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XapKkiBCbKHI HAllIOHAIBHUI aBTOMOOUILHO-TOPOXKHIN YHIBEpCHTET, XapKiB, YKpaiHa

PYXOMMMI IPUCTPINA JIJIA KOHTPOJIIO BIIXWUJIEHD
MOJIOKEHB PEUKOBUX IILJISIXIB

AHoTanisi. 3aNi3HNYHUN TPAHCHOPT € BaXIMBOIO 1HQYPACTPYKTYPHOIO OCHOBOIO €KOHOMIKH JOJIAI0UH TIPUPOJHI ITeperI-
xozu. Excrutyaramist iMX Cropyy BUMarae IOCTIHHOTO KOHTPOJIO TEXHIYHOTO CTaHy PeHKOBHX KOHCTPYKILiil. X0mOBI peiKu
pa3oM 3i mnajamMy Ta KOHTAKTHA pelika B METPOIIONiTeHI a00 KOHTAKTHUH MPOBiI Ha 3aJII3HUII Ta TPaMBailHUX KOMIAX €
€IMHAM KOMIIIEKCOM, SIKMH CTBOPIOE HEOOXiJHI YMOBH JUIsl PyXy PEHKOBOTIO €JIeKTPOTPAHCIOPTY Y CTaTTi IpoaHalli30BaHO
MIPUCTPOI AJII KOHTPOIIO BiIXHUJIEHD ITOJIOKEHHs PEHKOBHUX KOJIiH, SIKi MICTSATH CBITJIOBHIIPOMIHIOBAY 3 PETYISATOPOM IIOJIO-
JKEHHS Ta miatdopmy, mo pyxaerses mo Oammi. Hemomikom nux mpucTpoiB € HenqocTaTHs (yHKIIOHATIBHICTh HA KPUBUX [Ii-
JSHKaX.. B po0OTI MponoHyeThCsl pyXoMa cucTeMa JUTsl BUMIpIOBaHHS MapaMeTPiB peHKOBUX IIIIXIB MiIBUIIEHOT TOYHOCTI
Ha OCHOBI JaT4uKiB Aedopmarii Ta nasepa. [Ipuctpiii HadeXHUTh A0 PEHKOBOTO TPAHCIOPTY i MOXKE 3aCTOCOBYBATHCS Ha
HA3€MHOMY 3aJTi3HUYHOMY TPaHCIIOPTi, METPOIONITCHI Ta HA TPaMBalHHUX KOJISX MiCTa, IO JO3BOJUTH KOHTPOIIOBATH CTAaH

3MIIIEHHSI 1 IPOTUHHY, 110 BUHUKAIOTh B PE3yNbTaTi BIUIMBY 30BHIIIHIX IIPHPOJHO-KIIMaTHYHUX (aKTOPIB.

Kaw4doBi ciaoBa: peiikoBi nusixu, gasep, KouimMarop, GoTonpuiiMad, peKoBUH Bi30K.

Beryn

XomoBi pelikd pa3oM 3i IMajiaMd Ta KOHTaKTHA
peiika B METPOIIOJIiTeHI 200 KOHTAKTHUH MPOBIJ Ha 3aJTi-
3HUIl Ta TPaMBalHUX KOJISIX € €INHUM KOMIUICKCOM,
SIKHA CTBOPIOE HEOOXIiTHI YMOBH IUIA PyXy pEHKOBOTO
eJIEKTPOTpaHCIopTy. HecaHK1ioHOBaHNM 3MiHAM Mifa-
€THCSl B3a€EMHE MOJIOXKEHHS 110 BHUCOTI XOJOBUX PEHOK,
KpHUBH3HA OCTaHHIX, MIMPHHA peiikoBoi kol 1 T. 1 [1].
[lig gac ekcruryararii MOXIUBI TPOCITaHHA JTiBOi 200
npaBoi peiiku Ta (ab0) 3MiHA IIUPHUHU PEUKOBOT KOJIIi
toro [2, 3]. Tomy BapTo moabaTH MPO aBTOMATH30Ba-
HUU KOHTPOJIb CTaHy PEHKOBHUX LUIAXIB, a caMe KOHT-
POJIb BIIXWJICHD IOJIOKEHHS PEHKOBHX KOJIi 1O ro-
PHU3OHTANIBHIN 1 BEPTUKAJIbHIA OCSIX, a TAKOX 3a30piB
Y CTHKax.

AmnaJi3 my6aikamiii. Bimomo npuctpoi mis KoH-
TPOJIIO BiAXWIICHH TIOJIOXKEHHS PEHKOBHMX KOJIIH, 110
MICTSTh BHIIPOMIHIOBAaY CBITJIa (JIa3epHE HKEPEINo) 3
PeryJsITOpOM MOJIOXKEHHS, IIaT(GOopMy IO PyXaeTbes
B3/I0BXK NPOMEHIO 110 peiikaM, 3a0e3edeHy eJeKTpo-
JBUTYHOM 3 NPHUBOJOM, Ha AKiH 3HAXOAATHCSA (HOTO-
npuiiMadi, ABI KaMepH ISl KOHTPOJIIO 3a30PiB Y CTH-
Kax HampaBJSIOYUX PEHOK i B3aEMHOTO 3MIiIlIEHHS TO-
pLiB peloK, 0 CTUKYIOThCA MiX coboto, 3abe3nede-
HHX KaJliOpyBaJIbHUMH €JIE€MEHTaMH, i BCTAHOBJICHUX
B TOPII TUIATGHOPMH, OJIOK KOHTPOITIO TTOJIOKEHHS Peii-
KOBOTO HUISAXY, SKWHA 3a0e3neueHuil aHalli3aTopoM
3MiIIEHHS Ta PEECTPATOPOM, 1110 MICTSATh KOHTPOJIHHO-
BHMIpIOBaJIbHI BY3JIH, K1 CIIyKaTh JJIs1 KOHTPOJIIO BijI-
XHWJICHB TOJIOKEHHS peHKOBHX KOJIi{ 110 TOPU30HTAIIb-
Hill Ta BepTUKaJbHIi ocsx [4, 5].

HenmonikoM nux npucTpoiB € HEAOCTATHS (PYHKIII-
OHaJIbHA MO>KITUBICTB, SIka 0OYMOBJICHA BHMIpOM Tapa-
METpiB PEHKOBO1 KOJIII1 TIIbKA Ha MPSAMOJIIHIHHUX JTi-
JITHKaxX PEHKOBOro HIIAXY 1 MPaKTUYHA HETpane3aart-

HICTh MPHUCTPOIO Ha KPUBOMIHIHHUX AUISTHKAX Ta HEIO-
CTaTHS TOYHICTH BUMIpPIOBaHBb MapaMETPiB PEHKOBOI
KOJIiT, y 3B’53Ky 3 THM, [II0 HE MOJJIMBO YiTKO 1 TOYHO
BU3HAYNUTH KOHTYPU JIa3epHOI IUIIMH Ha MPO30POMY
eKpaHi, 10 IPHUBEC A0 HETOYHOCTI KOHTPOJIIO BiAXHU-
JIEHb MOJIOKEHHSI PEIKOBUX KOJIIH 10 TOPU30HTANIbHIN
i BepTHKaNbHiM ocsax [6-8].

Merta Ta IOCTaHOBKA 3a1a4i. MeToro 11iel poooTH
€ TIOKpAIlleHHs TOYHOCTI iICHYIOUHX CHCTEM OCOOIMBO
TIpY X BUKOPUCTAHHI Ha KPUBOTIHIMHUX JIITHKAX KOJIH
Ta MOBOPOTaX. TakoX NPUCTPiil NOBUHEH OyTH KOMITaK-
THHM Ta PyXOMOI0 cucTeMoro. Tomy Gyna nocrasieHa 3a-
Jlada po3pOOKH MPHUCTPOFO T BUMIPIOBaHHS ITapaMeTpiB
PEHKOBUX NUISAXIB MiJBHUIIEHOT TOYHOCTI 3 ITiABUIICHUMHA
(YHKIIOHAIBHUMH MOYIIMBOCTSIMH.

BuKkJ1ag 0CHOBHOTO MaTepiary

[lo0ynoBa BuMmiproBagbHOI cucremu. [locrtas-
JeHa 3a/1a4a Oyia BUpileHa PO3pOOKOI0 MIPUCTPOIO IS
KOHTPOJIIO peiiKOBHUX HUIAXIB (puc. 1, 2), skuil MicTUTH
PYXOMHH IIJISIXOBHMIipIOBaJILHUH Bi30K 1, 3abe3meue-
HUH eNeKTPOABUTYHOM 3 IPUBOIOM, JIazep 2, ONTHIHHUHA
KoJimMaTop 3, By3011 4 pO3rOpTKHU JIa3epHOTO MPOMEHS 6 3
PEryIsSTOPOM IMOJIOKEHHS H0T0 B ITPOCTOPi 5 1 mepuii 7
(doTompuiiMad, BCTAHOBJICHHH Ha NUIAXY NEpEeCyBaHHA
PYXOMOTO IIIAXOBHMIpPIOBAJBHOTO Bi3ka 1, Ha sKiit
BcTaHOBJIEHI apyruil 8 i tperiit 10 doTonpuiimaui, mo
CIIyXaTh JUII KOHTPOJIIO BiIXMIEHb IOJIOXKEHHS pelKo-
BUX KOJIHM NMO TOPM3OHTAIBHIN 1 BEpTHKAJIBHINA OCSX.
[Mpuyomy apyruii poronpuiiMad 8 3HaAXOAUTHCS Ha Tipo-
cKoriuHii mardopmi 9 Ha niBoMy Oomi IITXOBUMIpIO-
BaJILHOTO Bi3Ka | 1 KOHTPOJIIOE BIAXMUIIEHHS JiBOT pEeHKH
10 TOPU3OHTANBHIH 1 BEPTUKAJIBHIN OCSX, TpeTiid QoTo-
npuiiMad 10 3HaAXOIUTHCSA HA TIPOCKOMIYHIHN mmaropmi
11 i KOHTPOJIIOE BIIXWJICHHS MPaBOi peUKH 10 TOPHU30H-
TaJbHIH 1 BEPTUKAIBHIN O0CAX, KPIM TOTO MUISIXOBUMIPIO-
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BaJIbHUH Bi30K | 1onaTkoBo 3a0e3rnedeHuii 1BoMa Kame-
pamu 12 1 13 17151 KOHTPOJIIO 3a30PiB B CTHKAX HaIpaBIIsi-
FOYMX PEHOK 1 B3aEMHOTO 3MIICHHS TOPIB PEHKH, IO
CTHKYIOTBCSI MK coboro. KoxxHa 3 kamep 3abesrneueHa

KaniOpyBaigbHUMH 14 1 15 enemenTamu, i BCTAHOBJIEHA B
TOpILI IIISXOBUMIPIOBAJIILHOTO Bi3Ka 1, sAKi 3B’s3aHi 3
0JI0KOM 16 KOHTPOJIIO BIIXWIEHHS IIOJIOKEHHS perKo-
BUX KOJIH IO TOPU30HTAIII Ta BEPTHKAII.

10

23

77
Puc. 1. 3aranbHuii BUTITA IPUCTPOIO
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Puc. 2. KoHTpoIbHO-BUMIpIOBaTbHA CTPYKTYpPHA CXeMa MPUCTPOIO

Bxomu 6noka 16 KOHTPOJIO BiIXHJICHHS IOJO-
KEHHsI PEHKOBUX KOJIIH 110 TOPU30HTAII TA BEPTUKAJII ITi-
JIKIJTIOYEHI 10 BUXOZIB IEPUIOTO 7, APYroro § Ta TpEeThOTo
10 dporomnpuiimMauis i 1o kamep 12 ta 13, mo Buxoay aar-
YHKa MpoiaeHoro nuisixy 19 i Buxoy npuiiMada KOMaHza
20 ympaBiiHHS, TIOB’S3aHOTO 3 MepImM 01okom 21 auc-
TaHIIITHOTO KepyBaHHS, a BUXOAU OJ0Ka 16 KOHTpOIIO
BIIXWJICHHS TIOJIO)KEHHSI PEMKOBHMX KOJIH IO TOPHU30H-
Taji Ta BEpTUKAT MiJKIIOYeH], BiIMOBIAHO, 10 O10Ka 17
peectpariii Ta aHamizy iHpopmMartii i 6;10ka 18 KuBIICHHS.

Kpim Toro mepmmii ¢oronpuiiMad 7 3B’s3aHUNA 3
IpyruM OmoxoM 22 nucraHUiiiHOro KepyBaHHsS. Bci

OJIOKH Ta BY3IH, O 3IiHCHIOIOTE PUHOM i 00pOOKY iH-
(dopmarlii, 3HaxoaATECs y 0011 23 npuiiomy i 06poOkH
iHpopmanii, po3TamoBaHOMY Ha NUISXOBHMIipIOBaJIb-
HOMY Bi3Ky 1, a IUIIXOBUMIipIOBaJbHUH Bi3ok 1 3a0e3-
MIEYCHUH CTONMOPHHUM IpUCTpoeM 24 st Horo ¢ikcy-
BaHHS B MOTPiIOHOMY MicCIi i po3cikaueM-ckumadeM 25,
BHKOHAHOMY Ha IMEPEIHBOMY TOPIN HNIISTXOBHUMIipIOBa-
JBLHOTO Bi3Ka 1.

Hpunuun podoru npucrpoo. [Ipuctpiii A ko-
HTPOJIO PEHKOBUX IIIAXIB MPAIfO€ HACTYIHUM YHMHOM:
JUKEpeIo J1a3epHOro BUMPOMIHIOBAHHS 2, ONTHYHUN KO-
aiMaTop 3, By30J 4 pO3TOPTKH JIa3epHOro 6 MPOMEHS 3
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PEryJsTOpOM IOJIOXKEHHS HOoro B MpOCTopi 5 1 mepiuuii
¢doronpuiiMau 7 BCTaHOBIIOIOTH HA EJIEMEHTax PEHKo-
BUX IIUIAXIB Ha OINOpIi, Yyepe3 3a3Jaleriap 3a/1aHi iHTep-
BaJIM PyXY IJISIXOBHMIipIOBAJILHOTO Bi3Ka 1.

Jlazep 2, onTryHwmii komimarop 3 i By3on 4 po3rop-
TKH JIa3€pPHOTO TIPOMEHsI 6, sIKi pPO3TAIIOBYIOTHCS Ha
OTIOpi Ha TaKiii e BUCOTI, K mepmuii hoTonpriiMad Tak
i apyruii Ta Tperiit ¢ortompuiimaui 8 i 10, mo 3HaxXO-
JSTHCS Ha BIATIOBITHUX TiPOCKOMIYHUX IIaT(OpMax, po-
3TaIOBaHUX 110 OOKaX MIIIXOBUMIPIOBAIBHOTO Bi3Ka 1.

UytnrBa moBepxHs BCiX (OTOMpHIMAYiB MOBEPHYTA
y HalpsIMKY By3J1a PO3TOPTKH J1a3epHOTO IPOMEHsL. Y TpH-
CTPOT 3aCTOCOBYETHCS J1azep 2 3 Oe3repepBHUM BUIIPOMi-
HIOBaHHSIM NIPOMEHSI IEBHOT JOBXHUHY XBIJIL. [lociinoBHO
3 JIa3€POM PO3TALIOBYETHCSI ONTUIHUI KOJIIMATOp 3, AKUH
CKJIaTa€eThesl 3 00’ €KTHBA, y (POKANBHIM IUIOMIMHI SKOTO
PO3MIIIY€EThCS BHXIJ JIa3epHOTO MpoMeHs 6. OnTiaHun
KosiMatop 3 3abe3nedye mapajeibHICTh Ja3epHOTO Mpo-
MEHS 1 TOMY, 33 PaXyHOK, IPaKTHYHO, HyTbOBOI pO301’KHO-
CTi, BCsl CHEPTisl JIA3EPHOTO MIPOMEHs OyJie 30cepeKeHa Ha
YyTIUBIA MOBEPXHI KOXKHOTO OararoeneMeHTHOro ¢oto-
npuiiMada, BUKOHAHOTO Y BUIVISIIL JIHIHKK eJIeMEHTIB Te-
BHOT IOBXHUHU /1 (pHc. 3), NpHYOMY KOXKHHUH (oToIpriiMay
Ma€ OJTHAKOBY KiJIbKICTh €JIeMEHTIB [9].

o=

Puc. 3. ®oronpuiimay

Koxunii enemenT oronpuiiMada BUKOHaHIH i3 TTe-
BHOro marepiany [10], mo 0e3 0coONMMBHX MEPEIIKOA
NPOITyCKae J1a3epHuid mpominsk 6. Bei ¢poronpuiimaui, 1o
CKJIa[IAIOThCS 13 71 €JICMEHTIB, MICTATH (POTOMIONH, MTEPE/
SIKUMH PO3TAILIOBYIOThCS Uy TIIMBA OBEPXHS 1 ONTHYHUIMA
(biTBTP, 110 TPOITyCKAa€ IPOMiHb TITBKH NEBHOI TOBKUHH
XBUI Jla3epy.

Bci enementu poTtonpuiiMada po3MilIyrOThCs Y Tep-
MetnuHOMY Kopmyci [10]. Byson posroptku 4, Hanpu-
KJaj1, npejcTaBiisie CoOO0I0 JBUTYH, HA BaJly SIKOTO pO3Ta-
LIOBYETHCSL JI3epKajio abo mpu3Ma i3 J3epKaJIbHOIO
TPaHHIO, IO 3HAXOJATHCA MM KyToM 45° 10 na3epHOro
poMeHs1, a00 KPYTHHUIT ONTUYHHI KIIMH, 32 PaXyHOK 4OTO
MIPOMIHB JIa3epy PO3TOPTYETHCS y TOPU3OHTAIBHIN IUIO-
oMHI. PerynsTop TOJO0XKEHHS B TMPOCTOPI S5 pEryIroe
BY30J1 4 pO3rOPTKH JIA3€PHOTO MPOMEHS 10 BEPTHKAII Ta-
KMM YHHOM, 100 JTa3epHUH IPOMiHb MOCIIAOBHO Mpooi-
TaB 10 Yy TJIMBii TIOBEPXHi €JIEMEHTA 3 BiAMIOBITHAM OJHA-
KOBHM HOMEpPOM K elleMeHTy KOKHOTO (oTOmpHiimMaya
(puc. 4). Enextpuunuid curHan 3 (oTomiofa KOKHOTO
¢oronpuiiMaya 1ocTynae Ha IiACHIIIOBaY €JIEKTPUYHOTO
curHaiy ¢ortonpuiiMada, SKHH, MICHIsA IiJICHIICHHS,

MIOCTYIIAa€ Ha BXO/HU 0JIoKa 16 KOHTPOIIIO BiXMUIIEHHS HO-
JIO>)KEHHSI PEeHKOBHX KOJIIH 110 TOPU30HTANI Ta BEPTHUKAII
(puc. 2), npuyOMy €JIEKTPUYHUI CUI'HAI nepuoro ¢oro-
npuiiMaya 7 nepenaeTses yepes nepiuuid 010k 21 gucra-
HIIIHHOTO KEpYBaHHSI.

[TTTTITTT]

|
|

1

-
e
S/

Puc. 4. PeiikoBa xomis 6e3 BiAXWIEHHS O BEpTHKAI

SIKImIo MONOXKEHHS OfHIET i3 peHKOBUX KOMiH Oyme
3MiIl[eHe 110 BEPTHUKAII, TO ApyTHhii § abo Tperiit 10 doTo-
npuiimMadi, B 3aJIe)KHOCTI sKa 13 KOJIii Oyie 3MileHa, 3Mi-
HSTB CBOE TIOJIOXKEHHS BiTHOCHO JIA3€PHOTO IPOMEHSI, 1110
pO3TopTaEThCA, 1 JIa3epHUN IPOMIiHB 6 Oyie 000iraTH iH-
K 32 HOMEpOM (HanpuKIaj, j a0 p ) eIeMeHT Bilo-
BijiHOTO (hoTONpHiiMaya, a Ha epioMy (oTonpuiimadi 7
HOMEp eJIeMEeHTa He MOMiHseThes. [licuieHi enexTpu-
YHI CHTHAJM 3 BIAMOBIIHUX eJEMEHTIB (poTompuiiMadin
HaJXOITh OM0Ka 16 KOHTPOJIFO BiIXHIICHHS HOJOKCHHS
PEeHKOBHUX TI0 TOPHU30HTAIL Ta BEpTHKAMI 10 010Ky 17 pe-
ectparii Ta aHamizy iHpopmarii. Pi3HAIT Mik HOMEpOM
k ememenTa mepmoro 7 ¢oronpuiiMada i HOMEpOM elre-
MeHTa BiJnoBigHOro (ortonpuiimada 8 abo 10, mo 3Ha-
XOIUTHCS HAJ 3MIIICHOIO 10 BEPTHKAJI KOJIIEI TTOMHO-
JKeHa Ha MEeBHY JIOBXKUHY eJieMeHTa d, 1acTh BEJIHYHHY
3MIIICHHS 10 BEPTHKAJI BiAMOBiAHOT KOIT (puc. 5).

Puc. 5. BigxuneHHs peiikoBo1 KOJii 1O BEpTHKai BBEPX

TakuM YWHOM BeNMYWHA 3MIIICHHS IO BEPTHUKAIi
BIAMOBIAHOI KOJIii y HU3 Ha OJHOMY Tepiofii oOepTaHHs
JIa3epPHOTO TPOMEHIO Oy/ie 00UHCITIOBATHUCS, K

Ay, =(p—k)-d, (1)
a BeJIMYMHA 3MIIICHHS M0 BEPTHKAT Y BepX (puc. 6), Ik
AIiB:(j—k)-d, (2)
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ne Al ta Alj, — BenmumHa 3MilIEHHS 110 BEpTHKAII Bi-

IMOBIAHOT Koutii (oTompuiiMadeM; k — HOMEp eJIeMeHTa
¢orompuiiMayga 6e3 3MiIIEHH 10 BEPTHUKAII; p Ta j — HO-
Mep eneMeHTy (hoTompHiiMada Iicisl 3MIIICHHS 110 Bep-
TUKAJ; d — TOBKUHA eleMeHTa (HoTonpuiiMaga.

HAEEREREE

tn

3HaK B apU(PMETHYHHUX BHPaA3ax Iicysi OOUMCICHHS
BKasye, BIANOBIJHO, HA XapakKTep 3MIIEHHS 110 BEpPTH-
KaJti, TOOTO Ha MPOTHH YM OMYKJIICTh PEUKOBOI KOJIi.

JlazepHuii mpomiHb 6, 110 PO3rOPTAETHCS, 3 By3Ja
PO3TOPTKH 4 TOCTIIOBHO MPOOITae 1mo 4y TIUBii mMoBep-
xHi KoxkHOTro 7, 8, 10 doTonmpuitmMada meBHOI JOBXKHUHH /
(puc. 3). Enexrpuunnii curaan 3 ¢oroxiona adbo ¢otoe-
nexrpuaHuil nepersoprosad (PEII) mocrymae Ha migcu-
JFOBAY EIEKTPUYHOTO CUTHATY (poTompuiiMada, SKui, Ii-
CIIS TiICHIIEHHS, IOCTYTIa€ Ha OIOK 16 KOHTPOIIO BiAXH-
JICHHSI TIOJIOKEHHS PeHKoBHX Kot (puc. 3). TpuBamicTs
EJISKTPUYHOTO IMITYJIbCY 3 BUXOMy (horompuiimMaua Oyne
BU3HAYATHCS WIBUJIKICTIO TIPOXOKEHHS JIa3ePHOTO MpO-
MEHS 10 Yy TJIMBIH MoBepxHi oTonpuiimaya, sika, y CBOO
4epry, Oyle BU3HAYaTHCS] KYyTOBOKO IIBHUJIKICTIO ® JBH-
ryHa By3Ja PO3rOPTKH 1 BiICTaHHIO R By3Jla PO3TOPTKH
1o ¢orompuiimada [4]. Takum 4MHOM, TPHUBATICTH IMITY-
TbCiB T1 3 poTrompuiiMada 7 Ta 121 T3 — 3 poTonpHUitMadiB
8 1 10 Oyme pizHOIO i B Mipy HaOmmkeHHS oTtompuitmada
JI0 By3JIa pO3TOPTKH Oynie 301bIryBaTuch (puc. 7, a).

T2

a)

/AW WANVAW WA

» t

6)

Puc. 7. Yacogi miarpamu, 1110 XapakTepU3yOTh BiIXUJICHHS TIOJIOKEHHS PEHKOBOT KOJIi 10 TOPU3OHTAI

Kpim Toro uymimBa nosepxHs ¢oronpuiimaua 7 me-
HIa aHDbK GoTonpuiimayis 8 1 10.
hy

’
(J)Rl

T = 3
ae o = 2-:f — KyToBa IBUIKICTh 00EpTIB ABUTYHA; K| —
Yy TJINBa MOBEpXHA (oTonpuiimMada 7; R| — BiACTaHb MiXk
0JI0KOM PO3TOPTKH JIA3€PHOTO MPOMEHS Ta HepimumM ¢o-
tonpuiiMadeM. Toxi ast poronpuiiMaya 8 TPUBAJIICTh iM-
myJbCy Oyze

hy

Ty = )
OJRZ

“
a gma dorompuitmada 10 TpuBamicTh iMmynscy Oyae
(puc. 7):

hs
ty=—2, )
0)R3
Cotijz 3a3HAaYUTH, IO BiACTaHb (T1ay3a) MK €JIEKT-

PUYHHMMM IMITyJIbCaMK TEX Oyae 3011bLIyBaTHCS B Mipy

BiJIaJIeHHs (POTONPHUIMAYIB 10 By3Jia PO3TOPTKH.

Bincranp Mix doronpuiivadamu 8 i 10 cTaHOBUTH
CTaH/IapTHY LIMPUHY / KOIii, TOMY 4ac, 3a sIKMH JIa3epHUi
NPOMiHb MepeMicTuThes BiJ (oronpuiiMada 8 1o ¢oro-
npuiimada 10 cranoButuMe (puc. 7)

t=—
oR

Sxuio cranpaprHa mupuHa / Koiii Oyzie nopylieHa,
TOOTO OyJe mepeMillleHHs] NUISXOBHUMIiPIOBAIBLHOTO Bi-
3Ka 1 1, BinoBigHO, Apyroro 8§ Bix nepiroro 7 GpoTonpuii-
MadiB 110 TOPH3OHTaJI, TO Yac, 3a SIKWH JIa3epHUN MPO-
MiHb TEPEMICTUTHCS BiJl TIEPEMILIIEHOTO IPYyTroro ¢oTo-
mpuiiMada § 110 Tpetsoro ortonpuitmaga 10, sxmo 6 BiH
3aJIMIIaBCs Ha MicTi, Oyi0 6 (puc. 7, 6):

(6)

L
=

oR
a yac, 3a SKMH Ja3epHUI NPOMiHb NPOWIE MIXK IepeMi-

meHuM apyrum QotonpuiiMauem 8 i mepmmM ¢HoTO-
npuiiMaueM 7 CTAHOBUTHME

(7

L’}
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At=t-1, (8) 3BigKHM
a60 Al=1-1, ) Al:"tlt_"t=| (tlt t), (13)
ne Al — BelTM4YMHA epeMIleHHS APYToro GpoTonpuiiMmada
8 BiiHOCHO TepmIoro (hoTompuiiMada 7. ame At=14 —t (puc. 7, 6).
3HaKk B apU(METUYHOMY BHpa3i Micjs OOYUCIICHHS Toni Bupas (13) MoxkHa TIEpENTUCATH Y BUIJIA

BKa3ye, BiATIOBITHO, Ha XapaKTep 3MIMIEHHS 10 TOPH30H- . At
TaJji — BIpaBo, ad0 BIBO IepeMilieHa peHKoBa HUTKA KO- Al =——. (14)
mii. Toxi t

t BucHoBkn

== (10) :

g Po3poOiieHnii mpuCTpii HANEXKUTh IO PEHKOBOTO

TPaHCIIOPTY, a caMe JI0 3ac00iB KOHTPOJIIO CTaHy PEHKo-

- Ii ) (11) ~ BOTO IIIAXY B yMOBax eKCIUTyaTalii, i MOXe 3aCTOCOBY-
t BaTHUCS HA HA3eMHOMY 3aJli3HUYHOMY TPaHCIIOPTi, MET-
POTIONITEHI Ta Ha TpaMBalHMX KOJisX MicTa. BiH npus-
HAYCHUH JIJIsl BUSIBJICHHS 1 BUMIPIOBaHHS 30BHIIIHIX J1e-
(exTiB a00 MOIIKOMKEHDb Ha peiiKax, 0 MOXKe JJOMOMO-

3BIIKA I

3 ypaxyBanH:aM Bupasy (9) supa3 (11) moxHa 3amu-
CaTH y BUTTIALI

|+ Al = I-4 (12) T™HY 3a0e3neueHHl Oe3meku Ta €(GEeKTUBHOCTI PyXy
t TPaHCIIOPTY.
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A movable device for monitoring deviations in the position of the rail tracks
M. Kostikova, B. Karpishen, S. Neronov, G. Pliekhova, S. Ocheretenko

Abstract. Problem. The running rails together with sleepers and the contact rail in the subway or the contact wire on the
railway and tram tracks are a single complex that creates the necessary conditions for the movement of rail electric transport. The
operation of these facilities requires constant monitoring of the technical condition of rail structures. The relative position of the
height of the running rails, the curvature of the latter, and the width of the rail gauge are subject to unauthorised changes. Objective.
The paper analyses devices for controlling deviations in the position of rail tracks, which contain a light emitter with a position
controller and a platform moving along the beam. The disadvantage of these devices is insufficient functionality on curved sections.
Operation. The task was set to develop a device for measuring the parameters of railways with increased accuracy and enhanced
functionality. Results. A movable device for monitoring deviations in the position of rail tracks using an optical laser system and a
group of photodetectors was developed and described. The developed device belongs to rail transport, namely, to the means of
monitoring the state of the rail track in operation, and can be used on land railway transport, subway and tramways of the city.

Keywords: rail tracks, deployable optical system, laser, collimator, photodetector, rail truck.
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IMPOIHO3YBAHHSI PUBUKIB JOPOKHbO-TPAHCIIOPTHOI'O PYXY
HA OCHOBI HEMPOHHOI MEPEXKI

AHoTauis. Ha miacrasi crpykrypHoro ananizy cratuctuku A TII B Ykpaini Buzineni HaitOiapm HeOe3neyHi X mpudu-
HU: TIEPEBUILEHHS 0€3Me4HOi MIBUAKOCTI, MOPYIIEHHs NMPaBHI MaHEBPYBAHHs, OPYIICHHS MPaBUII MPOi31y MepexpecTh Ta
MIIIOXITHUX MepexoaiB. PO3rIsHyTO 3amponoHOBaHi MOJE IPOrHO3yBaHHs HEOE3MeKU JOPOKHBO-TPAHCIOPTHOTO PyXY 1
pu3UKy BoAiHHA. JIOCHiIKEHO Ta CHCTEMAaTU30BaHO (aKTOPH HEOE3MEKU JOPOKHBO-TPAHCIOPTHOTO PyXy. 3allPOIIOHOBaHA
MOJIeJTb TIPOTHO3YBAHHS PU3HUKY TOPOKHBO-TPAHCHOPTHOTO PYXY i3 BUKOPUCTAHHIM IHTENEKTYaIbHOI TPAaHCIOPTHOI CHC-
temu (ITS) Ta HeliponHoi Meperxi. Mozens moOyjoBaHa Ha TEXHOJIOTiT 0OpOOKH HEHPOHHOIO MepekKelo 3BaKEHUX CTaTHC-
THUYHHX Ta JUHAMIYHIX MACHBIB BXITHHUX JaHHX, IO XapaKTepPHU3yIOTh BHYTPIIIHE 1 30BHIIIHE CEPEJOBHIIE TPAHCIIOPTHOTO
3aco0y 3 METOI0 OTPUMAaHHS OLHKU PH3HKY JAOPOKHBO-TPAHCIOPTHOTO PYXy. 3allpOIIOHOBAHO AITOPUTM IIPOTHO3YBaHHS
PHU3UKY HEHpOHHOIO Mepekero. HaBuanHs OararomapoBoi HEHPOHHOI Mepeki 3IiHCHIOETBCS 3a aNTOPUTMOM 3BOPOTHOTO
MOIINPEHHS MOMIIKH. TecTyBaHHS POOOTH CHCTEMH IPOTHO3yBaHHS MIPOIEMOHCTPYBAJIO TOYHICTh ependauens 85-90%.

Kaw4uoBi cioBa: Oesmneka TOPOKHBO-TPAHCIIOPTHOTO PYXY, PaKTOPH HEOE3MEKH, MOJICITIOBAHHS, TPAHCIIOPTHHH 3aci0,
HEHpOHHA MEpEKa, IHTEICKTyallbHa TPAHCIIOPTHA CUCTEMA.

Beryn Ta onmuc npo6saemu

CTiifKOI0 TEHICHITIE€I0 CyYacHOCTI € 30UIbIICHHS iH-
TEHCHBHOCTI JIOPOXHBOTO PYXY, @ BHACTIZOK IIbOTO 1
3pocranHs kimbkocti JITTI Ta skepTB 1 TpaBMOBaHMX Ha
Joporax Jiojiei. AHali3 CTaATUCTHKU NaTPyJIbHOI MOMiLiT
Vkpaiuu [1] cBiquuts mpo Te, o B 2023 pori Ha q0po-
rax YkpaiHd B CepeJHbOMY MLIOI00M T'MHYJIO TOHaj 8
ocib i 0yso TpaBMoBaHo moHa 80 oci0. Y TOBOEHHI pOKU
(2020-2021) ui mokasHuku Oymu e Buie. Tomy mpo-
Onema 3a0e3redeHHs O€3MeKH JOPOXKHBOTO PyXy 3ajH-
[IA€TBCS AKTYaIBHOIO 1 MOTpeOye BTUICHHS CYYacHHX
TEXHOJIOTIYHUX pirreHb. KoHIemntis 6e3nekn JopoKHBO-
ro pyxXy Ha JaHWH 4Yac IPYHTYETbCS HA PO3Mi3HABaHHI
00'eKTiB MEPELIKO/IM TPAHCIIOPTHOMY PYyXY, & camMe TpaH-
CIIOPTHUX 3aC00iB, MIIIOXO/IB, TBAPHUH, IHIIUX PYXOMHUX i

HepyXoMHX 00'ekTiB. B TO# jxe yac mpoBeleHuW aHai3
CTQTUCTUKH TIPUYUH JOPOXKHBO-TPAHCIIOPTHUX HPHIOJ]
mo Ykpaini 3a 2020-2023 pp. BKaszye Ha Te, MO CTPYKTY-
pa npuunH JATII mopoky Maike MOBTOPIOETHCS, CIIOCTE-
piraeTbesi TaKOX X YacoBa 3aJICKHICTH MPOJOBX 100U, a
HaOUThII HeOe3NeYHNMHU TPUYMHAMI BHHUKHEHHS aBa-
piit € HaBeneHi y Tabm. 1.

Haiioinpma xinekicts ATIT (39,1%) 3a manumu
Tabn. 1 TpamiseTbed yepe3 NMEpeBUINEHHS TPaHCIOPT-
HUMH 3ac00aMu Oe3NeyHOl NIBUAKOCTI — caMe Taki aBa-
pii mpu3BeaM 10 HaWOIIBIIOI KINBKOCTI 3arnOiaux
(51,6% Bix 3aranpHOI KimbKOCTI 3arubanx). Ha apyromy
micui cepen npuuut JTII — nopyieHHs mpaBuil MaHe-
BPYBaHHS, 110 NIPHUBENN JI0 3iTKHEHb. 3HAYHA KUIBKICTb
aBapiil Tpamsach TakoX 4epe3 HOPYIIeHHs MpH Mpoi-
3[1aX TIePeXpPecThb Ta MIIMIOXiTHIX TePEXOIiB.

Tabnuys 1 — Ctpykrypa JATII 3 3arn6aumMu Ta TpaBMOBaHMMU 32 NPpUYMHAMU 3a nepiox 2020-2023 pp.

Yacrka y 3arajbHiii kintbkocti, %0
Npuunau ATIT
ATID Oci0, siki 3aruny.au TpaBmoBaHHuX oci0
[NepeBuieHHs 6e3MeYHOT MBUAKOCTI 39,1 51,6 38,7
Iopy1ieHHs MpaBUII MaHEBPYBAHHS 211 141 21,1
[TopyIieHHs TPaBUII MPOT3Ly MepexpecThb 8,5 2,5 9,5
TlopymieHHs npaBmII MPoi3ay MIMIOXiTHUX TEPEXO/IiB 7,3 3,6 6,0
Hepmorpumanus nucranmii 52 2,5 53
Tnre 18,8 25,7 194

IDicepeno: cknadeno i pospaxosano asmopom 3a oanumu [1].

Axne Oyns sike [T, sk mpaBuito, € HaCTiAKOM 30i-
ry Jekiibkox npuunH. ToMy nepe] cy4yacHHMH CHCTe-
MaMH 3ano0iraHHs aBapisiM CTOITh 3aBJaHHSI OTPUMAaH-
HS 1 00poOKM BEIMKHUX OOCSTIB Pi3HOPIMHOI i MIHINBOT
iHpopMaii, AKy Haal0Th YYACHUKH JIOPOKHBOTO PYXY,
JIOPOKHS 1HPPACTPYKTYpa, METEONPOTHO3H, 1 BUOKPEM-
JIIOBaTH HaWBakiuBinly Juisi Oe3neku iHdopmariio Ta
BUKOHYBaTH ii Kiacudikaliio A MpOrHO3yBaHHS I0-
POXHBO-TPAHCIOPTHHUX TPUTOA HA PI3HUX AUTBHUIIAX
Jopord. BupimeHHs Takux 3aBgaHb MOJKIIMBO 3a JOMO-

MOTOI0 Cy4aCHHX TEXHOJIOTiH BHCOKOIIBHUJIKICHOI Iepe-
Jayl IaHUX Ta BUKOPUCTAHHS HEMPOHHUX MEpPEex JUis iX
00pobOKH y XMapi.

AHani3 ocTaHHiX AocaizkeHb i myOaikamiii.
CriekTp HayKOBOi JYMKH IO JO MpoOieM Oe3meKu Jo-
POXKHBOTO PYXy Ta MPOTHO3YBaHHSI PU3MKIB BOAIHHS Ha
JTAHHUH Yac € JOCTATHBO MIMPOKUM 1 Pi3HOMAaHITHHM.

CyyacHy KOHIEIIIO IHTEJIEKTyalbHOI CHCTEMH
aBTOMOO1IBHOI Oe3MeKH Ha OCHOBI XMapHOI apXiTeKTy-
pu npoananizyBanu J[. C. Ilomoxiit ta 0O.0. OpexoB
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[2]. ImMu noBemeno Heo6XimHICTH PO3MOALICHOT Ta JH-
HaMiYHO MacIITabOBaHOI apXiTEeKTypH MEpeXeBoi Ipo-
rpamy, o0 3aJ0BOJLHUTH 3pOCTal04l BUMOTH JI0 PO3-
muproBaHoi cuctemu ponarkiB loT (IHrepuery peueit),
JI0 KaTeropil sSKUX MOXKHA BiTHECTH 1 MPUJIATU Cydac-
HUX TPaHCHOPTHHUX 3ac00iB s 300py iHdopMariii abo
BUKOHAHHSA KOMAaHI YHPAaBIiHHA TiJ JAACTaHIIHHIM
KEpyBaHHSIM.

A.A. Kamkanosum i O.B. IMansuescokum [3] mpo-
BEJICHO aHaJi3 METOJIB MPOTHO3YBaHHA Tpadiky Ta JIo-
poxHbOi Oe3rmeku ITS, 3a pe3ynpraTaMu SKOTO BOHHU
MPUIUIA 10 BUCHOBKY, L0 HaHOIJBII MEPCIIEKTUBHUMHU
MOJIETSIMU ISl IIBU/KOTO Ta €()EeKTHBHOI'O BUPIIMICHHS
HEOPJMHAPHUX CUTYalliil TOPOXKHBOTO PYXy € MOJEI i3
3aCTOCYBAHHSM IITYYHOTO IHTENEKTY ab0 KOMOIHAIiT i3
HUMH, 3aCHOBaHi Ha aJITOPUTMaXx IJIMOOKOTO HABYaHHSI.

3apyOiKHUMH aBTOpaMH 3arpoIOHOBaHi Pi3HI Me-
TOJIVKH TIPOTHO3YBAaHHS PU3HKY BOJIHHS Ta 3ITKHEHB,
SIK1 TIOUIAIOTH Ha Ba KJIACH:

- 3aCHOBaHI HA MaTEMaTHIHUX MOJEIIIX;

- 3aCHOBaHI Ha HaBYaHHI HA OCHOBI IOMIEPEIHBOTO
noceiny [4].

Meroau, 1m0 3aCHOBaHI HAa MaTeMaTHYHUX MOJe-
JISIX, CIIUPAIOTHCS. HA anpiopHi 3HaHHA MPO TPAHCHOPT-
HUI 3aci0 Ta iHpacTpyKTypy JTOPOXKHBOTO PyXY, Ipe-
cTaBJeHi y popMalli3oBaHOMY BHUTJISI TX AWHAMiKK abo
iMoBipHOCTI Toxid. Hail0Ginkn po3noBCIOKEHUMH €
MOJIeI IHTEICKTYaIBHOTO JpaiiBepa, MOJEl Ha OCHOBI
JIOKaJbHO 3BaYKEHOI perpecii Ta MOZIeIi Ha OCHOBI 3BH-
YallHUX HEMPOHHUX MEPEK.

HaiirmommpeHimowo MoaemIo AMHAMIKHA TPaHCIIO-
PTHOTO 3ac00y € MOJIeNb 4acy N0 3iTKHEHHS IPH YMOBI,
10 TPAHCTIOPTHUH 3aci0 MPOJOBXKY€E MOTOUHUH ILIAX 3
MMOTOYHOI MBHAKICTIO [5]. THII Momen BKIIOYAOTh
IHTErpoBaHMi 4Yac /0 3ITKHEHHs, 4ac eKCIO3ulii 10
3ITKHEHHSI, 4ac MiCJIsi BTOPTHEHHS 1 MIBHIKICTH YHOBI-
JIBHCHHS IS YHUKHCHHS 3iTKHeHHS. OgHaK OUIBIIICTh
Mojieneil 6e3neKu J0POKHBOTO PyXy 0a3yrOThCS JIMIIE
Ha aHai3i MBUAKOCTI aBTOMOGIS [6, 7].

Nyothiri Aung i3 cmiBaBTopamu [8] 3ampononysa-
JIM CUCTEMY NPOTHO3YBAHHS aBapiil 111 aBTOMOOUTLHIX
cremianpaux Mepex (VANET) y Micekux ymoBax, B
SKIH pHU3UK PO3IIISNAETHCS SK MPUXOBAaHA 3MIiHHA,
OTpHMaHa 3a JIOTIOMOTOI0 CHOCTEPEXEHb 3a IHIIUMH
(dakTopamu Oe3IeKd, TAKUMH SK IIBUAKICT PyXy, IO-
TOJIHI YMOBH, Miclie [ii, IHTEHCHUBHICTh pyXy TpaHCIIOp-
THHUX 3aco0iB MoOaM3y Ta BTOMa Bojis. st mMonenro-
BaHHS KOPEJALii MiXK IUMH CIIOCTEPESKESHHAMH Ta JaTe-
HTHOIO 3MIHHOIO PU3WKY BHKOPHCTaHa IPUXOBaHA MO-
nens MapkoBa. 3a CBiJUEHHSIM aBTOPIB, 3aIIPOTIOHOBAHA
cUCTeMa Ma€ Kpallli XapaKTepPUCTHKH 3 TOUYKU 30py 4YyT-
JIMBOCTI Ta TOYHOCTI MOPIBHSHO 3 MOAENISIMH, 3aCHOBA-
HUMH Ha opmaiizauii quHaMiku ogHoro ¢akropa. He-
JIOJIKOM IIi€1 MOJIENTi € Te, 1[0 BOHA HE BPaxoBye Hebe3-
MIeKH BiJl TPAHCHOPTHHX 3aC00iB, SIKI PyXalOThCs MOPYY
1 94acTo CTalOTh NPUYNHAMU aBapiid.

B myGuikanisix ocTaHHIX POKIB BEJIMKOI MOITyJIsip-
HOCTi JJIsi MMPOTHO3YBAHHS aBapii Ha J0Opo3i HaOymu
TaKOX MiJIXOMH, SIKi BKIIIOYAIOTh Pi3HOMaHITHI alTropH-
TMH MAaIMHHOTO HaB4aHHs. HalimomymnspHimmMm € Bu-
KOPHUCTAHHS TEXHOJOTIl TTMOOKOTO HaBYAHHS, SKa Ha-
JIA€ MOXIIMBICTh OTPUMYBATH BiJ CUCTEMH PIIICHHS Y

HeopauHapHUX oOcraBuHax. Hanpuknan, CTpukieH ta
cmiBapropu [9] peamizyBanu Mojenb riIubOKOro Hap-
YyaHHS 3 0alf€CIBCHKOIO 3TOPTKOBOIO JOBrOTPHUBAIIOO
nam’at1io (LSTM).

A. Igbal i3 cniBaBropamu [10] 3amponoHyBanu
CHCTEMY BUSBIICHHS HEOE3NEKH MOXIIMBHX 3iTKHCHb 3
TPaHCIIOPTHUMH 3ac00aMH, IO pPyXarTbCs TOpyHY,
[UIIXOM HaJaHHS HoNepeKyBanbHOi iHGopMmartii. st
00’eTHAHHS ITaHWX KUTBKOX JATYWKIB B CHUCTeMi Oymia
BHKOpHCTaHa NuHaMiyHa OaifecoBchka Mepexa (DBN).
XapakTepUCTHKH PYXy 3yCTpIYHHMX TPAHCIOPTHHX 3a-
co0iB cucreMa 30upana 3a JONOMOrow 0OpTOBOI Kame-
pu Ta iHepliagbHOrO BHMiproBajgbHOro Onoky (IMU),
SIKUM (DiKCYBaINCh IIBUKICTh, PUCKOPEHHS Ta HAIpSI-
MOK pyXy TpaHcHOpTHOro 3acoOy. 3i0paHi naHi nojasa-
JIMCH B KJIacU(IKaTop HAa OCHOBI I'PaJliEHTHUX O3HAK.

Yen Tta cniBaBTopu [11] BuKOpHCTamM HEHPOHHY
Mepexy A oOpoOku iH(GpacTpyKTypHOI iH(oOpMaIii,
OTPHMAaHO 3a JOMMOMOTOI0 3B’ 3Ky V2I (TpaHCTOpTHWMIA
3acib — iHppacTpyKTypa) Ta iHpopMalii, IKy OTpUMAHO
3a JOMOMOTOI0 3B’s3Ky V2V (TpaHcmopTHHiA 3acid —
TPaHCHOPTHUH 3aci0) I 3ano0iraHHs 3ITKHEHHIO.

Halim Z. i3 cmiBaBTopamu [12] npencrapunu cu-
CTeMYy Ha OCHOBI IJIMOOKOTO HaBYaHHS Ta IITYYHOTO
IHTEJIEKTY JJIsl BUSIBIICHHSI PU3UKIB BOJAIHHS ISl JIETKO-
BHX TPAHCIIOPTHHX 3acO0iB, sika TEHEPYE paHHI momepe-
JDKEHHS Tepesi OviKyBaHoro aBapieto. Cucrema 30upae
Ta BUBYAE Pi3HI IIA0JIOHHU CTUIIIO BOAIHHS BOJiS Ha CH-
MYJISITOpi, @ TOTIM 3aCTOCOBY€ TNIMOOKE HABYAHHS JUIA
BIZTHECCHHSI TTOBEIHKH BOJiS 10 OJHOTO 3 IOIEPEIHBO
BH3HAYCHUX KJIACIB.

S. Oprea i3 cniBaBTOpamu [13] HaBOAATH OrJIsSI Ta
krmacudikamiro METONiB MIHOOKOTO HaBYAHHS IS TPO-
rHoszyBanHsA JITTI. [HTenekTyampHI CHCTEMH Ha OCHOBI
MOJIeJi MalIMHHOTO HaB4aHHs s yHukHeHHs JITII
ABTOPH NPOIIOHYIOTh Oy/yBaTH 3 BUKOPHUCTAHHSIM aJlro-
putMmiB 1Ty4HOI HeiiponHol Mepexi (ANN), norictuy-
Hoi perpecii (LR), nepesa pimens (DT), K-
HabOmmkaoro cyciga (KNN), omopHOi BEKTOpHOI Ma-
wmHKn (SVM), OaiteciBebkoi cucremu (NB), croxactuny-
HOTO rpagieHTHoro cinycky (SGD) Ta in. [14]

OCKiNBKH 3HaYHA KUTBKICTH iH(poOpMamii mpo Ha-
BKOJIMIITHE CEPEAOBHIIE TPAHCHOPTHOTO 3aco0y OTpH-
MY€TbCsl 4Yepe3 Bife0JaTYMKH, 3alpOIIOHOBAHO Oarato
cucTeM 3amo0iraHHs 3iTKHEHb, ki MoOyJoBaHa Ha 00-
poOIli Bifieo CIOCTepekeHb 3a JOMOMOTOI0 HEHPOHHHUX
MEpex.

Tak B. Maaloul posrisimae anroput™un BHSIBICHHS
JITII na ocHoBi Bizeo indopmarii [15]. Robles-Serrano
[16] mpomonye aBromaruune BusiBiaeHus JTII 3a goro-
MOTOI0 BiJIEO CIIOCTEPEKEHHS 3 BUKOPHCTAHHIM METO-
IiB TJIMOOKOI'0 HABYaHHS.

R. Coll-Josifov i3 cmiBaBTopamu [17] mpomoHy-
I0ThCS CUCTEMY, B sKili HeipoHHi Mepexi YOLO Has-
YaloThCs Ha HAOOpP1 JaHUX 3 METOIO BUSIBJICHHS Ta KIla-
cudikamii npenMeTiB i3 KapTHHKK BYJIHI, Ky BHJIHO
3BepXy 3 OesmiioTHHWKa. HaBueHi Momeni BHUKOPHUCTO-
BYIOTbCS [UIA BHSBJICHHS Ta Kiacudikamii o6'ekTiB y
MIiCBKOMY CIIEHapii TOPOXHBOTO PYXY B PEKUMI peaib-
HOTO 4acy. HapemTi, IpOMOHY€EThCST aNTOPUTM BiICTe-
JKeHHS 00'€KTiB, MPOTHO3YBaHHS X MaifOyTHIX TPaEeKTO-
pili Ta MOTEHIIMHNX 3ITKHEHb.
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Otxe, METOIM 3aCHOBAHI Ha HAaBYaHHI BUKOPHUCTO-
BYIOTh ITapaMeTpH, SIKi MiHIMI3yIOTh (QYHKILIiI0 Hebe3me-
KH, IO OI[IHIOETHCS HA HA0OP1 HABYAILHUX MaHWUX. 3Ha-
YHOIO MIpPOI0 BOHM 3alIeXaTh BiJ SKOCTI Ta o0csry Ta-
KHX JaHuX, 110 Ja€ MOXJIMBICTh INEpEHAaBYaHHS IPH
3MiHiI yMOB. HemonikoM Takux CHCTEM € Te, 0 y pasi
HEJOCTaTHHO NMOBHOTO MacHBY HaBYaJbHHX JAHHX, TaKi
CHCTEMH 3a3BHYall CXOAATHCS IO JIOKAIBHHX ONTHMY-
MiB, III0 MOXE NPUBECTH 10 MPHHHATTS MOMHIKOBOTO
pimenHs. AOO Taki CHCTEMH HaBYAalOTh OIEPYBATH
TIJBKH AeKiTbKoMa (hakTopamu Oe3leKH, AKi € HalBax-
JUBIIIMMU HA JyMKYy PO3POOHHKIB, 1 HE OI[HIOIOThH
BCBOT'O CIIEKTPY Ba)KJIMBHUX (PAKTOPIB, 10 BIUINBAIOTH HA
0e3reKy JOpOKHBOro pyxy. BHacmifok mporo cucrema
MOJKE HE CIpalOBaTH Y HEOPAWHAPHIN CUTYaIl].

IMocranoBka 3aBaanus. Merolo cTaTTi € HOCHI-
JDKeHHS1 (haKTOpiB HeOE3MeKH JIO0pPOKHBO-TPAHCIOPT-
HOTO PyXy Ta IPOIO3HLIs pillleHb N0 CHCTeMi HPOTHO-
3yBaHHS PU3WKIB Ha JOPOKHIN TUTBHUII 3 BUKOPUCTAH-
HaM iHppacTpykTypu ITS Ha OCHOBI TexHOJIOTII, 3aCHO-
BaHil Ha HEHUPOHHII Mepexi.

Buknag ocHOBHOro Mmarepiajy

CucremaTusanisi pakropiB Hede3mexu. Cucre-
MH, TOOYIOBaHI Ha TEXHOJOTISAX HITYYHOTO iHTEJICKTY,
IIBHKO TIOIIMPIOIOTECS B THX CEKTOpax, [€ MOTPiOHO
BUSIBJIITH SIK 3aKOHOMIPHOCTI y BENMKHX 00csrax naa-
HUX, TaK 1 BIIXWJICHHS BiJl TaKUX 3aKOHOMIpHOCTEH, 1
Ha OCHOBI pe3yJIbTaTiB 0OpOOKH JaHWX MPOTHO3YBaTH
CHUTYAIIIIO Ta IPUIMATH PIilICHHS.

CaMe 110 Takoro CEKTOpYy 3 BEIUKUMHU O0CsITaMu
PI3HOMAaHITHUX JAWHAMIYHUX JIaHUX BIIHOCHUTBCS CHUCTE-
Ma 0e3reKu JIOpOKHBOTO PyXy, sika Bimctexye iHdop-
Mallil0 3 BEJIHMKOI KiJBKOCTI TPaHCIIOPTHUX 3aco0iB,
KOMITOHEHTIB 1H(PaCTPYKTYpH JIOPOTH, BPaxoBye iH(O-
pMaIlifo PO MOTOJHI Ta YaCOBUX YMOB, PyXOMi Ta He-
PYXOMi TMEpemIKoau JOPOKHBOMY pyXy (IIIIOXOMH,
TPaBHHH TOIIIO).

Ilinxix mo 3abe3medeHHs OE3MEKU TAKOi CHCTEMH
NoJIArae y BM3HAYEHHI 3arajbHOTO PU3MKY BiJl CyKyII-
HOCTI MOXITMBUX TEPEIIKO BiJl BCIX €IEMEHTIB CHCTe-
MH 1 BIPOBA/DKEHHS 3aXOiB IO MO MiHIMI3aIlii TaKuX
PH3HKIB 3 ypaxyBaHHSIM 4acy iX MOXJIMBOTO HACTaHHSI.

CyuacHi TEXHOJIOTIi BUCOKONIBHIKICHOI repeaadi
inpopmanii 5G Ta xMapHi TexHoJjorii 30epiraHHs Ta
00poOKM BEJIMKHUX MaHUX IMO3BOJISIFOTH MPOBOJUTH 00-
poOKky i mepenady iHdopMmaIliii i3 BeIUKOi KIJIBKOCTI AaT-
YUKIB OJHOYAaCHO 3 HE3HAaUYHMMHU 3aTPUMKaMH, TOMY
cucrema 3a0e3neyeHHs Oe3MeKn Ha JI0po3i TEXHOJIOT Y-
HO B CHPOMO3i BpaxoByBaTH iH(opMalilo NMpo 3HAYHY
KUTBKICTh (DaKTOpIB, SIK BUCOKO AMHAMIYHUX, TaK i THX,
10 3MIHIOIOTHCS MOBLILHO a00 MEePioYHO.

3 cuCTeMHOI TOYKH 30py OCHOBHHMHU IIiJICHICTEMa-
MH JpKepel HeOe3NmeKH B JOPOXKHBOMY PYCi €. BOJIH,
TpaHCHOPTHHH 3aci0, Tpadik Ha TUIBHUII AOPOTH, I0-
PO’KHE TIOJIOTHO Ta HABKOJIMIIHE cepenoBuile (puc. 1).

Jlo arpuOyTiB HaBKOJIMIITHBOTO CEpPEIOBHINA Bif-
HOCATBH: IOTOJHI YMOBH, INPOCTOPOBO-YacOBi YMOBH,
MOXJIMBICTh MOSBM TBapHH Ha 1nopo3i. Hecnpusriamsi
MOTOAHI YMOBH — JIOII, TyMaH, OXeJeab 1 BiTep —
BIUIMBAIOTh HAa BUJIUMICTH 1, SIK HACJiIOK, Ha Oe3nexy
JOPOXKHBOTO PYXY.

Hagkonuiine cepenopuiie

Hopora

Tpadix
TpancnopTHUii 3aci6

Bouniit

Puc. 1. OCHOBHI TiICHCTEMH JKEpeNl HeOe3MeKn
Jicepeno: 3006ymox aemopa

Yac 100u TakoK BIUIUBAE SIK HA BUJIUMICTh, OCBIT-
JICHICTb, TaK 1 HA BTOMY BOJisl Ta IHTCHCHUBHICTB Tpadi-
Ky Ha J1opo3i. TBapHHM TaKOX MOXYTb CTAHOBHUTH He-
0e3reKy Ha AUISTHKAX MPOKKIA YacTHHI, SIKIO MapIi-
pyTH iX Mirpauii HmpoJisiraioTb B NPHJIETJIUX paldoHaXx.
Tox MaroTe OyTH BXKHTI BIAIMOBIMHI 3aXOHIH, Taki SK
OTOpOXKI YH TOTIepeKyBalbHi 3HakH, a B ITS moBuHHA
30epiraTucs BiAMOBiAHA iHPOPMAIIisL.

Jo atpulOyTiB MPODKIKOT YACTUHH BITHOCATHCS K
THII Ta CTaH JOPOKHBOTO TOKPUTTS HA JTOPOXKHIN IiNb-
HHIL, JOPOXKHI CMYTH, TaK 1 TEOMETpis J0pOrH,
PO3B’sI3KM, TepexpecTs, MIoXiaHi nepexoau. Kpim
bOTO J0 AAHOI IMiJCUCTEMH BIIHOCUTHCS iH(opMarii
Ipo TEPEIIKOAU, aBapiiiHi AUTBHHUII, OTOPOHKEHI iJTb-
HHI, CIIU3bKE JOPOXKHE MOKPHUTTS B 3UMOBHX YMOBaX,
IO 32 CBOEIO MPUPOJOI0 € JIUHAMIYHOIO. ATpHOyTH
MIPOTK/KOT YACTHHU MOXKYTh 30MpaTHCS SIK CHemiatizo-
BaHMMH KOMIIAHISIMH TEXHIYHOTO OOCIyrOoBYBaHHS JO-
pir, Tak 1 y4aCHUKaMH JOPOXHBO-TPAHCIOPTHOTO PYXY
3 IaTYMKiB BiOparii aBTOMOOLIS Ta 3 KaMepH, 10 HaJae
JIaHi Ta 300pakKeHHS TPOTYapiB, CMYT Ta MEPEIIKO.

ATpubyTi Tpadiky Ha IEBHIH MINAHII TOPOTH
BKJIIOYAIOTh: 00csr TpadiKy, MBUAKICTh TPAHCIIOPTHUX
3aco0iB 1 MoJil, Taki sIK BUMAJIKOBI aBapii, aBapiiHi Ma-
HEeBpH TOIIO. 30ip TaKuX JaHHUX € MEPLUIOYEPrOBUM IH-
TaHHSM JUIS MOJIeJIel TPOTHO3yBaHHsI PU3HKIB HeOe3Ie-
KH, 1 MOXe 3/IHCHIOBATUCS 3a JOMOMOTOK TPAHCIIOPT-
HUX 3aco0iB, cMapT(OHIB Ta IHIIUX MPUCTPOIB, MO0
JOCSITTH TIOBHOTO TTOKPHUTTSI MEPEXi.

Ob6csr Tpadiky € HapHKHAM KaMHEM aHallizy HeOe-
3MIeKH, ane HOro 4acto Opakye B MOAENSX IPOTHO3Y-
BaHHS PU3UKY. SIKIo BUXigHI JaHi po oOcsr Tpadiky
MOXOAATH 13 PO3MIpY MapKy TPaHCHOPTHHX 3aco0iB, TO
iM Opakye perpe3eHTaTHBHOCTI. J[OCTOBIpHI OIHKH
o0csary Tpadiky Ha BCilf Mepexi AOpir MOXyTb OyTH
3i0paHi 3a gonomororo ITS 3 Ha3eMHUX TPHUIAIB OLiH-
ku Tpadiky 3 mepeadero JaHUX Ha cepBep.

Mo mi€ei xareropii BiTHOCHUTBCS TaKoX iH(MOpMAIIis
PO TPAHCIOPTHI 3acO0M HABKOJIO, HeOe3meKy ix MaHe-
BpiB Ta MaHEPH BOAIHHSL.

HIBuaKICTE pyXy — OIMH i3 HalBaXXIMBIMIMX (hak-
TOpiB Oe3NeKu Ha J0po3i, sk rmokaszye cratuctuka JTII
(tabn. 1). dani npo MBHAKICTE MAlOTh OYTH NPiOPUTET-
HUM ITyHKTOM Yy CIIMCKY JaHHX, ITOB’s3aHHMX 3 Oe3re-
Ko10. 3BMYAiiHe HA/JAHHS JAHMX PO IIBHJIKICTH yciMa
BupoOHHWKaMHu aBTOMOOUTIB Ha cepBep ITS mormo 6
MTOM’SIKIIUTH TTOMUJIKH, BUSIBICHI B TEJIEMaTHYHMX Ja-
HUX HaBirarmii MpUIOpOXHIMH MpHiIagaMH. TeXHOJIOTis
GPS 3a neBHMX 00CTaBHH TaKOX MOJKE IOCHIIUTH 30ip
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JaHUX PO IIBUIKICTH PYXY, ajie 1l JaHi HEJOCTaTHHO
TOYHI B MICBKUX YMOBaX 1 HEZIOCTYIIHI B TYHEJISX.

ATpHOYTH TPaHCIOPTHOTO 3ac00Y MOKHA ITO/1IH-
TH Ha TaKi, 10 XapaKTepU3yIOTh HOro TEXHIYHUH CTaH
Ta JUHAMIiYHI XapaKTepUCTHKH (IIBHIKICT, MaHEBPH,
BiJICTaHb 10 TMEPENIKOIH, HasBHICTh Tepemkoan). Cy-
yacHl aBTOMOOUT ocHameHi cucremoro ADAS, sxa 3a
JOTIOMOTOI0 CEHCOpiB, MmO mix eqHaHHI no [HTEepHETY
pedeii, mormomarae yHUKaTH 3iTKHeHb Ta JTTI, momepe-
JDKae BOJIIB MO MOTEHIHHI mpoOieMu, 3iiiCHIOE 3a-
moODKHI 3aX0M, a B JESKHX BHIIAJKaX Iepedupae Ha
cebe KOHTPOJIb HaJl aBTOMOOLIeM. [HpopMmariist 3 cucre-
Mu ADAS moxe mepenaBatuca no cepsepy ITS mna
OIIHKH PHU3HKY BOJIHHS HA JAUTHHHUIIL JOPOTH.

o arpuOyTiB BOJIs, SIKI BILUIMBAIOTh Ha Oe3MeKy
JIOPO’KHBO-TPAHCIIOPTHOT'O  PyXY, BIIHOCSTHCS: CTaH
30POB’S BOJisl, BTOMa, MaHepa BOJIHHS, MPUCYTHICTbh
AIIKOTOITF0 200 HAPKOTHUKIB B OpraHi3Mmi. Taki HOKa3HUKH
MOXe 30MpaTH Ta IepeaaBaTH J0 3aXHUIIEHOTO cepBepa
OopToBa cHcTeMa KOHTpoOJio craHy Bogist [18] abo
OCHAI[CHA BiJIOBIIHIMHU CEHCOpaMM CydacHa aBTOMO-
6impHa cuctema ADAS.

TakuMm YHHOM, i3 PO3BUTKOM JOPOXKHBOI iH(pa-
CTPYKTYpH Ta PpO3BHTKOM aBTOMOOUIBHUX CHCTEM
ADAS KinbKiCTh aTpuOyTiB JOPOKHBO-TPAHCHOPTHOT'O
PYXY, siKi MOXyTb OyTH nepenasi 1o cepsepy ITS, 3po-
cTae, i 1e MoXe 30UTBIINTH TPOTHOCTHYHY CHIYy MOJC-
JIell NIPOTHO3YBAHHS PU3UKY 3 OJHOYACHUM IX YCKIIaJ-
HECHHSM.

BusHaueHHS BaXXIIMBOCTI OKPEMHUX BXiTHUX 3MiH-
HUX JUISl IPOTHOCTHYHOT CHJIM MOJIEJTi € CKJI/THOO TIPO-
Omemoro. PimeHHs 3anexxaTiMe mepeayciM Bifl 10cTaT-
HiX iICTOPUYHUX JaHuX. JJominsHO 00paTh Ti aTpulyTH,
SIKI MaJIi BeTMKW BIUTMB Ha BuHUKHEeHHS [ TI1 B MUHY-
JI0My.

Toxi MoxHa nepe0avynT KMOBIPHICTD PU3HKIB
NoJi0HKUX MOJIH y HAWOIIKIOMY MaiiOy THbOMY .

Jlnst MozientoBaHHs BiIOMpaEMo HalOinbIl 3HAYY-
11l aTpuOyTH, HaBeIeHI y Ta0I. 2.

Tabauys 2 — Iepestik BXiTHUX 3MiHHUX

Ilincucrema Bxinni 3minni, X;

Cras BoJis

Boiii -
Masnepa BOJiHHS

[IBuaKiCTE

TpancnopTHUii 3aci0 —
TexuiuHuii cTan

[HTEHCHUBHICTb PyXY

Tpadik HabnmxeHHs mepenkos
Hebesmeune aBTo moomu3y
Tun K0pOKHBOTO TOKPUTTS
CraH MOKPHUTTS

Hopora

Caniska mopora

CkagHicTh TeoMeTpii

Buaumicts

30BHIIITHE cepeo-

[Torogui ymoBu
BHIIIE ALY

JleHb THXKHS, Yyac 100U

IDicepeno: 3000ymok asmopa

@akTiyHi 3HaYeHHs aTpUOyTIB, OTpUMaHi 3a JO-
IIOMOTOI0 CEHCOpiB abo i3 0a3 jaHMX, A LiJIed mpo-
rao3yBanHs J{TIl moTpiOHO HOpMamizyBaTH BiJHOCHO
MiHIMyMy 200 BiTHOCHO CEpeIHbOTO.

Tpeba 3a3HaumTH, 110 KOXKEH 3 HaBEJCHHUX Yy TaOJI.
2 aTpuOyTiB, K MPaBUIIO, € KOMIDIEKCHAM 1 CKIIaJa€Th-
cs i3 Tpynu o3HaK. Hanmpukiaza, cTaH BOMisA CKIIQTa€ThCA
i3 IOKa3HHKIB HOTO (Di3WIHOTO CTaHy (THUCK, ITyJIBC, Te-
MIIepaTypa), HasSBHOCTI alKOTONI0 a00 HapKOTHKIB B
OpraHi3Mi, COHJIIMBOCTi, BTOMH Ta iH. OTXe, OIIHKY
CTaHy BOXIsI BHKOHY€ OKpeMa IiJCHCTeMa [0
1’ STUOANIBHIN IIKaTi.

