3C. Tlpm BHKOpHCTaHHI
ICHYIOUMX METOOWK OIIHKH 3HAa4YeHb ITOKa3HUKIB
HamiiHOCTI Oe3  BpaxyBaHHS BIACTUBOCTI  3MiHH

crpykrypu [1-10] oTpuMyBanu 3aHMKEHI 3HAYCHHS
MOKa3HUKIB HApOOITKy Ha BiAMOBY 1 KoedillieHTy
TOTOBHOCTI, IO BHMarajao Juisi 3a0e3MeueHHs BHMOT
BUKOPUCTOBYBATU OLITBII HAAIHHY CIIEMEHTHY 0a3y a0o
pe3epByBaHHs, TOOTO NOJAaTKOBY 3aJHMIIKOBICTH BHPOOY,
ska Belae [0 30UIbIIGHHS HOro BapTOCTI Ta
MacorabapuTHUX XapaKTePUCTHK. [MpakTuka
excruryaranii O3C nokasana, o 3Ha4YeHHs iX HapoOiTKy
Ha BiZIMOBY B pa3d IIEpEBHUILYE pO3paxyHKoBe. Tomy B
MOAANBIIOMY  3allpOIIOHOBAaHO IPH  BHKOPHCTAHHI
aHANIOTIYHOI eJNeMeHTHOI 0a3m i yMOB eKcIDTyaTamii
pe3yabTaTH PO3pPaxyHKIB 30UIBIIYBAaTH Ha IOMPABOYHHUHA
Koe(illieHT, BHU3HAYEHUH  EKCIICPUMEHTAJIBHO  MpHU
eKcIuTyaTarii anamorigaux 06’exris [17].

Ha I IMHOKUHA €JIEMEHTIB, i () He
BUKOPHCTOBYIOTBCSI TIpH pOOOTI 00’€KTYy B JaHOMY
pPOKUMI, TaKOX  BIUIMBAIOTh  KIIMAaTUYHI  yYMOBH,
HarpiBaHHs BiJ TPamIOl04Y0i YaCTUHH 00’ €KTy, a TaKOX
MEXaHIYHI BIUIMBH Ha MOOUTBHHX 3acobax. Bce me y
CYKYITHOCTI BeJe 1O BUHUKHEHHS IIOTOKY BIIMOB Yy
BIIKJIIOYEHUX IMAMHOXXHWHAX €JIEMEHTIB. B 3amexHocTi
Bil yMOB ekcrutyaramii (cramioHapHi a6o TIOJBOBI)
mapaMeTp TIOTOKY BiMOB HENpPAIOI04Y0l YacTHHU
00’ eKxTy 30LIBIIYEThCS Ha 001<0<0,1 Bijx
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PO3paxyHKOBOTO 3HAUCHHS INPU HOro BHUKOPUCTAHHI 3a
npusnauenusM [17]. Ile takox Mmae micme i mim wac
KOpOTKOuYacHoro  30epiraHHs  TexHiku. [Ipuxosani
JneGeKTH TpOSIBISIIOTHCS TUIBKM NpPU  3MIiHI  PEXKHUMIB
poboTH ab0 BUKOHAHHS IIOMICAYHOTO TEXHIYHOTO
00CITyroByBaHHS, KOJHM BHKOHYIOTH IIOBHY II€PEBIpKY
npare3laTHOCTI BUpOOYy B ycix pexumax poboru. Tak,
Hanpukian, maus 3BT koedimieHT NMpUXOBaHWX BiIMOB
ckmamae 0,1 <0 <0,24 [18], mo cyTTeBe BILIMBaE Ha
SKICTh POOIT TiI Yac TEXHIYHOTO OOCIYTOBYBAaHHS 1
MOTOYHOTO PEMOHTY BHACHIIOK IOMIJIKOBOI OIIIHKH
pe3ynapTaTy OKpPEeMHX MEepPeBIpOK 1 TEXHIYHOTO CTaHy
BUpoOy B misiomy. SIBHI JedekTH yCyBarOThCs B MpoIeci
MMOTOYHOTO PEMOHTY TIiCTIs BiIMOBH 00’ €KTY, a IPUXOBaHi
— M Yac MIOMICAYHOTO TEXHIYHOTO OOCITyrOBYBaHHS

[15-17].

[MpoBenenuit  aHami3 mMoka3ye aKTyalbHICTH 1
HEOOXiHICTh BpaxyBaHHS MOJMJIMBOCTI BHHUKHCHHS
NPUXOBaHUX Je(eKTiB Tix dYac OWIHKM 3HAa4YeHb
noka3HukiB HagiiHocti O3C.

3 MATEPIAJIU TA METOJIA
Meron mnpu3HAaYeHUH Ui YTOYHEHHS 3HAYEHb

MTOKA3HMKIB HAIHOCTI 00’€KTIB 31 3MiHOIO CTPYKTYpOIO.
CyTHICTH YAOCKOHAJCHHS METOXy Ta HOrO BiJAMIHHICTB
BiJI BIIOMHUX TIOJISITA€ B ypaxyBaHHI MOJMJIMBOCTI IOSIBU
NPUXOBaHUX AE(PEKTIB, SIKI HEMOXKIIUBO BHUSIBUTH ITijl 4ac
poboTH 00’eKkTy B AaHOMY pexxuMi. B Bimomux podortax
g oOcTaBMHa HE BPAXOBYETHCS, IO A€ 3aBUILCHY
OLIIHKY 3HAYeHb MOKA3HUKIB HaaiitHoCTI [14-16].

CTpyKTypa MeTOoIy, WOro NpU3HAYeHHS 1 CYTHICTb,
BUXiNHI JaHi, OOMEXCHHA 1 NpPHUIYOICHHSA, a TaKOX
pe3ynbTaTd BiJ BHKOPHCTaHHSA NpPUBEICHO Ha puc. 1.
OOMeXeHHS 1 TpPUITYINICHHS BiAMOBIIAIOTH peabHIM
YMOBaM BHMKOPHCTAHHS 3a NMPU3HAYEHHSM 1 BiJHOBJICHHS
npanesnaraocti PE3.

MateMaTHYHUH anapaT 3aCHOBaHUM Ha BUKOPHCTAaHHI
KOeQII[IEHTy TPUXOBAHUX BIIMOB (, 3HAYCHHS SKOTO
BU3HAYAIOTh (piKCalli€l0 BIAMOB IMiJ Yac TEXHIYHOrO
00CIyroByBaHHs O0’€KTY, a TaKOX IpPU 3MiHI PEXUMY
pobotu

o =Qi/Q,

nme Q; — KIMBKiCTP BH3HAYCHUX IPUXOBAHUX BiIIMOB B
migMHOKKHI  ememenTiB Lj, Q — 3arambHa KiNBKICTh
BiZIMOB B 00’€KTi 3a yac poboTu T.

3Ba)karo4M Ha TO, IO €JIEMEHTH BHPOOY PO3MIIIIEH] Y
OJTHOMY NpHUMillIeHHI a00 anaparHiii, ToOTO MpawoTh B
i,l:[eHTI/ILIHI/IX YMOBax, MOXHa BBaKaTu

1 R
azﬁéai ,

Jie R — KUTBKICTB MiJMHOXKHH €JIEMEHTIB 00’ €KTY.
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Buxizaui gasi:

MaremaTHYHHi anapar

Teopis iiMosipHOCTEIH, TEOpisn
06 ekt Ha/iiHOCTI TEXHIYHHX 00'€KTIB,
Li R, Z, ai. TeXHiuHa JIarHoCTHKA,
Busor 10 METPOJIOTist
HazifiHocTi v Pesynbrar
Tn, Tan. .
Yacrrori
MeTtpodoriune . MOKA3HHKH
3abe3nevyeHHs Merox npr3Hatenui s ) HasifHOCTI
p. P(7). YTOYHEHHH 3HAYCHD MOKAIHHKIB T T
HajliHOCTI 00'€KTIB 31 3MIHHOIO K i
. ; . OMILIEKCHI
YMOBH PEMOHTY cTpykrypoio. CyTHICTH MeTOLY
Lty . MOKa3HHKH
e IOJIATaE B ypaxyBaHHI ol
. HaiitHoCTi
Yacosi MOKIHBOCTI NIOSBH TIPUXOBAHIX A U.
MOKA3HUKH nedeKTiB, SKi HEMOMKIIHBO Hnomion
poboTH BH3HAYHTH NpH poboTi B YIMOBIPHICTB
T . OLIIHKH TEeXHIMHOTO
e Thi. 33[aHOMY PekHMi
CTany
P.

O6MexKeHHs ﬁ

ZON

[Mpunymenus

poboTH. MosknBicTE (ikcauii nossu
NpUXoBaHMX AedeKTiB 1 yac 3MiHu
pexHMiB poDOTH | TEXHIYHOTO
o0cyroByBaHHs

MOJKIIHBICTE PO3MOJILTY €IeMEHTIB 00'eKTY
Ha MAMHOKHHH 3aJI€2KHO BiJl PeKHMIB

HaapricTe B 00'€KTi NpH NOTOYHOMY
PEMOHTI TUILKH OJTHOTO SABHOTO Ae(eKTYy.
JliarnoctyBanus 3a YMOBHHMH
anroput™amu. Keanidikanis daxisiis
Bi/INOBiA€ nocai.

Pucynok 1 — CTpykTypHa cxema peastizaiii BIOCKOHAJICHOTO METO/Iy OLIIHKHM 3HAYCHb MOKAa3HHUKIB HaAiHHOCTI 00’ €KTIB 31 3MiHHOIO
CTPYKTYpPOIO

[TapameTp mOTOKY BiIMOB 00’ €KTy JOPiBHIOE

R R
Z :ZuiZi +Zoci(1—ui)2i ,
i=1 i=1

Jie Uj — BITHOCHHUN Yac poOOTH MiJIMHOKUHH €IEMEHTIB i

B Takomy pa3i oTpumaemo

Z :izi(ui(l_ai)+ai),
i1

HapobiTOK Ha BiaMOBY BupoOy T=1/Z.
WIMOBIpHICTh BiIMOBH 00’€KTYy BHACHIJOK IMOSBU
nedekTiB cepes miIMHOXKHUHH elIeMEeHTIB L

Qi _ui(uiZj +ajl-ui)Z;)
Q z '

Po3paxyHKkoBHI 4ac BIIHOBJIIEHHS 00’ €KTY NOPIBHIOE
IIPY BUKOPHCTaHHI YMOBHHUX aJTOPUTMIB JiarHOCTYBaHHS
(YAQH) mpu notyky aedexriB
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R
t-2.Zi(Ui(L-a) +a;)-logs Lj

=1 +1y,
z

Tgp =

Je t — cepenHiil yac BUKOHaHHA MEPEBipkH, t, — cepeanii
4ac YCYHEHHS HECTIPaBHOCTI.

CepenHsi KUIBKICTH TEPEBIpOK i Yac TOIIYKY
nedexTis 3a YA/]

1 R
K==2>log,L;,
Ria

a MIMOBIPHICTb BIPHOTO BU3HAYEHHSI J[iarHO3y
P =p
i)
Jie P — IMOBIPHICTH BIpHOT OLIIHKH PE3yJIbTaTy BUKOHAHHS
HepeBipKy.
3 BpaxyBaHHsIM MeTposioridynoi HamifiHocTi 3BT

OCTATOYHO OTPHUMAEMO CEpelHid dYac BiJAHOBJICHHS
00’€eKTy TIpH MOTOYHOMY PEMOHTI

Tep

=5 pg)’

ne P(t) — #mosipuicts 0Ge3BiaMoBHOI pobotn 3BT B
Mikrepesipounuii epion t [18].
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Brok-cxema anropuTMmy peamizainii METoay HaBeIcHa

Otpumani (yHKIIOHATBHI 3aJI€KHOCTI NPHBEICHO Y
Ha puc. 2, ae Ty, Ty — NPUIYCTUMI 3HAUYEHHS.

Tabm. 1.
Tabnuns 1 — Ouinka 3HaYCHb MOKA3HUKIB HAAIHHOCTI 00’ €KTIB 31 3MIHHOKO CTPYKTYPOIO
y C— DyHKIIOHATBHI 3aJIEXKHOCTI
Bimowmi [13-15] 3anpomnoHoBaHi
ITapameTp HOTOKY BiMOB R R
!
Z'=Yuz, Z=Y7Zul-o)+a;)
i=1 i=1
HamnpamroBanHs Ha BiIMOBY, FOJIMH T=1/2 T=1/Z
Kinbki i i iL T, r_ —
inbKicTh BigMoB B miqMuoxuHi L 3a gac T Q' =T.u,Z, Q= T, Z (ui 1- ai) + ai)
3aranpHa KiTBKICTh BiIMOB 00’€KTy 3a 9ac T, R R
’
Q :TquiZi Q:szzi(ui(l_ai)‘I‘ai)
i=1 i=1
R

Po3paxyHKOBHIi cepe/IHill Yac BiTHOBIICHHS, t &R t
xprTH Tee =t, +?-Zui +Z;-log, L |Tee =t, + =D Z; - (u; - (1— o) + ;) - log, L,
i=1 i=1

T=1/Z
Buxiaui )
IaHL . . Hi
3MiHA BUXIOHHX T=Tp
il Tax
i=1 YR Z.NK,
T = =120V
I gr = by + Z
1
a; = % ZI:? K
_ &i=1 R
I £S5
— Tl'! |
= Tp P= pK
Kj=10g2Lj i=i+1 - Tap
7 60-P-P(1)
I
Ni=u (1-0) + 0 Hi @
Hi Tax
e T
TTH4Ty
Tak
2 I
2= D U= I1+A
I
R
Z2' = Z‘Il(l —u) Z
(=% |
| ]

Pucynok 2 — briok-cxema anroputMy po3paxyHKy 3HaueHb ITOKAa3HHKIB HATIHHOCTI 00’ €KTIB 31 3MIHHOIO CTPYKTYPOIO 1 BpaxyBaHHIM
HNPUXOBaHUX e(EKTiB
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4 EKCIIEPUMEHTH Edexr Bix BIpoBaIKeHHS 3alpOIOHOBAHOTO METOIY
Bepudikariro  3anpornoHOBaHOTO  yJOCKOHAJICHHS  OLIHIOETHCS 3TiHO Tad. 2.
METOJly BUKOHYEMO TOpiBHSHHAM 0=0 y mpaBoMy psaKy PesynbraTi po3paxyHKIB 3alie)kKHO BiJl BIHOCHOTO

tabm. 1, mo Beme a0 BimoMux pesynbTaTiB [14-16]. wacy poGoTm pamiocTaHIl B PEKHMI  «mpuUiom»
PosrnsiHeMO  BHKOPHCTaHHS METOAYy Ha TMPUKIAAI  [PHBEICHO HAa PUCYHKAX:

paaiocTaHIil MpY HACTYMHUX BUXiAHUX AaHuX [14-15]: — puc. 4 — 3aneXHOCTI HapoOITKy Ha BiMOBY BiX
L,=1024; 7Z,=307 107 rog % Ki=10; u;=1-uy; HASBHOCTI IIPUXOBAHUX JC(CKTIB;

L,=3072; Z,=532 10 rog%; K»,=11,5; 0<u,<1; — puc. 5 — 3aIeKHOCTI KOEQII[iEHTy HErOTOBHOCTI
L;=512; Z;=154 1078 ro,u_l; K5=9; us=1; pamioCTaHIIil Bil HASBHOCTI MPUXOBAaHUX Ae(EKTiB;
p=0,997; P(1)=0,96; t=3,5 xB; t,=8 xB. — puc.6 — YTOYHEHHS HapOOITKy Ha BIIMOBY

B3aemopnito TiAMHOXWH €JIEMEHTIB pamiOCTaHIli  paJiOCTaHIl BiJ BIIHOCHOTO dYacy poOOTH B PEKUMI
BiJjoOpaykeHO Ha puc. 3, e L3 — 3aranpHa yacTuHa, MO0  KIIPUHAOMY;

MpAIfoE y BCIX pexuMax (eJIeKTPOXKHMBJICHHS, AaHTEHa, — puc. 7 — yTOYHEHHS KOe]ili€eHTYy HETOTOBHOCTI
reHeparop, YIpaBIiHHs (YHKIIOHYBAHHSIM). pamiocTaHIii Big BiZHOCHOTO Yacy poOOTH B pexuMi
«IPUHAOM».
Tabmuns 2 — Ouinka e)eKTHBHOCTI BUKOPHUCTAHHSI 3aIIPOIIOHOBAHOTO METOIY
DyHKIIOHATBHI 3aJIEXKHOCTI
IMoka3nuk —— -
Bimowmi [13-15] 3anpomnoHoBaHi
CepeHiii yac BiZJHOBICHHSI, TOJIMH T T
T é — BP TB — BP
60-P-P(1) 60-P-P(7)
KoeoirieHT TOTOBHOCTI 00’ €KTY , T T
CT4TR CT+Tg
KoeoinienT HerotoBHOCTI 06’ €KTY U=1-A' U=1-A
EdekT Big yTOYHEHHS 3HAYEHD T -T U'-u
TIOKa3HUKIB HaiHHOCTI Me="5— 100%; Nu = 100%

BinmoBy mpu 0=0,1 3 o=0 (puc. 4), BimHOCHOTO
YTOUHEHHS HapoOIiTKy Ha BiAMOBY BiJI BpaxyBaHHs
BIUTUBY mpuxoBaHuXx maedektiB (puc. 6), 3MeHIICHHS
BIZIHOCHOTO yTOYHEHHsS KOE(illieHTy HEroToBHOCTI (1y)
BUpoOy BiJ BpaxyBaHHsS IPUXOBAaHMX JE(EKTIB 3TiIHO
Tabi. 2, a came:

. . . u-u.
Pucynok 3 — B3aemoist iIMHOKMHH €IEMEHTIB PagioCTaHil nu = TlOO %0,
3aJIe)KHE Bijl PSKHUMY POOOTH

ne U - pospaxoByerbcst 3a ymoB =0, U -
po3paxoByeTbcst 3a ymo 0=0,1 (puc. 5).

OTpumaHi  pe3ynbTaTH  BIAHOCHOTO  YTOYHEHHS
KOeQiIieHTy HETOTOBHOCTI PalliOCTaHIII] BiJ BpaXyBaHHS
5 PE3Y.IBTATH BIUIMBY IPUXOBAHUX NePEKTIB HaBEACHI Ha PHC. 7.

Ipu 3amannx 3HaweHHsx 7 >1000 romun i Tp<1
TOJMHA pe3yNbTaTH OIIIHKH IOKAa3HWKIB HAIIIHOCTI
3aJ0BOJILHAIOTH BUMOTaM.

Y poboTi oTpuMaHi i gocimpkeHi HOBI (pyHKITIOHANBHI
3aJI@KHOCTI YaCTKOBUX 1 KOMIUICKCHUX ITOKa3HUKIB
HaxiitHocti O3C Bif KIIBKOCTI NMPUXOBaHHUX JE(EKTiB.
dopmaiizoBaHo MOPSIJIOK BUKOPHCTaHHS
YIOCKOHAJIEHOTO METOAY Y  BHIVISAI  QlTOPUTMY.
[lokazaHo mpuKiIa] BUKOPUCTAHHS 1 BCTAHOBJICHO, IO
BpaxyBaHHSI MOXXJIMBOCTI TTOSIBM NPUXOBAHUX JE(PEKTIB B
O3C pmo3Bomsie  YTOYHUTH 3HAYCHHS  ITOKA3HUKIB
HaxiitHOCTI PE3 B mimomy. BeraHoBNeHO, 1m0 ypaxyBaHHS
BIUIMBY MOXJIMBOCTI TOSIBH TPUXOBAaHUX Jc(PEKTiB B
MAMHOKHHAX €JIEMEHTIB 00’€exTy, SIK1 HE
BUKOPHCTOBYIOTh IIPH HOTO pOOOTI y 3aJaHOMY PEKUMI,
YTOYHIOE PO3paxyHKOBI 3HAYCHHS MTOKa3HUKIB
HaJiitHOCTI.

Edekr Big 3acTocyBaHHsS OTPHUMaHUX pE3YJIbTATIB
MOJISITa€ B YTOYHEHHI 3HAYCHb MOKA3HUKIB HATIHHOCTI Y
MOPIBHSAHHI  BiTHOCHOTO 30ULIBIICHHS HApOOITKy Ha
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6 OBTOBOPEHHS

[opiBHSAHHS pe3ybTATIB BUKOPUCTAHHSI METONY 3
nporotuniom  [14-16], moka3ye, 10 BpaxyBaHHS
MOXIIMBOCTI ~ TOSBU  MNPUXOBaHUX  Je(eKTiB B
MIIMHO)KMHAX CJIEMCHTIB, I0 HE BHKOPHCTOBYIOTHCS,
paniocTaHIil y po3risTHYyTOMY MPHKJIai 103BoJIsie Ha 4,5—
12%  migBUIOUTH  TOYHICTH  OLIHKKA  KoedimieHTy
HETOTOBHOCTI, B YoMy 1 1momsrae eQexT Bix
BIPOBAJHKEHHS 3alIPOIIOHOBAHOTO METOJY.

AHai3 OTpUMaHUX pe3yNbTAaTiB MOKAa3ye, IO OIiHKa
BIUIMBY IPUXOBaHHUX Ae(EKTiB 3HIKYe Yac HApoOITKy Ha
BinmMoBy (puc. 4) 1 miABHINYE peanbHi 3HAYCHHS
KoeQillieHTy HEroToBHOCTI pamiocraniii (puc. 5), mo B
yCiX BHNJKax Bele N0 iX BITHOCHOTO YTOYHEHHS He
3aJIeKHO BiJ peskumy pobotu (puc. 6, 7).
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T, ron Ny, %
2200 - 13 -
2100 - 12 4
2000 - I A
1900 4 10 1
1800 - 2
1700 - N
’;{ -
1600 A
('I -
1500 4
5 -
1400 - 4
1300 3
0:102030405060.7050.3 1 gz, 0.1020304050.6070809 1 y,
PucyHok 4 — @yHkiioHanbHi 3anesxxHocti T (0, Uy) Pucynok 7 — BigHocHe yTouHeHHs KOe]illieHTy HerOTOBHOCTI
U-10-6 paniocTaHLii Bi BpaXyBaHHS BIUIMBY MPUXOBAHHUX NC(EKTiB
600 - 3acTocyBaHHS ~3allPONOHOBAHOTO  yIOCKOHAICHOTO
MeTOAy He MmoTpeOye eKOHOMIYHHX BUTpAT 1 JOTATKOBOL
550 1 MiATOTOBKU TEPCOHATY Ta MOXE OYTH BHKOPHUCTAHO T
Yyac JOCIHITHOI eKCIDTyaTallii mepcrneKTuBHuX 3pa3kiB PE3
pizHOMaHiITHOTO Npr3HaUeHHs. Lle mo3Bomsie 3a0e3neunT
500 - moTpeOM  BUMOT OO  HAMIMHOCTI  BHPOOIB 3
MiHIMaJIFHOIO BapTICTIO IX €IEMEHTIB.
450 - .HepeBarI/I 3aMPOTOHOBAHOIO YIOCKOHATIEHOTO METO/TY
omniHoBaHHA HamiitHOCTI O3C monAraioTh y HaCTyIHOMY:
1) mig yac AOCTIIHOI eKCIuTyarTallii MepCreKTUBHHUX
400 1 3paskie  PE3  MOXIMBO  BCTAaHOBUTH  3HAYCHHS
KoeillieHTYy TpHUXoBaHMX JedeKkTiB, IO BiJACyHE Yy
BiJIOMHX METO/AX;
350 1 2) BUKOPHUCTaHHS ~ [UX  pPE3yJIbTATiB  JIO3BOJISE
YTOYHUTH 3HA4YCHHS IIOKa3HWKIB HaxiitHocti BPO B
300 oMy,
0.10.20304050.60.70.809 1 42 3) AKIIO BOHHM HE 3aJI0BOJIBHAIOTH BHMOTaM, TO

JOLIBHO IABMIIMTH sKiCTh miarnoctuuroro (K K) i
merponoriudoro (p, P(t)) 3abe3rnedeHHs IMiABUIIUTH
Ny % piBeHb kBamigikanii ¢axiBuiB PEMOHTHOTO Opramy (tt)i

11 4 SKIIO LLOI'O HE JIOCTaTHbO — 3aMIiHUTH €JIEMEHTHY 0a3y
Ha Ol HamilHy abo ynockoHamuTH KoHCTpyKuito PE3

Pucynok 5 — @ynkrionanshi 3anexsocti U (o, Up)

10 1 JUIsl 3HWDKEHHS IeperpiBy Hempaitorouoi yactuan bPO i
9 MiJBUINCHHAS CTIHKOCTI J0 MEXaHIYHUX MCPEBAHTAXKCHD
(Ziv Z);
3 4) BUKODHCTAHHS  3alpOMOHOBAHWUX  TPOTIO3MILi
BUKITIOYae cepiiHe BupoOHUNTBO PE3 3 HemocraTHiM
7 4 piBHEM HaIIHHOCTI.
[lepcriekTHBH TOJANBIINX JOCTIIKEHb: TOHAIBIII
6 JOCTI/KEHHS JOIUIFHO HAINPaBUTH HAa YIOCKOHAICHHS

MeTposoriunoro  3abesmedyenns O3C, a came —
OOTPYHTYBaHHS MIiHIMaJIbHO HEOOXITHHX METPOJOTIYHUX
xapaktepuctuk 3BT ans 3a0e3nedeHHs BUMOT IO
MOTOYHOTO PEMOHTY IIiJ Yac CeKCIUTyaTarii i micis
3 KopoTkouyacHoro 30epiranHs PE3 3 Meroro 3HWXEHHS
0.10.2030.405060.70.809 1 p, Baprocti 3BT. Takox JOIUIBHO YIOCKOHATIOBATH

B nmiarHoctnuHe 3abesrmedueHHs O3C mpm  HasgBHOCTI

Pucynok 6 — Bijocue yrounenns HapoOiTKy Ha BitMoBy npuxoBaHuX nedekTiB. Lleli HampsMok He mOTpedye
pa}:[lOCTaHL[ﬁ B1J BpaXyBaHHs BIUIUBY IIPUXOBAHUX I[eq)eKTlB JI0IATKOBHX eKOHOMquHX BI/ITpaT, a H606Xi,[[HI/II71 e(l)eKT
3HIKCHHSI CEPEeIHBOT0 Yacy BiJHOBIICHHS IOCSATAETHCS
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TIIBKM BHKOpPHCTaHHS YAJl croemianpHol ¢opmu i
yciueHol MpoIeaypH MOUIyKY KpaTHUX aedektis [15].
Kpim Toro mnst O3C Benamkoi po3MipHOCTI (HampuKias
armapaTHHUX 3B’s3Ky) MICIIA IX KOPOTKOYACHOTO 30epiraHHs
JIOLJIFHO BHKOPUCTOBYBaTH TPYMOBHHA MOMIYK NEe(EKTiB
Opuraznoro ¢axisiis [15].

BUCHOBKHU

Ha ocHOBi aHamizy ICHYIOYHX METOMIIB OIHKH
3Ha4YeHb NMoka3HukiB HaxiiHocti O3C BCTaHOBIIEHO, IO B
HepoOoUil YacTHHI BUPOOY MOJKIIHBA TI0SBA MPUXOBAHUX
nedekTiB, ame M0 O0CTaBUHY BiOMi pKepena He
BpaxoBytoTh. OTpuMaHi 1 JocmikeHi (YHKIIOHAIBHI
3aJIS)KHOCTI BIUTUBY IPUXOBAHHUX NE(EKTIB HA 3HAUYCHHS
MIOKa3HUKIB HajgiHOCTI, 1o po3soswio no 10-12%
YTOYHHTH  3HAYEHHS  YaCTKOBUX 1  KOMIUIEKCHHX
MMOKAa3HHUKIB  HamiiHocTi. I{i pe3yapTaTé  JOIIIBHO
BHUKOPHCTOBYBATH Micsi OOpOOKM CTAaTHCTHYHHMX IaHUX
IIOZ0 IIOKA3HWKIB HamiHOCTI ImiJg 4Yac JOCHIZHOL
eKCILTyaTallil MepCIeKTUBHHUX 3pa3KiB palioeIeKTPOHHUX
0O3C.

HaykoBa HOBHM3HA OTPUMAaHHX PE3yJbTATIB MOJATAE Y
Ppo3po0Ili HACTYITHUX iHHOBAI[IHUX PIillICHb:

1) Bmepime 3ampOIIOHOBAHO BpPaxyBaTH HASBHICTH
MIPUXOBaHUX Ne(eKTiB B Henpaloodiil gactuai BPO mpu
OLHII 3HAaYeHb MOKa3HUKIB HagitHOoCcTI O3C;

2) BHeplie OTPUMAHO i MOCHI/KEHO (YHKIIOHATBHI
3aJIeKHOCTI BIUIMBY HAsBHOCTI NMPHUXOBaHUX Ae(eKTiB Ha
3HAQUYEHHS YAaCTKOBMX 1 KOMIUIEKCHUX IIOKa3HHUKIB
Haaiitocti O3C;

3) ¢dopmanizoBaHO y BHINISAAI ANTOPUTMY MPOLEC
OLIHKM 3HAYeHb NOKasHMKIB Hagilinocti O3C 3
BpaxyBaHHAM MOXJIUBOCTI ITOSIBU IPUXOBAHUX JE(EKTiB.

[IpakTH4Ha 3HAYUMICTH JOCIHIJDKCHHS TIONSrae B
TOMY, IO II€ AO3BOJIAE Ha €Tami JOCIiAHOI eKCIUTyaTarlil
PE3 3i 3MIHHOIO CTPYKTYpolO 00 €KTHBHO OIIHUTH
BIIMOBIMHICTG PE3yJbTATIB PO3PAXyHKIB HEOOXiTHIM
3HAYCHHSM MMOKA3HUKIB HAIIHHOCTI 3aBISKH BPaXyBaHHIO
HIOSIBU TIPUXOBaHUX JieheKTiB B mpolieci excrutyarartii abo
i/l 4ac KOPOTKOYACHOTO 30epiraHHs.
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ABSTRACT

Context. The main idea is to take into account the possibility of the influence of hidden defects on the reliability of multi-mode radio-
electronic equipment with a variable structure, which do not take into account the known methods for calculating reliability indicators. A
quantitative assessment of the parameter of the failure flow of products is proposed, taking into account the impact of the accumulation of
hidden defects on its value.

Obijective. Improvement of the method for assessing the reliability of objects with a variable structure, taking into account the possibility
of hidden defects when used for their intended purpose in certain operating modes.

Method. The methodology for assessing the values of reliability indicators of complex technical systems is used. The method being
developed is the development of an algorithm for assessing the reliability indicators of multi-mode objects in the direction of taking into
account the possibility of appearance and accumulation of hidden defects in subsets of elements of the object, which are not used when it
operates in separate modes.

Results. Functional dependencies of partial and complex indicators of reliability of multi-mode objects on the accumulation of hidden
defects, which manifest themselves only during maintenance or change of operating modes, are obtained. The solution is formalized in the
form of an algorithm that uses the results of trial operation of products as initial data.

Conclusions. The scientific novelty lies in the development of the following innovative solutions: 1) for the first time it is proposed to
take into account the presence of hidden defects when assessing the reliability of multi-mode objects with a variable structure; 2) for the first
time, functional dependencies of the influence of the presence of hidden defects on the values of partial and complex reliability indicators
were obtained and studied. The practical significance of the results lies in the fact that it allows, at the stage of trial operation of radio-
electronic equipment with a variable structure, to objectively assess the compliance of calculations with the required values of reliability
indicators by taking into account the possibility of hidden defects.

KEYWORDS: assessment of reliability indicators, objects with variable structure, hidden defects.
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ABSTRACT
Context. Microwave stub filters are widely used in radio engineering and telecommunication systems, as well as in technical
information protection systems due to simplicity of design, possibility of realization in microstrip design and manufacturability in
mass production. For synthesis of stub filters nowadays traditional methods based on transformation of low-frequency prototype
filters on LC-elements into filtering structures on elements with distributed parameters are used. The transformations used are
approximate and provide satisfactory results for narrowband stub filters. In this connection there is a necessity in development of
direct synthesis methods for stub filters, excluding various approximations and providing obtaining of amplitude-frequency

characteristics with optimal shape for any bandwidths.

Obijective. The purpose of the study is to develop a method for direct synthesis of stub band-pass filters and low-pass filters with

Chebyshev amplitude-frequency response in the passband.

Method. The procedure of direct synthesis includes the formulation of relations for filter functions of plume structures, selection
of approximating functions of Chebyshev type for filter functions and formation of a system of nonlinear equations for calculation of

parameters of filter elements.

Results. A method for the direct synthesis of stub bandpass and lowpass filters with Chebyshev response is developed.
Conclusions. Scientific novelty of the work consists in the development of a new method of direct synthesis of | stub filters. The
method, in contrast to approximate traditional methods of synthesis of microwave filters, is exact, and the obtained solutions of

synthesis problems are optimal.

The experiments confirmed the performance of the proposed method and the optimality of the obtained solutions. Prospects for
further research suggest adapting the method to the synthesis of filter structures with more complex resonators compared to stubs.
KEYWORDS: synthesis, band-pass filter, low-pass filter, plume, scattering parameters, filter function, approximation.

ABBREVIATIONS
BPF is a band pass filter;
LPF is a low-pass filter;
FF is a filter function;
PB is a passband
SB is a stopband;
AFR is an amplitude-frequency response.

NOMENCLATURE

O is an electric length, rad;

ps is a stub impedance, Q;

p. Is a wave impedance of transmission lines, Q;

po is a port impedance, Q;

R; is a normalized wave impedance;

Sik is a scattering parameter of the filter structure
element;

Sj is a filter scattering parameter;

o is a attenuation, dB;

fo is a center frequency, GHz;

f. is a ripple cutoff frequency, GHz;
T'is a transmission matrix.

INTRODUCTION
Microwave filters are the most important component
of modern microwave systems of information processing,
transmission, reception and protection. Among the
designs of microwave filters a special place is occupied
by stub filter structures, due to the simplicity of their

© Karpukov L. M., Voskoboynyk V. O., Savchenko lu. V., 2024
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structure and the possibility of its realization in planar
microstrip design.

Synthesis of microstrip stub filters is usually carried
out by the traditional method using low-frequency LC-
prototype filters [1-6]. To transform the prototype filter
into a filtering structure composed of elements with
distributed parameters, approximate procedures are used,
which do not provide optimal frequency characteristics of
the filters.

The object of study. The object of research are
procedures and methods of synthesis of filtering
structures on elements with distributed parameters.

The subject of study. The subject of the study is
methods of synthesizing stub filters with Chebyshev
characteristic.

The purpose of the work. Based on the initial data
for the synthesis, including the values of the center
frequency fo, relative bandwidth 2Af/f,, ripple level o, in
the passband and attenuation level oy in the fence band, it
is required to determine the values of the wave
impedances p; of the filter elements, at which the ideal
equal-wave AFR with a given level of ripple is ensured
and the technological requirements for the value of the
wave impedances are fulfilled.

1 PROBLEM STATEMENT
Realization of the method of direct synthesis of stub
filters determines the necessity of development of a
number of computational procedures, providing the

OPEN a ACCESS
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compilation of the transfer function of the filter in a form
convenient for synthesis, selection of the approximating
function for the amplitude-frequency response and
calculation of the parameters of the filter elements on the
basis of the condition of physical realizability.

2 REVIEWS OF THE LITERATURE

The traditional method of synthesizing microwave
stub filters is based on the transformation of a low-pass
prototype filter composed of LC-elements into a structure
consisting of elements with distributed parameters [1-6].
The prototype filter has a ladder structure, characterized
by the cutoff frequency f.=1Hz and g-parameters
representing the values of inductances and capacitances
normalized by the resistance of the loads.

