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ABTOMOOINBLHUN, PiYKOBUMN,
MOPCLKUU Ta aBialiMHUN TPaHCNOPT

VJIK 656.051

I1. ®. I'opbayos, €. B. JIroowuit, O. C. Komii

doi: 10.26906/SUNZ.2023.3.005

XapKkiBCbKHI HalliOHANBHUI aBTOMOOITBHO-OPOXKHIN YHIBEpCUTET, XapKiB, YKpaiHa

AHAJIITUYHE MOJAEJIOBAHHSA TPAHCIIOPTHUX 3ATPUMOK
HA PEI'YJIBOBAHUX IIEPEXPECTAX ITPU I'PYIIOBOMY
IMPUBYTTI TPAHCIIOPTHHUX 3ACOBIB /10 HUX

AHoTanif. Y cTarTi NpeacTaBieHi pe3yabTaTH YyTOYHEHHS aHAITHYHAX MOJIETICH, IKi MOYKHA BUKOPUCTOBYBATH IS OIIi-
HIOBaHHS 3aTPUMOK TPAHCIIOPTHHX 3ac00iB, SIKi PyXaloThCsl CKOOPAWHOBAHMMH AUISTHKAMH MiCBKUX MaricTpaieil B yMOBax
HHU3BKOTO HABAaHTAXCHHS Ta IPH IXHBOMY IPYHOBOMY IPHOYTTI 0 4EProBOro mepexpects B IUIaHi koopauHarii. Bukopuc-
TaHHS OTPHMAaHHX B pOOOTI 3aJIeKHOCTEH € dyKe aKTyaJlbHUM Ha MPUKIai IPOCTOPOBOI KOOpAMHAMLii poOoTH CBiTIOhOpPIB
Ha BYJIMYHO-JOPOXKHIN MEpexki MICT, KOJHU € TUITHKU 3 OJM3BKO PO3TAIIOBAaHUMU CBITIO(OpHUMH 00’ ekTamu. [Toganpmmm
HaINpsSIMKOM IIPOBEAEHHS JOCIIDKEHb € eKCIIepHMEHTaIbHA MepeBipKa po3poOIeHUX aHATITHYHIX MOJIENIei BU3HAUYCHHSI ce-
penHbOl 3aTPUMKH TPAHCIIOPTHUX 3ac00iB, IO PyXalOThCsl CKOOPAMHOBAHUMY AIISTHKAMU MICBKHX Marictpaiei, 3a yMOBH

X TpYNOBOTO MPUOYTTS X0 HEPEXPECTb.

KawuoBi cioBa: aHamiTH4YHI MO, TPYNOBE MPUOYTT, 3€JICHA XBUIIA, Ta4Ka aBTOMOOLIIIB, IUIaH KOOPIUHALII1, TpaHC-

HOPTHI 3aTPUMKH.

Beryn

YV CBITOBIM PAKTHIII OpTaHizalii JOPOKHBEOTO PyXy
(OIP) omHuM i3 OCHOBHHX KpPHUTEpiiB €(PEKTHBHOCTI
BIIPOBA/DKEHHSI Ta OLIHIOBAaHHS CHCTEM YIIPaBJIiHHSI
(CVY) ceitnopopuumu 06’ exkramu (CO) Ha MICHKHX Mari-
crpasix (MM) npuitHATO BBaXKaTH 3aTPUMKH TPaHCIIOP-
THUX 3ac00iB (T3) mpu monojaHHI HUIMH CKOOPAMHOBA-
HUX (parMeHTIB BYJIMYHO-NOPOKHBOT Mepexi (BAM)
[1-5].

Ha nmanmit yac OCHOBHHM JKEpenoM Ul OTpH-
MaHHS BeJIMUYMHA 3aTpUMOK T3 IpH 1Mo/101aHHI KOOPIH-
HOBaHUX IUITHOK MM € 3aco0u MIiKpOCHMYJLAIIT pyxy
tparcnopTHuX MOTOKiB (TII). OTprMaHi 3a paXyHOK BH-
KopucTanHs imiTanii pyxy TII pe3ynbprat € 1oOporo oc-
HOBOIO JUIsl OIIHKM €()EeKTUBHOCTI BIPOBAKEHHs 200
ynockoHasieHHs iaHiB koopaunaiii (1K), ane, mamexo
HE 3aBX/IH, 1l Pe3yJIbTaTH MOBHOIO MipOIO XapaKTepH3y-
I0Th peajibHi YMOBH pyXy T3 KOOpAWHOBaHWUMH JIiJIsTH-
kamMu MM, Hampukiaj, rpynoBe NpuOyTTS TPaHCIIOPT-
HUX 3ac00iB JI0 YePTOBOTO MEPEXPECTss KOOPIAUHOBAHOI
nustHka MM.

AHaui3z gocaimkenb i nmyouaikauii. 1{s HaykoBa
CTaTTs € IPSIMUM TPOJIOBXKEHHIM pobotu [3], ne Oyino
MIPE/ICTABICHO PEe3YJbTaTh aHaJi3y ICHYIOUMX IiJXOMiB
¢dopmysanns [1K 3 ypaxyBaHHSM OIUCY IPyIIOBOTO NPH-
OyTTS TPAHCIIOPTHHUX 3aCO0IB 1O CKOOPIMHOBAaHHX Iepe-
XpecTh, TOMY B JIaHii CTaTTi HE Ma€e MOTPeOH MPOBOAUTH
AQHATITHIHWI OTJIST OCTAHHIN JOCHIKEeHb 1 MyOmiKariit
32 00paHOI0 TEMAaTHKOIO.

IMocTaHoBKa 3aBaaHHs. MeTa CTaTTi yTOYHEHHS
po3po0ieHnX y cTatTi [3] aHaTiITHIHUX MOJIENEH, sIKi MO-
YKHa BUKOPHCTOBYBATH OI[IHIOBaHHS CEPEIHIX 3aTPUMOK
TPaHCIIOPTHHUX 3aCO0IB, 1110 PYXaIOThCs B TAUKaX 3€JICHOT
xBwii (3X) 32 yMOB HHM3BKOT'O 3aBaHTa)XKEHHS CKOOPAH-
HOBAHUX IIIHOK MM.

BukJ1ag 0CHOBHOTO MaTepiay

Crixg po3yMiTH, Y CBOEMY TOYaTKOBOMY BHTJIISI
npencrasieHa B poooTi [3] ¢opmyna (1), Moxe BUKOpHU-
CTOBYBATHUCS TOAI, KOJIM NEPIOJH PAaHHBOTO i I3HBOTO
npubyTTS 10 mepexpecTs iCHYyIOTh OJHOYAacHO. A Taka
CHUTYyallisl MOXKEe BUHUKATH B Pasi, SIKIO TPUBAIICTb JIiBO-
NoBOpOTHOT a3y € MeHIIow 3a TpuBaiicte daszu 3X,
110, B3araji-To, HE € YUMOCh He3BUYaHUM. [Ipu npomy
000B'SI3KOBOI0 YMOBOIO MOKJIMBOCTI OJIHOYACHOT'O iCHY-
BaHHS 000X 00JTacTeH € MOTPAIUIIHHS i MOYATKY, 1 KiHIIA
JBOMTOBOPOTHOT (ha3u B CEpEIHIO YaCTHUHY Bijpi3ka (azu
niBoro nosopory (JIIT), To6To

T=T A, +T) -Ay, gxmo 1,7 e]to;tl[. (1)

VY BCiX iHIIMX BUNAJKaxX HEHYJIbOBY JOBXKHHY Ma-
TUME TIIBKH OJIHA 3 obsiacTeit. [Ipu BXoi 3CyBY JiBOIIO-
BOPOTHOT (ha3u B O3UTHBHY YaCTHHY 3HAYEHb 1 MOJaJb-
mIoMy Horo 30UTBIIeHHI, 3'IBISETHCS 00J1aCTh PAaHHBOTO
npudyTTs T3 y nauni. Bona icHyBaTuMe 3aBXau 3a 110-
JIaIbIIOT0 3CYBY B IO3UTHBHOMY HarpsiMi, 1 i1st Hel 3aB-
XKIIY ICHyBaTUMe ITO3UTHBHE 3HAYCHHS 4acy O4iKyBaHHS,
T, >0, 3a 6ynp-sxoi nomxunu dasu JII 1 .

OpnHak, 3pemToro, 11e He 30BCiM BipHO 3 IIOTJIAY OC-
TaTOYHOI OLIHKHM YaCy O4iKyBaHHS, OCKIJIbKH TPHBATICTh
LUKy OOMeXeHa i iCHye 00JlacTh MIi3HBOTO NMPHOYTTS
T3. Lls obGnacTe BUHMKAE Bifpasy Micis TOTO, SIK KiHELb
JIBOIIOBOPOTHOT (ha3u ocATae MoYaTKy HACTYITHOTO IH-
KTy, ToOTO MoYaTKy nepioxy nmpudyrtsa T3 mo mepexpe-
cts. OTKe, Y MOMEHT, KOJIU

Tl = tO + TW R (2)
BHHUKAIOTh OJIHOYACHO 00mBiI 00nacti mpudyrts T3 i3

3arpumkoro JIIT — i1 panHs, i mi3Hs. O0IacTh PaHHBOTO
MPUOYTTS. PO3TANIOBYETHCS Yy CTAPTOBOMY IHKII, a O
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6nacTh Mi3HBOTO NPHOYTTS — Yy HACTYII-
HOMy. OOH/IBI BOHH MalOTh OJHY IOBKHHY
Ta TOBHMHHI MaTd OJMH 4Yac OYiKyBaHHS,
sIKIo 3aneskHocTi (5) 1 (7), mo mpeacras-
neHi B crarTi [3] oTpUMaHO MPaBUIIBHO.
Ilicns migcranoBku B (5) i (7), mo
MIpeJCTaBJICHi B CTATTi [3], 3HAYCHHS 3CYBY
JiBOTOBOPOTHOI (asu ty =7, —7;, 1 Bil-

MOBITHUX JHIHHUX MEPETBOPEHb, 3 BHKO-
pHUCTaHHAM 3B'SI3KiB MK €IEMEHTaMH 1 MO-
MeHTaMu cBiTopopHoro mukiry (CLI),
OyI0 OTpUMaHo, 0

2
s Touka mo3sHayae MOMEHT, B SKHI
Ma€ 3MIHUTHCS JDKEPEIO BUHUKHEHHS Jacy
OYIKyBaHHS UIA JIBOMOBOPOTHHX T3 — 3
obmacti panHbOro MpuOyTTS T3 Momepen-
HBOTO LMKy, Ha 00JacTh Mi3HBOTO TPH-
OyrTs T3 y HOBOMY IIMKJIi.

T, =T, =T, 3)
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Puc. 1. 3anexHicTh cepeHBOT0 Yacy ovikyBaHHs T3, ki IpHOyBarOTh

JI0 TIePeXpecTsl, 10 KOOPAUHYETHCS, y CKIal nayky 3X, BBIMKHEHHS

curHany, mo ao3BoJsie JII1, Big 3cyBy J1iBOMOBOPOTHOI (ha3u BiTHOCHO
noyatky nukiy 3a ymoB: T=60c, t,=30cTa 1; =14 ¢

OTpuMaHi 3aJIe)KHOCTI JOOPE 1ITFOCTPYIOTHCS BiATIO-
BiTHIM rpadikom, 3a BicCI0 aOCIHC SKOTO BiAKIATAETHCS

[ToOynoBana B Takuii cIocid 3alieKHICTh cepel-
HBOTO Yacy OYiKyBaHHS MOMEHTY BBIMKHEHHS JI03BiJIb-
Horo curHany mist JIIT, amsa T3, sxi npuOyBaroTh A0 Iie-
pexpecTs, 10 KOOPAUHYEThCS, y CKiaai mauku 3X, Bif
mapaMeTpiB UKy CBITIO(OPHOTO PEryitOBaHHS B IIiJI-

3CYB JIIBOITIOBOPOTHOI (pa3u BiTHOCHO MOYATKY LHUKIY, To,
a 3a BiCCIO OpPJIMHAT — CepenHiil Yac OUiKyBaHHS TO3BOIY
Ha BukoHanHs JIIT st T3, o npulOyBaroTh Ha mepexpe-
ctst B mauri 3X, puc. 1. 3a HyJILOBOTO 3CYBY JIiBOIIOBO-

CYMKY Mae€ TaKHK BUTJIAO!

T;; 'AS +Tx 'A;w SIKIIO 0<T0 STL; -7

poTHOI (a3 mIOKO MOYATKY LHKIY, KOMU fy =To =0,
CepeIHil Yac O4iKyBaHHS I JIBOMOBOPOTHUX T3 €

4) I+ | I —T
2
T - Ay, sxwo T, — 1 <7y <T,, Iy =T =T, B t— 6)
p
abo . .y .
3a 7, —1; <0, 4ac OUiKyBaHHs y CTAapTOBil TOUL]
. nopieaioe Hymo, T, =0, i B3arami, BUKOHaHHS Li€i
A | Ty =1 —— |+ . T
ety YMOBH IPU3BOJUTH 10 HAsIBHOCTI IIPOMDXKKIB 13 HYJIbO-
-1 BUM 4YacoOM OYiKyBaHHS Ha BiJIPi3Ky 3CYBY, JIOBXXHHOIO
T, - ,3a0<f—11 <t _ 1 T 1 10
T=leny LY / 1-T1stp 09 <Ty -7 (5) T, —1t, CEKyHJ, pHC. 2. 3a piBHOI TpUBAJOCTI MEPiOiB
0, san-t<0abor—1>1) npubyTTs i po3izay T3, BiApi3Ku 3 HYILOBUM 4acOM OYi-
— KyBaHHS MEPETBOPIOIOTHCSA HA TOYKY, IO BimoOpaxkae
T,—1 — ,3a0<f—11 <t . . . .
A y T 5 171 P T, -7 <7 <T, 30ir MOMEHTIB IPUOYTTS MAYKH Ta BBIMKHGHEI}I JIO3B1Ib-
0. san-t<0abon—1 >1, HOTO CUTHAITy JUIA HHUX, TOOTO ONTHMAaJIbHHAN Yac rmoya-
TKY LUKy, pUc. 3.
30
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Puc. 2. 3anexHicTh cepeHbOro yacy ovikyBaHHs T3, ki NpHOYBarOTh O MEPEXPEcTsi, [0 KOOPAUHYETHCS,
y cknani nauku 3X, BBIMKHEHHs CUTHAIY, 1110 fo3Bostsie JIIT, Bix 3cyBy JiBonmoBopoTHOI dasu
BIJIHOCHO NOYaTKy MKy 3a yMoB: T=60c,f,=15cTa 1, =25¢
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Puc. 3. 3anexHicTh CepeaHBOT0 Yacy o4vikyBaHHs T3, siKi IPHOYBAIOTh 10 MEPEXpecTs,
10 KOOPAUHYETHCS, y CKIai nmadyku 3X, BBIMKHEHHS CHUTHAIY, o a03BoJjsie JIII, Bix 3cyBy
JiBOIOBOPOTHOI a3y BiJHOCHO MOYaTKy LUKy 3a yMOB: T=60¢, tp=20cTa 1; =20¢C

OTpuMaHi Ha TPHUKIAAL JTiBOMOBOPOTHHX T3, 1mIo
npuOYBaOTh O HEPEeXpecTs y CKiIani KOOpIHMHOBAaHOI
TIAYKH, 3aJIeKHOCT] Yacy OUiKyBaHHS BBIMKHEHHS JT03Bi-
JBHOTO CHTHATYy MAalOTb 3arajibHUH XapakTep, OCKUIBKH
OXOIUTIOIOTh OyAb-sIKI BapiaHTH TPHUBAJIOCTI NEPiOAiB
npudyTTs Ta po3'izny T3, a Takok MOMEHTIB PHOYTTS
MAYK¥ Ta BBIMKHEHHS J03BIUIBHOTO curHany. [IpuposHo,
IO BCi BOHM NPAIOIOTh TUIBKH B pasi, SKII0 cyMapHa
TpUBaiCTh N03BiIbHOT pasu st JIIT 1 nepiogy npuOyTTs
nauku 3X OyJie MEHIIIOK 332 TPUBATICTh YChOTO ITUKITY

(N

s yMOBa B pealbHOCTiI BUKOHYETHCS 3aBXKIM, 3 ypa-
XYBaHHSAM O0OB'SI3KOBOI HASIBHOCTI B ITUKJII OKpeMoi (ha3u
JUISL IPYTOPSJHOTO HAIMPSAMY, BIZICYTHICTD SIKOTO O3HAYae
TakoX 1 BiACyTHICTH JIII, OCKIIBKH TOI TOBEpTATH OyIe
npocto Hikyau. s da3a He Moxke moegHyBaTHCS 3 KO-
HOIO 3 IBOX J03BUIbHUX (a3 st T3, 1o pyXaroThes Mari-
cTpasuIro. AJle mif yac po3risiy iHIIUX CHTYyaliil rpymo-
BOTO MPHOYTTS IO PETYIBOBAHOTO ITEPEXPECTsI, He B IUTaH1
MaricTpaabHOI KOOpAMHAIIL, TECOPETHIHO MOYKIIFBI CHTY-
arii, ko ymoBa (7) He BUKOHYETHCS. Y BOMY pasi MmoT-
PpiOHO BBOAMTH JONATKOBI OOMEKCHHS HA BUKOPHCTaHHS
OTPHMaHHX 3aJCKHOCTSH I OIIHKK Yacy OdYiKyBaHHS
JIO3BUTBHOTO curHaiy T3, mo mpuOyBaroTh Bif MOTEpeI-
HBOTO CKOOPJMHOBAHOTO ITEPEXPECTSL.

V¥ curyanisx xe, mo BuHHKAOTH y [1K, oTpumani
3aJIe)KHOCTI MO’KHA BUKOPUCTOBYBATH HE TiJIHKHU JTSI OIli-
HIOBaHHS 4Yacy 3aTPUMKH JiBOIMOBOPOTHUX T3, a il s
OITIHIOBAHHS 3aTPUMOK JOAATKOBUX 13, sKi NpHETHY-
I0ThCS /10 AYKH Ha YEPrOBOMY IEPEXPECTI, a TAKOXK JIJIS
nauku T3, sika pyXxaeTbesi KOOPIMHOBAHOIO MaricTpalIio
y 3BOPOTHOMY HAampsMKy, AJIsl SKOI MOMEHTH BBIMK-
HEHHS 3€JIeHOTO CUTHANly 1 PO3paxyHKOBHH dYac MHpH-
OyTTs ma4ku MOXyTh He 30iratmcsi. Hacmpasni, s
TOTO, 1100 OIIHKA 3aTPUMOK 32 OTPUMAHUMH 3aJIEKHOC-
TaMu Oyia aJieKBaTHOIO, MOTPiOHO, 00 moTik T3, sKi
mpuOyBalOTh Ha TIEpexpecTsi, He OyB Oe3mepepBHHUM, a
(dbopmyBaBcs cBiTIOQOPOM Ha MOTEPEIHHOMY TIEpeXpe-
CTi, 1 HOTO, B SIKOMYCh HaOJMKEHHI, MOXKHa OyJi0O BBa-
JKaTH PiIBHOMIPHUM YIIPOJIOBK Yacy MPUOYTTS MavYKH Ha
TIOTOYHE TIEPEXPECTs, 3a SIKUA MOXKHA TIPUHHATH TpUBa-

T+t <T.

JICTh TO3BUIBHOTO CHTHATY Ha CBITIIOPOPI, 0 Phopmye
mauky 3X. [ami, s Takoi rpynu Mae OyTH BH3HAYCHO
Yac IXHBOTO MPUOYTTS HA IEPEXPECTS, Ha TKOMY OLIHIO-
FOTBCS 3aTPUMKH 1, Ticis mosiBu B [IK MoMeHTY BBIMK-
HEHHSI JIO3BUTLHOTO CUTHAJY JJIS MAYKH, 1110 MpudyBae, 3
BIJIOMOIO 32 YacOM JOBXXHMHOIO, MOXKHA OLIIHUTH LIyKa-
Hui yac 3a 3anexHictio (5). I nogarkosi T3 3 apyropsia-
HUX HaNpsMKIB, 1 mauka T3, 110 pyXaeTbcs KOOpAUHOBA-
HOMW IUITHKH MM B 3BOpPOTHOMY HampsiMi, BiJIOBina-
I0Th IIUM yMOBaM, TOMY (5) LIJIKOM MO>XHa BHKOPHUCTO-
BYBATH JUII OTPUMAHHS OLIHOK 4Yacy IXHIX 3aTPHMOK. A
BOHU € BEJIbMH 3HAYYIIIOI0 YaCTHHOIO BCiX 3aTPUMOK, 1110
BuHMKaIOTH ¥ [1K, Ta 060B'13K0BO MatOTh BpaXOBYBaTUCS
IIiJ] 9ac OI[iHKU HOT0 €PeKTHBHOCTI HA CTaisAX AK IPOE-
KTyBaHHs, TaK 1 peaizarii.

OpHak me OibIIoi 3HAYYIIOCTI OTPUMAaHI 3aJex-
HOCTI HaOyBalOTh I1iJ] YaC BUKOPUCTAHHS B IIPOCTOPOBIH
KoopauHauii podotu cBitnodopis y Mickkiit BIAM, mo
MOJKJIMBA Ha 11 pparMeHTax i3 OJU3bKO PO3TANIOBAHUMHU
CO. Xoua 3apa3 bOMY MUTAHHIO 1 IPUIISIETHCS JOCUTD
Oarato yBaru, yci HasBHI Ha CHOT'OJ[HI METOAU MEpeKe-
BO1 (He MaricTpanbpHOi) KoopauHalii podotn CO mody-
JIOBaHi Ha JESKAX ONTHMi3aliiHIX aNrOpPUTMAaX, M0 Mi-
HIMI3yIOTh, Ha JYMKY aBTODIB, 3arajibHi BUTPATH 4acy
YYacHHKIB pyXy Ha 00'€KTi mociikeHHs. Sk mokasye
HAsBHUI JOCBIiJ peaiizamii MOJiOHUX alTOpPHUTMIB, pe-
3yJIBTaTH TaKOi KOOPJHMHALIT YacTO MPaKTUYHO HE BiJpi-
3HAIOTHCSA BiJ 3BHUANHOI poOOTH JIOKAIBHUX CBiTIO(O-
PiB 13 JKOPCTKUMH ITUKIIAMHU.

VY Toii e Jac, OTpuMaHi 3aJeKHOCTI MOKa3yIOTh,
110 32 CHHXPOHI30BaHO1 pOOOTH CyCiiHIX CBITIODOPIB, 13
LUUKJIAMH OJIHAKOBOT TPUBAJIOCTI, 3CYBU MOYATKY IUKITY
Oe3rnocepe/iHbO BIUIMBAIOTh Ha 3aTpuMKH T3 Ha mepex-
pecTsx i3 TPYHOBUM MPUOYTTSM, IIO J1a€ 3MOTY BH3Ha-
YUTH ONTHMaJIbHI MOMEHTH ITOYATKY IIUKITYy HA KO)KHOMY
MEPeXpecTi, 3a BiOMOTO (33JaHOT0) Yacy MOYaTKy po-
00TH TomepeaHBOr0 nepexpects. i1 mporo motpidbHO
MiHIMI3yBaTH cyMapHMi 4ac 3arpumku 13, mo pyxa-
I0ThCS B 3yCTPIYHUX HANpsIMKax II0 OJHOMY IIEpErOHY
MDK JBOMa CYCIIHIMH PETYJIbOBAaHUMHU TEPEXPECTIMHU.
Hackinmbkn CHJIBHO 3alie)KWTh CyMapHa 3aTpUMKa Bif
3CYBY HOYATKy UKy T0Ope BUIHO 3 puC. 4.
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Puc. 4. 3anexHicts cymapHoi 3aTpuMkH T3, o npuOyBaroTh 10 NEPEXpecTb
Ha KIHIIX IEPETOHy BYJIHII 3 PO3PaXxyHKOBUM dacoM npoizny 20 ¢, Bix pi3sHUIL
B MoMmeHTax noyatky CII na nepexpectsax 3a ymoB: 7=60¢,,=20cTa 1; =20¢

Puc. 4 noOynoBanuii AJ1s TISSTHKE MEPEXKi 3 TPUBaA-
JicTro moi3aKK Heto 20 ¢, Ha TOYaTKy Ta HAIPUKIHII K0T
MIPALIOIOTh CBITIO(GOPH 3 OMHAKOBUMH IMKIIAMH, Tapa-
METpH SKHUX 3armo3udeHi 3 puc. 3. Sk BHAHO, U1 mUX
YMOB, 3aTpAMKa MO>Ke 301TbITyBaTHCA B 4 pa3y BiTHOCHO
il MiHIMAJPHOTO 3HAYEHHS, IO JEMOHCTPYE IyXKe IIH-
POKI TIOTEHIIIITHI MOYKIIMBOCTI JJIsI MEPEKEBOi ONTHMI3a-
1ii, IUISIXOM MOCIIIOBHOTO PO3IIMPEHHS MEPEXi CKOOp-
JMHOBaHMX CBITIO(DOPIB y HANIPSIMKY BiJI JUKepesa Koop-
JUHAII. 3a Take HKEePeso MOXKYTh BUCTyIaTH ad0 KOop-
JMUHOBaHI AUITHKH MM, a0 KIIFOYOBI MepexpecTs Ha
¢parmenti B/IM 3 6/u3bK0 PO3TAIIOBAHUMH OJUH Bij
onHoro CO. I[Ipupo/Ho, 10 TakKi MPOCTOPOBI PparMeHTH
Mepexi TOBHHHI BIAMOBIIATH 3araJbHAM BHMOTaM [0
¢opmysanns [1K i He MaTH HeperyJIbOBaHUX IIEPETHHIB
KOHKYPYIOUHX TIOTOKIB YYAaCHHKIB PYyXYy.

Ha Taxux TepuTopisix TaKOXK MOXKYTh BHHUKATH 3a-
Jadi BU3HAYCHHS PaIliOHATBHOTO 3CYBY HE 3 JIBOMAa, a 3
TphOMa, a MOXITUBO, 1 3 YOTHPMa CYCITHIMHU Iepexpec-
TSIMH, KOJIU J1Ba (TPHU) 3 HUX YK€ MAIOTh 3aJIaHUI MOCTiM-
HUI 4ac MOYaTKy LUKy B KOOPAUHALII, SKUH 3a/ae yac
MpUOYTTS MAYOK 10 OJHOTO, PO3PAXyHKOBO-00TIKOBOTO
MEPEXPECTs 3 PI3HUX HAMPSIMKIB. Y TaKUX 3a/1a4ax TAKOK
MOJKHa YCHIIITHO MiHIMi3yBaTH cymapHi 3atpumku T3 3a
JOTTIOMOTOI0 OTPUMAHUX 3aJICKHOCTEH.

OcCTaHHIM acTIeKTOM OLIHKHY 3aTpUMKH T3, 110 IIpu-
OyBaroOTh y CKJIaJli ITAYKH 10 PETYJIHOBAHOTO MEPEXPECTS
B YMOBaX HU3bKOTO HABAHTA)KCHHSI, € OIIIHKA aJICKBATHO-
CTi OTpUMaHUX 3anexHocted. Lle 3apmaHHs, B3arami Ka-
KYUH, HAJCKUTh JO EKCIICPUMEHTAIBHUX IOCIIKEHb,
aJie B JaHOMY BUINAJIKY 1X MPOBENICHHIO 3aBaXKAE:

- He3HaYHa KiTBKICTh peanpHux CO, 1m0 MparroTh
CHHXPOHHO, SIKi TiXOASTh ISl CIIOCTEPEKCHHSI,

- ICTOTHUI BIUTUB HA PE3yIbTATH OIIHKH iHIHBITY-
QIBHOTO CTHJIIO BOJIHHS aBTOMOOLTICTIB, III0 MOKE IPH-
3BOJIMTH JI0 3HAYHUX BIIXHJIEHb (PAKTHYHOTO Yacy NpH-
OyTTs 10 mepexpecTs BiJ HOro po3paxyHKOBOIO 3Ha-
YeHHSI, SIK y OiK HOTro 30UIBIICHHS, TaK | 3MCHIIICHHS,

- HeoOXi/tHICTh BTpy4aHHs B poGoty CO st oiHo-
BaHHsI 3aTPUMOK B YChOMY Jlialta30Hi 3pyIIeHb, 1110 HEMOX-
JMBO peanizyBaty B peanbHux [1K uepes sxopcTki QyHKI-
OHAJIBbHI 3BSI3KM MIXK yciMa HOTO eIeMEHTaMH, 33 SIKUX JIISt
3MiHHU OJTHOTO 3CYBY MOTpiOHA TiepedynoBa Bchoro I1K.

Takox He BapTO 3a0yBaTu PO Te, [0 YMOBH PyXy
3 HU3bKMM HaBaHTaKCHHSAM HaJe)KaTb B OCHOBHOMY
TUTBKH A0 HIYHOTO Tepiofy moOu, Mo TaKoX He MOJer-
LIy€ IPOBEACHHS HEOOXiJHUX CIOCTEPEKEHb. 3 OTILILY
Ha BCl Il MPUYMHHU EKCIIEPUMEHTAIbHA NIEPEBipKa OTPHU-
MaHHX 3aJIS)KHOCTEH JIyKe 0OMexXeHa 3a CBOIMU MOKIIU-
BOCTSIMH 1 HE MOXKE TapaHTyBaTH OTPUMaHHS O€3MOMILI-
KOBOT'O BUCHOBKY PO IXHIO aJJIeKBAaTHICTb.

VY Takiii cutyauii JOLIJIBHO BUKOPUCTOBYBATH 1H-
LI TM1X1]1 — MOPIBHSIHHS OI[IHOK 3aTPUMKH Ha PEryJjibo-
BaHOMY IIEPEXPECTi 3a TOMOMOTOI0 OTPUMaHOI MOJENI 3
OIIIHKAMH 32 BJKE BIJOMUMHE MOJICIISIMH, 1O ITiTBEP MM
Ha TPaKTHLI CBOIO aJeKBaTHICTh. be3asbTepHATHBHOIO
0a3010 I TAKOTO MOPIBHSIHHA € popmyna Beberepa, To-
YHiIe, ii Iepmi 1oJaHoK [6], 0 BiITBOPIOETHCS B He-
3MIHHOMY BUTJIAJII B aHAJOTIYHUX (OpMyJIax ycixX OCHO-
BHUX cy4acHUX kepiBHHOTB 3 OJP [7-9]. I e He enuHa
mpu4yrHa Oe3ambTepHaTUBHOCTI (Gopmynu Bebcrepa B
[IOMY BHIAaJKy, KOJIM OI[iHKAa 3aTPUMKH JAETHCS IS
YMOB HU3BKOT'O 3aBaHTAXKCHHSI.

Piy nte B Tim, 1110 ii OTpUMaHO 3a JOMOMOTOO iMi-
TaliiHOTO EKCIIEPUMEHTY, 0arato poKiB BUKOPHUCTOBY-
BAIM Ta IPOJOBXKYIOTh BHKOPHCTOBYBAaTH B YChOMY
CBITi, a OCHOBHA KPUTHKA I1i€1 POPMYJIH BIPOJOBK Oara-
TBOX JIECATIIITD 11 iCHYBaHHS CTOCYETHCSI HEMOKIJIMBOCTI
i 3acTOCyBaHHS 3a PIBHS 3aBaHTaKCHHS OIJBIIOTO 3a
90 %, a TakoXX OTPUMAHOI Ha 11 OCHOBI 3aJICKHOCTI IS
po3paxyHKy TpuBasocti CLI, mo ganexo He 3aBau Mpu-
BOJUTH JI0 HAHKpAIIOro pe3yspTary. I came B X acrie-
KTax Gopmyina Bebcrepa 3a3Hana KOpUryBaHHs B Cydac-
HUX TOCIOHMKaxX, 30epirmuy Mpu ObOMY B HE3MIHHOMY
BUTJISLII PN JOAAHOK, SKUH MOYHA JIETKO IIPUBECTH
JI0 YMOB PYXY 3 HU3bKHM HaBaHTa)XEHHSIM, IPUPIBHSBIIH
BIAMOBIAHMI MMOKa3HUK piBHUM ().

Tak BunHHB aBTOp poboTH [10], oTprMaBIH PH
LOMY 3aJISKHICTh JJISl CepeIHbOI 3aTpUMKH 13 3a BHma-

JKOBOTO MPUOYTTS IO PeryiboBaHOro mepexpects I,
110 B IPUHHATHX Y IaHii poOO0Ti MO3HAUYEHHSIX MA€ TaKuit
BUIJISL

T, -1
27,

T= 8)
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J11s1 KOpEeKTHOTO TIOPiBHAHHS JABOX Mojejel HeoO-
XiIHO 3a0€3MCUUTH BiIOBIHICTE MOPIBHIOBAHHUX OIli-
HOK MiX cO00I0, OCKUIBKM OTpHMaHa B poOOTi OLIiHKa ce-
pennpoi 3atpumkn T3 y maymi mij yac TpyrnoBoOro mpu-
OyTTs (5), Ja€ TOUKOBUH pe3yJIbTAT Il KOHKPETHHUX 3Ha-
4eHb yacy NpUOYTTS MaykH, i1 JOBXKHUHH Ta 4acy BBIMK-
HEHHS 3€JICHOTO CHUTHay st Hei. A ¢opmyna (8) mae
OIIIHKY CepefHbOI 3aTPIUMKH OAMHOYHNX T3, 10 BUMA-
KOBO IIpHOYBaroTh 110 mepexpects. B 000X Bumagkax miza
3aTPUMKOIO PO3YMIIOTH PI3HHUITIO MiXK YaCOM YBIMKHEHHS
3€JICHOTO CHTHAJY i 9acoM mpuOyTTs T3, aje y BUMagKy
3 (8) e ycepenHeHa 3a BciMa MpUOYTTAMH 3aTPHMKa, a B
(5) 1i ycepenHeHo He 3a MPUOYTTSAMH, a 32 PIBHOMIPHO
posnoainennmu B navui T3, 3a npubyTTamu ii He ycepe-
naaeHo. Kpim Toro, oninka (5) MiCTUTB y €001 3aTpUMKH
T3 3 obnacti mi3HBOrO MPUOYTTS, SIKI HE BCTUIIN MPOi-
XaTH Ha MepUInid T03BUIBHUI CHTHAJ CBITIO(GOpA, SKUX
y (8) Hemae.

Takox 11 KOPEKTHOTO IIOPIBHSHHS OLIHOK 3a
JIBOMa MOJIEIISIMHE, Pe3yIbTaTH PO3paxyHKIB 3a (5) HeoO-
X1/THO MIPUBECTH Y BiAIOBITHICTE 3 OI[IHKOIO, OJICPXKyBa-
HOO 32 (8), TOOTO CTBOPHUTH MayKy MiHIMaJIbHOI JOB-
KHMHH, 00 BHJIYYHTH 00JACTh II3HBOTO MPHUOYTTS, i
OTpPHUMATH OIIHKY, yCepeIHeHY 3a IPUOYTTAMU JUIsl Hel.

3 norsAy OTPUMAHOT TYT MOJICII, MavYKa MiHIMAalIb-
HOi JIOBXWHM O3Havae, mo Bci T3 B ii ckimani 3a Oyxab-
SIKOTO 3CYBY BCTHUTHYTb IIPOIXaTH Ha CUTHAJ CBIiTIIO(ODA,
1O [03BOJIE M PYX, 1, <To—I. A 1le IPU3BOAUTH 0

TaKOTo HaCIi/Ky, 110 Bci T3 B mauri npubyBaroTh Ha Iie-
PpeXpecTs NPOTATrOM Iepiojy paHHbOTo NPUOYTTS Ta

A, =1, 4, =0. )

Jns ycepenHeHHS 4Yacy OYiKyBaHHS JIO3BUTBHOTO
CHTHAJTy 33 IPUOYTTSM ITa4KH JOLIIEHO IPOBECTH YHCE-
JTHHAN SKCIIEPIMEHT 13 BUKOHAHHSAM yMOBH (9), 06 po-
3paxyBaTH 3aTPUMKH ISl PI3HUX 3CYBIB 4acy MpHOYTTS
MIavKy, pIBHOMIpHO po3noaiieHux y mexax CLI.

BucnoBku

Ha npuknani niBommoBopoTHEX T3, 0 pyXaroThes B
ckirani magyku 3X CKOOPAWHOBAHOO AiNsHKOI0 MM, mmo-
OyzoBaHi aHANITHYHI 3aJIS)KHOCTI Yacy O4YiKyBaHHS BBi-
MKHEHHS [JO3BIJIBHOTO CHTHANY, SIKi MAlOTh 3arajJbHUH
XapakTep, OCKUIBKH OXOIUTIOIOTE OYIb-Ki BapiaHTH TPH-
BJIOCTI mepioniB npuOyTTs Ta po3'i3ny T3, a Takox Mo-
MEeHTIB IpuOyTTs nauku 3X Ta BBIMKHEHHS JJO3BIJIBHOTO
CUTHAITy CBITIIO(OPY.

BukopucraHHs oTpUMaHuX B POOOTI 3aJeKHOCTEH
€ JyXe aKTyaJbHUM Ha MPHKJIAJi NPOCTOPOBOI KOOPAH-
Hatii pobotr CO Ha B/IM MicT, KOJH € AIISHKH 3 OJH-
3bKO PO3TAIlIOBAHUMH CBITIO(OpaMu.

[MoganpmM HampsIMKOM HPOBEACHHS TOCTIHKEHb
€ eKCIIEPUMEHTAJIbHA NTePEeBipKa pO3pOOICHUX aHAITHY-
HUX MOJEJIeH BU3HAUECHHSI CEpelHbOI 3aTpUMKH T3, 110
PYXaloThCS CKOOPAMHOBAHMMH AUIITHKaMH MM, 3a
YMOBH iX TPYHOBOIO IIPUOYTTS 10 EPEXPECTb.
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Analytical modeling of transport delays at signalized intersections
in condition of group arrival of vehicles

Peter Horbachov, Yevhen Liubyi, Oleksandr Kolii

Abstract. The article presents the results of updating analytical models that can be used to estimate the delays of vehicles
moving along coordinated sections of city highways in low traffic conditions and when they arrive in groups at the next intersection
in terms of coordinated timing plan. The use of the dependencies obtained in this work is very relevant for the example of spatial
coordination of traffic lights on cities road network, when there are areas with closely located traffic lights. A further direction of
research is the experimental verification of the developed analytical models for determining the average delay of vehicles moving
along coordinated sections of city highways, under conditions of group arrival at intersections.

Keywords: analytical models, group arrival, green wave, platoon, coordinated timing plan, transport delays.
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MOJIEJIOBAHHS HAIIMHOCTI TPAHCIIOPTY
B EKCTPEMAJIbHUX YMOBAX ®YHKINIOHYBAHHAA
AK CUCTEMHU MACOBOTI'O OBCJIYT'OBYBAHHA 3 ITPIOPUTETAMMU

AHoTanisi. B crarti npencrasieHo iMiTaniiiHy MOZENIb CHCTEMH MacOBOTO 0OCITyTOBYBaHHS 3 UEProlo i BITHOCHHUM IIpio-
PHUTETOM, SIKa MOXKE BUKOPHCTOBYBATHCS AJIs yNPABIiHHSA HaJiHHICTIO TPAHCIOPTHHX CUCTEM B yMOBAaX PECYpPCHHUX 00OMe-
xKeHb. Po3poOiieHa imiTauiiiHa MozeNnb MOENHYE areHTHUH Ta AUCKPETHO-NOJIEBUI MPUHIMIIN CUMYJIALIT 1 JO3BOJISE BU-
BYATU CHCTEMH MAacOBOTO OOCIyrOBYBaHHS B YAaCTHHI BCTAHOBJCHHS 3aKOHOMIpHOCTEi: iMOBipHOCTEH (0OCIyroByBaHHS,
BiIMOBH, BUIITOBXYBaHH!), 3aTPUMOK 4acy (mepeOyBaHHIM y 4ep3i, i 00CIyroByBaHHIM), PO3MIpiB YeprH, MOPSAKY Go-
PMyBaHHS Yepry PU HaJXOKEHHST BUMOT Pi3HOTO MpiopuTeTy. B pe3ynbrati JOCIiPKeHb OTpUMaHi 3aIeKHOCTI: iIMOBIpHi-
CTi 00CIIyrOBYBaHHs BUMOT BHIIIOTO NPIOPHUTETY 3aIEKHO BiJl IHTEHCHBHOCTEH IXHBOTO HaIXOMKEHHS Ta 00CIyrOBYBaHHS;
IMOBIpHICTI 00CITyrOByBaHHS BUMOT HIDKYOTO IPIOPUTETY 3aJISKHO BiJl iIHTEHCHBHOCTI 00CIIyrOBYBaHHS Ta 00CITyTrOBYBaHHS
BUMOT BHIIOTO MPIOPUTETY; IMOBIPHICTI «BUIITOBXYBaHH:» 31 CMO BUMOT HIXKYOTO IIPIOPUTETY BUMOTaMH BUILOTO MPio-
PpHUTETY 3aJIeKHO BiJl iIHTEHCHBHOCTEH 00CITyrOBYBaHHS Ta HAJXOHKEHHS BUMOT BHCOKOTO MIPIOPUTETY.

Kaw4voBi ciioBa: TpaHCHOpTHA CHCTEMa, areHTHE MOJICIFOBAHHS, iMiTalliiiHe MOJICTIOBAHHS, CHCTEMH MacOBOTO 00CIy-
TOBYBaHHS, aOCOJIIOTHHUI MPiOPHUTET, IHTEHCUBHOCTI 0OCITyrOBYBaHHS 1 HaAXOKEHHs, IMOBIPHOCTI 0OCIIyroByBaHHS i BU-

IITOBXYBaHHS, IMOBIPHICTh OOCIyTOBYBaHHS BUMOT.

Beryn

MaremaTiyHa Teopis MacoBOrO OOCITyroByBaHHS
3HalIIa MIUPOKE 3aCTOCYBAaHHS TPH MOJIENIOBaHHI (y-
HKIIOHYBaHHSA peallbHUX CcHUcTeM, iHopmamiitanx [1],
00YHCTIOBAIEHUX, CHEPTETUIHNX, METUIHUX [2], 6ioio-
riuaux [3], TpancnopTHUX [4, 5] Ta iHIINX.

B cdepi TpaHCTIOpTY 3acTOCYBaHHS METOJIB TEOPii
MacoBOTO OOCIYyTOBYBaHHS € JOCTAaTHBO TPAAMIIIHNM,
aJie o/l arpecBHOI BIiHH pOCii, Ky BOHa BEJe NMPOTH
VYkpainu nporsirom 2022-23 pokiB, 3MyIIYIOTh [O-HO-
BOMY (DOpPMYJIIOBATH MPAKTHYHI 3a/1adi, sIKi PO3B’s3y-
I0ThCS 3 3aCTOCYBAHHSIM LIMX METOJIIB, 30KpeMa B CHUCTe-
Max MacoBoro oociayrosysants (CMO) 3 mpioputeramu.

BiiicbkoBi aii B YkpaiHi HE0HOPa30BO Majk Me-
TOIO pyHHYBaHHS 3aJi3HHUYHOI iHPpacTpykTypu. 3 icTo-
PUYHHX Ta TEXHOJIOTIYHUX IMPUYHH Ha YKPAiHCHKHX 3aJli-
3HUIIAX JUIS [IepPeBE3eHb BUKOPHCTOBYBAJIOCS €IEKTPOBO-
3iB Maibke y 4 pas3u Oiibie, HiX TerwioBo3iB. [Ipu Takiit
JUCTPOIIOPIii TEIJIOBO3M HE MOXYTh 3aMIHUTH BECh
TIapK eJICKTPOBO3iB, HEOOXIAHUH [l BUKOHAHHS YCiX I1e-
peBe3eHp Ha eNneKTpH(iKOBaHUX JTiHIAX, Y pa3i, AKII0 Ha
LUX MPUITUHSIETHCS €JIeKTpornocTayaHHs. Tak camo, He-
MOJKJIMBO MEPEBECTH BCi MOI3AM 13 3pyHHOBAHUX EJIEKT-
pudikoBaHNX TiHIH Ha He enekTpu¢ikoBaHi JNiHIi, y
3B 43Ky 3 BU3HAUEHOIO Teorpadiero mepeBe3eHs Mix Bif-
MPaBHUKAaMU Ta OJIEP)KyBayaMHU.

Toxi BUHMKaNM «3ajadi 3 NpiopUTETaMM» - HaIIpHU-
KJIaJ], Ha SIKMHA MapupyT SIKUH MOi3]] BIANPaBIATH, SKIIO
MIPOITyCKHA 3/1aTHICTh MapUIPyTy Ta KiJIbKICTh JIOKOMO-
THUBIB NIEeBHOTO TUIy oOMeskeHi. [Ipu npoMy npiopurer-
HICTB BiANpaBIICHHS IO3/1iB MOX€e BU3HAYaTHCS 3a pi3-
HUMH KPHUTEPisIMHA, OKPEMO IS TACAKUPCHKUX 1 BaHTa-
JKHUX TIePEBE3EHb.

[IpiopureTn MacaxupchKUX NMEPEBE3CHb MOXKHA BU-
3HAYUTH, HAPUKIIA, SIK BIICHKOBI TIepeBe3eHHS 0C000-
BOTO CKJIaay, MEpIIOYEpPTroBy TEPMIHOBY €BaKyallito, a

peITH TacaXMPCHKUX IOI37iB, MOKIHBO, CITiBBiITHO-
LIEHHSIM BapTOCTI YCiX MPOJAHUX KBUTKIB Ha MOI3J N0
Yacy, SKUH JIMIIUBCA J10 Yacy HOoro NpuOyTTs Ha CTaHIIiIO
npusHayeHHs. [Ipyu BaHTa)XHUX MEpeBE3CHHIX HANBHII
MIPIOPUTETH MAIOTh OCOOJIMBO BaXKJIUBI BAaHTaXI JUIs Jiep-
»KaBHOI Ta 0OOPOHHOT METH, a PEIITY BaHTaXIB MOXKHA
NpIOPUTH3YBATH CITiBBIAHOUICHHIM BapTOCTI IMX BaHTa-
XKIB /10 Yacy, IKUH € B HASBHOCTI JUIA 1X JOCTABKH /10 CTa-
HII{ npu3HayeHHs. 3 ypaxyBaHHAM BU3HAUYEHUX IIPiopu-
TETiB, Bi/I BUIIIOTO IO HIYKYOTO, IOBHHHI TPUHMATHCS Pi-
LIEHHs 1010 BUKOPUCTaHHS OOMEXKEHOTo IapKy JIOKO-
MOTHBIB IIJIsI BIATIPaBIICHHSI TOI3/iB BiIOBITHUX Mpio-
puteriB. OOTPYHTOBAHICTh Ta IIBUAKICTh IUX pPIilIEHB
TUIBKK 3poCTe, SKIIO 3aCTOCYBaTH MaTeMaTHYHHUI ara-
par ontumizanii CMO 3 npiopureramu.

VY takux CMO, sIKII0 y 4ep3i 3HaX0AAThCsl BAMOTH
3 PI3HUMH TPIOPUTETAMH, TO paHilie 00CIyrOBYIOThCS
BUMOTH 3 BHUIIUM TpioputeToM. [IpiopuTeTH MOXYyTb
OyTu abcomoTHUME 9H BigHOCHIMH. Y CMO 3 abcomto-
THUMH TIpiOpUTETaMHM OOCIYyTOBYBaHHS BHUMOIU HIXK-
YOro NpiopuTeTy NEepepuBalOThC, SKIIO y LeHd Jac Ha-
JiiIIa BUMOTa BHIOro mpioputery. Bumora o6cimyro-
BYBaHHSI, KOO OyJIO NepepBaHoO, MOBEPTAETHCS Y YEPTy
Ta J1000CITyTrOBY€ETHCS UM OOCIYTOBYETHCS 3aHOBO TiJIBKH
TOJ, KOJNK y 4Yep3i He 3aJMIIA€ThCS BUMOIU BHIIOTO
MpiopHTETY.

Y CMO 3 BiAHOCHUMH HPiOPUTETAMHU BUMOTa, SKa
HaJiinIIa y KaHaja o0CITyroByBaHHs, 3aBXI1 00CITyroBy-
€TBCS JI0 KiHIA, HABITh AKIIO y I Yac HaAiWIIIa BU-
MOTa 3 BUIIUM IIPIOPUTETOM.

Oxpemoi yBaru 3acimyroBytorb CMO, B sIKHX iHTe-
HCHBHOCTI 00CITyrOBYBaHHS 1 HaJXO/PKCHHS BUMOT BH-
moro npiopurery Mani. ToOTO iHTEpBaNIM 4acy MiX BH-
MOTaMH y BXiJIHOMY IOTOLl 1 TEpMiHM Yacy 0OCIyroBy-
BaHHS TaKMX BUMOT Benuki. Hanpuknan, npu Beiit ixHIH
Herepea0adyBaHOCTi, BIIOMO, IO IHTEPBAIN 4acy MiX
yAapamu, o0 pyHHYIOTh iHQPACTPYKTYpy, a TPUBAIICTh
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1 BiTHOBJICHHS BiJIHOCHO BEJIHKI, TIOPIBHSHO 3 iHTEpBa-
JIaMH MIX T0i3aMH Ta TPUBAJICTIO IEPEBE3CHb B HOP-
MaJIbHUX, MUPHUX YMOBaX. Toi MpiopUTETHUMH CTAIOTh
caMe TepeBe3CHHs, MOB’s3aHI 3 BIJHOBJICHHSAM iH(pa-
CTPYKTYpH, 1 came Jyisi 3a0e3NeueHHs] LUX IepeBe3eHb
CIIPSAMOBYIOTECS IOKOMOTHBH Ta iHIIII PECypCH.

VY KO)XKHOMY TIpiOpHUTETI MOXe OyTH OKPEeMHH CITH-
COK paHKHpyBaHHUX BHMOT i1 cBOs uepra. Bumorn i3 cru-
CKY HIDKYOTO TPIOPUTETY 00CIYTOBYIOTHCS TUIBKH ITICIIS
OCTaHHBOI BUMOTH i3 CHUCKY BHIIOTO Tpioputery. s
yCiX BUMOT TiepeadadaeThes, Mo IpoIecH HaaX0HKeHHS
BUMOT HE3aJIeXKHI, ITyaCCOHOBCBKI 1 HE 3aJIe)KaTh BiJl TPHU-
BaJIOCTEH 00CITyrOBYBaHHSI.

CMO i3 npiopureTaMu JOCTaTHHO BUBYAJINCH MPO-
TATOM TPHUBAJIOTO 4Yacy. 3a JOMOMOIOIO amapary Iepe-
TBOpeHb Jlamnaca oTpUMaHO 3aJIeKHOCTI II0JI0 BH3HA-
YeHHs XapakTepucTuk Takux CMO [is pi3HUX TUCHHUII-
ni" o6cmyroByBanHs [6]. [Ipu mochimxerni CMO 3 pi-
3HUMH NPIOPUTETaMH — IIpiopuTeTamMu 6e3 nepepruBaHHs
00CITyroByBaHHS 1 3 epepHBaHHIM 00CIyrOByBaHHS Ta
JI000CIIyTOBYBaHHS — OTPHMAHO 3aJ€KHOCTI LIOJ0 3Ha-
XOJDKSHHS CepeIHbOT0 Yacy OUiKyBaHHS y 4ep3i, cepel-
HBOTO Yacy rnepeOyBaHHs y CUCTEMi BUMOT k-ro Ipiopu-
tery [7].

Y MoHorpadii [8] 3a gomomororw cepeau po3poodKu
imiTariiiaux moxeneii MathLab Simuline (i3 6i0smioTe-
kamu SimEvent i StateFlaw) mociimkyBanack 4acTKOBO
moudikoana CMO. IokasaHo, 1110 3a JOMOMOTO0 JIU-
HaMIiYHHX TPIOPUTETIB OIHOPA30BO MiIBHUIIYETHCS TPio-
puTeT Oe3MpiOPUTETHOI 3asBKH, MPH EOMY HMOBIPHICTH
00CITyTOBYBaHHS IMX 3asBOK 30UIbIIyeThcs. OMHAK Taka
xapakrepuctuka CMO sk HIMOBIpHICTH 0OCITyTOBYBaHHS
MOTOKY BXiTHHX 3asBOK 3MEHIITYETHCS, OCKUIBKU Oe3mpio-
PUTETHI 3asBKH 00CIYTOBYIOTHCS JOBIIIE 32 TIPIOPUTETHI.

3a JI0IOMOrOr0 ceped PO3POOKH IMITAlIHHUX MO-
neneii (AnyLogic, i3 6i6miorekamu Java SE) ta inctpy-
MEHTIB Teopii MacoBOro oOCIIyroByBaHHS, areéHTHOTO i
JIMCKPETHO-TIOIIEBOTO MPUHIIMIIB MTPOBOAMINCH JOCITI-
JOKEHHS TEXHOJIOTIYHUX PU3UKIB Ta BIIMOB y TPAHCIIOP-
THHUX Ta JoricTh4HuX cucremax [9, 10]. V pesynbraTi
BCTaHOBJICHA 3aKOHOMIPHICTH BIUTHBY KUTBKOCTI KaHAIIB
00CITyTOBYBaHHS Ha CEPEIHIO IHTCHCHBHICTH OOCITyTOBY-
BaHHS 3asBOK IPH HE3MIiHHIN CyMapHii iHTEeHCHBHOCTI
HAJIXOJDKEHHS Ta 00po01Ii 3asBOK y cuctemi. OHaK y na-
HHUX JOCJTI/DKCHHSX HE BPaxOBYBaJlach NpPiOPHTECTHICTH
3as1BOK.

sink2

source 2

A

2
g_Bi ;
40 hold_big sO_Big
N

source_1 115 66

A

113

VY pob6ori [11] 3anpornonoBaHi MeToxu Teopii Maco-
BOr0 OOCIyroByBaHHS MapKOBCHKOTO Ta HEMapKOBCh-
KOT'O THITIB JUIsl MOJETIOBAaHHS IPOTHUIIT TEPCOHAITY 0XO-
POHH 3JI0BMHCHiil IpyIli 3 BUNAJAKOBOIO KUIBKICTIO 3JI0-
YHUHIB y TPYIi Ta Pi3HUMH criocobamu oprasizamii Jii
TaKoro TepcoHany. A y mocmimkeHHax [12] posrisna-
FOTBCSI MaTeMaTH4YHI MOJIET CHCTEMH MacoBOTO 00Ciy-
TOBYBAHHS, 1[0 MOJIEITIOIOTH MPOLECH HEIUITATHUX CHTY-
aIfiit mpu nepeBe3eHHI HeOe3MEeYHNX BaHTAXKIB 3aJTI3HIY-
HUM TPaHCTIOPTOM, a TAKOX IMPOIIECH JIIKBIAIlii eKOJI0-
r4HO HeOE3MEYHNX HACTIAKIB TAKUX TTOMIH.

VY naniif poOOTI AOCIIHKYETHCSI CHCTEMa MacOBOTO
00CITyroBYBaHHs 3 YEPTOIO 1 BIJTHOCHUM NPIOPUTETOM Ha
BXIJl IKOT HaAXOAS T BUMOTHY BUILIOTO 1 HU)KYOTO TPiopH-
TETiB 3 IHTCHCHUBHOCTSIMH AH, AL, TEPMIHH OOCIIyTrOBY-
BaHHS BUMOT IT0OKa30Bi 3 IHTEHCUBHOCTSIMH Uy, 1. Bu-
Mora BUILOTO MPiOpUTETY, sika Haxiiuua y CMO, «Bu-
LITOBXY€» BUMOTY BHIIOTO IpPIOPHTETY IMICIs 3aKiH-
4yeHHs i 00CIyroByBaHHS W 3aiiMae Micle mepen Hero,
SIKIIO BOHA CTOITh y 4ep3i Ha oOciyroByBaHHs. Bumora
HIDKYOTO MPIOPUTETY, AKa OyJIa BUIITOBXHYTA, 3aJIHILIAE
CMO 6e3 06cnyroByBaHHS, SKIIO y Yep3i MicIb HeMa i
CTa€ y 4epry, sIKIIO Miclie iCHYE.

OcCoOJMBICTIO  NPONOHOBAaHOTO  EKCIIEPUMEHTY,
MIPOBEJCHOTO 3 METOI0 IOCIIKEHHsI (DyHKLIOHYBaHHS
MOJIedi € Te, 10 Ha i1 BXiJ HaAXOAUTH MOTIK MOJIiH, SKi
MAaloTh HETaTHBHI HACIIJIKH, III0 CYTTEBO BILUIUBAIOTH Ha
(GyHKIIOHYBaHHS Li€l MoJeni (HalpuKiIaj, 3MEHIIYIOTh
IHTEHCUBHICTH 00CTyrOBYBaHHS B cuctemi). [loTik mux
«HETATUBHUX» TMOJIH (MOTIK BHIIOTO TPIOPUTETY) Mae
HU3bKY IHTEHCUBHICTB Y IOPIBHSHHI 3 IOTOKOM HIKYOTO
mpiopuTeTy ¥ morpedye 3HAYHUM Yac I 0OCIYroBY-
BaHHS BUMOT [IbOT'O OTOKY.

CkIaiHICTh peanizamii aHaTITHIHIX METOMIB TEO-
pii cucTeM MacoBOro OOCIYrOBYBaHHS OOYMOBIOIOTH
00’emMHI (popMH MaTeMaTH4YHOrO JONHCY (yHKIIOHY-
BanHs1 CMO. Tomy npu po3B’si3aHHI [TOCTaBICHOTO HaYy-
KOBOTO 3aBJIaHHSl JOLIJIbHO BHKOPUCTAHHS METO/IB
KOMIT FOTEPHOT CUMYJIALLII.

1. Po3po0xka imiTauiiinoi mogeni CMO
i3 npiopuTeTHMMH BUMOTaMH

Monens po3poOJIeHO Ha OCHOBI JHCKPETHO-TIOMI€E-
BOTO Ta areHTHOro npuHOUMIB. [Ipu po3poOri moxmeri

BHKOPHCTOBYBAIIUCh CTaHIAPTHI OJOKH 0i0mioTekn
Process Modeling Library.
q_2
N
. dela;; sink
O X
a1 61 60 60
3 hold_1
N source_out sink1
64 60 60 p |

Puc. 1. T'onoBHe BikHO iMiTaliiiHOT Mozeni B cepenoBuii AnyLogic

JAnst MOXXITMBOCTI (pOpPMYBaHHSI IPIOPUTETHOCT] BU-
MOT Ha OCHOBI 0a30BOTr0 KJIacy areHTiB Entity CTBOPEHO

TIOIYJISALII0 areHTiB (BUMor) MyAgent i3 1oaHnM Tapa-
METPOM priority.

11
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[Tpu MozentoBaHHI KOXHII HOBIM BUMO3i Oyze mpu-
BJIACHIOBATHUCH PIBEHb NPIOPHUTETY:

priority = 2,0 — BAMOTH BHUILIOTO ITPIOPUTETY i3 3Ha-
YEeHHSIM [IapaMeTpy;

priority = 1,0 — BUMOTH HIKYOTO IIPIOPUTETY i3
3HAYEHHSAM IapaMeTpy.

CuMynsmist HaAXODKEHHS Ta 0OCIyTOBYBaHHS BH-
MOT TIOYMHAETHCA 3 OJIOKIB source_1 Ta source_2, sixi ¢o-
PMYIOTH BUMOTH HIDKYOTO Ta BUIIOTO NPIOPHUTETIB Bif-
moBinHO. ITpy BUXOAi 3reHepOBaHMX areHTiB (BUMOT) 3
OJIOKIB source mapameTpy priority TIPICBOIOETHCSA 3Ha-
YEeHHsI PIBHIO IIPIOPUTETHOCTI BUMOT:

JUISL areHTIB (BUMOT) HIDKYOTO TIPIOPHUTETY:

«agent.priority = 1;»;
JUISL areHTIB (BMMOT) BUILIOTO TIPIOPUTETY:
«agent.priority = 2;».

Jaxi areHTH (BUMOTH) MOTPAIUISIOTH JI0 3arajibHol
yepru q_Big. JlaHuil eleMEeHT BUKOPHCTOBYIOTBHCS IS
(¢opMyBaHHS 3arajJbHOI YeprH i3 BHMOT, IO OYAYThH
npuiiMatrce CMO, ta 06pob6nsaTuch B Hill. Uepra g_Big
He € enemeHToM CMO, IO IOCTIIKYEThCA, 1 3HAXO-
nuthes 3a Mexxamu CMO.

UYepra B eneMeHTI ¢_Big hopMyeThbes 3a 3aralbHUM
npunnunoM FIFO («first in, first out») 13 BpaxyBaHHSIM
MPIOPUTETHOCTI BUMOT Ta MOAEIBHOIO 4acy reHeparii
Bumoru. Tooro npuniun FIFO BukopucTOBY€ETHCS B Me-
’Kax BUMOT BHIIOTO Ta HIKYOTro TpioputetiB. s Bepu-
¢ikauii nponecy ¢opmyBaHHs 4epru Bcs iH(opmais
po nepeOyBaHHS BUMOT BHBOJHUTHLCS y TEKCTOBE IOJIE:
YUM BUIILE 3alHC Y Bi3yalbHOMY BimoOpaxkeHHI Gopmy-
BaHHS 4epry (puc. 2), TUM OJIFDKYE 3HAXOIUTHCS BUMOTa
1o BUXOyY 3 00Ky ¢g_Big. THhopMmariist mpo Bci BUMOTH

MIPE/ICTABIICHA Y BUTILI: «HOPAOKOGUIL HOMep 2ceHepayii

8UMO2U | pigeHb npiopumemy uUMo2u | MOOeIbHUU 4ac
2eHepayii UMocuy.

™ 59 2.0 | 46.25755548555329
(opMyBaHHs 62| 2.0 | 48.1663569634813
YEpTH 3 BHMOT 63 | 2.0 | 48.453920530276484
pumoro <] 65]2.0 | 49.55600857118395
npiopureTy 66 | 2.0 | 50.80820062272476
67 | 2.0 | 51.056665195592
L 69]2.0|52.57789533847726
™ 23] 1.0 | 18.74180565204156
2411.0]19.891553009613112
(hopmysars 27| 1.0 | 22.500494831050226
HCprU 3 BUMOT 2 30| 1.0 | 22.946753825482073
HU3T0TO 31] 1.0 | 23.632296483761976
TIPIOPUTETY 321.0 | 25.13147214439839
L 35]1.0|27.67875914479366

Puc. 2. BisyanbHe BinoOpaxeHHs popMyBaHHS 4epru
y 6inoni g_Big

Ockinbku B caMiii CMO KinbKICTh Micllb B 4ep3i
oOMexeHa, 3aJTiTHUI MeXaHi3M cenaparlii BUMOT 3a Mpio-
puteroM i (OpMyBaHHS OKPEeMHX 4Yepr i3 BUMOT 3a BH-
MM 1 HIDKYHM MIPiOpUTETaMu BiNMOBigHO (650KkM g_2 Ta
g_1). Cemnaparmis BHMOTI 3JIHCHIOETBCS €JIEMEHTOM
sO_Big. IIpoxo/pkeHHsT BUMOT i3 3arajibHOI uepru g_Big
no yepru CMO 37ifiCHIOETBCST 32 JOMOMOTOK OJIOKY
tuny hold (hold_big, puc. 1). Alroput™ peanizyerbcs
yepe3 Java-kon 3a JONOMOroro BOymoBaHOI (yHKii
fun_hold_big():

«if ((qg_2.size() + g_1.size()) < places){
hold_big.unblock();

I»

Oyukuis fun_hold_big() peami3yeTbcs TpPU KOXK-
HOMY HaJIXOJUKEHHI Oy/b-sIKOT BUMOTH 10 4epru ¢_Big
abo Onoky delay. Anroput™ ¢yHkuii fun_hold_big() ne-
peBipsie 3aranbHy KUIBKICTh BUMOT y 4ep3i CMO, i sikiio
KUTBKICTh BUMOT MCHIIIA 33 BCTAHOBJICHY KUTbKICTh MICITh
y 4ep3i (places), To po3010KOBY€EThCs 030K hold_big
(mpouemypa hold_big.unblock()).

B Mopmem TakoX peasi3oBaHO aNTOPUTM IPOXO-
JUKEHHS areHTiB (BUMOT) ¥ CepeInHy CHCTEMH «3a Ipio-
PUTETOM» 1 BHUINTOBXYBaHHS 32 MEXi CHCTEMH areHTiB
(BMIMOT) HM)KYOTO TIPIOPUTETY areHTaMu (BUMOTaMH1) BU-
IOTO TPiOpUTETYy. 3a3HAUYCHUI alrOpUTM pPeaji30BaHO
3a I0moMoroto 0J10kiB Ty hold (hold_1) Ta monaTkoBoi
¢bynkuii fun_Logic_HIghPr() i3 Java-xonom:

«if ((g_2.size() + q_1.size()) =
= places & q_1.size() > 0){
if (q_Big.size() > 0 &&
q_Big.get(@).priority == 2){
g_1l.remove(qg_1.get(0));

source_out.inject(1);
hold_big.unblock();

I»

3a anropuT™MOoM, y BUNIaAKy HaaxomkeHHs 1o CMO
areHTy (BUMOTH) BHIIOTO IPIOPUTETY Ta MPH BiJACyTHO-
CTi BUThHEX Micup y yep3i CMO, areHT (BuUMoOra) HIDK-
4YOro TNpPIOPUTETY «BHUIITOBXYEThCs» 13 ueprum CMO
(6110Ky ¢_1I) Ta 3aMIHIOETHCS BIAMOBIIHAM arcHTOM (BU-
MOTO0) BHIIIOTO MPIOPHUTETY 3 3arajbHOi uepru (OJIOKy
q_Big).

Jast cumyisinii oOpoOKu areHTiB (BUMOT) BUKOPHC-
TOBY€eThCs 050K Delay 13 ogHUM MiclieM (OJHUM IpuIia-
JIOM 00CIyrOBYBaHHS). ATeHTH (BUMOTH) BHIIOTO IPio-
pHUTETY 00CITyTrOBYIOTECS B IIEPIIY YEPTy Ta HOCTYTAIOTh
onpasy 3 610Ky g_2 o 61moky Delay 6e3 3aTpUMOK.

HanxomkeHHs areHTiB (BUMOT') HIDKYOTO TpPiopH-
TETy PperyiroeTbcs (YHKIIOHAIBHO 32 JIOTIOMOTOIO
6soky hold_1 ta dyuxuii fun_Logic_LowPr() i3 Java-
KOJIOM:

«if (q_2.size() == @ &% q_1.size() > 0){

hold_1.unblock();

I»

[Ipu mpoxomKeHHI areHToM (BHUMOTOI0) OJOKY
hold_1 3a momomororo Java-kony 0ok hold_I Gmoky-
€TBCS:

«hold_1.block();»

ITix gyac MonenroBaHHS 30MPAIOTHCS AaHi MO0 IMO-
BIpHOCTi 00CITyTOBYBaHHS 200 BUIITOBXYBAaHHS BUMOT 32
3arajJbHUM MPUHINIIOM:

{ _ Z Ni,success
XN
ae 2 N; success — KUIBKICTB i - X mogii, mo G6ynu o6po6-
JIeHI B cucTeMi, a00 BUTHCHEHI 13 CUCTEMU;
Y. N; — 3arajpHa KiJbKICTh i - X MOIil, 3reHepOBaHMX
ITi/1 9ac MOJICITIOBaHHSI.

Kpim Toro dopmyerbest cratiucTiyHa iHpOpMAaIis
II0/I0 CEPEHBOr0 PO3MIpy uepr Ta 4acy nepeOyBaHHS
BHUMOT y CHCTEMi MacoBOro 00CIyroByBaHHs i 00Ciy-
TOBYBAaHHSM a00 OYiKyBaHHS.

12
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2. Pe3yibTaTH eKCIePUMEHTIB
Ta 00roBOpeHHs pe3yJibTaTiB

Jns gocmimpkeHHs 3aKOHOMIpHOCTEH (opMyBaHHS
Yepr Ta iMOBIpHOCTEH 0OCITyTOBYBaHHS y CHCTEMI IIpoO-
BE/ICHO CEpil0 EKCIIEPUMEHTIB Ha Uy TIMBICTH MOJEIII, e
mapaMeTpOM, IO 3MIHIOETHCS, € BXIJIHUHN MOTIK BUMOT
Buioro npiopurery (Au € [0,001; 0,5]) npu pi3Hux 3Ha-

OCHOBHI pe3yNbTaTH MOZEIIOBaHHS HaBEICHI Ha
puc. 3 — 8. [lani puc. 3 cBigyars 1po Te, 110 iIMOBIPHICTb
00CIIyroBYBaHHSI BUMOT BHUILOTO NPIOPUTETY 3MEHIIY-
€THCS 13 HAOMDKEHHSIM IHTEHCHBHOCTI 00CITyrOBYBaHHS
BUMOT BHUIIOTO npiopurety 1o 0,5. [Ipuyomy «rouka me-
pernoMy» Ha IOYaTKy 3MEHIIEeHHS iMOBipHOCTI 3 1,0 mo-
YHHAETHCSL Y MOMEHT PIBHOBAard iHTCHCHBHOCTEH HaIXO0-
IDKCHHS Ta 00CIIyrOByBaHHS BUMOT BHILOTO IIPIOPUTETY,

YCHHSAX IHTCHCHBHOCTI iXHBOTO OOCIYTOBYBaHHS (U €

. O . ! = TOOTO Yy Wil TOUWi:
[0,001; 0,5]). Inmni BuxiaHI AaHi EKCIEPUMEHTIB MOaHi

y Tadm. 1. Aup = Hg-
Tabauysa 1 — Buxigni napamMeTpu ekcriepuMeHTIB
YmoBHa . IlinbHicTh
ITapameTtp mMone0BaHHS Jliana3oH 3HayeHb .
MO3HAYKA po3noiay
[HTEeHCHBHICTD HAIXOMKEHHS BUMOT BHIIoro npioputery (High) AH 0,001 —0,5; kpok 0,001 | excrioHeHTHHUi
[HTeHCHBHICTH HA/IXOJDKEHHS BUMOT HIO)KJOro npiopurety (Low) AL 0,5 — const €KCIIOHEHTHUH
[HTEeHCHBHICTD 00CTYTrOBYyBaHHS BUMOT BHIIOro npioputery (High) UH 0,001 - 0,5; xpox 0,1 EKCTIOHEHTHUH
[HTEeHCHBHICTD 0OCTYTOBYBaHHS BUMOT HIKYOTO mpioputery (Low) UL 0,5 — const eKCTIOHEHTHUH
KinbkicTh KaHaIiB 00CITyrOBYBaHHS 1
Kinpkicts micup B yep3i CMO 4
KinpkicTh npioputeTis 2
OIMHUI MOJIETBHOTO Yacy rOJIHA
TpuBaNicTh MOIEIBHOTO Yacy 6 micsi (4392 roxunn)
1
°% o o
E ° ° L) ] °
& 09 a0 .
=) P ° &
= ® 0P oo
® 08 s P
= © o °
g < A ~%
] @
g 0,7 R © : .‘t. : " ..-;O.;”’ .
z >06 et s Vo
T 5 ’ R oo © %0 [ {.:m
55 s A s
o 2 e -.g 3o
° 2 > T LNy 2
> 204 s N ode o -?&"3‘7’%!
3 ’ o "'ﬁ:(a"‘
S 03 e TR N
c Hed %3"“"?' -l .
T 02 LA T TN
Qo [
5 LN °
9 0,1 % .
E ...:'l. N L)
0 ..:-Wm
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45 0,5
IHTEHCMBHICTb HaAXOAXKEHHA BUMOT BULLOTO npuopwuTeTy, AH
e pH=0.001 e puH=0.1 euH=02 ¢ pH=0.3 o pH=04 e pH=0.5

Puc. 3. IMOBipHICTh 00CITyrOByBaHHS BUMOT' BUILIOTO TIPIOPUTETY
3aJIXHO BiJl IHTEHCUBHOCTEH IXHBOTO HAJIXO/PKEHHS Ta 00CIyrOByBaHHS

CriajiHa yaCTHHA 3aJISKHOCTI IMOBIPHOCTI 00CIyro-
BYBaHHS BHUMOT BHIIOTO Mpioputery (puc. 4) MIiIbHO
OTHCYETHCS CTYTIEHEBOIO (PYHKITIEIO BUTY:

y=kx ¢,
ne k ta ¢ — koedimienTH;
st g = 0,1: y = 0.0994x09%8,
st g = 0,2: y = 0.2032x0981,
st g = 0,3: y = 0.3067x%7,

PesynbraT anpokcuManii CTYNEHEBHMH 3aJISKHOC-
TSIMH TIepiofiB MaAiHHA IMOBIPHOCTI 0OCITyTOByBaHHS BHU-
MOT BHIIIOTO TIPIOPUTETY 3aJIE)KHO Bijl iIHTEHCUBHOCTEH 1X
00CITyTOBYBaHHS Ta HaJXOPKEHHS IT0IaHO HA pHC. 4.

3 oTprMaHHX Ha pHUC. 4 TaHUX MOXHA 3aMHUCaTH:

-1
P/‘H :,uHﬂ'H 5 AH >,uH’
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o 1
% 0,9 & y =0,3067x°%
x > 08
I o
© -~ 0,7
2=
33 06
> 2 o5
3 o y = 0,0994x°0,9%
8 o 04 R? = 0,9848
2 3 3 ’ y = 0,2032x0.981
Sa R?=0,9751
z 0,2
é 0,1
= 0

0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45 0,5 0,55

IHTEHCUBHICTb HaAXOAXKEHHA BUMOT BULLLOrO NnpuoputeTy, AH
epH=0.1 o pH=0.2 e pH=0.3

Puc. 4. Anpokcumartisi CTylieHeBUMH 3aJISKHOCTAMH TEPi0AiB NaiHHSA IMOBIPHOCTI 0OCIYTOBYBaHHS BUMOT BHILIOTO TIPIOPHTETY
3aJIeKHO BiJl IHTEHCUBHOCTEH X 0OCIYrOByBaHHS Ta HaIXOKEHHS

SIKII0 OKPYTIINTH 3HAUCHHS k JT0 JIECSITHX, TO OTPHU-
Ma€eMo:

Py =ty S Ay =y,
TO OCTAaTOYHO:
By =0.145"", Ay €[0.1,...,0.5],
Ry, =0.225"", Ay €[0,2,...,0,5],
Py3=0.32;"", Ay €[0.3...,0.5].

3aJIeXHICTh IHTEHCUBHOCTI (y 00CITyrOBYBaHHS BU-
MOT BHIIIOTO MPIOPUTETY BiJ] iMOBIpHOCTI Py Ta iHTEHCH-
BHOCTI Ax HAJXOXKEHHS BUMOT BUILOTO MPIOPHTETY IO-
JTaHOo y TaOI. 2.

Tabauys 2 — 3anexkHicTh BeJIMYHHH {H
Bix BesuunH Py 1a Ay

Pu Ay 0,1 0,2 0,3 0,4 0,5
1.00 | wpmio | 0.10 0.20 0.30 | 0.40 0.50
090 | wmoo | 0.09 0.18 0.27 0.36 0.45
0.80 | wunos 0.08 0.16 0.24 0.32 0.40
0.70 | pnog 0.07 0.14 0.21 0.28 0.35
0.60 | unos | 0.06 0.12 0.18 0.24 0.30
0.50 | wmos 0.05 0.10 0.15 0.20 0.25
040 | pnos | 0.04 0.08 0.12 0.16 0.20
0.30 | uHo3 0.03 0.06 0.09 0.12 0.15
0.20 | uno2 0.02 0.04 0.06 0.08 0.10
0.10 | wunoa 0.01 0.02 0.03 0.04 0.05

I'padixm 3amexHOCTI BENWMYUH uy Bif Py Ta iHTEH-
cuBHOCTI Ay st Py =1,0; Pu=0,7; Pu=0,5Ta Py =0,3
npeAcTaBiIeHo Ha puc. 5. 3 tabn. 2 1 puc. 5 BUAHO, 110
JUTSL 30UTBIICHHS BeMMIUHN Pr(Aw, (1) HEOOXiTHO 301Tb-
IICHHS BEJIMYHH y. Tak, A 30inbimeHHst Py Ha 0,1 He-
oOxinne 30umbeHHst uy Ha 1% npu Ag = 0,1, npu
An=0,2 —Ha 2% ¥ T.11., ipu A = 0,5 30UIBIICHHS CTAHO-
BUTH 5% Bij OTIepeHIX 3HAYCHB LH.

0.1 0.2 03 0.4 05
My

Puc. 5. I'padik 3amexHOCTI BETTMYMH /(H BiJl BEIMYHH AH IIPH
Pu=1,0;Pu=0,7,Pu=0,51a Pu=0,3

I'padix imoBipHOCTEH P 00CITYrOBYBaHHS BHMOT
HIDKYOTO TIPIOPUTETY 3aJEKHO BiJ IHTEHCUBHOCTEH 00-
CIIyTOBYBaHHS /1 T4 HAJXO/DKEHHS Ajf BUMOT BHIIOTO
MIPIOPUTETY MOJIAaHO Ha pHC. 6.

3 puc. 6 BHJIHO, 10 IMOBIPHICTH OOCITyTrOBYBaHHS
BHUMOT HI)KYOTO MPIOPUTETY MA€ CHaTHAN XapakTep, pH
YOMY «PI3KICTh» XapakTepy NnajiHHsI 00epHEHO MPOoIop-
LiifHa IHTEHCHBHOCTI OOCIyroBYBaHHS BUMOT BHIIIOTO
MIPiOpHUTETY.

Posrnsaemo QyHKIito P (f) 3a7€KHO Bi IHTCHCUB-
HOCTI uy 1 9acy ty = 1 / Ay iHTEpBay Mi>Xk BUMOTaMH BU-
IIOTO MPIOPHUTETY BXiAHOTO MOTOKY. DyHKIiS Pi(f) € Py-
HKII€I0 1MOBIPHOCTiI 0€3BiAMOBHOTO OOCIyTrOBYBaHHS
BHMOT HIDKYOTO IPIOPUTETY, KA Mae€ JIiHIHHUNA Xapax-
tep. Cepenniii vac 6€3BiIMOBHOTO 0OCIYTOBYBAaHHS ITHX
BHMOT JIOPIBHIOE IUIOMII, IO OOMexeHa JiHier Pr(f) i
ocsiMu KoopauHat Pr(f) Ta ty.
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npiopurety, P,
c o o o o o o ©°
N w Y (9] (o)} ~N 0] (o]

IMOBipHicTb 06CyroByBaHHA BUMOT HUMKYOTO
o
=

o

0 0,05 0,1 0,15 0,2

« uH=0.001 « pH=0.1

I[HTEHCMBHICTb HAAXOAKEHHS BUMOT BUCOKOrO npuoputeTy, AH

« pH=0.2

0,25 0,3 0,35 0,4

MH=03 «puH=0.4 - pH=0.5

Puc. 6. ImoBipHicTb 06cTyroByBaHHS PL BUMOT HI)KIOTO IIPIOPUTETY
3aJIeKHO BiJl IHTEHCUBHOCTI 00CITyTOBYBaHHS Ta 0OCIYTOBYBaHHS BUMOT BHIIIOTO MPiOPUTETY

3anexHICTh BETHYNHA IMOBIpHOCTI Pr(f) obciyro-
BYBaHHS BUMOT HI)KYOTO TIPIOPUTETY BiJl iHTEHCHBHOCTI
Lt OOCITyTOBYBaHHS BUMOT BHILIOTO IPIOPUTETY 1 TpHBa-
JIOCTI IHTEpBATY Yacy fg MK IUMH BUMOTAaMH y BXil-
HOMY ITOTOIIi TOJaHo Ha puc. 7. [ilicHo, i3 301IbIICHHIM
BEJIMYMHH UH 3MEHILYETHCS CepelHs TPUBATICTh 00CIy-
TOBYBaHHS, OJTHOYACHO 3 LIUM 13 301JIbIIEHHSIM BEINYNHH
AH 3MEHIIYEThCS IHTEpBAJ MK BHMOTaMH y BXiJJHOMY
MOTOL[ BUMOT BHILOTO HPIOPUTETY, 1[0 HPU3BOJHUTH JI0
301IBIICHHS CEPEHBOI KUTbKOCTI TAKMX BHMOT, OTXKE i
J0 OUIBIIOro 3aBaHTa)KEHHs KaHAJly OOCIyroByBaHHS,
IIO Y CBOIO Yepry, MePENIKOKAE HAJXODKCHHIO Y KaHaJ

1.0 Rt nd
0,9
0,8
0,7
0,6
0,5
0.4
0,3
0,2

0,1

00CIIyroBYBaHHSI BHMOT HIDKYOTO TPIOPHUTETY M 3MEH-
1ye HMOBIPHICTh P IXHBOTO 0OCITyTOBYBaHHS.

3 puc. 7 BUAHO, IO NPH 3MEHIICHHI BEIMYUHU fy
npu Pr(tu, puu) = const, uu BenuauHU Pr(ty, puu) TpU
tu = const Benmuuna t;,0.5P, (ty, Uy)ty 3MEHIIYETHCS.

Jist 30inbLICHHS BETUYUHUN Pr(fH, 1) TP IEBHOMY
3HAYCHHI fy HEOOXiTHO 30UIBIICHHS BEIUYHHH LH, TOOTO
OibLI IHTEHCUBHE OOCIYTOBYBaHHS BHUMOI BHILOIO
MIPiOpHUTETY.

Ha puc. 8 BimoOpaxeHo rpadiku 3anexHocTi HMO-
BIPHOCTI BHIITOBXYBaHHs PLg BUMOT HIKYOTO IMPiOpH-
TeTy.

6 7 8 9 10
t,, O. yacy

Puc. 7. I'padixu 3anexnocte iMOBIpHOCTI Pr(tH, (1) Bill BEIMYMH 4H 1 H
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" )}

o
>

o
N

IMOBIpHICTb «BMLITOBXYBaHHAY 3i
CMO BMMOT HM3bKOTO NpiopuUTeTy
o o
[ w

o

0,1

IHTEHCUBHICTb HaOXOoAXXeHHA BUMOT BUCOKOro NpUopuUTeTy, AH

0,15 0,2

o uH=0.001 e pH=0.1

o pH =0.2

0,25 0,3 0,35 0,4

pUH=0.3 e uH=0.4 o pH=05

Puc.

8. ImoBipHicTs PLB «BUImITOBXYBaHH» 31 CMO BHMOT HIKYOTO IIPIOPUTETY BUMOTaMU BHCOKOTO IIPIOPHUTETY 3AJIKHO BiJ

IHTEHCHBHOCTEH O6CHyFOByBaHH${ Ta HAAXOPKCHHS BUMOI' BUCOKOT'O npiopHTeTy

Iporecw, siki MOB’s13aHi i3 30UIbIICHHAM Prp, 1eTa-
JILHO OIKCAaHI BHIIE, 3MEHIIEHHS Py IICIsA JOCATHEHHS
il MaKCUMyMy, MOB’SI3aHO 13 3MEHIIEHHSIM KUIbKOCTI BU-
MOT HI)KYOTO IPIOPHUTETY 1 3aBaHTaKEHOCTI KaHay 00-
CIIyrOBYBaHH:. MakCHMallbHOMY 3HAYCHHIO P73 BIMOBI-
Na€ BENMYMHA Ay exerp. 1A BU3HAYEHHS BETMYMHH

Al ecrp OTPUMaHi 3aJIEXKHOCTI HMOBIPHOCTI P5, aTIPOKCH-
MOBAHO TOJIIHOMOM IIOCTOTO CTYIEHIO, BUAY :

y :a6x6 +..+tax+C.

KoedirieHTH NOMIHOMIB, 110 AIIPOKCUMYIOTH iMOBI-
PHOCTI Prp BETMYMHH Ay eycrp TPENCTABIEHO B TA0I. 3.

Tabruys 3 — KoedilnieHTH M0IiHOMIB, 10 ANIPOKCUMYIOTH iMOBIPHOCTi «BULITOBXYBAaHHS»

CMO BUMOT HU3bKOI0 MpiopuTETy

KoediuienT nosainoma pu =0.1 i =0.2 pu =03 pu =04 pu =05

as -1767609 97550.53 4593.061 1980.917 983.323
as 431830.5 -54236 -3453.6 -2276.31 -1392

a -42096 10862.98 857.173 966.0881 721.876

a3 1791.001 -1046.51 -114.584 -212.099 -184.777

a2 -34.143 48.5078 8.249455 23.6418 23.30407

ai 2.292621 1.042772 1.748402 0.770417 0.615751

ao -0.00172 0.004007 -0.0002 0.017116 0.019575
Excrpemym, Ay ecrp 0.071 0.135 0.198 0.2628 0.328

3HaHHA EKCTPeMYyMiB MHMOBIpHOCTEl BHIITOBXY-
BaHHS BUMOT HIDKYOTO MPIOPUTETY Ta BiAMOBIIHUX HUM
IHTEHCHBHOCTEW BXiZJHOTO IOTOKY Ta OOCIIyrOBYBaHHS
BHUMOTI' BHUILOTO INPIOPUTETY MAa€ NMPUKIAIHE 3HAYCHHS,
HaIpHKJIIa, JUIs IPUHHSTTS pillleHb MO0 PO3MOALTY HO-
13/11B Pi3HHUX MPiOPUTETIB (BiAOYIOBHUX, TACAKUPCHKIX,
BaHTAXHUX, IHIIUX BU/IIB) ITO Pi3HUX By3JIaX Ta MapIIpy-
Tax TPAHCHOPTHOI MEpEexKi.

BucunoBxku

1. 3 ypaxyBaHHSAM IPAaKTHYHOTO JIOCBIy (yHKIiO-
HyBaHHsI Ta 3a0€31e4eHHs Ha/IIHHOCTI 3a1i3HMYHOT TpaHC-
MIOPTHOI CHCTEMH B €KCTPEMaIbHUX YMOBaX BOEHHUX M,
pyHHYBaHb Ta BiTHOBIEHHS iH(PACTPYKTYpH, HedinnuTy
Yacy i mapKy TpaHCIIOPTHUX 3ac00iB, 3aIIPOITIOHOBAHO (o-
pMmamizyBatu (yHKIIOHYBaHHA i€l cuctemu sk CMO 3
MPIOpUTETaMH, i3 3MIHHUMH TapaMeTpamMH BXiTHUX

MOTOKIB Ta 0OCIIyrOBYBaHHs BUMOT' BHILIOTO Ta HIDKYOTO
MPIOPUTETIB, IO J03BOJISIE MPUHMATH OUIBII OOIPYHTO-
BaHi pillIeHHs JJIsL YIPaBJIiHHS HOXIOHIUMH CHCTEMaMHU.

2. JloBeneHa HEOOXiHICTh BUKOPUCTAHHS, MOPYY
3 QaHATITUYHAMHU METOJIaMU, IHCTPYMEHTIB IMITaIliifHOTO
MOJICITIOBaHHS, 30KpeMa po3po0iIeHa Ta pealizoBaHa iMi-
TalifHa MOJIEIb, SIKa MOEIHY€E areHTHUH Ta JUCKPETHO-
TIO/TI€BHIA TIPUHITUIN CUMYJIAIIT 1 T03BOJISIE BUBYATH CH-
CTEMH MAacOBOI'O OOCIYroBYBaHHS IpPU HAaJXOKEHHS
BHMOT Pi3HOTO NPIOPHUTETY, a caMe B YACTUHI BCTAHOB-
JICHHS 3aKOHOMIPHOCTEH:

— iMoBipHOCTE#l (0OCIyroByBaHHS, BiJ]MOBH, BH-
LITOBXYBAaHHS),

— 3aTPUMOK 4Yacy (repeOyBaHHIM y 4ep3i, miJ 00-
CIIyTOBYBaHHSM),

— ropsiIKy (popMyBaHHS Yepru IPU HAAXOIKCHHS
BHUMOT Pi3HOTO MIPiOPHTETY,
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— pO3MipiB 4epri.

3. OrpumaHi 3aJI€KHOCTI:

- IMOBIpPHOCTI OOCIYyroByBaHHS BHMOI' BHIIOTO
NIPIOPHUTETY 3aJE€KHO BiJl IHTEHCHUBHOCTEW TXHBHOTO HaJ-
XO/KEHHSI Ta 00CITyTrOBYBaHHS;

- IMOBIpHOCTI OOCIYrOBYBaHHS BHMOT HIKYIOTO
MPIOPUTETY 3aJIEKHO BiA IHTEHCHMBHOCTI OOCITyTOBY-
BaHHS Ta 00CITyrOBYBaHHS BUMOT BHILOTO IIPIOPUTETY;

- iMOBipHOCTI «BHIITOBXYyBaHH: 31 CMO BHMOT
HIDKYOTO TIPIOPUTETY BUMOTaMH BHII[OTO TIPIOPUTETY 3a-

TETy Ta TPUBAJIOCTI IHTEPBAILY f1 MK IMMH BUMOTaMH y
BXIIHOMY TTOTOIIi;

- BEJIMYMHU IHTEHCHBHOCTI OOCIIyrOBYBaHHS BU-
MOT BHIIOTO MPIOPUTETY 4y BiJ IMOBIpHOCTI Py Ta iHTe-
HCHBHOCTI X HaJXO/KEHHS AH.

4. Y pesynbTaTi anmpoKCHMAIlil eKCIIepUMEHTaIIb-
HUX JaHUX IMOBIPHOCTI 0OCITyrOByBaHHS BUMOT BHIIIOTO
MPIOPHUTETY 3aJIS)KHO BiJl IHTEHCHBHOCTEH IXHBOTO Hal-
XO/DKEHHSI Ta OOCITyrOBYBaHHS JIHIMHMMHU 3aJI€KHOC-
TSIMU BCTaHOBJICHO, LII0:

JISKHO BiJf iIHTCHCHBHOCTEH OOCIyrOBYBAaHHS Ta HaIXoO- 71

JDKEHHSI BUMOT BHILIOTO TIPIOPHUTETY; Py, =My Ay s Ay > Hps
- BEJIWYUHH IMOBIpPHOCTI Pr Bij BEIWYHMH IHTEH- _

CHUBHOCTI OOCITyrOBYBaHHS (y BHMOT BHIIOTO TPIOpPH-

CIICOK JIITEPATYPU

1. L. Makushenko, I. Usar, H. Livinska, and M. Sharapov, “Optimal threshold strategies for retrial systems with queue,” J. Comput.
Appl. Math., vol. 427, p. 115136, Aug. 2023, doi: 10.1016/J.CAM.2023.115136.

2. A. Aghsami, S. R. Abazari, A. Bakhshi, M. A. Yazdani, S. Jolai, and F. Jolai, “A meta-heuristic optimization for a novel
mathematical model for minimizing costs and maximizing donor satisfaction in blood supply chains with finite capacity
queueing systems,” Healthc. Anal., vol. 3, p. 100136, Nov. 2023, doi: 10.1016/J.HEALTH.2023.100136.

3. H. Jahani, A. E. Chaleshtori, S. M. S. Khaksar, A. Aghaie, and J. B. Sheu, “COVID-19 vaccine distribution planning using a
congested queuing system—A real case from Australia,” Transp. Res. Part E Logist. Transp. Rev., vol. 163, p. 102749, Jul.
2022, doi: 10.1016/J.TRE.2022.102749.

4. A. Mazaraki, V. Matsiuk, N. Ilchenko, O. Kavun-Moshkovska, and T. Grygorenko, “Development of a multimodal (railroad-
water) chain of grain supply by the agent-based simulation method,” Eastern-European J. Enterp. Technol., vol. 6, no. 3 (108),
pp. 14-22, Dec. 2020, doi: 10.15587/1729-4061.2020.220214.

5. K. Abdulaziz Alnowibet, A. Khireldin, M. Abdelawwad, and A. Wagdy Mohamed, “Airport terminal building capacity
evaluation using queuing system,” Alexandria Eng. J., vol. 61, no. 12, pp. 10109-10118, Dec. 2022, doi:
10.1016/J.AEJ.2022.03.055.

6. “BrramcnurensHble cUCTEMBI ¢ ouepensimu — Jleonapa Kueitapok.” https://www .livelib.ru/book/1001277388-vychislitelnye-
sistemy-s-ocheredyami-leonard-klejnrok (accessed Mar. 03, 2023).

7. D. P. Bertsekas and R. G. Gallager, “Cern nepenaun gaHsbIx,” p. 486, 1986, Accessed: Mar. 03, 2023. [Online]. Available:
http://libarch.nmu.org.ua/handle/GenofondUA/60656.

8. “YmpaBieHue MOAETBIO CHCTEMBI MAacCOBOTO OOCIY)KMBAaHHUS C HCIOJBb30BaHWEM AuHammdeckux mnpuopuretoB - CORE
Reader.” https://core.ac.uk/reader/80134930 (accessed Mar. 15, 2023).

9. V. Matsiuk, N. Ilchenko, O. Pryimuk, D. Kochubei, and A. Prokhorchenko, “Risk assessment of transport processes by agent-
based simulation,” AIP Conf. Proc., vol. 2557, no. 1, p. 080003, Oct. 2022, doi: 10.1063/5.0105913.

10. V. Matsiuk, O. Galan, A. Prokhorchenko, and V. Tverdomed, “An Agent-Based Simulation for Optimizing the Parameters of
a Railway Transport System.”

11. M. D. Katsman, V. K. Myronenko, V. . Matsiuk, and P. V. Lapin, “Approach to determining the parameters of physical
security units for a critical infrastructure facility,” Reliab. Theory Appl., vol. 16, no. 1, pp. 71-80, 2021, doi: 10.24412/1932-
2321-2021-161-71-80.

12. M. D. Katsman, V. K. Myronenko, and V. I. Matsiuk, “Mathematical models of ecologically hazardous rail traffic accidents,”
Reliab. Theory Appl., vol. 10, no. 1 (36), 2015, Accessed: Nov. 14, 2020. [Online]. Available:
https://cyberleninka.ru/article/n/mathematical-models-of-ecologically-hazardous-rail-traffic-accidents.

Received (Hamitinmma) 27.03.2023
Accepted for publication (IIpuitasTa 1o apyxy) 19.07.2023

Modeling the reliability of transport under extreme conditions of operation
as a queuing system with priorities

M. Katsman, V. Matsyuk, V. Myronenko

Abstract. The article presents a simulation model of a queuing system (QS) with a queue and relative priority, which can
be used to manage the reliability of transport systems under resource constraints. The developed simulation model combines agent
and discrete-event simulation principles and allows studying queuing systems in terms of establishing regularities: probabilities
(service, failure, push-out), time delays (waiting in a queue, under service), queue sizes, order of queue formation upon arrival of
clients of different priority. As a result of the research, dependencies were obtained for the probability of servicing higher priority
clients depending on the intensities of their arrival and service; probabilities of servicing lower priority clients depending on the
intensity of service and servicing of higher priority clients; the probability of "pushing out" lower priority clients from the QS by
higher priority clients depending on service intensities and the arrival of high priority clients.

Keywords: transport system, agent modeling, simulation modeling, queuing systems, absolute priority, arrival and service
intensity, service and push-out probabilities, client service probabilities.
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2 KazaxchKuii aBTOMOOLILHO-10poskHil iHcTuTyT iM. JL.B. Tonvaposa, Anmatu, Pecny6nika Kazaxcran

HIaxIa 10 BUbOPY AJIbTEPHATUBHU
CIIOCOBIB AJIPECHOI TOCTABKHU

AHoTanisi. Y cTaTTi po3rIsAHYTI aJbTepHATHBHI CIIOCOOM 3/IHCHEHHS aJpecHOl JOCTAaBKH, TaKi 5K JOCTaBKa JETKOBHM
aBTOMOOLITEM, TOCTaBKa MOIIEZOM, BEJIOCHIIENOM Ta HIMIKH Kyp €poM. B mocmimkeHHI BH3HaueHI (akTopu, IO YUHATH
BIUTMB Ha BapTiCTh HOCTAaBKHU. J[IT KOHKPETHHX YMOB TOCTaBKH 3alPOIIOHOBAHO paliOHaJbHI albTEPHATUBH VIS PECHOL
JOCTaBKH, siKi 3abe3medaTh eKOHOMIUHY e()eKTUBHICTh, €KOJIOTIYHY CTIHKICTh Ta COL{iajbHy BiAMOBiAHICTB. SIK KpuTepiit
e(eKTUBHOCTI 3alIPOINIOHOBAHO BUTPATH Ha JOCTAaBKY Ta 4Yac JOCTaBKHU. I[IpencraBieHi pe3yabTaTH MOXYTh OYTH BUKOPHC-
TaHi NiANPHEMCTBaMU-TIOCTaYaIbHUKaMH TOBApiB, B SIKUX OPraHi30BaHO Ta BIPOBA/KECHO aIPECHY JOCTABKY.

KnwuoBi ciaoBa: aZpe€CHa N0CTaBKa, 4YaC JOCTaBKU, BUTPATHU Ha opraHi3aui}o J0CTaBKH, p03z1pi6Ha TOpFiBeJ’ILHa MEpe-

’Ka, TPaHCIIOPT.

Beryn

[Tounnaroum 3 BecHu 2020 p. yepe3 3ampoBaKeH-
Hs B YKpaiHi KapaHTUHHUX OOMEKeHb 0arato cy0'eKTiB
TOCIIOJIAPIOBAHHS MIEPEMICTHIIN CBOIO TOPTIBIIIO 31 CTa-
IIOHApHHUX Mara3uHiB B IHTEPHET-Mara3suHu. Y 3B'S3Ky 3
UM y HOBUX IHTCPHET-TOPTOBIB BHHHUKAIO Oararto
IIUTaHb 3 NPHUBOIY OpraHi3alii aApecHOi JOCTaBKH 3a-
MOBIICHHX TOBapiB KIIIEHTaM.

AnpecHa noctaBka ab0 JOCTaBKa OCTaHHBOI MIIIL
— e (aza JAHIIOTIB IMOCTadaHb, IO BKIIOYAE IisUTb-
HICTB, 32 JJONOMOTOI0 SIKOT TOBapH (pi3M4HO Nepemimry-
I0TBCS 10 3aMOBHMKA. Takuil JAHIIOT MPEACTABISE I10-
TIK TOBapy MiX KommaHisiMu Ta 3amoBHuKamu[1]. IToc-
Ta4yaJbHUKAaM IOCIYT JIOCTaBKH JIOBOJHUTBHCSI CTUKATUCS
31 CKJIQJHOIIAMH, TAKUMH SIK PO30DKHICTH CTPYKTYpH
pO3MOALTY BaHTaAKOOTPUMYBadiB, BeJHKa KIUTBKICTh
HEBEJIMKHAX 332 PO3MIpOM 3aMOBJICHBb, PI3HOMAHITHI Ta
3MiHHI BUMOTH CTIOKHBAaYiB.

CTBOpEHI CHCTEMH aJpecHOi JOCTABKH Ha ChOTOJI-
Hi IIle BUMAararoTh YAOCKOHAJIECHHS Yepe3 HU3KY iCHYIO-
YUX «BY3bKHX» MICIb Y BCIX YYaCHHKIB TaKOl CHCTEMH
[2,3].

Tak, MOKyNIi YacTO CTUKAIOTHCS 3 MpoOJIeMamMu
JIOCTaBKH, TAKMMH SIK 3aTPUMKH B JIOCTaBIli, BTpaTa 3a-
MOBJICHHSI, TTOIIKO/KCHHS a00 HE3py4HI FOJUHH 10CTa-
BkU. JlocTaBka 10 MyHKTYy CamMOBHBO3y a0 aibTepHa-
THUBHI CIyXOM TOCTaBKM MOXXYTh 3a0e3meduTd OimbIn
3pY4HUI Ta HafiHHUH criocid oTpuMmaHHs ToBapy. IIpo-
JIaBIl K 4acTO CTHKAIOTHCS 3 TaKMMHU IpoOJieMaMH, sK
BHCOKi BUTPATH Ha JIOCTaBKy a0 CKJIaJHICTh OpraHi3a-
1ii JocTaBKM Juid KiieHTiB. He crix 3a0yBatu 1 mpo eko-
JIOTIYHYy CKJaJoBy. TpanumiliHi criocoOu JOCTaBKH MO-
KYTh MaTH HETaTWBHHWH BIUIMB Ha JIOBKIJUIS 4Yepe3 Be-
MUKy KUTBKICTh BHUKHIIB ByTJIEKHcIoro razy. OmHax
aNbTePHATHBHI CIOCOOW JJOCTAaBKH, TaKi SIK BEJIOCHTIEIHI
Kyp'epn ab0 eNeKTpUYHI aBTOMOOII MOXYTh 3HHU3UTH
BHUKHIH BYTJTICKUCIIOTO Ta3y Ta 3pOOUTH JOCTABKY OUIBII
€KOJIOTIYHOIO.

OTXe TNHTaHHS JIOCITIJDKEHHS aJbTepHATHBHUX
cHoco0iB JJOCTaBKH, SIKi MOXYTbh 3HM3WUTH BUTpaTH Ha
JOCTaBKy Ta 3pOOWTH INPOIEC TOCTaBKH OLIBII eeKTH-
BHUM Ta 3pYyYHUM JUIS MPOJIABIIB Ta iX KIIEHTIB, € aK-
TyaJbHUM IMUTaHHSAM ChOTO/ICHHS.

AHamni3 pocaimkens i myoaikanii. 3 MeToro min-
BHIICHHS €(PEKTUBHOCTI poOOTH CIykOU JOCTaBKH BU-
HUKAa€ Ha MPaKTUI psax muTasb [4, 5]. OmHIM 3 TakuX
MUTaHb € BU3HAUCHHS 1 OOTPYHTYBaHHs TapudiB 3a 10C-
TaBKy. PaiioHaqpbHHUM BOa4aeThCsl HAJAHHS KIIEHTaM
KIJIbKOX BapiaHTIiB JIOCTaBKH i 3a0€3NeYeHHs IPO30POCTi
TEPMIHIB JTOCTaBKH. MOXXHA BUIUTUTH H'SITh OCHOBHHX
CIOCO0IB BCTAHOBIICHHS IUIATH 32 3[IMCHEHHS aJpecHOl
JOCTaBKH:

— OE3KOIITOBHA JIOCTaBKa JUIS BCIX 3aMOBICHb. B
LJIOMY, TaKy OCTaBKY [UIsl yCi€el HOMEHKIIATypH TOBapy
BaXXKO 3MIMCHUTH. SIK MOKa3ye IOCBiI MPOBIIHUX yKpa-
THCHKMX Ta Ka3aXChKHUX TOPTIBEJIILHUX KOMIaHIiH mepen
MPUAHATTSM I[HOTO PIICHHS MOTPIOHO MpOaHaTi3yBaTH
HACTYIHE: YH IPOIOHYe Oe3KOITOBHY abo OiipmI e-
HIEBY JIOCTaBKY CTOPOHHIN MOCTavaJIbHUK IOCIYT (SIK-
10 KOHKYPEHTH HE MPOIOHYIOTh OE3KOIITOBHY JIOCTaB-
Ky, TO MOXHa MOBHICTIO BHKIIIOYHMTH 1€l CTOCi0); uu €
Yac i pecypcH Uil peKiamH 1€l nporo3uuii; un € ¢i-
HAHCOBA CIPOMOXKHICTh y KOMIIaHil, 100 JT03BOJIUTH
npoOHMI 3ammycK OE3KOINTOBHOI aJpecHOi JOCTaBKH.
Jis miABHINIEHHS SKOCTI 00CIyrOBYBaHHS KITI€HTIB JO-
LUIBHUM € BIPOBA/DKEHHs OE3KOIITOBHOI apecHoi J10c-
taBkd. OHaK MOTPiOHO MaTH Ha YBa3i, O KPYIIHI TOP-
riBenbHI m1athopMu (HaKTUIHO HE HATAIOTh OE3KOIITO-
BHY JOCTaBKY JJIs OUTBIIOCTI KJIi€HTIB. 3a3BuU4ail Bap-
TICTh Takol JOCTaBKH BXKE BKIIOUYEHAa B OCHOBHY Bap-
TICTh TOBapy. TakuM YMHOM, HaBIiTh Taki KPyMHI TOPTi-
Bl K Amazon 3HAXOOATHh CIOCIO CTATHEHHS IIIATH 3a
JIOCTaBKY;

— OE3KOIITOBKA JIOCTAaBKA Ha JIESIKi BUIM TOBApiB.
Taxwii criocié Moxe OyTH BIPOBAHKEHUI, SIKIIO Y KOM-
MaHii IUPOKUH aCOPTUMEHT ToBapiB. MoXKHa BIpOBa-
JUTH OE3KOLITOBHY JOCTaBKY JUISI TOBapiB 3 BHCOKOIO
BapTICTIO, Jie TPUOYTOK Bix Ipojaxy Oyzne OLnbImMM 3a
BUTpaTH Ha JIOCTaBKy. AJieé TaKMH cHocCiO CTATHEHHS
IUIATH MO BUSIBUTUCH HE 3pYYHUM JUISl KII€HTIB 4epes3
HE3pO3YMUIICTb, SIKI caMe NMPOAYKTH MaroTh OE3KOIITO-
BHY JIOCTaBKY;

— OE3KOIITOBHA JIOCTaBKa, KOJM KIIEHTH H0CSTra-
JOTh MiHIMaJIBHOI TOYKHM KYMiBIIi — II€ JyXe IMOIHUPEHUI
crioci® CTAryBaTH IDIaTy 3a aApecHy IOCTaBKY cepen
kiieHTiB. Taka cucTeMa 3a0X04ye BEJHKI IMOKYIKH 1 ii
MOJKHa pEeKJIaMyBaTH SIK BUTOy. AJie IIpU IbOMY HE00-
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X1JTHO 00OB'SI3KOBO MPOBOJMTH PETYIIIPHUI MOHITOPHUHT
BUTpaT, OO0 MaTH 3MOTY IOPIBHIOBATH OTPUMaHi J0-
XO/Y 3 BUTpaTaMH Ha JIOCTaBKY;

— eauHUH Tapud NOCTaBKU VIS BCIX MPOIYKTIB i
KJI€HTIB — I HaWMNpocCTilla cTpareris IJisl HaJlallTy-
BaHHS. BUTBIIICTH TEpeBi3HUKIB HAamalOTh (iKCOBaHY
BapTiCTh aApecHOl AocTaBku. KilieHTH piame miyra-
IOTBCS, ajle THM He MeHII, 0araTboM KJII€HTaM HE I00-
6aeThcs (hikcoBaHa IUIaTa 3a JIOCTaBKYy 4epes3 Te, IO i
BUTPATH € JOJATKOBOIO CTATTEI0 BUTPAT 3aMOBHHUKA;

— JIOCTaBKa HApaxXOBYETHCS 3a 3aMOBJICHHIM — L&
OJHa 3 HAWCKJIAIHINIMX CHCTEM JUIs HAJIAIITYBaHHS i
NosICHeHHsI. baraTo iHTepHeT-Mara3uHiB BHKOPHUCTOBY-
I0Th came Iied crnoci0. BiH rapaHTtye, 10 TpaHCHOPTHI
BUTpATH MOBHICTIO NMOKPHBAIOTHCS 3a BCIMa 3aMOBJICH-
HsaMH. Y Oinbiocti omneparopiB € cuctemu API B pea-
JBHOMY 4Yaci JJIsl pO3paxyHKy BapTOCTiI JOCTABKU JUIs
kiieHTiB. OQHAaK KIIEHTAM 1€ 3a3BH4Yail HE MOL00acTh-
csl, TaK K JOCTaBKa IJIsl HUX BHXOIHUTH IOPOXYE B IO-
piBHSHHI 3 ()IKCOBAaHOIO CTaBKOIO.

3 ypaxyBaHHSIM JAWHAMIYHOTO PO3BUTKY iHTEpHET-
JOCTaBOK Ta IHTEPHET-TOPTiBIIi B HiJIOMy BCE OiIbIIY
POJb y BUOOPI MPOrpaMHOTO 3a0e3MeUeHHs I Kyp'ep-
ChKHX CIIyXkO0 BiJlirpae MOXKJIMBICTh PO3PaxOBYBATH Bap-
TICTb JIOCTaBKH aBTOMATHYHO.

AHaJti3 cy4acHOTro CTaHy po3JapiOHOi Toprieii g0-
BOJIUTh Ba)XJIMBICTH BIPOBAPKEHHS aJIpeCHOT IOCTaBKH
B PO3/1pi0HI TOPTiBEIbHI MEPEKI.

Oco0mBO TOCTPO CTaB MepeXil PO3ApiOHUX Me-
peX 0 e-KoMepIlii B yMOBaxX HEMOKJIMBOCTI 3/ iCHEH-
Hsl 0(IaliH-TIOKYIIOK, IO CTaJI0 aKTyalbHHM Ha MpOT3i
magaeMii [6].

PesynbraTu icHyIOUHX cCHCTEM Oprasizaiii gocTa-
BKM B PO3APIOHMX TOPrOBHX MEpEeXax MOKasajH, IO
ICHYOUl MiJIXOJ1 BU3HAYECHHS BApPTOCTI JOCTABKU € He-
0OrpyHTOBaHI 1 BH3HAYCHI IHTYITUBHO joricramu. Bu-
XOASYM 3 1IbOTO, JIOLIJIBHO PO3POOUTH 3aXOJH IIOJO
MiABUINCHHS €(DEKTUBHOCTI aJpPECHOI JOCTaBKH 3a pa-
XYHOK BHOOpY palliOHaJIbHOTO BapiaHTy CXEMH JIOCTaB-
KM JIIS1 KOHKPETHHUX YMOB JIOCTaBKH B 3QJIC)KHOCTI Bif
XapaKTepUCTUK pailoHy OOCIyroByBaHHsS Ta IOIUTY Ha
aJlpeCcHy JIOCTaBKYy.

ITocTanoBka 3aBIaHHA

Meta podoTu — mifBuIIeHHs epeKTUBHOCTI (yH-
KIIIOHyBaHHS CHUCTEMH aJpeCHOI OCTaBKH BaHTaXIiB
po3apiOHOi TOpPriBeNFHOI Mepexi 3a PaxyHOK parioHa-
JILHOTO CTI0CO0Y JOCTABKH B 331aHUX YMOBaX.

IMinxin 10 BHOOPY adbTEPHATUBHHUX CIIOCOOIB a-
PECHOI I0CTaBKHM Ma€ BKJIIOYAaTH HACTYIIHI KPOKH:

1. Anani3 motpe6 kiieHTiB. st TOTO, 06 3pO3Y-
MITH, SIKI aJbTEPHATHBHI CIIOCOOM JIOCTaBKH MOXYTb
OyTH BHUKOpPHWCTaHi, HEOOXiJHO 3a3Jayerib BHUBUUTH
moTpebu Ta BUMOTH KiieHTiB. Hampukmaz, skmo 6ib-
ITiCTh KJII€HTIB MPOKMUBAE B MiCTaX, TO MOXHA PO3IIIA-
HYTH MOXJIMBICTh BUKOPUCTaHHS KYP'€PCHKOI JIOCTABKH.

2. AHami3 puHKY. Ba)xmBo BUBYHTH, SIKi criocoOH
JIOCTaBKH BHKOPHCTOBYIOTh KOHKYPEHTH Ta SIKI € TEH-
JeHnii Ha puHKy. Hanpukian, skmo OUThINICTh KOHKY-
PEHTIB BUKOPHUCTOBYIOTH ITOIITOBY JTOCTAaBKY, TO MOXKHA
PO3MIITHYTH MOJKJIMBICTE BHUKOPHCTAaHHS Kyp'€pCchKOi
JIOCTaBKH JUIsl 3a0€31eYeHHs] KOHKYPEHTHOI IepeBart.

3. Anaii3 Baptocti Ta edextuBHOCTI. s 11BOTO
HEOOXiTHO BUBYHMTH BAPTICTh Ta €(PEKTUBHICTH KOXKHOTO
crioco0y nocraBku. Hampukinan, sIKIo Kyp'epcbka jgoc-
TaBKa € JOPO’KYO0I0, HIK MOIITOBA, TO MOXKHA PO3IJISHY-
TH MOXJIMBICTh BUKOPHCTAHHSI HOIITOBOI JIOCTaBKH IS
3HIDKEHHS BUTpAT.

4. Bubip onTuMaibHOTO croco0y nocTtaBku. [licis
aHayizy moTped KIE€HTIB, pUHKY Ta BapTOCTi Ta edek-
THUBHOCTI KOXXHOTO CIIOCO0Y JOCTaBKH, HEOOXiTHO BHO-
paTH ONTHUMALHAN CHOCIO JOCTaBKH, SKHH 3aI0BOJIb-
HS€ TIOTPEOM KITIE€HTIB Ta € €(PEeKTHBHUM 3 TOYKH 30py
BapTOCTI Ta 4acy JOCTaBKH.

Bukaan ocHOBHOT0 MaTepiaiy

AHanizytoun poOoTy CIy’)k0 aJpecHOi JOCTaBKH
MOJKHA 3a3HAYMTH, IO OJHI€I0 3 BaXXIIMBUX yMOB 3a0e3-
neyeHHs e(eKTHBHOCTI aapecHOi JOCTaBKU € IIOBHE
3aJI0BOJICHHSI MOTPeO KiIi€HTa 3 HAWMEHIIMMH BUTpaTa-
Mu. Jlnst GaraTboX KIIEHTIB TEPMIHOBICTh Ta BapTICTh
JIOCTaBKU € OCHOBHMM (hakTopoM Ipu BuOopi. s 1p0-
ro HeoOXiZHO 00paTH crocid aapecHOi JOCTaBKH, SKUH
HANOLIBII 3370BOJIbHSIE MOTPEOI KITIEHTIB Ta HECE MEH-
11l BTpary.

VY 3B'SI3Ky 3 IUM BHHHKAIOTH NEBHI MUTAHHS LIOJ0
BU3HAYCHHS PALliOHAILHOTO THITy TPaHCIIOPTHOTO 3aC0-
Oy Ta BuLy moctaBku. [lin yac BUOOpPY THITY TpaHCIIOP-
THOTO 32c00y BPaxOBYIOTh MIBUAKICTH 1 TEPMiHH JTOCTa-
BKH, PiBeHb 30epiraHHs BaHTaXiB, 3pYUYHICTH ITi/IBE3CH-
HS-BUBE3CHHS, PETYJIPHICTH IEPeBE3CHb, KOMILICKC-
HICTh 00CIyrOBYBaHHS Ta 1HIII SKICHI XapaKTEPUCTUKH.

Co0iBapTicTh aPECHOI TOCTABKKA € HaWBa)XIUBI-
MM y3arajbHIOIOYHM ITOKa3HUKOM, L0 XapaKTepu3ye
€KOHOMIYHY CTOPOHY AisJIBHOCTI CIIy»KOW JOCTaBKH. Y
Hiil Bi1oOpaxaeThCs AKICTh yCiel poOoTH:

CTaH TEXHIYHOI OCHAIEHOCTI,

CTYIIiHb BUKOPHCTaHHS OCHOBHHX 3aC00iB,

piBEeHb 3aCTOCOBYBaHHX HOPMATHBIB BHUTpAT YCIX
BHIIB peCypciB,

KaJIpoBa MOJITHKA,

SIKICTB YTIPaBIIiHCHKOT Mparli
Ta 0araTo HIIMX XapaKTePUCTHK Ta MOKAa3HUKIB pOOOTH
HiINPUEMCTBA.

3arayibHI BUTpAaTH HA OPraHi3aIlilo aapecHoi moc-
TaBKH MOXKHA MPEJCTAaBUTH TAKUM YHHOM

B:Bnocm+B3M’ (1)

ne B"°“" — nocriitni Butpatu, rpu.; B* — 3minmi

BUTpPATH, IPH.

B mpomneci po3Be3eHHsS 3aMOBIICHb KIi€HTaM Oe-
PYTh ydacTh INEpEeBI3HMK (TpaHCIOPT) i po3xpiOHa Me-
pexa. LlinsoBa QyHKIIS TaHOTO MPOIECy MaTUME TaKHI
BUIJISA

m n
B=)B""+> B* — min, 2)
i=l1 i=l1
e B"°°"™, B* — BinmoBigHO 3aranbpHi MOCTIiiiHI, 3MiHHI

BUTpaTH TPAHCIIOPTY IIiJ Yac pPO3BE3CHHS BAHTAXIB Bij
TOPTiBEIBLHUX TOYOK PO3APIOHOI Mepexi a0 KI€HTa
MIPOTATOM JI00H i-MU MapIIpyTaMH, TPH.; M — KUIBKICTb
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MapHIpyTiB, 110 0OCIYrOBYIOTh KJII€HTIB, OA.; 7 — KlJIb-
KiCTb ITYHKTIB 3aBE3€HHS, OJI.

PosnucaBmu cknanosi BuTpaT B hopmyui (2) mae-
MO

B — Bl’lDCWl "IZW +B3A/l ‘L3a2 , (3)

nme T

", — 4dac poOOTH Ha MapupyTi, rox; L

sqe — 3aralb-

HUI IPOOIr TPAaHCIIOPTHOTO 3aCO0Y, KM.
3aranpHUIA MPOOIr po3paxoByeThHCS 3a HOPMYIIO0

Logo =1l + 1oy + 1y, “4)

ae l, — xXomoctuit mpoGir, kM; Iy, — NpoOir 3 BaHTa-
&KeM, KM; [y — Hy/IbOBUH NPoOIr, KM.

Yac poboTn Ha MapmIpyTi pO3paxoBYeTHCA 3a (o-
pMyJI010

T, = Lpyx Tlnep » (5)
Lsan
Lo =7, (6)

ae V — cepeniHs LIBUAKICTh PyXy Ha MapuIpyTi, KM/TOJI.
CyMapHuii 4ac TepepB y pycl BH3HAYAETHCS 3a
¢dhopmyIoro

Tnep =1to Tloon (N

e f, — 4ac Ha OYiKyBaHHS Kii€HTa abo 30MpaHHs 3aMo-
BJICHHS, TOJ; fxon — YaC Ha JIOCTaBKY 10 ABEpeil Kili€HTa
(sxmIo € motpeba), ro.

3MiHHI BUTpPAaTH BPaXxOBYIOTh HOPMATHBHI 3HAYCH-
HS BUTpAT Ha | KM mpoliry Ta 3aramsHuIA 1poOir. Tloc-
TilHI BUTpPATH BKIIOYAIOTH BHTPATH Ha 3apoOiTHY IUIa-
Ty.

Butparu no 3apo0iTHii ruiaTi BOAiiB CKJIaJal0ThCs
13 3apo0iTHOT tu1atu no Tapudy ( 3,, ), 3apoOiTHOT TuIaTH

3a ekcruryaramio (3., ), npemii 3 ¢ongy 3apobiTHOT

wiat (3, ), 104aTKoBOI 3apobiTHOT r1atH ( 3, )

311 =3, -1y + 3pepy + 35p + 3coy » (8)
Jis BomiiB TpaHCTIOPTHOTO 3ac00y 3apobiTHA TuIa-
Ta 3a TapudoM ITOpiBHIOE

3,=C,, ©))

ne C; — 6a3oBa TapudHa cTaBKa Kyp'epa 3a OJIHE 3aMOB-
nenns, C; = 20 TpH./0x.

3

eKcn

=Cey L,

K.

(10)

ae C,,,— CTaBka 3a KUIOMETp 3arajbHOro Impooiry,
C,,, = 6 TpH/KM.

TIpemiss 3a BUCOKOSIKICHE BUKOHAHHS 3aBIaHHSI
MIPUHMAETHCS 10 TPUHHATIM HA MiIIPUEMCTBI CHCTEMI
TIpeMitoBaHHS

3=3H

np m.ﬁa (11)

ne I1— Bincotok mpemii, I7= 50 %.
HapaxyBaHHs 3a comiajdbHE CTpaxyBaHHS poO3pa-
XOBYETBCS 32 (OPMYJIOIO

30T

=00 “”

ne T — TapudHa cTaBKa BipaxyBaHb 10 (OHIIB,
T=22%.

Skmo obpartu ¢ikcoBaHy BapticTh A/l s KitieH-
Ta HE3aJIe:KHO BiJ BifCTaHi Ta Bard 3aMOBJICHHS, TO1
KJIieHT OyJe cruladyBaTH BOJI€BI 3a Horo npaio. Tooto
3apo0iTHA TIaTa BOAIA OyIe CTAHOBUTH

3qu=n3qu +3np‘ (13)

ne Sy — bikcoBaHa BapTiCTh JOCTABKH, IPH

Yac mocTaBKH 3aJICKUTH BiJl TAKHUX ITapaMeTpiB

ne, . . ynoe
tif = f Oy R L) (14)
ne d; — KOeQILIEHT yXuily Ha LUBIXY PyXy Bil i-To

ydacHHKa PO3IpiOHOI Mepexi 10 j-To KITi€HTa B X-1 30H1
obcmyroByBanHs; R,;; — KoeillieHT HENPSIMOIiHIlHO-

cri cnomyuenns; Ly’

— BiICTaHP BiJ i-TO yYacHHUKa
po3apiOHOi Mepexi 10 j-TO KIIiEHTa B X-H 30HI 00CITyTO-
BYBaHH!, KM.

AJZlpecHa JIOCTaBKa MOXE BiIOyBaTHCS OIHUM 3
aNbTEPHATHBHUM CIIOCOOIB: IUIIXOM JOCTABKH 3aMOB-
JICHHS JICTKOBHMH aBTOMOOUISIMH 3 JBHTYHOM BHYTpi-
IIHBOTO 3rOPaHHs, BEJIOCHUIIENAMH, IOCTABKAa MICHKHM
NacaXUPCHKUM TPAHCIIOPTOM, «IIOMyTHa» Ta Mila J0c-
TaBKU y Mexkax MmicTa (crowd-shipping) Toimo.

[Tpu nepepaxyHKy BCiX BUTPAT JOCTABKH LUIIXOM
HepeBe3eHHs JIETKOBMM aBTOMOOIIEM HEOoOXiIHO Bpa-
XOBYBAaTH yCi CTaTTi MOXJIHMBHX BHTpar. Jlo HHX cIix
BIJIHECTH BUTPaTH Ha INajMBO, BUTPATH Ha MAaCTUJIbHI
MaTepiany, BUTPATH Ha BiAHOBJICHHS 3HOCY i PEMOHT
LIMH TPAHCIIOPTHOT'O 3aco0y, BUTPATH HAa TEXHIYHE 00-
CIIyTOBYBaHHS Ta PEMOHT TPAHCIOPTHOTrO 3aco0y, BU-
TpaTH Ha aMOPTH3alliifHI BigpaxyBaHHS Ta 00OB'SI3KOBE
CTpaxyBaHHS [HUBIJIBHO-IIPABOBOT  BIAMOBIAAIBHOCTI
BJIACHMKIB TPAHCIIOPTHHX 3aCO0IB.

Butparu Ha manuBo Al JIETKOBUX aBTOMOOLIEH 3
JIBUTYHOM BHYTPILIIHBOTO 3rOPaHHs BU3HAYAIOTHCS

B, =H, 1], (15)

ne H, — nopmarusHi BuTpaty nanusa Ha 100 kM, 1/100
kM; [, —11iHa 3a JTiTp NaauBa, rpH.

BI/ITpaTI/I Ha MaCTHJIbHI MaTepiaJm BHU3HAYAKOTHCA

H
BMM — M.M. _HMM +
’ 100 '
. (16)
— mp.m. . U + HK..M. 'H
- 100 mp.m. 100 K.M.?
ne H, ,, — HopMa BUTpaT MOTOpHOro Macia Ha 100 kM
npobiry, 1; H,,, , — HOpMa BHUTPAT TPAHCMICIHHOrO

macna Ha 100 kM npobiry, n; H, , — HOpMa BHUTpaT
KOHCHCTEeHTHOro Mactiia Ha 100 kM npo6iry, xr; I, ,,,
Ly iy — LiHA MOTOPHOTO, TPAaHCMICIHHOrO

Macell 1 KOHCHCTEHTHOTO MacTHJIa BiAMOBIIHO, TPH./TI.
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Burpard Ha BiZHOBICHHS 3HOCY i PEMOHT ILIHMH
TPAHCIIOPTHOT'O 33006y BHU3HAYAKOTHCA
_ H w’ 4 w Pk

, 17
w 1000 {17

ne H,, — Hopma 3HOCcy Ha 1000 kM mpo0iry, IpH./KM;
I],, — miHa OJHI€l IWIMHM, TPH.; N, — KUIBKICTh KOJIC

0e3 ypaxyBaHHS 3aIlaCKH, OJI.
Burparn Ha TexHiyHEe 00CITyrOBYBaHHS Ta PEMOHT
TPAHCIOPTHOTO 3ac00y BU3HAYAIOTHCS

HPaM7T0

Bpew 10 =000

ne Hp,, 10 — HOpMa Butpar Ha TO i excrutyaramii-

(18)

Huit pemonT Ha 1000 kM npoOiry, rpH./1000 kM.

Butparn Ha amopTu3auiliHi BiipaxyBaHHs, 10 BU-
3HAYAETHCSI HA [TOBHE BIJIHOBJICHHS aBTOMOOLIS Ha 1 KM
npo0iry

_ Mgy U aemo (19)
am — ’
100000

ne H,, — HOpMa aMOpPTH3aIliHHUX BiJpaxyBaHb Ha IO-
BHE BigHOBJIEHHS aBTOMOoOUTI Ha 100 000 KM mpoObiry;
I 44mo — PUHKOBA BapTiCTh aBTOMOOIA, TPH.

AmopTu3auiiiHi BipaxyBaHHsS Ha KalliTaJbHUN
PEMOHT TPAaHCIIOPTHOTrO 3aco0y Ha 1 KM mpooiry

_ HKp 'Ha@mo

—_kp Tasmo 20
ant 100000 0)

Jec HKp — HOpMa aMOPTU3alIMHUX BLAPAXyBaHb Ha Ka-

MITATEHUA PEMOHT aBTOMOOIIIA. 3a3BUYail MPUIAMAETHCS
H,, =0,02.

OOOB'A3KOBE  CTpaxyBaHHS  LMBUILHO-IIPABOBOT
BIJINIOBIJAJIEHOCTI BJIACHHKIB TPAHCIOPTHHX 3acO0IB Ha
1 kM mpobiry po3paxoBYIOThCS 32 (OPMYIIO0

B _ Ucmp _asmo + ll
cmp _aémo — I ’
'piK
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A€ Uy agmo — BAPTICTH CTPAaXyBaHHs TPAHCIIOPTHO-
ro 3aco0y, rpH.; L,; — pi4Hui OpoGir TPaHCIOPTHOTO

3aco0y, KM.
OO00B'A3KOBE CTpaxyBaHHsS BOJIIB BiJl HEIIaCHOTO
BUIIAJKy Ha TPAHCHOPTI pO3PaxoBYIOTHCS 32 (OPMYJIIOI0

n, 1]
chp_g — % , (22)
'piK

ne .y, , — BapTICTh CTPaxyBaHHs; BOJIIB, IPH.; 1, —

KUTBKICTB BOI{B, IIO MPAIIOIOTh.
TakuM 9MHOM, CyMapHi BUTpPaTH Ha OPraHi3aliio
JIOCTaBKH aBTOMOOLIIEM PO3PaXOBYETHCS 32 (POPMYIIOIO

Basmo = Bn +BM.M +Bm +BP€M_TO + 23)
+B, +chp_a6mo +chp_3'

JlocTaBka aBTOMOOiJIEM Ma€ 3HAYHO OiNblle BU-
TpaT ISl TOProBoi Mepexi, sIKIIO MOPiBHIOBATH 13 BH-

TpaTamul MpH JOCTaBIi BenocureaoM. Ha Timi miHu Ha
MajJbHEe PO3BHUTOK BEIOCHIEIHHX KYp'€pCHKHX CITyKO
Hece TaKoX 1 eKOHOMi4Huil moteHuian. OCHOBHOIO Iie-
peBarolo JI0CTaBKH aBTOMOOIJIEM € IBHJKICTh JTOCTaBKH
Ha BEJIMKI BiJICTaHi, a TaKOX MOTOJHI YMOBU HE BIUIU-
BalOTh Ha KOM(OPT POOOTH Kyp'epa.

JlocTaBka BelloCHIIEJaMU PO3BHHEHA y BCIX MiCTax
VYxpaian Ta Kazaxcrany, ne € MOXKIIMBICTD Ta HEOOXif-
HICTh TOMIOHUX BUAIB Kyp'€pCHKUX TOCIYT, OCKiIBKH
BEJIOCUIIE]] € AIBTEPHATHBHUM TPAHCIIOPTHHUM 3aC000M,
IO CHpHs€ OXOPOHI HAaBKOJWIIHBOTO CEPEAOBHIIA Ta
MIATPUMIII SKOJIOTIT MiCT.

IcHy10TB Taki nmepeBaru Kyp'epiB Ha BEJIOCHIIE/:

— IUBUJKICTH [JOCTaBKU. Benocumen BH3HaHMN
HAWIIBUANINM TPAHCIIOPTOM Y CBITI Ha BIACTaHIX [0
5 KM;

— 3aTOpH BIUIMBAIOTh HA Yac JIOCTAaBKH BEJIOCHIIE-
AOM;

— EeKOJIOTivHICTh. BemocumenHi kyp'epm He crma-
JIOIOTH MAJIMBO Ta HE 3a0pYIHIOIOTh HABKOJIUIIHE cepe-
JIOBHIIIE;

— BCEOCSKHICTB. Benokyp'epy 3MOKyTh JOCTaBUTH
3aMOBJICHHs OyAb-Kyau (MILIOXiJHI BYJIHI, CKJIaIChKi
MPUMIIICHHS TOIIIO);

— HM3bKa BapTicTh. Besokyp'epu He BUTpayaroTh
KOIUTH Ha TallbHe, a aMOPTU3allisl BEJOCHIIE/la 3HAYHO
JIEHIEBIIa, HiXK aBTOMOO1JIA.

3arayiibHI BUTpaTH HA OPraHi3allil0 BEJIOJOCTABKH
BKJIIOYAIOTh: KyHiBisA a00 OpeHaa BelocHmea, aMOpTH-
3aIlisl BEJIOCHIIE1a, 3apIuiaTa Kyp'epy.

BignoBigHO 10 0cOOMMBOCTEH MepecyBaHHS BEIIO-
CHIIEIOM OOTPYHTOBAHO KJIIOUOBI MPHHIUIN TUIAHYBaH-
HS1 BEJIOCHIIETHOT MEPEeXi 10 SKUX HalleXKaTh:

MaKCUMallbHa TIPSAMOJIHIHHICTh MUISAXIB TPOIS-
TaHHS MapuIpyTy;

3abe3neueHHs 3B’ SI3HOCTI MEpexi, sika XapaKTepu-
3YEThCS MOXKIIHUBICTIO peaii3yBaTH MOi3AKy Oe3 HeoO-
X1THOCTI Tiepexoay 10 iHIMX (GopM nepecyBaHHs;

OpIEHTOBaHICTh HA METY MOI3JKH 1 TUIIH KOPHUCTY-
BadiB, KA pPealli3yeThCs 3a PaxXyHOK KOMOiHaIii Gopm
opraizamii pyxy 1 BHIUICHHS pPi3HHX pIiBHIB iepapXii
Mepexi;

BpaxyBaHHS PiBHA (i3W9HOT POOOTH, HEOOXimHOT
JUIS peantizanii Moi3IKu 3a paXyHOK BHOOpY HUISXY MPO-
XOJ/DKEHHSI BEJOCHIIETHOTO MapHIpyTy 1 iHTerpamii 3
rPOMaJICBKHM TPAHCIIOPTOM;

3a0e3mneueHHs 0e3MeKH PyXy BEIOCUTISINCTA;

oprasizailisi JOCTYITHOCTI MEpexi IS BEJOCHIIe-
TUCTIB y Oe3nocepenHiii 0IM3bKOCTI 10 00’ €KTIB TSDKiH-
HS;

MakcuMi3amis eh)eKTHUBHOCTI CTBOpEHHS (pparmeH-
Ty BEJIOMEPEKi 3a paxyHOK Ii piopUTH3aLlii.

Mo>kHa BiZI3HAYUTH OCHOBHI KaTeropii Qakropis
BHOOpY LIIAXY PYXY:

Oesreka,

koMopT,

(bi3uyHa CKIIAJHICTD IepeCyBaHHs.

JI1st oIiHKK 3HAYYIIOCTI KOXKHOTO 3 TOKa3HUKIB
HEOOXiJHO HaJgaTH KUTBKICHI OWIHKK (akTopam, i
4oro B KOXHIW Kareropii Oynu BWAUIEHI MapameTpu
IUIIXY PYXY, SKi MOXYTh OyTH BHpa)keHi KUIbKICHO, a
came:
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— Oe3neka: MBUIKICTH MOTOPHU30BAHOTO TPAHCIIO-
PTY, KUIBKICTB JIiBMX HOBOPOTIB; 3aranbHa KUIBKICTb
MOBOPOTIB, IIUIBHICTh BYJIMYHOIO NMAapKyBaHHS, 4acTKa
LUIIXY, IO MPOXOJIUTh MO (i3UYHO BiTOKpEeMIICHIN iH-
pacTpykrypi;

— CKJAIHICTh MAapIIPYTy: HPOTKHICTH, (Pi3muHE
HaBaHTa)KCHHS;

— KOM(}OPT: KUTBKICTh PEryIbOBaHUX ITEPEXPECTb.

Jus dopmamizarii mokasHuKa (i3smYHOTO HaBaH-
Ta)XCHHS (HaKOIMYCHOTO 3yCHIUIS) HEOOXiTHO PO3IIIs-
HYTH, K BiIOyBa€ThCS IPOLIEC MPUBEICHHS BeJIOCUIIEeNa
B pyX 3a jonoMoroo (izndHoi cuinu JoauHd. [loTyx-
HICTBh, HEOOXIJJHA ISl PyXy Ha BEJIOCUIIE], € (QYHKIIIE0
OIIOpY MOBITPSI, ONIOPY KOYEHHIO, 1 CXHJIOBHUX CHJI OIIOPY
1 MOXK€ BHPa)KaTUCh PIBHSIHHAM [7]

N, =[K,-(V+V,)} +m-g-(s+Cp)]-V, (24)

ne N,, — NOTyXHicTb Benocumenucta, Br; K, — koe-
¢hilieHT aepoAMHAMIYHOrO Omopy, Kr/M; V — mBHA-
KICTh pPyXy BEJIOCHNEANCTA, M/C; V,, — MBHIKICTH 3y-

CTPIYHOTO BITPY, M/C; m — CyMa MacH BEJIOCHUIICIUCTA i
BEJIOCHIIENA, KI; g — HPMCKOPEHHs CHJIU TSKIHHA, M/C2;
§ — TO3IOBXHIN yxun gopord, %; Cp — Koe(ilieHT
OTI0pYy KOUYEHHIO.

3a3Ha4aeThCs, MO0 MIBHIAKICTH 3YCTPIYHOTO BITPY
3aJIeXKHUTh BiJl aOCONIOTHOT IIBUJIKOCTI Ta HAIPSMY BiT-
pY, HIBUAKOCTI Ta IIOJIOKEHHSI BEJIOCUIIEAA IO BiIHO-
LICHHIO 10 HanpsMKy BiTpy. HIBHAKICTH 3ycTpidyHOTO
BITPY B JJAHOMY JTOCJIIKCHHI BUKJIFOUYCHO, OCKIIBKH BiH
HE € MOCTIIHOI0 BEIMYMHOK. AepoIuHaMiuHui (akTop
OTOpY, 3aJCKHUTh BiJl PO3MIPY BEIOCHUICIUCTA, HOTO
TIOJIOKEHHS Ha BEJIOCHIIC]II, OJATY, TEMIIEPATYPH, THCKY
i BostorocTi moBiTps. sl MiChKOTO BEOCHTIEINCTA, IO
3MIACHIOE aJpEeCHy JOCTaBKY Koe(ilieHT aepoanHaMid-
HOTO onopy pekoMmeHaoBaHo npuitsata 0,387. 3 ypaxy-
BaHHSAM IBOTO PIBHSHHS (24) MOXe OyTH CIPOIICHUI
JI0 Takoro Buriysiny [7]

N, =[K,-VZ+m-g-(s+Cp)]-V. (25)

Mo>Ha TPHUIYCTHUTH, M0 B HOPMAbHUX YMOBax
BEJIOCUTIETUCT Oy/Ie PyXaTHCs Y TPAHCIOPTHOMY TOTOII
3 (hiKCOBaHOIO MIBHJKICTIO, JTOCSITHEHHS SKOi HE BHMa-
rae HaJMipHUX 3yCHJIb. SIKIIIO MPHITYCTHTH, IO KYp €PY

HEOOXIJHO IIBHAKO JOCTABUTH 3aMOBJIEHHS, TOOTO
N,, = N nax > Toai BUpa3 (25) mae Burisa [7]
N,
‘/i max ( )

T Ky VEimeg(s +C)-(Y(Ke +1))

Yac mpoXoKeHHsT TUISHKA Ha OCHOBI OTPHMaHOL
MIBHUAKOCTI BH3HAYAECTHCS 3a 3araJIbHOBIJIOMOIO 3aJIEXK-
HICTIO.

Toni ¢ismyHa poOOTa BENOCHIIEANCTA HA JIJISTHILI
MEpEexi MOYKHA BU3HAYUTH SIK

w:, =N

; in 't 27

A cymapha ¢iznyna pobora abo HakONHUYEHE 3y-
CHJUIS HA MapIIPYTi TOPIBHIOE

Wj :ZWM .

(28)

Oco0aMBOCTSIMH PYXY BEJIOCHIIEIHOTO TPAHCIIOP-
Ty € Te, 0 Mepeka, SIKOI0 MOXKE MepecyBaTHCs BEJOo-
CHIIEJI, € 3HAUYHO OLITBII PO3rayKeHOI0 HIXK Meperxa JUis
ABTOMOOUIBHOTO TpaHcHopTy. ToMy HpH MOZEIIOBaHHI
MOXIIMBHX IUISIXIB PyXy BEJIOCHIIEANCTa HEOOXIIHO
BKITIOYATH TaKi €IEMEHTH MEPEXKi, SIK JOPIKKH, CTEKKH,
MIIITOXIIHI Ta BEJIOCUIIEIH] MOCTH Ta 1HIII €JIEMEHTH.

[Ipu moctaBi MiCBKHM MAacaKUPCHKUM TPAHCIIOP-
ToM 200 TIMUM Kyp’€pOM BHTPATH HA 3apOOiTHY IUIATy
Kyp’€epy Ta IpH HEOOXiTHOCTI IuIaTa 3a mpoiza. Yac mo-
CTaBKH 3aJICKHUTH BiJ BiAmaseHOCTI po3apiOHEHOI Me-
PeXi 70 KITi€HTA.

SIKIo Kyp’ep KOPUCTYETHCS MICBKUM IacaKHPCh-
KHM TPaHCIIOPTOM, TO TaKOX BIUIUBAE rpadik pyxy mna-
Ca)KHMPCHKOTO TPAHCIIOPTY.

3a3Buyail Kyp'epu XOITh Ha BiACTaHi HE Oinble
Hix (800-1000) M Bixg ToukH po3apiOHOT Mepexi, ajs
OUTBII TaJeKWX 3aMOBIICHb € aBTOKYp'epH, ajie iHOMI Ha
TaKi 3aMOBJICHHS BiIIPaBJIAIOTH 1 MIIIKUX Kyp'epiB — TOM1
BOHH inyTh aBTOOycOM a0b0 HaBiTh Takci. SKmo aBTOOY-
ca JIOBro HeMae i Kyp'ep CII3HIOETHCS, TO MOXYTb B3H-
MaTH TpadHy IUIATy 32 HECBOEYACHICTH abo 30BCIM
BiZIMOBUTHCEH BiJ| 3aMOBJICHHS.

Butpatn wacy 0OyMOBIIOIOTBCS IIBHAKICTIO.
HIBuaKicTh pyxy MILIOXONY 3aJISKUTh Bil OaraTbox
(axropis.

JIOCHiTHUKY  BiJOKPEMIIIOIOTh  TaKi
LIBHUJIKOCTI JJIs PI3HUX KaTeropid mozaeH [8]:

UL MOJOAWX JoAed BikoM 1o 18 pokiB —
5 xm/rox;

I 4JONIOBIKIB — 4,5 KM/TOJ;
3,7 xm/Tox;

JUTS METIIKAHI[IB TIOHA 65 pOKiB — 3 KM/TOJ.

Ha mpaktumi npuiiMaioTh pi3HY CepeiHIo IIBHII-
KICTh CIIOJIy4EHHSI Ha TPAHCIOPTI JUIA Pi3HUX MICT Ta
pi3HMX BHIB TpaHcropTy. Ii Mexi MicTaTbCs B mianaso-
Hi Bixg 18 xm/rog mo 50 KM/rox 3ajiexHO Bijg Micra, ro-
JUHU 00U Ta HU3KY 1HIIHX (akTopis [9].

Jlist MozieNtoBaHHSI CHCTEMH aJpeCHOi JI0CTaBKH
BUKOPHCTAHI XapaKTEPUCTUKU HaWOUIbIIOI po3apiOHOT
TOpriBeIbHOT Mepexi B YkpaiHi. L1 ykpaiHcbka Mepexa
CYIIepMapKeTiB € HaHOUIBIIIOIO K 32 TOBAPOOOIroM, Tak
1 32 YHUCIIOM TOPrOBENBHUX TOYOK. 3 MOYATKOM KapaH-
TUHHHUX OOMEKeHb, KOMIIaHig BiIKpHUIIa IEPIIHIA B Kpai-
Hi IHTEpHET-Mara3uH HOBHOTO IIMKIIY, & OTXKE 1 MUTaHHA
partioHamizalii agpecHoi TOCTaBKU 1 BUKIWKAE iHTEpeC.
B sxocti paiioHy 0OCIyroByBaHHS B3ATa TEPUTODIA
M. XapkoBa. Cxema paifoHy 0OCIyroByBaHHS IIpHBeEJIe-
Ha Ha puc. 1.

ITix paiioHoM OOCIYrOBYBaHHS CXiJl PO3YMITH Te-
PHUTOPIIO, B MeXaxX SIKOi MOCTaYalbHUK OOCIyTOBYE KITi-
enriB. ®opma 1 po3mip paiioHy 0OCIyroByBaHHs pi3Hi i
3aJieKaTh BiJl TakuX (PAKTOPIB SK MiCIE3HAXOKCHHS
MATIPUEMCTBA, XapakTepy NPONOHOBAaHMX TOBapiB abo
nociyr [10].

3BHuaiiHo, 31 30UIBIICHHSM BiJICTaHI MiX MiCLEM
po3TalryBaHHS BiJNIPaBHUKA 1 Of€p)KyBada 301IbIIy€ETh-
CSl BapTICTh AOCTaBKH. Tak, I pO3paxyHKy BapTOCTi
JOCTaBKU 110 XapKoBy, 3 OISy HA 3HAYHY HOTo IUIo-
1y, po3polsieHo OaraTbMa KOMIAHISIME P TapupHUX
30H 1 IUIsl JOCTaBKH B KOXHY 3 IIMX 30H BiIIMOBiIHO
BCTAHOBJIFOETHCS CBiH Tapud.

TIOKa3HUKH

UIS KIHOK —
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Puc. 1. Cxema 00’€KTy DOCIiIKESHHS

Y KOXHOI CIyOW JOCTaBKHM BIIACHUHA TOIIN Ha
TapudHi 30HU 1 cBilf TapuHUH TUIAH A7 KOXKHOI 3 IIAX
30H. BijpmIiCTh MiANPHEMCTB HALUIIOE POOOTY CBOEL
JIOTICTHYHOI CUCTEMH Ha MaKcHMi3amilo pHOyTKY.

Jlns  oprawizamii agpecHOi JOCTaBKH JISTKOBUM
TPAaHCIIOPTHUM 3aCOOOM  3aIpPOIIOHOBAHO PO3JUINTH
IUIOLIY MICTa Ha 5 OJTHAKOBHX PAalOHIB Ta 3aKpillUTH 3a
KOKHUM 3 HHX aBTOMOOLI. JlocTaBKa 31HCHIOETHCS HA
po3Bi3HOMY Mapiipyty. [Ipy BH3HAuYCHHI 3arajibHOTO
noboBoro mpoOiry HeoOXiZHO BpaxyBaTH KoedillieHT
HETIPSIMOJIIHIMHOCTI JOPOKHBOT Mepexi, 10 BH3HAYa-
€THCS BiTHOMIEHHSM (DaKTUYHOI JOBXXWHH MapIIPyTy /10
JIOBXXHMHU MapIIpyTy BU3HAUEHOT 110 ITOBITPSAHIH JTiHID».

TakuM 4MHOM BHM3HAUCHI /IBa ITOKA3HUKHU BapTOCTi
oprasizamii agpecHol MIOCTaBKH PI3HUMH CIOCOOaMH
JIOCTABKU — 3MIHHI Ta TOCTii{HI BUTPATH, IO JA€ 3MOTY
OIIHUATH e(EKTUBHICTH TOTO YM IHIIIOTO CIIOCOOY 3iiic-
HEHHS aIpeCHOI JOCTaBKH (pHC. 2).

Burparu, rpH./Mmic.
35000

30000
25000
20000
15000
10000

0 I I I I

5000

aBTOMOOLIP  BEJIOCHIIEN MOIIE]T IIKH

Crocobu 10CTaBKH
YMOBHI MO3HAYEHHS: ® 3yminH] BuTpatd M [TocTiiiHi BUTPATH

Puc. 2. 3aransHi BUTpaTH
Ha OpraHi3alliio aJpecHol JOCTaBKHU 3a MiCSAIb

B cydacHux yMoBax, /e SKiCTh HalaHHS ITOCTYT Ta
cepBic mepeaye eKOHOMIYHHM ITOKa3HHUKaM, OCHOBHHM
MTOKa3HUKOM pOOOTH CIy»OW JOCTaBKH CTa€ caMe dac
JOCTaBKH.

Jlyis po3paxyHKy BUTpAT 4acy BEIOCHIICIOM, MO-
MeJI0M Ta TIIIKKA MPUAHATO HACTYIHI 3HAYEHHS IIBH/I-
KOCTei:

cepenHsl INBUJKICTH BEJIOCHIEAY B MicTi —
18 xm/rop;

CepeIHs MBHIKICTh MOTIEY B MicTi — 25 KM/TOx;

CepelHs INBUAKICTb XONBOW JJs YOJOBIKIB —
4,5 km/rox;

CepeaHs MBHUIKICTh aBTOMOO1IS — 40 KM/TOI.

Yac OOCTaBKH BEJIOCHUIEIOM, MOIEIOM Ta IIIIKH
BH3HAYAIOTHCS 32 YMOBH BHKOHAHHS JOCTaBKH OJHOTO
3aMOBJICHHSI 3 OJJHIE] TOPTOBOT TOUKH.

IIpuiimaeTbes AOMYILIEHHS, 1O OAMH BEJIOCHUIIE-
JIUCT, BOMAIN Momena Ta Kyp e€p, IO 3iHCHIOE TOCTaBKY
MIITKA, 3aKPITUTIOIOTHCS 32 KOHKPETHOIO TOPTiBEIHHOIO
TOYKOI0, 3 SKOi OyJe 3MiHCHEHO JOCTaBKa 3aMOBJICHb
(Tabm. 1).

Tabnuys 1 — Pe3yibTaTH po3paxyHKiB BUTpAT dacy
a/iPeCcHO JOCTABKH 0JJHOT'0 3aMOBJICHHS
Ta cobiBapTicTh MepeBe3eHb

. Butparu uac CooiBapTicTh

Crocio P y P

HA BUKOHAHHS JI0CTABKH,

JOCTABKH

3aMOBJIEHHS, XB. rpH./3aM.
ABTOMOOGLIEM 10 82
Mormnenom 38 26
Bemocumemom 39 24
Timku 51 23
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Buxonsun 3 mpeacraBieHHX po3paxyHKIB HaiiMe-
HIy cO0IBapTICTh Mae IIilla JOCTaBKa, ajie MpHU BHOOPI
croco0y aApecHOi T0CTaBKH CIIiji BpaXOBYBaTH BUMOTH
KJII€EHTA, & OCHOBHUMH KPUTEPisIMU BUOOPY € HE TiIJIbKH
BapTiCTh, a e 1 Yac mocTaBku. [y bOro HEOOXiTHO
PO3TISIHYTH BHMOTH KIIEHTIB A0 aIpECcHOI IJOCTaBKU
MIPOXYKTIB XapuyBaHH, IPOPAHKyBaTH OCHOBHI KpHUTe-
pii.

Ha ocHOBi excmepTHOr0 MeToqy OaibHOI OIIHKH
KOXKEH 3 CII0COOIB aJpecHOi JOCTaBKH MAaTHME CBiit
CTYIIiHB 3a KpuTepismu. OOupaeThes ToH cmocid mocra-
BKH, 1110 Ma€ HalMEHIINY CyMapHUW PaHT.

3a pe3yibTaTd paH)XyBaHHS BU3HAYEHO, IO MJIA
BHIIAJIKY, KOJH KIIIEHTOBI HEOOXiIHO TEPMIHOBO JOCTa-
BUTH, TO KJIIEHT OOMpaTUME CIOCIO JOCTaBKU aBTOMOOI-
JieM, a OT)XKe NEepUIMH crocid IOCTaBKM MaTHME BHUIIY
OIIIHKY.

Jiis BUMAAKY, KONK y KIIIEHTA B TPIOPHUTETI Haii-
JEMIEeBIINHN CIOCIO TOCTaBKH, TO BiH 0oOepe Mimy 1ocTa-
BKy. Ciij 3a3Ha4nTH, IO KOJHM BUTPATH HA JOCTaBKY
piBHO3HAYHI AJIs KIIi€HTa, TO CYMapHHHA PEHTHHT It

BCIX cXeM JOCTaBKHU 6y,ue OHHaKOBHﬁ, 10 T'OBOPHTH,
apo MO>KJIMBICTE BUKOPUCTAHHA 6yﬂb-${KOFO 3 mpeacra-
BJIEHHX CITOCO0IB a[lpeCHO.I. JOCTaBKH.

BucnoBku

BuxopucraHHs TNpEICTaBICHOI METOIUKH Jla€
3MOTY OLIHUTH BapTiCTh 3A1HCHEHHS aIPECHOT I0OCTaBKH
PI3HUMU crloco0aMu 3 ypaxyBaHHs HOTPeO KIIIEHTIB.

AHani3 icHyI04HX CIIOCOOIB OpraHizaiii agpecHol
JIOCTaBKH JIa€ 3MOI'y BUUTUTH OCHOBHI 3 HHX: JIOCTaBKa
JIETKOBUMH aBTOMOOUISIMU 3 JBUI'YHOM BHYTPILIHBOTO
3rOpaHHs, BEJIOCHIICIaMH, MOIIEaMH Ta ITiIla JOCTABKH
y MeXax Micra.

OmHUMU 3 OCHOBHHX KPHUTEpIiiB, IO XapaKTepU3ye
e(eKTHBHICTH BIPOBAKCHHS ANBTEPHATHBHOTO CIIOCO-
Oy azmpecHOi JOCTaBKH € cOOiBapTiCTh TOCTABKH Ta Hac
Ha 3I1HCHEHHS TaKol JOCTaBKH.

[MoxanpuiuM HampsIMKOM HPOBEAEHHS TOCIIKEHb
€ TIOPIBHSHHS €(EKTUBHOCTI BHKOPUCTAaHHS HalMaHUX
MOCIIYT iICHYIOUHX KYP €PCHKHX CIIy>KO Ta BIIPOBAIKEH-
Hs BJIACHOI aJpECHOI IOCTABKHU.
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An approach to selecting alternative methods
of home-refill delivery
Kateryna Kovtsur, Nazgul Eskozhanova

Abstract. The article considers alternative ways of making home-refill delivery, such as delivery by car, delivery by
moped, bicycle and on foot by courier. The study identifies factors that influence the cost of delivery. For specific delivery condi-
tions, rational alternatives for home-refill delivery are proposed that will ensure cost effectiveness, environmental sustainability,
and social compliance. Delivery costs and delivery time are proposed as an efficiency criterion. The presented results can be used
by enterprises-providers of goods in which home-refill delivery is organized and implemented.

Keywords: home-refill delivery, delivery time, delivery costs, retail network, transport.
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HepxaBHuil yHiBEpcUTET iHQpACTPYKTYypH Ta TeXHONOTiH, KuiB, Ykpaina

PO3POEKA MOJIEJII INIMBOKOI HEMPOHHOI MEPEXKI
JJIs1 OHIHKHU CTAHY MOPs HA OCHOBI PYXY CYIHA

AHoTauisi. Meror podotu € po3pobka Mozeni MUOOKOT HEHPOHHOT Mepexki I OLIHKH CTaHy MOPs Ha OCHOBI pyXy
Cy[QHa 3 BUKOPHCTAHHSIM IIiJIbHO TOB'SI3aHUX 3TOPTKOBUX HEHPOHHHX MEPEX Uil MiIBHIICHHS Oe3MeKd Ta e(eKTHBHOCTI,
TOYHOCTI, 3aJIE)KHOCT] Ta AWHAMIKU OLIHKH CTaHy MOps [UI BUPIIICHHS SIK 3aBIaHb KiIacudikalii, Tak 1 3aBaaHb perpecii. B
pe3ynerari mobynoBH Mozemi THOoKo1 HeHPOHHOT MepeKi OLIHKU CTaHy MOPsl HAa OCHOBI pyXy CyAHa Oynu OTpHMaHi Taki
pe3yIBTaTH: criouarky Oyia po3po0OieHa apXiTeKTypa Mepeski Ha OCHOBI IIUTEHO MOB'SI3aHNX 3TOPTKOBUX HEHPOHHHUX MEPExX
(DenseNet) 3 yHikaJIbHUM ITO€HAHHSIM Mofu(ikanii i mapis. Taka apxiTekTypa gae MOXKJIHBICTh €()eKTHBHO BpaxoByBaTH
3aJIeKHOCTI 1 TUHAMIKY pyXY Cy[IHA, IO IPH3BOJUTH 0 OIIBII TOYHOI OIIHKH cTaHy Mops. [lo-npyre, Mepexa Oyia HaBdeHa
iATOTOBJICHUM JaHUM PyXy CyIHA 3a JOIIOMOTOI0 ONTHUMI3aTopiB i (yHKLIN BTpat, miaiOpaHnX BiIIOBIIHO IO 3aBIaHHS
OIIHKU CTaHy Mops. TpeHyBaJpHHI HpolLeC MICTUB HaJAIITYBaHHS TilleprnapaMeTpiB, ONTUMI3aLi0 Bar Ta OLiHKY HPOIYK-
TUBHOCTI MOJIENTi 32 TeCTOBUMH JaHUMH. [10-TpeTe, Monens OIiHIOBaIacs 3a JaHUMHU BHIIPOOYBaHb 3a IOTIOMOTOIO BiAMOBI-
JHHUX METPHK y 3aJIeKHOCTI BiJf KOHKPETHOTO 3aBJAaHHS OLIHKU CTaHy Mops. Hanpuknaz, 11 3amadi knacudikarii BUKOpPHC-
TOBYBaJIacsl MaTPHUII TOYHOCTI 1 TOMIJIOK, a JUIA 3a7ad4i perpecii — cepeans abcomorHa nmoxudka (MAE) i cepenns kBampa-
THuHa oxnoka xkopens (MSE). Pesynbrarn noOynoBu Mozeni uOokoi HEHPOHHOT Mepexi JUIs OL[IHKU CTaHy MOpsI Ha OCHOBI
PYXy CyIHa MiATBEPIUKYIOTH ii e()eKTHBHICTB i 3HAUMMICTh JUII METH JIOCHIKEHHs. 3aCTOCYBaHHS TaKol MOJIENl BaXKIIHBO
caMe B KOHTEKCTi OL[IHKY CTaHy MOpsl. Brcoka TOYHICTb OIIHKYM JoroMarae npuiiMaty 01161 JOCTOBIPHI PillIeHHs i IIPOTHO-
3yBaTH MO>KJIMBI 3MiHH BiJJIIOBIJHO 10 MOPCEKUX YMOB, III0 BUHHKAIOTh Ha JAHUH Yac pyxy cyaHa. BpaxyBaHHs 3a5ie)KHOCTEH
1 IMHAMIKH pyXy Cy[HA JO3BOJISIE MOJIEIIIOBATH i1 aanTyBaTHCs 10 YMOB, IO 3MiHIOIOTHCS, 1110 HiJIBHINY€E HOTO TEXHOJIOTY-
HICTh Ta e()eKTUBHICTh. BUKOpHCTaHHS Takoi MOJEN CIIpHs€ MiABUIIECHHIO Oe3MEeKH Ta €(peKTUBHOCTI MOPCBHKUX OIEpalil,
onTUMi3amii BUKOPUCTAHHS PecypciB i 3amo0iraHHs MOXIMBHM aBapisM. TakuM YHHOM, MOJENb TIIHOOKOT HEHPOHHOI Me-
pexi, po3poOiieHa s OLIHKH CTaHy MOPS Ha OCHOBI PyXy CyIHA, € e(eKTHBHUM iHCTpyMEHTOM y cepi Oe3neku Ta edek-
THBHOCTi CYJHOIIABCTBA. 1i BUKOPHUCTaHHSA cIpuse GilbIl TOYHUM MPOTHO3AM i IPMHHATTIO OOIPYHTOBAHMX PillleHb, IO
Ba)KJIMBO JUIS1 MOPCHKUX OIepallii i 3a0e3nedeHHs 0e3MeKH CyTHOIUIaBCTBA B LILIIOMY.

Kaw4doBi cioBa: mmboka HelipoHHa Mepexa, MOIENb MEpeXi, OLiHKa CTaHy MOps, PyX CylHa, IIUTBHO IOB’s3aHa

3rOpPTKOBA HEHPOHHA MeperKa.

Beryn

IMocranoBka mpo6Jemu. OLiHKa cTaHy MOpSI € Ba-
JKITMBOIO 1 aKTyaJIbHOIO MPOOJIEMOI0 B 00J1aCTI MOPCHKOTO
cynHoruiaBeTBa i Hapiramii. CTaH MOpSI OXOIUTIOE HIMPO-
KAH CcrHekTp (i3MYHMX TapaMeTpiB 1 SBHIL, TaKHX SIK
XBHJII, BITEp, TEUil, JIiJ Ta iHIII (haKTOPH, [0 BILTUBAIOTH
Ha Oe3reky Ta e(h)eKTHBHICTh MOPCHKHX IepeBe3eHb. To-
YHa Ta JIOCTOBIpHA OI[iHKA CTaHy MOpPS Ma€ BHUpIiIIaJIbHE
3HAYEHHS JUTS TPUHHSTTS 00T pPyHTOBaHUX pillleHb, 3a0e3-
TIeYeHHs! Oe3IeKH CyIHOIUIABCTBA Ta ONTHUMI3alii orepa-
it Ha MOpi.

OnHak OLIHUTH CTaH MOPs CKJIQJHO 4epe3 KiJibKa
¢axropis. [lo-nepie, MOPChKE CepeIOBHIIE — 1€ AMHA-
MiYHE 1 MiHJINBE CEPEOBHUIIE, 1[0 BUMArae BpaxyBaHHS
YacoBUX 1 MPOCTOPOBMX KOJIMBaHb mapamerpiB. Ilo-
JpyTe, OIIBIIICTD ICHYIOYHX METO/IIB OLIHKU CTaHy MOPS
3acHOBaHI Ha (i3WIHUX MOIETAX, SIKi MOXKYTh OyTH He-
NMoBHUMHU abo npubim3HuMH. KpiMm Toro, oOpoOka Ta
aHali3 BEIMKUX OOCSTIB Pi3HOPITHUX TaHHUX BiJl Pi3HUX
JIATYUKIB € CKJIQJIHUM 3aBJIaHHSIM. Y CBIT/I IIMX CKJIaTHO-
IiB BUKOPUCTAHHS NIMOOKMX HEHPOHHHUX MEPEX INpen-
CTaBJIsI€ IEPCIICKTUBHUN HANPSMOK JOCIIIKEHb JUIS BU-
pilIeHHs TPOOIEMH OLIHKH CTaHy MOPSL.

BukopucranHs mmO0KUX HEHPOHHUX MEpexX B 00-
JIaCTi OLIHKK CTaHy MOpS 1 pyXy Cy[Ha Ma€ psiJI IepeBar:

1. O6pobKa cKIIaAHNX 1 HECTPYKTYPOBAaHHUX JAaHUX:
IMOOKI HEHPOHHI Mepesxi JO3BOJISIOTh €(EKTHBHO Ipa-
LIOBATH 3 BEIMKUMH OOCSTaMM JaHUX, BKJIIOUAIOIH 30-
OpaXeHHSI, PalioIOKaIliifHi BUMIPIOBaHHS 1 MYJIBTHCEH-
copHi gaHi. Lle no3Bonsie BpaxoByBaTH pi3Hi (akTopH i

0COOIMBOCTI, TIOB'SI3aHi 3 OI[IHKOIO CTaHy MOPS 1 pyXOM
CyIHa.

2. ABTOMaTH3amig i TOYHICTh: BUKOpHCTAaHHS TITH-
OOKMX HEHPOHHHX MeEpeX MJ03BOJIIE aBTOMATH3yBaTH
NpOLIEC OLIHKK CTaHy MOpS 1 pyXy Cy/AHa, IO 3HUXYE
JIOACHKUI (hakTOp 1 MiABHMILYE TOYHICTH PE3YJIBTATIB.
I'muOoki HeMpOHHI Mepexi MOXKYTh BHSBIATH CKJIaHI
3aKOHOMIPHOCTI 1 3aJIE)KHOCTI B IaHUX, POOJISTYH OLIIHKY
O1b1I HA/IIHHOIO 1 TOYHOIO.

3. Busienennst ta knacugikaiist 00'ekTiB: TIMOOKI
HEHpOHHI Mepexi MOXYTh e()eKTUBHO BUSBIIATH Ta KJIa-
cudixyBaTu pi3Hi 00'€KTH B MOPCHKOMY CEpEIOBHIII,
BKITIOYAIOYN KOPaOili, XBWII, JIiJ Ta iHmI enxemeHTH. Lle
MoXke OyTH KOPHUCHHM JUIS HaBirarii, Oe3meku, OXOpoHH
HaBKOJIMIITHBOTO CEPEAOBHIIIA TA IHIINX acIeKTiB MOPCh-
KOi TEXHIKH.

4. TTokpaIleHHs! TPOTHO3YBAHHS Ta MPUHHATTS pi-
[IeHb: TIMOOKI HEHPOHHI Mepexi MOXYTh aHaJli3yBaTH
ICTOpHYHI JaHI Ta BUSABIATH TNPHUXOBaHI 3B'A3KH, IO
MOKE MTOKPAIUTH 3AaTHICTh IPOTHO3YBATH Ta IPUHMATH
pIllIEHHs IOJ0 CTaHy Mops Ta pyxy cyaHa. lle moxe
OyTH KOPHUCHO IS MOPCHKHX Ollepalii, INIaHyBaHHS Ma-
PIIPYTIB, TPOTHO3YBAHHS MOTOAN Ta IHIIUX JIOAATKIB.

5. THyYKicTh Ta aJanTHUBHICTH: IIMOOKI HEHPOHHI
MepeXi MaloTh F'HYUYKICTh Ta aJalTHBHICTh JJIsI 3aCTOCY-
BaHHS B PI3HUX CEPEIOBUIIAX Ta 3 PI3SHUMH THUIIAMH J1a-
HUX. [X MOKHA HaaNITyBaTH i HABYMTH BUPILILyBaTH KOH-
KpETHI 3aBAaHHS, 0 POOUTH iX MOTY>XHUM IHCTPyMEH-
TOM B OIiHIII CTaHy MOPS 1 pyXy CyIHa.

3 omusimy Ha IIi TIepeBarv, BUKOPUCTAHHS TIIHOOKHX
HEHPOHHMX MEPEeX IO3BOJISIE 3HAYHO ITiABUIIATH e(eK-
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TUBHICTb 1 TOYHICTh OILIIHKK CTaHy MOps 1 pyxy cymHa. On-
HaK BapTO 3a3HA4YUTH, 110 JUIsl HABYaHHS 1 HACTPOMKH MoJie-
JIeH ToTpiOHA TOCTATHS KUIBKICTB JAHUX, 8 TAKOXK IPaBUIIb-
HUH BUOIp apXiTEKTYpH i METO/IB ITiJ] KOHKPETHE 3aBAAHHS
(uu TO 3aBAHHS KJIacU(iKaIlii, YU 3aBIaHHS perpecii).

Buxopucranas IHOOKHX HEHPOHHUX MEPEX B 00-
JIACTi OWIHKH CTaHy MOPS IPOAOBKY€E aKTUBHO PO3BHBA-
THCS 1 IPOTIOHYE KiJIbKa MIEPCIIEKTUBHUX HAIPSIMKIiB, Ha-
TIPUKIIAM:

1. MynsTUMOnanbpHa IHTETpaLis JaHHUX: PO3poOKa
METO/IB iHTerparlil pi3HUX THIIIB TaHUX, TAKHAX SK pagio-
JIOKAIiiHI 300pa’keHHs], ONTUYHI 300pa’KeHHS, MYJIBTH-
CEHCOpHI JIaHi Ta iHII, B €AUHY INIMOOKY HEHPOHHY Me-
pexy. Lle nacTb MOXXIUBICTB OLIBII TOBHO BpaxyBaTH pi-
3HI CMEKTH 1 0COOIMBOCTI MOPCHKOTO CEpPeIOBUIIA TIPH
OLIIHIII CTaHy 1 pyXy CyAHa.

2. ABTOMaTHYHE BUSBJICHHS Ta KJIacHU(ikailis pis-
HUX 00'€KTIB Y MOPCHKOMY CEpPEOBHIL, TAKHX SIK CYIHA,
XBUII, i1, puba Ta ixmi. e moxe cnpusitu Oe3merri, Ha-
Biramii Ta OXOPOHI HABKOJHUIIHBOTO CEPEIOBHIIA.

3. [NokpamieHe MPOTHO3YBaHHA Ta MPUHHATTS pi-
IIeHb: PO3pOOKa METONIB INMOWHHOTO HaBYAHHS I
MIPOTHO3YBaHHSI MOPCHKUX YMOB Ta PyXy CyleH Ha OC-
HOBI ICTOPUYHUX JaHWX, BKJIIOYAIOYH BUKOPHCTAHHS pe-
KYPEHTHHUX HEMPOHHUX MEPEXK Ta MOAEIEH T0Broi KOpo-
TkOoCcTpokoBoi mam'sati (LSTM). Lle moxe momomortu
oreparopaM NpHiMaTy 01kl 0OIPYHTOBAHI PillICHHS Ta
ONTHMI3yBaTH O(QIIOPHI Onepartii.

4. HaB4aHHA Ha PO3PIDKCHNX JaHHUX: PO3poOKa Me-
TOAIB NINOOKOTO HABYAHHS, 3aTHAX €(PEKTUBHO MPaIlio-
BaTu 3 OOMEXEHHMH Ta PO3PI[DKCHUMH JaHUMH, IO
MOXXe OyTH Ba)KJIMBUM Y KOHTEKCTI OLIIHKH CTaHy MOps,
Je JaHi MOXYTh OyTH HEIOCTYyMHUMH ab0 MaTtu oOMe-
XKeHy iH(popMaIifo.

