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3ACTOCYBAHHS BATATOKOMIIOHEHTHOI MOJEJI JAHUX
JJI51 OITUCIB KJTACIB Y 3ATAYI KITACU®IKALII 30BPA’KEHD

Anortaunis. [IpemMeroM AOCHiIKEHb CTATTi € METOIH KiacuQikalii 300pakeHb 38 MHOKHHOIO JECKPUITOPIB KIFOUOBHUX
TOYOK y CHCTEMaX KOMI IOTEPHOTO 30py. MeTOI0 € MmiABHIICHHS e(eKTUBHOCTI KiIacudikamii IIIIXoM BIPOBaKEHHS 0a-
TraTOKOMIIOHEHTHOI MOJIENi JaHUX Ha MHOKHHI JECKPHUIITOPIB JUIs 0a3 eTaJoHHUX 00pa3iB. 3aCTOCOBYBaHI METONH: JeTe-
kTop Ta geckpunropu ORB, anmapat Teopii MHOXHH 1 BEKTOPHOTO IIPOCTOPY, METPHYHI MOJEINI BU3HAUCHHS PElIeBaHTHOCTI
JUIS MHOXXHH 0araTOBUMIPHUX BEKTOPIB, EIEMEHTH Teopil IMOBIpHOCTEH, IporpaMue MojemoBanas. OTpuMaHi pesybTa-
TH: po3pobieHo MoaudikoBaHuil MeTo Kiacubikallii 300paKeHb Ha OCHOBI BIPOBaPKCHHS 0araTOKOMIIOHEHTHOT MOJIeTi
IUTS aHai3y AaHUX 13 CHCTEMOIO LEHTPIB, BU3HAYCHO CIIOCOOM MoOYyJOBH MHOKMHH IEHTPIB JaHUX, HAHOLIBII e)eKTHB-
HUM € MeZI0i MHO>KHMHH 1 0a30BaHi Ha HROMY LEHTpH. Pe3ynpratuBHiCTS MOAH(DIKAIl CYTTEBO 3aJXKHUTH Big cocoly ¢o-
PMYyBaHHS IIEHTPIB, 3aCTOCOBAaHOI MojeNmi Kiacudikarii, a TakoXK BiJl caMuX JaHWX. Halfkpari pe3ynbTaTH MoKasana Kia-
cudikamis 3 IHTErpOBaHIM MOKa3HUKOM OKPEMO JUI KOJKHOTO 13 €TaJIOHIB Y BUTIIAAI CYMH 3Ha4€Hb PO3MOILTIB sl HA0Opy
LIEHTPIB; EKCIICPUMEHTAIILHO TepEeBipeHa pe3yabTaTHBHICTh Kiacuikallii, maTBepKeHa Mpane3aaTHICTh 3alpOIIOHOBAHO-
ro meroxay. IlpakTnuHa 3HaYyIIicTh poOOTH — MOOyIOBa MoJenel Kiacudikanii y TpancgopMOBaHOMY HPOCTOpI JaHUX,
MiATBEP/PKEHHS TPAIe3aTHOCTI 3alpONOHOBAaHUX MoIUdiKaliil Ha MpHKIanax 300pakeHb, CTBOPEHHS MPOTPaMHOTO 3a-
CTOCYHKY JJIsI BIPOBAJDKEHHS po3po0JICHNX METOMIB Kiacudikalii y cucreMax KOMI I0TEpHOTO 30DYy.

Kiaw4yoBi cioBa: KOMIT'IOTepHHUIt 3ip; CTPYKTypHI MeToau Kiacudikaiii 300paxens; aeckpunrop ORB; cucrema nen-

TpiB JaHUX; OaraTOKOMIIOHEHTHA MOAENb, ME0i]] MHOXXHHH; Pe3YJIbTATUBHICTh KIacH(iKamii.

Beryn

VY cTpykTypHUX MeTo/ax Kiacudikauii 300paxkeHb
NPUIHATTS PILIEHHS NP0 KJAac BI3yaJbHOTO 00 €KTY
3MIACHIOETRCS HA MIAIPYHTI amapary [IeCKpUITOPIB
kirouoBux To4oK (KT) [1-4]. [Tpu 1ibomy oruc Bi3yasib-
HOTO 00’€KTY SK MHOXHHA 0araTOBUMIpDHHX BEKTODIiB
JAHWUX 3iCTABISIETHCS 13 MHOKHHAMH BEKTOPIB, IO Bi-
noOpaxaroTs iH(popMarito nmpo 6a3y eranoHiB. Y Tpo-
neci kmacudikamii HEOOXiTHO 3MIMCHUTH OIIHIOBAHHSI
CTYTICHS PeJIeBAHTHOCTI JUII 00 €MHUX MHOXXHH Oarato-
BUMIPHUX BEKTOPIB IaHUX 00’ €KTY Ta ETAJIOHIB.

VY pobotax [1-2, 5] 3anponoHOBaHO Pe3yIbTaTUBHI
aHcaMOJIeBi MiaX0AW Ul OOYUCICHHS PEJIeBAHTHOCTI i3
BHKOPHCTAHHAM 3HAYECHBb PO3MOALTIB /U c(hOPMOBAHUX
KOMITOHEHTIB JaHUX 3a MHapaMeTpamMy CTaTHCTHYHHX
LEHTPIB JJIsl €TAJIOHHUX OIHMCIB, IO CTBOPIOIOTH 0azy
Jurs knacudikarii. BusHaueHi IEHTpH MarOTh CTATHCTH-
YHHUW 3MICT, TaK SK BiJJOOpPa)XalOTh BIACTHBOCTI KOHK-
perHoi migMHOKKHK naHux [1, 4]. EdexTuBHicTh aHca-
MOJIEBUX METOJIB CYTTE€BO 3aJIICKHUTHh BiJl CTPYKTYpH
omucy y 0araTOBUMIpHOMY TIPOCTOPi Ta OOYHCICHHX
3HAYeHb €TAJIOHHHUX IIEHTPIB, & TOMY € BHIIOK JIJIs
3rpyNoOBaHUX JAaHUX, 10 MAIOTh 3rYIIEHHS Y BEKTOPHO-
My TpocTopi. Ane 3arajoMm aHaji30BaHI JaHI MOXYTb
MaTH OyIb-SIKy CTPYKTYpPY, HE 000B’SI3KOBO 3TPYIOBAHY
y kmactepu [6-8]. 3ayBakmmo, 1110 pe3yIbTaTHBHICTH
Oynp-skoi Kkiacugikamii y 3Ha4HId Mipl 3aJIeKUTH Bij
CKJIaJly OIIHCIB CTAJIOHIB SIK MPEACTAaBHUKIB KJIACIB.

VY crarti [3] 3 METOI0 MOKpAIIEHHS alpOKCHUMa-
LIHUX BJIACTUBOCTEH JUISi CUCTEMH aHaNli3y JaHUX MpH

OOYHCIICHHI PEJICBAHTHOCTI 3alpOIOHOBAHO BIIPOBa-
JDKEHHS He3aJIe)KHOT MHOKHHU KIACTEPHUX LEHTPIB I
KOKHOTO 13 €TaJIOHIB, IO Ha IiJCTaBi BIPOBAIKCHHS
0araTOKOMITOHCHTHOI MOJETI CHpHUs€ iIBUIICHHIO
pe3yIBTaTUBHOCTI KJIACHU(IKaIii 3a paxyHOK OibII
JCTaJIbHOTO MOJAHHS CTPYKTYPHU JAHUX 1 Y3TOHKECHHS 3
eTajioHHO0 iH(opMartiero [6]. 3aramom mpeacTaBieHHs
MHOXHHH JCCKPHUITOPIB 300paKCHHS HE €IMHUM, a
KIJIbKOMa CerMEHTAMHU JJAHHX 13 BUKOPUCTAHHSM PO3IIO-
IUTIB HA MIAIPYHTI CHCTEMH IIEHTPIB JJIsI CCTMCHTIB
CIpHSIE MiJBUIICHHIO MMOKA3HUKIB PO3MOJIUILHOT 37aT-
HOCTI KJ1acudikaTopa.

TakuM 9YUHOM, CTBOPEHHS Kiacu]ikaTopa Ha IIiJI-
CTaBl €MHOTO IEHTPY i3-3a NMPAKTUYHO HEOOMEKEHOTO
PI3HOMAHITTSI BHJIB JaHUX HE 3aBXKJIU MOXe 3a0e3rnedn-
TH HEOOXiJHY pe3yJIbTaTHUBHICTh Kiacudikamii. Y Tako-
My BHIIAQIKY MOJKHA 3aCTOCYBaTH MOJEJb Kiacudikarii
3 JIeKiTbKOMa IeHTpaMu (0araTOKOMIIOHEHTHE IO/IaH-
Hs1), IO PEaTi3yIOTh MOTJINOJICHE MPEICTABIEHHS JaHUX
JUTA 37iICHEHHS e(h)eKTUBHOTO aHAJIi3y.

Meta po0OTH — MiABHIICHHS DPE3yIbTaTHBHOCTI
CTPYKTYpHUX METOMIB Kiacudikalii 300pakeHp IIis-
XOM BIIPOBQ/DKCHHSI 0araTOKOMITOHEHTHOI MOJeli Ja-
HUX Ha MHOXXHHI JECKPUNTOPIB Uil 0a3u eTallOHHUX
o0pa3iB. 3aBIaHHA MOCHIIKEHHS TOJATAIOTh Y MO0Y-
JIOBI Ta OOYHUCIICHHI TapameTpiB il KOMIOHCHTHUX
MoOJIeNiell CTPYKTYp HaHUX Ha MHOXHHI CTPYKTYPHHX
03HaK 0a3M €TAJIOHIB, BIPOBADKCHHS IMX MOJCICH Y
nporec  kinacudikaiii, BUBYEHHS pPe3yJIbTATHBHOCTI
po3pobsienux Moaudikariii KracudikaTopiB IMIITXOM
MIPOTPAMHOTO MOJICTIOBAHHSI.

© Topoxosatcekuii B. O., Crarmuk H. 1., XKanman O. B., 2022
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Cnocoou popmMyBaHHSI HEHTPIB
aHAJII30BAHUX JTAHUX

®DopManbHO OMHUC Bi3yallbHOTO 00’€KTY Y CTPYK-
TypHHUX MeToJaxX Kiacudikarlii 300pakeHb IpeIcTaBIs-
€TBCSl CKIHYEHHOI0 MHOXHHOIO YHCIIOBHX BEKTOPIB —
JECKpUNTOPiB KI04oBHX TodoK [4]. LlenTpn nanmx
IUIAXOM TOOYZO0BH 0araTOKOMIIOHCHTHOI MOJENi JIIst
TAKOT0 OIUCY € IHTEIPOBAHMMH XapaKTEePUCTUKAMU JJIsS
OKpEMHX MIJICTPYKTYp (TOKEHIB) y aHali30BaHiii MHO-
xuHl nanux. [Ipu mpomy y sikocti okyciB uisi Takol
MOJIeJIl ITaHUX MOXKYTh OyTH BHKOPHCTaHi, HaIpUKIaI,
meHTpu KiactepiB [3, 14], mpoIeHTHIBHI CHiBBiTHO-
IICHHS Yy KOPTEXXi BIICOPTOBAHMX JAaHUX 32 ITAPAMETPOM
Menoiny MHOXHHA [4-8], obumcieni ¢yHKI Ha mimc-
TaBi TOOITOBOIO CTATUCTHYHOTO aHANI3y MHOXHHHU
neckpuntopiB [12-14], npeactaBHUKK KOP3UH JaHUX 3
¢ikcoBanum 3HavdeHHsM Xeui-¢yHkiii [4, 16, 17], Buo-
paHi CIEMCHTHU OIKCY 3a 3HAYCHHSM KpUTEPito iHDOp-
MaTHBHOCTI [21], oHyaiiH BH3HA4YCHI IIEHTPH, IO BiO-
OpakaloTh HaWOIIBII Bi3yaJIbHO Ba)KJIMBI TOUKH 300pa-
JKEHHSI, Ta 1H.

CdopmoBaHi IEHTPU BU3HAYAIOTHCS 32 TAaHUMH 1 €
pe3yJapTaTOM YACTKOBOI ajamnTamii KiacudikaTopa o
nanux. Hame mocmipkenns nokasye [3], 1o Big Bubopy
[EHTPIB MaHUX Yy 3HAYHIA Mipi 3aJeKHUTh TPUKIaTHA
pe3yIBTaTUBHICTH MOOymoBaHOTO Kiacudikatopa. Ede-
KTHBHHM 3ac000M 111 (hOpMyBaHHS MapaMeTpiB LICHT-
piB MoXe OyTH OLIHIOBaHHS PO3MOIUTFHUX BIACTHBOC-
Teill 03HAK eTAJOHIB HA MIJICTaBi KpUTepiiB iHpopMaTH-
BHOCTI [6, 16, 21].

[HmM crioco6om Moxke OyTH GOopMyBaHHS OMOP-
HUX TOYOK JIJIsl MHO)KHHH BEKTOPIB, JIe T0OYaTKOBA TOYKA
BUOHMPAETHCS AOBIIBHO, a pelITa 1mo uep3i HopMyeThest
LIUISIXOM BHOOpY HaWOLIbII BiJZaJICHOI TOYKH Bi yXKe
obpanux [20, 24].

Po3nonisim 3a cuctemMo10 eHTPiB
y 0araToKOMIIOHEHTHil MojeJIi

dopmanbHO MaeMo aesiky 6a3sy E ommciB 300pa-
xeHb etanoniB posmipom N : E={E;,E,,....En}.

Koxen eranonnuil omuc Ej, i=1 N, npeacrasnse y
3amadi kimacudikamii okpeMHuii Kiac Ta Ma€ BHJ CKiH-
4yeHHOT MHOXHHH Jeckpunropis KT 300paxkeHHs:
Ei ={e,()}_1, me s — dixcoBana KimbKicTh necKpuI-
topie KT y omuci eranony E; [1, 4]. Hexat M -
(hikcoBaHE YHCIIO CTBOPEHUX IICHTPIB JAHUX Y KOXHOMY
eTanoni, a by — nentp 3 Homepom K eramomy Ej,

k=1,M. ITapamerp M TyT XapaKTepH3y€ YUCIO KOM-
MMOHEHTIB y MoJieNi naHuX. Toi 3aranbHe YUCIIO TO0Yy-
JIOBAaHMX IIEHTPIB y Takii MOJeNi JaHuX JOPiBHIOE
M *N , a koxxHuil i3 HeHTpIB BimHOCHTBCA 10 (BiKcoBa-
Horo erayony [3].

V BignosigHOCTI 70 TexHosorii [1, 2] Ha 6a3i Bu-

3HAYCHOI MHOXKHHH CTAJIOHHUX LEHTPIB {{bk,i}llzﬂzl}i'\il

y 06araTOKOMIOHEHTHIH MOJIeNi JaHUX BIIPOBAJUMO JUIS
JIOBUILHOTO JIECKPHUIITOpa Z € Z aHalli30BAHOTO OIHCY
Z mnpouenypy (opmyBaHHS HOro CTaTHCTHYHOTO PO3-
TIOJIUUTY 33 CUCTEMOIO LIEHTPIB

dl,l’dz,l""’dl\/l,l'
d1,2’d2,2""’dM,2’

dfz]= , M

dl,N vdZ,N ""'dM,N

Zyzlzi,\ildk,i =1. 2

3ayBaxkumo, mo 3Hadenns dy ; B (1), orpumani 3a

TexHouoriero [1, 2], BigoOpakaloTh BiTHOCHY CTYIIIHB
HaJIEXKHOCTI ejleMeHTa Z € Z 110 KOMIIOHEHTH MOJENI 3
HeHTpoM by ; Ha migcraBi OOYMCIEHHS IESKOi Mipu

noxionocTi @(Z,by j) BexTopiB z Ta by ;, a ymosa (2)

BIATBOPIOE ITI0 MIPy y CTaTUCTHYHY IUIOUIMHY SIK Bif-
HOIICHHS MipH MOMIOHOCTI 10 KOHKPETHOI KOMITOHEHTH
KJIacy Ta CyMH 3Ha4€Hb MOMIOHOCTEN 10 YCiX KOMIIOHE-
HTIB KJIaciB 3arajiom [2, 3, 10].

I3 ciocoOy oOurcienns Bupasis (1), (2) i3-3a BBe-
JICHOT CXEMH PO3MHUBAHHS 1H(POPMALIT CTaE 3p03yMIJINM,
o 4yucio M LEHTPIB Ui KOKHOTO 13 €TalIOHIB HE
MoOJKe OyTH 3aBEJIUKHM, i Ha MPaKTHII OOMEXeHe 3Ha-
yenusiMu 2...5 [3]. YV npoTHBHOMY BHNAJKYy MpH 3HAY-
Hifl KUTBKOCTI KOMITOHEHT Ta €TaJIOHIB HAa pPE3yNbTaT
00poOIICHHS CYyTTE€BO OyIyTh BIUTUBATH MOXHOKHA 00YH-
CJICHB, 10 TIPU3BE/E 10 HEBIEBHEHOCTI PIIICHHS.

Iomamo mami posmomimy (1) y BHUTIIm MaTpwHIl

d[z] = {{dk,i}llzﬂzl}i’\il , KOXKHHII CTOBIEIb SIKOi MICTHTBH

iH(pOpPMAILI0 TIPO CTATUCTUYHY HAJICKHICTh O3HAKH Z 1O
¢ixcoBanoro kiacy Ej 3 HoMepom i y ckiazai KOMIIOHEH-
™ i3 Homepom K. Crpykrypa marpuui d[z] wmicturs
HerepeciuHi OJIOKU-CTOBII i3 M KOMIIOHEHTIB, 110 Xa-
PaKTEepU3YIOTh CTYIiHb HAJIKHOCTI 10 (hIKCOBAHOTO eTa-
soHy. [l kinacudikaropa HaHOUIBII BaXKIIUBOKO € JIHIIE
iH(hOpMAaLList PO HAJISKHICTH JI0 €TaJIOHY, a 0AraTOKOMIIO-
HEHTHA MO/ICITb CIIPHSIE€ BU3HAYCHHIO IIHOTO (hakTopy.

3a pesynmpraroM moOymoBu posmopimiB (1) mis
ycix eneMeHTiB VZeZ omnucy Z MaeMO CyKYITHICTbH
JAHWUX Y BT S MaTpub Budy (1), Ky MOKIageMo B
OCHOBY 1O0OY10BH Kitacudikaropa.

Knacudikauisi 3a po3nogisiamu
KOMIIOHEHTIB JaHUX

1. HaiibinbIm 3po3ymina i mpocTa 3 MpUKIagHOI TO-
YKHM 30py cxema MoOyaoBH KiacudikaTopa IOJArae B
3IilcHeHHI iHTerpanii 6j po3MmoiiiB B MekaX KOXKHOTO

13 KJaciB 1 MOAAIBIIOMY BHSIBICHHI KJIacy I pO3Ii3HaBa-
HOro 00’€KTa 3 HAHOUTBIINM 3HAYEHHSIM KpuTepito 0!

0= >V di@. @3)

Le#t cioci6 GakTHIHO BiITBOPIOE CXeMy Kiacui-
Kaiii 3 enuHAM 1eHTpoM [1, 2], ane 3 momepeaHbOro
MoOYI0BOIO CYKYITHOCTI KOMITOHEHT Ta iX IIEHTPIB.

Bimpmr TamOOKWMI aHAMi3 peami3yeThcs CXeMaMu
OITPAIfOBAHHS 32 MHOXKMHOIO KOMIIOHEHTIB BCEpEIHHI
KJIaCiB SIK JIIsl OKPEMHX JIECKPHIITOPIB OIUCY, TaK 1 3a iX
MOBHOIO CYKYIHICTIO. BapianTamu 00po0iieHHs € iHTer-
pYBaHHS PO3NOAUIIB B MEXaX KOMIIOHEHT OKPEMHX
STAJIOHIB 3 NMPUUHATTAM KiIacU]iKalifHOTO pillleHHS 3a

6
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MaKCHMYMOM Cepejl KpUTEpiiB /Ul IHTErpOBaHUX KOM-
MIOHEHT, CYMOIO KPHTEpIiiB JUIi KOMIIOHEHT OKpPEMHX
KJaciB abo MUIIXOM JIOTIYHOI'O aHaji3y OTpPHUMaHMX
IHTErpOBAaHMUX KPHUTEPIIB.

[Honi BapiaHTH aHaii3y MHOXHMHHU PO3NOALTIIB MO-
JATAIOTh Yy peaizamii To-eJeMEHTHOI KiIachdikarii
OKpPeMO ISl KOJKHOTO 13 AECKPHUITOPiB 00’€KTa i3 moa-
JBLIAM y3arajJbHEHHSAM OTPHMMaHUX 3HA4YCHb KJACiB 3a
MoieITio OycTiHTy [6].

2. larerpyBaHHS 3HAUeHb PO3MOIUIIB B MeEKax
Ha0Opy KOMITOHEHT. 3a TaHUMH aHaTi30BaHOI CYKyITHO-

cri marpunp d[z] ={{dk,i}|'2/|:1}i'\il, VZ eZ orpuMaemMo

T'YpTOBI 3HAYECHHS KPUTEPIiB 171t 00’ €KTY 3 onucoMm Z :

Oki = 2,7 ki (@) 4
Bapiantn knmacu¢pikamifHUX — pilIeHh MOXYTh
NpUHMAaTH BUIIISA
r=arg max 0y,
i,k '
r=arg max » Oy, (%)
i

r=arg max L[{0y;}.k<E;],
1

ne L — meskxa (yHKIS HA MOAMHOXWHI 3HAYCHB, a 103~
Hauenns K eE; o3nauae ananis HabOpy KOMIOHEHT i3

kiacy E;j. Onnum i3 Bapiantis L e, Hanpukian, Bu-

3HAYCHHS KJIacy 3a KPUTEPIEM CYMH JUIS 3HAUCHB JIBOX
HAMOLIPIINX KOMITOHEHT KOKHOTO 3 KiaciB. [IpaBmia
knacudikamii (5) MOXyTh OyTH MIACHICHI ILISIXOM
BBEJICHHSI JIOJIATKOBOTO JIOTTYHOTO aHali3y OTPUMaHMX
EKCTPEMYMIB Ha TPEAMET 1X 3HAYYIIOCTI, 1100 3HU3UTH
piBeHb moMuiok 1-ro poxy [3-6].

3. ®opMyBaHHs 3HAUYEHHS KJIACy OKpEMO I KO-
YKHOTO JIGCKPUIITOPA 3 y3arajJbHEHHSM 4YKCiIa TOJIOCIB 3a
ormmcoM 00’ekty. Lleit cmocid oTpuMaB Ha3By «KJIaCH-
¢ikaris JecKpunTop 00’ €KTY — €TAJIOH» 1 Ma€ TmepeBary
B TOMY CEHCI, IO JIa€ MOKJIMBICTh BIJICIITH MOMHMIJIKOBI
JICCKPHUIITOPH, 1110 BHHUKAIOTb 13-32 BIUIMBY 3aBajl.

Bapiantn ximacudikamiifHoro pimeHHs CTOCOBHO
OKpPEMOTO JIeCKpunTopa VzZ € Z MaTHUMYTh B[

=arg max dy;,
k :

r =arg m]'_:\x zkeEj dy.j
=arg max L[{dy ;} keEj]
J

3a pesynpraTtoM (6) VZ e€Z BHUKOHYETHCS 1HKpE-
MeHTauis Xj =Zj +1 umucna ronociB X BU3HAYEHOrO

KJIacy, a pe3yibTyIOunii Ki1ac 00’ €KTy BU3HAYAETHCS 3a
MaKCHMYyMOM OTPHMAHOTO YHCIIa TOJIOCIB SIK

r=arg max . @)
i
3Bakaloud Ha TICHUH 3B'SI30K CTATUCTUYHUX Ta
METPHUYHHX TIIXOIIB y Kimacudikarii 300paxens [2-4,
10-12, 19, 24], po3rasiHyTi ciocoOn MOXKYTh Oa3yBaTH-
Cs 1 BUKJIFOYHO Ha OOYHMCIICHHI BiJCTaHEH MIX 3HAYCH-
HSM aHaIi30BaHUX JIaHMX (JIECKPHUIITOPIB 00’€KTYy) Ta

BHU3HAYCHUMU CTAJIOHHUMU IICHTPAaMHU, [0 B JCSIKiil Mipi
CHIpoIly€e OOYMCIICHHS, TaK SIK JJa€ MOXIIHMBICTH 00p0O0-
JICHHS y TIpocTOpi uinux uucen. s nporo moxeni (3)-
(7) moxknHa Moau(diKyBaTH 3 BHKOPHUCTAHHSM JIAIIC
BUMIpIOBaHb METPUKH y ITPOCTOP1 BEKTOPIB.

OmHuM i3 KpHUTEpiiB BHEBHEHOCTI Kiacuikamii
MOXHa BHOpaTH BiTHOCHE 3HAYCHHS ICPEBUILCHHS
MaKCUMyMy Opay1  OyHKUIIOHaLy Haj HaHONMKYUM

HOro MakCUMyMoM O yay 2 JUIS IHIIOTO Ki1acy

®)

A= [emaxl _emaxz]/emaxl :

B T

Puc. 1. EranonHi 300pakeHH: &, 0, B — €TAIOHH; T —
koopauHat ORB-neckpunropis (Fig. 1. Standards images:
a, 6, B— standards, r — coordinates of ORB descriptors)

MeTpuKOor ISl 3iCTABICHHS IECKPHUIITOPIB B3SATO
BiJICTaHb XEMIHTa, IKa OOYHCITIOE YUCIO PO30KHOCTEH
MDK IBOMa JBiKOBMMHM IOCIIZOBHOCTIMHU. MakcUMa-
JIBHO MOJKJIMBE 3HAYCHHS BiJCTaHi ckiamae 256. g
KOKHOTO i3 OmMUCiB 00YKCIeHO BekTOop Memoimy. HaBe-

(BYemo MPUKIAI MEIOI My Uit 1-T0 eTanoHy:

0111011110010100000010010010100110110011101110
1000101101100100111101100110001101001011011101
1000001100010001111111110010111100011001000111
0110110100011111001010011010001100111001011011
0000011111111000000010101011001011111100110000
11101111101111000101100001

Puc. 2. Bexrop menoiny mis 1-ro etanony
(Fig. 2. Medoid vector for the 1st standard)

ExcriepumenTanpHi BificTaHi XeMiHra MiX MeIoi-
namu etanoHiB cxtamm: 1-2 — 108 (42% Bin MakcUMaib-
Ho1 Bincrani 256); 1-3 — 119 (46%); 2-3 — 41 (16%).

Sx 6aummo, 3a KpUTEpieM BiACTaHI MiX Memoima-
MH OIHCIB €TaJIOHN 2 Ta 3 DOCHTH CXOXi, a eTaioH 1y
JOCTaTHIN Mipi BiAPI3HAETHCA Bif 1HIIHX.
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Jlyist mopiBHSAHHS OOYMCICHO TaKOX BiJICTaHb Xa-
ycaopda [4, 21] mixk omucamu etanoHiB. BoHa ckiana:
1-2 — 95 (37% Bin makcumymy 256); 1-3 — 101 (40%);
2-3 - 93 (36%). Buano, mo Bigcranp Xaycnopda (Tuiry
MHOXKHHAa — MHOXXHHA) Kpallle po3Aiise i KOHKPETHi
JIaHl, HDK BIJACTaHb MK X MeIoimaMu.

Jlari TecKpHunTopu KOKHOTO OIHCY 3 METOI0 (hop-
MyBaHHS Ha0Opy LEHTPIB COPTYBAIUCS 3a 3HAYCHHAM iX
CyMapHOI BifICTaHi 10 PeIITH JECKPHUIITOPIB omucy. Sk
OJWH i3 BapiaHTiB HAbOpy LEHTPIB BHOPAHO IECKPHII-
Topu 3 HoMepamu 1 (Mmemoim), 125, 250 i3 BimcopToBa-
HOT'O CITUCKY.

3a BupazoMm (3) moOymoBaHo kiacudikatop, Ha
BXIJI IKOTO MMOJIABAJIUCh €TANOHHI 300paxkeHHs. Cymap-
Hi 3Ha4yeHHs KpuTepito (3) /Ui BapiaHTy 3 OJZHUM Ta
TpbOMa IIEHTPaMH MoKa3aHo y Tadu. 1, 2.

3a pe3ysibTaToOM aHali3y WX KOHKPETHHX 300pa-
JKCHb 0aunMOo e(peKTHBHY KIAacH]ikallio y o0ox Bapia-
HTax (TpaAHIifHOMY Ta 3aIPOIIOHOBAHOMY) 3 TIPUOIH3-
HO OJHAKOBHM IIOKAa3HMKOM BIEBHEHOCTI A. Makcu-
MYM KpHTEpil0 BiINOBIJa€ «CBOEMY» HOMEpY Kiacy,
TOOTO 3HAXOMMTHLCSA Ha [JiaroHaii. Y TOHM K€ yac 3Ha-
YCHHS MMOKa3HUKA A BIIEBHCHOCTI pIllICHHS U 000X
CIIOCOOIB HEBEIIUKE.

Tabruys 1 —3uayenHs kputepiio (3)
3 O/IHUM LIEHTPOM (Me10in)

1 2 3 A, %
1 171.68 165.45 162.87 3,63
2 156.74 172.32 170.95 0,79
3 152.46 173.07 174.47 0,81
Tabnuys 2 — 3navyenHs kpurepiio (3)
3 TpboMa uentpamu (1, 125, 250)
1 2 3 A, %
1 169.95 166.55 163.50 2,0
2 157.35 172.3 170.35 1,13
3 154.55 172 173.45 0,84

3ayBakUMO TIpH IBOMY, IO Yac KJIacHpikarii 3a
TpbOMa LEHTPaMH 3pic puosm3HO Ha 12% y nopiBHSH-
Hi 3 equHAM TIeHTpoM (1280 mcek ta 1460 Mcek).

Hamr excrieppMeHT 1okaszaB CyTTEBHH BIUIUB CIIO-
co0y BHOOpY IIEHTPIB Ha PE3yIbTATHBHICTH OAaraToKOM-
MOHEHTHOT KJacudikalii, o BKazye Ha HEOOXIIHICTbH
MOTIEPEIHHOT0  MOIJIMOJIICHOTO BUBYEHHSI CTPYKTYPH
aHAJI30BaHMX JAAHUX 3a/7s1 3a0e3neueHHs e(peKTHBHOTO
BHU3HAYEHHS IIEHTPiB KOMIIOHEHTIB.

Besnocepenniii BuOip cepex pi3HOMaHITTS BapiaH-
TiB TPHOX IIEHTPIB 13 CIHUCKY JAECKPHUITOPIB B OLIBIIOCTI
BHIIQJIKIB TI0Ka3aB HECPCKTHBHICTh Kiacudikamii 3
KiJIbKOMa LEHTpaMH JUIsl HasiBHUX paHux. s dhopmy-
BaHHS JII€BUX IICHTPIB HEOOXIHO KEPYBATUCH BIAIIOBI-
JHAMH Kputepismu. HalOinbury eQeKTHBHICTH IpH
LILOMY IIPOAEMOHCTpYBaB BUOIp MeOixy B SIKOCTi OJ-
HOTO 13 IEHTPIB.

BuxopuctanHs pi3HOMaHITHHX BapiaHTIB KIacH-
¢ikamii 3 MonmensaMu BHAY (5) 1 pi3HUMH BapiaHTaMH
BHOOpPY IEHTPIB JUIA aHANI30BaHUX 300pa)KeHb MOKa3a-
JM X HIWKYY e()EeKTHBHICTh Yy TOPIBHSAHHI 3 MOJEIITIO
(3), e 3mifCHIOETBCS iHTETpaJbHE OIIHIOBAHHS 3a CY-
MOIO 3HaYeHb PO3MOJIIIIB IS KOXKHOTO i3 €TaJOHIB.

3a pe3ynpTaraMu HPOBEICHUX CKCICPUMCHTIB 3a
eeKTHBHICTIO Kiacuikaiii MOKHA BIA3HAYUTH MOJICII
(3) Ta (6), npudomy (6) HAUOUTBII MPALE3TATHOK BU-
SIBUJIACS y BapiaHTi

r, =arg mjax ZkeEj dij -

JI¢ TOJIOC JIECKPHIITOPA BH3HAYAETHCS 32 MAKCHMyMOM
CYMH 3HAUCHb PO3IMOALIIB JJIsl HA0OPY LIEHTPIB OKPEMO
KO)KHOTO 13 €TaJIOHIB. 3HAUCHHS YHCJIAa TOJOCIB MpH
po3ninenHi map kiaciB (1 Ta 3, 2 Ta 3) 3 €IUHUAM IICHT-
POM 3a LI€I0 MOJEIIIIO HaBeIeHO y Talu. 3, 4.

Tabruya 3 — Pe3yapTaT kiaacudikauii ans kiaacis 1, 3

Umcio ro0ciB IeCKPUITOPIB
1 3 A %
1 263 237 9.9
3 142 358 60.3

Tabnuys 4 — PesyapTat kiaacugikauii ais kiaacis 2, 3

Ywucio roJ1ociB AECKpUNTOPIB

2 3 A, %
2 266 234 12
3 228 272 16

3 mentpamu (1, 125, 250) mogens (6) Tex mparie-
3/aTHA MPUOJIU3HO 3 TAKUMHU K TIOKa3HUKaMu A . Y TOH
Ke Jac y CYKYIHOCTI yci Tpu 300pa’keHHS KOXXHA i3
mogeneit (3), (6) ans 000X BapiaHTIB BHOOpY LIEHTDIB
He kKinacu(ikye, Tak SIK HEBIEBHEHO PO3PI3HAIOTHCS
JIy’Ke CX0XKi Mik cO00F0 300paskeHHs 2, 3.

3ayBaxxumo, 10 Mojenb (6) 3 €IUHUM IIEHTPOM
YCIHIIIHO 3acTOCOBYBaJllaCh HaMu Uil  Kiacupikarii
300paXkeHs MeTenukiB [5], To6TO MOke OyTH epeKTHB-
HOYO JUTA 1HIIUX 300pa’keHb.

I3 Tabi. 3, 4 6aunmo, 110 HABITH JOCTATHBHO CXOXKI
etanonu 2, 3 3a pizHoBua0oM Mojeni (6) kiacudikyoTh-
Csl IIPABWJILHO 1 BIIEBHEHO.

3ayBaxMMO, II0 Y PSAAl €KCIEPHUMEHTIB 3aCTOCY-
BaHHS KJIaCU(iKaTOpa 3a MOJCIUTIO (6) IOKa3aJ0 3HAYHO
BUINUN MOKAa3HHUK BIEBHEHOCTI A >27 y MOPIBHIHHI 3
mojemtio (3), ne maemo nunie A >3. llei dakr cno-
cTepiraBcst Jisi Oyib-SIKOTO 3aCTOCOBAHOTO YHCIIA [ICHT-
piB (1, 2, 3). MoxHa 3po0HTH BHCHOBOK MpPO OiJbIITy
BIIEBHEHICTh y MPUUHATTI KiIacu(pikamiiHOTO pilIeHHS
Jutst MoJieti (6) y mopiBHsHHI 3 Mojeutio (3).

Bubip ueHTpiB B 3Ha4YHIN Mipi BIUTMBA€E HA PE3yJib-
tar kinacudikanii. Hampuknan, 300paxkenns 1 ta 3 ta-
KOX yCmHilHO Ta BreBHeHO (A =27 ,A =43) knacudi-
KyIoTbes 3a MogensiMu (3), (6) muist Takoro Habopy i3 3-X
IEHTPIB: MeOi/l, HAWBIIIAIEHIIINA JECKPUIITOP Bij
Mmenoiny, 250-i. Lli % Mo3UTHBHI pe3yabTaTH OTPUMAHO
1 Ui HaOopy 13 ABOX LIEHTPIB: MEOIA, HaMBiiaNeHI-
WA IECKPHUIITOP BiX Memoiny. Y Toi ke 4ac 3a MUMHU
K MOJICJISIMH 13 BUKOPUCTAHHSIM TaKol )K CHCTEMH ICHT-
piB Oyn3bKi 300paskeHHs 2 Ta 3 HE PO3ALIIOTHCS.

Bubip mnentpiB 3a kputepieM iHGOpMaTHBHOCTI
[21], mo BimoGpakae CTymiHb PO3PI3HEHHS MHOXHH
JNECKPUNTOPIB i3 pI3HMX KIaciB (ETaJoHiB), TOKa3aB
HAcTynHe. 3HadeHHA iH(GOPMAaTHBHOCTI Oe3mocepeaHbo
JUISL MEJIOi/IIB HassBHUX €TaJIOHIB CcKiayno ychoro 19, 4,
12 i € HEBeNWKHUM y TOPIBHIHHI 3 MaKCUMAaJIbHO MOXK-
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JIMBHM 256 SIK Pi3HMLI MiXK 3HAUCHHSMH JIBOX BiJICTaHEH
XemiHra. Y AesKuX NECKPHIITOPIB LISl BEJIMYNHA 3HAYHO
OiipLia.

Jns  aHami30BaHMX EKCIEPUMEHTAIBHUX JaHUX
OKpEMHX €TAJIOHIB MaKCHUMallbHe 3Ha4YeHHs iHdopmaru-
BHOCTI fopiBHIOE 50, 42, 51, mo miaATBEpIKYE X CYyTTeE-
By OmmsbkicTh [21]. 3acTocyBanus HaiGimbmn iHpopma-
THUBHOTO JECKPHITOPa y SKOCTI €JUHOTO LEHTPY He
JIaio TIepeBard y TMOPIBHAHHI i3 HEHTPOM - MEIOiIoM.
Bubip Tppox HaWOULIBII iHPOPMATUBHHUX IECKPUITOPIB
JUTSL KOJKHOTO i3 €TaJIOHIB TaKOX HE MOKPAIIUB Pe3yIIb-
TaTH Kiacugikamii y MopiBHSIHHI 3 BapiaHTOM LIEHTPIB
(1, 125, 250).

BucHoBxku

PosmmpenHs KiTbKOCTI IEHTPIB KIaciB MOKe OyTH
JI€EBUM MEXaHI3MOM JUIS OUTBII JETANFHOTO aHawi3y
npu kiacudikanii fannx. BBeaeHHs Mozeni 3 KiJbKoma
LEHTPaMH JJaHUX Y CTPYKTYPHHX METO/ax Kiacudikarii
300pa)keHb TMPHU3BOJUTH JO MOKpalleHHs Kiacupika-
LWIIfHUX BJIACTHBOCTEH y TOPIBHSIHHI 3 KiIacU]ikali€ero
3a €JIMHUM LICHTPOM TUIBKH y BHUINAJKy BIPOBA/HKCHHS
eekTUBHUX mpoueayp (GpopMyBaHHS LEHTpIB. Pe3yib-
TATHBHICTH KJIACH]IKaIii IPU EOMY CYTTEBO 3aJIC)KUTH
BiJl BHOOPY IICHTPIB, 3aCTOCOBAHOI MOJENi KiIacu]ika-
ii, a TakoXX BiI camMux MaHuWX. Haiikparmi pesyibpraTi
MOKa3aJd MOJENI 3 IHTerpOBAaHMM ITOKa3HHKOM IS

KO’KHOT'O 13 €TaJIOHIB y BHUIVISI CyMU 3HAUYEHb PO3IOJIi-
miB Juis HaOopy 1eHTpiB. BuOip Menoiny MHOXHHU B
SIKOCTI IICHTPY MI€BO BIUIMBA€E HA PE3yJbTAT KiIacudika-
uii. J1o1aTKOBI IEHTPU MOKHA BU3HAYHMTH HA IMiJCTaBi
KpHTEpio 1HYOPMATHUBHOCTI, 110 BPaxoOBY€ BIIIMIHHOCTI
MDK KJIacaMH Ui 3HA4YeHb IECKPUITOPIB €TaTOHHHUX
ormciB. [HmMIA crioci6 momnsrae y ¢opMyBaHHI OTIOPHUX
TOYOK /ISl MHOJKAHH TECKPUIITOPIB y OaraToBUMipHOMY
MIPOCTOPi JAHUX.

HayxoBy HOBW3HY MOCITiIKEHHS CKIJIQJa€e po3poo-
JICHHA MOJW(IKOBAaHOTO MeToAy Kiacudikarii 300pa-
JKCHb HA OCHOBI BIIPOBA/DKEHHS CTPYKTYp MAaHUX i3
0araTb0X KOMIIOHCHTIB Ta iX IIEHTpIB, IO 3abe3meuye
rorauOIeHNid aHai3 JaHuX i HeoOXiqHy e(eKTHBHICTb
knacuikarii.

[TpakTryHa 3HAYyIIICTh POOOTH MOJISIrae y mooy-
JoBi Mozeneil knacudikanii y TpaHchOpMOBaHOMY
MPOCTOPi JAaHWX, MiATBEPPKEHHI Ipame3JaTHOCTI 3a-
MIPONOHOBAHMX MOIU(IKaIiil Ha MpUKIaaax 300pakeHb,
CTBOPEHHI IIPOTrPAaMHHUX 3aCTOCYHKIB JUISl BIIPOBAJKCH-
HA PO3POOJICHUX METOMIB KIAacHU]iKamii y cucTemax
KOMIT'FOTEPHOT'0 30pY.

[lepcriekTHBH  JTOCHIJDKEHHS ~ MOXYThb  OYTH
OB’sI3aHi 13 OIpAIFOBaHHIM CIeLialli30BaHuX a0 yHi-
BEpCAIIBHUX Mpoueayp s (OopMyBaHHsS LEHTPIB Ja-
HUX, aJIallTOBAaHUX 0E3MOCEPEIHBO 10 CAMUX JNaHUX, 10
MOKPAIIUTh PE3yJIbTATUBHICTH Kiacudikarrii.
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IIpuMeHeHHEe MHOTOKOMIIOHEHTHOH MO/Je/IH JAHHBIX VISl ONIMCAHUS KJIACCOB B 3aJa4e KIacCH(PUKALUM H300paKeHHit
B. A. T'opoxoBarckuii, H. . Crarnuk, A. B. XKagan

AHHoTanus. [IpeqMeToM HCCIeOBaHUI CTAaThH SBISIOTCS METOABI KiIacCU(DUKALMN N300paKeHUH 10 MHOXKECTBY Jie-
CKPHIITOPOB KJIFOUEBBIX TOYEK B CHCTEMax KOMIIBIOTEPHOTO 3peHus. Lenbio sBisieTcst mosblinieHne 3GGhekTuBHOCTH Kiaccudu-
KallMy MyTeM BHEAPEHUs MHOTOKOMIIOHEHTHOW MOJIENM JAaHHBIX Ha MHOXKECTBE JECKPUITOPOB JUIsi 6a3bl STAJTOHHBIX 00pa3oB.
[Tpumensiemble MeTOBI: JeTekTop U Aeckpuntopsl ORB, anmapaT Teopur MHOXKECTB M BEKTOPHOTO ITPOCTPAHCTBA, METPUYECKHE
MOJICJIN OTIPE/ICNICHNUS] PEJICBAHTHOCTH ISl MHOXKECTB MHOTOMEPHBIX BEKTOPOB, 3JIEMEHTHI TEOPUHU BEPOSITHOCTEH, MPOrpaMMHOE
MojeupoBanue. [lomydyeHHbIe pe3yabTaThl: pa3padoTaH MOIU(UIIMPOBAHHEIA MEeTO]] KacCU(pUKAIIMU U300paKeHUH Ha OCHOBE
BHE/IPEHUS] MHOTOKOMIIOHEHTHON MOJIEHN IS aHajIu3a JaHHBIX C CHCTEMOH LIEHTPOB, ONPE/ENeHbl CIOCOOBI IIOCTPOCHHST MHO-
JKECTBa IICHTPOB NaHHBIX, Hanbosnee 3(hGEKTHBEH MEIOMA MHOXECTBa M Ga3MpOBaHHBIC Ha HEM LEHTpPHL Pe3ylbTaTHBHOCTD
MOIU(HUKALUK CYIIECTBEHHO 3aBUCHUT OT CII0C00a ()OPMHPOBAHHS [ICHTPOB, UCIIOJIE3YyEMO MOJETH KIAaCCU(PHKALINH, a TAKKE OT
caMHX JaHHbIX. Hamtydiine pe3ysbTaThl ToKa3aia KiIacCU(UKAIMsA ¢ MHTETPUPOBAHHBIM MOKa3aTeNeM Ui KaXJO0ro M3 JTallo-
HOB B BHJIE CyMMBI 3HAYCHHUH pacrpeereHuid JUisi Habopa [EHTPOB; SKCIIEPHMEHTAIBHO IIPOBEPEHa Pe3yJIbTaTHBHOCTD KIIACCH-
¢bukanuy, noaTBepkaIeHa paboTOCIIOCOOHOCTH MpeyIaraeMoro Meroa. [IpakTudyeckas 3HaUMMOCTb PabOTHI - HOCTPOSHUE MOJIE-
nel knaccuUKauu B TPaHC(HOPMHPOBAHHOM INPOCTPAHCTBE JAHHBIX, MOATBEPKAEHHE PabOTOCHOCOOHOCTH MpeIaraeMbIX
MoauUKaMi Ha HIpUMepax W300paKeHHi, CO3AaHHe MPOrPaMMHOTO NMPWJIOKEHHs Ul BHEIPEHUs pa3paOOTaHHBIX METOIOB
Ki1acCH(HUKALMK B CHCTEMaX KOMIBIOTEPHOTO 3pEHHS.

KnouyeBble c10Ba: KOMIBIOTEpPHOE 3pEHHUE; CTPYKTYPHBIE METOIBI Kiaccudukanuy n3obpaxennit; neckpunrop ORB;
cHCTeMa LIEHTPOB JIaHHBIX; MHOTOKOMITOHEHTHAs! MOJIeJb, ME/IOWI MHOXKECTBEHHOT'O YHCIIA; Pe3yIbTATHBHOCTh KJIACCH(DUKALIUH.

Application of multi-component data model for class descriptions in the image classification problem
Volodymyr Gorokhovatskyi, Natalia Stiahlyk, Oleksii Zhadan

Abstract. The subject of research of the article is the methods of image classification according to the set of descriptors
of key points in computer vision systems. The aim is to increase the efficiency of classification by introducing a multicomponent
data model on a set of descriptors for the base of reference images. Applied methods: ORB detector and descriptors, apparatus of
set theory and vector space, metric models for determining the relevance of sets of multidimensional vectors, elements of proba-
bility theory, software modeling. Results are obtained: a modified method of image classification based on the introduction of a
multicomponent model for data analysis with a system of centers is developed, methods of constructing a set of data centers are
identified, the most effective is the set medoid and centers based on it. The effectiveness of the modification significantly de-
pends on the method of forming the centers, the applied classification model, as well as on the data itself. The best results were
shown by the classification with the integrated indicator separately for each of the standards in the form of the sum of the values
of the distributions for the set of centers; experimentally tested the effectiveness of the classification, confirmed the efficiency of
the proposed method. The practical significance of the work is the construction of classification models in the transformed data
space, confirmation of the efficiency of the proposed modifications on the examples of images, the creation of software for the
implementation of developed classification methods in computer vision systems.

Keywords: computer vision; structural methods of image classification; ORB descriptor; data center system; multicom-
ponent model, medoid set; effectiveness of classification.
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METHOD OF COMPUTER SYSTEM STATE IDENTIFICATION
BASED ON BOOSTING ENSEMBLE WITH SPECIAL PREPROCESSING PROCEDURE

Abstract. The subject of the research is methods of identifying the state of the Computer System. The object of research
is the process of identifying the state of a computer system for information protection. The aim of the research is to develop
the method for identifying the state of a computer system for information protection. This article is devoted to the
development of method (boosting ensemble) to increase the accuracy of detecting anomalies in computer systems. Methods
used: artificial intelligence methods, machine learning, decision tree methods, ensemble methods. The results were
obtained: a method of computer system identification based on boosting ensemble with special preprocessing procedure is
developed. The effectiveness of using machine learning technology to identify the state of a computer system has been
studied. Experimental researches have confirmed the effectiveness of the proposed method, which makes it possible to
recommend it for practical use in order to improve the accuracy of identifying the state of the computer system.
Conclusions. According to the results of the research, ensemble classifier of computer system state identification based on
boosting was proposed. It was found that the use of the proposed classifier makes it possible to reduce the variance to 10%.
In addition, due to the optimization of the initial data, the efficiency of identifying the state of the computer was increased.
Prospects for further research may be to develop an ensemble of fuzzy decision trees based on the proposed method,

optimizing their software implementation.

Keywords: computer system state identification; data processing; decision tree boosting ensembles.

Introduction

In the modern world, the task of information
security is one of the highest priority goals. It's all to
blame for the losses that any technology area can incur.
These losses can affect even the most distant areas from
information technology. This task is becoming more
difficult every year and is demanding on the accuracy and
speed of performance of methods for detecting threats
and their prevention. [1]

One of the subtasks of our scientific direction is the
identification of the state of a computer system. A
computer system can be defined by a large number of
features: the workload of various components, the
amount of processed memory per second, etc. If we add
to this a huge number of processes that are performed in
processor races, we get a gigantic set of data, factors and
conflicting information that needs to be processed. In
order to find our potential features, it is necessary to
analyze our data and make optimization according to
criteria, perform preliminary data processing. This
approach will improve our training set to achieve low
errors on machine learning methods.

The aim of the research is to develop method for
identifying the state of a computer system using an
algorithm for pre-processing the original data.

Analysis of related works. In [2], a comparative
analysis was carried out on various applied problems
using ensemble methods: Gradient Boosting, Extreme
Gradient Boosting, etc. The results of this considered
work were good enough for boosting algorithms. The
work [3] presents a method aimed at solving applied
problems in the field of medicine and diagnostics.
However, while this model works perfectly in tasks
related to signals and images, for non-uniform data (such
as in the task of intrusion detection) it showed a high
variance error. There are also interesting solutions to the
problems of classifying web pages using boosting
algorithms [4]. Unfortunately, the presented models work

poorly on data with weak correlations, while only a small
amount of characteristics of a computer system have
strong correlations. Therefore, this is a rather high
disadvantage for tasks that are considered by the field of
information protection. The article [5] proposes a
boosting method, specifies the optimization problem for
a special procedure for updating the weights of the
classifiers in boosting. The method is highly accurate, but
consumes a lot of resources for recognition. Given that
the problem of identifying the state of the system requires
frequent analysis and monitoring in almost real time, the
method does not fit the class of problems under
consideration due to performance. A very specific one
was proposed in [6] based on regression boosting
algorithms. This method does an excellent job with tasks
that work online (in real time). But it also has limitations
(in order to protect against overfitting), which makes it is
impossible to obtain high accuracy on the test sample.

As a result of the analysis of relative work, one can
draw attention to the fact that each method focuses on a
specific task and criteria to the detriment of other criteria.
The class of boosting algorithms is able to solve the
problem of classifying the state of a computer system in
order to detect threats, but it needs modification.

Formulation of the problem. Build a model which
is capable of making multiple classification of the state
of a computer system. Basic requirements for such a
model:

e The bias error must be 0%.

e The variance error must not exceed 10%.

e For cases of binary classification, the system
output "-1" means the normal state of the computer
system and "1" - an abnormal state. For multiple
classifications, anything other than zero means a specific
class of threat, anomaly, intrusion, malware family, etc.

e The speed of classifying the state of the
constructed model should not exceed 1 second.
Otherwise, the constructed model will not be able to
process data in real time.
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e The training time is not strictly limited.
However, it should consider the possibility of adding new
data during the week. (behavioral models of zero-day
vulnerabilities).

o Ability to update weights and new factors.

e The developed system should not affect more
than 10% of the operating system resources. (RAM
usage, CPU time, etc.).

e A special data preprocessing procedure is
required to remove anomalies and noise in the training
set.

The input data that are described in the training and
test samples are presented in Table 1.

The input data were examined using statistical
characteristics such as variance, mathematical
expectation, standard deviation. A comparison was also
made between the characteristics for the test sample and
the training sample to balance the data. One of the main
characteristics for machine learning, the correlation
coefficients is presented in Table 2.

As aresult, the input data in a large number of cases
turned out to have a very low correlation (0.0, 0.1). The
training set also contains highly correlated data obtained
as a result of the simplest operations on some criteria. For
example, the calculation of the total CPU workload is the
usual sum of four other criteria.

Table 1 — Lists of input data that are used to describe a computer system

The code Name of Input data Description
A CO0 Percent Disk Read Time System volume (Read only)
B CO0 Percent Disk Write Time System volume (Write only)
C CO Percent Idle Time System volume Idle time
D CQO Percent Disk Time System volume total time (100% - C or A + B)
E D1 Percent Disk Read Time Other volumes (Average, Read)
F D1 Percent Disk Write Time Other volumes (Average, Write)
G D1 Percent Idle Time Other volumes (Average, Idle)
H D1 Percent Disk Time Other volumes ("E + F")
[ Total Percent Disk Read Time All volumes (Cumulative, Read)
J Total Percent Disk Write Time All volumes (Cumulative, Write)
K Total Percent Idle Time All volumes (Cumulative, Idle)
L Total Percent Disk Time All volumes (Cumulative, R+W)
M CPUQ Percent Processor Time First CPU core workload
N CPUL1 Percent Processor Time Second CPU core workload
0 CPU2 Percent Processor Time Third CPU core workload
P CPU3 Percent Processor Time Fourth CPU core workload
Q CPU Total Percent Processor Time Overall CPU workload
R Ethernet Bytes Sent Total number of bytes sent
S Ethernet Bytes Received Total number of bytes received
T Free RAM Memory Unused RAM
U Calculated Percentage Usage Difference between RAM size and T

Table 2 — Correlation coefficients of input data

A |B |c |[D |E |F |G |H |I J K |L |[M [N |O |P
A - | 0.00 [-0.66 | 0.98 | 0.00 | 0.00 [ 0.01 | 0.00 | 0.44 | 0.00 | -0.55 | -0.43 | -0.04 | -0.04 | -0.04 | -0.04
B [000| - [-0.69] 020 | 0.00|0.02[-0.03] 0.00 | 0.00 [ 0.92 |-0.58 | 0.09 | -0.04 | -0.03 | -0.04 | -0.04
C [-066[-069] - |[-079]-0.01[-0.05] 0.11 |-0.01|-0.30 | -0.65 | 0.88 | -0.36 | 0.08 | 0.08 | 0.08 | 0.08
D [098]020[-079] - | 0.00]0.00]0.00 | 000043019 [-0.65] 0.44 | -0.04 | -0.04 | -0.05 | -0.05
E_[0.00|000[-0.00]000| - [010][-0.27 | 1.00 | 0.90 | 0.04 | -0.14 | 0.90 [ 0.00 | -0.01 | 0.00 | -0.01
F 000 002[-0.05]000]010] - [-068]0.14 | 0.08 | 0.42 [-0.37 | 0.13 [ 0.04 | 0.03 | 0.04 | 0.03
G | 001 [-0.03] 011 | 0.00 |-0.27[-0.68| - [-0.30|-0.24 |-0.30 | 0.57 | -0.27 | -0.03 | -0.02 | -0.03 | -0.04
H [ 0.00 | 0.00 [-0.01]0.00 | 1.00 | 0.14 [-030| - [ 0.90 | 0.05 | -0.16 | 0.90 [ 0.00 | -0.01 | 0.00 | -0.01
| [ 044000 [-030] 043|090 | 008 [-0.24] 0.90 | - [0.03]-0.37 | 0.99 |-0.02 | -0.03 | -0.02 | -0.02
J_ | 0.00[092]-065]0.19 004042 |-0.30]0.05] 003 | - |-0.68] 0.13 |-0.02 | -0.02 | -0.02 | -0.02
K [ -055]-058] 0.88 | -0.65 | -0.14 | -0.37 | 0.57 | -0.16 | -0.37 | -0.68 | - |-0.43] 0.05 | 0.05 | 0.05 | 0.05
L [-0.43] 0.09 [-0.36] 0.44 | 0.90 | 0.13 [-0.27 | 0.90 | 0.99 [ 0.13 [ -043| - [-0.02|-0.03|-0.02 | -0.03
M [ -0.04 | -0.04 | 0.08 | -0.04 | 0.00 | 0.04 [ -0.03 | 0.00 [ -0.02|-0.02| 0.05 [-0.02| - | 0.97 | 0.97 | 0.97
N _[-0.04 | -0.03 ] 0.08 | -0.04 | -0.01 | 0.03 | -0.02 | -0.01 | -0.03 | -0.02 | 0.05 [ -0.03] 0.97 | - | 0.97 | 0.97
O [ -0.04[-0.04]0.08 | -0.05| 0.00 | 0.04 | -0.03 | 0.00 [-0.02 | -0.02 | 0.05 | -0.02] 0.97 | 0.97 | - [ 0.97
P [-0.04]-0.04] 0.08 |-0.05]-0.01] 0.03 | -0.04 | -0.01 | -0.02] -0.02 | 0.05 | -0.03] 0.97 | 0.97 | 0.97 | -
1. Preprocessing, decision trees and boosting 1. Processing conflicting information.
ensemble for identifying the state 2. Handling missing values. _
3. Handling anomalous values (strong outliers).

of the computer system

A special data preprocessing procedure can be
represented in the form of 4 parts:

4. Noise handling (weak outliers).
Conflicting information means two or more
samples that are completely coinciding in all criteria and
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at the same time have different output classes. No such
samples were found in the training set used in this study.
However, it is necessary to take into account the fact that
the data is obtained in real time and the likelihood of
collisions is quite possible.

The way to deal with such data is quite simple - to
estimate the probabilities. If conflicting information
tends in most cases (80% or more) to one of the classes,
delete the data that does not include this sample in this
class. If the data does not have such a single class or, in
the worst case, is distributed across classes, such data
must be deleted.

In the process of monitoring the indicators of a
computer system, a failure may occur, due to which some
criteria in the sample are lost. An example would be hard
disk load values. At the time of the request for
information, the system did not have access to it, which
is why an empty string or NaN was returned. In the case
of training, such data is initially not allowed in the
training set. In any case, the system must correctly
process the input data in the classification mode. It is
necessary to store and calculate the average value of each
criterion, and in case of its absence, supply the average
value to the model instead of an empty datum. This
approach will help to avoid a strong distortion of
statistical characteristics (the mathematical expectation
will remain the same).

Strong and weak outliers can be found and removed
from the training set using machine learning methods
such as One-class support vector machines, DBSCAN,
etc. The proposed system uses several methods at once to
detect anomalies. In addition to those already listed, a
standard deviation (coefficient is 3.0) is used to detect
strong outliers or anomalies. The standard deviation is
calculated for each criterion and only if many criteria are
outside the specified range - the sample is considered
abnormal and removed. As a result of such cleaning,
about 15-25% of the data will be eliminated.

In addition to preprocessing the samples, the
proposed solution analyzes the criteria themselves for
optimization. The criteria are not considered in case a
large number of high absolute values of the correlation
coefficients (0.8 or higher). Criteria for which the
variance value is close to zero will also be excluded, as
such criteria are insignificant. The data is also being
scaled to the normalized range (0,1). If such
normalization results in a low variance, the data are
scaled in the range from 0 to 10n, where n starts at 1 and
is increased until the variance has an acceptable value or
the criteria is detected as insignificant and deleted.

Any ensemble has an ordinary element. To solve the
problem of identifying the state of a computer system,
decision trees are used as an ordinary element. Decision
tree is a special case of binary trees and has nodes of two
types: leaf or result node and internal or decision-making
node. The leaf node is a kind of an exit point from the
tree, the result of the model's work, its response. The
decision-making node tests one of the sample criteria for
equality or exceeding a threshold. When the test
succeeds, such a node directs the sample to the next layer
(right branch), which can be either the next decisive
element or the resulting one. Otherwise the sample is

directed to the left branch, which can also be a node of
any type. An example of a tree that stands for an
ensemble is shown in Fig. 1. It should also be noted that,
in contrast to standard decision trees, the proposed
method has a weighted accuracy estimate (1). This allows
such a tree to be used as a boosting element.

N
E=> wly; =41, 1)

i=1
where w; — weight of i-th training sample; y; — actual
classification result for i-th training sample; t; —required

classification result for i-th training sample; N — number
of samples; [y; = t;] — indicator function (2).

Lyi #4;

[Yiiti]={0 yi =t )

is greater than Xa?

is greater than Xb?

Fig. 1. Example of decision tree

The algorithm for constructing a decision tree can
be described by the following actions:

1. Pick a criterion.

2. Find the minimum and maximum values in the
training sample. (left and right border)

3. Find the average value between the maximum
and minimum values and assign it to the threshold point
of the criterion.

4. If the error on both branches is not high, go to
step 6.

5. Determine in which branch the error is greater.
Find the average between the threshold and the border of
the side of the branch and assign it to the threshold.
Assign the old value of the threshold to the opposite
border. Go to step 4.

6. Repeat steps 1-5 for all criteria.

7. Choose the best criterion (with the minimum
value of the error function).

8. Recursively repeat steps 1-7 for the branch with
larger error (unless the error on both branches is zero).
Do the same for the other branch, unless its error is zero.

9. If the current element is the root element and the
error function is zero, the deci-sion tree is built.

The procedure for building a decision tree is rather
complicated, because it pro-vides for work with
heterogeneous data. In addition, such trees can be
controlled using a fitness function and parameters such
as maximum tree depth, programmable stop condition,
etc.

The structure of the proposed boosting algorithm is
shown in Fig. 2. The main idea behind boosting is the
principle of building such an ensemble. The construction
of classifiers occurs sequentially. Initially, equal
weighting factors are assigned to all samples. Then, for
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samples that the tree has not learned to recognize
correctly or has spent too many decisive elements, the
weighting factors increase, while for other samples, they
decrease.

Lo

Decision-making

function
Yi(x
//2()(!//”\/3( X7]‘ '\%
Y1 Y2 Y3 Ym

T |l P T | T

Fig. 2. The structure of the constructed model
of the boosting ensemble

Each tree in boosting has its own weight coefficient,
which depends on the error rate (3):

N
er = ZWi , (3)
o

where e, — error rate of r-th classifier; E — weighted

accuracy estimate.

Expression for classifier weight (4) is used for the
final decision-making based on the decisions of all
elements of the ensemble.

Sr :In((l_er)/er)7 4)

where ¢, —weight of r-th classifier.
To build the next tree, the weights of the training
sample are adjusted (5):
er+l - er egl’[yl ¢tl] , (5)

1

where Wi” — weight of i-th training sample for next

decision tree; w{ — weight of i-th training sample for

current decision tree.
Ensemble decision making for the case of binary (6)
and multiple (7) classification is presented below.

M
D= Sign(z srYr (X)), (6)
r=1

where D — decision of boosting ensemble (complex
result of ensemble); M —number of learners in boosting;
Yy (X) —result of r-th decision tree (classifier);

X — vector of input values.
M
Dy = ¢, [ v (9=k]; D=k, D = mfx(Dk), @
r=1

where  Dy,— weighted decision for k-th class;

[y, (x) =k] - indicator function that checks the equality

of the solution of the r-th classifier and a specific class k;
k — class number.

As can be seen from expression (6), in the case of a
binary classification for the normal and anomalous state
of a computer system, one can make a label for classes -
1 and 1, respectively, and using the sign function to
obtain the final answer. If this is a multiple classification
(7) — for each class, the sum of the weight coefficients of
the classifiers, which recognize the input data as this
class, is considered. The resulting decision in this case is
determined by the plurality principle (the class with the
highest sum of weights is the result) [7].

2. Analysis of results and comparison
with standard models

A software prototype of the proposed model was
developed. Fig. 3 shows a part of the tree, which is an
element of the boosting ensemble. In order to check the
effectiveness of the approach, it is necessary to compare not
only the proposed method with the classical ones. But also
make a comparison with data preprocessing (optimization
of criteria and removal of inconsistent data, filling in the
gaps in information, etc.) and without. The main
characteristics of the methods are bias error value, variance
error value, prediction speed and time spent on training.

As part of the comparison, we use not simple
standard models of machine learning, but optimal ones
(with the best parameters to maximize results). Such
methods are: Optimized Decision Tree, Linear
Discriminant,  Quadratic ~ Discriminant,  Logistic
Regression, Optimized SVM, Optimized Gaussian SVM,
Optimized K-Nearest Neighbors, Weighted KNN,
Random Forest, Ensemble of Sub-space KNN and
Optimized AdaBoost.

Fig. 4 shows a comparative histogram for bias error.
As you can see from the histogram, the special
preprocessing procedure made a positive effect on the bias
error not only for the proposed method, but also for most of
the others, due to the removal of anomalies in the data. The
quadratic discriminant method diverges on both normal and
optimized data. And also the methods of linear discriminant
and optimal AdaBoost were able to converge on sets with
preprocessing. The proposed method (the rightmost bars in
Fig. 4) received the minimum error on the training sample
without preprocessing (only 1 sample was not recognized
correctly) and after preprocessing it showed an error of 0%,
which meets the requirements (the sample was removed,
and of all the data it was the most anomalous sample).

Fig. 5 shows a comparison of the methods for
variance error. The variance error is the absolute value of
the difference between the bias error and the error on the
test dataset (which were not used in training). The worst
result was shown by an ensemble of KNN subspaces
(over 50%). The rest of the methods have clearly
improved the situation with preprocessing. Only
optimized KNN, weighted KNN, logistic regression and
random forest got errors less than 10%. However, some
of them had a non-zero bias error - which is also critical
for the system of identifying the state of a computer
system. The proposed method showed low errors after
preprocessing (0.17%).
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Fig. 3. Part of the built decision tree for the boosting ensemble (binary classification)

1 - bias error, %

" without preprocessing

B with preprocessing
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B without preprocessing

H with preprocessing

037 027
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Fig. 5. Variance error comparison

Comparing the performance (Figure 6), it can be
seen that this method is inferior to the standard methods
in prediction rate. However, the requirement for
performance (prediction rate is more than 1 sample per
second) and resource costs are met. This prediction speed
is sufficient to carry out identification of the state of a

computer system in real time. You should pay attention
to two main points. First, the data presented in Fig. 6 are
estimates, and are not accurate. Secondly, the proposed
method has a limitation on the use of processor time,
when other methods could use the processor at maximum
load.
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Fig. 6. Estimated prediction rate comparison

The last comparison was made for an insignificant
characteristic - the training time (Figure 7). It should be
noted that in this work there is no comparative analysis
of the time for additional training. (in these situations, the
training time is much shorter).

100

Unlike the prediction speed, the training time is an
exact value. By using the preprocessing procedure, which
reduced the amount of data and the load on the model
building method, it was possible to accelerate training
by ~ 25 times.

90
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30

m without preprocessing

B with preprocessing

Fig. 7. Training time comparison

Conclusion

According to the results of the research, ensemble
classifier of computer system state identification based
on boosting was proposed. It was found that the use of
the proposed classifier makes it possible to reduce the
variance to 10%. In addition, due to the optimization of
the initial data, the efficiency of identifying the state of
the computer was increased. The practical significance
lies in the fact that the developed method is implemented

in software and researched during the solution of the real
problem of identifying the state of a computer system.
The experiments confirmed the efficiency of the
proposed method, which makes it possible to recommend
it for practical use as an express method of analysis of the
state of the computer system. Prospects for further
research may be to develop an ensemble of fuzzy
decision trees based on the proposed method, optimize its
software implementation and improve the quality of
classification.
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Merton inenTudikauii crany koMin'l0TepHoi cucTeMu Ha 0cHOBi boosting ancamo.1s1
3 creniajJibHOI0 MPOLEIYPOI0 MepeaodpoOdKH JaHUX

B. B. Yenak, C. 1O. 'aBpunieHko

AnoTanis. IlpenMeToM JOCTIKEHHS € METOIM BH3HAYCHHS CTaHY KOMIT'TOTEpHOI cructeMu. O0'€KTOM JOCIIIKCHHS €
mporiec ieHTUGIKaIii CTaHy KOMITIOTEPHOI CUCTEMH Ui 3aXUCTy iHpopmaiiii. MeTo IOCTiDKCHHS € POo3poOKa METoxy
inentudikamii craHy KOMI'IOTEpPHOI cMcTeMH Ajis 3axucty iHdopmamii. Ls crarrs mpucesiueHa pos3po6ui meroxy (boosting
aHcamOJIb) JUIsl MiJABUILIEHHS TOYHOCTI BHSBJICHHS aHOMaliii B KOMI'TOTEPHHX cHcTeMax. MeToau, 0 BHKOPHCTOBYIOTHCS:
METOJY INTyYHOTO iHTENEKTy, MallMHHE HaBYAHHSA, METOJH JAepeB pimlleHb, aHcamOiaeBi MeTonun. OTPHMAHO pe3yJbTaTH:
po3pobiieHO MeTo[ imeHTH]iKamii KOMITIOTEPHUX CHCTEM Ha OCHOBI OyCTHHIOBOTO aHCAMONIO 31 CHELiaIbHOI IPOLEIYpPOIO
nepenoOpoOku. OTPUMAHO OIIHKY €()eKTUBHOCTI BAKOPUCTAHHS METO/IiB MAITMHHOTO HAaBYaHHS BU3HAYEHHs CTaHy KOMIT'FOTEpHOT
cucremu. ExciepiMeHTaNbHI JOCHTIIPKEHHS MiATBEPIMITH €PEKTUBHICTh 3aIIPOTIOHOBAHOTO METOTY, IO Ja€ 3MOTY PEKOMEHIYBaTH
HOTro JyIsl IPaKTHYHOTO BUKOPHCTAHHS 3 METOIO MiZBUILEHHS TOYHOCTI ieHTU(iKalil cTaHy KOMI'IOTepHOi cucTeMu. BucHOBKH.
3a pesysbTaTaMH JOCIiKEHHsI 3alpONIOHOBAHO aHcamOneBHil Kiacugikartop iaeHTHUdIKalil cTaHy KOMITIOTEPHOI CHCTEMH Ha
OCHOBi OYCTHHTY. BCTaHOBIICHO, 110 BUKOPUCTAHHS 3alpONOHOBAHOrO KiacH(ikaropa A03BOJISE 3HU3UTH MOMUIIKY Variance o
10%. Kpim Toro, 3a paxyHOK ONTHUMI3aIlii BUXiTHUX JAHHUX ITiIBUIICHO MBUIKICTh 1ICHTU(IKAIIT CTaHy KOMITTOTEPHOT CHCTEMHU.
[epcnekTuBamMu MOJANBIINX AOCIIIKEHb MOXKe OyTH po3poOKa aHCaMOII0 HEYiTKHX JIEPEB PIllleHb HA OCHOBI 3aIPOIIOHOBAHOTO
METOY, OTITUMI3allisl IXHBOT MPOrpaMHOi peaizarii.

KawuoBi caoBa: igentudikaiiis ctaHy KOMITFOTEpHOI CHCTEMH, OTPAIIFOBAHHS JaHKX, D00Sting aHcamOuti aepeB pileHs.

MeTtox uaeHTH(PUKAIMHN COCTOSIHUS KOMIBIOTEPHO# cHCTeMbI Ha 0CHOBe D0O0Sting ancamo6.s
C cnenuaJbHON Npoueaypoii nperoopadoTKu JaHHBIX

B. B. Uenak, C. }O. I'aBpusienko

AnnHortanus. I[IperMeToM nHcCcIemOBaHUS SIBISIOTCS METOABI ONPENENCHHS COCTOSHUS KOMIBIOTEPHOH CHCTEMBI.
O0BeKTOM HCCIICIOBAHHUS SIBISICTCS POIECC MICHTH(HHUKAIMN COCTOSHUS KOMIBIOTEPHOH CHCTEMBI ISl 3aI[UTH HH(OpMAIHN.
Ilenbl0 uccienoBaHus sIBISETCS pa3pabOTKa MeToJa HICHTH(HUKAIMH COCTOSHUS KOMIBIOTEPHOW CHCTEMBI JUISl 3alllUTHI
uHpopManuu. JlaHHas cTaThs MOCBsinieHa paspaborke merona (DOOSting aHcamOGib) ISl TTOBBIMICHHS TOYHOCTH OOHAPYKEHHSI
aHOMaJNil B KOMITBIOTEPHBIX crcTeMax. Mcmoab3yeMble METOABI: METOBI HCKYCCTBEHHOTO MHTEIUIEKTa, MalIMHHOE 00y4eHHe,
METOJIbl JIepeBbeB pelIeHU, aHcamOieBble Meroabl. IloydeHBI pe3yabTaThl: pa3paboTaH MeTo] HIACHTU(HUKALMN
KOMITBIOTEPHBIX CHCTEM Ha OCHOBE OYCTHHIOBOTO aHCAMOJISI CO CIIENHAIBHON Mpouexypoit mpenodpaboTkn nanHbX. [lomydena
oneHKa 3(PEeKTUBHOCTH HCIOJIB30BAaHUS METO/IOB MAIIHHOTO O0YUYEeHUS TSI OIPE/ICNICHHUSI COCTOSIHHS KOMIIBIOTEPHON CHCTEMBI.
OKCIIepUMEHTANIBHBIE HCCIIEOBAaHUS MOATBEPAMIH 3P (HEKTUBHOCTS MPEATIOKEHHOTO METO/Ia, YTO MO3BOJISIET PEKOMEH/J0BATh €T0
JUTSL TIPAKTHYECKOTO MCHOIB30BAHMS C IIEJIBIO ITOBEIIIEHHS] TOYHOCTH ONPEISNICHIS COCTOSIHUS KOMITBIOTEPHOI ccTeMEl. BHIBOABI.
[To pe3ynbTaTaM HCCIeIOBaHMUS MIPE/IOKEH aHCaMOIeBbIH Ki1acCH(PUKATOp HASHTU(GUKAINKE COCTOSHHSI KOMITBIOTEPHOI CHCTEMBI
Ha OCHOBE OYCTHHTA. Y CTaHOBJICHO, YTO HCIOIB30BAHKE MPEUIOKEHHOT0 KiIacCH(pUKaTopa Mo3BOJISIET CHU3HUTh OIMOKY variance
1o 10 %. Kpome Toro, 3a cyeT ONTUMH3AIMH UCXOIHBIX JAHHBIX MOBBIIIEHA CKOPOCTh OMPEISIICHUS] COCTOSIHUSI KOMITBIOTEPHON
cucteMsbl. [lepcrekTHBaMH JabHEHIIMX MCCIIEOBAaHUI MOXKET OBITh pa3paboTka aHCaMOJs HEYSTKHUX JIePEBbEB PEIICHHH Ha
OCHOBE IIPETI0KEHHOI0 METOa, ONTUMU3ALUS X IPOrPAMMHON peanu3aliy.

KnwueBbie cJ0Ba: WACHTU(DHUKALKS COCTOSHHUS KOMIIBIOTEPHON CHCTEMBI, 00paboTKa HaHHBIX, DOOSting aHcamGin
JIepPEBbEB PELLCHUMN.
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MOJIEJIOBAHHSA JIICOBUX MOXKEK HA OCHOBI TIPOTHOCTUYHOI MOJEJII

BAMECA TA TEOIHOOPMALMHUX TEXHOJIOI' I

AHoTaunis. CporonHi pi3HOMaHITHY iH(OPMAILIIO PO JIiICOBI EKOCUCTEMH MOKHA OTPHMATH 32 JOTIOMOTOI0 METOMIB JHC-
TaHILITHOTO 30HIyBaHHS 3eMili. BUKOpHCTaHHS KOCMIYHHMX JaHUX MOHITOPHHTY JICIB € €KOHOMIYHO BHTiTHHAM, TOMY IIO
JI03BOJISA€ MIBUIKO OTPHMYBATH 00 €KTUBHY iH(OpMaIlifo, HEOOXiHY JIICIBHUKAM JJIsI BUPINIEHHS MPaKTHIHUX 3axad. Cy-
ITyTHAKOBI JaHi 3a0€3MedyIoTh IHPOKE OXOILUICHHS JIICOBHX YTi/lb, BACOKY TOYHICTH PE3yJIbTaTiB, a TAKOXK BHCOKY YacTOTY
OTpUMaHKX JaHuX. /Iy mociipkeHHs 0yI0 00paHo KocMiuHi 3HIMKH TepuTopii OBpylbKoro paiiony XKuromupcbkoi 00ma-
cti Ykpaiau Buitky 2020 poxy. BusHaueHHS MOpOJHOTO CKIany MPOBEICHO METOJaMH KepoBaHOI kiacuikarii, a came
knacudikaropom baiteca. Beranosneno, mo 70 % niciB € COCHOBUMH, y MEHIIIN KUIBKOCTI 3yCTPI4arOThCS OCHKOBI, rpabo-
Bi, Oepe30Bi, BUIBXOBI Ta SICEHEBI MOPOAM JEPEB. 3a CTATUCTHYHUMHU JaHUMHU BipoaoBxk 2000-2020 pp. B Ykpaini Oyio
MIOIIIKOKEHO 1 3HHUIICHO JIICOBUMH HOXkexaMu 51,4 THC. ra JTicoBHX HacakeHb. ToMy 00'ekTHBHA i cBOo€yacHa iHpopMa-
LIS TPO HACHIZKH IOXKEK HEOOXITHA JUTsl BUPILISHHS IMIUPOKOTO KJIacy MPUKIIATHUX 3aBJaHb JIICOBOTO rocrogapcrea. Bax-
JIMBUM 3aBJaHHSM HPH OILIHII €KOJIOro-eKOHOMIYHOro 30MTKY, HAHECEHOTO JIICOBOMY I'OCITOJapCTBY BHACIIIOK JIICOBHX
MOXKEXK, € BU3HAYCHHS IUIOIII MONIKOKEHUX JCiB. Y poOOTI pO3MIAAA€ThCA TEXHOJOTIi BU3HAUCHHS TEPUTOPIl JIicy, e
MIPOMIIIIA MOXKEeXka, 3 BUKOPUCTAHHAM KOCMIUHMX 3HIMKIB cymyTHHKa Landsat 8. J[is BHSIBICHHS CHaleHUX IOXKEKEIO Te-
pUTOpIH Ta piBHIB Bpa)KeHHsS BHKOPHCTOBYETHCS HOpPMaJli30BaHOTO iHAeKcy 3rapuma NBR 1o Ta micis moskexi H iHAEKC
DNBR. /111 mporHO3yBaHHS JIICOBHX MOXEXK CTBOpPEHA MaTeMaTHYHAa MOJETh Ha OCHOBI Teopemu baiieca Ta cTBOpeHa Te-
MaTHYHA KapTa 3 KIacaMi MOXKEeKHO1 HeOe3MeKn MOKBapTaabHO. J[1is mepeBipKu TOYHOCTI pe3yabTaTiB CTBOPEHOI POTHO-
3HOT MOJIeJi POBECHO CyMIlICHHS! TEMAaTUYHOI KapTH 3 [IapOM BH3HAYEHHUX TEPUTOPIiH 3rapui. JlaHuii mporpaMHHUil mpo-
JyKT € JOCHTh THYYKHM Ta YHiBEPCaJIbHHM, BiH MOXKe OyTH JIETKO aJalTOBAHUM JUIS 3aCTOCYBAaHHS HE TiJbKU IJIs BH3HA-
YCHHS CIIAJICHUX JIICOBUX YTi/b, i JJISI IHIIUX TEPUTOPIi.

Kaw4oBi cioBa: MozenroBaHHS JTICOBUX NOXeX; iHQopMamiifHa ciucTeMa; KOCMiYHI 3HIMKH, AUCTAHIIIHE 30HAYBaHHS

3emuti; Quantum GIS; irnexc srapum; ¢popmyna baiieca; iIMOBIpHICTS BAHUKHEHHS TTOXKEXKI.

Beryn

Jlicn € TOJOBHMM Ha3eMHUM KOMIIOHEHTOM ITiJT-
PUMKH TpUpPOJHOI piBHOBaru B Oiocdepi, mkeperaom
BIJIHOBJIIOBAILHUX OIOTHYHHMX pECYpCiB B MepioJ IJo-
OanpHUX 3MiH KiiMaty. OO’€KTHBHI JaHI MpO JiCOBI
pecypcH, AMHaMika CTBOPEHHSI HaCa/XKEeHb Ta JIICOKOPH-
CTyBaHHSI, iX 010pi3HOMaHITHICTb Ta reorpadis € J0CUTb
CKJIQJIHUM KOMIUIEKCHUM 3aBJIaHHSM JJIsi CTBOPEHHS Ha-
YKOBOTO Ta TEXHIYHOTO 3a0e3MeueHHs 00Ky Ta BIIOPSI-
KyBaHHJ JIiciB. Ha BHKOHAHHS IIbOTO 3aBJAaHHS BIUTHBAE
TaKOXX HETaTUBHHI aHTPOIIOTCHHUH (pakTop, KU 1HOII
MPU3BOJUTH J0 HE3BOPOTHHX HacHiikiB. Y 80-X pokax
MuHYyJIOro cromirrs Ta B 2000-x pokax B YkpaiHi Oynu
3aikcoBaHi MacITaOHi JiCOBI TTOXKEXKi.

IIpore B 2020 porri BenuKi MOXKeEXi MPOUIIIIHACS JTi-
camu Kuicpkoi Ta JKutomupcskoi obmacteit Ta mpusBe-
JI JIO 3HUINEHHS BEJIMKOT TUIoNIi JricoBux yriab. Cydac-
HUM DPIBEHb AaHANITUYHUX METOZIB Ta KOMII IOTEpHHX
IIporpaM J03BOJISIE CYTTEBO MiJABUIINTH MOHITOPHHT JIi-
COBHX YTi/lb Ta CIIPOTHO3YBAaTH IOXEXHY HeOe3IeKy B
Jicax.

[Iporuo3yBaHHs JIICOBUX IMOXEX — I BU3HAYECHHS
HMOBIPHOCTI iX BUHUKHEHHS Ta PO3MOBCIO/PKEHHS B Yaci
i IpoCTOpi, IPYHTYIOUNCH Ha aHaJi31 JaHWX MOHITOPHH-
ry JiciB. J[yst mporHo3yBaHHs HEOOX1/IHI TaKi J1aHi:

- KJIac TMOXEKHOI HEeOe3MeKW 3a TOTOIHUMHU
YMOBaMH;

- MICIIETIOJIOKEHHS Ta IUIOMIl JUISHOK JIICOBOTO
donmy I-1II kmaciB moXxexHOT HEOE3TEKH;

- oporpadiuni mani (Tun peabedy: piBHUHH, Ta-
ropOKH, TOpH, TUIOCKOTIp s, Oalipakn);

- HasABHICTh NMOTEHHIHHMX IKepea BUHHKHEHHS
BOTHIO Ha JIOCIIJKYBaHIH JiCOBIH MiISHII;

- J[aHl PeTPOCIEKTHBHOIO aHalli3y pPO3MOBCIO-
JUKEHHS TOKeX B 4aci (KUTBKICTh TIOXKEX IO pOKax,
MICAILSIX, THXKHSIX) Ta 38 TEPUTOPIEI0 (JIICHULITBO, KBAp-
Tas, BUALI).

Tomy o0'exTrBHA 1 cBO€YacHa iH(OpMAIlis PO Hac-
JIJIKK TIOXKEX, OTPUMaHa Ha OCHOBI iHTerpalii MpOrHO3HOT
Mojieni Ta TexHoutorii reoirdopmarriitaux cuctem (I'IC), €
BKpail HEOOXIJIHOI JUIsi BUPILIEHHS Pi3HOMAaHITHUX 3a-
BJIaHb B JIICOBIIHOBJICHHI, aKTyai3allii JaHUX PO JiCOBI
HacaPKEHHs!, OXOPOHI IPUPOJHOTO JIICOBOTO (OHITY.

CrorozHi pi3HOMaHITHY iH(OpMamLilo Mpo JicoBi
€KOCHCTEMH MOXKHa OTPHMATH 3a JIOIIOMOT'OI0 METOJIB
JUCTaHIiiHOrO0 30HyBaHHs 3emii (/133). Buxkopucran-
HSl KOCMIYHHX JaHUX MOHITOPHHTY JICIB € eKOHOMIYHO
BUTIJTHAM, TOMY IO JI03BOJISIE IIBUJIKO OTPHUMYBATH
00’exTUBHY iH(OpMaIlito, HEOOXiAHY JICIBHUKAM st
BHpIMICHHA MPAaKTUYHMX 3agad. CymyTHHKOBI maHi 3a-
6e3MedyIoTh MHUPOKE OXOIUICHHS JTICOBUX YTillb, BHCOKY
TOYHICTh Pe3yNbTaTiB, & TAKOX BHCOKY HacTOTYy OTpH-
MaHux ganux [1-9].

AHagi3 ocTaHHiX JociaifkeHb i myOaikauniii.
AHaii3 cy4acHHX HayKOBHX Ta iH(OPMAIIIHUX JpKEpe
B 00sacTi JOCIIIKEHb M0KEKOHEOE3NEYHUX TEPUTOPIH
Ta CTBOPEHHS MPOTHO3HUX MOAEIEH BHHHKHEHHS JIiCO-
BUX TIOKE)X BHUSBUB LTy HU3KY (YHAaMEHTAJIbHUX Ta
MEPCTIEKTUBHUX POOIT.

© bapa6am O. B., banaypxka O. 1., 2022
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VY nmocnimkennsx BacumseBa A.B., Kpachsmwmx
A.B., Koporaea B.B. po3rinsHyTa po3poOka mporpam-
HO-arnapaTHOTO KOMIUIEKCY BHSIBJIEHHS Ta MOHITOPUHTY
JIICOBHX TOXKEX Ha 0a3i OE3IMIOTHOrO JIITAJBHOTO ara-
pary. Y po6oti [10] 3acTOCOBY€ThCS METOM CyMillIEHHS
300pakeHb TEIDIOBI3IHOTO Ta TENEBi3IMHOTO KaHAIIB,
JeTaTbHO OIHCaHa apXiTeKTypa CIEIiabHOTO IMporpa-
MHoro 3abe3medeHHs. Xynos B., Kyuyk I'., Maxoseii-
gyk M., Kpmxauit A. 30cepemkyioTh CBiif aHami3 Ha
BIOMHX METOJaX CETMEHTYBaHHS 300pakeHb, IO
OTpUMaHi 3 OOpPTOBHUX CHCTEM ONTHKO-CIEKTPOHHOTO
croctepekeHHs [8].

3a npuHIUTIOM MOOY/IOBHU € aHATITUYHI, IMITaIliiHI Ta
CTaTHUCTUYHI MaTeMaTU4Hi Mojeii. AHaJITHYHI Moneil
JICOBUX MOXEX onucaHi B poborax ['pummua A.M., Ky-
uenka JL.M., BacunseBa C.B. [12, 13], y sixkux cTBOpeHa
MareMaTH4Ha i (i3udHa MOJEJb, HAaBEJCHA OCHOBHA MO-
JIeTb PIBHSHB, PO3TIISTHYTa CTPYKTypa (POHTY TOXKEXKi 1
TPaHUYHI YMOBH HOTO pO3HOBCIOIUKeHHA. [IpoTe yncenbHi
PO3B’SI3aHHS CHCTEM DIBHSHb HE BOJIOMIIOTH TOCTATHBOO
MPOCTOTOK, B YMOBax HEBH3HAYCHOCTSH METONM BHUMAara-
IOTh BEITUKY KUTBKICTh (Di3MYHUX XapaKTEPUCTHK Ta CKIIa-
HUX MaTeMaTHYHHUX PO3PaxyHKIB, TOMy BOHH HENpPHUIATHI
JULsl IPOBEJICHHS! ONIEPaTUBHO-TAKTHYHHUX 3aXO0IIB.

Jnst po3poOKH JTOBrOCTPOKOBOIO IPOTHO3Y 3MIH T10-
MKEKOHEOEe3MeKH JUIsl 3MIllIaHUX THIIIB JICIB Y CBITI BXXE BU-
KOPHCTOBYIOTH po3po0iieHuii komiuteke nporpam FORRUS-
S, KWl MpU3HAYCHUH IS IMITALIHOTO MOJIENIFOBAHHS Ta
aHANI3y MUHAMIYHUX TPOIIECIB, IO BiIOYBAIOTHECS Y JicCax.
BuxigHoto iH(opMmartiero mis moOyIOBH MOIEII € BUILTH
TaKcalif Ta IUIAHIB JICOBHX HacapKeHb. lIporpamHo-
TEXHIYHE PillIeHHs € MPOTOTHUIIOM MPOTPAMHOTO MOJTYJIS, L0
J03BOJIsIE (DYHKIIOHAIBHO iHTErpYBaTH YOTHPH MaTeMaTHy-
HUX MOXYJS PIi3HMX KOMIIOHEHTIB CHCTEMH Ta MPOIECIB
Kpyroo0iry enemMeHTiB B oy cuctemy [17, 18].

AKXTyanpHICTh JJaHOT POOOTH MOJISIrae y BiJICYTHOCTI
yHIBEpCaJIbHOT CHCTEMH, B sKili OM TPOCIHiIKOBYBajacs
inTerpaitisi Matemarnanoi moxem, ['IC TexHosoriii ta
MIPOTHO3HOI MOJIENI eKCrepTa, sika Oyia O THyYKO IpHC-
TOCOBaHa JI0 BCIX THIIB JICOBHX HACa/PKEHb Ta 3HAUHUM
YUHOM PO3MHMpPUIA 6 MOXIMBOCTI MPUHHSATTS NpPaBHIIb-
HUX YTIPaBIiHCHKUX PIllICHb.

Metow nociaigxeHHsl € po3poOka iHPpopmamiiHOT
CHCTEMH, sKa OyJie aHaITi3yBaTH HACIIAKH JIICOBUX TTOMKEK
13 BUKOPUCTaHHAM TexHoJorii /33 ta podutn nporHosu

Tabnuys 1 — Cnektpaibhi kaHamu 3HiMka Landsat 8

III0/I0 BUSIBJICHHS IOXKEXKOHEOE3MEeYHNX TEpUTOpid Ha
OCHOBI nporHocTH4YHOI Mojeni baiieca.

OcHOBHA YacTHHA

Jlis Makcumizamii e(eKTHBHOCTI YIpaBIiHHSA, 3Me-
HIIIEHHSA BUTPAT Ta 00’€KTHBHOTO BH3HAUCHHS TaKCallil-
HUX TOKa3HHKIB B JIICOBOMY T'OCIIOJAPCTBI JOLIJIBHUM €
BIPOBA/UKEHHS METOJIB JIUCTAHIIHHOIO 30HIyBaHHSI
3emuti. BoHM 3HaX0[ATh IIMPOKE 3aCTOCYBaHHS JUII MO-
HITOPHHTY JICIB 3aBISKH JOCTYHHOCTI CYIyTHHKOBHX
3HIMKIB Ha 3HaYHHX TEPHUTOPIsAX, a OTPUMaHI JaHi BOJIO-
0T 3HAYHOIO iH(OPMATHBHICTIO W TpW TIPaBWIBHIN
00po0IIi MOXYTh JaTH Oe3Iid KOPUCHOI iHpopMarii mpo
JCOBI yrigns: BU3HAYCHHS IDIONII, IEPEBHOTO CKIALy,
3MiHH y JTICOBHX HACAKCHHSX, MICII TOMINAPEHHS JIiCO-
BUX HOXeX, BUPYOOK. [Ipn aHami3i crekTpatbHUX KaHa-
JB CYNyTHHKOBHX 3HIMKIB € MOXIIMBICTH OTPUMATH iH-
(dopmalriro mpo «310poB’s»» Jicy, HOro ypakeHIiCTh IIKi-
JTHUKaMH 9M BiK. 3araJioM MOKHA I3HATUCS iHGOPMAITiIO
Mpo Maibke BCi TakcamiiiHi MOKa3HUKH JIICOBUX YTilb 3a
JIOTIOMOT'OF0 BCBHOTO JIHIIIe HAOOPY 3HIMKIB Ta CIeliai3o-
BaHOi mporpamu. JlaHi JUCTAHIITHOTO BUMIpPHOBAHHS
MOXYTbh OyTH BUKOPHUCTaHI SIK albTepHATUBA OLIBII Bap-
TICHUM Ha3eMHHUM CIIOCTEPEKCHHSIM Ta BUMIPIOBAHHSM.
Jinst BU3HA4YEHHS CTaHy JIICOBHX YTiJb MOXXHA BHKOPHC-
TOBYBATH K KOCMIYHI 3HIMKH, TaK 1 pe3yJIbTaTH aBiallii-
HOTO 3HIMaHHSA. [y AeTambHOTO aHAMi3y JICOBHX YTiIb
HalKpale KOPUCTYBAaTHUCS KOCMIYHMMH 3HIMKaMH Jy’Ke
BHCOKOi po3mimpHOI (cyOMeTpoBoi) 3matHOCTI (GeoEay,
QuickBird, WordView). IIpote, 3 TOUKH 30py €KOHOMIY-
HOCTI Ta JOCTATHOCTI JUIs OILIHKK CTaHy MOKe:KOHEOe3-
HEYHOCTI, ONTUMAIILHUM € BUKOPHCTaHHS 3HIMKIB BHCO-
Koi (MeTpoBOi) PO3/iIBHOT 3AaTHOCTI.