The transition from the low-frequency prototype filter
to the filter, the scheme and values of LC-elements of
which provide the cutoff frequency and bandwidth
required by the synthesis task, is carried out according to
the known formulas of frequency conversion [1-5].

Fulfillment of the requirement for physical
realizability of the filter in the form of a planar structure
is carried out by modifying the prototype filter circuit by
introducing into it inverters that convert branches
included in series into branches included in parallel.

To transform the prototype filter circuit into a filtering
structure on elements with distributed parameters, the
Richards frequency transformation [1-5] is used,
according to which the inductance L is replaced by short-
circuited and capacitance C by open-circuited sections of
the transmission line on the basis of the relations
joL=jQtg(0), joC=jQtg(v), rme Q=tg(®) a frequency
variable introduced by Richards, 6=wl/v— electrical length
of the transmission line segment, | — section length, v —
wave propagation velocity in the line. In turn, the
concentrated LC-resonators are replaced by distributed
resonators by equating their goodness-of-fit or
admeasurement steepness [1-5]. Quarter-wave sections of
transmission lines are used as inverters [1-5]. Equivalent
transformations in the transmission line of serial branches
into parallel ones are realized by means of Kuroda
identities [1-6].

It should be noted that the frequency characteristics of
resonators on short-circuited and open-circuited
transmission line segments approximate with sufficient
accuracy the characteristics of concentrated LC-resonators
only near resonance, while quarter-wave line segments
are characterized by perfect inversion only at the center
frequency corresponding to the 6=rn/2. Thus, the
conventional synthesis procedure is approximated by
matching the performance of the prototype low-pass LC-
filter and the corresponding stub filter in a narrow
frequency band.

In [7-11], digital filters were proposed to be used as
prototype filters for the synthesis of microwave filters.
Type of transfer functions of digital filters Ky(2),
z=exp(jot), composed by means of the discrete Laplace
transform is identical to the representation of transfer
functions of circuits composed of transmission line
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segments of the same length. In [9, 10] the method of
calculation of circuit parameters on commensurate
segments of the transmission line by the function Ky(z)
digital prototype filter [12]. The method includes
selecting a suitable circuit configuration for realizing the
function Ky(z) and compilation of an autoregressive
model for estimating the values of the coefficients of the
transfer function of the circuit by the values of the
coefficients of the function Ky(z) of the prototype filter.
The estimation is performed by the method of least
squares. This synthesis method is an approximation. It
should also be noted that the circuit configuration chosen
for synthesis may not be optimal and may contain
redundant elements in its structure.

Thus, there is a need to develop methods for direct
synthesis of stub filters.

For stub filter structures with Chebyshev characteristic
the method of direct synthesis is proposed in [14, 15]. The
method includes the main stages of classical synthesis of
electric filters [13]: selection of approximating function
for a given filter structure; compilation of Hurwitz
polynomial for physically realizable transfer function;
determination of type and parameters of filter elements by
transfer function. The stage of filter realization in this
method is rather complicated and time-consuming.
Therefore, there is a need to improve the efficiency of this
method by simplifying the computational procedure at the
stage of filter realization.

3 MATERIALS AND METHODS

Fig. 1 shows the investigated filter structures
composed of combinations of quarter-wave stubs with
wave impedance ps and quarter-wave sections of
transmission lines with wave impedance p.. The input and
output ports of the filters have wave impedance po BPFs
use short-circuited stubs, LPFs use open-circuited stubs.
Filter structures have symmetry.

Figure 1 — Stub filter structures
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It is rational to analyze the n-cascade filter structure
using the modified transfer matrix (T-matrix) by the
formulas [14]:

A4

Poy = H Ao,
i=1

@)

o Aizli - A221i
A =5

On the ba5|s of (1) the scattering parameters are
determined §ik = A-k/é filter and its components
Sikn = A’kn/Bn s i,k:1,2.

Let us represent the transfer matrices of the filter

elements as follows:
— for the transmission line segment

A All A21

where A=

sm(e) R2 +1 (R 1)

T.(0) = cos(0) £ ,
(6)=cos() £+ ] R R3—1—(R3+1) 2)

Aoy =1

— for open-circuited stubs

Ts(0) =Ccos(O)E + j sm(e)[l 1}

2R [-1-1 ’ 3
Aoy =cos(0);
— for short-circuited stubs
cos(B)| 1 1
Ts(0)=sin(0)E — j ( )[ 1_1}, @

o1, =sin(6).

Here j:J—_l — imaginary unit, 6 — electrical length of
transmission line segments and stubs, R=p/py -

normalized wave impedance of lines, £ — unit matrix.
Selective properties of the filter are characterized by
its transfer function

1

~ 2
$1(0) =———
S21(0) IR OF ©)

Here F(0) is FF. For symmetric structures it is imaginary

and is defined by the relation:

F(0) = j Ay (0)/ Aoy (0). (6)
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Analysis by formulas (1), (2), (4) of the filter
structures in Fig. 1, consisting of ng closed stubs and n,. of
transmission lines gives the following relation for BPF:

Ay (0)= jsin(8)™y % a, cos(2k0),
= 0

Pos (6) =sin(0)™,

where m=n./2, y=cos(0) at n. even; m=(n.+1)/2, y=1 at n,
odd.
Accordingly, FF for BPF will take the following form:

jyi ay cos(2k6)
_ 8
F(0)= k_Osin(e) ' ?

It should be noted that the function (8) does not
depend on the type of circuits of the structures in Fig. 1,
but is determined by the number of transmission lines in
these structures.

For LPFs whose structures are composed of ns of open
stubs and n, of transmission lines the result of analysis by
(2), (2), (3) is the formula

'811(9) = jsin(e)i ay cos(2k8),
k=0 9)

Ag1 (6) = cos(6)"™,

where m=(ns+n1)/2.
According to (9) FF for LPF will take the following
form:

m
jsin(6) > ay cos(e)2k

F(6) = L
cos()"s

(10)

One of the main tasks of the synthesis is to compose
an approximating function on FF of the investigated
structure, providing the given requirements on AFR of the
filter. For BPF with FF (8) the approximating function
can be a Chebyshev function of the following form

T(6)=ch {nsarch( ctg(6) ]+ n, arch[ cos(9) H , (12)
ctg(0¢) cos(0;)

where 6. — angle at the filter bandwidth boundary in terms
of ripple level.
Let us represent this function as follows:

A (8)+47) (6)
2sin(0)
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where A®) (0) = (%cos(e) = Q(e)j[cos(e) + Q(O)j y

Q(6) =+/cos(0)2/C% -1, S =sin(6,), C =cos(6,).
Ratio (12) can be written in a form similar to FF (8)
m
o, €os(2k6
BkZ:%) k C0s(2k0) (13)
7(8)= =0 ,

sin(0)

where  m=n./2, [3:(303(6)/C"CJrl at n, even;

m=(nc+1)/2, B =0,5/C"*! atn, odd.

Table 1 presents a series of relations for the
coefficients in (13) for a range of values of n..

For LPF with FF (10) the Chebyshev approximating
function can be written in the form

tg(0) sin(6)
—tg(GC)J +n,arch {—sin(ec)H' (14)

T(0)= ch|:n5 arch[

Q(0) = /sin(0)?/s? -1.

Transforming (15), we obtain

sin(e)i oy cos(2k0)

T(0)= k=0 :
©) cos(0)"™

(16)

where m=(ns+n1)/2.
In Table 2, where n=2S"*"s  for a range of values

ne, Ns are presented expressions for the coefficients of the
rows in (16).

The process of filter synthesis begins with determining
the number of elements of the selected circuit on the basis
of the following initial data; f, — center frequency
corresponding to the electric length 0,=n/2; o -
attenuation in terms of ripple level in the passband, dB; f,
— bandwidth limit frequency; o, — attenuation at frequency
fs in the stopband, dB.

The number of elements is determined by the formulas
derived from the approximating functions (13), (16):

— for BPF
Let us represent this function as follows
s
- 1010 —1 ctg(0
A9 (0)+4)(0) 15 arch _arch| <19(%)
= . (15) % ctg(6,)
2cos(6) * 1010 _ 17)
ne = ,
cos(6
sin(6) arch [( S)j
where A®) (6)= [—sm(e) +Q(6)j ( + Q(O)j , cos(,
Table 1 — Coefficients of the Chebyshev function of the stub BPF

N Ns Oo O Og O

1 2 —1+5+252 1+S

2 ; 1425745 1+S

3 i S%+353+25* —-1+5+55%+3s° 1+S

4 f_) 1-25%+25%+45*+3° —2+65%+48° 1+S

5 ‘6" S?+5S%+75*+55°+25° 25%+105°+135*+55° —1+S+7S%+58° 1+S

5
6 1+45%+35°+5*+65°+6S°+S7 2-652+65°+195*+9S° —2+85%+6S° 1+S
7
Table 2 — Coefficients of the Chebyshev function of the stub LPF

Ne Ns Oo o Olg Og
1| 2 —(1+C) (1+C-4CHM —(1+C)’Mm
2 1 (-2+4C%+2C% M -2 (1+C)m
2 | 3 (1+C)2(3-3C-8C2+14C3)/2n (1+C)2 (2-C-4C2-C3)Mm (1+C)3/2n
3 2 (1+C)*(2-4C+C*+4C (1+c)? (3-4C-3CHM (1+C)y°Mm
3 4 (1+C)¥(=7+17C+C?-39C3+48C*/4n — (1+C)*(11-32C+20C%*+16C3)/4n (1+C)4(-5+8C+3C?)/4n — (1+C)*4n
4 3 (-2+7C2-5C*+13C%+20C%+7C") — (1+C)¥(7-18C+6C?+18C3+2C")/21 (1+C)3(-2+3C+2C%Hm - (1+C)%2n
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— for LPF
s
10 _
arch 10 1 —&arch tg(05)
e tg(0.)
1010 —1
Ne = - ) (18)
arch M +arch M
tg(6, sin(0,,

where 0, =nf./2fy, 05 =nfs /2Ty, d==1.

According to the values calculated by (17), (18) n.and
ns=n.+o6 the coefficients of polynomials ay in (13), (16)
are calculated.

Wave impedances of the filter circuit elements are
determined by solving the system of nonlinear equations

ak(R)—gock =0,k=1,..m, (19)

where a,(R) — coefficients of the polynomials in (8), (10);
R — vector formed from the sought wave impedances,

g=y10%/10 _1 _ ripple value in the filter passband.

The system (19) is solved by Newton’s method. At
each iteration the coefficients a((R) are calculated by

decomposition Ay; () =T, (8) from (1) into Fourier
series by cos(2k0). To solve the system (19) can also be
used methods of solving optimization problems with

constraints in case of the need to take into account
technological tolerances on the value of line impedances.

4 EXPERIMENTS

For approbation and substantiation of reliability and
efficiency of the proposed method, the results of synthesis
of broadband BPF and LPF are presented and the
obtained results are compared with the data of
calculations by methods based on prototype filters.

Stub BPF synthesis is performed for the following
data: f,=2 GHz; 0.=0.1 dB (¢=0.1526); =40 dB; f,=3,5
GHz and for two variants of calculation: f,=1.5 GHz at
relative bandwidth 2Af/f,=0.5 (50%) and f.=1.0 GHz, at
24f/f4=1.0 (100%).

For these data, the type and number of elements in the
circuits are determined by (17): for the circuit in Fig. 1a,
four transmission lines are obtained n,=4 and five stubs’
ns=>5; for the scheme in Fig. 1b — n.=4, n=3. For f.=1,5
GHz for the specified filter structures the coefficients of
the rows in (13) took the following values: a=543.100;
764.645; 234.412.

For the circuit in Fig. la the required vector of
normalized resistances is: R=Rs1, Rc1, Rsp, Re, Rz From
the solution of the system (19) we can obtain a number of
normalized values of R, depending on the initial
approximation R,. For example, for the given values of
the coefficients of the polynomial, the following is
obtained:
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— R=0.4889; 1.0160; 0.5417; 1.3839, 0.7353 to an
initial approximation Ry,=0.5;
— R=0.4745; 1.0847; 0.6855; 1.3575, 0.5407 for

Ro=1.0;
— R=0.4471; 1.2613; 1.0229; 1.8692, 0.7695 for
Rok=1.5, k=1,...,5.

For the circuit in Fig. 1, b the required resistances are:
R=Rc1, Rs1, Rea, Rsp. At the initial approximation Ry=0.5
these resistances obtained the following values:
R=0.3301; 0.0378; 0.2412; 0.6866.

By the traditional synthesis method using the formulas
[1, 4] compiled when converting the LC prototype filter to
a stub filter, the calculation for the circuit in Fig. 1a with
the n.=4, n=5 gave the following values for the
resistances: R=0.5674; 0.7732; 0.2883; 0.7175; 0.2931

Fig. 2 shows the AFR BPF in the form of

dependencies Syy (f),q =—20Ig‘§21(f)‘. In this figure

and in the following figures, curve 1 corresponds to the
calculation by the developed method, curve 2 — to the
traditional methods. AFRs in the filter bandwidth are
given in the center of the figures.

S, dB 1 s,2 N

VAY)
30 0,05
\0 v \/
20 15 2,0
1,2 x
10

RN /

1,0 2,0

0,1

/

30 f,GHz
Figure 2 — AFR BPF with relative bandwidths 50%

In Fig. 3 shows the AFRs for fc=1.0 GHz at relative
bandwidth 2Af/f0=1.0. For these data the coefficients of
the rows in (13) took the following values: a=10.6568;
13.6568; 9.6568, For these values from the solution (19)
at initial approximation Ry=0.5 received:

— R=2.4384; 0.7909; 1.4946; 0.6894; 1.0649 for the
scheme in Fig. 1a;

— R=0.5972; 0.6199; 0.3776; 0.500 for the scheme in
Fig. 1b.

Calculation by the traditional method according to
formulas from [1,4] for the scheme in Fig. la gives
R=2.2977;0.7732; 1.1815; 0.7175; 1.2161.
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Figure 3 — AFR BPF with relative bandwidths 100%
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f.GHz

Fig. 4 shows the results of BPF synthesis with relative
bandwidth 2Af/f0=0.4 and attenuation a,=0.5 dB in the
passband. In this figure, curve 2 is plotted based on the
transfer function of the prototype digital filter when the
stub filter structure formed by of eight stubs and seven
transmission lines transmission lines was selected for
synthesis [9]. In the simulation, this structure was
represented by seven sections. Each section consisted of
two stubs connected by a section of transmission line. As
a result of the synthesis, the resistances of the elements of
the sections, represented as follows (ps1, ps2, pe1), took the
following values at port resistance 50 Q: (27.1; 98.6;
49.5), (98.9; 96.3; 89.5), (47.5; 53.7; 92.0), (56.3; 77.1;
64.8), (75.8; 94.0; 31.7), (85.9; 59.9; 27.3) [9].

S2,dB b

30

20

10

0 15 2,0 2,5 f, GHz
Figure 4 — AFR BPF with relative bandwidths 40%

AFR LPF with relative bandwidth 2Af/f,=1.0 ¢ are
shown in Fig. 5.

Sz1,dB 0,1 13/\,/ \\ \ /II\‘[\
) ’ \
i
30 ’ \ '
0,05 / >\ / A m B
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AV VAL L
‘ , 0 fGHz [/
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N
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Figure 5 — AFR LPF with relative bandwidths 100%

f,GHz
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Curve 1 in Fig. 4 corresponds to the calculation
developed by the direct synthesis method for a structure
of five stubs and four transmission lines with normalized
impedances R=0.229; 0.89; 0.334; 1.05; 0.249.

When synthesizing LPF with f;=2 GHz; a.=0.1 dB,
coefficients of the rows in (16) at 2Af/fy=1.0 take the
following values:

— 0=118.1684; -203.4698; 138.4215 -62.9662;
20.5030. for the scheme in Fig. 1a at n.=4, ns=>5;
— 0=142.9481; -246.6830; 166.6154; -75.8302;

24.0208 for the scheme on 1b at n.=5, ny=4.

The corresponding values of resistances obtained from
(29):

— R=0.8417; 1.8135; 0.4828; 1.9622; 0.4622 for the
scheme in Fig. 1a;

— R=1.7378; 0.8095; 2.5761; 0.6376; 2.6621 for the
scheme on 1b.

By the traditional method using Richards transform,
inverters and Kuroda identities it is obtained for scheme
la: R=2.872; 1.5342; 0.6241; 1.837; 0.5063 [1, 6].

Curves 1,3 in the figure are obtained by the developed
synthesis method, curve 1 corresponds to the scheme in
Fig. 1a, curve 3 corresponds to the scheme in Fig. 1b.

5 RESULTS

As follows from Figs. 2—4, curves 1 obtained by the
developed synthesis method have an ideal equal-wave
shape and fully satisfy the synthesis assignment.

AFR BPF of schemes in Fig. 1la and 1b, at equal
number of connecting transmission lines are identical,
their frequency characteristics at n.=4 are presented in
Fig. 2-3 by one curve 1.

The shape of curves 2 in Figs. 2-3, obtained by the
conventional synthesis method according to the low-pass
LC-prototype filter using ideal inverters, does not
correspond to the equal-wave characteristic, and the
attenuation in the passband exceeds the specified value.
The mismatch grows with the increase of the passhand, at
the same time its narrowing occurs.

AFR BPF, presented in Fig. 4, curve 2, is calculated
for the stub filter structure of 15 elements by the transfer
function of the prototype digital filter. This characteristic
does not fully satisfy the conditions of the synthesis task.
These conditions, curve 1, were met when applying the
developed synthesis method to the filter structure with a
much smaller number of elements, equal to 9 elements.

The AFR LPFs in Fig. 4, calculated for the schemes in
Figs. 1a and 1b by the developed method (curves 1 and
3), have an equal-wave shape in the passband, matching
the graphical accuracy. However, outside the passband,
the scheme in Fig. 1a has a higher steepness of the AFR
decay in the fence band.

Curve 2 in Fig. 4, corresponding to the traditional
synthesis method using Kuroda identities, also has an
equal-wave AFR in the passband, but since only stub
resonators were involved in the formation of the AFR,
this characteristic has a smaller number of ripples in the
passband and a much smaller slope steepness in the
obstruction bandwidth.
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6 DISCUSSIONS

The presented calculation results confirm the validity
and efficiency of the developed direct method of loop
filter synthesis. Unlike approximate traditional synthesis
methods, the results of synthesis by the developed method
fully correspond to the technical specification, providing a
strictly equal-wave frequency response with a given level
of ripple in the passhand and a given value of attenuation
in the barrier band for filters with narrow and wide
passbands. It should also be noted that in the developed
method all elements of filtering structures are involved in
the formation of the AFR of filters, so at the stage of
realization of filters their microstrip structures will be
more compact in comparison with the structures realized
according to the results of traditional synthesis
procedures.

From the presented results of synthesis by the
developed method, it follows that the BPF based on the
schemes in Fig. 1a and 1b have matching AFR at the
same number n. of transmission lines. The advantage of
the scheme in Fig. 1b is the smaller number of elements.
However, the values of wave impedances of elements in
this scheme may not meet the conditions of technological
realizability, in particular, for narrowband filters. For
microstrip structures at wave impedance of ports pe=50 Q
the permissible values of wave impedances of lines lie in
the range of 15-150 Q. These conditions are largely
satisfied by the values of the wave impedances of the
elements obtained as a result of synthesis for the circuit in
Fig. 1, a.

Frequency response of the LPF based on the schemes
in Fig. 1a and 1b with the same number of elements have
an equal-wave shape in the passband, which coincides
with the graphical accuracy. As for the fence band, the
AFR of the scheme in Fig. 1a has a steeper decline. This
scheme also corresponds more to the technological
conditions on the realized in the process of synthesis
value of wave impedances of its elements. Thus, when
choosing a scheme for the BPF or LPF, the scheme in Fig.
1a should be preferred.

The proposed method is simple in program
implementation, since the basis of the program algorithm
is formed by known, well-developed computational
procedures from the mathematical support of the Fourier
transform and the solution of systems of nonlinear
equations [16]. If necessary, in the program algorithm at
the stage of parametric optimization, it is easy to add
restrictions on the values of wave impedances of the
elements of the synthesized filter circuits when
composing the target function.

CONCLUSIONS

The actual problem on improvement of design
methods of microwave stub filters is solved.

The scientific novelty. Scientific novelty of the
obtained results consists in the fact that for the first time a
method of direct synthesis is proposed, which allows
obtaining optimal amplitude-frequency characteristics of
stub filters directly from the filtering function by means
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of simple computational procedures of decomposition of
functions into Fourier series and solving systems of
nonlinear equations.

The practical significance. The practical value of the
obtained results consists in the fact that the filter
structures synthesized by the developed method are
optimal both by the number of elements contained in
them and by compliance with the conditions of the
technical task for synthesis. The program realization of
the developed method does not cause difficulties, and its
use in computational experiments requires insignificant
computational and time resources. Application of the
developed method and program in computer-aided design
systems will allow to improve the quality of design
solutions in the synthesis of stub filters.

Prospects forfurther research. Prospects for further
research consist in extending the proposed approach to the
solution of problems of synthesizing a wide range of
diverse filtering structures composed of commensurate
sections of transmission lines.
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ONTUMAJIBHANA CUHTE3 LHLJIEH®HAX MIKPOXBUJIHOBUX ®LILTPIB

Kapnyko JI. M. — n-p TexH. Hayk, mpodecop, mnpodecop kadeapu iHpopmaIliiiHol Oe3NeKr Ta HAHOCICKTPOHIKH
HaunionanbHOro yHiBepcHTETY «3anopi3bKa MONITEXHIKa», M. 3aopixoKs, YKpaiHa.
BockoGoitnnk B. A. — kaHx. TexH. Hayk, AOLEHT, mpodecop Kadeapu iHpopmaiiiiHoi Oe3nekr Ta HAHOCISKTPOHIKH

HauioHnanbHOTro yHiBEpCHTETY «3anopi3bKa MOMITEXHIKa, M. 3amopixoKs, YKpaiHa.
CaBuenko 10. B. — kanza. TexH. HayK, JAOLEHT, JOLEHT Kadenpu KidepOesneku Ta iHPOPMAIIHHUX TEXHOIOTIH YHIBEpPCUTETY
MUTHOI cripaBu Ta ¢inaHcis, M. Hinpo, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. MiKpoXBIIBOBI HITeH(HI QLIBTPH 3HAXOIATH MIMPOKE 3aCTOCYBAHHS B PaiOTEXHIYHUX I TEIEKOMYHIKAIlIHHIX
cUCTEMaX, a TaKOoX Y CHCTEMax TEXHIYHOrO 3aXHUCTy iH(pOpMaiil 3aBASKH IPOCTOTI KOHCTPYKIIi, MOXJIMBOCTI peamizaiii B
MIKPOCMY’>KKOBOMY BHMKOHaHHI Ta TEXHOJOTIYHOCTI MPH MAcOBOMY BHTOTOBJCHHI. [y cuHTe3y nuieiidoBux ¢inbTpiB Hapasi
BUKOPUCTOBYIOTh TPaJMLIiHI METOIH, 3aCHOBaHI Ha MEPETBOPEHHI HU3bKOYACTOTHHX (inbTpiB-mporoTumiB Ha LC-enemenrax Ha
GiTbTpyBaNbHI CTPYKTYpH Ha €JIEMEHTaxX i3 PO3NOAUICHHMH IapaMeTpaMi. BHKOPHUCTOBYBaHI MEpeTBOPEHHS € HaOMMKEHUMH i
3a0e3MeUyOTh 3aJ0BUIBHI PE3yNbTaTh Uil BY3bKOCMYTOBHX IUICH(POBUX (inbTpiB. Y 3B’SA3Ky 3 UM BHHHKAE HEOOXIAHICTH Y
po3poOiieHHi ais niedHNX (QIIBTPIB METOAIB MPSAMOTO CHHTE3y, IO BHUKIIOYAE PI3HOTO pOAYy HAOMIDKEHHSA 1 3abesmedye
OTPUMaHHS aMIUTITy JHO-4aCTOTHHUX XapaKTEPUCTHK 3 ONTHMAIBHOIO (OPMOIO IS Oy Ab-SIKUX CMYT HMPOITYCKaHHS.

Meta. MeToI0 IOCTIDKEHHS € PO3pOOKa METOJy MHPSMOTO CHUHTE3y HIIEH(HUX CMyTrOBO-IPOMYCKHUX (IBTpIiB i (LIBTPIB
HIDKHIX 4aCTOT 13 4YeOUIIEBCHKOI0 aMILTITY IHO-4aCTOTHOIO XapaKTEPHCTHKOIO B CMy3i IIPOITYy CKaHHSI.

Mertopn. Ilporenypa mpsMoro cuUHTe3y MICTHTh y coOi CKIaJaHHs CHIBBIJHOLIEHb Uil (QyHKUiN ¢inbrpauiid nureidornx
CTPYKTYp, MiAOIp anpoKkcuMyBaibHUX (YHKIIN 4eOUIIEBCHKOr0 THITY 1Uisl GyHKUi# (iapTpariil i GopMyBaHHS CHCTEMH HEJIiHIHHUX
PIBHSIHB 17151 OOUHCIICHHS TapaMeTPiB €IEeMEHTIB (QiIbTPIB.

PesyabTat. Po3po0iieHO METOR NPSAMOro CHHTE3y HUICH(HHX CMYTOBO-NPOIYCKHHX 1 (PIIBTPIB HIKHIX 13 4eOHIIEBCHKOIO
XapaKTEePHCTUKOIO.

BucnoBknu. HaykoBa HOBH3HA po0OTH IoJsirae B po3poOJIEHHI HOBOTO METOXY NPSIMOro CHHTe3y Huteiipuux ¢ursTpis. Meron,
Ha BIAMIHY BiJ HaOJIDKCHUX TPaJUNiHHMX METOAIB CHHTE3y MIKPOXBIJIBOBHX (UIBTPIB, € TOUHNM, a OJEPXKyBaHI pO3B’S3KH 3a1ad
CHHTE3y — ONTHMAJIbHUMU.

IIpoBeneHi eKCrepUMEHTH IiATBEPIVIIM IPaNe3aTHICTh MPOIIOHOBAHOTO METOAY M ONTHMAIBHICTh OAEPXKYBaHHX PIllICHb.
IepcrieKTHBY MOJANBLUIMX JOCII/KEHb Mepe0avaroTh afaNnTalilo METOAy Ha CHHTE3 (DinbTpyBalbHUX CTPYKTYD 31 CKIaIHIIIUMHU
MOPIBHSHO 3i nutelihaMu pe3oHaTopamu.

KJIFOYOBI CJIOBA: cuHTE3, CMYroBO-POIyCKHUH QiIbTp, GUIBTp HIKHIX YacTOT, IUIEH(, mapaMeTpu pO3CirOBaHHS,
¢$yHKUIsA QinpTpamii, ampoKcuMaItis.
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ABSTRACT

Context. One of the methods of solving the actual scientific and technical problem of reducing the maximum level of side lobes
of autocorrelation functions of radar signals is the use of nonlinear-frequency modulated signals. This rounds the signal spectrum,
which is equivalent to the weight (window) processing of the signal in the time do-main and can be used in conjunction with it.

A number of studies of signals with non-linear frequency modulation, which include linearly-frequency modulated fragments, in-
dicate that distortions of their frequency-phase structure occur at the junction of the fragments. These distortions, depending on the
type of mathematical model of the signal — the current or shifted time, cause in the generated signal, respectively, a jump in the in-
stantaneous frequency and the instantaneous phase or only the phase. The paper shows that jumps occur at the moments when the
value of the derivative of the instantaneous phase changes at the end of the linearly-frequency modulated fragment. The instantane-
ous signal frequency, which is the first derivative of the instantaneous phase, has an interpretation of the rotation speed of the signal
vector on the complex plane. The second derivative of the instantaneous phase of the signal is understood as the frequency modula-
tion rate.

Distortion of these components leads to the appearance of an additional component in the linear term of the instantaneous phase,
starting with the second fragment. Disregarding these frequency-phase (or only phase) distortions causes distortion of the spectrum of
the resulting signal and, as a rule, leads to an increase in the maxi-mum level of the side lobes of its autocorrelation function. The
features of using fragments with frequency modulation laws in complex signals, which have different numbers of derivatives of the
instantaneous phase of the signal, were not considered in the known works, therefore this article is devoted to this issue.

Obijective. The aim of the work is to develop a mathematical model of the current time of two-fragment nonlinear-frequency
modulated signals with a sequential combination of linear-frequency and quadratically modulated fragments, which provides round-
ing of the signal spectrum in the region of high frequencies and reducing the maximum level of side lobes of the autocorrelation
function and increasing the speed of its descent.

Method. Nonlinear-frequency modulated signals consisting of linearly-frequency and quadratically modulated fragments were
studied in the work. Using differential analysis, the degree of influence of the highest derivative of the instantaneous phase on the
frequency-phase structure of the signal was determined. Its changes were evaluated using time and spectral correlation analysis
methods. The parameters of the resulting signal evaluated are phase and frequency jumps at the junction of fragments, the shape of
the spectrum, the maximum level of the side lobes of the autocorrelation function and the speed of their descent.

Results. The article has further developed the theory of synthesis of nonlinear-frequency modulated signals. The theoretical con-
tribution is to determine a new mechanism for the manifestation of frequency-phase distortion at the junction of fragments and its
mathematical description. It was found that when switching from a linearly-frequency modulated fragment to a quadratically modu-
lated frequency-phase distortion of the resulting signal, the third derivative of the instantaneous phase becomes, which, by analogy
with the theory of motion of physical bodies, is an acceleration of frequency modulation. The presence of this derivative leads to the
appearance of new components in the expression of the instantaneous frequency and phase of the signal. The compensation of these
distortions provides a decrease in the maximum level of the side lobes by 5 dB and an increase in its descent rate by 8 dB/deck for
the considered version of the non-linear-frequency modulated signal.

Conclusions. A new mathematical model of the current time has been developed for calculating the values of the instantaneous
phase of a nonlinear-frequency modulated signal, the first fragment of which has linear, and the second — quadratic frequency modu-
lation. The difference between this model and the known ones is the introduction of new components that provide compensation for
frequency-phase distortions at the junction of fragments and in a fragment with quadratic frequency modulation. The obtained oscil-
logram, spectrum and autocorrelation function of one of the synthesized two-fragment signals correspond to the theoretical form,
which indicates the adequacy and reliability of the proposed mathematical model.

KEYWORDS: mathematical model; linear and quadratic frequency modulation; maximum level of side lobes.

ABBREVIATIONS MOP is a modulation on pulse or internal pulse fre-
ACF is an autocorrelation function; quency modulation;
SL is a side lobe; WP is a weight processing;
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ML is a main lobe;

RCS is a radar cross section;

QFM is a quadratic frequency modulation;
RSFM is a root-square frequency modulation;
LFM is a linear frequency modulation;

MM is a mathematical model;

MPSLL is a maximum peak side lobe level;
NLFM is a non-linear frequency modulation;
FMA is a frequency modulation acceleration;
PSLL is a peak side lobe level,

FM is a frequency modulation;

FMR is a frequency modulation rate.

NOMENCLATURE
C, is a integration constant;
F(-) is a functional dependency;

fo is ainitial signal frequency, Hz;
fn(t) is a instantaneous frequency n-th fragment

NLFM, Hz;

n=1, 2 is a serial number signal fragment LFM;

tis a current time, s;

T, isaduration of the n-th signal fragment NLFM, s;

o, isa FMA n-th signal fragment NLFM, Hz/s?;
B, isaFMR n-th signal fragment NLFM, Hz/s;
Af,, is a frequency deviation of the n-th signal frag-

ment NLFM, Hz;
8f1o is a frequency jump when moving from 1-th

signal fragment NLFM to 2-th, Hz;
8¢y, is a phase jump when moving from 1-th o 2-th

signal fragment NLFM, rad;
¢(t) is a instantaneous phase of synthesized NLFM,

rad;
on(t) is a instantaneous phase n-th signal fragment

NLFM, rad.

INTRODUCTION

Modern methods and means of digital synthesis of ra-
dar signals open wide prospects for the formation of prob-
ing signals with improved spectral characteristics and
correlation properties [1-7].

The combination of signals with different MOP laws
and the synthesis of new types of signals of this type was
restrained by the insufficient depth of the theoretical
analysis of processes occurring at the moments of change
of the FM law.

In works [8-10] on the example of NLFM signals
with LFM fragments it is shown that frequency and phase
jumps occur at their joints or only phases depending on
the time representation of MM — in the current or shifted
time. Approximation of the FM law to the S-shape pro-
vides a smoother rounding of the signal spectrum, which
helps to reduce MPSLL. To achieve this, the authors [11-
16] combined LFM with non-linear MOP in the lower and
upper frequency regions of the NLFM signal. This
method reduces MPSLL only for a limited number of
parameter sets.
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During the studies, it was found that frequency and
phase jumps at the junction of LFM and QFM fragments
were not previously considered and did not have a formal-
ized description. The presence of such frequency-phase
distortions leads to distortions in the temporal and spectral
structure of the signal.

The development of an MM signal of the LFM-QFM
type for the current time, which allows to take into ac-
count a new source of frequency-phase jumps and deter-
mine the consequences of these jumps, is devoted to this
article. Such an MM two-fragment NLFM signal is se-
lected to provide better visibility of the studies and their
illustrative nature.

The object of study is the process of synthesis and
optimal processing of two-fragment NLFM signals.

The subject of study is the NLFM MM signal, the
first fragment of which has LFM, and the second — QFM.

The known sampling methods [2-23] are highly itera-
tive and low speed, as well as characterized by the uncer-
tainty of quality criteria of formed subsample.

The purpose of the work is to develop MM of the
current time of two-phase NLFM signals with frequency-
phase distortion compensation for the case when the first
fragment has LFM, and the second — QFM. This rounds
the signal spectrum in the high frequency region, thereby
reducing MPSLL and increasing its decay rate.

1 PROBLEM STATEMENT

For further presentation of the material, we justify the
feasibility of using the concepts of FMR and FMA. Ac-
cording to the general theory of radio oscillations, the full
foray of the signal phase is interpreted as the area under
the signal curve, and therefore the first derivative of the
instantaneous phase is interpreted as the path that passes
the end of the phase vector and this derivative is called
the signal frequency. In the theory of motion of physical
bodies, the derivative of the path is the speed, and in the
presence of frequency modulation for the derivative of the
frequency, the use of the concept of FMR instead of “scan
speed”, which is reasonably used in the English literature,
is justified. Since the derivative of the velocity of the
body is acceleration, then in the work we will use the
concept of FMA.

As the initial, we will use the known MM of the cur-
rent time of the NLFM signal consisting of two LFM
fragments with compensation of frequency and phase
jumps at their junction for the increasing law of frequency
change [10]:

f0t+ }O<t£T1;

o))

2
fo 6f21 t+ Tt} 6([)12, Tl <t< T12,
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Input parameters of MM are fy, T, , Af, . Based
on its output parameter ¢(t) the values of the instantane-

ous amplitude of the NLFM signal, its spectrum and ACF
are calculated from the known relations [1, 2].

2 REVIEW OF THE LITERATURE

The analysis of the studies indicates the widespread
use of NLFM signals in various fields of technology [1, 2,
8-19], in particular, radar, sonar, flaw detection, lidar
systems, communications, etc. NLFM signals in compari-
son with LFM signals reduce MPSLL while providing the
required range, range measurement accuracy and Doppler
frequency shift [11-23].

Many researchers note that there is a potential to fur-
ther improve the achievable characteristics of NLFM sig-
nals due to the structural-parametric optimization of their
frequency-time parameters, which can be carried out us-
ing the selection method, gradient methods and methods
of evolutionary optimization [24-35].

So, in [36], the use of the NLFM signal in a combined
system is considered, which involves the simultaneous
use of a dedicated frequency range for sensing airspace
and communication. The NLFM signal is described as a
pulse whose phase change occurs according to a second-
order polynomial law. Signal parameters are optimized by
selecting phase polynomial coefficients in order to mini-
mize MPSLL. It is noted that the NLFM signal allows
you to get better performance by measuring the range and
speed of the target compared to the LFM signal and LFM
signal with additional weight processing.