5. AHaJli3 4acoBUX PSJIB: PO3LUIMPEHHS BHUKOPHC-
TaHHS MIMOOKNX HEHPOHHHMX MEPEX JUlsl aHalli3y JaHHX
4acOBHX PSAJIB, MOB'SI3aHUX 3 OL[IHKOIO CTaHy MOps, Ta-
KHX SIK MapaMeTpu pyXy CYAEH, IMOTOIHI YMOBH, IPHUII-
niBH Ta iHi akTopu. Lle Moxe 1onoMorTy B GiibIi TO-
YHOMY MOJIEJIOBAHHI Ta MPOTHO3yBaHHI CTaHy MOPCh-
KOTO CEpe/IOBHINIA.

6. HaBuaHHS 3 MiAKPIIUICHHSAM: 3aCTOCYBaHHS Me-
TOJIB HABYAHHS 3 MiAKPITUIEHHSAM Y KOHTEKCTI OI[IHKH
CTaHy MOps, 00 MOJIEITi MOIII BUUTHCS HA 3BOPOTHOMY
3B'A3KY, SIKMI{ BOHH OTPUMYIOTb, i pearyBaT Ha 3MiHH B
HaBKOJIMIIIHHOMY CEpE/IOBHIL Ta YMOBAX.

i HanpsSIMKK PO3BUTKY JI03BOJISITH PO3LUIMPUTH BHU-
KOPHUCTaHHS IMUOOKMX HEHPOHHUX MEpexX B 00JacTi Orli-
HKH CTaHy MODS 1 pyXy Cy[Ha, IiABUIUTH TOYHICTH, Ha-
TUAHICTD 1 €PeKTUBHICTH TakuX cucteM. OJHaK BOHH Ta-
KOX BUMAraroTh MOJaJbIINX JOCIIKEHb, PO3POOKH Ta
BaJIi Al MOJeNIel Ha Pi3HUX Ha0Opax JaHUX Ta YMOBaX
ekcruryatanii. OHUM 3 HalOUIbII aKTyaJIbHUX HAIPSIM-
KiB B JIaHiil peAMETHIH 00JIacTi € BUKOPHCTaHHS BUCO-
KOe(heKTHBHHX MLIJIBHO 3B'I3aHUX 3TOPTKOBHX HEHPOH-
HHUX MEpEexX.

AHaJti3 ocTaHHIX JocailkeHb i myGaikamiii. lo-
CHUTPH 3HAYHA KUIBKICTh POOIT y TemepimHiil yac mpuces-
YeHa BHMBYEHHIO MPOOJIEeM BHUKOPUCTAHHS MIMOMHHOIO
HaBYaHHSA JUIS OIiHKU cTaHy mops [1 - 8].

Tak, y paMKkax CIiJIBHOTO JTOCIi THAIIBKOTO TIPOEKTY
RetroLadung po3poOmnsitoThCsi  BaroBO-ONTHMi30BaHi

KOMIPKH 3 IHTErPOBaHUMH JaTYUKaMH PyXy 1 CHCTEMaMH
MATPUMKH NPUHHATTS pillleHs Ha ocHOBI gaHux (DSS).
OnHiero 3 ocHOBHUX (yHKII# DSS € oninka crany mops
Ha OCHOBI JJaHUX BHMIpIOBaHb 3 JaT4YNKiB IPUCKOPEHHS.
J1n1st BUKOHAHHS LIbOTO 3aB/IaHHS CTBOPIOETHCS 3TOPTKOBA
HeliponHa Mepexa (CNN), sika HaBYa€ThCSI HA TAHUX MO-
nemoBaHHs. Y cTarTi [1] mpeacTaBiieHi TOYaTKOBI eTaru
PO3BHUTKY MeEpexXi, B AKii pO3MIAOAIOThCS YHIMOAAIbHI
MOpPChKi XBwii 3 omucoM crnekTpiB JONSWAP. Tlpu
[IbOMY BUKJIIOYAETHCS IIBUAKICTD PyXy Bepel. [HcTutyT
rizpogrHamiky i Teopii cynen (FDS) mpoBomuts BuIpo-
OyBaHHS B MOJICJILHOMY OaceiiHi, a OTpHUMaHi pe3ysibTaTH
BUKOPUCTOBYIOTBCS [UISl TIEPEBIPKH IMPOTHO3IB OLIHKH
crany mops (SSE).

VY crarti [2] nmponoHyeTbCs HOBUH MiAXif A0 OITi-
HKH CTaHy Mopsl, SKHi oTpuMmaB Ha3By SpectralNet. Bin
3aCHOBaHUI1 Ha BUKOPHCTAHHI CIIEKTPOTrpaM i NIHOOKOMY
HaBuaHHi. [laHi pyXy KOCMIYHOTO amapary MepeTBOpIO-
I0ThCS B CIIEKTPOTPaMHU 3a JOTIOMOTOI0 KOPOTKOYACHOTO
neperBopeHHs Dyp'e. IlotiM crekrporpamu 00'eqHYy-
FOTBCS B HOBI 300pakeHHS, SIKi TOJJAIOTHCS B IBOBUMIPHY
3TOPTYBaNIbHY HEHPOHHY MeEpexXy UId Kiacudikamii
CTaHy Mopsl. Pe3ynbraTn ekcriepiMeHTIB OKa3yIoTh, 110
3aIpOIIOHOBAaHMH Mi/IX1]] 3a0e31eYye BUILY TOUHICTh KJla-
cudikarlii, HiX 1HIIII METO/IH, 3aCTOCOBAHI 10 HEOOPOOIIe-
HUX JJaHUX 4YacoBHX psfiB. KpiM TOro, TouHicTh Kiacu-
¢ikanii 301IbIIy€eThCS 31 301IBIIEHHAM KUIBKOCTI KOMOi-
HOBaHMX JIaTUYMKiB. AHaJIi3 Yy TJIMBOCTI IOKa3ye, 110 Ma-
cimtabHE CHIBBIAHOIIEHHS 300pa)keHb Ma€ 3HAUYHUMA
BIUIMB HAa TOYHICTh KJIacuQiKarii.

Jnsa xmacugikarii ctaHy MOpS BUKOPUCTOBYIOTBCS
pi3HI MeToaH, alle BOHM BUMAraloTh 3HAYHHUX KalliTalb-
HUX 1 eKCIUTyaTalifHUX BUTPAT, a TAKOXK BEIHKHUX 00UH-
CITIOBaJIbHUX MOTYXKHOCTEH. Y craTTi [3] 3ampormoHoBana
HOBa MOJIeJTb KilacHpikailii cTaHy MOpPst Ha OCHOBI TIIHO0-
KOT'O HaBYaHHS 3 BUKOPHCTaHHSM 300pakeHb MOps Y Bi-
3yalbHOMY jiana3oHi. CTBOPEHO Ta MPOTECTOBAHO HAOIp
JaHuX 300paxkeHb cTaHy Mops, 1o Mictuth 100 800 30-
OpakeHb 3a JOMOMOTOI0 CyYaCHUX KJIaCU(iKaIliifHUX MO-
Jenei 3 muboke HapuyaHHs. [Toka3aHo, 1110 MOZEIL Ha OC-
HOBI 3MiH y moyatkoBoMy Omorri moxeri GoogLeNet mo-
csira€ TOYHOCTI Kiacu(ikarlii 8, 1o mepeBuIIye TOUHICTh
iHmmMx Moneneit. Kpim Toro, 3arpornonoBaHa Mozeib BH-
Marae MEHIIC 4acy Ha HaBYaHHS i MAa€ KOHKYPEHTHY KJia-
cUdiKaiifHy IIBUIKICTB.

B pob6orti [4] 3ampononoBanuil TiOpuIHUHA TiAXix
JIO OIIIHKH CIIEKTpa XBWJIb HA OCHOBI aHAJIOTI1 3 XBUIJIbO-
BUM OyeM. BHKOPHCTOBY€ETHCS MOEJHAHHS MALIMHHOTO
HaB4YaHHS 1 PI3MYHOrO METOY 3 ypaxyBaHHSM HasBHUX
nepenaBadbHUX (pyHKHOiH. OTpUMaHO HEmapaMeTpUYHY
OLIIHKY CHEKTpPa CIIPSIMOBAHHUX XBUJIb 3a IOTIOMOTOIO 3r0-
PTKOBOI HeHpoHHOT Mepexi. Po3pobienuit Mmeron ycri-
IITHO 3aCTOCOBYETHCS Ha JITaHWX, OTPUMAHUX 3 KOHTEHHe-
poOBO3a NPOTATOM [IBOX POKiB. Pe3ymbraru MOKa3yloTh
3HaYHE TOJIMIICHHS B MOPiBHAHHI 3 [lepBuHHA OIliHKA
0e3 0OMeKEHb.

VY crarti [S] TakoK pO3DIAAAETHCS MiIXiM, 3aCHOBA-
HUU Ha MAITMHHOMY HaBYaHHi, 10 OIIHKK CTaHy MOpS 3a
aHAJIOTIEI0 3 XBUJILOBUM OyeM. BukoprcToByIouH aHi aa-
TYHKIB CyaHa, OyB 3pOOJCHHI TPOTHO3 CTaHy MoOps. Y
CTaTTi MOPIBHIOIOTHCSI MOZIET B 4ACOBIH 1 YaCTOTHIM 00ma-
CTSX 3 ypaxXyBaHHSIM TOYHOCTI, HAJIMHOCTI Ta OOUHUCITIO-
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BaJIbHUX BUTpAT. [JMOOKI HEWpOHHI MepeKi HaBYaIIUCS 3
ypaxyBaHHSIM BIUIMBY PI3HUX ITApaMeTpiB, TAKUX SIK YaCTO-
THA TUCKPETH3aIlis 1 JoBxkuHa BHOipku. [louaTkoBa apxirte-
KTypa, aJanToBaHa IiJi MOCiJOBHI JIaHi, oKa3aia Kpamry
MPOIYKTUBHICTh. BrukoprcToByBasiocs 6araro3ajaqyne HaB-
YaHHS, IO NPU3BETO 10 Kpamloi 30aTHOCTI IO y3araib-
HEHHI Ta MEHITIO] HEeBM3HAYEHOCTI. B 1inomMy 9acToTHO-/10-
MEHHHI METOJT AEMOHCTPYE OUIBII BUCOKY MPOTYKTHBHICTh
1 MEHIII BUTpATH Ha 0OYNCITIOBAIEHE HABIAHHS.

[Ipuxmagn cratedd, MOB'A3aHUX 3 BUKOPHCTAHHIM
apxitektypu DenseNet B pi3sanx 3apmanssx [9 - 11]:

1. OpurinanpHa crarts [9], B siKiii apXxiTekTypa
DenseNet Oy:1a 3anpornoHoBaHa BIeplie, MpeACTaBICHUH
JOKJIaJHUI ONKC apXITEKTypH 1 pe3y/bTaTH eKCIepuMe-
HTIB Ha JCKITHLKOX Ha0OpaxX JaHUX KOMI'IOTEPHOTO 30DY.

2. Pobora [10] nmpeacrapiusie miaxig Ha OCHOBI TIIK-
OOKOro HaBYaHHS VIS OL[IHKHM CTaHy MOps. 3alpOIoHO-
BaHa B po6oti Mmogens SSENET BHKOpHCTOBYE TiCHO TO-
B'sI3aHI 3rOPTKOBI HEHPOHHI MEpEKi, MOy yBaru KaHa-
JIiB 1 MOIyNb yBaru (YHKIIi AJIs OIIHKY BUCOTH 1 HATIps-
MKY XBHJIb, @ TAKOXK JaHHX IPO PyX CyaHa. MeTox moka-
3y€ KOHKYpPEHTHI pPe3yJbTaTH B TIOPIBHAHHI 3 1HITUMH ITi-
JXOaMHU 1 EMOHCTpPYE €(DEeKTHBHICTh Ha peaJlbHUX Ha-
0opax TaHuX.

TakuMm 4MHOM, JOCIHI/KEHHSM 110 BUKOPHUCTaHHIO
BHUCOKOC(EKTUBHHX IIIIBHO 3B'SI3aHUX 3rOPTKOBUX HEW-
POHHHX MEpEeX Ul BHUPILICHHS 3aBlIaHb OI[IHKH CTaHy
MOpsI Ha OCHOBI PyXy Cy/lHa OJJHOYaCHO C TOUKH 30Dy 3a-
BIaHb KIacU}ikalii Ta perpecii B JaHUH 9ac po3IIITHYTO
HE B IOBHOMY 00CSI3i.

MeTto10 cTatTi € po3poOka Moaelni IMOOKoi Hell-
POHHOI MepexXi IS OI[IHKHM CTaHy MOpPSI Ha OCHOBI pyxy
Cy/Ha 3 BAKOPUCTAHHSM ILIIBHO MOB'SI3aHUX 3rOPTKOBHX
HEWPOHHMX MEepex JUTA IiABUIICHHS Oe3nekn Ta eexTu-
BHOCTI, TOYHOCTI, 3QJIEKHOCTI Ta JWHAMIKHA OI[IHKH
CTaHy MODs Ul BUDILICHHS SIK 3aBAaHb KiacUdikarii,
TakK i 3aBIaHb perpecii.

36ip
OaHEX OPO PYE CYIHA

[Momepeaas
00po0Ea D2HHK OpO PVE
CVIOHa

Pospotia

Mepeaese

MOpE

2PXITERTVPH Mepei Moo
OLIHEH CTEHY MOpA

HAEYAHHA MOJST OIIHKH CTARY

BukJiiazeHHsl 0CHOBHOTO
MaTepiajy AocJaigKeHHs

VYV nmamiif crarTi mpencTaBiIeHa HOBa apXiTEKTypa
MEpexi, 3alpoloOHOBaHA AaBTOPAaMH, 3aCHOBAHA Ha
OIITFHO TOB'S3aHMUX 3TOPTKOBHX HEWPOHHHX Mepekax
(DenseNet), cremiabHO aganTOBaHUX UL aHAJI3Y na-
HUX PYXY CYIEH JUIsl OLIHKH CTaHy MODS AJIsl BUPIIICHHS
SIK 3aBIaHb Kiacudikaiii, Tak i 3aBIaHbk perpecii.

Mertonosorist po3poOKH I1i€i apXiTEKTypH BKIIIOYAE
Taki etamu (puc. 1):

1. 30ip maHuxX Mpo pyx cyaHa, TOOTO iH(opMarii
PO Pi3HI MapamMeTpu pyxy CyaHa, Taki SIK MIBUAKICTB,
KyT Kypcy, IPUCKOPEHHS, XapaKTePUCTHKH XBWIIb 1 T. [I.

2. [Nomepenus 0Opobka maHWX PO pyX cymHa. Ha
FOMY €Tami JaHi Bi(iIbTpoBaHi, CTAHAAPTH30BaHI a00
JOBEZICHI 10 BiMMOBiTHOTO (hopMaTy IJIs MOAAYi Ha BXij
HEHpPOHHOT Mepexi.

3. Po3poOka apXiTeKTypu Mepexi MO0 OIiHKH
CTaHy MOpsi. 3allpONIOHOBAaHO HOBY MEPEXEBY apXiTeK-
TYpY, 3aCHOBaHy Ha I[IJIHO MOB'SI3aHUX 3TOPTKOBUX HEH-
ponnux mepexxax (DenseNet), 3 momaBaHHSM CrieIiaib-
HUX IIapiB Ta MoAupiKamii A KPaIIoro 3aJ0BOJICHHS
BUMOT IIIO/IO OILIIHKU CTaHy MOpsi.

4. MepexeBe HaBIAHHS MOJIEII OLIHKHU CTaHy MODSL.
ApxiTekTypa Mepexi HaBIa€ThCS Ha IirOTOBICHHUX Ja-
HHUX IIPO PyX CyIHA, BUKOPHUCTOBYIOYHM ONTHUMI3aTopH i
¢yHKUIi BTpat, migiOpaHi BIOIOBITHO J0 3aBIAHHS OIli-
HKH CTaHy MOpSL.

5. OmiHKa pe3yJibTaTiB HaBUYCHOI MOJECTI OIIHKH
CTaHy MOps 3a JaHUMHU pyxy cynHa. EdekruBHicTh Ha-
BUEHOT MOJIEJIi OI[IHIOETHCS 32 JaHUMH TeCTiB. MeTpuku
OLIIHKH MICTSITh CepelHI0 KBaapariuuHy noxuoky (MSE),
xoe(imienT gerepminani i R? Tomo.

306ip AaHUX MPO PyX CYAEH € BaXKIMBOIO YaCTHHOIO
NPOLIECY OLIHKH CTaHy MOpS 32 JOINOMOTOI IITHOOKUX
HEHPOHHUX MEPEK.

Onisxa
PESVILTATIE HAE9EHOT MOJET] OMIHKH
CTAHY MODA 33 TAHHEMH PYEY CVIHA

@

Puc. 1. Y3aranpHeHa CTPYKTypa METOOJIOTIT PO3pPOOKH apXiTeKTypH
MOO0KOT HEHPOHHOT MEepEeXKi IS OL[IHKU CTaHy MOPs Ha OCHOBI pyXy CyaHa
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Jani ipo mapamerpu pyxy cynHa (IIBUIKICTh, KyT Ky-
PCy, IPUCKOPEHHSI, XapaKTEPUCTUKH XBUIIb), € KITFOUOBUMU
JUTSL QaHATI3Y 1 MOJICTTFOBaHHS. MOPCHKOTO CEPEIOBHIIA

D = (S, H,AX), (D

Je S — MBHUIKICTh. BUMipIOBaHHS MIBUIKOCTI CY/THA € O/
HUM 3 OCHOBHHX ITapaMeTpiB pymris. [ Ib0ro MOXyTh
BHUKOPHCTOBYBATHCS Pi3HI NAaTYMKU 1 CHCTEMH, TaKi K
Acoustic Doppler Log (ADL), GPS (Global Positioning
System), Inertial Measurement Unit (IMU) Ta in. Lli na-
TYMKH 3/][aTHI BU3HAYaTH IIBUAKICTh Cy[HA B PI3HHUX Ha-
IpsIMKax 1 BiICTe)KyBary ii 3MiHM B 4aci;

H — XyT KypcCy cyaHa, IKUH BU3HAYa€ HaNpsSMOK, B
SIKOMY BOHO pyXaeThcsl. JaHi mpo KyT Kypcy cyaHa Mo-
YKHa OTPUMATH 32 TOTIOMOTOO0 KOMIIACiB, TipOCKOMiB abo
GPS. Moro 3HaHHS BayKJIHMBO Ul BU3HAYCHHS UKy 1
MapIIpyTy CyAHA, @ TAaKOX UIS IIPOTHO3YBAaHHS MOJKIIH-
BUX 3MiH HaIIPAMKY PyXy;

A — npuckopeHHst. BUMiproBaHHs IPUCKOPEHHS CY-
JIHA JI03BOJISIE BU3HAYUTH 3MIHY IIBHIKOCTI B 4aci. J{ys
LIOTO MOXXYTh BHKOpUCTOBYBaTHcs Oycrepu ado IMU,
SIKI MOXKYTb BHSIBIISITH 3MIHH JIIHIHHOTO 1 KyTOBOTO TIPHC-
KopeHHs. J[aHi IPUCKOPEHHS A0TIOMAraroTh OI[IHUTH JIU-
HaMIKY;

X — XapaKTepUCTHKH XBHJIb, SKi BU3HAYAIOTHCS Bijl-
MTOBITHO JI0 BUMOT, 1[0 BU3HA4YeHi B poboTax [7, 8, 10].

Iomepemus 00poOKa JaHUX BiIIrpae BaXKJINBY pOJb
Yy BUKOPHCTaHHI LIIJIBHO TOB'SI3aHUX 3TOPTKOBUX HEH-
POHHHX MEPEX AJISI OLIHKU cTaHy Mops. [IpaBuibHa 00-
poOKa 1aHMX Tepes MoIadeo Ha MEPEKEBUH BXiJ 103BO-
JISI€ THABUIUTH €(heKTHUBHICTH MOJIENI 1 SIKICTh Pe3yJIbTa-
TiB. AJITOPUTM, SIKM BKJIFOYAa€ METOAHM Ta I1IXOAHU 10 NO-
nepenHbpoT 00POOKH IaHHUX Y LIbOMY KOHTEKCTI, HABEIECHO
Ha puc. 2:

1. dinprpanis JaHUX 1 YCYHEHHS IIyMY JIO3BOJISIE
oTpUMaTH 4HCTI Ta HajiiiHI BUMiproBaHHs. lle Moxe
BKITIOYATH 3aCTOCYBaHHS (iIBTPiB HU3HKUX 200 BUCOKHX
9acToT, a TAKOXK TAKUX METOIIB, K (PiIbTpamis KOB3HOTO

@insTPaUIA
| YCYHEHHA LyMy

Hopmanizauis
i cTaHgapTMIagis

EvpisHiDEaHHA
i cermeHTaLlis

3BINLLSHHA
OaHux

cepenHbpOro abo Meniana. MeTa rossirae B yCyHEHHI aHO-
MaJtiii 1 IyMiB, sIKi MOXKYTh CIIOTBOPIOBATH JIaHi 1 BIUIH-
BaTU Ha TOYHICTH OLIHKU CTaHy MOPSL.

2. Hopmaunizauist i crannaprusanis. [licns ¢insrpa-
il gaHl MOXKYTh OyTH HOpMaJi30BaHi a00 CTaHIaPTH30-
BaHi, O100 MpHUBECTH iX J0 NEBHOTO Jiara3oHy 3Ha4YCHb
abo cepenHbOro 3Ha4eHHs. Lle 103BOIIsE BCTAHOBUTH Of1-
HaKOBWH MacmTad maHUX i 3amobirae mpobieMam 3 pis-
HUMH aMIUTITyIaMH a0 Bapialli€ro JaHuX.

3. BupiBHIOBaHH i cerMeHTais. 3aueXHO BijT IpH-
3HA4YCHHS 1 3aBJaHHS MOJICTIOBaHHS MOXKHA 3aCTOCOBY-
BaTH METOJM BUPIBHIOBAaHHS 1 cermeHTarii manux. Ha-
MIPUKJIaJ, 4acoBi PSAAM AAHUX IPO PyX CyAEH MOXYTb
OyTH BUpIBHSHI B 4aci ab0 cerMeHToBaHi Ha (iKcoBaHy
TPHBAJICTh, 00 3a0€3MEUUTH OTHOPIMHICT JAHUX JIJIS
HaBYaHHS MEPEXKi.

4. 30unbiIeHHS JaHUX. MeTomu 30UIbIICHHS MO-
KYTh OyTH 3aCTOCOBaHi AJis 30LIBIICHAS Pi3HOMAHITHO-
cTi Ta 00csry ganuX. Lle MoXxe BKIFOUaTH TOPU30HTAIBHE
a0 BepTHKaJIbHE BiOOPaXCHHS JAHUX, JOJABaHHS BU-
MAJIKOBHUX IIyMiB a00 CHOTBOPEHb, a TAaKOK TCHEPAIifo
OITYyYHUX IaHAX Ha OCHOBI ICHYIOUHX NaHUX. 30i7b-
LIEHHSA IOIOMarac MiJBUIIUTA HaIiMHICTE Moenl Ta
3[aTHICTh JI0 y3arajJbHEeHHS, KOJIW HEOCTATHBO KLIbKO-
CTi Ta PI3HOMAHITHOCTI TaHUX.

5. Iloxin Ha HaBYaJIBHI Ta TecTOBI 3pa3ku. [ ori-
HKM TNpaLe3IaTHOCTI MOJeNi aHl MOXKHA PO3JUINTH Ha
HaBYaJIbHI Ta TecToBi BUOipku. HaBuanbHa BuOipKa BU-
KOPUCTOBYETHCS LISl HABYAHHS MEPEeXi, B TOH Jac 5K Te-
CTOBa BHOIpKa JO3BOJISIE OIIHUTH ii TOUHICTP 1 3JaTHICTh
y3arajbpHIOBAaTH Ha HOBI JaHi.

6. bamancyBaHHs Ki1aciB. Ko naHi MaroTe aucOa-
JIaHC KJIAciB (HAMIPHUKIIAI, Pi3HI CTAHH MOPS MOXKYTh Oy TH
MpeJCTaBJICHI HEPIBHOMIPHO), MOXKE 3HamoOuTHCS 30a-
JIAHCYBATH KJIacH, 1100 3armo0irTu 3MIIICHHIO MOJEI B
0ik OinpII momMpeHux kiaciB. [[pboro MoxHa MOCATTH
HIISXOM MiIBUOIPKH, MepeancKpeTusanii abo 3acTocy-
BaHHS 3B)KYBaHHS KJIaCy B HABYAHHI.

Mogin
Ha HaBYanbHI Ta TecTosi
3pazkn

EanaHCyBaHHa
knacis

.@.

Puc. 2. V3aranpHEHa CTPYKTypa alrOpUTMY MOIEpeHB0I 00poOKH
JaHUX IMOO0KOoi HeHPOHHOT Mepexi I OI[IHKU CTaHy MOPS Ha OCHOBI pyXy CynHa
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CucreMu ynpaBTiHHA, HaBiramii Ta 3B'a3ky. 2023. Ne 3

IIpn po3podui MepexeBOi apXiTEKTypH OLIHKH
CTaHy MOpS 3 BUKOPUCTaHHSM LIUIBHO MOB'I3aHUX 3rop-
TKOBUX HeWpoHHUX Mepex (DenseNet) aBTopu MOXYTbH
3anpoIOHyBaTH HOBI Monudikawii abo creniaabHi mapu
JUISL KPalloro 3aJ0BOJICHHSI BUMOT JaHOT KOHKPETHOT 3a-
nadgi. PosrmsremMo MokimBi Momudikarii, ski MOKHA BHe-
CTH B apXIiTEKTypy MEpexi:

1. MonmaTkoBi 3ropTKOBi mapu. Jl0maTKoBi 3rOpTKOBi
Iapy MOXKYTh OyTH TOAaHI AJIS TOJIMIIEHHS 3IaTHOCTI
Mepexi BUTATYBaTH (YHKIII 3 JaHUX Tpo pyX cyxeH. Lle
JIOIIOMO’KE TMOKPAIINUTH 3IaTHICTh MOAENI BUSIBISITH Ta
BUIIIATH BaXKJIMBI 3aKOHOMIPHOCTI Ta 3aKOHOMIPHOCTI B
JaHUX.

2. O0'eqnanns 1rapiB. BriroueHHs miapiB o0'en-
HaHHS MOXKE JIOTIOMOT'TH 3MEHIIIUTH PO3MIPHICTh AaHUX i
CTHCHYTH iH(OpMallifo, 30epiratouu BaxKJIMBi XapaKTepu-
ctukd. lle 103Bosse MiABUIMUTH e¢(EKTHBHICTh 1 37aT-
HICTh y3arajdbHEHHS MOJENi, a TaKOX 3MCHIIUTH Killb-
KiCTh TapaMeTpiB Ta OOYUCITIOBANBHY CKIIAIHICTb.

3. inpHe 3'emHanas mapiB. OmHIEO 3 0COOMUBOC-
teit DenseNet € miineHe 3'€JHAHHS MApiB, 1 KOXKEH IIap
Ma€ MpsMi 3B'I3KM 3 KOKHUM HAacTyITHHM mapoM. lle
cnpusie Kpaulii nepenadi iHdpopmarii Mix mapamu i no-
Kpallye MOTiK IpalieHTiB IPU 3BOPOTHOMY IOLIMPEHHI
MOMHJIKH. B apXiTekTypi Mepexi OLliHKH CTaHy MOPS 1IF0
BJIACTHMBICTh MOXXHA MOCWIINTH J0JABAHHIM JJOAATKOBUX
MPSIMUX 3B'S3KIB 200 30UIBIICHHSIM IIUIHHOCTI 3B'SI3KIB
MIX [IIapaMH.

4. PexypenTHi mapu. Y pasi, KOJIH IaHi Ipo pyX Cy-
JIHA € 9aCOBUM PSIJIOM, PEKYPEHTHI LIapH, Taki SK MIapH
LSTM (Long Short-Term Memory), MOXXyTb OyTH BKITIO-
YeHi B apXiTeKTypy Mepexi. Lle mo3BoiuTs Momeni Bpa-
XOBYBATH 3aJIGKHOCTI 1 JTUHAMIKY B JAaHUX, IIO0 MOXeE
OyTH BR)XXJIMBO IJIsl TOYHOI OLIHKH CTaHy MODSL.

5. AjanTMBHA aKkTHBalis 1 HOpMaji3amis LIapiB.
VBIMKHCHHSI IIapiB aJanTHBHOI aKTHUBAIlil, TaKUX SK
miapy SELU (macmtaboBaHi ©KCHOHCHINHHI JIiHIMHI
onuHuli) abo Mish, a Takoxx HopMmaJti3alis mapis, TaKUX
SK IIApW MaKeTHOI HOpMalizalil, MOXYTb JAOIOMOITH
MIPUCKOPUTH HABYAHHS Ta IMOKPAIIUTU CTaOIbHICTh Me-
pexi. Le moxe OyTi 0coOIMBO KOPHCHO IPH POOOTi 3 Be-
JIMKMMH 1 CKJIQJIHUMU Ha0OpaMH JaHUX.

YHiKaNbHE NO€THAHHS HX MOAX(IKAIH i mapiB B
apxIiTeKTypi Mepexi JO3BOIUTH MOJIMIIUTH 3aTHICTH
MO OLIHIOBATH CTaH MOPSI Ha OCHOBI IaHMX IIPO PyX
cyaeH. TakuM 4MHOM, KOHKpETHI KomMOiHamii Mmoaugika-
1i# 1 mapiB B apXiTeKTypi Mepexi MOXKYTh 3MIHIOBATHCS
B 3aJIGKHOCTI Bil KOHKPETHOTO 3aBJIaHHS OLIHKU CTaHY
MOpsl 1 XapaKTepUCTHK HAsIBHUX JaHHX. Po3risiHeMo Ba-
pilaHT MOXJIMBOI YHiKaJmbHOI KoMOiHaMmii Moaudikarii i
mapiB, sIKi MO)KHA BUKOPHCTOBYBaTH B apXiTEKTypi Me-
PEXi JUIsl OLIIHKM CTaHy MOPSI B 3arajlHOMy CEHCi:

1. PiBeHp BXIOHHX JaHHUX. APXITEKTypa Mepexi
MO’KE TIOYMHATHUCS 3 BXIJJHOTO IIapy, SKUH MpUiAMaE JaHi
PO PyX CyJHA, Taki K IIBUIKICTh, KYyT Kypcy, IIPHCKO-
PEHHSI, XapaKTepUCTUKH XBIIIb TOIO. MaTreMaTHIHO BXi-
JHUH 11ap MOXKHA NTPEACTaBUTH TaKUM YHHOM:

- Xn] 2
ne I — BeKTOp BBeIEHHS (BXiIHUH map);

X1, X2, ..., Xy — BEKTOPHI CJIEMCHTH, IO MPEICTABIS-
I0Th 3HAYCHHS [TApaMeTPiB PyXy CyIHa.

I = [xl,xz,..

TakuM 4MHOM, [IeH CTAaHAAPTHUH MiAX1 OMHUCYE pi-
BEHb BXITHHUX JaHUX SK BEKTOP N €IEMEHTIB, /¢ KOKEH
€JIEMEHT X; SIBJIsiE COOOI0 O/IMH 3 MapaMeTpiB Pyxy CynHa,
TaKUX sIK HIBHJKICTh, KyT KypCY, IPUCKOPEHHS, XapaKTe-
PUCTUKH XBUIIb.

2. 3roprkoBi mapu. Kinbka 3ropTKOBUX IIapiB MO-
YT OyTH BUKOPHCTaHI AJIS BUIIYYEHHS 0COOMMUBOCTEH 3
BXOIIiB pyXy cyaHa. KoxeH 3ropTKOBHI IIap MOXe MaTH
Pi3HI QUIBTPH Ta Apa 3TOPTKU ISl BUIIICHHS Pi3HUX ac-
MeKTiB 1aHuX. [IpeacTaBuMo 3ropTKOBI MIapH B JaHOMY
KOHTEKCTi HACTYITHUM YHMHOM: HeXaif Oyzie k-Hif 3ropTKo-
BHH 11ap, MO3HAYUMO HOTO 5K Cj,. JIJ151 KOKHOTO 3rOPTKO-
Boro mapy Cj, #oro Buxix (axkruBaiii) h;, po3paxoBy-
FOTBCS IIUIIXOM 3aCTOCYBAaHHS OTeparlii 3TOPTKH JI0 TI0-
MIEPEAHBOTO MIapy abo BXiTHUX JaHUX:

he = f(Wi * hye_qy + by, 3)

ne h; — aktuBaiis k-ro sroporkoBoro miapy; f(x) — gyH-
KIIisl aKTUBAIli1, 3CTOCOBaHA JI0 KOXKHOTO Iapy; W, — ma-
TpPUILIS Bar (3ArOPTKOBI s1pa) AJIst K-T0 3ropOTKOBOTIO 111apy;
b, — Bextop 3MimenHs (bias) 1 k -TO 3ropoTKOBOTO
mapy; hj_, — akTHBaIil IONepeaHpOTo Mapy (BXoau abo
aKTHBAIIii OMEPEHHOTO 3rOPOTKOBOTO IIAPY).

Onmnepartis 3roptku Wy, * hy_; sBIsI€ 0000 miaCy-
MOBYBaHHS TOOYTKiB (DiTBTPYIOYHX €NIEMEHTIB 3 BiIIOBI-
JTHUMH BX1THAMHY JaHHUMH €JIEMEHTIB (200 aKTHBAIIii TO-
nepeaHboro mapy). [lotiM 3acTocoByeTbest PyHKIIIS aK-
tuBanii f(x) , mo0 oTpuMaTH OCTAaTOYHI akTuBaLii Ay
I[LOTO 3TOPTKOBOTO IApy.

TakuMm 4MHOM, 3rOPTKOBI LIAPH J03BOJISIOTH BUTS-
I'TH 1 BUIUIATH 3 BXIIHUX JaHHUX PO PyX CYIHA, IO Ba-
JKITUBO LISl OL[IHKH CTaHy MODSI.

3. O0'enuyBanbHuit mwap. [Ticas 3ropTkoBUX HIapiB
MOXKHA JTOAATH 1Iap 00'€IHaHHS, 00 3MEHIIUTH PO3Mi-
PHICTh TaHMX 1 30eperty BaxJuBi ocodnuBocti. Hampu-
knan, map MaxPooling MO)XHa BHKOPHCTOBYBATH JUISA
BHOOpPY HAHOLIBII 3HAYYIINX 3HAUYCHb y KOKHOMY BiKHi
JaHUX. YaBiMO 00'enmHYBaNbHHU IIap B JaHOMY KOH-
TEKCTi TAKMM YHHOM: Hexail Oyze k-uii 00'e HyI0UH 11ap,
MO3HAYUMO HOTO SIK Py

Jns xoxHOTO mapy myny Py, Buxinm hj obdwmciio-
I0TBCS IUISIXOM 3aCTOCYBaHHSI OIeparii myly 0 norepe-
JTHBOTO 3TOPTKOBOTO LIapy a0 aKTHBAIlii

hk = POOl(Wk * hk—l + bk) (4)

ne h;, —Buxin (aktuBaii) k-ro mapy o0'ennanss; Pool —
omepartisi 00'eTHaHHS, sSTKa MOXKe OyTH, HAMPUKIIAJ, OTle-
pamiero MaxPooling abo omepartieto cepeaHpOro 00'e1-
HanHs (AveragePooling); W), — MacmrabHa MaTpuis
(SIKIIIO BUKOPHCTOBYETHCS) s k -TO 11apy 00'eIHAHHS,
b, — BeKTODp 3MileHHs (3MiLeHHs ) AJst k -To 1mapy o6'e-
THaHHS; hj,_; — BXoau ab0 aKTUBAIIii MOMIEPEIHBOTO 3T0-
PTKOBOTO IIapy.

Onmnepariist 00'eqHaHHS A€ 3MOTY 3MEHIIUTH PO3Mi-
PHICTBH JaHUX, BUOPABIIN HAHOITBII 3HAUYIII 3HAYCHHS y
BiKHI JJaHUX.

4. lllinpHe 3'emHaHHSA MmapiB. BKiIOYEHHS TpHH-
LUITy WIUIBHOTO 3'€AHAHHS INApiB, XapaKTEPHOTO IS
DenseNet, 103B0JIsI€ CTBOPIOBATH HPsAMi 3B'SI3KH MiXK KO-
YKHAM ITOTOYHHUM IIAPOM 1 KOXXHUM HACTYITHUM IIapoM.
Lle mokparrye MoTiK rpajieHTIB i nojermrye oomiH iHdo-
pMari€0 MK IapaMu. YSABIMO IPUHLIMI IIUIBHOTO
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3'€JJHAHHS IIAPIB B JAHOMY KOHTEKCTI TAKUM YHUHOM: Jla-
Baiite K mapu B apxitektypi DenseNet mo3Hauumo sk
Hy,H,,...,Hy. Koxken map H) oTpumye BXigHi AaHi HE
TIJIBKH 3 MOTIEPEIHBOTO apy Hy,_, alie TaKoX 3 yCiX mo-
TIEpeHIX mapiB

Hy = [Hy,Hy, ..., Hq] @ F(Wy * H_q + b)) (5)

ne H, — axtuBamii (Buxim) k-ro mapy DenseNet;
[Hy,H,, ..., H_1] — 00'enHaHHs akTHBALiH BCiX mornepe-
JHIX mapiB; @ — onepariis konkareHauii; F(x) — ¢yHk-
LSl aKTHBAIIi1, 3aCTOCOBaHa JJO0 KOXKHOTO 1apy; W, — ma-
TpHULA Bar i1 K-To mIapy; b, — BEKTOp 3MiIIeHHS (3Mi-
IIeHHs) A k-ro mapy, Hy_; — aKTHBaIlis MOTIePeIHbOTO
mrapy (Bxoau k-To mapy).

TakuM YMHOM, NPUHLMUI LIUIBHOTO 3'€HAHHS JO-
3BOJISIE KOYKHOMY IIapy OTPUMYBaTH iH(opMaIiiro 3 ycix
TIOTIePEIHIX IIapiB, IO CIpuse OUIBII MOBHIH mepenadi i
BHKOPHCTaHHIO iH(opMaIii BcepeaiHi Mepexi.

5. PexypeHTHI mapu. SIKmo maHi mpo pyX CyAcH
MIPE/CTaBICHI Y BUDISAAI YaCOBOTO PSIIy, MOXIIHMBO JO-
JIaTH TIOTOYHI ImapH, Taki sk mapu LSTM (noBra xopor-
kogyacHa nam'sate) a6o GRU (3axpuTa pexkypeHTHa Onu-
uuns). i mapu n03BONSIOTE BpaxoByBaTH 3aJIeKHOCTI
Ta JUHAMIKY y Bamux qanux. lllap 3akpuroro pekypeHt-
HOTO OJIOKY B IbOMY KOHTEKCTI JII€ TAKMM YHHOM: MAEMO
k-wit map GRU, no3naunmo ioro sk GRUj. s xox-
Horo mapy GRUj, #ioro Buxia h; OOYMCIIOIOTHCS LUIS-
XOM OHOBJIEHHS cTatycy (update gate) zj, CKHHYTH CTaH
(reset gate) 13, Ta OOYMCIUTH HOBUM JIATCHTHUN CTaH Ry

z = oWy, * [hg—y,x] + by 1, (6)

ne 0 — (pyHKIsST akTUBAIil CUTMOBUIHOI CUTMOInu (Ha-
pUKIazn,, logistic sigmoid).

Oriepaltisi OHOBJICHHSI CTaTyCy Zj, KOHTPOJIIOE, SIKY iH-
(hopMalriro CIIiJT OHOBITIOBATH, a OMEpallis CKUIAHHS CTaHy
T}, BU3HAYAE, Ky iHPOPMALIIO CITiJ] 320y TH 3 TIOTIEPETHHOTO
crany hy_,. HoBwuii nprxoBaHuii cTaH hj pO3paxoOBYETHCS
HA OCHOBI OHOBJICHOTO CTaHY 1 HOBHX BXOJIIB.

Takum uyunom, map Gated Recurrent Unit (GRU)
JI03BOJISIE MOJICJIIOBATH 3aJISKHOCTI 1 JUHAMIKY B 4aco-
BUX psiJlax JaHUX IIPO PyX CYIHA, III0 MOXE CTaTh B Ha-
roli B 3aBiaHHi omiHKH ctany Mops. GRU Hamae MmoxIu-
BICTh 3alaM'sTOBYBaTH iH(QOpMAIlil0 Ha OCHOBI CTaHiB,
JI03BOJISIIOYN BPaxoByBaTH KOHTEKCT Ta ICTOpil0 B 4aco-
BHX JJAHWUX JUTSA OUTBII TOYHOI OIIIHKH MOPCHKHIX YMOB.

6. AmanTHBHA aKTHBAIIis Ta HOpMaJi3aris mapis: B
apxiTeKTypi Mepexi aJanTHBHI PiBHI aKTHBAIIil, Taki sSK
SELU (macmTaboBaHi eKCIIOHEHITIIHI JTiHIHHI OMWHUII)
a60 Mish, MOXXyTh OyTH BHKOpHCTaHi J1s 3a0e3medeHHs
OlnpIn IUIAaBHOI akTUBaIii Ta OUIBII CTAOIILHOIO HaB-
yaHHA. MOXKHa TakoX BBIMKHYTH IIapW HOpMaizallii,
TaKi sK Iapy TAKeTHOT HOpMaJTi3arii, Ut ctabimi3anii Ta
HOpMaJtizalii BUBO/y MIapiB.

[Tpn HaByaHHI Mepexi BaXJIMBO BUOpATH ONTHMI3a-
TOp, SIKMH Oy/ie MiHIMI3yBaTH (yHKIIIO BTpaT i OHOBIIIO-
BaTH Barl MEpeXi Ha OCHOBI I'PaJIieHTHOTO CITycKy. Pi3Hi
ONTUMI3aTOpH, TakKi SAK CTOXaCTHYHUH Tpai€eHTHHHA
cinyck (SGD), Adam a6o RMSprop, MOXyTh BHKOpHC-
TOBYBATHUCS B 3aJIS)KHOCTI BiJ] CTICIIU(IKH 3aBIaHHS i BU-
MOT JJ0 HaBYaHHSI.

Tako)k Ba)KJIMBO BUOPATH BiAMOBITHY (QYHKITIFO BTpAT,
sIKa BimoOpaka€ MeTy 3aBIaHHS OIHKH CTaHy MOpsI.

Hanpuxnan, st 3agadi perpecii (yHKIIEIO BTpaT MoXe
OyTu cranpaprHa nomuika (MSE), sika BuMiproe craniap-
THE BIIXWIEHHS MDK IPOTHO30BaHUMH Ta (DaKTUYHUMH
3HaYeHHAMH. J[11s 3amagi kimacudikariii MOXKHAa BUKOPHCTO-
BYBATH KaTeropiajibHy MepeXpecHy EHTPOIIIIO, SIKa BUMIPIOE
PI3HHUINO MK TIPOTHO30BAaHNUM Ta ICTHHHHUM KJIaCaMH.

Bech mporec HaBIaHHS MEpeXi CKIATA€TCS 3 iTe-
paTUBHOI ONTHMIi3alii Bar 3a JOIIOMOTOI0 0OPaHOTO OI-
TUMi3aropa i QyHKIii BTpaT. Mepexa 3amyckae HaBda-
JBHI IaHI Yepe3 CBOI MapH, MOPIiBHIOE IPOTHO3H 3 iCTHH-
HUMH 3HAa4CHHAMH Ta OOYHCIIOE 3HA4YeHHS QYHKIII
Brpar. [lotiM rpanienT GyHKIIT BTpaT 0OUUCIIOIOTHCS 1
BHUKOPUCTOBYIOTBCS OIITUMI3aTOPOM JUIsl OHOBJICHHS Bar
Mepexi. Lleli mporuec HOBTOPIOETHCS MPOTATOM JEKiTb-
KOX €I10X JI0 THX IIip, TIOKH He OyJie JOCSATHYTO KOHBepre-
HIIiT 00 MEBHOTO YMOBH 3yTHUHKH.

Takum coco0OM HaBUAETBHCS apXiTEKTypa MepeKi
Ha OCHOBI 3a3/1aJIerigb MiATOTOBICHUX NaHUX TPO PyX
CyIHa, a mia0ip ONTHMi3aTopiB 1 QYHKIIH BTpaT 3MiHCHIO-
€THCS BIATIOBIHO O METH OLIHKK cTaHy Mops. Lle mo-
3BOJISIE MepeXi e(pEeKTHBHO BHUTATYBATH iH(POPMAIIIO 3
JaHUX 1 BIUTHCS HA 3BOPOTHOMY INOLIMPEHHI MOMHUIIKH,
00 MOCATTH ONTUMAIbHHX IMOKA3HUKIB TIPHU OI[IHII
cTany Mops. J{Jist OIIHKK MOJIEIIi, SIKa OLIHIOE CTaH MOPS
Ha OCHOBI PyXy CylIHa, OCOOJIMBO KOPHCHHUMH MOXYTb
OyTH TaKi MOKa3HUKU:

1. Knacuoikarris:

— TOYHICTb: OI[IHKA YaCTKU MPaBUIIBHO Kiacu(iko-
BaHUX IPHUKIIAIIB i3 3araibHOi KUTBKOCTI MpUKIamiB. Lls
METPHKa ITOKA3y€ 3arajbHy 31aTHICTb MOZETI IPaBUIBHO
knacudikyBaTu pi3Hi MOPCHKI YMOBH;

— MaTpHIISl TOYHOCTI i TOMIJIOK: Hamae iHpopMario
PO KUTBKICTh TPABIIIFHUX 1 HETIPABIJIGHAUX KIIacH]iKaIliit
JUTSL KOXKHOTO CcTaHy Mopsi. J[03Boste OLIbIn IeTaabHO Mpo-
aHaJTI3yBaTH MPOAYKTHBHICTb MOJEJI 110 KOKHOMY KJIacy.

2. Perpecist:

— cepentst abcomotHa noxuoka (MAE): omiHka cepe-
JTHBOTO a0COJIFOTHOTO BIXHMJICHHS MK MPOTHO30BAHUMU
3HaUYEHHAMH MOJIeN Ta (pakTUYHUMU 3HaYeHHsMU. Le nae
MOXUIUBICTh BHMIPATH TOYHICT MOJENI TPHU IPOTHO3Y-
BaHHI Oe3IepepBHUX 3HAYCHb TAPaMETPIB PyXy CYIHA;

— cepenHs kBaaparudHa moxuOka (MSE): Bumipsie
CTaH/apTHE BIAXHWJICHHS MIX MPOTHO30BAaHWMH 3HAYCH-
HAMH Ta (akTHIHUMH 3HaueHHsAMH. MSE mozBomse
OUTBII YYTIMBO pearyBaTd Ha BEJIHMKI MTOMWJIKH, 1 IIe
MOKe OyTH KOPHUCHO, KOJIM BaYKITMBO MiHIMi3yBaTH BEJIHKi
BIIXWJICHHS B IPOTHO3aX.

BaxximBo BpaxoByBatH criennGiky 3aBIaHHI 1 CHIEIH-
(iKy JaHUX PO PyX CyAHA IPU BUOOPI METPUK IS OL[IHKU
Mozerni. Hanpuknan, sIKIo 3aBOaHHS OLIHKYM CTaHy MOpS
BUMarae BUCOKOI TOYHOCTI Tipu Kiacuikariii pi3HUX cra-
HIB, TO METPHKH, TOB's3aH1 3 TOYHICTIO 1 MaTPHLIEIO TIOMH-
JIOK, MOXYTb Oy TH HaHBa KITMBIIIMMHU. 3 IHIIIOTO OOKY, SIKIIIO
3aBJaHH! [TOJISITae B IIPOTHO3YBaHHI Oe31epepBHIUX 3HAUCHb
rapameTpiB pyxy CyAHa, KpalluMH MOXYTb OyTH Taki pe-
rpeciiini merpuky, sk MAE i MSE.

BucHoBxku

TakuMm 4MHOM pe3yabTaTd MoOyJ0BH 3alPOIOHOBA-
HOi mMOOKOI HelpoMmepekeBOi MOJENi OIIHKH CTaHy
MOpsI MalOTh TaKi IIepeBaru:

1. Bucoka TounicTe. Mopgens 31aTHa JOCIITH
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BHCOKOT TOYHOCTI B OL[IHIII CTaHy MOpPS Ha OCHOBI JJaHUX
po pyx cynHa. Lle no3Bossie mpuiimary GLIBII JOCTOBI-
PHI pillIeHHs i TPOTHO3YBaTH MOXIIMBI 3MIHH MOPCBKHX
YMOB.

2. BpaxyBaHHS 3aJIe)KHOCTEH 1 TUHAMIKH. APXiTCK-
Typa MepeXxi Ha OCHOBI LIITFHO MOB'SI3aHUX 3TOPTKOBHX
Heifporanx Mepex (DenseNet) mo3Bomnsie BpaxoByBaTH
3aNeKHOCTI 1 AWHAMIKY pyXy CyAHA, IO TIOKpAIlye

SIKICTB OIIIHKHM CTaHy MOPS 1 poOUTh MOJIENb OLTBII asia-
MITHBHOIO JI0 YMOB, 1110 3MiHIOIOTHCH.

3. IlinBumieHHs Oe3neku Ta epeKTUBHOCTI. Buko-
pHCTaHHS Takoi MOJIeNi 1a€ MOXKIIMBICTb i JBUIIUTH O€3-
neKy i epeKTUBHICTE MOPCHKUX omnepaniil. bijapm Toyna
OIIiHKA CTAHy MOPS IOTIOMAara€e B IPUHHATTI OOTpyHTOBA-
HUX pillleHb, 3a1m00iranHi MOXIIMBUX aBapiil i onTuMiza-
1ii BUKOPUCTaHHS PECypCiB.
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Development of a model of a deep neural network for assessing the state of the sea on the basis of the ship's motion
Iryna Hannoshyna

Abstract. The aim of the work is to develop a deep neural network model for estimating the state of the sea based on the
movement of a ship using densely connected convolutional neural networks to improve the safety and efficiency, accuracy, de-
pendence, and dynamics of the sea state estimation for solving classification problems and regression problems. As a result of
building a model of a deep neural network for assessing the state of the sea based on the movement of a vessel, the following results
were obtained: initially, a network architecture was developed based on densely connected convolutional neural networks (Dense-
Net) with a unique combination of modifications and layers. Such an architecture effectively considers the dependencies and dy-
namics of the vessel's movement, which leads to a more accurate assessment of the state of the sea; secondly, the network was
trained on prepared vessel motion data using optimizers and loss functions selected in accordance with the task of assessing the
state of the sea. The training process included tuning hyperparameters, optimizing weights, and evaluating model performance
against test data; thirdly, the model was evaluated from the test data using appropriate metrics depending on the specific task of
assessing the state of the sea. For example, the accuracy and error matrix were used for the classification task, and the mean absolute
error (MAE) and root mean square error (MSE) were used for the regression task. The results of building a deep neural network
model for estimating the state of the sea based on the movement of a vessel confirm its effectiveness and significance for research
purposes. The application of such a model is important in the context of assessing the state of the sea. The high accuracy of the
estimate helps to make more reliable decisions and predict possible changes in accordance with the sea conditions that are currently
occurring in the movement of the vessel. Considering the dependencies and dynamics of the vessel's movement allows modeling
and adapting to changing conditions, which increases its manufacturability and efficiency. The use of such a model helps to improve
the safety and efficiency of offshore operations, optimize the use of resources, and prevent possible accidents. Thus, a deep neural
network model developed to estimate the state of the sea based on the movement of a vessel is an effective tool for the safety and
efficiency of navigation. Its use contributes to more accurate forecasts and informed decision-making, which is important for mar-
itime operations and ensuring the safety of navigation in general.

Keywords: deep neural network, network model, sea state estimation, vessel motion, tightly coupled convolutional neural
network.
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HepxaBHuil yHiBepcuTeT iHQpACTPYKTypH Ta TexHONOTiH, KuiB, Yikpaina

METO/I TECTYBAHHSI HEMPOHHOI MEPEXKI I JMBOKOI'O HABYAHHS1
JUISA PO3PAXYHKY HIJIAXY CYIHA B PI3BHUX HABITAINIMHUX CUTYALIAX

AHoTaunisi. MeTolo cTarTi € po3podKa METOAY TECTyBaHHS HEHPOHHOI Mepeki IIHMOOKOTO HaBYaHHS IJIS PO3PAXYHKY
LIUIAXY CyOHA AJIS MiABHUIICHHS NMPOXYKTUBHOCTI BiANOBiAHOI YMCIOBOi MOAENI B PI3HMX HaBiramiiHux curtyamisx. Jlo-
CIIJDKEHHA 1 po3po0OKa METO/IB MiABUIIEHHS TOYHOCTI PO3PaXyHKy MalOTh BEJIMKE 3HAYCHHS JUIS BUPILICHHS 3aBJaHb MOpe-
wiaBaHHA. OZHMAM 3 MIAXOAIB [0 MiABHIICHHS TOYHOCTI YHCENl € BUKOPUCTAHHS HEHPOHHHX MEPeX IIMOOKOro HaBYaHHS.
HeiiponHi Meperxi IMMOOKOTo HaBYaHHS 3[aTHI MOJIEIIFOBATH 3aJISKHOCTI 3 BUCOKOIO TOUHICTIO 1 MAlOTh IIEPEBary B MPOIYK-
THUBHOCTI TIOPIBHAHO 3 TpaauIifHUMHK migxoxamu. OfHaK po3poOKa i TECTyBaHHS TaKMX MEpeX B HaBIraI[iHUX 3aBIaHHSIX
BHMarae J0JaTKOBUX JOCTI/PKEHB, B IIEpIITy Yepry 3 TOUKH 30py BpaxyBaHHS 0COOIMBOCTEH IpeaMeTHoOl obacTi, a He 3ara-
JIBHOBIZIOMUX IIAXOMIB IIO0 TECTYBaHHSA IIMOOKHX HEHPOHHUX Mepex B y3arampHeHoMy ceHci. IlpencraBienuii metoxn
TECTYBaHHS HEHPOHHOI Mepexi IIMOOKOTO HaBUYaHHS I PO3PaXyHKy IUBIXY CyJHA B PI3HHX HaBIralliHHUX CHUTYaIlisx 3a-
CHOBaHMH Ha MOIEPEIHFOMY BHKOPHCTAHHI IMITaIliifHOT MOZeNi pyXy CY[HA, SKa JO3BOJISIE MOICIIOBATH Pi3HI HaBiramiiHi
cutyanii. OTpIMaHO TP KJIACH HABITAIlifHUX CUTYyalliH, sIKi MOXKHA CIIOCTEPIraTy B peajJbHUX yMOBAX €KCIUTyaTalii CyqHa.
Jns MonenmoBaHHS PETYISAPHAX XBHIJIb BUKOPHCTOBYIOThCS MPHUITYIICHHS JIiHIHHOI Teopii MOPCHKUX XBIIb. [NiOOKa Heil-
pOHHa Meperka HaBYa€ThCs Ha TaHNX, OTPUMAHHMX 3 IMITAI[IfHOT MOJiei, 1 BUKOPHCTOBY€ETHCS IJIsI IPOTHO3YBAHHS TPAEKTOPIT
pyxy cyaHa. TouHiCTh HEHPOHHOI MepexXi OLIHIOETHCS IIUISIXOM MOPIBHSAHHS 11 MPOTHO3IB 3 TPAEKTOPI€IO PYXy CyAHA, OTPHU-
MaHoIi 3 imMiTaniiHo1 Mozeni. Pe3ynbTaTn BUNpoOdyBaHb NoKa3aiy, o HEHPOHHA Mepeka MO)Ke TOYHO TIPOTHO3YBATH Tpa-
€KTOPIO PYXy CyIHA B Pi3HUX HaBIramiliHUX CUTyalisx. MeTox Moxe OyTH BUKOPUCTAHHIA JJIsl OIIIHKUA TOYHOCTI HEHPOHHHUX
Mepex IMOOKOT0 HaBYaHHS JUISl PO3paxyHKy LIUIIXY CyJHA B PI3HUX HaBIraI[ifHUX CUTYAaIlisiX.

Knaio4doBi ci1oBa: po3paxyHOK IIIIXY CylHa, TOYHICTh, HEHPOHHI MepeXi INIMOOKOro HaBYaHHS, iMiTaIliiiHa MOJeTb, TeC-

TyBaHHsI, HaBITaIliiiHi CUTYyaIlil.

Beryn

[ocTranoBka npodaemu. JlocmimkeHHS 1 po3poOKa
METOJ[IB iJIBUIIEHHS TOYHOCTI PO3paxyHKy MaroTh Be-
JIMKE 3HAYEHHS /IS BUPILICHHS 3aBllaHb MOPEIUIaBaHHSI.
OnHMUM 3 TaKUX 3aBJaHb € OTPUMaHHs KOOPJHHAT Miclie-
3HAXO/KEHHSI CyJIHA B YMOBAaX, KOJIM 30BHIIIHI BUMIpIO-
BaHHs HepoctymHi. l{e onHe 3aBaaHHs — BU3HAUSHHS Mi-
CIISl PO3TAIIyBaHHS CY/IHA 32 IOTIOMOTOO Pi3HUX JaTdH-
kiB. TOUHICTH pO3paxyHKy IapamMeTpiB pyXy CyJHa BILIH-
Ba€ Ha TOYHICTh BU3HAYCHHS HOTO KOOPAWHAT, OTPHMA-
HUX 32 JIOTIOMOTOI0 HaBiramiiHo CHCTEMH.

TouHicT PO3paxXyHKy MOKHA MIABHIINTHA IBOMA
OCHOBHUMH IIIISIXaMH: TiIBUIIICHHSM TOYHOCTI JaTIHKIB
i BIOCKOHAJICHHSAM aJropuTMiB 00poOku iH(OpMAaIIii.
BukopucToByBaHi y TenepiuHiii yac anroputMu oopo-
O0xu iHdopmalii 6a3yloTbCsi HA TPAJAULIAHAX METOAaX.
OnHaK BOHHM MAaOTh JCSIKI HEMOJIIKHM 1 HE 3aBXKIU rapaH-
TYIOTh JJOCTATHIO TOUHICTb.

Jlo mepcHeKTUBHUX MiAXOAIB BiIHOCHTHCS BUKOPHU-
CTaHHS HEHPOHHUX MEPEX IMMOOKOT0 HaBYaHHS, SKi 3/1a-
THI MOJICITIOBATH 3aJISKHOCTI 3 BUCOKOIO TOYHICTIO 1 Ma-
I0Th TIEpeBaru y NPOAYyKTHUBHOCTI. HelipoHHa Mepexa
IMOOKOTO HaBYAHHS — 1€ TUI aJTOPUTMY MAIIMHHOTO
HABYAHHS, SIKHH MOXE BYMTHUCS Ha BEIMKHUX 0o0OcCsTax Ja-
HUX 1 pOOWTH MPOTHO3U. Y ILOMY BHIIJIKy HEWPOHHA
Mepeka HaBYAEThCS Ha JJAHUX MPO MUHYJIHH PyX Cy/Ha i
BHUKOPUCTOBYETHCSL Il HPOTHO3YBaHHS Mail0yTHHOTO
pyxy cyaHa. OgHaK po3po0Ka i TECTYBaHHS TAKHX MEPEx
y 3aBIaHHSAX HaBiraiii BUMararoTh TOJATKOBUX JOCIi-
JDKeHb. Y TIepIiy 4epry Iie CTOCYEThCS BpaxyBaHHS 0CO-
OJMBOCTEH MpPEAMETHOI 00NIacTi, a He 3arajbHOBIIOMHUX
IT1/IXOIIB II0/10 TECTYBAaHHS INTMOOKNX HEMPOHHUX MEPEX
B y3araJisHeHOMY ceHci. Takum 4nHOM, po3pobka i Tec-
TyBaHHS OUIBII TOYHHMX MOAENEH PO3paxyHKy IUIIXY

CyIHa Ha OCHOBI HEHPOHHUX MEPEK IITMOOKOTO HaBYaHHS
€ aKTyaJbHUM 3aBIaHHIM.

AHaJii3 ocTaHHix Aociaizxkenb i myOuaikauiii. Ha
JAHWUH 9ac iCHy€e 3HaYHA KiTBKICTh JOCIiKEHB 010 BU-
KOPUCTaHHS K TPaIWIiHHUX MiAXOMIB, TaK 1 TIHOOKHX
HEHPOHHUX Mepek AJS BHpIMICHHS Pi3HOMaHITHUX 3a-
B/IaHb PO3PaxyHKY LUISXY SIK HAJBOAHHUX, TaK 1 MiIBOA-
HUX cyneH [1 - 10]. Besnocepeanbo BUKOpHUCTaHHS HEH-
POHHHX Mepex MTMOOKOro HaBYaHHs y BiJIIOBIAHI mpe-
JQMETHIH raixy3i po3nisgaethes B podorax [1 - 3].

Tak, y crarti [1] po3misinaroThest MiIBO/HI IUIaHEPH
3 IUIABYYICTIO, SIKI BBA)KAIOTHCS MEPEIOBUMH Iiathop-
MaMH IS MacIITaOHOTO OCBOEHHS oOkeaHy. OmHak Ha
HBOTO CHIIFHO BIUTHUBAIOTH OKCaHIYHI Tedii, 1 TpaJauIiiHi
METOMIH PO3paxyHKy IUISIXY € HeHaniitHuMuy. Hasirarifiai
METOW HEIOCTaTHi JJIsi TOYHOTO IPOTHO3YBAaHHS BIIac-
HOTO TIOJIOXKEHHS, [0 BUKIIMKAE BEIHKI TPYTHOII IMPH
BUSIBJICHHI MiIBOJHMX IiieH. 11 MpOrHO3yBaHHS MOJI0-
JKEHHSI TTiABOJHUX IIJIAHEPIB aBTOPH 3aIPOTIOHYBAIH Ha-
BiraIiiHui METON OIIHIOBaHHS, SIKUH 0a3y€eThCs HA Cy-
YyacHil MoJieJli POTHO3YBaHHA Ta TiOpuIHIN HeHpOHHII
Mepexi (ribpix 3ropTkoBoi HEHPOHHOI Mepexi 3 TOBro-
TPHUBAIOI0 KOPOTKOYACHOIO MMaM'ATTI0). AHAJII3 pe3yabTa-
TiB EKCIIEPUMEHTY TI0Ka3aB, IO TiOpUIHA HEHPOHHA MO-
JIelTb, HABYCHA 3 BUKOPUCTAHHAM JTaHWX ITiIBOJHUX IUIA-
HEPHUX MOPCHKUX BUIIPOOYBaHb 1 3MOJECITHOBAHIX JAHUX
PYXy, MOXe Tiepea0ayiTy MBUAKICTh IJIaHEepa TOYHIIIE,
HDK HaBirauisi, po3paxoBaHa 3a MapIIpyTOM 3 BHKOPHC-
TaHHIM TPATULIHHUX i IXO/IIB.

V¥ crarri [2] po3mIAAalOTECS MUTAHHS aBTOMATH3a-
i BUSBICHHS aHOMAJIIH pyXy CyIeH sl CITyk0 Oe3neku
MOPCBKOTO Ta TpHOEpexHOTO pyxy. s BHpimeHHS
IFOTO 3aBIAHHS BUKOPHCTOBYBAJIUCS METOIH TIIMOOKOTO
HaBYaHHS, 30KpeMa, 3ropTkoBi HelipoHHI Mepexi (CNN).
CdopmoBaHO Tpu BapiaHTH HaOOPIB JaHUX, IO MICTIThH
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BUOIPKHM MapLIPYTiB CYJ€H BiZIHOCHO 3a00pOHEHOI 30HH
y BUIVIAII 300pakeHHs y Tpafauisx ciporo. 1458 3ropr-
KOBUX HEHPOHHUX MEpPEX 3 PI3HOI CTPYKTYpOlO Oyiau
HaBYEHI JJIsl TIOIIYKY HAaHKpaIioi CTpyKTypH JUIsl KIacH-
¢ikanii aHomanii. JlocnimKeHo BIUIMB Pi3HUX HapaMeT-
PiB MEepeXeBUX CTPYKTYp Ha 3arajbHy TOYHICTH KJIacH-
¢ikarii. g xpamux Mepex Oyiau BEBUEHI Koe]imieHTH
MIPOTHO3YBaHHS KJIACiB. 3alpOIIOHOBAHO Kpamly 3roprt-
KOBY HEHPOHHY MEPEKy Ul BUABJICHHS aHOMAIIH pyxXy
cynuH. 3amnpornonoBana CNN HOpPIBHIOETBCS 3 JCKiTb-
KoMa 0a30BMMH aJITOpPUTMaMH, HaBUCHUMH Ha OTHOMY
Habopi JaHuX.

VY poborti [3] po3mIsIHYTO 3aBHAaHHS BIJACTEKCHHS
TPA€EKTOPii HaJJBOIHOTO CyAHA 3 HEOCTaTHIM MPHUBOJIOM
3 MOJETILHUMH NTapaMeTPUYHUMH HEBU3HAYEHOCTSIMHU 3
HasIBHOCTI HEBIJOMHX OKEAHIYHUX TeYid 3 BXIJHOIO Ha-
CHYCHICTIO Ta OOMEKSHHMHU PeCypcaMu mepesadi, rapa-
HTYIOUHU TIPH BOMY BiJCYTHICTH 3ITKHCHHS 3 HaHOIIIK-
YUM CYTHOM BiAMOBITHO 10 MIXKHAPOTHHUX IPaBHII 3aI10-
OiranHs 3iTKHEHHAM cyneH Ha mopi (MII33C). Bepyun
1o yBaru npaktuky MII33C, y mpoMy ZOKyMEHTIi IpOIIO-
HY€TBCS CTPATETisl BUPIMICHHAS TPOOJIeMH YHUKHEHHS 3i-
TKHEHb TIPH HasIBHOCTI 3yCTPiuHOI cuTyanii. Buxomsuu 3
PI3HMX eTaIliB cUTyalii 3ITKHEHHS, IPOIIOHYETHCSI METO
(yHKUIT MOTEHNIHHOTO BiIIITOBXYBaHHS, 3aCHOBAHUH Ha
neperIaHyBaHHi JIOKaJIbHOTO IUISAXY TAKMM YHMHOM, IO
MOTEHIIIHA CUJla, CTBOPIOBAHA AITOPUTMOM IPUHHATTS
pileHs, 6e3Mocepe b0 BIUIMBAE HA TIOYATKOBY Oa)kaHy
TPAEKTOPII0, BIIXWISIOUN BIACHE CYIHO ISt OTPUMAaHHS
iHCTpYKIi BixnmoBigHO m0 oomexens MIT33C. BinHoBu-
BIIN CTPYKTYPY BiACTEeXEHHS IIUIAXY, y JaHIH CTaTTi Ipo-
MIOHYETHCSI HOBUI aJITOPUTM HaBIralifHOTO YHpaBIIiHHS
3 YHHKHEHHSIM 3iTKHEHb MiXK cynaMu. Ha HaBiramiiHoMy
PiBHI TIPOTIOHYETHCSA 3a37aJeriib BH3HAYCHA CTpaTerist
YIPAaBJIiHHS IPOJYKTHBHICTIO MPOTITOM KiHIIEBOTO 4acy,
3 PO3rOPTaHHSIM HOBHMX AaCUMETPUYHHUX OOOJIOHOK MJIst
MIPONUCYBAaHHS TIOMMJIOK BIICTEXEHHSI LIUISIXY B MeXax
BU3HAYEHHX KOPUCTYBayeM OOMEXEeHb IpPU OJIHOYAC-
HOMY 3MEHILIEHHI BHKHIB NepexiHuX pedoBHH. Kpim
TOrO, JJIst 301IbIIEHHS e()EKTUBHOCTI B yMOBaxX HEBH3HaA-
YEHOCTI MOJIEINi Ta 30BHIIIHIX MEPEIIKOA BHKOPUCTORBY-
€ThCS METOJ] HEeHpOHHOI Mepexi pamianbHOi 0a3mcHOL
¢yukuii (RBFNN). [To-nieprie, mpormoHy€eThCs CriocTepi-
rad 30ypeHb HeHPOHHOT Mepexi Ipyroro nopsaky. [Torim
Ha OCHOBI nepeadadyBaHUX KOMIUICKCHUX 30ypeHb po3-
pOOJISIEThCSL aANTUBHUN KOHTPOJIEP 3 BUKOPHUCTAHHSIM
MeXaHi3My CHpalbOBYBAaHHS IOiH, a TaKOX MiIXiJ IO-
nepeyHux (yHKHOiIA i MeTon 3BOpOTHOTO KpokKy. Iloka-
3aHO, 1110 32 JIOTIOMOTOI0 3alPOIIOHOBAHO METOIUKH BCi
CHTHAJIM B 3aKPUTUX CHCTEMAaX HaIiBIIIO0AIEHO PiBHOMI-
pHO OOMEXKEeHi, a TTOMWJIKH BiJICTEXKEHHSI Ha BUXOJIi CXO-
JSITHCSL JI0 33]1aHO] K 3aBrOJJHO Majioi 00JacTi 3a KiHle-
Buii yac. Kpim toro, mpssmum migxomom JIsimryHOBa TOBO-
JIUTHCS ICHYBaHHS MiHIMAJILHOTO Yacy MiX ITOJisIMH 1 Ta-
KAM YMHOM YHHMKA€ThCS TOBeliHka 3eHoHa. Haperri,
TIPOBOJISITECS] EKCIIEPUMEHTH ISl IEPEBIPKH €)EeKTUBHO-
CTi Ta XapaKTEPUCTHK 3aIPOIIOHOBAHOI CTpaTerii ynpas-
JIHHS.

Ane y po3nISIHYyTHX po0OTax He MOCATHYTA MOTPi-
OHa MPOIYKTHBHICTH BiMOBITHOI YUCIIOBOT MOJIEIi B Pi-
3HMX HAaBIralmiMHUX CHUTYaIlisfX, [0 MalTh Micle TpU
pyci cynHa.

MeTtoi0 cTaTTi € pPo3poOKa METOAY TECTyBaHHS
HEHPOHHOI Mepeki IMTMOOKOro HaBYAHHS JUIS PO3paxy-
HKY [IUIIXY Cy/HA JJIS HiABUILEHHS TPOYKTHBHOCTI BiJI-
TIOBIJTHOT YMCIIOBOT MOJIEN B PI3HUX HaBIraliiHUX CHUTY-
arisx.

BukiageHHst 0OCHOBHOIO
Marepiay AocaigKeHHs

Merton TecTyBaHHS HEHPOHHOI Mepexi TITHOOKOTO
HaBYaHHS 11 PO3PAaxyHKy LUIAXy cynHa (puc. 1) BHKO-
PHUCTOBY€ETHCS IS MIEPEBipKH HOTO MpaIe3qaTHOCTI B pi-
3HMX HaBIiTalliHHUX CUTYAIiiX, IKi MOXKYTh MaTH MiCIIe B
peaTbHOCTI.

Hagirauilina oOcraHoBka (navigation situation
(NS)) — e xapaKTepHUCTHKH BITPY i XBWIb, AKi BiIHO-
CSITHCS 10 KOHKPETHOTO Cy/IHa B HOTO MOTOYHOMY paioHi
ruiaBaHHs. BoHa MicTuTh y co0i 1aHi Ipo KyT Kypcy Bin-
HOCHOTO BiTpY, HOTO HIBUJIKICTh, @ TAKOX KYT Kypcy 1 BU-
coTy XBmWIb. HaBiraniiiHa oOcTaHOBKa BU3HAYA€THCS O
BIJIHOIIICHHIO JI0 KOHKPETHOTO Cy/IHA i BIUIMBAE Ha HOTO
pyX.

Iimpomereopornoriuna obcranoBka (hydro-meteo-
rological situation (HS)) — 1ie mapamMeTpu BiTpy i XBUIIIO-
BaHHs y NeBHUI MOMeHT vacy. Croau BXOIsTh JAaHi Ipo
LIBHUJIKICTh CIIPaBXXHBOT'O BITPY, BUCOTY XBHJIb 1 Hampsi-
MOK iX ITOIIMPEHHS B KOHKPETHOMY paiioHi Hasirauii. ['i-
JIPOMETEOPOJIOTIYHAa OOCTAHOBKA ICHYE HE3JIC)KHO Bij
PYXy CyAHa i XapaKTepH3ye CTaH MOpPCHKOIO Cepeno-
Buina. st cynHa 3 HEpyXOMHM KePMOM 1 'BUHTOM Xapa-
KTEpUCTUKH Kepyrodoro BILUBY (control action (CA)) mi-
CTATB IIBUIKICTh TPEOHOTO TBUHTA 1 KyT HAXMIy KepMa.
3 iHmoro ©Ooky, CA i HS Bu3HauaioTh OOypeHHS
(disturbance (D)), Taki sk aepoAWHaMiYHA CHUIIa, SKa Ji€
Ha CY/IHO 13 30BHIIIHBOTO CEPEAOBHUINA. MOXKHA 3pOOUTH
BHCHOBOK, IIIO IIi MapaMeTPU BIUTMBAIOTh HA PyX CYIHA i
fioro Oe3neKy B MOTOYHUX HABITalIfHUX YMOBaXx.

Takum unHOM, (hopManbHO OyJIeMO BBaXKaTH, IO

NS = HS + CA = D. (1)

Takwuit migxix [ae MOXKIMBICTH po3po0OHTH Kilacui-
Karito NS 3a xapakrepom moseniaku B 9aci CA i D. Tlpu
bOMY MOXJIMBI YOTUPH BapiaHTH NS

1) CA = constant, To0TO € MOCTIHHUMH B Yaci, i
D = constant;

2)CA = constant, a D = variable, Tt00TO
3MIHHA;

3) CA =variable,a D = constant;

4) CA = variable i D = variable.

[epmmmii BapiaHT MOXXHA BBaXKaTH CTaOLIEHUM: CY-
JTHO PYXA€ETHCSA 3a MOCTIHHUM KypCOM 1 IMIBHAKICTIO B
YMOBax MOCTIHHOTO BIiTPY Y CHOKiHIHN Bomi. [Tapamerpu
HS 1 CA He 3MiHIOIOTHCS.

Jpyruit BapiaHT MOXKHA PO3IIISLAATH SIK LIUPKYIIS-
niftamid. CyTHO IIMPKYIIOE TIPH MOCTIHHOMY BITPY y CHO-
kiitHil Bomi. [Tapamerpu HS 1 CA 3anumaroTbcst MOCTil-
HUMH.

Tperiit BapianT — npubIU3HO cTadiIBHUN. Jleski
XapakTepucTuku HS 30epiraroTecsi, HE3BaXKalOUW Ha
3MiHU CA ¥ 00ypeHHs (HalupuKiIal, B PKUMI pyIbOBOTO
YTIPaBIIiHHS).

YeTBepTuil BapiaHT — 3MiHHHH, KOJIU 3MiHa METH
LTI KepMa 1 MIBUAKICTH TBHHTA 3MIHIOIOTHCS 3 ILTHHOM
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qacy. [Tapamerpu HS TakoX MOXYTh 3MiHIOBAaTHCS ab0
3aTUIIATHCS TIOCTIHHUMHU.

Tabnuysa 1 — Xapakrtepucruka kjiacisB NS

PosrnsHyTi BapianTu NS NMpomoOHYy€eThCs 00'eMHATH
B TpH Kiacu (tabi. 1).

Ne kiacy O3naku NS I[IpaBuaa monenioBanns HS
1 D npubnuzHo mocrtiiiHi, a CA MoXyTh abo 3MiHIoBatucs, | HS xoHcranta. CyaHO TpUMA€EThCs HA 331aHOMY Ky-
a0o0 Hi (B 3aJIeKHOCTI BiJl HANAIITYBaHHS aBTOILIOTY). pCi Ipy NOCTiHHIN MIBUAKOCTI IpeOHOTO TBHHTA.
e . . HS mocriiiHa a00 3MiHHA. 3aJaroThCA IIBHUIKICTH
CA B cepenHbOMY IOCTiHHI 3 ITIMHOM 4acy, Tofi K D 3wmi- . .
2 IBUHTA 1 KyT HaXWIy KepMa, sKi 3aJIMIIAI0ThCS He-
HIOIOTBCSI 3 YaCOM. . .
3MIHHUMH i1 4ac IJIaBaHHS CyJHA.
HS mocriiiHa a6o 3minHa. IlIBuakicTe obGepraHHS
3 CA 3MmiHIOIOTECS, @ D 3MIHIOETHCS 3 YACOM. rpeOHOT0 I'BHHTA 1 KyT HAXWIIy KepMa 3MiHIOIOTHCS 3
IUTTHOM 4acy 3a HeBHHM 3aKOHOM.

TakuM 9UHOM, OTPUMYIOTH TpH Kinacu NS, gki Mo-
)KHA CIIOCTEPIraTH B peajbHUX YMOBaX eKCILTyaTalii cy-
JHA.

Jnst MozentoBaHHS X KiaciB NS HeoOXiTHO BUpi-
IIATH PAJ MTUTaHb, B TOMY YHCIIi BHKOPHUCTOBYBAaTH aBTO-
MaTHYHY CHCTEMY cTaOii3alil CyqHa Mpu 3a1aHOMY Ky-
pci (B SKOCTI aNTOPUTMY aBTOIIOTY BHKOPHCTOBYETHCS
[I-perynsTop, KOeQIMi€eHTH SKOTO BPaxXOBYIOTh IIBHI-
KicTh V) 1 BUKOpPHCTAaHHS NAaTYUKIB BHUIMAJKOBHX YHCEIN
JUT MozietoBaHHS HS (TIpoTAroM ycboro peficy ioro ma-
paMeTpH 3aJUINAIThCS HE3MIHHUMH B Yaci 1 MPOCTO BHU-
OMpalOThCs 332 JOMOMOI'OO JIATYHKIB BUIAIKOBUX YHCEI
PIBHOMIpPHOTO pPO3MOITy 3 IHTEpBAliB, 3a3HAYCHUX B
TaoImI. 3).

JAnst MOZIeITIOBaHHS PETYISPHUX XBHIb BUKOPHCTO-
BYIOTBCS IPHUITYLICHHSI JTiHIHHOT TeOPii MOPCHKUX XBHJIb.

[Mpunycrumo, mo kpytusHa xsuii (h / 1) He nepe-
Bumye 0,2.

VY upoMy BUNAJKy CIPaBXHIN mepio] XBuIb (op-
MabHO BH3HAYAETHCS SIK +/ 2T/ g, Ie g — IPUCKOPECHHSI
32 PaXyHOK CHJIM TSDKIHHS.

Skuo HS 3MmiHHI, TO TapamMeTpy BiTPY i XBUIIb BBa-
KAIOThCS 3MIHIOBAHUMH B 4Yaci ¢ 32 BUPa3oM

x(t) = xo + A, sin(2nt /1) +

A, sin(2mt/t,) + A5 sin(2nt/t3),  (2)

I X — CepeIHE 3HAYCHHS, BUNAIKOBIM YHHOM OOpaHe 3
MOXKJIMBHUX 3HAY€Hb BiAIIOBIIHO 10 Tal0i. 3;

Ay, Ay, Az, T4, Ty, T3 — aMIUTITYIM 1 Iepioan mepuioi,
JPYTOi 1 TPEThOT TapMOHIK BiJIIOBITHO.

[Nepma rapMoHika — Iie ToJOBHA XBWIs. BoHa Mae
HAHIKIY 9acTOTY 1 HAHOUTBITY aMILTITy/y.

Bei iHm rapMoOHIKM KpaTHI TrapMOHIKaM, TOOTO
BOHH MAlOTh YaCTOTH, KpaTHI 4acToTi 1-0i rapMOHIKH.
AMITTITYIM 1HIIUX TAPMOHIK MEHIe aMIutiTyau 1-oi ra-
PMOHIKH.

Jpyra rapMoHika — 1ie XBHJISI, IKa Ma€ 4acToTy, L0
y JBa pa3u ITEpeBHIIy€e YacTOTy IMepuIoi I'apMOHIKH.
Bona mae amIntiTyny, sika JOpiBHIOE TIOJIOBHHI aMILTITYIH
1-01 rapMoHiKH.

Jpyry rapMOHIKy 4acTO Ha3WBalOTh APYroro (yH-
JaMEHTAJBbHOIO XBHIICIO.

TpeTs rapMoHika — 11 XBHJISL, K& Ma€ 4acToTy, IO
y TPH pasu MepeBHUINye 4acToTy 1-0i rapmoHiku. BoHa
Ma€ aMILTITYy, Ka JOPIBHIOE OHIN TPETHHI aMILTITyIH
1-01 rapMOHiKH.

Tperio rapMOHiKy 4acTo Ha3MBaIOTh TPETHOIO (YH-
JIAMEHTAJIbHOIO XBUJICIO.

Mexi po3nITHYTHX aMILTiTYd A4, A5, A3 Ta iepionu
T4, Ty, T3 HaBeNEHI y TaOI. 2.

OnuHAUI BUMIPY aMIDTTYA NMPUAMAIOTBCS TakK, SK
MOKa3aHo B TabI. 3.

Tabnuya 2 — IlapaMeTpH rapMoHiK BeJIMYHH, 0 XapaKTepu3yloTb HS

1-ma rapmoHika 2-ra rapMoHika 3-1s1 rapMoHika
HajimenyBaHHst
Ay 31 Az > Az T3
Vir [0; 30] 2-10 ron [0;5] 10 xB — 1 rox [0;2] 10c—1x8
. 1 rox, . 1 rox, .
K [0; 360] 1000 30 ¢ [0;30] 1000 30 ¢ [0;10] 10 xB — 1 rox
h [0; 5] 1 rox — — — —
Ky [0; 90] 1 ro - - - -
A [30; 100] 1-10 rox — — — —
Tabnuysa 3 — IapameTpu, o 6e3mocepeIHbO XapaKkTepu3ywTs HS
ITapamerp HajimenyBanust Opununi BUMipy Me:xi 3Ha4eHb
HanpsiMOK clipaBXHBOTO BITpY K, rpagycu [0; 360)
CripaBKHs IBHIKICTH BITPY Vir m/c [0; 30]
Hampsimox 30ymkeHHsI (3BiAKH OEpPYThCsl XBHUIII) K, rpagycu [0; 360)
JloBXHHA XBHJTI A M [10;250]
Bucora xBrIi h M [0; 10]
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Hnst Ky, nst mepmioi i 1pyroi rapMoHiK mepion T
HANpPSIMKY ICTHHHOTO BiTPY MOJ€ BiJIpi3HSATHUCS BiJ I1e-
piofy BIAMOBITHUX TAapMOHIK JJisf WOro IIBHIKOCTI
(Monmynst) He Oinbme HiX Ha 1 rox, 1000 1 30 ¢ Biamo-
BIJHO.

Jnst h uist nepioi rapMOHIKY Nepios T 3MiHM BH-
COTH XBHWIII MOXKE BIIPI3HATHCS BiA Hepiofy 3MiHH Tep-
101 TAPMOHIKH i1CTUHHOT IIBUAKOCTI BiTPY Ha BEIHYHHY,
II0 He TIEPEBHILyE 110 MOAYIIO 1 Tox.

Huns K, m1st mepmioi TapMOHIKH Mepiof T 3MiHU Ha-
NpsSMKY 30y/UKEHHS MOXKE BiAPI3HATUCS Bia mepiomy
3MiHH NEPIIOi FTAPMOHIKN HAPSIMKY CIIPaBXHBOTO BITPY
Ha BEJIMYUHY, 110 HE MEPEBHIIYE 110 MOAYIIO 1 TOz.

nnaeaHHA CyaH4a

BW3HAYAKTLCA
IHAYEHHA MAKCUMYMY
MOIYNA HEB'AIKM

MopnemroBarHs NS TpeThOT0 Ki1acy mependadae, 1o
KyT HaxWTy KepMa i IIBUIKICTh TBHUHTA 3MIHIOIOTHCS 3 Ya-

COM BIJITTOBI/THO JI0 TAKOTO 3aKOHY:
6(t) = 35°sin(2nt/15),n(t) =
= (Nmax/2)(1 + sin(2nt/7y)),
ne §(t) — mepion 3MiHM KyTa HaXHMIy KepMa;

n(t) — mepiox 3MiHU MIBUIKOCTI TPEOHOTO TBHHTA.

3)

Haiimenini 3HaueHHs X 3HAa4YCHb BI/I6I/IpaIOTI)C$I BU-
XO0ada4u 3 00MEXKeHb CHIIOBOL YCTaHOBKHU i PYJIBOBOTO

KOMILIIEKCY.

HaiiBumi 3HaYeHHS BABIYI MEpPEBHINYIOTH Yac ILIa-

BaHHS B KOXHIH CHTYaIIii.

3303CThCR KINBKICTE HABITALIMHIK CHTY AL
ANA KOEHOMD i3 TPLOX Knacis, a
TaKes# TPMBANICTL KOMHOT CHTY awil

MogenoTees YMOEN NNABAHHA CYOHA Ha NPOMIKEY Yacy
<ELELT
TPHEANOCTI {HABITALIMHA CUTYALIR QHOM

MoeniosaHHR i3 TpbOX tcnat.is BiANo8{aHO
» | YIMOE NNEE3HHA fTaﬁn' 1. )
) YMOEM BUSHEYAITHCR NAPAMETPAMM BITPY Ta XEWMIDBAHHA,
Cynua pPESEMMOM pOSOTH

PYLUIAHO-KEQMOE0ND KOMNNEKCY CYAHa,
3 TaKoE NOYaTHOBOIO KIHEMATHEDK (KyPC,
KYTOES T NiHINHE LWEMOKICTE)
Ha ocHoBi imiTauiiHoi

BraHayeHHA MOOeNi BMSHAYAEThCA TPAEKTORIEKD pPyXY CYOHA

TpaekTOpIl Ha ocHoBI HERpOHHDT Mepeki TndoRorn HaB4aHHe

ANA YACNEHHA WNAKY CYQHE BMIHAYAETLCA TPAEKTORIA pyXy
cyoHa

PosrnAxnyTo 3303HY KINbEICTE HABIMALIRHIY CHTY3LIR

Bur3H3LaKTECA HANSINbILE T3 CEPEOHE 3HAYEHHA MAKCHMYMY
MOOYNA HEB'A3IKM (33

Yac NNagaHHA 3333aHoi

TPHEANOCTI) ¥ BCIX POSINAHYTHX

HABIrALLIMHIY CHTYaLLIAN

(D

Puc. 1. Ctpykrypa MeToy TECTyBaHHS
HEWPOHHOI MepeXi IMMOOKOT0 HaBYaHHS JUIS PO3PAaXyHKY IUIXY CyIHA
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[HoIMMU cnioBamM, HaWMEHIN 3HAYEHHS BEJIWYNH
MOBUHHI OyTH TaKUMH, 11100 CHIIOBO-PYJILOBUI KOMILIEKC
Mir ix migrpumysaTi. HaiBuii 3HaYCHHS BEIUYUH TIO-
BHUHHI OyTH TakMMH, II00 CYIHO MOTJIO IIaBaTH BJBIYi
OisplIe yacy B KOXKHIM cUTyarlii.

VY3aranbHeHa CTPYKTypa METOAY TE€CTyBaHHS HEMl-
PpOHHOI Mepexi IITHOOKOTO HaBYAaHHS I PO3PaXyHKY
LIUIIXY CylHa HaBeZeHa Ha pHc. 1.

VY mijzoMy MeToI TECTYBaHHS T03BOJISIE OLIHUTH TO-
YHICTH HEHPOHHOI Mepeski IMIOOKOTO HaBYaHHS IS PO-
3paxyHKy IUIIXY CyOHA B Pi3HHX HaBiramidHUX CHTya-

LUIIXY Cy[JHA B Pi3HUX HaBirauiiHUX cuTyauisx. Meron
3aCHOBaHUIl Ha IMOINEPEHLOMY BHKOPHCTAaHHI IMiTamin-
HOI MOJIelTi pyXy Cy/IHa, SIKa JI03BOJISIE MOJICJIIOBATH Pi3Hi
HaBIraniiHi cUTYyaIri.

HeiipoHHa meperka HaBUAETHCS Ha JaHUX, OTPUMa-
HUX 3 IMiTamiifHO{ MOJIETi, i BUKOPHCTOBY€ETHCS LIS TIPO-
THO3YBaHHS TPAa€eKTOPii pyxy cynHa. TouHiCTh HEHPOHHOT
MepeXki OLIHIOETHCS MIUIIXOM MOPIBHAHHSA ii MPOTHO3IB 3
TPAEKTOPIEIO0 PyXy CYAHO, OTPUMAHOTO 3 iMiTaliifHOi MO-
neni.

Pesynpratu BupoOyBaHb MMOKa3aly, 0 HEWPOHHA

LisX. Mepeka MOKE TOYHO TIPOTHO3YBaTH TPAEKTOPIIO PYXY Cy-
JIHa B PI3HUX HaBIramiiHUX CUTYaIlisX.

Merton Moxe OyTH BUKOPHUCTAHHM ISl OL[IHKH TOY-
HOCTI HEWPOHHUX MEpeX ITMOOKOTro HaBYAHHS ISl PO3-

paxyHKy IIUISIXY Cy/IHa B PI3HUX HaBIralliiHUX CUTYyaIlisX.

BucnoBxku

VY naHiii cTaTTi MpeACTaBICHUI METOA TECTYBAHHS
HEHPOHHOT Mepeski TMOOKOTO HaBUYaHHS ISl PO3PaXyHKY
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A method for testing a deep learning neural network
to calculate the trajectory of a vessel in various navigation situations

O. Dubynets

Abstract. The purpose of the article is to develop a method for testing a deep learning neural network for calculating the
ship's path to improve the performance of the corresponding numerical model in various navigation situations. Research and de-
velopment of methods to improve calculation accuracy is of great importance for solving navigation problems. One of the ap-
proaches to improving the accuracy of numbers is the use of deep learning neural networks. Deep learning neural networks can
model dependencies with high accuracy and have performance advantages over traditional approaches. However, the development
and testing of such networks in navigation tasks requires additional research, primarily in terms of considering the specifics of the
subject area, rather than well-known approaches to testing deep neural networks in a generalised sense. The presented method of
testing a deep learning neural network for calculating the ship's path in various navigation situations is based on the preliminary
use of a simulation model of ship motion, which allows simulating various navigation situations. Three classes of navigational
situations are obtained that can be observed in real ship operation conditions. The assumptions of the linear theory of sea waves
are used to model regular waves. A deep neural network is trained on data obtained from a simulation model and used to predict
the ship's trajectory. The accuracy of the neural network is assessed by comparing its predictions with the ship's trajectory obtained
from the simulation model. The test results showed that the neural network can accurately predict the ship's trajectory in various
navigation situations. The method can be used to evaluate the accuracy of deep learning neural networks for calculating the ship's
path in various navigation situations.

Keywords: ship path calculation, accuracy, deep learning neural networks, simulation model, testing, navigation situa-
tions.
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HepxaBHuil yHiBepcuTeT iHQpACTPYKTypH Ta TexHONOTiH, KuiB, Yikpaina

MMPOTHO3YBAHHSA BIZIMOB CYIHOBUX HABITAIIIMHUX CUCTEM
3 BUKOPUCTAHHAM METOAIB MAIIMHHOI'O HABYAHHA

AHoTauisi. Metol cTarTi € po3poOka METOAY BUKOPUCTAHHS BUIIAJKOBOIO JiCy AJsI IPOTHO3YBaHHS BiTMOB CyIHOBUX
HaBIraIiifHUX CHCTEM 3 BUCOKHM CTYIIEHEM TOYHOCTI JUIs MiABUIIEHHS Oe3neku Ha Mopi. CynHOBI HaBirauiifHi CUCTEMH Bi-
JIrparoTh BOXKJIUBY POJIb y Oe3Meli CyJHOIUIaBCTBA. BOHM HagaloTh KalliTaHaM CyIeH 1H(pOPMAIIiIo IPo iX MicIIe3HAXOKEHHS,
MOTONly Ta 1HII YMOBH, SIKi MOXYTh BIUIMHYTH Ha Oe3meky cyaHa. OfHaK HaBirauiifHi CHCTEMH CYICH TaKOX CXHJIbHI J0
360iB. [ToMmiky B HaBiraniifHAX cHCTEMax MOXYTh IPU3BECTH IO 3iTKHEHb, 3aTOIUICHHS Ta IHIINX HEOE3NEeUHNUX CHTyamii.
VY crarTi 3anporIOHOBAaHO BUKOPHCTOBYBATH aJTOPUTM BUITQAKOBOTO JICY JUIS IPOTHO3YBAaHHS BiZIMOB CYTHOBHX HaBiramiii-
HUX CHCTEM. AJITOPHTM BUITAKOBOTO JIICY — II¢ TeXHiKa MaIlIMHHOTO HaBYaHHS, sIka MOXKe OyTH BHKOPHCTaHa JUIs TOOyTOBH
MOJIeTICH, 3MaTHUX Tepe0ayiuTH HMOBIPHICTD TOAIl. Y TaHOMY BHIAJIKY MOMIEI0 € BUXIJ 3 JIAJy HaBITaIiitHOT cucTeMu. AJl-
TOPUTM BUIIAJKOBOTO JiCy MPAIO€ MIIIXOM OOYIOBH Py IepeB pimeHb. KoxkHe nepeBo pilieHs OymayeThes Ha miABUOIpII
nanux. [linBubipka JaHUX 301HCHIOETHCS BUIIAIKOBIM YHHOM. [10TiM anroputm 00'eHy e nepeadadeH s BCiX AepeB PillieHb IS
OTPHMaHHS OCTaTOYHOTO HPOTHO3Y. Y CTATTi NPOAEMOHCTPOBAHO, 1110 AJTOPUTM BHIIAIKOBOTO JICYy MOXe OyTH BUKOPHCTAHUN
JUTSL IPOTHO3YBAHHS BiZIMOB CyTHOBHX HABIraIlifHUX CHCTEM 3 BUCOKHM CTYIICHEM TOYHOCTI. BukopucToByBaBcs Halip TaHUX 3
1 000 3armvciB. Habip maHuX MICTHB JiaHi 3 JaT4YHKIB, @ TAKOXK MITKY, sIka BKa3yBaya, 4n Oysa HaBiramjiiiHa cucteMa CIpaBHOIO
Ha Toi MoMeHT 4Jacy. Mozens Oyna HaBdeHa Ha 80% Habopy naHuX, a 20% Habopy HaHUX Oyii0 BUKOPHUCTAHO IS HEPEBIPKH
To4HOCTI Mozei. TouHICTE MOJeNi Ha TeCTOBOMY Habopi ckiana 95%. TakuM 4MHOM, pe3yibTaTH MOKa3yloTh, 0 AJITOPUTM
BHIIAIKOBOTO JIiCYy MOXe OyTH BUKOPUCTAaHHMIT 1S MiABUIIEHHs Ge3Meky Ha Mopi. 3 HOTo JTOMOMOT00 MOXKHA 3alo0IrTH BiMO-
BaM HaBiralifHUX CHCTEM CYJIEH, 1[0 MOXKE 3al00IrTH 3iTKHEHHSIM, 3aTOINICHHSM Ta {HIINM HeOEe3MeIHIM CHTYaLlisIM.

Kaio4doBi cioBa: cucrema HaBiramii cyzieH, arOpUTM BHIIAIKOBOTO JIiCy, IPOTHO3YBaHHs BiIMOB, Oe3reka Ha MOpi, Ma-

NIMHHE HABYAaHHSI, TOUHICTh, €()EKTHBHICTb.

Beryn

[ocTranoBka npodiaemu. HagiramiiiHi cuctemu cy-
JTHA BiAITpaOTh KUTTEBO BAXKIIUBY POJIb Y OC3MEUHIN Ta
e(eKTHBHINA eKcIUTyaramnii cyqHa. BoHM HamaroTh Kami-
TaHy cy/Ha iHpOpMallilo IPO MiCle3HAXO/PKEHHS, KypC i
IIBUKICTh CY/IHA, & TAKOXK HABKOJIUIIHE cepenoBuine. e
JI03BOJISIE KalliTaHy MPUIMATH MPaBUJIBbHI PIlIEHHS 1PO Te,
SIK KepyBaTH CY[JHOM, II00 YHHUKHYTH 3ITKHEHb, 3aTOll-
JIeHHs Ta iHIKMX HeOe3nek. OHAK HaBiraliiHi cUCTEMHU
CyJIeH CXMIIbHI 10 3001B. L{i mosioMK# MOXXyTh OyTH BUKJIH-
KaHi pi3HUMH IPUYNHAMH, TAKAMH SIK 3HOC, HeTIPaBHJIbHA
eKCIDTyaTallis, 30BHIIIHI BIMBH. Komu HapiramiiiHa cuc-
TeMa BUXOIUTB 3 JIa]y, [Ie MOKE IPU3BECTH JI0 CEPHO3HUX
HACTIJIKIB, TAKUX K BTpaTa MICIsl pO3TAIlyBaHHS CYIHA,
3ITKHEHHS 3 IHITUMH 00'€KTaMHM, 3aTOIIEHHS.

[IporHo3yBaHHs BiJIMOB HaBIraIllifHUX CHCTEM CY-
JICH — 3aBJIaHHSI, SIKE MOJISIra€ B OIIHI HMOBIPHOCTI BiJI-
MOBH CHCTEMH B MaiOyTHbOMY. Lle poOHTECS muIIXOM
300py AaHUX PO MHUHYITY IIOBEIIHKY CUCTEMH i BUKOPH-
CTaHHS [IMX JIAHUX JUIsl HAaBYaHHsI MOJIeJTl MallIMHHOTO Ha-
BuaHHs. [IOoTIM MOIeNb MAIIMHHOTO HABYAHHS MOXE
OyTH BUKOpHCTaHa JUIs IIPOTHO3YBAaHHSI HMOBIpPHOCTI
30010 CHCTEMH B MallOy THHOMY.

[IporHo3yBaHHS BiIMOB HaBIraIiiHIX CHCTEM Cy/ICH
€ BXIIMBUM 3 KibKoX npuuuH. [lo-mepiue, e Moxe 110-
ITOMOT'TH 3amo0irTH 3005IM CHCTEMH, IO 3armodirae 3iTK-
HEHHsIM, 3aTOIUICHHSM Ta iHIIMM HeOe3NeYHUM CHTYa-
uism. [To-apyre, 1e MOXke JOTIOMOTTH IIPH IJIaHyBaHHI 00-
CJIyTOBYBaHHSI CUCTEMH, 110 JI03BOJISIE 3aIlJIaHy BATH TEXHi-
YHE 00CITyTrOBYBaHHS CHCTEM J0 iX BUXOIY 3 JIaxy, IO 3a-
mobirae panrroBuM 300sM. [To-Tpete, BOHO MOXKe TOTIOMO-
I'TH B OIIHII PU3UKIB, ITOB'I3aHUX 3 BUKOPHUCTAHHAM HaBi-
TaIiiHUX CUCTEM CyIHA, JO3BOJISTIOUN MPpUAMATH 00T pyH-
TOBaHI PILIEHHS 1IPO Te, K KEPYBaTH CYJHOM.

MeTtoau MaIIMHHOTO HABYAHHS MOXYTh OyTH BHUKO-
pHCcTaHi /Ul IPOrHO3yBaHHS BiJIMOB HaBiraiiifHuXx cuc-
TEM CyJIeH 3 BUCOKOIO TOUHICTIO. L{e Moxke ornomorty 3a-
no0irTu 300sIM CHCTEMH, LIO B CBOIO Yepry 3amnodirae 3i-
TKHEHHSIM, 3aTOIUICHHSM Ta IHIIIUM HEOC3IeYHUM CHUTYa-
misM. Kpim Toro, MeToayn ManMHHOTO HaBYaHHS MOXKYTh
BHKOPHCTOBYBATHUCS JJISl IIAHYBAHHS OOCIYTOBYBaHHS
CYIHOBHX HaBiramiiiaux cucrem. lle mo3Bomnse 3amany-
BaTH TEXHIYHE OOCIYTOBYBaHHS CHCTEM JI0 BHXOIY iX 3
Jaxy, mo 3amobirae panToBi 3001. 3aramoM, METOIU Ma-
[IMHHOTO HABYaHHSA MOXYTh OyTH BUKOPHCTAHI JJI ITiJI-
BUIICHHS O€3MeKH Ta HAIIHHOCTI CYIHOBHUX HaBirariii-
HUX cucTeM. Lle MoXe MPUBECTH 10 3HIKCHHS PU3HKIB
3ITKHEHb, 3aTOIJICHHS Ta IHIIUX HEOC3MEYHUX CUTYAIlil.

AHaJi3 ocTa”HHIX a0caigKeHb i mydaikamiii. Jlo-
CHTbh 3HAa4Ha KUIBKICTh POOIT B JaHWI 4Yac NMpPUCBSYCHA
BHUBYCHHIO IMPOOJEM BUKOPUCTAHHS TIHOWHHOTO HaB-
YaHHS [UIA MPOTHO3YBAaHHS BIIMOB PalliOCICKTPOHHUX
CUCTEM BOAHUX TpaHCHOPTHUX criopyx [1 - 8].

Hampuxian, B crarTi [ 1] po3misaaroTecs pi3Hi METOITH
MAITMHHOTO HABYaHHS, SIKi MOXKYTh OyTH BUKOPHCTaHI IS
BUSIBJICHHS 1 IIAarHOCTUKH HECTIPABHOCTEH JIBUTYHA B CYI-
HOIDIABCTBI. Y CTaTTi TaKOX TMPEICTABIICHI Pe3yJbTaTH 3a-
CTOCYBAHHSI IIUX METOJIB JI0 pealbHOro Habopy maHux. Y
CTaTTi MOKA3aHO, 1[0 METOAH MAIIMHHOTO HABYAHHS MO-
JKyTh BUKOPHUCTOBYBATHCS JUISI BUSBJICHHS HECIIPABHOCTEH
JIBUTYHA Ha paHHINA CTajii, 0 J03BOJISE BXKHUBATH 3aXOJIiB
LI0ZI0 TX YCYHEHHSI JI0 TOTO, SIK BOHH IIPU3BEIYTh JI0 CEPiio-
3HUX mpobneM. KpiM Toro, i AiarHOCTUKY THITY HECTpa-
BHOCTiI MOKYTh BHKOPHUCTOBYBATHCS MAIIIIHHI METOMH, [0
JIO3BOJISIE BYKUTH OUIBII TOYHUX 3aXOMIB MO0 11 yCYHEHHS.
PesynbraTy, npecTaBIicHi B CTATTI, TOKA3ykOTh, III0 METOAX
MAITMHHOTO HABYaHHS MOXYTh OyTH BHKOPHCTaHI JJIs 110~
TIITIICHHS JIaTHOCTHKU HECTIPABHOCTEH JIBUT'YHIB Y CYJHO-
miaBcTBi. Lle MoXXe TpH3BeCTH 10 3HIDKEHHS BHUTpAaT Ha
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TEXHIYHE 00CITyTOByBaHHS Ta PEMOHT, a TAKOXK i IBULLICHHS
Oe31eKH IOCTaBKH.

V crarTi [2] NOPIiBHIOETHCS KiTbKA THIIOBUX KOHTPO-
JIbOBaHUX AJITOPUTMIB MAIIMHHOTO HaBYaHHS, HAIIPUKIIA,
eXtreme Gradient Boosting (XGBoost), mTy4na HelipoHHa
Meperka, METOl OTIOPHUX BEKTOPIB, a TAKOX CTaTHCTHYHI
perpeciiiHi METOIM MOJETIOBAHHS IIBHIKOCTI 1 ITOTYKHOCTI
cyana. CroJaTky npeacTaBlIeHa 3arajibHa CTpyKTypa Iore-
penHpoi 00poOKH manux. Pi3Hi Mozmeni Ha OCHOBI MaIlIvH-
HOTO HAaBYAHHS HABYAIOTHCSI SIK 32 EKCIUTyaTalliiHIMU rapa-
MeTpaMH Cy[HA, TaK i 32 METCOPOJIOTIYHUMH Ta OKEaHid-
HUMH yMOBamMH. Ha 0CHOBI NOBHOMacIITaOHUX JaHUX BH-
MIpIOBaHb, 310paHNX Ha JABOX TUIAX BITPUIILHUX CYJEH I10
BCBHOMY CBITY, TIOPIBHIOIOTHCSI TUTFOCH 1 MiHYCH PI3HHX aJIro-
PHUTMIB MAaIIHHHOTO HABYAHHS JUISl MOJICIIOBAHHS BHCOKO-
LIBUJIKICHAX XapaKTepUCTHK cynHa. Hapemri, Mozenb
XGboost 3 HalkpaIor MPOXYKTHBHICTIO BHOMPAETHCS IS
AHAI3Y Yy TIMBOCTI Yepe3 KUTbKICTh JOCTYITHHUX TAHUX IIPO
CYAHO, PO3paxyHKOBHH Iepiof] 4acy JUisi KOKHOI CTaIioHa-
PpHOI MapmIpyTHOT TOUKH (BHOIPKH JAaHHX), IO BUKOPHCTO-
BYETHCSI Il HABYAHHS MOJIEIT], Ta OL[IHKY X BIIMBY Ha OH-
JIaWH-TIPOTHO3YBAaHHS €(EKTHBHOCTI.

Butpara namusa (FOC) € 0CHOBHUM KOMIIOHEHTOM
BUTpAT [UIsl ONIEpaTopiB CylIeH, Ha HHOTO HPHUIAAAE ITOHAT
25% 3arajibHUX eKCIUTyaTalliiHUX BUTPAT. ToYHMIA IPOrHO3
FOC Mmoxe nomoMorTu oreparopam CyleH ONTHMi3yBaTH
CBOI OrIepallii Ta 3MCHIIMTH CIIOKHBAHHSI TIAJIMBA, 110 TPH-
3BeJIe 10 3HauHOI ekoHoMii kotuTiB. J{ocmimkenns [3] mopi-
BHIOE TIPOAYKTHBHICTh PI3HUX MOJENECH MAaIIMHHOTO HaB-
yaHHA U nporHo3yBaHHA FOC. BukopuctoByeThes Ha0ip
JTAHUX eKCIDTyaTallifHuX JaHWX CyaHa, BKmodaroun FOC,
IIBU/IKICTH, HABAHTAKCHHSI Ta TIOTO/IHI yMOBHU. Mogerti, siKi
OyJT pO3IIISTHYTI, BKIIFOYAIOTh JIEPEBa PillleHb, BUIIAIKOBI
JIicH, MaIllMHU OTIOPHUX BEKTOPIB 1 HEHpOHHI Mepexi. bymo
BUSIBJICHO, 1[0 MOJICITh BHIIAIKOBOTO JIICY 3a0e3euye Haii-
Kpalily TOYHICTh MPOTHO3Y 13 CEPeIHBO0 MOXHUOKOK 1,5%.
[HII1i MOZIEITI TAKOXK TTOKA3YIOTh XOPOII Pe3yJIbTaTH, i3 ce-
peanimu noxubkamu 2%, 2,5% 1 3% st nepeB pilieHs,
I ITPUMYIOTh BEKTOPHI MAIIMHH 1| HEHPOHHI MEpesxi BiJIo-
BijiHO. Pe3ysbrati nokasytorhb, 10 MOJIESi MalllMHHOTO Ha-
BYaHHA MOXYTb OyTH BHKODHCTaHi JUISi MPOTHO3YBaHHS
FOC 3 Bucoxoro tounictro. Lle Moke OyTH BHKOPHCTAHO
orepaTtopaMy CyleH IS ONTHMI3allii CBOIX omepariii Ta
3MEHIIIEHHS CTIO)KUBAHHSI TTAJTHBA.

VY migBOAHMX HABIralifHUX CHCTeMax iH(pOpMaIlis
mo0abHOI HaBiraniitHoi cymytHuKoBO1 cuctemu (I'HCC)
HE MOXke OyTH BUKOpHCTaHa Jyis Hapirailii. OCHOBHUM Me-
TOZIOM TIOOY/TOBH TTiIBOJIHOT HABIraIiitHOT CHCTEMH aBTOHO-
MHMX TigBogHux anapatiB (AHITA) e nommnepiBcbkuit jtor
([IBJI) 3 BUKOpHCTaHHIM CTPIYKOBOI iHEpIIiaJbHOI HaBira-
miitHoi cuctemu (SINS). Omnak, ockinmekn DVL e npuma-
JIOM 4aCTOTHOTO JIOTUIEPIBCHKOTO 3CYBY Il BUMIPIOBAHHS
IIBUJIKOCTI, HAa HBOTO JIETKO BIUIMBAE 30BHIIIHE CEpeNo-
BuIIe. Y CKIaJHOMY MiTBOXHOMY cepenoBuii Buxix DVL
JIETKO 3a0pYJHIOETBCSI BUKMIaMH a0 HaBiTh NepepHBa-
eTbest. Y [4] 3anporioHoBaHuid HOBHIA IHTETpOBaHHi HaBira-
LIHHMI anropyuT™, 3aCHOBAHUI HA MOJEINi TIIMOOKOTO HaB-
YaHHA U1 yCyHeHHs HecnpaBHocTell DVL. Cnouatky BH-
xopuc-ToByiite RKF Ha ocHOBI anroputmy Bigcrani Maxa-
narobica Isl yCYHEHHSI BUKU/IIB, a TIOTIM HaBYiTh MOJEITh
HeliHiiHOT aBTOperpecii ek3orerHoro Bxomy (NARX), komu
DVL nocrynuuit. Komu DVL nepepuBaeTbcsi, BUKOpHC-

tyire Mmozenb NARX, mo6 nepenbaunty Buxin DVL i po-
JIOBXKUTHU 1HTETpOBaHy HaBiramito. IlepeBipka eeKkTHBHO-
cti 3anpornonoBanoi cxemu HAPKC-PK® npoBomiacs Ha
MacHBi JAQHUX, 310paHUX CYIHOBOIO EKCIIEPUMEHTAJIbHOIO
cuctemoro BINS/DVL. [Inst nmOpiBHSHHS B €KCIEPUMEHTI
TaKOX ITOPIBHIOIOTECS Pi3HI MeTomu. Pe3ynsraTn ekcriepu-
MEHTIB MOKa3yroTh, 0 NARX-RKF moxe eexTuBHO mmpo-
rHo3yBary Buxix DVL i 3Ha4HO Kpariie, HiX iHIIT METOIHL.

MeTto10 cTATTi € pO3pOOKa METOIy BUKOPHCTAHHS
BHITAIKOBOTO JICY IUIS MPOTHO3YBAaHHS BiIMOB HaBira-
LIITHAX CHCTEM CYAEH 3 BUCOKHUM CTYTIEHEM TOYHOCTI TS
MiJBUIICHHS OE3IEKH HA MODI.

BuxiiageHHsI 0CHOBHOTO
Marepiaay Aoc/igKeHHs

Bukonaemo ¢opmanbHe BU3HAYEHHs 3ajadi Ipo-
THO3YBaHHS BiJIMOB HAaBIralliiHUX CHUCTEM CYJICH, 3aIlu-
CaHe y BUIVIA1I MAaTeMaTHYHOTO BHPa3y, 3aCHOBAHOTO Ha
Teopii MHOXKUH:

1. lano: HaOip naHux D, 10 CKJIANAETHCS 3 03HAK
X Tta uinpoBux 3MiHHUX Y. O3Haku X € XapakTepucTu-
KaMH HaBiraiiifHol CHCTEMH CyJHa, IKi MOXYTh OyTH BHU-
KOPHUCTaHI JJIsl MPOTHO3yBaHHs BiMOBH. L{i1b0B1 3MiHHI
Y sBisttoTe cO00I0 WMOBIPHICTE BHXOAY 3 JIaay HaBira-
LiHHOT CHCTEMHU CyIHA.

2. 3HaiiTi: Mozeni f, sKi MOXYTbh IepeadadaTy Ii-
JbOBI 3MiHHI Y 711 HOBUX NaHMX. Mopenb f MOXyTb
OyTH TIpeACTaBICHI PI3HUMHU cI0co0aMU, TAKUMH SIK JIO-
TiCTHYHA perpecis, AepeBa pimeHb abo BUIAIKOBI JIICH.
Bubip KOHKpEeTHOTO MeTomy Oyze 3ajie)KaTH BiJ KOHKpe-
THHX JJAHUX 1 3aBIaHHs.

VY 3ajmavax MPOrHO3yBaHHS BiIMOB HaBiral[itHUX
CHCTEM CyICH BUKOPHUCTOBYIOTECS Pi3Hi aHi 3 pi3HUX D.
Jesiki 3 HAWTIOMITUPEHININX THITIB JAHUX MICTATh:

a) AaHl Tpo craH cucTeMu: iH(opmalis npo cra
HaBiramiiHoi cucTeMH (TeMIeparypa, TUCK, CTPYM Ta Ha-
npyra);

0) maHi IPO MPOXYKTUBHICTh CHCTEMH: iH(OpMAIIis
PO TMPOXYKTHBHICTh HABITAI[ifHOT CHCTEMH (TOYHICTH
MICIIe3HaXOKEHHS, Yac BIITYKY Ta piBeHb IIOMUJIOK);

B) IaHi PO BHKOPHUCTAHHS CHCTeMH: iH(opMaris
NpO BUKOPHCTAHHS HaBiramiiiHoi cucteMu (TpPHUBIIICTb
po0OTH, YacTOTa BUKOPUCTAHHS Ta THITH ONEpalliii).

Ha nonarok 1o nux JaHUX MOXKYTh BUKOPUCTOBYBa-
THUCSI 1HIIN JaHi, HAMPHUKIAA [IPO HABKOJHIIHE CEpeio-
BHILIE, IOTO/TY, 00CIIYTrOBYBaHHS CUCTEMH TOIILIO.

IIporHo3yBaHHsI BiJMOB CYyTHOBHX HaBirariiHux
cucteM (NVS) € BOXKIMBUM 3aBIaHHSM, SKE MOXE JTOTIO-
MOTTH HiABUIIUTH Oe3reKy Ha Mopi. IcHye Gararo pi3HuX
METO/[iB MalIMHHOTO HABYaHHS, SKi MOXXHa BHKOPHCTO-
BYBaTu Ul NporHo3yBaHHS 300iB NVS. Jleski 3 Haid-
Oi7IBLI MOITYNSIPHUX METONIB MBICTATH [9, 10]:

1. lepeBa pillieHb — 1€ TUIT aITOPUTMY MAITHHHOTO
HaBYaHHSI, KU MOXXHA BUKOPUCTOBYBAaTH JUIS HPOTHO-
3yBaHHA 3001B NVS. AJIroput™ mparod misxoMm mooy-
JIOBH JIEpEBa, B SIKOMY KOXEH BY30Jl MIPEACTABIISIE 0CO0-
JUBICTh, @ KOXKHA TUTKa MpeacTasise pimeHHs. Jlepesa
pimeHs MOXyTh OyTH BHKOPHCTaHi JUI IPOrHO3YBAaHHS
HMOBIPHOCTI BHXOJy CHCTEMH 3 Jlaly Ha OCHOBI JJaHUX
1po ii MUHYITy HOBEIHKY.

2. BumaaxoBi Jlicu — 1ie 1€ OJUH THIl aJrOpUTMY
MAaIIMHHOTO HaBYaHHS, KU MOXXHA BHKOPHCTOBYBATH
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JUIsl NporHo3yBaHHs 300iB N'V'S. Bunaakosi sricu npaiio-
10Tbh, OYJlyIOUH KiJIbKa JIepeB pillleHb 1 00'eIHyI0uH iX pe-
3ynbTatd. lle 103BONslEe BHUMAAKOBUM JicaM pOOWUTH
OLUTBII TOYHI MPOTHO3H, HIX IEPEBa PIllICHB.

3. JloricTu4Ha perpecist — 1ie CTATUCTUYHUI METO[,
SIKMH MO>KHA BUKOPHCTOBYBATH JUIS TPOTHO3YBAaHHS HMO-
BipHOCTI momii. MeTon Moke OyTH BHKOPHUCTaHHUU IS
MIPOTHO3YBaHHS HMOBIPHOCTI BUXOY CUCTEMH 3 JIATy Ha
OCHOBI JaHUX PO i1 MUHYITy TOBEIIHKY.

4. MligrpnMka BexkTopHNUX MamuH (Vector Machine
Support (SVM)) — 11e THIT aNropuTMy MaIIHHHOTO HaB-
YaHHSI, SIKUH MO’KHA BUKOPHCTOBYBATH IS Kjlacudikanii
naHuX. SVM MOXyTbh BUKOPHCTOBYBATHCS ISl Kilacui-
Karii 1aHux npo BigMoBy NVS, 110 Moxke JOIIOMOT'TH I1e-
penbaynty 300i.

5. HelipoHHI MepesKi — 11e TUIT allfTOPUTMY MalliH-
HOTO HaBYaHHS, KU MOYXHA BUKOPUCTOBYBATH JJISl MO-
JETIOBAaHHSI CKJIAJHUX BIJHOCHH MIX BXOAMH Ta BHXO-
namu. HelipoHHI MepexXi MOJKYTh OyTH BUKOPHCTAaHI IS
MOJICITIOBAaHHS B3a€MO3B'I3Ky MK JJAHUMH IIPO BiZIMOBY
NVS i #MOBIipHICTIO BiIMOBH, IO MOXE JOTIOMOITH B
MIPOTHO3YBaHHI 3001B.

BurmnaakoBi Tick MatOTh PsiJI IEpPeBar mnepejl iHmuMu
METOJIaM{ MaIIMHHOTO HaBYaHHsL. [lo-nepiie, BUMaaKoBi
Jicu CTiMki 10 BUKHIIB. Ile 03Hauae, 110 HA HUX HE CH-
JIbHO BIUIMHE HAsIBHICTh BUKHUIB y AaHuX. [lo-npyre, BU-
MAJIKOBI JIiCH pijtie nepeodnaanyoThes. Le o3Hauae, 1o
BOHH He OyyTh 3aHAITO JOOPE BiJIOBIAATH HABYATIHLHIM
JaHUM 1 3MOXYTh A00pe migcymyBaru maHi. [lo-Tpere,
BHITA/IKOBI JIICH MOXKYTb POOUTH OLIBII TOYHI MMPOTHO3H,
HiX 1HIII METOIN MAalTMHHOTO HaBYaHHSI.

VY pesynbrari BHITQAKOBI JIICH PO3MISIAIOTECS B Ja-
Hill poOOTI SIK KpaIluii METOJ] MAIIMHHOTO HAaBYAHHS JIS
MIPOTHO3YBaHHS BiZIMOB HaBITAI[IHHUX CHCTEM CyieH. Bu-
3HAQYMMO MaTeMaTUYHHUW BHpa3 Juisl pe3yJbTary BHITY-
YCHHS 1 BUIICHHS O3HAK, SIKi MOXKYTh OyTH KOPUCHI JIst
MIPOTHO3YBaHHS BiZIMOB CYJHOBHX HaBiraliiHUX CUCTEM

M = {T,P,C,V,LA,RT,ER,DO,FU,TOP}, (1)

ne M — MHOXKHHA O3HAK, sIKi Oyiau oOpaHi 11 IPOTHO3Y-
BaHHS BiZIMOB HaBiraifHUX cucTeM cyneH; T — TeMnepa-
typa; P — tuck; C — crpym; V — nanpyra; LA — To4HICTh
BU3HAYCHHsI Micrie3Haxomkenns; RT — yac Biaryky; ER —
yactora noMwiok, DO — tpuBaiicte podoru; FU — uac-
ToTa BUKopucTanHst; TOP — Buin BUKOHYBaHHUX OIlepalliif.

i ocobmmBocTi Oynu BiAiOpaHi HA OCHOBI iX 3Ha-
YeHHS U IPOTHO3YBaHHS BiIMOB HaBIrallifHIX CHCTEM
cyneH. Boru Oynu oOpaHi Ha OCHOBI aHAITi3y JaHUX TIO-
MepeHiX BiIMOB HAaBIraliiHUX CHUCTEM CYIEH, a TaKOX
Ha OCHOBI1 €KCIIEPTHOT TyMKH.

Metoanka mo0Oy/T0BH MOJENI MPOTHO3YBAaHHS Bif-
MOB HaBiraliiHUX CHCTEM CyZEH Ha OCHOBI BUIIaIKOBOTO
Jicy 3 BHKOPHCTaHHSIM OOpaHMX O3HAK BKJIIOYAE TaKi
eramu (puc. 1):

1. HaGip manux D minuThCs Ha TPEeHYBaJbHHUN Ha-
6ip Dyyqin 1 TeCTOBHI HAOIP Dypgy-

2. Ha tpenyBansHOMY Ha00pi Dypqin 1MOOYIOBAHO
MOJIeNTb BUIIAIKOBOTO JIiCy .

3. BunankoBa MOZAETH JIiCy BUKOPHCTOBYETHCS JUIS
MIPOTHO3YBAHHS IIJTLOBOT 3MIHHOT Y JIJIs1 TECTY Dypgy-

4. TouyHiCTh MOJICITI OIIIHIOETHCSI HA TECTOBOMY Ha-
6Opi Dtest'

[ ITouatox
I

®opMyBaHHS HABYAILHOTO 1 TECTOBOTO HAOOPY
I

[ToOymoBa Moiemi BUIIAIKOBOTO JiCy
|

[IporHo3yBaHHSs UILOBOI 3MIHHOT
|

OwiHKa TOYHOCTI MOIEN]
T

[ 3aKiHYECHHS

J

Puc. 1. Y3aranpHeHa CTPYKTYpa METOLy ITOOYIOBH MOJIEIL
[IPOTHO3YBaHHS BiZIMOB HaBIralifHUX CHCTEM CyAeH
Ha OCHOBI BHIIAJIKOBOTO JiCY

Mozesnb BUIIaJIKOBOTO JIicy OYAYEThCS HIUISIXOM
noOy/JI0BM JIEPEB pIllICHb Ha MiABHOIpKaxX HaBYAJIBHOI
MHOXUHU Dypqir, . KoXKHE nepeBo pitieHb OyayeThes Ha
BUIAIKOBIH miaBuOipIi o3Hak 3 MHOxuHU M. [ToTtim pe-
3yJBTATH BCIX JEpeB pillleHb 00'€THYIOTHCS, 00 OTpH-
MaTH OCTaTOYHUH MPOTHO3 (pHC. 2).

PO S EiPs
OW\ Ox ox @ OK. o;\o o 3 .T o9

Puc. 2. I'pacdiuae npencraBieHHs MOJIEII BHITQJKOBOTO JIICY

MatemaTtigHa GopmyIia A OIiHKHA TOYHOCTI BU-
MaIKOBOT MOJIEJII JIiCy Ha TECTOBI MHOKUHI Dy pg; BUTIIS-
Jla€ TaK

1 ~
Accuracy = mzx € Diest II| (Vx = Jx) (2)

JI€ Y, — CIIPABXKHS 1[1JIbOBA 3MiHHA JJIsl BUOIPKH X

¥, — IPOTHO30BaHa IIJIbOBA 3MiHHA ISl BUOIPKH X

Il (yx = ¥,) — inauKaTopHa (HYHKIIis, KA JOPiIBHIOE
1, sxmo (y, = P, ), 1 0 — B iHIIOMY BUIIAJKY.

TouHiCTh MOJIET BUIIAJIKOBOTO JTiCY MO€e Oy TH TI0-
KpalleHa IUIIXOM 301IbIIeHHS KUTBKOCTI AepeB y JIici,
30UIBIICHHS KIJIBKOCTI O3HAK y KOKHOMY J€peBi Ta 3Me-
HIICHHSI PO3MIpy MiJBUOIPOK, HA SIKUX MOOY/0BaHi Jie-
pesa.

ExcriepuMeHTanbHa yCTaHOBKA CKIIAIA€THCS 3 HABI-
raiiiiHoi cCUCTeMU Cy/iHa 1 HAOOPY IaTYHKIB, SKi BUMIpIO-
I0Th pi3HI MapamMeTpu CHCTEMH, Taki SK TemIieparypa,
THUCK, CTpYM 1 Harrpyra. Habip 7aT4nKiB BCTAHOBITIOETHCS
Ha CyJHO i 30upae qaHi 3a IEeBHUH MPOMDKOK dacy. Ilo-
TiM JlaHi 30epiraroThest B 0a3i TaHUX.

Bubipka qanux ckianaeThes 3 Habopy 3aIuciB, KO-
JKEH 3 SIKMX MPEJICTaBIISIE OJTMH MOMEHT 4acy. KoxeH 3a-
ITMC MICTHUTH JaHi 3 IaTYHKIB, a TAKOXK MITKY, sIKa BKa3ye,
4y Oyia HaBiramiiHa cucTeMa CIPaBHOIO B TOH MOMEHT
yacy. BuOipka maHux 30upaeThcsi 3 0a3u JaHUX 1 Iii-
JUThCS Ha HaBYIbHUKM Halip 1 TecroBUil HaOIp.
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HaBuanpHuil HaOip BUKOPUCTOBYETHCS IJIsl HABYAHHS
MOJIE/Il MAIIMHHOI'O HABYAHHS, a TECTOBUU MIKC — ISt
OLIIHKHA TOYHOCTI MOZEI.

BesnocepeHb0 Ha TPAKTHUII MOJENIb MAIIHHHOTO
HABYAHHS MPOXO/IUJIa HABYAHHS Ha Habopi ganux 3 1 000
3anmciB. Habip maHux MICTUB JaHi 3 TaTYHKIB, a TAKOK
MITKyY, sIKa BKasyBaja, 4d OyJjia HaBiraiiiiHa cHucTeMa
CIIPAaBHOIO HA TOW MOMEHT 4acy. Mojenb MallMHHOTO
HaBYaHHS MOOYI0BaHA 3 BUKOPHUCTAHHSIM aIrOPUTMY BH-
MIAIKOBOTO JTicy Ta Oyia HaBueHa Ha 80% HaOOPY NaHMUX,
a 20% Habopy maHuX OyIIO BUKOPHCTAHO AJIS TEPEeBIpKH
TOYHOCTI MoJiesi. TOYHICTh MOJIeNTi Ha TeCTOBOMY HaboOpi
ckiana 95%. 1le o3Hauae, 1110 MOJIEINb MPABHIILHO TTEPE/I-
0aumsia CIpaBHICTh HABITAIIHOT cucTeMu B 95% Buma-
kiB. Ile o3Hauae, MO MOMENb MOXKE OYTH BHKOpHCTaHA
JUTSL IPOTHO3YBAaHHS BIJIMOB HaBIraliiHUX CHCTEM CY/ICH
3 BUCOKHM CTYIIEHEM TOYHOCTi. Moiens Moxke OyTH BU-
KOpHUCTaHa JUIS IiABUINEHHS Oe3neKy Ha Mopi. 3 ii gorro-
MOTOI0 MOYHa 3armo0irTi BigMOBaM HaBIiramiiHUX

CHCTEM CYJICH, 1[0 MOXE 3aMO00IrTH 3iTKHCHHSIM, 3aTOII-
JICHHSIM Ta 1HIIUM HEOC3MCUHUM CUTYAIIsIM.

BucHoBxku

AJNTOPUTM BHUIAKOBOTO JIICY MOXe OyTH e(heKTH-
BHO BHUKOPHUCTAHUIA JJIsl IPOTHO3YBAHHS BIZIMOB CY/THO-
BUX HAaBITalliifHUX CHCTEM 3 BUCOKHM CTYIEHEM TOYHO-
cTi. Mopenp Moxe OyTH BUKOPUCTAHA IS ITiBUICHHS
Oe3meku Ha MOpi. Ii BHUKOPHCTAHHS JTO3BOJISIE 3aM00IrTH
BIIMOBaM HaBITallifHUX cUcTeM cyneH. Hacmigkom Ta-
KOTO MiJXOIy € 3MCHIICHHS WMOBIPHOCTI BUHUKHCHHS
31TKHEHb, 3aTOILICHD Ta 1HINX HEOC3MCUHUX CUTYAIlil.

Moesib MAaIIMHHOTO HAaBYaHHS MOJKHA ITOKpa-
IUTH, 301IBIIUBINU po3Mip Habopy nanmx. Ile mo3Bo-
JUTH MOJIENI HABUMTHUCS Kpalle pO3Mi3HaBaTH O3HAKH,
SIKi TIOB'SI3aHi 3 BiZIMOBaMHM HaBIraI[iiHUX CHCTEM CYJICH.
Mo/iesib MaIIMHHOTO HaBYAHHS TAaKOK MOKE OyTH ITOK-
palieHa 3a I0IIOMOT 00 O1IBIII CKIIAJIHOTO aJIrOPUTMY Ma-
LIIMHHOTO HaBYaHHS.
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Prediction of failures of ship navigation systems using machine learning methods
0. Maranov

Abstract. The purpose of this article is to develop a method for using random forest to predict failures of ship navigation
systems with a high degree of accuracy to improve safety at sea. Ship navigation systems play an important role in maritime safety.
They provide ship captains with information about their location, weather, and other conditions that may affect the safety of the
vessel. However, the navigation systems of ships are also prone to failures. Errors in navigation systems can lead to collisions,
flooding and other dangerous situations. The article proposes to use the random forest algorithm to predict failures of ship naviga-
tion systems. A random forest algorithm is a machine learning technique that can be used to build models that can predict the
probability of an event. In this case, the event is the failure of the navigation system. The random forest algorithm works by
constructing a series of decision trees. Each decision tree is built on a subsample of data. Subsampling of data is done randomly.
The algorithm then combines the predictions of all decision trees to produce the final prediction. The article demonstrated that the
random forest algorithm can be used to predict failures of ship navigation systems with a high degree of accuracy. A dataset of
1000 records was used. The dataset contained data from the sensors, as well as a label that indicated whether the navigation system
was healthy at that point in time. The model was trained on 80% of the dataset, and 20% of the dataset was used to test the accuracy
of the model. The accuracy of the model on the test set was 95%. Thus, the results show that the random forest algorithm can be
used to improve safety at sea. It can be used to prevent failures of ships' navigation systems, which can prevent collisions, flooding
and other dangerous situations.

Keywords: vessel navigation system, random forest algorithm, failure prediction, maritime safety, machine learning, ac-
curacy, efficiency.

40



YnpaBniHHA B CKNagHUX cuctemax

VJIK 681.516.75

H. O. €Bcina, I1. O. Kayanos, M. B. Tapacenko

doi: 10.26906/SUNZ.2023.3.041

Harmionansauiil TexHI9HUHN YHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUHN IHCTUTYT», XapKiB, YKpaiHa

CUHTE3 HEHPO-HEYITKOI'O PEI'YJISITOPA
3 HAJTAIITYBAHHAM 'EHETHYHUM AJII'OPUTMOM

AnoTanisi. MeTolo cTaTTi € pO3IIILA METOAUKU pO3pOOKH Heifpo-HeuiTkoro perynstopa (HHP) 3 nanamtyBannsaMm iforo
napaMeTpiB reHeTHIHUM anroputMoM (I'A). OTpumaHi pe3yabTaTé HiITBEPKYIOTH Ipale3laTHICTh METOIMKH Ta JI03BO-
JISIFOTH 3pOOHUTH BUCHOBOK IIPO T€, 0 HEHPO-HEWITKHH PerysIsTop IpH BiAMOBIAHII HamamTyBaHHS 3a0e31edye BHCOKY SIK-
iCTh pOOOTH CHCTEMH KEepyBaHHS, Y TOMY YHCII 1 32 HassBHOCTI BHIIAJKOBHX 30ypeHb Ha AWHAMIYHHH 00'€KT. 3amporoHo-
BaHa y crarTi Meronuka cuate3y HHP npotecroBana B yMoBax 0OMexeHOro o0CATY BUXITHUX JTAaHUX HABYAJIHHOI BUOIPKH,
po3Mip sKoi HE BIUIMBAE Ha SKICTh podoTu anroput™my. JlocTaTHpo MBOX ab0 TPHOX 3HAYEHH MapaMeTpiB BHOIpKH, MO0
chopMyBaTH Aiala30HH IS MEX TEPMiB HEUITKHX 3MiHHHX, a Jaji ONTUMaJbHI 3HaYeHHS migoupatoTecs ['A. YV pe3yisb-
TaTi pO3pO0JICHO AITOPUTM CHHTE3Y PETyIsATOpA Ta TCHETHYHUH aIrOPUTM HaJIAIITyBaHHS HOro mapamerpis.

Knao4oBi caoBa: HewiTkuid peryistop, GyHKIIS MpUHAIEKHOCTI, neda33idikaris. HeHpo-HEUITKUH peryisTop, reHe-

TUYHUH aIrOPUTM.

Beryn

HeoOxinHicTh BUpIIICHHS aKTyaJlbHUX 3aBJaHb
ABTOMAaTHYHOTO KEpyBaHHs JMHAMIYHUMH O0'€eKTamMu
npu Jil pi3HOMaHITHUX BHIIAJIKOBHX 30ypeHb BCE dac-
Tillle BUMarae 3aCTOCYBAaHHS IHTEIEKTYaIbHUX METOIB
MaTEeMaTUYHOTO MOJICNIOBAHHS, TAKUX K HEYIiTKa JIOTi-
ka, reaetuyHi anroputmu (I'A), HeliponHi Mepexi. O0'-
€IHAHHS HEHPOHHHUX Mepek, [A Ta HEUITKHX alTOpHUT-
MiB J03BOJISIE BUPINIYBaTH 3aBJaHHS Pi3HOI CKIIQJAHOCTI
Ta HEBU3HAYEHOCTI, ajie HallBa)XXJIMBIIlIe — BOHHU CTAIOTh
yHIBepCaIbHIM 1HCTPYMEHTOM IJIsI 0OpOOKH HETOYHOT,
HErnoBHOT 4K HewiTKol iHpopmarii [1].

3acToCyBaHHS IHTENEKTYaIbHUX METOJIB MpPHU MO-
OyZIOBI CHCTEM KEpyBaHHS JO3BOJISIE CYTTEBO 3HU3UTH
BILJIMB HEBU3HAYCHOCTI HA SKICTh CHCTEM KEPYBaHHS, a
TaKOX KOMIICHCYBaTH Opak ampiopHoi iHpopmanii Ha
eTali NPOeKTyBaHHsA cucTeM [2]. Y HewiTkoMy Kepy-
BaHHI KIJIBKICTh HEOOXiMHUX HEWITKHX IPABHII 3pOCTAE
eKCTIIOHCHIIIHO, 1 [Ie SBUILE BiJIOME SK MPOKJIATTS PO3-
MipHOCTI abo mpoOieMa BUOYXy KOMOIHATOPHOTO Tpa-
Bria. Togli cTae HEOOXIMHUM CKOpOUYSHHS 0a3u MpaBHIL.
BBakaeTbcs, 10 KUTBKICTh HPaBWIJI IOBUHHO OyTH 3Me-
HIIIEHO TakK, IO 3aJIMIIAETHCS JIMIIE MiHIMAaJILHO HEO0O0-
XiJJHa KUTBKICTh MPaBWJI, SIKi 1€ MICTATH iCTOTHY 1H(}O-
pMartito o0 OpuriHanbHOI 0a3zu. Xoua Jis 1€l MeTH
BHKOPHCTOBYETHCS KiNIbKa TeXHIK [3], Takux sk: Oyie-
BHH METOJ, HEHPOHHI MepexXi, METOI PO3B’SI3KU Ta Me-
TOJM KJIacTepH3allii, ajie )KOJHa 3 HUX HE € IOBHICTIO
3a70BUIBHOIO. [le 3aBaHHS MOKHA BHPIIIUTH 3a JOMO-
MOTOI0 HOBOTO METO/ly CHHTE3Y HEUITKOTO KepyBaHH:.

AHaJi3 JiTepaTypH Ta OrJsj iCHyIOYHX pillleHb.
Po3pobka cucremm KepyBaHHS BKIIOuae B cebe Oararo
IIUTaHb, TAKUX K CTaOUIBHICTH CHCTEMH, SIKICTH Iepe-
XiJHOTO Ta cTajoro crany Tomo. KokHa mpobiema
3HAYHOIO MipOIO 3aJI€XKHTh BiJl CTPYKTYpH Ta IapaMerT-
piB cuCTEeMH KepyBaHHS.

Kpim Toro, mig gac nmpoekTyBaHHS HEOOXimTHO Tie-
pEKOHATHCA, IO KOH(MDIIKTH MiX KPUTEPISIMH SKOCTI

aJiekBaTHO BUpimeHi [4]. BigcyTHICTh cHCTEeMaTHIHUX
METOJIiB BHOOpPY 3HAYeHb [UIA OaraThOX ITapaMeTpiB
peryisTopa € OCHOBHOIO NEPEIIKO/I0I0 AT 330BOJICH-
HSl BUMOT KEpYBaHHSI.

1100 BUpIIIUTH I1i IPOOJIEMHU 33 JOIMTOMOTOIO T'eHE-
THYHHX AJITOPUTMIB, KOIYIOTh CTPYKTYPY Ta IapaMeTpH
KOHTpOJIepa B XPOMOCOMHY MOCIIZOBHICTh 1 BH3Haua-
10Th (YHKINIO BIiAMOBIAHOCTI K (DYHKI[IIO BUMOT 10
sakocTi [5].

BiamoBinHO 3amady MPOEKTyBaHHS MOXKHA Ieper-
BOPHTH Ha 3a/a4y MiHiMi3amii niapoBoi QyHKIIT 3a ma-
pametpamu perynsropa [6].

OCKITbKY TeHETHYHI aJTOPUTMH BUKOPHUCTOBYIOTb
nume (QyHKI0 BiAMOBIIHOCTI B MpPOIECi OmTUMI3alil,
BOHM MOXYTh BHKOHYBaTH Lel mnomyk. [HHOBauiiiHe
NOEHAHHS ICHYIOYMX METOJIB KEepPYBaHHS 3 TeHETHY-
HUMHU QITOPUTMaMU MOXE CTBOPUTH TOTYXKHUH 1H-
CTPYMEHT JJIsl BUPIILIEHHS PeallbHUX Npo0JieM KepyBaH-
Hsl, SIK TIoKazaHo y [7—11].

I'enernunmii anroput™m (I'A) € mpenmeTHo Hesa-
JSKHUM IHCTPYMEHTOM TJI00albHOI ONTUMi3amii, eex-
TUBHICTB SKOTO J00pe BiToMa i I BUPILICHHS 3aBJJaHb
MapaMeTPUYHOr0 HaJlalITyBaHHS HEWPOHHUX MeEpex
(HM).

Buxopucranns I'A npu cuHTe3i HelipoHHOTO pe-
rymstopa (HP) mepenbauae, 1mo KoXKHOMY BapiaHTy
napametpiB HP Bignosinae cBost xpomocoma. J[ist omiH-
KM BiZHOCHOI NPHUIATHOCTI i-i XpOMOCOMH HEOOXiTHO
3HATH, KN mepeximgHuii mpomec Xi(t) il BigmoBimae.
[Ipu 3BH9aifHOMY pPO3Mipi MOMyNAIil B COTHI 1 THCAUI
XPOMOCOM TOTPiOHA JyXKe BENHMKa KiIbKICTh €KCIEpH-
MEHTIB, IO POOUTh HEOOXITHHM BUKOPUCTAHHS iMiTa-
niftHoi Mojeni o0'ekra. [Ipu boMy BHHUKAE NIBI 3a1adi:

1) imiramiiina Monens Mae OYTH JOCHUThH INBH-
KOI0, iHaKIme Opak OOYMCITIOBAIBHUX PECYPCIB TUCKpe-
nuTy€e BUKopucTanus ['A;

2) mpu po3paxyHKY BiJHOCHOI HPHIATHOCTI Xpo-
MOCOM CJIiJl BpaXOBYyBaTH HEMUHYYy HETIOBHY HEBiIIO-
BIIHICTH IMITAIIHOT MOZEN] Ta 00'€KTA.

© €scina H. O., Kauanos I1. O., Tapacenxo M. B., 2023
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Taki 3a7a4i B3a€MOIOB'sI3aHi, TOMY 1[0, YUM TOY-
Hime omuc 00'€KTa, TUM MEHINA IIBUAKOIIS Momemi 1
HaBnaku. [Ipo6iema HeNOBHOT BiIOBITHOCTI 00'eKTa Ta
MoOJieJli BUHUKaTHMe, IPUPOHO, 1 IPH KEpyBaHHI B pe-
AIBHOMY MacIuTabi yacy.

3acHOBHHK Teopii HeuiTkux MHOXxwuH JI. 3anme, mi-
JIKPECITIOBAB, IO BUMOTH 10 TOYHOCTI ommcy oO0'exTa
KepyBaHHS MOXYTh OyTH 3HW)KEHI 3a PaxyHOK IIiJIBU-
IICHHS {HTEJIEKTYaJIbHOCTI CHCTEeMH KepyBaHH:. HewiTki
PETYIATOPH € TPHKJIAIOM Takoro miaxoxy. OmHak re-
HETWYHE HABUaHHSA KJIACHYHHUX HEUITKHX DPETyJATOpIB
NOB'I3aHE 3 JACSKUMH NPOOJIeMaMH, SKUX HEMae IpH
HaBuaHHi HP.

BpaxoByroun 3po0iieHi 3ayBa)KCHHsI, LIJIKOM IpHU-
poanuMm € nepexin Big HP no Helipo-HeuiTKOrO perys-
topa (HHP).

Y HHP onun HEHpOH BUKOPUCTOBYETHCS AJIS IIO-
JaHHS OJHOTO HEYITKOro MpaBmiia. SIKIO BHKOPHUCTO-
BYBATH ISl IPEACTaBICHHSA TepMiB (yHKHito ["ayca, To
MIpaBUJIO MOXKHA MOJATH SIK HEUpOH 3 n BXxoaamu. HM
s peanizanii HHP mae Oyti nBomapoBoro, 3aBIaHHS
JpyTOTOo Iapy MOJsIrac y BHKOHaHHI QyHKIIl medassi-
¢ikariii — 004KCIICHHS CITITBHOT il BCIX MPaBHIL.

OcHoBHa mepeBara Bukopuctanus HHP mo Big-
nvomennto 1o HP monsrae B tomy, mo HHP 30epirae
Taki KOPUCHI BJIACTHUBOCTI HEUITKOTO pEryjsaropa siK
MIPUPOJHY aJaNTHBHICTD 1 cIa0Ky 4yTJIMBICTH A0 Iepe-
LIKOJI.

MeTo10 €TATTi € PO3TIIAL METOAY PO3POOKH HEH-
PO-HEYITKOTO pPEeryisfTopa 3 HaJAIITyBaHHSAM HOTO Iia-
pamertpiB 3a momomororo [A.

AJITOPUTM CHHTE3y MATeMaTHYHOI
Moj1eJli Helipo-HeYiTKOro peryasaTopa
3 HAJIAIUTYBAHHSM FeHeTUHYHOT0 AJITOPUTMY

Kpox 1. TloOynoBa MareMaTHYHOT MOJIei 00’ €KTY
KEepyBaHHS Ta BHUPIIICHHS 3a7adi CHHTE3y PETyIsTOpa
KJIaCHYHUM MeToioM. [lomepelHr0 HeoOXiTHO BUOpaTH
ctpykrypy perymsropa (I1-, II-, ITIJ-perymsatopu Ta
iH.), a ani po3paxyBaTH 4u migidparu oro xoedimieH-
TH.

Kpox 2. TlpoBeneHHs TecTyBaHHS NoOyn0BaHOT
cucremu (Kpok 1) y niama3oHi MOXKJIMBUX PEXHMIB po-
00T Ta miATBEpMKEHHsS crilikocTi. OTpUMaHHS HaB-
YJarpHOI BUOIPKM BHKOHAHHA MPOIEAYPH CHHTE3Y Hedi-
TKOTO PEryJisiTopa.

Kpox 3. YxXBasieHHS pillleHHS PO CTPYKTYpPY Hedi-
TKOTO peryiaropa (y HalnpocTiloMy BUNAAKY Iie Oyze
CTPYKTYpa OIMH BXiJ — OMH BUXif). 3MiACHEHHS BUOO-
pY JIIHTBICTHYHOT'O ONKCY JJIsl BXiTHOTO

(BXiIHUX) Ta BHUXIIHMHA 3MIHHUX HEUITKOTO pery-
nsropa (dassidikanis [3]). V Omoui «daszidikamis»
MICTHTBCSI HEUITKUH ONMHC BXiHOTO Ta BHXIiIHOTO Ia-
pameTrpa y BHUITISIAI TEPM-MHOXHHH JHI'BICTHYHHX
3MiHHEX. KiTBKICTH TEpMiB BHU3HAYAETHCA EKCIIEPTOM
BHXOJISTYU 3 0COOJIMBOCTEH PO3B'SI3aHHS 3a]1a4i.

Kpox 4. Ha mincraBi gaHWX HaBYAIBHOI BHOIpPKH
CKJIaJIAalOThCS CXEMM JIOT1YHHMX BHCHOBKIB Yy HEWITKiH
0a3i MpaBWJI BIAMOBIMHO JO JIHTBICTHYHOTO ONKCY Ha
Kporii 3.

Kpox 5. Bubip Buny nedassidikamii pesynprary

HEUiTKOTo BUCHOBKY. Haiibinbm gacto
BUKOPHCTOBYETHCSI METO LIEHTPY TSDKKOCTI [3].
Kpox 6. IlpoBenenns TectyBanHsa cuctemu 3 HP.

HanaeTbcst BUCHOBOK TPO CTIHKICTB.

Kpox 7. Pozpobka I'A s HanamrtyBaHHS Hapa-
METPIB HEYITKOTO PETYJATOpa Y paMKax CTaHAaPTHOTO
MIpOIeCy OTPUMAHHS ONITUMAIIFHOTO pireHHs [3]:

1) hopmMyBaHHS MOYATKOBOI OMYJIALIT;

2) mosiBa IOTOYHOT ITOTYJISIIT;

3) poboTa TCHETUIHHX OIIEPATOPIB;

4) mosiBa HOBHX XpOMOCOM (TIepexia 10 KPoKy 2);

5) mepeBipka yMOBU 3YITUHKH;

6) 3yIHMHKa €BOJIIOLIIT;

7) onTUMaJbHE PilICHHS.

®dopMyBaHHS MOYATKOBOI MOMYJISLT BUKOHYETBCS
Ha Kpoli 3 — MeXi TepMIB BXIJIHUX Ta BUXITHUX 3MiH-
HUX.

Kpox 8. TlpoBenenHs tectyBaHHs ['A Hamamrty-
BaHHS MapaMeTpiB HEUITKOro perymaropa (KOpAOHIB
TepMiB). sl 1bOTO BHOHMPAEThCS TECTOBE KEPyBAHHS
u(t) Ha BXOJl CHCTEMH Ta BUKOHYETHCS HAJIAIITYBaHHS
mapameTpiB HP BiImoBiqHO 10 BCTaHOBICHHWX HA KPOII
6 3HaueHb MEX Y 3aJaHuX Jiana3oHax ix Bapiariid. Pe-
3yJIbTAaT TECTYBAaHHS Ma€ I0Ka3aTh KOPEKTHICTh POOOTH
I'A, T00TO TOCTITOBHE HAOIMKEHHS JI0 PaI[iOHATEHOTO
pienHs - Habopy napamerpis HP.

Kpox 9. HanamryBaHHs napaMeTpiB HEUiTKOTO pe-
ryJisTopa 3a jgonomoror ['A juis 3aaHOTO BHIY BXi[-
HOT Iii u(t).

Kpox 10. BBeneHHsI B HEUITKHI PETyIATOP OJHOTO
(opMaTbHOTO HEHpOHA, M0 MO3BOJSAE TPH MOOYIOBI
pe3yibTaTy pe3ysbTYIO4oro 3aJaBaTH Bary KOJKHOTO
npaBuiia. BHACHiIOK 1bOTO 3'SIBISETHCA CTPYKTypa HEl-
PO-HEYITKOTO peryJisiropa.

Kpox 11. TecryBaHHsI HEHPO-HEYITKOTO PEryJisiTo-
pa mpH OAMHMYHUX Barax npaBwl. SIKIIO pe3ysbTaTH
TecTyBaHHS 30IraloThesl 3 Pe3yJIbTaTOM KpoKy 9, To mi-
OupatoTbes B iHTepBadi Big 0 10 1 TakuMm umHOM, 11100
3a kputepiem (2) pe3ysibTar poOOTH CHCTEMH KEepyBaH-
Hsl JUISl 32JIJaHOTO BUJLy BXIJTHOTO BIUIMBY i(?) BUSIBUBCS
KpaluM, HiX Ha KpoIi 9, abo poOUTHCSI BUCHOBOK IIPO
HEMO>KJIMBICTD MOZAJBIIOTO IMOKPAIIEHHS SIKOCTI pobo-
TH CUCTEMH KEPyBaHHSL.

Po3B'si3anHs 3a7a4i CHHTE3y MaTeMaTUYHOI
Mo/eJli Helpo-HevYiTKOro peryJsiTropa
3 HAJIAIUTYBAHHSAM I€eHETHYHOI0 AJITOPUTMY
B npoueci BU3HaUEHHS ONTHMAIBHUX IIapaMeTpiB
1 CTPYKTypH HEUITKOI'O pEeryjsaTopa, mo 3abesmedye
MiHIiMaJIbHEe 3HAYCHHS KPUTEPII0 SKOCTi, MpOaHai30Ba-
Ha CXeMa HaWIONIMPEHIMIOr0 HEUYiTKOTO JWCKPETHOTO
perynsTopa, B sIkOMy € aBa Bxomu (puc. 1): mommika
kepyBaHHA e(k) Ta 11 3MiHa
Ae(k) = e(k) — e(k —1)
a00 MIBUIIKICTD
Ae(k) = Ae(k)/ At
Ta OAWH BUXiJ (k) — KepyBaHHSA B MOMEHTH 4acy
kAt k=1,2,...,N,

ne At — mar JUCKpeTH3allii.
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Puc. 1. TpuxyTHa (a) i CHHITIETOHOBI (0), (8) GYHKIIT IPUHAIEKHOCTI

JlilicHi 3HaYeHHs BXOMIB e, Ae 3a JOIOMOIOIO
koedimieHTiB K., Ky., IepeTBOpATECS B HOpMali30BaHi
& Aé € [-1, 1]. lleHTpaJbHHM EJIEMECHTOM HEUYITKOTO

peryssTopa (puc. 2) € HeuiTKHil onepaTop f iz, MO BH-
KOHye oreparii ¢a3zidikamii, HEdiTKOTO BHBOAY 1 Jae-
¢azzidikamis mictuts 6a3y npasui (1) abo (2).

—

J

K,

Puc. 2. Cxema Heuitkoro [1]] - perymsropa

e K, é
.ﬁer Ei. .fl'n.e‘_
Koeopimieatn K., Ka. 1 K, =Heuirkoro II/1-

peryisTopa He MOXYTb OYTH OJHO3HAyHO BH3HAYCHI.
Otxe, mia Heditkoro [1/I-perymsaTopa moTpiOHO BHpi-
LIyBaTH 3aJady ONTHMi3alii, a came 3aBJaHHSI BHOODY
3HAUYeHb 3a3HAUYEHHUX KOEQIilli€HTIB, 10 MIiHIMI3YIOTh
KpHUTEPiH SIKOCTI MEepPeXiJIHOr0 MPOLeCy NPH BUKOHAHHI
00MEXEeHb.

Ilpn Bu3HA4YeHHI
CTPYKTYpPH HEYITKOTO

ONTHUMAIBHUX MapaMeTpiB i
[I-perynstopa 3HaxoAsATbCS
napamerpu JiHiiiHOro I1/[-perynsitopa, HacTyImHUM
KpOKOM € mpuBefieHHs Heditkoro [1/I-perymsTopy o
JMHIAHOTO Ta BU3HAYCHHS HOTO KOEe(ili€HTIB.

VY mpomecax MOAETIOBaHHA Ta ONTHUMI3allil BHKO-
pHUCTaHi IBa THITA HEYITKUX PETYIATOPIB.

Hewitkuit perymsarop [112 migmaerscs onTumMizamii
B TOMY BHITJKY, KOJU ONTHMi3alis HEUITKOTO PeryIis-
topa I1J]1 He 3abe3neuye HEOOXIiMHOI SKOCTI Mepexis-
HOT'O MPOILIECY.

HeuiTtkuii oneparop wmictute 4 abo 9 mpasui,
OTpUMaHUX MPH 3aMiHi A1y, HA 1 iy :

Rﬁa:m(mo éeN,AéeN,toxi i, €N;
Rﬁa: Ko & € N, Aé eP, Toai U, € Z;
Rfjy: ko & € P, A& € N, Togi Uy, € Z;
RﬁA:HKHLO éeN,AéeP,tonil,, €P;

ey

Ry sikmio é € N, Aé € N, togi O, € NB;
Rﬁa: Ao é eN, Aé € Z, toi Oy, € NM;
Rﬁa: ko & eN, Aé eP, Toai Oy, € ZE;
Rl‘-*m: Ko & € Z, Aé € N, oz (i, € NM;
Rfi: Ko & eZ, Aé € Z, Topi 0y,,€ ZE;
Rfy: Ao é € Z, Aé € P, Togi i, € PM;
R%a: Ko & eP, Aé e N, Toai Uy, € ZE;
Rfi i ko & € P, Aé € Z, Togi (i, € PM;
Ry sikwo & € P, Aé € P, Topi Oy, € PB.

(2)

Basa mpaswu, mo nagana B (1) Ta (2), Mae Taki mo-
3HAYCHHS:

N - HeraTuBHE,

Z - HyJbOBE,

P - mo3utuBHe,

NB - Benuke HeraTuBHE,

NM - cepenHe HeratusHe,

ZE - 6n1u3bKe 10 HyJHOBOTO,

PM - cepenHe no3uTHUBHE,

PB - Benuke no3utuBHe.

IIpu ontuMmizamii koedimnientiB Hewitkoro IT/(1-
peryisitopa cepedHA-MOIyJIhbHa TOMHJIKA HE CTaBalia
Huxue 28.4%.

s 1i 3HWKeHHS OyIo moOyIoBaHO MOJAETh 3 He-
giTkum [1/12-perymnsropom 3a mpaBuiamu (2).

VY Xoni MOJIENMIOBaHHS CUCTEMH KEpyBaHHS Haii-
Kpallla peakiiisi Ha OJIMHUYHUIN CTpHOOK Oyiia oTprMaHa
npu

Ke =0,8, Kde = 1,784, Ku = 1,576,

31 cepeHbO-MO Iy IbHOT HOMIIIKOIO 14,2%.

Ha ocranHbOMY Kpolli aJITOPUTMY CHCTEMa HEiT-
KOTO KepyBaHHs IpeNCTaBiIsieThest y (opmi Oararora-
POBOI HEWPOHHOT MEpEIKi 3 HOTHPMA IIAPAMH.

KinbKicTh €I€MEHTIB MepIIoro mapy BH3HAYAETh-
Csl KUIBKICTIO BXIJIHMX €JIEMEHTIB 1 IPaBWJI 1 JOPIBHIOE
MO0OYTKY KiJbKOCTi BX1IHUX 3MiHHHUX Ha KUJIbKICTh HEUi-
TKUX TPaBUIL.

K ondirypamis 3B'I3KiB APyroro mapy BiImoBigae
OCHOBI TpaBWJI, @ MyJBTUILUIIKATOPH — OJOKYy BUBE/ICH-
HSl.

Tperiit Ta geTBepTHil MIapH ABIAIOTH COOOIO pearti-
3anito OJIoKy nedassidikanii y TepMiHaX HEHITKOTO Ke-
pyBaHHSI.

OTprMana cxema € 6araTonapoBOIO MEPEKEI0, 110
3acHOBaHa Ha HEUiTKOMY BHBeneHHI. Tomy ii MokHa
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HaBYaTH TaK caMo, SK 1 3BHMYaliHy HEHPOHHY MEpexy,
SIKIIIO BUKOPHUCTOBYBATH y3arajbHEHHUH ajJrOpUTM 3BO-
POTHOTO PO3NOBCIOXKEHHA moMuiku [12]. st mporo
HeoOXi/Ha HaByaJIbHA BUOIpKa y BUIIISAL Map: BXIJAHUH
BEKTOp — €TAJIOHHUH BUXIJHUI CHTHAN, sIKa MOXe OyTH
OTpUMaHA MiJ Yac CIIOCTEPEXKCHHS 3a PEeabHOI0 Pobo-
TOIO CHCTEMH.

BucHoBkH

3acToCyBaHHS T'€HETHYHUX alTOPUTMIB y MOEN-
HaHHI 3 TEOPI€I0 HEYITKMX MHOXXHH Ta TEOPI€0 HEH-
POHHUX MEpEeX IJI CHCTEM KepyBaHHS IIOKa3yIOTh IIep-
CIEKTHBHICTB TaKOTO I X0/ .

ImiTamiiine MomeTOBaHHS ITOKA3aJio, IO PeTys-
TOp Ha OCHOBI HEYIiTKOI JIOTiKH Ma€ psif IepeBar mepen

KJIACHYHUMU PETyJISTOPAMH, JO3BOJIIOYH BPaxOBYBaTH
00MEeXEeHHsI, 110 BaKKO a00 HEMOJIMBO (hopMmai3yBa-
TH.

BukopucTaHHs KOHCTPYKIIi CHCTEMH HEUYITKOTO
peryJItOBaHHS Ta HEHPO-MEPEkKEeBOi MOMECII I03BOJISIE
IOJATH TakKl BJIACTHUBOCTI SIK, aJallTHBHICTh Ta HaBYe-
HICTB, IO 3a0€3MeTyEThCS 32 JOMTOMOTOI0 EBOJIIOIIIHO-
TO TiAXOMdY.

B ymoBax BincyTHOCTI BUXiZHUX MaHHX (Oe3 HaB-
YJanpHOI BUOIPKH) pO3poOIeHUH TeHETHYHUH aNropuT™M
TaK0X 3MO’KE€ BHKOHATH CBOE€ 3aBIAHHS, TUIBKH Jiama-
30HH I 3HAYCHb MEX TEPMIB MOTPIOHO 33aJaBaTH IHU-
puimMu, 0e3 TPUB'A3KH 10 3HAYCHb HABYAIBHOI BHOIp-
KH, a YHCJIO KPOKIB PaXYHKYy TCHCTUYHOTO alrOPUTMY
30UIBIINTBCS Y COTHI pasiB.
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Synthesis of neuro-fussy regulator
with adjustment by genetic algorithm

Natalia Yevsina, Petro Kachanov, Mykola Tarasenko

Abstract. The purpose of the article is to consider the method of developing a neuro-fuzzy regulator with the adjust-
ment of its parameters by a genetic algorithm. The obtained results confirm the workability of the technique and allow us to con-
clude that the neuro-fuzzy regulator, with appropriate settings, ensures high quality of the control system, including in the pres-
ence of random disturbances to a dynamic object. The method of neuro-fuzzy regulator synthesis proposed in the article was
tested under the conditions of a limited volume of initial data (the volume of the training sample), the size of which does not
affect the quality of the algorithm. Two or three values of the sampling parameters are enough to form the ranges for the bounda-
ries of the terms of the fuzzy variables, and then the optimal values are selected by genetic algorithm. As a result, an algorithm
for the synthesis of the regulator and a genetic algorithm for adjusting its parameters were developed.

Keywords: fuzzy controller, membership function, defuzzification. neuro-fuzzy regulator, genetic algorithm.
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Harmionansauiil TexHi9HUHN yHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUHN IHCTUTYT», XapKiB, YKpaiHa

ONTUMIBAIIIIMHA MOJIEJIb TArOBOIo ACHHXPOHHOI'O EJTEKTPOIIPUBOAY
JAU3EJb-IIOI3JA TA II JOCJILIKEHHA

AnoTanis. Po3rmaHyTi migxoau 1o moOyHOBH CHUCTEM KEPYBaHHS TATOBHUM aCHHXPOHHUM EJIEKTPOIPHBOAOM AU3ENb-
noi3xiB. [IpoBeneHo aHanmi3 MaTeMaTHYHUX MOJENEH Ta BUOIp METOAY CHHTE3Y yNpPaBIiHb CUCTEMHU KEPyBaHHS €NEKTPOII-
PHUBOIOM AM3eNb-N0i3Aa. B 0CHOBY onTHMi3aliiiHOT MaTeMaTHYHOI MOJIEN] €JIEKTPONIPUBOLY MOKJIAJAEHO AITOPUTM METOIY
BEKTOPHOTO KepyBaHHS. MaTeMaTHuHa MOJENb €NeKTPONPHBOLY BKIIIOUae B cebe MOJENb TATOBOTO JBUTYHA, KA Ipea-
CTaBJIeHa B ABO(a3HIH OPTOTOHATBHIH CHCTEMI KOOPAWHAT, OPIEHTOBAHIH 32 BEKTOPOM ITIOTOKO3YEIIEHHSI POTOpa Ta MaTe-
MaTHUYHY MOJEINb PyXy Au3eib-1oi3aa. s cuHTe3y yIpaBiliHb 3alpONOHOBAHO BUKOPUCTaHHS METOMY BapiallifHOTO 4HC-
JIEHHS IIUIIXOM pillleHHs 3arayibHoi 3axadi Jlarpamka. J{is 3HaX0/pKeHHsT HeBU3HAUEHNX MHOXHUKIB Jlarpamxka 3amporo-
HOBaHI METOAMKH ITOJOJaHHS IOT0 HEMOJIKY JaHoro Merondy. lIInsxom MozenoBaHHS OTPHMAHO BHUIHM YHPABIiHb y BHU-
A1 aHATITHYHUX CHIBBITHOIIEHB SK CKIAJOBUX PIlICHHS AW(EPEHLIATFHOTO PIBHAHHS - OJHOPIAHOTO 1 BUMYIIEHOTO
pimens. [IpoBeneHo mociKeHHs 3aIpPOIIOHOBAHOI MOJENI SIK 3 TOYKH 30Dy il aIeKBaTHOCTI, TakK i ii MOYKIJIMBOCTI 3acTOCy-
BaHHS JJIS LUIeH CHHTE3y yNpaBiiHb. Pe3ynpTaTé qOCTiIKEeHh HAJAaHO y BUTJLAAL rpadikiB mporeciB XapakTepHuX ¢aszo-
BUX 3MIHHHMX Ta TaOJIMIb.

KawuoBi ciaoBa: cucrema KepyBaHHS, aCHHXPOHHHUI €IEKTPONPUBOM, IU3ETb-T0I3]I, alTOPUTMU BEKTOPHOTO Kepy-
BaHHS, MaTeMaTHIHA MOJIETb, 3aKOHH YIIPABIIiHHS, CHHTE3 yIPaBliHb, METOAN ONTUMI3alii, 3aga4a Jlarparxka, HeBH3HaUe-

Hi MHOKHHKH Jlarpamxa, TOCTiDKEHHS.

Beryn

3ai3HNYHUHA TPAHCIIOPT € OJHUM i3 OCHOBHUX BH-
niB Tpancnopry Ykpainu. Moro TexHiuHHil piBeHb BH-
3HA4a€ CKOHOMIYHY €(eKTHUBHICTh mepeBe3eHb. OHOB-
JICHHS 3aJII3HUYHOTO TPaHCIOPTY Iepeadadae BUpILICH-
Hs MWTaHb HiABUIIECHHS HOro HaIIMHOCTI, EKOHOMIYHO-
cti, eekTUBHOCTI 1 A0BroBigHOCTI [1]. OCHOBY JIOKO-
MOTHBIB 3aJIi3HUYHOTO TPAHCIIOPTY, B TOMY YHMCHI 1 JTU-
3€J1b-TI013/1iB, CKJIAJIA€ TSTOBUI EIEKTPOIIPHUBO/I.

Sk ciinye i3 [2 — 7] IepCIEKTUBHUM BHIOM TATO-
BOrO EJIEKTPONPHUBOAY 3aJi3HUYHOTO TPAHCIOPTY, B
TOMY YHCII JU3€Ib-T0i3/iB, € eNEeKTPOIPUBO 3MIHHOTO
CTPYMy 3 BUKOPHCTaHHSM TATOBUX ACHHXPOHHMX JIBH-
ryHiB (TA/]) i cucTeMOr0 BEKTOPHOTO KepyBaHHS.

Oco0imBe MicIle P CTBOPEHI TaKOTO BUAY €JIeK-
TPONPHBOLY HAIEKHUTh MUTAHHSAM PO3POOJICHHS CHCTEM
KEpyBaHHS €JIEKTPOIIPUBOJLY TU3€IIb-11013/1a Ta KOMILIE-
KCHUM JOCII/DKEHHSIM TX S(EKTHBHOCTI 3 TOYKH 30pY
eKCITyaTallifHuX 3aTpar, 0COOJMBO €KOHOMIi eHepro-
pecypciB Ta CTBOpEHI CUCTEM KepyBaHHs (CHHTE3y YII-
paBiiHb), sKi 3a0e3meuyroTh 1ei mporiec. CHHTE3 Kepy-
BaHb, SIK MPABUJIO, 3MIACHIOETHCS HA OCHOBI MaTeMaTh-
YHUX MOJIENIeH 00’€KTy, IO JOCHIKYEThCS, Ta BiJIIO-
BIJHMX METO/IB ONTHUMI3ali.

JIJIs TeXHOJOTIYHUX TMPOLECIB, KOTPI MOTPEOYIOTh
3a0e3neueHHs] BUCOKHX AMHAMIYHUX ITOKa3HUKIB SIKOCTI
B MEpeXiHUX peXHMax Ta IIATPUMaHHSI NOTPiOHOT
mBHAKOCTI obepranHs poropa TAJl, a 3HAUUTE 1 MIBUA-
KOCTI pyXy JU3elb-110i3/]a, BUKOPHCTOBYIOTh BEKTOPHY
CHCTEMY KEePYBaHHS €JIeKTPOIIPHBOJIOM.

Pi3Hi BapiaHTH BEKTOPHOTO KEPyBaHHS 3aCTOCOBA-
Hi Ha enekTpoBo3ax BR185.2 (Himeuunna), AVE.S102
(Icmamnis), Re484 (Ilseiimapis), TRAXX (bensris);
ternoBo3ax SDSOMAC (CHIA), Di6, ME10 (Himeuun-
Ha), Dr16 (®imnsgazis) Ta inmmx [1 - 5].

OcHOBHa iJies BEKTOPHOI CHUCTEMH KepyBaHHS
ACHHXPOHHHUM JIBUTYHOM IIOJISITA€ B peanizarii po3aiib-

HOTO KepyBaHHs IMOTOKO3YEIUICHHSM Ta €JIEKTPOMarHi-
THUM MOMEHTOM. BUKOpHCTaeEMO 1110 i/1e10 1 ISl CUHTE-
3y CHCTEMHU KepyBaHHs EJEKTPONPHUBOIY 3 ACHHXPOH-
HUM JIBUTYHOM 33 YMOBH OINTHMi3allii €HepreTHYHUX
BUTpAT B IIPOIIECi PO3TOHY AW3ENb-TI0I371a, IK 00’€KTa
KepyBaHHSI.

IocranoBka 3agayi i aHaui3 BigomMux myoJaika-
miif. 3a yMOBH, KO0 00’€KT KEPYBaHHSA OIUCYETHCS
cUcTeMOr0 Iu(epeHIiHHNX PIBHIHB JPYTOro MOPSAKY,
TO JUIsl CHHTE3Y CUCTEMH KEPYBaHHS MOXIIUBO 3aCTOCY-
BaTH METOJH BapialliifHOrO0 YUCIICHHS, 30KpeMa pPillleH-
Hsl 3arayibHOT 3a7a4i Jlarpamka abo IPUHIMIT MAKCHUMY-
My.

Jliist 06’ €KTiB KepyBaHHs OLIbII BUCOKUX MOPSIKIB
MOXJIMBO BHKOPUCTATH, 30KpeMa, METO]| aHAIITHYHOTO
KOHCTPYIOBAaHHSI PETYJIATOPIB 3a KPUTEPIiEM y3araibHe-
HOT poOOTH.