Jliist mpoBeieHHs OCIiKeHHs Oyia oOpaHa Tepu-
Topiss OBpyupkoro paifoHy JXutomMupchKkoi 0O0macTi.
BuKOpHCTOBYIOThCS JaHI KOCMIYHHX 3HIMKIB JITHBOTO
mepioxy 2020 poky, mo Oymu 3poOJeHi CYITyTHUKOM
Landsat 8. 3HiMKM 3HAXOAATHCSI y BUILHOMY JOCTYII 1 TX
MOJKHA OTPUMATH 32 JOIIOMOTOI0 TakuX caiitiB ik EOS
LandViewer un USGS Earth Explorer. 3niMkn MaroTh
¢dopmar 306paxennss GeoTIFF 3 reorpagiunoro cucre-
Moo koopauHat WGS 84 Ta OMOPHOIO CHCTEMOIO
WRS-2. BoHu MICTATh OJUHAALSTH CIIEKTPAIBHUX Ka-
HaJIiB, IO SIBJISIIOTH COOOI0 pi3HI HaOOpHM AaHUX, SIKi
BHKOPHCTOBYIOTBCS JITS Pi3HUX Mistei (Tabu. 1).

Ne opxkuHa | Po3pinbHa 3pat-
n/n Hasa lell/l.l]i (Mmkm) | micTh (M/mikc.) [llo kpame nokasye
1 | Coastal Aerosol 0.433 - 0.453 30 MiJIKOBO/U/Is, TOHKI YaCTHHKH Iy
2 | Cuniit 0.450 — 0.515 30 ['mubokoBoas, atMochepa
3 | 3enenmii 0.525 - 0.600 30 PocnuuHICTR
4 | YepBoHwuid 0.630 — 0.680 30 AHTpOIIOTeHH1 00'€KTH, TPYHT, POCIHHHICTD
5 | bomxwiil iHppauepBoHUI 0.845 —0.885 30 Beperosi JiHi1, pOCIUHHICTB
6 |KXB" indpauepsonuii 1 1.560 — 1.660 30 XMapHiCTh, BOJIOTICTh IPYHTIB i POCITMHHOCTI
7 |KXB" in¢pauepsonnuii 2 2.100 —2.300 30 XMapHICTb, BOJIOTICTb IPDYHTIB i POCIHHHOCTI
8 |[larxpoMaTHYHHA 0.500 — 0.680 15 UopHo-0i11i 3HIMKH, YiTKI JeTai
9 |Iepucri xMapu 1.360 — 1.390 30 [epucti XmMapu
10 | Temosmii ingpauepponumii 1 | 10.30 — 11.30 100 TepmaiibHe kapTorpad)yBaHHsl, OL[IHOYHA BOJIOTIiCTh IPYHTIB
11 | Tennoswit indpauepsormii 2 | 11.50 — 12.50 100 Tokpaniere TepumanbHe KapTorpagysatHs, ouiHouHa
BOJIOTICTb I'PYHTIB

* KXB — kopomxoxeunbosui
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AxkTyanizalisi cTaHy JIiCOBHX YIiJb BUKOHaHa Me-
TOJlaMU KepoBaHol Kiacudikaii, sika nojisrae y:

- BU3HAYCHHI KJIACIB JTICOBUX YTi/ib;

- BUKOHaHHI Kiacugikanii KOCMIYHOTO 3HIMKa,
SIKHIA SBJIsIE COOOK0 KOMOIHAINIO CIIEKTPaJbHUX KAHAIB
3,4,5,6,7,8;

- moOyoBi BEKTOPHOTO KapTorpadidHoro mapy
JICOBHUX MAacHBIB Ha OCHOBI pacTpOBOTO INAapy pe3yiib-
TyI04901 Kiacudikarrii.

BusnadeHHs Ki1aciB mossrae B (opMyBaHHI CTaTH-
CTHYHUX BHOIPOK IMIKCENIB 3HIMKY U KOXHOI ITOPOJIH.
Bubip BUKOHYETHCS LUIIXOM MO3HAYESHHS! KOHTPOJIbHUX
MOJIITOHIB HA 3HIMKY, TaM JIe MH TOYHO 3HAEMO MOPOTY
nepes. Takuii BHOIp MU pOOMMO 3a JOMIOMOTOK KapTH
micoBux BuAUTB. Ha 0a3i muX CTaTHCTUYHUX BUOIPOK
(dopMyroThCcs curHaTypu KiaciB. KepoBana knacudika-
Lisi BUKOPHCTOBYEe Kiacudikarop baiieca: Ha OCHOBI
CHTHATYp BH3HAYCHUX KIAciB (OPMYIOTBCS CHCTEMa
PiBHSHB, SIKi BU3HAYAlOTh WMOBIPHICTH NPHHAIEKHOCTI
TiKCceIs KOCMIYHOTO 3HIMKa BiMTOBIIHOMY KJIacy, i s
KOYKHOTO TIKCeJsi KOCMIYHOTO 3HIMKY OIIIHFOETHCS HIMO-
BipHICTB HOTO IPUHAJICIKHOCTI TIEBHOMY Kitacy (puc. 1).

Puc. 1. Knacudikamis HOpogHOTO CKIamy
10 JTicoBHX BHAiMax OBPYLUBKOTO pailoHy
Fig. 1. Classification of species composition
by forest species of Ovruch district

Bceranosieno, mo 70 % iciB € cocHOBUMH. TakoX B
Jlicax 3yCTpiYaroThCs OCHKOBI, rpaboBi, Oepe30Bi, BITBXOBI
Ta SICEHEBI MOPOIU AepeB. Bimomo, 110 COCHOBI JIicH € Hak-
OUTBIII IOTEHITIHHO HeOE3eYHNMHU 00’ €KTaMH 3 OTJISIY Ha
micoBi mokexi. ITpoTsrom ocTaHHIX POKiB 301LTBIIMIACH
KUTBKICTh BHHUKHEHHS JIICOBUX II0JKEX XBOHHHX MOPIT,
3ne6inbmroro Ha [lomicel, a came B JKutomupcbkiit o6iac-
Ti. 3a pe3ynbTaTaMy aHajli3y JaHUX Ja0opaTopiero eKOIoTil
YxpHJAUIT'A Bupomosxk 2000-2019 pp. B Ykpaini Oyio
TTOIIKO/KEHO 1 3HUIIEHO JIICOBUMH TIOXexkamu 51,4 Tuc. ra
micoBux Hacamkenb. Y 2020 pomi BTpaTa Bix JIiCOBHX TO-
xex y JKutomupepkiit Ta Jlyrancekiit obmactax Ykpainu
MIEPEXOIUTh MEXi JAeCsATKa TUCSIY rekTapiB. Tomy 00'exTu-
BHa 1 cBoeyacHa iH(opMaris Ipo HACTIAKKA MOXKEX HeoOo-
XiHa U1 BUPIMIEHHS MIMPOKOTO KJIAacy NPHKIAJTHUX 3a-
BIIaHb JIICOBOTO TOCIIOJAPCTBA, BKIOYAIOYM IUIAHYBaHHS
OXOPOHH 1 3aXHCTY JICiB, JIICOKOPUCTYBaHHsI Ta JIICOBITHO-
BJICHHSI, aKTyaJIi3allito TaHUX PO JICOBI PeCypCH.

1. TexHoJiorisi BU3BHAYEHHSI CMIAJIEHHX MOKeKA-
MH TepuTOpii. /i1 BU3HAUCHHS TEpUTOpIH, sKi Oynn

BpPaXXCHI IOKEKaMH, BUKOPHCTOBYIOTHCS JaHi KOCMiY-
HUX 3HIMKIB, 110 Oysi 3po0ieHi cynyTHukoM Landsat 8,
JIO Ta MICJIs MOKEXI1 BIAMOBINHO. 3HIMKH MICITh OJHY i
Ty % reorpadiuny obsacth micus Hoxex OBPYIBKOTO
paiiony. /{1t BU3HAYCHHS CHIAJICHUX MOXKEXKEI TEPUTO-
pifi BUKOPUCTOBYETHCS TOPIBHAHHS 3HAUYEHH HOpMAJIi-
30BaHOTO iHAEKCY 3rapuma NBR mo Ta micis moxexi,
SKUI PO3paxoBYETHCA 32 (HOPMYIIOH0:

NBR = (NIR-SWIR)/(NIR+SWIR), (1)

ne NIR — 6mmwkHilt indpavepBoHnii kKaHanm (5 KaHAT 3
tabin. 1), SWIR — kopoTKoXBIIbOBHH iHDpauepBoHUit 2
kana (7 kaHan 3 Tadm. 1).

Januii iHIEKC MOKa3ye Bpa)KeHHS JIICOBHX TEpH-
TOpiH moxexero. Pe3ynbraT po3paxyHKy HOpMali3oBa-
HOTO iHAEKCY 3rapuin 31 mkanoro Big —1.00 mo 1.00, ne
—1.00 — abconroTHO HE BpakeHi Teputopii, a 1.00 — mo-
BHICTIO BHTOpimi. lle moka3ano Ha puc. 2, e po3Tamo-
BYIOTBCS 3HIMKH JO Ta IICIIS MTOXKEXKi.

Jus mopiBusHHES 3MiHu iHAeKcY NBR mix mepio-
JIOM JI0 TTOXKEXKI Ta Micisl Hel BUKOPHCTOBYETHCS MOKa3-
Huk DNBR, sixmif 3HaX0aUTECS 32 POPMYIIOIO:

DNBR = ( prefire NBR) —( postfireNBR),  (2)

ne prefire NBR — nokasuuk ingekcy NBR mo moskexi,
postfire NBR — mokasuuk inaekcy NBR micist moxexi.

Jis BU3HAUCHHS pIiBHIB BpaXEHHS TEPUTOPIi
oTrpuMaHi maHi mokazauka DNBR, sxi knacugikyroTbes:
piBeHB 3pocTarouoi TepuTopii (Ha rpadiky MOKa3aHO
TEMHO-3€JICHIM KOJIBOPOM), HECNaJeHoi — CBITIO-
3eJeHNM, HU3BKO-BPaXXEHOI — OEXEeBHM, CepeaHbOo-
BPaXXEHOI — IMOMapaHuYeBHM Ta CHJIbHO-BPa)KeHOI TepH-
TOpii — TeMHO-4epBOHUM (puc. 3). BikHO TakoXk MICTUTB
crieliajbHe IoJie JUIS BHBOJY CHAlEHOT TepuUTopii B
MeTpax KBaJIpaTHHX, sIKa PO3PaxOBYEThCS 3a OTpUMa-
HHUM TIOKa3HUKOM.

Cucrema eKCHOPTYE OTPUMAHI JaHi MPO 00JIACTh
noxex B ¢opmari GeoTIFF, mo 306epirae reorpadivni
KoopAMHATH 00’€KTy Ta 3abe3nedye CyMiCHICTh BHKO-
pucTaHHS OTpHMaHOi iH(opMarlii 3 pisHUMHU reorpadid-
HUMH CHCTEMaMH.

2. TlporHo3yBaHHsI HACTaHHS JIiCOBOI MOXKekKi
MetoaoM bBaiieca. /I mporHO3yBaHHS JICOBHX TOMXKEXK
Ta CBOEYACHOTO IXHBHOTO MONEPEKEHHS JICHUYNM Ta
IHKEeHepaM 3 OXOPOHH JIiCy OTPiOHO 3HATH WMOBIPHICTH
X BUHHKHEHHS TPOTATOM IOXKEXOHEOE3MeUHOro Iepio-
oy, AKka OyJe 3aieXaTH Biff TAKCAIllifHNX XapaKTePHCTHK
JICOBMX HAaCapKeHb Ta KIIMATHYHUX YMOB, Ha TEPUTOPIi
KOXKHOTO JICHHUITBA. [IJisi 1IOTO MM BHKOPHUCTOBYEMO
Teopemy baifeca — e omHa 3 OCHOBHHMX TEOpeM Teopil
HMOBIpHOCTEH, sIKa OOYMCIIIOE WMOBIpHICTH MOJil 3a
YMOBH, IO 1HIIA TOAIisA, sSKa IOB’s3aHa 3 HEIO, BXKE Bil-
Oynacsi. dopmyna bBaiieca mormomarae 6iipmI TOYHO TO-
paxyBaTH HMOBIPHICTb THOJil, BpaXxOBYIOUYH SIK 1 Bimomi
JaHi, Tak 1 HOBi. J{JIs1 PaKTHYHOTO 3acTOCYBaHHS (hop-
MYyJIM TIOTPiOHO TPOBOIUTH OaraTo OOYHCICHb, TOMY
0aiieCOBCHKI OIIHKM CTAJIM aKTUBHO BHKOPHUCTOBYBATHUCS
3 MIBUAKUM PO3BUTKOM iH(opMamifHUH TeXHOJIOTIH.

Hexait mogist K Mosxe BimOyTHCS JHIIE OHOYACHO 3
oaHiero 3 rinotesn Hy, Hy, ..., Hy, , sKi yTBOpPIOIOTH MOBHY

IpyIy HECYMICHUX HOJii, TO6TO Z in=1 P(H;j)=1.
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display pre fire Landsat

display post fire Landsat

calculate pre fire NBR

calculate post fire NBR

calculate dNBR

Puc. 3. Binobpaxenns nokasuuka ingexcy DNBR (Fig. 3. Display the DNBR index)

Toni 3a Teopemoro baiieca iimoBipnicts momii K,
sIKa MOXK€ HacTaTH JIMIIE 3 TOsBOIO oxHiel 3 moxiit Hj,
JIOPIBHIOE CyMi JOOYTKIB WMOBIPHOCTEH KOXHOI 3
rinoTe3 Ha BIANOBIAHY yMOBHY HMOBipHIcTh noxii K:

n
P(K)=>_P(H;)-P(K/H;). ®)

i=1
Hdns nopii K xapakTepHHil KOMILIEKC O3HaK

Ki,Ks,...,Ky , SIKi B CBOIO Yepry Ie MOXYTb ITOIUIATHCS
Ha PO3psaAU kjlvka’---’kjm , 32 SIKUMH OyJie MPOBOIH-
TUCS TOCIIIKEHHS.

Toni ans BuU3HAYEHHS HMOBIPHOCTI TINOTE3W 3a

ymoBH, 1o noisi K yxe BifOynacs, BAKOPUCTOBYETBCS
y3araibHeHa Gopmyna Baiieca:

P(Hi/K)= P(Hi)'P(K/Hi) ’ (4)

> P(Hi)P(K/H;)

ne P(H;) — anpiopna iimosipuicts rinoresn Hj, K —

TIOJTisT, JUTSI STKOT XapakTepHUN MEBHUN KOMIUIEKC O3HAK
ki,Ko,...,Ky, N — 3aranpHa KiNbKIiCTP MOXJIMBHX TilO-

te3, P(H;/K) — anocrepiopna iiMOBipHicTs rinotesn
H; micns toro, sk cranu BiJOMi pPe3yJIbTaTH MO KOM-
miekcy osnak nmoaii K, P(K/H;) — iimosipuicTs Ha-
cranns nogii K 3 rinore3oro Hj, sika 004ncItoeTsCs 3a

¢bopmyIoro:

P(K/H;j)=P(ky/H;)-P(ka/H;)-...-P(k,/H;). (3)

JIyist TpOTHO3YBAHHS JIICOBHX TOXKEXK, CBOEYACHOTO
IXHBOT'O MOMEPE/PKEHHS Ta IBUIAKOI JiKBiAamii moTpid-
HO 3HATH WMOBIPHICTh TXHHOTO BHHHKHEHHS IMPOTITOM
MTOKE)KOHEOE3MEYHOTO TIepioTy, KA 3aJIeKUTh BiJ Tak-
CaIlIfHUX XapaKTEPUCTHK JTICOBUX HACAKCHb.

s anamizy Oyno obpane MoxapiBcbke JIICHUIT-
Bo B OBpyubkomy paiioni. Ilnoma sicoBux yrigp ic-
HMITBA CTAaHOBHTH 8298 ra. Marouu craTUCTHYHI JaHl
0 BCIX TaKCAIiHHUX XapaKTEPUCTHKAX KBapTaly, 3pO-
OMMO OIIHKY HO0XKeKOHEOE3MeYHOCTI KOMXKHOTO KBapa-
TaJxy OKPEeMO IT0 BChOMY JIICHUIITBY 1 BU3HAUYNMO KJIacu
TOXKEKHOT HeOEe3MeKH.

Hexait K — nogis, sika xapakrepu3ye BUHHKHEHHS
noxexi B jici. [Tnoma nicoBux yriae MoxapiBCbKOTo
JICHUIITBA TOJIUICHA HA 85 KBapTaliB, OTXKE MAaeMO Ti-
noresu Hq,Hy,...,Hgs. Jng Toro, mo0 BH3HAYHUTH

HWMOBIPHICT KOXHOI TiNOTEe3W, MOTPIOHO IJIOIIY KBap-
TaJly MOJIUIMTH Ha 3aralibHy IUIOLLY BCIX JIOCIIKyBa-
HUX KBapTaJliB JTICHHUIITBA, TOOTO

0 (4)
Jlng npukiaxy Bi3bMeMO TepuUTOpio 64 KBapTamy.
VIMOBIpHICTB AJIS IIFOTO KBapTaITy JOPiBHIOE

28,4
286,5

SHey

P(Hes) =—>* = =0,10.
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Ha BUHMKHEHHS TMOXEXI BIUIMBAIOTH TakKi (akTo-
M. o3Haka K; — cKkiaj JiCOBHX HAacaKeHb, 03HaKa K
1 2

— TOBHOTa HACAJUKCHb, O3HaKa Kz— BiK JICOBHX Haca-
IDKeHb, 03Haka K, — Tun micopociuuaux ymoB (TJIV).
Jng Ttoro, mo6 BHU3HAYMTH HMOBIpPHICTE mosBH  K;
O3HaKHU B kBapTani Hj, moTpiGHO moxinuTH mIonty Jicy
B KBapTali, SKHH Mae O3HaKy Kj, Ha IUIOI[y BCHOTO

KBapTaiy, To0TO
P(kiJ/Hi):Skij /SHi ' ©)

Osnaxa Ky — cknad macadocenns — 1e 4acTKa Jie-

PEeBHHX TIOpif, sKi € B JIicOBOMY HacamkeHHi. OCHOB-
HUMH JIICOBIMH HACa/DKCHHAMHU B MojkapiBCBKOMY JIic-
HUITBI €: K1 — cocHa 3Bu4aitHa (C3), ki, — Gepesa mo-

Bucna (bm), K3 — my6 3Buuaiinmii (13), Ki4 — Biibxa
gopHa (Bmu), ki — ocuka (Oc). Haiibinbin moxexoHe-

Oe3NeYyHNMHU € COCHOBI HAacaJDKEHHs, TOMY MU Iii€i
O03HAKM 13 TOPOJHOTO CKIaAy NOTPiOHO BU3HAYATH
IUTOILy TEPHUTOpii, Ie pocTe cocHa 3BWYaiiHa. [l 64

xBaprany maemo: P (kyy/Hgg)=26,86/28,4=0,95.
Osnaxa K, — noswoma depesocmamny — 1e TOKa3-

HUK HIUTBHOCTI CTOSIHHS CTOBOYpIB Ha OJMHUII IUIOILI.
Haiioinpin mokeskoHeOe3MEUHUMH € HACAIKEHHS 3 MOB-
Hototo 0,7, 0,8, 0,9. OTxe, MOKHA BUAIUIATH Taki TPYyITH
3a TIOBHOTOIO HAacamkeHb: Koy — moBHOTa 0,7 — 1; Kop —

nosHota 0 — 0,6. Bu3sHaummo HMOBipHICTE O3HAKH Kpq
st 64 kaprany: P (kg /Hgy)=24,1/28,4=0,85.
Osnaxa Kg — 6ix Oepeé — COCHOBI MOJIOAHSKH Bi-

koM 110 40 pokie (rpyma 2 i 3 kmacy) BigHOCATH 70 |
KJIaCcy TPHUPOJIHOT MOKEkKHOI HeOe3NeKn. Y Takux Haca-
JDKEHHSIX TIOKEXKI Maihke 3aBXKAU MEPeXo/siTh y BEPXO-
Bi, 3aB/Ial0YM 3HAYHUX YIIKOJKCHB, a JIKBIIAISA TaKUX
MOXEeX € CkiaaHo. OTKe, MOXHA BHIUTUTH TaKi Tpy-
m BiKy: K3q — rpymu Biky 2 i 3 (MosozHsku 1 i 2 kiacy
10 40 pokiB), K3y — rpymu 4-8 (inui, 6inbuie 40 pokis).
OT1xe, BH3HAYAEMO HMOBIPHICTH JUIi KOXHOTO KJIaCy
OKeXKHOT Hebe3rmekn B 64 KBapTali:

- 1 kiac moxkexHoi HeOE3NMeKH — HaCaIKCHHS
rpynu Biky 2 i 3:

P(k31/Hga) = Sky, /SHg, =6:1/28,4=0,21,
- 1I-1V xacu moskexHol HEOE3MEeKH — TPYIHU Bi-
Ky 4-8:
P(kgp/Hea) = Sky, /Shig, = 22.3/28,4=0,79.

Osnaxa K4 — mun znicy — ue minsHka jicy abo ix

CYKYITHICTb, SIKi XapakTepu3yioTbcs exuHuMm TJIY, on-
HaKOBHM CKJIAZIOM JIEPEBHUX IIOPiJl, KiIBbKICTIO SPYCIB,

AQHAJIOTIYHOI0 (payHOIO0 1 MOTPEOYIOTh OJHAKOBUX JiCO-
TOCIIOJIAPCHKHUX 3aXO0JIiB MPU PIBHUX €KOHOMIYHUX yMO-
Bax. OcHoBHUMH € Oip, cyOip, cyrpya, rpya. Haiibinbiu
MOXEXOHEOEe3MEeYHNMH € Haca/KeHHsI B Oopax Ta cy0o-
pax 3 ingekcamu 0, 1 — I kirac moxexxHoi HeOe3neKH, Ta
inmexcom 2 — (I xiac moxexHoi HeGe3nekn (Tab. 2).

Tabauys 2 — Knacu noxe:xnoi Heoesnexu (IToH) B Jici 3a
Tunom TJIY pias Hacapxkens Oinbiue 40 pokis

03- | Kaac
naka | TIoH TaY HosicHenns
K41 I |A0C Jy»xe cyxuit CocCHOBHH 6ip
AlC Cyxuii COCHOBHH Oip
B1C | Cyxuii 1y60B0-COCHOBHUH cy0ip
CITIC Cyxuii rpaboBo-1y00B0-COCHOBUIT
CYTpyn
Kaz I |A2C Caixuii cocHoBHi1 Gip
B2JIC | CBixwuii ;y00BO-COCHOBHIA CyOip
C2rJIC CBixwHii 1:pa60B0-}1y60B0-
COCHOBHH CYTpyn
Kas Il |A3C |Bonornii cocHoBHii 6ip
A4C Cupuii cocHoBu# 0ip
B3/1C | Bonoruii ;y60Bo-cocHOBHIA cyOip
B4JIC | Cupwuii 1y60B0-cOoCcHOBHII cy06ip
C3TJIC BOJ‘IOFI/II/IUFpa6OBO-)1y60B0-
COCHOBHH CYIpyn
caryc Cupuii rpaboBo-1y00BO-COCHOBHIA
cyrpyn
Kaa IV |ASC Moxkpwii cocHoBHIA Gip
B5BC | Mokpuii 6epe30Bo-cocHOBHH cyOip
CS5BJIY | Bomoruii 4OpHOBUIBXOBHIT CYTpy L

Otxe, paxyeMo MMOBIPHICTh HO KOXXHOMY KJacy
NOXEeKHOT HeOe3neku B 64 KBapTaii 3a 03HAKO Ky !

- I kmac moxkexxHOi HeOe3lEKH — HacaIKEHHS
MeHIe 40 pokiB BCiX iHAEKCIB Ta Haca/KCHHS OiibIie
40 pokiB 3 ingexcamu 0,1:

67

P (kaa/Hes ) = P(ks1 Hea) =~/ = O _g 21,
(41/ 64)_ (31/ 64)_SH _284_ 145
64 '

- II xmac moxexHol HeOe3MEKU — HacaIKEHHS
oinpire 40 pokiB 3 iHICKCOM 2:
21,9

=——=0,78;
28,4

Sk
42
P (kg2 /Hes) = S
Heq
- III xmac moxeXHOT HEOE3MEKU — HACAIKEHHSI
oinbine 40 pokis 3 iHAeKCcamu 3,4:
Sk, 0,4

P(kg3/Hes) = R

Hea

ITopaxyemo HWMOBIpHICTh HAcTaHHS MOXEXKi B 64
KBapTajli 3 ypaxyBaHHSAM KIJIaciB IOXKEXKHOI HeOe3meKH
K1, Ky, K3 BinmoigHo:

P(Hea)P(K1/Hga)=P(Hea)P(k11/Hea) P (k21/Hea ) P (k31 /Hea )P (ka1 /Hes ) = 0,10-0,95-0,85-0,21-0,21=0,004,

P(H64)P(K2/H64): P(H64)P(kll/H64)P(k21/H64)P(k32/H64)P(k42/H64):0,10'0,95'0,85'0,79'0,7820,05,

P(H64)P(K3/H64): P(H64)P(kll/H64)P(k21/H64)P(k32/H64)P(k43/H64):0,10'0,95'0,85'0,79‘0,01:0,0006.
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OTtxe, mo B 64 kBaprani HalimoBipHime II kmac
MOXEXHOT HeOe3neku. AHAJIOTIYHO JUIS BCIX IHIIMX
KBapTalliB 3a (opmysioro (3) BU3HAYAEMO KIIACH ITIOXKe-
KHOT HeOe3eKH.

Y MoskapiBcbKkoMy JIicHUITBI BusiBieHo [-1V kia-
CH IOKeXHOoI HeOesneku: I xiac — 6485,6 ra, II ximac —
1210,3 ra, III xnac — 516 ra ta IV knac — 86,1 ra.

Temep 3a Qopmynoro Baiteca (4) st KOXHOTO
KBapTaly pOOMMO OI[iHKY HACTaHHS IMOXEXKi 32 YMOBH,
10 TaM y’Ke BUSBJICHO OJUH 3 KJIaCiB MOXKEXHOI HeOe3-
nekn Ki, Ky, Kz, Ky, Kg, T06TO

P(H;)P(K1/Hj)
P(Km)

Jnsa 64 xBapramy, ne 6yB BusBienuit Il kmac mo-
JKe)KHOI HeOe3NeKw, HMOBIPHICTh HACTaHHS TIOXKEXKI
CTaHOBHTb

, m=12,345.

P(Hi/Kp)=

P(H64)P(K2/H64)= 0,05
P(K,) 0,077

3. CtBopennsi kaprorpadiuHoi 6a3m 1aHux 1Jas
OUIHKHM IIMOBipHOCTI MOKeK B JIICOBUX MacHBax

Sk ommcaHO BUIE, WMOBIPHICTh BUHHKHEHHS I10-
KEX1 B IEBHOMY JIICOBOMY KBapTalli BU3HAYAETHCS TIO-
POZHO-BIKOBMM CKJIJIOM BHJIUIIB, IO 3HAXOJSTHCS B
OLIIHIOBAHOMY KBapTajl, Ta CTAHOM 3BOJIOKEHHS I'DYH-
TiB B IIbOMY BHALTI (Tabi. 3, 4). s po3paxyHKy #Mo-
BipHOCTI chopMoBaHa KaprorpadiuHa Oasa, MO OMUCYeE
XapaKTEepUCTUKU JICOBHX KBapTaliB Ta BHIUIB. baza
JTAaHUX BKITFOYA€ JTBA OCHOBHI KJIacH 00’ €KTiB, aTpuOyTH
SIKMX TIPHUBE/ICH] HIKYe, Ta KiacudikaropiB «OCHOBHUI
eJIeMeHT JIicy», «BikoBa rpymay, «O3Haka BOJOTOCTI.

P(H64/K2)= =0,65.

Taéauus 3. Knac gicoBux kBapTaJis

Ha3zpa arpuéyra | Tum nanux IlosicHenHs1
KvartalNumber Integer Howmep kBaprtana
KvartalName Text [To3HayeHHs KBapTana
PirologyValue Float ToskeKHHUH THIEKC
Area Float [loma KBapraja

Taéanns 4. Knac jgicoBux BUaiIiB

Haszsa arpunéyra | Tun nanux IlosicHenHs1
VydilNumber Integer Howmep kBaprana
VydilName Text IMo3HayeHHs KBapTaia
PirologyValue Float TMoxeKHUH iHIEKC
Area Float IInomra xBapTana
ForestElement Integer OCHOBHHI €JIEMEHT JIicy
OldGroup Integer Bikosa rpyma

Kaprorpadiuna 6a3a nannx Oyia HalloBHEHa IUIS-
XOM OIM(POBKHM PacTPOBHUX KapT MOKapiBCHKOTO JIic-
uuirBa (puc. 4). PesympraroM onMdpoOBKH € BEKTOPHI
[Iapy KBapTaJIiB Ta BUILTIB 3 BU3SHAYCHUMH XapaKTepPH-
CTHKaMH JIICOBHX YTiJlb, HA OCHOBI SIKMX pO3paxoBaHi
WMOBIPHOCTI BUHUKHEHHS TIOXKEX B JIICOBHX KBapTajax.
Ha puc. 5 npuBeneHa TeMaTH4YHa KapTa PO3MOIiTy HMO-
BIpHOCTEY BHHUKHCHHS TOXEXKi, po3paxoBaHa 3a ¢op-
MmyJolo baiieca, ne kKombopaMu Mo3HAUEHI Kilacu MosKe-
’kHOI HeOesneku: [ xiac — cuwii, Il kiac — yepBoHMI,
III knac — opanxeswuii, |V xiac — 3eneHui.

0

Puc. 4. PactpoBa kapTa JIiCOBUX KBapTaliB (a)
Ta JicoBux BUALIB (6) MoxapiBCbKOTO JIICHULITBA
(Fig. 4. Raster map of forest quarters (a)
and forest allotments (6) of Mozhariv forestry)

A 2o

SN e D i 7 SR /2
Puc. 5. TemaruuHa kapTa po3nomizy
HMOBIpHOCTEH BUHUKHEHHS MTOXKEXKI

(Fig. 5. Thematic map of the distribution of fire probabilities)
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IlikaBuM € CyMIIll[eHHSI TEeMaTHYHOI KapTH 3 PACTPOBHM
[IApOM  TOKEXKHOro iHgekca (puc. 6), 10 OAepKaHHi
METOJOM BH3HAYCHHS CIAICHHX IOKEeKAaMH TEPUTOpill 3a
nornomoroto Gopmynam (1) ta (2).

Puc. 6. CyMimmeHHs TeMaTH4HOT KapTH HMOBIpHOCTEH
MOYKEXKi 3 MIAPOM BH3HAYCHUX HACIIAKIB MOKEKI
(Fig. 6. Combining the thematic map of fire probabilities
with a layer of defined consequences of the fire)

CyMimeHHs KapTH 3 pacTPOBHUM IIapOM MOKAa3ye,
10 Hallla TIPOTHO3HA MOJENh € MPaBIIIBHOIO 1 11 MOXKHA

BHKOPHCTOBYBATH CIICI[ialiCTaM B raiy3i JIICOBOTO roc-
OTapCTRA.

BucHoBku

Po3pobneno iHpopMariiiHy cucTeMy aHallizy Hac-
JAKIB JIICOBUX TOKEX 13 BUKOPUCTAHHSIM TEXHOJOTIH
33 Ta 3po0JicHO MPOTHO3 00 BUSBJICHHS MOXKEKO-
HeOe3neynux Tepuropiil. IlpoBeneHo akTyasnizariiro
CTaHy JICOBUX YTiJib 3 BUKOPUCTAHHIM KOCMIYHHX 3Hi-
MKIB Ha OCHOBI KepoBaHOI Kiacudikauii MeTomom
Baiieca. IIpoananizoBaHO pe3yJbTaTH BHU3HAYCHb HOP-
MaJti30BaHOTO iHIeKcy 3rapuma NBR mo ta micns mo-
JKEeKi Ha OCHOBI KOCMIYHHX 3HIMKIB, 3pOOJIEHUX CYIyT-
aukoMm Landsat 8 mpotsrom mitTHROTO Tepioxy 2020
poxy B OBpyupkomy paiioHi JKutoMupchkoi oGmacTi
VYxpaian. Takok CTBOPEHO MPOTHO3HY MOAETHh HMOBIip-
HICHOTO HAcTaHHs JICOBOI IOXeXi MeTomoM baiieca.
CTBOpeHa TeMaTHYHA KapTa 3 PO3MOIICHHIM KJaciB
MOXKEXKHOT HeOE3NEKH 110 KOXKHOMY JIiICOBOMY KBapTay.
Jns mepeBipKH TOYHOCTI Pe3yJIbTaTiB CTBOPEHOI Mpo-
THO3HOT MOJIeNi TNPOBENEHO CYMIIIEHHS TEeMaTH4HOL
KapTH 3 NIapOM BU3HAYCHUX TEPUTOPIN 3rapuiLl.

Jana indopmaniiiHa cucrema € 3py4HuM 1 yHiBep-
CallbHUM MPOTPAMHHUM MPOJYKTOM, 3JaTHHM aJalTyBa-
TUCBH JI0 OYAb-5IKOi JTicOBOT MakpocucTeMu. [loganpium
HANpPSIMKOM BJIOCKOHAIICHHSI € BIPOBADKECHHS IITY4YHO-
ro iHTEJNIEKTY Ta MAIIMHHOTO HABYAHHS, IO JO3BOJIUTH
me OUThII TOYHO Ta 3 MAKCHUMAaJbHOIO IIBHAKICTIO
OTPUMYBATH PE3yNbTAT aHANI3y ISl IBHIKOIO peary-
BaHHS Ta NPUIHATTS PIillICHb.
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MogpenupoBaHue JIeCHbIX 105KAPOB HA 0OCHOBe NPOrHocTHYecKoi Moenu baiieca u reonHpopMalMOHHBIX TEXHOJIOTHii
O. B. bapa6am, E. 1. baanypka

AnHoTtanus. CeromHs pasHOOOpa3sHyr0 MHGOPMALHIO O JIECHBIX SKOCHCTEMaX MOXKHO ITOJYYUTh C IIOMOIIBIO METOJIOB
JMCTaHIIMOHHOTO 30HAWpOBaHMs 3eMiH. lcronb3oBaHHE KOCMHYECKHX JaHHBIX MOHHUTOPHMHIA JIECOB SIBISIETCS YKOHOMHYECKH
BBITO/IHBIM, TaK Kak ITO3BOJISIET OBICTPO MOJIy4aTh OOBEKTUBHYIO HH(POPMALUIO, HEOOXOAUMYIO JIECOBOAM JUTS PEIICHHS TpaK-
THuecknXx 3aga4. CIlyTHHKOBBIE JTaHHBIE 00ECIIeUMBAIOT OOIIMPHBINA OXBAT JIECHBIX YTOJHH, BHICOKYIO TOYHOCTH PE3yJIbTATOB, a
TaKOKe BBICOKYIO 9acCTOTY IOTYyYeHHBIX JAHHBIX. [l mccimenoBaHus ObIIM BBIOPAHBI KOCMHYECKHE CHIMKH Tepputopun OBpyd-
ckoro paiiona JXuromupckoir obmacti Ykpaussl getoM 2020 roga. OmpeneneHue MOPOTHOTO COCTaBa MPOBEACHO METOAAMHU
yHpaBiIsgeMoil KiaaccuduKauy, a IMEHHO KiaccudukaTopoM baifeca. YcranoBieHo, uto 70% J1€COB SIBIAIOTCS COCHOBBIMH, B
MEHBIIIEM KOJIMYECTBE BCTPEUAIOTCSI OCHHOBBIE, TPaboBEIe, O€pe30BbIe, OJILXOBBIE U SICEHEBEIE MOPOALI AepeBheB. [1o cratucTu-
YeCKUM JaHHbIM Ha npoTsokeHun 2000-2020 rr. B YkpauHe ObUI0 HOBPEKACHO H YHUUTOXKEHO JIECHBIMU Moxkapamu 51,4 Teic. ra
JIECHBIX HacaxJeHUi. [109ToMy 00BbeKTHBHAS M CBOEBPEMEHHasi HH(POPMALHs O MOCJISICTBUSIX IT0KapOB HEOOX0ANMA JUTs pellie-
HHS LIMPOKOTO KJIacca MPHKIAIHBIX 3a/1ad JIECHOTO X03siicTBa. BaxHOi 3aiaueil npy OlleHKe 3KOJIOr0-3KOHOMHUYECKOTO yIepoa,
HAHECEHHOT'0 JIECHOMY XO3SiCTBY BCJIE/ICTBUE JIECHBIX I0XKApOB, ABIISIETCS ONpeIeNCHHE IOl TOBPEXICHHBIX JIecoB. B pabore
paccMaTpHBaeTCs TEXHOJOTHS OIpeeTIeHNs] TEPPUTOPHH Jieca, Tie MPOMIEN IoXap, ¢ HUCHONIB30BAaHHEM KOCMHYECKNX CHHMKOB
cmytHrka Landsat 8. Jlmst oOHapys>keHHsI COXOKEHHBIX TOXKapoOM TEPPUTOPUH M ypOBHEH BIIEUATICHHS MCTIONB3YETCS HOPMAII30-
BaHHBIN uHJeKC noxxapa NBR 10 u nocne noxkapa u unnexc DNBR. JInst nporHo3upoBaHus JIeCHBIX MMOXKapOB CO3/[aHa MaTeMaTh-
yeckasi MOJIeNIb Ha OCHOBE TeopeMbl baiieca 1 co3naHa TemaTrnyeckas Kapra ¢ KJIaccaMu MOXapHOIM OMacHOCTH MOKBapTanbHO. [l
MPOBEPKN TOYHOCTU PE3YJBTaTOB CO3JaHHOM NPOTHO3HOM MOJENM MPOHM3BENECHO COBMEIIEHHE TEMAaTHYECKOH KapThl CO CIIOEM
OIpeJIeIEHHBIX TePPUTOPHI TOXKapuil. J[aHHBIA MPOrpaMMHBIN MPOIYKT JOCTATOYHO TMOOK M YHHBEpCAleH, OH MOXXET OBITh
JIETKO aJIaNTUPOBaH JJIsl IPUMEHEHHS He TOJIBKO JUISl ONPEACIICHNUS COMXOKEHHBIX JIECHBIX YTOIWH, HO U JUISl IPYTHX TEPPUTOPHIL.

KiaoueBble CJI0Ba: MOACIMPOBAHUE JIECHBIX MOXApOB; HHMOPMALOHHAS CHUCTEMa; KOCMHYECKHE CHUMKH; JMCTAaHIH-
oHHOe 30HAupoBaHue 3emim; Quantum GIS; naneke moxxapumr; popmyia baiieca; BeposTHOCTS TOKapa.

Modeling of forest fires based on the Bayesian forecast model and geoinformation technologies
Oleg Barabash, Olena Bandurka

Abstract. Today, a variety of information about forest ecosystems can be obtained using remote sensing methods. The
use of space data for forest monitoring is cost-effective because it allows you to quickly obtain the objective information needed
by foresters to solve practical problems. Satellite data provide wide coverage of forest lands, high accuracy of results, as well as
high frequency of data obtained. Space images of the Ovruch district of the Zhytomyr region of Ukraine in the summer of 2020
were selected for the study. Determination of breed composition was carried out by the methods of controlled classification,
namely the Bayesian classifier. It was found that 70 % of forests are pine, less aspen, hornbeam, birch, alder and ash tree species.
According to statistics, during 2000-2020, 51.4 thousand hectares of forest plantations in Ukraine were damaged and destroyed
by forest fires. Therefore, objective and timely information on the consequences of fires is needed to solve a wide range of ap-
plied problems of forestry. An important task in assessing the environmental and economic damage caused to forestry as a result
of forest fires is to determine the area of damaged forests. The paper considers technologies for determining the area of the forest
where the fire took place, using space images of the Landsat 8 satellite. The normalized NBR fire index before and after the fire and
the DNBR index are used to identify areas burned by fire and impression levels. To predict forest fires, a mathematical model based
on Bayes' theorem was created and a thematic map with fire hazard classes on a quarterly basis was created. To check the accuracy
of the results of the created forecast model, the thematic map was combined with a layer of defined fire areas. This software product
is quite flexible and versatile, it can be easily adapted for use not only to identify burned forest lands, but also for other areas.

Keywords: information system; space imagery; remote sensing of the Earth; Quantum GIS; fire index; Bayesian
formula; probability of fire.
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XapKiBCHKHI HAIIOHATBHHUN YHIBEPCUTET PaioeNeKTPOHIKH, XapKiB, YKpaina

BUKOPUCTAHHSA JOJATKY E-NETSIM
ITPHU BI3YAJIBHOMY MOJIEJIIOBAHHI PYXY ABTOHOMHUX POBOTIB

AnoTanisi. OcCHOBHE 3aBJaHHS METOJIB IOIIYKY IUIIXY — TeHEpYBaTH MOXKIMBHH IUIIX Yepe3 AUITHKY CepemoBHINA IIPH
00x07i nmepemmkoa i MiHiMi3anii JOBKUHY HUIAXY. [cHYI0di METoau 30cepeIKeHi Ha HAHKOPOTIIIOMY T€OMETPHYHOMY IIUIAXY
IO METH 1 HE BPaxXOBYIOTh pi3Hi IMapaMeTpH, TaKi SIK CIIOKHBAaHHS €HEeprii abo CKIaAHICTh NUIAHOK HIUIAXY. Y I cTarTi
MIPOIOHYETHCS METOA MOUIYKY HUIIXYy Ta BU3HAYCHHS MOTO ONTHUMAIBHOCTI 3a JomoMoroio mepex Ilerpi. OkpiM reHepy-
BaHHS pillleHh Ha OCHOBI KiIbKOX IapaMeTpiB, el METO[ A03BOJIA€ PO3IMIMPUTH Bi3yaJbHUI 3BOPOTHHUH 3B’ s130K. [Ipu pos-
paxyHKy ONTHMAJBHOCTI MOJIEN BUKOPHCTOBYIOTh T€OMETPHUYHY BiJICTAHb BiJl TOYKH BXOIY poOOTa IO METH IO BH3HAUe-
HOMY MapIIpyTy Ta BUTpaTH aOCTPaKTHOI BENMUNHY €HEpril Ha IepecyBaHHs KOXXKHUM MapipyToM. O6'ekToM aocaigKeH-
Hs1 € Mepexi [leTpi Ta IX BUKOpHCTaHHS U1 MOJETIOBaHHS IPOIECy CTBOPEHHS MapIIpPyTiB Ta MOUIYKY HUIAXY JUII aBTO-
HOMHHUX poOortiB. IIpeamerom gocaaiaKeHHsI € MaTeMaTHYHUK anapar Mepex [leTpi Ta TOUUIBHICTE 1X 3aCTOCYBaHHS IPH
MOJIEITIFOBaHHI MPOIECy CTBOPEHHS MapIIPYTiB Ta MOUITYKY HUIAXY U aBTOHOMHHUX poOOTiB. MeTol0 HayKoBoi podoTH €
JIEMOHCTpALlisl TIlepeBar Mepesx IleTpi a1 Bi3yalbHOro MOJEIIOBAHHS MPOIIECY MOIIYKY IUISIXY Ta PyXy aBTOHOMHHUX po0o-
TiB. BucHoBku. IIpencraBieHa MeTOMKa JOLIIBHA JI0 3aCTOCYBAHHS IIPU MOJICIFOBaHHI IPOLIECY MOIIYKY LUIAXY Ta HAJlae
KOMIUIEKCHY CTaTHUCTUKY AJISI TOAAIBIIOI OOpPOOKH Ta aHAIi3y.

KamouyoBi ciaoBa: aBToHOMHHI poOOT; MOUITYK HUIIXY; Tpad) MUIAXY; HaBiramis, nepemxonan; mepexi [letpi; Bisyanbue

monemosanas;, E-NetSim.

Beryn

HocnimkernHs y cdepi MOMyKy NUIIXY IUIS aBTO-
HOMHHX po0oTiB (AP) € akTyanbHUMH BXe OlIbIIe TPU-
JUATH poKiB. OCHOBHOIO 33Ja4el0 IIMX METOIB € I'eHe-
patlisi MOXKJIMBOTO HIIIXY Yepe3 IUITHKY CepeOBHIIA 3
OMUHAHHSM TEPEIIKO Ta MIHIMI3aIli€l0 JOBKUHY IILIs-
Xy. Ha naHuii MOMEHT iCHY€ BeJMKa KUIbKICTh €()eKTHB-
HUX MeToziB [1] momIyKy NuIsxy, OqHaK GiTbIICTh 3 HUX
npuiiMae 10 yBaru HalKOPOTIUMI r€OMETPUYHHUNA LUIAX
JI0 METH 1 He NpUHMae 10 yBard Taki IapameTpu sK
€HEepPTOBUTPATH a00 CKIAJHICTh AUISHOK NUIAXy. B 3a-
JISKHOCTI BiJl CEpelNoBHUINA, KOHCTPYKLIi poOoTy Ta
KoH(Irypamii KepyBaHHS Ta METOIy PyXy, BUOIp ONTH-
MaJIBHOTO JJIsl PyXy MapLIpyTy MOXKe 3MIHIOBAaTHCh.

JonarkoBoto npoOsieMOr0 € HEAOCTaTHIH piBeHb
Bi3yaspHOI iH(OpMAaIil, [0 HAJAETHCS TOTEHIIaJIbHOMY
oreparopy MiJi Yac MpoLecy IUIaHyBaHHS HUBIXY. Ilpu
YMOBaxX, HIO HaBKOJIMIIHE CEPEIOBHIIE MNEPELIKOPKAE
3B’S13Ky poOoOTa 3 OIMEepaTopoM I 4Yac pyXy, MOMKIIH-
BICTb JIOKAJI3yBaTH Miclle 3HaXO/KeHHs poOoTa Ta cTa-
TyC BUKOHaHHS HUM IIOCTAaBJICHOI 3a/a4yi € HeoOXiHic-
TI0. Buxopucranns mepex Ilerpi Hagae MOXIMBICTH
MOJIETIOBAaHHS 3aTPUMOK Ha HIIIXY, a TaKOX JIEMOHCT-
pauito pyxy aekinekox AP Ha omHOMYy MapmipyTi 3a pa-
XyHOK MOJIETFOBaHHS YepPT Ta IIPOXOIiB.

MogemtoBanHs 3a TomoMOror Mepex I[letpi mo-
3BOJISIE OTPUMATH MHOXHHY KOMILUIEKCHHX XapaKTepHC-
THK JJIs1 OI[IHKK ONTHUMAaJbHOCTI MapmipyTy. Bukopuc-
TaHHS Mepex [leTpi mpu mporeci MOMIyKy HUIIXy He
HoBe. Kiorriep ta Maxynes [2, 3] BHKOpHCTOBYIOTH
criemianbHUN Kiac Mepex [lerpi, skuif Ha3MBalOThH KiH-
LIEBUM aBTOMAaTOM, JUIsl KOOpAMHALII pyXy 0ararbox po-
6o0tiB. MoxanTa ta Ilapxi po3pobnu moznens mepex [le-
Tpi, SKa BHKOPHCTOBYETHC 100 YHMKHYTH 3ITKHEHHS
MDK poOOTaMH Ta YHUKHEHHsI IEpEeIIKOA IijJ Jac HaBi-
rauii [4]. V [5] 3anpomnoHOBaHO CTPYKTYpy MaTeMaTHy-
HOT IOCshKHOCTI it Mepexi [letpi mist HaBiramii MooOi-

npHOTO podora. Takum unHOM, Mepexi [leTpi 3Buuaiino
BUKOPHCTOBYIOTBCS [UIsl CKJIAJaHHS IUIaHIB BUKOHAHHS
3aj1a4 OJHUM a00 TPYIOK0 POOOTIB, THMYACOM SIK METOO
miel pobOTH € po3mHMpeHHs Cceph 3acTOCyBaHHS Ha
AITOPUTMH TIOITYKYy Ta omnTuMizamii nurixy. Mepexi
IleTpi MOXITHUBO KOMOIHYBaTH 3 BEIHKOI KiJTBKICTIO
METO/IB TMOIIYKY IUISXY, IIPU YMOBaxX IO METOJ CTBO-
PIOE By3JIM JUIS IEPEMIIIEHHS Ha KapTi.

CepemoBuiiie Bi3yajapbHOTO MopeiroBanHs E-Net-
Sim [6] mo3Bomste cumymoBaTH poOOTY AITOPUTMIB T10-
HIYKY LUIIXY Ta OnTHMIi3alii Ha ocHOBI Mepex Ilerpi Ta
JI03BOJISIE OTPUMATH Bi3yasibHy iHGOpMAIiI0 MiJx yac
MOJICITIOBaHHSI.

IHocTranoBka npodJemMu

[Mpunycrumo, 1o icHye Jesika AUTSIHKA IPOCTOpY 3
TOYKOIO BXOAY pPOOOTY, MEpeIIKoiaMH, Ta METOH, SIKY
Tpeba nocsarty. J{is OTpUMaHHs TOLIBHOTO PEe3yJIbTary
MOJIEIIOBaHHS IOBUHHE 33/I0BUIBHUTH HACTYIIHI YMOBH:

— BHUKOHaHHS PO3pPaxyHKy I'€OMETPHYHOI JOBXKH-
HU ICHYIOUHX IIIISXIB BiJl TOYKU BXOAY IO METH.

— TeHepalis Ta 30epeXeHHsI CTATUCTHUKHU TIPO TIe-
pecyBaHHs poOOTy Ta BTOPUYHHX XapaKTEPHCTHK, Ta-
KHX SIK CHEPTOBUTPATH.

— pPO3paxyHOK ONTHMAJIFHOTO MapUIPYTy, BHKO-
PHUCTOBYIOUHM T€OMETPHYHY JAOBKHHY Ta BTOPHYHI Xapa-
KTEPUCTHUKH.

Ha puc. 1 300paxeHo OUISHKY MPOCTOPY 3 MEeper-
KOJIaMH, TEpeIIKoJaMu, Ha sSKid po3MideHOo (OgHHM 3
METO/IiB TOMIYKy) rpad 3 By3TiB, BiAMIY€HO IMOYATOK Ta
KiHEeIlb Ta BUAIICHO 4 MapIIpyTH.

IMepumm kpokoM € tiepetBopents rpady G = [V, E]
Ha opienToBanuii rpad DG = [Vd, Ed ,p]. Beaxatrouu, 1o
KO)KHE peOpo IO BXOJHUTH y KIHIIEBY BEpILIMHY, € YacTH-
HOIO MapHIpyTy Bi cTapTy a0 (QiHilly, mporec MoyuHa-
€TbCS 3 TOLIYKY IHJEKCY KiHLEBOI BepXiBku FN y MHOXMHI
By3:1iB V. LIs BepxiBka mo3HavaeThest Vi Ta JIOAAETHCS 10
MHOXHHH BepIIrH opieaToBanoro rpady Vd (Jlictusr 1).

© Ipouenko A. A., Isanos B. T'., 2022
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Puc. 1. Mana xinsuku 3 neperkogamu ta mapiupyta ((Fig. 1. Area map with obstacles and routes)

Input: Fn, G = [V, E] *Finish, Undirected graph*
Output: DG = [Vvd, Ed ,¢] *Directed graph*
Locate Fn on a graph G;
Set Fn as Vi;
function add_node(V:):
Add Vi to Vd;
For each E; connected to Vi :
if E; € Ed;
pass;
else:
Add E; to Ed;
Set Vi as ¢i_head;
Locate Vc connected by Ej
Set Vc connected by E; as ¢; tail;
For each Vch:
add_node (Vch)
Return DG;

MHO)XMHA BUXITHUX (yHKIiH, ToOTO map T X P— {1, 0},
IO TTOETHYE TPAH3aKLIl Ta MePEXOIH.

[TepeTBopeHHsT Opi€HTOBaHOTO rpady y Mepexy
[eTpi 300pakeHO HACTYIHOMY aJTOPUTMI, IO ITOYHHA-
€TBCS 3 TOMIYKY IHAEKCY IOYaTKOBOi BEpXiBKH St y
MHOXxwHI By3miB V. Ll BepxiBka nmo3zHadaetscs Vi. aui,
QITOPUTM CTBOPIOE TpaH3akmiro Ti ta momae Vii T mo
MuoxwuH P ta T BignosigHo. Ilicis poro, GopmyeThest
BXigHa mapa lj mo monaerbes 10 MHOKUHHM |. J{ns kox-
Hoi ¢j_tail mo Brirouae y cebe Vi, GpopMyeThest BXinHa
napa Oj mo nonaerbes 1o MEHOkuHE O. Anroput™ mpo-
XOIIUTPH yCi BepImIuHH rpady, 0 CIIPsIMOBAHI BiJI CTApTy
10 (iHIITy, TOCITiTOBHO.

JlicTunr 1

[Micnst 3HAXOMKEHHsI BEPXiBKU, AJTOPHUTM 3HAXO-
IuTh yci pebpa Ej mo Bxomsate y Fn ta momae ix y no
MHOXHHH pebep opieHtoBanoro rpady Ed. Jlo koxHOro
pebpa, mo Oyino goxaHo a0 Ed, 10 MHOXHMHH HATPSIMKIB
¢ nomaetses Hanmpsmok (pi_head, ¢j_tail) e ¢i_head e
Via ¢j_tail e inmoro BepumHoro 3 Ej. Anroputm mpoxo-
JIUTH yCi BEPUIHHU rpady MOCIiOBHO.

HactymauM kpokoM € 1moOymoBa CTpyKTypu Me-
pexi [Terpi PN = [P, T, I, O] Ha ocHOBi Opi€HTOBaHOTO
rpagy DG = [V, E, ¢].

Mepexa Iletpi me rpadiuauii Ta MaTeMaTHIHHN
THCTpYMEHT JJIsl MOJIeTIoBaHHs cucteM. DopmaibHo [7],
Mepexa [leTpi omucyeTnes sk

PN=[P T, O], (D)
ne P — muoxuna micip, P=[P1, P2, P3 ... Pn], e n € N,
T — MHOKHMHA TpaH3aKIliii, a00 nepexoxis, T=[T1, T2, ... Tm],
ae m € N, | — MHOXxuHA BXigHux (yHKIiHA, ToOTO map
PXT— {0, 1}, mo noennye nepexoau Ta Tpansakiii, O —

51 LT
Ll
o " ] M\ nb/}\
T F 11-F
1:-F R

Input: St, DG = [V, E, ¢] *Start, Directed graph*
Output: PN = [P, T, I, 0] *Petri Net*
Locate St on a graph DG;
Set St as Vi;
function add_petri_pair(Vi,T:i):
Create T; ;
Add Vi to P;
Add Tito T;
Add Ii(Pi x Ti » {0, 1}) to I;
For each Vj € ¢i_tail:
Add 0j(Ti x Pi » {1, @}) to O;
add_petri_pair(Vj,Ti):
Return PN = [P, T, I, O];

TP T
TR T

JlicTunr 2

CdopmoBany mepexy Ilerpi 300paxeHo Ha
puc. 2. Mepexa nin’eanana no reneparopa G1 mio re-
Hepye HOBHH Mapkep koxHi 100 BiIHOCHHUX OIMHUIID
yacy. Mapkepu aKyMymiOrThCs ¥ uepry QL.

Koxxna Tpanzakmiss T mMae 3agaHuii 3MiHHOIO 4ac
TpaH3akmii Ta QyHKIit0 TpaH3akmii (puc. 3) YV manomy
BHIA/IKY, (DyHKIiS mHepexofay 3MIHIOE 3aralbHUI dbac
OYiKyBaHHS MapKepy.

(]

Puc. 2. Chopmosana mepesxa [lerpi (Fig. 2. Constructed Petri Net)
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4 Ceoiictsa nepexoga (T6 - T) X
Onvcarie
T8
Bpera cpaBaTbisaiis Benuuan noswuua
[a11 [Fs ]
Pewatowan nozuums FUHKIKA NEpEXoa
I Braowrs W Braowms
Orriera oK
4 Oymeunn nepexoga (T6 - T) X
Onepaum CeoficTea onepauHH
Pesynbrar sanoats e
Oneparop:
. =
Onepanga 1
54
Oneparg
a1l
Logasire Unanre

Puc. 3. BikHo BiactiBocTel TpaH3akii Ta QyHKIIS TpaH3aKIii
(Fig. 3. Transaction property window and transaction function)

MopesnroBaHHs Npouecy NOLYKY HLIAXY

CcdopmoBaHa abCcTpakTHa MOIENb TOMIIYKY Bifo-
Opakae Xif poboTy (Mapkepy) 3 3aTpUMKaMH Ha KOXHiH
JUISHII LUTAXY. SIKIIO IPHITYCTUTH, IO MapKep MpoXo-
JIMTHh OJHY BITHOCHY OJMHHLIO LUISIXY 32 NEBHHM, 3a-
37aNeriib BU3HAYCHMI Yac, sIKMH EKBIBaJICHTHUH dacy
3aTPUMIl CUMYJIIAIIT, TO BEIUYMHA 3aTPUMKA HA KOXKHIMH
IUIAHII OyZe MOpIBHIOBATH MOBXKHUHI Ifi€l MUISHKH Yy
BIZTHOCHUX OAMHHIIX. Pe3ynbrar MojenroBaHHA 3 3a/1a-
HUMHU BiICTaHAMH 300paxkeHO Ha puc. 4. OCHOBHOIO
NepeBaror0 BUKOPUCTaHHSI Mepex IleTpi € MOXIMBICTb
MOJICJTIOBaHHSI TIPOLIECY MOLIYKY HUISXY 3 KOMIUIEKCHH-
MU XapaKTepUCTHKAMHU.

& Mapkepe! X
Cnucok Mapkepos ATTPUGYTEI

ATTpUbYT | 3HaueHWe ~
Mapwpyr i |

WeuakicTe
EHeproeuTpatu
3araneHe oYikyBaHHA

Mapkep #1
Maprep #1
Mapkep #1
Mapkep #2

10
1,00000000209548
Maokeo #2 12

& Mapkepet X
CruCoK MapKepos

ATTPUGYTEI

ATTpUbYT | 3HaueHWe ~
Mapwpyr 3

WeuakicTe
EHeproeuTpatu
3araneHe oYikysaHHA

1,00000000209548

Maokeo #2

"4 Mapkepei X
Crucok Mapkepos ATTpUEYTE

ATTpUbYT [ 3HaueHWe ~

Mapwpyr 4

WenakicTe

EHeprosuTpatu
Maokeo #2 3araneHe ouikysaHHA

"4 Mapkepei %
Crucok Mapkepos ATTPUEYTE

10
1.00000000209548
16

ATTpUbYT [ 3HaueHWe ~
Mapuwpyr 2

WenakicTe
EHeprosuTpatu
3araneHe ouikysaHHA

1.00000000209548

Maokeo #2

Puc. 4. Pesynsrar MozientoBaHHs 3 (hiKCOBAHOIO IIBHIIKICTIO
(Fig. 4. The result of simulation with a fixed speed)

Jomamo 10 momnepeaHboi MOJeNi TOJATKOBUH Ma-
paMerp — CKIIaIHICTh nuisixy o (puc. 5). Temep koxeH
Mapkep Oyme MaTh JBi yHIKaJIbHI XapaKTePUCTHKH:
mBuaKicte V 1 eHepropurpard C. TakuM 4YWHOM dHac
MIPOXOAY KOXKHOTO MapKepy 4yepe3 pi3Hi MapuipyTu Oyze
3alie)KaTH HE TUIBKH BiJl JOBXHHH IIbOTO MapIIPYTY.

3aBAsKM LIbOMY, MH MOXXEMO BH3HAUUTH ONTHUMAaJbHUH
MapIIpyT 3a IBOMa KPUTEPIsIMH.

Puc. 5. Mana finsHKY 3 TIepeIIKoIaMHy, YCKIIaJHEHHIMH
uutsixy ta Mapiupyramu (Fig. 5. Map of the area with obsta-
cles, road complications and routes)

[Tin wac mporecy MozenroBaHHs poxarok E-Net-
Sim mokasye mapameTpu KOXKHOTO Mapkepa (puc. 6) Ha
KO)KHOMY MapupyTi y Oynp sikuii MoMeHT uacy. Lle mo-
JIATKOBO HaJa€ oreparopy HeoOXiaHy iHdopMarliiro mpo
MpOLIEC MOUIYKY IUIAXY 1 Ha/Jla€ MOXKJIMBOCTI JUIsl KOPH-
T'YBaHHSI.

Ha gingakax, ski mpencTaBieHi TpaH3akmismu T4,
T6 ta T12 cxmagHicTh MapmpyTy 30iLTBIOICHA Y O pa3iB
ti = aLi/Vj. Ilig yac 7aHOTO MOIEIIOBAHHS MapameTp o
cranoBuB 10, mapamerp V — BHIQJKOBOIO BEIHMYHOKO
V = R(1,10), mapamerp C — BHIAJKOBOK BEIMIHOIO
V = R(1,20) asnst KOXKHOTO MapKepy.

W Wapmaps . 1
Cruim waam s ey I
| Arpatiy Al
[
e,
[
o nmem o g
o g

Puc. 6. XapakTepucTUKH MapKepy y AaHHH MOMEHT
(Fig. 6. Characteristics of the marker at the moment)

I'pacix pesymsrariB MomenrOBaHHS 32 4acoM (Xt) 30-
OpaxeHo Ha puc. 7, 3a eHeproButparamu (XC) — Ha puc. 8.

O0po0Oka pe3yJbTaTiB MOJAEII0BAHHS

BuxkopucroByroun napamerpu 2t ta 2C, MOXINBO
BHU3HAUUTH ONTUMAIIbHUI MapuipyT A koxHoro AP, B
3aJIeXHOCTI BiJl BarW KOXXHOTO IapaMeTpy JUlsl MpoLecy
orntuMizanii. Ha puc. 9 300paxeHo rpadik onTumaib-
HOCTI KO)KHOTO MapIupyTy, Zie KpUTEpiii 3aTPUMKH Mae
Bary 0.7, a kpurepiit eneproButrpar — Bary 0.3. Pe3ysb-
TaTH onTuMizamii mpuseneHo B tabm. 1 (M — micue y
KO)KHOMY EKCIepuMeHTi). Kepyrouucs maHuMu pesyiib-
TaTaMH, MOJKHa BCTAHOBHTH, 10 MapmpyT Nel e omrtu-
ManbHUM Yy 54.45% Bunankis. Ha puc. 10 300pakeHo
rpadix ONTUMAIBHOCTI KOKHOTO MapIipyTy, € KpHTe-
piit 3arpumkn mae Bary 0.3, a KpuTepili eHEproBUTpPAT
— Bary 0.7. Pesynpratu onrtumizauii NpuBEJEHO B
tabi. 2. 3a naHuMHM napamerpamMu Mapupyt Ne3 e om-
TUMaJIBHUM Yy 85.14% BHnajKis.
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Path 3
Path 2
Path 3
Path 4

o 20 0

Puc. 7. I'padik pe3ynsrariB MozeIIOBaHHS 3a 9acoM (Xt)

&0 80 100

(Fig. 7. Graph of simulation results by time (Xt))

Path il
Path 2
Path 3
Path 4

o 20 a0

&0 80 100

Puc. 8. I'padik pesynsraris MozemoBanns 3a enepropurparamu (XC) (Fig. 8. Graph of energy consumption simulation results (C))

Fath 1
Path 2
Path 3
Path 4

0 20 L L

Puc. 9. I'padix onTUMATBHOCTI KOKHOTO MapiipyTy 3 napamerpamu (0.7, 0.3)
(Fig. 9. Graph of optimality of each route with parameters (0.7, 0.3))

0 20 L o0

Puc. 10. I'padik onTuMansHOCTI KOXKHOTO MapuipyTy 3 mapamerpamu (0.3, 0.7).
(Fig. 10. Graph of optimality of each route with parameters (0.3, 0.7).)

OuikyBaHO, pe3yapTaTd y Tada. 1 Ta 2 MOKa3yoTh
0, B 3aJIGKHOCTI Bif BHOOpY BarW pisHHX KPHUTEPIiB,
BHOIp ONTUMAJIEHOTO MapIIPyTy 3MiHIOETHCA.

BucnoBku

Ll cTaTTs ommcye BHKOPUCTAHHS MOAEIN Me-
pexi Ilerpi st BUpilIeHHST NPOOJIEMHU TOIIYKY LUISXY
JUIsl aBBTOHOMHUX POOOTIB.

Tabnuys 1 — PesynbraTn
onTtuMizauii 3 napame-
Tpamu (0.7, 0.3)

lnsax
Nel | Ne2 | Ne3 | Ned
1 55| 0 |44 0
2 20| 0 | 55| 24
—— 3 7122|070
4 17 (77| 0 | 5

M

Tabauys 2 — Pesyabratn
onTuMi3zauii 3 napame-
Tpamu (0.3, 0.7)

::-‘-:: HInsax
| || ™
o Nol | Ne2 | Ne3 | Ne4
1 13/ 0 (8|0
2 42 | 0 |13 | 44
o0 3 23121 | 0 | 55
4 21178 0 0

SIx MOXHA 1TOOAYUTH 3 PE3yIbTaTIB eKCIIEPHUMEHTY,
MOJICTIIOBAaHHS 3a JOMOTo0 Mepexii [lerpi mo3Bosse
3HANTH HE TUIBKM ONTHUMAIBHUHA PE3yJIbTaT BUKOPHCTO-
BYIOUM T€OMETPUYHY JOBKHHY MapuipyTy, aje H ONTH-
MaJIbHUH pe3yJbTaT 3 BUKOPUCTAHHSM JIOJAaTKOBHX Xa-
PaKTEpUCTHK, TAKUX SIK CHEPrOBUTPATH.

AHani3 CTaTUCTUKH, OTPUMAHOI y pe3yJbTari Mo-
JICTIFOBAaHHsI, TOTIOMAarae CpOCTUTH HPOLEC IJIaHyBaHHS
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HaBirauii 3a yMOBM BHKOPHCTaHHS POOOTIB 3 PI3HUMH
TEXHIYHUMH XapaKTePUCTUKAMHU.

AJTOpUTMH omNHMcaHi y Wi poOOTi MOXYTh OyTH
3aCTOCOBaHi ISl peallbHuX NpoOJieM IUIaHyBaHHS LIS
Xy IJ1sl poOOTiB, 0COONNBO, KO YMOBU HaBKOJIMIITHBO-
TO OTOYCHHS HE JO3BOJIAIOTH BIJICTE)KYBATH Ta KEPYyBaTH
pyxoM poOoTa Ha BCii JOBKHHI MapuIpyTy.

Cepenosuniie MozentoBanus E-NetSim mokazano
cebe yCHIIIHUM IHCTPYMEHTOM JJIsi MOJEIIIOBAHHS Pi3-
HOMAHITHUX MPOIECiB 3a JomoMororo Mepex [letpi.
HaGip iHCTpYMEHTIB Ipe/ICTaBIeHUH UM MAKETOM J0-
romMarae BiJICTE)KyBaTH pyX MapKepiB y pealbHOMY 4aci
Ta 30UpaTH IIIHHY Ta PI3HOMAaHITHY CTaTUCTHKY IIPO
PpEe3yNIbTaTH MOACIIOBAHHS.
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Using the E-Netsim application for visual simulation of the movement of the autonomous robots
Andrii Protsenko, Valeriy Ivanov

Abstract. The main task of path search methods is to generate a possible path through a section of the environment while
bypassing obstacles and minimizing the path length. Existing methods focus on the shortest geometric path to the target and do not
take into account various parameters, such as energy consumption or the complexity of sections of the path. This article proposes a
method for finding a path and determining its optimality using Petri nets. In addition to generating solutions based on several param-
eters, this method allows you to expand the visual feedback. When calculating the optimality of the model using the geometric dis-
tance from the entry point of the robot to the goal along a certain route and the cost of the abstract amount of energy to move each
route. The object of research is Petri nets and their use to model the process of creating routes and finding a way for autonomous
robots. The subject of research is the mathematical apparatus of Petri nets and the feasibility of their use in modeling the process of
creating routes and finding a way for autonomous robots. The research aims to demonstrate the benefits of Petri nets for visual
modeling of the process of finding the path and motion of autonomous robots. Conclusions. The presented technique is suitable for
use in modeling the process of finding a way and provides comprehensive statistics for further processing and analysis.

Keywords: autonomous robot; path search; path graph; navigation; obstacles; Petri nets; visual modeling; E-NetSim.

Hcnoab3oBanne npuiaoxenust E-Netsim npu Bu3yajJbHOM MoOeJIMPOBAHUH IBHKeHUS] ABTOHOMHBIX PO0OTOB
A. A. TIpouenko, B. T IBanos

AnHoTtanmus. OCHOBHas 33/1a4Ka CIOCOOOB MOKCKA ITyTH — FEHEPHUPOBATh BEPOSTHBIN MyTh Yepe3 y4acToK CPeabl Mpu obxoae
MPETIATCTBUA M MUHUMU3AIMH JUTMHBI TyTH. CYIIECTBYIOIINE METOIBI COCPEOTOYECHBI Ha KpaTdalIlieM TeOMETPUYESCKOM ITyTH K LIEITH
Y HE YYUTBIBAIOT Pa3HBIE MapaMeTpPhl, TAKUE KaK MOTPeOIeHNE SHEPTUH HJIH CIIOKHOCTh YYACTKOB IyTH. B MaHHOM cTarhe mpemiaraercst
croco0 MoVcKa MyTH U OTIPENeNIeH s €r0 ONTHMAIIFHOCTH ¢ roMotpio ceteit [lerpu. [TomrMo co3manus pemeHnii Ha 0CHOBE HECKOMb-
KHUX MApaMEeTPOB, ITOT METOJ TIO3BOJISET PACIIUPHUTH BH3YAJIBHYIO 00paTHYIO CBsi3b. [Ipr pacuere oNTHMATbHOCTH MOJIEITH UCTIONB3YIOT
T€OMETPUUECKOE PACCTOSIHUE OT TOYKH BX0Za paboTa J0 LENTH 0 ONpEeeSIeHHOMY MapIIpyTy M 3aTpaThl aOCTPaKTHOH BENTMYUHBI SHEP-
T'M Ha MepeIBIDKEHKE N0 KaKA0My MapiIpyTy. O0beKToM HecesleoBaHusl SBIIOTCA ceTd [leTpu 1 nX UCTIoNb30BaHUE 1711 MOAEIHPO-
BaHUsI TpOLIEcca CO3/IaHMs MapIIPYTOB M MOKCKa Il aBTOHOMHBIX poOoToB. Ilpemmerom mcciiefoBaHusl SBISCTCS MaTeMaTHYECKUi
armapar cetu [leTpu u 1enecooOpa3sHOCTh X NPUMEHEHHS TP MOJISIIMPOBAHHUH TIPOLecca CO3/IaHHs MapIIPYTOB U TIOMCKA MyTH IS
ABTOHOMHBIX po0OOTOB. Lle/ibl0 HayYHOIl pa0oThI SIBIIsETCS JEMOHCTpalys peuMyIecTs cetu [letpu Ui BU3yaabHOTO MOAEIMPOBa-
HMS TIpoliecca IOUCKA My TH U IBIKEHHS! aBTOHOMHBIX po6oToB. BeiBoabl. IpescraBiennas MeTonuka menecoodpasHa Juist IprIMeHe-
HUS TIPY MOZICJTMPOBAHHH TIPOLIECCa IOMCKA Iy TH U NPEIOCTABIIET KOMIUICKCHYIO CTAaTUCTUKY JULST TabHEeH el 00paboTKy 1 aHaiM3a.

KirouyeBbie CJ0Ba: aBTOHOMHBIH poOOT; MOUCK IyTH; Tpad MyTH; HABUIallKs, IPEISITCTBHS; ceTu lleTpu; BU3yaibHOe
Mozenuposanue; E-NetSim.
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MULTIAGENT METHODS OF MANAGEMENT
OF DISTRIBUTED COMPUTING IN HYBRID CLUSTERS

Abstract. Modern information technologies include the use of server systems, virtualization technologies, communication
tools for distributed computing and development of software and hardware solutions of data processing and storage centers,
the most effective of such complexes for managing heterogeneous computing resources are hybrid GRID- distributed
computing infrastructure combines resources of different types with collective access to these resources for and sharing
shared resources. The article considers a multi-agent system that provides integration of the computational management
approach for a cluster Grid system of computational type, the nodes of which have a complex hybrid structure. The hybrid
cluster includes computing modules that support different parallel programming technologies and differ in their
computational characteristics. The novelty and practical significance of the methods and tools presented in the article are a
significant increase in the functionality of the Grid cluster computing management system for the distribution and division
of Grid resources at different levels of tasks, the ability to embed intelligent computing management tools in problem-oriented
applications. The use of multi-agent systems for task planning in Grid systems will solve two main problems - scalability and
adaptability. The methods and techniques used today do not sufficiently provide solutions to these complex problems. Thus,
the scientific task of improving the effectiveness of methods and tools for managing problem-oriented distributed computing
in a cluster Grid system, integrated with traditional meta-planners and local resource managers of Grid nodes, corresponding
to trends in the concept of scalability and adaptability.

Keywords: multiagent control; distributed computing; GRID; Grid clusters; multiagent modeling; intelligent agent;

multiagent system; meta-planners; simulation.

Introduction

Common meta-planners do not fully take into
account the specific requirements of users for resources
when  allocating  these  resources.  Therefore,
administrators and users of distributed computing
environment resources have to "manually” solve the
problems of selecting and providing resources, which can
be quite versatile. This causes difficulties in solving these
problems and raises the problem of automating and
intellectualizing the processes of solving them. The most
popular approach to solving this problem is the use of
multi-agent systems (MAS) to control computing [1]. In
this paradigm, two main approaches to multi - agent
computing management can be distinguished [2]:
interaction of the MAS with local resource managers of
Environment nodes in order to optimize resource use and
integration of a user application with a multi-agent
resource selection system, the purpose of which is to
increase the efficiency of problem solving by the
application.

Currently, there is a wide range of tools for building
distributed computing environments. These include, for
example, general-purpose Google App Engine, Amazon
EC2, Microsoft Azure, specialized Unicore systems,
Globus Toolkit, Math Cloud, the Opa programming
language, and systems implemented based on the
Intelligent Problem-Solving Environment concept. The
main direction in systems for building distributed
computing environments is usually done to simplify the
process of creating services. In such systems, computing
management is implemented either using common meta-
planners such as Workload Management System or Grid

Way, or using specialized system tools. Thus, today it is
relevant to apply a multi-agent approach for managing
distributed computing at the Grid system level and
computing at the application level.

Analysis of recent research and publications.
Analysis of modern scientific and information sources in
the field of computing management research of cluster
grid systems of computational type. In the research of
Kostromin R. A., Feoktistov A. G., The problems of
multi-agent control systems for distributed computing
are considered.

In [9] methods and tools for managing problem-
oriented [8] distributed computing in a cluster Grid
system are used. Bychkov I. V. [11] focus their analysis
on well-known methods of multi-agent control of a
computing system based on meta-monitoring and
simulation.

According to the construction principle, there are
analytical, simulation, and statistical mathematical
models.

Analytical models of control and metaplaning in
Grid systems are described in the works of Toporkov V.
V., Yemelyanov D. M., Toporkov A. S. [7], Batool K.,
Niazi M.A. [12], Budaev D., Amelin K., Voschuk G.
[13], in which a mathematical, basic model of equations
is created, and an approach to hybrid modeling using
complex networks and agent-based models is considered.

However, the existing methods [6, 10] of managing
planners in systems with a hybrid structure, in conditions
of uncertainty [1, 5], require a large number of complex
mathematical calculations [4, 3], so we consider methods
of a multi-agent approach for managing distributed
computing at the Grid system level and managing
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calculations at the application level distributed
computing in a cluster Grid system, integrated with
traditional meta-planners and local resource managers of
grid system nodes to optimize the work of planners.

The aim of the study is to identify the features of
applying multi-agent approach methods for managing
distributed computing at the Grid system level and
managing computing at the application level.

Main part

1. Managing calculations at the Grid system
level. Computing management at the Grid system level is
implemented by the MAS with a given organizational
structure.

Agents’ actions are coordinated using the general
rules of group behavior. Agents function according to the
specified roles, and each role has its own rules of
behavior in the virtual community of agents. The MAS
includes resource allocation agents and a management
agent. Resource allocation agents can be combined into
virtual communities (VC). In the various VC that arise in

the MAS, agents can coordinate their actions through
cooperation or rivalry. The task of the MAS at the Grid
system level is to obtain such a distribution of task flows
entering the system and store indicators of the quality of
functioning of this system within the limits set by the
Grid system administrator.

A task is a specification of the problem - solving
process that contains information about the necessary
computing resources, running application programs,
input and output data, and other necessary information.
All tasks are divided into classes according to their
computational characteristics [2].

Indicators of the quality of functioning of the Grid
system include: average indicators of time spent in
queues, useful coefficients of nodes of the Grid system
and the system as a whole, successful completion
coefficient and the average cost of performing tasks of
different classes in nodes of the Grid system and in the
system as a whole.

A block diagram of the computing management
system at the Grid system level is shown in Fig. 1.

X
Complex of . ry
schematic modeling | Managing agent GRID system
of GRID-system : s administrator
w=0(ry cp.y)
€y
e |
Resource allocation Wy GRID.sv
agents _S}_Stem
Meta-monitoring USers
complex dy = H(ry, wi, u)
} w,' l d, . GRID-system
r cluster node
a administrators
GRID-system
Wa
b b=F(a,r,w/,d,wsd,) Local cluster
d- users

Fig. 1. Block diagram of the computing management system

In this diagram, the control object is a Grid system,
the nodes of which are represented by heterogeneous
computing clusters (CC), including hybrid ones. External
perturbations for the control object are the flow w; grid
system user tasks and flow w, local users of computing
clusters. Distribution results d, and d, flows w; and w,
CC software is the control effect of MAS and local users
of the computing cluster on the control object,
respectively. The specified action for the control object
is the vector of parameters of administrative policies of
the computing cluster ;.

Resource allocation agents intercept thread tasks w,
in order to configure the computer system requirements
contained in tasks in more detail. So, the flow w,
modified into a flow wj. Distribution d; flow wj it is
carried out by resource allocation agents on the basis of
economic mechanisms for regulating the supply and

demand of these resources [3]. Distribution d, flow w,
set by local CC users.

Task flows w, and w, they are characterized by the
following properties: dynamism; heterogeneity; lack of
feedback; originality; stationarity.

Information about the computational characteristics
of Grid system nodes is collected by a meta-monitoring
Complex [4] using Control and measuring devices in the
form of a data file structure a. Information about the
current indicators of the volume of computing work in
the nodes of the Grid system is also collected by the meta-
monitoring complex in the form of a data file structure b.
It is assumed that between the components of structure b
on the one hand and the computational characteristics of
nodes a, given by the action r, for the task flow
management object w; and w,, distributions d, and d,
on the other hand there is some abstract connection
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b = F(a, rq, W]’_, dl'WZ' dz).

Parametric configuration of algorithms for the
operation of resource allocation agents of a particular
virtual community is carried out by applying the obtained
control actions, taking into account weighting factors that
reflect the computational features of virtual community
nodes.

Therefore, let x and y be the vectors of the input and
observed variables of the Simulation Model [7] of the
Grid system.

The observed variables reflect indicators of the
quality of functioning of the Grid system. Vector
elements x; , i = 1, n, and y;, j = 1, n, have
respectively areas X; and Y; valid values.

It is assumed that the effects of the input variables
on the observed variables were studied using factor
analysis [5] in advance - when building and testing a
simulation model of a Grid system. It is also assumed that
for each j-th element of the vector y the administrator of
the Grid-system sets the criterion for calculating the
estimate y; quality of value and its limit values y}"i” and
y}naxe Y] .

A number of elements of the vector x play the role
of variable variables, forming a subset X* and are
identified with the elements of the vector

Wy = X,

q=1n,i€eln,1<n,<n,.

As a rule, when solving practical problems of
computational control in the Grid system in the process
of simulation, it is advisable to use < 8 . The number of
values of variable variables is determined based on the
ratio:

tmxl'l;h:‘l

“ <7, 1)

ne

where t,,, - the average run time of the simulation model,
which is determined by the meta-monitoring complex
based on the computational history of the model runs,
zq < 0 - the number of variable values of the g-th
variable, n, - the number of cores of the node in which
the control agent is located, n,, < n,.

The initial values of the variables used are the base
values that correspond to the default values of the
configuration parameters of the current Grid computing
control system.

The remaining values of the variables are selected
from the relevant areas of allowable values, taking into
account the effects of the influence of variable variables
on the observed variables.

The values of non-variable input variables, which
are elements of the vector x, are set based on the
corresponding numerical information represented by the
vectors r, and ¢, .

In the process of modeling the simulation of the
process of functioning of the Grid-system is performed
by conducting various parallel calculations and a set of V
variants of values of the observed variables is formed:
values yj; € Y; is an element of the k-th variant v, € V

for the variabley;j = 1, n,, k = 1, n,,.

Selection from the set V of the subset V* <V
variants of the values of the observed variables in order
to further determine the values of the elements of the
vector u is multicriteria.

Choice of options for the subset V* carried out by
the managing agent either on the basis of the
lexicographic method, if the administrator of the Grid
system can order the observed variables by significance,
or otherwise on the basis of the majority method. The
lexicographic method of selection of variants of values of
the observed variables uses the following rule of
multicriteria choice [6]:

Ve ={v, €V:(V,EVIPELN, - 1:

e =) A A 2
A (j;pk = ypl) A (y\(p+1)k > y(p+1)l)) }:
where yM <y < Yy,
j=1n, k € 1,n,, leln, k + L.

The majority method of selection of variants of
values of the observed variables uses the following rule
of multicriteria choice [6]:

V= {vk € V(_lale:
2 sign (9 — 9i) > 0) 3, 3)
sign (0) =0,
Y < ype < v,

j=1n,, keln, leln, k=+1l

where

The application of the above methods of multi-
criteria selection is due to the fact that they have the least
computational complexity compared to other known
methods of solving this problem, easy to implement and
the managing agent requires minimal additional
information from the Grid system administrator.

Thus, resource allocation agents exert managerial
influence d, = H (c,, w;,u) on the Grid system, where
the control effect u = Q(ry, ¢;,y) designed to improve
the quality of decisions made by resource allocation
agents by influencing the degree of intent of agents to
perform tasks of different classes.

The H and Q bonds have the same nature as the F
bond considered. It should be noted that in the event of
failure of any MAS agent, including the control agent, the
operation of the control object will continue [11].

At the same time, only the quality of his work may
decrease.

2. Application-level computing management.
Additional application-level computational management
tools are a virtual application community that is created
to run a parallel application of a local user program in a
Grid system.

The main purpose of the virtual community
application - providing a selection of the least loaded CC
running a parallel application, monitoring and
transmitting to the user the results of calculations. The
virtual application community includes a custom agent, a
classification and scheduling agent, an agent manager,
and a dynamically changing set of local agents [10].
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Necessary for the distribution of information about the
computational characteristics of the nodes and the current
indicators of the volume of computational work CC,
presented as a vector c,, the agent-manager receives from
the managing agent.

The agent manager is also responsible for
automatically restarting tasks with new settings and for
monitoring the user's task execution process. For
distribution of tasks on local agents the tender model
where computational works act as lots, and as -
representatives of the computing resources applying for
performance of works acts.

In general, the service provides the user with the
following options: task formulation, configuration and
input of data for the program, obtaining calculation
results, viewing the current CC load and receiving
information messages by both mail and web interface.
Along with the listed functions of system character in the
created virtual community of application it is possible to
consider the possibilities caused by specificity of subject
area of application of the user. Local agents are

management system, analyzing the current state of the
CC and transmitting the results of the tasks to the agent-
manager.

Conclusions

The article considers methods and tools for
managing problem-oriented [8] distributed computing in
a clustered Grid system [9], integrated with traditional
meta-planners and local resource managers of Grid
nodes, including original methods and tools for
converting user-friendly queries in computational tasks,
task classification and decomposition of environmental
resources according to task classes.

These methods and tools have a number of
distinctive features. First, they provide the ability to
develop and implement application services in different
modes: managing calculations both at the level of
individual applications and at the level of task flows;
allocation of resources required to perform service
operations by special agents or traditional local resource
managers, application of static or dynamic computational

responsible for

11.
12.
13.
14.
15.

16.

17.

18.

19.

sending tasks to the local CC  scheduling.
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MyabTHATeHTHI MeTOAM YNPABJIiHHS PO3MOAIJIECHUMH 00YHCIeHHAMHU
y ridpuaHux Kiaacrepax

B. II. Komym6er, O. B. CBuHuyk

AnoTtania. CyyacHi iHpopMmamiifHi TexHOJIOTii mNependadaroTb BHUKOPHUCTAHHS TEXHOJIOTIH CEpBEPHHX CHCTEM,
TEXHOJIOTIH BipTyauizalii, KOMyHIKaIlifHUX 3aco0iB U PO3MOIIICHUX OOYMCICHb Ta PO3pOOJIEHHS MPOTrPaMHO -alapaTHUX
pilieHb HEHTPiB 00poOKM Ta 30epe)KeHHS MaHWX, HAHOUIBII e(eKTHBHHUMH 3 TAaKMX KOMIUICKCIB JUIS YIpaBIiHHA
HEOJTHOPITHUMH OOYHCIIOBANIBHUMHU pecypcamu € Tibpumaa GRID-posmoxinena oOumcmioBanbHa iHQpacTpyKTypa, sKa
00’€eJHy€E pecypcH pi3HUX TUIIIB 3 KOJISKTHBHUM JIOCTYIIOM JI0 ITUX PECYPCiB JUIA i CIIIBHOTO BUKOPUCTHHS 3araIbHUX PECYpPCiB.
VY cTarTi po3rNAAaEThCS MYJIbTHATCHTHA CHCTEMA, IO 3a0e3ledye iHTerpaliio MiAXoLy 10 YIpPaBIiHHSA OOYHCICHHSAMH IS
knactepHoi Grid-cucTeMu OOYHCIIOBAIIFHOTO THILY, BY3JH SIKOI MAlOTh CKIaaHy TiOpumHy cTpykrypy. ['iOpumaHmii ximactep
BKJIIOYA€ 0OYUCIIIOBATIBHI MOAYI, IO MIATPUMYIOTB Pi3HI TEXHOJIOT1] HapalelbHOTO IPOrpaMyBaHHS 1 PO3PI3HIIOTECS CBOIMH
0OYHUCIIOBAIBHUMH XapaKTepucTHKamMu. HoBH3Ha 1 mMpakTHYHA 3HAYYIIICTh HPEACTAaBICHHUX B CTATTI METOHIB 1 3aco0iB
MOJISTAIOTh B ICTOTHOMY PO3IINPEHHI (YHKIIOHAJbHAX MOXKIMBOCTEH CHCTEMH yNpaBIiHHS 004nCIeHHAMH KiactepHol Grid
3a po3noaiioM i moniny pecypciB Grid Ha pi3HHX PIBHAX BHUKOHAHHS 3aBllaHb, B HASBHOCTI MOJXJIMBOCTI BOYIOBYBaHHS
IHTEJIeKTyaJbHUX 3ac00iB yNpaBiiHHA OOYHMCICHHSIMH B MPOOJICMHO-OPIEHTOBaHI JOJATKH. 3aCTOCYBaHHS MYJIbTHAreHTHHX
cucTeM Juisl IUlaHyBaHHS 3amad y Grid cucTemax JacTh 3MOTY pO3B'S3aTH JIBi OCHOBHI IpoOJIeMH — MacmTaboBaHOCTI Ta
aJanTUBHOCTI. MeToan i mpuiloMu, U0 BUKOPUCTOBYIOTHCSI CHOTOJIHI, HE B JOCTaTHIH Mipi 3a0e3MeuyIoTh pO3B'SI3aHHS IHX
CKIagHUX mpoOieM. TakuM YWHOM, aKTyalbHHM € HAyKOBE 3aBIAHHS ITiJBUINECHHS pPE3yJbTATHBHOCTI METOIIB Ta 3ac00iB
YIpaBIiHHSA TMPOOIEMHO-OPI€EHTOBAaHUMH DO3IOMIJICHUMU OOYUCIEeHHSIMH B KiactepHoi Grid-cucremi, iHTErpoBaHUX 3
TpaAULiIHHUMHE MeTa-TJIaHyBATbHUKAMHU 1 JIOKAIEHUMH MEHEIKepaMu pecypciB By3miB Grid-cucTemu, mI0 BiINOBiTarOTh
TEHJICHIIISIM PO3BUTKY KOHIIEIIiT MacTabOBaHOCTI Ta aJallTHBHOCTI.

Kaw4yoBi ciaoBa: MynpTHareHTHe ynpaBimiHHS, posnozineHi obumcienHs; GRID; kmacrepni Grid, mynpTHareHTHE
MOJICITIOBAHHS; IHTEIEKTyaJIbHUI areHT; MyJIbTHAr€HTHA CHCTEMa; MeTa-TIaHyBaIbHUKH; iMiTallifiHe MO/IETIOBaHHI.

MyJIbTHAT€HTHbIE METO/IbI YIPABJIEHHUs Pa3/ieIeHHBIMM BHIYHCIEHUSMH
B THOPUAHBIX KJIacTepax

B. I1. Konmym6er, O. B. CBuHuyk

AuHoTanus. CoBpeMeHHbIe HHPOPMAIMOHHBIC TEXHOJIOTUH IPEANOIAraloT HCIIOIB30BAHHE TEXHOIOTHIT CEpBEPHBIX
CHCTEM, TEXHOJOTHH BHPTYyaJIH3allMd, KOMMYHHKAIHOHHBIX CPEJACTB JJIs PaclpeleSCHHBIX BBIYMCICHHH M pa3paboTKu
POTPAMMHO-AMNapaTHBIX PELICHHH IEHTPOB 00pabOTKH W XpaHEHHs MaHHBIX, HaubGoiee 3(DGEKTHBHBIMH M3 TaKHX
KOMIUJIGKCOB U  yNpaBICHHUSA HEOJHOPOAHBIMH  BBIUHCIHTENBHBIMH pecypcamMu siBisietrcs rubpuaHas GRID-
pacrpeeneHHasl BEIYUCIUTENbHAS HHPPACTPYKTYpa 0O0BEIUHAECT PECYPCHl Pa3HBIX THIIOB C KOJUIEKTHBHBIM IOCTYIIOM K
9THM PECypcaM M COBMECTHOTO HCIIONBb30BaHHUs OOUIMX pecypcoB. B craThe paccMaTpuBaeTcss MyJIbTHATCHTHAs CHCTEMa,
obecrevynBaronas HHTErPaltIo MOAX0Aa K yIPABICHUIO BRIYUCICHUAMHE 1S KitacTepHo# Grid cHCTeMbl BEIYMCIUTEIBHOTO
THIIa, Y3JIBI KOTOPOH MMEIOT CIOKHYI0 THOPUAHYIO CTPYKTYpY. [ MOpHIHBIN KiacTep BKIIOYAeT B ceOs BBHIYMCIUTENbHbBIE
MOJYJIH, TOAMCPKUBAIOIINE PA3IUYHbIE TEXHOJOTHH MapaeIbHOTO MPOrPaAMMHUPOBAHHS U PA3IHYAIOIINECS CBOUMHU
BBIYHCIIUTEIBHBIMU XapaKkTepucTukamu. HOBH3HA W HpakTHYeCKas 3HAYUMOCTh IMPEACTABICHHBIX B CTaThe METOJOB H
CPEICTB 3aKIOYAITCA B CYIIECTBEHHOM pAaclIUPEHHH (YHKIMOHANBHBIX BO3MOXHOCTEH CHCTEMBI YIpaBICHHS
BBIYHCIIEHUSAMH KiacTepHoit Grid o pacnpesenenuto u pasaeieHuo pecypcoB Grid Ha pa3HbIX ypOBHSX BBINOJHEHHUS 33184,
HAJWIO0 BO3MOXKHOCTH BCTPAMBAHWSA HWHTEIUIEKTYalbHBIX CPEJACTB YIPABIECHHS BBIYUCICHUSIMH B PO OIEMHO-
OpPHMEHTHUPOBAHHBIC MPHIOKEHHUs. [IpUMeHeHHe MyIbTHATCHTHBIX CHCTEM ISl TUTaHMpoBaHWs 3amad B Grid cmcremax
MO3BOJIMT PEUINTH JIBE OCHOBHBIE MPOOIIEMBl — MACIITAaOUPYEMOCTh M aIalTHBHOCTD. VICIIONb3yeMBIe CETOIHS METOMIBI U
MPUEMBI B HEIOCTATOYHOM CTEIIEHH 00ECIIeUNBAIOT PELICHHE ITHX CIOKHBIX pobiem. TakuM 06pa3oM, akTyaibHa HayIHAs
3ajaya  MOBBIMICHUS  PE3YJIbTATHBHOCTH  METOJOB M CPEACTB  YINpPAaBJICHHS  POBIEMHO-OPHEHTHPOBAHHBIMHU
pacmpeeeHHBIMH  BBIYHCICHUSIMH B KiactepHoil Grid-cucreMe, WHTErPUPOBAHHBIX C TPAJAUIMOHHBIMH MeTa-
IUIAHUPOBIUKAMU UM JIOKAJbHBIMH MEHE/DKEpaMH pecypcoB y3i70B Grid-cucTeMbl, COOTBETCTBYIOIIUMH TEHICHIHIM
PasBUTHS KOHIUEMIMHA MaclITabUPyEeMOCTH U aJaliTHBHOCTH.