In [37], the use of an NLFM signal with a quadratic
frequency function is considered in relation to the prob-
lem of ultrasonic diagnosis of defects. The results of the
experiment showed that the selected NLFM signal pro-
vides an optimal ratio of the level of the side lobes and the
width of the main lobe of the ACF.

In [38] discusses a hyperbolic frequency modulation
signal that is insensitive to Doppler frequency shift. The
final parameters of the NLFM signal are obtained using
the method of iterative optimization, which is based on
the selection of parameters, namely the central frequency
and the spectrum width of their sequence.

Various approximations of FM functions (or instanta-
neous phase changes) are used to conveniently record
NLFM MM signals. In [39] discloses a method for de-
scribing an NLFM signal based on the use of a stepwise
approximation of a phase curve of a hyperbolic frequency
modulated signal. To reduce MPSLL simultaneously with
the selection of approximation parameters, window proc-
essing is used.

A similar approach is used in the study [40] in relation
to magnetic-acoustic-electric tomography. A piecewise
linear FM function is used, the parameters of which are
optimized based on a genetic algorithm.

Another method for reducing MPSLL is based on the
synthesis of signals with the desired spectral characteris-
tics, for example, in [41] it is proposed to apply a modi-
fied Chebyshev window function to adjust the spectral
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power density of the signal, which ensures the reduction
of MPSLL without high computational complexity.

Reduction of MPSLL can be achieved by synthesizing
a new type of signal, as described in [10]. The authors
proposed a two-fragment NLFM signal, the first fragment
of which has QFM.

3 MATERIALS AND METHODS
We will carry out the development of the MM two-
fragment NLFM signal, which consists of LFM and QFM
fragments, that is, for the first fragment, the signal fre-
quency changes along the linear. fi(t)=F(t), for the

second — according to the quadratic law f, (t) = F (t?) .

If the instantaneous frequency of the second portion
of the NLFM signal changes in a quadratic law, then the
FMR changes linearly in time. For the instantaneous
phase, we apply the concept of FMA, which in this case is
a constant value:

d30, (1)
ar == 5 @

Accordingly, the instantaneous frequency of the sec-
ond fragment:

f2 (t) = fo + [31T1 + .”(detz =
t

2 T2 ©))
= fo +BlT1+Q,2 ?—Tlt-f-% .

The resulting expression (3) contains the integration
constant, which we find by the relation:

T2
C]_: fo +B1T1+(Xz%.

Determination of the integration constant is manda-
tory, since its third component is actually equal to the
frequency jump at the junction of the NLFM signal frag-
ments.

In the next step, by integrating (3), we find the in-
stantaneous phase of the second fragment.

3 2 3

t T T T
Qo (t) =2m| (fg +P t+a ———lt2+—l t——l . 4
2() {(0 11) 2[6 2 2 GJ‘| ()

FMA o, is determined using MM input data (1).
Based on the fact that:

- FMA a, define as:
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2 )

Ao =

The value (5) is calculated for all expressions.
The considered MM (1) does not take into account
the appearance of FMA o, at the junction of fragments

and its influence on the change in the frequency-time
characteristics of the second fragment.

To simplify mathematical expressions, we apply
symbols similar to those used in (1):

QP =0 =0T (6)

Frequency jump (6) causes instantaneous phase jump
at fragment junction:

T3
8(\012 = 27'50!,2 % (7)

Like (1) and using (6), (7) we obtain the MM of the
current time for the instantaneous phase of the NLFM
signal as part of the first LFM and second QFM frag-
ments:

2
27'E|: f0t+B%:|, 0<t STI

o(t) =

at?(t—3T,
27{( fo +B1Ty — 8fyp Jt+ %:l —8¢12, (®)

The synthesized MM (8) provides finding the instan-
taneous phase of the NLFM signal in the current time for
the case when the first fragment has LFM and the second
QFM. This MM implements an increasing law of fre-
quency change, compensates for phase and frequency
jumps at the junction of fragments due to the presence of
FMA.

4 EXPERIMENTS

The operability test of the proposed MM two-segment
NLFM signals with the first LFM and the second QFM
fragments was carried out in the MATLAB software envi-
ronment.

For experimental studies, the frequency-time parame-
ters of signals that provide observation of their fine struc-
ture, namely, instantaneous phase jumps and frequency in
oscillograms, were chosen; the nature and number of pul-
sations of the top of the spectrum, the presence of pulsa-
tions on its slopes; MPSLL, the nature of the change in
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frequency and shape of the SL, the shape and width of the
ML ACF.

Fine structure analysis was performed based on the
following patterns. The number of ripples of the top of the
spectrum and the ripples of the ACF are proportional to
the product of the signal deviation by its duration and
their values allow us to assess the correspondence of the
obtained graphic material to the given parameters. Spec-
trum breaks, a sharp change in the frequency of pulsations
SL ACF and oscillation on the oscillogram indicate the
presence of jumps in the instantaneous frequency of the
signal. Violation of the oscillogram smoothness, dips in
the spectrum, pulsations of its side slopes, changes in the
level of SL ACF are a sign of the presence of instantane-
ous phase jumps of radio frequency oscillations [8, 9].

Based on the results of the fine structure analysis, it
is concluded that the obtained results correspond to the
specified input parameters of the MM, the adequacy of
its work and the reliability of the obtained results.

At the first stage of experimental studies, one-
fragment (LFM, QFM) and two-fragment (LFM-LFM,
LFM-QFM) signals are compared with equivalent initial
frequency, frequency deviation and duration.

Comparative analysis was carried out based on the re-
sults of the obtained MRLSS values, its decay rate and
width ML ACF of the generated signal at the level of
0.707 of its maximum value.

To determine the advantages of the proposed signal, a
group of five LFM-QFM signals was investigated. Since
the frequency-time parameters of this group of signals
differ, the width of the ML ACF was not measured.

5 RESULTS
The results of modelling single-fragment LFM, QFM
and two-fragment LFM-LFM, LFM-QFM signals with
equivalent frequency-time parameters are summarized in
Table 1.

Table 1 — Results of experimental studies of single-fragment and
two-fragment signals

Kindof | 7w | To | A | Af,. | mpsL. |Rapid decline.| ML

sign ps | ps | kHz | kHz dB SLL. ACF.

’ dB/dec us

LFM 120| - | 500 - -13.47 19.75 1.77

QFM 120 — | 500 = -9.08 16.70 1.73

LFM-LFM | 20 [100| 150 | 350 | -18.15 16.0 1.98
LMF-

OFM 60 | 60 | 100 | 400 | -19.16 25.0 217

Analysis of the results of Table 1 indicates that the
single-fragment QFM signal has no advantages over the
LFM signal. But its useful property is the rounding of the
spectrum in the high frequency region.

The above shows Fig. 1 and Fig. 2, which show the
spectrum of LFM (Fig. 1a) and QFM (Fig. 2a) signals.
The corresponding ACFs are shown in Figure 1b and Fig-
ure 2b.
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a —spectrum, b — ACF

With regard to two-fragment signals, it should be
noted that the main advantage of an NLFM signal with a
QFM fragment is a decrease in MPSLL and an increase in
the ML ACF decay rate.

The proposed LFM-QFM signal among those shown
in Table 1 has the lowest MRSLL, in addition, the width
ML of its ACF at the level of 0.707 decreased by 7.5% in
relation to the LFM-LFM signal, this leads to an im-
provement in the range distinguishing ability.

Table 2 shows the results of modelling LFM-QFM
signals (8) with different values of time-frequency pa-
rameters and corresponding estimates of the obtained in-
dicators.

Table 2 — Results of experimental studies of two-fragment
LFM-QFM signals

Rapid de-

No.| T | T |y kiiz | afkiiz| MPSE | climesiL
s | s dB dB/dec
T ] 60 | 60 | 100 | 350 | —19.42 250
2.1 60 | 60 | 100 | 500 | —20.0 26.0
3. 60 | 60 | 100 | 600 | —20.46 27.0
2. ] 80 | 80 | 100 | 600 | 2003 28.0
5.1 9 | 9 | 100 | 650 | —20.41 29.0

Analysis of the results of Table 2 indicates that the use
of the proposed signal provides a decrease in MPLSS
(over 2 dB) compared to the LFM-LFM signal. With an
increase in the QFM fragment deviation relative to the
LFM fragment deviation, with a simultaneous increase in
their duration, an increase in MPSLL (by about 1 dB) and
an increase in the SL ACF decay rate (by 6 dB/dec) are
observed.

Analysis of the fine structure of the LFM-QFM signal
with the parameters of Table 1, namely, the frequency
change graph, oscillogram, spectrum and ACF shown in
Fig. 3, indicates their compliance with the input MM data.

There are no jumps in the instantaneous frequency and
phase of the signal at the junction of the fragments, which
is confirmed by the appearance of the oscillogram and the
signal spectrum. This is evidence that the created MM
adequately reproduces the physical processes that occur
during the synthesis of LFM-QFM signals and compen-
sates for the manifestations of the action of frequency-
phase distortion sources.

It is determined experimentally that stable operation of

MM (8) is provided by the ratio of duration of LFM and
QFM fragments 1:1 with the step of changing the parame-
ter 20, 30 units. In this case, the frequency deviation can
change in increments of 50, 100 units. In the case of
equality of frequency deviations of fragments or when the
deviation of the LFM fragment is greater, the resulting
NLFM signal in its properties approaches the usual LFM
signal, which is natural.
Note the peculiarity of the shape of the ACF LFM-QFM
signal (Fig. 3g) in comparison with the LFM-LFM (Fig.
4), which must be taken into account, in particular in ra-
dar applications.

OPEN a ACCESS




p-ISSN 1607-3274 PanioenektpoHnika, indpopmatrka, ynpasninns. 2024. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 2

Frequency, MHz

0,5

20 40 60 80 100 120
Time, ps

0 20 40 60 100 1
Time, us

1 Normalized spectrum

I
|
08 i
0.6

0.4 |

0.2 |

1 05 0 05 01 15
Frequency, MHz

0 ' I
-10 s
220 1

-30 ot ] H

v i
I |||' il |-|"|

- |lf| | | |

-5000 0
Time sample number
d
Figure 3 — Signal from LFM-QFM: a — frequency change plot, b
— oscillogram, ¢ — spectrum, d — ACF

Autocorrelation function, dB
0 . )

10 ‘I
|
-20 1 |r|I

-30 ﬁl |

“ MI"N

-5000

-||,

0

Time sample number

Figure 4 — ACF signal type LFM-LFM

© Kostyria O. O., Hryzo A. A., Khudov H. V., Dodukh O. M., Solomonenko Y. S., 2024

DOI 10.15588/1607-3274-2024-2-3

As a result of the merger of ML with near SL, the
form of ACF is distorted, at a level of about —10 dB a
“pedestal” appears. This form of ACF leads to an increase
in the level of the interference background in the presence
of long-range interference.

6 DISCUSSION

In works [8, 9], to determine the magnitude of instan-
taneous phase hopping at the junction of fragments of the
NLFM signal, the difference between its value at the be-
ginning of the next fragment and the final value of the
previous one was calculated. In this study, a more general
approach was used to find analytical expressions of the
magnitude of frequency-phase distortions in multifrag-
ment NLFM signals, which is based on the calculation of
derivatives of the instantaneous phase function of frag-
ments. In this case, the instantaneous frequency (phase)
function must have a finite number of derivatives. From
this follows the limitation of the list of types of frequency
(phase) modulation functions of each of the individual
fragments, which is a disadvantage of this approach. De-
spite this limitation, the application of the proposed ap-
proach allowed to substantiate the cause of distortion of
the frequency-phase structure at the joints of multifrag-
ment NLFM signals. Such a reason is a change in the
value of the highest derivative of the instantaneous phase
function for fragments with the same FM laws, the ap-
pearance of new or possibly the disappearance of existing
derivatives if the FM laws of neighboring fragments dif-
fer. Thus, the feasibility of further studies is seen, the ef-
fect of the disappearance of the existing derivative of the
instantaneous phase during the transition to the next
fragment on the frequency-phase structure of the resulting
signal.

CONCLUSIONS

Scientific novelty. According to the results of the
studies, the theory of synthesis of two-fragment signals
from NLFM has been developed for the case when the
instantaneous phase of one of the signal fragments has the
oldest third derivative, and for the other fragment the de-
rivative of the instantaneous phase is limited to the second
order. In this case, the source of frequency-phase distor-
tion at the junction of the NLFM signal fragments is FMA
(the third derivative of the instantaneous phase).

A new MM NLFM signal of the LFM-QFM type has
been developed in the current time, the difference of
which is the introduction of an additionals components of
the linear and gadratic change in the instantaneous phase
of the QFM fragment.

For the synthesized NLFM signal, in comparison with
the LFM-LFM signal, the MPSLL value decreased by 2
dB, and its decay rate increased by 9 dB/dec. For the con-
sidered group of five such NLFM signals, the MRSLL
level varies from -19.12 dB to —20.46 dB, which for two-
fragment signals is quite high compared to, for example,
[11].

The SLL decay rate of their ACF is within 25 dB/dec
— 29 dB/dec, which also exceeds the value of this parame-
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ter for [11], based on the assessment of the given graphic
material.

The frequency change graph, oscillogram, spectrum
and ACF of the synthesized LFM-QFM signal correspond
to the theory and the given parameters, indicating the ab-
sence of frequency-phase distortion, which indicates the
reliability and adequacy of the developed MM.

The practical significance of the obtained results lies
in the possibility of using the proposed approach to the
analysis and synthesis on its basis of a wide range of
NLFM signals for use as probing in radar devices for
various purposes. Experimentally obtained versions of the
values of the frequency-time parameters of LFM-QFM
signals make it possible to use them in radio electronic
systems, in which the value of the range discriminating
ability is determining, and passive interference is either
absent or their influence can be neglected.

Prospects for further research. In the future, it is
planned, using the developed approach, to synthesize MM
three-fragment NLFM signals with the resulting FM law
close to S-shaped.
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AHOTAIIA

AxTyanbHicTs. OZHUM 3 METOJIB BUPIIICHHS aKTyaJlbHOI HAYKOBO-TEXHIYHOI 3aa4l 3HIDKCHHS MAaKCHMAIIBHOTO PiBHS OIYHHX
METIOCTOK aBTOKOPENAIIMHNX (DYHKIIN paaioIoOKaliiHUX CUTHATIB € 3aCTOCYBaHHS HENIHIHHO-YaCTOTHO MOJYJBOBAHMX CHTHAIB.
e 3abe3reuye OKpyIJIEHHS CIEKTPY CHIHAILY, IO €KBIBaJEHTHO BaroBii (BikOHHII) 00poOLi cUTHAYy y 4acoBiii 00JacTi Ta MOxKe
BHUKOPUCTOBYBATHCS CIIUIBHO 3 HEro. Psii MOCIIKeHb CUTHAMIB 3 HENiHIHHOK YaCTOTHOI MOIYJIALIEIO, SIKi MAIOTh y CBOEMY CKJIa/i
JiHIHO-4aCTOTHO MOAYJbOBaHi ()pParMEeHTH, CBIIYMTH, 10 HAa CTHKY (parMeHTIB BHHHKAIOTh CIIOTBOPEHHS iX 4acTOTHO-(ha30BOl
CTpYKTypH. Li CIOTBOpEHHS, Y 3aJI€)KHOCTI BiJ THUIy MaTeMaTHYHOT MO CUTHAILY — IIOTOYHOTO a00 3CyHYTOTO Yacy, BUKIHKAIOTh
y cpOpMOBaHOMY CHTHAJIi BiATIOBITHO CTPHOOK MUTTEBOI YaCTOTH Ta MUTTEBOI (ha3u a00 TITBKH Pa3u. Y poOOTi MoKa3aHo, M0 CTPH-
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OKM BHHUKAIOTh Y MOMEHTH 3MiHH 3HaYeHHS MOXITHOI MUTTEBOI (ha3y 110 3aKiHUCHHI JIIHIHHO-4aCTOTHO MOYJIHOBAHOTO (DParMeHTy.
MuTTeBa YacTOTa CUTHAILY, SIKa € MEPIIOI0 MOXiTHOI MUTTEBOT (ha3n, Mae TIyMadyeHHs MIBUAKOCTI 00epTaHHS BEKTOPY CHTHAITy Ha
KOMIUIEKCHi# 1utomuHi. J[pyra nmoxiaHa MUTTEBOI (a3 CUTHATY PO3yMIEThCS K MIBUIKICTD 4acTOTHOT MOy isiii. CIIOTBOPEHHS IIUX
KOMIOHEHT IPU3BOAUTH [0 TOSBH JOJATKOBOI CKJIAJOBOI Y JiHIHHOMY WieHi MUTTEBOI (a3u, MOYMHAIOYM 3 JAPYroro (parMeHty.
HeBpaxyBaHHS BKa3aHMX 4acTOTHO-(a30Bux (abo TiAbKH (ha30BHX) CIIOTBOPSHb BHKIMKAE BUKPHBIICHHS CIEKTPY PE3yJBTYIOUOTO
CUTHAJTY 1, IK IPaBIJIO, IPU3BOJHUTH JI0 3pOCTaHHS MaKCHUMAJIFHOTO PiBHSA O1YHUX METIOCTOK HOTo aBTOKOpeALiiHo1l GyHKIil. Ocob-
JIUBOCTI 3aCTOCYBaHHS y CKJIaTHHX CHUTHANaX ()parMeHTIiB 3 3aKOHAMH YaCTOTHOI MOIYJISLIi, SIKi MalOTh Pi3HY KUTBKICTH IMOXiTHUX
MHTTEBOI (ha3u CHrHATY, Y BITOMHX pOOOTaxX HE PO3IJISAANICS, TOMY JaHy CTAaTTIO IPHCBSYCHO [[bOMY MTHTAHHIO.

Merta po6oTu — po3pobKka MaTeMaTHYHOT MOZEIIi TOTOYHOTO Yacy JBOGPArMEHTHHX HENiHIHHO-4aCTOTHO MOMYJIbOBAaHUX CHIHA-
JIiB 3 MOCTIZIOBHUM IO€THAHHSM JIiHIHHO-YaCTOTHO Ta KBaJpaTHYHO MOAYJIHOBAHUX (hparMeHTiB, 0 3abe3nedye OKPYIIeHHS CIIeKT-
py curHaiy B 0ONacTi BEpXHIX YacTOT Ta 3HIDKEHHS MaKCHMAaJIBHOTO PiBHS OIYHMX IEIIOCTOK aBTOKOpeIsiiiHol (yHKIT i 30116-
ILICHHS IBUAKOCTI HOro crajaHHs.

Metoa. Y poboti JociiKyBanucs HeNiHIHHO-YaCTOTHO MOJYJIbOBaHI CHIHAIH, SIKi CKJIAJAIOThCS 3 JIIHIHHO-4aCTOTHO Ta KBaj-
paTHYHO MOIYJTHOBAHOTO (pparMeHTiB. 3a JONMOMOrOK AW(PEPEHLIHHOTO aHaNli3y BH3HAYaBCS CTYIIHb BIUIMBY CTapHIOl MOXiZHOL
MUTTEBOT (pa3y Ha YAaCTOTHO-(ha30By CTPYKTypy CHTHANY. [i 3MiHM OIiHIOBAJIHCS 33 JOMOMOTOI0 METOJIIB YaCOBOTO Ta CIIEKTPAILHO-
KOpeIsniifHoOro aHanizy. [Ioka3HUKH pe3yIbTyI09oro CHTHAILY, IO OIIHIOBAJIHCS, — CTPHOKH (ha3H Ta YaCTOTH Ha CTUKY (parMeHTiB,
(dopMa creKkTpy, MaKCUMaJIbHUH PiBEeHb OIYHHX HETIOCTOK aBTOKOPEISIIHHOT (QyHKINT Ta MIBUIKICTE 1X CIaJaHHS.

Pe3yabsTaTn. B crarTi oTprMaina nojaibimii pO3BUTOK TEOPisl CHHTE3y HEJiHIHO-4aCTOTHO MOJYJIbOBAaHUX CHIHAIIB. Teoperu-
YHUI BHECOK MOJISITa€ y BU3HAYCHHI HOBOT'O MEXaHi3My IIPOSIBIB YaCTOTHO-()a30BHUX CIOTBOPEHb HA CTHKY ()parMeHTIiB Ta HOro ma-
TeMaTU4HHUI onuc. BCTaHOBICHO, IO NP MEPeXo/i Bif JiHIHO-4aCTOTHO MOYJIbOBAHOTO ()ParMeHTy 10 KBAJPATUYHO MOIYJIBO-
BAHOT'O IEPIIOKEPETIOM YaCTOTHO-(A30BUX CHOTBOPEHb PE3YJIbTYIOYOr0 CUrHAY CTa€ TPETs MOXiAHa MUTTEBOI a3y, sKa 3a aHa-
JIOTI€I0 3 TEOPi€I0 PyXy (PI3MYHUX TiN € MPUCKOPEHHIM YacTOTHOI MOAyILii. HasBHICTH 1i€l mMOXinHOT MPU3BOAUTH IO MOSBU HOBUX
CKJIaJIOBUX y BHpa3i MUTTEBOI 4acToTH Ta (ha3u curHaidy. KoMImeHcalliss IUX CIIOTBOPEHb 3a0e3Meuye 3HWKEHHS MaKCHMAaJIbHOTO
piBHs GiYHHMX METIOCTOK Ha 5 1B Ta 30LNbIICHHS MBHUAKOCTI iforo cramaHHs Ha 8 nb/mek I PO3rISIHYTOro BapiaHTy HeEiHiHHO-
YaCTOTHO MOJIyJIbOBaHOT'O CHI'HAILY.

BucnoBkn. Po3po0ieHO HOBY MaTeMaTHyHy MOJEIb MOTOYHOTO 4acy AJIsl PO3paxyHKy 3HaueHb MUTTEBOI a3y HeliHiHHO-
YaCcTOTHO MOJIYJIbOBAHOTO CUTHAITY, HEPLIM (parMeHT SIKOro Mae JIiHiKHY, a APyTui — KBaJpaTHYHy 4acTOTHY MOJIYJILit0. Binmin-
HICTIO i€l MOJeNi Bil BiJOMHX € BBEACHHS HOBUX CKJIAIOBHX, sKi 320€3MeUyI0Th KOMIIEHCAL[II0 YaCTOTHO-(a30BHX CIIOTBOPEHb HA
CTUKY ()parMeHTiB Ta y parMeHTi 3 KBaJpaTHIHOIO YaCTOTHOIO MOy riiero. OTprMaHi OCLMIOrpamMa, CIIeKTp Ta aBTOKOPEALiiHa
(yHKLIS OJJHOTO 3 CHHTE30BaHUX ABOQPArMEHTHUX CHTHAJIB BIAMOBIAAIOTH TEOPETHYHOMY BHUIIIAY, IO CBIAYHUTH PO a/IeKBAaTHICTh
Ta TOCTOBIPHICTH 3aIIPOIIOHOBAHOT MaTEMAaTHYHOT MOJIEI.
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MATEMATHUYHE
TA KOMIT'IOTEPHE MOJIEJIIOBAHHA

MATHEMATICAL
AND COMPUTER MODELING

UDC 621.394.74:519.872

ANALYSIS OF THE RESULTS OF SIMULATION MODELING OF THE
INFORMATION SECURITY SYSTEM AGAINST UNAUTHORIZED
ACCESS IN SERVICE NETWORKS

Ismailov B. G. — Dr. Sc., Professor of the Department of Computer Systems and Programming, National Aviation
Academy, Baku, Azerbaijan.

ABSTRACT

Context. An analysis of the service network shows that insufficient information security in service networks is the cause of huge
losses incurred by corporations. Despite the appearance of a number of works and materials on standardization, there is currently no
unified system for assessing information security in the field of information security. It should be noted that existing methods, as well
as accumulated experience in this area, do not completely overcome these difficulties. This circumstance confirms that this problem
has not yet been sufficiently studied and, therefore, remains relevant. The presented work is one of the steps towards creating a uni-
fied system for assessing information security in service networks.

Obijective. Development of an algorithm and simulation model, analysis of simulation results to determine the key characteristics
of the Information Security System, providing the capability for complete closure, through the security system, of all potential threat
channels by ensuring control over the passage of all unauthorized access requests through defense mechanisms.

Method. To solve the problem, a simulation method was applied using the principles of queuing system modeling. This method
makes it possible to obtain the main characteristics of the Information Security System from the unauthorized access with a limited
amount of buffer memory.

Results. Algorithms, models, and methodology have been developed for the development of Information Security System from
unauthorized access, considered as a single-phase multi-channel queuing system with a limited volume of buffer memory. The proc-
ess of obtaining model results was implemented in the General Purpose Simulation System World modelling system, and compara-
tive assessments of the main characteristics of the Information Security System were carried out for various laws of distribution of
output parameters, i.e., in this case, unauthorized access requests are the simplest flows, and the service time obeys exponential, con-
stant, and Erlang distribution laws.

Conclusions. The conducted experiments based on the algorithm and model confirmed the expected results when analyzing the
characteristics of the Information Security System from the unauthorized access as a single-phase multi-channel queuing system with
a limited waiting time for requests in the queue. These results can be used for practical construction of new or modification of exist-
ing Information Security System s in service networks of objects of various purposes. This work is one of the approaches to general-
izing the problems under consideration for systems with a limited volume of buffer memory. Prospects for further research include
research and development of the principles of hardware and software implementation of Information Security System in service net-
works.

KEYWORDS: unauthorized access, information security systems, information security, queuing systems, defense mechanism,
simulation modeling.

ABBREVIATIONS

BM is a Buffer Memory;

DM is a Defense Mechanism;

GPSS World is a General Purpose Simulation System
(latest version of GPSS);

ISS is an Information Security System;

QS is a Queuing System;

UA is an Unauthorized Access.

NOMENCLATURE
AVE.C is an Average Queue Length;
CUM.% is a Cumulative Percentage, expressed as a

percentage of the total number of random values;
© Ismailov B. G., 2024
DOI 10.15588/1607-3274-2024-2-4
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ENTRIES is a number of requests in DM;
FREQUENCY is the number of random values falling
within the given interval,

Ly is an average queue length;

L0 is the permissible limit values Lg ;

M is a mathematical expectation symbol;

MEAN is a mean value of the corresponding random
variable;

N is a number of DMs in ISS;

Ng is the permissible limit values N ;
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py is a probability of blocking UA requests;
p, is a probability of UA requests bypassing pro-

tected resources;

RANGE is a lower and upper bound of the frequency
interval;

RETRY is a number of requests waiting for the ful-
fillment of a specific condition depending on the state of
this table;

STD.DEV is a Standard Deviation of the random vari-
able;

T _U isatime of requests’ stay in the system;

T _W isatime of requests’ waiting in the queue;

UTIL is a Utilization Coefficient of DM;

A is an intensity of various threats at the entrance of
ISS;

Lo is the permissible limit values A ;

u is an intensity of servicing UA requests;
Ko is the permissible limit values p;

T IS a service delays;

p isanormalized intensity.

INTRODUCTION

This work is dedicated to approaches in researching
ISS in service networks, addressing security issues char-
acteristic of systems with limited BM capacities. When
addressing security issues in service networks, the pri-
mary determinant is the security class of the network,
defining a set of DMs that constitute the hardware or
software part implemented in the network. In service net-
works, intentional UA requests are often received along-
side regular requests, targeting confidential information
from illegal users, which can lead to network disruptions.
It should be noted that DMs, influencing the entire infor-
mation security process, may operate in constant informa-
tion interaction with other elements of the ISS. The opera-
tion of DMs is described by four possible states: opera-
tional, non-operational, diagnosed, and restored. In ISS,
the possibility of an undesirable event related to the reli-
ability characteristics of DMs, leading to various types of
losses, is considered a risk. However, approaches associ-
ated with the risk arising from the reliability characteris-
tics of DMs are not considered in this work, i.e., it is as-
sumed that all DMs are reliable.

The task related to the security problem in service
networks is addressed by examining the ISS, ensuring the
complete closure of all possible channels of threat mani-
festation through the security system. This is achieved by
controlling the passage of all UA requests through DM.

The object of the study is an ISS against UA with a
limited amount of BM in service networks.

The subject of the study is to determine the structure
of the object, i.e. determination of the main characteristics
of the system — security of information from UA with a
limited amount of BM in service networks.

The goal of the work is to develop an algorithm and
simulation model, analyze the results of the simulation

© Ismailov B. G., 2024
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model, allowing us to determine the main characteristics
of an ISS against UA with a limited amount of BM in
service networks.

1 PROBLEM STATEMENT

The structure of ISS with limited BM is considered
(Fig. 1), where all input streams are directed to DM for
servicing. As noted earlier, the security system allows for
the complete closure of all possible channels of threat
manifestation by controlling the passage of all UA re-
quests through DM. It is assumed that the examined 1SS
structure ensures maximum information security for ser-
vice networks. This structure constitutes a hardware and
software complex interacting with random event streams,
which are conditioned by the actions of attackers, im-
proper access rights distribution, unauthorized software
usage, as well as errors in identification and authentica-
tion software and technical complexes.
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Figure 1 — General Structure of IS'§"\)\'/'i't'H"[i'rﬁ'ited BM

The assumption is that the intruder (attacker, UA re-
quests) at the system’s entrance generates various threats
with intensityA. The ISS consists of N DMs that
introduce delays to =1/p in service. If we consider the

intruder block as an information source and DMs as
devices operating in parallel, the mathematical model of
the ISS can be regarded as a single-phase, multi-channel
QS with limited BM. Taking into account the complex
nature of UA request servicing (filtering UA requests,
detection and classification of UA attempts, blocking or
allowing UA requests to access protected resources, etc.),
Poisson formulas are suggested as the probability loss
function for UA requests due to system overload in [1]:

PO, N) = i(pi/j!)efp.

j=N

Then, the problem of determining the optimal values
of ISS characteristics can be formulated as the minimiza-
tion of the mathematical expectation of the probability
loss function for UA requests due to system overload:
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M

M (pj/j!)e‘p — min
j=N
with A >Xg, u=pg, N2Ng ,Lg <L,

where p=2/p. Problems related to insufficient informa-

tion security in service networks, and the task of deter-
mining optimal ISS characteristics against UA for various
cases, have been considered and analytically solved in [1]
and optimal values for QS characteristics with and with-
out waiting requests in the queue have been obtained.

However, for a detailed analysis of ISS characteristics
against UA across a wide range of input and output pa-
rameters, it is preferable to utilize simulation modeling
methods, considering it as a single-phase, multi-channel
QS both with and without waiting. Given the volume of
obtained results from the simulation model, we will limit
the discussion here to the analysis of the simulation model
results for a QS with limited waiting requests, encompass-
ing a broad range of input and output parameters.

Thus, based on the presented structure of the ISS, the
task in this work is to analyze the results of simulation
modeling of a single-phase multi-channel QS with limited
BM. To achieve this, using simulation modeling, it is
necessary to determine the structural and temporal charac-
teristics of the ISS within the specified values of concur-
rently operating service devices (DMs).

2 LITERATURE REVIEW

Analysis and accumulated experience demonstrate that
insufficient information security in service networks leads
to significant losses for corporations. This underscores the
high importance of the information security problem. An
analysis of the current state of the issue in the field of
information security and the development of ISS reveals
serious challenges, largely stemming from the absence of
a unified system for assessing information security. Such
a system would enable a quantitative evaluation during
the design and operation of service networks [2-8]. It is
worth noting, that due to a lack of sufficient experience in
designing ISS, tasks related to its construction must be
addressed at the early stages of service network design.

Currently, given the increasing number of scientific
studies and companies specializing in information secu-
rity in service networks, this problem is insufficiently
explored [4-11, 13]. It should be noted that one of the
most obvious causes of ISS violation is intentional UA
requests for confidential information by illegal users, fol-
lowed by undesirable manipulations with this information
[1, 2,12]. The effectiveness of information security pro-
tection in service networks is primarily determined by the
service network’s security class [1, 2, 11, 14-16], which
defines the set of DMs implemented in the network.

In [1], due to the fact that the security system fails to
completely close all possible threat channels, a structure
for the 1SS was proposed. Unlike existing structures, in
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this framework, each input stream is provided with a DM
for maintenance.

In the work [1], a structure for the ISS with losses is
proposed, featuring both limited and unlimited BM. This
structure ensures maximum information security in ser-
vice networks by controlling the passage of all UA re-
quests through DMs. In contrast to [1], an analysis of the
simulation model results for 1SS with limited BM is con-
ducted here, encompassing a broad range of input and
output parameters.

3 MATERIALS AND METHODS

To determine the characteristics of the ISS that allow
it to operate within limited resources, it is assumed that
the input flow of information, i.e., UA requests, is Pois-
son distributed, and the service time follows exponential,
constant, and Erlang distribution laws. Algorithms for the
simulation model of the service process have been devel-
oped for three cases to adequately describe the operation
of the ISS against UA:

1. Incoming requests to the 1SS and service time fol-
low an exponential distribution.

2. Incoming requests to the ISS follow an exponential
distribution, while the service time follows a uniform dis-
tribution.

3. Incoming requests to the ISS follow an exponential
distribution, while the service time follows an Erlang dis-
tribution.

The developed algorithm for the operation of the ISS
against UA includes the following steps:

— setting the minimum permissible limit values for the
number of concurrently operating service devices (DMs)
and the maximum permissible limit values for the queue
length, defining the BM volume;

—to conduct a detailed analysis of the properties of the
investigated system, a table structure is organized for
gueue waiting time and request residence time. An upper
limit for the first frequency interval is specified, along
with the values for all other frequency intervals and the
guantity of frequency intervals. The goal here is to build
histograms of the probability density function for the
waiting time in the queue and the residence time of re-
quests in the system based on the accumulation of the
frequency of occurrence of random variables within the
specified frequency intervals;

— when a request is received, the system checks for
available places in the queue. If there is no available
space in the queue, the request is rejected and exits the
system;

— otherwise, if all DMs are occupied, the UA request
waits in the system’s BM queue until one of the DMs
becomes available provided there is free space in the BM.

— upon the release of one of the DMs, the UA request
enters this available DM, and the process of filtering UA
requests, detecting, and classifying UA attempts takes
place. As a result, the initial UA stream is thinned out
with certain probabilities p;, p, =1-p; forming an out-

put stream, in other words, with a probability of p; block-
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ing occurs, while with a probability of p, UA requests

are allowed to pass through to the protected resources.
Note 1. The values of probabilities p;, p, are deter-

mined based on statistical analysis.

Based on the proposed algorithm covering three cases
of ISS functioning against UA as single-phase, multi-
channel QS with a limited buffer size, simulation models
were developed using the GPSS World modeling lan-

guage. For N =25 during the simulation the model al-

lows you to determine such characteristics as ENTRIES,
UTIL, AVE.C, MEAN, STD.DEV, RANGE, RETRY,
FREQUENCY, CUM.%.

4 EXPERIMENTS
Based on the execution of the simulation model for

the average values of real data, with N =25,
A =1/3500 ms and p=1/1700 ms results were obtained

for three cases:

1. Incoming requests to the ISS and service time fol-
low an exponential distribution.

In the first case, the results of a simulation model of
the functioning of the information system were obtained —
reports and histograms of the distribution densities of the
residence timet _y and waiting timet _w of requests, with

N =2,5 (see Appendix A, Fig. A.1-A.8).

Based on the obtained reports, Table 1 was created,
providing the dynamics of changes in the number of re-
quests in the DM, the average queue length, and the utili-
zation coefficient of the DM depending on the number of
DM (N ) during the modeling period for the first case.