Takox BHKOHYEThCS KOMIUIEKCHA OIliHKa 1 iHII
BXIJHI 3MIHHI.

®opmasizamis 3agadi. Ctan 6e3meku JOPOKHBO-
ro pyxy Ha IUISHII JOPOTH IMOCTIHHO 3MIHIOETHCS 1 JUISI
HOro OLIHKM B CHUCTEMI 3aIpONIOHOBAHO BHUKOPHCTOBY-
BaTH KJIACHU(IKaTOp 3a piBHEM PHU3UKY, HABEICHHUH Yy
Tabm. 3.

Tabnuysa 3 — Knacudikarop pusukiB 6e3nexn

PiBensn 3HaueHHs Kareropis

PH3MKY PH3HKY pH3HNKY
Karactpodiunuii 0,511+0,89 3
Kpurnynnii 0,141+0,51 2
I'pannuHMiA 0,08+0,14 1
Hesnaunmuit 0,01+0,08 0

Iicepeno: cknadeno aemopa na ocHosi danux 3 [19]

OCKiNlbKM pHU3MK Ma€ IMOBIpHICHY IpPUPOLY, TO
MOXe OyTH OILIHEHHMM SIK MareMaTH4YHE OYiKyBaHHs
30MTKY BiJ ycix (akTopiB HeOGe3nekn 3a GopmyIioro:

n
R(t) = 2 WiR (1), M)
i=1
ne R(t) — pusuk HeOe3MEKH CUCTEMM;

Pi(t) — imoBipHicTb 30UTKY Bix i-ro dakropy;

Wi — BaroBa ¢yHKIiist i-ro dakTopy, 3a J0MOMOro0
SIKOT HACTIAKH Pi3HUX (pakTOpiB HEOE3MEKH MPUBOASTE-
CsI 10 €TMHOI LIKAaJIH;

N — KUTBKICTP 3aJIisTHUX B CUCTeMi (haKTOpiB PU3UKY.

@OyHKIiIOHYBaHHS HEHpOHA BHM3HAYAETHCS CHIBBiA-
HOUICHHSIM:

SZEWiXi, (2)
y=Tf(sb),

IIe Xi — BX1JIHI CUTHAJIH,
Wi — BaroBi KoeQiIlieHTy;
S — 3Ba)KE€HA CyMa BXIiJIHUX CHTHAIIIB;
b — moporie piBeHp HeiipoHa;
f — bynkiis akTuBaii.

Mopisuroroun Gopmymu (1) i (2), MOKHA TPHIATH 10
BHCHOBKY, II0 Ul 3aBJaHHS BU3HAYCHHS PU3HMKY CHC-
TeMHU Oe3MeKn MOXe OYTH BHKOPHUCTaHA HEHPOHHA Me-
peka, sKa CKJIANAeThbes 3 JCKUIBKOX IIapiB: BXiZHOTO,
BHYTPIIITHIX (TPUXOBAHUX) Ta BUX1THOTO.
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BxinHuil map peanizye 3B’S30K 3 BXiTHHUMH JaHU-
MU, BUXIIHHN — 3 BuUXigHuMU. Ha koxxHOMY miapi mic-
TUThCSI JICKIIbKAa HEWPOHIB, 3 €HAHUX MiXK COOOIO Ba-
raMu.

Ha Bxin sikoi mojaeThcst HaOip BXIHUX 3MIHHHX,
10 € OI[IHKaMH{ BaroMux (akTopiB Oe3neKy Ha JUTEHHII
JOpOTH:

X=(X1, X2, ... Xn). 3)

VY SIKOCTI BXiTHMX 3MIHHUX BHKOPHCTAHO OOCSIT pi-
3HOPIOHUX [aHWX: TPAHCIIOPTHO-TEXHIYHUX, METEOpO-
JIOTIYHUX Ta iH., M0 HaBexeHi y Tabn. 2. Mera moisrae
B TOMY, II00 mepea0aunTH €QUHY 3MiHHY, KOO € HMO-
BIpHICTH PH3HKY aBapii, BUKOPUCTOBYIOUH IHCTPYMEHT
OararomapoBoi HEHPOHHOT MepexKi.

Ha Buxoni HelipoHHOT Mepexi MaEMO OJHY BUXif-
HY 3MiHHY, 5IKa MO>K€ NPUIMaTH OJIHE 13 YOTUPHOX 3Ha-
YeHb, HABEJCHUX y Ta0J. 3, sIKi € KaTeropisimMu HMOBIip-
Hocti pr3uky JITII Ha maHi#t AUISHIN ZOPOTH I JaHO-
r'0 TPAHCIIOPTHOTO 3aco0y:

R=(0,1,2,3). 4)
Ii kareropianbHi 3MiHHI HE MOXKHa Oe3mocepen-

HbO BCTaBUTH B MAaTPHULIO IJIaHY, TOMY LI0 HEMpPOHHA
Mepexa rnependadae GpiKTUBHI 3MiHHI:

0 0 01
10

Y =(Y1,Y2,Y3,Yg) = 0100 ®)
1 000

s HaOopy 3HAYCHb BXIMHUX 3MIHHHUX 32 JIOTO-
MOTOF0 HEHPOHHOT MepeKi MOKHA, HATIPUKJIIAI, OTPUMa-
TH HACTYITHHU BHUXiIHUI BEKTOP, IO MPEACTABIIIE HMO-
BIPHOCTI HACTaHHSI KOHKPETHUX PH3HKOBHX CTaHIB!

Y =(0,15; 0,58; 0,35; 0,74)

[Micns mepekoayBaHHS HAHOUTBIIOTO 3HAYEHHS Yy
BekTopi Y mpuiiMae 3HaueHHs 1, a pemtu — 0, B pe3yis-
TaTi OTPUMYEMO BEKTOP IMOBIPHOCTI KaTeropii pu3uky:

YD = (0,0, 0, 1).

OtpumaHMil pe3ynbTaT IMOKa3ye, IO IS JAHOTO
Habopy Bxinuux 3minHux pusuk [JTII € «xaractpodiu-
HUM», OT)Ke MOTPiOHI HeraiiHi il s Horo ycyHeHHS.

OCKIJIbKM TIPOEKT Ma€ JOCITIJHUIBKY METY, TO BH-
KOpHUCTOBYBajiacsi OaraTolapoBa HEHpOHHA Mepexa 3
(yHKII€0 aKTHBAIIIi.

IIpoexTyBaHHs HeiipoMepeski. 3a Teopemoro Ko-
JIMOTOpOBa (YHKIIsI N 3MIHHUX MOKe OyTH TojaHa sK
CYIepHO3Ullisi OAHOBUMIpHHX (YHKLIH Yy KIUIBKOCTI
2n+1. Omxke, KUIBKICTh TPUXOBAaHUX CIIEMCHTIB JUIS
JTAHOT CUCTeMHU MOkKHa oOpatu 14x2+1=29. Ane He Mo-
’KHA MPOCTO BUOPATH TEOPETUYHUH MAaKCUMYyM KUJIbKOC-
Ti BaroBux Koe(imieHTiB, 60 B IIbOMY pa3i Mepeka Ha-
BYMTHCSI MATH CIIPABY TUIbKH 3 THMH JaHUMH, 1[0 HaJa-
BaJIMCS B TMPOIECi TPEHYBaHHA, 1 B pe3yJIbTaTi y3araib-
HIOIOYa 3JaTHICTh Mepexi Oyxe cmabkoro. Tomy po3mip
MIPUXOBAHUX IapiB BUOUPAEMO EMITIpUIHO 3 ypaxyBaH-
HAM OCOOJIMBOCTEH pO3B'I3yBaHOI 3a/adyi, OI[IHIOIOYH
TOYHICTh TPOTHO3Y MOJEI 3 Pi3HOI0 CTPYKTyporo. 3a-
rajbHa CTPYKTypa JBOLIapOBOi HEHPOHHOI Mepexi Ha-
BelleHa Ha puc. 1.

Fa1

F22 Y1
— Fas Y,
}
YD
Y3
4..k1

Ya

> | Fa

Puc. 1. Ctpyxrypa HEHpOoHHOT Mepexi

BxigHnit map BBaXkaeThCsl HybOBUM. KoxeH Heli-
POH HACTYIIHHX IIapiB BHIA€ HA BUXiJl CUTHAI ), IIEPeT-
BOPIOIOYH 3BaXKCHY CyMy BHXOJIB HEHPOHIB morepe-
HBOTO IIapy.

3aBraHHS HaBYaHHA 0araToIIApOBUX IITYYHUX
HEWPOHHMX MEpeX BHPILIye aJrOPUTM 3BOPOTHOTO MO-
mUpeHHs: MOMWIKU. OOUpaEMo Uit HBOTO IanKy (GyH-
KIIIO aKTUBALlil:

y=——. ©)
l+e

Us ¢ysHKmis 3py4Ha THM, o ii MOXigHAa BHpaXka-

€TBCS Uepe3 caMy (PyHKIIIFo:

y'=y(l-y). @)

KinmpkicTh TpeHYBaNbHUX NPHUKIATIB Ma€ MPHOIH-
3HO JOPIBHIOBATH KIIBKOCTiI Bar MEpeXi, MOMHOXKEHii
Ha 3BOPOTHY BEJIWYMHY NOMMIIKH, TOOTO

w<n/e, (8)

Jie W — KUTBKIiCTh TPEHYBAIBHUX MPUKIIAIB;
€ — IPUITYCTUMa TIOMUJIKA,

w < 14/0,03 = 467.

Otxe, npuitMaEMo KUIBKICTh TPEHYBaIbHUX MPUK-
nanis npubausuo 500.

B nporieci HaBUaHHS 0JJHOpa30Ba IEepeXpecHa Iie-
peBipka nependavyae po3OUTTsI BUOIPKHM Ha B3aEMHO J10-
MOBHIOBaHI MiZABHOIPKH 3 METOI0 MPOBEACHHS aHAI3y
Ha OJIHIM YacTHHI (HaBYaJLHOMY HaOopi) Ta mepeBipKu
pe3ynpTaTiB Ha iHIIiH yacThHI (TecToBOMY Habopi). s
3HIDKEHHSI JUcTIepeii 3/1iHCHIOEThCsl Gararopa3oBa Iie-
pexpecHa IepeBipka, a pe3ysbTaTh INepeBipoK ycepea-
HIOIOTHCS.

IIpoextyBanus cucremu. Cucrema 3armporpamo-
BaHa Ha Python 3 Buxopucranmsm FastAPI sax HTTP
API cepepy, ta Tensorflow mms moOymoBu HeipoHHOT
Mepexi.

AJNTOPUTM TNPOTHO3YBAaHHS PH3UKY JTOPOXKHBO-
TPaHCIIOPTHOTO PYXY BKIJIIOYAE HACTYITHI KPOKH:

1) OrpumaTtu Qaiia 3 ICTOPUYHMMH JaHUMH IIPO
aBapii;

2) IleperacyBatu HaHi (I 3MEHLICHHS PH3UKY
NepeHataTyBaHHs HEHPOHHOT Mepexi);

3) 3aBaHTaxuTH BXimHi 3MiHHI Xi (34HUTyBaHHS
3MIHHHMX Ha OCHOBI NporHo3yBaHHs pusuky JTII, 3min-
Hi MO’KHA JI0/1aBaTy Ta BUJAJSTH, MOJIENb a1alITOBaHA);

4) Tlepexoaysaru Buximni 3mindi Xi B 4Hcia, a
MOTIM B TyaJIbHI MaTpPHIIi;
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5) Po3uijuTH 1aHi HA HABYAIBHUI 1 TECTOBHI Ha-
0ip (TecroBuii HaOip maHux ctaHoBUTH 20% Bij 3aralb-
HOTO Habopy JaHUX);

6) Iominutn HaGOp HABYANBHUX JAHMX HA JaHi
HABYAHHS Ta ICPEBIPKH;

7) 3amatu mepBicHI Barn HEHMpPOHHOI Mepexi B iH-
tepani (—1, 1);

8) BcTaHOBHTH MaKCHMalbHY KUTBKICTH TEpiomiB
HaB4aHHSA Ha 500 Ta BUKOHATH iHimiadi3aIiro HEHPOH-
HOi Mepexi 3 koediniearom HaByaHH:S 0,01.

9) Sk KiNIBKICTH €I0X HaBYaHHs Olablie abo
JOPIBHIOE MaKCHMAaJbHIA KUTBKOCTI €MOX, HAaBYaHHS
MIPUITUHSIETHCS, 1HAKIIC JUIS KOXKHOI CMOXU HAaBYaHHS
BHUKOHATU:

- BUOIp 1 MOJayy OJHOTO BXIJHOTO BEKTOpa HEii-
POHa 3 HABYAJILHOTO HAOOPY;

- OTPUMaHHs peakxiii HelpoHa METOI0M 3BOPOTHO-
T'0 TOIIHPCHHS,

- KOPEKIIifo Bar HEHPOHiB HA OCHOBI IOMUIIKH;

- OWIHKY MOMMJIKH KiacHu(ikamii B yChbOMy HaB-
4arpHOMY Ha0Opi — SKIIO TOMUJIKA MEHIIIA 33 IPUAHST-
HY ME)XYy, HABYaHHS 3aBEPIIYETHCS;

- OI[IHKY YCIHIIITHOCTI MEPEKEBOI MisIBHOCTI Ha Te-
CTOBOMY Ha0Opi.

10) BuxoHaTu NpOrHO3yBaHHSA BEKTOpa 3HAYCHb
BUXIZHOT 3MIiHHOI (PU3MKY) IJIsl KOHKPETHHX 3HA4€Hb
BXIHUX 3MIHHHX.

ADpXITEKTypa CHUCTEMH TMPOTHO3YBAHHSA PH3UKY
CKJIAJTA€ThCA 3 JACKUTPKOX KOMITOHEHTIB, Jiarpama B3ae-
MoJIii IKUX HaBeIeHa Ha puc. 2.

Http_Server Data Processing

Model

A\ 4
Configuration

Puc. 2. liarpama B3aeMo1ii KOMIIOHEHTIB

3aranpHa apXiTEeKTypa CHCTEMH BKIIIOYAE:

1) Kommnonent o6pobku qanux Data Processing:

- dataset.csv Ta test dataset.csv - Habopum maHWX
JUIsl TPEHYBaHHS Ta TECTYBaHHS MOJIEI;

- make_dataset.com - ckpunt Ui MATOTOBKH Ha-
0opy JaHUX.

2) Kowmmnonent moneni Model:

- model.com - ko asst MOOY/I0BU Ta TPEHYBAHHS
HEWpOHHOT Mepexi;

- model mupexTopis, o MiCTUTH (aiiiy, NoB's3aHi
3 HAaTPEHOBaHOIO MOJICIUIIO, BKJIIOYAOYM MapaMeTpH,
30eperkeHi 3MiHHI Ta MeTalaHi MOJIETi.

3) Kommonent Http Server:

- http_api qupexTopis, mo MiCTUTh KO AJIS peai-
3amii HTTP API cepsepy;

- schemas.com - cxemu JaHUX [UIS Badimaril BXiz-
HMX Ta BUXIIHMX gaHux API;

- server.com - xon, sikuii 00po6isite HTTP 3amutw,
OTpUMYE BXIiJIHI JaHi Ta HaJae MPOTHO3 PiBHS HebesIe-
KH Ha JTOPO3i.

4) Koudirypauiitauii kommnonent Configuration:

- config. com - HamamiTyBaHHsS MPOEKTY, TakKi sK
mapaMeTpH MiAKIIOYeHHS 10 0a3W NaHWX Ta HaNAIITY-
BanHa HTTP cepsepa;

- gunicorn.conf. com - ¢aitn kou®iryparii ms
Gunicorn, mo BHKOPHUCTOBYETHCS IS PO3TOPTAHHS Ta
00pobxu HTTP APIL

5) IHINI KOMIIOHEHTH:

- check. com - ckpunT A7 TEPEBipKH HASBHOCTI
HEOOXITHUX 3aJeXHOCTEeH Ta KOH(Irypauii nepes 3amy-
CKOM;

- requirements.txt - mepenik 3anexHOCTEH, HEOO-
X1THUX JUISl pO3TOPTaHHs Ta pOOOTH MPOEKTY.

Pe3yabTaTu TectyBanHs1. Byino oOpo0OiieHO Kilb-
ka mxepen JTII, w™MereopoioriyHmx Ta IHIIAX
OB ’s13aHUX MaHWX. [lomepenHpo MaHi OyJH BiICOPTO-
BaHi, 00po0JIeHI HAIC)KHUM YHHOM, a TIOTIM KiIacupiko-
BaHi. Bcroro Oymno BukopucraHo 14 moka3HHKIB, HaBe-
JICHUX y Talm. 2.

B pesyibTaTi aHamizy OTpUMaHO ONTHUMAJIbHI Ia-
paMeTpu HeHpPOHHOI Mepexi, siKa IEMOHCTPY€E HaHBHIILY
TOYHICTh TNPOTHO3YBaHHsS: OararoliapoBa HeHpOHHa
MeperKa, 110 MICTHTh JiBa MPUXOBAHUX ILIApH, Y MEpLIO-
My npuxoBaHoMy IHiapi 80 HEHpOHIB, y Apyromy MmpHuxo-
BaHomy Iuapi 40 HelipoHiB. EmnipuuHe TecTyBaHHS
BUSIBIJIO, IIIO TOYHICTH MPOTHO3YBaHHS 3pocTaia i3 3po-
CTaHHAM KiJIBKOCTI HEHPOHIB y KOKHOMY MPHUXOBAHOMY
mrapi. Kinekicts weitponis 80/40 neMOHCTpY€E TOUYHICTH
85-90%. 3 OLTBPIIO0 KITBKICTIO HEWPOHIB TOYHICTE TPO-
THO3Y HE 3pPOCTa€, aje 3HaYHO YCKJIAJHIOIOTHCS 00umc-
JICHHSI AITOPUTMY.

TouHicTh pe3ynbTaTy HEHPOHHOI Mepexi Al Kia-
cudikamii Ta TNPOrHO3YBaHHS PU3UKY JOPOIKHBO-
TpaHCropTHOTO pyXy ckiana 85-90 %. Ii nopisHioBanu
3 TOYHICTIO MPOTHO3YBAaHHS 3a JOMOMOTOI0 Kiacudika-
i1 3 BAKOPUCTAHHSM JICpEBa PIllICHb.

BukopucranHsi iepeB pillieHb MOKa3ye Habarato
touHicTh 70-80%. TouHicTh y IBOMY BHIAIKy 3alie-
JKUTD BiJl KITBKOCTI JEPEB PIllICHb i TIIHOMHHA KOXKHOTO
JepeBa pimeHb. J[epeBo BHIIAJKOBHX pillleHb CKJIaja-
€TBCS 3 KUTBKOX JIEpeB PillleHb, i HOTO KiHIIeBa TOYHICTH
€ cepeHIM 3HaYCHHSIM TOYHOCTI KOKHOTO aepeBa. Mo-
JKHA CTBEPUKYBAaTH, IO i3 30UIBIIEHHSIM KiTBKOCTI Jae-
PEeB pIlIeHb 1 3pOCTaHHAM TNIMOMHM JiepeBa PillleHb TOY-
HICTh KiHIIEBOTO MIPOTHO3Y 3POCTAE.

BucnoBku

Y poOOTi pO3IIISTHYTO MOKJIMBOCTI TPOTHO3YBaHHS
Ta Kiacudikamii BiTHOCHOTO PHU3UKY JTOPOXKHBO-
TPaHCIIOPTHUX PyXy 3 peabHUMH BXiIHHUMH JIaHUMHU,
o 36uparotecst B ITS, 3a 1OMOMOror0 HEHPOHHUX Me-
pex.

Cuctematn3oBaHo GaxTopu Oe3NeKd TOPOKHBO-
TPAHCIIOPTHOTO PYXy Ta 3po0JeHO BHOIp 3HAYYIIHX
(axTopiB Ul BXIHUX JaHUX HEHPOHHOI Mepexi cHc-
TEMH NPOTHO3YBaHHS PU3HKY.

Po3pobiieHO anropuTM TNPOrHO3YBaHHS PH3HKY
JIOPO’KHBO-TPAHCIIOPTHOTO PyXy HEHpOMEpexero Ta
apXiTEeKTypy CUCTEMH.
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Cucrema 3anporpamoBana Ha Python 3 Bukopuc- OtpuMaHi pe3ysbTaTH MOXYTb MaTh IPAKTHYHE
tauHsaM FastAPI sk HTTP API cepsepy, ta Tensorflow  3actocyBaHHsI AJIs TONEPEIPKEHHS BOAIIB PO BUCOKHI
1U1s TOOYZIOBU HEHPOHHOT MEpexi. piBeHb HeOe3neku. [lepcrekTnBaMu MOAANBIINX JOCITI-

TouHicTh nependaueHHs HEHPOHHOI MEpEeXi MOpi-  JHKEHb € PO3MIMPEHHS KUIBKOCTI BXITHUX 3MIHHHMX HEH-
BHIOBJIM 3 TOYHICTIO IIPOTHO3IB JiepeBa pillleHb, 1 Heli-  POHHOI MepeKi, MPOBENICHHsI EKCIIEPUMEHTIB 3 pi3HOMa-
POHHI MepesXi IOKa3aJii HalBUIILy TOYHICTb. HITHOIO BXiJTHOIO iH(OpMAIIi€TO.
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Prediction of traffic risks based on a neural network
Denys Polozhyi, Oleksandr Oriekhov

Abstract. On the basis of the structural analysis of traffic accident statistics in Ukraine, the most dangerous causes
were identified: exceeding the safe speed, violation of maneuvering rules, violation of the rules for crossing intersections
and pedestrian crossings. The proposed models for predicting the danger of road traffic and the risk of driving are consid-
ered. The factors of road traffic danger have been studied and systematized. A traffic risk prediction model is proposed
using an intelligent transport system (ITS) and a neural network. The model is built on the technology of neural network
processing of weighted statistical and dynamic arrays of input data characterizing the internal and external environment of
the vehicle in order to obtain a traffic risk assessment. A neural network risk prediction algorithm is proposed. The learn-
ing of a multilayer neural network is carried out using the backpropagation algorithm. Testing of the forecasting system
demonstrated the accuracy of predictions of 85-90%.

Keywords: traffic safety, risk factors, modeling, vehicle, neural network, intelligent transport system.
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Ykpaincbka aepkaBHa JIb0THA akameMis, KponmuBHUTIEKII

MO/JIEJIb INIAHYBAHHSA MAPHIPYTIB PYXY OJJHOPIJITHOI I'PYIIU
BE3IIJIOTHUX JIITAJIBHUX AITAPATIB

AHoTauis. B cTarTi BU3HaueHO, 110 Ha TEHEpIlIHIA Yac iCHYe 3HA4YHA KiJIbKICTh MOJeJei, MEeTOIB, sIKi JO3BOJIAIOTH
e(eKTUBHO IUIaHyBaTH MapipyT pyxXy BrJIA 1t BUKOHAHHS 3aBJlaHb, OJJHAK HACTYIIHHM €TAallOM PO3BUTKY POOOTH30-
BAaHUX TEXHOJIOTIH € KOJIEKTUBHE 3aCTOCYBAaHHS PI3HOPITHUX CHCTEM I BUKOHAHHS CHUTbHUX 3aBHaHb. OIZHOYAcHE
npubyTTS y HeoOXigHe Miclie abo Micus — OAWH 3 €JIEMEHTIB BUKOHAHHS MicCii, II0 OTpeOy€e CHIIbHOTO MIaHyBaHHS Ta KO-
opauHanii Mixk BriJIA y rpymi. Meta wmicii nomnsirae B Tomy, mo rpyna briJIA noBuHHA JOCSTTH MicIl IPU3HAYESHHS OHO-
YacHO, IO JTOCSTAETHCS MIIIXOM CTBOPEHHS TPAEKTOPIH pyXy OJHAKOBOI JOBXHHH, JOIycKarouw, mo Bci BriJIA nersts 3
OJTHAKOBOIO HIBUKICTIO. B cTarTi 0TprMarna nogaisImid po3BUTOK MOJIEINb INIAHYBaHHS MapIIPyTiB pyXy OJHOPIIHOI Ipy-
i GE3MUIOTHHX JIITAJBHUX alaparis, sSKa, Ha BIAMIHY BiJ] iCHYIOUMX, BPaXOBYye OOMEXEHHS Ta BUMOTH JOTPUMaHHs Oe3Ire-
ku pyxy briJIA Ta 3a6e3mnedye ogHOYacHe MPUOYTTS TPYITH OO KiHIIEBOI TOYKH BUKOHAHHA MiCii.

KnaouoBi caoBa: Ge3ninoTHUH JIiTANEHUHN anapar; TeHETHYHI alrOpUTMY; iH(GOpMaNiiiHi TEXHOJIOTI]; ONTUMI3allis Tpa-

€KTOPII pyXy; IUTaHyBaHHS MapmpyTiB pyxy rpynu BITJIA; ynpaBiiHHS MOBITPSHAM PyXOM; INTYYHHH 1HTEIEKT.

Beryn

IMocTranoBka mpo6JieMu. 3aCTOCYBaHHIO O€3MIJIOT-
HUX JiTaneHUX amapatiB (mam — briJIA) y Bcix cdepax
JIFOJICBKOT  JTSUTBHOCTI  TIPUCBSIYEHO 3HAYHY KUIBKICTh
myOJTikaIliif Ta HayKOBUX JOCHikeHb., Ha TemepinmHiit
Yac iCHye 3Ha4Ha KUTBKICTh MOJEINCH, METOMiB, SKi JO-
3BOJIIIOTh €(DEKTHUBHO IUTAHYBATH MapmipyT pyxy BrJIA
JUIT BUKOHAHHS 3aBIaHb, ONHAK HACTYITHHM €TaIlloM
PO3BHUTKY pPOOOTH30BAHMX TEXHOJOTIH € KOJEKTHBHE
3aCTOCYBaHHS PI3HOPIAHUX CHUCTEM JJIsi BUKOHAHHS CITi-
TMHHUX 3aBAaHb. OMHOYAacHE PUOYTTS y HEOOXiTHE Mictie
a0 Miclg — OJUH 3 €JIEMEHTIB BHKOHAHHS Micii, 110
noTpedye CIUIBHOTO IUIaHyBaHHS Ta KOOPAMHALNT Mixk
BbrJIA y rpymni. Mera wmicii nmosisrae B ToMmy, 10 rpyma
BriJIA noBMHHA JOCATTH MiCLsl NPH3HAYSHHS OJHOYAC-
HO,IIO JIOCATAETHCS IUISIXOM CTBOPEHHS IUISXIB OJJHAKO-
BOI JIOBXHHH, NOMycKarouu, 1o Bci briJIA nersite 3 on-
HAKOBOYO IMBHJIKICTIO. J[JI CTBOPEHHS MUIAXIB OJHAKOBOT
JIOBXKWHHU BHUKOPUCTOBYETHCS aHAJIOTIS 3 PO3TATYBAHHIM
JIAHITIOKKA TIPYKHH, KA 3'€JHYE TOYKH MaPIIPYTYy.

AHaJii3 ocTaHHIX AocjailzkeHb i myOJikauii. 3a-
BJIaHHSA NOOYJOBH ONTHMAJbHUX (palliOHATBHUX) Map-
wpyTiB pyxy rpyn BmJIA Ui BUKOHaHHS CHUIBHHX
Micii € TpeaMeTOM JOCHIHKEHHS 3HAYHOI KiIbKOCTI
BUYCHHX y Taly3i CHCTEMHOTO aHaJi3y, MaTeMaTHYHOTO
MOJICITIOBAHHS, OMITUMIi3aIlil, ITYYHOTO 1HTEJICKTY.

JocmimpkeHHs, mo BigoOpaxkeHi y craTTi, IpyHTY-
eThcs Ha pobotax [1-4], B sxux 3 mo3muii moOynoBH
TeHETHYHUX ITOPUTMIB BUPILIYETHCS 3aB/IaHHS TUIAHY-
BaHHS MaplIpyTiB, NPUBOAATHCS OPUTiHAJIBHI METOJH,
1110 3aJIeXaTh BiJl pi3HUX 30BHIMIHIX (aKTOpIB.

Crix Takox BinzHauuTH poboTH [5-8], B sIKMX po3-
BUBAIOTHCSI METO/U TIOIIYKY Ta MOHITOPHHTY, SIK OCHO-
BHOTO npusHadeHHs brJIA, mo no3Bonse 3podutH Bu-
CHOBOK TIPO Pe3yJIbTaTUBHICTh IUNIAHYBAaHHS MapIIPyTiB.

B po6orax [9-12] po3pobieni ontuMizariiiHi mo-
CTAaHOBKM Ta MaTeMaTH4HI MOJelli TUIaHyBaHHS Maplil-
pytiB momboTiB BnJIA, a Takox omHOpimHOI Tpymu
BbnJIA npu BUKOHAaHHI pi3HOMaHITHUX 3aB/IaHb.

Pesynbrat aHamizy cX0XHUX pOOIT CBITYUTH MPO
Te, 10 JOCHIJHUKHA MEHIIE 3BEpTalOTh yBary Ha IIBH-

IIKICTb OOYHCIICHb TPU CYYaCHOMY piBHI PO3BHUTKY
amapaTHUX 3aco0iB. B ToM ke yac MOKIUBICTB OTepa-
THUBHO IIEpEIJIaHyBaTH MapIIpPyT PyXy B 3aJIEXKHOCTI
BiJl YMOB OOCTaHOBKHU Ta BIUIUBY CYKyIHOCTI BHYTpi-
IIHIX Ta 30BHILIHIX ()AKTOPIB € BAXKIMBOI CIPOMOXK-
HICTIO I'pyNOBOTo 3acTocyBaHHs brJIA.

MeTo10 CTATTi € yIOCKOHAIEHHI MOJEII IUIaHy-
BaHHsI pyXy oJHOpinHOi rpynu bnJIA.

Buxkiiaa 0CHOBHOTO MaTepiairy

Posrmsinemo N BriJIA, siki OYMHAIOTH PyX 3 TOUOK
CTapTy Y MOMEHT 4acy ty Ta HOBHHHI JOCSI'TH LIIBOBO-
ro IMYHKTY TNPU3HAYCHHS Y MOMEHT 4acy tr, ne ts< tf.
Touku cTapTy Ta TOYKH LI Micil MOXyTbh OyTH 3'€aHa-
Hi yepe3 Hadip MapIIPyTHUX TOYOK, SIK Lie HABEJECHO Ha
puc. 1.

Puc. 1. Chepu 6e3nekn ta nansHOCTI pyxy BriJIA
(mxepeno: po3pobIeHO aBTOPOM)

© Yymaxk 0.0., 2025
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Jlana Mozienb € CIpOIIEHOI0, OCKUIBKY HaBKOJIUIL-
HE CEpe/IOBHIIIE MOXKE MATH MEPEIIKOIH, SIKi BAMAraroTh
Moudikamii MapmpyTy pyxy AJs YHUKHEHHS 3ITKHEH-
Hs. [To3umii koxxHOoro BriJIA y Toukax crapty BimoMmi, a
Mo3uLii B TOYLI LIl BU3HAYEH] 3a31alierinb IS Mak-
cuMmizanii epeKTHBHOCTI BUKOHAHHS Micii KokHUM bII-
JIA. BBaxaemo, mo rpyma briJIA € omHOpinHOO, KOXKEH
€JIEMEHT TPYIH Ma€ OJHAKOBI KiIHEMAaTHYHI Ta TUHAMIY-
Hi xapakrepucTuku. Jomyctmmo, mo koxkeH brJIA
3HAXOIWUTHCS B IICHTPI IBOX KOHIEHTPUYHUX cdep, sKi
nexaTh B neHTpi Mac briJIA. BayTpimmas chepa € che-
poro Oesmeku 3 pamiycoM Rg, TOIi SK 30BHIIIHA cdepa
3B'SI3Ky paziycoM R, sika mpencTaBisie paniyc aii mepe-
JaBavya TakuM 9uHOM, 1O R, > R; > 1/kp4,. OTXKe,
IUIIXA MOKYTh OYTH IIPOMOJIENBOBaHI Y BUTILAAL TPYO 3
paniycamu Ry HaBKOJIO MapLIPYTiB PyXy, sIK Lie HaBeje-
HO Ha puC. 2.

Py (xpu.Vre 250 650.y:)

Mepewkoan

Ps (xs:'r ysa'rzsir ﬂsii ¢sa’)

Puc. 2. Cuenapiii minanyBaHHsS MapuIpyTiB Aekinbkox briJIA
(mxepeno: po3pobIeHO aBTOPOM)

3araipHy MOCTAaHOBKY 3aBJaHHS IUIAHYBaHHS Ma-
pmpyTiB pyxy BrniJIA mokHa 3amucatu Tak: copmyBa-
™ Hadikoporuri musxu  {r;(q),72(q), ..my(q)} s
muoxkuban brJIA {UAV,,UAV,,...,UAVy} Takux, mo
it i —ro Ta j —Tro brJIA BukoHyeThCA:

hf,i = hf,] (1)
IIpU OOMEXKEHHSX:
lv;| = |Vj|;
Crik < kmaxs
C = Co:T < Toays . 2

Csafe: (@) ﬂT}'(q) =Q,i#];
R.>R; = 1/kpax.

Po3rnsHeMo TUlaHyBaHHS MapUIpyTy Ui OJHOTO
BrJIA BiI TOYKM CTapTy OO IILOBOI TOYKU (TOYKH
BUKOHaHHsA Micii). [ImaHyBaJbHUK MapIIpyTy CTBOPIOE
usix  r(q), 1mo 3'€qHyEe  TOYATKOBY  IO3UIIIIO:
Ps (x5, ys, Zg, O5) Ta ULTLOBY TOUYKY Py (xf, Vi Zf, G)f):

r(q)
Ps(xs:yS!Zs:@s)_)Pf(xf'yf’zf’e)f)' (3)

Pozmmpennst piBusHHEs (3) I BpaxyBaHHS Map-
mpytu3anii N BIIJIA BUKOHyeThCS Tak, IO KOXCH
BrJIA mpoxomuthk 4Yepes n, TOYOK, IO MPEICTABISETh-
csl AK:

PS.i.j—l(xS.i.j—l’ Ysij-1r Zs,i,j-1r G)S.i,j—l' l/Js,i,j—l)
Ti,j—l(q)vcsafe,clen
Py (xf.L.J' Yr,ijs Zf,ij» Of i, l»bf,u)'

(4)
ki (@] < knaxs 1T:(@D] < Taws i = 1, ..., N,
J=2,..,1y,
e T — Kpy4YeHHS;, K — KpUBU3HA; K, — OOMEKEHHS

Ha MaKCHMalbHYy KPHUBH3HY; Tpqy — OOMEXKEHHS Ha
MaKCHMabHe KpyIeHHIM; Csqrp Ta Cpop — OOMEXKEHHS
Ha Oe3meKky pyxy (OTHHAHHS IEPEIIKOJ) Ta JOBXKHHY
nusixy. OOMexeHHs Ha JOBXHMHY HUIIxy h(q) ams
rpynu brJIA mae BUTISIz:

S2

Cien = min f Ih(q)] da, 5)
S1

e

qz
h(q) = f JHDE T 9@ + 2(a) d, ®)
q1

ne qelq1,q2]%(q) = dx/dq; y(q) = dy/dq; z(q) =
dz/dq e romorpadamu.

Jlis moJIbOTIB HA MOCTIiHIA BucoTi dopmyra (4)
3BOJIUTHCS JI0 ABOBUMIPHOI (hopMH:

Ps,i,j—l(xs,i,j—p Vs,i,j—11Zs,i,j—1s @s,i,j_l)
7i,j-1(@).Csafe,Clen
———— Prij (%0 7> 21,00 Ori); (7
ki (@] < kg i = 1,0, N, j =2, ..., m,,.

[icns ToOrO, SIK MOYATKOBI MapIIPyTH BH3HAYCHI,
HEOOXi1JTHO epEeKOHATHCS:

a) y 6e3merri s moJIboTy;

6) mocaruenns briJIA metn wmicii (ogHOYacHe TIpH-
OyTTSI 10 MicIsI TPU3HAYCHHS).

ITpu 11bOMY BUHUKAE MUTAHHS 4acy IUIAHYBaHH:
MapmpyTiB pyxy. Lle 3amexuts Bix HasBHOI iHpopMaii
PO HABKOJIMIIHE CEPE/IOBHUIIE Ta MiCIE3HAXOKECHHS
BrJIA. OnuH i3 croco0iB — iHTErpyBaTH MPOIEC T'eHe-
pauii mapmipyry pyxy BmJIA 3 mmanyBanusam. [lanuit
X1 CXOXKUIT Ha TUIAaHYBaHHS MapuIpyTiB 3a JOMOMO-
roro metoniB ontumizauii [1, 2] Onnak, BiH moTpedye
MOJAJBUIOTO JIOONPAIIOBaHHS /I CTBOPEHHS pallioHa-
JBHUX MapUIPyTiB, @ TAKOXX MAa€ 3HAUYHYy OOYMCIIIOBaIb-
HY CKJIaIHICTb.

[HIIIa MOXKITUBICT TIOJISATAE B TOMY, 100 PO3IiH-
TH JIBa TIPOIIECH: TeHEPaIlil0 MapIIPyTiB Ta IIaHYBaHHS
pyxy BmJIA [4]. Tenep BUHHMKAIOTH JBI MOKJIHBOCTI:
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KOJIM IJIaHyBaTH — 10 a0o Mmiciisi reHepauii MappyTy.
MaremaTtuuHy Mozens pyxy bnJIA y 3aranpHOMY BUIa-
JIKYy MOJKHa ONHMCAaTH KpHBOw. ToMy IuiaHyBaHHSI Map-
LIPYTY MOXHA PO3IISAATH SK IUIaHYBaHHS T'€OMETpHY-
HO1 €BOITIOLIT KPHUBOI.

MapmpyTt pyxy y piBHSHHI (4) MOBHHEH 3aJI0BO-
JBHATH OOMEXEHHSM. 3HaueHHS Kp,q, Ta Tpq, BU3HA-
4aroTh KiHemaruyHi oomexenns briJIA. Takox me emqu-
Hi JBa IMapaMeTpH, SKi MOBHICTIO BU3HAYAIOTH KPUBY B
MPOCTOpi. Y JBOBHMIpPHOMY IPOCTOPI IS BH3HAYCHHS
KpuBOi MOTpiOHa jumie kpuBu3Ha. KpuBa, 1m0 3a10Bo-
JbHSAE OOMEKEHHSIM Ha KPHUBU3HY, SIKI HaKJIaJalOThCS
xapakrepuctukoro briJIA, € 31iliCHEHHOIO TPAEKTOPIETO.
TakuM 4MHOM, MOIJIMBMHA MaplIpyT BH3HA4Ya€ThCs SIK
NpuAaTHUR 10 pyXxy (BiONOBiNae KiHEMaTWYHUM Ta
JUHAMIYHUM OOMEKCHHSM), TaK 1 OC3MeYHUN AJIs TO-
meoTy (0e3 3iTkHeHb). ToOTo, MapmpyT pyxy — 1e abo

0JIHa TIOJTIHOMiaJIbHA KpHBa abo ckiajieHa KpuBa. Takuid
MapuIpyT KOPHCHHMH AJIsI IPOTHO3YBAHHS IOJIOXKEHHS
BrJIA mpotsrom Bciel Micii 1o Toro, sik briJIA BuiinyTh
Ha TpaekTopito. Kpim Toro, 1ie momomarae IuiaHyBallb-
HUKY MapuIpyTy BpaxyBaTh KiHEMaTW4HI OOMEXEHHs
Ha paHHIN cTafil MIaHyBaHHS MapIIPyTy.

PimenHs 3aBOaHHSA OJHOYACHOTO MPHUOYTTS TPYIH
BrJIA moBuHHO BimmoBigatu ooMmexeHHsIM (4). OcHOB-
HUMH OOMEXECHHSIMH € MaKCHMalbHI OOMEXEHHS Ha
KPUBH3HY Ta YHUKHEHHS 3iTKHEHb. MOIeNb CKIagaeTh-
s 3 TPHOX €TaIliB.

Ha mepuiomy erari CTBOPIOIOTBCS AOIyCTUMI Ma-
pIIPYTH, HAa IPYyroMy eTari OTpHUMaHi MapipyTH MOAHU-
(biKyIOTbCs U1l OTPUMAaHHS MapUIPYTIB 3 OOMEXEHHSIM
Ha Oe3neky. Ha TpeTboMy erarmi CTBOPIOIOTHCSI MapUIpy-
TH OJIHAKOBOi JOBXHHU. Cxema po3poOieHOro IuiaHy-
BaJIbHUKA MapIlIpyTiB HaBeIeHa Ha pUC. 3.

MoyaTkosi
noauuii |
MappyTn
Touku wnsxy MomnboTy

Y

3arposu
(HeBM3Hay4eHoCTi) Ta
nepeLuKoau
v BesneyHi
MapLLpyTK
noneoty BrNJ1A

| Ob6mexeHHs ‘y
o Geaneku v

Puc. 3. V3arajnpHeHa cxeMa IUIaHyBaJIbHAKA MapIIpyTy
(wKeperno: po3pobIIeHO aBTOPOM)

3anexxHo Bijg oOMexeHsr mBuakocti bnJIA, oxHo-
YyacHe MpUOYTTS 1O IMYHKTY HPU3HAYEHHS MOXKe OyTH
JOCSITHYTO JIBOMA CIIOCO0aMu:

1) cTBOpeHHS NUIAXIB piBHOI MOBXKUHM i1 briJIA
3 IOCTIMHOKO MIBUIKICTIO;

2) OUIIXOM CTBOPEHHS NDIAXiB Pi3HOI ITOBXKUHH
utt brJTA 31 3MiHHOIO IIBUAKICTIO.

PiBusiHHS (4) MOXHa pO3B'A3aTH 3a JOINOMOTOO
METOJIB ONTHMMI3allii, ajge Il¢ BHMaraTuMe 3HAYHUX
00YHCITIOBAILHUX 3aTpaT, 1 OTPUMaHHUN B pe3yJbTaTi
MapUIpyT MOX€E BUSIBUTHCS HE ONTHMAIIbHUM.

Ha nepuromy erarni CTBOPIOIOTHCS 3MiHHI MapHipy-
TH HUIIXOM 3'€IHAHHS CTApPTOBOI Ta (IHIIIHOT MO3HUILii
koxkHoro brJIA. Ili MapmpyTH € MO4aTKOBUMH Tpa€K-
Topisimu. KOHCTpyKIifo 3MIHHMX MapHIpyTiB MOXXHa
3aIicaTH Y BUIIISL:

Psi (xsi' Vsis Zsin @si' lpsi)
ri(q)

— Pri (%70, Yri 210, O50, Y5,

(8)
ki (@] < kmax 1T:(@)] < Tinaxs i=1..,N,
j=2, O
Ilpu 1pOMY MOXXHa BUKOPHUCTOBYBAaTH TPH THIIH
MapIIpyTiB:
1) mapmpytu y6iHca;

2) mapupyTH midaropiiicskoro rogorpada (I1I0)

3) kioroinni Mmapmpyty (nani — KM).

Mapiupytu y6inca Ta KM — ne ckiafoBi nuisixy,
SIKI € KyCKOBO-HenepepBHUMU, ToAil sk [1I" — 1ie equnnii

MapuIpyT, SKHH OTPUMYETHCS LUISIXOM 1HTEPIIOJISILIT.
Kontyp dy6inca 3abe3neuye KOHTYp 3 MaKCHMAIEHOIO
KpHUBHU3HOIO [6].

s OesmepepBHOTO MapmpyTy, skuM briJIA 3 ¢i-
KCOBaHMM KPHJIOM CIIy€ JIETIIE, MOKHa BUKOPHUCTOBY-
BaTH J[Ba T TpaekTopiit: mapmpytu [1I" Ta KM.

Ha npyromy erami mormyctmmi MapmipyTn Moaudi-
KYIOTBCsI MiJi oOMexeHHs1 Oe3neku. BukoHaHHs 1ux 00-
MeXeHb 3a0e3leuye yHUKHEHHs 3ITKHEHb 1 JOCTaTHIif
NPOCTIp VISl MAaHEBPYBaHHS, YHUKAIOUN OyAb-SKHX Iepe-
ko, OTke, MOOYIOBaHHIA MApUIPYT € OJHOYACHO 1 Ma-
HEBpeHMM, 1 Oe3meunuM. [1o0y0BaHIi MapHIIPYT 3a10BO-
JIbHSIE TOJIOBHOMY OOMEXEHHIO Ha MaKCUMaJIbHY KPHBH3-
Hy. OnHak, nei MapipyT He rapaHTye Oe3IeKy, JOKH He
OyIyTh HaKIaZeHI OOMEKeHHS Oe3NeKd Ha JOIyCTHMI
MapuipyT. {1 yHuKHeHHs 3iTkHeHHs brJIA 3 iHmmmMun
TMIEPEIIKO/IaMH1 BH3HAYEHO JIBa OOMEXEHHS Oe3IIeKH:

1) MiHiManbHa BificTaHb Mixk BriJIA;

2) BiZICYTHICTh 3iTKHEHHSI MapIIPYTiB.

Ili oOMexxeHHs HaBeIeHi Ha puc. 4.

BBaxkaetncs, mo koxeH briJIA mae Ge3neunuii pa-
niyc R, posramoBaHuii B meHTpi macu. Lle#t pamiyc
Oe3rnexn MEHIIMK 3a pafiyc mii maTdnka, ane OimbIIwid
3a MiHIMaJIbHUH pajilyc KpUBHU3HHU.

Bu3znauenns miniMaJabHOI Bigcrani. Po3risnemo
CIHOYATKy BHITAJIOK, KOJM KOKHHMH 3 MapHIPYTiB MOJIbO-
Ty HE NepeTHHAEThCA. BincTanp Mk Oyib-IKMMH JBOMa
MaplIpyTaMH IOJILOTY ITOBHHHA OyTH OUIBILIOIO 3a I0-
pOroBe 3HAUCHHS, SIKE 3aJa€ThCs MiHIMAJIBHOIO PO3-
JiTBHOKO BiICTAHHIO, dgep. TYT 3a MOPOTOBE 3HA4YEHHS
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HpUHAMAEThCA NOJBOEHUH Oe3neuHuit paiyc Rgqpe.. Le
MOJXKHA IHTEPIPETYBaTH SK IEPEBIPKYy Ha HEMCPETHH
MapIIpyTiB TONBOTY, @ TAKOXK 3MIIICHHSA KPUBUX PYyXY

Ha BIAMOBIAHICTH 3amacy wimHocTi. lle HaBermeHo Ha
puc. 4, ne mapupytu 17(q) Ta r,(q) po3aijeHi BijcTaH-
HIO A,

Pf(xfiryfirzfir efi"';bfi}

Mepewwkogmn

MiHimanbHa
OuCTaHLUis

‘ \
TR

cTapTy

Uinb

Micit

Kono 6e3neku
pagiycom R

~ HeneperuH TpaekTopiii Ha
OJIHAKOBMX JIOBKHHAX
HEIOTPUMAaHHS MiHIMaJIbHOT
BiJICTaHi PO3pUBY - ajie 6e3
/ 3iTkHeHHs i BITJIA 3
MOCTIHHOIO MIBHIKICTIO)

Ps (Isir YVsir Zsis 35;‘; 1;)'}5!.)
Puc. 4. OdMmexxeHHs Oe3meKu pu o0y I0B1 MapIIPYTiB
(mwxeperno: po3pobIIeHO aBTOPOM)

Peamizamis MiHIMadpHOT BiICTaHi BiZOyBaeThCS
HACTyIHUM 4uHOM. Ha puc. 4 HaBeneHi kona Oe3reku,
LEHTPU SKUX 3HAXOISTHCS y TOYKAX B3JIOBXK KOMKHOTO
MapuipyTy. Skmo i kona Oesnekd OyIb-sKUX JBOX
MapUIPyTiB NEPETUHAIOTHCS, MOXKE CTATHCS 3ITKHEHHSI.
[Ipeacrapnsiroun BiCTaHb MK JIBOMa MapIIpyTaMH sIK
7.(q) Ta 11,(q), Uepes dgep km» TO OOMEKEHHS MiHIMa-
JIBHOI BIICTaHI PO3XOJKCHHS MOXKHA 3aITUCATH:

dsep km = Rs,k + Rs,m' (9)

ne Rgj ta Rg,, — paniycu Gesmeku k —ro Ta m —ro
MapuIpyTiB BiANOBIHO.

Omxe, MiHIMaNIbHA BIACTaHb dgep g MK OyIb-
AKUMHU BoMa Mapuipytamu brniJIA moBuwHHa nopiBHIO-
BaTH ab0 OyTH OIITBIIOIO 3a CyMy BiIIOBITHHUX pajiyciB
ix kxin Oesneku. Bincrane mixk aBoma BrJIA Bumipro-
€TBbCSL IIIAXOM OOYMCIIEHHS €BKIIZOBOI BIICTaHI MiX
JIBOMa TOYKAMH Ha JIBOX Pi3HHX MapuipyTax. Bimcranp
MiX kK —M MapmipyToM Ta m —M MapuipyToM IMpH IeB-
Hill TOBXWHI a00 Yaci BU3HAYAETHCS 32 (POPMYIIOIO:

dsep km
= \/(Zm - Zk)z + (ym - Yk)z + (xm - xk)z:

(10)

ne (X, Vi, 2Zr) — Touka Ha Kk —My MapuipyTi,
(%> Yim» Zm) — TOUKA HA M —MY MapuUIpyTi.

Jns omHOpinHux BriJIA 3 omHaKoBHMH Oe3TIeYHH-
MU BiJICTaHAMH PiBHAHHA (9) 3BOAUTHCS [10:

(1)

BincyTnicTp 3iTkHeHHs1 MapmpyTiB. Y 0aratbox
BUIIAJKax MOOYAOBaHI MAapUIIPyTH MOXYTh MaT Iiepe-
tuHU. Lle mopymrye oOMmexeHHS Ha Oe3neky. Y Takmx
BUIIJIKaX TECT Ha MiHIMaJbHY BIJICTaHb JacTh XUOHHI
pe3ynpTar. SIKImo MapHmpyTH HEepeTHHAIOThHCS, Ie He
000B'SI3KOBO O3HAYAE, 10 BiAOymeThCs 3iTKHEHHS. bi-
JIA 3iTKHYTBCS JHIIE y TOMY BHIIQAKY, SKIIO BOHH
JIOCATHYTHh TOYKH IepeTuHy oxHodacHO. Koxa Ge3nexu
nepeTHyThesl, Axkmo bnJIA 3HaxomaTecs B Mexkax
Asep km TTPH HAOJTMIKEHHI 10 TOYKH TIEPETHHY.

BigmosinHo 1o puc. 4, muixu 1,(q) Ta 1,(q),
YHHUKAIOTh 31TKHEHHS, SKIIO PI3HHUI MK JOBXKHHAMH
MapHIpyTiB A0 TOYKH NepeTuHy dint 3a0BOJBHSE Ha-
CTYIIHIH yMOBI:

dsep km > 2Rsafe

dint km =
= |Sint,k — Sint,m' > dsep > (Rs,k + Rs,m)r
J€ Sintk TA Sinem — JOBKMHN IUIAXiB 7% (q) Ta 7;,(q),
BIJIMOBIAHO, BiJl iX MOYATKOBHX TOYOK JIO TOYKH Tepe-
THHY.
SIKmo MapmpyTH 3aJ0BONBHSIOTE OOMEXKEHHIM
Oesmnexn, Bu3HaueHMM y piBHAHHAX (11) Ta (12), TO

(12)
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HeMae HeoOXiTHOCTI iX IeperulaHoBYBaTH. Y IHIIOMY
BUIIAJKy, MapLIPYTH NEPEIUIaHOBYIOThCS LUIIXOM 3Mi-
HU KPUBHU3HM 200 TPOXOKESHHS Yepe3 MPOMIXKHI TOYKH
Ta/ab0 Mo3uii.

SIKIo MapmpyT, SKUi MOKHa TPOKJIACTH, 33710BO-
JBHSE YMOBI MiHIMaIbHOTO PO3AUICHHS Yy HEPiBHOCTI
(11), To MapmpyTn Ge3reuHi I TPOXOKEHHS i He-
Mae HeOoOXiTHOCTI MeperIaHoByBaTH. SIKII0 [ yMOBa
HE BUKOHYETHCS, TO IepeBipseTbess ymoBa (12) Ha 3iTK-
HEHHS MapIIpyTiB Ha NepeTHHi. Ko o0naBi yMOBH He
BHUKOHYIOTBCS, TO OTPiOHE MOBTOPHE IIaHyBaHHA. [l
rpymu 3 N brJIA, sixa BukopuctoBye n briJIA 3a omun
pa3s, KUIbKiCTh TecTiB Oe3neku Tggfe, AKi HEOOXiaHO
MIPOBECTH, CTAHOBHTH!

N!
Tsafe = 2 Y (13)

36inbiieHHs abo mepeminieHHs kona  (cdepwn)
B3JI0BX MapILIpyTy MOJILOTY, & MOTIM T00Yy10Ba €BOJIIO-
uiitHOi KpHBOi CTBOpIOE a00 JBiI KPUBI 3CYBY VISl IBOX-
BUMIPHOTO BUMAJAKY, abo TpyOy (KaHaus) 1 TPbOXBH-
MIpHOT'O BUMAAKY. ¥ JBOXBHMIPDHOTO BHUMAJAKY MiHiMa-
JIbHA BIJCTaHb PO3AUICHHS MIXK MapIIPyTaMH MOXKE
OyTu mpezacTaBiieHa HAOOPOM EBOJIIOLIHHUX MapUIPYTIiB
3MIIIEHHS.

MapiupyTtu 3mileHHs 74(q) Ha BiACTaHI 3MillEeH-
HA Rgq e 331a10TBCS (POPMYIIONO:

ra(q) =7r(q) £ Rsafen(q)v (14)

ne n(q) — Bexrop HopMmaii g0 r(qg), a BiAcTaHb 3Mi-
LIEHHS JOPIBHIOE TIOJIBOEHOMY pajiiycy Oe3neKH.

AHAJIOTIYHO, I TPHBUMIPHOTO MapIIPyTy MOBE-
pxHS KaHamy abo TpyOm 75(q) 3 OesmedyHHM paaiycom
3a71a€THCs (POPMYJIIOLO:

cos(0)

K@) =@ + Rare 1@, b@) [ Sn )| @9)

ne n(q) — HopManbHHUit BekTop, a b(q) — GiHOpManbHi
BEKTOpH, sKIi MOXKHA aHANITUYHO OOYHCIHTH dYepes
rapaMeTpHu3anito KpuBoi.

OpHOUYacHe TPUOYTTSI IO KiHIEBOi TOYKH (TOYKU
Micii) BUMarae BUPiBHIOBAHHS BCiX JOBXHWH MapIIpyTiB
st Tpynu briJIA, siki IeTaTh 3 0JTHAKOBOIO IIBUJIKICTIO.
Xoy4a Ha JIpyroMy erari INIaHyBaJIbHUK CTBOPIOE MOX-
Bl MapuipytH (eekTuBHI Ta OesrneuHi). Bonm, sk
MPaBUJIO, HE MAIOTh OJTHAKOBOI JIOBKUHU.

EtanonHa nosxuHa MapuipyTy HeoOXimHa sl TO-
ro, mob 3abe3neunT MeTy Ui MoandiKalii JOBXUHH
MapHIpyTy. MapupyTi MO>KHa TIO/I0BKYBATH, 3MiHIOIO-
Y1 0OMEXEHHsI Ha KpUBH3HY. JJOBKMHH BCIX MapIIpyTiB
30UIBIIYIOTHCS 1O JJOBXKWHH €TaJIOHHOT TpaeKTopil 1us-
XOM BIANOBIHUX TIEPETBOPEHb 3 OOMEXEHHSIMH Ha
KPHUBH3HY.

SIKmo eTasoHHWI MapuIpyT, IO BiANOBigae map-
IPYTy MaKCUMAIbHOT TOBXKHUHH, 3a/IaHO K Tyer, & HOTO
JIOBYKHHA K Syef, TO

(16)

3HaueHHs KpUBU3HU k MOAMQIKyeThCs Tak, mo0
3aJI0BOJIBHUTH YMOBY:

href _{hi} =0, i=1,..,N,

Trep = r(sref),i =1,..,N,

(17)

ne h; — noBxkuHA [ -ro Mapmipyty, a N — KiIbKICTh
brJIA.

Etanonnuii MapmipyT He BpaXOBYETHCS B ITpoOLECi
Moaudikarrii.

brok-cxema anroputMy OIJHOYACHOTO HPHOYTTS
OE3MIOTHUX JITANFHUX amapariB 10 MyHKTY NpH3HAa-
YeHHS HaBeJIeHa Ha puc. 5.

MouaTok

BeeneHHA

NOYaTKOBUX AaHUX /

-t
%

MobynoBa ons KOXHOro
BINJ1A gonyctumi mapLupyTw,
SAKi 3a0BINbHAIOTb
0BOMEXEHHAMN Ha KPUBU3HY

MepeBipka Ha 6e3neyYHicTb
MapLUpyTiB

Bci mappyTtv 6e3neuyHi

Bubip makcMmansHOro MapLupyTy siK
eTanoHHOro

36inbLUEHHA JOBXWHN KOPOTLUMX
MapLUpYTiB 40 AOBXUHW €TANIOHHOrO

Bci mapwpyTn 6e3neyHi

MapLpyTn nobygosaHi

KiHeub

Puc. 5. Biiok-cxema ajiroputMmy 0OfHOYaCHOTO MPHOYTTS
0Ee3MUIOTHHX JIITATBHHUX alapaTiB A0 MyHKTY IPU3HAYCHHS
(mxepeio: po3pobieHo aBTOPOM)
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IIBunkicTb OOYMCICHb MOKHA HPHCKOPUTH, BHU-
KOPUCTOBYIOUH TJIOOAIBHUM IIAHYBAIBHUK JJISL CTBO-
PEHHS MapIIPYTHUX TOYOK Ta/abo Mo3MIii ab0 HUIIXOM
CTBOPEHHS MPOMDKHUX MapUIpyTHHX TOYOK.

BucHoBKH

Opnouacue nmpudyTTs brJIA mo Toukm micii gocs-
raeThCs NUIIXOM CTBOPCHHS IUISXIB OJTHAKOBOI TOBXKH-
HU. JIJis CTBOPEHHS NUISAXIB OJJHAKOBOI TOBKUHHU BHUKO-
PHUCTOBYETHCS AHAJIOTIS 3 PO3TATYBAaHHIM JIAHIIOXKKA

OTprMana mojanblInii PO3BUTOK MOJEIb IUIaHYy-
BaHHS MaplIPYTiB PyXy OJHOPIIHOI IpynH Oe3MiJIOTHUX
JITaNbHUX anaparis, 110 HA BiAMIHY BiJ iCHYIOUHX Bpa-
XOBY€ OOMEXEHHS Ta BHMOTH JOTPHUMAaHHS Oe3IeKH
pyXy Oe3miIOTHHMX JITaNbHHUX amapaTiB Ta 3abe3nedye
OJHOYACHE MPUOYTTA TPy A0 KiHLIEBOI TOYKH BHKO-
HaHHS MICii.

Metoan moOymoBH MapUIpyTiB PyXy IPYHTYIOTBCS
Ha kpuBuX JlyOiHca, TomorpadigHIX KPUBHUX, KIOTOII-
HHX TPAEKTOPIAX Ta y3TOMKYIOTh il IPYIH LIOIO0 BUKO-

MIPY’KHH, L0 3'€IHY€ TOYKH MapLIPYTY. HaHHS MiCii.
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Model for planning routes for a homogeneous group of unmanned aerial vehicles
Oleksandr Chumak

Abstract. The article determines that currently there are a significant number of models and methods that allow for ef-
fective planning of UAV movement routes to perform tasks, however, the next stage in the development of robotic technologies
is the collective use of heterogeneous systems to perform common tasks. Simultaneous arrival at the required location or loca-
tions is one of the elements of mission execution that requires joint planning and coordination between UAVs in the group. The
mission objective is that the UAV group must reach the destination simultaneously, which is achieved by creating trajectories of
equal length, assuming that all UAVs fly at the same speed. The article further develops a model for planning the routes of a
homogeneous group of unmanned aerial vehicles, which, unlike existing ones, takes into account the limitations and requirements
for UAV safety and ensures the simultaneous arrival of the group to the final point of the mission. The planning model has three
stages, taking into account the maximum curvature constraint and collision avoidance. In the first stage, permissible routes are
created, in the second stage, the resulting routes are modified to obtain routes with safety constraints. In the third stage, routes of
equal length are created. A route planner scheme and a flowchart of the algorithm for simultaneous arrival of UAVs at the desti-
nation are developed. Methods based on Dubins curves, hodographic curves, clothoid trajectories are used to construct UAV
movement routes and coordinate the actions of the group to complete the mission. The speed of model calculations can be accel-
erated by using a global planner to create waypoints and/or positions or by creating intermediate waypoints.

Keywords: unmanned aerial vehicle; genetic algorithms; information technologies; trajectory optimization; planning of
UAV group movement routes; air traffic control; artificial intelligence.
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MOJIEJIOBAHHSA TATOBOI'O EJEKTPOIIPUBOJIA JA3EJbL-TIOI3IA
3 YPAXYBAHHSAM BUKOPUCTAHHS I'YMO-KOPJIOBOI MY®THU
B NPOLECI BYKCOBAHHSA KOJIICHUX ITAP

AHoTauis. Po3rmsHyTi nuTaHHs po3pOoOIEHHS Ta AOCTIIKEHHS MOJIeNIel eleKTPONPHBOLY 3MIHHOTO CTPYMY JH3ENb-TI0i3/1a.
[IpoBeneHoO O JTiTEPATYPHHUX JHKEPEN Ha 3a/1aHy TEMATHKY Ta aHaJIi3 ICHYIOUNX MIIXO/IB A0 pO3B’sI3aHHA 3314, IIOB’ I3aHUX
3 mpobeMamu po3poOJICHHS CUCTEM KepyBaHHS, SIKi 3a0€3Me4yI0Th 301IbLIeHHS e()eKTUBHOCTI BUKOPUCTAHHS ENIEKTPOIIPUBOILY
3a yMOB eKCIUTyaTaii, B TOMY YHCII IPH MOXJIMBOMY OYKCYBaHHI KOJIICHUX Hap. PO3MIIsAHYTI SIK 3arajbHO MPUHATI MiIXOIH
TIPOBEJICHHS TOCIIIDKEHB 3a IOIIOMOTOI0 MOJISITIOBAaHHS IPOLIeciB OyKCYBaHHs KOJiCHUX Hap, TaK i 3anporoHoBaHi. Po3pobieHi
KOMIIT'FOTEPHI KOMIIOHEHTH eJIEKTPOMEXaHIYHOT CHCTEMH JU3eNb-1I013/1a 3 ypaxyBaHHsIM NPYXKHHUX 3B'SI3KIB 32 YMOBH 3a0e3rie-
YeHHI SIKICHUX ITOKa3HUKIB CHCTEMH KepyBaHHS y HOTO eJleMeHTax B Ipoleci OyKCyBaHHS Ta MOJIEII, IO OIHCY€E MOXKIMBHUIH
niporiec OykcyBanHs. [IpuBeeHi Mozl MOXKyTh OyTH BUKOPHCTaHI JUIs JOCHIUKEHHSI CHCTEMH aBTOMATHYHOTO PEryJIFOBaHHS
eIIeKTpOoIIepe1adi Ta YTOUHEHHs 11 ITapaMeTpiB, KPiM TOTO JUlsl BU3HAYEHHS ITapaMeTpiB rymMo-Kopaosoi Myt ([KM) i B moza-
JBIIOMY iX peamizamii y BUTTISIII BIANOBIAHMX KOMIT IOTEPHUX KOMITOHEHTIB CHCTEMH KEpPyBaHHS AW3eNb-1oizay. [IpoBeneHo
JOCIIDKEHHS 3aIPOIIOHOBAHOT MOJEII SIK 3 TOUKH 30py il aIeKBaTHOCTI, TaK 1 il MOYKIIMBOCTI 3aCTOCYBaHHA A ILJIeH po3po0-
JICHHSI CUCTEeMH KepyBaHHS, 10 3abe3medye eeKTHBHICTh (GYHKIIOHYBaHHS enekrpornpuBoay 3 ['KM B mpomeci OykcyBaHHS.
Pe3ynprati mocnmimkeHs HaaHO Y BUIIIAAL rpadikiB mporeciB XapakTepHUX (a30BHX 3MIHHHX Ta TaOJHIb, B AKUX HaBeACHI
YHCIIOBI 3HAUCHHS XapaKTePHHUX 3MIHHIX CHCTEMH KePYBaHHS B 3aJIEKHOCTI BiJ] CHTHAJIIB YIIPABIIiHHS.

Kaw4oBi c1oBa: KoM’ 10oTepHI KOMIIOHEHTH, MOJICIIOBAHHS MPOIIECiB OyKCYBaHHS, €IEKTPOIPUBO 3MIHHOTO CTPYMY,
JIM3eNb-TI013]], CHCTEMH KepyBaHHs, OyKCYBaHHS, Py XKHI 3B'I3KH, T'yMO-KOPJI0Ba My{Ta, afeKBaTHICTb, 4aCTOTa KOB3aHHS,

rpadiku mporeciB, TabINIli, CHTHAIN YIPABIIiHHSL.