KnoueBble clioBa: MyJbTHAareHTHOE YyIpaBieHue; pacrpeneiaeHubie Boraucienus; GRID; knacrepusie Grid;
MYJIbTHAr€HTHOE MOJEIUPOBAHHUE, MHTEIUICKTYaJ bHbIH areHT; MyJbTHareHTHas CHCTeMa; METAaIUIaHHMPOBIIMKH; UMHUTALIOHHOE
MOJIETUPOBAHUE.
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ACUMIITOTUKA CUCTEMMU OIITUMAJIBHOI'O YIIPABJIIHHSA
3 IBOMA MAJIUMHU CUHT'YJAPHO-3bYPIOIOYUMU ITAPAMETPAMMU

AHoTtanis. [IpeqMeroM IOCHi/KEHb CTATTI € JUHAMIYHI CHCTEMH YIPABIIHHS 3 ONTUMAILHUMH MOBUIBHUMH PyXaMu.
Mertot0 poOOTH € OTPUMAHHS aCHMITOTUYHOTO HAOIMKEHHS YIPaBIiHHS B GOpPMi 3BOPOTHOTO 3B’ SI3Ky, siKe, HE OyaydH piB-
HOMIp-HUM 3a 0071acTI0 BU3HAYEHHS CUCTEMH, (OpMy€e pPIBHOMIPHO HAOIIDKEHI /IO ONTUMAIBHUX MOBITBHI PyXH CUCTEMH.
3aBmaHHs JOCIIJPKEHHS HOJITAIOTh y TIPOBECHHI aCHMITOTUYHOTO aHAJII3y PEryJIITOpY PH MAINX 3HAUCHHSX MapaMeTpiB.
3acTocoByBaHI METOIM: METOIH MiHiIMi3allii KBagpaTHIHNUX (QyHKIH Ta MeToan MaTpuaHOi anredopu. OTpuMaHi pe3yIbTaTi:
PO3TIISIHYTO 3a/iady ONTUMAIBGHOTO PIBHSHHS 3 JBOMA MAJIUMH CHHTYJISIPHO 30Y/IKyIOUMMH ITapaMeTpamMu. Beeneni Bumorn
Ha XapaKTEePUCTHKU Ta KEPOBaHICTh 00paHOi CHCTEeMH. 3aBIaHHS, IO PO3MVIAAAETHCS, NIOB’I3aHe, HA BIAMIHY BiJ BIIOMHX
JIOCTIKEHb, 3 MPUHIUIIOBOIO MPOOIEMOI0: TIPH CIIPSAMYBaHHI B HYJIb TApaMETPiB CUCTEMH ME€BHI KOMIIOHEHTH MaTpHLLi, 10
3aJJ0BOJIbHA€E PIBHAHHAM PikarTi, B cuily TpaHMYHOI YMOBH IS Hel, HaOyBalOTh OCOOIMBOCTI B MEBHHUX MPOMDKKAX 4acy.
[IpakTiuHa 3HaYyIIiCTH POOOTH MOJIATAE Y TOMY, IO 3 BUKOPHCTAHHSAM METOJIB MiHiIMi3alil OTpUMaHi 3arajbHi METOIN
o0y 10BU PIBHOMIPHOT 001aCTi aCHMIITOTHKN CHCTEM ONTHMAJIBHOTO YIPABIiHHS 3 ABOMA MAJIUMH CHHIYJISIPHO-30ypIOIO-
YUMH [TApaMeTPaMH 3a IHIIUM MaJiM [HapaMeTpoM.

KawuoBi croBa: onrumizaiis; piBHOMipHa 00J1aCTh aCHMIITOTHKY; CTOXACTHYHA JJMHAMIYHA CHCTEMa; IPOCTIp mapame-

TpiB, 30yproroui mapaMeTpu.

Beryn

3aBHaHHA ONTHMAJIHHOTO YMPaBIiHHS B SKICHOMY
IUTaHI JOCHIJDKEeHI NOCUTh MOBHO. OCHOBHI MpoOieMu
YHCENILHOTO PO3B'SI3aHHs 3a3HAYCHUX 3aBJaHb MOB'A3aHI
3 ypaxyBaHHsIM (pa3oBUX OOMEXKEHb 3a HasBHOCTI
BJIaCHUX OOMEXEHb Ha Kepylodi BIUIMBHU, 1 HasBHOCTI
neskux 30yprorounx mapametpis [1, 2, 5].

B pmanmit wac y miid ramys3i € meBHHW Habip
YHCETbHUX METOMIB PI3HOTO XapakTepy Ta CTYIICHS
crimeHOCTI. SIK TpaBWIIO, ¥ IUX METOJAaX irHOPYIOTHCS
a00 BBaXAIOTHCS TPHUBIAIbHIMH 3a3HadeHi 0COOIMBOCTI
[1, 3, 8, 14]. Tlpu po3B's3aHHi 3aBAaHb 3 HASBHICTIO
BJIACHUX OOMEKEHb BUIISIOTH METOIH THITY MOXKIHBHX
HampsiMiB, sKi CyBOpo 30epiraioTb Ha KOXXHOMY KpOIIi
iTepaliiHOTO MpOIeCy 3araibHi OOMEXEHHs SK Ha
yInpaBiiHHS, Tak 1 Ha (azosi 3MiHHI. [Ipu po3'a3anHi
3aBJaHb 3 JCIKHUMH 30ypIOI0YNMHE ITapaMeTpaMy OCHOBHI
METOJI 3BOMATHCS B HAONMKCHHI 00J1acTi BH3HAYCHHS
CHCTEMH JI0 PIBHOMIPHUX 3HAYEHb.

VY pasi JiHIHHOT KEPOBAHOT CHCTEMH IOCIHIHKEHHS
3aBJaHHs 3a3BHYAl MPOBOJAUTHCS Y (pa3oBOMy mpocTopi
KIiHIIEBUX CTaHIB i METOJ PO3B'I3KY OyIy€eThCS BiTHOCHO
BIJIMOBITHOTO 3aBJAHHS MAaTEMAaTHYHOI'O MPOrpaMyBaH-
s [4, 6, 7]. KoxHe HOMOMIXKHE 3aBAAaHHS METOLY
MOB'sI3aHE 3 BIAIIYKAHHSAM CiIIOBOI TOYKHM s OLTiHIN-
HOi QyHKIIT Ha IPAMOMY JOOYTKY MHOKHHH TOCSKHOCTI
Ta IESIKOTO OaraTorpaHHHKA.

OkpeMO  CTOSTh 3aBJaHHS 32 [PUHLHUIAMH
3BOpPOTHOTO 3B'13KY [9 — 13]. YripaBiHHs 32 IPHHIMIIOM
3BOPOTHOTO 3B’SI3KYy € TOJIOBHHM Y TEOpii KepyBaHHSI.
KiacuuHa Teopis perymnoBaHHs, 110 0a3yeThcsl Ha JeTe-
PMIHOBaHHX MOJEJNISIX HEBHCOKOTO MOPSIKY, OCHOBHY
yBary NpHIUIsIa 3BOPOTHUM 3B’S3KaM 3a CTAHOM, IIO
NPUITYCKae MOXJIMBICTH TOYHOTO BHMMIPIOBAHHS BCIiX
KOMITOHEHT TIOTOYHOT'O CTaHy CUCTEMH.

B cyuacHiii Teopii ynpaBiiHHS, 110 M€ CIPaBY i3 He-
BU3HAYEHUMH CHCTEMaMH BHCOKOTO MOPSIJIKY, PO3Iyisiia-
I0TBCSI HaiyacTille 3BOPOTHI 3B SI3KM 3a BUXOJIOM. BoHu
NPALIIOIOTh Ha 1H(pOpMAllil, sIKa TOCTAYa€eThCsl JOCTYTHUMH
HEZIOCKOHAIMMH BHMIPIOBAILHUMHU HPHCTPOSIMH (CEHCO-
pamu). B nanuii yac HaiiGiIbI1I0T0 PO3BUTKY HalyJ1a Teopis
ONITHMAJIFHUX JIIHIHHIX 3BOPOTHHUX 3B’ A3KIB TI0 BUXO/Y UL
JHIHO-KBaJJpaTHIHNX 3aBIaHb 31 CTOXaCTHYHOIO Tayco-
BOIO HeBM3HaueHicTO [2]. I cucTeM 3 HeCTOXaCTUYHOIO
HEBU3HAYCHICTIO BENMKA KUTBKICTH POOIT OCTaHHIMH pO-
KaMH TIPUCBSYEHA MOOYIOBI JTiHIHHIX 3BOPOTHHX 3B’SI3KIiB
3a BUX0JIOM MeTofamu H , -Teopil ynpasiiHas [3].

Meta po6oTH — OTpUMaHHS aCUMIITOTHYHOTO Ha-
OmKeHHS ynpaBiiHHS B ()OpMiI 3BOPOTHOTO 3B’SI3KY,
siKe, He OyJy4H PIBHOMIpHHM 3a OOJIACTIO BU3HAYCHHS
cucremy, opMye piBHOMIPHO HAOIMKEHI 10 ONTHMAJIb-
HUX HOBIUJIBHI PYXH CUCTEMHU.

3aBmaHHA OCTIKEHHS TOJIATAIOTh Yy TPOBEICHHI
ACHMIITOTHYHOTO aHAJI3y PeryJyaTopy IpH MajiuxX 3Ha-
YeHHSX MapaMeTpiB.

®opmyBaHHA 3a1a4i
ONTHMAJTBHOI0 KEPYBAHHA

PosrisiHemMo 3aa4y ONTUMAIbHOTO PIBHSHHS 3
JIBOMa MQJIUMU CHHTYJSIPHO 30YyIDKYIOUMMH Tapamer-
pamu. HeoOxinHO MiHIMI3yBaTH KBagpaTHIHUH QyHKIT-
OHAJ BUIY:

.
1(U) = A7 X'H FHX | +j(x'Dx+u'Ru)dt 1)
0

Ha TPAEKTOPISIX CUCTEMH

dy/dt=Ax+AY, Yho=y"

@)
Adz/dt = Agx+ Ay +B,u, z|_g= 20,
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3amaHoi Ha ¢ikcoBaHOMY Bimpi3ky wacyO0<t<T , me

A>0 i Af >0 — gesxi mam mapamerpuy e E";

zeE™: x=col[y,z]; ueE’, a mTpux o3Hayae TpaHc-

MOPTYBaHHSL.
Hexaif Ha Binpisky 0 <t <T BHKOHYIOTHCS HACTY-
ITHI BUMOTH:

1. Marpuui D=D(), R=R(), A=A,

i=14 i B, =B, (t) Gesnepepsro audepenwiiioBaHi;
D(t) ta R(t) — mosurusHO BusHaueHi; H — mocriiina
marpuus 6nounoro suraaay H =[Hy 0], xe Hy —mar-
putigxn (q<n); F — MO3WTHBHO BHW3HAYEHA Mart-

puLs po3Mipy (x(;
D, D
D= 1 Y2 '
D, D3
ne D; — 6mok, po3MipHICTB siKoro ckmagae nxn, Dy —

010K, po3MipHICTb sikoro Mxm; Da(t) =0.

2. Cucrema (2) koM KepoBaHa.
3. VYci BracHi uncia Matpuni Ay (t) nexars y miBiid

MiBILIOLIMHI Ta:

-1
rank[By (t), Ay (1)By (t)..... AT L (©)B (] = m.
ITo3nauumo:
A Ao 0
A=l a, |0 B an |
AT AN A "By
S=BR'B"
3a ymoB | Ta 2 onTUMasbHE YIPABIiHHSI Ma€ BUTIIA:
u=-RB"Px, @)
ne Ix| marpuus P(I =n+m) samoBonbHsie piBHSAHHS
Pikkari:
dP/dt=-PA—-A'P+PSP-D;
Pt =Af"HFH.

B poGorax [3, 4] BUKOHaHMI aCUMITOTUYHUHN aHa-
J1i3 peryasitopa (3) okpeMo 1o KO)KHOMY 3 TTapaMmeTpiB A
i A¢ , IHIIMH apaMeTp BBaXKaBCS IPH LbOMY (ikcoBa-

HUM, CKa)XiMO, piBHHM oOnuHHII. Martpurss H 0Oyia
MPUHHATA OAUHUYHOIO.

Bupunmo acummntotuky cucremu (2), (3) 3a yMOBH
OJHOYACHO MajuX 3HaueHb A 1 As Ta A NPAMOKYTHOL

Mmarpuui H , oo mae pazom i3 Mmatpunsimu D 1 B wac-
TUHHUHA BHTIIS.
3aBmaHHs, OO0 PO3MNIAIAETHCS, OB sI3aHE, MPOTE,
Ha BijMiHy Bij [3, 4], 3 IPUHIUIIOBOO IPOOIIEMOTO.
Ipu cnpsimyBaHHi Af B HyJb II€BHI KOMIIOHCHTH

Marpuii P, B cCly rpaHMIHOI YMOBH JUIs Hel, Ha0yBa-
10Th ocoOmBocTi mpu t =T .

3aranpHi MeToAW MOOYJIOBH PIBHOMIpHOI 00macTi
ACHMITOTHKU TAKUX CHCTEM 3a IHIIMM MaJIUM Mapamer-
poM A HHHI BIICYTHI.

IMoOymyeMo Bka3aHy acUMITOTHKY HYJIBOBOTO Ha-
ommxeHHs. [1icTaHOBKOIO B piBHSAHH PikKaTi JIeTKo Iie-
PEKOHATHCS, II10:

P=K+W'(M+1;F 1w, 4)

ne mMarpuai K, W 1 M 3a10BONBHSIOTE DPIBHSHHAM
BUJLY:

dK/dt =-KA-A'K+KSK-D, K|_1=0;

dwW /dt=-W(A-SK), W |i_r=H;
dM /dt =-WSW', M |_1=0.

3a aHanoriero 3 podoTor [3] MOKHA cKa3aTu, IO

BUMoTa 2 ekBiBasieHTHa yMOBI M >0 mist Bcix 0<t<T
Tomy wmarpuus (M + As F_l)_1 icHye U1 BCiX

0<t<T, A4 20 Marpuni K i W posi6’emo Ha

; K AKe] o |
JIOKH W = i mepeTBOpUMO pi-
O K, AKg yAW, ] i nepersopumo p
BEsHEA Uit K, W i M o Burisiny:
dK o o
d_tl:_Kl/A‘L_KZATAfL Ky —Ag' Ky +Kp8,Ky'=Dy;
AdK
dtz =—KiAp KAy - AA 'Ky — Ag'Kg +
+ K35, K3 —Dy;
AdK
dt3 =_K2’A2_K3A4_AAQ’K2_A4IK3+
+K3S; K3 - Dg;
daw
_y .
dt :_Wypl_WzA3kv Wy |t:T:Hya
AdW.
dt E=-Wy Ay —W, Ay, W, |7 =0;
dMm , |
T WSW, M =0,
Kl |t=r:0; K2 |t=T:O; K3 It:TZOv
re S =BRIB Ay = A SKy
A4k = A4_SZK3.

BinmosigHo mo po6otu [2] y mpumymeHHsx 1...3
Ma€EMO aCUMIITOTHYHI PO3KIIaJaHHS:

Kq(t, 4) = Koy (t) + A0y (t, 2);
Kj(t,2) =Ko () + 11K () + 10y (t, A),
=23
Wy (t, 2) =Wy (t) + 204y (t, 4);
W, (t, 2) =W, (t) + IIoV; (7) + A0y, (1, 2);
M (t, A1) = My (t)+ A0y (t, A),

ne t=(0-T)/ A, a semuuunu Bugy O(t, 1) oOMexeni

mpu 0<t<T,0<A<A, A>0 - Oynp-sixe dpikcoBane
qucIo. ['0JIOBHI YWICHH ITiAIOPAIKOBYIOTHCS PIBHIHHSIM:

0=-Kp1A —KpoAy —Dp;
0= _WOyAZ —Wo; As;
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%: —Kor A — Koo As — A Koy —
= Ag'Kpz + KgaS; Koz =D, Kop -1 =0;
d’Zofz = ~IIgKo 44(T), 110K |r-0=~Kog b=
dv:% =-Woy A —Wo, Agi, Woy ot =Hy;
M%WZ = Mg, A4 (T), MW, |,—o=Wo, ot
‘”'(';"_to =-Wo,S,Wo,', Mg 1 =0,

ne Age = Ag—SyKoy s mpu Dy =0 Koz =11pK3=0.
Kz = K02 +HOK2 +HOK2;

W, =Wy, + IIgW;;

ITo3naunmo R - Ko1 /1}{2 )
AR, 0 |
W =[VVOy}“V\N/z]-

3anuiemMo HOBY CHUCTEMY 3 HAOMMKCHHM peryJis-
TOPOM BHIY:

d
d—?= AN+ AE, 1 leo=Y";

e , ©)
S A+ A+ Bl Elo=2";

0=-RBPE; (6)

P=K+W(My+2;F Y)W, (7)

ne neE"; £€E™; &=col[n,{]; sBoporna MaTpuLs
(7) icnye s Bcix 0<t<T, A >0 Bcuny F >0 Ta
R>0.

3a3Ha4MMO, IO MATPHIL P He nae piBHOMipHOrO
ACHMIITOTUIHOTO HAOMKEHHS 71 MaTpuii P Ha »xo-
HOMY 3 npoMikkiB tg <t<T nmpu 4 >0, 4 >0, e
0<ty <T . bimpmre Toro, mns 6yap-sikoro A >0 i 6yap-

SKOTO JOcUTh Manoro As >0 3HalmyThest Taki t (Omu-

3pki 0 T ) mo Hopma pisauni || P —P|| 6Gyzxe Gimbime

Oy1b-sKOTO BEJIMKOI0 HAMEPeI 3aJaHOr0 YHCIIa.
Cchopmyemo TBepIKEHHS, 0 ITPH BUKOHAHHI YMOB
1...3 Ta MOHaTKOBOI BMUMOTH MO3WUTHBHOI BH3HAYEHOCTI

. -1 -1 -1 ’
warpii L = Hy Ay A7'B,R™ x[Hy A A7'B, T iy (06-
gucyieHoi npu t =T ) BigXHUIECHHS TPAEKTOPiH ONITUMAITb-

HOT (2) — (4) Ta HabmmxkeHoi (5) — (7) cuctem miamops -
KOBYIOTBCS OL[IHKaM BHIY:

1yt A A0 ) =t A4 Ag ) I c{ﬁexp[p(t-T)mﬂm};

120t 220 )—E(t A A¢ ) IS c{exp[go(t—T)/zﬂm};
ut, 2, A¢) =0t 2, A¢ ) |I< C{exp[p(t-T) [ A]+ A};

me C>0 1 g >0 — meski mOCTiiHI, IO HE 3aJICKATh BiJ|
t, 21 A mpu 0<t<T; 0<A<A; 0<if <A;

0<o<1i A>0-0ynp-siki pikcoBaHi yucna.
Hasengemo xopOoTKHil BUKIIAJl JOKA3y TBEPKEHHSI.
Hexait

f=(M+AF Wy y+aW,2), 0= f|p;
0 =Mo+4; F ) Woyn+ M,£), ¢° =0k
h=2" Mo +4F ) (p—9°).

Hesaxko nepesipuru, mo df /dt=0, f = £0 1a Buse-
CTH PiBHSIHHS:
% = AAY+ A Az, AY |i—9=0;
% = Ajp Ay + AJAZ+ Agh+ A0, Azf_o=0;
4dn
dt

®)
=—I1,Ay - (I1§ + A05)Az — Sph +
+ 11, + A0y, hl—g=0,
Ay=y-n, Az=1-¢;
Ay = Ao =S:Ks;
Sh :WzAh;
Ay = AS, W) x (Mg + 2; F 1),
11, = oW Ay =W, S, TpKy;
I = oW, [ A4 — A4 (T)];
e O; = (Woy Ay +Wo, Az ) Ap A” -
oy (A1)
A0, =—S, (W, £ W, °) +
+Ag = Agp + Agk — Ay
0, =0¢z;
Iy = Iy + [z + ITwg’.
Maemo, mo poss’sizok X = COl[y, z] pisusns (2),
(3) oomexernnii mpu 0<t<T , 0<A<A, O0<As <A,
Jlnst moka3y JMOCTaTHBbO 3ammcaTd Uisl BEKTOPiB X 1
V =Px=col[a,Ab], ac E", be E™ cucremy nudepe-
HIIaIbHUX PIBHAHB 3 YMOBaMH Y |_g= yO, Zl_o= 2°,
al_g= a’ (4, 4¢), bl_g=0 Ta 3acrocyBatu Teopemy
[2]. Tonmi 3rigHO 3 mWi€r0 poOOTOrO Ha Tiid ke obyacTi t,
A1 Ads:
17, ¢ hw (12,2 IS Cexp(e 0);
10,24 (.4, 25 ) [ C.
IIpu 0<t<T, 0<A<A cmnpaBeanuBa OIiHKa

W, (t, 2) I CA~L(T ~1), 9
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10 BCTAHOBJIIOETHCA 3a JOIIOMOI'0OI0 TCOPEMU HaHrpama
po cepcaHE 3HAUCHHS, dKa 3aCTOCOBYETLCA 10 pi3HI/IIIi

Wz (t,4) —WZ (T,A), BpaxoByoouH, II0 Wz (t,A)=0, a
matpunst Ay (t) — marpuis Iypsina.

3 PO3KIIalaHHs y pan Teitnopa
Mo (t) = (T —t)L+ (T —t)20(1), t > T Ta ymos L>0,
R >0 nerxo orpumar, mo Mg(t) >0 wt 0<t<T ,a

npu 0<t<T, A; >0:
| (Mo(t)+ A FHyt<cm-1)™. (10)

Ha mincrasi ominok (9) i (10) 3Haxogmmo mpu
OStSTh, 0</ISA, 0<lf <A:

I An(t 4, 21) [I<C min{l;,z(-r —t)‘l};
ISt 2, 2¢ ) lis C.

(11)

[Ipoananizyemo BaroBi marpuui, sKi MOB’s3aHi i3

cuctemoro  (8). Maemo g BaroBoi  MaTpuIli
Gy (t,0,4,1¢) Tperboro piBusHHs (8):

dG

=~ 3715, Gy

dt (12)

Gh |t=0: Eq, OSHStST,

e Eq — OJMHWYHA MaTpHUOsA (x( .
IMokaxemo, mo |G, ||<C mpu 0<O<t<T,
0<A<A, 0<A<A.

0<@<t<T-A. Piusaus (12) MoxxHa TIepenucaT B
€KBIBJICHTHIH iHTErpanbHiil Gopmi:

G (t,0,4,14¢) =Gy (t,0,45 ) —

Hexaii CIIOYaTKY

t
1
[ G (t, p, A1 )7 11s(p. A At )dp,
0

ne Gy — po3B’sA30K piBHAHHA

d;sto :_,1—13060, Go ko= Eqs 0<O<t<T -4

Il = Sy — Sy,
So = AWy, S,Wo, (Mg +A¢ F 1)L,
Jlerxo MEPEKOHATUCA, IO
Gy =[Mo () + ¢ F 1Mo (0) + A; F T
Orxe, ||Gq| obmexena. B cumy (9) Tta (10)

|| II5(t, A, A¢ ) ||< Cexp(g ) Ha Buninewniit oOnacri. 3a-

CTOCOBYIOUH METOJI IOCJIIIOBHUX HaOJIMKEHD

t
G =Gy, G :GO—IGO%HSGQ‘ldp, n=12,.., 3ua-
[

x0auMo, o || Gy, || C Ha BuaineHiit obiacTi.

Ha pemri o6macti BH3HaueHHS OOMEXEHICTh
|Gy || oueBuana, ockinbku HOBXHHA IPOMIXKKY iHTEr-

pyBaHHs piBHSHHS (12) y IbOMY pa3i He epeBHInye A ,

1278 IKCA™, (G heol€ C . Teepmmenms nose-
JICHO.

Ouinumo BaroBy marpuio °(¢,6, 1) nepuimux 1Box
piBHSHB (8). PIBHSHHS JJ1s1 HE1 Mae BUTIISI:

ar 1{“& MZ}F

A A A (13)
Tlhep=FE; 0<O<t<T,
ne E; — ogmanmuna marprmg | x| . IToxaxemo, mo mms
I, I3
0JI0YHOTO TpencTaBieHHs [ = BHUKOHY-
I'y Iy

FOTBCS OI[IHKH:
| I, IKC; | I3 ]I<CA;
I 174 lls C{explp(6—1) 1 A]+ A},
npu 0<0<t<T, 0<A<A. [lepenumemMo piBHAHHA
s [T B iHTEeTpaNbHIN hopMi:
I't0,1)=G(t06,4)+
(14

O}F(pﬁyl)dp,

1! 0
—|G(t, p,4
et )L@(p) 0

G Gg
G, G,
piusHus Bugy (13), B sxomy Ayr 3amiHeHa Ha Agp ;
M3 = Ay = Agic
Ha mincTaBi Teopemu 3 poboTu [2] Maemo:
G2 IC; [IGs[I<CA;
|Gy ll< Cexp[p(6-t)/ A],

ne G = { } — OJI0KOBa MaTPHIIA, IO 33I0BOJIBHSIE

mpu 0<O<t<T, 0<A<A. 3acTOCOBYIOUH JaTi Me-
TOJI MOCIIIOBHUX HAONMKEHb 10 piBHsAHHA (14), HeBa-

’KKO BCTAHOBMTH IpUBEAEHI OiHKN st [, 1= 1,4 .

Criuparoynch Ha OTPUMAaHi OI[IHKH, aHAJOT1YHO MO-
’KHA TPOaHaJIi3yBaTH IMOBEAIHKY BaroBoi MaTpuii Beiel
cuctemu (8) Gy (t,6, 4, ¢ ), sika 3a10BOJIbHSE PIBHSHHIO

npu 0<H<t<T:

A A 0

g, 1| e

at A Avr A Ay Ghy Gpl—o=Enimeq:
_HU _H§ _Sh

ne Epimyq — oauHnuna mMatpuus posmipom (N+m+q),
3 ypaxyBaHHSM, o cToBmIi Matpuii G, 3 HOMepamu
Bix N+1 mo n+m+q oOmexeni mpu 0<O<t<T,
0<A<A,0<is ZA.

BucHoBkH
[lepeiinemo no anamizy po3B’si3kiB cuctemu (8).
BuxopucroBytoun oninku s G, Jerko JOBECTH CIIO-
4aTKy oOMexeHiCTh BeanuuH Ay, AZ 1 h Ha obiacTi
0<t<T,0<A<A,0<i; ZA.
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Js 1boro 1ocTaTHRO 3anucatv (8) y dpopmi: Hexaii 0 < § <1 — 6ynp-sike dikcopane uncio. Toxi

col | Ay(t, 2, A¢ ), Az(t, 4, 41 ), h(t, 1, A1 ) |= 3a gomomoroto (11) merko 3maiith mpum O0<t<T,
0<A<A,0<4; £A:

t
IGA(t,H,ﬂ,lf )-col |0,04(6),-O; (Q)Az(e,l,/lf )+

T-2° [
0
. laylisCl{a+ [ A lido+ [ [1A lldo|<ca’.
+A L (0)+0,(0) | d6 0 T4
1 3aCTOCYBaTH CIOCI0 MOCIiTOBHUX HAOIMKEHB. OuesmjiHo Takox, mo || Ay K CA mis 0<t<ty,

CKOPHUCTAEMOCS TIEPIIIMMHE JIBOMA PiBHAHHAMH (8), 3amm-
caBm iX y popmi:

10.
11.
12.
13.

14.

o

o~

10.

11.

st oTpUMaHHS OCTaTOYHUX OLIIHOK AY , Az 1 Au 0<A<A,0<A<A,zety<T.

[TizcyMoBYyt0uM 11l OLIHKH, TIEPEKOHYEMOCH y CIIpa-
BE/TMBOCTI TBEP/KEHHS I[0JJ0 BEIMUUHU AY .

|

Ay(t, 4 A¢) :ij' 160, 41) I3(t.0,4¢) % AHAaJIOTYHO OTPUMYEMO OLIHKK st AZ 1, BUKOPH-
Az(t, A, ¢) | A ol12 (t,0,4¢) I'4(t,0,4¢) croBytout (3), (6), (9) Ta (10), n1s Au . TBepakKeHHS 10-
0 BEIIEHO. 3ayBaKUMO, IO CIPABEUINBICTh TBEPKECHHS
x de 30epexerbest, AKkmo ymoBy Dg =0 3aminutu ymoBoio

{Ahw)h(e,z,zf)mol(e)} o

3 = Ad3(t).
CITUCOK JITEPATYPH

Dorf R.C. and Bishop R.H. (2011) Modern control system, 12t Edition, Prentice Hall

Denisova L.A. and Meshcheryakov V.A. (2015) “Automatic parametric synthesis of a control system using the genetic algo-
rithm”, Automation and Remote Control, 76(1), pp. 149-156, DOI: https://doi.org/10.1134/S0005117915010142

Denisova L.A. and Meshcheryakov V.A. (2016) “Synthesis of a control system using the genetic algorithms”, IFAC-Paper-
sOnLine, 49(12), pp. 156-161, DOI: https://doi.org/10.1016/j.ifacol.2016.07.567

Makapos U.M., Jloxun B.M. (2001) Aumennexmyanvnvle cucmemuvt agmomamuyeckozo ynpagnenus. O@u3MaTiut

Xue D. and Chen Y.Q. (2013) System simulation techniques with MATLAB and Simulink, Chichester: UK, John Wiley & Sons.
Purohit G.N., Sherry A.M. and Saraswat M. (2013) “Optimization of function by using a new MATLAB based genetic algo-
rithm procedure”, International Journal of Computer Applications, 61(15), pp. 1-5.

Deb K. (2001) Multi-objective optimization using evolutionary algorithms, Chichester: UK, John Wiley & Sons.

Goldberg D.E. (1994) Genetic Learning in optimization, search and machine learning. Addisson Wesley.

Deb K., Pratap A., Agarwal S. and Meyarivan T. (2002) “A Fast and Elitist Multi-objective Genetic Algorithm: NSGA-I1”,
IEEE transactions on Evolutionary Computation, 6(2), pp. 182-197, DOI: https://doi.org/10.1109/4235.996017

Jadaan O., Rao C.R., Rajamani L. (2008) “Non-dominated ranked genetic algorithm for solving multi-objective optimization
problem: NRGA”, Journal of Theoretical and Applied Information Technology, pp. 60-67

Van Veldhuizen D.A. & Lamont G.B. (2000). “Multiobjective optimization with messy genetic algorithms”, In Proceedings
of the 2000 Symposium on Applied Computing, pp. 470-476, DOI: https://doi.org/10.1145/335603.335914

Sirinaovakul B. & Thajchayapong, P. (1994). “A knowledge base to assist a heuristic search approach to facility layout”,
International Journal of Production Research, 32, pp. 141-160, DOI: https://doi.org/10.1080/00207549408956921

Ye M. & Zhou G. (2007). “A local genetic approach to multiobjective, facility layout problems with fixed aisles”. International
Journal of Production Research, 45, pp. 5243-5264, DOI: https://doi.org/10.1080/00207540600818179

Scholz D., Jaehn F., & Junker A. (2010). “Extensions to STaTS for practical applications of the facility layout problem”,
European Journal of Operational Research, 204, pp. 463-472, DOI: http://doi.org/10.1016%2Fj.ejor.2009.11.012

REFERENCES

Dorf R.C. and Bishop R.H. (2011) Modern control system, 12t Edition, Prentice Hall

Denisova L.A. and Meshcheryakov V.A. (2015) “Automatic parametric synthesis of a control system using the genetic algo-
rithm”, Automation and Remote Control, 76(1), pp. 149-156, DOI: https://doi.org/10.1134/S0005117915010142

Denisova L.A. and Meshcheryakov V.A. (2016) “Synthesis of a control system using the genetic algorithms”, IFAC-Paper-
sOnLine, 49(12), pp. 156-161, DOI: https://doi.org/10.1016/j.ifacol.2016.07.567

Makarov I.M. and Lohin V.M. (2001) Intelligent automatic control systems. Fizmatlit

Xue D. and Chen Y.Q. (2013) System simulation techniques with MATLAB and Simulink, Chichester: UK, John Wiley & Sons.
Purohit G.N., Sherry A.M. and Saraswat M. (2013) “Optimization of function by using a new MATLAB based genetic algo-
rithm procedure”, International Journal of Computer Applications, 61(15), pp. 1-5.

Deb K. (2001) Multi-objective optimization using evolutionary algorithms, Chichester: UK, John Wiley & Sons.

Goldberg D.E. (1994) Genetic Learning in optimization, search and machine learning. Addisson Wesley.

Deb K., Pratap A., Agarwal S. and Meyarivan T. (2002) “A Fast and Elitist Multi-objective Genetic Algorithm: NSGA-I1”,
IEEE transactions on Evolutionary Computation, 6(2), pp. 182-197, DOI: https://doi.org/10.1109/4235.996017

Jadaan O., Rao C.R., Rajamani L. (2008) “Non-dominated ranked genetic algorithm for solving multi-objective optimization
problem: NRGA”, Journal of Theoretical and Applied Information Technology, pp. 60-67

Van Veldhuizen D.A. & Lamont G.B. (2000). “Multiobjective optimization with messy genetic algorithms”, In Proceedings
of the 2000 Symposium on Applied Computing, pp. 470-476, DOI: https://doi.org/10.1145/335603.335914

41


https://doi.org/10.1134/S0005117915010142
https://doi.org/10.1016/j.ifacol.2016.07.567
https://doi.org/10.1109/4235.996017
https://doi.org/10.1145/335603.335914
https://doi.org/10.1080/00207549408956921
https://doi.org/10.1080/00207540600818179
http://doi.org/10.1016%2Fj.ejor.2009.11.012
https://doi.org/10.1134/S0005117915010142
https://doi.org/10.1016/j.ifacol.2016.07.567
https://doi.org/10.1109/4235.996017
https://doi.org/10.1145/335603.335914

Advanced Information Systems. 2022. Vol. 6, No. 1 ISSN 2522-9052

12. Sirinaovakul B. & Thajchayapong, P. (1994). “A knowledge base to assist a heuristic search approach to facility layout”,
International Journal of Production Research, 32, pp. 141-160, DOI: https://doi.org/10.1080/00207549408956921

13. Ye M. & Zhou G. (2007). “A local genetic approach to multiobjective, facility layout problems with fixed aisles”. International
Journal of Production Research, 45, pp. 5243-5264, DOI: https://doi.org/10.1080/00207540600818179

14. Scholz D., Jaehn F., & Junker A. (2010). “Extensions to STaT$S for practical applications of the facility layout problem”,
European Journal of Operational Research, 204, pp. 463-472, DOI: http://doi.org/10.1016%2Fj.ejor.2009.11.012

Received (Hapuiinua) 26.10.2022
Accepted for publication (ITpuiiasta no apyky) 19.01.2022

ABOUT THE AUTHORS / BIZIOMOCTI [TPO ABTOPIB

Kaninin €Bren IBanoBHY — 1OKTOp TeXHIYHMX HaykK, mpodecop, npodecop kadeapu KoM 1oTepHOI iHXKeHepii Ta mporpamy-
BaHHS, XapKiBCbKUH HAIlIOHAIFHHUIN YHIBEPCHUTET « XapKiBCHKHH MMOJIITEXHIYHUI IHCTUTYT», XapKiB, YKpaiHa;
Yevhen Kalinin — Doctor of Technical Sciences, Professor, Professor of Computer Engineering and Programming Department,
National Technical University «Kharkiv Polytechnic Institute», Kharkiv, Ukraine;
e-mail: kalinin.kpi.kharkov.ua@gmail.com; ORCID ID: https://orcid.org/0000-0001-6191-8446.

JIucuusa Imutpo OsiekcaHAPOBHY — KaHIUAAT TEXHIYHUX HAyK, CTapIIUH BUKIanad Kadeaprn 00UnCIIIOBaIbHOT TEXHIKH Ta MPo-
rpamyBaHHs, HartioHansHUN TEXHIYHAN YHIBEpCUTET «XapKiBChKUI MOMITEXHIUYHMI iHCTUTYT», XapKiB, YKpaiHa;
Dmytro Lysytsia— Candidate of Engineering Sciences, Senior Lecturer of Computer Engineering and Programming Depart-
ment, National Technical University «Kharkiv Polytechnic Institute», Kharkiv, Ukraine;
e-mail: lysytsia-mail@ukr.net; ORCID ID: https://orcid.org/0000-0003-1778-4676.

Heuaycos ApTem CepriiioBu4 — KaHAXIAT TEXHIYHKX HAYK, TOLEHT re0iHPOPMAI[IfHAX TEXHOIOTiH Ta KOCMIYHOT'O MOHITOPHHTY
3emii, Hamionansuuii acpokocmiunmii yaisepeuret imeri M.€. XKykoseskoro «XAl», Xapkis, Ykpaina;
Artem Nechausov — Candidate of Engineering Sciences, Associate Professor of Geoinformation Technologies and Space
Monitoring of the Earth, National Aerospace University named after M.Y. Zhukovsky "KhAI", Kharkiv, Ukraine;
e-mail: a.nechausov@khail.edu; ORCID ID: https://orcid.org/0000-0001-7216-5566.

KpuxoBeuskuii I'eopriii SIpeMoBIY — KaHIUAaT TEXHIYHUX HAyK, CT. HAyK. CHiBp., 3aBiAyBad Kadeapu, [HCTUTYT crieniaabHOro
3B’s13Ky Ta 3axucry inpopmarii HanionansHoro texuiunoro yuisepcutery Ykpainu “KIII im. I. Cikopeskoro”, Kuis, Ykpaina;
Heorhii Krykhovetskyi — Candidate of Technical Sciences, Senior Researcher, Head of Department, Institute of Specialized
Communication and Information Security, National Technical University of Ukraine “Igor Sikorsky KPI”, Kyiv, Ukraine;
e-mail: kgeorg@ukr.net; ORCID ID: http://orcid.org/0000-0002- 1771-6211.

ACHMITOTHKA CHCTEMbI ONITUMAJILHOIO YIIPABJIEHHUS € ABYMS MAJbIMU CHHIYJISIPHO-BO30Y KIAI0LIMMH apaMeTpaMu
E. U. Kamuuumn, J. A. Jlucuua, A. C. Heuaycos, I'. S1. KpeixoBeukuii

AHHoTanus. IlpeamMerom HcciieloBaHMIl CTAaTbU SABISIOTCS AUHAMHYECKHE CHCTEMBI YNPABIEHHS C ONTHMAbHBIMH
Me/JICHHBIMU JIBIKeHHAMU. [le1b10 padoThl ABIIsIeTCS MOMyYeHHE aCHMIITOTHYECKOTO IPUOIIMKEHHS yIpaBiieHus B popme 00-
paTHOi1 CBsI3H, KOTOPOE, HE SABIIACH PABHOMEPHBIM II0 00JIACTH OIIPEIeNICHHUS CHCTEMBI, (JOPMHUPYET paBHOMEPHO NMPUOIIKEHHBIE
K ONTHMAJIbHBIM MEAJICHHBIC ABUKCHUS CUCTEMBI. 3aJaul UCCIEJOBaHMS 3aKII0YAlOTCS B IPOBEACHUH aCUMIITOTUYECKOTO aHa-
JIM3a PeryJisITopa Mpy MAJIBIX 3HAYSHUSIX MapameTpoB. IlpuMensieMble MeTOAbI: METOIBI MHHIMH3AIMH KBA[PATHIECKUX (DyHK-
Ui 1 MEeTOJbI MaTpuaHO anreOpsl. IlosrydeHHBIE pe3yJbTaThI: PACCMOTPEHA 33/1a4a ONTHMAIBHOTO YPaBHEHHS C JBYMS Ma-
JIBIMU CHHTYJISIPHO BO30Y X Ial0IMMHU apaMeTpaMu. BeeneHs! TpeGoBaHUS Ha XapaKTEPHCTHKU U yIIPABIsEMOCTh BBIOPAHHOM CH-
cteMbl. PaccmatpuBaemast 3aa4a cBsi3aHa, B OTIIMYKE OT M3BECTHBIX HCCIIEAOBAHUH, C IPUHIMIUAIBLHON MPOOIEMOii: IpH CTpeM-
JIEHUH K HYJIO TapaMeTPOB CHCTEMBI ONpeeIeHHbIE KOMIIOHEHTHI MaTPHUIbI, YIOBIETBOPSIOMIEH ypaBHeHHIO PukaTTH, B cuity
MPEIENIbHOTO YCIOBHS Ul Hee, MPHOOPETaOT 0COOEHHOCTH B OINPEIENICHHBIX MPOMEXyTKax BpemeHH. IIpakTnyeckas 3HauH-
MOCTBH PadoThI COCTOHUT B TOM, YTO C HCIIOJIb30BAHHUEM METOJJ0B MHUHHMH3ALUH ITOJIY4EHbl O0IIMEe METOAbI IIOCTPOCHHS PaBHO-
MEpHOH 00J1aCTH aCUMITOTUKH CHCTEM ONTHMAJIBHOTIO YIPABICHUS C ABYMSI MaJIBIMH CHHTYJISIPHO-BO30Y KIAIOLIIMMH ITapaMeT-
pamH 10 ApYroMy MajoMy Iapamerpy.

KiaroueBble cj0Ba: onTUMHU3ALNS; pABHOMEPHAst 00JIACTh aCHMITOTHKH; CTOXaCTUYECKask AMHAMUYECKas CUCTEMa; IIpo-
CTPAHCTBO IapaMeTPOB, BOSMYIIAIOIIHE [TAPAMETPhI.

Asymptotic behavior of an optimal control system with two small singularly excitatory parameters
Yevhen Kalinin, Dmytro Lysytsia, Artem Nechausov, Heorhii Krykhovetskyi

Annotation. The subject of research in the article is dynamic control systems with optimal slow motions. The goal of
the work is to obtain an asymptotic approximation of the control in the form of feedback, which, not being uniform in the domain
of the system definition, forms slow motions of the system uniformly close to optimal ones. The objectives of the study are to
conduct an asymptotic analysis of the controller for small values of the parameters. Applied methods: methods of minimization
of quadratic functions and methods of matrix algebra. The obtained results: the problem of the optimal equation with two small
singularly exciting parameters is considered. Requirements for the characteristics and controllability of the selected system have
been introduced. The problem under consideration, in contrast to well-known studies, is connected with a fundamental problem:
as the system parameters tend to zero, certain components of the matrix that satisfies the Ricatti equation, due to the limiting
condition for it, acquire singularities in certain time intervals. The practical significance of the work lies in the fact that with the
use of minimization methods, general methods are obtained for constructing a uniform region of asymptotics for optimal control
systems with two small singular-exciting parameters with respect to another small parameter.

Keywords: optimization; uniform region of asymptotics; stochastic dynamic system; parameter space, perturbing parameters.
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THE CONCEPT OF PERFORMING THE ADDITION OPERATION
IN THE SYSTEM OF RESIDUAL CLASSES

Abstract. The subject of the article is the development of a method for implementing the arithmetic operation of adding
the residuals of numbers, which are represented in the system of residual classes (RNS). This method is based on the use of
positional binary adders. The purpose of the article is to improve the performance of computer systems (CS) and their
components by introducing new ways of organizing calculations based on the use of RNS. Tasks: to analyze and identify
the shortcomings of the existing number systems that are used in the construction of computer systems and components;
explore possible ways to eliminate the identified deficiencies; explore the structure of binary positional adders, taking into
account the scheme for adding two residues of numbers modulo RNS; to develop a method for constructing adders modulo
RNS, which is based on the use of a set of binary single-digit positional adders. Research methods: methods of analysis
and synthesis of computer systems, number theory, coding theory in RNS. The following results are obtained. The paper
shows that one of the promising ways to improve the performance of the CS is the use of RNS. The mathematical basis of
RNS is the Chinese remainder theorem, which states that an integer operation on one large modulus can be replaced by a
set of operations on coprime small modules. This opens up broad prospects for optimizing calculations. On the one hand, it
is possible to significantly simplify the performance of complex and cumbersome calculations, including on low-resource
computing platforms. On the other hand, calculations for different modules can be performed in parallel, which increases
the performance of the CS. Conclusions. The article considers the operation of adding two numbers. This operation is the
basis for both traditional positional number systems and RNS, i.e. forms the computational basis of all existing CS
components. A new method for calculating the sum of the residuals of numbers modulo an arbitrary is proposed, and
examples are given that clearly demonstrate the effectiveness of the proposed method. This method can be used in various
computer applications, including for improving computing performance, ensuring fault tolerance, etc.

Keywords: number system; residue number system; non-positional code structure; operation of adding; positional

binary adder.

Introduction

One of the components of a computer system (CS)
in the positional binary number system (PNS) is an
adder of two numbers [1-3]. In particular, the
components of the CS are also adders modulo m, of

two numbers. This type of modulo adders is widely
used both in the PNS and in the non-positional number
system in the residual classes (RNS) [4, 5]. So, the
adder of numbers in the RNS will consist of a set of k

n =[log, (m, —1)+1]- bit adders modulo m, (i =1,k).
In this aspect, an urgent scientific and technical

problem is the problem of constructing adders operating
according to an arbitrary modulus m, of the RNS.

If the residues &, and b, of numbers A and B in

the RNS are represented in a binary PNS, then the adder
of two residues a, and b modulo m, is a sequential

collection of n binary one-bit adders.

The purpose of the article is improving the
performance of computing systems and components
through the introduction of new ways of organizing
calculations based on the use of RNS. This is done by
developing a method for performing the operation of
modular addition (@ +b)modm, of two residues of

numbers modulo m, arbitrary, based on the use of a

binary adder modulo M =2"-1. The article provides
examples of concrete execution of the method for
performing the modular addition operation for various

values of the residues & and b,. The analysis of the

considered examples showed the practical
applicability of the method proposed in the article for
performing the operation of modular addition
(3, +b)modm, of two residues of the numbers A and

B modulo m,. The method proposed in the article for

performing the operation of modular addition of two
residues can be used both in the PNS and in the RNS.

Related work

The main theoretical provisions of the number
system in the residual classes were laid in works [6, 7],
as well as in [8-11] and many others [4, 5].
Computational algorithms for integer operations in RNS
were substantiated on the basis of mathematical
methods of number theory and the fundamental Chinese
remainder theorem [12]. In subsequent works, various
applied issues were investigated. In particular,
mathematical models of integer operations in RNS are
investigated in [13]. Papers [8] and [9] are devoted to
error control in RNS. Improving the reliability and fault
tolerance of computer systems was studied in [10, 12]
and also in [14]. The construction of fault-tolerant
computing architectures, including those based on
FPGAs, is studied in [15]. In [10], the computational
aspects of integer arithmetic are investigated as applied
to cryptography problems. In works [16], new directions
are investigated related to the computational processes
of artificial neural networks and intelligent computing.

© Krasnobayev V., Koshman S., Kovalchuk D., 2022

43



Advanced Information Systems. 2022. Vol. 6, No. 1

ISSN 2522-9052

It is known that the central, basis of the operation
performed by a computer system (CS) in a positional
binary number system (PNS) is the operation of adding
two numbers.

In a non-positional number system in residual
classes (RNS), the main operation is the operation of
adding (& +b)modm, the residues a and b, of
numbers A and B according to a given modulus m, .

In this case, the adder of numbers in the RNS will
consist of a set of k n=[log,(m, —1)+1]- bit adders

modulo m, (i =1,_k). Modular binary adders have a
fixed modulus M =2"-1, M =2" or M =2" +1.
This circumstance, in the general case, does not
allow their direct use as modules m. of RNS.
If the modulus m, of the adder of residues a, and
b, of numbers A and B differs from the value of M

by a small amount, then the implementation of the
modular addition operation can be relatively simple.

In the PNS, the most widespread are two options
for the implementation of the operation of modular
addition [16]. For each option, the following modulus
ratios take place.

First variant. There is a ratio of modules
M =m, +1. For the second variant, the ratio of modules

takes place M =m, —1. For the variants considered, the

implementation of the modular addition of residuals is
quite simple. At the same time, in the general case of
choosing the RNS modulus m, , the operation of

modular addition of two residues is a rather laborious
task. In this aspect, an important problem arises of
constructing adders for an arbitrary RNS modulus.

Method for performing the addition operation
in the residual class system

The existing [16] method of adding
(3, +b)modm, the residues of a and b, numbers
modulo m,, based on the use of binary adders, consists

of a combination of the following actions.
— First action. The structure of the adder
modulo m, is determined.

— Second action. The operation of bitwise
addition modulo two residues a and b is

performed.

— Third action. The result S S, ,...S,S, of the
operation of bitwise addition modulo two residues a,
and b is placed in the corresponding binary one-bit
adders (OBA) of the adder structure modulo m, RNS.

— Fourth action. Based on the modular addition
scheme, an algorithm for adding two residues a, and b,

of numbers modulo m, RNS is implemented.
The presented method has limited application.
So, in the case of equality of two residuesa, and b,

the result of modular addition will not always be
accurate. This is due to the fact that the result

S,S,.,...S,S,, does not always take into account the

n“n-1*
relationship between the values of the values of the
modules m,, M and the value of the sum a, +b, of

positional addition.
When developing a new method for adding the
residues a, and b, it is necessary to take into account

the options for the relationship between the values of
the modules m;, M and the value & +b, of the result

of positional addition of the residues of numbers.
Consider a new method for adding the residues of
a, and b, numbers modulo m; .

A new method for implementing the addition
operation from a combination of the following actions.
— First action. For the value of the modulus m. ,

the synthesis of the adder modulo m, is performed.
— Second action. The result of summation a, +b,

is determined.
— Third action. The result of the positional
comparison of the result a +b, of addition and the

value of the modulus of the adder m. is determined.

— Fourth action. If the condition a, +b. <m,,
is fulfilled, the result of the operation is the value of the
sum a, +b,.

— Fifth action. When the condition a, +b, > m,
is satisfied, the result a +b, of positional adding is
bitwise entered into the corresponding
n =[log,(m; —1)+1] bits of the OBA.

— Sixth action. In accordance with the algorithm
for adding two residues a, and b, of numbers modulo,
the operation of adding two residues a, and b, of
numbers modulo is implemented.

Results of implementation of the method
for performing the addition operation
in the residual class system

Let's give examples of the implementation of the
modular addition operation by the new method. We will
consider examples of the implementation of the modular
addition operation in two modes. First mode a +b

<m, and second mode (a+b)>m,. Let m =11.

Example 1. Residues are a, =5 and b =4. The
adder implements the operation of positional addition of
the residues a, = 0101 and b, =0100 in the form

a, +b =1001.

The value of the sum a, +b, =1001 determines the

result of the operation.
Check: (0101+0100) =1001(mod11).

Example 2. Let a, =5 and b, =6. The adder
implements the operation of positional addition of the
residues a, = 0101 and b, =0110 in the form

a +b =1011.
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The value of the positional sum a +b, =1011 of
the residues a, =0101 and b, =0110 is bitwise fed to
the corresponding inputs of the OBA 5,-5,. Thus,
OBA 5,-5, of the adder contain respectively the

values 1011. The modular addition operation is
implemented according to the modular addition scheme
modulo m, =11 [16]. The algorithm for implementing a
modular operation is presented in Table 1 and in Fig. 1.
The unit of the binary digit is supplied to the input OBA
5, and 5,. Fig. 1 shows a scheme of the addition of

residues ¢; = 0101 and b, =0110 modulo m, =11.

a,+b =1110. The value of the positional sum
a, +b =1110 of the residues a =0101 and b, =1001

is bitwise fed to the corresponding inputs of the OBA
5,—5. Thus, OBA 5,-5 of the adder contain
respectively the values 1110. The algorithm for
implementing a modular operation is presented in Table
3 and in Fig. 3. The unit of the binary digit is supplied
to the input OBA 5, and 5, .

Check: (0101+1001) = 0011(mod11).

Table 2 — Algorithm for executing the result of the
operation forai=5and bi=7

Check: (0101+0110) = 0000(mod11).
OBA The presence The result of
OBA tent | Of@unitatthe | the modular
Table 1 — Algorithm for executing the result 5,-5; conten OBA inputs addition
of the operation for ai = 5 and bi = 6 54 =951 5,—5; operation
OBA The presence of The result of 51 0 +1 1
OBA content a unit at the the modular 52 0 — 0
5,—5; DOS inputs addition 53 1 +1 0
54=51 54-51 operation 54 1 - 0
51 1 +1 0
52 1 - 0
53 0 +1 0
54 1 - 0 (+J
+1 +1 +1
1 1 0 0
¥ ¥ ¥ ¥
J 0 0 0 1 }
+1 +1 9 0 - 1 1 +1 - T
Addition result
i i i ﬁ Fig. 2. Scheme for adding residues

Addition result

Fig. 1. Scheme for adding residues
ai = 0101 and bi = 0110 modulo mi = 11

Example 3. Let ¢, =5 and b =7. The adder

implements the operation of positional addition of the
residues & =0101 and b =0111 in the form

a; +b, =1100.

The value of the positional sum &, +b, =1100 of
the residues a, =0101 and b, =0111 is bitwise fed to
the corresponding inputs of the OBA 5, -5,. Thus,
OBA 5,-5, of the adder contain respectively the

values 1100. The modular addition operation is
implemented according to the modular addition scheme
modulo m, =11.

The algorithm for implementing a modular
operation is presented in Table 2 and in Fig. 2. The unit
of the binary digit is supplied to the input OBA 5, and

5, .
Check: (0101+0111) = 0001(mod11).

Example 4. Let ¢, =5 and b, =9. The adder

implements the operation of positional addition of the
residues a =0101 and b =1001 in the form

ai = 0101 and bi = 0111 modulo mi =11

Table 3 — Algorithm for executing the result of the
operation forai=5and bi=9

OBA The presence of a | The result of
OBA content unit at the OBA the modular
54~ 51 inputs addition
5451 54—51 operation
51 0 +1 1
52 1 — 1
53 1 +1 0
54 1 - 0
2]
+1 +1 1 1 1 0 “
v v ! )
0 0 1 1

-
Addition result

Fig. 3. Scheme for adding residues
ai = 0101 and bi = 0110 modulo mi = 11

Conclusion

The number system in the residual classes is a
promising direction for the qualitative improvement of
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modern computer systems. In particular, the execution of
integer computational operations can be significantly
accelerated by reducing the bit depth of the computations.

Performing operations on a large module can be
replaced by several operations on small modules. And
this is at the heart of the computational operations in
RNS. We have considered the simplest operations of
addition of the remainders modulo an arbitrary. These
calculations are used both in the traditional positional
number system and in the number system in residual
classes.

The article describes a new method for performing
the addition operation (&, +b,)modm, of two residues

a, and b, of numbers modulo.

a binary adder modulo m; of RNS, and also taking into
account the scheme for adding two residues aj and bj of
numbers.

The method for constructing binary adders modulo
m. is based on the structure of an adder modulo

M =2" -1, which consists of a set of sequential binary
one-bit adders.

Examples of executing the method of performing
the addition operation for various values of the residues
a, and b, are given.

The analysis of the considered examples showed
the practical applicability of the method proposed in the
article for performing the modular addition operation.

The proposed method can be used in various
computer applications, including for improving
computing performance, providing fault tolerance, etc.

The addition operation (a, +b)modm, is
implemented based on the use of the structure of
1.

2. PV. Ananda Mohan, "Residue Number

10.

11.

12.

13.

14.

15.

16.
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Konnenuis BUuKoHaHHA onepauii 104aBaHHA
Yy cucTeMi 3aJMIIKOBHUX KJaciB

B. A. Kpacno6aes, C. O. Kommvan, /1. M. KoBanbpuyk

Anoranis. IIpexmerom crarTi € po3poOka MeTo Iy peaiizamii apudMeTHIHOT onepaii JoAaBaHHs 3aIHIIKIB YHCE, IO
npexacraBieni y cucremi 3amumkoBux kiaciB (C3K). Lleit meron 3acHOBaHHMIT Ha BHKOPHCTAHHI MO3HIIMHHUX JABIHKOBHX
cymaropiB. MeTol0 ctarTi € migBHIIEHHsS NPOAYKTHBHOCTI Komm'totepHux cucteM (KC) Ta iX KOMIIOHEHTIB 3a paxyHOK
3aCTOCYBaHHs HOBMX METOJIB opraHizauii oOuncnens, siki 3acHoBaHi Ha BukopuctanHi C3K. 3amaui: mposectu anami3 Ta
BUSBUTH HEJOJIIKM ICHYIOUMX CHCTEM YMCIIEHHS, 1110 BUKOPHCTOBYIOTHCS MPH MOOYI0BI KOMIT'IOTEPHUX CHCTEM Ta KOMIIOHEHTIB;
JOCIIINTA MOXUIMBI IIUISIXM YCYHEHHSI BUSIBICHHMX HENOJIKIB; JOCIIIUTH CTPYKTYypYy ABIHKOBUX ITO3HLIIHMX CyMaTopiB 3
YpaxyBaHHSIM CXEMH JIOIaBaHHS JBOX 3IMIIKIB gucen 3a MoxyineM C3K; po3podutn Meron moOymoBH cyMaTopiB 3a MOJyJIeM
C3K, sxwuii 3acHOBaHMI HAa BUKOPHCTaHHI HAO0OpY ABIKOBHX OJHOPO3PSIHUX IMO3MILIIHUX cyMaropiB. MeToan A0CTiTKeHHS
METOJH aHaTi3y Ta CHHTE3y KOMII'TOTEPHHUX CHCTEM, Teopis uucen, Teopis koxysanHs y C3K. Otpumano HacTynHi pe3yJbTaTH.
VYV poboti mokasaHo, IO OJHHMM i3 MNEPCIEKTUBHMX HamnpsMiB migsuiieHHs npoxykruBHocTi KC e 3acrocyBanns C3K.
Marematnunoro ocHoBoro C3K € kuraiicbka Teopema Mpo 3alWIIKH, SKa CTBEPKY€E, IO LIJIOYMCIIOBA OMEpalis 3a OJHUM
BEIUKAM MOJyJieM Moxe OyTH 3amiHeHa HabopoM omepamiii 3a B3a€EMHO NMPOCTUMH MallUMH MOAyJsiMH. Lle BinkpuBae mmpoxi
MEPCIEKTUBU onTuMi3auii o0uucnens. 3 ogHOro OOKY, MOKHA CIPOCTHTH BUKOHAHHS CKJIAQJAHUX 1 TPOMI3IKUX OOYHMCIEHb, Y
TOMY YHCII Ha MaJIOPECypCHHX OOYMCIIOBANBHHUX IulaTGopmax. 3 iHIIOro OOKy, OOYHMCIEHHS 3a PI3SHUMH MOAYJISIMH MOXYTb
BHUKOHYBATHCh IapaleNbHo, Mo miaBuinye npoayktuBHIiCTs KC. BHCHOBKH. Y CcTaTTi pO3IISTHYTO OIEpalilo JOJaBaHHS JBOX
gucen. L{g omepailis € OCHOBOIW SIK JUI TPAAWIIHHUX MO3MIINHHHUX cucTeM uucieHHsa, Tak i jias C3K, ToOto ckiamae
00YnCITIOBAIEHY OCHOBY BCix KoMrnoHeHTiB KC. 3anponoHoBaHO HOBHI METO OOUYHCIICHHS CyMH 3JIMIIKIB YHCEJ 32 JOBUIEHUM
MOJyJIeM 1 HaBeIeHO INPHKIAAN, IO HAOYHO JEMOHCTPYIOTH e(EeKTHBHICTH 3alponoHOBaHOrO Merony. lleit meroxm MosxHa
BUKOPUCTOBYBATH y PI3HUX KOMITIOTEPHHX IOJATKaX, 30KpeMa I MiABHIICHHS MPOAYKTHBHOCTI OOYHMCIICHB, 3a0€3MeUeHHS
BIZIMOBOCTIMKOCTI Ta iHIII.

Kinio4oBi cnoBa: cuCTeMa YHCICHHS; CHCTEMa 3aJIMIIKOBHX KIJAciB, HETMO3HMIIHHA KOJOBAa CTPYKTypa; OIeparis
JIOJTaBaHHSI; MO3UIIIHHIIA JBINKOBHIA CyMaTop.

Konuenuusi BEINOTHEHUSI ornepanuu CJI0KCHUA
B CUCTEME OCTATOYHBIX KJIACCOB

B. A. Kpacuo6aes, C. A. Komwmas, /1. H. KoBansuyk

AnHortanus. Ilpeamerom cratbu sBisieTcs pa3pabOTKa METOJA pealM3aluM apUPMETHYECKOH OIepalun CIOXCHUS
OCTaTKOB YHCEJ, KOTOpBIE MPEICTaBlIeHBI B cucTeMe ocTaTouHbIxX kiaccoB (COK). JlanHbIi MeTOZ OCHOBAH Ha HCIIOJIB30BAHUH
MO3UIMOHHBIX JBOMYHBIX CyMMarTopoB. LlesibI0 CTaThH SBIAETCS MOBBIMIEHHE MPOU3BOJUTEIBHOCTH KOMIBIOTEPHBIX CHCTEM
(KC) 1 nx KOMITIOHEHTOB 3a CUET BHEIPEHMS HOBEIX CIIOCOOOB OpraHHM3aIMY BEIYHCIICHNH, OCHOBAaHHEIX Ha Hcronb3oBaHny COK.
3amaum: TPOBECTH aHANM3 M BBUIBUTH HENOCTATKH CYIIECTBYIOIIMX CHCTEM CUHCICHUS, KOTOpBIE HCHOJB3YIOTCS IIpH
MOCTPOCHUH KOMIBIOTEPHBIX CHCTEM M KOMIOHEHTOB; HCCIIEIOBATh BOSMOXKHBIE ITyTH yCTPAHEHUS BBHIIBICHHBIX HEIOCTaTKOB;
HCCIIEI0BATh CTPYKTYPY ABOMYHBIX MO3UIMOHHBIX CYMMAaTOPOB C YYETOM CXEMbI CIIOXKEHHS JBYX OCTATKOB YHCEIN II0 MOJYIIIO
COK; pa3paboraTb MeTO] IOCTPOEHHSI cyMMaTopoB 1o Moayio C3K, KoTopbli OCHOBaH Ha HCIOJIB30BaHUHM HA0Opa JBOMYHBIX
OJHOPA3PSAAHBIX MO3UIMOHHBIX CyMMaTOpoB. MeToABI HMcCJIe0BAHMS: METOJIbl aHAINW3a U CHHTE3a KOMIIBIOTEPHBIX CHUCTEM,
Teopust uucen, teopus komuposaHus B COK. Ilomydens! crnepyromue pe3yabTaTsl. B pabore mokaszaHo, 4TO OJHMM U3
MEePCIECKTUBHBIX HampaBieHui mosblmeHns npousBoautenbHoctu KC spnsercs npumenenne COK. Marematnueckoii 0oCHOBOM
COK sBasiercst KuTaiickasg TeopeMa 00 OCTaTKax, KOTOpas yTBEPXKAACT, YTO LEIOYUCICHHAsI ONepanys N0 OJHOMY OOJBIIOMY
MOJYJII0O MOXKET OBITh 3aMeHeHa Ha0OpOoM Oneparii IO B3aWMHO INPOCTHIM MajbIM MOJIYJISIM. DTO OTKPBIBAET LIMPOKHE
MEPCIICKTUBHI U ONTHUMU3alUK BEMHUCIeHH. C OIHOI CTOPOHBI, MOXKHO 3HAUUTENILHO YHPOCTUTH BBHIIOJHEHUE CIOXHBIX U
I'POMO3IKHX BBIYUCIECHHH, B TOM YHCIIE Ha MAJOPECYpPCHBIX BBIYUCIUTEIBHBIX IIaTGopMmax. C Apyroit CTOPOHBI, BEIYUCICHHS 10
pa3sHBIM MOIYJISIM MOTYT BBINOJNHATECS Mapauie]bHO, YTO moBbImaer mnpousBoautensHocts KC. BeiBoabl. B crarthe
paccMOTpeHa onepanysi CyMMHPOBaHUS ABYX YucelN. JlaHHas omepanys JIEKUT B OCHOBE KaK I TPaJUIHOHHBIX TMO3HIIHOHHBIX
cucreM cumcneHus, Tak U 11 COK, T.e. cocTaBisieT BBIYUCIUTENBHYIO OCHOBY BCEX CYMIECTBYIOHNIMX KOMIOHEHTOB KC.
[pennosxeH HOBBIM METOJ BEIYHUCICHUS] CyMMBI OCTaTKOB YHCEI IO TPOM3BOJILHOMY MOMIYIIIO M IPHBEAEHBI IPUMEPHI, HATTISITHO
JIeMOHCTpHpyomue 3(hPEeKTHBHOCTh MPEUIOKEHHOTO MeTona. JIaHHBI METOA MOXKeT OBITh HCIONB30BAaH B Pa3IUIHBIX
KOMITBIOTEPHBIX ~IMPWJIOXKEHHUAX, B TOM YHCIE JUIS TIOBBIMICHUS HPOW3BOJMTEILHOCTH BBIYHCICHUH, oOecreueHus
0TKa30yCTOMYUBOCTH U JIp.

KnrmoueBpie ciioBa: cuCTeMa CUHCICHHUS, CHCTEMa OCTaTOYHBIX KIAcCOB; HEMO3WIMOHHAsS KONIOBas CTPYKTYpa,
oTepanys CI0KEHHS; TO3UIMOHHBINA IBOMYHBIA CYyMMATop.
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STUDY OF NOISE REDUCTION METHODS IN THE
SOUND SEQUENCE WHEN SOLVING THE SPEECH-TO-TEXT PROBLEM

Abstract. The subject of this research is noise reduction methods in the sound sequence as a part of the proposed
speech-to-text (STT) module for converting a verbal lecture or a lesson into a written text form on digital educational plat-
forms. The goal is to investigate the influence of noise reduction methods on the operation of the acoustic signal recogni-
tion system. 3 methods of noise reduction were considered for integration in the proposed acoustic artifact recognition sys-
tem and for the researching: spectral subtraction method; fast Fourier transform; Wiener filter with software modeling of
every method. The obtained results: after testing the system with integrated noise reduction modules in it, based on the fast
Fourier transform, Wiener filter and spectral subtraction method, it was concluded that the module using the Wiener filter
improves the identification results by 25%, which is the highest result. However, performance testing has shown that fast
Fourier transform is the fastest method. The practical significance of the work is — the identifying acoustic events system
was developed, different noise reduction methods were integrated and researched into the module for converting a verbal
lecture or a lesson into a written text form in a proposed system with the aim of increasing of speed and accuracy.

Keywords: speech; voice; processing; noise; reduction; filtering; learning management systems; digital educational platform.

Introduction

The period of the pandemic has significantly in-
creased the relevance of the development and expansion
of the functionality of various digital educational plat-
forms [1, 2]. These information spaces are in demand at
different levels of education in countries around the
world — from primary schools to higher education insti-
tutions, as well as training courses in different areas of
business, allowing students to be provided with teaching
materials, communicating with teachers, and also
providing an opportunity for remote control of the level
of knowledge. This approach is not a new one [3], that
is why now we have not the breakthrough, but the fur-

User categories

| Administrator Course Creator

l l

Study of educational material

ther fast development [4, 5]. Thus, the virtual interac-
tion of the distributed user community is organized.

The number of interactive possibilities of digital
educational platforms is constantly expanding. New
options are added to the basic functionality (access to
training materials on cloud storage services, remote
interaction with teachers). For example, testing blocks,
knowledge control, access level management of training
content depending on the user's role, analysis of statisti-
cal data (attendance), and some other special functional-
ity like in [6,7]. The generalized structure of a digital
educational platform with modules for learning educa-
tional material, checking gained knowledge and collect-
ing statistics for monitoring progress is shown in Fig. 1.

Teacher Student

l l
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Fig. 1. Generalized structure of a digital educational platform

However an important part of the information space
for remote education remains online lectures with ex-
perts, which can be conducted in a question-and-answer

mode and cover questions from course participants. Sub-
sequent access to online lecture materials should be easy
to understand and assimilate. The recording of the lecture
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provides access to audio files that can be listened to, but
are not intended for print reproduction.

The two platforms for schools, universities and
other educational institutions from the great corpora-
tions Google [8, 9] and Microsoft are: G Suite for Edu-
cation and Microsoft 365 Education. ‘Microsoft 365’ is
the new name for ‘Office 365°.

In both cases, the platforms run from the cloud,
meaning you can use them through a standard internet
browser — perfect for everything from a quick check of a
document on a smartphone, or for a student to join a
lesson on a desktop computer. And naturally, being
browser-based and suitable for multiple devices, they
are ideal for remote teaching and learning.

Software and services related to digital educational
platform (DEP), which we have in a generalized
structure of a DEP (Fig. 1):

- learning management systems (LMS) — integra-
tions with LMS give users of digital learning platforms
a streamlined way of sharing assignments with their
students. Instructors can also use LMS integrations to
track student progress on assignments;

- student information systems (SIS) — an institu-
tion’s SIS harbors vast stores of student data, including
contact information, demographic data, and their aca-
demic history. Integrations between these systems and
digital learning platforms enable instructors to seamless-
ly transfer student rosters into digital learning platforms.

Human

Generated
original
text

Speech-to-text conversion
module (STT module)

>

Audio series

They can also export student performance data from a
digital learning platform assignment directly into an SIS
gradebook;

- document creation software — digital learning
platforms that enable instructors to create their own
lessons often allow the user to upload files from docu-
ment creation software.

Therefore, the expansion of existing digital educa-
tional platforms with the ability to form an annotation
(resume, abstract) of a lecture and its presentation in the
form of textographic materials for further use by course
students on paper is an urgent task, since it can improve
the quality of presentation of educational information
and the conditions for working with it, and also to im-
prove the assessment of the quality of the distance edu-
cational resource from the point of view of the content
and methodological aspect.

The paper proposes converting audio files contain-
ing lecture material into text form, keeping only the
important content in the form of a summary of the lec-
ture (Fig. 2). So, it is well known speech-to-text (STT)
problem in appliance to digital educational platforms.
Since the reliability of the information contained in the
educational resources of distance courses is one of the
key requirements for digital educational platforms,
reducing the appearance of false or distorted data when
converting a sound sequence into text data for further
semantic analysis is the goal of the work.

Computer

‘ | Symmary of the
. iginal text
> Text analysis module By

o wn

Fig. 2. Basic modules of the proposed system

Analysis of the literature. As the name suggests,
a DEP is an online ‘environment’ comprising
applications and tools for the education sector. It’s used
by teachers, administrative staff and students — and is
designed specifically to accelerate digital teaching and
learning for schools. A typical DEP contains tried-and-
tested productivity software, such as those for word
processing, spreadsheets and presentations — as well as
email and calendar tools. No doubt you’re already
familiar with such software. For DEPs, however, these
standard applications are bolstered with software for
education. This includes virtual whiteboards; planning,
assignment, marking and collaboration tools; and
software to run lessons by live video.

Here’s one example of how this might translate into
the real world: a teacher plans the lesson and produce
materials using the familiar productivity tools, as well as
your school’s own curriculum materials stored
conveniently in the same platform. Then the mentor can
run the lesson either remotely or in-class, using a
presentation format, live video, or a mix of both. Based
on the lesson, you could then issue an assignment to
students, who would complete it remotely and return it
through the platform. You could issue the assignment in
question-and-answer format created with the platform’s

questionnaire tools. Or you might ask the student to
submit a typed document — or even a handwritten
response using a device stylus. For more practical
subjects, the student could submit multimedia formats of
their work — for instance, a photo of their drawing, or a
video of a musical performance. Once these assignments
are completed and submitted, you could mark the work
using the marking software. These are tools that go
beyond marking up documents with comments — they’re
intuitive and interactive, and can be set up so the data
flows to a spreadsheet tracking the student’s progress.
The benefits of using a digital education platform
can be the next: teach classes as well as smaller groups
of pupils; communicate with their pupils; set tasks for
individuals as well as for larger groups; let pupils work
together; give feedback; share useful links to digital
learning resources; collaborate with their colleagues on
lesson planning and related administrative tasks. Below
is a ranking list of DEP with Higher Education
capabilities (Table 1) [10]. The use of DEP in higher
education systems is an important function of digital
learning platforms. Some of them are: Canvas LMS,
Nearpod, Khan Academy, Lumio by SMART, GoReact,
Discovery Education Inc, Speexx, Pear Deck,
Renaissance Accelerated Reader, McGraw-Hill and so
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on. Comparison of various products is necessary in
order to analyze the advantages and disadvantages of

existing solutions and substantiate the relevance of the
approach proposed in the work.

Table 1 — A ranking list of some of the digital educational platforms

Alta

Cerego

Cerego

PearDeck

®

Meets Requirements

8.6 (20 responses)

8.3 (23 responses)

Schoology

S

schooloay

8.6 (27 responses)

8.5 (266 responses)

Ease of Use 9.2 (20 responses) | 8.7 (24 responses) 8.8 (27 responses) 8.5 (266 responses)
Ease of Setup 9.2 (6 responses) 7.6 (13 responses) Not enough data available | 8.4 (71 responses)
Ease of Admin 9.2 (6 responses) 7.2 (13 responses) Not enough data available | 8.6 (74 responses)

Quality of Support

9.5 (20 responses)

8.2 (23 responses)

9.3 (17 responses)

8.4 (226 responses)

Ease of Doing
Business With

9.7 (6 responses)

8.5 (12 responses)

Not enough data available

8.9 (59 responses)

Reviewers' Industry

Higher Education
86.4%

Higher Education 59.4%

Education Management
40.6%

Education Management
39.0%

Non-Profit E-Learning 12.5% Primary/Secondary Primary/Secondary
Organization Education 31.3% Education 37.4%
Management 4.5%

E-Learning 4.5%

Apparel & Fashion 6.3%

Higher Education 15.6%

Higher Education 9.7%

Alternative Dispute
Resolution 4.5%

Public Relations and
Communications 3.1%

E-Learning 6.3%

E-Learning 5.7%

Other, 0.0%

Maritime, 3.1%

Libraries, 3.1%

Writing and Editing, 0.6%

Other, 15.6%

Other, 3.1% Other, 7.5%

It can be seen that these platforms can satisfy
many user needs, but still have minor disadvantages.

The analysis showed that according to such criteria
as ease of use and meeting the requirements, the Alta
system has the highest scores, however, its functionality
does not include the possibility of converting a voice
lecture or report into a printed form for further use both
by students (when preparing for examinations) and by
teachers (for example, for compiling work programs or
writing a detailed lecture summary). Therefore, the
development of a module for converting a verbal lecture
or a lesson into a written text form while retaining only
important information can be considered a relevant task.

The problem formulation. The quality and speed
of converting audio sequence into text, which is a
complex task, depend on such factors as the quality of
the input signal and the characteristics of the equipment.
The purpose of this study is to investigate the influence
of noise reduction methods on the operation of the
acoustic signal recognition system. To achieve this goal,
the following tasks must be solved:

—research of the general parameters of acoustic
systems;

—research of existing methods of noise reduction
in the audio series;

— development of acoustic event recognition system;

—adaptation of noise reduction methods to
different types of computing systems;

—assessment of the operating time of the
developed system;

—assessment of the quality of acoustic event
recognition;

—analysis of the obtained results.

Results and Discussion

1. Acoustic event recognition system. To study
the methods of noise reduction in the audio sequences, a

computer system for recognizing acoustic events was
developed, namely: music and its genres, animal sounds
divided into classes, transport and its type, random
events (knock, explosion, shot, etc.), human speech,
natural phenomena, etc.

The system is designed to identify the type of event
on a given audio sequences of any size and can be used as
a ShotSpotter [11] analogue or to eliminate undesired
artifacts when using software for audio and video
conferencing [12, 13]. The system is able to work on the
following three sources: pre-recorded audio file;
capturing and processing microphone data; web-interface.

The system is written in Python, which allows it to
be easily adapted and optimized. It uses a predefined
model of a neural network of the CNN type. The model
is based on the Google AudioSet dataset (the sample
size is approximately 2 million segments from different
video files, the test sample size is 20,000 segments from
different video files), which is publicly available.
Overall, the system uses the following external Python
libraries: numpy; scipy; resampy; PyAudio; Tensorflow;
Six; Devicehive. It should be noted that the neural
network is trained on the VGGish model of the
Tensorflow platform.

Due to the fact that GPUs are more suitable for
training neural networks, and the Tensorflow platform
provides the ability to use a graphics processor (with the
above software), the following hardware was used:
NVidia GeForce RTX 2070 Super 8 GB. Fig. 3 shows
the general IDEFO scheme of the system.

On the left of the diagram the input data to the
system is shown, namely the audio sequence (audio
file), which must be identified to one or more classes.
The top shows the tools used by the system, namely: the
TensorFlow platform, which is required for the neural
network model to work; a collection of classes required
to assign an input audio sequence to a class; YouTube-
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8M model, interface for working with the neural
network model; Python modules (libraries), required to
run each part of the system (for example, os is used to
run the system on local files).

TensorFlow | Collection | Youtube-8M | Python
platform | ofclasses | model | modules

Acoustic
event recognition system

Traine
GPU GPU|[ VGGish
model

Fig. 3. Generalized scheme of work
of acoustic artifact recognition system

Audio A set of predefined
classes
sequence

I
Python

modules

The lower inputs are the tools and software that the
system uses. The CPU and the VGGish-trained neural
network model are mandatory components of the
system, while the GPU is desirable but optional.
VGGish is a pre-trained convolutional neural network
developed by Google. The presence of GPUs in the
system improves speed. Fig. 4 shows the functional
model of the system.

The proposed system consists of modules:
conversion of a file into an array of bits; conversion of
an array of bits into a mel spectrogram; conversion of
mel spectrogram into frames; obtaining key
characteristics; processing of key characteristics;
filtering predictions. The tasks of the module to convert
a file into an array of bits include: reading a file into a
stream; conversion of a stream into an array of bits;
array type check. The module takes the input path to the
file and outputs an array of bits.

1
TensorFlow
platform

I
Collection
of classes

|

|
Youtube-8M
model

file into a bit array

¥
the module for
processing key
charactenistics

N

Predictions

\
predictions P'edir:mn:;‘
filtering module collection

GPU

Trained
VGGish GPU
model |

I

Fig. 4. Functional model of the system

Next is the module for converting an array of bits
into a mel spectrogram. Its tasks include: conversion of
2 or more channel signals into mono; short-term
(window) Fourier transform; obtaining a logarithmic
amplitude mel-frequency spectrogram.

The short-term Fourier transform is performed to be
able to obtain a stabilized spectrogram. Next, the
obtained spectrogram is fed to the module for converting
the mel spectrogram into frames. It has only one task — to
divide the spectrogram into segments of 10 milliseconds.
The obtained output is an array of frames (segments). The
next step is the module of obtaining key characteristics.
The essence of this module is to obtain tensors and key
characteristics from a set of frames. The tasks of the
second to last module for processing key characteristics
are: pre-processing of key characteristics by the
YouTube-8M module; obtaining predictions from key
characteristics. And finally, the last module is prediction
filtering. In this case, filtering means rejecting predictions
that have not exceeded the specified threshold.

2. Adaptation of the proposed noise reduction
methods for computer systems with different types of

memory organization. The basis of this adaptation is the
integration of various noise reduction methods into the
acoustic event recognition system in order to improve the
recognition results. Fig. 5 shows a functional model of a
system with an integrated noise reduction module. This
module has a single task — pre-processing the audio
sequences with one of the methods of noise reduction. An
array of bits is fed to the input, and a processed array of
the same type is obtained at the output.

This eliminates the need to modify other compo-
nents of the system. Three methods of noise reduction
were considered for integration: spectral subtraction
method; fast Fourier transform; Wiener filter. Each of
them represents its own version of the noise reduction
module, which can be integrated into the system (Fig. 6).

Implementation of each method requires an under-
standing of the scope of the system.

That is, it needs to be known what kind of event
the system needs to identify. For example, if the system
needs to recognize a dog's bark, the "useful signal™ is in
the range of 300 to 3500 Hz, so everything else can be
considered "noise".
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Fig. 5. Functional model of a system with an integrated noise reduction module
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3. Analysis of the recognition quality of the
developed system depending on the methods of noise
reduction. The system analysis was performed without
an integrated noise reduction module and with three
proposed noise reduction methods. The identification
threshold was set at 0.8, and the noise type was a
synthetically generated white noise of varying strength.
Table 2 shows an example of comparing the results of
event identification using different noise reduction
methods. The value in the table is the identification
factor by which the system recognized the event. An
audio series of "dog barking" was taken as an example.

The test sample consists of 200 audio files, 50 of
which are "dog barking". The overall evaluation of the
system was performed using precision and recall metrics
with a noise level of 0.5. The precision of a system within
a class is the proportion of documents that actually
belong to that class for all documents that the system has
assigned to that class. Recall of the system is the fraction
of the documents assigned by the classifier to the class, to
all documents of this class in the test sample. These
values are easy to calculate based on the contingency
table compiled for each class separately. When using a
system without the reduction, 32 samples were marked as
"dog barking", of which 29 are correctly recognized and
3 do not belong to this class. Thus we have the following:
TP =29, FN = 21, FP = 3. Then, the precision will be
0.90625 and the recall will be 0.58.

Table 2 — Comparison of noise reduction methods
depending on the white noise level

Noise sthrength

Noise reduction method used

0.1 0.5 1.0
No reduction 0,93 0,80 -
Spectral subtraction method 0,96 0,96 0,90
Fast Fourier transform 0,95 0,94 0,92
Wiener filter 0,97 1,00 1,00

Using the noise reduction module of the spectral
subtraction method, TP = 46, FN = 4, FP = 1 were
obtained. Therefore, the precision is 0.97872 and the
recall is 0.92. Using the fast Fourier transform, TP = 45,
FN =5, FP = 3, precision — 0.9375, recall — 0.9. Finally,
when using the Wiener filter, the following results were
obtained: TP = 49, FN = 1, FP = 0. Therefore, the
precision is 1 and the recall is 0.98. Table 3 presents the
generalized test results. From Table 3, it can be
concluded that the Wiener filter performs the task of
noise reduction and improves the results of event
identification the best.

Table 3 — Generalized results of event identification
system evaluation

. . System :
Nonsne1 éfﬁggtlon evaluation . Metrlcs Roe*
TP |FN |FP |Precision |Recall

No suppresion 29 |21 |3 |0,90625 0,58 |-
Spectral subtraction 46 |4 |1 |0,97872 (0,92 [21%
method
Fast Fourier transform |45 |5 |3 |0,9375 0,9 18%
Wiener filter 4911 |0 |1 0,98 |25%

Roe* - Relative optimization estimate

4. Analysis of system runtime for different noise
reduction methods. The analysis of the system runtime
was performed in parallel with the identification
analysis. Therefore, the sample for testing is the same
200 audio files of the same duration. The countdown of
the recognition time begins with the start of the first
module — file to bits array conversion module, and the
end point of the calculation after the operation of the
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last module — the prediction filtering module. Fig. 7
shows the total graph of the time of identification of
each sample with each method of noise reduction. The
average time of each method was obtained from the
graph and set of time metrics:

- no noise reduction method: 2,207 seconds;

— fast Fourier transform: 2,288 seconds;

— Wiener filter: 2,437 seconds;

— spectral subtraction method: 2,663 seconds.
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Fig. 7. System runtime comparison with different noise
reduction methods

From the average values of the audio event
identification time, it can be concluded that the fast
Fourier transform is the fastest.

When choosing the noise reduction method for the
system, both the processing time of the algorithm and
the quality of identification should be taken into
account. For example, if on a certain hardware the
system processes the audio sequence fast enough that
the delay is negligibly small, and the quality of
recognition is important to the user, then the Wiener

filter should be chosen as the best according to the
results of quality testing. If, for example, the noise level
is low and the hardware is not productive enough (for
example, in a case of no GPU), a simpler and faster
method — fast Fourier transform — should be chosen.

Conclusions

This paper discussed the main applications of audio
analytics, such as speech recognition and speech-to-text
transformation. Many of them use noise reduction as a
basis for improving the signal level, which was
demonstrated in the paper as a proposed speech-to-text
(STT) module for converting a verbal lecture or a lesson
into a written text form on digital educational platforms.

The main methods and algorithms of noise reduction
were considered with the presentation of examples of
processing results, their computational complexity and
the possibility of parallelization. The following methods
and algorithms were considered:

— fast Fourier transform;

— Wiener filter;

- spectral subtraction method,;

- adaptive filter;

— active noise control,

— use of neural networks.

In addition, a system for identifying acoustic events was
developed during the work. The system was tested as is.
Also, different noise reduction methods were integrated
and researched into the module for converting a verbal
lecture or a lesson into a written text form in a proposed
system: fast Fourier transform; Wiener filter; spectral
subtraction method.

After testing the system with the integration of each
of the noise reduction modules, it was concluded that
the module using the Wiener filter improves the identi-
fication results by 25%, which is the highest result.
However, performance testing has shown that fast Fou-
rier transform is the fastest method.
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BuBueHHsI MeTOiB 3HHKEHHSI LIYMY B 3BYKOBOMY Psi/li /i/isi BUpillleHHsI 32/1a4 MepeTBOPEHHSI MOBH B TEKCT
O. 1O. bapkoscrka, B. O. Xones, B. C. JIuTBuHeHKO

AnoTaunis. IIpexmMerom gocaigKeHHs] € METOIU LIYMOIIOABIICHHS y 3BYKOBIH IOCTIZOBHOCTI y CKJIa/i PONOHOBAHOTO
MoyJIs iepeTBopeHHst MoBH B TekcT (STT) st mpencraBieHHs ycHOT Jieknii abo ypoKy B TEKCTOBOMY BHIUISI Ha I(POBUX OCBIT-
HiX mwiatdpopmax. Mera — TOCTIUTH BIUIMB METO/IB IIyMO3ariyIlIeHHs] Ha poOOTY CHCTEMH PO3Mi3HABaHHS aKyCTHYHOTO CHTHAIY.
Jns inTerparii B 3amporoHOBaHy CHUCTEMY pO3ITi3HaBaHHsS aKyCTHUHHX apTedakTiB Ta JUIs JOCIHIDKEHHs OyJo PO3IJSTHYTO TPH
MeTOIH 3MEHIIECHHS IIyMy: METOJI CIIEKTPAJILHOTO BiJHIMAaHHsI; MBHAKe HeperBopenHs Dyp'e; OinpTp Binepa 3 nporpaMHEM Mo-
JIEMIOBaHHIM KOXKHOTO MeTony. OTpuMaHi pe3yaIbTaTH: ITiCIs TECTyBaHHS CUCTEMHM 3 iHTEIPOBaHMMHM B Hei MOIYJISIMH LITyMO3ar-
JIyIIEHHS HA OCHOBI IIBUAKOTO TepeTBopeHHs Pyp’e, dinpTpa BiHepa Ta MeToqy CHeKTpanbHOTO BiHIMaHHS OyJo 3pO0JeHO BH-
CHOBOK, III0 MOZYJIb 13 3acTOCYBaHHAM (inbTpa BiHepa nokparrye pe3yiasTaTn igeHTH}IKanil akyCTHIHUX apTedakTiB Ha 25%, 1m0 €
HaWBUIMKA pe3ynbTar. [IpoTe TecTyBaHHA MPOIYKTHBHOCTI IOKA3aJIo, M0 MIBUIKE ITepeTBOpeHHs Pyp’e € HAUIIBHIIINM METOIOM.
[pakTnyHa 3HAYyIicTH POOOTH TOJIATAE B TOMY, IO 3aIIPOIIOHOBAHO Ta PO3POOIEHO MOIYJIi CHCTEMH iIeHTH(]iIKaIlii aKyCTHIHHX
TO/1iif, IHTErpOBaHO Ta JIOCIIPKEHO Pi3HI METOM IIyMO3ariTyIeHHs B MOJIYJIb I TIEPETBOPEHHS YCHOT JIEKILT Y1 yPOKY B MHCHMO-
BY TEKCTOBY ()OpMY B 3aIPOIIOHOBAHIH CUCTEMI 3 METOIO 301IbIICHHS IIBUAKOCTI i TOYHOCTI Pe3yJbTaTy.

Kaw4doBi ciaoBa: MOBIEHHS; royioc; 00poOKa; IIyM; CKOPOYEHHs; (QiNbTpalis; CHCTEMH YIPaBIiHHA HaBYAHHSM;
nu¢poBa OCBITHA MIaTdopma.

l/l3yqelme M€ETO/10B MOHUKEHMH 1IyMa B SByKOBOﬁ nmocjieA0BaTeJIbHOCTH
NPH PEIICHUH 3a0a1 npeoﬁpa3OBaHnn peYa B TEKCT

0. 1O. bapkogckas, B. O. Xones, B. C. JInTBHHEHKO

AunHoTtanus. [IpeameroM ncciaeqoBaHus SBISIOTCS METOJIBI ITYMOIIOAABIEHHSI B 3ByKOBOM IOCJIEIOBATEILHOCTH B CO-
CTaBe MpeaiaraeMoro MoayJs mpeodpa3oBanust peud B TekcT (STT) st mpencTaBiIeHus YCTHOM JIEKIIUH WK YPOKa B TEKCTOBOM
BUzie Ha MU(POBEIX 00pa3oBaTeNbHEIX MIaTdopmax. Lleab — mccnenoBars BIMSHIE METOJOB IIYMOTOAABICHUsS HA paboTy cu-
CTEMBbl pacro3HaBaHMs aKyCTHYECKOTO CHrHaia. J[s MHTerpanuy B MPEAJIOKEHHYIO CUCTEMY PAaCHO3HaBaHMS aKyCTHYECKHX
apTedakToB W Ui MCCIIEAOBaHHs ObLUIO PAcCMOTPEHO TPH MeTO/1a YMEHBILICHUS IIyMa: METO[| CIEKTPaJbHOTO BBIYMTAHUS,
obicTpoe mpespaienne Pypoe; OunbTp BruHepa ¢ mporpaMMHBIM MOJENIHpOBaHHEM Kaxaoro crnocoba. [lomydyennsie pe3ysib-
TaTbI. NIOCJIC TECTUPOBAHUA CUCTEM C MHTEIPUPOBAHHBIMU B HEC MO)IyJ'lS[Ml/I LUyMOl'IOlIaBJ'leHI/ISI Ha OCHOBC 6blCTpOI>’I Tpaﬂcd)op—
marun Oypee, GunpTpa BuHepa u MeToa CieKTpaIbHOrO BHIYMUTAHMS OBUT CHIENIaH BBIBOJ, YTO MOAYJIb C IIPHMEHEHHEM (HIIb-
Tpa BuHepa ynmydmaer pe3ynbTaThl HACHTH()HUKAINHE aKyCTHYECKHX apTedakToB Ha 25%, 4TO SBIAETCS HAMBHICIINM pPE3ybTa-
ToM. TeM He MeHee, TECTHPOBaHHE MPOM3BOAUTEIHHOCTH TIOKa3alo, 4To ObIcTpoe mpeobpazoBanne Dypbe SABISAETCS CaMbIM
ObICTphIM MeTonoM. IIpakTHYeckass 3HAYMMOCTH PabdOTHI 3aKITFOYACTCS B TOM, YTO HPEATIOXKEHBI M pa3pabOTaHbl MOJYIH
cucTeMa UICHTU(PUKAINN aKyCTUYECKUX COOBITHI, HHTETPUPOBAHBI M MCCICIOBAHBI PA3IIMYHBIC METOJBI IIYMOMOIABICHUS B
MOJyJIb JUIsl IpeoOpa30BaHus yCTHOM JICKLIUK MM YpOKa B (JOpMY MUCBMEHHOTO TEKCTa B MPEAJIOKEHHOW CHCTEME C yBeIn4e-
HHEM CKOPOCTH M TOUYHOCTH MOJIY4YEHHUs pe3yibTara.

KawueBble caoBa: peds; rosoc; 00paboTKa; MIyM; COKpamlleHue; (GUIBTPaIHs; CUCTEMBI YIpaBJIeHus 00ydeHneM;
nudposast oopa3oBaTenbHas IaTdopma.
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BU3HAYEHHJ JPKEPEJIA BUILIUX 'TAPMOHIK
Y CUCTEMAX EJIEKTPOIIOCTAYAHHA 31 SMIITAHUM HABAHTAXKEHHAM

AHoTanisi. Po3riasHyTo MeToq BH3HAUCHHS pKepesia BUIIMX FAPMOHIK CTPYMIB i HAPYr B eNEKTPUYHIM Mepexi 3a Ha-
IIPSIMKaMH MOTY KHOCTI BIAMOBIAHUX CKIAI0BHUX. MeTo0I0 JOCIIKEHHS € OIliHKa e()eKTHBHOCTI METOY Y €IEeKTPHUHIN Me-
pexi, sika MICTUTh JEKiIbKa MPUMaviB €ICKTPUYHOTO HABAHTAXKCHHS PI3HOTO XapakKTepy BKIIOYCHHX HapaneibHo. IIpo-
BE/ICHO KOMIT IOT€pHE MOJICTIOBAHHS ()parMeHTy eIeKTPHIHOI MepeKi Ta eeKTPONpHiiMadiB HABaHTaKEHB IO MPAIIOI0Th
napasnensHo. JlocmikeHo pi3Hi KoMOiHaIli{ akTHBHOTO, PEaKTUBHOTO Ta HEJIIHIHHOTO HaBaHTa)KEHHS B Iiif Mepexi. Y sKo-
CTi HEJiHIHOrO HaBaHTaXXCHHs BHKOpPHCTaHO cxeMy JlapioHoBa. 3a pe3yJibTaTaMM JOCTi[KEHHS 3pOOJICHO BHCHOBKH
1110710 epEeKTHBHOCTI BUKOPUCTAHHs MeTO/y. Tak, 30KkpeMa, BU3HAYCHO 1110 Y BUMA/JKY MapajenbHol poOoTH HeNliHiiHOTO Ta
3MILIIAHOTO aKTUBHO-HEJIHITHOTO HaBaHT)XKEHHS JUKEPEJIO BUIIMX TapMOHIK BU3HAYAETHCSI HEKOPEKTHO. 3p00JIeHO MPOIo-
3ULIT I0JI0 NIIAXIB MOKPAILEHHS METOY Ta ITOPUTMY BU3HAUCHHS JDKEpEa BUIUX FaPMOHIK.