Table 1 — Dynamics of changes in characteristics depending on
the number of DMs for the first case

The The number of | The aver- | The utilization
number of | requests in the | age queue | coefficient of
DM DM length the DM

2 90266 1.866 0.933

3 99605 2.047 0.682

4 99989 2.056 0.514

5 100002 2.070 0.414

The analysis of the dynamics of these parameters
shows that with an increase in the number of DM from 2
to 5:

— the number of requests in DM increases, with a dif-
ference of 9736 requests;

— the average queue length increases, with a difference
of 0.204;

— the utilization coefficient of DM decreases, with a
difference of 0.519.

In the models, 10 frequency intervals were chosen for
building histograms, and the length of frequency intervals
was selected as 0.0004 time units for waiting time in the
queue and 0.0008 time units for the service time. The
analysis conducted shows that in the first case, with a
change in the number of DM from 3 to 5, the characteris-
tics of the density distribution of the residence time
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T _U and waiting time T _W of requests do not

change.

Note 2. For clarity of histograms, it is desirable to
have a large number of frequency intervals. To obtain an
objective picture, it is necessary to have a large sample of
random variables, which is not always possible and feasi-
ble.

Note 3. The values of interval lengths and the number
of frequency intervals are selected experimentally during
several runs of the simulation model or based on assumed
values of the mean and standard deviation of the corre-
sponding random variable.

2. The requests entering the ISS follow an exponential
distribution, while the service time adheres to a uniform
distribution.

In the second case, the results of a simulation model
of the functioning of the ISS were obtained — reports and
histograms of the distribution densities of the residence
time and waiting time of requests, with N =2,5 (see Ap-
pendix B, Fig. B.1-B.8).

Based on the obtained reports, Table 2 was created,
providing the dynamics of changes in the number of re-
quests in the DM, the average queue length, and the utili-
zation coefficient of the DM depending on the number of
DM (N ) during the modeling period for the second case.

Table 2 — Dynamics of changes in characteristics depending on
the number of DMs for the second case

The num- | The number of | The aver- | The utilization

ber of DM requests in the | age queue | coefficient of
DM length the DM

2 93922 1.932 0.966

3 99980 2.061 0.687

4 100002 2.056 0.514

5 100002 2.053 0.411

The analysis of the dynamics of these parameters
shows that with an increase in the number of DM from 2
to 5:

— the number of requests in DM increases, with a dif-
ference of 6080 requests;

— the average queue length increases, with a difference
of 0.121;

— the utilization coefficient of DM decreases, with a
difference of 0.555.

The analysis conducted shows that in the first case,
with a change in the number of DM from 3 to 5, the char-
acteristics of the density distribution of residence time
T _U and waiting time T _ W of requests do not change.

3. The incoming requests to the ISS follow an expo-
nential distribution, while the service time follows an Er-
lang distribution.

In the third case, the results of the ISS simulation
model were obtained — reports and histograms of the den-
sity distribution of the residence time t_yand the waiting

time T_W of requests at N =25 (see Appendix C,
Fig. C.1-C.8).
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Based on the obtained reports, Table 3 was created,
providing the dynamics of changes in the number of re-
quests in the DM, the average queue length, and the utili-
zation coefficient of the DM depending on the number of
DM (N )during the modeling period for the third case.

Table 3 — Dynamics of changes in characteristics depending on
the number of DMs for the third case

0,25
v ‘\
0,15

0,1 4

The analysis of the dynamics of these parameters
shows that with an increase in the number of DM from 2
to 5:

— the number of requests in DM increases, with a dif-
ference of 8095 requests;

— the average queue length increases, with a difference
of 0.159;

— the utilization coefficient of DM decreases, with a
difference of 0.537.

The analysis conducted shows that in the first case,
with a change in the number of DM from 3 to 5, the char-
acteristics of the density distribution of the residence time
1_u and waiting time t_w of requests do not change.

Based on Tables 1-3, the dynamics of changes in the
differences in the number of requests in the DM, average
queue length, and the utilization coefficient of the DM for

three cases with N = 2_5 , and the nature of these differ-
ences are presented in Fig. 2-4.

ENTRIES

12000

10000

BOOO

G000

4000

2000

0

1 2 3

Figure 2 — The nature of the change in the differences in the

number of requests in the DM for three cases with N = E

AVE.C
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The num- | The number | The aver- | The  utilization 0,05
ber of DM of requests in | age queue | coefficient of the
the DM length DM
2 91907 1.898 0.949 o
3 99633 2.053 0.684 ! 2 3
4 100003 2.061 0.515 Figure 3 — The nature of changes in the differences in the aver-
> 100002 2.058 0412 age queue length for three cases with N = 2,5

UTIL

0,56

0,55 /\
0,54 - \

0,53

0,52

0,51

03

1 2 3

Figure 4 — The nature of changes in the differences in the coeffi-
cients of use of DM for three cases with N =2,5

The results obtained from Table 1-3 and Fig. 2-4
show that with an increase in the number of DM from 2 to
5 in three cases:

— the nature of the change in the differences in the
number of requests in the DM is 9736, 6080 and 8095;

— the nature of the change in the differences in the av-
erage queue length is 0,204; 0,121 and 0.163;

— the nature of the change in the differences in the
utilization coefficient DM is 0.519; 0.555 and 0.537.

CONCLUSIONS

The current task of developing an algorithm and simu-
lation model, along with the analysis of simulation model
results to determine the key characteristics of the ISS, is
being addressed. This aims to provide the capability for
complete closure, through the security system, of all po-
tential threat channels by ensuring control over the transi-
tion of all UA through the DM.

The scientific novelty of the obtained results lies in
the fact that, for the first time, algorithms, and simulation
models, as well as a methodology for developing the ISS,
have been proposed and developed based on the analysis
of structural and temporal characteristics of ISS from UA.
This includes treating it as a single-phase multi-channel
gueueing system with limited waiting time in the queue
across a wide range of input and output parameters. The
experiments conducted using the algorithm and model
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confirmed the expected results when analyzing the char-
acteristics of the ISS from UA.

The practical significance of the results lies in their
applicability for the practical construction of new or
modification of existing 1SS in networks for various pur- =%
poses. This work represents one of the approaches to gen-
eralizing the considered problems for systems with a lim-
ited BM.

Prospects for further research include the explora-
tion and development of hardware and software imple-
mentation principles for ISS from UA with a limited BM
in service networks.

3 o o 3 B5E0; 1 2.047 0.882
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Appendix A
The first case’s simulation model’s results of the ISS’s
operation.
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Figure A.4 — Histograms of the probability density functions of
the residence time T _U and waiting time T _ W of requests
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Figure A.2 — Histograms of the probability density functions of
the residence time T _U and waiting time T _ W of requests
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Appendix B
Results of the second case’s simulation model of the
ISS’s operation.

Figure B.4 — Histograms of the probability density functions of
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Figure B.6 — Histograms of the probability density functions of
the residence time T _U and waiting time T _ W of requests

N =4
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Figure B.8 — Histograms of the probability density functions of
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Appendix C
Results of the third case’s simulation model of the
ISS’s operation.
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Figure C.2 — Histograms of the probability density functions of
the residence time T _U and waiting time T _W of requests
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AHAJII3 PE3YJITATIB IMITAIIMHOT O MOJIEJIIOBAHHS CUCTEMM BE3ITEKA THOOPMAIIIT BIJT
HECAHKIIIOHOBAHOI'O JOCTYIIY Y MEPEXAX OBCJIYT'OBYBAHHS

IemaiinoB B. I'. — 1-p TexH. Hayk, mpodecop kadeapu KOMITIOTEpHI CHCTEMH Ta MporpaMmyBaHHs, HamioHanpHa Axanemis
Asiarii, baky, AzepOaiimxan.

AHOTAIIA

AKTyalbHicTB. AHaJII3 Mepexi 00CIyroByBaHHs [TOKa3ye, 0 HEAOCTaTHS 3axXHIIEHICTh iHpopManii B Mepexax o0CIyroByBaH-
Hsl € IPUYMHOIO BEIMKKUX 30MTKIB, 3aBIaHUX Kopriopanismu. He3Baxaioun Ha 1mosiBy HU3KH po0iT, Ta MaTepialliB 31 cranaapTH3aii, B
JaHWil 9ac €JMHA CHCTEMa OLIHKM 3axuineHocti iHdopmauii B ramy3si iHdopmariiiHoi Oe3neku BiacyTHs. Cunif 3a3HauuTH, LIO
iCHyIoul MeTOnH, i HaBiTh HAKOMWYEHMH MOCBiL y Wil ramys3i HEMOXJIMBO MOBHICTIO HomojaTH Ii TpyaHou. I{s oOcraBuHa
NiATBEPAKYE, 10 TaHa MpobJeMa e HeAOCTaTHBO BUBUCHA 1, OTKE, 30epirac cBoro akTyanbHIcTh. [IpeacraBiena podoTa € OTHUM
13 KPOKiB Ha IIJSIXY CTBOPEHHS €IMHOT CUCTEMH OIIIHKK Oe3MeKH iHpopMaLii y Mepexkax 00CITyroByBaHHI.

Merta po6otu. Po3pobOka anropurmy Ta MoAemi iMiTallii, aHami3 pe3yabTaTiB MOJENI iMiTalii A7 BU3HAYCHHS OCHOBHUX Xapak-
TEpUCTHK CUCTEeMH Oe3neku iH(opMallil, o HaJaloTh MOIIMBICTD IIOBHOTO 3aKPHUTTS, 33 JOIIOMOTOI0 CHCTEMH O€3IIeKH, BCIX MOX-
JUBUX KaHAIIB HPOSBY 3arpo3, OULIXOM 3a0e3NeueHHs] KOHTPOJIO IEePexXoy BCIX 3alUTiB HECAHKIIOHOBAHOTO JOCTYIy depe3
MEXaHi3M 3aXHCTY.

Metoa. [lns BUpINIEHHS IMOCTABJIEHOTO 3aBIaHHS OYJIO 3aCTOCOBAHO METOJ| IMITalifHOrO MOJENIOBAaHHS 3 BUKOPUCTaHHSIM
NPHHLMUIIB MOJENIOBAHHSA CUCTEMH MacoBOro oOCIyroByBaHHS. JlaHMH METOJ JO3BOJIIOTH OTPHMMATH OCHOBHI XapaKTEPHCTHUKU
cuctemu Oe3nekr iHpopMallii Bii HECAHKIIIOHOBAHOTO AOCTYIY 3 0OMeKeHUM 00csiroM OydepHoT mam’siTi.

PesyabTatu. Po3po0ieHO HOBHWIA aldropuT™M, MOJENI Ta METONOJOTiI0 PO3pOOKH cucTeMu Oesmeku iH(opmamii  Bix
HECaHKILIOHOBAHOTO JIOCTYITY, IO PO3TIISAAETHCS SIK ogHO(a3Ha OaraTokaHaJbHA CHCTEMU MacOBOTO OOCIyTOBYBaHHS 3 0OMEKECHUM
obcsirom Oydeproi mam’siti. IIpouec onepkaHHs pesyibraTiB Mozelni Oyso peanizoBaHo cucteMi MopenroBanHs General Purpose
Simulation System World i npoBezieHo NOpiBHSUIbHI OL[IHKM OCHOBHHX XapaKTEPUCTHK CHCTEeMHU Oesreku iHpopmanii om0 pisHHX
3aKOHIB PO3IOJiYy BUXITHUX NapaMeTpiB, TOOTO. IIPH LbOMY 3alIMTH HECAHKIIOHOBAHOT'O JIOCTYITy € HAWIIPOCTILIMMH ITIOTOKaMH, a
4ac 00CIIyroBYBaHHSI HiIIOPSIKOBY€EThCSI €KCIIOHEHIIHHOMY, TTOCTIHHOMY Ta 3akoHaM EpnanroBoro posmnofiny.

BucHoBku. [IpoBe/ieHi eKCliepIMEHTH HAa OCHOBI aJrOpuTMy Ta MOJEIi HiATBEPIWIN OYiKyBaHi pe3yabTaTh HPH aHawi3i Xapak-
TEpUCTHK cucTeMu Oe3rneku iHpopMmarii BiJi HECAHKI[IOHOBAHOTO JOCTYIY SIK 0JHO(a3HOI 6araTokaHaIbHOT CHCTEMH MacoBOTO 00-
CIIyTOBYBaHHS 3 OOMEKEHUM YacOM OYiKyBaHHS 3amuTiB y depsi. Lli pesynbrati MOKyTh OyTH BHKOPUCTAHI IS MIPaKTUYHOI MO0Y-
JIOBM HOBUX 200 Moaudikamii iCHyI0OUHX CHCTeMH Oe3NeKH iHpopMallii B Mepekax 00CIyroByBaHHS 00’ €KTIB Pi3HOTO MPH3HAYCHHS.
Jana po6oTa € OXHMM 3 IMiAXOIB [0 y3araJbHEHHS PO3IIITHYTHX IPOOJIEM IS CHCTEM 3 OOMeXeHnM o0csaroM OydepHoi mam’sTi.
[NepcrieKTHBY MONANBIINX JOCTIPKEHb BKIIOYAIOTh B ce0e TOCHIIIKEHHS Ta pO3poOKy MPUHIUIIIB allapaTHO-IPOrpaMHoOi peasizamil
cucteMu Oe3neky iHpopManii B Mepexax 00CIyroByBaHHS.

KJIFOUYOBI CJIOBA: HecaHKIioHOBaHMI JOCTYII, CHCTeMH Gesneku iHdopMarii, indopMariiiaa Ge3neka, CHCTEMH MacoBOTO
00CIyroByBaHHs, MEXaHi3M 3aXHCTY, iMiTalliiiHa MOJCIIOBAHHSI.
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ANALYSIS OF DATA UNCERTAINTIES IN MODELING AND
FORECASTING OF ACTUARIAL PROCESSES

Panibratov R. S. — Postgraduate student of the Institute for Applied System Analysis, National Technical Univer-
sity of Ukraine “lgor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine.

ABSTRACT

Context. Analysis of data uncertainties in modeling and forecasting of actuarial processes is very important issue because it
allows actuaries to efficiently construct mathematical models and minimize insurance risks considering different situations.

Obijective. The goal of the following research is to develop an approach that allows for predicting future insurance payments
with prior minimization of possible statistical data uncertainty.

Method. The proposed method allows for the implementation of algorithms for estimating the parameters of generalized linear
models with the preliminary application to data of the optimal Kalman filter. The results demonstrated better forecast results and
more adequate model structures. This approach was applied successfully to the simulation procedure of insurance data. For generat-
ing insurance dataset the next features of clients were used: age; sex; body mass index (applying normal distribution); number of
children (between 0 and 5); smoker status; region (north, east, south, west, center); charges. For creating the last feature normal dis-
tribution with known variance and a logarithmic function, exponential distribution with the identity link function and Pareto distribu-
tion with a known scale parameter and a negative linear function were used.

Results. The proposed approach was implemented in the form of information processing system for solving the problem of pre-
dicting insurance payments based on insurance data and with taking into account the noise of the data.

Conclusions. The conducted experiments confirmed that the proposed approach allows for more adequate model constructing
and accurate forecasting of insurance payments, which is important point in the analysis of actuarial risks. The prospects for further
research may include the use of this approach proposed in other fields of insurance related to availability of actuarial risk. A special-
ized intellectual decision support system should be designed and implemented to solve the problem by using actual insurance data

from real world in online mode as well as modern information technologies and intellectual data analysis.
KEYWORDS: actuarial risk, generalized linear models, optimal Kalman filter, exponential family of distributions, simulation,
iterative-recursive weighted least squares method, Adam method, Monte Carlo for Markov chains.

ABBREVIATIONS
NPV is a net present value;
MEBN is a multi-entity Bayesian networks;
EVT is an extreme value theory;
GLM is a generalized linear models;
GLMC is a generalized linear models with credibility;
MCMC is a Markov chain Monte Carlo method,;
IRWLS is an iterative-recursive weighted least
squares.
MSE is a mean squared error.
RMSE is a root mean squared error.
MAE is a mean absolute error,
Adam is an adaptive moment estimation.

NOMENCLATURE
A is a system dynamic matrix;
x(n) is a vector of states at time step n>0;

X(n) is a vector estimate of states at time step n>0;

B is a matrix of control coefficients;
u(n) is a vector of controls at time step n>0;

w(n) is a noise vector at time step n >0, which has a

normal distribution with mean vector with all zero values
and covariance matrix Q;

Q is a covariance matrix of state disturbances;
z(n) is a vector of measurements of output variables

attimestep n>0;
H is a matrix of observation coefficients;

© Panibratov R. S., 2024
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v(n) is a vector of random measurement noise values
at time step n>0, which has a normal distribution with
mean zero vector and covariance matrix R ;

R is a matrix of measurement errors;

P(n) is a covariance matrix of errors of state vector
estimates at time step n>0;

K(n) is a filter’s matrix optimum coefficient at time
step n>0;

| is an identity matrix;

a(e),b(e),c(e,®) are functions that are defined at the
outset in exponential family of distributions;

0 is a parameter associated with mean values;

¢ is a scale parameter associated with variance;

y is a target variable for insurance charges and set of
financial processes;

n is a linear predictor;

X is a matrix of covariates;

B is a estimated parameter of GLM,;

g isalink function

E is an expected value;

Xm 1S a scale parameter for Pareto distribution;

o is a standard deviation for normal distribution.

INTRODUCTION
The existence of factors that prevent possibilities from
having deterministic outcomes is implied by uncertainty,
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and it is unknown to what extent these factors may have
an impact on the outcomes.

Either a practical or abstract theoretical study of the
circumstances for the presence of uncertainty can be car-
ried out, depending on the decision-making perspective
that is applied to a particular case. For instance, several
mathematical models are employed at the abstract theo-
retical level, while an evaluation of the quantity of infor-
mation needed for decision selection is done at the practi-
cal level. Selection of these models considers the likeli-
hood of their development in particular scenarios. Infor-
mation entropy may be used to estimate the quantity of
information needed to characterize the uncertainty of the
selection scenario.

The uncertainty category is defined by few variable
characteristics that characterize many kinds of uncertain-
ties, such as situational, political, social in nature global,
and so on. Determining the degree of analysis and the
kinds of uncertainties being taken into account is essential
to solving the challenges associated with decision-making
in the face of uncertainty.

It should be highlighted that uncertainty is frequently
limited to the absence of comprehensive knowledge about
a particular object. Indeed, uncertainty is not limited to
inadequate understanding about object states. In addition,
it is occasionally feasible to take into account the ambigu-
ity of the decision-selection criteria and the objectives.

The amount of alternative possibilities and the variety
and quantity of criteria used to evaluate these options de-
fine the degree of decision-making complexity in many
real-world situations.

Since genuine risks and uncertainty are a part of the
past, present, and future of analyzed process development,
they must be considered in all actions that have an impact
on the goals of the organization. Risk and uncertainty are
present in all economic activity in varying amounts, but
no matter how thorough the risk management, uncertainty
cannot be totally removed. Unexpected circumstances and
interdependencies might arise at any time. Such unantici-
pated occurrences may result in deviations that radically
alter the data arrangement. As a result, uncertainty can
become a risk factor when it results from incomplete in-
formation or from using sources that are frequently at
odds with the real circumstances of a company or the
competitive market [1].

It should be highlighted that a variety of uncertainties,
taken together to produce a specific complex of uncertain-
ties known as systemic uncertainty, are frequently present
in actual practical situations involving decision-making.

The object of study is the process of search the best
approach which allows to analyze actuarial risk more effi-
ciently. It is proposed to generate insurance indicators and
target variables randomly with adding noise to simulate
real-world data, because they are not always publicly
available. Therefore, it is proposed to implement ap-
proach, which allows to forecast insurance indicators
more efficiently by reducing uncertainty.
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The subject of study are methods for forecasting in-
surance data.

The purpose of the work is to implement approach,
which allows to reduce uncertainty during the solving task
of forecasting the insurance indicators.

1 PROBLEM STATEMENT
For the class of financial processes {y(e)} with a gen-

eralized form of the probability distribution:

—b(6)

f(y,e,cp>=exp{y9a((p) re(y.0),

where a(e),b(e),c(e,e) are functions, that correspond to a
certain distribution law; y is a dependent variable; 6 is a

canonical parameter or function of some parameter of a
certain distribution; o is the variance parameter. The fol-

lowing distribution laws are allowed: normal, Poisson,
binomial, inverse Gaussian, gamma, exponential.
The function b(e) assumes special significance in

generalized linear models, because it describes the rela-
tionship between the mean value of p, and the variance

of the process{y}: cf, . If ¢ is known, then it is an expo-

nential model with the canonical parameter 6. Also, the
exponential distribution can be two-parameter, if ¢ is

unknown.
It is proposed to determine and minimize the impact
of statistical data regarding the dependent variable {y},

which lead to deterioration of the results of estimation of
the structure and parameters of mathematical models and
estimates of forecast calculated on the basis of these mod-
els. In this case, the following types of models
{M;},i=123,... are possible: linear regression, variance
and covariance analysis, Log-linear models for the analy-
sis of random tables, probit/logit models, Poisson regres-
sion.

2 REVIEW OF THE LITERATURE

As of right now, there are no widely applicable meth-
ods for accounting for the uncertainties of the majority of
types that are now in use that can be effectively used to
solve the aforementioned real-world issues. Generally
speaking, the current techniques for handling uncertain-
ties allow for the consideration of certain particular kinds
of uncertainties to enhance the quality of the outcome.
Thus, for instance, optimal Kalman filter allows for opti-
mum estimates of the process’s state to be obtained
against the backdrop of negative random effects by ac-
counting for and minimizing the influence of state distur-
bances and measurement noise.

The author of [2] provided evidence that determining
the measurement uncertainty of every approved analytical
test process should be viewed as a valuable completion
that adds value rather than as an extra burden. Evaluation
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and comparison of a result with other outcomes are made
possible by measurement uncertainty. Communicating the
positive meaning of “measurement uncertainty” to clients
and the head of authority is crucial. Declaring an exces-
sive amount of uncertainty based just on conjecture is
illogical.

Data mining algorithms such as neural networks, evo-
lutionary methods, informed search and space exploration
targeted at solving optimization problems, mathematical
logic, decision trees, and some others are very helpful in
the fighting against uncertainties. With the option to in-
clude expert estimates, Bayesian networks — probabilistic
models in the form of directed acyclic graphs with the
variables of the processes under investigation at their ver-
tices—are an incredibly powerful tool for data analysis.

Multi-Entity Bayesian Networks (MEBN) were pre-
sented by the authors in [3]. Given any consistent collec-
tion of finitely many first-order phrases, its logic may
assign a conditional probability distribution and, con-
versely, assign probabilities to any set of sentences in
first-order logic in a logically coherent manner. That is,
MEBN logic can assign a probability to everything that
can be represented in first-order reasoning. It is not easy
to obtain complete first-order expressive capability in the
Bayesian logic. Representing an unlimited or potentially
infinite number of random variables is necessary for this,
some of which could have an unbounded or potentially
infinite number of possible values. Furthermore, we must
be able to express random variables with potentially infi-
nite or unbounded parents as well as recursive definitions.
More challenges arise from possible random variables
that take values in uncountable sets, like the real numbers.

According to MEBN logic, the environment is made
up of entities with qualities and relationships to other enti-
ties. The features of entities and the connections between
them are represented by random variables. MEBN theo-
ries are collections of MEBN fragments arranged to rep-
resent knowledge about qualities and connections. Given
their parents in the fragment network and the context
nodes, a MEBN fragment provides the conditional prob-
ability distribution for instances of its resident random
variables. Any collection of MEBN pieces that together
satisfy consistency conditions guaranteeing the presence
of a distinct joint probability distribution over instances of
the random variables each MEBN fragment in the collec-
tion represents is referred to as a MEBN theory [3].

In [4], the assessment of risky investment choices is
predicted on techniques that have developed over time to
account for both project risk and flexibility. The first steps
in project evaluation were calculating the project’s net
present value (NPV) using the proper discount rate. In
recent times, managers have been able to ascertain the
proper modifications in project value estimations that
represent flexibility, or the chance to respond to unfore-
seen circumstances and surprises, thanks to the instru-
ments of decision trees and actual alternatives. These
techniques offer a sophisticated manner of appraising the
value of this flexibility.
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The authors of [5] examined the reliability and preci-
sion of forecasts in a wide range of topics in the scientific
and social sciences. Because they are subject to human
biases and limitations, judgmental predictions are no more
reliable than statistical ones. As long as forecasts are in-
dependent and gathered from a variety of sources, com-
bining them appears to increase accuracy. This is espe-
cially true for judgmental forecasts, where averaging of
several forecasts typically yields forecasts that are more
accurate than the best individual forecasts while simulta-
neously lowering the variation of predicting errors. On the
other hand, both statistical models and subjective fore-
casters often grossly underestimate uncertainty. The au-
thors outlined two main categories of forecasting scenar-
ios that call for various methodologies and models. Pre-
dicting normal conditions in a steady, stable context with
known patterns and linkages is referred to as the first. The
second occurs in peculiar circumstances with ephemeral,
shifting patterns. It should be underlined that booms in
business and economic recessions and crises cannot be
viewed as anomalies; instead, they need to be forecasted
using a different acceptable methodology and adequate
model [6].

Explorers face many challenges and issues as a result
of the significant variation in prediction accuracy and
uncertainty over different time horizons. Additionally, the
degree of ambiguity and precision differs across different
fields. Normal-condition forecasting errors are thin-tailed,
but unusual-condition forecasting errors exhibit radically
different behavior, with fat tails. Extreme Value Theory
(EVT) has shown to be a useful tool for scientists in esti-
mating uncertainty and producing realistic risk assess-
ments that account for fat tail errors while avoiding the
pitfall of average assessments, which drastically underes-
timate risk and uncertainty. Their results have a lot of
promise today and in the future and can be used in differ-
ent forecasting contexts [5].

3 MATERIALS AND METHODS

In particular, the adaptive Kalman filter is a pretty
useful tool for assessing and accounting for statistical
uncertainty and allows one to assess and anticipate the
status of dynamic processes [7] in real time. In this in-
stance, real-time computed estimates of the covariance
matrices of the designated random processes are used to
adapt the model to the features of always available ran-
dom disturbances and measurement noise. The capacity to
explicitly consider the statistical properties of measure-
ment noises and state disturbances, the ability to calculate
optimal estimates of state variables and their forecasts, the
possibility to perform effectively data fusion, the ability
to estimate unmeasured components of the state vector,
and the capacity to estimate states and some model pa-
rameters simultaneously are some of the benefits of avail-
able optimal filtering procedures.

In state space format, Kalman filters are used to esti-
mate states based on linear or nonlinear dynamical sys-
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tems. The evolution of the state from time n—1 to time
N is defined by the process model as follows [8]:

x(n)=Ax(h-1)+Bu(n-1) +w(n-1).

The process model is paired with the measurement model
that describes the relationship between the state and the
measurement at the current time step n as:

z(n) = Hx(n) +v(n).

Given the initial estimate of x(0), the series of meas-
urements, z(1),z(2),...,z(n) , and the details of the system
model defined by A ,B,H,Q, and R, the task of the Kal-
man filter is to generate an optimal estimate of x(n) at

time n.

In many real-world applications, the true statistics of
the noises are either unknown or not Gaussian, despite the
fact that the covariance matrices are meant to represent
their statistics. As a result, Q and R are typically em-
ployed as tuning parameters, which the user can modify to
get the intended filter performance.

The covariance matrix of errors of state vector esti-
mates, which is connected to the state estimate, is also
used in this technique. It is denoted as P(n) .

Algorithm of Kalman filter consists of the next steps.

1. For the state vector and the covariance matrix of es-
timate errors P(0), set the initial conditions x(0) . Assign
values to measurement errors R and state disturbances of
covariance matrices Q .

2. Determine the filter’s matrix optimum coefficient as
follows:

K(n)=PM-1HT[HP(n-)HT +R] L.

3. To get the state vector’s current estimate, use the
new measurements:

X(n) = AX(n 1) + K (n)[z(k) - HAX (n —1)].

4. For updated estimations, compute the posterior co-
variance matrix of errors:

P(n)=[I - K(MH]P(n).

5. Determine the a priori covariance matrix of estimate
errors (for the subsequent state vector estimation):

P(n+1) = AP(n)AT .

then proceed to step 2 (the filter equations subsequent
calculation).
The authors of [9] introduced KalmanNet, a hybrid

system that combines the traditional model-based ex-
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tended Kalman filter with deep learning techniques. Their
method learns to overcome model mismatches and non-
linearities while enabling real-time state estimation in the
same way as model-based Kalman filtering.

The drawbacks of low filtering accuracy and the di-
vergence of conventional nonlinear algorithms in situa-
tions when the system noise is unknown can be success-
fully addressed by the suggested technique in [10]. Addi-
tionally, the filter’s stability and flexibility are enhanced
by the suggested algorithm.

The uncertainty of a financial loss that insurers assess
using statistical and mathematical techniques is known as
actuarial risk. Actuaries assist insurance firms in correctly
setting premiums and reserves by analyzing previous data
to estimate future risks. Policyholder protection and fi-
nancial stability are guaranteed by this delicate balance.

With Generalized Linear Models (GLM), assumptions
on the characteristics of the insurance data and how they
relate to the anticipated variables can be made explicitly.
Moreover, GLM offer statistical diagnostics that support
the process of identifying just important variables and
validating model hypotheses. This methodology is com-
monly acknowledged as a conventional approach to in-
surance pricing across many markets and nations.

As a particular instance among the many models that
make up the GLM, there is the linear and nonlinear re-
gression model. Rejecting assumptions for the latter in-
clude additive nature of effects, constant variance, and a
normal distribution. One possible source for the target
variable is an exponential family of distributions [11].

The general form of the exponential family of distri-
butions is as follows:

f(y,e,w>::exp{l@§%§§91+-c(y.@}.

Both the variance and the distribution mean may fluc-
tuate. It is expected that explanatory variables have an
additive effect on a different scale. For GLM, the follow-
ing presumptions are made:

1. Stochastic component: every element that makes up
y is independent and comes from the same exponential
family distribution.

2. Systematic component: the linear predictor n is

formed of p covariates, or explanatory variables:

n=Xp.

3. Link function: a differentiable, monotonic link
function establishes the linkage between the random and
systematic components.

Elyl=p=g"'(n).

Forward stepwise regression produced very good re-
sults for the identification of risk variables in [12]. When
the technique for selecting risk factors was not used prior
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to inclusion in GLM, it has discovered a number of risk
variables for both the frequency and severity of claims,
improving the predictive performance of the GLM in
comparison to the traditional approach.

It was discovered in [13] that iterative algorithm for
generalized linear models with credibility (GLMC) works
best when combined with exhaustive variable selection
techniques. Its computational efficiency and simplicity
enable a rapid estimation of model parameters.

The estimate of GLM parameters is a major issue that
has to be given enough consideration in the process of
model constructing. The following methods were used
successfully to evaluate the parameters: Markov chain
Monte Carlo method (MCMC), Adaptive moment estima-
tion (Adam) optimization algorithm, and Weighted least
squares iterative-recursive approach (IRWLS).

These algorithms are fully described in the following
works [14-16].

4 EXPERIMENTS

Since insurance data is not always accessible to the
general public, it was chosen to create target variables and
insurance indicators at random using simulation approach.
The data structure consists of the next features:

— Age is a numerical variable, which was generated in
range from 18 to 64;

— Sex is a categorical string variable;

— Body mass index is numerical variable, which was
generated by using normal distribution;

— Number of children is a numerical variable, which
was generated in range from 0 to 5;

— Smoker is a categorical string variable;

— Region is a categorical string variable, which was
generated from sample: “east”, “south”, “west”, “center”,
“north”;

— Charges is a numerical variable.

The target is the final variable, and the distribution
laws and matching link functions listed below were ap-
plied to it:

— a normal distribution with a logarithmic link func-
tion and a known variance o ;

— an exponential distribution using the link function of
identity;

— Pareto distribution with a link function of the fol-
lowing type f(x)=-1-x and a given scale parameter,

Xim -

The predicted variable was supplemented with Gaus-
sian noise with varying variance, which is a linear func-
tion.

5 RESULTS
After applying Kalman filter original
charges were compared with original values.
Results of applying Kalman filter on charges for dif-
ferent distributions is shown on Figures 1, 2, 3.

insurance
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Figure 1 — Results of applying Kalman filter on charges with
exponential distribution using the link function of identity

Kalman filter estimate for pareto distribution

00000 {

Figure 2 — Results of applying Kalman filter on charges with
Pareto distribution with a link function of the negative linear
function and a given scale parameter, X

Kalman filter estimate for normal distribution

——

Figure 3 — Results of applying Kalman filter on charges with
a normal distribution with a logarithmic link function and a
known standard devaition &

The models’ quality was assessed by using next fore-
casting metrics: Mean squared error (MSE), Root mean
squared error (RMSE) and mean absolute error (MAE).

Tables 1-6 exhibit the findings of the estimate of
GLM parameters using the three approaches (IRWSL,
ADAM and MCMC) with and without the Kalman filter
for three proposed distribution laws with specialized link
functions.

Table 1 — Results of GLM construction for charges with Gaus-
sian distribution with known variance and a logarithmic link
function without Kalman filter

Metric | MCMC | ADAM | IRWLS
MSE 4408.68 | 684.63 | 2457.11
RMSE | 64.35 25.10 48.4
MAE | 48.76 23.76 48.1
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Table 2 — Results of GLM construction for charges with Gaus-
sian distribution with known variance and a logarithmic link
function with Kalman filter

Metric | MCMC | ADAM | IRWLS
MSE 165.33 | 745 218.68
RMSE | 12.85 8.63 14.79
MAE 3.957 5.65 11.77

Table 3 — Results of GLM construction for charges with Pareto
distribution with known scale parameter and a negative linear
link function without Kalman filter

Metric | MCMCr | ADAM IRWLS
MSE 52724.54 | 88185.03 | 638115.4
RMSE | 228.51 286.65 797.61
MAE 153.03 205.31 771.25

Table 4 — Results of GLM construction for charges with Pareto
distribution with known scale parameter and a negative linear
link function with Kalman filter

Metric | MCMCr | ADAM IRWLS
MSE 7858.747 | 16808.82 | 22900.647
RMSE | 88.65 129.65 151.33
MAE 63.513 112.12 128.532

Table 5 — Results of GLM construction for charges with an ex-
ponential distribution and a an identity link function without

Kalman filter
Metric | MCMC | ADAM | IRWLS
MSE 211.38 | 147.9 288.51
RMSE | 14.47 12.18 16.7
MAE | 11.05 3.63 13.7

Table 6 — Results of GLM construction for charges with an ex-
ponential distribution and a an identity link function with

Kalman filter
Metric | MCMC | ADAM | IRWLS
MSE 78.21 54.723 | 107.478
RMSE | 8.84 7.397 10.367
MAE | 4.1 2.34 7.147

6 DISCUSSION

Uncertainties for statistical data are factors that have a
negative impact on the results of calculations performed at
all stages of the data processing process. In this work three
approaches were implemented for estimating parameters of
GLM with and without the preliminary use of the Kalman
filter. It is evident from the GLM building results for the
three scenarios mentioned that, for the most part, the Adam
technique produced quite decent outcomes. In the case of
the Pareto distribution, the MCMC approach also produced
positive outcomes. It can be seen that applying Kalman
filter for preliminary data processing and fitting model pro-
vides for better results of the quality metrics used.

CONCLUSIONS

The problem of minimizing influence of uncertainties
in the process of analysis of actuarial risks regarding fore-
casting charges is solved in this work.

The scientific novelty of obtained results shows that
combination of generalized linear models and optimal
Kalman filter can be used for building efficient and ade-
quate high quality forecasting models.

The practical significance of current work and its re-
sults is that future prospects for further research may in-
clude the use of this approach in other fields of insurance
related to analysis of actuarial risk.