Beryn

VY mpomeci poboTH MeXaHIYHOTO OONamHAHHS (pe-
JYKTOD, TIONWI Bajl) AU3€b-110i3/]a BUHUKAIOTh TNHAMI-
YHI HABaHTa)KEHHsI, 0COOJIMBO B MPOIIeCi OYKCYBaHHS KO-
JICHUX TMap, 10 TPU3BOAATH JI0 BUXOJY 3 Jajy JAeTajeH,
BY3JIIB 1 MEXaHI3MIB, y 3B'I3KY 3 UUM 3HUKYETHCS HOTO
JIOBrOBIYHICTb Ta €KCIUTyaTalliiiHa HaliHICTh. 3 ypaxy-
BaHHSIM L[LOI'0 BUHHKAE HEOOX1IHICTh Y MOIIYKY pillleHb,
TOB'SI3aHMX 13 301IBILIEHHSAM TEPMiHY CIIy)KOH €JIEMEHTIB
MPUBOJIY Ta 3HWKEHHSIM HEraTHMBHOTO BIUIUBY JIMHAMIY-
HUX HaBaHTAXCHb Ha 00JamHaHHA. OJHUM 3 TaKuX pi-
IIeHb € BUKOPHCTAHHS KOMIIEHCYIounx My(dr. MydTr
3IaTHI IeMIQipyBaTH yAapHi HABaHTa)KSHHS, [II0 BHHU-
KalTh y Tporeci podoTH obmagHaHHsS. MareMaTHaHII
amapar a8 aHAITHYHOTO PpO3PaxyHKY eIacTHYHHX
My(dT Ta iX 3acToCyBaHHS B €JIEKTPOIPHBOIAX IOCTAT-
HBOIO MIpOI0 CKIQIHHUMA. Y 3B'S3KYy 3 UM JUISI MOJEIIO-
BaHHS YMOB HABaHTAKEHHS, B TOMY YHCII 1 JJIsI MOKITU-
BOTO TIporiecy OyKCyBaHHS KOJIICHUX Hap AW3eb-Toi3aa
Ta Ha Iiil OCHOBI BUKOHYBaTH OOTPYHTYBaHHS Ta po3pa-
XYHKH €JIeKTPUYHHUX NapaMeTpiB My(TH 3 eTaCTHIHUMH
€JIEMEHTaMH TIPOIOHYETHCSI BUKOPUCTAHHS PO3podIe-
HHUX MaTeMaTUYHHUX MOJIeJiel Ta iX pealizamnii i3 3acTocy-
BaHHAM HporpamHoro komiuiekcy makery MATLAB.
Takuii migxix B AKid To Mipi BHpillye npobiemy npu
CTBOPEHHI JIOKOMOTHUBIB 3 €JIEKTPOIPHUBOJIOM 3MIHHOTO
CTpYMY, 30KpeMa po3poOJICHHSI KOMIT FOTEPHUX KOMIO-
HEHTIB JJIsl CHCTEMH YIpaBIliHHS, siKa 3a0e3neuye edex-
TUBHE BUKOPHCTaHHS 34iIHO{ Bary, ¢ B €ICKTPOMEXaHi-
YHIN CUCTEMi BHKOPHUCTOBYETHCS TYMO-KOpPJOBa My(Ta
(T'KM). V¥ 3B’A3Ky 3 UM TOTPIOHO JTOCIIiKSHHS

JMHAMIKH JT3€Jb-1I0i3]]a 3 METOI0 PO3pPOOKU Cy4acHHX
CHCTEM YIPaBIIiHHS, 1110 320€3MeuyI0Th 3aro0iranHs 0y-
KCYBaHHIO 200 3BE/ICHHIO JI0 MiHIMyMy €HEpPreTHYHHUX
BUTPAT, 3 BUKOPUCTAHHSIM MaTeMaTHYHUX MOJeENeil sK
caMoro 00'eKTa B ILJIOMY, TaK i HOTO OKPEMHX EIIEKTPO-
MEXaHIYHUX KOMIIOHEHTIB, OJIOKIB 1 BY3IiB.
[ocranoBka 3agayi i anaui3 BizomMux myoJaika-
miii. Orisig po0iT, MPUCBAYCHUX 3a1a9i PO3POOKH edek-
THUBHHX CHCTEM YIPABIIHHS eJeKTpolepenadi In3elb-
Toi3a 3 eNeKTPOIPHUBOJIOM 3MIHHOTO CTPYMY IOKasye,
110 B IaHWH Yac 3HaYHa yBara MpHIISIEThCSI CTBOPEHHIO
CHCTEM KEepyBaHHS Ha OCHOBI CyYacHHUX JOCSTHEHb POE-
KTYBaHHS 3 BUKOPHCTAHHSIM METO/IIB ONTUMI3AIlil, HeYi-
TKOT JIOTIKH, HEWPOKOMII'FOTEPHUX TEXHOJIOTIH, po3po0-
JIGHHSIM MoOJejiell eJIeKTPOMEXaHIYHUX KOMIIOHEHTIB,
6110KiB 1 By37iB Ta ix mocmimkenss [1 — 3]. IIpobremam
PO3pO0IIEHHS Ta JOCIIIKEHHS MOJIeIel eJIeKTpoMeXaHi-
YHOI CUCTEMH eJIEKTPONPUBOY 3MIHHOTO CTPyMY 3 ypa-
XYBaHHSM IIPY’KHHUX 3B'SA3KIB Ta YMOB 34EIUICHHS KOJIiC-
HUX Tap 13 peikamMu NpHUCBS4YeHO psix poOiT [2, 3]. IMpak-
THYHHH 1HTEpeC NPECTaBIIsIE MaTeMaTHIHa MOJIEIb, SIKa
BpaxoBY€ peali3alil0 MOMEHTY OOepTaHHS TATOBOTO
acuaxponHOro nBuryHa (TA/]) mpu B3aemomii KOmiCHUX
nap i3 pelikamu, 30KpeMa MaTeMaTuuHa MOJENb pealtia-
il CHIIM 34YeTUICHHS KOJICHUX MHap IW3eNb-Toi3na MmpHu
BTpATi Ta BiIHOBJICHH] 34YETJICHHS 3 YPaxXyBaHHIM Py K-
HUX 3B's3KiB. B maHiif poGOTi pO3INIAAAIOTHECS MUTAHHS
MOJIEIIIOBaHHS TIPOLIECIiB AMHAMIKHM JM3€JIb-10i3/a, 10
BUHHMKAIOTh B €JIEMEHTAX EJIEKTPOMEXaHIYHOI CUCTEMH
ACHHXPOHHOT'O EJISKTPOIIPUBO/Y B 3aJIS)KHOCTI BiJ| 3aBa-
HTaXXCHOCTI AN3eNb-11013/1a (HaBeAEGHOr0 MOMEHTY iHep-
1ii) MpM NOPYIICHHI YMOB 3YEIUICHHS KOJIICHUX map i3
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peiikamMu 32 yMOB BUKOPHCTAHHSI B CUCTEMI €JIEKTPOIIPH-
BOJly TyMO-KOPZIOBOi My(TH.

MeTo10 1aHOi poOOTH € CTBOPEHHS KOMII IOTEP-
HUX KOMITIOHEHTIB ISl CHCTEMH YIIPaBIiHHS AU3€JIb-TI0i-
31y Ha OCHOBI MaTeMaTH4YHOI MOJEINi eJeKTpOMeXaHiy-
HOi cucTeMu am3enb-moizna 3 TAJl 3 ypaxyBaHHAM TIpy-
JKHHX 3B'SI3KIB ¥ HOTO eleMeHTax B IMpoIieci OyKCyBaHHS
Ta MOZEJI, IO OMICYE MOXIIUBHUI IIporiec OYKCyBaHHS.
Mogerni J03BONAIOTE BUKOHYBATH OOTPYHTYBaHHS 1 po3-
PaxyHKH €JEeKTPUYHUX IapaMeTpiB My(TH 3 enacTd-
HUMH €JIEMEHTaMH Ta TPOBOAMTH TOCHTIHKEHHS Ha CTaii
MIPOEKTYBAHHS IIPH PO3POOLII KOMIT IOTEPHUX KOMIIOHEH-
TiB CHCTEMH KEPYBaHHS TU3€Ib-TI01311y.

OcHOBHA YacTHHA

OpnHi€ro 3 BOXIMBUX 33734, SIKi 3B’53aHi 3 TIPOEKTY-
BaHHSM CHUCTEM KepyBaHHs 00'€KTaMH, € pO3pOOIICHHS Ma-
TEeMaTHYHOI MOJIEII eJIEKTPOMEXaHIYHOI CUCTEMH JIH3eIIb-
noi3na Juis BUSHAYCHHS CTPYKTYPH 1 mapaMeTpiB peryJis-
TOpPIB CHCTEMH YNpaBIiHHS, 1i AMHAMIYHMX 1 CTATUYHHX
XapaKTEePUCTHUK Y PI3HUX peKUMax (DYHKIIOHYBAHHS JJIs

J]_ Jz

3a0e3neveHHs] HalIfHOTrOo (DYHKLIOHYBaHHs 00’ €KTa B Iii-
nomy. [laHy iH(opmariito MOXKIIMBO OTPUMATH 3a J0IIOMO-
rOI0 eKCIIEPUMEHTAIBHUX JAOCTIIKEeHb a00 IIISIXOM MaTe-
MaTUYHOTO MOJIETIFOBAHHSI.

CTpyKTypHY CXEMY €JIEKTPOMEXaHIYHOi CHCTEMH
Z3eIb-TI013]a HaBeAeHo Ha puc. 1 [2].

Tyt: P1 — porop TAl; P> — penykrop; [IB — mopo-
sxauctui Bai; K1, K2 — xomeca Bici au3ens-moisaa.

3B"s130k TA/] i3 KOJCHOIO Maporo IU3eNb-Toi3na y
3arajJbHOMY BHINAJKY € HPYXHHUM 32 PaxyHOK CKpydy-
BaHHS BaJIiB PeIyKTOpa Ta KOJICHOI Iapw, MPYKHOI Jie-
(opmarii KonicHOT mapy, a TakoX cnoryyHux Mmydr. Ha
CHCTEMY JiIOTh 30BHIIIHI MOMEHTH: OOEpTarouuii Mo-
MeHT TAJl Mgy, SIKUil IPUKITaICHANA IO pOTOpa 1 JiE Ha
KOJIICHY Iapy 4epe3 peAyKTop i crosryyny Mydry Ta Mo-
MEHT 34eIJIeHHsI KOJiCHOI mapu 3 peiikamu M3u. 3 ypa-
XYBaHHSM NPUIYILEHb [2] OKpeMi JIaHKH MOXYTb OyTH
MIPEACTABICHI y BUIIIL 30CEPEKEHUX MaTepiabHUX
TOYOK, M0 MaroTh MOMeHT iHepuii (J1 — J5), a imeanizo-
BaHi 3BI3KM MK HUMHU XapaKTEPHU3YIOTHCS MPYKHICTIO
(C1— Cy) i quicunaTHBHUMHE BIacTUBOCTAMH (b1 — D).

by 1a

IWEJ'I

P, P

Napn

ne

[
]

Ca

-

_DC
A —

Ky Kz

Tmaul TMBle

Puc. 1. CrpykTypHa cXema eJIeKTpOMEXaHIYHOI CUCTEMH JH3eib-11013/1a

st nociipkeHHs npoLeciB OyKCYBaHHS 1 BILTMBY
I'KM (nmapamerpiB My¢TH), npuiiMaemo, 110 3arajibHa
MOJIeNIb CHCTEMH CKIIQJIAEThCS 3 MOJEINeH: CHUCTEMH
I'KM; ekBiBaJCHTHOIO CJICKTPOIPUBOLY 3 HEOYKCYIO-
YUMH KOJIICHUMH TIapaMHM; eJICKTPONPUBOAY, KOJICHI
Mapy SIKOTO0 MOXKYTh OYTH B cTaHi OyKCyBaHHS; OJOKY
(opMyBaHHS KEpyIOUHMX BIUIMBIB (HAIPYTH >KUBIICHHS
TAJI i1i 9acTOTH) Ta CUTHAITY 3BOPOTHOTO 3B 513Ky 00ep-
TaHHA poTopa Oykcyrodoro TAJI; 610Ky HaBaHTa)KEHHS
Ta (GopMyBaHHS MIBHAKOCTI pyXy Au3enb-noizaa. Ilpm
LBOMY HIBUJIKICTh PYXy BH3HAYa€ThCS CyKYIHHM TSIO-
BMM MOMEHTOM BiJT YCiX IBUTYHIB. 3arajbHa CTPyKTypHa
cxema MOJIelli JU3eb-11013/1a HaBe/leHa Ha puc. 2.

h 2
Meni ij
TANL —>{ 5om
u. >
Y5
BOKC y
U AL, poL
Mer|2
7y

Puc. 2. 3aransHa cxema MOJEN InU3elb-110i3/1a

TyT: BOKC — 6510k popMyBaHHS KepyIOUUX CHI'HA-
niB Uy, U, (mampyru xxuBnenas TA/] ta ii wactotn); TAdy
— TATOBUM acHHXpOHHMH ABUTYH (Oykcyrounit); TAIl, —
€KBiBaJICHTHUI TATOBUH aCHHXPOHHUH IBUTYH (HEOYKCY-
rounit); Menl, Men2 — elekTpoMarHiTHHA MOMEHT BiJIITO-
BigHoro TAJl; BOM — 6110k hopMyBaHHS MOMEHTY 34ell-
JICHHS KOJIICHUX Tap 3 ypaxyBaHHSM IIPY)KHHUX 3B'S3KiB;

B®III — 6510k (opMyBaHHSI NIBUIKOCTI JH3€b-TI013/1a; O,
®1— KPYroBa MIBUIKICTh 00EpTaHHS BIAMOBITHOT KOJIICHOT
napu. 3alexHo Bin winei pociimkenns mozaeni TAJl; Ta
TAI> MoXyTh OyTH MpPECTaBJICHI SIK 3 YPaXyBaHHIM Ce-
penHiX 3Ha4eHb (a30BHX 3MiHHUX (B TOMY YHCTi Ha OC-
HOBi METOJIiB BEKTOPHOTO KEPYBaHHs), TAK i MUTTEBHX. 1X
MaTeMaTH9HI MOJENi Ta Mojeli (JOpMyBaHHS KePYHOUHX
curHaiis (010xk BOKC) moxmanno ommcani y [3, 4]. B na-
Hill poOOTI BUKOPHCTaHO MareMaTtuuHy mozens TAJl 3
ypaxyBaHHAM CepelHiX 3Ha4eHb (a30BuX 3MiHHUX. Dop-
MYBaHHS KEPYHOUYHX CUTHAJIIB BUKOHYBAJIOCH SIK 3 BUKOPH-
CTaHHAM 4YacTOTU HAIPYTH JKUBICHHS (. 3TiAHO PO3i-
mkHeHoro 3akoHy U/f = Const, Tak i 3aMKHEHOTO 3aKOHY

we =y +AS (0, — 4acrora Hanpyru xusneHHs TA/J];
0 — KpYroBa LIBUAKICTb 00EpTaHHS HEOYKCYIOUOi KOJIic-

HOI mapu; AS — BemM4YMHA KOB3aHHS 4acTOTH (TIOCTiHHE
3HaUYeHHA a00 CHHTEe30BaHE). 3HAYCHHS aMIUTTYIH Ha-
MIPYTH JKUBJIEHHS ()OPMYBAJIOCH 3T1IHO 33JaHOTO CIIiBBiJI-
Homenns U/f = Const.

Mopenb 610Ky GopMyBaHHS MOMEHTY 3YETICHHS
KOJIICHUX Iap 3 ypaxyBaHHSAM NpYXHUX 3B's13kiB (bOM)
(3rimHO puc. 1) MOXKHA IOJATH Y BUIJISAI IBOMACOBOI [2,
5, 6], B sAKiif BU3HAYAJIBHY POJIb BiAIrpaloTh MapaMeTpH
cnoxy4Hoi My TH (BemmuuHa xopcTkocTi — C, xoediri-
€HT B'A3K0T0 TepTs — B). ¥V 1poMy BHIIaAKy CTpyKTypHA
cXema JIBOMacoBOi CUCTEMH NPEJCTaBIeHa 30CepeiKe-
HHUMHU MacaM¥ peayKTopa, BaJly IBUTYHA i poO0odoro mMe-
XaHi3My (KOJICHUMH TIapaMu), MK SKUMH € TIPY>KHUN
eJleMeHT (crosry4yHa Mydra), HaBeieHa Ha pucC. 3.
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Puc. 3. CtpykTypHa cxema JBOMAacOBOi CUCTEMHU

Tyt Bant TA/] 3 momenTOM iHEpIil Jx moB's3anwit 3
pobounM MexaHi3MOM (KOJICHOIO Mapor) 3 MOMEHTOM
iHepIii Jm IPYXHUM 3B'SI3KOM 3 K0e(illiEHTOM KOPCTKO-
cti C i koedimienTom B's;3kocTi TepTs b. [Ipn oMy mBu-
JKicTh o0eptanHs poropa TAJl m,(t) He TOPIBHIOE IIBU-
JIKOCTI MeXaHi3My ©y(t). PiBHSIHHS 1BOMAacoBOi CHCTEMH
3 ypaxyBaHHSIM YMOB 3U€IICHHS KOJICHUX Iap 3 pei-
KaM# MaroTh BUIJISIA [2]:

da)a 1
—C==—(M,-M, ), 1
dt J()( 7] ne) ( )
Mne:Mn+B(a)d_wM)' (2
dMm
L =Cley—o,,), ®
dw,, 1
—=—-(WM,,—M,,), axwo M,, <M,,, (4)
dt Iy
wy =, akyo M, > M,,, (5)

1€ My — CyMapHUil MOMEHT, 1110 NEPEAETHCS MPYKHUM
3B'S3KOM, siKa JOPIBHIOE CyMi INPYKHOTO MOMEHTY My i
MOMEHTY B'S3KOT0 TepTs; Ja, JM — BiINOBITHO MOMEHT
iHepIIil IBUTYHAa Ta MeXaHi3My, HaBelEHI 10 Baly IBH-
ryHa; Ma — tarosuii MomeHT TAJ] 3 ypaxyBaHHSM peny-
KTOpa; ®y, My — BIAIOBIIHO IIBUAKOCTI O0EPTaHHS PO-
topa TA/] Ta KOIiCHOI TApH; ® — KyTOBAa MIBHIKICTH KO-
JicHOT mapw, mo He Oykcye; M34 — MOMEHT 34eIUICHHS
KOJIiCHOT mapu 3 peiikamu. M34 Moxe OyTH BU3HAYCHUIT
BINOBIAHO 10 «[IpaBuyi TSArOBHX pO3paxyHKiB» [2].
Ci1ix BIAMITUTH, 1110 3TITHO [UX MPAaBII MOJAETH Gopmy-
BaHHs M34 HOCUTh €BPUCTHYHHMN XapakTep i eKClepH-
MEHTaJIbHI JIaHi € TUIbKH 10 psiy JOKOMOTHBIB. J{yst nu-
3€JIb-110T3/1iB MaIOTh PEKOMEHIALIHHII XapaKTep.
MonemoBaHHS MPOIIECiB HA OCHOBI IPEICTaBICHHS
€JIEKTPOMEXAHIYHOI CHCTEMH Y BHIBIII IBOXMAaCOBOI
(puc. 3) MPONOHY€ETHCS HACTYITHUM YMHOM. 3TiZHO J10C-
niKeHp B mponeci excruryatanii ['KM Bu3HadeHo, 1o
nporecH, sKi BigOyBaloThes IpH (GOPMYyBaHHI TSATOBOTO
MOMEHTY JTU3€JIb-110i3/1a B IIPOLIEC] PyXYy, BAKOPUCTOBY-
toun enexktpomarHiTHi MomeHTH TAJl i 'KM, MoxyTh
3MIMCHIOBATHCS 3TIIHO NEBHUX 3aKOHIB — €KCIIOHEHT-
HOTO a00 KOJIMBaJbHOTO. 3riHO (Di3MYIHUX BIACTHBOC-
Tel matemaTuuHy Mozeib I'KM 3a neBHMX yMOB MOX-
JIMBO MPECTABUTH IEPeaBATbHOI0 (YHKIIEIO BUTIISLY:

W)= = ©
X Tl P +T2 P+1
ne Y — 300pakeHHs BUXITHOTO curHaimy Mydru; X — 30-
OpakeHHs BXiHOTO curHay Mydu; K — koedirtieHT me-
pemadi; T1, T2 — mocTiitHi 9acy (c).

B 3anexxHocTi Bif 3Ha4eHb 11, T2, 300paKeHHS BU-
Xi7HOT BeMYnHU Y 32 YMOBH TOCTiHHOTO 300pasKeHHS

BEIMYNHA X MOKE 3MIHIOBATHCH 3T1IHO EKCIIOHEHIIAIb-
HOro a0 KOJMBAJILHOTO 3aKOHY. Take mpelncTaBiIeHHS
MaTeMaTHJHOI MOJIENi JTO3BOJISIE TIPOBOIUTH JOCIi-
JUKEHHS B TICBHOMY CIEKTPi MOKJIMBHX 3MiH OCOOMCTHX
4acToT (TIepioy KOJMBaHb) Ta IIBUAKOCTI IX 3aTyXaHHS,
110 JIa€ MOJJIUBICTh B IIEBHOMY CEHCI BU3HAYaTH EJIEKT-
puuni napamerpu I'MK (3nauenss b i C). 3rixHo nepe-
naBanbHOi GyHKUil (6) monens MK npencrasnena i-
HIMHUM A epeHIiHHUM PIBHSIHHSIM JIPYTOTo MOPSIIKY:

y'(®)+ary'(t)+ay(t) = x(t), ()

Jie a1 1 82 — MOCTIHHI BETMYNHH, 3HAYCHHS AKMX BH3HAYA-
etbest noctiitanmu dacy Ti11 To. Pimenns piBasaas (7)
NPENCTABISETHCS CYMOIO BUTIISIY:

y() = Yo (t) + yp(t) - (8)

CxnazioBa piBHSHHA (8) Y, (t) BH3Hauae xapakrtep nepe-

X1THOTO MPOIIECY 1 BU3HAYAETHCSI SK:
Yo (t) = Crelt! +Cpe?', ©)
ne C;,C, - BU3HauUalOTHCSA HAYAJIHHUMH yMOBAaMH PiB-

usHs (7); Ky, Ky — KOpHI 0IHOPIZAHOTO XapaKTepHCTHY-
HOT'O piBHSIHHS, sIK€ BiAnoBigae piBHsHHIO (7). B 3anex-
HOCTI BiJl BUy KOPEHIB (IifiCHI Y KOMIUIEKCHI) OTpHMa-
€MO 1 BIINOBITHHN XapakTep MEPeXiTHOTO MpPOIecy —
eKCIIOHCHIIATbHIN 9N KonuBaibHui. Ckmamosa Y (t) ,
sIKa BH3HAYAE PEAKI[I0 CHCTEMH B 3aJIOKHOCTI BiJ| TUITY
X(t) . 3a ymoBu nocriitHoro 3HaueHHs X(t), Yy, (t) Oyne

BU3HAYATHCH 5IK:
Yo () = x(t) /2y . (10)

3amaHHS OPIEHTOBAHUX 3HAYCHB YACTOTH (TIEPiOay)
0COOMCTUX KOJIMBaHb B MPOLECI IOCIIHKEHb 3 METOH
OILIIHKA Ta BUOOPY €NEKTPUIHUX mapaMeTpiB b i C Mox-
JMBO Ha OCHOBI PilIEHHS IU(EPEHIIaIBLHOrO PIBHIHHI
BUTJISY:

y'(t) + 0 y(r) =0

TMPH 33/IaHAX TTIOYATKOBHUX YMOBaX.
Anarnitrune pitnensst piusHus (11):

(11)

y(t) = Asinwt

Jie 3Ha4eHHS A BHU3HAYAIOTHCS MOYATKOBUMH yMOBaMHU
piBastHEA (11). B pesynprarti opieHTOBaHE 3HAYCHHS Ya-
cToTH B piBHsHHI (11) moB’s13ane 3 KoedirieHTOM a3
piBusHHS (7).

Pimenns opHOpigHOTO IHpeEepeHiaIbHOro piB-
HaHHA (11) Mae HaM 3MOTY B MOJENi 3aJaBaTH 9acTOTY
(mepiomx) ocoOHMCTUX KONWMBAaHb, SKI XapaKTepHI IS
I'KM, 1m0 BHUKOPHUCTOBYETHCS B JAHOMY EJIEKTPOIPH-
BOJI.
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3riIHO aHANITUYHOTO pilieHHs piBHAHHA (9) 3a no-
nomMoro koediuieHra ai piBHsAHHSA (7) B MoJeni € 3Mora
3aaBaTH MIBUIKICTh 3aTyxaHHS KojuBanb ['KM. [{ns
ouinku napamerpiB 'KM BukopucTaHo mpsiMi moxas-
HHUKH SKOCTi: 4ac KepyBaHHS; BEIWYMHA IEpepery’iro-
BaHHA (a0CONIOTHE 3HAYCHHS MaKCHMaJIbHOTO BiIXH-
JICHHS); KOJIUBaJIbHICTD.

IIpu mocnmimkeHHSX 3a yMOBH BukopucTanHs [’ KM
MIPaKTHYHAN IHTEpeC MpeNCTaBIsie Iporec (GOpMyBaHHSI
TATOBOTO MOMEHTY B pe3yibTaTi OyKCYBaHHS KOJiCHHX
map amsenb-moizna Ta BB I'KM Ha mpomec ¢opmy-
BaHHS TATOBOIO MOMEHTY Ju3elnb-noizna. [1pu npomy Ge-
peThest 10 yBary, 1o nporec OyKcyBaHHs HOCHTh AUCKpe-
THHUH Xapaktep. ToOTO 3MiHa TSATOBOrO MOMEHTY TaKOX
HOCHTh JIMCKPETHHI Xapaktep. B pesynbrari B mpoueci
MozemoBaHHs 3 ypaxyBanHsM ['KM TaroBuii MOMeEHT 3a
YMOB CTPHOKO-IO/1i0HOT 3MIHH €JIEKTPOMarHiTHOro Mome-
HTY 3riaHO piBHAHHEA (10) OymeMo BH3HAYATH SIK:

M, =y(t)\/a; .

3rigno [7, 8] maremarnany moznens TAJl mpencra-
BJICHA Y BUTJIAI:

(12)

d‘;’tsl Wy, — RsI U (13)
d‘;’tsz — W g~ Rg Iy ~Usy. (14)
% = (05— pw)¥rp =Rl 1. (15)

ne Yy, Yoo, Y1 ,¥ro, Ug, Ugy — Bimmosigso mpo-
eKIii BEKTOpIB MOTOKIB cTaropa i poTopa Ta Halpyru
XKUBJICHHS Ha OCl KOOPJHMHAT; (g - KyTOBa 4acTOTa Ha-

npyru xkusieHHs cratopa TAJ] mpu p = 1; @ — kyToBa
mBHAKICTe potopa; | g, lgo, Iy, 1o - BigmoBizHO
MPOEKLiT BEKTOPIB CTPyMiB OOMOTOK cTaropa i poTopa;
Rs, Rg - axTuBHI oniopu 0OMOTOK cTaTopa i poTopa.

PiBHSIHHS [JIsI BU3HAYCHHS €JICKTPOMArHiTHOTO MO-
MeHTYy [7]:
3 kg
M :_p_(‘Prl\PSZ_\PSI\PrZ)- 17)
2 O'LS
[IBuakicTe Vt AM3eNb-1oi371a BU3HAYAETHLCS 110 KY-
TOBil IBUAKOCTI HeOyKkcytodoro TA/I.
3a BincyTHOCTI OOKCYBaHHS IIBHAKICTH PyXY IpO-
NopuiifHa KyTOBiH MIBUAKOCTI 00epTaHHS pOTOpa JIBH-
ryHa . PIBHSHHS pyXy Mae BUIIIAL:

Tabauys 1 — Po3paxyHKoBi 3HaYeHHs1 mapaMeTpiB Moaei

9o _ P My —m,) (18)

dt Jr

ne Mg — TsaroBHil MOMEHT Iu3ens-Toi3na; Jt — MOMEHT
Mo —

Jr = mRK2 ; M —Maca qu3ens-Toi3na; R, —pagiyc xomeca.

iHepIii  I3eNb-TI0i3/1a; MOMEHT OIOpY PYXY;

TATOBHII MOMEHT IU3eNb-T0i3na (YTBOPIOIOTH HO-
tupu aeuryHu TAJD):

MT:4Mt)i’ (19)

e | — mepenaBaibHe YHUCIO PEAYKTOPA.
MoMeHT onopy pyxy BU3HAYa€ThCs 3TiAHO IPaBUII
TATOBUX PO3PAXYHKIB:

M, = R Wy Gy =9.8 Ry (1.1+0.12V)m, (20)

ae Rx —paniyc xoneca 3a kosom koueHHs; W, — y3ara-
JTHHEHUH KOe(IIieHT AT BiAIOBIAHOTO THUITY TO13/a 3Ti-
JHO TSATOBHX po3paxyHkiB; Gy — Bara noizma (T); V —
IMBUAKICTE T0i3/1a (KM/TOT).

LIBHAKiCTH AU3eNb-TI0I3a:

V=36Rk o, (21)

Je o, —KyToBa gacToTa obepTaHHs KoJeca (1/c).

OCKUTBKH TATOBUH MOMEHT ()OPMY€ETHCS Ha BUXO/II
peAyKTopa TO i MBHUIKICTH (€IeKTpHYHa) 00epTaHHA PO-

TOpa @, B MAaTEMATHYHiH MOJe/i BU3HAYAETCS B 3ale-

JKHOCTI BiJl TIEPEIaTHOTO YUCIIa PEAYKTOpa.
B pesynbTaTi piBHSHHS pyXy Ma€ BHUIJISIL:

-
9o _ P 4o, %i-M,)
dt Jr

AJICKBaTHICT MOJIENI TEepeBipsiiach Ha TMPEIMET
BIJITIOBITHOCTI EKCIIEPUMEHTAIBHUX TaHUX 3 JIaHUMH,
110 OTPHMAaHI B TIPOIIECi MO/ICTIOBAHHS.

BuxinHi [ani BU3HaAYCHHS IIBUAKOCTI PYXY JU3EIb-
noi3ga:

Cxuta u3enp-Tioi3a: ToJIOBHUX BaroHiB — 2; TIpH-
4inHuX BaroHiB — 1. Jliamerp KoJeca 1o Koy KOYeHHs —
950 mm. [lepenaTHe BiHOIICHHS TATOBOTO peayKTopa (i)
—3.69. Maca nopo>xHbOTO CHOPSIIPKEHOTO BaroHa: roJo-
BHOTO au3enbHoro — 70130 kr; npuuinaoro — 40000 kr.

Maca rosoBHOro BaHTa)X€HOTO BaroHa: IpH po3pa-
XYHKOBOMY 3aBaHTakeHHI — 76030 kr; mpu HOMiHaJIb-
HoMmy 3aBaHTaxeHHI — 80000 kr; mpu MakCUMaibHOMY
3aBaHTaXeHHI — 82000 kr. Maca npu4inHOro BaHTaXKe-
HOTO BaroHa: NpPU pPO3PaxyHKOBOMY 3aBaHTAXEHHI —
54250 kr; npu HoMiHanbHOMY 3aBaHTaxeHHI — 59530 kr;
IIpY MaKCUMAaJIbHOMY 3aBaHTa)keHHI — 63520 kr.

B tabn. 1 HaBenmeHO po3paxyHKOBI 3HAUEHHS Mapa-
METpiB MOJIENi 3T1THO BUXiTHUX JaHUX.

(22)

3aBaHTaKeHHSI !
IMoxka3Huku
PO3paxyHKOBe HOMiHAJIbHE MaKCHUMaJIbHe
Maca, m (kr) 260560,0 279060,0 291040,0
MoweHT inepuii, J (kr?) 58789,0 62956,0 65659,0
3aranbuuii Koedinient, p/J 0,000051 0,000048 0,000046
MowmenT onopy pyxy, M, (Hm) 1334,2+249 o, 1428,9+26,8 o, 1490,0+27,9 o,
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JocinimKkeHHs TPOBOAMINCH 32 HACTYITHUX YMOB:

3apnanHs Hanpyru xkuBneHHs TAJ] Ta ii vactotu —
3rizHo 3akoHy kepyBanHs U/f = const. [Ipu npomy vac-
TOTAa HAIPYTHd O KUBJICHHS ¢dopmyBanack

[N AK

g = wy +AS, g — Kpyrosa IBHAKICTb KoJieca KoJic-

TOTH Hanpyru xuBicHHs TA]Jl, 10 BU3HAYAETHCS Pi3HU-
LIEI0 MK YacTOTOI (g Ta eJeKTPUYHO KPYTOBOIO dac-
ToTOI0 00epTanHs potopa TAIl wy .

B T1abn. 2 HaBeneHO pe3ynbTaTH JOCHIIKEHb 3a

YMOBU: dYac pO3rOHy Jausens-noizia — 60 (cex);
HOI Mapy JIOKOMOTHBa; AS — BemmuwHa KoB3aHHA yac-  AS =12/ AS =18 (1/c); U/f=14 (B/T'n).
Tabnuysa 2 — Pe3yabTaTH MOJeTIOBAHHS 32 IEBHUX YMOB
HapanTaeHHst p/J M, Hm V, km/roj S,m a. m/c?
PospaxyHKoBe 0.000051 2930,0/3550,0 53,18/66,0 407,1/514,6 0,23/0,29
HowminanbHe 0.000048 2920,0/3561,0 49,89/62,23 379,4/480,4 0,21/0,27
MakcumainbHe 0.000046 2910,0/3550,0 47,68/59,52 360,8/457,5 0,20/0,25

3rigHo pe3ynbTaTiB, MO MPUBEACH] B Ta0II. 2 3a pi-
3HHX YMOB TIPOIIECY PO3TOHY IPH BiJIOBIIHUX HaBaHTa-
JKCHHSIX, JIaHi, SKi OTpUMaHi Ha MOJENi, BiIIOBIIarOTh
eKCTIEPUMEHTAILHAM 3HAYCHHSM.

Moneni Ut JOCITiKEHHS TPOIIECiB, IO OB’ sI3aHi
3 OyKCyBaHHSM, PO3TJISAAINCS B IBOX BapiaHTax: Oe3mo-
cepeHbO uepe3 AUCKPETHY 3MiHY eJNEeKTPOMAarHiTHOTO
MoMeHTy TAJl Ha NIEBHY BEJNMYHMHY 3 BUKOPUCTAHHSM i
6e3 Bukopuctanus ' KM i 3MiHa eleKTpOMarHiTHOro Mo-
MeHTy npH BukopuctanHi 'KM B npornieci OykcyBaHHS B
3aJIe)KHOCTI BiJl BIUINBY M3y — MOMEHTY 34EIUICHHS KOJIi-
CHOT ap¥ 3 peiikaMM IUISIXOM BUKOPHCTaHHS crienudiku
¢yukumionyBanHs TAJ] mpu 3MiHI 9YaCTOTH KOB3aHHSI.

Ha puc. 4 npuBeneHo XapakTep MPOLECiB eNeKTPo-

MmarHiTHoro momenty TAl M, (a — 6e3 'KM, 6 — 3
I'KM) 3a ymMOBH HOT0 AMCKPETHOI 3MIHH Ha JECATIH ce-
KyHJI1 po3roHy au3enb-noizna sk M, = 0.2 M, . IIpouec

PO3TOHY BifOyBaBCsI B 3aMKHYTii CHCTEM1 KEpYBaHHS, JIe

W, T M

xnnn

1500}

IRLLL

YacTOTa HANPYTH KUBJICHHS BU3HAYANIach 3TiIHO CHiB-
BIHOIICHHS wg =, +AS . Ilpu upomy AS = 12 (1/c).
Puc. 4(0) xapakTepu3sye XapakTep IMepexiTHOTo MpoIecy
SJICKTPOMEXaHIYHOI CHCTEMH 32 YMOBH BHKOPHCTaHHS
I'KM 3 BinmoBiqHUMH KOHCTPYKTHBHAMH MapaMeTpaMu
B i C. B 30Hi mycky ['KM npuBoauTh 10 NosSBU HeOaXxa-

HHUX KOJMBaHb aMIUTiTYZ010 10 1.5M, , mo moxe mpu-
BOJIWTH JIO TIOSIBU TIporiecy OykcyBaHHs. B 30HI muckpe-
THOI 3MiHn M, Ha 3ananiift necartiit cexynai ['KM npu-
BOJUTH JI0 IIO3UTHBHOTO PE3YNIbTATy: eIeKTPOMATHITHIH
MOMEHT CTa€ MeHIIMM [0 3HadeHH: 0.5 M, , mo 3amnooi-
ra€ BUHHUKHEHHIO OYKCYBaHHS; IPOIIEC HOCHTH KOJINBA-
JIbHUM XapakTep, sIKUi Ma€ IUIaBHUM, a HE yAapHUH Xa-
pakTep (HEraTWBHO Ji€ HA MEXaHIYHY YaCTHHY (pEeIyK-
TOP) €JEKTPOIIPUBOY); MOKIIMBO 3aI0BOJIBHATH SIKICHI
NOKa3HUKH TEPEXiHOr0 MpoLEeCcy 3a JIOMOMOTOK BH-
00py KOHCTPYKTHBHUX MapameTpis 'KM.

Mg, e

Jihmy

00

118k

S

L
»
»

Puc. 4. T'padiku 3MiHM enekTpoMarHiTHoro MomeHty TAJ]

B Tab11. 2 npuBeieHO pe3yJIbTaTH BIIUBY KOHCTPY-
ktuBHUX napameTpiB 'KM B i C B mpoueci 1ocmipkeHp
32 YMOBH: 4Yac PO3TOHy au3esb - moizna — 60 (cex);

p/J=0.000051; AS =12 (1/cex); AS =18 (l/cek);

U/f=14 (B/Tm).

TToxasuuku B Tabn. 4 Mi, M>, M3 BianoOBIiIarOThH
3HAYCHHAM elekTpoMardiTHoro MomeHnty TAJ (puc. 4,
6) 3 'KM B nporeci po3roHy qu3eib-1oiza 3a yMOBH

BUHUKHEHHS OyKCyBaHHS KOJIICHOI MapH TNpH Pi3HHX
3HAYEHHSX EJEKTPUYHMX TTapameTpiB Moaeni mydtu (B i
C), Hanpyru Ta yactoty xusieHHs TAJl, piBHA 3aBaHTa-
s)eHocTi. [IpuBeieHO BiMOBIIHI AKiCHI ITOKA3HUKH. 3Ha-
yeHHst M, BiAnoBijae nporecy, 0 BCTaHOBUBCH.

Jlani Tabauui MokaszyroTh Mipy BIUIMBY Ha SIKiCHI
MOKa3HUKK cyMicHOro mpouecy — mapamerpiB KM i
npouecy OykcyBaHHs KoJticHOT mapu TA/I.
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Tabruys 2 — Pe3yabTaTH A0CTiTKEHHS
B C V, km/r n tp, € Mi, Hm M2, Hm M3 Hm M4, Hm
AS =18 (1/c)
1.2 9.86 55.21 8 10 3103 -720 1360 695
1.6 9.86 55.12 6 8 3100 -455 1103 696
2.0 9.86 55.02 4 4 3092 -235 930 697
22 9.86 54.98 4 3 3090 -138 865 698
2.3 9.86 54.95 3 26 3089 -92 839 698
24 9.86 54.93 3 25 3087 -50 813 697
2.6 9.86 54.86 3 25 3086 33 771 697
2.2 39.44 55.38 9 5 3110 =795 1440 697
3.0 39.44 55.34 6 4 3108 -500 1157 697
5.0 39.44 55.22 3 25 3100 0 788 697
AS =12 (1/cek)
3.0 39.44 44.24 6 4 2516 -423 935 570
4.0 39.44 44.19 4 3 2512 -192 750 570
5.0 39.44 4413 3 25 2510 0 638 570

3 JaHUX JMOCHIPKeHb BHUXOAMThH, 10 KPALIUMH pe-
3yJIbTaTaMU € TaKi: Ipu (OPMYBaHHI YaCTOTH YKUBJICHHS

TAI 3 AS =12 (1/c) ta AS = 18 (1/c) — e 3HAUYCHHA
b=5.0; C=39,44 (w =6,28). AHaJOTIYHI IOCIIHKCHHS
MPOBEJCHO 1 AJIsl IHINMX yYMOB (PiBHSI 3aBaHTa)EHOCTI,

3HaueHHs AS , MOMEHTY IOSIBU MPOIIECY OYKCYBaHHS).

Ha puc. 5 npuBeneHO xapakTep MPOLECIB eISKTPO-
MmarHiTHoro MmomeHnty TAJ] (puc. 50)) B nporieci Oykcy-
BaHHS 1 0€3 B 3aJIC)KHOCTI BijJ BIUIMBY MOMEHTY 3Yell-
JICHHSI KoJTicHOT mapu 3 pefikamu (M34) IUIIXOM BUKOPH-
cranHs cnienudiku GpyHkiionyBanns TAJ] npu 3miHi ya-
CTOTH KOB3aHHS (pHC. 5, a)) 32 JOIOMOTOI CKIIAIOBOL
(wg — pw) piBusEb (15) 1 (16).

B pesynbrati 3MiHE 11i€l cKIamoBOi 3rigHO 00pa-
HOTO 3aKOHY € 3MOTra OTPHUMYBATH 3HAYEHHS TATOBOTO

B e et e T SR
e -...-.-.4-.-+...;...

MOMEHTY, XapaKTEepPHOTO JjIs IEBHOTO THILY, SKMH BUHU-
Ka€ B MpOIIeCi OYKCyBaHHS.

SIk mpaBWJIO, Y BiIOMUX MOJEIAX, MOMEHT iHEpIIii
Jm KosticHoT mapw, Mo OyKcye, BU3HAYA€ThC Y BUIUISAIL
JIeIKOT KOHCTaHTH 1 NPUIIMAEThCsl PIBHUM MOMEHTY iHe-
Pl KOJTICHOT mapw.

OpHak, 1e BipHO TUTGKH TPW TOBHIM BTpaTi 34en-
JICHHS KOJIICHOT mapu 3 peiikoro. Skmo 34ernienHs Y0 #
0, To pu yTBOpEHHI MOMEHTY iHepuii Jy MOBHHHA Bpa-
XOBYBAaTHCS CKJIA/IOBA, SIKA 3aJI€XKUTh BiJl MacH M0i3/a, K
1 1711 BUTIAAKY 32 BiJICYyTHOCTI OYKCYBaHHSI.

B Mopeuni, 1o nponoHyeThes, el Mpoliec BpaxoBy-
€TBCSl IUIIXOM BUKOPHCTAaHHS anepiofnyHoi QyHKii

HEPLIOro NOPAAKY BUIILY W (p) = , Ha BXIJI SIKOT

Tp+1

HaJIXOIUTh CUTHAN AS; .

F 3
My, [m

ERILL

2500

1500
1000

[I1l T —

[y
A
;

el

[ -

. 5. I'padiku 3minu enexrpomarnitaoro momenty TAJ]
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3ritHO 3 UM (OPMYETBCS  CITIBBiJHOIICHHS
w1 = +AS (W - 3KOpEeroBaHe 3HAYCHHS 3BOPOT-

HOTO 3B’ SI3Ky KyTOBOi YaCTOTH 00epTaHHS poTopa OyKCy-
touoro TAJl w;; AS; — cknajoBa, sIka BU3HAUa€e TEMII

3MIHH 1, aMIUITYIHE 3HAYCHHS SKOi B MOAeni oOme-

KY€EThCS 3aIaHOI0 BENMUMHOI KoB3aHHsA AS ). Ile mo-
3BoJsie (hOPMyYBaTH 3HAYEHHs KOB3aHHS AS, sike BUKOPH-
CTOBYEThCS B MaTeMaTtuuHiid Mojeni TAJl B CHHXpOHHIH
CHCTEMi KOOPJMHAT, B [lialla30Hi Bil 3a1aHOTO 110 HYJIbO-
BOTO.

B pe3ynbTati oTpEMy€eMO BiAIOBITHY 3MiHY €JIEKT-
POMarHiTHOTO MOMEHTY (pHc. 5, 0).

3a monomororo nocTiitHo1 T’ mepexaBaibHOI PyHK-
il MOYKHa 3a/aBaTH 4Yac TPOTIKaHHS Mporecy OyKcy-
BaHHS KOJIICHOI TapH AM3ENb-TI013/1a B ITPOLIECi MOJIEIIO-
BaHH.
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Ha puc. 5, 6 HaBeeHO MpoIeC 3MIHH SICKTPOMAr-
HITHOTO MOMEHTY B mpoueci OykcyBanus npu 7 = 4 c,
SIKMH XapaKTEepHUI TpY 34EIUICHH] KOJIICHOT napH 3 peu-
kamu 3a yMOBH Y0 # 0 BiAIOBIAHO JJO EKCIIOHEHIIIIHOTO
3akoHy. lllnsixomM BUOOpY IHIIMX THUIIB NeperaBajbHAX
(yHKIIH MOXXHA OTPUMYBATH HepeXigHi MPoIiecH, TOOTO
XapakTep 3MiHH eIeKTPOMarHiTHOTO MOMEHTY i B KiHITe-
BOMY BHIIaJKy — 3HAUCHHS [IBUIKOCTI AU3€Ib-TI0T31.

Ha puc. 6 mpusenmeno rpadiku 3MmiHE (a3HOTO
ctpymy TAJ:

a — MPOEKIii BEKTOPiB CTPYMIB CTaToOpa i poTopa Ha
BIJIMIOBI/THI BiCi KOOP/IMHAT;

0 — dasHumil cTpyMm craTopa, 110 BiAIOBIJAIOTH MPO-
necy (OpMyBaHHS TATOBOI'O MOMEHTY IPH MOJEITIOBAaHHI
3Ti/IHO 3aIPOIIOHOBAHOTO MiJXOy BU3HAYEHHS Ta BUKO-
pHUCTaHHSI CHT'HAJy KOB3aHHS AS; 3BOPOTHOTO 3B’S3KY
monemi TAJI.
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Puc. 6. 'padixu 3minu pasuux crpymi TA]

BukopucroByroun JjaHy MOJENb € 3MOTa KpiM BH-
3HAYCHHS eNeKTpuiHuX mapamerpiB ['KM mpoBomutu
JOCITIKSHHSI B TUIaHI pO3pOOJICHHS KOMI IOTEPHUX KOM-
MOHEHTIB JJIsl CUCTEM KepyBaHHS, IO 3a0e3MeuyroTh
e(EeKTUBHICTh (YHKIIIOHYBaHHS €JIEKTPONPUBOAY 3
I'KM B mporeci 6ykcyBanns. 1le B mepiry 4epry BHKO-
pHUCTaHHSI MOXJIMBOCTI (pOpMyBaHHSI 4aCTOTH KOB3aHH:I
BiZMOBiHO 10 crietm¢iku ¢pyHkionyBanus TAJl B Mo-
MEHTH BUHUKHEHHS OyKCYBaHHs1, Ha OCHOBI iH(opmarii
po xapakTtep 3MiHU pa3Horo crpymy TAJ] — 3a 3HaueH-
HsIM HOT'0 MOX1JIHOI.

BucHoBku

1. IlpoBemeHo aHami3 MaTeMaTHYHHX MOJEIEH
enexktponpuBony 3 TAJl 3 MeTow po3poOseHHS
KOMIT IOTePHHUX KOMITOHEHTIB JUISI CHCTEMH YIPaBIIiHHSA
TATOBUM €JIEKTPONPUBOJIOM 32 YMOBH BHKOPHCTaHHS
IryMO-KOpJOBOI My(®TH i MOXIMBHUX HPOLECIB OyKCy-
BaHHS KOJICHHX Tap JW3eNb-TI0I37a 3 ypaxyBaHHIM
CTYIICHsI 3aBaHTa)KEHOCTI B IPOLEC] HOTO PO3roHY.

2. Ha oCHOBI aHaJITHYHOTO OIJISIZYy CHCTEM aBTO-
MaTHYHOTO KEepyBaHHS €JEeKTpoIepenadi AU3eih-To-
3712 3 TATOBUM €JICKTPOIIPUBO/IOM 3MiHHOTO CTPYMY 3a-
MIPOIIOHOBAHI MaTEMAaTHYHI MOJIEJTi €IeKTPOMEXaHIIHO1
CHUCTEMH [U3eNb-T0i3a 3 YpaxyBaHHIM MpPYKHUX
3B'S3KiB 32 YMOBH 3a0€3MeUYeHHS SIKICHMX TMOKA3HWKIB
CHUCTEMHU KEpyBaHHA y MOTO €IeMEHTax B MpoOIeci

OyKCyBaHHS Ta MOJIEJI, 110 OIUCYE MOXIIUBHH MPOLEC
OyKCcyBaHHSI.

3. Po3pobneHi Mozemni MO3BOJSIOTH BHKOHYBATH
PO3paxyHKH €JIEKTPUYHUX IapaMeTpiB My(pTH 3 enac-
TUYHUMHM €JIEMEHTaMH Ta MPOBOAUTH JOCII/DKEHHS Ha
cTajil MPOEKTYBaHHsS NPU CHUHTE31 CHCTEMH PEryJo-
BaHHS TATOBUM €JIEKTPONPHUBOJIOM 3 BUKOPUCTAHHIM B
nporeci MmoaemoBanHs nakery MATLAB.

4. TlpuBeneHi Mojeni eJNEeKTPOMEXaHIYHOI CHC-
TEMH JN3€b-11013/1a 3 ypaxyBaHHIM 34YCTUICHHS KOJIic-
HUX Hap 3 pedikamu Ta aucunatuBHux cuin 'KM mo-
XKYTh OyTH BUKOPUCTaHI JJIsl JOCIIJDKEHHS CUCTEMH aB-
ToMatuuHoro peryioBannsa (CAP) enexrponepenaui ra
yTOYHEHHS ii mapamMeTpiB, a TAKOX BUKOHAHHS KOPHUTY-
BaHHS AJTOPUTMIB KOI'FOTepHHX KommoHeHTiB CAP,
OTPUMaHHUX Y pe3yJIbTaTi CHHTE3Yy CUCTeMHU KepyBaHHS
3 ypaxyBaHHSAM 3arl00iraHHIO MOXKIJIMBUX MpPOIECiB Oy-
KCYBaHH;I.

5. Ha migcraBi mpoBeA€HNX TOCTiKEHB, K Y CTa-
TUYHUX TaK 1 B JUHAMIYHUX PEXHUMax, 3a Pi3HUX YMOB
PO3TOHY JIM3eNb-11013/1a BCTAHOBIICHO, IO PO3pO0IIeHa
MOJIeJIb 3 ypaxyBaHHSIM 3alIpOINOHOBAHOTO CIIOCO0Y MO-
JIeITIOBaHHS IPOIleciB OyKCyBaHHs aJIeKBaTHO BinoOpa-
JKa€ TPOIECH, IO BiOYBAIOTHCSA B CIEKTPOMEXAHIYHIH
cUcTeMi Ju3eb-10i31a 1 MOoKe OyTH BUKOpHUCTaHa IS
PO3pOOKH KOMIT'IOTEPHUX KOMIIOHEHTIB JJISi CHCTEMH
VIpaBIiHHSA, 0 3a0e3Medy€e pexkuM BEIeHHS Moi3na 3
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ypaxyBaHHSM yMOB 3YEIJICHHS KOJIICHUX Hap 3 pew-
KaMHu.

6. 3anpononoBano moaentoBanns ['KM mpu poc-
JIJPKEHHI MPOIECiB, MO 3B’s3aHI 3 OYKCYBaHHSM, SK
JIBOX MACOBOI CHCTEMH, Y BUTJISAL JIIHIHHOTO Tu(epeH-
UiHHOTO PIBHAHHS APYTOTO MOPSAKY 3 HOCTIHHIMHE KO-
e¢inienTamu. Take mpeacTaBICHHS MaTeMaTHIHOI MO-
JIeNTi TO3BOJIAE€ TPOBOIWTH IOCTIIKEHHS B IMEBHOMY
CIIEKTPi MOXIIUBHX 3MiH OCOOMCTHX YacTOT (mepiomy
KOJINBaHb) Ta IIBUAKOCTI iX 3aTyXaHHS, 10 A€ MOXKIIH-
BICTH B IIEBHOMY CEHCi BH3HAYATH EJICKTPUIHI ITapame-
Tpu 'KM.

7. 3anmponoHoBaHi MOJAEII sl AOCIIIKSHHS IPO-
LeciB, 10 MOB’s13aHi 3 OyKCyBaHHSM, NpEICTaBleH] B
JBOX BapiaHTax: Oe3locepesiHbO0 uepe3 JIUCKPETHY
3MiHY eJeKTpoMarHitHoro momenty TA/] Ha neBHy Be-
JIUYHMHY 3 BUKOPUCTaHHSM 1 0e3 BukopucTanus ['KM i
3MiHa eIeKTPOMArHITHOTO MOMEHTY NPH BUKOPUCTAHHI
I'KM B 3aJeXHOCTi BiJ BIUTUBY MOMEHTY 3YCIUICHHS
KOJIICHOI TMapy 3 peikaMy IUITXOM BUKOPUCTAHHS CIIe-
uudiku GyakuionyBanas TAJl — 3MiHOIO 9aCTOTH KOB-
3aHHS 3T1THO 33J]aHOTO 3aKOHY.

8. [IpoBeseHO MOCTIIKEHHS 3aIPOINIOHOBAHOT MO-
Jenti K 3 TOUKH 30py 11 aJeKBaTHOCTI, Tak 1 ii MOXJIH-

BOCTI  3aCTOCYBaHHS  [uIi  LiIell  po3poOieHHs
KOMII'IOTEPHUX KOMIIOHETHIB JUIsi CUCTEMH KepyBaHHS,
o 3a0e3neyye epeKTHBHICTh (YHKIIOHYBaHHS €JIEKT-
ponpuBoay 3 'KM B mporieci OykcyBaHHSI.

PesynpTaT MOCHiKEeHb HAJAHO Y BULJISLAL rpadi-
KiB TporeciB xapakTepHuX (a3oBHX 3MiHHUX Ta Tal-
JHIb, B AKUX HaBEACHI YHCIIOBI 3HAUCHHS XapaKTePHUX
3MIHHHX CHCTEMH KepyBaHHS B 3aJIe)KHOCTI BiJl CHTHa-
B yTIpaBIiHHA.

9. BukopuCTaHHA CYKyHMHOCTI pO3pOOJICHUX MO-
Jeield MOJKIIMBO K JJIsl BU3HAYCHHS CJICKTPUYHHX Ia-
pametpie I'KM, Tak i mpoBeaeHHs IOCTiIKEHb B IIaHI
pO3pOOJIEHHST CHCTEM KepyBaHHS, 10 3a0e3NnedyroTh
e(eKTHBHICTh (YHKI[IOHYBaHHS €JEKTPOIIPHBOAY 3
I'KM B mpoueci OykcyBaHHSI, BAKOPUCTOBYIOYH MOX-
TUBOCTI ()OPMYBaHHs YacCTOTH KOB3aHHS Ha OCHOBI I10-
Ka3HHKIB 3MiHM (hasHoro ctpymy TAJL.

10. Po3pobneHi maTreMaTH9Hi i MalIWHAI MOJETI,
3a JOIIOMOTOI0 SKUX IPOBENCHI JOCITIKESHHS 3 METOIO
CHHTE3Y PEryJIATOpPIB i BU3HAYCHHS 3HAYCHb IX Mmapame-
TpiB, ITOKa3all NEPCIEKTHBHICTh TAKOTO MiAXOMY MPH
MPOEKTYBaHI Cy4aCHHX CHCTEM KEpPYBaHHS €JIEKTpOIIe-
penadaMy AM3eb-NOI3IB 3 TATOBUMU aCHHXPOHHUMHU
JBUTYHAMH.
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Modeling of the traction electric drive of a diesel train
taking into account the use of a rubber-cord coupling during wheelset slippage

M. Zapolovskyi, M. Mezentsev, M. Olifir

Abstract. The issues of development and research of models for the AC electric drive of a diesel train are considered. A
review of literary sources on the specified topic and an analysis of existing approaches to solving problems related to the develop-
ment of control systems that ensure increased efficiency of the electric drive under operating conditions, including possible wheel-
set slippage, are conducted. Both generally accepted approaches to studying the processes of wheelset slippage through modeling
and proposed approaches are examined. Computer components of the electromechanical system of the diesel train have been de-
veloped, taking into account elastic connections under the condition of ensuring quality indicators of the control system in its
elements during slippage, as well as a model describing the possible slippage process. The presented models can be used to study
the automatic regulation system of the electric transmission and to clarify its parameters, as well as to determine the parameters of
the rubber-cord coupling (RCC) and subsequently implement them in the form of corresponding computer components of the diesel
train control system. The proposed model has been investigated both in terms of its adequacy and its applicability for the develop-
ment of a control system that ensures the efficiency of the electric drive with RCC during slippage. The research results are pre-
sented in the form of graphs of processes of characteristic phase variables and tables containing numerical values of characteristic
variables of the control system depending on control signals.

Keywords: computer components, modeling of slippage processes, AC electric drive, diesel train, control systems, slip-
page, elastic connections, rubber-cord coupling, adequacy, slip frequency, process graphs, tables, control signals.
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2 HanioHansHUH TeXHIYHUN YHiBepcuTeT "XapKiBChbKUl MOMITeXHIYHHUH 1HCTHTYT", XapKiB, YKpaiHa
b

IHTEI'PALIA CTAHAAPTIB 1SO
B YIIPABJIIHHSA ITPOI'PAMHUMMUA ITPOEKTAMU

Anoranisi. CydJacHi IporpaMHi IPOEKTH BiAPI3HAIOTHCS 3HAYHOIO CKIAJHICTIO Ta IMOCTIHHMMH 3MiHaMH, oo o0y-
MOBJIIO€ HEOOX1THICTh 3aCTOCYBaHHS CTaHAAPTH30BAHUX IIIAXOMIIB O YHPABIiHHA SKICTIO Ta eeKTUBHICTIO. MiXHa-
ponHi crangapTH, 30kpema ISO 9001, ISO/IEC/IEEE 12207 ta ISO/IEC 33001, npomnoHyooTh yHi(hiKoBaHI METOAUKA
Ut 3a0e3TeUeHHs SIKOCTI MPOrpaMHOro 3a0e3lmeyeHHs, YIPaBIiHHS KUTTEBUM IIUKIOM PO3pOOKH Ta OIL[IHKH PiBHSI
3piJIoCcTi mpoueciB. Y HaHil CTaTTi aHATI3y€eThCS 3HAUCHHA IIUX CTAaHAAPTIB Y KOHTEKCTI MPOTPAMHUX MPOEKTIB, iXHE
BIIPOBAKEHHS B YIPABIIHCHKI MPAKTHKU Ta MOXKJIMBOCTI IIPAKTUYHOTO BUKOPUCTaHHA. OKpeMO pO3TiIsigaeThcs ajga-
NTallis CTAaHJAPTIB J0 CyY4aCHHX METOJOJIOTiH po3podku, 3okpema Agile, Waterfall ta DevOps. HaBeneHo mpukiaiu
YCIIIIHOTO 3acTOCyBaHHS cTaHAapTiB ISO y BelMKHX KOPHIOpamisx Ta Jep)KaBHUX iHINIaTHBaxX, M0 AEMOHCTPYE IXHIO
e(eKTHUBHICTh y MiJBUIICHHI SKOCTI IPOAYKTIB, MiHIMi3aWil PU3HKIB Ta 301JIBIIEHHI KOHKYPEHTOCIPOMOIKHOCTI HpO-
IPaMHUX PilIeHb.

Kawuosi caosa: 1SO, ynpapiiHHs pOrpaMHAMH MPOEKTaMH, SKiCTh, iHTerpamis, 1SO 9001, PDCA, ISO/IEC/IEEE

12207, ISO/IEC 33001, SPICE, Agile, Waterfall, DevOps, sxutreBuii a1

Beryn

VY cy4acHUX yMOBax NpOTpaMHi IPOEKTH CTAIOTh
Jefani CKIaJAHIIIAMH Ta MAacIITaOHIOTUMU, IO 3YMO-
BIIIOE HEOOXIHICTh 3aCTOCYBAaHHS CTaHAAPTHU30BaHUX
miaxoniB g0 ixHporo ympammiaus [1]. SxicTe mpo-
IrPaMHOTO 3a0e3MeYCHHs € OAHHMM 13 KIIIOYOBUX YHUH-
HUKIB, SIKHH 0e3mocepeNHbO BILUIMBAE HA KOMEPIIiii-
HUIl yCHiX MPORYKTY Ta PiBEHb 3aJI0BOJEHOCTI KIli€H-
TiB. J[71s1 HOCATHEHHS BHCOKOI SKOCTI HEOOXiIHO Bpa-
XOBYBAaTH K YiTKO c(POPMYIIbOBaHI, TaK 1 MPUXOBaHI
BHMOTH 3alliKaBJICHHX CTOPiH, a TaKoX 3abe3nedyBa-
TH e(peKTHBHY KOMYHIKAIlil0 MiXXK pO3pOOHHKAMH Ta
KopuctyBauamu [2].

Crangaptu ISO [3], po3po6iieni MixHapoHOO
oprasizaui€ero 3i cTaHIapTHU3anii, IpOnoHyoTh YHii-
KOBaHI MiJXOAW O YHPAaBIiHHS SKICTIO, XKUTTEBUM
LUKJIOM IPOTPaMHOro 3a0e3IeueHHs Ta OLIHKH PiBHS
3piIoCTi mpoiieciB. BoHU cOpusioTh 3a0e3MEUCHHIO
cTablIbHOT SKOCTI MPOAYKTIB, 3HIKEHHIO PU3HKIB Ta
MiIBHUIECHHIO €()EeKTUBHOCTI poboTu KomaHi. Bmpo-
Ba/DKCHHS LMX CTAaHAAPTIB Yy MPOLECH YIPaBIiHHSA
OPOTPAMHUMH MPOEKTAMHU € BAXKJIUBUM KPOKOM JUIS
IOCATHEHHS BIJIOBIIHOCTI BUMOTaM KIIE€HTIB Ta HO-
PMaTHBHHUX BUMOT.

MeToro aHOi CTATTi € AOCHIJDKEHHS pOJIi CTaH-
naptiB ISO y ympaBiiHHI IpOTpaMHUMH IIPOEKTAMH,
BH3HAYCHHS OCHOBHHX IepeBar ixHpoi iHTerpamii Ta
(¢bopMyBaHHS TPaKTHYHUX PEKOMEHIAlid Mom0 iX
3aCTOCYBaHHS. Y CTaTTi pO3TIANAIOTHCS KIFOYOBI
craggapt 1SO, iX 3HaYeHHS IS MPOTPaMHHUX MPOE-
KTiB, NPOLIEC BHOPOBAKEHHS Ta MPHUKIAIM MPAKTHY-
HOTO BUKOPUCTAHHS.

Cranaaptu ISO Ta ix poas y ynpaBiaiHHi
NMPOrpaMHUMM MPOEKTAMHU

Crangaptu ISO (MixunaponHoi opranizamii 3i
crangaprusanii) [3] € dyHmamentansHUMH iHCTpY-
MEHTaMHM i 3a0e3redeHHs KOCTi, eEeKTUBHOCTI Ta
cTaHAapTH3alii NpPOIEciB y PI3HUX Taly3siX, BKIIO-

Yalo4M YIpaBIiHHA IPOTpaMHUMH NpoekTamMH. BoHu
Ha/al0Th YiTKI paMKH, SKi JONOMAaraloTh OpraHizari-
M TIJIaHyBaTH, peaji30BYyBaTH, KOHTPOJIOBATH Ta
BJIOCKOHAJIIOBATH CBOI MpoOUecH. Y KOHTEKCTI Mpo-
rpaMHUX TMpOeKTiB cTtaHAaptu [SO BimirparTh KITO-
YOBY pOJb y 3a0e3MedeHHi SKOCTI MPOIYKTY, 3HH-
JKEHHI PU3HKIB Ta MiABUIICHHI €()eKTUBHOCTI poboTH
KOMaHI.

ISO 9001 [4] € ogHuM i3 HaliBiZOMIIIKNX CTaHIa-
PTiB, KM BU3HAYa€ BUMOTH JI0 CHCTEM YIpPaBIiHHS
sxictio (CYS). Bin 3acTocoByeTbes 0 Oyab-sIKHUX
oprasi3zaiiii, He3aJexHO BiJ iX PO3Mipy 4M ramysi, i
CIpsIMOBAaHUU Ha 3a0e3MeUeHHs CTaOIIBHOI SKOCTI
NPOIYKTIB Ta MOCIYT.

ISO 9001 6a3yerpcst Ha ceMHU KIIOYOBHX IPHUH-
ouIax, ki GOpMyITh OCHOBY IS €(EeKTUBHOTO yII-
paBIiHHS sAKicTiO. [lepmmii NpUHIMIT — Opi€HTAIlid Ha
KIII€HTa — MiJKPECIIOe BaXIHUBICTh PO3YMIHHS MOT-
peb kiieHTIB Ta 3a0e3nedeHHs IXHPOTO 3a/{10BOJICHHS.
Hdpyruii npuHOUO — JiIEPCTBO — BUMAarae BiJ KepiB-
HUIITBA aKTHUBHOI pOJIi y CTBOPEHHI €IMHOI cTpaTerii
Ta LiJeil, cnpsMOBaHMUX Ha sKicThb. TpeTiil npuHIUI —
3aJIydeHHs MPAI[iBHUKIB — AKIIEHTY€ Ha BaXJIMBOCTI
MOTHBAII] Ta ydacTi BCiX 4J€HIB KOMaHAM y JOCST-
HEeHHI CIUTBbHUX Iiyieid. YeTBepTHUi NMPUHIHI — TIPO-
ecHUH miaxin — mepeadadae po3risy yCix MisTbHO-
CTell SK B3a€MOIIOB’SI3aHUX MPOIECIB, IO JI03BOJISE
ONITHMI3YBaTH PECYpPCH Ta MOKPALIYyBAaTH PE3yJIbTATH-
BHICTB. [I’ITHI PUHIUN — MOCTiHHE BIOCKOHAICHHS
— BHMArae Bij opraHizamiif peryjaspHOTo aHali3y CBO-
iX MPOIIECiB Ta BIPOBAIKEHHS 3MiH JUIS ITiABUINCHHS
epexruBHocTi. lllocTHit mMpUHIMD — TPUHHATTS pi-
IIeHb Ha OCHOBI ()aKTiB — MiJKPECIIOE BAKIUBICTH
BUKOPHUCTAHHS JaHUX Ta aHATITHKH sl OOTPYHTOBA-
HOoro ympaBiiHHS. ChOMHI NPHHIWI — YNIPaBIiHHA
B3a€MOBITHOCHHAMH — CIPSAMOBAaHHH Ha MOOYIOBY
JOBIOCTPOKOBUX IMAapTHEPCHKHUX BITHOCHH i3 TOCTa-
YaJbHUKAMH Ta IHIIMMU 3aliKaBIEHUMHU CTOPOHAMH.

L1i mpuHIMIN GOPMYIOTH OCHOBY JUISl CTBOPEHHS
CUCTEMHM YIIpaBIJIHHA SIKICTIO, sika 3a0e3neuye craldi-
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JIBHICTB, NTPO30PICTh Ta BIATOBIIHICTH BUMOTaM KJIi€-
HTIB.

OxHMM 13 KIIOYOBHMX IHCTPYMEHTIB, sikuéi 1SO
9001 mpomoHnye juisi peamizamii WX NPUHIUIIB, €
metoa PDCA (Plan-Do-Check-Act) [5]. s nuxiivna
METOAMKAa 3aCTOCOBYETHCA 0 OYIb-IKOTO MpOIECy B
opraHi3arii Ta BKII0Ya€ YOTHPH €TAIIH:

1) Plan (IlmanyBaHHs): BU3HAYCHHS IIiJIeH, MPoO-
IeciB Ta pecypciB, HEOOXIMHUX IS AOCATHEHHSA Oa-
KAHUX pe3yJIbTaTiB;

2) Do (BukoHaHH:): BIPOBAKEHHS 3aIlIAHOBA-
HUX TPOIECIB Ta Jiif;

3) Check (ITepeBipka): MOHITOPHHT Ta aHali3
pe3yJbTAaTIB A OLIHKK 1X BIJMOBITHOCTI MOCTaBJIC-
HUM IJISM;

4) Act (His): BOpoBa/KCHHS KOPHUIYBalbHUX
NIl JUIsl TIOKPAIEHHS MPOIECiB Ta JOCATHEHHS Kpa-
IIUX pe3yIbTaTiB.

Huxn PDCA 3abesmeuye mocTiiHe BIOCKOHa-
JIEHHSI TPOIIECiB, MO € OCHOBHHM mpuHIUNoM [SO
9001. Bir mo3Boysie oOpraHizamisiM CHCTEMAaTHYIHO
aHaAJI3yBaTH CBOi Xii, BUSABIATH cJIa0Ki MicIs Ta
BIPOBAKYBATH TOKPAICHHS.