OpHak, i3 aHANI3y METOMIB BapiaIliifHOTO YHCIICH-
HA CIIiIYe€, IO TP CHHTE31 yNpaBlliHb BUHUKAIOThH ITH-
TaHHS MO0 3HAXO/DKEHHS HesIKnX (YHKIH, sSKi CKIa-
JAIOTh CTPYKTYPY AOTOMDKHOTO (yHKIioHATY. Lle mot-
pebye po3poOJICHHS MiIXO0/iB Ta MOJAENEH sl iX BU3HA-
YEHHSI.

I3 [6, 7] Bimomo, 1110 TipH pillleHH] 3araabHOT 3a1a4i
Jlarpanxa BHUKOPHUCTOBYETHCS TOTMOMDKHHNA (YyHKIIiO-
HaJl BUIJISIALY:

T n
J=[1G+Y 2t )yt )1t

o J=1
ne G — QyHKuioHaN, AKKA MiHIMi3yeTbest; A (1)~ He-
BU3Ha4YeHi MHOXHUKN Jlarparoka; ¢;(1)— nudepeHuiii-
Hi pIBHSHHS, IO ONUCYIOTH CHCTEMY. YTIPaBJIiHHS 3Ha-
XOJAThCS IIISIXOM pimeHHs piBHAHB Eiinepa, BUKopuc-
TOBYIOYH JONOMDKHHUH (DyHKIiOHAII.

B Meromi mpuHIMITY MakCUMyMy JTOTIOMIXHHI
(hyHKITIOHATT Ma€ BHUTIIS:
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H=Z‘I—’j(t)fj(xj,Uj),
=1

e ‘Pj(t) — momoMikHA (PYyHKITLiS; fj(xj,Uj ) — byHK-

1ii, [0 OTACYIOTh MaTeMaTHYHY MOJIENb CHCTEMH; X i

(hasosi koopauHary; U ; — ynpasiiHHs.
B 3aransHOMY miaHi
Xj :f](X],UJ)

Sk mpw pimeHHi 3arayipHOT 3a1a4i Jlarpanxka, Tax i
IIPY 3HAXOJDKEHHI YIIPaBIiHb 33 JONOMOTOI0 IPHHIIHITY
MaKCHMYMY, OCHOBHI TPY/JJHOILlI BUHUKAIOTH JUI BU3HA-
yeHHS A (1) iV i(t), SIKi, SIK TIPABUJIO, 3HAXOIATHCS 13

pilleHHs! cUcTeMH TU(EpPEeHIIHNUX PiBHSHB, Jie¢ HEeBiJO-
MHM € HadaJIbHi yMOBH.

s mpobnema Mae MicIie i pu pillieHHi 3a1adi CH-
HTE3y 3a JOIOMOT0I0 METOJly aHAIITHYHOTO KOHCTPYIO-
BaHHS PETYJITOPIB 32 KPUTEPIEM y3araabHEHOI poOoTH.

IIutanHs BU3HAYEHHS /Ij( t) TIpu CHHTE31 yIpaB-

JiHb IUIIXOM pillleHHs 3arajbHoi 3amavi Jlarpamka
3HaXOJATHCS B CYKYITHOCTI 3 pO3pOOKOI0 MaTeMaTHYHOL
MoJieni 00’ €KTy KepyBaHHS.

BusnauenHs nmoBeainku A (1) MOXIMBO 4epe3 Bi-

JIOMi 3HAueHHs YNpaBiiHb. SIK TpPaBUIO YIpaBIiHHA
ABIAIOTHCS. PyHKUisMU Bin A;(7) Ta dasoBux koopau-

HAT, TO MOXXEMO BHPIIIUTH 3BOPOTHY 3aJady 3HAXO-
JOKEHHS ITOBEMIHKN A j( ¢t ) 3a JOIIOMOI'0I0 MOJIEJIFOBaHHS

Yyepe3 BiIoMi QYHKIIT yIIpaBIIiHb.

MeToro po6oTH € CTBOPEHHS ONTHMI3aliitHOT MO-
JIeTTi, 110 JJO3BOJIMThH IIPOBOJUTH PO3POOJICHHS! CUCTEMH
KEpyBaHHS €JIeKTPOIPHUBOIY JHU3€Jb-10i3/]]a 3 BUKOPHC-
TaHHAM METOJY BapialliiHOrO YHCIIEHHS WLIIXOM pi-
LICHHS 3arajbHOi 3amadi Jlarpanxka 3a yMoBH 3abe3rie-
YeHHs 33/1aHOi SKOCTI KepyBaHHSA B IUIaHI ONTHMi3allii
SHepreTHYHNX BUTpAT B IpoOLeci HOro po3roHy N0 3a-
JaHOT TMIBHIKOCTI 32 MEBHHH 4Yac (TEMITy PO3roHYy), a
TaKOX MPOBEIEHHS JAOCIIKEHb Ta OTPUMAHHS SKICHHUX
XapaKTEepPUCTUK POOOTH CHCTEM YNpPaBIiHHS B Ipoleci
MOJEJIIOBaHHA 3 BUKOopucTaHHsIM nakety MATLAB.

OcHOBHA YacTHHA

Jlist po3po0IieHHsT ONTUMI3AIiHOT MaTeMaTHIHOT
MOJIeJIl eNEKTPOIPUBOAY JAU3ENb-TI0131a BUKOPHCTAHO
QJITOPUTM BEKTOPHOTO YIPABJIIHHS aCHHXPOHHUM €JIeK-
TponpuBotoM 3 TAJl, mMaTemaTrwdHa MOJENH SKOTO
IIpe/ICTaBlIeHa B CHHXPOHHIN cucreMi koopaunHar. Ha
BIZIMIHY BiJl 3aKOHIB (pOpMyBaHHS YIIpaBIiHb — MIATPHU-
MKHM MOCTIHHUX (3a/laHHX) 3HAa4€Hb IIOTOKY 1 MOMEHTY
TAJl, sk e TpaIuIliifHO BUKOPUCTOBYETHCS B 3ajadax
NIPOEKTYBAaHHS IIPH 3aCTOCYBaHHI allOPUTMY BEKTOP-
HOTO YNpPaBJIiHHSA, B MOJIEJI, SIKa IPOIIOHYETHCS, 3HAXO-
JATBCS YIPABIiHHA, SIKI MiHIMI3YIOTh €HEpreTHYHI BHU-
TpaTH.

Juist mocnipKeHHsT CUHTE30BaHOT CHCTEMH Kepy-
BaHHSI BUKOPUCTOBYETBCSI MareMaTuuHa mozens TAJ] B
CHHXPOHHIN CHCTeMi KOOpAHMHAT, sSKa peaji3oBaHa 3a-
cobamu makery MATLAB. s po3paxyHky koedimie-

HTIB MoJiefield BUKOPUCTAHO HACTYIIHI 3Ha4YCHHS Iapa-
MeTpiB 00’ €KTa KepyBaHHS (IM3€1b-TI013/13).

CKJIaJeHICTh AN3eNb-11013/1a; TOJIOBHUX BaroHIiB —
2; IpUYIMTHUX BaroHis — 1.

Jiamerp koneca no kpy3i katanHs — 950 (Mm).

[lepenatHe BigHOIICHHS TATOBOTO penykropa (i) —
3.69.

Maca mopoXXHBOTO CIIOPS[DKEHOTO BaroHa: roJOB-
Horo auzensHOro — 70130 kr; mpudinmaoro — 40000 kr.

Maca rojgoBHOTO BaHTa)XEHOTO BaroHa: MPH PO3-
paxyHKOBOMY 3aBaHTakeHHI — 76030 kr; mpu HOMiHa-
apHOMY 3aBaHTaxkeHHI — 80000 Kr; mpu MakCHMaJIbHO-
My 3aBaHTaxeHHI — 82000 kr.

Maca mpH4ilTHOro BaHT@)XEHOTO BaroHa: IpH po3-
paxyHKOBOMY 3aBaHTaxeHHI — 54250 Kr; nmpu HOMiHa-
JBHOMY 3aBaHTaxeHHI — 59530 kr; mpu MakCHMaJIbHO-
My 3aBaHTaxeHHI — 63520 kr.

[TpuckopeHHsS BaHTaXEHOTO AM3ENb-Toi3aa (cepe-
JIHE 10 WBUAKOCTI 25 km/rox) — 0.5 m/c? .

KoncrpykruBHa mBuakicts — 130 km/rog.

[Mapametpu TsiroBoro enexrpoasuryna AJ[-906V1:

— MaKcHMalbHa JiHiitHa Hanpyra — 1150 B;

— €JICKTPOMArHiTHUH MOMEHT (MaKCUMaJbHHUIT) —
4800 Hwm;

— (a3Hui mycKoBUit cTpyM (10 mepuriit rapMoHiii-
Hiit), He Oubin 300 A;

—vactota oOepTaHHs poTopa (MakcMMallbHA) —
2800 xB;

IMapameTrpn cxemu 3amimenas AJl 906Y1 mpu
f1=50, I';

— IHAYKTUBHICTh po3citoBaHHA cratopa (L)
1,611%107 I'n;

— IHIYKTHBHICTh po3citoBaHHA potopa (Lg, )
1,099*107 I'n;

— akTHBHUH omip o6MoTkH ctaTtopa — 0,0831 Owm;

— akTHBHUH omip 0O6MoTKH poTtopa — 0,0676 Owm;

— IHAYKTUBHICTh KOHTYpY, 10 HaMarHiuye ( L, ) —

0.9172%10° Tn.

MaremaTtruna Mozenb TAJ] B CHHXpOHHIN cHCTe-
Mi KOOpJMHAT MpeJICTaBIeHa PIBHIHHAMH €JIEKTPUIHNX
KiJI cTaTropa i poTopa B CHCTeMi KOOpAHMHAT, o obepra-
€THCS 3 MBHUIKICTIO M 1 IPUBEACHA Y BUTIISI CUCTEMH
mudepeHmiadbHuX piBHIHB (1):

d¥
dzs =Ug —a, Vg +akpg¥, +¥ 0
d¥,,
dts =Ug —a,¥e +agkgWysr + ¥ 0y,
d¥y
dl‘rl = _a"\Prl +arks\Psl +(ws _w)lIIYZ’
o ()
dl‘rz = _a’"\PVZ +arkslPs2 _(a)s _a))\Pf’l’
3 k
M=2p R, s ),
2 O'LS
do p
—==(M-M . ).
a7 X

TyT: @, — KyToBa 9acTOTa HANpPyTH >XUBICHHSI

craropa TAJ] mpu p = 1; @ — KyTOBa IMIBHAKICTH POTO-
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pa; ¥y, Yoo ¥ ¥, Ug, Uy — BiInosigHo
MIPOEKIIil BEKTOPIB MOTOKIB CTaTOpa i pOTOpa Ta HAIpY-

TU JKUBJICHHS Ha OC1 KOOpAUHAT; kg 1 k, — Koe(ilieHTH

€JISKTPOMArHiTHOTO 3B'SI3Ky BiJIIOBIHO CTAaTOpa Ta Po-
TOpA;

L L
Li=L,+Ly, L =L,+Ly, . a ==, k, =",
LS S
L i L L 1
kr:_m’ c=1-—"2, TS__Y’ Tr:—r, a;=—o,
T er " ) O-Ts
1
a.,=—; L., L,, L;, nj, r, — mapaMeTpu CXeMmu
oT,

samimenns TA/l; T, i T, — BiONOBIXHO €NEKTPOMArHi-
THa TOCTiffHa dacy cratopa Ta poTopa; O — IOBHHHU
KOCQIIIEHT PO3CIIOBaHHS; p — MOCTIHHHNA KOe]ilieHT

TAJ] (uucno map momocis); J — MOMeHT iHepuii. Ynce-

TMBHI ~ 3HAYEHHSA  TapaMeTpiB  CXEMH  3aMilleH-
st TAN: L, = 0,093331; L, =0,092819; k,=0,98816;
kg =0,98274; T, =1,123117; T, =1,3730621;

0 =0,028896; a,=30,813233; a, = 25,204152.

3minHi 1o ocsiMm Uy i Uy, BH3HA4YaroTHCs piB-

HAHHAMH (171 BUNAIKy CHHYCOiJalbHOTO BMIJIANY Ha-
npyru Ha ctatopi TA/):

Ug =Upy cos|( o — o )i+ |

Ugy =Uy sin[( o — ok )i+ ¢k |,

ne U,, — ammiiTyna nepuioi rapMoHiku (a3Hol Harpy-
ru Ha ctatopi TAJl; wg — KyToBa IIBHJIKICTH 0OepTaH-
HS OCell KOOpIMHAT; ¢y — ModaTKoBa (ha3a HANpyTrH
YKHMBJICHHS.

Y BHUNAAKYy CHHXPOHHOro oOepTaHHS ocei
o, = Wk 11no4arkoBa daza ¢y =0, To byHKuUI 3aKaHHA
Hanpyru — Lie IMOCTiiHe 3HAYEHHS HAIpyTH KUBJICHHSI
BenuunHOIO U,, 1o oci S 1 HynboBe 1o oci S5 .

Cuctemy piBHsHB (1) MOXKIIMBO 3amKcaTd BiJHOC-
HO TPOEKIiif BEKTOPIB CTPYMIB, SIKIIO BPaxyBaTH, II10:

I g=(as¥g —askg'¥y1 )/ Ry ; 2
Iy =(a;¥ o —akg'¥ys )/ Ry ; )
I 4=(a, ¥, +ak¥, )/ Rp: @)
I yo=(a,¥ 3 —a,k¥ 5 )/ Ry . o)

BuxopucroBytoun piBHSIHHA (2) —(5), SAKi omucy-
IOTh MIPOEKIIil CTPYMiB Yepe3 BiANOBIIHI MPOeKIii moTo-
KiB, cucteMy piBHSHB (1) MOXIMBO MpPEICTaBUTH B Ha-
CTYITHOMY BHTJISTI:

d¥
SL=W o —Rel Uy : (6)
dt ’
d¥
52 = Y oy —Rgly —Usy s (N
dt
d¥
= (@ = po ¥y —Rel ®)

d‘PrZ
dt

=A@ ~po)¥p~Rel ;5. )

ae g, Iy, 1,4, I,, —BiANOBiIHO HpoeKii BEKTO-
piB cTpyMiB 0OMOTOK cTaTopa i potopa; Ry, Rp — ak-

THUBHI oniopu 0OMOTOK cTaTopa i poTopa.
PiBHSHHS U €IEeKTPOMAarHiTHOTO MOMEHTY:
3 kg

M=—p——(¥Y Yy -Yg¥,) (10)
2 O'LS

[Ipomec po3pobneHHs ONTHMI3amifHOI Momemi 3
BHKOPHCTAHHSAM i/Iei allTOPUTMY BEKTOPHOTO KepPYBaHHSA
MOJISITa€ B HACTYMHOMY. SIKIO IJOMYCTHTH, IO LIBHI-
KicTh 00epTaHHA KOOPIHMHAT CIIBIIAJa€ i3 IIBHAKICTIO

BEKTOPY IIOTOKY POTOpa @) = (hyp , TO BEKTOP MOTOKY
Y, Oyne Ha oci 1 (piBusaHs 8) cBOIM MomyiaeMm V., a
1oro mpoeKuis Ha Bich 2 (piBHAHHSA 5) TOPIBHIOE HYIIO,
TOOTO BEKTOp IOTOKO3YCIUIEHHS poTopa Oyne MaTw
TUTBKH JIHCHY CKIIA/IOBY.

PiBHSAHHA 32 yMOBH, L0 @) = @y , IPUHMYTH Ha-

CTYNHUU BUTIIALL

d¥ g
dts =Yooy —Rel 3-Ugy Y
d¥,,
d; =-VYgop —Rel -Ug; 12)
d‘ljrm
=—Rpl ; 13
dt RY rl ( )
(g —po)¥,,, +Rrl ,=0; (14)
mpK
M, = pz - ‘PrmISZ' (15)
BukopucToByr0UH piBHAHHS 3B’ S3KY
W, =1L +1,L,; ¥, =I,L,;+1,L,, (16)
OTPHMAEMO:
1 L
I,=—VY,-I1,—2,;
L, L,
2
L L
Y, =1L +2Y, -],—2,
L, L,
Y, =LL'+K,Y¥Y,, (17
2
, L L

T T

3 ypaxyBanusM ¢opmyn (17) piBusaaa TAJL
MIPUAMYTH BUTIIS:

dly | dv ,
d; Ls +Kr dtr _IxZLs (2] +Rslsl+Us1 =0;(18)
dl

—df L'+ 1L, oy +K,¥,, + R, +Uy, =0;(19)

d¥, R, LR
S Ty T
dt L rm sl I

(20)

r r
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R
pY,, —~Tm L =0, 1)
Lr
ae B=0,-po.
mpK
My :%l}!mlﬂ . (22)

B pesynbTaTi mepeTBOpeHh OTPHMAIH CHCTEMY pi-
BHSIHB, IO J03BOJIsIE (POPMYBaHHS €NEKTPOMArHITHOTO
momeHTy TA/l, skuii € BU3HAYaJIbHAM B CHCTEMi Kepy-
BaHHS ISl TIPUBEACHHS HU3€Jb-10i3a 1O HOoro pyxy.
e cykynnictb piBHsIHB (20) — (22), sxa BU3HAYa€E MO-
JyJb TIOTOKO3YEIUICHHSI 1 €JIEKTPOMAarHiTHUH MOMEHT,
IO 3aJIeXaTh Bifl YIPaBliHb, B SKOCTi SKHX € CTPYMH
I 1 I, (mpoekuii BEKTOPY CTpyMY CTaTOPHOI OOMOT-

ku TAJl). Kpim nporo ctpymu I 1 I, € BU3Hauamb-

HUMH JUIf B3a€MHOTO 3B’S3KY 3 (Da3sHMMM Hampyramu
Uy 1 Uy . TakuM 4MHOM OTpUMATM MaTeMaTHIHY

MOJIETb EJIEKTPONIPHUBOY, SKa JO3BOJSIE BHIUIUTH Y-
paBiiHHA (cTpyMHu [ 1 I, ) — 1e piBHsHHA (20) 1 (22) 1
OKpeMO MojieNb U1 (OPMYBaHHS HANpPYTH >KUBICHHS
TAJl B 3amexHocTi Bim ymnpaBmiHb (piBHAHHA (18) i1
(19)). B kiHIIeBOMY BHUITaJKy YIPABIiHHS — I1¢ 3HAYCHHS
aMIUTITY ¥ 1 9acToTH Hanpyru xuBieHHS TAJl. Yacro-
Ta HaINpyTH )KUBJICHHS BU3HAYAETHCSI HA OCHOBI PiBHSH-
Hi (21) (Bu3HauaeThes piBHAHHAM (20) 1 ctpymoM [, )

1 MIBUJKOCTI OOCpTaHHS POTOpA.

B mpoueci cuHTE3y yHpaBiiHb PO3IIISAAETHCS 3a-
Jlada MiHiMi3amii eHepreTHIHNK BHTPAT B TPOIECi po3-
TOHY AW3eNb-N013/1a 10 3a1aHoi mBUAKOCTI. [ mboro
BUKOPHCTAHO PIBHAHHA MIBUAKOCTI pyxy V.

3a BiICYTHOCTI OOKCYBaHHS IIBUAKICTH PyXy HpO-
MopLiHa KyTOBiM HIBHIKOCTI 00epTaHHs poTOpa ABHU-
ryHa ©. PIBHSIHHS pyXy Ma€ BUIIISAL:

do

0Lty -M, ).

23
dt Jr 3

ne My — TATOBMH MOMEHT AM3eNb-Noi3fa;; Jp — Mo-
MEHT iHepuil au3enp-noizaa; M, — MOMEHT OIOpYy py-
xy; Jr= mR,? ; m — Maca Iu3enb-1oizaa; Ry — pani-
yc KoJjeca.

TsiroBuit MOMEHT IU3elb-110i3/1a (YTBOPIOIOTH YO-
Tupu asuryaun TAJI):

Myp=4*M,*i,

Jie i — IepeJaBajlbHE YUCIIO PEAYKTOPA.

MoMeHT omopy pyXy 3TiTHO MPaBHI TATOBUX PO3-
paxyHKiB:

M, = Rg Wy Gy = 9.8 R (1.140.12V)*m. (24)

[Ipu po3paxyHKOBOMY 3aBaHTaXEHi:

M,=13340+2250. (25)

OCKinbKH TATOBHH MOMEHT (DOPMYy€ETHCS HA BUXO-
Ji pefiyKTopa, TO i WBHIKICTE 00epTaHHs poTOpa @), B

MaTeMaTu4Hiil MoJelli MOBUHHA BPaxOBYBAaTHCS Ha BHU-
XOZi PEAYKTOpa B 3aJI€KHOCTI BiJ IepeqaBabHOIO YH-
cna pegyKropa.

VY pe3ynbTarti piBHSHHS PyXY Ma€ BUTIIAL;

do j
—2 =P (4M,4i-1334.3-2.250,, )=
dt JT

= 0.0028M ; —0.00043w,, —0.254 . (26)

Ha puc. 1 — puc. 4 npuBeneHi nporecH, sKi Xapax-
TEpU3YIOTh aIeKBATHICTH MOJIENI Ta AWHAMIKY PO3TOHY
nu3ens-1I0134a B mpomosk yacy (=60 ¢) B mporeci
JOCITI/DKEHHSI 32 YMOBU BHUKOPHCTaHHS MaTeMaTHYHOI
moneni TAJ] B CHHXpOHHIH CHCTEMi KOOpDAMHAT IPH
BiTOMOMY 3aKoHi kepyBaHHs U/f = const i po3paxyHKO-
Bilf BeIMYMHI 3aBaHTaKEHHS qU3eNb-noizna. [Ipu mpomy
¢azuuit ctpym (puc.l) cranoBuB Ha piBHI 250 (A), ene-
KTpOMarHiTHHA MoMeHT (puc. 2) — 2600 (Hm), koB3aH-
Hs YaCTOTH HampyTH xuBieHHS A (puc. 3) — 10 (¢,

MOJTyJib OTOKO34eIIeHH: (puc. 4) — 2.2 (B). B mporreci
PO3TOHYy JAu3eNb-oi3na 3a yac t = 60 ¢ mpu 3aKoHi yII-
pasninasa U/f =14 (B/I'n) nocsrnyta mBHAKICTh pyxy V
= 63 (xm/rom) 3 npuckopennsm 0.3 (m/c?) i BenmuuHa
mpoiineHoro nuiixy craHoBmwia 497 (m). Lli moka3HUKH
B TIOBHIl Mipi BiAMOBINAIOTh TEXHIYHUM PO3PaXyHKO-
BUM XapaKTEPUCTHKaM [U3€Ib-N0i3a, 10 HpHUBEICHI
paHime B qaHii poOOTi i TaIOTh MOXIUBICTh CTBEPIIKY-
BaTH NP0 aAE€KBATHICTh MOJEINI 1 MPOBEIEHHS 3 11 A0TO-
MOTO0 JIOCIIDKCHHS YIPaBIiHb B 3aMKHYTIH CHCTEMI
KepyBaHHsI eJleKTporpuBoy Ha ocHoBi TA/I.

Isi Is: A

400

350 M, Hy
300 / 3000
0 ;! / { ! 2500
200 2000 /
150 f / 1500 J/

100 ’ l ; 1000 -'
s0 { -{ |

0 10 20 30 40 0 10 20 30 a0

500 -I

Puc. 1. I'padik 3minn
¢asnoro ctpymy TAJ]

Puc. 2. I'padix 3minn
MOMEHTY

B -1 - Be
¢
25

1/

0 10 20 30 40 ) 30 40

Puc. 3. I'padik xoB3aHHS
YaCTOTH HANPYTH KUBJICHHS

Puc. 4. I'padix
HOTOKO3YEIICHHS

Hacrynmuum erarnoM po3poOiieHHs! onTUMi3aniiHol
MOJIEJIi CHCTEMH KepyBaHHs — 1€ CHHTE3 YIPaBJIiHb 1 X
JociipkeHHs. Sk ciiaye i3 piBHSHHSA (26), BU3HAYalb-
HUMH 3MIHHAMH JJIs ONTHMi3alii MpoIecy po3roHy
JIM3eTb-TI013/1a € eleKTpoMarHiTHuil MoMeHT TA/JL, sKuii
OIUCYEThCS PIBHAHHAM (22) Ta MIBHIKICTIO OOCpTaHHS
portopa (piBasHHS (26)). B cBOIO Wepry enexTpoMarti-
THUH MoMmeHT TAJl BU3HAYae€TbCS Yepe3 CKIAIOBY
ctpymy I, Ta Moxmyns Bektopy motoky V¥, , sxwuii
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MOXKEMO BHMpaxyBaTH 3a JONOMOroro piBHsHHS (20) B
3aJIeXKHOCTI Bif ckiazoBoi ctpymy I . Toxi B sikocTi

ynpaBiiae Uy 1 Uy MoxkeMO BUOpaTH CKIALOBL CTPyMy
Iy ta I. Tobro Uy =1;; Uy= Iy, . B pesynprati
MaTeMaTH9Ha MOJETH 00’ €KTY yIPaBIIiHHI MA€ BUTILAL;

d¥,, R, L,R
—m Tty U, =0,
dt L rm 1

r T

(27)

do
d_tp +0.00043 ,+0.254 - 0.0125%,,,, U, =0.(28)

I3 BpaxyBaHHSIM 3HA4YCHb CJICKTPUYHUX IapaMeT-
piB cxemu 3amimenas TAJl MmaTreMaTH9Ha MOZETH €Ire-
KTPOTIPHUBO/LY MPE/CTABISETHCS Y BUIIISII:

X, +a3Xy +ay,—asX\Uy =0, (30)
0 \Prm .Y dwp . . .
e Xy=— 5 Xo=— =5 Xy=¥o s Xo=op;
a —&‘ 2=LmRr
L L

3 ypaxyBaHHSIM apaMeTPiB CXEMH 3aMIICHHS
TA:

a; =0.728; a, =0.067; ay=0.00043;
a, =0.254; a5 =0.0125.

OCKiTbKH 00’€KT KepyBaHHsI OIUCYETHCS CUCTe-
MO0 HEJIHIHHUX udepeHIiaIbHuX pIBHSIHb APYTroro
NnopsiaKy, Je (a30BUMHU KOOPIUHATAMHU BUCTYMNAIOTh
MOJYJIb BEKTOPY IOTOKO3YEIUICHHS POTOpa TITOBOTO
JIBUT'YHa €JIEKTPOIPHBOAY Ta IIBHIKICTH PyXy AW3EIb-
noi3za, To Iyt 3HaXOMXKEHH ynpasiine U; 1 U, Moxe
OyTH 3aCTOCOBAHO METO]| Bapial[ifHOTO YMCIICHHS LIS~
XOM pillieHHs 3arajibHoi 3aaadi Jlarpanxa.

Kpurepiit sikocti (MiHIMI3allisi eHEPreTUYHUX BHU-
Tpar), sIK TOro morpedye MeTo]| ONTHUMI3AIlil, 3a1aH0 Y
BUTJISII KBaIPATHYHOTO (DYHKITIOHAITY.

®izuuno ynpasiinea Uy, U, — ne npoekuii /g,

I;, BEKTOpYy CTpyMy CTAaTOpHOi OOMOTKM JBUTYHA Ha

BiJIIIOBiTHI OCi KOOPIMHAT.
OyHKIIIOHAN, KA MiHIMI3y€e eHepreTHYHI BUTpa-
TH, 331a€THCS Y BUTIISL:

T
J = I(U12+U22 )t .
)

Jlomomi>xkauid (yHKIIOHAN, 10 BKIIFOYAa€E HEBHU3HA-

qui MHO>XHHWKH J'Iarpamlca, SaHI/ICyeTBCH AK:
H =(U} +U3 )+ 4(X| +a X, —a,U; )+ a1
+/12(X2 +Cl3X2 +ay _aSXIUZ ).

BuxopucroBytoun piBHsHHA Eftnepa, ympasmiHHS

Uy, 1 U, 3HaxomsaTbCs SIK:

UZ :asﬂgXl/Z, (33)

ne A, A, — HeBU3HauyeHI MHOXHUKHM Jlarpamxa, sKi

3HAXOIATHCA 13 cucTeMH qu(epeHIiaTbHAX PIBHIHb:

Ay —ayAy +(asiy X, 12=0; (34)

Ay —azdy =0.

Amnani3 MOXJIMBOro Buny GyHKuii A4; HIUIIXOM pi-

(35)

LIEHHs PiBHSAHHA (29) — e CYKYIHICTh €KCIIOHEHIiaIb-
HUX (QYHKUIN 31 CBOIMU MOCTIHUMHM 1HTErpYBaHHS, SIKi
MOXKJIMBO BHU3HAYUTH NPH 3aJaHUX HAYaIBHHX YMOBaX
BIIMOBITHOTO Au(epeHniiHOro pIBHIHHA (B HAIIOMY
BHIAJKYy PiBHAHHA (29)) — AK pilIEHHA OXHOPIIHOTO
piBHSHHA i (YHKIII BUMYIICHOTO DIlIEHHS PiBHIHHS
(29), axe Bu3HauaeThes BUAOM GyHKUIT X; (Moxynem

MIOTOKO3YEIICHHS).

B pesynbrati ynpasninas U; Oynemo BiaurykyBa-
TH B MHOXHHI CyMH €KCIIOHCHITIAJIEHUX (QyHKIIiH
(ckIagOBUX pIllIEHHS! OJHOPIJHOTO PIBHSHHS) 1 CKIIam0-
BOI BUMYIIIEHOTO PillIeHHsS — BUAOM (QyHKIii X .

Awnaniz MoxiauBoro Buny ¢yHkumii A, nuxom
piwenHs piBHsHHS (30) — e CYKYNHICTh €KCIIOHEHIia-
IbHUX (YHKLIH 31 CBOIMHM NMOCTIHHMMH IHTErpyBaHHS,
SIKI 3HAaXOJSATHCS 13 HAYAIBHUX YMOB IUGEPEHIIHOTO
piBasHHS (30). TyT MaeMo TiJIBKHM CKJIAJOBY pillICHHS
onHopiaHoro piBHsHHA (30).

B pesynbrarti ynpasninas U, Oyaemo Bianrykysa-
TH B MHOXHHI JOOYyTKYy EKCIIOHEHLIaJIbHUX (QYHKIIH
(ckagoBUX PIlLIEHHS! OJHOPIAHOTO PIBHSAHHS) 1 QyHKIIT
X;.

Taxum unHoM ynpasiinas U; 1 U, MaroTh aHajo-

riYHy CTPYKTYpY. 3arajibHUi BUJI yIIPaBJIiHb — 1€ CYKY-
MHICTh €KCIOHEHIIabHUX (YHKIIIH, SIKI BU3HAYAIOTHCS
HIISXOM DIllI€HHS BiJIIOBIIHOTO OJHOPIJAHOTO DPIBHSH-
Hi, IO J1a€ 3MOTY BH3HAYMTH 4Yac Mii Mi€l CKIAJ0BOI, i
cknafoBoi ¢yHknii X,. Lle Hamae Ham mifgcraBu 3aja-

BUTHU 3arajbHy CTPYKTYpY (BHUIJISII) YIpaBiliHb, HE BU-
3HAYaAIO4M IUISXOM pilleHHs! JTU(EepeHIIHHNX PIBHSHb
(29)1(30) pynkuiit 4y 1 4,.

Jlns BUpIMIeHHs 3a/avi 3HAXOKCHHS YIIPaBIiHBb
MIPOTIOHY€THCSI HACTYITHHUN i IX1]I.

BuxopuctoByroun marematuuHy wmognenb TA/L,
HaTPUKIaJ, B CHHXPOHHIH CHCTeMi KOOPIMHAT, MOXKIIU-
BO BU3HAYUTH IMOBEMIHKY MPOEKIIl MOIYJs BEKTOPY
CTPyMy CTaTOpHOi OOMOTKM ABUTYHA 3TiTHO BiZIOMOTO
3aKOHY KepYBaHHSI.

Jlst ampoOartii JaHOTO MigX0AYy BUKOPHCTAHO 3a-
KOH KepyBaHH:S U/f = const Ipu MEBHOMY TEMITi PO3To-
Hy (Habopy yactoTu Hanpyru xxuBieHHs TAJI).

Tak, npu nmociiyukeHHi 3a ymoBH, mo U/ = 15
B/T'u mpu temmi Habopy uacroru 1,1 I'/c, mpoexmii
BEKTOpY CTPyMy Ha OCi KOOpPJMHAT MalOTh BHJ, SKUH
TIPUBEJICHO Ha pHC. 1.

Le#t mepexigHuil mporuec, 1 KOKHOTO i3 CTPYMIB,
MOJKJIMBO TPEACTaBUTH HUIIXOM pilleHHS AuepeHIiia-
JILHOT'O PIBHSHHS JPYTOTO MOPSIKY:

y+by+cy=A,

ne b, ¢, A — mocTiiiHi kKoe(ilieHTH.
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PesynbraTu pilleHHS IbOTO PIBHSHHS MOXKJIHMBO
BUKOPHCTOBYBATH SK BHUIJIAAX ympaBmine U; 1 U, B

3aJIeKHOCTI B KoedimieHTIB b, ¢ i pyHKii A.
3a ymoBH, 10
i=1Ig, y2=15p,
OTPUMAEMO PIllICHHS HA OCHOBI PiBHSAHb:

Vit +oay=4;; (36)

Votbyya+cpyy =4y (37)

Pimenns nudepenuiansaoro piBHsIHHS (36):
kit kot
n(t)=Cel +Cre™? + yp,

Je yp — BUMYyIIEHa CKJIaJ0Ba PillleHHS AU(epeHIliaib-

HOTO PiBHSHHA. B 1aHOMY BHIIagKy BHUMYIIEHA CKJaJ0-
Ba 3HAXOAUTHCS K (IIpu A = const):

)’BZAI/CI-

B pesynbrari pinmrennss piBasHb (36) i (37) Mae BH-
LI

n(t) =€ (Ce P + Crel™ )+ by

Yo(t )= e 3 (Cle™ P4+ Cre P4 )+ b,

e b3 :b1/2; b4 =,l(b3—4c); b5 :AI/CI,'
b6 =A2/C2; bl = b2=0.5.

B mpoueci gocmimxenns orpumano: by = by =0.5,
¢ = ¢=0.2; ¢;,c) — NOCTIHHI iHTErpyBaHHS, SIKi BU-
3HAYaIOTh XapakTep CKJIAJ0BOi PIlIEHHS OIHOPIIHOTO

pIBHSHHSA.
Cknanosi bs 1 by BU3HAYAIOTH BUMYVIIEHE DIllIEH-
5 6

Hi. 3a JDOMOMOTO0 IIMX CKJIAIOBHX 3aJa€ThCS aMILTITY-
JIHE 3HAYCHHS YIIPaBIIiHb.

B 3aransHOMY BUIIAI pimieHHS piBHIHHA (36) BU-
3HAYAETHCA SIK:

(1) = bs(e B sin(byt )+1). (38)

Amnanoriuso i g (37).

Ha puc. 5 i puc. 6 npuBeaeHo rpadiku peamizamii
¢yHKIii BiqnoBigHO a0 piBHAHHA (38) I pi3HHX 3HA-
YeHb CKJIaJ0BUX audepeHLiitnnx piBHsIHb (36) 1 (37).

Ha puc. 5:

y=((sin((2*pi*t/T1)))*(D1*exp(-0.25%t)))+D2;

D1 =D2=100; T1 =40.

Ha puc. 6:

y=((sin((2*pi*t/T1)))*(D1*exp(-0.25*%t)))+D2;

D1 =300; D2 = 100; T1=40.

¥ A A
120 T~ ] 140
100 120
80 100
80
60 60
40 40
20 e 20 1, C
1015 20 33 0 5 10 15 20 25
Puc. 5. I'padix Puc. 6. T'padik
¢bynkuii y(t) Bapianr 1 ¢ynkuii y(t) Bapiant 2

3nauenns T1 Bu3Havae mepiox rapMoHi4HOI (yH-
KIii CKJIaNO0BOI pillleHHS OTHOPiIHOTO auepeHIiaib-
HOTO PIBHSHHSL.

3nauenHs D1 i D2 Bu3Ha4yaroTh BUMYIIEHI CKIa-
JIOBi pimieHHst nudepeHuianbHux piBHAHB (36), (37) i
3HAXOJATHCS B INIPOIECi MOAETIOBAHHS 3a O3HAKOK Mi-
HiMi3aIil BHOpaHOTO KPHUTEPi0 ONTUMI3alii (B HamIoMy
BHITA/IKYy MiHiIMi3amii eHepreTHIHUX BUTPAT).

Take npencrapnenss ynpasinins Uy 1 U, gae Mo-

JKITUBICTh TIPOBEJCHHS OLIHKM BIUIMBY IapaMeTpiB
CKJIQIOBHX KEpPYBaHb Ha XiJ MpPOLECY PO3TOHY IH3Eib-
noiz3na.

Ockinbku 3rigao piBHAHHA (38) hopMma 3aBmaHHA
VIpaBIiHb BU3HAYAETHCS CYMOIO CKJIQIOBUX OTHOPII-
HOTO 1 BUMYIIEHOTO pilleHb An(epeHIiabHOTO piB-
HSIHHS, TO Pe3yJbTaT PIMICHHS MOXIIHMBO NPEICTABUTH Y
BUTJIISAIL:

¥(t )= Be P sin( ot )+ B, (39)

ne By, B,,b— KOHCTaHTH.
ITpu oMy 3a JOIIOMOTOI0 B; MOXIHBO 33/1aBaTH
aMIITITYAHEe 3HAUCHHSA 3aBIAHHS YNpaBIiHHA, B, —

3HAYEHHS BUMYIICHOI CKJIQJIOBOI, b — MBHIKICTH 3aTy-
XaHHA (BU3HAYAETBHCA 3 PIOICHHSA IH(epeHIiaIbHOTO
PIBHSHHS).

Kpim Toro mpu moCHi/pKeHI MOKIMBO 3aJaBaTH i
Yyac MepPeXiJHOTO MPOIECY OJHOPIAHOT CKIAJI0BOI, KU
BU3Ha4YaeThesl yactororo @ (dopmyna (39)). Ipu mpo-
TpaMHIi peamizamii BUAYy CHTHAIY 3aBIaHHS — I MPe-
CTaBJICHHSI OJTHOPIHOT CKJIAI0BOI SIK:

x=usin(2pil/Tt),

ne T — BemMYMHA MOXKIIMBOTO IEpPioJy MPOTIKaHHS Iie-
PEXiHOTO MPOIECY BiAMOBIIHO 0 CKJIAJ0BOT PIIICHHS
onHopiaHoro piBHsHHS (30).

B Hamomy BuNanky NpH AOCHIKEHHSX OyJo
T=40c.

[pu mocmimkeHHI CHCTEMHU KepyBaHHS YIIPaBIliH-
1 U; i U, ¢opMyBasuch IUIAXOM pillleHHS AU(epeH-
nianpHuX piBHsHB (31) 1 (32).

3HaxomkeHHs A;, A, MOMXIHMBO TaKoX 1 uepes
BiJIOMi 3HaY€HHS 3aKOHIB yIPaBIiHb, OCKIIBKU 3aKOHH
3MIHM CTpyMiB (yIpaBiliHb) BiANOBINAIOTH 1 3aKOHAM
3MIHM MHOXHHMKIB Jlarpamka 3a yMOBH IOCTiIHHOTO
3HA4YCHHS] MOZYJIS [TIOTOKO3YEIICHHS. POTOpa.

Ile mae 3Mory mpu TakOMy HpPEICTaBICHHI BHi-
JUTH CKJIAJO0Bi pimeHHS AuQeEpeHniaJbHOr0 PiBHAHHSA
(omHOPIAHOTO i BHUMYIIIEHOTO), @ 3HAYNUTH 1 HAYAIbHI
YMOBH ISl CHUCTeMH Au(EepeHIifHNX piBHAHb, SKi
OIUCYIOTh IMHAMIKY MOBEIIHKHM HEBU3HAUYEHUX MHOX-
HukiB Jlarpamxa 4; 1 4,.

3 iHmoi cropoHu 3akoHW ympaminHsg Uy 1 U, —
ue npoekuii I i Iy MOIyIa BEKTOPY CTpyMy Ha oOci

KOOpAMHAT, BUKOPUCTaHHS SIKUX I03BOJISIE BU3HAUCHHIO
CKJIQ/IOBHX MOJyJISl BEKTOPY Hanpyru skusnenHss U g i

U,, s3riguo piBusaHp (18) 1 (19). Bukopucranus pis-
HaHHA (21) mae 3MOTy BHU3HAYMTH YacTOTY HANpPyTH
skuBiieHas TAJL.
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TakuM 4YMHOM, BHKOPHCTOBYIOUM MOJKJIUBI 3MiHHU
MIPOEKLIH MOYJIsl BEKTOPY CTPYMY 3riaHO piBHsHB (31),
(32), 3HAXOOMMO CKJIaJ0BI MOJIYJS BEKTOpPY Hampyru
skuBieHas TAJL.

VYupapiiHHS, 3 PEryJNIOBaHHIM HaNpyrH >KHBJICH-
HS, BUMarae (hpopMyBaHHS OPTOTOHAIBHUX CKIAJOBHX
BekTopy Hampyru (Uy — aMIUTiTYa mepioi rapMOHIKH
¢aznoi Hanipyru Ha ctatopi TAJ]) BiamoBigHO 1O MOJE-
i 3rigao mudepenuiiaux piBHsAHb (11) i (12) Ta 11 gac-
TOTH.

@DopMyBaHHS CKJIaJOBHUX BEKTOPY HANpyTH JKHB-
neHHst TAJ] BHKOHYEThCS 3 BHKOPUCTaHHSIM (OPMYI
(18), (19) 3a ymoBu crabimizamii MOTOKY:

Usl = Rslsl - ISZLS 'a}‘I’ ) (40)

L'
Uyp=Rl,H+ao,¥,,| —+K, (41)

Lm

®opmyBaHHA 9acToTH @, — 3 (21):
og=A(f+pw), (42)
_ Rer 1 A P

ne fB= T ls2o A KOC(iIlieHT, 3a JOTOMOIOI0

T rm
SIKOTO TIPH MOJEIIIOBAaHHI MOXKJIMBO 3a/[aBaTH TEMI Ha-
6opy uactotn xuBneHHs TA/I.

CcdopmoBaHi 3Ha4E€HHS YaCTOTH HANpPYTW XKHUBJICH-
HS 1 MOy BEKTOPY HampyrH >kuBieHHs TAJ] Bukopu-
CTOBYIOTBCA SIK BXigHI (pYHKIII yIpaBiliHb B MaTeMaTH-
YHIH MOJIEJIi eIeKTPONPUBOAY TU3€Ib- MOi31a Ha OCHOBI
piBHsHB (2) — (6), (21).

AJIeKBaTHICTh KOMIT'FOTEPHUX MOJENEl Ha OCHOBI
cucteMu piBHAHB (2) — (6) Ta MaTeMaTU4HOI MOJEIi 3
BUKOPHCTAHHSIM aJITOPUTMY BEKTOPHOTO KepyBaHHS
piBasHb (18) — (22) miATBEPIKYETHCS pe3yJbTaTaMH
MO/ICTIIOBAHHS NIPH BUKOPHUCTAaHHI 3aKOHY YIIPaBIiHHSI
U/f = const Ta NOPIBHSAHHI 3HAUY€Hb XapPAKTEPHUX 3MiH-
HUX (IIBUIKOCTI, TMPHCKOPEHHS, TSATOBOTO MOMEHTY,
(a3HUX CTPyMIB Ta iH.) 3 PO3PAXyHKOBUMH IPH ITEBHO-
MYy 3aBaHTaKCHHI IN3€Ib-T1013/1a.

Kpim Toro Ha puc. 7 nmpuBeAeHO y BHTIIAAL Tpadi-
KIiB XapakTep IMpOIECiB 3MiHU €IEeKTPOMAarHiTHOro Mo-
MeHTy M ;.

} M, Hwm
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Puc. 7. 'padik 3MiHH €IEKTPOMArHiTHOTO MOMEHTY
HpH JOCIIJPKEHHI 3a JOTIOMOTOI0 MaTeMaTHYHUX MoJereit
B CHHXPOHHIH cHCTeMi KOOPIUHAT | BUKOPHCTAHHI
QITOPUTMY BEKTOPHOT'O KEPYBaHHS

XapakTep MpoLEciB 3MIHHM eJEKTPOMAarHiTHOro
MOMEHTY M, (sBIS€TBbCS y3arajJbHEHOIO XapaKTepHC-

THUKOI0), (POPMYEThCSI HA OCHOBI CITiBBigHOIICHHS (6)
noBHO1 (ocHOBHOT) Mozen TAJ] i cniBBimHOMIEHHS (18)
MaTeMaTHIHOI MOJIEIi Ha OCHOBI allTOPUTMY BEKTOPHO-
IO KepyBaHHSI.

I'padiku mpakTHYHO CHIBHANAIOTh, MO A€ MOXK-
JIMBICTH CYZMTH PO aJ€KBATHICTH MOJIETICH.

B mpoueci nocnmijkeHb XapakTep MPOTiKaHHSI
MPOIIECIB BU3HAYAIUCH BiJIIOBITHO JIO TEXHIYHUX YMOB
32 MOXKJIMBOIO BEJIMUMHOIO ITPUCKOPEHHS Mij Yac pos-
roHy (MakcMMajbHE IPHUCKOPEHHS [0 LIBHIKOCTI

25 km/roa craHoButb 0.5 M/’ ). IIpu upomy yac pos-
roHy t=60 c i KiHIeBa IIBHAKICTh AM3EIH- MOi3aa
V =60 km/Top.

B Tabn. 1 i 2 nmpuBeneHO 3HAYEHHS BUMYIICHHX
CKJIaJOBUX 3aJaHHA ynpaeliHe [ 1 Iy, 3riiHo Bupa-

3iB (31) 1 (32), sIKi BUKOpHCTaHI B TIPOIIECI JOCITIIKCHb.
[Ipu upomy T1 = 40.
B Tab1. 2 mpuBeneHo pe3ynbTaTH MOCIIIKEHb CH-
CTEeMH KepyBaHHA 32 YMOBU BUKOPHCTAHHS BiAIOBITHIX
ympaBiniue [ 1 I, B mpoleci po3roHy Iu3ens Moizaa

B MIPOJIOBXK 4acy, piBHOMY 60 c. IlIBuakicTs npu 1ipomMy
He oOMexyBanack. [IOopiBHAHHS pe3ynbTaTiB e(heKTHB-
HOCTI 3aKOHY YIpaBIiHHSA OI[IHIOBAaJlach 3HAYCHHIM
BEJIMYMHY 3aTPAavdeHOi eHepTii Ha OJJMH METp MPOiiIeHO-
ro nursixy (P/S). KpiM omiHIOBaich OTprMaHi 3HAYCH-
HS XapaKTepHUX 3MiHHHX Mozeni (mBuakicts (V), mo-
IOynb BekTtopy notoky (¥,,, ), koB3aHHs ( B ), cTpyMH

(14,1, ), enexrpoMartiTHuif MoMeHT (M ; ), oTpuMa-

Huii 3akoH kepyBauHs (U/f). 3rigHo Takoi orinku (Be-
JMYUHM 3aTPadveHol eHeprii Ha OAWH METp MPOWUIEHOTOo
IIUIAXY) ONTHMANbHUM BapiaHTOM € 3aKOH KepyBaHHSI
(3rimgHo 3aBnmanHHA 7), ae I =20 A, I, =210 A. Ilpu

FOMY 3aKOH KepyBaHHs B KiHIleBUi MoMeHT dacy U/f =
14(B/T'm), mo He 3amepedye 3 BITOMHUMHE Pe3yIbTaTaMH
HaTypHHX JOCIIKEHb PEallbHOTO 00’ €KTY KepyBaHHS.
B tabn. 3 i 4 npuBeseHO pe3yabTaTH aHAIOTTYHHX
JIOCITIIKEHb 32 YMOBH 3a1aHHS yIIpaBiminb [ 1 1y, AKi

3a0e3MeuyroTh PO3TiH AM3ENb-TI0I34a 10 MIBUAKOCTI
V = 60 xm/rox Ta BpaxyBaHHSI MOXIIUBOT'O aMILTITyTHO-
ro 3HaY€HHs HanpyTru xkuBieHHs TAJl.

3rizHo TexHiyHMX yMOB Ha TAJI, niniliHa Hanpyra
xwuBneHHs U; cranoButs 1150 B. AmmiityHe 3HaueH-

Hsl (hasHoi Hanpyrn Uy OGyxe cranosuru 940 B, mo

JocsraeThes B KiHIEBUH MOMeHT 4dacy (¢ = 60 c). 3Ha-
YeHHs BEJIMYMHH Mi€l HAmpyrd B TaOm. 4 BimmoBimae
BapiaHTy «6» 3aBHaHHs ynpasiiHb [ 1 I, . [Ipn mpo-
My Ha MOZEJI OTPUMAHO 3HAYCHHS XapaKTEePHHUX IPO-
1eciB po3roHy (ix 3HAYEHHS, SIKi YCTAHOBWIINCE):

MIBUAKICTE JU3€EIb-110i34a — 60 KM/TO;

npoiaeHuit nusix — 467 m.;

MO/IyJIb BEKTOpY MOTOKY — 2.2 (B);

MPOEKILIT MOJyJIsl BEKTOPY TOKY CTaTopa Ha Bixmno-
BifHI oci koopauHAT — 124 A 1268 A;

esnektpoMarHiTHui MomeHT TAJ] — 2621 H-m;

BUKOPHCTaHa MOTYyXHicTb — 0.778%* 10’ (BT1);
3aKkoH po3rony U/f = 14.
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Tabnuys 1 — BapianTu 3aBaaHHs ynpasJiinas [ i I,

Ynpasiainusa 1 2 3 4 5 6 7
11 (A) 20.0 19.0 20.0 21.0 22.0 22.0 20.0
I (A) 220.0 220.0 230.0 220.0 220.0 230.0 210.0

Tabruys 2 — Pe3yabTaTu A0CHiKeHb (TeMN HA00PY YacTOTH Hanpyru :kuBJjeHns TAJ[: A 5 =1)

Ne n/n Vs S, M ¥,,,B B,ct I, A I, A | M, ,Hm P, ; pis
KM/Toj1 ’ ‘ : Br-c* 10 103
1 66.1 513.7 2.36 9.08 120.0 2725 2883.0 0.919 17.87
2 62.0 481.8 2.25 9.51 121.8 268.6 2706.0 0.820 17.23
3 68.5 533.2 2.37 9.45 127.4 281.5 2982.0 0.991 18.58
4 70.3 545.9 2.48 8.70 118.9 276.0 3060.0 1.028 18.83
5 74.5 578.4 2.59 8.35 117.7 279.2 3240.0 1.135 19.60
6 71.3 600.3 2.59 8.70 124.5 288.7 3355.0 1.225 20.40
7 63.6 493.9 2.36 8.71 113.2 263.3 2780.0 0.848 17.15
Tabnuysa 3 — BapianTu 3aBaaHHs ynpasJjinb [ i I,
YupaBaiHus 1 2 3 4 5 6 7 8 9 10
I (A) 18.0 19.0 20.0 21.0 22.0 23.0 24.0 25.0 26.0 30.0
155 (A) 420 380 348 321 298 278 261 244 231 186
Tabauys 4 — PesyabTaTtn gociaipkens (V = 60 km/ron)
Ne n/n v S, m ¥, B B,ct Iy, A I, A Mas P ;| UM, BT
KM/To1 H'Mm Br-c*10
1 60.09 474.0 1.83 18.14 2355 319.0 2570 0.948 11.90
2 60.06 471.9 1.88 15.09 202.8 309.3 2582 0.892 12.25
3 60.1 470.7 1.95 13.79 177.1 300.0 2598 0.853 12.65
4 60.1 469.5 2.02 12.24 156.0 289.0 2608 0.823 13.10
5 69.01 467.7 2.1 10.94 138.0 278.5 2615 0.797 13.57
6 59.99 466.7 2.19 9.87 124.5 268.5 2621 0.778 14.07
7 60.08 466.6 2.26 8.98 113.5 259.2 2631 0.766 14.58
8 59.99 465.3 2.35 8.20 103.7 250.0 2632 0.751 15.1
9 60.1 465.6 2.44 7.54 96.0 241.7 2641 0.744 15.64
10 58.5 461.7 2.50 5.10 65.0 184.2 2000 0.699 15.0
B mporieci gociipkeHs 32 YMOBU MiHIMI3allii eHe- BHCHOBKH

PreTUYHUX BUTPAT BU3HAYAEMO 3aKOH KEPYBaHHS y BU-
sl
U/f = var

Ha Tmepiogy Iii CcKiIagoBoi

ro piBasHHA YO, 1€
YO0 = sin(2*pi*t/T1)*(D1*exp(-0.25%t));
U/f = const —

pilleHHS  OJHOPiTHO-

B MOJajibIIiOMYy B npoueci PpO3rony, mo BHU3HAYAECTHCA
BUMYIICHOIO CKJIaJOBOTO.

1. PosrnsHyTi mMigxoaM a0 MOOYIOBH CHCTEM Ke-
pyBaHHS TATOBUM ACHHXPOHHHM E€JIEKTPOIIPHBOIAOM
JIA3EIIb-TIOT31B.

[IpoBenenuit aHami3 METOMIB BHKOPHCTAHHS CHUC-
TEM KEpPYBaHHS CICKTPOIPUBOIOM 3 TOYKH 30py iX
e(ekTuBHOCTI. BeTaHOBIGHO, IO B 3B 3Ky 3 THM, IO
HafOLIBII ONTUMAJIFHOIO 3 TOYKH 30py 3a0e3neueHHS
JMUHAMIYHHUX MMOKA3HUKIB Ta NIBUAKOJII € BEKTOPHA CHC-
TeMa KepyBaHHS, TO aJrOPUTM METOIY BEKTOPHOTO Ke-
pyBaHHSI MOXe OyTH IOKJIQJEHO B OCHOBY PO3POOKH
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ONTUMI3AIIITHOT MaTEeMaTHYHOI MOJEJI CICKTPOIIPHBO-
Iy IHU3€eNb-TI013/a.

2.IlpoBeneHo aHami3 MaTeMaTH4YHUX MOJEINEH
enexTponpusoay 3 TAJl Ta po3po0ieHHst MaTeMaTH4HO
MOJIEJIl CHCTEMH YIIPaBJIiHHS TSATOBUM EJIEKTPOIPHBO-
JIOM 3 BEKTOPHUM KepyBaHHAM. OTpUMaHO MaTeMaTH-
Hy MOJIENb PyXy IU3€Ib-1I0i3/1a 32 YMOBH CTYICHS 3a-
BaHTAXKEHOCTI B Tporeci HOro po3roHy A0 3aJaHoi
IIBUIKOCTI, SIKY MOXKIIHBO BUKOPHCTATH [UIsl 3A1HCHEHHS
CHHTE3Y YIPaBJIiHb CHCTEMH KEPyBaHHSL.

3. HaBenena cucrema audepeHmianbHAX piBHSIHb,
siKa BKJItOYae B cebe maremarnuny monens TAJl B aBo-
(a3Hill OpPTOroHAJIBbHIA CUCTEMI KOOPIUHAT, OPIEHTOBA-
Hiif 32 BEKTOPOM MOTOKO3YEIUICHHSI POTOpa, Ta MaTeMa-
TUYHY MOJIENIb PYXYy AM3ENb-I0i3/a, IKi HaaaloTh Marte-
MaTUYHUHA ONMUC, HEOOXIAHWH JJIsI BUKOHAHHS CHUHTE3Y
YIpPaBJiHb €JIEKTPOINPHBOLY 3MIHHOTO CTPYMYy 3 BHKO-
PHUCTaHHAM CyYaCHHX METOJIIB OIITHMi3aIlii.

4. Buxonasuu i3 CTPYKTYpH MaTeMaTH4HOI MOJENi
CHCTEeMH KEepPYBaHHS JUII CHHTE3y YNpPAaBIiHb 3aIlpoIo-
HOBAaHO BHKOPHCTaHHS METOJY BapiamiifHOTO YHCIICHHS
[UITXOM pillIeHHs 3aranbHoi 3axaui Jlarpamka. B skocti
(yHKIIOHaJA, 0 ONTHUMI3YEThCS, PO3IIISAAETHCS KBAI-
paTuyHui (QYHKIIOHAJ, SIKUH 3aJ]0BOJILHSIE BUMOTH Mi-
HiMi3alii eHepreTHYHNX BUTPAT B IPOLEC PO3TOHY -
3eJIb-11013/a.

5. Y 3B’s3Ky 3 THUM, IO CHHTE3 yNpPaBJiHb 3a IO0-
IIOMOTOI0 pillleHHs 3araibHoi 3as1adi Jlarpamxka nepen-
0ayae 3HAXO/KEHHS HEBH3HAYEHUX MHOKHMKIB Jlarpa-
HXXa (B 3araJlbHOMY ILIaHI 4acoBUX (yHKIIH) Ha OCHOBI
pileHHs cucteM nupepeHIiiHUX PIBHIHB, B SIKMX HEBi-
JIOMi Ha9aJIbHi YMOBH, 3aIIPOTIOHOBAHI METOIAMKH OO~
JIaHHS LBOTO HEJOJIIKY IaHOTO METOLY.

6. l1In1xoM MOJETIOBaHHS OTPHMaHO BUIY YIIPaB-
JHb 32 YMOBH BHKOPHCTaHHS BiJOMOTO 3aKOHY Kepy-
BaHHA U/f = const, 0 Aaio 3MOTy 3HAWTH aHAJIITHYHI
CHIBBITHOIICHHS Y BUTIIAI THIIOBUX CKJIAJIOBHUX PillleH-
Hs TUdepeHIiaJbHOTO PIBHSIHHS, SK PILICHHS OXHOPIiI-
HOTO i BUMYIICHOTO PiBHSHB i, BAKOPUCTOBYIOUH 3MiH-
Hi (TTapamMeTpy) CIiBBiIHOIICHb, 3HAXOJUTH YIPaBIiHHSI
LUISIXOM MOJISIIIOBAHHS, SIKI 33JJ0BOJIBHSIOTH BHMOTaM
MiHIMi3alil eHepreTHYHNX BUTPAT.

7. IIpoBeneHO MOCIIHKEHHS 3allPOIIOHOBAHOI MO-
JIelTi SIK 3 TOYKH 30pYy ii aAeKBaTHOCTI, TaK 1 il MOKIMBO-
CTI 3aCTOCYBaHHS JJI LiJIeH CHHTE3y YIPaBIiHb, IO
3a0e3meuyroTh MiHIMI3alil0 eHepreTHYHNX BHUTpaT. Pe-
3yJBTaTH JOCITIHKeHb HAlaHO y BUTIAAL TpadikiB mpo-
meciB  XapakTepHHX (a30BHX 3MIHHHX Ta TaOIUIb, B
SIKMX HaBe/IeHI YMCIIOBI 3HAYEHHS XapaKTepPHUX 3MiH-
HUX CHUCTEMH KEepyBaHHS B 3aJ€KHOCTI BiJ| CTPYKTYpH
CUTHAJIIB yIPaBJIiHHS.
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Optimization model of traction asynchronous electric drive diesel train and its research
M. Zapolovskyi, M. Mezentsev, O. Balenko, M. Olifir

Abstract. Approaches to the construction of control systems for the traction asynchronous electric drive of diesel trains
are considered. The analysis of mathematical models and the selection of the method of synthesis of the controls of the electric
drive control system of the diesel train were carried out. The optimization mathematical model of the electric drive is based on
the algorithm of the vector control method. The mathematical model of the electric drive includes a model of the traction motor,
which is presented in a two-phase orthogonal coordinate system, oriented along the vector of the rotor flux coupling, and a math-
ematical model of the movement of a diesel train. For the synthesis of controls, it is proposed to use the method of variational
calculus by solving the general Lagrange problem. Techniques for overcoming this shortcoming of this method are proposed for
finding undetermined Lagrange multipliers. By means of modeling, the types of controls in the form of analytical ratios are ob-
tained as components of the solution of the differential equation - homogeneous and forced solutions. The study of the proposed
model was carried out both from the point of view of its adequacy and its applicability for the purposes of the synthesis of man-
agement. The research results are presented in the form of graphs of processes of characteristic phase variables and tables.

Keywords: control system, asynchronous electric drive, diesel train, vector control algorithms, mathematical model,
control laws, control synthesis, optimization methods, Lagrange problem, uncertain Lagrange multipliers, research.
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PO3POBKA METOAY OHIHKH ITOKA3HUKIB
TATOBUX EJIEKTPOIIEPEJAY ABTOHOMHUX JIOKOMOTHBIB

AnoTtanisi. OOHUM 3 OCHOBHUX YMHHHKIB, SIKi BU3HAYAIOTh SAKICTh pOOOTH aBTOHOMHOTO JIOKOMOTHBA € TATOBA ENEKTPO-
nepenava (TEIT), g ouiHKY K0T BUKOPUCTOBYIOTHCS TMTOKa3HUKHU il pOOOTH y PEKUMaX TATH Ta €IEKTPHUYHOTO TallbMy-
BaHHA. SIK MpaBmIIO, OLIHKA TATOBOI €NEKTPOIepeaayi MPOBOJUTHCS 33 TAKUMH NTOKa3HUKAMH, SK YCTaHOBJICHA Ta TPUBAJa
MOTY>KHICTh €JIEeKTPOOoOIagHaHH, KOe(illieHT KOpUCHOT 1ii Ta iH. B maHiif cTaTTi 3aIpoONOHOBaHO Ta OOITPYHTOBAHO METO[
SIKICHOT OLIHKY TATOBOI €JEKTponepenadi 3 BUKOPUCTAHHAM IHTETPAIFHOTO ITOKAa3HHUKA IMOTYKHOCTI. OIIHKY AMHAMIYHHX
MIOKA3HHKIB TATOBOI €IEeKTpOIepeaadi IPONOHy€EThCsl BUKOHYBATH Ha PO3po0IIeHi i KOMIT FOTepHil MOJIEi.

Kaw4yoBi ciaoBa: Tiarosa enexrponepenaya, iHTErpaJbHUN TOKa3HUK MOTYKHOCTI, KOMI F0TEpHA MOJIENb.

Beryn

Tsarosa enexrporepenada (TEII) 3mificaroe mepe-
Jady TOTYXKHOCTI TU3eNs 0 PYLIHHMAX KOJleC i Halle-
XKHTh JI0 OCHOBHHX CKJIQJIOBUX, SIKI BU3HAYAIOTh SKICTH
poboTr nokomoTHBa. IIpH 11bOMY Ma€ BUKOHYBaTHCS HU-
3Ka BUMOT, [TOB’SI3aHUX 3 peasli3alli€lo TArOBOro 3yCHILIS,
sike OOME)XEHO 3UeIUICHHSIM KoJjieca 3 peiikamu, MOBHa
nepenaya MOTYKHOCTI JTU3elb-TeHepaTopa Ha OCi JIOKO-
MOTHBA B 33[JaHOMY JIiala30Hi MIBUIKOCTEH pyXy, 3a0e3-
MeYCHHS pOOOTH JH3eIIs 32 CKOHOMIYHUMHU XapaKTePUC-
TUKaMHU B CTaTHYHHX 1 JUHAMIYHHX pexnumax. Kommiek-
cHa orinka TEII Bigirpae BaXJIMBY poJb IPH CTBOPCHHI
JIOKOMOTHBIB Ta iX eKcIDTyaTarii.

Amnani3 giteparypu. OmiHka sSKOCTi pOOOTH aBTO-
HOMHOTO JIOKOMOTHBAa BHUMarae BHOOpPY Ta OOIDYHTY-
BaHHS BIAMOBIIHOTO KpUTEPito ab0 MiTbOBOT PyHKIIT. Y
3araJbHOMY BHIIQJIKy TaKUM KPUTEpi€EM € MiHIMYM BH-
Tpatu nanusa [1-5]. AHani3 Bupa3y, 0 BHU3HAYa€ LieH
KpHUTEpiH, MoKa3zye HOro mpsiMy 3aJeXKHICTh BiJ TaKHX
(axTopiB, sik edhextuBHicTs podotu ausens, KK/ TEII,
BUTpATH €Heprii Ha BJIacHI NOTpedu Ta iH.

I[Tpu cTBOpeHHi Ta ekcIutyarallii aBTOHOMHHX JIOKO-
MOTHBIB BUHUKA€ HU3KA MTUTaHb, OB’ I3aHUX 3 OI[IHKOIO
OCHOBHHX (aKTOPiB, IO BIUTMBAIOTH Ha iX AKICHI MTOKa3-
HUKH.

[cHYIOTB pi3HI METOIN HOCIHIIKEHBb TATOBOI CIICKT-
poriepenadi y CTaTHYHUX 1 JUHAMIYHHAX pEXKAMaX Po-
60TH, ane He BCI BOHU JAIOTh JI0CTaTHLO 00’ €KTHBHY Ta
HAOYHY iH(OpMAIIFO PO XaPaKTEPUCTUKHU TATOBOI eIre-
KTpoImepeaadi, a MaTeMaTHYHI MO, IO 1X OMHUCYIOTH,
JOCHUTh CKIIaJIHI.

B nmaniii cTarTi MPOMOHYETHCS MPOBOIUTH SKICHY
OIIIHKY TATOBOI €JIeKTpoIepeadi B pe)knuMax TSTH Ta ra-
JIbMYBaHHS 3 BAKOPUCTAHHSM IHTETPAJIbHOTO MOKa3HUKA
MIOTYXHOCTI, @ OI[IHKY IWHAMIYHUX BJIaCTHBOCTEH TATO-
BOI eJeKTporepeaadi BHKOHYBaTH Ha pO3poOIIeHii
KOMII FOTEpHINA MOJEII.

OcHOBHA YacTHHA

YV 3araspHOMY BUMAIKY B IKOCTI KPUTEPIFO IS OLli-
HKH SKOCTiI pOOOTH JJOKOMOTHBA BHKOPHCTOBYETHCS ITi-
0B (DYHKIIA MiHIMyMa BUTPATHU TTaJIHBA:

W =B — min, @))]

Jie B — BUTpaTH MajuBa.

BuzHaueHHs excIUTyaTaliifHUX BUTpAT TajuBa Jio-
KOMOTHBOM BHUKOHYETHCS 1O (OPMYJI, sKa BiJIHOCHTH
HOro cyMapHi BUTpATH IO TATOBOi POOOTH JIOKOMOTHBA
Ha KoJiect:

n
D b Pyt
_i=l

W =g, — min, 2)

J€ ¢n— MUTOMA BUTpPAaTa MaiBa B 33JaHOMY PEXKHMI,

P,; — moTyxHICTb mu3ens Ha i-if MO3UIIiT KOHTpoJIepa
mamuHicTa (KM),

b.; — MATOMA BUTpATa MajKBa NpH peainizaiii Py Ha i-
i no3uwii KM,

t; — yac poOOTH Ha i-i MO3ULIT KOHTpOJIepa MallInHi-
cTa,

Py — TIOTY>XHICTB, 110 Peaji3yeThCs Ha KOJIECI:

B = Fyi = Fop = By M » (3)

ne Py — TOTYXHICTB, O BiAOUpa€eThCS Ha BIACHI MOT-
pebu TOKOMOTHBa,
P — IOTYXHICTB TU3€Ts, SKa BIIAETHCS HA TATY,
Nen — KK enexTponepenadi, BKIFOYAIOYH TSITOBHA
penykrop [6, 7].

TsroBa enekrTporiepeiadya BiIHOCUTBCS 0 OCHOB-
HUX (DaKTOPIB, IO BIUIMBAIOTh HA SKICTh POOOTH JIOKO-
MOTHBA.

ITpu mepeTBOpeHHI MEXaHIYHOI eHeprii AW3es Ha
MeXaHiYHy eHEprito pyXy JOKOMOTHBA [IOBHHEH BUKOHY-
BaTHCS PsiJi BUMOT, MOB’SI3aHUX 3 pealli3alli€lo TSAroBoro
3yCHIIIS,, OOMEXEHOTO 3YEIUICHHSM KOJIC 3 pelKamu;
MOBHOI Tlepesiadi MOTYKHOCTI JIn3elib-TeHepaTopa B 3a-
JAaHOMY Jliana3oHi NIBUKOCTEH pyxy; 3a0e3nedeHHs po-
060TH 1u3ensl 3a eKOHOMIYHMMHU XapaKTEpPHUCTHKAMH B
CTAaTHYHUX 1 TUHAMIYHUX PEXKIMAX.

Ha puc. | npusenena ctpykrypaa cxema TEII mo-
TOopHOTO BaroHa au3enb-noizna JAEJI-02. Tsroswuii rene-
parop, SKuil 0b6epTaeThCs Bil AM3ENS, Yepe3 BHIIPSIMHY
YCTaHOBKY 1 aBTOHOMHI iHBepTopun Hampyru (AIHI,
AIH2) xwBuTh acuHXpoHHI TArosi nsuryHu (AT,
ATI2).

Bix TsaroBoro reneparopa Ta nepeTBoproBadiB yac-
totH BiacHUX noTpeO (ITUBII) »uBAsTHCS HOMOMIXKHI
CIIO’KMBaYi eHeprii.
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Puc. 1. CtpykrypHa cxema
TEII moTopHOTO BaroHa nusens-noizaa JJEJI-02

[Ipu enexTpuanomy rampmyBaHHi AT]l mparroroTs
y pexumi renepatopis i yepe3 AIH1, AIH2 HaBaHTaxy-
IOThCS Ha TalbMOBHI pesuctop R [8].

I'pannyHa TAroBa XapakTEPHCTHKA JIOKOMOTHBY
F = f(V) (puc. 2) mictutb 0061acTh mycky (1) i o6macts

MOCTiHHOT moTyHOCTI (2). Tsarose 3ycwinist B oOmacTi
MYCKy OOMEXYEThCS IONYCTHMHM 3HAUCHHSIM 34Yell-
JIeHHS KoJieca 3 peiikoro [9, 10].

FA

Puc. 2. 'paHndHa TATOBa XapaKTEPUCTHKA
(Fn — myckoBa Tsra, Fri Vi — TpuBana T4ra i IBUAKICTH
BignoBigHo (s TEI 3 KOIEKTOPHUMH IBUTYHAMH),
Vmax — MakCHMasbHa MIBUAKICTH PyXy JJOKOMOTHBA)

Just TEIT i3 KOJNEKTOPHUMU TATOBUMH JABUT'YHAMH
(KTH) nocnigoBHOTO 30y1KEHHS KOS(DIIIEHT 34ETUICHHS
J BU3HAYAETHCS 32 BUPA30M:

8
—0,25+—2> 4
v 1001V @

TsroBe 3ycHIIs Opy IbOMY OyJe:
F=y-G, (5)

ne G — Mmaca noisza.

[Just TEII 3 AT/ koedinieHT 34eryieHHst y 30Hi ITy-
cky B 1,3 pasu Bunmid, Hix 3 KT/], mo 3ymoBiieHO 0c00-
JIMBOCTSIMH €JIEKTPOMEXaHIUYHOI XapaKTePUCTHKH JBHU-
ryHa. O6sacTh MOCTIHHOI ITOTYKHOCTI Ma€ MOYaTOK Bij
00JacTi MyCcKy Ta KiHEeIlb Ha MAaKCUMAaJbHIi MIBUIKOCTI
JIOKOMOTHBA.

TsroBe 3ycuiuis y 1iit o0yacTi BU3HaYa€ThCS 32 BU-
paszoM:

F=P)V. (©6)

HeoOxiHO 3a3Ha4nTH, IO PO3LUIMPEHHS IIBUAKIC-
HOTO JIiala30Hy 3a paXyHOK 3HIKeHHS moTykHocTi TEIT
HETIPHUITY CTHMO.

AHaNOTiYHAM YHHOM MPEACTABIIETHCS XapaKTepH-
CTHKa JIOKOMOTHBA B PEXHMI CICKTPHYHOTO TaJIbMYy-
BaHHS, KOJIM MEXaHiIgHA EHepris pyXy Anu3eib-1oi3/1a ue-
pe3 TEII racutscs Ha TabMiBHHUX PE3HCTOPAX.

IIpn npomy MoOxIMBE i BUKOPUCTAHHSA JAJIS SKHB-
JICHHSI IOTIOMDKHUX HaBaHTa)XEHb 1 OMaJICHHS TTacakup-
CHKHX BaroHiB.

I'pannyHa ranpMiBHa XapaKTEPUCTHKA JJOKOMOTHBA
B = f(V) naBenena na puc. 3 [9, 10].

BA

B [

0 E >
2 v, v 7

max

Puc. 3. 'panndHa ragpMiBHA XapaKTEPHCTHKA JOKOMOTHBA
(Bmin — MiHIMaJTbHE TaJbMiBHE €JIEKTPHUYHE 3yCHILIS)

lanpmiBHA XapakTepucTuKa (puc. 3) Ma€e KiJbKa Ji-
JSTHOK, SIKI BU3HAa4YaroThest mapameTpamu TEIL:

001acTh 0OMEXKEHHS MAarHiTHOTO MOTOKY TATOBHX
nmBuryHiB (1);

o0sacTh 0OMEKEHHS IaJIbMIBHOTO 3YCHJLIS B YMO-
Bax 34CIUICHHS KOJIiC 3 peiikamu (2);

00J1acTh 0OMEXKEHHS TalIbMIBHOT MOTYXHOCTI (3);

o0sacte oomexxeHHst komyTartii it KT/ (4), mist
SIKOT 3a3BUYail BUKOHY€EThCS PIBHSIHHS:

V, =(0,7..0,8) - Vippay - 7

ITpm 3pocTanHHi MWBUAKOCTI JOKOMOTHBA I'aJIbMiBHA
MOTYXHICTh Pr 3MEHIIYEThCS BIIMOBIAHO 3 HACTYITHUM
BHPA30M:

P,V = const. (8)

[Tpwu 3HIKEHH] IBHUIKOCTI JOKOMOTHBA PUOIN3HO
10 5-10 KM/TOJT €IEeKTPHYHE TaJIbMO CTa€ Hee(heKTUBHIM
1 BimOyBa€eThCS TMepexia Ha MHEBMaTHYHE (3YNMUHKOBE)
rajJbMyBaHHSsL.

OmHUM 13 TOKa3HUKIB, KW BUKOPHCTOBYETHCA
nipu nopiBHsAHHI TEII, € BcTaHOBIICHA TIOTYXHICTD €JIeK-
TPOYCTaTKyBaHHS, SIKa OLIHIOETHCS SIK BiJHOIICHHS I0-
OyTKy 3Ha4YeHb ITyCKOBOi TSTHM HA MaKCUMaJbHY HIBHA-
KiCTh JJIOKOMOTHBA JI0 TTIOTY>KHOCTI AU3EIS, 1[0 BUKOPHUC-
TOBY€ETBCS JUISL TSTH.

OCKIJIBKH ITyCKOBI TSTOBI 3yCHIUISL IOKOMOTHBA BH-
3HA4al0Th CTPYMH B €JIEMEHTaxX TATOBOI €JeKTporepe-
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Jlayi, a MaKCUMaJlbHa LIBUJKICTh BU3HAYAE HAIIPYTY, LEH
MIOKa3HUK NIEBHOIO MipPOIO XapaKTepHU3y€E eIEKTPUUHY T0-
TY)KHICTb, 3aKJIaICHy B €JI€KTPOYCTATKyBaHHS.

3B’s130k Mix napamerpamu TEII Ta xapakrepuctu-
KaMH JIOKOMOTHBA BUKOHYETHCS Yepes:

MEXaHIYHy YaCTHHY IPUBOAY,

neperaBabHE YUCIIO PEIYKTOpa,

ZiameTp Koeca.

Jpyrum noxasaukoM s nopiBasHES TEII € Tpu-
BaJa TOTYXHICTh €JIEKTPOOOIaHAHHS, SIKa OLIHIOETHCS
SIK BITHOIIEHHS JOOYTKY 3Ha4€Hb TPUBAJIOl TATU Ha Ma-
KCUMaJIbHY IIBHJKICTH 1O HOTYHOCTI au3ens. Lle# mo-
Ka3HUK XapaKTepHu3ye 00JIacTh, Y SIKiil JOKOMOTHB MOXKe
MIPaIfOBATH TPUBAJIUH Yac.

B nawniif poOOTI NPONOHYETHCS MPOBOJUTH OLIHKY
TATOBOI eJIEKTpOIIepeiadi JOKOMOTHUBIB 32 IHTETrpajJbHUM
MOKa3HUKOM MOTYXHOCTI K, SIKHii BpaxoBy€e KoeQilieHT
KOPHCHOI Jii TATOBOI eNeKTporepenadi i MeXaHiqHOI Ja-
CTHHH TIPUBOJY, TSATOBI Ta IIBUAKICHI XapaKTCPHCTHKH
JIOKOMOTHBA, 1 € BITHOIIEHHAM IUIOIII TATOBOI XapaKTe-
PHUCTHKH J0 MOTYXHOCTI TU3EIS:

1 Vmax
K,=— [ Fav. ©)
B vZo

st nopiBusuibHOT oninku TEIT B pexxumi enektpu-
YHOTO TaJbMyBaHHSI MO’KHa BUKOPHCTOBYBaTH BUpa3, B
SIKOMY 3aMiCTh TSTOBOT BHKOPHUCTOBYETBHCS TajbMiBHa
XapaKTepUCTHKA!

lvmax
Kp =— I Bdt .
0 y=0

(10)

3anponoHOBaHUM METOIOM OL[IHIOBAaHHS OYJI0 IPO-
BE/ICHO MOPIBHSHHSA TATOBOI eJieKTporepenadi JOKOMo-
TUBIB 3 PI3HHUMH JIBUTYHAMH 1 BHUSBJICHO, 110 B PEXUMI
TATH iHTeTpanpHUH nokasHuk 3 AT/] Bume Ha 15 %, a B
PEeXUMI SICKTPUYHOTO TajbMyBaHHs Buiie Ha 40 %, Hixk
3 KT/.

JIi1st AKICHOT OLIHKY TUHAMIYHHX BJIACTUBOCTEH TsI-
rOBOI eJIeKTponepeadi JOKOMOTHBIB OyJIM BUKOHAHI J0-
CJIiJKEHHS Ha KOMIT IOTepHiil MOeTi ANHAMIKY pyXy IHU-
3enb-moi3na JJEJI-02 3 pisHUME THIIAMU TATOBHUX TIPHBO-
IiB.

SIK BiJOMO, MaTeMaTH4Ha MOJIETIb PYyXY AN3EIIb-T10-
312 ONTUCYETHCA PIBHAHHAM BHULLY:

dw

J===M, -M,,

B an

. 2

ne J—wmowmenr inepuii (J =G -Ry),

R, — paniyc xoneca,

® — KyTOBa mBHAKICTh (@ =V/R,),

M, — MOMEHT TSATH,

M. — MOMEHT onopy pyxy,

V — MBHUIKICT pyXy AU3EIb-TI0137a.

[IBuaKkicTh AM3ENB-TIOI3Aa 3 ypaxyBaHHSIM OJH-

HUIb BUMIPIOBAaHHS, 1[0 BUKOPUCTOBYIOTHCS B JTAHOMY
BHIIA/IKY, BU3HAYA€ETHCS CITiBBITHOIICHHSIM:

V=36-0R,. (12)

st po3poOKK KoMIT 1oTepHOi Mojeni Oy BUKO-
pucrasi piBHsHHA (11 — 12).

BusnaueHHst MOMeHTY TsTH M y niporieci pyxy no-
1312 31MCHIOETHCS BiIIOBITHO J0 PiBHSIHb:

M, =F(V)-R,. (13)

Frgx =9:81-G-(102- (147 ) - apay +Wo),  (14)

ne F(V) —tarosa xapakrtepuctuka TEII,

Finax — MaKCHMaJIbHE 3yCHILIS TIPU PO3TOHI,

(1 + v) — koedimieHT iHepmii Mac, IO 00epTarOTHCSA
(y=0,1),

Omax — MAKCUMaJIbHE TIPUCKOPEHHS 1101318,

Wy — xoedinienT onopy pyxy (mpu posroni Wy = 1,1).

BusnaueHHs MOMeHTY onopy pyxy M. y mporeci

pyXy moi3na 3IiHCHIOETHCS BIAMOBIAHO O TaKUX PiB-
HSHB!

M, =9.81-i-R.-W,-G, (15)

W, =1,1+0,012 -V +0,00025 -V2,  (16)

ne i — koeilieHT yXmty Kol (U1 TOpU30HTAIBHOT [Ti-
JISTHKM [ = 1).

3rino 3 Bupazamu (11-16) po3podieHO
KOMIT FOTEpHY MOJIENb JJIsi OOUNCIICHHS IBHIKOCTI 1MO-
i3ma B 3anexHocrti Bin napamerpis TEIT ta ymoB pyxy,
sIKa CKJIQIAE€THCS 3 OJIOKIB OOYHMCIICHHS MOMEHTY TATH 1
MOMEHTA OIIOpY PyXy, OJIOKY OOUYHCIICHHS KOe(illieHTiB
1 670Ky iHTerpyBaHHS (pHC. 4).
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Puc. 4. KoM’ rorepHa Moienb
IUTSL OOYUCIICHHS IIBUIKOCTI PyXY AWU3ENb-TI013/1a

Ha puc. 5 nmpuBeneHi nopiBHAJIBHI TATOBI XapakTe-
PHUCTHKH, SKi OTPHMaHi pO3PaxyHKOBHM IILIIXOM IIpH
BHUKOPHCTaHHI qu3enb-reneparopa ¢ipmu MTU notyx-
HicTio 550 KBT 1 MakcHMaJbHOIO HANPYrolo TeHepaTopa
Tmicst BUIIPAMHOT ycTaHoBKU 1500 B mnst pisHuX THIIB
TEII. Ha po3po0iieHiii koMn F0TepHii Mozeni Oymu mpo-
BENIEH1 JTOCHIKCHHsS] TUHAMIYHAX XapaKTEPUCTHK JIH-
3enp-nioizaa JIEJI-02 3 pizaumu tunamu TEIL.

Ha puc. 6 HaBeneHi XapaKTepUCTHKH TPUCKOPCHHS
a =f (V) nuzenp-noiza.
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Puc. 5. TAroBi XxapakTepuCTUKU TU3EIH-T1013/1a Puc. 6. 3aexHICTh IPUCKOPCHHS TU3EIb-T1013/1a
3 pisaumu tunamu TEIT (1 — 3 Bukopucranusm AT/, Bix #oro mBuakocti npu BukopucranHi AT (1) i KT/ (2)
2 — 3 BukopuctanusaM KTJI)
HaBenenuit MeTo OI[IHKH TSTOBOI €lIEKTpoIepe-
Jladi 3 aCHHXPOHHUM TATOBUM JIBUTYHOM 1 KOJIEKTOPHUM
3a pesynbTaTaMM JOCHTIIDKEHb U1 KOMIUIEKCHOI — TATOBHM JBUI'YHOM OYB BUKOPUCTaHUM HpH JOCII-

BucnoBku

orinki TEII 3anporoHoBaHo Ta 00IPYHTOBAHO BUKOpPU-  JKEHHI amsens-noizga JEJI-02.

CTaHHS IHTErPaJbHOTO ITOKA3HUKA MOTYXHOCTI. OLiHKY OTpuMaHi pe3ybTaTH MOKa3any HepeBary IMoKas-
nuHaMivHuX mokasHukiB TEII 3anmponoHOBaHO BUKOHY-  HHKIB @CHHXPOHHOIO IPHBOJY Y NOpPIBHAHHI 3 KOJEK-
BaTH Ha PO3pOOIICHIH KOMIT IOTepHIN MOJEMi. TOPHHM.
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Development of a method for assessing the indicators of traction power transmissions of autonomous locomotives
Valentin Noskov, Svitlana Gavrylenko, Volodymyr Skorodielov, Maksym Heiko

Abstract. One of the main factors determining the quality of autonomous locomotive operation is traction power transmission
(TPT), which is assessed using indicators of its operation in traction and electric braking modes. As a rule, the assessment of TPT is
carried out according to such indicators as the installed and continuous power of electrical equipment, efficiency, etc. This article pro-
poses and substantiates a method for qualitative assessment of TPT using an integrated power indicator. It is proposed to evaluate the

dynamic characteristics of TPT using the developed computer model.

Keywords: traction power transmission, integrated power index, computer model.
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CONTROL MODEL OF A GROUP OF MANEUVERABLE UNMANNED AERIAL
VEHICLES TAKING INTO ACCOUNT THEIR FLIGHT SAFETY

Abstract. The article deals with the urgent scientific problem of creating an algorithmic support for an automated
situational control system for group maneuverable unmanned aerial vehicles, taking into account the possibility of
improving their flight safety. To realize this possibility, the authors proposed a non-linear flight model of group formation.
This is the basis for the synthesis of nonlinear control laws for these aircraft. The difference of the proposed approach is
taking into account the influence of changes in the speed and direction of wind flows on the laws governing the movement
of aircraft in a group. Promising areas of research are considered, namely: the application of the results obtained to justify
the requirements for the design characteristics of control systems and their algorithmic support in terms of not only
improving their flight safety in group formations, but also ensuring the specified performance indicators for a wide range of

possible flight tasks by a group of maneuverable aircraft.

Keywords: mobile unmanned aerial vehicles, control system, control law, aircraft group, information channel, flight
safety, group flight, wind effects, control laws, model flight safety.

Introduction

Today, the dominant advantage of using modern
unmanned aerial vehicles (UAVs) as part of groups is a
significant increase in the probability and effectiveness
of flight tasks, while the disadvantage is the
impossibility of ensuring the necessary level of flight
safety during intensive maneuvering under the influence
of the state of the atmosphere and especially variations
in speeds and directions wind currents. A promising
approach to overcoming this shortcoming is the
appropriate organization of the process of managing the
simultaneous use of a large number of UAVs in a group
flight. The term “group flight” reflects the process of
simultaneous, compatible, coordinated, synergistic
(organizationally interconnected) functioning of several
aircraft (which as a rule have different flight and
technical characteristics load functional purpose
equipment configuration etc.) with a clearly defined
purpose flight task. Current flight tasks, the
effectiveness of which increases significantly with the
group use of UAVs, today include: surveillance with the
accumulation or operational real-time transmission of
the necessary information about ground and air objects;
search and detection of objects, constant monitoring of
them with the necessary and possible information and
energy or other effects on their functioning;
transportation of oversized cargo; performance of
aviation and chemical works; fire extinguishing;
carrying out special monitoring; retransmission,
switching, routing and transformation of departmental
radio communication signals; solutions of applied
scientific tasks on the study of the earth's surface;
patrolling etc. The implementation of the appropriate
management organization for the simultaneous use of a
large number of UAVs in a group flight with the
provision of a given level of flight safety during
intensive maneuvering under the influence of
atmospheric conditions is proposed to be ensured

through the creation of algorithms for the operation of
the control system of these moving objects. Today
appropriate automated control systems for the group use
of UAVs (complexes of mobile aviation systems) are
being developed, but it is advisable to pay more
attention to the issue of increasing the level of flight
safety during intensive maneuvering under the influence
of the state of the atmosphere, and especially variations
in the speed and direction of wind flows. Therefore this
scientific article is devoted to the solution of this
relevant applied task.

Analysis of recent research and publications

A significant amount of scientific research, the
results of which are reflected in well-known
publications, is devoted to the modeling of management
processes in complex, dynamic, large organizational
systems, which undoubtedly include groups of aerial
vehicles and especially unmanned ones. It is appropriate
to focus attention on the latest achievements of
scientists in this field and analyze the results of their
research, which are reflected in their published scientific
works. In [1] describes an approach to planning the
flight path of “unmanned aerial vehicles” and presents a
model of a group of aerial vehicles, which shows the
possibility of modeling movement along trajectories
approximated by arcs of constant and variable
curvature, as well as Pythagorean Hodographs. The
advantages and disadvantages of modeling the
movement of UAVs and the conditions for applying the
specified approaches to the approximation of
trajectories are shown. The article [2] analyzed the
existing approaches and features of UAV control,
described its mathematical model, and proposed a
number of different approaches to controlling such
aerial vehicles. The main ideas, terms of use,
advantages and disadvantages of the proposed
approaches are illustrated and discussed. The structural
schemes of the UAV as a control object using aerobatic,
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navigation and automatic control methods are
considered, the architectural components of these
schemes are described.. The article [3] examines the
existing methods of evaluating the effectiveness of the
use of unmanned aircraft systems and proposes an
improved methodology for evaluating the effectiveness
of the use of formations of unmanned aircraft systems
under the conditions of unauthorized influence of
various factors not only directly on the devices
themselves during their flight tasks, but also on groups
of unmanned aircraft complexes. It is indicated that
since the UAV control process is stochastic, it is
suggested to use probabilistic indicators to evaluate the
efficiency of the use of units of these aerial vehicles,
namely: the probability of successful completion of
flight tasks, the guaranteed probability of completing
tasks, the probability of completing a number of tasks
from their total number, the average guaranteed result,
mathematical expectation of the number of successfully
completed flight missions by UAV complexes. In
scientific works [4-6] the authors comprehensively
considered the features and specifics of group use of
UAVs. A probabilistic method of justifying the choice
of a control system for a group of unmanned aerial
vehicles is proposed which is based on Markov
probabilistic models of changes in discrete states in
continuous time. The possibility of differentiating the
intensities of event flows depending on the states is
taken into account. The difference between the results
obtained by the authors in these works is the
consideration of the widest possible range of possible
application circumstances: the only requirement for the
functioning of the “UAV group - object of application”
system is to ensure compliance of the random flow of
events with Markov conditions. The article [7] presents
the approaches and results of the study of effective
online planning of UAV logistics in emergency
situations. These studies are based on the use of
optimization algorithms. The paper [8] proposes
approaches to the synthesis of the UAV control and
monitoring subsystem, and the article [9] describes a
secure voice control system for this aerial object.
Scientific works [10-12] are devoted to the construction
of mathematical models of the movement of UAVs as
dynamic objects, taking into account the characteristic
features of actions and tactical and technical capabilities
of the aircraft for the synthesis of the control system
with support for decision-making regarding the planning
of optimal UAYV routes.

Thus, the analysis of the results obtained in recent
studies shows that scientists are now paying
considerable attention to the problems of organizing the
control of UAVs and the synthesis of control systems
for these structures. But in the known works, the
approaches to ensuring the safety of flights of groups of
UAVs, whose control systems provide for the
possibility of compensating for wind effects on
maneuvering such aerial vehicles, are not sufficiently
covered.

The purpose of the article is to solve the task of
synthesizing the laws of control of groups of unmanned
maneuverable aerial vehicles (UMAVs) taking into

account turbulent phenomena in the atmosphere, the
implementation of which in algorithmic and software
systems for automated control of “drones” and support
for decision-making on piloting will increase the safety
of the flights of these aerial vehicles.

Presenting main material

In nonlinear models, which sufficiently fully and
accurately describe the flight processes of UMAVs in
group application and which have recently been
increasingly used for the synthesis of situational
nonlinear laws of control of these complex dynamically
dispersed objects, it is advisable to take into account
such a situational factor as variations in atmospheric
processes [1]. As the in-depth and comprehensive
analysis of the experience of using groups of unmanned
aerial vehicles shows the influence of variations in the
air environment causes significant, but not always
predictable changes in the aerodynamic forces and
moments of aircraft. This significantly changes the
effectiveness of managing these air assets, and
especially in group use. At the same time the main
emphasis should be placed not only on the performance
of the flight task by the formation of unmanned
maneuverable aircraft but also on ensuring their flight
safety in a group [2-7].

It is known that a large number of factors influence
the dynamics of atmospheric processes. It is proposed to
take into account the most significant of them for
conducting research, namely: the geographical location
of the flight area of groups UMAVs , the type of the
Earth's surface, the flight height of aircraft, the season,
time of day, air temperature variations [8, 9]. Therefore,
the air environment is a complex nonlinear object, for
which it is problematic and not always possible to
synthesize an adequate and accurate model of
atmospheric  processes ~ when  organizing the
management of UMAVs in a group [5, 6, 10]. The
conducted studies show that possible turbulent
phenomena in the atmosphere can be represented by
appropriate nonlinear mathematical models. Among
them, according to the authors, the greatest interest for
achieving the goal of a systematic synthesis of
situational control systems for groups of unmanned
aerial vehicles is represented by mathematical models in
which it is sufficient to take into account variations in
atmospheric turbulence affecting the profiles of wind
flows. As you know, they are especially characteristic of
fast-moving air currents near the Earth's surface [1].

The study of the reaction of the group UMAVs in
a group to the fast-moving situational factors of
atmospheric turbulence variations was based on the
theory of statistical dynamics. For a complete, accurate
and adequate description of possible management
situations, in which the influence of the existing factors
of atmospheric turbulence is taken into account, models
of the UMAVs in a group are used in the form of
nonlinear equations that describe, in addition to the
dynamic states in flight of these aerial objects, also the
power plants of aircraft and their servo drives. This
made it possible to synthesize the functioning
algorithms of the synergistic control systems of the
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UMAVs in a group. Their implementation will ensure
the self-organization of situational control by taking into
account the specific features of various variants of the
flight task for the UMAVs [11, 12].

When solving this problem, one of the possible
approaches to assessing the impact of air turbulence is
proposed. We will use the obtained results to describe
the general laws and determine the necessary
requirements for the synthesis of situational control
systems of the UMAVs. When conducting analytical
studies we will assume that the air environment is
homogeneous and isotropic. Then, for all points of the
airspace in which the flight of the UMAVs group is
predicted to be implemented such characteristics as
mathematical expectation dispersion and density of the
distribution of the random component of the wind speed
will be the same.

It is known that the variations of the longitudinal
component of the speed change of the UMAVs taking
into account the influence of a homogeneous isotropic
medium along the trajectory L of the movement of this
aircraft, should be represented by the spectral density

27,1
Sl(u) :—ZS“ZLV — (1)
1+0"LV

where 65 dispersion of the velocity of the

longitudinal component of the wind; V —UMAVs
flight speed; @ — the frequency of the components of a
random signal, adequate to the change in wind speed,
which can take a value ®=[0,00]; L—the distance

traveled by the aircraft.
The vertical u, and horizontal u, components of

changes in the speed of a UMAVs taking into account
the effects of intense variations in atmospheric
turbulence (normal to the vector of the UMAVs flight
path and lying in its structural plane of symmetry and in
the plane of its wing) are determined by the spectral
density from the expression

212,,-2
S5 (0)=82LV"! A+307 LV " | 2)

2
(1+m2L2V*2)

To describe the dependence of the dispersion Dj; of

signals X; (which identify the UMAVs group as a
complex dynamic nonlinear system) on the spectral
density S of the “white noise” type acting on the j input

of this system and the corresponding integral quadratic
estimate of the impulses of these signals, we will use a
classical statistical dynamics mathematical model

Dy =Sol;; . 3)

In order to use expression (3) in the synthesis of
the laws of situational synergistic control, it is proposed
to create models that describe the shaping filters for the
transformation of control signals with the spectral
densities described by expressions (1) and (2). Next, to
simplify analytical studies, we make a model of a
dynamic system containing nonlinear equations of a

joint flight of UMAVs in a group of two aircraft. In this
model, we will include equations that describe the
influence of the processes in the signal-forming filter for
a given wind disturbance and predicted control of the
UAV. To simplify the analytical modeling, the
assumption is made that the processes of controlling
unmanned aircraft are stable. This will make it possible
to determine the integral quadratic estimates [;; of the

processes in the control systems of the UMAVs group
when conducting an analytical study.

Amplitude-phase characteristics and

W (jo)
W, (jo) shaping filters of signal processing in control

systems of the UMAVs which adequately correspond to
the spectral densities S;(®) and S, (o) are described

by functions of the form
. 2
Si((’)):(Wi (]o))) Sy (co), “)

where S, (o) — spectral density of the input signal of

the shaping filter.
Taking into account (4) and accepting S, (0)) =1,

we find dependencies for determining the amplitude-
phase characteristics of the shaping filters of signal
processing in the control systems of the UMAVs

W (jo)” =51 (0), W (jo)f =$:(0). )

Then the differential equation describing the state
of the first signal processing filter will have the form

i, =-VL ' +8,N2vE e, (6)

and the second filter
132
5 (v

5, (3VL_1 )1/2

0 -vi?2
1 —ovr!

i
Y

Y
Y

le.

I 1/2
where Y, =uy, ¥; =2V (LV,) " +¥, -3, (3VL‘1) .
The output signal for the second filter, which must
be transmitted to the input of models of control objects
of wind action signals u, is ¥,. The input signal of

both filters as well as in extended models of control
objects is a signal which we denote by & .

First, it is advisable to present the flight model of
the UMAVs group in general

X = AX +Gu, (8)

where X —the state vector of the UMAVs which
consists of the parameters of their autonomous flight
and the parameters of the coordinates of the relative
position of the aircraft during group movement;

A —matrix of coefficients which describes the
UMAVs as a complex object of management;

G - the matrix of the efficiency coefficients of the
influence of control signals on the implementation of
aircraft maneuvering processes; u —the vector of
control signals of the UMAVs.
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In equation (8) we present the matrix A and G in
this form

A; 0 O G O
A = 0 A22 0 5 G = 0 G2 . (9)
A3 Ay Ag 0 0

Taking (9) into account, equation (8) will be
represented by two systems of equations. The first of
them will look like

Xl = A“Xl +G1M1 5

Xz :A22X2 +G2M2, (10)

Yo = A3 1 X + A Xy + Ag3Y,,, .

In the system of equations (10) the following is
indicated:
X1, X, — n- measurement vectors that reflect the

state of autonomous movement of the first and second
UMAVs, respectively;

Y,,, — u-measurement vector of the coordinates of

the relative position of the UMAVs;
uy, up, — r-dimensional vectors of variations of

control influences;
Aq...A3z —matrices of coefficients of internal

connections in the UMAVs model;
G, G, —matrices of UMAVs control efficiency

coefficients which are included in the block matrices of
the form (9) for the mathematical model (10).

The second system of equations in addition to the
mathematical model (10) is represented by equations of
the form

Xc1=AnXcr +Guy s (11)

Xco =AnXcr +Gouy .

It consists of isolated equations of motion of a
single UMAYV from the group.

To compile a complete mathematical model of the
UMAVs flight using (10) and (11) we decompose the
expressions that describe the dependence of the
elements of the matrices included in these equations on
the flight parameters. For example, let's consider the
most typical flight situations of the use of a group of
UMAVs namely the mode of longitudinal movement
and simultaneous turning in the horizontal plane. In
longitudinal motion, the vectors of their state, which
correspond to the equations of autonomous motion, are
represented by matrices of the form

X, =[m V; 6, o VI]T’

— T
X] =[Vl2 V2 62 W, Vz] . (12)

The control vectors of the UMAVs in the group
will be presented in the form

= [819501], 1 =[329402]. (13)
In expressions (12) and (13) the symbols 7; and n,

indicate increases in the relative frequency of rotation of

the rotors of the UMA Vs engines, which are equivalent to
the increase in their thrust, 8;,,, 8,4, — deviation from

the balancing positions of the engine control bodies, ¢,
¢, — deviation from the balancing positions of the

UMAVs stabilizers. The rest of the designations in model
(12) and (13) meet the requirements accepted in the
aerodynamics of aircraft [13, 14].

Identical in structure matrices, which are included
in model (10) are proposed to be presented in the form

a; 0 0 0 0
ay; ayp a3 0 ays
A =la3; ap a3 0 ags |, (14)
0 ayp as3 ayy ags
o 0 O 1 O
g 0
0 g»
G =0 gl (15)
0 gu
0 0

The elements of the matrices (14) and (15) are
determined by numerically differentiating the complete
nonlinear equations of the flight of the UMAVs by the
elements of its state vector under their flight parameters.
These parameters correspond to variations in the current
values of the aircraft balancing process.

We emphasize that wind speed variations are taken
into account in models (12), (14) and (15) in the second
column of the matrices A;; and Ay, .

Let's introduce vectors to take these influences into
account, marking them as y,;, X2 - At the same time,
the influence of the vertical component of wind speed is
described in the mathematical model by the fifth
column.

The possibility of describing this action is based
on the fact that the equations that describe the
movement of the UMAVs are drawn up in the velocity
coordinate system. At the same time the angle of attack
of the aircraft is determined from the equation

a=v-0+a,,

-1
where o, =u, V™.

Equation (10) which describes the joint movement
of UMAVs taking into account the processes of
managing their state, as well as signals that are adequate

for variations U, , can be presented in the form

|| b, o0 o
Xy |=|"G1Ky1 Dy —GyKpz|x
Voul | A1 An 0
X Xvi  Xvi| |Ux
X X2 +(Xv2 Av2 X MK

Yl 10 0 v

(16)
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where Dy =Aj1 =G K1, Dy =Ayp—-GpnkKy -
dimension matrices nxn of models of controlled
autonomous movement of the UMAVs. It is appropriate
to present the model (16) in the form

Z'=DZ+xVux+xvéuy, a7

T T 7 1F
where Z =[X1 X5 Y ] — vector of the state of the

om

closed control system of the UMAVs dimension 2n+p;

T T
T T . T T
Ly :|:XV1 12 0} it :|:Xv1 T2 0} — vectors of
aircraft control coefficients taking into account wind
speed components u, 1 u,; D —matrix of coefficients

of the closed control system of the UMAVs.

In order to take into account the influence of a
random signal on the flight of the UMAYV control
model, which is adequate to the variations of wind
disturbances, we transform (16) and (17) into the first
extended model of the form

D Xxv Z
0 —vr! u,

z

u

+ |l (18)

0
8o

X

where g4 =0, V2vL! — coefficient of effectiveness of

the influence of a “white noise” type signal. We will
evaluate the results of the action of a random wind
disturbance signal taking into account (16) and (17) on
the basis of the second extended model, namely:

Zl P o w7zl o
Yl=[0 0 V22| |+|gllg (19)
i (o 1 —2vi!|Y2| [0

where ggp =

r 32 N
G, (VL ) G, (3VL ) — vector of

coefficients characterizing the effectiveness of the
influence of a “normalized white noise” type signal. For
ease of simplification in relation to conducting analytical
studies, let's present equations (18) and (19) in the form

Z,=D,Z,+g8,. (20)
When calculating the values of [, included in
expression (3), it is suggested to use the following

approaches.
The first of them is that in equation (19) the action

of the signal &= S(I) is replaced by a non-zero initial

condition Z, (to)z g, and grades are determined

I = J (:o Z,fidt along the trajectory of free movement of

the system (19).
To calculate the value I;;, a matrix with a single

non-zero element is specified B;, the location of which
corresponds to the location of the coordinates Z,; in the

vector Z, . After that the matrix equation is solved

RD, +D. P, =-B,. 1)

Then the value of the estimate [;; is determined
from the dependence

I =2y (1g) BZy (1)

In the general case, equation (21) must be solved
2n+p once. At the same time, at each step of the

(22)

solution, new values B; of matrix elements are set.

The second (simplified) approach to the solution of
this problem, which consists in the fact that instead of
equation (21), we will solve equations of the form

PD} +D,P=-2,(1)Z} (1) . (23)

Then the score we are looking for is determined
from the expression

I;=B;®P. (24)
Let's consider the fairness of such an approach.
Substitute the expression for determining the matrix B;

from (21) into (23) and obtain

I; =-(RD, + D} B )®P. 25)
After transformation (24) we obtain the following
equation

I =—(1_’DnT +DnF)®E' =2,(10)Zy (19) . (26)

The conducted analytical studies confirm that it is
enough to solve equation (23) once to determine the

elements of the matrix P . In this matrix, its first
diagonal elements 2n are equal to the value I,

(j=12,...2n).

Thus, the proposed and considered approach
allows to algorithmically take into account the influence
of such situational aspects of the dynamic state of the air
environment as the turbulence of atmospheric flows in
the situational control systems of groups of unmanned
aerial vehicles.

Conclusions

The conducted analytical studies of the
peculiarities of the group use of UMAVs under the
influence of atmospheric variations allow us to draw the
following conclusions. Thus, a necessary condition for
improving the safety of group piloting of aircraft is
taking into account variations in the speed and direction
of wind flows (with the possibility of their adaptive
compensation) in the functioning algorithms of the
situational synergistic automated control system for the
group use of unmanned aerial vehicles. To fulfill this
requirement, nonlinear mathematical models of the
flight of a group of unmanned aircraft are proposed.
Based on these models, the possibility of compensating
wind flow variations is taken into account during the
synthesis of the laws of control of the maneuvering of
the UMAVs.
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Thus, it makes it possible to form a priori the
requirements for the structure of the algorithmic and
software of automated control systems for the group use
of unmanned aerial vehicles, to specify technical tasks
for conducting research and development works on the
creation of situational control systems, to form potential
opportunities for the use of non-linear models for the
study of complex processes of group use of UMAVs
and organization of management of this use.

According to the authors of the article, it is
promising to use the obtained results to justify the
optimal functionality of the group's devices, the
requirements for the design characteristics of the flight
information sensors of UMAVs from the point of view
of increasing not only the safety of their flights in group
formations, but also a significant increase in the
efficiency of performing a wide range of possible flight
tasks.
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Mogeb ynpapJiiHHs FPynoro 0e3NiJI0OTHUX MaHEBPEHMX JITaJbHHUX aNaparis i3 ypaxyBaHHsM ix 0e3leKH NoJbOTiB
1. M. ITaBnenxko, €. I. Cam6opcrkuit, I. 5. Kpuxosenpkuii, I .I. Cambopcbkuii

AHoTamisi. YV cTarTi poO3IiIacThCs aKTyalbHE HAayKOBE 3aBJaHHS ILI0J0 CTBOPSHHS AITOPUTMIYHOrO 3a0e3nedyeHHs
aBTOMAaTH30BaHOI CUTYaTUBHOI CHCTEMH YIIPABIIiHHS TPYIIOBUM 3aCTOCYBaHHSIM MaHEBPEHUX OE3MIIOTHUX JIITAIBHUX alapaTiB i3
YpaxyBaHHSAM MOXJIMBOCTI MiIBHIICHHS Oe3MeKH iX MOnboTiB. s peamizamii mi€i MOMIJIMBOCTI aBTOpaMu 3alpolOHOBaHA
HEINiHIfHa MOJENb TOJILOTY TPYyNmoBoro (GopmyBaHHsA. BoHa € MIATPYHTSM CHHTE3y HENIHIMHHUX 3aKOHIB YIIPABIiHHS LHUMH
MOBITPSIHUME 3aco0amu. BiIMIHHICTIO 3aIpOIIOHOBAHOTO IMIAXOAY € BpaxyBaHHS BIUIMBY Bapiamiidl IIBHIKOCTEH 1 HANpsSMiB
BITPOBUX TIOTOKIB y 3aKOHAX YIPABIiHHA PYXOM JITATbHUX allapatiB y rpyIi. PO3risHyTI mepcneKTUBHI HAPSMU JTOCIIPKEHb, a
caMe: 3aCTOCYBaHHS OTPHMAaHHX pe3yJNbTaTiB IS OOIPYHTYBaHHS BHUMOT JO KOHCTPYKTUBHHX XapaKTEPHCTHK CHCTEM
YIpPaBIiHHA 1 IX IrOPUTMIYHOrO 3a0E€3MEUCHHS 13 HOINAAY HE JIMIIE HAa IJBHUINCHHA 1X OE3NEeKH MHOJBbOTIB y IPYNOBUX
(dopMyBaHHsX, ane i 3a0e3reueHHs 3aJaHNX MMOKa3HUKIB e()eKTUBHOCTI BUKOHAHHS LIMPOKOTO CIEKTPY MOXKJIMBHX IOJBOTHHX
3aB/IaHb TPYIIO0 MaHEBPECHHX JTAJIbHUX alapaTiB.

KawuyoBi ciaoBa: MoOUIbHI Oe3MiNOTHI JiTalbHI anapaTy, CUCTEMa YIPaBIiHHSI, 3aKOH YIIPaBIIiHHS, TPyIa JITAIBHAX
amapari, iHpopMariiinuii kaHan, Oe3nexa MOoNbOTIB, IPYNOBHIA MOJIT, BITPOBI BIUIMBHU, 3aKOHH YIPaBIiHHSI, MOJeib, Oe3reka
IOJIBOTIB.
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PO3POBKA MOJIYJIEA TEPMOPET YJIIOBAHHSI
JJ151 30HHOI IIEPEPOBKH IVIACTUYHUX MAC EKCTPY3I€1IO0

AHoTanisi. Po3pobieHo npucTpiit kepyBaHHs Uil BCTAHOBJICHHS Ta PETYJIIOBaHHS MPOQI0 TEIIOBOr0 30HOBAHOTO MO-
JI51 eKCTPY31iHOTrO KaHaly MepepoOKH IIacTMac B 3aJ€KHOCTI BiJl BUAY BHUXIIHOI CHPOBHHH; BUOOPY PEXHMMIB AJIS CTBO-
peHHsT yMOB cTabiiizamii e)eKTUBHOTO MPOBEICHHS TEXHOJOTTYHOTO MPOLECy i ofep)KaHHS 3aJaHOi SKOCTI eKCTpy/aara;
KOHCTPYKIIMHUX 0COOIMBOCTEl BHUTOTOBISEMOI MPOIYKLii; MOXIMBOCTEH M JOCKOHAJIOCTI OCHOBHOTO 1 JOTIOMIXKHOTO
OCHAIIIEHHs, TIPOXYKTUBHOCTI HOTO POOOTH; CTYIEHIO ITiTOTOBICHOCTI 0OCIYyrOBYI0UOr0 EpCOHATY 10 3a0e3IeueHHs BH-
po6uunTBa. 3rigHo cranmapty IEC 60584 1:2013 B sIKOCTI OMOPHMX aHATITUYHHX CHTHAJIB B pO3pOOI BUKOPUCTaHI Bif-
TOBi/IHI CTaHIApTHI 3HAUYEHHS PI3HUI IMOTEHMIANB THIIOBUX TpaayloBalbHUX Tabimips Tepmornap TXA (tun K). Kopery-
BaHHS CEpeIHBOI TEIUIOBOI IOTY>KHOCTI, IO MiBOANUTHCS HarpiBHUKaMU B OKPeMUX (DYHKI[IOHAIBEHO- TEXHOJOTIYHUX 30-
Hax, 3/11HCHIOETBCS (Pa30BUM METOIOM.

KnaouoBi caoBa: nepepoOka miacTMac, METOA eKCTPY3ii, IPodib TepMOEKCTPY3iHHOTO KaHAY, CHCTEMH YIPaBIIiHHS,

KOHCTPYKTHBHI OCOOJIHBOCTI.

Beryn

VY 3B'sBKy 3i 3pocTaHH;IM 00'€MiB BUPOOHHIITBA TI0-
JMMEpHUX MaTtepialliB BEIUKOTO 3HAueHHS HAOyBaroTh
NIMTAHHS, MOB's13aHi 31 CTBOPEHHSAM BHCOKOIPOIYKTHBHOTO
nepepoOHOro OONaJHAHHS Ta BIOCKOHAJICHHSIM YHHHOTO.
Cepen uncneHHHX CHOCOOIB IepepOOKH TMONIMEPIiB Haii-
MOIIMPEHIIIUM € METOJI eKCTpy3ii. 3a OLiHKOI (axiBIIiB,
Ha CHOTOJHIMHIN JeHb 10 60% CBITOBOrO BUPOOHHIITBA
IUIACTMAC TIePePOOIISIETHCS caMe UM MeToioM. BiH moJist-
ra€ B IPOJABIIIOBAHHI MaTepialy 3 BUCOKOIO B'SI3KICTIO Y
pinkoMy craHi uepe3 (GoOpMyrOUHMii IHCTPYMEHT (EKCTpy-
3iliHy TOJIOBKY, (DLTBEPY), 3 METOIO OTPUMAHHS BHPOOY 3
TIOTIEPEYHUM TIepepi3oM moTpiOHoI dopmu [1], Ta 3 moma-
JBIIFMU OXOJIOJDKSHHSM, KaTiOpyBaHHM i T. 1. Bukopuc-
TaHHS [IHCKOBHX arapaTiB MPH TepepoOIli MOTIMEPHHX
MarepiagiB 00YMOBIEHO X BHCOKHMH TEXHOJOTIYHIMH
NOKa3HUKAaMH, TOJOBHUMH 3 SKHX € Oe3NepepBHICTh

s\

BEIICHHS TMPOILIECY, BIiJJHOCHA MPOCTOTA KOHCTPYKIil Ta
TMIOPIBHSHO HEBEJUKI €Hepro- Ta Merajo3arparu. Llum mo-
SICHIOETBCSI IIIUPOKE BUKOPUCTAHHS €KCTPYIEpiB y HH3LI
rajgy3ei: KaOelbHil, XIMIYHIi, XapyoBii Ta iHIIUX.

[Tpn nepepoOLi noniMepiB Bce yacTille BUKOPHC-
TOBYIOTBCSI KOMIIO3UIIIfHI Marepiaiy, HaIOBHIOBAYi,
OapBHUKH, Jeryroodi m00aBKH, SKi CYTTEBO 3MIHIOIOTH
(i3uKO-MeXaHIYHI XapaKTepUCTUKA CHPOBUHH. Po3mu-
PeHHS acOPTUMEHTY NOJIMEepiB, CYTT€BE 30UTbIICHHS
IXHPOTO BUPOOHHUIITBA MOTPEOYIOTH CTBOPEHHSI BHCOKO-
MIPOLYKTUBHOTO Ta PECYPCOSHEPTOOIasHOro oba-
HaHH JUIs 1X IepepoOKH y HaWpi3HOMaHITHINII BUPOOH,
[2, 3]. Ha choromHimHii JeHb IIpu eKCTPY3ii mosimMepis
HIMPOKOT0 BUKOPHUCTAaHHS HAOyJIM OJJHOUEPB’sIUHI E€KCT-
pyaepu (puc. 1, [1]) , B skux npornec 3aBantaxeHss (1);
iaBnieHHs, romorexizauii (II); crBopenHst THCKy 1 10-
syBanHs (I1I) BUKOHYIOTBCSI OZTHUM POOOYUM OPraHOM —
ITHEKOM (YUEepB’SIKOM).

Ir

I r |

o

Puc. 1. Cxema OgHOIIHEKOBOTO eKCcTpyaepa 0e3 30Hu aeraszamnii [1]: 1 - OyHKep; 2 - mHeK; 3 - HTiHAD, 4 - TTOPOXKHIHA
IUTSL IIPKYJISIIT BOu; 5 - HarpiBaui; 6 - pemritka 3 citkamu; 7 - popmyroda romnoska; I, I1, 111 - TexHOMOTIYHI 30HA

JleranbHO mNOBeAiHKAa MaTepialy MOCHIZOBHO Ha
KO>KHOMY eTarli eKcTpy3ii onucana B [1].

HenonikoM onHOCTamiHHUX 4YepB’SUHHX EKCTPY-
JIepiB € NMPUB’sA3Ka BCIX UX MPOLECIB OJUH 0 OJHOTO,
TOMY HEIOCKOHAIICTh SKOTOChH i3 HHUX HMPU3BOJHUTH IO
3MIiHM TapaMeTpiB IHIIUX CTalid, M0 3HAYHO YCKJIaI-
HIOE KepyBaHHS HUMH 1 YHEMOXIJIUBIIOE IX ONTHUMIi3a-
mito. [IpoananmizyBaBImIM TEXHIYHI YMOBH Ha BUPOOH 3

MOJIIMEPHOi CHUPOBHHU (OCOOIMBO  KPYITHO-TIOTOHHI,
mpo¢iTbOBaHI) MOKHA 3pOOUTH BHCHOBOK, IO JTOITYCKH
Ha TeOMETPHYHI PO3MipH 1oJliMepHOT poayKii B Oara-
ThOX BHIajaKax 3aBuineHi Ha 10-20% [3, 4]. Bce me
ITOB’SI3aHO 3 HEJOCKOHAJICTIO ICHYFOUMX TEXHOJOTIYHUX
JHIH, AKI CTBOpEHi Ha 0a3i OJHOYEPB’TTHUX EKCTpYJIe-
piB. Ilpu 1IpOMy BHHHKA€e IONEpEeYHAa Ta ITO3IOBXKHSI
PI3HOTOBIIIHHICTH 3arOTOBOK Yepe3 MyJIbcallii THCKY B
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30Hi J03yBaHHS. Y CYHEHHS KOJIMBaHb THUCKY Ja€ 3MOTY
3MEHIINTH JOIYCKH Ha IMPOXYKIIIO, a Iie MPHU3BEIE /10
CYTTE€BOI EKOHOMII BHXIJHOTO MOJIMepy, EHeprii, sKka
BUTpayaeThcs Ha HOro mepepoOseHHs, 3MEHIICHHs Ki-
JIBKOCTI OpaKy, sika MoTpeOye yTHIIi3alii.

Bimomo, 110 Ha THCK 1 SKICTh MPOIIECiB, sAKi BigOy-
BAaIOTHCS B €KCTPYZAEpPi BIUIMBAE TIPHUPOJA i TPaHYIOMET-
PUYHUHA CKJIaA CHPOBMHM, KOJNMBAHHS TEMIIEPATYpH,
IIBUIKICTE 0OepTaHHS 4YepB’siKa, 3MiHA B S3KOCTI pO3II-
JaBy i THCKy B cepenuHi ekctpyzaepa. HecrabinpHicTH
OCTaHHIX TNPU3BOAWUTH 1O KOJMBAHHS THCKYy Ha BXOJi
(hopMyrOUOi TOJIOBKH 1 MPOJYKTUBHOCTI, a IIe, K HACIi-
JIOK, TIPU3BOJUTH J0 HEOOXITHOCTI BCTAHOBJICHHS 3aBH-
LIEHHX JIOITYCKIB Ha TEOMETPUYHI PO3MIPH EKCTpyaaTa.

PinreHHsAM BKazaHMX MpoOJIeM MoOXe OyTH BUKO-
pHCTaHHS KacKaJHHUX cXeM eKctpysii [3, 4], ne Bci npo-
LieCH pO3IUISIOTHCS Ha OKpeMi omepauii 4 ix rpymu, 3
MOJJIMBICTIO ONTHMI3allil MPOIECiB 32 PaxyHOK aBTO-
HOMHOTO KepyBaHHs. CaMe TOMy JOMIJIbHO BUKOPUCTO-
BYBaTH OLTBII yHiBepcalbHE OONaIHAHHS IS epepoo-
KH TIOJIIMEPiB — KacKaIHI eKCTpyAepH (HapUKIaL, puC.
2, [4]). Lle mo3Bomsie BCTAaHOBIIOBATH paIliOHANBHI pe-
KMMHU pOOOTH BHIUICHUX Olepaliil MpH SIKICHOMY Be-
JICHHI BCHOT'0 TEXHOJIOTTYHOTO TPOLIECY B IIJIOMY.

B Takiii cxemi mependaueHO BHIJICHHS B OKpeMi
oreparii: J030BaHE JKUBJICHHSI, TUIABJICHHSI Ta TOMOTEHi-
3allis, CTBOPEHHS THUCKYy Ta A03yBaHHs. Bci mpuctpoi
OCHallleHI OKPEeMHUMH MPHBOJAMHU 3 MOXIIMBICTIO aBTO-
HOMHOTO KEpYBaHHsI IIPOLIECAMH, SKi B HUX Ilepea0adeHi.
Jlo3oBaHE JXMBJIEHHS IHCKOBOTO EKCTpyZepa HO3BOJIIE
PETYJIIOBATH TEPMO-MEXaHIYHE HABAaHTAKCHHS Ha PO3II-
JIaB 3a paxXyHOK MOXITUBOCTI 3MiHH OOEpTiB THUCKOBOTO
eKCTpyZepa MpH HEe3MiHHIM MpoayKTHBHOCTI. Jlo TOTO X
TaKe J1030BaHE JKMBJIEHHS JI03BOJISIE pealli3yBaTH MOJIEIb
JIMCTIEPTOBAHOTO TUIABJICHHSI, EHEPrOe(EKTUBHICTH SIKOT B
JIeKiIbKa pa3iB BUIIA, HIK [P BUKOPUCTaHHI MPOOKOBOT
MOJIeNi TUIABJICHHS, $IKa peali3yeThCs B KIACHYHHX
4yepB’sIYHUX eKCTpyJepax. [ oMoreHizaliis po3iaBy Bij-
OyBaeTbCs B poOOUMX 3a30pax 9, BENUUUHY SIKMX MOXKHA
3MIHIOBaTH KOHCTPYKTUBHUMH OCOOJIHMBOCTSMH 1 op-
MOIO IITHEKa (HaNpUKIaJ, TEepeMillylouH IUCKH ITHEKa
2). 3amauero pO3ILIABIIOBaya-rOMOTEHI3aTopa € IUIaB-

JeHHs Martepialy Ta Horo nepeminryBaHHA. DyHKIiO
JI03yBaHHS PO3IUIaBy B 30HY (DOPMYyBaHHSI MOXKE BUKOHY-
BaTH 4YepB’sIYHUI B’A3KICHUI HAcOC, SKUH BUKOPUCTOBY-
€TBCS Y BapiaHTaxX KJIACUYHOI eKCTpysii, abo 00’emHMit
niecTepeHHUi Hacoc 3 (puc. 2) 3 JKOPCTKOI HalipHOO
xapakrepucTtukoro. lllectepeHHuil HacOC B TAKOMY E€KCT-
pyZaepi BUKOHYe TOABIHHY poOJib 1 Mae KiJIbKa IlepeBar:
To-TIepIIie, 3aBSIKN 3HAYHOMY BHYTPIIITHEOMY OIOpPY BiH
BiZICiKa€ BCi KOJMBAHHS THUCKY Ta MPOXYKTUBHOCTI, SIKi
HaKOMUYIYBAJINCS Ha MOMEpeIHIX CTaisx; Mmo-apyre, ie-
CTepeHHHI Hacoc 3a0e3Meuye CTaNi THCK Ta IIPOITyKTHU-
BHICTh Oe3nocepeiHbO Ha BXO/1 (POPMYIOUOTrO OpraHy.

AHaji3 TEXHOJIOTIYHOTO Tpolecy eKCTpyKmii no-
3BOJIUB BUSIBUTU XapaKTepHI IUHAMIYHI OCOOJIMBOCTI
eKCTpyzepa K 00'ekTa ympasiiHHs. BcraHoBieHo, mo
TEIJIOBUH CTaH OKPEMHUX 30H EKCTpYy/epa BU3HAYAETHCS
HE TUTBKH TEIJIOBOKO SHEPIri€l0 HArpiBaviB Ta CHEPTIEIO,
10 BUJUISETHCS B TONIMEPi 32 PaxXyHOK B'SI3KOTO TEPTS,
a i XapaKTepoM B3a€MOBIUIMBY €JIEMEHTIB Ta TETJIOBUX
30H EKCTpyAepa.

B [3] BcTaHOBNICHO, IO PO3IrpIB i IUTABICHHS IOJTi-
MEpHHUX MaTepialiB B IDIACTHKYIOUHX EKCTpyAepax Bij-
OyBa€TbCs B OCHOBHOMY 33 paxyHOK JHCHIIATHBHOTO
JDKepea TeIuia, Ha o BUTpadaeThes Oinbire 90% mexa-
HiYHOI eHeprii, a Ha Horo nepecyBaHHs BUTPAYAETHCS HE
o6inbire 10%. [pu npomy Kopryc eKcTpy3iiHOT MaliuHU
MPaKTUYHO Ha BCIH NOBXHHI MpaIlOE B PEKUMI BiJBe-
JICHHS TeIUla, 32 BUHSATKOM IOYAaTKOBUX JUITHOK, IO
MIPUMAIAI0Th Ha 30HY 3aBaHT)KEHHS. 3a BIIOMOCTAMH
[3-7] Mo>kHa y3aradpHUTH CIIOCOOH 00ITPIiBY EKCTPyIepiB
Ta CHCTEM pEryJIOBaHHS TeMIepaTypH B ix (yHKIioHa-
JHHUX 30HaX. BCTaHOBIICHO, IO HAWOLITBII TPHUHHATHUM
crocoOoM 0OIrpiBy MPOMHUCIIOBUX E€KETPYICPIiB € eIeKT-
pUYHHK cnoci® 3 BUKOPHUCTAHHSM CITipaNbHUX TpyOUac-
THX €JIEKTPOHArpiBaviB OIOpY, 3aJMTUX B AITIOMIHIEBI
OJIOKM Y BUIJIA/I HAIMiBKIJICIb, 0 OXOIUTIOIOTH IUIIHID
EKCTpy/Aepa 10 BCiil JOBXKUHI 30HH.

AHaji3 BUKOPHCTAHHS ICHYIOYHMX PO3POOOK KOM-
oinoBannx CAP TemioBUM pPEXHMOM B EKCTPYJepax
BKa3y€e Ha MOJJIMBICTh YCHIIIHOTO MOEIHAHHS W CIIps-
JKEHHsI aHAJIOTOBUX CXEMO-TEXHIUYHHX pillleHb B KOHTYPI
YIpaBITiHHS TH(QPOBUX MIKPOKOHTPOJIEPIB.
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Puc. 2. BapiaHt cTpyKTypHO-(YHKIIOHATBHOT CXEeMH anapaTypHOro oopMIICHHsT KacKaJHOTO ITHEKOBOTO eKCcTpyaepa [4]:
1 —no3arop; 2 —ekcTpynep; 3 — mecTepeHHnit Hacoc; 4, 5, 6 — IpUBOAM 00EPTOBUX OPTaHiB eKCTpyAepa; 7 — OyHKep;
8 — 3aBaHTa)KyBaJIbHA TOPJIOBHHA; 9 — TOpIEBUIT poboumii 3a30p IUCKOBOTO eKCcTpyaepa; 10 — hopMyBabHNIT IHCTPYyMEHT;
11 — MomyIbHI 30HOBI HarpiBadi 3 JaTYNKaMH TeMiepaTypHoro napamerpy; PT — natunku tucky; TE — natumnku temmeparypu
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Jnst crabimizaliii OCHOBHOT'O TEXHOJIOTIYHOTO Ia-
pameTpa mpolecy eKCcTpy3il - TeMmmepaTrypu po3ILIaBy
MOJIMEpY - PO3POOJISIOTHCS ANTOPUTMU KOPEKLii TeM-
NepaTypHUX PEeXHUMIB CTIHOK B (DYHKIIOHAJIBHUX 30HAX
Ta TOJIOBLI 3 YpaxyBaHHSIM BHMOT BUPOOHHKIB JI0 Terl-
JIOBOTO pexuMy oO0poOku moimimepy. Taki mpucTpoi
3a0e3medyroTh 30epeKeHHS eNeKTPOCHepTii Ta IIiIBH-
IIYIOTh TPUBAJIICTH EKCIUTyaTallii HarpiBadis.

HagezeHi BimoMocCTi cBiT4aTh Ipo CKIAMHICTH KO-
HTpOJISA HarpiBaHHA B eKcTpy3ii. [Ipm mpomy Hamamry-
BaHHS TEMIICPaTypHUX DPEKUMIB BHMAarae BpaxyBaHHI
HE TUIBKH BUJy CHPOBHHH, IO OOpOOJSETHCS, aje i
0co0IMBOCTEN KOHKPETHOTO HAsIBHOTO oOyanHaHHS. Ha
BUPIIIEHHS YaCTHMHU BKa3aHUX NpoOieM i Oymu crops-
MOBaHI JIOCHIJPKEHHSI aBTOpIB Li€l poOOTH, IO CKJIa/a-
I0ThCS 13 IBOX B3a€MOIOB'I3aHUX YaCTHH.

IMocranoBka 3aBnaHHsA. MeTOMO MPOBENEHOT poOo-
TH € BHBYCHHS OCOOJMBOCTEH KOHTPOJIS HArpiBaHHSA B
eKCTpy3ii, po3poOka aBTOHOMHHUX MOJIYJIB TEpMOpEry-
JIFOBaHHS JUTS 30HHOT ITepepoOKH ITACTHYHUX Mac 32 LM
METOJIOM, 3'sICYBaHHs JOMIHYIOUHX (paKTOpIiB BILIUBY Ha
TIPUHHATTS PILICHHS 3 IPOCKTYBaHHS po3poOku. OCHOBHI
JI0 HUX BUMOTH: MOJYJIbHUN NPHHIMI, OJHOTHUITHICTB;
JIETKE MepeHaalliTyBaHHs B 3aJe)KHOCTI BiI HPHPOIU
BUXI/IHOT CHPOBHHH Ta BUJY 1 KOHCTPYKTUBHUX OCOOJIH-
BOCTEH BHTOTOBJISIEMOTO BHPOOY; 33J0BUIbHUNA pOOOUMit
Jliara3oH, BUCOKI YYTJIHUBICTh I TOYHICTh MIATPUMKH 3a-
JIAHOTO TEXHOJIOTIYHOTO MapaMeTpy; Majia TeIUIoBa iHep-
1is1; HaAiHICTD; BiITBOPIOBAHICTh; IPOCTOTA YCTaHOBKH,
VIIPaBIiHH, 00CITyrOBYBaHHS; BEIMKUIA pecypc poOOTH.
Po3risa BCix LMX MUTaHb € BUKIIFOYHO BXIIMBUM 3 TOY-
KU 30pY TOKPAIICHHS SKOCTI BUTOTOBIISIEMOI HMPOXYKLL,
I ABUIIEHHSA ¢(PEKTUBHOCTI POOIT MiJ] 9ac MPOCKTyBaHHSI
Ta MOJEpHI3aIli eKCTPYy31HHOTO OONaTHAHHS Ta yJOCKO-
HaJICHHS OTO TEXHOJIOTTYHUX PEXKHMIB.

Buknaa ocHOBHOT0 MaTepiajly 10C/iaKeHH s

JIis mpakTHYHOI pearizaliil moCTaBICHOTO 3aB/IaH-
HS BUBUCHHUH HAKONWYECHUH MOCBiT B 001acTi mepepoo-
KH BUCOKOMOJICKYJIIPHHUX MOJIMEPHUX CIIONYK, (hi3HKO-
XIMIYHHUX MPOIIECIB MOBEAIHKY 1 (Da30BUX MEPETBOPECHb
CKJIaJIHUX 32 OYZOBOI0 TEPMOIUIACTUYHUX, TEPMOpPEaK-
TUBHUX, KOMIIO3UI[ITHUX HAWOLIbII BYKMBAHUX MaTepia-
JIB; MPOIECIB PyXy Ta TEIUIOOOMIHY HENIHIAHHUX MOJIi-
MEpHHUX CEepellOBHIl B yMoOBax (pa3oBOro mepexojy B
KaHallaX eKCTPY3iHHOTO OOJaJHaHHS; CIIOCOOH 1 pexu-
MH TEXHOJOTIYHHX IEPETBOPCHB, OCOOJIMBOCTI MPOCK-
TyBaHHs, POOOTH, €KCIUTyaTallii, MPOAyKTUBHOCTI, CHe-
PrOEMHOCTI CyYaCHOTO TEXHOJOTIYHOTO OOJagHaHHS,
Horo 1HHOBAIIHHI TEH/ICHIIIT PO3BUTKY.

BuxigHi BUCOKOIOIIMEPH INPECTABISIOTH COO0I0
Jy’KE BEIUKHHA AaCOPTHMEHT MIHHUX KOHCTPYKIIIHHUX
Marepianis. IX 3acTocyBaHHS BUMarae 3HaHHs iX BJac-
THBOCTEH Ta IXHBO1 3MIHHOCTI 3aJIe)KHO BiJ yMOB Tiepe-
poOKM Ta eKcIuTyaTartii.

3a panumu [8] moiMepu SABISIIOTH COOOI0 CKIIAIHI
CHCTEMH, MOOYZI0BaHI 3 MaKpOMOJIEKYJ, IO B3a€EMOJIi-
IOTh MK CO00I0, a MAKPOMOJIEKYJIH CKJIAJAOThCS 3 Jia-
HOK, III0 NTOBTOPIOIOTHCS 1 3'€JHAHI XIMIYHMMH 3B'sI3Ka-
MHU. MXXMOJEKYJISIpHE 3UCIUICHHS 3aJIC)KHUTh Bil OyI0BH
JIAQHIIFOTIB 1 BMICTY B HUX TPV, IO 3aMiIal0Th BOJHEBI
aTomu. B3aeMoniss MaKpOMOJIEKYJI PU3BOAUTH JIO BIIO-

PSIKOBaHOTO TXHBOTO pO3TAaIlyBaHHS (Tak 3BaHOI Haj-
MOJIEKYJISIpHOT CTPYKTYypH). OCOOIMBOCTI TOBEHIHKH
CTPYKTYPHHUX €JIEMEHTIB MOJIMEpiB y TEIUIOBOMY pyci
3YMOBIIOIOTh IX 3JaTHICTb 10 penakcauii (31aTHICTbH
CHCTEMH IIPUXOJAUTH Y TONEPEaHIN CTIHKUI CTaH micis
3HATTS 30yprorouoi Jif).

JUta miHIRHEX TOJIMepiB pi3HHN PO3BUTOK SIBHUII
penakcarii J03BOJII€ BUAITUTHA TPH MOXKIIFBI CTaHHU:

1) cknomoaiOHuUH, 10 BiANOBIAA€ HU3bKUM TEMIIC-
parypam (MO>KIJIHBI JIHIIE TIPYXHI Aedopmartii);

2) TmpyXHOENACTUYHUHN, TIPH SIKOMY MOXKIIMBI Be-
JMKi pedopmanii, 1o NpU 3HATTI HANPYTH IOCTYIIOBO
3HUKAIOTh;

3) B'I3KOTEKYy4Mi, XapaKTepU3YyEThCS IUIACTUYHU-
MU aedopMallisiMe, 1o 30epiraroThCs MICHIs 3HATTS Ha-
BaHTa)XEHHs (3aJIUIIKOBUMH).

Ili cTaHu NiHIAHOTO TMONIMEPY PO3TAIIOBYIOTHCS
MDK JIBOMa TEMIEpPaTypHHMH 30HaMH: TEMIIEPaTypoOro
CKJIyBaHHSI Ta TEMIICPATypPOIO TUTMHHOCTI.

[Mockinpku TeMIiepaTypu CKIyBaHHS 1 IUTHHHOCTI
3ayexaTh Bif OyIOBH MakpoOMOJEKYH MOJiMepy, TO TI0-
JiMepH, IO BOJOAIIOTH CKIIAIHUM JIAHIFOTOM, MOXYTb i
HE MEePEeXOJHUTH y B'SI3KOTEKYYHMH CTaH, SKIIO JUIl HUX
TeMIlepaTypa INIHHHOCTI BHIIE 338 TEMIIEPaTypy IeCTpy-
kuii (ix TepMiyHOTO XiMi4HOro po3mnajny). Bonu Buse-
JSIIOTBCSI TEPMOPEAKTUBHUMH Ha BIIIMIHY TEpPMOILUIATH-
YHUM, 3JIJaTHUX [IEPEXOJUTH KiJbKa pa3iB 3 OJHOIO CTa-
HY B IHIIMH Oe3 XIMIYHOTO PYyHHYBaHHS.

IMTonimepn 3a cBOIMM MEXaHIYHHNMHU BIIACTHBOCTS-
MU BiIpi3HAIOTHCA Bif IHIIUX TBEPOUX 1 KBa3iTBEpAHUX
T (CKJIa) Yepe3 pelakcamiliHi SBHIIA, IO CHIBHO IPO-
SIBIISIFOTHCSL. 3aKOH HOPMaJIbHOI Npy>HOCTI ['yKa 10 HuX
MaJyio 3aCTOCOBHHIA, TOMY IO BiJHOCHAa Iedopmaris
3aJISKUTH BiJl 0araTh0oX 3MIHHHX:

e=1(T, o, ),

ne € — BigHocHa nedopmatis (Al/l), T — remnepatypa,
0 — MexaHiuHa Hampyra, t — uac. HaiOunbiiuii BIUIHB
Mae TeMIIeparypa, 3MiHIOIOYH CTaH JiHIHHOTO ITOJiMe-
py- 3 y3arampHeHOI TepMomexaHiuHOi kpuBoi ¢ = f(T)
[8] mpu mocTiitHii MexaHIYHIM Hampy3i © i Yacy HaBaH-
Ta)KeHHS t CIiye, IO 3aJHIIKOBI IDIaCTUYHI Aedopma-
i BUHMKAIOTH NIPH TEMIIEpaTypax BHUILE TeMIEpaTypH
IUIMHHOCTI. TakoX IMOKa3aHo, IO NPH BHCOKHUX TEMIIe-
parypax nOOIM3y TeMIepaTypu IUTMHHOCTI IIpy>KHa
nedopMallis BHHHKAE TPAKTHYHO MUTTEBO 1 3HUKAE
TaKOXk; HapOCTAaHHsS K IUIACTHUYHUX Ta MPYKHO-
enacTUIHUX Aeopmariiii BinOyBaeThCs B Haci.
Ocobnueocmi KoHmpoaro Hazpiey 6 excmpysil.
CKJIagHICTh MOCTABJICHOTO 3aBAAaHHA 1€ i B TOMY, IO
KOXKHa 30Ha HarpiBaHHs IWJIIHIpa eKCTpyJepa Mae Jo-
BxHHY Omn3pko 350-450 mM. Ha KoXHIH 13 HUX MOXKHa
3aJaTi MEBHY TEMIIEpaTypy, aje CTaHAapTiB AJs Halla-
LITyBaHHSA ,,[IPaBWIILHOI TemIlepaTypu” He icHye. €nu-
HOIO YMOBOIO € CTBOPEHHsI Ha HepIliil Ta iHOAl ApyTii
30HI 3HAYCHHS TEMIIEpaTypu OJIM3BKOI /0 MOKA3HHKIB,
sike Ma€ HaOyTH po3ruiaB Ha Buxozi. [1indip temnepaty-
PH 3aJIEKUTH Bil OCOOIMBOCTEH IMOJIiMEpy Ta KOHCTpY-
Kuii mrHeka. PerynmoBaHHS HarpiBaHHs HMPOBOJUTHCS B
yMOBax e(eKTHBHOI TeIJIOBiMmadi Ijs 3armoOiraHHs
neperpiBy. PerymoBaHHs mpoBoauTd HempocTo. lle
TOB/SI3aHO 3 HEMOJKJTUBICTIO KOHTPOJIIO HATPiBy pO3ILIa-
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BY BiJl 3CYBHUX 3yCHIJIb, 5IKi PO3BHBAIOTHCS ITHEKOM, Ta
3aJeKaTh BiJ NIBHIKOCTI TOAa4i TpaHyJ i Bapialii Ten-
JIOBOT IPOBITHOCTI B3/I0BK LMTIHAPA.

[Micns crabinizanii eKCTPY3MBHOTO HpoLiecy MOIi-
Mep PO3IrpiBa€eThes 1€ W BiI BHYTPIIIHBOT CHIM TEPTA
Ta 3CyBY. IHTCHCHBHICTh BUIIICHHS TEIIA 3AJICKHUTH Bif
OyZOBH IIHEKAa, THCKY PO3BUHEHOTO B TOJIOBIN Ta B'A3-
KOCTi TONIMEpHOTO po3IuiaBy. Ha neskmx mimsHKax
oOnafHaHHSA TEMIIepaTypa MOXKE IIEpPEBHUIYBAaTH MaK-
cHMalbHI 3Ha4YeHHSA. Y TakoMy pasi morpiOHe oxoJo-
mkeHHSA. KokHOMY eKcTpynepy HEOOXimHWI CBil TeM-
niepaTypHHUi peXxHuM JUIsl IKiCHOTO HarpiBy. Temmepary-
pHe I10JIe BiJIOBiHE OAHOMY BHIY OOJaJHAHHS IHIIUM
Oyne HenonubHUM. Lle cTocyeThes HaBITH OJHOTHITHUX
yCTaHOBOK. TemmeparypHe mojie IMJIIHApa 3aJIeKUTh
e i BiJi CTBOPIOBAHOTO THCKY B TOJIOBII €KCTpyJepa,
CTYHEHs 3HOCY IIHEeKa 1 LWIIHAPA, HABKOJMUIIHIX YMOB
Ta (I3UKO-XIMIYHHX BJIACTUBOCTEH 0OpPOOIIOBAHOTO
Matepiamy. | minbip «mpaBUIBHOTO 3HAYEHHS» TEMITE-
paTypH IMIiHIpa BU3HAYAE€THCS METOJOM IIPO0, Bpaxo-
BYIOUH 3MIHH TEMIIEpaTypH, IIBHIKICTh OOCpTaHHA
ITHEKa Ta 3MiHy MPOIECIB eKCTPY3ii.

Ha ninsHui, B 30HaX HarpiBy, A€ BiOyBa€eTbCs ro-
MOTeHi3allis NoJiMepy, TeMIeparypa NOBUHHA BiJIOBI-
JIaTH TeMIIepaTypaM IUIaBICHHS IOJIMEpY, SKi BKa3ye
BUPOOHUK B TEXHIUHIN JOKyMeHTallil. SIKio HopMoBaHi
TEMIIEpaTypy, 3a3HaueHi NOCTa4aJIbHUKOM, He 3a0e3re-
YyIOTh SIKICHUH MPOLIEC eKCTPYYBaHHs, iX JOBOAMTHCS
KOpPHUT'YBaTH CaMOCTIIHO.

IIpakTKa CBiMYHTH, IO KOPOTKiI €KCTpydepH (3i
cmiBBiTHOIIeHHssM L/D Bim 24:1 no 26:1) marots 3-4
30HM HarpiBy. Bimpmr MOBri yCTaHOBKH (3 CIIBBiTHO-
menHsM L/D 30-32:1) gacto maroTh 5-6 30H Harpiny,
nyxe nmoBri (3 cmiBBigHOmeHHAM L/D 34:1 i Oinbie)
MOXYTbh Matu 10 10 HarpiBaJbHUX 30H. 3aHWKEHI TeM-
nepaTtypu Ha JUISTHKax HWJIIHAPA HOTipIIYIOTh CTa0iIb-
HICTh Ta e(EeKTHBHICTb pO3IUIABJIEHHS MaTepianty, a
3aliBO BHUCOKI NPU3BOJATH 10 PO3KIAAaHHS IMOJIMEpIB
a00 110 MpoOJIeM B TIPOIIECI OXOJIOKSHHS.

3po3yMino, I HaNalTyBaHHA TEMIIEPaTypHOTO
podiIro KaHaly eKCTpyJepa KOHTPOJIIOBATH TeMIlepa-
Typy PpO3IUIaBy BaKKO, a 3PEIITOI0 HABITH MapHO. Y
TBUHTOBOMY KaHaJli ITHEKAa 3aBXIHM CIIOCTEPIraeThCs
nepernaja TeMIIepaTypHUX 3HadeHb. Kpaine KOoHTpoumo-
BaTH TEMIEPATypy METaJeBOTO KOPIyCy LMIHIApA, ii i
mpoctime crabinmizyBatu. KoHTposs HarpiBy mmtiHapa
MPOBOJUTBCS 32 JIOMIOMOTOI) TEPMOIAPHUX JaTUHUKIB.
PeanbHuil BISIMB TeMIepaTypH MeETaneBOi IMOBEpXHI Ha
00poOMIOBaHN MaTepiall omocepeaKoBaHWK. AJje, B
OyIb-SIKOMY BHITaJIKy HEOOXiJTHO CTBOPUTH CTAOIIHHUI
pexxuMm obpaHOi Temmeparypu Ui OOpoOKHM HasBHOI
Komro3uLii. PakTHYHO BUMIPIOETHCS TeMIlepaTypa I0-
BEPXHI LWITIHAPA, TOMY CIIij 1Ile i BpaxoBYBaTH Iepioj
crabinizanii ii peabHOTO BIUIMBY Ha PO3ILIAB.

Excrpyznepu 3i miHekamu ofHaKoBoi KOH]iryparii,
aJie 3 pi3HMMH 30HAMH HArpiBy BUMararoTh iHAWBIyallb-
HOro miI0Opy TeMIepaTypHHX peXuMiB. I[HTeHCHBHe
HarpiBaHHA 3aBaHTAXXYBAJIHHOI 30HU IITHEKa MOXKE BimOy-
BaTHCS Yepe3 BIUCOKHI piBEHb CTUCHEHHS a00 MPUMYyCOBE
BHECCHHS Matepiany. | HaBmaku, XOJOJAHWUN HEyIIIbHE-
HUH MaTepial MpOCIU3a€c MO CTiHKaX By3ja 3aBaHTAKECH-
HS Ta OXOJIOJDKYE LMTIHAP. SIKIO Ha ONHIH 13 30H 3 KO-

POTKMMH 1HTEpPBaIaMH BKJIFOYA€ETHCSI OXOJIOKEHHS, eKC-
TpYyIyBaHHs TeHEepye 3aiiBe MiclleBe HarpiBaHHsS Ha Iii
30Hi. TyT moTpiOHO BiIperysrOBaTH TEMIIEPaTypHy IIO-
Jlayy HarpiBadiB a00 3aMiHUTH NIHEK Ha OULTBII BiJIMOBIJI-
HUM MO KOHCTPYKII. [HOMI Crim BIUIMBATH HIKYMMU
TeMITepaTypamMu, HiXkK HeoOXimHO aus po3miaBy. [Tpuan-
HOIO IIFOTO € CHJIbHE HAarpiBaHHS MaTepiaiy BiJ CHII Tep-
TSI Ta 3CYBHHX 3YCHJIb ITHEKA. Y TAKOMY BHINAJKy Kepy-
BaHHS TEMIIEPaTypOIO MaTepiairy 3aJIeKUTh BiJ] KOHCTPY-
KIIT IIHEKa Ta TBUHTOBUX KaHamiB. OcoOJIMBO 1€ CIIOCTE-
piraeTbcst Mpy BUKOPUCTaHHI Oap'epHOTO TITHEKA.

Jlnst BU3Ha4YeHHS TETUIOBOTO TIOTOKY B HEYCTAJICHUX
npoliecax HaiyacTille BUKOPHCTOBYIOTh METO/H, 3aCHO-
BaHi HA BUMIpi Ti€i YK iHIIOI BEJIMYMHH, IO MAE May
iHepuiiHicTh. TemnepaTypa Tina (CTIHKM LMITIHIpPA eKCT-
pyaepa) v IbOMY BHIIQJKy BUSBIIETHCS HAWOUIBIN Mif-
XOJSAIIMM TSI BUMIPIOBaHHsI apametpoM. [yt Bumipro-
BaHHS TEMIIEPaTypH MOBEPXHI IWIIH/pA Y 3alPOIOHOBA-
HOMY BapiaHTi BUKOPHCTaHI XpOMENb-aJIOMEJIeBI TepPMO-
napi. SIKIo JaTdauK po3TIAaTH SIK HalliBOOMEKEHE TiJo,
TO 3aJIEKHICTh TEIUIOBOTO TIOTOKY, IO BIAJAETHCS IOJi-
MEpPHOMY €KCTpYZAATy, BiJl 3MiHH TEMIEpaTypy MOBEPXHi
BUSBJISIETHCS OTHO3HAYHOIO (DYHKITIELO.

CyuacHi BUpOOHMYI arperaTv XapaKTepU3yIOThCs
BHCOKOIO arapaTypHOIO OCHAIICHICTIO, 1 HaWvacTime
pobota Ha HuUX abO TPOBOIMTHCA 3 BUKOPUCTAHHIM
€JEMEHTIB aBTOMaru3allii, abo IMOBHICTIO aBTOMAaTH30-
BaHa. CrymiHp X aBrOomMarm3anii Oarato B uoMmy 3aie-
JKUTDH BiIl IIEH Ta 3aBHaHb, SKi CTABUTH Iepe] co000
BHPOOHUK; Bif 00'eMy, cepiliHOCTI, crierudigHOCTI BHU-
pOOHHITBA; HASBHOCTI BIAMOBIIHOTO YCTaTKyBaHHS,
CTYIICHsI IpoQecioHalizMy epcoHaIy, Mo Oepe yIacTh
y #ioro poOoOTi; HasBHOCTI HaJIe)KHOI TEXHIYHOI TOKyMe-
Hramii. [Ipn mpoBeneHHI AOCUTH MPOCTUX TEXHOJOTiY-
HHUX Olepaliidl BUTPATH 4acy i KOIUTIB HA MOBHY aBTO-
MaTHu3allil0 MOXKYTh 3HAYHO MEPEBUIUTH TaKi BUTPATH
Ha MPOBEICHHs iX 3BUYaHMM HUIIXOM abo i3 3acToCy-
BaHHJIM YaCTKOBOI aBromaru3aiiii. ToMy mpu OIfiHIi
JIOLIITBHOCTI Ta CTYMEHs aBTOMAaTU3aIlil HeoOXiJHO Bpa-
XOBYBaTH TakKi (pakTOpH, SIK MOXIIHMBICTb HPOBEICHHS
orepaniii 6e3 3aco0iB aBTOMAaTH3AIlil, PO3IIUPEHHS MO-
XKIIMBOCTEH ICHYIOUOTO OOJIaJIHaHHS, IMOKPAICHHS eKC-
IUTyaTaliiHUX [TOKa3HUKIB YCTaHOBOK.

[IpoBenenuit HOKIamHUA TOMEPEIHIA aHATI3 0CO-
OMUBOCTEH EKCTPY31MHOI TEXHOJOTIi MepepoOKH TIIac-
T™Mac i poOOTHM TexHiYHMX 3aco0iB ii BiATBOpPEHHS,
3'ICyBaHHs OCHOBHUX 3aKOHOMIPHOCTEH MPOIIECIB PyXY,
TEIUI00OMiHY Ta IUIABJICHHS IIOJNIMEPiB y TBHHTOBHX
KaHaJIaxX IUIAaCTUKYIOUHUX E€KCTPYIEpiB, BUABICHHA (yH-
KIIOHAJIFHUX 30H O0pOOJIEHHS, CTYIIHIO BIUIUBY Pi3HUX
(axTopiB Ha TeMIepaTypy CTIHKH LMITIHApA Ta PO3ILIa-
By INoJIiMepy BHOYAOBYIOTh KOMIIJIEKC BUMOT /10 OCHOB
PO3pOOKH CKJIaZIOBUX KOMIIOHEHTIB amapaTHOro 3abes-
nedeHHs. B po3aisi mocTaHOBKM 3aBAAHHS AOCIIHKEHHS
c(hopMyIbOBaHI OCHOBHI BUMOTH JI0 3acO0IB 30HOBAHO-
ro HarpiBaHHS Ui MIATPUMKH 33JaHUX POOOYMX TeX-
HOJIOTIYHUX peXUMiB. ONHC CTPYKTYypH, (QYHKIIOHY-
BaHHS, POOOUYMX XapaKTEPUCTUK PO3POOJIEHOr0 MOIY-
JBHOTO BapiaHTy TAKOTO CIEIialli30BAHOTO MPHCTPOIO i
TIPUBOJUTHCS HIKYE.

Po3pobka npucmpoio 0nsa HANAWIMYEAHHA MeM-
nepamyprozo npo@inio excmpysiiiHozo Kanauy nepe-
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POOKU naacmuynux mac. 3anuporioHOBaHO TPOCTHI Bapi-
aHT TPHUCTPOIO KEPYBaHHS JUISl BCTAHOBJICHHS Ta PEryJIio-
BaHHsI NMPOQLUII0 TETIOBOrO 30HOBAHOTO IOJIS €KCTPY3iii-
HOT'O KaHaJly epepoOKH I1acTMac B 3aJICKHOCTI BiJl BHIY
BUXIJJHOI CHUPOBHHH; BHOOPY PEXKHMIB JUISI CTBOPEHHS
YMOB cTa0uizarii eeKTHBHOTO MPOBEICHHS TEXHOJIOTTd-
HOTO TIpoLlecy W OfeprKaHHS 3alaHol SIKOCTI eKCTpYHaTa;
KOHCTPYKIIIHHAX OCOONMBOCTEH BHTOTOBIAEMOI MPOIYK-
1ii; MOKJIMBOCTEH M IOCKOHAJIOCTI OCHOBHOTO 1 IOIIOMIK-
HOT'O OCHAIIIEHHS, TIPOAyKTUBHOCTI H0TO po6OTH.

B cuny iHOuBiAyansHOCTI Ta Mayioi TOBTOPIOBaHO-
CTI HaJalITyBaHb PEXHMMIB EKCTPY3IHHHX arperariB B
OCHOBY TOJIO)KEHHH aBTOHOMHHUM NPUHLIUI MOOYJOBH.
BxigHuil cuUTHAN 3aJaT4MKa B KOXHIA poOodviil 30HI
BUOUPAETHCS BUXOMSUN 3 TEMIIEPATYPHOTO Jiana3oHy 3
TabaMLi TapyBaHHS XPOMEIb-aJIIOMENIEBOi TepMOnapu
[9] BiamOBigHO 1O TeMIlepaTypHOro Npodino HuIiHApa
eKCTpyZepa Uil KOHKPETHOTo BUpOOHUITBA. DyHKIIIO-

HyBaHHS 3aco0y I00pe Y3ro/DKYeThCs 3 IMITYJIBCHO-
LUKJIOBUM MIKPOIIPOLIECOPHUM KEPyBaHHIM POOOUYNMHU
30HaMH TEMJIOMacoOOMiHy.

Po6ota npuctpoto (puc. 3) 6a3yerbest Ha (azoBOMy
METOJli KepyBaHHS IOTY)XHICTIO, IO ITJBOJUTHCS JIO
SJIEKTPUYHIX HArPiBHUKIB OIOPY Y BiAMOBIIHUX TEXHO-
JOTIYHMX 30HAX eKCTpy3idHoro muminapy. Bin ckmanma-
€TBCA 13 3aJaTINKA TEMIIEPATypH, IIEPBUHHOTO IEPETBO-
proBada (maTdWKa TEMIEPATYPU - XPOMEIb-AIFOMENICBOT
tepmoniapy, TXA), By3na BigHiManHA (BB) Ha ocHOBI
IwhepeHITiaTbHOTO OTepaiiHOTO MiACHIIIOBaYa, IIOpPO-
roBoro npuctpoto (tpurepa lImirra, TII), reneparopa 3
JiHiHUM 3akoHOM 3Minu Hanpyru (I'JI3H) mns cunxpo-
Hi3yBaHHS pOOOTH MPUCTPOIO 3 YACTOTOIO HANPYTH XKHB-
neHHs1, 6iokuHr-reneparopa (bI'), cuitoBoro Gioka, cxe-
MU iHAMKalii pe)kuMiB poOOTH MPUCTPOIO, CXEMU 1HIH-
Kallii mopHuBy KoJa TepMOIIEpETBOpIOBaya, MapaMeTpuy-
HOTO cTabiTi3aTopa ABOTIOISPHOI HATIPYTH KUBJICHHS.
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Puc. 3. CrpykTypHa cxemMa aBTOHOMHOT'O MO/IyJIsl TEPMOPETYJIIOBAHHS JUIsl 30HHOT epepoOKH TIIACTHYHUX MAac EKCTPY3iclo

Hampyra 3agatunka temMnepaTypy 3 Npenu3iiHoro
OIOPHOTO JDKEpelsia TMOJAEThCSI HA IHBEPTYIOUMH BXij
BYy3J1a BiTHIMAHHS.

OmnopHi 3HAa4YeHHS TEXHOJIOTIYHOTO IMapamerpy y
KOKHIA KOHTPOJIbHIH KaHaNBHIM ToUlll arperary 3ana-
I0ThCS HAlPYTO0, 3HAYEHHS SKOT BU3HAYAETHCS CTAH A~
PTHUMH JIaHUMH T'paJylOBaJIbHOI TaOJMII 3aJICKHOCTI
TepMoEPC  Binm Temmeparypu XpoMelb-aloMeIeBOl
tepmornapu (tun K) [9] Ta xopuryrotscst ontumisoBa-
HUMH 3HAUEHHSMH 32 pe3yJIbTaTaMH OL[IHIOBAHHS MOTIe-
pelHIX TECTOBUX BUIPOOYBaHb KOHKPETHOTO €KCTPYIy-
BaHHA. Ha #oro HeiHBepTYIOUHMH BXiJ NpHETHAHA XPO-
Mellb-aTIOMeNIeBa TEPMONApa, sKa BBEJICHA Y JIAHIIIOT
TOJIOBHOTO KOHTYPY HETaTMBHOTO 3BOPOTHOIO 3B’SI3KY
CHCTEMHU perymioBaHHsA. Bwubip 1 Ty 3yMoBIEHHHA
MIPUPOJTHOIO IPAKTHYHO JIiHiKHOO 3anexHicTio EPC Bin
TEMIIEpaTypH, sIKa XapakTepHa Ul eJIEKTPOIIB i3 Xpo-
Mellb-aTIOMEJIEBUX CILIABIB. ,, [ 'apsumii” craii Tepmorna-
PH pO3TaLIOBYETHCS OiNsl HarpiBHUKA H 130JIFOETHCS TO-
HKMM [IapOM TEPMOCTIHKOro mienekrpuka. PizHUIA
HaTpyT 3aJaT4UKa i TEPMOIIAPH € CHTHAJIOM IOXHOKH.
Ha Bxomi kackamay y3ro/pKeHHS CUTHAJ IMOXHOKH CKJa-
TAEThCS 3 Hampyroio (opMmyBada JiHIHHO 3MiHHOI Ha-
TIPYyTH.

[Tpu ymoBi:
Ueux.BB + U@ltx.Fﬂ3H 2 U@epx.nop.

Ha Buxoji Tpurepa IlIMmiTTa YTBOPIOIOTHCS TMPSMOKYTHI
IMITyJIbCH, 3aJIHIH (D)POHT SKUX ,,(piKCOBaHMIT 1 CHIBIATAE 3
KiHIIeM po00Y0ro MiBIIEpiofy HANPYTH JKUBICHHSI B Me-
pexi, a mepeHii GPPOHT ,,3MINTYETHCS” TIPH 3MiHI CHTHAITY
MOXHUOKY B CHCTEMI BiJICIIKOBYBAHHS TEPMOPETYIIFOFOUO-
ro mnpuctporo. [IpsMOKyTHI iMITyJIbCH, IO (DOPMYIOTBCS
Tpurepom IlImiTTa, KepyroTe poOOTOIO OJIOKHHT-TeHepa-
TOpa, Ha BUXOJI SIKOTO 3’SBISIIOTBCS Cepii IMITyJIbCIB 3ara-
JIBHOIO IIHPHHOIO, IO BiATIOBINAIOTH TPHBAJIOCTI MPSMOKY-
THHUX IMITYJIbCIiB. BIIOKMHT-T€HepaTop 3aCTOCOBYETHCS IS
TaIbBAaHIYHOTO PO3B’SA3yBAHHS KOJIa KEPYBAaHHS 3 CHIIOBOIO
YaCTHHOIO PEryJIIOIYOro IPUCTPOIO 33 JOMOMOTOK0 IMITy-
JILCHOTO TpaHcdopmaropa. IMImyibcH 31 BTOpUHHOI 0OMOT-
K1 TpaHcopmaTopa OJIOKUHT-TeHepaTopa KepyloTh (a3oro
BIJIKDHBAHHS CHJIOBOTO THPHCTOPHOTO BEHTHJIS, 3/IHCHIO-
I0YM TaKUM YHMHOM MPOTOPIiiHE KepyBaHHS CEpeaHbOI0
TIOTYKHICTIO HarpiBaya. [Tonada eHeprii B 00°€KT 3ilicHIO-
€TBCSI JI0 THX I, TIOKKM TeMIeparypa B HbOMY He JIOCSTHE
3a7aHoOTO 3HaYeHHs. [Ipu 1IboMy Harpyra Ha BUXomi aude-
PEHITIIHOTO ITiACKITIOBaYa HAOIMKAETHCS 0 HYJIA, 1 CHIIO-
BHI BEHTHJIb 3aKPUBAETHCS (TIPU3aKPHBAETHCS).
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Cucrema IMOBUIBHO MPOXOAUTD Yepe3 HU3KY IOCIi-
JIOBHHUX KBa3iOJMM3bKUX CTaHIB, BIITBOPIOIOYH 3aJlaHy
BEJIMYMHY TEXHOJIOTIYHOTO IapameTpy y 30HI HarpiBaH-
Hs1. [Ipuctpiit 3 TakuM JIHIHHAM J10JJATKOBUM JIaHIIIOTOM
HETaTHBHOTO 3BOPOTHOTO 3B'SI3KY BHSIBIISIE CIIaOKy 3aje-
JKHICTH BiJl HECTaOLIFHOCTI BUXITHUX KOMIIOHEHTIB 1 TIpH
BeNWKIH TIMOWHI HEraTHBHOTO 3BOPOTHOTO 3B’S3KY 3a
MIOTYXKHICTIO 3a0e3redye He TiNBKA BHCOKY JiHIHHICTBH
koedimieHTa mepenadi, ane W crabKy 3aJeKHICTh BHXII-
HOI TIOTY>KHOCTI BiJl KOJTMBaHb HATIPYTH SKUBJICHHSL.

IlepeBaroro manoro cmocoOy MpH TEXHIYHIA HOro
peanizauii y cucteMi KepyBaHHs HarpiBHUKaMu y QyHK-
LIOHAIBEHO-TEXHOJIOTIYHMX 30HaX 3a BIIXWICHHSIM TeM-
MepaTypHOro Tapamerpa IpH BHPIIIEHHI IOCTaBJICHOT
3aj1a4i - € BAKOPUCTAaHHs Y CHUCTEMI 33/1aTYMKa Iapamer-
pa i JIiHIHHOTO HEraTHBHOT'O 3BOPOTHOTO 3B’SI3KY MPHUPO-
nuol  miHifiHOT  3anexHocTi  TepMmo-EPC  xpomens-
QITIOMEJICBHX CIUIABIB BiJ PI3HUIN TeMIlEpaTypH iX raps-
9Oro i XOJIOAHOTO CIaiB, KA ChOTO/HI HE BUKOPHCTOBY-
€TbCS B JKOJHOMY MOXIOHOMY aHAJITHYHOMY 3aco0i.
Crioci6 3amatenToBanumii aBTopamu [10]. Bin sBise iHTe-
pec 3a CXeMHHM 1 KOHCTPYKIIHHIM IIISIXaM{ BUPIIICHHS
npoOsieMu GpopMyBaHHs 3aKOHY PEryJIIOBaHHS TeMIepa-
TypH 00’€KTa - MIPOCTHH, 3 BUCOKOIO YYTJIMBICTIO 1 XOpO-
IIOK0 PO3PI3HIOBATLHOIO 37aTHICTIO. Peami3yerbcs Ha
Cy4YacHHX KOMIUICKTYIOUHMX CIIEMEHTAaX, sKi CepiiHO BH-
TOTOBJISIIOTHCS, 1 MOXKE OYTH 3alpOIIOHOBaHHH IS BUKO-
PHCTaHHS MPY BUPIIICHH] aHAJIOTIYHHX 3a/1ay.

Cii 3ayBakMTH, IO BHM3HAYAIOUM IapaMeTpH
eKCTPY3iHHOTO MMOTOKY HENPSIMHMH METOIaMH, HeoOXi-
JTHO BpPaxoBYBAaTH JOAATKOBI MOXHMOKH, HE MOB'S3aHi 3
MOMIJIKAMH BUMIPIOBaHUX BEJIUUYWH. J[0aTKOBI MOXHO-
K{ 3yMOBIIIOIOTECSI TIPHUITYLICHHSMU Ta CIPOIICHHIMH,
AKI IPUUMAIOTHCS TIPH EMITIPUIHOMY PO3TIISAL MIPOIIECiB
PyXy 1 TerIooOMiHy HEHPIOTOHOBCHKHX CEPEIOBHIII ITPH
(¢hopMyBaHHI BHPOOIB i3 TOTIMEPHUX MaTepiaiB.

BucHoBKH

Po3po0biieHo npucTpiit KepyBaHHS Il BCTAHOBJICH-
Hi Ta PEryJIOBaHHSA NPO(MITI0 TEIIOBOTO 30HOBAHOTO
TIOJIsI €KCTPY3IMHOTO KaHAy MepepoOKH IUIacTMac B 3a-
JIKHOCTI BiJ BULy BUXITHOI CHPOBUHM; BUOOPY pEXXUMIB
JUISL CTBOPEHHSI YMOB cTabinizamii eekTHBHOTO TpoBe-
JCHHS TEXHOJIOTIYHOTO TIPOIeCy W OJepKaHHS 3aJaHol
SKOCTI eKCTpy/aTa; KOHCTPYKLIHHUX OCOOJIMBOCTEH BH-
TOTOBJIIEMOT TMPOAYKIIIT; MOMIIUBOCTEH ¥ JOCKOHAIOCTI
OCHOBHOT'O 1 JONOMDKHOTO OCHAIIEHHS, TIPOyKTUBHOCTI
Horo poOOTH; CTYIEHIO MiIrOTOBJIEHOCTI 0OCIYTOBYIOUO-
ro TepcoHaly 10 3a0e3leucHHs BUPOOHHUIITBA. 3TiTHO
craugapty [EC 60584 1:2013 B SKOCTI ONOpPHHX aHAi-
TUYHHX CUTHAIIB B PO3pOOI[l BUKOPUCTAHI BiMOBIIHI
CTaHJAPTHI 3HAYCHHS Pi3HUII NOTEHIliaJliB THIIOBUX Tpa-
nyroBasHEX Tabmmip Tepmonap TXA (tun K). Kopery-
BaHHS CepeIHBOI TEIIOBOI NOTYXKHOCTI, IO MiJBOJHTHCS
HarpiBHUKaMH B OKpeMHX (YHKI[IOHAJIHHO- TEXHOJOTIU-
HHX 30HaX, 3AiHCHIOEThCS (Pa30BHM METOIIOM.
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Development of thermo-regulation modules
for zone processing of plastic materials by extrusion

O. Dryuchko, O. Schefer, B. Boriak, N. Borozdin, V. Galai, R. Zakharchenko

Abstract. A control device has been developed for setting and correcting the profile of the thermal zoned field of the ex-
trusion channel of processing plastic masses depending on the type of raw material; selection of modes to create conditions for
stabilizing the effective implementation of the technological process and obtaining the specified quality of the extrudate; struc-
tural features of manufactured products; possibilities and perfection of the main and auxiliary equipment, productivity of its
work; degree of preparedness of service personnel to ensure production. According to IEC 60584 1:2013, standard potential dif-
ference values of typical TXA thermocouple graduation tables (type K) were used as reference analytical signals in the develop-
ment. Correction of the average thermal power supplied by heaters in certain functional technological zones is carried out by the
phase method.

Keywords: plastics processing, extrusion method, thermal extrusion channel profile, control systems, design features.
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ADAPTIVE DOUBLE NEO-FUZZY NEURON AND ITS COMBINED LEARNING

Abstract. The subject of the study in the article is the process of data classification under conditions of fuzziness and
a limited volume of training sample. The goal is to enhance the double neo-fuzzy neuron within the framework of solving
the data classification task with constraints on the training sample volume, processing time, as well as fuzziness and non-
stationarity of input data. The tasks include improving the double neo-fuzzy neuron to enhance the system's approxima-
tion properties and developing a combined system learning method to ensure fast performance in an online mode. The
approaches used are lazy learning, supervised learning, and self-learning. The following results have been obtained: the
double neo-fuzzy neuron has been modified by introducing a compressive activation function at the output, creating con-
ditions for building a neo-fuzzy network capable of adapting to non-stationary input data in an online mode and avoiding
the vanishing gradient problem. Conclusion. A combined learning method for the double neo-fuzzy neuron has been
proposed, involving parallel utilization of lazy learning, supervised learning, and self-learning with the "Winner Takes
All" rule, followed by automatic formation of membership functions, enabling fast online classification in the presence
of outliers in the input data.