© Panibratov R. S., 2024
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Prospects for further research are to study the other
approaches that can be used to reduce negative influence
of possible data and expert estimates uncertainties related
to the analysis of actuarial risks. A specialized decision
support system should be designed and implemented to
solve the problem.
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V]IK 004.852

AHAJII3 HEBUSHAYEHOCTEM JAHUX Y MOJIEJTIOBAHHI TA IPOTHO3YBAHHI AKTYAPHUX ITPOIIECIB

IaniépaTos P. C. — acmipanT IHCTUTYTY IPUKIaAHOTO CHCTEMHOT0 aHani3y HanioHamsHOTO TeXHIYHOrO yHiBepcuTeTy Ykpainu «Kuis-
ChKUil moJiTexHiuHMiA iHCTUTYT iMeHi Iropst Cikopeskoro», Kuis, Ykpaina.

AHOTALISA

AKTyanbHicTh. PO3NIIHYTO 3amady aHali3y HEBHU3HA4YCHOCTEl NaHMX y MOJCIIOBaHHI Ta IPOTHO3YBAaHHI aKTyapHHX IPOLECIB.
OO’ €eKTOM JOCIIDKEHHS € 3ajjada IPOTHO3YBAHHS CTPAXOBUX BHILUIAT HA OCHOBI JaHHX PO CTPAXOBUX KIII€HTIB 3 BPaXxyBaHHIM MOMUIIUBUX
CHUTYyalliil HeBU3HAYEHOCTI.

MeTta po6oTH — po3po0OKa MiAX0/ay, IO T03BOJISE CIPOTHO3YBATH MaiOYTHI CTPaXoBi BUILIATH 3 MOMEPEIHBOI0 MIHIMI3aI[IEr0 MOXKITHUBOT
HEBU3HAYECHOCT] CTATHCTUYHUX JAHUX.

MeTtoa. 3anpornoHOBaHO METOJ, IO IO3BOJISE Pealli3yBaTH AJTOPUTMH OLIHIOBAHHS MapaMeTpiB y3aralbHEHUX JHIHHUX MOJENeH 3
MOTIEPEe/IHIM BUKOPHCTaHHSAM oNnTuMajibHOro ¢ineTpy Kanmana. PesynbTaTé nmpoaeMOHCTpyBanu OUNbLI SKICHI pe3ysbTaTd MPOTHO3Y Ta
OiIbII aIeKBaTHI CTPYKTypu Mojeni. Jauuil minxin OyB yCHIIIHO 3aCTOCOBaHUM Ha MpOLEAypi ITYYHO 3rEHEPOBAHMX CTPAXOBHUX JAHHX.
JUyist reHepyBaHHsI CTPaXOBOr0 HAOOPY JaHMX KIIEHTIB OyJIM BUKOPHCTaHI HACTYIIHI MOKA3HHUKH: BiK; CTAaTh; IHJEKC MacH Tilla (BHUKOPHCTBY-
F0YH HOPMAJIbHHI 3aKOH PO3MOALNTY); KibKicTh aiteit (Big 0 mo 5); cratyc kypust; perion (miBHiY, CXif, MiBAEHb, 3aXi/, IEHTP); BUIATH. [{is
CTBOPEHHS OCTaHHBOI BEJIMYMHU BUKOPHUCTOBYBABCS HOPMAJbHUIN PO3IOJLI 3 BIIOMOKO AMCHEPCi€ro 1 JorapuMiuHO0 (QYHKIIEW 3B’S3KY,
eKCIIOHEHLIHHUI po3noain 3 oxuHUYHOIO (yHKIi€0 3B’s13Ky Ta posnoxun Ilapero 3 BioMuM napameTpoM MaciuTaOyBaHHS 1 Bill’€MHOIO
JHIHHOIO (QyHKII€I0 3B’ A3KY.

Pe3yabraTu. 3anmpornoHOBaHUI MiAXiI peani3oBaHUi MPOrpaMHO Y BUIJIAAI CHUCTeMH 0OpoOku iHpopMarlii 1uis po3B’s3yBaHHS 3ajaadi
IIPOTHO3YBaHHS CTPaXOBUX BHUILIAT 32 CTPAXOBUMHM JAHHMH Ta 3 ypaxXyBaHHAM 3alIyMJICHOCTI JaHUX.

BucHOBKH. 3anporOHOBaHUH MiAXiA peani3oBaHUil IPOrpaMHO UL OOy XyBaHHS OLIBII aJeKBAaTHUX MOJeleil Ta po3B’I3yBaHHS 3a1adi
TOYHOTO IPOTHO3YBAHHA CTPAXOBUX BHILIAT 33 CTPAXOBMMHU JAHHMH Ta BPaXyBaHHSAM 3alllyMIICHOCT] JaHHX. IlepcrieKTHBH MOAAIbIINX JO-
CJII/PKEHb MOXKYTh BKIIFOYATH BUKOPHCTAHHS JAHOT'O MiJXO/y B IHIIMX 00JacTsIX 3aCTOCYBaHHsI, LIO IOB’s3aHi 3 aKyTapHUM pu3ukoMm. Heob-
Xi1THO PO3pOOUTH CIIeliaNi3oBaHy IHTEJNEKTYallbHy CUCTEMY IIATPUMKU MPUHHATTS pillleHb ISl pO3B’sI3yBaHHS 3aJad 3 BUKOPUCTAHHIM
CTPaXOBHX JJAHHX PEAbHOTO CBIiTY B PEKHMi OHJIAMH, a TAaKOXK Cy4acHHUX iH(GOpMaNiffHUX TEXHOIOTIH Ta IHTEICKTYaIbHOTO aHaJIi3y JaHUX.

KJIFOYOBI CJIOBA: akTyapHHil pU3HMK, y3arajibHeHi JiHiAHI Mojeni, onTuManbHuid (ineTp KanMaHa, ekCrioHeHIiiiHa MHOYKHHA PO3-
HOJILJTIB, MOJICITIOBAHHS, ITEPATHBHO-PEKYPEHTHO 3BaXKYBaHHI METOJ HaliMeHIIMX KBaapaTiB, Metoq Adam, metox Monre-Kapio s map-
KIBCBKHUX JIAHIIIOTIB.
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ABSTRACT

Context. Designing a new architecture is difficult and time-consuming process, that in some cases can be replaced by scaling
existing model. In this paper we examine convolutional neural network scaling methods and aiming on the development of the
method that allows to scale original network that solves segmentation task into more accurate network.

Objective. The goal of the work is to develop a method of scaling a convolutional neural network, that achieve or outperform
existing scaling methods, and to verify its effectiveness in solving semantic segmentation task.

Method. The proposed asymmetric method combines advantages of other methods and provides same high accuracy network in
the result as combined method and even outperform other methods. The method is developed to be appliable for convolutional neural
networks which follows encoder-decoder architecture designed to solve semantic segmentation task. The method is enhancing feature
extraction potential of the encoder part, meanwhile preserving decoder part of architecture. Because of its asymmetric nature,
proposed method more efficient, since it results in smaller increase of parameters amount.

Results. The proposed method was implemented on U-net architecture that was applied to solve semantic segmentation task. The
evaluation of the method as well as other methods was performed on the semantic dataset. The asymmetric scaling method showed
its efficiency outperformed or achieved other scaling methods results, meanwhile it has fewer parameters.

Conclusions. Scaling techniques could be beneficial in cases where some extra computational resources are available. The
proposed method was evaluated on the solving semantic segmentation task, on which method showed its efficiency. Even though
scaling methods improves original network accuracy they highly increase network requirements, which proposed asymmetric method
dedicated to decrease. The prospects for further research may include the optimization process and investigation of tradeoff between
accuracy gain and resources requirements, as well as a conducting experiment that includes several different architectures.

KEYWORDS: convolutional neural network, scaling method, asymmetric scaling, semantic segmentation, encoder-decoder,
image.

ABBREVIATIONS H,W,C is an input image heigh, width and number of
CNN is a convolutional neural network; channels respectively;
ELU is a Exponential Linear Unit; RHW>C is an three dimensional tensor;
ReLU is a Rectified linear unit; softmax is an output layer;

D-Unet is a U-net scaled in depth;
W-Unet is a U-net scaled in width;
R-Unet is a U-net with scaled input image resolution;

Dec; is a deconvolutional block, that can contain
several layers;

WDR-Unet is a U-net scaled in depth, width and with Conv; is a convolutional block, that contain
increased image resolution; convolutional and pooling layers;

AWDR-Unet is a U-net scaled asymmetrically in W' ,H',C"is a scaled input image heigh, width,
depth, width and with increased image resolution. channels;

M, is a a-th scaling method,;
NOMENCLATURE F, is an origin network;

F(X)is a convolutional neural network; 0 g '

X isan input Space(images); Fa is a CNN scaled with a-th method,;

Y is an output space; accuracy(F(X)) is a accuracy of the network;

X is an input image; Params(F(X)) is a parameters amount;
© Hmyria I. O., Kravets N. S., 2024
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accur, is a network accuracy for the model scaled

with method b;
max(accury) is a maximum of acquired model

accuracies;

e* is an exponential function of x;

a is an hyperparameter;

p; is a is the predicted probability for the true class;
v is a focusing parameter;

o is a weighing factor;

o is an activation function;

bj is the i-th adjusted bias;

Xscaled 1S @ Scaled input space;

CONVgeqleq 1S @ SCaled convolutional layer;

F’ is the adjusted number of filters;
W' is the i-th adjusted filter;

Fecaled 1S @ scaled amount of layers;

Convy, is a i-th scaled convolutional block.

S is a scaling factor for image parameters;
F is a scaled network;

Deconv is a deconvolutional part of network;
X is ascaled input images;
Porigin 1S an origin amount of parameters;

Pscaled 1S @n scaled amount of parameters.

INTRODUCTION

Thankfully to the rapid development of technologies
and the equally rapid growth of computing capabilities of
computers and their memory capacity, the wide
development and use of approaches based on artificial
intelligence and digital image processing became
possible.

Many researchers have dedicated their work to
developing computer vision and image processing
systems to solve complex tasks in life scenarios.

Vision systems are widely used in many aspects of
real life. In medicine, computer vision plays an important
role in imaging and healthcare applications. In
autonomous vehicles — identifying and understanding
objects in the environment, helping autonomous vehicles
navigate safely. Satellite image analysis for land cover
classification, monitoring changes in vegetation, urban
areas, and more. In the robotic area such systems help to
identify and manipulate objects in their environment.

Often creating a new architecture is not available due
to different limitations, but in cases where we have some
base model and some extra resources available, we can
use a scaling technique.

Our goal in this paper is to examine possible network
scaling methods and apply them on the convolutional
neural network. Study how different approaches impact
network accuracy on solving semantic segmentation
tasks. Propose and experimentally verify if there is a
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reason to scale not the whole network symmetrically, but
to scale only part of the network.

The object of study is the process of scaling a
convolutional neural network for semantic segmentation.

Creating a new convolutional neural network is
difficult, iterative, and time-consuming process. The
scaling of existing model could be beneficial in cases
when we need to achieve better accuracy and don’t
strictly limit to computational resources. Scaling refers to
the practice of increasing the size and complexity of
neural networks to improve their performance. It’s
reasonable because such techniques provide a pathway to
building more powerful and expressive models which can
solve complex tasks, leverage vast amounts of data, and
push the boundaries of performance.

The subject of study is the scaling methods for
convolutional neural network model.

The purpose of the work is to increase the accuracy
of the convolutional neural network model by scaling its
base architecture.

1 PROBLEM STATEMENT
Formally convolutional neural network can be
represented as F(X)=Y . An input image xe X is a

three-dimensional  tensor, xe RTPWXC  \where

dimensions it’s image parameters, such as size and
channels.

From the architecture perspective model can be
represented as:

F (X') = soft max( Dec; (...(Conv 5 (Conv{(X)))))) .

Deconvolutional blocks placed in deconvolutional part
of the network. Such blocks can consist of different
layers, but commonly it consists of convolutional layer,
concatenation or skip connection and deconvolutional
layer. A convolutional (encode) block is consist of
convolutional and pooling layers.

Scaling is the process of increasing the size and
complexity of neural network by adjusting number of
layers and filters, or other parameters, such as image size
(W, H). Let’s represent scaling method as M so

Mo (F(XWHCyy — F (xWHHXCY 1 where F, -
model with i’ amount of layers, received after applying
M, method.

We have a restriction that
accuracy(F, (X)) > accuracy(F (X)), that means that
method should positively impact on received accuracy.

Another limitation we have its number of parameters,
in this work we put that limitation as
Params(F,) <2* Params(F,) . Modeling in such way
computational restrictions.

The task is to find such My which results in better

network accuracy:
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max(accur, ) > max(accury,...,accury, ),

and using less or equal number of parameters:

Params(F,) < Params(F,) .

2 REVIEW OF THE LITERATURE

Convolutional neural networks allow to solve various
types of computer vision tasks, such as recognition [1],
classification and segmentations. They have huge
potential in real world task solving from simple image
processing to complex image search engine [2].
Segmentation of an image is one of the indispensable
tasks in computer vision. This task is comparatively more
complicated than other vision tasks as it needs low-level
spatial information. Basically, image segmentation can be
of two types: semantic segmentation [3] and instance
segmentation [4]. In this article we work only with
semantic segmentation.

Image segmentation problems have been approached
using several classic pre-deep learning techniques, such as
sparsity-based methods [5], k-means clustering [6],
Support vector machines [7], Random forests [8], ect. The
situation has changed radically with the growth of
computing power and the development of machine
learning methods. The number of neural networks
designed for segmentation increased notably [9] [10].
Methods based on encoder-decoder architectures have
become a popular approach to semantic segmentation,
particularly U-net [11] found wide usage in different
studies [12-14].

There are different techniques to increase CNN’s
accuracy, such as data-centric and network-based. When
data-centric methods propose operations on data, to
benefit in result efficiency, network-based, such as
scaling, offers to modify the network. Historically the
most common way is scaling in depth. We can scale
networks in different ways. We can scale up or down the
depth of the network [15] which means increase or
decrease the number of layers. Usually, it results in a
more accurate but heavyweight network.

Also, we can scale networks in another dimension —
width [16]. In this case we are not increasing the number
of layers, but we are multiplying the amount of filters on
each layer.

Besides the methods mentioned above there is image
resolution scaling method [17] [18]. We are increasing the
image’s height and width, allowing the network to learn
more features increasing its accuracy.

All those techniques have their own disadvantages,
but mostly researchers must balance between accuracy
profit and resources requirements. Increasing network
depth or width inevitably leads to an increasing number of
parameters and computations required to train the network.
Meanwhile increasing image resolution leads to lower
batch size since increasing image size increases memory
usage.
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The problem is to find which scaling method brings
more profit with the same or about the same
computational requirements.

We are going to examine all three methods to inspect
its influence on the U-net and its benefits when applying
to solve semantic segmentation problems. The main
criteria is the result network accuracy, but we also will
compare its training speed.

3 MATERIALS AND METHODS

U-net received its name because of its architecture that
resembles the letter U. This architecture has an innovative
design, containing contracting path, or in other words —
encoder, which has the purpose of extracting features
from the input image. Following this, an expansive path,
or decoder, expanding image to initial size to enable
accurate pixel-wise segmentation. In this symmetric
architecture information flows seamlessly, preserving
spatial information, which is beneficial for accurate
segmentation. Base U-net architecture is displayed on
Fig. 1.

w
¥ u
]

Inpat image

Segme

Encoder part Decader part

Figure 1 — U-net architecture

The encoder part of the U-Net contains
convolutional [19] and pooling layers to systematically
reduce the spatial dimensions of the input image. This
reduction allows for the extraction of high-level features,
creating feature maps. As it moves through consecutive
layers, the encoder captures complicated patterns and
essential features. During this down sampling process, the
U-Net progressively reduces the dimensions of the input
image. This down sampling operation involves the use of
max-pooling layers, which reduces the information,
retaining the most relevant features essential for accurate
segmentation.

Unlike the encoder, the decoder section of the U-Net
aims to reconstruct the segmented image by expanding
the condensed features into the original dimensions. This
process is essential to ensure the precise localization of
objects within the image and is called up sampling. In this
stage, the U-Net uses transposed convolutions, also
known as deconvolutions, to reconstruct the segmented
image. This method recovers the spatial information lost
during the down sampling phase, enabling the network to
generate detailed and accurate segmentations.

The basic U-net consists of five blocks in the encoder
part and five in decoder. Each encoder block contains
consecutive convolutional layers, followed by max-
pooling.
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In this article we used U-net as baseline, but made
several changes.

In order to reduce the vanishing gradient problem, the
activation function was changed from Rectified linear unit
(ReLU) to Exponential Linear Unit (ELU). Since ELU
mitigates the 'dying ReLU' problem by allowing negative
values, which prevents the vanishing gradient issue. And
it helps to avoid dead neurons, enhancing the overall
robustness of the model during training. ELU activation
function could be described as:

X, x<0

ELUG) =100 {a(eX -1, x>0.

Weight initialization technique was used to receive a
more robust and stable learning process. As the technique
was chosen He Normalization. The advantage of He
Normalization lies in its ability to maintain the stability of
gradients, allowing the network to train more effectively.
By avoiding the vanishing or exploding gradients, it
provides a smoother and more consistent learning process.
Consequently, this stability leads to enhanced
convergence, enabling the model to reach its optimal state
efficiently. As a result, the network requires fewer
iterations to reach a desired level of accuracy optimizing
the training time.

Also we used another loss function called Focal
loss [20], a variation of Binary Cross-Entropy, that serves
to lower the impact of simpler to learn instances, thereby
encouraging the model to concentrate its learning efforts
on more complex examples. This specialized loss function
demonstrates decent efficiency in scenarios with
significant class imbalances. When some classes appear
often and some are rarely seen. The desire to use that loss
function was mostly derived from the used dataset, as it’s
highly imbalanced, so in order to increase focus on other
classes this loss function was chosen. Focal Loss proposes
to focus on hard training examples, downweighing easy to
learn examples, using a modular factor, as shown in
formula below:

FL=Y ai- pi)" log(p;) -
i=1

Here, y > 0, but when y = 1 this function starts to
behave like CrossEntropy loss function. Parameter o
usually should be in range [0,1], it can be treated as a
hyperparameter, but in our case in order to make this
function more data aware modification of inverse class
frequency values was used.

In order to receive faster convergence, stability in the
learning process, and improved generalization, batch
normalization [21] layers were added to the network.
They apply a transformation that maintains the mean
output close to zero and the output standard deviation
close to one, transforming each input in the current mini-
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batch by subtracting the input mean in the current mini-
batch and dividing it by the standard deviation.

Width-wise scaling or expanding Convolutional
Neural Networks in width can be beneficial for several
reasons. A wider CNN allows the network to capture
different features and patterns within the data, improving
its accuracy. Besides that, a wider network can better
discern finer details in the data due to an enhanced variety
of feature maps and activations, which potentially leading
to performance improvements, especially in tasks which
require specific features extracting. Width-wise scaling
refers to adjusting the number of channels increasing
number of filters, and can be described as:

CONVgealeq (X) = U(Zizl(x *Wi'+by)).

This method can be beneficial, but at the same time
wider networks increase computational requirements and
need additional memory and processing potential. Besides
that, it can lead to overfitting, especially with smaller
datasets. As it increases potential for the network to grow
overly specialized and less flexible with new or varied
data and might compromise its generalization abilities.

The scaling of a CNN depth-wise amplifies its ability
to extract complex features and patterns from data,
thereby enhancing its representational power. Depth-wise
method refers to adjusting number of layers, and can be
described as:

Fscaled (X) = conv; (...,convy (X)) ,

where i — is adjusted amount of layer numbers.

By employing deeper architecture, convolutional
neural networks (CNNs) efficiently learn hierarchical
features, enabling the network to detect compound
patterns and characteristics spanning different tiers,
thereby amplifying network effectiveness in complex
tasks.

This approach also has its disadvantages, like
widthwise scaling, its increasing network’s depth leading
to enlarging complexity, longer time of training and
demanding more computational resources. As networks
become deeper it increases probability of overfitting,
especially on smaller datasets, as they might memorize
patterns instead of generalizing from them, decreasing the
model’s accuracy performing on new data.

Unlike previous methods which are model-based,
image resolution scaling is data-based method. The image
resolution refers to the amount of detail that an image
holds, typically measured in pixels. It is commonly
expressed as the width and height of the image in pixels.
The resolution determines the clarity and sharpness of the
image, with higher resolutions generally providing more
detail. Resolution scaling can be described as:

: WxHxC
Xscaled = resize(X 7)),

RW*SxH*SxC and S

where Xgcajed € — scaling factor.
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Increasing image resolution can potentially increase
network accuracy, since higher image accuracy allows
models to learn fine-grained patterns. Commonly in order
to increase image resolution we would have to use
techniques like interpolation. But since our dataset
contains high resolution images it allows us just squeeze
images to desired size, which is higher than the original
one.

To receive all benefits from the previously described
methods we applied all those three methods
simultaneously on the same baseline network. But instead
of raw multiplying of the baseline network’s layer and
filters, we construct a modified version of the network
displayed on Figure 2.

Figure 2 — WDR-Unet architecture
The methods described before applied to whole

network, significantly increasing the number of
parameters. To use a smaller number of parameters we
decided to apply scaling method on U-net architecture
asymmetrically, that means applying scaling only on the
encoder part of the network. The proposed method can be
described as:

F(X)= Deconv(...,(ConviS (...,Conv%(xs)))) .

Schematic AWDR architecture is displayed on the
Figure 3.

|
3
Enuoder pars

Devader part

Figure 3 — AWDR-Unet architecture

Encoder part of the network should be scaled using
depth-wise and width-wise, besides that input image
resolution should be increased. Increasing depth should be
performed by adding new convolutional layers in the first
half of the network. After that scaling in width should be
applied to the encoder part, including new layers.

This concept was inspired by the desire to achieve
scaling benefits with lower requirements. Since encoder is
responsible for capturing and encoding hierarchical
features from the input image, we decided to scale this
part. We took a network scaled in all dimensions and
modified the decoder part to be the same as in the original
baseline. Received network have a smaller number of
parameters meanwhile preserves accuracy gain received
with combined scaling.
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4 EXPERIMENTS

For the training and validation processes was used
Cityscapes [22] dataset. It’s dataset for semantic
understanding of urban street scenes. It provides
semantic, instance-wise, and dense pixel annotations for
30 classes grouped into 8 categories: vehicles, humans,
constructions, flat surfaces, objects, nature, sky, and void.
But for this experiment only semantic information was
considered. The dataset consists of around 3475 fine
annotated images. Data was captured in 50 cities during
several months, daytimes, and good weather conditions.
Images were thoroughly selected to have the following
features: large number of dynamic objects, varying scene
layout, and varying background.

Each image has a size of 2048 x 1024 so we
performed image resizing using the nearest neighbor
algorithm which provides a sharper result image. To
decrease overfitting, we performed data processing which
includes random cropping and random flipping.

We applied all five methods described in previous
section to baseline. All received networks were trained on
the same dataset with the same number of epochs (50).

As the result of width-wise scaling we received
architecture that almost did not differ from baseline
except for the number of filters in each convolutional
layer. The origin amount was multiplied by a defined
scale factor. That approach increases the width of the
whole network symmetrically. Though the last
convolutional layer which has classification purpose
remained the same, since the number of classes in the
dataset wasn’t changed. In the experiment we aim to limit
scaling in the way that the number of parameters is
increased twice, following established limitation. The
received scaling factor was 1.4, since it doubled the
parameters amount of the original network.

In depth-wise scaling, to receive deeper network, we
extended the baseline architecture with additional layers
which were copies of existing layers. Each layer was
doubled, so depth of the entire network was doubled. The
scaling parameter in this case is two, selected in such a
way that the number of parameters in received
architecture would not break limitation.

Combined scaling method including all three methods
follows previous methods principles, except for different
scaling parameters, since in the result of the scaling we
need to meet limitations. To increase depth of the network
we added several layers, but instead of adding a plain
sequence of convolutional layers, we decided to use
residual blocks, since the model is quite deep and residual
blocks facilitate the stable backpropagation of gradients,
reducing the possibility of vanishing or exploding
gradients.

5 RESULTS
In the result of the experiment, we received five
different networks, which were received after applying
scaling methods to the base model.
For each of the method
characteristics are shown in Table 1.
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Table 1 — Scaled networks characteristics

Network Accuracy, % | Params, M Speed, ms/step
AWDR-Unet 84.8 55.2 1134
WDR-Unet 84.7 62.8 1585
D-Unet 83.6 62.4 786
W-Unet 82.5 61.3 786
R-Unet 82.9 31.0 910
Baseline 80 31.0 430

As we can see from the table, the best accuracy
received AWDR network is 84.8%, approximately the
same accuracy as WDR received (84.7%) but has 7.6 M
parameters less and faster training speed. Making it a
reasonable method of scaling which needs further
investigations. In general, methods which combine
several methods show better accuracy results (about 1-
1.5% better than others), meanwhile have much higher
training time.

Increasing model in depth increases the number of
parameters by the equation Pscajeq =d * Porigin » Where d

is scaling factor. So, for scaling factor 2 increases number
of parameters in twice. For the scaling in width number of
parameters can be counted as sum of each layer
parameters. The parameters grow is highly depends on the
architecture, and in our case increasing each layer’s filters
number by 1.4 increases overall parameters in twice.
Resolution scaling is not increasing parameters amount
since it’s not affecting architecture. But it has impact on
memory usage, we iteratively found that increasing image
resolution more than by 1.4 leads to memory overfitting.
Using all three methods simultaneously required adjusting
scaling factors to meet limitations, so we changed w
scaling factor to 1.16, and d to 1.8. Asymmetric method
got same scaling factors, but they were applied only to the
part of the network.

The computed loss of the five models at each training
epoch is shown in Fig. 4.

—— paseline
Welinet

— D-unet
10 — WDR-Unet
ANDR-Unet

08 A
A

o0

Figure 4 — Training losses of each model

We can observe that WDR and AWDR have lower
and approximately equal loss values. From this
observation we can confirm that those networks are
training better. On the other hand, wider and deeper
networks have higher loss values. And decreasing near
baseline rate.

On the Fig. 5 we displayed validation loss graphics.
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Figure 5 — Validation losses

Here we can see about the same situation as we have
with training loss. WDR and AWDR networks have
lowest loss values, but here we can see an interesting
situation, after the 20-th epoch validation loss value starts
to increase. It could be the signal that the model started to
learn to perform well on the training data but fails to
generalize to new, unseen data. Since those networks are
much deeper and complex, they are more vulnerable to
overfitting. To fix that in further research we are going to
apply more advanced data augmentation techniques to
significantly extend the dataset

On Fig. 6 we show accuracy graphic, its display how
each model is becoming more accurate with each epoch.

10 20 30 40 50
Epoch

Figure 6 — Accuracy of each model

We can observe from this figure how WDR and
AWDR models are converging faster than others, and
results in the highest accuracy value. Meanwhile, wider,
and deeper networks have second highest values, and
have approximately the same values, but deeper networks
have slightly better accuracy. Baseline has the lowest
accuracy among all networks. Also, it’s reasonable to
consider using early stopping techniques to stop earlier
not perform redundant training and train on lower epochs
amount.

6 DISCUSSION

In this study we investigated methods of scaling
convolutional neural network and its usage in solving
semantic segmentation task. The proposed method allows
us to combine benefits from other methods, meanwhile
using less parameters, which makes network more
accurate.

We conducted a review of literature and explored
existing approaches in semantic segmentation task, and
existing scaling techniques, which can be applied. Existing
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scaling methods includes model-based (depth-wise, width-
wise) and data-based (resolution scaling). The scaling in
depth and width [23] in general improves accuracy, but
received accuracy gain with our network and parameters
limit reaches about 3%. Image resolution scaling method
also allow to achieve accuracy gain, it can reach from 1%
to 13% [24] depending on the architecture and dataset, but
for our model and parameters limitation its accuracy gain
reached 2.9%. Hybrid scaling [25] produces about 4.7%
accuracy improvement. The proposed asymmetric method
achieves 4.8% accuracy increase, meanwhile produces
network with about 12% less parameters.

After it we conducted an experiment with different
scaling methods, including model-wise and data-wise
scaling. In a result we acquired five architecture
modifications with different characteristics. We empirically
verified that scaling a CNN is a beneficial approach in
cases where computation capabilities are not strictly
limited, and some extra resources are available.

Even though scaling in one dimension potentially can
lead to accuracy improvements, it’s more efficient to use
combined scaling, increasing network architecture in both
depth-wise and width-wise ways. Not least important is
scaling an input image size. The higher image resolution is
the more sophisticated patterns are available for the
network to learn. Using proposed method, we received a
network architecture that has less parameters while
preserving the approximately same high accuracy as
existing methods.

The results of the experiment showed that proposed
method helps to obtain high-accuracy network, which has
high accuracy, but using less parameters than existing
methods. However, with benefits from other methods, its
also took over the problem of increasing computational
requirements and training time, which leaves an open
question for further research about tradeoffs between
accuracy gain and resources requirements.

CONCLUSIONS

The paper analyzes scaling method for convolutional
neural network designed to solve semantic segmentation
task.

The scientific novelty of obtained results is the
proposed method of asymmetric scaling. This method is
appliable to the semantic segmentation models which
follows encoder-decoder architecture pattern. It allows to
obtain accuracy gain similar to existing methods, but at
the same time it uses a smaller number of parameters, that
makes it more recourse efficient.

The practical significance of obtained results is that
the neural network is trained and validated, that allow
method to be used in software development. The
experimental results allow to recommend the proposed
method for use in practice where semantic segmentation
task needs to be solved, it can have potential in the safety
area, autonomous driving, and traffic systems.

Prospects for further research are to study the
effectiveness of proposed method on other types of
networks with different architectures.

© Hmyria I. O., Kravets N. S., 2024
DOI 10.15588/1607-3274-2024-2-6

58

ACKNOWLEDGEMENTS
We thank the management of Kharkiv National
University of Radioelectronics for the opportunity to
conduct scientific research.

REFERENCES

1. Smelyakov K., Chupryna A., Bohomolov O. et al. The
Neural Network Models Effectiveness for Face Detection
and Face Recognition, 2021 IEEE Open Conference of
Electrical, Electronic and Information Sciences (eStream),
Lithuania, 22 April 2021 : proceedings. Vilnius, IEEE,
2021, pp. 1-7. DOI: 10.1109/estream53087.2021.9431476.

2. Smelyakov K., Sandrkin D., Ruban I. et al. Search by
Image. New Search Engine Service Model, Problems of
Infocommunications. Science and Technology (PIC S&T) :
2018 International  Scientific-Practical  Conference,
Ukraine, 9-12 October 2018 : proceedings. Kharkiv, IEEE,
2018, pp- 181-186. DOI:
10.1109/infocommst.2018.8632117.

3. Hao S., Zhou Y., Guo Y. A Brief Survey on Semantic
Segmentation with Deep Learning, Neurocomputing, 2020,
Vol. 406, pp. 302-321. DOI: 10.1016/j.neucom.2019.11.118
2020.

4. Hafiz A. M., Bhat G. M. A survey on instance segmentation:
state of the art, International Journal of Multimedia
Information Retrieval, 2020, Vol. 9, No. 3, pp. 171-189.
DOI: 10.1007/s13735-020-00195-x.

5. Minaee S., Wang Y. An ADMM Approach to Masked
Signal Decomposition Using Subspace Representation,
IEEE Transactions on Image Processing, 2019, Vol. 28,
No. 7, pp. 3192-3204. DOI: 10.1109/tip.2019.2894966.

6. Dhanachandra N., Manglem Khumanthem, Chanu Y. J.
Image Segmentation Using K-means Clustering Algorithm
and Subtractive Clustering Algorithm, Procedia Computer
Science, 2015, Vol. 54, pp. 764-771. DOI:
10.1016/j.procs.2015.06.090.

7. Yu Z., Wong H.-S., Wen G. A modified support vector
machine and its application to image segmentation, Image
and Vision Computing, 2011, Vol. 29, No. 1, pp. 29-40.
DOI: 10.1016/j.imavis.2010.08.003.

8. Hatami T., Hamghalam M., Reyhani-Galangashi O. et al. A
Machine Learning Approach to Brain Tumors Segmentation
Using Adaptive Random Forest Algorithm, 2019 5th
Conference on Knowledge Based Engineering and
Innovation (KBEI), Iran, 28 February — 1 March 2019 :
proceedings. Tehran, IEEE, 2019, pp. 76-82. DOI:
10.1109/kbei.2019.8735072.

9. Minaee S., Boykov Y., Porikli F. et al. Image Segmentation
Using Deep Learning: A Survey, IEEE Transactions on
Pattern Analysis and Machine Intelligence, 2021, P. 1. DOI:
10.1109/tpami.2021.3059968.

10. Ulku 1., Akagiindiiz E. A Survey on Deep Learning-based
Architectures for Semantic Segmentation on 2D Images,
Applied Artificial Intelligence, 2022, pp. 1-45. DOI:
10.1080/08839514.2022.2032924.

11. Ronneberger 0., Philipp F., Thomas B. U-Net:
Convolutional ~ Networks  for  Biomedical Image
Segmentation, Lecture Notes in Computer Science. Cham,
2015, pp. 234-241. DOI: 10.1007/978-3-319-24574-4_28.

12. Huang H., Lin L., Tong R. et al. UNet 3+: A Full-Scale
Connected UNet for Medical Image Segmentation, ICASSP
2020 - 2020 IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP), Spain, 4-8 May
2020 : proceedings. Barcelona, IEEE, 2020, pp. 1055-1059.
DOI: 10.1109/icassp40776.2020.9053405.

OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, inbopmatrka, ynpasminss. 2024. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 2

13. Cao H., Wang Y., Chen J., et al. Swin-Unet: Unet-Like Pure ~ 20. Jadon S. A survey of loss functions for semantic

Transformer for Medical Image Segmentation, Lecture segmentation, 2020 IEEE Conference on Computational
Notes in Computer Science. Cham, 2023, pp. 205-218. DOI: Intelligence in Bioinformatics and Computational Biology
10.1007/978-3-031-25066-8_9. (CIBCB), Chile, 27-29 October 2020 : proceedings. Vifia

14. Zhang S., Zhang C. Modified U-Net for plant diseased leaf del Mar, IEEE, 2020, pp. 1-7. DOL:
image segmentation, Computers and Electronics in 10.1109/cibcb48159.2020.9277638.

Agriculture, 2023, Vol. 204, P. 107511. DOI: 21. Furusho Y. |lkeda K. Theoretical analysis of skip
10.1016/j.compag.2022.107511. connections and batch normalization from generalization

15. Kozal J., Wozniak M. Increasing depth of neural networks and optimization perspectives, APSIPA Transactions on
for life-long learning, Information Fusion, 2023, P. 101829. Signal and Information Processing, 2020, Vol. 9. DOI:
DOI: 10.1016/j.inffus.2023.101829. 10.1017/atsip.2020.7.

16. Yang G., Hu E. Tensor programs IV: Feature learning in  22. Cordts M., Omran M., Ramos S. et al. The Cityscapes
infinite-width neural networks, International Conference on Dataset for Semantic Urban Scene Understanding, 2016
Machine Learning : 38th International Conference, 18-24 IEEE Conference on Computer Vision and Pattern
July 2021 : proceedings. San Diego, PMLR, 2021, Recognition (CVPR), USA, 27-30 June 2016 : proceedings.
pp. 11727-11737. Las Vegas, IEEE, 2016, pp. 3213-3223. DOI:

17. Sabottke C. F., Spieler B. M. The Effect of Image 10.1109/cvpr.2016.350.

Resolution on Deep Learning in Radiography, Radiology:  23. Lingjiao C., Wang H., Zhao J., et al. The Effect of Network
Artificial Intelligence, 2020, Vol. 2, No. 1, P. €190015. DOI: Width on the Performance of Large-batch Training,
10.1148/ryai.2019190015. Advances in Neural Information Processing Systems 31,

18. Thambawita V., Striimke 1., Hicks S. et al. Impact of Image 2018.

Resolution on Deep Learning Performance in Endoscopy  24. Jerubbaal J., Rajkumar J., Mahesh B. Impact of image size
Image Classification: An Experimental Study Using a Large on accuracy and generalization of convolutional neural
Dataset of Endoscopic Images, Diagnostics, 2021, Vol. 11, networks, IJRAR, 2019, Vol. 6, No. 1, pp. 70-80.