Y mporpamHux mnpoekrax ISO 9001 Bimirpae
KJIIOYOBY POJIb Yy 3a0€3Me4YeHHI SKOCTI MPOAYKTYy Ta
e(dhekTUBHOCTI mporeciB. BiH momomarae KoMaHaaM
BHM3HAYaTH Ta KEPyBAaTH BUMOTAaMHU KJIIE€HTIB, 110 0CO-
OJIMBO Ba)XJIMBO HA €Tali IUIAHYBAHHS MPOEKTY. 3a-
BISKH YiTKOMY BH3Ha4YeHHIO MPOIECiB Ta BiAMOBixa-
neHOCTI, ISO 9001 nmo3BOMNSE YHUKHYTH HEIONIKIB y
po3po0lmi, TakuxX SK HEBIANOBIAHICTE BHMoOraM abo
HU3BKA SKICTh KOIY.

Meton PDCA, sxuit € ocaoBoro ISO 9001, 3Ha-
XOJUTH MIUPOKE 3aCTOCYBaHHS B YIIPaBJIiHHI Mporpa-
MHHUMH TpOo€KTamMu. Hampukian, Ha erami ITaHyBaH-
us (Plan) komaHa BU3HAYa€E BUMOTH 10 IPOTPAMHO-
ro MOPOAYKTY, PO3po0Iise apxiTeKTypy Ta CKIaja€
wian poOit. Ha ertami Bukonanus (D0) BinOyBaeTbes
po3poOka mporpamMHOTO 3a0e3MeUeHHs], BKIOYAI0IU
KOJyBaHHS Ta IHTerpamio KoMmrnoHeHtiB. Ha erami
nepeBipku (Check) mpoBoauThCs TeCTYBaHHS MPOJY-
KTy UL BUSIBIICHHS Ne(eKTiB Ta OI[iHKH BiAIOBIIHO-
cri Bumoram. Ha erami nii (Act) xomanga BmpoBa-
JUKY€ KOPHUTYBallbHI 3aXOJH, TaKi SK BHIIPaBICHHS
MTOMHUJIOK 200 ONTHUMIi3allis Koay, mo 3abe3nedye moc-
TiliHe BJJOCKOHAJICHHS MPOJIYKTY.

Kpim Toro, ISO 9001 cnpusie moxparieHHI0 KO-
MyHIKaIii M)k KOMaHAaMH, [0 OCOOJIMBO BaXKJIMBO B
YMOBax pO3MOJiIeHNX KOMaHJ a0o MpH BUKOPHUCTaH-
Hi Metogonorii Agile. 3aBasku 4iTKOMY ITOKYMEHTY-
BAHHIO MPOIIECIB Ta PE3ybTaTiB, BC1 YIACHUKH IPOE-
KTy MalThb JOCTYI /0 aKkTyainbHOI iH(opmamnii, mo
3MEHIIIY€ PU3UKH HETIOPO3YMiHb Ta IIOMUJIOK.

Crannmapt ISO/IEC/IEEE 12207 [6] omnwucye
MIPOLECH JKUTTEBOTO IMKIY INPOrpaMHOro 3abesre-
YeHHsS, BKJIIOYAIOYHM IUIAHYBAaHHSI, PO3POOKY, TECTY-
BaHHs, BIIPOBA/DKEHHS Ta MIATPUMKY. Bin 3a0e3neuye
CTPYKTYPOBAaHUH MiAXiA A0 YNPaBIiHHS MPOEKTAMH,
10 OCOOJIMBO BaXKJIMBO JUIsl BEJIMKUX Ta CKJIAJHUX
MIPOTPAMHUX CHUCTEM.

OcuosHi npouecu ISO/IEC/IEEE 12207 [6]:

Ilepmra xareropist — nmponecu y3romkeHHs. Cto-

CYIOTBbCSI B3a€MOIl MDK Oprasi3alisiMH, sKi BUCTY-
MarTh Y PoJi 3aMOBHHKIB (aCqUirers) ta mocradaib-
HukiB (suppliers) mporpamuux cuctem. Li mporecu
3a0e3MeuyroTh YKJIaJeHHS Yroj, $Ki J03BOJSIOTH
000M CTOpOHaM OTPUMYBAaTH BHUTOJy Ta IiATPUMYBa-
T Oi3Hec-cTpaTerii. Y3romKyBajdbHI MPOIECH MO-
XKYThb 3aCTOCOBYBATHCS SIK 11032 MEKaMH >KUTTEBOTO
LUKy TIPOEKTY, TaK i miJ 9ac Horo peamizamnii. Born
TaKOX MOXYTh BUKOPHUCTOBYBATHUCS BCEPEANHI OIHI€T
opraHizamii sl BU3HAYCHHS BiAIOBIZAIBHOCTEH MIiX
pi3HUMH QYHKI[IOHATFHUMH HigPO31TaMH.

L1i mpouecu 3abe3nedyIoTh YiTKE PO3yMIiHHS Iii-
Jeil MPOEKTY, BUMOT /0 NMPOIYKTY YM TOCIYT, a Ta-
KOX pO3MOAiN 000B’s3KiB MiXK 3aMOBHHUKOM 1 MOCTa-
yanbHUKOM.  Hampukman, mnpouec  mpuadaHHs
(acquisition process) Bkitoya€ BU3HAYEHHS BUMOT JI0
IpOrpaMHOro TMPOAYKTY Ta BHOIp NOCTavyadbHUKA,
TOMI fAK Tmpollec mocradanus (SUpply process) 3abes-
Ievye BiJNOBIIHICTh NPOAYKTY BUMOTaM 3aMOBHHKA.

Jpyra kateropis — opraizamiiiHi mpoIecu
cupusHHS mnpoekTy. CropsMoBaHi Ha 3a0e3MedYeHHA
pecypciB, HEOOXITHMX IS peanizamii MPOEKTIB, SKi
BIJIMOBIIal0Th MOTpeOaM Ta OYiKyBaHHSM 3alliKaBlie-
HUX cTopiH. Lli mpouecu mifOTh HAa CTPaTETriYHOMY
PIBHI Ta CTOCYIOTHCSI YIpaBJliHHS Oi3HECOM OpraHiza-
uii, po3moAilly pecypciB, yNpaBiiHHS pU3HKAMH Ta
MOKpAILIEHHS MPOLECIB.

OpraHizauiifHi OporecH CTBOPIOIOTh CEPEIOBU-
me, B SKOMY peali3yloThCsl IPOEKTH. BoHM BKIIOUa-
I0TH BCTAHOBJICHHS INIPOLECIB Ta MOJAENEH >KUTTEBOTO
UKy, HaJaHHS pecypciB (JIFOACHKUX, (DiHAHCOBUX
TOIO), & TAaKOX BH3HAYEHHS Ta MOHITOPHHT IIOKa3-
HUKIB SIKOCTI MPOTPAMHUX CUCTEM Ta IHIIUX PE3yib-
TaTiB mpoekTiB. L[i mpomecu OJHAKOBO BaXIIHBI SK
JUI KOMEPLIHHUX, TaK 1 s HenpuOyTKOBUX OpraHi-
3aI[iid, OCKIJIbKMA BCi BOHH HECYTh BIiJIMOBIIAIbHICThH
nepes 3alliKaBJIeHHMMH CTOPOHAaMH Ta CTHKAKOTHCS 3
pHU3HMKaMH y CBOTH JisJIbHOCTI.

Tpers kateropis — NMpoLECH TEXHIYHOTO YIpaB-
aiHHs. CTOCYIOTHCS! YNpaBJIiHHS pecypcamMu Ta aKTH-
BaMH, BUAUICHHUMH OpTaHi3ali€ro, I BUKOHAHHS
yToA Ta JOCSTHEHHS Hijiel mpoekty. BoHm BKiIrOUa-
OTh IUIAHYBaHHS BHTPAT, TEPMiHIB Ta PE3yIbTaTiB,
KOHTPOJIb BUKOHAHHS 3aX0JliB AJIs 3a0e31edeHHs Bil-
MOBIMHOCTI IIJJaHAM Ta KPUTEPisM ePeKTUBHOCTI, a
TaKOX BHUSBJICHHA Ta BHOIp KOPEKTUBHUX i AJs
YCYHEHHS HEJIOTIKIB y MPOTPeCi Ta TOCATHEHHSX.

L1i mpoiecu BUKOPUCTOBYIOTHCS ISl CTBOPEHHS
Ta BUKOHAHHS TEXHIYHUX IIJIaHIB MPOEKTY, yIPaBIiH-
HA iH(hOopMaIli€lo B KOMaH/i, OI[IHKA TEXHIYHOTO MPO-
rpecy IOJO IUIAHIB PO3POOKH MPOTPAMHUX CHCTEM,
MPOJYKTIB YH MOCIYT, a TAKOX IS MATPUMKH NpUK-
HATTS pimieHs. [Iponecn TEXHIYHOTO yNpaBIiHHS 3a-
CTOCOBYIOTHCSI ITiJ] YaC BHKOHAHHS KOXXHOTO TEXHid-
HOTO IIpo1lecy.

YerBepra Kareropis — TexHiuHi npouecu. Oxor-
JIOIOTh TEXHIUHI Jif, SKi BUKOHYIOTBCS TPOTSATOM
YChOTO JKUTTEBOTO IHMKIY MPOrPaMHOro 3abe3redeH-
Ha. BoHu TpaHchopMyroTh moTpebm 3aimikaBIEeHUX
CTOpiH y TPOAYKT UM TMOCIYTY, SKi 3a0e3medyioTh
cTabiIbHY pOOOTY Ta 3aI0BOJICHHSI BUMOT KJII€HTIB.

TexHiuHI TpOIeCH 3aCTOCOBYIOTHCS JJISI CTBO-
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PEHHS Ta BUKOPHMCTaHHS IIPOTPaMHHMX CHCTEM, He3a-
JIeXKHO Bix 1X opmu (Mozenb 4M TOTOBUH NMPOIYKT)
Ta erarry )KUTTEBOTO IIMKIY. BoHM BKIIOYAIOTH aHANi3
6i3Hec-moTpe0d, BU3HAYCHHS BHMOI, NPOEKTYBaHHS
apxiTeKTypH, po3po0Ky, TECTYBaHHs, BOPOBAKCHHS,
Bepu(ikamiro, Bamiamio Ta MATPUMKY IPOTPaMHOTO
IPOAYKTY.

ISO/IEC 33001 [7] € OCHOBHUM CTaHIApTOM Y
cepii ISO/IEC 33000, sxa 3amiHWma 3acTapinmid
ISO/IEC 15504 (SPICE). Lieit cranmapT Hagae paMKH
JUTSL OI[IHKH 3piJIOCTi Ta Pe3yIbTATUBHOCTI MPOIIECiB,
[0 J03BOJISIE OpraHi3allisiM BU3HAYATH CIA0Ki Micus
Ta BIIPOBAJKYBAaTH NOKPALICHHS.

PieHi 3pinocti SPICE [7]:

Ha HynboBOMYy piBHI — HENOBHE BUKOHAaHHS
MPOIIECIB — OpraHizailis HE Mae YiTKO BH3HAYCHUX
MPOIIECiB, i pe3yabTaTH poOOTH 3ajekKaTh BijJ IHIUBI-
IyabHUX 3YCHIb MPaIliBHUKIB.

Ha mepmomy piBHI — BUKOHAHI IPOLIECH — Opra-
Hi3alig BIPOBaKye 0a30Bi MPOIECH, aje BOHU HE €
MOBHICTIO KEPOBAHUMH.

Ha ppyromy piBHI — KepoBaHi mpoIecu — opra-
Hi3allis BH3HAYAE€ CTAHIAPTH Ta MPOICAYPH IS YII-
PaBIiHHS TMpoIlecCaMH, IO JO03BOJISIE 3a0€3MEUYUTH
cTabUIBHICTh Pe3yJIbTaTIB.

Ha tpeThoMy piBHI — BCTaHOBIIEHI NIpOIECH —
OpraHi3allisi iIHTeTPy€ MPOIECH Y CBOIO JisIbHICTh Ta
BUKOPHCTOBYE METPHKH JIJIsl IXHBOT'O MOHITOPHHTY.

Ha geTBepTOMy piBHI — mependavyBaHi mporecu
— opradi3aiis AocArae BHCOKOTO pPiBHA KOHTPOIIO
HaJl IPOLECaMH, [0 JO3BOJISAE MPOTHO3YBATH Pe3yJib-
TaTH Ta BIPOBAPKYBATH NPOAKTUBHI NMOKPAICHHS.

Ha m’stomy piBHI — OnTHMi30BaHI TpoIecH —

oprasizamisi IOCTIHO BJOCKOHAIIOE CBOi IPOLECH,
BHKOPHUCTOBYIOUM IHHOBAILIHI MigXOAW Ta TEXHOJO-
rii.

PiBHI 3pinocTi JOomoOMararTh OpraHi3allisM OIli-
HUTU CBOI TPOICCH, BU3HAYUTU CJIA0KI MicIs Ta
BIIPOBAJMTH IOKPALICHHS M JIOCATHEHHS BHUILUX
piBHIB €()eKTUBHOCTI.

Cxema crangaptiB ISO y ympaBiiHHI mporpam-
HAMH TIpoekTamMu (puc. 1) mMoxe OyTH BHKOpHCTaHa
IUIL CTPYKTYpPYBaHHS IPOILECiB, BU3HAYCHHS KIFOYO-
BHX BHUMOT Ta 3a0€3MEUeHHS AKOCTI Ha BCIX eTamax
KUTTEBOTO LUKIY NPOEKTY. Bu3HaueHi craHnmapru,
taki sk ISO 9001, ISO/IEC/IEEE 12207 ta ISO/IEC
33001, MOXyTh CTaTH OCHOBOIO MJIsl IUIAHYBaHHS,
MOHITOPHHTY Ta BIOCKOHAJIEHHS Ipoliecis, 3abe3re-
YYIOUM YITKMH KOHTPOJIb Haja SKICTIO MPOAYKTY Ta
e¢(heKTUBHICTIO pOOOTH KOMaH]IH.

Ll cxema MOXe CIIyTyBaTH KOHTPOJBHUM Iepe-
JIKOM JUIsl OLIHKH TMOTOYHOTO CTaHy IPOLECiB, BUSAB-
JeHHS CcIa0KWUX CTOpiH Ta BHU3HAYCHHS HEOOXiTHUX
MOKpAIeHb.

Bona 3a0e3meuye OCHOBY IJisi OLIHKH 3YCHIIb,
CHpPSIMOBaHUX Ha JOCSTHEHHS BHILIMX PIBHIB 3piIOCTI
MPOIIECiB, a TAaKOX I 3a0€3MeUCHHS BiAMOBIIHOCTI
BUMOTaM KJIIEHTIB Ta HOPMaTUBHUX OpPTaHiB.

Kpim Toro, cxema no3Bossie HopMyBaTH METpH-
KM JJIs1 OLIHKHM PE3yJbTaTHBHOCTI MPOLECIB, IO JA€
MOJKJIMBICTh MPUHMAaTH OOIPYHTOBAHI PilIEHHS 100
BIIPOBAJDKEHHS 3MiH Ta ONTHMi3amii BUKOPHUCTAaHHSI
pecypciB. Bukopucranus 1iei cxemu 3a0e3mnedye cuc-
TeMHHH MiIXiJ A0 YIPaBIiHHS SKICTIO, IO € KIIY0-
BUM (DaKTOpPOM JUIs YCHINTHOT peaii3amii mporpaMHuX
MIPOEKTIB.

ISO 9001
(Quality Management)

ISO/IEC/IEEE 12207
(Lifecycle Processes)

ISO/IEC 33001
(Process Assessment)

Software Project Management

—P Planning
Continuous .
PDCA Execution
Improvement
Monitoring ¢
& Control

Quality Assurance

Structured Lifecycle

Process Improvement

Puc. 1. Cxema crangaptiB ISO B ynpasiiHHI IpOrpaMHIMH MPOEKTAMH

InTerpauis cranaapris ISO B ynpas/inasg
NMPOrpaMHUMM MPOEKTAMHU

PosrnsiHeMO OCHOBHI eTamu iHTerpaiii cTangap-
tiB 1SO [8]:

1. AHani3 BUMOT CTaHIIAPTIiB.

[MepmmM kKpokoM iHTeTpalii € BUBYCHHS BUMOT
cragmaptiB ISO, ski MOXyTh OyTH 3acTOCOBaHi [0
porpaMHoro npoekty. Hanpukian:

— ISO 9001 BHU3Hayae BUMOTH 10 CHCTEMHU yII-
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PaBIIHHS SIKICTIO, BKJIIOYAIOUYH OPIEHTAIII0 Ha KIi€H-
Ta, MOCTIWHE BIOCKOHAJICHHS Ta YIPaBIiHHS pU3UKa-
MU,

— ISO/IEC/IEEE 12207 onucye mpouecH KUTTE-
BOrO0 IHUKIY TPOTPAMHOIO 3a0e3MCeUCHHs, TakKi sK
IJIaHyBaHHSA, PO3pO0Ka, TECTyBaHHS Ta MiATPUMKA,

— ISO/IEC 33001 Hamae METOAMKY OIiHKH 3pi-
JIOCTi TIPOIECiB, MO JO3BOJISIE BUSBHUTH CIIA0Ki MicIs
Ta BIIPOBAIUTH MOKPAIICHHS.

Ha mpomMy erami BakIWBO BH3HAYHWTH, SKi CTaH-
JapTH € HaWOiNbII aKTyalbHUMH IJIS KOHKPETHOTO
MPOEKTY, BPaXOBYKOYHM HOT0 MacmTad, CKIaIHICTh Ta
crenudiky.

2. Ananramis CTaHAApPTIB 0 METOJOJIOTiH po3-
pooOKwu.

Crangaptu ISO MoXyTh OyTH iHTErpoBaHi B pi-
3HI MeTojoJorii po3poOKM mporpamMHoro 3abesme-
yeHHs, Taki sk Agile, Scrum, Waterfall abo DevOps.
Hanpuknan:

—y Agile [9] mpunnumnu ISO 9001 mMoxyTh OyTH
BUKOPHUCTaHI Ui 3a0e3MedYeHHs AKOCTI Ha KOXHOMY
eTani po3poOKH, BKIIOYAIOUN PETYJISIPHUA 3BOPOTHUH
3B’S30K 13 KII€EHTAMH Ta IIOCTiHHE BJOCKOHAJICHHS
MPOIICCiB;

—y Waterfall [6] crangapt ISO/IEC/IEEE 12207
MOXe OyTH BHUKOPUCTAHUHN JUIsl YITKOTO CTPYKTYpPY-
BaHHS C€TaIliB JKUTTEBOTO LHUKIY MPOrpaMHOTO 3a0e3-
MEYEHHs, [0 J03BOJISE YHUKHYTH MOMHJIOK Ha 3aBe-
pUIATBHUX €Tanax MPOEKTY;

—y DevOps [7] cranaapt ISO/IEC 33001 moxe
JOTIOMOTTH OLIHWUTH 3PULIICTh MPOIECiB aBTOMATH3a-
mii Ta iHTerpamii, Mo I03BOJSE IiABUIIUTH e(HEeKTUB-
HICTh PO3TOPTAHHS MPOTPAMHOTO 3a0e3MeYeHHS.

Apnamramisi CTaHAApPTIB IO METOIOJIOTIH po3po0-
KH 703BOJIs€ 3a0€e3[eYUTH TXHIO BiANMOBiAHICTh KOHK-
PETHUM yMOBaM MPOEKTY Ta MAaKCHMI3yBaTH IXHIO
e(heKTUBHICTD.

3. BnpoBamxkeHHs
SIKICTIO.

Jns 3a0e3mneueHHs] BIAMOBIIHOCTI CTaHAapTam
ISO HeoOXigHO BHKOPHUCTOBYBATH CIIEIliaTi30BaHi
IHCTPpYMEHTH YIIpaBIiHHSA AKicTO. [l0 HIX HalIexXaTh:

— CHCTEMH BiJCTEeKEHHSA Ne(eKTiB (HANpHUKIamd,
Jira, Bugzilla) ans BusiBjieHHS Ta yCYHEHHS OMHIIOK
Ha paHHIX eTamax po3poOKH;

— aBTOMAaTH30BaHI TECTOBI cepeJOBHINA (HANPH-
kaaza, Selenium, Jenkins) mns 3abe3medueHHst SKOCTI
KOJly Ta IIBHIKOTO BUSBIICHHS MPOOJIEM;

— CHCTeMH YTPaBIiHHSI IOKyMEHTAli€lo (Hampu-
knax, Confluence, SharePoint) mis 3a6e3neuyents mpo-

IHCTPYMEHTIB  yTpaBJIiHHs

30pOCTi Ta BIICTE)KEHHS 3MiH y BUMOTax 1 pouecax.

BukopucTaHHs IIMX IHCTPYMEHTIB J103BOJISIE aB-
TOMaTH3yBaTH 0arato acleKTiB YNpaBIiHHS SKICTIO,
10 3HAYHO MiJBHIIYE €(PEeKTHBHICTH POOOTH KOMaH-
M.

4. HaBuaHHs Ta MiATOTOBKA KOMaHIH.

VYcemimaa iHTerpanis crapmaprtie ISO Bumarae
HaBYaHHS Ta MIATOTOBKH KOMaHJU. YYaCHUKHU MPOEK-
Ty TOBHHHI PO3YMITH BHMOTH CTaHIAPTIB Ta BMITH
3aCTOCOBYBATH iX y CBOiHl poOoti. Hampuxiasn:

— mpoBeJeHHs TpeHiHTiB 3 ocHOB ISO 9001 mms
3a0e3meyeHHs] PO3YMIHHS INPUHIMINB YHOPaBIiHHA
SIKICTIO;

— HaBYaHHS KOMaHJH BUKOPHCTAHHIO iIHCTpyMe-
HTIB YNpaBJIiHHS SKICTIO, TAKUX SIK CHCTEMHU BiicTe-
XKeHHs NedeKTiB abo aBTOMaTH30BaHi TECTOBI cepe-
IOoBUIIIA,

— po3poOKa BHYTpIIIHIX AOKYMEHTIB Ta iHCTPY-
KIIiH, K1 OMICYIOTh IPOIECH, BIATIOBIIHI CTaHAapTaM
I1SO.

HaByaHHS KOMaHIM € KPUTHYHO BaKIMBHUM
€TaroM, OCKIJIbKH caMe JIIOJHM € OCHOBHUM JKEPEIOM
3HaHb Ta JOCBiAYy, HEOOXIAHMX JUIsl YCHIIIHOI iHTEr-
parii cTaHAapTiB.

5. MOHITOPHHT Ta BIIOCKOHAJICHHS MPOLECIB.

InTerpauis cranaaptiB ISO e moctiitHuM npoiie-
COM, SIKMii BHMMAara€ peryJiipHOrO MOHITOPHHIY Ta
BJOCKOHaJeHHs. Hanpuknan:

— MPOBEJCHHS ayJUTIB IS OIiHKH BiIMOBITHOC-
Ti MPOIIECiB BUMOTaM CTaHIAPTIB;

— BUKOPHUCTAHHS METPUK IS OLIHKH pe3yJibTa-
THUBHOCTI IPOIIECIB, TAKUX SK KiIBKICTh Ne(EKTiB, yac
BUIIPABIICHHS TOMIIOK a0o piBeHb 3a0BOJICHOCTI
KJII€HTIB;

— BIPOBAJDKEHHS 3MiH Ha OCHOBI pe3yJbTaTiB
ayJIUTIB Ta aHalli3y METPHUK.

IMocTiliHe BIOCKOHAJICHHS MPOIECIB JTO3BOJISIE
3a0€3MeYuTH TXHIO BiAMOBIAHICTH BUMOTaM CTaHIap-
TiB Ta MiJBUIINTH €(PEKTUBHICTH POOOTH KOMaH/IH.

Cxema OCHOBHHX eTamiB iHTerpauii cTaHiapTiB
ISO (puc. 2) B ynpaBimiHHSI MPOTPAMHUMH MPOEKTAMH
mpeAcTaBisie co00I0 CTPYKTYPOBaHUHM MIiOXim, SKHA
JIO3BOJIIE OpPTraHi3alisiM CHUCTEMAaTHYHO BIPOBAIXKY-
BAaTH MDKHapoOAHI CTaHIAPTH 3 METOI0 IOKPAIIECHHS
SIKOCTI Ta e(peKTHBHOCTI CBOIX mpomeciB. L1 cxema
BKJIIOYAE II’SITh KIFOYOBHMX €TaIliB: aHaJi3 BUMOT CTa-
HOAAPTiB, ajamTalilo a0 METOMOJOTIH po3poOKH,
BIIPOBAJDKEHHS 1HCTPYMEHTIB YINpPaBIiHHA SKICTIO,
HaBYaHHS TEPCOHATY Ta MOHITOPHHT i3 MOJAIBIINM
BJIOCKOHAJIEHHSIM MIPOIIECIB.

Key Stages of ISO Standards Integration

Analysis of ISO
Standards

Adaptation to
Methodologies

Implementation
of Tools

Team Training
and Preparation

Monitoring and
Process Improvement

Puc. 2. Cxema oCHOBHHX eTariB iHTerpamii cranaaptis [ISO

KooxeH i3 eramiB cxeMu € OCHOBOIO ISl BUSHAYEH-
HS KOHKPETHHX 3aXOJiB, HCOOXiTHHX JUIS YCIIIIHOTO

BIpoBaKeHHs cTangaptiB ISO. Hampuknan, Ha erami
aHalli3y BHMOT BHM3HAYAIOTHCS HAWOLIBII BiAMOBIIHI
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cranpaptu (taki sk 1SO 9001, ISO/IEC/IEEE 12207,
ISO/IEC 33001), sixi Oy1yTh 3aCTOCOBYBATHCS B paMKax
MIPOEKTY. AJanTaisi 10 METOIO0JIOTIH po3poOKH J103BO-
nsie 3a0€3MeYUTH BiANIOBIHICTh CTaHAAPTIB crenudiy-
HUM YMOBaM IPO€EKTY, HANPHUKJIAJA, IPH BUKOPUCTAHHI
Agile, Scrum a6o Waterfall.

BrpoBamkeHHs iHCTPYMEHTIB YIIPaBIiHHS SKICTIO,
TaKuX sK CHCTEMH BifcTexeHHs moMmiok (Jira,
Bugzilla) ta aBromarmsoBani miaTgopmMu I TeECTy-
Bauus (Selenium, Jenkins), zaGesmeuye edexTuBHHI
KOHTPOJb SKOCTI Ha BCiX eTamax po3poOku. HaBuanns
KOMaH/IM CIpHS€ 3aCBOEHHIO NPUHILMIIB CTaHIapTiB
ISO Ta ix mpakTuuHOro 3acrocyBaHHs. Ha 3aBepiiaib-
HOMY erTali, MOHITOPUHI' 1 BIOCKOHAJICHHS IIPOLECIB
JI03BOJISIFOTH TIOCTIHHO OLIHIOBAaTH €(EKTUBHICTH IHTET-
pauii Ta BIpOBaXKyBaTH HEOOXiHI KOPEKTUBH.

Lls cxema MOXe CIyTryBaTH iHCTPYMEHTOM JUIs
IUIAaHYBaHHS, KOHTPOJIIO Ta OLIHKH 3YCHJb, CIPSIMOBA-
HUX Ha iHTerpamiro ctaHmapTiB ISO. Bona 3abesmeuye
YiTKy CTPYKTypy U1 BUSBJICHHS CcIaOKHX CTOpiH, BHU-
3HAYCHHS MPIOPHUTETIB Ta BIPOBAKECHHS IOKpAILCHB,
IO € KIFOYOBUM IS DOCATHEHHS BHUCOKOI SIKOCTi Mpo-
IpPaMHHUX NPOJYKTIB Ta IiJBHIICHHS €(pEeKTUBHOCTI po-
00TH KOMaH[IH.

IIpakTuyHe BUKOpUcTaHHs cTa”HaapTiB ISO y
NMPOrpaMHMX NMPOEKTAX

Cranpaptu [SO 3HaluIM UPOKE 3aCTOCYBaHHS Y
MPOTPaAMHUX TPOEKTAX 3aBISIKU IXHINA 3JaTHOCTI 3a0e3-
MeIyBaTH SIKICTh, €(DEKTUBHICTh Ta BiAMOBIIHICTH BHU-
MoraM KIIEHTIB 1 peryisTopHux oprasiB. [Ipaktuune
BHUKOPHUCTAHHS IUX CTAHAAPTiB MO3BOJISIE OpraHi3allisiM
[10] miHimMi3yBaTH PU3WKH, MOKPAIIUTH IMIPOIECH PO3-
poOku Ta 3abe3nednTH cTabiIbHY SIKICTb MPOTrpPaMHHX
MIPOAYKTIB.

1) BacrocyBanus ISO 9001 miust 3abes3mnedeHHst
sxocTi [4].

ISO 9001 € ocHOBHUM CTaHIApTOM MAJisl CHCTEM
YOPaBIiHHS SKICTIO, SIKH aKTUBHO BUKOPUCTOBYETHCS Y
IPOrpaMHUX MPOEKTax. Oro mpakTHYHE BUKOPHCTAHHS
nepenbavyae BU3HAYCHHS BHMOT KIIEHTIB, KOHTPOJb
SIKOCTI Ha BCiX eramax po3poOKH Ta IMOCTiiHEe BIOCKO-
HaJICHHS [IPOLIECiB.

Ha erami miaHyBaHHS MMPOEKTY KOMaH/Ia BH3HAYAE
BUMOTH KJIIEHTIB Ta JOKYMEHTYE iX y BUIJISIII TEXHIid-

Hux cnenudikanii. e momomarae yHHKHYTH HEOpO-
3yMiHb 1 3a0€3MeYNTH BIANOBIIHICTH MPOIYKTY OYIKY-
BaHHSIM 3aMOBHUKIB. [lim yac po3poOKU MpOrpaMHOro
3abe3nedensss SO 9001 Bumarae BIPOBAPKEHHS IPO-
LIeciB KOHTPOJIIO SIKOCTI, TAKUX SK aBTOMaTH30BaHE Tec-
TYBaHHS JJIsI BUABIICHHA He(EKTiB Ha paHHIX CTamisiX.
ITicas 3aBeplIeHHS KOXKHOTO €Tally HPOEKTY IPOBO-
IUTHCSL PETPOCIIEKTHBA, JIe KOMaHa aHaJi3ye TOMUIIKH
Ta BU3HAYAE IUISXH iX YCYHEHHS.

2) Buxopucrauns ISO/IEC/IEEE 12207 mis yu-
PAaBIIIHHS KUTTEBHM IUAKIIOM [6].

ISO/IEC/IEEE 12207 Bu3Ha4ya€ MpPOLECH >KUTTE-
BOr0 IHKIY NPOrpamMHOro 3a0be3nedeHHs, 0 poOuTh
HOro He3aMIHHUM JJISl BEJIMKHX Ta CKJIAJHHUX MPOEKTIB.
Moro npakTuuHe 3aCTOCYBaHHs BKIIOYAE ILIAHYBAHHS
YKUTTEBOTO LIUKITY, YIIPABIiHHS KOH(Irypaui€ero Ta miar-
PUMKY KOPUCTYBAadiB.

Ha erami ruranyBaHHS KOMaHIa BH3HA4a€ C€TaIH
JKUTTEBOTO IUKIY, TaKi SK aHali3 BUMOT, POCKTYBaH-
Hs, pO3pOo0OKa, TECTYBaHHS, BIPOBAIKCHHS Ta IiATPHM-
ka. Lle mo3Bonsie 3a0e3MeUUTH YiTKY CTPYKTYPY HPOEK-
Ty Ta YHHKHYTH Xaocy. Jns ynpaBiiHHA KOH}Irypari-
€10 BUKOPHCTOBYIOTHCSI CUCTEMH KOHTPOJIIO BEpCiid, Taki
sk Git ado SVN, 110 103BOJIsIE€ BiCTEXKYBaTH 3MIHU Y
Kol Ta nokymeHTauii. [Ticns BpoBamKeHHs MPOIYKTY
KOMaH/a 3a0e3Meuye MATPUMKY KOPHUCTYBauiB, BKJIIO-
Yalo4yM BUIIPABIICHHS TOMUJIOK, OHOBJICHHS Ta HaJaHHI
TEXHIYHOT IOTTIOMOTH.

3) Bukopucranns ISO/IEC 33001 pist omiHkH 3pi-
JocTi mpouecis [7].

ISO/IEC 33001 Hamae METOMUKY JUIS OI[IHKH 3pi-
JIOCTI TIPOIIECiB PO3POOKH MPOTPAMHOTO 3a0E3MEeUCHHS.
Moro mpakTHuHe 3aCTOCYBAHHS BKIIOYAE OLIHKY TOTO-
YHOTO CTaHy IIPOLIECiB, BIPOBaKEHHS IOKPAIICHb Ta
MOHITOPHUHI PE3YJIbTATUBHOCTI.

Opranizaiis OpOBOJUTH OLIHKY CBOIX IpPOIIECIB,
BUKOPHCTOBYIOUH INICTh PIBHIB 3piJIOCTi, BU3HAUCHUX Y
cranmapTi. lle m03BoJsi€ BUSBUTH CIIaOKi MICIs Ta BU-
3HAYUTH NPIOPUTETH ANl MOKpauieHHs. Ha ocHoOBI pe-
3yJBTATiB OLIHKK OpraHi3aliss BIPOBA/DKYE 3MiHH,
CIpsSIMOBaHI Ha IIiJIBUIICHHS €(QEKTHBHOCTI IMPOIIECIB.
[Micas BOpoBaJKCHHS 3MiH TIPOBOAMTBCS IOBTOpPHA
OIIiHKa, 00 BI3HAYUTH €(PEKTUBHICTH 3MiH.

V tabin. 1 HaBeeHO MPUKJIAIY BUKOPUCTAHHS CTa-
HaapTiB 1SO y nporpaMHUX Ipo€eKTax.

Tabruys 1 — Ilpukiaau Bukopuctanus cranaapris 1SO y nporpaMHuX mpoekTax

(Windows, Office)

Cranpaprt Komnanis Cdepa 3acTocyBaHHsi PesyabTar
3abe3neueHHs cTablILHOT
. VpaBnaidus SKICTIO IIPOIYKTIB SIKOCTI IIPOJYKTIB Ta
1ISO 9001 Microsoft P poiy POy

BIJIIOBIIHICTH BUMOTaM
MIJIBHOHIB KOPUCTYBaYiB.

ISO/IEC/IEEE 12207

JlepxaBHi MPOEKTH

Po3pobka cucreM eneKTpoHHOTO
YpsTyBaHHS

3abe3neyeHHs HaAIMHOCTI Ta
CTabiBHOCTI IPOTPaMHOTO
3a0€3ICYECHHS.

ISO/IEC 33001 IBM

OriHka 3piJI0CTi POIIECiB PO3POOKH
IIPOTPaMHOT0 3a0e3NeYeHHs

[MigBumeHHs eeKTHBHOCTI
poboTH KoMaHIH Ta 3a0e3re-
YEeHHS BHCOKOI SIKOCTI MPOIYyK-
TiB.
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BucHoBKkH

Inrerpanis cranmaptie SO y ynpasaieHES npo-
IPaMHUMY IPOEKTAMH € BAXKJIMBHM KPOKOM IUISl 3a-
Oe3medeHHs IKOCTi, ePEeKTUBHOCTI Ta BiAMOBITHOCTI
BUMOTAaM KIII€HTIB 1 peTyIATOPHUX OpPTaHiB.

Cragmapta 1SO, Taxi sk ISO 9001,
ISO/IEC/IEEE 12207 ta ISO/IEC 33001, 3a6e3me-
YYIOTh CTPYKTYPOBaHUH MiAXiA 10 IJIaHyBaHHSA, pe-
aiizanii Ta KOHTPOJIIO MPOrpaMHUX MPOEKTIB.

ISO 9001 no3Bousie 3abe3neunTH cTabiNIbHY SIK-
iCTh NMPOTPAaMHUX INPOAYKTIB uUepe3 BIPOBAKECHHS
CHCTEMH yIpPaBIIIHHS AKICTIO, IO BKJIIOYAE!

— BH3HAYEHHS BUMOT KJIEHTIB,

— KOHTPOJIb SKOCTi Ha BCiX eTamax po3pooOKH,

— IOCTifiHe BAOCKOHAJIEHHS IIPOLECiB.

ISO/IEC/IEEE 12207 wmanae 4iTKy CTPYKTYpy
IUI YTPaBIiHHA JKUTTEBUM IUKJIOM IIPOTPaMHOTO

ISO/IEC 33001 n03BOJsiE OI[IHUTH 3PiICThH
MpOLECiB pPO3pOOKM Ta BIPOBAIUTH IOKpPALICHHS
JUTSL T IBUIIICHHS €()EKTUBHOCTI pOOOTH KOMaHIH.

Ha nmpaktuni crangaptu ISO mupoko BuKopuc-
TOBYIOTBCS Y BEJIMKMX KOMIAHIAX, TaKHX SK
Microsoft Ta IBM, a Takox y aepXaBHUX MPOEKTAX,
10 MATBEpIKYy€E IXHIO €()eKTUBHICTH y 3a0e3MedueH-
Hi SKOCTI Ta KOHKYPEHTOCIIPOMOXHOCTI HpOTrpaM-
HHX TPOIYKTiB.

BukopucTaHHS LOUX CTaHOApTiB JO3BOJAE 3a-
O0e3meunTH cTabinpbHY AKICTh NMPOTPAMHUX IMPOTYK-
TiB, 3HU3UTH PU3UKH Ta MiJBUIIUTH €PEKTUBHICTH
po6oTH KOMaHIHU.

Takum umHOM, iHTeTpauis craHaaptiB [SO €
HEBiZ’€MHOI0 YacTHHOI CYYacHOTO YyHpPaBJIiHHS
MPOTrpaMHUMH TIPOEKTAMU, 110 J103BOJISIE 3a0e3meyn-
THU SIKICTh MPOJAYKTY, 3HU3UTH PUZHKH Ta IiABUILUTH
e(hexTUBHICTH POOOTH KOMaHIH.

3a0e3MeUYeHHsl, 0 OCOOIMBO BAXKJIMBO JJISI BEIUKHX
Ta CKJIaJHUX IMPOEKTIB.
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Integrating 1SO standards
into software project management

O. Zaporozhets, O. Sobol, D. Grynev, I. Zykov

Abstract. Modern software projects are characterized by significant complexity and constant changes, which
necessitates the use of standardized approaches to quality and efficiency management. International standards, in
particular 1SO 9001, ISO/IEC/IEEE 12207 and ISO/IEC 33001, offer unified methodologies for ensuring software
quality, managing the development life cycle and assessing the level of process maturity. This article analyzes the
significance of these standards in the context of software projects, their implementation in management practices and
the possibilities of practical use. The adaptation of standards to modern development methodologies, in particular
Agile, Scrum and Waterfall, is separately considered. Examples of the successful application of 1SO standards in large
corporations and government initiatives are given, which demonstrates their effectiveness in improving product quality,
minimizing risks and increasing the competitiveness of software solutions.

Keywords: ISO, software project management, software quality, ISO 9001, PDCA, ISO/IEC/IEEE 12207, ISO/IEC
33001, Agile, Scrum, Waterfall, life cycle, process maturity.
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MODELING OF MANAGEMENT OBJECTS AND PROCESSES

Abstract. The article examines the main issues of modeling objects and management processes, analyzes and
improves the methodological apparatus of the research. It has been proven that the majority of researchers study the
system as an oriented and in a certain way directed set of elements, between which mutually determined and
mediated connections of the studied area are established in a certain way. It was established that the system built in a
certain way functions to achieve a defined and set goal, which is determined by the elements that are the components
of this system and determined by the components of its theory considered in the study, using all levels of its abstract
description. It is noted that at the theoretical-multiple level of its abstract description, with the optimal formation of
all its components, the real state and prospects of its development and improvement are determined, which require
the further perspective of formation, modernization and implementation of real systems. It is justified that, provided
that business processes are correctly modeled, they provide an opportunity to increase efficiency and optimize the
activities of the entire company, which is the main function of modeling and its practical utility. It is established that
after the modeling process itself, an improvement plan must be developed and changes implemented to su ccessfully
increase the efficiency of all processes. The research of the software market made it possible to determine that today
there is a sufficiently high level of services and platforms for modeling and designing business processes: from basic
graphic editors that allow users to visualize the algorithm, to complex applications with analytical tools, constructors
and other functions. Building a business process model is a useful method that allows you to effectively analyze,
improve and optimize the company's business processes to achieve strategic goals and increase process automation
and competitiveness. It is substantiated that the modeling of business processes is indirectly an organized approach

to the construction of a business process, with its gradual analysis and interpretation.
Keywords: system, model, modeling, management processes, analysis, business processes.

Introduction

The company's activities consist of many
business processes that are connected to each other
into a single mechanism. Work productivity depends
on the configuration and competent development of
business processes, as well as the orientation of the
business towards high results. Therefore, if a result is
needed, you should regularly analyze, refine, and
sometimes even rebuild systems and some processes
within an organization or enterprise. Business process
management can be improved and implemented using
special techniques such as modeling. Particular
attention should be paid to the methodology of
business process modeling (BPM).

It will help to clarify why it is important to
model business processes, what advantages it
provides, what tasks and goals it allows to achieve.
Types, stages, and BPM tools deserve detailed
analysis. Through the modeling process, companies
can identify their weaknesses, identify risks, optimize
business processes and improve overall performance.
The basic principle is to decompose cumbersome
technological processes into small components. A
detailed description of the elements and parts of
various business processes allows in any situation to
more deeply understand their essence, identify the
potential for their improvement, and application in
other areas of business.

The model is a textual, schematic, graphical
representation of the internal processes of a business
and the logical interdependence between them. Such

adequate models can and should reflect: the current
state of processes - how it is happening now; their
desired position after making modifications,
adjustments - what will happen afterwards, the result.

Analysis of recent research and publications.
The problem of analyzing the evolution of the
development of artificial intelligence in the direction
of multimodality and transformational development
in large language models (Ilm) has always been in the
scientific focus of leading foreign and domestic

scientists. It was the study of verification and
interaction of information systems with the
surrounding world that caused, according to

scientists, this evolution of views regarding the
perception of certain results that are inherently
multimodal and multicomponent.

Analysis of the improvement of lIm with the
help of the ability to process and generate different
data modalities in the field of view of a number of
foreign scientists.

Poberezhny R., Kramskoi R., Pererva P.
research methods of modeling the processes of
management of socio-economic systems [1].

Vydrya E., Kobeleva O., Pererva R. focused on
the studied structures of the enterprise's strategic
innovation project and examine the content and
contents of its modules [2].

Famous researchers consider the modeling
processes, based on the analysis of the evolution and
distribution of multimodal artificial intelligence
systems and their influence on the development of the
studied issues [3-6].
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Others focused on the processes of modeling
business  processes in  individual  software
applications, where it determines their features,
advantages and disadvantages [7].

A number of modern publications are devoted to
the study of best practices in the design, development
and implementation of business process management
systems [8-15].

Main part

Modeling is a way of researching any
phenomena, processes or objects by building and
analyzing their components. The term "system™ has
existed for more than two millennia, however,
different researchers define it differently. The system
can be one computer, and an automatic line or
technological process in which the computer is only
one of the components, and the entire enterprise or
several different enterprises functioning as a single
system in one industry. What one researcher defines
as a system may be only a component of a more
complex system for another[1-3, 5].

Based on the axiomatic statement regarding the
relevance of determining that the main issues of
modeling objects and management processes, there is
a need for a thorough analysis and improvement of
the methodological and methodical research
apparatus. It should be noted that the majority of
researchers study the system as an oriented and in a
certain way directed collection of many elements.
Note that the system functions under certain
conditions, if necessary, its modification and
expansion to achieve a defined and set goal, which is
determined by the elements that are the components
of this system, and determined by the components of
its theory, which is considered in the study, using all
levels of its abstract description. It is at the
theoretical-multiple level of its abstract description,
with the optimal formation of all its components, that
the real state and prospects for its development and
improvement are determined, which require further
prospects for the formation, modernization and
implementation of real systems.

Many researchers define a system as a
purposeful set of interconnected elements of any
nature. According to this definition, a system
functions to achieve some goal.

This definition is quite correct for sociological
and technical systems, but is not suitable for systems
of the surrounding nature, the purpose of which is not
always known. The definition of the concept of a
system is related to an abstract theory systems, within
which the following levels of abstract description are
used:

— symbolic or linguistic;

— theoretical-multiple;

— abstract-algebraic;

— topological;

— logical and mathematical,

— theoretical and informational;

— dynamic;

— heuristic [4-7].

To define a certain concept, certain symbols
(alphabet) are used and rules for operating them are
established. A concept expressed in an abstract
language means any sentence (formula) built
according to the grammatical rules of this language.
It is assumed that such a sentence contains selectable
variables, so-called constituents, which, having only
certain values, make this statement true. All
statements are divided into two types: terms which
point to objects, and functors that define relations
between terms. The use of terms and functors makes
it possible show how, based on the linguistic level,
other levels can be formed abstract description of the
system.

At the set-theoretic level of the abstract
description of the system, it is possible to obtain
fairly general information about real systems, and for
specific purposes, other models are needed, which
would provide an opportunity to analyze various
properties of real systems in more detail. This
requires lower levels of abstract description of
systems, which are special cases of description of the
set-theoretic level. So, if the connections between the
elements of the given sets are established with the
help of some single-valued functions that map the
elements of the set to the original set itself, then the
abstract-algebraic level of system description takes
place.

In such cases, it is considered that zero, unary,
binary, ternary and other relations are established
between the elements of the set. If some multivalued
functions are defined on these sets, then there are
topological abstract models written in the language of
general topology or its branches, which are called
algebra topology, homologous topology, etc. p.
Choosing the right level of abstract description when
studying one or another real system is always the
most responsible and the most difficult step in
theoretical-system constructions.

This process is almost impossible to formalize
and largely depends on the experience and knowledge
of the researcher, his professional training, research
goals, etc.[12-14].

The theory of relativity, which studies the
universal physical laws that apply to the entire
universe, and quantum mechanics, which studies the
laws of the microcosm, are not easy to understand,
and yet they deal with systems that are considered
simple from the point of view of modern natural
science.

Simple in the sense that they include a small
number of variables, and therefore the relationship
between them lends itself to mathematical processing
and the derivation of universal laws. However, in
addition to simple ones, there are complex systems
that consist of a large number of variables and,
therefore, a large number of different relationships
between them.

The larger it is, the more difficult the subject of
research is to achieve the final result - to deduce the
regularities of the functioning of this object. The
difficulties of studying these systems are also related
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to the fact that the more complex the system, the
more it has so-called emergent properties, that is,
properties that are not present in its parts and which
are a consequence of the effect of the integrity of the
system.

Meteorology studies complex systems in
particular, since the processes of weather formation
are much less known than gravitational processes,
which, at first glance, seems like a paradox.

In general, during the construction of the model,
the following requirements must be taken into
account:

— independence of the results of problem solving
from the specific physical interpretation of the model
elements; meaningfulness, that is, the ability of the
model to reflect important features and properties of
the real process being studied and modeled;

— deductibility;

— inductance.

Since the model is created to solve specific
tasks, the model developer must be sure that he will
not get absurd results, and that all the obtained results
will reflect the characteristics and properties of the
modeled system necessary for the researcher. System
analysts use the model to make decisions and find the
best ways to build or upgrade the modeled system. It
is always necessary to remember that the customer is
the user of the information obtained with the help of
the model.

It is pointless to develop a model if it cannot be
used. Moreover, working with the model should be
automated for the customer to such an extent that he
can work with it within his subject area. Thus, an
advanced interface must be implemented between the
model and the user, which is usually created using a
menu system configured to use the model in a
specific area. In order to implement all these methods
in practice, you will need a business modeling system
[8-11,14-15].

The degree of detail of the model should be
chosen taking into account the goals of modeling, the
possibility of obtaining the necessary input data for
the model and taking into account the available
resources for its creation.

The degree of detail of the model should be
chosen taking into account the goals of modeling, the
possibility of obtaining the necessary input data for
the model and taking into account the available
resources for its creation.

There are several conventional ways to create,
construct and visualize a picture of processes within
the framework of system modeling:

— tables,

— diagrams,

— development scenarios,

— description diagrams and so on.

Which method of describing business processes
to choose depends on the preferences, objectives of
the company and how many objects need to be
studied.

Basic business modeling methods
shown in Fig. 1.

looks as

Basic business
maodeling methods

[Flow Chart Diasram

VAD

IDEF
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Fig. 1. Basic business modeling methods

If a correctly model a business process, it can
help improve its efficiency and optimize the activities
of the entire company. This is the main function of
modeling and its practical benefits. If we consider a
business not as something single and integral, but
decompose its work into its component parts, then
you will see a number of problems. At first glance,
they may be understandable or even invisible, but in
fact they greatly influence the work of the company.
After the modeling process itself, it is necessary to
develop an improvement plan and implement changes
to successfully improve the efficiency of all
processes. This means creating a model of existing
interacting processes helps companies understand
how they actually function. Therefore, under the
condition of optimal and verified modeling of
business processes, they provide an opportunity to
increase the efficiency and optimize the activity of
the entire company, which is the main function of
modeling and its practical benefit. After passing the
propaedeutic level of training, after the modeling
process itself, there is a need to define and implement
an improvement plan and implement changes to
successfully improve the efficiency of all processes.
Including finding solutions that help improve the
work process. Processes mediated by BPM deserve
analysis and more detailed research and looks as
shown in Fig. 2.

Functional modeling involves dividing a large
business process into functions, tasks and operations.
In this approach, each function or task is represented
as a separate element that is linked to other parts of
the process itself. To interpret and describe this type
of modeling, flowcharts are often used to observe
exactly how the process works technically and how
the process elements are interconnected. Simulation
modeling of business processes allows you to focus
on creating a model that, in theory, simulates the
flow of a process under different conditions. Changes
in the functions of the process and its properties are
necessarily analyzed in dynamics. In the object-
oriented modeling approach, business processes can
be considered as a collection of objects that interact
with each other to achieve certain goals.
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Fig. 2. Processes mediated by BPM

Each business process is a set of objects that has
its own attributes and qualities.

They can be related to each other, and object-
oriented modeling describes such relationships. All
described types must be implemented using one of
the three main methods of modeling business
processes looks as shown in Fig. 3.

The most common ways to
mode] your business

Textual representation of busines
PICesses

Table format

Flowchart Format -
odeling

Graphicall

Fig. 3. The most common ways
to model your business processes

The modeling process includes a number of

stages, each of which must be performed
sequentially, within the framework of a specific
algorithm.

To make an effective business process model,
you should go through the following stages:

— studying the current state of the process,

— analyzing the information received,

— developing the desired model,

— testing the updated model, finalizing the new
model.

At the first stage, an analysis of the current state
and stage of execution of the business process is
carried out.

The stage includes searching for information:
defining the goals and objectives of the process,

including the logic of its work, identifying the
necessary key resources, means, and boundaries. This
is the original or standard business model that will
form the basis for a group of future improvements.

The second stage is the analysis of the
information received, which involves the disclosure
and addition of the process. It is necessary to search
and identify restrictions, repetitive operations, and
transitions.

Thus, at this moment we clarify, detail the
“standard” model, reveal non-obvious details,
functions and record the needs for changes. At the
stage of developing the desired model, a model of an
optimized business process is built. Based on the data
obtained earlier, based on the opinions of experts and
analysts, a new model is created in which the
identified problems are eliminated. At the next stage,
the new model is tested in real conditions, performs
all functions and is introduced into the company’s
activities.

After this, if necessary, it should be assessed
and the results of business activities identified. If
defects or errors appear during actual operation of the
model, it is further refined taking into account new
data, changes in external conditions, requirements
and goals of the company, and a new model is
finalized.

As a result of the study and analysis of the
software market, it can be confidently stated that
today there is a sufficiently high level of services and
platforms for modeling and designing business
processes: from basic graphic editors that allow users
to visualize the algorithm, to complex applications
with analytical tools, constructors and others
functions. In our opinion, designing, developing and
building a business process model is a useful method
that allows you to effectively analyze, improve and
optimize the company's business processes to achieve
strategic goals and increase process automation and
competitiveness.

As a result of the conducted analysis, it can be
stated that business process modeling is an indirectly
organized approach to building a business process
with its gradual analysis and interpretation.

Conclusions

Today on the software market you can find
dozens of services and platforms for modeling and
designing business processes:

— from basic graphic editors that allow you to
visualize the algorithm for users,

—to complex applications with analytics tools,
designers and other features.

Each tool is focused on certain types and stages
of BPM, where the model must fully comply with the
goals of the project and be applicable within your
business, area of activity and work system.

Building a business process model is a useful
method that allows you to effectively analyze,
improve and optimize a company's business
processes to achieve strategic goals and increase
process automation and its competitiveness.
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During the modeling process, it is important to
consider the organization as a single system in which
various structural and organizational processes are
interconnected and interdependent. To do this, you
need to be able to decompose each process into its
components, look for interdependencies in them,
build diagrams, highlight symbols and concepts,

analyze them and operate with them. Business
process modeling can help create an organized
approach to building a business process and can also
improve the efficiency of a company. But for this it is
important to be able to handle models and to build
the structure of the model, it is necessary to correctly
interpret and analyze it.
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MopaenoBaHHs 00’€KTIB Ta NpoueciB yNpaBJIiHHA
A. Karmiton, T. ®panuyk, Jl. Tumenko, A. [ecsatko, H. Cac

AHoTamisi. Y cTaTTi pO3MIITHYTO OCHOBHI ITUTaHHS MOJIETIOBAHHS 00 €KTIiB Ta MPOIECIB yIPaBIIiHHS, TPOAHATI30BAHO Ta
BJIOCKOHAJICHO METOJIOJIOTIUHMI amapat IociiukeHHs. JloBeJjeHo, 0 MepeBakHa YacTHHA JOCITIIHUKIB BUBYAIOTh CHCTEMY SIK
Opi€HTOBaHY Ta IEBHHUM YHHOM CIHPSMOBaHY MHOXHHY €JIEMEHTIB, MDK SKHMH BCTaHOBJIECHO B3a€MOOOYMOBIICHI Ta
OIOCEPE/IKOBaHI MEBHUM YMHOM 3B’S3KH JIOCII/PKYBaHOI obyiacTi. BCcTaHOBIEHO, 1110 MEBHHM YHHOM MOOy/IOBaHa CHCTEMa
(byHKIIOHYE€ 331151 TOCATHEHHSI BU3HAUECHOI Ta MOCTABJICHOI METH, 1110 00YMOBJICHO €JIEMEHTaMHU, SIKi € CKIIaJIOBUMH Li€i CHCTEMH
Ta OOYMOBJICHIMH pO3TJITHYTHMH B JIOCTIKCHHI KOMIIOHEHTaMH ii Teopii, 3 BHKOPUCTAHHSIM BCiX piBHIB i aOCTpakTHOTO
omucy. 3a3HavyeHo, IO HAa TEOPETHKO-MHOXXMHHOMY DiBHI ii aOCTpakTHOrO OMWCY NpU ONTUMAIBHOMY (DOpMyBaHHI BCiX ii
CKJIQIOBUX BU3HAYAIOTh PEANbHUI CTaH Ta TEPCHEKTHBU I PO3BUTKY Ta BIOCKOHAJCHHS, SIKI MOTPeOyIOTh B MOJAJIbBLIiN
HepCHeKTHBI (OpMyBaHHS, MOJAEpHI3alii Ta BIPOBaIKEHHS peaJbHUX cucTeM. OOrpyHTOBAHO, 110 32 YMOBH, KOJIM IPABUIBLHO
3MOJIeTIbOBaHi Oi3Hec-poLecH, BOHM HaJaloTh MOXJIMBICTh MiABUIIUTH €(EKTHBHICTH i ONTHMI3yBaTH MAisUIBHICTBH BCiei
KOMIIaHii, 110 € OCHOBHOI (DYHKIliE MOJETIOBaHHS Ta HOro MpakTH4HOI KOpUCTi. BCTAHOBNIEHO, IO MICIs CaMOro MpoLecy
MOJICITIOBAaHHSL HEOOXITHO PO3POOUTH IUTaH MOKPAIICHHS Ta BIPOBAJUTH 3MiHU IS YCHIITHOTO MiABUIIECHHS ¢()EKTHBHOCTI BCIiX
nporeciB. J[oCmiPKeHHsT PUHKY NPOrpaMHOTo 3a0e3NeyYeHHs 103BOJIMIO BH3HAYUTH, 1O ChOTOJHI JOCTATHBO BHCOKHIl piBEHb
CepBICIB 1 IIaTGOPM Il MOJICITIOBAHHS Ta IPOCKTYBaHHS Oi3HEC-TIPOIIECiB: Bl 0a30BHX rpadiqHUX pElIaKTOPIB, SKi JO3IBOJISIIOTH
Bi3yalli3yBaTu alrOPUTM JUISI KOPUCTYBAUiB, O CKIATHHUX NOJATKIB i3 IHCTPYMEHTAaMH aHATITUKH, KOHCTPYKTOPAMH Ta IHITAMH
¢byunkuismu. [ToGynoBa Mozeni Gi3Hec-mpoliecy € KOPUCHUM METOIOM, SKUil 03BoJIs€ e)EeKTUBHO aHANi3yBaTH, IOKPAILIYBaTH Ta
ONTHMI3yBaTH Oi3HEC-TIPOIIECH KOMITaHii AJs JOCSATHEHHS CTPATeridyHMX Iijiel i MiIBHILNEHHS aBTOMAaTH3allii mpolecy Ta Horo
KOHKYPEHTOCIPOMOXKHOCTi. OOIpyHTOBAHO, 1110 MOJEIIOBAHHS 0i3HEC-TPOLIECIB OMOCEPEIKOBAaHO OPTraHi30BaHUM IiJXO0J0M 0
noOyoBu GizHec-mpoliecy, 3 MOCTYIOBUM ii aHAII30M Ta IHTEPIPETALi€lo.

KawuoBi caoBa: cucrema, MoJesb, MOJICIIOBAaHHS, IPOLIECH YIIPABIIHHS, aHali3, Oi3HEC-TIPOIIECH.
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MODEL DEVELOPMENT OF DYNAMIC REPRESENTATION
A MODEL DESCRIPTION PARAMETERS FOR THE ENVIRONMENT
OF A COLLABORATIVE ROBOT MANIPULATOR
WITHIN THE INDUSTRY 5.0 FRAMEWORK

Abstract. The article presents a study on the development of a model for the dynamic representation the environmental
description parameters for a collaborative robot manipulator within the Industry 5.0 requirements. The main focus is a
mathematical model that allows the robot to quickly adapt to changes in the workspace, ensuring effective and safe interaction
with humans. The proposed model takes into account data from various sensor systems, such as lidars, cameras, and ultrasonic
sensors, to continuously update information about the environment. The study also considers algorithms that optimize the process
of data collection and processing to improve the accuracy of prediction and response of the robot. The results of the work are
aimed at increasing the efficiency of collaborative robots in production environments, improving the level of automation and
ensuring harmonious cooperation between humans and machines within modern cyber manufacturing systems.

Keywords: collaborative robot, dynamic representation, environmental model, Industry 5.0, sensor systems, robot
manipulator, collaboration security, automation, adaptability, cyber manufacturing systems.

Introduction

In the context of Industry 5.0 development, there
is a growing need to integrate humans and robots into a
joint working ecosystem, where secure collaboration,
effective communication, and adaptability to changing
environments are  key. Collaborative  robotic
manipulators that interact with humans must not only
perform their tasks with high accuracy but also respond
to dynamic changes in the workspace, ensuring safe
operations. One of the critical requirements for such
systems is the ability of the robot to continuously update
the environmental model, including the parameters of
moving objects, human actions, and other changes in
space [1].

The relevance of the study lies in the need to
develop methods for dynamic environmental
description for collaborative robots that take into
account the current requirements of Industry 5.0. This
includes not only the creation of mathematical models
and algorithms for predicting changes in the
environment, but also their integration with sensor
systems to ensure a high level of adaptability. The
development of such methods will help to increase the
efficiency of robotic systems and their safe cooperation
with people, which is a critical factor in modern
production environments [2].

The aim of the article is to study and develop a
dynamic representation of environmental parameters
for robot manipulators, which will create the basis for
more efficient integration of robotics into cyber
manufacturing systems in accordance with the
requirements of Industry 5.0.

Main part

When developing models for dynamic parameter
updating in a collaborative industrial robot model, it is
necessary to implement mathematical models and
algorithms that allow adaptation to changes in the
environment or in the system's operation. This can be

realized using various approaches, including adaptive
control, machine learning, and adaptive filtering
algorithms [3].

To dynamically update the workspaceR3, the
model of which is presented in [X], it is proposed to use
adaptive algorithms to monitor changes in the
environment:

R3(t) = R3(t — 1) + AR3(¢), (1)

where R3(t) - three-dimensional space at a moment in
time ¢;

R3(t — 1) - three-dimensional space at a moment
in time t — 1, describes the three-dimensional space at
the previous moment in time. This is the base point from
which changes are calculated.

AR3(t) - means the changes in the workspace at a
point in time t that can be assessed by sensors or a
monitoring system.

That is, it reflects the difference or changes that
have occurred in three-dimensional space between the
time points t — 1 and t. These changes can be caused
by object movements, changes in security perimeters, or
other factors.

The assessment of AR3(t) can be performed using
various sensors that provide data about the
environment. These can be described as follows:

- 3D scanners allow collecting data on the three-
dimensional geometry of the environment of a
collaborative industrial robot manipulator by
comparing the captured data with previous scans to
determine changes in the environment, the model of
such an assessment can be presented as follows:

AR3(t) = Datai® — Data3P,, (2

where Data3P - are data received from a 3D scanner at
a given moment in time ¢t

Data3P, - are data at a previous moment in time
t—1.

- Light Identification, Detection and Ranging
(LIDAR) uses laser pulses to determine the distance to
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objects and create accurate three-dimensional maps,
allows you to analyze data from lidar scanners to
determine changes in the location of objects, the model
of such an assessment can be presented as follows:

AR3(t) = Datal'P4R — DatalD4R, (3)

where Datal'P4R - are data obtained from LIDAR at a
given moment in time t;

Datal'B4R - are data at a previous moment in time
t—1.

- cameras (2D or 3D) record images or videos to
detect objects and their changes in space, allow the use
of computer vision and Al methods to track objects and
estimate their movements, the model of such an
estimate can be presented as follows:

AR3(t) = Datal®™ — Data®?, 4)

where Dataf*™ — position of the object according to the
data received from the camera at the moment of time t;

Datai*T - the position of the object obtained from
the camera at the previous moment in time t — 1.

- distance sensors (ultrasonic, laser, etc.) (Sens)
measure the distance to objects in real time, i.e. collect
data on changes in distances to objects to assess changes
in the environment, the model of such assessment can
be presented as follows:

AR3(t) = Datai®™ — Data;®?s, (5)

where Data;®™ — distance to the object according to the
data received from the sensor at the moment of time ¢;
Data3®}s — the distance to the object obtained from
the sensor at the previous moment in time ¢ — 1.
On the basis of 2.45-2.48, changes in three-
dimensional space can be represented as:

AR3(t) =
= (Datai®, Datat'P4R, Datai*™, Datai®™) — (6)

—(Data3P;, Datat'54R, Data®T, Datazets),

where Data??, Datal'P“R, Datal®™, Datai®™ - €
JaHUMH, OTPUMAHUMH BiJ CEHCOPIB HA MOMEHT Yacy t;

Data}?;, Datat'5 R, Dataf®y, Data}® - are data
obtained at a previous point in time t — 1.

Combining these data allows us to adaptively update
the description of three-dimensional space, taking into
account changes in the environment, and ensure the
accuracy and efficiency of the collaborative robot
manipulator.

The working area (D) can dynamically change
depending on changes in objects in space or changes in
security perimeters (€,45.) and can be described by the
following expression:

D(t) = D(t — 1) U AD(t), ©)

where D(t) - workspace at a given time t, describes the
space in which the robot operates, including all objects
(©;) and safety perimeters (Qg,f.) that may affect its
actions.

This can be a limited area in which the manipulator
performs a task, taking into account all new objects and
changes in the environment;

D(t —1) - workspace at a time momentt¢ — 1,
describes the working area at the previous time point.
This is the base point from which changes are
calculated;

AD(t) - changes in the workspace at a given time,
which can be described as new or changed areas of the
workspace, i.e., it reflects new objects or changes in
existing objects that have appeared or been changed in
the workspace between time points t — 1 and ¢.

This can be, for example, a new facility, a
relocated facility, or a change in security perimeters.

A dynamic workspace (ID(t)) can be described as a
system that is constantly updated in response to changes
in the environment (AD(t)). Updating can occur in real
time due to data from sensors and cameras [5-7] that
track changes in the environment. As a result AD(t),
within the framework of these studies, it can be
represented as follows [4]:

- 3D scanners and lidars collect data about the three-
dimensional geometry of the environment, identifying
new objects or changes in the location of objects. New
information obtained from scanners or lidars can be
represented as an addition to the previous zone and can
be described as follows:

AD(6)= Oy, ®
where Q32.LIPAR _ new objects or changes in the location

of objects, obtained from scanners or lidars,

- camera(s) collect images or video to detect new
objects or changes in the environment. New or changed
objects detected in the images are added to the
workspace and can be described as follows:

AD(t)= Qew 9)

where Q2% - new objects or changes in the location of
objects received from the camera;

- distance sensors measure the distance to objects,
which allows detecting new objects or changes in their
location, new data from distance sensors are added to
the working area, and can be described as follows:

AD(t)= Qe (10)

where Q3% - new objects or changes in the location of
objects received from distance sensors;

As a result, the mathematical description of the
dynamic work area can be obtained by modernizing
expression 7 and using expressions 8-10, the result of
this solution is given below:

D(t) =
= (DataiP,, Datat'h4R, Dataf®T, Datai®hs

3D,LIDAR cam (ysens
U Qnew ’ Qnew' Qnew )\

\Removed (Q2HP4R qeam, osens

(11)

where Data3l;, Datal!B4R, Dataf®y, Data;®}s- is the
working space of the collaborative robot manipulator at
the previous moment in time, all objects and areas that
were relevant at the moment ¢t — 1, formally, this is an
extended representation D(t — 1) from expression 7;
Q3DLIDAR qcam ()sens _ are new objects that have
been added to the workspace between time ¢t — 1 and t,
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as a result, objects have appeared in the workspace and
need to be added to the previous zone, formally, this is
an extended representationAD (t) from expression 2.50;

Removed (Q3PHP4R cam sensy - are objects
that were in the workspace earlier (at time t — 1), but
are no longer part of the workspace. This can be because
the objects have moved, been deleted, or are no longer
relevant.

Based on 11:

Data?,, Datat!B4R, Datal®T, Datafé?s U

3D,LIDAR ncam (ysens
Qnew ’ Qnewv Qnew -

the operation of combining two sets - the previous
workspace and the new objects.

This creates an updated set of objects that are in
the workspace at the time of ¢, including new objects,
and Removed (QJPMPAR qcam qsens the set
difference operation removes objects that are no longer
part of the workspace.

That is, those objects that have been deleted or are
no longer relevant are removed from the result of the
merge (with new objects).

Here is an example of how 11 allows you to
dynamically update the workspace, adapting it to
changes in the environment of the colaborative robot
manipulator.

Suppose that the working area of the collaborative
robot manipulator at the previous time

D(t—1) = A,B,C

has the following objects , and suppose the appearance
of Q&% = {D,E} that are the new objects that were
added to the working area between t — 1and t, while the
object{B} left the working area and is no longer part of
it. Then, according to 11, a merge is:

{AIBIC}U{D’E} = {AIBJCIDJE}7
and a delete is
{A,B,C,D,E)\{B} ={A,C,D,E}.