Keywords: fast data classification, online classification, fuzzy classification, short sample, neo-fuzzy neuron, combined

learning.

Introduction

Today, artificial neural networks (ANN) have been
widely used to solve a wide range of problems related to
Data Mining, primarily due to their universal
approximating capabilities and their capacity to adjust
their parameters (learn) by optimizing the adopted
objective function (learning criterion). The main
“building block™ of ANN typically comprises elementary
perceptrons by F. Rosenblatt, each using a particular
nonlinear activation function (most referred to as the
“squashing” activation function). Often, no more than
three layers are required to achieve the necessary level of
approximation accuracy from a different perspective.
However, the training of ANN with a squashing
activation function encounters significant computational
challenges, often referred to as the “vanishing gradient”
problem, which leads to a halt in the training process,
causing network “paralysis”. Consequently, modern deep
neural networks (DNN) [1-3] have abandoned squashing
functions (such as sigmoid and tanh) in favour of
piecewise linear functions (ReLU, PReLU, etc.) whose
derivatives are commonly used as activation functions,
most of which do not yield zero values.

Since such activation functions do not fulfil the
conditions of G. Cybenko's approximation theorem [4],
ensuring the required accuracy necessitates DNNs to
encompass a substantial number of layers, neurons, and
synoptic weights. Consequently, this demands an
expansion in the volume of training samples and setup
time. Although the application of adaptive piecewise linear
activation functions can expedite the learning process [5],
the need for substantial amounts of training data persists.

This situation can potentially be enhanced through
the utilization of advanced nodes in lieu of traditional
neurons, with one such alternative being the neo-fuzzy
neuron (NFN) [6, 7]. The advantages of neo-fuzzy
neurons have been showcased in addressing various

problems [8, 9]. What sets a neo-fuzzy neuron apart is its
integration of nonlinear synapses in place of traditional
synaptic weights, with each synapse embodying the F-
transform [10]. This approach facilitates universal
approximating properties using a system of kernel
membership functions, including conventional triangular
functions that satisfy the conditions of unity partitioning.
It's noteworthy that the neo-fuzzy neuron also offers
piecewise linear approximation, the quality of which is
significantly contingent on the count of membership
functions within each nonlinear synapse.

A further progression in the evolution of the neo-
fuzzy neuron is the Double Neo-Fuzzy Neuron (DNFN)
[11, 12], which distinctively incorporates a non-linear
synapse at its output (as opposed to an activation
function), supplementing the non-linear synapses at the
inputs. Importantly, the F-transform at the neuron's
output can accommodate various forms of traditional
activation functions, including squashing functions,
without disrupting the vanishing gradient.

Both in NFN and DNFN, the number of
membership functions in nonlinear synapses is
predetermined  (usually based on  empirical

considerations), evenly distributed along the abscissa
axis. Enhanced approximation quality can be achieved by
dynamically determining the requisite number of these
functions and adapting the positioning of their centres.
This necessitates an augmented training procedure that
incorporates adjustments to the number and centres of
membership functions. This innovation is anticipated to
augment the precision of DNFN in comparison to
systems with predetermined counts and shapes of
activation functions - membership.

The primary objective of this article is to
investigate and propose an alternative approach that
overcomes the limitations encountered in traditional
artificial neural networks (ANNs) and their training
methodologies. In particular, we aim to address the
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challenges associated with the "vanishing gradient"
problem, which impedes the training process of ANNs
with certain activation functions. Additionally, we seek
to enhance the accuracy and efficiency of the adaptive
learning process within neural networks.

Architecture of the Double neo-fuzzy neuron

The DNFN architecture is shown in Fig. 1 and
consists of n+1 nonlinear synapses NS;, i =0,1,...,n the

scheme of which is shown in Fig. 2.

x(k)—— NS, (%, (k)
x2(k ) o | NSZ Mz(xz(k)) z - (k) NSO — j}i (k)
0
K)o
x,(k) NS, ()

Fig. 1. Double neo-fuzzy neuron

w, (k)

x(k) Hpi

'urﬁ /|q1

Fig. 2. Nonlinear synapse

The input information for training is a sample of
vector observations X ={x(1),x(2),...,x(k),..., x(N)},
x(tk)y=(xq k), ... xk), .., xn(k))T e R",

where k or the observation number in the sample, if it is
specified a priori in the batch form, or the number of the
moment of the current time, if the training is carried out
online as the action information is received for
processing. Each nonlinear synapse contains ¢
membership functions Hip W), p=L...q; i=L2,..,n

and 4, (ug) in the output layer and ¢ tuned synaptic
weights (one for each membership function) W, and W, .

In this way, nonlinear synapses implement the
transformation adaptive double neo-fuzzy neuron
(DNFN) its combined learning.

q
i (x5 (k) = 7 15 O (KW (K),
e (1)
0y = D, 4t (atg (k) wp ().
p=1

It is also easy to write down the transformations
implemented by DNFN as a whole:

I q
up; (k) = Z Z Hpi (xi(k))wpi (k),
i=1 p=1

)
q I q
FU) =D ppo 2 D i (50 Wi (k)W (K) )

p=l1 i=1 p=1

Triangular ones satisfying the Ruspini conditions
are most often used as the membership function in NFN,
due primarily to numerical simplicity, although the use
of other functions, such as B-Splines, is not excluded.

If the input data is pre-encoded on the interval [0,

1], and their centers c,; and ¢, evenly spaced on the

abscissa axis A=c —Cpis it is easy to see that

p+Li
A=c,y;—cpi=(q —1)_1 , namely, these functions can

be written in the form

(o —x1)Co; L if x; €[0,¢9:1,
pp(x) =4 AR =R 3)
0 otherwise,
(% =€y )Cpi —Cpr )"
i~ “p-Li\*pi p—Li
if x; E[Cp,l,i, Cpi]a
-1
Hpi () (€ pa1i =X )(Cpy1i —Cpi) @)
if x; €lepiscpinils
0 otherwise,
(x; —Cq-L, )(l_cq—l,i )_1
luql.(xi) ifxi E[qul’i’ i71]’ (5)

0 otherwise.

for the input layer of nonlinear synapses. For a nonlinear
synapse DNFN can be written

(cHp — g )C Lifu €[0,c991,
L ()] (€20 710020 if ug 20 ©)
0 otherwise,

-1
(1o =¢p1,0)(cpo = €p-1,0)
if up €le, 105 cpols
-1
(€ps1,0 ~p)(€p11,0 =Cpo) (N

l_.f u() € [Cp()»cp+1,0]’

0 otherwise

/upO (M)
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(up —cp_10)01 _cp—l,O)_l
l:f u() € [Cp—],()’l]s (8)

0 otherwise

:upO (M)

a feature of the membership function used in DNFN is
that at each time instant k only two neighbouring
functions are-fired. Suppose that the component of the
input vector x(k) belongs to the interval
Cpi <xp(k) <C,;, thatis, only two adjacent functions

are fired 1, (x;(k)) and e, ; (x; (k).

It is easy to calculate that the signal at the input of
the i-th input NS; can be represented in the form:

q
ui O (k) = D g (i (YW () =

p=1
= i (X DW (k) + 1 413 O Ry g (k) =
= (Cpyri =2 N psr; —pi) Wy (k) + ©)

+(x; (k) = pi)Cpani _Cpi)_lwp+],i(k) =
= al'(k).xi (k) +bl(k)
where

a;(k) = (W1 1 () =W ()€ pyrj —Cpi) "

Cpi1,iWpi (k) — _
bl(k): priapt (Cp+1,i_cpi) 1.
“CpiWp+l,i (k)

(10)

and the signal at the adder input:

uo(k) =" a;(k)x; (k) +b; (k).
i=1

(1)

Then the DNFN output signal in general can be
written as

q
k) = D o (g (k) wpyg () =
p=1
= 10 (g (k)W o (k) + 1,110 (g (k)W) 11 0 (k) =

= (Cpin0 ~up(Cps10—cp0)  Wpo)+  (12)
g (K) = ¢ p0 )€ 1.0 = Cp0) Wit 0 (k) =
= ag (K)ug (k) + by (k)
where
ag(k) =W, 410 (k) — Wpo(K)(Cpi10 — Cpo)il
Cpi1,0Wpo (k) = (13)

bo (k) =( J(cpﬂ,o —cp)

“CpoWp+1,0 (k)

It is easy to see that NS at the DNFN output does

not play the role of an activation function in
F. Rosenblatt's neuron, and in some sense is close to the
PReLU function popular in DNN, however, in our case,
this activation function is configured, implements the F-
transformation and can accept you are a complicated
shape.

Finally, the transformation implemented by DNFN
can be implemented in the form

n
k) = ag (k)Y a; (k) x; (k) +b; (k) + by (k) (14)
i=1
that is, a piecewise linear approximation of some
ringing function is provided, the quality of which
depends on the number of readings (belonging
functions) ¢, the location of the centres of these
functions and (n+1)q synaptic weights, which is
adjusted during the learning process.

A training procedure
of the Double neo-fuzzy neuron
The tuning of DNFN synoptic weights is
implemented by gradient minimization (tutored learning)

of the objective function, which is commonly used in
training and ANNs.

E(k) = (y(k) = $(k))* = (y(k)

q n g
=2 Hpo [Z 2 Hpi (xi(k))wpiprO)z = (15

p=1 i=1 p=1

n

= (y(k)—aq [Zal-xi(k)+bi)—b0]
i=1

where y(k) -external reference signal.

The learning process at each moment k is
implemented in two stages: adjustment of the synoptic
weights of the original nonlinear synapse NS, setting the

weights of input signals NS;, i=1,2,...,n.

At the same time, it is noticeable that only the
weights corresponding to the membership functions are
adjusted u,; and u,; , which are currently k have zero

values.
At the same time, the learning process can be left as
it is
wyo (k +1) = wyo (k) =17, (k)L (k) 0 (u(k)),
l=p,p+1
Wlo(k +1) = Wlo(k) Vi# p# p-‘rl,

(16)

where [(k) = y(k)— y(k) — learning error, 779(k)>0 —

learning rate parameter, which means
convergence.

This process can be optimized for speed by using a
modification of the Kaczmarz-Widrow-Hoff algorithm

[13, 14]:

speed of

wpolk+1) =w,0(k) +
1K) 0 ()
12 50 k) + 12 1 0 (k)
Wpi0k+1D) =w, (k) +
1K) 1,0 (u(K))
12 50 (k) + 12 4 o (k)

a7
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In the case when the input data is disturbed by
interference, an algorithm with additional filtering
properties can be used [15]

Wpo (k+1)= Wpo (k)+
+ 170 (LK) 0 ().
W0tk + 1) =w, (k) +
+ 170 (LK) 1,0 (u(K)),
70 (k) = (g (k = 1)+ 42 o (i) +
+ 1?0 ()™

(18)

where 0 <7, <1 is a forgetting factor.

To adjust the synaptic weights of the first layer of
non-linear synapses NS;, a standard S-rule training
method can be used.

Let us consider the derivatives of the objective
function.

OE(k) k) oy(k) _auo(k) _
GWU ﬁuo(k) ani (19)
= i)y (k) 20 ®)
ani
and ¢ is an error.
o(k) =1l(k)ay (k). (20)

It is easy to write down the gradient learning
procedure
wyi (k+1) = w; (k) +17; (k)6 (k) 4 (x; (k).
l=p,p+1,
wi(k+1)=w;(k)VI#p#p+1.

1)

Optimized versions of this procedure take shape
accordingly

Wik +1)=w,; (k) +
S(k) 1 (3, (K)
12 i G () + 122 1 (5, (R))

(22)
Wil (k+1)= Wpili (k) +
S( 14 (3% ()
12 i O )+ 42 i (x5, (R)
and
Wpl-(k +1)= Wi (k)+
+17; (K)S(K) 7 (x; (k)
Wyt (k+D) =w, (k) +
+11; (VS 41,13 (), (23)

7 (k) = (g 77 (k=1)+ g O (k) +

45 ()

It is possible to improve the approximate properties
of DNFN by adjusting not only the synoptic weights of
linear synapses, but also the number of membership
functions and the location of their centres. Self-learning
methods without a teacher and lazy learning based on the
principle of “Neurons at data points” [16] can be used for
this.

Usually, the number of membership functions in
non-linear synapses ¢ is given by p empirical
considerations and the weights are placed uniformly with
an interval A. Let us consider the threshold of
indistinguishability of two neighbouring centres o << A
let's start the learning process with the entry into the
system of the first observation of the training sample

x(D)=x@), ..., x@), .. xn(k))T. The first function
of belonging x 4 ;(x;(1)) is formed so that its centre
c;(x;(1)) . Then with the arrival of the second
x(2)  the checked
| x;(2)—¢;(2)[£S and if it is performed for some

observation condition  is

components of the input signals, then new centres are not
formed at these inputs.

If the condition is fulfilled (on several inputs)
0 < x;(2)—¢y; [< 26, coefficients of centers ¢ ; adjusted
according to the self-learning rule “Winner Takes All”
[17], introduced by T. Kohonen

€1;(2) = ¢; (D +179(2)(x; (2) = ¢y (D). (24)

With the learning threshold parameter 775(2) <1 if

holds  for
then the

the inequality
20 < x;(2)—c;;(2),

function is formed at the i-th input p,; with centre

some  components
second membership

¢p; = X;(2). During the second learning cycle, the
number of membership functions in synapses NS; may

be different. On the N-th self-learning step with input
signal x(N) membership functions are solved for each

nonlinear synapsee the membership function- winner is
sought y;i (x;(N—=1)) for which the distance
| x; (N) —c,i(N —1)| is minimal and the following rules

are checked:
| x;(N) =,y (N-D)[< 3,

8 <X (N)=cpi(N=1)[< 26, (25)

26 X (N)=cp(N=1)|

after which at the i-th input in the linear synapse NS; or
is not formed or adjusted or a new (and last) membership
function is created 44;(x;) with the centre Cy; . Thus, in

each nonlinear synapse, the number of membership func-
tions can vary from two (in the case of binary input sig-
nals) to N (in the case of a small indistinguishability
threshold 6. Similarly, the membership functions of the
nonlinear synapse can be configured NS at the output

where DNFN.
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weights of nonlinear synapses, along with the automatic
formation of membership functions, all implemented in
To enhance the widely known neo-fuzzy neuron real-time online mode.

(NFN) referred to as the Double neo-fuzzy neuron, which Importantly, the proposed method doesn't
exhibits enhanced approximative capabilities when necessitate substantial amounts of training data. Instead,
compared to its prototype, a novel combined learning it's characterized by its computational simplicity,
approach is introduced. This approach is grounded in  rendering it applicable in diverse scenarios. This method
tutored learning, self-learning, and lazy learning holds promise in creating a double neo-fuzzy system
principles. Through this methodology, the aim capable of effectively adapting to phasing systems, even
is to achieve optimal rapidity in configuring the synoptic ~ within the constraints of a limited training dataset.

Conclusion
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AnantuBHuii noABiiinmii Heo-¢a33i HelipoH Ta iioro KOMOiHOBaHe HABYAHHS
€. B. boasgucekuit, O. C. Yana

AHoTtanis. [IpeaMeTrom BUBUCHHS B CTATTi € npolec kiracudikamii JaHUX 32 YMOB HEUIiTKOCTi Ta 0OMEXEHOTO 00’ eMy
HaB4YaJbHOI BUOipku. MeTol0 € yT0OCKOHANCHHS MOBiHHOr0 Heo-(a33i HeiipoHa B paMKax BUpIlICHHS 3a1a4i Kiacudikamii
JaHMUX 13 0OMEXEHHSIMH 1070 00’eMy TpeHyBalbHOI BUOIpKH, Yacy OOpOOKH, a TaKOXK HEUiTKOCTiI Ta HEe CTal[iOHapHOCTI
BXiJIHUX AaHUX. 3aBJaHHS: YJOCKOHAJICHHs MOJBIHHOrO Heo-(a33i HelpoHa [UIs MOKpAIleHHs ampOKCUMAaLiiHUX BIaCTH-
BOCTEil CHCTEMH, a TaKOK POo3poOKa KOMOIHOBAaHOTO METOAY HaBYaHHS CHCTEMH AJs 3a0e3MeueHHs MIBUKOI B OHIIaiH pe-
KHUMi. BUKOpHCTOBYBaHMMU MiIX0JaMM €: JTiHUBE HaBUYaHHS, HABYAHHS 3 YUUTEJeM Ta caMoHaB4YaHHs. OTpUMaHi HaCTyIHI
pe3yabTaT. MonudikoBaHO MOABIHII Heo-(pa33i HEWpOH, 3aIPOTOHOBAHO METO KOMOIHOBAaHOT'0 HAaBYaHHS, 1[0 3a0e3-
reyye ONTHMaNIbHY IIBHKICTh IPH HAaJalITYyBaHHI CHHONITHYHMX Bar Ta aBTOMaTH4YHe (opMyBaHHs QyHKIIH HaJeKHOCTI B
OHJIAMH-PEKUMI 32 YMOB 0OMexeHol HaB4anbHOI BHOipKi. BHCHOBKH. Y 10CKOHaIEHO MOABIHHUI Heo-(ha33i HeilpoH muis-
XOM BBEJCHHSM CTHCKAI040l akTUBAIiiiHOT QyHKIIT Ha BUXO/I, 110 CTBOPIOE YMOBH JIs 110 Oy 10BH Heo-(}a33i Mepexi 3 Mo-
JKJIMBICTIO alanTamii Jo HecTalliOHApHHUX BXiJHUX JaHUX 32 YMOBH POOOTH B OHJIAMH PEeXHMI, a TAKOXK YHUKHYTH NpoOIeMn
3HMKAIOYOTro TpajiieHTy. 3anpornoHOBaHO KOMOIHOBAaHUI METO1 HaBYaHHS MTOABIITHOTO Heo-(a33i HelpoHy, skuil nepenbavae
napanenbHe BUKOPHCTaHHS JIIHUBOTO HABYaHHS, HAaBYAHHS 3 YYUTEJIEM Ta CAMOHaBYaHHs 3a npaBuiioM «Ilepemorxernb 3a0u-
pae Bce» 3 MONATBIINM aBTOMaTHYHUM (HOPMYBaHHSIM (QYHKIIH HaEKHOCTI, IO Ja€ MOXKIUBICTh MBHUIKOI Kinacudikamii B
peXuMi OHIIAHH 32 YMOBH HAasIBHOCTI BUKUIIB y BXiIHUX TAaHUX.

KawuoBi cioBa: mBuaka kinacudikamis qaHux, kiacudikaiiis B oHIaHH pexuMi, HedYiTKa kiacudikaiis, KOpoTka
BHOipKa, Heo-(a33i HelpoH, KOMOIHOBaHEe HABYAHHS.
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XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIiOeTIeKTPOHIKH, XapKiB

MPOBJIEMATHUKA BE3NIEKH TA KPUTEPIi XHAIIMHOCTI
MYJbBTUXMAPHUX CEPEJOBHUII]

AnoTanis. Mera cTarTi — HO3HAHOMHUTHCS 3 TPOOIEMATHKOIO OE3MEKH MYJITUXMAPHUX CEPEIOBUII 1 TPOaHaTi3yBaBIIH
MIPUYMHU BUHUKHEHHS IUX IpoOsieM chopMyBaTu Ha IX OCHOBI BIIaCHI KpuTepii Oe3neuHoi xMapu. BukiazeHi royoBHi Ipo-
OyiemMH Ta KpuTepii HaIiHHOCTI MyJIBTUXMAPHUX CEPEIOBHUII I IOAAIBIIOTO iX aHamizy. byno ocBiTIeHO IpiOpUTETHI MiHI-
po6JeMu, SKi MarOTh 3B'I30K 3 TOJIOBHUMH. 3aBAaHHSA: [IpoaHaNi3yBaTu OyIb-sKi iHOpPMAaIliiiHi JKeperna 3a HampsIMOM Ta
BIZINTOBIZTHOIO TEMOIO, OKPECIIUTH NTPOOIEMH Ta TIOB’sI3aHi 3 HUIMHM 3arpO3H 1 pU3UKH B 00J1acTi XMapHOi Oe31eKH, IIpoaHati-
3yBaTH OCHOBHUX IIPOBaii/iepiB XMapHUX ITOCITYT, PO3TIITHYTH HEPCHEKTHBH 1 3aCTOCYBaHHS Ha PUHKY, JOBECTH JIOIUIBHICTD
BUKOPHCTAHHS MiJXOIy MYyJIbTUXMApHOCTI, COpMyBaTH BIIacHI KpHTepii Oe3redyHoCTi XMapHUX cucTeM. Pe3yabTaTn noc-
JimkeHHs. B it craTTi npy 3HaHOMCTBI 3 XMapHHM CBITOM 1 iCTOpi€l0 HOTO BHHUKHEHHS, a TAKOXX IPH PO3TILAII depes
MPHU3MY PO3BUTKY MOIMYJSPHOCTI XMap B skocTi IT-TpeHay HaBeAeHi iCHYIOUi PU3MKHU Ta 3aTPO3U BHHUKHEHHS CYYacHHX
IipoK Oe3MeKd B XMapHOMY CEKTOPI, SIKi CIIOBUIFHIOIOTH OAANBIINN po3BUTOK [T-iHmycTpii. Onmcani ¢pyHIaMeHTaIbHI IPO-
0JIeMHI MOMEHTH pOoOOTH XMapHUX 00YHCIIeHb B iHppacTpykTypi. [IpoBeneHo nopiBHATIBHUI aHAJI3 HAHBHUTIAHIIINAX Cydac-
HUX XMapHHX CHCTEM, IO 33al0Th TEMII IHIINM OpTaHi3alisM XMapHOTO PUHKY. JlOCIiIKEeHO TOULTBHICTh Ta 00IaCTh BU-
KOPHMCTaHHS XMapHUX CEPEeNOBHUIN. 3anpOIIOHOBaHI 3arajbHi KpUTepil HaAIfHOCTI BUIIPABICHOIO XMApHOTO MPOJYKTY, Ha
OCHOBI IIPHYHMH BUHUKHEHHS [IPOOJIeM MyJIbTHXMapHUX cepenoBHIl. BHCHOBOK. 3akiafeHo OCHOBY JUISl ITOJATIBIIOTO Mak-
OYTHIX JOCTIPKEHb XMapHOi 0e3IeKH, po3poOKH pilleHHs 0 3a0e3MeueHHI0 HAAIHOCTI XMapHUX CHCTEM Ta BIOCKOHA-
JICHHIO HasBHUX KOMIIOHEHTIB XMapHUX TexHouorii B IT-indpacTpykrypi.

Kaw4yoBi ciaoBa: MynpTuXMapHe cepeoBuUIle, XMapHa Oe3neka, XMapHi 00YHCIeHHS, MyJIbTUXMapHICTh, KpUTepii Ha-

IiHOCTI, Kibep3nounHels, IT-inppacTpykTypa.

Beryn

IMocTanoBka mpodaemu. HapomryBanHs 00'emiB
IU(ppPOBOrO KOMa BiTOYBAETHCS B HEKOHTPOJIBOBaHIH Te-
OMETPHYHIH Mporpecii, TOMy Ha ChOTOJHI, PH3UKOBAHO
3aJIMIIATH BaKJIMBI BIJOMOCTI Ha JIOKAIbHOMY HOCIT, IS
LUX BUIAJKIB BXX€ CTBOPEHMH THII NPOrPaMHO-TEXHIU-
HOro cepenoBuina. [IpHKIagOoM BHIIEONHUCAHOTO JO-
BKIJUISL € XMapa, i1 mpocTHii crocid ekcrutyaraii Ta He-
KOPEKTHO HAJIAIITOBAHUI JOCTYN J0 pPO3TAIlIOBaHHX B
Hiil 00'€KTiB, CTAHOBUTDH 3arpo3y HaIilHOCTI BCi€l cuc-
Temu. Takox 31 30UIBIIEHHSIM KUTBKOCTI XMapHUX IPO-
IYKTIB 3pOCTa€ CKIAMHICTD iX IHTErpallii, KOHTPOJIIO, PO-
3po0KH Ta 3a0e3neueHHs eeKTHBHOI, CTa01IFHOI Ta Oe3-
neqHoi pobotu. IlepepaxoBaHi MiHi-IPOOIEMH, SKIIO iX
He BUPIIIUTH a00 YaCTKOBO HE 3MEHIINTH X HeraTHBHUH
BIUIMB, MOXKYTb IEPETBOPUTH HaJil Ta rapaHTil yCHIIIHO-
cTi poboTH B Xa0C. Y pe3ybTari, He PEeJIeBaHTHI METOIU
3abe3nedeHHs: e)eKTHBHOIO PiBHs Oe31eKu ado iX BiJCy-
THICTh BUKJIMKATUMYTh CEPHO3HI 3aHETIOKOEHHS IIOJI0
BTpaTH ab0 BUTOKY JTaHHMX OpraHi3amii Ta ii kiieHTiB. 3a-
pa3 TakoX B HAIIIOMY CY4aCHOMY CBiTi, aKTyaJIbHO 3aXH-
CTUTH KOXeH 30epekeHnid 6it iHdopMmarlii i migidparu
HasBHI MiX0U a00 y pa3i HeOOXiqHOCTI BiTHOBUTH BXKE
BrpaveHi Qaitmm. [Ipu OypXnMBOMYy PO3BUTKY XMapHHX
TEXHOJIOTiH Ta OakaHHI Oi3HECMEHiB, IIBHIIKO 3POOUTH
BJIACHUH NPOJYKT MaKCHMAaJbHO JIETKHM Ta 3pY4YHHUM,
MaJIo IpUAUTAIM yBaru 1o Oesneku. Hapasi kirouoBumu
(akTopamMM CHOBUIEHEHHS BHUPIIICHHS NMUTaHb Oe3IeKH
BCE IIIE € JIFOJICBKUH (PaKTop, HE BUTIIHI BTPATH MPOIYK-
TUBHOCTI 3apajii 3aXUCTY MPOAYKTY Ta CKIIAJHICTh KOM-
IJIACHCY 3 YpaxyBaHHSIM iHAWBiAyalbHHX OOMEXEHBb
KOMIIaHii B 3aJI6)KHOCTI BiJ] 3aBIaHHs. XMapH Bce Oibie
BOYZOBYIOTBCS B HAIlIE XKUTTA 1 TETEp 3 KOKHUM KPOKOM
iX PO3BUTKY, KOPHUCTYBadi NMEPEKOHAHI 110 TaAKUH HEBH-
NIpaBAaHUi TeMN IOB'I3aHUH 3 MOTpedaMu skaaiOHOTO

PHUHKY CIIOKHMBAadYiB, sSIKi HE JAlOTh IIAHCY PO3POOHUKAM
MIPOEKTIB a0 cTapTamiB Xo4a O Ha cepelHiil piBeHb 3a-
JIOBUIBHUTH BUMOTH 10 Oe3neku. TakuM YHHOM MOHOIIO-
JIbHI KOMIaHii B MApKETUHTOBIH TOHII 3a rpomuma Oy-
IYTh YCIIITHO BTPAaYaTH PEIyTalito, KOJIH KIIIEHTH CKO-
HIICHTPYIOTHCS Ha OUTBII BUTITHUX YHIKaJbHHUX PillICH-
HSAX KOHKYPEHTIB. 3apa3 siK HIKOJHU Ii¢ aKTyaJbHO, MiJ
gac CypoBOi KOHKYPEHII MK TEeXHOJIOTIYHIMHU-TEXHI4-
HUMHJ KOMIaHISIMH, KITI€EHT Ma€ MaKCUMaJIbHY BUTONY 32
paxyHOK OJJHOUacCHOI B3a€MOJIil PI3HUX XMapHHUX CepBi-
ciB 3 iH(pacTpyKTyporo Ta miatrgopmMaMu cepBepiB.
SIKIII0 MU Ka)KeMO PO MaciuTalu 11101 opraxizaiiii, Toi
HE CTBOPIOIOTH 3 HYJISI HOBI PILICHHS Ta BIAMOBIAHO 1M
JIOZIATKOBI TEPEroHu Juisi Oi3Hecy, 3aBXKIH 3aCTOCOBY-
I0Th 1 BJIOCKOHAJIIOIOTH icHytoun crparerii B IT-cdepi,
HAIIPUKJIAN, MYJETUXMApPHICTh. 3aBASKH XMAapHil iH-
(bpacTpyKTypH, KOPHCTYBadi MOXYTh, OyIb-1Ie, IPH Ha-
SIBHOCTI JOCTYITy /10 XMapH, B 3pyYHHI 4ac BUKOPHCTO-
BYBaTH PO3MOJUICH] pecypcH A il pu BUKOHAHHI pi-
3HOPIIHUX 3aBJaHb. 3HAYUTH Oy/b-sIKa Bpas3ivBa dac-
THHa abo By30d, sikuid OyB 3nmamanuii, IT-indpactpyk-
TYpH IIPH 3aisTHHI IEKITBKOX XMap MO)Ke CTaTH PU3HUKO-
Boto cuctemoro Nel. OkpeMo, X04eThCsl HAarOJIOCUTH, 1110
JIOZIATKOBUM €KOHOMIYHHUM TSrapeM Jisl OPUAMYHUX Ta
myOmivHIX 00JIMYb € CKIIaAHICTh 3a0e3MedeH s KoHpite-
HIIHOCTI maHnX. B XMapHUX mpoaykTax, MpH BIIPOBa-
JUKEHHI XMapHUX OOYHCIIEHb CIIBPOOITHHKAM KOpIopa-
Lifl He BUCTAaYa€ 3HAHb Ta TOCBiY, 00 NEPEBIPUTH, SKi
eJIEMEHTH 1H(PaCTPYKTypH mij Oesnexoro. 3Biacu mi-
nuia HeoOXiTHICTh OUTBII AETANBHO AOCHIIKYBATH JIa-
HUH HaIpsM 3 pi3HUX OOKIB B IUIaHI OC3IEKH Ta HaliHO-
cti xMap. Ha Moro y™MKy, 4uM OLIbIIE SIKICHHX TOCHi-
JUKEHb MU 3pOOMMO, TUM IIBHUJINIE HAIIl Mpari IaayTh
aHC BUPIIIMTH TOTOYHI MpobIeMu ab0 3MEHIITUTH T10-
ranuii BrumB Ha IT-cdepy. OcBiTIUBIIM HACYIIHI MPO-
OJleMH HaJIMHOCTI XMapHOTO CEKTOpy 1 Ha OCHOBI

© Baxwuncekuii B. b., Tkauos B. M., 2023
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NpUYMH 1X BUHUKHEHHS, HEOOXiIHO 3HAaWTH KpHTepii
0e3reyHoT XMapy, 11100 BOHU CTaJI OPIEHTHPOM JJIsl 3Ha-
XO/KeHHs a00 CTBOPEHHS, Y MaiiOyTHbOMY, METOAy 3a-
Oe3MeUYCHHs HAIIHOCTI XMapHUX CUCTEM. 3BICHO HEOO-
X1IHO BpaxyBaTu poOOTY IHIIUX AisYiB TSI IOJATTBIIIOTO
SIKICHOTO Ta YHIKaJIbHOTO JOCTiKeHHS. He nuBisrauch
Ha HOBU3HY TEXHOJIOT11, TOB’I3aHOIO 3 XMapaMH, BOHH B
MOJANTIIIOMY 000B’SI3K0BO OyTyTh HE3aMiHHUMH IIE Jie-
KiJIbKa POKiB Ta MOXKJIMBO CTaHYTh YaCTUHOIO HOBHX BH-
HaXO/iB, aje 0e3 pillleHb CyJacHUX MpooieM, XMapHi Iie-
PCTIEKTHBY 3AJIHIIATHCS HE3IIHCHEHHOIO MPI€IO.

AHaJi3 ocTaHHIX AocaizkeHb i myOJikanii. B
BeO-caliti [1] cTHCIO MPOBOACHA SKCKYpCis MO XMap-
HOMY CBITYy. YHIKaJIbHI CTAaTHCTHYHI JaHi B3STi 3 JDKe-
pena [2] 1 Tam >XKe BOHHM JeTanbHO omucaHi. Haykosa
crarTs [3] Hajae HaM rOTOBUI pe3yIbTaT aHaNi3y Pi3HUX
XMapHHUX [IPOIYKTIB HaIIOro yacy. EnexTponHuii pecypc
[4] po3moBinae mpo akTyaJIbHICTH Ta HEOOXITHICT Y BH-
KOPHCTaHHI MyJIBTHXMAapHOCTI B Oi3Heci. PoboTa [5] mo-
Ka3ye HasBHI JJOKyMEHTH 110 XMapHUM IUTaHHAM. B iH-
TepHeTi [6] ommcaHWit OKpeMHH pO3AiT KOMI FOTEPHOT
Oe3mekn — Oe3reKa XMapHIX 00YHCIICHb.

MeTta cTaTTi — MO3HAKOMHTHUCS 3 TPOOIEMATHKOIO
0e3rneKr MyJbTUXMapHHUX CEpEeIOBHI 1 MpoaHaiizyBa-
BIIM MPHUYUHA BHHUKHEHHS [HUX MPOOJIeM chopMyBaTH
Ha X OCHOBI BIIacHI KpuTepii Oe3meyHol XMapHu.

BuKJ1a1 0CHOBHOTO MaTepiay

JlropcTBO, michs UQPOBOI PEBOJIONII MHHYIIOTO
CTOpITYs Ta peaii3alil KOHIEIii XMapHUX O0YNCIICHB,
HACTUIBKU NMPUIIBUAIINIIA CBIH TEXHOJIOTIYHMH IIpOTrpec,
1[0 BHHILIA HA HOBUH PIBEHb MOXIHBOCTEH 1 Tapasie-
JIHO 3 HUMH 3’SIBIISTIOTHCSI HOB1 200 MOTIPIIYOTHCS pa-
Hillle HeBUpIiLIeHI npoOyieMH HaAIHHOCTI iHpOpMAIii.
Hanpuknan: epeKTHBHICTh MOTYXXHHUX MEpex, HHU3bKa
BapTiCTh O0JIAJIHAHHS Ta MPHCTPOIB 30epiranus i 00po-
0K, a TaKOXX HeOOXigHe MacmTabHe BOYJOBYBaHHS Bip-
tyamizanii. Came Taki JOCSITHEHHS CTBOPWIN OCHOBY JJIS
npo0JeM i3-3a TOB’I3aHUX 3 HUMH MOTEHIIMHUX 3arpo3
Ta pU3MUKiB iHQOpPMAIITHOT Oe3MeKH, siKi OyAyTh CIeIH-
¢ivHAMU s XMap Ta oO04YHCIeHb. BapTo 3ramaTty 1o,
€/IMHA TIepIlla CKJIaJ0Ba HABKOJIMIIHBOTO CBITY — i€ iH-
(dhopmartist, HEOOMEKEHHIA TOCTYII 10 HET CTaB KJIFOUOBOIO
noJiiero y cyvacuiii ictopii. Tomy 3apas, kommnaHii ycBi-

A

JOMJTIOIOTb, 110 33/1iTHHS XMapH — 1€ TeHiaIbHUN [IaHC
1100, JIErKo, IIBUJIKO Ta 32 HE3HAYHY BapTiCTh, OTPUMATH
JIOCTYTI JI0 HAWKpAIIuX JOJATKIB y CBOIH ramysi. Aje i3-
3a 3pocTy KOoH}igeHUiiHOi iHpopManii, sika po3Miry-
€THCS B XMapi, HOYNHAE 3pOCTATH 3aHETIOKOEHHS 3 TIPH-
BOJIY TOTO, HACKUTEKH OE3IIEYHHM € 1€ CepPEIOBHIIIE.

[Io6 MOBHICTIO 1 TOYHO PO3TIEIITH BCIO TTHOWHY
mpobieM, moTpiOHO Xo4ya O MOBEPXHEBO BiNMOBICTH Ha
PSII IOTIYHHUX MUTaHb:

1) 3 dgoro mouanacs imest 31 CTBOpeHHS iH(OpMa-
LiffHOT XMapH i SIK 1ai BOHAa po3BHUBaiacs B imean?

2) Hackinbkn 3apa3 BaXJIMBI XMapHi TEXHOJOTiI
JUIsl Hac 1 sika o0nacTh iX 3acTocyBaHHs Ha puHKY [T-iH-
oycTpii?

3) XTO € rOJOBHMMH MOCTaYaJIbHUKAMH XMapHUX
cepenoBuin’?

4) SIki icHyIOTh IUIaHH, IEPCIIEKTHBU Ta LIAHCH Y
MOJATBIIOMY JUISI XMapHOTO HampsMy?

Iepen mocnmizoBHOI BIAMOBIAAI0 Ha TEepepaxoBaHi
MIUTaHHA, Kpalle MMoYaTH 3 MaJICHbKOI iCTOPUYHOI JOBi-
JKH Ta BU3HAYCHHSIM XMapHUX O0UYHCIICHb.

3rigHo 3 BU3HAYCHHSAM HamioHamhHOTO IHCTHUTYTY
cragaapriB i Texrouorii (NIST) CIIA, XmapHi o6unc-
nenns (Big auri. Cloud Computing) — e Moiesns 3a0e3-
TIEYSHHS! TIOBCIOJTHOT'O Ta 3pYYHOT'0 IOCTYIy Ha BUMOTY,
Yyepe3 Mepexy 0 CIIUILHOTO MyJly OOYHCITIOBATBHUX pe-
CypCiB, IO MiJUIATaloTh HAIAIMITYBAHHIO (HAPUKJIAL, 10
KOMYHIKaI[IfHUX Mepex, cepBepiB, 3ac00iB 30epeKeHHs
JAHWX, IPUKIIAJHUX IPOTPaM Ta CEPBICiB), 1 sIKi MOXYTb
OyTH OllepaTUBHO HaJaHi Ta BUBUTFHEHI 3 MiHIMAJIbHUMH
YNPaBIIHCBKUMH 3aTpaTaMH Ta 3BEPHEHHSIMH IO IpO-
Baiizepa [ 1]. [Tepmum ke KpOKOM JI0 BTIJICHHS XMapHUX
obuncieHs MoxHa BBakatu mosisy ASP (Application
service provider - mpoBaiiiepy OCIyT AOCTYITY JI0 10Ja-
TKiB) y Apyriii nosoBuHi 1990x pokiB. ASP moxHa BBa-
JKaTH OJHUMH 13 mepinux SaaS cepgicis. [Tansma nepiiro-
CTi HaJIOKHUTh CEPBICY EJICKTPOHHOT MOLITH B KOMOaHI{
Hotmail. Aje BigcyTHICTh Ha TOHM Yac MIMPOKUX KaHAIB
IHTEpHET Ta TEXHOJIOTIH BipTyamizauii cTaau Ha mnepe-
TMOHI - 32 BIJICYTHOCTI INBHUIKUX Ta CTaOIbHUX KaHAIIIB
IHTepHET KOPUCTYBa4i HE MOTJIH OTPUMATHU SIKICHI ITOC-
nyrH, a 63 TEXHOJOTIH BipTyami3alii HEMOXKIUBO OyIIo
e()eKTUBHO Ta I'HYYKO PO3IOAIISATH PECYPCH Ta MACIITa-
OyBatu cepgicu (puc. 1) [1].

’ Macosa BipTyanisauia cepsepis ]

XmapHi ob4ymncneHHA ]

‘ Macosuin picT Kin-Ti NnepcoHanbHMX NPUCTPOIB iHTepHeT

PicT NnponycKHOI 34aTHOCTI iHTEpHET ]

Po3BUTKY TeXHIUHWX 3acobis IT ranysi

Doctyn po MeiHdpeiim 3a npuymnom
po3noainy vacy

1950x 1960x 1970x

1980xT 1990x T 2000x T2010x

2020x

Puc. 1. Possurok IT ramysi (mkepesno: [1, C. 1])
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B neit MOMEHT JIOLIIEHO HAroJ0CHTH 110 XMapOUKH
3aJIMIIAIOTHCS aKTyaJbHUMH, TOMY IO Ha ChOTOJACHHS
3aJI0BOJIBHSIOTH 3aIIUTH OUIBINOCTI KOPUCTYBaviB. BoHu
Lie JOBENM HE TUIbKHM B Teopii, aje 1 B cBoiii crpasi. Y
r1100aJIbHOMY BUMIpi, XMapHi CEpBICH PO3IMOBCIOKEHI Y
6araTbox raiy3sx. BimmoBimHo, 3a ramy3eBHM pO3MOIi-
noMm mepme micue nocinae IT-cextop (50 %), apyre —
cdepa ¢inancosux nocuyr (14 %), Tpere — nepKaBHUH
cexrop (puc. 2) [2].

XmapHi cepBicu 3a cpepoi0 BUKOPUCTAHHA

BT, Internet, e Aenmposica
5 30 B A LR HT O, CTDREy R
CFULEETINS T EerY

CropoKa B0PONR, §5 DIy EErmG
B Dowira
B Bupoleaiitac

g e 6 S NSNS,
AN CTID

Puc. 2. Po3nOBCIO/KEHICTE XMapHUX CEpBICiB
3a cdeporo BUKopucTanus (mkepeno: [2, C.3])

st nepepaxyBaHHsIM (DaKTOPiB BUHUKHEHHS IIPO-
671eM Ta X caMKX 3 TOJANBIINM OIHCOM, BayKIIMBO MPO-
aHaJTi3yBaTH MPOOJEMHI MiCllsi — XMapHi MPOAYKTH. 3a
KOKHOIO XMapOI0 CTOITh CBiif MpoBaiinep, B TaKOMY ape-
a He 6araTo OCHOBHUX IMOCTa4YaJbHHUKIB, 3T1IHO CTATH-
CTHKH MPHUOJIM3HO IBI TPETUHH PUHKY 3aHATI IPOSKTaAMHU
BEJIMKHX KOpITopailiif Takumu sik: Amazon Web Services,
Microsoft Azure, Google Cloud Platform.

Ha ix mpuxnami, Mu MOkeMO TIOOaYUTH OLIBIIICTD
CydJacHHX Tpo0iieM Xmap, TOMY IO IIi KOMITaHii-BHpOO-
HUKU 3apa3 3aJaloTh TEMII PO3BUTKY XMap Ha PHHKY
(tabm. 1) [3].

Tabnuys 1 — IomyAsipHi MOCIYIH XMapHHUX 004N CIeHb (JKe-
pemno: [3, C.4])

Google Cloud Amazon Web Microsoft Azure
Platform Services
Bipryanwni Compute Engine EC2 Virtual Machines
MALIHHH
XocTHHT App Engine Elastic Beanstalk Cloud Services
caiiTie
Cueremn Container Engine EC2 Container Container Service
KOHTeiiHepiB Service
basun pannx Cloud Bigtable DynamoDB CosmosDB
AHAaJI3 TaHHX BigQuery Redshift SQL Database
Obpobka Cloud Functions Lambda Functions
JAAHHX
basn panux | Cloud Datatastore DynamoDB Cosmos DB
3bepiranus Storage S3 Blob Storage

Hanpuknan, HemonasHe nocmipkenns State of the
Cloud, nposenene kommanieto Flexera, moka3zano, mo B
2019 poui, npuHaliMHI Ha PUHKaX €KOHOMIYHO PO3BUHY-
THX KpaiH, I0JIsl OpraHi3ailiid, 10 BUKOPUCTOBYIOTH JIEKi-
JIbKa XMapHHX MTOCIYT Pi3HUX OMepaTopis, nocaria 84%.
[Ipubmm3HO TOTO X BHCHOBKY MIWIUIN 1 aHATITHKH
Gartner — HeU[OAAaBHO MPOBE/CHE OMUTYBAHHS Ipel-
CTaBHUKIB EKCIEPTHOTO CEPEIOBUINA IIPOAEMOHCTPY-
Bayio, mo 81% pecroHACHTIB MPaIlO0Th 3 IBOMA M Oi-
nsiue nposaiaepamu. [4, C.1]

3aranbHa 6e3neka. B sxkomy micii HamidHIIIAi
3aXMCT IS JaHWX, B JJOKAJIBHHUX MIPUCTPOSIX abo Ha Bia-
JlaJIeHUX cepBepax?

3 oxgHOTro OOKY, 1aHi KOPUCTYBauiB MarOTh Kpairy
0e3IeKy Npu BHYTPILTHEOMY KEepyBaHHI, 3 IHIIOTO OOKY,
MpoBaiiiepn XMapHHAX MOCIYT BUTiTHO 30epiraioTh cra-
OUTBHY IOBIpY 1 A7 IIBOTO BUKOPHCTOBYIOTH HAHOUIBII
JOCTYITHHH piBeHb Oe3neKku. BaxkIimBo BpaxyBaTH IO iH-
(dopmartist krieHTa Qi3UIHO 3HAXOIUTHCS B PI3HUX KyTO-
yKax cBiTy. ToMy, mepest 3aCTOCyBaHHAM XMapHHUX 0049H-
CIIeHb HEOOXiTHO BpaxyBaTH MOXIIUBI 3arpo3u abo pu-
3MKH 1 JJ1s1 TPOTUAIT iM, HOTPiIOHO NEPEBIPUTH HASIBHICTD
MEXaHI3MiB XMapHOT'0 3aXUCTY Ta KOHTPOJIIO.

Henocrathicts pecypeiB Ta mocsiny. He 3Bepta-
1041 yBary, Ha Te mo OinpiicTs IT npaniBHUKIB Mokpa-
LIYFOTh CBiH IOCBIJl, KOMITaHIsIM CKJIA/IHO 3HAWTH aKTyalb-
HOro Ta BaroMoro Qaxislsl Ha pUHKY npaui. B naniii cu-
Tyamii TeXHOJIOTii BUIIEPEKAIOTh PUHOK, TOMY Pi3HHUIS B
IIBHU/IKOCT] 3aCBOEHHS HOBOTO CTajla 3HAUYIa HACTUIBKH,
10 CIpaBXHi MPoQecioOHAIN MIPOCTO IIle He BCTHUIIIN BU-
pocta B pobodoMy IutaHi. BUCOKi BUMOTH IO BHPIIICHHIO
Ta HEKOPEKTHA OIIHKA ITOCTABJICHOTO 3aBJaHHS 3HEIIHIOE
OyIb-sIKy KUIBKICTh HafiaHUX pecypciB. CriibHe BUKOPH-
CTaHHsI PECYPCHHM TOTEHI[iaJI0M BipOTiHO HaJla€ THMYa-
COBHH JJOCTYIl CTOPOHHBOMY KOpPHCTYBady y pasi BHIaJ-
KOBOTO BIJKPUTTS LIUISIXY 0 CAMHUX PECYpCiB.

3aiiBi BuTpaTu y xmapi. [leski IT poGitHuky, Taki
SIK PO3POOHMKH, BMHKAIOTh XMapHUii cepBic 3 00MeKeHUM
gacoM Jii 1 3a0yBarOTh HOTO BYaCHO BUMKHYTH. OKpeMuM
KOpIIOpaLisiM 3aBaXKa€ CMITTS Ta IIyM Y XMapHOMY Tpa-
¢iky, sSKi He BIKOPUCTOBYETHCS. bizHEeCMeHM iHKONH 3a-
OyBaroTh, 0 XMapHi MPOEKTH HEe O0OB'SI3KOBO TapaHTY-
IOTh €KOHOMIIO BHTpAT, aJpKe OpraHizallii MoIro0III0Th
poOwuTH 3aiiBi pe3epBYBaHHS 200 MOTIHUTHCS 3pPOOUTH MO-
HITOPHUHT Ta aBTOMATH3AIlil0 MPOIIECIB BJIACHUX BUTpAT.

BpaxoByoun nonyssipHiCTh JIiIepiB MOCTaBKH XMa-
PHHX TIOCIYT, BapTO HE 3a0yBaT 110, B 3aJIE)KHOCTI Bij
4acy, HeMa€e TaKOro MICIls KY/IM HE MIr JICTaTUCS 37I0/Iii
abo y Hamry nudpoBy epy — kibepsmounHeis. Jlakomum
HIMaTOYKOM /IS 3JJOBMHCHHKIB € XMapHi cepBicH, siKi
MIPUBEPTAIOTH YBary XaKkepiB IPH HAsIBHOCTI B HUX OJHI€]
i3 3arpo3 Ta PU3HKIB XMapHOi OC3MeKH:

- BTpara abo BUTIK JaHUX;

- TOPYIICHHS IJIICHOCTI CHCTEMH;

- BenwKi (piHAHCOBI BUTpATH;

- BIACYTHICTH HaJIS)KHOTO 3aXHCTY;

- HemnpaBWiIbHE a00 HEKOPEKTHE HaJAIlITyBaHHS
XMapHOi CUCTeMH Oe3MeKH;

- ICHy€ TiJIbKM YacCTKOBHI KOHTPOJb Ta Kepy-
BaHHS XMapHHUM JIOBKIJLISIM;

- cruxiiHi, Qpi3udHI, MOMIIKOBI MOIIKOKSHHS;

- 3aHAJATO BeNIMKa HeOe3reka BUKOPUCTaHHS MPH-
BiJIEHOBAHOTO JIOCTYITy JI0 3HAYYIINX YaCTUH PoOOTH;

- BiACYTHICTH NpaBOBOi MIKHAPOAHOI CIIpaBes-
JIMBOCTI Ta MIATPUMKH Y XMapHHUX MUTAHHAX;

- CXWIBHICTbH JI0 PI3HOTO BHJY XaKEpPCKHX aTak.

Tenep MOXJIMBO HaBECTH 3arajbHi KpUTepii 3axu-
LIEHOI XMapH, SIKYy MU XOYeMO OTPUMAaTH B pe3yJbTaTi
ycminrHoi poboTr MaifOyTHEOTO METOAY.

Jliist mporo, MH, 110 IPIOPUTETY Ta C ONHUCOM, HaBe-
JIEMO, C PI3HHUX CTOPiH, KpUTEpil OE3MeKn MyJIbTUXMAap-
HUX CEPEIOBHILI.
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HasBHi siniensii xmap i 11 BIIHOBIHICTE Pi3HUM 3a-
KOHaM Ta HopMaMm Oe3neku. JIineH3yBaHHS 1€ He TiJIbKH
MapKETHHTOBIH XiJ] HA SIKOMY MOXHa 3apOOHTH, TaKOX
TaKUH MiXiJg BUIPaBRoOBYe cebe B muiaHi Oe3neku. Bes
BIZINOBIAJILHICTH 32 AKICTh IMPOJYKTY MOKJIAa€ThCs Ha
po3pobHIKa ab0 MmocTavyaabHUKA, SIKIIO HAZA€ThCS MOC-
myra. 3’ABISAETHCS JIOSIIbHE BUPIMICHHS OaHAIBHIX XMa-
PHEX NIATaHb y IPAaBOBOMY TIOJI Ta 30UIBIIYETHCS TOBipa
JI0 CaMoTo BHPOOHHKA a00 BIIACHHKA ifei.

AprymMeHTOBaHa JONUIbHICTh BUKOPUCTAHHA 1 eheK-
THBHO ONTHMi30BaHi BuTpaty Ha IT-iHdpacTpykTypy. YM™Mo-
BOIO KOJIM ITOTP1OHO 3201[aNTH 3aBXK U Oyi1a 0OMEKEHICTh
B pecypcax, MOTIM KITIEHT IIYKA€E IUIIXH JJIs eKOHOMIT 1 Ha-
KaJlb OIBIIICTH )KEPTBYIOTh XMApHOIO OE3MEKOI0 CHUCTEMHU
3apaqy i MBUAKOMIT Ta MICHS aTaku Ha iHPPACTPYKTYpY,
PO3YMIFOTH III0 BOHU BTPATWIU OLITbIIIC HK MOITH. Takox
BUIIEONMCAHE CTOCYETHCS MPALiBHUKIB, KOJIU PIlIEHHS OJI-
HOTO (axiBIlI TIEPEBAKAIOTH KUTBKICHY IIepeBary B KOJICK-
TuBi. Lle BaxximBo 171t Oy ab-s1K01 KOMITaHil, SIKi 3BIKJIIH TLTa-
HyBaTH 1 IPOTHO3YBATH CBOT BUTPATH.

HapaeTbes Ginplie KOHTPOJb HaJ MPOIYKTOM IS
Kpamoi #oro skocTi. IneanbHMii TOH IOCTaYalbHUK,
SIKMIA  JI03BOJIIE KOHTPOJIIOBATH HAHOUIBINY KUIBKICTh
npoleciB, 3ac00iB Ta JaHUX B XMapi. BinbHe BonoxiHHA
XMapoIo J1IaCTh MOXJIMBICTh 33/I0BUIBHUTH PI3HOMAaHITHI
MOTpeOu, HATPHUKJIIA, 3aBXKIU MOXKHA OTPUMATH TOBi10-
MJICHHS 1 BUaCHO Ha HBOT'O BiJpearyBartu, ad0 JAeTalIbHO
HaJIAIITYBATH MOJITHKY JOCTYILY IO XMapH.

CTBOpEHO 3Bi BIIKPUTUX MIKHAPOIHUX CTAHIAp-
TiB Ta crerudik Mo XMapHUM OHUTaHHSA B 00nacTi 6e3-
HeKd. BinbniicTs npoBaiiiepiB XMapHUX MOCIYT MAtOTh Y
CBOEMY «apCeHall» BIACHUH MEXaHi3M Ui Iporpamy-
BaHHS, KU MOke OyTH 33JIOKyMEHTOBaHHUM, aJjie Taka

MIPaKTHKA IPU3BOJUTH 10 HEMOSKJIMBOCTI EPEXOIY KO-
pHUcTyBaya JI0 1HIIOTO MOCTavyalbHUKA. CIMHAM pillleH-
HSIM 1IbOT'0 MMUTAHHSI € pO3pO0Ka e(PEeKTHUBHUX Ta YHIKaIb-
HUX CTaHJApTiB i crieruik.

VY CILA acomiamis Cloud Security Alliance Buryc-
tina Cloud Controls Matrix. Ileft nokymeHT siBisie co6010
TIepeITiK ICHYIOUNX TeXHOJIOTiH iH(popMaliitHoi Oe3meky,
SIKI MOJKYTB OyTH BUKOPHCTaHI B XMapHUX cepBicax. Xoda
JesKi (axiBIli BBaXarOTh, MO0 s yipasninas [b mpu mo-
OymoBi xmMapu SaaS MOKyTh OyTH BUKOPHCTaHI CTAaHIAPTH
ISO 27001 ta ISO 27002, Bce >k HEOOXixHA pO3poOKa CIIe-
LiaJbHUX CTaHIAPTIB LI XMapHUX 00UYKCIIeHb [S].

BucnoBku

B naHiii HaykoBiii po0OOTI MU TOBEpXHEBO DPO3K-
PHWIIH BiANIOBIZHY TEMATHKY 1 JJOCSIIIN MOCTABICHOT METH
3a BJIaCHUM IDTaHOM. J[iist iboro poGota Gyna po3zaiieHa
Ha JIeKUTbKA YaCcTHH, KOJKHA 3 SKHX JIOTIYHO Ta MOCIi0-
BHO [IONOBHIOBaNa mnonepennto. Ilicas wmotuBawii,
PO3’SICHEHHSAM Cy4YacHHX MPOOJIEMHUX OOCTaBUH XMap-
HOi Oe3meku B IT-iHmycTpii, MU TPIOIKK MO3HAHOMHUIIH
YHUTAYiB ICTOPI€IO Ta BU3HAUYCHHSM XMapHUX O0YHCIICHb.
[Torim, siK MO HOTaM, HaM BIAJIOCS Yepe3 MPU3MY PO3BU-
TKY 1 CTaTUCTHKY O0JIacTi 3aCTOCYBaHHS XMap, 3HAHWTH
npoOJieMH B NpOaHaIi30BaHUX HAMHM XMapHHUX IMPOIYK-
TaX Ha HAasBHICTh BAarOMHX 3arpo3 Ta PU3HKIB [T XMap-
HOT Oe3IeKH.

JlomaTkoBO HaBeNX BiOOMOCTI AOLIJIBHOCTI 3aCTO-
CYBaHHS CTpaTeTil MyIbTHXMAapHOCTI Ha pakTulli. Bimo-
KpeMITH (yHAZaMEHTalIbHI MPOOJIEMH Ta MOB’S3aHi 3
HUMHU 3HaWJICHI 3arpo3u Ta PU3MKH, AKi OTPeOyOTh MO-
JABIIAX e(PEKTHBHUX 1 aKTyalbHHX pimeHb. HaoctaHOK
pO3poOMIN BITacHI 03HAKU HAIIIHOT XMapH.
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Security issues and reliability criteria of multiple cloud environments
B. Vazhynskyi, V. Tkachov

Abstract. The purpose of the given work is to shed light on the critical and actual reliability problems of multi-cloud
environments. In this scientific article, we outlined the main problems and reliability criteria of multi-cloud environments for their
further analysis. For this purpose, priority mini-problems related to the main problems were highlighted. The work is divided into
three small parts, each of which complements each other and fully reveals the subject of the article. In the first part, the problem of
multiclouds is described in detail, what is its state, the causes of its occurrence, how relevant the problems are for users of any
clouds and why they need to be solved in the near future, and note the considered possible consequences of ignoring them. Also,
the connection of problems with practical and scientific tasks was drawn up in order to offer solutions in cases of a combination of
cloud products from different providers in the IT infrastructure. In the second part, we got acquainted with the basics of the cloud
world and the main providers of the cloud market, using their example, we listed various risks and threats of clouds that caused
key reliability problems. In the final third part, the formed criteria of a secure cloud with multicloud are offered to your attention,
which can become a guide for choosing a universal method for ensuring the reliability of multicloud or similar systems. Of course,
for the uniqueness of the scientific work, a specific goal was given and the well-known works of other figures in the direction of
this topic were analyzed. Further details and results can be seen in the conclusions section.

Keywords: multicloud environment, cloud security, cloud computing, multicloud, reliability criteria, cybercriminal,
IT infrastructure.
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Harioransauii TexHIYHIA yHIBEpCUTET “XapKiBCHKUHN MOMITEXHIYHUHN IHCTUTYT , XapKiB, YKpaiHa

METO/ ITEHTU®IKALII CTAHY KOMIT'IOTEPHOI CUCTEMM HA OCHOBI
AHCAMBJIEBUX KITACU®IKATOPIB 3 IIOKPAIIIEHOIO
IMPOLEAYPOIO I'OJIOCYBAHHAA

AHoTanis. O06'€eKTOM T0CTiIZKEHHS € TIPOIEC 1IeHTUdIKAIIT cTaHy KOMITToTepHOoi cucteMu. [IpeameTom pocaiTKeHHs
€ Meroru ineHTH(ikanii crany KC. MeToro qocaixKeHHS € MMiABUIIEHHS SKOCTI Ta IIBUAKOAIT aHCaMOJIeBUX KiTacH(ikaTopiB
IUITIXOM ONTHMI3allii Iponeypy ronocyBanHs. MeToau, 0 BHKOPHCTOBYIOTHCS: METOAN MAIIMHHOTO HaBYaHHS, aHCAM-
OreBi KiIacudikaTopy, MeTo o0pi3kn aHcaMOIIiB, IPOLEAypa 3BaXKEHOTO aIalTUBHOTO rojocyBaHHsS. OTpuMaHi pe3yib-
TaTU: po3podieHo ancaMOIeBUil MeTox ineHTHiKalii KOMI'IOTEPHUX CHCTEM Ha OCHOBI MeTa-aJropuTMy OEriHT 3i cremia-
JIBHOIO TIPOLIEAYPOIO 3MEHIICHHS KiTbKOCTI 6a30BHX KiIacH(ikaTopiB Ta X pamxyBaHHs. J{oCiikeHO e(eKTHBHICTh PI3HUX
MiAXOMiB 00pi3KkK 0a30BUX KIacHU(iKaTOpiB Ha OCHOBI JepeB pillleHb A MiABULICHHS SIKOCTI MeTa-aroputMy. PosrmsayTo
Pi3HI BHIN METOMIB PO3paxyHKy BaroBHX KOe(ili€HTIB AJI peami3alii 3BaKCHOTO TOJOCYBAHHS 3 BUKOPHCTAHHSAM Pi3HUX
METPHK SKOCTi. ExcriepuMeHTaNbHI JOCIIKEHHS JO3BOJIMIN OLIHUTH PO3TIITHYTI MiJAXOANW OKPEMO, a TAKOX IMiATBEPIVIIH
e(eKTUBHICTH X KOMIUIEKCHOTO BUKOPHUCTaHHs. BUCHOBKH. 3a pe3ybpTaTaMu IOCTiIKEHHS 3alpOIIOHOBAHO yIOCKOHAICHHH
aHcamOneBuit kacudikarop ineHTUdIKaLii cTaHy KOMITIOTEPHOI CHCTEMH Ha OCHOBI METa-aJlTOPUTMY OETiHT, SIKHH Biapis-
HSIETHCS B/ BITOMUX KOMIUIEKCHIM BUKOPHCTAHHIO METO/IIB OOPi3KH 0a30BHX KJIacH(iKaTOpiB aHCAMOIIB Ta BUKOPUCTAHHIM
MIPOLIEyPH aJaNTHOTO 3BAKEHUM TOJIOCYBaHHSIM 32 paxyHOK yIOCKOHaJIeHHs KJIacH(piKaTopy BIAJIOCS MiABUIIUTH HOTO TO-
YHICTb 10 2.5%. IlepcriekTnBaMu MOAANBIINX AOCTIIKEHb MOXe OyTH mig0ip Ta HamamTyBaHHS 0a30BHX KIacH(iKaTopiB 3
BUKOPHCTAHHSM Pi3HHX METOJ[iB MAllIMHHOTO HABYAHHS.

KawuoBi caosa: xnacudikailis, MalliHHEe HAaBYaHHS, aHCaMOJIi, OCTiHT, 3Ba)KeHE TOJOCYBaHHS, 00pi3Ka aHCaMOIiB, TO-

YHICTb, IIBUIKOIIS.

Beryn

VY cyudacHoMy iH(OpMaliffHOMY CyCHUJIBCTBI KOM-
'IOTEPHI CUCTEMH Ta KOMITIOTEPHI MEpeKi CTajIn HeBiI'eM-
HOIO YaCTHHOIO MOBCSKACHHOI JisTBHOCTI JIOZEH Ta opra-
Hi3amiil. BoHM BiAirparoTh KIIOYOBY poiib y Oi3HECI, HayIi,
OCBITI Ta IHIIMX TATy3sX JIFOICHKOTO XHUTTA. [Ipu mpomy
3pOCTaHHS 3TYyYEHOCTI iHPOPMAIIHHIK TEXHOJOTIH y IIi
cdepu NPU3BOIHUTE /10 TMOCTIHHOTO 3pOCTaHHS CKIJIAIHOCTI
Ta PI3HOMAHITHOCTI MEPEeKeBHX TEXHOJOTIH, a TaKOX IO
30UIbIIeHHS 00CATY 1H(pOpMAIlil, IO NepeacThes.

Taki sBuina, sk [arepuer peui (IoT), xmapHi 064n-
CJICHHS Ta PO3MO/IiIEHI MEPEeXi, CTalli 3BUYAifHUMH y Ha-
LIOMY ITOBCSIKACHHOMY JKHTTI, 1 11€ TIPU3BEIIO 10 HOBUX
BUKJIMKIB y rajy3i iieHTndikauii Ta MOHITOPUHTY CTaHy
KOMIT'TOTepHHUX pecypciB. CydacHi CHCTEMH Ta MeEpexi
CTHKAIOTBCS 3 pU3NKaMH Kibeparak, 300iB, HEIIOIaI0K Ta
MIepeBaHTaXKEHb, 110 MOXE IIPU3BECTH JI0 CEPHO3HUX Ha-
CJIiJIKiB, HAIIPUKIIA]T, IO IIPOCTOXO Oi3HEC-TIPOIIECiB Ta BU-
TOKy KoH(QineHuiiHO1 iHdopmanii [1]. Ile poburs nu-
TaHHS iJeHTH(]IKAIIl cTaHy KOMITIOTEPHHX CHCTEM Ta
Mepex KPUTHYHO BAXIMBHMH. ICHye rocTpa HeobOXis-
HICTB Y pO3pO0IIi HOBUX Ta BIOCKOHAJICHH] iICHYIOUUX Me-
TOZIB ieHTU(IKAII] Ta KOHTPOJIO CTaHy KOMI'TOTEPHHUX
CHCTEM Ta MEPEeK, sIKi I03BOJISITh ONIEPATUBHO BUSBIISATH
Ta ycyBaTH npoOiieMH, 1110 BUHHUKAIOTh.

O0'eKTOM AOCTIMKEHHS € TIpoIeC iaeHTu(iKaril
CTaHy KOMIT'IOTEPHOI CHCTEMH.

IIpexmeTom roctixKeHHS € METO/IU Ta 3ac0o0H ite-
nrudikanii crany KC.

Ornsaj noB'si3aHux HaykoBUX myOuikanii. IIpo-
nec igeHTudikanii cTaHy KOMITIOTEPHOI CUCTEMH TIpel-
craBisie co0or mporueaypy 300py iHpopmamii mpo mo-
TOYHUH CTaH Ta MapaMeTpu CUCTEMH Ta ii aHalizy 3 Me-
TOIO0 3a0€3MEYCeHHS ONTHUMAIBHOT TPOMYKTUBHOCTI Ta
6e3nepebiiiHoi po6oTH. OCHOBHI XapaKTepUCTUKH, SKi

CITiJ] BpPaxOBYBaTH B Tpo1ieci i1eHTudikarii, BKIFOYaroTh
amaparHy KOH(QIryparito, oOCsT oIepaTHBHOI IaM'siTi,
BHUKOPUCTAHHS TIPOLIECOPHOTO PECYpCy, HasIBHICTh aKTy-
QIBHUX OHOBJIEHb POIPAaMHOTO 3a0e3NEeYeHHs Ta Haja-
LITYBaHHSI MEPEXKEBUX MapaMeTpiB, IHTEHCHBHICTh BUKO-
PHUCTaHHS PECypCiB MEpexki, 0COOIMBOCTI BUKOPUCTAHHS
cucTeMHUX (YHKUIH Ta iHmH [2]. AKTyalbHICTh I[HOTO
npolecy nomsirae B 3abesneueHHi e()eKTUBHOCTI Ta 0e3-
MIeKH pOOOTH CHCTEMH, BUACHOMY BHSIBICHHI MOXKIIMBHX
npo0OiieM abo Bpa3nMBOCTEH, a TAKOXK BIOCKOHAJIEHH] pe-
CypcHoOro BHKOpHCTaHHA. Ha mpomnec ineHTH(}iKamii Mo-
XKYTb BIUIMHYTH 3MiHHM B arlapaTHOMY 3a0e3IeueHHi, Ipo-
IPaMHUX OHOBJICHHSIX, HaJIAIITYBaHHSIX OE3IeKH, 3MiHa
3aB/1aHb, SIKi BUKOHY€E KOMIT'TOTEPHA CHCTEMa, A TaKOX He-
CaHKIIOHOBaHE BTPYYaHHS B POOOTY KOMIT FOTEPHOI CHC-
Temu. B Oyp-KOMY BUIAIKY, 11l TOIT Bi10OPaXarOThCs B
OCHOBHHX XapaKTepUCTHKAX i1 poOOTH.

Hnst inentudikamnii ctaHy KOMIT'IOTEPHOT CUCTEMH
BUKOPHCTOBYIOTBCSL Pi3HI METOQM Kiacudikaii, npoTe
ToTIepeHI JOCIiHKeHHS TTOKa3ajy, 0 HaHOibII sKic-
HUMH € aHcaMOJieBi K1acuikaTopu. AKTYaJIbHICTh BUKO-
pHUCTaHHS aHCaMOJIEBUX KiIacuU(iKaTopiB moisrae B ix
3[ATHOCTI TOKPAIIUTH TOYHICTh Ta CTIMKICTh Momeieit
[UITXOM ITOE€THAHHS JIEKLTBKOX 0a30BUX KIacH(]iKaTopis,
1110 JIoTIoMarae 3HU3UTH BIUIMB BHIIAJIKOBUX TIOMUJIOK Ta
i IBUIIUTH 3arajbHy TOYHICTH MPOTHO3IB [3].

OnHUM 3 TIOMYJSIPHUX METOMIB aHCAMONIOBAHHSA €
oerinr (bootstrap aggregating method), sikuit BUKOPHCTO-
By€ BHOIpKM JIaHWX, 3T€HEPOBaHI METOIOM OyTCTperry
(BuOipKa 3 TIOBTOPEHHSM), [T HABYAHHS JIEKIJIBKOX Oa-
30BUX Kiacudikaropi. Lleil miaxix cupusie 3HIKCHHIO
BIUIMBY BHIAJKOBUX MOMMJIOK Ta ITiJJBUIICHHIO 3aralb-
HOi TOYHOCTI NPOTHO3iB. Pe3ynbrarn podoTH UX Kiacu-
(ikaTopiB MOTIM arperyroThcs 3a JOIOMOTOI0 TOJIOCY-
BaHHS a00 OOYHMCICHHS CEPEIHBOI OIHKH, IS OTPH-
MaHHsI KiHIIEBOTO MPOTHO3Y [4].
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Bubip ancamOneBux Kinacu(ikaropis, TakuXx sIK OCTiHI
y TOpPIiBHSHHI 3 IHIIMMH METOIAMH MAIIMHHOTO HABYAHHS
00yMOBJICHHIT HI3KOIO TIepeBar, sIKi poOIIsITh HOro nprBadiu-
BUMH 17151 Oarathox KiacuikaliiHuX 3aBaaHb [5]:

1. CriiikicTb 10 nepeHaByanHs: OMHIEIO 3 OCHOB-
HUX Tpo0IIeM y MallMHHOMY HaBYaHHI € TepeHaBYaAHHS
Mojeneil Ha TpeHyBaJbHHUX AAHWX, IO MPHU3BOIUTH IO
MIOTaHO1 y3araJbHIOIUO0] 3MaTHOCTI HOBHX JaHUX. AHCa-
MOJIeBi METOMH, BKJIFOYArOYH OCTiHT, MPamioiTh HA OC-
HOBI KOMITO3HIIii AEKITBKOX MOAETICH, 1110 3MEHIIy€e HMO-
BipHICTh IICpEHABYAHHS Ta ITiABHIIY€ CTIHKICTB.

2. TomimmeHHs cTabiIbHOCTI Ta y3arajbHIOHOYOT
37aTHOCTi: AHCaMO0JeBI METOH TMOEAHYIOTh IPOTHO3M
KIJIbKOX 0a30BHX MOJIETIEH, 110 I03BOJISIE 3HU3UTH BILJIMB
aHoOMaJil Ta mWyMmy B JaHuX. Lle mpu3BOaUTH 10 OLIBII
cTabUIPHUX 1 HaAiHUX NependadeHb, sKi Kpale y3ara-
JILHIOIOTHCS HAa HOBI JIaHi.

3. Tligsumenns TouHocTi: KoMOiHyBaHHS IPOTHO-
3iB KUTBKOX MOZAETICH MOXKe 3HAYHO TOKPAIUTH TOUHICTh
knacugikamii. AHcaMOneBi MeToqu, Taki sk OeriHT, HO-
3BOJITIOTH 3HU3UTH AHCIEPCiI0 IOMIIIKA Ta ITiJBUIIUTH
3araibHy TOYHICTh MOJEIT.

4. Po6ora 3 pi3HMMH THIIaMU 0A30BUX MOJEICH:
AncamOIieBi METOIUM MOXKYTh 3aCTOCOBYBATHCS 3 pi3-
HUMHU 0a30BUMH MOJEIISIMU, TAKMMH SIK BHPIIIAJIbHI Jie-
peBa, JIiHIMHI MOJIeNi, METOJl ONIOPHUX BEKTOPIB Ta iHIII.
Ile no3Bossie BuOWpaTH HaWKpamli 0a30BI MOIENi IS
KOHKPETHOTO 3aBJaHHS.

5. MacmraboBaHicTs: AHcaMOJIEBI METOIM JIETKO
MacImTaOyrOThCs, MOJIENeH, IO POOHTH IX MPHIATHUMHI
JUI aHAJ3y BEIHKHX OOCATIB JaHMX Ta CKJIaJHUX 3a-
BIaHB.

6. TIpocrora peamizamii: binpmicTs aHcamMONIeBUX
METO/IiB, BKIIFOUAIOUHX OCTiHT, BiTHOCHO MPOCTI B peali3a-
il Ta moTpedyoTh He3HauHOTO HanamTyBaHHs Lle cripo-
1Iy€e iX BUKOPUCTAHHS Y MPAKTUYHHUX 3aBIaHHSIX.

Pa3om B3sTi, 11i nepeBaru poOIsITH aHCaMOIEBI Me-
TOJAM, TaKi SIK OEriHT, MOTY)XHUM Ta YHIBepCaJbHUM iH-
CTPYMEHTOM JIJIsl BUPIILIEHHS PI3HUX 3aBlIaHb Kiacupika-
uii. OgHak, sK 1 3 OyIb-SIKAM iHITUM METOJOM MAIIIHH-
HOTO HaBYaHHS, BXKJIUBO MPOBOTUTH EKCIICPHUMEHTH 3
HAJAIITYyBaHHS [TapaMeTPiB IS ONTUMI3aIlii IPOyKTHB-
HOCTIi MOJIENI AJIsl KOHKPETHIO 33a]a9i Ta KOHKPETHHUX BU-
XITHUX JaHUX.

IHocranoBka npodaemu. OCHOBHOIO METOIO IIOTO-
YHOTO JIOCITIIXKSHHSI € TTiIBUIIICHHS] TOYHOCTI Ta IIBHJIKO-
aii OeriHr xIacudikaTopiB 3aCTOCOBHO JI0 3aBIAHHS iJ1e-
HTU(DiKamii cTaHy KOMITIOTEpHHX cucteM. llomepenHi
HAaIlll TOCIHiPKeHHs Oyny MOB’s3aH1 3 OMEePeIHBOI0 00-
POOKOIO IaHKX, SIKa CYTTEBO BILIMBAE HA TOYHICTD KJIACH-
¢ikarii cTaHy KOMIT'TOTEpHOi CHCTEMH. 3apas3, METOO Po-
00TH € JOCHTIKEHHS ¢()CKTHBHOCTI BUKOPUCTAHHS Pi3-
HUX TEXHIK MPOLEAYpPH TOJOCYBaHHs aHcamOieBux Oe-
ITiHT KJIacu(pikaTopis:

1. OOpizka ancamOiiB. lleit MeTon BKJIOYa€e BU-
3HAYCHHs ONTUMAJFHOTO 4yucia 0a30BHX KiacuikaTo-
piB, sIKi IIOBUHHI OyTH BKJIIOUEHI B aHCcamMOIb. 1S 1bOTO
MIPOBOJIUTHLCS OIliHKA SKOCTI MPOTHO3iB KIIacU(iKaTopy
Ha BaNigamiiHi{ BUOIpII A7 pi3HOTO Yncia Kiacugika-
TOPiB Ta BUOWPAETHCA ONTHUMAJIbHA KUIBKICTh 0a30BHUX
Monene ancamOmio. OOpizka aHcaMONiB JormoMarae
YHUKHYTH TIepeHaBYaHHS Ta MiABUIIY€E HOTO IMIBUIKOIIIO.

2. 3BakeHEe roJIOCYBaHHS 3 aJallTHBHUMHU Baramu.
VY npOMy METOJIi NIPHUCBOIOIOTHCS Pi3HI Baru KOXXHOMY 3
6azoBuX KiacudikaTopiB B aHcamOli, IPyHTYIOUHCH Ha
iXHIM MPOMYKTUBHOCTI HA HABYANBHIN Ta BaJigaIliiiHini
BHOipKax. AanTHBHE NMPUCBOEHHS BAarW J03BOJISIE JaTH
01Ty Bary OiJIbII TOYHUM KITacHpikaTopam, o MmoKpa-
Iye 3arajbHy TOYHICTh aHCAMOIIO.

3. TomocyBanns 3 BaramMu, 3aCHOBaHUMH Ha BUXi/I-
HUX JaHUX. Y I[bOMY METOJi BarW KO)KHOTO Kiacuika-
TOpa BU3HAYAIOTHCS 3 YPaXyBaHHSIM XapaKTEPUCTHK BH-
XITHUX JaHUX, SK-OT iX CKJIaJHICTh 4M MomiOHicTh. Lle
JI03BOJIsIE THYYKIIE HANAIITOBYBaTH BHECOK KOXKHOTO
KJacudikaTopa y miJICyMKOBE roJIOCYBaHHS.

4. KaniopyBanus BneBHeHocti. Lleit MmeTon cops-
MOBaHHMH Ha KOPEKIil0 BIIEBHEHOCTI, 3 SIKOIO aHCaMOJb
pobuth nporuosu. Lle 0coOMMBO KOpPHCHO y BHIaIKax,
KOJIM aHCaMOJIb aKLEHTY€ yBary Ha HENpaBHJIbHUX MPO-
raHo3ax. KamiOpyBaHHS BIEBHEHOCTI JO3BOJSE ITOKpa-
IIATH SKICTh IMOBIPHICHHX TPOTHO3IB.

5. MeraHaByaHHA 3 ME€Ta03HaKaMu. Y LIbOMY Me-
TOZI BUKOPUCTOBYETHCS APYTUIl piBEHb aHCAMOITIO, SIKHH
HaBYAETHCS HA OCHOBI IependaueHp repuroro pisas. Lle
HABYAHHS JI03BOJISIE BUKOPHCTOBYBATH 1H(GOPMAIIIIO TIPO
Te, SIK KOKEH KJlacu(ikaTtop Mparioe Ha Pi3HUX MpPUKIIa-
Jiax, 1100 MOJIMIIUTH MiICYMKOBI Iepe10adeHHsI.

3a mornepeIHRO0 OIIHKOK, HAMKPAII pe3y/IbTaTh J10-
CSTaroThCs TIPU 3aCTOCYBaHHI 3BYKEHOTO roJIocyBaHHsI [6] 3
Baram, 10 6a3yroThCsl Ha MPOYKTUBHOCTI KOXKHOTO 3 KJIa-
cuikaTopiB Ta TEXHIKKA 0OPi3KM aHCAMOIIB 3 BUKOPUCTAH-
HSM PIi3HMX OIIHOK SKOCTI KiacudikaropiB [7]. OcHOBHe
TIPUITYIIEHHS JOCIIPKEHHS MOJSITa€ Y KOMIUIEKCHOMY BH-
KOPHCTaHHI IIMX METOMIB BiTHOCHO CTBOPEHHS OLTBII 30a-
JIAHCOBAHOTO 1 TOYHOTO aHCaMOITEO KiacH(ikaTopiB UL i1e-
HTHQIKAIT cCTaHy KOMIT'IOTepHOi cucTeMu. KoMOiHyrouH iX,
NParHeMo TOKPAIIUTH TOYHICTh MPOLEAYPU TOJIOCYBaHHS
Ta 3a0e31eunTH OUTbII Ha/iiHI pe3ysbTaTH Iijl Yac i1eHTH-
¢ikarii cTaHy KOMI'IOTEPHOI 1H(PACTPYyKTypH, a TaKokK
3MEHILHTH 4ac pOOOTH OTPUMAaHOI CHCTEMH 1ieHTH(iKaLIil
3a PaXyHOK 3MEHILIEHHS KUJIbKOCTI Ki1acudikaTopis.

Orisaa mixxoaiB Ta MeTOAIB

CraHzapTHe IpoCTe TOJI0CYBaHHs B OeriHr aHcaM0-
JISIX Tependavae piBHUIA BHECOK KOXKHOTO 3 0a30BUX He-
3ajexHux kiacudikaropis. IIpoTe BU3HauUSHHS BaroBHx
KOeQIli€HTIB KOKHOTO KIacU(iKaTopy, sIKMH 3aJie)aTh
Bil Pi3HHUX OIIIHOK HWOTO SIKOCTi, MOXYTb IMiJBUIIUTH
TOYHICTH aHCaMOITIO [8]. PiBHSHHS JIsl pO3paxyHKy Baro-
BOTO KOC(IIi€HTA € TAKHM:

Perf;
Yie=1 Perfi’
Iie Wy; — OUHaMivHa (aJanTUBHA) Bara i-ro Kiacudika-
Topa; Perf; — ouiHka sKoCTi i-ro Kiacudikaropy;
Yk=1 Perf, — cyMa OLIHOK NPOIYKTUBHOCTI YCiX Kiacu-
¢ikaropis.

Y SKOCTi KpUTEpist OIIHKY AKOCTi Kiacudikamii Mo-
KYTb BUKOPHUCTOBYBATHCS HACTYIIHI TOKa3HUKH: TOYHICTh
(1), F1 Score (2), ¢ynkuis Brpar 0-1 Zero-One Loss
function (6), mnoma mig ROC-xpusoro (ROC AUC
Score), ¢ynkuis norapumivanx Brpar Log Loss

function (7), 30anancoBana Tounicts Balanced Accuracy
Score (8).

€y

Wai
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n

1
For @) == B5iay,, @
i=1

ne fo1(3,y1) — oysakmis Brpar 0-1 Zero-One Loss
function; n — KUIbKICTb CIIOCTEPEkKEHB; ¥, — IPOTHO30Ba-
HUH BUXiZ Kiacudikartopy; y; — ICTHHHE 3Ha4YeHHS;
032y, — OlHapHa QyHKUis, AKa npuiimac 3HaveHHs I,
Koy Kyacu(ikarop poOuTh BipHY Kiacudikariito.

fiog loss —

RS wk R N
= —;zizl(yi logy, + (1 — ) -log(1 = %)), (3)

€ fiogloss — (QYHKIISA JTOrapuMivHAX BTpaT; N — Killb-
KICTh CIIOCTEPEKEHbB; ¥, — MPOTHO30BaHUI BHXiJ| KIACH-
¢ikaTopy; y; — ICTHHHE 3HAYCHHSI.
1 TP TN 4
fb‘”_z(TP+FN+TN+FP)' )
1€ fpas — QyHKIIS 30amaHcoBaHOi TouHOCTI; TP — Kinb-
KICTh TPABWIBHO TMEpea0auCHUX MMO3UTUBHUX TOMIIH;
TN — KiJBKICTh NMPaBWIBHO INepe0aYeHUuX HEraTHBHHX
mofiif; FP — KiTBKiCTh HETIPaBIIIBHO TIepeI0aueHIX MO3H-
TuBHUX noAil; FN — KiJbKICTh HETIPpaBWIBHO Tepenodade-
HHUX HETaTUBHUX MO

OcHoBHa ifes 00pi3ku aHCaMONeBHUX KiIacH(pikaTo-
PpiB moJsirae B TOMY, 1100 MOOYAyBaTH aHCaMOJIb He3aJIexk-
HHUX KJIaCH(IKaTopiB 3 BUKOPHUCTAHHIM METa-aJTOPUTMY
OeriHra, a HOTIM OLIIHUTH BHECOK 200 MPOLYKTHUBHICTh KO-
JKHOTO 3 KJIACU(IKaTOPIB y 3arajJbHUN pe3ynbTar 1 BUILY-
YUTH YaCTHHY HAMMEHII IPOAYKTUBHUX 13 HUX 32 IEBHUM
npasuiioM [9. 10], 1110 3MEHIINTH Yac HABYAHHS Ta IJICHTH-
¢ixanii KC. JIyist OLiHKM IPOIYKTUBHOCTI MOYKHA BUKOPH-
CTOBYBAaTH a0COIOTHY TOYHICTH Ta omiHKy F1 Score:

A _ TP+ TN _ s
WY = TP Y TN+ FP+ FN’ ®)
fiscore =
TP
= 1 = .(6)
TP + 0.5(FP + FN)
Precision  Recall

[MTo3HaurMo 0OUABI XapaKTEPUCTUKH MPOLYKTHBHO-
cti sk Perf. Tomi ¢yHkiis Bubopy 6a30BOro iHauBigya-
JTBHOTO Kiacu(ikaTopa Oyle BUIIAIATH TaK: I 00pi3Ku
aHCaMOITIO 32 TEBHUM 3HAYECHHSAM MPOAYKTHBHOCTI (BU-
pa3 3) i s oOpi3Ku aHCaMOIIO 3a BiJIAJICHICTIO TIPOIY-
KTUBHOCTI BiJI CEpEAHBOTO 3HAUCHHS (4).

f = Perf(n) > Perfr, @)
ne f — dyHKuis, 1Mo BHU3HAYAE HEOOXIIHICTh BUKOPHC-
TaHHA N-H Kiacudikatopy y (iHaJIbHOMY TOJIOCYBaHHI;
Perf (n) — omiHKa MPOXYKTHBHOCTI N-T0 KiIacu(pikaropy;
Perfr — 3a3nanerigpe oO6pane moporose 3HaYSHHS.

f = |Perf(n) — Perfu,,| < Perfr,  (8)

ne f — GyHKIis, M0 BH3HAYAE, HEOOXiTHICTH BHKOPHC-
TaHHA N-H Kiacudikatopy y (iHaJIBHOMY TOJIOCYBaHHI;
Perf (n) — omiHKa MPOXYKTHBHOCTI N-T0 KiIacu(pikaropy;
Perfayg — cepeniHe 3Ha4EHHS OLIIHKY NPOAYKTUBHOCTI YCiX
knacudikaropis; Perfr — 3azpanerins oOpane moporose
3HA4YEHHs. 3a/1aBIIHM TOPOTOBI 3HAYECHHS Ta BUOPABILH 32
1X JIOITOMOIOI0 SIKICHI 0a30Bi MOz€eI, HEOOXIAHO MOEI-
HaTH iX 17151 piHATBHOTO TOJIOCYBaHHS.

®opMyJII0BAHHSI TeOPETHYHUX O4iKyBaHb. Oc-
HOBHOIO 1/1e€10 OeriHT KiIacudikaTopiB € mo0y10Ba Ben-
KOi KIIBKOCTI He3aJIe)HUX 0a30BUX KiacudikaTopis, sKi
HaBYAIOThCS Ha Pi3HUX Habopax naHux. Came ToMy, Kia-
cudikaTropu MOXXKyTh poOHUTH pi3Hi poruo3u. Kpim toro,
Ha TOYHICTP KJIacUdiKalii ancaMOIr0 MOYke BIUTHBATH He-
30aaHcoBaHICTh KiaciB. CaMe y TakMX BHITAJIKaX 3Ba-
JKCHE TOJIOCYBaHHA MOKE ITiABHIITH TOYHOCTI 32 paxy-
HOK paH)KyBaHHS CKJITHUKIB aHCaMOITIO 3a SIKICTIO IX po-
6otu. Pazom i3 THM, 3BaskeHE TOJIOCYBaHHS OTpelye 30i-
JIBIIEHHS Yacy HaBYaHHA Ta, 110 HAHTOJOBHIMIE, 30171b-
meHHs 4dacy igentudikanii KC, amxe mig gac roiocy-
BaHHS HEOOX1/IHO BPaXOBYBaTH BaroBi KOE(illiEHTH KOX-
HOI Mozielt.

BupimmTH 110 npo6ieMy MOXIIMBO 32 PaxyHOK 00-
Ppi3ku aHCaMOITIO, IO MPHU3BE/IE O 3MCHIIICHHS KIIBKOCTI
6azoBux Kiacudikaropis [11, 12]. KommiekcHe BUKopu-
CTaHHSA HABEJICHUX IIJXOMIB MiIBHIIUTH TOYHICTH PO-
6oTH aHCaMOITIO TIpH HE3HAYHOMY 301IBIICHHI 9acy Kiia-
cudikarii.

ExcnepuMeHTaNbHI J0CTIIIKEHHSA
Ta OUiHKA e()eKTUBHOCTI

Ilepma yacTHHA eKCEPUMEHTY IOJATAE Y BHKO-
PHUCTaHHI TEXHIKH 3Ba)KCHOT'O TOJIOCYBAaHHS UL IIiJ(BH-
OICHHS TOYHOCTI Kiacudikarii ancam0OIeBOro OeriHr
knacudikatopy. Y SKOCTi BUXITHAX JAHUX, BAKOPHUCTAHO
LITYYHO 3reHEepPOBaHi 3HAYECHHS 3 BEJIMKUM BMICTOM IIy-
MiB, 1110 IMITYIOTb Moka3HukH QyHkiionyBanns KC. Po-
3po0ieHo mporpaMHe 3a0e3IeueHHs], sSIKe CIIOYaTKy Ha-
BUA€ CTaHAApPTHHH OeriHr knacugikarop. Hanmani Buko-
HYETBCS aHaJI3 SKOCTI KOXKHOT 13 6a30BUX Moyielieit Ta po-
3paxoBYIOTHCS JIJIsl HUX BaroBi Koe(illieHTH Ha OCHOBI pi-
3HHX MTOKA3HHKIB AKOCTI IX pOOOTH: TOUHICTH (accuracy),
F1 Score, ¢pynkmis Brpar 0-1 (Zero-One Loss function),
mwroma mig ROC-kpuBoto (ROC AUC Score), ¢pyHKIis
nmorapudmivaux Brpar (Log Loss function), 36amanco-
BaHa TouHICTh (Balanced Accuracy Score). Pesymbratu
JOCIIDKeHHs ipelicTaBieHi Ha puc 1 — 3.

F1 Score vs Selected Dynamic Weight Calculation Method
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0.883
0.88 4

0.877
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F1 Score

0.86 4

0.84

Selected Dynamic Weight Calculation Method

Puc. 1. 3anexuicts merpuku F1 Score ancambiiio
BiJl 00pPaHOTO METOY PO3PAXyHKY BaroBHX
KOe(iLi€HTIB IS TOJIOCYBaHHS
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Train Time vs Selected Dynamic Weight Calculation Method
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Selected Dynamic Weight Calculation Method

Puc. 2. 3anexxHicTh yacy TpeHyBaHHS aHCaMOITIO BiJ 00paHOTO
METOy PO3PAXyHKY BaroBHX KO€(illi€HTIiB A TOIOCYBAaHHS

Test Time vs Selected Dynamic Weight Calculation Method
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Selected Dynamic Weight Calculation Method

Puc. 3. 3anexHicTs yacy ineHTHbiKallii aHcaMOITIO Bil 00paHOTo
METO/ly PO3paxyHKy BaroBux Koe(iLieHTiB 111 TONOCYBaHHS

3a pe3yabpTaToM MPOBEJCHUX EKCIIEPUMEHTIB OTPH-
MaHO, 1110 BUKOPHCTAHHS MPOLEAYPHU 3BaXKEHOTO TOJI0CY-
BaHHS JI03BOJISI€ MIABUIUTH TOYHICTH pOOOTH aHCaMOJIs
Ha 0.5%, 3nauenns F1 Score nHa 0.6%, 3HaYeHHs
Presicion Ha 0.1% ta 3HaueHns Recall Ha 1%. Ilpu
L[bOMY, HaliKpalli pe3y/IbTaTd OTPHUMAHO IPH PO3PAXyHKY
BaroBUX KOEQiIieHTIB Ha OCHOBI METOAY JOTaphU(Mid-
HHX BTpaT.

VY 3B’s13Ky 3 HEOOXiJHICTIO PO3PAaXyHKY BarOBHUX KO-
eQimienTiB, 30UTBIOIYIOTECS Yac TPCHYBaHHSA Ta TECTY-
BaHHS aHcaMOIo (puc.5-6). Lle moB’s13aH0 3 HEOOXimHI-
CTIO BpaxyBaHHS BaroBHX Koe(ilieHTiB 0a30BUX KJacu-
¢ikaropiB y mporneci (piHaIBHOTO ToJ0CYBaHHS. 301b-
LIIEHHs 4acy TECTYBaHHS € HECYTTEBHUM 1 CKJIaJae OfHY
CEeKYHIY.

Jlpyra yacTuHa eKcriepuMeHTY IOJISITae y 10Ci-
JDKEHHI BIUIMBY Pi3HHMX TEXHIK 00pi3KH aHCamOITio 3 paH-
)KyBaHHSIM [IOPOTOBHX 3Ha4YCHb KPUTEPIlB IPUHHATTS pi-
IIeHb Ha e()eKTUBHICTH pOOOTH aHCaMOIeBOTO KiIacugi-
kaTtopy. st 11boro OyII0 pO3MITHYTO YOTHPH TEXHIKH 00-
Pi3KH, e y AKOCTi KpUTEPis MPUIHATTS pillIecHb BUKOPH-
CTOBYBQJIUCH TaKi IMOKa3HUKH AKOCTi Kiacudikamii: Ac-
curacy, Presicion, Recall ta F, score. Pe3ynsratu mocii-
JOKEHHSI TIPEJICTaBJICHI Ha puc. 4 — 6.

3a pe3ysIbTaToM MPOBEACHUX CKCIICPHMEHTIB MOYKHA
CTBEPIDKYBaTH, II0 BUKOPHCTAHHS INPOLEAYPH OOpPI3KH
aHCaMOJIIO 3 paH)KyBaHHSAM ITOPOTOBOTO 3HAYEHHS JI03BO-
JIs€ MABUIMTH SIKICTh Kiacugikauii. Bubip ontumans-
HOTO MOPOTY INPU3BOIAMTE JO ITiABHIICHHS TOYHICTH PO-
6otu ancamb6is Ha 2%, 3HaduenHs F1 Score Ha 2.1%, 3Ha-
yeHHs Presicion Ha 1.9% Tta 3HaueHHs Recall Ha 3.8%.
[Tpu npoMy BiMiYaeThCst HE3HAUHE 301IBIIIEHHS Yacy Tpe-
HyBaHHS aHCaMOJIs 4epe3 HeOOXiTHICTh BHIAJICHHS IICB-
HUX KiacuikaropiB. 3 iHIIOro GOKy — 3HAYHO 3MEHIIY-
€THCS YaC TECTYBaHHS, 10 MOB’SI3aHO 31 3MEHIIICHHAM Ki-
JbKOCTI 0a30BuX Kiacudikaropis. Halikpaiui pesynsratu
B/IA€ThCSl OTPUMATH NP BUKOPHUCTAHHI OOPI3KH 32 TOYHi-
CTIO 3 ToporoBumu 3Ha4eHHsAIMU (0.9062 T2 0.9162, a Takox
NIPY BUKOPUCTAHHI OOPI3KH 32 3HAYESHHSIM METPUKH SIKOCTI
F1 Score 3 moporosumu 3HaueHHAME 0.8992 Ta 0.9092.

TpeTst yacTHHA eKCIEPMMEHTY MOJISITae y JOCIi-
JDKEHHI BIUTUBY KOMILJIEKCHOTO BUKOPHCTAHHS OOPI3KH aH-
caMOITIO 3 paH)KyBaHHIM KPUTEPIiiB IPUHHATTS pillleHsb 1 iX
MOPOTOBHX 3HAYEHb Ta TEXHIK 3Ba)KCHOTO TOJIOCYBaHHS.
Pesymeratn mociimkeHHS IpeICTaBIeH] Ha puc. 7 — 9.

F1 Score ws Selected Ensamble Pruning Method & Threshald

0.4
0.92
0,90 - ogos ULBZE 0.E3E
s 4 o7 0.883 O.BEZ DEB3 R i
e
E .86
* 054 -
0.8 0,620
080
07n
=% un 2 " an Ly . 3 . .
. R - - S A
R A A R A
5 7 &7 oT & T o O o 0‘., Q:?
P R A

npgy  LAIE 0.EDE —
. nas3

OETT

OLEEZ

nE77 0883

0LBETY

selected Ensambde Pruning Methad & Threshald

Puc. 4. 3anexuicts merpuku F1 Score ancam6itio Bix 00paHoi TeXHIKH 00pi3KH Ta BiJ 0OPaHOTO IOPOTOBOTO 3HAYCHHS
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Train Time vs Selected Ensamble Pruning Method & Threshald
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Puc. 5. 3anexHicTh 4Yacy HaBYaHHs aHCAMOITIO
BiZ 00paHOi TeXHIKH OOPI3KH Ta BiJi 0OpaHOTO OPOTOBOTO 3HAYCHHS
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Puc. 6. 3anexHicTh 9acy igenTHikarii ancamoIio
BiJ 00paHoi TeXHIKH 0OPi3KH Ta BiJf 0OPaHOTO IOPOTOBOTO 3HAYCHHS
F1 Score vs Selected Pruning Method w/ Threshold & Dynamic Weight Calculation Method
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Selected Pruning Method w/ Threshold & Dynamic Weight Calculation Method

Puc. 7. 3anexuicts 3HadeHHs MeTpuku F1 Score ancamOitro Bix 06paHoi TexHiKH 00pi3KH,
00paHOTro MOPOTrOBOTO 3HAYCHHS Ta METO/Y PO3PaxyHKy BaroBHX KOe(illieHTIB AJIs TOIOCYBaHHS

83



Control, Navigation and Communication Systems. 2023. No. 3 ISSN 2073-7394

Train Time vs Selected Pruning Method w/ Threshold & Dynamic Weight Calculation Method
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‘Selected Pruning Method w/ Threshold & Dynamic Weight Calculation Method

Puc. 8 3anexHicTs yacy TpeHyBaHHS aHCAMOIIIO Bil 00paHOi TEXHIKM 00pi3KHy,
00paHOTO MMOPOTOBOTO 3HAYCHHS Ta METOY PO3pPaxyHKy BaroBHX KoeiIlieHTIB JUIS TOJOCYBaHHS

Test Time vs Selected Pruning Methad w/ Threshold & Dynamic Weight Calculation Method
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Selected Pruning Method wi Threshald & Dynamic Weight Calculation Method

Puc. 9. 3anexHicts yacy inenTHdikaii Bix o0paHoi TEXHIKH 00pi3KH,
00paHOTo MOPOTrOBOTO 3HAYCHHS Ta METOLYy PO3pPaxXyHKy BaroBHX KoedillieHTiB /IS TOJIOCYBaHHS

3a pe3ysIpTaToM MPOBEACHUX CKCIICPUMEHTIB OTPH-

MaHO, II0 KOMIUIEKCHE BUKOPUCTaHHs MpOoLeaypH o0Opi-
3KH aHCaMOIIIO Ta 3BaXKEHOTO TOJIOCYBAHHSM JI03BOJISIE, B VY pamkax JociipKeHHs OyJI0 POBEIeHO aHalli3 pi-
IIOMY, MiABUIIATH TIOKa3HUKU SKOCTI Kiaacudikarlii 3a- 3HUX IIIXONIB O MiJBUINCHHSA €()EeKTHUBHOCTI OeriHr-
MPOMOHOBaHOTrO aHcambmo: Accuracy — Ha 2.5%, F1 xmacudikartopiB s ineHTH(IKALIl cTaHy KOMIT IOTEpHOL
Score — Ha 2.4%, Presicion — Ha 2% Ta Recall — Ha 2.8%. cucremu.
[Ipu upoMy BigMidaeThest 30UTBIICHHS Yacy TPEHYBaHHS VY sKoCTi BUXIIHMX NaHWUX, BUKOPHCTAHO MITYYHO
arcamOist 10 1 ceKyHau Yepes HeOOXiHICTh BUNANIECHHST 3T€HEPOBaHi 3HAUEHHS 3 MiABUIIEHUM BMICTOM LIyMiB,
MEBHUX KIacu(ikaTopiB Ta po3paxyHKy BaroBMx koedi- IO IMITyrOTh Moka3HUKY ¢yHKuioHyBanHs KC. Byno no-
Ii€HTIiB. 3 iHIIOTO GOKY, 301JBIIEHHS Yacy TECTYBaHHSA 0  CIIDKEHO TEXHIKy 3Ba)KEHOTO TOJIOCYBAaHHS 3 BUKOPHC-
1 CekyHaM € He 3HAYHMM Ta MPUAHATHUM [UTSA iIeHTH(]I- TaHHAM Pi3HUX METPUK SKOCTI KiacudikaTtopiB IS OIli-
Kallil cCTaHy KOMIT' FOTEPHHUX CHCTEM 3 IOCEKYHIHUM 300-  HKH X Bar Ta mpouenypa 3MEHIIEHHsI KIIbKOCTI 6a30BUX
POM CTaTHCTUYHUX JaHUX. KJIacuQikaTopis.

Pesynprati eKCepMMEHTy MiATBEPAMIN IIiABH- [IpoBeneni nociiUKEHHS MiATBEPIWIN IPUILY-
IICHHS SKOCTI Kiacu@ikariii 3a paXyHOK BHKODHCTaHHs — ILLEHHS, 110 3Ba)KEHE JMHAMiuHe TOJIOCYBaHHs Ta 00pi3Ka
MPOLIEAYPH 3BAKEHOTO TOJIOCYBAHHS HA OCHOBI (DYHKIii aHcaMmOJIiB CIIPUSIOTH ITiIBHILEHHIO IKOCTI Kiacudikamii.
norapu()MiuHHX BTpaT Ta 00pi3ku aHcamOiro, 3acHoBany LI MeToaM MOKIMKaHI 3a0e3neYnTH OLIbII HaAIlHY Ta TO-
HA BUKOPUCTAHHI TOYHOCTI Yy SIKOCTI KPHTEpil0 Mpuii- YHY ifeHTHU}IKalilo CTaHy KOMIT'IOTEPHOI CHCTEMH, IO

BucHoBxku

HSATTS pillIeHHs 3 MoporoBuM 3HadeHHsM 0.9062. BaKJTUBO JJIS1 CBOEYACHOTO BHUABJIICHHS aHOMAJiH y iX po-
TakuM YMHOM, TPOLEAYpH 0Opi3KK aHcaMOMiB 3 pi-  GOTI.
3HAMU TEXHIKAMH Ta MOPOTOBUMH 3HAYCHHSIMH, & TAKOK OO0pizka ancamOmiB, KpiM MiJBUIICHHS TOYHOCTI,

METOJIMKA 3BKEHOTO TOJIOCYBAHHS JAalOTh MOXIIUBICTH — MAe€ € OJHY Ba)XKIHMBY IIEpEBary - CKOPOUEHHS 4acy po3-
migeumuTH  eexTuBHICTH poboTH aHcamOmro. Ilpum mi3HaBaHHSA Ha TecToBid BuOipui. Ile ocobmuBo akrya-
[BOMY X KOMIUIEKCHE BUKOPHCTAHHS JO3BOJIIE OTPH- JIBHO Y CHUTYaIisX, A€ IIBUAKOAIS € KPUTUYHUM YHHHHU-
MaTH MaKCHMaJIbHe 3HauCHHSI METPHK SKOCTi IIPH JOIyc-  KOM yCIilHoi ineHTudikanii cTaHy CHCTEMH.

TUMOMY Ii/IBUIIEHHI Yacy TPEHYBaHHS Ta 4acy TECTy- 3 iHmoro OOKY, 3BakKeHE THUHaMIYHE TOJOCYBaHHS
BaHHI. HaJla€ MOXJIMBICTh TOYHIIIE BPaxyBaTH MPOIYKTUBHICT
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Cucremu yIpaBTiHHA, HaBiramii Ta 3B'a3ky. 2023. Ne 3

KOKHOTO Kiacudikatopa B ancam6mi. OcoOn1Bo BaxIin-
BOIO € THYYKICTh y BHOOpi (DyHKIUIT OLIHKM SIKOCTI, sIKa
Mo)ke OyTH aJlanToBaHa 10 KOHKPETHOTO 3aBJIaHHSI.

KomriekcHe BUKOpUCTaHHSI 000X METO/IB Ma€ Hakd-
Oinpnid To3uTUBHUN edekt. I'pyba oOpi3ka aHCaMOIIiB
CKOpOYy€e po3Mip aHCAMOITIO Ta MPUCKOPIOE MPOIIeC KiIa-
cudikarii, a 3BakeHe JIMHAMIYHE TOJIOCYBaHHS 301IbITye
sKicTh Mopeni. Taknii KOMIUTeKCHUN miaxix 3abesmedye
Haiikpamny eeKTHBHICTh imeHTH(iKamii cTaHy KOMIT'TO-
TEPHOI CUCTEMH.

3a pe3ynbTaTaMu JIOCTIKEHHS OTPUMAHO, 10 KOM-
IUIEKCHE BUKOPUCTAHHS METOIB MOXKE OyTH KOPHCHUMH
IHCTpYMEHTAaMU JIJIs MiJBUINCHHS TOYHOCTI Ta HaIidHO-
CTi imeHTHdiKanii craHy KOMI'IOTEPHHX CHUCTEM, 0C00-
JIMBO B yMOBaX HasBHOCTI JIaHMX, IO 3HAXOJATHCS HA
MeXi po3MexyBaHHA KiaciB. OTpuMaHi pe3ylIbTaTH MO-
KyTh OyTH Ba)KJIMBHM KEPIBHHIITBOM IUIS MPAKTHKIB Ta
JNOCTIHUKIB, SKi NMParHyTh MiIBUIIHTH €(PEKTHBHICTH
poboTu GeriHr-Kiacnu(ikaTopiB B aHAIOTIYHAX MTPHUKIIA/I-
HHX 33/1a4aX.
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Method of identifying the state of a computer system
based on ensemble classifiers with an improved voting procedure

Oleksii Hornostal, Svitlana Gavrylenko

Abstract. The object of research is the process of identifying the state of the computer system. The subject of research
is the methods of identifying the state of CS. The purpose of research is to improve the quality and performance of ensemble
classifiers by optimizing the voting procedure. Methods used: machine learning methods, ensemble classifiers, ensemble pruning
method, weighted adaptive voting procedure. The results were obtained: an ensemble method of identification of computer sys-
tems based on the begging meta-algorithm with a special procedure for reducing the number of basic classifiers and their ranking
was developed. The effectiveness of various approaches to pruning basic classifiers based on decision trees to improve the quality
of the meta-algorithm was investigated. Different types of methods for calculating weighting coefficients for the implementation
of weighted voting using various quality metrics are considered. Experimental studies allowed to evaluate the considered ap-
proaches separately, and also confirmed the effectiveness of their integrated use. Conclusions. Based on the results of the research,
an improved ensemble classifier for identifying the state of the computer system based on the begging meta-algorithm is proposed,
which differs from the known ones in the complex use of pruning methods of basic ensemble classifiers and the use of the adaptive
weighted voting procedure. Due to the improvement of the classifier, it was possible to increase its accuracy to 2.5%. Prospects for
further research may be the selection and adjustment of basic classifiers using various machine learning methods.

Keywords: classification, machine learning, ensembles, begging, weighted voting, ensemble pruning, accuracy, performance.

85


https://doi.org/10.1007/978-981-16-0965-7_58
https://doi.org/10.26906/SUNZ.2023.1
https://doi.org/10.1016/j.inffus.2022.09.015
https://doi.org/10.1109/MMA52675.2021.9610949
https://doi.org/10.3390/math10111892
https://doi.org/10.1109/UBMK.2019.8907028
https://doi.org/10.1007/978-3-319-20248-8_6
https://doi.org/10.1007/978-981-16-6605-6_33
https://doi.org/10.1016/j.eswa.2021.114744
https://doi.org/10.1007/s10489-023-04572-x
https://doi.org/10.7465/jkdi.2014.25.6.1371
https://doi.org/10.1016/j.patrec.2016.01.029

Control, Navigation and Communication Systems. 2023. No. 3

ISSN 2073-7394

UDC 004.41

Olena Dvirna, Kseniia Verhal, Yuri Ivanov

doi: 10.26906/SUNZ.2023.3.086

National University «Yuri Kondratyuk Poltava Polytechnic», Poltava, Ukraine

THE HIGHER EDUCATIONAL INFORMATION SYSTEM: MANAGEMENT OF THE
TIMETABLE SCHEDULING AND LOGISTICS OF THE EDUCATIONAL PROCESS

Abstract. In modern conditions, one of the important areas of development of a higher educational institution is the
automation of educational activities through the implementation of a complex information system. In order to increase the
effectiveness of simultaneous management of various aspects of educational activity, the information system should
combine a wide range of functionality, including the timetable scheduling module. This paper is dealing with the one of the
important issues of the most significant university administrative processes - timetable scheduling. This module should
support working with big data and have the appropriate software and technical infrastructure, analytical tools, reporting
units and error detection units. The article discusses some aspects of the timetable module. A description of the software
and technical infrastructure of the business process of forming the university schedule is given.

Keywords: I nformation system, higher educational institution, schedule, curriculum, students, system architecture.

Introduction

In modern conditions, society have been facing with
the need of an ongoing digitalization of the activity in all
sectors activities of the economy, including the field of
higher education as a central venue for the creation of new
knowledge economies for the 21st century [1]. Under the
influence of the rapid expansion of COVID-19 epidemic,
the russian federation's military war of aggression against
Ukraine higher education institutions of Ukraine are
undergoing digital transformation. The information
technologies and systems, learning technologies and
digital platforms are actively implemented to meet the
needs of students and faculty, since these needs are critical
for teaching and learning. Trying to absorb the shock,
students, academic staff, and administration embarked on
a fast experimentation and learning process on how to
teach, learn and administer digital education [2]. The
study plan is the main foundation of the educational
process in any academic institution that determines the
content all training activities that each student must
undertake during its university career. The study plan
specifies a list of educational components and their logical
sequence according to the state educational standard,
implements the basic principles of subject selection,
regulates the total academic load and the volume of
academic disciplines, the student's workload by periods of
study, forms of final control. Given the complex structure
of the study plan, the generation of the schedule of the
university's educational process is important component of
the educational process, its quality and efficiency.
Considering the lack of automated information systems in
universities the process of building student's schedule is
considered one of the chronic problems facing the
educational process in many educational institutions [3].
The university course schedule is the main, final planning
document that regulates the educational work of students
and educational staff. The problem of drawing up a
schedule at the university is to distribute a set of courses
according to the curricula within the given number of
classrooms and time periods (pairs).

The informatization of universities has become one
of the main issues of higher education management in the
digital age.

Almaraz et al. [4] define the digitalization of HEIs.
This research is focused on digital transformation
challenges in higher education institutions. Jackson [5]
presents the research into managerial strategy, pitfalls and
pivots of digital transformation. The issues related to the
theoretical model of digital transformation in the HEI is
presented in research [6]. The authors of the paper [7]
consider five general assumptions that hinder the digital
transformation of HEIs. In [8], the authors consider the
problems of the digital transformation of higher education
after COVID-19. Paper [9] considers a key aspect of the
digital transformation of higher education - the creation of
a digital learning space.

The Bologna process, proposed in 1999, tends to
harmonise HE systems throughout Europe in order to
ensure compatible degree structures, equal academic
qualifications and enhancing the attractiveness of foreign
students to study across FEurope [10]. Structural
convergence of HE systems in Europe, generalized view
of characteristics in HEIs, more complex and standardized
HEI systems, became an important task of universities
[11]. Globalisation of HE stimulates the use of more
advanced information and communication technology
[12]. Universities and colleges of many countries of the
world are constantly searching for tools used to automate
educational processes. Such tools are mainly focused on
the selection of educational process management systems,
electronic document flow management systems,
educational activity support systems, virtual learning
environment for providing distance education.

Information systems in higher education institutions
are designed to manage and organize the vast amount of
data that is generated in these institutions. These systems
provide a platform for storing, processing, and retrieving
data related to student records, financial aid, academic
programs, faculty, staff, research, and administrative
operations.

Usually, educational institutions use corporate
information and analytical systems (IAS) [13], which are
usually commercial products and require considerable
costs for the purchase of licensed software (software
products of automation of the process of creation and
management and examinations of MedMe, BeAxi from
KindGeek, (England) [14], software for the development
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of the system of accounting the student body Lotus
Notes/Domino from IBM, (USA) [15]). The main
disadvantages of using such information systems for
Ukrainian universities are the English-language interface,
high cost and the failure to take into account the specifics
of domestic institutions of higher education.

Some of the key information systems used in higher
education institutions include:

* Student Information System (SIS): SIS is a
comprehensive database that stores and manages student-
related data, such as registration, enrollment, grades, and
transcripts. It also includes features for course scheduling,
degree audit, and student communication.

* Learning Management System (LMS): LMS is
an online platform used to deliver and manage course
content, assessments, and communication between faculty
and students. It also includes features for tracking student
progress and performance.

+ Financial Information System (FIS): FIS is used
to manage financial data related to tuition fees, financial
aid, scholarships, and grants. It also includes features for
budgeting, accounting, and reporting.

*  Human Resources Information System (HRIS):
HRIS is used to manage employee data related to hiring,
payroll, benefits, and performance evaluation. It also
includes features for tracking employee attendance and
leave.

* Research Information System (RIS): RIS is used
to manage research data related to grants, funding,
publications, and collaborations. It also includes features
for tracking research progress and outputs.

These systems help higher education institutions to
streamline their operations, improve efficiency, and
enhance the student experience. They also provide
valuable insights into institutional performance and help in
decision-making processes.

However, quite often the automation of higher
educational institutions builds on disparate tools that are
not combined into a single system for solving functional
problems. Moreover, separate software tools have their
own information bases for each functional problem, do not
cover all objects and processes of the HEI activity, and do
not take into consideration the peculiarities of a particular
university (a comprehensive educational scheduling
system UniTime [16]).

The use higher educational information system
should ensure [17]:

1. In educational activities:

+ creation of a modern distributed educational and
methodological environment university;

* use of Internet technologies in the educational
process;

* e-learning;

» export and import of educational services in the
international educational space.

2. In scientific activity:

» presentation of the scientific potential of the
university in the global information space;

+ access of scientific staff to the information
resources of world scientific centers;

+ implementation of joint research and projects as
part of international consortia.

3. In the university management:

* management of the processes of collection,
storage and processing of information about the university
facilities, data search and analysis;

» provision of automated control of the execution
of decisions;

* improvement  of
management planning;

+ improvement the efficiency of the use of
financial and material and technical resources.

But in their implementation, information systems
have two groups of problem, namely technical and non-
technical [18].

The technical aspects related to systems itself,
namely the quality of technical information system.

In contrast, the non-technical aspects are associated
with the perceptions of users op an information system
that cause them to accept or refuse to use an information
system.

At present, universities of Ukraine have
implemented and are using a number of automated
educational process management systems, namely [17]:

* Academic Information System (AIS) «STEP 5
PROF» [http://gavah.com.ua];

* AIS «Direktiva» [http://www kitsoft.com.ua];

* AIS «University» [http://www.unitex.com.ua];

* A package of computer systems of "Polytek-
soft" PE [http:// www.politek-soft.kiev.ua.];

educational  institution

*  Program complex “ALMA-MATER”
[http://www.direct-it.com.ua];

« AIS "Higher = Educational Institution"
[http://ndipit.com.ua];

o IS "University" [http://www.kspu.edu];

* The electronic management system of the
university «Socraty [http://vsau.vin.ua/]

¢ Program complex "Automated educational
institution management system" [https://mkr.org.ua/].

The information systems listed above automate the
main structural divisions of the higher educational
institution - the dean's office, the academic department,
the admissions committee, the personnel department, the
accounting and financial department, etc.

The main processes that can be automated in the
presented automated systems include:

* management of the educational process;

+ management of the introductory campaign;

* management of information resources;

* management of financial and
activities;

* management of scientific work.

The analysis of the information systems of the
automation of the activities of the higher educational
institution carried out in the article [17] allow to determine
the following characteristics of higher educational
information system:

* open architecture;

* modular designs;

+ cross-platform architecture;

* minimization of client software requirements;

+ differentiation of user access rights;

+ simultaneous access by multiple users;

* network security controls.

economic
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The purpose of the article is the description and
development of the timetable scheduling module of the
hight educational information system.

Systems design

iZETA is an automated system of planning,
organization, management and control of the educational
process in higher educational institutions. The system is
designed to create, support, process and save information
about the components of the educational process;
automation of document flow in planning, organization,
management and control of the educational process;
information and analytical support of all units of the
educational institution. The system covers all stages from
the formation of educational plans to the preparation of the
timetable scheduling and the formation of accounting data
for the completed teaching load by the teaching staff of
the university. The purpose of creating the software
package is to obtain reliable and complete information
about the educational process in a timely manner, as well
as to reduce the labor intensity of inputting and analyzing
accounting information, increasing efficiency, consistency
and reliability of data. A software package implemented
on the basis of client/server technology. The database
server uses the MySQL DBMS version 5.0 and higher,
which ensures high reliability of data storage and integrity.

Work logs make it possible to monitor each user's
access to certain system data. With the help of the
"iZETA-Updater" tool, system modules are automatically
updated.

Primary data is formed through a system of
directories that make it possible to accumulate the
following information in the database:

e list of educational institutions (branches of the
main educational institution);

Databasz

- tableg

 list of university classrooms;

 list of education programs;

* list of departments of the university;

 list of academic disciplines;

* information about academic staff and employees
of the university;

 list of full-time and part-time positions;

* hourly wage tariff grid;

e categories of administrative documents;

* templates of printed forms etc.

The access of authorized users to work with system
modules is regulated through the administration module.
With the help of a multi-level system of access regulation
in one information field, users of different departments
and departments of the educational institution can interact.

The system has a modular structure. Each
submodule is called by the main module, and each
submodule completes a relatively independent function.
Each submodule can be developed, tested, and modified
independently and finally forms the whole system, so the
system has good scalability. The system is divided into
twelve modules:

¢ Management of the study plan;

» Editor of the study plan;

* Consolidated educational process timetable;

* Management of the Consolidated streams;

» Teaching load calculations;

* Teaching load distribution;

* Timetable scheduling;

* Management of the teaching load;

* Business trip manager;

* Management of publishing of printed products;

* Administrative documents management;

*  Printing documents on higher education;

The system structure is shown in Fig. 1.

Flasistation

Web site

Fig. 1. Top level components of iZETA
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The server part of the iZETA is the intermediary
between the database and users’ applications. The main
tasks of the server part are transparent access of clients to
the database, ensuring the simultaneous operation of all
users and synchronization and data exchange between
users. The architecture of the software is designed in such
a way that all users work in a single information space. So,
the changes made by one user are instantly visible to all
other users.

The interface handles the different menus, forms,
data management, schedule management (Web site with
schedule for students and academic staff), report
management, and user management.

Schedule formation is computationally complex
problem of distributing sets of resources to support the

curricular needs: accessible  workforce, courses,
appropriated classrooms, labs, and working days of
academic staff and student. “The allocation of given
resources to specific objects being placed in space time, in
such way as to satisfy as nearly as possible a set of
desirable objectives, subjected to constraints.” The
presence of knowledge for creating timetabling software
has led to new insights, like improved methodologies and
more comprehensive models [19]. Timetable must meet a
number of requirements and should satisfy the desires of
all entities involved simultaneously as well as possible.
The timing of events must be such that nobody has more
than one event at the same time [20]. The architecture of
the program module Timetable scheduling Module
consists of such main components, represented in Fig. 2.
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Fig. 2. The main component of the Timetable scheduling Module

This structure allows meeting the specific
requirement of the system, including scalability and
maintainability. This programmer Timetable scheduling
Module is able to handle large amount of data and flexible
to adapt to changes in the scheduling requirements. This
module performs the main functions, such as:

+ formation of a list of university classrooms with
the selection of their types - lecture -classrooms,
laboratories and seminar classrooms, multimedia and
computer classrooms (Fig. 3);

+ formation of the schedule for the current
academic year for the corresponding educational
institution in a semi-automatic mode;

+ analysis of the formed schedule for the presence
of critical inconsistencies for each academic staff member;

* analysis of the workload of the classrooms for
the specified period;

* blocking in the schedule for the academic staff
member due to his business trip or vacation;

» generating printed forms of relevant documents,
exporting them to MS Excel file format.

The architecture of a Timetable scheduling Module
includes several layers or components, such as:

» User interface layer: This layer provides the user
interface for administrators or scheduling managers to
input data, configure scheduling rules and constraints,
view schedules, and generate reports (Fig. 4).

« Data layer: This layer stores all the data needed
for scheduling, such as course offerings, academic staff
availability, room availability, and scheduling rules and
constraints. In the presented system, the module interacts
with the database, calling the following data references:
Student Data, University Classrooms Data, Education
programs Data, Departments Data, Educational Staff Data,
Courses Data, Positions Data.

* Scheduling engine layer: This layer includes the
algorithms and rules that optimize the schedule based on
the input data and constraints.

* Reporting layer: This layer provides report on
various aspects of the scheduling process. These reports
help managers to make informed decision about resource
allocation and course offering.

* Integration layer. This layer allows for
integration with other modules of iZETA (Fig. 2). It
enables the module to exchange data, ensuring
consistency and accuracy across the entire system.

» User presentation layer. This layer provides the
user web interface for the module, allowing users to
interact with the system and schedule. The layer
distributes information through a browser. So the user can
send requests to the server, and display the results returned
by the server.

* Error handling layer. This layer is responsible
for identifying, reporting, and handling errors that occur
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during the operation of the module. It provides mechanisms
for detecting, reporting, and handling errors, ensuring that
the system operates smoothly and efficiently. When an

error message that describes the nature

error is detected, the error handling layer generates an

of the error. The

error message is displayed on the user interface (Fig. 5).
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Fig. 4. The interface for scheduling managers to input data
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During the formation of the schedule, the system
monitors three important components of the module - the
teacher's employment, the classrooms’ employment, and
the group's employment. If the system identifies an error
in at least one of the three components, then courses
cannot be held at a given time in a given audience.
Employment for each component is marked by color. For
example, in the figure, the purple color indicates the
group's employment, the pink color indicates the teacher's
employment. To avoid creating conflict situations in the
schedule grid (for example, when the teacher at the same
time is engaged in several groups). With any changes to
the schedule grid, the schedule are automatically changed
for all users. According to this approach, the dispatchers
that make up the schedule can track changes in real time
and see any kinds of overlays errors. In Timetable
Scheduling Module there are some constraints that are
detected using the Error handling component [21]:

» Lectures should not have timeslot clashes.

* None of the room could be used for two different
lectures at same time slot.

[ ] TR

Echeduls Man=gr

s 2
4

* None of the lecturer should have two classes at
same time slot

» Every classroom must be scheduled exactly once
at same time slot.

» The working hours should be according to
teaching load.

The schedule adjustment capability enables Schedule
Managers to manually fix schedules in order to apply
constraints that are not implemented by the auto-scheduler
function of the system.

The architecture of the software module is designed
in such a way that all schedule makers work in a single
information space. Changes made by one schedule maker
are instantly visible to all other schedule makers.
According to this approach, the dispatchers that make up
the schedule can track changes in real time and see any
kinds of overlays.

The key actors for the proposed program module
“Timetable  scheduling”  include  Administrators,
Education department, Schedule Manager, Head of
department, Lecturers, and Students (Fig. 6).

Fig. 6: Use case diagram

The Administrator manages the application, access
rights and data warehouse. The Education Department is
responsible for education planning: study plans, teaching
load, students data and academic staff data. The
responsible employee of this department is engaged in
updating data in warehouse, creating, and editing of the
study plans, monitoring the distribution of teaching load.
Report management enables the users to view or print
schedule reports. Students and Lecturers management
allows the Education Department to edit other possible
users of the system.

The schedule manager is responsible for scheduling
and managing the overall Timetable Module. Students and
Lecturers, and other guest users in general may view
schedules through the relevant website.

Conclusions

An automated system (iZETA) was provided for the
process of planning, organization, management and
control of the educational process in higher educational
institutions. The paper explains the work of the Timetable
Scheduling Module of this system.
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The paper has contributed directly to improving the  general automation of the activities of a higher educational
work on scheduling by automating the work of the institution, including the work of the educational
Schedule managers. The program can be used for the department.
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ABTOMATH30BaHa CHCTEMa yNPaBJIiHHSA 3aK/J1a10M BHLIOI OCBIiTH:
YIpaBJIiHHSA PO3KJIAIOM Ta JIOTiCTHKOIO OCBITHHOTO MpoIecy

O. A. [IBipHa, K. }O. Beprau, 0. B. IBanos

AHoTanisi. B crarti po3risaatoTees 0co0nMBoCTi QYHKI[IOHYBaHHSI aBTOMAaTH30BaHO! CHCTEMH IUIaHYBaHHs, OpraHiza-
1ii, yIpaBIiHHS Ta KOHTPOJIO HaBYAIBHOTO MPOIIECY y BHIIMX HaBUAIBHUX 3aKiafax. PO3rIsHyTa CTpyKTypa Ta B3a€MOJis oc-
HOBHHX KOMIIOHEHTIB aBTOMaTn30BaHoi cucteMu ynpasininas iZETA. OcobnuBa yBara npuaiiieHa po3po0ii MOayJIro, SIKUi Bif-
TIOBiJIa€ 3a CKJIaJaHHs HaBYAIBHOTO PO3KJIAmy Ta 3a0e3Nedye JIOTICTHKY OCBITHBOTO Hporecy. CTBOPEHO Ta 3alpONIOHOBAHO iH-
Tepdelic MOmyIIIo, OIMCAaHO HOTO OCHOBHI KOMITOHEHTH Ta (yHKIioHan. 3a qonomoroto UNL miarpamu npenieHaeHTiB BinoOpa-
JKEHO POJIi OCHOBHUX aKTOPIB, SKi IIPUHMAIOTh Y9acTh pOOOTI MOJYJIIO CKIIaIaHHsI HABUAJILHOTO PO3KIIAmy.

Kaw4yoBi caoBa: iHpopmariiiHa cucTema, BUIIMI HaBUAIBHUNA 3aKiaf, pPO3KiIal, HABYANbHUU IJIaH, CTYIEHTH, ap-
XITEKTypa CHCTEMH.
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USING JAVA AND C # PROGRAMMING LANGUAGES
FOR SERVER PLATFORMS AND WORKSTATIONS

Abstract. The paper analyzes the features of the use of known programming languages Java and C #, and their use in software
development for server platforms and workstations. Their main advantages and disadvantages are investigated, some differences in
their syntax are compared. Based on the existing dynamics of popularity, the prospects of Java and C # programming languages are
shown. By comparing a simple synthetic test, their speeds were compared on the Java virtual machine version 1.8 and the Microsoft
NET Framework version 4.5. As a result, recommendations for further use of Java and C # programming languages are offered.

Keywords: Java, C#, JVM, .NET, programming.

Introduction

Nowadays, two popular and rapidly developing
competing programming languages are Java and C#. Even
though C# appeared much later than Java, they have a lot
in common, but as they say, nothing is perfect.

This case is not an exception, and in this article, an
analysis of the advantages and disadvantages of each of
them is carried out. When comparing C# and Java, we
must start with their origin stories. What is the reason for
this? Well, mainly because of their similarity, which
explains the many similarities you face today between
these languages. C # and Java languages appeared at
different times. The Java language was created long before
C #. Under the name Oak Java was developed by Sun
Microsystems in 1990, and in 1995 the first beta version of
Java was released. The creation of C # was announced in
2000, and in 2002 the first version of the .NET platform
supporting C # was released. Thus, if Java was created
based more on the experience of Objective C and C, then
for C # such support was C ++ and Java itself. And, despite
its name, C # turned out to be closer to Java than to C ++.
From the developer's point of view, Java and C # are very
similar. Both languages are strictly typed and object-
oriented. Both incorporate much of the C++ syntax, but
unlike C++, are easier to learn for beginners. Both
borrowed from C a set of basic keywords and service
symbols, including curly braces for delimiting blocks. Both
languages come with rich library collections. But
languages also have their features and differences,
strengths, and weaknesses. C # took into account many
shortcomings of Java and corrected them in its
implementation. But Java does not stand still, evolving in
parallel with C #. Kick Redek of Microsoft considers C #
to be a more complex language than Java. According to
them, "Java was built to keep a developer from shooting
himself in the foot", and "C # was built to give the
developer a gun but leave the safety turned on” [1].

The purpose of the article is analysis of Java and C
# programming languages' functionality. Considering the
advantages and disadvantages of each language, determine
the best option for software development.

Presenting main material

C# is a product of Microsoft and the main direction
of this language is products for the operating system of the
Windows family, both for desktop computers and for
mobile devices. The Unity 3d game engine, on which
many games are developed, is also gaining popularity,

primarily due to its cross-platform nature (the ability to run
on different operating systems) [2]. Using the Xamarin
platform allows you to use C # to develop applications for
various operating systems, including Android. Although
the system is quite new and at first glance very promising,
it is not known exactly how long it will take root. This is
due to the fact that Microsoft sometimes closes its products
if it sees their futility. This can be easily verified by
installing their main tool for developing Microsoft visual
studio software. If you compare their versions, you can see
that older versions contain such tools for program
development, which are excluded in more modern versions
of Microsoft visual studio, such as J # [3]. In this approach,
Microsoft has both advantages and disadvantages. The
advantages are that to maintain the relevance of products, it
is necessary to spend company resources that can be used
to develop more promising products. The main
disadvantage is that the programmer will have to learn
another language and start all over again, which is not good
for him, as well as for the company's reputation in his eyes.
The strictness of the language helps to avoid many obvious
mistakes. Java, according to statistics, ranks first in
popularity. The scope of this language is very large and it
supports the ability to run programs almost anywhere:
almost all operating systems, personal computers, servers,
mobile phones (using Java mini), Android operating
system, GPS navigators, VCRs, satellite systems, pressure
meters, heart rate monitors, even bracelets to measure the
quality of human sleep, etc. According to official
developer data, Java is used on more than 3,000,000,000
(three billion) devices [4]. The approach of Java developers
in the field of stability is completely opposite to Microsoft.
New Java components are tested long before they are fully
marketed and are not removed after they are released.
Undoubtedly, this method has a significant disadvantage,
the novelty of the product is introduced very slowly.
Despite this, nowadays, the latest version of the Java
language is almost not inferior in innovations to C# [5].

Regarding the comparison of the performance of
programs written in Java and C#, we can say that this
comparison is a synthetic test, and its purpose is to
compare how long it will take programs written in C# (net
4.5) version "Release" and Java (1.8) to complete tasks in
the Windows 10 operating system. For example, consider
the process of creating the same class a given number of
times, for example, 1,000,000,000 times, in which the
same mathematical functions are performed. Programs
were run not from editors, but from created files, which
were created not as Debug versions, but as Release.

© Dmytrenko T., Derkach T., Dmytrenko A., 2023

93



Control, Navigation and Communication Systems. 2023. No. 3

ISSN 2073-7394

As a result of the test, you can clearly see that to
perform the same operations, the program in C # took more
time than the program in Java, ie a program in Java
performs the same operation several times faster than a
program in C # [3].

There is a set of libraries for both languages, which
allows you to build a user interface for desktop
applications. In the case of Java, these are the Swing and
SWT multiplatform libraries, as well as the platform
JavaFX, which allows you to create RIA applications.

For C# on the Windows platform, the main platforms
for developing desktop graphical applications are
Windows Forms and WPF. There is a special WinRT
platform for development under Windows 10. For other
platforms, the gtk # library, created as part of the Mono
project, is used. Developments that are originally based on
Windows are usually built on Windows Forms, their
transfer to another platform becomes time-consuming [4].
C# development in the Mono environment using gtk# is
ported, but much less. There is no implementation of the
WPF platform within the Mono project, so WPF programs
are not portable to Linux—based operating systems.

C #, along with Java, is gradually becoming popular
on several Linux and BSD-based operating systems. The
implementation of the Mono project was a legally painless
process, as the CLR and C # languages are standardized by
Ecma and ISO, and anyone can implement them without
worrying about the legal side of the case. At the same time,
it should be noted that a program written in a Windows
environment can have significant problems running under
another OS [1]. For server software development, these
two programming languages are closest to being
considered competitors. Java with its J2EE (Java (2)
Enterprise Edition) platform and C# with its ASP.NET are
at odds when it comes to creating dynamic web content
and applications. Both programming languages are widely
used and supported in this market, along with a set of tools
and related products created in JavaEE and .NET [2].

Since the creation of C #, it is constantly compared
with Java. There is no denying that C # and its CLR
control shell owe much to Java and its JRE (Java Runtime
Environment). It is arguable that C # development is the
result of Microsoft's recognition that the Java-led control
code shell has many benefits in a growing networked
world, especially with the advent of the Internet on non-

personal devices and the growing importance of network
security. [3]. Prior to the creation of C #, Microsoft
modified Java (creating J ++) to add features that only
work on Windows, thus violating the Sun Microsystems
license agreement. The development of these two
programming languages, as well as their APIs, binaries,
and execution environments, is governed differently. C # is
defined by ECMA and ISO standards, which specify the
syntax of the language, the format of the executable
modules (known as CLI), and the Base Class Library. The
standards do not include many new libraries, such as
libraries for databases, GUIs, and web applications. To
date, no component of the Java environment is
standardized by Ecma, ISO, ANSI, or any other standards
organization. While Oracle retains unlimited exclusive
legal rights to modify and license its Java trademarks [4].

Conclusions

Today, Java is more popular than C#, and
considering the popularity graphs, the situation will not
change in the near future. C # attracts primarily because
you can write anything on it, thanks to the .NET platform
and a huge number of frameworks. However, despite its
affinity with C ++, it is quite friendly to beginners. The
syntax of C# is more concise because signs are used
instead of long words. Its special advantage is the ability to
divide classes into separate parts and files with the
instruction "partial". In terms of software development
speed, C# is once again the leader — it is possible to write a
simple program using GUI (graphical user interface) faster
than Java [5]. If the program must be cross-platform, there
are no options when choosing between C# and Java — Java
will be better in this case. In the speed of the conducted
synthetic test, Java won by a significant margin. Thus, we
can conclude that if you need stability, cross-platform, and
speed of the program itself, it is better to write in Java, and
if you need to write a program that will run on Windows
then it will be more profitable to choose C #. In general, do
not worry too much about this choice. C # was originally
created as an analog of Java, so the languages are quite
similar. After all, a programming language is just a tool,
and C # and Java are like two tools that are the same in
purpose but from different companies. Therefore, the main
thing is to learn how to use this tool, and which one you
have specifically is not so important.
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Bukopucranns MoB nmporpamyBanHs Java ta C# 17151 cepBepHUX IJIaTGOpM Ta Po6OYMX CTAHIIN

T. A. Imutpenko, T. M. [lepkay, A.O. Imutpenko

AHoTaniss. B poboTi npoBeneHo aHaiz ocoONMBOCTEH BHKOPHCTaHHS BiIOMHX MOB mporpamyBaHHs Java Ta C#, Ta
BHKOPHUCTAHHs X y po3poOLi MporpamMHoOro 3abes3redeHHs A CepBepHMX miardopM Ta poboumx craHmiil. JocmimkeHo ix
OCHOBHI TepeBaru Ta HeJOJIKH, IPOBEICHO MOPIBHSIHHS JESIKHUX BiIMiHHOCTEH y iX cMHTakcuci. Ha OCHOBI icHyI04Ol TUHAMIKK

HOMYJISIPHOCTI, NMOKa3aHa MEePCHeKTUBHICTh MOB MporpamyBanHs Java ta C#.

[IIngX0M HpPOCTOrO CHHTETHYHOIO TeCTy OyJo

NPOBE/ICHO MOPIBHIHHS 1X MIBUAKOCTeH Ha ruiatdopmi Java virtual machine Bepcii 1.8 Ta Microsoft NET Framework Bepcii 4.5.
B pe3ynbrarti 3anpornoHOBaHO PEKOMEHAAI{, 010 MOAAIBIIOr0 BUKOPUCTAaHHS MOB IIporpamyBanHs Java ta C#.

Kawuogi caosa: Java, C#, JVM, .NET, nporpamyBaHHs.
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TECHNICAL REQUIREMENTS FOR THE PHYSICAL AND APARTMENT
INFRASTRUCTURE OF THE MOBILE DATA PROCESSING AND STORAGE
SYSTEM FOR THE DATA PROCESSING CENTRE OF THE CONTAINER TYPE
OF FINANCIAL INSTITUTIONS, ENTERPRISES, ORGANISATIONS

Abstract. In modern conditions, the amount of information is constantly increasing, and at the same time, the speed of
doing business is increasing. According to Gartner Group estimates, the global average amount of user data per company is
120 terabytes. In turn, according to IDC calculations, last year 35 billion messages were sent in one hour in the world. If
these numbers are taken into account, it turns out that one message accounts for approximately 3.4 MB of information. To
be successful, companies not only have to operate with large volumes of data, but also process it quickly and efficiently. At
the same time, according to the opinion of the world's leading experts, there are about 40 key macrotechnologies in the
world today that determine the level of the economy. These processes were significantly influenced by the specifics of the
formation, constant development and transformation of cyberspace. In these areas, breakthrough achievements are
predicted, first of all, in artificial intelligence, cloud technologies, internet of things, productivity and nature of computing
devices, possibilities of storage, processing and transmission of large arrays of data and information (Big Data), means and
technologies for their implementation on radically new principles. The capabilities and vulnerabilities of almost all modern
infocommunication and cybernetic systems increasingly depend, in addition, on the growth of the interrelationships of
various information systems and control systems among themselves in multiparametric, multidimensional cyberspace and
their informational and cybernetic interpenetration, interaction and interdependence, etc. Therefore, taking into account the
above, it is necessary to focus primarily on the creation of permanently functioning data processing centers (data centers),
and under the conditions of our state's opposition to the aggressor country, to develop appropriate data processing and
storage systems on mobile platforms. Another, quite significant and meaningful component is taking into account the
modern structures of information protection and cyber security systems, which involve the use of a fairly powerful line of
tools, both at the technological and software levels, the use of extensive relevant architectures, protection methods aimed at

prejudice, detection and response to potential cyber threats.

Keywords: information, data processing, asset, cyber threats, cyberspace, communication system.

Introduction

Problem statement. The unique capabilities of
data centers (DC) guarantee the efficiency and
uninterrupted operation of any organization, helping to
solve most of the problems inherent in any type of
business.

Multicomponent systems provide:

- high reliability of information storage at a fully
justified cost;

- significant cost savings due to a variable
selection of services and opportunities, which is
especially relevant when implementing new IT projects;

- reduction of costs for renting premises, service of
equipment and payment of electricity;

- creation of conditions for smooth operation and
interaction of the head office and the network of
branches;

- the possibility of organizing a reserve office in
case of need.

Modern DC allow you to work with a large flow of
information, organize centralized data storage, increase
the reliability of the entire information infrastructure
and ensure communication between the DC and users.

An improperly designed and deployed DC, savings
on life support systems: the subsystem of ventilation, air
conditioning, fire extinguishing, access control and
video surveillance, this can cause negative
consequences. Violation of stable functioning or
technological processes of DC operation can block

access to information, and in the worst case, it will be
irretrievably lost. Therefore, it is extremely important
for all financial institutions of our country to develop
and implement the relevant technical requirements (TR)
for data processing and storage systems (DPSS) of
container mobile data centers, as well as to ensure the
stable operation of the corresponding subsystems in the
conditions of the existing risk of violation of banking
operations through cyberspace.

Understanding the needs of the present day for
conducting business, there is a rather urgent question
regarding the creation of an effective and reliable data
center (data center), and in the conditions of our
country's war, to foresee the development of appropriate
the DPSS on mobile platforms. The basis of the
implementation of such solutions is the principle of
access to corporate network resources and
virtualization, which will allow to rationally distribute
the load on equipment and ensure uninterrupted
operation of applications. The development and
implementation of the specified systems (centers) will
ensure data storage, backup and data recovery,
guaranteed accessibility to all corporate assets. At the
same time, the territorial location of data and servers
does not matter at all, you can work with data from
anywhere, having an access interface and an Internet
connection. If necessary, it is possible to organize work
from mobile devices.

Kesearch publications. Ensuring the stable
functioning of electronic communication systems and
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networks of financial institutions of Ukraine in special
conditions and ensuring uninterrupted operation of
departmental information systems in conditions of
martial law, data storage (information), ensuring access
to information resources of subjects and users is carried
out in accordance to the current legislation of Ukraine,
regulatory acts of the National Bank of Ukraine, taking
into account international standards, generally accepted
international practices and principles [1], in particular:

- Law of Ukraine "On Electronic
Communications" (current edition dated 03/31/2023),
document 1089-1X;

- Law of Ukraine "On Basic Principles of Ensuring
Cyber Security of Ukraine" (Verkhovna Rada Bulletin,
2017, No. 45, Article 403, with amendments), document
2163-VIII,

- Law of Ukraine "On banks and banking activity"
(information of the Verkhovna Rada of Ukraine, 2001,
No. 5-6, Article 30, with amendments), document 2121-
III;

- Law of Ukraine "On Financial Services and State
Regulation of Financial Services Markets" (Publications
of the Verkhovna Rada of Ukraine (VVR), 2002, No. 1,
Article 1), document 2664-I11;

- Resolution of the Board of the National Bank of
Ukraine dated September 28, 2017 No. 95, document
v0095500-17, "On approval of the Regulation on the
organization of measures to ensure information security
in the banking system of Ukraine" [2];

- National Standard of Ukraine on Information
Security DSTU ISO/IEC 27000:2015 "Information
Technologies. Protection methods. Information security
management system. Overview and dictionary";

- National Standard of Ukraine on Information
Security DSTU ISO/IEC 27001:2015 "Information
Technologies. Protection methods. Information security
management systems. Requirements" [10];

- National Standard of Ukraine on Information
Security DSTU ISO/IEC 27002:2015 "Information
Technologies. Protection methods. Compendium of
practices regarding information security measures";

- Internal Statutes.

The supply of SOZD mobile data center of the
container type is carried out on the basis of:

- the Law of Ukraine "On Information"
(information of the Verkhovna Rada of Ukraine (VVR),
1992, No. 48, Article 650, with amendments), document
2657-XI1I [3];

-Law of Ukraine "On the Protection of
Information in Information and Communication
Systems" (information of the Verkhovna Rada of
Ukraine (VVR), 1994, No. 31, Article 286, with
amendments), 80/94-VR;

- Law of Ukraine "On Electronic Trust Services"
(Verkhovna Rada Bulletin, 2017, No. 45, Article 400, as
amended), 2155-VIII;

- Law of Ukraine "On the National Informatization
Program" (Adopted on December 1, 2022, entered into
force on March 1, 2023), 22807-1X;

- Law of Ukraine "On Protection of Personal Data"
(Vedomosti Verkhovna Rada of Ukraine (VVR), 2010,
No. 34, Article 481, as amended), 2297-VI.

The above-mentioned regulatory documents and
standards provide requirements for the minimum
necessary package for the creation, development and
use of information systems, networks, resources and
information technologies, which are built on the basis of
the use of modern computing and communication
technology, as well as the creation, implementation,
technical support (TS) and improvement of the
management system of information security and cyber
protection [4].

At the same time, more and more organizations are
also realizing that traditional security solutions and
manual procedures are no longer sufficient to
implement and maintain financial sector security
policies. In this context, organizations (institutions,
enterprises) are not prohibited from building up their
capabilities in matters of information and cyber security.
But, taking into account the principles of ensuring
information security and cyber protection generally
accepted in international practice, financial institutions
must manage cyber security risks in their activities, on
the objects of the critical information infrastructure of
the banking system [5], in accordance with international
standards, standards of the European Union and NATO.

The most leading compliance protocols (their
releases and components) that financial organizations
can no longer ignore are [6]:

1. The Payment Card Industry Data Security
Standard (PCI-DSS). A security standard for protecting
payment data throughout the payment lifecycle.

2. The Sarbanes-Oxley Act (SOX), the modern
database (DB) on ‘"reform of open joint-stock
companies and investor protection" and "corporate and
audit reporting and responsibility".

3. The Monetary Authority of Singapore-
Technology Risk Management (MAS-TRM).

4. General Data Protection Regulation (GDPR).

5. Gramm-Leach-Bliley  Financial  Services
Modernization Act (GLBA) is protection of records and
information about clients, the procedure for
modernization of cyber security systems of financial
institutions.

Therefore, programs, tasks, projects and
informatization works aimed at the creation,
development, integration and support of information
and communication systems, networks, resources and
information and communication technologies [7], as
well as the fulfillment of security requirements are
contained in a wide set of standards regulations,
mandates, and guidelines that include PCI-DSS, SOX,
and MAS-TRM.

The purpose of the article is to formulate the
general technical requirements for the DPSS mobile
data center container type of institutions, enterprises and
organizations of the financial sector of the state.

The main material

Justifying the purpose of the article, it is proposed
to outline the main material of the study according to
the following structure:

- general requirements;

- requirements for the DPSS;
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- requirements for hyperconverged infrastructure.

- requirements for the hardware platform of the
data backup and recovery system.

General requirements (Table 1). The DPSS
equipment must be assembled, mounted, configured and
tested by the supplier in a container-type mobile data
center. The DPSS should work in 24x7x365 mode. The
DPSS must be provided with warranty service, technical
support and software license updates. The supplier
performs design, debugging, maintenance and support
of servers and the DPSS exclusively by qualified and
certified specialists. All equipment and systems as a
whole must comply with current environmental,
sanitary, fire and explosion safety standards, as well as
other applicable regulatory documents of Ukraine.

Requirements for the DPSS (Table 2). The
DPSS must be designed and supplied by a single
manufacturer and consist of two subsystems, namely:

» data processing and storage (hyperconverged
infrastructure);

* data backup and recovery.

Requirements for hyperconverged
infrastructure. The software and hardware complex
must be delivered in the form of a hyperconverged
infrastructure. That is, the server equipment, data
storage subsystems, virtualization environment and
control systems of the complex must be supplied in the
form of a single integrated physical device (solution)
compatible with the existing solution of the financial
institution (Dell EMC VxRail AllFlash). The
architecture of this solution must be standardized by the

Table 1 — Key characteristics of the solution

manufacturer, described in the documentation and
serially produced as a single system.

The manufacturer's technical support service must
act as a single point of entry and must not redirect the
customer to any other technical support services for
software or hardware components included in the
solution.

A single monitoring point (single interface) of all
hardware and software resources of the complex should
be provided. The monitoring system should display all
hardware components of the complex in the form of a
logical structure.

The monitoring system must support integration
with VMware vCenter and display the relationship
between certain hardware resources and hypervisors.
The monitoring system must ensure the compliance of
the installed versions of the manufacturer's microcodes
and software, as well as ensure the security settings of
all components are checked in accordance with the
specified corporate security policies.

The system architecture should eliminate a single
point of failure. Servers, network infrastructure, power
distribution of all equipment and control systems must
be fully duplicated.

Hyperconverged infrastructure should ensure
compatibility and automation of network parameters in
virtualization environments ESXi (VMware), Hyper-V
(Microsoft), Openstack (RedHat, Ubuntu), Docker
(Kubernetes) container environment, as well as in the
combination of several hardware virtualization
platforms within the data center.

Name

Requirement

hysical parameter

[The hyperconverged system must be compatible with a 19" mounting cabinet for server equipment and consist of "server"
Inodes with processors of the x86 architecture with the possibility of replacing the server without stopping the operation of the
lentire system. The servers must be equipped with cable organizers for ease of maintenance.

Fault tolerance

Hardware redundancy of power and input/output buses. Each system node must be equipped with hot-swappable power
supplies with 1+1 availability level.

Network interface;

IEach server node must have at least four SFP+10GbE ports and one 1GbE port for management.

Management of
a hyper-
converged
system

IA hyperconverged system must be equipped with all the necessary hardware and software tools to implement the following
main components:

I the provision of a single management interface for all equipment included in the system via the Web. Role restriction of
ladministrator rights;

I the control system must be fault-tolerant and be hardware-reserved. Complete failure of the control system should not lead
to simple functioning;

I the monitoring the performance of the used servers. The possibility of remote installation of software necessary for the
loperation of the server, including the operating system;

- the management at the level of policies integrated with VMware vSphere with the possibility of performance control;

- the system should provide management of event logs and analysis of the cause of the incident. The event analytics system
imust be integrated into the VMware environment.

Data access
infrastructure
requirements

The data storage subsystem should be based on software-defined data access architecture technologies with the ability to
balance load and fault tolerance between all hardware components at the hypervisor core level and use flash drive
technologies, deduplication and real-time compression.
[If it is impossible to implement the subsystem at the hypervisor level, it is necessary to add additional computing resources
for virtual machines (VM) that must provide this function. The system must include All Flash disk space based on SSD disks,
which can be configured in different levels of data protection: without protection, in a mirror, in a double mirror, in fail-safe
lgroups 3+1 and 4+2 using erasure coding technology, depending on the criticality of the data and use to cache a write
peration. Availability of data encryption functionality and "stretched" functionality between cluster data centers. The data
storage subsystem must provide logical segmentation of data access at the level of each VM or VM file (a data access failure
f one VM should not affect the work of others).
It should be possible to assign a protection level to each VM file and set access priorities to disk resources (bandwidth). The
data storage system (DSS) must support the creation of a single cluster on the scale of two or more data centers with
simultaneous access to data on both resources. The DSS must provide data protection at the level of failure of at least one
disk or server node.
[The system must be able to scale within each node of the cluster and by adding additional nodes. The data storage subsystem
should include the possibility of synchronous and asynchronous replication between various systems, both software-defined and
Llassical, based on controllers.
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End Table 1
IAppropriate replication software should be provided as part of the solution. The I/O subsystem must support software-
defined file access with support for file protocols (SMB, NFS) and management by VMware. Support for data encryption at
the datastore and VM level.
Virtualization [The platform must support:
platform I operation of the required number of VM users and VM management system and applications;
requirements [ centralized management of the virtualization platform and automation of administration processes;

I load redistribution mechanisms between cluster nodes without stopping VM operation;

- mechanisms for changing VM configuration;

I provision of mechanisms for snapshots of guest systems;

I integration with the VDI control system;

- creation of a hierarchical structure of pools of computing resources (CPU/RAM) of physical servers with the assignment of
priorities or a dedicated resource reserve;

I "hot" addition of processor cores and RAM for a working guest OS;

| creation of clones of working VMs with changed network parameters and entry into the MS Active Directory domain.

'VMware licenses
that must be
included in the
software and

Provide for the availability of VMware vSphere Enterprise Plus, VMware vRealize Operations Advanced licenses for all
processors of the software and hardware complex, VMware vCenter Server. software subsystem of software-defined storage,
with support for deduplication and compression, and metro cluster for all processors of the software-hardware complex. All

nardware complex

licenses must have technical support.

Requirements for a hyperconverged infrastructure server cluster:

[The total number

of processor cores in the cluster servers (not including Hyper-Threading or similar technology) is at least 784 cores.

[The architecture and performance of the processor is no worse than Intel CPU GOLD 6348 2.6GHz.

[The total amount

of RAM per system is at least 7168 GB.

[The total raw of the disk system is at least 322 TB.

Server nodes that are mounted in a hyperconverged infrastructure

Processor per node is at least two Intel Xeon Gold 6348 2.6G, 28C/56T processors or equivalent.

The memory per node is 512 GB, memory slots are at least 32 GB. The possibility of increasing the amount of RAM at least up to 4 TB.

Storage devices
per node

At least two 400GB NVMe drives, U2 G4, Intel Optane P5800X (or similar) and support for the "hot" replacement function. At
least six 3.84TB SSD drives, 2.5" with parameters no worse than IDWPD and support for the function of "hot" replacement. The
possibility of installing at least 24 drives of 2.5" (SAS/SATA/NVMe) and 4 drives of 2.5" HDDs (SAS/SATA). The node
supports a disk space of at least 184 TB.

Boot disks are 2x M.2 SATA 480GB RAID1 with support for the "hot" replacement function.

Power supply units are at least 2x 1400W 250v with C13-C14 cables connected to the PDU.

Connecting to an
Ethernet network]
switch per node

At least 4 10/25 Gbps Ethernet Opt SFP28 ports, without using PCle expansion slot. At least 4 optical modules SFP+ SR
Optic, 10GbE. At least 4 optical cables OM3/4 LC/LC Fiber Cable 5 meters long. Expandable by adding additional PCle
NICs.

mechanism in

conditions of
lack of physical
access to them

Management | The server must have software and hardware from the server manufacturer for configuring management and monitoring the
requirements | operation of all components.
Management | Graphical interface/Remote power management/Platform independent text or graphical console for displaying remote server

activity management/Command ribbon and scripting interface/SSL encryption. Ability to diagnose CPU and server.
DNS\DHCP support. Ability to update IPMI microcode via local network. Ability to connect images as local disk devices.

Support for hypervisors and virtualization management environments VMware® ESXi 7.0U3

Technical
support

- at least 36 months of warranty and service support from the equipment manufacturer;

- support must be provided 24*7*365;

- the response time to a service request is no later than 4 hours from the moment the request is received by the service
department;

- warranty support should include replacement of failed components, access to software updates and support from the
technical support center of the equipment manufacturer;

- service, if necessary, is carried out at the location of the equipment;

- availability of a single call center of the equipment manufacturer for receiving service requests.

Implementation
requirements

- physical installation of equipment on site according to specifications;

- installation of OS, drivers, embedded software, software for virtualization, hypervisors, cluster manager and
SupportAssist agent;

- deployment and configuration of the system in accordance with the requirements described in the manufacturer's
documentation;

- sending configuration data to the technical support service.

Table 2 — Requirements for the DPSS equipment located in a separate segregated area

Ne

Equipment
name

Unit | No. Technical and quality requirements

Server

Number of central processors: 2 pcs.; Central processor: at least 32 cores;

RAM: at least 512 Gb; Hard Drive: No worse than 10K RPM SAS 12Gbps 2.5in Hot-plug;
Total capacity of hard drives: at least 18 TB; Type of supported disks: SATA/SAS;

Size and maximum number of HDD slots: 8x2.5; Number of Gigabit Ethernet ports: 2;
Chassis type: Rack; Number of power supply units: 2 pcs.; Power, W: 1000.

pes.

Server

Number of central processors: 2 pcs.; Central processor: at least 16 cores;

RAM: at least 64 Gb; Hard Drive: No worse than 10K RPM SAS 12Gbps 2.5in Hot-plug;
Total capacity of hard drives: at least 12 TB; Type of supported disks: SATA/SAS;

Size and maximum number of HDD slots: 8x2.5; Number of Gigabit Ethernet ports: 2;
Chassis type: Rack; Number of power supply units: 2 pcs.; Power, W: 1000.

pes.
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Backup and recovery system hardware platform
requirements. The software and hardware complex of data
backup and recovery should be delivered as an extension of
the existing solution with the possibility of data replication
from different sites where the equipment is located. The
hardware part of the complex (Table 3) must support:

 data invulnerability architecture, which ensures
data integrity throughout the entire life cycle;

« an architecture that allows you to reduce the load

* technology that allows for the transfer of only
unique data from the PC server or client to the system,
and also provides the ability to manage data replication
between similar systems;

» use of segments of variable length, which
improves the level of deduplication and compression;

* real-time deduplication immediately after the
backup flow enters the system and save only unique
elements to the disk;

on the disk subsystem due to the transfer of all data .
processing processes to the processor and RAM;

high recovery speed, process parallelism,
verification and recovery of data integrity [9].

Table 3 — Hardware part of the complex

Name

Requirement

Control module

IWith high-speed deduplication function at the level of variable-sized blocks without the process of buffering non-
deduplicated data on disks. Write cache must be duplicated on non-volatile memory. The system must withstand power
outages without a UPS and resume operation after extended periods without power.

Software (The system management software should work on the controller of the storage system, without the need to allocate an additional server
ifor this task [10]. GUI over Web, command line interface over SSH protocol must be supported. Support for command scripts.
Scale The system must provide copy speeds of at least 15 TB/h for transfer protocols (CIFS, NFS, VTL) and at least 30 TB/h for
requirements (no [protocols with a distributed deduplication function. Address the physical capacity of 280 TB of usable space, including hot-
less) swap drives and RAID redundancy [10].

Storage devices

60 discs 4TB or more 7.2K NL-SAS. The system must support hot-swappable disks that are used system-wide. Their
Inumber should not be less than the number of disk shelves of the system.

Data protection

IRAID-6 and support for checking data integrity using content hash

Connection ports

At least 4 10 Gbps Base-T ports and 8 10 Gbps Ethernet SFP+ ports. At least 8 optical cables OM3/4 LC/LC Fiber Cable 5 meters long.

Support of the
main
functionality

The deduplication technology should ensure the global exclusion of duplicated blocks and their recording in a single storage
pool, regardless of the use of protocols, the type and number of virtual devices, and the type of data storage. The deduplication
technology should provide functionality expansion by transferring part of the load to the server of the backup system using
protocols compatible with OST. The system must support the function of end-to-end data integrity, including checking the
icorrectness of recorded data in real time. The system must provide a constant background check of data integrity, with the
icondition that each block must be checked at least once a month. The system must be available 24/7 for backup and recovery.
Service procedures should be launched no more than once a week and should not block basic functionality. The system must
provide support for a synthetic full copy of the data. The system must have High Availability configuration settings at the
icontroller level. In the absence of such an opportunity, provide for the storage of additional copies of data on a separate system
with technical characteristics, licenses and service support similar to the main system.

Support of the
additional
functionality

|Availability of WORM functionality (Retention Lock) of images and data encryption. The system must support the mechanism
of quotas and logical isolation of data, which limits the logical volume of backup copies and access to them. The system must
provide remote distributed replication of data (replication must be performed over IP channels and must provide simultaneous
[deduplication: only unique (non-deduplicated) blocks of data from media servers and OS agents must be replicated. The system
imust support extended functionality for data replication under the control and on demand of backup software using OST-
icompatible protocols. A replication bandwidth control mechanism must be provided. Support for two-way authentication of
users and quotas for folders and all network access protocols. Support for role-based administration of backups and the system
las a whole. Support for filtering access by IP and DNS name. Support for encryption of backup and replication traffic.

Support for data access protocols using IP CIFS, NFS, VTL, OST, NDMP without the use of additional devices.

Support for To cache metadata and ensure a full start of the VM with backup. The presence of a separately installed hardware adapter
caching on SSD _ [responsible for data compression. Availability of at least 2 SSD drives with a volume of at least 3.84TB each for caching.
Monitoring Statistics of occupied space by customers, auto generation of service requests.

Licensing and
service support

- the system must have all necessary licenses to fulfill the above requirements;

- all licenses without exception must be given in possession;

- technical support for all equipment for a period of 36 months with a service level of 8*5, a response to a service request
within the next working day; the system must support installation in a standard rack;

- if it is necessary for the organization of the normal functioning of the system or the implementation of system
imanagement involving other software products, such as an OS or a database, then all necessary licenses for additional
software products must be included in the offer. The term of technical support for such components should not be less than
the term of technical support for the disk system for saving backup and archive copies.

The software part of the complex must be from the
same manufacturer as the hardware part, and be
integrated into a single system or be an extension of the
"Veeam" backup platform available to the Customer.

The software part of the complex (Table 4) should
provide:

1. Centralized backup and recovery operations for
complete control of data protection across multiple
computing and storage environments.

- virtual and physical environments;

- critical business applications;

- data storage networks (SAN) [8], network attached

storage (NAS) and direct attached storage (DAS);

- backup storage options, including tape drives and
libraries, virtual tape libraries, disk arrays, deduplication
storage systems, and cloud object storage.

2. Virtual synthetic full backup.

3. Starting the VM directly from backup.

4. Data replication, namely local, remote and
parallel-local and remote with continuous data
protection for recovery at any point in time.

5. Management of several software products from
one console.

6. Monitoring and analysis and search capabilities.
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7. Authorized project administrators, developers
and users to order new IT services and manage certain

cloud and IT resources based on their roles and
privileges.

Table 4 — The software part of the complex

System software
functionality for data
backup and recovery

- Backup system management support via WEB, GUI and CLL

- Support for VMware and Microsoft Hyper-V virtual infrastructure hypervisors.

- Availability of clients for Windows and Linux OS (Cent OS, Debian, Fedora, Oracle Linux, Red Hat, Suse, Ubuntu).

- Availability of clients for UNIX systems (AIX, Solaris, HP-UX).

- Availability of agents for the following application systems and databases: Exchange, SharePoint, MS SQL, SAP IQ,
SAP, SAP HANA, Domino, Oracle, IBM DB2, Informix, Sybase ASE.

- Consistent database backup with distributed deduplication and integration with native backup tools.

- Availability of backup indexing tools and data search organization for all created backups.

- Support for authentication when working with backup storage devices.

- Support for encryption of backups and data when transferred to the backup device.

- Provision of reading and writing data directly from clients to the backup storage device with the storage of service
information on the backup server.

- Providing integration with the backup storage platform using data transfer optimization protocols, support for
distributed deduplication and creation of virtual (synthetic) full copies.

- Support for VM startup technologies directly from the secure backup storage platform, providing simultaneous
writing and reading from the secure platform.

- Provision of advanced backup and recovery capabilities of VMware virtual environments, such as: changed block
tracking technology (CBT), instant access to VMs, granular recovery of objects. To minimize backup and recovery
time, the use of modified block tracking technology is mandatory for both backup and recovery.

- Ensuring the possibility of continuous data protection for VMware workloads by performing synchronous or close to
it (RPO no more than 1 min.) VM replication. Continuous protection of VMware workloads should provide the ability
to protect both individual VMs and simultaneous protection of selected VMs collected in protection groups and provide
the ability to restore the operation of VMs to any selected recovery point within 24 hours.

- Provision of automatic collection and analysis of monitoring data and reporting.

System software
performance

- Providing multi-threaded backup and recovery.

- Support for multiplexing data streams when creating backups.

- Support for dynamic allocation of file system backup tasks to several threads.

- Support for deduplication at the source (before transmission over the network to the backup storage device) with
recognition of repeating blocks and support for identification of variable length blocks.

Reliability and
integrity of
information

- The software should perform automatic protection of the stored backup directory, provide the possibility of their
further recovery, and also be able to notify in case of finding errors in the backup.

- Provision of integral backup of application programs and databases.

- Support for restoring interrupted backup sessions from a known integrity point.

Integration with other
management interfaces

- The solution should provide extensions that allow integration with own management interfaces: VMware vRealize
Automation, VMware vCenter, System Center.

- Integration with vSphere with the ability to manage backup and restore operations from the virtual environment
management console.

- Support for data exchange via REST API with other systems.

Software Licensing,
Warranty and
Deployment

- Licensing type is per active physical processors (CPU/sockets) or per volume of data to be backed up (FETB).

- The minimum number of required licenses are 28 sockets or 160 FETB.

- All licenses without exception must be given in possession.

- Technical support for a period of 3 years with a service level of 8*5, a response to a service request the next working day.
- Provide opportunities to use all types of agents for the OS, databases and application servers listed in the software
functionality requirements.

- The granted licenses must ensure the protection of productive data, application programs and databases without any
restrictions: both functionally and in terms of the number of objects.

- Backup system components and/or additional management servers must support Windows or Linux deployment.

- If the installation of any components of the backup system requires the involvement of other software products, such
as an OS or a database, then all necessary licenses for additional software products must be included in the offer. The
term of technical support for such components must not be less than the term of technical support for the backup
software.

- If for the normal functioning of the software it is necessary to install additional components that may require separate
hardware resources (for example, servers performing data deduplication), such hardware resources must be included in
the offer, with a technical support term no less than the technical support term for the backup software.

If the supplier already has a modern backup
platform “Veeam”

transactions, account information and private
personal data of payment cards, payment processors,
etc.

installed and functioning with

extensive security and security functions, as well as the
ability to access data from anywhere in the world [11],
then the company can put forward additional technical
requirements for the IT infrastructure, services and
equipment, this is Table 5.

Conclusions

Summarizing what has been said, it should be
noted that today corporations and institutions of the
global financial market process and store a fairly
powerful array of confidential data, such as customer

Modernization of the structures and topologies of
electronic communication systems and networks of
financial institutions is influenced by the development
of technologies, changes in the financial security
environment, forms, methods and technologies of using
cyber influence and new achievements in this. At the
same time, this circumstance is complicated by the
constant change in the volume, speed and variety of
attacks, which vary from denial of service to malicious
theft from the inside.
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Table 5 — Additional technical requirements for IT infrastructure, services and equipment

Functionality of the
backup platform

The backup platform must have a distributed and horizontally scalable backup architecture, have the ability to back up
itself to restore settings, provide a Rest API for remote configuration and management, and ensure the use of a central
management server as a license distribution server. Backup of VM.

The backup platform should provide the ability to back up VMs at the image level, with the ability to copy only changed
blocks and save the state of applications, as well as without installing specialized applications inside the VM. The backup
platform must support backup transfer, both over the transmission network and over the storage network, including
backing up VMs directly from NFS storage. The backup platform must support a mechanism for automatically changing
the speed of the backup process when the read response time increases at all levels of the storage system with the ability
to define response time thresholds. The backup platform should have deduplication and compression mechanism of
backup, the ability to exclude blocks of OS service files, as well as folders and files specified by the user, to speed up the
backup process, as well as to reduce the amount of data storage. The backup platform must be able to use DSS hardware
snapshots for backup, with the ability to ensure application integrity within the VM. Interaction should be implemented
using specialized APIs at the storage level and without installing additional software on them.

Testing the integrity and ability to restore VM backups.

The backup platform should be able to create an isolated environment for the customer's production infrastructure, with
the ability to use it for automatic backup testing or to create test zones. The backup platform should be able to
automatically test the functionality of the backup of the VM. Verification should be performed by running associated
backup VMs and/or DSS hardware snapshots in an isolated environment on a schedule, with the ability to test the
performance of applications and services inside the reserved VMs. It should be possible to use both built-in verification
scripts and the ability to use custom scripts.

Backup of network resources.

Provide the ability to create a backup copy of network resources to which public access is provided via SMB (including
SMB v3) or NFS (including NFS v4.1) protocols. Support the ability to create VSS snapshots when backing up data using
the SMB v3 protocol to ensure consistency. Have the functionality of storing historical versions of files, with the
possibility of downloading the oldest versions to a secondary backup storage. Support the ability to use DSS hardware
snapshots as a backup source for file resources, avoiding file locking limitations. Interaction should be implemented using
specialized APIs at the storage level and without installing additional software on them [12].

Storage of backup of VM.

The backup platform must integrate with specialized backup storage solutions (deduplication disk storage device): EMC
DataDomain via DDBoost protocol, HPE StoreOnce via Catalyst protocol, as well as Quantum DXi, ExaGrid and Fujitsu.
A backup platform should be able to encrypt backups. The backup platform must be able to integrate with Linux-based
machines to use them as secure backup repositories, allowing data immutability settings to be set to protect against
deletion and modification of backup data blocks for a specified period of time. The backup platform must be able to
combine different physical DSS into a logically single scalable backup storage pool, to combine the available space of
individual DSS. A backup platform must be able to transfer backups between different repositories with the ability to
specify a new storage depth for the backup. When transferring backup copies between repositories, the backup copy
platform must be able to restore transfer of backup copies between sites using compression mechanisms and global
deduplication of traffic, and hashing of information at both sites on specialized servers. The backup platform must support
backup to tape libraries, including multi-streaming, the ability to pool tape drives from different tape libraries. The backup
platform must be able to create a synthetic full back up when writing to tape from backups available in the disk storage of
an incremental full backup cycle, without creating a temporary synthetic full copy on disk.

Possibilities of replication and disaster recovery of VM.

The backup platform should support direct VM replication for Microsoft Hyper-V and VMware vSphere platforms,
without using intermediate backups, with the ability to ensure the creation of multiple recovery points and the transfer of
only changed blocks. The platform must ensure the integrity of applications inside the VM during replication, without
installing specialized applications inside the VM. When replicating VMs between repositories, the backup platform must
be able to restore replicas between sites using compression mechanisms and global deduplication of traffic, and hashing
information on both sites on specialized servers. The backup platform must provide switching to the replicated VM with
the possibility of automatic IP address change. The backup platform must provide failover to a VM that is replicated even
if the backup server is lost.

Continuous replication and disaster recovery for VMware vSphere VMs.

The backup platform must support continuous replication of VMware vSphere VMs, without using virtualization
snapshots, which ensures minimal data loss within 2 seconds. The platform must continuously replicate the I/O operations
of the VM and store them in a special log on the target datastore for several hours specified in the short-term storage
policy, in order to ensure the possibility of restoring the VM to a certain point in time with a given step. The platform
should provide the possibility of creating additional control points of VM recovery, which go beyond the short-term
replication policy, taking into account the state of those working inside the application and ensuring their consistency,
without installing specialized applications inside the VM.