No. 12, P. 2183. DOI: 10.3390/diagnostics11122183. 25. Guocheng Q., Li Y., Peng H. et al. PointNeXt: Revisiting

19. Smelyakov K., Shupyliuk M., Martovytskyi V. et al. PointNet++ with Improved Training and Scaling Strategies,
Efficiency of image convolution, Advanced Optoelectronics Advances in Neural Information Processing Systems 35,
and Lasers (CAOL) : 8th International Conference, 2022, pp. 23192-23204.

Bulgaria, 6-8 September 2019 : proceedings. Sozopol, Received 19.02.2024.
IEEE, 2019, pp. 578-583. DOI: Accepted 16.04.2024.
10.1109/ca0l46282.2019.9019450.

VK 004.93

METOJIA MACIITABYBAHHS 3rOPTKOBUX HEMPOHHUX MEPEXK )11 CEMAHTAYHOI CETMEHTALII

I'mups . O. — acnipanT kadenpu nporpamHoi imxeHepii, XapKiBCbKUH HaliOHAJIBHUHA YHIBEPCUTET PajioelIeKTPpOHIKY, XapKiB,
VYkpaiHa.

Kpasens H. C. — xaHz. TexXH. HayK, JOLEHT, JOLEHT KadeIpy nporpamMHoi iHxeHepii, XapKiBCbKUil HAllIOHAIBHUI YHIBEPCUTET
paznioenekTpoHiky, XapkiB, YkpaiHa.

AHOTALIS

AxTyanbHicTh. Po3poOka HOBOI apXiTeKTypH HEHPOHHOI Mepexi € CKIaAHUM 1 TPYIOMICTKHM IPOLIECOM, SIKMU y HIESSKHX
BHIAJIKaX MOKe OyTH 3aMiHEHHH MacmTaOyBaHHSAM iCHYI0O4oi Monemi. Y Il CTaTrTi MU pO3IIIAJaEMO METOAM MacIITa0yBaHHS
3TOPTKOBO HEWUPOHHOI MEpEXi Ta IMparHeMo PO3pOOUTH METO, KU J03BOJISIE MAcIITa0yBaTH OPUTIHAIBHY MEPEXKY, sIKa BUPIIIy€E
3aBIaHHS CETMEHTAallil, y OLIBII TOUHY MEpexy.

Meta poGorn. Merolo poboTH € po3poOka MeToqy MacIiTaOyBaHHS 3rOpPTKOBOI HEHPOHHOI Mepexi, sSKui nocsrae abo
NepeBeplIye iCHYI04i MeTOAM MaciutabyBaHHs, 1 IepeBipUTH HOTo epeKTHBHICTh y BUPIIICHHI 3a1a4i CEMAHTHYHOI CerMeHTallil.

MeToa. 3anporoHOBaHUN aCHMETPUYHUHA METOA NOEJHYE B OOl IepeBaru iHIINX METO/IB 1 3a0e3nedye TaKky ) BUCOKY TOUHICTb
Mepexi B pe3yibTari, K i KOMOIHOBaHHI METO[, i HaBiTh MepeBepllye iHIm MeToxu. MeToJ po3po0IeHO [isi 3aCTOCYBaHHS 10
3rOPTKOBUX HEHPOHHHX MEpPEX, SIKi CIIAYIOTh apXiTeKTypi KoJepa-JaeKoepa, IPU3HAUCHOT [UIsl BUPIMICHHS 3aBAaHHS CEMAaHTHYHOI
cerMeHTanii. MeTo MOCHIIIOE MOTEHIIaNl BHUIUICHHS O3HAaK HIO BiOYBA€ThCS B YacTHHI KOoAepa, BOOHOYAC 30epirae Mmo4aTKOBY
apxiTeKTypy YacTHHH JieKojepa. Uepe3 CBOIO aCHMETPHUYHICThH 3alPONOHOBAHUNA METOA OUIbII ¢(eKTUBHHMN, OCKIIBKH MPH3BOIAUTH
JI0 MEHIIIOTO IPHPOCTY KiTBKOCTI apaMeTpiB.

Pe3yabTaTn. 3anpormoHOBaHMI MeToJ pealizoBaHO Ha apxiTekTypi U-net, sika 3acTocoByBajacst Ul BUPIIICHHS 3ajaadi
ceMaHTH4yHOi cermeHTarii. OuiHKa METOIy, a TaKOX IHIIMX METOJiB Oysia BUKOHAHa Ha CEMaHTHYHOMY HaOopi naHux. Merox
ACHMETPUYHOr0 MacmTaOyBaHHS IOKa3aB, L0 HOro edexTWBHICTH NepeBepirye abo Jocsrae pe3yibTaTiB IHIINX METOIIB
MacutabyBaHHs, IPH [IbOMY BiH € OUIbII e()eKTHBHUI 32 KiJIbKICTIO ITapaMeTpiB.

BucnoBkn. Metonu MmacimraOyBaHHA MOXYTb OyTH KOPUCHHMM Yy BHIAJKaxX, KOJM JOCTYIHI JOAATKOBI OOYMCIIOBAIbHI
pecypcu. 3anponoHOBaHH MeTOA OYyB 3aCTOCOBAHHI 0 3rOPTKOBOI HEHPOHHOI MEpEeXi Ta OLIHIOBABCS IPW BHPILICHHI 3aBJAHHSI
CEeMaHTHYHOI CEeTMEHTalii, Ha SKOMY METOJ TOKa3aB CBOIO €(EeKTHBHICTh. He3Bakaroum Ha Te, OI0 METOIU MacIiTaOyBaHHS
MOKPALIyIOTh NOYAaTKOBY TOYHICTh MEpEXi, BOHH 3HAYHO MiJBHILYIOTh BUMOTH IO MEPEXi, /Ul 3MEHIICHHS SIKMX NPOHOHYETHCS
acuMeTpuuHHil Meroj. IlepcreKkTHBM NOJANBIINX JOCHIUKEHb MOXYTh BKJIIOUATH IIPOLEC ONTHUMI3alil Ta MOCITIIKCHHS
ONTHMAJILHOTO KOMIIPOMICY MDK IMiZBHINCHHSM TOYHOCTI Ta BUMOTaMH IO PECYpCiB, a TaKOX IPOBEACHHS EKCIIEPUMEHTY, SKhit
BKJIFOYA€ KiJIbKA PI3HUX apXiTEKTyp.

KJIFOUOBI CJIOBA: 3roprouna HefpoHHa Mepeka, METOJ| MacIUTaOyBaHHS, acCHMETpUYHE MaclutaOyBaHHS, CEMaHTHYHA
CEerMEHTALlisl, KOAep-AeKoep, 300paKeHHs.
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ABSTRACT

Context. The research is devoted to the development of a flexible mathematical apparatus for the intellectualisation of
knowledge in the medical field. As a rule, human thinking is based on inaccurate, approximate data, the analysis of which allows us
to formulate clear decisions. In cases where there is no exact mathematical model of an object, or the model is difficult to implement,
it is advisable to use a fuzzy logic apparatus. The article is aimed at expanding the range of knowledge of researchers working in the
field of medical diagnostics.

Obijective. The aim of the study is to improve the quality of reflection of the subject area of the medical sphere on the basis of
building type-2 fuzzy knowledge bases with interval membership functions.

Method. The article describes an approach to formalising the knowledge of a medical specialist using second-order fuzzy sets,
which allows taking into account the uncertainty and vagueness inherent in medical data and solving the problem of interpreting the
results obtained.

Results. The developed approach is implemented on a specific problem faced by an anaesthetist when admitting a patient to elec-
tive (planned) surgery.

Conclusions. Experimental studies have shown that the presented type-2 fuzzy model with interval membership functions allows
to adequately reflect the input medical variables of a qualitative nature and take into account both the knowledge of a specialist in
medical practice and research medical and biological data. The acquired results hold substantial practical importance for medical
practitioners, especially anesthetists, as they lead to enhanced patient assessments, error reduction, and tailored recommendations.
This research fosters the advancement of intelligent systems capable of positively influencing clinical practices and improving patient
outcomes within the realm of medical diagnostics.

KEYWORDS: fuzzy clustering, medical diagnostics, membership functions of the second kind.

ABBREVIATIONS x* is specific value of the indicator;
ASA is the American Society of Anaesthesiologists; u is the secondary variable.
FOU is a footprint of uncertainty;
FS-1 is a first-order fuzzy set; INTRODUCTION
FS-2 is a second-order fuzzy set; Modern information technologies are widely used in
LMF is a lower membership function; many areas of human activity, in particular, they are being
MET is a metabolic equivalent; intensively implemented in the daily practice of health-
MF is a membership function; care. Fuzzy modelling is one of the most popular and rap-
UMEF is an upper membership function. idly developing areas in the field of modern methods of

managing poorly formalized objects.

_ NOMENCLATURE The massive introduction of digital technologies in the
Ais afuzzy set; modern world demonstrates successful results, in particu-
Ajj is a linguistic term; lar in the diagnosis of socially significant diseases. The
X is the set of features; use of computer systems by a practitioner requires con-
X; Is an i-th element of the set X; tinuous improvement of both the doctor’s knowledge and
K is the set of classes; the systems as a whole. Both subjective and objective
kj is a class label, j-th element of the set K; factors should be taken into account. Subjective factors
F(X) is a fuzzy classifier; _ include physician errors in examination and diagnosis.
J,e is @ primary membership function; Objective factors include, first of all, the constant increase
H is a membership function; _ _ in the number of criteria that must be taken into account
H(x) is the value of the membership function at a and analysed by a doctor when making a medical deci-

particular point; sion, which significantly exaggerate the cognitive capa-
3 (x’) is the secondary membership function; bilities of a person, as well as the lack of time for deci-
n, m — number of elements in the set: sion-making. To solve these problems, it is advisable to
P is a number of rules; introduce intelligent systems based on artificial intelli-

gence technologies into clinical medicine. Such systems

Rpj is a product rule; § o H ) -
are able to provide clinicians with personalized assess-

x is the primary variable;
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ments and/or recommendations to assist them in making
medical decisions.

Intelligent decision-making systems should be focused
on the knowledge of a specialist doctor and be based on a
set of explicit, understandable, easily interpretable lin-
guistic “IF-THEN” rules. As a rule, in the process of as-
sessing a patient’s condition, medical practice uses lin-
guistic terms such as “high fever”, “old age”, “low blood
pressure”, which are intuitive and well aligned with the
doctor’s thinking and judgement, and can be used to de-
scribe uncertain and inaccurate information. These prop-
erties encourage researchers to use fuzzy logic theory in
intelligent decision support systems.

When admitting a patient to surgery, the anaesthetist
must comprehensively examine the patient, i.e. objec-
tively examine the patient’s condition, analyse laboratory,
X-ray and other types of examinations, and take into ac-
count the presence of other diseases of the patient. Proc-
essing a large amount of information about a patient is a
complex task that an intelligent decision support system
can help solve.

The object of study is the development of a flexible
mathematical apparatus for intellectualizing knowledge in
the medical field, with a specific focus on medical diag-
nostics.

The subject of study is the intellectualization of
knowledge in the medical field.

This paper proposes the use of a mathematical appa-
ratus using second-order fuzzy sets to determine the class
of a patient’s readiness for surgery.

1 PROBLEM STATEMENT

The problems faced by medical professionals are re-
lated to the situation when all parameters cannot be taken
into account, and the required number of parameters can-
not be determined, i.e. there are only significant parame-
ters, while the final solution is considered, which may be
approximate.

Such problems include the tasks of diagnosing and
predicting the consequences of a disease, choosing a
treatment strategy and tactics, determining the level of
patient readiness for surgery, etc.

To solve such problems in conditions where the de-
scription of medical data has a qualitative form, it will be
appropriate to build fuzzy logic systems that have the
ability to describe existing statements of medical profes-
sionals.

As a rule, the formation of fuzzy knowledge bases, the
choice of the type of membership functions and the num-
ber of input parameters will significantly depend on the
degree of participation of medical specialists and labora-
tory information.

To solve this problem, it is proposed to use type-2
fuzzy models with interval membership functions[1],
which are adequately applied in the medical field and are
capable of taking into account both the knowledge of a
medical expert and laboratory biomedical data in the con-
text of descriptive, qualitative data.
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The problem of medical diagnosis can be formulated
as a classification problem. Such a problem can be solved
by finding an appropriate classifier, i.e. a mathematical
function F, that corresponds to a set of symptoms

X ={X1, X0, Xn }={X;,1 =1,n} with a certain class label
kj .

F(X):X —>k;.

It is proposed to use a fuzzy modelling approach
based on observation data as a classifier. Such an ap-
proach allows for a compromise between classification
accuracy and interpretation of the result.

The task of classification is to predict the class of an
object by its feature vector.

Let the set of features

X ={X1, X0, Xn }={Xj 1 =1,n} and the set of classes

K ={k, ko, km}={kj, =1 m}.

A fuzzy classifier is represented as a function that as-
signs a class label to a point in the input feature space
with a calculated degree of confidence:

F(X): Xyx Xy x..x X, = [04" .

The basis of a fuzzy classifier is a product rule of the
following form:
Rpj i IFx =Ajand X, = Ayj and..and x, = Ay; THEN class =kj.
The class is defined by the rule for which the IF-part

maximally corresponds to the description given by the
input vector X:

n
class =K .+, i =arg max (%) .
j J g]sjsmil:{u'%( i)

The construction of fuzzy classifiers requires solving
the following tasks: selection of informative features,
formalization of knowledge, formulation of a fuzzy rule
base, and optimization of the parameters of the member-
ship function.

The problem of selecting informative features is to
find such input attributes from the dataset that most realis-
tically reflect the patient’s condition and the doctors’ un-
derstanding of the result. These can be statistical, theo-
retical, information and metaheuristic methods.

The formalization of knowledge is a problem whose
solution is to build a model that adequately reflects the
information of the subject area.

2 REVIEW OF THE LITERATURE
Today, computer-based clinical decision support sys-
tems for disease detection and patient monitoring are be-
ing developed and implemented[2-5], which are able to
provide clinicians with personalised assessments and/or
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recommendations to assist in medical decision-making.
As a rule, such systems are based on easily interpretable
linguistic “If-Then” rules. Such decision-making systems
are human-oriented and based on the apparatus of fuzzy
set theory [5-13], which is the basis for the development
of computer diagnostic systems [14-18].

In the development of computer diagnostic systems,
artificial intelligence methods are often used, such as neu-
ral networks [19, 20], the nearest neighbours method [21,
22], genetic algorithms [23, 24], support vector machines
[25, 26].

3 MATERIALS AND METHODS

The theory of fuzzy sets and fuzzy logic systems
makes it possible to build decision-making models for
tasks that are poorly formalized and operate with expert
information[27].

To formalize expert knowledge through fuzzy sets,
appropriate procedures for creating membership functions
are required. These procedures are a key stage of deci-
sion-making, as the quality of the decision depends on the
adequacy of the membership function that represents the
expert knowledge. The choice of the type of fuzzy set for
the construction of membership functions and the corre-
sponding fuzzy model poses the researcher with the task
of optimal choice [30].

The issue of constructing membership functions is one
of the key issues in fuzzy logic, and many scientists, start-
ing with L. Zadeh, have devoted their research to it. In the
theory of fuzzy sets, the membership function is the main
characteristic of a fuzzy object, and all operations with
fuzzy objects are performed through their membership
functions. Defining a membership function is the first and
very important step for further work with fuzzy sets. The
membership function can be built on the basis of statisti-
cal data or with the participation of an expert or a group
of experts. Depending on this, we get a frequency or ex-
pert interpretation.

Depending on the degree of fuzziness of fuzzy sets,
which is taken into account when building a fuzzy model,
we distinguish between type 1 fuzzy models, general type
2 models and interval type 2 models [28].

Type 1 fuzzy models, which are based on first-order
fuzzy sets, use membership functions with clear values of
membership degrees and produce only a point (clear) val-
ue at the output.

Lotfi Zadeh proposed a convenient interpretation of
type 1 fuzzy sets in solving practical problems:

A:{(XIHA(X))|X € X! OSHA(X) S1}

Based on first-order fuzzy sets, various models and
algorithms have been developed to address uncertainty,
such as the model for assessing the effectiveness of in-
vestment projects [4]. However, the analysis of these me-
thods and models shows that they often do not provide
complete solutions due to insufficiently justified choice of
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modelling parameters, requiring multiple implementations
to select the optimal parameters.

There are general and interval second-order fuzzy sets.
General and interval type-2 fuzzy models are based on
second-order fuzzy sets.

The concept of fuzzy sets of the second order (fuzzy
sets type-2) was given by the founder of fuzzy logic L.
Zadeh in 1975. Second-order fuzzy sets were understood
as “fuzzy” sets in which the degree of membership is a
fuzzy set of the first order.

The main reason for considering fuzzy sets with fuzzy
membership functions is the close relationship that exists
between the concept of linguistic truth, for example, with
such values on the one hand as true, completely true, very
true, more or less true, and so on, and fuzzy sets, the de-
gree of membership of which is described by such lin-
guistic terms as low, medium, high, very low, not low and
not high, etc. on the other hand.

In [6], second-order fuzzy sets are described using the
lower and upper membership functions (MF). Each of
these functions can be represented as a first-order fuzzy
set. The interval between these two functions is the foot-
print of uncertainty (FOU) [5], which is the main charac-
teristic of a second-order fuzzy set (SF-2). The footprint
of uncertainty describes the blurring of the first-order
membership function, which is fully represented by its
two limiting functions: lower (LMF) and upper (UMF),
which are first-order fuzzy sets (FS-1) (Fig. 1).

u 3

[

UMF UMF

Figure 1 — Type-2 membership function

The introduction of fuzziness in the membership func-
tion makes it possible to bring the fuzzy model closer to
human thinking and perception. Reality is interpreted
differently by different people, and the same word can
have different meanings for different individuals, espe-
cially when it comes to evaluation statements. Therefore,
it is important to avoid a strict correspondence between
the values of the degree of membership by expanding the
range of uncertainty for each value of the interval. This
helps to reduce the risk of errors arising from the lack of
consideration of questionable points located near the
boundaries of the function.

One of the main tasks is to determine the size of the
uncertainty trace, as it affects the accuracy of the model
and the time required for computations in computer sys-
tems. Obviously, the size of the uncertainty depends on
the type of membership function used.
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The membership function of a general second-order
fuzzy set is depicted in a three-dimensional model in Fig-
ure 2, where the third dimension of the membership func-
tion at each point in the two-dimensional domain repre-
sents the so-called “footprint of uncertainty” (FOU).

FOU

Figure 2 — Uncertainty trace of a type 2 fuzzy set

In theory, you can choose any type of membership
function, it is unlimited. However, for type 2 fuzzy sets,
the most common are Gaussian, triangular, trapezoidal,
and bell-shaped membership functions.

Second-order fuzzy sets are characterised by the
blurred boundaries of the membership function (MF) and
the way the degrees of membership are distributed to the
values of the arguments. Blurring the boundaries is the
first step in the transition from type 1 to type 2 fuzzy sets.
At the next stage, it is important to choose the type of
membership function, just like for type 1 fuzzy sets.

There are two types of FS-2. If for any value of the ar-
gument from the universe over the entire interval, from
the lower degree of membership to the upper, the value of
FS-2 is unchanged, then this type of FS-2 is unified (ho-
mogeneous). A fuzzy set with such a type of FS-2 is
called an interval fuzzy set of the second order (IFS-2).

u /’\
[T " (")

B |

Figure 3 — Interval fuzzy set of the second order

Interval fuzzy models of type 2 use membership func-
tions built on the basis of fuzzy sets with interval values
of membership degrees (Fig. 3).

These models, unlike type 1 fuzzy models, provide
point and interval values at the output. They cope well
with various types of uncertainties and require signifi-
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cantly less computational resources than general type 2
fuzzy models. For example, studies [6-8] provide exam-
ples of the use of interval membership functions to solve
practical problems.

If, for any value of the argument from the universe in
the specified interval, the value of the FN-2 changes, then
a fuzzy set with this type of FN-2 is called a second-order
fuzzy set of general form.

The second-order membership function in the general
(heterogeneous) form can be defined by:

— type 1 characteristics (primary variable and mem-
bership function);

— type 2 characteristics (secondary variable and mem-
bership function).

Type 2 characteristics define the parameters of the
vertical section of the second-order membership function

(Fig. 4).

¥ X

Figure 4 — General second-order fuzzy set

Fig. 4 shows the main characteristics of the second-
order membership function in general (heterogeneous)
form.

The heterogeneous type of second-order membership
function is not used very often due to the high cost of
computation, although it has a large number of degrees of
freedom. Therefore, expert systems are mostly based on
the interval type of second-order fuzzy sets. They allow
you to use all the features of interval computing and have
a wide range of practical applications.

It is also important to distinguish between different
types of uncertainty when constructing membership func-
tions in fuzzy systems, such as intra-uncertainty and inter-
uncertainty. Intra-uncertainty arises due to insufficient
knowledge or fuzzy expert judgement. Inter-expert uncer-
tainty results from different estimates by several experts.
Intra-uncertainty can be described by a second-order
fuzzy set, and inter-uncertainty by combining several FS-
2[7].

4 EXPERIMENTS
In most practical tasks of medical diagnostics, the syn-
thesis of fuzzy knowledge bases and the construction of
fuzzy models in the conditions of qualitative data depend
on the ability of a medical specialist to formalise his
knowledge and understand the importance of the parame-
ters provided to the developer for the further design of a

fuzzy logic system.
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The construction of type-2 fuzzy knowledge bases
with interval membership functions for solving the prob-
lem of medical diagnosis and prognosis of disease states
consists of two main stages. The first stage is designed to
generate a fuzzy model based on sample X, which is actu-
ally verified data from medical practice of the results of a
patient’s disease examination.

Let’s demonstrate the use of this approach when mak-
ing a decision by an anaesthetist. Here is an example of
signs that are used to assess the patient’s physical condi-
tion during elective (planned) surgical interventions:

1) Physical status. In the provision of anaesthetic
care, the classification proposed by the American Society
of Anaesthesiologists (ASA) is most often used for as-
sessment [29]. The physical status of patients according to
the ASA classification is an assessment of the patient’s
condition before surgery, endoscopy or other manipula-
tion. There are 5 classes of physical status: from a healthy
patient to a patient in an extremely serious condition.

ASA | — Healthy patient (non-smoker, low alcohol
drinker).
ASA |l — Patient with mild systemic disease (mild

disease only without significant functional limitations).
Examples include, but are not limited to: smoker, social
drinker, pregnant, obese (<30 BMI <40), compensated
diabetes mellitus, controlled hypertension, mild respira-
tory disease.

ASA 11l — Patient with a severe systemic disease (sig-
nificant limitations of functional activity). Examples in-
clude (but are not limited to): poorly controlled hyperten-
sion or subcompensated diabetes mellitus, COPD, morbid
obesity (BMI >40), active hepatitis, alcohol dependence
or abuse, implanted pacemaker, moderate reduction in
cardiac output, chronic renal failure requiring regular
scheduled haemodialysis. A history (more than 3 months)
of myocardial infarction, stroke, transient ischaemic at-
tack, coronary heart disease or stenting.

ASA IV — A patient with a severe systemic disease
that poses a permanent threat to life. Examples include,
but are not limited to: myocardial infarction, stroke, tran-
sient ischaemic attack, coronary artery disease or stenting,
ongoing myocardial ischaemia or severe heart valve dys-
function, severe ejection fraction reduction, sepsis, DIC,
acute or chronic renal failure, with irregular haemodialy-
sis.

ASA V - Dying patient. Surgery for vital indications.
Examples include (but are not limited to): ruptured aortic
aneurysm, severe polytrauma, intracranial haemorrhage,
acute intestinal ischaemia with concomitant severe car-
diac disease or multiple organ failure.

ASA VI - Brain death has been established, organs
are removed for donor purposes.

The addition of the letter “E” indicates the urgency of
surgical intervention. An emergency situation is defined
as existing when a delay in treating the patient will lead to
a significant increase in the threat to life. For example:
ASA T E I E, Il Eor IV E. ASA YV class is usually al-
ways ASA V E. There is no ASA VI E class. The Borg

Scale is used to assess a patient’s exercise tolerance.
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2) Metabolic equivalent. A metabolic equivalent
(MET) is a unit of measurement of the body’s energy
needs that is used during a treadmill test to assess a per-
son’s functional abilities (i.e., their tolerance to physical
activity).

The baseline value (1 MET) is the metabolic rate at
complete rest (under basal metabolic conditions), which is
1 kcal/kg/h. Thus, 2 MET corresponds to a load that caus-
es a 2-fold increase in the body’s energy requirement
compared to the resting state. Activity requiring energy
expenditure of 2-4 MET (slow walk, doing routine
housework, etc.) is considered light, while running and
climbing uphill can be accompanied by an increase in
energy demand of up to 10 or more MET.

The functional capacity of a person unable to perform
a load of more than 5 MET during a treadmill test is con-
sidered to be reduced, which is associated with a more
severe prognosis, while the ability to perform a load
above this level indicates a favourable outcome.

The Borg Scale is used to assess the perceived exer-
tion of physical activity, i.e. how much a person feels
their body is working. Perceived exertion is based on the
physical sensations that a person experiences during phys-
ical activity, including an increase in heart rate, increased
respiratory rate, increased sweating, and muscle fatigue.
In its original form, the scale started at 6 points and went
up to 20, which corresponded to a heart rate of 60 to 200.
In recent years, an updated scale from 1 to 10b, the so-
called Newman scale, has been used.

3) Laboratory parameters:

Complete blood count:

Haemoglobin 120 — 160 g/l (90-180),

Red blood cells 4.1-5.2 T/l (2.5-7.0)

Leukocytes 4.4-11.3 G/l (2-20.0)

Platelets 140- 400 G/I (75-600)

Kidneys and their functioning:

Creatinine 38-85 umol/l (30-200)

GFR (glomerular filtration rate) — more than 90
ml/min/1.73 m2 (less than 25)

Homeostasis:

Potassium 3.5-5.1 mmol/l (3-6)

Sodium 137-150 mmol/l (130-155)

Sugar 3.7-6.2 mmol/l (3.2-9.0)

4) Echocardioscopy, if available (LVEF%, normal 55—
75%, poor if less than 55%).

5) Coagulogram (blood coagulation).

INR 0.80-1.20 (0.6-1.4).

Fibrinogen 1.8-3.5 g/l (1.2-5.0).

In addition to the above permissible values of indica-
tors for signs of 3-5 groups, there are normative values,
which, like personal indicators of patient’s symptoms,
depend on gender, age, clinical, biochemical and other
parameters of comorbidities, which complicates decision-
making depending on different stages of the life cycle.
Such a relationship of parameters and symptom indicators
can be set not only analytically, but also algorithmically
by building various models of functioning systems.
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Information on the first and second signs is obtained
by interviewing the patient. The scores should correspond
to the following levels:

— ASA (class I, I, if class I, the indicators will need
to be assessed more carefully);

— MET (4 or more is ideal, less than 4 should be con-
sidered whether to allow elective intervention, if so, to set
a higher risk of anaesthesia).

The analysis of the information regarding the indica-
tors of groups 3-5 showed that it is advisable to use the
apparatus of fuzzy set theory to interpret them, since, as
you can see, the values of these indicators are blurred.
Among the piecewise linear functions, the most com-
monly used are the so-called “triangular” and “trapezoi-
dal” membership functions. The first type of function is
usually used to formalise uncertainties such as “approxi-
mately equal” and “average”, and the second type is used
to represent uncertainties such as “located in an interval”.

To describe the values of these indicators, we will use
second-order trapezoidal membership functions (Fig. 5):

0, x<ay;

X—aq .
a1 £ x<ay (UMF);

by —ay

X—ay
8 <x<b (LMF);

by —a,

p=1<1 b <x<by, (Norm);

G —X b, < .
, by <x<¢ (LMF);

¢ —by

Co—X ¢ <x<c, (UMF);

C—by

0, x=¢y.

NORM

5 RESULTS

As an example, consider the application of this ap-
proach in determining the degree of fuzziness for the in-
dicator “sugar” of group 3. Homeostasis using second-
order fuzzy sets.

For example, a normal blood sugar level in men aged
two to 60 years is considered to be in the range of 74-106
mg/dl (4.1-5.9 mmol/l). According to the permissible
values, this indicator “sugar” can be in the range of 3.7-
6.2 mmol/l (3.2-9.0 mmol/l). Let’s describe the value of
this indicator using a second-order trapezoidal member-
ship function:

0, x<3.2;
Xx-32

,3.2<x<3.7;

x-3.7

04
1, 4.1<x<5.9;
6.2—x

0.3

u, 6.2<x<9.0;
3.1

,3.7<x<4.1;

, 5.9<x<6.2;

0, x>9.0.

The result of the graphical representation is shown in
Figure 6.

LMEF

b, G C2

Figure 5 — General interval fuzzy set of type-2
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Figure 6 — Interval fuzzy set of type-2 for the indicator “sugar”

Let the value of the indicator “sugar”, for a particular
patient, is x* = 7.4 mmol/l, then the value of the primary

membership function of the second order ul(X*) ~0.516,
and, accordingly, the value of the secondary membership
function (triangular) pu?(x") ~ 0.258 (Fig. 6).

Similarly, for this indicator, it is possible to build in-

terval fuzzy sets taking into account the age and gender of
the patient.

6 DISCUSSION

The construction of second-order interval fuzzy sets
for indicators of 3-5 groups will allow to formalise know-
ledge and generate, on the basis of research medical data,
an adequate fuzzy knowledge base model for an intelli-
gent decision support system, which will allow doctors to
access not only a clinical decision adapted to a particular
patient, but also a set of clinical rules on the basis of
which this decision was obtained.

Experimental studies have shown the convenience and
effectiveness of the proposed approach of using fuzzy
interval sets of the second order to intellectualise the
knowledge of an anaesthetist.

CONCLUSIONS

The knowledge obtained from experts usually contains
various types of uncertainties, and the knowledge result-
ing from the processing of experimental data contains a
significant amount of noise.

Therefore, the methods of fuzzy set theory are the
most suitable for processing incomplete and contradictory
information.

© Malyar M. M., Malyar-Gazda N. M., Sharkadi M. M., 2024
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For a qualitative representation of the subject area un-
der conditions of uncertainty, it is advisable to use fuzzy
interval sets of the second order.

In conclusion, it should be noted that the construction
of IF-THEN rules based on biomedical data will be con-
sidered in the following publications, which will be de-
voted to the development of fuzzy logic systems.

The scientific novelty of obtained results lies in the
pioneering application of type-2 fuzzy sets with interval
membership functions to address uncertainty in medical
data, particularly in the domain of anesthesiology, while
integrating expert knowledge and biomedical data, there-
by advancing the capabilities of intelligent medical deci-
sion support systems.

The practical significance of obtained results lies in
the tangible benefits for medical professionals, particu-
larly anesthetists, in improving the quality of patient as-
sessments, reducing errors, and providing personalized
recommendations. The research contributes to the devel-
opment of intelligent systems that can positively impact
clinical practice and patient outcomes in the field of med-
ical diagnostics.

Prospects for further research involve refining the
proposed type-2 fuzzy model, exploring its application
across diverse healthcare domains, integrating advanced
technologies for real-time decision support, collaborating
with medical practitioners to enhance practical utility, and
investigating ethical implications, aiming to advance the
field of intelligent medical decision support systems.
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HEYITKA MOJIEJIb IHTEJIEKTYAJIBAII 3HAHb MEJAYHOI COEPH
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Mausip-T'azna H. M. — xaHzg. Men. Hayk, JOLEHT, Jikap-aHecresionor, bopmoxn-O6yii-3eMIuMHChKa [IeHTpallbHa peTioHaTbHA
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Mlapkani M. M. — kaHl. GKOHOM. HayK, JIOIICHT, ¥ KIOPOJChKHUl HAIlIOHAJILHUIN YHIBEPCUTET, Y Kropo, YKpaiHa.

AHOTALIA

AKTyanbHicTh. JlOCTIDKEHHST NPUCBSYEHO PO3pOOLI THYYKOro MAaTeMaTHYHOrO amapaTy [Uisl iHTelleKTyamizamii 3HaHb Y
MeAnYHii cdepi. Sk mpaBuIo, MOACHKE MUCICHHS 0a3yeThCs Ha HETOYHUX, HAOMMKEHNX JaHUX, aHaJi3 SAKUX J03BOJISIE (OPMYyBaTH
YiTKi pilleHHA. Y BHIIAJKaX KOJM HE iCHye TOYHOI MaTeMaTHYHOI Mojeni 00’ekra, abo MoIenb CKIIaJHA AJsl peajizamii JOIiIEHO
BHKOPUCTOBYBATH amapaT HediTKoi Joriku. CTaTTd HampaBieHa Ha PO3IIUPEHHS [iala3oHy 3HaHb JOCIIIHHUKIB, SKi MPaLIOIOTh B
00J1aCTI MEIUYHOI JIarHOCTUKH.

MeTa po0OTH — IiJBHUINEHHS SIKOCTI BioOpaskeHHs MpenMeTHOI obmacTi MequqHOi cdepn Ha OCHOBI MOOYIOBU HEUITKHX 0a3
3HAHb TUITY-2 3 IHTEPBAJIBLHUMHU (DYHKIIISIMU HAJISKHOCTI.

Metoa. Onucano ningxix dopmainizauii 3HaHp (axiBusg MEIMYHOI raly3i 3a JJONOMOIOI HEYITKUX MHOXHH JAPYTOro IOPSIKY,
SKUH J03BOJISAE BPAXOBYBAaTH HEBU3HAYEHICTh 1 HEUITKICTh, KA BJIACTUBA MEIMYHUM JIAHUM, a TAKOX BUPILIyBaTH NpoOieMy iHTep-
npeTanlii OTpUMaHuX Pe3yJIbTAaTIB.

PesyabTaTn. Po3pobnenuii miaxia peanizoBaHO Ha KOHKPETHiH MpoOieMi 3 SIKOI0 CTHKAETHCS JTiKap-aHEeCTEe310I0T IPH JOIYCKY
TalieHTa 10 eJIeKTUBHOTO (IIAHOBOT'O) ONEPaTHBHOTO BTPYYaHHS.

Bucnosku. [IpoBezneHi ekcriepuMeHTAIbHI TOCIIKEHHS II0OKa3ajHd, 10 IPeCTaBlIeHa HEediTKa MOENb THUILY-2 3 IHTepBaIbHIMHI
(YHKIISIME HAJISKHOCTI JO3BOJISIE aJIeKBATHO BiJOOPaKaTH BXiTHI MEIMYHI 3MiHHI SIKICHOTO XapaKTepy Ta BPaXOBYBAaTH, SIK 3HAHHST
(axiBus 3 MeIMYHOI MPAKTHKH, TaK i JOCITIIHI MeJUKO-0ionoriyHi gaHi. OTpUMaHi pe3yabTaTH MalOTh BaXKJIMBE NPAKTHYHE 3HAUYCH-
HS JUIS JTIKapiB-IIPaKTUKIB, 0COOIMBO aHECTE3i0JIOTIB, OCKIIBKU JJO3BOJISIOTh MOKPAIIUTH OLIHKY CTaHy Iali€HTa, 3MEHIIUTH Kilb-
KIiCTh MOMUJIOK Ta HAJaTH iHAMBiAyanbHi pexomenaanii. Lle mocmimKkeHHs cpusie po3BUTKY iHTEICKTYaIbHUX CHCTEM, 3[aTHUX I10-
3WTHBHO BIUIMBATH Ha KJIIHIYHY MPAKTHKY Ta MOKPAIIyBaTH Pe3yJIbTATH JIIKyBaHHS MAli€HTIB y chepi MeIHIHOT AiarHOCTUKH.