Thus, at the moment t, the working area D(t) will
include objects{A4, C, D, E} excluding objects that have
been deleted. The proposed model 11 based on 7 allows
us to dynamically update the working area, adapting it
to changes in the environment, which is important for
the accuracy and safety of collaborative industrial
robots.

The model of the dynamics of objects in space is
based on the model of objects in space ;, and
represents both areas with certain geometric shapes and
sizes, the mathematical description of which is given in
[5]. To dynamically update the location of objectsQ;, it
is proposed to use object tracking algorithms. Based on
this, the model of the dynamics of objects in the
working area of the collisional robot manipulator can be
represented as follows:

Q; () = Q;(t — 1) + AQ;(t), (12)

where Q;(t) - is the set of objects in space at a moment
in time t, the state of objects in space at the current
moment in time ¢, and includes all objects that are in the

working area of the colobrative robot manipulator at
this moment;

Q;(t — 1) - is the set of objects in space at a moment
of time t — 1, is the state of objects in space at the
previous moment of time t — 1, is the base set of objects
from which the update starts.

AQ;(t)- change in the set of objects for the period
from t — 1 to ¢, that is, new objects that have appeared
or changes in existing objects. In other words, it is the
difference between the current and previous state of
objects. It can include new objects that have appeared
or changes in the properties of existing objects (e.g.,
moving, resizing, changing state).

Model 12 describes how the set of objects in space
is updated over time, allowing for dynamic changes in
the environment, such as the addition of new objects or
changes to existing ones. To give a mathematical
description, the set of objects at time t can be described
as Qi) = {Qc Qcys Qeos Qe Qg 1, where
Qe Qeys Qeor Qeys -, Qg - Objects in space that are
represented as areas with certain geometric shapes and
sizes. Changes in the objects AQ;(t) can be divided into
two types of changes: new objects AQ} (t) and objects
that have been deleted or modified AQ; (t). Then:

AQ; (D) = AQF (B) U AQf (b). (13)

Based on 12 and 13, the updated set will look like
this:

Q) = Qi(t — D U AQS (D\AQ] (D), (14)

where Q;(t — 1) - a set of objects in space at a given
time moment t — 1, is the state of objects in space at a
previous moment intime t — 1, is the base set of objects
from which the update starts;

AQf (t) - new objects in the working area of the
collaborative robot manipulator;

AQ; (t) - objects that have been deleted or
modified in the working area of the collaborative robot
manipulator.

For example, let's assume that there are the
following objects in our workspace, at the time t — 1:
Q,;(t — 1) = {4, B, C}, new objects at time ¢t: AQ] (t) =
{D} and objects deleted or changed at t: AQ; (t) = {B}.
Then, in accordance with 14, we have the following
updated set:

Q;(t) ={A,B,C}U{DN\{B} ={A,C,D}. (15)

Thus, at time t, the number of objects in the working
area of the collaborative robot manipulator will be
{A, C, D}, where object B was deleted, and the object D
was added. The proposed model of the dynamics of
objects in the working area of a collaborative robot
manipulator allows the system to dynamically update
the list of objects in the environment, which is important
for ensuring the accuracy and relevance of data in
robotic systems.

The motion dynamics model q(t)is based on the
mathematical representation of the position function
and can be implemented using adaptive control
algorithms that take into account changes in the
environment or in the system operation [7]:
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q() = q(t —1) +Aq(t) (16)

where q(t) - is the state vector of the robot or
manipulator at time t.

It includes the coordinates of the joints, the
position of the end effector, or other system parameters
that change over time. If it is represented as a vector of
joint positions, it can be described as follows q(t) =
[q1(2), g2 (©), ..., g, (£)]T, Where q,,(t) — is the position
of the n-joint at a time moment ¢;

q(t — 1) - is the vector of the state of the robot or
manipulator at the previous time moment t-1, and is the
base state from which the update is performed;

Aq(t) - change in the system state for the period
from t — 1, and may include changes in joint position,
velocity, acceleration, or other variables that
characterize the dynamics of the system. Mathematical
representation  Aq(t) = [Aq,(t), Aqy(¢), ..., Ag,, (D)]7,
where Ag, (t) — change in the position of the n-joint at
a time moment t.

To give an example, let's say we have a robot with
three joints. The state vectors of the joints at different
times are described as follows:

- at the moment t—1: q(t—1) =[q,(t —

1),q,(t —1),q5( — 1)]T = [1.0,0.5,—0.3] - in
radians;

- change of state for the periodAq(t) =
[Aq,(t),Aq,(t), Ags(8)]T = [0.05,—0.02,0.1] — in
radians.

Then the updated state vector in accordance with
16 will be as follows:

q(t) =[1.0,0.5,—0.3]" +
+[0.05,—0.02,0.1]" = [1.05,0.48,—0.2]".

Let's interpret the results in 17: the position of the
first joint changed from 1.0 radians to 1.05 radians; the
position of the second joint changed from 0.5 radians to
0.48 radians; the position of the third joint changed from
-0.3 radians to -0.2 radians [6].

The proposed formula 16 describes how the
system parameters (e.g., the position of the joints or the
end effector) change over time.

This is important for modeling the movement of a
robot or manipulator, tracking its positions, velocities,
and accelerations.

Motion dynamics model 7 (t) should take into
account changes in the environment and in the system
operation, and is an extension of T (2.13) and is as
follows:

(17)

() = M(q())4(t) +
+c(q®),a(®)a® + 6(a(®) + ar), (19
where z(t) - is a vector of force moments (torsions)
applied to the joints of a robot or manipulator at time
moment t. These are controlling forces or moments that
are required to achieve a given state or execute a
command,;

M(q(®)) - the inertia matrix, which depends on the
state vector q(t), describes how the inertia of the joints
changes depending on their position;

q(t) - is the vector of joint accelerations at time t,
taking into account the dynamic effects associated with
accelerations;

c(q(t),q(t)) - Coriolis matrix and centrifuge
forces and their speeds g(t), matrix describes the forces
arising from centrifugal effects;

q(t) - The vector of joint velocities at a moment
in time t, taking into account the Coriolis and centrifuge
effects;

G(q(t)) - The vector of gravitational forces acting
on the robot's joints. Depends on the position of the
joints q(t) and describes the forces arising from gravity;

Az(t) - changes in force moments, which can be
the result of external influences or uncertain changes.

This can include noise, measurement errors, or
unaccounted-for dynamic effects, and can look like this
for a three-joint robot:

noiseq (t)
At(t) = |noise,(t) ], (19)
noises(t)
where noise,(t) - noise or uncertainty change

component for the first joint or system element. It can
be caused by mechanical malfunctions, measurement
errors or other external factors;

noise,(t) - noise component or uncertainty
change for the second joint or system element. It can
affect control accuracy and system dynamics;

noise;(t) - noise component or undefined change
for the third joint or system element. It can be the result
of additional forces acting on the third component of the
system or special operating conditions.

Within the framework of these studies, it is
proposed to model the noise as a random process with a
normal distribution, which is determined by the average
value of y; and dispersion a?.

Formally, this can be presented as:

noise, (t)
At(t) = |noise,(t)|, (20)
noises(t)
where noise;(t) - noise or uncertainty change

component for the first joint or system element. It can
be caused by mechanical malfunctions, measurement
errors or other external factors;

noise,(t) - noise component or uncertainty
change for the second joint or system element. Can
affect control accuracy and system dynamics;

noise;(t) - noise component or uncertainty
change for the third joint or system element. It may be
the result of additional forces acting on the third system
component or special operating conditions.

Noise in this study is considered as a random or
statistical change that may have a normal distribution.
It is defined as a random process with certain
parameters and will be modeled as a random process
with a normal distribution.

The normal distribution is defined by the mean y;
and dispersion 7. Formally, it can be described as
follows:
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noise; (t)~N (u;, o) (21)

where u; - is the average noise value for the i-th
component;

o? - is the noise dispersion for the i-th component.

Uncertain variables can be deterministic or
random and may include the effects of environmental
changes or malfunctions.

They can be described as additional or corrective
components that do not have a clear statistical model.

To give an example, let's say there is a manipulator
with three joints, and you need to model changes in
force moments due to noise [8]:

- noise for the first joint noise, (t) has a mean of 0
and a dispersion of 0.1. This can be represented as
noise; (t)~N(0,0.12);

- noise for the second joint noise,(t) has a mean
of 0 and a dispertion of 0.05. This can be written as
noise, (£)~MN(0,0.052);

- noise for the third joint noise;(t) has a mean of
0 and a dispertion of 0.2. This can be expressed as
noise; (£)~MN(0,0.22).

Thus, the total vector of change in force moments
can be represented as in 20, where each component
noise;(t) is a normally distributed random noise with
the corresponding parameters.

The mathematical representation of the
vector Az(t) within the framework of the motion
dynamics model T (t) (21) is important for the accuracy
of manipulator control and monitoring.

Its modeling helps in assessing and correcting
errors that may occur due to uncertain or random
changes in the system [9].

The safety perimeters Qg ¢, can change depending
on new data about objects in the environment or
changes in the system operation at time t, so the
dynamic model (updating the safety perimeters) can be
represented as follows:

Qsafe @)= Qsafe t-1Du Aﬂsafe:

where Qqqf. (t) - safety perimeters at time t, is a set of
areas in space that define safety zones around the robot,
which may include areas of danger to people and other
objects. In this research, it is presented as a set that
defines the boundaries where robots should limit their
activities to ensure safety;

Qgqre(t — 1) - security perimeters at the previous
time t-1, These are the values of security perimeters
before the update at time ¢;

AQqq . - Changes in security perimeters, which is
a set of new zones or changes to existing security zones
that need to be considered when updating the security
model.

It can include new zones that are added or changes
in the size of existing zones.

To give an example, suppose that at time t-1, the
safety p

erimeters of the manipulator are defined as an area
around the robot that includes a radius (r) - 2 meters. At
time t, the safety perimeters may be updated due to new
conditions, such as:

(21)

- new perimeters, a new safety zone with a radius
of 1 meter is added around certain objects in the work
area;

- changes in the existing perimeters, the average
radius of the safety zone is increased by 0.5 meters.

Mathematically, this can be represented as
follows:

- The safety perimeter at time t-1, which is equal

to r=2 meters, can be represented as follows:
Qgare(t — 1) = Qqqpe{r = 2 meters}; (22)

- new perimeters or changes, can be described as
follows:

AQgqfe = Qigrer = lmeters U

u szfpgr = 2.5meters.

(23)

To obtain the model of the updated security
perimeters at time t, we substitute models 23 and 24 into
22, and we get the following model:

Qgare(t) = Qgqper = 2meters U

U Q"% r = 1meters U Q¢

safe safer =

(24)
= 2.5meters.

Model 24 allows to take into account dynamic
changes in the security zone, adapting it in accordance
with new conditions or security requirements.

The safety perimeters Q.. (t) in the context of
the collaborative industrial robot model, defines areas
or zones around the robot where movement or the robot
may be restricted to ensure the safety of people and
equipment.

Adaptive communication u(t) in the context of a
collaborative industrial robot represents the process of
exchanging information between the robot system and
the operator or other systems, which can change in
accordance with changes in the environment or in the
system's operation.

In order to consider the function u(t) in a dynamic
space, it is necessary to describe the state of
communication at time t, the mathematical
representation of which is given below:

u@®)=u(lt—1)+Au(t), (25)

where u (t) - is the state of communication at time t,
which is the current set of commands, messages, or
information that the robot system exchanges with the
operator or other systems. It should be noted that this
parameter can include both information about the
robot's state and reactions to external commands or
conditions;

u (t — 1) - is the state of communication at the
previous time t-1, but it is a set of commands or
information that was relevant up to the time t;

Au (t) - changes in communication can be: 1)
These are new commands or messages that need to be
added to the system to accommodate changes in the
environment or in the operation of the system. 2) It may
include changes in the interaction between the robot and
the operator, new instructions to be followed, or new
data to be transmitted.
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To give an example, suppose that the robot system
at time t-1 received and transmitted information about
the current position and speed.

At time t, the system adapts to the new conditions,
where the operator adds a new command to change the
trajectory, and the system needs to report the current
battery status.

Then the communication at time t-1 can be
represented as follows:

u (t — 1) = {Position Information,

Speed Information}. (26)
New changes in communication:
Au (t) = {Trajectory Change Command, @7)

Battery Status Update}.

Then the updated communication at time t,
respectively, 2.67 will be as follows:

u (t) = {Position Information,
Speed Information,
Trajectory Change Command,
Battery Status Update}.

(28)

As can be seen from 28, adaptive communication
can include mechanisms that allow the system to
automatically change communication protocols
depending on the context. For example:

- changes in environmental conditions, If the robot
detects a new object in the work area, the system can
automatically communicate information about the new
object to the operator and request confirmation of
further action;

- changes in the system operation, if the robot
detects a decrease in the battery level, the system can
initiate a notification to the operator and possibly
suggest switching to an economical mode.

Such solutions allow collaborative robotic
manipulators to not only respond to external changes,
but also actively communicate with the operator,
providing a continuous flow of information necessary
for safe and efficient collaboration.

The adaptive learning model M(t)means that the
model is constantly updated based on new data or new
conditions encountered by the robot manipulator.

This allows the robot to improve its performance
and adapt to changes in the environment or operating
conditions.

Adaptive learning model M(¢t) is as follows:

M(t) = M(t — 1) + AM(¢), (29)

where M(t) - is the state of the trained model at time t,
a set of parameters or rules that determine the current
level of knowledge or skills of the system. In the context
of a robot manipulator, this can be a model that defines
how the robot performs certain tasks, including control
rules, sensor data processing, object recognition, etc.;

M(t — 1) - is the state of the trained model at time
t-1, which is the previous state of the model before any
changes were made or additional training was
performed. This is the starting point from which the
model can change over time;

AMI(t) - changes in training or model updates and
may be: 1. New knowledge, skills, or rules that are
added to the model as a result of training, adaptation, or
learning from new data; 2. Can be the result of learning
from new data obtained during operation or the result of
optimizing the model for better performance.

To give an example, let's say that a collaborative
robot manipulator has initially learned to recognize
three main types of objects in the work area.

However, in the course of its work, the robot
encounters new objects (12) that need to be
recognized or new situations that require changing
control rules.

Accordingly, the initial state of the trained model
at the time t — 1 is as follows:

M(t — 1) = Q,,Qp, Q, (30)

where Q — the object is recognized as an area with a
geometric shape of a cube;

Q, - the object is recognized as an area with a
geometric shape of a cylinder;

Q, - the object is recognized as an area with a
geometric shape of a cone.

The robot collected new data and underwent
additional training to recognize a new type of object (for
example, a parallelepiped (Q,)) or new rules of
behavior when interacting with this object.

Then changes in learning AM(t) will have the
following form:

AMI(t) = Q,, + new conduct rules, (31)

where (., - the object recognized as an area with the
geometric shape of a rectangular parallelepiped.

Then the updated state of the trained model at time
t, for this example, will be as follows:

M(t) = .Qs, -Qo'Q't + th +
+ new conduct rules. (32)

In this way, the robot manipulator constantly
adapts its model based on new knowledge, which allows
it to better cope with new situations or objects in the
work area.

This can be realized as part of machine learning
algorithms that allow the robot to “learn” while
working, or through software updates based on
feedback from sensors and control systems.

Conclusions

As a result of the study, a model for the dynamic
representation of environmental description parameters
for a collaborative robot manipulator that meets the
requirements of Industry 5.0 was developed.

The developed model allows robotic
manipulators to quickly respond to changes in the
workspace, ensuring effective and safe cooperation
with humans.

The main advantage of this model is the
integration of data from various sensor systems, such as
lidars, cameras, and ultrasonic sensors, which allows for
a complete and accurate picture of the robot's
environment in real time.
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This makes it possible to work in dynamic
environments where there are constant changes, such as
moving objects, changing lighting, or unforeseen
obstacles.

The model also takes into account the parameters
of human behavior, which is a key factor in ensuring
safe cooperation between the robot and the operator in
a common space.

Thanks to the introduction of algorithms for
processing large amounts of data in real time, the
system is able to adapt to new conditions without the
need to completely rebuild the entire system.

This increases the flexibility and reduces the cost
of operating robotic systems in production
environments.

It is proposed to implement the developed model
in robotic systems used in automated production, where
it is important to ensure the integration of robots with

The use of this model will increase the efficiency
of production processes, reduce the accident rate, and
ensure safe cooperation between humans and machines.
In addition, the implementation of such solutions will
help optimize the costs of developing and integrating
robotic systems, as the model supports scalability and
can be adapted to different use cases.

Promising areas for further research include
improving machine learning algorithms to predict
changes in the environment even more accurately, as
well as integrating artificial intelligence systems to
improve the interaction between the robot and the
operator.

The implementation of the developed model will
help to accelerate automation processes and increase the
level of integration of robots into modern cyber
production systems of Industry 5.0, where the priority
is not only automation but also harmonious cooperation

other components of the cyber production system. between humans and machines.
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Po3podka Moaesii AMHAMIYHOTIO NpeacTaBIAeHHS
napaMeTpiB MoJeJli ONUCY HABKOJIUIIHBOIO cepel0BHIIA
KO0JI000PATHBHOI0 Po00Ta MaHiNyJ/JaTOpa B paMKax inaycrpiii 5.0

[. I1I. HeBmopos, B. B. €Bcees, [I. B. I'ypin

AHoTanifi. Y cTarTi NpeNCcTaBICHO IOCHIIKEHHS, INPHUCBIYEHE PO3pOOII MOJEN TUHAMIYHOTO MPEICTaBICHHS
napaMeTpiB OMKCY HABKOJIUIIHBOTO CEPEeIOBHILA IS KOJI0OOpaTHBHOTO poOO0Ta-MaHIiIyIsATOpa B KOHTEKCTi BUMOT IHaycTpii 5.0.
OcHOBHa yBara HPHAUIAETHCS CTBOPEHHIO MAaTeMaTHYHOI MOJENi, sfKa JO3BOJIsIE POOOTY MIBHIKO aJaNTyBaTHCSA A0 3MiH y
poGouomy mpoctopi, 3abe3neuyroun eheKTUBHY i Oe3NeyHy B3a€EMOJII0 3 JIOJUHOI0. 3alporoHOBaHA MO/JIEIb BPaxOBY€ JaHi 3
PI3HHMX CEHCOPHHMX CHCTEM, TaKUX SIK JiJapH, KAMEpPH Ta YJIbTPa3BYKOBI JaTUHKH, /IS MOCTIIIHOrO OHOBICHHS iH(opMaril mpo
HaBKOJIMIIIHE CepeIoBHILe. Y NOCIIHKEHHI TAKOX PO3IJISJal0ThCsl AITOPUTMH, 110 T03BOJISIIOTH ONTUMI3yBaTH Mpoliec 300py Ta
00poOKH AaHMX AJIs IiJBHIIEHHS TOYHOCTI MPOTHO3YBaHHs i peakiil podora. Pesynbratu poObOTH CipsiMOBaHi Ha ITiJBHUIICHHS
e(eKTHBHOCTI KOJIOOOPATUBHHUX POOOTIB y BUPOOHIYNX YMOBAX, TIOKPAIICHHS PiBHS aBTOMATH3AIlil Ta 3a0e31eYeHHs TapMOHIHHOT
CHIBIIpaIli MiX JIFOJJMHOIO 1 MATHMHOKO B MEKaX CY4aCHUX KiOEpBUPOOHIUYMX CHCTEM.

KawuoBi cioBa: xonoboparuBHuil poOOT, AUHAMIUHE TPEACTABICHHS, MO/IeNb HABKOJIUILIHBOTO CepefoBHIIa, [HaycTpis
5.0, ceHCOpHi cucTeMH, pobOT-MaHiMyJSITOp, Oe3reKa CIiBIpalli, aBTOMaTH3aLlisl, 1A THBHICTh, KIOEpBUPOOHHYI CHCTEMH.
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HanionaneHuii TeXHIYHUHA YHIBEpCUTET « XapKiBCHKHI TONMITEXHIYHUN IHCTUTYT», XapKiB, YKpaiHa

MOJIEJIIOBAHHS BEPTUKAJIbHUX KOJUBAHD MOI3/A, IO BUHUKAIOTH

I YAC PYXY 3AJI3HUYHOIO KOJIIETIO 31 CTUKOBOIO HEPIBHICTIO

AHoTanis. 3aTi3HUYHAN TPaHCIIOPT 6araTo POKiB 3aJIMIIAETHCS OJHHUM i3 OCHOBHHX ITEPEBI3HUKIB BAHTAXKIB Ta ITACAXKUPIB
B Ykpaini. He3sBaxaroun He 11e, GUIBIIICTD MOI3/IB Ta peHOK OCHOBHUX HAIPSIMKIB CIOJydEHHS 3HAXOAATHCS B HE3aJOBLIb-
HOMY cTaHi. B ymMoBax 00iOBHUX Iiif Ta MOAANBIIOTO JOBrOTO MICIIBOEHHOTO BiTHOBIEHHS HA MEPIIUHA IUIaH BUXOIATH MHU-
TaHHS MOJOBKCHHS XKUTTS BXKE ICHYI0OUOMY PyXOMOMY CKJIaJy Ta eKOHOMil eHepropecypciB. Takox i 30epe:KeHHs KOH-
KYPEHTOCIIPOMOXHOCTI MO13/1B BIIHOCHO 1HIIMX BUIIB TPAHCIIOPTY FOCTPO CTOITh MUTAHHS MiJBHILECHHS CEPEIHIX MIBUIKO-
cTelt pyxy Ta koMm(popTy macakupiB Ha 3anmizHuil. st BUpIilIeHHs HUX Po0IeM HeoOXiqHa po3poOka KOMIUIEKCHUX MOJIe-
nel, siki OM BpaxoByBasH ()aKTOPH, SIKi CYyTTEBO BIUIMBAIOTH HA BUTPATH NajMBa, Oe3rneKy Ta KoM(popT nacakupis. J[o Takux
(axTopiB MOXKHA BITHECTH KOJIMBAHHS PyXOMOTO CKiIaxy. Po6oTy mpucBsiueHo po3pobii iMiTaIiifHOT MOIeli BepTHKAIBHUX
KOJINBaHb (IiICTpUOYBAaHHS Ta TaJOIyBaHHsA) Ky30Ba Ta Bi3KiB BaroHa I0i3/1a, SKi 3aJeXaTh BiJ] HEPIBHOCTEH 3aTi3HHIHOT
koJii. Po3po6ieHa KoMIuIeKCHa iMiTaniiiHa MoJiesb pyXy BaroHa Moi3aa HeperoHoM 3 ypaxyBaHHSIM BePTHKAIbHIX KOJIHBaHb
Ky30Ba Barosa ta ioro Bi3kiB y makeri MATLAB Simulink no3Bosste 1ocimiKyBaTH 3a€KHICTh [IMX KOJIWBAHb BiJl IIBU/I-
KOCTIi pyXOMOTO CKJIa[ly, TapaMeTpiB HOro CUCTEMH MiABIITYBaHHS Ta HEPIBHOCTEH pEHKOBOTO NUISAXY IiJ] KOJICHUMHU ITapaMu
HE TUTBKH B PEKUMI MIATPHMKH 3a1aHOT IIBUIKOCTI, a i y peXXMMi BHOITY Ta MepeXiTHUX peKuMax (pO3roHi, TalbMyBaHHi).
OtpumaHa iMiTaliifHa MOJIeNlb MOXKe OyTH BHKOPHCTaHA IS MOAAIBUIOTO MPOBEACHHSA Ha Hill JOCHIIKEHDb KOJMUBAIBHUAX
IIpoLeciB 1013/1a Ha 00paHUX AUISHKAX NUIIXY, UL OTPUMAaHHS Ha Hilf JaHWX IS TPEHYBaHHS HEHPOHHOT MepesKi JIsl paH-
HBOTO BU3HAYEHHS PE30HAHCHHUX KOJMBAHb BaroHa I1013/1a, a TAKOXX MOKe OyTH BUKOPUCTaHA Y CHCTEMaX IiJTPUMKH IpHH-
ustTs pimens (CIITIP) GopToBUX CHCTEM KepyBaHHS PyXOMOTO CKIIaay MOi3aiB YKpaiHu.

Kaw4oBi cioBa: mMarematnuHa MOAEb, CUCTEMA MIATPUMKH NPHUHATTS PillieHb, OOPTOBI CHCTEMH KEpyBaHHS, PyXO-

MM CKJIal1, KOJIMBAJTLHUIN pouec, HiZ[CTpI/I6yBaHHH, raJionryBaHHs, p€30HaHCHA IJ_IBI/I[[KiCTI).

Beryn

[ocTanoBKa npodsieMu. 3ai3HUYHIA TPAHCTIOPT
pOKaMHU 3aiiMae MPOBiIHY POJIb y TPAHCIIOPTHIll cUcTeMi
VYkpaian. AGCONIOTHA OiNBIIICTh BaHTAXIB, IO MPSIMY-
I0Th SIK Y Pi3HI perioHu Hauoi KpaiHH, TaK 1 3aKOpJOH,
MepeBO3STHCS 32 JIOMOMOIOI0 PYXOMOI'0 CKJIaay 3aji3-
HUILB. YUMAJIOK0 € TaK0X YacTKa 3a1I3HUYHOTO TPAHCIIO-
PTY Yy MAaCaXUPCHKUX MEPEBE3CHHSX.

Hes3Baxxaroun Ha He3alepevyHy BaXKIHBICTH 3aji3-
HUILb JJIS TIATPUMKH Ta NOAAJBLIOTO PO3BUTKY €KOHO-
Mikd YKpaiHu, Ha JaHUH 9ac OUTBIIICTH MOI3/iB 3HAXO-
JUThCSL Yy HE3aJOBLILHOMY CTaHi Ta BXKE JAaBHO BHYEp-
TaJa cBiif pecypc, SKuit 0yIio 3aKiiaIeHo PH iX Oy NiBHU-
urBi. o Toro s OJU3bKO MOJOBUHU I'OJOBHUX KOJIIH IMO-
TpeOyIoTh HeraiHoro pemonry [1, 2].

B ymoBax 60itoBuX Jiil, sIKi CyNPOBOKYIOThCS pa-
KeTHUMH yJapaMu, IIO0 CHPSMOBaHI Ha 3HHIICHHS
00’€KTiB KpUTHYHOI iHPPACTPYKTYpH, 30KpeMa eHepre-
THUKH Ta TPAHCIIOPTY, Ta TMOJAANBIIOTO JIOBIOTO MiCISIBO-
€HHOTO BIJJHOBJICHHS Ha NEPIIWH IUIaH BUXOIATH IH-
TaHHS [IOJIOBXKEHHS JKUTTS BXKE ICHYIOUOMY PYXOMOMY
CKJIaay Ta eKOHOMIi eHepropecypciB. Takox s 30epe-
YKCHHSI KOHKYPEHTOCIPOMOXKHOCTI ITO13/[iB BiIHOCHO 1H-
IIMX BHJIB TPAHCIIOPTY TOCTPO CTOITh MHUTaHHS Ii/BH-
IIEHHS CEepeHiX MBUIKOCTEH pyxy Ta KoM(opTy naca-
JKHPIB Ha 3aJTI3HUIII.

Jast BUpilIeHHs IuX 1pobieM HeoOxitHa po3podka
KOMIUIEKCHUX MoJieneil, siki 6u BpaxoByBain (hakTopH,
AKi CyTTEBO BIUIMBAIOTH HA BUTPATH MaIHNBa, OE3MEKy Ta
KoMGOpPT macaxxupis. Y IaHii poOOTi MPOIOHYETHCS 3BE-
PHYTH yBary Ha Taki AWHAMIidHi MpPOIECH, K BEpPTHUKa-
JIbHI KOJIMBAHHS PYyXOMOTO CKiIamy. BepTukanbHi Komu-
BaHHA MOi3[]a BUHUKAIOTh BHACHIZOK Aii BEPTUKAIBHNX
cuil, SKi HasBHI y mpoueci pyxy. Jlo HUX BiHOCSTBCS:

HiCcTpHOYBaHHs, KOJIM HaJIPECOPHI MacH BaroHa rnepemi-
IIYIOTHCSI BBEPX 1 BHM3, 3aJUIIAIOYKCH MapajielbHUMU
MOYaTKOBOMY MOJIOKEHHIO, Ta TI'aJOIyBaHHs, KOJIM Ha-
JpecopHi MacH 00epTaroThCsl HABKOJIO OCi, 1[0 TepIIeH-
JMKYJISIpHA oci pyXy moizza. Lli konuBaHHS MOXYTb OyTH
BUKJIMKAHI HEPIBHOCTSIMH PEHKOBOTO NUIAXY, IMOMLIKO-
JUKEHHSIMH Ta 3HOIICHHSIM O0OIB KOJIicC, He30amaHCcoBa-
HOIO CHCTEMOIO MiJBilTyBaHHs Tomo. KomBaHHS pyxo-
MOTO CKJIaJly MalOTh OaraTOrpaHHMI HETaTMBHUI BIUIHB
Ha TMOTSIT, SIK Ha CHCTEMY B I[JIOMY, TaK i Ha HOro Jac-
THHH, TPU3BOJISIYM A0 NMPUIIBUAIICHOTO 3HOCY KOJIC Ta
PECOPHOTO KOMILICKTY, a TAKOK Ha 3aTi3HUYHI KOJIii, BH-
KJIMKAYU 1X Pi3HOMAHITHI MOIMKOKeHH. [TincTpuoy-
BaHHS Ta TaJIONyBaHHS NPU3BOJATH JI0 BTPATH 34el-
JIEHHSI KOJIiC, MiABHUIIIEHHIO ONIOPY CEPEeIOBHINA PYXOBI, a
oTke ¥ 110 30inbmenHs Burpar nanusa [3]. [ligctpuby-
BaHHS M0i37]a, 0COOJMBO 3a MiJBUIIECHHS IIBUIKOCTEH
PYXY, MOXXYTbh IPU3BOJHUTH /10 iHEPLIHNX ITepeHaBaHTa-
JKEHb, 1110 HECYTh 3arpo3y Oesmneni ta komdopTy Ta Mo-
KYTb CYTTEBO CKa3aTHCs Ha 37J0pOB’T acaxupis.
HagiTe 3a HagBHOCTI MEXaHIYHMX TaCHHUKIB KOJH-
BaHb, SIKI BUKOPHCTOBYIOThCS Y BCIX CYy4aCHHX aCaXHUp-
CBKUX TIO137aX, HaJIPEeCOpPHI YaCTHHH Bi3KiB Ta BAaroHiB
BCE I1[€ MPUXO/ISATh Y KOJIMBAIBHUMA CTaH. ['aciHHS KO-
BaHb Ha 3aJI3HUILIX YKpaiHHU 10J]aTKOBO YCKIIAIHIETHCS
1 PO3MOBCIOPKEHNM BUKOPHUCTAHHSIM CTHKOBOTO PEHKO-
BOT'0O IIISAXY Ta 3arajlbHUM HE3aJOBUIEHUM CTaHOM IILISI-
xiB. OcoOJIMBO IIe BiMYYBA€THCS MiJl Yac IMEPEeXiTHUX
IporeciB pyxy (pO3roHi Ta raJbMyBaHHi), 1€ Ha NacaXXu-
piB IIIOTH HE TIJbKH BEPTHKAIbHI, a U TOPU30HTAJIBHI
MIPUCKOPEHHS, II0 MO>KE NPHU3BOAWUTH O MiIBUILEHNUX
JUCKOM(OPTY Ta epeHaBaHTAKEeHb. TaKox ayke HeOe-
3MI€YHNUM € SBUILE PE30HAHCY, KOJIM YaCTOTH BIACHUX Ta
BHUMYIIEHHUX KOJIMBAHb CIIBIAAAI0Th, [0 IPU3BOAUTH 10
3HAYHOTO MiJBHUIICHHS aMIITITy ! UX KOJIHNBaHb.

© Pemernikosa I1. E., 3akoBoportuuii O. 10., 2025
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AHaJni3 ocTaHHIX J0caiTKeHb i myOJikaniii. Tpa-
JULIIHO NPU AOCIIKEHH] KOJMBaHb PyXOMOTO CKJIaLy
OijplIe yBaru NPHIUIIOTH IMONEPEYHHM KOJIMBaHHAM
(OokoBMI BHHOC, BWISHHS), TaK SIK BOHH € IIPUPOJHUM
MIPOLIECOM Yepe3 0COOINBOCTI Oy10BU CHCTEMH «KOJIECO-
pelika», a NMEepeBUINCHHS HOPM aMIUITYAHHX 3HA4YCHb
Hece 3arpo3y BUHUKHEHHS aBapiifHUX CHUTYalii Ta cXo-
JIiB 3 moi3za 3 petiok [4—11].

BepTukanpHi, X04a # € HE MEHII IIKi[INBAMHU Ta
MArOTh HAMOLIBIIKI BIUIHB Ha KOMQOPT macaxupis [12,
13], onmcyroThCs Y CydacHii Jitepatypi piame ta 31e0i-
JIBILIOTO Y KOHTEKCTI ONTHMI3alil BHOOPY MKOPCTKOCTI Ta
koediuieHTiB AemnbyBaHHs A1 HOBUX moi3ais [14—16].
VY nesikux poboTax, qeMnQyBaHHIMH HaBIIAKH HEXTYIOTh
Ta KOHIIEHTPYIOTh CBOIO YBary Ha KOJHMBaHHSX caMe KO-
JICHUX Map Ta MOMJIUBIH aCHMETPUYHOCTI HEpPiBHOCTEH
petikoBoro nuisxy [17].

IcHy04i OCTIKEHHS KOJTMBaHb Y 3arajJbHOMY BU-
MaJIKy TIPOBOAATHCS Ha 3aJaHiil CTayiii MBUAKOCTI, a
TOMY HE BPaXxOBYIOTh MIEpEXiTHI Taki MepexiaHi mpoIecu
SIK PO3riH Ta ransMmyBanns [9-12, 14-18].

MopnentoBaHHs 30ypEeHb ISl BAMYIICHUX KOJIMBaHb
MIPOBOAUTHCS Y Pi3HUX poboTax mo-pizHomy. Haiiposno-
BCIO/DKCHIIINM € BUKOPUCTaHHS TaK 3BaHOi OJHOTOpOOoi
HEpIBHOCTI, sIKa € HAWIPOCTINIOW (HOPMOIO 3aTaHHS Iie-
pioanuHoi HepiBHOCTI. Y AaHii cTaTTi aBTOpaMu AJIsl J0-
CSITHEHHS! OLNIBII TOYHUX Pe3yJIbTaTiB MPOMOHYETHCS BHU-
KOpHUCTaHHSI JABOrop0oi HEpPIiBHOCTI, 3ampOIOHOBAHOI
npod. Kynpssuesum [19].

VY po6ori [20] aBTOpamu Oy:a 3arponoHOBaHa KOM-
IUIEKCHA MaTeMaTHYHa MOJIeNb PyXy AW3elb-TI01312, sSKa
BKITIOYae B ceOe poOOTy eKBiBaJCHTHOTO ABHWTYHA IIO-
i31a, BEpTHKAJIBHUX IEPEMilIeHb (MiAcTpruOyBaHHSA) Ta
KYTIB IIOBOPOTY (TaNOITyBaHHS) Bi3KiB Ta Ky30Ba BaroHa,
SIK1 3aJ1e)KaTh BiJl HEPIBHOCTI 3aJIi3HUYHOI KOJIT.

MeTom cTaTTi € pOo3poOKa KOMIUICKCHOT iMiTaIliii-
HOI MOJIeJIi pyXy BaroHa Iois/jia neperoHoM 3 ypaxyBaH-
HSIM BEPTHKaJIbHUX KOJHMBaHb Ky30Ba BaroHa ta ioro Bi-
3kiB y maketi MATLAB Simulink, sixa 6 mo3Bossiiaa 6 mo-
CHIKYBaTH 3aJICXKHICTh IUX KOJIMBAHb BiJ| MIBUIKOCTI
PYXOMOTO CKJanry, HapaMeTpiB HOTO CHCTEMH IIiJIBilTy-
BaHHS Ta HEPIBHOCTEH PEHKOBOTO LUIAXY i LIUMH KO-
JIeCaMy HE TUTBKU B PEKUMI TMIATPUMKH 3aJaHOI IIBH/I-
KOCTI, a 1 y pekuMi BHOITY Ta MepeXiTHIX peKuMax (po-
3TOHI, TAJILMYBaHHI), Ta TIOJABIIAN aHANI3 OTPUMAHUX
HAa Hil pe3yNbTaTiB.

Bukaan ocHoBHOTO MaTepiaay

VY po6ori [20] npezcTaBieHO po3paxyHKOBY CXEMY
KOJINBaHb BaroHa y BEPTHKAJIBHIM MOB3IOBXHIN IDIO-
muHi (puc. 1) Ta HaBeZeHo cucTeMy AuepeHIiTHNX pi-
BHSHB KOJIMBaHb Ky30Ba Ta Bi3KiB BaroHa 3 ypaxyBaHHAM
HEPIiBHOCTI 3aJi3HMYHOI KOJIii.

/‘\/

Puc. 1. Po3paxyHKkoBa cxeMa KOJIMBaHb BaroHa
Y BepTHKaJIbHIH MOB3I0BKHIH IUTOMKHI

B+ B, — KoehilienTr B’I3KOT0 TEPTS PECOPHOTO Ta LUEHTPalb-

HOTO MiABINTYBaHHS BiJIIOBIHO; Cq, C; — JKOPCTKOCTI pecop-
HOTO Ta [IEHTPaJIBHOTO MiABIIIYBAaHHS BiIIIOBIHO; Zp1, Z51, Zx
— MiACTpUOYBaHHS Bi3Ka; @, @,,, ¢, — TAIONYBaHH Bi3Ka Ta
Ky30Ba; ly, l,— IOJIOBMHA BiJicTaH] MiXK KOJICHUMH HapaMy Bi-

3Ka Ta MIX BI3KaMHU Ky30Ba; Mgy, My, M, — MACH HEMOTOP-

HOTO Bi3Ka, MOTOPHOTO Bi3Ka Ta Ky30Ba Bi/IIOBITHO

Ha ocHoBI cucTemu piBHSIHB, 1110 HABEJCHO Y poOOTI
[20], ckmamemo KOMILIEKCHY IMITaIliiiHY MOJEIb PyXy
BaroHa 1oisza 3 0CboBOI HOpPMYJIO 20—2 Ta ABOCTYIIi-
HYaCTHM PECOPHHM IiABIIIyBaHHAM, SKa BPaXxOBY€E Bep-
THKaJIbHI KOJMBAaHHS Ky30Ba BaroHa Ta ioro Bi3KiB, IO
BHKITUKaHI HEPIBHOCTSMHU KOJTii, K 32 CTaJIOl IBUIKOCTI,
TaK i Ml 4ac PO3rOHY Ta raJbMyBaHHS.

Onuc imiTaniiinoi Moaesi. MojenoBaHHS BUKO-
HyBajocs y cucremi MATLAB Simulink. Mogens (puc.
2) CKIAmAeThes 3 JBOX OCHOBHHX OJIOKiB: OJOKY «3a-
JaHHS LIBUIKOCTI», Y IKOMY 3a/Ia€ThCS LIBUIKICTB 32 J10-
NOMOTOI0 MIEPEMUKaHHS MO3MILII KOHTpOJepa MallnHi-
CTa MOi3/a, 10 JO3BOJISIE MOJIEIIOBATH PO3TiH, MiATPH-
MaHHs IIBHIKOCTI Ta TalbMyBaHHs 10i3aa, 6yoky «He-
PIBHOCTI», Y SKOMY PO3pPaxOBYIOThCSI HEPiBHOCTI 3aIi3-
HUYHOI Koutii, Ta 010Ky «KosmBaHHs.

v nui+nu2 B nut1+nu2
nu3+nud
KM1 nui-nu2
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zk = :l G
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Puc. 2. KommiekcHa iMitaniitHa MOJIe/b KOIMBaHb PYXOMOTO CKIIAIy
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Brok «HepiBHOCTi» mpuiimMae Ha BXiJI INBUIKICTB
BaroHa IMoi3fa Ta CKIAJAETBCS 3 YOTHPHOX OJIOKIB, KO-
KEH 3 SIKMX 33/1a€ ABOropOy HEPIBHICTB ITijl BiMOBIIHOO
KOJIICHOIO MAapol0 3 YpaxyBaHHSAM (pa30BOTO 3MIIICHHS,
3azHadeHoro y po6oTi [20]. Biok ¢popmyBaHHs HEepiBHO-
CTi AJIs TIEpIIOi KOMICHOT ITapy MEepIIoTo Bi3Ka BaroHa Ha-
BeZieHO Ha puc. 3. OCKiIbKU cTaHmapTHa GopMmyma rap-
MOHIYHMX KonmuBaHb A sin(wt + J) He nae GaxaHoi cH-
HycoinanbHOI (OPMHU TPH YaCTOTi, IO 3MIHIOETBCH y
gaci, Gpopmyiy mBorop6oi mepisaocti (1) Oyso amarnro-
BaHO mix 1i ymoBH (2).

n= a,sin(wt + 8 + a, sin(3wt + 9) 1)
ne @ = 27V /L, — pafianbHa 4YacTOTa BIUIUBY CTHKIB
IULIXY 32 MBUIKOCTI PyXy BaroHa, o — (a3oBe 3MilIeHHS,
n= a,sinQx [ f(t)dt + 8) + ay sin(6m [ f(t)dt + 8) (2)

Ie f = w/(2m) —yacToTa BIUIMBY CTHKIB IIIAXY 3a IITBH-
JKOCTi pyXy BaroHa.

Ha Buxoni 6;moka «HepiBHOCTI» (hopMyrOTBCS 3ara-
JIbHI HEPIBHOCTI 1]l KOXKHUM 3 Bi3KiB, 5IKi BAKOPHUCTOBY-
I0ThCS Y pPO3paxyHKaxX BEJIMYMH BEPTHUKAIBHHUX KOJIHU-

BaHb.

nut

Puc. 3. Ctpykrypa OnoKy 3a1aHHS
IBOrop0oi HepiBHOCTL

Tabruys 1 — IlapameTpu 1Jisl pO3paxyHKiB

Bnok «KonuBaHHs, HaBEJCHUH Ha puC. 4, BINOBI-
Jla€ 32 pO3paxyHOK MiACTpUOYBaHHS Ta raJoIyBaHHs KO-
JKHOTO 3 Bi3KiB BaroHa. Ha OCHOBI OTpHMaHMX 3HaueHb
icTpuOyBaHHs Bi3KiB Y OJI0Il pO3paxoBYIOThCS IMiACT-
puOyBaHHS Ta TaJOMyBaHHs BaroHa 1oi3ja.
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Puc. 4. Crpykrypa 6oxy «KonuBaHHs»

CrpykTypy OJOKY po3paxyBaHHS IMiICTPHOyBaHHS
MepIIOTro Bi3Ka BaroHa HaBe/IeHO Ha puc. 5. CX0XUM 4H-
HOM pealti3oBaHi iHIi OJIOKH MOJEI.
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Puc. 5. Ctpykrypa 6J10Ky po3paxyBaHH MiICTpHOYBaHHS
TIepIIOro Bi3Ka BaroHa

I[Mapamerpu YmoBHe no3HavenHst | [lpuiinsiTe 3HaYeHHS
Maca xy3oBa mg 64000 kr
Maca Bi3ka (MOTOpHHIA) My 8000 xr
Maca Bi3ka my 4800 xr
basa ky3ona 21, 17wm
Basa Bi3ka 21, 2,7 M
BepTHKabHa )KOPCTKICTh MEPILIOTo CTYIEHs. PECOPHOTO MiJBIllyBaHH c 6567 xkH/m
BeprukanbHa :KOpPCTKICTB IPYTOT0 CTYNIEHS PECOPHOTO MiBIlTyBaHHS Cy 2659 xH/m
JemndyBaHHs IIepLIOro CTYHEHs PECOPHOTO MMi/IBIIIyBaHHS By 10 xHe/m
JemndyBaHHs Ipyroro CTymeHs peCOPHOro IiBilTyBaHHS B, 80 kHe/m
JloB)xHHA XBHJII HEPiBHOCTI L, 25m
AMIUTITY/1a IepIoi TapMOHIKK 1BOrop0oi HepiBHOCTI a; 0,01m
AMIutiTya Ipyroi rapMOHIKH ABOTOpOOT HEpiBHOCTI a, 0,008 m

Pe3ynbTaTn MogenwBaHHA. MoJCTIOBaHHS IPO-
BOJIMJIOCS 3 BUKOPHCTaHHSM YHCEIBHOTO MeToza PyHnre-
KyTrta i3 KpokoMm, mo OOUpa€eThcs aBTOMATHYHO. 3Ha-
YEeHHS Ta 3MIHHHX, 1[0 BUKOPUCTOBYBAJIHCS i 4aC MO-
JICIMIOBaHHSI, HAaBeICHO y Tabm. 1.

Ha puc. 6 npexncraBieHo pe3ynbTaTH eKCIEpUMe-
HTY, IO IPOBOAMBCS Ha cTaiuX mBUAKOCTX (30 kM/To,
60 xm/rom, 90 KM/ro1) 3a HAsIBHOCTI CTUKOBOI HEPIBHOCTI
3 JIOBXMHOIO peiiku L, = 25 M Ta aMILIiTyJaMu JBOrop-
001 HepiBHOCTI a, Ta a,. I3 rpadikiB BUAHO, 110 31 301716~
IICHHSAM MIBHIKOCTI PyXy BaroHa 4YacToTa KOJIUBaHb

MiACTprOYBaHHS TaKOX 3pocTae. Tak 4acTOTH KOJIMBAaHb
3a mBuakocter 30, 60 Ta 90 km/rox nopisHiOOTH 0.3333
T'y, 0.6667 'y ta 1 I'y BigmoBigHO. 3aaeKHICTh aMILIi-
TYyIU KOJIMBaHb BiJ| IIBHIKOCTI HE € JIHIHHOK uepes
SIBUIIC PE30HAHCY, SIKE BUHHUKA€E Yepe3 PiBHICTh YaCTOT
BJIACHUX Ta BUMYIIICHUX KOJHBAHb.

Tak ans manoi Mojeni OyJl0 BU3HAYEHO HAsBHICTh
pe3oHaHcy Ha NBOX MmBHIKOCTAX — 40 ta 118 km/Tox
(puc. 7, 8). AMrutiTyan KonuBaHb 3a mBUAKocTI 40 Ta
118 km/rox NepeBHIIYIOTh aMILTITYyId KOJIHWBaHb, HaBe-
JIEHUX Ha puc. 5.
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Puc. 7. I'padik migcrpuOyBaHHs Barona
Ha mBuakocti 40 km/rox
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Puc.8. I'padix mincTpubyBaHHs BaroHa Ha MIBUAKOCTI
118 km/rox

[MpoMozxemoeMo KOJIMBaHHS BaroHa Iijg 4ac HOro
PYXy HEeperoHoM, 110 Ma€ CTUKOBY HepiBHicTH. Ha puc. 9
MIPEACTaBICHI PE3yJbTaTd MOJEIIOBAHHS PO3TOHY JI0
130 km/rox, mMiATPUMAaHHS MIBUAKOCTI, BUOIrY Ta rajb-
MYyBaHHS Ta BIAMOBIAHUX MO3UIlil KOHTPOJIEpA MaIIHHi-
cta (Nqy) Ta TambMiBHOTO KOHTpOJiepa MAHHICTA (Nyi)
Ha JUISHII NUIIXY, SIKI OTPUMaHi 3a JOIOMOTr00 OJIOKY
«3agaHHs MIBUAKOCTI».

I'padixu migcTpuOyBaHHS Ky30Ba Ta Bi3KiB BaroHa
HaBeneHi Ha puc. 10. CroctepiraeTbes MiABHIICHHS aM-
IUTITYIW KOJUBaHb MiACTPHOYBaHHSA Ky30Ba, SKi MalOTh
HalOUIbII 3HadueHHs 3a mBuakocreit 40 ta 118 xm/rom.
Yacrotu migcTpuOyBaHHS Bi3KiB TAKOXK IiJIBHIIYIOTHCS
13 HiABUIIEHHSM IBUAIKOCTI.

140

.
~ -
I
-
\\‘\
-.\K
\‘\
T |
N -
/ KM
| | | | | | | |
0 50 100 150 200 250 300 350 400 450 te

Puc. 9. Pe3ynpraTt MOJETIOBaHHS MBUIKOCTI HA IUISHIN MUIIXY

Ha puc. 11 naBeneHo rpadiku KyTa ranormyBaHHS
Ky30Ba Ta Bi3KiB BaroHa. YacToTu nUX KOJUBAHb 301JTb-
IIYIOTHCS 31 30UIBIICHHSM MIBUAKOCTI. AMILTITY I KOJIU-
BaHb TAJIOIyBaHH NPUIIMAIOTh HAHOIIbII 3HAYCHHS 3a
mBuaKocTi 80 KM/Tof.

Pesynbratn MOzIeTIOBaHHS 31 3MIHHOIO IIBUAKICTIO
MATBEPKYIOTh Pe3yNIbTaTH, OTPUMaHi 32 JIOTOMOTOIO

BHUKOpHCTaHHS cranoi mBuakocTi. OTxe, oTpuMaHa imi-
TaIliifHa MOJIe)Ib MOXKe OYTH BUKOPHCTaHI IS MOJAlTb-
LIOTO0 TIPOBE/IEHHS Ha HiM JOCHIIKEHb KOJMBAJIbHUX
IIpOLIECiB NO131a Ha O0paHUX MUITHKAX HUIAXY, & TAKOX
IUIsL OTPUMAHHS Ha Hill JaHWX 11 TPEeHyBaHHS HEWpPOH-
HOT MepeXi U1 PaHHBOTO BH3HAYCHHS PE3OHAHCHUX KO-
JIMBaHb BaroHa Ioisza.
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Puc. 10. I'padiku migcTpuOyBaHHs Ky30Ba Ta Bi3KiB BaroHa mnoisia
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Puc. 11. I'padixu migcTpuOyBaHHS Ky30Ba Ta Bi3KiB BaroHa noizza

BucHoBku

VY crarTi miakpecaeHo HeOOXiIHICTh JOCIHiIKECHb,
SIKi HallpaBJIeHI Ha 3MEHIIEHHS 3HOUIECHHS PEHOK Ta py-
XOMOTO CKIIaJly 3aJ1i3HHIb, & TAKOX IMiJABUIICHHS LIBH/I-
KOCTi pyXy Ta KOM(OPTY MepeBe3eHHs acaxupiB. Po3r-
JITHYTO BaXJIMBICTh ypaxXyBaHHS BEPTHKAIBHHUX KOJIHU-
BaHb M013/]1a TA IPUYUHY iX BUHUKHCHHS.

ABTOpamMH 3ampoIOHOBAHO KOMIUICKCHY iMiTa-
LiffHy MOJIE)Ib PyXy BaroHa Ioi3aa MeperoHoM 3 ypaxy-
BaHHSIM BEPTUKAJIbHUX KOJIMBaHb Ky30Ba BaroHa Ta HOTo
Bi3kiB y maketi MATLAB Simulink, sixka ngo3Boisie 1oc-
JKYBATH 3aJI€KHICTh X KOJIMBAHB BiJl MIBUAKOCTI Py-
XOMOTO CKJIaay, NapaMeTpiB HOro CHCTeMH IIiJBiMIy-
BaHHS Ta HEPIBHOCTEH PEHKOBOTO MUIAXY ITif KOJTICHUMH
mapaMd HE TUTBKM B PEXHMiI IMITPUMKH 3aJaHOL

LIBHJKOCTI, @ H Y peKUMi BHOITY Ta MepexiJHUX PeXH-
Max (pO3roHi, raJIbMyBaHHI).

VY pesynbTaTi MOAENIOBAHHS PyXy BaroHa 3 3aja-
HUMH MTapaMeTpamMu 0yJI0 BUSIBICHO HassBHICTh pE30HAH-
CHHX BEPTHUKaJIbHUX KOJHMBAHb MiACTPHOYBaHHA y Ky-
30Ba Ta MEpIIOro Bi3ka BaroHa Ha MBHIKOCTAX 40 Ta
118 xm/ro, a TaKOXK PE30HAHCHUX KOJHMBaHbL TajoIy-
BaHHS Ky30Ba Ha MBHIKOCTI 80 KM/TOI.

OtpuMaHa imMiTarifHa MOJIeNTb MOXe OyTH BUKOPH-
CTaHa JyIsl IOAAJIBIIOTO MTPOBEJICHHS Ha Hill JOCIiIKeHb
KOJIMBAJIBHUX MPOIECIiB I0i31a Ha OOpaHWX MIUITHKAX
[UIAXY, @ TAKOXK JIJIsI OTPUMAHHS Ha Hild JaHWUX JJIS Tpe-
HyBaHHS HEHPOHHOT MEpEexki Ui PaHHHOTO BH3HAUCHHS
PE30HAHCHMX KOJIMBaHb BaroHa rnoizna. Po3poGiena mo-
nenb Moxe Oytu Bukopucrana y CIIIIP 6oproBux cuc-
TeM KepyBaHHS PyXOMOTO CKJIAAy MOI3aiB YKpaiHu.
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Modelling of vertical oscillations of a train arising during movement on a railway track with a joint unevenness
Polina Reshetnikova, Oleksandr Zakovorotnyi

Abstract. Rail transport has been one of the main carriers f goods and passengers in Ukraine for many years. Despite this,
most trains and rails on the main routes are in poor condition. In the context of the ongoing war and the subsequent long post-war
recovery, the issues of extending the life of existing rolling stock and saving energy resources are at the forefront. In addition, to
maintain the competitiveness of trains relative to other modes of transport, the issue of increasing average speeds and passenger
comfort on the railway is crucial. To solve these problems, it is necessary to develop comprehensive models that take into account
factors that significantly affect fuel consumption, safety and passenger comfort. Such factors include rolling stock oscillations This
paper is devoted to the development of a simulation model of vertical oscillations (bouncing and galloping) of the body and bogies of
a train carriage, which depend on unevenness of the railway track. The developed complex simulation model of train car movement
on a track, taking into account vertical oscillations of the car body and its bogies in the MATLAB/Simulink package, allows to study
the dependence of these oscillations on the speed of the rolling stock, parameters of its suspension system and unevenness of the track
under the wheel pairs not only in the mode of maintaining a given speed, but also in the run-up mode and transient modes (acceleration,
deceleration). The obtained simulation model can be used to further study the oscillatory processes of a train on selected sections of
the track, as well as to obtain data for training a neural network for early detection of resonant vibrations of a train car, and can also
be used in decision support systems (DSS) of on-board control systems for rolling stock of Ukrainian trains.

Keywords: mathematical model, decision support system, on-board control systems, rolling stock, oscillatory process,
bouncing, galloping, resonant speed.
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MATRIX MODEL OF STRATIFIED REPRESENTATION
OF THE HIGH-TECH PRODUCTS MODERNIZATION PROJECT
BASED ON COMPONENT AND RISK-ORIENTED APPROACHES

Abstract. The subject of research in this article is the projects of modernization of high-tech products (HTP). The aim is
to improve the quality of the HTP modernization processes by developing a stratified project representation based on the
component and risk-based approaches. The methods of system decomposition, stratification, component approach and risk
identification are used. The article analyzes the features of the modernization projects of the HTP, forms a model of the life
cycle of the modernization project, that separates the stages of design and technological preparation of production, logistics
tasks of procurement. The developed matrix model of stratified project representation allows planning work in two areas of
detail: according to the main stages of the life cycle and the selected strata (structural, technological and risk strata).

Keywords: high-tech products, modernization projects, life cycle, multicomponent, risks, stratification, system model,

design, 3D modeling, additive technologies.

Introduction

The main direction of development of high-tech
production is the modernization of complex equipment,
which allows to ensure its compliance with new
functionalities and modern requirements of the
sharpening process and to be competitive. The purpose
of modernization of high-tech products (HTP) is to
improve the technical and quality characteristics of
equipment, expand its capabilities at lower costs than the
purchase of new equipment [1-3].

Due to the need to ensure the competitiveness of
industrial enterprises in Ukraine, the relevance of
modernization in modern conditions is growing
significantly.

The current level of high-tech products requires the
search for effective methods of analyzing and managing
projects for their modernization.

An analysis of the results of partial modernization
projects of complex equipment shows that their
implementation was accompanied by exceeding the
planned deadlines, financial resources and, in some
cases, failure to achieve the expected improvement or
restoration of the functional quality of the equipment.
Another complicated issue is the identification and
supply of the necessary components for the
modernization of sophisticated equipment, especially
when the latest foreign-made components are used.

For example, in early 2022, when developing a
project to modernize An-178-100R aircraft intended for
the Ukrainian Air Force [4], it turned out that about a
third of the components were russian-made [5].
Therefore, the basis of this project was the strategy of
import substitution with the transition to Ukrainian
analogues, as well as products from Canada, China, and
the United States.

Such decisions require significant attention and
project funds to ensure logistics processes. On the other
hand, the production of new components and parts is
developing at the enterprises that are part of
Ukroboronprom[6].

Therefore, the article deals with the urgent task of
forming a systematic view of the project for

modernization of high-tech products based on component
and risk-oriented approaches. At the same time, it is
necessary to highlight the innovative component of high-
tech products and plan project activities for its design and
subsequent manufacture.

Analysis of recent research and publications

The principles of integration in the design of
complex products are implemented in the methodology
of structural and parametric modeling, which consists not
only in combining the stages of the life cycle, but also in
the use of appropriate geometric modeling tools in the
form of an appropriate mathematical apparatus. The main
provisions of the method of reducing the area of design
solutions are considered [7].

In automated design systems, the CALS technology
has been improved to ensure the connection of the stages
of building 3D models of a complex equipment object
based on knowledge-based technologies during the cycle
of their creation and data exchange between different
components [8].

Among the generally accepted methods used in
HTP system design are decomposition methods, methods
for creating a block structure [9], morphological analysis,
and modeling methods [10].

Recently, the importance of the modular
(component) approach to the design of complex technical
systems has increased, as libraries and component
catalogs have been created in many areas [11].

Proven solutions are formalized in the form of
reusable components and are involved in new
developments, thereby reducing design risk, reducing
development time and financial costs [12]. The
widespread use of the component approach to the design
of complex systems requires new models for describing
an innovative product and the use of multiple
(combinatorial) synthesis.

In the process of designing complex technical
systems, a multi-level analysis is used [13].

The design object can be divided using the methods
of functional and structural analysis and synthesis of
technical systems [14, 15]. Based on the results of the
functional analysis, the design task is divided into parts,
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which is carried out in several stages: analysis of the
functions of the technical system, synthesis of the
functional structure, construction of a multilevel
structure of the design object, identification of partial
design tasks, development of a technical system design
strategy.

When creating a new complex product, many risks
arise. Identification and analysis of risks, especially in the
early stages of technical systems development, requires
special models and methods with the possibility of their
automation [16].

Among the methods for assessing project risks are
the following:

— statistical methods,

— methods of expert assessments,

— methods of simulation modeling,

— the method of building a “decision tree”,

— sensitivity analysis, probabilistic analysis,

— fuzzy set theory [17].

Aims and objectives of the work

The modernization of complex equipment in
Ukraine is carried out in the context of military
aggression, and, as a result, limited funding, in the
absence of workable methods and algorithms for solving
this class of problems.

This fact necessitates the development of a
methodological apparatus that will allow for reasonable
decision-making support in the context of limited
resources for the modernization of high-tech products
during its planning and implementation.

From the review, it can be concluded that
promising areas for improving the efficiency of HTP
modernization project management are the systematic
decomposition of the project product using a component
approach, the use of additive manufacturing
technologies for innovative components, and the
assessment of relevant risks.

Thus, the purpose of the proposed study is to
improve the quality of HTP modernization processes by
developing a stratified project representation based on
the component and risk-based approaches. The article
solves the following tasks:

1. Formation of a life cycle model of the HTP
modernization project.

2. Substantiation of the component approach to the
management of the HTP modernization project.

3. Development of a matrix model for a stratified
representation of the HTP modernization project.

Research results

Let us consider the features and form a life cycle

model of the HTP modernization project.

Projects for the modernization of high-tech products
are characterized by [18]:

- innovation of the project content;

- complex component composition,

- multilevel detailing;

- significant flows of design and control information;

- a high level of risk in the creation of high-tech
products due to the innovation of projects and limited
resources;

- the presence of uncertainty and a large number of
internal and external random factors affecting the project.

The modernization project should achieve certain
goals:

- Ensuring the advantage in  properties
(characteristics) of the modernized HTP compared to the
prototype, which is maintained over the forecast period
of time due to the introduction of the latest technologies;

- cost optimization at all stages of the project;

- applying the principles of cost minimization in the
industrial production of HTPs to increase the profitability
of production.

To ensure the competitiveness of products at all
stages of the HTP, it is necessary to take into account the
changing market environment of high-tech products
consumers.

Changes in environmental parameters such as the
volume of demand, advances in science and technology,
and the growth of competitors’ markets necessitate the
modernization of existing models.

At each stage of the life cycle (LC) of HTP design or
modernization, certain design activities are carried out
[16]:

- analysis of external factors affecting the properties
of the HTP prototype being modernized,;

- development of the concept of creation and
formation of the technical outline of the HTP;

- preparation and approval of organizational
documents for the creation of the prototype;

- implementation of an advance design to determine
the basic requirements for the prototype;

- development of the tactical and technical task;

- development of preliminary and technical designs;

- development of working design documentation;

- manufacture of a prototype and its submission for

testing;

- conducting tests;

- technical and technological preparation of
production;

- serial production of modernized equipment;

- commissioning;

- analysis of the functioning of the prototype
(amendments to the documentation);

- checking its current scientific and technical level,

- carrying out repair or restoration work;

- making a decision on sample utilization.

Based on these standard stages, a life cycle model of
the HTP modernization project was formed, taking into
account the component composition and the use of
additive manufacturing technologies (Fig. 1).

At the R&D stage, research and development work
(RDW) is carried out to modernize products and
determine the scale of distribution of new products
(markets and their capacity), as well as the direction of
work at the next stages.

In today's environment, the main direction of
modernization of high-tech products is to improve their
quality parameters during development and production.
The parameters that characterize the realization of the
development of any technical system change under the
influence of the external environment. In most cases, this
influence is stochastic.
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Fig. 1. HTP modernization project life cycle model

Therefore, at the initial stage of design, the
technical outline of the HTP is synthesized - a set of
structural and parametric data describing its most
significant technical solutions and features, the
component architecture of the modernized product, the
composition and method of combining functionally
related blocks and elements with each other are formed
[19].

Typically, the initial data for creating new
products is the technical specification provided by the
customer.

The documentation created at the early stages of
product modification contains information on the basis
of which a database of many similar developments can
be formed.

A preliminary design, compared to a technical
design, provides a more complete picture of the product
design.

Both the terms of reference and the preliminary
design include textual, graphical, and quantitative
(technical characteristics) information [20].

In addition, most of the information in the
documents is interrelated: one information clarifies
another or is an integral part of it.

Therefore, the use of ontological models in the
form of semantic networks is effective for structuring
information about complex modifiable products [21].

The design stage also includes experimental
research, which involves the formation of a set and
modeling of innovative components and ends with a
technical design and preparation of working design
documentation.

However, it should be noted that the first stage of
modeling innovative products involves collecting
various types of information:

sketches,

drawings,

photographs and videos,

drawings, and often even a finished sample of an
analog product (or a damaged sample of a part in
equipment remanufacturing projects).

Based on the information received, a three-
dimensional model is created in a 3D editor or CAD
program.

Technical preparation of production involves the
development of methods for manufacturing innovative
products. Modern technologies in mechanical
engineering have led to the use of 3D printing in the
development of new parts and mechanisms. The use of
3D printing in the modernization and replacement of
individual HTP elements allows solving design
problems cheaper and faster. [22]. Thus, the expanded
capabilities of 3D printing can increase the efficiency of
HTP modernization projects at manufacturing
enterprises of both general engineering and military and
defense industries.

The quality of technological preparation is
determined by minimizing labor resources and material
costs for the implementation of technological processes,
manufacturing and assembly of the product with the
rational use of production assets.

At this stage, logistical tasks of procurement
management arise, created to determine the needs for
material and technical resources and ways to provide
them [23].

This is especially important when procuring
individual reusable components.

Let's consider the features of component synthesis
in the management of high-tech product modernization
projects.

Due to the multicomponent nature of HTP, a
change in the characteristics of a set of interconnected
elements leads to a change in the individual
characteristics of their elements and, in general, may
cause a decrease in the quality of performance of HTP
functional tasks.
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The compliance of HTP properties with the
general requirements defined in the modernization
project characterizes its scientific and technical level,
which is assessed by the quality of performance of all
tasks by the HTP sample and the level of its technical
perfection. The general composition of HTP properties
is a hierarchical structure. The indicators and
characteristics of HTP properties are also complex in
nature and have a corresponding hierarchical structure.

HTP properties are grouped into certain groups
that define the relevant qualities, for example:

- the group of purpose indicators characterizes
the purpose and scope of the HTP;

- the group of performance indicators and
serviceability characterizes the adaptation of the HTP to
reliable operation and preservation of its serviceability;

- the group of technical and economic solutions
determines the feasibility of implementing a certain
variant of a given modernization model, etc.

The main groups that determine the quality of the
sample characterize the features (tactical and technical,
technical and economic, operational and technical,
production and technological) of the HTP improvement,
which are used to compare its scientific and technical
level with the prototype level.

The coordination of customer and contractor
requirements is reflected in the technical task, which
sets out the basic requirements and characteristics of the
product. This includes the data necessary to form the
HTP component architecture.

At the initial stages of a project, important
decisions are not always made on the basis of sound
reasoning regarding the choice of components of a
complex product and the overall design scheme. Errors
and shortcomings made in this process are difficult to
eliminate at subsequent stages of the life cycle, and their
elimination is associated with significant expenditures
of project resources. In this regard, the pre-project work
is often associated with a great deal of uncertainty in the
initial data.

All project management decisions are focused on
obtaining a new component architecture for the
modernized product. Therefore, the project also has a
component architecture, in which the project
component and the product components are inextricably
linked and subordinated to the global project goal. A
project component is a set of managerial,
organizational, technical and production actions aimed
at creating a separate structural element (component) of
a complex technical product [18]. From the point of
view of design activity, a component is a process
associated with a certain element of the architecture of
a complex product, where the design process involves
not only the creation of simple components, but also the
combination and integration of complex ones.

The peculiarity of the component approach is that
a project component simultaneously characterizes a
complex product (product) and the process associated
with its creation.

The project component in the information
representation is an elementary information element of
the project.

This information representation links the product
architecture and the project structure behind its
creation.

It should be noted that the component approach
has the greatest impact on design decisions at the stages
of general (preliminary) project planning, feasibility
study, product design, and production planning for
high-tech products. Therefore, we will consider these
stages in the following.

Let's form a stratified view of the HTP
modernization project.

Stratification involves representing HTP as a
complex system in many aspects.

Generally, the following strata of complex system
decomposition are used:

— target,

— functional,

— mathematical,

— information,

— algorithmic,

— strata of hardware and software [24].

The description of the HTP at each stratum is
usually presented in the technical documentation for the
creation or operation of a complex system.

To solve the problem of component synthesis of a
complex product, the functional stratum and the
technical stratum are important. It is on this stratum that
the functional and technical requirements (quantitative
characteristics) for individual, including innovative,
HTP components are considered. Based on these
requirements, individual components are searched for
modernization.

For the HTP modernization
stratification is applied to other aspects:

— Structural. Component-based project
management determines the structural stratum, which
reflects the hierarchical structure and types of HTP
components;

— Technological. Types of components with
different levels of innovation require appropriate
technological solutions;

—Risk. In addition to typical project risks,
modernization projects require procedures for
managing partial risks associated with innovative
components.