Kaw4doBi cioBa: enekTpuyHa Mepeska; eJeKTPOMAarHiTHa CyMICHICTb; JKEepeNo BHIIUX FAPMOHIK; pEaKTHBHE Ta HEli-
HillHe HaBaHTaXXCHH:; cxeMa JlapioHOBa; KOMIT IOTEPHE MO/IETIOBAHHS.

Beryn

3rigao ICTY EN 50160:2014 oguuM i3 BaXJIMBUX
MOKa3HUKIB SIKOCTI EJIEKTPUYHOI eHeprii y cucremax
€JICKTPOTIOCTAYaHHsI € KiJbKICHI ITOKa3HUKU PIBHIB BH-
IMAX TapPMOHIMHUX CKIAaJOBUX HANPYTW Ta 3arajlbHUH
Koe(illieHT TrapMOHIHHUX croTBOpeHb. HasBHICTH Ta-
KHX CKJIaJOBUX NPHU3BOAUTH OO IIJBHIICHHS PiBHIO
BTpAaT C€Heprii y mepemaBaibHId Mepexi, a TaKOX Taki
CKJIaJIOBI MOXYTh IIPUBECTH 1O 3001B ¥ pOOOTI JESKHX
enexTponpuiiMauis. Came TOMy, BHILII TapMOHIKH Y
CJICKTPUYHIN MEPExi MiJJIAraroTh 000B’I3KOBOMY MOHI-
TOPHHTY Ta KOHTPOJIIO 3a JIONIOMOTIOI0 CIEHiaJIbHOTO
oOnajHaHHS Ta BINOBINHUX iH(GOPMAIIMHUX CHUCTEM.
Jnst epexTrBHOI OOPOTHOU 3 MiJBUICHUM PIBHEM rap-
MOHIMHUX CIIOTBOPEHb MEpIIe 3a BCE, HEOOXITHO BH-
3HAYUTH iX TOXO/DKEHHSA Ta JKeperno. barato HaykoBux
Iparp BITYM3HSHUX Ta 3aKOPJOHHUX BUCHHX NPHUCBSIYE-
Hi came il mpobnematumi [1-7]. He nuBnsauce Ha 1,
Ha TEMepiNIHii Jac He iCHye 3aralbHONPHHHATOL edek-
THUBHOT METOAMKH BH3HAYEHHS JDKEpeNa BHIIUX rapMo-
HIK sIKa MOTJ1a O 33/I0BOJILHUTH BUMOTH CyYacHHUX ITiATI-
PHEMCTB-CIIOXKHMBAYIB EJIEKTPUYHOI EHEeprii B pamkax
PHHKOBHX BigHOCHH. LIs cTarTs crpsiMoBaHa Ha BH3Ha-
YEeHHsI OCHOBHHX MPHYHH, SIKi HE J03BOJISIIOTh €(EKTUB-
HO BHUPIIITUTH 110 TPOOIEMY.

AHani3 JiTepaTypHHX [AaHHX i MOCTaHOBKa
npodaemu. HaiiGinpnr oOroBoproBaHUMH Ha JaHUH 4ac
€ TaKi MiJIX0W JI0 BU3HAYCHHS JPKEpelia BUIUX rapMo-
HIK: BUKOPHUCTaHHS HEWPOHHHX MEpEX, eMIIpHYHi, Ta
AQHATITUYHI METOXM Ta BU3HAYCHHS JDKepella BHIINX
rapMOHIK 3a HaIpsIMKaMd TIIOTY>KHOCTI BiIMOBITHHX
CKJIaJIOBHX.

IIutanHs BUKOPUCTAHHS HEUPOHHUX MEPEX IS
po3mi3HaBaHHs Ta Kiacudikamii 30ypeHb y eNeKTpUIHii
Mepexi pos3risHyTi y [4, 7]. HemomikoM Takux MeTOiB
€ 3aJIeXKHICTh PE3yIbTaTiB BiA crtocody Ta MoCiiT0BHOC-
Ti HaBYaHHS HEWPOHHOI Mepexi. Taki MeToam HE JIO-
3BOJIIIOTH TapaHTOBAHO BHKIIOYHTH XHOHE pO3ITi3Ha-
BaHHS y OyAb-SIKOMY IOBUIBHOMY BHIQJIKy, OCOOJHBO
3a HasBHOCTI KOMOiHawil crioTBoproroun (akTopis. Em-
MmipuYHi, Ta aHATITHYHI MeToau po3rmsHyTi y [5, 8].

T'oI0BHUM HEHOJIKOM TAaKUX METOMIB € HeOoOXigHICTh
3aJy4eHHs BUCOKOKBaJII()iKOBAHOTO TEPCOHATY Y KOX-
HOMY OKPEMOMY BHIIaIKy, HEMOXKJIUBICTh iX aBTOMAaTH-
3amii Ta yHiBepcaizalii.

BuzHaueHHS JpKepena BHIIMX FAapMOHIK 33 Hamps-
MKaMH HOTYKHOCTI BIINOBIAHUX CKJIQJIOBHX PO3IJISHY-
o y [8, 9]. Ane y [8] Bka3zaHo, M0 METOA Mae IEBHI
oOMe)keHHS TIpH poOOTi y CHCTEMi 3 BEIHKOIO KUTBKIC-
TIO EJIEKTPONPUHMAYiB PI3HOTO MPUHLMUIY Aii, Ta Mpo-
MOHYETHCSI BUKOPHUCTOBYBATH CTaTUCTUYHI 3aJIe)KHOCTI
JU1st iX 00XO0y.

MeTol10 cTaTi € aHai3 MOKJIMBOCTI 3aCTOCYBaHHS
METOJly BHU3HA4YEHHsI JpKepelia BUIUX FapMOHIK y CKIla-
JTHUX BHUIAJKaxX 3a JOTIOMOTOI0 KOMI IOTEPHOTO MOje-
moBaHHs. Ha BiAMIiHY BiJ METOIB, PO3TIISHYTHX BUIIE,
TaKA{ MiAXiT Moke OYTH 3aCTOCOBaHUH y OyIpb SKOMY
BUIIAJKy 3 JETEPMIHOBAaHHUM Ta IepeadadyBaHUM pe-
3ynbTaToOM. lIpakTW4HO, BH3HAUCHHS DKEpENa BHIINX
rapMOHIK MOXe OyTH peasli3oBaHO 3a JOIIOMOTOI0 aB-
TOMATHUYHUX alapaTHUX 3aco0iB, SKi HAJAIOTh BiJIO-
BiIHI JaHi 10 iH(GOpMAIITHIX CHUCTEM IO BXOISTH O
CKJIaJly CHCTEMH YIPaBIiHHS eleKTpoMepexero. Tomy
et MmeToj1 OyJio 00paHo IS OJANBITUX JOCIiKEHb.

3rigno 3 [10], rapMoHiiiHi CIOTBOPEHHS HAIPYTH B
CHCTEMaX ENEKTPOIOCTAYaHHs BHUHMUKAIOTh BHACHIJOK
NPOTIKaHHS CTPYMIB BIANIOBIJHMX CKJIAJOBUX Yy IpHIIa-
Jlax repeaadi, IepeTBOPEHHs Ta PO3NOUTY eJIeKTPHIHOT
eHeprii — NOBITPSAHUX JIHIAX, KabessiX, TpaHchopMaTo-
pax, muHaxX Ta iH. [lagiHHSA Hampyrd BUHMKAaE SIK Ha
aKTHBHOMY OIOpPI TMPOBIHUKIB, TaK 1 BHACITIJOK HasB-
HOCTI PEaKTHBHUX CKJIAJOBHUX — €MHOCTI Ta IHIyKTHB-
HOCTi. TakuM YMHOM JUIS aJeKBATHOTO BH3HAYCHHS IIa-
paMmeTpiB TapMOHIK CTPyMiB Ta Hampyrd HEOOXiTHO
BPAaxOBYBaTH IMapaMETPH CXEMH EJIEKTPOIocTadaHHs. B
SIKOCTI OCTaHHBOI OyJI0 00paHO PO3MOBCIOKEHY CXeMa
migcranmii 110/10 kB 3 gBoma TpanchopmaTopamu mo-
Tyx)HicTio 16MBA (puc.1), sika miakiroueHa jkepena
HEOOMEKEHOT MOTY)XHOCTI 3a JONOMOTOIO TOBITPSIHUX
miniid enextponepenad 110 kB pomxunotro 20 kM. Y
3BUYaHOMY PEXHMi, KOJH BCe 00OJIaHAHHS BKIIOYCHO
y poboty, Bumukaui QS1 ta Q1 BimkirouyeHi, Tomy,
(akTH4HO, enekTpornocrayanHs cnoxusauiB L1...1L4 Ta
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L5...L6 € minkoM HE3aJeKHUM Ta HE MOXC BIUIMBATH
oJiHe Ha iHIIe. BUXOs49H 3 1[bOT0 Y MOJANBIIOMY PO3T-
JISIAETHCS JIMIIE B3a€MOJIiS CJIICKTPOTPUIMAYIB CIIOXKH-
BauiB L1 Ta L2, Ta rinku enekrpuanoi mepexi W1, T1,
B1 (puc.2, a). B sxocTi HeMiHIHOrO HaBaHTAXXEHHS, 110
TeHepy€e BHII TapMOHIHHI CKJIAIOBI, BUKOPHCTaHO CXe-
My JlapioHoBa, 3 aKTHBHHUM HaBaHTAKCHHAM (puc.20).
Taka cxeMa € TOIIUPEHOI0, HE MOTPeOy€e M0IaTKOBOTO
KEpyBaHHSI, 10 JO3BOJISIE YHUKHYTH JIOJATKOBHX YMOB
MOJICNIOBaHHSA. Y TOM jke 9ac OTpHUMaHa HeJiHIHHICTE, €
JIOCTATHBO MOKA30BOIO, a TapMOHIiHI CIOTBOPEHHS
CTPYMIB € XapakTepHUMH I OLIBIIOCTI HETIHIHHUX
HABaHTAXKCHb.

~110 KV
Qs1

Bl

i

L1 L2

2

:
%

L8

4
L7

Puc. 1. Cxema nBoxtpanchopMaTopHOi miacTaHIil
(Fig. 1. Scheme of two-transformer substation)

A BC
w1
Q)
e o1 K- vo2
BL |  vbp3t K vDa4
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Y v R
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Puc. 2. Buninenuit pparmeHT cucteMu
enekTporiocrayanHs cnoxusadis L1 ta L2 (a)
Ta eJIEMEHT HeliHiliHoro HaBanTaxeHus (b)
(Fig. 2. Selected fragment of the power supply system of con-
sumers L1 and L2 (a) and the element of nonlinear load (b))

JocaigxeHHs: Ta aHAI3 HABEJEHOT0 MEeTOY

B mepmomy BHUIIanKy MOJENb €IEKTPONOCTAYaHHS
BKJTIOYAJIa JIBa €JIEKTPONpPUiMAaYi, MEePIIUid — JTiHIHHHAMH,
MOTYXHICTIO SMBT, y BUTISAI TPUKYTHHKA aKTHBHUX
omopiB crioxuBava L1 Ta npyruii — HeniHIHHKH, Ti€l Xk
noTyXxHocTi, crioxkuBava L2 (puc. 3). IloTyxHicTb Tpa-
HcdopMmaropa, 10 IIHMH SKOTO MiJKII0YeH] HaBaHTaXeH-
H1 16MBA. I'padiku orpumaHux B pe3ysbTaTi Moje-
JIIOBaHHS CTPYMIB HaBaHTAXXCHb Ta HAINPYTH IPEICTaB-
neHi Ha puc. 4. J{ng Bu3HaYeHHS HANPSMIB HOTY)XHOC-
Tell TaApMOHIMHUX CKJIAJI0OBHX BUKOPHUCTAHO PO3KIIAJaH-
Hs 3a pomnomoroto JI1®. AMrmrityan rapMoHik (OKpiM
MepIIoi) CTPyMiIB Ta HAIIPYTH MOKa3aHi Ha pHcC. 5.

Puc 3. [TapanensHa pobora
niHifHoro L1 Ta
HemiHitHoro L2
HaBaHTAXXCHHA

(Fig 3. Parallel operation
of linear load L1
and nonlinear L2)

A

<
<l

KA

5MwW

500 1

Current, A

Voltage, V

_ _ _Load 2 current

Load 1 current

Puc. 4. Ctpymu HaBaHTaXXCHHS Ta HAaIpyrax Ha IIHHAX MiACTaHIT
(Fig. 4. Load currents and voltages on substation wires)

-500 I I I
0 0.01 0.02 0.03 0.04 0.05

Phase A voltage

Level, %

Harmonic number

Load 1 phase A current

Level, %
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Harmonic number

Load 2 phase A current
25

20 |

15 |

10

Level, %

Harmonic number

Puc. 5. FapMOHINHMI CKJIaJ HATIPYTH Ta CTPYMIB
naBantaxkens L1, L2 (Fig. 5. Harmonic composition
of voltages and currents of loads L1, L2)

PiBHI TapMOHIMHNX CKJIaIOBUX HaBEICHO y BiIHO-
CHOMY 10 TIepmioi TrapMOHIKH MaciTabi, Ipu IOMY

56



ISSN 2522-9052

CyuacHi indopmariitai cucremu. 2022. T. 6, Ne 1

MepIly TapMOHIKY i3 JiarpaM BHKIIFOYCHO JJIS OUTBIIOT
iHpopMaTHBHOCTI. SIK y CKJajl HAaUpyru, Tak i y cKia-
Jlax CTPYMIB JIOMIHYIOTb TapMOHIKM 3 HOMEpaMH
5,7,11,13,17,19. Ile BiamoBigae TCOPETUUHUM PO3Paxy-
HKaM Ta pe3yJbTaTaM MNPaKTHYHHUX JIOCHTI/PKEHb MO0
poOOTH HaMIBIPOBITHUKOBHUX IIEPETBOPIOBAYIB Y TpPH-
(ha3HUX eNeKTPUIHUX MepekaxX. AHaii3 rpadikiB TaKoX
Monmyns Hanpyru N -1 rapMOHIKH BU3HAUEHO SIK

|UN|:\/(Re(u'N))2+(|m(u,\,))2 :

ge Uy — KOMIUIEKC HaIpyrd BiANOBiAHOI rapMOHIKU

o))

OTpUMaHUH 32 JOMOMOTI'OI0 AUCKPETHOTO IEPETBOPEHHS
Oyp’e (AID).
BinHocHy (ha3y rapMOHIKM HaIlpyry po3paxoBaHo K

%,N*:%,N_N'%,l* 2

2N =arctan(|m(UN )/Re(UN)).

BigHocHMIT MOmyIJIb TapMOHIKH HAIpyTH MpHBE/e-
HO JI0 HaNpyry 1epuioi (0CHOBHOI) rapMOHIKH

Un[ =un /il 3)

3HaveHHs BiHOCHOI ammutiTyau ctpymy N -i rap-
MOHIKH OTPUMAHO aHAJIOTIYHO 3 TAKUM JIJISI HATIPYTH:

Il =[In 1/
||N|=\/(Re(fN))2+(|m(|'N))2 ,

ac IN — KOMIIJICKC I"apMOHiKI/I OTpI/IMaHI/Iﬁ 3a JOIIOMO-

roto JII1D.
BigHocHa da3za N -i rapMoHiku CTpyMy TpHUBeJe-
HO 110 (ha3u OCHOBHOI TAPMOHIKY HANPYTH:

e

(4)

aN =N~ Ny,

PN :arctan(lm(I'N )/Re(I'N)). (5)

Moaynb BEKTOPY TMOTYXHOCTI Ta (ha3a oOUYHCITIO-
I0ThCS SIK:
- _ 15| _On] ]
ISnl =757 =
EAR GBI

PSN =PI N ~PUN - (6)

TakuMm 4MHOM, 3TiTHO METOAMKH, BBAXKAETHCS IO
CIOXKMBay T'€HEpPYE BHILY TapMOHIIHY CKIIaJOBY, SIKIIO
3HaK AaKTHUBHOI CKJIaJ0BOI KOMIUIEKCY IOTYXKHOCTI €
BiZI’€MHHM, TOOTO, B IJAHOMY BHUIIAJIKY, KYT 3CYBY @5 N

=lun[ Il

¢ GinpimM Hixk 90°, ad6o Mermmum -90°.

VY tabn. 1 Ta 2 HaBeIEHO YUCIIOBI JaHi, MO0 rap-
MOHIK HaBaHTaxkeHb L1 Ta L2. Anani3 nqanux y tabmuii
JIO3BOJISIE TOBOPUTH TIPO €(PEKTHBHICT BU3HAYECHHS
cnoxuBaya L2 sk Jpkepena ycix BarOMuX BHIIMX rap-
MOHIIHUX CKJIQJIOBHX, TOMY IO JUIS YCIX TapMOHIK OK-
piM OCHOBHOI KYT 3CYBy MIX Halpyroio Ta CTPyMOM
(XyT BekTOpy MOTYXHOCTI) mepeBumrye 90 rpamycis. Y
TOW JKe 4ac, IUIsI HaBaHTaXKeHHS L1 3HaYeHHA KyTiB
6mu3eKi 10 0, 1110 TOBOPHTH PO BOHO BHUCTYIA€ BUKIIIO-
YHO SIK CIIO’KMBA4 BHIIMX TapPMOHIK.

Current, A

Tabnuya 1 — XapaKTepHCTHKH FapMOHIiTHIX
CKJIaJ0BUX crnoxxuBaya L1

No | [Sn| | @sN | Un| | @un IIn| | @in
1 1 0 1 0 1 0
5 10.0017 3 0.043 -83 1 0.0386 | -80
7 | 0.0006 0 0.0268 | -177 |0.0231 | -177
11 | 0.0008 -3 0.0279 | -165 | 0.0278 | -168
13 | 0.0004 -4 0.0211| 115 |0.0193| 111
17 ] 0.0003 1 0.0163 | 110 |0.0176 | 111
19 | 0.0002 -7 0.0134 44 0.0126 38

Tabruysa 2 — XapaKkTepHMCTHKU FAapMOHIHHUX
CKJIAJOBHX criokuBaya L2

Nh | [Sn| | @sn | Un| | eun | [IN] | @i
1 1 -6 1 0 1 -6
5 10.0095| 99 0.043 -83 | 0.2206 15
7 10.0027 | 103 | 0.0268 | -177 |0.0993 | -74
11 ]0.0019 | 111 |0.0279 | -165 |0.0691 | -54
13 | 0.001 | 111 |0.0211 | 115 |0.0459 | -134
17 ]0.0004 | 123 |0.0163 | 110 |0.0268 | -126
19 | 0.0003 | 118 |0.0134 44 0.023 163

Jlami MopemoBanach mapaieibHa poboTa 3Mila-
HOT'O Ta HeNiHiHOro HaBaHTa)xeHHs (puc. 6).

Puc 6. TTapanensHa pobora
smimanoro L1 Ta Hesi-
HitHOro L2 HaBaHTa-
JKCHHS

(Fig 6. Parallel operation
of mixed L1 and non-
linear L2 load

WA
ZAS ZAS 7S
RS ZS
ZR ZAS 7S

L—!
5MW + 5MW

al
<
:

@DakTHIHO HENiHIIHA YacTHHA 000X HABAHTAXXCHD €
OJHAKOBOIO, ajle HaBaHTakeHHs L1 HOJAaTKOBO MICTHTH
TaKy caMy JiHiliHy cXeMy, K 1 y TorepelHbOMY BHUITaI-
Ky. 3 TOYKy 30py (i3WUHHX TMpOIECiB OOHMIBa HaBaHTa-
KEHHS TIOBHHHI T€HEPYBaTH CTPYMH BHIIUX TapMOHIK Y
piBHUX fossix. OcouIorpaMy Hamlpyrd Ta CTpyMiB HaBe-
JieHo Ha puc. 7. Ha ocrmorpamMax MoskHa M0Oa4nTH, 1110
obuaBa CTPyMH MalOTh CIUIbHI XapakTepHI HeNiHilHi
CIIOTBOPEHHSI, SIKi BIUIMBAIOTh Ha ()OPMY HAIpyTH.

riiase A 1w
1000 %

500

Voltage, V

-500 - Load Lurrent 7] -0

Load 2 current

Voltage
-1000

I T T
0.03 0.04 0.05

I
0.02

I
0 0.01

Puc. 7. Ocumnorpamu napaiensHoi podotu
HaBaHTaxeHHs L1 Ta HemiHiitHOrO L2
(Fig. 7. Oscillograms of parallel operation
of mixed load L1 and nonlinear L2)
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Ha puc.8 mMokHa nobaynT rapMOHIHHUMIA CKi1al Ha-
IPYT Ta CTPYMIB Ha MIMHAX HaBaHTakeHb. CIIiJl BIAMITUTH

10

Tabmuns 4 - XapakTepHCTHKH FApMOHIIHUX CKIIaT0BHX
croxuBaya L2

0 JIBOXKpaTHE 3OUIBIICHHS MOTYXHOCTI HEJiHIHHOTO N * * * * *
HaBaHTAKEHHS BUKIUKAE MpUO. 1i 0i- h ‘SN‘ PsN ‘UN‘ PUN “N‘ PLN
PUOJIM3HO TMpOTOpIIiiiHe 301
TIbIIIEHHs PiBHIO FApMOHIK HANPYTH Ha IMHAX TTiICTaHILi. 1 1 -8 1 0 1 -8
5 0.0179 | 100 0.083 -107 | 0.2153 -7
Phase A voltage 7 0.0039 | 103 | 0.0459 155 0.0853 | -102
11 |0.0021 | 112 0.041 136 0.0517 | -111
13 0.001 114 | 0.0306 58 0.0331 | 172
17 |0.0002 | 123 | 0.0168 -4 0.0138 120
19 |0.0001 | 127 | 0.0131 -63 0.0111 64

Level, %

Harmonic number

Load 1 phase A current

Level, %

Harmonic number

Load 2 phase A current

Level, %0
=
5
I

0 5 10 15 20 25 30 35 40 45

Harmonic number

Puc. 8. lapmoniiinuii ckax HaNIpyru
Ta CTpyMiB HaBaHTakeHb L1, L2
(Fig. 8. Harmonic composition of voltages
and currents of loads L1, L2)

VY tabn. 3 Ta 4 HaBesEeHO BIJHOCHI IapaMeTpH ra-
PMOHIK HaNpYTH Ta CTPYMiB. 3TiZJHO HAaBEJICHUX PE3YJIb-
TaTiB @5 Y Tabul. 3 [t yCIX rapMOHIK He MEPEBUIILyE

82 rTpamyciB, y TOW dYac SK A HaBaHTaXeHHS L2
(tabmn. 4) Bin nepesumye 100 rpamgyciB it ycix rapmo-
Hik. ToOTO 3 TOYKH 30py METOAWMKH TeHEpallis TapMOHIK
BimOyBaeThcs crioknBaueM L2, xoua (akTuaHO 0OMIBa
CIIO)KMBa4Ya MArOTh 1I€HTUYHI HEJIHIWHI YaCTHUHHU HaBa-
HTaXeHHS. TakuM YHHOM, Ui 3MIIIAHOT'O HaBaHTa-
JKCHHS PE3yJIbTaTH IHTEPIPETYIOTHCSA HE KOPEKTHO.

Tabmuns 3 - XapakTepHCTHKH FApMOHIIHNX CKIIaT0BHX
crnokuBayva L1

No | S| | @sN | Un| | @un lIn| | @in
1 1 -4 1 0 1 -4

5 0.0096 82 0.083 -107 | 0.1156 -25
7 0.0021 78 0.0459 155 0.0453 | -127
11 | 0.0011 70 0.041 136 0.0268 | -154
13 | 0.0005 68 0.0306 58 0.0167 126
17 | 0.0001 66 0.0168 -4 0.008 62

Current, A

B TperboMy eKCIIepUMEHTI PO3IIISHYTO Iapaellb-
HY poOOTY aKTHMBHO-PEaKTHBHOI'O Ta HEJiHIHHOTO HaBa-
HraxenHs (puc. 9). [Ipu oMy mapameTpu peakKTUBHOL
YACTUHM TiI0paHi TAKUM YHHOM, IO CIIOXKHBAHA PEaK-
THUBHA TOTY)XHICTh JOPIBHIOE TaKil IO T€HEpPYETHCS,
TOOTO IMITY€EThCS CIIOXKHMBa4 3 BCTAHOBJIEHHUM KOMIICH-
caTopoM peakTHUBHOI mNoTyxHOcTi. OcuuiorpaMu Ha-
MIPYTH Ta CTpyMiB HaBeneHo Ha puc. 10. Ha ocrmmorpa-
Mi ctpymy L1 MokHa mOOauuTH KOJMBAHHS Ha KpaTHIi
BUIIIIH YacTOTI, sIKi OyJH BiACYTHI y MOTIEpPEIHIX eKcIle-
pumeHTax. Taki KOJHMBaHHS € HACTIJKOM PE30HAHCHUX
SBUII y CHCTEMi €JIEKTPONOCTayaHHs, i MOXYTb IIpHU3-
BOJIUTH JIO TIOIIKO/KEHHS 001aananus [3, 5].

110kV
T1 1 16MVA

10.5kV
Puc 9. Tlapanensha po6o-

@ @ Ta 3mimanoro L1 Ta
L L2r Heminilinoro L2 Ha-
) BaHTAXKEHHS

(Fig 9. Parallel operation
of mixed L1 and non-
linear L2 load

AR

5MW + 2MVA+2MVA |
J

500 %

Voltage, v

— — - Load 1 current

+euen, LoGd 2 current -

Voltage Ve

-500 \ - \

T T
0.04 0.05

Puc. 10. OcumnorpaMu napasnensHOi pOOOTH aKTHBHO-
peaxtuBHOTO L1 Ta HeminiiiHOoro L2 HaBaHTa)KeHHS
(Fig. 10. Oscillograms of parallel operation
of active-reactive L1 and nonlinear L2 load)

Ha puc. 11 nmokazano rapMoHIHHUIA ckiaJ Ha-
npyra Ta crpymiB. Crocrepiraerbcs 3pOCTaHHSI PiBHIB
BHUILMX FApPMOHIK y CKJIaJli HAalpyTH, NOPIBHSHO 3 BUIIA-
IKOM 1, X04Ya MOTYKHICTh Ta TAPMOHIWHUNA CKJIAJ] HEJi-
HIIfHOTO HaBaHTa)KEHHS 3aJMIIWINCH He3MiHHMMU. Ta-
KO MOMITHE 3pOCTaHHs PIBHIB BHIIUX TapMOHIK CTpPY-
MIB [UI1 HaBaHTaxeHHA L1 sgKke He Mae HEIHINHUX
CKJIaJIOBHX, TA 32 YMOBH BIJICYyTHOCTI Y MepexXi iHIIHIX
HAaBAHTAKECHb BUTJIA/IAE K CYTO aKTHBHE.

VY 1abn. 5 ta 6 HaBeneHO AaHI MIOMO MOTYKHOC-
Tel Ta (a3 rapMOHIK HaBaHTa)XeHb. BUXOms4H i3 KyTy
3cyBY (ha3u BEKTOpa MOTYKHOCTI CIIOXKHBA4 OJUH CIIO-
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KMBa€ yci rapMoHiku, okpim 17-i Ta 23-i, a criokuBay
L2 e takumM, 1o reHepye rapMoHiku (okpim 17-1).

Fliase A vuitaye

Level, %

Load 1 phase A current

Level, %

Load 2 phase A current

Level, %
.
5

0 5 10 15 20 25 30 35 40 45

Puc. 11. l'apMoHIiHMH CKIax HANIpyTH
Ta CTpyMiB HaBaHTakeHb L1, L2
(Fig. 11. Harmonic composition of voltages
and currents of loads L1, L2)

Are HaBaHTaXXCHHsI | He Mae HENIHIHHNX eneme-
HTIB i, TOMy, HE MOXE BHCTYNaTH y DPOJIi TeHeparopa
cTpyMmiB. 3Bakaloud Ha Maly ammutityny 17 Ta 23 rap-
MOHIK HalpyTH TakHi pe3ysbTaT MOXHA IOSCHUTH Hasl-
BHICTIO MTOXMOKH PO3paxyHKiB. B mimoMy * MeTonmka
JIO3BOJISIE KOPEKTHO BHSIBUTH JDKEPEIO BHIIMX rapMo-
HilfHUX cknagoBux. Ciil 3ayBaXKMTH, 11O JaHa MOJEIb
JIEMOHCTpPY€E NpoOJIeMy B3a€EMOJIi €MHICHUX HPHUCTPOIB
KOMITeHcalii peakTHBHOI MOTYXHOCTI Ta HENiHIMHKX
eJIEKTPONpUitMayiB.

3rigao [4, 7] Taka mpobieMa € peajbHOK U He
Ma€e 3araJbHOIPHHHATOTO pILICHHS, IO MiITBEPIKYE

aKTYaJIbHICTh AOCII/KEHb 3 MOHITOPHUHTY Ta YCYHEHHIO
BUIIMX TFAapMOHIMHUX CKJIaJOBUX HAIpPYT Ta CTPYMIB Y
CHCTEMaX eJIeKTPOIOCTaYaHHS.

Tabmuns 5 - XapakTepucTHKHM TapMOHIHHUX CKIaT0BUX
crnokuBayva L1

Nh | [Sn| | @sN | [Un| | eun | [IN] | @in
1 1 -0 1 0 1 -0
4 10.0002 | 75 |0.0066 | 154 |0.0262 | -131
5 10.0089 | 65 0.065 -70 ] 0.1365 -5
7 |0.0094| 69 |0.0576 | -153 |0.1633| -83
8 |0.0009| 86 |[0.0165| 164 |0.0542| -110
9 |0.0004| 85 |0.0104 52 0.0395 | 137
10 | 0.0003 | 78 | 0.0089 -19 0.0344 59
11 |0.0064 | 77 [0.0374| 122 |0.1719| -161
13 1 0.0027 | 77 |0.0225 50 0.1182 | 127
14 10.0001 | 71 |0.0054 13 0.0189 84
17 | 0.0004 | 93 |0.0076 61 0.0577 | 154
19 | 0.0004 | 80 0.007 9 0.0508 89
23 |0.0001| 115 | 0.0033 10 0.0306 | 125

Tabnuysa 6 — XapaKTepHCTHKH FapMOHIITHIX
CKJIAI0BUX cnoxkuBavya L2

Nh | S| | @siN | [Un| | @un IIn| | @i
1 1 -2 1 0 1 -2
5 0.015 | 103 | 0.065 -70 0.2311 33
7 10.0055 | 122 | 0.0576 | -153 | 0.0955 | -31
8 |0.0001| 103 |0.0165| 164 |0.0081 | -93
11 ]0.0025 | -120 | 0.0374 | 122 | 0.0658 1
13 ]0.0013 | -113 | 0.0225 50 0.0595 | -63
17 | 0.0003 | -85 |0.0076 61 0.0378 | -24
19 |0.0002 | -103 | 0.007 9 0.0347 | -94

BucHoBku

1. BusHadyeHHs JpKepena BUIIMX TapMOHIK 3a Ha-
MIPSIMKOM aKTHBHOI CKJIAZI0BOI MOTY>KHOCTI KOXKHOI Tap-
MOHIKH € HaiOinbIl e€pEeKTHBHUM Ta MPAKTHYHUM iH-
CTPYMEHTOM Ha CbOTOJHIIIHIN 1EHb.

2. B bGaraTthox BHIIaJKax METOJ J03BOJIIE KOPEKT-
HO JIETEeKTYBAaTH TE€HEpaIlifo HEeNiHIMHNX CTPyMIB, aie y
BUIIAJKY, KOJIHM Ma€ Miclle B3a€MOJisl 3MIIIaHUX HaBaH-
TaXEHb y MEXaX OKPEeMHUX CI0KHBauiB, pe3ysbTaT MoO-
xKe OyTH XMOHMM, 1 BCS BIANOBINAJIbHICTD MOKJIAIAETHCS
Ha T'JIKY 3 HaWOIBIIOIO IIPONOPLIEI0 HENIHIHHOCTI.

3. JlocnmimpKeHHsT J03BOJMIIO IPOCTEXUTU IOXO-
JOKEHHSI BUIMX FapMOHIK Halpyr'd y €IEKTPUYHHX Me-
pexax Ta pe30HaHCHI SBUIIA, K NPOOIEMY eIeKTpoMa-
THITHOI CYMICHOCTiI enekTponpuiimMauiB. Hamemenuit
MeTOoJl NOTpedy€e MONANbLIIOr0 PO3BHTKY Ta yNOCKOHA-
JICHHS.
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Onpenesenne HCTOYHNKA BBICIIMX FAPMOHHK B CHCTEMAX 3JIEKTPOCHAOKEHUS CO CMEINAHHOM HATPY3KOM
J. A. Tamon, A. A. 3yes, I1. A. Kauanos, b. 1. KyOpuxk

AHHOTauusA. Y CTATTi PO3IJISHYTO MOXJIMBICTh BU3HAUCHHS [PKEpENa BHIIUX TapMOHIK CTPYMIB i HAalpyr B eJEKTPHY-
Hilf Mepexi 3a HanpsMKaM{ MOTYXKHOCTI BIAMOBIAHUX CKJIaJ0BUX. MeTOI JOCIiKEHHS € OlliHKa e()eKTHBHOCTI TEOPETUUHHX
METO/IiB Ta MOZIENIIOBaHHs (parMeHTa eJIeKTPUYHOT MEepEexi 3 MapanesbHO NPAIIOI0YNX NPUIMaUiB eJeKTPUYHOTO HaBaHTaXEH-
Hi1. [IpoBeieHO KOMIT'IOTEpHE MOAEIIOBAaHHS ()parMeHTy eNEeKTPUYHOT Mepeki Ta eNeKTPONpHiMayiB HaBAHTaKEHb 10 MPaIlto-
I0Th MapaienabHo. JlocimkeHo pi3Hi koMOiHamii akTHBHOTO, PEaKTHBHOTO Ta HEJIIHIHHOTO HABAaHTAXXEHHS B LIl Mepexi. Y SKOCTi
HEJIHIHHOTO HABaHTAXCHHSI BUKOPHCTAHO cxeMy JlapioHOBa. 3a pe3y/ibTaTaMHu JOCIIIKEHHs 3p00JIeHO BUCHOBKH 1100 edek-
THBHOCTI BHKOPHCTaHHS MeTony. Tak, 30KpeMa, y BHIIaJKy MapaielibHOi poOOTH HETiHIMHOTO Ta 3MilIaHOrO aKTHBHO-
HEJIHIHHOTO HABaHTA)XXCHHS [PKEPENIO BUIIMX FAPMOHIK BU3HAYAETHCS HEKOPEKTHO. 3pOOJIEHO MPOMO3HLIT IOA0 UUISXiB MOKpa-
IIEHHSI METO/Iy Ta AIFOPUTMY BH3HAYCHHS [PKepelia BUILUX FAPMOHIK.

Kaw4yoBi cioBa: enexTpuyHa Mepeska; eeKTpOMarHiTHa CyMICHICTb; JKepeso BUIIUX FapMOHIK; peaKTHBHE Ta Heli-
HilfHe HaBaHTa)KeHHs; cxeMa JlapioHOBa; KOMIT IOTepHE MOCIIIOBAHH.

Determination of higher harmonics source in mixed-load power supply systems
Dmytro Gapon, Andrey Zuev, Petro Kachanov, Boris Kubryk

Abstract. The article considers the possibility of determining the source of higher harmonics of currents and voltages
in the electrical network in the directions of power of the respective components. The research purpose is evaluating the effec-
tiveness of theoretical methods, computer modeling of a fragment of the electrical network and electrical load receivers operating
in parallel. Different combinations of active, reactive and nonlinear loading are investigated. Larionov's scheme was used as a
nonlinear load. According to the results of the study, conclusions were made about the effectiveness of the method used. Thus, in
particular, in the case of parallel operation of nonlinear and mixed active-nonlinear load, the source of higher harmonics is de-
termined incorrectly. Suggestions for ways to improve the algorithm are made.

Keywords: electrical network; electromagnetic compatibility; source of higher harmonics; reactive and nonlinear load-
ing; Larionov's scheme; DFT.
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RESEARCH AND ANALYSIS INDICATORS FIBER-OPTIC COMMUNICATION
LINES USING SPECTRAL TECHNOLOGIES

Abstract. The fiber-optic communication lines and fiber-optic transmission systems using fiber-optic cable, receiving
and transmitting optical modules based on WDM and DWDM (Wavelength Division Multiplexing & Dense WDM)
technologies are studied. A method for calculating the transmission characteristics fiber-optic communication lines is
proposed and relationships are obtained that establish an analytical relationship between the length regeneration section and
the transmission rate. This paper discusses the study and analysis indicators fiber-optic communication lines using spectral

WDM and DWDM technologies.

Keywords: fiber-optic communication lines attenuation; WDM; transfer characteristics; optical signal; DWDM.

Introduction

The intensive development next generation NGN
(Next Generation Network) multiservice
telecommunication networks based on modern fiber-
optic communication lines (FOCL) and fiber-optic
transmission systems (FOTS) requires the creation
distributed optical transmission systems [1, 2] using
fiber-optic cable (FOC), receiving and transmitting
optical modules (ROM and TOM). The conducted
researches and the analysis have shown [1, 3, 4], that
ROM, FOC and TOM based on FOCL are mainly
characterized by important parameters of the optical
signal transmission system. These parameters are the
transmission characteristics of the fiber-optic link and
determine the possibilities practical use of the FOC.
However, the transmission characteristics FOCL mean
the following indicators optical signal transmission
systems: refractive index, numerical aperture and
normalized frequency, bit rate of optical signals, types
attenuation, variance types and bandwidth of the FOC.
Our research is devoted to solving the problem creating
methods for calculating the transmission characteristics
fiber-optic communication lines using the ROM, FOC
and POM, which makes it possible to ensure the
transmission and reception optical signals efficiently.

Main part

I. General statement of the problem. Analyzed [1,
5], it was determined that the main stimulus for the
development  fiber-optic communication lines, as
mentioned in [3, 4, 6], was the possibility using them as a
transmission medium in both backbone and distributed
communication systems using optical WDM and DWDM
technologies (Wavelength Division Multiplexing &
Dense WDM, ITU-T, G.692, ..., G.697).

Studies [3, 6, 7] show that ineffective use of
bandwidth limits both the maximum optical data
transmission rate, the signal-to-noise ratio at the output
of the regeneration section under the influence of
chromatic dispersion, and the distance over which the
signal can be transmitted. The transmission
characteristics fiber optic links are an important
indicator.

In addition to the wavelength of the radiation, the
main factors affecting the fiber-optic link efficiency and

the nature of the propagation light 4; ,i=1,n in the

fiber are attenuation, dispersion types, and the
bandwidth of the FOC.

It is known [3, 7, 8, 9] that a small attenuation and
a small dispersion of the signal make it possible to build
sections communication lines without regenerators with
a length up to 100 km or more, i.e. the maximum
distance L, — L max to which optical signals can be

transmitted without intermediate regenerators with
optical amplifiers. To solve this problem, it is proposed
to create methods for calculating the transmission
characteristics fiber-optic links, taking into account the
ROM, FOC and TOM indicators, as well as the capacity
of the FOTS.

Il. Creation methods for calculating the
transmission characteristics FOCL Based on the
study transmission characteristics FOCL, it is
established that the formalization of the problem of the
efficiency of the operation optical signal transmission
systems based on WDM&DWDM technologies can be
represented as a set performance indicators for each of
the subsystems:

Eer.(4i) =Wi{max[Vy, AF (4),L, 1}, i=1,n. (1)

Expressions (1) determine the primary parameters
of the transmission characteristics of the fiber-optic link
and characterize the bit rate optical signals V,, over the

fiber optic link, the length of the FOC Ly, and the

bandwidth of the FOTS, AF(4;) .

Taking into account the parameters of the FOC
and the relative difference in the refractive indices of
the fiber core A, , the bit rate optical signal V,
transmission over the FOCL is determined as follows:

2
n .
- 52— Crax (1, L) , bitls,  (2)
Lioc nf-Ap

Vi

where Ly, —the length of the FOC; n;- is the refractive
index of the fiber core; n,- is the refractive index of the
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shell; Cpax(4,Lp)— the maximum value of the

bandwidth of the FOTS with wavelengths 1 and is
determined by the following expression:

Crnax (4 Lp) =Vo [ (M, 4., LT, (3)

where 7 (M, 4, Ny, L) — is the coefficient effective

use FOCL, taking into account their transfer
characteristics and 7;e (N, 4, N, Lp) <1 ; L, — the

length of the regenerative section FOCL with spectral
separation (L, —Loi) channel communications.

It follows from expression (2) and (3) that one the
key parameters is the bit rate optical signals, which
significantly affects the transmission characteristics
FOCL using WDM and DWDM technologies.

Studies calculation methods have shown [3, 5, 10]
that an important characteristic transmission lines is the
control of the attenuation optical signal in fiber-optic
cables and the types dispersion FOCL that significantly
affect the efficiency FOTS with wavelength 4; :

Eer (A1) =Wofmin[a(Ly, %), 7(Lp, A)I} . i=1,1n, (4)
where a(L,,4)— the attenuation of the optical fiber
signal FOCL with wavelengths 1 ; and the length of the
regeneration sectionL ; 7(Lp,4;)— dispersion FOCL
with wavelengths 4; and the length of the regeneration
section L .

I11. Estimation attenuation parameters for
FOCL in the transmission optical signals.
Investigations of the physical values fiber attenuation
parameters FOCL in the transmission optical signals
show [3, 5] that the attenuation an optical signal in
FOCL is an important factor that is necessary for the
creation efficient optical transmission systems.

The main types attenuation in fiber optic cables
used on FOCL, which determine the main types fiber
loss [6, 7, 8, 11] and are divided into four groups:
a) Own losses; b) Cable loss; ¢) Absorption losses;
d) Losses in scattering.

It should be noted that the fiber optic attenuation in
the optical fiber determines the measure of attenuation
of the optical power propagated along the fiber optic
path between its two cross sections at a given
wavelength 4; . The attenuation in the FOC is

determined by the expression [3]:
(%) =10(g[Po. (4)/ B (4)] , i=1,n,dB. (5)

It follows from (5) that part of the power entering
the fiber input B, (4) , is scattered because of the

change in the direction of the propagated rays in
irregularities and their emission to the surrounding
space, the other part power is absorbed by the FO
material in the form polarization of the dipoles FO, by
extraneous impurities, which manifests itself in the form
joule heat, as a result of which the power at the input
Pout. (4;) decreases.

Various types signal attenuation in the linear path,
such as kilometric, residual and transient attenuation for
estimating the parameters of an optical fiber are
investigated. Among them, kilometric attenuation
occupies a special place in the telecommunications
system using ROM, FOC and TOM based on modern
WDM and DWDM technologies, and the unit of
measurement is expressed in dB/km.

Considering the main types losses in fiber, the
FOC attenuation coefficient is determined by the
intrinsic fiber losses and is expressed as follows:

a (%)= app (4) T (4) Toun (4) +oump (4) , dB/Km, (6)

where opp (4) 5, o (4i) 5 e (4i) , omp (4) — - are the
components of the attenuation coefficient due to
rayleigh scattering, absorption in the fiber material,
infrared absorption, and absorption by FOC impurities,
respectively.

Based on the studies carried out, it is established
[3, 8] that for the estimation of kilometric damping
parameters there are certain points in the FOCL where
the main losses in the FOC arise. It was found that the
main losses arise [4, 6, 9, 10, 11]:

e when optical signals are input to the FOC,

Olgp ()ﬁ) ’ i= ﬁ )
e when optical signals are transmitted directly to
the FOC itself, oox (4j) ;

e when connecting - in detachable and non-
detachable places, oc(4;) .

Thus, based on [1, 3], the attenuation coefficient
FOCL is determined as follows:

6.3 (]’1) =g (2‘1) + Qgox (ﬂ'z) +a, (ﬂ7) , dB/km. (7)

The investigation showed [1, 3, 5] that in order to
increase the efficiency FOCL, it is necessary to study
methods for estimating the dispersion parameters are
conducted and the transmission bandwidth optical
information transmission systems.

IV. The investigation dispersion and passband
parameters FOCL. The intensive development optical
information transmission systems using TOM, FOC and
ROM requires a systematic approach to studying the
transfer characteristics FOCL. At the same time, an
important parameter FOCL, using the technology
spectral separation channels -WDM and DWDM, is
dispersion and bandwidth.

It is known [3, 5] that the dispersion FOCL is the
pulse broadening, i.e. the dispersion has the dimension
of time and is defined as the quadratic difference
between the pulse durations at the output and the FOC
input of length L, by formula

oLy 4) =[t2, (1) 3 ()1°° <0251V, ps, i =1, n . (8)

It should be noted that when the broadening is
sufficiently large, the pulses begin to overlap, so that
their isolation becomes impossible when optical signals
are received. The FOCL variance is generally
characterized by three main factors, like the transfer
characteristics ROM, FOC and TOM [5, 9, 10, 11]:
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o the difference in the propagation velocities of the
guided modes-the intermode mode, Twox (4;);

e dispersion by the guiding properties of the light
guide structure-waveguide dispersion, Ty (4;)

e properties of the material of the optical fiber-
material dispersion math, Tyar (4;) .

In this case, the resulting dispersion 7, 5, (4;) with
wavelengths 4; is determined from the formula [5]:

Tpouc.(4) Tl () + Ty (4) +T 55 (B1) —

=T 200 (i) + [ Tome () #Te () P+ 75,0 (2) . (9)

For FOCL, the dispersion is generally calculated
per 1 km and measured in ps/km.

Given the above, it is possible to determine the
chromatic dispersion, which is related to the specific
chromatic dispersion by a simple ratio

Txp(l-pv/li): Dxp(ﬁi):Dxp(L A X

x-A%, pSlum-km , (10)

where A4 — width of the radiation spectrum of the

source, um, i=1,n.

As a result, analysis of the transfer characteristics
FOCL determined that in the wavelength
4 =(125,..,166)um range chromatic dispersion can
be determined by the following functional
dependence: Dy, (4) =W[L,, 4, Vp]. Fig. 1 shows the
graphical dependence of the chromatic dispersion on the
wavelength 4; using FOC, G.652 and G.656,

4 =(131,...,1,55) um .

4 D(4),ps/nm-km
20
Vp=2.50Qbit/s | yet®—"
10 i P
G-652 —o—
| ]
0 u/'/*//
/ " |G-656
-10 / //
/ (um)
1.0 12 131 14 155 160 1,70 4

Fig. 1. Graph dependence chromatic dispersion on wavelength
at given bit rate transmission optical signals

Analysis of the graphical dependence
Dyp (4) =¢lLy, 4, Vp] shows that with increasing

wavelength for a given parameter FOCL, the chromatic
dispersion increases. Its noticeable change begins with
the wavelength values 4; >1,25um.

The relationship  between the broad-band
coefficient and the variance for a Gaussian pulse is
described by the expression: AF(1)=0,44/T, ,

Ty =1/Vy, T, — where the optical transmission signal
bit period, V,, < 2,50 Hbit/s.

In figure 2 the spectral dependence of the
attenuation coefficient and dispersion on the wavelength
for single-mode FOCL is presented.

It follows from the graphical dependence that
when the wavelength is increased, the spectral
dependence of the parameters decreases with the
average bit rate of transmission of the optical signals. In
addition, it can be seen from the graphical dependence
that in order to match the lowest losses in the FOCL
with the wavelength 4;, dispersion FOC with a shifted
dispersion are necessary.

Taking into account the duration optical radiation
pulsez(Ly,4;) in its propagation through the FOC and

the relationship between the magnitude of the pulse
broadening and the bandwidth of the FOC, it is
approximately  determined by the  relation:
AFtoc (4) =1/ 7(%,Lp) , MHz.

So, if 4 <155 um, 7(4)=20 ns, then
AFoc (%) = (1/ 20ns) =50-10° MHz.

ps

- km | xp(hi)

a(r) ! dB/km

Vi 622 Mbit/s

10t
B; 3.0 2.0
m-

gt

NA=0,20 -1.5
61 Mo =1,31 1M

L1.0

4l
L0

1.0 11 12 13 14 15 16 1.7 18

Ai.pm

Fig. 2. The spectral dependence of the damping and dispersion
coefficients from the wavelength for single-mode FOCL

Thus, based on the proposed calculation method,
analytical expressions and graphical dependencies
FOCL using ROM, FOC and TOM are obtained, which
allow to estimate their possible transfer characteristics.

Conclusions

As a result of the FOCT study, a method for
calculating FOCL transfer characteristics using the
ROM, FOC and TOM indicators was proposed, to
ensure the efficiency optical signals transmission and
reception. It was found that low attenuation, a small
dispersion of signals on the FOCL and a wide
bandwidth allow the maximum permissible length of the
FOC hopper with increased bandwidth.
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JocaigzkeHHs1 Ta aHAJI3 NOKAa3HUKIB BOJIOKOHHO-ONTHYHMUX JiHiil 3B'A3KY
3 BUKOPUCTAHHAM CHEKTPAJIbLHUX TEXHOJIOTIH

B. P. I6parimos, E. I'. F'amumoB, A. M. Tani6os, A. I'. ['acanoB

AHoTauis. JJocmimkeHO BOJIOKOHHO-ONTHYHI JIiHI{ 3B'13Ky Ta BOJIOKOHHO-ONTHYHI CHCTEMH Tepenadi 3 BUKOPUCTAHHIM
BOJIOKOHHO-ONITUYHOTO Ka0elo, MpHiMalbHO-TIEPEeIalounX ONTHYHUX MOJYJIB Ha OCHOBI TexHomoriik WDM ta DWDM
(Wavelength Division Multiplexing & Dense WDM). 3anponoHOBaHO METOA pPO3paxyHKY IepelaBalbHUX XapaKTePHUCTHK
BOJIOKOHHO-ONITUYHUX JiHI{ 3B'13Ky Ta OTPHMaHi 3aJIeKHOCTI, [0 BCTAHOBIIOIOTH aHATITHYIHUH 3B'SI30K MiX JTOBKHHOO TUISTHKA
pereHepaiiii Ta MBUAKICTIO mepeaayi. Y Iiif poOOTi po3risaaeThcs MOCTIKECHHS Ta aHali3 MOKA3HUKIB BOJOKOHHO-ONMTHYHHX
JiHIH 3B'A3Ky 3 BUKOPUCTaHHIM CIIEKTpalIbHUX TexHosorii WDM ta DWDM.

Kaw4yoBi caoBa: 3racanHs y BOJOKOHHO-ONTHYHHX JiHIAX 3B's13Ky; WDM; nepenaTHi XapakTepUCTUKH, ONTHIHUI
cur"air, DWDM.

HccnenoBanne 1 aHAJN3 MOKa3aTejleidl BOJTOKOHHO-ONTHYECKHX JUHUH CBSI3H
€ HCMOJb30BAHUEM CIEKTPAIbHBIX TEXHOJOT Wil

b. I'. Uoparumos, 3. I'. I'ammmmoBs, A. M. Tamu6os, A. I'. 'acanos

AHHoTanus. MccnegoBaHbl BOJOKOHHO-ONTHYECKHE JMHUM CBSI3M U BOJOKOHHO-ONTHYECKHE CHCTEMBI Iepenadu ¢
HCIOJIb30BAHUEM BOJIOKOHHO-ONTHYECKOT0 KaOelsl, IPHEeMHO-MIEPEAOIINX ONTHYECKUX MOJyJeil Ha ocHoBe TexHojorunii WDM
u DWDM (Wavelength Division Multiplexing & Dense WDM). TIpeasnioxkeH MeTO[ pacyera MepefaTOYHBIX XapaKTePHCTHK
BOJIOKOHHO-ONTUYECKUX JIMHUHU CBS3U M IOJTY4YC€HbI 3aBUCUMOCTH, YCTaHABJIMBAIOHMIUE AHAJTIUTUYECCKYIO CBA3b MEXKIY ﬂﬂl/lHOﬁ
y4acTKa pereHepaluu M CKOPOCThIO Nepelauyd. B naHHOW pabore paccMarpuBaeTcs HCCICIOBAHME M aHAIU3 IIOKa3arelnei
BOJIOKOHHO-ONTHYECKUX JIMHUI CBA3M C HUCIOIb30BaHUEM CHEKTpaibHbIX TexHonoruii WDM u DWDM.

KiawueBble cjoBa: 3aTyXaHuUe B BOJOKOHHO-ONTHYECKHX JUHHMAX cBs3v; WDM; nepenaTodHble XapakTepUCTHKH;
onrtuueckuii curaain;, DWDM.

64


https://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22First%20Name%22:%22M.%20H.%22&searchWithin=%22Last%20Name%22:%22Hasanov%22&newsearch=true
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8698766
mailto:i.bayram@mail.ru
http://orcid.org/0000-0001-8783-1277
mailto:hasimovel@gmail.com
http://orcid.org/0000-0001-8783-1277
mailto:%20Arif.H.Hasanov@gmail.com
mailto:%20Arif.H.Hasanov@gmail.com
http://orcid.org/0000-0002-8814-1590

ISSN 2522-9052

CyuacHi indopmariitai cucremu. 2022. T. 6, Ne 1

UDC 004.934:141.1

Andriy Kovalenko, Anton Poroshenko

doi: https://doi.org/10.20998/2522-9052.2022.1.11

Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

ANALYSIS OF THE SOUND EVENT DETECTION METHODS AND SYSTEMS

Abstract. Detection and recognition of loud sounds and characteristic noises can significantly increase the level of
safety and ensure timely response to various emergency situations. Audio event detection is the first step in recognizing
audio signals in a continuous audio input stream. This article presents a number of problems that are associated with the
development of sound event detection systems, such as the deviation for each environment and each sound category,
overlapping audio events, unreliable training data, etc. Both methods for detecting monophonic impulsive audio event
and polyphonic sound event detection methods which are used in the state-of-the-art sound event detection systems are
presented. Such systems are presented in Detection and Classification of Acoustic Scenes and Events (DCASE) chal-
lenges and workshops, which take place every year. Beside a majority of works focusing on the improving overall per-
formance in terms of accuracy many other aspects have also been studied. Several systems presented at DCASE 2021
task 4 were considered, and based on their analysis, there was a conclusion about possible future for sound event detec-
tion systems. Also the actual directions in the development of modern audio analytics systems are presented, including
the study and use of various architectures of neural networks, the use of several data augmentation techniques, such as
universal sound separation, etc.

Keywords: sound event detection; sound event recognition; monophonic sounds; polyphonic sounds; standard deviation;

median filter; dynamic threshold; sound separation.

Introduction

Various illegal actions of people, man-made acci-
dents or natural disasters are most often preceded or
accompanied by loud sounds and characteristic noises.
Detection and recognition of such sounds can signifi-
cantly improve safety and ensure timely response to
such emergencies.

Sound event detection has become an active area
of research in recent years. The main reason for this is
the holding of DCASE Workshop and DCASE Chal-
lenge during the last years. So far, beside a majority of
works focusing on the improving overall performance in
terms of accuracy many other aspects have also been
studied.

The process of recognizing an audio signal can be
generally described by the sequential execution of sev-
eral steps, namely, detecting the audio event in the in-
coming data stream, obtaining information about the
distinctive features of the initial audio signal (feature
extraction) and classifying the resulting features [1].
The audio signal recognition process is shown in Fig. 1.
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Fig. 1. The process of recognizing an audio signal

The detection task is usually much more difficult
than the classification task [2]. This is primarily due to
the fact that the detection task must distinguish not only
the categories of events, but also the target categories of
events from rich background sounds. Also, during clas-
sification, there is access to the global context of events,
while in the detection task this context must first be
determined, usually using unreliable local features of
the audio signal.

In turn, in complex systems for detecting audio
events can be used a verification of detected audio
events [2]. The verification system is used to reduce the
risk of an unknown audio event occurring during the
classification step. After detecting an audio event, the
system has access to the estimated limits of the detected
event, has access to its global context, and can calculate
its global features and perform verification. As a result
of this approach, the inconsistency between the training
and testing data is reduced, which leads to an improve-
ment in the performance of the classifier. When using
verification, the number of false positives is also re-
duced, since the correspondence between detection
labels and classification labels is checked. The audio
event detection process is shown in Fig. 2.
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Fig. 2. The process of detection an audio signal
with the verification step

Most often, systems for automatic detection and
recognition of audio events are developed for specific
tasks and environments [3]. There are a number of prob-
lems when using a multi-environment system and a
large set of event categories. The deviation for each
environment and category makes it difficult to automat-
ically recognize audio event. Additionally, this task is
complicated by the presence of overlapping audio
events. Such audio events are called polyphonic. An
example of polyphonic audio pods is shown in Fig. 3.
Despite the fact that in real life predominantly occur
polyphonic audio events, methods for detecting mono-
phonic audio events have the right to exist, for example,
in security systems for detecting gunshots.

One of the main problems of methods for detecting
and classifying sound events is the problem of training
data [4].
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Fig. 3. Polyphonic audio events

To ensure high detection and classification accura-
cy, it is necessary to use a data set consisting of strictly
labeled soundscapes containing time stamps for the
beginning and the end of an audio event. However, such
strict labeling of a sufficiently large data set is challeng-
ing, and annotations with such labels are highly likely to
contain human errors and inconsistencies, especially
given the ambiguity in the perception of the start and the
end of some sound events. One of the solutions to this
problem can be the artificial creation of soundscapes,
and their designation with strict labeling [4,5]. But this
can lead to a mismatch between the artificial data for
training and the recorded live data that is used during
the solution, which, in turn, can lead to classifier failure.
Another solution to this problem can be the use of
weakly labeled data that does not contain timestamps,
but has information only about the presence of an event
in the record [6]. However, this solution has a number
of disadvantages related to the difference in the length
of the audio events and the presence of background
noise. This article discusses methods for sound event
detection.

Section 1l presents the existing methodologies for
detecting monophonic impulsive sounds with energy
calculation for consecutive non-overlapping blocks,

Section 111 presents the state-of-the-art polyphonic
sound event detection systems. In Section IV potential
directions for the development of such systems are giv-
en.

Monophonic impulsive sound detection

Most methods for detecting monophonic impulsive
audio events are based on determining the energy for a
set of consecutive non-overlapping blocks [1, 7]. The
various methods differ in the way in which the block
corresponding to the sharp impulsive sound is automati-
cally detected: based on the standard deviation of the
normalized block energy values; based on the use of a
median filter for block energy values; based on dynamic
threshold for block energy values. All these methods are
based on the goal of minimizing computational com-
plexity and ensuring the highest possible detection accu-
racy.

The key aspect of the method based on the stand-
ard deviation of the normalized values is the normaliza-
tion of the input set of energy block values to the range
from zero to one. Next, the standard deviation of the
resulting set of values is calculated. In the case of back-
ground noise, the energy values of the blocks will be
approximately evenly distributed in the range from zero
to one. Since when a new energy value for an audio
signal block arrives, the values are renormalized to the

specified range, when a block with a significantly high-
er energy level arrives, the standard deviation value will
significantly decrease compared to the same value for a
set of previous background blocks. By reducing the
standard deviation below the threshold value, it is pos-
sible to automatically detect a block with an impulsive
signal.

The advantage of the method based on the stand-
ard deviation is its resistance to noise and the ability to
detect a slowly varying signal by analyzing the average
normalized value of block energies.

The next method for detecting audio events is a
method based on the use of a median filter. Median
filters are often used in practice for preprocessing digital
data. Their properties make it possible to apply median
filtering to eliminate anomalous values in data arrays,
reduce outliers and impulse noise.

To detect a block with an impulse event, a condi-
tional median filter is applied, which leaves the initial
signal value if the difference between the initial sample
and the median value is less than the threshold value
and the median value otherwise. The result of the filter-
ing is the filtered signal and the filtering residue, which
indicates that audio event has occurred. By calculating
the difference between the signal after applying the
conditional median filter and the biased output signal,
we can automatically select a block with an impulsive
event.

The advantages of using the median filter include
only its simple structure, which makes easy to release its
hardware and software implementations with relatively
low computational complexity. It has a number of dis-
advantages associated with the fact that the filter does
not work in conditions of single impulsive noise, and as
the filter window size increases, abrupt signal changes
are blurred.

The dynamic threshold method proposes to detect
a pulsed signal using the average of a set of block ener-
gies and the standard deviation as the dynamic thresh-
old. Automatic detection occurs when the energy of the
next block exceeds the threshold value.

The dynamic threshold method has the advantages
of both of the past methods and avoids several of the
disadvantages. But despite this, it is quite difficult to use
it. This is due to the requirement to set the sensitivity
parameter of the algorithm, which complicates the
hardware implementation. The need to calculate the
sensitivity parameter of the algorithm, taking into ac-
count the location and direction of the equipment,
makes this method difficult to implement, but effective
when applied correctly. The accuracy of audio event
detection with decreasing signal to noise ratio is shown
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in Table 1. As a data set, a set of 476 impulsive audio
events is used, each with an appropriate labeling with a
timestamps. All signals were digitized and sampled at
44.1 kHz.

After an audio event is detected, additional fea-
tures are extracted and the detected audio event is clas-
sified by one of the known classification methods
[8-10].

Table 1 — The accuracy of audio event detection with decreasing signal to noise ratio

SNR, dB Accuracy, %
Standard deviation method Median filter method Dynamic threshold method

100 100 100

99,79 99,37 99,58

-5 97,69 97,06 97,48
-10 81,52 80,05 81,1
-15 41,81 40,34 40,55
-20 0,42 0,21 0,63

Polyphonic sound event detection

In state-of-the-art sound event detection systems,
detection, verification and classification are closely
linked, and they are often combined into one to ensure
maximum classification accuracy. These systems are
presented in Detection and Classification of Acoustic
Scenes and Events (DCASE) challenges and workshops,
which take place every year.

For example, in DCASE2021 challenge, there is a
task 4 called "Sound Event Detection and Separation in
Domestic Environments”. The purpose of the test is to
evaluate sound event detection systems using real weakly
labeled data and strictly labeled simulated data.

The task evaluates sound event detection systems
that are trained on weakly labeled data that does not con-
tain timestamps. The purpose of systems is to provide not
only the class of the event, but also the localization of the
event in time, given that there may be several events in an
audio recording. participants are provided with isolated
sound events, background sound files, and scripts for
developing a training set with strictly labeled synthetic
data.

The data for the DCASE 2021 task 4 consist of sev-
eral datasets designed for sound event detection, such as
DESED [11] (dataset with 6 subsets, 4 with recorded data
and 2 with synthetic, with different annotations), SINS
and TUT Acoustic scenes 2017 development dataset
(background sound without annotations), FUSS and
FSD50K datasets (isolated events and recorded sound-
scapes with weak annotations), YFCC100M dataset (rec-
orded soundscapes without annotations).

There is a baseline solution [4], which uses a mean-
teacher model based on neural networks. This model is a
combination of two models with same architecture: a
student model and a teacher model.

The teacher model aims at helping the student mod-
el during training, while the student model is the final
model.

During training, the teacher and student models are
given the same input data, but the teacher model input has
additive Gaussian noise, which allows the student model
to be trained using consistency loss for both strong and
weak predictions for all the clips in the batch.

There is also an attempt to improve sound event de-
tection using sound separation [12] as pre-processing to a
sound event detection system.

The task of audio separation is to restore or recon-
struct one or more original signals that are mixed with
other signals as a result of a linear or convolutional pro-
cess. This area of research has many practical applica-
tions, including sound quality improvement and noise
elimination, music remixing, sound spatialization, remas-
tering, etc. However, recent works has demonstrated that
the universal sound separation can be used to separate
sounds of arbitrary classes [13,14]. As it turns out, com-
bination of sound separation and sound event detection
showed the potential to improve the performance of
sound event detection systems, however the benefits are
still limited due to a mismatch between the sound separa-
tion training conditions and the sound event detection test
conditions [12].

There are many systems for sound event detection
in the DCASE 2021 task 4, which are based on the base-
line system [15-20].

In 2021 challenge, system with the best ranking
score proposed three major change over the baseline
solution [15], namely the use of the selective kernel unit,
the use of soft detection output by setting proper tempera-
ture parameter in sigmoid and the use of several data
augmentation techniques. This changes allows neuron to
adaptively adjust for both short- and long- duration
events, and overall improves in stability and robustness of
the system performance.

Second place in systems rankings [16] proposes the
sound event detection model, which is based on self-
training with a noisy student model. It is proposed to use
an RCRNN-based mean-teacher model to predict the
target label of each audio clip. Data augmentation-based
feature noise, dropout-based model noise, and semi-
supervised loss function based label noise were used to
realize self-training,

The third place in systems rankings [17] suggests
using both recurrent structure and transformer structure to
model the complicated dynamics in real life domestic
audio data. This was done in order to provide an overall
performance boost over the baseline solution, since dif-
ferent models exhibit differently under the different sce-
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narios. Additionally, semi-supervised mean-teacher learn-
ing and different data augmentations are used.

Discussion

The task of analyzing sound signals is inextricably
linked with the entire history of human as a living or-
ganism, since it is critically important to obtain infor-
mation about what is happening around us. Audio ana-
lytics systems aim to automatically extract important
information from audio signals. They include such dis-
ciplines as sound scene classification or sound event
detection and classification, and many others.

For further development of such systems, many
problems must be overcome, for example, the deviation
for each environment and each sound category, overlap-
ping audio events, unreliable training data, etc. Howev-
er, the potential inherent in audio analytics systems is
incredibly high, which is confirmed by modern discov-
eries and state-of-the-art sound event detection systems.
The current directions in the development of modern
audio analytics systems are the study and use of various
architectures of neural networks, the use of several data

augmentation techniques, such as universal sound sepa-
ration, etc.

Conclusions

Thus, this article presents both methods for detect-
ing monophonic impulsive audio event and polyphonic
sound event detection methods which are used in the
state-of-the-art sound event detection systems. Also the
actual problems associated with the development of
such systems are presented.

Three methods for detecting monophonic pulsed
audio events have been implemented, namely the meth-
od based on the standard deviation of normalized block
energies, the method based on applying a median filter
for block energies, and the dynamic threshold method
for block energies.

The results of their work and comparative analysis
are also presented.

Several systems presented at DCASE 2021 task 4
were considered, and based on their analysis, there was
a conclusion about the potential directions for the fur-
ther development of audio analytics systems.
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AHaJli3 MeTOiB Ta CHCTeM JAeTeKTYBaHHA ayaionoaii
A. A. Kosanesnko, A .1. ITopomenko

AHoTanisi. BussneHHs Ta po3mizHaBaHHS I'yYHHX 3BYKIB 1 XapakTepHHX LIyMiB J03BOJISIE 3HAYHO IIJBHIIUTH PiBEHBb
Oe3nexu Ta 3a0e3NeunTH CBOE€YACHE pearyBaHHsS Ha pi3HI aBapiiiHi curyamii. JleTekTyBaHHS ayaiomoniil — Ie Hmepui Kpok y
po3Ii3HaBaHHI ayJiOCHTHAIIB 3 Oe3IepepBHUM BXIIHIM ayAiONOTOKOM. Y NaHiil CTaTTi MpeACTaBICHO Psi MpoOieM, HOB'I3aHIX
3 pO3poOKOIO CHCTEM BUSBICHHS ayTiONOAIN, TaKMX SIK BIIXWJICHHS JUIS KOXKHOTO CEpelOBHUINA 1 KOXKHOI 3BYKOBOI KaTeropii,
3BYKOBI IMOil, 110 MEPEKPUBAIOTHCS, HEAOCTOBIPHI HaBYAIbHI AaHi Ta iH. [IpencTaBieHi sk METOAM BHSBICHHS MOHO(MOHIYHUX
IMITYJIbCHUX 3BYKOBHX MOJIii, TaK 1 MCTOIH BUSBICHHS MOJTi()OHIYHUX ayIiONOIii, SIKi BAKOPUCTOBYIOTHCS B CYYaCHHX CHCTEMaXx
BUSBJICHHS 3BYKOBHX TOAii. Taki cucTemMu MpeicTaBiieHi y 3aBmaHHsXx Ta ceminapax Detection and Classification of Acoustic
Scenes and Events (DCASE), siki BinOyBatoThcsi IIOpOKY. Binbiricts po06iT cripsiMOBaHi Ha MOKpAICHHS 3arajbHOi MPOIYKTHB-
HOCTI 3 TOYKH 30py TOYHOCTI, X04a TaKoX OyJIM BHBYEHI OaraTo iHIIMX acIeKkTiB. Byso po3risHyTo Kigbka CHCTEM, IpeICTaBIIe-
uux Ha DCASE 2021 B 3agaui 4, i Ha ocHOBI iX aHani3y OyB 3poOieHHil BUCHOBOK ITPO MOKJIMBE Maii0yTHE CHCTEM BHUSIBIICHHS
3BYKOBHX IOJil. TakoX IpeACTaBiICHI aKTyalbHi HAIPIMKHA PO3BUTKY Cy4aCHHUX CHUCTEM ay/i0aHAIITUKH, B TOMY YHCIIi BUBYCH-
HsI Ta BUKOPHUCTAHHS Pi3HHMX apXiTeKTyp HEHPOHHHX MEPEeK, BUKOPHCTAHHS JEKIIbKOX METOIB IonepeaHboi 00poOKH JaHuX,
TaKHX sIK YHIBepCAIbHUI PO3/LNT 3BYKY Ta iH.

Kaw4uoBi cioBa: BUABICHHS 3BYKOBUX II0JIiif; pO3Mi3HaBaHHS 3BYKOBHX HOAiH; MOHO(DOHIUHI 3BYKH; ITOJIi(OHIYHI 3BY-
KH; CepeIHbOKBAPATHYHE BIIXWICHHS; MeliaHHUH (QLIBTP; TUHAMIYHUH IOPIT; 3BYKOBUH MO

AHa/IH3 METOJ0B U CHCTeM O0HAPY:KEHHH AyAHOCOOBITHIL
A. A. Kosanenko, A. 1. ITopomenko

AHHoTanus. OOHapyXeHHE U PACIIO3HABAHNE I'POMKHUX 3BYKOB M XapaKTEPHBIX IIYMOB [103BOJIAET 3HAUUTEIBHO TTOBbI-
CUTb YPOBEHb O€30IIaCHOCTH M 00ECIIEUUTh CBOEBPEMEHHOE PearnpoBaHKe Ha pa3iIM4HbIe aBapuiiHble cuTyaruu. OOHapyKeHne
ayZIMOCOOBITHH — 3TO TEPBBIH IIar B PacHO3HABAHMHU ayJMOCHTHAJIOB C HEHPEPHIBHBIM BXOJHBIM ayJHONOTOKOM. B nanHoi
CTaThe MPEJCTABIICH PsiJl POOJIEM, CBSI3aHHBIX C Pa3pabOTKOM CHCTEM OOHAPYKEHHS 3ByKOBBIX COOBITHH, TAKMX KaK OTKIOHEHHS
JUTSL KKIOH Cpelbl M KaXI0H 3ByKOBOM KaTeropyH, NepeKphIBAIONIIecs] 3ByKOBBIE COOBITHS, HEOCTOBEPHEIE 00yJaloIie JaH-
HBIe U T. 1. [IpeacTaBieHs! kKak MeTO/IbI 0OHAPYKEHNSI MOHO(OHIYECKIX MMITYJIbCHBIX 3BYKOBBIX COOBITHIA, TaK M METO/BI OOHa-
pyXeHHs] MOMN(pOHUIECKUX 3BYKOBBIX COOBITHH, KOTOPBIE MCIIOIB3YIOTCS B COBPEMEHHBIX CHCTEMaxX OOHApY>KEHHUS! 3BYKOBBIX
coObrtuii. Takue CHCTEMBI TIpeJcTaBiIeHbl B 3amauax u cemunapax Detection and Classification of Acoustic Scenes and Events
(DCASE), xoTopble nNpoXOIiT KakAblid Toj. bonpmuHCTBa paboT HanmpaBIEeHHBI Ha yIy4llleHHe oOmel MPOu3BOIUTEIBHOCTH C
TOYKHU 3PEHUs TOYHOCTH, XOTS TaKkXKe ObUIM M3y4YEeHbl U MHOTHME IPYTHE aCNeKThl. BhIJIO pacCMOTPEHO HECKOJBKO CHCTEM, Ipe.-
crasneHHblx Ha DCASE 2021 B 3amade 4, 1 Ha OCHOBE MX aHaNM3a ObUI CAETAaH BBIBOJA O BO3MOXKHOM OyayIieM CHCTeM OOHapy-
KEHUS 3BYKOBBIX cOOBbITHI. Taroke mpencTaBieHbl akTyallbHbIC HAlIPaBICHUS Pa3BUTHS COBPEMEHHBIX CHCTEM ayAMOAHAIUTHKH,
B TOM 4YHCJIe W3y4YECHHE M HCIIOIB30BaHHE PA3JIMYHBIX apXMTEKTYpP HEHPOHHBIX CeTel, HCIIOJIb30BaHHE HECKOJIBKHX METO/OB
IIpeiBapUTEILHON 00Pa0OTKY TaHHBIX, TAKMX KaK YHUBEPCAIBHOE pa3eleHne 3ByKa U ap.

KnawuyeBbie caoBa: o0HapyXeHHE 3BYKOBBIX COOBITHIA; paclio3HaBaHHE 3BYKOBBIX COOBITHIT; MOHO(OHUYECKHE 3BYKH;
oy OHUYECKUE 3BYKH; CPEIHEKBAPATHYHOE OTKIOHEHUE; MEIMaHHbIH QUIIbTD; TMHAMUYECKUH ITOPOT; 3ByKOBOE pa3/IeNICHHE.
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SEMI-MARKOV RELIABILITY MODELS

Abstract. Traditional technologies for reliability analysis of semi-Markov systems are limited to obtaining a stationary
state probability distribution. However, when solving practical control problems in such systems, the study of transient
processes is of considerable interest. This implies the subject of research - the analysis of the laws of distribution of the
system states probabilities. The goal of the work is to obtain the desired distribution at any time. The complexity of the
problem solving is determined by the need to obtain a result for arbitrary distribution laws of the duration of the system's
stay in each state before leaving. An easy-to-implement method for the analysis of semi-Markov reliability models has
been suggested. The method is based on the possibility of approximating probability-theoretic descriptions of failure and
recovery flows in the system using the Erlang distribution laws of the proper order. The developed computational scheme
uses the most important property of Erlang flows, which are formed as a result of sieving the simplest Poisson flow. In this
case, the semi-Markov model is reduced to the Markov one, which radically simplifies the analysis of real systems.

Keywords: semi-Markov reliability models; approximation by Erlang distributions of the proper sequence.

Introduction

The elementary model of the system in the
reliability theory definitions [1-3] is described as
follows. The system can be in one out of two states
during its functioning procedure:

Eo means the system is functioning normally,

E 1 means the system failed and is being recovered.

Recovery failure procedures are random. To
describe them, let's introduce the following:

foa(t) is the distribution density of the random
duration of the system's stay in the state E o prior to
entering the state E 4;

fio(t) is the distribution density of the random
duration of the system's stay in the state E iprior to
entering the state E o;

H oo(t) is the conditional probability that the system
at time point t would be in the state E o, unless it was in
the state E oat the initial point;

H 01(t) is the conditional probability that the system
at time point t would be in the state E o, unless it was in
the state E gat the initial point;

H 01(t) is the conditional probability that the system
at time point t would be in the state E 1, unless it was in
the state Eqat the initial point;

H 10(t) is the conditional probability that the system
at time point t would be in the state E o, unless it was in
the state E ;at the initial point;

H 11(t) is the conditional probability that the system
at time point t would be in the state E 1, unless it was in
the state E ;at the initial point.

A set of relations are obtained describing the
possible dynamics of the system states.

Let E=(E)), i=1,2,...,n be the set of possible system
states.

A system that was in the state i at the initial point
can be in the state j at point t as follows. Firstly, unless
j=i, the system may not leave the state i until the point t,
or exit this state and go back thereto by the point t. The
related mathematical model is as follows:

t
GiM =7+ > PRffk@Gqt-7)dz. ()
keE, k=i 0

Secondly, unless j # i, the system may find itself in
this state, passing to certain intermediate state k at some
point z<¢. Herewith

t
Gy =r®+ X R fu@Gyt-ndr (2
keE, k% o
Here Pj is the probability of the system transition
from the state i to the state j.
In the considered reliability theory problem, when
E = (Eo,E1), the ratios (1), (2) are simplified.

t t
Hoo (1) = (1= [ fo1(2)d7) + [ foa (F)Hyo (t—)d 7. (3)

0 0
t
Hor(t) = [ foy ()M (t-7)d . @)
t
Hio(t) = [ f10(z)Hoo (t—7)d7. ©)
0

t t
Hoo () = (L~ [ f10()d7) + [ f1o(r)Hoz (t—7)d7. (6)
0 0

The resulting system of integral equations (3)-(6)
is solved using Laplace transformations. As it is known,
the Laplace transformation of the function u(t) is a
function

L(u(t) = Tu(t)e‘Stdt = % L(u(t) = %u*(s). @)
0

Applying the transformation (7) to the ratios (3)-
(6), their Laplace image is obtained:

o0 =<0 Fou®)+ FaOH 1O, ©)
H01(8) = f 01(S)H 11(5), 9)
H'10(5) = f 10 (s)H 00 (s), (10)

H™11(5) = %(1— 106+ f 10(S)H 01(s). (1)
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The resulting equations must be solved by
expressing the unknown functions Ho(s), H0a(s),
H™10(s), H™11(s) through Laplace images of known
densities fou(t), f1o(t).

Applying the relations (10) to (8), the following is
obtained

* l * * * *
H oo(S)=g(1—f 01(8) + f 01(8) f 10(S)H (o (8).
where from

H 00 (8)A— f01(5)  1(8)) = %(1— o),

H*oo(S)Z1 1*_f Ol(f) : (12)

$1-1f g1(s)f 10(s)
Similarly, the following is obtained

' (9) _1a- f*01(5)) f* 10(8). (13)
S 11 g1(s)f 10(s)

H14(s) > l*_f lO(f) : (14)
S 1-1 g1(s)f 10(s)

H*10(5)=£ (A-f 100D F 01(5) (15)

S 1 f700(s) f 10(5)

Thus, the solution of the system reliability analysis
problem is reduced to the following two-stage
procedure. One should obtain the Laplace images f 01(S),
f 10(s) of the known densities f o1(t), f 10(t) at the first
stage. The desired functions H*00(t), H*01(t), H*10(t),
H*11(t) describing the dynamics of the system states
are processed using the inverse Laplace transformation
at the second stage.

Let’s represent the results of solving this problem
for a textbook instance when the system is considered
Markov. Here with

0= 0=
Then H 00 (s) = ﬁ (16)
Hio(s) = m 17)
)= (18)
H 01(s) = m (19)
The inverse transformations of the obtained
Laplace images are tabular and are as follows:
Hoo ()=~ i‘ p +ﬁef“*ﬂ>t , (20)
Hyo(t) = Ail,u —ﬁe_(lw)t , (21)

__H H —(A+u)t

Hi (t) = +———e¢ , 22
1) PRI (22)
Hou (1) = —£—-—£ e (a0t (23)

A+u

The ratios (20)-(23) represent the solution to the
problem of the system recovery analysis, containing
comprehensive information about its state at any time

A+u

point. Herewith, as expected, Hoo(s) + Hoai(s) =1,
Hlo(S) +H 11(3) =1.
So, the described computational procedure

successfully solves the given problem. However, it
should be noted that this approach has a fundamental
drawback, which is as follows. This solution in almost
all cases is a set of functions with numerical
coefficients, whose values are not related to the values
of the system parameters. That is, a point estimate of the
system state for any given set of source data is provided.
In addition, it is much more important to explicitly
obtain the dependencies of the resulting estimates of the
system functioning quality on the numerical values of
its parameters for the actual practice of the system
operation. Only in this case, the system analysis
problem can be considered solved completely, since
only in this event it becomes possible to develop any
recommendations to improve the system efficiency, i.e.,
to solve the structural and parametric optimization
problems.

Thus, the problem of searching for the method of
in-depth analysis of semi-Markov systems, focused on
obtaining the resulted analytical relations, as well as an
explicit dependence of the probability distributions of
the system states on the values of its parameters appears
relevant. A possible direction of searching for an
approximate solution to the problem is as follows. The
space of wvalues and parameters of the system
accumulates a set of points generating an orthogonal
plan. The problem is solved by a known numerical
method for each point. Standard statistical processing of
results of such a multifactorial orthogonal experiment in
terms of the system parameters number that specify the
dynamics of its functioning makes it possible to obtain
the desired relations. This approach is reliable, though
its constructive drawback is evident, that is the related
computational procedure is knowingly cumbersome.
Herewith, the complexity level of its implementation
depends in an unpredictable way on the level of
required accuracy of solving the problem.

Literature data analysis

The generated problem of analyzing semi-Markov
systems is being actively discussed. In [1-3], a general
approach to solving the problem is suggested, which
reduces to solving the integral equations system.
Herewith, the attention is drawn to the complexity of its
implementation for many practical situations. In view of
this circumstance, the general problem in a very large
number of works is simplified. In [4], the problem of
evaluating the queuing system efficiency along with a
semi-Markov incoming flow was considered. It resulted
in obtaining the probability distribution of its states. In
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[5], a stationary probability distribution for the semi-
Markov model of production system was also obtained.
The same result was obtained in [6] for a set of
computer network analysis problems. Similar research
results are given in [7-13] for various options of
descriptions of failure and recovery flows. A summary
of well-known publications on the issue of the semi-
Markov systems analysis allows for the following
conclusion. For an extensive class of problems in the
study of semi-Markov systems, there is no simple and
convenient method for analyzing the dynamics of states
of such systems for the purpose of practical
implementation. This circumstance determines the issue
relevance and the study purpose.

3. The study objective is to develop a fast
approximate method of analyzing semi-Markov systems
along with the controlled accuracy of the result.

4. The basic result. Method of analyzing semi-
Markov models.

To solve the problem of analyzing semi-Markov
systems, an approach based on a special approximation
of real processes within the system is suggested. Such
an approximation should meet the following
requirements. Firstly, its implementing functions must
be parameterized, i.e., proper selection of their
parameters allows ensuring the required accuracy of
descriptions of real processes within the system.
Secondly, the approximating functions should allow for
the simplicity of performing the direct and reverse
Laplace transformations.

It is convenient to select the Erlang distribution
laws of the required sequence as such functions. The
related functions possess the following number of
important benefits:

— they are positive for [0,/ and integrable;

— changing the parameters of the Erlang
distribution density allows changing the mathematical
expectation, variance, asymmetry and kurtosis of the
related random variable within a wide range.

However, the decisive benefit of Erlang
distributions is that the events flow described by this
distribution is a screened Poisson flow. In particular,
unless the Poisson flow of events is screened, by
selecting each nth event therefrom, then the random
interval between these events shall be described by an
Erlang distribution of the sequence n. The most
important property of the Erlang flow to be generated
by the Poisson flow allows it to be constructively used
to analyze the semi-Markov models practically
regardless of the type of probability distributions of the
real system. The related technique is two-stage.

The distributions describing the incoming failure
and recovery flow of the real system are independently
approximated by Erlang distributions of the proper
sequence at the first stage. Herewith, histograms of the
related random variables are generated in a standard
way by previous processing the source data on the
duration of the system's stay in a state of normal
functioning prior to the failure and the duration of
recovery. These histograms are used to assess the
approximation parameters of Erlang distributions via
the max verisimilitude method.

The obtained pair of Erlang distributions is applied
to construct the Markov approximation of a real semi-
Markov system at the second stage as follows.

Let the input of the analyzed system (E o,E 1)
receives an Erlang flow of the sequence n 1 with the
distribution density of the interval between failures

fo (1) = AMt" e and the service sequence is an

Erlang flow of the sequence m fyo(t) = £M2t™ e~

This diagram is schematically shown in Fig. 1.

Joi

»

}.:” > <D
h Troft)

Fig. 1. System functioning diagram

Let us consider the technology of analyzing such a
semi-Markov system that does not require solving an
integral equations system.

Let the distribution law of the duration of the
system's stay in the state i prior to the transition to the
state j be given as follows: E;(t)=P(z j < t). Here zj is
the random duration of stay at i prior to transition into j.
Then Qj(t)=P(zj>t)=1-F>ij(t) is the probability that the
transition from i to j at the interval [0,t] did not occur.

Now let's introduce

Fij(t+7)=P(z ;< t+7) is the probability that the
transition occurred at the interval [0, t+7];

Qij(t+7)=P(zij>t+7)=1-Fij(t+7) is the probability
that the transition from i to j at the interval [0, t+7] did
not occur;

Qij(t,t+7) is the probability that the transition from
i to j at the interval [t, t+7] did not occur.

It is clear that

Qjj (t+7) =Q; (G (t, t+7), (24)
where from Qjtt+7)= % (25)

Later one shall introduce the probability of
transition from i to j at the interval [t, t+1].

Wij (t,t+T) :1_Qij (t,t+T) =
_1_Qij(t+f) _ QO -Qt+7)

= (26)
Qij () Qjj (t)
_(QA-FRy®)-A-Ft+7) Fyt+7)-F(t)
B 1-F (1) - 1-R)
Now let's consider the value

ﬂlj (t) _ dWl(JjE-t,t) _ 1!|_r1'g) Wij (t,Tt +T) _

L G 1O fim ':lj(t+f)—':|j(t)X @
=0 (- F'J ®) 7—0
1 1 dR®  f®

RO RO & RO
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dF; (t

uhere f; (t) = ) is the distribution density of the
random variable z.

The function Aij) introduced according to (27)
defines the transition intensity. It follows from relation
(3) that this transition intensity can be defined as the
conditional probability density of transitions at time
point t, provided that no transition has occurred till this
point. This general approach to assess the transition
intensity is inconvenient, since the transition intensity
value obtained according to (27) is a function of time. In
addition, when solving practical problems, it is
important to know the mean value of transitions
intensity. This value is easily and regularly obtained as
follows. For a given density distribution fij(t) of the
duration of stay at i prior to leaving for j, let us calculate

o0
the mean value of this duration: 7 (t) = jtfij (t)dt.
0

Let's set the intensity 4i(t) of the transition from i

to j by an Erlang distribution of sequence n, that is

_apntt
fa(t) = =R

e~ Here with

o0
jt”e"“dt.

N R R L) LI SR L
Tu(t)—gtfu(t)dt‘g(n—l)!e O|t_(n—l)!o

o0

_ n!
jt”e Mgt =

Since = ,
irH’l
0

n < n |
then Fij(t)z’l_ e~ Myt — A nl n
(n-Dty 1!

NCENPIEEE

Then the related intensity of the transition from i to
j shall be equal to

4j(t) =17 =n/4.

The obtained relation is quite consistent with the
concept of an Erlang flow of sequence n, as a screened
simplest flow wherefrom every nth event is extracted. It
is clear that the intensity of the obtained extracted flow
in this case is n times less than the intensity of the
source flow. Let's go back to the formulated problem.

So, the incoming flow and the queuing flow are
described respectively by Erlang distributions of
sequences n 1 and ny. Then the equivalent diagram
describing the processes of such system functioning is

as shown in Fig. 2.
< Ly

Ey >
Fig. 2. Graph of states and transitions within the system
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<
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The final probability distribution of states within
the system is known to be as follows:

- L /R 'V
A+ /g ANy /my+u MpA+mu
l/nl A nzl

YAmruing Atpemny mpAsmu

Thus, the suggested technique allows to analyze
single-channel semi-Markov systems, for which a
satisfactory quality approximation of the incoming flow
of requirements and the flow of their queuing by Erlang
distributions of the appropriate sequence is obtained.
The spread of the promising concept of representing
models of real systems by the Erlang approximations
allows applying effective technologies of state phase
aggregation [14]. In addition, it should be noted, that the
suggested approach can be used to study multi-threaded
queuing systems with differences in priorities defined
by the pairwise comparisons method [15].

Conclusions

An easy-to-implement method for approximating
models for semi-Markov systems has been suggested.
The computational efficiency of the method is defined
by the following principal features of the analyzed
systems. Firstly, there is a possibility of using the
Erlang approximations to describe probability
distributions that define the processes of system
dynamics. Secondly, the simplicity of the obtained
ratios allows to solve both the problems of analyzing the
system reliability, and also the problems of their
structural and parametric optimization.
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HaniBmapkiBcbki Mogeni HaailinocTi
JI. T. Packim, {. B. Cesrkig, 1O. B. Isanuuxin, P. O. Kopcyn

Aunoranis. Tpaguuiiini TexHosoril aHamizy HagifHOCTI HamiBMapKiBCBKUX CHCTEM OOMEXYIOTHCS OJepiKaHHIM
CTaI[iOHAPHOTO PO3MOJiny HMOBipHOCTEeH craHiB. IIpoTe, mig 4Yac BHUPIMICHHS NPAKTUYHHUX 3aBAaHb YIPABIIHHA y TaKUX
CHCTeMax 3HaYHMI iHTepec Mae JOCIILKEHHS MEepexiTHNUX MpOoIeciB. 3BiJiCH BUINIMBAE MIPEAMET JOCIILKEHHS — aHalli3 3aKOHIB
posmozinay HMoBipHOCTell cTaHIB cucTeMH. MeToro poOOTH € OTpUMaHHS PO3IONUTy Ha Oyab-skuii MoMeHT dacy. CKIamHICTh
PO3B'SI3aHHSI TTOCTABJICHOTO 3aBJAaHHS BH3HAYAETHCS HEOOXIAHICTIO OTPUMaHHS PE3yNbTaTy [Uisl JOBUIBHHX 3aKOHIB PO3MOIiTY
TPUBAIOCTI TepeOyBaHHS CHCTEMH B KOXXHOMY CTaHi JO JOTJIAAYy. 3alpONOHOBAaHO IPOCTHI y peanizauii METOJ aHami3y
HaMiBMapKiBCBbKUX Mojesell HaxiiiHocTi. MeTon 3acHOBaHMI Ha MOXJIMBOCTI ampoKCHMAaIlil TEOpeTHKO-IMOBIPHICHUX OITHCIB
MOTOKIB BiIMOB Ta BiJHOBJEHHS B CHUCTEMi 3a JIOIIOMOrOI0 3aKOHIB posmoniny Epmanra HajmexxHoro mopsiaky. Pozpobnena
0o04YHCIIOBAIbHA CXeMa BHKOPHCTOBYE HailBa)KJIMBIly BJIAacTUBICTh MOTOKIB Epmanra, mo ¢(opMyroThCs B pe3yJbTarti
MIPOCIIOBaHHS HAaHMPOCTIIIOrO MyaCCOHIBCHKOTO MOTOKY. [IpH koMY HamiBMapKiBCbKa MOJEIb PEIyKYEThCS 10 MapKiBChKOI, 110
PaaMKaIbHO MOJICTIIYE POLEAYPY aHaNi3y PealbHUX CHCTEM.

Knrmo4oBi cnmoBa: HamiBMapKiBChKi MOJIENi HAAIMHOCTI; apoKCUMaIlist posnofinamu Epianra HanexHOTO MOPSIIKY.

IMonymapkoBckHe MOJeIN HAIEKHOCTH
JI. T'. Packun, f1. B. Catkun, 0. B. UBanuuxun, P. O. Kopcyn

AnHotanus. TpaguIUOHHbIE TEXHONOTHM aHalIM3a HAAEKHOCTH TOJYMApPKOBCKUX CHCTEM OIPaHUYMBAIOTCS
MOJY4YECHUEM CTAllMOHAPHOIO paclpelieleHUusl BeposTHOCTEH cocrosHud. OJHako, NpH pEIICHUM IPAaKTUYECKUX 3ajad
YOpaBlIeHUA B TaKUX CUCTEMaX 3HAUYMTEIIBHBIM MHTEpEC MMEET HCCIEOBAHUE IEpPEeXOAHBIX IpoueccoB. Orcroma ciemyer
IpeaMeT HCCIEeJOBaHUs — aHalM3 3aKOHOB pacIpeNeNIeHUs] BEepOSTHOCTEH COCTOSHHI cucTeMbl. llempro paboThl sBisieTCs
MIOJTyYeHNE MCKOMOTO PaclpeeeHns Ha JI000i MOMEeHT BpeMeHH. CII0KHOCTD pelIeHHs TOCTABICHHON 3aa4l ONpPEeaeNsieTcs
HEOOXOIUMOCTBIO TOTyUEHHUs] pe3ynbTaTa s IMPOM3BOIBHBIX 3aKOHOB paCHpeeNieHHs MPOAOIKUTEIBHOCTH MpPeOBIBAaHUS
CUCTEMBI B Ka)XXJIOM M3 COCTOSIHMM A0 yxoza. IIpeanokeH mpocToil B pealu3alyu METOJ aHaIM3a MOJIYyMapKOBCKMX MOAEIEH
HaJEKHOCTH. MeTo OCHOBaH Ha BO3MOKHOCTH aNNpPOKCHMAIMH TEOPETHKO-BEPOSITHOCTHBIX OMHMCAHUH MOTOKOB OTKA30B U
BOCCTAHOBJICHHH B CHCTEME C TIOMOLIbIO 3aKOHOB paclpefesieHuss OpiaHra Hamjexalnero mnopsaka. PaspabGortanHas
BBIYHCITUTENIFHAS CXE€Ma HCIHOJIB3YeT BaKHEIee CBOHCTBO IIOTOKOB DpiaHra, (OPMHPYIOIIMXCS B Pe3yJbTaTe MPOCEHBAHUS
IIPOCTEHILEro IyacCOHOBCKOrO NOTOKA. IIpu 3TOM moiryMapKOBCKas MOJENb PEAyLHpYEeTCs K MAapKOBCKOM, 4TO paJuKalbHO
yIpoliaeT NpoueLypy aHalnu3a peaabHbIX CUCTEM.