KJIFOYOBI CJIOBA: HeuiTka K1acTepH3alis, MEANYHA TiaTHOCTHKA, (QYHKIIIT HAIEKHOCTI IPyTOro POy.
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ABSTRACT

Context. The solution of the classification problem (including graphical data) based on the use of modular neural networks and
modified machine learning methods with reinforcement for the synthesis of neuromodels that are characterized by a high level of
accuracy is considered. The object of research is the process of synthesizing modular neural networks based on machine learning
methods with reinforcement.

Obijective is to develop a method for synthesizing modular neural networks based on machine learning methods with reinforce-
ment, for constructing high-precision neuromodels for solving classification problems.

Method. A method for synthesizing modular neural networks based on a reinforcement machine learning approach is proposed.
At the beginning, after initializing a system of modular neural networks built on the bottom-up principle, input data is provided — a
training set of data from the sample and a hyperparameter to select the size of each module. The result of this method is a trained
system of modular neural networks. The process starts with a single supergroup that contains all the categories of the data set. Then
the network size is selected. The output matrix is softmax, similar to the trained network. After that, the average probability of soft-
max is used as a similarity indicator for group categories. If new child supergroups are formed, the module learns to classify between
new supergroups. The training cycle of modular neural network modules is repeated until the training modules of all supergroups are
completed. This method allows you to improve the accuracy of the resulting model.

Results. The developed method is implemented and investigated on the example of neuromodel synthesis based on a modular
neural network for image classification, which can later be used as a model for technical diagnostics. Using the developed method
significantly reduces the resource intensity of setting up hyperparameters.

Conclusions. The conducted experiments confirmed the operability of the proposed method of neuromodel synthesis for image
classification and allow us to recommend it for use in practice in the synthesis of modular neural networks as a basis for classification
models for further automation of tasks of technical diagnostics and image recognition using big data. Prospects for further research
may lie in using the parallel capacities of GPU-based computing systems to organize directly modular neural networks based on
them.

KEYWORDS: modular neural networks, image classification, synthesis, diagnostics, topology, artificial intelligence, reinforce-
ment learning.

ABBREVIATIONS FN represents false-negative results: the number of
ANN is an artificial neural network; samples that the model predicted as not belonging to a
BP is a backpropagation method; class, while they actually belong to that particular class;
CNN is a convolutional neural network; FP represents false positive results: the number of
GAN is a generative adversarial network; samples that were predicted to belong to the class, while
GPU is a graphics processing unit; they do not belong to the class at all;
MNN is a modular neural network; i, j is a reference to the number of layers in two net-

PCA is a principal component analysis;
VAE is a variational autoencoders;
VIiT is a vision transformer.

work modules;

Model is a synthesized neuromodel;

MS is a block network size;

NOMENCLATURE n is a number of input features that characterize sam-

AAD is a density of accuracy changes; ple Instances; . .
DataSet is a data set: PreC|S|c_Jn is a precision of work of neuromodel;
E is a relative error: Recall is a recall of worll< _of neuromodel;
Errorayy IS a neuromodel error; TP represents true positive results: the number of
samples that were predicted to belong to the class and
correctly belong to the class;
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VA is a verification accuracy obtained during image
classification;
Xn 1S an independent attribute of the sample instance.

INTRODUCTION

Artificial intelligence technologies such as machine
learning, deep learning, and computer vision can help use
automation to structure and organize almost all data [1].

Images, including images and video glasses, provide
the bulk of global data [2]. To interpret and systematize
this data, developers of modern computing systems and
software turn to image classification based on artificial
intelligence [2].

Image classification analyzes digital images (photos,
drawings, scanned copies, etc.) using analytical models
based on artificial intelligence, which can identify and
identify a wide range of criteria-from the content of the
image to the time of day [1, 2].

Image classification is the task of classifying and as-
signing labels to groups of images or vectors within an
image based on certain criteria [3]. A label can be as-
signed based on one or more criteria.

Image classification is a serious resource-intensive
task for comparing modern architectures and methodolo-
gies in the field of Computer Vision [1, 3].

In a single-attribute classification, each image has
only one label or annotation, as the name implies. As a
result, for each image that the model sees, it analyzes and
classifies it according to only one criterion [4].

On the other hand, when classified by multiple attrib-
utes, images can have multiple labels, and some images
contain all the labels that you use at the same time [3].

The whole process begins with preprocessing — data
preparation [5, 6].

This step improves image data by eliminating un-
wanted deformations and improving certain key aspects
of the image so that computer vision models can work
with these advanced data. In fact, data is cleaned up and
prepared for processing by the artificial intelligence
model [7, 8].

Data cleaning, sometimes called preprocessing, is an
important step in preparing data for training your model,
as data inaccuracies lead to inaccuracies in the image
classification model [1-4]. As the results of clearing the
data, you can see what happened:

—removing duplicates: duplicating data frees up the
learning process and may cause the model to add more
weight to duplicated data unnecessarily. [7, 8];

—deleting irrelevant data: including irrelevant data
will not help train the model to achieve the desired goal
[7,8];

—filtering unwanted plague data (information out-
liers): some data, although technically relevant, do not
help in training the artificial intelligence model [7, 8].
Data that goes beyond the norm can distort your model’s
predictions, so it’s best to just delete it [3];
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— missing data detection: missing data can cause prob-
lems in the learning process-during data cleaning, missing
data can be identified and updated accordingly [7, 8];

— correction of structural errors: most machine learn-
ing methods are not able to identify errors as a human
would, which means that each piece of data must be pre-
cisely organized [7, 8].

Well-organized data guarantees greater success when
it comes to training an image classification model or any
artificial intelligence model [7, 8].

Object detection: determines the location of objects in
a set of images. This is the process of determining the
location of an object, which includes image segmentation
and determining the location of the object [4].

Object recognition and training: marking arranged im-
ages.

Deep learning methods reveal laws in the image and
characteristics that may be unique to a particular feature.

The model is trained on this data set and becomes
more accurate in the future [7, 8].

After the data has been identified, you need to learn
your artificial intelligence model [7, 8]. This involves
uploading a large amount of data to each of the attributes
to give the artificial intelligence model the ability to learn
something. The more training data is loaded, the more
accurately the model will determine the content of each
image [6].

Object classification: the model is ready to classify
images. This is the final step in the development of an
artificial intelligence model that classifies images accord-
ing to several different criteria [7, 8].

The method uses an appropriate classification ap-
proach to classify the observed elements into predefined
classes [1].

This is done by comparing the sample patterns with
the desired patterns.

Now elements that were added as tags in the next step
will be recognized by the algorithm in real images [7, 8].

However, most ANN training methods are still the
same modifications of the BP method with certain adapta-
tions to the more complex ANN architecture [11]. More-
over, such methods do not in any way touch the synthesis
stage of the network topology. That is why the task of
developing new methods based on the evolutionary ap-
proach for full-fledged ANN synthesis is urgent.

In modern computer vision, the model architecture is
most often used as the most optimal standard by CNN [9].

The convolution operation introduces a matrix called a
kernel into the input, performing pairwise multiplication
of the Matrix and summing the result. Note that the filter
and kernel are the same thing [10].

To apply the filter, imagine that it is applied to the in-
put matrix, starting from the upper-right edge, multiply
each value by the corresponding kernel value and sum
them [9, 10]. Then the core is shifted by a certain amount,
which is called a step, usually by one, and the process is
repeated.

To apply the filter, imagine that it is applied to the in-
put matrix, starting from the upper-right edge, each value
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is multiplied by the corresponding kernel value and
summed [9, 10]. Then the core is shifted by a certain
amount, which is called a step, in this case by one, and the
process is repeated again [9, 10].

The number of cores used simultaneously is called
functions. For example, if you apply four cores 3x3 to an
image, the resulting matrix will have four elements [9,
10].

In practice, core numbers are usually randomly initi-
ated, put together, and updated during training using gra-
dient descent [9, 10].

One of the key aspects of the convolution operation is
the distribution of weights: most often, the same core, the
gray mat, is reused at each step, covering the entire image
[9, 10]. This significantly reduces the number of weights
required, reducing calculation costs. Moreover, this leads
to a shift in position, as the network learns to rely on the
input matrix, combining pixels closely with each other.
This helps because adjacent pixels are usually semanti-
cally related [9, 10].

Typically, in neural networks, several convolutional
operation blocks are stacked together to form a layer. Sev-
eral layers are then stacked together like constructors to
form the final model. The number of layers is called
depth; the more layers, the deeper the network [9, 10].

To further reduce the overhead of counting, different
types of pools are applied between layers. Pool manage-
ment is a complex process. It takes the Matrix and re-
duces it, summing up its values. The most common is the
maximum Union, where the researcher determines the
size of the window and takes the maximum value inside it
[9, 10].

The final vector obtained by feeding an image packet
to this series of convolution layers is then passed to a
fully connected layer, which produces a vector with the
classes [9, 10].

We present a comparison of the methods discussed
above based on artificial neural networks in the following
Table 1. we will use the following comparison criteria:

— structural complexity: the structural complexity of
the network under consideration;

—using the GPU during training: it is possible to use
the GPU during training in order to speed up this process;

— complexity of activation functions: assessment of
the complexity and resource intensity of the activation
function;

—working on large data sets: general assessment of
the network’s performance with large data samples.

Studding at the results of the comparison, we can con-
clude that today the general trend is the use of various
modifications of CNN. At the same time, a not always
more complex topology guarantees greater accuracy, as in
the case of comparing the results of AlexNet and ResNet,
because ResNet has a simpler and clearer architecture, but
demonstrates higher accuracy. On the other hand, the use
of a combination of layers of different topologies of arti-
ficial neural networks, as in the case of ViT, demonstrates
the highest accuracy, but this imposes significant limita-
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tions in the use of modern computing capabilities (per-
forming parallel calculations on the GPU). This is due to
the fact that when performing calculations on parallel
threads, constant synchronization and data forwarding
between threads sometimes require significantly more
resources than parallel calculations themselves.

Table 1 —Comparison of neural network models for image clas-

sification
AlexNet ResNet ViT
Structural CNN-based, CNN-based, More com-
complexity more simplified more simpli- plex, compos-
architecture fied architec- ite structure
(fewer layers, but ture (fewer (layer Norm +
more neurons) layers) MSP+ MLP)
Using the Possible Possible Possible
GPU during (complicated
training by data for-
warding)
Complexity | Advanced func- Advanced Composite
of activa- tion for im- function for function for
tion func- | proved accuracy improved different
tions (ReLU) accuracy blocks (GELU
(ReLU) + softmax
layers)
Working on | Possible (average | Possible (me- | Possible (high
large data accuracy and dium accuracy | accuracy and
sets speed of opera- | and high speed low speed)
tion) of operation)

That is why the task of finding the most optimal neu-
romodel architecture for image classification remains
relevant, which would be characterized by topological
simplicity and the possibility of full use of the capabilities
of parallel calculation systems.

The object of study the process of MNN synthesis,
based on reinforcement learning.

Existing solutions based on artificial neural networks
are highly accurate, but they are characterized by exces-
sive topological complexity and lack of the ability to fully
use the capabilities of parallel computing systems.

The subject of the study MNN synthesis method us-
ing a machine learning approach with reinforcement
learning.

Today, the general trend is the use of various modifi-
cations of deep ANNs. However, a more complex topol-
ogy does not always guarantee greater accuracy. On the
other hand, the use of a combination of layers of different
ANN topologies demonstrates the highest accuracy, but
complicates their implementation. Therefore, the paper
proposes an approach based on the use of machine learn-
ing with reinforcement for MNN training, which allows
combining different topologies and simplifying their syn-
thesis.

The purpose of the work is to development of a
method for MNN synthesis based on machine learning
methods with reinforcement, for constructing high-
precision neuromodels for solving classification prob-
lems.

@O0

73

OPEN a ACCESS



p-ISSN 1607-3274 PanioenextpoHnika, inbpopmatrka, ynpasminss. 2024. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 2

1 PROBLEM STATEMENT
Let us define a sample of data consisting of images
that are characterized by a number of features:
{X1,X2,..., Xn } - Then, using a model based on an artificial

neural network: Model = {ANN}, you need to pass the
entire sample of data DataSet = {x;,Xy,..., X, Y} through

it, determine the class of each of the images, determine
the dependent feature {y}. The conditions for regulating

the learning process are to determine the reward/penalty
during training. Model = {ANN} in order to obtain a solu-

tion characterized by the greatest accuracy of work:
Errorayny — 0.

2 REVIEW OF THE LITERATURE

To teach a model to classify images, huge amounts of
data are required [13]. There are most often two ap-
proaches to machine learning models:

— supervised learning;

— unsupervised learning.

The more common of the two is learning with a
teacher. This is when the expert advisor provides the sys-
tem with data samples that already have a class designa-
tion attribute (or rule responses). This teaches the model
to recognize correlations and apply procedures to new
data [13].

Learning without a teacher is not as common as learn-
ing with a teacher. Learning without a teacher is charac-
terized by sloppy, raw data without human intervention.
This approach does not use basic data [14].

However, learning without a teacher can lead to solv-
ing problems when a person is an expert who has not yet
been identified [13].

Supervised machine learning is a type of machine
learning in which a model is trained on a set of data with
markers, that is, the model is provided with input — output
pairs. The goal is for the model to examine the mapping
between inputs and outputs so that it can make predictions
or make decisions when new, previously unmarked data
arrives.

Supervised learning usually has clear stages.

Data collection. The work begins with collecting a
data set consisting of the values of input object attributes
and the corresponding class labels. For example, signs
may include data such as color, size, age, gender, clinical
indicators, and so on.

Preprocessing of data. Once the tag is created, pre-
processing usually takes place to clean up and convert the
data to a format suitable for training. This may include
processing missing values, scaling functions, or encoding
categorical variables.

Data separation. The entire sample must be divided
into two or more subsets: usually this is a time for training
the model and, accordingly, a part for testing. The training
set is used to train the model, while the test set is used to
evaluate its performance on invisible data.

Selecting a model. In the future, the structure of Delhi
and the specific method of training are selected. The
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choice of model depends on various factors, such as the
nature of the data, the complexity of the task, and the
available computing resources.

Training the model. The model is trained based on
training data that processes input objects along with the
corresponding labels. During training, the model adjusts
its internal parameters to minimize the difference between
its forecasts and actual labels.

Evaluating the model. After training, you need to
evaluate the performance of the model using a set of tests.
This gives you an idea of how well model summarizes
new, invisible data. Common evaluation measures include
accuracy, precision, responsiveness, F1 score, and so on.

Setting up hyperparameters. In many cases, you may
need to fine-tune the model’s hyperparameters to further
improve its performance. Hyperparameters are config
parameters that are not studied during training, but affect
the learning process.

Deployment. Once a satisfactory level of model per-
formance is reached, you can deploy it to make predic-
tions based on new, unknown data in real-world applica-
tions.

Throughout this process, it is important to repeat and
improve your approach based on the performance of the
model and the conclusions obtained from the analysis of
results. Supervised learning is widely used in various
fields, including, but not limited to, regression, classifica-
tion, and ranking tasks.

Unsupervised machine learning is a type of machine
learning in which you have input data without the appro-
priate labels. The goal is to identify hidden laws, struc-
tures, or relationships within them. Unlike learning with a
teacher, there are no pre-determined results or correct
answers that guide the learning process. The method at-
tempts to find internal structures or representations in the
data.

Unsupervised learning is usually similar in stages to
learning with teachers.

Data collection. As with learning with a teacher, the
robot starts by collecting a set of data. However, when
teaching without a teacher, the data set consists only of
input objects without any corresponding labels or target
variables.

Preprocessing of data. Preprocessing is similar to su-
pervised learning, processing missing values, scaling
functions, encoding categorical variables, and so on.

Selecting a model. Choose a teaching method without
a teacher or a model that matches the task. Advanced un-
supervised learning methods include clustering, dimen-
sionality reduction, and generative modeling.

Training the model. When teaching without a teacher,
Model learns exclusively from input data without explicit
control. The method examines the structure of data and
examines patterns or representations that reflect their
main characteristics.

Clustering. Clustering methods group similar data
points based on some degree of similarity. K-means clus-
tering and hierarchical clustering are examples of popular

clustering methods.
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Dimensionality reduction: dimensionality reduction
methods are aimed at reducing the number of objects
while maintaining as much relevant information as possi-
ble. PCA and t-SNE are commonly used to reduce dimen-
sionality.

Generative modeling: generative models learn the ba-
sic probability distribution of data and can generate new
patterns similar to training data. Examples are autoencod-
ers, VAE, and GAN.

Evaluating the model. Unlike learning with a teacher,
there may not always be clear assessment indicators for
learning tasks without a teacher. Evaluation often in-
volves qualitative evaluation by checking learned repre-
sentations, visualizing clusters, or evaluating the quality
of non-selected samples.

Interpretation and application: once the model is
trained, it is possible to interpret the learned patterns or
representations and apply them to solve specific problems
or obtain information about the data.

Unsupervised learning is used in a variety of applica-
tions, such as customer segmentation, anomaly detection,
data compression, and character learning. This can be
especially useful when tagging data is scarce or expen-
sive, or when learning and understanding the data struc-
ture is the main goal.

Reinforcement learning is an area of machine learning
that considers taking appropriate steps to maximize re-
ward in a particular situation [13-16]. This approach is
used by various software and machines to find the best
possible behavior or path to choose in a particular situa-
tion. Reinforcement learning differs from training with a
teacher in that when training with a teacher, the training
yes-no contains a key to the answer, so the model learns
with the correct answer by itself, whereas when training
with reinforcement, there is no answer, but the reinforce-
ment agent decides what to do to complete the task. In the
absence of a training data set, he must learn from his own
experience [13-16].

A well-known example shows a robot, a diamond, and
a fire. The goal of the robot is to get a reward in the form
of a diamond and avoid obstacles that are triggered [13-
16]. The robot learns, tries all possible paths, and then
chooses the one that gives it the reward with the fewest
cross-codes. Each correct step will give the robot a re-
ward, and each wrong step will take the reward from the
robot. The total reward will be calculated when it reaches
the final reward-a diamond. [13-16]

Basic principles of reinforcement learning [13-16]:

—input data: the input data must be the initial state
from which the model will start;

—result: there are many possible outcomes, as there
are many solutions to a particular problem;

— training is based on input data, the model will return
the state, and the user will decide to reward or punish the
model based on its results;

— the model continues to learn.

— the best decision is made on the basis of a mock re-
ward.
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Let’s compare machine learning methods for classify-
ing images by the following criteria:

—input requirements: overall assessment of the ma-
chine learning approach and appropriate methods for or-
ganizing and presenting input data;

—requirements for training metaparameters: require-
ments for parameters and settings necessary for using the
training process;

— complexity of the organization: assessment of the
complexity of organizing the model training process, in-
cluding in terms of computing resources;

— adaptability of solutions (models): assessment of the
adaptability and universality of the obtained Solutions,
their ability to work with updated data about the task (or
environment).

The results of the analysis are presented in the form of
a Table 2.

Table 2 — Comparison of machine learning approaches

Supervising Unsuper- Reinforce-
learning vised learn- ment learn-
ing ing
Input require- The highest Minimum Average
ments
Requirements for High High Average
training weather
parameters
Complexity  of Average High High
the organization
Adaptability  of Average High The highest
solutions
(models)

From the results of the comparison, it can be con-
cluded that in general, learning with and without a
teacher, as the main approaches to machine learning, al-
ready take into account a large number of developed and
studied advantages and disadvantages. Thus, the very
concept of learning with a teacher requires a detailed pre-
processing of input data with their clear classification in
the educational part. Learning without a teacher does not
require this from the data and can even work with them
without much verification, but most methods of learning
without a teacher require prior determination of many
metaparameters to start the learning process.

Reinforcement learning is a more modern approach
that attempts to solve the known problems of previous
strategies. Yes, it has requirements for input data about
the environment, but they are not excessive, and
metaparameters are usually limited to defining criteria for
stopping and determining the success/failure of training.
Also, Solutions (mods) obtained on the basis of rein-
forcement learning are most adaptable and versatile, be-
cause they are immediately synthesized taking into ac-
count the variability of the environment in which the
agent operates.

3 MATERIALS AND METHODS
The main idea of MNN is based on modularity, and is
that; the best approach to solving a given complex prob-
lem is not to perform one giant task, but a system of sepa-
rate and mostly independent subtasks working together to
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achieve one big goal [17-20]. This concept has a biologi-
cal basis. There are functionally specialized areas in the
brain that are specific to various cognitive processes. In a
part of the brain called the thalamus, there is a lateral cra-
nial nucleus, which is divided into layers that separately
process color and color: both the main components of
vision [17-20]. MNN use this idea to solve complex arti-
ficial intelligence problems. Several independent neural
networks are simultaneously trained for a specific sub-
task, and their results are eventually combined to perform
a single task. Advantages of MNN include [17-20]:

— simplicity of structural structure and organization;

—a combination of teaching techniques and methods;

— scalability of solutions;

— efficient use of computing systems.

As you know, artificial intelligence does not inher-
ently speak language, so the main task is to teach an ana-
Iytical model to reason over a given text. Reasoning refers
to tasks such as arithmetic, sorting, comparison, and
counting [17-20].

For example, you need to create a system of responses
to questions Fig. 1 illustrates how the quality control
model works [17-20].

—>»  Model

You should stop

How to move?

Figure 1 — Visualization of the answer to a question-the task is
to answer a question about an image to show that the system
understands the image

So, in the problem with determining what the sign in-
dicates: the color mark of the traffic light in Fig. 1. To
answer this question, you need to perform several reason-
ing steps: find a traffic light, determine the color mark,
find out the color, and then provide a decision on further
actions [17-20].

MnMs are able to provide such reasoning. Using this
question, the model builds a specific network architecture,
and then performs the assembled sequence of neural
modules to output the answer, as shown in Fig. 2 [17-20].

MNNSs refer to artificial neural networks that consist
of several different neural networks connected together in
combination with an intermediary. To illustrate this point
further, consider a consumer who owns several smart de-
vices, such as a smartphone, smartwatch, and tablet, such
as an iPad, in addition to a laptop or desktop computer
[17-20]. Despite the different capabilities of these respec-
tive devices, all of them will be connected to a modem or
traffic jam route, which will allow users of these devices
to quickly and efficiently access online and mobile ser-
vices. In addition, this online connection also allows users
to combine the functionality of their various devices to
achieve a specific goal, such as streaming a popular tele-
vision program or calling a friend or family member,
among other things [17-20].
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How to move?

Layout predictor

Find — Find »—+¢ Relocate ¢—¢ Describe

Module Network Builder

Find Find
—
Sign Traffic Light
You should stop

Figure 2 — For each instance, the model first assumes a layout,
then, using the image functions, it builds the assembled network
of neural modules to output the response

Relocate Describe

Next to What

Taking all of the above into account, MNNs enable
software developers to use the capabilities of individual
neural networks in a more consistent and efficient way.
To do this, each neural network within a larger MNN will
be used to solve part of a specific problem [17-20]. At
this point, an intermediary known as an integrator will be
used to organize and analyze these many modules to cre-
ate the final result of the neural network. Thanks to this
configuration, simple neural networks can be imple-
mented in a more complex way, and some common appli-
cations of these networks include image processing, high-
level input compression, and stock market forecasting
software [17-20].

Ensemble training. The concepts and ideas that
formed the basis for creating modular neural networks
were first theorized in the 1980s and led to the develop-
ment of a machine learning method called ensemble
learning [17-20]. This method is based on the idea that
weaker machine learning models can be combined to-
gether to create a single stronger Model [17-20]. More-
over, this collective approach can be used to produce
more significant results than those that could be obtained
using a single deep learning model. Another way to con-
ceptualize this process is the divide-and-conquer ap-
proach, in which a large problem is solved by breaking it
down into smaller parts that can be solved in a simpler or
more viable way [17-20].

MNN structure. Consistent with the idea that neural
networks are based on multiple functions and capabilities
of the human brain, the human brain consists of a hierar-
chy of networks consisting of millions of neurons, with
each network specialized to perform specific work related
to the functioning of the human body [17-20]. To give an
example of this, let’s look at 3 different direct-link neural
networks that have been trained to solve problems related
to pattern recognition, such as license plate recognition.
For many reasons, these 3 networks may have difficulty
analyzing and identifying license plates in videos or im-
ages on an ongoing basis [17-20]. Thus, the software de-
veloper could combine the source data of these three
models to create a single output signal in order to create a
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single model that is more accurate than the previous 3
models [17-20].

In addition, software developers can also use MNN to
break down the learning problem itself into smaller, more
manageable parts [17-20]. Going back to the example of
license plate recognition, this problem can be divided into
three subtasks, such as identifying license plates in im-
ages, identifying license plates in videos, and identifying
license plates in images that depict bad weather, such as
heavy rain or snowfall. Thanks to these combined conclu-
sions, the developer could create a deep learning algo-
rithm that would be able to identify the appearance of
license plates in both images and videos depicting various
weather conditions that a driver may encounter when
passing a busy intersection or street [17-20].

Using MNN offers a wide range of benefits. For ex-
ample, combining multiple neural networks that have
been trained to perform a specific task can significantly
reduce the training time that is often required to train neu-
ral networks, as well as the associated costs [17-20].
Conversely, this approach also allows software develop-
ers to combine different types of machine learning models
and approaches that would not be possible with traditional
methods. Finally, as already mentioned, the combination
of several neural networks can lead to the development of
a single neural network that can work much more accu-
rately and efficiently than any of the previous networks
were capable of independently [17-20].

Since artificial neural networks have generally be-
come a hot topic for both research and software develop-
ment over the past few years, it is appropriate that MNN
is an approach that is also becoming increasingly popular
[17-20]. Moreover, since the cost of training machine
learning models in practice can be exorbitant, MNNSs al-
low software developers to create models much cheaper
and more sustainable. At the same time, MNNs will con-
tinue to be used in the coming years, since approaches
that were considered inadequate in previous scenarios can
be combined to create a single viable solution [17-20].

In the usual formulation of the problem of image clas-
sification as a computer vision problem, it is reduced to
maximizing the confidence function from a set of hypo-
thetical target locations, where reliability can be studied
in a fully controlled or poorly controlled setting [17-20].
In the formulation of a sliding window, the hypothesis set
consists of a large set of rectangular windows, and the
maximization problem is solved by exhaustive search.
Since this process, as a rule, is too expensive in practice,
many methods have been proposed to speed it up, from
methods that use the properties of a confidence function,
to sentence methods or cascade methods. All these meth-
ods retain the property of exhaustive search in the hy-
pothesis space, aimed either at reducing the number of
hypotheses to begin with, or at effectively searching for
them [17-20].

In general, the advantages of using subcripping train-
ing in image classification are as follows:
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—reinforcement learning can be used to solve very
complex problems that cannot be solved by conventional
methods when the input volumes are too large [17-20];

— this approach is preferred for achieving high rates of
adaptability and versatility of solutions [17-20];

— provides an opportunity to correct mistakes made in
the learning process [17-20];

—as soon as the error is corrected by the model, the
probability of occurrence of the same error is very small;

—in the absence of a training data set, the sub-course
must learn from its own experience [17-20];

—reinforcement learning models can translate people
into many tasks [17-20];

—reinforcement learning is designed to achieve the
ideal behavior of a model in a particular text in order to
maximize its performance [17-20];

—reinforcement learning methods maintain a balance
between research and exploitation. Research is the proc-
ess of testing different things to see if they are better than
what has been done before. Exploitation is the process of
testing what has worked best in the past. Other learning
algorithms do not provide such a balance [17-20].

To build an MNN system, you need to select the ap-
propriate network size for each module, and then find the
average softmax probability for playing categories. The
MNN system is built on the bottom-up principle. The
input data for the method is a training dataset from the
sample and a hyperparameter for selecting the size of
each module. The result of the method is a trained MNN
system [17-20]. First, we start with a single supergroup
that contains all the categories of the data set. Then the
network size is determined. The output matrix is softmax,
similar to the trained network. After that, the average
probability of softmax is used as a similarity indicator for
group categories. If new child supergroups are formed,
the module is trained to classify between new super-
groups. Training of MNN modules is described below.
The cycle is repeated until the modules of all superg-Rup
[17-20] are trained.

Selecting neural network sizes and hyperparames. You
must select the number of layers and the size (configura-
tion) of each module. You should use a new metric called
the accuracy change density [17-20] (AAD). It measures

the accuracy gain per unit increase in model size between
two network models:

AADj =— T 1)

If we consider the efficiency of use AAD as an indi-
cator, it should be noted that when increasing the size of
the model, there is no noticeable increase in accuracy.
The accuracy is calculated for each MNN module before
other networks are grouped into supergroups [17-20]. For
example, AAD for a root module, MNN is calculated
based on the accuracy obtained for classification between
all categories of the data set, and for any other module in
MNN, it is calculated by classification between all its
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child categories [17-20]. Using AAD, you can define
effective network configurations and distinguish catego-
ries with high accuracy. This approach can lead to a slight
loss of accuracy compared to large monolithic neural
networks, since small networks with MNN need to clas-
sify only several groups of visually similar categories,
rather than all categories of the data set.

Fig. 3 shows a common variant of communication be-
tween MNN modules during operation. This is how the
main module is allocated, which is responsible for dis-
tributing operations and further synchronizing their re-
sults. Fig. 4 shows a schematic example of simulated

models.
/ Data

/ class 2

/o )
/e

N

Main module of
neuromodel

v v v

Modular Modular Modular
network 1 network 2 network N

\_l

Main thread

v
/ Output /

Figure 3 — General representation of communication
between MNN modules during operation
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Figure 4 — Schematic example of synthesized networks
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4 EXPERIMENTS

Several sets of image data were used in the experi-
ments. CEFAR [27-29], SVHN [30], and EMNIST [31],
which contain centered and fixed-size images with only
one object in each image. Images in large data sets such
as ImageNet 2012 [32] and Caltech-256 [33] have differ-
ent sizes and display real images more accurately.

The CEFAR datasets [27-29] consist of color images
of 32x32 different categories in size. The training and
test kits contain 50 thousand and 10 thousand images,
respectively. During the experiments, the generally ac-
cepted practice of using 5,000 images from the training
set to form a test set was observed [27-29]. The SVHN
dataset contains 73,257 pixel-sized color images in the
training set 32x32 and 531,131 images for additional
training [30]. When reporting the results of the SVHN
data set, it was generally accepted to use all training data
without any increase in data. A set of 6000 images is used
to check learning outcomes. EMNIST is an extension of
the popular MNIST dataset [31]. There are six configura-
tions of the EMNIST dataset, and an EMNIST-balanced
configuration was used. It contains 131,600 pixel — sized
grayscale images belonging to 47 categories. The Ima-
geNet training set contains 1000 categories of approxi-
mately 1000 images each [33] 28x28. ImageNet also
includes a verification kit and a testing kit. A subset of the
ImageNet dataset with 20 categories was also used to eas-
ily visualize MNN and fully understand the details and
properties of the hierarchy. The Caltech dataset is also
used in experiments [32]. As suggested in [32], a subset
of 11 categories from the Caltech dataset was used to pro-
vide a fair comparison with existing work. Each category
of the Caltech dataset contains approximately 100 training
images and 20 test images. The parameters of the data
sets are described in Table 3.

Table 3 — Detailed information about sampling data for testing

Size of the Nl_meer Nl_meer quber
Data set - of images | ofimages | of image
images
to study to test classes

CIFAR 10 32x32x3 50000 10000 10
CIFAR 100 32x32x3 50000. 10000 100
SVHN 32x32x3 604388 26032 10
EMNIST 28x28x1 112800 18800 47
pragemet Different | 1200000 | 75000 1000
ImageNet Different
2012 26000 2000 20
Caltech Different 2000 400 11

Image classification models should be evaluated to de-
termine how well they perform compared to other models
[7, 8]. Here are some well-known indicators used in im-
age classification [7, 8].

Accuracy. Accuracy is an indicator that is defined for
each class. Class accuracy tells us how much of the data
provided by the machine learning model for class mem-
bership was actually part of the class in the validation
data. A simple formula can demonstrate this [7, 8]:
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Precisionzl. 2
TP+ FP

Completeness. Completeness, similar to accuracy, is
defined for each class [7, 8].

Completeness tells us what proportion of data from
the validation set belonging to the class was correctly
defined (as belonging to the Class) [7, 8].

Completeness can be represented as [7, 8]:

Recall =L. 3)
TP+ FN

F1 Rating. The F1 score helps to achieve a balance be-
tween accuracy and completeness in order to get an aver-
age idea of how the Model Works [7, 8]. The F1 score as
an indicator is calculated as follows:

2-(Precision x Recall )
Precision + Recall

F1Score = (4)

Relative error. The relative error in this case will be
calculated as the ratio of the classification error to the
total sample size (the number of its instances).

= M.loo% . (5)
Numbersamp|

5 RESULTS
A comparison of MNN test results with other neural
networks when classifying selected data samples is shown
in Table 4.

Table 4 — General test results

s | A | MoV e ron
VGG-16 78.410 0.067
CIFAR-10 VGG-Pruned 28.200 0.066
MNN 806 0.079
VGG-16 78.590 0.295
VGG-Pruned 28.910 0.252
CIFAR-100 ResNet 141.100 0.192
MNN 832 0.209
ResNet 11.000 0.016
SVHN MNN 522 0.018
EDEN — 0.117
MNN 363 0.078
EMNIST VGG-16 528.000 0.076
ResNet 84.000 0.081
ImageNet 2012 [Ny 1872 0.124
(subset)
VGG-16 528.120 0.295
ResNet-34 84.100 0.276
ImageNet 2012 NVINN 5515 0313
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6 DISCUSSION

The MNN architecture was compared with several ex-
isting architectures.

MNN has been shown to have the lowest memory re-
quirements and the number of iterations. This perform-
ance boost is achieved with a small test error cost. ResNet
and VGG contain 54 and 16 layers, respectively. In some
tests, it was also recommended to use a shortened and
quantum version of the VGG architecture: VGG-Pruned.
MNN also equaled ResNet. For the EMNIST dataset, we
use EDEN for comparison.

These architectures contain large deep neural net-
works with inverted bottleneck filters to reduce the num-
ber of operations.

Table 4 shows that the MNN tree has the smallest
model size. Compared to VGG-Pruned on the CIFAR —
100, MNN requires a 97.12% smaller model. Smaller
models require fewer memory accesses, achieve faster
convergence, and reduce power consumption. The table
shows the number of floating-point multiplications and
additions performed during the output of a single image.
The specified model size and the number of MNN opera-
tions are the sum of module values along the longest run
path.

There is a slight difference in memory requirements
and number of operations when comparing the MNN for
ImageNet 2012 (subset) and the entire ImageNet 2012
dataset. this shows the scalability of the proposed method
when building using the methods presented in Section 1.
the table does not report the model size and number of
operations for EDEN because the data and source code
are not publicly available.

Table 4 shows that MNN achieves the lowest error of
7.8% for the EMNIST dataset. The accuracy of MNN is
comparable to the state of the art for the CIFAR-10 and
SVHN datasets. It is worth noting that the test error
achieved in modern monolithic deep neural network ar-
chitectures is achieved after significant efforts to config-
ure hyperparameters.

CONCLUSIONS

The actual scientific and applied problem of develop-
ing a method for synthesizing MNN based on machine
learning methods with reinforcement, for constructing
high-precision neuromodels for solving classification
problems.

The scientific novelty lies in the fact that a method
has been developed implemented and investigated on the
example of neuromodel synthesis based on a modular
neural network for image classification, which can later
be used as a model for technical diagnostics.

The practical significance lies in the fact that the us-
ing the developed method significantly reduces the re-
source intensity of setting up hyperparameters.