The proposed matrix model of stratified project
presentation has two levels of elements (Fig. 2):

— horizontal, which is based on the main stages of
the project (in accordance with the LCA of innovative
products) that require appropriate solutions in HTP
modernization projects;

— vertical, whose elements correspond to the three
strata mentioned above.

Thus, at the general planning stage and the
feasibility study stage, the HTP is decomposed into
components and partial parameters, taking into account
functional, structural and parametric characteristics. As
a result, the properties of the components to be modified
are displayed. This makes it possible to subsequently
search for relevant precedents (analog products) at low
levels of decomposition and find precedents with a high
level of similarity of innovative components.

project, the
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Fig. 2. Matrix model of stratified representation of the HTP modernization project
based on component and risk-based approaches

Modern PLM systems implement sequential
detailing during HTP design in CAD/CAM/CAE
systems, which then requires systematic component
synthesis.

Data decomposition and synthesis are provided by
universal algorithms implemented in the design system
and based on information in databases. This approach
does not allow the application of standard procedures for
innovative HTP components. The use of an ontological
approach facilitates the process of creating a model of a
complex product and allows for the coordination of
parallel and sequential work of specialists on the project
of its modernization.

According to the component approach, three types
of components are distinguished in the product
architecture based on the main information from the
technical specifications [18]

- components of past experience - not subject to
modernization. For them, there is a complete set of
documentation and technology and experience in their
production, or the project provides for the procurement
of such components as finished structural elements;

- new (innovative) components - these are the
components that pose the greatest risk both in design and
in their production;

- components to be modernized - a combination of
“o0ld” and “new” components.

The production planning stage also requires
dividing project activities according to these types of
components.

Let's consider the elements of the technological
stratum. At the general planning stage, the reusable
components face the challenges of supply and the
formation of appropriate logistics channels. At the
feasibility study stage, optimization models should be
used to compare two design solutions: procurement of
components of a certain assortment or manufacturing of
components using additive technologies.

At the design stage, for components that have a
certain degree of novelty (new or modernized), the
technical documentation may be incomplete or
heterogeneous (data on foreign analogues, individual
drawings or visual representations of the product).
Modern technologies in mechanical engineering have led
to the use of artificial intelligence, 3D modeling and
printing in the development of new parts and
mechanisms. In turn, the resulting models are the basis
for further manufacturing of modeled parts using additive
technologies.

Innovative technologies should also be applied at
the production planning stage. The use of 3D printing
allows optimizing the geometry of parts, reducing weight
and increasing efficiency. 3D printing of metal
components creates complex parts that are difficult to
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manufacture using traditional methods, reducing waste
and costs. Additive technologies are being actively
implemented in the manufacture of modernized samples
of high-tech products, as well as for the repair and
maintenance of complex equipment. Generative design
and shape optimization create parts with optimal
parameters, taking into account functional, economic,
and operational requirements [22]. However, despite the
possibility of creating complex shapes and structures,
existing additive manufacturing technologies may face
limitations in the size and dimensions of products, which
may limit their application in specific projects. In
addition, the high cost of equipment and materials is also
a significant barrier to the widespread use of additive
manufacturing in the aviation and defense industries.

Consideration of risks in the management of the
HTP modernization project, in particular risk assessment
and management, is a mandatory attribute of the military
equipment modernization system in both peacetime and
wartime. Risk management should take place throughout
the entire project life cycle.

Let's consider the causes and interconnection of
partial project risks associated with the multicomponent
composition of HTP.

The procurement processes of reusable components
cause supplier selection risks, logistics  risks
(transportation), and communication risks [25].

At the design and production stages, scientific,
technical, and production and technological factors are in
effect. The scientific and technical factors should take
into account the degree of novelty of the HTP, which
depends on the planned degree of modernization.
Production and technological factors cause the risk of
integrating elements of complex equipment, which in
turn is caused by both the complexity of the design and
the presence of new components. Due to the
innovativeness of modified HTPs and the corresponding
complexity of modeling, the volume and complexity of
geometric models of the structure, systems and
equipment for the production and modernization of HTPs
is significantly increasing. The actual characteristics
formed after integration do not always coincide with the
planned ones. There is a risk of assembly that affects the
ability of HTP elements to perform the specified
functions.

The quality of a printed part depends heavily on the
digital model of the part used for printing. Therefore,

the quality of modeling a three-dimensional part before
printing plays a very important role. In addition,
production and technological factors include risks
associated with the use of new materials when using
additive manufacturing technologies.

It should be noted that these partial risks arise at
successive stages of the project's LC, i.e. they have a
synergistic effect, which complicates the procedures for
their quantitative analysis.

Conclusions

The identified features of HTP modernization
projects, such as the complexity and multicomponent
nature of the project product, high level of innovation
and uncertainty at the design stage, necessitate the use
of system, component and risk-based approaches to
managing these projects.

A life cycle model of the HTP modernization
project has been formed, which, based on the typical
stages of the life cycle of innovative products, separates
the stages of design and technological preparation of
production, logistics tasks of procurement of
components.

These processes have their own peculiarities due
to the multi-component nature of the HTP and
determine the consideration of individual project
activities from the perspective of the component
approach.

The systemic approach requires consideration and
management decisions to be made on the following
strata: structural, technological, and risk strata.

The developed matrix model of the stratified
representation of the HTP modernization project allows
planning the project activities in two areas of detail: the
main stages of the life cycle and the three selected
strata, respectively.

The presence of components of various types of
novelty and uncertainty requires the use of 3D modeling
and printing technologies in the design and manufacture
of innovative components of this type, which is
reflected in all strata and the corresponding stages of the
project's life cycle.

In the risk stratum, partial risks of the project due
to the factors of multicomponent and innovative HTP
are highlighted. The direction of further research is to
form a model for quantifying these risks and studying
their synergistic effect.
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MaTtpuuna Mofiesb cTpaTughiKOBAHOTO ySIBJIEHHS MPOEKTY MOAePHi3allii BHCOKOTEXHOJIOTIYHMX BUPOOiB
HA OCHOBi KOMIIOHEHTHOI'0 Ta PU3UK-OPiEHTOBAHOIO MiAXO01iB

0. €. ®enoporuy, JI. B. Manees

AnoTanis. IIpeameroM mocnmifxkeHHs B CTATTi € MPOCKTH MOJIEPHi3allil BUCOKOTeXHOJIOriuHUX B1pobiB (BTB). Mera -
HiIBHIIEHHST SIKOCTI mpoueciB MojepHizauii BTB nuisixom po3poOku cTpaTH(ikoBaHOTO YSBISHHS MPOSKTy Ha OCHOBI
KOMIIOHCHTHOTO Ta PH3HWK-OPIEHTOBAHOTO MiAXOMAiB. BHKOPUCTOBYIOTBCS METOAM CHCTEMHOI JEKOMITO3MIi, CTpaThdikarii,
KOMIIOHCHTHOTO MiIXOAy Ta imeHTH(]ikamii pu3ukiB. B cTaTTi mpoaHamizoBaHO 0cOONMBOCTI TpOeKTiB MoxaepHizamii BTB,
chopMOBaHO MOJIENb KUTTEBOTO LMKy MPOEKTY MOJEpPHIi3allil, sIka BiJOKPEMIIIOE eTarmy KOHCTPYKTOPCHKOI Ta TEXHOJIOTi4HOT
MiATOTOBKH BUPOOHUIITBA, JOTICTHYHI 3a/1a4i 3aKymiBenb. Po3pobieHa MaTpiyHa MOJIENb CTPATH()IKOBAHOTO YSBICHHS MPOEKTY
JI03BOJISIE TITTaHYBATH POOOTH Ha JBOX HANpPSMKaX JeTali3amil: BiIMOBITHO OCHOBHUX CTaiil )KUTTEBOTO LUKy Ta BUIIJICHUX CTPAT
(cTpYKTYpHOI, TEXHOJIOTIYHOI Ta CTpaTi pU3HKIB).

KamouoBi ciioBa: BHCOKOTEXHOJIOTIYHI BHPOOH, MPOCKTH MOJAEPHIi3allil, KUTTEBHHA IHKI, 0AaraTOKOMIIOHCHTHICTb,
pu3HKH, cTpaTHdikalis, CHCTEMHA MOJIEIb, IIPOSKTyBaHHs, 3D-MoqeIr0BaHHs, aANTUBHI TEXHOJIOTII.
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BUKOPUCTAHHA BUCOKOBOJIbTHUX 'EHEPATOPIB,
KEPOBAHUX HAIIPYT' OO, JUIA NIIBUINEHHA TOYHOCTI
CUCTEM ®A30BOI'O ABTOINIACTPOIOBAHHA YACTOTHU

Anotamnisi. B po6oTi po3rsparotrecst npodiemu cucteM (aszoBoro aBromiacrporoBanHs dacToTu (OAIIY), siki € ogHEM 3
OCHOBHHX BY3JiB Cy4JacHOI amapaTypH 3B'SI3Ky. 3 aHaJli3y OCTaHHIX JOCIDKEHb 1 MyOJiKaIif aBTOpaMH BHSBICHO, IIO
HalsKiCcHIII reHepaTopu, kepoBaHi Hanpyroro (I'KH) moci peai3zytoTbest 31€01IbII0T0 Ha JUCKPETHUX CXeMax, sIKi MO-
XKyTb BEMarati Hanpyry xusieHss 1o 30 B, Tomy nepen po3poorukamu cydacHux cucteM ®AIIY abo pamiogacToTHHX
CHCTEM IOCTa€ 3aBIaHHS 3'€qHAaHHA HU3bKOBOJNBTHHX MikpocxeM PAITY ta BucokoBomsTHHX ['KH. B poGoTi posrisHyTO
CTPYKTYpY THIIOBOi TUIIOBOI IETIi BUCOKOYACTOTHUX 3Mimanux cucteM DAITY, siki MiCTATH sIK TOBHICTIO LI(POBI OJI0KH, Ta-
Ki SIK TIOAUTFHUKHU B 3BOPOTHOMY 3B'SI3KY Ta ()a30Bi IETEKTOPH, TaK 1 MPELH31HHI aHATOTOBI CXEMH — By3JIM HAaKauKH 3apsay Ta
I'KH. IlpuBeneHi XxapaKTepHCTHKH OCHOBHHX OyokiB 3Mimannx PAITY, HamiueHi cnocobu ix yaockoHaieHHs. [lokasanmii
TIPHUKJIaJ JOCTYIHOI CXeMHU BUCOKO] iHTerpaii. BunineHo ocHoBHi o3Haku cuctemu @AITY, mio BimBaroTh Ha SKIiCTh if po6o-
TH — dYac 3axBary, (a3oBHH IIyM Ta Iapa3uTHI YacCTOTH, PEKOMEHJIOBaHI MiJXOIM BKIIOUECHHS €JIEMEHTIB CXeM UL MOKpa-
IIEHHS [UX XapaKTepucTHK. HaBeneHo npukiagy peKOMEHIOBaHHX KOH(Irypamiii akTHBHUX (QUIBTPIB i3 monepeaHiM (uIbT-
PYBaHHSM, 3 IHBEPTYIOUUM i HEIHBEPTYIOUMM ITiJKIIFOYESHHSIM ITiICHITIOBaviB. Bu3HaueHo nepeBaru Ta HeIOMiKM 1HBEPTYIOUOT
Ta HEIHBEPTYIOYOI TOHOJIOTII cxeM. B poOoTi mpuziieHo yBary BHOOpY onepamuiifHOro migcuiroBada Uisi MaKCHMaJIbHOTO BH-
KOpPHUCTaHHS MOJKIMBOCTEH akTUBHOTO (pitbTpa B cTpyKTypi PAITY. BusHaueHo, 110 KpiM CMYTH MPOITYCKAHHS BaXKJIMBUM €
BpaxyBaHHS TaKHX OCHOBHHX IapaMeTpiB SIK IIUIFHOCTh IIYMY HANPyTH, CTPYMOBHH IIyM, BXiIHHI CTPYM Ta Aiala3oH BXiA-
HOi cuH(a3HOi Hanpyru. B pe3ynpTaTi aHamizy Oyino BUSBICHO, IO I JOCSTHEHHS HallKpamwx pe3ynsraTiB podotn GAITY
MoTpiOeH omepamifHuil MiICHIIOBaY 3 HU3BKOIO IMUIBHICTIO IIyMY HAlpyTH JJIS 3HIDKCHHS 3arajbHOro (a3oBOrO LIyMy,
HEBEJIUKHM BXiJHUM CTPYMOM IJIsl 3MEHIICHHS MOXMOKH Ta BH3HAYEHUM Jialla30HOM BXiTHHX HAIpPyT Ui MOXJIMBOCTI
po6OTH 3 OHONOJSIPHUM JKUBICHHAM. HaBeneHWi Mpukiaa Ta XapaKTEPUCTHKH MOBHICTIO IHTETPOBAHOI BHCOKOSKiICHOT
cucremu OAITY, ne mmpoxocmyrosuii ' KH € inTerpoBannM 6e3mocepeJHEO Y KPHCTAT MIKPOCXEMH.

KawuoBi ciaoBa: $azoBe aBTOmiACTpOIOBaHH, TeHEPATOP, (Pa30BHUiA IIyM, IIITBHICTD IIyMY HAIPYTH, AETEKTOP.

Beryn

IMocTanoBka npodjemu. OJHUM 3 OCHOBHUX BY3JIiB
CyJacHOI amnaparypu 3B's13Ky € cuctemMa (ha30BOro aBTOMI-
crporoBaHHs 4dactotd (DAITY). 3a3Bmwait s cucrema
BHUKOPHCTOBYETBCS TIPH CTBOPEHHI JIOKAIBHUX T'€HepaTo-
piB y pamiompuiiMadax abo mepenaBadyax, KpiM Toro, ii
MOXKHa 3aCTOCOBYBATH JUISL PO3MOJUTY CHUTHAIy TakTOBOT
YacTOTH Ta 3MEHIICHHS HOro MIYyMiB, a TaKOX HPH CTBO-
PEHHI JPKEpeJT TAaKTOBOTO CUTHAITY JUISl BUCOKOIIBHIKICHUX
AIIT (amamoro-iupoBUX TepeTBOproBauiB). B Hamr yac
BHACIIJIOK PO3BUTKY TEXHOJIOTii1 BUPOOHMIITBA iHTETpasIb-
HHUX CXEM 3MEHILYEThCSl HAIpyra JKHMBJICHHS MPHCTPOIB,
30kpema cxeM DAITY Ta iHIKMX By31iB 00POOKH 3MillIaHO-
ro curHamy. OfHaK MpPaKTHYHI TEXHOJIOTIl CTBOPEHHS
reHepartopiB, kepoBanux Hanpyroto (I'KH) — ocHoBHuX
By3niB DATTY — 3MIHIOIOTECS HE TaK IIBUAKO, K IIE
MOTPiIOHO, TOMY BUHHKAE AUCOAIAHC €JIEMEHTIB CHCTEMH.

AHaJi3 ocTaHHIX Aociailkenb i myOgaikauii. B
poboTax aptopiB [1-5] posrismaeTbcsi cydacHHH CTaH
po3pobku DPAIIY, nepeBaru Ta HefOIKK OyOBH Pi3HUX
apXITEKTyp IMX CUCTEM. 3 OTJISIHYTOH JIiTepaTypy MOKHA
3poOHUTH BHCHOBOK, 1o HaiskicHimi ['KH moci peamnizy-
IOTBCS 3/1€01BIIOTO HAa JUCKPETHUX CXEMaX, SIKi MOXKYTh
BuMaratu Hanpyru xuBieHHs a0 30 B. Tomy mepen
po3pobHukamu cydacHux cuctem D@AITY abo pamiodac-
TOTHHUX CHCTEM IOCTa€ 3aBJIaHHS 3'€JJHAHHS HU3bKOBOJIb-
THHUX MikpocxeM DATTY ta BucokoBonsTHUX ['KH.

Meta po6oTH — PO3MIISIHYTH MPUHIUIKN CTBOPEHHS
BucokoskicHux cucreM PAIIY Ta dakropis, 1o BrUH-
BalOThb Ha TOYHICTh TaKUX CUCTEM, PEKOMEHIYBaTH
CHOCOOM YIOCKOHAJIEHHS IX IapaMeTpiB.

Buknag ocHOBHOTo Mmarepiajry

Posrisinemo  crpykrypy TtumoBoi nernmi DAITY
(puc. 1). Le cucrema, y sikiii pa3oBuii JeTEKTOp Kepye
I'KH Tak, mo6 gacrora i ¢a3a reHepaTopa TOYHO BiAIIO-
Biaym 9acToTi Ta (a3i BXiTHOTO (OIOPHOTO) CHUTHAIY.
Cucrema Ma€e KOJIO 3BOPOTHOTO 3B'SI3KY.

Frer O— Dazoenit

AeTexkTop

PinbTp
HM3bKUX YacTOT

—»  [KH

NxFeee

[inbHKK Ha N

Puc. 1. OcHoBna cxema metimi @AITH

Hnst iHTerpamii Ta 3riaJUKyBaHHS IO3UTHBHOTO
ab0 HEeraTMBHOTO CHTHAJY IOMMJIKH, a TaKOX JUIsi 3a-
Oe3reueHHs1 CTaOUILHOCTI METIl PEeryJIlOBaHHS BHKOPH-
CTOBYIOTH (UIBTP HU3BKUX 4YacTOT. YacTo y 3BOPOTHHM
3B'SI30K BKJIIOYAIOTH JIJBHMK YacTOTH, I[00 BHXIiJHA
ygacTtoTa Oyina KpaTHOIO OIMOpHIM wyacToTi (B Jiama3oHi
peanmsaux gactoT ['KH).

Ockinpkn @AIIY € cucTeMOi0 3 HETaTHBHUAM 3BO-
POTHUM 3B'SI3KOM, CHUTHAJ MOMMUJIKK TIO0 YacTOTi B CTaHi
piBHOBarm mparHyTuMme 10 Hyld. Y pe3yibTaTi Ha BU-
xoai 'KH Oyne BupoOnsarucs ToyHa i ctabijbHA 4acTo-
ta. Cucrema ®AITY Moxe OyTn peanizoBaHa pi3HUMH
crocodamu, 3 BHKOPUCTAHHSM IIOBHICTIO HU(POBHX,
MOBHICTIO aHAJIOTOBUX a00 3MILIAHUX CXEM, 3aJIEKHO
BiJl HEOOXITHOTO PiBHS LIyMiB, pO3MipiB i Jiamna3zoHy
gacToT. Hapasi BucokoudactotHi DAIIY MicTaTh SK
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MOBHICTIO IU(POBI OJOKH, Taki SK MOAIIBHUKH B 3BO-
pPOTHOMY 3B'I3KY Ta (a30Bi AETEKTOPH, TaK 1 Npenn3iiHi
AHAJIOTOBI CXEeMM — BY3JIM Hakauku 3apsay ta ['KH.
3mimani cxemu @AITY ckinagaroThCst 3 TAKMX YaCTHH:

1. ®azoBo-yacToTHMII fgeTekTOop — Wit hopmy-
BaHHS CHUTHAIY IOMIUIKM 10 (a3i 3 CHTHANIB OMOPHOL
YacTOTH 1 9aCTOTH 3BOPOTHOTO 3B'SI3KY.

2. TlerneBwii (GbiAbTp BCTAHOBICHHUH ISl iHTETPY-
BaHHS IMIYJNBCIB CTPyMy Bil CXeMH HakKadkKW 3apsmy,
3a0e3nedyoun YHCTY HANpyTy Ha KEpyrdoMy BXOi
I'KH.

3. Jlxepeno omopHOi yactoTd. [lpu3HaueHe s
moja4yi CTabUTBHOI, TOYHOI YacTOTH, mif a3y sKoi min-
JIAIITOBYETHCST PaiouaCTOTHUN BHUXIOHUI curHai. 3a-
3BUYai 11 OTPUMYIOTH 3a JIONIOMOI'OI0 MIKPOCXEMH TEeM-
NIepaTypHO-KOMIICHCOBAHOTO KBapI[OBOT'O IT'eHepaTopa.

4. Cxema HaKayKku 3apsay MpU3HA4YeHa JUid  Tie-
PETBOPEHHS CHUTHAy MOMWJIKHA B MOCIHITOBHICTH MO3H-
TUBHUX a00 HEraTUBHHUX IMITYIIBCIB CTPyMy, IPOIIOp-
LifHIX TOMIIII 10 dasi.

5. TKH. Le reneparop, y IKOro 4actota Ha BH-
XOJi 3aJI€XKHUTh BiJl HAIIPYTH Ha HOTO KEPYyIOUOMY BXO[1
(Vtune)-

I'KH mae xoediuieHT nepeTBOPEHHs, BUPaXKEHHUI B
MI'1/B. OcHOBHE piBHSHHSA, SKE MOB'SI3Y€ YacCTOTy Ha
Buxoni I'KH 3 Hanpyroto Ha iioro BXoi, Ma€ BUTJIST

fo = fe + Ky Viune).

ne fc — nenrpanpha yacrora konuans ['KH.

6. Himpauk wactoté Ha N. JinMuTh BUXiOHY Yac-
TOTy Tak, ml00 BOHa Oyna piBHOIO YacTOTi (pa3oBOroO
merekTopa abo omopHid wactoTi. BiH Moxke minmuTa
CTpoTo Ha Iinie yncio abo x Ha apodose. pobopwmii
MTOIUTEHUK MOXe OyTH peali3oBaHHH IIISXOM IIEpEeMH-
KaHHS KOe(III€HTIB AIJICHHS B IUJIO-YUCENBHOMY TO-
JUIBHUKY JUIS OTPUMAaHHS IpOOOBOTO CEpeHbOTO Koe-
¢iuienra. Hanpukian, mob orpumaru cepeaniii koedi-
wieHT aiieHHs 4,25, notpiOHO TpH pasu AUMMTH Ha 4 i
oJvH pa3 Ha 5. Byne BigpaxoBaHO CIMHAIITH IMITYJIb-
ciB i c()OpMOBAHO UYOTHPH IMITYJIECH, TaKUM YHHOM,
BHUXOAWTH KoedimieHT nineHus 17/5 =4,25.

Ha mpaxTumi xpamii pe3yiabTaTé MOXYTb OyTH HO-
CSITHYTI 3a JIOTIOMOTOI0 TEXHIKH, K2 BUKOPHCTOBY€ETHCS
y OIyMONIOAIOHNX II€PETBOPIOBAYaX BUCOKOI PO3AITBHOT
3maTHOCTi. ToMy apoOoBe MieHHS 3a3BHYAil peaizy-
€TBCS 3 BUKOPHUCTAHHSIM CHUIMa-ZejbTa apXiTeKTypH,
NepeBarol0 siKol € 3MEHIIECHHS Mapa3uTHUX YaCTOTHUX
ckinagoBux. Ha puc. 2 moka3aHuil mpuKIajg JOCTYIHOL
cxeMu BHcOKoi iHTerparii. Ile ¢yHKIioHanbHA cxema
mikpocxemu DAIIY 3 qpoOoBUM KOS(IIIEHTOM TiICHHS
ADF4350 — mmpoKocMyroBoro CHHTE3aTOpa 3 BOYIO-
BaHMM TreHepaTtopoM, kepoBanum Hampyroto (I'KH).

)
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Puc. 2. ®ynkuioHanpHa cxeMa IHPOKOcMyroBoro cunresaropa 3 DAITY ADFA4350

Jliama3oH BUXIZHMX 4YacTOT CHHTE3aTopa — Bif
137,5 mo 4400 MI't. /Io OCHOBHUX XapaKTePUCTUK CHC-
temu O AITY, 1o BIUMBaIOTh Ha SKICTH 11 pOOOTH, MOXHA
BIZTHECTH dYac 3aXBaTy, (a30BHUil IIyM Ta Mapa3uTHi dac-
TotH. Yac 3axBaTy — Iie Yac, NPOTSTOM SIKOTO BiJHOB-
moetbest DAITY npu crprbkononiGHOMY nepexosi Bi
onHiei wactoTH 0 iHmoi. Moro Moxma 3amaBath s
BCTAHOBJICHHs 4acToTH abo (asu. CrymiHb BaXIJIMBOCTI
LbOTO TapamerTpa 3ajJeXuTb Bix cdepu 3acTocyBaHHS.

®azoBmii ryM — 1€ myM resepatopa abo ®AITY, Bu-
3HAUEHWH s 4acTOTHOI obmacti. BiH sBmste coboro
CepeTHhOKBAIPATUYHY CyMy IIyMiB, SIKi BHOCSTH pi3Hi
xommoreHTH DPAITY. V cuctemi ®AIIY 3 Hakaukoro
3apsiny mojaBisroThes mymu [KH, siki 3HaXOomsThCS B
cMy3i rmerieBoro ¢iuIbTpa. 3a MeXaMH CMYTH IIPOITyC-
KaHHA nenti gominyiots mrymu I'KH. Tlapasurhi yacTot-
Hi CKJIAJIOBI BUKIIMKAaHI NEPIOAMYHUMHE IMITyJIECAMH BiJ
CXeMH HaKadku 3apsity B kepytouidi Hanpysi ['KH. Bonu
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BUIIISIAIOTH SIK 3MIIIEHHS YacTOTH B Hecydoi y ¢aso-
Bo-dacToTHOMY ferekropi. Y ®AITY 3 npobosum koedi-
LIEHTOM Tapa3WuTHI CKJIaJ0BI BHHHUKAIOTH TAaKOX B pe-
3yJIbTaTi pOOOTH APOOOBOTO MOITHFHHKA.

Bucokoskicni 'KH 3anumarotbess ogHMMH 3
OCTaHHIX eJIeKTPOHHUX KOMIIOHCHTIB, SIKi IPOTUCTOSTH
XBIISIM KpeMHieBo1 iHTerpamii. JInme B ocTaHHI KijbKa
poxkiB 3'seunucs 'KH, siki oBHICTIO iHTeTpoBaHi B iXHi
pamiodactoTHi uwmrcetn. OmgHak 0a30Bi cTaHIii Ay
CTLUTBHUKOBOTO 3B’S13KY, MIKPOXBIUIFOBI CHCTEMH 3B'SI3-
Ky MDK JBOMa TOYKaMH, BiHCHKOBI Ta aepOKOCMIiUHi
CHUCTEMH U 1HII CKJIaJHI BHCOKOSIKICHI BUPOOH BCE IIIE
NpeA'sBIAIOTh HaATO BUCOKI BUMOTH JIO0 iHTEIPaIbHOTO
KpPEMHII0, TOMY Il CUCTEMH PEali3yloThCsl Ha AUCKPET-
HUX KOMIIOHEHTaX. PO3IJIsiHEMO NMPUYMHU LBOTO SIBU-
ma, SKUX JAEKiJbKa.

VY O6iIbLIOCTI JTOCTYIMHHUX KOMEPLIHHUX JUCKPET-
Hux 'KH sk xepoBanuii eneMeHT konuBasibHOro LC-
KOHTPY BHKOPHCTOBY€ETBCS BapHKal — IO 31 3MiHHOIO
€MHICTIO.

Sxmo Hampyra Ha gioni Oyae 3MiHIOBaTHCS, TO Oy-
IIe 3MIHIOBAaTHUCA W MOro €MHICTH 1, TAKMM YHHOM, 3Mi-
HHUTBbCS PE30HAHCHA YacTOTa KOJMBAJIBHOTO KOHTYpY.
Bynb-sikuid myMOBHI CHUTHaJ Ha BapuKami Oyne mincu-
nroBaTHCS 3 KoedilieHToM nepeTBopeHHs Bapukana Ky,
BupakeHuM y MI'1/B, 1mo npusBonuts 1o nosiu azo-
Boro mymy. 1106 30epertit MiHIManbHO MOXJIMBHUII pi-
BeHb (pa30BOTO LIyMy, HeoOXinHO podutn Ky sik MoxkHa
HalimMeHIuM. OfHaK, AJSI JOCATHEHHS JOCHTH BEJIMKOTO
Jliaria3oHy IIePETBOPEHHS MOTPIOEH JAOCTATHBO BHCOKHUIM
Kv. Takum 4mHOM, U1 3aCTOCYBaHb, JI€ OJHOYACHO
MOTPiOHI HU3BKUIA (Pa3oBHI MIyM 1 IIUPOKHHN Hiama3oH
nieperBopenHs1, BupoOHuku ['KH 3a3Buuail po3po0IstoTh
TCHEpaToOpy 3 MajJuM KOCeQIii€HTOM IIePEeTBOPEHHS 1
BEJIMKMM [1lalla30HOM BXiJHOI Hamlpyru, 1o0 3a0BOJIb-
HUTH IIi cynepewinBi Bumord. TUIIOBHUIL Jiana30H 3MiHU
Kepyrouoi HanpyTu Jyis By3bkocmyroBux I'KH ctanoBuTh
Bix 0,5 mo 4,5 B, a qs mmpokocmyroeux I'KH BiH 3a-
3BHYAl JISKUTh Yy Mexax Bix 1 no 14 B.

I'eHeparop Ha KOAKCiaJIbHOMY PE30HATOPI — I
iHmmi, cnenianeauil Tan ['KH, y sikoMy ams gocsrHeH-
HS HagHM3bKNX ()Aa30BHX MIYMIB BHKOPHUCTOBYETHCS
OyXKe Manuid Koe(illieHT TepeTBOPEeHHS 1 MIMPOKHA
Jiama3oH Kepyrodol Hanpyru. Taki reHepaTtopu 3a3BH-
Yaii 3aCTOCOBYIOTHCS Y TIPHBATHOMY MOOLIEHOMY pafio-
3B'SI3Ky Ta HA3€MHUX PYXOMHX Pa/IiOCTaHIIisX.

BinpmricTs KOMEPIIHNX MIKpOCXeM CHHTE3aTOPIB 3
OATIIY MaroTh BUXiJ 3 HAKAYKOIO 3apsiay, MaKCHMaIbHa
Hanpyra Ha sikoMy He nepesuiye 5,5 B. Ilporo nenocra-
THBO 111 Oe3nocepenuboro kepyBanus [ ' KH, skuif Buma-
ra€ BICOKOT KePYIO4Ol HAlPYTH, SIKIIO NETIBOBHNA QiIBTP
peani3yeTbCcsl JMIIe Ha MAaCMBHUX KOMIIOHEHTaxX. Jlns
OTPUMaHHS BHCOKMX KEpYIOUMX HANpyr HEoOXiJHO BH-
KOPHCTOBYBATH aKTHBHI NETIHOBI (PiIbTPH Ha oneparii-
HUX TiIcwmoBaYax. HalmpocTimmid minxin moisrae B
JI0/1aBaHHI TiJACHIIOBAIEHOTO Kackaly ICIs MacHBHOTO
nerboBoro QineTpa. OHAK TYT € W HEHOJIKH — omepa-
iffHAH MiACKITIOBAaY y iHBEPTYIOUOMY BKJIFOUCHHI Mae
HU3BKUH BXiJHAH IMIIEIaHC, SKUH HaBaHTA)Ky€e TTACUBHUI
MIETIILOBHH (iIBTP, 10 BIUTUBAE HA JUHAMIKY TETITI.

[Ipu HeiHBepTyIOYOMY BKJIIOYECHHI IMIIEJJaHC JIO-
CHUTh BHUCOKHH, II00 HE CTBOPIOBATH HABAHTAXKCHHS Ha

¢GuIBTp, ane B TAaKOMY BUIAIKY IJCHIIOETHCS Oy/Ib-
SIKMH IIyM OnepaniifHoro mijcuiioBaya, skuil GijabTp He
3Moxke mpuOpatu. Halikpamie pimieHHS — 00'eHaHHS
MiJCHIFOBAILHOTO Kackaay i (GUIbTpa B OJUH aKTUBHUI
¢utpTpyBanbHUi NpucTpiid. Takox TyT AouiABHO mona-
TH TioniepenHe (GiTbTpyBaHHS, MO0 YHUKHYTH IIE€peHa-
BaHTAKEHHS MiJCHIIOBaYa KOPOTKUMH IMITyJIbcaMH 3i
CXEMHU HaKa4yKH 3apsay Ta OOMEKEHHS JiarazoHy BXif-
HOI HaNpyrHu.

Ha puc. 3 mokasani aBa mpUKIagn peKOMEHIOBA-
HUX KOHQITypariii akTHBHHX QiNbTPiB i3 MONEpenHiM
(GUIBTpYBaHHSAM, 3 I1HBEPTYIOUMM 1 HEIHBEPTYIOUHM
MAKIIOYEHHAM i ICHIIIOBaYa.
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Puc. 3. AkTuBHUII GinbTp i3 MONEpeTHBO0 BITBTPALIEIO:
a— IHBEpTYy0Ue BKIIIOUCHHS; 0 — HEIHBEPTYIOUE BKIIFOUCHHS

I[i cxemu miACHIIOBAdiB MICTATh IHTErpaToOpH,
KOTpi MiATPHUMYIOTh HYJBOBY pO30ODKHICTE Ha BXOjaX
¢dasoBoro merekTopa. Hampyra Ha BHXO.i TaKoOro mif-
CHITIOBava TpH po3iMkHeHil netni @AY HabmkaeTs-
Csl JI0 HANpyTW OJHOTO 3 JpKepeln >kuBieHHA. [lepeBara
IHBEPTYIOUOi TOIIOJIOTIi TMOJSTae B 3MIMICHHI BUXIiTHOI
Halpyru CXeMH HAaKadKH 3apsiy Ha (iKCOBaHY BEJINYH-
Hy, 3a3BHYail PiBHY MOJIOBHHI IMOBHOTO Jiala3oHy Ha-
MpyTH Ha BUXOJI i€l cxeMu (Vp/2), MO ONTHMAIBEHO 3
TOYKH 30pY CIIOTBOPEHb.

VY 1upoMy BHNAAKY HEOOXiTHO 3a0€3MEUUTH YUCTY
HaIpyry 3MilleHHs1, OaXaHO BiJl ClEliaJbHOI0 HU3bKO-
ITyMHOTO JIHIHHOTO perynsropa Ta aJeKBaTHUI pO3B's-
30K SIKOMOTa OJIrK4e 70 BXIJHUX BHBOJIIB OIepalfiitHo-
ro miacwmoBaya. Kpim Toro, Tpeba maru sikoMmora
MEHIIMMHU HOMIHAJIM PE3UCTOPIB y JIAHIIO31 JIBHUKA
Hampyru Juid MiHimizanii mymy. Ilpu BuKopucTaHHI
IHBEpPTYIOUOTO MiAKIIOUEHHS MOTPIOHO INEepeKOHaTHCS,
mo Mmikpocxema ®AITY no3Bossie iHBEpTYBaTH MOJISP-
HicTe  (a3oBo-yacToTHOro  jgerextopa. CimeHcTBO
ADF4xxx mae Taky MOXJIHUBiCTh. HeiHBepTyoda KOH-
¢iryparis netapoBOro QineTpa He MOTpedye Cremiaib-
HOTO 3MIIIEHHS, TOMY cXeéMa MOoke OyTH OUIbII KOMIIa-
KTHO0. Hampyra Haka4uku 3apsigy 3aMiCTh 3MilleHHS Ha
(ikcoBaHMI piBEHb 3MIHIOETHCS B MEXaX yCbOTro podo-
yoro xiamasoHy. Tomy Mg mporo Tumy (igbTpa Iyxe
Ba)XXJIMBO BMKOPHUCTOBYBATH OINEPALHUI miJcHIIOBaY
i3 /liama30HOM BXiJHHMX HaIlpyT, 10 OXOILIIOE BECh [iia-
T1a30H JKUBJICHHSI.
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Bubip onepariiiHoro mizcuiioBaya — 1€ KJIIOYO-
BU MOMEHT Ul MaKCHMaJbHOTO BHKOPHCTAHHS MOJX-
JIMBOCTEN aKTUBHOTO (inbTpa. OKpiM CMYyTH MPOIyCKaH-
HSI TYT HEOOXIZTHO BpaXxOBYBaTH TaKi OCHOBHI ITapaMeTpH:
winpHicTs myMy Hanpyru (B HB/ATL), cTpyMoBHii mym
(8 HANTI), BXiZHMiT CTPYM Ta [iamasoH BXiAHOT crH(a-
3HOI HaIlpyTH.

BesnocepenHpo BIUTHBAE HAa YacTOTy Ta a3y reHe-
panii BuxigHa Hanpyra ¢inerpa. ToMy OTBHICT HIyMYy
HAIPYTHU OTIEPAIiifHOTO IIiICHIIIOBaYa J03BOJISE OLIHUTH,
SIKAH (Pa30BHIA IIIyM BHECE aKTHBHUH (iIBTP.

lym mipcuiroBada IOAAETBCS SIK Y CMY3i HPOILyc-
kanus nermi OAITY, tak i mo3a Hero. Moro Brume Haii-
O1IbII MOMITHHM Ha 4acTOTi 3pi3y METILOBOTO (iIbTpa,
0COONMMBO JUIS MIJICHIIIOBAYiB 3 BHUCOKOIO INUIBHICTIO
myMy Hampyrd. ToMy JUist TOCSTHEHHS Iiied MiJICHITIo-
Baya i BucokoBonsTHOro I'KH — 3a0e3meuenHs minima-
JBHOTO (ha30BOTO IIYMY, BasKJIMBO 3HIDKYBATH IIYM IIijI-
cUIoBada. Y AKIiCHIHM cXeMi BiH HE TIOBHHEH ICPEBHITY-
Batu Bemmunan 10 HB/ATL. CrpyMOBHH 1IyM, SIK IPaBU-
710, Ha0araTo MEHIIUH Y TOPIiBHAHHI 3 IMITYJIbCAMH CTPY-
My TOMHJIKH, TOMY HOTO BIUIMB 3HA4HO CAOMIMH, HIX
BIUTUB IIyMY HalpyTu.

3HauHy noxuOKy y BuxigHui crnekrp ®AITY mo-
JKyTh BHOCHUTH OICpAIliifiHi MMiJCUIOBaYl 3 BEIHUKUM
CTPYMOM 3MILIEHHSI TOPIBHSHO 3 BUXIJIHHM CTPYMOM
(a3oBo-uyacToTHOTrO JAeTekropa. 11lo6 30epiratu cTadiib-
Hy kepytouy Hanpyry I'KH ta ®AIIY y crani 3axsBary,
cXeMa HaKadyBaHHS 3apsay IIOBHHHA KOMIICHCYBATH
BUTIK CTPyMY ¥epe3 BXiJ oIepauiifHoOro miJcritoBaya Ha
KOXKHOMY LHUKJI poOOTH (ha30BO-4aCTOTHOTO JETEKTOpA.
e mpu3Bomuth M0 MomyisMmii kepyrodoi Hampyru ['KH
(VTuNE) 3 9acTOTOKO POOOTH NETEKTOPA 1 BHKIIHMKAE Bifl-
XMJICHHS! HECYy4Ol YaCTOTH Ha I[f0 BEJIMUMHY. 30UIbIICHHS
BXIZIHOTO CTPYMY 3MIILIEHHSI I IBUIIYE MOJYJIALIIO VTUNE
1 30UIbIIY€E aMILTITY Ty TIOXHOKH.

[le ogHMM BaXXJIMBUM HapaMeTPOM OIepamiitHOro
MiICHITIOBAYa € iana3oH cuH(pa3Hoi Hampyry, abo miama-
30H BXimHOT Hampyru. YacTo Ha HbOrO HE 3BEpTAOTh
yBary, aje BiH MOYK¢ BUKIHMKATH CEpPiHO3HI MpoOieMu Ha
3aBepIIaIbHOMY €Talli po3poOKH.

le#t mapameTp BU3HAYAE PI3HUIO MiIXK MAaKCHMallb-
HOIO 1 MiHIMAITFHOIO HANpPYTOI Ha BXiTHUX KOHTAKTax i
MO3UTUBHAM Ta HETaTHMBHUM JKHBJIEHHSM BiZIIOBIIHO.
Crapi omepamiiiHi MiICHIIOBaYi, IO TNPAMIOBAIN TIPH
Hanpy3i xuBJIeHH] £15 B, Manu THmoBwii niana3oH BXif-
Horo cuH(pa3Horo curHamy +12 B. Bineir mi3Hi NOBiUIBHI
JOAATKOBI BXiZHI pNp-KacKaaud PpO3LIMPHIN Jiana30H
cHH(pA3HOTO CUTHAJTY JI0 HEraTHBHOI HAIIPYTH JKUBJICHHSI.
Lle 103BOJIsIE BUKOPUCTOBYBATH OJIHOTIOJISIPHE JKUBIICHHS
y cxemi. He3paxaroun Ha Te, mo Oyab-sIKMI OIepartii-
HUH TiJICIIIIOBaY MOJKE TpalfoBaTy 3 Hampyroio 0 B sx
HETaTHUBHOIO HAIIPYrol0 JXKMBJIEHHS, HEOOXiIHO 00OB’sI3-
KOBO KOHTPOJIIOBATH PI3HUIIIO MiXK CHTHAJIOM 1 HaIIpyramu
xuBneHHs. Hanpukian, nomysnsipauii migcumosay OP27
Ma€e Jiana3oH BXigHOTO curHamy +12.3 B mpu Hampysi
skuBnieHHs1 £15 B. Lle o3Hauae, 1m0 Hampyrd Ha BXOAax
MIKpOCXEMH He MOBHHHI MiAXOAUTH OMIDKYe A0 HATPYTH
JKUBJICHHs, HDK Ha 2,7 B. Take oOMeXeHHS Ha HIDKHIN
CTOpOHI JIiama3oHy poOWTH IeH OomepamiifHuil ITiACHITIO-
Bad HENPUJATHUM AL PoOOTH 3 BEIMKHM PO3MAXOM
CHUTHAJTy Ha BXO[i TIPH OHOTIONISIPHOMY >KHBJICHHI.

MOXJIMBICTD BUKOPUCTAHHS [JJBOTIOJISIPHOTO JKHUB-
JIEHHSI 3HAYHO PO3ILIHPIOE BHOIp omnepamiiHuX MiJICHITo-
BayiB 1 CIPOILYE PILIEHHS IOA0 BXIHOTO cTpyMy. SIKII0
MOTpiOHE OJJHOTIONSPHE JKUBJIEHHS, CJIiJl BHKOPUCTOBYBa-
TH OTIEpAIliifHi MiJCHIIOBAYi 3 Jiala30HOM BXIIHUX Ha-
TpyT "Bij KUBJICHHS [0 )KUBJICHHA'", alle OUTBIIICTD 3 HAX
MafOTh BHCOKHH mIyM Hampyru. OTxe, Ui ZOCATHEHHS
HaMKpammx pe3ysbTaTiB MOTPiOEH omepamiiHui ImiacH-
JFOBAaY 3 HU3BKOKO IMUTBHICTIO IIyMY HAmNpYTH UL 3HH-
XKEHHA (pa30BOT0O IIyMYy, HEBEIUKHM BXIIHHM CTPYMOM
IUIA 3MEHIIEHHS ITOXHMOKM Ta Jialla30oHOM BXIOHMX Ha-
npyr "BiJ JKUBJICHHS O JKHBICHHS" JJII MOXJIMBOCTI
poOOTH 3 OIHONOJSIPHUM JKUBJICHHSM. He3Bakaroun Ha
Te, Mo akTUBHUK (inbTp nomae mymn y GAIY, y ne-
SIKHX 3aCTOCYBaHHSX Horo OydepHi BIacTHBOCTI Haja-
I0Th TIepeBard MOpIiBHAHO 3 macuBHUM (inbTpom. Ha-
npuknan, skuo Bxix 'KH mae Benukuii cTpymM BHTOKY,
0 CIIPUYHHSE 3HAYHY MOXUOKY, I 11 3MEHIIICHHS MO-
’KHA BUKOPHCTOBYBATH OTlepaniitHuii migcuimosad. Buxin
OTIEpAIlifHOTO TMIICIIIOBaYa 3 HU3BKUM IMIICIAHCOM
JIETKO KOMIIEHCY€ cTpyM BUTOKY Bxoay I'KH. 3a namoro
Yacy 3’sIBIIacs allbTEPHATHBA BHKOPHCTAHHIO AKTHBHHX
¢inbTpiB 3 BucokoBonbTHUMU ['KH — 11e BUKOpHCTaHHS
MOBHICTIO IHTETPOBaHUX BHCOKOsKiCHHX cucteM DAITY
[6]. ¥ mpomy Bunmaaky I'KH e inTerpoBanum Gesmocepe-
JHBO 'y KpucTan. Kommpomic Mix HIMPOKKUM JTiana3oHoM
nepeOy/I0BU Ta HU3bKUM (Da30BHUM IIYMOM, II0 HEMHHY-
4ye BUHHMKAE, TYT BHPILIYETHCS 3aCTOCYBAHHSIM IIHPOKO-
cmyroBoro I'KH. ¥V cucremi @AIIY 3 HakadKoIo 3apsmgy
npurHiTyroThes Ti mymu ['KH, ki 3HaX0OSTRCS B CMYy3i
NeTIeBoro (GuIbTpa, a 3a MEKaMH CMYTH IIPOITYCKaHHS
et OyayTh qoMinyBaty mymu I'KH.
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Yacrtora, MMy,

Puc. 4. I'padik, 1o mokasye 3B'130k kepyrodoi Hanpyru [’ KH
ADF4350 Ta yactoTH

B sxocti mpuxiamy MoKe BHCTYIATH MPHUCTPiil
ADF4350, ne Ha OmHOMY KpHCTaJi PO3MIIICHO TPH
okpemux ['KH, xoxeH 3 sSkux mae 16 mepekpuBaroumx
Miiama3oHiB, MO B pe3yibTari Aae 48 mimmiana3zoHiB
(puc. 4). Ilpu koXxHiil 3MiHI YacTOTH BinOyBaeThCs aB-
TOMaTW4He KajiOpyBaHHS Ui BHOOpY BiANOBITHOTO
miggianazony ['KH. Takox BOymoBaHO mporpaMoBaHUi
BUXIJIHUH IUIBHUK, SIKUH 3a0e31edye MOBHE MEPEKPUTTS
niamazony wacrot Big 137,5 MI'm mo wactotu 4,4 [T
JocnipkeHHs! TOKa3yIoTh, IO SIKICHI OKa3HUKH IIbOTO
MIPUCTPOIO HAONIDKAIOTBCS JO0 PIBHSA IHUCKPETHUX Pi-
IIeHb 3a BeNMYNHOIO (a3zoBoro mymy 114 nbr/I'm mpu
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BimxwieHHi yacrotu 100 k['m i BenmuymHE (Pa30BOrO
mymy 134 nbu/I'n npu Binxunenni yacroru 1 MI'm.

BucHoBxku

1. 3 anamizy miTepaTypHHX JDKEepel aBTOpaMHU
BHSIBJICHO, IO TIepel] PO3POOHUKAMH CYYacHUX CHCTEM
OAIIY abo pamgio4acTOTHUX CHUCTEM IOCTA€ 3aBIAHHS
3'eqHaHHS HU3BKOBONBTHUX Mikpocxem DPAIIY ta Bu-
cokoBonbTHUX I'KH.

2. Bunineno ocHoBHi o3Haku cucreM DAITY, mio
BIUIMBAIOTh HA SKICTh 11 poOOTH — dYac 3axBary, (a3o-
BUI IIIYM Ta Mapa3uUTHI YaCTOTH, PCKOMEHIOBaHI MiIXo0-
JI1 BKITFOUCHHS CJICMCHTIB CXEM I MOKPAIICHHS IUX
XapaKTePUCTHK.

3. BusHaueHo, M0 KpiM CMYyTH MPOIyCKaHHS Ba-
wimBUM ans BaockoHaneHHs DAIIY e BpaxyBaHHS
TaKWX OCHOBHHX IApaMeTpiB SK MIITHHOCTH ITyMy Ha-

NIPyTd, CTPYMOBHH IIYM, BXiZHUH CTpyM Ta Jiarna3oH
BXiJIHOT cuH(]a3HOI HarpyTH.

4. B pesynbrati aHanizy OyJio BUSBIECHO, IO JJIs
JOCSITHEHHs HalKpalux pesynbratiB pobotn GAIIY B
cXeMi akTHBHOro (uIbTpa MOTPIOEH ONepariiiHui -
CIITIOBAaY 3 HM3BKOI MIUIBHICTIO IIyMy HANpyTH UIA
3HIDKEHHS (ha30BOTO ITyMy, HEBEIMKUM BXIIHHM CTpPY-
MOM JIJIsl 3MEHIIIEHHS MOXHOKM Ta BU3HAYCHNM Jiana3o-
HOM BXIJHUX HAmIpyT Ui MOXJIMBOCTI POOOTH 3 OJHO-
TIOJISIPHAM JKUBIICHHSM.

5. HaBenmenwnii mpuKIIa[ MOBHICTIO iHTETPOBAaHOL
cucremu OAIIY, ne mmpokocmyrosuit 'KH € inTerpo-
BaHMM 0e31ocepeHb0 Yy KPHCTall MIKPOCXEMH, SIKUH
MiXOMUTh JUIS peatizaliii miBUIICHHS SAKICHUX Xapak-
TEpUCTUK CUCTEMH. J{oCiiPKeHHS TIoKa3aly, 10 SKICHI
MOKa3HUKHM L[LOTO MPUCTPOIO HAOIMIKAIOTHCS 10 PIBHA
JMCKPETHHX PILIEHb 32 BEIMYNHOIO (a30BOTO LIyMy.
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The usage of high-voltage VCG for increasing the accuracy of phase auto-adjustment systems of frequency
R. Tsarkov, R. lermilov, O. Shefer

Abstract. Problems of phase-locked-frequency (PLL) systems are considered in the work, which are one of the main
components of modern communication equipment. From the analysis of recent research and publications by the authors, it was found
that the highest quality voltage-controlled generators (VCG) are still mostly implemented on discrete circuits that can require a
supply voltage of up to 30 V, so the developers of modern PLL systems or radio frequency systems face the task of connecting low-
voltage microcircuits PLL and high-voltage VCG. This work examines the structure of a typical loop of high-frequency mixed PLL
systems, which contain both fully digital units, such as feedback dividers and phase detectors, as well as precision analog circuits -
charge pump nodes and VCG. The characteristics of the main blocks of mixed PLLs, and methods of their improvement are outlined.
An example of an available high-integration scheme is shown. The main features of the PLL system, which affect the quality of its
operation, are highlighted - capture time, phase noise and parasitic frequencies, and approaches for including circuit elements to
improve these characteristics are recommended. Examples of recommended active filter configurations with pre-filtering, inverting
and non-inverting amplifier connections are given. The advantages and disadvantages of inverting and non-inverting scheme
topology are determined. In the work, attention is paid to the selection of the operational amplifier for the maximum use of the
capabilities of the active filter in the structure of the PLL. It was determined that, in addition to the bandwidth, it is important to take
into account such basic parameters as voltage noise density, current noise, input current and the range of input common-mode
voltage. As a result of the analysis, it was found that to achieve the best performance of the PLL, an operational amplifier with a low
voltage noise density to reduce phase noise, a small input current to reduce error and a defined range of input voltages to be able to
operate with a unipolar supply is required. An example and characteristics of a fully integrated high-quality PLL system is given,
where the wideband VCG is integrated directly into the microcircuit crystal.

Keywords: phase self-adjustment, generator, phase noise, voltage noise density, detector.
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MODELING OF FUNCTIONAL PROCESSES
BETWEEN COMPONENTS OF A HIERARCHICAL CONTROL OBJECT

Abstract. The subject of the study in the article is a production knowledge representation system for representing a
controlling model of a complex hierarchical object. The purpose of the work is to present a model of functioning of an
automated system, which is based on a production model of knowledge representation and allows to ensure uninterrupted
operation in conditions of changing the structure of the control object and/or the logic of its components. Conclusions: based
on the production model of knowledge, a model of functioning of an automated system is proposed, which reflects the three-
level organization of the hardware part of the management, allows to automatically form rules for reflecting changes in the
structure of the control object and/or the logic of its components; the proposed model is implemented as a production system
on the .Net Framework platform in C# and C for business logic, WPF for the graphical interface and CLIPS for logical output;
the proposed model is tested on a test system of emergency lighting of a data center, which consisted of 128 components of
the complex level, connected by 304 rules. A promising direction for further research is the development and creation of
intelligent methods for controlling complex automated hierarchical objects.

Keywords: production systems, industrial dispatching control systems, inference system, CLIPS.

Introduction

Problem statement. Industrial dispatching control
system (IDCS) is a system that performs the functions of
automatic and dispatch control of an automation object.
IDCS performs the following functions:

1) monitoring and control of the equipment status;

2) automatic equipment control;

3) dispatch control in unprotocolized situations;

4) storage of information about the system status,
data archiving.

IDCS are widely used in energy, logistics, industry,
access and control systems. An example is the power
supply system of data processing centers. At the same
time, the efficiency, accuracy, fault tolerance, and
transparency of the operation of the automation object
equipment increase.

To implement IDCS today, a three-level
architecture is most often used. The field-level consists
of mechanisms and devices that directly receive external
information and perform actions on the equipment. This
level includes sensors, switches, motors, electromagnets,
relays, etc. The local-level automation consists of
functional controllers (programmable logic controllers -
PLC), which perform the initial processing of data
received from field-level devices and implement actions
on these devices. The dispatching level implements the
functioning of all components of the automation object
as a single system, and allows operators to coordinate the
operation of the equipment in manual or automatic mode.
It consists of servers and operator workstations.

There are various approaches to software
implementation of automation, which are regulated by the
IEC 61131-3 standard. At the local-level automation,
modular programming approaches are most often used. In
this case, each physical component of the field-level in the
software system is represented by a high-level component
that has its own properties and methods. In this case, a
component-oriented  approach is usually  used,
implemented in the Structured Text (ST) language.
Another approach is, for example, cyclic-event

programming implemented using Ladder Diagram (LD) or
Functional Block Diagram (FBD). However, with a large
number of field devices and their interconnected operation,
a problem arises, known as “spaghetti code”. This is a
phenomenon when a poorly designed program leads to
poorly structured, confusing and difficult to understand
code. Automatic control of complex systems requires
monitoring of the states of components in real time. Such
systems can be represented by hierarchical models, the
elements of which belong to different types. As the
hardware computing resources on which IDCSs are
based are rapidly improving, control and management
objects are becoming more complex and require
processing of more data. Changing the logic of the
components of the control object leads to the need to
modify the corresponding software. There are cases when
the replacement of the program code must occur in the
operating mode without stopping the IDCS. To solve this
problem, it is necessary to create methods and software
for continuous analysis of current data for control in
conditions of changing the IDCS structure.

Analysis of recent research and publications
sources. Intellectualization of automation systems is one
of the key areas of research in any sector of human
activity. For example, one of the main, both in terms of
importance and energy consumption, components of the
food industry are refrigeration units. The safety of
products and the amount of electricity consumed depend
on the correctness of their operation algorithms. In works
[1, 2] an approach to automating the recognition of
emergency situations of these units based on neural
network systems was presented and the effectiveness of
this method was proven.

In work [3], the authors presented a methodology
for developing and implementing an expert system in
SCADA for a cable car in the Metro de Medellin
(Colombia). The work presented an event-oriented
structure of an expert system with fuzzy logic and
provided its mathematical apparatus.

Many studies related to the use of artificial
intelligence methods are carried out in the energy sector.

© Shapovalova S., Baranichenko O., 2025
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For example, in work [4], the feasibility of using methods
for intelligent control and monitoring of power plants
was substantiated. The authors gave examples of various
expert models that are currently working in diagnostic
systems for failures of power plants of various types.
From the work, it can be concluded that the
implementation and further development of production
systems began in the 1980s and continues to this day.
Mostly, fuzzy logic systems are used at these automation
facilities. In the article [5], modeling and simulation of a
SCADA system for a power grid were presented.
However, this process was performed in software
development environments. For such tasks, it is more
rational to use specialized modeling and development
environments. In the article [6], an architectural solution
for building an uninterruptible power supply automation
system was presented, the criteria and scenarios that must
be implemented to ensure an automated process are
described. Within the framework of the study, the authors
argued the need to implement artificial intelligence
approaches to solve the automation problem in
uninterruptible power supply systems.

Task statement. The purpose of the article is to
present a model of functioning of an automated system,
which is based on a production model of knowledge
representation and allows ensuring uninterrupted
operation in conditions of changing the structure of the
control object and/or the logic of its components.

To achieve the goal, the following tasks must be
performed:

1) determine the representation of a complex
hierarchical control object based on a production model;

2) develop a software implementation of the model
of functioning of a hierarchical control object;

3) test the model on a probing IDCS.

Model of functioning
of a hierarchical control object

The production inference system contains a
resource for representing rules and a mechanism for
processing them. To implement the production model,
there are both standalone software tools, such as CLIPS
(C Language Integrated Production System) or Drools, as
well as libraries for all common programming languages,
such as Jess (Java Expert System Shell). The
improvement of software tools is aimed at reducing the
computational resources for performing inference, so
several inference engines are being developed for one
programming language [7].

To implement the simulation system, it is advisable
to choose the same tools that are used by real PLCs and
automation servers. The basis of a significant amount of
automation equipment at the local and dispatcher levels
today are ST Microelectronics microcontrollers and
microprocessors built on the ARM architecture. Most
often, translators and compilers from the C language are
used to program these devices, and therefore it is
advisable to choose CLIPS for the implementation of the
simulation system [8, 9].

This paper proposes a distributed three-level
component-oriented  production  system  approach

(Fig. 1).

Components knowledge base

Low-level components

|

|

| Base-level components
| knowledge subbase

|

|

|

|

knowledge subbase

Complex-level components
knowledge subbase

Interface rules Law level subrules Base level subrules

Internal rules Internal rules Internal rules

Low-level components instances Low-level components instances

Complex-level components
instances

Complex-level components
instances

T Systems knowledge base

System rules @ Inference engine
APl '{:9}

Users rules

interfaces

Fig. 1. Production System Architecture

The production system consists of three main
components: working memory, knowledge base and
inference engine. Working memory consists of a set of
logically separated blocks, each of which represents a
system of the automation object. Each such block is
divided into three levels. The low-level components
instances level contains instances of components that are
responsible for a specific external hardware interface of
the PLC (Fig. 2). Such interfaces include digital
inputs/outputs (DI, DO), analog inputs/outputs (Al, AO)
or protocol interfaces (UART, RS485, RS232, 12C etc.).
In addition to standard components, this level includes
timers, system interrupts, system errors, which are
atypical system components.

The base-level components instances level contains
instances of components that are represented at the
hardware level by physical or abstract devices that have
a single functional purpose and are common to any
automation systems (Fig. 3). Examples of such devices
include, for example, a dry contact, a button, a lamp, an
electromagnet. Components of this level have a small
number of states and can be fully described by a
component, with no more than five interface variables.
No more than five low-level components are aggregated
in these components.

The complex-level component’s instances level
contains instances of components that are represented at
the hardware level by physical devices, each of which
consists of a set of base-level components. An example
of such devices can be, for example, a circuit breaker
with a magnetic trip and an NO/NC state contact. The
components of this level do not differ significantly from
the components of the base level in terms of architecture,
but they have a large number of possible states that may
differ depending on the specific automation tasks and
have different operating logic.

Each component, in addition to its own
characteristics, is inherited from a global component that
contains system data, in particular a unique identifier,
name, information about the logical level, and processing
priority. The priority of processing components within
one level consists of the following sequence of actions:
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Low-level components classes structure | 1. Each component is assigned a priority.

[ 2. A template is created that aggregates references
to each of the components and separates the priority from
them.

3. Templates are grouped into a processing queue,
which is sorted during the logical inference process.

4. Before logical inference according to the rules
describing the logic of the system, a system rule is
launched that determines the order of their execution
using the sorting method.

Production rules are presented in the format:

LHS => RHS,

where LHS (Left Hand Side) — conditional part that
describes the state of the component at some moment of
time; RHS (Right Hand Side) — the active part, which
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@ 4 ] states of system components. An example of a production
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+ Name: STRING; .
+ PinMumber: INT; if(
+ Port: STRING; and(
+ Value: INT (MagneticDecoupler.State = “On”)
(MagneticDecoupler.Error = “NoError”)
(PowerSwitch.Error = “NoError”)
Protocol interfaces E (PowerSwitch.State =“ ’?
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! P—— | of three main components: a graphical user interface (GUI),
I : [ business logic, and a production system (Fig. 4).
N e CLIPS was chosen as a means of implementing the
I : production system. This is due to the fact that CLIPS is
| r = | implemented in the C language, which allows it to be
I 2 ] : easily integrated into software written in the C#, C, C++
| Low level component | languages, since all these languages compiles in IL and
T it : executed in a single environment. Which, in turn, speeds
Fig. 3. Base-level Component Structure up the work of the final software complex.
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Fig. 4. Software Structure

The integration of CLIPS into the proposed
modeling system was carried out through interface
components written in the C language. This complicates
the code, but allows to guarantee the correctness of data
transfer and obtain high performance. The business logic
of the system has databases that are a reflection of the
working memory of the expert system, as well as a
separate dynamic database for temporary storage of
output chains that are necessary for automation
simulation.

The graphical user interface is shown in figure 5. It
is implemented using WPF technology and consists of
three identical tabs, each of which is responsible for one
of the three levels of abstraction. Each tab contains a
workspace (1), a list of allowed components (2), and a set
of rules (3).

By moving components from the list to the
workspace, an automated system model is created. After
that, the user specifies a set of rules that link the public
interfaces of the components to each other (binding
operation). After declaring the set of rules, the user can
simulate the operation of the equipment. In this mode, he
is given the opportunity to change external unbound
interfaces through the context menu of a specific
component.
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Fig. 5. Graphical User Interface

The figure also shows part of a simulated data
center emergency lighting test system, consisting of a set
of circuit breakers, lamps, contactors, and other field-
level automation devices. The selected set of rules for
emergency shutdown of the system shows the
dependence of the state of the "Start/Stop" button LB1
with the main circuit breaker ASM3. When the button is
pressed, the state of the circuit breaker changes, which in
turn starts a chain of logical output regarding the state of
the circuit breakers AS1 and AS2. In this case, depending

on their state, not only the lighting of the corresponding
zones is turned on, but also other additional equipment is
turned on. During the simulation, the user can interact
with input devices (the LB1 button, as well as with
additional contacts of the circuit breakers AS1, AS2,
ASM3, AS4) via the context menu and check the
correctness of the operation of the magnetic drive of the
circuit breaker ASM3. In addition, during the testing
process, the software sorts the current rules, so the user
can view active rules and track how each of them affects
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the current state of the system. At the same time, it is
possible to pause the execution of some rules to monitor
the system's reaction.

The low-level consists of 11 components, the work
of which is implemented by 77 rules. This level includes
Digital Input, Analog Input, Digital Output, Analog
Output, RS232, RS485, 12C, SDIO, UART, USART,
SDIO. The base-level consists of 27 components, the work
of which is implemented by 254 rules. This level includes
Switch NO, Switch NC, Digital Lamp, Dimmer Lamp,
Magnet, Contactor, etc. The complex-level consists of 74
components, the work of which is implemented by 751
rules. This level includes various types of circuit breakers,
magnetic starters, relays, frequency converters, network
analyzers, fuses, control panels, data analyzers etc. At the
beginning of development, the emergency power system
consisted of 124 components of the complex-level,
connected by 251 rules. During the development and
testing process, 4 additional components and 53 rules were
added. At the same time, during the testing of the system
during the development process, 211 errors were detected

and fixed, of which 23 were critical and could led to an
emergency situation.

Conclusions

1. Based on the production model of knowledge
representation, a model of the functioning of an
automated system is proposed, which reflects the three-
level (field, local and dispatcher) organization of the
hardware part of the control, allows you to automatically
generate rules to reflect changes in the structure of the
control object and/or the logic of its components.

2. The proposed model is implemented as a
production system on the .Net Framework platform in C#
and C for business logic, WPF for the graphical interface
and CLIPS for logical output.

3. The proposed model was tested on a system of
emergency lighting of a data center, which consisted of
128 complex-level components connected by 304 rules.

A promising direction for further research is the
development and creation of intelligent methods for
controlling complex automated hierarchical objects.
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MopaenoBanns GpyHKIiOHAJLHUX NPOIECIB MiZK KOMIIOHEHTAMU i€papXidyHOro 06’ €KTy ynpaBJIiHHSA
C. I. lllaroBasiosa, O. M. bapaniuenko

AnoTtanis. IlpeqveromM HociTifKeHHsI B CTATTi € MPOAYKIiifHA CHCTeMa MpeICTaBICHHS 3HaHb JUIs TPEICTAaBICHH MOJET
KEepyBaHHS CKJIAJIHUM i€papXidHuM 00’ekToM. MeTo1o poGoTH — npecTaBieHHs Moaeli (QYHKI[IOHYBaHHSI aBTOMAaTH30BaHOI CUCTEMH,
sika 0a3yeTbcsl Ha MPOMYKLIHHINA MOJeN mpeacTaBieHHs 3HaHb i JO3BOJsiE 3abe3rneunTn Oe3nepeliliHicTh poOOTH B yMOBaX 3MiHH
CTPYKTYpH 00’€KTY YIpaBIIiHHS Ta/abo0 JOTiKK poOOTH HOro KOMIOHEHTIB. BHCHOBKH: Ha OCHOBI MPOIYKIIIHHOT MOJEII IIPEICTaBICHHS
3HaHb 3alpPONOHOBAHO MOJENb (DYHKI[IOHYBAaHHS aBTOMAaTH30BAaHOI CHCTEMH, sIka BioOpakae TPHOXpIBHEBY OpraHI3amiio armapaTHoi
YaCTHHU YIPAaBIiHHSA, TO3BOJISIE aBTOMATHYHO (pOpMyBaTH TpaBIUIa [UI BiOOPaKEHHS 3MiH B CTPYKTYpi 00’€KTy YIpaBIliHHS Ta/a0o
Jorinmi pobOTH HOro KOMITOHEHTIB; 3alpOIIOHOBaHA MOJIETb pealli3oBaHa K MpOJIyKIiiHa cucrtema Ha ruiatdopmi Net Framework
moBamu C# ta C s 6i3Hec-norikn, WPF mmst rpagitnoro inTepdeticy ta CLIPS juist J0oridHOr0 BUBEIEHHS; 3alIPOTIOHOBAHA MOZIEIb
arnpoOoBaHa Ha TECTOBIH cUCTeMi aBapiliHOTO OCBITJICHHS LIEHTPY 0OpPOOKM JaHMX, sIKa CKIaganach 3 128 KOMIOHEHTIB KOMILIEKCHOTO
piBHs, 3B’s13aHKX 304 mpaBunamu. [lepcrieKTHBHUM HAIpPSIMKOM TOAANBIINX JOCITIHKEHb € Po3po0Ka Ta CTBOPEHHS 1HTEIEKTYaIbHUX
METO/IiB I/l KEPYBaHHs CKJIAAHUMHU aBTOMATH30BAHUMH i€papXivHUMH 00’ €KTaMH.