KniodeBsle cioBa: TOMyMapKOBCKHME MOJENH HAASKHOCTH; AaNIPOKCHMAIMSA pacIpeleNeHUs MU ODpliaHra
HaJUIeXKALIEro HOpsIKa.
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METROLOGICAL SUPPORT OF PULSE OXIMETERS

Abstract. The experience of the International Medical Device Regulators Forum in the use of products for oxygen
therapy based on the study of guidelines, international and European regulations on medical devices is considered. Emphasis is
placed on issues related to the metrological support of pulse oximeters. The global situation with the pandemic increases the
relevance of selected topics. Continuous monitoring of blood oxygen saturation is one of the most important elements in the
diagnosis and treatment of COVID-19. Despite the fact that the use of pulse oximeters does not require special medical
knowledge, calibration and special maintenance, it is still necessary to control their reliability and accuracy of measurement. The
study of pulse oximeter MD300M in accordance with the requirements of DSTU 8893:2019 "Metrology. Pulse oximeters. Calibration
Method” 2020. Analysis of MD300M pulse oximeter calibration results revealed that this pulse oximeter was calibrated by the saturation
and pulse measurement channel, as the maximum deviation of the measured saturation value from the pulse oximeter calibration
measure does not exceed the pulse oximeter measurement documentation specified in the operating documentation. The discreteness of
the MD300M pulse oximeter and the discreteness of the reference device MPPO-2, which are specified in the passports for the

respective devices, have the greatest influence on the measurement uncertainty.
Keywords: metrological support; pulse oximeter; COVID-19; verification; international standards.

Introduction

Pulse oximetry as a medical technology appeared
thirty years ago. More than fifteen years ago, pulse
oximeters have been introduced into a wide range of
clinical practice. Today, due to the spread of the
coronavirus pandemic, this portable medical device is at
its first stage of gaining popularity and is becoming an
integral part of both specialized medical institutions and
everyday life. The global situation with the pandemic
increases the relevance of selected topics. Despite the
efforts of scientists in many countries — a cure for the
disease has not yet been invented and the fight against
symptoms comes to the fore. Pulse oximetry is a non-
invasive method of measuring two parameters: blood
oxygen saturation and heart rate, which are most
important  during  anesthesia, intensive  care,
resuscitation, and coronavirus disease. Continuous
monitoring of blood oxygen saturation is a special
metric element in the diagnosis and treatment of
COVID-19. Despite the fact that the use of pulse
oximeters does not require special medical knowledge,
calibration and special maintenance, it is still necessary
to control their reliability and accuracy of measurement.

Many publications have been devoted to the study
of various problems related to the development and use
of pulse oximeters. This is a study of choosing the most
optimal location of the pulse oximeter sensor, which
was conducted on 20 respondents. Based on the results
obtained, the authors issued specific recommendations
for the use of portable devices [1]. Different designs of
portable pulse oximeters are presented in publications
[2-3]. An interesting study was conducted in 29
hospitals in the UK [4] based on the involvement of 847
pulse oximeters of different types and different
manufacturers.  Significant shortcomings in the
construction of the electrical circuit have been invented,
which has a significant impact on the accuracy of
measurements. It was found that 30.5% of the total
number of devices did not meet the manufacturer's
specifications. In addition, there is no system of periodic
calibration of devices. Evaluation of the pulse oximeter

based on the methodology of the international standard
ISO 80601-2-61: 2011 is presented in [5]. Based on the
results of experimental studies, it is proved that the
proposed device meets the requirements of the standard.
The issue of reliability and accuracy is covered in the
study [6]. The authors touched on the important
problem of measuring the accuracy of special pulse
oximeters, which are designed for very young children
and children with disabilities. Various issues of
metrological support and reliability of heart rate monitor
measurements have been studied in [8-12]. In
particular, in the publication [9] the authors proposed a
scheme for calibration of pulse oximeters and two
variants of devices for its implementation. An analysis
of the scientific literature on the identified problem
suggests that there is no separate study on the
metrological support of pulse oximeters and the state of
the regulatory framework for the use of these medical
devices in Ukraine.

The purpose of the article is to analyze the current
regulatory framework of Ukraine in the field of medical
devices and study the metrological support of the pulse
oximeter based on the involvement of DSTU 8893:2019
"Metrology. Pulse oximeters. Calibration method" 2020.

Presentation of the main material

According to the purpose, pulse oximeters are
divided into autonomous (compact, mounted directly on
the finger), portable (device with display, signal cable
and sensor for various purposes) and stationary
(designed for long-term monitoring of various
physiological parameters). Pulse oximeters are used
both for a single test, that is one measurement of SpO2,
and for long-term monitoring of SpO2 levels.
Established in 2011, the International Medical Device
Regulators Forum (IMDRF) has developed a number of
documents aimed at establishing global cooperation in
international trade, harmonizing activities in the field of
safety, efficiency and quality of medical devices. Within
the IMDRF there is a special group for the
harmonization of medical devices. The IMDRF includes
the following countries: Japan, the Russian Federation,
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the United States, Australia, Brazil, Canada, China and
the European Union. There are also branches of the
Asian Harmonization Group and the Pan American
Health Organization. IMDRF has created a number of
guidelines that summarize the different approaches to
the use of pulse oximeters. Technical specifications,

instructions for use of products for oxygen therapy are
given [13-17]. International legal documents, as well as
documents of IMDRF member countries and Ukraing,
applicable to the manufacturer, production technology
and conditions of use of medical devices, including
pulse oximeters, are summarized in table 1.

Table 1 — Regulatory documents applicable to pulse oximeters [13-19]

Level Regulatory documents
ISO 13485 Medical devices — Quality management systems — Requirements for regulatory purposes
ISO 14971 Medical devices — Application of risk management to medical devices
ISO 80601-2-61 Medical electrical equipment. Part 2-61: Specific requirements for basic safety and essential
performance of pulse oximeter equipment
IEC 80001-5-1 Health software and health IT systems safety, effectiveness and security. Part 5-1: Security —
Activities in the product life cycle
_ IEC 60601-1 Medical electrical equipment. Part 1: General requirements for basic safety and essential performance
g IEC 60601-1-1 Medical electrical equipment. Part 1-1: General requirements for safety — Collateral standard: Safety
= requirements for medical electrical systems
g IEC 60601-1-2 Medical electrical equipment - Part 1-2: General requirements for basic safety and essential
j= performance — Collateral Standard: Electromagnetic disturbances — Requirements and tests
IEC 60068-2-31 Environmental testing: Part 2-31: Tests. Test Ec: Rough handling shocks, primarily for equipment
type specimens
IEC 62366-1 Medical devices - Part 1: Application of usability engineering to medical devices
IEC 62133 Secondary cells and batteries containing alkaline or other nonacid electrolytes. - Safety requirements for
portable sealed secondary cells. Part 1: Nickel systems, Part 2: Lithium systems
ISO/IEEE 11073-10404 Health informatics. Personal health device communication. Part 10404: Device
specialization. Pulse oximeter
21 CFR Part 820 - QUALITY SYSTEM REGULATION (USA)
21 CFR § 868.5440 — Portable oxygen generator (USA)
MHLW Ministerial Ordinance No. 169 (2004) (Japan)
Regulation (EU) 2017/745
Ukraine
DSTU EN ISO 13485:2018 (EN 1SO 13485:2016+ EN 1SO 13485:2016 / AC:2016, IDT) Medical devices — Quality
= management systems — Requirements for regulatory purposes
IS DSTU EN ISO 14971:2015 Medical devices. Application of risk management to medical devices (EN 1SO
2 | 14971:2012, IDT; 1SO 14971:2007, IDT)
o DSTU EN ISO 11607-1:2015 (EN ISO 11607-1:2009, IDT; ISO 11607- 1:2006, IDT). Packaging for terminally
sterilized medical devices — Part 1: Requirements for materials, sterile barrier systems and
packaging systems
DSTU EN ISO 11607-2:2015 (EN 1SO 11607-2:2006, IDT; 1SO 11607- 2:2006, IDT) Packaging for terminally
sterilized medical devices — Part 2: Validation requirements for forming, sealing and assembly processes
Technical regulations for medical tests, approved by the decree of the Cabinet of Ministers of Ukraine Ne 753 dated
02.10.2013.

The analysis of normative-legal documentation
allowed to establish that a number of normative
documents in the field of medical devices have been
developed in Ukraine. According to the resolution of the
Cabinet of Ministers of 2019, pulse oximeters and 12
other categories of measuring instruments for medical
purposes were excluded from the Technical Regulations
of Legislatively Regulated Measuring Instruments.
Meanwhile, the instruments remain legally regulated
measuring instruments and are subject to periodic
verification as particularly important during the
COVID-19 pandemic. Of course, it is an indisputable
fact that the quality and safety of medical services
depends on the technical condition of medical devices.
Therefore, systematic metrological verification directly
affects the quality of medical procedures [18-19].

Since 2020, Ukraine has an updated regulatory
document DSTU 8893:2019 "Metrology. Pulse
oximeters. Calibration method". It applies to pulse
oximeters and pulse oximetric channels of medical

monitors, which allow to assess the degree of oxygen
saturation of human hemoglobin in non-invasive blood
by measuring the modulation coefficients of light flux
passing through human tissues in two bands and
wavelengths. Also this document establishes the method
of calibration of pulse oximeters: calibration operations,
calibration tools, personnel qualification requirements,
calibration conditions, safety requirements, preparation
for calibration, processing of measurement results and
registration of calibration results. This standard is used
for periodic verification, post-repair verification (which
does not change the type of measuring equipment), and
it can be used for extraordinary, inspection and expert
verification in accordance with the requirements [20].
Based on DSTU 8893:2019, the MD300M pulse
oximeter, which is widely popular in the Ukrainian
market of medical devices, was calibrated. This is a
high-precision instrument for professional use, which
has the following parameters when measuring oxygen
saturation SpO2: measuring range from 0% to 100%;
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measurement step — 1%; measurement accuracy: in the
range of 80 ... 100% — + 2%, in the range of 70 ... 79% —
+ 3%, in the range of <69% — not precisely defined.
Auxiliary equipment required for calibration is a
measure for calibration of pulse oximeters (MCPO).
The calibration conditions have been maintained, that is
the ambient temperature is (20 £ 5) °C; relative
humidity — from 30% to 80%; atmospheric pressure —

(100 = 6) kPa. An external inspection of the device was
carried out, no mechanical damage was detected, during
testing it turned out to be operational. The results of
experimental studies are summarized in table 2, 3.
Determination of metrological characteristics of the
pulse oximeter is performed for the saturation
measurement channel and the pulse rate measurement
channel.

Table 2 — Calculation of metrological characteristics of the saturation measurement channel

Ne | Smcro, % S, % AS, % Asmax%0 ASpo
1 2 3 4 5 1 2 3 4 5
1 99 98 98 97 98 100 -1 -1 -2 -1 1 2 2
2 95 96 96 93 97 96 1 1 -2 2 1
3 85 84 87 83 83 88 -1 2 -2 -2 3
4 75 75 72 75 75 77 0 -3 0 0 2 3 3
5 70 71 70 71 73 70 1 0 1 3 0
Table 3 — Calculation of metrological characteristics of the pulse rate measurement channel
N Fwmcro, min F, min-! AF, min AFmax, mint | AFpo, min
] ' 1 2 3 4 5 1 [ 23 4]s
1 40 41 40 39 41 41 1 0 -1 1 1
2 70 70 | 68 | 70 | 70 69 0 -2 0 0 -1
3 120 121 | 121 | 122 | 121 | 120 1 1 2 1 0 2 2
4 180 181 181 180 | 181 179 1 1 0 1 -1
5 240 238 | 240 | 241 | 240 | 241 | -2 0 1 0 1

The pulse oximeter is considered to have passed
the calibration according to this parameter, because the
maximum deviation of the measured saturation value
from the set for calibration of pulse oximeters does not
exceed the absolute error of saturation measurement
specified in the operating documentation for pulse
oximeters — +3%.

The pulse oximeter is considered to have passed the
calibration according to this parameter, because the
maximum deviation of the measured value of the pulse
rate from the specified measure for calibration of pulse
oximeters does not exceed the absolute measurement
error specified in the operating documentation — 2 min,

We will calculate the uncertainty when measuring
saturation with a pulse oximeter MD300M. The
equation for measuring the absolute error of saturation
has the form

ASpo=S; — Syicpos 1)

where S; — the result of the i-th measurement of
saturation PO, %; Sycpo — the reference value of
saturation reproduced by MCPO, %.

Uncertainty of measurement pulse oximeter
readings S; are estimated by type B uncertainty, given
the discreteness

Us(SD=77 - 2

Uncertainty of measurement Syno the readings
of the reference measuring instrument are evaluated by
two components of type B:

— taking into account the error of the reference
measuring instrument A,

®)

A
Ué (Smcpo)= \/—% ;

— taking into account the discreteness of the
reference measuring instrument a.

(4)

Total standard uncertainty of determining the main
error of saturation measurement

U (Swmcro)= % .

Uc(870)= U (8741 Suicro) U (Sucro)?. (6)

Extended uncertainty equals the product of the
total standard uncertainty u.(ASpp) and the coverage
factor k (k=2 at a given probability P=95%) and is
determined

U(ASpo )=k Uc(ASpo). (6)

Table 4 presents the budget of uncertainty in

determining the absolute error in measuring saturation.

Table 4 — Budget uncertainty in determining the absolute
error in measuring saturation

Inout EStimatio Stle\;:i" The
vaFI)ue n of input| Standard uncertainty coeff)i/- contribution of
value cient uncertainty
S S . 1 -
‘ : 2v3 2V3
S S a 1 o
MCPO MCPO = - T A A
23 23
Smcpo| Smcpo 23 -1 37
NII,?:SU Mﬁqzsnutre Total standard  |Coverag| Extended
g uncertainty eratio | uncertainty
value | result
U:(ASpg)=
AS AS 2 U(ASpg )=ku
Fo Po \/UB(Si)2+ulB(SMCPO (ASeo Jkee
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The MD300M pulse oximeter has the following
input characteristics specified in the passport (saturation
measurement mode): discreteness — 1%. The reference
measuring instrument (MCPO-2) has the following
input characteristics specified in the passport: error of

the reference measuring instrument A, —# 0,05%;
discreteness — 0,5%. The results of uncertainty
calculations in determining the absolute error in
measuring saturation at Syrmo = 85% presented as an
uncertainty budget in the table 5, ASp5=(3,00£0,64)%.

Table 5 — The uncertainty budget of the absolute error in measuring saturation Sy;cpo = 85%

Input value Estimation of input value Standard uncertainty Sensi_tiyity The contribytion
coefficient of uncertainty
Si 88 0,29 1 0,29
Smcro 85 0,014 -1 -0,014
Smcro 85 0,14 -1 -0,14
Measuring value Measurement result Total standard uncertainty Coverage ratio | Extended uncertainty
ASpo 3 Jo,292+(-o,o14)2+(-o,14)2=o,32 2 0,64

Analysis of the result of the uncertainty calculation
of the absolute error in measuring saturation allows us
to draw the following conclusion. The discreteness of
the MD300M pulse oximeter, which is indicated in the
passport for the device, has the greatest influence on the
measurement uncertainty. Thus, it is impossible to
reduce this contribution by repeated observations or in
any other way, and for a more accurate result you need
to choose a device with less discretion. Let's calculate
the uncertainty when measuring heart rate with
MD300M pulse oximeter. The equation for measuring
the absolute error of the heart rate has the form

AFpo=F; = Fyicpo, (7
where F; — the result of the i-th measurement of heart
rate PO, %; Fycpo — the reference value of pulse rate
reproduced by MCPO, %.

Uncertainty of measurement F, - readings of pulse
oximeters is estimated by uncertainty of type B,
considering discreteness

Ug(F)=575- (8)

Uncertainty of measurement
Fumcpo Of the reference measuring
evaluated by two components of type B:

— taking into account the error of the reference
measuring instrument A,

A
UJB(FMCPO): \/—%; 9)

— taking into account the discreteness of the
reference measuring instrument a.

of the readings
instrument are

ug (Fycpo)= 2% (10)

Total standard uncertainty for determining the main
error of saturation measurement

Uc(AFPO):JUB(Fi)Z'H"]é(FMCPO)Z'H"ZB(FMCPO)Z- (11)

The extended uncertainty is equal to the product of
the total standard uncertainty u,(AFpg) on the
coefficient of coverage k (k=2 at a given probability
P=95%) and is determined by the formula

U(AFpo)=k-Uc(AFpo). (12)

The uncertainty budget for determining the
absolute error in measuring heart rate is presented in
table 6.

The MD300M pulse oximeter has the following
input characteristics specified in the passport (pulse rate
measurement mode):

- discreteness — 1 min;

The reference means (MCPO-2) of measurements
has the following input characteristics which are
specified in the passport: limits of admissible absolute
error of values of pulse rate
A, —#0,2 min*; discreteness — 1 min™.

The results of calculations when measuring heart
rate at Fycpo=240 min? presented as an uncertainty
budget in the table 7: AFpr=(2,00+0,82) min’.

Conclusions

Thus, the study of international and European
experience in the use of oxygen therapy medical devices
indicates an increase in attention to these medical devices
in a pandemic. Over the past three years, the International
Organization IMDRF has developed more than 10
methodological ~ documents  containing  technical
recommendations, specifications, accompanying
guidelines for improving the availability of technologies
and the use of pulse oximeters.

Table 6 — Uncertainty budget in determining the absolute error in measuring heart rate

Input value Estimation of input Standard uncertainty Sen3|_t|y|ty The contrlb_utlon of
value coefficient uncertainty
Fi Fi 0/2\/5 1 0/2\/§
Fumcro Fumcro A, / 23 -1 -4, / 2.3
Fumcpo Fumcpo A / 23 -1 -8, / 23
Measuring value | Measurement result Total standard uncertainty Coverage ratio| Extended uncertainty
AFpo AFpo U (AFP0)=\/UB(Fi)Z"'U%;(FMCPo)Z*'U%(FMCPO) 2 U(AFpo )=k Uc(AFpo)
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Table 7 — Uncertainty budget in determining the absolute error in measuring heart rate Fycpo = 240 mint

Input value Estimation of input Standard uncertainty Sen5|_t|y|ty The contrlb_utlon of
value coefficient uncertainty

Fi 238 0,29 1 0,29
Fymcro 240 0,058 -1 -0,058
Fymcro 240 0,29 -1 -0,29

Measuring value Measurement result Total standard uncertainty Coverage ratio | Extended uncertainty
AFpo -2 J0,292+(-0,058)2+(-0,29)2:0,41 2 0,82

The study of pulse oximeter MD300M in documentation on the pulse oximeter — +2 min™.

accordance with the requirements of DSTU 8893:2019
"Metrology. Pulse oximeters. Calibration Method”
2020 Analysis of the MD300M pulse oximeter
calibration results revealed that this pulse oximeter
was calibrated by the saturation and pulse
measurement channel, as the maximum deviation of
the measured saturation value from the pulse oximeter
calibration measure does not exceed the pulse oximeter
+ 3%. The maximum deviation of the measured value
of pulse rate from the set measure for calibration of

Analysis of the result of calculating the uncertainty of
the absolute error in measuring saturation allows us to
conclude that the greatest influence on the uncertainty
of measurement have the discreteness of the pulse
oximeter MD300M and the discreteness of the
reference device MCPO-2, which are specified in the
passports.

Thus, it is impossible to reduce this contribution
by repeated observations or in any other way, and for a
more accurate result it is necessary to choose a device

pulse oximeters does not
measurement

10.

11.

12.
13.

14.

15.
16.

17.

exceed the absolute
specified in the operating

with less discreteness or not to consider this parameter

error as influencing the result when calculating.
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MeTtpoJoriune 3a0e3ne4eHHs1 NYIbCOKCUMETPIB
O. €. TepuraukoBa, T. B. [Ipo3nosa, 0. €. [leminosa, H. O. Ky3smenko

AHoTtanis. Po3rmsHyro mocBin oprawizauii International Medical Device Regulators Forum i3 3actocyBanHs BupoOiB
JUIT KACHEBOI Teparlii Ha OCHOBI JOCI/UDKEHHS METOJMYHMX PEKOMEHJAIH, MDKHAPOAHHX Ta €BPONEHCHKHX HOPMATHBHHUX
JIOKyMEHTIB 100 BHPOOIB MEAMYHOTO MpU3HAYEHHS. AKIEHTOBAHO yBary Ha IHTaHHS, IIOB’SI3aHI 3 METPOJIOTIYHHM
3a0e3neyeHHsIM ITyJbcOKCHMeTpiB. CBiTOBa CHTyalliss 3 TaHIEMI€l0 MiJCHIIOE aKTyaJbHICTH oOpaHo Temu. I[locriitamii
MOHITOPHHT PiBHS HACHYCHOCTI KPOBI KHCHEM TOOTO caTyparil € OJHUM 3 BayIIMBIIINX €IEMEHTIB JIIarHOCTHKH Ta JIIKyBaHHS
COVID-19. He3Baxaroun Ha Te, 10 BUKOPHCTAHHS ITyJI5COKCUMETPIB He MOTpedye CHeIialbHIX MEANYHNX 3HaHb, KaJiOpyBaHHS
Ta 0cOOMMBOTO OOCITYrOBYBaHHS, BCE-)K TaKH HEOOXiTHO KOHTPOJIOBATH iXHIO HaJIWHICTH 1 TOUHICTH BUMiptoBaHH:. [IpoBeneHe
nocnipkeHHs myascokeumerpy MD300M 3rigno BuMoram JICTY 8893:2019 «Metpomnoris. Ilynscokcumerpu. MeToauka moBipKm»
2020 p. AHami3 pe3yabTaTiB MOBipKH IMysibcokcumerpa MD300M BusBHB, 10 JaHUIA ITyJIECOKCUMETP MPOMIIOB MOBIPKY 32 KaHAJIOM
BUMIPIOBaHHS caTypauii Ta MyJbCy, OCKUIBKM MAaKCUMAIbHUN BIAXWMJI BHMIPSHOTO 3HA4YEHHS caTypaiii Bil 3aaHOTO MIpOIO AT
MIOBIPKH ITyJIbCOKCHMETPIB HE MEPEBHIIy€ 3a3Ha4eHOl B eKCIUTyaTaliifHii JOKyMeHTallii Ha IyJIbCOKCUMETPH aOCOFOTHOT MOXUOKH
BUMIpIoBaHHS caTypanii. HaifOinpmmii BITIMB Ha HEBH3HAYCHICTh BUMIPIOBAHHS MAlOTh JIWCKPETHICTH Imysbcokcumerpa MD300M Ta
JIICKPETHICTh eTasioHHoro npunany MIITIO-2, o 3a3Ha4yeHi B MacmopTax Ha BiIMOBI IHI TPIIaIH.

KawuoBi ciaoBa: merpornoriune 3abe3nedenns; myiscokcumerp;, COVID-19; noBipka;, Mi>XHapOIHI CTaHIAPTH.

Metposoruyeckoe odecneyeHue nyJjbCOKCMMETPOB
E. E. Teepurnuxosa, T. B. Ipo3nosa, 0. E. Jlemunosa, H. A. Ky3smenko

AnuHoTanus. Paccmorpen ombiT oprammsamum International Medical Device Regulators Forum mo mpumenenuro
W3ENUHA IS KUCIOPOAHON Tepalyy Ha OCHOBE HCCIIEOBAHHS METOMIECKUX PEKOMEHIANH, MEeX/[yHapOIHBIX U €BPOIEHCKIX
HOPMaTHBHBIX JOKyMEHTOB IO H3JEIHAM MEIMIIMHCKOTO Ha3HaueHus. AKIEHTHPOBAHO BHMMAHHE Ha BONPOCAX, CBA3AaHHBIX C
METPOJIOTHYECKUM O0OECTIEYeHHEM ITyJbCOKCUMETPOB. MupoBasi CHTyallls C MaHAEMHEH YCHIMBAeT aKTyalbHOCTh W30paHHOM
TeMbl. [10CTOSHHBIII MOHMTOPHHT YPOBHSI HACBILIEHHOCTH KPOBU KHCIOPOJOM, T.€. CAaTypalllH, SBISETCA OJHUM U3 BAKHEUIIHX
aneMeHToB AuarHocTHky u nederns COVID-19. HecMoTps Ha To, YTO UCTIONB30BaHUE ITyJILCOKCUMETPOB HE TPeOyeT CleHaIbHBIX
MEJIMIMHCKIX 3HAHUH, KaTMOPOBKU M 0COOOT0 0OCITy>KMBaHUS, BCE ke HEOOXOIMMO KOHTPOJIMPOBATh UX HAIEKHOCTb U TOYHOCTD
m3Mmepenns. [IpoBeneHo uccnenoBanue myiabcokcumerpa MD300M cormacHo TpeboBanmsm JICTY 8893:2019 «Merpomnorusi.
[Mymscokcumerpsl. Meromnka moBepkm» 2020 r. AHamu3 pe3ysbTaToB MOBEpKH IysbcokcuMmerpa MD300M oGHapykui, dTo
JIAHHBIA ITyJILCOKCHMETp IIPOLIEN IOBEPKY IO KaHATy W3MEpPEeHWs CaTypalMy W IyJbCa, HOCKOJBbKY MAaKCHMAIBHBIA OTKIOH
W3MEPEHHOTO 3HAYEHUs CcaTypaldd OT 3a[JaHHOM CTENeHH ISl TOBEPKHM IMyJbCOKCHMETPHM HE MPEBBIIAET YKAa3aHHOH B
sKkcmuyaTauuy. Hanbomnbliee BIMSHME Ha HEONPEACICHHOCTh M3MEPEHHS MMEIOT IHCKPETHOCTh Iysibcokcumerpa MD300M u
ICKPETHOCTH TATOHHOTO mprdopa MIIIIO-2, ykazaHHbIE B TaCOPTaX COOTBETCTBYIOLINX MPHOOPOB.

KamwueBblie ciioBa: Merponoruueckoe ooecredenue; myapcokcumerp; COVID-19; noBepka; MEKTyHAPOIHBIC CTAHAAPTHL.
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MIKPOITPOIIECOPHI CUCTEMMU HA ITPOI'PAMOBAHUX JIOTTYHUX
IHTEI'PAJIBHUX CXEMAX SAK OB’€EKT JIAI'THOCTUKHA

AnoTtanis. [IpeameroM NOCITIKEHHS B CTATTi € METOIU TECTYBaHHS IIU(POBHUX NPUCTPOIB, SIKI peali3oBaHi Ha Mporpa-
MOBaHHX JIOTIUHHX iHTerpanbHuX cxemax (IIJIIC). MeTtoio po6oTH € 00rpyHTYBaHHS IiAXOXY IO IarHOCTYBaHHS MIiKpOII-
pornecoprux cucreM y 6asuci I[JIIC, skuii aBise co0010 MOAANBIINIA PO3BUTOK METOJy CAMOJIarHOCTUKH. Y €TaTTi BHPi-
LIYIOTHCSI HACTYNHI 3aBJaHHS: IPOBEICHO aHAJI3 iICHYIOUHX METOMIB TECTyBaHHS U(POBUX MPUCTPOIB, PO3KPHUTO iX Iie-
peBaru Ta HEIOJIKH; MPOaHATi30BAaHO ICHYIOUYI HiAXOAW A0 MIarHOCTYBAaHHA MIKPONPOLIECOPHUX CHCTEM, OCHOBY SIKHX
CKJIaJal0Th 1HTETPaJbHI CXEMH 13 MPOTPaMOBAHOI0 CTPYKTYPOIO; 3alIPONOHOBAHO MiAXiA A0 JiarHOCTYBaHHS MiKpOIPOIle-
copHux cucteM B 6azuci I1JIIC, B OCHOBY SKOT0 MOKJIaJCHO MPHUHIIMIT B3aEMOIii MPOLIECOPIB Mi’K COOOO IITXOM BBEACHHS
B 0araTompoIecOpHY CHCTEMY CepBICHOTO mporiecopa. OTpuMaHi HACTYNHi pe3yJbTaTH: TOBEACHO, IIO peanisalis 3a-
MPOTMIOHOBAHHUX MOJICNICH B3a€MOIii MPOIIECOPIiB MiXk COO0I0 B 6araTOMpoOIECCOPHiil CHCTEMI HaIaCTh CEPBICHOMY MPOIIECOPY
JIarHOCTHYHY iH(pOpMaLio PO TEXHIYHUH CTaH CHCTEMH. 3a3Ha4YeHO, 10 HAsBHICTh A1arHOCTHYHOI iHpoOpMaIlie mpo Tex-
HIYHHUH CTaH MIKpONPOLECOPHOT CHCTEMH € OCHOBOIO JUIS NPHUHHATTS PIIICHHS Ha BiJHOBJICHHS CHCTEMH LUIIXOM Ieperl-
porpamyBanas [1IJIIC. BucHOBKH: pO3MIAHYTO MpoOieMy AiarHOCTYBaHHA MiKpomporecopHux cucreM y Oaszmei TIJIIC.
[IpoBeneHo aHami3 iCHyIOUMX METOJIIB TECTYBAaHHS IHTETPAIBHIX CXEM i3 MPOrpaMOBaHOIO CTPYKTYPOIO, BiI3HAYEHO iX I1e-
peBaru Ta HelOMiKU. 3ampOIIOHOBAHO B SIKOCTI A1arHOCTHYHOTO MPUCTPOI0 BUKOPHCTOBYBAaTU BOYAOBaHMUIT CepBiCHUIT Ipo-
LIECOpP, OCHOBHOO (DYHKIII€IO SIKOTO € 30ip 1arHOCTHYHOI iHpopMaIlii Ta NpUHHATTS pilICHHS PO PEKOHQITypaIio MiKpo-
MIPOLIECOPHOT CHCTEMH 3 METOIO OIIEPAaTHBHOIO aBTOMATUYHOTO BiTHOBJICHHS ii ()yHKIIOHYBaHHS.

Kaw4oBi ciaoBa: MikpompoliecopHa cucTeMa; MpOrpaMOBaHa JIOTiYHA iHTErpajibHa CXeMa, JiarHOCTHKAa HU(PPOBUX

MIPUCTPOIB.

Beryn

CrpiMKHUii PO3BUTOK MIKPOEJIEKTPOHHOI TEXHOJIO-
ril B JaHU# Yac A03BOJIMIIO CEPIHO BUIIYCKATH BEIHKI 1
Hangenuki iHrerpanbHi cxemu (BIC/HBIC), mo mictsts
TUCSY] €JIEeMEHTIB Ha KPUCTaJi i MalOTh LIMPOKi (YyHK-
iOHATBHI MOYKJIUBOCTI.

OpmanM 3 Haiibimemn nepenextuBEUX BIC/HBIC, 3
TOYKH 30py JOCATHEHHS HAWOLIBIIOI MIUTBHOCTI pO3Mi-
IICHHS eNIeMEHTIB Ha KPHUCTaNi, € iHTerpajgbHI CXeMH
(IC), mo wmaroTe perymspHy CTpykTypy. [IparHeHHS
ctBoputH yHiBepcanbHy BIC/HBIC, He BBOISIYM 3HAYHOT
CTPYKTYPHOT HaAMipHOCTI, IIPU3BEJIO 10 MMOSIBU CIEIiaTi-
soanux IC (ASIC — Application-Specific Integrated Cir-
Cuit), sKi MarOTh IHAMBIMyaTbHHI XapakTep (QyHKIHOHY-
BaHHS Ta PO3POOJIAIOTECS (MPOCKTYIOTHCS) 32 KOHKPET-
HUM 3aMOBIICHHSIM. Y IIbOMY HampsiMi HalBa)JIHBIIIAM
JOCATHEHHsIM cTaiia 1osiBa IC 3 mporpamMoBaHOIO CTPYK-
TYpOIO — NPOTPaMOBaHMX JIOTTYHUX IHTETPAIBHHUX CXEM
(TJIIC). IJIIC npencraisie co00I0 MaTpPUIIO Hporpa-

MOBaHUX JIOriyHMX enementie 3 SPLD (Simple
Programmable Logic Devices), CPLD (Complex
Programmable  Logic Device), FPGA (Field-

Programmable Gate Array), FLEX (Flexible Logic
Element Matrix) cTpykrypamu. 3a IOMOMOTrOK JIaHHX
CTPYKTYp, 3aCTOCOBYIOUH Ha HIDKHBOMY piBHI (piBEHB
pericTpoBUX mepenad) MoBH ommcy amaparypu AHDL,
VHDL, Verilog, na cepenapomy (6709HOMY) — TEXHO-
noriro System-on-Chip Ta BepXHBOMY — BHCOKODiBHEBI
MoBH niporpamyBanus C/C++, System C, Python, Java,
MH OTPUMYEMO MO>KJIMBICTH MPOEKTYBAaTH HE JIMIIE LU-
($poBi npUCTpPOi, a i MIKPOIIPOLIECOPHI CUCTEMH.

Ha nymky [1-4] came 3actocysanns I1JIIC B sikoc-
Ti elIEeMEHTHOI 0a3u MOOYJOBH CYYacCHUX MIKPOIpOIie-

COpPHHX CHCTEM Ha CHOTOJHIIIHIA JIeHb € MEepPCICKTUB-
HUM HAIPSIMKOM 3 TOYKH 30pY MPOCKTYBAaHHS BHUCOKO-
HAJIHHUX, BiJMOBOCTIHKHX (PKHBYYHX) CKIQTHHUX TEX-
HIYHHAX CHCTeM, IO (QYHKIIOHYIOTH B YMOBaX HECHpHUS-
TJIIMBOTO BIUIMBY, Y TOMY YHMCII i KibepaTax.

[Ipu npoexTyBaHHI, BUIOTOBJICHHI Ta MOJAJIBILIHI
eKCITyarallii TakuxX CKJIaAHUX TEXHIYHHX MPHCTPOIB,
skumu € [C, HeMHHYYl PI3HOTO POJy BIJAXWICHHS, Ha-
OpUKJIaa, MOMUJIKH TPOCKTYyBaHHS, HECIPABHOCTI (me-
(exTH) BUTOTOBIICHHS, SKi B MpOILeCi (PYHKIIOHYBaHHS
MIPU3BOIATE 10 BiJIMOBHU €JICMEHTIB Ta BY3JiB CHCTEMHU.
BimpmicTh MX BiIXWICHD, TaKi 5K, TIOMIIKHA TPOCKTY-
BaHHS, HE3HAYHO BIUIMBAIOTh HA BUKOHAHHS 3aJaHUX
GyHKIIN, ane Jesiki BIAXWICHHS, HAIIPHUKIIAA, HECTpaB-
HOCTi (Ime(eKTH), a TAKOXK BiJIMOBH €JICMEHTIB 1 BY3IiB
CHCTEMH B TOIIECi eKCIuTyartallii, IPU3BOIATh 10 He-
MpaBUIBHOTO (yHKHOiOHyBaHHA IC, BHACIiJOK YOTO
BOHA HE MOYXE€ BHKOPHCTOBYBATHCS 32 MPU3HAYCHHSM.
[Ipu mpoMy OmHUM i3 HaHOITBII MOIIMPEHUX CIIOCOOIB
BUSIBJICHHSI TAKWX BIIXHIICHb € TECTOBE Ta (PyHKI[IOHA-
nbHE JgiarHoctyBanHs. Tak, 3rigHo 3 [5-7] TecToBe mia-
THOCTYBaHHS moJiarae y mojadi Ha Bxomu IC cepii Ha-
0OpiB TECTOBUX BXiJIHUX CUTHAIB Ta CIIOCTEPEIKCHHS 32
BIJITOBITHOIO ITOCIIOBHICTIO BUXIIHMX CHrHaJB. Taki
JIOCIIJKEHHS, HA PIBHI JIOTIYHUX CIIEMEHTIB, JIO3BOJIS-
IOTh BHSIBHTH MOMWJIKH MPOCKTYBAaHHS Ta BUTOTOBJICH-
HS, @ TaKOXK BU3HAYMTH HecmpaBHOCTI ememeHTiB IC.
[Ipu npoMy miZ TECTOBUM JiarHOCTYBAaHHSM PO3yMi€Th-
Cs JIOTIYHE TECTYyBaHHSA, NIPH SIKOMY BCi CHTHamu HaOy-
BaroTh ABa 3HaueHHs — 0 ado 1.

[Ipote cmia 3a3HAYUTH, IO OJHUM 3 HEIOJIKIB JIO-
TiYHOTO TECTYBaHHS € Te, 1[0 BOHO HE BpaxoBye (hi3wmu-
HOI MPHUPOJU BXITHUX Ta BUXIJHUX CUTHAIIB, MEPEXiJ-
HUX MPOIIECIB Ta 3aTPUMOK B €JIEMEHTaX IPUCTPOIO, iX

© Iranenxo C. C., Camoxsanos 0. 4., Ioxos O. 0., Mamok B. T"., 2022 81



Advanced Information Systems. 2022. Vol. 6, No. 1

ISSN 2522-9052

HaBaHTAKYBAIBHUX MOXJIIHMBOCTAX, @ TaKOX BIUIUBY
mapaMeTpiB 30BHINIHBOTO cepenoBuia Ha podoty IC.

@yHKLiOHANBHE TECTYBaHHS, B CBOIO uepry, 3a-
CTOCOBYETHCS JUIsl TIEPEBIPKH MPaBHJIBHOCTI peaiizamii
GYHKIIH, SKUMH HaJinseTsest UQPOBUIA NPUCTPiH, He
BpPaxoBYIOUH NpPH NHOMY iH(OpPMAIIO PO JIOTIYHY
CTPYKTYpY cxemu. Tak, OCHOBHHUMH BHIaMH (yHKIIiO-
HAJIBHOTO TECTYBaHHS € BUMIAJIKOBE Ta BUYEPITHE TECTY-
BaHHs. [Ipy BHIMagKOBOMY TEeCTyBaHHI TECTOBI HabopH
SIBIISIIOTH COOO0 N-MipHi ABIHKOBI BeKTOpHU (TICEBIOBH-
MAJIKOBI TOCTIOBHOCTI), MO TE€HEPYIOTHCA NaTIUKOM
BUIAJIKOBUX uucel. [Ipu 1mboMy naHi MOCHTITOBHOCTI
MAalOTh YCi HEOOXI/HI JUIS TECTyBaHHS BJIACTUBOCTI BU-
MaJIKOBHUX YHCEJl, a TAKOX IepeBary, 1o NCeBJOBUIIA-
KOBa IIOCII/IOBHICTh 3aBXKAW MOXKEe OyTH IOBTOpEHa,
MMOYUHAIOYH 3 Oy/b-sKoro Habopy. OJHaK mopsy 3 Iie-
peBaraMu BHUIIaJKOBOTO TECTYBaHHsS ICHYIOTh TaKOX
HEJIOJIIKH, SIKi TTOB’sI3aHi 31 CKJIAIHICTIO OLIHKH pe3yIIb-
TaTiB TECTyBaHHSA, iHIIUMHU CIIOBAaMH, 13 BCTAHOBJICHHIM
3B’A3Ky NOBXKHHHU BUIAIKOBOTO TECTY 3 WMOBIPHICTIO
BHSIBJICHHS TIOMHIIOK.

VY cBoro uepry, BHYEpIHE TECTYBAaHHSI € MEXKCIO
BUIIaJJKOBOTO TECTYBaHHs 1 SIBJIsIE COOOI0 Take TECTy-
BaHHS, NIPH SKOMY B TE€CTI BUYEPIIHUM YHHOM IepeOu-
parotbest Bei 2" komOiHamii TecTOBUX cHrHamiB. [Ipu
LLOMY YCIIIIHE MPOXOJPKEHHS BUYEPITHOIO TECTY PiB-
HO3HAYHE JI0Ka3y BiANOBIJHOCTI CXeMHU BHXIJHIH Oyie-
Biii (ynkuii. KpiM 11boro, BUYEpPIHUIT TECT oyXKE JIETKO
TeHepyBaTH, OJHAK BiH Ma€, IPUHAWMHI, 1Ba HEIOIKH.

[epmmii HeMOMK y TOMY, IO iCHYIOTH Je(EeKTH,
SIKI BUBOJIATH CXEMY 3 KJlacy KoMOiHamiitHux cxem. Tu-
MOBHM J1e()eKTOM TaKOTO PONy € TepeMHuyKka, sKa He
BHSIBIISIETHCS] BHUCPITHAM TECTYBAHHSM.

Jpyruii HemoMiK BUYEPITHOTO TECTYBaHHS — BEJHU-
Ka J0BXHHA TecTy. Tak, It KOMOIHAIIIHOT cXeMu po-
smipuicTio 10 x 2 HeobXximHo mojatu Ha i Bxomu 21°
TECTOBHMX CHrHaNIB. ToMy Jisi OLIBLIOCTI CXeM BUYEpII-
HE TECTYBaHHS € CKJIaJHUM.

Kpim 11poro ciij 3a3Ha4MTH, 110 METOJH TECTOBO-
ro Ta (GyHKI[IOHAILHOIO JAIarHOCTYBaHHs HE JAI0Th I0-
BHOI JiarHOCTHYHOI iH(pOpMamil Mpo TEeXHIYHUW CTaH
IC. A BpaxoByroun Toit daxT, mo IC 3 mporpamoBaHO0
CTPYKTYPOIO CTBOPIOIOTH BEIHKY KOHKYPEHIIIO CTaH/Ia-
pranM IC, To mUTaHHS, SKi TOB’s3aHI 3 HEOOXITHICTIO
3aCTOCYBaHHS ICHYIOUMX Ta PO3POOKM HOBHX METOJIB
niarnocryBanus I1JIIC € aktyansHUME.

AHani3 ocTaHHix Aochaigxkens i myOaikaniii. Ha
CHOTOJHIIIHIN J€Hb MUTAHHAM TECTYBaHHA HHU(POBHX
MPUCTPOIB (IHTETPATBHUX CXEM) TPHUCBSIUCHO BEIHKY
KUIBKiCTh Jocimimkenb. Tak, y poborti [8] posrismaerses
mpobiemMa HU3BKOI e()eKTUBHOCTI BIIOMHX OETEPMiHO-
BaHUX METOJIB MOOYIOBH TECTiB /UIA IMU(POBHUX CXEM,
TOJOBHOIO TIPHYMHOI0 € HEKEepPOBaHUH mepedip BCiX
KOMOIHAIiil CHrHANiB, sKi 3a0e3MeuyroTh MPOsSB He-
CIPaBHOCTI Ha BUXOJI eJleMeHTa 3 aedexToM. B sxocti
nepeBaru B poOOTI 3arpornoHoBaHuil MeTox (oxycoBa-
HOTO TIOIIYKY JUIS TOOYTOBH TECTIB.

VY pobori [9] mpencraBieHa KyOidHA TEXHOJIOTIS
aHamizy nUGpPOBUX CXEM JUI reHepallii TeCTiB Ta OIliH-
KM 1X SIKOCTi. 3arporoHOBaHi KyOidHUH METOI 00pOOKH
HECIPaBHOCTEH MOJIeJi MPUMITHBY Ta METOJ TeHepallii
TECTIB JUII KOHCTAHTOBUX HECTPABHOCTEH, 1[0 BUKOPH-

CTOBYIOTh KyOI4HI MOKPHTTS CIIMCKIB HECIPaBHOCTEH
JUTS IOOYIOBY IIUISIXY aKTHUBI3ALlii.

B [10] mpoBeneHo aHami3 ABOX KOHKYPYIOUHX Me-
TOJIB KOHTPOJIIO Ta JAIarHOCTYBaHHS IHU(POBHX CXEM:
CIIEKTPAIBLHUI METOJ| Ta METOJ| CUTHATYPHOTO aHali3zy.
JoBeneHo, Mo CreKTpadbHUNA METOX € HaiedeKTHBHi-
oM. e moB’s13aHO 3 THM, IO CIEKTPOTpaMu, Ha Bil-
MiHy BiI CHTHATyp, HaiO1IBII MPHUCTOCOBAHI 10 MOOY-
JIOBH CIIOBHHMKA HecrpaBHOCTeH. KpiM 1p0T0, BHKOpHC-
TOBYIOUH CIICKTPaJbHHN METOA, MOXKHAa BapilOBaTH B
OIMPOKUX MeXaxX 1H(QOPMATHBHOCTI iarHOCTUYIHUX
03HAaK 3aJIC)KHO BiJl HEOOX1THOT TTUOMHY J[IarHO3Y.

VY [11] 3ampornioHOBaHO I TECTyBaHHS HUPPOBHX
MIPUCTPOIB  3aCTOCOBYBAaTH T'€HETUYHI AJITOPUTMH, IO
CTAHOBJISITH aJaNTUBHUI MOIIYKOBHI METO/, 3aCHOBaHUH
Ha CEJICKINi HaWKpal[uX EJIEMCHTIB MOMyJIsiii, TOOTO
JIOTIYHMX CJIEMEHTIB Ha iHTerpajbHiil cxemi. [Ipu oMy
Ha e(EeKTHBHICTh JAHOTO aNTOPUTMY iCTOTHO BIUTMBAE
MIpaBIIIBHAN BUOIp croco0y KOAyBaHHS OCOOWH, 1 HaBITh
npaBwibHUN BUOip mapamerpiB. Y [12] po3rmsiHyTo Bin-
HOCHO HOBH 0C3KOHTaKTHHH, IHAYKIIIHHUA METOX Hiar-
HOCTYBaHHS PaJiOeIICMEHTIB TEXHIYHO CKIAJHUX IH(po-
BUX PajliOCIEKTPOHHUX OJIOKIB, SIKMIl JO3BOJISIE BU3HAYA-
TH HE TUIBKH TEXHIYHHUNA CTaH KOHTPOJIBOBAHOTO OJIOKY, a
W 3HaWTH palioeNeKTPOHHUN KOMIIOHEHT, KUl CIPOBO-
KyBaB HECIIPABHICTb YH BiZIMOBY OJIOKY.

[Ipote cnig 3a3Ha4MTH, IO B PO3MIISTHYTHX pOOO-
Tax TECTyBaHHS IM(PPOBHX CXEM, a TAaKOXK OI[IHKa TeX-
HIYHOTO CTaHy IM(POBHX MPHUCTPOIB (CIpaBHUIA, Ipa-
Le3JaTHUH 1 MpaBWIbHO (PYHKIIOHYFOUHMiT) poO3Tisina-
€TBCS 3 MO3UIIIT TOTO, IO AaHI MUPPOBI IPUCTPOI pealri-
3oBaHi Ha cranmaptaux IC, Ha Bigminy Bix IIJIIC, ne
CTPYKTypa HOCHUTH peKoH}irypamniiiauii xapakrep. [Ipu
FOMY HEOOXiTHO Bi3HAYHTH, IO TECTYBAaHHS HHU(PO-
BUX IHTETpaJIbHUX CXEM 3 CTPYKTYpOIO, sIKa IIpOrpamy-
€TBCS, HE 3aJIEXKUTh BiJl (DYyHKIIOHYBaHHs KiHIIEBOTO,
CTBOPEHOTO KOpUCTyBaueM I poBoro npuctporo [13].

BpaxoByrooun Bule3a3HaYeHe, MeETOI0 CTATTi €
OOIPYHTYBaHHS MIiX0/AYy 10 A1arHOCTYBaHHS MiKpOIPO-
necopuux cuctem y 6asuci IUIIC, sikuii € momanbuium
PO3BUTKOM METOAY CaMOMAIarHOCTHKH, 3aCTOCYBAaHHS
SIKOTO JO3BOJIUTH ITiIBUIIATH JKUBYUICTh 1 K HACIIIOK
HAJIHHICTh CKIIAJHUX TEXHIYHHUX CHUCTEM, IO (hyHKIiO-
HYIOTh B YMOBaX HECTIPUATIUBOIO BIUIMBY, Y TOMY YHC-
i i kibeparax.

IIpobaema TecTyBaHHA HU(POBUX NPHUCTPOIB
y 6a3uci IIJIIC

[TporpamoBaHi JIOTi4YHI IHTErpaJIbHI CXEMH — Iep-
cnextuBHa apxitektypa BIC/HBIC, sika Ha chorommim-
Hill IeHb 3HAXOIUTH BCE OUTBII MIMPOKE 3aCTOCYBAHHS Yy
AKOCTI THIIOBHX €JIEMEHTIB (PYHKITIOHAIBHO CKIIQTHUX
IU(PPOBUX CHCTEM BHCOKOTO CTYIECHS IHTETparlii.

Opniero 3 nepesar ITJIIC € Te, mio norika poOoTH He
BH3HAYAETHCA TPH BHUTOTOBJICHHI, a 3aJa€THCS IUIIXOM
MPOTrpaMyBaHHsI, 110 JA€ MOKJIMBICTh CIIPOCTHTH IPOLIEC
CHHTE3y CKIAJHMX IU(PPOBHX cxeM. J[pyroro mepesaroro
CTajlo Te, IO 3aBISIKU Till e PeryJIsIpHOCTI CTPYKTYpH
BHAETHCSl OUTbII €(DEeKTUBHO BHUKOPHCTOBYBAaTH ILIOLIY
KpHCTaja, MiIBUIIYI0YM TUM CaMHUM CTYHiHb iHTerparii. I,
HapeLlTi, TPETHOIO NIEPEBAroo € Te, 10 BOJIOJiI0YN Biac-
TuBicTio pexoHdirarii, [TJIIC m03BONSIOTH MPOEKTYBATH
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BUCOKOHAJIilHi, BIIMOBOCTIIKI MIiKPOIPOIIECOPHI CHCTE-
MH, TUM CaMHM MiJBUIIYIOYH JKUBYYICTh, 1 K HACITIJOK
HAIMHICTh CKJIAAHMX TeXHiUYHMX cucreM. OqHak, He3Ba-
xatoun Ha HU3Ky nepesar [1JIIC, Takux, sIK peryJisIpHICTb
CTPYKTYPH Ta KOHLETITyaJIbHA [IPOCTOTA IPOLIECY CUHTE3Y,
iX TecTyBaHHS € TPYJOMICTKHM Ta CKJIQJHUM IIPOIIECOM.
3pocraroue 3actocyBanHs BIC/HBIC B amaparypi, mo
BUKOHYIOTh HUTTEBO BAXUIMBI (DYHKIIii, Taki, HAPHUKIAT,
SIK YTIpaBIIiHHSA aTOMHFMH EJICKTPOCTAHILSMY, HaBiramis,
CHCTEMH YIIPABIIHHS TEXHOJOTIYHUMHE IPOLIECAMH TOIIIO,
BUMArae Jy’e TIIHOOKOTO TECTyBaHHSL.

3 iHmoro OOKy, HaBiTh IPU BUKOPUCTaHHI eeKTH-
BHHX ITOPUTMIB 1 MOTYXKHUX NPOLIECOPHUX BHMIpIOBa-
JIBHUX 3acO0IB /I CXEM MPAaKTHYHOI CKJIAJHOCTI HE 3aB-
skau BAaethest focarti 100% MOKpUTTSI HECTIPAaBHOCTEM.
Tak, 3rigHo [13] ogHMM i3 HUISXiB BUpILIEHHS i€l PO-
OjeMH € 3MiHa Ta JONOBHEHHS KAaHOHIYHOI CTPYKTYpH
[UIIC 3 TakuM po3paxyHKOM, OO 3a0e3MeunuTH MOTpio-
HUH piBeHb TecTyBaHHA. [Ipy IbOMy mNepeciigyoThCS
Taki IiJi: CHPOIIEHHS TeHepamii TecTiB; 3a0e3leucHHs
reHepallil TeCTOBUX MOCIiIOBHOCTEH IPOCTHMH amapar-
HUMH 3ac00aMy, Y BUNAIKy CTBOPEHHSI CaMOTECTOBAHHX
BIC/HBIC; nijgBuIieHHs1 MOKPUBarOYO0i 31aTHOCTI TECTO-
BUX TIOCJIJJOBHOCTEH; IIOJICTILICHHS aHali3y pe3yJbTary
TecTyBaHHs. [Ipu 1[bOMY TMOJANbINA peajizamis Iijaen
MO>KITHBA, TIPUHaiiMi, TppoMa migxomamu [ 13].

[epmmit ninxig — npu npoekrysanui [1JIIC Bpa-
XOBYEThCSl HEOOXIZHICTP il TECTyBaHHS, JO CXEMH BHO-
CATHCSI KOPEKTHBH, IO MOJETIIyIoTh 1l mpouec. Ilo-
OyznoBaHi Ha ocHOBI mporo migxoxy ITJIIC mpwuitaaTo
Ha3MBaTH 3py4HOTecTOBaHMMHU. [Ipu 11boMy Bci MeToaH
moOymoBu 3pyuHorectoBaHoi [IJIIC MoxxHa po30uTH Ha
JIBA THIH: SIKi HE 3MIHIOIOTH KaHOHIYHY JBOpiBHEBY
crpykrypy IUIIC; siki BUKOPHUCTOBYIOTH BBEICHHS IO-
JATKOBUX (DYHKI[IOHAIBHUX EJIEMEHTIB, MPU3HAYCHUX
JUIS TIOKPAILIEHHS TECTyBaHHS.

Jpyruil miaxia, 3acHOBaHHI Ha 3alpOBaKCHHI
CTPYKTYpHOI HajamipHocTi, sika podouts I[1JIIC criiikoro
JI0 BiIMOBU B TOMY CEHCI, II[0 HECIIPABHOCTI B Hiii a00
MaCKYIOTbCS1, 200 BUSIBIISIIOTHCS B MOMEHT BUHUKHEHHSI.

Tperiit migxix mependadae 000B’SI3KOBE J0AaBaH-
Ha 1o ctpykrypu BIC/HBIC ¢yHKIiOHaNRHEX €TeMeH-
TiB, SIKi 3HiMCHIOIOTH aBTOHOMHe TectyBaHHsa [1JIIC, B
pe3ynbTari Buxoauth BIC/HBIC i3 BOynoBaHOMO miar-
HOCTHKOIO.

Ha cporoanimHiii 1eHp Il HiAXOAX JTOCHUTH ITOBHO
ommcadi Ta pearnizoBai g [IJIIC meproro moxomiHHS
(PAL — Programmable Array Logic, GAL — Generic
Array Logic) 3i ctpykTyporo koMbiHariitHoro Tury. Jami
TUIH CTPYKTYP € CYKyNHICTIO 1BoX Mmatpuis I ta ABO,
KOJYKHa 3 SIKUX MICTUTh CHCTEMY B32€MHO OPTOTOHAJIBHHX
IIMH, Y TOYKAaX NEPETHHY SIKMX BCTAaHOBJIIOIOTHCS HAIliB-
MPOBITHUKOBI eneMeHTH 3B’s3Ky [13]. OxHak 3 mosiBoro
TJIIC 31 cTpykTypamu, OCHOBY SIKMX CKJIQJIQl0Th POIpa-
MOBaHi JIOTi4Hi OJIOKM — MakpOKOMIpKH, 3’€JJHaHi i3 30B-
HIIIHIMK BUBOaMM Ta BHyTpimHiMK muHamu (CPLD —
crpykrypa) ta CLB 610ku (Configurable Logic Block) 3
tabmuuero Bignosiguocti LUT (Look Up Table), 3a mo-
ITOMOTOI0 SIKOT 3a7afoThest OyJieBi (YHKINI BiJ KiIbKOX
aprymenTiB (FPGA — cTpykTypa) — BUHHKAIOTh CKJIaIHO-
cti rectyBanHs naHoro Tty [IJIIC. Kpim msoro, Bpaxo-
BYIOUM TOH (akT, M0 Ha 0a3i JaHWX CTPYKTYp CTBOPEHO

a0COJTIOTHO HOBUI HAIPSIMOK PO3BUTKY MIKPOEJIEKTPOHIKH
— YHiBepcaJIbHI MIKPOIIPOIIECOPHI CHCTEMH Ha KpHUCTaIl
(System-on-Chip — SoC, SoPC - System-on-a-
Programmable-Chip, MPSoC — Multiprocessor System-
on-Chip), To BUHHKAIOTh CKIIAHOCTI TECTYBaHHS HE MPOC-
TO IH(POBHUX MPHUCTPOIB, & MIKPOIIPOIIECOPHUX CHCTEM Y
6asuci IJTIC. Tlpu mpomy Texwosorist System-on-Chip
CKJIAJIA€THCS 3 IBOX CAMOCTIHHHX (DYHKIIOHAJBPHUX dHac-
e FPGA (Field-Programmable Gate Array — nporpamo-
BaHa BeHTWIbHa Marpuns) Ta HPS (Hard Processor
System — »opcTKa IporecopHa CUcTeMa), SIKi 3’ €JHAHI MiX
coboro iHTepdeiicom 00MiHy nanuMu. PosrisHemo Haite-
¢extuBHimi meromu tectyBanHs ITJIIC 3i ctpykTypamu
CPLD Ta FPGA [14]:

Memoo euxopucmanns cxem camoOiazHOCMUKU
(BIST — Built-Inself-Test). Lleit Mmetoxa mossirae y peai-
3anii Ha piBHi npomuBku [IJIIC cremiaaizoBanoi cxeMu
(mpuCTpOIO), MO MTO3BOJSAE MPOBOAUTH BHYTPIIIHE Ca-
MoTecTyBaHHA. Ha puc. 1 mpencraBieHa CTpyKTypa
CaMOTECTYIOUYOTO MPUCTPOIO, IO CKIIANAETHCS 3 TeHepa-
Topa TectoBux curHauiB (TPG), anamizatopa BiAryky
(ORA) Ta noriku ympasniaasi. CyTh JaHOTO METOIY
MOJISITA€ B IOJIa4i HAa BXiJ TECTOBAHOTO MPHUCTPOIO TICe-
BJIOBUIIaIKOBUX TECTOBUX HAOOPIB Ta MOAANIbLIE MMOPIB-
HIOBaHHS PE3YJIbTYIOUOro 3HAYCHHS 3 €TAJOHHUM 3Ha-
YEeHHSIM Y CUTHaTypHOMY aHajizaropi. Peamizamis anro-
PUTMYy Ha OCHOBI JJAHOTO METOAY Iepeadavyae BUKOPUC-
TaHHS TIEBHOTO BijcoTka BHyTpiHboi Joriku [IJIIC, a
IIpU TPOBEICHHI (YHKIIOHAIFHOTO KOHTPOIIO HEOOXi-
JTHO TIEPEBIipSATH BECh 0OCST BHYTPIMIHBOI JOTiKH. ToMy
el MeTo] HaWOLIbII 3pYYHO 3aCTOCOBYBATH JUISL TeC-
TyBaHHs BHyTpimmHix 0xokis [TJIIC.

OcHOBHHI

BXijg
OcHoBHHU#
Tecryroua BHXiJT
R 4acTHHA
7| inTerpaiabuoi l
cxemun
Bussnenns
—
TPR ORA
TTIOMUJIKA
BIST pexum

Puc. 1. ApXiTeKTypa CTaHIAPTHOI CXEMU CaMO[iarHOCTHKU
(Fig. 1. The architecture of self-diagnosis standard scheme)

Memoo noemoproganbHUx Mecmosux MHONCUH
(ILA — Iterative Logic Arrays). Voro cyTs momsrae B
TOMY, 1110 KOHGirypatiiiai goriuni 6moku (CLB), 3 skux
ckinagaetscs [JIIC, kKoHITypyIOThCS TAKUM YHHOM, IO
BHXIiHI curHaimu nomnepenusoro 6sioky CLB e BxigHumu
CUTHAJIAMH HACTYITHOTO OJIOKY, YTBOPIOKOUU THM CaMHM
TECTOBUM JIaHLIOKOK. Lleii MeToa € onTUManbHUM SIS
(YHKI[IOHAJBHOTO KOHTPOJIFO  BHYTPIIIHBOI  JIOTIiKH
[UIIC. Opsiero 3 mepeBar METOIy € BHCOKa CIIOCTEpe-
JKYBaJbHICTh, IIO TO3BOJSIE BHU3HAYUTH MICIIC BHHUK-
HeHHs BigxwieHHs. OCHOBHHM HEIOJIKOM METOIy €
HEOOXiJHICTh BUKOPUCTAHHS CIelianxi3oBaHOro 00iaj-
HAHHS [UIS [IPOBEACHHS TECTYBaHHS, a TAKOXK HH3bKa,
mopiBHAHO 3 BIST, mIBHAKICTh TECTYBaHHS.

Memoo 3uumyeanus 6uxionux 6i0eykie y euensdi
60yoosanux inmepgeticia. llet MeTo] BUKOPHCTOBYETh-
csl U1l TIpoBeNieHHS (DYHKIIIOHAIBHOTO KOHTPOJIO BOY-
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noBanux Onokis ITIJIIC. IlepeBaramu 1aHOTO METOIY €
BHCOKA IIBHJKOJISA Ta MOXJIMBICTh MPOBEACHHSA (DyHK-
LIOHAJIBHOTO KOHTPOJIF0 0€3 BUKOPUCTAHHS JOPOTOro
oOmaguanas. OCHOBHUM HEHOIIKOM € Te, IO JaHuil
METOJI 3acTOCOBYEeThCs Timbku s [TJIIC HOBOrO mMOKO-
JIHHS 32 HAsIBHOCTI CIIEIliajli30BaHOTO allapaTHOTO iHTe-
pdeiicy JTAG (Joint Test Action Group) Ha 6asi cra-
nmapty |EEE 1149.1. Tlpm npoMmy TecTyBaHHA BCiel
IUIIC € mocuTh TPYIOMICTKHM i IOJIATAE€ B TO€THAHHI
JAHOTO METOMIY 3 METOZOM BOYZOBAaHHMX CXEM cCaMojiar-
HOCTHKH Y BUIJIAI KOH(DIrypamiifHoi MPOMINBKH.

Takum 9YHMHOM, MOYKHA 3pOOHMTH BUCHOBOK, IO Haiie-
(DEKTUBHIIINM METOJIOM TECTYBAHHS € METOJI, 3aCHOBaHU
Ha TexHili nepesipku BIST — Built-Inself-Test, To6to BOY-
JIOBaHIl camornepesipii. Buxoasuu 3 15010, momambimi
po3rsy MikpornporecopHux cucteM y 6asuci [UIIC, 3
TOYKH 30py JIarHOCTYBAaHHS, CIIUPATUMETHCS camMe Ha
METO]] BUKOPHUCTAHHS CXEM CaMOJIIarHOCTHKH.

igxoau 10 xiarHOCTyBaHHS
MikponponecopHux cuctem y 6asuci IIJIIC

MikpormporiecopHa cucteMa, sIK 00’€KT IiarHOCTH-
KH, € CKIaJHOI0 OOYHCITIOBAIBHOIO CTPYKTYPOIO 3 IIHH-
HOIO opraHizani€to. BoHa ckiamgaeTbes 3 YOTUPHOX OCHO-
BHuX rpyn BIC/HBIC — mikpormpomecopa, mam’sTi, KOH-
TpoOJIEpiB BBEICHHSI-BUBOLY Ta KOHTPOJEPIB 3B’S3Ky 3
00’exramu. KoxkHa 3 1mx (yHKIIOHAIBHUX MiJICHCTEM, Y
CBOIO 4Yepry, € JJOCUTh CKJIAJHOI0 3 TOUKH 30py JiarHoc-
TyBaHHs. ToMmy mpu opraHizauii TecToBOro ta (yHKIio-
HaJIbHOTO JIarHOCTYBaHHSI MIKPOIIPOLIECOPHUX CUCTEM
BUKOPUCTOBYETHCS JIGKOMIIO3HULII HUH IX1J1, IPU SKOMY
SIK 00 €KT JIarHOCTYBAHHS BHUCTYIIAIOTh OKpeMi (DyHKIIi-
OHANBHI TPHUCTPOI: apU(PMETHKO-TOTIYHAN TPHUCTPIH,
MPOIIECOp,  OIEpPATHBHO-3alaM ITOBYIOUHA  TPHUCTPIH,
MIPUCTPii BBeIeHHA-BUBOAY. Ha puc. 2, 3 mpencrasieHi
y3araibHeHi CXEMH TPOIIECiB JiarHOCTYBaHHS MiKpPOIIPO-
LIECOPHUX CHCTEM, IO CKJIAIAIOTHCS 3 00 €KTa JiarHoc-
TyBaHHS, 3ac00iB /1IarHOCTYBaHHS Ta CUCTEMH yCyHEHHS
HECIIPAaBHOCTEH, TOOTO CHCTEMH OIEPATUBHOIO BiIHOB-
JICHHSI TIPaBUJILHOTO (PyHKIIIOHYBaHHSI.

O06’ekT
aiarHOCTYBaHHSI

3acobou
niarHoCTYBaHHS

T J .
~N
CucremMa yCyHeHHsI

HecnpaBHOCTeH

J

Puc. 2. Cxema oprasizaliii TeCTOBOTO AiarHOCTYBaHHS
(Fig. 2. The scheme of the organization of test diagnosing)

PoGounii
1 BILJIMB
N
3acobu O0’exT

niarHOCTYBaHHS AiarHOCTYBaHHS

N
Cucrema yCyHeHHs

HecHpaBHOCTeH

J

Puc. 3. Cxema opranizauii GpyHKIIOHaIbHOTO JiarHOCTYBaHHS
(Fig. 3. Scheme of organization of functional diagnostics)

Cxema oprasizaiii TeCTOBOIO JiarHOCTyBaHHS
(puc. 2) Biapi3HsETHCS BiJl CXeMH opraHizauii QpyHKIio-
HaJILHOTO J1IarHOCTYBaHH: (pHC. 3) MOMJIMBICTIO MIOAaYi
Ha 00’€KT JIarHOCTYBaHHS CIICIiaJbHO OPTaHi30BaHMX
(TecToBHX) BIUIMBIB, y TOH 4ac sIK y mpoueci (QyHKiio-
HaJIbHOTO [IarHOCTYBAHHS BHKOPUCTOBYETHCS TITBbKH
poOounii BrmuB. [lpy poMy 3acTOCYBaHHS JaHUX CXEM
Yy MIKPOIPOIIECOPHUX CHUCTEMaX BHPIIIYIOTH 3aBIaHHSI
OTICPAaTHBHOTO BWSBJICHHS MOMHJIOK Ta IOLIYKY Micus
HecrpaBHOCTI. KpiM 1mboro, mpu AiarHOCTYBaHHI MiKpo-
MPOIIECOPHUX CHCTEM HEOOXiTHO BPaxOBYBaTH TPYI-
HOWII, sIKi TOB’S3aHi 3 BHUCOKHM CTyNEHEM IHTerpaii
BIC/HBIC, posranykeHUMH 3B’s3KaMU MiX eJIeMEHTa-
MH CHUCTEMH, a TaKOXX BIACYTHICTIO HOBHOI iH(opmarii
PO CTPYKTYpy cucteMu. OKpeMo CIlifi BUALIATH TPY -
HOWII JiarHOCTYBaHHS MIKPOINPOIIECOPHUX CUCTEM Y
6azuci [1JIIC, ski moB’s3aHi, K OyJIO 3a3HAYCHO BHUIIIE,
3 peKoHOITypalifHIM XapakTepoM eJIEMEHTHOI 0a3m
CHCTEM, SIKi PO3TIANAIOTHCSL.

Came 3 nux mpuuuH 3rigHo [15, 16] icHyroui meto-
1w (KOHCTPYKTHUBHI Ta aOCTpaKTHi) MOOYJOBH MiarHOCTH-
YHUX TECTIB JUISl MIKPOIIPOLIECOPHUX CHCTEM Ha CTaHAap-
tHuX IC (MeTox Tabnuii GyHKIIH HECTIpaBHOCTEH, METOA
iCHyrouuX UULIXiB, D-aqroputM, Meroj; €KBiBaJeHTHOI
HOpMaJIbHOI (hopmu, OyneBe quepeHIiIOBaHHS, MOJEII
PETICTPOBHX Mepeaay, Mepexena Moaeb [leTpi Toio) He
3aBXKIM MOXYTh OyTH eEeKTHBHHMH JUIsl JiarHOCTyBaH-
HS Mikporpouecopuux cucteM y 6asuci ITJIIC. Kpim
1boro, 3rigHo [17] BUKOpHUCTaHHS 30BHINIHIX 3ac00iB
KOHTPOJIIO Ta JiarHOCTYBaHHS B MIKPOIIPOIIECOPHHX CHC-
TeMax €, SIK IpaBwWiIo, HeBUNpaBaaHuM. Lle mos’s3aHo 3
THM, 1[0 BTPYYaHHSA y POOOTY MIKPOIPOIIECOPHOI CHCTe-
MU TPHU3BOJHTH JI0 ii YCKIAIHEHHS 1 3HW)KEHHS, K Ipo-
IYKTHBHOCTI, TaK 1 HAIIHHOCTI CHCTEMHU.

Buxonsuu 3i ckazaHoro, Jisi BU3HAYEHHS TEXHIY-
HOT'O CTaHy MikporpoliecopHoi cucremu B 6azuci [1JIIC,
a TAaKOX JIarHOCTYBaHHS HECIIPABHOCTEH y Hil, € JOIIi-
JIbHAM BHKOPHCTaHHS IIPUHIMITIB B32EMO/IIT TPOILIECOPIB
MK COOOFO IUISIXOM BBEJCHHS JI0 CKJIaay Oaratorpore-
copHOi cucTemu cepBicHOro mporecopa [18]. OcHos-
HOKO (DYHKITI€I0 TaKOTO MPOIecopa € JiarHOCTHKa Oara-
TOIPOLIECOPHOI CHCTEMH Ta OIEpaTHBHE aBTOMATHYHE
BiTHOBJICHHSI IIUIIXOM peKOH(irypamii cuctemu, T00TO
nepenporpamysanns [TJIIC.

TakuMm 4MHOM, MOZJAJBIIE TiABUIICHHS XHBYUYOCTI
1 SIK HACJIIOK HAAIHHOCTI, a TAKOX PO3IIMPEHHS (HyHK-
MIOHATBHUX MOXIIMBOCTEH 0araTomporecopHoi CHCTe-
mu B 6azuci TIIC noB’s3aHe 3 BUKOPUCTAHHIM arapa-
THOI HaJMiIpHOCTI, IIUISIXOM BBEIEHHS 10 CKJIaIy CHCTe-
MH CIeIlialbHAX amnapaTHUX 3aco0iB, MO peai3yloTh
(YHKIIIO CTIOCTEePEKEHHsI, TOOTO BUKOPHCTAHHS IPUH-
LUy B3a€EMOJII.

Po3risiHeMo HaOULIBII MOMMpPEH]I MOJIENi B3aeMo-
nii (P-, B-, R-, K- mozeni), mo onucyrTh giar€oc-
TYBaHHS Ta KOHTPOJb Yy OaraTOMallMHHUX CHCTeMax
[17]. Tak, P — monens (Preparato-Metze-Chien) 3a-
CHOBaHa Ha IPEICTaBJICHHI MPOLECY AiarHOCTYBaHHS
B3aEMOJIIEI0 TIAp MOJYJIiB, HACTIAKOM SIKOTO € OJep-
JKaHHS MHO>XMHH Pe3YJIbTaTiB MiarHOCTyBaHHs. JliarHo-
CTUYHA MOJIEINb MPEACTABISIETHCS Y BUIVIAAL AIaTrHOCTH-
gHOTO rpada, e MOAYIM — IIe BEPIIHHHU, a MIXKMOTYJIbHI
3B’s13ku — xyru [19].
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Y mozeni MOAyIb §; KOHTPOIIE MOAYIb 3, &

3arajibHa KiIbKICTh MoayidiB — n. [lepeBipka 3a momo-
MOTOK TECTOBOI MOCIIZOBHOCTI hjj MOAyneM i TexHi-

YHOTO CTaHy MOZAYJsS 9; HAa3sUBAETHCS CICMCHTAPHOI
nepeBipkoto, a ii pesynbrar mosHadaerbes r . Cykyn-
HICTb TECTIB hjj yTBOpIOE€ MHOXHMHY J , @ CyKyIHICTb
CJICMEHTApHHX NEPEBIPOK [jj — MHOKMHY R, R= {rij }

sIKa HA3UBAETHCS CUHIPOMOM. YCsi MHOXHMHA J TIepeBi-
POK 3IifiCHIOETBCS 38 OAMH IHKJ TiarHOCTyBaHHS. Pe-
3yJNbTaT CIIEMCHTAPHOI MEePEeBIpKH TMO3HAYAEThC «0»,
SIKIIO TECT IIPOHIIOBY, 1 «1» — B IHIIOMY BHIAIKY.

B — wmonens (Barsi-Grandoni-Maestrini) Bimpis-
HA€TBCS Big P — MoMeni JHIIe THM, [0 HEIIHCHHM
BBAXKAETbCSL OTPUMAHHS PE3YJIbTATYy KOHTPOMO Kj =0

3a HasBHOCTI Bi]MOB OJHOYACHO B €NEMEHTaX & 1
9j - IIpu npoMy 3acTocyBaHHA B — Mojelni MpU3BO-

JMTh 10 MEHIIOi KUTBKOCTI HOIyCTHMHX CTaHIB Iparie-
smaTHoCTi cucremu [20].

R — monems (Russel-Kime) mepenbagae omnmc me-
PEBIpPKH OJIHOTO €JIEMEHTa JIEKiTbKOMa iHIIMMH arapar-
HO abo 3a JOMOMOTOI TporpamHux mpoieayp [21]. V
cUcTeMax, L0 ONMUCYIOTHCS TaKMMHU MOJEISIMH, N erne-
MEHTaM CTaBHUTBCSI Yy BiJNOBiIHICTE MHOXHHa Fg no-

MYCTHMHUX [IOOIMHOKUX HECIIPaBHOCTEH
fi 1Fg =(fy, ..., f), Wit sikux 3amaeTbest MHOKHHA J
TECTIB hj, i=L..,pJ= {hl, hp}. IIpu poMy me-

penbadaeThes, M0 KOXKEH TECT € MOBHHM IS OJIHIET
HECIPaBHOCTI 3 MHOXXHHHU F( .

I mapemri K — mozens (Makam-Avizienis) Bumi-
Jsie Taki BHOM HecmnpaBHocTed [22]: A:al,...,a‘ N

MHOKMHAa aTOMapHUX HCCHpaBHOCTGﬁ; M = My, ..y m‘M‘—

MHOXXMHa MaKpOHECIIPaBHOCTEH;

P=pp P —
MHOYKHHA TPYIHOBUX Ie(EKTiB, e |A|, |M |, |P| — THOTYX-
HICTb MHOXXWUH A4, M, P BIAIOBigHO.

MHuoxmuHa aToMapHHX HecmpasHocTeii 4 ommcye
BiIMOBM Ha HAWHWXYOMY JIOTIYHOMY piBHI CHCTEMHU.
Bonu MOoxyTh OyTH omucaHi nepesikoM (yHKIIOHAb-
HUX €JIEMEHTIB UM MOCTifHMMH HeclpaBHOCTAMH. I 'py-
nosi nedextu MEokuHM M sBiAIOTE COGOIO (i3HuHO
a00 JOTIYHO 3aMiHHI YaCTHHM CHCTEMH, SIKi BU3HAYAIOTh
rIMONHY TOIYKY AeeKTy B cucTeMi. MakpoHecnpas-
HOCTI € HACJIiJJKOM BHHHUKHEHHS IJMHOXXHHHU aTomap-
HUX HECIIPABHOCTEH 3 MHOKHHM HecnpaBHocTeil A .

Mix MHOXHMHaMHM HECIPaBHOCTEH ICHYIOTH IEBHI
BigHOWIeHHs1. 30Kkpema, BBeleHa QyHKuis fy, 3 A B P

1 BiftoOpaKeHHs 3B°513KY Fam MK A 1 M, a TaKOX Iy
Mix M i P. OyHKIis fap 13 A B P, 1o mo3Ha4yaeTs-
o1 faptA—> P, npusHauae KOXHIH aTOMapHiil He-

CIIPAaBHOCTI OOWH 1 TUIBKM OXWH TPYHOBUH Ie(eKT.
BBakaeTncs, o TpynoBuit neeKT BUHUK, SKIIO € aTo-
MapHa HECTIPaBHICTb, TOOTO Va; € A ,

Jpj eP: fap(ai): Pj-

BinoOpaxeHHS Iy, OMHCYE 3B’S30K MK €JIEMEH-

TaMu MHOXXHHU 4 1 M , mpu sKii MakpoHeCHpaBHICTh
M BHHMKAE WIOpasy, SIK TUIBKH 3°SIBISIETBCS aTOMapHa

HECHpaBHICTh 8. Y 0ararbOX BHIIAJKax BiJ0OpayKeHHS

lam BHAeTbes mpexactaBuTu  Qynkmiero fun, . 3B’A30K

MDK elleMeHTaMid MHOKHHA M 1 P momsrae B Tomy, mo
SKIO M — ACHEKT 3 TPYNOBOro Ae(eKty, TO NpHHANMHI

OJTVH 3 IeeKTiB € HACITIJKOM MaKpOHECIIPaBHOCTI.
Enementn MHOXMH A, M, P € IOOIMHOKHMMH
HECTIPaBHOCTSIMH cHCTeMH. (s 3aBmaHHS HaOOpiB He-
CIPABHOCTEHN ISl KOKHOI 3 IIMX MHOKMH BU3HAYalOTh
MHOXuHA A, M', P’ NmiIMHOXUH BCiX €IEMEHTIB
BimmoBigHo 3 4 , M , P, t00T0. M'c C(M) ;

A'cC(A4); PPcC(P). Ous muoxun A, M', P’
BU3HAYa0Th QYHKLIT fap 1 fay TaKuM YMHOM:
fap 1A' —>C(P), fay :A'—>C(M), VA € A",
fap(A) =Pl = {pk|pk = fap(ai). & € A'};
fam (A) =M1 = {mk|akrammka aj € A }
JIIarHOCTYBaHHsI B CHCTEMI IPOBOJIUTHCS 32 AOTIOMOTOFO

aToMapHUX TecTiB U; MHOXuH U :{ul, - U\U\} 1 mMa-
KpOTECTIB hj MHOXHUH T = ihl, ey hj,..., hm}, a TaKOX
BXIHUX IOCIIJOBHOCTEM MHOXHUH J = iJl, J‘ J‘? .

ATOMapHUH TeCT NONArae B CIOCTEPEKEHHI OJHOTO
BHXOJy B MOMEHT Yacy MU MMOJAa4i Ha BXiJ CXEMH BXi-
JIHOT TOCTITOBHOCTI. MakpoTeCT sABJIsiE COOOK MHOXH-
Hy aTOMapHHX TecTiB. TaKMM YMHOM, NOPiBHIOKOYH MO-
nelni Mk co0oro, MOKHa Big3HayuTH, mo P -1 B - mo-
JIeli OPIEHTOBAHI MEPEBaYKHO Ha JIarHOCTYBAaHHS 3 BU-
KOPHCTAHHS Pe3yJbTaTiB B3a€MOJIIi €IeMEHTIB MiX CO-
6010. B R -1 K - Mogemnsix npu nomryky HecripaBHOCTEH
(medexTiB) OLIBIIOI MipOIO BPaxOBYEThcS (PYyHKITIOHA-
JIbHA CTPYKTypa 00’€KTa MiarHOCTYBaHHS, A1arHOCTHYHI
O3HaKH Ta MOXJIMBOCTI IIpOrpaMHux 3aco0iB. Kpim 1po-
ro, peajizauis JaHUX Mojesel B3aeMOJil Jlae MOXIH-
BICTh 3a HasSBHOCTI IarHOCTUYHOI iH(opMaIlii po Tex-
HIYHMH CTaH MIKpPONPOLECOPHOI CHCTEeMHU NpHUMaTH
CEpBICHUM MPOIIECOPOM pIlICHHSA Tpo ii pekoHpirypa-
mito, ToOTO Tepepo3momin 3amad (PyHKIIH) IUIIXOM
nepenporpamysanss [TJIIC.

Tak, Ha CHOTOAHINIHIHA JeHb 3TigHO [23] icHye aBa
ITiIX0/W /10 OpraHizanii nepeposnoiy 3aia4 y cuctemi
mpu BiMoBax MoxyiiB. [lepmmid migXiq — CTaTUYHUH,
nepeadavae, 10 BiJoMa IMiAMHOXHHA S :{SV} CTaHiB

CUCTEMH, IS SIKOT HeOOXiHO 3/IMCHIOBATH TIEPEPO3IO-
JiN 3aBaHb, 1 MOTPIOHO 3HAWTH MHOXHUHY [’ :{GV}
pO3MOMLNTIB 3aBIaHh TaKy, IO KoxkeH posmomin G, ,
SIKM{ BIJIOBIiA€E CTaHy S, , 3a/I0BOJILHSAE BUMOTaM, sIKi

BHCYBAIOTECS JI0 TMOKa3HUKIB >kuBydocTi. [Ipu 1mpomy
ontuMmaibHi posnoximun G, st BCix craHiB S, €S
3HAXOIATHCSA MPU MPOESKTYBAaHHI CHCTEMH, 1 KOKEH MO-
IyJIb TIPU TIOOYIOBi CUCTEMH 3a0e3MedyeThCsl pecypea-
MU, HCOOXIJIHUMH JJIsi BUKOHAHHS 3aBJaHb, K Yy CTaHi
Sy, Tak i B KOXHOMY CTaHi S, €S BiANMOBIAHO 10
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3Haiinennx posmoxiniB Gy. Ilpu mepexoni cucremu B
CTaH S, €S Ta BUSABJICHHI (aKTy BIiIMOBH y BCiX IIpa-

LE3/IaTHAX MOJYJISIX CUCTEMH MOYMHAETHCS BUKOHAHHS
3aBlaHb, IO BiAMOBiAIOTH po3noaity Gy.

Jpyruit miaxig, sSKAil HAa3UBA€ThCS JUHAMIUHUM,
3aCHOBAaHUI Ha TOMY, IO 3aBIaHHS 3HAXOJIKCHHS OIl-
TUMAIILHOTO po3noainy Gy A cTaHy Sy BHPIIIYETHCS
mopasy (3a JOMOMOTOK CICIiaJbHOTO BHPIIIATBHOTO
0JI0Ky, TOOTO CEpBICHOTO MPOLIECOpa) il Yac Mepexory
CHCTEMH B CTaH Sy i pe3ynbTaT ii BHpIMICHHS MOXe 3a-
JISKATH BiJ TOTIEPEHIX CTAHIB CUCTEMU. Y 3arajlbHOMY
BHUIIAJIKY, SIK DU CTATUYHOMY, TaK 1 MpU TUHAMIYHOMY
MiAX0JaX OTPHUMAHHS ONTHMAJIBFHOTO DPO3MOIUTY MOXKE
BHMAaraTH Mepepo3oIily 3aBlaHb SK MOIYJIIB, AKi Bif-
MOBIUTH, TaK 1 Mpane3JaTHAX MOJIYIIiB.

Pesromyroun cka3aHe, MOXHAa KOHCTaTyBaTH, IO
peaiizailisi TPUHIMITY B3AEMOJII IMPOIECOPIB MUITXOM
BBEJICHHS N0 CKJIaay OaraTompolecOpHOI CHCTEMH B
6azuci IIJIIC cepBicHOro mporecopa Ja€ MOXKIHBICTH
OI[IHIOBATH HE TIJIbKM TEXHIYHUN CTAH CHUCTEMHM, a Ta-
KO IPUAMATH PIIIEHHS 1100 aBTOMATUYHOTO BiHOB-
JIEHHS CUCTeMH HUIIXOM nepenporpamyBanns [1JIIC.

BucHoBku

Po3risiHyTo mpobneMy AiarHOCTYBaHHS MIKpOII-
pouiecopaux cucreM y 6asuci I[IJIIC, sixk ocHOBY moOy-
JIOBH CKJIATHUX TEXHIYHHUX CHCTEM, AKi (YHKIIOHYIOTH
B YMOBaX HECHPHUATINBOTO BIUIMBY, Y TOMY YHCIHI 1 Ki-
Oeparak. [IpoBeneHo aHaii3 iCHYIOUHX METOMIB TECTY-
BaHHS IHTETPAJIBHUX CXEM i3 IPOTPaMOBAaHOIO CTPYKTY-
Pporo, Bil3HAYEHO X mepeBaru Ta HEJOTIIKH. 3alpOoIoHO-
BaHO B SKOCTI HAIarHOCTHYHOT'O HPUCTPOIO BUKOPHUCTO-
BYBAaTH CEPBICHUI NpOLECOp SK HEBiJ €MHUIl eeMEHT
OararonporecopHoi cuctemu. Takuii mporecop J03BO-
JIUTH HE JIUIIE 30MpaTh NiarHOCTHYHY iH(popMaIliro, a i
npuiiMaTH pIlIeHHS NPO PEKOH(Irypalilo CUCTEMH 3
METOI0 OINEpPaTUBHOTO aBTOMATHYHOTO BiJHOBJICHHS ii
¢yHKIiOHYBaHHS IUIIXOM Tiepenporpamysanus [IJIIC.

3araiomM, 3ampoNOHOBAHMN MiAXiA IO AiarHOCTY-
BaHHS MikpomporecopHux cucreM y 0Oaszmci IUIIC €
MOJANbIINM PO3BUTKOM METOAY CaMOJiarHOCTHKH.
KpiM 11p0T0 SIKIIO HATUINTH CKJIAJHY TEXHIYHY CHCTEMY
BIIACTUBICTIO aJamnTamii 10 yMOB ()yHKIiIOHYBaHHS, IO
3MIHIOIOTBCS, TO TaKy CHCTEMY MOJYKHa PO3TJISAATH 5K
CHCTEMY 3 €JIEMEHTaMH LITYYHOTO IHTEJIEKTY.
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MuKkponpoueccopHbie CHCTEMbI HAa IPOrPAMMHUPOBAHHBIX JIOTHYECKUX HHTErPAJBHBIX CXeMaX KAK 00beKT IHATHOCTHKH
C. C. lItanenko, 0. 5. Camoxsanos, A. FO. Moxos, B. I'. Matox

AnHoTtanus. [IpeameroM nccienoBaHys B CTaThe SBISIOTCS METOBI TECTUPOBAHUS IIU(POBBIX YCTPONCTB, peai3yeMbIX Ha
MPOrpaMMHpPYyEMBIX JIOTHIecKuX nHTerpaabHbeIX cxemax (IVIVIC). Henasio paGoThI sBisieTcss 000CHOBaHHUE IOIX0/1a K IMarHOCTHPOBa-
HUIO MUKpoInponeccopHbIx cucteM B 6asuce IUIMC, koTopslil sBsercs AabHEHIIIM pa3BUTHEM METO/Ia CAMOIMArHOCTUKU. B cTaThe
pemaioTcs ceyIonIne 3aAadn: MPOBEICH aHAIU3 CYIIECTBYIOIIMX METO/IOB TECTUPOBAHUS IU(POBBIX YCTPOICTB, PaCKPBITHI UX
TIPENMYIIECTBA ¥ HEOCTATKH; MPOAHAIM3HPOBAHBI CYIIECTBYIONIHE MOAXOABI K ANATHOCTUPOBAHMIO MHKPOIPOIECCOPHBIX CHCTEM,
OCHOBY KOTOPBIX COCTABIIIIOT MHTETPAJbHBIC CXEMBI C IIPOrPaMMUPYEMOH CTPYKTYpOIf; MpeIokKeH MOAXOA K JUarHOCTHPOBAHUIO
MHKPOIIPOLIecCOPHBIX cucTeM B Oasrce [IJIMIC, B 0CHOBY KOTOPOTO TTOJOMKEH TPHUHIIUIT B3aHMOJICHCTBHS MPOIIECCOPOB MEKIY COOOM
IyTeM BBOJIa B MHOTOIPOLIECCOPHYIO CUCTEMY CEepBHUCHOTO mporieccopa. IloryueHs! clieayomue pe3yabTaThbl: J0Ka3aHO, YTO PealtH-
3alus TpeIaraeMbIX Mojieleil B3anMOISHCTBHS MPOLIECCOPOB MEXIy COOOH B MHOTOIPOIIECCOPHOM CHCTEME HAJIeNUT CEPBHCHBIM
TMPOLIECCOpP AUArHOCTUYECKON HH(pOpMAIeH O TEXHUYECKOM COCTOSIHMH cUCTeMBL. OTMEUeHO, YTO HAJIMYUe JUarHOCTHIeCKoH HHGOp-
Malll{ O TEXHUYECKOM COCTOSTHUM MUKPOIPOLIECCOPHOI CHCTEMBI SIBIETCSI OCHOBAaHUEM JUIS IPUHATUS PEILCHNUS Ha BOCCTAaHOBJICHUE
cucteMbl ImyTeM nepenporpammvuposanust [IJIVIC. BeiBoabl: paccMoTpeHa mpodneMa JUarHOCTUPOBAaHMS MHKPOIPOLIECCOPHBIX CH-
crem B 6azuce [IJIMC. IIpoBeneH aHaIM3 CyHIECTBYIOIIMX METOIOB TECTUPOBAHHS MHTETPATBHBIX CXEM C IIPOTPaMMHUPYEMOI CTPYKTY-
o, OTMEUEHBI X PEeMMYIIeCTBa U HefocTaTku. [IpeoskeHo B KauecTBe IMarHOCTHYECKOTO YCTPONCTBA UCTIONB30BaTh BCTPOSHHBIN
CEPBUCHBII TPOIIECCOpP, OCHOBHOHM (DyHKIMEH KOTOPOTO SBISIETCS cOOp IHArHOCTUYECKON MH(OPMALMK M NMPHHATHE PELICHUS O pe-
KOH(UTIyparnmy MHKPOIPOLIECCOPHON CHCTEMBI C LIENBIO OTIEPATUBHOTO ABTOMATHIECKOTO BOCCTAHOBIIECHNMS €€ (hyHKIIMOHUPOBAHHSL.

KnoueBble cJ0Ba: MHKPONPOLECCOPHAs CHCTEMa; MIPOrpaMMHpyeMasi JIOTHYecKasi HHTerpajibHasi cXeMa,; JHarHOCTH-
Ka IIU(POBBIX YCTPOKHCTB.

Microprocessor systems based on programmable logic devices as an object of diagnostics
Serhii Shtanenko, Yurii Samokhvalov, Oleksander lokhov, Victor Maliuk

Abstract. The subject of research in the article is the methods of testing digital devices implemented on programmable
logic devices (PLDs). The aim of the research is to substantiate the approach to diagnosing microprocessor systems based on
PLD, which is a further development of the self-diagnostics method. The following tasks are solved in the article: the analysis
of existing methods for testing digital devices is conducted, their advantages and disadvantages are disclosed; analyzed the exist-
ing approaches to the diagnosis of microprocessor systems, which are based on integrated circuits with a programmable structure;
an approach to diagnosing microprocessor systems based on PLDs is proposed, which is based on the principle of interaction
between processors by introducing a service processor into a multiprocessor system. The following results have been obtained:
it has been proved that the implementation of the proposed models of interaction between processors in a multiprocessor system
will provide the service processor with diagnostic information about the technical state of the system. It is noted that the availa-
bility of diagnostic information about the technical condition of the microprocessor system is the basis for making a decision to
restore the system by reprogramming the PLD. Conclusions: the problem of diagnosing microprocessor systems in the PLD
basis is considered. The analysis of existing methods for testing integrated circuits with a programmable structure has been con-
ducted, their advantages and disadvantages have been noted. It is proposed to use the built-in service processor as a diagnostic
device, the main function of which is to collect diagnostic information and make a decision on the reconfiguration of the micro-
processor system in order to quickly restore its functioning automatically.