Support of virtual
infrastructures

Support for backup of virtual infrastructure based on the VMware vSphere 5.5 and higher platform, including VMware
vSphere 7.0 Ul, availability of VMware Ready for vSAN certification. Support for copying virtual infrastructure based
on the Microsoft Hyper-V platform starting from Windows Server 2008 R2 SP1 and higher, including Microsoft Hyper-V
2019 and support for 64 TB VHDX. Support for backing up vApp containers, VMs and their metadata, as well as
restoring them directly to the vCloud Director infrastructure. Support for automating tasks and ensuring the ability to
work through the self-service portal for VMware vCloud Director.

Integration with
other management

The solution should provide extensions that allow integration with its own management interfaces: VMware vRealize
Automation, VMware vCenter, System Center. Support for data exchange via REST API with other systems.

interfaces
Software Licensing, | Requirements for technical support and updating the backup system.
Warranty and 1st level technical support should be available in multiple languages. Technical support should include the possibility of
Deployment updating to new versions of the basic software. Technical support must be provided 24 hours a day, 7 days a week, 365

days a year. General requirements for the supply of software.

The license should not have any technical and functional restrictions, as well as restrictions on the further increase in the
number of protected environments. The supplier must have official partner status from the software manufacturer. The
supplier must provide an official authorization letter from the manufacturer confirming the possibility of supplying the
software as part of the procurement procedure. The supplier must provide a license certificate for the software.
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The creation of permanently functioning data into account the technical requirements for data
centers is a guarantee of business stability in the processing and storage systems of container-type mobile
conditions of martial law. Their implementation will  data processing centers of institutions, enterprises and
ensure data storage, backup and recovery, guaranteed organizations of the financial sector of the state is a
accessibility to all corporate assets. Therefore, taking requirement of today.
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Texuiuni BumMoru 10 ¢izuynoi Ta anapaTHoi ingpacTpyKTypH cucTeMHu 00poOKH i 30epiranHs JaHUX
MOOGIJILHOTO EHTPY 00POOKH JaHUX KOHTEHHEPHOro THIY (PiHyCTAaHOB, MiAMPHEMCTB, OpraHizauiii

€. O. XKusuo, B. C. Ky3p

AHoTanisi. B cydacHux ymoBax oOcsr iHpopmaii mocTiiiHO 30iIbLIYETHCS, 1 IPU IEOMY LIBHJKICTH BeAeHHs Oi3Hecy
- 30impmryeThes. 3rigHo 3 omiHkor Gartner Group, cCepeHBOCBITOBUI OOCAT MpH3HAYEHHX IS KOPUCTyBayda JaHUX, IO
npunagae Ha OJHY KOMIaHito, ctanoBuTh 120 Tepabaiit. ¥ cBoro 4epry, 3a po3paxynkamu IDC, B MUHYJIOMY polLi 32 OAHY
roAivHy B CBITI Bimmpammsuiocs 35 MupA. NMOBiZOMIEHb. SIKIIO BpaxoByBaTW Ii YHCIA, TO BUXOAUTH, II0 Ha OJHE
HOBiJOMIICHHs nipunagae npubansno 3,4 M6 indopmauii. [Ipu pomy, 3a JyMKOIO TPOBIJHUX CBITOBUX €KCIIEPTIB CHOTOJHI B
cBiTi icHye Oinsgt 40 KIIOYOBUX MaKpPOTEXHOJIOTIH, sIKi BU3HAYalOTh PiBEHb CKOHOMIKH. BU3HAYHMM YMHOM Ha IIi MpOLECH
BIUTMHYJIM 0c00IMBOCTI (hOpMYyBaHHs, NOCTIHHUI PO3BUTOK 1 TpaHchopMalis kibepnpocTopy. B nux cdepax nporuosyrorses
MIPOPUBHI JOCATHEHHS IEpII 3a BCE Yy INTYYHOMY IHTENEKTi, XMAapHHUX TEXHOJOTifX, iIHTEepHET-pedax, NMpOJyKTHBHOCTI Ta
MIPUPOJIi OOUUCITIOBATFHIX 3aC001B, MOKIMBOCTSAX 30epiraHHs 0OpOOKH Ta repenavi BEIHKHX MacUBiB JaHUX Ta iH(QopMaril
(Big Data), 3aco06ax i TEXHOJIOTIAX iX peaii3amii Ha Kap IMHAIFHO HOBUX MPUHIMITAX. MOXKIMBOCTI i Bpa3IMBOCTI MPAKTHIHO
BCIX CyYacHHX i1H()OKOMYHIKAIIfHUX Ta KiOGpHETHYHUX CHUCTEM Bce OiIblIe 3aiexarb, KpiM TOro, BiJl 3pPOCTaHHS
B32€MO3B’SI3KiB PI3HOMAaHITHUX iHQOpMamiiHUX CHUCTEM 1 CHCTEeM YNpaBiiHHA MK co0ol0 B OaraTomapaMeTpUYHOMY,
OaratoBHUMipHOMY KibepripocTopi Ta ix iHpopMamniliHO-KiGEpHETHYHOTO B3a€MONIPOHUKHEHHS, B3a€EMO/IIi 1 B3a€MO3aJIe)KHOCTI,
touo. ToMy, BpaxoByIOUHM 3a3HAuy€HE IMEpIIOUEProBO HEOOXIJHO 30CEpEeUTH yBary Ha CTBOPEHHI CTalo-(YHKIIOHYIOYHX
LEHTPiB 00poOKM AaHUX (IaTa-LEHTPIB), a 38 YMOB IPOTHCTOSHHs HAIIOl Jiep)KaBU KpaiHi-arpecopy po3poOUTH BimOBiaHI
cucTeMu 00poOKH Ta 30epiraHHs NaHUX Ha MOOUTBHUX TUIaTdopMax. [HIOO, TOBOJI CYTTEBOIO Ta 3MiCTOBHOIO CKIIQJOBOIO €
BpaxyBaHHsS CYYacHHX CTPYKTYp CHCTEM 3axXUCTy iH(popmamii Ta kibepOesnekd, sKi mepeadadaroTh 3aCTOCYBaHHS JIOBOJI
MOTYKHOT JIHINKK 1HCTPYMEHTIB, SK Ha TEXHOJOTIYHOMY TaK i Ha HPOTPAMHOMY PIBHSX, BUKOPHCTAHHS PO3Taly>KEHUX
BIJIIOBIHNX apXiTEKTyp, METOJIB 3aXHCTy SIKi CIPSMOBaHI Ha yIEpe/PKEHHs, BHUSBICHHS Ta pearyBaHHS Ha IOTEHIIHI
Kibep3arposu.

Kawuosi caoBa: indopmaris, o6podka TaHUX, aKTHB, Kibep3arpo3u, KibepnpocTip, KOMyHiKaIiiHa cucTema.
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COMBINED METHOD FOR PROTECTING USER PRIVACY
WHEN USING A WEB BROWSER

Abstract. The article examines the issue of digital tracking, which allows users to be identified using cookies and digital
fingerprints. A comparative analysis of current web tracking methods shows that approaches based on detecting and
blocking web trackers are less effective than methods using value substitution. These approaches do not protect against
passive fingerprinting techniques and are easily detected, making them vulnerable to user identification. To solve this
problem, a hybrid method of forging transmitted data is proposed, including random generation and data fusion, as well as
detecting trackers for immediate protection. Attributes with a wide range of possible values and complex compatibility are
proposed to be replaced by real values with minor distortions.

Keywords: security, confidentiality, web browser, digital fingerprint, cookie, fingerprint, web tracker.

Introduction

One of the most common privacy vulnerabilities
on the Internet is digital tracking, the slow, constant,
and relentless accumulation of user data [1]. The
components of this vulnerability are browsing history,
application usage, online purchase information, and
geolocation information. These insignificant individual
data can be combined into a significant whole, which
allows you to ‘identify the user. Trackers collect data on
clicks, views, clicks and transitions and create extensive
behavioral profiles, for example, to show targeted ads or
optimize  website performance. However, this
information can reveal political preferences, religious
beliefs, race and ethnicity, education level, monthly
income, consumer habits, as well as physical and mental
health, and in the hands of malefactors can be used for
discrimination, blackmail or propaganda [2]. For this
reason, the issue of protecting one's own privacy is
particularly acute. To increase the confidentiality of user
data, various legal, organizational and technical
measures are taken. These methods include detection
and blocking the execution of the web tracker program
code, as well as the substitution of data transmitted to
the web resource in order to create a false user profile.

Analysis of recent research and publications.
Analysis of the works of leading scientists who
expressed their opinions in materials published in
magazines, collections of reports of conferences held in
our country and abroad, gives confidence in the
relevance of the researched issues. I. Sanchez-Rola, 1.
Santos investigate the problems of automatic analysis
of web tracking. C. Giuffrida, S. Bardin, G. Blanc
consider features of detection of intrusions and
malicious software and vulnerability assessment [1].
G. Gebhart, B. Cypher study aspects of the use of
information technologies for corporate tracking [2].
R. Laperdrix, W. Rudametkin, B. Baudry analyze the
method of redirecting modern web browsers to create
unique browser fingerprints [3].

Main part

Web tracking mechanisms mainly include two
methods of tracking: the use of COO files [3, 4] and the
creation of a digital fingerprint of the device (browser).

Sometimes they can be used together to increase the
accuracy of identification. A cookie is a piece of data
that websites store in the user's browser and process
each time they connect to the site. Cookies often store a
unique user identifier assigned to him by a web
resource, which can later be used to personally identify
the user on other web resources. Cookies are classified
according to their expiration date: persistent - such
cookies can be stored from several months to several
years and session cookies, which are deleted after the
browser is closed. A cookie-based tracking mechanism
consists in hosting a third-party server script on a
website by adding a piece of code. Such a script will
call JavaScript code hosted on a third-party web server.
This code can perform various functions, for example,
download and display an advertising banner of an
affiliate advertising network or upload a special software
library for developers to the site. It can also contain code
that allows this server to install third-party files in the
user's browser and track them when this script is loaded.
Thus, the tracking web server can place its tracker on
different websites and receive data about the user's
browsing history, time spent on certain pages, and other
data that is provided by a website with an embedded
tracking script (Fig. 1). The disadvantage of this tracking
method is that the files, and therefore the identification
information about the user, are stored on the user's side.
This feature leaves the user the option to delete coom
files, thereby temporarily stopping digital tracking.

@ the ONION
3
%

cookle: id=789 |

ad

User profile 789
| theonion.com, cnn.com... |

cookie: id=789

Fig. 1. Cookie-based tracking

Therefore, the mechanism of taking a digital
fingerprint or fingerprinting is often used as a web
tracker. A digital fingerprint is a set of information
about the software and hardware-software configuration
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of a client device connected to a web resource. The
basic concept of digital fingerprinting is the initial and
re-identification of a user based on device-specific
information. Sources of information for the formation of
digital fingerprint are: data about user settings;
equipment characteristics; operating system
characteristics; browser characteristics; user behavior.
Digital fingerprints are classified by source and are
divided into: passive based on information
automatically transmitted by the browser in the content
of the HTTP header and active - collected when
executing JavaScript code on the client side, to obtain
information provided by various web browser
programming interfaces (API). In addition, there are
modern complex techniques for the formation of digital
prints. They are the most efficient, because the result of
their work depends on the hardware configuration
parameters of the device, for example, on the graphics

accelerator or sound card used in the device. These
techniques include Canvas Fingerprint, WebGL
Fingerprint, and Audio Fingerprint. software
configuration of a client device connected to a web
resource. The basic concept of digital fingerprinting is
the initial and re-identification of a user based on
device-specific information.

Canvas Fingerprint is a method for getting device
characteristics that uses the HTML 5 Web Technology
Canvas element. This element is a surface capable of
displaying 2D graphics in a browser using client-side
code. The essence of the method is that some graphic
elements and text are drawn on the element hidden from
the user. The result of rendering the same code in this
case may differ, depending on the operating system,
font library, video card, driver version, browser engine,
and so on. The resulting image is represented as a string
encoded in Base64 (Fig. 2).
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Fig. 2. Canvas Fingerprint

WebGL Fingerprint is an evolution of Canvas
Fingerprint. In this case, the web tracker code causes the
browser to render scenes using 3D graphics technology,
which are also superimposed with various graphic
effects. The resulting image is translated into the
resulting byte array, which will differ depending on the
hardware and software configuration of the device.
Audio Fingerprint is to generate audio signals. The
characteristics of such signals may also differ due to
differences in the hardware or software used. This
method is implemented using the Web Audio API web
browser interface. In general, this fingerprinting
technique is a sequential chain of nodes for working
with audio in the browser and occurs in three stages:
generating an audio signal, analyzing the characteristics
of an audio signal, and hiding an audio signal.

Most browsers do not protect user information by
default. This means that they allow you to store cookies,
including those received from third parties, and also do
not limit in any way the existing interfaces used in the
formation of digital fingerprints. Blocking third party
cookies will prevent the user from being uniquely
tracked by third party websites. The task of increasing
the user's protection against fingerprinting is much more

difficult, since in this case the countermeasures
provided by the browser are very limited and
ineffective.

The essence of the method lies in the fact that third
parties rely on the stability of digital fingerprints to
associate them with one device. By sending random
values instead of real ones, the collected fingerprints
become so different and unstable that the tracker cannot
identify devices on the network. The downside is that
randomizing inappropriate combinations of certain
parameters can result in lower user privacy.

Unification assumes that the transmitted data is
brought to uniformity for each user. The problem of this
method is the inability to change some attributes, for
example, the characteristics of the hardware
configuration of the device. The presence of unmodified
unique attributes becomes a serious security
vulnerability for the user, especially if they are
incompatible with unified data. To solve the problem of
counteracting digital tracking, a variant of a hybrid
approach to replacing transmitted data is proposed,
including both randomization and unification of some
data. The choice of the data spoofing method is
determined by the fact that it provides protection against
all the considered methods of forming digital
fingerprints, and it also lacks the stage of detecting a
tracker, which allows for instant protection. With the
proposed varnant, characteristics that have a wider
range of possible values and are difficult to unify
(Canvas, WebGL, Audio) will be replaced by real ones
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with the addition of small distortions. In turn, the
attributes that must comply with the value adequacy
property and whose change may disrupt the site will be
subject to unification [3].

At the same time, it is planned to take into account
the connectivity of the parameters with each other, as
well as the adequacy of their values. It is proposed to
unify the following parameters: HTTP headers (User-
Agent, Accept-Language, Content-Language, DNT) and
global JavaScript browser settings (navigator userAgent,
navigator.appVersion, navigator.userAgentData,
navigator.vendor, navigator.platform, navigator.
language, navigator.doNotTrack, screen.height,
screen.width, screen pixelDepth). First of all, before
sending an HTTP request with the required headers to
the requested web server, the value of the described
headers will be replaced and transmitted already in a
modified form. Thus, Protection against passive digital
fingerprints will be provided.

Then, after the page starts loading, but before any
other scripts are loaded and executed, a script will be
injected and executed that will replace the values of the
globally available JavaScript parameters listed earlier.
After that, all other scripts on the site will be loaded.
Thus, all web trackers, when trying to get the values of
the characteristics through the browser API, will receive
already changed values.

The next step is to provide protection against the
well-known fingerprinting techniques described earlier.
The general principle of protection operation for each
method of hiding is the same. The security script will
override the JavaScript implementation of the methods
used in fingerprint generation. In the future, when a
website tries to generate a digital fingerprint, when
using methods, the overridden code will be executed.

The algorithm of fingerprinting technology using
WebGL is similar to the previous one. However, in this
case, noise will be added to the rendered scene data
buffer, which is subsequently used to form a fingerprint.

The data buffer can contain the values of the
coordinates of the vertices on which the drawing takes
place, or the values of the colors. For Audio Fingerprint,
it is proposed to replace the software implementation of
some nodes that receive the characteristics of the
generated audio signals. In particular, it is proposed to
change the analyzer node (AnalyserNode) and the
output buffer node (AudioBuffer) (Fig. 3).

Generator Amplifier

Analyzer

Output device

- o
() Interference

SHA1([-121.42, -122.13)...] ad60be2e8....
Dynamic
Generator compressor Output device
&) Interference
MDS5([33.684, 34.338)...] — eb8a30ad7...

Fig. 3. Audio Fingerprint protection

Conclusions

The possibility of violating the user's privacy when
working with a web browser using web trackers is
shown. The main mechanisms of digital tracking are
considered, the principles of their operation, varieties
and modern implementations are described. It was
revealed that tracking using digital fingerprints pose the
greatest danger, since they cannot be effectively blocked
by the browser. A hybrid method for counteracting
fingerprint tracking is proposed, which consists in
unifying simple characteristics while observing the
relationship and adequacy of values, as well as
randomizing complex characteristics that depend on the
hardware configuration of the device and are not subject
to unification.
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Kom6inoBaHuii MeToa 3aXUCTy KOH(iIeHITITHOCTI KOpHCTYBaYa Mijl Yac BUKOPUCTAHHS Be0-0pay3epa
A. Kamiton, O. JI3100aH, P. Tamu6os, b. Kanisein

AHoTanis. Y crarTi po3naaacTees npodiaemMa IdpoBoOro BiICTEKEHHS, sSKa JO3BOJISE iMeHTU(IKYBaTH KOPHCTYBAUiB 3a
noroMoroto (aitmie cookie Ta mupoBHx BiNOWTKIB manbliB. [lopiBHSUIBHHMN aHAJi3 Cy4acHHUX METONIB BeO-BiICTEKEHHS
noKasye, IO IiJIXOAM, 3aCHOBaHI Ha BHSBJICHHI Ta OJIOKyBaHHI BeO-TpekepiB, € MeHII e(pEeKTHBHUMHM, HDX METOAH, IO
BHKOPHUCTOBYIOTh 3aMiHy 3HaueHb. LIi mimxomu He 3a0e3meuyloTh 3aXHUCT BiJl MAaCHMBHUX METOIB 3HATTS BiIOWTKIB MabIiB i
JIETKO BHSBJISIOTHCS, 110 POOUTH iX Bpa3IMBUMHU Juisl ieHTH]iKalii koprcTyBaya. s BupimeHHs wiel mpoOJieMH MPOIOHYEThCS
riOpuaHMil METox MiAPOOKH TepeAaHHX JaHWX, BKJIIOYAIOYM BHIIAJKOBY T'CHEpalilo Ta 3JIUTTS JAHUX, a TaKOXK BHSBICHHS
TpEKepiB ISl HEralHOro 3axucry. ATpHOYTH 3 MIMPOKHAM Mialla30HOM MOXKJIMBHX 3HAYCHb | KOMIUIEKCHOIO CYMICHICTIO
MPONIOHYETHCS 3aMIHUTH PECATFHIMHU 3HAYCHHSIMHE 3 HE3HAYHUMHE CIIOTBOPCHHSIMHU.

Kawuosi cnoBa: Oesneka, koHbiaeHUiiHICTh, BeO-Opay3ep, LudpoBuii BitOUTOK, cookie, BitOUTOK, BeO-Tpekep.
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THE OBJECTIVE NEED TO IMPLEMENT AN INFORMATION SYSTEM
TO AUTOMATE DAILY TASKS IN RECRUITMENT WORKFLOW

Abstract. This article emphasizes the demand and significance of the implementation and integration of an information
system for the nowadays recruitment process optimization. The article introduces the inherent characteristics and nature of
information systems and outlines an essential range of tasks they can perform in the context of recruitment. This research
examines and determines the direction of implementation of information technology systems, automation, and regular
recruiters' routine tasks and processes optimization using artificial intelligence assistance. The primary objectives of the
implementation of the proposed information system are quality improvements, human resources saving, unification of the
processes, and introduction of the end-to-end solution for candidate interviewing. The weak sides of existing processes,
solutions, and the correlation between the effectiveness of the recruitment workflow and work automation are determined.
The article conclusively proves that the introduction and utilization of new information system tools and solutions are
indispensable conditions for successful up-to-date recruitment and it would be significant input into business development
strategies since it will help to not only save human resources but as well work for the company's market brand, reputation
gain and significantly decrease risks of wrong hiring.

Keywords: systems, information systems, information technologies, automation, artificial intelligence, recruitment,

optimization.
Introduction

The critical component of every modern company is
a person or rather a professional in his field. But
professionals do not appear in organizations by
themselves, they appear in the recruitment process.
Recruitment is an integral and essential part of human
resource management. The main task of recruitment is to
find, evaluate and further hire candidates most suitable
for a specific vacant position. The history of recruitment
goes back thousands of years, the first mentions of
recruitment date back to ancient Egyptian and Roman
times. However, each of the eras of recruitment is united
by a common need to modernize processes to adapt to
changes in society and technology in order to increase
efficiency [1].

In the recruitment process, the interview of the
candidate is perhaps the most important stage, because a
high-quality interview is an opportunity to determine at
an early stage whether the candidate is really suitable for
a specific position or not. Unsuccessful selection of a
candidate, or a negative impression of the company can
lead to derivative financial or time losses, a decrease in
team productivity, a deterioration of the working climate,
and additional risks. An established candidate interview
process is the company's investment in the predictability
of mutually beneficial and harmonious cooperation
between the company and the potential candidate.

An ideal interview process consists of several
stages. According to the best recruitment practices, the
interview begins with introductions between present
participants and a story from the interviewer about the
project and its features. After completing the
introductory speech, the candidate can ask questions
that interest him. All this makes it possible to reduce the
level of stress and mentally prepare the candidate for the
most difficult stage of the interview. After completing
the answers to the candidate's questions, the most
responsible stage for the interviewer and the most
difficult for the candidate begins - the determination of

the real level of competencies using a previously created
role competency matrix (RCM) [1].

A role competency matrix is a structured tool that
companies use to assess and determine skills, actual
qualification levels, and competencies relative to
specific positions and levels within the company. The
main purpose of the role competencies matrix is to help
in making mindful and informed decisions regarding the
assessment of the level of qualifications of the
subsequent hiring, and promotion, as well as for the
construction of a further self-development roadmap [9].

Analysis of existing information systems.
Usually, every company has a number of tools that are
used to create a bank of candidates and further manage
them, prepare for interviews, directly conduct
interviews, etc. But the main problem with these tools is
that they are not united in one single system that would
allow you to do the work from start to finish in one
environment, and also have structured historical data.
Based on our own experience and according to the
survey of recruiters in several IT companies, we can
conclude that the following tools are mostly used:

e a bank of candidates is usually created using
internal CRM systems or using "Google Sheets";

e for the management of the role competency
matrices and the subsequent creation of a unique
instance of the interview by copying the document of a
specific RCM, “Google Sheets” is the most used; Fig. 1
shows an example;

e various pre-trained Large Language Models
(LLMs) are used to generate texts relevant to the
interview process. The Large Language Model is a
neural network model deeply trained on a large dataset,
which is capable of fast and efficient analysis and
processing of linguistic structures. The main advantage
is the ability to recognize and generate human-
understandable texts [7];

e “Google Calendar” or any other alternative
such as “Outlook Calendar” is usually used for meeting
deadlines, reminders, and scheduling.
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Question Question Notes

B c D

Answer Scores (0-5) |Answer Notes

How can we test React projects?

How to block browser "back" click?

How to do "forceUpdate” with hooks?

oo w o s

When callback refs might be useful?

What can you tell about perfermance in React? How can we measure
and improve it?

7 What is it uselmperativeHandle?

8  How would you implement SSR with React?

If you have component which takes children and let's imagine that
9 inside of the component you need to assign specific className for
each children. How would you do it?

How to do expensive calculations only once when component
mounted?

useMemo vs useState

Fig. 1. Example of the interview instance based on RCM in “Google Sheets” (first 10 rows)

Each of the above-mentioned tools performs its
atomic task well, but due to the lack of interconnection
between them, problems arise at each stage of the
interview that reduces the efficiency and productivity of
the process as a whole.

The research purpose. The purpose of this article
is to analyze existing best practices in the recruiting and
hiring process, identify weaknesses and bottlenecks, and
search for innovative technical solutions to improve
and/or automate processes.

Main part

Taking into account the results of the analysis of
existing processes, solutions, and best practices, this
article proposes to improve the interview process by
implementing an information system that will allow
organizing an end-to-end interview process, which will
significantly positively affect the quality of each of
stages of this process for each of the participants in this
process, including the candidate. The proposed
technology solution in this article will be a web
application that will include the following key features:

e management of the bank of candidates (profiles),
including the possibility of reviewing the history of
previous interviews for each specific candidate;

e management of role competency matrix
instances;

e creation of a unique instance of the interview
based on the candidate's profile and competency matrix;

e the possibility of filling out and editing a
unique instance of the interview;

e the possibility of automatic generation of
feedback and a road map of further development based
on the results of the interview powered by generative
artificial intelligence;

e the possibility of sending feedback directly
from the application using contact data from the
candidate's profile;

e regular automatic reminders about
feedback deadline for the recruiter and interviewer.

Candidate bank management is necessary to be able
to create an individual profile per each candidate. The
candidate's profile will contain full name, e-mail, an
optional field for phone, a CV in the form of an uploaded
file, and a "Notes" field for other notes. It will also be
possible to view the history of previous interviews and
start a new interview on each candidate's profile.

Each company has its own standards of
requirements for different specialties and different skill

the

levels, even more, each specialist has his own vision. In
order to unify the requirements for candidates for specific
positions and for specific levels, companies use the role
competency matrices. Also, RCM tends to change over
time. According to the aforementioned information, we
can conclude that we will need to develop the feature for
creating and editing role competency matrices. One of the
advantages of our solution will be that all the company's
role competency matrices will be in a centralized place,
which will make it possible to unify quality standards at
the company level and facilitate the interviewer's
preparation for the interview. Also due to the fact that
instead of a large number of different not connected with
each other matrixes in "Google Sheets", the company will
have unified role competency matrices for different roles
and skill levels, which will allow companies to cooperate
in the development of common high-quality RCMs,
instead of many matrices of the average quality of each
individual interviewer which will lead to significant
quality improvements.

The combination of the candidate's profile and
competency matrices within one information system will
allow system users to create a unique copy of the
interview very quickly and conveniently. In order to start
an interview, the user needs to select a candidate, go to
the candidate's profile, click the "Create interview"
button, in the dialog, select the competency matrix
corresponding to the candidate's position from the drop-
down list and click the "Start interview" button.

According to interview best practices, before starting
with the atomic questions from the competency matrix, the
interview should start with general questions about past
experience and relevant questions from both the
interviewer and the candidate sides. This allows the
candidate to reduce the level of stress, thereby minimizing
the side effect of emotional fluctuations during the answers
to questions from the competency matrix. But this initial
stage of the interview is no less important because this
stage helps to understand candidates' patterns of thinking,
how the candidate resolves real business problems and
interacts with the team, etc. All these details of the
discussion should always be noted down. Quite often,
interviewers keep notes separate from the interview, which
leads to the fact that these notes are quite often lost. To
resolve this problem, the interview instance will have a
built-in separate field for summary notes, which will allow
the notes to be saved directly with the other answers, rather
than in a third-party document that will not be directly
related to the interview.
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After the introductory stage of the interview, the most
responsible stage of evaluating the candidate's competence
begins with the help of a series of questions predetermined
in the company's role competence matrix, which helps the
interviewer to determine how deep the candidate's
knowledge relative to the specific position and level. When
creating an instance of an interview, a copy of the RCM
with additional columns "Scores" and "Answer notes" will
be created from the competency matrix, which will allow
the interviewer to assign a score to each answer and add
answer notes during the interview or after its completion.
Those two fields are needed to allow further analysis and
evaluation of the candidate's suitability or unsuitability to a
certain level in his specialty. This step is extremely
important not only to reduce risks and provide a better
evaluation for the company itself but also to be able to
preserve historical artifacts after the interview. These
historical artifacts first of all will give an opportunity to
create high-quality feedback and also if the candidate does
not pass the interview the first time, the artifacts will allow
for subsequent attempts to compare the results of the last
interview with historical data, so the company can make
constructive  conclusions  about the candidate's
developmental progression or lack thereof.

After the interview is over, regardless of whether
the candidate is a good fit for the position or not, it is
important to provide feedback to the interviewer.
Feedback usually consists of two parts combined in one
message: feedback from the recruiter and feedback from
the interviewer. Usually, recruiters are more accurate and
responsible in terms of providing feedback, because it is
in their direct interest to close the position. Interviewers,
in turn, quite often do not take feedback seriously enough
and provide very low-quality and superficial feedback or
do not provide it at all. Even though interviewers are
usually experienced professionals in their field, there are
many reasons why problems can arise during the
interviewer's feedback stage, the main ones being:

e the consistently high workload on the
interviewer, which forces the interviewer to save time for
the main projects, or, on the contrary, to sacrifice the time
allocated for the main tasks for the sake of writing
detailed feedback;

e the human factor in the form of laziness or lack
of attention;

e lack of knowledge and understanding that
providing feedback at the end of the interview is a sign of
professionalism for the company and as well of an
interviewer.

In the last few years, it was absolutely proven in
practice that businesses without unification, optimization,
and automation of the processes would be less
competitive and non-efficient in the market. Even
traditional business models such as restaurant business
nowadays require modernization by information systems
introduction in all processes, especially in regular routine
tasks to be able to supply high-quality service with fewer
resource consumption [5]. In recent years, artificial
intelligence technologies have turned into everyday
assistants. Recruitment is no exception because the use of
technologies and various tools allows for significantly
increased productivity, accuracy and quality with less
expenditure of both time and resources [2].

This article offers a solution to the above-mentioned
problem of lack of detailed feedback using modern

generative artificial intelligence technologies. Generative
artificial intelligence in the modern world has become a
powerful assistant in every field of society in the form of
chatbots such as: "ChatGPT" from OpenAl, "Bing" from
Microsoft, "Bard" from Google, and many others [6].
These assistants are only the tip of the iceberg in the form
of a convenient user interface. Taking as an example one
of the most popular chatbots today, “ChatGPT”, you can
see that behind the scenes of this user-friendly solution is a
large language model that has its own API, thanks to which
the “ChatGPT” service helps people solve everyday
problems of varying complexity using a familiar chat
interface. Since creating a Large Language Model is an
extremely resource-intensive and expensive process, we
suggest using already trained neural networks, namely
one of the language models from OpenAl. To solve the
task of automating the creation of feedback, we will take
the LLM model from OpenAl and the corresponding API
for integration with our product as a basis. One of the
many examples of the use of LLM, namely "gpt-3.5-
turbo", is the scientific study "Large Language Models
(GPT) for automating feedback on programming
assignments", which was conducted in 2023. This study
fully and completely confirms the effectiveness and
appropriateness of involving artificial intelligence to
automate the generation of feedback for programmers
based on initial data. In our case, we will have different
input data and expected final output results [10].

Thanks to the integration with the API of the "gpt-
3.5-turbo" large language model, we will create for the
interviewer and the recruiter the possibility of generating a
"draft" version of the feedback, which will save the major
part of the time for writing the feedback. It is important to
note that the "gpt-3.5-turbo" model will perform the role of
an intelligent assistant and is not designed to completely
replace a person, because artificial intelligence does not
guarantee an ideal result, so there is a need for final
moderation by an interviewer and recruiter and, if
necessary, making changes. “gpt-3.5-turbo” API allows the
definition of the detailed context before the request of the
output. We’re going to define the context based on the
interview instance and then request detailed feedback
(Listing 1). The interviewer should be the first one to
complete his feedback because based on it, the recruiter
and CEO will analyze and make further decisions about the
candidate. However, the recruiter will be able to edit the
interviewer's feedback before sending it to the candidate,
because they have the necessary best practices of
communication and soft skills that make feedback not only
constructive but also pleasant for the candidate, taking into
account various psychological aspects.

Due to the presence of the candidate's profile, in
which there will be a mandatory field "E-mail", we
propose to implement the possibility for the recruiter to
send final feedback from our web application from the
page of the interview instance. The integration of sending
email letters to candidates will allow recruiters to always
use unified branded letter templates, and replace manual
copy-paste of the before prepared in the system feedback
because manual copying increases the probability of
errors and enforces recruiters to do manual formatting for
each individual feedback in the email clients they use. In
our case, feedback text is going to automatically fit into
the predefined email letter template, so no extra
formatting is needed which will save a significant amount
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of time. This functionality will allow not only to make the
process more reliable and resources saving but also, due

to standardization, to maintain consistently high-quality
feedback and work for the company's reputation.

jramming. "}

tructor in

hm."}

Listing 1. Example of the OpenAI’s “gpt-3.5-turbo” API usage

Sending feedback can be considered the end of the
interview lifecycle, after which the interview instance
becomes read-only even for the interviewer and recruiter
to prevent post-facto changes.

In addition to the quality of the feedback, it is
equally important to provide it in a timely manner within
the terms agreed in advance with the candidate. Feedback
delays sometimes lead to significant candidate stress due
to uncertainty, which also affects the subsequent
impression of the company, so it's really important to
meet agreed deadlines [8].

Even if the feedback is extensive and detailed, but
sent with a significant delay, this will be a sign of
unprofessionalism, and it will also be a blocking factor
for the further steps of the recruiter regarding this
candidate because the recruiter cannot take responsibility
for the results of the interview with the interviewer
without provided feedback by the interviewer. Also, the
delay in feedback imposes the risk that the candidate will
accept an offer from a company that reacted faster and
provided feedback with an offer for further cooperation.

Given that it is important not only to meet deadlines
but also to provide feedback as soon as possible to
minimize the chance of accepting an offer from another
company, there is a need to constantly remind both the
interviewer and the recruiter that a specific interview
instance is still not completed and waiting for feedback.
Of course, you could delegate the responsibility of
reminders to a recruiter, but there is nothing more
valuable than a person's time that can be put to far greater
benefit than constant reminders. To solve this problem,
we suggest using cron jobs to solve this routine task.
Cron jobs are tasks or programs that run on a regular
basis at a predetermined time interval [3].

In our case, utilizing cron jobs, we will be able to
implement the automation of regular reminders to the
interviewer and the recruiter about the presence of
interview instances that are waiting for sending of the
final feedback to the candidate. The daily interval will
be selected as the default value but can be changed in
the system settings. The inevitability of regular
systematic reminders about the deadlines for providing
feedback will also be a psychological incentive for the
interviewer and the recruiter not to postpone the process
for a long time.

Every information system which works with sensitive
user data takes responsibility for secured data storage. In
our case, the system is going to have sensitive data about
the company's standards and at the same time private data
of candidates (contacts, CVs, history of interviews, etc.).
To protect confidentiality and privacy, our application will
be secured by following industry standard best practices
such as Advanced Encryption Standard (AES) encryption.
AES encryption is the proven way to remain the user’s and
business data safe. AES encryption is used worldwide
including by the US government. One of the most usual
use cases for AES encryption in web projects is the usage
of the Secure Sockets Layer (SSL) which is the most basic
but still very important best practice to protect user’s data.
SSL helps to encrypt transmitted data between the user and
the browser. SSL helps to prevent a wide range of cyber-
attacks, where Man-in-the-Middle (MitM) Attack is one of
the most often used to attack web projects without SSL [4].

Conclusion

Every solution should have its objectives. Based on
the research we have made we have found that some of the
recruitment processes need to be modified and automated.
Our primary objective of the information system developed
to be applied for recruitment interviews is end-to-end flow
organization including automation of the regular routine,
but still very important parts of the process such as
feedback generation through AI GPT models. Those
innovations should rapidly enhance business efficiency,
and decrease time and money consumption per each
interview with remaining high-quality standards. Also, the
implementation of this system benefits both the interviewer
and the candidate because of the streamlined user
experience and great final result.

By integrating generative artificial intelligence, the
company gains much quicker, more accurate evaluations
of the candidates. Also even if the candidate was not the
best fit for the specific position, automation will help to
leave the candidate with the impression of a professional
company because of expanded feedback which leads the
company to a bolstered reputation in the market.

This automated information system offers multiple
fundamental advantages compared to classic processes.
The combination of the bank of candidates, matrixes of
competencies, interviewing, and feedback generation

109



Control, Navigation and Communication Systems. 2023. No. 3

ISSN 2073-7394

helps to build relative relationships between entities
which leads to the swift processing of candidates, seeing
the history of evaluations, and in general resolves regular
issues of unconnected between each other services used
for recruitment. If we go deeper, as a positive side effect
we receive advanced coordination and predictability
ensuring that staff involved in the interview process has a
standardized and fair evaluation process per each
candidate. The history of the interviews helps to analyze
historical data to detect whether candidates made any
progress since the last interview.

A detailed review of existing articles and literature
relative to the field of recruitment defined the objective
demand and driving influence of Al and technologies on
up-to-date recruitment processes. Based on analyzed
information we've found the growing trend of automation
to streamline evaluations and Al usage for further
feedback. That proves that our idea of automation and
incorporating Al into the interview and feedback loop is
actual and will help to make recruiters' and interviewers'
daily jobs easier.

The product proposed in this article would be
possible to scale further to be used not only in the
recruitment processes of new candidates evaluation and
hiring but as well for regular performance reviews of the
employees to evaluate their knowledge changes and further
self-development roadmaps generation on a regular basis.
So there’s a perspective area for further research and
development in this area to cover not only the recruitment
but wider human resources tasks relative to knowledge
evaluation which exists in nowadays companies.

In conclusion, the information technology system
designed for the organization of the end-to-end flow of
interviews and final feedback generation empowered by
Al — is definitely beneficial for any forward-looking
organization. The core of its significance is in its ability
to save both financial and human resources, but at the
same time enhance the quality, accuracy, and efficiency
of candidate evaluation and of the process itself. Through
the integration of this solution, companies would be able
to optimize their processes and get great people
onboarded quicker with fewer risks.
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O0’exTHBHA HeOOXiTHiCTH BIPOBA/zKeHHS iH(opManiiiHol cucTeMn
AJIA ABTOMATU3ALIT IIOICHHHUX 3aBAaHb Y P0004Y0OMY Ipoleci peKTPYTHHTY

0. Konecwnikos, I'. I'osioBKO

Anortanis. Lg craTTd migkpeciroe HEOOXiMHICTH Ta BaXKJIMBICTh BIIPOBADKEHHS Ta iHTErpamii iHGopMaIiiHOl CHCTEMH IS
OITHMi3amii Cy4acHOTro IIpOIeCy PeKpyTMeHTy ImepcoHany. CTaTTs 3HAlOMHTH i3 BIACTUBHMH XapaKTEPHCTHKAMHU Ta IIPHPOJIOIO
iH(hOpMaLifHIX CHCTEM, a TAKOXK OKPECIIIOE CIIEKTP BAKIIMBHUX 3aBIaHb, SKi BOHH 3[aTHI BUKOHYBaTH Y KOHTEKCTI Mig0opy Ta Haiimy
nepcoHany. Y 1bOMY JOCHIDKEHHI PO3IISIIAEThCS Ta BU3HAYAETHCS LUIX BIPOBA/DKEHHS H(POPMAILIMHUX TEXHOJOTIH Ta CHCTEM,
aBTOMAaTH3allil, a TAKOXK ONTUMIi3allii OyJeHHHX 337ad Ta MPOLECIB PEKPYTEepiB 3a JOMOMOIOI0 IMITYYHOro iHTedaeKTy. OCHOBHUMH
3aBIAHHAMH BIPOBADKECHHS 3alPOIIOHOBAHOI 1H(POPMAIIHHOI CHCTEMH € TMIJBUINCHHA SKOCTi, EKOHOMIisl JIOJCBKHX PEeCypciB,
yHiiKallis poLeciB Ta BOPOBAPKEHHS HACKPIZHOTO PIillIeHHs TS TIPOBEICHHS CIiBOECIT 3 KaHauaaTaMu. BuzHaveno ciabki cTopoHH
ICHYIOUHX TIPOLIECIB, PIllIEHb, @ TAKOXX BHSIBICHO TPSMY 3aJICKHICTh eDeKTHBHOCTI poOOYOro Mpollecy peKkpyTepa Ta aBToMaTH3arii
pobotu. CTaTTs MEepeKOHINBO JOBOMIHTH, IO 3alPOBA/PKCHHS Ta BUKOPUCTAHHS HOBHX IHCTPYMEHTIB, pillleHp Ta iH(popMariiHux
CHCTEM € HEOIMIHHOIO YMOBOIO YCIIIIHOCTI CYYacHOTO IIPOIECYy PEKPYTMEHTY Ta CTaHe BEIMKMM BHECKOM y CTpaTerii po3BUTKY
Oi3Hecy, OCKUIBKH i€ JIO3BOJNUTH HE JIMIE 3a0IIaJUTH JIFOJACHKI PecypcH, ajie i MpamioBaTé 33yl PO3BUTKY PHHKOBOTO OpeHIy Ta
HOKpAIlleHHsT peryTaiil KOMIIaHii, a TAKO)K 3HAYHO 3MEHIYBaTH PU3MKH HEBAANOro HaiiMy. CTarTsi MEpeKOHJIMBO JIOBOJMTH, IO
3anpOBaDKEHHs] Ta BUKOPUCTAHHS HOBUX IHCTPYMEHTIB i pillleHb iH(pOpMALiifHOT CHCTEMH € HEOAMIiHHOIO YMOBOIO Ul CYYacHOTO
nizbopy MepcoHany Ta CTaHe BEJIMKHM BHECKOM Y CTpaterii pO3BUTKY Oi3HECY, OCKIIBKM OMOMOXKE HE JIMILE 3a0IIaUTH JIFOJCHKI
pecypcH, aje i IpamoBaTi Ha PUHKOBUH OpeH | KOMITaHil, M BUIIIEHHS PEITyTAllil Ta 3HIKSHHS PH3UKIB [IOTaHOTO HaliMy.

KawuoBi caoBa: cucremu, iHpopmariiiHi cucremu, iHopmMaiiiiHi TEXHOJIOTIT, aBTOMAaTH3aMis, IITYYHHN 1HTEIEKT,
PEKPYTMEHT, ONTHMI3aIlisl.
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MOJEJIb KOPHOPﬁ&THBHOi MEPEXKI BA3OBAHOI HA TEXHOJIOTI'ISIX
IHTEPHETY PEYEU HIAITPUEMCTBA 3 EKOJIOTTYHUX JOCJ/III>KEHb

AHoTanis. 3apa3 y cBiTi QiKCyrOThCs 3HAYHI eKOMOTiuHi 3MiHH. OCOOIMBO EKONOTIUHI 3MiHH BiAIyTHI B YKpaiHi, e Ha-
pasi TpuBac BiifHa Ta BiJOyiacs eKoJIOTidHa KaTacTpoda y 3B’s13Ky 3 pylHyBaHHsIM KaxoBcekoi ['EC. ¥V 3B’s13Ky 3 BilfHOIO
Ta 3MiHOIO pycna J[Hinmpa BinOyBaeThCs Mirpalis HaceleHHs Ta peloKamis 0i3Hecy, 0 BUKIMKAIOTh 3MIHN Y KOHIIEHTpAITii
Ta JIOKaIisAX BUKHUIIB y aTMoc(epHe MoBiTps. ToMy 301IbIIyIOTECS BUMOTH 10 SKOCTI, KUTBKOCTI Ta MacuItaby NpOBeIeHHS
JIOCIIJDKEHb €KOJIOTIYHOTO CTaHy MOBITPs. [y 3a0e3nedeHHs MOCTABICHNX BHMOT JO €KOJIOTTYHUX JOCII/DKEHb, a TaKOX
JUTst 301TBIICHHS PiBHS aBTOMaTH3alii 300py, 30epexeHHs, 00poOKH Ta HamiBaBTOMATUYHOTO ()OPMYBaHHsI 3BiTiB PO AaHi
3 CTaHLiH, MOCTIB CIIOCTEPEKEHHS, aKTyaJIbHOIO 3aJauei0 € CTBOPEHHS MPOrpaMHO-anapaTHoi iHpopMaliitHoi cucremu. Le
JOCIHIJPKEHHS 30Cepe/PKeHe Ha CTBOPEHHI MOJieNi anapaTHoOi 4acTHHH iH(popMaLiitHoi cuctemu y BUIIAAl Mepexi y Cisco
Packet Tracer, mo migTpuMye iHTETrpawLio pO3yMHHX OPUCTPOIB, A MPOBAHKEHHS MPOLECY €KOJIOTIYHOTO MOHITOPHHTY.
O0’€KTOM IIHOTO JTOCII/PKEHHS € IPOIIeC MOJCIIOBAHHS KOpIOpaTHBHOI Mepexi. [IpeqMeToM IOCIiKEHHS € MOISIIOBaH-
HS apXITEKTYpH KOPIIOPATUBHOI MEpeXi 3 MATPUMKOIO TEXHOJOTIH [HTepHeTy peueil 3a nonomoroto Cisco Packet Tracer.
MeToro JOCHIIKECHHS € BiITBOPEHHS MOJET aHAIITHYHO PO3paxOBaHOi KOPHMOPAaTUBHOI Mepexi 3a momomoror Cisco
Packet Tracer, 1o 103BOJINTE IPOTECTYBAaTH MEPEXKY y PI3HUX pPEKHMax poOOTH Ta chopMyBaTH IIyJI pEeKOMEHJOBaHUX Ha-
JAmTyBaHb nepex il Gi3udHOo0 pearizamiero. Y X0l AOCTiKEHHS! BUKOPHCTAHO METOJl MOJETIOBAHHS (Hi3UIHOTO 00’ €KTYy
B Cisco Packet Tracer Ta mpakTH4HO PO3NOIIIUIEHO aapEeCH MK JIOKATbHUMHU OOYHCIIOBAJIBHUME MpHCTposMu. Haykosa
HOBH3HA POOOTH TOJIATAE Y TOMY, IO Y TIEPIIE pO3pOOIICHO MOAETH KOPIIOPATUBHOI MEpeKi 3 MiATPUMKOIO TEXHOJIOTIH [H-
TEepHETY pedeil MiANPHEMCTBA 3 €KOJOTIYHUX AOCIiKEHb, 10, HAa BIIMiHY BiX iHIINX, Ma€ 1Bl AepeBONoAiOHI Tomoorii
00’€JHaHI y MOYaTKOBHX By3JIax 0€31pOTOBOIO MEPEKeo, IO JI03BOJIsiE 00NaITyBaTH ABa BioKpeMeHi (i3uuHo OnoKu
MiAnpUeMCTBa, 6e3 HeoOXiJHOCTI MOHTaXy |HTepHET-APOTIB MPUBATHUMH MPUMILIEHHAMH. Y XOMi JOCIIDKEHHS 3a aHali-
TUYHHMH pO3paxyHKaMH Io0ynoBaHo monenb Mepexi y Cisco Packet Tracer, BU3HaYeHO IyJ1 CTaTHYHUX aapec HEOOXi-

HUX 1A Hi}lKJ’IIO‘-IeHHH JIOKaJIbHUX HpPICTpOiB Ta C(l)OpMOBaHO AITOPUTM NOJAJIBIIOIO MOHTaXy Mepe)Ki.

Kawuosi caoBa: LAN, Komm’totepra mepexa, TCP/IP, Wi-Fi, Ethernet, IoT, Cisco Packet Tracer.

Beryn

IMocranoBka npodaemMu. Y cydyacHOMY CBITi CHO-
CTepIiraeThCsl 3HAYHI €KOJIOTIYHI 3MiHM, 1[0 OCOOJIHBO
moMiTHI B YKpaiHi, Ie TpUBae BiifHa 1 cTayacsi eKOJIOTi-
yHa Karactpod)a BHACHIZOK pyiiHyBaHHS KaxoBchkoi
rizpoenekrpocTanmii. B YkpaiHi BHachiok BiifHH Ta
3MiHK pycia JHinpa BigOyBaeThCs Mirparlisi HaceIeHHS
Ta nepeHeceHHs Oi3Hecy, 110 BIUIMBAE HA KOHLCHTPALIIO
Ta MiCIl BUKHAIB y atMocdepHe moBiTps. Lle mpusBo-
JUTh 70 3POCTAHHS BHMOT OO0 SIKOCTi, KUIBKOCTI Ta
MaciTady JOCIHiIKEHb €KOJIOTIYHOIO CTaHy MOBITPS.

3 METOI0 3aJI0BOJIEHHS] BUMOT JI0 €KOJIOTIYHUX JO-
CIIIJPKeHb Ta 3a0e3leueHHs aBToMaru3aiii 300py, 30epi-
raHHs, o0poOku Ta (OopMyBaHHS 3BiTiB 32 JAHUMH CTa-
HI[IH Ta TOCTIB CIIOCTEPEKEHHS, CTA€ aKTyaJbHOI 3a-
Ja4yero po3poOKa MporpaMHoO-anaparHoi iHpopMariiHoi
CHCTEMH EKOJIOTIUHMX fociikens. [lepen peanizamniero
IporpamMHoi 4acTWHH iH(opMmauiitHol cucTeMHu HEoOXi-
JTHO CIIPOEKTYBAaTH, MPOBECTH MOJEIIOBAHHSA Ta pealli-
3yBaTH anapaTHy YacTHHY MEpexi, sika 3a/Jl0BOJILHSTH-
M€ [I0CTaBJICHY 3a7ady 3 aBTOMaTu3allii.

Mera Ta 3ajga4i JociimskeHb. MeTow gocii-
JOKCHHSI € BIITBOPEHHS MOJEN aHAIITUIHO PO3paxoBa-
HO{ KopriopaTHBHOI Mepexi 3a rormomoroio Cisco Packet
Tracer, 110 TO3BOJUTH MPOTECTYBATH MEPEXY Y PI3HUX
pexuMax podoTu Ta chopMyBaTH Myl PEKOMEHIOBAaHUX
HaJlaITyBaHb nepe ii (pi3UuHOI0 pearizamiero.

Jns ocsATHEHHS TOCTaBJIEHOI MeTH HeoOXigHO
BUPIIIN HACTYTIHI 3a/1a4i:

— IIPOBECTH aHalli3 ICHYIOYHX PIllIeHb;

— 3IIMCHUTH aHAJTITUYHI PO3PaXyHKH KOPHOPATHB-
HOI Mepexi;

— CTBOPHUTH BJIACHY MOJENb IPOEKTOBAHO]
koM torepHoi Mepexi y Cisco Packet Tracer;

— BHU3HAYUTH OCHOBHI OCOOJNHBOCTI PO3rOpTaHHS
Mepexi, mepen ii (i3HIHOI0 pearizamiero.

O0’exT Ta npeaMer gociaimkeHb. O0’€KTOM J0C-
JIJDKEHHsT € TIpOLEeC MOJICIIOBAHHS KOPIOPATUBHOT
Mepexi 3 MIATPUMKOI0 TEXHOJOriH I[HTepHeTy peueil.
[IpeaMeToM IOCIIKEHHS € MOJICTIOBaHHS apXiTeKTypH
KOPIOPAaTHBHOI Mepexi 3 MiATPUMKOI TEXHOJOIiH
InrepHery peueii 3a nonnomoroto Cisco Packet Tracer.

Meroam gocaimkeHHsd. Y X0l TOCIIIKEHHS BU-
KOPHCTaHO METOJI MOJEIIOBaHHS ()i3MYHOTO 00’€KTY B
Cisco Packet Tracer Ta mpakTHYHO PO3MOIULICHO aape-
CH MIX JIOKaJIbHUMH OOUYHNCIIOBAIbHUMH TPUCTPOSIMH.

HaykoBa nHoBu3na po6oru. HoBmsHa pobotu mo-
JISirae y ToMy, IO Yy Hepliie po3poOieHO MOAENb KOpIOo-
paTtuBHOI Mepexi 3 MATPUMKOIO TexHoJoriil [HrepHeTy
pedel MmignpueMCTBA 3 €KOJOTIYHUX OCIiKEeHb, IO,
Ha BiMIHY BiJ] 1HIINX, Ma€ JIBi AepEBOMOAIOHI TOTIOIO-
rii 00’eTHAHI Y MOYATKOBHUX BY3/ax O€3IPOTOBOIO Me-
peXero, IO T03BOJISIE OONAITYBATH JBa BiIOKpPEMIICHI
¢$i3ugHO OJIOKM MiANIPUEMCTBA, 03 HEOOXIAHOCTI MOH-
TaxKy [HTepHeT-IpOTiB NPUBATHUMH MIPUMILICHHSIMH.

IIpakTn4yHa HiHHiICTH OTPHMAaHMX pe3yJbTATIB.
[IpakTHyHa IHHICTE OTPUMAHUX PE3yJIbTATIB MOJATAE Y
CTBOpPEHHI NMOBHO(MYHKIIOHAJIBHOT MOJENI KOPHIOPATHB-
HOi Mepexi, il HalamTyBaHHI, SIK U eKCIuTyaTaniitHo-
TO PeXUMY, Ta ONTHMI3aLlii pOOOTH OKPEeMHX IPUCTPOiB
JUI CyMICHOI B3a€MOJil y OJTHOMY JIOKaJIbHOMY iH(Op-
MariifHomy mpoctopi. MozenoBaHHS Mepexi Ipu3Ha-
YeHe ISl TIONePeTHBOI OIiIHKA ONTHUMAILHOCTI CIIPOEK-
TOBaHOI Mepexi mepen i (i3udHOIO peamizalliero Ha
MiAITPUEMCTBI 3 €KOJOTIYHUX JTOCIIIKEHB.

© KopocremsoB A. C., I'yuenko M. 1., Ilepekpect A. JI., Hikitina A. B., Baxypin K. O., 2023 111



Control, Navigation and Communication Systems. 2023. No. 3

ISSN 2073-7394

AHaJi3 nogidHuUX pilleHb

3aBIAKH MepekaM peanizyeTbes MUPOKa KiJIbKICTh
IT-3ama4, ame HOCHIAMBINY MaTepiadd y HAYKOMETPHY-
HUX 0a3ax 3a OCTaHHi IT’SITh POKIiB BHABICHO MaJO aKTy-
QIPHUX  Tpanb  IOB’SA3aHUX 3  IIPOEKTYBAaHHAM
KOMIT FOTEPHUX MEPEX ISl KOHKPETHUX 3a1ad.

Y mnopibHOMY mociiJKeHHI, mpoBeneHoMy dati
Anpmynixanani [1], Oynma po3pobieHa KomI'lOTepHa
cUcTeMa eJISKTPOHHOTO apXiByBaHHs Juist [lemaprameH-
Ty oxopoHu 31m0poB’ss HiHesii. MeTow IbOro aocii-
JDKEHHS! OyJIO CTBOPEHHSI €JIEKTPOHHOT CHCTEMH apXiBY-
BaHHS Ha OCHOBI KOMII'IOTEpHOI MepeKi JJsl opraHiza-
HiffHOro BUKOpHUCTaHHA. [l0CiKeHHS I0Ka3ajIo0, 10 I
cHCTEeMa Ma€ MO3WTHBHUH BIUIMB Ha aAMIHICTPAaTHBHY
poOoTy, CrpolTy09H IpoIec apXiByBaHHS Ta 30epira-
HS TOKYMEHTIB 1 OQiIiifHOT KOpPEeCTIOHICHIII1, 3BITBHSIO-
YU MIPOCTip, AKUU paHilIe 3aiiMainy maneposi Qaiinm.

[Ipote, maHe mOCTIKEHHS HE MOXE MOBHICTIO BH-
KOPUCTOBYBATHUCS JUIsl peaiizawii Mepexxi minprueMcTBa
3 €KOJIOTIYHOTO0 MOHITOPUHTY, OCKUIBKH He mepeadaue-
HO BUKOPHCTaHHS OKPEMHX CEPBEPIB Il aBTOMAaTHYHO-
ro 30upaHHs Ta 30epiraHHs JaHUX 31 CTaHIIA MOHITO-
puHTY ToBiTpsi. TakoX He BpaxoBaHi amaparHi IOTYX-
HOCTI JUISl TIPOBE/ICHHS PO3PaxyHKIB Ta MPOTHO3YBAaHHS
3MiH €KOJIOTiI B TOCHTII)KYBAaHOMY CEPEIOBHIIII.

HaBeznene mocinimkeHHs Ma€e CBOIO LIHHICTH y KOH-
TEKCTI po3pOOKH amapaTHOI YaCTHHU MEpeXKi eKOJIOoTid-
HOTO TiINPUEMCTBA, aje MOTPiOHA JOAaTKOBa PEKOH(I-
Typatis Mepexi 3TiTHO BUMOT IO CTPYKTYPH BiJILIiB Ta
IHTepIpeTallis HABEACHUX MiAXOMIB YIS ITiAKITIOUCHHS
MPUCTPOIB 10 Mepexi, o0 3a0e3me4ynuTH JOCTaTHIO
CMyTy TIpONYCKaHHS JUIS MiAKIIOUEHHS BiJJAJICHUX
CTaHILIH AOCIIKESHHSI OBITPSI.

[MopiGHUM 10 1IBOTO € NOCIiIKEeHHs 3 Ha3Bowo «Po-
3po0OKa iH(pOpMAIIHHOT CHCTEMH yIPaBIIiHHS
KOMIT IOTEpPHOI0 Mepexero OnekcaHApiBChKoi 3araibHo-
ocBitHRO1 [Ikomm I[-IIT cTyneniB Nel OmexcaHmpiBcbKOl
paiiorHoi anminicTpanii KipoBorpaacekoi odmacti» [2].

VY rmepmiomy po3mili aBTOp PO3MIILAE  3arayibHi
MIPUHIAIH TOOYJOBH JIOKaJThbHOI MEpEekKi, aHaJi3ye pi3Hi
CTPYKTYpH, BKJIIOYAOYH OJHOTPAHHI Ta I€papXidHi, i
HaJla€ OCHOBHI XapakTepuctuku TexHosorii JIOM. Ta-
KO MPOBOJMTHCS OTJIsIII HASIBHOTO MEPEXEBOro 00aji-
HaHHSI, PO3IJIAJAI0THCS Pi3HI TUNH 3’€JHAHDb 1 HAJIA€THCS
OIUC MEPEKEBHX OIEPALIITHUX CHCTEM.

Jpyruii po3ain TOCTiHKEHHS TPUCBIICHUH OIHCY
MPOrpaMHO-aapaTHOTO  KOMIUIEKCY — KOPHOPaTUBHOL
JIOKaJIbHOI MEpPeXi Ta Hagae peKoMeHAalii Io/10 IIaHy-
BaHHS iHQOpMAIiHOT Oe3neKy, BU3HAYEHHs HEOOX1THO-
ro oOnajHaHHA Ta HAIAIITYBaHHS OOJIaJHAHHS JUIs pea-
mizamii Mepexi.

[Ipore, cripoexToBaHa Mepeka HE BpPaXxOBYe HasB-
HICTB cepBepiB Ui 30epiraHHs Ta ONPAIFOBAHHS JaHUX
BiJ 30BHIIIHIX CTAHIIH €KOJOTIYHUX JOCIIIKEHb, a Ta-
KOXX He mependavyae HasgBHICTH iH(popMariiiHoi cucteMu
JUTSL aBTOMaTHYIHOTO (POPMYBaHHS 3BITHOCTI.

TeoperuuHa 6a3a 10CTiKEHHS

VYpaxoByodn pO3TISHYTI JOCTIDKEHHS 3 TPOEK-
TyBaHHS KOMIT IOTEPHUX MEPEeX, IS po3poOKH Mepexi
MIIPUEMCTBA 3 €KOJIOTIYHUX MTOCIIIHKEHb OYJI0 BHKO-

pHUCTaHO HaBYAJILHO-METOJIWYHI MOCIOHMKH Ta MOHOT-
padiro, SIKi MICTSTH ONKMCH Ta CTPYKTYPH KOMII IOTep-
HUX MEPEeX 1 IPUHIUIH TX PO3POOKH.

OCHOBHHUM JDKEPENOM JJIsl IPOEKTYBAHHS MpoOrpa-
MHOI YacTHHM iH(OpMaUiiHOI cHCTeMHU € MoHorpadis
aBTopctBa Kymina [3]. ¥V miit monorpadii po3risHyTi
e(eKTHBHI KpUTEPil, METOIN Ta MOJAEMI /U KepyBaHHS
OypoBHOYXOBHMH  poOOTaMH 3  BHKOPHCTaHHIM
KOMII'FOTePHOI MiATPUMKH TpPUHHATTA pimeHs. [IpuH-
OUNH Ta METOIW BHCBITIIEHI y POOOTI MaroTh 3HAYHUI
MOTEHIliaNl [UIA iHTepHpeTanii Ta BUKOPUCTAHHS IIPU
po3pobui edexkTrBHOT iHPOPMALIHHOI CHCTEMH EKOJIO-
riYHOTO MOHITOpUHTY, sika Oyne (QYHKIIOHyBaTH Ha
MIPOEKTOBaHIH armapaTHii MepexHill iIHGPacTPyKTypi.

JI1s1 MpOeKTyBaHHS anapaTHOI YaCTHHU JIOKAIbHOL
Mepexi MiJNPHEMCTBA 3 EKOJOTIYHUX JOCIIKEHb BH-
KopHUCTOBYBajucs npaui Mukuruinuna [4, 5], ki oxor-
JIOIOTH OCHOBHI HAampsIMKH KOMIT IOTHHTY, 30Kpema
MIPOEKTYBaHHSA, PO3pPOOKY Ta MOJEIIOBAHHS Pi3HOMaHi-
THUX THIIB KOMI'IOTepHHX Mepex. Llg umiteparypa
BHKOPHCTOBYBAJAcs Ha MONEPEAHBROMY €Tami poOoTH 3
MIPOBEJCHHS aHANITUYHUX PO3PaxyHKIB KOPHOPAaTHBHOL
Mepexi 0a30BaHOI HAa TEXHOJOTISX IHTepHETY peueit
MIAMPUEMCTBA 3 KOJIOTIYHHUX TOCTIIKEHB [6].

Jlnist MoJieTFoBaHHsI CIIPOEKTOBAHOI MEpexi, y Ja-
HOMY JOCHIJKCHI, 3 BHKOPUCTAHHSAM BIPTyaJbHOTO
cepenoBuina Cisco BUKOPHCTAHO METOJIMKY, sIKa OIHca-
Ha B nocionuky Kenpo [7]. Lleit mociOHuK Hamae 6a30Bi
TIPUHITUITHA OpTaHi3alii, MiAKIIOYCHHS, (YHKIIOHYBaHHS
Ta MOHITOPHMHIY TeXHoJorii [HTepHeTy peueil 3a momo-
Moroto cepenoBuma MoxemoBanHs Cisco Packet
Tracer. Takox y HbOMy PO3IIIAAIOTHCS METOIH 3aXUC-
Ty cepBiciB [HTepHeTy peueil i HaHalOTHCS TEOPETUUHI
BIIOMOCTI TIpO eKocucTeMy Po3yMHOro OYyIWHKY Ta
METOAMYHI BKa3iBKH 11010 (Gi3nyHuX 00’€KTiB abo pe-
4yel, sKi MOXYTb OyTH MiJKJIIOYEHI uepe3 MEepexy B
cepenosuiii Cisco Packet Tracer.

Marepiajau 1oc/iaKeHHs

Ha monepenaroMy ertari nociimkeHb [6] cTBOpeHO
(Gi3UUHY CTPYKTYpY MEpEeXi eKOJIOTIUHOTO MiNpUEMCT-
Ba (puc. 1). MonentoBaHHs KOMIT'IOTEPHOI MEpexi B
naHiii poboti mpoBoauThes B mporpami Cisco Packet
Tracer (puc. 2).

3acTrocyBaHHS CEPBEPIB I XMapHHUX OOYHCIICHD
y MOJIeN KOPIIOPaTHBHOI MEPEXi JO3BOJISE 30epiraTu Ta
00pobsATH BenmuKi 00CATH NaHWX, IO 3i0paHi 3 Bimga-
JICHUX aBTOMATHYHHX CTAHIIH JOCIIJUKEHHS CKIaxy
atMoc¢epHoro noBiTps. Lle macTp 3Mory peaniyBaru
MporpamMHe 3a0e3MeUYCHHs IS IPOBAHKCHHS CTATUCTHU-
YHOTO aHaji3y, BUABISATH TCHACHIII Ta 3aKOHOMIiPHOCTI,
0 TIOB’s3aHi 3 BUKUIAMU MiINPHEMCTB Ta HACEICHHS y
atMocepy. CTBOpeHa MOJIeNbh KOPIOPATUBHOI Mepexi
JI03BOJISIE 3a0€3MeUnTH [EHTPai30BaHUH 30ip MaHUX 3
CTaHII} Ta MOCTIB JOCIiKECHb.

®daxiBIli TEXHOJIOTIYHOTO BiJIiTy, 3a TaKol peai3a-
il Mepexi, 3SMOXKYTh BiJlIaleHO KayiOpyBaTH aBTOMAaTH-
30BaHi CTaHINi EKOJOTIYHHUX OCIHIIKCHb, TOPIBHIOBATH
X MMOKAa3HUKY 3 CYCiIHIMH, 3[IHCHIOBaTH BiIaIcHE TEX-
HiYHE 0OCITyTrOBYBaHHS, IUIAHYBAaTH BCTAHOBJICHHS JO/1a-
TKOBHUX JIaTYMKIB JUISl PO3MIMPEHHS KiJbKOCTI MOHITOPH-
HT'OBHX MITOK.
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Ile copomrye
npoLec  KepyBaHHS
BijjajseHuM o0iaj-
HaHHSM MiAIpPUEMC-
TBA Ta  JIO3BOJISIE
e(EeKTUBHO BHUKOPHC-
TOBYBaTU HOro mnote-
HITiaJI.

IP-agpecu Bu-
KOPHUCTOBYIOTHCA
il igeHTHdikarmii
MIPUCTPOIB B MEPEKI.
Husa  B3aemomii 3
IHIIUMH  TIPUCTPOSI-
MU y wMmepexi [P-
anpeca Mae OyTH
NpU3HaYeHa KOXKHO-
My MEpEKEBOMY
MIPUCTPOIO (B TOMY
YHCI KOMIT I0Tepam,
cepBepaM, MapIipy-
THU3aTOpaM 1 iHIINM).
Taki mnpuctpoi B
MEpexi HA3UBAIOTh
XOCTaMH.

3a J0IOMOTOI0
Macku  TiaMepexi
BU3HAYAEThCS  Mak-
CHMAaIbHO MOXKITBE
YHCII0 XOCTiB y KOH-
KpPETHOT MepexKi.

Kpim LBOT0,
MAacKH miaMepesxi
JO3BOJISIFOTE ~ PO3IIi-
JIUTH OIHY MEpexy
Ha JEKUIbKa MigMme-
pex.

st KopekTHO-
ro MO/JICTIFOBaHHS
iHTepdeiciB  xocTiB
TIPUCBOEHO CTaTHYHI
IP appecu mopeinbo-
BaHOMY OOJIagHaH-
uio. Ile Bkpaii HeoO-
XiTHO 11 aJeKBart-
HOTO PO3MOIIJICHHS
00YHCITIOBATEHUX
3a/a4 MiX cepBepa-
MH 00poOKHM HaHWX
Ta  TPOrHO3YBaHHS
€KOJIOTIYHUX  3MiH.
[TpucBoeHni cratuuHi
IP agpecu HaBeneHo
y Tabm. 1.

pc2 | 1.dupexrop

2.I'oy0Ba TEXHOJIOTIYHOTO BiILTy
(@)
ACEESQGIMJ pC1

& 3.I'onoBa Bimuiny aHami3y JaHUX

4. TexHonoriuuui Bijaaiia, kadiner 1
5.TexHOJOriYHuI Biaaii, kabineT 2
6.Binain ananisy njanux, kaGiner 1

Komyrop Al

7.Binnin aHanily naHux, kabiHeT 2
3 8.I'os10Ba eKOJIOTIYHOT KOMICT
9.Exonoriuumii Bimmin

7 10.CekperapiaT

11.IIpuiimanbus

[ 12.CepBepHa

5

.
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Ser{Data Servepos Serweb  Serfile pc17 Pcia pc13
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=
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i PC3
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pCe C-FT
PC1L v _mouo
Swigh-PT-Empty AccessPoint-P1
yTaTop-AB Access Point

Puc. 1. ®iznuHa cTpyKTypa Mepexi eKOJIOTTYHOTO MiIPUEMCTBA
172.16.0.97-172.16.0. 100

= e o

\\\]/ 172.16.0.96
— 172.16.0.0
172.16.0.30

D""—"-‘- Switch-PT-Empty 172.16.0.158 172.16.0.157 172.16.0.126
= KomyTaTop BO Ne1 e P4
e 1 o P
L Router-PT-Empty e Router-PTYmpty (e Y

Router1 Router. ServRepos

172.16.0.94
172.16.0.62
172.16.0.32

Ap‘r

ServData

172.16.0.64
s

KamyTaTop Cep: Ha\i

ServerPT
ServFie

172.16.0.33- 172.16.0.41

ServerPT
ServiWWeb

Puc. 2. Monens npoekToBaHOI KoMIT ToTepHOT Mepexi y cepenosui Cisco Packet Tracer

Tabruysa 1 — Tadnnusa Buxkopuctannx IP agpec

IM’s migMepesxi Kinbkicth 00naiHaHHs Azpeca miamepexi [iana3on agpec Mac-ka
1 8 172.16.0.0 172.16.0.1-172.16.0.30 127
2 9 172.16.0.32 172.16.0.33-172.16.0.62 /27
3 4 172.16.0.64 172.16.0.65-172.16.0.94 /27
4 4 172.16.0.96 172.16.0.97-172.16.0.126 127
5 2 172.16.0.128 172.16.0.129-172.16.0.158 127
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Cuiip 3a3HaunTH, O NnependadeHi 0coOIMBOCTI
pO3ropTaHHsl MOJIEJILOBAHOT Mepexi npH (iznuHiil pea-
Ji3aIii € TAKUMH:

— kabeni MOBUHHI OyTH 3axuIleHi Bif (Gi3MYHHX
MOLIKO/KEHb, BTPYYaHHS HEYIOBHOBAXXEHUX OCi0 Ta
BIUIMBY HAaBKOJIMIIIHHOTO CEPEIOBHUINA;

— oOmagHaHHS Mepexi HeoOXimHo 30epiraTté y
CIIEIIAIBHO BiBENEHUX MICIIIX 3aXMIIEHUX BiJ BIUIH-
By 30BHIIIHBOIO CEPEJOBHUINA Ta HEYMOBHOBAKEHHX
ocio;

— obmagHaHHS MepeXi HeoOXiTHO peryisipHO 00-
CIyTOBYBATH.

BinmoBizansHUME 32 00CITyTOBYBaHHS Ta YCYyHCH-
HS 1po0ieM poOOTH Mepeki € yIOBHOBaXKEHI MpailiB-
HUKHU TEXHOJIOTIYHOTO BiJILTy €KOJOTIYHOTO MiApPHEM-
CTBa.

Cepen ix 000B’sI3KiB €:

— HaJIAIITyBaHHA Ta MiATpUMKa poOOTH Mepexi Ta
yCiX ii KOMITOHEHTIB;

— MiTpUMKa Tpare3 aTHOCTI poOOYNX CTaHIIIH;

— MOJIEpHIi3allisi MPOrPaMHOTO Ta amapaTtHOro 3a-
Oe3MeueHH s, a TAKOXK IUIAHYBaHHS HOrO YJOCKOHANICH-
HA.

BucHoBkH Ta 00roBOpeHHs

Bukopucranns texsomnoriit loT npu mpoexTyBaHHI
MIPOTpaMHO-anapaTHoi iHPOpPMALIHOI CHCTEMH TO3BO-
JUTHh aBTOMAaTH3yBAaTH MporecH 30mpaHHSA, 0OpoOKH,
MIPOTHO3YBAaHHS Ta (POPMYBaHHA 3BITHOCTI 32 IIOKa3HU-
KaMH aBTOMAaTHYHUX CTaHLIN €KOJOTi4HOI'0 MOHITOpH-
Hry. lle cipustiMe 3a0e3ne4eHHI0 e()eKTUBHOTO Kepy-
BaHHS IpoLleCaMy MiANPUEMCTBA 3 €KOJIOTYHHUX JOCITi-
JDKEHb.

VY naniii poOOTi 3MOJETIHOBAHO YaCTUHY TaKoi iH-
(dopmariifHOi cucTeMH y BUTIISAI KOMIT FOTEPHOI Mepe-
ki y cepenopui Cisco Packet Tracer. Takox mposene-
HO posmoxin IP aapec Mix ToKampHUM 00JaTHAHHSAM,
IO € OCHOBOK IOJNANbLIOl PO3POOKH IPOrpamMHOrO
3a0e3meueHHs A1 PO3IMOIUICeHHX 00paxyHKIiB Ha cepBe-
PHHUX IOTYXKHOCTSIX.

Y nopanbiiiidi poboTi MmIaHyeTbes (izudHa peai-
3alisl cepBEpHOI YAaCTHHU 11i€l KOMIT' IOTEPHOT MEpexi.
Takox 3amIaHOBaHO TOYATOK IPOEKTYBAHHS 1HTEpIpe-
Tauii mporpamMHOi YacTHHHM iH(OPMAIWHOI CHCTEMHU,
1o rpyHTyBaTI/IMeTbCH Ha OpuHOUIAX Ta METoAdax BHU-
cBiTieHux y poborti Kymnina [3].
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A model of a corporate network based on iot technologies of an environmental research enterprise
Arsenii Korostelov, Mykola Guchenko, Andrii Perekrest, Alyona Nikitina, Kyrylo Vadurin

Abstract. Significant environmental changes are being recorded around the world. Environmental changes are particularly
noticeable in Ukraine, which is currently experiencing a war and an environmental disaster due to the destruction of the Kakhovka
hydroelectric power station. Due to the war and the change in the Dnipro riverbed, population migration and business relocation are
taking place, causing changes in the concentration and location of air emissions. As a result, requirements for the quality, quantity
and scope of air quality studies are increasing. To meet the requirements for environmental research, as well as to increase the level
of automation of data collection, storage, processing and semi-automatic generation of reports on data from stations and observation
posts, the creation of a software and hardware information system is an urgent task. This study focuses on creating a model of the
hardware part of the information system in the form of a network in Cisco Packet Tracer, which supports the integration of smart
devices, for the environmental monitoring process. The object of this study is the process of modelling a corporate network. The
subject of the study is modelling the architecture of a corporate network supporting IoT technologies using Cisco Packet Tracer. The
purpose of the study is to recreate the model of an analytically calculated corporate network using Cisco Packet Tracer, which will
allow testing the network in different modes of operation and forming a pool of recommended settings before its physical implemen-
tation. In the course of the study, the method of modelling a physical object in Cisco Packet Tracer was used and the addresses were
practically distributed among local computing devices. The scientific novelty of the work lies in the fact that for the first time a
model of a corporate network with support for IoT technologies of an environmental research enterprise has been developed, which,
unlike others, has two tree-like topologies connected at the initial nodes by a wireless network, which allows to equip two physically
separate blocks of the enterprise, without the need to install Internet wires in private premises. In the course of the study, based on
analytical calculations, a network model was built in Cisco Packet Tracer, a pool of static addresses required to connect local devices
was determined, and an algorithm for further network installation was formed.

Keywords: LAN, Computer network, TCP/IP, Wi-Fi, Ethernet, IoT, Cisco Packet Tracer.
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BUKOPUCTAHHSA PO3MI3HAHOI EMOHI; AK HEAABHOI'O ®IABEKY
JJIsA PEKOMEHJAINIMHOI CUCTEMUA

AHoTanisi. AkryaiabHicTb. Yepes 3pocTanns 1udpoBizallii MECTEITBA TOCTAIOTh 331a4i MOKPAIEHHs iIMEPCUBHOCTI Mif
yac B3aeMoJii kopucTyBaya 3 cucteMamu extended reality muctenrtBom. Metoau pociaigxenns. [ mudoka HelipoHHA Meperka
3 mapamu 3aHypeHHs1, 3D 3ropTkoBa HelipoHHa Mepexxa. MeTa cratTi: [lokparueHHs BinOOpy HaiOIbII pesieBAaHTHHUX BiZleO
3a JJONOMOTOI0 BUKOPHUCTAHHS PO3Mi3HAHUX eMOLIN KOPHCTyBaya SIK HessBHOTO (inbeKy B peKoMeHaalilHiil cucremi BipTy-
aIBPHMX apT-KoMmno3uniil. OTpumani pe3yabTaTu. Byno po3poGieno cucremy s kinacugikanii eMoIii KopucTtyBada Ha
BifI€O, TOATIBIIO] KATBKYJISIIT €eMOLITHOIO CKOPHHTY Ta BUKOPHUCTAHHI OTPHIMAHOTO 3HAYEHHS B SIKOCTI HESIBHOTO (hinOeKy
JUISL peKOMEHAAIIHHOT CHCTeMH BinOOpy HaOUTBII pesieBaHTHHX Bileo IJISI CTBOPEHHS BipTyaJIbHUX apT Kommosuwiii. [1o-
€JIHAHHS TPEJICTABICHUX METOIB JJO3BOJIUTH MOKPAIUTH TIEPCOHANI3AMlIT PEKOMEHAITii Ta 11 301IBIIUTH IMEPCUBHICTh Yac
B3a€MOJii KOpUCTYBaya 3 BipTyalbHUMH apT-KOMITO3HLIAME. BucHOBOK. Po3pobiennii y poOoTi miaxig Moxke OyTH BHUKO-
pUCTaHHi IS TIOKpAIIeHHS iIMEPCUBHOCTI Ta IepCcoHali3amii peKkoMeHIaii miJ 9ac B3a€MOil KOPHCTyBadya 3 CHCTEMaMU
extended reality MmucTenTBOM.

Kaw4yosi caroBa: mmboka HeiipoHHa Mepeka 3 Iapamu 3aHypeHHs, extended reality, iMepcuBHICTB, 3D 3ropTKOBa Heli-

pPOHHaA MepexKa.

Beryn

VY pesyabrati 3pocrarouoi mudposizaiii MUCTEll-
TBa, HOBITHIX CIIOCOOIB B3a€MOJIi1 KOPUCTyBaua 3 TBO-
paMy MHCTEUTBa, BUHHKAIOTh NPOOJIEMH 3 IMOKpalieH-
HAM e(eKTy 3aHypeHHS IIiJ 9ac B3a€EMOJIi KOpUCTyBaya
3 cucteMaMu po3mmupeHoi peampHOcTi (XR). Imepcus-
HICTB, a00 CTYIIHb 3aHYPEHHSI B CEPEHOBHIIIE, € KIIIOYO0-
BUM €JIEMEHTOM cHcTeM XR MucrenTsa, 0coOOIMBO KOIH
MOBa W€ PO MOOUTBHI JOJATKH.

[lepcrieKTHBHUM HANpSIMKOM € TIO€JHAHHS >KHBO-
mucy Ta Texuojoriii VR/AR/MR B pamkax XR [1-3].

IoenHyroun TpaauIliiiHI TEXHIKA MaJIFOBaHHS 3 Te-
XHOJIOTISIMHU BIpTyaJIbHOI, JOMIOBHEHOI a00 3MilIaHol pe-
QIBHOCTI, XyOKHUKU Ta PO3POOHUKU MOXKYTh CTBOPIO-
BaTH IMEPCHBHI Ta 3aXOILUIMBI BPa)KEHHS JIJIsl KOPUCTYBa-
yiB. L{e 3nuTTS 703BOJISIE KOPUCTYBAaYaM 3aHYPUTHCS Y
BipTYaJIbHUH CBIT, Ie BOHH MOXKYTh B3a€MOJISTH 3 IU}-
POBUMHM TBOPaMH MHUCTEITBA, AOCITI/DKYBAaTH BipTyalbHi
ranepei abo HaBiTH OpaTH y4acTh B iHTEpaKTUBHOMY MU-
CTenTBi. 3aBISIKH BHKOPHCTAaHHIO XR Mexi Mix izwmu-
HUM 1 OU(POBUM MHCTELTBOM CTHPAIOTHCS, BiJKpUBa-
I0OYM HOBI MOJXKJIMBOCTI JUI TBOPYOCTI Ta XYHOXXHBOTO
BHpakeHHS [4].

OpmHUM 13 acHeKTiB MOKpalieHHS edekTy 3aHy-
PEHHS B MECTEIbKi CHCTEMH € a/IalTallis KOHTCHTY Ta iH-
Tepdeiicy mo motped i BmogoOaHh KOpUCTyBada. 30K-
peMa, BAKOPUCTaHHS HESIBHOTO 3BOPOTHOTO 3B’ SI3KY 3 KO-
pHCTYBa4eM MOXE CHPUSTH MiIBUIICHHIO e(eKTy 3aHy-
PEeHHS Ta CHpOLICHHIO iHTepdelicy KopuctyBada. Mix
TUM, TIEPEHACUYCHHS CUCTEMH SIBHUM 3BOPOTHUM 3B'SI3-
KOM MOXXE€ 3HU3HWTH DIBEHb 3aHYpPEHHS Ta IE€peBaHTa-
xuTH iHTepdeiic [5-7].

Hama wine — po3pobutH MOOUIBHHMH H0/ATOK,
AKUA OM [T03BOJSIB KOPHCTYBadeBi CKaHyBaTH 300pa-
XKEHHsI-MapKep 3a JIOMOMOT0I0 KaMepH, fKe O CIIyTyBaJo
AR-sxopem 1 BimoOpakano Bizieo, 3aBaHTa)XKeHE 3 Cep-
Bepa, Ha MiCIli JAHOTO SKOPSI.

Kaptuau B My3eliHili KOMIO3HII] BAKOHYBATUMYTh
pob MapkepHUX 300pakeHb. CyKYITHICTh 300paKeHHS
Ta OJJAHOTO JI0 HBOTO Bifco OyIeMO Ha3WBaTH BipTy-

IBHOIO XYJ0KHBOIO KOMMO3HIi€0. Po3nisHaBaHHS 30-
OpakeHHS Mapkepa BinOyBaeThCs Ha cepBepi. [licist pos-
Mi3HaBaHHs CHCTEMa ITOBHHHA BHOpPATH Bizeo, AKe Hai-
OLIbIIE BiAMOBITAa€ BIOAOOAHHSIM KOpPHCTYBaya (3a jKaH-
POM, KOJIIPHOIO TaMOI0, KOMITO3MLI€I0 TOIIo). Bindip
3MIACHIOETHCS 3 YPaxyBaHHIM sBHUX (Crogo0anacs KoMm-
TMO3HMIIIS UM Hi, pEUTHHIOBa OLliHKA, I0/1aTKOBA aHKETa) 1
HESIBHUX (YU KOPUCTYBa4 JOJAMBUBCS BiJIEO JIO KiHII, 5K
JIOBI'O KOPHCTYBau 30CEPE/DKYBaBCsl Ha KOMITO3MIIIT
tomro) ¢indekiB KopucTyBadiB. s bOT0 MU BHKOpPHC-
TOBYEMO TiOpUAHY peKOMEHAaliiiHy cuctemy [§].

[ToyaTtkoBe BHM3HAuUCHHS BMOJ00aHb KOPHUCTyBada
3IIIIICHIOETBCSI 32 JIONIOMOT'OI0 AHKETYBAHHSI, SIKE KOPHC-
TyBa4 MOXX€ 3aIlIOBHUTH Ha [0YaTKy BUKOPUCTAHHS MPO-
rpamu. 3a pe3ysbTaTaMy IbOTO aHKETYBaHHs JI0 Ipo-
¢TI0 KOpHCTYBaya J0JIAI0THCS JIaHi, SIKi MOXKYTb BKazy-
BaTH Ha HOTO IepeBary, Taki SK: CTaTh, BiK, YJIIOOJICHUIT
KOJIp, yroOeHi )aHpy xuBonucy Ta iHmi [9]. 3agaua
BUOOpY BiZICOPOJIMKA, SIKUI Haii0OlblIe BiJMNOBiIa€ BIIO-
JN00aHHSIM KOpHCTYBaya, Oy/ie BUpIllIeHa 32 JI0IOMOT0I0
PEKOMEHIALITHAX CHCTEM.

VY 1iif po6OTI MU IPHUITYCKAEMO, IO MOKPAIIEHHS
BiZI0OOpY HaAMOULIBII peNeBaHTHUX BiJIEO VI CTBOPEHHS
BIpTyaJIbHOI apT-KOMITO3HMIII] 32 JIOIOMOT'00 PEKOMEH 1a-
LIIfHAX CHCTEM MOXKHA JIOCATTH IIIIXOM BUKOPHUCTAHHS
pO3Mi3HaHMX €MOLi KOpUCTyBaya SIK HESIBHOTO 3BOPOT-
HOro (higbeky KopHucTyBaya.

Mera cTaTTi: i1est JaHOTO JOCHTIKEHHS MOJIATAE B
HACTYIHOMY: MMOKPAIIUTH BUOip HAWOIBII peIeBAaHTHUX
BiJICO 32 JIONIOMOIOK0 BHKOPUCTaHHS PO3MI3HAHUX €MO-
1iff KOPHUCTYyBaya sIK HesIBHOTO (hindeKy B peKOMeHaIlii-
Hilf cMcTeMi BipTyalbHUX apT-KOMIO3HUIIIH.

Bukaan ocHOBHOTO MaTepiaay

HesBHi ¢inbexu koprcTyBadiB — 1€ LiHHA iHpOP-
Mallis PO TOBEIiHKY KOPHCTYBaiB, SIKa JJO3BOJISE BU-
3HAYUTH iXHI BromoOaHHS Ta iHTepecH. BOHM MOXYTh
BKJIFOYATH PI3HOMAaHITHI OKa3HUKH, TaKi SIK TPUBAIICTh
BiJIcO, WOTO 3aBEPIICHICTh MEPErIIsAay, YacTOTa HATHC-
KaHb Ha Ti YM IHIII pEKOMEHAIi, aHaITi3 BIATYKIB i Oa-
rato ixmroro [10].

© Kymsrin A. 1., 2023
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EdexruBHe BUKOpHCTaHHS HESIBHUX BiATYKIB KOPH-
CTyBauiB MOKE PEBOJIIOIIIOHI3yBaTH POOOTY pEeKOMEH 1a-
uiitHoi cuctemu. Hamaroun Oinbine iHGopMariii mpo Bro-
JN00aHHS KOPHCTyBaya, HIX SIBHI BIATYKH, HalpUKIaja
OIIHKH YH BiJI'YKH, BOHU CTBOPIOIOTH BUIIIMI PiBEHb ITe-
pconamizamii. Ili momaTkoBi maHi HO3BOJSAIOTH CHCTEMI
OTPUMATH TIHOIIE PO3YMIHHA BIIOJ0OAHE KOPHUCTYBAUiB
i, OT)Ke, HaJjaBaTH O1IBII TOYHI Ta HTECTIPAMOBAHI PEKO-
MeHaarnii.

[Tix gac BIpoBaKeHHAS 300py HESIBHUX KOPHUCTYBa-
IBKAX (PiI0eKiB HEOOXiTHO PETEIBHO PO3TIITHYTH JEsKi
Ba)KJIMBI acrieKTH. J{aBaiiTe po3risiHeMO JesiKi 3 HUX.

Konumexcm. HesiBauii (hinOek Moxke 3ajeKaTH Bif
KOHTEKCTY, B IKOMY KOPHCTYBa4 B3a€MOJII€ 3 TPOTYKTOM
a00 xoHTeHToM. Yac 100H, JeHb THXKHS a00 MOTOYHI 1O~
Ji1 MOXYTb TO-pPi3HOMY BIUIMBATH Ha IHTEPECH KOPHUCTY-
BadiB.

Tun 63aemo0ii. Pi3Hi Tnnm HessBHOTO (imbexy Mo-
XKyTh MaTW pi3HE 3HAYEHHs U PEKOMEHIaliiHoI cuc-
temu. Hanpuknaz, nonaBaHHs MPOAYKTY B KOIIHK MOJKE
CBIUUTH TIPO OUTBIINH iHTEpEeC KOPUCTYBaUiB, HiX MPO-
CTO TIEPErIsi]l CTOPIHKY IPOAYKTY.

Hopmanizayis ¢iodexy. KopuctyBadi MOXKYTh B3a-
€MOJIISTH 13 CUCTEMOIO TI0-pi3HOMY, 1 1Ie€ CIIi/I BPaXxoBY-
BAaTH IIiJT YacC OILIHKU 3HAYCHH:S HEeIBHOTO ¢indeky. Cuc-
TEMH PEKOMEHJAIliii MOXYTh HOpPMaJi3yBaTu HESBHUIM
3BOPOTHHI 3B'S30K, IMOPIBHIOIOYH TOBEIIHKY OKPEMOTO
KOPHCTYBaya i3 CYKYITHOI CTATUCTHKOO a00 MOPIBHSHO
3 IHIIMMH KOPHUCTyBadaMu.

Monimopune 3min y nogedinyi kopucmyeauis. Bax-
JUBICTH HESBHOTO (iOCKy MOKE 3MIHFOBATHCS 3 YaCOM
3aJICKHO BiJ] IOTOYHUX IHTEPECiB KOPHCTYBAUIB.

Bazu onsa pisnux osicepen gpiodexy. Y TiOpumHUX pe-
KOMEH/IAI[IHHUX CHUCTEMax, sIKi BHKOPHCTOBYIOTh SK SIB-
HUM, TaK i HessBHUN (Qi10eKH, MOXKe OYTH BaXJIMBO HaJia-
BaTH Pi3HI Bark pi3HUM TUNaM (in0exiB.

Y. Hu, Y. Koren i C. Volinsky y cBoiii crarTi
«Collaborative Filtering for Implicit Feedback Datasets»
(2008) [11] mocmimKYIOTh IF0 TEMY, PO3POOIISIOTH MO-
JieTib, SIKa BHKOPUCTOBYE HEsIBHUIM (inOek sl BU3HA-
YeHHsI BIIOJOOAaHb KOPHUCTYBaya, i IPEJICTaBIAIOTh HOBI
METOJIY OLIHKH. JUISl TAKMX CUCTEM.

HesiBHI BiqTyKH KOPUCTYBAYiB € HOTY>XKHUM 1HCTPY-
MEHTOM JUIS BOCKOHAJICHHS CUCTEM PEKOMEH/Iallii, aje
iX cnig perenbHO IpOaHalli3yBaTH, BPaxOBYIOUM KOH-
TEKCT, Pi3Hi THIH B3a€MO/Ii1, HEOOXiTHICTh HOpMaJTizaii
BIATYKiB, 3MIHH B TOBEIIHIII KOPUCTYBadiB 1 moTpedy y
BaroBUX KoeQilieHTax JUIt pi3HUX JKepen Biarykis. Lle
JI03BOJIUTh HANAIITYBAaTH CHCTEMY TaKMM YHHOM, LI00
Ha/1aBaTH KOPHUCTyBa4daM HaiO1IbII aKTyalbHI peKOMEH-
namii. [{i mprHINOH BiAIrpaoTh KIFOYOBY PONb Y BIIPO-
BaJDKCHHI Ta ONTUMI3allil BAKOPUCTAaHHS HESIBHUX BiJTy-
KiB KOPHCTYBayiB y PEKOMEH/IAIliiHUX CUCTEMaX.

VY Hamomy J0ciiPKeHHI MH 0OMEeXy€eMOCs BUKOPH-
CTaHHSM BiZICOJITaHMX JUIS PO3II3HABaHHS €MOLIH, Xo4a
MIPUCTPOT /ISl CKAaHYBaHHS OOJIMYYS, TaKi K CHCTEMH
posmizHaBanHs o0xmuus (TrueDepth) na cmaprdonax,
CTalOTh BCE OLTBIN MOMMpeHUMU B Ham gac. Li mpuctpoi
MOXXYTh HajaTH OUTBIN AETabHY iH(GOpPMAIII0 TPO Mi-
MIKy Ta eMOLIHHUN CTaH KOPUCTyBaya.

OpHak a5 HAIUX KOHKPETHUX IJIeH, peKoMeHaa-
mii AR ceciii g MHUCTENTBa, JHUIIE BiI€OJAHUX HE-

JnocTaTHbO. Hama cuctema pekoMmeHzalii crpsMoBaHa
Ha BUOIip 1 pekomenpanito AR cecili, siki Halikparie BiJ-
MOBIZIAl0Th EMOLIITHOMY CTaHy KOpUCTyBaya IIiJl 4ac Ie-
pernsiy aprT-Bineo.

Takum yrMHOM, X04a IIPUCTPOT ISl CKaHyBaHHS 00-
JIU94S] MOXKYTh OyTH HOTEHIIHO KOPUCHUMH JJISI OTPH-
MaHHS JCeTANbHININX JaHUX IIPO eMOIIHUI cTaH KOpHC-
TyBada, BOHH HE MOTPIOHI IS HAMIMX KOHKPETHHX IIi-
Jei. 3aMicTh IIbOTO MU 30CEPEIKYEMOCh HAa BHKOPHC-
taHHi 3D 3ropTKOBOI HEHPOHHOT MEpEXi IS aHATI3Y Bi-
JeofaHnX 1 kimacu(ikamii eMoIii, IKi BXKe HaJaroTh J0-
cTaTHBO iH(opManii it cuctemu pekoMenanii AR-ce-
Ciif MUCTELTBA.

Bupaz 001u44st CHITEHO KOPEITIOE 3 PyXOM 00IHYUsl.
3aJIe)HO BiJ| TOTO, Y1 BUKOPUCTOBYETHCS YacoBa iHdop-
MaIlisi PO PyX O0IHMYYs, PUCH OOTUYYsI MOXKHA Kiacudi-
KyBaTH sIK cTaTW4Hi abo quHamivHi. [lepumii, sikuii B oc-
HOBHOMY BKITIOYa€ TEOMETPHYHI 00’ €KTH Ta 0COOIMBOCTI
30BHILIHBOTO BUIJIAY, MOXKHA OTPHMATH 3a JOTIOMOT OO
3ropTKu abo iHMUWX (UIFTPIB HABYaHHS, OCTAaHHI, SKi
CTpsIMOBaHI Ha MOJENIIOBaHHS IWHAMIYHHX BIIACTHBOC-
Tell pyxy oOnm44si, MOXXKYTb OyTH pO3paxoBaHi BiIImo-
BIJTHO 3a JIOTIOMOT'O0 ONITHYHOTO MTOTOKY a00 iHIIHX Me-
TOIIB.

Konu BBOASITBCSI TPUBHUMIpPHI 3rOPTKOBI HEHpOHHI
Mepexi (3D CNN), BIIydeHHs JBOX PI3HUX THITIB 03HAK,
3raflaHuX BUIIE, cTae jermuM [12].

Hama Meta — aganTyBaTy TPUBUMIpHY 3TOPTKOBY
HEHpOHHY Mepexy s kiacudikamii Bigeo, BimoMy 3i
ctarti «A Closer Look at Spatiotemporal Convolutions
for Action Recognition» [13], mo0 BusBIATH emorii Ta
IHTEepPIPETYBATH IXHIO TOCIIJOBHICTH K HESIBHUAHN BiI'YK
KOpHCTYBaJa B HAIlill CHCTEMi peKOMEH/AIiH.

Ha puc. 1 moxa3ani mapu opurinaipaoi 3D Mozeni
CNN, siKy M{ IparHeMo aJanTtyBaTH JJis Po3Ii3HaBaHHS
eMOLLiH.

L Mosienb npalroe 3 BiJICONIOTOKOM, SIKUil AUCKpe-
THU3YETHCSL Ha OKpEMi KaJIpH Ul MOAAJBUIOTO aHaIi3y.
KoxxHe Bizieo 00poOIIseThest 3a JONOMOT 00 TPUBUMIPHOT
3roptkoBoi HeliponHoi Mepexi (3D CNN) s knacudi-
Kallil eMouiii KOpHCTyBaya Ta BH3HAYEHHS BAXKJIMBOCTI
knacudikoBanux emouiil. BukopuctoBytoun 3D CNN,
MOJKHa BUKOPHCTOBYBATH TPUBUMIpHHUN (LIBTP 11t BU-
KOHaHHS 3TOPTOK 1 IPOCTOPOBO-4acoBOi 0OpOOKH Bijeo-
JIaHUX.

Ha eramni monepennpoi 00poOKM MU HaJamITyBaIH
4acTOTy KaJpiB BiZ€0, po3MipH (3MIHMBIIM HIMPUHY Ta
BHCOTY Bifieo 10 224 mikcenmiB) i CErMEHTYBaJIH HOTO Ha
BiZIPi3KH 10 2 ceKyHau. Bubip ontumansHOi 9acTOTH Ka-
IpiB Bimirpae BUpIMIadbHy POJb y HAIIH CHCTEMi, OCKi-
JBKU TIe JIoTIoMarae MiHIMi3yBaTH 3aTPUMKY pO3ITi3Ha-
BaHHS Ta IMOKPALIUTH 3arajibHy NPOAYKTHBHICTE. [Ipu
LIOMY YacTOTa Ka/ipiB TOBUHHA OyTH J0CTaTHBOIO, 00
OLIIHUTH 3MiHH B O0JINYYi KOPHCTYBaya.

OO6paHo 5 KaJpiB B CEKYHAY SK 33/10BUIBHY JUIS Ha-
1101 MOJIEJII.

[otpi6no amantysatu 3D CNN st ananizy mocmi-
JOBHOCTEH KaJpiB, i€ KOXEH KaJp BBAKAE€ThCS OJHUM
«9acoBUM Kpokomy». Ile mo3Bossie Momeni po3mi3HaBaTH
iH(popMaIlifo, SKa TONMTUPIOETHCS 3 YacOM, HAIPHKIIAT
JVHAMIKy BHpa3y OOIHYYs, L0 € KPUTHYHO BAYKIUBUM
JUTSL pO3MI3HABAHHS €MOTIIH.
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1 3MiIlIEeHb, CIPUYNHEHUX PI3HUMH KYJIb-
Typamu Ta ymoBamu 300py. I[loTounuit
Halip JaHUX Ma€ CUIIbHE BOY10BaHe 3Mi-
LICHHS, a BIAMOBIIHI 3aPOIIOHOBAHI Me-
TOIU TOKA3yI0Th, IO YMOBHHU pPO3MO-
I IMOBIpHOCTEH Mi’K HaBYAIEHUMHE Ta
TECTOBUMH HaOOpaMHU NaHUX BiIpi3Hs-
eThes [14].

OOnmy4st Ha BiEO AaHATI3YETHCS
3D CNN, skuii HaBYCHHUNA PO3ITi3HABATH
eMmotiii 3a gonomororo CMU-MOSI. Ha-
6ip nmanumx Multimodal Corpus of
Sentiment Intensity (CMU-MOSI) — e
KoJekIis 2199 BifeoKIIimiB, 110 BUCIIOB-
JOIOTH TyMKU. KOKHE Biieo 3 TyMKOIO
JIOIa€ThCS B miama3oi [-3,3].

OCKIIbKY MU a1alITyBaJIk OpUTiHA-
apHuE 3D CNN 1o Mozmeni, sika MOXe
knacuikyBaTH €MOIlil, MU BHKOPHCTO-
BYEMO HOTO 1T 00OpOOKH KOPOTKUX Ce-
TMCHTIB Bizeo (2 CeKyHIW KOXKEH) s
MiABUIECHAS TOYHOCTI, OKPEMO allTOpH-

TMIYHO 0OPOOJISIFOUN PEe3yIbTATH KIIACH-

¢ikauii Ko)KHOTO cerMeHTa. M1 BUKOHY-

€MO IIf0 IO IS BiICO 3 MEPEAHBOT Ka-
MepH KOpUCTyBaya IIiJ] yac KOKHOTO ce-
ancy AR.

Habip manux cyBOpO aHOTOBaHHUI
MiTKaM# JJ1s1 Cy0’ €KTHUBHOCTI, iIHTCHCHB-
HOCTi HACTPOIB, aHOTOBAHUX Bi3yaJbHUX
XapaKTEPUCTHUK 32 KaZPOM 1 KOKHOIO J1y-

MKOIO, a4 TaKOXX aHOTOBAHUX 3BYKOBHUX

XapaKTepUCTHK 3a MimicekyHau [15].

Pe3ynbTaToM 1[bOrO KPOKY € BH-
3HAYCHHS eMollii Ta 11 IHTEeHCHBHOCTI
JUTs 00Ty st KOprCTyBaya B Kazpi. [1]o6
NIEPETBOPHTH 111 IaH] Ha HESIBHUI 3BOPO-
THUH 3B’SI30K, MH PO3pOOJSIEMO €MO-
iiHY OILIHKY JJIs1 KOKHOTO ceaHcy AR,
y SKOMY MH IIiICyMOBYEMO BHUMIpIO-

BaHHs CMOHiﬁ KOpUCTyBa4a B OJHC YUC-

residual main | input: | (None, 10, 112, 112, 16)
ResidualMain | output: | (None, 10, 112, 112, 16)
add | input: | [(None, 10,112,112, 16), (None, 10, 112, 112, 16)]
Add | output: (None, 10,112,112, 16)
[Iesue_ﬂdeo_l mput: | (None, 10, 112, 112, 16)
| ResizeVideo | output: | (None, 10, 56, 56, 16)
project | input: | (None, 10, 56, 56, 16) residual main 1 | input: | (None, 10, 56, 56, 16)
Project | output: | (None, 10, 56, 56, 32) BesidualMain | output: | (None, 10, 56, 56, 32)
add 1 | input: | [(None, 10, 56, 56, 32), (None, 10, 56, 56, 32)]
Add | output: (None, 10, 56, 56, 32)
resize video_2 | input: | (None, 10, 56, 56, 32)
ResizeVideo | output: | (None, 10, 28, 28, 32)
project 1 | input: | (None, 10, 28, 28, 32) residual main 2 | input: | (None, 10, 28, 28, 32)
Project | output: | (None, 10, 28, 28, 64) ResidualMain | output: | (None, 10, 28, 28, 64)
| add_2 | input: | [(None, 10, 28, 28, 64), (None, 10, 28, 28, 64)]
| Add | output: (None, 10, 28, 28, 64)
resize video_3 | inpuf: | (Nome, 10, 28, 28, 64) ]
ResizeVideo | output: | (None, 10, 14, 14, 64) |
project_2 | imput: | (None, 10, 14, 14, 64) residual main 3 | input: | (None, 10, 14, 14, 64)
Project | output: | (None, 10, 14, 14, 128) ResidualMain | output: | (None, 10, 14, 14, 128)
add_3 | input: | [(None, 10, 14, 14, 128), (None, 10, 14, 14, 128)]
Add | output: (None, 10, 14, 14,128)

)

global_average pooling3d | input: | (None, 10, 14, 14, 128)
GlobalAveragePooling3D | output: (None, 128)
flatten | input: | (None, 128)
Flatten | output: | (None, 128)
dense_3 | input: | (None, 128)
Dense | output: | (None, 10)

Puc. 1. Hlapu opurinamsHoi 3D CNN

Ha6ip nanux FER (Facial Expression Recognition)
— 11e HaOip aHWX, SKUU IHPOKO BUKOPHUCTOBYETHCS JIIS
HaBYaHHS Ta OIIHIOBAHHS MOJIENCH I 3aBIaHb PO3ITi-
3HaBaHHSA BUpa3zy o0amyds. Bin cxiagaeThes 3 KOeKmii
300pakeHb y BIATIHKaX Ciporo 3 BHpa3zaMu OOJMY ITiO-
neit. OcHOBHI po0JIeMU, SIKi BUHUKAIOTH ITiJ] 9ac po3po-
6xu cuctemu FER, cTocyroTbest HESIBHIX OCOOIMBOCTEH

JIOBE 3HAYCHHS U CEaHCy, SIKE MOXKE
OyTH TO3WTHBHMM, HEHTpalbHUM abo
HeraTHBHUM. Mogenb, 110 MpeACTaBIsie
BXI1JIHI JaHi, IIOKa3aHa Ha puc. 2.
IIlo6 mepeTBOpUTH BHXiAHI HaHi
Mozeni B eMoliiHy ominky (ES) ceancy
AR 3 N xagpamMu, MH MOKEMO BUKOPHC-
TaTu TaKy GopMyIiy:
ES = (Zie = s)/N, (1
Ie e; — 3Ha4YeHHs eMomii (-1 mmsa Hera-
TUBHUX, 0 U1 HEHTpanbHUX, | A7 mo-
3UTHBHHUX ) JJIS KAJIPY I, S; — BKIUBICTH
emotiit st kaapy i (Big 0 go 1).
Frames 0 4 6 8 14 16
e S

Emoion -0.001 034 061 082 054
strength

Weacly

Positive
positive

Strong positive

Puc. 2. Mozeinb BXigHOI TOCTIZOBHOCTI

Hamr mporiec 6a3yeThest Ha pO3AiTICHH] BiIEOTIOTOKY
Ha OKpeMi KaJpH, sKi 00poOIsSIOTECS 32 HonoMororo 3D
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CNN s knmacudikauii emoniit 06auyus KoprcTyBaya 3a
nonomoroto Habopy aannx CMU-MOSI. 3a pesynbra-
TaMH 1IbOTO €Tally MU OTPUMYEMO BU3HAYCHHS eMOLIT Ta
1l IHTCHCHUBHOCTI JUIs OOJIMYYs KOPHCTyBada B Kapi.
11100 mepeTBOPUTH 11i AaHi HA BIATYKH, MU OyIEMO BHKO-
PHUCTOBYBATH CHCTEMY MiJPaXyHKy eMOIIIMHNX OaiB Iy
KokHOI cecii AR, y skii MU TiICyMOBYEMO BHMipIO-
BaHHS eMOLiH KOpUCTyBaya B OJHE YHCIIOBE 3HAYCHHS 32

CeaHc, sIke MO)Ke OyTH NMO3WTHBHUM, HEHTpaIbHUM abo
HeraTuBHUM. OTXe, Ha OCHOBI 11i€] YACTHHU MU MOKEMO
chopmyBaTH HaOip EMOIIMHUX BUMIPIOBAHb, SKHIA MOXKE
CIyryBaTu e(eKTHMBHUM IHCTpyMEHTOM i 3abesme-
YEeHHsI HESIBHOTO 3BOPOTHOTO 3B’5I3KY B CHCTEMI peKOMe-
Huaniid. e, y cBoro 4epry, Moke 30iTBIINTH 31aTHICTH
CHCTEMH Kpallle pearyBaTH Ha BIIOJOOaHHS Ta MOTpedH
kopuctyBadiB. [ToBHHI mporiec moka3zaHo Ha puc. 3.

Ewery 2 seconds:

Video from the
user's front camera

—

Augmented
expirience (user
watch AR scene)

Emotion classification
3D CNN

- classified emotion (-3..3)

- emotion strange {0..1)

—

AR session

Implicit feedback

—

Emotional scoring
{segments to the tota
scorning)

AR sessions
Recommender system

ft

Puc. 3. IToBHa nOCTiZOBHICTE CHCTEMH

HeiipoHHi Mepexi, sIKi aHaIi3yI0Th BiJleo1aHl KOpH-
CTyBaya Ta PO3Mi3HAIOTh EMOIIii, MOXKYTh IOKPAIIUTH pe-
3yJIbTaTH PEKOMEHJAIHUX cHCTeM. BUKopHCTOBYOUH
3D CNN anst BUSBIICHHS €MOIIIH Y BiIe0, MH CTBOPIOEMO
OCHOBY [II TCHEPYBaHHsI HESIBHUX KOPHCTYBALBKUX (i-
noekiB. Takuil miaxin gomomarae 3i0paTH BaXKJIHMBY iH-
(dopmariiro mpo eMoUiiHy peakIlito KOpUCTyBadiB Ha Pi3-
HUI KOHTEHT. 32 JOTIOMOT00 ()OPMYIIH EMOLIHHOTO CKO-
puHTY 1T KOXKHOT AR cecil MH MOXeMO KiTBKICHO OIi-
HHUTH €MOLIiHy peakIlilo KOpUCTyBauya Ha KOXHY pPeKo-
MeHgoBaHy AR cecito.

Mu MonudikyBaiu Hally crapy MoJesb riOpuaHOT
PEKOMEHIAIIHOI CUCTEMH, SIKa TIOEAHYE B COOI METO
criibHOT (pUTBTpAIlil, METO] pEeKOMEHAIIIH, 3aCHOBAHUIA

[Cxusers_in | nput_ | [None, D] |

Ha 3HaHHAX, 1 IIMOOKY HEWPOHHY MEpEKy 3 TOHYUYUMH
miapamu [8], BKIFOUMBIIK 3HAYCHHS EMOIIIHOIO CKOPH-
HI'Yy SIK HESIBHUI (i10eK y BXiJHI AaHi.

3aBIKU THYYKOCTI Cy4acHOTO arnapary HeHpOHHUX
MEpEeX CTajJ0 MOXJIMBHM IMOE€THATH Pi3HI MiAXOOH IO
CTBOPCHHSI PEKOMEHMAIIHHUX CHUCTEM B paMKaX OJIHi€i
Mozen. Mu nmonmanu ABi OKpeMi TTHOOKI HEHpOHHI Me-
pexi mo moneni Neural Collaborative Filtering, siki BHKO-
puctoByrOTh iH(pOpMarito nmpo BractuBocTi AR cecii Ta
iHpopMaito npodiito KOpUCTyBaya 1Jisi BUOOPY Bijieo.
Ile mo3BOMIIIO HAM MOKPAIIUTH SAKICTh PECKOMEHMAIIH,
SIKI MM OTPUMYBaTHMEMO Bijl CHCTEMHU.

Hlapu crapoi riOpuaHOi MoJeli, SIKy MM aJanTy-
€MO, TIOKa3aHi Ha puc. 4.

[Sproducts_in [ nput_ | [None. 1] |

[mmeaye. ] output: | [(one, 1)] ] [ TnputLayer | output: [ [(None, 1)] |
[t xusers_emb | wput [ @ione, 1) | [ susers_emb | wput [ None, 1) | [ ef_xproducts_emb | nput: | @one, 1) | [[mu_sproducts_emb [ mput | vone, 1) |
| Embedding [ output. ] (None, 1, 50) \ [ Embedding [ output ] (None, 1, 50) \ \ Embedding [ output. ] (None, 1, 50) \ [ Embedding [ output: ] (None, 1, 50) |
[ of xusers ] input: | (None, 1, 50) ] | L_xusers [ nput: ] MNone, L, 50) \ | of xproducts [ input: ] (None, 1, 50) \ | nn_xprocucts [ input: ] (None, 1, 50) \
\Rcsmpc Iourpul'l (INone, 50) j | Reshape \ouqmrj (None, 50) \ | Reshape Iout-p\ll'J (None, 30) \ | Reshape \ounml j (None, 30) \
/
| of_xx ] input: | [(None, 50), (Nuutjm] | | concatenate_2 ] input | [(None, 50), (None. 50)] | [lcamlcrv'_m ] input | [(None, 14)] | [ contexts_in [ nput: ] [(None, 22)] |
| Dot | output: | (None, 1) | | Concatenate | output: | (Mone, 100) | lIﬂ]'\lll‘LnyeA | output | [(one, 14)] | | TnputLayer |our1mr | [(None, 22)] |
\ nn_xx J input: | (None, L00) \ | features_x | input: | (Mone, 14) | | context x | input: ] (Mone, 22) |
‘ Dense J output: | (None, 25) ‘ | Dense \ output: J (None. 14) | } Dense \ output: ] (None, 22) |
[ concatenate_3 | input:_[ [(None, 1), (None, 25), (Non::#), one. 22] |
| Cencatenate | output: | (None, 62) |

Takum ymHOM, micns oOpoOkm pesynbrariB 3D
CNN ju1s1 po3ni3sHaBaHHS €MOLIIH y Bi/Ie0 3 OI[IHKOIO eMO-
LiAHOCTI 715 KOsKHOT cecii AR My toaemMo pe3ymbTaT sk
HesiBHUH (in0ex 1o BXiZHOI Moerni Hamoi pekoMeH 1a-
niHO1 cuctemu. Harma Meta — po3MUpUTH MOJIETH, J10-
JIABIIY HOBHMH BXiTHUH apaMeTp eMOLIHHOTO CKOPHHTY,
1100 BUKOPHUCTOBYBATH HOTO SIK HEIBHUH (igOex.

BuxopuctaHHs TphOX MOXKIIMBUX BapiaHTIB e€MO-
niHoro (indexy (HeraTUBHUN, HEUTpaIbHUH, TO3UTHUB-
HUI) Ha BiAMiHY BiJ IBOX (HETaTWBHUM, MO3UTHBHHI)
JacTh HaM OuIblle THYYKOCTI NPU BHU3HA4YCHHI Baru
LILOTO BIATYKY. AJUKe HEHTpanbHUI eMomiiHuN (igdex
BUKJIIOYA€ MTOMMIIKOBI OIIHKH IIiJ] 4ac HEBH3HAYEHOCTI

Puc. 4. lapu ribpuaaoi moneni

YM BIJICYTHOCTI €MOLili, 10, y CBOIO Yepry, He BUMara-
TUME 3HAYHOTO KOJMBaHHA Baru (pigOeKy, a Takox 3a-
TPO3U BCTAHOBJICHHS BEIIMKUX Bar.

Mu o4ikyeMo, 110 B pe3yJIbTaTi HAllIMX JOCIIKEHb
1 OHOBJICHHA CHUCTEMH PEKOMEHHALIN BAACTHCS OTPH-
MaTH MiJBUIIEHHS TOYHOCTI pexoMeHnamiil. Bukopuc-
TaHHS OI[IHKY PO3Mi3HAHUX €MOIIil Ha BiJI€0 SIK HEIBHOTO
3BOPOTHOTO 3B’S3Ky TaKOX JIO3BOJIMTH CHUCTEMi Kparie
3pO3yMITH BITOJIOOAHHS KOPUCTYBAdiB 1 pEakIlito Ha
BmicT. Ile Moke JOMOMOITH CHCTEMi PEKOMEHIAIlii
CTBOPUTH OiNbII JETAJbHUH NMpOQiIs KOPHCTyBada Ta
HaJaTé OUIBII TIEPCOHANI30BaHI pEKOMEHIAII, SKi Bif-
MTOBIIAIOTh HOTO EMOLIHHOMY CTaHy.
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BucHoBxun

Byno 3ampornoHOBaHO BUKOPHCTOBYBaTH PE3yJib-
TaTH TPUBUMIPHOI 3rOpTKOBOI HeliporHOI Mepexi (CNN)
JUI aHaNi3y BifleO Ta PO3Ii3HAaBaHHS €MOIiH KOPUCTY-
BaYa K JaHUX JUI aTOPUTMY OIIHKH €MOIIIHHOI cecii.

[NonmanpIre 3acTOCyBaHHS €MOIIIITHOT OIIHKH SIK He-
s;BHOTO (inbOexy aus TiOpumHOI peKOMEeHIamiiHOi cHc-
TEMH.

THUBHHUH, MO3UTUBHUI), IO 1ACTh OIJBLIY THYYKICTh IPH
BHU3HAYCHHI Bard 1bOT0 BITYKY.

Po3pobiiennii miaxix Moxe OyTH BHUKOPHCTaHUH
JUISL TIOKPAILIeHHS! IMEPCUBHOCTI Ta IIepCcoHai3aliil peKo-
MEHJaMii Mg yac B3a€EMOJIil KOPUCTYBaya 3 CHCTEMaMHU
extended reality MuCTEITBOM.

Hopaabui gocaigKeHHs IOIUTEHO MPOBOAUTH Y
HaTpsMIi IO€THAHHS ICHYI0UO01 CHCTEMH 3 TeHEepaIli€ero Bi-
PTYQIFHUX apT-KOMIIO3HUIIiH 3 METO0 30iIbIIeHAS BHOI-

PKH peKOMEHJAIH Ta HiBEIIOBaHHSA 00MEXEHOI KibKO-
CTl MaHyaJbHO CTBOPEHHX BipTyaJIIbHUX apT-KOMIIO3H-
i,

Takok NpONOHY€ETHCSI BUKOPUCTOBYBATH TPU MOX-
JIMB1 BapiaHTH eMOLIIITHOTrO 3BOPOTHOTO 3B'S3KY (HeraTu-
BHUI, HEUTpaJIbHUI, TO3UTHBHUI) 3aMICTh ABOX (Hera-
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Using recognized emotion as implicit feedback
for a recommender system

A. Kuliahin

Abstract. Topicality. Due to the growing of digitalization of art, the tasks of improving immersiveness during user inter-
action with extended reality art systems arise. Research methods. Deep Neural Network with Immersion Layers, 3D Convolutional
Neural Network. The purpose of the article: Improving the selection of the most relevant videos by using recognized user emo-
tions as implicit feedback in the recommender system of virtual art compositions. The results obtained. A system was developed
for classifying the user's emotions in the video, further calculating the emotional scoring and using the obtained value as implicit
feedback for the recommender system for selecting the most relevant videos for creating virtual art compositions. The combination
of the presented methods will allow to improve the personalization of recommendations and increase its immersiveness during user
interaction with virtual art compositions. Conclusion. The approach developed in the work can be used to improve the immersive-
ness and personalization of recommendations during user interaction with extended reality art systems.

Keywords: deep neural network with immersion layers, extended reality, immersiveness, 3D convolutional neural net-
work.
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Hamionanenwuii yniBepcutet «IlonraBchka monitexnika imeni FOpist Konapariokay, [lonrasa, Ykpaina

o AJI'OPUTMIB KOMIT'IOTEPHOI'O 30PY
JJIsA BUSABJIEHHA HEBE3IIEYHUX OB'€EKTIB ITPOHAMMU

AHoTanisi. 3MiliCHEHO TCOPETHIHUH OIS/ ATOPUTMIB Kiacudikaii i TOOYIOBH BiAOBITHIX MOJEICH JOCITiKEHHS
Hebe3neunnx 00’ekTiB. ChopmoBaHo (opMaIbHy MOCTAHOBKY 3aBHaHHS KiacH(ikanii HeOe3medHnX 00'eKTiB U1 moOyI0-
B Kiacu(ikaniiinnx Mmopenei. Bkazane 3aBmaHHs BHPILIYEThCS UUIIXOM MOOYI0BH KnacugikalifHUX Momenel iHcTpyMe-
HTaM{ MAIIMHHOTO HaBYaHHS a00 HeHpoHHHX Mepex. CKIagHICTIO JOCTIHKEHHS € BUOIp apXiTeKTypH HEHPOHHOI Mepexi
30pi€HTOBaHYy Ha KiIacH]ikalilo 300paxkeHb, 10 MOAAaBaTUMYThcs Ha ii BXiA. I'padiuHe mpencTaBieHHs apXiTeKTypHu Hel-
poHHOT Mepexi 3/ilicHeHo 3a gomoMororo 6ibmiorek networkx Ta matplotlib. I{e 103B0NMIO OCMHUCIUTH 3arajibHy MOCTAHO-
BKY 3aBJIaHHS JI0 CTBOPEHHs KJIacu(iKariifHIX Mozenei. Moxerni OyayTh BUKOPHCTaHI y MaiOyTHIX OCHIIKEHHSX K OfHA
3 QyHKIIH qpoHa IS BUSBICHHS HEOE3MEUHUX 00 €KTIB B yMOBaxX OOHOBUX Miid.

Kaw4uoBi ciaoBa: xoMn'torepHuii 3ip, IpoH, HEHPOHHI MEpeXi, pO3MiHyBaHHS, BIIHOBICHHs, O0HOBI Iii

Beryn

IMocranoBka mpodsemu. Hama nepxaBa motpe-
Oye po3poOKHM HOBUX B3IpIiB TEXHOJOTM Ha OCHOBI
LITYYHOTO 1HTEJIEKTY.

OnHiero 3 HaWOLIBII BaroMux IMpoOlieM BUKOpPHC-
TaHHS INTYYHOTO IHTEJEKTY € 30ip BHCOKOSKICHHMX Ja-
HUX W CTBOPEHHS BIANOBITHUX MOJEIEH KOMII IOTEep-
HOTO 30pYy 3 MiHIMaJIFHOIO BUTPaTOIO yacy [1].

[Tpouec cTBOpeHHS MOAENEH ITYYIHOTO iHTENIEKTY,
e BXITHUMH JaHUMH € 300pakeHHS TPOMI3IKAN I
notpedye 3HaYHUX BUTpAT pecypciB. IcHyIOTH curyarii
HAasBHOCTI He30aTaHCOBaHUX JaHUX [2], IO MOPOMIKY-
I0Th 30UIbIICHHS KIIBKOCTI 3a7a4 i J10AaTKOBHX YMOB,
KOTpi NoTpiOHO BpaxysarH [3].

HaykoBIisiME 3IHCHIOETBCS TMOMIYK # pO3poOKa
HOBUX Kiacu(ikaliiiHUX METOJIB, 30KpeMa Jyis pO3IIi-
3HaBaHHsI 00’€KTIB Ha 300paxeHHsX [4].

3anpornoHoBaHl METOAM AJITOPUTMI3YIOTh Ta OIi-
HIOIOTH [5] A MOKpamieHHsT BUSBICHHS Ta KiIacupika-
mii BimeooO’ekTiB Ha TwIaTPopMax HEOOMEKeHOI Mo-
OUTBHOCTI.

IcHYIOTP HaBITH ITI €KOCHUCTEMH, J€ CIOCTEpira-
€THCSl CHHEPTii HanamTyBaHb 00NagHAHHS, CAaMOCTIHHO-
IO NPUHHATTS pIMICHb IPOHOM, B3a€EMO3B’S3KY MIiXK
JpoHamMu abo JPOHOM Ta 3€MIICI0 i THYYKOTO ITPOEKTY-
BaHHs MonyhiB [6]. IIpoTe BkaszaHi cucTtemu 30iTbITy-
IOTh KUJIBKICTh OOYMCITIOBAIBHUX MPOIIECIB, JIe HEOOXia-
HO YAOCKOHAJIOBAaTH NpOTrpaMHe i amaparHe 3abe3re-
YEHHSI.

Came ToMy [7] 3aIrpOIIOHOBAHO HOBI apXiTEKTypHI
pilIeHHs, KOTPI MiJBUILYIOTh MPOXYKTUBHICTH POOOTIB-
JIPOHIB, 32 paxyHOK iX KOMYyHIKawlii i po3BaHTaXeHHS
oOumCcIIOBaIbHUX NpoleciB. Po3BaHTakeHHS 004MCITIO-
BaJBPHUX TIPOLECIB € UYYIOBOK 1NIE€H0 TPU HASBHOCTI
JpOHIB Ta poOOTIB, sKi IpaooTh y rpyti. Lle no3Bomnse
e(eKTUBHINIE NPHAMATH pPIMIEHHS, 3AIMCHIOBATH MpO-
THO3M TOJIH TOIIO.

Ane B ymMoBax OOHOBHUX JIili HEOOXiTHO Tependava-
TH CUCTEMH KibepOe3neKn APOHiB Ta POOOTIB.

KpiM KI1acCHYHOTO BUKOPHCTAHHS alTOPUTMIB KJa-
cudikamii y [8] BUAUIAIOTE HEHPOHAYKY, KOTpa 30pi€H-
TOBaHAa Ha TNPOIEC HPUHHATTS pillleHb POOOTOTEXHIY-
HUMH 3aco0amu.

PoGor Moxe mpuiiMaTH pILICHHS 3a JOIOMOIOIO
IHCTpYMEHTIB HAaBUAHHS 3 MiIKpirIeHHsIMA. B Tim, meit
mporec morpedye HAsSBHOCTI BHCOKOKBaJi(iKOBaHHX
eKCIIePTiB i € qyke (piHAHCOBO 3aTPATHUM.

[cHytOUl JOCTIPKCHHS HE MAalOTh OXHO3HAYHOIO
MiIXOMy Ta peKOMEHAAMil 1010 BUKOPHCTAHHS AJITOpH-
TMIB Kiacudikauii HeOe3neyHHX O0O0’€KTIB JpOHAMHU.
OOMe)KeHHs TOSCHIOIOTHCS BIJCYTHICTIO SIKICHHX Jara-
CeTiB, 3HAYHOIO BUTPATOIO Yacy Ha moOynoBy Mojei, He
MATPUMKOIO YMOB OanaHcy KiaciB HeOe3NneyHHuX
00 €KTiB.

Came TOMy aKTyasi3yeTbCs HMUTAHHS IOA0 OISy
kiacuikamifHUX aNrOPUTMIB Ta TiIXOIB BHUKOPUCTAH-
Hs BKa3aHUX aJFOPUTMIB Ha JPOHAX, KOTPi BUKOPUCTO-
BYBAaTHIMYThCS B yMOBax OOHOBMX il UL PO3BiIKH,
pO3MiHyBaHHS 00’ €KTIB TOIIO.

Meta mocaimkeHHsl. AHali3 iCHYFOUHX alTOPUT-
MIB MalIMHHOTO HaBYaHHs IS Kiacuikamii Hebe3mney-
Hux 00’exTiB. lle macth 3Mory chopmyBaTu «MiHiMalb-
HI BUMOTH» JI0 IHCTPYMEHTapil0 JOCIHIPKEHb TaKOTO
TUIy Ta HEOOX1MHOTO Yacy Ul MiJATOTOBKU 300paXKeHb,
noOyoBH Mopeneil # po3poOKK CHCTEMH IiJTPUMKH
NPUHHATTS pillleHb BHU3HAUCHHS THIIB HeOE3NeuHHX,
0e3meqHnX 00’ €KTIB POOOTOM-POHOM.

IHcTpyMeHTH 0CTixKeHHS
3ajadi kiaacupikamii
He0e3neyHnX 00'€KTIB APOHAMU

Cepen HaWOiMBII  OOTOBOPIOBAaHWX  HANpPSMIB
KOMIT IOTEPHOTO 30py BUAUIAIOTH KiacudiKallito, po3mi-
3HaBaHHSI 00pa3iB Ta CerMEeHTaIliIo.

PosmisHaBanHs 00pa3iB (00’ €KTiB, CUTHAIB, CHTY-
aIliif, ssBHII a00 MPOIECIiB) — i€ 3aBIaHHS IIeHTU(IKAIIT
00’ekTa a00 BH3HAYCHHS OyIb SKUX HOTO BIACTHBOCTEH
abo 3a iforo 300paxkeHHSIM (ONTHYHE PO3Mi3HABaHHS),
abo ayniozanucoMm (aKyCTHYHE PO3ITi3HABAaHHS) 1 iHIIHK-
MU XapaKTepUCTHKaMu [9].

CerMeHTalrlist — mporec MOIIyKy oXHOPiIHUX 001a-
cTeil Ha 300paxkenHi [9]. BimmosimHo a0 mporpamu
nocimkeHas « O] aNropuTMiB KOMIT FOTEPHOTO 30pY
JUTST BUSBIICHHS HEOE3NMEeYHHX 00 €KTiB JpOHAMH» Ha
2022 — 2024 poxu mepuiuii eTan A0CiiKeHHS epeada-
yae O3HAWOMIICHHS 3 0a30BHMH alTOpUTMaMH Kiacui-
Kartii.
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Ile mo3BoNUTH 3pO3yMiTH 0a30Bi ACHEKTH JOCIi-
JOKCHHSI i BUSSBUTH TPOOJIEMHI MiCIIs.

3a pomomororo kiacuikamii BHPIIIYEThCS 3a-
BJIaHHS MPHUHAJICKHOCTI 00 €KTIB JI0 OHOTO 31 3a3naie-
rige Bimomux knaciB [10]. O6’ekt mae pizHy QizudyHy
npupoxny [11], 30kpema y 3amadi kimacugikamii Hebe3e-
9HUX 00’€KTIB 00’€KTamMH € 300pakeHHs HeOe3meuHuX
00’€KTiB, KOTPi HEOOXiTHO CTBOPUTH 200 3aBaHTAKUTHU
ICHyIOTi.

OpHuM i3 CTIOCOOIB OTPUMaHHS BXiTHHUX OI[IHOK €
penosuTopii [12].

PosrisiHemMo QopmanbHy MareMaTH4HY MOCTaHOB-
Ky 3aBlaHHs Kiacudikarii.

Hexaii Habip D={(xi, yi)}, e X; — 300paxxeHHs He-
0e3meyHoro 00’ekTa, yi — Kiac HeOe3MmeuHoro o0’ €eKrTa,
MictuTh N 300paxkeHb 00’ €KTa TOCIiIHKEHHSI.

HeoOxigHo cTBOpUTH KiIacUbiKaIliitHy MOICIb
f(x), KoTpa y SKOCTI BXIIHUX NaHWX NpHUIMaTHME 30-
OpaskeHHsSI 00’€KTIB IOCIHIIKEHHA Ta KIacH(piKyBaTHMe
ix Ha Oe3rmeyHi i HeOe3meyHi.

[Iporro3oBaHi 00'€KTH aHANI3yBaTUME JIOAWHA KO-
Tpa npuiiMae pilieHHs 32 KOHKPETHUMH KPUTEPiIMH.

Iro 3ama4qy po3B'sA3aTH MOXKHA PI3HUMH METOJaMHU
MAIIMHHOTO HABYaHHS, JI€ MOXXHa BHOKPEMHTH TaKi
meroau[10]:

MeTpHyHi (OJMKHBOTO cycifa Ta ioro Moaudika-
uii),

OTIOPHHX BEKTOPIB,

JiepeBa pillleHb,

cratucTHYHi (0aieciBChKUI KiacudikaTop, Joric-
TUYHY PETPECII0),

Tabauysa 1 — Kareropii apxiTekTyp Heiipomepex [13, 14]

HEHPOHHI Mepexi,

KOJICKTMBH METOJIB abo ancamOmi (Oycrinr, Oe-
ITiHT).

Takox 1 pi3HUMH HEHPOHHUMH MEpEXaMH, KOTpi
nudepeHuiiosani 3a [13]:

TUIIOM BXiZHOI iH(popMarii;

TUIIOM (PYHKIII{ akTHUBaIii HEHPOHIB;

TUTIOM Tpada MKHEHPOHHUX 3B’ SI3KIB;

THIIOM CTPYKTYp HEHpOHIB;

KUTBKICTIO IapiB HEHPOHIB;

TUIIOM TUCKPHUMIHAHTHOI (DyHKIIi;

MIPUHLIUAIIOM CHUHTE3Y;

TOTIOJIOTI€I0 3B’ I3KiB;

XapaKTepoM 3B’S3KiB;

XapaKTepoM IOy 3B’ A3KiB;

THIIOM METO/ly HaBYaHHS;

XapaKTepoM HaBYaHHS;

METO/IOM HaBYAHHS;

THIIOM 4acy;

3aJICKHICTIO BiJl BpaXyBaHHS IONEPEIHBEOTO CTaHy
Mepexi;

THIIOM PO3B’s3yBaHUX 3a/1ay;

00J1aCTIO 3aCTOCYBaHHSI.

Cepen apXiTeKTyp HEHpOMEpeX BUALISIIOTH Mepe-
xi (Tabn. 1) [14]:

GaraToiapoBuii epcenTpoH,

Mepexa 3 parialbHUMH 0a3uCHUMU (QyHKIISMHY,

HEHPOHHI MEPEXi, III0 CAMOHABYAIOTHCS,

WMOBIpHICHI HEHPOHHI Mepexi,

PEeKypeHTHI HEHPOHHI Mepexi,

Mepexi aJanTUBHOI pe30HaHCHOI Teopil, Tabm 1.

Ne Hasga apxitexTypn Mepeuxki HanexuicTs 10 K1acy apXiTekTypu
1 OaraTomapoBHii epCenTPOH €IIMHA apXiTeKTypa

2 Mepexa 3 palialbHUMU 0a3MCHUMH (YHKIIIMA €IIMHA apXiTeKTypa

3 HEHPOHHI Mepexi, 0 CAMOHABYAIOTHCS KJac apXiTeKTypH

4 WMOBIpHI HEHPOHHI Mepexi KJac apXiTeKTypH

5 PEKYPEHTHI HEHPOHHI Mepexi KJIaC apXiTeKTypH

6 MEpesKi aTanTHBHOT PE30HAHCHOT TEOPil KJIac apXiTeKTypH

7 IHOMHHI HEHPOHHI Mepexi KJIac apXiTeKTypH

KoskeH kiac apxiTekTyp HEHpOMEpeK HapaxoByeE
migknacu. s po3yMiHHS CTPYKTYpH HEHpoMepexk
PO3MIITHEMO TMPHHIUI CTBOPCHHS rpadiyHOrO MOAAHHS
apXiTeKTypH Helpomepexi nepcentpoH [14], sika mae
BX1THUH, BUX1THUI Ta IPUXOBAHUH IAPH.

dopManbHa IOCTAHOBKA 3aBIAaHHS IIONSTAE Yy
CTBOpeHHI rpada 3a Jomomoror Oidmiorekn networkx,
KOTPHH AEMOHCTPYBaTUME B3a€EMO3B’S3KH MIXK €JIeMEH-
TaMH apXiTEeKTypH.

Crpykrypa HelpoMmepexi CkiIamaeTbcs 3 Xi, Xz,
Y1, Y2 BXOAH 1 BUXOIW BiITOBIHO, IPUXOBaHI HEHPOHHU
Hi, H> 3 ¢yskmismu axrusarnii ReLU (Rectified Linear
Activation).

CrpykTypa HeHpoMmepexi mnepeadadae iCHYBaHHS
BaroBux koedimieHTiB. Ha OCHOBI 3HaYCHb BHXIJTHUX

CUTHAJIIB MOXYTh IIPUMMATHCS PIllICHHS, B TOMY YHCII i
CTOCOBHO THUIIIB HeOE3MEYHNX 00 €KTIB.

[Ipocty mporpamy CTBOpEHHS apXiTEeKTypH HeH-
POHHOT Mepexi MOXKHa PO3POOHMTH 3a JONOMOrow 6ib-
miotek networkx ta matplotlib [15].

3aJie)KHO BiJl 3aBIaHb JOCIIKCHHS MOA0 MoOyI0-
BU KinacuikalifHuX Mopeneit uist pociikeHHs HeOe-
3MeYHUX 00 €KTiB rpadivyHa cxema apXiTeKTypH HEH-
POHHOI MepeXi J03BOJIIMTH CHOPMYBATH BUXITHY CTPYK-
TYpy apXiTeKTypH MEpexKi.

Pexomennanii 1o popmyBanus
02a30BOro iIHCTPYMEHTAaPII0 10C/TiIzKeHHSI

OO0patu apXiTeKTypy HEHpOHHOI Mepexi 30pi€HTO-
BaHy Ha 3aBjlaHHs KiacHu(ikarii HeOe3meuHnx 00’ €KTiB.
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OCKUIBKH BXiTHHMHU 00’€KTaMHu J0 MOAeNcH € 300pa-
JKCHHS, HEOOXiTHO BU3HAYUTH HUIAXH POOOTH 3 (OTO.
[MoOymoBaHi Mojieni MOKHA BUKOPHCTOBYBATH 3a JOIMO-
MOTOI0 3aC00IB TIEPCOHAIBHUX KOMII I0TEepiB 200 3aBaH-
TaxyBaTH OE3MOCEPEIHbO IO KOHTpOJepa i MPOBOAUTH
EKCTIEPIMEHT POOOTH.

BucHoBKkH

[IpoBeneno anaii3 iHCTpYMEHTIB Kiacuikarii He-
Oe3neyHnx 00’ €KTIB IPOHAMHU.

Bu3HaueHO Kilacw KaTeropiil apXiTeKTyp HEHpOH-
HUX MEPEXK.

Po3missHyTO TpadivuHe NPEenCTaBICHHS CTPYKTYpHU
Helipomepexi 3acodamu networkx ta matplotlib.

OTpuMaHi pe3yibTaTH MOCHIDKCHHS € TCOPEeTHY-
HOIO OCHOBOIO IS IIPOBEICHH MaifOyTHIX TOCIiIKEeHb
y HampsMi kimacudikanii Hebe3neuHnx 00’ €KTIB ApOHa-
MH, KOTPi BUKOPHUCTOBYBAaTUMYTHCS B YMOBax OOHOBHX
niil. B mpomy it momsArae mpakTHYHA 3HAYUMICTB TOCITi-
JOKEHHS.
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Overview of computer vision algorithms for detecting hazardous objects by drones
Oleksandr Laktionov, Bohdyan Boryak, Nazar Pedchenko, Oleksiy Mykhailichenko

Abstract. A theoretical overview of classification algorithms has been conducted to construct relevant research mod-
els for the detection of hazardous objects. The formal problem statement for the classification of hazardous objects has been
formulated to build classification models. This task is addressed by constructing classification models using machine learning
tools or neural networks. The complexity of the research lies in selecting a neural network architecture tailored for image
classification, which will be used as input. The graphical representation of the neural network architecture is implemented
using the networks and matplotlib libraries. This allows for a comprehensive understanding of the overall task in creating
classification models. The models will be used in future research as one of the functions of a drone for detecting dangerous
objects in combat conditions.

Keywords: computer vision, drone, neural networks, demining, reconstruction, combat operations.
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A. 1. JleBrepos, I'. A. [Inexosa, M. B. Koctikoa, C. B. OuepereHnko

XapKiBChKHIA HAIllOHATHPHUN aBTOMOOUTFHO-IOPOXKHIH yHiBepcHuTeT, XapKiB, YKpaina

AHAJII3 BPA3JII/IBOCUTEI71 IJIOIMAHA JTAHUX SDN I ®YHKIIOHAJIbHUX
MOXKJ/INBOCTEUN 3ACOBIB MAPIIPYTHU3ALII IIOAO MPOTHUAII
MOKJ/IMBUM ATAKAM

AnoTtanis. [IpoBenenuii ananiz BpasnuBocTelt miomuHN qaHuX SDN i GyHKIIIOHATEHIX MOXIMBOCTEH 3ac00iB Oe3med-
HOI MapIIpyTu3amnii o0 NPOTHIIl MOXIIMBHM aTakaM. PO3IIISHYTI y MekaX IUTONIMHY JaHUX OCHOBHI THIIOBI IPOOIeMH
Oe3reKH, BKa3aHi X MPUYMHY Ta MOXKJIMBI 00’ ekTH atak. Onucani icHyrodi TexHouorii 3axucty romuan gannx SDN. Ha-
JlaHa y3aranbHeHa Kiacu(ikamis Bpa3IuBOCTel Ta X XapaKTepHCTUKIL.

Kawuosi caoBa: SDN, merpuka, Ge3neka, BpasiusicTh, CVSS.

Beryn

B crorozneHHi Bce OLTBIIT BHKOPHCTOBYIOTH Taki Me-
PEXHI apXiTeKTypH, SK IPOrpaMHO-KOHQIrypoBaHi Me-
pexi (Software-Defined Networking, SDN). Y cyuac-
HOMY CBITI PO3rOpTarOTHCS HOBI 3arpo3u KibepOesnexku
JUISl TaKUX MEpEeX, L0 BUMAarae po3poOKy Ta JOCIIi-
JOKCHHS HOBHX CIICIIaNi30BaHUX PIllICHb MIOAO IIiIBHU-
IICHHS PIBHS MEpexHO1 Oe3nexu. B po0oTi mpoBoanThCS
JOCIIKeHHST QYHKIIOHYBaHHA apxiTekryp SDN 3 ypa-
XyBaHHSIM 301JbIICHHS KUTBKICTh MOTCHIIIHHIX MEpekK-
HUX aTaK sKi IPUBOAATH 1O HOBHX IPOOIEM OE3MEKH.

Anani3 my6uikaniii. Ha cygacHOMy erari po3Bu-
TKy apXitektyp SDN, BITUM3HSHI Ta iHO3EMHI JOCIIJI-
HHUKH BB)KAlOTh, 10 THIIOBI NpoOJieMH O€3IeKH y Mpo-
rpamMHO-KOH(ITypOBaHHX MepeKax Ieplll 3a BCe MPOsiB-
JISTIOTHCSI B TAKMX aCIIEKTaX: IIKITHBE MPOrpamMHe 3a0e3-
MIEYSHHs1, BPa3JIMBICTh KOHTPOJIEPA, JIETITUMHICTh Ta y3-
TOJKEHICTh MPaBWII MOTOKIB, MpobJeMa cTaHaapTh3anii
niBHIYHOTO iHTEpdeiicy, Oe3nexa KOMyHiKalil B Ipoueci
BHKOPHCTAHHS MIiBACHHOTO iHTEepdeiicy Ta i [1 —4].

Mera Ta mocranoBka 3aga4i. MeTorO CTaTTi € He-
00XiIHICTP TpOaHali3yBaTH BPA3IMBOCTI sSKi BHHHUKA-
I0Th B IUIOIMHY JaHUX SDN BUKOPHCTOBYIOUYH aHAJITH-
YHi Ta MOPIBHANBHI MeToau. [IpoBecTH aHaIi3 THIIOBUX
mpobnem Oe3rekd, BKa3aTH MPUYUHHU Ta 00 €KTH aTak.

Bxkazatu Ha Bpa3nmmBOCTi B (YHKIIOHAJHHHUX 3ac00ax
mpu 6e3MeYHOT MapIIPyTH3aMii MO0 MPOTHIII MOXKITH-
BUM artakaM. [locTaHOBKa 3aadi — yAOCKOHAIHTH 0e3-
MeYHY MapLIpyTH3ALiI0, 38 PaXyHOK 3HIDKCHHS TUIIOBHX
mpobyeM Oe3nmeKH.

Buknag ocHOBHOTo Mmarepiajry

VY poboTi mpoaHaizoBaHO HaBeneHi y Tabm. 1 Tu-
oBi TIpo0IeMu Oe3neKH Ta 00’ €KTH aTaK y MeXax ILIo-
IIMHY JaHUX - MEPEXHUX MPHUCTPOIB, IO KEPYIOTHCS KO-
HTponepoM SDN. OdueBUIHO, MO 00’ €KTaMH aTaKd MO-
KYTh OyTH pi3Hi mpucTpoi Mepexi. BoHn MOXyTh OyTH
po3TamioBaHi Ha Pi3HUX PIBHAX MEpeki. ApXITEKTypa
SDN OGaratopiBHEBa, TOMy MO)KHa KiacH(iKyBaTH 3a-
rpo3u Oe3melli Ha pi3HuX piBHIX. B po0oTi aHaMI3YIOTHCS
3arpo3u Ta HaJaHUi aHaJli3 00’ €KTIB aTak i MOTEHIIHHNX
PIIICHb 1100 MiIBUIIECHHS PIBHS MEPEXKHOI OC3MeKH y
mIomuHi nasux SDN.

Takum 4rHOM, MOXHa 3pOOHUTH BUCHOBOK, 1110 T1JIO-
HIMHA JAHUX CKIAJAEThCS 3 KOMYTATOPIB Ta IHIIKAX Me-
PpeXHUX TPUCTPOoiB. OCHOBHOIO (QYHKIII€IO € T€, II0 BOHA
BIZMIOBifa€ 32 0OPOOKY MaHWX, iX IMepecuIaHHs, BiKU-
JIaHHS, a TaKoX 301p craTucTukH. [InomuHa naHnx mnpa-
IIIO€ Ha OCHOBI MPaBMJI ITOTOKIB, sIKI HA/IAl0THCSl KOHTPO-
nepoM Mepexi. PosrimsgaeMo mpobinemu 6e3mekn y mio-
[UHI TaHuX BiAmoBigHo 10 [1] (Tadm. 1):

Tabruys 1 — Tunosi npodaemu 6e3neku, 06’ €KTH aTak i mpuynHu [1]

IIpodaema Oe3nexn

O0’eKT aTaKu

IIpuunna

ABTOpH30BaHa aBTEHTU]IKALIis

MepexHe 00saTHaAHHS

VYrpaBiaiHHS JOCTYIOM

IIpaBoMipHICTH TIPaBHII TOTOKIB

[IpaBuna moToxiB

YrpaBaiHHS JOCTYHIOM

Y3ro/keHiCTh IPaBIIT TIOTOKIB

[IpaBuna motoxiB

Apxitextypa SDN

DoS/DDoS-ataku

Tabnuii moToKiB

Apxitektypa SDN, 37T0BMHCHa aTaka

ATaka CTOpOHHiMI/I KaHaJlaMH

KonineHniitHicTh TaHUX

3710BMHCHA aTaka

1. ABropu3zoBana asreHTudikauis. [To cyTi, Ha pi-
BHI IUIONIMHU JaHHUX BiJICYTHIN €(pEKTHBHHN MEXaHi3M
aBTeHTU(IKAII] Mi>K MEPE)KHUM 00JIafHAHHAM 1 KOHTPO-
nepoM. TakuM YMHOM, MOXKYTh BUHUKHYTH JESKi IpO-
OyleMu, a came BHJIaBaHHsI 0COOM 3a iHIIy 0cO0y Ta He3a-
KOHHUH T0CTy. 3MOBMUCHUHN SDN-KOMYTaTOp MOXE Te-
HepyBaTH mipoOnennii abo (HambIIMBHA TOTIK JaAHUX Y
Mepexi, MaHIyTIoBaTH a00 MEePeBipATH BMICT IaKeTiB
JMAHUX 1 BIIXWIATH J03BOJICHI MakeTH gaHuXx. Lle moxke
MIPU3BECTH JI0 OPYIIEHHS HUTICHOCTI JaHUX 1 BIUIMHYTH
Ha JIOCTYTIHICTb IUIOIIMHY JaHUX.

KpiM TOro, SKIIO KOMYTaTrop BCTaHOBIIOE 3’€]l-
HaHHS 3 KOHTpoJiepoM Oe3 aBTeHTH(iKallil, KOMyTaTO-
POM MOXKE KepyBaTH 3JI0BMHUCHHI KOHTPOJIED, 1[0 MOXKE
npu3BecTH 10 anpcndikamnii iHpopmarii Tabnuri moTo-
KiB, III0 TIPU3BEJE A0 BUTOKY JaHUX Ta IHIIMX MPOOIeM
6esmexkn. He BigmoBimHi Kepyrodi 1HCTPYKIT MOXYTbH
CIPUYMHUTH IUTyTAHUHY B TAOJIHIISIX MOTOKIB KOMYTaTO-
piB Ta Oe3mocepenHRO 30UTBIIMTH PU3UKH MOPYIICHHS
Oesneku.

2. [IpaBOMIpHICTb 1 Y3TOMKEHICTh MPAaBUII TOTOKIB
€ OJHUMH 3 TOJIOBHUX NpoOJIeM Ha piBHI IUIOIIUHA
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nanux. [IpaBoMipHICTb IIpaBHII MOTOKIB CTOCY€ETHCS 3110-
BMHCHOI'O 200 HEBIpPHOTO BIIPOBAKEHHS ITPABUII TIOTO-
KiB. 31 CBOro OOKy Y3TOKECHICTh MPaBHII MIOTOKIB B OC-
HOBHOMY BKJTtouae Tpu acniektH [ 1]. Ilig uac npouecy re-
Hepailii QyHKI[IOHYBaHHS 3HAYHOI KiIbKOCTi 3aCTOCYH-
KiB MOYK€ BHKJIMKATH KOH(IIKTH a00 TMepeBM3HAYCHHS
mpaBwiI NOTOKIB. [lin gac mporecy BHIYCKy TpaBUII IIO-
TOKIB 3aTPHMKa IIepeJaBaHHs a00 3IIOBMICHE BTPYJIaHHS
MOJKE TaKOX CIIPHIMHUTH iXHIO HEY3TO/KEHICTh MiX KO-
HTPOJIEPOM i KOMyTaTopaMH. 3i CBOro OOKY IIpoIieC OHO-
BJICHHS 1HIIIFOE CHHXPOHI3AI[iI0 MPaBII IOTOKIB MiX pi-
3HUMH KomyTtaTtopamu. Ciif 3a3Ha4uTH, IO 0 OHOB-
JICHHS IPaBHJI NOTOKIB B SDN NpU3BOJATH, HANPHUKJIIAL,
BIZIMOBH BY3JIiB MEpexi, mepenada ciayx00BOro HaBaH-
Ta)XCHHs a00 TeXHIYHE 0OCIYrOBYBaHHS MEpEXi, uepes
110 TTaKeTH 0aYUTUMYTh HEY3TOXKECHI YSBICHHS MEpexi
OO0 ii MIOTOYHOTO CTaHy. TakuM YMHOM, SKILO [AKETU
JaHUX TIEPEAAI0ThCS BiAMOBIAHO 1O HOBUX 1 CTapHX Ipa-
BIJI TIOTOKIB, TO MOXYTb BUHUKHYTH TaKi IIpo0OIeMH, K
«4JOpHi Hipw», NUKIIYHI NUIIXH a00 IepeBaHTAKCHHS
Mepexi.

3. DoS/DDoS-ataku. I[Ipoctip Tabnmiii HOTOKIB 00-
MEXEHUH, TPOTe 3a 3BUYAHHUX OOCTABHH PO3MIpHICTh
TalJIMILI MOTOKIB KOMYTATOpPa BiNIOBI1a€ BUIMOTaM Iepe-
CWIaHHS TakeTiB Aanux. OmHak B ymoBax DoS/DDoS-
aTak 3JI0BMUCHUK CTBOPIOE HU3KY HE3aKOHHHUX JIOCTYIIIB,
1 MpOCTip TabJHILli MOTOKY MEPEOBHIOETHCS HENIHCHUMH
npaBuiamu Tpadiky [1]. YV pasi nporo Oyzae CroKUTO
3HAYHY KiTBKICTh peCypcCiB TaOJUIIl TOTOKIB, a 3BUYAIHI
IpaBWJia IOTOKIB HE MAalOTh JOCTaTHHO Micus IS

06po6ku. OTxe, DoS/DDoS-ataky MOXXYyTh 3HAUHO ITOT'i-
PIUIUTH IPOAYKTHBHICTH MEPEXKI.

4. Ataka ctopoHHIMH KaHanaMu. SDN Bech 4ac Tie-
peHOCUTh IPUBATHY Ta KoH}ineHIiiHY iHpopMmartito [1].
Y SDN atpuOyTu mpouecy (HamnpHkia, aTpuOyT dacy)
KOXHOI il BUKOHAHHS pi3Hi. BukopucToByroun artaku
CTOPOHHIMH KaHaJaMH, 3J0BMHCHHK MOXE OTPHMAaTH
OB ’s13aHy 3 Mepeker iHpopMamio Ipo CTaH (HAIpH-
Knaj, iHopMariiro TabJuIli TOTOKIB), IEPEBIPAIOYN Jac
BHUKOHAHHS KOHKPETHOTO THUITy ITaKeTa gaHux. Tomy Tao-
JMIA TTOTOKIB MOXKE CHPUYUHHUTH IPOOJIEMH 3 BUTOKOM
JaHuX. X04a aTaku 4epe3 CTOPOHHI KaHaIH Oe3mocepe]-
HBO HE BIUIMBAIOTH HA JIOCTYIHICTh, KOH(DIICHIIHHICTD
a0o0 IUTICHICTh MAHWX, BOHU MOXYTh BUKJIHKATU TMOJA-
JBIII ATaKH.

TakuMm 4yMHOM, BBaXXKa€EMO HEOOXIJIHMM aKIEHTY-
BaTH, 10 NPUYUHAMH TPOOJieM Oe3MeKH € BIacHe apXi-
Tektypa SDN. Konn BUHHMKaIOTh 30BHIIIHI aTaku, MU
OTPUMYEMO HEJOCTATHICTh KOHTPOJIO JOCTYILY Ta 3aco-
0iB mU(pyBaHHS.

Texnomnorii Ta migXoaW 3axXHMCTy IJIOIIMHM JAHAX
SDN ysBisifoTh 6a3yrouuch Ha OCHIIPKEHHSIX THIIOBHX
npoOiieM Oe3NeKH, CTa€ OYEBHIHNM, 1110 LIEHTPATi30BaHe
KepyBaHHs Ta QYHKIIIi mporpamoBanocTi SDN HaIamTh
3JI0BMHCHHUKAM IIOTYKHI Ta 3py4Hi kaHaimu atak. OTxe,
HOIIMpPEHe BUKOPUCTaHHS apXiTeKTyp SDN Ha MmpakTHii
poOuTh MuTaHHs Oe3meku Bee OibIT momMiTHUME. OCHO-
BHI ICHYIOYi TEXHOJIOTI] 3aXKCTy IUIOMIMHU JaHux SDN
HaBeleHl B Ta0. 2.

Tabnuya 2 — Icny1o4i TexHoJorii 6e3nexu y miommHi gauux SDN [1]

TexHoJi0ris1 3aXUCTy

IIpobsiema Ge3nmexku

BusBeHHSI IOMHIIOK y Mepexi

[ommnka xoHGirypamii

Knacucikanis mpaBu MoTokiB

IIpaBoMipHICTh MpaBUII MOTOKIB

DopmanpHUI MAaTEMaTHIHAHN aHAI3

[IpaBoMipHICTE IPaBHII TOTOKIB

BusiBnenus 3B’ 13HOCTI

Y3ropKeHicTh MPaBUII TIOTOKIB

Monynp aBTeHTH(DIKALIT i aBTOpU3aLIi]

ABTOpH30BaHa aBTEHTU(IKAITis

1. BusiBjieHHsI TOMMJIOK Mepexi Moxe OyTH pealri-
30BaHO 3a JIONIOMOIOI0 AJITOPUTMIB BUsBICHHS. Tak, Ha-
npuknan, NICE [1] Hamae TecTOBY cxeMy, 3aCHOBaHY Ha
CUMBOJIIYHI MOJIEIIl BUKOHAHHS 3 METOIO MEPEBIPKHU, YU
CTBOPIOE IIPOrpaMa BEpPXHBOIO PIBHA HEY3TrOJKEHUI
ctan Mepexi. OJTHaK 11l METOAM HE € PIlICHHSMH B pea-
JIBHOMY Yaci, MaloTh BEJIHMKY 3aTPUMKY 0OpoOKH Ta BH-
COKHMH piBeHb 3anuTiB. Taki pilieHHS HE MOXYThb IPHH-
LUIIOBO YCYHYTH BIUIMB KOHQIrypauniiHuX KOH(IIKTIB
Ha MEPEKY.

2. [onin mpaBun noTokie. Po3monin m103BoMdiB 10-
JIATKiB HA OCHOBi pOJIi Ta MPIOPHUTETY 00’ €KTa € OCHOB-
HUM METO/IOM BUPILIICHHS TPABOMIPHOCTI Ta y3TO/KEHO-
CTi mpaBui MOTOKiB. J[03BII TpaBHI MOTOKIB TOMLJIS-
€ThCS 32 TAKUMH METOJaMH, SIK HU(PPOBUH IiMTUC, PO3-
TOJTLT poelt 1 kimacudikarist QyHKITiH.

3. BusiBiieHHs 3B’SI3HOCTI MOe OyTH peari3oBaHO
pi3HUMU 3ac00aMH, HANIPUKIIA, NIJSIXOM BUKOPHUCTAHHS
TEXHOJIOTIT BIpTyasi30BaHOTO OOMiHY 3 METOI0 pO3.i-
JICHHS] MEpeXi Ha 13071b0BaHi (PParMeHTH 1 TAKUM YHHOM
3aro0iraHHs KOHQIIKTY IPaBHI MOTOKIB y HUX; MEXaHi-
3MIB BHUSBIIEHHS LIIICHOCTI ITAKETIB Ha OCHOBI IIO€IHAH-

HSI PABHJI MOTOKIB 3 HOMEPOM Bepcii Tomo [1].

4. Monynb aBreHTU]IKaLiT i aBTOpH3aLlii MOXKE BU-
KopucTtoByBatu cepBep RADIUS nns aBreHTHiKamii
ineHTudikatopa xocta. KpiM TOro, MoximBe 3acTocy-
BaHHS KBaHTOBOI KpunTorpadii st po3poOku HaIerkoi
Bepuikamii mismicHocTi [1]. 3a3HavaeThes, MO KBAHTOBI
nmapoii € OuTbIl Oe3NMeYHUMHM, HDK TPaAWIiHHI, TpoTe
IXHE BIPOBADKEHHS MOXe OyTH IOPOXKIHM.

5. 3axucr Big DoS/DDoS-atak y IDIONIMHI JaHUX
Moxe OyTH TpaHc(hOpMOBaHa B 3ajady onTUMizanii Ta0-
JIMIIi TIOTOKIB.

Jnst migBUIEHHST MEpeXHOi Oe3MeKu, 10 TaKoX
CTOCYETBhCSI Mepexk SDN, ocobnmuBe Miclle HalaeThCs
MpOTOKOJIaM MapmipyTu3arii. [IpoTokonu moTpedyoTh
CHCTEMHOI Ta CKOOPJAMHOBAHOI B3a€MOJii OJHOYACHO
MHOXHHH MEPEKHHX €IEeMEHTIB. TaKMMH eJIeMEHTaMH €
SDN-KOMyTaTOpH, a TAKOK KOHTPOJIEPU MEPEXKi IiJ] yac
(dopMmyBaHHs (pO3paxyHKy) IUIXiB 1 IPaBHJI MOTOKIB.
Konn MM BUKOPHCTOBYEMO IOHSTTS IOTOKIB, TO MaEMO
Ha yBa3i Ti, B3JIOBX SIKUX Mae 3a0e3nedyBaTucs HeoOXi-
HUH piBeHb Oe3leKH 3a OOpaHMMM ITOKa3HUKaMHU abo
KPHUTEPIIMH.

124



ISSN 2073-7394

Cucremu yrpaBiliHHS, HaBirarii Ta 3B's3ky. 2023. Ne 3

Besneunoi Mapuipytuzanii - npugiieHo  6araro
yBaru B HayKOBHUX BHJaHHSX. Benuka KiNbKicTh Teope-
TUYHHUX JIOCII/DKEHb Ta HAyKOBUX pPOOIT NHpHCBSIYEHA
bOMY HanpsMKy. /st po3B’si3aHHs TaKUX 3a]iad BUKO-
PHUCTOBYBAIHCH SIK HAWIIPOCTIIL eMITIpUYHI BapiaHTH pi-
IIEHDb TaK 1 CHCTEMHI ONTUMI3AI{iiHI ITiAXOI1B.

Tax, y po6oTi [2] po3poOieHO Ta ZOCTiIKEHO MO-
Jens Oe3rmeyHol MapmpyTH3amii 3 OarmaHCyBaHHSIM HaBa-
HTa)XKEHHS B Mepekax Ha ocHOBI SD-WAN. TexHomori-
YHe 3aBJaHHA 0e3NeYHol MapIIpyTu3alii 3 OamaHCyBaH-
HSM HaBaHTaXeHHA Oyno copmynsoBaHo y (opmi om-
TUMI3aIiHOT 3a/1a4i 3 KBaJIpaTUYHUM KPUTCPIEM OMTHU-
ManpHOCTI. Taka (opma KpuTepiro H03BOJIsIE 30anaHCy-
BaTH YaCTKH ITOTOKIB, L0 NepeAatoThes B Mepexi. [Ipen-
CTaBJeHa MoJeNib Oe3neYHol MapuIpyTH3alii 30anaHcy-
BaHHSM HaBaHTAXXCHHS 3 aJIUTHBHOIO METPUKOIO BPaxo-
BY€ MPOJIYKTUBHICTD 1 Oe31eKy Mepexi, 103Bosie edek-
TUBHIIIIE BHKOPHCTOBYBAaTH HAasBHI MEPEXHI pecypcw,
TaKOXX BpaxOBY€ HMOBIPHICTH KOMIIpOMETAIii KaHaJiB
3B’SI3Ky I/l 9ac MPUIHATTS MapIIPyTHUX PilICHb.

VY pobotax [2, 3] IpomOHYIOTECSI TOTOKOBI MOJIETi
MapIIpyTH3aLii 3 ypaxyBaHHIM PU3HUKIB iHPOpMAaLiHHOT
Oe3reKy 3a JONOMOror 0a30BHX METPHK KPUTHYHOCTI
BpasnuBocteil. OCHOBY MO/IEINI CKJIaJal0Th YMOBH peati-
3amii 0JJHO- Ta 6araTONUIIXOBOI MapHIpyTU3aIllii, 30epe-
JKEHHsI TIOTOKY Ta 3al00iraHHs MepeBaHTAKCHHIO KaHa-
JIB 3B’s13Ky MEpexi, a 3aaya Oe31evHoi MapIpyTru3arii
TaKoX c(hOpMyJIbOBaHA SIK ONTUMIi3alliifHa.

BaxxmeuM € anani3 craggapty CVSS mono KibKi-
CHOTO PO3paxyHKy piBHS Bpa3iInBOCTi. BusBneHHs i ine-
HTH(IKALS Bpa3IMBOCTEH — I1€ MPOLIEC BUSBICHHS Bpa3-
JIMBOCTEH, IKi MOXKYTh OyTH BUKOPHCTaHI 3arpO3aMH JIs
3aMoIisTHHS [IKOJTU aKTHBaM. Bpa3muBiCTh — 1e cliaOke
Micie ab0 HEJONIK y TMpoleaypax Oe3MeKH CUCTEMH,
MPOEKTYBaHHI, peasizalii abo BHyTpilIHIX 3aco0ax KOH-
TPOJIFO, SIKI MOKYTh OyTH BHIIAJKOBO aKTHBOBaHI a00 Ha-
BMHUCHO BUKOPHUCTAHI I/l 4ac BUSBJICHHS 3arpo3u. B po-
00Ti PO3IJISIHYTO KaTeropii Bpa3MBOCTEH Ta mpoaHai-
30BaHO MiJAXOJH N0 iAeHTH(IKAIl Ta JOKYMEHTYBaHHS
BPAa3IIMBOCTEH, a TAKO)X 0OrOBOPEHO BUKOPHCTAHHS Ha-
ioOHANBHOT 0a3u NaHuX BpasnuBocteil — National Vul-
nerability Database (NVD).

V3aranpHeHa Kiacuikamis Bpa3IHBOCTEH MOXKe
OyTH IpeacTaBlIcHa HACTYITHUM YHHOM [5]:

1. TexHi4HI Bpa3MUBOCTI: HEIOIIKH B po3po0ili, pea-
mizarii Ta/abo kKoHGIrypaiii mporpaMHOro 3a0e3neueHHs
Ta/abo anapaTHUX KOMIIOHEHTIB, BKJIFOUHO 3 TIPUKIIATHUM
NporpaMHUM 3a0€3MeUeHHsIM, CUCTEMHHUM IPOrPaMHUM
3a0e3redeHHsIM, KOMYHIKaI[ifHIM MporpaMHAM 3a0e3re-
YeHHsIM, OOYMCITIOBAILHIM O0OJIaTHAHHSM, KOMYHIKaIliii-
HUM OOJIQTHAHHAM 1 BOYIOBaHUMH TIPHCTPOSIMU.

2.BpasnuBoCTi, CIPUYUHEHI MisUTBHICTIO JIFOMHU:
3aJICKHICTH BiJ] MEBHUX OCi0, pOTaluHU B 0013HAHOCTI
Ta HaBYaHHI, TPOTAIMHH B JUCIHILTIHI T2 HEPaBOMipHE
0OMEeKeHHS IOCTYILY.

3. ®i3nyHi Bpa3IMBOCTI Ta BPa3JIMBOCTI cepero-
BHUINA: HEOCTATHIN KOHTPOJIb ((i3UYHOT0) AOCTYITy, He-
BIlaJIe PO3MIIEHHsT O0JIafHAHHSI, HEBiJAMOBIIHUN KOHT-
POJIb TEMTIEPATYPH/BOJIOTOCTI Ta HEHAICKHE KOHIUITIO-
HYBaHHS y IPUMIIIECHHSIX, ¢ 3HAXOJUTHCS 00JIaHAHHS.

4. OmepartiitHi Bpa3IUBOCTI: BIJICYTHICTh KepyBaH-
Hs 3MiHAMU, HEHAJICKHUH pO3IOIiJ1 000B’ A3KiB, BiJICYT-

HICTh KOHTPOJIIO 32 BCTAHOBJIEHHSM HPOTrPaMHOTo 3a0e3-
TIeYCHHS, BIICYTHICTh KOHTPOJIIO HA/1 00poOKOI0 Ta 30epi-
raHHsAM MeqiadaiiiB, BIICYTHICTE KOHTPOIIO HAJ CHUCTE-
MHHM 3B’5I3KOM, HEHAJIGXHUH KOHTPOJIb IOCTYITy abo He-
JIOJIIKK B TPOLEypax KOHTPOJIO JAOCTYILy, HECHAIIC)KHUH
3ammc Ta/abo meperIrsi 3aiciB CHCTEMHO] TiSUTFHOCTI, He-
aJIeKBaTHUI KOHTPOJIb HAaJ KIIIOYaMH M pyBaHHS, Hea-
JICKBAaTHE 3BiTyBaHHA, 0OpOOKa Ta/abo BUpIIICHHS iHIHU-
JCHTIB Oe3MeKy, a TaKo)K HealleKBaTHHUH MOHITOPHHT Ta
OLIiHKa e(heKTHBHOCTI 3aC001B KOHTPOIIIO OE3MEKH.

5. BpazmuBocti 6e3nepepBHOCTI Oi3HECY Ta TOTPH-
MaHHs HOPMATHBHUX BHMOT: HEJIOPCUHi, BIICYTHI a0bo
HEBIAMOBIIHI TPOLIECH JJIsl HAJICKHOTO yIPaBIIiHHS 013-
Hec-pU3MKaMH; HeaJeKBaTHEe TUIaHyBaHHs Oe3nepepBHO-
cTi Oi3Hecy Ta /il y pa3i BAHUKHEHHS HaJ3BUYalHUX CH-
Tyalliii; a TaKOXK HeaJeKBATHHI MOHITOPUHT Ta OIliHKA
BIJIMIOBITHOCTI KEPIBHUM ITOJIITHKAM 1 HOPMaM.

VY ©Oarateox cdepax, mepepaxoBaHUX TYT, BHSIB-
JICHHSI BPa3JUBOCTI KPUTHUYHO 3aJICKUTH BiJ| iHIIATHBU
KepiBHHUITBA Ta Mojanbmmx Aid. Taki MeTonw, K iH-
TepB 10, aHKETYBaHHS, MIEPETIIS MOMIEPEIHIX OI[IHOK PH-
3WKIB Ta ayAUTOPCHKHX 3BITiB, @ TAKOK KOHTPOJIBHI CITH-
CKH — yCi BOHU CIIPHUSIOTH CTBOPEHHIO €(PEKTUBHOIO Ysi-
BJICHHSI JaHAIA(Ty Bpa3IUBOCTI.

PosrnsinemMo Oinbll JieTanbHO cdepy TeXHIUHHX
BpasnuBocTeil. BunatHuM pecypcoM € HalioHaIbHa 6a3a
naHux npo BpasnuBocTi NIST — National Vulnerability
Database (NVD), 1 BignoBigHa 3arajibHa CHCTEMA OLIHKU
BpasimBocteit — Common Vulnerability Scoring System
(CVSS), onmcana B NISTIR 7946, IlociOHUK i3 BIIpoBa-
mxeHHs CVSS [3 — 9]. NVD — e BU4epmnHuil CIIHCOK Bi-
JIOMHUX TEXHIYHUX BPA3JIUBOCTEH CHCTEM, allapaTHOTO Ta
nporpamHoro 3abesnedenHs. CVSS 3abe3nedye Bijk-
PHUTY CTPYKTYpY AJIs Tepeiadi XapaKTepHCTHK Bpa3iid-
Boctell. CVSS Bu3HAa4Yae Bpa3IUBICTh SIK OMUJIKY, HE/I0-
JIiK, cnadKicTh a00 BiKPUTICTh MPOTPaMH, CUCTEMHOTO
NPUCTPOIO YM CEPBICY, L0 MOXKE MPU3BECTH /0 30010
KOH(IASHIIIHHOCTI, IITICHOCTI Y1 JOCTYIHOCTI.

Omxe, Mogens CVSS Hamaraerhbest 3a0€31€4nTH I10-
BTOPIOBaHI Ta TOUHI BUMIPIOBaHHsI, OJTHOYACHO JA03BOJIsI-
FOYM KOPHCTyBadaM IMeperisaatu 0a3oBi XapaKTepuc-
TUKU BPAa3JMBOCTI, SKi BHKOPHCTOBYIOTHCS IJISI CTBO-
peHHs YucinoBuX ouiHOK. CVSS Hanae 3araibHy CHCTEMY
BHUMIPIOBAaHHS JJIS TAITy3€i MPOMUCIOBOCTI, OpTaHi3arlii
Ta ypAIIB, IKi BUMATalOTh TOYHUX 1 IIOCIITOBHUX OI[IHOK
BUKOPHUCTAHHS BPA3JIMBOCTEN Ta IXHBOT'O BILIMBY.