Keywords: npoaykuiiiHi CHCTeMH, aBTOMaTH30BaHa CHCTEMa AUCIIETYEPCHKOTO yIpaBiiHHs, ioriuHe BuBeaeHHs, CLIPS.
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TEOPETUYHE OBIPYHTYBAHHS MATEMATHYHOI MOJIEJII
BE3BIIMOBHOCTI CUCTEMHU OBPOBKH ITH®OPMAIIIl ABTOMATHU30BAHUX

POBOTOTEXHIYHUX IIJIAT®OPM Y CUCTEMI 3AJIMIIKOBUX KJIACIB

AHoTanisi. Y CcTaTTi po3MITHYTO aKTyalbHy NpoOieMy 3a0e3nedeHHs Oe3BiIMOBHOCTI cHcTeM o0poOkm iHdopmarii
(COI) aBTOMaTH30BaHHX poboToTexHIYHMX MIatdopM (APIT) B ymoBax panioenekrponHoi 6oporsbu (PEB). O6rpyHToBa-
HO HeoOXimHICTh po3polku edektuBHUX MeToaiB 3axucty COI APII Bix enekrpoMarHiTHHX 3arpo3. IIpoananizoBaHo ic-
HyI04i migxoxu 1o miasuieHHs HaxpiitHocti COI, 30kpeMa BHKOPHCTaHHS pe3epByBaHHS Ta CydacHHX iH(opMariiHux Te-
XHOJIOTiH. 3a3Ha4yeHo, M0 TpaguLiliHI METOOM 3aXHMCTy YacTO € HeJOCTaTHIMH Ui mpoTumii cyyacHuM 3acobam PEB. ¥V
3B'SI3KY 3 LIUM, 3alPONIOHOBAHO ATbTEPHATUBHHUHI MiIXiJ A0 CTBOpeHHsA MaTemaTtuuHoro 3abesmeueHHs COI APIL, copsmo-
BaHHH HA MiABUIIEHHS BiIMOBOCTIHKOCTI, )KUBYYOCTi Ta 0€3BIAMOBHOCTI HAa OCHOBI BUKOPUCTAHHS MOIYJIbHOCTI KOHCTPY-
kuii oouncaroBanbHUX TpakTiB COIl Ta caMOKOPEryIOUHX BIACTUBOCTEH HEMO3HLIHHUX KOJOBHX CTPYKTYp CHCTEMH 3aIH-
mkoBux knaciB (C3K). Jerampao mocnmimxeno BmactuBocTi C3K, siki poOIsTh X NEpCHEKTHBHUMU IS 3aCTOCYBAaHHS B
COI APII, 30kpemMa MOKJIMBICTh aJanTallii 10 BUPIIIyBaHUX 3aBlaHb 3QJIC)KHO BiJl BUMOT IO TOYHOCTI, IIBUAKO/II Ta Ha-
JiftHOCTI 00uncieHb. HaronomeHo Ha MOXITMBOCTI 3MiHIOBATH KiJIbKiCHE CITIBBIIHOIICHHS MK YHCIIOM iH(POPMAIIHUX Ta
KOHTPOJIBHUX MOJYJIIB y IpOIeci BUPIMICHHS 3a/1adi Ta THyYKO BHKOPHCTOBYBATH pe3epBH TOYHOCTI Ta HapiiHocti COL.
Po3pobneno marematnuny Mozens Oe3BimmoBHocTi COI APIT y C3K, sixa BpaxoBye 0coOIMBOCTI (DyHKIIOHYBaHHS CHCTe-
MU Ta BIUTMB 30BHINIHIX (akTopiB. Omucano ctpykrypy COIl y C3K, Bu3HaueHO OCHOBHI (pakToOpH, IO BIUIUBAIOTH Ha 0e3-
BiIMOBHICTb, Ta COPMYJILOBAHO MaTEMAaTHYHI 3aJI€KHOCTI Mk HUMH. HaBeZieHo anroputm po3paxyHKy HMOBIpHOCTI 6e3-
BigMoBHOI pobotu COI. PesynpTaTi qOCHiIKEHHS, IPEACTABIEHI B POOOTI, MOXYTh OyTH BUKOPHCTaHI JJIsI PO3POOKH Ta
BIIPOBaLKEHH Oinbin eektuBHUX MeToiB 3axucty APII Big PEB, mo cipustiMe MiIBUILEHHIO X HaAiHOCTI Ta O€3MeKn
(YHKIIOHYBaHHS B CKJIaJHUX YMOBaxX CY4acHOTO IoJs 000. 3ampollOHOBaHA MaTeMaTH4YHA MOJENb € e()eKTUBHUM iH-
CTPYMEHTOM JUIs BU3Ha4YeHHs HazilHo1 xapaktepuctiku COI APII, a came fiMoBipHOCTI G€3BiIMOBHOTO (DYHKIIOHYBaHHS,
Ta JI03BOJISE OLIHUTH BIUIMB Pi3HUX (akTopiB Ha HamilHicTs COI Ta onTHMI3yBaTH mapaMeTpu CUCTEMH IS JOCSTHEHHS
HEeoOXiJHOTO piBHA 3axKcTy B yMoBax PEB.

KnaouoBi cioBa: aBromarn3oBana po0OTOTeXHIUHA IUIaTdopMa, mepexifHa HMOBIpHICTE 0€3BIIMOBHOTO (yHKIIOHY-
BaHHS, IOKA3HUKH HAJIIITHOCTI, palioeJIeKTpoHHa 00pOTHOa, CHCTEMa 3aTMIIKOBUX KIIaciB, cucTeMa 00poOku iHdopmarrii.

Beryn

B ymoBax cy4acHOro mojsi 000, /¢ pamioesieKT-
ponna 6opotrba (PEB) HaOyBae Bce OiibIIOro 3Ha4YEH-
Hsl, 3a0e3neueHHs eEeKTUBHOrO (DyHKIIOHYBaHHs aB-
TOMaTH30BaHUX poOoroTexHiuHMX IwiaTthopm (APII) €
KPUTUYHO BaykKIMBUM 3aBaaHHaM. CyuacHi 3acodou PEB
3/IaTHI HE TUIBKH CTBOPIOBATH IMOTYXHI MEPEUIKO/IH, 110
YHEMOKJIMBIIIOIOTh 3B's130K Ta kepyBaHHsi APII, ane i
3MIACHIOBATH IHTENIEKTyalbHI aTaKW, CIPSIMOBaHI Ha
CIOTBOPEHHS JIaHWX, MiJMiHy CHTHAIIB Ta HaBITh 33aX0-
IUIEHHS KepyBaHHs Iu1aTgopmMoro. BpaxoByioun moreH-
HifiHI 3arpo3d TOpPYIICHHS (QYHKIIOHYBaHHS, BTpAaTH
KepyBaHHS Ta HaBiTh (hiznuHoro 3uuieHHs APII BHa-
ciiok BrumBy PEB, po3pobxa Ta BpoBamkeHHs edek-
TUBHHMX METOJIIB 3aXKCTY € NEePIIOYSPrOBUM 3aBJIAHHSM.

KurrezgaTHicTh, MOOIMBHICT Ta TPHUXOBAHICTH
mw1aThopMu B 30HI BUKOHAHHS OOMOBOTO 3aBAaHHI, a
TaKOX ii CTiHKicTh 10 3aco0iB PEb npoTuBHUKA, € KITtO-
yoBuMH (¢aktopamu ycmixy. APII mosmuHI OyTH 31aT-
HUMH HE TIJIbBKM IPOTUCTOATH Oe31ocepeHbOMY BILIH-
By PEB, ane it 36epiratu cBoio (yHKIIOHAJIBHICTH B
yMoBax iHpopManiiHo1 1301111, KoK 3B'A30K 3 omepa-
TOpoM € oOMexxeHHM abo BincyTHiM. Lle Bumarae pos-
poOxu Ta inTerpanii Ha 6opty APII cucrem aBTOHOMHO-
ro KepyBaHHA, HaBirarmii Ta IpuUHHATTSA pilIeHs, sKi Oa-
3YIOTBCS Ha 3aXUIIEHUX KaHaJIaxX 3B's3Ky Ta iH(opMariii.

V 3B'SI3Ky 3 IIUM, JOCIIDKEHHS B 00JIaCTi 3aXHUCTy
APII B ymoBax PEB, mo y3romkyroTtbes 31 CTpareriero
PO3BUTKY 00OPOHHO-TIPOMHUCIIOBOTO KOMITIEKCY YKpai-

HH, TPEACTAaBISAIOTh 3HAYHY HAyKOBY Ta NPaKTUYHY
niaHicTh. Ctpareris po3Butky OIIK Ykpainu Bu3Hauae
MIPIOPHUTETHI HAMIPSIMA PO3BUTKY 030POEHHS Ta BIHCHKO-
BOI TEXHIKH, cepel] SIKMX 3a0e3MedYeHHs iHpopMamiiHol
Oesmeku Ta criikocti no BIumBY PEDB 3aiimae omme 3
MPOBITHUX Micub. JloCHiKeHHS B il Taiys3i crpsamo-
BaHi Ha CTBOPEHHS IHHOBALlIMHMX TEXHOJIOTIM Ta cuc-
TeM, 37aTHUX 3abe3meunTH Hamiiauii 3axuct APII B
YMOBax Cy4acHOTO EJIEKTPOMArHiTHOro Touisi 0oro,
CIIPHSIOYH 3MIIIHEHHIO 0OOPOHHOTO MOTEHIiaNy KpaiHu.

[MocranoBka npoGiemu. B ymoBax cywacHuX Biid-
CHKOBHX OTIEpalii, e JOMIHYIOUUM (PaKTOPOM € CIEeKT-
poMarHiTHe Toye 000, 3abe3rmedeHHs OesmepebiitHoro
¢yHkioHyBaHHs Ta cTiiikocti APII no pi3sHOMaHITHHX
€JICKTPOMArHiTHUX 3arpo3 € IepIIOYeproBUM 3aBJaH-
HsM. EdexTrBHEe kepyBaHHS Ha3eMHHMH POOOTOTEXHi-
YHUMH TIIaTGOpMaMH 4YacTO YCKJIAIHIOETHCS HecTaOi-
JBHICTIO 30BHIIIHIX YMOB, III0 HETaTHBHO BIIJIMBA€ Ha
OTIEpPATUBHICTD Ta HAiMHICTH ympaBmiHHA. Bupimensas
miei mpobiieMu MOTpedye PO3pOOKH Ta BIPOBAIKEHHS
IHHOBAIITHUX TIiOXOMIB A0 KEpyBaHHSA, SIKi 0a3yrOThCA
Ha HaJilHil cuctemi 0O6poOku iHOpMarii Ta 3abe3me-
gytoTh 3axucT mwiatgopm B ymoBax PEB. Hesaxaroun
Ha 3HA4YHUIl IPOrpec y CTBOPEHHI CyyacHUX arapaTHoO-
MIPOTrpaMHUX 3acO0iB JUIS CUCTEM YIPaBIIiHHS Ta 3B'S3-
Ky, HU3Ka IHUTaHb y Wi cdepi 3anmimaeTscst akTyalb-
HOIO Ta MOTPeOy€e MOAATBIIOr0 TOCTiKeHHs. OCKUTBKH
TpaANLifHI METOIM 3aXUCTYy YacTO € HEJAOCTATHIMH JUIs
npoTunii cygacauM 3acobam PEB. PosrisitHeMo ocHOBHi
npobnemu y cepi PEB:
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1. Bpa3muBicTh A0 LIMPOKOCMYTOBHX MEPELIKOL.
Tpamuuiiini cucteMy 3aXUCTy 4acTo PO3POOISIIOTHCS ISt
npoTHil By3bKOCMYTOBHM IepenikoiaMm. CydacHi 3aco-
6u PEB MOXyTb CTBOpIOBATH HIMPOKOCMYTOBI IEPEIIKO-
M, sIKi OXOILTIOIOTh HNIMPOKHH Jiana3oH 4acToT, L0 po-
OWTH TPAJWIIIHI METOAN 3aXUCTy Hee(heKTHBHUMH.

2. HenocratHs apmantuBHiCTH. Tpanmuimiiiai cuc-
TEMH 3aXHCTy Y9acTO MAlOTh KOPCTKY CTPYKTypy Ta aJ-
TOPUTMH, SIKI HE MOXYTb aJaNnTyBaTHCS J0 3MiH B yMO-
Bax PEB. CyuacHi 3acoou PEb M0xyTh mBHIKO 3MiHIO-
BaTH CBOi IMapaMeTpH Ta METOIM BIUIMBY, II[0 BHMAarae
BiJI CHCTEM 3aXHCTY 3JIaTHOCTI JIO IIBUJIKOT alanTariii.

3. 3BayexHicTh BiJ Y4acTOTHOTO [iama3oHy. Tpa-
JMLIHI CHCTEMU 3aXUCTY MOXYTb OyTH €(eKTHBHUMH
JIMIIE B IEBHOMY 4acTOTHOMY niana3oni. Cy4acHi 3aco-
6u PEb MoxyTh mpanoBaTH B IIMPOKOMY Jiana3oHi
YacTOT, L0 BHMMAara€ BiJl CHUCTEM 3aXUCTy 34aTHOCTI
TIPAIfOBATH B PI3HMUX YACTOTHUX Jlialla30Hax.

4. Bpa3nmuBicTh OO0 iHTeNeKTyanpbHHX aTtak. Cy-
gacHi 3acobu PEB MOXXyTh BUKOPHCTOBYBAaTH IHTEJCK-
TyallbHI METOAW BIUIMBY, TaKi SK IMITaIlisl CHTHAIB,
CTBOPCHHS IMOMMJIKOBHX IIiyieit Tormo. Tpaaumiiiai cuc-
TEMH 3aXHCTY, sIKi 0a3yIOThCS Ha MPOCTUX aITOPUTMaX,
MOXYTb OyTH Bpa3JIMBUMH JI0 TAKHX aTaK.

5. Bucoka BapTicTh Ta CKJIaqHICTh peanizanii. Po-
3po0Ka Ta BIPOBAKEHHS €(DEKTUBHUX CHCTEM 3aXHCTY
Bin PEB € ckmagHuM Ta moporum 3aBmaHHsM. Tpanu-
LiifHI METOJIM 3aXUCTy MOXYTh BHMaraTH 3HA4HUX BU-
TpaT Ha 00JaJHAHHS Ta 0OCIYTOBYBaHHS.

6. OOmexxeHa e(eKTHBHICTH MPOTH KOMOiIHOBa-
HuX 3arpo3. CydacHi 3acoou PEB MoxyTs BUKOpHCTO-
BYyBaTH KOMOIHOBaHI METOJH BIUIMBY, TaKi sSIK OJHOYAC-
HE CTBOPEHHS IEPEIIKO/ Ta BUKOPUCTAHHS KiOepHeTH-
YHHUX aTak. TpamulliifHi CHCTEeMH 3aXHUCTy, sIKi PO3po0-
JIeHI Ui TPOTHIIT OKPEeMHUM BHJAM 3arpo3, MOXYTb
OyTu Hee()eKTUBHUMHU ITPOTH KOMOIHOBaHHX 3arpo3.

Jlyis motoNaHHs UX MPpo0JieM HeOoOXiaHI HOBI i
X0 /10 po3poOku cucteM 3axucty Bin PEB, ski 6a3y-
I0ThCSI Ha BUKOPHMCTaHHI Cy4aCHHUX TEXHOJIOTIH, Takux
SIK IITYYHUH 1HTENEKT, aanTHBHI alrOPUTMHU, HIUPOKO-
CMYTOBI CHCTEMH 3B'SI3KY, aJIbTEPHAaTHBHI MaTeMaTH4HI
Mojeni 06po0ku indopmarii ta inm [1].

KputnuHO Bas}JIMBUM HarpsMOM JOCIIUKEHb 3
po3poOKa Ta BIOCKOHAJICHHS HaJiHHUX MaTeMaTHIHHX
MoJieNel, CpsSMOBAaHUX Ha MIHIMI3aIlil0 BIUTUBY €JICKT-
pOMarHiTHUX 3arpo3 Ha iH(opMaIliifHe cepeIoBHIIe.
EdexruBanM ciocobom migBumeHHs ctiiikocti APII no
PEb € BukopuctaHHs KOMOiHAMii CHCTEMH 3aJIUIIIKOBHX
knaciB (C3K) Ta 3aBaioCTIIKOTO KOTyBaHHSI.

MerToro po6GoTH € OOTPYHTYBaHHS MOXKIIHBOCTI BHU-
xopuctanHsa C3K ams mifBUINEHHS PiBHSA 3aXHCTy CHC-
Tem 00poOku inpopmanii APII B ymoBax PEB..

OOrpyHTYBaHHS €(DEKTHBHOCTI 3aCTOCYBAHHS
C3K nas nodynosu epextusaux COI

CKIIQIHICTh Ta MacIITa0M PO3B'S3yBaHUX 3aBIaHb
ynpasiiaHs APIl morpebye posmupenHs (QyHKLiH Ta
MOXKJIMBOCTEH 3ac00iB OOYMCIIIOBAILHOI TEXHIKH, IO
TATHE 3a cO00Or0 30UIbIIeHHS oOnamHanas APII, yckia-
JHCHHSI CTPYKTYPH Ta MaTEMaTHYHOTO 3a0e3ICucHHS
cuctem 00poOku iHpopmarii (COI). Ile, cBoero geproro,
BUKJINKA€ HEOOXIMHICTh BXKUTTSI OONATKOBHUX 3aXOIIB

moso 3abe3nedyeHHs HaniiHOCTI QyHKIioHyBanHs COI
W y mepumy uepry mniaBuinenHs Oe3BigmoBHocti COI
APII, sxi MaloTh 3a0e3neunTy HaliliHy pPOOOTYy HaBiTh
3a BIAMOBY ii OKpEeMHX €JIEMEHTIB 4u OJIOKiB, TOOTO.
3a0e3nedeH st BUCOKOi )XuBy4ocTi. Lle moaioHo 1o Toro,
SIK OKpeMi YIIKOJDKCHHS B O10JIOTiYHOMY OpraHi3mi He
MOPYIIYIOTH HOTO HOPMAJBHOI XKHUTTENISUIBHOCTI. [CHY€
IIBa OCHOBHI HUIAXHU miaBumeHas Hagiinocti COI APII:
MABUICHHS HAIiHOCTI OKPEeMHX JIOTIYHHX EIIEMEHTIB
Ta 3alPOBADKCHHS PI3HUX THITIB HaJIMIpHOCTI (3acTocy-
BaHHS PI3HUX BHUIIB pe3epBYBaHH:). 3BakKaloul Ha Te,
mo HajilHicTh JoriyHux enemenTiB COIl Bu3HauyaeThes
pIBHEM PO3BHUTKY TEXHOJIOTi{, TO OYEBHMJIHO, IIO BBe-
JICHHS HaJMIPHOCTI € HaiOUIbII eEeKTUBHUM MPaKTHY-
HUM nuUIsixoM miaBuineHus HagidHocti COI [2]. Pisuo-
MaHITHICTh YMOB 1 XOPCTKICTh BUMOT (HEOOXIIHICTBH
3a0e3neueHHsT BHCOKOTO CTYIIEHS TOYHOCTI, BUCOKOI
npoayktuBHOCTI (yHkmionysanHs COI APII B peains-
HOoMy 4aci B ymoBax PEB), 1o HakIIagatoTECS Ha PEKUM
¢yskmionyBaHHs Ta excioryaTanii COI APII, ve 3apxan
JI03BOJISIE 3aCTOCOBYBAaTH THMYAcOBE Ta iH(opMamiiHe
pe3epByBaHHA. BHaciI0K bOT0 OHUM 13 €PEKTUBHUX
NPaKTUYHUX METOJIB MiJBUILEHHS HAIIHHOCTI € CTPYK-
TYpHE pe3epBYBaHHs Ha piBHI 1yOJiboBaHOI abo Tpoiio-
BaHOI Ma)yKOpHUTAPHOI CcTpyKTypH [1].

OCHOBHUI MpakTHYHHUHA NUIAX MOOYIOBH HaJIHA-
niitaux COI APII, mo (yHKIOHYIOTH Yy MO3HUIIIHHUX
cucremax umcieHHsa (IICYH), — cTBopeHHs mepcreKTUB-
HUX BIIMOBOCTIHKHX apXiTEeKTyp, 3[aTHHX IO Tepedy-
JIOBH 32 PaXyHOK BUKOPHCTaHHS Pi3HUX BHIIB PE3epBY-
BaHHs (3actocyBanHs BIC, HBIC, IIJIM (PLD) Ta mpo-
TPaMOBAaHUX JIOTIYHHX IHTETPAIGHUX CXEM Y PIi3HHX
¢byukiioHanpHuX 010Kax Ta By3iax COI) [3].

B ymoBax oOMexeHb Ha Macy, po3MipH Ta Bap-
TicTh OopToBUX KOoMIT'toTepHux cucrem ta COI APII,
aKTyaJbHUM 3aBJaHHSIM € 3a0€3MeUYCHHS 1X HaIiiHOCTI,
JKMBYYOCTI Ta CTIHKOCTI /10 BIUIUBY €JIEKTPOMArHiTHOTO
CIeKTpa. 3aCTOCYBaHHs JI0JJATKOBUX PO3PSAIIB AJIs ana-
pPaTHOTO OINEPATHBHOTO KOHTPOJIO JO3BOJISIE BUPILIUTH
II0 pobsieMy, 3a0e3meuyroun THyYKe KepyBaHHS TOY-
HICTIO, IIBUIKICTIO Ta HalilfHICTIO oOumcieHb. [Ipore,
BukopuctanHs [ICY) Haknamae meBHI OOMEXEHHS Ha
METOJ 3MIHHOTO MacIiTaOyBaHHSA, SIKMH BHUKOPHUCTOBY-
€TBCS U CKOPOUCHHSI KUTBKOCTI pO3PSIIiB MIPH MOJaHHI
4yrcaoBol iH(opMarii B mporeci KOHpOIro aaHuX. Tpa-
muriiiai COI, mo 6a3yrothes Ha [ICY, MaTh HU3KY
HeouiKiB. 30KpemMa, HeOOXiAHICTh JOAATKOBUX OIepa-
it 3cyBy nepen KO)KHUM TAKTOM BHKOHAHHS MPOTPamMH
MPU3BOANTE A0 3HWkeHHS mBuakonii COI mpubnnszHo
Ha 10%. 3acTocyBaHHS 3MiHHOTO MacmTaOyBaHHS MOT-
pebye 3HAYHOTO 00CATY MOMEPETHIX TEOPETUIHHUX PO3-
PaxyHKIB JUIS BU3HAYEHHS ONTHUMAJIbHUX MAaCIITaOHHX
koedinienTiB. KpiM Toro, epexTHBHICTb 3MIHHOTO Ma-
ciuTabyBaHHs 0OMEXEeHa NEBHUM KJIACOM 3aBJaHb, L0
pobuts Horo mManonpuaatauM jutst COIl, siki npaioTh
B peajbHOMY yaci [4].

OTxe, aHaIi3 METOIB BUpilIeHHs 3aBnanb APII B
ymoBax PEB mokasas, mo Ha cy4acHOMY PiBHI PO3BHT-
Ky TexHoJorii 3actocyBanHs no3utiitanx COI He Moxe
MOBHICTIO 33JJOBOJIBHUTH BUMOTaM, IO MPEA'SBIAIOTHCS
0 OO0YMCITIOBANIBHUX 3aco0iB pealrizaimii CHCTEM KOHT-
pOJTIO Ta yNpPaBIiHHSA AaHUMH. Y 3B'3KYy 3 IIUM BHHUKAE
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npoOiemMa MOLIYKY LUISIXiB CTBOPEHHS HalilHUX, >KH-
ByuHx Ta BigMoBocTiiikux COI Ha OCHOBI 3acTOCYBaHHS
HETPaJULIHHAX CHCTEM YHCIICHHSI.

ABTOpHU NPOINOHYIOTH AIBTEPHATUBHUH MIXO1 /10
CTBOpEHHsT MareMmatuuHoro 3abesmeueHHs COI APII,
CIPSAMOBAHUMH Ha MiJIBHUIICHHS BiIMOBOCTIHKOCTI, JXHU-
ByJOCTi Ta O€3BIIMOBHOCTI Ha OCHOBI BHKOPHCTaHHSI
MOJYTBHOCTI KOHCTPYKIi OOYHCIIOBATBHUX TPAKTIB
COI Ta caMoKOperyrodi BIACTUBOCTI HEMO3UIIHHUX
komoBux crpykryp C3K [5], mpumatHi ass BUABICHHS
Ta BUMPABJICHHSI IOMIIOK IIpH 00polmi iHdopmarii B
JUHAMII OOYHUCIIOBAIBHOTO MpOIECy, M0 OCOOIHMBO
Ba)XJIMBO JUIS OpraHi3alii BiIMOBOCTIHKOTO (yHKIIOHY-
Bauus COI APII B peanpHOMYy Yaci [6].

Po3risiHeMO BaXkJIMBY BIIACTHBICTH CHCTEMH 3a-
mumkoBux kinaciB (C3K), mo momsirae y MOMIIMBOCTI
3MIHIOBATH KUJIbKICHE CHIBBIJHOIIGHHS MIDK YHCIOM
iHpOpMaNifHIX Ta KOHTPOIBHUX (MOIYIIB) y IpoIeci
BUPIMICHHS 3aJa4i Ta THyYKO BUKOPHCTOBYBATH pe3ep-
Bu TouHocTi Ta Hamiinocti COI [7]. Yac, HeoOXimHuit
JUIL BUKOHaHHA HeMoxynsHOI onepatii y C3K, mpomop-
HiffHO 4Ymciry iH(pOpMamiHHUX OCHOB, TOOTO YHCIY OC-
HOB, 1[0 BU3HAYAIOTh TOYHICTh 00uKCIeHb. [lepexonsun
JI0 OOYHCIICHD 3 MEHIIIOI0 TOYHICTIO, MOYKHA TTiABUIIMTH
mBuakoaito COI. fkmio nesika BnopsinkoBana C3K po-
3MIMPIOETHCS IIIAXOM J0/IaBaHHS K OCHOB, KOXHA 3
SKHUX Ounbina 3a ocHoBy BHxinHOI C3K, To MiHiManbHa
KOJIOBa BiJICTAaHb aBTOMATHYHO 301JIbIIYETHCS Ha BEIU-
yuHy K. 1[pOro MokHa DOMOTTHCS, 3MEHILIYIOUH Kilb-
KicTh iHQOpMAIifHHX OCHOB, TOOTO MEPEXOIIUN [0
00YHCIIeHb i3 MEHIIOK TOYHicTI0. OTKe, MiX KOpHUTY-
rounmu MoxutmBocTaMmu komiB C3K 1 TounicTro 00umc-
JIeHb iCHY€ 0OepHEeHO mporopiiiiHa 3anexHicts [5]. Ha
onHi# i Tiit e COI MOoXKHA BIKOHYBAaTH ONHI U Ti cami
004YHCIIEHHSI 3 BUCOKOIO TOYHICTIO, ajle 3 MEHIIUM 3Ha-
YEHHSM HAIHHOCTI, 1HII — 3 MEHIIOK TOYHICTIO, aje 3
OLIbII BUCOKUM 3HAYEHHAM HAIiMHOCTI Ta IBUIKOCTI.

Jana oOcraBrHa BKa3dye Ha MOXJIMBICTH 3a0e3rie-
YeHHsI HEeOoOXiJHOTO pIiBHS HaJiifHOCTI Ta >KHUBYYOCTi
COI y C3K nuisxom oprasizaiii #oro CTifKocTi 10 Bi-
JIMOBH BiJ (DYHKIIOHYBaHHS 332 PaxyHOK 3aCTOCYBAHHS
NIPUHOMIY afanTarii, HalpUKiIaZ, Ha OCHOBI BHKOPHC-
TaHHA METOJy NOCTymoBoi aerpaganii. Kpim mnporo,
amapatHi 3aco0u 00poOku iHdopmarii B C3K BimHO-
CATBCSL IO JIETKO KOHTPOJIbOBAHUX Ta A1arHOCTOBAHMX.
Ile 3ymoBneHo crenuigyHUMU OCOOHMBOCTSAMH IOJAH-
HS HeTO3uIiitHuX KomoBux cTpykryp y C3K ta xapax-
TEpPOM NPOSIBY B HHUX BiZIMOB Ta 300iB mpu oOpoodui iH-
¢dbopmarmii. IIs ocobmusicts koniB y C3K cnpusie cTBo-
PEHHIO aJanTHBHHUX A0 BiIMOB Ta 300iB apXiTeKTyp
COlI, 3aatHuX 110 epeOyAOBH CTPYKTYPH, 11O CTBOPIOE
epeyMOBH J0 cHHTe3y BigMmoBocTiikux COl.

Takum gunnom, COIY B C3K mae BiacTuBiCTh aja-
nTanii 10 po3B'sI3yBaHUX 3aBIaHb 3aJIE)KHO BiJl BHMOT,
10 BHCYBAKOTHCS JIO0 TOYHOCTI, MIBHIKOIT Ta HaliHHOC-
Ti obunciienb. C3K MOXKHA BH3HAYHTH HE SIK CHCTEMY
YHCJIEHHS, a SIK 0COOJMBY KOHCTPYKIiIO KOJOBOi YHMC-
JIOBOi CTPYKTYpH JaHUX, TOOTO CIemialbHUM YHUHOM
3aKOZOBAaHMHA OJIOK YHCIIOBHUX JaHUX .

Crin 3ayBaKUTH, IO y MPOMOHOBAHOMY TiAXO],
C3K He nmpoTucTaBiseTses ABitikoBoro [1CY, a cimy)uTh
SIK OW 11 pO3MMPEHHSM, IO 03BOJIIE €()EeKTUBHO BUPi-

IIyBaTU MNEBHUH Kiac 3ajgady. ToMmy, MOXIIMBO, Hai-
61l eheKTUBHUM, y NAHOMY BHIIQJKy, HPEICTABIIS-
€TBCS MIJXiM, IO MOENHYyE Y co0l KOMOIHOBaHE 3acTo-
cyBanHus C3K ta agiiikoBoi [1ICY npu noOya0Bi crieria-
J30BaHUX OOYUCIIOBAJILHUX KOMI IOTEPHHUX CHCTEM Ta
xomnoHeHTiB Ta COI APIIL. ITlpm mpomy, Hampukian,
KEepyBaHHS BCIEI0 KOMII IOTEPHOIO CHCTEMOIO MOXKE
3MIMCHIOBATHCS 3BHUYAWHUMH [IBIMKOBAMH KOMaHIAMH
Ta O6J0KaMu, a 00poOKa JaHUX BHKOHYETHCS Ha OCHOBI
MOJIYJIAPHOTO TPEACTABICHHS dYHCeN. TakuM 4YHHOM,
BukopuctanHsa nepeBar C3K, pasom 3 TpamumidHUMHU
JBIMKOBIMH METOJIaMH MOOYZOBH KOMII IOTEPHHUX CHC-
TEeM Ta KOMIIOHEHTIB, MOXE IPHUBECTH 1O ITiJABHUIICHHS
npoxykruBHocTi Ta HagiiHocTi COI APII y minomy.

MatemaTuuna moaein oe3BizmoBaocti COI
APIl 'y C3K

Po3risiHeMo, K MOKHa 3aCTOCYBaTH OCHOBHI Ma-
TEMAaTH9HI PE3yNbTaTH Teopii MapKiBCHKHX IPOIECiB
JUIL aIeKBaTHOTO BimoOpaXkeHHS Mporecy (yHKIIOHY-
BanHa COI APII y C3K, wmo m03BOJUTH ONMUCATH 3ara-
neHY Mozenb COI, a moTiM cHHTE3yBaTH HaAiHy MO-
nens y C3K i omiHuTH 11 6€3B1AMOBHICTS.

Posrmsinemo COI y C3K, mo ckianaerses 3 ( iH-
¢dopmariitaux (IOT) Ta ognoro xoutposnsHoro (KOT)
k =1. Koxen IOT Mae kiHIeBe 9nCI0 Pi3HAX (QYHKII-
OHaNBbHUX CTaHiB. [l03HAYaTUMEMO KiHIICBE YHCIIO Pi3-
HUX ¢yHKuioHansHUX ctaHiB 10T mo moxymo X, 4K

¥z ={0,y,}. Skwo B manuii moment vacy t IOT 3Ha-

XOJThCS BIANOBIAHO B CTaHax S;,S,,...,S;, TOMl CTaH

bR q )
Bcix IOT COI APII y C3K MokHA BU3HAYUTH BEKTOPOM

S =(s,,S;,++S;). besniu cramis KOT mosmaunmo sx

2k ={0,Ny}, ne Ny — KijgbKicTh KOHTPOJIBHHX OCHOB

C3K. Ilponec ¢pynkuionyBanas COI APIT y C3K mox-
Ha OIUCATH 3a JIOTIOMOT'00 BEKTOpa CTaHIB!

Z(t):{ll(t)!ZZ(t)lqu (t)!/%(t)}’ (1)

e y,(t) — cran IOT mo Moxymio X, B MOMEHT 4acy
t20; #(t) — cran IOT no mozymo Xg,1, 32 ymMoBH,

mo posrigaetsess C3K nmmie 3 onHIEI0 KOHTPOIBHOO
OCHOBOIO.

VY Bumanky npouec ¢pynkuionyBanas COI APIT y
C3K BinOyBaeThcs B TaKHid CTOCIO, M0 y 3aJaHOMY iH-
tepBani wacy craH KOT He 3MiHIOETBCS Ta 30epirae
nocTiiine 3HaueHHs j(t) = const.

Bekrtop y(t) craui IOT 36epiractscst HE3MiHHUM
MIPOTSATOM BHIIAJIKOBOTO IPOMIXKKY 4acy, IO BiJIIOBiIa€e
TPUBAJIOCTI BUKOHAHHS €JIEMEHTapHHUX apU(pMETHUYHHX
onepauii t' (1ogaBaHHs, BiIHIMAHHA, MHOXKEHHS), PO3-
MOAIIEHOTO 3a MOKa30BMM 3aKOHOM i3 IapameTpoM A,
IHTEHCHBHOCTI BiZIMOBH Z — 0 (D)YHKI[IOHYIOHYOro 004H-
ciroBanbHOro Tpakry (OT). Bekrop craniB y(t) 3mi-
HIOETBCSI MHUTTEBO Bij 3HaueHHs y(t) 10 3HaYeHHs
Xk (©). Epomouist KOT (a6o peseperoro OT (POT)) B
iHTEepBai 4Yacy OJHOTO IMKIY (YHKIIOHYBaHHS
[t;,t,.1] BinOyBaeThcs Hesane:xkHO Bin mpoLecy KOHT-

POJIIO Ta BHITPABICHHS NOMUIKH (30010), 3/1iHCHIOBAHO-
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Cuctemu ynpasiiHHs, HaBiramii Ta 38's3ky. 2025. Ne 1

ro KOT. Otxe, yMOBHa WMOBIpHICTb TOTO, 110 B MO-
MeHT t,,4 Bekrop cramiB rpymu POT }'(t,,; —0)
npuiiMe 3Ha4YeHHs V, Mpu TpuBanocti (Z+1)—ro umkny
¢byskiionysanns, 3a ymosm, mwo y(t,) =k, #'(t,) =12,
MOJKHa BU3HA4YUTH 32 (opMyII010:

t
Py (1) = [[P, (O)F1d0, )
0

ne P, (0) — iiMoBipHICTH TOTO, IO OJHOPiAHMII JNaH-
mror MapkoBa riepeiine 3a 9ac 6 3i ctaHy Z y CTaH V.

Y MoMeHT yacy t,,; BifOyBaeThCsl MUTTEBE 3MiHA
crany POT (KOT) COI APII y C3K.

Posristremo COI APIT y C3K, B skiit Bci OT piB-
HOHaiWHI, mpudoMy KimbkicTh IOT (poGouunx) mopis-
uioBatume (, aBa OT BBaKAaTUMEMO KOHTPOJIbHUMH
(KOT), BoHM cITy’KaTh JJI KOHTPOJIIO Ta JiarHOCTHKH
COI APIT y C3K, i r pezepBuux (POT) BT, 1o rparoTh
poJib pe3epBHUX eneMeHTiB. Jlis  Takol cuctemMu
(4, = A) cymapHa pobora, mo BukoHyetbcs COI APII

y C3K 3a vac t, BUBHAYUTHCS SIK:
t
W (t) = [ g[X(6)]1do, )
0

ne g(z) — mponykrusaicte COI APII mpu oxHOYacCHO-

My mpanesgatHomy cradi z [OT.
Posrmsaemo Habip 3 g [OT sk ogua [OT mo moxny-

q
mo X = HXZ, B MOMeHT vacy t cran nporo 10T y(t),
z=1
a Habip 3 r POT — sax omua POT mo wmomymo
q+2+r
X'= H Xz, BBaXalO4W, 10 B MOMEHT dacy t naHuii
z=0+1

POT wmosxe nepebyBaru B crani y(t) =0 B 3anexHOCTI
Big craniB OT. Y npoMy BHIIaJIKy MepexigHi HIMOBiIpHO-
cti P(t) cranis COI y C3K MokHA BU3HAYHUTH 32 Bij0-
MHMH MaTeMaTHYHUMH CIiBBIIHOIIEHHsIMH [8].

Posrisnemo monens COI APIT y C3K, ne ogHoua-
CHO MOke (DYHKIIIOHYBaTH (+ 2 i3 3araibHOi KiITBKOCTI

t t
P (t) = [ Pguzyy (t=0)dU;_q_o[A(0+2),.. A(d+2),6] = | {P«sz(t—ere
0 0

! (2-q-3)!

3a3HaunMo, 0 OTpUMaHHUK BUpa3 (6) € poboUoro
(hopmMyIoro sl BU3HAYCHHS TIEPEXiTHUX HMOBIPHOCTEH
6e3sinmoBHOTO GyHKuionyBanass COI APITy C3K 3 g
iHpOpMaifHIMH OCHOBaMH Ta JIBOMa KOHTPOJIBHUMH
OCHOBaMH.

IpuBatHi BapianTu HanidHOCTI Mozmeneir COI
APII y C3K 6ynu posrnsiHyTi B pamkax HJIP.

BucHoBkH

IIpoBenene mochikeHHS MiATBEPIUKYE, IO I
OTpHUMaHHS Ta aHaNi3y HagiHuUX xapaktepuctuk COI
APIIl y C3K mouinsHO BUKOPHUCTOBYBATH BiJIOMi B T€O-

t 7-9-3
- I{P[(q +2),v,6 A0 g7 Har2)0, [2(@+2)-1 }d¢9 =
0

g+2+r OT, tooro aktuBHi +2 OT, ar OT nepedy-

BalOTh y pe3epBi. ¥ MomeHT BimmoBu 10T, 3amicTh HbO-
ro 3a JIONOMOI'OI0 KOMyTaropa (aBToMaTa HaJliifHOCTI)
migkmodaetbess POT; (3a3Haummo, mo X, <X,,, ). Ta-

KUM YUHOM, peXuM cTifikocTi 10 Bigmou COI APII y
C3K peanizyerbes MeTogoM 3aminu. Skmo peseps POT
Buuepmano, Toai COI APIT y C3K nmponosxkye GyHKI-
OHYBaTH B PEXHMI )KUBYYOCTi (PEXUM MOCTYNOBOI Jie-
rpajaimii).

Y momenT vacy t gias COI APIT y C3K mix ywmc-
aom y(t) mpauesmaraux OT Ta uncinom A(t) mparo-

rounx OT BCTaHOBIIIOETHCS TAKE CITIBBIAHOIIEHHS:
B =ylx®)] 4

e w(z)=q+2, mpu q+2<z<q+2+r; w(z)=12,
mpu 0<z<qQ+2.

Hexaii Habip POT posrmisgaTuMeMo sSK OIHMH IO

q
momymo X =[]x, (x(t) — cran usoro POT y mo-
z=1
MEHT Yacy t).
Sxmo POT mo Momymio X, 3HAXOAUTHCSA y CTaHi

x; () (T006TO y mpanesnatHoMy cTaHi), To 3a 4ac 6
POT no monymio X, MOXe NEpeHTH TIIBKU B OAUH i3
MoxmBHX cTtaHiB 0<v<z (BizmoBmim z—V POT).
Sxmo 0<v<z<Q+2, Toum mepexigHy HMOBIPHICTbH
P, (t) MOXXHa BH3HAUUTH 3a BIIOMMMH CIIiBBiIHOIICH-

Hamu [8].
Sxkmo q+2<v<z, TO mepeximHi HMOBiIpHOCTI

MOJKHA BU3HAYHTH 32 JOTIOMOT'0I0 TAKOT'O BHpa3y:
Py () =Plz-v,(qg+2)At] =
_ (@22t [(g+2)at)"" _ ®)
(z=v)!
Axmo 0<v<(q+2<2z, Toy 3araJibHOMY BUTJISL
MOKHAa BHM3HAYMTH IepeximHi #imMoBipHOCTI P, (1), BH-

KOPHCTOBYIOUX TOW (paKT, M0 mepexif 3i CTaHy Z B CTaH
V MOXITUBHH Yepe3 cTaH (+ 2, ToOTO:

_ﬂ(qma,z(q+2)-[z(q+2)-912“*‘3}d9:

(z-9-3)!

{CV 2PV (- P)q+2-v.e—ﬂ<q+2w.w}
q+

(z-9-3)!

pii cucTeM 3 4aCTKOBHM OOCIYyTrOBYBaHHSAM Ta Tpasu-
niai moxmeni ¢ynkuionysanas COI y IICY (mampu-
KJIaJl, MOJeNIb 3arubeni), a TakoX MaTeMaTUdHi ¢Gop-
mynu Ta cmiBBigHomenus (1) — (6) 3 ypaxyBaHHAM
BJIACTUBOCTEH Ta crienu(piKu MOJaHHS Ta 00poOKH Ja-
Hux y C3K.

BaxnMBHUM acrieKToM € BpaxyBaHHS CTaHy, B SIKO-
My 3HaxoauTbess POT, HazifiHiCTh IEpeMUKatOuuX MpH-
CTpoiB, croco0y IMiTKIFOUYCHHS 00YUCITIOBAIbHUX TPaK-
tiB COI APII, mo ¢yskuionyors y C3K.

Hanpuknan, mns anamizy OesBigmoBHOCTI COI
MOXXYyTb OyTH BHKOPHCTaHi pi3HI MOJETI pe3epByBaHHS,

75



Control, Navigation and Communication Systems. 2025. No. 1

ISSN 2073-7394

Taki SIK MOJIENIb KOB3HOT'O pe3epBYBaHHS 3 HaBaHTaXe-
HUM pe3epBOM 0e3 ypaxyBaHHsS BIUIMBY HamiHHOCTI
MIPUCTPOIB, IO NEPEMHUKAIOTh, ad0 MOJENIb KOB3HOTO
pe3epBYBaHHSI 3 HEHaBAaHTAXXEHHM DPE3EPBOM 3 ypaxy-
BaHHSM HaAIHHOCTI IEPEMHUKAIOUUX IIPUCTPOIB.
3anponoHoBaHA MaTeMaTHIHA MOJENb (6) € edek-
THUBHUM IHCTPYMEHTOM JUIsl BU3HAUCHHS HAJAiHHOI Xapa-
krepuctuku COI APII, a came #iMoBipHOCTI O€3BiAMOB-

HUTH BIUIMB pi3HuMX ¢akTopiB Ha HaxidHicts COI Ta
ONTHMI3yBaTH IapaMeTpH CHCTEMH MJIsl JOCSTHEHHS
HeoOxiHoTro piBHA 3axUcTy B ymoBax PEB.

PesynbraTu nociijKeHHs, IpeCTaBiIeH] B po0oTi,
MOXYTbh OyTH BHMKOpHCTaHi Ui po3poOKM Ta BIpOBa-
JoKeHHS Oinpmn eekTuBHUX MeTomiB 3axucTy APII Bix
PEB, mo cnpustMe MTiABHINEHHIO iX HamiHHOCTI Ta
Oe3mekn (DYyHKITIOHYBaHHS B CKJIIQAHHX YMOBax cydac-

HOTO (hbyHKIIIOHyBaHHS. Ii BUKOPHCTAaHHS JO3BOJAE OLi-  HOTO MO 60I0.
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Theoretical substantiation of a mathematical model of failure-free
for the information processing system of automated robotic platforms in the residue number system

A. Yanko, O. Kruk, S. Goncharenko

Abstract. This article addresses the critical issue of ensuring the failure-free operation of information processing systems
(IPS) in automated robotic platforms (ARPs) operating in conditions of electronic warfare (EW). The increasing role of ARPs in
the modern world and its vulnerability to EW influences, which can lead to loss of control, data corruption, and even physical
destruction of the platform, are emphasized. The necessity of developing effective methods to protect ARP IPS from electromag-
netic threats is substantiated. Existing approaches to increasing the reliability of IPS, including the use of redundancy and modern
information technologies, are analyzed. It is noted that traditional protection methods are often insufficient to counter modern
EW means. In this regard, an alternative approach to creating mathematical support for ARP IPS is proposed, aimed at increasing
fault tolerance, survivability, and reliability based on the modular design of IPS computing paths and the self-correcting proper-
ties of non-positional code structures of the residue number system (RNS). The properties of the RNS that make them promising
for use in ARP IPS are studied in detail, in particular, the ability to adapt to the tasks being solved depending on the requirements
for accuracy, speed, and reliability of calculations. The possibility of changing the quantitative relationship between the number
of information and control modules in the process of solving the problem and flexibly using the reserves of accuracy and reliabil-
ity of the IPS is emphasized. A mathematical model of the reliability of ARP IPS in the RNS is developed, which takes into ac-
count the features of the system's functioning and the influence of external factors. The structure of the IPS in the RNS is de-
scribed, the main factors affecting reliability are identified, and mathematical relationships between them are formulated. An
algorithm for calculating the probability of failure-free operation of the IPS is presented. The research results presented in the
paper can be used to develop and implement more effective methods of protecting ARPs from EW, which will contribute to in-
creasing its reliability and safety of operation in the difficult conditions of the modern battlefield. The proposed mathematical
model is an effective tool for determining the reliable characteristics of ARP IPS, namely the probability of failure-free opera-
tion, and allows estimating the influence of various factors on the reliability of the IPS and optimizing the system parameters to
achieve the required level of protection in EW conditions.

Keywords: automated robotic platform, transition probability of failure-free operation, reliability indicators, electronic
warfare, residue number system, information processing system.
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EFFICIENT FAULT DETECTION IN INDUSTRIAL EQUIPMENT
USING PCA AND SMOTE ENHANCED NEURAL NETWORKS

Abstract. This research addresses the challenge of fault detection in industrial equipment using high-dimensional vibration
data with limited labeled examples. The goal was to develop a neural network model capable of accurately classifying
measurement vectors into normal and faulty categories. The dataset consisted of 1158 samples, each with 93,752 numerical
features, representing two classes: 865 normal and 293 faulty instances. A comprehensive preprocessing pipeline was
employed, including standardization, dimensionality reduction using Principal Component Analysis (PCA), and Synthetic
Minority Over-sampling Technique (SMOTE) for class balancing. The developed neural network achieved a baseline
accuracy of 94.40% with 100 PCA components. Further experiments demonstrated that reducing the architecture and using
only 50 PCA components improved accuracy to 98.81%, highlighting the effectiveness of the proposed approach. These
findings emphasize the utility of combining PCA, SMOTE, and neural networks for fault detection in industrial equipment
in high-dimensional, imbalanced datasets. Future research directions include exploring advanced neural network
architectures, investigating the impact of PCA component count on model performance, and studying the feasibility of

training effective models on synthetic data.

Keywords: fault detection; neural networks; PCA; SMOTE; dimensionality reduction.

Introduction

Ensuring the reliability of mechanical systems is a
critical task in modern industrial environments.
Equipment failures can cause severe disruptions, leading
to costly repairs, operational delays, and, in some cases,
serious safety risks. As a result, early detection of faults
becomes an essential component of preventive
maintenance strategies. Machine learning (ML) became
a key tool in automating the fault detection process,
enabling fast and accurate identification of potential
issues. However, many traditional ML models require
large labeled datasets, which are often difficult to obtain
in real-world scenarios.

The object of study in this paper is the process of
building the neural network (NN) model to classify the
probable faults of equipment through the analysis of
vibration data. Building and training of the model
requires time and computational resources as well as the
construction of the effective architecture of the model
that could solve the problem. Additionally, this process
is data-dependent and should utilize methods to address
the unequal distribution of classes and data scarcity.

The goal of the work is to develop a robust fault
detection model that can accurately identify both nominal
and faulty instances in the equipment's operational data.

Related work

Fault detection in complex systems is a critical area
of research, particularly in industries where early
identification of equipment malfunction is essential for
preventing costly breakdowns and ensuring operational
safety. Traditional machine learning techniques are
commonly applied in this field, yet they often face
significant challenges, such as handling high-
dimensional data and imbalanced class distributions. The
dataset used in this study contains 1158 files, each

containing over 93,000 features—exemplifies a such
scenario in industrial monitoring, where large amounts of
sensor data are collected for fault detection.

High-dimensional data, such as the dataset
representatives in this research, present several
computational challenges, including overfitting and
increased computational costs. Moreover, when working
with neural networks, the risk of the “curse of
dimensionality” arises, which can affect model
performance by diluting the significance of individual
features. To address this, principal component analysis
(PCA) is commonly used as a dimensionality reduction
technique. PCA transforms the high-dimensional data
into a lower-dimensional space by extracting the most
important features, or principal components, that explain
the largest amount of variance in the dataset. PCA has
been widely validated in the literature as an effective way
to reduce computational complexity while retaining the
most relevant information, enabling more efficient
training of machine learning models, including neural
networks [1 - 3].

The unequal class distribution is a common issue in
fault detection problems, as there are significantly fewer
instances of faulty data (class 1) compared to normal
operation data (class 0). This distribution can skew model
predictions, making it more likely to favor the majority
class (class 0). The synthetic minority over-sampling
technique (SMOTE) [2] was employed to address this.
SMOTE generates synthetic samples from the minority
class by interpolating between existing examples,
effectively balancing the dataset. By providing a
balanced dataset, SMOTE helps ensure that the model is
able to detect faults as effectively as it recognizes normal
operating  conditions.  Previous  studies  have
demonstrated the usefulness of SMOTE in addressing
class imbalance, especially in industrial fault detection
scenarios where faulty conditions are rare [4, 5].
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The implementation of neural network model used
in this study was built using the Keras framework [6, 7].
The model architecture consists of three fully connected
layers, each followed by Leaky RelLU activation
functions. Leaky ReLU was chosen over the standard
ReLU to prevent the issue of “dying neurons,” where
neurons stop updating during training. Dropout layers
were applied after each dense layer to prevent overfitting
by randomly deactivating a portion of neurons during
training. Dropout is a well-known regularization
technique used to improve model generalization by
preventing overfitting to the training data [8, 9].

The final layer of the network uses a sigmoid
activation function, which is suitable for binary
classification problems, distinguishing between nominal
(non-faulty) and faulty data. Adam optimizer [10] was
used which in an adaptive learning rate optimization
algorithm that has been shown to achieve better
performance on deep learning tasks due to its ability to
adjust learning rates for each parameter dynamically.
Binary cross-entropy was used as the loss function,
which is standard for binary classification tasks.
Additionally, early stopping was employed during
training to prevent overfitting.

While other techniques such as prototype selection
and construction methods have been applied to reduce
dataset size and improve model performance, they are
often computationally expensive and risk discarding
important information. Prototype selection methods
focus on identifying the most relevant instances from the
dataset, whereas prototype construction generates new
instances to represent the data more effectively.
However, these approaches often face limitations in
terms of processing time and accuracy, especially in
high-dimensional datasets like the one used in this
research. Instead, the combination of PCA and SMOTE
provides a more efficient solution for managing the large
dataset while retaining critical information necessary for
fault detection [11, 12].

Prototype selection methods focus on identifying a
representative subset of data points from the entire
dataset. These methods aim to choose the most relevant
instances avoiding redundancy and noise. However, in
fault detection tasks, where there is a significant
difference in the number of samples between classes
(with fewer faulty samples compared to normal ones),
traditional prototype selection techniques often face
challenges. While these methods can help reduce
dimensionality, they might not effectively address the
issue of unequal class distribution. In this paper, the
SMOTE was applied to mitigate this by generating
synthetic samples, ensuring that the fault detection neural
network model receives a balanced set of examples for
training.

Conversely, prototype construction methods [12]
focus on generating new samples that represent the
underlying structure of the data. These methods employ
clustering techniques or neural networks to create
synthetic prototypes. While prototype construction can
address some issues with the unequal distribution of
classes, it may also introduce complexity and noise. PCA
was utilized in this paper to perform dimensionality

reduction, effectively capturing the main variance of the
dataset ~ while  eliminating  redundancy.  This
preprocessing step enhanced memory usage (and,
probably, model efficiency) by reducing the
dimensionality of the wvector from over 93,000
dimensions to 100.

Both prototype selection and construction methods
come with trade-offs, especially in high-dimensional
datasets like this. A significant drawback of these
methods is the high computational cost involved in
processing involved in large datasets processing the
potential introduction of noise through synthetic sample
generation. For our case, the leveraging PCA helped
alleviate these challenges by preserving the dataset's core
features, while SMOTE effectively handled class
imbalance without the need for complex prototype
construction methods.

The model building pipeline

In this paper, the traditional prototype selection and
construction techniques were not directly implemented,
as SMOTE and PCA provided a more efficient solution
for high-dimensional fault detection datasets with
unequal class distribution. This combined approach
significantly improved the model's ability to generalize,
effectively addressing both dimensionality and the
challenge of having fewer faulty data samples (class 1)
compared to normal data (class 0).

Data Preprocessing. To prepare the data for
analysis, the first step involved the standardizing dataset.
This was accomplished using the StandardScaler from the
scikit-learn library, which transforms the data so that each
feature has a mean of zero and a standard deviation of one.
The standardization formula can be expressed as (1):

x'=(x— ¢)/o, @
where x' is the standardized value of feature x after
normalization, p — mean of the feature values, ¢ —
standard deviation of the feature values.

Dimensionality Reduction. Given the high
dimensionality of the vibration data, PCA was applied to
reduce the number of features. It helps to retain the most
significant variance in the data while minimizing the
number of dimensions. The transformation can be
described by the following equation (2):

Z=XWw, 2
where Z is matrix representation of data after
dimensionality reduction, X is the original feature matrix,
W — weight matrix for the transformation in
dimensionality reduction.

Data Balancing. Data Balancing. SMOTE
generates synthetic examples for the minority class to
create a more balanced dataset. The new synthetic
instances are created by interpolating between existing
instances of the minority class (3):

Xnew = X; + /1(36]- - xi): (3)

where Xnew IS new synthetic instance generated by
SMOTE, xi is the existing instance from the minority
class, x; is the other instance from the minority class for
interpolation, and A is the interpolation factor for
generating synthetic instances.
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Neural Network Architecture. Three hidden
layers utilize the LeakyReLU activation function, which
allows small gradients for inactive neurons. The
LeakyReL U activation can be expressed as (4):

xif x> 0;
axif x <0, “)

where a is the small constant slope, typically set to 0.1.

Dropout layers are applied after each hidden layer
to mitigate overfitting by randomly setting 25% of the
neurons to zero during training. The output layer consists
of a single neuron with a sigmoid activation function for
binary classification (5):

LeakyReLU(x) = {

1
T 1+e-z’ ©)
where z is the input to the sigmoid function, and y is the
predicted output of the model after applying the sigmoid
function.
The model was trained using the Adam optimizer
and binary cross-entropy as the loss function (6):

N _1lyw yilog(@) +
109 = =32 (i Vylaga - 50) @
where L is the loss function, calculated using binary
cross-entropy, N is the total number of instances in the
dataset, yi is the actual class label for the i-th instance,
and i is the predicted probability for the i-th instance,
representing the model's confidence that the instance
belongs to the positive class.

Early stopping was implemented to monitor the
validation loss and prevent overfitting.

The performance of the model was rigorously
evaluated on the test dataset, focusing on metrics such as
accuracy and loss. The training process was monitored
across a specified number of epochs with a batch size of
32, ensuring efficient use of computational resources
while tracking the total training time.

Data preprocessing

In this paper, various methods were employed to
develop an effective fault detection model. The primaky
focus was on the use of vibration data collected from
mechanical systems.

To ensure uniformity across the dataset, the data
was standardized using the StandardScaler from the
sklearn.preprocessing module. This normalization is
crucial for optimizing the performance of the machine
learning model. Given the large number of features, PCA
was applied to reduce the dimensionality of the dataset.
The number of principal components was set to 100,
significantly reducing computational complexity while
retaining essential variance in the data.

The dataset was then split into training and testing
sets using train_test_split from sklearn.model_selection,
with 80% allocated for training and 20% for testing. To
address class imbalance—where faulty samples were
significantly fewer than nominal ones—the SMOTE was
utilized to generate synthetic samples for the minority
class. This step was essential to ensure the model trained
effectively on a balanced dataset.

The architecture of the neural network includes
three layers. The first one contained 512 units, the second

layer had 256 units, and the third layer included 128
units. Each layer employed the LeakyRelL U activation
function to prevent inactive neurons, with a dropout rate
of 0.25 applied to each dense layer to mitigate overfitting.
The final layer utilized a sigmoid activation function for
binary classification, distinguishing between nominal
and faulty data.

The model was compiled using the Adam optimizer
with a learning rate of 0.0003, and binary cross-entropy
was used as the loss function. Early stopping procedure
was implemented to prevent overfitting, halting training
if the validation loss did not improve after two
consecutive epochs. The model’s performance was
evaluated on the test set, yielding accuracy and loss
metrics to assess its effectiveness in fault detection.

Artificial neural network modeling

Experiments were conducted on a computer with an
Intel Core i5-10500H processor and 16 GB of RAM. The
Python 3.8 programming environment in Jupyter was
utilized, with Keras 2.4 and scikit-learn 0.24 versions,
providing the necessary performance for deep learning
tasks.

The dataset consists of 1158 files with vibration
measurements, each containing high-dimensional
information with 93752 features that needed to be
processed and analyzed. There are 865 vectors
representing class 0 and 293 for class 1. Each file was
loaded into Python using the numpy and glob libraries,
resulting in a two-dimensional array where each row
represented a sample and each column corresponded to a
feature. This problem was introduced by Eric Bechhoefer
in the scope of Ukrainian hackathon of scientific works
of young scientists in the field of intellectual information
technologies [13]. The initial dataset is available in [14].

The neural network was trained over 50 epochs,
with early stopping implemented to prevent overfitting.
The training process recorded a significant increase in
accuracy, starting from 73.48% and reaching a maximum
accuracy of 100% by the 11th epoch. The loss during
training decreased rapidly, beginning at 7.51 and
converging close to zero. The model's performance was
evaluated on the test dataset, achieving an accuracy of
94.40% and a loss of 0.2953.

The loss and accuracy curves indicate that the
training and validation losses steadily decreased, while
the training accuracy significantly increased,
approaching 1.0. To assess the impact of the number of
PCA components on model performance, tests were
conducted with different values of n_components (200,
300, 400). The results showed that as the number of
components increased, the model's accuracy on the test
data decreased. Specifically, with n_components = 200,
the model achieved an accuracy of 90.95%, while for
n_components = 300, accuracy dropped to 89.66%.
Further increasing the number of components to 400
resulted in a test accuracy of 84.91%. At the same time,
the training accuracy remained high across all variations.
Based on these results, it was decided to retain 100
components as the optimal number, as it provided the
best balance between test accuracy (94.40%) and
computational complexity.
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Results

The conducted experiments explored the impact of
different neural network configurations on fault detection
accuracy. The primary goal was to determine how
changes in architecture, activation functions, and the
number of PCA components affect the model's accuracy
and loss values. The results of experiments are shown in
Table 1.

The baseline model consisted of three layers three
layers with 512, 256, and 128 neurons, used the
LeakyReLU activation function and 100 PCA
components. It achieved a test accuracy of 94.40% with
a loss value of 0.3125. This configuration served as a
reference point for comparing the results of subsequent
experiments. Replacing the LeakyReL U activation with
regular ReLU neurons keeping the other parameters
unchanged resulted in a slight improvement in test
accuracy, reaching 94.83%, although the loss value
increased to 0.3662. This suggests that while ReLU can
improve performance, it may also introduce greater
fluctuations during training.

A configuration with fewer neurons (256, 128, and
64 neurons across three layers) led to the highest test
accuracy of 95.69%. The loss value for this experiment
was 0.3201, suggesting that although the model was
effective, it might have been overly specialized to the
training data.

Increasing the number of neurons and adding a
fourth layer (1024, 512, 256, 128 neurons) resulted in a
slight improvement in test accuracy to 94.83%, with a
lower loss value of 0.2952. This configuration helped the
model generalize slightly better, as indicated by the
reduced loss, though the overall accuracy did not
significantly increase. Training accuracy remained at
98.63%, matching the baseline. Reducing the network to

two layers (512, 256 neurons) allowed us to reach
98.81% test accuracy with a loss value of 0.3392. This
shows that a simple architecture can still perform well,
potentially benefiting from the reduced complexity.

Reducing the number of PCA components to 50
showed significant improvement. This model achieved a
test accuracy of 98.71% with a very low loss of 0.1225,
which suggests that reducing the dimensionality helped
to filter out noise and preserve critical patterns.

On the other hand, increasing the number of PCA
components to 150 led to a drop in test accuracy to
92.24%, with the loss value rising to 0.5240. This
suggests that adding more components introduced
unnecessary complexity, making it harder for the model
to learn effectively.

Finally, increasing the PCA components further to
200 reduced test accuracy to 91.81% with a loss of
0.5021. The training accuracy was 98.63%, consistent
with the baseline. However, the increase in complexity
from the additional components did not improve
performance and, in fact, resulted in poorer
generalization. Probably, it is required to add more
neurons/layers in the neural network to achieve better
results for 150 or 200 PCA components.

Overall, these experiments show that finding the
optimal configuration of neural network architecture and
PCA components is critical for achieving high
performance. In particular, the reduction to 50 PCA
components proved to be highly effective, significantly
improving the model's ability to generalize, as evidenced
by the low test loss and high accuracy. Meanwhile, the
simpler architecture with two layers also demonstrated
that reduced complexity can lead to better performance,
highlighting that a more complex model is not always the
better option. The baseline architecture of the neural
network used in this study is shown in Fig. 1.

Table 1 — Model Performance Across Different Configurations

Exp. Parsr;ertgrré’(ﬁz)r;tr)sr of Activation function N%TagO%LEgA Test Accuracy (%)
1 512, 256, 128 (3 layers) LeakyReLU 100 94.40
2 512, 256, 128 (3 layers) ReLU 100 94.83
3 256, 128, 64 (3 layers) LeakyReLU 100 95.69
4 1024, 512, 256, 128 (4 layers ) LeakyRel.U 100 94.83
5 512, 256 (2 layers) LeakyRelL U 100 98.81
6 512, 256, 128 (3 layers ) LeakyReL U 50 98.71
7 512, 256, 128 (3 layers) LeakyReL U 150 92.24
8 512, 256, 128 (3 layers) LeakyRelL U 200 91.81

Input Dense 512 Dense 256 Dense 128 Danse 1
cimonenc) | orepenads || oropemags || ovoveags || Samor

Fig. 1. Architecture of the neural network used for fault detection

It consists of an input layer that processes 100
principal components, followed by three dense layers

with 512, 256, and 128 neurons respectively, each using
LeakyReL U activation and a dropout rate of 0.25. The
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final output layer utilizes a sigmoid activation for binary
classification.

The training process of this network, as shown in
Fig. 2 while Fig. 3, demonstrates a smooth convergence
of both training and validation loss, indicating effective
learning without overfitting. Additionally, the accuracy
plot reflects that the model achieves high accuracy on
both training and validation data, confirming the
robustness of the neural network.

Discussion

The results from the experiments highlight several
interesting insights into optimizing neural network
models for fault detection, particularly when dealing with
high-dimensional data and imbalanced datasets. By
systematically varying the network architecture,
activation functions, and the number of PCA
components, we were able to identify configurations that
improved the model’s performance, as well as those that
led to less effective results. Below, we discuss the
implications of these findings.

= Training loss
7 Validation loss
6
54
@ 47
=
3
2 4
1 -
04 e e —
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Fig. 2. Training and validation loss over epochs
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Fig. 3. Training and validation accuracy over epochs

One of the most significant observations was the
effect of dimensionality reduction through PCA.

Reducing the number of components to 50 significantly
improved the model’s performance, leading to a test
accuracy of 98.71%. This suggests that removing excess
dimensions helped the model focus on the most critical
features, effectively filtering out noise and reducing
overfitting.

This configuration not only the accuracy but also
streamlined the learning process, allowing the model to
generalize better. Conversely, increasing the number of
PCA components to 150 and 200 degraded the
performance, with test accuracies dropping to 92.24%
and 91.81%, respectively.

These results underscore the importance of finding
the right balance in dimensionality; too many
components can lead to unnecessary complexity and
noise, hindering the model’s ability to generalize. This
also shows that the high-dimensional vector (with more
than 93 000 dimensions) could be effectively reduced for
this problem.

The experiments with different activation functions
showed that replacing LeakyReLU with ReLU led to a
slight increase in test accuracy to 94.83% but also
increased the loss to 0.3662, suggesting a potential trade-
off between stability and performance. While ReLU may
boost performance under certain conditions, it can
introduce more fluctuations during training, which may
lead to less consistent learning outcomes. On the other
hand, LeakyReLU proved to be more stable across
various configurations, as reflected in the baseline
model's performance.

The analysis of neural network architecture also
provided valuable insights. Reducing the model to two
layers with 512 and 256 neurons produced a high test
accuracy of 98.81% with a loss of 0.3392. This finding
suggests that simpler architectures can still achieve
strong performance, particularly when the data are well-
preprocessed.

Simpler models often have fewer parameters, which
can help prevent overfitting and make them more
efficient.

In contrast, adding complexity by increasing the
network to four layers with 1024, 512, 256, and 128
neurons did not yield a significant improvement,
maintaining a test accuracy of 94.83% but slightly
reducing the loss to 0.2952.

This indicates that additional layers and neurons do
not always lead to better generalization, and may instead
complicate the learning process without adding real
value.

Furthermore, the experiment that reduced the
number of neurons in each layer to 256, 128, and 64
achieved high test accuracy of 95.69%.

Overall, the experiments demonstrate that
simplicity and balance are the keys to optimizing model
performance. Effective dimensionality reduction, as seen
with 50 PCA components, can streamline the learning
process and reduce the risk of overfitting by focusing the
model on the most relevant features. Similarly, the
success of the two-layer architecture suggests that
complex, deep networks are not always necessary for
high performance, especially when the data are processed
effectively.
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These findings highlight the importance of data
preprocessing and careful architecture selection in
building models that are not only accurate but also
efficient and robust.

Conclusions

The paper addresses the problem of detecting
equipment faults through approach that uses both
machine learning techniques and advanced data
processing strategies.

The contribution of this research includes the entire
machine learning pipeline of using data preprocessing

methods like PCA, SMOTE to address the classification
problem presented with imbalanced dataset.

The practical significance of this research provides
the machine learning model effective automatic tool for
predictive maintenance of the equipment.