Keywords: microprocessor system; programmable logic devices; diagnostics of digital devices.
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THTEJEKTYAJIbHUM METO/] BU3BHAUEHHSI CITY®IHI'Y BILTA

AHoTanisi. Y po0oTi npeacTaBiIeHnit iHTEIeKTyalIbHUE MeTo/] BusiBieHHs ciydinry BIIJIA. BinminHoio ocobmuBicTio
METOJy € BUKOPHCTAHHS TEXHOJIOTII PO3paxyHKy CyOTpaeKkTopii Ha OCHOBI CyOTpaekTopiil BidyanbsHOI omometpii Ta GPS-
TIOJIO’KeHb Y KOB3aI0YOMY BiKHI 3 ypaxyBaHHSIM iHTEIEKTYyaJIbHOI OI[IHKH ONITHYHOTO IIOTOKY Ta ()OPMYBaHHS JIECKPUIITOPIB
«Ero-nepemimenus» BITJIA. Y xoxi mociipKeHHS IPOBEICHO aHAi3 Ta TOPIBHSIIBHI JOCIIPKEHHS IIMPOKOTO CIIEKTPY Me-
toniB ciydinry BIIJIA, BusiBieHo HaiidacTille peKOMEH/IOBaHi Ta MPAaKTHYHO BUKOPUCTOBYBaHI METOAM. 3pOOJICHO BUCHO-
BOK Ipo akTyanbHicTh nmpobnematuku GPS crydinry. IIposeneno ananiz meronis 3axucty Bix GPS cnydinry BITIA. Bu-
SIBJICHO TEPCIIEKTHBHI HANPSIMKH 1HTENEKTyalbHOTO BUsiBIeHHS ciyinry BIIJIA 3 BUKOpUCTaHHAM METOIB Ta 3ac00iB Bi-
3yaibHOI 0JoMeTpil. Y X0l AOCHiKeHHs MEeTOMiB (ikcamii BXIAHUX JaHUX 3aIPOIMIOHOBAHO MiAXiJ OL[IHKHA ONTHYHOTO MO-
TOKY 3 BUKOPHCTaHHSIM KOB3HOTO0 BikHA. [Ipn IIbOMy apryMeHTOBaHO IOBEIEHO HEOOXIAHICTh IHTENEKTyanbHOT 00pOOKH BXi-
JTHAX AaHuX. ONiHKY OINTHYHOTO HOTOKY Ta ()OPMYBaHHS JECKPUIITOPIB MPOBOMIACS 3 BUKOPUCTAHHSIM PEKyPEHTHHUX 3T0-
PTKOBHX HEHpPOHHHX Mepek. B pesynbraTi po3pobieHo CTpyKTypHY cxeMy MeTony BusiBieHHs ciy¢inry BITUIA. Ile nano
3MOT'y IIPOBECTH JOCIIIJDKEHHS po3pobIeHoro Metory. Pesynbsratn ekcriepuMeHTy Uil IBOX CHEHapiiB ciryBiHTy MOKa3aiu
e(EeKTHBHICTh OLIIHKH MOJIOKEHb HE MEHIIIE ABOX 3 TPHOX MOKA3HUKIB B YMOBaX BUKOPHCTaHHS KOB3alOYHX BIKOH PO3MIPOM

Bix 15 i BHIIE, 3 TOMMHHOIO 3aTPUMKOIO, III0 CTAHOBUTH MOJIOBUHY PO3MIpYy BiKHA.

Kawuosi caoBa: cnydinr; BITJIA; koB3atde BiKHO; ONTHYHHUN TOTIK; IECKPIIITOP.

IHocTanoBka mpo0aemMn

VY cydacHHUX yMOBax BUKOPHCTaHHS O€3MMiJIOTHUX
nmitanpaux armapatiB (BITJIA) B 611bIIOCTI BUTIAAKIB iXHE
YIPAaBIIiHHS BUKOHY€ETHCS 3 BHKOPHCTAHHSIM IJIO0ABHHUX
HaBiranifanx cymytHuKoBHX cucteM (GNSS), a Takox 3
BUKOPHCTAHHIM TJI00aJTbHOI CHCTEMH IMO3HI[IOHYBaHHSA
(GPS). Onnak, B yMOBax 30H ITiIBUIIIEHOTO PH3UKY, BH-
KOPHCTaHHI CUCTEMH HaBiramii miJaloThCs PSAIy PU3M-
kiB. Hanpuknan, 3 nesikux mpxepen [1, 2] Bizomo, mo GPS
CXWJIbHA [0 PU3UKYy HABMHCHUX I HCHABMHCHHUX aTak i
neperikoj. Cepell HABMUCHUX aTak MOXHA BiJ3HAYUTH
TIYIIHHAS 1 pi3HOMAHITHI miaMiHu. OCKIUIBKH IiIMIHH
BUKOHYIOTBCS, SIK IPABHJIO, HETIOMITHO, & TAKOK BUKIIU-
KalOTh HAWOUIBII BTPAaTH caMe BOHHU € HAHOLIBII cepifo-
3HOIO 3arpo3oro. [IpoBeneHuil anani3 yacTimmx BHUIIA-
KiB kibepatak Ha BIIJIA mo3BONMB 3pOOMTH BHCHOBOK
PO MiABHUINCHHA YHCIA 3JIOBMHCHUX MiIMIH IIIIXOM
ciydiary GPS. [op'13an0 11e 3 TUM, IO 33 JOITOMOTOIO
cnydiary GPS moxna ycmimmuo mnepexomutu BITTA,
3MIHHMBIIHM TPAEKTOPIIO MOJBOTY 1 MyHKT HPHU3HAYCHHS
0e3 crioBileHHs kopuctyBauiB BITJIA.

Psin pe3ynbTaTiB JOCIHIIKEHb 1MOKA3aB YCHILIHICTb
npoBenieHHs oioHMX atak Ha BITJIA. Tak, Hanpukmian,
y po6orti [3] npeacrarieHi pe3yIbTaTH SKCIICPHUMEHTY 3
ycmimHoro cmydinry GPS, 3miHamMu po3ramryBaHHS
BIUIA i npu'szku 1o vacy. B [4] aprymeHTOBaHO OIU-
CaHi MOJIMBI YMOBH YCIHIIITHOTO CITy(DiHTY Ta MPaKTHIHI
pexomenpanii. B [5] omucani pe3ynbTaTé MpakTHYHOTO
excriepumenty nepexomieHHs BITJIA Tta ioro mpose-
IICHHS y 3a3HA4YeHy TOYKy. Y [6] mpeacraBiieHi pe3yiib-
TaTd JIOCHIDKEHHS METOAY TPUXOBAHOTO CIy(iHTYy
BITJIA, 1o 3abe3nevyoTh apryMEHTOBaHE TEOPETHUHE
0oOTpyHTYBaHHS 331124 CITy(DiHTY B IHTETPOBaHUX CEPEIO-
Buiax riobansHol cuctemu GPS-mo3unioHyBaHHsS Ta
iHepiiitHoi Hairariitnoi cucremu INS. Crig 3a3HaunTH,
0 HaBeJIeH] NMPHKJIAIH € JIMIIEe HE3HAYHOI0 YaCTHHOIO

JTOKa3iB 3pOoCTaHHA MOMYJSIPHOCTI aTak ciy¢inry BITIA,
a TaKoXkK aKTMBHOTO BHKOPHCTAHHSA KibepaTak ciygiHry
GPS BILJIA.

[IpoBeneHi mocimimpkeHHS MO3BONMIN KiIacH(iKy-
BaTH OCHOBHI TexHouorii crry¢inry GPS BIIJIA Ta Buzi-
JIUTH 3 HUX OCHOBHI MeTOnu: imitaTtopu curHamiB GPS,
cnygepy Ha OCHOBI NPOCTHX MPHUHMAYIB, a TAaKOXK CIIy-
(depu Ha OCHOBI CKJIQJIHUX MPUAMAUIB.

Jlo nepiuoi kaTeropii MoXHa BiIHECTH BHIH iMiTa-
topiB GPS curnany, 06'eqnani intepdeiicom pizHoi yac-
toru. Lleit Bux crydinry mae 3mory iMiTyBaTu CIpaBik-
Hilt curHan GPS. CHHXpOHI3aIlis TOMIUTKOBIUX CHUTHAIIB
i3 pealbHUMH Yy IIbOMY MeTOJi He moTpiOHa. Ileit MeToxn
cnydiHry He cKkiIamHuUil y peamizamii. [IpoTe Taki aTaku
BUSIBIISIOTBCS INTaTHAMHU 3acobaMu 3axucty. pyruii
BUA cryQiHry ckinagHimmid. Bumarae, mo6 GPS-npuii-
Mad OyB TOB'si3aHUI 3 mepexaBadeM migpoOku. Lle mo-
3BOJISIE BUSIBUTH NIOKA3HUKK PO3TAllyBaHHs, 4acy Ta KO-
OpAMHAT CYNYyTHUKIB Ta CHHXPOHI3ye MiIpoOneHi cur-
Hanu GPS i3 peansHumu. Leit Buz criyinry nopiBHsIHO
3 nepuM (imitatopom curnany GPS) BusiButH cknan-
Himme. Tpets kareropis nepexbadae, IO MOJOKEHHS Ta
MIBUIKICT (pa30BOr0 LEHTPY NPHHAMAIBHOI aHTCHH
BITJTA-xepTBu TO4HO BimoMmi. | came 1ieid Tun ciyginry
HalfHeOe3NeyHI MUK 3 TOTIIAAY HOro BUSBICHHS. J{71s BU-
SIBJICHHS IbOTO BULy KiOEep3JI0UMHIB HEOOXiIHO MpoBe-
JICHHS JIOJJATKOBHX JOCIIKEHb Ta YIOCKOHAJICHHS Me-
toniB 3axucty BIUJIA Bix ciydinry GSM.

AwnaJji3 jgireparypu [7-13] mokasas, 10 B JaHUi
yac METOIH 3axucTy Bix cmydinry GSM mosxHa po3mi-
JIUTH Ha METOIM aBTOHOMHOTO TIpriiMada riao0aibHOiI Cy-
MyTHUKOBOT HairaniiiHoi cucremu (GRS) i metonu ri6-
puaHOTO TpUiiMada rosunionysanus (HPR).

V merogax GRS oTpumaHmii cHTHAIT 00pOOIISETHCS
JUIsL BU3HAUSHHS CIIPaBXHOCTI (aBTeHTHYHOCTI). Lli MeTom
3aCHOBaHi Ha MPOCTOPOBIii [ 7] Ta yacogiit [8] 06po6i, aHa-
JI31 pO3MOALTY BUXITHUX CHTHAJIB KopesiTopa [9], 3axucti
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Bit BropuHHuX curHaiiB [10] ta aBTOHOMHOMY KOHTpOJI
uimicHocTi [11]. OiHKM 13 OCHOBHHX HENIOJIKIB IIepepaxo-
BaHUX METOJIB € BeJIMKa HMOBIPHICTb IOMUJIKH PE3YJIbTY-
I0YOTO DIIlIEHHs Y BUIAJIKaX BHKOPUCTAaHHS 3JI0BMHCHH-
KaMH Cy4acHHMX METOJIiB 00poOKH Ta 00(ycKallii CUTHAJIIB,
a TaKOK BUKOPHUCTAHHS CyJacHIMOro o0iatHaHHA. Y MeTo-
nmax HPR s BusineHHs 1 3anobiranss ciydiary GPS Bu-
KOPHCTOBYIOTHCSI IOTIOMIXKHI JTaHi TIPO MiCIIe3HAXOHKSHHS
BITJIA Bix moaTKOBUX CHCTEM i CITyk0, TAKUX sIK iHepIIia-
nbHa Hapiraitiiina cucrema (INS) [11], cucrema CTiIbHHKO-
Boro 3B's13ky abo Wi-Fi [11], a Takox cucteM MO3MILOHY-
BAaHHS Ha OCHOBI BizyanbHOI ogomerpii [12].

HesBaxkarouu Ha epCIeKTUBHICT MEPETiYeHUX ITiJI-
XOJ1iB Ta METOJIIB 3aXUCTY, HEJONIKHU MOB'sI3aHI 3 HEOOXi]I-
HICTIO MOCTIHHOTO KaiOpyBaHHsI B iHEPILIIHHNX HaBirarii-
HUX CHCTeMaX, CKJIAJHICTIO OI[IHKU MiApoOiaeHuXx (peii-
MiB Ha o0'eqnanux Buxomax GPS/INS, a Takox MOiu-
BOIO BIJICYTHICTIO 3aC001B CTLILHUKOBOTO 3B'513Ky Ta Wi-Fi
y BimgaieHnx abo BaKKOIOCTYITHHX MICISIX iCTOTHO 3HH-
JKYIOTh TOYHICTh OINIHKH CHUTYyalii IpU BHUABJICHHI CITy-
¢iary. Kpim Toro, 3a3Ha4eHi JOOMIKHI CHCTEMH ITO3HIIi-
OHYBaHHS CHHXPOHI3YIOTBCS 32 4aCOM 3 BUKOPUCTaHHIM
GPS, 110 Takox moTpedye pe3epByBaHHS JaHHUX PO Jac.

OKpeMo cITiJT 3a3HAYUTH METOTH, SIKi BAKOPHCTOBY-
I0Th y KOMITJICKC1 TOAAaTKOBI JaHi B/ 3ac00iB y cHCTEMax
MO3WI[IOHYBaHHS Ha OCHOBI Bi3yallbHOI OJIOMETpii Ta 3a-
co0iB Bi3yanbHOI kaprorpadii. ¥ poooti [13] geransho
OTMCaHI MOMJIMBOCTI BUKOPHCTaHHS NaHOTO IiIXOAY
IIPY OTPHMAaHHI JIaHMX BiJ BUMIpIOBaJIbHUX OJIOKIB, BU-
coroMipa i paznapa npu Hasiranii BIIJIA. Boxnouac Bu-
COKi BUMOTH JI0 00UHMCITIOBAJILHOT TOTYKHOCTI Ta BapTO-
CTi1 3HAYHOIO MIpOIO 3BYXKYIOTH 00JIACTh BUKOPHUCTAHHS
3a3HAYEHOTO MiIX0/1y Ha MPaKTHIII.

VY Tol ke yac, TEeXHiYHi 3aCO0H Bi3yalbHOI OJJOMe-
Tpil BUKOPHUCTOBYIOTBCA SIK TOTIOMDKHI B MIPOIIECi 3aXH-
cry Bin cryginry. Ixns po6oTa He 3aNeXUTh BiJ cUrHa-
niB GPS Ta inmmx pagiogacToTHHX nepemko. Leit ¢pakr
MATBEPIKYEThCA aBTOpaMu pobotu [12], B sikiit 3ampo-
MTOHOBAHO METOIUKY aHaJi3y MiCIe3HaXO/HKECHHS IPH
BusBJIeHHI cry¢inry BITJIA.

BpaxoByoun mnpejicTaBieHi pe3yibTaTH aHali3y,
JIOLIBHO BIOCKOHAJIHMTH METOAU TiOpUIHOTO npuiiMaya
nosunionyBanHs (HPR) Ha ocHOBI apryMeHTOBaHOTO BHU-
0opy BXIHUX JJTaHUX Bi3yaJbHOI OJIOMETPIi, @ TAKOXK PoO-
3BUTKY METOZIB IX 00p0oOKH. 30KpeMa IPOIIOHYEThCS BU-
KOPHCTOBYBATH JaHi MOAO BiTHOCHOI Tpaektopii BITJIA
IUTSA TIOPIBHSIHHSA 3 a0CONIOTHOIO TPAEKTOPI€I0, SIKY MO-
JKHa KOHTpOITIOBaTH 3a gonomororo GPS. ¥V 3amponoHo-
BaHOMY METO/Ii BiICYTHS 3aJIeKHICTH BiJl HU3KH 3ac00iB
OTPUMAHHS BXiTHUX JaHUX (HANIPUKIA, iIHSPUiHHUHA BU-
MIpIOBaJIBHUN OJIOK, pajap, BACOTOMIp Ta iHIII), IO
crpolrye mnpoiec 30upanas Ta 00poOku gaHux. Takox
HE PO3IJIAAI0OTHCS BXimHI AaHi udpoBOl MOAETI pelib-
edy, CymyTHUKOBOTO 300paKE€HHS Ta iHIIE, 10 3HUKYE
004HCITIOBAIbHE HABAHTAXKEHHS y CUCTEMI.

1. Busisienns cnyginry GSM
3 ypaxyBaHHSIM MeTO/iB BizyajabHOI onoMeTpii
IIpn ¢opmanizamii MeTomy BHSBICHHS CIy(iHTY
BITJTA, 1m0 po3po0iIseThesi, BXKIMBUMU € OOMEKEHHS Ha
JIaHi, BiIOMi KiOEpP3JIOYHHINO, 1 BUKOPHCTOBYFOTHCS HHM
JUISl BUKOHAHHS JIECTPYKTHBHHX Hid. Y pasi 3aminn GSM

cryep BOJIOZIIE JAHMMM PO MHTTEBE MICLE PO3Tallly-
BaHHs 00'€KTa aTakW, 3a3JaJeriib 3aJaHOi TPAEKTOpIii Ta
nyHkT npusHadenns BILJIA. Kpim toro, criydep Moxe re-
HEepyBaTH 1 TpaHCIIOBATH MiapooOneHi curHamu GPS, Tak,
110 TpaekTopis noikoTy BITJIA, 110 MoeroeThes 3 mipo-
OJMeHNX MaHuX Tpo Micre3HaxomkeHHss GPS, 30iraeTscs i3
3a37aJIeTi/Ib 32IaHOI0 TPAEKTOPi€r0. B pe3ymbTari, ko mo-
3u1Iii, oTprMaHi 3 minpoonennx curHaiie GPS, mokazyrors
3a37aNeriip 3alaHy TPAEKTOPIito pyxy, atakoBanmid BITJIA
CITi/Ty€ HIIIOI0, XMOHOK0, TPAEKTOPIEL0, 1 IPSIMYE IO TIOMHIT-
KOBOTO IYHKTY TpH3HAYCHHA. TakuM YMHOM, (haKTHIHA
Tpaektopis pyxy BIIJIA, 1110 MPOTOTUITYETHCS HA OCHOBI
OTPUMAaHKX JAHUX Bi3yaJbHOI OIOMETpIl, HE 30iraeThes i3
3a3/1aJIeTi/Ib BU3HAYCHOIO TPAEKTOPIELO.

HasBemo Hajaini hakTHYHY TPAEKTOPIIO, KOO Iie-
peHanpasisieTbest atakoBanuii BIIJIA icTuHHOIO Tpaek-
Topieto arakoBanoro BITJTA.

[TporonoBanmii  MeTox  BWSABIEHHS cryiHry
BITJTIA 3 BUKOpUCTAHHIM TEXHOJOTIH Bi3yallbHOI OZjOMe-
Tpii 3aCHOBaHMH HAa MOJJIMBOCTSIX OTPUMAaHHS JaHHUX 3a
JIOTIOMOTOI0 IITaTHUX OJOMETPHYHMX 3ac0o0iB (KaMepH
BIUJTA, macWBHUX AAaTYHKIB Ta iH.). Y OLIBIIOCTI Mpak-
TUYHUX BHIAJKIB 1Ie 300paKeHHS, SKi BKIOYAIOTH JI0
cBOrO Cckiany reorerd koopauunat GPS. V pasi migminu
GPS ¢anpmmBi GPS-koopanHaTH BHKOPHUCTOBYIOTHCS
Juta reoteryBaHHs 300paxenb BIIJIA. Takox oxmHiero 3
MOXITHBOCTEH 3aIIPOIIOHOBAHOTO METOJLY € yIOCKOHAe-
HUHW TiIXiI MOPIBHSIHHS JABOX TPAEKTOPIH MONBOTY, SIKi
OIHOYAacHO BU3HauaroThes A pyxy BILUIA 3a nomomo-
TOI0 JIBOX pI3HHMX cIIOCOOIB IMo3WIlioHyBaHHs. [lepmra
TpaexTopisi ¢popmyerscst Ha ocHoBi GPS-koopamnar,
Jpyra IPOTOTHITYE€TbCS Ha OCHOBI 300paxkeHb BIIJIA,
OTpPHMMaHHUX 32 JIOIOMOT'0I0 Bi3yaJIbHOT 00METpii.

[TponeMoHCTpy€eMO TOJaHe 3aBIAHHS y BHUIIIAL
puc. 1. IIpumyctumo, ninii ABC puc. 1 ue Hanepen Bu-
3HaveHi TpaekTopii pyxy BIUJIA, Touka 4 — Touka moya-
TKy BUKOHAHHS MOJBOTHOTO 3aBJaHHs, a Touka C — To-
YyKa MpU3HadeHHS. TakoXX MPHUIYCTHMO, IO B MOMEHT
nocsraeHHS BITJIA Touku B, KiGep3IOYHHIII TPOBOISATH
ataky cruygiary GPS. Braciimok nsoro BITJTA Bigkma-
HS€ETBCA BiJl 33J]aHOT TpaeKTOpil Ta BXOAUTS Y JiHio BC’
3amicth niHiT BC. Sk yxke 3ragyBanocs, MpU BUKOPHC-
TaHHI METOTy CIy(hiHTY Ha OCHOBI CKJIAIHUX MPUIMAYiB,
migpo6iieHi GPS monoxeHHsT MPOJOBXKYIOTh BKa3yBaTH
Ha Te, mo BIUIA crinye 3amaniii Tpaektopii (minii BC).
ITpote, HacmpaBai, COPaBXHS TPAEKTOPIS aTAKOBAHOTO
BIUIA Bigmoginae ninii BC’. Omxe, Ha puc. 1 minis ABC
€ CIIPaBXHBOIO TpaekTopiero atakoBanoro BITJIA.

[TopiBHSHHS INX TPAEKTOPiH BUKOPUCTOBYIOTD JIJIS
BUSBJICHHS Ty iHTy. OHAK IIe TOPIiBHAHHS HE BiAIOBI-
Jla€ Ha MUTaHHS NPO Yac Ta MiCIe NMPOBEICHHS aTakH
cnydinry. 1o6 ycyHyTH meli HEIOJiK 3aMiCTh IMOpIB-
HSHHS MOBHOI icTUHHOI TpaekTopii BIIJIA 3 peansHOIO,
MPOTIOHY€THhCSI BAKOPUCTOBYBATH 31CTaBJICHHS HA OCHOBI
KOB3aro4oro BikHa. Lle 103BONMTH JIOKaTi3yBaTH Miclie
MOPIBHAHHA TPAEKTOPill y MeXax OJHOTO BiKHA i 3HAXO-
JIUTH BIAXWJICHHS B 33JlaHUX Mexax. [ 1boro BiKHO
B3JI0BX TpaekTopii pyxy BIIJIA 3cyBaerbcs Bix mo3umii
0 mo3umii i B KOXHIH mo3umii BigOyBaeThcst BinOip
R-300pakens 3 reoreramu (R — po3Mip BikHa).

Ha puc. 1 xoB3aroui BikHa 300paskeHi y BUTIISI YO-
TUPUKYTHHKIB, 110 (DiKCYIOTh HANpPSIM TPAEKTOPIi.
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Puc. 1. [Ipuknazn 3aganux Tpaexropiit pyxy BILIA
3 xubHOI0 Tpaekropiero (Fig. 1. Example of given
UAV trajectories with the wrong trajectory)

VY KOXHOMY BiKHI MOKHa BHUAUIMTH JBi CyOTpaek-
topii BITJIA. Tlepma — BuiydeHa 3 no3uuii GPS, npyra —
13 300pakeHb, OTPUMAHUX 32 JJOMIOMOTOFO 3aCc00iB Bi3ya-
JIBHOT oJtoMeTpii. Y pasi BiCyTHOCTI ciy(iHTy Iii cy0-
TpaekTopii cmiBnagaTUMyTh. LIIIsSXOM MOPIBHSAHHS IUX
cyOTpaexTOpii MOXXHAa BH3HAYMTH 9ac Ta MICIE CIy-
¢iary BIUIA. Ii cyOTpaekTopii MOXHa IMOPIiBHATH Oe3-
MocepeTHhO, BHKOPHCTOBYIOYH METPHUYHY BiJICTaHb, a00
OTIOCEPEAKOBaHO, BUKOPUCTOBYIOUH JECKPUIITOP TPAEK-
TOpIi, SIKAI OTIHCY€ TPAEKTOPII0 BEKTOPOM O3HAK, IO Bi-
nmobpaxkae pi3HI XapaKTEepPUCTHKH TPAEKTOPII.

1.1. Po3paxyHOok TpPae€eKTOpii 3 BUKOPUCTAHHAM
AaHMX BizyaabHoi opomertpii. TpaekTopis o0'ekta 110
pyxaetbest T, siBisie COOOO TOCIIIOBHICT YHOPSIKOBA-
HHUX Hap (ti R )

T :{(tl’ Pl)"'(tm Pn)}v 1)
ne B — BexTop HONOXKEHHS TOYKH B MOMEHT 4acy; N —

KIIBKICTD TTO3uMii B 7 un noBxuHa 7.
V i-my nonoxenni BIUIA ta B Mexax W; Kos3ato-

goro BikHa BITJIA MoxyTh OyTH MpU3HAUEH] BI TPAEKTO-
pii 3aBroBkkH R (R — po3mip BikHa). Lle BikHO Iepemilia-
€ThCS B3JIOBXK TpaekTopii pyxy BIUIA, i B koxHii i-if mmo-
sunii BITJIA OyayTs o0pani R 300paxeHs 3 reoTeramu 4u-
cna 300pakenn Bix i—(R-1)/2 no i+(R-1)/2. Beepe-
muai W, meprma cyOTpaekTopis Buiydaetsest 3 GPS-momo-
KeHb BiL GPS;_(r_1y/ 10 GPSj,(r_1)/2 , AKi BUKOPHCTO-

BYIOTBCS IIPH Te0TeryBaHHi 300pakeHb briJIA:
GPST, ={(tj,GPSj)...(tj+k_l, Gst+k_1)};
j=i-(k-1)/2.

IMosnaunmo Ttpaexropito sk GPST;. Kpim Toro,

O]

Jpyra cyOTpaexTopis po3paxoBY€ThCs HA OCHOBI IaHUX,
OTpHMMaHUX 13 3aC00iB Bi3yaJIbHOI 0IOMETpil, 30KpemMa 3
BUKOPHUCTAHHSIM IOJOXKEHHA KaMepu Bl CAM i—(R-1)/2

10 CANM,(r—1)/2 - B Mexax koB3atouoro BikHa:
CAMT; = {(tj ,CAM)...(tjsk-1, CAM ,-+k_1)};

j=i-(k-1)/2,

ne CAMT; — tpaekTopis kamepu.

®)

Cruin 3a3HayuMTH, o QopMmaiizauis TpaekTopil
GPST; y x0:)XHOMY KOB3aI04OMY BiKHi € HE CKJIa{HIM Te-

XHIYHAM 3aBJaHHSIM, SIKE BUKOHYETHCS 3 BUKOPHCTAH-
HSM IITATHUX 3aC00IB MOIEIIOBAHHS.
Ognak pospaxyHok Tpaektopii CAMT; 3 Bukopuc-

TaHHSIM JaHUX Bi3yalbHOI 0JJOMeTpii moTpedye BUKOPH-
CTaHHS JOJATKOBHX 3HaHb. Bi3yaipHa omoMeTpis Iie
npouec 300py Ta OLIHKH JJaHUX IPO TPUBUMIPHY 3MiHY
MIOJIOKEHHS 00'€KTa B MPOCTOPI 3 BUKOPUCTAHHSM HE00-
xigHOTO 00OMaHAHHS (KaMep, JaTYHKIB Ta iH.).

Tak camo Citij] 3ayBaXKHTH, 110 Y BUMAJIKY Bi3yallb-
HOT 0JTOMETpIii Bi/THOCHE MOJIOKECHHS KaMEPH MOYHA OITi-
HUTH a00 3a JOTOMOIOI0 XapaKTEPUCTHUK 300paKeHHs
a00 Ha OCHOBI (PYHKITIOHAIEHO-OPi€HTOBAaHOTO METOIY.

OMiHIOI0YH TIOJIOKECHHS KaMepH Ha OCHOBI Xapakx-
TEPUCTHUK 300pa)KeHHS HaiyacTimle BUKOPHCTOBYIOTHCS
3HAYEHHSI IHTEHCUBHOCTI ONMTHYHOTO motoky [14]. Oui-
HIOIOYH 3 ypaxXyBaHHAM ()yHKITIOHAJIEHO-OPIEHTOBAHOTO
METOZY OKpeMi 0COOIMBOCTI 300paKCHHS BUIUIAIOTHCA i
¢ikcyroTbest onmcoM. IloTiM el onmuc BHKOPHCTOBY-
€ThCS JUISL TOPIBHAHHSI TOYOK Ta OI[IHKHU BiJIHOCHOTO II0-
JIO)KEHHS MiK IBoMa 300paskenusimu [15]. V meroxi, nio
PO3pPOOJISIETHCSI, MPOIOHYETHCS 33 OCHOBY B3ATH JaHi
po BimHOCHY cyOTpaekropiro moaboty BIUIA. Tlpu
BOMY JUIA iX PO3paxXyHKY BUKOPUCTATH ITiJXiJ] MOHOKY-
TsApHOT Bi3yallbHOI 0joMeTpii. i po3paxyHKy Ta OIUCY
TOYKOBHX 00'€KTIiB 300pakeHH, & TAKOXK iX 31CTaBICHHS
3 BiNOBITHAMH TOYKAMH IIPOIOHYETHCS BUKOPHUCTOBY-
BaTH OIEpPaTop MAacCIITa0HO-IHBapiaHTHOTO IIEPETBO-
penns enemenra. Jus obuncienns CAMT; Bcepemuni

KOKHOI'0 KOB3al0UOr'0 BiKHA HEOOXIJHO OI[IHUTH BiJHO-
CHy opieHTauito Rj j,q,Bj ji1,a TaKox napamerpu Mixk

nocinitoBHuMu 306paxenssamMu 1 ta |y, Rjja

npeacTaBisie co00I0 MATPHUITIO BiTHOCHOTO TIOBOPOTY Ka-
Mepu 3 mosuuii j+1 B mosnuiro j, a Bj j,; — BexTOp

BiZJHOCHOT'O OJIOKEHHS KaMepH Bix mo3uiii j+1 B mo-

3uito j. Ha puc. 2 mpeactaBieHa cTpPYKTypa BEKTOPIB,
110 OMHUCYIOTH NoJiokeHHs1 brJIA y npocropi.

ITicns 3akiHYEHHS 3a3HAYEHUX Aill BIIHOCHI IOJIO-
JKEHHS] KaMepH B Me)KaxX KOB3arouoro BikHa (iKCyrOThCs
1 IEepEeTBOPIOIOTHCSL HA CHCTEMY KOOPIMHAT MOJENI 30-
OpaskeHHs! BIIMOBIHO 0 BUPa3iB:

CAMj =0; j=p=i-(k-1)/2;

CAMj =Bj_1’j;j=p+l;

CAM | =CAM | 1 +Y, j 2 X i 2Bj1ji @
p+2<j<i+(k-1)/2;

Yp,j—2 =Pp,pii---Pj-2,j1i

X p.j-2 = Rp ps1--Rj-2,j1-

ne CAM; — BeKTOp MOJIOKEHHS | -T0 300pa)KeHHsI B KOB3-
HOMY BIKHI; @ 5 ;1 — KOCILIEHT MacuITabyBaHHs Ie-

PETBOPEHHS BiJCTaHi 3 TPUBUMIpHOI Mojeni j— 1 B Tpu-
BUMIpHY MOJiesib | —2; R j—2,j-1 — MaTpHILs BiJIHOCHOIO

TIOBOPOTY KaMepH 3 To3wilii j — 1 y mosutiro j — 2; Yp,j-2

— KoedimieHT MacmTaOyBaHHs MEPETBOPEHHS BiJICTaHI 3
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TPUBUMIPHOI MOZIeTi j—2 B IepILy TPUBUMIPHY MOJCIH
J=P; Xp j_2 —MaTpHLL BITHOCHOIO IOBOPOTY KaMepH

3 mo3ulii j—2 Ha mepury Mo3uiin j=p.

Puc. 2. CtpykTypa BEKTOPIB, 1110 ONUCYIOTh ITOJ0KSHHS
BIUJTA y npocropi (Fig. 2. The structure of vectors
describing the position of the UAV in space)

OpmHUM 3 OCHOBHHX HE/IOJIKiB BUKOPUCTAHHS JTAHUX
BizyanbHOI ofoMeTpii (0COONMBO OTPUMAHUX IPOTATOM
TPHUBAJIOTO Yacy) L€ CyKyIlHa MMOXHOKa B OINHII IT0JIO-
KeHHS KamepH. L[ moxnOka mpu3BOANTG 0 BiAXHUICHHS
PO3paxyHKOBOI TPaeKTOPii Bij peanbHoi. List moxubka 30i-
JIBLIYETHCS 31 30UIBIICHHSM OBXHUHM TpaekTopii. Buko-
PHUCTaHHS MiIX0y KOB3AIOYOro BiKHA MPH OLHII OCHOB-
HUX IMOKAa3HUKIB 300paKCHHS Ta PO3PaXyHKY CyOTpPa€eKTO-
piii BITJIA CAMT; no3Bosisie 3MEHIINTH L0 ITOXHUOKY.

1.2. IleperBOopeHHs] KOOpAMHAT. BuKOpHCTOBY-
I0YM IJ1s BUABNICHHA aTtaku ciry¢inry BIIJIA manux mo-
piBasinust, GPST; i CAMT; HeoOXiHo BpaxoByBaTH (ak-
TOP BiAMIHHOCTI CHCTEM KOOPIMHAT X CYyOTPAEKTOPIMH.
BinmoBigHo mepen iX MOpIBHSHHSAM BHHUKA€ HEOOXia-
HICTh B Y3TOKEHHI TaHUX IPO IIi CyOTpaekTopii Ta re-
peBeIeHHS iX B OJJHY CUCTEMY KOOPJIMHAT.

GPST; naifyacrilie npencTaBiseTbcsi B Ha3eMHIH
cucteMi koopmuHar, Hanpukiaag WGS 84 (World
Geodetic System — siBisie co60K0 acTPOHOMO-T€0/Ie3H-
YHY-TpaBIMETPUYHY CUCTEMY BiIUTIKY, BIIUCaHy y (irypy

semni) abo UTM (Universal Transverse Mercator —
cucTteMa KaprorpadiuyHMX MPOEKUid, B SIKiH MOBEPXHA
3emuti po3aineHa Ha 60 BUTATHYTUX Y MEPHUAIOHATEHOMY
HanpsiIMKy 30H mmpuHOto 6 rpanyciB). CAMT; ouinto-
€THCS B CUCTEMI KOOPJMHAT MO/ENI TPUBUMIPHHX 300pa-
KEHb yCepeIrHi KOB3al0yoro BiKHA.

Ili cucteMu KOOpAWHAT MAlOTh PI3HHWHA TOYATOK,
MaciTad Ta Opi€HTAIi0 Oceil.

3a OCHOBY, SIK 3pa3oK, y pOOOTi MPONOHYETHCS
OpaTi cucTeMy IDIaHIMETPUYIHOTO TO3WIIIOHYBAHHS 3a
nmoromoroio GPS. ¥V koB3atogomy BikHI cHcTeMa KOOp-
muHat GPST; neperBoproersest Ha cuctemy CAMT; 3 Bu-
KOPUCTaHHSM JJBOBUMIPHOT KOHPOPMHOI MOIeIi:

TGPST; = X + pR(9)GPS;, ()

JIe @ — KyT IIOBOPOTY, p — MacITabHui koedinieHT, Xo —
BEKTOp TpaHcisLii cucremu koopanHat GPST; BigHOCHO
cucremu koopaunat CAMT;.

V upasi (5) TGPST; — ue mepeTBopeHHii BEKTOP
nonoxennss GPS; y Bupasi (2). s otpumanHs ¢, p Ta
Xo BHMKOPHCTOBYBAJMCS BIJIOBIJHI KOOpJMHATH Iiep-
LIOT0 1 OCTAaHHBOTO 300paXKEHHS B MEXaX KOB3aI04OTO
BikHa Bix GPS i3aco0iB BizyansHoi ogometpii. ITics me-
perBopennst GPST; tpancdopmyerscst TGPST;:

TGPST; ={(tj,TGPS )....,(t}o41, TOPS i1 )

j=i-(k-1)/2.

JIis miABMIICHHS TOYHOCTI JJAHUX BEKTOPIB IMOJIO-
xeHHs1 brJIA B yMOBax NpOCTOPOBOTO MeEpeMilIeHHS
(Ero-mepemimeHHs) TOMiIFHO BUKOPHUCTOBYBATH J0/1aT-
KOBI METOIW Ta IHCTPYMEHTH, 30KpeMa METOIH INTydY-
HOTO iHTENEKTy. 3 Ii€l0 METOI0 B pOOOTi MPOMOHYETHCS
BIIOCKOHAJICHWH METO]| IHTEIEKTYalbHOI OIIHKN ONTHY-
HOTO TIOTOKY Ta ()OpMYBaHHS AECKPHUITOPIB 3 BUKOPHUC-
TaHHSM PEKYPEHTHHUX 3rOPTKOBUX HEHPOHHUX MEPEK.

1.3. Ouinka onTHYHOTO MOTOKY Ta (hopMyBaHHSN
JAeCKPUIITOPIB 3 BUKOPHCTAHHIM PEeKYPEHTHHX 3rop-
TKOBHX HEHPOHHUX Mepe:K. /151 OL[IHKM ONITUYHOTO T0-
TOKy Ta (opMyBaHHS AecKpuntopi «llepemimeHHsD
BITJIA, a TakoX NPUHHSTTS pilIeHHS PO aTtaKy CIy-
¢iHTYy, Y poOOTI IPOMIOHYETHCSI BUKOPHUCTOBYBATH Mepe-
JKEBY CTPYKTYpPY Ha OCHOBI PEKYPEHTHUX HEHPOHHHX
Mmepex. CTpyKTypa METOIy NMpOLTIOCTPOBAHO Ha pHC. 3.

(6)

ExcrpakTop neckpunTopiB PexypeHTHa HefipoHa

Mepexa TMosuuii
ITocminoBHICTH - . >
300paXkeHb Bi3yabHOT s it O
ofomeTpii Excrpakrop — | = ‘ @ >l
t ONTHAHOLO Oy propprprii S O
MIOTOKY OTOK «
_' —>| Konysamsnmk
2 3rOPTKOBOT
5 HeHpoHHOT
Mepexi
JHekonep
—
v F Hapuanmst O6e3 BumTesns.
Kypnan L 3MiHCHUI ONTHYHUH
CepeIHBOKBAIPATHYHOT | TIOTiK

TIOMHWJIKHA

Puc. 3. Crpykrypa MeTony ouiHku «IlepeMilieHHs» 3 BUKOPUCTAHHSAM PEKYPEHTHUX 3rOPTKOBHX HEHPOHHHUX MEPEexK
(Fig. 3. The structure of the method of estimating "Movement" using recurrent convolutional neural networks)
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PosrisineMo poxiaiHile npeAcTaBIeHui MeTo. Y
NEepIIiH YaCTHHI CXEMH NPOIOHYETHCSI BUKOPHCTOBYBATH
mepesxxy PWC-Net, sanponionosany NVIDIA Corporation
[16], 1106 3reHepyBatTH 1MoJe ONTUYHOTO MOTOKY JAJIS OC-
JOBHUX Tap KoB3atrounx 300paxens. PWC-Net — ne
KOMITaKTHA Ta e(peKTHBHA MOZIEIH 3TOPTKOBOI HEHPOHHOT
Mepesxi JUTsl OLIHKH MO ONTHYHOTO MOTOKY. HacTymHorO
CTIOJIyYHOIO JIAHKOIO TPEACTABICHOI CXEMH € KOyBailb-
HHK Ta JAEKOJEp ONTHYHOTrO MOTOKy. Komep moBuHeH BH-
BYNTH NIPUXOBAHE MPEACTABJICHHS ONTHYHOTO MOTOKY Ta
BUKOHATH TeHEpaIlito Horo. Jlekozep 3 apXiTeKTyporo, 10
€ 3BOPOTHBOIO KOAYBAJbHHKY, IOBUHEH BiIHOBIIIOBATH
T0JIe ONTUYHOTO TOTOKY TaK 100 KoJiep MOKHa OyJio Ha-
BYaTH OKPEMO HEKOHTPOJIBbOBaHMM YrHOM. [Iporec koxry-
BaHHS Ta JICKOyBaHHS MIOKa3aHMI Ha puc. 4.

w
o IELIE B IE] gL 1€ (g) 2] I
SELVIENENEEEDEE] R B
= 7 7 2 =1 z = H I
x = s I It S S I e o It
S£ NRMAERERNNERIRERS
w = by <} oy = ® % & 8
HMEIMEIMNER =]
® =12 12 (21 12 (2] 12 2] |
= ESEEIREEEREEEEIREHRE
<) MREREIREREHREIREHBREIRE
3 212181 & 2] 2] (2] (2] |18
= ) I - I - I e I e B
3 3MiHeHU
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t
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[a0x12x2 || Box2ax2 | 160x48x2 | 320x96x2 ||
notik 5

noTik 4 noTik 3 noTik 2

Puc. 4. CtpyxrypHa cxema Iporecy KoJyBaHHS
ta nexoaysanus (Fig. 4. Block diagram
of the encoding and decoding process)

Konep cknamaerscst 3 9 3ropTkoBUX MIapiB, 38 KOXK-
HUM 3 AKUX crigye QyHkiis akrusarii Rectified Linear
Unit (ReLU). [ns ininiamisanii BAKOPHUCTOBYETBCS Me-
toa Xavier. Koaep reHepye miampocTip ONTHYHOTO ITO-
TOKy 3 1024 xaHanaMu, KOXKCH 3 PO3AUTLHOIO 3JIATHICTIO
20x6. IToTimM mianpocTip ONTHYHOTO ITOTOKY BiJHOBIIIO-
€TBCS B JIEKOZAEPI 3 YOTHPMa PiBHAMH JICKOJyBaHHS, 32
KOKHUM 3 SIKUX CJiIy€ Omeparlist MiJICyMOBYBaHHS Ta
MiABUICHHA AUcKpeTm3amii. BispMemo mnpukian mep-
IIOTO PiBHSA JEKOAYBAaHHS, MIap «3BOPOTHY 3rOpTKa 5»
JIEeKOHBOMIOMIOHYE TeH30p (20%6%1024), crBOpeHMi
«3roptka_6», 1 TeHepye HOBHHA TEH30p pO3MipoM
40x12x512. TToTiM BiH CKITaZAa€THCS 3 TCH30POM, 3TCHE-
poBaHuM mapoM «3roprtka S.1» pozmipom 40x12x512,
JUTs TeHepallii HOBOro TeH3opa po3mipom 40x12x1024.
[Tpu bOMY BHKOPHCTOBYEThCS 3rOPTKOBHI mIap "MOTIK
5", mo0 3reHepyBaTH BIiJHOBJICHHI ONTHYHHI MOTIK
(40%12x2). BimHOBICHHUI ONTHUYHHUI MOTIK ITiAA€THCS
MIABHIIYIOYOT AUCKPETHU3AIlIT 33 TOMOMOTOK0 OUTIHIHHOT
IHTepIONALIi UTS BUKOPUCTAHHS Ha HACTYITHOMY DiBHI
JIEKOAyBaHHs. 3 BUKOPHCTAHHSIM YOTHPHOX PiBHIB JEKO-
JTyBaHHS HiIPOCTIp ONTHYHOTO MOTOKY BiTHOBIIIOETHCS

JI0 BUXIIHOTO TOJNS ONTHYHOrO mTOTOKy. Ilim dac
HaBYaHHS KOAYyBallbHUKA BUKOPHUCTOBYETHCS BiTHOBIICHE
I10JI€ OTITUYHOTO OTOKY SIK KOHTPOJIBHUI CUTHAI 1 TTOpi-
BHIOETHCS 3 BUXI1JJHUM TI0JIEM ONTHYHOTO TOTOKY, 3TeHe-
posanoro moxero PWC-Net.

Crmipg 3a3Ha4YWTH, IO Yy LBOMY BHKOPHCTOBYIOTHCS
mikcensHi  kBampaté BrpaT RMSLE 1 mpencraBieHHS
NEPEmyCTOK. q)yHKL[ifI BTpAT BU3HAYAETLCA SK:

2

A(1 i

From =D Iog(gﬁ( ) +1j—|og (¢(') +l) NG
i 2

ne (/Aﬁ(l) Ta ¢(I) — BiJJHOBJICHUH BEKTODP ONTHYHOIO IOTOKY

i-ro mikceJs Ta BEKTOpP BXiHOTO ONTHYHOTO ITOTOKY.

IMicns KomyBaJbHHKA 3rOPTKOBOI HEHPOHHOT Mepexi,
HACTYIHUI eJIeMEHT CXeMM — ITIHO0OKa peKypeHTHa HeHpOHHa
Mepexxa. BoHa mpu3HadeHa U1 NPOBENEHHS IIOCHIJOBHOTO
HaBYaHHS, TOOTO JJIsI MOJICIOBAHHS TMHAMIKH Ta BITHOCHH MIX
TIOCTIZIOBHICTIO MiJIPOCTOPY ONTHYHOTO NOTOKY. PekypeHTHa
HEeHpOHHa MepeXka B JaHWI dYac € Kpamlol0 Mepexkero Uit
00pOOKH JaHUX YAaCOBHX PSIIB 1 IIMPOKO BUKOPUCTOBYETHCS B
Oaratpox ramy3sx [17]. Y poboTi BUKOPHUCTOBY€EThCS Mepexka 3
JIOBrOK0 KOpPOTKOCTpokoBoro mam'sittio (LSTM), ska 3matha
JIOCIIKYBAaTH JOBIOCTPOKOBI 3aleKHOCTI. TakuM dYHHOM,
po3poOienuii  Merony  owiHkM  «Ero-mepeMimeHHs» 3
BUKOPUCTAHHSIM PEKYPEHTHHUX 3TOPTKOBUX HEWPOHHHUX MEPEXK,
BIZIMIHHOIO OCOOJIMBICTIO SIKOTO € KOMIUIEKCHE BUKOPHCTAHHS
PEKYpeHTHHMX  3TOPTKOBUX  HEHPOHHHMX  MepexX  IpH
JIOCTI/DKEHHI MaJIOPO3MIpHOTO TPOCTOPY ONTUYHOTO MOTOKY
Ta JECKPHUIITOPIB TiCTOrpaMu HampsMKy nepemimenHs BITJIA,
10 T03BOJIMJIO BpaxyBaTH 0coOIMBOCTI «Ero-nepemimeHHs

1.4. TlopiBusinnsi cyoTpaexTopiii kamepu ta GPS. [lns
OIIIHKU 3HAYCHB JIaHUX JIBOX CyOTpaeKTOpiii HEOOXiTHO BU3HA-
YHUTHCS 3 JOAATKOBUM MOKa3HUKOM MOPIBHSHHS. Y poOOTi 1mpo-
MIOHYETHCS BUKOPUCTOBYBATH IIOKa3HUK CyMH €BKJIIIOBHX BijI-
craneii Mix Bianosigaumu Touxamun CAMTita TGPST; . Ana-

JITUYHUN BUpPa3 Ul PO3PaxyHKy CyMH €BKJIIOBHX BifcTaHEH
MDK TOYKaMU TPAEKTOPIT € TAKNIM:

COPMPR (CAMT;, TGPST; ) =
_ ziJr(kfl)/Z

j=i-(k-1)/2

d(TGPS,CAM ), ©

ne d (TGPSJ- ,CAM j) — eBkuinoBa Biacrans Mk CAM j Ta
TGPS j - Ha puc. 5 npezicTapnena inrocTpanis eBKIiI0Ba Bijl-

cTani Mik Biznosizaumu Toukamu CAM j T8 TGPS j BMe-

’ax KOB3al04Oro BiKHA 3 I'ATH TO4OK. Ha 1iboMy pHCYHKY TO-
yka C’ € moyatkoBoro Toukoro ciydinry BITJIA i Toukoro #oro
nepeHarnpasieHHst B pe3yibrati GPS cnydinry, mo 3amucy-
erscst B CAMTi. EBKuIiioBy BificTaHb MOKHA BUKOPHCTOBYBAaTH
sIK iHCTpyMeHT mpsimoro mopiBusaEsT CAM ji TGPS j - Y roi

’Ke Yac JUIs HETPSMOTO MOPIBHAHHS MOHA BUKOPHCTOBYBAaTH
KYTOBY Bi/ICTaHb Ta TAKCOHOMIYHY BiICTAHb MiX JECKPHIITO-
pamu TpaekTopii (ricrorpama HanmpsMKy nepemitieHass CAMTi
ta TGPST;). Hdeckpunrop tpaekropii ricrorpamu HanpsMky

nepeMilleHHs sBIsie co00I0 CTPYKTYpy (opmainizauii 1aHUX B
KOMIpKH 5IKOT 3aIUCy€ThCsl BEJIMYMHA 3MILICHHs 00'€KTa, 1[0
pyxaetbes, B pi3HuX HanpsiMkax Bin 0° go 360°. Bennunua uu-
crla iHTepBalliB TICTOrpaMK BH3HAYa€ KYTOBHM /03B ricTor-
pamu, BIAMOBITHO JI0 BUpa3y:

PM =360°/NI , )

ne PM - xyroswuii no3sin ricrorpamu, NI — Bennunna xisnb-
KOCTI iHTEpBaJIiB riCTOrpaMHu.
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TpancpopmoBaHa cyoTpaekropis BrJIA i3

05 nigpo6ienoro GPS

! Cy6tpaexropist BiiJIA oGunciiena 3a 101oMorow
3ac00iB Bi3yalbHOT 01OMeTPil

Koopaunatu Y

Koopaunatu X

Puc. 5. ImtocTtpaltist €BKJIiI0Ba BiACTaHI MK Bi OB THUMH
toukamu CAMi Ta TGPSi B Mekax KOB3arOuoro BikHa
3 w'stu Touok (Fig. 5. lllustration of the Euclidean
distance between the respective CAM; and TGPS;
points within a five-point sliding window)

IMpuknan Takoi OLIHKK KyTOBOTO T03BOJIY Y BUTJISLI 1THO-
crpauii ricrorpamu Hanpsmky nepemimenns npu NI =8
MpeICTaBUMO Ha puc. 6.

Y=xomipka 1
A

»X=koMmipka 3

4;)4’

% &~

.O% &
[

Puc. 6. IIpuxnan neckpunropiB TpaekTopii ricTorpamu
HanpsMy IepeMilieHHs 3 BickMa KOMipkaMH, BicTaHb Djj+1
JUTATBCS MK JIBOMa HAHOIKIMMHU KOMIpKaM¥ IIOJI0 KyTa

4+ (Fig. 6. Example of descriptors of the trajectory of the
histogram of the direction of movement with eight cells,
the distance Dj,j+1 is divided between the two nearest
cells relative to the angle 4,j+1)

CKopucTaeMocs BiIOMOIO METOIUKOIO, OMHCAHOIO
B pobori [18]. BixnosiaHo 10 1aHOT METOIUKH PO3PaAXYy-
HKy Bigctadi Dj j, CIUIBHO 3 a3UMyTaIbHEM KyTOM

0 j,j+1 € OCHOBHHMH CKIaJIOBHMH IpPU OL[HII TICTOT-
paMu HamnpsIMKY TepeMilleHHs],

0 j+1 =atan 2‘1((xj+1—Xj )(yj+1— Yj )) (10)
TP bOMY YaCTKa KOMiPKH OOYHCITIOETHCS SIK:

o= Dj‘j+1(l—<|9j’j+1|/PM —|(n —1)|)). (11)

JIBi HaWOMIKYi KOMIPKH TiCTOTpaMH OOYHCITIO-
FOTBCS BIJIMTOBITHO 710 BUPA3iB:

NI1=| 0 j,1 /PM |+1,
NI2 = NI1+1.

(12)
(13)

[t mopiBHstHHS CAMT;] i GPSTj 3 peckpunropamu
ricrorpamMy HanpsiMy HepeMillleHHs BUHUKA€E 11oTpeda y
nepeTBopeHHi Ta ananranii GPSTj 10 cucTeMu KOOpAau-
nHar CAMT;. lnst uporo aBtopu [18] mpomonyroTs aBi
MipH Bi]MIHHOCTI Ta aJanTarii:

1. KyroBa BifgcTaHp MiXK JECKpUOTOPAMH TiCTOT-
paMu HanpsIMy TEpeMileHHS:

B(ab) =£cos‘1 {a[b) ,
N
2. TakcOHOMIYHA BiZICTAaHb MiXk JJCCKPUIITOPAMH Ti-
CTOTpaMH HaNpsMy MepeMileHHS:
p=NI
z(ab)= 3 [a-b,
i=1
ne ata b — BigmoBiqHO AECKPHUIITOPH TiCTOIPaMH Harpsi-
MKy nepeMimenns Tpaekropiiit CAMT; Ta TGPST;; aita

(14)

(15)

bi — i-1i koMmonenTH a ta b.

2. JocaigaxeHHs po3p00J1eHOr0 MeTOay
BusiBjeHHs cnydinry BILJIA

JUist MOCHiKeHHS Ta OLIIHKH ¢(EKTUBHOCTI 3a-
IIPOIIOHOBAHOTO MeTony BusiBneHHs crydinry BITJIA
Oyno Bukopuctano 50 ¢otorpadiit Teputopii Hariona-
JBHOTO TEXHIYHOTO YHIBEPCHTETY «XapKiBCHKHU ITOIi-
TeXHIYHUH iIHCTUTYT». Ha puc. 7 mokasanuii oguH 3 ¢o-
TO3HIMKIB Ta JiHIi oxpoTy BIIJIA, mo BUKOPHCTOBY-
IOTBCS TIPH peatizaliii pi3HuX cueHapiiB kibeparaku. Ha
puc. 8 mpencraBieHi IBa MOCTITOBHI 300pakeHHS Ha-
00py JaHUX.

a 0
Puc. 7. CynytHukoBe GpoT0300pakeHHs

HauioHanbHOT0 TeXHIYHOTO YHIBEpCUTETY «XapKiBChbKUil

MONITEXHIYHUH iHCTHTYT» (a) Ta JiHii monsoty BITJIA
3a IpeacTaBiIeHNM Ha pOoT0o300pakeHHI MapIpyToM (0)

(Fig. 7. Satellite photo image of the National Technical
University "Kharkiv Polytechnic Institute” (a) and UAV
flight lines along the route (b) shown in the photo image)

Puc. 8. Crepeo3obpaxeHHs
HanionamsHOTO TeXHIYHOTO YHIBEpCUTETY «XapKiBChKUI
MONITEXHIYHUH IHCTUTYT» 3 BUCOTH 00Ty BITJIA
(Fig. 8. Stereo image of the National Technical University
"Kharkiv Polytechnic Institute” from the height of the UAV)
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V xoni HociimKeHHs BUKOHAHO IMiTaliiiHE MOJe-
JIIOBaHHS CIIPaBXHIX Ta XWOHUX TpaekTopii BITJIA
(puc. 7, 6). Ha puc. 9 cxemaTn4HO npeacTaBieHni nep-
mmit cuenapiit cny¢inry BITJIA. 3o0paxeHHs Ta Koop-
muHaty GPS Ha 3a31aserinp BU3HAYCHHUX Ta XHOHHUX Tpa-
€KTOPIsIX BHOMPAIOTHCS BiAIOBITHO O JiHIi MONBOTY. 3
puc. 10 BHIHO, IO CIIOYATKY TIEBHA TPAEKTOPIS MIONBOTY
BIUIA (tpaexropis AC) Oyna nmepepBaHa akTHBHUM CITy-
¢iarom y touni B. [Ipu npomy BITJIA OyB nepeHampas-
nernit B Touky C'. [lepenbaganocs, mo y CerMeHTi mo-
TBOTY AB He BimOyBanocst aHOMaJIbHUX MOJIH CITy PiHTY.
Buxonsuu 3 11b0r0, MONEpeHbO 3aJaHa TPAEKTOPIs HOo-
aboTy BITJIA 1 cpaBxus Tpaextopis imitauii BITJIA
CIIBIAAIOTh HA M AUISHIN. Y KOXXHOMY KOB3aHOUOMY
BikHI W;, GPS-nonoxenns 306paxens BITJIA 3 reote-
raMu BUKOPHCTOBYBaHcs 11 modynosu GPSTj, a Bin-
TOBiTHI 300pakeHHSI BUKOPHCTOBYBAIHCS [UIS TOOY TOBH
CAMT; . TTicns ataku ciyGiHry B TOULi B, BUMIpIOBaHHS
GPS mnin wac nonsoty BIIJIA nHajg nixiero BC' moBuHHI
neMoHcTpyBatu JiHito BC. OTxe, monoxenns GPS ninii

BC moBuHHI npencTaBISATUCS MiIPOOIEHUM pO3Tally-
BanHsM GPS B ninii BC'.

49'5052" )\ \/
495951 ;?z>\
49°5950" y V

361445 3671446 361447

Puc. 9. Cxema nepruoro cuenapito ciydinry BITJIA
(Fig. 9. Scheme of the first UAV spoofing scenario)

Ha puc. 10 HaBeneHi rpadiku 3aJIe)KHOCTI MOKa3-
HHKIiB BUsABJIEHHs crydinry (B, y, COPMPR) Bix 3Ha4YeHb
MO3ULIT 300payKEeHHS.
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Puc. 10. I'pacixu 3anexxHoCTI MOKa3HUKIB BusiBieHHS cirydinry (S, y, COPMPR) Bix 3Ha4eHb m0O3uUMIT 300paKeHHs
(Fig. 10. Graphs of dependence of spoofing detection indicators (5, y, COPMPR) on image position values)

Sk Bugno i3 puc. 10, a mpu 30iry moswmiii 300pa-
JKSHHS, OTPUMAHOTO Bifl 3aC00iB Bi3yaJbHOI OJIOMETIi, 3
nozuuissmu GPS y koB3atouoMy BikHi IIOKa3HUK S KyTO-
BOI BiJICTaHI MK JECKPHITOPAMH TICTOTPaMH Ha-
MPAMKY nepeMilieHHst Ou3bKuii 1o Hyist. OIHaK MpH J10-
CSATHEHHI BiKHA 3 HOMepOoM 27 1 BBEICHHSM TEPIIOTO ITij-
pobieHoro GPS-nonokeHHs y BIKHO 3Ha4yeHHs I1OKa3-
HHKa ciyQiHry [ nounHae 3pocratu. MakcumaibHa pis-
Hund Mk CAMT; ta GPST crioctepiraerbest B Mexax

koB3atouoro BikHa 33. ITicis MpOXO/pKeHHS MEBHOTO Bi-
KHa (Ha MPHKIAJi 1Ie KoB3arue BiKHO 41) [ 3HOBY cTae
ONM3BKHM JI0 HyJIA, TaK sK y ux mosunissx CAMT; 36ira-

etbest 3 TGPST; . PesynbTaTn mocimimkeHs NOKa3HUKIB

i COPMPR noka3ytoTs 1X 3HauHy 3aJIeXHICTh BiJl BENH-
YMHU KOB3aI04oro BikHa. [Ipy IpOMyY JaHi MOKa3HUKH Ta-
KOX BKa3yIOTh Ha MO3HUILI0 33 SK TOYKY BUSBIICHHS CITy-
¢binry. BukopucranHs po3po0JieHOr0 METO/Ly OLIHKH OIl-
TUYHOTO MOTOKY Ta (POPMYBaHHS ICCKPHUIITOPIB 3 BUKOPH-
CTaHHSIM PEKYPCHTHHX 3TOPTKOBUX HEHPOHHUX MEPEeK
JIO3BOJTAIIO J10 3% MiZIBUIIIATH TOUHICTH OIIHKU TOMFTKO-
Bux GPS-monoxens BITJIA. Ile ocobmuBO MOMITHO Ha
puc. 10, a npu BUKOpHUCTaHHI TIOKa3HUKA /3 KyTOBOI BiJc-
TaHi MDK JECKpUOTOpaMH TiCTOTpaMH CHPSMYBaHHS
nepemimienHs. Kimbkicte momunkoBux GPS-monoskeHs,

10 (PiKCYIOTBCS pO3pOOICHUM METOIOM BHSIBIICHHS CITY-
¢iary BIUJIA 3 BUKOpHCTaHHSM 3ac00iB Bi3yaibHOI 0/10-
MeTpii, HaBeseHO B Tabu. 1.

Tabauys 1 — Kinbkicth mnomuiakoBux GPS-nosoxenn,
mo ¢ikcyroThes Meroaom BusBieHHs cnydinry BIIJIA
3 BUKOPUCTAHHSAM 32c00iB Bi3ya1bHOI ooMeTpil

COPMPR i P
W=9 30 13 16
W=15 31 19 21
wW=21 32 25 27
WNEW = 21 33 28 28

[pexacraBneHi pe3ybTaTH AEMOHCTPYIOTh IPAKTH-
yro 100% mnoka3Huk BusiBIeHHs nomuikoBux GPS-mo-
noxeHb 3a gornomororo COPMPR. Ile o0rpyHTOBY€ETHCS
oimemoro wytnuBicTio COPMPR 1o HeBenmwkux 3MiH
mBuakocti BITJIA BHacnigok crnydiHry.

e oauu cuenapiii cny¢inry BIIJIA rpadiyno 30-
OpaxeHno Ha puc. 11. BiAMiHHOIO OCOOJHUBICTIO LHOTO
CIIeHapilo NOPIBHSIHO 3 ONEPETHIM € 3a31aJ1eriIb 3a1aHa
tpaextopist BITJIA, sixa npencrasise coboro KpuBy Ji-
Hito. [lpn 1mpoMy HampsM y NOYaTKOBiH TpaekTopil
3MIHIOETBCS TIOCTYIIOBO 3 IHTEHCUBHICTIO 1° BiJ 0JJHOTO
TTOJIOKEHHS 300pa)KEHHS JIO 1HIIIOTO.
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Puc. 11. Cxema npyroro crenapito ciydinry BITJIA
(Fig. 11. Scheme of the second UAV spoofing scenario)

PesynbraTi peakiii HOKa3HUKIB cITyiHTy Ha 3MiHU
TPAEKTOPIH MpezcTaBlieHi Ha puc. 12,

SIK BU/IHO 3 PUCYHKY, BC1 JOCIIJIKYBaHi IOKa3HUKU
cnyQiHI'y TpH BeJMYMHAX KOB3arouoro BikHA Bix 15 i
BUILE Jal0Th MOXIIMBICTh OLIHKM aKTHBHUX KiOeparak
Ha BrJIA. Ilpu 1pOMy KiNBKICTH BHSBICHHX OMIIIKO-
Brux GPS-mono)keHs BHIIE 32 BUKOPUCTAHHS TOKAa3HUKIB
COPMPR Ta y .V TOii k€ 9ac BUKOPHUCTaHHS PO3p0O0-

JICHOTO METOJY OLIHKH ONTHYHOTO IOTOKY Ta (hopmy-
BaHHS JECKPHIITOPIB 3 BHKOPHCTaHHSIM PEKYPEHTHHX
3rOPTKOBHX HEHPOHHUX MEPEK J03BOIMIO 10 5% IiABHU-
IIATH TOYHICTH OIIHKKA MOMMWIKOBUX GPS-nosoxeHsb
BIUTA. Ile ocobnuBo moMiTHO Ha puc. 12 (B) mpu BHKO-
pucranHi nokazunka COPMPR cymu eBkiioBux Bijc-
TaHeH MIXX TOYKaMHU TPAEKTOPIi.

B COPMPR 4
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Puc. 12. T'padiku 3anexHOCTI OKa3HUKIB BusiBiieHHs ciiyinry (5, v, COPMPR) Bix 3HaueHb no3uiiii 300paxeHHs
i yac BUKopucTaHHs apyroro cienapito (Fig. 12. Graphs of dependence of spoofing indicators (5, y, COPMPR)
on the values of the image position when using the second scenario)

BucHoBku

Takum YHHOM, PO3POOJICHO METO/T BUSIBJICHHS CITy-
¢inry BITJIA Ha OCHOBI iHTEJIEKTYaIbHOI OLIHKH ONITHY-
HOT'O IIOTOKY Ta 0OpOOKHM JaHMX BizyajlbHOI OJOMeETPii.
BigMiHHOIO OCOOJIUBICTIO METOJY € BUKOPHCTAHHS TEX-
Homorii po3paxyHKy cyotpaekropii CAMT; Ha ocHOBI
cyOTpaekTopiif BisyampHOT omomerpii Ta GPST; 3 GPS-
MIOJIOXKEHD y KOB3aI0YOMY BiKHI 3 YpaxyBaHHIM IHTEJICK-

TyaJIbHOI OI[IHKM ONTUYHOT'O ITOTOKY Ta ()OPMYyBaHHS Jie-
ckpunropiB «Ero-nepemimenss» BITJIA. B sxocri nopi-

BHSIHHS IOKa3HUKIB cITyiHTy OyJ0 3aIpOIIOHOBAHO BHU-
Kopucrtanns 3axoniB S, y ta COPMPR. Pesynbrarn

eKCIIEpUMEHTY UIS ABOX CIIeHapiiB cmydiHry mokasaimn
e(DeKTHBHICTh OIIIHKH TIOJIOKCHb TNPUHAUMHI JBOX 3
Tphox Tokasuukis ( y Ta COPMPR), B yMOBax BUKOpH-

CTaHHS KOB3aI0YHX BIKOH PO3MipoM Bij 15 i Buime, 3 ya-
COBOIO 3aTPUMKOIO, II0 CTAHOBUTH IOJIOBHHY PO3MIpY
BikHa. Kpim Toro, nokasaHo, 1o BUKOPHCTAaHHS iHTEIe-
KTYaJbHOTO METOJy ONTHYHOTO MOTOKY Ta ()OPMyBaHHS
JIECKPHUIITOPIB 3 BUKOPUCTAHHSM PEKYPEHTHHX 3rOPTKO-
BHUX HEPOHHHUX MEPEK.
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HHTennexkryanbHblii MeTo onpeneaenus cunypunra BILJIA
. I'. Bonomus, C. C. byns0a

AnHOoTanus. B paGore nmpencTaBieH HHTEIIIEKTYaIbHBINH MeTO 0OHapykerus ciydunra BITIA. OrmaurensHON 0co-
OEHHOCTBIO METO/1a SIBJSIETCS UCIIOIBb30BAHUE TEXHOJIOTUH pacdeTa CyOTpacKTOPHU Ha OCHOBE CyOTpaeKTOpHii BH3yallbHOU 0J10-
Metpuu 1 GPS-TonoxeHuit B CKOJIB3SIIEM OKHE C YI€TOM HHTEIUIEKTYIbHOH OIIEHKH ONTHYECKOTO II0TOKA M ()OPMHUPOBAHUS Jie-
ckpunropos «Oro-nepememnieHus» BIIJIA. B xozxe nccrnenoBanns NpoBe/ieH aHAIN3 U CPABHUTENIbHbBIE UCCIIEA0BAHNS MINPOKOTO
criekTpa MeTozioB cryunra BITJIA, BeIsIBIEHBI HaHOOIEE YaCTO PEKOMEHI0BaHHBIE U MPAKTUUECKH HCTIONb3yeMble MeTobl. Crie-
JIaH BBIBOJ 00 akTyasibHOCTH mpobiemaruku GPS-cydunra. [IpoBenen ananu3 metonos 3amuTthl o GPS cnydunra BIIJIA. Bri-
SIBTIEHBI TIEPCIIEKTUBHBIE HAIMPABICHUS] MHTEINIEKTyanbHOTO OOHapyxeHus cmydunra BIIJIA ¢ ucmoiab3oBaHHEM METOJOB U
Cpe/ICTB BU3yaNbHOI ooMeTpuH. B xoze nccnenoBanmst MeTo10B (pKcaIuy BXOAHBIX JAHHBIX MPEUTOKEH MOAX0 OLIEHKH OITH-
YECKOT0 IMOTOKA C UCHOIB30BaHHEM CKOJIB3SIIEro okHa. [Ipy 3ToM apryMeHTHpOBaHO J0Ka3aHa HEOOXOIUMOCTh HHTEIUIEKTYallb-
HOHM 00pabOTKHM BXOJHBIX AaHHBIX. OIlEHKa ONTHYECKOTO IOTOKa U (JOpMUpOBaHKE IECKPUITOPOB IPOBOIMIACE C HCIIOJIB30Ba-
HHEM PEKyppPeHTHBIX CBEPTOYHBIX HEWPOHHBIX ceTeil. B pesynbrare paspaboTaHa CTpyKTypHash cxeMa MeToja OOHapyKeHUS
ciyduura BITJIA. D10 m03BOIMIIO IPOBECTH UCCIIEAOBaHHE Pa3pabOTaHHOTO METOAA. Pe3ynbTaThl IKCIIEpUMEHTA YIS ABYX CLie-
HapHeB cITy puHTa moxa3anu 3¢ EeKTHUBHOCTH OLIEHKU MOJIOKEHUH HE MEHee IBYX U3 TPeX MOoKa3aTelel B yCIOBUIX UCTIOIb30BAHHS
CKOJIB3SIINX OKOH pa3MepoM OT 15 u BeIlle, ¢ BpeMEHHOM 3aepiKKOH, COCTABIISIONICH ITOJIOBUHY pa3Mepa OKHa.

KnrwueBsie cnoBa: ciydunr; BIIJIA; ckonb3siinee OKHO; ONTHYCCKUI MOTOK; JIECKPHUIITOP.

Intelligent UAV Spoofing Detection Method
Denys Voloshin, Serhii Bulba

Abstract. The paper presents an intelligent method for detecting UAV spoofing. A distinctive feature of the method is the
use of subtrajectory calculation technology based on visual odometry subtrajectories and GPS positions in a sliding window, taking
into account the intelligent estimation of the optical flow and the formation of UAV “Ego-movement” descriptors. In the course of
the study, an analysis and comparative studies of a wide range of UAV spoofing methods were carried out, the most frequently
recommended and practically used methods were identified. The conclusion is made about the relevance of the problems of GPS
spoofing. The analysis of methods of protection against UAV GPS spoofing has been carried out. Promising directions for intelli-
gent detection of UAV spoofing using methods and means of visual odometry are identified. In the course of studying methods for
fixing input data, an approach was proposed for estimating the optical flow using a sliding window. At the same time, the need for
intelligent processing of input data is argued. The estimation of the optical flow and the formation of descriptors was carried out
using recurrent convolutional neural networks. As a result, a block diagram of the UAV spoofing detection method was developed.
This allowed us to study the developed method. The results of the experiment for two spoofing scenarios showed the efficiency of
estimating the positions of at least two of the three indicators under the conditions of using sliding windows of size 15 or more,
with a time delay of half the window size.

Keywords: spoofing; UAV; sliding window; optical flow; handle.
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THE SOFTWARE SECURITY DECISION SUPPORT METHOD DEVELOPMENT

Abstract. The actuality of the power to improve the accuracy of the results was determined in order to make a decision
about the process of testing the software security. An analysis of the methods of support for making a decision was carried
out. The necessity and feasibility of improving the accuracy of the results was determined in case of further software
security inconsistencies in the minds of the fuzziness of input and intermediate data. With this method, on the basis of the
mathematical apparatus of fuzzy logic, the method of support for making a decision about the security of software security
has been developed. The main feature of this method is the synthesis of an improved method of generating the initial
vibration in the process of starting a piece of neural string. Within the framework of the model, the next stages of follow-up
are reached. For the mathematical formalization of the process of accepting the decision and designation of the input data,
the model of forming the vector in the input data was developed. Depending on this model for shaping the input data, an
anonymous sign of potential inconsistencies and undeclared possibilities of the PP is valid until the data of PVS-Studio
Analysis Results. To improve the accuracy of the classification of data collected, the method of creating a piece of neural
array has been improved, which is modified by the method of generating a sample, which is being developed. This
generation method includes three equal generations: generation of the initial vibration, generation of the initial butt and
generation of a specific value of the safety characteristic. This made it possible to increase the accuracy of classification
and acceptance of the solution by 1.6 times for positive elements in the selection by 1.2 times for negative elements in the
selection. To confirm the effectiveness of the development of the method of support for the decision on how to ensure
software security, a ROC-analysis was carried out over the course of the above procedures. The results of the experiment
confirmed the hypothesis about the efficiency of the divided method of support to make a decision about the security of PZ

up to 1.2 times equal to the methods, which are based on the position of discriminant and cluster analysis.
Keywords: software security inconsistency; security testing; decision support; fuzzy logic; cyberthreat.

Problem statement and literature analysis

Studies of the scheme for software vulnerability
research and evaluation of the results of mathematical
modeling allow to conclude that the data analyzed in the
system for confirming potential vulnerabilities is
complex [1, 2]. In this case, the summary security
indicator of the software the object under study Fsec, can
be represented as a sequence of the following data:

- vector Fsc=(f1,...,fm) of initial characteristics of
the composition of potential vulnerabilities, and also a
list of vulnerabilities and undeclared capabilities, for a
complete, comprehensive assessment of the security of
the objects under study;

- vector Yspec=(Y1,...,ym) Of individual indicators
representing functions Q=q(f;;i), i=l,...m, of the
corresponding initial characteristics and evaluate the
object under study using m different criteria;

— function X(Yspec), that compares the vector of
individual indicators Yspec=(Y1,...,ym) With a summary
assessment (summary indicator) X=X(Yspec),
characterizing the object under study in terms of
compliance with the stated security requirements.

The assessment is based on the security vector,
which  combines many characteristics of the
composition of potential vulnerabilities, and also a list
of vulnerabilities and undeclared features that show the
degree of compliance of the software with a certain
security criterion and the encoded value of the
compliance control level [3, 4]. Based on the features of
the chosen mathematical apparatus, the solution of the
verification problem must be reduced to solving the
following subtasks:

1. Definition of the initial vector Fec.

2. Calculation of the classification features of the
vector Yspec.

3. Choice of decision-making method X.

The developed method should ensure the
formation of correct output signals in the entire space of
the composition of potential vulnerabilities, and also a
list of vulnerabilities and undeclared capabilities Fec.

1. Scheme of a method to support decision
making on software security

The software security decision support method can
be represented as a combination of three stages: initial
data preparation, intellectual processing, and decision
making. The sequence of stages is shown schematically
in Fig. 1.

At the stage of preparing the initial data, a vector
of software security characteristics is formed, which
includes the TOP 20 composition of potential
vulnerabilities and also a list of vulnerabilities and
undeclared capabilities.

At the stage of intellectual processing, the
previously obtained vector of characteristics of potential
vulnerabilities and also the list of vulnerabilities and
undeclared capabilities is processed using an artificial
neural network. The result of this processing is the
classification vector Yspec, On the basis of which the final
decision is made on the compliance of the software with
security requirements at the third stage.

2. Model for the formation of input data vectors

The initial data for the decision-making method is
a set of characteristics of potential vulnerabilities V1
and also a list of wvulnerabilities and undeclared
capabilities V2:

© Zhang Ligiang, Miroshnichenko N., 2022
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—1, otherwise

Recommendation:
0 - non-compliance with software
security requirements;
1 - compliance with software security
requirements;
-1 - increased attention of the expert.

X e{-10,1}

Fig. 1. Scheme of a method to support decision making
on software security

Feee =VIUV2. 1)

The TOP 25 CWE lists provide data on the
assessment of the potential danger of software
vulnerabilities that change, and are statistically
evaluated every year by MITER specialists [5]. These
scores are distributed, accompanied by signs of potential
vulnerabilities and undeclared features of programming
languages distributed across classes.

At the same time, it is advisable to take into
account the specifics of the apparatus of neural
networks. In particular, to reduce the probability of
misclassification, the requirement of linear separability
of the input data must be met [6].

Vector Fg. contains a union of all signs of

potential vulnerabilities and undeclared features,
distributed across classes of programming languages.
From the statistical data published in the articles by
PVS-Studio Analysis Results [7], signs of potential
vulnerabilities and undeclared features can be
distinguished. Their list is presented in Table 1.

It should be noted that in Table 1, a limited set of
features is presented. The full set of features is
presented in the MITER reports. The number and
essence of features can be updated over time. Presented
in Table 1 data correspond to the statistics of 2021.

Table 1 — List of signs of potential vulnerabilities and undeclared software features according to PVS-Studio Analysis Results

Ne ID Description

1 V512 Potential error related to filling, copying or comparing memory buffers

2 V557 Potentially possible memory access outside the array

3 V582 Potential error when working with a fixed size container

4 V645 Potential error related to string concatenation

5 | V3106, V6025 |Index out of range

6 V5610 Potentially corrupted data that can be used to execute a malicious script

7 V739 EOF constant is compared to a variable of type 'char' or 'unsigned char'

8 V781 At the beginning, the value of the variable is used as the size or index of the array. And then this value

is compared with 0 or with the size of the array.

9 | V1010, V5009

Use of data obtained from outside without prior verification

10 V1024 Possible use of incorrect data when reading them

11 V5608 Creation of an SQL command from data received from an external source without prior validation

12 V623 Possible error when working with a ternary operator '?:'

13 V723 The function returns a pointer to the internal string buffer of the local object

14 V758 Detection of a link that may become invalid

15 V774 Using a pointer that points to a freed area of memory

16 V1017 Detecting the initialization of an instance of a class 'std::string_view' temporary object or assignment to
an instance of a class 'std::string_view' a temporary object

17 V629 Detection of a potential error in an expression containing a shift operation

18 V683 Detecting a potential error in a loop

19 V1028 Detection of suspicious type casting. The result of a binary operation on 32-bit is converted to a 64-bit type

20 V5305 Detection in the code of data that may be confidential

21 V3125 Detection of a potential bug that could lead to null reference access

Thus, when conducting a static software analysis,
as part of the certification procedure, 20 features can be
used, and the result of the initial data preparation stage
isavector Fg. containing 20 elements

Feec = {V1.V2,...Vp}, Vo ={1,0}, )

where n - number of evaluated security features.

After the vector of security characteristics of the
studied software is formed, it is necessary to evaluate its
compliance with the stated requirements on the basis of
this vector, i.e. determine which security class it belongs to.

The result of evaluating the security characteristics
is the classifier Yspec , that includes two elements (3):
— y; shows the degree of compliance with the

stated requirements;
— Yy, shows the degree of non-compliance with

the stated requirements.
YSpec:{Y1xy2}vyn €{0:1}. ©))

is an j-th prototype (i.e. separate
dimensional random vector

Vector Fgee
implementation) m-
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V1uV2, to be classified by a multilayer perceptron.
Each i-th of the K possible classes of vulnerabilities to
which the given input signal belongs, denote C; Let

yi(j) — i-th output of the network generated in response
to the prototype v;:

yi(j):F,(vj), i=12,...K, )

where F () —a function that determines the mapping

that the neural network learns when passing the input
example to the i-th input.

Therefore, the decision rule R, used to classify
the inputs of the network, after its training should be
based on the value of the vector function:

F:RMy - yeRrX. (5)

In general, about a vector function F( ) it can be
fixed that this is a continuous function minimizing the
empirical risk functional:

1 ’
&= 24~ F )l ©

where dj — expected output for the prototype vj;

|| || — Euclidean norm of a vector; N — total number of
examples presented to the network for training.

As can be seen from 6, the physical meaning of the
minimizing empirical risk functional is reduced to a cost
function. Function vector F( ) strictly depends on the
choice of examples (dj, i), used to train the network.
This means that different values of the pairs (dj, v) will
lead to the construction of various vector functions F().

The purpose of the decision stage is to form the
final decision G based on the classifier obtained at the
previous stage Ygpec -

Based on the main problem solved by the
developed method for supporting decision-making on
software security, the following options are possible:

— Software complies with security requirements;

— Software does not meet security requirements.

It should be noted that neglecting the opinion of an
expert can lead to negative consequences in verification
procedures. Therefore, in cases of a controversial
decision, in order to increase the reliability of the results,
it is necessary to provide for the possibility of expert
intervention. Therefore, the final decision G can take
one of three values:

— 1 - complies with safety requirements;

— 0 - does not comply with safety requirements;

— -1 —disputed decision.

To calculate the final solution G it is necessary
to determine the position of the current solution in the
space of possible solutions, relative to the reference
positive and negative solutions.

Gyr :%/(1— y1)’+(0-y,)%:

e Z%/(O—h)z +(1-y,)%,

U]

where y;,y, — the values of the elements of the

previously calculated compliance classifier for the
analyzed software.

The evaluation of the quality of the obtained
solutions is proposed to be calculated based on the
calculation of the standard deviation (SD) for the sets of
positive and negative solutions.

3. Development of a neural network architecture
for solving the problem of supporting decision
making on software security

After performing one of the important steps -
extraction of security features, which is usually
performed without a teacher, the second important step
is the choice of a reasonably small number of features
that concentrate the most significant information about
the input (classified) data. Despite the fact that an
artificial neural network can independently carry out
classification, it is recommended to supplement it with a
training scheme with a teacher to improve performance.

It is also recommended that the artificial neural
network be able to scale as new security features or sets
of security requirements are added. All vector elements
Fsec Mmust be normalized with respect to the range of

possible values of the chosen neuron model. On Fig. 2 a
model of an artificial neural network is presented that
corresponds to the general scheme of the method for
supporting decision making on software security.

Multilayer perceptron

Input layer

Hidden layer

Result layer

Fig. 2. Artificial neural network model

To solve the problem, one hidden layer of neurons
is enough [8]. To build the final model of an artificial
neural network, it is necessary to determine the number
of neurons in the hidden layer, i.e. calculate its power.

To estimate the number of neurons in the hidden
layers of homogeneous neural networks, you can use the
formula for estimating the required number of synaptic
weights Ly (in a multilayer network with sigmoidal
transfer functions) [9]:
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mN N
—< <m|—+1|(m+n+1)+m, (8
1+log, N b (m j( ) ®

Where n — Pa3MEpHOCTL BXOJHOI'O BEKTOPA, m —
dimension of the input vector; N — number of training
sample elements.

Having estimated the required number of weights,
we can calculate the number of neurons in the hidden
layers. For a neural network with one hidden layer, the
calculation is carried out according [10]*

Ly

L= :
n+m

©)

The dependence of the number of neurons in the
hidden layers of the network on the number of weight
connections is shown in Fig. 3.

L,
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150 N N

\\
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0 T T T T ]
10 20 30 40 50 n
Fig. 3. Dependence of the number of neurons in the hidden
layers of the network on the number of weight connections

It should be noted that the number of neurons in an
artificial neural network should not be less than the
number of classes, and since the exact number of classes
may not be known in advance, the number of neurons is
set with a certain margin. "Superfluous™ neurons, whose
weights will change chaotically during the learning
process, can be removed at the end of this process.

4. Improvement of the artificial neural network
training method

The conducted studies have shown that one of the
most common and proven methods for training neural
networks is the method of back propagation of an error.
[11]. It is based on calculating the difference between
the existing weight of the neural network and the
necessary one to obtain the required result on a
predetermined set of input signals, which is called
training. The backpropagation method is aimed at
minimizing the difference between the actual and
expected network outputs by changing the weights of
synapses.

The main requirement for applying the
backpropagation method is the generation of such a set
of pairs (v,, Yyp) input and output signals, training an

artificial neural network on which will correctly solve
the verification problem. At the same time, it is
necessary that the artificial neural network has the
properties of learning and generalization, and does not
go in cycles around training examples.

In general, an artificial neural network training
algorithm consists of the following steps:

1. The weights of the artificial neural network are
assigned averaged initial values.

2. A training pair is selected (v,, y,) from the

training set. Vector Fg. is fed to the input of the

artificial neural network.

3. The result of the work of an artificial neural
network is calculated.

4. The difference between the expected G and
real network output.

5. Artificial neural network weights are adjusted
to minimize the error.

The most important stage of training is the stage of
forming a training data sample. The correctness of the
formed training sample directly affects not only the
efficiency of the neural network, but also its key
features such as the ability to generalize and
learnability.

To optimize the learning process, there are
strategies such as determining support vectors and
identifying principal components. However, existing
approaches do not take into account the influence of the
order of examples in the training sample on the final
learning outcome [12].

It should also be noted the need to ensure a
"dense" distribution of values in the training sample in
the zone of the threshold value of the software safety
characteristic to minimize the probability of making an
incorrect decision in the conditions of a slight deviation
of the analyzed characteristic from the safe value.
Practical studies have shown that in order to achieve the
required quality of training, it is sufficient that the size
of the training set N satisfies the following relation:

N=0(W/s), (10)

where W — total number of free parameters (synaptic
weights) of the network, & — allowable classification

error accuracy, O( ) — order of value enclosed in

brackets. In accordance with the ratio (8): Wmin = 37;
Winax = 2758.

Based on relation (10), it is possible to calculate
the dependence of the number of elements in the
training sample on the required accuracy of work. On
Fig. 4 a graph of the dependence of the number of
elements in the training sample on the required accuracy
of work is presented, under conditions: O() =10,
1% < £ <23%, Whin = 37, Wnig=1000 Whax = 2758.

It should be noted that in order to reduce the
number of training examples, it is necessary to choose
the optimal values G and &. As can be seen from the
graphs in Fig. 4, for the above example, with &=9%
results take the maximum value.

Based on the above, it follows that the developed
teaching method should provide:

- the possibility of scaling;

— minimizing a sufficient number of training
examples;

— maximum accuracy in solving the problem of
software security classification.
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Fig. 4. Graphs of the dependence of the number of elements
in the training sample on the required accuracy of work

The most important stage of the artificial neural
network training method is the stage of generating a set
of training examples. The key properties of the artificial
neural network depend on the quality of this set. At the
same time, it is necessary that the set of training
examples correspond to the principles of emphasis and
uniformity in the presentation of safety classes.

This generation method includes three levels of
generation: generation of a training sample, generation
of a training example, and generation of a specific value
of a security characteristic. Lots of teaching examples
M, isasetof pairs V;,Y;.

My ={(Vs.Y1),,(Vi,Yi)}, 1=12,..N, (11)

where V; — source data vector, a Y; — known

beforehand result of the work of an artificial neural
network for V;.

At the level of generating a set of examples, the
general requirements for the training sample are taken
into account. First of all, determining its scope, ensuring
that all levels of control are equally represented, and
also controlling the equal presentation of positive and
negative examples. The generation of the value of a
particular training example is determined by the
function F(), whose arguments are: the maximum value
of the characteristic, the number of the generated
characteristic, the level of control, and a variable
indicating the positiveness of the example.

The output of the example generation is a vector,
the first four elements of which indicate the level of
security control, the last element is the required result,
and the remaining elements are the values of the
software characteristics. The Fgen(Si,Cnt) function is
responsible for generating the characteristic values. The
function is formed on the basis of the binomial
distribution law, which allows you to focus the attention
of the artificial neural network on the region of the
transition value of the characteristic:

Fgen (Vi) = F>(YSpeC gVi) =

. . (12)
Vi]~k k. n—k ; .

=Zk:30n p“q", Vie{0;1}.

In addition, the feasibility of generating the correct

value of the characteristic is determined using the

accounting matrix - M, which signals the level of

security control. If the value of the matrix element is 1,

then the characteristic must be generated correctly, and
the value O indicates that the value of this characteristic
is not taken into account for this control level and this
characteristic can be neglected in this example.

The matrix taking into account the characteristics
is compiled in accordance with the requirements of
regulatory documents. This example is based on the
requirements of a non-profit organization MITRE
Corporation. To test the effectiveness and feasibility of
using the improved method for generating training
examples, experimental studies were carried out using
the principles of uniform distribution of training
examples over the entire set of options, and also
focusing on the improved method. The number of
training examples in the sample was taken equal to 4000.

The result of the generation is a matrix of training
examples Mx containing N training examples and N
results. The matrix determines the values of the two
resulting neurons for each training example. As a result,
two sets containing 4000 training examples were
obtained. The results of comparative studies of the
improved generation method are presented in Table 2.

Table 2 — Comparative studies of an improved method
for generating a set of training examples

MxGen | Gen_teach
Number of elements 4000 4000
Positive
Number of correct decisions 640 991
% correct decisions 64 99,1
Negative
Number of correct decisions 3240 3987
% correct decisions 81,8 99,8

As can be seen from the values of the experimental
results, the accuracy of classification and decision making
increased by 1.6 times for positive elements in the sample
and by 1.2 times for negative elements in the sample.

5. Investigation of the effectiveness of the
decision support method for software security

To study the effectiveness of the proposed method
for supporting decision making on software security,
software was developed using the built-in libraries of the
Phyton programming language [13]. This software made
it possible to simulate the processes of functioning of an
artificial neural network with training on relevant
examples. A number of test values were generated. 1000
sets of security indicators with a predetermined result, as
well as 500 - not corresponding. The values of this set
were fed to the input of the trained artificial neural
network, and the result obtained was compared with the
known one. According to the results of the experiment,
the results obtained were more than 96% consistent with
the expected. The results of the experiment are presented
in the form of graphs of ROC-curves of the distribution
of the obtained results by solutions [14] in Fig. 5. To
conduct a comparative analysis of the developed method,
classifiers based on discriminant and cluster analysis are
taken as reference solutions. Fig. 6 shows graphs of the
ROC distribution curves of the results obtained using
discriminant (Fig. 6, a) and cluster (Fig. 6, b) analysis.
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Fig. 6. Graphs of ROC-curves of distribution of the obtained
results using discriminant (a) and cluster (b) analysis

The analysis of the classification ROC curve based
on the fuzzy cluster classifier (Fig. 6, b) was performed
only for two classes, since the procedure for
constructing an ROC curve for a larger number is
difficult. The results of the analysis of the quality of the

functioning of the fuzzy cluster classifier confirmed the
hypothesis about the effectiveness of the developed
method for supporting decision-making on software
security up to 1.2 times.

Conclusions

1. A method has been developed to support
decision-making on software security. A distinctive
feature of the method is the synthesis of an improved
method for generating a training sample in the process
of training an artificial neural network. This made it
possible to increase the efficiency of the software
security decision support method up to 1.2 times.

2. In the course of the study, a model for the
formation of input data vectors was developed. In
accordance with this model, for the formation of input
data, a set of signs of potential vulnerabilities and
undeclared software capabilities is formed in
accordance with the data PVS-Studio Analysis Results.

3. It was proposed to take a multilayer perceptron
as a basis for the design of the neural network
architecture for solving the problem of supporting
decision-making about software security.

4. Artificial neural network training method that is
different the way of generating the learning sample has
been improved. This generation method included three
levels of generation: generation of a training sample,
generation of a training example, and generation of a
specific value of a security characteristic. This made it
possible to increase the accuracy of classification and
decision making by 1.6 times for positive elements in
the sample and by 1.2 times for negative elements in the
sample.

5. Using ROC-analysis procedures, the
effectiveness of the method for supporting decision-
making on software security was carried out. The results
of the experiment confirmed the hypothesis about the
effectiveness of the developed method for supporting
decision-making on software security up to 1.2 times
compared to methods based on the provisions of
discriminant and cluster analysis.
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Po3podka MeTony miATPUMMKHU NPUIHATTS pilleHHs NPo §e3leKy NPOrpaMHOro 3ade3neyeHHs
Wkan Jlings, H. M. MipouraiyeHko

AHoTauis. Bu3HaueHO aKTyalpHICTh MUTAHHS MiJBHIIEHHS TOYHOCTI pe3yJbTaTiB MPUHHATTS PIMICHHS IOIO0 HPOLECy
TECTyBaHHS O€3MeKH IMporpaMHOro 3adesmedeHHs. [IpoBemeHO aHami3 METOIB MIATPUMKH NPHUHATTA pilleHHS. BusHaueHo
HEOOXIAHICTh 1 MOXIIMBICTH MiABUINEHHS TOYHOCTI PE3YNbTATiB NPUHHATTS PIMICHHA OpPH OOCHIIKEHHI BPa3JIMBOCTEH
MIPOTPaMHOTO 3a0e3MeUeHHs B yMOBaX HEUITKOCTI BXIAHUX 1 MPOMDKHHX JaHUX. 3 LI€I0 METOI HAa OCHOBI MaTeMaTHYHOTO
amapary HEYiTKOi JIOTiKH pO3pOOJIEHO METOA MiATPUMKH NPUHHATTA pilleHHS Tpo Oe3meKy MpOrpaMHOro 3a0e3lmedeHHs.
BinMiHHOIO OCOOIHBICTIO JAaHOTO METOY € CHHTE3 YJOCKOHAICHOTO CIIoco0y reHepallil HaB4ajabHOI BUOIPKH Y IPOIeC HaBYaHHS
TYyYHOi HEWpOHHOI Mepexi. B paMkax MozemoBaHHS BHKOHAHI HACTYNHI eTamu JAOCHiIKeHHS. [ MaTeMaTHYHOL
(opmarizanii nporecy NpUHHATTS PIilIeHHs Ta BU3HAYCHHS BXITHUX JaHUX PO3pOOIEHO MOJeNnb GOpMyBaHHS BEKTOPIB BXITHUX
naHuX. BigmosinHo 10 maHoi Moaemi uis GopMyBaHHS BXiTHUX JaHUX (OPMY€EThCs 0314 03HAK MOTCHI[MHUX BPa3IMBOCTEH Ta
HezekiIapoBaHux MoxiuBocted [13 BiamoBimHo 10 manux PVS-Studio Analysis Results. [lns migBuImeHHS TOYHOCTI
knacugikarii 00po0IOBaHIX JaHUX YAOCKOHAJICHO METOJ HAaBUAHHS INTYYHOI HEHPOHHOI MEpEeXi, O BiAPi3HAETHCA CIOCOOOM
reHeparii BUOipKky, 10 HaB4YaeThcs. [laHuil cmoci® reHepamnii BKIIOYMB TPH PiBHI TeHEpalii: TeHepalis HaBYaIbHOI BHOIPKH,
TeHepallisi HaBYAIGHOTO NPHKJIALy 1 TeHepalis KOHKPETHOTO 3HAYCHHS XapaKTePHCTHKH Oe3neku. Lle Mo3BONMIO IMigBHIUTH
TOYHICTh Kiacuikawii Ta IpUHHATTS pimeHHs y 1,6 pa3u il TO3UTHBHUX eNIeMEeHTIB y BHOipui Ta y 1,2 pasu Juisi HEraTUBHUX
eneMeHTIB y BuOipui. [ miaTBep/pKeHHs e(peKTHBHOCTI pO3pOOKH METOMYy MiATPUMKH HPUHHSATTS DIillleHHS 00 Oe3nekn
nmporpaMHoro 3abesnedeHHs mnpoBefeHo ROC-aHami3 3 BHKOHAHHSAM BIANIOBIAHUX Mpoleayp. Pe3ympTaté excriepuMeHTy
MATBEPIWIIM TiMOTe3y PO e(pEeKTUBHICTH PO3pOOIEHOr0 METOLY MiATPUMKH NMPHUHHATTA pimeHHs npo 6esnexy I13 mo 1,2 pasn
MTOPIBHIHO 3 METOIaMH, B OCHOBI IKHX BUKOPHUCTOBYIOTHCS TIOJIOKEHHS TUCKPUMIHAHTHOTO Ta KJIACTEPHOTO aHaJi3y.