Prospects for further research may lie in using the
parallel capacities of GPU-based computing systems to
organize directly modular neural networks based on them.
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AHOTAIIA
AKTyanbHicTh. PO3risiHyTO BUpileHHs 3a1a4i Kinacudikaiii (B ToMy uuciti rpadivHuX HaHHX) HA OCHOBI BUKOPHCTAHHS MOJIY-
JIIPHUX HEWPOHHHUX MEpEeX Ta MOAM(IKOBAHMX METOJIB MAIIMHHOTO HABYaHHS 3 MiAKPIIUICHHSAM AJsI CHHTE3y HEHpOMOIeneH, sKi
BiJIPI3HAIOTHCS BUCOKHAM PiBHEM TOYHOCTI poOoTH. OO’ €KTOM NOCITIIHKEHHS € MPOIec CHHTE3y MOIYJISAPHUX HEHPOHHHX MEpex Ha
OCHOBI METO/IiB MAIIMHHOTO HABYAHHS 3 MiJKPIIUICHHSIM.
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MeTta podoTH rojsirae y po3po0Oili METoly CHHTe3y MOIYJISIpHAX HEHPOHHHUX Mepex Ha OCHOBI METO/IB MAIIMHHOTO HAaBUYaHHS 3
MIIKPITUICHHSM, JJTs 00y IOBH HEHPOMOIesiel BUCOKOI TOUHOCTI [T pO3B’I3aHHsI 3a1a4 Kiacudikarrii.

MeTopa. 3anponoHOBAaHO METOJ CHHTE3Y IMITyJIbCHUX HEHPOHHUX MEpex Ha OCHOBI eBoioLiliHOTO minxoxy. Ha mowarky, micis
iHimianizanii cucTeMu MOAYJIIPHUX HEWPOHHHX MEPEeX, 110 Mo0yIoBaHa 3a MPHHIMIIOM 3HU3Y Bropy, MOJAIOThCS BXiJHI JaHi — Ha-
BUaIbHUI HaOip JaHuX 3 BHOIPKH i rinmeprnapaMerp, At BUOOPY po3Mipy KOXXHOTO MoJyJisi. Pe3yapraTroM pobOTH METOIY € HaBYCHA
cucTeMa MOAYJISPHUX HEHPOHHHUX Mepek. [Ipomec moYMHAIOTE 3 OJHI€T Cymeprpymy, sika MiCTUTH yci Kateropii Habopy nanux. [1o-
TiM obupaeTbcsi po3mip Mepexi. Buxigna matpums SOftmax, moxiOna mms maBuenoi mepesxi. ITicias 4oro cepemus WMOBIPHICTBH
softmax BUKOPHUCTOBYETHCS SIK MOKAa3HHUK MOAIOHOCTI [UIsk TPYHOBHX KaTeropii. SIkuio ¢hopMyroThesi HOBI JIOYIpHI Cyneprpynu, Mo-
JIyJIb HaBUA€ThCS KJIacH(ikanii Mi>k HOBUMH CyTieprpynamuy. LUk HaB4aHHS MOJYJiB MOIYIIPHUX HEHPOHHUX MEPEX IOBTOPIOETH-
Csl 710 THIX IIip, TOKU He OyAyTh HaBYEHI MO BCiX Cyneprpymn. MeTox 103BoJIs€ MiABUIUTH TOYHICTD Pe3yJIbTYI0Y0T MOJEII.

Pe3yabTaTn. Po3pobienuii MeTos peanizoBaHO Ta JOCIHIKEHO Ha MPUKIAJi CHHTE3y HEHpOMOeli Ha OCHOBI MOAYJISIPHOT Heil-
POHHOI Mepexi st kiaacudikarlii 300pakeHsp, ska B OJaJIbLUIOMY 3MOXKE BUKOPUCTOBYBATHCS Y SIKOCTI MOJENI [UIsl TEXHIYHOTO Jiar-
HOCTYBaHHS. BUKopHCTaHHS pO3p00IEHOr0 METOY 3HAYHO 3HHIKY€E PECYPCOEMHICTD HAJIALITYBaHHS rileprapaMerpis.

BucHoBku. IIpoBeieHi eKCIIEPUMEHTH MiATBEPIMIH MPALE3aTHICTh 3al[POIIOHOBAHOTO METOy CHHTE3y HefipoMozei s Kia-
cudikamii 300pakeHp Ta J03BOJSIOTH PEKOMEHIYBAaTH HOTO AJIsi BUKOPHCTAHHS Ha MPAKTHII MPH CHHTE31 MOAYISPHUX HEHPOHHUX
MepeK y SKOCTI OCHOBH KiacHpikaifHUX MoJeNel I ToJaIbIIol aBToMaTH3amnii 3a1a4 TEXHIYHOTO AiarHOCTYBaHHS Ta PO3Ii3Ha-
BaHHS 00pa3iB 3 BUKOPHCTAHHAM BEJIMKHUX AaHUX. [IepCrIeKTHBY MOJaIbIINX JOCTIIPKEHb MOXKYTh HOJSTaTH Y BUKOPUCTaHHI Hapa-
JIETIBHUX MOTYXXHOCTEH 00unCiroBaNbHUX cucTeM Ha 6a3i GPU muist opranizanii Ha ix 6a3i 6e3rnocepeJHb0 MOIYIBHIX HEHPOMEPEXK.

KJIFOYOBI CJIOBA: monynspHi HelipoHHI Mepexi, kiacugikarist 300paeHb, CHHTE3, 1iarHOCTYBaHHSI, TOMOJIOTIS, TYYHUHA
IHTEJIeKT, HaBYAHHS 3 MiIKPIIUICHHSIM.
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ABSTRACT

Context. Face recognition, which is one of the tasks of pattern recognition, plays an important role in the modern information
world and is widely used in various fields, including security systems, access control, etc. This makes it an important tool for security
and personalization. However, the low probability of identifying a person by face can have negative consequences, so there is a need
for the development and improvement of face recognition methods. The object of research is the face recognition process. The sub-
ject of the research is a mathematical model for face recognition.

One of the frequently used methods of pattern recognition is the construction of decision rules based on the prediction ellipsoid.
An important limitation of its application is the need to fulfill the assumption of a multivariate normal distribution of data. However,
in many cases, the multivariate distribution of real data may deviate from normal, which leads to a decrease in the probability of rec-
ognition. Therefore, there is a need to improve mathematical models that would take into account the specified deviation.

The objective of the work is to increase the probability of face recognition by constructing a ten-variate prediction ellipsoid for
data normalized by the Box-Cox transformation.

Method. Application of the Mardia test to test the deviation of a multivariate distribution of data from normality. Building deci-
sion rules for face recognition using a ten-variate prediction ellipsoid for data normalized based on the Box-Cox transformation. Ob-
taining estimates of the parameters of the univariate and ten-variate Box-Cox transformations using the maximum likelihood method.

Results. A comparison of the results of face recognition using decision rules, which were built using a ten-variate ellipsoid of
prediction for data normalized by various transformations, was carried out. In comparison with the use of univariate normalizing
transformations (decimal logarithm and Box-Cox) and the absence of normalization, the use of the ten-variate Box-Cox transforma-
tion leads to an increase in the probability of face recognition.

Conclusions. For face recognition, a mathematical model in the form of a ten-variate prediction ellipsoid for data normalized us-
ing the multivariate Box-Cox transformation has been improved, which allows to increase in the probability of recognition in com-
parison with the use of corresponding models that are built either without normalization or with the use of univariate normalizing
transformations. It was found that a mathematical model built for normalized data using a multivariate Box-Cox transformation has a
higher probability of recognition since univariate transformations neglect the correlation between geometric features of the face.

KEYWORDS: face recognition, prediction ellipsoid, multivariate Box-Cox transformation, normalizing transformation.

ABBREVIATIONS o is a significance level;
BCT is the Box-Cox transformation; B, is a multivariate skewness;
SMD is the squared Mahalanobis distance; : P .
PRFP is the probability of recognizing the first person. B2 1s a multivariate kurtosis;

X%,a is the Chi-Square distribution quantile with m

i b NOfMENCE)ILATURE ical facial f degrees of freedom and significance level o ;
tures)'ls a number of variables (geometrical facial fea- v is a vector of multivariate normalizing transforma-
m is a number of degrees of freedom; tion; . . . .
N is a number of data points; O is a k-variate vector of normalizing transformation
) parameters.

S is a sample covariance matrix for normalized data;
X is a non-Gaussian random vector;

X is a vector of sample means of the X variables; INTRODUCTION

Facial recognition is becoming increasingly popular
Xj is aj-th non-Gaussian variable; due to its wide range of applications in fields like com-
puter vision, security systems, and others. The process of

X j is asample mean of the X j values; facial recognition involves automatically identifying indi-

Z is a Gaussian random vector; viduals based on distinct facial features, including the
Z is a vector of sample means of the Z j variables; shape of the eyes, nose, mouth, and other characteristics.
. . . . . The technology behind facial recognition is continually

Z; is a j-th Gaussian variable that is obtained by trans- advancing leading to higher accuracy and opening up a

forming the variable; multitude of possibilities for its use in various aspects of
ZJ- is a sample mean of the Z; values; life.
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The accuracy and effectiveness of facial recognition
systems are heavily reliant on the specific decision rule
chosen for the identification process. This decision rule
essentially dictates how an individual’s facial features are
classified into predefined categories or classes within the
system.

In modern methods used for face recognition, an im-
portant limitation is the assumption of a multivariate nor-
mal distribution of the data [1]. However, real data often
have a non-Gaussian distribution. As a result, such devia-
tions can be the cause of errors in the face recognition
process. Therefore, there is a need to improve mathemati-
cal models that can take into account deviations from the
normal distribution of data.

The object of study is the process of face recognition.

The facial recognition process involves a series of key
steps, it initiates with image preprocessing, involving face
detection, and alignment for optimal analysis. Feature
extraction follows, identifying key facial elements such as
the position of the eyes, nose, mouth, and other distinctive
attributes. These extracted features serve as the founda-
tion for generating a feature vector, a mathematical repre-
sentation encapsulating the unique facial characteristics,
which is pivotal in the recognition process. Pattern recog-
nition, through the application of mathematical models,
determines which individual the feature vector corre-
sponds to. This process involves comparing the feature
vector to a database of known individuals [2].

The subject of study is a mathematical model for
face recognition. One of the frequently employed methods
in pattern recognition involves building decision rules
based on prediction ellipsoids.

The purpose of the work is to increase the probabil-
ity of face recognition by constructing a ten-variate pre-
diction ellipsoid for normalized data using Box-Cox
transformation.

1 PROBLEM STATEMENT
Suppose given the original data sample set of the ten
geometrical facial features the multivariate distribution
for which is not Gaussian. Suppose that there are bijective
ten-variate normalizing transformation

W =Wy, W1, Wa,....ygp) Of non-Gaussian random vec-
tor XZ{Xl,Xz,...,Xlo}T
Z= {Zl!ZZ!"‘!ZIO}T is given by

to Gaussian random vector

Z=y(X) (1)
and the inverse transformation for (1)
X=y2). )

It is required to build the prediction ellipsoid for nor-
malized data in the form:

© Prykhodko S. B., Trukhov A. S., 2024
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(z-Z) sHz-Z)=12.. 3)

where

=%§:(Zi -Z)z;-2)

Also, it is required to develop the decision rule for
face recognition based on equation (3) and the transfor-
mations (1) and (2).

2 REVIEW OF THE LITERATURE

Mahalanobis distance is a way of measuring how far a
point is from a distribution of points, taking into account
the shape and orientation of the distribution. It is based on
the idea that the distance between two points should be
scaled by the variance and covariance of the variables
involved. The squared Mahalanobis distance (SMD) is
widely used in statistics and multivariate data analysis for
pattern recognition [3], classification [4, 5], and outlier
detection [6-8]. This metric provides a valuable measure
for assessing the relationships between data points in var-
ious applications.

The value of the SMD is approximately equal to the
value of the Chi-squared distribution with k degrees of
freedom, which is equal to the number of characteris-
tics [9, 10]. Recognition takes place with the help of a
prediction ellipsoid, which defines the space of allowed
values such that all elements within the same class are
inside the ellipsoid, while others are outside it.

Many statistical procedures assume that the variables
are normally distributed, and an assumption of homosce-
dasticity or homogeneity of variance. Significant viola-
tions of either assumption can increase the chances of
committing either a type | or Il error. Rectifying these
issues through data transformations can significantly im-
prove analysis accuracy [11].

The construction of the ellipsoid relies on the assump-
tion that the data follows a multivariate normal distribu-
tion [12]. However, real data may have a non-normal
multivariate distribution, which leads to a lower recogni-
tion probability. To solve certain practical problems,
which are based on the use of the Mahalanobis distance,
in the case of non-Gaussian data, normalization is used
[13, 14]. Its application allows solving the corresponding
problems for data whose multivariate distribution deviates
from normal.

In [15], a decision rule for pattern recognition was im-
proved based on the application of the SMD for normal-
ized data from 10 characteristics using a decimal loga-
rithm transformation. This allowed to increase in the
probability of recognition, but when using the decimal
logarithm, the probability of recognition is not always
satisfactory, so it is necessary to apply other normalizing
transformations, such as the Box-Cox transformation
(BCT).
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3 MATERIALS AND METHODS

To create feature vectors, a special program was de-
veloped in Python using the DIlib computer vision library.
After detecting a face in the input image, the program
performs several image processing steps, including crop-
ping and aligning the face so that the eyes are at the same
level. Such processing helps to remove some of the distor-
tions caused by the position of the face in the input image
[16]. In the last step, the program obtains a set of charac-
teristics from the aligned image. Each feature is the pixel
distance between facial landmarks defined by the Dlib
library.

After analyzing the studies [17-19], 17 key landmarks
of the face were identified. Using the pixel distances be-
tween these landmarks, a vector consisting of 10 features
was constructed. The symmetrical distances were aver-
aged, resulting in the following features: X; — the average
distance from the eyes to the middle of the nose, X, — the
average distance from the eyes to the center of the mouth,
X3 — the average distance from the eyes to the center of
the eyebrows, X, — the average distance from the eye-
brows to the top of the nose, Xs — the average distance
from the corners of the eyes to the top of the nose, X —
the distance between the eyebrows, X; — the distance be-
tween the nose and the middle of the mouth, Xg — the dis-
tance between the corners of the mouth, Xy — the distance
between the edges of the nose, X, — the distance from the
mouth to the chin.

To account for variations in the position of the face in
the image and different distances to the camera, a nor-
malization process is used by dividing each feature by the
distance between the eyes [20].

In the final version, the vector takes the form:
X={(vl+v2)/2d, (v3+v4)/2d, (v5+v6)/2d, (v7+v8)/2d,
(v9+v10)/2d, v11/d, v12/d, v13/d, v14/d, v15/d}.

A dataset from work [15] containing 200 photos of
two people was chosen, where 100 photos are used to

build a prediction ellipsoid for recognizing the first per-
son, and 300 are used for testing.

Figure 1 — Distances between face key points used for rec-
ognition

As a result, 400 feature vectors were obtained, one per
photo, consisting of 10 elements.
A vector of first-person

Y:{)Tl,)fz,...,)flo}T to prediction

ellipsoid: X = {0.6330; 1.1629; 0.3010; 0.6259; 0.2994;
0.3670; 0.3015; 0.8011; 0.3584; 0.6290}, the covariance
matrix is shown in Table 1, and the characteristic ranges
in Table 2.

sample  means

construct a

Table 1 — Covariance matrix of the initial sample

0.00101 0.00089 | -0.00060 | —0.00006 | —0.00012 | —0.00011 | —0.00052 | 0.00001 0.00034 | -0.00113
0.00089 0.00200 0.00000 0.00026 | -0.00016 | 0.00006 0.00052 | -0.00004 | 0.00046 0.00024
-0.00060 | 0.00000 0.00111 0.00047 0.00001 0.00019 0.00071 | —0.00009 | —0.00009 | 0.00121
-0.00006 | 0.00026 0.00047 0.00039 | —0.00003 | 0.00017 0.00031 | -0.00027 | —0.00006 | 0.00034
-0.00012 | -0.00016 | 0.00001 | -0.00003 | 0.00008 0.00002 0.00003 0.00000 | —0.00010 | 0.00008
-0.00011 | 0.00006 0.00019 0.00017 0.00002 0.00073 0.00027 0.00003 | —0.00002 | 0.00002
—-0.00052 | 0.00052 0.00071 0.00031 0.00003 0.00027 0.00119 | -0.00015 | -0.00007 | 0.00149
0.00001 | —0.00004 | —0.00009 | —0.00027 | 0.00000 0.00003 | —0.00015 | 0.00276 0.00100 0.00129
0.00034 0.00046 | —0.00009 | —0.00006 | —0.00010 | —0.00002 | —0.00007 | 0.00100 0.00104 0.00016
-0.00113 | 0.00024 0.00121 0.00034 0.00008 0.00002 0.00149 0.00129 0.00016 0.00416
Table 2 — Ranges of characteristics of the initial sample
1 2 3 4 5 6 7 8 9 10

Min | 0.55734 | 1.07032 | 0.23998 | 0.57780 | 0.27292 | 0.31088 | 0.22610 | 0.69870 | 0.29332 | 0.46811
Max | 0.70846 | 1.28726 | 0.39580 | 0.66983 | 0.32167 | 0.43156 | 0.39956 | 1.00075 | 0.46041 | 0.80951
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The Mardia test was used to assess the deviation of the
multivariate data distribution from normality. It is based
on the analysis of the multivariate skewness ; and kurto-
sis B, of the data, which are indicators of how much the
data deviate from the normal distribution and are calcu-
lated according to the following formulas:

N N _ _y3
=2 2l X 2 X @
i=1 j=1
1N =V 1 —\2
ﬁzZWg{(xj_x) SX(XJ_X)} ’ (5)
where

:%%(X X -xT .

According to the Mardia test, the multivariate distribu-
tion of the received sample is not Gaussian since the test
statistic for multivariate skewness NpB;/6 of the data,
which equals 289.20, is greater than the quantile of the
Chi-Square distribution, which is 277.77 for 220 degrees
of freedom and 0.005 significance level. In contrast, the
test statistic for multivariate kurtosis B,, which equals
122.35, does not exceed the value of the Gaussian distri-
bution quantile, which is 127.97 for the mean of 120, the
variance of 9.6, and a significance level of 0.005. That is
why, there is a need to apply a normalizing transforma-
tion (1).

The original BCT is a univariate transformation with
one parameter A and is applied element-wise to a vector.
For multivariate data, it is usually applied k times as uni-
variate mapping to each column with different values for
L. Therefore, the overall transformation is specified by a
k-variate vector © = {A4, A, ..., A} [21].

As in [22], normalization by the BCT is given by:

}\/J_ . . .
ijx(kj)z (Xj 1)/x,,k1¢o, 6)
In(Xj), 7\.120

The main task when using the method is to find the
optimal value of the input parameter in such a way that, as
a result of the transformation, the distribution of the out-
put value is as close as possible to the normal one. The
most popular method of finding the optimal value of the
lambda parameter is the maximum likelihood estimation:

)= ,nZ!xm. D) |

Zln(x ) (@)

The multivariate Box-Cox method uses a separate
transformation parameter for each variable. When vari-
ables are transformed to joint normality, they become
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approximately linearly related, constant in conditional
variance, and marginally normal in distribution. In the
case of using the ten-dimensional BCT, the components
of the vector T are defined as (6).

For the ten-variate BCT, the log-likelihood function
can be written as:

K N
1(x,0)= Y. —1)2In(xji)—%In[det(sz)]. ®)
i=1

j=1

After applying normalizing transformations, a ten-
variate prediction ellipsoid is built based on (3):

(Z - Z)T Sil(z - Z) = %50, 0.005 - ©)

The value of the quantile of the Chi-square distribu-
tion is 25.19 for 10 degrees of freedom and a significance
level of 0.005. The decision rule is based on a prediction
ellipsoid (9), which describes the space of admissible val-
ues for each class such that all objects of one class must
lie within the bounds of this ellipsoid, and of another class
— outside the bounds.

4 EXPERIMENTS
For comparison, two prediction ellipsoids are built
based on the data from [14] and two normalization trans-
formations: the univariate BCT and the ten-variate BCT.
A univariate BCT is applied to the initial sample. As a
result of solving the task using the maximum likelihood
method of the logarithmic function (7), the following pa-

rameter  estimates were obtained: il =1.7451,
A, =—-45493, Ay =—0.7145, A4 =0.3643,
A5 =5.1055, Ag =—0.8785, A, =-0.4222, Ag=-

2.7221, g =—-1.8611, A = 1.0102.

As a result of the application of the univariate BCT
with components (6), where each element of the vector T
is calculated independently of the others, a sample with

the following vector of means Z = {21,22,...,210}T was

obtained: Z = {-0.31461; 0.10718; —1.92555; —0.43103;
-0.19545; -1.62004; -1.57614; -0.31836; -3.16345; —
0.37015}. The covariance matrix of the sample in Table
3, ranges of characteristics in Table 4.

The normalized sample obtained as a result of apply-
ing the univariate BCT does not deviate from the multi-
variate normal distribution, because the test statistic for
multivariate skewness Nf,/6, which equals 276.51, does
not exceed the critical value 277.77; the test statistic for
multivariate kurtosis f,, which equals 120.4, is less than
the critical value of 127.97.

Applying the ten-variate BCT to normalize the initial
sample. As a result of solving the task using the maxi-
mum likelihood method of the logarithmic function (8),
the following parameter estimates were obtained:
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A =-05799, i, =-0.9732, i3 =0.4871, A, =2.888,
hs =4.0714, hg =-0.231, A, =0.087, Ag =-1.2973,

hg =-1.1866, A = 1.3321.

As a result of the application of the ten-variate BCT
with components (6), a sample with the following vector

of means Z:{Zl,zz,...,zm}T was  obtained:

Z ={-0.52627; 0.13911; —0.91083; —0.25654; —0.24379;
-1.13224; -1.14383; -0.26329; -2.03304; -0.34494}.

The covariance matrix of the sample in Table 5, ranges of
characteristics in Table 6.

The normalized sample by using the ten-variate BCT
does not deviate from the multivariate normal distribu-
tion, because the test statistic for multivariate skewness
NB./6, which equals 265.59, does not exceed the critical
value 277.77; the test statistic for multivariate kurtosis B,,
which equals 121.52, is less than the critical value of
127.97.

Table 3 — Covariance matrix of the sample normalized by univariate Box-Cox

0.00051 0.00027 | -0.00329 | —-0.00006 | 0.00000 | -0.00054 | —-0.00197 | 0.00006 0.00437 | —0.00080
0.00027 0.00035 | —0.00016 | 0.00014 0.00000 0.00022 0.00115 | —0.00006 | 0.00294 0.00005
-0.00329 | -0.00016 | 0.06670 0.00489 0.00000 0.00923 0.02936 | —0.00234 | —0.01845 | 0.00937
—0.00006 | 0.00014 0.00489 0.00070 0.00000 0.00149 0.00234 | -0.00085 | —0.00193 | 0.00046
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 | —0.00001 | 0.00000
-0.00054 | 0.00022 0.00923 0.00149 0.00000 0.03103 0.00950 0.00025 | -0.00533 | 0.00025
-0.00197 | 0.00115 0.02936 0.00234 0.00000 0.00950 0.03558 | -0.00250 | -0.01137 | 0.00810
0.00006 | —0.00006 | —0.00234 | —0.00085 | 0.00000 0.00025 | -0.00250 | 0.01315 0.03704 0.00273
0.00437 0.00294 | -0.01845 | -0.00193 | —0.00001 | -0.00533 | -0.01137 | 0.03704 0.34189 0.00232
-0.00080 | 0.00005 0.00937 0.00046 0.00000 0.00025 0.00810 0.00273 0.00232 0.00412
Table 4 — Ranges of characteristics of the sample normalized by univariate Box-Cox

1 2 3 4 5 6 7 8 9 10

Min | -0.36642 | 0.05845 | —2.48076 | —0.49720 | -0.19561 | —2.03872 | —2.06852 | —0.60754 | —4.72990 | —0.53009

Max | —0.25900 | 0.15013 | -1.31438 | -0.37285 | -0.19527 | -1.24335 | -1.12041 | 0.00075 | -1.73859 | -0.19029

Table 5 — Covariance matrix of the sample normalized by ten-variate Box-Cox
0.00436 0.00134 | -0.00233 | -0.00006 | —0.00001 | —-0.00080 | —0.00323 | 0.00007 0.00616 | —0.00204
0.00134 0.00106 | —0.00002 | 0.00008 0.00000 0.00017 0.00112 | -0.00004 | 0.00281 0.00013
-0.00233 | -0.00002 | 0.00374 0.00036 0.00000 0.00115 0.00381 | —0.00035 | —0.00198 | 0.00192
—0.00006 | 0.00008 0.00036 0.00007 0.00000 0.00023 0.00038 | -0.00018 | -0.00027 | 0.00012
-0.00001 | 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 | —0.00002 | 0.00000
-0.00080 | 0.00017 0.00115 0.00023 0.00000 0.00846 0.00270 0.00012 | -0.00122 | 0.00009
-0.00323 | 0.00112 0.00381 0.00038 0.00000 0.00270 0.01047 | -0.00090 | -0.00277 | 0.00378
0.00007 | —0.00004 | —0.00035 | —0.00018 | 0.00000 0.00012 | —0.00090 | 0.00705 0.01390 0.00175
0.00616 0.00281 | -0.00198 | -0.00027 | —0.00002 | -0.00122 | -0.00277 | 0.01390 0.08567 0.00116
-0.00204 | 0.00013 0.00192 0.00012 0.00000 0.00009 0.00378 0.00175 0.00116 0.00305
Table 6 — Ranges of characteristics of the sample normalized by ten-variate Box-Cox
1 2 3 4 6 7 8 9 10
Min —0.69589 | 0.06576 | -1.02852 | -0.27523 | —0.24437 | -1.34124 | -1.39454 | -0.45651 | —-2.76948 | -0.47758
Max —0.38152 | 0.22388 | —0.74583 | —0.23742 | -0.24319 | -0.92748 | -0.88171 | 0.00075 | -1.27277 | —0.18419

After data normalization by univariate and multivari-
ate BCTs, ten-variate ellipsoids were constructed based
on (9). The computer program implementing the con-
structed models was developed to conduct experiments.
The program was written in the Python language.

5 RESULTS
The recognition check is based on two criteria, such as
the probability of recognizing the first person (PRFP), and
the probability of type Il errors, which occur when the
decision rule mistakenly identifies another person as per-
son 1.
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Application of (9) for normalized data with a univari-
ate BCT to recognize 300 test photos allowed obtaining
the following results: the PRFP is 94%, with a probability
of type Il errors being 5.5%. The application of (9) for
data normalized using the ten-variate BCT allowed ob-
taining the PRFP of 97% with type 11 errors of 2.5%.

Table 7 shows a comparison of the results of using
models for non-normalized data (Source); data normal-
ized by the transformation of the decimal logarithm (Lg)
[15]; normalized data using univariate BCT; normalized
data using the ten-variate BCT.
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Table 7 — Comparison of the results

Source L Univariate | Ten-variate
g BCT BCT

PRFP 92% 95% 94% 97%

Type Il errors 4.5% 5.5% 5.5% 2.5%

The use of ten-variate prediction ellipsoid (9) for data
normalized using a multivariate BCT resulted in the high-
est probability of recognition.

6 DISCUSSION

As is evident from Table 7, the decision rule built for
the initial data resulted in the lowest recognition probabil-
ity. Application of decision rules for normalized data by
decimal logarithm and univariate BCT has increased the
PRFP and reduced the possibility of type Il errors. The
most notable enhancement in recognition accuracy was
achieved with the ten-variate BCT.

Taking into account that the use of univariate trans-
formations had a lesser impact, it is important to note that
this can be explained by the fact that univariate transfor-
mations do not account for data correlation. Thus, their
limitation lies in their inability to consider the interrela-
tionships between different variables, which affect the
analysis results. Unlike univariate transformations, the
ten-variate BCT preserves inter-variable relationships
crucial in capturing complex facial features.

CONCLUSIONS

The important problem of increasing the probability of
face recognition by constructing a ten-variate prediction
ellipsoid for data normalized by the BCT is solved.

The scientific novelty of the obtained results is that
the ten-variate prediction ellipsoid for normalized data for
face recognition is firstly constructed based on the BCTs.
The application of univariate BCT resulted in a slight
improvement, which is explained by the fact that the
method does not take into account the correlation between
features. The construction prediction ellipsoid for normal-
ized data based on ten-variate BCT allowed increased
PRFP and reduced type Il errors.

The practical significance of the obtained results is
that the software realizing the constructed model is devel-
oped in the Python language. The experimental results
allow us to recommend the constructed model for use in
practice.

Prospects for further research may include the use
of other multivariate normalizing transformations to con-
struct prediction ellipsoid for face recognition.
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PO3MIBHABAHHSA OBJUYYS 3A JOITOMOT'OFO JECATUBAMIPHOTI' O EJIITICOIIA IIPOTHO3YBAHHA JIJIA
HOPMAJII3OBAHUX HA OCHOBI HEPETBOPEHHS BOKCA-KOKCA JAHUX

Ipuxoasko C. b. — 1-p TexH. HayK, npodecop, 3aBiayBayd kadeapu mporpaMHOro 3abe3nedeH s aBTOMaTH30BaHuX cucteM Ha-
LIOHAJIBHOTO yHIBepCHUTETY KopabiebymyBaHHs iM. aamipana Makaposa, Mukosnais, Ykpaina.

TpyxoB A. C. — acnipanT kadeapn nporpaMHOTo 3a0e3MeueHHs aBTOMAaTH30BaHUX CHcTeM HalioHaIFHOTO yHIBEPCUTETY Kopa-
OneOymyBaHHs iM. aaMipaia MakapoBa, MukonaiB, YkpaiHa.

AHOTAIIA

AKTyaJabHicTh. Po3mizHaBaHHS 00MMYYs, SKE € OJHUM 13 3aBJaHb PO3IMi3HABaHHs 00pa3iB, BiJIIrpae BAXIHBY POJb Y CY4acCHOMY
iH(opMmariiiHOMy CBITi Ta 3HaXOJHUTh LIMPOKE 3aCTOCYBAHHS B PI3HUX raily3siX, BKIIOYAIOYM CUCTEMHU OE3NeKH, YIPaBIiHHS JOCTY-
oM Ta iH. [le poOUTh HOro BaXKJIMBHUM iHCTPYMEHTOM Ul 3a0e3medeHHs Oe3neku Ta mepcoHanmizamii. OJHak HU3bKa HMOBIPHICTh
izeHTUdiKail 0coOu 3a 0OMMYYSIM MOKE MATH HETaTHBHI HACITIJIKH, TOMY iCHye moTrpeba B po3poOii Ta BIOCKOHAICHHI METO/IiB
posmizHaBanHs 00auudst. O0’€KTOM IOCIHIIKEHHS € TPOoLeC po3ii3HaBaHHs o0audyst. [IperMeToM A0CHiKeHHs € MaTeMaTH4Ha MO-
JIeNTb A7IsI PO3Mi3HABaHHS OOIHYYSL.

OpuH 3 YacTO BHKOPHUCTOBYBAaHHX METOJIB PO3IMi3HABAaHHSA 00pa3iB MOJATae B MOOYAOBI MPaBWI MPUHAHATTS pillleHb Ha OCHOBI
eltincoina mporHo3yBaHHs. BainBUM 0OMEXEHHSM HOro 3acToCyBaHHs € HEOOXiJHICTh BUKOHAHHS IPHUITYILICHHS IIPpO 6araToBUMi-
pHUI HOpManbHHUI po3nozii AaHux. OgHaKk y 06ararboX BHIaAKax 0araTOBUMIPHHI PO3MOALT PEalbHUX JaHHX MOXKE BIIXHISATHCS
BiJl HOPMaJIGHOTO, 1[0 TIPU3BOJHUTH JI0 3HMIKCHHS HMOBIPHOCTI po3IMi3HaBaHHA. TOMy BHHHMKa€e HEOOXIAHICTh yIOCKOHAJEHHS MaTe-
MaTHYHHX MOJIEJIeH, sIKi BpaXxoByBay O 3a3Ha4YCHE BiAXHUIICHHS.

Merta po0oTH moJArae y miBUIICHHI HMOBIPHOCTI po3mi3HaBaHHs OOJUYYS LULIXOM MOOYJOBH JECATHBUMIPHOTO ENiNcoimy
MPOTHO3YBAaHHS JUISl HOPMaJIi30BaHUX 3a I0NOMOrolo neperBopeHHs bokca-Kokca nanux.

Merton. 3actocyBaHHs TecTy Mapaia Ui IepeBipKH BiIXUIICHHS 0araTOBUMIPHOTO PO3MOILUTY JaHUX Bix HOpManbHOTO. I100Y-
JI0Ba MPABWII NPUHHATTS pillleHb U PO3IMi3HABAHHS OOJIMTYS 32 IOTIOMOTO0 IECATUBHUMIPHOTO EJIICOiTy MPOTHO3YBaHHS ISl HOP-
MaJli30BaHHX Ha OCHOBI IepeTBOpeHHs bokca-Kokca nannx. OTpUMaHHs OL[IHOK IapaMeTpiB OJHOBUMIPHOTO Ta JIECITHBUBUMIPHOTO
nepeTBopeHb bokca-Kokca 3a 1omomMororo MeToxy MakCHMabHOI ITPaBAOIOAiOHOCTI.

Pe3yabTaTh. 31ilicCHEHO MOPIBHSIHHS PE3yJIbTATIB PO3Ii3HABAHHS O0JIMY 32 JOIOMOTOI0 MIPABHJI MIPUHHSATTS pillieHs, sKi Mo0yxo-
BaHi 3 JIONIOMOTI'0I0 AECSITUBHMIPHOTO JIIICOIy IPOrHO3yBaHHs JUIs HOPMaJIi30BaHUX 32 PI3HUMHU IEPETBOPEHHSIMH JaHuX. Y T0pi-
BHsIHHI i3 3aCTOCYBaHHSM OJHOBHMIPHHUX HOPMAJi3ylOUHX MepeTBOpeHb (necsitkoBoro sorapudmy ta bokca-Kokca) Ta y Bumaaky
BiZICYTHOCTI HOpMai3allii BUKOPUCTaHHs JeCITHBUMIpHOTO mepeTBopenHs bokca-Kokca npu3Boauts 10 301bLIeHHST IMOBIpHOCTI
PpO3Mi3HaBaHHA O0IHY.

BucnoBku. {1 po3nisHaBaHHS 00JUYYS YIOCKOHAIEHO MAaTEeMAaTHYHY MOJENb y BUIVIALL AECATHBUMIPHOTO €JIICOixy MPOTrHO-
3yBaHHS JUIsl HOPMaJIi30BaHUX 3a JONOMOI0K GaraToBUMIpHOTO nepeTBopeHHs bokca-Kokca naHuX, 1o 103BOISE MiIBUILUTH HMO-
BIPHICTB PO3Mi3HABAaHHS y MOPIBHAHHI i3 3aCTOCYBaHHIM BIATIOBITHUX MOJIeNeH, ski moOyxoBaHi abo Oe3 HopMaiizatlii, abo i3 BUKO-
PHUCTaHHSM OJHOBHMIPHHX HOPMAJIi3yl0UnX IepeTBopeHb. [lociipkeHo, 10 MaTeMaTHiHa MOJEINb, o0yIoBaHa Uil HOpMaJli3oBa-
HHX JIaHHX 3a JIONIOMOTr0l0 OaraToBuMipHOro neperBopenHs bokxca-Kokca, Mae OubIy iIMOBIpHICTH pO3Ii3HAaBaHH 3a paxXyHOK TOTO,
1110 OTHOBUMIpHI NEPETBOPEHHS HEXTYIOTh KOPEJIALIEI0 MK FTEOMETPHYHUMH O3HAKAMHU O0IMYYS.

KJIFOYOBI CJIOBA: po3mi3HaBaHHs 007IMY4sl, €IIIICOI] IPOrHO3yBaHHs, HOPMali3yloue IepeTBOPeHHs, OaraTOBUMIpHE repe-
TBOpeHHs bokca-Kokca, mpaBuito npuitHATTS pilieHHS.
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