Posymians CVSS 1no3BOJSsiE OIIHUTH IIUPOKHUIT
CIIEKTP BPa3JIMBOCTEH, K1 BILTUBAIOTH Ha CUCTEMH. Kpim
TOT0, CHCTEMaTHU30BaHa CXeMa JIJIs OLIIHKU BPa3nBOCTeH
y CVSS € xopucHOIO IIJIsl pO3pOOKH TOTIOHOTO CHCTEM-
HOTO MiJXOAy JI0 HIIUX BPAa3JIUBOCTEH, TAKUX SIK Ti, IO
OB’ s13aHi 3 OpraHi3alifHUMU TATAHHSIMH, TIOJTITUKOO Ta
IpoueaAypamMH, a TakoX (i3n4HOI0 1H(GPACTPYKTYpPOIO.
Ha crorognimHii neap CVSS mmpoko MpUAHATHI 1 BU-
KOPHUCTOBYBaHHMW Tinxin. Hampukmax, BUKOpUCTaHHS
CVSS pexoMeHyeTbCs JUIs KiJIbKICHOTO PO3paxyHKy pi-
BHS BPa3JIUBOCTI MEPEIKHOTO 0OMagHaHH [3, 4].

Koxen 3anmuc NVD micTuth TakHy iHpopmartito [2]:

- YHIKaJbHUN CJIOBHHUKOBHH ineHTH(]IKaTOp Bpas-
muBocTer 1 pu3ukiB — Common Vulnerabilities and Ex-
posure (CVE);

- OITUC BPA3JIUBOCTI;
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- MOCWJIAHHS Ha BeO-CaWTH Ta HIII TOCUIIAHHS 3 1H-
(opmariieto, MoB’s3aHOI0 3 BPa3JIMBICTIO;

- metpuku CVSS.

MeTpukn 3arajibHOI CHCTEMH OILIHKH Bpa3jnBOC-
teit — CVSS. Icuye 14 merpuk CVSS, po3mincHuX 3a
TphOMa rpymamu [S5]. ¥V Taba. 3 mepernideHi okpemi moka-
3HHKH Ta ITOKa3aHO PiBHi, BU3HAYEH] IS KOXKHOTO 3 HHX.
VY KOXHOMY BHIIAIKy piBHI BKa3aHi BiJ HaWBUIIOTO 110
Haitamkgoro. [lo cyTi, mimpaxyHoK OaniB 3MIHCHIOETHCS
TaKUM YHHOM: ISl KOXKHOI BUSIBIEHOI Bpa3nuBocti NVD
Ha/la€ piBeHb U1 KOKHOTO TOKa3HMKa B 0a30Biil rpymi

Tabnuys 3 — 3aranpHa knacudikaris merpuk CVSS [5]

HA OCHOBI XapaKTEePHUCTUK Bpa3nuBocTi. Hanpukian, me-
TpPHKa BEKTOpa aTaKW BKa3ye€, YA MOXKHA aTaKy 3aImyc-
TUTH BIJTAJICHO Yepe3 Mepexy uu yepe3 [nTepHer, 3amy-
CKaTH JIMIIIC YePe3 MEPEKY, M0 SIKOT MiKITFOUCHO K JIKe-
perno ataku, Tak i IbOBY CUCTEMY, Ma€ OyTH 3iiICHEHO
3a JIOTIOMOTOI0 JIOKAIBHOTO BXOTy , a00 BuMarae Qpi3md-
HOTO JIOCTYITy 10 MalIWHU. UMM BiaJieHim ataka, THM
OlbIIe JHKEepeN aTaku MOXKIIMBE, a OTXKE, THM Cepho3-
Hima Bpa3iauBicTh. 111 iHdopmarlis € 6e3MiHHOI0, OCKi-
JBKH I03BOJISIE KOPHCTYBadaM 3pO3YMITH XapaKTepHC-
THUKH BPa3UBOCTI.

I'pyna 6a3oBux MeTpuk

I'pyna yacoBux MeTpHuK T'pyna merpik

Crnaonicmes amaxu:

Bnaue na yinicuicms:
- Husbka

Mo:KJIMBICTH BUKOPUCTAHHS Bniius cepeioBuIa
Bexmop amaxu: Bnaus na 3pinicme K00y excnnoiimy: Bumoeu
- Mepexa KoHghioenyitinicmy.: - He Bu3Hauennit KOHioenyitinocmi:
- [Ipunernuit - Bucoxuit - Bucoxuit - He Bu3Hauewi
- JlokanbHuii - Huzpkuit - OyHKIiOHATBHIH - Bucoki
- Oiznunuit - Hemae - Jloka3 xoHmernii - Cepenni
- Henosenenmit - Hmsbki

- Bucokuit
- Bucoka o
- Huzpkuit
Heobxionicme npusineis: - Hemae
- Hemae
- Huzpka Bnaue na
- Bucoka docmynHicme.:
Bzaemooia 3 kopucmysauem:|” BHCOKI’H:I
- Hemae - Huzpkwmit
- Bumaraerncst - Hemae
Obnacmv 3acmocysannsi: - be3 3MiH
- 3MiHeHa

Pisens eunpagienns:
- He Bu3nauenuit

Bumoeu yinicnocmi:
- He Bu3Haueni

- OOXigHMN HITAX - Bucoxi
- TuM4YacoBe BUITPABICHHS - Cepenni
- OdiuiitHe BUIIpaBICHHS - Huspki

Jlocmogipnicmo 36imy:
- He Bu3Hauena

Bumoau oocmynnocmi:
- He Bu3HaueHi

- [ligTBepmKeHa - Bucoxki
- O0rpyHTOBaHA - Cepenni
- Hesigoma - Huspki

Sk moka3aHo B Ta0J. 3, KOXKEH PiBeHb METPUKH MAE
ommcoBy Ha3By [5]. Kpim Toro, CVSS mnpusHauae uwc-
JT0Be 3HadYeHHs 3a mkajoro Big 0,0 7o 10,0, xe 10,0 € Haii-
Cepio3Himo npodieMor0 Oe3meku. YMCIIOBI OIIHKH
JUISL TIOKa3HUKIB y TPyIi 0a30BHX MOKA3HUKIB ITOMIIIa-
I0ThCA B PIBHSHHS, BU3HaueHe B CVSS, sike cTBOPIOE Cy-
KynHHHA 0a30BHI MOKa3HUK Oe3reku B miamas3oHi Big 0,0
1o 10,0.

BasoBa rpyma MeTpuK mpeicTaBisie BHYTPIIIHI Xa-
PaKTepUCTHKH BPA3IUBOCTI, AKi € HE3MiHHUMH MPOTATOM
Yacy Ta cepell KopuctyBadiB. BoHa ckiiaaetbes 3 TphOX
HAOOPIB MOKA3HHKIB [5]:

1. MoxmuBicTs BuKopuctanus (Exploitability): mi
MTOKAa3HUKH BiZOOpaXkaloTh JIETKiCTh 1 TEXHIUHI 3aco0w,
3a JIOTIOMOTOI0 SIKHX BHKOPHCTOBYETHCS BPAa3NIMBICTh.
IlokazHuku:

- BekTop arakn, sikuii Bkazye, HaCKUJIbKH Bijiale-
HUM MOKe OYTH 3JIOBMHUCHUK BiJl YPa3JIHBOI'O KOMITOHE-
HTA.

- CKIIaiHiCTh aTaKkW Tepelae piBeHb CKIAIHOCTI,
HEOOX1THUH 3T0BMHUCHHKY JJIsl BAKOPUCTAHHS BPA3JIHBO-
cTi micns igeHTudikarii miasoBoro KoMmmnoneHra. Cxias-
HICTh OI[HIOETBCS SK BHCOKA, SKIIO 3JOBMHUCHHK HE
MOJKe 3/IHCHHUTH aTaKy 3a BIIACHUM Oa)XaHHSM, aje Io-
BHHEH JOKJIACTH MEBHUX 3YCHIIb TSI TIATOTOBKY a00 BHU-
KOHaHHSL.

- HeoOximHi mpuBinei xapakTepu3ytoTh TOCTYII, TIO-
TpiOHMI 37TOBMHUCHHKY UIS1 BUKOPHCTAHHS BPa3JIMBOCTI.
3HauYCHHS: «HeMae/none» (MPUBLICHOBAHUN JOCTYI HE

noTpideH), «Hu3bKuii/low» (06a30Bi mpuBinei Kopucry-
Baua) i «BUCOKuit/high» (mpaBa agMiHicTparopa).

- B3aemopisi 3 kopuctyBadeM BKasye, Ui Mae OpaTu
y4acTh IHIIMH KOPUCTYBaY, KPiM 3JIOBMUCHHKA, JJISI yC-
MIIIHOT aTaK!.

2. Brutus (Impact): 11i MOKa3HUKY BKa3yIOTh HA CTY-
MiHb BIUIMBY HA OCHOBHI HiJi Oe3reku — KoH(iIeHIIIH-
HICTb, IUTICHICTD 1 TOCTYMHICTh. Y KO)XHOMY 3 IIUX BU-
MA/IKIB OIiHKA BioOpakae HANTipIINiA pe3yIbTaT, IKIIO
ypaxeHo OiibIle Hi’K OAWH KOMIIOHEHT. J[1a KOXHOT 3
TPHOX IJIEH BBOMATHCS aHAJIOTIYHI 3HAYCHHS BIUIMBY:
«BUCOKMII/high» (OBHA BTpaTa KOH(DIASHIIHHOCTI, 1IiJIi-
cHOocTi ab0 JOCTYMHOCTI), «HHU3bKUH/low» (TIeBHI
BTpaTH) 1 «HEMae/none» (BiICyTHICTh BILIUBY).

3. Chepa 3actrocyBanHsa (Scope): neld TOKa3HUK
3HAXOIWUTHCS B TPYIi 0a30BHX ITOKAa3HMKIB, X0Ua BiH €
JIeII0 He3aJIeXKHUM Bijl pemTH rpy. Bin crocyerscest 31a-
THOCTI BPa3JIMBOCTI B OJJHOMY KOMIIOHEHTi IPOTrPaMHOTO
3a0e3neueHHs] BIUIMBATH Ha PECYpCH, IO BUXOAATH 3a
MexXi Horo MoXinBocTei, abo Ha npusinei. [Ipuknamzom
€ BPa3JIMBICTb Y BIpTyaJIbHIN MaIlMHI, KA JO3BOJISIE 3110~
BMHUCHHKY BHIQIATH (aiii B omnepartiiiHii cuctemi xo-
cTa.

3a3Buuaii 6a30Bi Ta YaCOBI METPHUKH BU3HAYAIOTHCS
aHaTiTHKaMH OIOJIETEHIB BPa3NMBOCTEH, MOCTadaIbHU-
KaM{ TPOTPaMHHUX 3aco0iB 0e3neku abo MpOrpaMHOTro
3a0e3meueHHs, OCKUIbKM BOHU MaroTh Kpamty indhopma-
L0 II0JI0 XapaKTEePUCTUK BPa3JIMBOCTEH, HiI’K KOPUCTY-
Baui. OHaK MMOKa3HUKH, IO CTOCYIOTHCS CEpeIOBHINA,
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BU3HAYAIOTHCSl KOPUCTYyBadaMH, OCKUJIBKM BOHH HaM-
Kpalle MOXyTb OLIIHUTH NOTCHIIMHUI BIUIMB BPa3IuBO-
CT1 y CBOEMY BJIACHOMY CEpEIOBHIII.

I'pyna 4acoBuUX METPHUK MpPEICTaBIsE XapaKTepHc-
TUKH BPa3JIMBOCTI, SIKi 3MIHIOIOTHCS 3 4acOM, aJie He B ce-
penoBuIIi KopucTyBada. BiH ckamaeTbes 3 TphOX IMOKa-
3HUKIB. Y BUNAJAKY, KOJIHM 3HAYCHHS TaKOi METPHKH «HE
BH3HAYCHOY, [IeHl MOKA3HUK CIIiJI IPOMYCTUTH B PiBHSAHHI
OIIiHKH.

3pidicTh KOAY eKCILIONUTY OIHIOE MOTOYHHHA CTaH
METOJIIB eKCIUIONTY a0 MOCTYIHICTh KOy. 3arajJbHOIO0-
CTYIHUI NMPOCTUI y BUKOPHCTaHHI KOJ| €KCIUIOWTa 30i-
JIBIIY€E KiJTBKICTh MOTCHIIMHUX 3JOBMUCHUKIB, BKJIFOYA-
F0YM HEKBali(piKOBaHUX OCIO, THM CaAaMHM IIiIBUIIYIOYH
CepHO3HICTh Bpa3nuBOCTi. PiBHI BioOpakatoTh CTYIIIHb
JOCTYITHOCTI Ta NMPUAATHOCTI EKCIUIONTA Uil BUKOPHC-
TaHHS BPa3JIMBOCTI. PiBeHb BUITPaBICHHS BHUMIPIOE CTY-
IiHb TOCTYITHOCTI BUTIPABJICHHS.

JloCTOBIpHICTb 3BiTYy BHMIpIOE CTYIIIHb BIICBHEHO-
CTi B iICHYBaHHI BPa3JIMBOCTI Ta JIOCTOBIPHICTh BiZIOMHX
TEXHIYHHX JIeTaleH.

I'pyna merpuk cepenoBuiia (ikcye XapakTepHc-
THKH BPa3JIMBOCTI, OB’ s13aHi 3 /7-cepeioBHIIEM KOPHC-
TyBada. Lle mae 3Mory aHaJITHKy HaJalITyBaTH OI[IHKY
CVSS 3anexHO Bil BaXKIMBOCTI BPaXXEHOTO /7-aKTHBY
JUTSL OpTaHi3alii KoprcTyBada, BUMIPSHOTO 3 TOYKHU 30py
KOH(IACHIIIITHOCTI, IUTICHOCTI Ta JOCTYIHOCTI.

BucHoBKkH

Taxum 9uHOM, B pOOOTI IPOBENECHUI aHAJI3 CTaH-
nmapty CVSS mopo KinbKiCHOTO po3paxyHKyY piBHS Bpas-
JMBOCTI MEPEXHOTO OONaTHAHHS Ta TOBEICHA JOIIIb-
HICTh OTO BUKOPHUCTAHHS MiJ 4ac po3poOKH Ta JOCIi-
JOKEHHS TEePCIIEKTUBHUX IiIXOMIB 0 Oe3rmeyHoi Mapi-
pyTH3amii y IUIOIIUHI JaHUX MPOTPaMHO-KOH]Iryposa-
HUX MEPEXK.
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Analysis of vulnerabilities of the SDN data plane and the functional capabilities
of the routing tools in relation to preventing potential attacks

A. Levterov, G. Pliekhova, M. Kostikova, S. Ocheretenko

Abstract. Problem. The article is devoted to the analysis of the vulnerabilities of the SDN data plane and the functionality
of secure routing tools in terms of countering possible attacks. The main typical security problems, their causes and possible targets
of attacks are considered within the data plane. Existing SDN data plane protection technologies are described. A generalized
classification of vulnerabilities and their characteristics is provided. Goal. The purpose of the article is to analyze the vulnerabilities
of the SDN data plane and the functionality of secure routing tools to counter possible attacks. Methodology. Analytical modeling,
formalization and comparison. Task statement — To improve secure routing taking into account the basic metrics of the criticality
of vulnerabilities. Results. An analysis of the vulnerabilities of the SDN data plane and the functionality of secure routing tools
against possible attacks, as well as the existing technologies and approaches to protect the SDN data plane, has been carried out.
Conclusions: Thus, the paper analyzes the CVSS standard for quantitative calculation of the level of vulnerability of network
equipment and proves the feasibility of its use during the development and research of promising approaches to secure routing in
the data plane of software-configured networks. Originality. Systematized and analyzed the vulnerabilities of the SDN data plane
and their functionality in terms of secure routing and countermeasures against possible attacks. Practical value. Computer-config-
ured SDN networks are considered within the data plane, the main typical security problems are found, their causes and possible
objects of attacks are indicated.

Keywords: SDN, metrics, security, vulnerability, CVSS.
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DEVELOPMENT OF A MOBILE ROBOT PROTOTYPE
WITH AN INTERACTIVE CONTROL SYSTEM

Abstract. One of the most urgent tasks of robotics is to perform work in conditions where a person cannot work, in
extreme conditions. At the same time, the goal is to find a person at a distance, often a considerable distance, in safe
conditions. From this follows the need to create robots that will be able to work by themselves either in autonomous mode
or in remote control mode. At the same time, the task of detecting sources of combustion, which can be solved by a mobile
robot equipped with specific sensors, is extremely urgent. Therefore, the task of developing an interactive control system
for such a robot becomes urgent. The subject of this study is a mobile robot control program. The purpose of this article is
to improve the efficiency of the fire safety system through the development of a mobile robot with appropriate sensors, as
well as an interactive control system. To achieve the goal, it is necessary to solve the following tasks: analyze the methods
of creating prototypes of mobile robots, develop a structural diagram of a mobile robot, choose components, choose the
necessary sensors based on the goals of ensuring fire safety, develop an automated control system based on a modern
single-board computer and intuitively develop clear operator interface. Conclusions: as a result of research, a structural
diagram of a mobile robot was developed, its components were selected, it was assembled, equipped with sensors, and
software was created that allows you to control it interactively. The developed prototype of a mobile robot will reduce the
risk of fires and the need for human intervention, ensuring an operational response to danger. In addition, a mobile robot
with the ability to independently navigate and recognize danger will ensure the optimization of work processes at various
enterprises, or to check dangerous areas, improve the safety of workers or people around and reduce material costs. The

result of the work is a functioning robot prototype with an implemented interactive control system

Keywords: mobile robot, ignition source, control system, fire sensor.

Introduction

In modern production, considerable attention is
paid to ensuring human safety and reducing the risks of
emergencies, including reducing the risk of fire due to
various causes. In order to prevent the spread of fire,
explosions in general, as well as explosions of
equipment, damage to workers, and minimize costs, it is
necessary to extinguish a fire as quickly as possible, or
even better, to prevent it. For this purpose, it is
advisable to use mobile robots equipped with
temperature and fire detection sensors. Such robots
should constantly monitor industrial premises and
transmit information to the operator in real time.

The aim of this work is to improve the efficiency
of the fire safety system by developing a mobile robot
with appropriate sensors and an interactive control
system.

A prototype of such a mobile robot will be
developed, as well as an interactive control system for
the mobile robot based on the Arduino board and the
use of sensors that will enable the mobile robot to
perform its tasks. The idea is to create a robot that can
move independently and recognize dangerous situations,
such as the onset of a fire and rising temperatures.

The developed prototype of a mobile robot will
reduce the risk of fires and the need for human
intervention by providing a rapid response to danger. In
addition, a mobile robot with the ability to
independently navigate and recognize hazards will
optimize workflows at various enterprises or to inspect
hazardous areas, improve the safety of employees or
people around them, and reduce material costs.

The result of the work will be a prototype of a
mobile robot with interactive control. It is a functional

device capable of moving in the environment and
interacting with the user. The mobile robot will be able
to receive commands from the user, as well as respond
to them, perform tasks and provide useful information.
An important aspect is a user-friendly interface that will
allow easy and intuitive interaction with the robot. In
addition, the prototype will have additional functions
related to monitoring the temperature in an industrial
room and detecting open flames in it.

Analysis of recent studies and publications.
There is a growing trend of emergencies in Ukraine and
the world [1].

The main areas of fire safety are the elimination of
fire conditions and minimization of its consequences.
Facilities must have fire safety systems aimed at
preventing exposure of people and material assets to fire
hazards, including their secondary manifestations [2].

Based on the requirement to ensure the safety of
people as much as possible, a progressive idea was the
use of mobile robots to detect abnormally high
temperatures and sources of fire in production. Many
authors offer their own experience in developing both
such robots and remote, preferably interactive, control
systems for them [3-7].

A whole galaxy of researchers [8-11] suggest
using the Arduino board to create firefighting robots, as
well as those that detect fires. That is why we chose the
Arduino Mega 2560 board in our work.

Purpose of the work. Improving the efficiency of
the fire safety system by developing a mobile robot with
appropriate sensors and an interactive control system.

The result of the work will be a prototype of a
mobile robot with interactive control. It is a functional
device capable of moving in the environment and
interacting with the user. The mobile robot will be able
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to receive commands from the user, as well as respond
to them, perform tasks and provide useful information.
An important aspect is a user-friendly interface that will
allow easy and intuitive interaction with the robot. In
addition, the prototype will have additional functions
related to monitoring the temperature in an industrial
room and detecting open flames in it.

1. Selection of mobile robot components

This article proposes the development of a mobile
robot with interactive control that can be used in
industrial, warehouse, or residential premises to monitor
and obtain information about temperature or fire.

The central component of the system is the
Arduino Mega 2560 R3, which provides sufficient
computing power and the ability to control various
aspects of the robot. It serves as the basis and "brain" of
the project, allowing you to program the logic of the
robot and process data from sensors or sensors.

An example of the board is shown in Fig. 1.

Fig. 1. Arduino Mega 2560 board

The Arduino Mega 2560 board is one of the key
components selected for the development of a mobile
robot with interactive control. An important advantage of
the board is its functionality. It is equipped with a
powerful Atmega2560 microcontroller, which provides
enough computing resources to implement complex
algorithms and control various devices. The board also
has a large number of digital and analog I/Os, which
allows you to connect various sensors, actuators, and
other peripherals.

The Arduino Mega 2560 supports a variety of
software libraries and the Arduino IDE, which simplifies
the programming and development process. It is also
compatible with a large number of extensions and
modules, which allows you to expand the functionality
and capabilities of the system. It also has a fairly low
cost. This board is widely available on the market.

The next important component for a mobile robot
is the platform on which all the elements are located.
We chose a mobile 3-wheeled transparent robot
platform for robotics. Its appearance is shown in Fig. 2.

The platform is equipped with two motors with a
deceleration ratio of 48:1. These motors provide enough
power and torque to move the robot. They operate at 3-
6V and have low current consumption, which is an
energy-efficient solution. Three wheels, of which two
are drive and sliding motors, provide stability and
maneuverability of the robot. This allows for efficient
movement in different directions and turns.

Fig. 2. Single deck robotic platform

This platform also has a battery compartment,
which simplifies the integration of the power supply
system into the robot structure itself. This ensures
convenient and compact battery placement, which is
especially important for mobile robots.

The next element will be the MB-102 solderless
breadboard with 400 points. One of the key advantages
of the MB-102 breadboard is its convenient design. The
breadboard is shown in Fig. 3.

Fig. 3. MB-102 solderless circuit board

The board has 400 contact points, which provides
enough space to connect various components, wires,
and connections. This allows you to conveniently
arrange circuit elements and make the necessary
connections for testing and design. The breadboard also
has high contact reliability and stability. Each contact
point on the board provides a reliable electrical
connection, which helps to avoid malfunction problems
and ensures stable operation of the circuit.

The bridge driver plays an important role in the
management and control of motors. The L293D bridged
motor driver was selected to control two bridged motors.
An example of a bridge driver is shown in Fig. 4.

Fig. 4. L293D bridge motor driver for collector motors
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The bridge driver ensures smooth and precise
movement of the robot. The L293D provides stable and
reliable motor control. It has built-in overload and back
EMF protection to help prevent damage to components
when changing direction or braking the motors. The
bridge driver also allows you to control the direction of
rotation of the motors and adjust their speed.

To connect all the components to the board, you
also need a set of mother-to-mother and father-to-
mother jumpers. An example of a set is shown in Fig. 5.

Fig. 5. Jumpers set

Next, we selected the necessary sensors. First, let's
look at the ultrasonic sensor. This is a component that
allows you to measure the distance to objects based on
the principle of ultrasonic wave reflection. The HC-
SR04 we have chosen is one of the most popular
distance sensors and is widely used in various robotics
projects. Its appearance is shown in Fig. 6.

Fig. 6. HC-SR04 sensor

The sensor consists of a transmitter and a receiver
module. The transmitting module generates ultrasonic
pulses that travel to the object and then are reflected
back. The receiving module registers the reflected
pulses and determines the time of sound wave travel.
Based on the sound travel time and knowing the speed
of air, the distance to the object can be calculated. The
HC-SR04 can measure the distance to objects in the
range of a few centimeters to several meters. This
makes it versatile and applicable in a variety of
scenarios. The sensor also has a simple connection and
communication interface with a microcontroller. It
works on the basis of the echolocation protocol, which
simplifies programming and integration into projects.
The selected instance is available at a low price and is
readily available on the market. This makes it an
attractive option for developing projects with a limited
budget.

For communication and connection to wireless
networks in the mobile robot project, the ESP8266 Wi-
Fi module of the ESP-01 version was chosen (Fig. 7).
This module provides a wireless Internet connection,
which opens up a wide range of possibilities for remote
control and data exchange.

Fig. 7. Wi-Fi module ESP8266 version ESP-01

The ESP8266 ESP-01 is a compact and cost-
effective  Wi-Fi module that offers sufficient
performance and functionality to implement Wi-Fi
communications. It is equipped with a microcontroller
and a built-in antenna, which ensures its autonomous
operation. The module allows remote control of the
mobile robot using a smartphone, tablet, or computer. It
can also be used to collect data from various sensors on
the robot, such as distance, temperature, humidity, and
other sensors. The collected data can be transferred to a
remote server or cloud storage for further analysis and
processing.

The KY-033 line sensor (Fig. 8) is a device
specially designed to detect and follow lines on a
surface. It is equipped with infrared sensors that respond
to reflected light from the surface and allow you to
determine the position of the line.

Fig. 8. KY-033 line sensor

The line sensor allows the robot to detect and
follow a line on the floor or other surface. This can be
useful, for example, for creating a linear route or an
automatic navigation solution. It can be used to detect
obstacles in the robot's path. If the line is interrupted or
changed, the robot can react by changing its direction or
taking appropriate action. If the robot is moving on a
platform with edges or cliffs, the KY-033 line sensor
can help it avoid falling or colliding. The robot can react
to changes in surface color and adjust its movement to
stay in the safe zone of the platform
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The next sensor we chose was the KY-026 flame
sensor (Fig. 9). It is a module designed to detect the
presence of a flame, based on a photo-sensitive element
that responds to changes in the intensity of light created
by the flame.

Fig. 9. Fire sensor

A sensor can be mounted on the robot for early
detection of fire or other sources of flame in the
environment. If flames are detected, the robot can
activate appropriate safety systems or take action to
prevent the spread of the fire. If the robot is used in
areas where fires or dangerous situations are possible,
the flame sensor can be integrated into a warning
system.

When flames are detected, the robot can activate
sirens, flash lights, or send an alarm to alert others to the
presence of danger.

The last module to be installed on our mobile robot
is an infrared thermometer (Fig. 10).

An infrared thermometer is designed to measure
the temperature of objects using infrared radiation
emitted by them.

It can work together with the KY-026 flame sensor
to more accurately detect and measure heat or flame
sources. In our case, the use of these two sensors allows
us to measure the exact temperature of the flame source,

complementing the information received from the flame
sensor. This can be useful for determining flame
intensity or monitoring temperature changes in the
environment. The thermal module can also help detect
hot spots or objects with elevated temperatures in the
environment. This can be useful for detecting obstacles
that could cause damage to the robot or other objects, as
well as for determining temperature changes within
certain areas.

Fig. 10. Infrared thermal module

2. Assembling a mobile robot

The structure of mobile robots depends on the
tasks that the robot solves, but regardless of the tasks
being solved, the main components of the mobile robot
structure can be identified.

A block diagram is shown in Fig. 11.

Development of a circuit diagram. This circuit was
created using the online tool Tinkercad, which allows
you to design electronic circuits in a virtual
environment. The main components of the circuit are
two motors that are responsible for driving the robot's
wheels.

The circuit also includes two ultrasonic sensors
that are connected to a breadboard and then to an
Arduino Mega 2560 R3 board.

The circuit is shown in Fig. 12.

Mobile robot

Means of robot movement

‘Mobile robot control means

Means of ensuring the
execution of technological
functions

Wireless
communication means

Means of autonomous
' power supply

Fig. 11. Block diagram of a mobile robot
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Fig. 12. Schematic diagram of the circuit

The connection to the prototype board is shown in  through a browser. The user, being in a local Wi-Fi
Fig. 13 and 14. network, opens a browser on his device. The mobile
robot equipped with the ESP8266 module creates a web
server on the module that listens for incoming HTTP
requests. A web page with the robot's control interface
is displayed in the user's browser. The user clicks
buttons on the web page to control the robot. The
browser sends a corresponding HTTP request to the
robot's IP address and port. The ESP8266 module
receives the request and interprets it as a command to
control the robot's motors. The module transmits signals
to the L293D bridge driver, which controls the robot's
motors. The robot moves according to the commands
received from the user via the browser. Thus, the user
can control the mobile robot in real time (interactively)
by clicking buttons on a web page in the browser, and
the ESP8266 module transmits commands to the robot's
motors through the bridge driver. The developed
interface is shown in Figure 15.

FORWARD BACKWARD
STOP

Fig. 15. Example of a robot control interface

Conclusions

Fig. 14. Connection with sensors As a result of the above research, a prototype of a

mobile robot has been developed that will reduce the

Thanks to the Wi-Fi module ESP8266, we can risk of fires and the need for human intervention by
theoretically realize the control of a mobile robot providing a rapid response to danger.
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In addition, this mobile robot has the ability to inspect hazardous areas. Such a robot will improve the
independently navigate and recognize hazards, which safety of employees or people around them and reduce
will optimize workflows at various enterprises or to  material costs.
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Po3podka nmporoTuny Mo6iJibHOT0 po6oTa 3 iHTEPAKTHBHOIO CHCTEMOI0 KePYBaHHS
1. III. Hesmronos, C.C. Makcumoa, O. M. Kinumenxko, M. 10. Binoycos

AnoTaunisi. OnHi€IO 3 HAlaKTya bHIMINX 3aBJaHb POOOTOTEXHIKM € BUKOHAHHS pOOIT B yMOBaxX, e HE MOXKEe TPAIFOBaTH
JIOJIMHA, B €KCTpeMalbHUX yMoBaX. IIpH IIbOMY Mae€ThCs Ha METi 3HAXOKEHHS JIIOJMHHM HAa BiJCTaHi, 4acTO Ha 3HA4HiH, B
Oe3reyHnX yMOBaX. 3 IBOTO BHIUIMBAE HEOOXiJHICTE CTBOpPEHHS pOOOTIB, siki OymyTh 3maTHi cami mpamoBatd abo B
aBTOHOMHOMY peXuMi abo B pe)KHMIi BiJJJaJIeHOr0 KepyBaHHs. B Toli e yac HaJ3BUYAHO rOCTPO CTOITh 3aBIAHHS BHSBICHHS
MicIlb 3aiiMaHHsI, K€ MOXE BUPIIIUTH MOOUIbHUI poOOT, ocHamieHnil crenudivHuMu narunkamu. OTKe, aKTyaJbHOIO CTae
3agavya po3poOKH IHTEPAaKTHBHOI CHCTEMH KepyBaHHS Uil Takoro pobora. Ilpeagmerom paHOro IOCHi/UKEHHS € Mporpama
KepyBaHHS MOOLTEHUM poOoTOM. MeToI0 1aHOT CTAaTTi € MiABUIICHHs e()eKTUBHOCTI CHCTEeMHU 3a0e3MedeHHs MOXKEKHOT Oe3neKkn
3a paxyHOK pO3pOOKH MOOUTHPHOTO po0OTa i3 BIAMOBITHMMH JATYMKAMH, a TaKOX IHTEPaKTHBHOI CHCTEMH KepyBaHHsS. J{is
JOCSATHEHHSI ITIOCTaBJI€HOI MeTH HeoOXiTHO BHUPIIINTH Taki 3aBJAHHS: ITPOAHAII3yBaTH CIOCOOM CTBOPEHHS HPOTOTHIIIB
MOOUTEHUX POOOTIB, PO3POOHTH CTPYKTYPHY CXeMy MOOLIEHOrO poOOTa, 00paTH KOMIUIEKTYIOUi, 0OpaTH HEOOXIIHI JaTYHKH,
BUXOJASYM 13 IIiNiel 3a0e3meYeHHs] MOXKeKHOI Oe3NeKd, po3pOoONTH aBTOMATH30BaHY CHCTEMY KepyBaHHsS Ha 0a3i CydacHOTO
OJTHOIIJIATHOTO KOMIT'IOTEepa i pO3poOUTH IHTYITHBHO 3p0o3yMinuii iHTepdelic oneparopa. BHCHOBKH: B pe3ynbTaTi IOCIiIKEHb
OyI10 Po3p0obIICHO CTPYKTYPHY CXeMy MOOIIBHOT0O poboTa, 00paHO HOro KOMIUIEKTYIoUi, 310paHo iforo, 06JagHaHO AaTYUKAMH Ta
CTBOPEHO IMporpaMHe 3abe3edeHHs, sIKe J03BOJIsIE IHTEPaKTUBHO KepyBaTH HUM. Po3poOnenuit mpototun MobinsHOro podora
JIO3BOJIUTH 3HU3UTH PU3MK BUHHKHEHHS MOXEX Ta HEOOXITHICTh JIIOJICHKOTO BTPYUYaHHsI, 3a0e3MeUnBIIH ONIEPATUBHY PEAKIIilo Ha
HeOe3neky. Kpim Toro, MoOUTbHHN pOOOT 31 3MATHICTIO CAMOCTIHHO HaBIryBaTH Ta PO3II3HABATH HEOE3NeKy 3a0e3leduTh
ONTUMI3alil0 POOOYNX TPOIECIB Ha PI3HUX MIANMPUEMCTBAX, ad0 U TEPEBIpKU HEOE3MEUHUX AUITHOK, TMOKPALIUTh Oe3MeKy
MPAaLiBHHUKIB 200 JIF0JIel HABKOJIO Ta 3MEHIINTh MaTepialibHi TpaTu. Pe3ynpTatoM poboTH € QyHKIIOHYIOUHI POTOTHIT POoOOTa 3
peanizoBaHOIO IHTEPAKTHBHOIO CUCTEMOIO KepYBaHHSI.

KawuoBi caoBa: MoOiIbHHN poOOT, Micle 3aiiMaHHs, CHCTEMa KepyBaHHS, JaTIMK BOTHIO.
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DEVELOPMENT OF AN INTELLIGENT ROBOT CONTROL SUBSYSTEM

Abstract. The subsystem should provide the following functionalities: planning of trajectories of movement of an intelligent
robot in an a priori uncertain dynamic environment of operation: representation of opposing objects of the environment and
functional and executive nodes of a mobile robot using a fuzzy configuration space; formation of a movement trajectory with a
fixed level of confidence; updating the environment map when exploring new areas of the operating environment; real-time
operation of the scheduler; modularity and scalability of the subsystem. To successfully navigate in space, the robot control
system must be able to build a route, control movement parameters, correctly interpret information about the world around it
received from sensors, and constantly track its own coordinates. The paper investigates the development of control subsystems
for an intelligent robot. To achieve this goal, the initial data were analyzed, the general principle of building a simulation model
of the robot was described, and a structural diagram of the control system of an intelligent robot was developed.

Keywords: intelligent robot, sensor, navigation system, interface.

Introduction

The subsystem under development is designed to
plan the targeted actions of an intelligent mobile robot in
an a priori uncertain environment [1]. It is difficult to
develop such a subsystem based only on a rigid algorithm
for working out a given trajectory of movement of the
robot's executive subsystems (RS). The absence of
feedback on the operations performed indicates a low
flexibility of the system as a whole, which significantly
reduces the possibility of using the RP in real conditions
of automated production. The direct operation of such a
system faces the following problems

- the need to create a flexible distributed structure
of flexible production modules;

- solving the problem of time coordination of
several robots performing a single task;

- the need to change the control program when
moving to new unstructured production areas, where it is
difficult to enter the trajectory of the robot's technological
operation.

The main disadvantage is the strict requirement for
the accuracy of the reference trajectory, the violation of
which during operation leads to a disruption of the entire
technological process (TP), and this situation is difficult
to automatically correct, requiring intelligent action
planning [2-5]. The subsystem should provide the
following functionalities:

a) planning of trajectories of movement of an
intelligent robot in an a priori uncertain dynamic
environment of operation:

1) representation of opposing objects of the
environment and functional and executive nodes of a
mobile robot using a fuzzy configuration space;

2) formation of a movement trajectory with a fixed
level of confidence;

3) updating the environment map when exploring
new areas of the operating environment;

b) real-time operation of the scheduler;

¢) modularity and scalability of the subsystem.

When filling the knowledge base, the operator is
responsible for selecting the general characteristics
(name, code, etc.) of known objects. Object traversal
parameters are recorded as additional object parameters.
Changes to the trajectory in the object knowledge base

are made only by the subsystem itself; the operator
cannot change these characteristics manually.

The subsystem should provide for updating
decision-making methods due to the object-oriented
structure of the information and modeling complex, i.e.,
recomposition without changing the basic relationships
between modeling objects.

1 General principle of building a robot
simulation model

In accordance with the traditional model of modeling
organization, when information flows are exchanged
between the researcher-designer and the simulation model,
feedback on the results of the simulation is provided by a
chain external to the simulation modeling system - a person
with the involvement of auxiliary tools and software
methods. At the same time, the researcher-designer
performs the function of information transformation, which
consists in interpreting the results and making decisions on
managing experiments and generalizing information to the
knowledge base of an intelligent robot. Automation of
experiment management involves the creation of a closed
software-implemented control loop of the simulation model
within the framework of external software [6-9]. The
structure of the model is shown in Fig. 1.

-
! External software

| Planning of information and movement actions |

| Processing of statistical information |

Experiment control module

Fig. 1. Structure of the information and control model

Targeted series of experiments, in accordance with
the set goal of the robot's functioning and taking into
account the constraints of the configuration parameters,
are organized by modules that are specifically included
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in the external software. In general, these modules must
set the initial data sets, initiate model runs as a whole,
process the results, and make decisions about the further
development of experiments in accordance with the
implemented modeling control algorithm.

Such an algorithm, directing the experiments,
searches for such a combination of parameters in the field
of permissible values of parameters that would ensure the
optimum of a given quality indicator, i.e., essentially
solves the optimization task:

ey

where f — the objective function represented by the
algorithmic simulation model; X =(x;,x,...x,) -

vector of parameters of the modeling object; X — a set of
valid values of input parameters.

Thus, a set of algorithmic and software tools that
provides the process of automated modeling forms a
simulation automation modeling system (SAMS). Since the
user does not enter each set of initial data for the next run of
the simulation model and only specifies the goal or criterion
and the range of parameter variation, while the search for
valid solutions to simulation problems is performed
automatically by the SAMS, the definition of an intelligent
simulation system can be applied to the latter. For example,
the functions of the SAMS in the control loop of a flexible
production system generally consist in analyzing alternative
options for robot behavior after making a particular possible
decision on dispatching and operational planning of
information and motion actions, etc.

The effectiveness of these functions is due to the
replacement of the rigid control logic of an intelligent robot,
which involves the use of specified and fixed heuristics in
certain situations, with a flexible and dynamic mechanism
that ensures decision-making not only on the basis of a
similar analysis of the current state of the robot, but also
taking into account the prospects for its development. The
problem of automating the management of experiments,
synthesizing knowledge and building a knowledge base can
be represented by the logical structure of the step-by-step
solution of individual tasks of an intelligent robot, as shown
in Fig. 2. At the first stage of automating the control of
experiments, two tasks are solved:

- structural and algorithmic construction of the
control module itself is performed;

- forming the substantive basis and formal
requirements for the organization of information
exchange with the simulation model.

The task of structural and algorithmic
construction of the experiment control
module and synthesis of the knowledge
system is solved in the following sequence:
the composition and structure of the module
are determined (the conditions of interaction
of its components and position in the overall
structure of the SAMS are developed).

When performing a series of simulation
model runs, a targeted variation of parameter
values occurs, which can affect the value of the
objective function not only through direct
influence on the functioning of the modeling

Second stage

object, but also indirectly through other elements of the
object (robot) that are connected. As a result, cost and other
indicators change. In addition, restrictions can be imposed
on the values of some parameters, in particular, some of
them can be fixed, i.e. set declaratively. This can be reflected
in the formation of initial data sets and initialization of the
initial states of the knowledge system modeling process.
Considering a simulation model as a means of
purposeful transformation of information in accordance
with a certain system of prescriptions, it makes sense to
talk about a simulation modeling algorithm. Then the

formal interpretation of the requirements under
consideration can be written as follows:
SeQ; SecC, 2)

where § — input word of the simulation modeling
algorithm; Q — a set of valid sets of robot parameter
values; C — the scope of the simulation modeling
algorithm definition.

The input word § specifies a set of initial data of a
particular data set, i.e. S = (i, g‘j,....,é‘z) , where each value

& corresponds to a certain value of a certain parameter of
the modeling object. The domain is determined by the
software implementation of the simulation algorithm, and
it can be formed by the set D;, of input alphabet sets. All
values & that have a permitted realization of the modeling
object U. Thus, expressions (1) respectively define the
conditions for matching S with the simulation model and
algorithm. The task is to develop an apparatus for formal
analysis of the consistency of changes in semantically
interrelated parameters to ensure that the variation does not
violate condition (1) and does not lead to changes in fixed
parameters. At the second stage, the automation of
experiment management and the construction of a
knowledge system is carried out, and the following stages
are solved:

- development of principles, interaction of the
logical inference system and numerical optimization

procedures;
- selection (development) of an apparatus for
implementing logical inference from combined

algorithms for managing experiments;

- development of effective inference algorithms
based on the proposed apparatus, taking into account the
specifics of interaction with numerical optimization
procedures.

This stage solves the problem of developing
optimization procedures used in planning extreme

Interaction of numerous procedures and

P Third stage
logical inference system 8
.................... i
Logical output Numerical optimization
system > procedures

L

First stage

Experiment management module

Fourth stage

Fig. 2. Automated modeling of an intelligent object
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actions. At the same time, the issue of developing
algorithmic support can be considered for specific
aspects of object modeling, namely

- automation of experiments management under
conditions of linguistic uncertainty of parameters, for
example, "degree of similarity/difference..." has no
natural numerical measurement;

- organization of extreme experiments in the
problems of one-parameter optimization with a
significantly uneven location of points in the middle of
the interval, for example, a unimodal response function,
and fixing the corresponding states in the model of the
knowledge system;

- reduction of search time with a significant
duration of the simulation model run, which is important
for multi-iterative search algorithms, full search of
options, etc.

2 Block diagram of the robot control system

The main task of an intelligent control system (ICS)
is to physically implement various movements of an

| 9. Sensors

Operator, Remote system

intelligent robot, with an adequate response to
uncontrolled environmental changes and unpredictable
drift of the robot's parameters. To fulfill the main task of
the ICS during operation, it is necessary to solve many
additional tasks that interact with each other. The
analysis of these tasks and the specifics of controlling an
intelligent robot led to the construction of a control
system in the form of a three-level hierarchical structure,
shown in Figure 3.

At the first level, the ICS makes a decision on the
possibility or impossibility of movement, determines the
composition of electromechanical devices (EMDs) used
for movement, and builds a general plan of movement
(maneuver). At the second level, EMD control programs
are formed, their control models are determined, the
current situation is recognized, and self-learning is
performed during operation. At the third level,
controlling influences are formed to perform movements
in an optimal way: for a minimum time, with a given
accuracy, quality of transients, etc. with the necessary
adjustment (adaptation) of EMD control models.

9. Sensors

i 1stlevel |
i v ' i
. 1
: 1. Subsystems for - 3. Decision-making P 2. Navigation 1
i | obstacle detection " subsystem h subsystems :
E | XoYoZo 1 XrYeZr XpYpZp :
- 1
!,._._._._._._‘_._._._._._._._._._._._._.# ______ e T A -
L} 1
i 4. State ¢ »| 5. Currenttrajectory planningsubsystem | 2" level
: registration and l ;
i self-learning 9; i
1 < 1
i subsystem M 6. Coordinated engine control subsystem i
; 7'y Y ;
i wlj:---n(-unj 1
L I U 1
mmm et s i I SIS I R
3rd level

7. Adaptive subsystemsfor automatic
control of motorangularspeed

Mi,..., l

| 8. Engines |

9. Sensors

Fig. 3. Structure of an intelligent control system for an intelligent robot

The structure is focused on the realization of IR
movements in real time, in which the interaction between
levels occurs according to a limited number of movement
parameters: linear speed V; position coordinates X, Y;
heading angle Z (angle between the main axis of the IR and
one of the coordinate axes); angular velocities of wheels and
motors o . In the proposed system for controlling the
movements of the IR, the current goal of the movement or
movements is received from the upper-level control system
(external computer) in the form of parameters X,, Y,, Z, , or
parameters defined regarding the obstacle X,, Y,, Z,.

The movements are controlled as follows. Block 3
receives a request to perform the movement of the IP
(movement of the IR in the workspace, location of the
working body of the attachment, or performing these
actions simultaneously). Based on the data of blocks 1
and 2 on the current location of the intelligent robot and

obstacles to movement in the workspace, as well as
information from the second and third levels of control,
block 3 determines whether the specified movement can
be performed or not. In case of a positive decision, the
coordinates of the points of the trajectory ending at the
target point X, Y., Z, are calculated. These coordinates
are transmitted to the second level block 5.

In block 5, according to the incoming coordinates
and knowledge about the properties of the current working
space of the intelligent robot and the location of fixed
obstacles in it, as well as knowledge about how this goal
was achieved in the past, the desired linear speed V, and
the desired steering angle w, of the steering device (if any)
for the next point of the trajectory are determined. For this
purpose, the information coming from the navigation
system X, Y, Z, or the subsystem for determining the
position of the robot relative to the obstacle X,, Y, Z,, as
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well as the knowledge accumulated in block 4 by experts
during the design of the system and during the period of
operation of the robot is used. In the absence of navigation
subsystems and an obstacle positioning subsystem, the
current trajectory planning subsystem uses its own path
calculator to determine the coordinates of its position
based on data from wheel rotation sensors, motors, or
special travel distance sensors.

If V, and @ , are calculated, then in block 4, based on
information from the upper-level systems and the internal
state of the robot, the current situation is recognized and
adaptive EMD control models adequate to the current
situation are selected. These models are sent to block 6. In
block 6, the angular velocities of the motors wjg, ..., Wng,
participating in the movement, are calculated. The
sequence wjg, .., g in time represents the control
program for the corresponding motor (motors) and is
stored in block 4. Thus, block 4 accumulates the
movement programs that the system uses in the absence or
malfunction of the navigation subsystems. In addition,
these programs include programs for maneuvers (turns and
movements) in a limited space that are not described by
smooth continuous trajectories.

The calculated angular velocities are sent to block 7
of the third level. The task of the block is to generate
control influences myj, ..., m,; on all the motors involved
in the movement. Block 7 implements the functions of
parametric adaptive automatic control systems that

monitor the angular velocity of wheels or motors. If the
disturbances go beyond the permissible limits, the current
trajectory planning system at the second level or the
decision-making subsystem at the first level is accessed
to make a decision on further control.

During operation in block 7, the parameters of
automatic control systems are identified using real data
from block 9.

These parameters are processed and accumulated in
block 4. They are then used to determine the initial
conditions of the adaptive control subsystems when
performing subsequent movements in similar conditions.

In addition, all data are stored for subsequent
processing to determine control errors and develop
methods for their accounting. In the simplest case, when
moving repeatedly along the same trajectory, this
subsystem determines the average values for the desired
parameters of each trajectory point.

Conclusions

To successfully navigate in space, the robot control
system must be able to build a route, control movement
parameters, correctly interpret information about the
world around it received from sensors, and constantly
track its own coordinates. To achieve these goals, we
have developed an architecture and a generalized
algorithm for controlling a mobile robot and a block
diagram of the robot control system.
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Po3podxka mincuctemMu ynpasieHHs iHTeJeKTyaIbHUM POOOTOM
M. T. Crapony6ues, B. B. Hepironosa, M. O. Bxecuescrbkuii, C. B. [1Iln6aHos

Anotanis: [lizcucrema mae 3abe3nedyBaTH Taki (YHKIIOHAIBHI MOMIJIMBOCTI: TUIAHYBaHHS TPAEKTOPIH IepecyBaHHS
IHTEJIeKTyaJbHOTO pPOo00Ta B ampiOpHO HEBU3HAUYCHOMY JWHAMIYHOMY CEPEHOBHINI (QYHKIIIOHYBAaHHS: pEHpe3eHTallis
MPOTHIIIOYMX O0'€KTIB CepeloBHINA Ta (PYHKIIOHATHHO-BUKOHABYHX BY3IiB MOOLIBHOTO pOOOTa 3 BUKOPUCTAHHAM HEYITKOTO
KOH(IrypariifHoro npocropy; GopMyBaHHS TPAEKTOPIi HepecyBaHHsI 3 piKCOBAaHUM PiBHEM OBIpH; OHOBJICHHS KAPTH CEPEAOBHUILA
HPH JOCITIIKSHHI HOBHX JUTTHOK CepeoBHIIa (yHKIIOHYBaHHSI; PSKHM pOOOTH IUIaHyBaJIbHUKA B peabHOMY 4aci; MOAYIbHICTh
i HapoIllyBaHiCTh migcucTeMu. [ ycminmiHoi Hapiraiii B MpOCTOpi CHCTeMa YNpaBliHHS poOOTa MOBHMHHA BMITH OyayBaTh
MapLIpyT, KepyBaTH MapaMeTpaMu pyXy, NpPaBWIBHO IHTEpPIPETYBaTH BiJOMOCTI MPO HABKOJMIIHIM CBIT, OJEp)XKyBaHi Bif
JATYHKIB, 1 IOCTIHHO BiJICTE)KYBaTH BJIACHI KOOpAWHATH. B poOOTI MpoBeneH1 AOCTiIKEHHS 3 PO3POOKH IMiJCUCTEM YIIPaBIiHHS
IHTENIeKTyanbHUM pOOOTOM. J[JIst TOCSATHEHHS METH NIPOBEAEHO aHaJli3 BUXIJHUX HAaHHX, OIMHMCAHO 3aTJILHUI MPUHIUI T00YyI0BI
imMiTaniitHoi Mozeni po6oTa i po3pobIeHO CTPYKTYPHY CXeMy CHCTEMH YIPaBIHHS IHTEJICKTyaTbHIM pOOOTOM.

KawuoBi cnoBa: inrenekryansHuil poOOT, JaTUMK, CHCTEMa HaBirauii, intepdeiic.
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MOKJIUBICHA MOJIEJIb
KAY3AJIBHOI'O 3B'SI3KY ITO BXIJTHIN 3MIHI;III71
JJISI MOBY1OBU NOSICHEHHSI B IHTEJIEKTYAJIBHIA CUCTEMI

AnoTtanis. [IpetMeToM BUBYEHHS B CTATTI € MPOIlECH NOOYOBH MOSICHEHD JUII OTPUMAaHUX B IHTENIEKTyalbHill iH-
(dbopmamiitiit cucremi piniersb. MeTor no0Oy0Ba MOJENi TPHYUHHO-HACIIIKOBUX 3aB'sI3KiB ISl TOOYI0BH MOSCHEHb
B yMOBaX HEBH3HAYEHOCTI IIOJ0 CTAHIB iHTENEKTYaIbHOI iHGOpMaIifHOT CHCTEMH, SKIO OCTAaHHS IPECTABIAETHCS
Y BUTJISAII YOPHOTO SIIKKA. 3aBAaHHS: CTPYKTYypH3allis MOSCHEHHS 3 ypaxyBaHHSAM 0COONMBOCTEH KOTHITHBHOI Jisi-
JIBHOCTI JI0AUHH; (GOopMyBaHHS HEOOXiOHOI Ta TOCTATHBHOI YMOBH LIOJO Kay3albHOI 3aJIEKHOCTI SIK CKJIaJ0BOI MOsiCc-
HEHHS 3 BHKOPUCTAaHHSIM Teopii MOKIMBOCTEH; po3poOKa MOKIMBICHOT MOJAEII Kay3aJdbHOI 3aJ€XKHOCTI I OJHOL
BX1JIHOI 3MiHHOI, 5IKa BPaXOBY€ HEBHU3HAYCHICTh IIOJO CTAHIB iHTEIEKTyaJbHOI cucTeMU. BukoprucTOByBaHUMH HiA-
X0JaMH €: MiAX0IU A0 NoOyA0BU MOSCHEHb y KOTHITUBHIA MiSIIBHOCTI JIOOUHH, HMiAXOAHW 0 MOOYIOBH MOSCHEHDb y
MOSICHIOBAJIbHOMY HITY4YHOMY iHTeslekTi. OTpuMaHi HacTynHi pe3yasTaTiH. CTPyKTYpOBaHO IOSICHEHHS SIK €JIEMEHT
KOTHITHBHOI IisuibHOCTI JitoauHU. [loka3aHo, o MOsICHEHHSI MOKe OYTH IPEICTaBIeHO B ABOX aCIIEKTaX: KOHIIENTY-
aJbHOMY, IIJISIXOM ITOPIBHSHHS BXiTHOI iH(popMamii i3 iCHYIOYOI0 CHCTEMOIO 3HAaHb JIOJAWHU; TIYMayHOMY, IIISIXOM
MOPiBHAHHI BJIACTUBOCTEH BXiTHUX 00'€KTiB. 3ampONOHOBAHO MOXJIMBICHI HEOOXiJHA Ta JOCTATHSI YMOBH JUIsl Kay3a-
JIBHOT 3aJIe)KHOCTI Ha 0a3i 0JIHi€T BX1THOT 3MIHHO1, IO JIGKUTHh B OCHOBI MOSICHEHHsI. 3alIPOMIOHOBAHO MOJENIb MOXKIIU-
BiCHOI Kay3anbpHOI 3aJIeXKHOCTI 71 MOOYyJOBH NOSICHEHHS B 1HTENEKTyalbHill cucTteMi. BucnoBku. HaykoBa HOBU3HA
OTPUMAaHHUX PE3yNbTATIB MOIATAE€ B HACTYIHOMY. 3alpPOMOHOBAHO MOJEIh MOXKIUBICHOT Kay3albHOI 3aJIeKHOCTI MK
BXIJTHOIO 3MIHHOIO Ta Pe3yJNbTaTOM pOOOTH 1HTEJIEKTyaIbHOI CHCTEMH, IO MOENHYE HEOOXiJHY YMOBY Kay3albHOCT1
Yy BUTJISAI piBHA AOBIpH 0 BILUTUBY BXiZHOI 3MiHHOI Ha pe3yJbTaT Ta JOCTAaTHIO YMOBY Kay3aJbHOCTI Y BUTJIAAI Mak-
CUMaJIbHOT MOJKJIMBOCTI BIIMBY 3HAYeHHsS BXiJHOi 3MiHHOI Ha pe3yJbTaT iHTENEKTyalbHOI cUcTeMu. Mojenb nae
MO>KJIMBICTH C(OPMYBATH Kay3aJbHO-Opi€HTOBaHE IOSICHEHHS! Ha OCHOBI 3B'A3Ky BXiJHOI 3MIHHOI i OTpHMaHOTO pe-
3yJbTAaTy B yMOBaX HEMOBHOTH 3HaHb MOJIEJIb IIIO/I0 CTaHY iHTEJIEKTyaJIbHOI CHCTEMH.

Kaw4doBi cioBa: iHTenekryanpHa iHGopmaliiiHa cucteMa, MOSICHEHHS, IPHYUHHO-HACHTIIKOBHH 3B'SI30K, Kay3alb-

Ha 3aJIe)KHICTh, KOTHITHBHA JiSUTbHICTD.

Beryn

CyuacHi iHTENEKTyalbHI CHCTEMH HIHPOKO BUKO-
PHUCTOBYIOTBCSI JUISl MIATPUMKH PillleHb NPH BUPILICHHI
CKJIaMHUX 3aJad MOonIyKy iHdopmarlii, cTpaxyBaHHS,
JiKyBaHHs, y OaHKIBCHKil Ta BIMCHKOBIH cripaBi, TOLIO.

BukopucraHHsl B IHTEJEKTyalbHUX CHUCTEMax He-
MIPO30PUX AITOPUTMIB, 110 0a3yIOTHCSA HA MAIIUHHOMY
HaBuaHHI, 3a0e3neuye (OpMyBaHHS KOMIUIEKCHHX pe-
3yJIBTATIB, SIKI HE 3aBXKIH € 3pO3yMUINMHU JUI KOPHUCTY-
BayiB TakWX cHUCTeM. Hempo3opicTe pe3ynbTaTiB, y
CBOIO Yepry, MOXe IOpPO/PKYBAaTH CYMHIBH Ta HEIOBIpY
KOPHCTYBaYiB JI0 PIiICHb IHTEIEKTyaJlbHOI CHCTEMH, i,
SK HaCIliIOK, OOMEXYBaTH peaJbHE BHKOPHUCTAHHSI
OCTaHHiX.

ToMy mpo30picTh Ta 3pO3YMINICTH pIIEHh B IIUX
CHCTEMaX € BOKJIMBOIO YMOBOIO 1X IIMPOKOTO MPAKTHY-
HOTO 3acTocyBaHHs [1, 2].

3pOo3yMiNicTh pillieHh JIJIs1 KOPUCTYBadiB CHUCTEM
LITYYHOTO IHTEJIEKTY 3a0e3MeUy€eThCsl BUKOPHCTAHHIM
mosiCHEHb [3].

[MosicneHHsT po3TIAgaeThCs B JABOX AaCHEKTax: sK
KIiHIEBHH MPOIYKT Ta SIK MPOLIEC.

[NosicHeHHsT K KIHIEBUH HPOIYKT TNPEACTABISE
KOpHUCTyBa4eBi HEOOXiqHy iH(opMamilo At po3yMiHHS
NPUIHATHX IHTEJEKTyaJIbHOIO iH(OpManiiHO cucre-
MO0 pitieHb. DaKTUYHO TaKe MOSICHEHHS BCTAHOBIIIOE
3BSI3KM MK BXIZHOIO iH(pOpMamielo Ta BUXOAOM iHpO-
pmartiiiHoto cuctemu. IloOymoBa Takoro TOSCHEHHS
0a3yeTbCsl Ha TPEACTABIICHHI CUCTEMH y BUTJISAI YOp-
HOTO SIIIHKY.

ToOro iHdopmaris 1040 BHYTPILIHIX CTaHIB CHC-
TEeMH Yy JTaHOMY BHIIQJIKy € HETIOBHOIO a00 BiJICYTHBOIO.

3agaua (opMyBaHHS TOSCHEHHS SK KiHIIEBOTO
MIPOJYKTY TIOJIATAE y BU3HAYCHHI Kay3aJbHUX 3aJIe’KHO-
CTel MK BXIJIHUMH 3MIHHUMH Ta OTPUMAaHHAM DPE3yiIb-
TaTOM.

Jana 3amaua BHpINIyeThCS B yMOBaX HEBH3HAUe-
HOCTI 1010 KOHKPETHOT peaiizaiii npouecy NpHUHHATTS
pillieHHs B iIHTEJEeKTyalbHili cucremi [4, 5].

[MosicHeHHs sik Tpoliec BKIIOYae B ceOe MmociiJoB-
HICTh KPOKIB, 1110 OOIPYHTOBYIOTb, SIK CUCTEMa MPHIfII-
J1a 10 moToyHoro pimenHs. Lled minxin notpedye iHdo-
pMarii oo 0 BHYTPIMIHIX CTaHIB IHTENEKTYaIbHOI CHC-
TEMH.

B 3aranpHOMY BHIaJKy IOSICHEHHS SIK MPOLEC He
3aBXIM OPIEHTOBAHO Ha OOIPYHTYBaHHS OTPHMAHOTO
pe3yJibTary.

Januii miaxix 3B°s3ye Oii i3 NPUAHATTS pilICHHS,
BCTaHOBJIIOIOYH 3AJIEKHOCTI MK HUMH.

TakuM YMHOM, MOSICHEHHSI Ma€ MPEJCTAaBUTH Kay-
3aJbHY 3aJISKHICTh a00 TMOCTIOBHICTh Kay3albHUX
3JIEXKHOCTEH, 10 OOTPYHTOBYIOTH 3B'SI30K MiXK BXOJOM
Ta BUXOJIOM IHTEJIEKTYyalIbHOT CUCTEMH B yMOBAax HEIO-
BHOTH iH(OpMaIli MIOAO0 CTaHIB CHCTEMH Y TpOIeci
MIPUIHSATTS PillICHHS.

CyyacHi migxoau 1o MoOylOBH HOSICHEHHS OyJo
copmoBaHo B pamkax nporpamu Explainable Artificial
Intelligence [6].

Taki migxXomu BUPIMIYIOTH JBI 3aadi: MOJEIIO-
BaHHS CIPUHHATTS TOSCHEHb JIIOAMHOIO Ta MOOymoBa
TIOSICHEHB.
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B pamkax BupileHHs TepInoi 3a1a4i BU3HAYAIOTh-
¢ OCOONHMBOCTI Ta MPHHIUINK IMOOYIOBH MOSCHCHb
JIOAWHOK Yy TMpOleci Ti3HAHHA HABKOJIUIIHBOTO
cBiTy [6, 7].

[Tpu BupinieHHi Apyroi 3anavi 3riIHO BU3HAUYEHUX
paHilie MPUHIUIIB PO3pOOIAIOTECA METOIU TOOYIOBH
TTOSICHEHb.

[Nosicrennst 6a3yroThes abo Ha Oe3mocepenHiil iH-
TepIpeTanii npouecy MpuHHATTS pimeHHs [4, 8], abo Ha
SIBHOMY YH HESBHOMY NpEACTaBICHHI TEMIOPAIBHIX
[9- 11] Ta xay3ampHuX [12, 13] 3amexxHocTedl, 1m0
MOB’SI3YIOTh BXiNHI JaHi Ta pe3yibTaT i3 3HAHHSAMH
II0ZI0 BUKOPUCTAHHS OTPUMAHOTO PIIICHHS, a TaKOX
BUKOPUCTOBYIOTh TOPIBHSHHS 13  aJbTCPHATUBAMHU
[6, 14].

OpHak iCHYIOYI MiJXOIU HE MPUAUISIOTH TOCTaT-
HBO yBarv moOyJ0Bi Kay3aJlbHUX 3aJIE)KHOCTEH B yMO-
BaxX HEBU3HAUCHOCTI, MpH 0araToBapiaHTHOCTI MOXKIIH-
BHX pIIICHP i, BIANOBIZHO, OaraToBapiaHTHOCTiI MOsC-
HEHb MO0 IIUX PEe3yIbTATIB.

B Toif e 4yac, mpu mpencTaBleHHI 1HTEICKTYallb-
HOI CHCTEeMH y BUTJISAAI YOPHOTO SIIHWKA, MOSCHEHHS
OTepye i3 MHOKHHOKO BXITHUX 3MIHHUX, 3HAYCHHS AKUX
BIUIMBAIOTh Ha pe3yJbTar.

ToMy akTyanbHOIO € 3a7auda oOyIOBH TaKUX Kay-
3aJbHUX 3aB’sI3KiB, SIKI BPAXOBYIOTh MOKJIMBOCTI BIUIH-
By KOJKHOTO 3HAu€HHs 3MIHHOI Ha OTpPUMaHHU 1HTEeK-
TyaJbHOIO CHCTEMOIO PE3yJIbTaT.

Metow cratTi € mMOOymOBa MOJENi TPHYUHHO-
HACIIIIKOBHX 3aB'sI3KiB IS MMOOYIOBH MOSICHEHh B yMO-
BaX HEBH3HAYCHOCTI MIOAO CTaHIB IHTEIEKTYaIbHOI
iHpOpMamifHOI CHUCTEMH, SKIIO OCTAaHHA MpPEICTaBI-
€ThCS y BUTIIA1 YOPHOTO SIIITUKA.

JJis TOCSATHEHHST TIOCTABIICHOI METH BUPIIIYIOTHCS
Taki 3a1aui:

— CTPYKTYypH3allisi IOSICHEHHSI 3 ypaxyBaHHIM 0CO-
OJIMBOCTEN KOTHITUBHOI MisUIbHOCTI JIFOAUHU;

— (opmyBaHHsS HEOOXiJTHOI Ta JOCTATHHLOI YMOBHU
LI0/I0 Kay3aJbHOI 3aJIE)KHOCTI SIK CKJIaJI0BOT MOSICHEHHSI
3 BUKOPHUCTAHHIM TeOpil MOXKIIMBOCTEIH;

— po3poOKa MOXIUBICHOT MOJETI Kay3aJbHOI 3a-
JISKHOCTI Ui ONHOI BXIAHOI 3MIHHOi, sSIKa BpPaXxOBY€
HEBU3HAYCHICTh IIOJ0 CTaHIB IHTENEKTYalbHOI CHCTe-
MH.

CTpyKTYypH3aLis NOSICHEHHS
SIK eJIeMeHTY KOTHITHBHOI XisIbHOCTI

MopenroBaHHs MOSICHEHHS B yMOBaX HEBH3HaYe-
HOCTI 0a3yeTbcs Ha BUIUICHHI HOTO BIACTHBOCTEH SK
€IIEMEHTY KOTHITUBHOI AISTEHOCTI JIFOIHU.

3rigHO AOCHIPKEeHb Y cepi KOTHITUBHOI MCHUXO-
JIOTi1, TIOSICHCHHS € HEBiJ’€MHOIO CKJIAJIOBOIO MPOIIECY
Ii3HaHHSL.

OcraHHIl MICTHTB TaKi KJIIO4OBI (ha3u:

— OTpUMaHHs / CIPUHHATTS iHpOpMAaIii;

— 00poOka i1 30epiranHs iH(popMalii Ta 3HaHb;

— BUKOPHCTaHHS iH(popMarii Ta 3HaHb.

Ha mepmiit ¢asi 30BHImHS iHbOpMaris Tparcdo-
PMY€ETBCS y BHYTPIIIIHE TPEICTABICHHS.

Ha npyriit ¢a3i inpopmamis mepeTBOPIOETHCA B
3HAHHSA, SKI BU3HAYalOTh 3aJIC)KHOCTI MK OTPHMaHUMHU
HAa TiepIiit (a3l TaHIMH.

Ha naniii ¢a3i ans po3yMiHHS CYTHOCTI BXigHOT
iHpopManii IUIIXOM BCTaHOBJICHHS 3aJIE)KHOCTEH MiX
€JIEMEHTaMH JaHUX BUKOPUCTOBYIOTHCS MOSICHEHHSI.

Ha tperiéi ¢a3i oTpumani Ta 30epexeHi 3HAHHS
BUKOPHCTOBYIOTBCS JUIS NMPUHHATTS pillleHb Ta BUOOPY
BIIMOBIIHUX .

Buxonsun 3 mpezcraBieHOI CTpYKTypH3amii mpo-
Liecy Mi3HaHHSA, OCTaHHIN TpencTaBisie co0O0K0 Mpolec
OTpPUMAaHHS, CIPUHHATTS, PO3YMiHHA, 30epiraHHs, Io-
IIyKy, OOpOOKH Ta BUKOPUCTaHHS iH(popMamii i 3HaHb
JFOTUHOIO.

Tomy nosicHeHHs 3a0e3nedye 37aTHICTH JIOAUHU
OTpUMYyBaTH, 00poOJIATH iHpOpMAaII0 H 3HaHHA Ta
npuiiMaTi W peanizoByBaTH BIANOBiAHI pilieHHs. Bu-
KOPHMCTaHHSI TOSICHEHb Y Ipoleci Mi3HAaHHS CTBOPIOE
YMOBH JJIsl OCMHUCIICHHS] HABKOJIMIIIHBOTO CBITY, & TAKOX
(hopMyBaHHS 3HAHB 1 IOBEAIHKH JTFOIUHH.

BinmoBigHO, MOSICHEHHS Bifirpae ogHY 3 KIFOYO-
BUX POJIEH NMPH BIAKPUTTI HOBHX 3HAHb Ta € BAKIMBUM
€IIEMEHTOM PO3YMIiHHS 00'€KTiB a00 SBUII Yy TpEIMeT-
Hilt oOacTi [15].

HocmimkeHHss B cdepi KOTHITUBHOI IICHXOJOTil
BCTaHOBIIOIOTh 3B'I30K MK IMi3HAHHSAM Ta MOSCHEHHS-
MH y JIBOX acleKTaxX: KOHLENTYaJlbHOMY Ta TIyMa4yHO-
My. BiIMiHHOCTI IIMX aCMEKTIB MOsSCHEHHS MpeICTaBIIe-
HO B TaOum. 1.

Tabauys 1 — I1opiBHAHHSA CTPYKTYPHHUX eJ1€MEHTIB MOSICHEHHS SIK CKJIA/10BOT KOTHITUBHOI AislIbHOCTI JIIOAMHHA

ACHEKT MosiCHEHHS

CTpyKTYpHI eJieMeHTH NMOsICHEeHHS

BigminHocTi Ta BUMOrH

Konnenryaneauii, mo 6a3zyeTsest
Ha BIANOBIAHOCTI MOSCHEHHS
(hOHOBHMM 3HAHHSM JIFOIUHU

KoHueniyiss moscCHEHHs $K 3aJiex-
HICTh MiXk BXiJHUMHU JaHUMHU

BukopucroByeTbesi Habip JOMYCTUMHX TOSCHEHD;
BiIOUpPAETbCS TOSICHEHHS 3 [BOTO HaOOpy, IO
BiAMOBi1a€ (POHOBMM 3HAHHAM

Ba3oBi (¢oHOBI) 3HAaHHA II0J0

npeaAMETHOT 0071acTi

[TorpeGye MOCTI{HOro0 yTOYHEHHs cHCTeMH 0a3o0-
BUX 3HAHb

TrnymauHuii, 0 BUKOPHCTOBYE
HOPiBHSHHS BJIACTUBOCTEH
€K3eMILTAPIB BXiTHUX JTaHUX

[HpopMmais mpo BIACTHBOCTI BXil-
HHX 00’€KTiB

BCTaHOBIIOETHCS. TUIOBICTb, PI3HOMAHITHICTH Ta
MOAIOHICTh BIACTUBOCTEN 00'€KTIB

[IpUYMHHO-HACTIIKOBI 3B SI3KH IS
KaTeropusaiii 00'ekTiB

Binbupaerbcs «HalKpale» MosSCHEHHS

VY mepmomMy acrnekTi Mi3HaHHS JIOIUHHU PO3TIIsiaa-
€TBCS SIK TPOLIeC MOOYI0BU KOHIENTYAIbHUX MPEACTaB-
JIeHb HABKOJIMITHROTO CBiTY. B maHOMy acmekTi mosic-

HEHHSI € OCHOBOIO HaBYAaHHS Ta MipKyBaHb i, BiIIOBIiI-
HO, YMOBOIO TOOYIOBH KOHIIEMIiH IMOAO TOTOYHOI
MpeaMeTHOI 00JIacTi.
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3okpema, B podorti [15] npu po3risiai CipuidHATTS
KOHIICTIIIH JIFOJABMHU IOKA3aHO, M0 HEOOXITHOK yMO-
BOIO U PO3YMIHHS MPEIMETIB Ta SIBHI € BiIINOBIJI-
HICTH KoOHIENUiH 06a3oBuUM (ab0 ()OHOBUM) 3HAHHIM
JIOACH IIOJ0 HABKOJHIIHBOTO CBIiTY. Taka BimmoBif-
HICTh J1a€ MOJIMBICTH OOIPYHTYBATH KOXHY KOHIICII-
Lif0 IUIIXOM BHKOPHCTAaHHS OJHOTO i3 Habopy momyc-
TUMHX MOSCHEHb. PO3BUTOK TakWX KOHLEMILiN 0a3yeThb-
¢ Ha MOOYHOBI Ta pPeCcTPyKTypu3alii CHCTEeMH 3HAHb
moauHY [16].

VY npyromy acmeKkTi KII04YOBa yBara MpHIUIIETHCS
«TIyMa4HOMY» MHCJICHHIO, 3aCHOBAaHOMY Ha T00YI0BI
Kay3aJbHUX 3aJIS)KHOCTEH INpH IOPIBHSIHHI BIACTHUBOC-
Teil BXiTHMX OO0'€KTIB y mpoleci Kareropusauii 3HaHb.
BesnocepenHbo Kareropusaiis BiIOYBA€ThCSA 3TiTHO
Hailkpamioro nosicieHss [17].

IMpoBeneni B poboti [17] excrnepuMeHTH MOKa3a-
JM, II0 BHKOPHCTaHHSA NPUYMHHO-HACTIKOBHX IIOSIC-
HEHb IPU KaTeropusamii Jjae MOXIHBICTb BpaxyBaTH
TUTIOBIiCTh, PI3HOMAHITHICTh T4 MOAIOHICTH BIIACTHBOC-
Teit BuOpaHux karteropiit. Takoxk y3araqbHEHHS KaTero-
piit MiCTUTH O3HAKH TPUIMHHO-HACITITKOBHX 3B’ SI3KiB.

ToOTo B 1aHOMY acmeKTi JOCHiIKYEThCS MI3HAHHS
Ha OCHOBI NMOOYZOBH NMPUYWHHO-HACIIJIKOBHX 3B'S3KIB,
10 MOSICHIOIOTH BiJIOMY MOCIHIZOBHICTh MOAIN 1 € yHo-
PSIKOBaHUMH Y Haci.

TakuMm 4MHOM, B KOHLENTYaJIbHOMY acIeKTi Mosic-
HEHHSI PO3KPHBAIOTh 3B'SI3KM MiXK HOBUMH KOHIICIIIISIMH
Ta iICHYFOUMMH 3HaHHSAM IIOJI0 TMPEIMETHOI 00IacTi, M0
Jla€ MOXKJIMBICTh OOTPYHTYBATH HOBi KOHIISTIIIi Ta iHTe-
rpyBaTH iX i3 iCHYIOUMMH 3HaHHSM. B TiiymauHOMy
ACIIeKTi TOSICHEHHS 3a0e3Mevye KaTeropu3amito BXiTHOT
iHpopMamii Ha OCHOBI BHKOPUCTAaHHS Kay3albHUX 3a-
JISKHOCTEH, 110 3a/1aI0Th NMPUYHMHHO-HACIHIIIKOBI 3B'SI3KH
MIiX BJIACTHBOCTSAMH BXITHHUX OO'€KTIB Ta KaTeropisiMu
MX 00'€KTIB.

B 000x BUMagKaX BUKOHYETHCS BUOIp HAWKPAIIOTO
MOSICHEHHS 13 MHOYXMHHU MOXJIMBHUX Ha OCHOBI IX BIiAIO-
BITHOCTI (JOHOBHMM 3HAHHSM IPO MPEIMETHY raay3b abo
K 3HAHHSM I0JI0 BJACTUBOCTEH Ta Kateropusaiii 00'e-
KTiB.

B mizomy MoXHa 3pOOHMTH BHCHOBOK, IO TOSC-
HEHHS 33Jal0Th TNPUYUHHO-HACTIIKOBI 3B S3KH MiX
eJIEMEHTaMH 3HaHb JIIOAWHH B YMOBaX HEBH3HAU€HOCTI
110710 3HAaHb NP0 IPEIMETHY 00JIacTh B IJIOMY 200 TIpo
OKpeMi 00’€KTH B paMKax IpeaMeTHoi obmacti. TobTto
MOSICHEHHSI Yepe3 BHU3HAYAIOTh MPUYMHH JIJIS HACIIKIB,
10 PO3TIIIAAIOTHCA JIIOAMHOI0. Takuid Kay3aapbHHUN 3B'S-
30K MOXe OyTH BcTaHOBJICHO [18]:

— IUIXOM BiJIOBiJli HA MUTAHHS THIY SK a00 40-
My OyJI0 OTpMMAaHO ITOTOYHHUIT pe3yibTaT (CTaH, pilleH-
Hs, TOIO)?;

— SIK CYJ/DKCHHS, SIKe JETajli3ye, 4OMy OTPHUMaHO
TOH 4M IHIIMN pe3yJIbTAT;

- OesnocepenHbO  yepes
HACJIiIKH.

Takoxx mnpu QopMyBaHHI MOSICHEHb PO3ALISIIOTH
MPE/CTABICHHS MOSCHEHHS SIK BOYKJIMBOTO VISl JIFOJANHH
pe3ysbTary, MO MOXe OyTH OL[HEHHM IIIOJNHOIO, Ta
MOSICHeHHSI K Tiporiec [19].

IosicHeHHSsT K pe3yJbTAT 1€ MPaBHUIIO, L0 BH3HA-
Ya€ MPUYNHA OTPUMAHOTO pimeHHs. ToOTO MOsSCHEHHS

CXeMy TpPHYHHU-

SIK Pe3yJbTaT CTAaHOBHTH OC3IOCEPEIHIO IIHHICTH IS
JIFO/IMHY 1 JFOJIWHA POOUTH OILIHKY IIEOTO MOSICHCHHS.

[NosicHeHHsI sIK TpoleC 1€ KOTHITUBHA JISUTBHICTD,
sika (pOpMY€E TOSICHEHHS SIK Pe3ysbTaT. B pamkax Jisiib-
HOCTI MOXe Oyt copmoBaHO ojHE abO JEKijbKa IO-
SCHEHD - pe3yIbTATIB.

TakyuM YMHOM, MMOSICHEHHS B KOTHITHUBHIN IisUIBHO-
CTi JrOAWHU 0a3yeThcs HA MHOXHHI 3aJ€KHOCTEH, IO
MOB'SI3YIOTh BIIOMY BXifHY iH(OpMamito, 3HaHHS ITIO-
OVHA TIPO TpeAMETHY 00JIaCTh, a TaKOX PillleHHd, IO
s JIOJWHA TpuiMae. 3 Ii€l0 MHOXHWHH 3aJICKHOCTEH
(dbopMyeThCsl Kay3ajdbHa 3aJICKHICTh, KA i € OCHOBOIO
JUIL Pe3yJIbTYIOUOro TIyMadyeHHs. B yMoBax HeBH3Ha-
YEHOCTI MOMEPEHLO0 HEOOXITHO CHOPMYIIOBATH HEOO-
XiJIHy ¥ JOCTAaTHIO YMOBH, IIO0 OOYMOBJIIOKOTH MOXKIIHU-
BICTh NOOY/I0BH TaKOI 3aJI€KHOCTI.

Mo:xauBicHa Moaeb
Kay3aJIbHOI 3aJ1e/KHOCTI K OCHOBH
NMOsSICHEHHH B iHTeleKTyalbHill cucremi

[MosicHeHHsT 1IOAO pe3yJbTaTy IHTENEKTyalbHOT
CHUCTEMH € y3arajJbHCHHSIM TMOCII0OBHOCTI MPHYUHHO-
HACIIIIKOBHX 3B'S3KIB, 10 BiZOOpakaloTh MpOIEC HOTO
OTpPHMaHHS, 1 TIOB'A3y€ BIACTHBOCTI BXiNHUX MaHUX i3
OTPHMaHHUM B iHTEJEKTYalIbHIA CHCTEMI PIIEHHSM.

ITosicHeHHS Ha OCHOBI BIACTHBOCTEH BXIAHHX Ja-
HUX BH3HAYae, B SKiif Mipi 3HaYCHHS KOXKHOI 13 BXiTHUX
3MIHHUX BIUIMBA€ Ha OTPUMaHE B CUCTEMI pillIeHHS.

PosrisineMo BH3HAaYEHHS HEOOXIAHOT i JOCTATHBOT
YMOB JUIsS Kay3aJbHOI 3aJIe)KHOCTI, 1[0 BU3HAYAE TIOSC-
HEHHS IIONO Pe3yJbTaTy, Uil ojHIel BXiZHOI 3MiHHO.
Jlana 3minHa X ={x,} Mae MHOXHMHY MOX/IHBUX 3Ha-

YeHb X, .

Ockinbky 1pu (OpPMYyBaHHI TOSICHEHHS LI0/I0 pe-
3yJbTaTy IHTENCKTyanbHa iH(pOpMAIliiiHAa CcHCTEMa
NPENCTaBISIETECS Y BHUIILSIAI «YOPHOTO SIIMKY», TO iH-
(dopmarlisi MOAO0 BHYTPIMIHIX CTaHIB Mi€l CHCTEMH €
HEJOCTYITHOIO.

BiamoBigHo, BINIMB KOXKHOIO i3 BXIAHUX 3HAYEHH
Ha KIHIIEBHH PE3yJIbTaT 1HTEIEKTyalbHOI iH(pOpMaIiii-
HOT 33/I1a€ThCS Yepe3 HOPMOBAHY OLIHKY

0<7(x)<I.

Ha npakrnui ouinka 7(x,), sIK IpaBuio, Bizo-
Opaxae IMOBIpHICTh BUKOPHUCTAHHS 3HAUYEHHS X, .

AJe B 3araJbHOMY BHIIQJIKYy JaHa OLIHKA € (QyHK-
1i€ro0, MO BigoOpaXkae MHOXKUHY 3Ha4eHb X, Ha iHTep-
Ban [0,1].

3okpema, Ko npu GOpMyBaHHI IMOSCHEHHS IIO-
JI0 3aIpOIIOHOBAaHOTO PEKOMEHJAIHHOI CHCTEMOIO
HOyTOYKa 3MiHHa X MICTUTh 3Ha4€HHS THIIB Ta ITOKO-
JiHBb IPOLECOpPa LBOr0 HOYTOyKa, TO ouiHKa 7 (x,)
MOJKE 33/1aBaTH WMOBIpHICTh BUOOPY HOYTOYKIB Pi3HHX
MoJieNiel came 3 BU3HAYEHUM IIPOLIECOPOM X, .

OueBuHO, IO B CUTYallii, KOJM Y PEKOMEH]I0Ba-
HOMY KOMII'IOTepi € mpouecop, KUl Haivacrime ¢iry-
pyBaB y IHIINX KYIUICHUX HOYTOYKaX, HOSICHEHHS MOJXKe
CIMPATHCh HA MOJEJb IHOTO TPOIECOpa.
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ToOTo mOsICHEeHHSI CIMPAETHCS Ha BIIMIHHOCTI Y
BJIACTHBOCTSIX €JIEMEHTIB KaTeropii «Iporecopm», 0
BIJINIOBiJIa€ PO3IIISIHYTOMY BHIIE TIyMayHOMY acIeKTy
TIOSICHEHHSI Y KOTHITUBHOMY IIPOLIEC] JIIOANHH.

Hanpuknan, noscHeHHs B peKOMEHIaUilHIA cuc-
TeMi Ha OCHOBI MOJENi TpoIecopa 3aJa€ BiAMIHHOCTI
JUIT MHOXHWHH TIPOIECOpiB, SKi OyTn BHUKOPUCTaHI y
KYIUICHUX paHille KOMIT IoTepax:

{x, =i7 _13noxoninua, x, =il _12noxoninusa,

x, =i7_11noxoninnsa, x, = i7_10nokoninns}

B TOMY BHUIAJKY, SIKIIO PEKOMEHIOBAHHH CITUCOK MicC-
TUTh KOMI'IOTEPIB YIOPSJIKOBYETHCS 3 YpaxyBaHHIM
MOJIeITi IIPOLIecopa 3a OKa3HUKOM 77 (X, ) .

OpnHak, MpU HasBHOCTI y KOPUCTyBaya PEKOMEH-
JallifHOT CHCTEMH JOJAaTKOBUX CTPYKTYPOBAaHUX 3HAHb
LIO/I0 €JIEMEHTIB KOMIT'IOTEPHOI TeXHIKH, TakKe MOosic-
HEHHS MOJXKC BPaxOBYBAaTH 1 KOHIENTYJIbHHH acIeKT
MOSICHEHHS.

Hanpuknan, npy nosiBi y peKOMEHIOBAaHOMY CIIH-
CKy KOMIT'FOTEpA 3 MPOLECOPOM

i7 _11nokoninns

Ta JOAATKOBHMX 3HAHHAX KOPHCTYBada IIOAO JOCTATHHO
BHCOKOI HOTYXHOCTi, paHHBOTO POKY BHITyCKY H, Big-
MIOBIZIHO, ITOMIPHOI HiHHU TaHOTO MPOILIECOpPa, MOSCHEHHS
Ha OCHOBI MOJEJI Tporecopa OO0TPYHTOBY€E KOHIIECTIIIIIO
MIParMaTH4IHOTO BHOOPY:
«MOTY>XKHWUI KOMIM'IOTEP 3@ PO3YMHY LiiHY».

TakuM 4YMHOM, TOSICHEHHS BH3HAYa€ MOXKIMBICTD
PpEeKOMEHAI1 KOMITIoTepa 3 Ha OCHOBI 3HAYEHHS X, .

Takuit migxim mepemdadae OJHOYACHE BUKOPHC-
TaHHS MHOXWHH 3HAaYeHb {X,} JUISi BU3HAYCHHS MOX-
JIMBICHOTO ONHCY TOSICHEHHS.

3a3HaueHe CBIAYMTh NPO AKTYaIbHICTh BUKOPHC-
TaHHS Teopil MOXJIMBOCTEH st OpMyBaHHS HEOOXin-
HOi ¥ JOCTaTHbOI YMOBHM JUIsl Kay3aJbHOI 3aJIe)KHOCTI
MIX BXIJIHOIO 3MIHHOKO i OTPHMMAaHUM B CHCTEMI pillleH-
HSIM.

PosrnsiHEMO (pOpMATBEHO MOXKITUBICHY OIIIHKY BXi-
IHOT 3MiHHOT 77 (X,) 3 ypaxyBaHHSM TEMIIOPAILHOIO

(dakTopy:
— MHOXHMHA X CKIAJa€Thesl i3 MiAMHOKHH X |,

SKI BHM3HAYaIOTh BCl MOXKIMBI 3HA4YeHHs 3MIHHOI Ha
pisHuX iHTepBanax vacy T;:

— - _ | 4beg send
X, ={x,,} € X:vjar, =[], (1)
— inTepBany yacy 7; B 3araJibHOMY BHIIAJIKY IEpE-
TUHAIOTHCSA:
(Vm# j)T,NT, =, 2)
— IICHTHYHI 3HAYEHHS X;, MOXYTb 3yCTpIYaTHCh

Ha Pi3HMX IHTEpBAJaX 1 HaJeXKaTW PI3HUM ITiIMHOXH-
Ham X :

(Am# j):x;, = x,,,. 3)

Posnozin ouiHok (x,) I KOXKHOI MHOKHHH

X ; Mae€ BUILAL

P={r(x,)27(x,)222(s, )} @

Moxnusictes I1 ;UL KOXKHOI MIMHOXHAHT X i

BU3HAYAETHCA SIK ii BEPXHS I'PaHb:
I, =sup7r(xj,,.). (®)]
1

MosxnuBicHa oriaka I1 s MHOXXMHM X BU3HA-
YaeThCsl K BiOOPaKEHHS CyKYHMHOCTI MOJJIMBHX MiJl-

MHOXMH X ; Ha iHTepBal [O,l]:
m:{x;} —[o.1]. (6)
34 YMOB!
(@) =0,

7
| X, |=supII(X,). @

KaysasnbHa 3aJe)KHICTh Mae BCT@HOBIIIOBATH 3B'sl-
30K MK 3HaYCHHSIM BXiZHOI 3MIHHOi Ta OTPUMaHHM B
IHTEJIEKTYaJIbHIH CHCTEMI pe3yIbTaTOM.

3rigHo (7), 4uM BHUIIE 3HAYCHHS MOXIIUBOCTI, THM
OinpIIe WMOBIPHICTh BUKOPHCTAHHS BiATIOBITHOTO 3Ha-
YEHHS X;, , TAKOTO WIO:

xj_i:V(j,iim) n(xj,i)ZTc(xj,m). ¢))

Toni mocraTtHst ymMoBa Juisi HasBHOCTI Kay3aJbHOI
3ANEKHOCTI MK 3HAYEHHSM X;, Ta OTPUMAHHUM pe-

3yJbTAaTOM IOJISITAa€ B TOMY, I[00 3HAUCHHS ﬂ(xjvl.) Ha

IOTOYHOMY iHTepBati yacy 7, 6yI0 MAKCUMATbHUM:
H(Xj):mla)(ﬂ(xj.i). )

3rigao (9), mocTaTHS yMOBa BHU3HAYAETHCS JIHIIE
JUISL IOTOYHOT MiIMHOXUHU X ; , TOOTO JUISl aKTyalbHUX

Ha TI0TOYHOMY iHTepBaii T; TaHuX.

HeoOxinHa ymoBa Jyisi HasBHOCTI Kay3aJbHOI 3a-
JeKHOCTI 3 BHKOPHCTaHHSAM TEOpii MOXIMBOCTEH
OB’ sI3aHa 13 OBIPOIO JO TOTO, IO 3HAYCHHS BX1JTHHUX
JAHWX BILIMBAIOTh HA OTPUMAHHUN B IHTEICKTyaJbHIH
CHCTEMi pe3yJIbTar.

Taka fmoBipa BU3HAYAETHCS THM, SIK 9acTo (3 SIKOIO
OIIIHKOI0) OyJla BUKOPUCTAHI 3HAYCHHS MAaHOI 3MIHHOI
JUTSL OTPUMaHHS PE3yJIbTATY.

Hanpuknan, sk 4acTo B HaUTipIIOMY BHITAAKY OY-
¥ BUKOPHUCTAHI JaHI TPO MpoIrecop A MoOyIoBH
MIEPCOHATI30BAHOTO MEPEIiKy KOMITIOTEpPIB B PEKOMEH-
JAIAHIT cucTeMi.

s ymoBa moxxe OyTu chopmoBaHa 3 BUKOPUCTAH-
HSM OIIIHKH HeoOXimHocti N B Teopil MOXKIMBOCTEH.

JlaHa olliHKa Ha MHOYXHHI MOKJIUBUX ITiIMHOKHH

X, BU3HA4YAEThCS HACTYNHMM 4uHOM. N € BimoOpa-

JKEHHSM €JIEMEHTIB MOXKIHUBUX Hi[[MHO)KI/IH Xj Ha

IHTEepBaI [0, 1] :
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T:{X,}>[0.1]. (10)

3a YMOB:

N(2)=0,

. (11
NIOX, |=inf N X, |[N)X, #2.
j j j
3rigao (11), omiHKa HEOOXITHOCTI 33aqA€THCS IS
MEPETHUHY BiIOMHX MiAMHOXUH X ;e Takuit miaxix npu

NoOYZOBI MOSICHEHHS J1Ta€ MOXJIMBICTh BpaxyBaTH iCTO-
pito 3Ha4YeHb 3MIHHHUX JUIS OTPUMaHHS pe3yJbTaTy B
IHTEJIeKTyabHill cucTeMi.

Bupaz (11) cBimunTh mpo Te, IO pIBEHb JAOBIpH
MOXKJIMBOTO Kay3aJbHOTO 3B’SI3Ky BH3HAYAETHCS depes3

MiHIMaJIbHE 3HAYEHHSI [IOKAa3HUKA ﬂ(x ; ,.) 3a YMOBH, LIO
3HAYEHHs x,, Oy/I0 BUKOPHCTAHO Ha MOTOYHOMY iHTEp-
Bani T, TOOTO aHe 3HAYEHHS € aKTyaJIbHUM.

Toni mma xay3ampHOI 3aJIeKHOCTI HEOOXiTHO, 100
piBeHb JOBIpH IS MIOTOYHOI MiAMHOKIHH 3HAYCHb X i

OyB OiTBIIMM, HIXK OILIHKAa HEOOXITHOCTi, TOOTO PiBEHBb
JIOBIpH 10 BCIX BIIOMHUX MiIMHOXHWH. BimmoBimHO, He-
00xiHa yMOBa Ma€ BUTIISA:

(Vi) Tc(xj’,.)z N OXJ

12)

3 ypaxyBaHHsM HeoOxinHo1 (12) Ta moctatHbOi (9)
YMOB Kay3aJbHOCTi, MOXIIMBICHAa MOJENb Kay3aJIbHOI
3aJIeKHOCTI TOB’SI3y€ pe3yiabTaT Y IHTENEeKTyaJabHOI

CHCTEMM 13 3HAYEHHSM BXIJHOI 3MIHHOI X;; TaKuM
YUHOM:
C(xj,i,Y):true
iff
(13)

L(Vi) n(x;, )2 N Oxj :
2.m(x;, ) =11(X,).

CemaHTHKa MpEACTaBICHOI MOJIEI TONATAE y BH-
JIeHHI MaKCHUMaJIbHO MOXJIMBOTO (HaiOLinbmI HMOBIip-
HOT'0) 3HAYEHHs X, BXiJHOI 3MiHHOI 32 yMOBH, JOBipH
IO 3MIHHOI.

OctanHs monATae B TOMY, [0 HaliMEHIIa HMOBIp-

HICTh BUOOPY 3HAYEHHA X, L€ 3MIHHOI Ha [IOTOYHOMY
inTepBani T, mepeBHIIye MiHIManbHy HMOBIpHOCTI

IIHOTO 3HAYEHHS Ha MOTMEPEIHIX iHTepBajax Jacy.
Hampukman, skimo 3Ha4eHHS

X, = 17 _12nokoninns

mpoIiecopy Mae HaHOUIbIly HMOBIPHICTH ﬂ(xj‘i) 3a

YMOBH, IO JJIs BCIX 1HITUX 3HAYEHB IIOTO MPOIECOPY

X;, = i7 _13noxoninus,
X5 = i7 _11nokoninns,
x;, =171 _10noxoninna

MMOTOYHA WMOBIpHICTH BHOOpPY KOMIT'IOTEpY BHIIA, HiX
HAa BCIX IOIEpEIHIX iHTepBaIax T, ,.T,,,..

BucHoBkH

BukoHaHO CTPYKTypHU3allilo MOSCHEHHS SIK ejeMe-
HTY KOTHITHBHOI AisibHOCTI JtonuHM. [lokaszano, 1o
MTOSICHEHHSI MOXKe OyTH c(OpMOBaHO Ha OCHOBI MOpIB-
HAHHS BXigHOI iH(OpMamii i3 iCHYIOUOI0 CHCTEMOIO
3HaHB JIIOIMHMA, a00 X Ha OCHOBI IOPIiBHAHHI iH(popMa-
mii 1010 BIACTUBOCTEN BXITHHUX 00'€KTIB.

3armponoHOBaHO MOJKJIMBICHI HEOOXiHA Ta JOCTa-
THS YMOBH I Kay3aJbHOI 3aJeKHOCTI Ha 0a3i omHiel
BXIJIHOT 3MIHHOIT, 1[0 JIEKUTH B OCHOBI ITOSICHEHHS.

Heo0OximHa ymMOBa 3a1a€ piBeHb JOBIPH 10 3aJICK-
HOCTI MK BXiJHOI 3MIHHOIO Ta OTPUMAaHUM PE3yJbTa-
ToM. /laHa yMOBa BH3HAUa€ThCSl HA OCHOBI MOPIBHSHHS
MiHIMQJIBHOT HMOBIPHOCTI BHUKOPHCTAaHHS JIOBUJIBHOTO
3HAYEHHS BXITHOT 3MIHHOT JJIsl OTPUMaHHS PE3YNbTaTy
y TOTOYHIN MiAMHOXXWHI 3HAYEHb Ta Y BCIX MOXKJIMBHX
TiIMHOKWHAX 3HAYEHb.

ToOTo HeoOXiTHA YMOBa MOKa3ye, MO JaHa 3MiHHA
€ CYTTEBOIO JJIsI OTPUMAHHS pe3yJbTaTy B iHTENCKTya-
TBHIHA CHCTEMI.

JoctaTHsl yMOBa BU3HAYAETHCS Y€PE3 MOKIIUBICHY
OIIIHKY 3HA4YCeHHs 3MiHHOI. TOOTO JaHa yMOBa MOKa3ye,
IO MpEACTaBJIeHE 3HAYEHHs € HalOLIbll HMOBIPHOIO
YMOBOIO OTPHMAaHHSI pe3yjbTaTy B IHTENEKTyalbHIH
CHCTEMI.

3arpornoHoBaHO MOJIENb MOJKIJIMBICHOT Kay3aJbHOT
3aJIeXKHOCTI JUI OOY/IOBH IOSICHEHHS B IHTEJICKTYallb-
Hill cHCTeMi.

Jlana 3aJeKHICTh BU3HAYAETHCS Yepe3 MOXKITUBICHI
HEeoOXifHy 1 IOCTaTHIO YMOBH HAasBHOCTI Kay3aJbHOTO
3B'A3KY, 110 JIa€ MOXJIMBICTH c()OPMYBaTH Kay3aslbHO-
Opi€HTOBaHE IOSICHEHHS 1010 3B'I3KY BX1JIHOT 3MiHHOI
i OTPUMaHOro pe3yJbTaTy B yMOBax HEIOBHOTH 3HAaHb
LI0/I0 CTaHY IHTEJIEKTYaJIbHOT CUCTEMH.

IMomanpmuii pO3BUTOK JAAHOTO MiAXOAY TOB's3a-
HAH i3 BH3HAYCHHSAM Kay3ajbHOI 3aJEKHOCTI I
JNEeKiTbKOX BXIJIHMX 3MiHHHX 3 THUM, 100 OTpUMATH
YHOPSIAKOBaHE MPEJICTaBJICHHS II0A0 BIUIMBY IMX
3MIHHMX Ha OTPUMAaHUH B IHTEJIEKTYyaJbHIH cHcTeMi
pe3ynbTar.
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A possibility-based model of causal relation for input variable
in explanation construction within an intelligent system

Serhii Chalyi, Volodymyr Leshchynskyi

Abstract. The article’s subject matter is the processes of constructing explanations for the decisions made by an in-
telligent information system. The goal is to build a model of causal relationships for explanation construction under condi-
tions of uncertainty regarding the states of the intelligent information system, especially when it is considered as a black box.
The tasks: structuring explanations considering the specifics of human cognitive activity; establishing necessary and suffi-
cient conditions for causal dependence as a component of explanations using possibility theory; developing a possibility
model of causal dependence for a single input variable that considers the uncertainty regarding the states of the intelligent
system. The used approaches: approaches to explanation construction in human cognitive activity and approaches to expla-
nation construction in explainable artificial intelligence. The obtained results are as follows: explanations have been struc-
tured as an element of human cognitive activity. It has been demonstrated that explanations can be represented in two aspects:
conceptual, through comparing input information with the existing human knowledge system; interpretive, through comparing
the properties of input objects. Possibility-based necessary and sufficient conditions for causal dependence based on a single
input variable, which forms the basis of explanation, have been proposed. A possibility model of causal dependence for ex-
planation construction in an intelligent system has been suggested. Conclusions. The scientific novelty of the obtained results
lies in the following: a possibility model of causal dependence between an input variable and the outcome of an intelligent
system's operation has been proposed, which combines the necessary condition of causality in the form of confidence level in
the impact of the input variable on the outcome and the sufficient condition of causality in the form of the maximum possible
influence of the input variable's value on the outcome of the intelligent system. The model enables the formation of causal-
oriented explanations based on the connection between the input variable and the obtained result in conditions of incomplete
knowledge regarding the state of the intelligent system.

Keywords: intelligent information system, explanation, causal relationship, causal dependence, cognitive activity.
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MATEMATHUYHA MOJEJIb HAI[II?'IEIOCTI KOMIIIOTEPHUX CUCTEM,
OYHKIIOHYIOYHUX B MOAYJAPHIN CUCTEMI YHUCJIEHHSA 110 OCHOBI
BUKOPUCTAHHS MPUHIUITY TACUBHOI BIIMOBOCTIVMKOCTI

AnoTauis. IlpoBeneHuil aHami3 cTaHy Ta NEpPCIEKTHB PO3BUTKY cydacHHX Komm'toTepHux cucteM (KC) mokasas, mo
npo6ieMa MiABUIIEHHS BiIMOBOCTIMKOCTI, 10 € OCHOBOIO HAAIMHOCTI, He MOXe OyTH e(EeKTUBHO BUpIIIEHA IO OCHOBI BH-
KOPUCTaHHS TpaIuLiiHOI IBIHKOBOI MO3UIIIHOI CHCTEMH YUCIICHHS 0e3 MOTIPIIEHHS 1HIINX TeXHIKO-eKOHOMIYHHX MOKa3-
nukiB KC. OTpuMaHi B pe3ynbTaTi MPOBEICHNUX JOCIIIKEHb Ta MONEePeIHi IIO3UTHBHI pe3yIIbTaTH ITO0Ka3yIOTh EPCIICKTUB-
HICTh BUKOPHCTaHHS MOIYJIpHOI cuctemu yncinenHs (MCY) i mixBumieHHs BigMoBocrTiiikocti 1 HagiHocTi KC. Ak oc-
HOBHHH ITOKa3HUK JUIS OL[IHKK HaaiHOCTI GpyHKuioHyBaHHsS KC 3anponoHOBaHO BUKOPHUCTOBYBATH MOXJIIMBICTE O€3BiIMO-
BHOT po0OTH. 3 BUKOPHCTaHHAM (popManizoBaHoi Mozeli BimmoBocTiiikocti KC Oyra mocnmipkeHa Ta OTpuMaHa MaTeMaTu-
yHa Moaenb HagidHocTi KC, dyHkuionyrounx B MCU, Ha OCHOBI BUKOPHCTaHHS MPHUHIIMITY [TACHBHOI BiMOBOCTIMKOCTI.
JocnimkeHHs MoJeni moKa3ao, o 31 301IbIIeHHSIM KpaTHOCTI pe3epByBaHHs HafiliHicTe KC y MCY (3 ABOMa KOHTPOJIB-
HUMHU OCHOBaMH) MiABHIIyeThcs 10 25% mopiBHAHO 3 moTpoeHOI0 KC, sika BUKOPHCTOBYE JIBIMKOBY MO3HIIHHY CHCTEMY
YHCIICHHSI.

Kaw4oBi cioBa: iiMOBipHiICTS 6€3BiIMOBHOI poOOTH, MaTeMaTHYHA MOJIENb, MOIAYJSIPHA CUCTEMa YUCIICHHS, HaliiHi-
CHa MOJIeJb, KOMIT'FOTepHA CHCTEMa, ITACHBHA BiIMOBOCTIHKICTb.

Beryn

AHaniz METONIB i aJrOpPUTMIB BHUpILICHHS 3aBJaHb
00poOku iHdopMarlii cucTeMamu, (YHKLIIOHYIOUHMH Y
TIO3UILIHHIN CHCTEMI YMCIICHHS, MTOKa3aB, 1[0 Ha CY9acHO-
My PiBHI pO3BUTKY iH()OpPMAIIIMHIX TEXHOJOTIH 3acTOCy-
BaHHS TAKMX CHCTEM HE MOXKE IIOBHICTIO 3a0€3IeuuTH
BHUKOHAHHS 3POCTAIOYMX BMMOT IIOJIO HaJIHHOCTI, BUCY-
HyTi 10 Komm'toteprux cucteM (KC). Bracmigok mporo
BUHHUKAE 3aBJIAHHS MMOUIYKY NEPCIEeKTUBHUX LUISXIB YI0-
ckoHanenHs: KC, ofHIM 13 SIKMX € BUKOPUCTaHHs HETpa-
JMIIHHAX CHCTEM YHMCJIEHHS aJalTUBHUX J0 Kiacy 3a-
BIaHb, sKi BUpimyoThes KC. Sk mokasamu T0CHiKeHHS
B I[bOMY HAalpsIMKy, OJIHIEIO 3 TaKUX CHUCTEM YHMCJICHHS
MOXke OyTH HeNo3ulliiHa MOJyJIbHa CHCTEMa YMCIICHHS
(MCY) [1]. OOrpyHTYeEMO MOJIIUBICTh BHKOPHCTAHHSI
MCHY st cTBOpeHHS HAAIHHNX Ta BiqMOBOCTIHKIX KC.

Po3pobka mMaTeMaTH4HOI MOZENI BiMOBOCTIHKOCTI
¢ynkuionyBanas KC y MCY, 1o 103BoJ1sie BU3HAYUTH Ta
PO3pOOMTH MEeTOAW MiABHUINCHHS BiaMoBocTiiikocti KC,
0e3 3HWKEHHS NPOJYKTHBHOCTI 00poOKkH iHdopmamii Ta
CHHTE3YyBaTH BiJIMOBOCTIHKI CTPYKTYpH, IO JIO3BOJISIOTH
JIOCSITTH MaKCHMMAaJIbHOTO 3Ha4YeHHs BigmMoBocTiikocTi KC
32 YMOBH BUKOHAaHHS 3aJlaHUX OOMexeHb. HeoOxiaHo
Bim3HaunTH, 110 Tix BiamoBamu KC 8 MCY OyayTh po3y-
MITHCS SIK HECTIPABHICTh 00JTaHaHHS (€IeMEHTIB Ta KOM-
noreHT KC) Tak i 3601 B po6oTi TpakTiB 00podku iHDOp-
Manii (TOI), mo BegyTh 70 IMOSBH IOMHJIOK Ta CIOTBO-
peHHs iHpopMalii.

Mertolo cTatTi € po3poOka MaTeMaTHYHOI MoJeml
HaniiiHocti ¢yHkiionyBanHs KC y MCC mo ocHOBi
BUKOPHCTAHHS NMPUHINIY ACUBHOT BiIMOBOCTIHKOCTI.

CTpyKTypHa cxema
naaiiitnicaoi mogeni KC 8 MCUH

36inpmenns HaxgiHocti KC, dyHkunionyrodoi B
MCC, 3acHOBaHe Ha BHKOPHMCTAaHHI MACHBHOI ajarmTarii
(6e3 mepebynoBu crpykrypu KC y mporneci pyHKIioHy-

BaHHS), Tependadyae pealizalilo CYKyITHOCTI METOIIB,
AITOPHUTMIB, Iil Ta orepalliii, CpsMOBaHUX Ha 3abe3re-
4eHHs1 BigMoBocrTikikocti KC.

SIK OCHOBHMI1 MOKA3HUK JUISl OL[IHKHM HAaJIHHOCTI QY-
HkuioHyBaHHs [KC 3amponoHOBaHO BHKOPHUCTOBYBATH
HMOBIpHICTH 6€3BiMOBHOT poboTH P(1).

Buxomsun 3 BnactuBocteit MCY (He3anexHOCTI,
MaJIOpO3PSAHOCTI Ta PIBHOMPABHOCTI 3aJIMIIKIB) [2] #iMO-
BipHICTh Oe3BimMoBHOI pobot KC 8 MCU MoxHa mpea-
CTaBUTH sSK HMOBipHiCTH Oe3BimMoBHOiI pobotn KC y
IICY nnst BUnMaaKy KOB3HOTO PE3EPBYBAHHS 3 HABaHTaXe-
HUM pe3epBoM (puc. 1).

m, m My my
KomyTatop TOI
M+ . . . M+

Puc. 1. Ctpykrypna cxema Hagilinocti KC 8 MCY

MiiicHo, mo-niepie, Oyap-sxuii indopmartiiami TOI
KC, mo BigMoBuB, 1o ocHOBi my;(i =I,n) Moxe OyTu
3aMiHEeHUH Ha Oynpb-sKuii cripaBHUN KOHTposbHUIA TOI
KC 1o ocnosi
mj(j :n+l,n+k); m; <m;j,
ne n i k — BIIMOBITHO KiIBKICTh 1H(QOpMAIIHHIX Ta KOHT-
ponmbHUX ocHOB MCY; mo-apyre, Bci tpaktu KC, sk iH-
(hopmartiiiHi, Tak i KOHTPOJIbHI, OHOYACHO, HE3AJICIKHO
OJTHAKOBO OEpyTh y4acTh y 00pooii indopmartii.
[Tomana Ha puc. 1 CTpykTypHa cXema, BiAIOBigae
HaginHicHit Mmoneni KC 8 MCY 3 n indopmaniiianmu i
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k KOHTPOJILHMMH HE3aJIeKHUMH TpakTamu. KomyTtatop
3ailicHIOE KOHTpOJdb (yHKIioHyBanHs TOI 1 mepemu-
KaHHS TPaKTiB, 1110 BIIMOBWIM Ha mpare3natHi. Posris-
HEMO, SIK, BAKOPHCTOBYIOUH 3alpOIIOHOBaHy Ha/IiifHic-
HY MOJeJb, MOXHA PO3paxyBaTH WMOBIpHICTH 0e3Bij-
MoBHOI podotu KC 8 MCU.

Hexaii 3anana Bnopsakosana (m; <m; +1) MCY

Ha0OPOM B3a€EMHO HOIAPHO MPOCTUX YHCET My, M,...,
My, Mnsl, ..., Mask, O€ N 1 k BITHOBITHO KUTBKICTH iH(OP-
MAaIiifHAX Ta KOHTPOJBHHUX OCHOB, a KpaTHicTe MCU
BU3HAYUTHCS BETMYMHOIO k/71.

VY upomMy Bumanky ¢gopmysa st BU3SHaUCHHS HMO-
BipHOCTI 6e3BimmMoBHOI poborn KC y MCU nabyne Bu-
TJIsTy BUpa3y:

k
Pz&c)q ()=

& nei i ~JpJ (1
=D Cln P (1) 2 (1) S P (1),
i=0 j=0

ae P(t) = e~Hrort _ HMOBIpHICTH O€3BIIMOBHOI POOOTH
TOI 3 HaitbinpIOl (HAaWMEHIT HAaTIHHOT) OCHOBU Miytk
MCHU; Aror — iHTeHCUBHICTH BinMoB oOiagHanus TOI B
MCUY 3 HafOTBIIOT OCHOBH My k.

CmiBeigHomeHHs (1) Moxe OyTH BUKOPHCTaHE IS
po3paxyHKy #MoBipHOCTI Oe3BiaMoBHOI podotn KC y
MCHU npu HACTYyIHUX NPUITYICHHSX:

— BimmoBH TpakTtiB KC mignmopsakoBaHi eKCIIOHEH-
iaJIbHOMY PO3IOILLY;

— KOMYTYIOUHMI MPUCTPiit ineanbHuil (ToOTO ¥iMO-
BipHICTh 0€3BIZIMOBHOCTI pOOOTH KOMYTaTOpa JOPIBHIOE
OJIHUIII);

— inpopmauniiini (ITOI) Ta KOHTPONBHI TPaKTH 00-
pobxu iHdpopmanii (KTOI) KC piBHoHaziiiHi, TOOTO
HMOBIpHICTE 0e3BimMOBHOI poOoTu Bcix TpaktiB KC
MIPUIHMAETHCS PIBHOIO HMOBIpHOCTI 0€3BiIMOBHOI Po0OO-
1 P;(t) Tpakty KC 3a Haitbinemoi ocaoBu MCY my,.ik,
o0 Mae HallMEHITy WMOBIpHICTH 0€3BiIMOBHOI poOOTH
[4];

— HE BPaxOBYETHCS MOXKIIMBICTb BiJIHOBJIEHHS Tpa-
ktiB KC, mo Bigmosuin, B MCY.

3a3HaunmMo, mo peansHa HaxgiiHicTe KC y MCU
OyJie BHIIOFO, HiX Ta, [0 BU3HAYAETHCS CITiBBIIHOIICH-
HaM (1), ockinbku gaHa GopMynia He BPaxoBYe MOXKIIU-
BIiCTh 3aMiHH OJZHHMM KOHTPOJBHHM TPAaKTOM IO OCHOBI
m; OJHOTO ab0 OJHOYACHO KINBKOX HeTpale3laTHuX
iHpopManifHUX TPAKTIB 32 YMOBH:

q
mj = Hmki , 2)
i=1

€ g — MaKCHMaJlbHa KUTBKICTh POOOYHMX TPAaKTIB, IO
OJIHOYACHO 3aMiHIOIOTBCS, OJTHIM KOHTPOJIBHUM IIparie-
3IJaTHUM TPAKTOM II0 OCHOBI ;.

TIpoBeneMo MOPiBHSIILHUN aHai3 HaIIHHOCTI MO-
Tpoenoi nozuuiitnoi KC 3 ineaqbHUM MaXOpUTapHUM
enemenToM Ta KC y MCU 3 igeansHUM KOMYTaTopoM 3
0€3BIJIMOBHOCTI, 3aCTOCOBYIOUYH PO3IJISIHYTY HaJliHHICHY
Mozenb. [lo3Haummo depe3 A; IHTEHCHBHICTH BiIIMOB
o0aiHaHHS, BITHECEHY JI0 OJJHOTO JBIHKOBOT'O pO3pSLy
(mo omuauti pospsanoi citku KC) [5]. B upomy Bunan-

Ky WMOBIpHICTh 0€3BiIMOBHOI poOOTH 0O0JIaJHAHHS,
BiJTHECEHA JIO OJTHOTO JBIITKOBOTO PO3PSIY JOPiBHIOE:

P = 3)

Jns mosumiiiHoro [-6aiitoBoi KC #MOBipHICT
0e3B1iIMOBHO1 pOOOTH TOPIBHIOE:

Py(1)=e’", (4)

ae Ag = 8l4;.

Bimomo, mo #MOBipHICTE ©0€3BiMMOBHOI POOOTH
JUTSL TIOTPOEHOI MaYKOPHUTAPHOI CTPYKTYpH, IO MIiCTHUTH
Tpu KC Tta ineampHMI Ma)KOpUTApHUHA €JIEeMEHT, TOPiB-
Hroe [3]:

Py (1) =35 (1) -2 (1) =

5
— oA (3 _ e St ) )

Jlns KC 8 MCU iimMoBipHicTh 0€3BiIMOBHOT PO00-
TH TpakTy oOpoOku iH(popmamii 3 AOBUILHOI OCHOBH

m; (i =1Ln+ k) BU3HAYAETHCS SIK:

B (1)= e 0! (©)
aGo
B(1) = e Mot %)
ne @y =[l0ga (mypp —1)1+ 1.

VmoBipricth Ge3BimMoBHOI podotn KC y MCY
BH3HAYA€THCS BiIOBITHO 10 BHpa3y (1).

Hexaii /=1 (omnoGaiitoBa KC) i k=1. Toxi 3
ypaxyBaHHAM KPHUTEPil0 MiHIMAIBHOCTI amapaTypHOI
HaamiprocTi KC MCY MoxHA ofaTd y BUIIAAI Ha0O-
Py HACTYIIHUX OCHOB

ml =3, m2 =4, m3 =5, I’f’l4 =7, m5 =11.
IIpu upomy:
4
[]m; =420> 2% =256, ®)
i=1
Ta HaWOUIbmui crinpami AinsHUK (HCJT) (mi, m j) =1
it i # j. B nmpoMy Bumaaky cmiBeimHOmeHHs (1) 3a-
MTUIIEMO y BHTJIAII:
(1) _spt 5(1) =
Pyey (1)=5B"(1)-4R (1) =

— o loA (5 _ gt ) ©)

TMosnauumo A = 84;. Ilpu mpomy Bupasu (5) i

(9) MOKHa 3amKcaTH:

Py ()= AT GBo2e A, (10)

P (1) =2 (5 — 470541 j

VY tabnumi 1 BMINICHO 3HAYCHHS WMOBIPHOCTI Oe3-
BiIMOBHOT po0OTH:

(1)
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P(t)=e*" (12)
JUIsL Hepe3epBoBaHoi oHo0aiToBo1 nozuuiitnoi KC (I).

Taxox BiznosigHo mo Bupasis (10) i (11) KC (II),
st KC y MCU 3 onniero koHTposibHOIO ocHoBoto (111)
ta s KC y MomynsapHiii cucTeMi YUCIEHHS 3 JBOMa
KOHTpOJBHUMHU OocHOBaMH (IV).

BinmosimHo mo manux Tabm. 1 Ha puc. 2 mpeacTas-
TIeHi Tpadiku 3aIeKHOCTEH

P(1)=F(*)

Ui omHOOaiToBOI: HepesepBoBanoi (1), TpukaHaIbHOT
pesepBoBanoi (1) y mosunmiiHiii cUcTeMi YHCICHHS
(IICY) Ta xoMm'toTepHa cucTeMa y MOAYJISIpHIN cucTeMi
gucnenss (I1I) 3 mapamerpamu [ =1, n=2, k=1 i rpa-
¢bik 3anexHocTi it k=2 (IV).

3 manoro rpadika BHIHO, IO KOMITIOTEpHA CHC-
TeMa B MOJIYJISPHIA CHUCTEMi YUCIICHHS 3 JBOMa KOHT-
POJILHUMH OCHOBAMH HaTIHHIIIE TIOTPOEHOT TMO3UITIHHOT
cuctemu (II) 1 HamifiHiNIEe KOMITTOTEpHA CHCTEMA MOTY-
JISIPHOI CUCTEMU YHMCIICHHSI 3 OJ[HI€I0 KOHTPOJIBHOK OC-
nogoto (III).

P(A*t)

1
09 \
"’ \\\ ‘
06 \

w\\ \| —0—T1cY |

05 \ —A—1cY |

: ——MCY Il
0,4 \QN \“\ —8-MCY
03
0.2 L\q
0,1

t AT
0
0 02 04 0.6 03 1 12 1,4

Puc. 2. T'padiku 3anexnocreit P(1't) KC

Tabnuys 1 — Po3paxynkoBi nauni naaiiinocti KC

Tabauys 2 — Po3paxyHKoBi 1aHi mpo KiabKicTh

y IICYH ta MCY JD0AATKOBOI0 0012 IHAHHS
ncu MCY IICU MCY
At
| 1I III 1\ I 1I III 1A%
0 1 1 1 1 Kinexicts
8 24 15 19
0,2 0,819 0,912 0,926 0,986 00JTagHaHHS
0,4 0,670 0,746 0,775 0,922 JlonatkoBe
0. - 200% 87,5% 137,5%
0,6 0,549 0,573 0,613 0,816 A ¢ o ¢
0,8 0,449 0,424 0,468 0,687
1 0,368 0,306 0,328 0,558 Buano, mo komm'toTepHa cucTeMa y MOIYJISpHIN
CUCTEMI YHCJICHHS 3 OJIHIEK0 KOHTPOJIFHOI OCHOBOIO
1,2 0,301 0,225 0,254 0,439 (II) mamiWHimIa, HIK MOTPOEHA CHCTEMa B TO3HIUITHIN
1,4 0,247 0,151 0,187 0,337 cuctemi uucnenns (11).

Y Tabn. 2 mpeacraBiieHi, HaBEACHI IO OJHOTO
JBIIKOBOTO PO3psdy, MCsKi JaHi MPO JOJATKOBY KiJlb-
KicTh oOmamHaHHS AA, HeoOXimHOTO ISl peamizarii
PO3TIISTHYTUX METOIB TiIBUINEHHS HAIIHHOCTI, SIKi T0-
Ka3ymoTh, IO 3acToCyBaHHsA KoaiB MCY 3abesmeuye
BHCOKE 3HAYCHHS HMOBIPHOCTI 0€3BiIMOBHOI poOOTH
TOI npu MeHIIH KiIBKOCTI 0JaTKOBO BBEAEHOTr0 00-
JlaJHaHHsA [6].

Otxe, MCU posmmproe o0xacTh 3HA4YEHb (A*t)
IIpU SIKUX ICHY€ BUTpAll y IMOPIBHSHHI 3 Hepe3epBOBa-
Hoto no3utiinoo (I) KC y 6e3BiqMOBHOCTI.

Hexait k=2.

VY npomy Bunagaxky MCY MokHa TIOAATH Y BUTIISIL
HabOpy HACTYITHUX OCHOB:

my =3, my =4, my =5,
my =7, ms =11, mg =13.
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Just nanoi MCU Bupa3s (11) 3anumiemo Tak: kux KC. Iloxazano, mo npu cunresi KC mo ocHosi

(2) 4 MCU mokHa OTpUMATH SIKICHO HOBI HayKOBI Ta Hpak-

Pyey ( )=HR"(1)x THYHI PE3yJIbTAaTH, 110 A03BOJSIIOTH IMOKPAIUTH OCHOB-

5 2 (13)  gi raxTnuno-Texuiuni xapakrepuctuku KC (BizmoBoc-

><{Pl (t)+6P1(t)[1_Pl(t)]+15[1_Pl(t)] } TIMKICTh, HAAIHHICTH TOIIO) 32 PaXyHOK MO>KJINUBOCTI

oprasizarii NMpUHIIMIIOBO HOBOI1 cTpykTypu KC Ta 3a-

abo CTOCYBaHHSI HOBHX OPUTIHAJbHUX METOJIB Ta alTOPUT-
Ik _05% \2 MiB. 00poOKH iH(popMaIIii.

(2) o€ +15(1—e ) + JIocIiKeHO Ta OTPUMAHO, 3 BUKOPUCTAHHAM (O-

Pycy (t ) =e _054% “os2%\ | (14) pMarizoBaHOT MOJENI BiJMOBOCTIHKOCTI KOMII'FOTEPHHX

+6e (l_e ' ) cucTeM, MaTeMaTHYHy Mogenb HaxiiHocTi KC, mo ¢y-

o ) HKI[IOHYI0Th Y MCY, 10 OCHOBi BHKOPHCTaHHS MPHH-
Taxum 4nHOM, 31 30LIBLICHHSM KPaTHOCTI pesep- [UITY TTACHBHOI BiAMOBOCTIHKOCTI. JIOCIiKEHHS MOIe-
BYBaHHA HaﬂiﬁHiCTb KC Hi/:.lBHHlyeTBCHa IO BIAMOBIZAE g MOKa3ayio, 1m0 3i 30iJbIICHHIM KPAaTHOCTI pPe3epBY-
3arajibHii Teopii HaIIHHOCTI. BaHHS HAJIHICTh KOMII'HOTEPHUX CUCTEM IIiIBUIILYEThCS,
IO BiANOBigae 3arajibHiil Teopii HamiitHocti, a KC y
MCUY 3 ngBOMa KOHTPOJIBHUMH OCHOBAaMH HAJIiHIIIC 3a
V cTarTi a0 HaYKOBE OOTPYHTYBaHHsS MOXKIMBO-  noTpoeHa KC BMKOpHMCTOBYE TO3MIifHY cHCTeMy 4HC-

cti Bukopuctanas MCY st CTBOPEHHS BIAMOBOCTIH-  jreHHs (10 25%).

BucHoBku

CIMCOK JIITEPATYPUA

1. Mohan P. V. A. Residue Number Systems: Theory and Applications. Birkhduser Basel, Switzerland, 2016, 351 p.
ISBN-10:331941383X, ISBN-13: 978-3319413839.

2. Krasnobayev V., Kuznetsov A., Yanko A., Koshman S., Zamula A. and Kuznetsova T. Data processing in the system of
residual classes. Monograph. ASC Academic Publishing, 2019, 208 p. ISBN: 978-0-9989826-6-3, ISBN: 978-0-9989826-7-0
(Ebook).

3. Krasnobaev V., Kuznetsov A., Kiian A., Kuznetsova K. Fault Tolerance Computer System Structures Functioning in Resi-
due Classes. Proceedings of 2021 11th IEEE International Conference on Intelligent Data Acquisition and Advanced Compu-
ting  Systems: Technology = and  Applications  (IDAACS),  Cracow, 2021, pp. 471-474. doi:
10.1109/IDAACS53288.2021.9660919.

4. Liu R, Li L., Yang, Y. Performance Residual Based Fault Detection for Feedback Control Systems. IEEE Transactions on
Circuits and Systems II: Express Briefs 68 (2021) 3291-3295. doi:10.1109/TCSII1.2021.3062718.

5. Fairclough H. & He, Linwei & Asfaha, Tekle & Rigby, Sam. (2023). Adaptive topology optimization of fail-safe truss
structures. Structural and Multidisciplinary Optimization. doi: 66. 10.1007/s00158-023-03585-x.

6. Geng Z., Han M., Bao W., Xie W. New Submodule Topology Based Fault Tolerance for Modular Multilevel Converters.
IEEE Transactions on Power Delivery, 2023. pp 1-12. doi: 10.1109/TPWRD.2023.3237891.

Received (Haniiina) 19.06.2023
Accepted for publication (ITpuitasra go npyky) 30.08.2023

Mathematical model of the reliability of the cs operating in the MNS
based on the use of the principle of passive fault tolerance

Alina Yanko, Victor Krasnobayev, Polina Sabelnikova

Abstract. The analysis of the state and prospects for the development of modern computer systems (CS) showed that the
problem of increasing fault tolerance, which is the basis of reliability, cannot be effectively solved based on the use of the tradi-
tional binary positional number system without worsening the rest of the technical and economic indicators of the CS. In the
positional numeral system (PNS), the execution of an arithmetic operation involves the sequential processing of the digits of
operands according to the rules determined by the content of the operation, and cannot be completed until the values of all inter-
mediate results are sequentially determined taking into account all the connections between the digits. Thus, PNSs, in which in-
formation is presented and processed in modern computers, have a significant drawback — the presence of inter-bit relations,
which impose its imprint on the methods of implementing arithmetic operations, complicate the equipment and limit the speed.
The results obtained as a result of the conducted research and previous positive results show the perspective of using the modular
number system (MNS) to increase the fault tolerance and reliability of the CS. The use in the CS as a number system of the MNS
allows to positively solve the scientific and applied problem of ensuring the fault tolerance of the CS without reducing the user
productivity of information processing with significantly less, than in the PNS, the additionally introduced amount of equipment.
It is proposed to use the probability of no-failure operation as the main indicator for assessing the reliability of the functioning of
the CS. Using a formalized model of fault tolerance of the CS, a mathematical model of the reliability of the CS operating in the
MNS was investigated and obtained based on the use of the principle of passive fault tolerance. A mathematical model of CS
fault tolerance, which, unlike the known ones, is based on the use of the properties of modular arithmetic, by taking into account
the peculiarities of the functioning of information processing paths in the MNS, allows increasing the reliability of the CS. The
study of the model showed that with an increase in the multiplicity of redundancy, the reliability of the CS in the MNS (with two
control bases) increases to 25% compared to the tripled CS using the positional number system.

Keywords: probability of failure-free operation, mathematical model, modular number system, reliability model, com-
puter system, passive fault tolerance.
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I'PIA-TEXHOJIOT'I B PO3NOJAIIEHUX OBYUCJIOBAJIBHUX CEPEJOBHUIIIAX

AHoTanisi. Y CTaTTi pO3rIIAHYTI CydacHi TEXHOJIOTII, 0 BUKOPUCTOBYIOTHCS Y PO3IOIIEHIX 00UNCIIFOBATEHHUX CepPeno-
BHUIIaX. METOI0 CTATTi € NPOBEICHHS MOPIBHAILHOTO aHai3y ['pix Ta XMapHHUX TEXHOJOTIH Ta BU3HAYSHHsS 0COOIMBOCTE
I'pin-texHomnoriit. B pe3ynbpraTi npoBeeHNX JOCIIHKEHb BU3HAYCHA PI3HAL MDXK XMapHAMHU 004nCIeHHIMH Ta [ pix-06un-
CJICHHSIMH 3 HOTJIAAy Kopuctysada. [Toka3aHo, 110 iCHYIOTh KJIacH 3aBJaHb, sIKi HAIAIOTh mepesary [ pix-texnomorii. [eta-
JIbHO PO3TIITHYTI TPOILIECH PO3MOALTY pecypciB Ta oOumcieHs 3a gonoMoroio I'pig-rexunomorii. ChopMyaboBaHi MHTaHHS,
110 BUHHUKaIOTh npH BukopuctanHs GRID TexHomorii a1 niaHyBaHHS HecTallioHapHHX cucteM. OOrpyHTOBaHa HEOOXia-
HICTb Ta aKTYaJIBHICTh pO3pOOKH HOBHX MOJIEJNIEH, alrOpUTMIB Ta CTpaTeriii opraHisaunii rianyBanHs B ['pif.

Kaouogi croa: GRID-TexHOMOTIS, po3moisieHa CHCTEMa, XMapHA TEXHOJIOTis, PO3MOALT PEeCypCiB.

Beryn

Posmogin pecypciB y 00UHCITIOBAIEHAX CEPEIOBHU-
max 3 KOXKHUM POKOM 3aiiMae Bce O1TBII 3HAYYIIE MiCIIe.
Codepa Ta piBeHb X BUKOPHUCTAHHS JOCHTH PO3pi3HEHI,
HATPUKJIa], ONTUMAIbHUI PO3MOMIT PECypCiB Bimirpae
OJHY 3 BU3HAYaJbHUX MO3ULIH NpU e()EeKTUBHOMY pi-
LIEHHI NPUKJIQJHUX HAYKOBHX 3aBIaHb. AJle ISl IPOMHU-
CI0BO1 ChepH JTFOICHKOT AIsUTBHOCTI, PO3IMOILT PECYPCiB
TEX 3aiiMae OJ{HE 3 HAUIIPIOPUTETHUX MICIIb.

IcHye Oarato TEXHOJIOTIH PO3MOAUICHUX O00YHC-
JIEHb, KOTP1 PO3MOIUISIOTh HAasIBHI 00YHCITIOBAIIbHI pecy-
pcu THM 200 IHIIUM YUHOM. 3 IoYaTKy 21 cTopiudus Haii-
o oy nsiparMu ctaimu GRID-texnomorii [1-3], mi-
cist 2007 poky Bce OUTBIIY MOMYJISPHICT CTAIH 3aBOMO-
ByBaTH XMapHi TexHouorii [4—7]. OctaHHIM 4acoM mpH
peanizauii npoexrtiB [HTepHeTy peueit Ta Big Data po3-
POOHHMKH BCe YacTillle MoYaak 3BepTaTHCS 10 TyMaHHHX
texnousiorit [8—10]. Ane maHy TEXHOJIOTIIO MOYKHA PO3T-
JISIIATH SIK TPOIIAPOK MIXK KIHIIEBUMH KOPHCTYBayaMu Ta
xmaporo [11]. Ane pi3ni 3amgaui noTpeOyOTh BUKOPHC-
TaHHS PI3HUX TEXHOJIOTIH, TOOTO 3aBKIH € 3aBJIaHHS OIli-
HKHU 00panoi TexHouorii. OTKe, MeTOI CTATTi € poBe-
JICHHSI TIOPIBHSUTBHOTO aHaizy ['piJf Ta XMapHUX TEXHO-
JIOTi# Ta BU3HAYCHHS 0coOIMBOCTEH [ piA-TEeXHOMOTIH.

Pe3yabTaTtu gocaixxeHn

1. opiBHaAbHUIT anani3 I'pin Ta XMapHUX Tex-
HOJIOTii. 3 TOrJsiay KOpHCTyBaya, Pi3HUIS MIX XMap-
HUMH Ta [ 'pig-00UMCICHHSIMH NOJIATaTHME B TAKOMY:

1.1. XmapHi miathopMu (OKyCyIOTECS Ha MiAXOAi
«Bce sK cepBicy. I'pin obGumcnenHs QokycyloTbcs Ha
MPOMIKHOMY MpPOTpaMHOMY 3a0e3IeucHHi, sKe Hana-
€ThCS Y BHUIIIAII BIIKPUTUX BHUXIJTHUX KOJIIB a00 y BU-
TJI71 TOTOBUX MakeTiB. [Ipu 1ibOMy TUIaTHI OOYHCIICHHS
€ JuIe ofHieo 3 ¢opM HamaHHA ['pin. YV mopiBHSAHHI 3
UM XMapHi 00YHCIEHHS (OKYCYIOTHCS BHKIIOYHO Ha
IUTATHOMY HaJaHHI iHOpManiHHUX pPecypciB KiHIIEBOMY
KopuctyBauesi. IIpn 1poMy mpomixkHE HporpaMHe 3a-
OesrieueHHs, ke O O3BOJMIO 3a0E3NEUUTH PO3POOKY
BJIACHOT XMapH, TIOKH He Jy’Ke NOIINpPEHeE.

1.2. I'pin ta XMapHi OOYMCIICHHS BUKOPHUCTOBY-
FOTBCS TS Pi3HUX TUMIB o0uucieHb. CriouaTtky ['pix 00-
YyuCcIIeHHS OyJIM Opi€HTOBaHI Ha BUPIMICHHS HAayKOBHX
3aBJIaHb 3a JIOIIOMOT'OI0 CYNIEPKOMII'TOTEPHUX cucTeM. B
naHui gac I'pig oOunCiIeHHHs OibIlle 3aCTOCOBYIOTHCS

JUISL HAYKOBO-/IOCJITHUX 3aBJaHb, BUPILICHHS SKHUX IOT-
pebye 00'enHaHHS KUIBKOX CYNEPKOMI'FOTEPHUX ILIAT-
(dhopm. 3 iHIIOTO OOKY, XMapHi OOYNCIICHHS OPiEHTOBaHI
OibIIIe Hi HAa BUPINICHHS OKPEMHUX 3aBJlaHb, a Ha TIepMa-
HEHTHE HaJIaHHs IIEBHUX CEPBiCiB KiHIIEBUM KOPUCTYBa-
yaM. BoHm 3a0e31euyioTh AMHAMIYHUH PO3MOILT (Pi3nd-
HUX PeCypcCiB ISl TOTO, 00 3a0e3MeYnTH 3MiHHE Bapi-
HoBaHe 3aBaHTaKCHHS CEPBICIB.

1.3. TexHomorii, 0 PO3MIIANAOTHECS, MAIOTh Pi3HI
B3a€MOBITHOCHHH 3 TIOCTaYaJbHUKAMH pecypciB. [pix 00-
YHCIICHHS IPYHTYIOThCS Ha TIOHSTTI BIpTyaJbHHUX OpraHi3a-
I[ii4, 110 BKJTFOYAOTh KUTbKA PI3HUX OKPEMHUX OpraHizarii 3
YITKUMH TIPaBUJIAMU B3a€MOJIIT MiXK HUMH 1 9ITKMMH TOJTi-
THKaMH HaJIaHHs IPOrpaMHo-anapaTHux pecypci. Konie-
IMIisT XMapHUX OOYHCIICHb 3a0e3MeIy€e MOKIHMBICTE OyIb-
SIKOT KOMIIaHii BUKOPHUCTOBYBAaTH XMapHi TIOCTYTH LIS BU-
PpiLICHHS 3aBaHb, OIUIAYYIOUH HEOOXITHI pecypCH.

1.4. Jlani TexHOJNOTII MarOTh pi3HI cepu 3acTocy-
BaHHA. [ pin-mmaTgopmMu HagalOTh OCHOBY IJISL PO3TOp-
TaHHS 00YHCITIOBAIBHOT IH(pAcTpyKTypu. XMapHi 004UmncC-
JIGHHS1 HaJ]Al0Th IHTErPOBaHUM MIJXil HA BCIX PIBHSX Ha-
naHHs iHpopManiiiHux pecypci: laaS, PaaS, SaaS.

1.5. MoXJIMBOCTI /ISl PO3LIMPEHHSI KUIBKOCTI iHTEp-
(eiiciB kopuctyBaua. ['pig-00UMCICHHS CHPSIMOBaHI Ha
HaJIaHHS PI3HOMaHITHUX OOYMCIIOBAJIbHUX PECYPCIB y Te-
TEpOTeHHUX OOYHCITIOBAIbHUX CEPEIOBHINAX U1 BHpI-
LIIEHHS] KOHKPETHHUX 3aBJiaHb. TakuM YMHOM, iHTepdeiicn
I'pin opieHTOBaHI HA B3aEMOII0 OOUNCIIOBAILHUX 1H(pa-
CTpYKTYp (izuuHO 3a moromororo API, sikum Moxe ckopu-
cTaTucs TUIbKK npodeciiiumii mporpamict. XmapHi o0umc-
JICHHS PO3POOIISFOTECS TAKAM YHHOM, 1100 HaJIaBaTH 1HTeE-
pdeiicn KiHIIEBUM KOpUCTyBauaMm depe3 BeO-7ocTyn abo
yepe3 APIL. Ha kxoxxHomy mapi mHamanaa mociyr (laaS,
PaaS, SaaS) mamaetscst BnacHui iHTepdeiic. [linpumenns
piBHS aOcTpaxiiii J03BOJsE 3a0€3MEUUTH 3aCTOCYBaHHS
XMapHUX OOYHCIICHB K HA PiBHI OKPEMHX KOPHCTYBAdiB,
TaK 1 Ha piBHI KOPIIOPaTUBHUX KIIi€HTIB. 3aranom, [ pig-06-
YHCIICHHS 320€31e4yI0Th 00'€/THAaHHS T'eTepPOreHHUX 00UH-
CIIIOBAIIHUX PECYPCIB B €JIMIHE OOYMCIIOBAJIBHE CEpelio-
Bue. Lle Te, 3 40ro MOYMHAIOTECS 1 HA YOMY IPYHTYIOTBCS
XMapHi 004HCIIeHHsI. XMapHI 00YHCIICHHS 3a0e3eYyI0Th
OLIBII BHCOKMH piBeHb aOCTpakxiii, HaJaloun O0YMCIIIO-
BaJIbHI PECYpPCH KiHIICBIM KOPHCTyBa4daM (91 TO ITPHUBATHI
KITIEHTH 9 OpTaHi3allii) y BUTJIII CEpPBICiB.

Omxe, 6aunMo, 0 iICHYIOTh KJIacH 3ajad, OpiEHTO-
BaHi sIK HA XMapHi TEXHOJIOT1i, Tak 1 Ha [ pif-TeXHOJIOTIi.
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2. Po3nonin pecypcis Ta 004Hc/IeHb 32 10II0MOI010
GRID Ttexnouorii. [Ipn noctymi, BAKOPUCTaHHI Ta po3Io-
JIiJTi pecypciB B HECTAIIOHAPHUX PO3IO/IICHUX TeTepOreH-
HHUX OOYHMCIIOBAJIbHUX CEpPEJOBHINAX, BUHUKAIOTH MEBHI
TpPY/IHOLI], LIe CTBOPIOE JI0JJATKOBY CKJIA/IHICTB JUISI KOPHC-
TyBadiB, MOCTAYATLHHUKIB PECYPCIB Ta OCTAYATLHHKIB T10-
ciyr. KopructyBadaMm aHi HaaroThes TI0 3auTy depes [H-
TepHeT. OCOOIMBO CYTTEBO IIe Y MPOIIECi PO3MOALTY pecy-
pciB s kinacy NP-ckimamHux 3amad.

Po3rimstHeMO Mozeni Ta anropUTMH IUIAaHyBaHHS BU-
KOHaHHS 00YHCITIOBATIBHUX poOiT 3a mormomororo GRID Te-
xHoJorii. [Ipn mianyBaHHI 004MCIIEHb NEPI 3a Bce HEOO-
XiJJHO BU3HAUUTH TIEpeNIiK 3aBlaHb Ta IEPENiK Pecypcis,
CIMparOYKCch Ha oOpaHi Kpurepil ontumizauii. [yt mporo
BHUKOPUCTOBYIOTHCS JIBA OCHOBHUX IiIXOAN: CTATUYHUIH Ta
auHamivHui. [Ipy cTaTMYHOMY MiAXOMAI PO3IIISIAIOTHCS
XapaKTEPUCTHKH TPOIIECOPIB, ONEpalliliHi CUCTEMH TOLIO.
JIJ1 ToToNIaHHsT HEraTUBHUX HACTIJIKIB PO3IOALTY pecyp-
CiB B HECTAIlIOHAPHUX PO3IOILICHUX TETEPOreHHUX 00YH-
CIIOBAJBHHUX CEPEIOBHUINAX, BUKOPHCTOBYETHCS caMe M-
HaMiYHe TUTAaHYBaHHS OOYHWCIICHb, & aMalTUBHHUN ITiAXiJ
3agoBoibHAI0TE GRID TexHOMOTII.

OcHoBHe 3aBanHst «['pim» — y3roHKeHUi po3noain
pecypciB Ta BHUPINICHHS 3aBJaHb B YMOBax JIWHAMIYHHX,
OararorpoIbHUX BipTyaJIbHUX OpraHi3aiii.

Po3monin pecypciB — 11e He POCTO OOMIH (ainamu,
a IPSIMUIA TOCTYTI JI0 KOMIT'FOTEPIB, IPOrpaMHOro 3ade3re-
YeHHs, JaHMX Ta IHILIHMX PECypCiB, Kl MOTPIOHI LIS CIiIb-
HOT'O PO3B'SI3aHHSA 3371a4.

Jlo ocHoBHUX mepeBar I'pif-TexHOOTIT IS PO3IIIs-
JIA€MUX 3aB/IaHb MOXKHA BiTHECTH TaKi:

e THYYKI MEXaHI3MH PO3IOLTY PECypCiB;

e PO3BHHEHA CHCTEMa KOHTPOJII0O BUKOPHCTOBYBa-
HHX PECypciB;

e  POBMNOAUICHUI TOCTYI JI0 Pi3HUX PECYPCIB, TOUH-
HAOYH Bifl Iporpam, Qaiiiis ta

e JIAaHWX 3aKiHYYIOUW KOMITIOTEpaMH, CEHCOpaMH
Ta MEpEkKaAMHU;

e pi3HI MOZIEeTi BUKOPHUCTAHHS pecypciB (BiJ OHO-
KOPHCTYBALbKHUX 10 PO3PAXOBAHUX HA 0araro KOPHCTyBa-
4iB, BiJI BHCOKOIPOJYKTUBHUX JI0 Maj0O BUTPATHHX), IIIO
BKITIOYAIOTh PETYJIIOBAHHS SIKOCTI 0OCITyTOBYBaHHS, ILIA-
HYBaHHS, [IEPEPO3IIOILT Ta BEACHH O00JIKY pecypciB

Jocnimpkenns ta po3podku mist ['pin-cepenoBuina
MIPU3BENH 710 HEOOXITHOCTI pO3pOOKH MPOTOKOJIB, CEPBi-
CiB Ta IHCTPYMEHTapi0, CIIPSIMOBAHOTO Ha:

e pimeHHs 3 Oe3neku, IO MiATPUMYIOTh YIpaB-
JiHHS cepTUdIKaLi€ero Ta

e  [IOJITHKaMU O€3IIEKH;

e TPOTOKOJM YIPABIiHHSA pPecypcaMH Ta CepBi-
CaMH, 110 MiITPUMYIOTh OC3IIEYHUH BiTaJICHUH TOCTYII 10
OO0YHCITIOBAJILBHUX PECYpCiB Ta PECypCiB JTaHHUX, a TaKOX
TIePEPO3IOILUT PI3HUX PECYPCiB;

e IPOTOKOJHM 3aIUTy iH(OpMALi Ta cepBicH, L0
3a0e31euy0Th HaJIAIITYyBaHHs Ta MOHITOPUHI CTaHy pecy-
pciB;

e cepBicu 00pOOKU JaHMX, IO 3a0e3MeUyIOTh MO~
HIyK Ta Tepenady HaOOpiB TaHMX MDK cUcTeMaMu 30epi-
TaHHS JaHUX Ta IOAATKaMu.

KoxHa 3 BHINEe IepepaXxoBaHHMX iTepamii mpoBoO-
IWTBCS HA PI3HUX PIBHAX apxiTekTypu [ 'pig-TexHONOTii
(puc. 1).

S Ilpukaaauuii pienb (Applications)
iHCTpyMeHTapiii s podotu 3 GRID
Ta KOPUCTYBAJIBHUIIBKI IPOTpaMu

4 KonxextuBuuii pienn (Collective)
YIpaBITiHHS KaTaJIOTAMH PECypCiB, JIarHOCTHUKA, MOHITOPHUHT

3 PecypcHuii piBens (Resource)
pealtizye MpOTOKOIN B3aEMOJIII i3 pecypcamMu pO3MOALICHUX 00UHCITIOBAITB-
HHUX CUCTEM Ta HOTO YIpaBJIiHHA

2 3B's13yroumii piBenn (Connectivity)
BH3HAYa€e KOMYHIKaI[ii{HiI TPOTOKOIN Ta MIPOTOKOJIX aBTeHTUDiIKaIlii

1 Basosuii pisenn (Fabric)
MICTHTB Pi3HI PECypCH, TaKi sIK KOMITFOTEpH, IPUCTPOT It 30epiraHs, Mepeki, CCHCOpH Ta iH.

Puc. 1. PiBHi apxitexrypu GRID Texnomnorii

Ha 6a3z060my pieni He BU3HAYAIOTHCS CITY>KOHU, IO
3a0e3meuyoTh 0e3MocepeHiil TOCTYH 10 PecypciB, BUKO-
PHCTaHHS SIKHX PO3IOJIJIEHO 3a JOIOMOTOI0 ITPOTOKOJIB
GRID.

1.06umcmoBalbHI pecypcH HaJaloTh KOPUCTYBayeBi
GRID Texnosorii nporecopHi noryxHocti. O64nciroBa-
JIBHUMH PECypcaMM MOXYTh OyTH SIK KJIacTEpH, TaKU OK-
pemi pobodi craniii. Byap-sika oOunCTIOBaTIbHA CHCTEMA
MOXK€ PO3MIIAAATUCS SK TOTEHIIHHWA OOYMCITIOBATLHUMA
pecypc GRID texnomorii.

2. Pecypcu mam'siTi pecTaBISIFOTE COOO0 MPOCTIp
Juist 30epiranss gaHuX. [list ocTymy 10 pecypciB mam'sri
BHUKOPHCTOBYETHCS IIPOrpaMHe 3a0e31eUeHHs IPOMI>KHOTO
piBH#, 10 peatizye yHidikoBanuii iHTepdeiic ynpapaiHHSA
Ta nepesiayl aHuX.

3. IndopmariiiiHi pecypcH i KaTalord € 0COOIHMBAM
BUJIOM pecypciB am'sTi. BoHu city»xats 171 30epiraHus Ta
HaJaHHSI METaJlaHuX Ta iH(opMallii Ipo iHII pecypcu.

4. MepeXHUI pecypc € CTIOMYYHOIO JJAHKOIO MiXK pO-
3MomiieHiMH  pecypcamu [ 'pia-cucremu. OCHOBHOO
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XapaKTEPUCTHKOI0 MEPEKHOT0 pecypey € MIBUIKICTh Me-
penadi TaHuX.

36'a3ylouuii pieeny BU3Ha4a€ KOMyHiKalliiHi TPOTO-
KOJIM 1 TIPOTOKONHM ayTeHTH(iKawii, 3a0e3neuyroun nepe-
Jlayy JaHUX MDK pecypcamu 0a30BOTO piBHS. 3B'SI3yHOUHI
piBenb ['pin 3acHOBaHWit Ha cremi mpotokoiiB TCP/IP:

Iarepuer (IP, ICMP);

TpancnoptHi npotokos (TCP, UDP);

npukiamHi mpotokos (DNS, OSRF ...).

Pecypchuii pigens peaizye MpOTOKOIH, 1110 3abe3Ie-
YyIOTh BUKOHAHHS HACTYITHUX (DYHKITIH:

Y3rOJDKEHHS TIOJIITHK OC3MEKH BUKOPUCTAHHS pPecy-

nponuesypa iHimiarii pecypcy;

MOHITOPHHT CTaHy pecypcy;

KOHTPOJIb HaJl PECYPCOM;

00JIiK BUKOPUCTaHHS PECYpCy.

Konexmuenuii pieens Binnosinae 3a rio0aibHy iH-
TETPAIlio0 PI3HUX HAOOPIB PECYPCIB i MOXKE BKITFOUATH BCI
CITy’k0H KaTaJoriB; CIIy>kKOU CHUJIBHOTO BHIUJICHHS, TUTaHY-
BaHH;I Ta PO3IOLTY PECYPCIB; CITyKOH MOHITOPHHTY Ta JIi-
arHOCTHKH PECYPCiB; CITyOH perutikalii JaHuX.

Ha npuxnaonomy pieni po3TalioBYIOTECS TOJATKH
KOpHCTyBada. BOHH MOXYTh BUKOPHUCTOBYBATH PECYPCH,
IO 3HAXOIAThCA Ha OYAb-SKUX HIDKHIX IIapax apxiTek-
Typu GRID. BepxHiM mapoM B apXiTeKTypi € IIap KIi€HTa.
B HBOMY pO3TaIOBYIOTHCS Pi3HI KIIEHTH, sIKi 3a0e3medy-
0T B3aeMoJIito kopuctyBadiB 3 GRID cepenosumem. Ha
PiBHI cepBicHOTO mIapy 3a0e3nevuyeThest MaTpuMKa Oe3re-
YHUX 3'€JJHAaHb, aBTOpPHU3aIlii Ta ayTeHTH(]IKAIi KOPUCTY-
BaviB,

OcHOBHI TapameTpu4Hi ocodnuBocTi I'pin-mozeneit
Ta iX BIAMIHHOCTI BiJ{ IHIIIMX TEXHOJOTIH IMiJICYMOBaHi Ha
puc. 2.

OcHoBHa BinMiHHICTB Grid-TeXHOJIOTIT - MOKIIMBICTB arperyBaHHsI
Ta CMIJIBHOTO BUKOPUCTAHHS BEJMKUX HAOOPiB TeTEpOreHHUX pecypciB,
PO3IOIIEHNX MiXK reorpadivHO-po3AIICHUMH 00JacTIMH

Jlo BUCOKOTETEpOreHHOT0, AMHAMIYHO-()OPMOBAHOTO PO3MOAIIIEHOTO CEPEAOBHUILA
Ba)XKKO HANpsMYy 3aCTOCYBATH TPaJHLiiHI METPUKU MPOAYKTHBHOCTI:
LIBUJIKICTE OOYHCIICHb T IPOIYCKHY CIIPOMOXHICTh KaHATy

BukopucranHs crnieniagizoBaHHX MeTPHUK OL[IHKU SIKOCTi CEPBICIB, 1110 HAAIOTHCS

Puc. 2. OcHoBHI mapameTpr4Hi ocoOmiBocTi [ pin-mMoneneit

3. Buxkopucranns ['pin-texnosorii pias miany-
BaHHs HecTallioHAPHUX cucTeM. HeBrn3HaueHICTh y mu1a-
HYBaHHI pecypciB 00UHCIIOBAILHUX CHCTEM Ta alropu-
TMH, 1110 TPAIFOIOTh B YMOBAX HECTAI[IOHAPHOCTI, 710 K0T
MIPUBOJISTE:

BHUMOTa €JaCTUYHOCTI OOYHCIIEHD,

3MiHa XapaKTEePUCTUK MaIlIlH,

BipTyamizamnisi o04MCIIEHb NPU CIa0KOMYy 3B'SI3KY
po0it 3 iH(PACTPYKTYPOIO, Ha AKiH BOHH BUKOHYIOTBCS,

JTUHAMIYHA Mirparis pooir,

3MiHa 4acy HaJaHHs Pecypcis,

HETOYHICTh OLIHKK Yacy BUKOHAHHS POOiT,

3MIHHICTh Yacy 00poOKH Ta mepeadi B 3aJIeKHOCTI
BiJl BUKOPHCTAaHHS PECYPCiB IHITUMH KOPHCTYBAaYaMH,

BapiaTUBHICTH POOOYOT0 HABAHTAKEHHS,

pi3HOMaHITHICTH YaCOBHX 0OMeXeHb 00pOOKH -
PEKTHBHHX TEPMIiHIB,

3MiHa MPOIYCKHOT 3aTHOCTI,

3001, KibepaTaku Ta iHIII SBUIIA.

Onrtumizalis B TaKMX CKJIQIHUX CUCTEMax OBUHHA
BPAaxOBYBaTH HE TUIBKH MPOIYKTHBHICTH Ta €(EKTHUB-
HICTh BUKOPHCTaHHS PECYPCIB, a TAKOX BUMOTH KOPHC-
TyBayiB I0JI0:

SKOCTI 00CITyrOByBaHHS,

BapTOCTI TIOCTIYT,

BUTpAT MPOBalepiB,

CEPeHBOTO Yacy 3aKiH4YCHHS pOOiT,

CepeHbOT0 Yacy OYiKyBaHHs MOYATKy BUKOHAHHS
PpoOIT TOIII0.

HeoOxinHo BUpoOIeHHS (yHIaMEHTaJIbHUX OCHOB
IUTaHyBaHHS HECTAIliIOHAPHUX PEeCcypciB, iX aHami3 Ta po-
3po0Ka HOBHX aJalTHBHUX aJTOPUTMIB JJISl Pi3HUX CIIe-
HAapiiB.

BukopucTaHHS YacTKOBHX pillleHb, PO3POOICHUX
SK JUTS CTAalliOHAPHHX, TaK 1 IUIA JHHAMIYHUX CHUCTEM,
MPHU3BOANTE JO HEOOXITHOCTI CYTTEBOTO JIOOMPAITIO-
BaHHS aJITOPUTMIB JJIsi KOXHOI iICHYFOUOI CHUCTEMH IIiJ
KOHKPETHI YMOBHM BUKOPHCTaHHS, III0 CYTTEBO Oyne 30i-
JIBLIYBATH BUTPATH Ta TEPMIHM BIPOBA/KSHHS LIUX CHC-
TEM.

Heo0xigHO po3rimsimaTH MiAXOOM A0 BHPIMIEHHS 3
PI3HHUX CTOpIH:

OHJIAlH aJIFOPUTMH,

IUIaHyBaHHS poOiT 6e3 1ocTOBipHOI iH(pOpMaIii
PO MapaMeTpy CUCTEMH, POOOTH TOILIO.

Omxe Uil ONpalIOBaHHS HECTALIOHAPHUX CHUCTEM
HEOOX1THUI KOMIUTEKCHUH MiAXiM 1O MOOYIOBU aIarTHUB-
HUX IUIaHYBAJILHUKIB Ta MATEMATHYHUX MOJICIICH, sIKi Bpa-
XOBYIOTh BIJICyTHICTh TOYHHMX 3HaHb Ul (OPMYyBaHHS
IIaHy PooiT.
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Tpeba npoBecTH JEKOMITO3HULIIO 3aB/IaHHs Ha sl Ya-
CTKOBHX 3aBJIaHb, 110 BKJIIOYAIOTh:

* PO3pOOKY KOHLIEMIIii INIaHyBaHHS PECypCiB y HecTa-
LIOHapPHUX OOYMCITIOBAILHUX CEPEIOBHINAX;

* CTBOPEHHSI Cy4acHHX Mojeliel Ta METOMIB IUIaHy-
BaHHS Ta ONTHUMI3aIlil peCcypciB B yMOBaxX 3MiHHUX Xapak-
TEPUCTHUK CUCTEMH;

* po3poOKy METOIB TUHAMIYHOTO TUIAHYBaHHS 3 Me-
XaHI3MaMH aJIaNTallii 10 3MiH{ ITapaMeTpiB CEPEIOBHUINA Ta
HenependadyBaHOCTI poOOYOT0 HaBaHTAKCHHST,

* CTBOPEHHS ITiAXOIIB 10 MOOYIOBH aIallTHBHUX CH-
CTEM IUIaHyBaHHS NapajelbHuX pooiT, M0 TMHAMIYHO-Ma-
CIITa0yIOThCS;

* MATPUMKA MEXaHI3MIB aJjanTaii 10 pi3HOMaHiTHO-
CTi XapaKTEePUCTHK POOIT KOPHCTYBaiB Ta BUMOT JIO 1X BH-
KOHaHHS 32 JOTIOMOTOI0 PI3HUX PiBHIB OOCITyrOBYBaHHS.

Teopis mianyBaHHs B ['pia TiCHO MOB'sI3aHA 3 MHO-
JKUHHOIO YITAKOBKOIO CMYT, sika Bisoma sik NP-Bakka i mae
0arato peaJbHHX 3aCTOCYHKIB. Mammuau B I'pix po3risaa-
IOTBCS SIK CMYTH, @ 3aCTOCYHKH — SIK MPSIMOKYTHHKH, BH-
coTa Ta IMHUPHHA SKUX PiBHI, BIAOBIIHO, Yacy poOOTH Ta
HeoOXiqHOMY 4Hciy TporecopiB. [Ipu Takiii TOCTaHOBIT
3aBJIaHHS PIIICHHS IIYKAIOThCS 3 OPIEHTAIIEIO HA CTATHYHI
XapaKTEePUCTHKK MPOrPaMHO-arapaTHoOi 1H(pacTpyKTypu
Ta JI0JIaTKIB KopHrcTyBayda. [lJist Takux mpoOJieM oTpHMaHi
TEOPETUYHI Pe3yJIbTaTH, SIKIIO Yac BUKOHAHHS POOIT 3a-
JIaHo sK B o(hiaiiH, Tak i B OHJalH cueHapisx. OTke, BOHU
MOXYTb IIOBHOIO MIpOIO MiATpUMYBaTH eeKTUBHE PyHK-
LIOHYBaHHS Cepeliax 3 HeCTalllOHAPHUMH XapaKTePUCTH-
kamu. OTKe € HeoOXiTHICTh PO3pOOKH HOBHUX MOJEIEH,

ITOPUTMIB Ta CTpaTerii opranizauii mwianyBaHHs B [pin.
OCHOBHUMH 3aBJIAHHSIMU JUTSL TOCSATHEHHS I[BOTO €:

e aHANI3 Cy4YaCHHX MiXOJIB 0 IUTAHYBAHHSA POOIT
Y HECTaIliOHAPHHUX OOUUCITIOBATEHUX CUCTEMAX;

e po3poOka mozeni ['pif, sika He moTpedye JOCTOBI-
pHOI iH(popMarlii po mapaMeTpy cepeoBHINa Ta Yac BHU-
KOHaHHS poOiT;

e po3poOKa anropuUTMIB €(EKTHBHOTO TUTAHYBaHHS
HE3aICKHUX MapaeIbHIX POOIT IS Pi3HUX CIICHAPIiB;

e OTPUMAaHHS TEOPETHYHHX OIIHOK KOHKYPEHTHHUX
Ta anpOKCUMAITITHIX (aKTOPIB ISl CTATHYHOTO, JMHAMIY-
HOT'O Ta aJIalITUBHOTO IUIAHYBAHHS 3 PI3HUMH KPUTEPISIMU
OIITHMI3aIlii.

BucnoBku

B pesymbraTi mpoBeeHIX TOCTiIKCHb BI3HAYCHA Pi-
3HHI MK XMapHUAMH OOYUCIICHHAMH Ta [ 'pig-o0urcieH-
HSMH 3 NOIVIIAY KopucTyBaua. IlokazaHo, IIO iCHYIOTbH
KJIaCH 3aB/IaHb, SIKI HaJaloTh repeBary I pin-TexXHOorii.
JleTasibHO PO3MIIIHYTI IPOIIECH PO3IOALTY PECYpPCiB Ta 00-
YHCIIeHb 3a fonomorolo I pin-texnoorii. ChopmynsoBaHi
NWUTaHHS, 110 BUHUKAIOTh Ipu BukopuctanHa GRID tex-
HOJIOTIT JIs1 TUTaHyBaHHsI HeCTallioHapHuX cucteM. O0rpy-
HTOBaHa HEOOXITHICTh Ta aKTyaJIbHICTh PO3POOKH HOBHX
Mojieriel, aJrOPUTMIB Ta CTpaTeriid opraHizamii TUIaHy-
BaHHA B ['piz. V migcyMKy MOXKHa CKa3aTH, IO Y CYIACHUX
I'pig TEXHOJIOTISAX, MOXKIIMBICTb 3aBEPIIUTH BUKOHAHHSI
03HAYCHOTO 00CATY poOOTH MOXKEe OyTH HABITH BaXKITHBi-
UM, HIK TIPECKOPEHHSI, OTPHMAaHE 32 JOTIOMOTOF0 TaKOTO
BUKOHAHHSL. .
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GRID technologies in distributed computing environments
Yuliia Andrusenko, Tetiana Fesenko

Abstract. The article considers modern technologies used in distributed computing environments. Article purpose is con-
ducting a comparative analysis of GRID and cloud technologies and identifying the features of Grid technologies. As a result of
the research, the difference between cloud computing and grid computing from the user's point of view was determined. It is shown
that there are classes of tasks that prefer Grid technology. Detailed processes of resource allocation and calculation by GRID technol-
ogy. The questions that arise when using GRID technology for the plan-wave of non-stationary systems are formulated. The necessity
and relevance of development of new models, algorithms and strategies of planning organization in GRID is substantiated.

Keywords: GRID technology, distributed system, cloud technology, resource distribution.
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MOPIBHSIJIbHUAM AHAJII3 .
XMAPHUX TA TYMAHHUX CEPEJOBUI IHTEPHETY PEYUEU

AHoTanisi. MeTolo cTaTTi € NOPIBHAHHS TYMaHHHUX Ta XMapHUX OOUYKCIICHB [Uist [HTEpHETY peueid, a TAKOK OTPHUMAHHS SIK-
HaiOuTbIIe iH(GOpMAaNii TPO MOXKIIMBOCTI TaHUX 00YMCIIEHb, ITOPIBHSIHHS MepeBar Ta HeOMNIKIB NP IX BUKOpHCTaHHI. PesyasTaTn
nocikenHs. OxapakTepu30BaHe XMapHe CepeIOBHUIIe; 0XapaKTepH30BaHe TyMaHHE CepeJOBHINE; BU3HAYCHI KIIFOYOBI BiIMIHHOCTI
TYMaHHOTO Ta XMapHOT'O cepenoBHINa i IHTepHeTy pedeil. 3po0iieHO BHCHOBOK, 110 TIpH po3po0ili [HTepHeTy peuei HeoOXixHO
3piBHATH XMapHi Ta TyMaHHi 00YHMCIICHHS, 100 BUKOPHUCTOBYBAaTH MaKCHMAaJIGHO JOCTYITHI MOXJIMBOCTI Ta BUCOKUH IOTEHIIaI o0pa-
Horo cepenoBuia. [Ipu cymicHOMY BUKOpPUCTaHHI 000X CepeIOBHUII MOYKHA 3aCTOCYHKH 00paHoi cucteMu [HTepHETY pedeit po3noi-
JIUTH HAa TPU HENEPEeCiuHi YaCTUHHM: Ti, IO BHUKOHYIOTHCSA TUIBKHM Yy TYMAaHHOMY CEpeJOBHII, Ti, IO BiIpa3y HepeAaroTh AaHi It
00poOKH y XMapHOMY CEPEIOBHII, Ta 3aCTOCYHKH 3 KOMILIEKCHOIO 00POOKOIO TAHHUX: YaCTKOBO y TyMaHi, YaCTKOBO y XMapi.

KnaouoBi c1oBa: xmapHi 00UHCIIeHHS, TYMaHHI 004YHCIIeHHS, [HTepHeT peyeil.

Beryn

IMocTanoBka nmpodjemu. HoBi BuMorn g0 cydac-
HUX TEXHOJIOTIH € PyXOMOIO CHJIOIO PO3BUTKY iH(OpMa-
LIITHUX TEXHOJIOT1H. [HTepHeT peueli — Le mocTiiHO 3po-
CTaroua iHAYCTpis, sKa BUMAra€e OuUThbIl e(peKTUBHUX CIIO-
co0iB ympaBIiHHsI nepenayucto inpopmariii Ta 00poOKOrO
nanux. [Ipornosyerscst, mo y 2025 pori KibKicTh ImiaK-
JIIOUSHHX MPUCTPOIB [HTEepHETY peuel 301IBIIUTHCS /10
75 minbsapaiB. Bei mi mpucTpoi MiCTUTAMYTE BEJHUYE3HY
KUTBKICTh JaHUX, SKi Tpeba 00poOIsATH MBHIKO Ta 3pyd-
HUM cnoco6oMm. [ToMiTHBIIM BHCOKHII NMONUT HA TpH-
CTpOi IHTEPHETY, 10 XMAapHHX OOYHCIICHb MOYHHAIOTH
JI0AaBaTHCS TYMaHHI 00YHCIIEHHs. 3a NeIKUMH XapaKTe-
pPHCTHKaMHU TyMaHHI OOYMCIIEHHS HaBiTh Kpalli 3a XMa-
PHi, OT)Ke TpeOa BUSIBUTH, SIKE CEPEIOBHIIE JUIsT KOHKpe-
THOT CHUCTEMU Oyze OiIbLI CIPHUSITIMBHM.

AHani3 aiteparypu. IIutaHHS BUKOPUCTAHHS XMa-
PHHX CepeloBHII PO3IisiHyTi y podorax [1-3]. Poboru
[4-6] opieHTOBaHI Ha TyMaHHI cepepoBHIIA. Aje y Ja-
HUX po0OTax BiACYTHIN NOPIBHAIEHUNA aHAI3 JaHUX Te-
XHOJIOTIiH, OpieHTOBaHMIA Ha [HTepHET pedei.

Merta Ta 3aaa4i gocaixKeHnb. MeTOI0 TaHOro J10C-
JDKEHHS € TOPIBHIHHS TYMaHHHUX Ta XMapHUX 004HC-
JieHb Uil [HTepHeTy pedeid, a TakoXK OTpUMaHHS SKHai-
OinpIne iHpOpMAaIii TPO MOMKIIMBOCTI JAHUX OOYUCIICHB,
MOPIBHSHHS TIepeBar Ta HeJOMIKIB PH iX BUKOPHCTAHHI.

JInst JOCSITHEHHS TIOCTABJICHOT METH HEOOXiHO BH-
pimu Taki 3amadi:

— OXapakTepu3yBaTH XMapHe Cepe/IOBHIILE;

— OXapakTepu3yBaTH TyMaHHE Cepe/IOBHIIIE;

— BU3HAYMTH KIJIIOYOBI BIIMIHHOCTI TyYMaHHOTO Ta
XMapHOTO cepeoBHIIa Ui [HTepHeTy peueid.

1. XapakTepucTHKa XMapHOT0 cepeI0BHINA

1.1. 3araabHi BJacTHBOCTI. Y3araJbHEeHUH Tep-
MiH «XMapay CKJIaBCs BXKe BIJJHOCHO JIaBHO i MO3HAYae
CHCTEMY, IIO CKIIAJIAETHCS 3 JIEKUILKOX TPUCTPOIB, KOM-
'TOTepiB 1 cepBepiB, 3'€THAHUX MK co0ot0 uepes IHTep-
Her. Take cepenoBuiie MoXe OyTH YMOBHO IO/IiJICHE Ha
JIBl YaCTUHU:

e 30BHIIIHII iHTepdeiic — npucTpoi KiieHra, 10
SIKUX MOXYTb OyTH BiJIHECEHI KOMII'IOTE€pH, IUIAHILIETH,
MOOLTBHI TENEC(POHU TOIIIO;

e BHYTpIlIHIN iHTepdeiic — cucrema 30epiraHHs
JAHUX 1 0OPOOJTFOrOUI CUCTEMH, SIKI MOXKYTh OyTH Bijjia-
JICH1 K BiJl IPUCTPOIB KJII€HTA, TaK 1 BiJl YaCTUHH CKJIa-
JIOBUX Oe3mocepeIHbO caMol XMapH.

Ili nBi YaCTHHHM CUCTEMH B3aEMOJIIOTH M COOOI0
3a JIOTIOMOT010 OE3/JpOTOBHX 3'€/THAHB.

TexHoJOTisI XMapHUX 00YUCIICHb HAJa€ Pi3HI BUIH
MOCJTYT, SIKi MOKHA ITOIUTATH HA TPH TaKi OCHOBHI TPYIIH:

e nocayeu ingpacmpyxmypu (1aaS ) — BigmaneHuii
HEHTP 00pOOKH JaHUX 3 TAaKUMU PECypcami, K po3Mi-
HICHHS TaHUX, 00YHCITIOBAIbHI TIOTYKHOCTI Ta MEPEXKI;

o nuampopma sixk nocryea (PaaS) — po3BUTOK 112~
TOPMHU 3 NPHUCTPOSMH Ta KOMIIOHEHTAMH JJIsl CTBO-
PEHHSI, TECTyBaHHSI Ta 3aIlyCKy 3aCTOCYHKIB KOPHCTYBa-
4iB XMapH;

e nocayeu npocpamuoco 3abesneuenns (SaaS) —
TOTOBE MPOTpaMHe 3a0e3MedeH s, KOTpe BiANOBIIa€ Mo-
TpedaM KOPHUCTYBaviB XMapH.