KnaouoBi caoBa: Bpa3dnmuBicTh MporpamMHOro 3a0e3NedeHHs; TeCTyBaHHs Oe3IeKH; MiATPUMKA NPHHHATTS pIllleHHS;
HeYiTKa JIoTiKa; Kibep3arposa.

Pa3paboTka MeTo1a MOAIEP:KKH MPUHSTHUS PelieHus1 0 0e30NMACHOCTH MPOrPAMMHOI0 o0ecneyeHust
Uxan JIuusH, H. H. Mupormsanyenko

AnHoTanmmus. OmnpeneneHa akTyaJbHOCTh BONPOCA MOBBIMICHUS] TOYHOCTH PE3yJIbTaTOB MPUHATHS PEIICHHs mpolecca
TECTUPOBaHUSI 0E30IaCHOCTH MPOrpaMMHOro obecredyeHus. [IpoBelneH aHain3 METOAOB MOAAEPKKH TPHHSTUS PEIICHHUS.
OrmnpenenieHbl HEOOXOAUMOCTh W BO3MOYKHOCTB IOBBIIICHHUS TOYHOCTH PE3YJbTATOB NMPHHATHS PEIICHHS HPH HCCIEIOBAHUH
YS3BUMOCTEH TPOrpaMMHOTO OOECTICUSHUSI B YCIOBHUSIX HEYETKOCTH BXOJHBIX M NMPOMEKYTOUHBIX NaHHBIX. C 3TOH Ienbio Ha
OCHOBE MAaTEMaTHYECKOro afmapaTa HEYeTKOH JIOTHMKU pa3pabdoTaH METO[ MOAJEPKKH MPUHATHS pelieHHs O 0e30macHOCTH
mporpaMMHOro odecriedeHus. OTIMIUTENTHHONH OCOOCHHOCTBIO IAHHOTO METOJa SBISIETCS CHHTE3 YCOBEpPIICHCTBOBAHHOTO
crioco0a reHepanuu o0ydaronei BHIOOPKH B Hpoliecc o0ydeHHs UCKYyCCTBEHHOW HEHpOHHOH ceTH. B pamkax MoaennpoBaHHs
BBITIOJTHEHBI CIIEAYIOIIME dTamlbl HccienoBaHus. Jias MateMaTtHyeckod (GopManu3aly Mpolecca NPUHATHS PELIeHHS WU
OMpEe/eNIeHNs] BXOJHBIX JTaHHBIX pa3paboTaHa MoJenb (OPMHPOBAHUS BEKTOPOB BXOIHBIX JAHHBIX. B COOTBETCTBHMHU C AaHHOM
Mozenbio uisi GOpMUPOBAaHMS BXOAHBIX JAHHBIX (OPMHPYETCS MHOKECTBO TNPHU3HAKOB IOTEHIMAIBHBIX YSI3BUMOCTEH U
HeJeKIapupyeMsIx Bo3MoxHocTell [10 B cootBercTBHuM ¢ maHHBIME PVS-Studio Analysis Results. [I1 MOBBIICHUSI TOYHOCTH
KinaccHUKauy  00pabaThiBAGMbIX JaHHBIX YCOBEPIICHCTBOBaH METOX OOYy4eHHs HCKYCCTBEHHOI HeilpoHHO#l cetH,
OTJIMYAIOIIHICS CIIOCOOOM reHepanuy obydJaromieiicss BBIOOpKH. JlaHHBII crIOcO0 reHepalny BKIIOYMI TPU YPOBHS I'€HEpalUH:
reHepauus oOydvaromieil BbIOOpKH, reHepanus ydeOHOro NpuMepa M TeHepalHs KOHKPETHOTO 3HA4YEHHS XapaKTepHUCTHKU
0e301acHOCTH. DTO MO3BOJMIIO MOBBICHTH TOYHOCTh KIACCH(HKANU M MPUHATHSA pEImIeHus B 1,6 pa3 Uil MOJIOKHUTETBHBIX
JJIEMEHTOB B BbIOOpKe M B 1,2 pa3a ais OTPHUIATENBHBIX JJIEMEHTOB B BbIOOpKe. Jlist moarBepkaeHHs 3(dexTHBHOCTH
pa3paboTKH MeToja MOICPKKH TPUHIATHS PEHIeHHs 0e30MacHOCTH MpOorpaMMHOro obecreueHust mposeneH ROC-anamus ¢
BBINIOJTHEHHEM COOTBETCTBYIOIMX TpOLEAyp. Pe3ynbTaThl SKClepUMEHTa MOATBEPAWIM TUMNOTe3y 00 3(hQeKTHBHOCTH
pa3paboTaHHOTO MeTo/a MOIEPKKU HPHHATHS perieHns o 6e3onacuoctu 110 B 1,2 pa3a mo cpaBHEHHIO C METOAaMH, B OCHOBE
KOTOPBIX HCIIOJIb3YIOTCS ITOJOKSHUSI AUCKPIMUHAHTHOTO U KJIACTEPHOTO aHAIN3a.

KiaoueBble ciI0OBa: ysI3BUMOCTb HPOrPaMMHOIO OOECHEUEHHMS; TECTUPOBaHUE 0E30MaCHOCTH; MONCPIKKA MPUHATUS
PpelIeHUs; HeueTKas JIOTHKa; KHoepyrposa.
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BUKOHAHHS OCHOBHUX APUGMETUYHHUX A1 3 KOMIUIEKCHAMHA

YW CJIAMM, SIKI IPEJICTABJIEHO B IHTEPBAJIGHIN I'IIEPBEOJITYHINA ®OPMI

Aunoranis. Mera podorn. Po3pobka croco6iB BUKOHaHHS OCHOBHHX apU(pMETHYHHX [l 3 iHTEPBAIbBHUMH KOMILICKC-
HUMH YHCIIaMH, SIKi IIPE/ICTABICHO B TinmepOomniuniit dopmi, ix Momyist i aprymenty. PesyabraTn. B poborti posrimsayTo
METO]] PO3UIMPEHHS IHTEpBAJIGHUX UMCEll, BU3HAYEHHUX B TirmepOouiuHii ¢opMi (TimepOosivHIX IHTepBAIPHAX YHCEN) Ha
ToJie KOMIUIEKCHUX ducell. J[s mporo AificHy Ta ySIBHY YaCTHHU KOMIIIEKCHOTO YHCIIA IOAAI0Th y (opmi rimepOostigHoro
IHTepBaJILHOTO 4YHciIa. BeTaHOBIEHO 3B SI3KM MDK IOJAHHSM IHTEpPBAJIBHHUX 4HCeN y KiacwuHil ¢opmi, cucremi LIEHTP-
PAJIIYC Ta rinep6onivHiii popMi. 3alpONOHOBAHO METOAN BUKOHAHHS OCHOBHHX apU(PMETHYHHUX il 3 rimepOomiyHIMH
KOMIUIEKCHIMH YHCIIaMHM, a caMe: J0JaBaHHs, BiJHIMAHHs], MHOXEHHS Ta JAiIEHHS. 3alpONOHOBAHO METOJ IMiJAHECCHHS B
LITOYUCETbHUI JOAaTHUH CTEMiHb KOMIUIEKCHOTO 1HTEpBAJBHOTO YHCIA, BU3HAUYEHOT'0 B TinepOoniyHii ¢opmi. 3ampomno-
HOBAaHO METOIU OOYHCIIEHHS MOIYJIO Ta apryMEHTy KOMILIEKCHOIO YHCIIA, BU3HAUEHOTO B TimepOomiyHiid ¢opmi. 3ampo-
MIOHOBAHO METO]| BU3HAUCHHS KOPEHs CTYNEHs N 3 IHTepBaIbHOTO0 KOMILUIEKCHOTO YMCIIa, IIPECTABICHOTO B TilepOoTiaHii
¢opmi. BukoprcroByroun 3B’3KM MiX TilepOOJIIYHIMHI Ta TPUTOHOMETPHUYHUMHU (DYHKIIISIMU 3alIpOIIOHOBAaHO (opMy mO-
JaHHs IHTEPBAIBHOIO YHCIIA B TPUTOHOMETPUUHIH (opmi. BeraHoBeHO, M0 HAWOUIBII JOIIIEHO BUKOHYBATH Iii 1oxaa-
BaHHS Ta BiHIMAHHS 3 KOMIUICKCHUMH IHTEpBaJbHIMH YHCIAMH, SIKI MalOTh KJIacu4Hy (opmy, abo BU3HAYEHI B CHCTEMI
HEHTP-PAAIYC. Onepauii MHOKEHHSI, JUJICHHS Ta MiAHECEHHS B LIJOYHUCETbHUN CTEMIHD HAMOIBII JOLIIFHO BUKOHYBA-
TH 3 KOMIUICKCHUMH iHTE€PBaIbHUMH YHCIIAMHM, SIKI BU3HAUEHO B TimepOomiuHii ¢opmi. Omnepamito 0OUMCICHHS KOPEHS
CTyHeHs N 3 iHTEPBATBHOTO KOMIUIEKCHOTO YHCIIA, TIPEICTABICHOTO B TinepOoiuHii GpopMi, HAWOUIBII JOLINEHO BUKOHY-
BaTH 3 CYMICHMM BHKOPHCTaHHSIM MOJaHHS iHTepBanbHOrO uncna B cucremi LIEHTP-PAIIYC Ta B rinepOoiuHii ¢popmi.

Ku1rouoBi cioBa: iHTepBanbHI Uucha; TinepOomiyHa GpopMa iHTEPBAIBHOTO YMCIIA; KOMIUIEKCH] iIHTepBalIbHI 4ncia, apug-
METHYHI [ii 3 TrinepOoTiYHIMU KOMIUIEKCHUMH iHTEPBAIbHIMHU YUCIAMU.

[A]/[B]=(ay.ap) (Yby Yby), Og[b,by]. (5)

B po6ori [9] 3amponoHOBaHO MPEICTABICHHS iH-

Beryn

VY 1893 p. onuH 3 6aTHKIB Cy4acHOI €JIEKTPOTEXHi-

ku Yapies [Ipoteyc Ulreiiamer (1865-1923) 3amporo-
HYBaB BUKOPHMCTAHHS KOMIUIEKCHUX YHCEJ IIPU aHai3i
nporeciB B Mepexax 3MminHoro ctpymy [1]. 3 tux mip
BHKJIAJl IIbOTO METOAY YBIMIIOB M0 BCiX MiIPYyYHUKIB
€JIeKTPOTEeXHIKN [26] i MaTeMaTHKH IS eIeKTPo- 1 pa-
nmioimxkenepiB [2]. Po3BHTOK iHTEpBalbHOTO aHAIIZy
MIPUBIB 10 TOE€AHAHHS OuX MetoniB [3, 4]. ¥V poborti [5]
OyJI0 3aIpOIIOHOBAHO MPEICTABICHHS AIHCHOTO iHTEp-
BaJIPHOTO YHCJIa B TaK 3BaHill rinepbomivuHii hopmi.

AwnaJi3 giteparypu. Bignosinxo 1o [6-8] B naniit
pobori ailicHe iHTepBasibHE YuCio [A] Oyne BH3HAYCHO
Y BUIJISI TTapH AIHCHUX YHCEI:

[A]:(al,az) O<alsaz.

M)

Bynemo BBaxkatH, mo ymosa (1) Bu3Hadae iHTep-
BaJIbHE YUCIIO B KJIacu4Hil (opmi. OCHOBHI apupmeTn-
4Hi Jii 3 IHTCpBaJIbHUMHU YHCIAMU B I[bOMY BHITAJKy
BUKOHYIOTh 32 PaBHJIaMHU:

[A]+[B]=(a1.a2)+(by.by) =[ (g +hby). (a2 +12) ]: (2)
[A]-[B]=(as,a2)~(br,by) = (8 ~b2). (a2 ~b1) |5 (3)
[A]-[B]:(mln(u) max(U ) ,
):

(4)
= (aqby, agby, a5by, a5b; );

TEPBAIBHOTO YHCIA <A> y cucremi LHIEHTP-PAAIVC

SK YIOPSAAKOBAaHOT Mapy AIHCHUX YHUCET:
(A) = <a, ry ) (6)

e a=(a+ay)/2, r,=(ay-2)/2. @)

VY mnopaneiiomy OyzeMo MpUAMATH, IO |ra| <|a|.

[Hmi Bumagku B poOOTI HE PO3TISIHYTO, TOMY IO BOHH
He BiANoBigamy (i3MIHOMY 3MICTY 3afad, sSKi PO3B’s3y-
BaJIM aBTOPH JAaHOTO TOBimoMIeHHS. OCHOBHI apudme-
TUYHI Jii 3 iHTepBaTLHUMU unciamu B cuctemi LIEHTP-
PAJIIY C BUKOHYIOTH 32 IIpaBUJIaMH, HaBeIeHUMH B [9]:

A+B=(a+bry+1); @)

©)

VY pobori [5] npuifHATa yMOBa, IO MEXi iHTepBa-
JiB, SIKi BU3HAYAIOTH JJaHI YHCJa, YTBOPEHI 00UNCITIOBaA-
JILHUMHU TTOMHWJIKAMH, TIOXMOKaMH BUMipIOBaHb abo0 He-
TTOBHUM 3HAHHSM 00J1acTi 3MiHU NEAKOi Gi3nIHOT BeH-
yuHU. TOMy MOBHHHI BUKOHYBATHCSI HEPIBHOCTI:

>0, bZrbZO.

A-B=(a-b,ry+1,).

axry (10)

v MMPOTUJICIKHOMY BUIIAKY 6yH€MO BBaXxaTu, 1o 3ajaa-
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Ya, B MEXaX HalIMX YsBIECHb NP0 O0'€KT JOCIIIKCHHS,
(I3UYHOTO 3MICTY HE MaE€.

B poGori [9] 3anporonoBaHO (GOPMYIIH IS BUKO-
HanHg B cucteMi LIEHTP-PAJIIYC omnepauiii mineHHs
Ta MHOXEHHSI B TAKOMY BHIJISII

(a,1, )(b, 1, ) = (ab+r,1y,ar, +bry ); (11)
(a, l'a> ab+ryn, ang +bry

= ' . 12

b))\ b a2

B po6Gori [9] 3ampomnonoBaHo migHECEHHS B LTI
JOJATHUH CTEMiHb iHTEpBAIBLHOrO ykciaa [A]= (al’az) ,

sIKE BU3HAYCHO B KJIAcWUHINA ¢opwmi,
MPaBHIIOM:

BHUKOHYBAaTHu 3a

=] ,ag] axwo ap > 0;

n=2k,k=12,...;
=] ,ag] axuo 0 €[ay,ap], (13)
n=2k+1,k=012,..;

[
[0.max{af 28}, mvuao 0< 5],
[
[

ag,a{‘] akwo ap, <0,n=2k,k=12,..;

[a{‘,ag‘] akwo a; <0,n=2k+1.

Jmsa Tiel x omeparii, SKy BUKOHYIOTh B CHCTEMi
HEHTP-PAJIIYC, B [9] HaBeieHO CHIBBiTHOMICHHS:
A" =(a,r,)"

=(G,R) (14)

3a ymoBH, mo N e Z. Toxui:

(15)
R = Z C2k+1r2k+1|a|n—(2k+1).
= n fa
It n =2 oTpuMaemo:
() =(a® +i2 2. fa| 1a) (16)

B pobotax [5, 10] 3ampormoHoBaHO TinepOomiuHy
(bopMy NojaHHS IHTEpBAJILHOTO YuCia. Y bOMY Bapia-
HTI IHTE€pBAJbHE YHCIIO X 3aNUCYIOTh y BUTIISIL:

X = p(chg + 0 -shg) . a7

VY cmiBBigHomenHi (17) npuiinsaTo, mo 6 — crerri-
aNlbHUN CHMBOJ. 3a 3aMOBYCHHSIM BBaXKalOTh, IO

6% =1. Benuuuny p B pob6orax [5, 10] nassano rirme-
pMoayJieM, BEIIMYMHY ¢ — apIyMEHTOM rinepOoIigyHOro

iHTepBaIBLHOTO YHcia (TinepOoiYHOrO YUCIIa, 3TITHO 3
TEPMIHOJIOTIEI0, sSIKa TpUiHATA B poOoTi [5]). Bemmauau
£ 1 ¢ BU3HAYAIOTH 3a CIiBBITHOUICHHAMHU:

a+tr. a:
p= ,/a1a2,¢=—| ath L2

18
a-r, 2 (18)

I3 cmiBBigHOMEHHS (18) BHXOAWUTH, IO TiMepMO-
IyJib — LI CepeIHs T€OMETPUYHA MEK IHTepBairy. Bin-
MOBITHO 10 poOoTH [S] B Ta0). 1 HaBEACHO 3B'SI3KU Mik
pi3HMMHU QopMaMM HOAAHHS IHTEPBAJIBHUX YHCEN, SKi
OyJic pPO3MIIIHYTO B JaHiil pOOOTI.

Tabruysa 1 — 3B'a3kM Mizk pisHUME opMaMH NOJAHHSA IHTePBAJIBLHHUX YHCe

CDOpMI/I IO JaHHA iHTepBaJH)HI/IX Huncesl

a+a, a,—a
PALIIYC, (A)=(ar,) (A):<122,221>

®opmu NOJIaHHS iHTED- Knacnuna, Cucrema IIEHTP-PAIIYC, Tinep6osivHa,
BaJIbHUX YHCEI [A] =(ay.a,) (A) = (a, ra) x=f(p,9)
Knacuuna, _
(A] = (o) [A] = (ay,3,) [Al=(a-rp.a+1,) [A]=(p[ché - sho].p[cho + sh])
Cucrema LIEHTP-

(A)=(ar) (A)=(p-chi.p-she)

Tinep6osivna, [A] = (\l 243,C(9), V&2, Sh(¢))
x=1f(p.9) ¢=05-Ina,/a

(A)=\Ja? —rZ -(chd +0-sh¢)

$=05-In(a+ry)/(a-r,)

X = p(chd + 0 - shd)

OcHoBHI apudmernyHi mii mis mapu rinepOotid-

Hux yncen X = p(chg+6-shg) ta y=5(chy +6-shy)
BiAmoBigHO 70 [5, 10], BUKOHYIOTH 3a TIpaBHJIAMHU:

X+y=(p-chg+o-chy)+0(p-shg+35-shy). (19)

—y=(p-chg—5-chy)+6(p-shg—6-shy). (20)

X-y == po(ch(¢+y)+0-sh(g+y)) (21)

L= (p(chg+6-shg)) ™ =%(ch(—¢)+e-sh(—¢». (22)

X

Z=L(ch(g-y)+6-(h(g-w)).  (23)
y o

" = (p(chg +0-shg))" = p" (ch(ng) +6-sh(ng)) . (24)

Takox B poOOTi [S] pO3TISIHYTO BUMAAKH, B SIKUX
OJlHa 3 BEJTUYUH cTana. Toal OTpUMaeMo:

ctx=(ctp-chg)£8-sh(g). (25)

JIst MHOYKEHHS CTaJIOl BETUYMHU ¢ Ha TinepOoIti-
YHE YHCJIO X OTPHUMAEMO:
cx = cp(chg + 6 -shg). (26)

Jlnst omeparii miieHHsT y BKaszaHid poOOTi HaBeme-
HO JIBa BapiaHTH omepallii. Y meprioMy BapiaHTi:

x/c=(p/c)-(chg+0-shg). 27)
VY npyromy BapiaHTi:
¢/x=(c/p)- (chg—6-shg). (28)
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BpaxoByroun noTpeOM eNeKTPOTEXHIKM i 1HIINX
IHKEHEPHUX JUCHUILIIH B podoTax [6, 10, 13] onucano
PO3LIMPEHHS] OCHOBHUX MOHSTH 1 METOJIIB 1HTEpBAJILHOT
apu(MeTHKH Ha KOMILIEKCHY IUIOIMHY. BinnosigHo mo
IUX poOIT KOMIUIEKCHE iHTepBajbHE 4Hcio [Z] BH3Ha-
YUMO TaKHM YHHOM:

P}:[XHY]J:(xl,x2)+(y1,y2).i, i=+-1.(29)

TobTo, TeOMETpUIHMM O0pa30M KOMILIEKCHOTO
IHTEepBaILHOTrO Yncia Oy/e MPSIMOKYTHHK, BH3HAYCHHI
Ha KOMIUICKCHIM TIUTOIIMHI, TEOMETPUYHUM O00pa3oM
JIACHOTO IHTEPBAILHOTO YKclia Oye BiIpi30K YUCIOBOT
oci. BiamoigHo mo [14] mis 3py4HOCTI HOAANBIINX
00YHCIICHbh MPEICTaBUMO KOMIUICKCHE IHTEpBaJbHE

YUCTIO Y BUITIAMI BIOPAAKOBAHOI MapH {2} = <[X ] [Y]>

1 BHKOHAEMO OCHOBHI apumMeTHuHi aii 32 MpaBUIaMHu:

Hl{il = ([X]+[X LY+, )

27| 00D o

22

(30)

(32)
= (X0, - RIYL X YT, (XY )
-
(KX Y (X -x1v, |
XE+XL  [XEIXE

JI1st BU3HAUEHHST MOJYJISl IIHCHOTO iHTEPBAILHOTO
uncna surisiny (1) B [6, 7, 12] € cniBBigHOIICHHS:

[ = mo ]l -

Jlyist MOy sl KOMILIEKCHOTO 1HTEpBAJIBHOTO YHCIIA
suriny (29) B po6orax [11, 13] € criBBigHOImIEHHS:

HEDEUE

= \/|max(x1, x2)|2 +|max(yy, y2)|2.

(34)

(35)

3 MpUBEACHOTO aHai3y BUXOIUTh, 11O B JIITEPATY-
pi onmrcaHO 3BEACHHS MPO BUKOHAHHS OCHOBHHX apu-
METHYHUX [iif 3 1HTEpBaJIbHUMU KOMILJICKCHUMHU YHC-
JIaMH, TIPEACTABIIEHUMHU TIJIKH B KIIACHYIHIN GopMi.

IMMocranoBka 3apavi. Po3poOka crmocobiB BUKO-
HAHHS OCHOBHUX apH()METHYHUX [iil 3 IHTCPBAITLHUMU
KOMIUICKCHIUMH YUCJIAMH, SKi TPEJICTABJICHO B rimepoo-
JYHIA popMi, IX MOYJIS 1 apryMEHTY.

[p}/(ch(¢+a))+9 Sh(¢+a))]+[5/1 ch(y +n)+6- Sh(l//+7]):|

OTtpumani pe3yJabTaTu

Buxonannsa ocnosnux apugpmemuunux Oiti 3 inme-
DBANBHUMU KOMINEKCHUMU YUCTIAMU, AKI NPeOCHAGIeHO
6 einepboniunii gpopmi. Po3riasiHEMO Mapy KOMIUIEKCHHX
IHTepBAJIFHUX YHWCEll, B SKWUX IIMCHY i YSBHY YaCTHHH
MIPEICTaBICHO B TinmepOomigHiil Gopmi, BIAMOBIAHO IO
criBeigHomenns (17):

Z. =X +iy; =
i l e (36)
={p(chg+6-shg)} +i{5(chy +6-shy)};

2 =Xy 1Yy, =

i L 2 (37)

={y(chw+6-shw)}+i{A(chn +6-shn)}.

Buxopucrosytoun (19)...(23) i (29)...(32), orpu-
Ma€eMO HACTYITHI CHIiBBiJHOIIEHHS Ui OCHOBHUX apu-
METHYHUX [ii 3 KOMIUICKCHHMH iHTEpBaJbHUMH YHC-
JlaMu, TIPeJCTaBIECHUMH B rinepOonivyniid ¢popmi. Cymy
JIBOX IHTEPBAIBHUX KOMIUICKCHHX YHCEN y IbOMY BH-
MaJIKy MOYKHA MPEJCTAaBUTH Y BUIIISII:

T1=|:Z:| +|:Z:| =R1+iEl, (38)

1 2

e Ry = (pchg + ychw) + 0 pshg + Ashw) ;  (39)
E; = (5chy + Achn) + 0( pshy + Ashn) . (40)

Pi3HuIo ABOX iHTEpBAJIBLHUX KOMIUIEKCHHX YHCEN
y IbOMY BHII3JKYy MOKHA IPEACTABUTH y BUIITIALI:

T2 =|:£:| —|:£:| :R2+iE2, (41)

1 2
ne R, = (pchg — Achw) +0( pshg— Ashw);  (42)
E, = (6chy — Achn) + 0 ( pshy —Ashn).  (43)

J1o0yTOK NBOX iHTEpBAJIBHUX KOMIUICKCHHUX YHCET
y IbOMY BHUITQJIKy MO>KHA IIPEJCTABUTH Y BUTIIALI:

T3:|:£:| ><|:2:| =R3+iE3, (44)
1 2
Ry = py [Ch(¢ + )+ 6sh(g+ a))] -
e ; (45)
~28[ch(w +n)+6sh(y +n)];
Eg = pA[ch(g+n)+6sh(g+n)]+ (46)

+y5[ch(w+w)+6sh(w+y)].

Pe3ym,TaT ,HiJ'ICHHﬂ JABOX iHTepBaJ'ILHI/IX KOMILJICK-
CHHUX YHCEIT Y IbOMY BHUIIAAKY MOYXHA MPEACTABUTH SIK

UZFL/FL:&+Eb

(47)

ae 4 =

| 7 (ch(20)+0-sh(20)) |+[ 4% (ch(2n) +6-sh(2n)) |

(48)
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[;/5 ch(w+y)+0-sh(w+y)) ][ pA(ch(g+n)+0- 5h(¢+77)]

4 =

Ilionecenns 6 yinuit 000amuuil Cmeninb KOMNieK-
CHO20 [HMEPBAIbHO20 YUCAA, NPEeOCMABIEHO20 6 2inep-
6oaiunit ghopmi. JIns miTHECEHHST KOMILICKCHOTO iHTEp-

BaJBLHOI'O YHCIIa {Z} , SIKE TIPEJICTABJICHO B rimepOotiu-

Hili hopMi:

2 | <ttt -0-sm o0 |2

y UUIMA JOJATHUH CTEmiHb N, BHIIIUMO HOro IificHy
a iysBHy b yacTuHH, sIKi JOPIBHIOIOTH BiIOBIJHO:

a=p(chg+0-shg), b=5(chy +6-shy) (51)
Toni orpumaemo, mo:
{z'} = (a+bi)" = Zc:k =k (i) (52)

BuxopucrtoBytoun (21) mns cmiBBigHOmeHHS (52)
OTPUMAEMO:

a"* = p"K[ch((n—K)¢) + 0 sh((n—K)g)]

(ib)* =ik[s¥ (ch(ky) + 6 sh(ky))].

BUKOpHCTOBYIOYH MOHATTS MOPIBHSHHS [0 MOJIY-
IO, SIKE€ BUKOPHUCTOBYIOTH B TEOPii YMceN 1 sSKEe BUKIIA-

; (53)

(54)

neHo B [15], BemuumHy i BusHawMMO TakMM wHHOM:

1,  axwo k=4mod(0);
i, k =4mod(1);
ik _ i, saxwo mod(1) (55)
-1, sakwo k=4mod(2);
—i, saxwo k=4mod(3).

Takum 4YMHOM, OTPUMAEMO, IIIO:

« " n [k ik n-k ) y
{z } _5 Cp i p" ™ [ch(ky) +0-sh(ky)] (56)
k=0 x6* -[ch((n—K)g) + 8- sh((n—k)g)]

Busnauenns apeymenmy komniexcHo2o iHmepsa-
JIBHO20 YUCIA, SIKe NPe0CmABIeHO 8 2inepOoaiunil Gop-
mi. Cnij 3ayBaxkuty, o B poboti [16] neransHO posr-
JSIHYTO 3a/adi i METOAM IHTEpBaIbLHOI reoMerpii, aie
BU3HAYCHHS KyTa BificyTHE. ToMy, 10 aHAJOTIi 3 KJIacu-
YHOIO TEOPi€I0 KOMIUIEKCHHX YHCEJ, BU3HAYATHMEMO

L]
apryMeHT TinepOoJIiYHOTO KOMIUIEKCHOTO YHCIa {Z]

SIK BITHOIIICHHS YSBHOT YaCTHHH YHUCIIA 0 WOTO MIACHOT
YaCcTHHHU.
JIJ1s IbOrO BUKOHAEMO TaKi IEPETBOPEHHS:

g0 shg) LS A+ 0-shly =] (57)
[Ipuitmemo, 1mio:

Slp=y yv—-¢=r. (58)

ch(20)+6-sh(2w) |+| A2 (ch(27)+6-sh(2y
Bl IR )

(49)

Bpaxosyrouu criBsignomenns (17) i (57), crniBgigHo-
meHHs (58) npuiime BUrIIS:

d = y(chr +6-shr). (59)
OTxe:
arctg(d), AKUO R >0,
r+arctg(d), saxwo R<O0,E>0,
—r+arctg(d), sxwo R<O0,E <O,
g %, akwo R=0,E>0, (°0)
—%, akwyo R=0,E<QO.

B ymoBy (60) BXOIsTh iHTEpBaNbHI YKCa 1 BimHO-
CHHU MK HUMU: <, >, >. 3aCcTOCYBaHHS IIMX BiTHOCHH
JUIsl TIOPIBHSHHS 1HTEPBAILHUX BEIMYWH PO3IIISHYTO B
poGorax [17, 22, 23].

Obyucnenns Qyuxyii [U]z arctg[x] ons inmep-

8AIHO20 UUCIA, 3a0anH020 8 cinepboniuniti popmi. O0-
YyuCIeHHS i€l QYHKIIT U1 apryMeHTy, KU 3a1aHo y
BUTJISIl IHTEPBAILHOTO YMCIIA, BU3HAYEHOTO B CHUCTEMI
LHEHTP-PAJIIYC, posrisinyTo B podori [17]. YV nanomy
MOBIZIOMJICHHI PO3IJISIHYTa MOXIIMBICTH BUKOPHUCTAHHS
METO/IiB, BUKIaAeHUX B pobotax [18]...[21] i mpu3Ha-
YeHHUX U OOYMCIIeHHs 3Ha4YeHb GyHKkmii Y = arctg(X)
niicHOro aprymenTy x (tabiu. 2), Ta OLIHEHO MOXJIH-
BICTh IX BUKOPHCTaHHS JUIsl apryMeHTY, 3aJIaHOT0 Y BH-
TJIs111 IHTEPBAJILHOTO TiepOoIiyHOTO YHCIIa.

Tabnuys 2 — Metoau odunciaenns pyukuii y = arctg(x)
JifiCHOTO apryMeHTy X

Ne|L* Mertoa 004HCIeHHS
k
arctg(x) = (Zk) x*
1[20] \/1+x k= ozzk(kl) 2k +1) (142 )
X2 <o
[19] w0 22K (1 2 \K
2|, arctg(x) = x2 27(k) [ x > X2 <o
[21] 1+ x5 o2k +1)! (1+x
[19] k 2k+l
3|, arctg(x)—z( DX , X% <1,
[20] k=0 2k +1
( 1)k 2k+1 2
41[18 arctg(x) = , X<l
[18] g(x)= k;) il
1 2
5|[8]] arctg(x)==- Y (-1 x2>1
8] kZ%) (2k +1)x%+1
m
6 |[18] arctg(x) = > ag x>, x¥<1
k=0
_1 2k+1
7 |[18] arctg(x)_z+z 2k+1( 1] , 0<x<o
+

L" — sinnosiani siteparyphi mxepena
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3 MOpIiBHSHHS HABEICHUX y TaONl. 2 CHIBBiIHO-
IICHb BUIUIMBAE, [0 BOHU PO3PI3HIIOTHCS OOMEKCHHS-

MU Ha BEJIMYUHY apryMEHTY |X| , Hanpukiaz, st Ne3 i

Ned, Ne5 i Ne6. Kpim Toro, st HaOyTTsS 4HCETBHOTO
3Ha4eHHS Oyab-sfKkoi (QyHKIII CIlifi BpaXxoBYBaTH 0CO0-
JUBOCTI pearizallii mpouecy o04YHCIeHb IS MOKIHBHX
(¢opM TOHAaHHS IHTEpPBAIBHUX YHCEN. Y HAIIOMY BHIIA-
Ky HaWOinmpIl 3pydHHUM MOKe OYTH CITiBBiTHOIICHHS
Ne6. st omiHKY BETMYMHH M Y IIHOMY CITiBBiJHOIICHH]
OyB TpoBeNeHMIA HOTO YncenpHIA aHawi3. Po3paxyHko-
Bi CIIBBiIHOIICHHS, BHKOPHCTaHI B LLOMY BHIIQJIKY,
MoKazaHo B Taoux. 3.

Pegynbratn  oOumcieHHs  3Ha4eHb  (QYHKLIT
y = arctg(x) 3a ymoBu x=-1,(0,2),1 mnokazano B

TaouI. 4.

OTpuMaHi 3HAYCHHS TOPIBHIOBAIU 3 TAOIUYHUMHU
3HAUEHHSAMH, HaBeJeHUMH B [24]. 3 oTpHMaHMX JaHUX
BUXOJIUTH, 11O MPH KUIBKOCTI JOJaHKIB M =5 pe3yins-
TaT obuKcieHb 3HaYeHs QYHKIIT Y = arctg(x) 3abesme-

qye xopouie CHiBHaﬂiHHﬂ 3 TAOJMYHUMU 3HAYECHHIMU.

Tabnuysa 3 — MHOTOY/IeHH, BUKOPHCTAHI 17151 004MCIeHHS
¢dynkuii y = arctg(x)

m MHorowienu

3 | arctg(x) = 0,99935x — 0, 288868x° + 0,07933x°

4 | arctg(x) = 0,99921x — 0,321182x° + 0,14627x> — 0,03899x

arctg(x) = 0,99986x — 0,33029x> + 0,18014x° —
-0,08513x” +0,020835x°

Tabnuys 4 — Pe3yabraTn o0uucaeHHs 3Ha4eHb GpyHkuii y = arctg(x)

3Ha4YeHHS apTyMEHTY, SKIO KingE?cingggtgzﬁaH;ngogggg(z)oi)igmoe m Tabnmuane 3HaueHHS QYHKIIIT
X 3 7 5 y = arctg(x)
-1 -0,7860 -0,78532 -0,7854 -0,7854
-0,8 -0,6744 -0,67468 -0,6747 -0,6747
-0,6 -0,5410 -0,54043 -0,5404 -0,5404
-0,4 -0,3804 -0,38056 -0,3805 -0,3805
-0,2 -0,1968 -0,19732 -0,1974 -0,1974
0 0 0 0 0
0,2 0,1968 0,19732 0,1974 0,1974
04 0,3804 0,38056 0,3805 0,3805
0,6 0,5410 0,54043 0,5404 0,5404
0,8 0,6744 0,67468 0,6747 0,6747
1 0,7860 0,78532 0,7854 0,7854

Bukopucrosyroun criBsignomenns (24), (55), (59
i ciiBBigHOMmEHHS (N6, TabI1. 2) OTpUMAEMO, TIIO:

arctg(d) =

s 2k+1 Ch((Zk +1)- (v —¢)) + || - (61)
= |(Z=0a2k+l{(5/p) |:+9 sh((2k +1)(l//—¢)):|}

YucenbHi 3HaYeHHA KOS(ILIEHTIB &y ,q BKa3aHO B

tabn. 3, m=5. o Benuuuny cuin migcrasutu B (59)
JUIS OTPUMAHHS apryMEHTY KOMIUICKCHOTO IHTEpPBAJIb-
HOTO YHCJIa, BA3HAYCHOIO B TiepOoiuHii Gopmi.
Busnauennss mooyns inmepeanibHo2o KOMIIEKCHO20 YUC-
Ja, npedcmasnenoeo 8 cinepooniunit ¢opmi. Binnosin-
HO 10 poOit [8, 13] i cniBBigHOIIEHD (23) 1 (34) MOIyIH
KOMIUIEKCHOTO IHTePBaJIbHOTO YHCIIa

. . p(chg+0-shg)+
{Z} :[R]H[E]:{+i{5(chy/+9-shy/)}} ©2)

BH3HAYNMO SIK CITIBBITHOIIECHHS BUTIISAIY:

F} p(ch¢+9-sh¢)}2 +

2
PoskpuBaroun migkopeHeBuid Bupas B (63) ta Oe-
pyuu 10 yBaru (24), oTpUMaeMo:

H {” (ch(2g)+6-sh(2(g)| +

- [RF[EF -
+{6(chy +0-shy)}

. (63)

- . (64)
+{52 (ch(2y) +9-sh(2y/))}

Crpornryroun (63) i 3Baxxaroun Ha (19), oTpumMaemo:

. [ p2ch(24) + 52ch(2w)] +
4

= . (65)
+6’[p25h(2¢) +523h(2y/)]
Jls 3pydHOCTI TOAANBIINX 0OYUCIICHD ITeperaeMo
Bix rimepOosigyHOi GOpMHU IHTEPBAILHOTO YHCIA 10 iH-
TEepPBAIBHOTO YHWCJIa, BU3HaueHoro B cuctemi [[EHTP-
PAAIYC. [Inst 1pOr0 BHKOPHCTAEMO PE3YJIBTATH PO0O-
T [5] 1 TabGn. 1 maHOTO MOBITOMIICHHS:

<£>: (p%ch(2¢) +5%ch(2y));\ _ <;r>:
(p?sh(2¢) + 5%sh(2y)) (66)

i)

OCKUTBKH pe3ynbTaT PO3PaxyHKY, SKHA HABEACHO B
(65), orpumano B cucremi LIEHTP-PAIYC, To s
mepexoay Ao TinepOoiigHoi (GopMHU IHTEPBAaIHHOTO YH-
CJ1a BUKOPUCTAEMO CIiBBIIHOIIEHHS Ta0d. 1, oTxe:

. . (67)
x| ch 1Inf+rz 6-sh llanZ
z-r, -,
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Obuucnenns xopens cmynens N 3 iHMEPBATLHOLO
KOMNJIEKCHO20 YUCIA, NPEOCABLeH020 6 2inepOoniuniil
¢opmi. OGUNCIEHHS KOPEHS CTYyNeHs N 3 KOMILIEKCHO-

ro uucna 7 =4a+ib, BusHaueHoro B TpamuiiiHOMy BH-
IS/, BUKOHYIOTh, BUKOPUCTOBYIOYHM TaKe CITiBBiIHO-
menns ($=0,1,...,n-1):

L 1
2n:(a2+ b2 )2n

cos((arctg (6/ a)+ 25;z)/n)+

. . (68)
+isin ((arctg (b/8)+ 257r)/n)

JloxnmaiHine yMOBH 3aCTOCYBaHHS CITiBBiTHOIICH-
Hst (66) posrmistayTO B [14] a60 B Oymb-sfKOMY iHIIOMY
MOCIOHMKY aHajorigHoro 3MicTy. [Ipuitmemo, 1m10:

1/(2n)

R S (69)
T cos arctg(b/a)+2sx Tisin arctg(b/a)+2sx (70)
n
Toni criBBigHOWIeHHS (71) OTpUMAa€e BUTITISAL:
7/ = yrenT, (71)
3Baxkaroun Ha criBBigHOIICHHS (65), (66) oTprMaemo:

1
% [PZCh(2¢)+5zch(2y/)J+ 2n %
= =(hm)".(72)
+0| p?sh(2g)+5%sh(2y) |

V cniBBigHomenHi (72) pe3ynbTaT CKIagaHHsS iH-
TEPBATBHUX YHUCEJ, MPEJCTABICHUX B TiMepOOTivTHIN
¢dopwmi, 3amucano y GpopMi iHTEpBaIBFHOTO YMCIIA, MIPE.-
crasieroro B cucreMmi [IEHT-PATIYC. IpaBmia Tako-
ro mepexoxy oOrpyHTOBaHO B poOoTi [5] i mpencTasie-
HO B Tabm. 1. Otxke:

[HIVCD _ (h Ve <exp(2_1nj|n(h, f, )>. (73)

PoskpuBaroun criiBBinHOMIECHHS (73) 1 MOBEPTAOYNCH J0
rinepOoigHOi (hOpMH TTOAHHS, OTPUMAEMO:

[HIYCM = Jn2 —r? x

. (74)
x| ch lIthr—rz +6-sh lInthrZ )
2 h—rh 2 h—rh

Tt Bu3HaueHHs BenuumHu arctg(d) posxpremo

nykku B (61 Ta oTpumMaemo:

5 5 2k+1
arctg(d)=" agy.q [;j [ch(2Kk+D)- ()]} +
k=0 (75)

5
+0)" ag
k=0

5 2k+1
(;j [sh((2k +2)- (' —&))] -

OTxe:

- [cos arctg(d) + 2sz ©isin arctg(d) + 257;} (76)
n n

Takum 9wHOM, U1 OOYMCIICHHS KOPEHS CTymeHi N 3

IHTEPBAJIBHOTO KOMIUIEKCHOTO YHCIIa, NPECTaBICHOTO
B rinepOounivHiii GopMi, HEOOXiMHO BHKOHATHU Mii, Iie-
penbaueni cmiBeigHomenusamu (71)...(75) i momartu
pe3ynbTaT y BUIJISII CHiBBigHOLIEHHS (76)

PTmzwfmmﬁy

Tpuconomempuuna gpopma nodanHs iHMepP8aAILHO-
20 yucaa. 3a’eXHICTh MDK TilepOOJIIYHUMHU 1 TPUTOHO-
METPUYHMMH (YHKLIIMHA MOKHAa BCTAHOBHTH [BOMA
croco0amu, sIKi JIETalbHO PO3IISIHYTO B poboTi [25].
OauH i3 HUX BHUKOPHUCTOBYE IOHATTS TilepOoJigHOl
aMIutiTyaun abo TyaepMmaHiaHa, ApyrHid Oa3yeThcs Ha
BHKOPHCTAaHHI ySIBHOT OMMHUII — ykcna | . [ynepmanian
aprymenty ¢ - (gd(¢) ), Bukopucranoro B (17), Bu3Ha-

(77)

YaroTh I10 CITBBIHOIIEHHIO:

gd(¢) = 2arctg (e¢)—£. (78)
Toni inTepBasbHe umcno Burisimy (17), meperso-
pEHE B TPUTOHOMETPUYHY hopMy, HAOy e BUIIISLY:

1
X =p[—+9-tg(9d(¢))) (79)
cos(gd(¢))
V po6Gori [25] HaBegeHO CHiBBiIHOIIEHHS MiX Ti-
MepOOTIYHUMH i TPUTOHOMETPUIHUMHE (YHKITISIMH:

cos(ig) = ch(g) sin(ig) =i-sh(g).

Orxe, IHTEpBAIbHE YHCIIO, BU3HAUYCHE B TPUTOHO-
MeTpHYHIl GopMi, puiiMe BUIIISA:

X, = p[cos(ig) —i@sin(ig)].

[MopiBHsAHHA (hOPM IpEACTaBICHHS IHTEPBAJIBLHHUX
Yucell, BU3HAUeHUX B rinepoosniuniit popmi (15) 3 tpu-
ronoMetpuunoto (78), (81) mo3Boiisie 3pOOHUTH BUCHO-
BOK TIPO T€, IO JUIS MOJANbIIUX O0YHCICHB TimepOoIti-
yHa (hopMa 3pYUHIlIa 32 TPUTOHOMETPHYHY.

(80)

(81)

IcTropuko-0idriorpagiyne 1onoBHeHHS

ABTOpH JaHOTO MOBIJIOMJICHHS HE CTaBJIATh 32 Me-
Ty MOJATH JNOKJIAJHUIN BHUKIAJ MOJIH, MOB'SI3aHUX 3 OK-
pEMHUMH €Ii30/1aMH 3 iCTOpil eIeKTPOTEeXHIKH abo icTo-
pii MaTeMaTHKH. MeTa JaHOTO PO3ALTYy — KOPOTKHi 610-
miorpadiyauii onuc nepmux pooiT, B SKUX BHKIAJCHO
3aCTOCYBaHHS KOMIUICKCHUX YHCEJ IJIsl aHAIII3y JIAHIO-
riB 3MiHHOTO cTpyMy. Hderampro skurts Y. I1. HlTeiin-
Mela i 3Ha4eHHS UL CydacHOI eNeKTPOTEXHIiKH 3p00-
JIEHUX HHAM BiJIKpHUTH ormcano B [27]. binbrmicTs cyuac-
HUX CTYJICHTIB-€JICKTPHUKIB, IO YATAIOTH PO3KJIA] iCITH-
TiB, HaBITh HE 3HAIOTH, [II0 YUTAIOTH HAa3BH MOHOTpadiit
relinmena: «TeopeTH4YHI OCHOBH EIEKTPOTEXHIKM»
200 « Teopis i po3paxyHOK €ICKTPHYHHUX JIAHIFOTIBY.

Cuiz 3BepHYTH yBary Ha Taky AeTalb — Ha TUTY-
JBHOMY apKymii po6otu [1] 3a3HaueHO, IO MepeKyaj
BUKOHaHO He mpocto I. A. JXXnmaHoBuMm, a iHXeHEpOM
I. A. XXnaHoBuMm, 110 CBIYUTH PO BHUCOKUI aBTOPUTET
IIbOT'0 3BaHHS Ha MOYaTKy XX CTOJITTS.

3acToCyBaHHS KOMIIJIEKCHHUX YHCEJ B EJIEKTPOTEX-
HIIll OTPUIMAJ0 Ha3By CHMBOJIYHOTO MeTony. HeraitHo
pO3MoYaNucs AUCKYCIl PO MPiopUTET, OOTPYHTOBAHICTH
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LLOr0 METONy 1 Take iHmie. Bynp-sike KpyInHe HayKoBe
BIZIKPUTTSI CYNPOBODKYEThCS THUM, 110 B [28] Ha3BaHO
«IIPaMO¥O 111ei». It HAYKOBI 1 ICHXOJIOT14HI 0COOJIMBOCTI
po3risiayTo B [29]. V nanwmii vac npiopuret Ll Teitame-
Ila B 3aCTOCYBaHHI KOMIUICKCHUX YHCEIl B EJIEKTPOTEX-
Himi 3aranpHOBH3HAaHUH [30]. ABTOpaM TaHOTO IMOBiTO-
MIICHHSI BIajocst 3Haiitu poboru [2, 31, 32, 33, 34],
MeTy SKuX B poOorti [32] chopmynsoBano Tak: «JlaHa
KHHTA TIPU3HAYCHA SIK JJIS CTYACHTIB, TaK i AJs iHXKeHe-
piB, SIKi IparHyTh BiTHOBUTH, AOTIOBHUTH i CHCTEMATH-
3yBaTH CBOi ITi3HAHHS B MaTeMaTHIli. 3MICT KHUTH BH-
3HAUYEHO Oa)KaHHSIM aBTOpa JaTH iH)XXEHepy-BHPOOHWY-
HHUKY, 10 MOXIIMBOCTI, TOW MaTeMaTHYHHUI MaTepial,
SKUH TOTpiOHMH #HOMy He TiNbKHM Oe3nocepelHbo B
MPAaKTUYHIA AiSUTBHOCTI, aje i Ui YATAHHS TEXHIYHOT
JITEpaTypH, TaK camo sIK 1 JUIs OPIEHTYBaHHS B METOIAX
PO3B’sI3aHHS OCHOBHMX 3a/1a4 HOro CremiaibHOCTI. Yc-
BiJOMJIFOIOYH, IO IIHHICTP MaTeMaTHYHOI Teopii Iyt
IEKeHepa B 3HAYHIA Mipi BUMIPIOETHCS MOXKIIHBICTIO ii
MIPAaKTHYHOTO 3aCTOCYBaHHS, aBTOP IPAarHyB JIOBECTH
IO TEOPIr0 JI0 YHCA i IPUALUTHB BEIUKY yBary pi3HHUM
00YHCTIOBAIEHUM, TpaiuHUM 1 MEXaHIYHHM TIPHHO-
MaM, M0 MOJICTIIYIOTh HAOYTTS HAOJIMKEHOTO 3HAUCHHS
BenuunHW». [loyaTtok poOoTaM Takoro NpHU3HAYCHHS
moxnaB IIreliamen, omyOmikyBaBmm B 1910 p. moci6-
HHK 3 MaTeMaTHKH 3 XapaKTepHOI Ha3Bom0: «Engineer-
ing Mathematics» («Texuiuna MaTeMaTHKay).

3 1893 p. i mo kiHmg coro XUTTA (30 pOKiB)
lreitnmern mpaioBaB Ha ¢ipmi General Electric Com-
pany (GEC). 3a Bcro icTopito 1i€i ¢ipmu BiH OyB €1u-
HHUM CITiIBPOOITHHKOM, SIKHI OJHOTO pa3y HE OTpHUMaB
3apmtatHio. PipMa Hajana oMy BIIKpUTHH paxyHOK.
Y moment mnoxopon IlrteliHmena Bci miAnmpueMcTBa
General Electric Ha n'siTh XBHJIMH OPHUITUHUIN POOOTY.
KaxyTp, o micHA cTae HapOTHOIO, KOJH ii CIIBArOTH
BCi, a aBTOpiB He 3Hae HiXT0. CUMBOJIYHWA METOJ
[TeitHMenia BUKOPUCTOBYIOTh BCi iH)KEHEpHU 1 CTY/EH-
TH-CTIEKTPUKH, aje iM's HOoro HeBioMme, Xo4a BCIM Bi-
IoMi piBHI 10 3Ha4eHHIO nepeTBopeHHs Jlammaca i pyH-
Kiisg XeBicaiina. SIKImo roBopuTy mMpo vac, B IKOMY KHB
[Teitamer; 1 Horo HaMsICHINII Cy4YaCHHKH, TO Kpaie
BChOTo Mpo 11e ckasana Hika Typ6ina:

Joctanacbk gonsi Tak cebe, Henérkas cyapba,

Hw 6enon nunum B repbe, HU camoro repba.
Koraa ckoHyarncs oH — nepeMeHunace porb,

W xwun He OH Npu Kopone, a XM npu HEM KOporb.

Jlist mosiBM 1 MPaBUIIBHOTO PO3YMIHHS CHMBOJIIY-
HOTO METOJY B iHKCHEPHOMY CIiBTOBApPHCTBI TOTO Yacy
oBHHHI Oyni OyTH m00pe BimoMi omepartii, moB's3aHi 3
KOMIUIEKCHIMH YUCIaMHU. Teopil0 KOMIUIEKCHUX YHCEIN
1o kiHng XIX cT. 6y70 BKIIOYCHO B MPOTPAMH 3 elleMe-
HTapHOi 1 BWIIOI MaTeMaTHKH OaraThbOX HaBUAIBHUX
saxnanis [35]. Cix 3a3HaunTH, 110 aBTop podotu [35] —
®. Kneitn (1849-1925) Bigomuii He TITBKU CBOIM BHja-
THUM BHECKOM B MaTE€MaTHKYy, aji¢ 1 TUM, 1[0 OyB mep-
MM TOJ0BOK0 MIiKXHAPOIHOI KOMICIT 3 MaTeMaTUYHOI
oceitu (1908 p.). HoknamHuii CTaH BHKIAJaHHS Teopil
KOMIUIEKCHHX uucen Hanpukinii XIX cT. Ta Ha movyarky
XX cT. po3risiHyTo B po6oTi [36]. IIpu BUBUCHHI BHXi-
JTHHUX JaHWX Ii€i poOOTH CIil 3BEpHYTH yBary Ha aBTO-
pa mepexnany i pomosuenb — I FO. Tumuenka. Moro
mocagia Ha MOMEHT BHXOXy pobotu [36] Oyma mpuBart-

JIOLICHT. BinmoBinHo 10 mpaBwiI TUX pokiB [37] mpuBar-
JOLICHTH OYJIM YHIBEPCUTCTCHKUMH BHKJIQAadaMH, SIKi
HE BXOIWIH J0 CKJIaay IMITATHUX BHUKIAJAYIB 1 YUTAIH
JeKuii, He OTPUMYIOYHM 3a Ii¢ TPOIIOBY BHHArOpOJIY.
IIpu BcTymi Ha If0 Ocaay BoHM Oynu 3000B'13aHi Mpo-
guTaTH OAHY abo nBi myOmigHi (mpoOHi) iekmii 1 (a6o)
3aXHCTUTH AMCcepTaiio Pro venia legendi, sika nasana
MPaBO HA YWTAHHSI JICKIIA. ABTOpaM aHOTO TIOBiIOM-
neHHs Baanocs BcraHoButu aouto 1. FO. Tumuenka [38].
IMpodecop I. 1O. Tumyenko mpamioBaB B OnecbKoMy
yHiBepeuteTi 1 10 1936 p. OyB 1eKaHOM MaTeMaTHYHOTO
¢dakymsTery. Y 1933-1938 pp. unraB Kypcu icTopii Ma-
TeMaTuKH, Teopii HMOBipHOCTEH, reomeTpii. Y 1938 p. y
Bimi 75 pokiB I. FO. Tumuenko OyB 3aapemToBaHUil 1O
c(habpukoBaHOMY 3BHHYBAUCHHIO 1 JuIIe BecHOo 1939
p. 3BUTbHEHHWH «4epe3 BiICYTHICTh JOKa3iB». ApemT i
pIK, IPOBEICHUH Y B'S3HUIN, OCTATOYHO TiAipBal HOTro
3nopoB's. Bin nomep 30 cepmust 1939 p. Hy, sk TyT He
NpUrajaTi CyMHy iponito l03a AnenrkoBcskoro:

Byepa Mbl XOpOHWUNU ABYX MapKCUCTOB,

Tena ogenu sipKUM KyMa4om.

OavH U3 HUX GblN NpaBbIM YKMOHUCTOM,

[pyron, kak okasanocb, HW Npu YeM.

Oco0aMBOCTI BUKJIQJ@HHA TeOpii KOMIUIEKCHHX
gUCeNl B CepelHIX HaBYIBHHUX 3akiaaax Pociichbkoi
Immepii B nanwmit mepioq MoXkHA 3p0o3yMiTa 3 poOiT [39,
40]. Sk BUIUIMBA€E 3 aBTOPCHKUX IEPEAHIX CIIIB JIO ITHX
poOiT, BoHM OynHM MpHU3HAYCHI AJIS TIMHA31H 1 pearbHIX
yummm. Y Mictax Pocii peanpHi yannmnmma 3 6-pigHuM i
7-piuHIM TepMiHOM HaBYaHHA icHyBamu 3 1872 p. Ha
BIZIMIHY BiJ TiIMHa3iif T'OJIOBHY yBary B peaJlbHHX Y4YH-
JHIIAX MPUAUBUTE MateMatull, ¢i3uii, Mpupoao3HaBc-
TBY, CTapOJiaBHI MOBH B HUX HE BHBYAJH. BUITyCKHUKH
peaybHUX YUYMIIMI HE Malli 1paBa BCTYILy JI0 YHIBEpCH-
TETIB, ajie MOIJIM IPOJIOBKYBaTH OCBITY B TEXHIUHHUX,
TOPTOBHX, MPOMHUCIIOBHX BHIIMX HaBYAJbHUX 3aKiaax.
3po3yMiTH YOMy, KaXKydd CyYacHOIO MOBOIO, BHITYCK-
HHUK CEPEIHBOT0 HABYAIHHOTO 3aKJIady 3 IOTINOICHUM
BUBUCHHAM (Di3MKH 1 MaTeMaTHKH HE MaB IIpaBa MOCTY-
nmaTH Ha (pi3uKo-MaTeMaTHYHUH (QaKyIbTET YHIBEPCHTE-
Ty TIJIBKM TOMY, IIIO HE BHUBYAB CTApPOAABHI MOBH, aje
BOJIOJIIB B JOCTaTHROMY O00'€éMi OCHOBHHMH MOBaMH
TEXHIKH 1 HAyKH TOT'O Yacy — HIMEIbKOIO Ta (ppaHIly3b-
KOIO, HEMOXJINBO. BTiM, SK 1 HEMOXIHBO 3pO3YMITH
OropoKpaTHUHy JIOTIKy y BCi "acu. llepm HiX mepexo-
IUTH 10 aHaizy poOit [39, 40] ciix ckazaTu mekigbKa
crmiB mpo ix aeropiB. A. II. Kucemsor (1852-1940) —
aBTOP JIEr€HapHOTo MiapyyHuKa [39], mo BUTpUMaB 3
1888 p. mo 1965 p. 42 BunaHHs.

[TpueMHO Big3HAYMTH, IO HA MOYATKYy TPYIOBOI
nisttbHOCTI A. I1. KiicenboBy iCTOTHY MATPUMKY HaJaB
XapKiBCbKUH HaBYAJIBHUI OKPYT, IO BHUIUIMB HOMYy B
1879 p. 100 py6mniB anst HayKOBUX BifpsaKeHb. s
MOPIBHSHHSI — MICSIYHUN TPOIIOBHH OKJIAa TOPYy4YHKa
ckmagas 70 py6mi. Y 1890 pomi mpoTAroM poky
A. II. KucenroB mpairioBaB y Xapkosi. A. I1. Kucemsos
3aKiHIUB CBOIO JiSUTbHICTh Ha JepKaBHIN CTy»0i B UMHI
TUTYJIBHOTO PagHUKA, TIPOMIXHOTO MK TIOJIKOBHHUKOM 1
renepan-maiiopom [41]. Tlepexnax po6oru [40] i Hanu-
CaHHS JOTOBHEHb 10 Hei, (aKTHIHO PO3pOOKY HOBOTO
ninpydnuka, BukoHaB M. I. bini6in (1846-1914), crap-
nmii cydacHuk A. I1. KucenboBa, aBTOp 1 mepekianayu
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BIZIOMHMX Ha TOW 4Yac MiJPyYHHUKIB 3 MaTeMaTHKH. Y Bil-
craBky H. I. Binibin BUHIIOB y YMHI JAIHCHOTO CTaTCh-
KOTo pajgHuKa (reHepay-maiiopa) [42]. Lli nBa npukiaau
MOKa3yIoTh, SIKKH aBTOPUTET y CYCHUIBCTBI 1 jaepikaBi
MaJld BUKJagadi riMHasiif. OCTaHHIO 3rajKy Mpo BHKO-
PHUCTaHHS KOMIUICKCHHX YHCEJ y Kypcl cepeaHbol KO-
JIM aBTOPH JAaHOTO TOBIJOMJICHHS 3MOIJIM 3HAWTH B PO-
60ti [43]. [opiBusHHES podit [40], [41], [43] mokasye,
o X 3MicT MpPHONN3HO OTHAKOBHU. B HUX pO3MITHYTO
BCi OCHOBHI JIii 3 KOMIJICKCHIMH YHUCIIAMH, TPEICTaB-
JICHUMH B anreOpaivHiil Ta TPUTOHOMETPUUHIH (opmax.
JlokmamHIIINK aHalli3 METOAMYHUX OCOOIMBOCTEH IHUX
MiIPYYHUKIB BUXOJUTh 33 PAMKH JIJAHOTO TIOBIIOMJICH-
Hi. B po6oTi [39] HaBeneHO OMMC METOMY BU3HAUCHHS
KBaJIpaTHOTO KOPEHsl 3 KOMILIEKCHOTO 4HWCia, 3aruca-
HOTO B ayreOpaivHiii hopmi:

Ja+bi =

Va? +b? +a Va?+b? -a )
+ 5 + 5 , b>0;
| | (82)
Va?+b?+a . [Va?+b®-a
+ > =i > , b<O.

JeranbHo ictopito ctBopenns Y. Illtelinmerniom cu-
MBOJIIYHOTO METOIy OmucaHo B poOoTi [27]. TIpore pos-
MOBCIO/DKEHHSI IIbOTO METOJy He OyJIo TakuM Oe3xmap-
HUM, SIK II€ OIIMCAaHO Yy BKa3aHiil pobori. [1l06 mepexona-
THCA B 1IbOMY 3BepHeMocs 1o fosimauka HUTTE [44],
[45]. Bixxe 00'em TomiB, He MermIe HiX 1000 cTop. y KOXK-
HOMY, CBIIYHTH PO HOTO eHHWKIoOneAndHicTh. OquH 3
mepcoHaXiB pobotn [46] TOBOpHUTH TPO IOBIIHHUK
HUTTE tak: «XioTTe — HaimoBHimmil i HaiTouHimmMit
JIOBIIHMK MO BCIX ICHYFOYHMX po3ainax (i3ukd 1 MexaHi-
ku. Jlns imkeHepa — He3aMiHHAa HACTUIbHA KHUra». Y
HepIoMy TOMi 11boro JIoBiaHuUKa [44] B po3aun «Marte-
MaTHKa» 3BEJICHHS NPO KOMIUIEKCHI YHCIa BUKIJIAJICHO
NpUOJIM3HO Tak, SK e 3pO0JIEHO B CydacHHMX poOOTax,
Hanpukian B [47]. V To# e yac y TpeTbOMY TOMi IbOTO
K JOBiIHWKA, Yy Bigaim «EmeKTpoTexHika», 3BEICHHS
PO 3aCTOCYBaHHS KOMIUICKCHHX YHCE B eJICKTPOTEXHi-
i BiACyTHI. Y HaBYaNbHIH JiTepaTrypi 3acTOCyBaHHS
KOMIDUICKCHHX YHCENT NPH BUBYECHHI 3MIiHHOTO CTpyMy
ctae 000B’s3k0BUM 3 1911 p. [48]. [IpounTaBmIi BUXiTHI

JIaHI KHUTH 3QJIUIIAETHCS 3 HOCTAIBITYHUM CMYTKOM PO-
3IyMYBaTH PO YacH, KOJIM 3BaHHS IH)KEHEpa 3 TOPAICTIO
MUCaTd Ha TUTYJIbHUX apKyllaxX KHHT, JBEPHUX TaOJIHY-
Kax 1 HAIMOTHJILHUX I1aM’ SITHAKAX.

BucnoBku

1. B po0oTi po3riisiHyTO METO/ PO3LIMPEHHS iHTe-
pPBaJIbHUX YHCEJ, BU3HAUEHUX B rinepOoiiuHii dopmi
(rinepOOIIYHMX IHTEPBAIBLHUX YHCEIl) Ha 10JIe KOMILIe-
KCHUX uHcen. [l 1poro HAiCHY Ta YSIBHY YacTHHH
KOMIUIEKCHOTO 4Hcia nofaHo y ¢opmi rinepOosiyHoro
IHTepPBAJIIFHOTO YHCIIA.

2. BcraHoBieHO 3B’SI3KM MK TMOJAaHHAM iHTEpBa-
JMBHUX 4YHceNn y KiacwuHid ¢opmi, cucremi LIEHTP-
PAIYC Ta rimepbomniuniit popmi.

3. 3anponoHOBaHO METOIM BHKOHAHHS OCHOBHHX
apu(METHIHUX Iif 3 TiMepOOTIYHUMH KOMIUICKCHIMH
YUCIIaMHU, a caMme: JOJaBaHHs, BiIHIMAaHHS, MHOXKEHHS
Ta JIJICHHS.

4. 3amporoHOBaHO METOJ MiJHECEHHS B IUIUI 10-
JATHUH CTEMiHb KOMIUICKCHOTO IHTCPBAJIBHOTO YHCIIA,
BHU3HAYCHOTO B TinepOoiuHiil Gopmi.

5. 3anpornoHOBaHO METOAM OOYUCIICHHS MOJYJIS Ta
apryMeHTy KOMIUICKCHOTO YKCJa, BU3HAYEHOIO B Tire-
pOomiuHi#i hopMi.

6. 3anpoIlOHOBaHO METOJ] BH3HAUEHHS KOPEHA
CTyHeHs N 3 IHTEPBAJHHOTO KOMIUIEKCHOI'O YHCIIa,
MIPECTAaBICHOTO B TiepOoTiuHii (hopmi.

7. BUKOpUCTOBYIOUH 3B’SI3KH MiX TilepOOTIIHUMHA
Ta TPUTOHOMETPHUYHUMH (QYHKIISIMH 3arpOIIOHOBAHO
(dhopMy TOJaHHS 1HTEPBAJIHLHOTO YWCIIA B TPUTOHOMET-
puaHii Gopmi.

8. BcraHoBi€HO, IO JOIUTBHIIIE BUKOHYBATH JIii
JOJJABaHHS Ta BiAHIMAHHS 3 KOMIUICKCHUMH iHTEPBaJIb-
HUMH YHCJIaMH, SIKI MaroTh KJIacu4Hy (Gopmy, abo BH-
sHaveHi B cuctemi [IEHTP-PAIIYC.

9. BcraHoBneHO, 10 omneparii MHOXCHHS, AUICHHS
Ta MIJHECEHHS B LIIOYUCENILHUNA CTEMiHb HaNOIIbII
JIOLIJIbHO BUKOHYBAaTH 3 KOMIUIEKCHUMH IHTEPBaJIbHU-
MU YHCJIaMH, SIKI BU3HAUEHO B rinepOonivyniil Gpopmi.

10. BcraHOBII€HO, IO OTEpaIlito OOYUCICHHS KO-
PEHS CTyMEHS N 3 IHTEPBAITBHOTO KOMIIIEKCHOTO YHCIIa,
MIPECTaBICHOTO B TimepOomiuHii (opmi, TOUiNbHIIIE
BHUKOHYBATH CyMICHO 3 BUKOPUCTAaHHSAM IOJAHHS iHTEp-
BasibHOro umcia B cucteMi LIIEHTP-PAIYC Tta B ri-
niepOomiuHii Gopmi.
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BbinosiHeHHe 0CHOBHBIX apuMeTHYeCKHX AefiCTBHIl ¢ KOMINIEKCHBIMH YU CJIAMH,
KOTOpBIe NMpPe/CTABIEHbI B MHHTEPBAJILHON runepoonyeckoii popme

C. B. l'agenxkas, B. }0. Ay6nunxuii, 10. 1. Kymuepyk, A. 1. Xoaupes

Annotanus. lleas pa6orsl. PazpaboTka crioco00B BEITOTHEHNS! OCHOBHBEIX apH(METHUECKNX NEHCTBUI C MHTEpBab-
HBIMH KOMIUTIEKCHBIMH UYHCJIaMH, KOTOpBIE NPECTaBIeHbl B runepbonndeckoil dpopme. PesyasTarsl padorel. B pabote pac-
CMOTPEH METOJ] PACIIMPEHUs IIOHSATHS MHTEPBAJIBHBIX YHCEJ, ONpEIeNICHHBIX B TUrepOosmdeckoi gopme (rumepOommaecknx
HMHTEPBAJIBGHBIX YHCEN), Ha MOJIe KOMIUIEKCHBIX 4ucel. {1 3TOoro IeHCTBUTENbHYI0 M MHUMYIO 4acTh KOMIUIEKCHOTO YHCIIa
MPE/ICTABISIOT B BUJIE TUIEPOOINUECKOTO0 HHTEPBAIBHOTO YHCIA. Y CTAHOBIEHBI CBA3M MEXAY IPECTaBICHHEM MHTEPBATbHBIX
yucen B Kiaccuueckoit dpopme, cucreme LIEHTP-PAJIMYC u runepbonuueckoii popme. IIpemnoxkeHbl METOIbI BBITOTHEHHS
OCHOBHBIX apU(pMETHYECKHUX ACHCTBHH C TUNEPOOINYECKMMH KOMIUIEKCHBIMU YHMCIIAMH, a UIMEHHO: CJIO)KEHHUEM, BBIYHTAHHEM,
YMHOXeHHeM U JenenueM. [IpennosxkeH MeTon BO3BEACHMS B LEMYIO MOJOXKUTENbHYIO CTENIEHb KOMIIIEKCHOTO HHTEPBAIBLHOTO
4HCIIa, ONpeeNeHHoro B runepbommdeckoil gopme. IpemioxkeHs METOABI BEIMHUCICHUSI MOAYJIS M apryMEHTa KOMIUIEKCHOTO
YHCIIa, OTPEJEeTIeHHOr0 B runepbonmdeckot popme. IIpenioxken MeTon onpeneiaeHus: KOpHs IETOYHCICHHON CTEIeHH N U3 MH-
TEpBAJILHOI'0 KOMIUIEKCHOTO YHCIIa, IPEJCTaBICHHOr0 B runepbonuueckoi ¢popme. Vcmonp3ys 3aBHCUMOCTH MEXAy rHnep0o-
JIMYECKHUMH M TPUTOHOMETPUIECKUMH (DYHKIMSMHU, IPEUI0KEHb! GOpMBI TpeoOpa3oBaHus HHTEPBAJIBHOTO YUCIIA, IIPEICTaBIICH-
HOTO B TUMEpOONNUECKOi (popMe B MHTEPBAIBHOE YHUCIIO, MPEACTABICHHOE B TPUTOHOMETPHUIECKOH hopme. Y CTaHOBIEHO, YTO
Hanboee 1eIeco00pa3Ho BBIMOIHATH ASHCTBUS CIO0XKEHUS M BBIYUTAHUS C KOMIUIEKCHBIMU MHTEPBAIBHBIMU YUCIAMH, KOTOPBIE
HAMEIOT Kiaccuueckyto popmy uimm onpenenesl B cucreme UEHTP-PAJIMYC. YcraHoBieHO, 4TO onepanuyl YMHOXKEHUs, Jere-
HHE U BO3BEICHUS B IETIOUHCIICHHYIO CTETIeHb HanOoJee enecoo0pa3Ho BRIMONHATE ¢ KOMIUIEKCHBIMU HHTEPBATbHBIMU YHCIIA-
MH, ONpeeéHHBIMI B TUNepOonndeckoi Gopme. Oneparyio U3BJIeYeHHsT KOPHS CTENEHH N U3 HHTEPBAIBHOTO KOMILIEKCHOTO
YHCIIa, TPEACTaBIEHHOr0 B TumepOonmueckoi Gopme Hambosiee 11enecooOpasHO BBHINOJIHATH C COBMECTHBIM HCIOJIB30BAaHHEM
npezcTaBieHuid HHTepBabHOTO yncha B cucteme LIEHTP-PAJINYC u B runepbonudeckoii hopme.

KniodeBsle cioBa: MHTEpBaIbHBIC YHCNA; rHrepOoandeckas (GopMa MHTEPBAIBHOTO YHCIA; KOMIUICKCHBIE HMHTEp-
BaJIbHBIE YHCIIA; apu(METHIECKHE ISHCTBUS C TUIEPOOTMYECKUMI KOMIDIEKCHBIMHU HHTEPBAIbHBIMH YHUCTAMH.

Performance of basic arithmetic actions with complex humbers,
which are presented in interval hyperbolic form

Svitlana Gadetska, Valeriy Dubnitskiy, Yuriy Kushneruk, Alexander Khodyrev

Abstract. The goal of the work. Development of methods for performing basic arithmetic operations with interval
complex numbers, which are presented in hyperbolic form, their modulus and argument. Results. The paper considers the meth-
od of extending interval numbers defined in hyperbolic form (hyperbolic interval numbers) to the field of complex numbers. To
do this, the real and imaginary part of a complex number is presented in the form of a hyperbolic interval number. The connec-
tions between the representation of interval numbers in the classical form, the CENTER-RADIUS system and the hyperbolic
form are established. Methods of performing basic arithmetic operations with hyperbolic complex numbers are proposed, name-
ly: addition, subtraction, multiplication and division. A method of raising the positive interval number of a complex interval
number defined in a hyperbolic form to an integer positive degree is proposed. Methods for calculating the modulus and argu-
ment of a complex number defined in hyperbolic form are proposed. A method for determining the root of a degree from an in-
terval complex number represented in hyperbolic form is proposed. Using the connections between hyperbolic and trigonometric
functions, a form of representation of an interval number in trigonometric form is proposed. It is established that it is most expe-
dient to perform addition and subtraction actions with complex interval numbers, which have a classical form or are defined in
the CENTER-RADIUS system. The operations of multiplication, division and elevation to an integer power are most expedient
to perform with complex interval numbers which are defined in hyperbolic form. The operation of calculating the root of a degree
from an interval complex number, presented in hyperbolic form, is most expedient to perform with the combined use of the rep-
resentation of the interval number in the system CENTER-RADIUS and in hyperbolic form.

Keywords: interval numbers, hyperbolic form of interval number; complex interval numbers; arithmetic operations with
hyperbolic complex interval numbers.

113


http://orcid.org/0000-0003-1924-4104
mailto:dubnitskiy@gmail.com
http://orcid.org/0000-0003-1924-4104
mailto:dubnitskiy@gmail.com
http://orcid.org/0000-0003-1924-4104

Advanced Information Systems. 2022. Vol. 6, No. 1 ISSN 2522-9052

UDC 004.8 doi: https://doi.org/10.20998/2522-9052.2022.1.18

Nataliia Haidar, Ganna Zavolodko, Pavlo Pustovoitov

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

PROCESS OF 3D PRINTING IN ONLINE EDUCATION

Abstract. The subject of the review is methodology of the subsystem verification and printing 3 D -model online
learning system mixed type. To do this, a review of analogues, technologies, stages of printing were identified. Due to the
development of technology, the educational process is being transformed. Education uses blended learning, part of which is
distance learning. The object of research is use of additive technologies, which can make the learning process more
motivating. Thus, if in distance education there is an opportunity to develop a 3D model online, check it for fidelity, send
the model to print, it optimizes the learning process. The aim is to design with IP topics that uses the additive technologies
in the educational process. Methods used: IDEF- diagram describing the function of the system; authentication rules,
verification of 3 D models, sending the model to print, selecting a device online, and basic screen forms. Conclusions. The
development of innovative thinking in higher education students should become a priority of modern higher education, and
the introduction of new elements in modern education is inevitable. And given the development of 3D printing
technologies, additive technologies are the most promising for the use of visualization in online and mixed teaching.

Keywords: additive technologies; blended learning 3d-model; 3d-printing; rules database; database.

Introduction

Industry 4.0 is emerging more and more clearly. It
is clear that enterprises are able to provide a
fundamentally new level of productivity and
competitiveness, and this is a powerful boost. What will
be possible thanks to digital technologies that can
process huge data sets and comprehensively manage
production - from design and manufacture to logistics
and technical support of the product.

Main part

New requirements for learning appear due to the
development of technology, and the educational process
is transformed. Education uses blended learning, part of
which is distance learning. The use of additive
technologies allows to make the modeling process more
meaningful and progressive. Thus, if in distance
education there is an opportunity to develop a 3D model
online, check it for fidelity, send a model to print, it
optimizes the learning process.

In the analysis of the subject area was identified a
structural diagram of the relationship of objects: a
teacher, a student, a moderator, an administrator.

The teacher has the opportunity to create distance
learning courses, provide knowledge and skills and
control this process.

The student has the opportunity to study courses
and send reports and 3D models for testing.

In the distance system, which uses additive
technologies, it is possible to perform the functions of
checking 3D models and sending to print under the
supervision of a moderator and a teacher.

There is also an administrator who manages the
entire system.

This approach will allow the use of modern
devices in distance learning. It will be possible to send
models to print and check for basic errors.

Based on the analysis of the subject area, the
stages of 3D printing were highlighted. These are
creating a digital model, exporting a 3D model in STL
format, generating a G-code, preparing a 3D printer for
work, printing a 3D model and finishing the object.

In general, the system model can be represented by
IDEFO notation, in which the input data is a formalized
task, the mechanism is an analyst, control mechanisms
are 3D modeling technologies and printing standards.
And the output is a printed model (Fig. 1).

3D modeling
technologies

Printing
standards

Printed model
EEEEE—

Formalized task

—————»  Create 2 model

Analyst
Fig. 1. The first level

The first two levels covered by the system are
performed in the modeling tools and send to the system
for verification. Validation of the 3D model involves the
division into stages, for which the input data can be a
developed model.

Thanks to modeling technologies, a digital model
is created. Such a model must also meet printing
standards. Then the model is sent for printing.

The formalized model is exported to a digital
format model. Then this model is exported to STL
format using 3D modeling technologies. Then the G-
code is generated using a slicer. Next, the criteria are
checked to ensure that the model meets the printing
standards, and sent to the queue for printing.

There are four categories of users in the system: a
student, a teacher, a moderator, an administrator.
Certain rights were allocated within the system for each
category according to the subject area review scheme.

Opportunities for user actions in the system:

a student: loading models, view download history,
receiving messages;
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— a teacher: loading models, view download
history, receiving messages, view student downloads,
granting permission to print;

— a moderator: all that the teacher, print start
control, check the operation of devices;

— an administrator: all that the moderator, adding
and editing users, making changes to system settings.

The simulated system uses a knowledge based on
the production model. Types and subtypes of rules are
identified for the correct operation of the system. For
each type of rule, there is a subtype that defines the
rules that are involved at a particular stage and they are
needed for verification. Rules are built with the help of
an expert: to add or edit a rule in the database, the user
just need to add the required term to the database.
Therefore, the method of training with an expert is used.

Rule types: for users; compliance of the 3D model
with the requirements; to select a printing device.

Subtypes of inspections: authentication; 3D model
checking; sending the model for printing; select a device
on the network.

The database stores information of registered
users. Login and password are provided to authorize
users. Then there is a check in the database whether the
user exists or not, and the rights are determined. If the
check is successful, the user enters the system itself. If
the check is not successful, it is possible to register or
re-enter the login and password.

The test scheme is shown in the Fig. 2.

The first two levels covered by the system are
performed in the modeling tools and send to the system

RN

Beginning

Authorization page

¥

for verification. Validation of the 3D model involves the
division into stages, for which the input data can be a
developed model.

Thanks to modeling technologies, a digital model
is created. Such a model must also meet printing
standards. Then the model is sent for printing.

The formalized model is exported to a digital
format model. Then this model is exported to STL
format using 3D modeling technologies. Then the G-
code is generated using a slicer. Next, the criteria are
checked to ensure that the model meets the printing
standards, and sent to the queue for printing.

There are four categories of users in the system: a
student, a teacher, a moderator, an administrator.
Certain rights were allocated within the system for each
category according to the subject area review scheme.

Opportunities for user actions in the system:

a student: loading models, view download history,
receiving messages;

— a teacher: loading models, view download
history, receiving messages, view student downloads,
granting permission to print;

— a moderator: all that the teacher, print start
control, check the operation of devices;

— an administrator: all that the moderator, adding
and editing users, making changes to system settings.

The simulated system uses a knowledge based on
the production model. Types and subtypes of rules are
identified for the correct operation of the system. For
each type of rule, there is a subtype that defines the
rules that are involved at a particular stage and they are
needed for verification. Rules are
built with the help of an expert: to
add or edit a rule in the database,
the user just need to add the
required term to the database.

h 4

Registered?

Enter login and
pazsword

v

Communication with
the database

Entering data into the
database

[

« Ve
<

Yes

Student?

Granting the rights of
a teacher

Granting
administrator rights

Y Y
A 4

Authorization

Fig. 2. The scheme of user authorization

Therefore, the method of training
with an expert is used.
Rule types:

Transfer to the
registration form

— for users;

compliance of the 3D

v

model with the requirements;
— to select a printing device.

Entering personal data

Yes No
Is the data correct?

rights

Subtypes of inspections:

— authentication;

— 3D model checking;

— sending the model
printing;

for

select a device on the
network.

The database stores
information of registered users.
Login and password are provided
to authorize users. Then there is a
check in the database whether the
user exists or not, and the rights
are determined.

If the check is successful, the
user enters the system itself. If the
check is not successful, it is
possible to register or re-enter the
login and password.
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Rules:

1) if the user has the identifier Student, then he is
granted student rights, otherwise the next check is
performed;

2) if the user has the identifier Teacher, then he is
granted the rights of a teacher, otherwise the next check
is performed;

3) if the user has the identifier Administrator, then
he is granted the rights of the administrator, otherwise
the user has no rights.

Verification of compliance of the model with the
requirements is due to the parse code (Fig. 3).

Data search

v

Extraction of
information

v

Data storage

Fig. 3. Stages of syntactical analysis

During the first stage of "Data Search" the source
code of the model is loaded. A script starts working
with the model. It breaks down all the content,
highlighting the necessary information.

During the second stage of "Extraction of
information" data search is due to a certain set of
characters that describe the purpose of the search.

During the third stage of "Saving Data"
information is entered into the database. The result of
the parsing is written to the table of identifiers for
further processing.

A file with the 3D model is fed to the input model
in the unit to check the compliance of the additive
model.

The rules in the rule base are used for verification.
Since it is not possible to write a parser for a complete
analysis of the file, there are the rules that are checked
by the analyzer and the rules that are provided for
testing to the teacher in the form of a web page.

If the model does not meet the requirements as a
result of checking 3D model validation rules, the
process exits and the user is sent an error message.

The model unit, which has already been pre-tested
for 3D model requirements, is fed into the input device
selection check unit.

After the user selected the desired device, system
checks whether the selected device meets the
requirements for 3D printing or not.

If it is right than the model is sent for printing, if it
is false than printing is not allowed and the
corresponding message is sent to the user.

The model of the device selection type rule base is
shown in Fig. 4.

Is the model
checked?

Iz the device
allowed on the network?

No

Ve
€

Y

Start printing on the
selected device

Fimish print request

A

Y

Send message to user

.

Fig. 4. Model of the base of the rules
of the type "device selection in the network™

Requirements:

— the model is tested:;

— the device belongs to the permitted network
devices;

— the device is not locked.

Conclusions

The development of innovative thinking in higher
education students should become a priority of modern
higher education, and the introduction of new elements
in modern education is inevitable. And given the
development of 3D printing technologies, additive
technologies are the most promising for the use of
visualization in online and mixed teaching.
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Ipouec 3D apyky B oHIaiiH-0CBIiTH
H. K. TI'aiinap, I'. E. 3aBonogsko, I1. €. ITycToBoiiToB

Anoranis. IlpenMeroM orjisay € METOAOJOris NOOYIOBH MiACHCTeMH ApyKy 3D-Moferni cucTeMH OHIaiiH-HaBYaHHS
3Mmimadoro tumy. J1d 1poro Oyjo BH3HAYEHO OIS aHAJOTIB, TEXHOJIOTIH, €TamiB APYKY. 3aBISKM PO3BHUTKY TEXHOJOTIH
HaBYAJIBHUH Tpouec TpaHcHopMyeTbes. B OCBiTI BUKOPHCTOBYEThCS 3MilllaHE HABYaHHS, YAaCTHHOIO SKOTO € JHCTaHILilHEe
HapyaHHA. OO0'€KTOM JOCITiIZKeHHs] € BUKOPHUCTAHHS aJUTUBHUX TEXHOJIOTIH, SKI MOXYTh 3pOOUTH MpOIeC HaBYAHHS OLITBII
MOTHBOBAaHMM. TakiuM YHHOM, SIKIIO B JIUCTAHIIHHIA OCBITI € MOXJHUBICTH po3pobutH 3D-Monens oHialH, mepeBipuTH 11 Ha
BIPHICTB, BIJNIPaBUTH MOJENL HA JAPYK, II€ ONTHUMIi3ye mHpoliec HaB4aHHSI. MeToro € po3poOka 3 IP-tem, mo BHKOpHCTOBYE
aJINTHBHI TEXHOJIOTIi B HaBUAIILHOMY Iporeci. Bukopucrani meroan: IDEF- niarpama, mo onucye ¢QyHKIIO CHCTEMH; paBHIa
ayteHTu¢ikaii, nepesipka 3D-mozaenelt, BiampaBka MoJeNi Ha IpyK, BUOIp MPHUCTPOIO B PEKUMI OHJIAIH Ta OCHOBHI €KpaHHI
¢opmu. BucHoBKM. PO3BUTOK iHHOBAIiHHOTO MHCJIEHHS y CTYJCHTIB BHUIIMX HABUAIBHUX 3aKJIAJiB MAa€ CTAaTH MPIOPUTETOM
CydacHOI BHUIIOI OCBITH, a BIIPOBA/UKCHHS HOBHX €JIEMEHTIB y CydacHy OCBITY € HEMHMHYy4YMM. A BpPaxOBYIOYM PO3BHTOK
TexHonoriit 3D-aApyKy, aAWTHBHI TEXHOJOTI € HAMOUIBII MEpCIeKTHBHUMH Ul BHUKOPHCTaHHS Bi3dyani3auii B OHJIAiH- Ta
3MIIIAHOMY HaBYaHHI.

Kaw4uoBi caoBa: aguTuBHI TEXHOJIOTIT; 3Mimane HaByauHs; 3d-mozens; 3d-1pyk; 6a3a qaHux NpaBuir; 6a3a JaHuX.

Ipouecc 3D neyaTu B oHJIaliH-00pa3oBaHUN
H. K. TI'aiinap, A. 3. 3aBononsko, I1. E. IlycroBoiito

Annortamnus. IIpeqverom 0630pa sIBISETCS METOMOJIOTUS TOCTPOCHUS ITOJICUCTEMBI ITedaTtd 3D MOzesy CUCTeMBI OHJIAMH-
oOydeHus1 cMemanHoro Tuma. J[is 5Toro ObUI onpezeneH 0030p aHAIOTOB, TEXHOJOT W, 3TaroB neyaTH. brarogaps pa3sBuTHio
TEXHOJIOTHH, y4eOHbIH mponecc TpaHchopmupyercs. B oOpazoBaHny BCHoNB3yeTcsl CMEMIaHHOE O00YyYeHHE, YacThl0 KOTOPOTO
SBJISIETCS TUCTAHIMOHHOE 00yueHHe. O0beKTOM HCC/IeOBAHUS SBISCTCS HCIOJIb30BAaHUE aIUTUBHBIX TEXHOJOTHH, KOTOpBIC
MOTYT cIenaTh mporecc oOydeHHs Oojiee MOTHBHPOBAaHHBIM. TakuM OOpa3oM, €ClM B AWCTAHIIMOHHOM OOpa3OBaHUH €CTh
BO3MOXKHOCTB pazpaborath 3D MoJenb OHNalH, MPOBEPHUTH €€ Ha BEPHOCTb, OTIPABUTh MOJEb HA MEYaTh, 3TO ONTHMHU3UPYET
nporecc o0yuenus. Lleaslo sBisercs paspabotka ¢ IP-TeM, MCIONB3YIONMM aJJUTHBHBIE TEXHOJOTHH B Y4eOHOM mpolecce.
Hcnoan3oBannbie Metoabl: |DEF-anarpamma, onuceiBaromast GpyHKIMIO CHCTEMBI; IpaBuia ayTeHTH(UKanuH, nposepka 3D-
MoJeiell, OTIpaBKa MOJENHM Ha Iedyarh, BHIOOP YCTpOICTBA B pEeXHME OHJIAIH W OCHOBHBIE SKpaHHBIE (OpPMEL BhHIBOABI.
Pa3BuTHE HHHOBAIIMOHHOTO MBIIUICHHUS Y CTYACHTOB BHICIINX yYEOHBIX 3aBEACHHH TOJDKHO CTAaTh IPHOPUTETOM COBPEMEHHOTO
BBICIIETO 00pa30BaHMs, a BHEJPCHHE HOBBIX JJIEMEHTOB B COBPEMEHHOE 00pa3oBaHHME HEW30EXKHO. A y4YHTHIBas pa3BHTHE
TexHonoruid 3D-neyaty, aJIUTUBHBIC TEXHOJOTUHM HAMOOJIee MEPCIEKTHBHBI IS MCIOJIb30BAHUS BH3YalM3alluy B OHJIAH- U
CMEIIaHHOM O0YYEHHH.

KnodyeBble ciioBa: ayIMTUBHBIE TEXHOJOIUH; cMemanHoe obydenue; 3d-moxenb; 3d-meuars; Ga3a JaHHBIX MPABHIIL;
0a3a JaHHbIX.
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THO®OPMAIIMHA TEXHOJIOI'TA MIATBEPKEHHS ITIPABA BJIACHOCTI
HA IU®POBI 30PA’KEHHA

AHoTanis. Y cydyacHOMY CBiTi 300pa)XEHHsI CTae MOTYXKHILIMM 3acO00M CHINKyBaHHs. B emoxy aimxuTaiizawil Jroau
MaloTh 3MOTY BUPaXaTH CBOI JlyMKH, OYYTTS Ta iHIIE Y BUIII 300paxeHb. ['0JI0BHA CKIIaAHICTh aBTOPA 3aBXXKAH MOJISTae
y TOMY, SKHM YHHOM JIOBECTH CBO€ aBTOPCTBO. TOMY aKTyalbHUM € PO3p0oOKa HOBITHIX TEXHOJIOTIH MiATBEPXKEHHS aBTOP-
cTBa Ha U POoBi 300paxkeHHs. O0’€KTOM IOCHIIIKEHHS € MPOLIEC MiATBEPHKSHHS aBTeHTHYHOCTI HU(PPOBOTro 300paKeHHSI.
Ipenxmerom mociimpkeHHS € iHpOpManiiiHa TEXHOJIOTIS MiATBEpPKSHHS aBTOPCTBA Ha U(POBI 300paxkeHHs. Y poboTi 3a-
IIPOIIOHOBaHA iH(opMaIliiiHa TeXHOJIOTIs MiATBEPHKEHHS MpaBa BIACHOCTI HA IU(POBI 300pakeHHs, sIKa BUKOPHCTOBYITE
dpoBi BosHI 3HAKH, OoK4elH, rem-(yHkiii ast 300pakernHs i IPFS s crBopeHHs aGCoMI0THO HOBOI JIeIeHTpalTi3oBa-
HOI TEXHOJIOTII IiITBEPKEHHS IpaBa BIacHOCTI y 1u¢poBy enoxy [ureprery. Il{o cTocyersest THHiB (aiiniB, y mii crarTi
3ray€ThCs JIUIIEe YIPABIiHHI aBTOPCHKUMHE [IPaBaMU Ha HU(POBI 300pakeHHs. Y MailOyTHOMY TEXHOJIOTII0 MOXKHa Oy1ie
PO3LIMPUTH Ha ay[io, BiIeO Ta iHIII THITM MyJIbTUMEAINHUX (aiiniB, 00 chopMyBaTH €IMHY CHCTEMY Ul MiATBEPIKEHHS
MpaBa BIACHOCTI Ha OyIb-sIKUI TU)POBUI KOHTEHT.

KniodoBi cioBa: aBreHTUdiKalis; nudpoBHi BOASHUN 3HAK; 3aXHCT IIpaBa BIACHOCTI; iH(opMamiiiHa TEXHOJIOTIs; 30-

OpakeHHs; OJIOKYElH.

Beryn

YV cydacHOMY CBIiTi 300pake€HHSI CTa€ MOTY KHIIINM
3ac000M CHLUIKYBaHHA. B ermoxy mimpkurani3arii Jroam Ma-
I0Th 3MOTy BUpa)KaTH CBOT JJyMKH, [TOYYTTS Ta iHIIE Y BH-
il 300paxeHs. [IpeseHTartii, cinaiia-moy Tomo JOKy-
MEHTYIOTBCS Y BUTJISII €JIEKTPOHHHX KOIIIH.

Barato xopucryBauiB MmyOJiKyIOTh B iHTEpPHETI CBOI
¢ororpadii, y comiasHIX Mepexkax, B 0COOUCTHX OJiorax,
Ha KOPIIOPaTWBHUX caiTax, (oToOaHKaX, HaICHIAIOTh
€JIEKTPOHHOIO ITOITOO TOIO. ITloHs 3anCy0ThCS Mitb-
sipau doTtorpadiii Ta Bimeo. BinbImicTs 3 HIX TpU3HAYCHI
IUTS CIIUTFHOTO BUKOPHCTAHHS B COIIaJIbHUX Mepexax i
30epeKeHHS TaM'SITi, alie Bce OLIbIIe BUKOPHCTOBYIOTHCS
HOBI 32CTOCYBaHHS, TaKi K JOTIOBHEHA PEANbHICTB i IITY-
YHUH 1HTEJIEKT.

3rinHo 3BiTy Keypoint Intelligence y 2020 poui Ha-
ceJieHHsI CBiTY 3pobmio 1,44 Tpunsitona Gororpadiii [1].

VY uepBHi 2021 poky koHcantuHrora ¢ipma Rise
Above Research, 110 3aiiMaeTbcst JOCTIPKEHHSIMU PUHKY
TS IHOYCTpil poBUX 300pakeHb, OIIHWIIA, IO TII00a-
mpHA mudpa 3podnernx dotorpadiit y 2020 pori cTaHO-
BuTh Jue 1,12 tpuibiiona [2]. Rise Above Research ta-
KOXX TIPOTHO3YE HA KiJlbKa POKiB ymepen puc. 1 [2], mpu
npoMy B 2023 potri 3araipHa KUTBKICTE oTorpadiii Moxke
nepeBUIMTH 1,6 TpribiioHa oTorpadiii.

Hudposi 300pakeHHS 3aXHUINEHI 3aKOHOM IIPO aB-
TOPCBKE TPaBo, 5K 1 Oyap-sKi iHII OpHTiHAIBHI POOOTH.
ABTOpCHKIi TIpaBa Ha 300pakeHHs HaJIeKaTh aBTOPY 3 MO-
MEHTY X CTBOpPEHHSI, SIKIIO BiH HE TPAIOE€ 32 HAWMOM B
areHTCcTBi abo Ha iHmoro poboromasis. I TyT aBTOpChKi
MpaBa HAJIEXKATh areHTCTBY UM POOOTOIABITO. 3aXUCT aB-
TOPCBKHX TIPaB Ja€ MOXIIMBICTh NPaBOBJIACHUKY BH3Ha-
YaTH, XTO KOIIIOE, PO3MOBCIOMKY€E ab0 amanTye 300pa-
JKSHHS JIIS TI0JIIbLIIOr0 BUKOPHCTAaHHS. €IMHUN croci0
JIETaJIbHOTO BUKOPUCTAHHS 300payKeHHS, 3aXUILEHOIO aB-
TOPCBKMM IIpaBOM, IIe OTPHMaHHs JileH3ii abo aopy-
YeHHs1 IpaBoBJIacHUKA. ['0JI0BHa CKIIagHICTh (oTorpada
3aB)KAH MOJIATAE Y TOMY, SIKUM YHHOM JOBECTH CBOE aBTO-
pctBo. CydvacHi mupoBi KaMepH, HaBiTh JACIICBi, MpU
TICBHUX HAJIAINTYBAHHAX BiIpa3y BBOAATH JaHi IPO BIac-

HHKa (oTO, ane 1e me He Buxij. bo no myOmikauii B iHTe-
pHeTi (OoTO 3a3BUUall 0OPOOIIAETHCS Y PI3HUX PEAKTOpPax.

|
1L4E+12 1SEHI2

Kinbkicts Qotorpadiii

Pokn

Puc. 1. Kinbkicts 3pobnenux potorpadiii y cBiti
(Fig. 1. The number of photos taken in the world)

Tomy akTyajbHHM € pO3pOOKa HOBITHIX TEXHOJIOTIH
i ATBEPKEHHS aBTOPCTBA Ha TU(BPOBi 300paKeHHSI.

AHaJIi3 Cy4acHOro cTany B cdepi TexHoI0TIi
3aXHCTYy aBTOPCHKHX NPAB Ha 300pakeHHSA

Peectpartist aBTOPCHKHX TpaB HE BILTUBAE HA (aKT ixX
BUHUKHEHHS, OCKUIBKH aBTOPCHKI IIPaBa BUHUKAIOTh 3 MO-
MEHTY CTBOpPEHHsI TBOpy. [IpoTe, 111 porieypa 103BoIIsIE
onaaTtkoBo 3adikcyBaTé (akT CTBOPEHHS TBOPY, 0COOY
aBTOpa Ta TepefaTH Jep)KaBi KOIII0 TBOPY Ui IyOiid-
HOTro 30epiraHHs. Y NEsSKUX IOPUCIUKIIAX, HAPUKIA] B
CIIA, peectpariisi aBTOPCHKHX TIPaB BIUIMBA€E Ha 00CAT
MpOLECYIbHNX NPaB MO3UBaYa MPH 3aXHCTI aBTOPCHKHX
npaB y cyai. [Topsiiok nepkaBHOI peecTpariii aBTOPCHKOTo
IpaBa BU3HaueHUi B 3akoHax Ykpainu «IIpo aBTOpchKe
npaBso 1 cymixkHi npasa» [3] Ta «[lopsaky nep>kaBHOi pe-
€CTpallil aBTOPCHKOTO TpaBa i JoroBopiB» [4]. Peectpartis
3IIACHIOETHCS 3a IOMIOMOTOI0 HAIIOHAJIBHOTO OpraHy iH-
TENEeKTYaIbHOI BIACHOCTI - Jep)KaBHOI Opraizamii, 110
BXOJIUTH JIO ICP>KaBHOI CHCTEMH IIPaBOBOI OXOPOHU 1HTE-
JIEKTyaJIbHOI BIIACHOCTI, Ta Bu3HaueHa Kabinerom MiHic-
TpiB YKpaiHu i Ma€ mpaBo NMPEACTABIATH YKpaiHy B MIXK-
HApPOJHHX Ta PEriOHATBHUX OPraHi3aIlisx.
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AJle TIOpsIOK JIepikaBHOI peecTpanii aBTOPCHKOTO
npaBa Ha 300pa’keHHsI, BU3HAYEHUH B 3aKoHaX YKpaiHu,
Mae psijl HeJIOJIKiB, TAKUX SIK TPUBAJINI IIPOLIEC TEPEBIPKH
aBTOPCTBA, BIJCYTHICTH IPEIMETHOI TEPEeBIpKH, CKIaJI-
HICTh JIOKa3y, BHCOKAa BapTiCTh, LIEHTpaJli30BaHe 30epi-
ragds Ta iHmi. g mojgojaHHsS HUX HEHOJIKIB B CTATTI
MIPOTIOHYETHCS TEXHOJIOTIS IMiATBEPPKEHHS aBTOPCHKOTO
TpaBa 3aCHOBaHA Ha CYYacHiH KOHIIEMTIii OJIOKIeHH.

Ines TexHOMOTI1 OOKUEiH Oyna onmcana me B 1991
potti, konn BYeHi-nocmigauky Ctioapt Xabep ta Y. CKoTT
[ITopHeTTa BIpOBagMIN OOUHCITIOBAILHO-TIPAKTHYHE Pi-
ILIEHHS TS [U(POBHX JJOKYMEHTIB 31 ITAMIIOM 4acy, 00
BOHH He Moru OyTH 0(OpMIICHI 3aJHIM YHCIIOM abo Iiji-
pooUTHCS.

Cucrema BUKOPHCTOBYBaja KpurnrorpadiqHo 3akpi-
TUICHUH JIaHIIOXKOK OJIOKIB JU1sl 30epiraHHst JOKYMEHTIB 3
no3Ha4koto yacy. OJJHaK sl TEXHOJIOTisl HE BUKOPUCTOBY-
BaJIacsl, i MaTeHT BTpaTuB YHHHICTE Y 2004 pori.

Y 2004 pori BUEHHH y ramy3i KOMITIOTEPHUX TEXHO-
Joriit Ta kpunrorpadigauii aktuBict Xexn dinHI npeacTa-
BUB cHCTeMy IniJi Ha3Bor Reusable Proof Of Work
(RPoW). Cucrema mparfoBaia, OTPUMaBIIM HE3MIHHUH
abo He-B3aemo3aminnuii Hashcash Token, 3acHoBaHmil Ha
proof of work i mignucanuii RSA, sikuii motiM Mir 0yTH
nepeaHuii BiJl JIFOJMHH JIO JIFOANHH.

RPoW BupimmB mnpobieMy MOIBIHHOTO BHKOPHC-
TaHHS, 30epirmIv MpaBo BIACHOCTI HA TOKEHH, 3apeeCTpPo-
BaHi Ha JIOBIpEHOMY cepBepi, sSKuii OyB pO3pOOJICHHH,
mo0 J03BOJMUTH KOPUCTYBadyaM y BCHOMY CBITI IlepeBi-
PHUTH HOr0 NMPaBWJIBHICTH Ta LUTICHICTD Y PEXXUMI peajb-
HOTO 4acy.

Ha cporomuimmHiit nens cepa BUKOpucTaHHs OJIOK-
YelH JTyKe MuMpoka Bin (iHaHCOBOI cdepu 10 mporpam
BiliCbKOBOrO NpH3HAUeHHS. TakoK OJIOKYEiH 3HaMIIOB
CBO€ BUKOPHCTaHHS c(epi 3aXUCTy IHTENeKTyalbHO]I BlIa-
CHOCTI.

Tak aBTopH cTaTTi [5] IPOMIOHYIOTH 3aCHOBAHUIT Ha
TEXHOJIOTii OJIOKYEHHY Ta aJTOPUTMI BIUTYICHHS JIOKAIb-
Hux o3Hak SIFT migxin no peamizamii cucremu nugppoBoro
aBTOPCHKOTO MPaBa 300payKeHb HOBOTO MOKOJIIHHSA. ANTO-
put™ SIFT BUKOPHUCTOBYETHCS ISl OTPUMAaHHSI IHBapiaHT-
HHUX XapaKTePUCTUK 300pa)KeHHs, TaKUX SIK KyT OTJIILY,
SICKPaBICTh, IOBOPOT T4 IHIIIE, SIKi CKJIaaf0Th JIOKAJIbHUN
HaOip BEKTOPIB 03HaK 300pakeHHs, 1 1[I HAOOPH JIOKAaJIb-
HHUX BEKTODIB O3HaK BBAXKAIOTHCS €JMHOIO OCHOBOIO aB-
TOPCBHKOTO TpaBa JuIs 300pakeHHs. OJHAK HEMOTIKOM Ta-
KOT0 X0y € Te, mo anroput™ SIFT onmpaeTbes Ha To-
OyZOBY KIIFOYOBHUX TOYOK 1, IKIIO 3TIOBMHUCHHK 3aX0UE IIi-
IpoOuTH 300pakeHHs, TO HOMY JOCTaTHRO Oyze Harpa-
BUTH BEKTOp aTakW Ha MOAH(IKAIIO X KIFOYOBHX TO-
yok. Ane anroput™ SIFT MoxHa BUKOpPHUCTOBYBAaTH IS
TMOIIYKY IyOJIiKaTiB B CHCTEMI, OCKiIbkU anroputM SIFT
MOYKE BHPIIIUTH MEBHOIO MIpOIO iHBapiaHTHICTh HACTYII-
HUX OTIepaIlii:

obepraHHs,

Mmacrrrabysanns (RST);

adiaHICT 300pakeHHs / MEPETBOPEHHS MPOEKIii
(kyT ormy);

OCBITJICHHS;

LIJILOBA OKJIIO31s;

XaOTHYHICTBD;

LIy M.

B crarri [6] npeacTaBieHO MiIXid 0 3aXHCTY iHTE-
JIEKTyaJIbHOI BJIacHOCTI B mpoueci 3D-npyky 3a mornomo-
TOI0 TEXHOJIOT1] O610K4eHH. B po0oTi onmcyeThes BUKOpH-
CTaHHs YIpPaBIiHHSI HU(PPOBUMH MpPABAMHU SIK KIFOUOBOT
TEXHOJIOTIT /IS YCIIIIHOTO MePEX0/1y JI0 METOAIB aUTHB-
HOTO BHPOOHMIITBA, KJTF0Ua IS i1 KOMEPIIIHOTO BIPOBa-
JOKEHHS Ta 3armo0iraHHs KpaaibKIl iHTeNeKTyaIbHOI BIac-
HOCTI.

3a JOTIOMOTOFO TaKOTO IiIXO0Ly MOXKIIMBO ieHTH]I-
KyBaTH Ha SIKOMY eTarli BigOymacs KpaJaiKka iHTeJIeKTya-
npHOI BacHOCTI. Ha choroHi manuii miaxix po3po0iatoTs
B paMKax ruatdopmu 6e3MeYHOr0 aIMTHBHOTO BUPOOHU-
urBa SAMPL.

Bepyuw 10 yBaru cydacHi TpeHI Ta pe3yJIbTaTH 3a-
CTOCYBaHHSl OJIOKYEHH /I 3aXUCTy aBTOPCHKUX IpaB
[5-6] B maniit po6oTi IPOMOHY€ETHCs iH(GOPMAILIiHHA TEXHO-
JIOTisl MINTBEpPKEHHS MpaBa BJIACHOCTI Ha 1U(POBI 30-
Opa’keHHs1, 0 OCHOBYETHCS HA TEXHOJIOTII OJOKYEHH Ta
IUQPOBUX BOISHHUX 3HAKAX U1 3a0e3MeueHHsT HaXiiHOT
rapaHTii BCTAHOBJICHHS aBTOPCHKUX TPAB.

Onwuc indgopmaniiiHoi TexHoorii
MiATBEPAKeHHs NMpaBa BJIACHOCTI
Ha HUPPOBi 300pakeHHsI

BignosigHo no moxeni aBTeHTH(DIKAIIT HUPPOBHX
300pakeHb, siKa AETAIBHO NpejcTaBieHa B podoti [7],
MIPOTIOHY€EThCA HACTYIIHA 3arajibHa cxema iHdopmamniitHo1
TEXHOJIOTI1 MiITBepPKEHHsI TIpaBa BJIACHOCTI Ha IU(POBi
300pakeHHs, puc. 2.

IIpormec miaTBepMKeHHS MpaBa BIACHOCTI Ha IH(-
PpoBe 300pakeHHS IPOIIOHYETHCS IIPOBOHUTH 32 €TallaMH,
SIKi TIpeZICTaBJIeHi Ha puc. 3.

3 puc. 3 MOXXEeMO BHIIJIUTH OCHOBHI ITPOLIECH, SIKi 3a-
0e3reuyroTh poOOTY TEXHOJOTi MiJTBEPHKECHHS IpaBa
BJIACHOCTI Ha I(POBE 300paKCHHS:

1) peectpartiss KOPHCTyBadiB BiAMOBITHUMH Op-
raHaMH Ta KOMITaHISIMU, SIKi BIAMOBIZAI0Th 32 PEECTPALIII0
IpaBa BJIACHOCTi. 3a pe3ylbTaTaMH LBOTO KOPUCTYBAd
OTpPHUMYE TIpaBa Ha BHECEHHS CBOIX 300pakeHb B CHCTEMY
Ta 3TiAHO 3 TEXHOJIOTiEI OJIOKYEHH CMapT-KOHTPAKT,
SIKAi Oyzme 1oro imeHTH(]IKaTOpoM B CHCTEMi Ta JO3BO-
JUTH 3AIACHIOBATH TIepeIavdy aBTOPCHKHX IpaB Ha 300pa-
KCHHS,

2) nepeBipka 300pakeHHsI Ha HAsBHICTD [IH(POBOTO
BOJITHOTO 3HAKy Ta MOMIYK ayOnikaTy 300pakeHHs. 1leit
nporuec 3ade3neuye 3aXUCT BiJl MOXJIMBHX TMOBTOPHHX
T MHUCIB 3aXUIIEHUX 300pakeHb Ta MOIITYK AyOJiKaTiB 30-
OpakKeHb 111 YHUKHEHHS Pi3HOTO POy KOJIi3iif;

3) renepaliss MUQPPOBOro BOASHOIO 3HaKy. JlaHWil
MPOIIEC HA OCHOBI TAHMX KOPHUCTYBada (CMapT-KOHTPAKT
KOPHCTYBa4a), BXiJTHOTO 300pa)kKeHHs CTBOPIOE CMapT-KO-
HTPAKT 300pakeHHs Ta (OpMyBaHHs Ha HOro OCHOBI IH-
(poBoro BoAsiHOTO 3HAaKy. CMapT-KOHTPAKT 300pasKeHHS
MICTHTh 1H(pOpMaNito Mpo 300pakeHHs, PO MpaBoBIIac-
HHUKA Ta 9ac BHECEHHS B CHCTEMY. 3a JOTIOMOTOIO ITHOTO
CMapT-KOHTPAKTy BiJIMOBITHO JO OJOKYESHH TEXHOJIOTii
BimOyBaTHMEThCS MiATBEPHKSHHS IIPaBa BIACHOCTI Ta MO-
JKIIMBICTH WOTO TIepeiadi B KOMEPIIHHUX IIIAX;

4) HaHeceHHs M(POBOTO TAIICY HAa 300paKCHHS.
Jlanwii iporrec Ha oCHOBI 3reHepoBanoro 1{B3 HaHocHTh
mianuc nudpoBoro 300paXkeHHs Ta BUJA€ KOPUCTYBaueBi
3aXMIIEHY KOmilo 300pakeHHs. Takox maHuii mpouec
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IiCIIs MiAMUCY 300paXKeHHs 3a0e3euye 30epekeHHS OpH-
riHajly 300pakeHHs y PO3MOAUIEHIH crcTeMi 30epiraHHs
nmanux IPFS Ta BHeceHHs iH(opMallii po 3axuineHe 30-
OpakeHHs 10 OJIOKYCHH CXOBHIIA;

5) mepeBipka aBTEHTUYHOCTI 300paxkeHHs. JlaHuit
mporiec 3abe3rnedye JOKANi3aIliio Ta BIIIydeHHS Iudpo-
BOTO BOZSHOTO 3HAKy 3 300pa’KeHHS, MiCIsI 9OTO TIepeBi-

psi€ aBTEHTHYHICTh CMApT-KOHTPAKT 300paskeHHs Biqmo-
BIZIHO JTO TEXHOJOTIi OJIOKYCHH, IIUM caMUM 3a0e3meuy-
F0YH TOCTOBIPHICTH IpaBa BIACHOCTI Ha IUdpoBe 300pa-
JKEHHS;

Jnis peanizarii gaHoi TexHouoril Oyiaa po3pobieHa
apxiTeKTypa CHCTEeMH MiITBEPIXKSHH TIpaBa BIACHOCTI Ha
mudpoBe 300pakeHHs, sSIKa MPeICTaBIeHa Ha puc. 4.
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aHaky
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>
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Puc. 2. 3aransHa cxema iHdopManiiiHOi TeXHOJIOTIT MiATBEPPKEHHS IIpaBa BIACHOCTI Ha IU(POBI 300paKEHHS
(Fig. 2. General scheme of information technology confirmation of ownership on digital images)
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Puc. 3. Etanu nponecy miarBepaKeHHs IIpaBa BIACHOCTI Ha II(POBE 300paKeHHs
(Fig. 3. Stages of confirming process of the ownership on a digital image)
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Puc. 4. TIpouec miaTBepKEHHS MpaBa BIaCHOCTI Ha LU(pOBe 300pakeHHs
(Fig. 4. The process of confirming ownership of a digital image)

Ha puc. 4 noxazanuii npouec miaTBepHKCHHS aBTe-
HTHUYHOCTI IU(POBOTO 300paXkKeHHs, IKMH BKIIIOYAE B ceOe
00pOoOKy JaHMX 11032 JIAHIIO)KKOM OJIOK4YeiH 1 0OpoOKy
JIaHUX B Mepexi OyiokueiiH. BpaxoByroum pizHOMaHiT-
HICTB OpraHi3ariiif, cepBiciB Ta CHCTeM, SIKi MOKYTh Ha/Ia-
BaTU IOCIYTH PEECTpallii aBTOPCHKOTO TpaBa, 3 TOUKH
30py CTPYKTYpH 30€pEeKCHNX NaHUX Ta (QyHKIIOHAIEHUX
MOJIIMBOCTEH [MOIUTFHO 3amporoHyBatu Rest API-
pimeHHs, SIK YHiBepCcaIbHy TEXHOJOTIIO UL iHTerparii Ta-
KUX cucTeM Ta raTdopmu oOMiHy OIoKYeHHaMH.

API-inTepdeiic cucremMn 103BOJISE BCIM 3allikaBiie-
HUM 0c00aM Ta OpraHi3allisiM 3/iiCHIOBaTH OCHOBHI OI1e-
paiiii 3 HErO, TaKi sIK:

- TMpUETHAHHSA HOBOI OpraHizaifii 3abe3med4eHHs
npaBa BIaCHOCTI;

- CTBOpPCHHS BiAMIOBITHUMH OPTaHi3allisiMH KOPHC-
TyBadYiB CHCTEMH (peecTparisi KOpUCTyBava);

- JoIaBaHHS 300pa)KEHHS VIS 3aXUCTY TpaBa Bia-
CHOCTI Ha HBOT'0;

- TIepeBipKa aBTEHTUYHOCTI 300pakeHHS. Bech
MPOIIEC TEPEBIPKH MOIISETRCS HA JBI MPOLEAYPH, 3a-

JIGKHO Bia moTpeb opranizaiiii. [lepria mpoiieaypa — aB-
TeHTU(IKAIliS BJACHUKA 3aXHUIICHOTO 300paKeHHS 33 J10-
MOMOTOI0 CMapT-KOHTPAKTy KOpHCTyBada. J[pyra mporie-
Iypa aBTeHTH(IKamii — OTpIMaHHA 1eTalbHOi iH(opMarii
Npo 3axuileHe IH(ppoBe 300paXEHHS 3a JIOTIOMOIOIO
CMapT-KOHTPAKTy 300paKeHHS.

[puknanHuii piBeHs 3a0e3Medye peasizalilo OCHOB-
HHX MPOLIECIB 3aXHCTY Ta aBTeHTH(DiKaLlii n(ppoBHX 300pa-
»keHb. BiH Hanae iHTEepdelic KopucTyBaya, 3a JOTIOMOTOI0
SIKOTO 3IIICHIOETBCS TIPOIIEypa HAHECEHHsI U(pPOBOTO
mianucy Ta aBTeHTH(IKamil 300pakeHHs. Takox came de-
pe3 e piBeHb 3HIHCHIOETHCS TpoIieaypa 30epiraHnas 30-
OpakeHb, SIKi MiUIraloTh 3aXUCTY aBTOPCHKOTO TIPaBa.

PiBenn Omoxueiin. Lleii mporrec MOYNHAETHCS 31 CTBO-
penHst «[loyaTkoBoro G0Ka» Iy KOXKHOTO 3apeecTpoBa-
HOT'O B CHCTEMI KOPHCTYBaya, IKMI X04e 3a0e3MeUHTH ITiji-
TBEp/PKEHHS aBTOPCTBa Ha cBoi 1u(poBi 300paxeHHs. ITi-
CJIsl 4OTO BCl TPaH3aKIii 3aMiCyIoThes B O10K4eiiH. Koxen
0JIOK MICTHTb YHIKaJIbHHH 3ar0JIOBOK, IO iI€HTH(IKYETHCS
IO Xellly 3aroJjioBKa 0Jioka. BIIoK CKI1agaeThbest 3 TAKMX KOM-
MOHEHTIB: XeII TOTePeTHROTO OJI0Ka, iH(OpMAITis Mpo
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NPaBOBJIACHHKA, XEII-300pa)KeHHS, SIKE 3aXHIIAETHCS,
1 MiTKa yacy. Lleit mporec MoBTOPIOETHCS KOXKEH pa3 KOJIU
KOPHCTYBaY JIOZIA€ HOBE 300pa)KEHHS B CUCTEMY.

PiBenp koHceHcycy. OCKIJIBKHM CHCTEMa OCHOBY-
€TBCs1 Ha OJIOKYEHH TEXHOJIOT1i, TO BOHA € JCIEHTPAIi30-
BaHOIO 1 HE KOHTPOJIFOETHCS JKOJHOIO 3 OpraHi3amiii peect-
paii aBTopchKoro npasa. Tomy moTpiber cnocid mepesi-
KU TpaH3akmiid B cuctemi. OJHAM 3 METOIIB, IKHIT BUKO-
PHUCTOBYIOTH 0arato cMCTeM, 3aCHOBAaHHUX Ha OJIOKYCHH, €
nokas gactku (Proof of Stak). Lle#t meron € ansTepHaTH-
BOIO MeToxy 1oka3y pobdotu (Proof of Work), mepmrim me-
XaHI3MOM KOHCEHCYCY, PO3pOOJICHUM JIJIs KPUIITOBAJIIOT.
Ockinbku noka3s yactku (Proof of Stak) Habarato enepro-
e(peKTHBHIIINNA, TOMY BiH IPOIOHYETHCS ISl MEPEBIPKH
Tpan3akiiii B cuctemi. Mogens proof-of-stake no3sossie
BJIACHUKAaM POOUTH CTaBKM HA aKTHBU CHCTEMH Ta CTBO-
proBaTH CBOi BiacHi By3iu-BamigaTopu. CTEHKIHT - 1L
HPOIIEC, KOJIM YYACHHK Mepeski OJoKdeiH 3000B'13yeTecst
BHKOPHCTOBYBAaTH CBOi aKTHBHU JUIS MEPEBiPKH TpaH3aK-
uiit. Komm 610k Tpan3akuiii Oyze rotoBuil st 0OpoOKU
MPOTOKOJ MiATBEPKCHHS YAaCTKH 00epae By30J-Bajlia-
TOp AJIs TIepeBipkH OJIOKY. BarigaTop rnepeBipsie mpaBHib-
HICTh TpaH3aKIii y 6Jomi. SKmo 1me Tak, BOHH J0Aal0Th
OJIOK y JIAHITIOKOK OJIOKIB Ta OTPUMYIOTH KPHIITO-HAro-
poam 3a cBilf BHecoK. OIHaK, SKIIO BaliJaToOp IPOIOHYE
JofiaT OJIOK 3 HETOYHOIO iH(OopMaIli€ro, BiH BTpavyae Jac-
THHY CBOiX CTEHKIHTOBHX aKTHBIB K IITpad.

AmnapatHuii piBeHb. Sk moka3zaHo Ha puc. 4 amapat-
HHH piBEHb CKIAAETHCA 3 TPHOX OCHOBHHUX KOMITOHEHTIB:

- CXOBHMIIa AaBTOPW30BAaHUX KOPHCTYBadiB —
LIEHTPaJIi30BaHOI 0a3a TaHUX OopraHizauii (1epkaBHHUX Op-
raHiB, oprasizariii 3a0e3nedyeHHs pasa BIACHOCTI), 3ape-
€CTPOBaHUX sIK KOpUCTyBaui. BiH BUKOpPHUCTOBYE citykOy

YJICHCTBA, SIKa Ma€ JOCTYII 0 OTPUMAaHHS JIAaHUX 3 JIOTIO-
Moroio RestAPI.

- cxoBwWIIa OJIOKYEHH JaHUX — OJOKYECHH KOHCOP-
HiyMmy, KU (QyHKIIOHY€ il KepiBHUIITBOM TPYIH Opra-
Hi3amiH, mo 3abe3nedye criabHy TpaHcopMarliro OizHecy
MDK OprafizaiissMd. Y JaHOMY BHUIAIKy KOOPIHUHATOP
MpU3HAYAE YHIKAIBHUHA JOCTYI sl KOXKHOTO KOPHCTY-
Baya (Iep)KaBHHUX OpPraHiB, OpraHi3aiiii 3a0e3meYcHHS
npaBa BJIACHOCTI).

- PO3IOJIICHOTO CXOBHIIA — JICIICHTPATi30BaHOTO
CXOBHIIIA 300paKeHb, JJIs AKUX CUCTeMa 3a0e3rneuye Mo-
JKIIMBICTB MiATBEPPKEHHS aBTEHTUIHOCTI.

BucnoBku

BpaxoByroun 3arajibHOJOCTYIHICTE Mepexi [HTep-
HET 1 TOCTiifHe 3pOCTaHHS BHUIAIKIB HMOPYIICHHS aBTOP-
CBKOTO IIpaBa Ha IU(POBHUIA KOHTEHT, CyJacHi TEXHOJOTI1,
10 BUKOPUCTOBYIOTBCS JUISl 3aXHMCTy aBTOPCHKUX IIPaB,
MAaroTh OyTH BIIOCKOHAJICHI.

Y po6oTi 3anponioHoBaHa iHpopMaliiiiHa TEXHOJIOT s
MiATBEP/KCHHS TpaBa BJIACHOCTI Ha LUQPOBI 300pa-
JKEHHSI, SIKa BUKOPHCTOBY#iTEe IM(POBI BOJISHI 3HAKH, OJIO-
K4eiH, reur-GyHkuii st 300paxenss i IPFS ms creo-
peHHST aOCOTIOTHO HOBOI JIEIICHTPali30BaHOI TEXHOJOTIi
ITBEP/PKEHHS [IpaBa BIACHOCTI y 1u(ppoBy ernoxy IHTe-
pHETY.

Mo crocyeTbes THMIB QaiiniB, y miii cTaTTi 3ramgy-
€ThCSI JIMIIE YIPABIiHHS aBTOPCHKUMU IpaBaMK Ha -
POBi 300pakeHHS. Y MalOyTHHOMY TEXHOJIOTIFO MOXKHA
Oyzie PO3IIMPHUTH HA ayIio, BiJCO Ta iHII THIH MYJIbTH-
MeniiHuX daitni, 111006 chopMyBaTH €IMHY CHCTEMY IS
MiATBEPKCHHS TpaBa BJIACHOCTI Ha Oyb-skuil 1udpo-
B KOHTEHT.
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HMndopmanonHas TexHOJIOTHs NOATBEPKICHUSA IPaBa COOCTBEHHOCTH Ha IM(POBLIE H300pakeHue
W. B. Py6an, H. H. bosnorosa, B. A. MaproBunxuit

AHHOTanus. B coBpemenHOM Mupe n300paxeHne CTaHOBUTCS 6oJiee MOIIHBIM CPEICTBOM oOmieHus. B smoxy nu-
JDKUTAIU3aLUY JII0JIM MOTYT BBIPA)XXaTh CBOM MBICJIH, YyBCTBA M IpOYee MOCPEACTBOM M300paxkeHuil. [ aBHas CIOXKHOCTh
aBTOpA BCET/Ja COCTOUT B TOM, KaKUM 00pa3oM J0Ka3aTh CBOE aBTOPCTBO. [103TOMy akTyanbHa pa3paboTKa HOBEHIIMX TeX-
HOJIOTHI NMOATBEPXKICHUS aBTOPCTBA Ha HU(poBble M300pakeHns 1. OOBEKTOM MCCIIE0BAHUS SBISETCS MPOLECC MOATBEP-
KIeHus (akra npaBo obnagaHus uHPpPOBBHIM H300pakeHneM. [IpeaMeToM ucciaeoBaHus ABIseTCs HHOOPMALMOHHAS TeX-
HOJIOTHS JIOKa3aTelIbCTBa aBTOPCTBAa Ha NHU(POBEIe M300paxeHns. B pabore mpemroskeHa WHPOPMAMOHHAS TEXHOJIOTHS
MIOTBEPIKACHNUS IpaBa COOCTBEHHOCTH Ha U (POBBIE N300pakeHNs, HCIOIB3yIomasi TH(POBEIe BOASHEIE 3HAKHU, OIOKYEHH,
xom-pyHkIuio st u3obpaxenus u IPFS nns co3maHus coBepnIeHHO HOBOW AEIEHTPaTH30BaHHOW TEXHOJOTHH ITOJITBEp-
XKJICHUS IIpaBa COOCTBEHHOCTH B U POBYI0 310Xy MHTepHEeTa. YTO KacaeTcs TUIIOB (haiiyIoB, TO B 3TOH CTaTbe YIOMHUHAETCS
TOJIBKO YIIPaBJICHHE aBTOPCKUMH TIpaBaMH Ha HU(POBbIe H300pakeHUs. B OyylieM TEXHOJIOIHIO MOXKHO OyIeT PaCIIUPHUTh
Ha ayJMo, BUJEO U IPYIHe TUIIbl MYJbTHMEAUNHBIX (ailioB, 4TOO CO34aTh SAMHYIO CHCTEMY JJIS MOATBEPXKICHUS MpaBa
cOOCTBEHHOCTH Ha 10001 HU(GPOBON KOHTEHT.

KnrwueBsie cioBa: ayreHTUQUKALUS; I(POBOH BOISHON 3HAK; 3aIIUTa IIPpaBa COOCTBEHHOCTH; HHPOPMAaIIOHHAS TEX-
HOJIOTHS; N300pakeHue; OJOKICHH.

Information technology for confirming property rights to digital images
Igor Ruban, Nataliia Bolohova, Vitalii Martovytskyi

Abstract. In the modern world, the image is becoming a more powerful means of communication. In the era of
digitalization, people can express their thoughts, feelings, and more through images. The main difficulty of the author is
always how to prove his authorship. Therefore, the development of the latest technologies for confirming authorship of
digital images is relevant. The object of the study is the process of confirming the fact of the right to own a digital image.
The subject of the study is the information technology of proof of authorship for digital images. Taking into account modern
trends and results of using blockchain for copyright protection, this paper proposes an information technology for confirming
ownership of digital images based on blockchain technology and digital watermarks to provide a reliable guarantee of cop-
yright establishment. Proposed digital image ownership information technology using digital watermarking, blockchain,
image hash function and IPFS to create a brand new decentralized ownership verification technology in the digital age of
the Internet. As far as file types are concerned, this article only mentions digital image copyright management. In the future,
the technology could be extended to include audio, video, and other types of media files to create a single system for veri-
fying ownership of any digital content.

Keywords: authentication; digital watermark; property protection; information technology; image; blockchain.
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EXCITATION OF OWN OSCILLATIONS IN SEMICONDUCTOR COMPONENTS
OF RADIO PRODUCTS UNDER THE EXPOSURE OF THIRD-PARTY
ELECTROMAGNETIC RADIATION

Abstract. The subject matter is the processes of analysis and mechanisms of interaction of EMP-induced currents and
voltages with the processes characterizing the functional purpose of radio products, is usually carried out within the
framework of the theory of distributed circuits. The presented approach makes it possible to evaluate the performance criteria
in general (for example, to evaluate the critical energy characterizing a thermal breakdown), however, issues related to the
determination of various types of electromagnetic interactions that occur directly in the components of a product under the
influence of EMR remain open. The aim is the possibility of setting up theoretical and experimental studies based on the
proposed calculation model for excitation of natural vibrations of a semiconductor structure (exponential growth of
amplitude). The parameters of a third-party pulsed electromagnetic field, induced currents and characteristics of
semiconductor devices have been established within which the regime of amplification of natural vibrations of a
semiconductor structure is observed. The objectives are: mechanisms of interaction of induced currents with surface
vibrations of semiconductor components of a radio product under the influence of pulsed electromagnetic radiation. The
methods used are: methods of the theory of small perturbations in determining the spectrum of natural oscillations of the
system - currents induced by electromagnetic radiation and natural oscillations of the components of the radio product. The
following results are obtained: The mechanisms for the appearance of reversible failures of semiconductor components of
radio products under the influence of third-party pulsed electromagnetic fields are determined. It has been established that
the presence of a current induced by external radiation leads to the establishment of a mode of amplification of natural
oscillations of semiconductor components of a radio product (reversible failures). Conclusion. Quantitative estimates of
amplification (generation) modes of oscillations of semiconductor devices, distorting their performance depending on the
parameters of external electromagnetic influence, allows developing mechanisms for electromagnetic compatibility of
microwave radio products. A comparative analysis of the calculated data obtained in the work can be used in the manufacture
of radio devices operating in the millimeter and submillimeter range (amplifiers, generators and frequency converters).

Keywords: induced current; electromagnetic pulse radiation; semiconductor components; surface oscillations; oscillation
instability.
equation. and it is shown that the damping of oscillations

Introduction is caused by the transformation of the surface plasmon

The types of failures of electrical and radio products
in the presence of third-party factors are divided into
reversible and irreversible [1, 2]. Irreversible failures occur
when the performance of a radio product in the presence
of external electromagnetic radiation exceeds the
permissible limits and the device completely loses its
functionality. Reversible failures are characterized by a
temporary loss of performance for the time of exposure to
electromagnetic  radiation. In the absence of
electromagnetic influence, the performance of the product
is restored. The existing theoretical and experimental
studies of the influence of pulsed electromagnetic radiation
on the performance of electrical and radio products are
mainly aimed at studying irreversible failures. At the same
time, the purpose of these works is to determine the
performance criteria in general (for example, the critical
energy that determines the thermal breakdown). Questions
related to the physical mechanisms of interaction of
induced currents and natur+al oscillations of components
usually remained open.

This work belongs to this area of reversible failure
research. It studied the influence of currents induced by
external electromagnetic radiation on the waveguide
characteristics of semiconductor products, leading to the
appearance of reversible failures.

Task solution

In [3-7], the collisionless damping of surface
plasmons was studied on the basis of the dispersion

field into Van Kampen waves. It is shown that this effect
leads to a change in the current-voltage characteristics of
semiconductor devices (the appearance of regions of
negative resistance), i.e. reversible failures.

In the presented work, the mechanisms of
attenuation of surface oscillations of semiconductor
components of radio products are studied, when their
interaction with conduction electrons is in the nature of
collisions. Similar effects are realized in the case when
the value of the electron concentration of induced
currents is much less than the concentration of
semiconductor carriers. The kinetic equation for surface
oscillations has the form [4]:

ONg
Wq:%z’\Nqukz‘z 5(E1—E2 —ha)q)x

x[(Nq +1) e, (l— N, ) ~Ngng,, (l— g, )}

where Ny - the number of plasmons in the state;

(1)

Eio :hzkl,z/(Zm) — electron energy; W g, - matrix

element of electrons between states k; — k,. The first

term on the right side of equation (1) describes the
radiation of surface plasmons during the transition of
electrons from state to state; the second is the processes
of absorption of plasmons during reverse transitions.
Plasma medium - a semiconductor structure (medium 1)
occupies a  region of  space 0<y<L
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(gl(w):go—wg/a)z), and areas y<0; y>L

occupies a dielectric (vacuum) &, = &4 .

The penetration depth of the wave field remains
small compared to, i.e. the fields are localized at the
boundaries independently of each other. We will consider
the interaction of electrons and natural vibrations of a
semiconductor structure near the boundary.

The Hamiltonian of the interaction of electrons with
plasmons, which determines the matrix element:o6, has
the form [5]:

A — L nArdr . (2
c

Here the vector potential: divA=0; E = —E%

c ot
It is expressed through the operators of creation and
annihilation of vibrations

8, (1) = ag exp(iot); a4 (t) = ag exp(-ict)

in the following way:

AdrD= 2 A @, T2+, v];

L O
\/51

€1x = €2x —q_\/z’ Gy =—€2y =
12 =62 =0 /(0V2)  a=ya i+t @)

a),q=a)q=a)

qy=-iq y<0q,=iq y>0.

The value is found as a result of quantization of the
energy of the plasmon electromagnetic field [5]

2
HEM = 2 [[A(w,n)]? ) )
where integration is carried out over the entire region of
plasmon localization. Substituting in (4) [A(e,r)]?,
equating
hao
a9~ ~ ~
H (em) = ZT[aqaa— + aaraq :|7

we get

A= \/47re2hq02/(8wq (& +€d)) ,

where S - surface area of a semiconductor wafer.
The induced current density operator has the form:

B en +$ +
= YIVY - wVY
J 2|m0[ :|
- 1 .
yr =WZ K (t)exp(—i(kyx+k,2))sin kyy
@:iz by (£) exp(i (kyx + k, 2)sin ky y (5)
W
T
V=38L jky=-=n; n=123..
L

where b (t) = b e/ by (t) = b, TEK/

operators of creation and annihilation of electrons with
wave vector. Having carried out the integration in the
expression (2), we obtain:

HE = 37 Wi, b, O(ag () +a%4 O ©), (6)
kagka

o 2ky Koy (kE —K3)-Woay
kyako 2 2 ’
2 o1 T
| %+ (kay —kay )|

Wy = \/Zﬂequh3/(m02 LYZqu (g9 + &4 )).

where

Given the law of conservation of energy
Er = —hay and assuming
q2 << (kay —kly)z; q<<ky; g <<k, we get the

following expression for the matrix element:

2 kg ? 2mao,
o oW Y Y e k= K2 q
‘Wqukz‘ =Wo o ;oky =4 fky + -~

q

q

Oscillation decrement y =—— determined

q
by the processes of stimulated emission and absorption
of waves by particles: Ny >>1:

Passing in the kinetic equation (1) from summation

to integration (Zk L J' dky ) we get the following
y 7

expression for the decrement .
2
Wp“VL
y=———s j dk kyk

(k(+) ) 0

Consider the case of a Maxwellian distribution of

electrons:
@2rh)° h2k?
Ne =Ny —————==6exp| ~———
2mT

0
(22mT)%2
Substituting the values into formula (7) and using
the  dispersion law  of  surface  plasmons

a)é :wg/(go +&q) We get:
—\/zq V [Lj exp(—h—wj—l X
T NT T e T
xT x? /x2+h—a) exp(—x2
—0 T

It is easy to make sure that the formula (7) in the
limiting cases gives the same values of the decrement as
the expressions (8). In the case of a degenerate electron
gas, the difference n ., —n =n(eg +7iw)—n,(sg)

on
npn &g >> heo can be represented as 6—kha) where
¢F
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ne =1,
66": K

As a result of integration (7) we again obtain the
expression) for in the case of specular reflection of
electrons from the boundary.

Thus, the idea of the interaction of surface plasmons
and electrons as a collisional process leads to the same
results as the method of dispersion relations. In addition,
the use of the homogeneous plasma model is valid not
only in the classical but also in the quantum
approximation.

Equation (1) makes it possible to study the
mechanisms of spontaneous emission of particles when
Ng <<1 . Consider the radiation created by a single

particle moving at a speed. In this case, it follows from
equation (1) at q, <<ky; 0,

4mLJ-| kOky| §[k0—k2
0

<<k,

ONg
ot

“q J dk,. (9)

Taking into account the condition: kg >> 2May /h

let us determine the power of spontaneous emission of an
electron:

(10)

If the number of particles in the state is equal, then
the right side must be multiplied by this value. Let us
compare the radiation power with the value of the energy
loss of a particle during its reflection from the interface.

The fields created by the particle will be described
by the following equations:

rot E(F,t) = 0;

div D = 47e5(x)[5(y —Vot) + S(y —Vot)15(2);
t

D(r.t) = [£(t-t)E(F,t)dt;  y>0.
rf)tE(f,t) = (2; divD =0; (11)
D(r,t) = eq E(T,1); y <0.

The Fourier components of the electron field have
the following form:

= Y |7 B4,y do,
Ox.9z
0= +aZ,
_legyvg cos(w/vp) y
Vi3 g(a))S(a) +q VO)
iewsin(w/Vy)y

ﬂzg(a))S (coz + qzvg)

E(r,t

Ex(w.§,y) =

Ey (a),q, y) =-

¢ (o) = j:’g (7)€ dr. (12)

Further

2

8(0))280—600/60 w® >>q VO

To these fields it is necessary to add free fields, which
are solutions of homogeneous equations (11) in media “1” -
“211:

Ex(0,G,y)=A eV,

>0;
Ey (0.0 =S ae®;
Ox (13)
Ex(quv y) = AQ equ
<0.
Ey(a)’q”y):_|inzeQY; y
X

From the boundary conditions we find:

_ quXVO &
e (w) (& (w)"‘gd) (14)
py =S @ p
&g

The normal component of the electric field in
medium “1” has the form:

87 eVO

S5 @ en)

x Y — a4 ePsinpt; t>0
x4z q

Ey(F.)=0;

(15)

t<0.

Analysis

The energy loss of a particle for the excitation of a

surface plasmon per unit time Z—f is determined from

the equation of motion:

o€

—=evyE (16)

y
In this formula, one should substitute the value of
the field at the point where the particle is located

X=0; y=vpt; z=0.

Next, it is necessary to average the expression for
the energy loss over the time of flight by the particle of
the region of interaction with the wave in the forward and
backward directions: 7 =2L/vq

Then the average particle energy losses per unit
time for excitation.

Then the average particle energy loss per unit time
for excitation g - harmonics of the plasmon field takes

the form:
oN
6—5 —hog—— -a,
ot ot
Thus, the loss of particle energy (spontaneous

emission of a surface plasmon) arises as a result of the
transformation of the Van Kampen wave incident on the

A7)
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boundary into the plasmon field. Knowing the expression
for the matrix element, one can estimate the integral of
collisions of electrons with surface plasmons and find the

change in the number of electrons ngg =nod,, o

capable of kg upon their transition to the state k as a
result of spontaneous emission of surface plasmons (
Ng —0).

As a result, we get:

onyo 47zezqvg _ony onyg
O m g0 =——K0 ()

The electron energy loss in this case during the
transition is equal to:

anko 6nk 6nk0
E, K0 g Tk (g, —E )ZXO
05 at (Eo-E) ot
OoN
where Ey-E :ha)q;%:——q,
ot ot

Let us give quantitative estimates. For wafer with
transverse dimensions a =10"" cm, with current density
j~100A/cm 2, (vg=3-10%cm/s, ng ~10't cm?)

energy loss for surface plasmon excitation (@ ~ 101952,
de

dt

For modern semiconductor components of radio
products, such losses are quite detectable and can cause

g~ 3cm?) equal ~1 pw.

reversible failures (the appearance of segments of
current-voltage characteristics with negative resistance).

Conclusions

The mechanisms of attenuation of surface
electromagnetic  oscillations in  semiconductor
components of electrical and radio products based on
the concepts of Van-Kampen waves are determined. It
is shown that the damping of oscillations of this kind is
due to the fact that oscillations excite Van Kampen
waves at the media interface, which are modulated by
the surface wave field and carry the field energy deep
into the medium.

A Kkinetic equation has been obtained that
describes the change in the number of surface plasmons
as a result of their interaction with conduction electrons;
its solutions are given, which determine the decrement
of oscillations and the power of spontaneous emission
of particles.

The presented approach makes it possible to
evaluate the performance criteria of electrical radio
products and solve issues related to the description of
various kinds of electromagnetic interactions that occur
directly in the components of the product when exposed
to pulsed radiation.

Quantitative  estimates ~ of  amplification
(generation) modes of oscillations of semiconductor
devices, distorting their performance depending on the
parameters of external electromagnetic influence,
allows developing mechanisms for electromagnetic
compatibility of microwave radio products.
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ITopyumieHHs1 BJ1aCHUX KOJIMBAHHS HANIBIPOBIIHMKOBUX KOMILIEKTYIOUHX PaaioBUpPoOiB
NpH Aii CTOPiHHOTO eJIeKTPOMATrHiTHOr0 BUNIPOMiHIOBAHHS

A. A. Cepkos, B. C. bpecnasens , 0. B. bpecnasenp, 1. B. SIkoBenko

AHoTanis. IIpextmMeToM nociizkeHHs € IpoIleC aHATi3y MeXaHi3MIiB B3aeMmoaii HaBegeHnx EMI crpymiB i Hanpyru 3
MpoLieCaMH, IO XapaKTepU3yIOTh QYHKIIOHATbHE IPU3HAYEHHS paioBHPOOiB, 3a3BHUYall IPOBOAUTECS B paMKax Teopil JaHIIOTiB
3 po3nojauTeHNMH Tapamerpami. [IpexcraBieHnii miaxin JO3BOJSE OMIHUTH KPUTEpil Npare3aTHOCTI B LUIOMY (HAIpHKIAN
OLIHUTH KPUTHYHY €HEpriio, IO XapaKTepu3ye TEIJIOBHH MpoOiil), mpoTe MUTaHHs MOB'A3aHi 3 BU3HAYCHHSM PI3HOTO POLY
CIIEKTPOMArHITHUX B3a€EMOJIi, IO MPOTIKaIOTh OE3MOCepPEeAHBO B KOMIUICKTYIOUMX BHpoOu mpu BruiuBi EMI 3amumarotbes
BIZIKPUTUMH. MeTOI0 JOCIIi/IZKEHHsI € MOXUIUBICTh MOCTAHOBKM TEOPETHMYHHUX Ta SKCIIEPUMEHTAILHUX JOCIIJUKeHb HAa OCHOBI
3aIIPOIIOHOBAHOT PO3PaxyHKOBOI MOENi MOPYLICHHS BIACHHX KOJMBaHb HAliBIPOBIIHMKOBOI CTPYKTYpH (E€KCIIOHEHLIHHOTo
3pOCTaHHS aMILTITYu). BcTaHOBIEHO MapamMeTpy CTOPOHHBOTO IMITYJILCHOTO €IeKTPOMArHiTHOTO ITOJISI, HABEJCHHX CTPYMIB Ta
XapaKTepPUCTHK HAMIBIPOBIMHUKOBUX IIPHIANIB y MeXaxX SKHX CHOCTEpITaeThCS PEXHUM IIOCWICHHS BIIACHUX KOJIHMBAaHb
HamiBIpoBiMHUKOBOI CcTpykTypu. Llimi Taki: MexaHi3aMm B3aeMonii HaBeAEHHX CTPYMIB 3 IOBEPXHEBUMH KOJHMBAHHSIMH
HAITiBIIPOBITHUKOBUX KOMIUIEKTYIOUHX paaioBUpOOY 3a YMOB BIDIMBY IMITyJILCHOTO €JIEKTPOMAarHiTHOTO BHIPOMIHIOBaHHS.
MeToau, 1110 32CTOCOBYBAJIUCH NPHU JOCIi/IZKEHHI: MeTOaN Teopil Mannx o0ypeHb LI0JI0 CHEKTPY BIACHUX KOJIMBAHb CHCTEMH -
HaBeJIeHI €JIeKTPOMarHiTHUM BHIIPOMIHIOBAHHSIM CTPYMHM 1 BIAaCHI KOJMBaHb KOMIUIEKTYIOUMX PamioBHpoOiB. OTpUMAaHO Taki
pe3yiabTaTH: Bu3HaueHO MexaHi3MH MOSIBU 00OPOTHHUX BiIMOB BUPOOIB HaMiBIIPOBIAHUKOBUX KOMIUIEKTYIOUUX PalioBUPOOiB 3a
YMOB BIUIMBY CTOPOHHIX IMIYJIbCHHX €JEKTPOMArHiTHUX TMOJiB. BcTaHOBIIEHO, W0 HAsBHICTH HABEICHOTO 30BHIIIHIM
BUIIPOMIHIOBaHHSM CTPyMy IIPH3BOJIUTH JIO BCTAaHOBJEHHS pEXHMY IOCHJICHHS BJIACHHX KOJHMBaHb HAIiBIPOBITHUKOBUX
KOMIUIEKTYIOUHX PamioBHpOOiB (3BOPOTHHX BiqMoB). BucHoBKH. KUIBKICHI OIIHKM pexXHMMIB NMOCHIEHHS (TeHepanii) KOJHBaHb
HAaIIBIPOBIHUKOBUX INPHIAMiB, IO CHOTBOPIOIOTH iX po0OYi XapaKTEpUCTHKH 3ajJeXHO BiJl MapaMeTpiB 30BHIIIHBOTO
€JICKTPOMATHITHOTO BIUIMBY, JI03BOJISIE PO3POOISATH MEXaHI3MM €JIeKTpOMarHiTHOI cyMicHocTi pamioBupo6iB HBY-nianazony.
[opiBHsTbHMH aHANI3, OTPUMAHHUX Y poOOTI pO3PaXyHKOBUX JaHUX MOKe OyTH BUKOPHCTAaHHUI MPH BUTOTOBJIEHHI palioBUPOOiB,
10 MPALIOIOTh Y MIJTIMETPOBOMY Ta CyOMiTIMETPOBOMY Aiana3oHi (IiICHIIIOBayiB, TeHEPATOPIB Ta MEPETBOPIOBAYIB YACTOTH).

Kaw4yoBi cioBa: HaBeqeHH CTpyM; eIEKTPOMArHiTHE iMITyI5CHE BUIIPOMIHIOBAHHS; HAIliBIPOBI JHUKOBI KOMILUICKTYIOUI;
MIOBEPXHEBI KOJIMBAHHS; HECTIHKICTD KOJINBAHb.

B036y>|melme CcOOCTBEHHBIX KOJIe0aHUI NMOJYNIPOBOAHUKOBBIX KOMILUICKTYHOLIIUX pazmomue.nnﬁ
npu BO3JeHCTBUH CTOPOHHEr0 JJIEKTPOMAIrHUTHOI'0 U3 TyYEeHUSA

A. A. Cepkos, B. C. bpecnagen, 1O. B. bpecnagen, 1. B. fIkoBenko

AHHoTanus. [Ipenmer ucciiegoBaHusl — IpoOLIECC aHAIM3a MEXAaHU3MOB B3aUMOAEHCTBUS HaBeAeHHbIX DOMMU TOoKOB 1
HAaIpsDKEHUH C NIPOIECCaMH, XapaKTepU3YIOINMHU (YHKIHOHAIEHOE Ha3HAYEHHE PAJUON3ISIHH, OOBIMHO IIPOBOAUTCS B paMKax
TEOPHH IeTiel ¢ pacipeieNIeHHBIMHY TTapameTpaMu. [1pecTaBieHHbIH 101X0]] TO3BOJISIET OLCHUTH KPUTEPUH pabOTOCIIOCOOHOCTH
B IIeJIOM (HAIpHMep, OLEHUTH KPUTHUECKYIO YHEPTHIO, XapaKTepH3YIONIyI0 TeIUIOBOH Mpo0oif), 0OJJHAKO BOIPOCH! CBSI3aHHBIE C
OIpEJIeNICHHEM PA3IMYHOrO-poJa IEKTPOMArHUTHBIX B3aUMOJCHCTBHIA, NMPOTEKAOUIUX HEMOCPEACTBEHHO B KOMILIEKTYIOIIUX
n3aenus npu Bo3zaeiictBun DMMU octarorcst oTKpbITEIMU. Lleib HceaeqoBaHns — BO3MOXXHOCTh IOCTAHOBKH TEOPETHYECKUX U
SKCIIEPHUMEHTANIBHBIX HCCIIEJIOBAHNI Ha OCHOBE IPEATOKEHHON pacyeTHOH MojenH BO30YXKIEHUS COOCTBEHHBIX KoJeOaHHA
MOTYTIPOBOAHUKOBOH CTPYKTYpHI (3KCIIOHEHIIMATBHOTO POCTa aMIUIUTY/IbI). Y CTAHOBIIEHBI TAPAMETPBI CTOPOHHETO UMITYJIbCHOTO
3NMEKTPOMArHATHOTO IMOJSA, HABEJCHHBIX TOKOB M XapakTEPUCTHK MOIYNPOBOAHHKOBBIX NPHOOPOB B paMKax KOTOPBIX
HaOJIIOIAaeTCsl PEXHUM YCHJIEHHS COOCTBEHHBIX KOJIEOaHMH IOJYyNPOBOAHMKOBOH CTPYKTyphl. McciaenoBaHbI: MeXaHH3MEI
B3aMMOJICHCTBUS HABEJICHHBIX TOKOB C HOBEPXHOCTHBIMHU KOJICOAQHUSIMH TTOJTYIIPOBOJHUKOBBIX KOMILIEKTYIOIIUX PaJHOH3ICIINs B
YCIIOBUSIX BO3JEHCTBUS UMILYJILCHOTO 3JIEKTPOMArHUTHOrO U3ilydeHus. Mcnmoib30BaHbI CIEAYIOIHE METOABI: METObI TEOPUI
MaJbIX BO3MYIIEHMI IIPU ONpPENENeHHH CHEeKTpa COOCTBEHHBIX KOJEOAHWH CHUCTEMBl - HAaBEJEHHBIE DJIEKTPOMAarHHTHBIM
U3ITy4eHHEM TOKH U COOCTBEHHBIE KOJICOAHMH KOMIUIEKTYIOmMX paguomsfenus. Clleayrouiue pe3yJbTaThl MOJTYYeHbI.
OmnpeneneHsl MEXaHU3MbI TOSIBICHHS O0OpPAaTHMBIX OTKA30B H3JCIHH MOTYyNPOBOAHHKOBBIX KOMIUIEKTYIONIUX PaJHOM3JIEIHN B
YCIIOBHAX BO3JEHCTBHS CTOPOHHUX UMITYJIbCHBIX IEKTPOMArHUTHBIX MOJIEH. Y CTAHOBIIEHO, YTO HATMYHE HABEAEHHOTO BHEITHUM
M3TydYeHHEM TOKa MPUBOAUT K YCTAHOBIEGHHWIO pEXHMa YCHICHHS COOCTBEHHBIX KoJieOaHMI MOIyNPOBOAHUKOBBIX
KOMIUIEKTYIOIIMX paanon3aeHnus (oOpaTuMbIM oTka3aM). BeiBoabl. KonnuecTBeHHBIE OLICHKH PEKUMOB yCHIICHUS (TeHEpaInm)
KoJIeOaHMH IMOTYNPOBOJHUKOBBIX NMPUOOPOB, HCKaKAMOIIME HX pabodyre XapaKTePUCTHKH B 3aBHCUMOCTH OT I1apaMeTpOB
BHEIIHETO JJIEKTPOMArHUTHOTO BO3JCHCTBHS, IO3BOJISIET pa3pabaThlBaTh MEXaHU3MbI JIEKTPOMArHUTHOH COBMECTUMOCTH
pamuomnsnenuii CBU —nnanasona. CpaBHHUTEIBHBII aHAIIN3, TIOJIyYEHHBIX B pab0Te pacyeTHBIX JaHHBIX MOXKET OBITh HCIOJIB30BaH
IIPY M3TOTOBJICHUH PaJHOM3IIENNH, pabOTAIOINX B MUIIUMETPOBOM U CyOMHIIITMMETPOBOM JHATa30He (yCHIIHTENeH, TeHepaTOpOB
1 mpeoOpa3oBaTesield 4acTOTHI).

KnwueBbie cioBa: HaBeZ[eHHI:If;I TOK; 3JICKTPOMAarHiTHOE UMITYJIbCHOC M3JIy4YCHHUE, MOIYIIPOBOAHUKOBBIC KOMILICKTYOLIHUE,
TIOBEPXHOCTHBIC KOJ'Ie6aHI/I${; HeyCTOfI‘{PIBOCTB KOJICOAHHIA.
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eHTpanbHOYKpATHCHKIH HAIIOHATHLHUN TEXHIYHUAN yHIBEpCHTET, KpOMBHUIIEKHMA, YKpaiHa

IMPOEKTYBAHHA TA OIITUMIBALIA CTPYKTYPOBAHUX KABEJIBHUX

CHUCTEM JIJII ABTOMATH3AIII BAPOBHUYXX ITPOIECIB IIIPUEMCTBA

AHoTanisi. O0’€KTOM JOCIiIZKEHHSI € TIPOLEC YIOCKOHAICHHS MEPEKEBOi apXiTEeKTypH IMiANPUEMCTB 3 METOIO MOAAIb-
roi ontuMizanii BupooHnuux mporiecis. [IpeqMeroM gocigkeHHs € IPOSKTYBAaHHS Ta ONTUMI3allis CTPYKTYPOBaHUX Ka-
OeJIbHHUX CHCTEM JUTsl aBTOMATHU3allil BUpOOHUYMX MPOLIECIB miAnprueMcTBa. MeTol0 pod0TH € YIOCKOHAICHHS METOLY MPO-
€KTyBaHHs Ta ONTUMI3allil CTPYKTypOBaHNX KaOEIbHUX CUCTEM JUISl TPAHCIIOPTHUX MOTPEO MEpexi CTUILHUKOBOTO 3B 53Ky
JUTS TTOTpeO MiAnpueMcTBa. Y pe3yJabTaTi A0CHiAKeHHsI BU3HAUEHO, 10 TPOIIeC IUTaHyBaHHs paioMepexi s aBTOMaTH-
3amii BUPOOHUYHX TPOIECIB MiIIPUEMCTBA HEOOX1THO BUKOHYBATH y BIIIOBIIHOCTI JI0 HACTYITHOI IMTOCIIIOBHOCTI KPOKIB:
MPOEKTYBAaHHS MOKPUTTS palioMeperKi i3 BU3HAUCHHS MICLs PO3TalllyBaHHs KOXHOI 6a30B0i cTaHwil (B Mepexax 5G — gNb)
Ta MoOy0Ba KOMYHIKaIifHOTO TPAaHCIOPTHOTO CEIMEHTY 13 BU3HAUSHHSIM MiCIIe3HaXOKEHHS KPOCOBHX MPUMIIIEHb. Y 1a-
Hill poOOTi MpoBeIeH] AOCTIIKEHHS, SIKi CTOCYIOThCS MOOYI0BH KOMYHIKallifHOTO TPAHCIIOPTHOTO CETMEHTY 13 BH3HAYEH-
HSM MICLIE3HaX0/DKEHHs KPOCOBHX MpPUMIllleHb. [ boro BH3HAUCHA 00JACTh 3aCTOCYBAHHS CTATUCTHYHOIO METOAY Ta
00rpyHTOBaHO BHOIp MICIISI pO3TAIlyBaHHS TEXHIYHUX HPUMILIEHb KPOCOBOTO MOBEpXy. BucHoBKuU. JlocmimKeHHs, mpoBe-
JIeHi B JaHiil poOoTi, JO3BOIMIN IPOBECTH PO3POOKY METOIIB YIOCKOHATIEHHS MEPEKEBOI apXITEKTYpH MiAMPUEMCTB 3 METOIO
MOZIAJIBIIOT ONITUMI3aNil BUpOOHHYMX TporeciB. B pamkax mporo Oyno po3pobieHo MeTox ruiaHyBaHHs Mepexi SG it aBTo-
Martu3anii BAPOOHHYKX TPOIIECIB MiNPUEMCTBA, IO MOJATAE B MOCTIIOBHOMY 3a0€3MICUCHHI MPOCKTYBaHHS OKPUTTS PajIio-
Mepexi i3 BU3HAYEHHs MICIS pO3TAllyBaHHs KOXKHOI 0a30B0i CTaHIIIT 3 BUKOPUCTAHHSAM ONTHMI30BaHOI MOJIEN OLIHKU BTpaT
MOTY>KHOCTI pajiioCHTHAaly Ha HUIIXY PO3MOBCIO/DKEHHS 3 ypaxXyBaHHSAM OOMEXeHb IT0 MiHIMAaJIbHIH MPOITYCKHIl 34aTHOCTI,
KUTBKOCTI MiIKITIOYeHb Ta HAAIHHOCTI Ta 00y I0BH KOMYHIKaIifHOr0 TPaHCIIOPTHOTO CErMEHTY i3 BU3HAYEHHSIM ONTHMAJIEHOTO
MiCIIE3HAXOKEHHS KPOCOBHX IPHUMiIlieHb. PO3po0iIeH i METO/1 Ha/la€ 3MOTY IPOBOIMTH IUTaHYBaHHS ONTHMATIBHOT CTPYKTYPHU
CTUTBHUKOBOI Mepexi SG [t onTuMizanil BUpoOHWYMX MPOIECiB, OLIHIOBATH Ta 3MEHIITYBAaTH CYKYITHI BUTPATH Ha MTOOYAOBY
MepexKi, TpH boMY 3a0e3medyrour HeoOXiIHI OKa3HUKH SKOCTI 00CIyroByBaHHS BY3JIiB MEpeKi Ta il HaliiHOCTI.

Kaw4oBi caoBa: cTpykTypoBaHi kKaOellbHI CHCTEMH; aBTOMATH3aIlisl BUPOOHHYHMX MPOIECIiB; TEXHOJOTIUHI MPOIIECH;

XMapHi cepBicH.

Beryn

CydJacHi BHCOKOTEXHOJIOTiYHI TiIMPUEMCTBA MO-
KYTh CATATU Jy>KEe BEJIMKUX PO3MIpIB, a 1 BiIOBIJIHO TeX-
HOJIOTIYHI IPOIIECH, SIKi Ha HUX 3a0€3MeuyI0ThCs, MOKYTh
MartH Jy’Ke CKJIaJIHI po3rajiyskeHi CTpyKTypu. B 3anexHo-
CTi BiJI TUITy BUPOOHHIITBA, HASIBHOT iIHPPACTPYKTYpH, BU-
KOPHCTOBYBaHHX METO/IIB TOIIO KOMIUIEKCHUH OIHC, pea-
J3alisi Ta MOHITOPHHT TEXHOJIOTIYHHMX IPOLECIB MOXKE
OyTH Ioy’ke CKIaIHOIO 3a/1a4elo, ISl BUPIMEeHHS K01 He-
00XiTHO 3aCTOCOBYBaTH pI3HOMAHITHI METOIW JOCITi-
JDKEHHS. 3BaYKar0uM Ha I1e, MOYKHA BUAUTHTH JTy>Ke TIepc-
MEKTUBHUM HAIPSIM 11010 ONTHUMI3allii BICOKOTEXHOJIOTI-
YHUX MPOIIECIB, a caMe BUKOPUCTaHHS XMapHUX iH(popma-
IIHKAX TEXHOJIOTIH /Il ONTHUMI3allii BUPOOHUYIHX IPOIIe-
CIB MiANpHEMCTB pi3HOTO MacmTady [1, 6, 9, 10].

AHaJi3 ocTaHHIX Aociilkens i mydJaikaniii. Hay-
KOBO OOIDYHTOBaHE IJIaHyBaHHsI i onTuMi3arist iHpopma-
LIMHUX MEpEex, sKi 3a0e31eUyr0Th Ha/IaHHS 3alUTyBaHHUX
MOCIIYT 13 3aJaHUMH TIOKa3HUKaMH e(peKTHBHOCTI (DyHKIIi-
OHYBaHHS, € JTy’K€ CKJIaHOI0 HAyKOBO-TEXHIYHOIO i eKo-
HOMIYHOIO ITPpo0IeMO0, 0€3 BHPIIIEHHS SIKOT HEMOKIINBE
CTBOpPEHHS iH(pOPMAIIHHOI 1HYPACTPYKTYpH IMiAIPUEMC-
TBa, IO BIATIOBiga€ BCiM moTpedaM Ta c(hOPMOBAHUM BH-
Moram [2-5]. Tomy, naHa poboTta mpUCBSYCHA caMe YI0-
CKOHAJICHHS ICHYFOUHX Ta PO3po0Ili HOBUX METOIIB MOOY-
OB cydacHoi iH(opmaniitHO-KOMyHiKamiitHOT iH(ppa-
CTPYKTYPH HiJIPHEMCTB 3 METOIO 1i IIOAAIBIIOT0 BUKOPH-
CTaHHS JJIsl aBTOMATH3alli1 BAPOOHMYMX TIPOIIECIB.

OG’€KTOM JOCHI/PKEHHSI € TIPOIEC YAOCKOHAJICHHS
MepEeKEBOi apXITEKTyPH ITiAMPUEMCTB 3 METOFO MOJAITBIIOL
onTHMi3allii BUpOOHWIMX IporeciB. MeTor poboTH €
Y/IOCKOHAJICHHSI METOJy NPOEKTYBaHHS Ta ONTHMi3allil

CTPYKTYypPOBaHUX KaOEeIbHUX CHCTEM Ul TPAHCIIOPTHHX
oTped Mepexi CTITBHUKOBOTO 3B’SI3KY Ul HOTpeO M-
IIPUEMCTBA.

[Mpouec mnanyBaHHS paJioMepesxi A aBTOMaTH-
3amil BUPOOHMYMX MNPOLECIB MiANPHEMCTBA HEOOXITHO
BUKOHYBAaTH Yy BIIIIOBIJTHOCTI /10 HACTYITHOT MOCIIiZIOBHO-
CTi KPOKIB:

— IIPOEKTYBAHHS MOKPUTTSA palioOMEpexi i3 BH3HA-
YeHHS MiCIs pO3TaITyBaHHS KOXKHOI 0a30Boi cTaHIii (B
Mmepexax 5G — gNb);

— Mo0yIoBa KOMYHIKaIiHHOTO TPAHCIIOPTHOTO CeT-
MEHTY i3 BH3HAYCHHSM MiCIIE3HAXOJDKEHHS KPOCOBHX
MPUMILICHB.

Hagenemo pearizaifito Apyroro Kpoky B JCTaJsAX
HIDKYE.

IIpoexTyBaHHA Ta oNTHMI3aLis
CTPYKTYPOBaHUX Ka0eJbHUX CHCTEM

OOrpyHTOBaHe TUITAHYBaHHS i ONITHUMI3allis 6e31po-
BOZIOBHX iH(popMaminHuX Mepex 5G He MOokIuBa 0e3
IIPOBEJICHHS PO3PaxXyHKIB 10 IPOEKTYBaHHIO CTPYKTYPO-
BaHux kabenpHuX cucreM (CKC), siki 3abe3neuars 3’en-
HaHHS Pi3HHUX YacTHH Mepexi [2-5]. [IpoekTyBaHHS rO-
PH30HTAIBHOI HiICKCTEMHU € HAMOUIBII BiANOBINAIBHOO
YaCTHHOIO NMPoeKTHOro erary po3podku CKC. Pimenns,
MIPUIHATI y TIpOIIeCi BHKOHAHHA IUX POOIT, € BU3HAYAIB-
HUMH TSI TEXHIKO-€KOHOMIYHOI €(peKTUBHOCTI CTBOPIO-
BaHOI CTPYKTYPOBaHOi KaOeIbHOI IPOBOJIKA Ta Ma€ CYT-
TEBUI BIUIMB Ha KaliTalbHI BUTPATH IIPH CTBOPEHHI iH-
(dopmariifHuX Mepex i caMe B TOPH3OHTANBHIN miacuc-
TeMi 30CepelKeHa OCHOBHA Maca TEIeKOMYHIKaLiifHOTo
o6nannanns CKC sk 32 HOMEHKIATYPOIO, KUJIBKICTIO, TaK
i 3a BapTICTIO.
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PosrisiHeMo 1Ba OCHOBHI MeTOJ¥ OOYMCIICHHS Ki-
JIBKOCTI Ka0eJio, 1110 BUTPavaeThes Ha peaizallifo ropu-
30HTANBHOI migcuctemu [2-5, 7, 8]: metox miacymoBy-
BaHHS; CTATUCTHYHUN METO/I.

Mertopa miiICyMOBYBaHHS MOJATAE Y MiJAPaxXyHKY JI0-
BXKHMHH TpacH KOXKHOTO TOPH30HTAJIBHOTO Kabemro 3 Ha-
CTYITHHM JIOAaBaHHIM 3HAHICHNX TaKMM YHHOM 3HAUCHb.
Jlo oTpuMaHoro pe3ynbTaTy AOAA€THCS IEBHUN TEXHOJO-
TIYHHH 3armac, a TaKoXK 3arac JJIs BUKOHAHHSA 0OpoOKH B
Micusax 3’eqHanHsa (M3) Ta Ha KPOCOBHX MaHETIX.

CTaTHCTHYHUN METOJl pealli3ye NPaKTHYHO MOJIO-
JKCHHSI IIEHTPAJIbHOT IPaHIYHOI TeopeMu Teopii HMOBIp-
Hocteil. CyTHICTh HOro mojsrae y BUKOPHCTaHHI OLIHKH
CepeHbOI JOBKUHN OKPEMOT'O IIPOKUAAHHS JUIS IiIpaxy-
HKY 3arajpHOl JOBXXMHH TOPU30HTAILHOTO Kabero, 10
BUTPAYaETHCS Ha peatizallilo KOHKPETHOI KabesbHOT cHc-
TeMu a0o0, TOuHile, 1l YacTHHH, sSKa OOCIYTOBYETHCS
OKpeMoIo KpocoBoto. CaMa OmiHKa 3/iHCHIOEThCS Ha OC-
HOBI CTaTUCTUYHHUX 3aKOHOMIPHOCTEH, SIKi OOOB'SI3KOBO
BUSIBILSTIIOTBCSL TIPH peatizaiii Oyab-sikoi CTpyKTypoBaHOT
KaOeIpHOI MPOBOAKH. JlesskoMy 30UTBIICHHIO TOYHOCTI
PO3paxyHKIB 3a CTaTHCTHYHHM METOJIOM JIOaTKOBO
crpwusie Toit (akr, o BianosinHo 1o cranaapty 1SO/IEC
11801 nomxuHa KabelniB TOPU3OHTATIBHOI MiJICHCTEMH HE
Moxke nepesuityBaty 90 M (st Texrouorii Ethernet).

CyTHICTh METOJLY IOJISITAE Y HACTYITHOMY: TOBXKHHA
OyI1b-51KOi j-1 Tpacu Moxe OyTH IpecTaBlIeHa B HACTYII-
HOMY BHTJISIIL:

Lj =i+,
Jie vj — JOBXKMHa Ka0eJto, 110 NPOKJIaa€ThCs Ha BEPTHU-
KaJIbHUX AISIHKaX Tpac; ¢j— BUIAJKOBA BEJIMYMHA, IO
Mae MeBHMH 3akoH posnoniny B mionii xOy po6ouoi
30HMH, 0 00CTYTOBY€ETHCS KOMYTAI[IHUM 00J1aTHAHHIM
sIKE BCTAHOBJICHO Y IIbOMY TEXHIYHOMY MPHUMIIICHHI.

[Ipunycrumo, mo:

— 0azoBi cranmnii gNb obmagrani ogHOTHITHUMEA M3
i po3moainewi 3a miomero xOy Teputopii, mo obdciyro-
BYETBHCS PIBHOMIPHO;

— po3TallyBaHHS TEXHIYHUX MPUMIIICHb € ONTHMA-
JIbHUM;

— KabeJbHI TPack OCHOBHOT Macu TOPU30HTAJIBHUX
Ka0eJliB BIAIITOBAHI 33 OJHUM MPHHIIUIIOM, TOOTO 3 JI0-
CTaTHBOIO JJISI TPAKTHKU TOYHICTIO MOXXHA HPUHHATH
vj=const.

VY pa3i BUKOHaHHA 3a3HAYEHHX YMOB (yHKITis
IITFHOCTI HMOBIPHOCTI PO3MOAUTY JOBXHH OKPEMHX
MPOKUAIB € CHMETPHYHOIO (Ma€ HYyJBOBY aCHMETDIl0).
O1iHKa cepeTHbO1 JOBKUHN KaOeIbHOT TPACH TIPH CHMeE-
TPUYHOMY PO3MOIisi MOKe OyTH 3HaiiieHa SK HamiBCyMa
IIOBYKUH HAaMOLIBIIOT Ta HAMMEHILIOT 3a JOBXKUHOIO Kabe-
JILHUX Tpac.

Ha nincrasi 3po0iieHHX TPHUITYLIEHb CEPEaHs J0B-
XHHa Kabemo Ly, 1110 BUTpayaeThcs HA peanizawiio ol
HOT'O MPOKHUY, IPUHMAETHCS PIBHOIO:

L. = (Lmax + I-min) K.+ X
av =, s )

2
le Lmax 1 Lmin — XOBXHMHU KaO€eIbHOI TpacH BiJ KOMyTa-
LIMHOTO €JIEMEHTA, HAlaJbIIOr0 Bl TOYKM BBEICHHS B
KpOocoBy, 10 M3 BigmoBigHO 10 HaiOmmx4oi i HaWgaIb-
moi 6a3oBoi cranIii gNb, po3paxoBana 3 ypaxyBaHHIM

0COOJTMBOCTEH MPOKIAJaHHS Ka0eITko, BCiX CITyCKIB, ITiJI-
HOMIB, IOBOPOTIB, MIKIOBEPXOBHX, (32 iX HASBHOCTI)
Tomio; Ks — Koe(illieHT TEeXHOJIOTIYHOTO 3anacy, piBHUI
1,1 (10%); X — 3amac ays BUKOHAHHS 00pOOKH Kabeso.

Jlaini po3paxoBy€eThCs 3arajibHa KUTbKICTh Ner Kabe-
JBHUX MPOKHUIB, HA SAKi BHCTA4a€e ONHIi€] KOTYIIKH Ka-
Gemto:

Ner = ch/Lau )

ne Lep — noBxkuHA KaOeIbHOT KOTYIIKH.

Ha ocTaHHBROMY KpOIIi OTPUMYEMO 3arajbHy Kilb-
KicTh kKabemnto L, HeoOXiqHy Iyt CTBOpEHHS KaOenbHOT
CHCTEMH:

Le = Lep x Nto/Ncr )

1e N, — xinpkicte M3 B mobynosaniit CKC.

Pesynbrar noainy y GpopMysi BUXOIUTH 3a3BHYail
HELiJOYNCENIbHUM, TOMY BHKOPHCTOBYETBCS OKpYT-
JICHHS [0 1IIJIOTO YKCIIa.

ObJ1acTh 3acTOCYBAHHS CTATUCTUYHOIO METOAY.
JlopxuHn KabenbHUX Tpac, (BIAOBIAHO A0 3pOOJICHUX
BUILC TPHITYIIEHb €KBIBAJIEHTHO NOBXHWHAM OKPEMHX
npokuais ropmoHTansHOi miacucremu CKC), MOXyTbh
BBA)KATHCSl HE3AJIC)KHHUMH BHITAJKOBHUMH BEJIMYMHAMHU.
BignoBigHo 70 Teopii WMOBIPHOCTI, MUCTEPCist cepel-
HBOI'O apI/I(bMeTI/I‘{HOFO IMOMapHO HE3AJICKHUX BUIIAAKO-
BMX BEJIMYMH y N Pa3iB MeHIIA UCTIEPCiT G2 KOKHOT 3 Be-
JIMYHMH, TOOTO B 3aCTOCOBYBaHMX IO3HAYEHHSIX MOXKHA
3aIMCaTH:

D(,,)=cIn.

KinbKicTh N OKpeMHUX TPOKHUAIB, NMPH SKUX BEIH-
YHHA CePeHbOKBAAPATUYHOIO BIIXMICHHS CEPEIHHOIO
apu(METHIHOTO MOBXKHH BiJ] MaTeMAaTHYHOTO OYIKy-
BaHHS HE NEPEBHIINTH 3a3/1aJIeri/(b 33/IaHOr0 3HAYCHHS,
JUTS BU3HAYCHOCTI, HANIPUKIaa 5%, Moxke OyTH 3HaiineHa
BUXOJISIYU 3 HACTYITHOT'O CIIBBIHOIICHHS:

o/(1,3/n) < 0,05.

Ipu o/l,, =0,42 (npunymenns Ha miacrasi

MPaKTHYHOTO PEe3yJIbTaTy), OTPUMY€EMO, 110 N Mae OyTH
He MeHnIe 84, TOOTO 3aCTOCYBaHHS CTATUCTUYHOTO Me-
TOIy € BHIIPaBAAHUM JJIsI PO3PAXyHKy KaOElIbHUX CHC-
TeM abo iX gacThH, sKi 00CIyTOBYIOTh He MeHIIe N = 42
KOMYTAI[IfHAX TIpHUJIaiB.

OnHi€0 3 YMOB 3aCTOCYBaHHS CTaTUCTUYHOTO Me-
TOy OyIO TMIPHITYIIEHHS TOTO, MO (QYHKIS PO3IOALTY €
cumeTpryHO0. O0poOKa JaHUX MPAKTHYHO peaizoBa-
HUX IPOEKTIB MOKa3ye, 1110 cepesiHii KoeilieHT ackuMe-
Tpii nopiBHIOE pudmu3HO 0,44, TOOTO BiAMIHHICTH (YH-
KUil pPO3MOAITY BiJi CUMETPUYHOI, CTPOTO KaXKy4H, He
MOYKE BBKATHCS 3HEBAXKIMBO MAJIOIO.

PosrisHeMo, HaCKibKH s BIAMIHHICTH BIUTMBA€E Ha
TOYHICTh PO3pPaXyHKIB.

JIyis mpOTO 3riHO 3 METOJIOM MOMEHTIB arpoKCH-
MyeMO (paKTUIHO oJiepKaHy (PYHKIIIFO PO3MOILTY PSIOM
I'pama-Ilapmse [11], sxuit mpencraBise cobor HOpMa-
JBHUI PO3NOALT 3 TONPaBKolo. JIJIs CIPOIIEHHS 1101aJTb-
[IMX PO3PaXyHKIB MpH MOOYIOBI PSAAY B HHOMY YTPUMY-
€ThCS JIMIIE JBa TEePIIi WICHHU:
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o) =21, 803 301 | )
. 3l

oz

ne y3 — koediuient acumerpii; X =(t—Mt)/o — cran-
JIapTH30BaHA BUMAIKOBA BEJIMYHMHA.

IMOBIpHICTE TOTO, IO JOBXHWHA TOPU3OHTAILHOTO
Ka0eJTi0 He MMEPEBUIINTE X, CTAHOBUTHME:

@u(x)=(D(x)+7/—3-(1—x2)-exz/2, @)

3lIV2x

ne  @,(x) —anpokcumoBana (yHKOiST  pO3mMOAiNTY,

@(x) — QyHKIIIST HOPMATBHOTO PO3MOILTY.

Bubip micusi po3raumyBaHHsl TeXHIYHHX NpHMi-
IIeHb KPOCOBOro moBepxy. Uepe3 3HauHy KUIBKICTBb
M3, 1110 BCTaHOBIIIOIOTHCS B IPOLIECI CTBOPEHHS TOPH30-
HTanpHoi npoBonku CKC, 3aBiaHHs onTUMaibHOI Mo0Yy-
JIOBU HIDKHBOTO PIiBHS KaOelbHOI CHCTEMH 3a Pi3HHUMHU
KPHUTEPISIMH JI03BOJISAE ICTOTHO CKOPOTUTHU SK 0OCAT BH-
TpaT Ha CTBOPEHHsI KaOeJbHOI IPOBOJIKY, TaK 1 4ac pea-
Ji3arii mpoeKTy B HIOMY.

KoopaunaTtn po3TairyBaHHS NPHUMIIIEHHS KpPOCO-
BO1, o 06cayroBye M3 y KOHKpeTHii poOodiif 30HI Ta
ONITHMAJIBHOI 32 KPUTEPIEM MiHIMAIBHOI CepeIHbO0I 0B-
KHWHH OKPEMOTO IPOKHAAHHS, 30iraloThcs 3 LEHTPOM
Baru IUIACTUHKH (2, 10 3HaXoAuThCs B IuronuHi XOy.
[Ipu npoMy, popMa IUTACTHHA BiANOBIga€ TOTIOJOTIT PO-
00401 30HH, 1110 0OCIYTOBYETHCS, a il WIIBHICTD P(X, V)
€KBiBaJICHTHA IMITHHOCTI PO3MIMICHHS POOOYHX MiCIIb.
Koopaunatu po3TairyBaHHS TEXHIYHOTO MPUMIIIEHHS
PO3paxoBYIOTHCS 332 TAKUMH (hOPMYJIaMH:

o0 =[Py o= [f pyxdy, @)

e M = J.J‘Q pdxdy — 3aranpHa KiNbKiCTh 6a30BHUX CTaH-

it gNb, 1o 06¢yroByIOTECS KOHKPETHOK KPOCOBOI.
VY ToMy BHMIAZKy, SKIIO poOodYa IJIOIIa, o 00CIy-
TOBY€ETHCS, 300paXkeHa Ha pHc. 1, IBiste COO0I0 MPSMOKY-
THHK 31 cTopoHamu (a;b) (¢c;d), a okpemi M3 posnoineni
o Hill piBHOMIpHO, TO6TO P(X,Y) = o = Const , koopau-
HATU PO3TAIlyBaHHsS MPUMILIEHHS KPOCOBOI, ONTHMa-
JBHI 32 KpUTEpieM MiHIMaJIBHOI CyMapHO{ JOBXHHU JTi-
HIHHUX TOPU3OHTATLHUX KaOelliB, YHCEIHLHO PiBHI:

X0 =(b-a)/2; yo=(d-c)/2.

Panime Oyo mokasaHo, 110 B I[bOMY BHIAJIKY cepe-
JTHSI IOBKWHA KaOeJILHOTO MPOKIIAIaHHs Oy e OJT3bKa 10

I'=((b-a)+(d—c))/4.

[Ipu po3TantyBaHHiI TEXHIYHOTO MPUMIIIIEHHS KPOCO-
BO{ Ha Kparo 30HM 0OCIYTOBYBaHHS, HATIPHUKIIA, Y ToUMi F
(puc. 1), ouiHKa cepeHbOT JOBKUHHU KaOeJIbHOT0 POKIIa-
JIaHHsI, BUKOHAHA 32 TUMH X PUHIUIIAMH, Ma€ 3HAYCHHST:

I'=((b—a)+(d-c))/2.

TakuM 9UHOM, 32 PaXyHOK ONTHMIi3allii MiCIIs po3-
TalIyBaHHA TEXHITHOTO MPUMIIIEHHS €KOHOMIsI KiTbKO-
CTi Kabelro, MO BUTPAYAEThCS HA peallizaliio KOKHOTO
CePeIHbOCTATUCTHYHOTO MPOKUIAHHS, MOXE JOCSTTH:

yjl

L] (.X'OJ 1"0)

\

| |
\ .

>

a b X
Puc. 1. Imroctpartist 10 BU3HAYCHHS MICLIE3HAXOJDKEHHS KPOCOBOL
(Fig. 1. lllustration to determine the location of the cross)

A:(l'/l")-loozso%.

Ha mimcraBi HaBeneHOi TeopeTHyHOI 0a3u MpoBe-
JIEHO CXEMaTHYHy pO3pOoOKy omTHMi3ariii po3MiIlIeHHs
TEXHIYHOTO NPUMIIIEHHS KPOCOBOI pHC. 2 IS IUIAHY-
BaHHs edexTHBHOI iHpOpMaliHHO-KOMYHIKaliHHOT Me-
pexi Ha 6asi TexHousoriii 5G. Kepyrounch naHoro cxe-
MO0 MOJKHA 3pOOUTH PO3PAXYHKHU PO3TAITYBAaHHS TEXHi-
YHOT'O MPHUMIMICHHS KPOCOBOI Ta OOYHCIIHUTH KiIBKOCTI
Ka0eJTto, 1[0 BUTPAYAETHCS HA PEaNTi3allito MiJICUCTEMU.

Byaisna nignpuemcraa N
A 4

KomyTauinHe
obnagHaHHA

Appo mepexi 5G

KpocoBa

’ |

Lientp
06po6km
OaHunx

leTepHeT

Puc. 2. I'padiune npencraBiaeHHs MEPexi, 0 TPOSKTYETHCS
(Fig. 2. Graphical representation of the projected network)

BucnoBku

JlocmimkeHHs, poBeAcH] B AaHii poOOTi, T03BO-
JIUIIA TIPOBECTH PO3POOKY METOJIB yIOCKOHAIEHHS Me-
PEKEBOI apXITEKTYPH MIATPHUEMCTB 3 METOIO TTOAATBIIOT
ONTHMI3allii BUPOOHUYHX MPOTIECIB.
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B pamkax mporo 0yjo po3po0sieHO METOA IUIaHy-
BaHHs Mepexi 5SG 11 aBToMaTH3alii BUpOOHUYHX TMPO-
LeciB MiJNPUEMCTBA, 10 IIOJISITa€ B MOCIIJOBHOMY 3a-
Oe3reueHHi MPOEKTyBaHHS OKPUTTS palioMepexi i3 BU-
3HAUEHHS MiCIsl PO3TallyBaHHs KOKHOT 0a30BOT cTaHIii
3 BUKOPHCTAHHSM OITHMi30BaHOI MOJIENI OLIHKU BTpPAT
MOTY>KHOCTI PalioOCHTHATY Ha IUIAXY PO3MOBCIOIKEHHS
3 ypaxyBaHHSAM OOMEKEHB 110 MiHIMabHIA TPOITyCKHii
3JaTHOCTI, KIJIBKOCTI MIIKIIOYEHh Ta HAAIWHOCTI Ta

noOy0BH KOMYHIKal[IfHOTO TPaHCHOPTHOTO CErMEHTY
13 BU3HAUYEHHSIM ONTHMAJILHOTO MiCII€3HaXO/PKEHHS KPO-
COBHX MPHUMIIICHB.

Po3pobrennii MmeTo Hala€ 3MOTY MIPOBOJUTH TLJIa-
HYBaHHS ONTHMAJIbHOI CTPYKTYPH CTIJIBHUKOBOT MEpexi
5G mist onrtuMi3alii BUpOOHUYHX MPOIIECiB, OIIHIOBATH
Ta 3MCHIIYBAaTH CYKYITHI BUTPATH Ha MOOYIOBY Mepexi,
IpH IFOMY 3a0e31edy0Yr HeoOXiHI TOKa3HUKH SIKOCTI
00cITyTOBYBaHHS BY3JIiB Mepexi Ta ii HaxiHHOCTI.
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IIpoexkTHpOoBaHKE M ONTHMH3ALHA CTPYKTYPHPOBAHHBIX Ka0€JIbHBIX CHCTEM
JJ1s AaBTOMATH3ALMH NIPOU3BOJACTBEHHBIX NPOLECCOB NPeINPUITHSA

T. B. CmupHoBa, K. O. Bypasuenko, A. B. lllepbanb, 3. K. barnacapsa, A. C. Kopanenko

AHHoTanus. O0beKTOM HccIeJ0BAHMS SBISIETCS MPOLIECC YCOBEPLIEHCTBOBAHUS CETEBON apXUTEKTYpBI MPEANPUATHI
C IeTbI0 JanbHeHIell ONTUMU3alMi TPOU3BOACTBEHHBIX NpoleccoB. IIpeaMeToM ncce0BaHUs SBISETCS TPOSKTUPOBAHUE H
ONTHMU3ALUSI CTPYKTYPUPOBAHHBIX KaOEMbHBIX CHCTEM aBTOMAaTH3allMH MPOM3BOJACTBEHHBIX Mpoleccos mpeanpustus. Lenanlo
PadoTHI SBIISIETCS yCOBEPIICHCTBOBAHIE METOIA IIPOSKTUPOBAHNS M ONTHMH3AIMU CTPYKTYPHUPOBAHHBIX KAOGIBHBIX CHCTEM JUIS
TPAHCIOPTHBIX HYX]] CETH COTOBOH CBSI3U IJISI HY>K/ MPEANpUsTHs. B pe3yibTaTe nceaenoBaHus onpeesieHo, 9To IPoIiece Imia-
HUPOBAHUS PaJHOCETH JUII AaBTOMATHU3aIUH MIPOU3BOJICTBEHHBIX IPOIECCOB NMPEATIPUSITHS HEOOXOANMO BEHINOTHSATH B COOTBET-
CTBHH CO CIEAYIOIIEH MOCIe10BaTeIbHOCTBIO NIAr0B: — IPOEKTUPOBAHUE MOKPBITUS PAAUOCETH 110 OIPEIEICHUI0 MECTOIOJIONKE-
HUS Kax 101 6a30Boii cranmu (B cetax 5SG — gNb); mocTpoeHne KOMMYHHUKAIIHOHHOTO TPAHCIIOPTHOTO CETMEHTA C OIpeAeIeHHeM
MECTOHAX0KIEHHE KPOCCOBBIX ITOMeEIeHUH. B naHHO# paboTe MpoBeIeHbI HCCIIEOBAHNS, KaCaIOMUeCs TOCTPOSHUSI KOMMYHHKa-
LHOHHOTO TPAaHCIOPTHOTO CETMEHTa C OMPEEeIeHHEM MECTOHAXO0XKICHHS KPOCCOBBIX MomemleHui. {1 3Toro onpeneneHa o0-
JIaCTh TMPUMEHEHUS CTATHCTUIECKOTO METOJAa M 0OOCHOBAH BBIOOP MECTOPACIIONOKEHUS] TEXHUUECKUX TTOMEIEHNH KPOCCOBOTO
sTaxka. BeiBoabl. MccienoBanys, poBeAeHHbIE B TaHHOI paboTe, ITO3BOJIMIIN IIPOBECTH pa3pabOTKy METOIOB YCOBEPIIEHCTBOBA-
HUSL CETEBON apXUTEKTYphI MPEANPHUITHI ¢ LEeIblo JadbHEHIIell ONTHMH3AIMU IPON3BOACTBEHHEIX IIPOIeccOoB. B pamkax sToro
ObLT pa3paboTaH MeTox ILTaHUpOBaHUA ceTd 5SG Ui aBTOMAaTH3alMy IPOU3BOACTBEHHBIX IPOIECCOB IPEANPHATHS, 3aKII0Yar0-
muiics B IOCIIEI0BAaTEILHOM 00ECIICUeHNH IIPOSKTUPOBAHHS ITOKPHITUS PANOCETH C ONIPEAEICHHST MECTOIIOIOKEHUS KaXKI0H Oa-
30BOM CTAHIMHU C UCIOJIb30BaHHEM ONTUMU3UPOBAHHONW MOJIENIU OLIEHKU IOTEPh MOIIHOCTH paJMOCUrHalla Ha IyTH paclpocTpa-
HEHUsSI C yIeTOM OTPaHUYCHUH 10 MHHIMAJIBHON MPOITyCKHOM CITOCOOHOCTH, KOJMYIECTBA MOAKIIOYEHUH 1 HA/IS)KHOCTH U TIOCTPO-
€HHSI KOMMYHHKAI[HOHHOTO TPAHCIIOPTHOTO CETMEHTA C ONPEeIeHIEM ONTHMAIEHOTO MECTOPACHIOIOKEHHS KPOCCOBBIX MOMeTIe-
Huil. Pa3paboTaHHbIi METOI TO3BOJISIET MPOBOJUTH ITIAHUPOBAHUE ONITHMAIBHON CTPYKTYpPBI COTOBOM ceTH SG /I ONTHMHU3AINH
MIPOX3BOICTBEHHBIX ITPOIIECCOB, OIIEHUBATh M YMEHBIIATh COBOKYITHBIE 3aTPAaThl HA TOCTPOEHHE CETH, IIPH ITOM OOecrieurnBast He-
00X0AMMBIE TIOKA3aTEeNIM Ka4eCcTBa 00CITy)KUBAaHUS y3JI0B CETH U €€ HaJEKHOCTH.

KniodeBsle c1oBa: CTpyKTypHpPOBaHHBIE KAOETbHBIE CHCTEMBI; aBTOMATH3aNUsI TPON3BOACTBEHHBIX MIPOIIECCOB; TEXHO-
JIOTHYECKHE MIPOLECCHl; 00IauHbIe CEPBHCHI.

Design and optimization of structured cables systems for automation of production processes of the enterprise
Tetiana Smirnova, Kostiantyn Buravchenko, Andrii Shcherban, Eduard Bahdasarian, Anna Kovalenko

Abstract. The object of research is the process of improving the network architecture of enterprises in order to further
optimize production processes. The subject of research is the design and optimization of structured cabling systems to automate
the production processes of the enterprise. The aim of the work is to improve the method of designing and optimizing structured
cabling systems for the transport needs of the cellular network for the needs of the enterprise. The study determined that the
process of planning a radio network to automate production processes of the enterprise must be performed in accordance with the
following sequence of steps: design of radio network coverage to determine the location of each base station (5G - gNb) and
construction of communication transport segment with location cross-country premises. In this paper, research is conducted on the
construction of a communication transport segment with the location of cross-country premises. For this purpose, the scope of the
statistical method is determined and the choice of the location of the technical premises of the cross floor is substantiated. Conclu-
sions. The research conducted in this paper allowed to develop methods for improving the network architecture of enterprises in
order to further optimize production processes. As part of this, a 5G network planning method was developed to automate the
production processes of the enterprise, which is to consistently ensure the design of the radio network coverage to determine the
location of each base station using an optimized model to estimate the loss of radio signal power. bandwidth, number of connections
and reliability and construction of the communication transport segment with the determination of the optimal location of cross-
country premises. The developed method makes it possible to plan the optimal structure of the 5G cellular network to optimize
production processes, evaluate and reduce the total cost of building the network, while providing the necessary indicators of service
quality of network nodes and its reliability.

Keywords: structured cable systems; automation of production processes; technological processes; cloud services.
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