SIkmo KommaHis BHOpana XMapHE CXOBHILIE, TO
BOHA OTPHUMA€ JIOCTYII IO BUILIEBKAa3aHUX IMOCIYT 3 OJI-
HOTO Micl pO3TAllyBaHHA Ha KIJIBKOX TIPHUCTPOSX.
OTxe, IOCTYIHICTh — II¢ TOJIOBHA TiepeBara. Kpim Toro,
HeMae HeOOXIJAHOCTI MiATPUMYBATH OKPEeMi MOCIYTH i
MOYKHA HE 3BEpPTaTH yBary Ha HeJl03aBaHTA)KEHHS CHUC-
TeMu a0 Ha 11 mepeBaHTaKEHHs — BCe I € TypOOTH Bia-
CHHKA XMapHOT'O CepeJIOBUINA.

IHTerparnis iHTepHET-peUei i3 XMapHUM CepeIOBHU-
IIIeM Ha ChOTOJIHI, 6E3CYMHIBHO, € OJJHUM i3 MOXKJIMBHX
BUTIJTHUX pillleHb. XMapHi cepBepH 3a0e31eyoTh He00-
X1JIHy MICTKICTb 1 THYUKICTb JJIsl YIPaBJIiHHS Ta aHAII3y
310paHMX JaHKX 3 MiAKII0YEHUX IPUCTPOIB, B TOH Yac K
crieriayibHi mIaTgopmu, Taki sk, Hanpukian, Asure [oT,
Suite, IBM Watson, AWS, Google Xmapa ms [oT, na-
JIAIOTh PO3POOHUKAM MOKJIMBICTH CTBOPEHHSI SKICHUX
3aCTOCYHKIB 0€3 BeIMYe3HUX BKJIAJCHb y MPOTpPaMHE Ta
TeXHIYHE 3a0€3MeYeHHS.

1.2. TlepeBaru xmMapHoro cepeaoBuia st Inre-
pHeTy pedeii. Tak sk miKII0YeH] IPUCTPOT 0OMEKYIOTH
MICTKICTh 1 00UHCITIOBAJIbHY HMOTYXKHICTb, TO IHTErparis
MIPUCTPOIB 3 XMapHUM CEpEJOBHUIIEM JOTIOMOXeE 3a0e3-
MIEYNTH TaKi MOYKIIUBOCTI:

e TOKpalleHHs pyHKIIOHYyBaHHS (IIBUAKHH 3B's-
30K MDXK JaT4ukamMu [HTepHeTy pedell Ta cucremMamu 00-
pOOKH MaHMX);
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e MicTKicTh (100pe MacimTaboBaHe i HEOOMEXKEHe
Micie Uit 30epiraHHs, CepBic SKOTO MOXKE 00'€HATH,
3'€IHATH 1 PO3IOALIUTH BEIIMUC3HUN 0OCST TaHUX);

e 00poOka naHux (BingaiaeHi HEHTPU 0OpOOKH J1a-
HUX 320€3Meuy0Th HeOOMEXKEHI BipTyanbHi MOMKIIUBOCTI
00poOKH 32 BUMOTOI0);

e 3MCHIIEHHS BUTpaT (JTieH3iiHi 300pu HUXKYIE,
HIXK BapTiCTh 00aTHAHHS HA TOYaTKOBOMY PiBHI Ta HOTO
MOCTiiHEe 00CITyTOBYBAaHHS).

1.3. Henostiku BUKOPUCTAHHS XMAPHOTO Cepeno-
Buma jjs Intepuery pedeii. B xmapHiii TexHOJIOTI €
JIesIKi HeIOJIIKH, SIKI MOXKYTh OyTH BiJUyTHHUMH NpHU 00-
CJIyrOoBYBaHHI IPUCTPOIB IHTEpHETY peueii.

e BHCOKHH 4Yac OYiKyBaHHs (3aCTOCYHKH [HTEp-
HETy peucii Bce OUIbIIE BHMararTh, MO0 Yac OYiKy-
BaHHs OYB SIK MOJKHA HH)KYE, aJIe XMapa HE MOXKE rapaH-
TYBaTH 1€ 13-3a ICHYIOUOT'O PO3PHBY MK NPHUCTPOSMH
KJII€HTA Ta [EHTpaMu 00pOOKH JaHHX);

e gac MpOCTOoIO (TeXHIUHI MpoOIeMu Ta 3001 B Me-
pexax MOXKYTb CTaTUCS 3 Oy/b-sIKOI MPUYHUHH B OYy/ib-
SIKIH cHCTeMI, sIka BUKOPHCTOBYE [HTEepHeT, 1 TaHi Kiie-
HTa MOKYTb HOCTPIKAATH IIPH BiKITIOYCHHI SIICKTPHKH;
00 YHUKHYTH Mpo0JieM, 0arato KOMIaHiii BUKOPUCTO-
BYIOTh KiJIbKa KaHaJIB 3B'SI3Ky 3 aBTOMAaTHU30BaHOIO BiJ-
MOBOCTIHKICTIO);

e Oesmeka Ta ocobucra iH(popmaris (ocodbucra iH-
(hopmMariist IepeaeThes Yepe3 rJ00abHO MMOB sI3aH1 KaHATH
pazoM i3 ThcsYamMy rirabaifTiB iHdopMarii iHIIMX KOPUCTY-
BauiB; TOOTO CHCTEMA CTAE HEOE3IEUHOKO ISl BTPATHU IAHHUX
a00 MoOJKe He BTpHMAaTH KibepaTtaky; mpodJiieMa Moxe OyTH
YaCTKOBO BHPIIIICHA 32 JJOTIOMOTOFO TiOpuIHOT obmacti abo
CTBOPEHHSI 0COOMCTOr0 XMapHOT'0 CXOBHIIIA).

2. XapaKkTepuCcTHKA TYMAHHOTO CepeoBHINa

2.1. 3aransni Br1acTuBocTi. TepMiH «TymMan» abo
TyMaHHI oOumcieHHs OyB mpwuitHsatuii CISCO B 2014
potii, ToMy BiH € HOBUM JijIs OLTbIIOCTI JFoiei. TyMaHHi 1
XMapHi 00YHCIICHHS B3aEMOTIOB'sI3aH1 MiXk c00010. Y TIpH-
POl TyMaH OJIFDKYE JI0 3eMITi, 9UM XMapa, B cBiTi IT-Tex-
HOJIOTill BiIOYBa€eThCS T€ XK came, TyMaHHI OOYUCIICHHS
OsrKYe JI0 KIHIEBOIO KOPUCTYBaya, Mepejalodn MOKIIHU-
BICTh XMapHHUX OOYKCIICHb KIHIICBOMY KOPUCTYBA4CBI.

BusHaueHHs: MoXke 3By4aTH Tak: TyMaHHI oO4wmc-
JICHHSI — 11e PO3LIMPEHHS XMapHUX 00YHCIICHb, 1110 CKJIa-
JIA€THCS 3 KUTbKOX TPaHUYHUX BY3J1iB, 0€3110CEPEAHBO ITi-
JTKITIOYSHHX 10 (i3HIHUX MTPUCTPOIB.

Taki By3nmu ¢i3uuHO Habarato Onmx4e a0 IpHU-
CTpOiB Yy MOPIBHSHHI 3 IIEHTPali30BaHUMHU LIEHTpaMH 00-
pOOKM JTaHUX, TOMY BOHHM 3/aTHi 3a0€3IeYUTH TPaKTH-
YHO MOMEHTAJbHI 3'€/lHaHHA. 3HaYHa OOYMCIIIOBAJILHA
MOTYXHICTh nepudepiiHuX BY3IIB JJ03BOJSE iM camo-
CTIHO BUKOHYBATH 0OpPOOKY BEJIMKMX 00’ €MIB JITaHUX, HE
BIIMTPABJISIFOYH iX HA BiJJAJICHU cepBep.

TymanHi OOYHMCIEHHS TaKOX BKIIOYAIOTH XMapHi
00YMCIICHHST — HEBEJIMKI Ta IOCUTH TIOTYKHI IEHTPH 00pO-
OKM aHWX, pO3TAIlIOBaHI HA TPAHUYHOMY CETMEHTI Me-
pexi. [x MeToro € mifTpumMKa pecypcoeMHHX iHTEpHET-3a-
CTOCYHKIB, sIKi HE ITOTPeOYIOTh ClielialIbHUX BUMOT Ha 4ac
3aTpuMKH. OCHOBHA PI3HUIA MDK TYMAaHHHMH Ta XMap-
HUMH OOYMCIICHHAMH MOJISITAE B TOMY, 110 XMapa SIBIIsiE
co00r0 LIEHTPaJIi30BaHy CHCTEMY, a TyMaH SIBJISIE COOOIO
PO3NO/IUICHY ACLEHTPATi30BaHy IHPPACTPYKTYPY.

TymaHHI 00YHCIICHHS € IOCCPEAHUKOM MiXk 001a]1-
HaHHSM 1 BIJQJICHUMU cepBepamMu. Y TyMaHHOMY cepe-
JIOBHIIII BU3HAYAIOTH, siKa iH(QOpMaIlis Oyje BiAmpaBicHa
Ha cepBep, a sKy iH(pOpMallilo MOXHa peaaryBaTu Jio-
KabHO. TaKuM YMHOM, TYMaH MOYHA PO3IJISIATH SIK 1H-
TENEKTyaJbHUN 1ITI03, KOTPUH PO3BAHTAXKYE XMapy, 3a-
Oe3mneuye OimbIT eheKTHBHY POOOTY Ta aHaI3 TaHUX.

Ane Tpeba BII3HAYMTH, IO TyYMaHHE CEPEIOBHUIIE
HE Ma€ OKPEeMOi apXiTeKTypH 1 He 3aMIHIOE XMapHi 009H-
CIICHHSI, a MIBH/IIE JOMOBHIOE 1X, MAKCUMAJIbHO HAOIH-
JKAI0YIHCh JI0 JDKepera iHpopMarrii.

TyMaHHa TEXHOJOris Ha CBHOTOJHI JCMOHCTPYE
HaiOlTbIIMi BB Ha [HTEpHET pedel, BOyIOBaHi pi-
LIEHHsI [ITYYHOTO iHTeNeKTy Ta 5G, OCKIJIbKH BOHH, SIK
HIKOJIM paHille, BUMararoTh MIBUAKOI Ta Oe3rnepediiHoi
poOoTH Ta B3aEMOJIIT y peajbHOMY Yaci.

2.2. [lepeBarn TymMaHHoro cepenoBuma s In-
TepHeTy peueil. BUKOpHCTaHHA TyMaHHOTO cepeno-
BuIIa (200 3aTyMaHIOBaHH:) Mae Oarato mepesar s [H-
TEPHETY pedei, BeMUKUX JaHUX | aHATITUKA JaHUX B pe-
anpHOMY Yaci. JI0 OCHOBHEX IlepeBar TYMaHHHUX O04HC-
JICHb MOYKHA BiTHECTH TaKi:

e  MOXJIMBICTH NMPAKTUYHOI peajtizalii 00poOKu Jia-
HHX y peallbHOMY 4aci (TyMaH reorpadiqHo OKge 10 Ko-
pHCTyBadiB 1 31aTHUIT 320€31€YNTH MUTTEBUI BIIKIINK);

e HeMae mpoOJIeM 3 MPOIMYCKHO 3MaTHICTIO (da-
cTuHa iHdopMallii arperyerbcs B pi3HUX TOUYKaX, a HE
BIJITIPABJIIETHCSI B OJTUH LICHTP 110 OJJHOMY KaHaIy);

e TPaKTUYHO HEMOXKITMBA BTpaTa 3'€THAHHA (i3-32
BEJIMKOi KITBKOCTI aJbTEpPHATUBHUX NUIAXIB Ta 3'€IHA-
HUX KaHAJIiB);

e BHCOKHHU pPiBeHb O€3NeKH (IaHi 00pOOIIFOThCS
BEJIMUYEC3HOIO KIBKICTIO BY3IIiB Y CKJIAIHINA pO3MOIiICH I
CUCTEMI);

e IOKpallleHnH iHTepdelic kKopuctyBaya (MOXIHU-
BICTh peati3allil MUTTEBOT'O BIJKIUKY Ta BIICYTHOCTI 3a-
TPUMOK Y KaHaJlax 3B SI3KY);

e cHepreTMyHa e(ekTuBHICTH (nepudepiiiHi By-
3111 BUKOPUCTOBYIOTb y pOOOTI BUCOKOE()EKTUBHI IPOTO-
KoJtu, Taki sik Bluetooth, Zigbee a0 Z-xBuiist).

2.3. Henosriku BUKOPUCTAHHS TYMAHHOTO cepe-
noBua i InrepHery peueil. Xoua if TyMaHHa Tex-
HOJIOTiSl He Ma€ Oy/Ib-IKHX SBHUX HEIOJIKIB, aJie BCe XK
TaK{ MO’KHA BUJUTATH JEsIKi HETaTHBHI MOMEHTH TIPH 11
BHKOPHUCTaHHI IS [HTepHETY pedeii:

e cHCTeMa TYMaHHUX OOYMCIICHb OiJIbIN CKIIAIHA,
TOMY III0 TYMaH € JOJaTKOBUM IIAapOM y CHUCTEMi 00po-
Oxu Ta 30epiraHHs JaHWX;

e JI0AAaTKOBi BUTpAaTH (HEOOXiTHO KYIyBaTH JO-
JaTKOBe 0ONaHaHHA: nepudepiiiHi MpUCTpoi-poyTepH,
MapUIpyTH3aTOPH, LILTIO3H TOIIO;

e oOMexeHMI MacmTad (BiAMIHHICTh BiJl XMapH).

3. Kirouosi BigminHocTi
TYMAHHOTO T2 XMapPHOI'0 CepeoBHINa

Xo4a KOHIENIi TYMaHHUX 1 XMapHUX OOYUCIICHb
JTy’Ke€ CXOXi, aJie BCe ) TaKW MK HUIMH € PI3HHIIS 3a Jie-
SAKAMU TTapaMeTpaMu. 3a3HAYMMO OCHOBHI BiZIMiHHOCTI,
110 iICHYIOTh MK HUMH, SIKi MOXKYTb Oy TH CYyTTEBUMU IIPU
00po0r11i Janux [HTEpHETY pedei.

1. Sk Oyno mokaszaHO BWIIE, OCHOBHA PI3HHUIL MiXk
TyMaHHAMH Ta XMapHAMHU OOUYHCIICHHIMH € apXiTeKTypHa,
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TOOTO XMapa € ICHTPAII30BAHOK CHCTEMOIO, TOMI K TY-
MaH 3aBXK[ € PO3IOUICHO JICICHTPAII30BaHOI0 iH(pa-
CTPYKTYPOR. APXITEKTypa XMapHu CKIIAIA€THCS 3 BEIUKHUX
LIEHTPIB 0OPOOKH JaHUX, SKi MOKYTh OyTH PO3MIIIEH] 110
BCHOMY CBITY, Ta OOCITyrOBYBaTH THUCSYi a00 HABITH MiJIb-
HOHIB KOPHUCTYBadiB. ApXIiTeKTypa TYMaHy CKJIQJA€ThCS 3
BEITMKOI MHO)KHHU HEBEJIMKUX BY3JIIB, 10 PO3TAIIOBAHI SIK
MOYKHA OJIFDKYE JI0 TIPUCTPOiB [HTEpHETY pedeit.

2. TymaHHE cepeoBHIIE y 3arajJbHOMY BHITAJIKYy
PO3TIAAETHCS K MMOCEPEAHUK MK IIEHTpaMu 00pOOKH
JAaHUX 1 arapaTHUMU 3ac00aMH, 1, BIATIOBITHO, HOT'O KOM-
MMOHCHTH CYTTEBO OJIDKYE JO KIHIIEBHX KOPHCTYBAdYiB.
SIkiio HeMae mapy TyMaHy, TO XMapHE CEpeIOBUIIE Ha-
MpsIMY 3B'SI3YETHCS 3 MIPHUCTPOSIMU [HTEPHETY pedei, 1o
MOJKe 3aiiMaru Oarato Jacy.

3. Ilpu peamizawii XMapHUX 00YHCIIEHb 00pOOKa
JAHUX BiZ0OyBA€THCS Y BIATICHUX IIEHTPaX 00poOKH J1a-
HuX. OOpoOKa Ta 30epiraHHs JaHUX NPH TYMaHHUX 00-
YHCIICHb 3IUCHIOEThCS HA TPAHUYHOMY CETMEHTI Me-
PEeXi, KOTPHH 3HAXOIUTHLCS TOPYY 13 JKepeaoM iHdop-
Mallii, 1o Mae BUpIMaIbHE 3HAUCHHS JUIS peari3alii pe-
UMY PEabHOTO Yacy.

4. XMapHe cepeIOBHUIIE TaPaHTOBAHO € OUIBII (Py-
HKI[IOHAJBbHUM, HI’)K TYMaHHE CEPEOBUIIC Y BITHOIICHHI
3HAYYIIUX PECYPCIB I MOXKIIUBOCTEH 30epiraHHsI.

5. Xmapa 3BHYaiHO CKIIaJIa€ThCs 3 KIIBKOX KpYTI-
HUX CEpBEpHUX BY3iB. TyMaH BKIIOYA€E B ceOE BEJIUKY
KIJIBKICTB IPIOHUX BY3IIB.

6. YV TyMaHHUX OOYHCIICHHSX BUKOHYETHCSI KOPO-
TKOCTPOKOBHI aHAIII3 Ha IPAHUYHOMY CErMEHTI MEepexi
i3-32 MUTTEBOTO BIIKJIMKA, B TOH Yac K y XMapHUX 00-
YHCJIEHHSX MPOBOJIUTHLCSI IOBIOTPUBAIHI IITHOOKUIT aHa-
J113 13-32 MOKIIMBOCTI O1JIbIII TTOBUIBHOTO BiIKIMKA.

7. Tlpm TymMaHHMX OOYMCICHHSX Yac 3aTPUMKH
3aBXK/M € HU3BbKUM, ajie I[P XMapHUX OOYHMCICHHSX 3a-
3BHYail BIH € BUCOKHM.

8. XMapHa cucremMa MOXKe 3pyHHYBaTUCS TP BiJ-
MoBax Mepexi [HrepHer. TyMaHHI 00UNCIICHHS! BUKOPH-
CTOBYIOTb Pi3HI IPOTOKOJIH 1 CTAHAAPTH, TOMY PU3HK Bi-
JIMOBH € Habarato HIKYHM.

9. TymaHnHe cepeoBHIIIE € OLTBIT OE3TEIHOI0 CHCTE-
MOI0, HIDK XMapHe i3-3a HOT0 pO3IOIiICHO! apXiTEeKTyPH.

BucHoBKkH Ta 00roBOpeHHs

TyMmaHHI 00YHCIICHHS € OJTHUM i3 pillIeHb y poOoTi
3 IPUCTPOSIMU [HTEpHETY pedei, TOMY 1110 BOHU MOXKYTb
3aJI0BOJIBHUTH MOTPEOH MOCTIHHO 3pOCTaI0u0] KIJIBKOCTI
M IKITIOYSHUX MPUCTPOIB. Y TYMaHHOMY CEPEIOBHIIII BH-
KOPHUCTOBYIOTKLCS JIOKJIBbHI, 2 HE BiAIaJIeHI KOMIT FOTepHIi
pecypcH, 1o poOUTh MPOAYKTHBHICTD OITBII €(EKTHB-
HOIO Ta MOTY’KHOIO, & TAKOX 3MEHIITY€ PoOIeMH 3 TIPo-
ITyCKHOIO 3/IaTHICTIO.

ATne He3BaXKAIOYM HA IIe, Y NEAKUX BUIAIKaX XMa-
pHE cepeloBuIle MOKe OyTH OUIBII NPUIHATHAM, BBa-
JKAIOUH Ha JesKi HEJIOJIKU MPH BUKOPUCTAHHI TYMaHy.

OTxe npu Bpo3poO1i [HTepHeTY peueil HeoOXiaHO
3pIBHATH XMapHi Ta TYMaHHI OOYUCIICHHS, 11100 BUKOPHU-
CTOBYBAaTH MAaKCHUMAaJIbHO JOCTYITHI MOXJIMBOCTI Ta BHU-
COKHMI ToTeHIian oOpaHoro cepeaoBumia. [Ipm cymic-
HOMY BHUKOPHCTaHHI 000X CEepelIOoBHIN MOXKHA 3aCTOCY-
HKH 00paHoi cucTeMu [HTepHETY peuei po3moAiIiuTH Ha
TPH HENePeCiuHi YACTUHHU: Ti, O BUKOHYIOTHCS TUTLKH Y
TyMaHHOMY CEPEeIOBHIIII, Ti, IO BiApa3y MepenaroTh naHi
UL 00pOOKH y XMapHOMY CEPEIOBUIIl, Ta 3aCTOCYHKH 3
KOMILICKCHO 00POOKOI0 TAaHKX: YaCTKOBO Yy TyMaHi, ya-
CTKOBO Y XMapi.
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Comparative analysis of cloud and fog environments of the Internet of Things
Oleksandr Zakovorotnyi, Tetiana Orlova

Abstract. The purpose of the article is to compare fog and cloud computing for the Internet of Things, as well as to obtain as
much information as possible about the possibilities of these calculations, to compare the advantages and disadvantages of their use.
Research results. Characterized cloud environment; a characterized foggy environment; the key differences between fog and cloud
environments for the Internet of Things are defined. It was concluded that when developing the Internet of Things, it is necessary to
balance cloud and fog computing in order to use the maximum available opportunities and high potential of the chosen environment.
With the combined use of both environments, the applications of the selected Internet of Things system can be divided into three non-
intersecting parts: those that are executed only in the fog environment, those that immediately transmit data for processing in the cloud
environment, and applications with complex data processing: partly in the fog, partly in the cloud.

Keywords: cloud computing, fog computing, Internet of Things.
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'TIAT “HaykoBo-BupoOHMYE TiAIPHEMCTBO “Paiii

, KponnuBHu1pkuii, Yxpaina

’[leHTpaNbHOYKpPATHCHKUIA HALIIOHATIBLHUN TeXHIYHMI YHiBepcuTeT, KponuBHuIbKHiL, YKpaina

JOCJIIZKEHHSA BUMOI' MIZKHAPOJHUX CTAHIAPTIB IEC 60880 TA IEC 62138
3 PO3POBKH ITIPOT'PAMHOTI'O 3ABE3ITIEYEHHS THOOPMAIIIMHO-KEPYIOUNX

CUCTEM AEC, BAXKJ/IMBUX JJIA BE3IIEKHU

AHoTaunis. Ha croromnimmiii 1eHh 3HaYHA YaCTHHA EJIEKTPUYHOI €HEpril BUPOOIAETHCS aTOMHUMH €JIEKTPOCTAHIIISMH.
ATOMHA CHEpPreTuKa — e JICHICBUI, CKOHOMIYHO BHTITHHUI Ta EKOJOTIYHHN CIOCiO 3a0e3MeucHHs MOTped JIFOUHU SICKTPOe-
Hepriero. PazoM 3 TiM, 11e BUPOOHMIITBO ITOB’s13aHE 3 HEOOXITHICTIO 3a0€3IIeUeHHs 3aXHCTY JIIOIMHH Ta HABKOJIMIIHBOTO cepe-
JIOBHIIA Bijl iOHI3YIOYOTO BHIIPOMIHIOBAaHHSI SJIEPHOTO MaJIMBa M) Yac HOPMAIBHOI eKCIUTyaTalil CTaHmil Ta IpU BUHUKHEHHI
aBapiitHux cutyaniii. AToMHi enextpoctatuii (AEC) MicTATh BeJMKy KUIBKICTh 00J1aTHAHHS IS 3a0€3M1eUeHHs TEXHOJIOTIYHHX
MpoLeciB Ta BUKOHAHHS (QyHKIIH Oe3neku. MeTo1o poOOTH € TOCHiHKEHHS BUMOT 10 (POpMyBaHHS )KUTTEBOTO IIUKITY, OCHOB-
HUX €TalliB MPOEKTYBaHH 1 JOKYMEHTYBaHHSM MPOIPaAMHOT0 3a0e3MeUeHHsT KOMIT FOTEPHHUX CHCTEM YIPaBJiHHS aTOMHUX elle-
krpoctanniid (I13 KCY AEC), mo BukoHyt0Th QyHKIIi Oe3mekn kareropiii «A», «B» ta «C». Bumoru no I13, mo BukoHye
¢byHKkii 6e3nexn kateropii «A», HaBeneHi B MixxaapogaoMy cranaapti IEC 60880 «Nuclear power plants — Instrumentation and
control systems important to safety — Software aspects for computer-based systems performing category A functions», BuUMoru
1o 13, mo Buxonye ¢yHKil 6e3nexu kateropii «By» 1 «C», HaBeneHi B MibkHapogHoMy cranaapTi IEC 62138 «Nuclear power
plants — Instrumentation and control important for safety — Software aspects for computer-based systems performing category B
or C functions». O6’€KTOM A0CTITKEHHS € TIPOLIEC PO3POOKHU MPOrPAMHOT0 3a0€3MeUCHHS /ISl KOMIT FOTEPHUX CUCTEM YIIpaB-
niaas AEC. Ipeamerom e nociimkeHHs: BuMor Mixkaapoaux cranaaptiB IEC 60880 ta IEC 62138 3 po3poOku mporpaMHOro
3abe3neyeHHs iHpopManiiiHo-kepytounx cucteM AEC, BaxmuBux it Oe3neku. Y pe3yJibTaTi AOC/izKeHHs PO3TIIHYTa 3a-
raipHa cTpyktypa BuMor cranaptiB IEC 60880 ta IEC 62138, Bu3Ha4eHi rpynu y4aCHHUKIB, SKi IPHHMAIOTh Y4acThb B po3po0Li
[13 KCY AEC Ta po3noziieHHs1 BUAIB JisUTBHOCTI 3 po3poOku [13 Mixk MU rpymaMu, MPOBEACHNI aHaJi3 BUMOT 3aralbHUX
BHMOT Ta BUMOT JI0 eTairy po3po0ku crienmdikanii I13, Bumor 1o erary npoekTyBaHHs Ta peanizauii [13, BuMor o eramy Bepu-
(ikarii, iHTerparii Ta Baigamii Ta BUMOT JI0 €Tally BCTAHOBJICHHS, EKCIUTyaTanii Ta Moaudikatii, chopMoBaHa TabIHUII pO3IO-
ninenHs BuMor 1o [13, mocrmimkeHi 3aco0u iMIIeMEHTaIlil BUMOT, BU3HAUCHA MPO0ieMa OI[IHKHU BiMOBIHOCTI CTaHaapTy. Bu-
cnoBkH. MixnapoHi crannapty IEC 60880 Ta IEC 62138 micTsTh BakiuBi BUMOTH 10 Beix eramiB po3pooku 13 KCY AEC,
BaYKJIMBOTO JUIsI Oe3mekn. BIMory cTocyroThes sIK OpraHi3alifiHiX MMTaHb, TaK 1 TEXHIYHHUX aCIeKTiB. 3TiJHO 3 IIMMH CTaHAapTaMH,
KOYKHE TiIPUEMCTBO, 110 3aiiMaeThest po3podkoro 113 KCY AEC, mae Bu3HaunTH pobodi rpymy, siKi OyAyTh peani3oBYBaTH pi3Hi
erarm XKL (mpoexTyBaHHs, peanizais, Bepudikais Tomio). CTaHaapTH He MiCTATh BUMOT 10 iHTepdeiiciB kopuctyBada [13. Tomy
OITHUM 3 HAIPSMKIB HACTYITHHUX IOCHTI/HKEHb CTaHYTh BAMOTH IHIIMX MbKHapomHux cranaaptiB—IEC 61772 «Nuclear power
plants — Control rooms — Application of visual display units (VDUs)» («BizyanbHi mpuctpoi BimoOpaxkenHs») ta IEC 62646
«Nuclear power plants — Control rooms — Computer-based procedures» («Komm’rotepi3oBaHi mporeaypr»), a Tako)K BUMOTH Ta-
JIy3eBHX HOPMaTHBHUX TOKyMeHTiB, Takux ik NUREG-0700 «Human-System Interface Design Review Guidelines» — «IToGynoBa
inTepdeiici «moauHa-marmua» (U.S. Nuclear Regulatory Commission, CIIIA). B cranaapTax He BU3HAYA€ThCS 3arajbHOMpPHUii-
HSTHX METPUK, I1I0 BKa3yIOTh CTYMiHb BinoBinHocTi [13 manum crangapraM. Buxostin 3 11b0ro, KoyKHa OpraHizartis, sIka BUKOHYE
omiaky BiamoigHocTi 13 Ta KCY B misloMy BUMOTaMm cTaHAapTiB, MIOBHHHA CTBOPUTH BIIACHY METOJHKY TaKOi OLIHKH. Tomy
METO0 HACTYITHHX JOCTIPKEHb € BUBUCHHS 3aC00iB OIIHKY crienu¢ikamiii BUMOT, MeTpuK Koy I13, KputepiiB MOBHOTH TeCTy-
BaHH# [13, sKi MOXXYTh OyTH BUKOPHCTaHI IS PO3pOOKH (GOpMaTbHUX METOMK OLiHIOBaHHSA [13 BIMoraM craHmapTiB.

KnwuoBi caoBa: nporpamue 3abe3neueHHs, koM oTepHi cucremu ynpasininas, AEC, IEC 60880, IEC 62138.

AHani3 ocTaHHix aocaixkens i mydaikaniii. Oy-
HKIIii O€3MeKH B 3aJI€KHOCTI BiJl HACHIJKIB BiZIMOBH 1 XU-

Beryn

HocTranoBka mpodaemu. Ha croromHimHINA 1eHb
3HAYHA YacTHHA EJIEKTPUYHOI eHeprii BUPOOISIETHCS
aTOMHUMHM eJIeKTpocTaHlisiMu [1]. ATomHa eHepre-
THKA — 1€ JELICBHI, EKOHOMIYHO BHUTIJHUN Ta €KOJOTiY-
HUH crnoci6 3a0e3neyeHHs OTpeO JIIOANHY €lNeKTPOeHe-
prieto. Pa3om 3 Tum, 11e BHPOOHHUIITBO OB’ s3aHE 3 HEOO-
XiHICTIO 320€3MeueHHs 3aXUCTY JIFOIUHU Ta HABKOJIHIII-
HBOTO CEpEeNOBHIIA BiJl 10HI3yI0OUOI'O BHIIPOMiHIOBaHHS
SZIEPHOTO MMATMBA ITiJT 9aC HOpMaJIbHOI eKCITTyaTallii cra-
HIIi{ Ta IpM BUHWKHEHH] aBapiifHUX cUTyartiil.

ATtowmHi enexktpoctanii (AEC) micTaTh BenuKy Ki-
JBKICTh 00JaHaHHS AU 3a0e3MeUeHHsT TEXHOJIOTTYHIX
MIPOLIECIB Ta BUKOHAHHS (QYHKIIH Oe3neKH.

OHOTO CIpaIfoBaHHS KJIACH(]iKyIOTh 3a KaTeropisiMu. Y
Pi3HUX HOPMATHBHMX JOKyMEHTaX Kiacugikaris QpyHK-
il 6e3MmeKr MOKe BiIPI3HATHCS. Y BiIMTOBIHOCTI 3 MiXK-
HapomauM ctaHgaptom IEC 61226 («KCY AEC BB.
Posmnoin 3a kareropismu ®@by») [4] BuainstoTh 3 karero-
pii dyHKii Oe3neku: «Ay», «B» Ta «Cy». Y BiamoBigHOCTI
3 HopMaTuBHUM AoKyMeHToM MAT'ATE «Safety Classi-
fication of Structures, Systems and Components in Nu-
clear Power Plants: Specific Safety Guide No. SSG-30»
[5] Buminstors 3 kmacu 6e3neku: «1y», «2» Ta «3». 3 me-
TOIO0 YHUKHEHHS AyOJIOBaHHS KJIacH]iKallii KaTeropii B
JaHi# craTTi Oyne BUKOPHCTOBYBATHCS MO3HAYCHHS Ka-
Teropiii 3a momomororo jitep «A», «B» ta «Cp, sK
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BkazaHo B ctanaapti [EC 61226. dyHkuii kateropii «A»
€ HalOLIbII BaXKJIMBUMHM IS TTONIEPEKEHHS a00 3aXu-
CTy MiJ yac aBapiiiHUX cuTyauii, GyHKIT kareropiit «B»
Ta «C» MaroTh MEHIIHNH CTYTiHb Ba)KJIMBOCTI.

Bci mpuctpoi, cucTeMu i KOMIIOHEHTH, BKIFOYAI0YH
nporpamue 3abe3nedeHss (I13) ams xoHTpons i ympas-
JIHHS, IO ABJIAIOTHCS €IIEMEHTaMH, BaXKIMBIMH A1 O€3-
TIeKH, TIOBUHHI OyTH BU3HAUYEHI, a TIOTIM KiIacupikoBaHi
Ha OCHOBI (DYHKIIii, [0 BUKOHYETHCS, 1 BAXIIUBOCTI IS
6esmekn. Orsan kimacupikamii KOMIT IOTEPHUX CHCTEM
ynpasriaasa (KCVY) i mporpamuoro 3abesneuenss (I13)
y BIIMIOBITHOCTI 13 CTaHIAPTaMH 1| HOPMATUBHUMH JIOKY-
MEHTaMU HaBeJneHui y [12].

ITocTanoBka 3agav nocnizmcemm. Mertoro na-
HOI CTATTi € HOCIIKEHHS BUMOT O (JOPMYBaHHS JKHT-
TEBOTO LUKITy, OCHOBHHX CTalliB NMPOEKTYBAHHS 1 JTOKY-
MEHTYBaHHSAM IIPOTPAMHOTO 3a0€3MeueHHsT KOMI I0Tep-
HUX CHCTEM YIPAaBIiHHA aTOMHHUX enekTpocrtaHmii (113
KCY AEC), mo BHKOHYIOTh QYHKIIiT O€3MeKn KaTeropii
«A», «B» ta «C». Bumornu mo 113, mo BuKkoHYy€E QyHKIII
Oe3reKu KaTeropii «A», HaBe/IeHI B MKHApOJHOMY CTa-
uaapti IEC 60880 «Nuclear power plants — Instrumenta-
tion and control systems important to safety — Software
aspects for computer-based systems performing category
A functionsy» [6], Bumoru 1o 13, mo Bukonye QyHkuii
oesmeku kareropii «B» 1 «C», HaBeJeHI B MIXKHApO/-
Homy ctaHmapTi IEC 62138 «Nuclear power plants — In-
strumentation and control important for safety — Soft-
ware aspects for computer-based systems performing cat-
egory B or C functions» [7].

3arajbHa CTPYKTYPa BUMOT CTAHIAPTIB
IEC 60880 Ta IEC 62138

OonacTpb 3acrocyBanns. Y po3zain 1 obox craH-
JapTiB 00JIACTIO 3aCTOCYBaHHSI BKa3yHOThCS BUMOTH JIO
13 KOMIT'FOTEPHHUX CHCTEM YIPABIiHHSA, 10 BUKOHYIOTh
¢yukiii 6e3nexu kareropii «A» (IEC 60880) i «By» i «C»
(IEC 62138). Meta 1mux Bumor — crBopenHs [13 Buco-
KOT'0 CTYIEHIO HaJ[IHHOCTI, sIKe Ma€e MiHIMaJbHYy IMOBIp-
HICTh HASBHOCTI IIPUXOBAHUX MPOTPAMHUX JE(PEKTIB.

HopmatusHi nocmiranus. Y posnini 2 000X cTaH-
JIAPTIB MICTUTHCS MEPETiK HOPMATHUBIB, IO MAIOTh BiJl-
HomieHHs 10 po3pobku [13 KCY AEC, BaxIuBUX UIs
oesmeku. Ile crammaptu  IEC 61508, IEC 61513,
IEC 61226, nHopmaTusHi nokymeHTd MAT'ATE Tommo.

TepMiHnu Ta BU3HAYEHHS, CKOPOUYEHHS. Y P03
3 000X cTaHIApTIB BU3HAYAIOTHCS TTOHSTTS, SIKi BUKOPH-
CTOBYIOTBCS Tipu (hopMyBaHHI BUMOT. Cepen IuX TepMi-
HIB Ta BU3HAYEHb HEOOXIOHO BIIMITHUTHA HAWTOJIOBHIILI:
yHiBepcalbHa MOBa, IPOOJIEMHO-Opi€HTOBaHA MOBa, pa-
Himmre po3pobene I13, aBToMaTn3oBaHa reHepanis Koxay,
VIIUIBHEHHS. KOAY, CaMOKOHTPOJb, PI3HOMAaHITHICTb
TOLIO.

VY po3znaini 4 000X cTaHIapTIB HABOIAMTHCS CIIHCOK
BUKOPHCTOBYBAaHHX CKOPOUYEHB Ta abpeBiaryp.

Heranbni Bumoru. [lounHatoum 3 posmimy S5, B
000X CTaHAapTaX HABOAWUTHCS OCHOBHA YAaCTUHA BUMOT
1o po3pooxu I13.

Tunu I3 ta mammx. Crasmaptén po3podku I13
KCY AEC mnopinsioTe mporpamMHe 3a0e3ledYeHHS Ha
tunu: onepamiitae 13 Ta mpukmnague [13. Koxne I13 Bu-
KOPHUCTOBYE KOH(pIrypamiiHi naHi, sSKi TaKoX MOZIIsA-
I0ThCS Ha KaTeropii: He3MiHHI (€ 4YacTHHOIO crenudika-
i MpoeKTy) Ta 3MiHHI (MOXYTb OyTH 3MiHEHI OlepaTH-
BHHM IIE€PCOHAJIOM B HEOOXIJTHUX MEXax).

Eranu :kurteBoro uukiay II3. Cranpmapt
IEC 61513 onucye xwurresuit iuki (K1) KCY B mimomy
Ta BHM3HAYa€ 3aXOAHM, SIKI MalTh BinOyBaTHCs Ha BCIX
foro eramax. 3riJHO KOHIEMIIi} IIHOTO CTAHIAPTY, IIPO-
rpamHe 3a0e3nedeHHs € HeBia eMHOI0 yacTiHOIO KCVY,
JKIT IT3 TicHo moB’si3anmit 3 XKII Beiei cucremu. Ctanaa-
pta KCY IEC 60880 Ta IEC 62138 MiCTATh BUMOTH 0
K1 T13 Ta KOHKPETH3YIOTh BUAX AisUTBHOCTI, IO BiJHO-
csaThesa 10 po3podku [13. BoHM po3rismarTs po3poOKy
arapaTHOrO Ta IMPOTPAMHOrO 3a0e3neueHHs AK mapale-
JIBHI TIpOLeCH, SIKi 00 €THYIOThCS Ha eTarl iHTerpaiii.

B ta6n. 1 naseneni eramu XK1 KCY AEC, Buau mi-
STTBHOCTI 3 PO3POOKH B ME)KaX [UX €TalliB Ta HOMEPH ITi/I-
posaini cranaaptie IEC 60880 ta IEC 62138, o omm-
CYIOTh BUMOTH IO BiIMOBITHOTO BU/LY JiSJIbHOCTI.

Tabnuys 1 — Eranu 7K1 Ta Buau pissibHocti 3 po3pooku 13 KCY AEC

. . Minpo3ain MMinpo3ain
Eran 3KI1 Bun nistasHocti IEC 60880 IEC 62138
KepyBaHHs po3po0OKoro 54 6.2.1
Bci erarmu BukonanHs BUMOT In1aHy 3abe3nedenHs sikocti [13 5.5 6.2.1
Kepysanus xoHpirypamiero 113 5.6 6.2.3
[InanyBanHs 3axuierocri [13 5.7 6.4.44
Pospo6ka crienudikanii | [I1aHyBaHHs 3aXUCTY BiJl BiIMOB 3 3arajibHOi IPHYUHH 13 6.12
BuMor o 113 Bubip Ta aHani3 npupaTHocTi paniuie pozpobiaenoro 113 15 6.3
Po3pobka crienudikarii Bumor o HoBoro I13 6.1-6.3, nox. «A» 6.4
Bubip incrpymenransaoro 13 14 6.24
Pospobka mpoexry 113 Bubip MOB porpaMyBaHHs 7.2, non. «B» 6.2.5
T4 peamisamia CTBO.peHl.—IS{ npoekty I13 7, noa. «B» 6.5
Peamizanis Hosoro [13 7, nox. «B» 6.6
CTBOpEHHS TIOKYMEHTAIII{ 7.4 6.5
Bci etamu Bepudikaris 8 6.2.2
[HTerpallisi CHCTEMH Iaterpartis 13 no KCY 9 6.7
Banigauis cucremu Baniganis I13 B cknani KCY 10 6.8
BeTaHOBICHHS CHCTEME Bceranosnenns I13 Ha micui ekcrtyaranii 12 69
Hapuanus nepconainy
Mopndixarist cucteMu | AHani3 3anuTiB Ha Moaudikartiro, Mmoaudikaris 113 11 6.10, 6.11
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Crnig BIAMITUTH, IO MOCHIAOBHICTH MiAPO3JILTIB,
SIKI OIIMCYIOTh BUJIU AiSJIBHOCTI B MEXaX KOKHOTO eTaly,
B crangaptax IEC 60880 Ta IEC 62138 neuro BinpisHs-
IOThCAL.

BucnHoBku. Buxosuu 3 cTpyKTypH BUMOT JI0 PO3-
pobku I13 KCY AEC, M0oXHa BHIUINTH OKpeMi TpyIH
YYacHHKIB IIhOTO MPOIECY Ta MOOYIyBaTH CXeMy B3ae-
Mozii Mixk HUMHU. B HacTymHOMY po3aiJii HaBeAECHO JeTa-
JBHUHA PO3IIIST X TPYIL.

I'pynu yuacHukiB, ki npuiiMalTh y4acTb
B po3pooui I13 KCY AEC

B po3zpo6mi I13 KCY AEC mokHa BUIUTHTH HACTY-
ITHI TPYIH yYaCHUKIB:

— Ipyna KepyBaHHSI pO3POOKOIO Ta KOHTPOJIIO 3a-
Oe3rneueHHs IKOCTI (MEHEKMEHT) — YYaCHHUKH, 10 BH-
KOHYIOTh KEPYBaHHs IPOEKTOM Ta KOHTPOJIb BUKOHAHHS
IUTaHy 3a0e3MeueHHs SKOCTI;

— rpyna npoektyBaHHs [13 — yyacHukH, 110 OTpH-
MYIOTh CTIC[U]IKaIlio CHCTeMH (TeXHIYHE 3aBIaHHA) Ta
¢dopmyroTh criertudikarito Bumor go 113;

—rpymna po3podku 113 — yuacHuKH, MO po3poOIIs-
10T TPOeKT [13 Ta BUKOHYIOTH HOTO peai3alliro BiImo-
BiJHO 70 criernudikaii BUMOT;

MeHeTEMEHT

KepysanHa pospobrom

KoHTposas 3adesneucHHA
AKOCTL

TI'pyna pospobka II3

Poszpobka cnenuixanii 113

Il1anyBaHHA PO3POOKH

Pospobka cnenudikarnii Bu-
Mor go Hosoro I13

— rpyna Bepudikamii Ta Bajizamii — y9acHUKH, IO
BUKOHYIOTH niepeBipky [13 Ha Bcix eramax XKII;

—Tpyna iHTerpauii — y4acHHUKH, SIKi 3[IHCHIOIOTH
00’€eIHaHHS allapaTHOro Ta MPOTPAMHOTO 3a0e3MeueHHs
B €JIUHY CUCTEMY;

— TpyTa BIPOBAKEHHS Ta CYIPOBOAY — YIACHUKH,
0 3a0e3MedyoTh KOHTPONb Hall BcTaHOBIeHHSIM KCY
Ha MICIi eKcIuTyararlii, BUKOHYIOTh (PYHKIII CynpoBoay
(maBuaHHA TEepcoHary, 30ip iHpOpMamii mMpo BUKOPHUC-
tanHsI KCVY, 00po0ka 3anmuTiB Ha MO ]IKAIIifo).

Crix BiIMITHTH Te, IO MEHEKMEHT TPYITH BEpH-
¢ikauii Ta Bayigawii moBUHEH OyTH HE3aJIC)KHUM BijJ Me-
HEJDKMEHTY 1HIIMX TPpyN y BUIaAKy po3pooku I13 kare-
ropiii «A» ta «B».

Cxema B3aeMO/Iii MiXK IIUMH TPYIIaMU Ta iX OCHOBHI
BHJIM JisUTHOCTI HaBEJCHI Ha puc. 1.

BucnoBok. OJHUM 3 pe3yJIbTaTIB TOCITIPKEHHS BU-
Mor crannaptiB 1o po3podku I13 KCY AEC e posmoi-
JICHHA yYaCHHKIB PO3pOOKH Ha (YHKIIOHAIBHI TPYIIH.
e nmae MOXJIHBICT CTBOPUTH KOJICKTHB YYaCHHKIB 3
BiIIOBITHIMH KOMITCTCHIIISIMU Ta CIPOEKTYBATH IX KO-
MyHIKaIio Mk coboro. HacTynHuii po3ain omucye Mo-
JKIIUBHI BapiaHT PO3NOALULY BUJIB JISUTBHOCTI 3 PO3pO-
6xu I13 Mix rpynamu.

I'pyna npoekTyBaHHA

Bubip panime
pospobaenoro 113

O0podKa 3anuTiB
Ha Momu(iKanio

T'pyna Bepr¢ikamnii Ta Bamigamii

Bamngania

Peamizamiz I13

CTBOpeHHA JOKYMEHTAI1

T'pyma iaTerpamii

Momudixamiz I13

Beranosaenna I13 Ha
MICIi EKCILIYaTamil

I'pyna BopoBaKeHHA Ta CYyIPOBOIY

Hapuanna nepconamy

InTterpania I13 mo KCV

OdoprmireHHA 3anHTIB

e MO;[[»I[]J]J{E!J.U}O 3anHTH Ha MOIHEPIKAIE

Puc. 1. Cxema B3aemonii Mixk rpynamu po3podku [13 KCY AEC

Po3noaijienns BUAIB JiJILHOCTI
3 po3pooku I13 mMixk rpynamu

Buxopsau 3 Toro, mo B po3po6ii [13 KCY AEC Oe-
PYTh ydYacTh pi3HI Ipyny BUKOHABIIB, OYEBHIHO, IO

pizHi eranu XKI 13, Buau gisteHOCTI 3 po3podku [13 ta
Bumoru cranaapriB IEC 60880 ta IEC 62138 MoxyTb B
MePeBaXKHIH Mipi CTOCYBATHUCHh OKPEMHUX TPYIIL.

OpienToBHe BigHOmeHHs etamiB XX, BUAiB misuib-
HOCTI JI0 OKpEMHUX I'pyII HaBeIeHi B Taom. 2.
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Tabnuys 2 — Po3noainenns eranis 7K1 Ta BuaiB aissibHOCTI 3 po3podku I13 Mizk rpynamu

Eran XKI1 I13

Buau gissibHocti B Mexkax eranis JKII 113

I'pynu yyacHukis

Bci eranu

KepyBanHs po3poOkoro
KoHTpoJIb BUKOHAHHSI BUMOT IUIaHy 3a0e3mnedeHHs sikocti [13

MenemKMeHT

Po3pobka crerudikarii

Bubip ta ananiz npuaaTHOCTI paHime po3pobneroro [13
[InanyBanna 3axumeHocti [13

I'pyna npoexryBanns 113

Bumor jo 113 IInanyBaHHS 3aXHCTY Bifl BIAMOB 3 3arajbHOI IPUYUHU I'pyna pospo6xu 113
Po3pobka cienudikaiii Bumor g0 Hosoro 113
Amnani3 crietudikanii Bumor go I13
Kondirypysanns panime pozpobieroro I13
Bubip inctpymentansHoro 113
Po3pobxa npoexty 113 Bubip moB nporpamyBaHHs
Ta peanizaris Po3pobxka cnenudikanii HoBoro I13 I'pyna pospodn I3
Peasizarist HoBoro I13
CTBOpEHHS TIOKYMEHTAIII{
AHauti3 pe3ynpTatiB Bepudikallii, iHTerpalrii Ta Bajigarii
. Bepudikaris pesynbraTiB koskHoro eramy KL 113 I'pyna Bepudikamii
Bci etann L .
Baninamis [13 mig wac po3poOku I'pyna po3po6ku 13
. . I'pyna inTerpamii
InTerpauisa cucremu Inrerpauis I13 o KCY I'pyna pospo6ikn 13
Bautigamis cucremMu Baninamis 13 B cknani KCY I'pyna Bepudikarii

BceranoBnenns cucremu

Bcranornenns [13 Ha micni excryaraitii KCY
HaBuaHHS onepaTHBHOTO MEPCOHATY

I'pyna BripoBaKeHHs

OdopmieHHs 3anuTiB Ha Moaudikarito [13

I'pyna po3pooku I13

Monudikariss cucteMu

Moaudixaris 13

Amnaui3 3anutiB Ha Moaudikartito 13

I'pyna mpoexryBanns I13
['pyna po3po6ku I13

Cotijz 3a3HAYKMTH, 1O PO3IOJIICHHS! BUMOT CTaH/a-
PTY MK y9acCHHKaMHU He yCyBa€e HeoOXiTHICTh 3HaHOMC-
TBA OKPEMHX yYaCHUKIB 3 TIOBHAM 3MiCTOM BCHOTO CTaH-
napty. IIpoTe ronoBHUN BUCHOBOK I[bOTO PO3IIOALICHHS
BKa3ye Ha Te, IO IIPH MiAroToBIi 10 po3podku I13 3 ypa-
xyBaHHsM BuUMoOT ctaHaaptiB IEC 60880 ta IEC 62138
YUYaCHHUKH TPYI MOXYTb BU3HAYMTH, IKi PO3JIIM Ta BU-
MOTH CTaHIAPTIiB, BUIU JisUILHOCTI CTOCYIOThCS IX Tep-
LIOYEProBO, a SIKi — ONOCEPEIKOBAHO.

B HacTymHHMX po3ninax JaHOi CTaTTi HaBOJUTHCS
O1JIBIII JIeTaJIbHUI aHaJli3 BUMOT YCiX PO3IUTIB CTaHIapPTIB.

AHaJi3 BUMOT 3arajJybHIUX BHMOI Ta BUMOT
a0 eramy po3po0ku cnienudpikamii 113

B nmanomy mimpo3mimi MpOBOIUTHCS AOCIHITKEHHS
ocHoBHHX BUMOT cTaHaptiB IEC 60880 ta IEC 62138,
SIKI CTOCYFOTBCS €TaliB JisSUTBHOCTI, IO € BU3HAYAIOUUMHU
Ta MiATOTOBYMMH J0 peati3aiii.

KepyBanns po3podkoro. IIpomec po3podku I13
Mae OyTH PO3IUICHHM Ha AeKinpka eramiB. ETamm mo-
XKyTh a00 BIUIMBATH HA HACTYITHI, a00 3aMeXaTH Bijg mO-
nepennix. Bcei eranm marote Oyt odiliiiHO BU3Haue-
HUMH, XOJHHUH 3 HUX HEe MO)ke OyTu mpormymeHui. [lis-
JIBHICTH B ME)KaX €TalliB IIOBUHHA CIIBBIJHOCHTHCS 3 I10-
BHUM XUTTEBUM IIHKI0M [13. Bumaraerscs, 11100 111 KO-
JKHOTO eTamy OyJIO BU3HAYCHO Ta 33JJ0KyMEHTOBAHO:

— M€eTa Ta BUKOHABIII,

— 3MICT Ta BJIACTHUBOCTI BXIJHMX Ta BUXIAHUX Ja-
HHX.

JIOKyMEHTH, IO ONMHCYOTH KOXXHUH €Tam po3po-
OKHM, MAIOTh aHAJI3yBaTHCS Ta MEPEBIPATHCS.

IInan 3a6e3nevyenns sxocti I13. Ha pannix era-
max JKI II3 mae Oytu cTBOpeHUil miIaH 3a0e3neueHHS
sxocTi 13, sskoro HeoOXiTHO TOTPUMYBATHCS BCIM ydac-
HUKaM TIpoIecy po3poOku. B HboMy Mae BUMaraTucs:

— HasBHICTh OIMCY BCiX HEOOXIMHUX TEXHIYHUX
MIPOLIEAYP ISl KOSKHOTO €TaIy,

— BU3HAYEHHS BCIX crelu(iYHUX TEPMIiHIB Ta yMO-
BHUX ITO3HAYCHB;

— BU3HAYEHHS TOTO, SIKi METOAM, 3aCO0H, MOBH Ta
IIpaBHUJIa 3aCTOCOBYIOThCS 0 SKHUX BUIIB IiSUTBHOCTI;

— peaizalis BCiX eTariB KOMIIETCHTHUMH 0CO0aMu
3 HAQJaHHAM 1M BiIIIOBITHUX PECYPCiB;

— BCTAQHOBJICHHSI Ta OOIPYHTYBaHHsI BIAXHJICHb Bil
BUMOT CTaHJIAPTY;

— Moudikarist BXKe 3aTBEPIXKCHUX JTOKYMEHTIB Ha
OCHOBI YITKOTO BM3HAU€HHsI KOHKPETHUX 3MiH, IX aHa-
J3y Ta 3aTBEPKEHHSI.

3riIH0 BUMOT' CTaHIAPTY, Pe3yJbTaTH BHUKOHAHHS
IUTaHy 3a0€3MeYCHHS SIKOCTI MalOTh OYTH 0OPMIICHI J10-
KyMEHTAJIBHO.

KepyBanns KoHirypauiero. Cranpapt
IEC 60880 ta IEC 62138 BuMararoTh 3a0e3medyBaTH
imeHTUdikarito Bcix Bepciit [13, qokymeHTamii Ha HEOTO,
TPAHCIATOPIB Ta IHIINX IHCTPYMEHTAJIbHHUX IIPOTPaM.
Mae OyTH BCTaHOBJICHHIA 3B’ 130K MK OKPEMHUMH BepCi-
simu [13 Ta BiAMOBIZHUMU 710 HUX BEPCISIMU JOKYMEHTA-
nii. IToBHa Bepcis mporpaMHOTO MPOAYKTY ITOBHHHA O~
HO3HAYHO 1ICHTU(IKYBATHCS BEPCIIMH IIOBHOTO Habopy
komnoHeHTiB I13, 1110 BXoAsaTh 10 Hhoro. I13, mo 3Haxo-
JUTBCS B po3po0ii, mae 6ytu BignineHe Bix I13, pospo-
Oka Ta Bepudikamis sIKOro BXKe 3aBeplIeHa.

3axumenicte. Meta 3axumenocri II3 Tta na-
HHUX — YHEMOXJIMBUTH jgocTyn a0 I13 Ta Horo ¢yHKmii
HEYNOBHOBLXEHHMH  oco0amH. 3TiIHO  CTaHAAPTY
IEC 61513, 3abe3neuenns 3axuiienocti I13 € yvactuHOO
3abe3nedeHHs 3axumenocti KCY.

3rigao Bumor crasgapty IEC 60880, ms I13 xare-
ropii «A» HeoOXigHe 000B’I3KOBE MPOBEICHHS aHATI3Y
MOTEHIIHKX 3arpo3. Ha ocHOBI aHamizy MaioTe OyTH
copmoBaHi BUMOTH 110 poekTy [13 3 MeToro MiHIMI3Y-
BaTH BPa3JIUBOCTI.

30KkpeMa, MaloTh OyTH pealli3oBaHi:

— 3axucT Bij 3MiH [13 onepaTopom;
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— 00ME)XEHH ITpaB JOCTYITy KOPUCTYBaviB 10 QyH-
KI[IOHAJIBHO HEOOXIIHUX;

— BCTaHOBJICHHS O€3MEYHMX Aiana3oHIB ISl JaHHX,
110 3MIHIOIOTECS OTIEPATOPOM;

— BigchinkoByBanHs Moaudikamii 13 Ta fioro ma-
pamertpis;

— 3aX0AM TPOTU HASBHOCTI MPUXOBAaHHUX (PyHKITii
Ta 3ac00iB HAaBMHCHOTO 3a0e3leYeHHsT HECAHKI[IOHOBA-
HOTO JIOCTYIY.

Jus 113 kareropii «By», «C» B cranmaprax He BKa-
3YIOTBCSI KOHKPETHI BUMOTH J0 3aXHIIEHOCTI.

CaMOKOHTPOJIb. 3TiIHO BHMOI  CTaHAApPTiB
IEC 60880 ta IEC 62138, I13 xareropii «A» Ta «B» no-
BUHHO KOHTpoJtoBaty TexHiuHui craH KCY ta BrnacHy
TIOBE/IIHKY Y BU3HA4YeHI MPOMDKKH dacy. DyHKIIT KOHT-
POJIIO TIOBMHHI BHSIBISITH BIJIMOBH alapaTHUX 3aco0iB,
MMOMIJIKOBY MOBEIiHKY [13 a00 mopyIieHHs MpoIeciB re-
penadi nanux. B mporeci caMOKOHTPOJIO Mae OyTH Tie-
pendadeHMil aBTOMAaTHIHHUN 301p MiarHOCTUYHOI iH(OP-
Marii a1 mojanbioro aHamizy. Ilpu BUSABIEHHI HOpy-
IICHHS Ma€ BiIOYTHUCS peakilis y BIAMOBIXHOCTI J0 Tpo-
eKTy CHCTEMH.

Iepiognuni TectyBanns. [13 xareropii «A» no-
BUHHO MaTH 3/IaTHICTh 10 MPOBEJCHHS MEPiOJUYHUX Te-
CTyBaHb BCiX (yHKUIH Oe3neKku AJsi BUSBICHHS OyIb-
SKHX BiIMOB. Mae OyTu peaji3oBaHMH aBTOMaTHYHUI
30ip miarHocTHYHOI iH(pOpMaIil PO MPOBENEHHS Ta pe-
3yJbTaTH TecTyBaHb. [13 kareropii «B» moBUHHO MaTH
TaKy 34aTHICTb, SIKIIO 1€ He IPU3BOANUTH 0 HOTO HaaMI-
PHOI CKITaTHOCTI.

Crnenudikaunis Bumor no II3. 3a pesynpraTamu
aHami3zy Bumor 1o [13 moBuHHA OyTH CTBOpEHA Ccrierudi-
Kariist Bumor. Lle MOKyMeHT, sSIKMi oIicye Te, W0 I10-
BHHHA POOWTH IpOTrpaMa, a He Te, SIK BOHA ITOBHHHA 1€
pobuth. 30kpeMa, B HbOMY IIOBHHHI OyTH BKa3aHi:

— 3arajibHi XapakTepUCTUKH (PO3PSAHICTh, THUIH
o0OMmiHy);

— BHUMOTHM [0 T€XHIYHHUX 3ac00iB a00 mocwiaHHsS
HAa BIAMOBIIHUI TOKYMEHT;

— mnpukiagHi GyHKUil, 110 BUKOHYIOThCS [13;

— Tunu noBemiaku [13, pexwmu fioro podoTw;

— iaTepdeiicu [13 3 KoprucTyBaUeM Ta IHITUMH CH-
CTEeMaMH;

— mapamerpu [13, mo MoxyTs OyTH 3MiHEHi orre-
paropom;

— TEXHOJOTi4YHi Ta GyHKIIOHATIbHI 0OMEKEHHS;

— BHMOTH JI0 CAMOKOHTpOJIIO Ta YCYHEHHs Hac-
JIJIKIB BiJIMOB;

— BHMOTH JI0 CepeJioBHIa pOOOTH Ta CTaHIapT-
Horo I13.

BHacmiiok BaJTMBOCTI IaHOTO eTaly, I[polec
BCTAaHOBJICHHs crienu(ikarii BUMOr Ma€e OyTH CTPOTHM
Ta opopmiieHNM HOKyMeHTanbHO. Crienudikaniss BUMOT
Mae OyTH OJJHO3HAYHOIO, IiJuIsAraTi Bepudikarii abo te-
CTYBaHHIO, a TaKOX JOCSDKHOIO Ul peanizanii. Bona
Mae OyTH JOCTYIHOIO 3aMOBHHUKY, KIIIEHTY, KIHIIEBOMY
KOpHUCTYyBavy, I'pyIli po3poOKH, Bepudikallii, OIIHKA Ta
JIIICH3YBaHHS.

BucnoBku. KepyBaHHs NpPOEKTYBAaHHSM, IUIAHY-
BaHHA Ta CTBOpeHHs crenudikarii sumor jo I13 € mpo-
[ecamMu, sKi € TMATOTOBYUMH JI0 CTBOPEHHS TPOCKTY Ta
peamizamii 13 po3poOHUKaMHU.

AHaJii3 BUMOT 10 eTammy
NMPoeKTyYBaHHA Ta peasizanii 113

Bumorn no panime po3podaenoro I13. /s pea-
Ji3amii BEMOT 10 TPOTPAMHOTO 3a0€3MEUCHHS MOXKE
Oyt BHKOpHcTaHe paHime pospobmene I13 (PII3), sxe
BignoBigae HeoOximHnM BuMoram. L{e moxke Oytu I13 pi-
3HOTO PO3MIpy — BiJi HEBEIHUKHUX Oi10IOTEK IO BEIMKUX
IporpaMHuX npoaykTiB. Bukopucranns PI13 moxe OyTu
OibLI BUTIIHUM, HDXK po3poOKa HOBOTO, OCOOJHMBO B
TOMY BHIJKYy, sKio ue PII3 Bxe mpoiinuio Bajinamito
JUISL BAKOPUCTAHHS B aHAJIOTTYHUX CHCTEMaX.

PII3 mae BigmoBigaTH BCiM BUMOTaM CTaHAAPTiB
po3po6ku 13 KCY AEC BiamoBigHO1 KaTeropii.

JLtst IpUAHSITTS pilieHHs po BukopucTanHs PI13 mo-
TPiOHO BU3HAYHMTH HOTO MPHUIATHICTH JJ1s1 BAKOHAHHS HE0O0-
xiqauX QyHKOii. [ToTpiOHO BIAMITHTH, IO A BUKOPHC-
tanHs PII3 Moxe OyTH HEOOXiTHO BUKOHATH HOTO KOH(]I-
TypyBaHHS abo0 amanTamniro. [Hpopmamiro 11 BUSHAYCHHS
npuatHocti PT13 HeoOXiqHO oTprMaTH 3 HOro JOKyMEeHTa-
wii, B pa3i HEOOXIJHOCTI MOTPIOHO MPOBECTH JOJATKOBHI
aHaii3. B noxymeHTallii Maroth OyTH onmcaHi iHTepdeticy,
¢yHKuii, hopMaTH [aHUX, OOMENKEHHS TOLIO.

B pa3zi npuiHATTS MO3UTUBHOTO PILLIEHHS PO BHU-
kopuctanHs PII3 HeoOXigHe MpoBeneHHS OLIHKHA HOTO
sikocTi. L 3amaga Moxe OyTH po3B’si3aHa HA OCHOBI BU-
BUCHHS OKYMEHTaIii 3 cepTudikamii Ta arectamii. Mae
OyTH TIpoaHaNli30BaHO IuIaH 3abe3medeHHs skocti PII3,
JOKYMEHTH 3 crmenm(ikamii, IpoeKTy, peamizalii, pe-
3ynbraTiB Bepudikamii. locsizn 3 excroryaranii PII3 € no-
NOBHEHHSM J10 iH(opMallii, Ha OCHOBI SKOT IPUIMAETHCS
pileHHs npo Horo 3actocyBaHHs. [Hpopmalis mpo roc-
BiJI eKcILTyarTanii € OUIbII BAroMolo, SIKIO HAKOIJIeHa 3a
TpUBAIIMii Yac, Ha Benukiit kibkocti KCY Tomo.

B pa3zi npuiHATTS MO3UTUBHOTO PILLIEHHS PO BHU-
kopuctanus PII3, BOHO Mae OyTH BBEJCHE MmiJ Kepy-
BaHHS KoH(irypamieto. [ BUKOpUCTaHHS IOBHHHA
OyTu Bu3Ha4eHa Ta Bepcis PII3, mo Oyna arectoBana. B
mwraHi 3abe3nedeHHs sikocti KCY marots OytH mependa-
YeHi mpornenypu oHoBieHHs PII3 Ha O HOBY Bepciro
IIpU BUHUKHEHHI HEOOX1THOCTI.

TakuMm YHHOM, 3 JOCII/PKEHb BHMOT CTaHIapTiB
IEC 60880 Ta IEC 62138 MoxHa 3pOOHMTH BHCHOBOK,
110 At BukoHauHs ¢ynkuii [13 Beix kaTeropiii Oe3neku
KCY AEC moxHa BuxopucroByBatu PII3, ane micis
MPOBEJIEHHS aHaJli3y HOro MPUAATHOCTI Ta OLIHKH SKO-
cti. IlinBummenHs kateropii GyHKIIiH 6e3neKku 301bIIye
xopcTkicte BuMor jao PII3, 00’eMy mokymeHTamii Ta
MIPOLIEAYP MEPEBIPOK.

3arajibHi BUMOTH 10 IHCTPYMEHTAJILHUX 32C00IB.
BukopucranHsl iHCTpyMEHTaJIBHUX 3ac00iB 3MEHIIYE Ki-
JBKICTh IOMWIOK B TIPOLIEC PO3POOKH, IMiABHIIYE HAMIiH-
HICTB Ta CKOpOYye€ yac po3poOku. Takumu 3acobami € 3a-
co0u po3poOku mporpam, 3acobu KoH(IrypyBaHHs, TpaH-
CJIATOPH, KOMITUISTOPH, 3aCO0W aBTOMAaTHU3aIlii TeCTyBaHb,
KOHTPOJTIO BepCiid, pOOOTH 3 TaHUMH TOIIO.

Jlst iHCTpyMeHTaIbHUX 3ac00iB po3pooku 113 dy-
HKI[IOHAJIBHOT Oe3MeKn «A»:

— NIOBHMHHA OyTH IpoBeieHa Bepu(iKaiis Ta OIliHKa
IMOBIpPHOCT] BHECEHHS HUMH J1€(DEKTiB;

— Mae OyTH po3po0IieHa Ta 3aCTOCOBYBATHCSI IPOLIE-
Iypa arecrarii. ATecTallis MaX BH3HAYUTH IMOBIPHICTh
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TOTO, L0 IHCTPYMEHTAJIbHA MporpaMa BHece JeeKTH 10
I13, a Tako> HacJIiAKK BHECEHHsI TakuxX AedekTis. [1i yac
aTecTalii Mae BpaxOBYBaTHCs IH(QOpMAIlS Bil Po3poo-
HHUKa IHCTpyMEHTaJIbHOrO 3aco0y, HOro JOKyMEHTaIlis,
TECTYBaHH Ta BaJIJallisl, a TAKOXK JOCBiJ BUKOPHCTAHHS.

Bubip incTpymeHTampHHX 3aco0iB po3podxu [13
¢yHKIioHaIpHOI Oe3nexn «By» Ta «C» Mae IpyHTyBaTHCA
Ha MATBEPIKEHHI iX skocTi. CyBOPiCTh BUMOT A0 SAKOCTI
3aJISKUTH BiJl BXKIIMBOCTI QYHKIIH 1 cepito3HOCTI nede-
KTiB, 5IKi MOXYTh OyTH BHeceHi B [13 M 3acobom.

BukopucTaHHS KOXXHOTO iHCTPYMEHTaJIBHOTO 3a-
co0y Mae OyTH JOKYMEHTaJIbHO odopmieHe. MaroTh
OyTH 4iTKO BKa3aHi MPOIECH PO3POOKH 32 yYaCTIO IEOTO
3aco0y, HOro BIUIMB Ha T€HEPOBAHMI KOJ Ta iHIII Ipo-
LIECH PO3POOKH, HOTr0 3aXUINEHICTh Bl TOMUIIOK Ta He-
CaHKIIOHOBAHUX JIi} TOLIO.

Mae OyTu 4iTKO BH3Ha4YeHa Bepcist Ta KOHDIryparis
KOKHOTO iHCTpyMeHTansHoro 3aco0y. s 13 kateropii
«A» Ta «B» nepexin Ha BUKOpUCTAaHHS HOBHX BEpCiii Mae
BiIOyBaTHCS MICIIA MIATBEPIKCHHS TOTO, IO 3MiHa Bep-
cii He BHOCHUTH JIe(PeKTH B IIPOrpamy.

Jliis BHECEHHS Pi3HOMAaHITHOCTI SIK 3aco0y ITiJIBHU-
mieHHs HagiitHocTi 113 MOXyTh BUKOPHCTOBYBATHCS pi-
3HI IHCTpPYMEHTAIIbHI 3aC00H, 1110 MalOTh OJIHAKOBY (YH-
KIiOHANBHICTh. IX PI3HOMAHITHICTH TiATBEPIKYETHCS
OTPUMAaHHAM IX BiJ PI3HUX IOCTa4YaJbHUKIB, PI3HUMH
MpoLeCaMy BUKOPUCTAHHS, PI3HUMH MOBaMH IIpOrpamy-
BaHHS TOIILIO.

TpaHcnATOpPH Ta KOMITUIATOPH, II0 BUKOPHUCTOBY-
I0ThCS, HE TTOBUHHI 0€3 MONepePKeHHS BUAAIATH 3aXH-
cHI QyHKII, 0 JOJAar0ThCs mporpamictoM. OnTumiza-
ISl KOAy, IO TeHEPYETHCS KOMITIIITOPOM, HE TTOBHHHA
yCKIagHIOBaTH Horo. J{s Koy, SKU{ MisaraB OnTuMi-
3arii, Mmae OyTH epebadeHa BepuQiKallist Ta Baligamis.

BucHoBok. [HCTpyMeHTaJbHI 3aco0H —Lie HeoO-
X1JIHI KOMIIOHEHTHU B po3podui 13, KoxkeH 3 SKHUX 3TiHO
YMOB cTaHJapTiB po3podku 13 mae OyTn 00rpyHTOBaHO
00panuii, BeprdiKoBaHHUil Ta aTECTOBAHUIA.

Buoip moB nporpamyBanHs. [[na po3pobxu 113
BHCOKOI SIKOCTI BOXKJIMBO 00OpaTH TaKy MOBY HpOrpamy-
BaHHS, IO JO3BOJHUTH pealli3yBaTH BCi HEOOXiIHI BHU-
moru npo II3. Crammaptu pospobku I[I3 KCY AEC
IEC 60880 ta IEC 62138 MicTaTh peKOMEHAAIIi 100
BHOOpPY MOB NHporpamyBaHHS. BOHM NOZIUISAIOTE MOBH
MIpOrpaMyBaHHS Ha JBa BUIM: YHIBepcalbHi Ta Impooiie-
MHO-Opi€HTOBaHI. YHiBepcalbHI MOBH IIPOTPaMyBaHHS €
saranpHONpUitHATUMHA: C, C++, AcemOnep, VHDL, Java,
Python tomo. Kon, mamucanuii muMm MOBaMH, MOXeE
OyTu Oe3nmocepeqHbO 3aBaHTAXKEHUH 0 O0YHCIIOBAIb-
HUX MPHUCTPOIB Ta BUKOHYBATHCSI HUMH.

IIpo6iemMHO-Opi€eHTOBaHI MOBH IPOTpaMyBaHHS
BHUKOPHCTOBYIOTh METOIM (pOpMaTizariii JuIst Mo3HaYeHHS
omepariid, Taki K giarpamu, OJNOKH Ta 3B’SI3KH MiX
HUMH. Lle 1a€ MOXIIMBICTH CTBOPIOBATH NMPOEKTH (axiB-
LSIM, III0 HE MAIOTh HABUYOK HAIMCAHHS KOy Ha YHIiBep-
casibHUX MoBax. OopMIIeHHS TPOTPaMH 3a JOTIOMOT 00
IpoOJIEMHO-OPIEHTOBAHUX MOB € OUIbII HAOIMKEHUM
JI0 mpuKIaaHoi obnacti. ['eHepariss mporpaMHOTO KOIY
JUISl 3aBaHTA)XEHHS JI0 OOYMCIIOBAJIBHUX MPUCTPOIB B
I[bOMY Pa3i BUKOHY€ETBCSI aBTOMATHIHO.

Jlesiki pexoMeHnalii B cTaHaapTax HaBOASITHCS TSI
000X BHIIB MOB, IesIKi — TUIBKH JJIS1 OJTHOTO BHITY.

3araneni Bumoru cranaapty IEC 60880 mono mos
nporpaMyBaHHs 1Jsi cTBopenHs II3 karteropii «A»
HaCTYITHI:

— MOBa TIPOrpaMyBaHHsS IOBHHHA MaTd YiTKO BH-
3HAQUEHUH Ta JIOKYMEHTOBaHWH CHHTAKCHC Ta IpaBHia
HaIlMCaHHS KOAy;

— 33 MOXKJIMBOCTI ITOBHHEH BUKOPUCTOBYBATHCS «CKO-
POUCHHID), MAKCHMAJIFHO «Oe3MEeYHIID) BapiaHT MOBHY;

— MOBa IpOrpaMyBaHHsS NOBHHHA MaTH IepeBipe-
HUU TPaHCIATOP.

J1s1 yHiBepcaabHUX MOB IIPOrpaMyBaHHS:

— MPIOPUTET MAE BiAJaBATHCS PO3INOBCIOKEHUM Ta
3araJbHONPUHHATIM MOBaM IIPOrpaMyBaHHS;

— NIPIOPUTET Ma€ BiAJAaBaTHCS MOBaM IPOrpamy-
BaHHS BUCOKOT'O PIBHS;

— Iporpama, HanucaHa oOpaHoOI0 MOBOIO, TOBUHHA
OyTH JICTKOIO [Tl YUTAHHS,

MoBga mporpamMmyBaHHs IOBHHHA 3a0€311€TyBaTH:

— MOXIIUBICTh TIEPEBIPKH THIIIB Ta MEX 3HAUYCHBb
3MIHHHUX;

— MOXIIUBICTH TIEPEBIPKH Ha BUXI1JT 32 MEXI MACHUBY;

— MOXUIUBICTDh BiJICNTITKOBYBAaHHS IOMHJIOK (Ha-
MIPUKIIaJ, FeHepallii BUKIIOUeHb) IPU BUXO/I1 32 MEXI1 Ma-
CHBY, BUKOPHCTaHHI HEIHIIIai30BaHUX 3MIHHUX, BIJKH-
JIAHHI 3HAYYIIMX PO3PSiB YKCEJ, HEeCIIBIAIHHS THIIIB
nanux. [1py 1boMy 3aco0M MOBH HE TOBUHHI HAMAraTucs
ABTOMATHYHO «BUIIPABUTH» [TOMUJIKY;

—3a00pOHY BHKOPHUCTaHHSI HESIBHHX NEPETBOPEHb
THIIIB;

— SIBHY JeKJapallifo 3MiHHHX;

— BUKOPHCTaHHS IOBTUX IMCH 3MIHHUX Ta QPYHKIIH;

— TepeBipKy TUMIB JaHUX, MEKi MAacHBIB TOIIO Ha
eTarni KOMITUIAIIT TporpamMu, a He TI BAKOHAHHS.

Jasi npo0JieMHO-OpiEHTOBAaHMX MOB IPOrpamy-
BaHHS:

— BUKOPUCTaHHSI CTaHJAPTHUX IO03HAY€Hb TEXHO-
JIOTIYHHX OJUHHIIb;

— MOXJIMBICTB PO30UTTS IPOTPaMu Ha MOJIYJi;

— HEBHCOKA CKJIAJHICTh E€JIEMEHTIB, 3 IKUX CKJIaJga-
€TBCS IIPOrpama;

— BIICYTHICTh ()YHKIIIOHAJIBHO HEOE3MECUHHX ele-
MEHTIB;

— IpocTa CTPYKTYpa KOy, 10 TeHEPYETHCSI, HAIIPH-
KJIaJl IepeBakHO JIiHiIHA;

— (opmart porpamu Mae Oy TH 3pO3yMLITHI TS TEXHi-
yHHX (haxXiBIiB, sIKi He € (PaxiBIIMH B IPOTPaMyBaHHI.

[Tpukaamom mpoOIeMHO-OPIEHTOBAHOTO 3aC00Y PO-
3pobku I13 st KCY AEC e Radiy Platform Configura-
tion Tool, pospobnennii ITAT HBII «Pamiii» —
https://radiy.com/radics/).

3araneHi BuMoru ctangapty IEC 62138 mono moB
nporpamyBaHHs Ajas crBopenHs I3 kareropiii «B»
Ta «C» HacTymHi:

— MOBH TIpOTpaMyBaHHs NOBHHHI MaTH YiTKO BH-
3HAYEHY JICKCHKY Ta CEMaHTHKY;

— repeBara Ma€ Ha/laBaTUCS MPOOIEMHO-OPIEHTO-
BaHMM MOBaM.

Jlist kateropii «B» BBOIUTHCS ST JOAATKOBUX BAMOT

— CTaTWYHA THUIII3allis;

— mependadyBaHa MOBEiHKA TPOTPaMHU.

Hampukman, HeIOIUIEHUM € TIepepUBaHHS POOOTH
TIPOTPAMH IS IPOLEAYPH «30UPaHHS CMITTS»;
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— BUKOPUCTaHHSI MOB HU3BKOTO PIiBHS (HAPUKJIAJ,
aceM0JepiB) Mae OyTH OOTPYHTOBaHUM.

Bumorn no peanizanii [13. OcHoBHUM eTamoM -
STIBHOCTI TIPH CTBOPEHHI HMPOTPAaMHOr0 3a0e3IeUeHHs €
peanizauis. JleransHi BUMOrM m0 pearnizauii Biapi3Hs-
IOTHCS B 3QJISKHOCTI BiJI KJTacy QyHKI[IOHATBHOT O€3IeKH
13 i po3rIaAaroTECS B MEXKax BiAMIOBIIHOTO CTAaHIAPTY.

3arameHi BUMoru crangapty IEC 60880 no pea-
aizamii 13 karteropii pyHkuionanbpHoi Ge3mexkn «A»
HACTYTIHI:

— CTPYKTypa IporpaMy MOBHHHA OyTH IPOCTOIO Ta
3pO3YMLJIOKO;

— porpamMa Mae OyTu oOyoBaHa Ha MOJYJIEHOMY
TIPUHITHITI;

— IIporpaMa IOBHHHA peajii3oByBaTH (yHKLIi ca-
MOKOHTPOJTIO;

— HE PEKOMEHJYEThCSl BUKOPHCTOBYBAaTH CKIJAJHI
MIPUHOMH, PEKypCilo, CTHCHEHHS KOy

— BUXITHHAN KOl IPOTPaMU IIOBUHEH OYTH 3p03yMi-
U s KBaipiKOBaHMX TPOTPaMICTIB, sKI HE OepyTh
y9acTh B po3poOii;

— Oyzap-sIKi BIIXWJICHHS BiJ BUMOT CTaHIAPTy Ma-
10Th OyTH OOTPYHTOBaHI.

Heranbni pexomennanii crangapry IEC 60880
10 po3pooku I13 micTsiTtbes B fogatky B. Lleit nonatok
MOJKHa BBQ)KaTH T'OJIOBHMM KOMIIOHEHTOM CTaHAapTy
IEC 60880, 1o crocyeTbest po3pooku I13 kareropii «A».
B Tabun. 3 3rpynoBaHi Ta HaBeAeHI KaTeropii pekoMeH 1a-
i, mepenik ix chep 3acToCcyBaHHS Ta KUTBKICTh peKOMe-
Hpaniil B KoxkHi# chepi (N — KUTBKICTh peKOMEHAIli B
KOXHIN cdepi B cTaHmApTI).

Tabauys 3 — Kateropii Ta cdepu 3acTocyBaHHS
pexomennamiii crangapty IEC 60880 no I13 KCY AEC

Kareropis
- Cdepu 3acTocyBaHHs
pexkoMeHaamii
o MoxmuBicTs Moandikarii [13
BaranbHUN -
portec [Timxim 10 pO3pOOKH «3TOPU-TOHU3Y»
p Bepudikarist poMi>XKHUX pe3yIbTaTiB
MPOEKTYBaHHS A .
Monudikartist B mpoueci po3podku
BaranpHa CTpyKTypa nporpaMmu
MonyJbHICTh
CtpykTypa Bumorwu 10 onepariiinoro 113

3 Yac BUKOHaHHS IPOTPaMH
BuxopucranHs nepepruBaHb
[To6ynoBa apudMeTHIHUX BUPa3iB

[TepeBipku TOCTOBIPHOCTI
besneuna BuxinHa indopmariis

NN —oUubraAE b RlboaOoS AN &~ Z

(CaMOKOHTPOITb . . , T
IAHaITI3 3MiCTY mam’sITi
[lepeBipka HassBHOCTI, 00pOOKa MOMHJIOK
Po3ramy>xeHHS 1 TNKIN
[Tigmporpamu
/leranbHe BxraneHi cTpykTypu
MpPOEKTYyBaHHs  |AJpecalist i MaCHBU
i KOLyBaHHS CTpyKTYpH TaHUX
/TnHamiuHa 3MiHA KOy
[TecTyBaHHs
[TocmimoBHICTH OMUCIB, 0OPMIIEHHS KO
..  [HasgBHICTB, MOTpPUMaHHS TPaBUI KOIY-
Pexomennparii, - JIOTP P Ay
BaHHY 4
1110 3aJIeKATh .
. BukopucTanHs KOMEHTapiB 4
Bl MOBH
MoBa acemOnepa 8
[porpaMyBaHHS . .
[Tpo61eMHO-OpieHTOBaHI MOBU 4
IABTOMAaTHYHA TeHepallis KOy 4

Bumornu cranmapry IEC 62138 no po3podkn 113
Kareropiii «B» Ta «C» € MeHII CyBOPHMHU Ta NPUBEJICHI
B (hOpMi 3araJIbHUX PEKOMEHAALIMH.

s I13, 1mio peasizoBaHe 3 BAKOPUCTaHHSM yHiBep-
CallbHUX MOB IPOTpaMyBaHHS, BHMAara€TbCcs BHKOPHC-
TaHHA TpaBWJ KomyBaHHA. HalGip mpaBmn moxe OyTH
cnenn(iYHIM B 3aJIEKHOCTI BiI MOBH IIpOTpaMyBaHHS.
CrpyKTypa mporpamu oBHHHA OyTH SICHOIO Ta 3p03yMi-
71010. PEKOMEHAY€ETHCSI JOTPUMAHHS MOJYIBHOTO NPHH-
nuny cTpykrypu 13, BUKOpUCTaHHS NPUHIMIIIB iHKATI-
cymAauii. Bumaraetbcs yHUKaTH BUKOPHCTaHHS HeOe3me-
YHUX OCOOJIMBOCTEH MOBHM MpPOrpaMyBaHHS, Ha SKIi
cTBOproeThes 113.

[Tpu BUKOpUCTaHHI POOIEMHO-OPIEHTOBAaHUX MOB
MIporpaMyBaHHs, BUKOPUCTAHHS JOKYMEHTAJIBHO 0dop-
MJICHHX INpaBWJI KOJyBaHHs BHUMaraetbcs juisi 13 kare-
ropii ¢pyHKIioHaTIBHOT Oe3neku «By.

[Mig gac peamizamii I13 cTrarmapToM BHMaraeTbcs
MPOBEACHHS JTOKYMEHTAIBFHO OQOopMIICHOT Bepu(iKarii.
Bepuoikamis mae crocyBaTucs SK JOTPUMaHHS IIPABUI
xoxyBaHHs (mis [13 xateropii «B»), Tak i BigmoBiAHOCTI
MOBEIiHKY mporpamu crieruikamii Bumor mo I13.

BucHoBok. Bumoru cranmaptie g0 po3pooku I13
3HAYHO BI/IPI3HAIOTHCS B 3aJIEKHOCTI Bij kKaTeropii. Cra-
Haapt IEC 60880 3000B'13ye AOTpUMYyBaTHCS TPaBHI
KOJyBaHHsI Ta HAaBOIUTH BEJUKY KUIbKICTh AETaJIbHUX
pexomenaaniii. Craumapt IEC 62138 MicTuth 3araibHi
BUMOTH 3 JOTPHMaHHS MPaBUJI KOJTyBaHHs 0e3 1X 3a3Ha-
YEHHS.

AHaJi3 BUMOT 10 eTany Bepugikauii,
iHTerpauii Ta Bamigaunii

B mizpo3ini mpoBoanuThCS TOCIIIKEHHS OCHOBHUX
BuMor crarnapti IEC 60880 ta IEC 62138, siki crocy-
FOTBCS eTariB Bepudikarii, interparii Ta Bamigarmii [13.

Bepudikanis I13. 3 meToro 3a0e3medeHHs BIIeBHE-
HOCTI y BiAmoBigHocTi [13 He0OXiqHUM MMOKA3HUKAM SKO-
CTi BUMAraeTbCsl MPOBEICHHS MNpOLeayp Bepudikamii
BXIIHUX Ta BHUXIJHUX JaHUX Ta PE3yJbTATIB BUKOHAHHS
koxHoro etamy KL T13.

BukonaHHs1 Bepudikauii Mae BUKOHYBaTHCS He3a-
JISKHOIO TPYTIOI0 — 0CO0aMHU, sIKi He Opaliil yJacTi B HOTO
peaunizanii. {ns Bepudikanii [13 kareropii pyHKIIiOHATE-
HOi Oe3mneku «A» Ta «B» ocobu, 1o npoBoasiTs Bepudi-
KaIlito, MaloTh OyTH aIMiHICTPaTHBHO He3aJIe)KHI Bi po-
3pOOHUKIB (MaTH pi3HE KEPIBHUIITBO, MTPAIIOBATH B Pi3-
HUX IJPO3JiIaX YW oprasizamisx). CHiKyBaHHS MK
rpymoro Bepudikalii Ta po3poOHUKIB TOBHHHO BinOyBa-
THCSI B MHCbMOBOMY BHIUISZII 3 3a0€3MEUSHHSM MOIKIIU-
BOCTI IIEPEBipKH.

Jii 3 Bepudikamii MaroTh BinOyBaTHCA BIAIOBITHO
Jo maHy Bepudikarii. Llei mman cTBoproeThest Bepudi-
KaniHOIO rpynoto. B HbOMy MaroTh OyTH JOKyMEHTa-
JbHO 0(OpPMIIEH] BCI BUKOPHCTOBYBaHI KpUTEPii, METOIH
Ta IHCTPYMEHTH, a TaK0X BCi JIil, IKI BUKOHYIOTBCSI JIJIs
OLIIHKH KO>KHOTO 00’ €KTY.

Bepudikarrii miansararoTs:

— crierudikaris Bumor o [13;

— crrerudikartist [13;

— tutad Bajigamii I13;

— peamizamis (s 13 xareropii ¢yHKITIOHATEHOT
0e3meKn «Ay).
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Bepuoikanis cienudikaiii BUMOT 10 IpOrpaMHOTO
3a0e3rnedeHHs] Ma€ BCTAHOBHUTH BIIEBHEHICTh y TIOBHOTI
(dopmyBanHs BuMor Ji0 [13 BiMOBIIHO 10 3aralbHUX BU-
MOT CUCTEMHU.

Bepuoikanis cnenundikauii nporpamMHoro 3abesme-
YEHHSI Ma€ CTOCYBATHUCA:

— aHaJi3y BiANOBITHOCTI 0 crenn(ikarlii BUMOT;

— 3pO3YMIJIOCTI 7Sl PO3POOHHKIB,;

— MOYIJIMBOCTI TEXHIYHOI peai3arii;

— po30uTT Ha GYHKIIOHATIBHI MOIYJI (I KaTero-
pii «A»).

s [13 xareropii «A» 10AaTKOBO BUMAra€eThCsl Be-
pudikaris doro peaizauii.

Bepudixauis I13 kateropii «A», 1o peasizoBaHe 3
BUKOPHCTaHHSIM YHIBEpPCAIbHHX MOB IpOrpaMyBaHH:,
CKJIaJA€ThCS 3 HACTYITHHUX KPOKIB:

— aHalli3 Ta TECTYBaHHS BUXIJZHOTO KOJy. AHaui3
MOXe BiOyBaTHCS 3 BUKOPUCTAHHSAM aBTOMAaTH30BaHMX
IHCTPYMEHTIB;

— ¢yHKIIOHATBHE TecTyBaHHSA MOIyTiB. Lleit kpox
Ma€ MiATBEPANUTH, IO MOAYJb BUKOHYE BCi HEOOXimHI
¢yHKIIi Ta He BUKOHY€E Hellepe10aucHuX;

— iHTerpaniiiHe TectyBaHHA MoxyiiB. Lleit kpok
Ma€e NpOJEMOHCTPYBATH, L0 MOJYJIl BIDHO B3a€EMOJIIOTh
OJIVH 3 OJIHUM.

Bepudikauis peanizauii [13 kareropii «A», mo pe-
aJli30BaHe 3 BUKOPUCTAHHSM IPOOJIEMHO-OPIEHTOBAHUX
MOB, MOBHHHA BiJIOYBaTHCS 3a JIOIIOMOTIOIO Bi3yalbHOI
nepeBipky abo 3a JOIOMOTOI0 aBTOMAaTHYHHUX 1HCTpyMe-
HTalbHUX 3ac00iB. Li 3ac00H MOBMHHI MAaTH MOKJIUBICTh
3MOJIEIIIOBATH POOOTY MPOTrPaMHOro 3a0e3eveHHs B pe-
KUMi BimmaromkeHHs. [Iponec Bepudikamii Mae miarse-
pautH, mo Bci exemenTn [13 pearizoBaHi BipHO Ta BHKO-
HYIOTb HEOOXimHI QyHKIIT BiAmoBiMHO A0 criermdikamii
BuMor Jo [13.

Takox Bepudikauii mizsirac KoHiryparis paHiime
po3pobiaenoro 113, 1o aTecToBaHe Ta BUKOPUCTOBY€ETHCS
B mpoekTi. Bepudikaliist Moxxe BinOyBaTHCsS METOAaMH
Bi3yalIbHOI IEPEBIPKH, 32 JJOIIOMOTOI0 BUKOPHCTAHHSI iH-
CTPYMEHTAJIbHUX 3ac00iB, a00 NUIIXOM KOMOiIHYyBaHHS
METOJHK.

Pesynbratn Bepudikamii MaroTh 0(OpPMITFOBATUCS
JOKYMEHTAJIFHO Ta aHali3yBaTUCS PO3POOHHKAMH 3 Me-
TOIO YCYHEHHS BUSIBJICHUX HEBIIOBITHOCTEH.

Interpanis I13 xo KCY. Eran inrerpamnii nepen-
6auyae 00’eHAHHS BepHU()IKOBAaHMX MOJYJIIB allapaTHOTO
3abe3neueHss Ta [13 B equny 3aBepmeHy cuctemy. Bin
Mae Bi0OYBaTHUCS 3a MONEPETHLO PO3POOICHNM TIIIAHOM.
IIpomec inTerparii BigOyBaeThCS 3a HACTYIMHHMH KpO-
KaMH:

— 30upaHHA Ta 3’€JHAHHSI MOJIYJIiB alapaTHOTO 3a-
0e3IeUYCHHS Y BIIOBITHOCTI JIO IPOCKTY;

— 30upanHs 3aBepiuenoro [13 3 nporpaMHux mMomy-
JIiB;

— 3aBaHTakeHHs [13 B TexXHIYHI 3aCO0M, OIS SIKHUX
BOHO PO3pOOJISIOCS;

— nepeBipka BinnosigHocti [13 cnenudikarnii mpoe-
KTY;

— nepeBipka iHTep¢eiiciB MK amapaTHAM Ta TPO-
TPaMHUM 3a0€3MeUCHHSIM;

— niepeBipka pynkuionyBanss [13 Ha KOHKpETHOMY
amapaTHOMY 3a0e3IeYCHHI.

Pesynpratn Bepudikamii iHTErpOBaHOI CHUCTEMH
MaroTh OyTH JOKyMEHTaIbHO 0(OopMIIeHI. Y 3BiTi MAIOTh
OyTH BKazaHW{ MepeliK amapaTrHOro 3a0e3ledyeHHs Ta
13, BunpoOyBasIbHOTO 00JIaIHAHHS, TAPAMETPH IX HaJla-
LITYBaHb, @ TAKOXK OYy/b-sIKi BUSBICHI 1e()EKTH Ta HEBiI-
TIOBIZTHOCTI.

Baninauia II3. 3a pesynpraramu iHTerparmii cuc-
TEMH BIMAaraeThCs IPOBEICHHS TECTYBaHb B ii KiHIIEBiH
KoHirypariii, BKirrogaroun KiHmeBy Bepcito I13. Ilepesi-
pKa Mae ImepeBipATHCS 3a TOTIOMOTOI0 MOJICITIOBAHHS BXi-
JHUX CHTHAJIIB Ta JaHWX, SKi ICHYIOTh IiJ 4ac eKcIuIya-
tauii. [lepeBipkoro Mae OyTH OXOIUIEHI:

— Bel QyHKUii, mo peanizyorses B [13;

— BCl Jllalla30HM CUTHAJIIB Ta IapaMeTpiB;

— JIOTiKa Ta aJITOPUTMHU POOOTH;

— 3aXHCT BiJl HOMHJIOK OIlepaTropa Ta BiJIMOB THIITMX
CHCTEM.

3a pe3yipTaTamMu Bamigarii Mmae OyTH CTBOpEeHa H0-
KyMEHTAIlis, siIka TOBHHHA BKJIFOYATH B ceOe BCi BUABIICHI
HEBIATOBIAHOCTI Ta JEPEKTH.

Bucnosku. [licns 3aBepmrenas peamizamii [13 pos-
pOOHMKaMU MalOTh BilOyTHCS eTamnu Bepudikanii [13, iH-
terpauii I13 no KCVY Ta Banmimanii I13 B ckmani KCV.
Mera 111X eTamiB — NepeBipUTH SKiCTh po3pobdienoro [13
Ta BIANOBIZHICTH Horo cneundikauii Bumor. Byab-skuii
eTan MOKe CTBOPUTH iTepallilo B IIporeci po3poOKH rmpu
BUSBIICHI eekTy. B npoMy Bumanky iHpopmaris mpo
BUHAiIeHUI e)eKT MOBUHHA OYTH mepeaaHa po3poo-
HukaMm [13 s aHanmizy Ta ycyHeHHS, MICIs 40ro Mae Bif-
OyTHCS TOBTOpPHA TIEpEeBipKa.

I'muOuna Bepudikarii Ta Bamigamii 3ameXUTh Big
Kareropii ¢yHkmioHanpHOI Oesmeku [13. Hampukian,
OJITHa 3 OCHOBHUX ocoOmmBoctei Bepudikamii [13 katero-
pii «A» — HeoOXimHICTh Bepudikarlii foro peamizarmii: ap-
XITEKTYpHU Ta BUXIIHOTO KOAY.

AHaJli3 BUMOT /10 €TaIly BCTAHOBJICHHS,
eKkciyaranuii Ta Mogudgikamii

BceranoBiennsi Ta ekcmuryaranis. I[licis 3aBep-
HICHHS eTaIliB peaisallii, IHTerpaiii Ta BajigaIfii po3mo-
yuHaeThes etan BecranosieHHs KCY Ta Horo ekcrutyara-
uii Ha AEC. Cranmaptu IEC 60880 Ta IEC 62138 omm-
CYIOTh BUMOTH JI0 BCTAHOBJICHHS, B3a€EMOIi1 MIX omepa-
topamu Ta [13 KCV, sKki cTocyroThCs YCTaHOBKH, 3aXH-
mieHocti (s [13 xareropii «Ay), HaB4aHHS OIIEPaTOPIB,
a TaKOX [ y BUMAAKY BUSBICHHS aHOMAJIH.

Bumaraetscs, 1100 micist BcraHoBiieHHs 13 Ha wi-
CIi excruTyaTarii Oymna mepemabadeHa mpoueaypa TecTy-
BaHHS HOTO (PyHKI[IOHAIBHOCTI.

BaxumBoro ckiiazoBoio 3abe3neueHHS Oe3MeKu
KCY e nii oneparopa. Tomy cTaHgapTaMu BUMara€ThCst
mpoBeAeHHs HaB4aHHA oneparopiB AEC Ta iHmoro nep-
COHAJTy 3 KOHTPOJIIO Ta KepYBaHHS KOPUCTYBAaHHIO Ta 00-
ciyroByBaHHi0 II3 B HeoOximumx mekax. [lman HaB-
YaHHSA Ma€ OXOIUTIOBATH SK HOPMAIBHI, Tak 1 aBapiifHi
YMOBH €KcIuTyaranii. 30Kpema, orepaTop Ma€e BMITH po3-
mizHaBaTy aHoMaiii B podoTi I13. s naGyTTst oneparo-
POM HEOOXiTHHX HaBHYOK HaBYAIBHHUN IUIAH Ma€ BKIIIO-
YaTH SK TEOPETHYHI 3HAHHS, TAaK 1 NMPAaKTUYHE OBOJIO-
niHHSA poboToro 3 113 Ha y4uboBili cucTemi abo TpeHaxe-
pax, sKi MOJENIOI0Th TOBEIIHKY peanbHoro [13 Ta o6ia-
JHAHHS.
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Sxmo min vac ekcruryatanii [13 cmocrepiraeTses
BIIXWJICHHSI WOTO MOBEAIHKH BiJl OYiKyBaHOi, BUMara-
€THCS CKIIAJCHHS IPOTOKOITY PO aHOMaJIio, 10 MiCTUTh
JeTanbHy 1H(QOpPMAIIiI0 PO MPOBEACHI JIii Ta HACHIIKH.
L1i npoToKONHM MiASATaroTh aHali3y POSKTYBAIbHUKAMH
st monudikamii 13 ta ycyHeHHS nedexry.

Cranpapt IEC 60880 MicTHUTH DOZATKOBI BUMOTH
1o 3axumerocTi [13 kaTeropii «A» Ha MicIli eKCIuTyara-
uii. Boan nepenbadaroTh BU3HAYEHHS 3aXO0IiB IPOTH IO~
TEHIIHUX 3arpo3 BUKOHaHHIO QyHKLiH Oe3mexkn KCVY.
V3araabHEHO 11l BAMOI'M MOJKHA 3BECTH IO TOI'O, Iij Yac
Oynp-sxux aiit 3 [13 mae Oytu 3a0e3neyena GpyHKIiOHa-
npHa 6e3nexa KCY. Hampukian, Taki 1ii ik 00CcayroBy-
BaHHs, Moudikaris u1 oHOBIeHHS [13 MOXyTh BUKOHY-
Batucs npu pobori AEC Ha mortyxHocti. Uepes 1ie no-
BUHHI OyTH nepeabaueHi MOKIMBOCTI OIOKYBaHHS OKpe-
mux ¢yHnkuiit [13, Bugayi aBapiiiHoi curHamnizanii, 3a60-
poHa ab0 BUKOPUCTAHHS OKPeMHX iHTep(eHCiB i yac
obciyroByBaHHs 4 Moaudikamii. Takox 1ii, 1o BIUTH-
BAaIOTh Ha 3aXHUIIECHICTh, MAIOTh BUKOHYBATHCS OIIEPaToO-
POM TINBKY 3 BH3HAYCHHUX MiCIb (HAIPUKIIA[, HE BHKO-
HyBaTHUCS 3 HemepeaoauyeHnK poOOYHX CTaHIIIHN 3 Bimma-
JICHUM KepyBaHHSM).

Moaudikania II3. Ilporarom Bceoro XKII II3
MOJKE BMHUKAaTH HeoOXigHicTh Moaudikanii 13 3 npu-
YMH 3MIHU (YHKIIOHAJIbHUX BHMOT, TEXHIYHOTO 3a0e3-
NeyeHHs1 a00 BHUSBJICHHS aHOMaJIiil Mijl 4ac TecTyBaHHs
abo ekcruryarauii. [{ns BukoHaHHS Monudikanii Mae
OyTn po3poOsieHa IOKYMEHTaJIbHO O(OpMIICHA IpOle-
Iypa KepyBaHHS MOIU(IKaIl€ro.

B pasi BusBieHHs HeoOXinHOCTI B Moaudikamii 13
Mae OyTH CTBOPEHHH 3amuT Ha Momudikamiro. B HboMy
Ma€ BKa3yBaTHCS NPHYMHA, 00JAcTh 3aCTOCYBAaHHS Ta
iHimiarop 3amuty. Bumaraetbcs, mo0 meil 3amuT OyB
MpOaHai30BaHNi PO3POOHMKAMHU. AHaJi3 Mae BKIIIO-
yaTH B ce0be JOUUIbHICT 3MiH, MOKIMBHI BIJIMB HA 1HIIT
YaCTHHU CUCTEMH TOILIO.

B pasi yxBasieHHs! pillIEHHs [TPO NPOBEACHHS MOJIHU-
¢ikarlii BOHA BUKOHYETHCS 3 MOJANIBIINM POBEICHHIM
nporenyp Bepudikamii ta Bamigamii Bcix gactun KCVY,
Ha sKi Mae BIUB. SIkmo moamdikamis crocyerbes 113
00JaTHAHHS, 0 3HAXOTUTHCS B POOOTI, pO3pOOHUKH Ta
TECTYBAJbHUKH IPOTPAMHOTO 3a0e3le4eHHS MaloTh
MAaTH JIOCTYTI IO aHAJIOTIYHOT KOH(piryparii oomagHaHHS
Jutst BeprGikamii Ta Baimarii.

Bci nokymenTH, Ha siki BIiuBae Moaudikariis, ma-
10Th OyTH 3MiHEHI Ta 3apeecTpoBaHi B apXiBi 3 ympas-
JIiHHSA MOIU(DIKAIIISIMU POEKTY.

BucnoBku. ®yskuionanpHa 6e3nexa KCY 3abes-
MIEIy€ETHCS 32 YMOBU BIPHOTO BCTAHOBIJICHHS Ta KBalii-
MOXKJIIBO 3aBJSIKM TIOCTIHHOMY KOHTpOJIIO 3a cTaHoM I13
Ha MICIi eKcIutyaTamii KBasli()ikOBaHMM HEPCOHATIOM.
Iepconan, mo ekcmtyarye KCVY, noBuHeH Matu 3B’ s130K
3 MpeJCTaBHUKAaMH PO3pOOHMKa JUIs Iepesadi iHpopmMa-
i1 PO BHSBIICHI aHOMAJTi1 B po0OOTi Ta 3araJibHU JOCBI
eKCIITyaTalii CHCTEMH.

Tabumus posnonisienns sumor o 113

B pesynbrati nocmimkens cranpaptis IEC 60880
ta IEC 62138 no po3pobku 113 KCY AEC, BaxmuBuX
IU1s1 O€3IeKH, IX OCHOBHI BUMOTH 3BEAEHO 10 Ta0I. 4.

Tabnuysa 4 — OcnoBHi BuMoru a0 po3podoku I13 KCY AEC

Kareropis 113

Bumora
«A» I «B» ‘ «C»

KepyBanus po3po6koro

Posnoain mponecy po3podku I13 Ha etamu
Ta BUIW TIsUIBHOCTI

JlokymeHTanbHEe 0(OPMIICHHST METH, 3B’s3-
KiB, BXIJHUX Ta BUXIJHHMX JaHUX KOKHOIO | + + +
eramy

Bepudikariist JocsrHEHHS] HEOOXiTHOT SIKO-

Sl + + +
CTi Iic/Isl BUKOHAHHS KOXKHOTO eTary
JIOKyMEHTYBaHHS pe3yJbTaTiB BUKOHAHHS + + +
KO)KHOTO eTamy
Ilinan 3a0e3meyeHHsI SIKOCTI
BukoHaHHS BCiX BUAIB MISJIBHOCTI KOMIIE- + + +

TEHTHHMH 0C00aMu

JloKyMeHTaIbHE BU3HAUCHHS, O(OPMIICHHS
Ta igeHTHQIKamis BCIX IHCTPYMEHTAJIbHHX | + + +
3ac00iB Ta MEX iX 3aCTOCYBaHHS

YiTke BU3HAYEHHS CIIEHU(IYHNX TEPMiHiB,

CKOpPOYECHB Ta II03HAYCHb Lt
HeoOxiaHiCTh BiACHIAKOBYBaHHS Ta BHUpI- + + +
LICHHS BCIX Mpo0seM 3a0e3neueHHS SIKOCTI
O6rpyHTyBaH§ﬂ BIJIXMJICHD BiJl YMOB Ta BH- + + +
MOT CTaHJIapTiB

3BiT BUKOHAHHS KO>KHOTO ITyHKTY IIJIaHy 3a- + ) )

Oe3neueHHs IKOCTI

3araabHi BUMoru 10 po3pooku I13

Posnoginenns [13 ta koHirypamiifHux na-

+ |+ | +
HHX Ha THITN
KepyBanHs kondirypauiero 13 + + +
3axumenicts [13 mix yac po3podku + - -
Pearrizartist JOIOMOTOIO YHiBepCaTbHUX MOB |+ + +
Peamizarist JomomMororm mpoOIIeMHO-Opi€H- + + +

TOBAaHHUX MOB

Cneuungikauis sumor o 113

Crerudikariisi BAMOT Ma€ BH3HAYaTH, IO
poOHTH Mporpama, a He Te, K BOHA IIe po-| + + +
OuTH

Crporuii onmc Bumor jo 13 + - -
Bumoru no 3axumenocri I13 + - -
Bumoru n0 camokoHTpoJio 113 + + -
BumMoru 0 mepiogUyHOTr0 TeCTyBaHHS (y- + ) )
gk 13

Bumorn 10 3aXHCTy BiJ BiIMOBH 3 CHUIBHOT + + +
IPAYHHI

IIpoexTyBaHHs Ta peanizamis

MoaynbHuii  NpUHLMIL,

«3ropU-BHU3Y

MPOEKTYBaHHS

Ko nporpamu mMae GyTu mpocTum i 3po3y-
MIiJIIM

VYHUKHEHHS yCKJIa[HEHHX MPUHOMIB KOZIy-
BaHHsI, PEKypCil, KCTUCHEHHS» KOAY

Koxn nporpaMu Mae BiImoOBiIaTH TOKYMEH-
TaJIbHO 0)OPMIICHHMH [IPaBHIIAM

HasBHicTh MOBHOT TOKYMEHTAIII 31 CTBOpE-
Horo I13

IHcTpymMeHTaNBHI 3ac00M

Bucoka skicThb

Husbkuiil pu3uk BHECEHHS 1e(DeKTiB

+ [+ |+
+

Toyna izeHTHdIKAIS

+ |+ [+ [+

ArTecTaltist Ta ceprudikariis
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Bumora

Kareropis 113

«A» ‘ «B» | «C»

Mogu nporpaMyBaHHs Ta TPAHCIATOPH

aBTOMATH30BaHOI NEPEBIpKU

UYiTKi mpaBujia CEMAaHTUKU Ta CHHTAKCUCY + -
Bukopucranns «0e3nedHOro», CKopode- + )
HOTO BapiaHTy MOBH

HasiBHICTB epeBipeHOT0 TpaHCIITOpa + -
Buxopucranus incrpymenTansHoro [13 ms + )

YHiBepcajbHi MOBU IPOrpaMyBaHHs

IIpaBuna nmporpamyBaHHsI, SIKi JIETKO BEpH-

IEC 60880)

¢ikyBatu T
Bepudixaris toTpuMaHHS IpaBUII Ta CTaH- + +
JIapTiB KOJYBaHHS

3abe3nedyeHHs 9iTKO eTepMiHOBAaHO]I ITOBe- + +
minku [13

CraTuyHa TUII3aIis + +
HamucaHHsl BUXIZHOTO KOIy 3 JIOTPUMaH-

HSIM BUMOTr Jojatky «By» (crammapty| + -

IIpo6emMHo-0pieHTOBaHI MOBH MPOrpaMyBaHHS

Meroau ¢opmarizanii MOBH € HPOCTHMH,

HKTY crierudikarii

3pO3yMIIMMHM, CTaHAAPTHOTO MpPEACTaB- | + -
JIeHHs, 0e3 HeOe3MeYHNX €JICMCHTIB.
®dopMaT TpencTaBICHHS, 3PO3yMIIMN A + )
TEXHOJIOTiB-CIEL[aNICTiB
IIpocra cTpykTypa mporpamMHOro Komy, Iio + )
TEHEPYETHCS
Panime po3po6.iene I13
Orinka GyHKIIOHAJIBHOT MPUAATHOCTI + +
OmiHKa SKOCTi + +
OrriHKa IOCBiy eKCILTyaTalii + +
HasBHicTh BUSIBIEHHS Ta CTIMKICTBH A0 Bif- + +
MOB
CTiliKiCTh 10 TIOMHJIOK ONIepaTopiB + +
HasBHicTh mOKyMeHTaIi] 3 CHCTEMHHX BH- + +
Mor, iHTepdeiiciB, Oe3meKkn, CAMOKOHTPOIIIO
Bepudikanis

Bepudikariiiina rpyna He MicTUTB 0ci0, 1110 + |+
Opainu yuacts B peastizanii [13
Bepudikaniiina rpyma agMiHICTpaTHBHO + +
He3aJIeKHA BiJl rpynu po3pobHuKis [13
Bepudixkamis ciermdikarii Bumor go 13 + +
Bepudikariist npasun peaizarii [13 + +
Bepudikariis kondirypauii panime po3po0- + |+
sexoro I13
Bepudixarist BuxigHoro koxy Hosoro I13 + -

InTerpamisn
Bepudikais nporiecy iHTerparii + -
HasiBHiCTh Mpolexypy BUIpaBiIeHHs aede- + )
KTiB

Baainanis
BUKOpHCTaHHS CTaTHYHOTO Ta JUHAMIY- N i
HOTO MOJICIIOBAHHS BCiX BXIJIHMX CUTHAIIIB
[ToBHe TecTyBaHHs BCiX QyHKILiit + -
TectyBaHHS BiINMOBIAHOCTI QyHKIIH, Xapa-
KTEpHUCTHUK Ta iHTepdeiicy 13 koxHOMY my-| - +

TectyBaHHS BiAMOBITHOCTI (QyHKIIN, Xapa-
KTepHUCTHK Ta iHTepdeiicy [13 xoxxHOMY ITy-
HKTy crenudikamii, BaxiuBomy st 0e3-
TeKU

Kareropis 113
Bumora
«A» | «B» | «C»
OriHKa pe3yabTaTiB Bamigawii ocodamu, sKi + + +
He Opaiu ydJacTi B peastizamnii
Moudikanis
HasiBHicTh mpoueaypu 3anuTy Ha Momudi- + ) )
Kallito
Hesanexxna ominka 3amuTiB Ha Mogudika- + ) )
110
Jns  BUnpoOyBaHHS  BHKOPHCTOBYETHCS + . )
KOH(Irypailisi, iICHTUYHA peaTbHIA cUCTEMI
Bepudikariist ta Bamigaris micis mpoBese- + + +
HUX Moau(ikamin
Kopexmist .,ILOKyMeHTiB, Ha fKi BIUIUBA€E J0- + + +
KyMeHTalis
Peecrparniss 1okyMmMeHTIB 3 Moau(ikamii B + ) )
apxiBi
BceTaHoBIeHHS Ta eKCILTyaTanis
3axumnienicts 13 Ha Miclli eKkcIuTyaTanii - - -
HasuanHns onepaTopis - - -
HasBHicTh _TPOIENypH  CTBOPEHHS 3BITY A N
PO aHOMAJIIIO

3aco0u iMmmiieMeHTANIl BUMOT

Cranpaptu po3podku I13 KCY AEC, BaxiuBux
g 6esnexu — IEC 60880 ta IEC 62138 — MicTATh BH-
moru 1o Bcix eramiB JKII I13. fk Bxxe 3a3Havanocs, 10-
TPUMaHHs BUMOT IIMX CTaHIAPTiB 03B0JIsi€ cTBOpuTH [13
BHCOKOI'O CTEIEHIO HAIIHHOCTI.

Jlns noTprMaHHS BUMOT CTaHAAPTIB ITij 9ac po3po-
OKM HEOOXiHO JOTPUMYBATHCA MEeBHUX npasmil. Crinpa-
FOUMCH Ha JOCIIKEHHS [[MX BUMOT, a TAKOXK Ha JOCBiJ
aBTopa miz yac po3pobku 13 KCY AEC HaykoBo-BHpO-
OHnuuM mianpueMcTBoM «Paniit» (M. KponuBHHUIBKUIA,
VYkpaina), MoxxHa chopMyBaTH OCHOBHI IpaBHiIa, METO-
JIUKY Ta 3aX0/H, sIKi 3a0e3meuytoTh ctBopeHHs 113 Buco-
KOT SIKOCTI.

Ha erari crBopenns cienudikartii Bumor go [13 Ba-
JKJIMBI HACTYTIHI (PaKTOPH:

— OTPUMAaHHS BiJ] 3aMOBHHKA ITOBHOI TA BCEOCSKHOT
cnenudikarii Bumor 10 KCY;

— "iTKe BHU3HAYCHHS BCiX (yHKIIH MaiOyTHHOTO
NPOAYKTY;

— JIeTaJIbHUI OMHKC BCiX BUMOT B crienuikaiii arma-
paTHHX 3ac00iB;

— IeTaNbHUM OMKC BCiX BUMoOT 10 113;

— YiTKe TUTAHYBaHHS €TalliB PO3POOKH Y BIATIOBiA-
HOCTI JI0 TEXHOJIOTiH, III0 BUKOPHUCTOBYIOTHCS;

— MOCTIMHUHA 3B’A30K 3 NpEACTaBHUKAMM 3aMOB-
HUKa U1l yTOYHEHHS MOJIMBUX 3alUTaHb.

Ha erami npoextyBanHs Ta peanizauii I13 Baximsi
HacTyIHi hakTopu:

— HasiBHICTb PO3POOHHKIB-TIPOIPaMiCTiB  BHCOKOI
KBaJTi(hiKaIii;

— HasIBHICTb JIOCTATHIX TEXHIYHUX 3aCO0IB;

— o0TpyHTOBaHUH Ta CBiZOMUI BUOiIp MOB Tporpa-
MyBaHHS Ta IHCTPYMEHTAJILHUX 3aC00iB,;

— BUKOPUCTaHHSI HAaWKpalMX MPAKTHUK MPOrpamy-
BaHHSA: aKTyaJIbHUX CTaHAApPTiB KOXyBaHHS, JOTPUMaHHSA
coding-guides 1t 0OpaHUX MOB, 3aCTOCYBaHHs Oe3mey-
HUX NPUHOMIB IIPOTpaMyBaHHS;
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— IOCTiiHE TeCTyBaHHS KOLy;

— BUKOPHUCTaHHSI «THYYKHX» TEXHOJIOTiH mporpa-
MYBaHHSI Ta B3a€MO/Iii B KOMaH/Ii, HAPUKJIA/ TEXHOJIOT1]
SCRUM [8];

— Bukopucranus nigxoxy CI/CD (Continuous Inte-
gration/Continuous Deployment);

— uiTKa ineHTudikarmis Bepciit [13 Ta qokymenrarmii
710 HBOTO.

Ha erami Bepudikamii Ta Bamigarii BaxuBi HaCTy-
ITHI YUHHUKH:

— meransHe BUBYCHHS cnenndikamnii sumor 10 KCY
Ta [13;

— IIOBHOTA TECTYBAaHb;

— MIATPUMKA MOCTIHHOTO 3B’SI3KY 3 pO3POOHUKAMU;

— (opMyBaHHs SIKICHOT JOKYMEHTAlii 32 pe3yJibTa-
TaMH IIePEBIPOK.

Ha erani BnpoBa/iXKeHHsI Ta €KCILTyaTallii BaxJIMBi
HACTYITHI YMHHHUKH:

— sIKICHE BUKOHAHHSI MOHTa)Ky CHCTEMH Ta BCTAHO-
BieHH: [13;

— KOHTPOJIb 32 BEpCisIMU Ta KOH(ITypaIli€ro BCTaHO-
BieHoro [13;

— HamaHHasa nepcoHany AEC moBHOI qOoKyMeHTalril
Ha Bci kommonentu KCVY;

— SIKICHE HAaBYaHHS mepcoHany it podotu 3 KCY;

— IOTPUMAaHHS MOCTIHHOTO 3B’SI3Ky MDX NEpCOHa-
nom AEC Ta po3poonukamu KCY st 360py inpopmariii
PO JIOCBiJ eKCIUTyaTalil, MpoOJeMH Ta 3alMTaHHS IO
BHHHKAIOTh, & TAKOXK ONEpPaTUBHOI 0OpOOKHM 3amuTiB Ha
MoudiKariro.

BucHoBOK. Sk mpukia, JOTPUMaHHS BUMOT CTaH-
JapTiB  PO3pOOKM JI03BOJIMIIO HAYKOBO-BHPOOHHUOMY
MiATPHEMCTBY «Pamiit», mpoBiTHUM iHKEHEPOM-TIPOTrpa-
MICTOM SIKOTO € aBTOP, PO3POOUTH Ta MOCTABUTH BEJIUKY
kinbkicte KCY Ha AEC Ykpaiuu, bosrapii, Kanaau, Ap-
TeHTHHU Ta IHIIUX Kpain craHoM Ha 2023 pik. [li KCY
YCIIIITHO eKCIUTyaTYIOThCS NPOTATOM 0araTboX pOoKiB.

IIpo6Jsiema oiHKHU BiANOBiAHOCTI cTaHAAPTY

Micns po3podku [13 KCY AEC BigmoBigHO 10 BU-
mor crarnaptiB IEC 60880 ta IEC 62138 Bunnkae HeoO-
X1THICTB OIIIHKY BiATIOBITHOCTI ITPOIIeCy PO3pOOKH Ta ca-
moro 13 1um crangapram. OIiHIOBAaHHIO MOXE ITiIs-
rat sk Oynab-sikuid okpemuit etan JKII I13, Tak i Bech
MPOIIEC B IIOMY.

3riHO JOCHTIKEHHS 3MICTy CTaHIAPTIB, iX BUMOTH
MOJKHA PO3IOJIUINTH Ha «aAMIHICTPaTUBHI» Ta «TEXHi-
Y9Hi». « AAMIHICTPATHUBHI» BUMOTH CTOCYIOTHCS OpraHiza-
1ii po6odoro nporecy, 3MIiCTy pi3HOMaHITHUX JJOKyMEH-
TiB, B3a€MOIi MK IpyliaMy po3pOOHUKIB TOIIO 1 CTOCY-
IOTHCSI TIEPEBAXKHO €TaIliB CTBOPEHHS crienudikarii BU-
Mor, Bepudikarii, Baminanii, iHTEerpamii Ta CynpoBomy.
«TexHiuHI» BUMOTH CTOCYIOTHCS €TalIliB peaiizamii: BU-
0opy MOBH ITPOrpaMyBaHHs, CTBOPEHHS IIPOEKTY Ta pea-
mizamii II3 KOHKPEeTHMMH MOBaMH TIPOTPaMyBaHHS,
TOOTO TEepEeBaXKHO eTaly IMPOEKTYBAaHHS Ta peaji3arii
I13.

O1iHKY BiAIIOBITHOCTI «aIMiHICTPATHBHUMY BHMO-
raM CTaHJapTiB MOXXHA ITPOBECTH, BUBYAIOYH SIKICTh BH-
KOHaHHS KO’KHOT BUMOTH.

Jist 1boro moTpiOHO MPOBOJUTH aHAMI3 K CaMOTo
pobodoro mporecy, Tak i 3MIiCT JTOKYMEHTIB 32 Pe3yiib-

TaTaMU BIATOBIAHWX eTamiB. Hampuknan, B ciienudika-
uii BuMor y1o [13 mMatoTh OyTH BKazaHi npukIagHi GyHK-
11, 0 BUKOHYIOThCs 113, 1 HasIBHICTH LILOT'O MOJXKHA I1e-
peBipHTH.

OIiHKY BIAMOBITHOCTI «TEXHIYHUMY BHMOTaM, 30-
KpeMa IpaBWIBHOCTI BHOOPY MOBH IIPOTPaMyBaHHSI Ta
peamizanii I13, Mo)kHa BUKOHATH IIISXOM aHAJTI3y BHXi-
JTHOTO KOy MPOTpaMH Ta HOTo (pyHKIIOHAIEHOMY Tec-
TyBaHHIO. [Ipn npomy BiamosimHicTs [13 BUMoOram crre-
nugikarii MOXXHa TEPEBIPUTH, TMOCIIOBHO TEpEeBips-
rouM Bci HagBHI (QyHKMT [13, a BiATIOBIIHICT KOy TIpO-
rpaMH ITpaBUJIaM KOJyBaHHS MOKHA OLIIHUTH, TUIbKH Jie-
TalbHO aHaJi3ylo4M Koja mporpamu. s mpoBeneHHs
aHaizy KoJy mporpamu (Haragaemo, 1e crocyerbes [13
Kateropii «A») kBaridikaris ¢axiBi, SKU BUKOHYE I1e-
peBipKy, B KOHKPETHIi MOBI IpOrpaMyBaHHs Mae OyTH
CITIBCTaBHOIO 3 KBaMi(iKalli€lo Mporpamicris, 110 peai-
3yBanu [13.

SIKk BUCHOBOK, MOXHA BIZIMITHTH, 1110 B CTAHAApTax
po3pobku [13 KCY AEC He HaBOOUTHCS KOHKPETHHUX Me-
TOIIUK OI[IHKH Ta METPUK BiamosixgHocTi [13 M cranna-
pTam. Buxozstau 3 mporo, oriHka BiamosigHocTi [13 BH-
MOTaM CTaH/IAPTIiB BKJIIOYAE Cy0 €KTHBHY CKIIQJIOBY 1 3a-
JIOKUTH BiJI METOJIIB MEPEBIPKH, IO BUKOPUCTOBYIOTHCS
B KOHKPETHIH opranizarii.

BucHoBku

Mixnaponsi craamaptu IEC 60880 ta IEC 62138
MICTSTh BaXJIMBI BUMOTH 0 BCiX eTamiB po3pooku 13
KCY AEC, BaxmmBoro mis Oesmeku. Bumorn crocy-
FOTBCS SIK OpPTaHi3alliifHIX MUTaHb, TaK | TCXHIYHAX acIie-
KTIiB. 3TiJJHO 3 UMMM CTaHIAPTaMH, KOKHE ITiJIPHEMC-
TBO, 1110 3aiMaeThest po3pookoro 113 KCY AEC, mae Bu-
3HAYUTH POOOUi IPyNH, sIKi OYIyTh peaii3oByBaTH pi3Hi
eranu KLl (mpoekTyBaHHs, peanizallis, Bepudikaiis
TOIIIO).

InTtepdeiicu xkopuctyBaya. CTaHmapTH HE Mic-
TATH BUMOT 110 iHTepdeticiB kopuctyBaua [13. Tomy on-
HUM 3 HampsIMKiB HaCTYHHHX JIOCHIIPKCHb CTaHYTh BU-
MOTH IHmMUX MibkHapomHux cranaapris — [EC 61772
«Nuclear power plants — Control rooms — Application of
visual display units (VDUs)» («BisyanbHi mpuctpoi Bi-
nobpaxenusn») [9] Ta IEC 62646 «Nuclear power
plants — Control rooms — Computer-based procedures»
(«Komn’rorepuszoBani npoueaypu») [10], a Takox Bu-
MOTH Tally3¢BUX HOPMATHBHHUX JOKYMEHTIB, TaKuX SIK
NUREG-0700 «Human-System Interface Design Re-
view Guidelines» — «IloOymoBa inTep¢eiiciB «IroanHa-
mammaay (U.S. Nuclear Regulatory Commission, CILIA)
[11].

Ouinka Bignosianocri I13 cranpapram. B cran-
JapTax He BU3HAYAETHhCS 3arallbHONPUHHATHX METPHK,
10 BKa3yIOTh CTYIIiHB BiamoBigHocTi [13 maHuM crannga-
pTam. Buxoasuu 3 11b0r0, KOXHA OpraHizailis, Ka BUKO-
Hye o1iHKy BimnmoBigaocTi 13 Ta KCVY B mizoMy BUMO-
raM CTaHJapTiB, MOBUHHA CTBOPHTH BJACHY METOAUKY
TaKo{ OIIHKHU.

ToMmy MeTOI0 HACTYMHHUX JOCIHIT)KEHb € BUBUYCHHS
3aco0iB OI[IHKK crienudikamiii BUMOT, MeTpuk koay 113,
KpHUTEpiiB MOBHOTH TecTyBaHHs [13, siki MOXYTh OyTH
BUKOPHCTaHI U1 pOo3poOKH (HOpMaIbHUX METOAUK OIi-
HioBaHHA [13 BIMOTram cTaHmapTiB.
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Study of the requirements of international standards IEC60880 and IEC62138 for the development of software
for information and control systems of NPPs important for safety

Boris Vintenko, Oleksii Smirnov, Anna Kovalenko, Serhii Smirnov, Kostiantyn Buravchenko

Abstract. Today, a significant part of electrical energy is produced by nuclear power plants. Atomic energy is a cheap,
economically beneficial and ecological way of meeting people's needs with electricity. At the same time, this production is con-
nected with the need to ensure the protection of people and the environment from ionizing radiation of nuclear fuel during normal
operation of the plant and in case of emergency situations. Nuclear power plants (NPP) contain a large amount of equipment to
ensure technological processes and perform safety functions. The purpose of the work is to study the requirements for the for-
mation of the life cycle, the main stages of design and documentation of the software of the computer control systems of nuclear
power plants (software CCS NPP), which perform safety functions of categories "A", "B" and "C". Requirements for software
performing category A functions are given in the international standard IEC 60880 "Nuclear power plants — Instrumentation and
control systems important to safety — Software aspects for computer-based systems performing category A functions", software
requirements , performing category "B" and "C" safety functions, specified in the international standard IEC 62138 "Nuclear power
plants — Instrumentation and control important for safety — Software aspects for computer-based systems performing category B or
C functions". The object of research is the process of developing software for computer control systems of nuclear power plants.
The subject is a study of the requirements of international standards IEC 60880 and IEC 62138 for the development of software
for information and control systems of NPPs, important for safety. As a result of the study, the general structure of the require-
ments of the IEC 60880 and IEC 62138 standards was considered, the groups of participants who participate in the development
of the software of the NPP CCS and the distribution of software development activities among these groups were determined, the
analysis of the requirements of the general requirements and the requirements for the stage was carried out development of the
software specification, requirements for the stage of design and implementation of software, requirements for the stage of verifi-
cation, integration and validation and requirements for the stage of installation, operation and modification, a table of distribution
of requirements for software was formed, means of implementation of requirements were studied, the problem of assessment of
compliance with the standard was determined. Conclusions. The international standards IEC 60880 and IEC 62138 contain im-
portant requirements for all stages of the development of the safety-critical NPP control system software. The requirements concern
both organizational issues and technical aspects. According to these standards, each enterprise engaged in the development of NPP
CCS software must define working groups that will implement various stages of the NPP (design, implementation, verification,
etc.). The standards do not contain requirements for software user interfaces. Therefore, one of the directions of further research
will be the requirements of other international standards — IEC 61772 "Nuclear power plants — Control rooms — Application of
visual display units (VDUs)" ("Visual display units") and IEC 62646 "Nuclear power plants — Control rooms — Computer -based
procedures" ("Computerized procedures"), as well as the requirements of industry regulatory documents, such as NUREG-0700
"Human-System Interface Design Review Guidelines" — "Construction of human-machine interfaces” (U.S. Nuclear Regulatory
Commission, USA ). The standards do not define generally accepted metrics that indicate the degree of compliance of the software
with these standards. Based on this, each organization that performs an assessment of the compliance of software and CSU as a
whole with the requirements of the standards must create its own methodology for such an assessment. Therefore, the goal of the
following research is to study the means of evaluating requirements specifications, software code metrics, completeness criteria of
software testing, which can be used for the development of formal software evaluation methods for the requirements of standards.

Keywords: software, computer control systems, nuclear power plants, IEC 60880, IEC 62138.
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IMPOCKTYBAHHS EJIEKTPOMATHITHUX EKPAHIB
FAPA:HTOBAHOT E®EKTUBHOCTI JIJIs Fﬁ&JIY?.EfI
HUBLIBHOI BE3NEKHU TA EJJEKTPOMATHITHOI CYMICHOCTI

AHoTanisi. Po3risHyTO 3acany MpoeKTyBaHH KOMITO3HI[IHHIX MaTepialliB 3 TapaHTOBAaHNM (HOTPiOHMMHE) edeKTHBHOC-
TssMHu. HajaHo OCHOBHI CITIBBITHOIIEGHHS JUISl OIIHIOBaHHS €(eKTHBHOCTI MPOEKTOBAHOTO MaTepialy. [ 0JIOBHOIO yMOBOIO
OTpPHUMaHHS MaTepiary 3 MaIUMHU KoeillieHTaMH BiJOUTTS eJISKTPOMATrHITHUX XBHJIb € HAOIIKEHHS XBHIIHOBOTO OIIOPY II0-
BEPXHEBOTO HIApy 10 OIopy MOBITPs. Po3paxyHku mokaszany, mo s 3abe3neyeH s MiHIMalIbHO IPUHHATHOTO KoedinieHTa
Bigbutta (0,25-0,30) i mocraTHIMU KoedilieHTaMH MOTJIMHAHHS eNeKTpoMarHiTHO1 eHeprii (-20 ab 3a moTyXHicTI0) MaTe-
pian moBuHEH OyTH OaraTOMIapOBHM 3 CEPEAHIM IIAPOM BHCOKHX MOTJHHAIBHHUX BiIacTHBOCTEH. Lle 3abe3meuyerncs ioro
BHCOKOIO €JIEKTPOTIPOBIAHICTIO. MOXIIMBIM BapiaHTOM € MOHOTOHHE 3pOCTaHHS €JIEKTPO(]I3SHYHUX BIACTUBOCTEH Bij 30B-
HIITHBOT HOBEPXHi JI0 BHYTPIMIHEO]. 32 HEOOXITHOCTI OZJHOYACHOTO €KPaHYBaHHS JICKTPOMArHITHOTO MOJIS YIBTPAaBUCOKUX
Ta BUILIMX YaCTOT T2 MarHiTHOTO MOJIS HATHU3BKUX 9acTOT (IIPOMHUCIIOBOT Ta Ii TapMOHIK 1 iHTeprapMOHiK) MaTepiai IOBUHEH
MICTHTH MarHiTHHII HanoBHIOBaY. Moro o6'eMHa KinbKicTh BH3HAUAeThCA 3a hopMmynor0 Oxeneschkoro. KoedimieHT sia-
OWTTS y IIbOMY BUIIA/IKy BU3HAYAETHCS CITiBBITHOIICHHSIM a0CONMIOTHUX MArHITHOI Ta AieJIeKTPUYHOI IIPOHUKHOCTEH MoBep-
XHEBOTO mapy. J[st cipomeHHs IpOeKTyBaHHs MaTepiaty (GepoMarHiTHI YaCTHHKY HAaIlOBHIOBadYa MMOBUHHI OYTH €JIEKTpOi-
30/1b0BaHUMH. [IpH BOMY pamioNOrIMHANBHUN Matepian (abo map marepiaiy) MOBUHEH MAaTH Yy CTPYKTYpPi po3raiyskeHi
KOJIa IPOBIHOCTI. Y TpOoLeci MPOEKTyBaHHS MaTepiary Mpyu 0OupaHHI MaTpHUIll 000B'I3KOBUM € BpaxXyBaHHs HE TLIBbKH Jie-

JIEKTPUYHHUX MPOHUKHOCTEH MaTepialiB, a if TAHTCHCIB KyTiB IieNEKTPUIHUX BTpAT.

KnaouoBi c1oBa: enekrpoMarHiTHHN ekpaH, Koe(ilieHT BiJOUTTS, AieNeKTPUYHI BTPATH.

Beryn

3abe3rmedeHHs eeKTPOMArHiTHOI Oe3MeKH JoaeH y
BUPOOHIYHX Ta TOOYTOBHX YMOBAX € OJJHUM 3 TIPIOPHUTET-
HUX HaIpsMiB JOCIIKEHb 3 IUBUIBHOT Oe3meku. B Toif ke
Yac PO3BUTOK BUCOKUX TEXHOJIOTIH MPU3BOAUTD JI0 BKpaii
BHUCOKOi HACHYEHOCTI BUPOOHUYOTO CEPEOBUIIA, TPAHC-
MOPTHHX 3aC00IB EJIEKTPOHHOIO anapaTyporo, sika y He-
CHPUATIMBOMY €JIEKTPOMArHiTHOMY OTOYEHHI MOXeE IIpa-
LIOBaTH HecTabibHO. Lle Bumarae po3poOiieHHs! 1 BIipoBa-
JUKCHHSI e()eKTUBHHX 3acO0IB 3aXWCTy JIrojed 1 obsaj-
HaHHS BiJl €ICKTPOMATHITHHIX BIUIMBIB. Y 0araTtboX BHIIa-
JKax 3a0e3MeYeHHs eJICKTPOMArHIiTHOI OE3MEeKH Ta eJIeKT-
POMArHITHOI CyMICHOCTI € JIBOEJMHOIO 3a1a4uero. AJe Je-
sIKi HeOOX1/THI TTapaMeTpu 3aco0iB BHPILICHHS TBOX acIe-
KTIB 1€ 3a/1a4i He criBNangarTh. Lle crocyeThes sk 3ara-
JBHUX e(PeKTHBHOCTEH 3aXUCHUX MaTepialliB 1 KOHCTPYK-
if, TaK 1 OKpeMHX iX BJIACTUBOCTEH — CITiBBiTHOUICHHS
3aXMCTY 33 paxXyHOK BIJIOUTTS Ta MOTJIMHAHHS EJIEKTPOMa-
THITHUX XBWJIb, YACTOTHHH Jlialla30H 3aXUCTy, Macorada-
PUTHI IOKa3HUKH TOIIO. L]i muTaHHs HEOOX1THO y3rOAUTH
1 po3poOUTH MOPSIOK POEKTYBAHHA 3aCO0IB 3aXUCTy Ha
3acazax po3yMHOI JJOCTaTHOCTI.

Cy4acHuii CTAaH MMTAHHS

BinpmicTs eKpaHyrOunx MatepialiiB i KOHCTPYKIIiit
NpU3HAYCHI U SKpaHyBaHHS EJIEKTPUYHOT0, MAarHiT-
HOTO Ta EJISKTPOMArHITHOIO TNOJIB IEBHOI YacTOTH,
CMYTH 4acTOT ab0 4aCTOTHOTO Jliala3oHy.

Tak, pobota [1] crocyeTbcss MarHiTHOI CKJa10BO1
€JICKTPOMArHiTHOTO TTOJISI TPOMHUCIIOBOT YacTOTH. Y HiH
PO3MIIIAIOTECS  I'paTdacTi JOBIi  KOHCTPYKIIi, sKi
3aMHKalOTh Ha ceOe CHIIOBI JIiHIT MarHiTHOTO IOJIS.

Y poboti [2] Tako}k pO3IISAAKOTHCS TPATUACTI
CTPYKTYpH, ajieé BOHH CTOCYIOThCS €JIEKTPOMArHiTHHX
HOJIB YJIBTPABUCOKUX 1 BULIMX YaCTOT. 3@ CBOIMH BJIa-
CTHBOCTSIMH BOHHM NPHU3HAYEHI JUI €KpaHyBaHHs IIOJIiB
KOHKPETHHX YacTOT, Y 3aJI)KHOCTI Bl pO3MipiB KO-
MipKH.

CymiseHI eKpaHd 3 MPUHHATHOIO YHIBEPCAIBHICTIO,
Hanpukian [3] BupoOneHi Ha 0a3i MarHiTHOI pigWHU.
Taki MaTepianu CKIIaJHi y MPaKTHYHOMY 3aCTOCYBaHHI i
MaloTh BEJIMKY BapTiCTh Yepe3 BapTiCTh KOJOIAHOTO Po-
34MHY HaHO3aJ1i3a. IcHye 0arato J0CiHKEHb 1 po3po0oK
II0JI0 MaTepialliB 3 LIMPOKUM CHEKTPOM 3axHCTy [4—6].

Aute nocsiraeThes 32 paxyHOK BEJIMKOT TOBIMHU Ma-
tepiany (no 10 mm). [Ipu oMy 1uist 3abe3neueHHs Ma-
X Koe(ilieHTiB BiTOUTTS MaTepian MOBHHEH OyTH abo
OararomapoBuM, a00 IMiJAaBaTUCS CIIEIiabHIi 00po0IIi
Yy MarHiTHOMY IIOJIi 3 METOI0 3a0C3MECUCHHS IMIICIAHCY
MOBEPXHEBOTO IIApy, 110 HAOJIIKAEThCS 10 MOKa3HHUKA
nioBitpst (377 Om). TpynHomti i3 3a0e3MeUeHHsIM IIHPO-
KOCMYT'OBOCTI MaTepiaiy oOyMOBIICHI pi3HUMH (i3my-
HUMHU MEXaHI3MaMM €KpaHyBaHHS HM3bKOYACTOTHHX Ta
BHCOKOYACTOTHHX E€JIEKTPOMArHITHUX MOJiB. ['0JI0BHUM
YHHOM 1€ CTOCYETHCS MAarHiTHOTO IIOJISi TIPOMHCIOBOT
YacTOTH 1 €IeKTPOMArHiTHHX II0JIiB YIBTPABHCOKUX Yac-
TOT. JIna expaHyBaHHSA MarHiTHOI CKJIaJ0BOi HOJS IIPO-
MHCJIOBOT 4aCTOTH MaTepiall TOBUHEH MaTH HAIIOBHIOBAY
3 IPUHHATHUMH MarHITHUIMH IPOHUKHOCTSIMH, a JJIsl BU-
COKOYAaCTOTHHX TIIOJIB TOJIOBHMM (DPaKTOPOM € TPOBil-
HICTh MaTepiaiy.

B ocTanHI poKM BUKOHaHO HU3KY JOCITIKEHb 3 PO-
3pOOKHM TOHKMX €KpaHylunx NoBepxoHb [7, 8]. Lupo-
KOCMYTOBICTb JIOCSTAETHCS BMIILIEHHSIM Y NOJTIMEPHY Ma-
TPUIF0 MarHiTHOTO Marepiany (MarHeTuTy) Ta rpadity
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BHCOKOT MPOBIAHOCTI. Y SIKOCTI B'SDKYYOro Marepiaiy 3a-
CTOCOBY€ThCS TpadiTH30BaHa caxka. 32 BUCOKHX 3aXHC-
HUX BJACTHBOCTEH IIi MaTepiaJii MalOThb BUCOKY Bap-
TICTB.

Tomy iX 3acrocyBaHHsS NpUHHATHE Ui 3abe3rie-
YeHHS JIeKTPOMATHITHOI CyMICHOCTI €IeKTPOHHOTO 00-
JIaJHaHHS BEJIUKOI BapTOCTI.

Binmpmm mpocri 3a ckiIagoM MaTepiany Ha piakii oc-
HOBI ((papOm) 3 BMICTOM KOHIICHTPATY 3aIi3HOI PyIH Ta
Jyckatoro rpadity 1 6aratboX BUPOOHHYNX YMOB Ma-
I0Th HefocTaTHIO ehekTUBHICTE [9, 10]. 3HauHOO Miporo
TaKa CHTYyallisi 00yMOBJIEHa HEZOCTATHBOIO PO3POOJICHi-
CTIO TEOPETHYHHX Ta EKCIIEPUMEHTAIBHUX 3aca/| IPOeK-
TyBaHHs MaTepiayliB JUIsl 3aXHCTy JIOJEeH Ta 3abe3re-
YEeHHsI eJICKTPOMArHiTHOI CyMiCHOCTI €JIEKTPHYHOTO Ta
€JIESKTPOHHOTO 00JIaAHAHHSI.

MeTta po6oTH — pO3pOOIICHHSI METOI0JIOTIT IIPOEK-
TyBaHHS €JICKTPOMArHiTHUX €KPaHiB 13 3aJaHUMH 3axXHC-
HUMH{ BJIACTHBOCTSIMHM, NPUAATHAMH JUIA 3a0€311eUeHHS
EJICKTPOMArHiTHOI O€3IeKH JF0eH Ta eNeKTPOMarHiTHOI
CYMIiCHOCTI TEXHIYHHX 3aCO0iB.

BuknageHHsI 0CHOBHOI0 MaTepiaay

VY 3araqibHOMY BHIIQJIKy CTYIIHb €KpaHyBaHHS eJle-
KTPOMArHITHOTO IOJISl BU3HAYAETHCS 3arajisHUM Koedi-
Li€HTOM €KPaHyBaHHS Ta KOe(illi€eHTOM BiTOUTTS SJIEKT-
pOMarHiTHUX XBWIb (06e3po3mipHi Benmuuan). EdexTus-
HICTIO eKpaHyBaHHA TPaJHLIHHO BBAXKAETHCS BH3HA-
YeHHS MapaMeTpiB y JorapumMivyHux omuHHUISX (nb).
Tak, 3aranpHa e()eKTUBHICTD SKpaHyBaHHS €JICKTpOMar-
HITHOTO TIOJIS

1
SEt =101g| —
T g T
EdekTuBHICTh €KpaHyBaHHS 32 PaXyHOK BiJIOUTTSI

1
SEr =10lg R

ToOTo, 1711 CTBOPEHHS €JIEKTPOMAarHiTHOTO €KpaHa
HEOOXiHOT e(PeKTHBHOCTI MOTPiOHI 3HAUEeHHS Koedirie-
HTIB IPOXOKEHHS enekTpoMarHiTHoro nosst T Ta koe-
¢imienra BigourTs R.

VY mnporueci NMpoeKTyBaHHS 3aXMCHOTO Martepiairy
a00 KOHCTPYKIII CJIiJ] BU3HAYUTHCS, 33 SKUM [apaMeT-
POM BU3HAYAEThCSI €EKTUBHICTh €KpaHyBaHHS. Y pasi
OITIHIOBAHHS 3MiH HAIPY)KEHOCTI EJIEKTPUIHOTO IIOJIS
nepen 3HakoM log Gepetses koedimient 10. SAkmo ori-
HIOIOTBCSl BTPATH IMOTY>KHOCTI BUIIPOMiHIOBaHHA P, TO
Geperbes koedimient 20 (P~E?). Y npakTuuHiii isuibHO-
CT1 BUKOPHCTOBYIOTHCS YCi 3a3Hau€Hi KiJIbKICHI OI[IHKH
3MIHM HapaMeTpiB €JIEKTPOMArHiTHUX IOJIIB 3aXHCHUM
MarepiaioMm.

Jis nienekTpuYHMX MaTepialliB 3aXUCHI BIACTHBO-
CTI BHM3HAUYAIOTHCS IX KOMIUIEKCHOIO Mi€JIEeKTPUYHOIO
MIPOHHUKHICTIO.

A ' . " . O
c=&+ig =+i—,
we,
Iie & — JieTeKTpUIHa MPOHUKHICTD, ¢ — TUTOMA MPOBIiJI-

HICTh, » — NHUKIIYHA YacTOTa BUIIPOMIHIOBAHHS, & —
CJICKTPUYHA CTasa.

J1y1s1 BHCOKOYACTOTHOI 00J1aCTi €JIEKTPOMAarHiTHOTO
CIIEKTpa HaWOUIBII KPUTHUYHOIO € JiHCHA CKJIAJOBa Jlie-
JEKTPUYHOI MPOHUKHOCTI.

3a HU3BKHX EJICKTPOIPOBITHOCTEH KoedilieHT Bi-
OWUTTS €JIeKTPOMArHITHUX XBWJIb 32 MOTY>KHICTIO BU3HA-
YaEeThCA SIK:

12
€M~
Kp=—1,
R "8M+1

Zie €M — BiTHOCHA JIieNIeKTPUYIHA IPOHUKHICTD MaTepiany.

Buxomstau 3 IbOTO CITiBBIIHOMICHHS, [Ti€IeKTPHIHA
MIPOHUKHICTB MIOBEPXHEBOTO 1Py 3aXUCHOTO MaTepiary
MOBUHHA OyTH MiHIMaJbHOIO, TOOTO HAOIMKATUCS IO
TIOKa3HUKa MOBITPs (&n = 1).

Arne ipu bOMy HEOOXiHO 3a0€3MeUUTH JOCTATHIH
piBeHb TOIJIMHAHHS €HEpril eJeKTPOMAarHiTHOI XBUII,
TOOTO 3HaueHHs Ka.

KoedinieHT mnornuHaHHSA (QYHKIIOHANBHO 3aje-
JKHUTB BiJl TUTOMOI €I1eKTPOINpOBiAHOCTI MaTepiainy. [Tpu-
4oMy pi3Ke 3pocTaHHA Koe(ilmieHTa MOTIHHAHHS BiIOy-
Ba€THCA MPHU JTOCSHKHOCTI TMIEPKOJIAIIIHHOTO e(heKTy — pi3-
KOTO 3pOCTaHHA SIEKTPOIIPOBITHOCTI 3a IEBHUX CITiBBiI-
HOUIEHb HEMPOBITHOTO Ta IPOBIJHOTO KOMIIOHEHTA y Ma-
Tepiani [5].

Lle mMae HaciiAIKOM 3MiHY Ji€JIEKTPUYHOI ITPOHUK-
HOCTI Marepiaily y OiK ITiIBUIIEHHS, [0 MOXKHa BU3Ha-
YUTH PO3PaXyHKOM i3 3aCTOCYBAaHHSM CIiBBIIHOIICHHS
MakcBemna-I'apHera. Y pe3ynbrari MiIBUIIYETHCS KOe-
GbilieHT BiIOUTTH, 10 € HeOaXKaHUM y OLIBIIOCTI MPHK-
JaJHUX 3a/1a4.

3anexHICTh KoeQillieHTa TOTJTUHAHHS BiJl BMICTY
MeTaniB qucnepcHicTio 60—100 MkM HaBeeHO Ha puc. 1.
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Puc. 1. 3anexHicTh KoedimieHTa TOTIHHAHHS
€JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHSI YIbTPABHCOKOL
YaCTOTH BiJl BMICTY METAJICBOTO IIOPOIIKY

Jlnist BUpimeHHs 1iei npo0yieMy AOLiIBHO 3aCTOCO-
ByBaTH 0araTomiapoBy CTpYKTypy. YMoBamHu ii epeKTu-
BHOCTI €:

— 30BHINIHIN ITap TOBUHEH MaTH MiHIMAJIbHY Jlie-
JEKTPUYHY IIPOHUKHICTB, TPUNHHSITHY AJIS 3a0€31e4eHHS
MEXaHIYHHUX BIaCTHBOCTEH;
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— BMICT pajioNoriInHaIbHAX YaCTHHOK abo CTpY-
KTYp IIOBHHEH 3a0e31e4yBaTi MOHOTOHHE 3pOCTaHHS Y-
BHOI CKJIaJJ0BOi €()eKTHBHOI AieNIEKTPUYHOI NPOHUKHO-
CT1 Bijl 30BHIIIHBOI MIOBEPXHI O BHYTPIIIHBOI i MaKCH-
MaJIbHE 3racaHHs eJIEKTPOMArHiTHOI XBHJII Ha IILIAXY 0
BHYTPIIIHBOI MOBEPXHi. BHyTpinTHiO MOBEpXHIO 32 HEOO-
X1THOCTI BUCOKOI €()eKTUBHOCTI €KpaHyBaHHS IOMIITEHO
3po0uTH MeTaneBor. TOBIMIMHY MIapiB y3TOMKYIOTECS 3
ypaxyBaHHIM iHTep(EpEHITIITHAX SBHIL,

— [IUCTIepCiifHA 3aJIeKHICTh OTIMHAHHS 33 YacTO-
TaMH TIOBMHHA 3a0€3MEeYNUTH NPUHHATHY PIBHOMIPHICTH
MOTJIMHAHHA 32 YCI€I0 CMYrolo 4dactoT. HebakaHum €
CYTT€BI BIIOUTTS Ha TPAHUIIX PO3/LTY IIAPiB.

VY GaraTbox BHIIa/IKaX OJHOYACHO 3 EKpaHyBaHHIM
BHCOKOYACTOTHOTO €JIEKTPOMAarHiTHOro MOJIsl MoTpedye
eKpaHyBaHHS €JICKTPOMarHiTHe II0Jie HaJHMU3bKOI yac-
TOTH (IIPOMHCIOBOI Ta ii TapMOHIK 1 IHTEPrapMOHIK).
SIKIIO 3 eNeKTPUYHOIO CKIIaZI0BOIO TAKUX ITOJIIB IPoOIIeM
HE BUHHMKA€E dYepe3 IPOBIAHICTh PaTiONMOTIMHAIBLHOTO
mapy, TO eKpaHyBaHHsS MarHiTHOI CKiagoBoi morpedye
HAsBHOCTI y MaTepialli HATOBHIOBAaYa 3 MAaTHITHAMH BJIa-
CTHBOCTSIMH.

Lle aBTOMaTHYHO NPU3BOJMTH 10 3MiHH IMIIEJAHCY
MaTepiany. Y MaHOMY BHIAIKy BiH BU3HAYAETHCS CITiB-

BiHOIIEHHSAM +/lL/€ , € W, € — BIANOBIAHO aBGCOMIOTHI

Mar”iTHa Ta JieJIeKTpUYHA IIPOHUKHOCTI Marepiainy.
Cunij BpaxoByBaTH, 1110 32 CKJIQJHOTO CKJIaJy, MarHiTHY
MIPOHUKHICTh MOTPIOHO BU3HA4YaTh okpemo. lle MoxHa
3pOOUTH EKCIIEPUMEHTAIBHO a00 po3paxoByBatu 3a (o-
pmynoro OneneBcekoro. J{iast Martepiany 3 JieneKTpud-
HUMH BJIACTHBOCTSIMH KOC(DIIli€HT BiIOUTTS eIeKTpoMa-
THITHUX XBHJIb MOKHA OILIHUTH 3 €MITipHYHOTO CITiBBiJI-

HOIICHHA:
ng <0,3,

min

Jie d — TOBIIMHA MaTepiany, Amin — MiHIMAJIbHA TOBXXKHHA

XBHJTI €KPAHOBAHOTO €JIEKTPOMArHITHOTO OIS,

0,3 — MakCHUMaNBEHO MPUAHATHHN KOe(ili€HT BiqOUTTS.
Jist maTepiany 3 MATHITHUME BJIACTUBOCTSIMU Y 3a-

rajJbHOMY BUIAJIKY:

|1ng|(7\'max ~ A min ) = ZWZZHid,‘ >
i

ne R, — maxcuManbHuit KoeimieHT BiIOUTTS eneKTpoMa-
THITHUX XBHJIb 32 MOTYXHICTIO, Amax, Amin — MaKCHUMa-
JIbHA 1 MiHIMaJTbHA JTOBXXWUHH XBUJIb €KPAHOBAHOTO TTOJIA,
M4 — BITHOCHA MarHiTHA IPOHUKHICTH KOXKHOTO i-TO MIapy
Marepiaiy, d; — HOro TOBIIMHA.

3acTocyBaHHS I[bOTO CITIBBITHOILCHHS 1a€ NPUHHS-
THI pe3yNbTaTH I YChOTO Aiana3oHy yJIbTPaBHCOKHX
4acToT.

ExpaHyBaHHS MarHiTHOI CKJIa0BOI TOCATAETHCS 3a
paxyHOK JOCTaTHbOI MarHiTHOT MPOHUKHOCTI Martepiairy
3a paxXyHOK MarHiTHHUX BTparT.

IIpu mboMy MarsiTHi YaCTWHKH MMOBHHHI OyTH i30-
JILOBaHi, MO CIPOIIYE MPOIEC PO3PAXYHKOBOTO OIIiHIO-
BaHHS eNeKTPO(I3NIHNX 1 MATHITHUX BIaCTHBOCTEH Ma-
Tepiary abo KO’KHOTO Iapy MaTepiaiy.

l'onoBHMMM BHMOTaMH TPH MPOEKTYBaHHI TaKHX
Marepiaiis €:

— HAasBHICTH KiJI IPOBITHOCTI;

— HasABHICTH 130JIbOBAHMX OJHA BIJ OJHOI MarHirT-
HUX YaCTHUHOK;

— 3a0e3neueHHs] 3racaHHs eJIEKTPOMAarHiTHOTO
T10J15 32 PaXyHOK JieJeKTPUYHUX BTPAT,

— MiHIMaNbHA Pi3HUII XBUIBOBHUX OIOPiB Ha Tpa-
HUIIi TTOBITPS/IIOBEPXHS MaTepiaiy.

IIpu oOmpanHi MaTrepiamy MaTpHmi KOMIO3HIIiH-
HOT'0 MaTepiaiy CITiJ] BpaXOBYBaTH HE TiJIbKH JieeKTPHU-
YHI TPOHHWKHOCTI, a 1 TAHTEHCY KYTIiB IieNEeKTPUIHHUX
BTpart. Hanmpukian, nienekTpudHi IpOHUKHOCTI TONiCTH-
podty i nouniBiHIIXI0pUAY O1M3bKI 32 3HAUEHHsIM (2,3-2,5
Ta 2,4-2,7 BiIOBIZHO), aJi¢ TAHTCHCHU KYTIB JiCICKTPHU-
YHUX BTPAT CyTTEBO BijpisHsatoThes (2*%10* ta 5%1072
BiJITIOBITHO).

ToMy U1 BUTOTOBJIEHHS PaAioNONINHAIBHUX TOK-
PHUTTIB Yy BUCOKOUACTOTHIH 00JacTi CHEKTpa MOJiBiHII-
XJIOPHJ] Ma€ CYTTEBI IIepeBary.

VYV mpaktudHiA poOOTi 3 PO3POOIECHHS 3aXUCHHUX
KOMIO3HUIIH 3 QYHKIISIME eKpaHyBaHHS MarHITHHUX IIO-
JiB HAAHU3BKOI YaCTOTH 3aCTOCOBY€ThCS JTaTeKC. AJle BiH
y 3BUYaiHOMY CTaHi Ma€ IieIeKTPUIHY IIPOHUKHICTH /10
14. Tomy Iuisl y3roJiKEHHsI XBUJIBOBHX OIOPIB Ta BEJU-
KHUX KOe(]ili€HTIB eKpaHyBaHHS Y MATpUIIO JOLLIBHO
J0ZIaBaTH HAallOBHIOBAY 3 BUCOKUMH MarHiTHUMU MPOHU-
KHOCTSIMHU.

3acTocyBaHHs JIATEKCY Y BUIJISLI MIHOJIATEKCY 3HU-
KY€ AieNeKTPUYHY IPOHUKHICTH 10 4, TOMY Y SIKOCTI Ha-
TIOBHIOBaYa MOJKJIMBO 3aCTOCOBYBATH MarHETHT.

[Ipu oOupanHi MaTepiaxy mMarpuii (moiiMepy abo
naxo(hapOOBOTO HOCIsI) CITiZl BpaXOBYBAaTH MOKJIHBI TIPO-
[ecH Aerpajaiii MaTepialy y mporeci ekcinryararii. Ha-
MIPUKIIaJ, TOMIETHIICHN MAIOTh CXWIBHICTB JI0 3MIHH Me-
XaHIYHUX BJIACTUBOCTEH Iijl BIVIMBOM 3HAKO3MIHHHX Te-
PMIYHHX HABaHTaXEHb. | OJIOBHOIO MPOOJIEMOIO TYT € HE
pyHHYBaHHSI MaTepiaiy, a 3MiHa HOro JieJeKTpHYHOL
npoHUKHOCTI. TOOTO y IMpoleci MPOeKTyBaHHS CIiJ| 3a-
3JIaJIeTib BU3HAUUTHCS Y SIKOMY MICI 3aXHUCHUIl eKpaH
Oyne 3actocyBarucs (330BHI a0o0 ycepemuHi IpuMmi-
wieHHs). JlocBin BUMPoOyBaHb 1 03HAHOMIICHHS 3 Xapak-
TEpUCTUKAMH MaTtepianiB po3poOJEHUX 32 CKIAJHUMH
TEXHOJIOTISIMM CBIJTYNTh, 10 Y OaraTbox BHIIAJIKaX TaKi
MaTepiaiy € MeTacTablTbHIMH, TOOTO 3 YacoM BTpaya-
FOTB CBOT BUXITHI BJJaCTHBOCTI (MEeXaHIuHi, eIeKTpOQi3u-
yHi Tommo). Lle npuramanHe 6araTOKOMIIOHEHTHUM KOM-
TTO3MIIISIM 3 BEIMKOIO KITBKICTIO CKJIaIOBHX.

Hampukman, OiTbOIiCTh 3aXHUCHUX MaTepialliB Ha
OCHOBI HAaHOYACTHHOK BTPA4arOTh CBOi BIIACTHUBOCTI 4e-
pe3 3MiHH €JIeKTPOMPOBITHOCTI a00 MarHiTHOI MPOHUK-
HOCTI TOTOBOi cymimti. ToGTo y mporeci IpOeKTyBaHHS
Marepianry y KOHCTPYKTHBHI PillIeHHS] HEOOXiHO 3aKiia-
JlaT NIeBHI BUMOTH.

OCHOBHUMH 3 HHX €:

— e(eKTHBHICTh MaTepiay 3 TOYKH 30py HOTo Oc-
HOBHOTO (DyHKITIOHAIY;

— YMOBH €KcIUTyaTtamii Marepialy 3 TOYKH 30py
(i3UYHKX 1 XIMIYHUX BIUIMBIB Ha HHOTO;

— HeoOXi/Hi rapaHTOBaHI TEpPMiHM eKCILTyaTallii.

VY peasbHMX BHPOOHMYMX yMOBax Ti YW iHIII BH-
MOTH MOXXYTb OyTH rosioBHUMH. Kpim TOoro Mosxiusi mo-
JATKOBI crienn(igHi BUMOTH 0 MaTepialy, HallpuKIal,
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HEMOKJIMBICTH HOTO 3aMiHM, HEOOXIHICTH ITiBHILECHHS
€(PCKTHUBHOCTI TOIIO.

BucHoBxku

1. T'onoBHOMO 3a7auer0 MPOEKTYBaHHS €JIEKTpOMa-
THITHUX €KpaHiB MOTPiOHOI e(eKTHBHOCTI € y3roipke-
HICTh XBIJIHOBHUX OTIOPiB MOBITPS Ta TIOBEPXHEBOTO IIapy
MaTtepiary. CitiJy BpaxOBYBaTH IIepEBaYKHH BIUINB Ha 3a-
XHCHI BJIACTHBOCTI y BUCOKOYACTOTHIH 001acTi eIeKTpo-
MAarHITHOT'O CIIEKTpa IiHCHOT CKJIaJ0BOT KOMIUIEKCHOT [Ti-
EJISKTPUYHOT MPOHUKHOCTI MaTepiaiy.

2. Jlnst MOCSATHEHHS BUCOKMX 3aXHCHHX BJIACTHUBO-
CTeil MaTepialy OJHOYACHO 3 MallUMH KOcQillieHTaMu

BIZIOUTTS €JIEKTPOMArHiTHUX XBHWJIb Marepiajl IOBUHEH
OyTu GararomapoBum, abo TakuM, y SKOMy 3a0e31e4eHO
MOCTYIOBE 3pOCTAHHS €IeKTPO(I3MYHNX TapaMeTpiB Bij
30BHILIHBOT OBEPXHI /10 BHYTPILIHBOI.

3. /11 0THOYacCHOTO €KpaHyBaHHS EJIEKTPOMAarHi-
THUX TIOJIiB YIBTPABHUCOKHX Ta BUIIHUX YacTOT 1 MarHiT-
HHX IT0JIiB HaTHU3bKUX YacTOT Y MaTepial JoNaeThCs Ma-
THITHUI HamoBHIOBAY. /)15 CTIPOIIIEHHS PO3paxyHKOBOTO
BH3HAYCHHS EJEKTPO(DI3MIHUX MapaMeTpiB KiHIIEBOTO
MaTepially MarHiTHI YaCTHHKH HOBHUHHI OyTH €JIeKTpO-
i3ompoBadi. [Ipu oOupaHHi MaTepiady MaTpHIi CIIif Bpa-
XOBYBAaTH HE TIIBKHU Ji€NEKTPUYHI IPOHUKHOCTI MaTepi-
ally, a i TaHreHC KyTa JieJIeKTPUYHNX BTpar.
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Design of electromagnetic screens of guaranteed efficiency
for civil security and electromagnetic compatibility

D. Samchenko, O. Tykhenko, L. Zozulya, N. Thibulnik

Abstract. The principles of designing composite materials with guaranteed (required) efficiency are considered. The main
ratios for evaluating the efficiency of the designed material are given. The main condition for obtaining a material with low reflec-
tion coefficients of electromagnetic waves is the approximation of the wave resistance of the surface layer to the air resistance.
Calculations showed that in order to ensure a minimally acceptable reflection coefficient (0.25—0.30) and sufficient absorption
coefficients of electromagnetic energy (-20 dB in power), the material should be multi-layered with a middle layer of high absorp-
tion properties. This is ensured by its high electrical conductivity. A possible option is a monotonous increase in electrophysical
properties from the outer surface to the inner one. If it is necessary to simultaneously shield the electromagnetic field of ultra-high
and higher frequencies and the magnetic field of ultra-low frequencies (industrial and its harmonics and interharmonics), the ma-
terial must contain a magnetic filler. Its volumetric amount is determined by Odelevsky's formula. The reflection coefficient in this
case is determined by the ratio of the absolute magnetic and dielectric permeabilities of the surface layer. To simplify the design
of the material, the ferromagnetic particles of the filler should be electrically insulated. At the same time, the radio-absorbing
material (or material layer) must have branched conduction circles in the structure. In the process of designing the material, when
choosing the matrix, it is mandatory to take into account not only the dielectric constants of the materials, but also the tangents of
the dielectric loss angles.

Keywords: electromagnetic shield, reflection coefficient, dielectric losses.
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ASSESSMENT of DEAD ZONE OF JOINTLY OPERATING RADARS

Abstract. Research relevance. With the emergence of unmanned aerial vehicles, the assignments of combating them
have also become significantly more relevant. Today, operational countermeasures against UAVs are of great importance.
Modern UAVs are capable not only of conducting video reconnaissance in a certain area, but also of observing a specific
object for a long time and striking it. After detecting and identifying UAVs by RLS, it is necessary to take measures to
neutralize them. In the paper, a mathematical model of the evaluation of the dead zone of RLS working together for the
effective detection of unmanned aerial vehicles was established and a comparison of the dead zones was made on concrete
examples. The purpose of the research work is to solve the problem of effective placement of jointly operating RLS by
mathematical methods for nonobserved remaining part of them had minimal volume and to select the necessary placement
scheme. The following tasks are solved in the article: analysis of the characteristics of the radar field; development of a
mathematical model for evaluating the dead zone of joint radar stations; evaluation of some accommodation options. The
following research methods are used to solve the issues: theoretical analysis, mathematical modeling, comparative analysis.
The following results were obtained: it was observed that the dead zone was reduced by 1.6 times in the four-station square
arrangement scheme, and by 1.3 times in the three-station triangular arrangement scheme. Conclusions: From the
comparison of the obtained numbers, it can be concluded that the creation of a radiolocation area by placing RLSs on the
vertices of equilateral triangles (in the form of a checkerboard) is more economically profitable, as it requires fewer stations.

Keywords: unmanned aerial vehicles, dead zone, radiolocation area, effective reflection area, radiolocation station.

Introduction

Analysis of the 2020 Patriotic War and the ongoing
Russian-Ukrainian war, as well as recent occuring local
wars and conflicts, shows that the detection of UAVs is
one of the main issues for combating them [1-4]. For a
more effective fight against UAVs, it is important factor
to quickly detect them both at long distances and in the
dead zone [5-7].

Modern local conflicts, where high-precision
weapons and military equipment are more involved,
impose new requirements for conducting combat
operations. UAVs, in turn, at the present stage of the
development of science and technology are being
developed more and more, creating many difficulties for
air defense systems. These difficulties are related to the
following factors:

- small effective reflection area, i.e. small
radiolocation visibility (effective reflection area 0,01-
0,001 m?), visual detection less than 100 m (in ideal
weather conditions), the hearing of the sound is 15-50 m,
(0,5 Wt/rad) olmasi;

- low flight speeds (10-30 m/sec), wide diapason
of movement speeds, performance of flights at low and
minimum altitudes using the terrain;

- to have the little time for obtaining information
about the type of object according to its spatial
(geometric) characteristics and making a timely decision;

- in the characteristics of the RLS, there are so-
called "dead zone" with a radius of tens of kilometers,
where it is impossible to detect and track aerial objects
[8-10].

In order to increase the probability of detecting
targets (increasing the effectiveness), the minimum size
(volume) of the dead zone is one of the main conditions.

This task was considered in [5]. In this work it is
shown that one of the problems of modern radio
engineering troops is the impossibility of detecting low-
altitude small-sized air objects over the position of a
radio engineering unit. This is due to the presence of a
dead zone (funnel) of surveillance radar detection zones.
The solution to this problem can be the use of mobile
small-sized vertical sounding radars.

In [11] the issues of assessing the visibility zone
of radar station in a noise-free environment and under
the influence of interference are considered. An
algorithm for complex estimation of radar parameters
is proposed. The relation of the tactical characteristics
of the radar with its technical characteristics and the
targets is considered.

In [12] the new generalized indicator of the
technical and economic analysis and a choice of
options of creation of land radio engineering means of
a special purpose on the basis of convolution of
indicators tactical and technical (power) and
operational technical characteristics is offered.

In [13] the problem of creating a continuous field in
the army's operational range by ground-based radars with
a lower boundary height of 300-500 meters in front of the
forward edge and in tactical depth is considered. At the
same time, the height of the upper boundary of the radar
field, as a rule, is not set and is determined by the
capabilities of the radar, which are in service with air
defense units.
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However, in the above works, the method for
selecting radar layouts to reduce radar dead zones is not
considered. Therefore, the problem of assessing the dead
zones of jointly operating radars is relevant.

The article presents a mathematical model for
estimating the dead zone of joint radar stations for
effective detection of unmanned aerial vehicles and
compares the dead zones on specific examples. The
purpose of the study is to solve the problem of effective
placement of RLSs by mathematical methods and choose
the necessary placement scheme so that the unobserved
part (dead zone) of the joint radar stations is minimal
(maximum visibility).

Radar area and scheme of the dead zone

A dead zone (DZ) is a section of space above a RLS
that is outside the radar's observations and in which the
RLS cannot detect air targets (Fig. 1). The presence of a
dead gap is determined by the appropriate selection of the
orientation diagram in the verical plane of the radar
station, which depends on the relief of the area in the area
of influence of the station, the nature of the position, the
height of the antenna and the technical parameters of the
RLS. It is impossible to detect and track aerial targets in
a dead zone [14].

Fig. 1

The area of view of radiolocation stations is
determined by the design of the RLS antenna and its
operating characteristics (wavelength, transmission
power, and other parameters).

When creating a grouping of RLS for the detection
of UAVs, the detection zones of radiolocation stations
have the following important features that must be taken
into account:

1. The boundary of the sighting zones of the
radiolocation stations indicates the diapason of target
detection depending on the target's flight height. The
earth's surface significantly affects the formation of the
direction diagram of radiolocation stations for meter and
decimeter ranges. This means that the terrain will have a
significant effect on the area of view of the radiolocation
station. As a result, the detection ranges of the same type
of air targets at the same altitude can be different in
different directions.

2. Radiolocation stations are used to conduct
reconnaissance of the air enemy in a circular search
mode. The detection of air attack vehicles by RLS in the
vertical plane is limited, which leads to the presence of
so-called "dead zones" in the field of vision, where it is
impossible for RLS to observe air targets.

The following requirements must be met when
creating a grouping of RLSs for the detection of UAVs:

- in the most probable flight directions of the
enemy's air attacks (in front of the front line) the far
border of the detection zone should be set;

- the continuous radiolocation area must cover the
entire area at the possible altitudes of the enemy's air
attack vehicles flight, and the probability of detecting
targets at any point of the radiolocation area must be at
least 0.75;

- radiolocation field should have high durability;

-the radiolocation area should be created with the
maximum saving on the number of RLSs.

Choosing the optimal value of the height of the
lower border of the radiolocation area is one of the most
important conditions for fulfilling the above
requirements. Two neighboring stations provide a
continuous radiolocation area only starting from a certain
minimum height (Hmin) and the smaller the distance
between the RLSs, the smaller the lower bound of the
continuous field (Fig. 2).

H A
R dz
Hmax """""""""
max
high distance
field
'Ema._\
Hinin [g* ) J— .gm
0 Dmin max D

Fig. 2

The smaller the height of the lower boundary of the
radiolocation area, the closer the RLSs need to be placed,
so more RLSs will be required to create a continuous
radiolocation area (this is contrary to the above
requirements). In addition, the lower the altitude of the
lower boundary of the radiolocation area, the smaller the
far boundary of the detection zone at that altitude [15].

Currently, the state and trends of the development
of UAV require the creation of a radar site at a height of
several tens of meters (50-60 m). In this regard, a large
number of RLS will be required to create a radiolocation
area with this height of low boundary. Calculations show
that when the height of the lower boundary of the
radiolocation area is reduced from 500 m to 300 m, the
need for the number of RLSs increases by 2.2 times, and
when it is reduced from 500 m to 100 m, it increases by
7 times.

As a rule, the height of the upper border of the
radiolocation area is not determined, they are determined
by the capabilities of the radiolocation stations [13].
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Problem statement

The development of a general methodology for
calculating the values of the intervals and distances
between RLSs, which contain different types of
radiolocation stations in the radiotechnical grouping, and
the nature of the terrain does not significantly affect the
radar area, constitutes the issue. Taking this into account,
it is required to create a radiolocation area with the height
of the lower border of the radiolocation area "Hmin".

Thus, depending on the location of radiolocation
stations in the area, the dead zone (zone outside of
observation) will be different. The purpose of the
research is to investigate the issue of evaluating the dead
zone (zone outside of observation) depending on the
place of radiolocation stations in the area.

Mathematical formulation
and solution of the problem

We will assume that radiolocation stations operate
in a fairly limited area, so we can ignore the curvature of
the Earth's surface when describing the location area. To
give the place of the radar stations relative to each other
in the area, let us introduce the Oxyz positively oriented
rectangular coordinate system with related to the ground
[16, p.73], traditionally, the Oz axis can be considered
perpendicular to the Earth's surface, pointing vertically
upwards. Let's assume that it is planned to place kK number
of radiolocation stations in the area.

Let us denote the coordinates of the locations of the
radiolocation stations relative to the Oxyz system
through {(x;,v;,2;), i =1,2,...,k}. According to the
requirement of the problem, the distance between
radiolocation stations is required to be at minimal [y, in
other words, the following inequalities must be satisfied
relative the coordinates of the points:

(g—x) + O —v) +(z-2) =8 (1)
Lj=12..k %]

As mentioned above, in general, the characteristic
indicators of radiolocation stations may differ from each
other. Let us denote the target sighting distance of the i -
th radiolocation station as d;, and the characteristic angle
of its unobserved sector as ; (i = 1,2, ..., k).

In general, a dead conyon (zone beyond
observation) is a three-dimensional space figure, we will
consider that the evaluation of these figures can be done
based on their volume.

It is clear that geometrically the dead zone (zone
outside of observation) of the i-th radiolocation station
taken separately can be described as a truncated cone, let
us denote this cone as K;. Then the height of the cone K;
is calculated by the formula h; = d; ctg% . If take into

account that the coordinates of the radar station are
(xi,vi,2;), the cuted cone K; can be expressed as

2 2 d; ’
K, = ,y,2)|x*+y S[h—i(z—zi)] 1S
OSZ—Z,:S hi

its volume will calculated by the following formula [17,
p. 3471

Voi = J:U- dxdydz =
(x,y.2)EK;

d? rzithi
= n—lzf (z — z;)?dz.
hi 41

2

However, it is clear that to estimate the dead zone
(zone excluded from observation) of radiolocation stations
operating together the formal sum of the quantities
determined by the formulas (2) cannot be taken, this is due
to the fact that they have intersecting parts.

To solve the problem, it is necessary to reduce the
volume of each radar station's dead zone (zone outside of
observation) by the volume of the part that other radar
stations can see this zone. Let's calculate this volume for
the i- th radiolocation station. For other radiolocation
stations, the dead zone (zone outside of observation) is
expressed as U j.; K;. Then it can be written the following
formula for the sought volume:

v, = ﬂf dxdydz. (3)
(xy,2)EK\ Ujzi K

Considering that the sets K;\ Uj; K;, i = 1,2, ..., k
do not intersect, we can write the following formula for
the evaluation of the dead zone (zone outside of
observation) for all radiolocation stations:

k
V= Z V. @)
i=1

From a mathematical point of view, the problem of
the minimum dead zone (zone outside of observation) of
radiolocation stations operating together can be formed
as follows:

- itis required to find such coordinates (x;, y;, z;)
for which the conditions (1) are satisfied and in this case
the functional (4) takes a minimum value.

Note that the functional (4) is defined in the non-
convex set K;\ Uj»; K; and it is very difficult to give a
general solution to such minimization problem.
Therefore, the value of this type of functional is
calculated by numerical methods. On the other hand, the
location of radiolocation stations cannot be arbitrary
according to the existing infrastructure. Taking into
account what has been said , it is suggested to find a
rational solution to the problem. Thus, the best of the
possible options proposed for the location of the stations
can be considered as rational solution. In order to find a
rational solution, a discrete version of the model (1)-(4)
is written and functionals (4) are calculated for the
proposed location options and compared with each other.

Examples on location option evaluation

1. Suppose that four RLSs of the same type are
placed at the vertices of the square geometrically (Fig. 3).

Considering that the minimum distance (side of the
square) between the radar stations is [, = 15 km, the
dead gap angle of each RLS is a = 130° and the
detection distance of RLS is D,,,, = 30 km , we can
find the volume V, of the dead zone of each RLS
considered separately and the volume V of the dead zone
which is caused by the joint location of these stations.
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Fig. 3. Schematic representation of the placement
of RLSs at the vertices of a square geometrically

According to the data of the problem

130°
h =30ctg T 13 km
and if we apply the formula (2), we obtain
30\ (1
Vo = n(—) f z?dz =~ 12252 [km3],
14/ J,
V; = 6945 [km3],i = 1,2,3, 4.

Then

4
V= Z v, ~ 27781 [km?].
i=1
Thus, when comparing, it can be seen that V is about
1.6 times less than 4V,.
2. Suppose that 3 radiolocation stations of the same

type are placed at the vertices of an equilateral triangle
(Fig.4).

Fig. 4. Schematic representation of the placement
of RLSs at the vertices of a triangle geometrically

Taking into account that the minimum distance
between radiolocation stations (side of the triangle) is

lo = 10 km, the angle of the dead zone of each RLS is
a = 120°, the detection distance of the RLS is D4y =
35 km, it is possible to evaluate the separate dead zone
of each RLS V;, and the total sector V.

Based on the data, h = 35 ctg%oo ~ 20 km. Then

2 .20

35
Vo=m <—> f z%dz ~ 25656 [km3],
0

V, =~ 18362 [km®],i = 1,2,3
and
V =3-V; =~ 55088 [km?3].

Thus, comparing 3V, and V it can be seen that the
total dead zones of RLSs are reduced by about
1.3 times.

Aspects (opportunities) of practical application.
The mathematical model for assessing radar dead zones
does not impose additional conditions and restrictions
related to the geography of the coverage area or the
frequency of the operating range of the radio equipment
used.

Therefore, if the task of estimating radar dead
zones is being solved, the proposed approach can be
applied in other areas of radar application.

The discussion of the results

It should also be noted that the proposed approach
is based on the assumption that radar stations operate in
a rather limited area and are located on a conditional
plane. Comparing it with widely used radar systems, as
well as with other methods for detecting flying objects
(aircraft, helicopters, UAVs, missiles, etc.), we can draw
the following conclusions:

- this method does not require the installation of
additional equipment and antennas on the radar that
implement radiation patterns;

- the mathematical apparatus is simple and easy to
implement for assessing the dead zones of jointly
operating radars, depending on their layouts.

Conclusions

From the comparison of the obtained numbers, it
can be concluded that the creation of a radiolocation area
by placing RLSs on the vertices of equilateral triangles
(in the form of a checkerboard) is more economically
profitable, as it requires fewer stations.

Although advantageous in terms of cost savings,
Fig. 4 grouping does not satisfy other critical
requirements. For example, the failure of any of the RLSs
leads to the formation of large gaps in the radiolocation
field. Losses of air targets during tracking will be
observed even with the correct operation of all RLSs,
since the "dead zones" in the sighting zones of RLSs are
not closed.

If we also take into account the distortion of the
visual zones of RLSs as a result of the influence of the
nature of the relief around the positions, we can generally
conclude that the grouping in Fig. 4 can be used only in
exceptional cases- with an acute shortage of funds and in
secondary areas, but their use at the forefront is not
effective.
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Ouinka MepTBOi 30HH CyMiCHO MPAIIOIOYUX paaapiB
lammvos E. I'., Marappamos P. P., Ca63ues E. H., [Tamaes A. b.

AHHOTAanMs. AKTyalbHICTh JOCHI/DKEHHsA. 3 MOSABOIO OE3MIIOTHHUX JITAIbHUX amapaTiB 3HAYHO AKTyali3yBalMCh i
3aBaaHHs 60poTh0H 3 HUMH. Choroni oneparusHe npotuis BITJIA mae Benuke 3Hauenns. Cydacni BPLA 31aTHi He Tijbku BecTH
Bi/ICOPO3BIJIKY Y BH3HAUCHIN MICLIEBOCTI, ajle i TPHBAJIMIA Yac CIOCTepiraTu 3a KOHKPETHUM 00’ €KTOM i HOCHTH 10 HOMY YJIapH.
[Ticns BusBnenHs Tta imentudikamnii BIIJIA 3acobamu PJIC HeoOXimHO MPHUHATH 3aXOH IOIO IX 3HEMIKOKEHHS. Y poOOTI
CTBOpEHAa MaTeMaTHYHAa MOJENb OIHKK MepTBOI 30HM cminbHOI po6otn PJIC s edexTnBHOrO BUSBIEHHS O€3MIIOTHUX
JIeTaJbHUX alapaTiB i MPOBEICHO MOPIBHSIHHI MEPTBHX 30H Ha KOHKPETHHX NpHKIaaax. Llinb focmimKeHHs € pillleHHsIM 3amadi
e(eKTUBHOTO PO3MIIEHHS CHiIbHO mpamioiounx PJIC MareMaTHYecKMMH METOJaMHU IIPU HECIOCTEePEeXKyBaHIH 3aIHIIKOBIH
YaCTHHI X MiHIMalIbHOTO 06’ €My Ta BUOOPOM HEOOXiTHOI CXeMH PO3MillleHHs. B cTaTTi BUPIIIyIOThCS HACTYITHI 3aBIAHHI: aHaIIi3
XapaKTEPUCTHK PaaioOKAIiITHOTO MOJIs; po3po0Ka MaTeMaTHYECKOi MOJIEIi OMIHKKA MEPTBOT 30HH MICICBHX PaIioOKaIliifHIX
CTaHIIi{; OLiHKA AESKHX BapiaHTIB po3MilieHHs. [yl BUpIIICHHS 3aBAaHb BUKOPHCTOBYIOTHCS HACTYITHI METOAU JOCIIDKEHHS:
TEOPETHYHHUI aHalli3, MaTeMaTHYHE MOJEIIOBAaHHS, MOPIBHUIBHUI aHani3. Bynu oTpumaHi HacTyIHI pe3yJbTaTH: IO3HAYEHO
3MEHIIIEHHS MepTBOI 30HM B 1,6 pa3a NpW YOTHPHOXCTAHIINHIA CXeMi KBaJIpaTHOTO po3TamlyBaHHsi Ta B 1,3 pasa mpu
TPHOXCTAHIIHHIA TPEyroibHiil cxemi po3ramryBaHHS. BuBoxam: I3 mopiBHSHHS OTpHMaHMX MOXKHA 3pOOMTH BHCHOBOK, IIIO
CTBOPEHHS pafioNOKaIiiHOi 30HM murixoM po3MimenHs PJIC mo BepmmHaM piBHOCTOPOHHIX TPEYrOJBHUKOB (y BUIIIAAL
[IaXMAaTHOI JIOCKH) €KOHOMIYHO BHTI/IHIIIIE, TaK SIK BUMAara€ MEHIIO1 KiIbKOCTI CTaHIIiH.

Kirouosi ciioBa: Oe3misioTHI JTiTanbHI anapaTy, MEpTBa 30Ha, pajIioJIoKaliiHa 30Ha, e()eKTHBHA 30HA BiOOpaXKeHHs, CTaHIIis
pamioroKartii.
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COHERENT DEMODULATION OF SYNCHRONOUS MUTUALLY NOT
ORTHOGONAL DIGITAL SIGNALS WITH MANIPULATION
IN THE MINIMUM SHIFT KEYING

Abstract. The article presents the synthesis of a mathematical model of the compensation procedure for coherent
demodulation of synchronous mutually non-orthogonal digital signals with manipulation in the minimum shift keying.
In the absence of interference this procedure degenerates into the procedure of classical coherent demodulation of
digital signals with manipulation in the minimum shift keying. With a significant excess of the instantaneous power of
interference over the instantaneous power of useful digital signals with manipulation in the minimum shift keying the
immunity of reception of the latter approaches the immunity of reception in a channel with additive white Gaussian
noise without interference. This mathematical model can be used in the development of modem compensators that
ensure repeated use of the frequency resource, as well as in the development of promising interference-protected radio

communication devices.

Keywords: radio communication, coherent demodulation, synchronous non-orthogonal digital signals, minimum shift

keying.

Introduction

In the development of modern radio equipment, the
problem of reliable reception of a digital signal in
conditions of limited radio frequency resources, fading,
multipath, doppler frequency shifts and the influence of
various structural disturbances remains urgent.

Therefore the search for ways of effective use of
the radio frequency resource and demodulation of useful
digital signals under the influence of intentional or
unintentional interference, including those similar in
structure to the useful signal is relevant within the limits
of this problem. A huge number of works have been
devoted to this for more than half a century (for
example, [1-4]). It is not yet possible to assume that this
problem has been solved at least theoretically. It can be
assumed that an effective way to solve it is to create at
least two-stage procedures. At the first stage, it is
necessary to perform the task of evaluating the signal
and interference situation. The second is to implement
one or another rational, in some sense, fault protection
algorithm. It is clear that such an ideology involves the
creation of some library of processing algorithms that
can be applied in the receiving device at this second
stage.

Broadband signals adaptive modes of operation
(for example, according to MIL-STD-188-141,
MIL-STD-188-110B standards), pseudo-random
adjustment of the operating frequency (for example,
STANAG 4444), methods of spatial-polarization
processing [5,6], modem compensation methods
[4, 7-8], interference rejection in time and frequency,
and a combination of these approaches. However the
rapid increase in the number and power levels of radio
radiation sources of various origins, the development of
radio-countermeasures and, as a result, the improvement
of the quality and speed of adaptation of interference
parameters created by these means lead to the fact that

the currently known methods of interference protection
are becoming insufficiently effective.

It should also be noted that it is obviously
impossible to protect digital lines of military or civilian
radio communication from a wide variety of powerful
interference using any one method. In this regard there
is a need to choose some rational set of them among the
multitude of technical methods of combating
interference which will ensure the fulfillment of modern
requirements for interference protection of special
purpose digital radio communication lines.

It is obviously impossible to solve a calculated set
of problems for the development of error-proof
processing algorithms within the limits of one work. A
number of tasks can be solved sequentially.

A separate important class of problems of
interference-protected reception of a digital signal are
problems related to the demodulation of a useful digital
signal with angular (non-energy) modulation under the
influence of strong interference — synchronous,
asynchronous (plesiochronous), similar in structure to
the useful digital signal.

Similar to [1,4,7,9-11] it is suggested to use
compensation procedures in the modems
(demodulators) of the receiving devices to improve the
immunity of the reception of a useful digital signal
received under conditions of additive influence of a
powerful similar interference. It should be noted that
digital signals with manipulation in the minimum shift
keying (MSK) are widely used to ensure data
transmission in a limited frequency band [13, 14].

The purpose of the research and the main content
of the article is to solve the problem of synthesizing a
mathematical model of the compensation procedure of
coherent demodulation of synchronous mutually non-
orthogonal signals with MSK. At the same time it is
also necessary to check the performance of the received
model.
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Methodology for the synthesis
of a mathematical model of coherent
demodulation of synchronous mutually
non-orthogonal digital signals with MSK

Signal with MSK have a manipulation index equal
to 0.5. At the k clock interval such a signal is
represented by the following expression [14]:

S(fk,l‘)=A0COS(CU()l+kaﬂl+9k), te[tkfl’ tk)’
(D
where 7 =—(-1)*, 7 =1,-1, n, =0,1, k=12,3..., —

information symbol; €, = % — frequency deviation;

Ay — signal with MSK;

k—1 ( k— 1 -
T A

O =3 2= Z

i=1 =

— is the initial phase of the 51gnal at the k- clock

interval. For ease of recording, both definitions of the

amplitude

( 21)”(_1)Vk

A

information signal 7; =

—(—l)ri used in previously
known publications [4, 12] are used.

From this it can be seen that the signal depends on
the values of the information symbol not only on the
k -clock interval but also on its values on all previous
intervals [12].

Let's assume that the signal with MSK is useful

S;(n,t) and powerful structural interference S, (ry,7)

spread in a stationary radio communication channel,
their frequency positions and clock points coincide, and
the non-informational parameters are precisely known
[11-14].

Then we will present the observation model on the
duration of the clock interval as follows:

y(£) =81 (n.1)+ S5 (ra.1) +n (1),
where n(t) — additive white Gaussian noise (AWGN)

with one-sided power spectral density N,.

It is quite appropriate for phase methods of binary
manipulation to form a decision about the state of the
information parameter of the useful signal based on the
comparison of phase shifts at adjacent clock intervals.
This significantly simplifies analytical proofs and, as a
result, technical implementation. In particular, the need
to integrate (convolution) observation quadrature on
adjacent clock intervals is simplified to two-fold (more
precisely, sequential) convolution on the same intervals
and sequential memorization of the result for the length
of one clock interval (in delay lines — zero-order
extrapolators) followed by multiplication result - in this
case we are interested only in the answer to the question
about the sameness of the adjacent values of the
representative parameter of the useful signal the
coincidence (non-coincidence) of the values of the
adjacent convolutions. But this is not the case when
demodulating a signal with MSK - the optimal solution
is achieved by processing “as a whole” observation on
two adjacent clock intervals [11, 13].

The general form of the possible probability
functionals of a collection of discrete parameters of
mutually nonorthogonal digital signals for the case of
ideal coherent reception when convolution on one clock
interval is similar to [4] written in the form (the number
of the clock interval is refuted):

A(r.m2)=plexp[ (1) +b2 () =2R(n.m) ]} » @)

where the components determined by the energies of the
signal and interference of  the species

h; :-jsz 7ot) dtz—J.Sl-z(t)dt, i=12, [4], as
0

independent of the states of the information signal 7,

refuted as being the same for all likelihood functionals

and therefore will not affect the operation of the
decision rule rl* about the states of the information
symbols 7 of the useful signal.

In (2) ¢ — some normalizing factor,

W T

O
doubled scalar product of the input observation and the
useful signal S;(#,7) on the length of the clock interval

Sl .t dt — the ratio of the

[tx_1.1x) to the one-sided power spectral density
AWGN;

=— j dt — the ratio of the
05y
doubled scalar product of the input observation and the

interfering signal S, (rz,t) on the length of the clock

1)8; (1)

interval [tk,l,tk) to the one-sided power spectral

density AWGN;
I
R(n.r) == | Si(n.t)S5 (rp-t)dr — the ratio
N Ig-1
of the scalar product of the useful signal S;(7,7) and
interfering signal S, (rz,t) on the length of the clock

interval [tk,l,tk) to the one-sided power spectral

density AWGN.

Let's write down all possible probability
functionals of the information signal vector of mutually
non-orthogonal digital signals:

A(1, 1) =pfexp[ by (1)+b, (1) -2R(L1) 13
A(L,=1) = p{exp[ by (1)+ by (~1)-2R(1.-1) }; 5
A(=1.1)=p{exp[ By (1) + b, (1)-2R(-11) }:

A(=1, =1)=p{exp[ by (=1)+by (-1)-2R(-1,-1)]}.

Starting from (2), within the limits of this work, we
will limit ourselves to one time interval. The resulting
decision rule will not be optimal according to the
criterion of the minimum average probability of error in
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the estimation of the useful signal, but it will allow to

check the principle possibility of compensation of

interference similar in its structure to the useful signal
with MSK in the demodulator of the receiving device.
Write in explicit form according to model (1) the
ratio of the mutual energies of the useful signal with
MSK and the interference with MSK at a certain time

interval t€[f,,) to Ny where their information

symbols are unchanged:

R(L1)=

AA, ) cos(w0t+Qﬂt+¢c)x
Ny !

=
xcos(wot +Q it + ¢, )Jd
AA

x[sin(z(wo +Qﬂ)t1)— 4)
—sin<2<w0 +Qﬂ)12)+sin(q)c +0,)x

x[cos(Z(a)o +Qﬂ)tl)—cos(2(a}o +Qﬂ)t2)ﬂ+

" AcA3 (tl _t2)
2Ny

AcAatf cos(a)ot—Qﬂt+goc)>< o
No i xcos(wot—Qﬂt+go3)
AA

_ 3
- —4(w0 —Qﬂ)NO [ cos (. +9,)x

x[sin(Z(ayO ~Q)4)-sin(2(@9 -1 )22 )}r )
cos(Z(wo —Qﬂ)tl)—
—cos(2(w0 —Qﬂ)tz)

N AA (4 -1)
2N,

R(-1.1)=2c2s

Do + 0, )X

-cos(p. —9,).

Similarly,

R(-1,-1)=

+sin(goc +q)3)

cos (e —9s);

t
fcos(a)ot—Qﬂtﬂoc)x
n

AA,

4wy No
x(sin (2m01 ) —sin (2wt ) ) +sin (g, +, ) x ©)
AA

2wt ) —cos (2 —
x(cos( woty ) —cos( a)otz))]+4QﬂNox

R(1,-1)=

xcos(wot+Qﬂt+q)3)dt

[cos (pet,)%

x[cos(qoc -, )(sin(ZQﬂtl)—sin<2§2ﬁt2))—
—sin(g. — ¢, )(cos(ZQﬂtl)—cos(%)ﬂtz ))J

Can be seen from (4) and (5) that mutual energy
R(1,1)= R(~1,-1), then (3) rewrite as follows:

A(L 1) =gpfexp[ b (1)+b, (1)-2R(11)]};

A(=1, =1)=pfexp[ by (=1)+by (-1)-2R(1,1) };
A(1,=1) = p{exp[ by (1)+b, (-1)=2R(1,-1) ]}5 (7)
A(=1,1) = p{exp[ by (1) +b, (1)=2R(1,-1) ]}.

Using (3) we write down the rule for making a
decision about the transmitted information symbol of
the useful signal with MSK:

rkc* = rect{eprl (1)[exp(b2 (1)—2R(1,1))+
+exp(by (~1)-2R(1,-1)) |- expb (-1)x

(®
exp(by (1)-2R(1,-1))+
X 9
+exp(by (-1)-2R(L.1))
where  rect(x>0)=1, rect(x<0)=0 - decisive
function.

To reduce the argument of the decisive rule (8) to a
combination of terms of functions sh(x), ch(x) from

the arguments we multiply b » (r1’2), R(r,ry) all the

components in argument (8) by the expression:

In order to reduce the argument of the decision
rule (8) to the combination of terms of functions from
the arguments we multiply all the components in the
argument (8) by the expression:

exp| -1 b (1)+b (=1)+b (1)+
P73 by (—1)=2R(L1)=2R(1.-1) ||

As aresult, we get:

e AL,

2

x[ch[M]Ch(R(l’_l)_R(l’l))}+

9)
sh(bz (1)
2

xsh(R(1,-1)-R(L1))
Now let's divide all the components of (9) by
d{bz (1)=b (—I)Jd{bz ()=t (—1)}(
2 2
xch(R(L-1)-R(L1)).

As aresult we get:

e = reer = ED )
Mbll 2b1 1) .

+th[w]th(R(l,—l)—R(l,l))}

Considering that the function is odd, we write
down the decision rule (10) in the form:
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_Arth{m(w}h(le(l,—l)—R(l,l))ﬂ.(ll)

The structural diagram of a coherent demodulator
for extracting synchronous mutually non-orthogonal
digital signals from MSK is shown in Fig. 1.

If the modules of the quantities by (—1)—b, (1)

significantly exceed unity (that is, the components of
the interference in terms of the instantaneous power are
much more than the useful signal) the decision
rule (11) can be  significantly  simplified
(th(x >> 1) ~1 ;th(x << 1) ~-1):

o rect{bl (1)-b (—1)}

2
(12)
b, (—1)=by (1
—sign[Mj-(R(l,—l)—R(l,l))},
2
where  sign(x>0)=1, sign(x<0)=-1 - signal
function.

Representation (12) of the separation model (11)
allows a simplified demonstration of the procedure for
compensation of a powerful interference similar to a
useful signal with MSK. The demonstration of the
operation of the decision-making rule (11) is given in
the table 1 (in the table 1 arg rect(x) — decision rule

argument (11)).

Table 1 — The demonstration of the operation of the decision-making rule (11)

1. h()-h() ()01 o) |
2 2

0| o R(1,-1)=hE (-1)= R(~1,-1) [-R(-11)+ R(=1=1)+ 13 (~1) |> 0 —h? (-1) 0

0| 1 R(L1)—h2(~1)- R(~11) [-R(-1.1)= 13 (1)+ R(-1.-1) ] <0 —h? (-1) 0

1 0 (1) + R(1,~1)~ R(=1,-1) [—R(1,1)+R(1,—1)+h22(—1)J>o (1) 1

1 1 K2 (1)+ R(11)- R(-11) [-R(LD)=13 (1)+ R(L-1) <0 K2 (1) 1

=5,

—>Nio by (1) ’{%—’
>

Fig. 1. Structural diagram of a coherent demodulator for separating synchronous digital signals with MSK

When compiling the table 1 for the purpose of
transparency of explanations of the presence of noise
components at the outputs of the correlators of the
scheme of Fig. 1 was not taken into account.

Conclusions

The essence of the proposed mathematical model
of coherent demodulation of mutually non-orthogonal
synchronous digital signals with MSK is that it

describes the procedure for compensating the influence
of interference similar to the useful signal with MSK at
the input of the correlator of the signal branch of the
demodulator.

At the same time, the compensating voltages
are formed on the basis of reference oscillations of
the signal and interference, and their signs are at the
output of the interference branch of the
demodulator.
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A distinctive feature of this mathematical model
from the well-known classical coherent demodulation of
the MSK signal is the presence of a compensation path.
At the same time, unlike procedures synthesized by
linear or non-linear filtering methods, the compensation
chains are directed not in the reverse but in the forward
direction.

The developed mathematical model is not optimal
according to the criterion of the minimum average error
probability per bit of the useful signal (more
precisely,even the idealized version given in this article
which does not contain procedures for evaluating
continuous non-informative parameters of the signal and
interference).

However, it is expected that provided the average
power of an interference similar in structure is
significantly higher than the power of a useful signal
with MSK and there are no errors in the estimation of
continuous interference parameters, the asymptotic
immunity of this mathematical model will be the same
as in the absence of interference in the communication
channel when processing on one clock interval.

The synthesized mathematical model can find
application in the implementation of frequency resource
reuse programs and in the development of promising
interference-protected radio communication tools. A
separate publication will be devoted to the task of a
detailed analysis of the fault tolerance of model (11).
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KorepenTna nemoay isinii CHHXpOHHUX B32€MHO HEOPTOTOHAJILHUX M(POBUX CUTHATIB
3 MiHIMaJIbHOIO YaCTOTHOIO MAHINYJISILi€I0

B. @. €poxin, €. B. [Tenemox, O. B. 3amyxHuit

AHoTamisi. Y craTTi NpeACTaBICHO CHUHTE3 MAaTEMAaTHYHOI MOJeNi KOMIIGHCAIiHHOT MpOoLeaypyu KOrepeHTHOT
JEMOJYJISILIi CHMHXPOHHHX B3a€EMHO HEOPTOrOHAIBHMX LM(POBUX CUTHATIB 3 MIHIMAJIbHOK YaCTOTHOIO MOAyJALiclo. 3a
BIICYTHOCTI 3aBaJii JjaHa MPOLEIypa BUPOMKYETHCS B MPOLEAYPY KIACHYHOT KOTEePeHTHOI IeMOAYJIsLii IM(pPOBUX CUTHATIB 3
MIHIMQJIBHOIO YacTOTHOIO MaHimymsmieo. [Ipm CyTTeBoMy NepeBHINEHHI MHTTEBOI IOTY)KHOCTI 3aBaid HaJl MHUTTEBOIO
MOTY>KHICTIO KOPHUCHOTO IHM(POBUX CHTHATIB 3 MIHIMAJbHOK YacTOTHOK MAHIMYJLIMIEI0 3aBaJO3aXHIICHICTh MPHAOMY
OCTaHHBOT'O HAOJIMKAETHCS 10 3aBaJ03aXUIICHOCTI TPUIOMY B KaHal 3 afUTUBHUM OiTMM rayCiBCBKHM IIyMOM Oe3 3aBajH.
JlaHa MaTeMaTH4HA MOJENH MOXE BHKOPHCTOBYBATUCS MPH PO3POOILI MOJEMHHIX KOMIICHCATOPIB, IO 3a0e3MeuyioTh HOBTOPHE
BUKOPHCTaHHS YaCTOTHOT'O PECYPCY, a TAKOXK IIPU PO3POOLIi IEPCIEKTUBHUX 3aBa/I03aXUIICHUX 3ac00iB pajlio3B’s3Ky.

KawuoBi cioBa: panio3s’s30K, KOTepeHTHA JEMOIYIIAIisA, CHHXPOHHI HEOPTOTOHANIBHI U(POBI cUrHaNM, MiHIMaNbHa
YacTOTHA MaHIITyJISIIIS.
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3ABE3INEYEHHSA 3AJIAHOI CTIMKOCTI CYIIPOBOKEHHSA
HOBITPSIHAX OB'€KTIB 3A PANIAJIBHOXO HIBUAKICTIO B PEAJIBHUX
YMOBAX HOIIUPEHHSA I BIIBUTTSA PAJIOJIOKAINIHMHOI'O CUTHAJLY

Anoranisi. CynpoBomkeHHs noBiTpstHUX 00’ekTiB (I1O) 3milicHIOEThCS OaraTokaHaJIBHIMH PajioJIOKAIIfHIMY CTaHIi-
SIMU Ta 3a0e31edyeThCsl MiJICHCTeMaMH BH3HAUCHHS JAIbHOCTI, palialIbHOI MIBHIKOCTI Ta KyTOBUX KOOPIHWHAT. 32 YMOBH,
sxio 10 cynmpoBODKEHHS € BHCOKOMAaHEBPEHUMH, TO BiIOYBA€THCS CYyTTEBE 3HIDKEHHS TOYHOCTI 1 CTIMKOCTI CyIpoBO-
JDKEHHS BITHOCHO JUISTHKM BiICYTHOCTI MaHEBpYBaHH!, sika OyBae JOCHTh TPUBAIOK. Y pa3i BUHHUKHEHHS OMUIKOBOTO 200
3aCTapiIoro 10 MaHEeBPeHUX XapakTepucTHkK [10 HamamTyBaHHS alTOPUTMIB CIIIKYIOUHX CHCTEM, BiJOYBa€ThCs CYTTEBE 3PO-
CTaHHS TIOMWJIKU cynpoBoLKeHHS 10 Ha OUsHIN 341HCHEHHS MaHEBpY, IO MOXKE MPU3BECTH IO 3PHUBY CYNPOBOMIKEHHS 3a
PaxyHOK 3HAUHOT AMHAMIYHOI CKJIJ0BOT TOMUIKH. J{JIs OIIHKH CTifKOCTI cynpoBomkeHHs [10 3anponoHOBaHO BUKOPHCTAHHS
€KBIBAJICHTHOTO PO3MIpy alepTypH AUCKPUMiHAI[IHHOT XapaKTeprCTHKH. [IpoBeIeHO OLiHKY BILTMBY ITapaMeTPiB CTOXaCTHIHOL
Mozeni pyxy I10, Mozeni criocTepexeHb Ta Iepiofy BUMIpPIOBaHHS KOOPAMHAT Ha CTIMKICTh CYIPOBOJUKEHHS 33 PajlialIbHOIO
MIBUJIKICTIO. B pe3ynbraTi mpoBeeHNX JOCTIKEHD 3 BISETHCS MOXKIIUBICTh MOAANBIIO OIIHKKA JTOUUILHOCTI aJanTariii 70
MaHeBpeHnX XapaktepucTuk [10 Ta HajaHHS peKOMEHAaNiH 010 BUOOPY Iepioly BUMipIOBaHHS KOOPAMHAT B OaraToKaHab-
HUX pajiojoKaTopax. BinmiueHo, mo cTiiKicTh nporecy cymnpoBomkeHHs 110 3anexuTs Bii TOYHOCTI TOTOYHOTO BUMipIOBAaHHS
panianpHOI MIBHAKOCTI, SKa MEPEBAXXHO BHU3HAYAETHCA CTATUCTUYHMMH XapakTepucTukamu (iykryaniii ¢azoBoro ¢poHTy
XBHJIL paioIOKAIlIfHOTO CHTHATY. BB mannx ¢ykryariii 00yMOBIEHO HAsBHICTIO TypOyJIEHTHHX HEOIHOPIAHOCTEH aTMO-
cdepu, xapakrepom MaHeBpy [10 Ta BigOUTTSAM panioXBuib Bi 3eMHOT a00 MOpchKoi moBepxHi. HaBeneHo mpomo3umii moao
BpaxyBaHHS BKa3aHUX (UIyKTyallii Ta 3SMEHIIEHHS iX BIUIMBY Ha SIKiCTh BUPIMIEHHs 3aBIaHHs cynpoBopkeHHs [10.

KawuoBi cioBa: qucnepcis MIOMUIKHA eKCTPANIONALIT, pafiajdbHa IIBUIKICTh, CHCTEMa aBTOMATHYHOTO CYTIPOBOKEHHS,

CIIIKYBaJIbHE BUMIiPIOBaHHS, CTATUCTUYHI XapaKTEePUCTUKH, CYIIPOBOIKEHHS, (IyKTyarii ¢azoBoro GppoHTy.

Beryn

CTIHKIiCTh CYNpPOBOKEHHS MOBITPSHOTO 00’€KTY
(ITO) nop’s3aHa i3 3a0e3Med4eHHsIM TOYHOTO IPOTHO3Y-
BaHHSAM HOTO TOJIOXKEHHs Ha HACTYITHUH KPOK pajioo-
KaIliifHOTO CroCTepeXXeHHs. 3/1aTHICTh aepOJMHAMIYHUX
00’exriB (I1O) momo 3milicHEeHHS MaHEBPYBaHHS Ta BU-
KOPHUCTaHHS MaJMX 1 TPAaHWYHO MaJHMX BHCOT IOJBOTY
CHpHsi€ CyTTEBOMY YCKJIQJIHEHHIO X CYIpPOBOJDKEHHSI.

OCHOBHOIO XapaKTEePUCTUKOIO CTIHKOCTI CYIPOBO-
mxernst [10 € AMOBIPHICTH BiICYTHOCTI 3pHUBY CYIIPOBO-
JDKEHHSI TIPOTSrOM HEBHOTO iHTepBajiy udacy. Tomy, 3a-
Oe3rieueHHs MOTPIOHUX 3HAYEHDb BKa3aHOI HIMOBIPHOCTI €
3aMopyKo CTidkocTi cynpoBomkeHHs [10. Opnak, y
3B 513Ky 13 HENHIMHMUMHU XapaKTePUCTUKAMH JUCKPHMi-
HATOPIB, 110 BU3HAYAIOTh MPAHHYHI YMOBH, € CKJIa{HOIIII
Y OTPHMAaHHI PilIEHHS BKA3aHOTO 3aBJaHHS.

3a yMOBH, SIKIIIO0 OMHJIKA EKCTPAIOJIsLii € opiB-
HSHOIO 3 HAIIBIIMPUHOIO alepTypH JUCKPUMiHAILIHHOT
xapakrepuctuku (JIX), To uepe3 HeniHiHHICTH XapakTe-
PHUCTHK AMCKPUMIHATOPIB IIUIBHOCTI PO3IOiIIB HMOBI-
pHOCTeH MOMMJIOK OLIHIOBAHHS i eKcTpamnosiii Oy 1yTh
JOCUTH TIOMITHO BiApi3HATHCS Bix HopManbHUX. OTXe,
HEOOXiTHUM € IMPOBEACHHS IOCHTIPKEHb CTIHKOCTI Cy-
npoBoukeHHs 110. 3a3HaueHi oOCTaBUHU MO3BOJSIOTH
MPOBOJIUTH IIMPOKI JTOCHI/PKEHHST BIUIUBY CTPYKTYpH i
napaMeTpiB aTOPUTMIB OI[IHIOBAHHS Ta €KCTPAIOJISIIii
koopauHat [1O Ha cTiliKicTh CynpOBOKEHHS B CHUCTe-
Max, 1110 BUKOPHCTOBYIOTh IEBHU THUII IUCKPUMIHATODA,
JUISL SIKOTO O/THOPA30BO PO3paxOBaHO €KBIBAJEHTHUH po-
3Mip aneptypu IX.

3marHicTh [10 10 MaHeBpyBaHH:, TOOTO 10 PyXY 3 pi-
3HHMM IPHUCKOPEHHSIM 00YMOBITIOE HEOOXI1THICT IIOTOYHOTO
OIIIHIOBaHHS HOTO paialibHOT MIBUIKOCTI 3 MaKCUMAaJIBHO

MO>KJTMBOIO TOYHICTIO, OCKUJIBKH 1I€ BU3HAYAE SKICTh BUKO-
HaHHS OCHOBHUX €TalliB CJIIKyBaIFHOTO BIMIPIOBAHHS.

SIKiCTh TTOTOYHOTO OIIHFOBaHHA PaialibHOI IIBU-
kocti 1O, 1110 crocTepiraeThesi BU3HAYAETHCS 3aKOHOMI-
pHicTio (ha30BOT CTPYKTYpH PaioNoOKaliiHOTO CUTHATY
Ta CYTTEBO 3QJIS)KUTH BiJl YMOB HOro MOLIMPEHHS 1 Bil-
OuTTs, SIKi 00YMOBJIIOIOTh BUHUKHEHHS (QUIyKTYyaIiii ¢a-
30BOr0 (PPOHTY XBHIII CUTHAIY.

BkazannMu ymMoBaMM MOKHa BBaKaTu: aTtMmocde-
pHI HeogHOPiTHOCTI, 3maTHICTE [10 10 MaHeBpYBaHHS Ta
BIUIMB MiJCTHIBHOI MMOBEpXHI MpHU croctepexerHi [10
ITi MAJTUMHU KyTaMH MiCIIsl.

TakuM 4MHOM, JOUUTEHUM € IPOBEICHHS aHANI3y
CTIMKOCTI CynpoBoKeHHsI MaHeBpyrounx [10 3a pamia-
JILHOIO MIBU/IKICTIO CTOCOBHO YaCTOTHUX JUCKPHMIiHATO-
piB, IO BUKOPUCTOBYIOTHCSl B paliojoOKaliiHUX CTaH-
uisix (PJIC) caHTUMETpOBOro [iama3oHy, 3 HaJaHHIM
MIPOTIO3HLIH 1110JJ0 3HWKEHHS BIUIMBY YMOB MOUIMPEHHS
Ta BiAOUTTS pajioNOKaI[ifHOTO CUTHATY HA TOYHICTb ITO-
TOYHOTO BUMIpIOBaHHS pajianbHOi mBuakocti [10.

AHaJti3 ocTaHHiX AocaiIKeHb i myOJikaniii. Ana-
73 OCHOBHHMX Xapakrepuctuk [1O pamionoxauiiiHOTO
CIOCTEPEXXEHHsI HaBeAeHO y [1], a muTaHHA 1OIO
BIUIMBY (IyKTyamii ¢azoBoro (poHTy pajiojoKarini-
HOTO CUTHAIly po3IisjaroTbed y [2-4].

V [5] 3anpornoHOBaHO METOAMKY BU3HA4YEeHHS (ik-
COBaHUX TApaMeTPiB aJTOPUTMIB CYyNPOBOKEHHS, IO
3abe3neuye CyTTEBE IMiABUIIEHHS CTIHKOCTI CITiAKYBaHHS
cTocoBHO cymnpoBokeHHs [10 mo pampHOCTI. [TuTanHs
OILIIHIOBAaHHS CTIMKOCTI cynposomkeHHs 110 3a momomo-
TOI0 EKBIBAJICHTHOTO PO3MIpY amepTypH XapaKTepuc-
THKH AUCKPUMIHATOPA pO3IIISIHYTO ¥ [6].

CTiHKICTh CYyHNpPOBOIKEHHS BUCOKOMaHeBpeHHx 110
3a paliaJbHOI0 MIBHIKICTIO, 0€3yMOBHO, BH3HAYa€THCS
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TOYHICTIO IOTOYHOT'O BUMIpIOBaHHs yacToTH Jlornmuepa na-
YKH paJii0iMITyJIbCIB, sIKA BHKOPUCTOBYETHCS y SIKOCTI 30H-
nyBanbHOro curHany PJIC nust 3a0e3nedyeHHs BHMipIO-
BaHHs papmianbHOl mBHAKocTi [1O 13 3a7aHOI0 TOYHICTIO.
MO’KIIMBOMY 3HMDKEHHIO TOYHOCTI BUMIPIOBAaHHS 4aCTOTH
Jomrurepa qaHOTO pamioCHTHATY Ta paJialibHOI ITBHIKOCTI
IO crocTepesxeHHs PUCBIIEHO podoTH [7-9].

Bkazani y HaBemeHHX poOOTaX MOMHIKH ITOTOY-
HOTO BUMiproBaHHS dactoTu Jlommepa i, K ciif, pania-
mpHOI mBHAKOCTI [10, obymoBneHo Quykryamismu a3z
PamioiMITyJIbCiB IPUHHATOI AYKH, SIKI BHHUKAIOTh BHA-
CHIZIOK BIUIMBY peajlbHUX YMOB ii NOIIMPEHHS Ta Bil-
outtsa. Tomy, BpaxyBaHHs AaHMX (IIYKTyamiil Ha erami
MepBUHHOI 00OpOOKM paniojokaliiHoi iHpopmauii no-
3BOJIUTH y 3HAYHOMY CTYIEHI MOKPALIUTH I10JAJIBIIY
CTIHKICTB CYynpOBOXKEeHHs ManeBpytounx I10.

OnTUMi3aililo MOTOYHOTO BHMIPIOBAHHS YaCTOTH
Jlommiepa Mayky NUIIXOM BPaxyBaHHS CTATHCTHYHHX

XapakTepucTuk (azoBux (uryKTyariit ii paaioimMITysIbCiB
JOCTaTHBO po3rianyTo y [10, 11].

Pesynpratn mpoBeseHOi omnTHMi3amii JOLUIBHO
BpaxyBaTu y aJlrOPUTMax CYIPOBOJDKEHHS BUCOKOMaHe-
Bpenux 110 3a pajiaqbHO IIBUIKICTIO 3 METOFO ITi/IBU-
IICHHS 1X €(PeKTHBHOCTI.

MeTor0 cTaTTi € aHAII3 MOKIUBOCTI IIIBUILEHHS
CTIMKOCTI CYNpOBOIKEHHSI BHCOKOMaHeBpeHHX [10 3a
panianbHOIO MIBHAKICTIO Ta HAJAHHS HPOIIO3HUIIHA MO0
30UTBIIIEHHS TOYHOCTI ii HOTOYHOTO BUMIpIOBaHHS.

OcHoBHMI MaTepiaa

Jist omiHKM CcTiMKOCTI cynpoBomkenHs [10 B muc-
KPETHHX PAIiOTEeXHIYHUX CIIAKYIOUHX CHCTEMaX BHCO-
KOTO TOPSAKY 332 MMOBIPHICTIO MOTPAIUISTHHS ITOMUJIKU
eKCTpanoysmii KOOPAWHATH YCEepeauHy IiHTepBalry
(-Lx/2, L/2) B [6] 3amipOTIOHOBaHO BUKOPHUCTOBYBATH EKBi-
BaJICHTHY KyCKOBO-IIiHiiHY anpokcuMartiro X (puc. 1).

M[Ax,]
Iupuna aneptypu ! ! .
. . : : Binnomennsa
€KB1BAJICHTHO1 i L : « ! 5
XapaKTepUCTUKHU P * [ i curHa/ Iy M
' :
JIUCKpUMiHATOpA P :
H |
Vo 1
I 1
B |
b :
B |
P :
I H
B |
. O
B v v
RS : :
NN | i
“ . ] H .
\ \, i ; [IupuHa Mix
! !
N ' : MaKCUMyMaMU
\ 1 1
s \ i ; XapaKTepUCTUKHU
N N\ : /i ! JUCKpUMiHATOpa
N N | . /
~ N * . A Y LO H
So 2] 1
hal / 1
g !
i i
1 1
' !
1 1
' '

Puc. 1. luckpuminariiiina xapaKTepUCTHKA ANCKPHMIHATOPA Ta 1i apoKcUMaris: 4x, — IMOMUMIKa eKCTPAIOIIii KOOPIUHATH;

M[Axe] — MmarematnygHe crogiBanas (MO) Benn4IMHN BUXiTHOT HAPYTH TUCKpUMiHATOpa, J[keperno: [6]

SIk MOXHA 1M00AYUTH, y JTIHIHHNX CIIIKYIOUMX CHC-
TeMax TOMWIKH cymnpoBomkeHHs [10 (excrpanossmii

Ax,) MalTh HOPMAJIBHHUH 3aKOH po3noxiiay [6, 12], a

HAMOBIpHICTh 3HAXOJKCHHS TIOMUIIKA CKCTPAIOJIALIi B
Mexkax inTepBany (-Li/2, L./2) Bu3HadaeThes (PyHKILERO
ITOMUJIOK:

0,5L, +m, 0,5L, —m,

V20, V2o, ||

ae m, — MaTeéMaTU4HC CHO}JiBaHHﬂ (CI/ICTeMaTI/I‘IHa CKJ1a-

B, =0,5|erf +erf (1)

J0Ba); O, — CEPEAHbOKBAIPATUYHE BIIXUICHHS IOMUIKU
EKCTPAaroJIsiLii KOOpANHATH.

VY BunajKy, SIKIIO ajJTOPUTMH OLIHIOBAHHS M E€KCT-
pamossmii  CTigKYI049oi CHCTEMH MaloTh CTPYKTYpY

asexkBaTHy mozeni pyxy I1O, cucremarnuHa ckianosa
TIOMUJIKH JIOPIBHIOE HYJIIO 1 BUpa3 (1) HaOyBae BUIIIAY:

B, =erf 2

Lx
2\/5% ‘
VY nepmomy HabmmxkerHi (1) ta (2) MoxxHa cripuid-

MaTH SK BUpa3M JJisl BU3HAYCHHS! HMOBIPHOCTI BiICYyTHO-
CTi 3puBY cynpoBopkeHHs [10 mpoTsarom oxHoro iHrtep-

Bany 1, =t,—t,_; Mix paniokonrakramu 3 [10. Ha
MPAKTHIl Take HAOJNWKEHHs OyAe NMaBaTH aJcKBaTHUN
pe3yibTaT Ipu o, << L., To6t0o, Ipn A, = 1.

YmoBa B, <0,9 Biamosinae curyamniid, Koiu mo-

MUJIKA €KCTPANOJIALIT € HOPIBHSHOIO 3 HAIIBIIMPUHOIO
aneptypu. Ilpn moMiTHOI pi3HHLI LIUTBHOCTI po3IO-
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JUTIB IMOBIPHOCTEH NMOMMJIOK OLIIHIOBAaHHS i eKcTpa-
noJisinii Ay OLiHKKM MMOBIPHOCTI BiJCYTHOCTI 3pHUBY
cynpoBoukeHHs [10 Mo)KHa BUKOPHCTOBYBAaTH BUPA3U
(1) Ta (2), Km0 B HUX EKBIBaJEHTHUH pO3MIp amep-

Typu L, BCTaHOBIIOBATH 3 yPaxXyBaHHAM BiJHOIIEHHS
“curHan/mym” q .

ITpu BuboOpi L, TOJIOBHUM KpuTepieM, KUl rapa-
Ty€ MOKJIUBICTh BUKOpUCTaHHs Bupa3iB (1) Ta (2) ms ori-
HKH HMOBIPHOCTI BIJICYyTHOCTI 3pHBY aBTOCYIIPOBOJKEHHS
10O, mae OyTu 30ir pe3ynbTaTiB CTATUCTHYHUX BUIPOOY-
BaHb CTIHKOCTI CYNPOBOMKEHHS CHCTEMH 3 pealbHUM
JIMCKPAMIHATOPOM Ta aHAJITHYHUX PO3PaxyHKiB [6].

[Momampmm KociKeHHS CTIHKOCTI CyIPOBOIKEHHS
1O 37iiicHIOIOTECS 13 BAKOPUCTAHHAM BU3HAUEHOI BEJIH-
ynHu L, Ta Bupasis (1) i (2).

HenomixoM po3rissHyTOi METOIHMKH € HEOOXiTHICTh
II0/I0 TIPOBEJCHHS CKJIATHOTO Ta 00’ €MHOTO CTATHCTHY-
HOro JociuipkeHHs. OfHaK, TUIBKM [I€ MOXKE T'apaHTy-
BAaTH JJOCTOBIPHICTh PE3yJIbTATIB, IO AAIOTHCS aHAITHY-
HUMHU pO3paxyHKaMH HMOBIPHOCTI BIICYTHOCTI 3pUBY
cynpoBomkenns [10 (1) 1 (2).

MakcumanbHa cTifikicts cynpoBomkenHs 10, sk
MOxIHBO 1mobGaunTy 3 (1) 1 (2), nocsiraeThes B CUCTEMaX,
ONTHMAIBHUX 32 KPUTEPIEM MIHIMyMY CEPEIHBOTO KBa-
JpaTa IIOMUJIKH CYIPOBOJKEHHS.

1. Moaeas pyxy maneBpywunx I1O. Ockinbku
MIPUYIHHOIO pyXy MaTepiansHux [10 € nirodi Ha HUX CHIIH,
OCHOBOIO ISl TIOOYIOBU MOJIEIi PyXy 00’ €KTa € Ipyruit
3ak0H HpI0TOHA Ta piBHAHHS KIHEMATHKH, SKi 3B’ SI3YIOTh
MiX COOOI0 BEKTOPH NMPUCKOPCHHS, IBUAKOCTI 1 MOJO-
xenHs 110.

Mopenb pyxy [1O B GuIbIIOCTI NPaKTHYHUX BHUITA/I-
KiB OyIylOTh Ha OCHOBI KIHEMaTHYHHUX PIBHSHB 1 CTATHC-
TUYHOI MOAENI PUCKOPEHb. /11 MaTeMaTHYHOTO ONUCY
pyxy cydacHux I1O mponoHyeTbcsi 3aCTOCOBYBaTH MO-
nenb pyxy manespyrouux [10 [13], B sikiii ckiiaioBi Bek-
Topa npuckopenHs 110 nmokianaroTeCs B3a€EMHO He3ae-
XKHUMH EKCIIOHEHI[IaJJbHO KOPEIbOBAHMMH BHIIAIKO-
BHMH TIPOIIECAaMH i3 0araTormiKOBOK IIUTBHICTIO PO3MO-
Iy iMoBipHOCTEH (pHC. 2).

P(w)

Py

>
— (0] w
Winax Winax

Puc. 2. bararomnikoBa IUIBHICTE PO3MOALTY HMOBI-
pHocrelt Ixxepeno: [13]

CuHre3 anroputMy ouiHioBaHHs crany 10 npu Ta-
Kiil OIIBHOCTI PO3MOALTY WMOBIPHOCTEH CKIIaIOBUX

BEKTOPY NPHCKOPEHHS HE MOJKE IIPOBOJUTHUCS Y PaMKax
Teopii onTUManbHOI JiHIHHOT (inbTpauii, y 3B’sI3Ky 3
yuM 0araTomiKoBUil pO3MOJiT MMOBIpHOCTEH, SIKUiT 1O-
CHUTh aJICKBaTHO BiZoOpa)kae XapakTep 3MiHHM MPHUCKO-
pennsi Garatbox MaHeBpyrounx [1O, 3aMiHIOETBCS €KBi-
BAJICHTHUM HOPMAaJbHHM PO3IOAIIOM.

[pu mpomy, MO ck1afoBUX BEKTOPY MIPUCKOPEHHS
MOKJIA/IA€ThCsL PIBHUM HYJIIO, @ CepeIHBbOKBAJPATHYHE
BIZIXMJICHHS OOYHCITIOETHCS! HACTYITHUM YHHOM:

O-M

:WL;‘(1+4PI—PO), 3)

A€ Whax = Mmax 8

PECHHA g, OGyMOBJ’IeHe MAaHCBPCHUMU MOKIIMBOCTAMU

— MakKCHUMaJIbHE€ 3HAa4YCHHS ITPUCKO-

IO (MakcHMMalbHUMU NEPEBAHTAXKECHHAMHU N,y ); P —
itmMoBipHicTh MaHeBpy I1O 3 IHTEHCUBHICTIO *wW .\ ;3 Fy

— IMOBIpHICTH BincyTHOCTI MaHeBpy 110.
Kopensmiiina ¢yHxiis Benmuud npuckopeHas [10
IPY IbOMY Ma€ HACTYIHUI BUIIIS:

2 —7|/T,

R (7)=oe /T @
ae T, — crana MmaHeBpyBaHHs [10, sika € BeIMYUHOIO 3BO-
POTHOIO 0 YaCTOTU MaHEBPYBaHHS Ta MOXKE CTAHOBHUTH
BiJl OAMHHUIIb 10 JECATKIB CEKYHJ; O'j%, — JUCTIepCis 3Ha-

yeHb npuckopenns I10.
MmogipHocTi A Ta Fy BU3HAYaIOTHCS, BUXOASUH 3

aHanizy ocobnuBocTei 3actocyBanHs [10 i MOXyTb 3Mi-
HIOBATHUCSA y IMIMPOKUX MEXKax.
Amnani3 pucyHky 2 ta Bupasy (3), BKa3ye Ha Te, 110

BEIMYHHA O, 3aJEKHO BiJl CIiBBIIHOINICHHA MiX P Ta
Fy TaKkoX MOXX€ 3MIHIOBATHCA Y JOCHTH INMPOKHX Me-

Kax.

BukopucTtoByroun Meton ¢Gopmyrodoro (iasTpa,
MO’)KHA 3aIliCaTH CTOXACTHYHE PEKYPEHTHE MaTphUyHe
piBHsHHS cTany [12, 14]:

X(ty + T, )= (T, J5(1, )+ Bty ) (s

e x(t,),x(t,+T, ) — NIOTOYHE Ta HACTYIHE 3HAYECHHS

xoopaunatu 110, BignosinHo; @(7,, ) — nepexinHa mar-

PHIISI CTaHy 3a pagiaabHoo mBuakicto [10; B=(0 1 )T
— Matpuils 30yKeHHS 3a pagiansHoio mBuakicto I10;
n(t, ) — MOCTIIOBHICT IIYMiB 30y DKEHHS 3 HYJILOBUM
CEpeIHIM Ta JUCIIEPCIEI0 v,7( T,).

[epexinHa MaTpHUIlI CTaHy 32 paiajbHOIO IIBUIKI-

ctio 10 Ta qucnepcis urymiB 30y IKEHHS BU3HAYAFOTHCS
BIIMTOBITHUMY BHpa3aMU BUTIISTY

1T,
O(T, )= 0 o) (6)

vy(T,)=on(1-p"), (7)

T ..
M _ KoediLieHT Kopesii 3HaYeHb IpHc-

T,
aec p=e "
KOPEHHS Ha IHTepBaJli CIIOCTEPEKEHb.

2. Moneab cmocTtepe:keHb. Bimomo, mo BuxinHa

BCJIMYMWHA HI/ICKpI/IMiHaTopa MOXEC 6yTI/I BHU3HA4YCHOKO 3a
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JOIIOMOT 010 Takoro Bupasy [12, 15, 16]:
V() = F[Ax, (1) ]+ £ (1) ®)
e F[Axe( t, )] — MO BenM4rHM BUXIIHOI HANPYTH JHC-

KpuMiHaTopa, o0ymoBiieHe ioro JIX; f(z, ) — muckpeTHa

TIOCITiTOBHICTH IITyMiB CIIOCTEPEKEHHS BiIOBITHOI KOOP-
IUHATH 3 HyJIBOBUM CEPEIHIM Ta MCIEPCIi€o v f (t, ), mo

BU3HAYAETHCS (ITYKTYal[iiHOIO XapaKTEPUCTUKOIO TUCKPH-
MiHatopa; Ax,(t, )= x(t, )—Xx,(t, ) — HOMHIIKA €KCTpa-
noJsALii KOOpAWHATH, TOOTO, BEIMYMHA HEY3TOJDKEHOCTI
MDK JIFICHAM 1 €KCTparoibOBaHUM 3HAUEHHSIMH KOOP.IH-
Hatu I10.

3a3HaueHi 00CTABMHH JIO3BOJISIOTH JUIS 3pYYHOCTI
PO3B’SI3Ky 3a/adi OLIHKU CTIMKOCTI CYNpPOBOIKEHHS
MOBITPSTHOTO 00’€KTYy BUKOPHCTOBYBATH JIIHEAPH30BaHY
(exBIBaJICHTHY) MaTEeMAaTU9YHY MOJCIb AUCKPHMiHATOPA
(MOJIETIb CIIOCTEPEHKEHD), SIKA OIIUCYETHCS TAKHM PiBHSH-
HSIM:

¥(tn) = Ax, (1, )+ f (1) 9)

Jns piteHHs 3a1a4i BU3HAUCHHS IHPHHY allepTypH
EKBIBAJICHTHOI XapaKTEPUCTUKU IHCKPHMIHATOpPAa BHKO-
pHUCTOBYBaJacs HeNiHilfHa MaTeMaTHIHa MOJETb JUCKPH-
MiHaTOpa, B AKii Oy BpaxoBaHi IpaHWYHI e(eKTH, 10
BUHHKAIOTH IIPH BUXO1 TOMIIKH CcynpoBokeHHs [10 3a
Mexi JiHiiHoT minsuku J[X.

3. CTpykTypa jJiHiiiHUX aJrOPUTMiB OLiIHIOBAHHS
i excTpanmonsii. PiBHsSHHS Momeni crnocTepekeHs (9)
MOYKHA 3aIUCATH SIK:

¥ (1) = (¥ (00) =% (1)) + £ (1)

ne H =(1 0) — MaTpuIs CIIOCTEPEXEHDb 33 PajiaibHO0

(10)

mBukictio I10; X, (7, ) — BEKTOpP-CTOBIIEIh €KCTpPAIo-
JbOBAaHMX JO IIOTOYHOTO BHUMIPIOBAHHS KOOPIMHAT
crany I10.

AJNTOPUTM CITIJIKYIOUOi CHCTEMH, ONTHMAIIbHOT 3a
KpPHUTEpPIEM MIHIMYMY CEpEAHBOTO KBajpara MOMHIIKH,
MOXe OyTH ONHMCaHWH PEeKYPEHTHUMH DPIiBHSHHSMH OLli-
HIOBaHHS ¥ eKCTpanoJsiiii [12] Takoro BUTIISIY:

):C(tn):):ce(tn)+l((tn)y(tn)’

X,(t, +T, ) =T, )x(1,),

Y
(12)

ne K(t, ) —wmarpuis KoedilieHTiB i ICUICHHS.
Matpuns K(t,, ) po3paxoByeTbCs 3 TAKHX PEKype-

HTHHX PiBHSHb:

K(tn) =

o (3)

=V, (r,)H" [HVe (6, )H" +v, (1, )J g

V(1) =V, (t,)=Vo(t, JH" x

. (14)

L1V, (6, 1T vy, (6)] BV, (1);

Vo (t,+T, )=

T r 1

= (T, )V(t, O (T, )+ B v,(T, ) B,

ae V, V, —marpulli 1pyrux 1eHTpanbHUX MOMEHTIB (KO-

BapiamiiHi MaTPHIIi) TOMIUIOK OIiHIOBaHHS 1 eKCTparo-
mmii crary 1O BigmosigHO.

V anmropurMax (14) Ta (15) mapamerpamu, sIKi IS
TalOTh 3aBIAaHHIO W BU3HAYAIOTH AKICTH (DYHKIIOHYBaHHS
cucremu, € o,,, T, Ta v, , IpauOMy, Ieplui ABOE 3ajie-

JKaTh BiJl MaHeBpeHHX BiactuBocteid [10 (BU3HAYAKOTH JH-
CIIEPCIFO IIyMiB 30YKCHHS Vy (T, ), a Tpertiii — Bi Beu-

YMHY BiTHOIICHHS “‘CUTHA/IIyM” Ta TMapaMeTPiB AUCKPH-
MiHaTopa (BH3HAYAa€ JWCICPCI0 NIYMIB CIIOCTCPEIKCHHS

vi(ty ).

B PJIC cympoBomkenHs [10 BHKOPHCTOBYIOTHCS
ANTOPUTMH 3 (PIKCOBAHOIO MATPHIECIO KOS(IIiEHTIB -
cunenss K(t, ). Tomy, yum TouHille 3a3HaueHi apame-

TPY BiJIIIOBIIAIOTH PEAILHUM XapaKTePUCTHKaM 30BHillI-
HIX BIUIMBIB, TUM OJIM)K4Ye TOYHICTh CynpoBokeHHs [10
JI0 TIOTEHIIHHO TOCSKHOT.

4. Anani3 ctiiikocTi CympoBoI:KeHHS paaioTexHi-
4yHOWO ciiakywuow cucremow (PTCC) 3a paniaiab-
HOI0 WIBHIKICTIO. MeToaNKy, 0 6a3yeThCsI HA 3aCTOCY-
BaHHI €KBIBaJCHTHOT'O PO3MIPY amepTypH AUCKPHMiHAa-
topa L, [17, 18], nponoHyeTbcss BUKOPUCTATH IS OLli-

HKH HMOBIPHOCTi BiJICYTHOCTI 3pHBY CYHPOBOIKCHHS
IO y PTCC 3a pagianpHOIO mBHAKICTIO [19].

CTpyKTypa anropuTMIB OLIHIOBaHHS Ta EKCTPaIo-
astii koopauHat 10 y po3risiHyTHX cHUcTeMax 3aja-
€ThCs HaBeJeHUMH Buine Bupazamu (11-15). ITapamerpu
QITOPUTMIB CYIPOBOJPKCHHSI BUOMPAIUCS BUXOISIYU 3
aHaJi3y MaHeBpeHUX MoxJuBocTel cyyacHux 10 3 ypa-
XYBaHHSM CepeJHbOI TPUBAJIOCTI MaHEBPY Ta MaKCHMa-
JBHOI IHTEHCHBHOCTI.

Po3paxyHkr HMOBIpHOCTI BiICYyTHOCTI 3pUBY CYTIPO-
BoukeHHs [10 BHKOHYyBaiHCs 3a YMOBOIO, IO Mapame-
TPHU CHCTEM CYIPOBOKEHHS, sIKi 00yMOBIICHI piBHSH-
Hsamu (11-15), BBaXkamcs MOBHICTIO aICKBATHUMH MOJIE-
msm pyxy I1O (5) Ta cnoctepesxens (10) [12, 20].

VY TakoMy pasi, Ipy BUKOPUCTAHHI CTOXaCTUYHOT MO-
neni pyxy (5) Ta cnocrepexensb (10) mucnepcii TOMUIIOK
0'62 JOPiBHIOIOTH EJIEMEHTAM V1| MaTPUIli TOMUIIOK eKC-
TpamnoJnii Bektopy crany V, [12].

Jnst mepeBipkd JOCTOBIPHOCTI aHAJNITHYHUX pe-
3yJBTATIB Yy PAMi KOHTPOJBLHUX TOYOK HMOBIPHICTh Bif-
CYTHOCTI 3pHuBY cympoBopkeHHs [10 BU3HAYamacs muis-
XOM MPOBEACHHS MPSIMOT0 CTATHCTHYHOTO EKCIephMe-
HTY. Y Xoai npsiMoro ekcriepumenTy pyx 10O 3anaBaBcs
Oe3rocepeIHbO CTOXaCTUYHUM PIBHSIHHSM (5), Ta BUKO-
PHUCTOBYBAJIHCS MOJIENI peajlbHUX AUCKPUMIHATOPIB.

Haii0inpir  MOBHOIO  XapaKTEPHCTHKOIO — BIUIHBY
crifikocti cynposomkenHs [10 Ha moxmmsocti PJIC €
HMOBIpHICTB BiZICYTHOCTI 3pHBY CYNIPOBOIKECHHS IPOTS-
roM iHTepBaiy dacy 7., 0 JOPIBHIOE cepenHiil TpuBa-

nocti cynpoBopxeHHs [10:

PX(T(;):ﬁax(Tn),

(16)

ne B (T, ) — AMOBIPHICTb BiACYTHOCTI 3pHBY CYyIpO-

BopkeHHs 10 3a pamianbHOIO IMIBHIKICTIO HA MPOTA3i
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OJHOTO iHTEepBaly BUMIpIOBaHHS KOOPAUHAT; N, — Kilb-

KIiCTh IHTEPBAJIB CYNPOBOKCHHS MOBITPSHOTO 00 €KTY.
Sxmo

T, = const
Ta
B, (Tn ) =h,,

po3noxin (16) mepeTBOPUTHCS O TAKOTO HAWIIPOCTIMIOTO
BUIIIAZLY:

P _'Iﬂxlk/jh-

X

T,

c

a7

(7.)

Buxonsun 3 (17) npoBeseHO po3paxyHKH HMOBIp-
HOCTi P,j( BLACYTHOCTI 3pHUBY HOBITPSIHOTO 00’ €KTY 3a

100 ¢ g cucTeMH CYNPOBODKCHHS 3a pallialbHOI0
LIBUKICTIO, PE3YJIbTATH SKUX HABEJCHO Ha PHUC. 3.

x100
0,9
0,8
0,7
0,6
0,5
0.4
0,3

0,2

0,1

T,,

Puc. 3. 3anexxHocTi iMOBipHOCTI Px100 BIICYTHOCTI 3pHBY
cynpoBopkeHHs npotsiroM 100 ¢ BUMiploBaHHS
KOODJIMHAT BiJ| epiogy BUMiptoBaHHS T»
(Kepeno: po3po0IIeHO aBTOpaMHu)

CyLinbHOIO JTiHIEIO TPeCcTaBIeHo rpadiku s Bi-
nHOmIEHHS “curHay/mym” — 10 ab, mTpuX-IIyHKTHPHOIO
— 14 nb Ta mynxtupHoto — 20 gb.

3 HaBeneHNX rpadikiB MOXHA BU3HAYUTH, IO TIPU
MalyX BiJHOIIEHHSX “‘CHTHAN/IIYM”, iHTEpPBaJl BHMipIO-
BaHHS KOOPJIMHAT HNOBITPSTHOTO 00’ €KTy HE OBHUHEH I1e-
pesuntyBatu 0,03 c.

OtpumaHi pe3yNbTaTH J03BOJISIOTH BU3HAYUTH
omHe i3 “crmabKuUX Miclp”, SKHM € CHCTeMa CYIpPOBO-
JDKCHHS 3a pPajialbHOI0 IIBHJKICTIO HOBITPSHOTO
00’exty [20-22].

[HIIOI0 BaXKIIMBOIO XapaKTEPUCTHKOIO CTIHKOCTI €
CepenHii Jac A0 3pUBY CYIPOBODKEHHS MOBITPSHOTO
00’€eKTy.

VY BUMaaKy, KoM HMOBIPHICTH BiJICYTHOCTI 3pHUBY
CYTIPOBOKEHHS TIOBITPSHOTO 00’ €KTY Ha iHTEpBaTi

T.=nT,

>
>
C

3a710BOJIbHSIE YMOBI (17), MIMOBIpPHICTD NMEPLIOTO 3pHUBY

O.(T, ) micna T, cexynn cynposoxkeHHs 110 3a1oBo-

JbHSIE TEOMETPHYHOMY 3aKOHY PO3IOJILLY:
Qx(Tc):(l_Plx )P, (Tc)’

JUIsL SIKOTO CepeHil uac 10 3puBy cynpoBomxeHHs [10

BU3HAYA€ThCSA HACTYITHUM BUPA30M:

By
1- P]x

(18)

7_-‘. =

cxX

- (19)

I'padiku 3a1eKHOCTI CepeAHBOTO HYacy IO 3pUBY
cynpoBomxkeHHs1 T, 3a palianbHOIO IIBHIKICTIO IOBIT-
psHOro 00’ €KTY BiJ Nepioly BUMipioBaHHs 1, HaBeIEHO
Ha puc. 4.

0,05

Puc. 4. 3anexHOCTi CepeHBOTO Yacy I0 3pUBY
CynpoBOJUKeHHs T, 3a pajlialbHOO MIBUJIKICTIO
BijI mepioy BUMiproBaHHS T
(Jvkepeno: po3pobIeHo aBTOpaMu)

3 aHalizy HaBeJeHHX Ha puc. 4 rpadikiB MOXKIHBO
3aKJIFOYUTH, 110 PU MAJHX BITHOIIEHHSAX “CHrHaJ/IIym”
NPUHHATHAM € MiHIMaJIbHO MOXIIMBHH JUI1 OaraTokaHa-
neHO1 PJIC mepiox BUMipIOBaHHS KOOPAWHAT, a CEpeIHIN
gac 70 3puBy cymnpoBopkeHHs [10 mpu 3pocTaHHi mepi-
0Jly BUMipIOBaHHS MO)KE€ CTAHOBHTH yCHOTO JIMILE OJU-
HUIII CEKYH/I, IO € HENPHUITYCTUMHM.

HageneHi pe3yapraT OTpUMaHO JUTS BUMAAKY Haj-
xojpreHHs Big PJIC MOTeHIIHHNX MOTOYHUX OIIHOK pa-
nianpHOI mBUAKOCTI [10, TOOTO OIIHOK, SKi OTpUMaHi B
pe3yibTaTi 4acoBO-4acTOTHOI OOpOOKM pajtiooKarii-
HOT'O CHTHAaJy 32 HasBHOCTI JIMIIE aJUTUBHOTO BILUIUBY
BHYTPIIIHIX ITyMiB IPHUIMaIbHOTO IPUCTPOIO.

5. Ipono3unii moOA0 3HMKEHHS BIUIMBY YMOB
NOIIMPEHHs TAa BiIOMTTS paaionokaniiiHOro curHasy
HA TOYHICTh MOTOYHOr0 BUMIPIOBaHHA paaiaabHOI
mBuakocti ITO. PeansHuii mporec pagionokariitHoOro
criocrepexxeHHs1 aepoanHaMiuanx 1O 3niiicHIoeThCS B
YMOBaXx BIUIMBY HEOJHOPIAHOCTEH CepeOBHINA PO3IOB-
CIOJUKEHHSI PaioXBUIIb.
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Taxox ciif BigzHauutH, mo cyvacHi I[10 3natHi Bu-
KOHYBATH 3aBJIaHHs 32 IPU3HAYCHHSIM Ha MaJMX Ta rpa-
HUYHO MaJuX BUCOTaX 3 OTMHAHHSM pelbedy MicLeBO-
cti. Ilpn npomy, 3pocTaHHs iXHIX MaHEBPEHUX MOJKIIHU-
BOCTel 00YMOBIIO€ BUHUKHEHHS ehexTy OayKaHHs pa-
TOJOKAIIfHOTO EHTPY HOBITPSIHOTO 00’ €KTY, IIO CIO-
CTepiraeThCsl BHACTIAOK IMBUAKOI 3MIHH IIOJOXKEHHS
fforo “OMMCKy4nX TO4OK . Bka3zaHe € mpUYWHOIO BUHUK-
HeHHA (aykTyamid ¢a3oBoro (pOHTY XBHJII CHUTHAIY
Ipu BIigOWTTI HWOTO Bil MaHEBPYIOUOTO IOBITPSHOTO
00’ €KTY, IO CITOCTEPIraeThC i MATUMH KyTaMH MiCIIs
Ta 00YMOBIIIOE HASIBHICTH JIOMIUICPIBCHKOTO IIIYMY IOBi-
TPSIHOTO 00 €KTY.

BkazaHe cyTTEBO BIUIMBAE HA SKICTh HOTOYHUX OLli-
HOK pajianpHoi mBuakocTi [10 Ta, sk ciiij, Ha CTIHKICTh
HOT0 CYIPOBO/KECHHS.

Sk moseneno y [7], ans cyuacHux PJIC B ymoBax
PETYISIPHOTO BHMIPIOBAaHHS, Ha TOYHICTH OLIHIOBaHHS
gactotu Jlommuiepa mayku pagioiMITyIIbCiB Y 3HAYHO Oi-
JBIIOMY CTYIEHI BIUIMBAIOTh CTATUCTHUYHI XapaKTepHC-
TUKA QaykTyamnii a3 11 pagioiMITyThCiB HixK BiTHOIIICHHS
“curnan/mym”. Ilpn mpomy, noseaeno, mo mis PJIC 3
IMITyJIbCHUM 30HAyBaHHsM (ha30Bi (uykryarii pagioim-
IyJIbCIB MPUHAHSTOI MaYKK PO3MOJILIEH] 32 HOPMAJIbHUM
3aKOHOM, a IX KopeJisilist yOyBae BiJ iMITyJIbCy JI0 IMITy-
JIBCY 33 3HAKO3MIHHUM 3aKOHOM.

Bume BukiageHe MiATBEPIKEHO pe3yJbTaTaMu
EKCIIEPUMEHTAIBHUX JOCTIUKEeHb [23], 1e y SIKOCTi pa-
JOJOKaIitHOTO BUMipIoBada OyIJI0 BUKOPHCTAHO PO3Ta-
moBaHy Ha y30epexoki A3oBcekoro mopst PJIC 35]16.
OTtpumaHa KopensniiiHa QyHKIA (a3oBHX QIyKTyarmii
MIPUIHATOTO CUTHATy Oyia alpOKCHMOBaHA OCLMIIIOIO-
YO0 3aJIeKHICTIO.

VY [7] moBeneno, mo 30UTBIICHHS AUCIEpCii (a3o-

.o 2 .
BUX (hyKTyauiil oy, Ha HOPSJOK B OONACTI MaMX 3Ha-

YCHb

(05 =0,01..0,1 pao®)

Maike He BIUTMBAE Ha 3MiHY BEIMYMHHU JHUCTIEPCil MOMH-
JIKM BUMipIOBaHHS 4acTOTH J{onIuiepa mayky paxioimiry-
JIbCIB.

36ibIeHHS JaHOT iucnepcii Ha OPSA0K B 00JacTi
CYTTEBUX 3HAY€Hb, SIKI MOXKYTb MaTH MICIIe B PEaJIbHUX
BHUIIaIKaX

(0, =1..10 pad®),

MIPU3BOJNUTH J0 3POCTaHHS AUCIIEPCii TOMMIKH BUMIpIO-
BaHHA 4acToTH Jlommiepa nayky palioiMITyJIbCiB Ha MO-
PAOOK 1 Oimbie.

s BkazaHuX yMOB Yy [8] oLiHEHO MOIJIMBI 3Ha-
YEeHHsI CKJIQJIOBUX CEPEeIHbOKBAIPATHYHOT HOMUJIKH
(CKII) BumiproBanHs panianpHoi mBuAKocTi [10, sxi Bu-
HUKAIOTh BHACIIOK BIUIMBY KOPEIBOBAHUX (DIyKTyarliit
(ha3u pagionoKamiifHOTO CUTHAY, IO JI03BOJISIE OIIiHIO-
BaTH CTYMiHb 3HWKCHHS €()EeKTUBHOCTI aJTOPUTMIB Cy-
MIPOBOJIKCHHSI Ta BUSIBIICHHSI MaHEBDY.

Hnst PJIC cynpoBomkenHs [10O Ha anbHOCTSIX BU-
sierieHHS 50...150 KM, HCOJHOPITHOCTI TPOTOC(hEepH PO3-
Mmipom 100 M 31aTHI BUKIMKATH QIyKTyanii ¢a3u 3 iHTe-
PBaJIOM KOpEJISIii

7=0,1...1 ¢

Ta TUCTEPCIEr0
o5 =4.8..9,7 pad®

nipu goBxwuHi xpuii PJIC
A=3..5 cM[8].

Jlnist HaBeeHUX AaHuX po3paxosaHo ckianosi CKIT
BHUMIipIOBaHHA pafiansHOi mBuakocti [10, mo obymoB-
JIeHI BHYTPIIIHIMY IITyMaMH Ta (a30BUMH (QIYKTyaIliIMH
JUTS TIAYOK 3 PI3HOIO0 KITBKICTIO pamioiMImyibciB. OTpu-
MaHi pe3yJabTaTH CBiYATh MPO Te, IO 3HAYCHHA (IyK-
tyaniitaux ckiaagosux CKII, 3maTHi Ha mopsAmoK i Oinbmie
MIEPEeBEPIIYBATH CKJIAZOBI, IO OOYMOBJICHI BIUIMBOM
BHYTPIIIHIX HIyMiB npuiiMansHoro npuctporo PJIC Ta
Jocsaratu 3...7 m/c.

JonartkoBuit BrmB ManeBpy I10 Ta BinOuTTS pa-
JUOXBHJIb BiJI MiICTHIBHOT MOBEPXHI MOXKE PU3BECTH 10
CYTTEBOTO 30UIBIICHHS JAHUX BEJIWYMH. BinnosigHe orri-
HIOBaHHS CTOCOBHO BIUIMBY HEOIHOPIIHOCTEH aTrmoc-
(epu Ha 3HIDKEHHS TOYHOCTI BUMipIOBaHHA dacTotu [lo-
nIviepa OpoBeaeHo y [9].

[Ipu mepeBeeHHI TOBITPSIHOTO 00’ €KTY paIioIoKa-
LIITHOTO CIIOCTEPEXEHHS 3 PEXKUMY OTJISIY Y PEKUM Cy-
MIPOBOKCHHSI, HASIBHICTH (UIYKTyaliifHOI CKI1amoBOi Ho-
MUJIKH BUMIPIOBaHHS HOT0 pajiajabHOT NIBUAKOCTI MOXKE
CYTTEBO TOTIPIINTH SIKICTh BHUKOHAaHHs ONepaliil BTO-
pHUHHOT 00pOoOKH pagionokariitHol iHpopmallil, BUKIHKA-
1oun HebOesneky 3puBy I10 3 cynpoBoKeHHsI 32 pajiaib-
HOIO IBHJIKICTIO.

Tomy, Juist 3SMEHILIEHHS BILUIMBY BKa3aHUX (aKTOPIB
MIPOTIOHY€EThCA 10 BHKOPHCTaHHS ONTUMAJBHUI anro-
PHUTM ITOTOYHOTO BUMIpIOBaHHs yacToTy Jlomepa nauyku
PamioiMITyJbCIB 3 BpaXyBaHHAM (ITYKTYaIlii X TI09aTKO-
BuX (a3, 0 Ma€ NMPAKTUYHY BaXIUBICTH JUIL PO3B’s-
3aHHS 3aBJIaHHS CYIPOBOKEHHS CKJIATHUX aepoAnHaMI-
yHux I10, mo maneBpytots [10, 11].

[Tpu uboOMy, BaXKJIMBUM € 3aCTOCYBaHHS BKa3aHOI
ONTUMI3alii ISl TOBUILHOI'O BULy KOPEJISLiHHOT (GYHK-
uii ¢asoBux QuyKTyanii, 1m0 0OyMOBJICHO MOXKIIHBI-
CTIO 3MIHM MapaMeTpiB JaHOi KopelsuiiHol GyHKii
BHACJIIJIOK BIJINOBITHOT 3MIHM yMOB paiojioKaiii mpu
HOJIBOTI A€POAMHAMIYHUX MOBITPSHUX 00’€KTIB HA Ma-
JMX Ta TPAHUYHO MaJIMX BUCOTaX 3 BUKOHAHHSM MaHe-
BpYBaHHSI.

3a pe3ysbTaTaMt ITPOBEJCHOTO YHCEIHFHOTO OLHIO-
BaHHS BCTAHOBJICHO, 1110 Y 3BMYaiHUX yMOBaX (DyHKIIiO-
nHyBaHHs PJIC migBuIeHHS TOYHOCTI BUMipIOBAaHHS pa-
nianpHOT mBUAKOCTI 1O 3a paxyHOK BpaxyBaHHS (a3o-
BHX (IyKTyaliil y 3aJe:KHOCTI BiJl BUAY 1X KOpeNAIiiftHOT
¢yHKIii € He3HAYHOIO Ta MOXe cTaHoBHUTH 1,1...1,45 pa-
3iB.

B ymoBax mepeBakHOTO BIUIUBY (ha30BHX (IIYKTY-
ariif, To6To BHACHIZOK O0YpeHOro cTaHy aTMocdepw,
CYTT€BOT'O BIUIMBY 36MHOI (MOPCHKOT) ITOBEPXHI Ta BUKO-
HaHHS MOBITPSHUM 00’ €KTOM CKJIQJIHOTO MAaHEBPYBaHHS,
JaHe IMMABUILEHHS TOYHOCTI MOxe gocsratu 1,86...6,29
pasis [11].

TakuMm YMHOM BKa3aHi MPOTMO3MLIT 371aTHI 3a0e3me-
YHUTH JTOJIATKOBE ITIIBUIICHHS CTIHKOCTI CYTIPOBOIKESHHS
BHCOKOMAHEBPEHHUX TOBITPSHU3 00 €KTiB, aje 1
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notpedye OTPUMaHHS JOCTaTHBO SIKICHUX OL[IHOK CTaTH-
CTMYHUX XapaKTepucTuk (urykTyaniid ¢pazoBoro GppoHTy
XBHJII Pai0JIOKaLifHOTO CUTHATY.

BucHoBku

1. PO3BUTOK MaHEBPEHHX MOKJIMBOCTEH Cy4acHHX
I1O moTpebye OLIHKHM CIIPOMOXKHOCTEW pagioTeXHIYHOT
CHIZKYI04OT CHCTEMH Ha MpPEAMET CTIMKOCTI CyNpoBO-
JOKCHHS TaKUX 00’ €KTiB. JIJIs1 OIIHKH CTIHKOCTI CYyIPOBO-
JDKEHHS! TIOBITPSIHOTO 00’€KTYy MOXIIMBO 3aCTOCOBYBATH
METOJIKY, sIKa 3aCHOBaHA Ha BUKOPHUCTAaHHI €KBiBaJICHT-
HOTO pO3Mipy amepTypHu XapaKTePHUCTHKH AUCKPUMiHA-
TOpA.

2. B cucremi cynpoBomkersas [10 3a panmiansHOIO
mBuaKicTio npu 7, > 0,1¢ 0CHOBHOO CKJIAJOBOIO IIOMU-

JIKU EKCTPAMOJISAIIT € TuHaMiuHa ckianosa. [lepion BuMi-
proBarHs koopauHaT 7, =0,1 ¢, M0 BUKOPHCTOBYETHCS

y cydacHux PJIC, € 3aBeTMKUM [T CyNIPOBOIXKCHHS BU-
cokomaneBperux I[10 3a pasiajgbHOIO HIBUAKICTIO TPH
MaJIMX BiHOIICHHS “‘CUTHAJ/IIym”,

3.1Ipu T, =0,1c Ta Manux BIOHOWICHHSIX ‘‘CHT-
HaJ/IIyM”, CepeHiil 9ac 10 3pHBY CYNPOBOIKCHHS T10-
BITPSIHOTO 00 ’€KTY 3a pagiaibHOIO MIBHIKICTIO MOXE
CKJIACTH AEKITbKA CEKyHII, TOOTO € CyTTE€BO MEHIIINM Ce-
PEAHBOTO YaCy 3HAXO/MKEHHA O0’€KTa Ha CYIpPOBO-
okeHHl. ToMy, Ipu MajoMy BiJHOIIEHHI “CHrHaj/urym”
Ta MaHeBpyBanHi [10 1ouinbHO 3MEHITYBaTH NEPio]] BU-
MIpIOBaHHSI KOOPAMHAT JI0 3HAUEHb

T, ~0,01..0,03 ¢ .

4. 3MeHIeH s THHAMIYHOT CKJIaJOBOT TOMMUJIKH CY-
npoBomkeHHs [10 3a paniaabHOO MIBHAKICTIO € MOXKITH-
BUM IUIIXOM BIOCKOHAJICHHA AITOPUTMIB CYIPOBO-
JUKCHHSI, BUKOPHCTaHHS aJalNTHBHUX aJITOPUTMIB Ta
3MIHHOTO NEepioly BUMIpIOBaHHS KOOPAMHAT.

5. ®aykryanii ¢pazoBoro GpoHTY XBHII pajionoKa-
LIHHOTO CHTHANY, BiIOUTOTO Bij MaHeBpytouoro [10, B
peaJbHUX YMOBaX NOMIMPEHHS PagioXBUIIb 31aTHI J0/1a-
TKOBO 3HU3UTH TOYHICTh IOTOYHOT'O BUMIpIOBaHHS pasi-
aJbHOI IIBHUIKOCTI 00’€KTa 1, SIK CJIiJ, 3MEHIIINTH HMOBI-
PHICTH BiZCYTHOCTI 3pHBY #Oro CympoBo/keHHs. Pe-
3yJbTAaTH YWCENBFHOTO aHaJli3y CBigYaTh PO HEOOXis-
HICTh TOIIYKYy METOJIB 3HIDKCHHS BIUTUBY (IIyKTyarii
(azoBoro GppoHTY XBHUIII paIiOIOKAIHHOTO CUTHAIY IIPH
BHMIPIOBaHHI pPaiallbHOI IIBHIKOCTI MaHEBPYHOUOTO
Io.

6. ITinBULICHHS CTIHKOCTI CYyNPOBOJKEHHSI BUCOKO-
maneBpenux I10 3a paaiagbHOIO HIBHIKICTIO I0aTKOBO
Moyke OyTH 3a0e3MeUeHO 3a paXyHOK BpaxXyBaHHs BHIIa-
JIKOBUX BUKPHUBJIEHb ()a30BOTr0 ()POHTY XBHJII palioioKa-
LIfHOTO CHTHANY IUIAXOM IPOBEACHHS CTaTHCTHYHOL
orrtuMizaiiii #oro o0podku. IIpu pOMy, BKa3aHa OINTH-
Mi3alis 03BOJISIE 3a0€3MEUYUTH IiIBUILEHHS TOYHOCTI
BHUMIpIOBaHHS pafianbHOi mBuAKocTi [10 mo mekinbka
pa3iB, ale e BUMarae OLiHIOBaHHS CTATHCTHYHUX Xa-pa-
KTEPHCTHK KOPeNboBaHHUX (Ha3oBUX (IIyKTyawiil 3 BHCO-
KOO TOYHICTIO.

10.

11.

12.
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Providing the specified resistance of tracking of aerial objects by radial velocity
in real conditions of radiolocation signal propagation and reflection

Andrii Kovalchuk, Oleksandr Kuznietsov, Oleksii Kolomiitsev, Anton Karlov

Abstract. Tracking of aerial objects is carried out by multi-channel radar stations and is provided by subsystems for
determining range, radial velocity and angular coordinates. If the tracking objects are highly maneuverable, then there is a signifi-
cant decrease in the accuracy and stability of the tracking relative to the area of lack of maneuvering, which is quite long. In the
event of erroneous or outdated parameters of the tracking system's algorithms, there is a significant increase in the error of tracking
the aircraft in the area of the maneuver, which can lead to the breakdown of tracking due to a significant dynamic component error.
In order to assess the stability of tracking, it is proposed to use the equivalent size of the aperture of the discriminating characteristic.
The influence of the parameters of the stochastic model of the aircraft movement, the observation model and the period of coordi-
nate measurement on the stability of tracking according to the radial velocity was evaluated. As a result of the conducted research,
it becomes possible to further evaluate the feasibility of adaptation to the maneuverability characteristics of aerial objects and
provide recommendations regarding the selection of the coordinate measurement period in multi-channel radars. It is noted that the
stability of the tracking process depends on the accuracy of the current measurement of the radial velocity of the object, which is
mainly determined by the statistical characteristics of the fluctuations of the phase front of the radar signal wave. The influence of
these fluctuations is due to the presence of turbulent inhomogeneities of the atmosphere, the nature of the object's maneuver and
the reflection of radio waves from the earth's or sea's surface. Proposals are given to take into account the specified fluctuations
and reduce their impact on the quality of solving the task of tracking air objects. Increasing the stability of tracking highly maneu-
verable air objects at radial speed can additionally be ensured by taking into account random distortions of the radar signal wave
phase front by performing statistical optimization of its processing.

Keywords: extrapolation error variance, radial velocity, automatic tracking system, follow-up measurement, statistical
characteristics, tracking, phase front fluctuations.
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Harmioransauii TexHIYHUHN yHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa

IT TA TEXHOJIOI'TI IITYYHOI'O IHTEJEKTY .
Y HIAIOTOBUI IHOKEHEPIB 3 TEJIEKOMYHIKALIH

AHoTanisi. PO3BUTOK TelIEeKOMYHIKAIIMHOI Taly3i OCTAaHHIMU POKaMH He y HAaNpsIMKY 3pOCTaHHS KUTBKOCTI MiKIIOUSHUX
JI0 Mepexi MPUCTPOIB i aboHeHTIB. Y (opMyBaHHI TeIeKOMYHiKaliifHOI ray3i MaeMo MpOrpaMHO BH3HAYCHI Mepexi, BipTya-
mizaniro MepexeBux QyHkiii, [Hteprer pedeit i 5G. CporonHi NPOAYKTHBHY POOOTY TEICKOMYHIKAIIHHUX MEPEeX Ta CHCTEM
13 3a0e3MeYEeHHAM HAIEKHOI SKOCTI CepBiCiB HEMOXKIIMBO YSIBUTH 0€3 3aCTOCYBaHHS TEXHOJIOTIH Ta aJrOpUTMIB IITYYHOTO iH-
TeJIeKTy 1 BUKOPHCTAHHS BIATIOBIJHOTO IporpamHoro 3abesnedeHHs. OCBIiTHI IporpaMy Ta HaBYabHI IUIAHH 3 MiATOTOBKH
IHKEHEepiB 3 TeJIeKOMYyHIKalliif YKpaiHCPKHX YHIBEpPCHTETIB MAlOTh ONEPAaTHBHO BPAaXOBYBATH CY4acHI TEHIEHIIT PO3BUTKY Ta
HOBAIlii y TeJleKoMyHiKamiiHii ramysi. Ha Hamry xymKy, /Uit MiATOTOBKH BHCOKOKBaJIi(DiKOBAHHUX Ta KOHKYPEHTOCIIPOMOXKHHIX
CIIeTiaJIiCTiB 3 TeJICKOMYHiKaliii HeoOXiTHO BHECTH IIeBHI 3MiHM B HaBYAJIbHI IUIAHH, TIOB’sI3aHi 3 IPOTPaMyBaHHSIM, TEXHOJIO-
TisIMU aHAJ3y JaHUX Ta MAIIMHHOTO HaBYaHHS, 3aCTOCYBAHHAM MOJEINEH, METOIB Ta aTOPUTMIB IITYYHOTO 1HTENEKTY Y Te-
JIEKOMYHIKaIi{Hi{ ramy3i. Y cTaTTi 3aIpoOHOBAHO BapiaHT BKIIFOYEHHS BiIIOBIIHUX TUCLHIUTIH JI0 HABYAJIHHUX IUIaHIB.

Kaw4voBi cimoBa: TenekoMyHikaliiiHa iHXCHEPis, aHATITHKA BETUKUX JaHUX, MAIIMHHE HABUAHHS, ITYYHUH IHTEICKT,

6e31poTOBa Mepexa, IMepCUgHe HABYAHHS.

Beryn

IMocranoBka mnpobdaemu. TenekomyHikaliitHuMit
CEKTOp Y CBITi CTPIMKO OHOBIIOETHCS T4 PO3BHBAETHCS.
BinmoBigHO 0 MBOTO BUHHUKAIOTh HOBiI BHUKJIHKH, IIPO-
MTOHYIOTHCS HOBI MOXKIIIBOCTI Ta TEHICSHIIIT, Ha sKi Bap-
TO 3BEpTAaTH yBary y NMOTOYHHH TEpiox Ta y HACTYIHI
poxu [1].

Po3BuTOK TenmexkoMyHikamiii B YKpaiHi NMOBHHEH
3MICHIOBATUCS MIBUAKMMHU TeMIAaMH. 3aKOH YKpaiHu
"IIpo TenmexkoMyHikallii" BHU3HAYa€ OCHOBHI 3acamd I
HaNpsIMA PO3BHUTKY TEJIEKOMYHIKAI[IHHUX Mepex 3ara-
JILHOTO KOPHUCTYBAHHS 1 KOHIIETIIII0 PO3BUTKY TEJEKO-
MyHikauii. TenekoMmyHikaliiiHi MepexXi Ta CHCTEMH €
HEBIJI'€MHOI0 YaCTHHOIO BHPOOHHMYOI Ta COLIaNIbHOT
iHppacTpyKTypu YKpaiHu 1 mpu3Ha4YeHi aius 3abesrre-
YEeHHsI TEJIEKOMYHIKAI[IHHUMH TTOCITyraMHi KOPUCTYBadiB
pi3HUX KaTeropiil - Gpi3MYHUX Ta IPUANIHHUX O0Ci0, Op-
raHiB JaepkaBHOi Bnaau. "HaykoBo-TexHiune 3abesre-
4YeHHs ()YHKIIOHYBaHHS H PO3BUTKY TEICKOMYHIKaIliit
3IIACHIOETHCS NUIIXOM OpraHizamii HayKOBHX JOCIi-
JDKEHb, BIPOBA/DKCHHS HOBHUX TEXHOJIOTIH Ta 3aco0iB
TesniekoMyHikauiin" [2]. BripoBapkenHs iHdopmaniitHux
TEXHOJIOTIH, METO/IiB, MOJIECJICH Ta aJrOPUTMIB IITYYHO-
ro iHTEeJNIeKTy y TeJIeKOMYyHiKamii Oyie BU3Ha9aTu mosja-
JBIINAH PO3BUTOK Taiy3i. ToMy BiAIOBiZHA MiATOTOBKA
BHCOKOKBaJi(piKOBaHMX CHEUIaNICTIB y Taiy3i TeleKo-
MYHIKallii € BRXJIMBOIO Ta aKTyaJbHOIO 33/1a4€l0 BU-
IIMX HaBYAJIbHUX 3aKJIaliB.

AHani3 ocTaHHIX JoCHilKeHb Ta myOsikaumiii.
Po3rsiny muTaHp BUKIIMKIB, HOBHX MOJJIMBOCTEH Ta
TEHJICHII y TEeJEKOMYHIKAI[IfHOMY CEKTOpi NpHCBS-
4yI0Th CBOI ITyOikamii 3apyOixkHi Ta BITIN3HAHI aBTOPH
[1-15].

IocTranoBka 3aBaaHHsA. OUiKyeThCs, IO PO3BHU-
TOK OCHOBHHX TEHIEHIH y cdepi TermekoMyHiKamii
(mporpamHo Bu3HadeHi Mmepexi (SDN), Bipryamizamis
mepexxeBux Qynkmit (NFV), 3acTocyBaHHS TEXHOJOTIi
5G Tta mryyHoro intenekry (Al)) TpuBaTuMe i Hamaii.
L1i 3MiHM MaroTh OyTH BigOOpaXkeHi B HABYAJIBHUX IIPO-
rpamMax MiIrOTOBKM I1H)KCHEPIB 3 TEJIEKOMYHIKaIlii.

HaBwanpHi mporpaMu BHUIIOi OCBITH 3 TEJICKOMYHIKaITii
NOBUHHI HE TUIBKH NMPEICTABISATH CYy4YacHI TeIEKOMYyHi-
KalliifHi TEXHOJIOTI], ajle i PO3BUBATU 'HYYKICTh CIIPHIi-
HSTTS HOBOTO CTyJI€HTaMHU, BMIHHS pearyBaTH Ha Maii-
OyTHI 3MIHHM Ta BUPILIYBaTH MDKAUCIMIUTIHAPHI 3a1a4i.
VY wmiii crarti MM OOrOBOPIOEMO HaMBaXKJIMBILI
3MiHH, sIKi BiIOYBAlOTBCS y Tajly3i TeJEeKOMYHIKaIii, i
NPOIIOHYEMO, SIKUM YHHOM BpaxyBaTH iX Y OCBITHIX
mporpaMax Ta HaBYaJbHUX IUIAHAX A8 HOKpaleHHS
3HaHb Ta PO3BHUTKY NPOQeCciHHIX HABUYOK CTYICHTIB.

Buknag ocHOBHOro Mmarepiasy

TenexkomyHikaliiina Mepexa HACTYHHOTO ITOKO-
JIHHS Ma€ MaTu €AuHy iHQpacTpyKkTypy 1 NOBHHHA
e(eKTUBHO Ta THYYKO HaJaBaTH Pi3HOMaHITHI MOCIYTH,
Taki SK PpO3MHUPEHUH MOOUTBHUH IIMPOKOCMYTOBHIMA
3B’S30K, HAJHAIIIHAUN 3B’ 30K i3 MaJOK0 3aTPHUMKOIO Ta
3B’5130K MacoBOT'O MaIIMHHOTO TUIy. BoHa Takox mo-
BHHHA MIITPUMYBATH CHIBICHYIOUYHIA JOCTYII 32 KLIBKO-
Ma craHmaptamu, Takumu sk 5G, LTE 1 Wi-Fi, i xoop-
JUHYBAaTH TETEPOTCHHY MEpEXy 3 PpI3HHUMH THIIAMH
6azoBux cranuiii (BS), Hanpukiax, makpo, Mikpo ,
¢demro, miko BC Ta pi3HOMaHITHI IPUCTPOT KOPHCTYBaUa
Ta nporpami [1].

1. OcHOBHi TeHIeHIil PO3BUTKY TeJIeKOMYHika-
uiii. Texunonozii SDN i NFV. IlporpaMHO BH3HauYeHa
mepexxa (SDN) mnpencraBise HOBY apXiTeKTypy, [e
KEepyBaHHSI MEPEKEI0 BiJIOKPEMJICHO BiJl MEepecHIIaHHs
nanux [7-9]. Mepexa posainena Ha Tpu piBHi: (1) pi-
BEHb IUIOLIMHY JaHUX, (2) piBEeHb IUIOMINHHU KepYBaHHS
Ta (3) UpUKIATHWIA piBeHb. PiBeHb IUIOMIMHU ITaHUX
CKJIQJIAETHCS 3 TIPOrPaMOBaHOi MEpPEKEBOi iH(pacTpyK-
TypH, TaKoi SIK KOMYTaTOpH Ta MapmpyTu3aropu. Pi-
BEHb IUIOIIMHU KEePYBaHHsS MICTUTh IEHTpalli30BaHU
KOHTpOJIEp, SKHH Kepye MEPEKEBUMH HPUCTPOSIMU Ha
OCHOBI 3amuTiB piBHA HoxaatkiB. Ilpukmanuuii piBeHs —
e MicIie, e MEpeKeBi CIy»KOu, MOBHICTIO peai3oBaHi
B MpOrpaMHOMY 3a0e3NeueHHi, MPamoioTh i CHIKYIOTh-
Cs1 3 IEHTPAJIi30BaHUM KOHTPOJICPOM.

Bipryanizanis mepexxeBux ¢ynkuiii (NFV) — ne
HOBa TEXHOJIOTiS B TEJIEKOMYHIKALIHUX Mepexax.
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NFV Bipryanizye Ta HeHTpallizye aesiki MepexeBi (yH-
Kkuii, Taki sk ynockonanene Packet Core (EPC) abo IP
Multimedia Subsystem (IMS), mis onTuMi3anii BHKO-
puctanHs iHGPACTPYKTYpH (HANPUKIAN, amapaTHHX
pecypciB). BipryanizoBani GpyHKIIT MpaiooTs y HeHTPi
00pOOKH TaHUX HA CTAHIAPTHOMY KOMEPHIiHHOMY TOTO-
Bomy obnamHasHi (COTS) 3amicTe poO3MOALIEHOTO
3amaTeHToBaHOr0 0OnagHaHHA. OCHOBHHMH PYIIHHH-
mu cwiamu BrupoBamkeHHS SDN i NFV e rayuxicts
iHpPACTPYKTypH Ta Opi€HTOBaHI Ha MporpamMHe 3a0e3-
TIe9YeHHs iHHOBAIIIi, 0 MPU3BOAATH 0 BUIIOI MacIITa-
0OBaHOCTI, €EKOHOMIT KOIITIB i CKOPOUCHHS 9acy BHUXOIY
HA PUHOK HOBHX IOCIYT.

Takum 4nHOM, amapaTtHe 3a0e3NeyYeHHs PO3IOJi-
JSIETHCS MK PI3HUMH MEPEKEBUMHU (DYHKIISIMH, ITOBHI-
CTIO peaJi30BaHMMH IPOrPaMHHUM  3a0€3MEeUCHHSM.
OcHoBHoto mnepeBaroto NFV € enactuuna Ta macuira-
0oBaHa apXiTEKTypa, IO JO3BOJISIE HE JIUIIE 3a0IIaKy-
Batn KamitanbHi (CAPEX) Ta omepamiiiHi BuUTpaTh
(OPEX), a i1 30ipIIyBaTH MOXiJ OIepaTopa Mepexi 3a
PaxyHOK IIBHJIOIO BUXOy Ha PUHOK [7, 8] .

Xoua NFV 1 SDN, € aBTOHOMHHUMH TEXHOJOTISIMH,
iX MOETHAHHS NPHU3BOJNUTH 10 KIJTBKOX CHHEPreTUYHUX
edekriB [9]. Hampuknan, 3a TOMOMOrO0 IEHTpaIi30Ba-
HOT'O MEPEKEBOTO IHTEJEKTY, skuii Hamae SDN, mokHa
JIMHAMIYHO TIEpPEMILlyBaTH MepexkeBy (DYHKIIIO 3 OHOTO
LIEHTPY OOpOOKHM NaHWX 10 IHIIOro 0Oe3 MepepUBaHHS
obcmyroByBanHs. KpiM Toro, MepekeBi pecypcu, HEoO-
XimHI U1 BIATIOBITHOCTI AESKAM KPUTHYHUM IapameT-
pam (HampuKia[, MBUAKICTh Iepeadi JaHux abo 3aTpH-
MKa), MOXKYTh AHHAMIYHO PO3MOALISATHCS 32 JOTIOMOTOIO
SDN Ha 3anuT MepeskeBoi PyHKIIT a00 mporpam.

Texnonozia 5G ctane OCHOBHOIO i Iepelijic Ha Ire-
pIIy cTamifo BHKOpHCTaHHA. HoBe MOKONIHHSA MOOLIB-
HUX Mepex, 5G, Ha BIIMIHY BiJ| IHIIUX €TAIiB CBOJOLIT
MOOITBHUX Mepex, Takux sk 3G 1 4G, SG BUXoauTh 3a
PaMKH BHIIUX HIBHIKOCTEH Nepeaayi JaHux it MOOi-
neHOrO IHTepHeTy [13, 14]. 5G cTBOpIOE HOBUH THII
Mepexi, sKa MpHU3HaueHa /s 3’ €JHAHHS MPaKTUYHO
BCiX 1 BCHOTO pa3oM, BKIIIOYAIOYM MAIIWHH, 00 €KTH Ta
TIPUCTPOI.

BesnporoBa texnomoris 5G mpu3HavYeHa I 3a-
Oe3medYeHHsT BUINOI MIKOBOI MIBUAKOCTI Iepeaadi JaHuX
y Kinpkox ['0iT/c, HATHHM3BKOi 3aTpUMKH, OiNbIIOl Ha-
JIITHOCTI, BETMKOi MPOITyCKHOI 34aTHOCTI Mepexi, Imif-
BHIIEHOI TOCTYMHOCTI Ta OiJIbII OJHOPITHOTO TOCBimY
JUTs OLIBIIOT KiTBKOCTI KOpHCTyBaviB. Bumma npomgykru-
BHICTB 1 MOKpaImieHa e(peKTHBHICTh CTBOPIOIOTh HOBHM
JIOCBIJT /TSI KOPUCTYBAYiB 1 MiAKIII0OYal0Th HOBI Taly3i.

5G 3amponoHye 3aco0M 3aXHUCTy BiJl 3pOCTa0uOro
MIOTUTY Ha PO3MIMPEHHS MOOUTBHUX TIOCIYT 13 1HTEHCHB-
HUM BUKOPHCTAHHSIM MPOITYCKHOI 3aTHOCTI, TAKHX JO-
natkiB, sik 3D, BipTyanbHa peanbHicTh (VR), nornoBHeHa
(AR) i 3mimana peansHicts (MR), Bieo BHCOKOT "iTKOC-
Ti Ta iH., 3a0€3MeYCHHS BUMOT 10 HEWMOBIPHO HaJiHUX
(M2M) noBiioMIJIeHb JUISl TAaKKX HOCIYT, K €JIeKTPOHHA
OXOpOHa 3/I0pOB’sI TOIO. MaiOyTHI BUMOTH JI0 CUCTEMHU
5G yxe Oy BU3HA4YCHI HA KITBKOX (hopyMmax.

Cucrema 3B’s3Ky 5G OynyBaTHMEThCS Ha OCHOBI
TaKMX TEXHOJIOTiH: Hapi3ka, BipTyamizaris, (MOOiIbHI)
niepudepiiiHi 00UHCIeHHS, MaCUBHA CHUCTEMa 3 JIEKiJIb-
KOMa BXOJaMH Ta nekinbkoMa Buxoaamu (MIMO), 3D

(dhopMyBaHHS MIPOMCHS, HaIIUIBHI MEPEXi 3 HCBEITUKH-
MU KoMipkamu, MacuBHHH MIMO 3 KomyHikami€ro
npuctpi-npuctpid  (D2D), MynbTH3B’SI30K, XMapHi
Mepexi paniogocryny (RAN), mimimMeTpoBi XBuii, XMa-
pHI apxiTekTypu/oduucnenns romo [13].

Inmepnem peueii (IoT) nTponOBXUTH CTPIMKO pO-
3BHBATHUCS, B OCHOBHOMY 3aBIsku TexHoorii 5G. [oT —
e O/HA TOJOBHA TEHACHIIIS TeIEKOMYHIKaIliifHOT raiy-
31 Ha 2023 pik, ockinbku 5G Takoxk 3a0€3MednTh HOBY
XBUITIO TiporpaM i mociryt loT.

IoT HanmexxuTh IO Mepexi (I3UIHUX TPUCTPOIB,
migkiroueHux 1o Iarepuery. Lli npuctpoi MOXyTh crii-
JIKYBaTHUCSl OJMH 3 OJHUM 1 OOMIHIOBATUCS JaHUMH.
[porpamu loT, Taki sk po3yMHi TOMAIIHI MPUCTPOI Ta
TEXHOJIOT11 HOCUMHUX MPUCTPOiB, BXKE BUKOPHUCTOBYIOTh-
Csl CBOTO/IHI.

Baxnusicts 0T monsirae B MOKIJIMBOCTI Bingae-
HOTO JIOCTYIy A0 0a30BHX CTaHIIH i IEHTpiB 00poOKH
JaHWX. BITBIIICTE yYacHWKIB TeNEeKOMYHIKAIiiHOI iH-
IOycTpii mocumsTe BripoBamkeHHs [oT, mo6 BukopucTo-
BYBATH IIEPEBAry, SIKi HAAAE 151 TEXHOJIOTIS.

CropusariuBa poip y 3a0e3neueHHi iHQpacTpyKTy-
pu luTepHeTy peuel, siKy TeJNeKOMYyHiKaliliHa Taiys3b
Ma€ HaJlaBaTH HaMKpalyM YHHOM, JO3BOJHUTH ONEpaTo-
paM CTPYKTYpyBaTH BJIacHI mociayrd [HTepHeTy pedew i
MPOMOHYBATH iX MOCTIHHO 3POCTAlOYOMy PUHKY [HTEp-
HeTy peueil. Tol Qakr, Mo rpaBili TeICKOMYHIKaIIHHOT
rajy3i TakoX € HOCISIMM HiJKIIO4YeHHS 110 [HTepHery,
O3HA4Ya€, IO Traly3b BiAirpaBaTHME Ba)KIHMBY POJIb Y
BIIPOBaKeHHI Ta po3ropranHi [oT.

Xmapni obuucnennsa TPONOBKYBATUMYTH JIOMi-
HyBaTH Ha PHUHKY. XMapHi OOYHCIICHHS CTOCYIOThCS
30epiranHs Ta AOCTYIy O NaHHX i mporpam depes IH-
TepHeT. Bonn mMaroTh OaraTo mepesar, Takux SIK MacIl-
taboBaHICTh 1 THY4KicTh. Y 2023 poui 1ie Oibie Terne-
KOMYHIKaI[IHHUX KOMIIaHiil nepeiiyTh Ha XMapy.

HesBakarouun Ha Te, 10 XMapHi OOYHCIICHHS HE €
HOBOIO TEHJICHIIIEI0, IO TEXHOJIOTiI0 BCe Ile TOTPiOHO
CIpUAMAaTH Ta BIIPOBA/PKYBAaTH IHTCHCUBHO i LIMPOKO,
1106 BUKOPUCTOBYBATH ii MepeBar.

TenexoMyHIKaIifHAN CEKTOP PYXa€eThCs A0 BipTy-
ATBHUX MEPEeX 1 BiIOyBa€ThCSA CTPIMKHN Iepexia moc-
TavaabHUKIB mocayT 3B’ 3Ky (CSP) mo xmapu.

HagiTe chOTOAHI OUTBIIICTE TENCKOMYHIKAIIITHIX
KOMIIaHIH TOKJIAAaf0ThCsl HAa KOJIOCAIbHY OOYHCIIIOBA-
JpHY 1HGPACTPYKTYpy AL pOOOTH 3 PI3HMMH IpOrpa-
MaMH, YIpaBIiHHSA JaHMMHU Ta CTSACHEHHS IUIaTH 3a
nociyrd. Ilepexin Ha XMapy 3HHKY€E BUMOTH JIO JIOKa-
JIBHOTO amapaTHOro 3a0e3leveHHs Ta MepcoHaly, 3Me-
HIIye iHBECTHIIl Ta ONepalliifHi BUTpaTH, a OTXe, 30i-
JIBITYE TIOTOKH JTIOXOJIB.

VY 2023 porui xMapHi 00YHCIEHHS MPOJOBXKYBaTH-
MYTh PO3BHBATHCS 1 PO3IOBCIOJDKYBAaTHCS B Traiysi
TEJICKOMYHIKAITii.

Kioepoesnexa. T'amy3p TeICKOMYHIKALIA 3aBXKIN
Oyia HaWOUTBII BpA3IMBOIO MIIICHHIO I KibepaTak,
BpPaxOBYIOUHM BeJNHYC3HI 00CSATH KOH(DIICHIIHHUX na-
HUX, IO 30€piraloTeCsl B PI3HMUX CKIATHUX Mepexax.
Texnonoris 5G cTBOpIOE HOBI 3arpo3u Oe3merr, i Terne-
KOMYHIKaIliiHi KOMIIaHii TMOBHHHI MiITOTYBaTHCS 0
MpSAMUX 49U HemlpsMux Kibeparak. lle BukiHMKae HE0O-
XiZHICTh CTBOpPEHHS anekBaTHOI [T-iHppacTpykTypH Ta

190



ISSN 2073-7394

CucteMu ynpaBiiHHS, HaBiraiii Ta 3B's3ky. 2023. Ne 3

il moeTHaHHS 3 cepBicaMy Ta MpOLECaMH JUIsl IiATPHM-
ku Oesnexu. EdexrnBHa kibepOesneka MOBHHHA BKITIO-
YaTH BIPOBA/KEHHs BHUSBJICHHS 3arpo3, METO/IB peary-
BaHHS Ha IHIWACHTH Ta METOIB 3al00iraHHsI.

Mepexi 3 mATPUMKOIO [HTEpHETY peuei € Oinbin
Bpa3IMBUMH 10 BEJIHKHX KiOEpPBTOPTHEHB 1 3IIOYMHIB.
HemocraTtHpo 3axuimeHi NMpHUCTPOi, Taki SIK HOYTOYKH,
MapIIpyTH3aTOpH, BeO-KaMepH, aBTOMOOUT, CHCTEMH
JOMaIIHboi Oe3mekn abo MamuHH |HTEpHETYy pedet,
MOXYTb OyTH IEpEeTBOPEHi XaKkepamu Ha 30poio.

ToMy I TeJIeKOMYHIKaliHHUX KOMITAHI BaXIH-
BO BIIPOBAJINTH BIAMOBI/IHI 3aX01M KiOepOe3neKkH.

Xmapui cucmemu niompumku 6iznecy (BSS) i
IUIATDKHI MIaTOPMU MOBHHHI MaTd BHCOKY MacliTa-
OOBaHICTh 1 NPALIOBATH 3 BEJIUKUMH OOCSTAaMH JIaHHX.
XMapHi miaTikHi warhopMu — e 3pyYHHi 1 eeKTUB-
HUI BUJ OUTIHTY, SKUH J03BOJISE TEJICKOMYHIKAIiHHIM
KOMIIaHisIM BHCTABILSITH PAaXyHKH CBOIM KII€HTaM 3a
MIOCITYTH Ta MPOTPaMH, SIKi BAKOPHCTOBYIOTHCS B XMapi.

BSS mponoHyrOTh TeleKOMYHIKAIlIHHIM KOMITaHi-
SM 1HCTPYMEHT JUI MIATPUMKH BEJIHNKOI EKOCHCTEMH,
IO PO3BHMBAETHCS, HEOOXITHWH UIA PO3IMIUPEHHSA Ta
LIBHUJIKOTO PO3BUTKY TEJIEKOMYHIKaLiitHOT raiys3i.

Imepcueni mexnonocii y menekomynixkayiax. 3a-
CTOCYBaHHSI TEXHOJIOTiH BIpTyasjbHOi, JONOBHEHOI Ta
3MIIIaHOT PEaNbHOCTI B TEJIEKOMYHIKALISX Ma€ 3MIHUTH
raiy3b. Cdepamu 3acTOCYBaHHSI IMEPCHBHUX TEXHOJIO-
riif y TenekomyHikauisx € [21, 22]:

1) HaBYAHHS MEpCOHAIY;

2) ympaBiiHHS 00CITyTOBYBaHHSAM Ha MICIISX;

3) BigmaieHa miaTpUMKa;

4) tHCTpYKLIi 3 0OJIaTHAHHS 3 BUKOPUCTAHHSM Ta-
PHITYp JOTIOBHEHOI PeaNbHOCTI;

5) TexHiuHe OOCIYrOBYBaHHS Ha OCHOBI icTOpii
TEXHIYHOTO 00CIIyroByBaHHs 0018 HAHHS;

6) ayAMTOPCHKI MEePEeBipKH 3 BUKOPHCTAHHSAM rap-
HITYD;

7) CTBOpEHHS IHTEPaKTUBHUX KOHTPOJIbHHUX 3alld-
CiB i 3a0e3MeyYeHHs NOTPUMAaHHS BCIX HEOOXiTHMX
KPOKIB I1iJ] 4ac epeBipKH;

8) iHBeHTapI3allis, podoTa 31 CKIIa10M 00IaTHAHHSL.

Omneparopu cydacHoi MoOLTBHOT Mepexki (MNO)
MAalOTh BUPINITYBaTH CKJIATHI 3aBIaHHS M0N0 e(eKTHB-
HOI eKcILTyaTamii Mepexi, 3JaTHOI 3a0e3leYnT! THYY-
KiCTh, OJTHOYACHO 3a/I0BOJILHSIOYM BHMOTH 3 HAJaHHI
pizHOMaHITHUX TociyT. IIpoGnemu 3abe3medeHHs sKic-
HOro OOCIYroBYBaHHS BHMHHKAIOTh IIPU PO3LIMPEHHI
30HM MHOKPHTTS, MOCTIHHO 3pOCTAIOYMX BHUMOTax [0
MOTY>KHOCTI Mepexi, ajie Ipu oMy (hiHaHCOBI (HOHIN
€ 00OMEXEHHMH, a PecypcH, TakKi SIK CIIEKTp, 3aJIuilia-
I0TBCS Ae(pinUTHIMH. ABTOMATH3AIlis Pi3HUX 00 €KTIB i
(GYHKIIH CTUIBHUKOBHX Mepex Oyna i Oyze onHielo 3
TOJIOBHUX TypOOT OIlepaTopiB 3B’3Ky L1010 CKOPOYEH-
HS ONEpaIiifHUX BHUTpAT. 3 TOYKH 30pYy ONepauiiHuX
BUTpaT, TEJIEKOMYHiKalliiHa cucTeMa IOBHHHA OyTH
PO3YMHOIO, CaMOCBIJIOMOIO, CaMOaJalTHBHOIO Ta MaTH
MOJKJIBICTH €KOHOMHO 3aITyCKaTH MEPEeXEBi IOCIyTH, a
TaKOX aBTOHOMHO KEePYBaTH Ta eKCILTyaTyBaTH MEPExKi.

3a JOTIOMOrOI0 aHami3y BEIHKUX JaHWX MOXKHA
BUKOHYBATH MPOTHO3HE Ta MIPOAKTUBHE OOCIyroBYBaH-
Hs eJeMEeHTIB Mepexi. Bemukuii 00’eM maHWX, IIBHI-
KICThb HAIXO/PKCHHS NAaHWX, Jialla30H Ta THI JDKEpPel

JaHUX MOXXYTh JONOMOITH MiAPO3IUTYy 3 eKCILTyaTarii
Ta TEXHIYHOTO OOCIYyroByBaHHS OTPUMATH BapiaHTH
pimenb npoGieM 1 chopMyBaTH NPOTHO3M HACIIAKIB
nii. Mammane HaBuanHsd (ML) 1 mTyyHuil iHTEneKT
(AI) MOXYTb TOTIOMOTTH PO3KPHTH HEB1JIOMI BIaCTHBO-
CTi 06e3IpOTOBUX MEpek, BUSBUTH KOPEIAIii Ta aHOMa-
JIii, SIKi MA HE MOYKEMO MOOAYUTH TIiT 9ac MepeBipKH, i
3aMpONOHYBAaTH HOBI CIIOCOOH ONTHMI3aIlil pO3rOpTaHHS
Ta pobotu Mepexi [13].

Ananiz eenuxkux oanux y menekomyhikayisx. Be-
TIMKi JaHl HAaJAI0Th KOMITaHISIM TeJIeKOMYHIKaIiiHOl iH/Ty-
CTpil MOXKJIMBICT OTPUMAaTH NPAaKTHYHY iH(OpMalilo Ta
JI3HATHCh TIPHXOBaHI 3aKOHOMIPHOCTIL. AHajl3 BEJIMKUX
JIaHMX HaJla€ 3MOTy ONepaTropam 3B’sI3Ky HE TUIbKU 3Mill-
HUTH CBOI MO3MIIIT HA PHHKY, aJie i 3aIpONIOHyBaTH KOpHC-
TyBa4aM SIKICHUH cepBic, OpiEHTOBaHMH Ha KITIEHTA.

TenexoMyHIKaIlifiHI KOMIIaHII MarOTh HaMKparumit
TIOTEHIAN JUIS aHaJi3y BENMKHX JAHWX 3aBJISKH BEJIUUE3-
HUM o0csTaM JaHUX, BOHH 30HPAaOTh depe3 Mepexi ore-
paropis. e iHdopmariist mpo mpoditi Ta mMpUCTPOi KopHc-
TyBadiB, TCOJIOKAIlfO, 3pa3KH TOBEMIHKH Ta iH. Bemmki
TeNIeKOMYHIKamiiHi KOMIIaHi{ (Lifecell, AT&T,
CenturyLink, Swisscom, T-Mobile, Vodafone Ta iH.) Bke
BIPOBANIIN QHATITHKY BEJIMKHX JIAHUX Y CBOIO JiSUIBHICTH
Ta PO3POOKY CBOTO MPOTPAMHOTO 3a0e3MeUeHHS. 3aBASKU
LIbOMY BOHM MOXKYTb Kpallle repeadayary oMUt Ha Toc-
JyrW Ta BIATIK KIIEHTIB, MJIaHYBaTH ONTHMajbHE HaBaH-
Ta)KEHHSI Ha CBOT MEpeKi Ta INIMOLIIE PO3yMITH CBil PUHOK.

lonoBHMM 3aBHaHHAM omepaTopa 3B’s3Ky y 3a0e3-
TICUSHHI SKOCTI TMOCIYT € onTuMiszamis Mepexi. Ha cporo-
JIHI TIepeBaKAIOUNM ITiIXO0I0M € He3ale)KHa ONTHUMI3allis
OKpeMHX KIFOUOBHX IMOKa3HUKIB edekruBHOCTI (KPI) 3
BUKOPUCTaHHSIM HEBEIIMKOI KUTBKOCTI JKEpeJI TaHuX.

Pimenns1, sxi npuitmatrore MNO 3a 1gomoMororo
pI3HMX IHCTPYMEHTIB aHali3y JaHuX, 3/e0iJIbLIOro
3ajJexarb B KIIOUOBHMX IIOKa3HUKIB e(EeKTHBHOCTI
(KPI), Hakonmu4eHUX y PI3HUX MICHSAX 1 YaCTHHAX Me-
pexi. Aite MNO MOXyTh MaTH JOCTYI O BEJIMYE3HOI
KIJIBKOCTI JTAaHKMX 31 CBOiX BJIACHUX MEPEXK 1 Bix abOHEH-
TiB. AHai3 BEIUKUX JaHUX, SKI OEpyThCs 3 Oarathox
JDKEpell, T03BOJIUTh OTPUMATH IIUPIIE PO3YMIHHS Pi3-
HUX HEBIIOMHX 3HAYCHBb Ta BHSBHUTH PaHille HEBiIOMi
MOJIeN Ta KOpenslii, i, sIK pe3yJbTaT, 3alpONOHYBaTH
HOBI 3aXOIH AN MiABUINCHHS MPOTYKTHBHOCTI Pi3HUX
PiBHIB 0€3IPOTOBUX MEPEXK.

OCHOBHMUMHM HamlpsiMaMH 3aCTOCYBaHHS aHAI3y
JIAHUX y TEeJIeKOMYHIKatisx € [15]:

1) CKOpHHT — OLiHKa PU3MKiB Ta HMOBipHOCTEH
HACTaHHS MOIT;

2) reoaHaliTHKa — aHalli3 Tpadika Ta JoKamii mis
BIAKPUTTS HOBHX O00'€KTiB, PO3MHUPEHHS MeEpexi
Mara3uHiB, NpPOBEJCHHS KOPEKTHOI KOMYHikamii 3
MOTEHIIIHHUMH KIi€HTAMU,

3) TtapreTmHroBi KomyHikamii — iHpOpMyBaHHA
LiJTLOBOT ayAMTOPIi 1OJI0 BAaIIMX CEPBICIB, MPOIMO3H-
il Ta aKIii;

4) antudpon — miIABUIICHHS PiBHSA Oe3MeKH Kili-
€HTIB:

IMSI Check — cepBic mepeBipKd YHIKaJIbHOTO
inenTudikaropa abonenra IMSI, skuii momomarae
3HU3UTH PU3HK IMaxpalicTBa, MOB'I3aHOTO 13 3aMiHOIO
SIM-kapr;
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nepesgipka nepeadpecayii — cepsic, skuit iH}O-
pMy€e, UM Ha HOMEpI 3a 3allMTOM BCTAaHOBJIEHA Oe3y-
MOBHa Iepeajpecanis Ha iHIKUKH HoMep Tenedony;

daenicmb akmueayii Homepa — CUCTEMa OLIHKH
KHUTTsI aDOHEHTa B Mepexi, 3aCHOBaHa Ha J1aBHOCTI
aktuBanii SIM-kapTu; HagaeTbCsl Yy BUTIAII CKOPUH-
T'y 31 BCTAHOBJICHUMH Jialla30HaAMU;

SIM-counter — TiepeBipKa KUJIBKOCTI YHIKQJIbHUX
HOMepiB TenedoHiB, Ki BHKOPUCTOBYBAJIHUCSI B MOOi-
JBHOMY TpPHUCTpOi, ne BcTaHoBiIeHa SIM-kapra 3
HOMEPOM 3a 3allUTOM; HaJA€ThCA y BUTIIAII CKOPHH-
I'y 31 BCTAaHOBJIGHUMU JAlana3oHaMH.

5) noOyaoBa mopTpeTa KJIi€HTa — MOPTPET KIiEHTa
JO3BOJIUTh TPaBWIBHO c(oOpMyBaTH cTpaTeriro Ha-
JaHHS TOCITyT

6) HLR Lookup — mocnyra ineHTudikamii Haie-
KHOCTI aDOHEHTCHKOT0 HOMEpa OJAHOMY 3 MOOITBHUX
omepaTopiB YKpaiHu Ta iH.

MoOinbHI omepaTopu MarOTh JOCTYH OO BEIUKHAX
00csTiB TaHWUX, SKi MOXHA PO3IUINTH HAa 6HYMPIWHI Ta
306niwni naui [13].

Buympiwni 0ani oB's3aHi 3 Mepexero Ta aOOHCH-
tamu. Lli naHi MOXyTh OyTH CTPYKTYpOBaHHMHU Ta He-
CTPYKTYPOBaHUMH.

CmpykmyposaHi eHympiuiHi 0ani CTOCYIOThCSI Me-
pexi (TexHiuHi 3001, NOCTYNHICTh 3’€IHAHHS, 3aTPHUMKa
Mepexi, CTaTyC TPAH3UTHOTO 3B’SI3KY, YaC BCTAHOBJICHHS
3’€JIHAHHS, TECT-IpaiBH, CTAaTUCTHKA IOTOKY Tpadiky
PIBHA JaHWX, TPOTOKON 1 iHTepdeic piBHA KepyBaHHS,
Tpadik 3a THIIOM i 3a TPOTPaMol0, MaHi, PO3TOPTAHHIA,
JlaHi CEHCOPiB) Ta aDOHEHTIB (1aHi KOMYHIKaIlii, 00TiKOB1
3aUCH KIIEHTIB, iCTOpisS BUKOPUCTAHHS, PO3TaIlyBaHHS
mabJI0HIB BUKJIMKIB, MOJIEITI MOOUTEHOCTI TOIIO).

Hecmpyxkmyposani enympiwini O0ani CTOCYIOTHCS
TPAHCKPUITIB KOJ-LUEHTPY, TEKCTOBHUX MOBIJIOMIIEHB,
JIAHUX OCOOMCTOTO MOMIYHHMKA TOIIO.

306miwni dani 36MparoThCA BiJl TPETiX cTOpiH. Ix
TaKOX MOXKHA PO3IUIATH HA JIBI KATEropii: cmpykmypo-
6ani Oani (nemorpadiuHi jaaHi, kaprorpadiuxi aaHi —
penbed, BHYTpilHI OyniBmi Tomio, myOmiyHi gaHi —
JOPOXHIA pPyX, TOTOAA) Ta HeCmpyKmyposawi Oawi
(maHi comiampHNX Mepex - Facebook, Twitter, oHmaiiH-
¢dopymu, TekcToBi foKymeHTH, Google+, O6moru, enekT-
POHHI JIUCTH, BiIeO TOIIO).

Cmpykmypogani dawui 30epiraeTbCcs B PEIIiHHAX
0azax JaHWX y BHIJISAII TaOMUIO, B SKUX KOXKHE TIOJIE
(KoITOHKA) Ma€ Ha3BY, a 3B’SA3KW MiXK TAOIHIISIMH € YITKO
BH3HaueHNMH. HecTpykrypoBaHi naHi (TpaHCKPHIITH
KOJI-IICHTPY, MOBIIOMJICHHS TOIO) 3a3BHYail He 30epi-
TaloThCS B PEIAIINHNX 0a3ax JaHUX.

J1o BeNMKUX JaHWX MOXKYTh 3aCTOCOBYBATHCS TaKi
BHJIM aHAII3Y:

1) ommcoBa aHAJITHKA:

— TPOJXYKTHUBHICTb MEPEXi,

— MepCIeKTUBU a0OHEHTIB,

— mnepcrnektuBu RAN,

— MoJeidb MOOLITBHOCTI,

- mnpodins Tpadiky,

- suMiproBanag KPI, KQI;

2) [miarHOCTHYHA aHAITHKA:

—  BIUIYKyBaHHS MEPIIONPUINHH,

— BU3HAYCHHS aHOMAaJiil B MEpexi,

— BusBieHHs HeBignoBinHux KPI Ta mepexeBux
€JIEMEHTIB,

—  BUSIBJICHHSI ITOPYIIEHb POOOTH CITyK0 Ta CepBiciB;

3) npenuKTHBHA aHANITHKA (MAIIMHHE HAaBYAHHS):

— CTpYKTypyBaHHs TpadikKy Ta 3aTopiB,

— BHKOPHCTaHHA PECypCiB,

- QosS,

— TIOBeHiHKa KOPUCTYBaua,

— MalOyTHE po3TalryBaHHS,

— HeCHpaBHI/pobieMHi emeMeHTH/00MacTi Ta
iXHil BIJIMB HA €(PEKTUBHICTH MEPEXKi;

4) NpecKpUINTHBHA aHATITHKA (IITYYHHUH IHTEIIEKT):

— BapiaHTW pinleHb Ta/ab0 IUIaHYBAaHHS MIONO
Hapi3ku, BipTyamizauii, nepudepiiHux oOuHCIeHb i
BIUIMB KOKHOTO BapiaHTa pillleHHs Ta/a0o IilaHyBaHHS,

—  IUIaH PO3IIMPEHHS Mepexi,

— IUIaH BUKOPHCTAHHS peCypCiB,

— MPOMO3HLIi M0J0 KOPUTYBaJIbHUX MiH.

KonTpontoBanHs naHuUX mependadae 3aCTOCYBaHHS
MIpOLEAYp YUPAaBIIHHA JaHUMH, aHAII3y NaHWX, BHKO-
HaAHHSA BiIMOBIIHUX Iiil.

VYnpaBiiHHA TaHUMH — 30ip JaHWUX, OYHIICHHS J1a-
HUX, (QUIBTpalis JaHHUX, KOPEeJALis JaHuX i3 0arathbox
JDKepell, TOIIYK BiINOBIAHUX NaHWX. YTNpPaBJIiHHS Ja-
HUMH € OCHOBOIO JIJIsi BAKOHAHHS aHANi3y JaHUX.

AHaii3 1aHuX — aHaJi3 Ha PI3HUX PIBHAX TIMOMHU
Uil pi3HUX wnined. Hampukiaza, Bucokoro piBHs (Ha-
CKpi3Ha MPOXYKTUBHICTH CHUCTEMH) abo Jeramizauii 10
MIEBHOTO €NIEMEHTa MEpPEeXi, KOPHUCTyBada, MICIsl Po3-
TamryBaHHs, 9acy, KPI Tomo. AHaii3 1aHUX € OCHOBOIO
JUISL TIPUAHSITTS PIIEHb T4 BUKOHAHHS TiM.

Buxonanns gii nependavyae po3yMiHHS MPOIYKTH-
BHOCTI Mepexi Ta skicte AocBigy (QoE), Bu3HaueHHS
MEpEXKEBHX AaHOMalil, BHKOHAHHS OINTHUMi3alliitHIX
3aX0/iB, INPOTHO3YBAaHHS MPOAYKTUBHICTI, 300iB Ta
BHUMOT, aBTOMATH3AIlil0 YIPAaBIiHHA i POOOTH, TOOTO,
BUKOHAHHS  CAaMOHAJAINTYBaHHs], CaMOONTHUMI3aIlii,
CaMOBITHOBJICHHSI CHCTEMH.

[HCTpYMEHTH Ta METOZOJIOTI], SIKI MOXHA 3aCTOCO-
BYBAaTH JIJIS aHANII3y BEJIMKUX JIAHUX Y TeJIEKOMYHIKalli-
SIX: METOJYM BU3HAYCHHS BiAMOBIAHOCTI PO3MIpPYy JaHUX
Ta MPOCTOPY O3HAK, aKTMBHO-IHKPEMEHTHE-MHOXXHHHO-
iMOaJlaHCHE HaBYaHHS Ha BEIMKUX JAHHUX, MOJEIIOBaH-
Hi HEBH3HAYCHOCTI, Bimdip 3paskiB, Kiracudika-
Iis/KIIacTepu3allis Ta iH.

HImyunuii inmenexm ma MauwUHHE HAGYAHHA Yy
menexomynikayiax. ryarnii intenext (Al) ta Mma-
muHHe HaB4aHHA (ML) BimirpaBatumyTh Bce OimbII
3HauHy poJIb y TesnekoMyHikaiis [13, 16-19]. Al moxe
BHSBIIITH IPOOJIEMH 3 MEpPEeKer0, BUKOHYBAaTH CaMOBiJI-
HOBJICHHSI 200 3aXHUIIATH MEPEXKi BiJ| MaxpancTsa.

Al TakoXx MOXe NPONOHYBaTH MOJIENi BUKOPHC-
TaHHS Ta MOBEJIHKU B po0OOTi 00NagHaHHSI a00 B3aEMO-
nii 3 xiieHtaMu. TakuM 9MHOM, 1€ MOXKE JIOTIOMOTTH
e(eKTUBHINIE BUPIIIyBaTH MpoOJIEMH MOTEHLIHHUX
amapaTHuX JedekTiB abo mpoOieMHu KIEHTIB, SIKi MO-
XKYTb BIUIMHYTH Ha poOOTY KOPHCTYBaya.

Texnonorii Al MOXyTh JOOMOTTH aBTOMaTH3yBa-
TH 3aBJAaHHA, MOKPAIIUTH MPOLEC NPUHHATTS PIICHb i
HaJaBaTH IEPCOHAI30BaHi IOCTYTH.

YV 2023 portri 30iTBIIATECS KiTBKICTh TPOTPaM IITY-
YHOTO 1HTEJEKTY B TEJIeKOMYHIKaIliiiHii ramys3i, 0co0u-
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CucteMu ynpaBiiHHS, HaBiraiii Ta 3B's3ky. 2023. Ne 3

BO 4aT-00TIB 1 BIpTyaJIbHUX TIOMIYHUKIB KJIIEHTIB.

ML i Al — ne nBa qyxe HNOTYXHI IHCTPYMEHTH, SIKi
3aCTOCOBYIOTHCS JUISL PILICHHS 331a4 KepyBaHHS BEJIMKH-
MH 0o0CSTaMH JaHWX, OCOOJMBO JUIsl TPOTHO3YBAaHHS Ta
HaJlaHHS TPOIIO3MIIIH Ha OCHOBI HabOpiB AaHMX. [HKOIM
ML po3rnsmaeTbesl K MANIPOCTIp IMTYYHOTO IHTEJEKTY,
3aCHOBAHMHM HA KOHIEIMIlI, 3TIAHO 3 SIKOI0 MH MOKEMO
JIO3BOJIMTH MallliHAM HAaBYaTHCS CAMOCTIMHO, HaJar04uH M
JOCTYTI IO BENUKUX 0OCsTiB maHmX. 3 iHmoro 6oky, Al —
1€ PO3LINPEHE CHPUHHATTS MAIINH, SIKi CTAIOTh 3JATHUMH
BUKOHYBATH 3aBIaHHS IHTEIEKTyIbHUM YHMHOM.

[NopiBHAHO 3 3araJIbHUM IITYYHUM IHTEJIEKTOM (y3a-
raJlbHeHa CHUCTEMa IITYYHOIO IHTENEKTY TEOPETUYHO MO-
K€ BUKOHYBaTH Oy/b-siKe 3aBJaHHs), MPUKJIaJIHUI ITY4-
HUI HTEJCKT OUIBIIC MiIXOAUTH JJI CHCTEM 3B’S3KY
HACTYITHOTO MOKOJIIHHS, OCKUIBKM MPHKJIAJHY CHCTEMY
LITYYHOTO IHTENEKTY MOXKHa pPO3POOMTH Il BMLIOTO
KepyBaHHS Ta ONTUMI3alii Oe3mporoBux Mepex. Ha Bim-
MiHy Bif Mozeneii ML, Moexi ITy9HOTO IHTENeKTy MO-
KyTh OXOIUTFOBATH OTOUYIOUHMH CBIT, NPHCTOCOBYBATHCS
710 3MiH 1 epeOyaoByBatucs. ML miaxomuTs I MpOrHO-
3HOT aHAJITHKY, 3 IITYYHNH 1HTEIEKT BUXOIUTH 38 PAMKH
MPOTHO3IB 1 MPOMOHYE TIAHW/TMPOMO3MIIT I peatizartii
BUTO/IU Ta ONITUMAJILHOTO JIOCSITHEHHS METH.

Inctpymentn ML i Al MOXyTh aHallizyBaTH pi3Hi
JpKepenia JTaHWX 1 3HaXOIUTH Te, IO € aKTyaJbHUM.
BoHHM Tako)X MOXYTh BHUSBUTH B3a€MO3B’SI3KH Ta 3alie-
JKHOCTI, 5IKi paHilie He Oyiau iAeHTH(IKOBaHI, OCKIJIbKH
iXHI aBTOMAaTH30BaHI MEXaHI3MH MalOTh MOJMIIUBICTh
aHaJi3yBaTU Ta MEPEBIpPATH JaHi OLIBII IHTCHCHBHO Ta
6inpmr MeToauyHO. He3Bakaroum Ha Te, IO JIFOJICHKHUN
JIOCBiJ] € He3aMiHHUM Y TOIIYKY pillleHb i YIpaBIiHHI
CKIIaTHUMH Tpo0ieMaMu, BiH Mae 00MeKeHI MOXKIIHBO-
CTi JUTSI TONTYKY HOBUX PIllICHb 1 PO3yMiHHS.

[HCTpYMEHTH Ta METOJOJIOTIi, sIKi aHaJITHKU Be-
JIMKUX JaHUX OINEepaTopiB MOOLILHOTO 3B'SI3KY MOXYTh
BUKOPHCTOBYBaTH JUIsi OOYMCIIOBaJbHOI OOpOOKM Ta
aHaJTi3y HAsSBHHUX JaHUX, 1€ HEUiTKa JIOriKa, Helpome-
PEeXHI TEXHOJIOTii Ta ajlrOPUTMH, POEBHH IHTEJEKT,
CBOJIIOI[IHI OOYHCIICHHS, CTOXACTHYHI aJITOPUTMH,
IMYHHI aJTOPUTMH, METOJOJIOTI] Teopii HaBUaHHS, HMO-
BipHICHI METO/IH.

JIromyHa 3 BIANOBIZHMMM 3HAHHSAMHU Ta HOCBIIOM €
HE3aMIHHOIO Yy TIONIYKY PIllleHb 1 YIpaBJiHHI CKJIaIHAMHA
mpoOiieMaMu, aje Mae TEBHI OOMEXEHHS TPH MOMIyKY
HOBUX piIlleHb i po3yMiHHI, ToMy IHcTpymentn ML i Al
BiZIIrparOTh BCE OUIBIN BXKIIUBY POJIb Y TETIEKOMYHIKAIIis.

Buxozsiuu 3 po3riisiHyTOro BHUILE, BAXIMBUM HHUTaH-
HSM cTae (OpMyBaHHS TAaKUX IUIAHIB IITOTOBKH CHEIlia-
JCTIB y Taiy3i TeJeKOMyHiKarii, siki BpaxoByBaiH O T0-
€JIHAHHS CYTO "TeNeKOMYHIiKaIiiHuX" AUCIMILTIH 3 JIHC-
LUIUIIHAMY, TOB’SI3aHMMH 3 TEXHOJIOTISIMM MAallIHMHHOTO
HaBYAHHSI, ITYYHOTO IHTEJIEKTY Ta aHaIi3y JaHHX.

2. YpaxyBaHHSl NMepCHeKTHBHUX TeHAEHIiH po3-
BHTKY TeJIeKOMYHIKaNiifHOI rajysi y HaBuaHHi cnemi-
amicTiB 3 TeJlekoMyHikanii. Po3rsiHyTI BHIE TCHICH-
il B TeJIEKOMYHIKAIsIX CBIUaTh MO Te, IO MPH Iiro-
TOBIII BHCOKOKBAJTi(hiKOBAaHMX CHEHIATICTIB 3 TEIEKOMY-
HiKallii BUBYEHHS JUCHHUILTIH, [0 CTOCYIOTHCS iH(pOpMa-
MIHHUX TEXHOJIOTiH, IHTEJEKTyalIbHOTO aHaji3y JaHWX,
MITYIHOTO iHTENEKTY, MAIlMHHOTO HaBYaHHSI, IMEpPCHB-
HUX TEXHOJIOT1# HaOyBae 0COOIMBOTO 3HAUCHHSI.

3apa3 Hazpia HEOOXimHICTH CHOPMYBAaTH HOBY
KOHLIETIIII0 OCBITHBOI MporpaMu OakanaBpiB 3i criemia-
apHOCTI "TenexomyHikauii Ta panmiorexnika" y HTY
"XIII". MeToro LpOro CTaJIM TaKi YMHHUKHU: TE€HIEHIUT
PO3BUTKY CyYacHUX TEIEKOMYHiKaliif, BIIHOCHUN Bij-
TiK aOiTypi€HTiB, BUMOTH CTEHKXOJIEpiB A0 SAKOCTI
MATOTOBKY MOJIOJMX CHEMiajicTiB, moOakaHHS CTyACH-
TiB, II[0 HABYAIOTHCH 34 LI€I0 CIEIIAIbHICTIO.

OcHOBHUM (POKYCOM HOBOi OCBITHBOI MPOTpPaMH €
TeOopis, MOJEHI Ta MPUHIMNN (QYHKITIOHYBAHHS TEJIEKO-
MYHIKaIlIHHAX Ta PagiOTEXHIYHUX CHCTEM; MPHHIIHIIN,
METOAM Ta 3aco0M 3abe3neueHHs 3aJaHuX eKCIUIyara-
LWIfHAX XapaKTEPHCTHK 1 BIACTUBOCTEH TEJIEKOMYHiKa-
LWifHAX Ta PaJiOTEeXHIYHUX CHCTEM; HOPMAaTHBHO Mpa-
BoBa 0a3a YKpaiHM Ta BUMOTH MDKHapOJIHHX CTaHJIap-
TiB y cdepi TeIeKoMyHiKalill Ta paJioTeXHIKN; CydacHe
pOTpaMHO-anapaTHe 3a0e3MeUYCHHs PalioTeXHIYHUX Ta
TENEKOMYHIKalitHIX CHCTEM 1 MEpeX, 3aCTOCYBAaHHS
iHGOPMALIHHAX TEXHOJIOTIH Ta TEXHOJOTIH IITYYHOTO
IHTETIEKTY Y TeIEeKOMYHIKAITisX.

AHali3 OCBITHIX MpOTpaM Ta HAaBYAJHHHUX ILIaHIB
31 cnenianpHOCTeH "TenekoMyHikalii Ta pagioTexHika",
"EnexTpoHHI KOMYHiKawii" BITYM3HSIHHUX Ta 3apyOiKHUX
YHIBEPCUTETIB MOKa3aB, IO AMCIMIUIIHY, TOB’s3aHi 3
CY4YaCHMMH TEHJICHLISIMH PO3BUTKY TEJICKOMYHIKalil, y
Tiil 4¥ 1HIIIH Mipi IPUCYTHI Y HaBUAIBHUX IIaHaX. AJie
B HUX, Ha Hallly TyMKY, HE BUCTa4a€ KOHLENTYalbHOTO
migxony. Binryku ocid, mo npuiiMaroTh pillIeHHS Y
TEJIEKOMYHIKAIlisIX, TPEACTaBHUKIB (PipM, IO HAJAIOTH
MIOCITYTH Ta OMNEpaTopiB 3B’A3Ky CBiAYaTh MPO TE, IO
BUITYCKHUKH HE BOJIOJIIOTH JOCTATHIM CIIEKTPOM IIpO-
(eciifHIX HABUYOK Ta BMiHb, Cepell SKUX OyJIM Ha3BaHi
HABUYKH 3 iHPOPMALIHHIX Ta MEPEKEBUX TEXHOIOTIH,
MIPOTpaMyBaHHS T4 BUKOHAHHS aHAJTITHKH.

3 iHmoro OOKy, ONHMTYBaHHS CTYJCHTIB, 1[0 HaB-
YalThCS Ha HAlIK CHeiaIbHOCTI, 1 BUITYCKHHUKIB TIOKa-
3aJ10, 110 IpOrpamMa HaBYaHHS IEepeBaHTaXeHa JNCIHUII-
JIHAMH TEOPETHYHOTO CHPSMYBaHHS, JUCIHILIIHAMH,
IO CTOCYIOTBCSl anapaTHOro 3a0e3IEYEHHS Ta EJIeKT-
POHHUX KOMIIOHCHTIB, HE BHCTa4yae aucuuiutin IT-
CTIpsIMyBaHHS Ta JUCLUILIIH, OPIEHTOBAaHUX HA PO3PO0-
Ky mporpamHoro 3abesnedeHHs. KpiM Toro, 3a 1yMKoro
CTYACHTIB, JEAKi IWCHUILUIIHU TIEPEBAHTAXKCHI CKIIal-
HUMH TE€MaMH, 110 CIPUYMHIOE CKIAHOLI y 3aCBOEHHI
HABYAJHHOTO MaTepiany i, MOXKINBO, aKafeMidHi OOpTH.

3apa3 Hazpiia HEOOXiTHICTH PO3pOOKH HOBOI OCBI-
THBOT MPOrpaMH Ta HaBYaJBHOIO IUJIaHY, Jie Mi MaeMo
BpaxyBaTH BHMOTH CTyJEHTIB Ta poOOTOMABIIB, a Ta-
KOX HOB1 TEHJEHII1 MOETHAHHS TEIeKOMYHIiKAIiiHIX
texHosoriit 3 IT Ta Texnomorismu Al, ML. Ha nHamy
IYMKY, I1e 3p0OUTH CTIeialIbHICTh Oi7IbII MPHUBAOIHUBOIO
JUIsl abiTypi€eHTIB, OUTBII IIKABOIO AJISI CTYAEHTIB, 1O-
3BOJINTH MaiOyTHIM (axiBIsSIM OTPUMYBaTH HEOOXiqHi
(haxoBi KOMIETEHTHOCTI 1 CTaTH KOHKYpPEHTO3JaTHUMHU
Ha PUHKY TeJIEKOMYHIKalii.

V wiif crarTi Mu 30cepenumMocs: (POpMyBaHHI OCBIT-
HBOI MporpaMu OaxanaBpa 3 €IEKTPOHHUX KOMYHiKaIlid.
Mpu nporoHyeMo 3poOWTH aKIEHT Ha MOEAHAHHI Mepe-
JKEBUX KOMYHIKaIiHHUX TEXHOJOTiAX y moenHanHi 3 IT,
Al, ML. VY 3B’53Ky 3 IIIM MH TIPOMIOHYEMO CKOPOTHUTH Ta
TeperpymyBaTH AesKi KypcH, MOB’s3aHi 3 TEOPETHIHIMH
aCTIeKTaMH TEJICKOMYHIKAIlil Ta eeKTPOHIKOFO.

193



Control, Navigation and Communication Systems. 2023. No. 3

ISSN 2073-7394

Hoga ocBiTHs mporpama,
HA HaIly AYMKY, Ma€ CKIajaa-
THUCS 3 KUJIBKOX OCBITHIX Tpae-

OI1 ennekmpoHHi KoMyHikauii i padiomexHika
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3) BuOipKOBOi CKIamo-
Boi ([IBB - mucrurmiin Bijib-

Puc. 1. Tpaektopii ocBiTHROI IpOrpamMmu

HOTO BUOODY CTYAEHTIB).

Jucnumutiag TpaekTopii 1 € TpagumiiHUMHY i 3ara-
JBPHUMH JJIS MiATOTOBKK OakanaBpiB. Lli mucnurutiHg
aroTh 0a30Bl 3HAHHA, HEOOXIAHI I BUBUEHHS CIIEIlia-
JBHAX IUCHHUIUIIH Ta (OpMyBaHHS 3arajlbHUX KOMIIE-
TEHTHOCTEH MalOyTHIX crerianictiB. BoHn. untatoTecs
MPOTSATOM BOCBMH CEMECTPIB HaBUaHHs OaKaliaBpiB.

Jucumruting TpaexTopii 2 € $paxoBUMH i CKOMIIO-
HOBaHI BIAMOBIMHO O CTAHAAPTY 3 TEJICKOMYHIKaIlii.
Jucumruting wi€l TpaekTopii opieHTOBaHI Ha 3abe3re-
YEeHHsI MIIrOTOBKH (haxiBIliB y rairy3i TeJIeKOMYyHiKalli,
3MaTHUX (DOPMYIIIOBATH, y3araJbHIOBaTH Ta PO3B’s3y-
BaTH MPaKTHYHI 3a/1a4i y CBOil mpodeciiiHiil ismbHOCTI
Ha 0asi BHCOKOTO piBHA MpoQeciifHOi MiATOTOBKH Ta
HAyYKOBOTO CBITOTJISITy 3 BUKOPHCTaHHIM (yHIaMeHTa-
JMBFHUX Ta CIeNiaTbHAX 3HaHb 1 CHCTEMHOTO MiAXOIy.

Hucuurmninu 1T, AI, ML, DM nocaigoBHO BXO-
JSITh 10 HAaBYAJIbHOTO IUIaHy MPOTITOM BOCBMH CeMec-
TpiB HaB4YaHHs OakanaBpiB. CuwiaOycH IUX JAUCHHILIIH
MaloTh MaTu NPHUB’S3KYy 10 crenu(ikud eJeKTPOHHUX
komyHikaiiii. OcoOnuBy yBary npu CKJaJaHHi cuiady-
CIB CITi/l 3BEPHYTH Ha NPHUKJIAJHUI aCIEKT Ta MPaKTHYHI
MPUKJIaAN 3aCTOCYBAHHS TEXHOJIOTIH 3a3HAYEHUX TeX-
HOJIOTIM Uil BUpIIICHHS 3aJa4 y TeJICeKOMYHIKaIlisX.
Kpim toro, ans OutbIn e()eKTUBHOTO HaBYaHHS CTYJICH-
TiB MH IUIAHYEMO 3QIyYaTH CHEHiaNiCTiB-TIPAaKTHKIB 3
TEJIeKOMYHIKAIlifHUX OpraHi3amii Ta cepTu(ikKoBaHUX
iHcTpyKTOpiB akaaeMii CISCO.

Huctumutiau Tpaekropii 3 € pubipkoBumu. Ctyne-
HTH MalOTh MPaBO Ha BHOIp HABYAIBHUX AWCIHIUIH y
MeXax, TepefdadyeHnx OCBITHBOIO MPOTPaMOI0 Ta HaB-
YampHUM IDTaHOM. BuOipkoBuii OJOK CKIamaeTses 3
MEPeNiKy AWUCIUIUIH 3 Taly3i eIeKTPOHHUX KOMYyHiKa-
i, Texnosoriii IT, AI, ML, DM Ta guciuIuiig, 1o
BXOJISATh JI0 3arajibHO YHIBEPCUTETCHKOTO KaTaJory.

VY paMkax iHAMBIiTyadi3alii HaBYaHHS CTYICHTH
MAaIoTh MPOXOJUTH O0OB'SI3KOBY Npo(eciiiHy NpaKkTHUKY
B Oprafizalisx HallMX Tajly3eBUX IapTHEPIB Ta
CTEHKXO0JIIepiB, BUKOHYBAaTH KypCOBI NPOEKTH Ta Oaka-
JIaBPCHKi podoTH.

BaMBUM NUTaHHAM Y SIKICHIH MIATOTOBIII CIICITi-
QITICTIB 3 €NEeKTPOHHUX KOMYHIKallili € BHKOPHCTaHHS
IMEpCUBHIX TEXHOJIOTIH Yy HABYAIBHOMY TIPOIIECi.

[Ipotsarom 6aratb0X pOKiB OCBITSIHA HaMararoTbCs
3aCTOCOBYBATH Pi3HOMAaHITHI TEXHOJIOT1, MO0 3aIyIUTH
CTYZAEHTIB, BUKIIMKATH 1HTEPEC 10 HaBYAHHS, MTOKPAIH-

TH PO3YMIHHS TE€M, L0 BHKJIAHAIOTHCS Y HAaBYAIBHHX
aucuuinTinax. OCTaHHIM 4YacoM 3pocTae yBara Jio 3a-
CTOCYBaHHS y HABYaHHI IMEPCHUBHUX TEXHOJIOT1H, TAKUX
K BipTyajbHa peanbHicTh (VR), 10MOBHEHa peabHICTh
(AR), 3mimana peansaicts (MR) [20, 21]. 1li TexHo0-
rii 103BOJISIIOTH BTUIMTH Y TPUBUMIPHOMY TIPOCTOpI inei
Marepiany, IO BHUKJIAJAEThCS, a 1€ Ja€ MOXKJIMBICTH
CTyJIEHTaM Kpale 3p03yMiTH Ta 3aCBOITH MaTepiall.

BukopucraHHs NOTEHLIaly MOXKIHBOCTEH TEXHO-
norii VR, AR, MR nomomoxe Bi3yami3yBaTH aOCTpak-
THI TEOPETWYHI KOHIENI{ HaBYAIbHUX AUCIUILTIH 3
ramysi imKeHepii TeJIeKOMYHIKAIiN i TOKPAIUTH SKICTh
TEOPETUYHOI0 HABYAHHS CTYICHTIB, OTPUMAaHHS HUMH
NPaKTUYHHX HABMYOK Ta KOMIICTCHTHOCTEH, mependa-
YEHUX CTaHJAPTOM Ta OCBITHBOIO IPOTPAMOI0.

[MuTaHHAM IMEPCHMBHOTO HABYaHHS NPHUCBSYEHO Oa-
rato myOJiKaliil 3 NMpPHUKJIaJaMy 3aCTOCYBaHHS y PI3HHX
cdepax ocBitu. IMepcuBHE HaBUAHHS - 1€ HABYAHHS 3
e(peKTOM 3aHypEeHHsI, MCTOIMKA HABYAHHS HA OCHOBI J0C-
Biny, sika BUKOpHCTOBYe peanbHicTh (VR, AR, MR) s
MOJICITIOBAaHHS CLICHAPIiB PEaNbHOIrO CBITY Ta HABYAHHS
CTYZICHTIB y O€3IIEYHOMY Ta 3aXOILTFOI0YOMY HaBYaJIbHO-
My CepeloBHII. BUKOPHCTaHHS MITYYHOTO CEpEelOBHILA,
MaKCUMaJIbHO HaONIDKEHOTO JIO CHPaBKHBOTO IKUTTS,
JO3BOJSIE HE TUTHKU YCYHYTH 3OBHIIIHI BiIBOJIKAOUi
(akTopy, ane W 1Mo30yTHCS OJHOMAHITHOCTI B IpOLECI
HaBYaHHs, 3a0€3MeUyI0YH CTUMYJIFOI0UY Bi3yali3allio.

3aB[SIKM TEXHOJIOTISIM IMEPCHBHOTO HaBYaHHS
CTY/IEHTH MOXYTh KOHTPOJIIOBATH CBOi pE3yJbTaTH,
MOB'SI3YI0YH X 3 pealbHUM JOCBiZIOM, YIIPABJIATH BipTy-
AIBHUM CBITOM, y SIKOMY BOHHU IepeOyBaioTh. TexHoo-
rii IMEpCHBHOIO HaBYaHHsS MIO3BOJISIIOTH BIITBOPUTH
BIpTyaJbHO OyIb-sike (i3MYHE CepelOBHILE, JIO0 SKOTO
He OyJI0 JOCTYIy B CTiHaX ayAnuTopii.

BucnoBku

CrpiMKHiT PO3BUTOK TENEKOMYHIKAI[IHHOI Tary3i BH-
Marae CyTT€BHX KOPHTYBaHb OCBITHIX HPOTpaM Ta HapdYa-
JBHUX IUTaHIB y cepi TeTekoMyHiKamiif. 30kpema, y ocBi-
THIX IpOrpamax HEOoOXiJHO HaJaTH OIBIINKA aKIEHT pe-
JIMETaM, IOB’s3aHUM 3 TH(QOPMAIIHHIMHI TEXHOJIOTiIMH,
Ta PO3pPOOKOIO IIPOTPaMHOTO 3a0€3IIeUEHHSI, TEXHOJIOTISIMU
AL, ML, DM, iMepcHBHUMHE TEXHOJIOTISIMHE 1 IO CKOPO-
TUTH TEMH, TIOB’SI3aHI 3 CIICKTPOHIKOIO Ta amapaTHUM
3a0e3nevyeHHsM. Takuil MiaXix IO3BOJHTH MiNrOTYBaTH
BHITYCKHUKIB 3 IOCTaTHIMH (PaXOBUMH KOMTICTEHIIISIMH Ta
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Cucremu ymipaBiiHHS, HaBirarii Ta 38'13Ky. 2023. Ne 3

npoeciiHIMKU HABUYKAMH IS BUPIMICHHS MDKIUCIIUII-
JIHApHUX 3aB/aHb y Tajly3l EJICKTPOHHUX KOMYHIKaIii
BIITIOBITHO JTO BUMOT HAIIIOTO Yacy.

Mu [pomoHyeMO BHKOPUCTOBYBATH TEXHOJOTIT
imepcuBHoro HaBuaHHs (VR, AR, MR) y HaBuaipHOMY
TIpoIieci, OCKLIBKH IIe JOMTOMOJKE Bi3yaizyBaTH abcTpa-

KTHI TCOPCTHYHI KOHICIINI HABYAIBHUX IUCLUILIIH 3
raiysi iHXeHepil TeJIeKOMyHIKalii i MOKpaIUTH SKICTh
TEOPCTUYHOTO HABYAHHS CTYJICHTIB, OTPUMAHHS HUMH
MPAaKTHYHUX HABUYOK Ta KOMIICTCHTHOCTEH, mependa-
YCHUX CTaHAAapPTOM CIEIIAIbHOCTI Ta OCBITHBOIO MPO-
rpamoro.
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IT and technologies of artificial intelligence
in the training of telecommunications engineers

L. Nikitina, N. Dzheniuk, L. Borysova

Abstract. The development of the telecommunications industry in recent years has been in the direction of increasing
the number of devices and subscribers connected to the network. In the formation of the telecommunications industry, we have
software-defined networks, virtualization of network functions, the Internet of Things and 5G. Today, it is impossible to imagine
the productive work of telecommunication networks and systems ensuring the proper quality of services without the use of artifi-
cial intelligence technologies and algorithms and the use of appropriate software. Educational programs and curricula for the
training of telecommunications engineers of Ukrainian universities should promptly take into account modern development
trends and innovations in the telecommunications industry. In our opinion, in order to train highly qualified and competitive
specialists in telecommunications, it is necessary to make certain changes in the curricula related to programming, data analysis
and machine learning technologies, the application of models, methods and algorithms of artificial intelligence in the telecom-
munications industry. The article proposes the inclusion of relevant disciplines in the curricula.

Keywords: telecommunications engineering, big data analytics, machine learning, artificial intelligence, wireless net-
working, immersive learning.

195


https://www.eiu.com/n/campaigns/telecoms-in-2023/?utm_source=google&utm_%20medium=ppc&utm_campaign=industries-in-2023&gclid=Cj0KCQjwsIejBhDOARIsANYqkD2Uq25RgUPD4Pevu-Lz3Cs38gtWPE7KqCATX2bVRRHyExHYmxSZ86EaAmBgEALw_wcB
https://www.eiu.com/n/campaigns/telecoms-in-2023/?utm_source=google&utm_%20medium=ppc&utm_campaign=industries-in-2023&gclid=Cj0KCQjwsIejBhDOARIsANYqkD2Uq25RgUPD4Pevu-Lz3Cs38gtWPE7KqCATX2bVRRHyExHYmxSZ86EaAmBgEALw_wcB
https://www.eiu.com/n/campaigns/telecoms-in-2023/?utm_source=google&utm_%20medium=ppc&utm_campaign=industries-in-2023&gclid=Cj0KCQjwsIejBhDOARIsANYqkD2Uq25RgUPD4Pevu-Lz3Cs38gtWPE7KqCATX2bVRRHyExHYmxSZ86EaAmBgEALw_wcB
https://tax.gov.ua/zakonodavstvo/podatkove-zakonodavstvo/zakoni-ukraini/arhiv-zakoniv-ukraini/zakoni-ukraini-za-2003-rik/30850.html
https://tax.gov.ua/zakonodavstvo/podatkove-zakonodavstvo/zakoni-ukraini/arhiv-zakoniv-ukraini/zakoni-ukraini-za-2003-rik/30850.html
https://tridenstechnology.com/telecom-industry-trends/
https://www.it.ua/knowledge-base/technology-innovation
https://economyandsociety.in.ua/journals/14_ukr/145.pdf
https://arxiv.org/pdf/1711.10089.pdf
https://datacell.lifecell.ua/?gclid=CjwKCAjw1MajBhAcEiwAag%20W9MbaaZCnnmgjortuaUT3AxQq__JJZXeoEm8P4mbr1poYxP_O5oQjBvBoCME8QAvD_BwE#benefits
https://datacell.lifecell.ua/?gclid=CjwKCAjw1MajBhAcEiwAag%20W9MbaaZCnnmgjortuaUT3AxQq__JJZXeoEm8P4mbr1poYxP_O5oQjBvBoCME8QAvD_BwE#benefits
https://techsee.me/blog/artificial-intelligence-in-telecommunications-industry/
https://www.forbes.com/sites/cindy%20gordon/
https://www.forbes.com/sites/cindy%20gordon/
https://insidetelecom.com/the-role-of-immersive-technologies-in-the-telecoms-industry/
https://www.researchgate.net/publication/%20352439204_Using_Immersive_Virtual_Reality_in_Field_Service_Telecom_Engineers_Training
https://www.researchgate.net/publication/%20352439204_Using_Immersive_Virtual_Reality_in_Field_Service_Telecom_Engineers_Training

Hashimov E.
Maharramov R.
Pashaev A.
Sabziev E.
Anpgpycenxko 0. O.
Banenko O. I.
Bimoycos M. 1O.
Bonsucekuii €. B.
Bbopucosa JI. B.
Boposnin M. K.
bopsk b. P.
Bypasuenko K. O.
Banypiu K. O.
Baxwuncekuii B. b.
Bepran K. 1O.

BixxecneBcrkuiit M. O.

Binrenko b. 1O.
TaBpunenxko C. IO.
lamaii B. M.
l'annommnua 1. M.
I'eiiko M. B.
I'onosko I'.
I'op6auos II. ®.
I'oprocrans O. A.
T'yaenxo M. L.
JsipHa O. A.
Hepkau T. M.
Jxentox H. B.
J3r00an O.
Hmutpenko A. O.
Hmutpenko T. A.
Hprouxo O. T
Hy6users O. 1.
Eckoxxanosa H. I'.
€scina H. O.

[Mixmucano 1o apyky 29.09.2023.

171
171
171
171
148
45
128
70
189
64
64, 120
155
111
75
86
134
155
54,79
64
25
54
106

79
111
86, 120
93
189
103
93
93
64
32
18
41

€poxin B. ©.
Kusuno €. O.
3akoBopotruii O. 1O.
Samyxuuit O. B.
3amonoscekuii M. .
3axapuenko P. B.
3o3ymsa JI. A.
IBanos IO. B.
Kaniseus B.
KamitoHn A.
Kapinos A. JI.
Karnman M. /1.
Kauanos II. O.
Kanmenko O. M.
Kosanenxo A. C.
Koanpuyk A. O.
Kosmyp K. T'.
Konecnikos O.
Koumiii O. C.
Komowmiiines O. B.
Kopocrensos A. C.
Kocrikosa M. B.
KpacHoOaeB B. A.
Kpuxoseupkuit I'. 4.
Ky3snenos O. JI.
Kyss B. C.
Kymsria A. 1.
JlakTionos O. I.
JleBTepoB A. 1.
Jlemuucekuii B. O.
JIro6uii €. B.
Maxkcumosa C.C.
Mapanos O. B.
Marok B. 1.
Me3ennes M. B.

AN®ABITHUA NOKAXYUK

176
95
152
176
45
64
167
86
103
103
181
10
41
128
155
181
18
106
5
181
111
123
144
58
181
95
115
120
123
138
5
128
37
10
45

Muposnenko B. K.

Muxaiiniuenxo O. B.

Hesmronos 1. 111.
Hesmonosa B. B.
HikiTina A. B.
Hikitina JI. O.
Hocxkos B. 1.
Oumnigip M. B.
Opnosa T. O.
Oueperenxo C. B.
ITaBnenxo I1. M.
Ilequenxo H. M.
ITenemok €. B.
ITepexpect A. JL.
IlnexoBa . A.
Cabenpaikona I1. C.
Cambopcrkuii €. 1.
Cambopchkwii I .1.
Camuenko /. M.
Ckoponenos B. B.
Cwmipuos O. A.
Cwmipuos C. A.
Craponyories M. T
Tanu6os P.
Tapacenko M. B.
Tuxenko O. M.
Tkauos B. M.
®ecenko T. T.
Hubyneauk H. H.
Yana O. C.

Yanuii C. ©.
[Medep O. B.
[u6anos C. B.
Suko A. C.

HayKOBe BHUJIAHHA

Binnosinanbua 3a Bunyck K. C. Hecmepenko
Texniunnii penaxrop T. B. Veaposa

Kopektop O. B. Mopososa

CUCTEMM YNPABJIHHA, HABIFALIT TA 3B’A3KY

30ipHHK HAYKOBHX Ipalb

Bumyck 3 (73)

Kowmr'torepna Bepctka H. I. Kyuyx, I FO. [lemposcvka

Dopmat 60x84/8.

Odopmnennst obknanuuku 1. B. Invina

YM.-npyk. apk. 24,5.

Tupax 120 npum.

CaimonrBo npo aepxasHy peectpamnito KB Ne 19512-93/2I1P Big 16.11.2012 p.

Anpeca penakuii: Yxpaina, 36011, m. ITonrasa, IlepmorpaBHesuii npocnekT, 24, tex. (050) 302-20-71

Hauionanshuii yniBepcuret «IlonraBcbka nmomitexHika imeni FOpist Konapariokay

BinpykoBaHo 3 TOTOBUX OpHTiHaJI-MakeTiB y IMQpoBiii apykapni Impress
61002, m. Xapkis, By ITymikinceka, 56, ten. + 38 (057) 714-52-11
e-mail: irina @impress.biz.ua

3am. 929-23

10
120
128
134
111
189
54
45
152
123
58
120
176
111
123
144
58
58
167
54
155
155
134
103
41
167
75
148
167
70
138
64
134
144