The prospects for further research may include but
are not limited with the search for more effective
architecture of the neural network, deeper research of the
dependency of accuracy on the quantity of elements in
PCA analysis, finally, it would be interesting to
investigate the possibility to train the effective model
only using synthetic data.
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EdexTuBHe BUsIBJIEHHS BiIMOB y NIPOMHCJI0BOMY 00J1aJHAHHI 3 BUKOpucTaHHsAM PCA
Ta NOKPalleHUX HelipOHHUX Mepex Ha ocHoBi SMOTE

B. B. I'yup, O. B. 'opoxoBaTtcbkuit

AHoTanisi. Y 1bOMy JOCTIDKEHHI PO3IJIAOA€ThCsl MpoOiieMa BHUSIBICHHS BiJIMOB Y NPOMHCIOBOMY OOJaIHaHHI 3a
JIOTIOMOT'OI0 BHCOKOBHMMIPHHX JaHHMX BiOpaiil 3 0OMEKEHOI0 KINBKICTIO MiYeHHX MPUKIaAiB. MeTolo Oyno po3poOUTH MOENb
HEHPOHHOT Mepexi, 3aTHY TOYHO Kiacu(iKyBaTd BEeKTOPH BUMIpIOBaHb Ha HOPMaJbHI Ta HecrpaBHi karteropii. Habip manux
ckiaanaBcs 3 1158 3paskiB, KOXKeH i3 AKUX MICTHB 93,752 4rcIOBi 03HAKH, 110 MPEACTABISIN JBa Kiaacu: 865 HopMansHHUX Ta 293
HECMPaBHUX BHIAJKH. ByJlO BHKOPHUCTAHO KOMIUICKCHHII KOHBEEp MOIEPeAHboi 0OpOOKHM, SKHi BKIIOYAB CTaHAApTH3ALilo,
3MEHIIEHHST PO3MIpHOCTI 3a JOIIOMOTOI0 MeTOy rooBHUX KOMIOHEHT (PCA) i TeXHIKy CHHTETHYHOTO 301JIbIIEHHST MEHIIOCTI
(SMOTE) nns 6anancyBanHs KnaciB. Po3po6inena HelipoHHa Mepexa nocsiria 6a3oBoi TouHocTi 94,40% i3 100 xommoHeHTaMHI
PCA. Tlozanplii eKCiepuMEHTH MOKa3alld, [0 3MEHIICHHS PO3MIPHOCTI apXiTeKTypH Ta BUKOPHCTaHHs e 50 KOMIIOHEHTIB
PCA mnigsuumno tounicts 10 98,81%, minkpecnoroun eeKTUBHICTb 3alponOHOBaHOro miaxony. Lli pesysbTaTi aKLEHTYIOTh
yBary Ha KopucHocti komOinyBanHsi PCA, SMOTE Ta HEHpOHHMX Mepex A BHSBJICHHS BiJMOB y BHCOKOBHMIPHHX
He30anaHCOBaHMX Habopax JaHuX. MalOyTHI HampsAMHU JOCIIZXKEHb BKIIOYAIOTh BUBYEHHS MEPEAOBUX aAPXITEKTYp HEHPOHHUX
Mepex, aHali3 BIUIMBY KiUTbKOCTI komroHeHTiB PCA Ha OpOIyKTHBHICTH MOAENI Ta IOCIHI/KEHHS MOXIIMBOCTI HaBYaHHS
eeKTUBHUX MOJIENICH HA CHHTCTHYHHX JaHHUX.

KawuoBi cinoBa: BussieHHs BinMoB; HeliponHi Mepexi; PCA; SMOTE; 3MeHIeHHs] po3MipHOCTI.
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Harionansauii TexHigHUHN yHIBEpCcUTET “XapKiBChKUN MOMITEXHIYHAN IHCTUTYT , XapKiB, YKpaiHa

BUPIIHNEHHSA ITPOBJIEM TPOAYKTUBHOCTI
3A 10IIOMOTI' OO ACUHXPOHHUX METO/IB B JAVASCRIPT

AHoTanis. CyyacHi BeO-10JaTKU YaCTO CTHKAIOTHCS 3 BUKJIMKAMH MPOIYKTUBHOCTI, TIOB’A3aHUMH 3 OJIOKYBaHHSM iHTEp-
¢eiicy kopucTyBaya Ta HOBLIbHOIO 00poOKor0 AaHNX. OCKiNbKH JavaScript € 0AHOIOTOKOBOIO MOBOIO IIPOrpaMyBaHHs, Opa-
y3ep He 37aTeH 0JJHOYaCHO BUKOHYBAaTH OOUHCIICHHS Ta OHOBIIOBaTH iHTepdeiic. Lle Moxke cipuunHsity "marn" — cuTyauii,
KOJTH ZIOIaTOK 3aBUCAE, 1 KOPUCTYBAaY HE MOXKE B3aEMOIATH 3 iHTepdeiicoM. AcuHXpoHHE mporpaMyBanHs B JavaScript Ha-
Jla€ IHCTPYMEHTH JUIS BUPIMICHHS IIUX MPoOJeM, IO JO3BOJISE MiIBUIIUTH BIATYKIUBICTD JOAATKIB 1 €()eKTHBHICTH BUKO-
HaHHSA 3aBJIaHb. MeTa 1iel poOOTH MOJIATaE y JOCIHIKCHHI MOKIMBOCTEH MIIBUIIICHHS MPOIYKTUBHOCTI BEO-T0AATKIB 3a
JIOTIOMOTO0 aCHHXPOHHOTO TIporpamyBanHs B JavaScript. Lle Bkirouae aHaniz eeKTUBHOCTI 00pOOKH 3aBJaHb Ta BiATYKIH-
BOCTI iHTepdelicy KopuCcTyBaya, a TAKOXK OI[IHKY JOIIIBHOCTI BHKOPHCTAHHS aCHHXPOHHMX IIIXOJIB JUIsl BUPIMIEHHS MIPo-
Osiem OnoKkyBaHHS iHTepdeiicy Ta 3amobiraHas "maram', Mo YacTo BUHUKAIOTh y CYYaCHUX OJHOIIOTOKOBUX CEPEIOBHIIAX.
OTtpumaHi HACTYNHI pe3yJbTATU: BUKOPUCTAHHS aCHHXPOHHOTO MpOorpaMyBaHHs B JavaScript 3HAYHO MiJBHIIIIIO IPOIY-
KTUBHICTB BeO-10aTKiB. BiarykimusicTs iHTepdeiicy mokpanmiacs 3a paxyHOK 3MEHIIEHHS KUTBKOCT] BUIAAKIB OJI0KyBaHHS
Ul mig yac 00poOKH BaXKKHX 3aBIaHb. Y MICIIX, I paHille CIOCTEePIiranucs Biq4yTHI JIard, TOJATOK Terep Ipaiioe oe3me-
pepBHO, 3a0e3reuyouH IIaBHy B3a€EMOJIIIO 3 KOpUCTyBaueM. BncHoBKH. Byno 1oBeaeHO NOIIIBHICTE BUKOPUCTAHHS aCHH-
XPOHHOTO HporpamyBaHHs B JavaScript /urs miIBUIIEHHS IPOIYKTUBHOCTI BeO-10aTKiB. Lle 103BoIIse 3HAUHO TOKPALTUTH
BIATYKIUBICTH iHTEepdeiicy Ta YHUKHYTH OJIOKYBaHHS ITiJ] YaC BUKOHAHHS CKJIAJHUX OIlepalii, 3a0e3nedyoud IIaBHuH 10-
CBiJI B3aeMOJIIT A1 KOpUCTyBada. Bu3HaueHO mepCcrieKTHBY MOJANBIIHNX JOCTIPKEHb y HAIPSIMKY ONTHUMI3aIlil aCHHXPOHHNX

IIPOLECiB JUISl Pi3HUX THIIB 3aBAaHb Ta iHTErpamnii 3 6araToNOTOKOBUMH PIiIICHHSIMHU.

Kaw4voBi ciaoBa: acuHXpoHHE IporpamyBaHHs, JavaScript, IpoIyKTHBHICTh BeO-101aTKIB.

Beryn

B octanHi poku BeO-IONATKU CTANH HEBII €MHOIO
YACTHHOIO HAIIOTO MOBCSKACHHOTO JKUTTSA, 3a0e3medy-
FOYM MBUAKANA AOCTYH 10 iH(opMaIii Ta iHCTpyMEHTIB
JUTS BUPILICHHS Pi3HUX 3aBaaHb. OJHAK 31 3pOCTaHHIM
CKJIATHOCTI CYYaCHUX MOJATKIB 3’SIBIISIOTHCS HOBI BHU-
KJIMKH, [TOB’513aHi 3 IX MPOAYKTHBHICTIO. OHIEIO 3 OCHO-
BHHUX Ipo0JieM € OJOKyBaHHS iHTep(eicy KOpUCTyBaua
ITi/1 Yac BUKOHAHHSI PECYPCOEMHHUX ONepalliil, 10 3HaYHO
MOTIpIIy€e KOPUCTYBaIbKUil A0cBiA. [le ocobnmBo momi-
THO B O/THOIIOTOKOBOMY CepeoBHIL|, IKuM € JavaScript,
KoJI Opay3ep He MOXKE OJJHOUYAaCHO BHKOHYBaTH oO4mC-
JICHHS 1 OHOBIIOBaTH iHTepdetic. Taki 3aTpUMKH B po-
00Ti MporpaMu MOKyTh BUKITUKATH "Jarn" — MOMECHTH,
KOJIM TO/IaTOK TUMYAacOBO HE pearye Ha Jii KoprcTyBaJa.

ACHHXpOHHE MpPOrpaMyBaHHsI MPONOHYE e(pEeKTH-
BHI pillleHHs [yl BUpileHHs 1iel npoodiemu. Bono no-
3BOJISIE PO3JIUIMTH 3aBJIaHHS HA MEHIII, He OJIOKYHOUYH OC-
HOBHHH MOTIK, IO CHpusie 30€peKEHHIO BiITYKIHBOCTI
iHTEepdeiicy Ta 3araJbHOMY IiIBUIIEHHIO IPOIyKTHBHO-
cTi BeO-nmonatkiB. He3Bakaroun Ha O4EeBHUJIHI MEpeBary,
BUKOPHCTAHHS aCMHXPOHHHX ITJXOJIB BHMAarae yBax-
HOTO IUIAaHYBaHHs, OCKUIBKM MOMIJIKM B iX peasizamii
MOXYTb IPU3BECTH JI0 HeNlepe10auyBaHNX Pe3yIbTaTiB.

L poGoTa npucBsYEHA JOCITIHDKEHHIO MOXKINBOC-
Teil acCMHXPOHHOro mporpamyBaHHs B JavaScript mis
MiABUINCHHS NPOJYKTHBHOCTI Be0-TOJATKIB 1 IMOKpa-
IISHHSI B3aEMOJIIi KOpHCTyBaya 3 iHTeperHcoM.

IMocranoBka mpodJemu. JavaScript, sk 0JHOMIOTO-
KOBa MOBA MPOTPAMYBaHHS, Ma€ CyTTEBI 0OMEXEHH!, 10
BIUTMBAIOTh Ha TPOAYKTHBHICTH BeO-momaTkiB. OmHie0 3
OCHOBHHX IPOOJIEM € Te, 1110 MOBA HE MOKE BUKOHYBATH JIBI
3ama4i omHO4acHo. Le o3Havae, 110 I1i/1 9ac BUKOHAHHS pe-
CYPCOMICTKHMX 00YMCIIEHb Opay3ep He 37aTeH OHOBJIIOBaTH
iHTepdeiic.

B pesynbrari, iHTepdeiic mpalffoe IIaBHO JHIIE MPU
BUKOHaHHI 3a/1a4 TpUBAJICTIO 10 ~50 Mc [1] B iHIIOMY BH-
MajKy BHUHHUKAIOTh NEPEPUBAHHS, a NPH Jy)Ke TPUBAIUX
oreparisixX MOXKITHBI 3aBUCAHHSI.

Bapro nam'statu, mwo 0,1 cekyHau e MakcuMaib-
HHH Yac, MPOTATOM SIKOTO KOPHCTYBadi BiAUyBalOTh, 1110
BOHH 0€3MOCePEIHBO B3aEMOJIIOTE 3 00'€KTaMH B iHTEp-
¢eiici. 1 cexyHma: — MaKCHUMaJbHHAN Yac, MPOTITOM
SIKOTO KOPUCTYBadi MOXYTbh BIJIbHO EpEMIIIaTHCS B KO-
MaHIHOMY MPOCTOPI, HE Bi4yBarOYH HEMOMIPHOTO OYi-
KyBaHH:L.

3arpumka Bix 0,2 10 1,0 cekyHau 03HAYaE, 10 KO-
pHCTyBadi MOMIYalOTh 1[I0 3aTPUMKY i, OTXeE, BiJuyBa-
I0Th, III0 KOMIT I0Tep "Tpalltoe" HaJl KOMaHO, a HE 1110
KoMaH/a € 6e3mocepeHiM HaciaKkoM ix fiil. Benuka 3a-
TPHUMKa JIOAAE CyTTEBOTO PHU3HKY, IO KOPUCTYBAY MOXKE
BTPATHUTH yBary i, K HACTIJOK, iHTepec [2].

TakuM 4YWHOM, iCHYe HarajbHa moTpeda y BHpi-
IICHHI X 1po0ieM, mod 3ade3neunTn Oe3nepepBHY i
TUIaBHY B32€EMOJIIIO 3 BeO-10/1aTKaMHu, 110 € KpUTHYHO Ba-
JKIIMBUM JJIsL IIATPUMKH 1HTEpecy KOPHCTYBadiB Ta 3a-
0e3MevYeHHs BUCOKOT IKOCTI KOPHUCTYBAIBKOTO TOCBi Y.

V 3B’513Ky 3 IIIM, METOIO JOCJIiIsKEHHSI € BUBYCHHS
TOTO, SIK aCHHXPOHHI MeTOAM B JavaScript MOXXyTb ITOK-
pamuTH TPOTYyKTHBHICTh BeO-T0/IaTKiB HA MPAKTHII, Ta
BU3HAYHMTH MIIXO/IM LIO A03BOJSIFOTH 3MEHIIUTH OJIOKY-
BaHHs iHTepdeiicy Ta MiABUIINTH BIATYKIHMBICTh, 320€3-
MEeYyI0YH THM CaMHUM KpaIinuii KOPUCTYBALbKUH JOCBiI.

OcHoBHa YacTHHA podoTH

Y 11b0My pO3iJTi pO3TIISTHEMO, SIK ACHHXPOHHE TIPO-
rpaMmyBaHHs MO MOKPALIUTH MPOIYKTUBHICTH BeO-10-
JTATKy Ha TPUKJIaAi CHCTEMH PO3yMHOTO OYIOHHKY. 30K-
pema, Mu OyJIeMO PO3TJIsIIaTH mpobaeMamu, SKi BHHAKA-
I0Th IIPY BUKOpUCTaHHI cuaxponHoro XMLHttpRequest
JUISl OTPUMAaHHS JaHHX.

© 3akxosopotnwuii O. 10., Cananscekuii O. A., 2025
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IIpunyctumo, y Hac € cucreMa yMHOIO J0OMY, sIKa
NepiOIMYHO OTPUMYE JIaHi 3 JATYHKIB, TAKUX SIK TEMIIe-
parypa, BOJIOTICTh Ta CTaH CUCTEMH OE3IEeKH.

request =

request.open("GET", "https
request.send();

if (request.status === 208) {

BuxopucrtoBytoun cunxponnuit XMLHttpRequest,
MU MOXEMO pealli3yBaTH 3aIIMT TAKUM YHHOM, HaBEJICHO
Ha puc. 1.

XMLHttpRequest();

‘api.smart-home.com/temperature”,

processTemperatureData(request.responseText);

Puc. 1. Cunxponnuit XHR 3amut

BukopucTaHHS CHHXPOHHOTO 3allUTy O3HA4ae, [0
Opay3ep Oyre 3a0JI0KOBaHMI HA Yac BUKOHAHHS 3aIINTY,
110 ITPU3BOIUTS JI0 3aMOPO>KyBaHHS iHTepdeiicy. Lle Bu-
KIHKae "garu" y KOpUCTyBalbKoMy iHTepdeiici, i Kopu-
CTyBau HE 3MOKE B3aEMOJIISITH 3 TOIATKOM, L0 MOXE He-
TaTUBHO BIUIMHYTH Ha Horo nocBia. Takum 4MHOM, KO-
pHCTYBad MOXE BiA4yBaTH po34apyBaHHS Ta BiJIMOBH-
THUCS BiJl BUKOPUCTAHHS MIPOTPAMHU.

HaTtoMicTh, acCHHXpOHHI 3aIlUTH € KpaIluM IIiIXo-
JIOM, OCKIJIbKH BOHH JJO3BOJISIIOTH Opay3epy HpOJOBXKY-
BaTH pearyBaTu Ha il KOpHcTyBada. TakuMm 9uHOM, He-

request =
request.open("GET", "http

request.onload = () {
if (request.status === 200)

/api.smart-home.com/temperature’

3aJIeKHO BiJl TPUBAJIOCTI 3amuTy iHTep(deic 3anuimaTu-
METhCsl IHTEPaKTUBHUM. Y OJHONOTOYHOMY Javascript
Ie JOCATAETHCA 32 PAXyHOK TOTO, IO BCI 3aIUTH 00p00-
JSIFOTHCSI HE CaMHMM JIBUTYHOM MOBH, a 0e310ocepeHbO
Opay3epom, 110 JOJATKOBO J03BOJISIE POOUTH KijIbKa 3a-
NUTIB OJHOYacHO. IHCTpyMeHnTH Ha kmTant "xhr" abo
"fetch" nmumie narTh IHCTPYKIiIO Opay3epy 3alulaHyBaTh
3aIUTH Ta KOJOEKH, sIKi MaloTh OyTH BHUKOHaHI Micis iX
3aBepIIeHHS. Y MOTPiOHMI MOMEHT Opay3ep BilpaBUTH
i konoexu B Event loop, ne Boru OymyTs 00pobieHi Ta
BUKOHaHI B OPSAKY YePTH IiCIIsl 3BUTEHEHHS OCHOBHOTO
CTeKa BHKIHK (pHcC. 2).

XMLHttpRequest();

processTemperatureData(request.responseText);

}
i3

request.onerror = (error)

request.send();

handleError(error);

Puc. 2. Acuaxponnuii XHR 3amut

[neansHUM mIX0A0M Ui OOMEXEHHS acCHHXPOH-
HO{ JIOTiKK Oy/ie BHKOPUCTAaHHS CHHTAKCHCY async/await.

getEnvironmentData() {

temperature = await fetch('http
humidity = await fetch('http

[Tigxin He 301IBIIUTH MPOTYKTUBHICTD, alie 3pOOUTH KO/
OiNbI YU TAaHWUM 1 OpraHi3oBaHuM (puc. 3).

'/api.smart-home.com/temperature’);
ome. com/humidity");

processTemperatureData(temperature);

processHumidityData(humidity);

} catch (error) {

handleError(error);

Puc. 3. 3anuT 3 BUKOPUCTAaHHSIM CHHTAKCHCY async/await
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TakuM 4YMHOM NOKpaIIyeThCs POOOTa IPOrPaMH.
Ioku 3amuTt, KOPHCTYyBay MOXE BHKOHYBAaTH Y JOJATKy
IHIITI 3aBJIaHHS, a Opay3ep MOXKe BiIOOpa3UTH THMYACOBHI
KOMIIOHEHT 3ariyiky. e 3Ha4YHO NOoKpalilye KOpHCTyBallb-
HHULBKUE JOCBiA. [HINA mommpeHa nmpuduHa mpooneM 3
MIPOIYKTUBHICTIO — L€ JIOBTi 3aBHaHHA. SIK Bxke OyJo cka-
3aHO paHillle, 3aBJaHHS NOBHHHI OyTH He Oimbmie 50 Mmc,
100 He BUKIIMKATH MPOOIIeM 3 IPOIyKTHBHICTIO. B iHImomy
BUITAZKY KOPUCTYBa4 3MOXKe MMOMITUTH JIard. Po3B'si3aHHsIM
IIOTO 3aBIAaHHS BUTTIAAE OUSBUAHNM: HEOOX1THO po30uTH
OITHY BEITHKY 3a/1ady Ha Oe3J1id MeHImX (puc. 4).

Before
—] Task -

After

—| Task — Task — Task — Task — Task —>

Puc. 4. Po36uTTs 3agaui

Ane mpobnema mosnsrae B TOMy, 0 0e3Jid CHHX-
POHHUX 3aBIaHb, fK 1 paHiie, OJIOKyBaTUMYTE Opaysep,
a caMe Ipolec peaxilii Ha KOPUCTYBALbKi HOAIT Ta Malto-
BaHHA iHTepdeticy [3]. Lro mpobieMmy MOXKHA BHPIIIUTH
3a JOTIOMOTOI0 (PYHKIIIH BiTKIaAeHOTO BHKIUKY. SIKIIO
nati Opaysepy 4dac abo BIKHO JUIsl BUKOHAHHS 3aBIaHb
B3aeMoii 3 iHTep(dercoM, TO MOKHA BUKJIFOUUTH MOSBY
nariB i 3aBucanb. HalinpocTimmid BUNaoK 11e BUKOPHC-
tanHs setTimeout. Lleit MeTon m03BONSETHCS 3aIuIaHy-
BaTH BUKJIMK (YHKIIIT HE paHilie BKa3aHOro 4yacy. Y KOH-
TEKCTi pO3POOKH MPOrpamMu “po3yMHOTO oMy’ HOTro MO-
’KHa BHKOPHCTOBYBATH, INO0 3aIUIaHYBaTH HEpeBipKy
TPEKIHTOBHX CHCTEM pa3 Ha I'aTh XBWIKH. Lle no3Bossie
PI3KO CKOPOTHUTHU KTBKICTh BUKIIHKIB (pHC. 5).

[HOZI HEMae MOKITMBOCTI BKa3aTH YaCOBUI MPOMi-
KOK JUIsl IOYATKy BUKOHAaHHA (GyHKUIl. Y oMY BHUIIa-
Ky MOXKE CTaTHCh B Harofi requestAnimationFrame.

worker = Worker(

worker.onmessage = ({ data })

requestAnimationFrame Bkasye Gpay3epy Ha Te, IO BU
X04eTe 3poOUTH aHIMallilo, i MPOCUTH HOTO 3aIIaHyBaTH
nepeManboBKy Ha HacTyNHOMY Kanpi aHimanii [4]. Sk
napaMeTp METOJ OTpUMY€E (YHKII0, sKka Oyne BUKIIHU-
KaHa IepeJi epeMaibOByBaHHSIM.

checkEnvironment() {

await getEnvironmentData();

setTimeout (checkEnvironment, 300000);

checkEnvironment();

Puc. 5. Buknuxk gepes setTimeout

BiH CHHXpOHI3y€ThCS 3 YaCTOTOK OHOBJICHHS CK-
pana (3a3Buuaii 60 KaapiB Ha CEKYHAY). 3aMICTh 3aIyCKy
a”iManii 3 QiKCOBaHUM IHTEPBAIOM (K NPH BHKOPHUC-
taHHi setlnterval), Opay3ep caMm BHpilIy€e, KOIH KpaIie
BUKOHATH HACTYIHUU Kajp, MPOIyCKalOYH HENOoTpiOHi
OHOBJICHHSI T4 THM CaAMHUM 3HM)KYIOUM HaBaHTa)KCHHS Ha
npouecop. Tak, Hanpukiaa, oAaTok smart home Moxe
BUKOPHCTOBYBATH HOTO [UIsl MaTIOBaHHs rpadikiB.

[oniouuit meron, requestldleCallback, Bukopucro-
BYETHCSI U1 BUKOHaHHSA (JOHOBUX 3aBHaHb, sKi HE KpH-
THUYHI U1 TIPOAYKTUBHOCTI 1 MOXYTh OyTH BiIKIameHi
JIOTH, TOKU Opay3ep He cTaHe "BUThHIM" Bif iHIITUX IIpio-
puretHEx omepariii [5]. Tak peanxpHa mporpama Moxe
BUKOPHCTOBYBaTH L€l METOA Uil poOOTH 3 TPEKiHrOM
AKTHBHOCTI KOPUCTyBa4a Ta 300py CTaTUCTUKH.

ByBaroTh BUIIaJKH, KOJIHM HEOOXIJHO BUKOHATH SIK-
iCh CKJIAJIHI OOYHCIICHHS, SIKI HE MOKHA PO3/IITUTH Ha Me-
HII 4acTHHHU. Y TaKOMY pa3i MOXKe JOIOMOTTH IHIIHHA
mijaxin - Bukopucranas WebWorkers (puc. 6).

worker.js");

handleAverageTemperature(data);

worker.postMessage("064ucnuTH cepefdHio TemnepaTypy”);

onmessage = ({ data })

averageTemperature =

calculateAverageTemperature(data);

postMessage(averageTemperature);

2

calculateAverageTemperature() {
i=0; i< 1000 000; it+t) {

return someCalculatedValue;

Puc. 6. Kon WebWorker
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Web Workers — e API qns 3amycky JavaScript y
(boHOBOMY MOTOLIi, OKPEMO BiJl OCHOBHOT'O MTOTOKY, KU
BiNOBia€ 3a B3aemoito 3 DOM Ta 00poOKy momiii Ko-
pucTyBaya.

e n03BOJII€ BUKOHYBATH Ba)KKi 0OYHCICHHS ab0
TpHUBaJIi 3aBIaHHA Oe3 OJOKyBaHHS iHTep(deicy Kopwuc-
TyBaya.

Opnak, Web Workers me marots qoctymy 1o DOM
6e3mocepeTHbO.

e o3nauae, mo Oyap-sKi pe3yabTaTH OOYHCICHB
MIOBHHHI ITepeJaBaTHCs Ha3a 1 10 OCHOBHOTO IIOTOKY Yepe3
MeXaHi3M 0OMiHy moBinomiieHHAME (postMessage()), 1o
MO€ CTBOPHUTH HEBEJIMKY 3aTPUMKY IS iHTEPAKTHBHHX
3aCTOCYHKIB.

Tak, HANpHUKIA], TOAATOK MOXXE PO3PaxOBYBATH Pi-
3HI TOKa3aHHS JATYHMKIB 0€3 HEraTHBHOTO BIUIMBY Ha
MPOXYKTUBHICTh CTOPIHKH.

BucHOBKH Ta nepcneKTUBU
NOJAJIbIIHNX J0CTiIKEeHb

Ha ocHOBI mpoBenieHOTO aHadi3y Ta BUKOPHCTAHHS
ACHHXPOHHMX METOJIB IIporpaMyBaHHS B JavaScript ams
J0JaTKy "pO3yMHOro IoMy" BJAANOCS AOCSITTH 3HAYHOTO
I IBUIIIEHHS MPOAYKTUBHOCTI Ta IOKPAICHHS B3a€EMOJIII 3
KOPHCTYBa4eM.

[epexin Bil CHHXPOHHHX 3alUTIB O aCHHXPOHHUX
JIO3BOJINB YHUKHYTH OJIOKyBaHHs iHTepQelcy, 1o poOHUTh
poboTy TmporpaMu IIaBHOMO 1 Oe3nepepBHOI0. Bukopuc-
TaHHsA async/await’ 3HAYHO CIpPOIIYE 4YHTAOCIBHICTH
KOJly Ta MIITPUMKY CKJIa[THHX 3aITUTiB.

MeToau BinKIageHOr0 BUKOHAHHS, TaKl sIK

— “setTimeout’,

— "queueMicrotask’,

— “requestAnimationFrame’

— “requestldleCallback’,

JTO3BOJISIFOTH €()eKTUBHIIIE PO3MOIUIATH HaBaHTaKEHHS
MiX KPUTHYHUMU 1 HEBKIIUBUMH 3a7a4aMH, ITiIBUIILY-
I0YH 3arajibHy IPOTyKTHBHICTb.

Takox 3acrocyBanus Web Workers mist onoBnx
00YHCIICHh BHUBOJIUTH BaKKi OOYHCICHHS 3 TOJIOBHOTO
MOTOKY, 110 JI03BOJII€ YHUKHYTHU "NariB" HaBiTh NpU Be-
JIUKIH KITBKOCTI JaHUX.

JlocmiKeHHS TTOKa3ye, M0 aCHHXPOHHI TeXHIKH
€ KPUTUIHHUMH JIJIS1 CTBOPCHHS BIATYKIHUBUX Ta MPOJY-
KTHBHUX BE03aCTOCYHKIB.

[MepcrekTHBH TOJANBIINX JOCTIIKEHb MOXYTh
BKJIFOYATH TIHONTY ONTHMI3aIlilo alTOPUTMIB 00POOKH
JaHUX Ta IHTerpamilo OUIBII CKJIaJAHUX (OHOBUX
3aBgaHb y Web Workers yist tiie 6171611107 cTab1IBHOCTI
Ta eeKTUBHOCTI POOOTH 3aCTOCYHKIB..
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Solving productivity problems
using asynchronous methods in JavaScript

Oleksandr Zakovorotnyi, Oleskandr Sapalskyi

Abstract. The subject of study in the article are the performance issues in modern web applications caused by the
single-threaded nature of JavaScript. Specifically, it investigates how blocking operations, like synchronous XMLHttpRe-
quests (XHR), can negatively impact the responsiveness of user interfaces. The study explores how asynchronous program-
ming can improve the user experience by preventing interface lag and optimizing task handling. The task is to explore and
demonstrate how various asynchronous techniques, including callbacks, promises, async/await, and methods such as set-
Timeout, queueMicrotask, requestAnimationFrame, and requestldleCallback, can be employed to address performance bot-
tlenecks in a web-based smart home application. Additionally, the use of Web Workers to offload intensive cal culations to
background threads is examined. The following results were obtained: The study shows that transitioning from synchro-
nous XHR to asynchronous methods significantly reduces the occurrence of interface freezing. Callbacks and promises
provide basic improvements in responsiveness, while async/await makes the code more readable and easier to manage.
Methods like setTimeout and requestAnimationFrame allow deferring non-critical tasks, improving performance during
active user interaction. Web Workers were effectively used to handle complex computations, preventing the main thread
from being blocked and allowing the application to remain responsive even during intensive processing. Conclusions: Asyn-
chronous programming techniques are essential for optimizing the performance of JavaScript-based web applications. By
adopting these methods, developers can prevent interface blocking and enhance the overall user experience. The use of Web
Workers for background processing further improves performance, making these approaches highly applicable to complex
applications like smart home systems. Future research could focus on refining these techniques for specific use cases and
exploring additional strategies for performance optimization.

Keywords: asynchronous programming, JavaScript, web application performance.
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BAT'ATOPIBHEBI EKOCUCTEMMU JIA AJAIITUBHUX AI'EHTIB:
BIJI MOAEJIIOBAHHA 1O ITPAKTUYHUX 3ACTOCYBAHDb

AHoTauis. Y crarTi po3risigaeTscs po3poOka 6araTopiBHEBUX EKOCUCTEM, SKi 3a0€311euyr0Th HABYaHHS aBTOHOMHUX CHU-
CTeM y CKJIAJHUX 1 3MiHHHX yMoBax. OCHOBHa MeTa JOCHII)KEHHS MOJIATae Yy CTBOPEHHI CEpPEeIOBHUIN i3 PI3HUMH PIBHAMH
CKJIaJJHOCTI, 1110 I03BOJISiE aBTOHOMHMM areHTaM afanTyBaTHCS JO JMHAMIYHUX CLICHAPiiB, JOJIATH NEPEIIKOIU Ta e()eKTUBHO
BUKOPHUCTOBYBATH pecypcu. Takuii miaxia copsMOBaHHIA Ha BAOCKOHAIECHHS METOAIB HaBUAHHS, SIKi MOXKYTh OyTH 3aCTOCO-
BaHi JJISL MIATOTOBKH CHCTEM IITYYHOTO iHTEIEKTY 10 POOOTH B pealbHUX yMOBaX. Y poOOTI aKIEHTY€EThCs yBara Ha MoJie-
JIFOBaHHI 0araTopiBHEBHX €KOCHCTEM, IO BKIFOYAIOTh CTATHYHI Ta AWHAMIYHI IIepEeIIKo 1, KOHKYpPEHTHI B3aeMOJIIT MiX are-
HTaMH Ta oOMexeHi pecypcu. [t bOro 3arporoHOBaHO BUKOPUCTAHHS aITOPUTMIB HaBYaHHS 3 MiJKPIIUICHHSIM, SKi J10-
3BOJISIFOTH areHTaM OITHMI3yBaTH CBOI CTpaTerii MOBEAiHKY B YMOBax MOCTIHHO 3MiHIOBaHOTO cepeoBumia. Po3pobieni mo-
JIeJTi CIIPUSIOTH KPAIoMy PO3YMIHHIO TOTO, SIK areHTH MOXKYTh aJIalTyBaTHCs 10 CKJIAHUX YMOB Ta 5Kl ()akTOpH BIUTMBAIOTh
Ha e(heKTHBHICTH IXHBOT MOBeiHKH. OCOONHBY yBary MPHIUICHO aHANI3Y MOKIMBOCTEH MPAKTUIHOTO 3aCTOCYBAHHS TaKHUX
MiAXO0IB y poOOTOTEXHILI. 30KpeMa, MOZEi OaraTopiBHEBUX €KOCUCTEM MOXKYTh OyTH BUKOPUCTaHI1 Il HABYaHHS aBTOHO-
MHUX poOOTiB, SKi MPALIOIOTh y CKIAJHUX CEPEIOBHUILAX, HAPHUKIIAL, i Yac PATYBaJIbHUX OIEpaIiid, JOCIIKEHHS HE3Bi-
JIAHUX TEPUTOpili a00 BUKOHAHHS 3aBJaHb y MiCbKUX yMmoBax. Lli Mojemni JT03BOJSIFOTH CTBOPIOBATH OUIBII aJaNTHBHI Ta
HaJii{Hi aBTOHOMHI CHCTEMH, 3/1aTHi e()eKTHBHO pearyBaTH Ha 3MiHHI ()aKTOPH 30BHIIIHEOTO cepefoBuina. PesynbraTy 1o-
CITIJKEHHS TIOKa3yI0Th, 0 OaraTopiBHEBI EKOCHCTEMH € e()eKTUBHUM IHCTPYMEHTOM JJIS IiITOTOBKY aBTOHOMHHUX CHCTEM
JI0 po0OTH B pealbHAX YMOBaX. 3alpOIIOHOBaHI IiIXO/IH He JIUIIE CIPHUSIOTH MiIBUIIEHHIO aJaTHBHOCTI Ta epeKTHBHOCTI
areHTiB, aje i BiJIKPUBAIOTH HOBI MOXJIMBOCTI JUIS iXHBOTO 3aCTOCYBAaHHS B PI3HHX rajiy3sX, BKJIIOYAIOYH IPOMHUCIIOBICTS,
JIOTICTUKY Ta HAYKOBi JOCHIIPKEHHS. BHKOpHCTaHHS GaraTopiBHEBHX CEpeIOBHII 3a0e3IeUy€e aBTOHOMHIM CHCTEMaM Iiepe-

Bary B CKJIaJHUX 1 Herepea0adyBaHNX YMOBAX, IO € aKTyaJlbHUM 3aBIaHHAM CydacHOI HAyKH Ta TEXHOJOTIH.

Kaw4oBi ciioBa: afanTUBHUII areHT, 6araTopiBHEBa €KOCHCTEMa, HABYAHHS 3 MiJKPITUICHHSM.

Beryn

AKTyaJbHICTh HOCTiIKeHHs. Y CydacHOMY CBITi
ABTOHOMHI CHCTEMH Ta INTYYHHWH IHTEJCKT BiirparoTh
KIIFOUOBY POJIb Y PO3B'si3aHHI OaraThoX 3aB/laHb, 30KpeMa
y cdepi poOOTOTEXHIKH, TPAHCIOPTHUX CHUCTEM 1 aBTO-
Matu3aiii. s 3a0e3neueHHs BUCOKOT e(DeKTUBHOCTI Ta
aJIalITUBHOCTI TAKMX CHCTEM Ba)XKJIMBO PO3POOIISITH METO-
JMKH HaBYaHHS, SIKi I03BOJISIIOTh areHTaM LIBHUIKO MPH-
CTOCOBYBAaTHCS JI0 3MIHIOBaHHX 1 0araTopiBHEBHX yMOB
cepenoBuiiia. bararopiBHeBI €KOCHCTEMH, SKi MOICIIO-
I0Th Pi3HI PiBHI CKJIAJHOCTI, € IEPCHEKTUBHUM ITiIX010M
JUISL CTBOPEHHSI CEPEIOBUIL] HABYAHHS, 10 CTUMYJIIOIOTh
PO3BHTOK CKJIQIHUX CTPAaTErii MOBEIiHKH.

AKTyaJbHICTB JOCIIKSHHS 3yMOBIICHa He0OX i THi-
CTIO BHPINICHHS HU3KHW BUKJIHKIB, SKi CTOSATH IEpel Cy-
YaCHUMH aBTOHOMHHMH CUCTEMaMHU.

30KkpemMa, Taki CHUCTEMH MaloTh JIEMOHCTPYBATH
3[IATHICTh aJaNTyBaTHCS JI0 HOBHX YMOB, JIOJIATH Iiepe-
LIKO/U Ta e(h)eKTUBHO BUKOPHCTOBYBAaTH pecypcH B 00-
MEXXEHHUX cepefoBuIax. IMiTaris peaJpbHuX cleHapiiB y
0araTopiBHEBMX €KOCHCTEMax JI03BOJISIE CTBOPUTHU
YMOBH UIS PO3BHUTKY TaKHX 3II0HOCTEH, IO 0COOIMBO
BKJIMBO JIJIS1 3aCTOCYBaHb Y MPOMHKCIOBOCTI, JIOTICTHII
Ta HAYKOBHX JIOCJIIPKEHHSX.

3arnpornoHoBaHi OaraTopiBHEBI €KOCHCTEMH JI03BO-
JISIFOTH BKJIIOYATH Pi3HI piBHI CKIAAHOCTI, TaKi SIK CTaTH-
YHI Ta PYXOMi NEpemKoJH, KOHKYPEHTHI areHTH Ta
3MiHHI pecypcH. 3aB/IsSKU IIbOMY CTBOPIOIOTHCSI YMOBH,
IO CTHMYJIOIOTh PO3BUTOK CKIAJHHX MOBEIIHKOBUX
cTparteriii y arenris. Lle, y cBoro uepry, crpuse miIBu-
IEHHIO €(EeKTUBHOCTI CUCTeM HaBUYaHHS 3 ITiIKPIiTUICH-
HSIM, 0COOJIMBO y 3a/adax, mo MoTpeOyIoTh JOBIOCTPO-
KOBOI afamnTarii.

JocnimkeHns, npecTaBieHe y il poboTi, 30cepe-
JDKEHE Ha po3po0lli MOJieNi HaBYaHHsS B YMOBax CKJaj-
HHUX SKOCHCTEM 1 aHai3i il MOTEHIIHHOTO 3aCTOCYBaHHS
B poOororexHiui. Pe3yibTaTé MOIENIOBaHHS JEMOH-
CTPYIOTB, IO OAaraToOpiBHEBI EKOCHCTEMH € e(heKTUBHIM
IHCTPYMEHTOM JUIsl TPEHYBaHHS aBTOHOMHHUX CHCTEM, SIKi
TIOBUHHI IIPAIIOBATH Y CKJIAJHUX 1 3MIHHHX CEpEJOBH-
1ax.

TakuM YMHOM, aKTyalbHICTH POOOTH MOJSTaE y
BHECKY B PO3BHTOK METO/IiB CTBOPEHHS a/IallTUBHUX CH-
CTeM, SIKi 3/1aTHI He JIMILe BUPILIYBaTH MMOTOYHI 3a/adi,
aJie il HaBYaTUCS HOBHX CTpATeTiil y JUHAMIYHUX YMOBaX.
Ile BigKpHBa€e MEPCICKTHBH IS BIPOBAKEHHS HOBIT-
HIX TEXHOJIOTIH y rajy3i IITYYHOTO iHTEJNEKTYy Ta aBTO-
Maru3atlii.

Merta Ta 3aga4i gocaigkeHHss. MeTor LbOro 10-
CII/DKEHHS € po3poOKa OaraTopiBHEBUX €KOCHCTEM, SIKi
CTBOPIOIOTH YMOBH Pi3HOI CKJIaJHOCTI JIUIsI HABUAHHS aB-
TOHOMHHX cucTeM. Taki cepeoBHIa AAIOTh 3MOT'Y iMi-
TYBaTH peasibHi ClieHapii, e CHCTeMH MaloTh aJanTyBa-
TUCSI O JWHAMIYHUX YMOB, BUPIIIyBaTH CKJIaJHI 3a-
BIaHHS Ta e(eKTHBHO BHKOPHUCTOBYBATH pecypcH. 3a-
BSIKH LIbOMY CTa€ MOXKJIMBUM TPEHYBaHHS aBTOHOMHHUX
areHTiB, 3aTHUX HE JIMIIE pearyBaTy Ha 30BHIIIHI HOJ-
pa3HUKH, ajie i HaBYATHUCS HOBUX CTpaTeril MOBEIHKH,
SKi € BOXJIUBUMH JJIsl IXHBOT'O JIOBFOCTPOKOBOTO (hyHK-
1IOHYBaHHS.

OnHUM i3 KITIOYOBUX 3aBIaHb € CTBOPEHHS MOAEINI
HaBYaHHS, SKa BPAaXOBYE CKIAIHICTh €KOCHCTEM. Y IiH
MOJIEJIi areHTH MaroTh MPALOBaTH B CEPENOBUIIAX i3 pi-
3HUMH DIBHSIMHM CKJIQJIHOCTI: BiJ] NMPOCTUX CTATHYHUX
YMOB JI0 JMHAMIYHUX CEPEJOBUIL i3 PyXOMHMH epen-
KOJIaMH, KOHKYPEHTaMH Ta 00MeXeHUMH pecypcamu. Lle
JIO3BOJISIE  areHTaM TIOKpAllyBaTH CBOI aJaNTHBHI
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3110HOCTI, BUKOPHCTOBYIOUM MEXaHi3MH HaBYaHHS 3 Ii-
JIKPITJICHHSM, CBOJIOLIMHI QJITOPUTMU UM 1HIII IHTEICK-
TyaibHi miaxoau. BUB4eHHS TOTO, SIK areHTH PHCTOCO-
BYIOTBCSI IO 3MIHHUX YMOB i 5IKi cTpaTerii BOHW BUKOpPH-
CTOBYIOTb JIJIsI IOCSITHEHHSI LI1JIEH, € B)KIIMBUM aclleKTOM
[[OT'O 3aBJAHHS.

[HIIMM Ba)XITMBUM HAIIPSIMKOM JOCIIIJUKSHHS € aHa-
J1i3 MOYKIIMBOCTEH 3aCTOCYBAaHHS pO3pOOICHUX MoJeneit
y pobororexHini. HaBuanHs aBTOHOMHUX poOOTIB y ce-
penoBHUIIaX i3 Pi3HUMH PiBHAMH CKIIQJHOCTI JO3BOJISIE
CTBOPHUTH CUCTEMH, AKi 3MOXKYTh IPALIIOBATH y PeabHUX
CIICHAPISX, TAKKX SIK HABIrallisi B MiCbKOMY CEpEIOBHIII,
yyacTh y PATYBUIBHHX OIEpalisx ado JOCIiHKeHHS
Ba)KKOJIOCTYITHHX TEPUTOPIH. 3aBISIKK TAKUM OaraTtopis-
HEBHM CEpE/IOBHIIIAM HaBYaHHS POOOTH 3MOXYTh ajarl-
TyBaTHCS /10 3MIHHHX yMOB, NpHiMatu e(eKTHBHI pi-
LIEHHS Ta B3a€EMOMIATH 3 IHIIMMH CHCTEMaMd YU
JIFOJJBMHU.

3anponoHOBaHi MiAX0IM MAIOTh HE JIUILE TEOPETH-
YHY LIHHICTb, aJie i MpaKTUYHE 3HaYeHHA. BoHM 103BO-
JISTIOTH MOJICITIOBATH Pi3HI CHTYaIlii, sIKi MOXKYTh BHHHUK-
HYTH Y peallbHOMY CBITi, 1 CTBOPIOBATH HaBYaJbHI aro-

PHUTMH, 110 BPaXOBYIOTH 0OMEKEHHSI, PU3UKHU Ta PECYPCH.

Lle BigKpuBae HOBI TOPU3OHTH JJIsI PO3POOKH aBTOHOM-
HUX CHCTEM, 3IaTHUX (DYHKILIOHYBaTH Yy CKJIaJJHUX Ta He-
nepen0avyBaHUX YMOBax.

TakuM YHHOM, pPE3yJNBTaTH IBOTO IOCIHIIKSHHS
CIPUSIOTh PO3BUTKY IHHOBAIlIMHMX IMiIXOMIB 1O HaB-
YaHHS aBTOHOMHHX cHCTeM. Po3poOka GaratopiBHEBHX
€KOCHCTEM 3a0e3Ieuy€e OCHOBH JIJIsl CTBOPEHHS POOOTIB i
CHCTEM IUTYYHOTO IHTEJEKTy, SKi € aJanTUBHUMH, Ha-
JIMHUMH Ta 3aTHUMH NIPALIOBATH Y PEeaNbHUX JHUHAMIY-
HUX CEpelOoBHIIaX.

Oraspa Jjiteparypu Ta icHywuux pimenn. s
MO/ICIIFOBaHHS JIMHAMIKH TOTYJISILii areHTiB y 6araropi-
BHEBHX €KOCHUCTEMaX Ta aHaJli3y BIUIMBY 30BHILIHIX 3MIH
cepe/loBHIla Ha MOBEAIHKY areHTiB y [1, 2] BuKopucro-
BYIOTh MaTeMaTH4HUII amapar Teopii audepeHiaibHuX
piBHsHB, a came piBHsHHS JIoTKu-BonbTeppu a1 onucy
B3a€MO/Iii MIXk PI3HUMH areHTaMu a0o PiBHSIMH €KOCHC-
TEM.

VY 11b0My HanpsiIMKy T€Opil0 MapKOBCHKHX MPOLIECIB
[3, 4] 3acTOCOBYIOTH JUISl MOJICIIOBAHHS TIEPEXOJIIB MiXk
CTaHaM{ areHTiB (HaNpHKJaJa, BUKMBAHHS, HaBYaHHS,
BIITBOPEHHs) Ta JUIA OI[IHKH HMOBIpHOCTEH YCIIIIHOT
ajanTalii areHTiB y CepeJIOBHINAX Pi3HOT CKIIaTHOCTI.

Anroputmu Heiipoesodortii (NEAT - NeuroEvolu-
tion of Augmenting Topologies) [5, 6] 3acrocoByoTh
€BOJIIOIII] TOTOJIOT1H HEHPOHHUX MepeX areHTiB y Oara-
TOPIBHEBUX CEPENOBHUIIAX Ta ISl alanTaIliil 10 3MiHHUX
YMOB Cepe/IOBHIIA Yepe3 MYTalli0 Ta CXPELyBaHHSI.

Jnst aHami3y cTpareriii B3a€MOJIii areHTiB y KOHKY-
PEHTHOMY CEpEAOBHIIl Ta BU3HAUCHHS PIBHOBardM Mix
KOONEPaTUBHUMH Ta KOHKYPEHTHHMH CTpaTerisMHu BH-
KOPHCTOBYIOTh Teopito irop [7, 8].

Martemaruunuii anapat ¢ppakransHoro [9, 10] ana-
73y MoyKe OyTH 3aCTOCOBAHO JUIsl MOJICITIOBAHHS CKJIal-
HOCTI cepefoBHIa 4Yepe3 (pakTambHi CTPYKTypH Ta
CTBOpEHHS 0araTOpiBHEBHX Mepemkoi abo pecypciB i3
(pakTaTbHUMH XapAKTEPUCTUKAMH. Y CBOIO YEpry My-
npTHareHTHi cucremu [11, 12] 3 BukopucranusM rpadis
3HAWIUIM BUKOPUCTAHHS TMPH MOJETIOBAHHI BiTHOCHH

MDXK areHTamu 4epe3 rpadoBi CTPYKTYpH Ta BHBYEHHS
JUHAMIKH B3a€EMOJIiil Ha PI3HUX PIBHAX EKOCHCTEM.

Indopmaniitny exrpomito (Shannon Entropy) [13,
14] 3acTOCOBYIOTH [UIS OI[IHKHU CKIIAJHOCTI Ta pi3HOMaHi-
THOCTI CTaHiB CHCTEMHU Ta JJIs aHAJI3Y aJanTaiii areHTiB
y 6araropiBHeBUX yMoBax. OnTuMi3amiifHi Mozeni Ha oc-
HoBi poto (PSO) [15, 16] BUKOPHUCTOBYIOTHCS JUIS OIITH-
Mi3amii pillieHb y CKIaJHUX €KOCHCTeMax Ta BHBUCHHS
TPYTIOBUX CTpATETili areHTIB.

AHami3 CTIHKOCTI dWepe3 BIACHI YHCIa MaTpHIb
Sko06i [17, 18] 103BONIAIOTH OMIHUTH CTIMKICTh CHCTEMH
IIpY 3MiHI TapaMeTpiB. Y CBOIO Uepry JJisi HaBYaHHS are-
HTIB e()eKTHBHUX CTpareriii y 0araTopiBHEBHX cepero-
BHUINAX BUKOPHUCTOBYIOTh AJITOPUTMH HaBUAHHS 3 ITiJK-
piriennsim (Reinforcement Learning) [19, 20], siki pos-
paxoByIOTh OanaHc MK EKCIUIyaTalli€lo Ta JOCIiIKeH-
HsAM. Takox 11eil MaTeMaTUYHUN anapar 103BOJIUTh CTBO-
PHUTH KOMIUIEKCHY MOJIEIb ISl TOCIIKEHHs baraTtopis-
HEBHX CKOCHCTEM Ta X 3aCTOCYBaHb Y POOOTOTEXHIL Ta
HAaBYaHHI aBTOHOMHHUX CHCTEM.

Pe3yabTaTu AociaigxeHb

1. ®opmadizanisa Moaesi HaBYUaHHs B OaraTopi-
BHEBHX eKocucTemMax. Mojesb 0a3yeTbest Ha Garatopi-
BHEBIll €KOCUCTEMi, B SKili areHTH MOBUHHI a/IalTyBa-
THUCSI 10 Pi3HUX PIBHIB CKIaTHOCTI (TIEPEIIKOIN, PecypcH,
KOHKypeHIisl). HaBuaHHS peanizyeThCs uepe3 alnropuTM
HaBuaHHs 3 migkpiruieHHsm (Q-Learning), moaudikoa-
HUH UI1 yMOB 0araTopiBHEBOI aJamTairii.

Baenemo ocHoBHY dopmyru ais Q-Learning:

Q(S:,Ap) < Q(s,a) + ax
x[R(s, a)+y max Q($,d4) —Q(s, a)], (1)

JIe S — TIOTOYHHI CTaH areHTa, a — BHKOHaHa s,
R(s, a) — BUHAropoja 3a BUKOHaHHs [ii @ B CTaHi s, s’ —
HACTYIHUHN CTaH MiC/s Jil @, ¢— MIBUIKICTh HABYAHHSI,
v — Koe(illieHT TUCKOHTYBaHHS (BaXKIUBICTh MAaHOYTHIX
BHHATOPOI).

Juis peamizarii 0araTopiBHEBUX €KOCHCTEM MOICIH
€KOCHCTEMH BU3HAYMMO BXiTHHMH ITapaMmerpaMu. PiBHi
CKJIATHOCTI 3aJ1aMO HaCTyITHUM YHHOM (Tabm. 1).

Tabnuys 1 — PiBHi cKIagQHOCTI cucTeMH

Ly Ipocre cepenosuiie (pecypcu 06€3 MEepenIKo.)

L, Pecypcu 3 ikcoBaHMMH MepeniKoaMu

JlnHamidHe cepenoBHIIe

L . .
3 (pyxoMi mepenKoau + KOHKYpEHTHI areHTH)

Bunaropona R(s,a) po3paxoByeTbCs 3a TakuM
CIIBBIIHOIIICHHSAM:

R(s,a) =
+10, areHT ycHilHO AocArae pecypcy ;
=4 —5, areHT HaTpaIlIf€ Ha MePelKoAy ; (2)
—10, daKulo eHeprisi areHTa BUUYepIaHa.

Ha piBHi L3 mepemkoan pyxaroTbes 3a MPaBUIIOM,
AK€ 3aJ]a€ TaKe CITiBBiTHOIICHHS:

X = X1 +v- At, (3)

Jie V — MIBHIKICTh MEPEmKoau, At — gac Kpoky.
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2. ITpaxkTHyHa peasizamia Mogeri. 3amamo moya-
TKOBI YMOBH CHUCTEMH. ATCHT CTapTy€ B MOYATKOBOMY
craHi Sy = (xg,Y,) B cepenoBuiii L,. MeToro areHTa Bu-
3HAYMMO JIOCSATHYTH PECypCy, YHUKAIOYH IEPEIIKO/I.
[IpuyoMy mapaMeTpaMu MOJENI MPUCBOIEMO TaKi 3Ha-
YeHHS!

oa=0.1,
y = 0.9,
Rpecypc = +10,

Rnepemxo,qa = -5,

Ha xpoky | areHt BHKOHye fifo a; (pyX BOepen).
Toxi motouHmii cTaH cucteMu craue s, = (2,3), a Ha-
cTynHuit Bu3Hauumo s; = (3,3).

O4eBHIHO, SKIIO areHT 3ITKHYBCS 3 MEPEIIKOI0t0,
10 R(S¢,a;) = —5.

Bukonyemo onoBieHHs Q(Sy,a;) 3a OCHOBHOIO
¢dopmyoro anst Q-Learning (1):

Q(so,ay) =
=0+01-(=5+09- max Q (s1,a) - 0). ®
[Mpunycrumo tenep, 1o
méaxQ (s,a") =2,

TOM1

Q(s9a,) =0+0.1-(=5+09-2) =—0.1. (5)

Ha xpori 2 areHT BHUKOHY€ Hif0 a, (00Xix mepem-
konu). Toai moto4nuit cran cucremu crave s; = (3,3),
a HACTYMHUI BU3HAYUMO S, = (4,4).

OueBHAHO, SAKIIO areHT JiCTaBCs pecypey, TO
R(sy,a,) = +10.

Bukonyemo onosienHst Q (s, a,) 3a 32 OCHOBHOIO
dopmyoro mis Q-Learning (1):

Q(SliaZ) =
=0+0.1-(10+09-maxQ (s,2) = 0). (6)

[Ipunycrumo tenep, mio
m,aXQ (SZI a’) = 01
a

TO.I
Q(s;,a;,) =0+0.1-(10+0) = 1.0. (7

VY pesynbTaTi MOJETIOBAHHS areHT HaBYAETHCS
obuparu [ii, sSKi MaKCUMI3YIOThb HOTrO BHHAaropomy,
YHUKAIOUH MEPEIIKO] 1 JOCSITarouu pecypey.

VY cknanHux piBHsAX cepenoBuiia (Lz) areHtn ge-
MOHCTPYIOTh 3JIalITUBHY ITOBEIIHKY 3aBISIKH JUHAMIid-
HUM OHOBJICHHSM Q- 3Ha4EHb.

Y pesynpTaTi MOJETIOBAHHS &Tr€HT HABYAETHCS
obupati [ii, sKi MaKCHMI3yIOTh HOTO BHHArOpO.Iy,
YHUKAIOUH MEPEIIKO] 1 JOCITatouu pecypey.

VY ckimamHux piBHiX cepenosumma (L;) arentn me-
MOHCTPYIOTh JIalITUBHY ITOBEIHKY 3aBISKH JHHAMIY-
HUM OHOBJICHHSIM Q-3Ha4€Hb.

State Transitions and Rewards in Multi-Level Ecosystem

Reward: 10
State: 52

sl s2

Puc. 1. [lepexoau Mixk CTAHAMH areHTIB
y GaraTopiBHEBIii ekocHCTEMi 3 3a3HAYCHHSAM BHHArOPO Ha KO)KHOMY €Tarti

101 —e— Reward/State Transition
B 4
6 4
a1 ]
=2 44
(1]
>
o
—
g 2
=
[}
[+
04
—21
_4 1
s0
BucHoBku

BaratopiBHEBI €KOCHCTEMH JIEMOHCTPYIOTh BHCO-
KU [MOTEHIIaI JJIs MOJCIIOBAHHS aJallTUBHOI MOBEMi-
HKH arcHTIiB y CKJIQJIHUX YMOBaX.

BukopHcTaHHSI TaKUX CHUCTEM JI03BOJISIE PO3pPO0-
JSITM METOAMKN HaBYAHHS, 110 IMITYIOTh PealibHi CIieHa-
pii, e areHTH MaroTh B3aEMOJISTH 3 PI3HUMH PIBHAMH
CKJIQ/IHOCTI cepenoBuIna. Pe3yapraTy TOCHTIIPKEHHS 110-
Ka3yloTh, 10 JWHAMIYHI OaraTOpiBHEBI CepeIoBHIIA
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CTHMYJIIOIOTh PO3BUTOK CKJIaJHUX CTPATETIH 1 CIIPUSIOTH
e(CKTHBHIIIII afanTailii aBTOHOMHHX CHUCTEM.

3anpornoHoBaHa MOJENb, 3aCHOBaHA Ha aJrOpHT-
Max HaBYaHHS 3 MAKPIIUICHHSIM, J03BOJIMIIA ITPOAEMOH-
CTpYBaTH, SIK areHTH 3/1aTHI HABYATHCS yXWISATHCS Bij
MIEPEIIKO]] 1 TOCATaTH PEeCypciB, OTPUMYIOYH MaKCHMa-
JIFHI BUHATOPO/HW. 3MiHa CKJIaTHOCTI CepeJOBHIIA B pea-
JFHOMY 4Yaci CTBOPIOE YMOBH UIA ()OPMYBaHHS IMTOBEIi-
HKH, sIKa HE JIMIE OpPIEHTOBaHA HA BHIXKMBaHHS, ajie i
crpusie J0BrOCTPOKOBOMY IMOKPAICHHIO aJanTHBHUX
CTpaTerii.

e BigKpuBa€e NepCreKTHBH AJIsl BUKOPHCTAHHS Ta-
KHX Mojesiel y poOOTOTexHilli, 30KpeMa Jjsi aBTOHOM-
HUX TPAHCIIOPTHUX CHCTEM 1 pOOOTIB-JOCIIAHUKIB.

[IpakTryHa 3HAYYIIICTH JOCHIIKEHHS MOJATaE y
BIIPOBAPKEHHI 0araTopiBHEBUX €KOCHCTEM y HaBYallbHI
NPOLIECH ABTOHOMHHX CHCTEM, IO IO3BOJISE ITiABULIUTH
X CTIMKICTP Ta e(h)eKTUBHICTD Y TUHAMIYHHAX YMOBax. Ta-
KW MAX1D MOXe Oy TH KOPUCHHM I CTBOPEHHS CHCTEM
LITYYHOT'O iHTEJIEKTY, 3MaTHUX aIalTyBaTHUCS O CKJal-
HUX 1 HemepeaOadyBaHWX CEPEIOBHIN, IO AKTYaIbHO
IUIsL IPOMHUCIIOBUX, HAYKOBHX Ta COLIAIbHUX 3aBIaHb.
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Multilevel ecosystems for adaptive agents:
from modelling to practical applications

M. O. Zachepylo

Abstract. The article considers the development of multilevel ecosystems that provide training for autonomous systems
in complex and changing conditions. The main goal of the research is to create environments with different levels of complexity,
which allows autonomous agents to adapt to dynamic scenarios, overcome obstacles and effectively use resources. This approach
is aimed at improving training methods that can be used to prepare artificial intelligence systems for work in real conditions. The
work focuses on modelling multilevel ecosystems that include static and dynamic obstacles, competitive interactions between
agents and limited resources. For this purpose, the use of reinforcement learning algorithms is proposed, which allow agents to
optimize their behavioural strategies in a constantly changing environment. The developed models contribute to a better under-
standing of how agents can adapt to complex conditions and what factors affect the effectiveness of their behaviour. Special atten-
tion is paid to the analysis of the possibilities of practical application of such approaches in robotics. In particular, multi-level
ecosystem models can be used to train autonomous robots operating in complex environments, for example, during rescue opera-
tions, exploration of unexplored territories or performing tasks in urban conditions. These models allow creating more adaptive
and reliable autonomous systems that are able to effectively respond to changing environmental factors. The results of the study
show that multi-level ecosystems are an effective tool for preparing autonomous systems for operation in real conditions. The
proposed approaches not only contribute to increasing the adaptability and efficiency of agents, but also open up new opportunities
for their application in various industries, including industry, logistics and scientific research. The use of multi-level environments
provides autonomous systems with an advantage in complex and unpredictable conditions, which is an urgent task of modern
science and technology.

Keywords: adaptive agent, multi-level ecosystem, reinforcement learning.
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XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

METAEBPUCTHYHI METOJY BUPILLIEHHS 3A AUl
I'IBUOTUHHOI'O PO3KPOIO

AHoTaunisi. AKkTyajbHicTb. ONTHMI3aIlSA PO3KPOIO JHCTOBUX MaTepiaiiB € BaXKJIMBOIO 33Ja4Yei0 B IMIPOMHUCIOBOCTI, 110
JI03BOJISIE€ MIHIMI3yBaTu BiXOAH Ta 3MEHIIUTH BUTPATH Y BUPOOHUNTBI. Y Iiif poOOTI pO3TISIAIOTHECS METOAU BUPILICHHS
3a7a4i TIBHOTHHHOTO PO3KPOI0, BKIIOYAIOUH PiBHEBI anropuTMH (3okpema, Best Fit Decreasing), reHeTU4HI anropuTMH Ta
aITOPUTM MYpaIinHOi KoJoHii. MeToI0 1aHoi podoTH € IoCHiIKeHHs e(EeKTUBHOCTI €BPUCTUYHHUX Ta METACBPUCTHUHHX
MIXOMIB MO 3amadi PO3KPOIO Ta MOPIBHSIHHS X 3a KPHUTEPIsIMH MIBUAKONII Ta KoedilieHTa BHKOPHUCTAHHA Marepiaiy.
06’exTOM J0CTITKEHHS € TIPOIECH MTOOYIO0BU PO3KPOIO JIMCTOBHX MaTepialliB Ha MPSIMOKYTHI YaCTHHH 3 MiHIMI3aIli€lo Bi-
nxoxis. [IpenMeToM gocaiaKeHHSI € METAeBPUCTUYHI aJTOPUTMU IS BUPILIEHHS 33124 TUIBHOTHHHOTO PO3KPOIO JIHCTO-
BOro MaTepiany. PesyabraTn. Y naHiif poGOTi po3risaaloTECst 0COOIMBOCTI 3aCTOCYBAaHHS €BPUCTUYHHX Ta METaEeBPUCTHY-
HUX TiAXOMIB Ul BUPIIIEHHS 3aa4i pO3KPOIO JTHCTOBOTO MaTepiainy. [IpencraBieHi pe3yabTaTH eKCIIEpUMEHTAIBHAX JOC-
JIiKEeHB, 10 AEMOHCTPYIOTh IIEPEBAry Ta HEAOIIKH KOJKHOTO 3 3aIIPOIIOHOBAHMX MMiAXOMIB IS PillIeHHS TOCTABICHOT 3a1a4i.
BucnoBok. Haii6inpmry mBuakoaito 3ade3nedye 3anporoHOBaHIi METOI Ha 0cHOBI anroputMy Best Fit Decreasing (BFD),
MPOTE HAWBHUIILy TOYHICTh JEMOHCTPYE MiJIXiJ] HA OCHOBI MypaIIMHOTO AITOPUTMY .

Kaw4yoBi cioBa: 3a1ada rinkiiOTHHHOTO PO3KPOIO, KOE(IlliEHT BUKOPUCTAHHS MaTepially, TeHeTUYHUI alrOpUTM, My-

pALIMHUH aNrOPUTM, PIBHEBI alTOPUTMH, EBPUCTHKA, METACBPHCTHKA, CETICKIiA, KPOCOBEP, MyTaIlist

Beryn

I3 po3BHTKOM TEXHOIOTIH 1 3pOCTaHHIM MOTPEO Y
panioHaIbHOMY BHKOPHCTaHHI peCypcCiB, 3aBJaHHS OII-
TUMIi3aIil po3KpOI0 MaTepiaiB HabyIO 0COOIMBOTO 3HA-
YEeHHsI y TaKUX Taly3sX, SK OyAiBHUITBO, JepeBOOOpO-
OKa, MEeTayprisi Ta TEKCTHIbHA IIPOMHCIIOBICTh. 3a/1a4a
T'IbIHOTHHHOTO PO3KPOI0 CHPsSMOBaHa Ha MiHiMi3allilo
BIZIXOJIIB NPH PO3pi3aHHI BENMKHUX apKyIIiB MaTepiaiiB
Ha MEHIII YaCTHHH 33J]aHOTO PO3MIpYy.

3agaya NPSIMOKYTHOTO PO3KPOIO HAJEXKHTh JI0
kiacy NP-ckragHux 3aBnaHb KOMOIHATOPHOI onTHMi3a-
1ii, M0 yCKIJIAJHIOE ii BUPIMIEHHS TP 301IBIICHH] Killb-
KOCTI €JIEMEHTIB 1 MOXKIIUBUX BapiaHTiB pO3Kporo. Buko-
pUCTaHHS TOYHHX METOJIB, TAaKUX SIK MOBHUH mepeodip,
HEMOJKJIMBE Yepe3 eKCIIOHEHIIHHE 3pOCTaHHS 00UNCIIIO-
BaJIbHOI CKJIQIHOCTI, TOMY aKTyaJIbHUM € BUKOPUCTAHHS
€BPUCTUYHHX 1 METAeBPUCTUYHUX ITIJIXOJIB, 5IKi JO3BO-
JISIFOTh 3HAXOUTH HAOJIMKEH] JI0 ONTUMANBHHUX PillIEHHS
3a npuitHATHUI gac [1].

J1o MoMmMpEeHUX eBPUCTUUHUX METOJIB BUPILICHHS
3aj1a4i po3KpoIo BiHOCATHCs piBHeBi ainroputmu (First
Fit, Next Fit, Best Fit), BUKOprCTaHHS SKUX € AOIITEHIM
JUISL BUTIAJIKIB 3 0OME)XEHHUM YHCIIOM BapiaHTiB PO3KPOIO.
VY mocnipkeHHi [2] po3risialoThes piBHEBI kamaiOHi ai-
TOPUTMH ISl TBOBUMIPHOT yIIaKOBKH, BKIJIFOUAIOUH CTpa-
terii NFDH, FFDH i BFDH, sixi po3milyoTh el1eMeHTH
psnamu (piBHAMM) Y KOHTelHepi. Takoxx aHami3yeThes iX
e(eKTHBHICTh, CKJIAIHICTF Ta HAWTIpII BUIAIKH DPO-
6otu. [IpoananizoBaHi piBHEBI MiAX0IN MOKA3aJld CBOIO
JONUTBHICTE Y 3a7]a9ax IBOBUMIPHOTO TTaKyBaHHS, 0C00-
JIMBO ISl IIBUJIKOTO OTPHUMAHHS HAOJIMKEHHX DIilleHb.
OpHaK BUKOPHUCTaHHSA Xali0HOI eBPUCTHKH Y IUX aJIro-
pHUTMax MO>Ke MPU3BOJHUTH 10 Hee(PEKTUBHOTO BUKOPHC-
TaHHS MPOCTOPY, a HaWKpaIlli pe3yJbTaTH J0CATAIOThCS
IIpH TIOE€THAHHI PIBHEBUX METOIIB i3 JBO(A30BUMH UM
METaeBPUCTUYHUMH Tiaxoaamu [2].

I'eHeTnuHi anropuT™My, K NPEICTaBHUKH E€BOJIIO-
LIIfHUX METO.IB, JO3BOJSIOTH €(EKTUBHO BHPIIIYBaTH

3aj1a4l PO3KPOIO IIUISIXOM ITEpPaTUBHOTO MMOKPAILEHHS pi-
eHb. BOHM IMITYIOTh IPUPOIHUIA TPOLIEC EBOIOLIT, BH-
KOPHCTOBYIOUM MEXaHI3MH BiIOOpY, CXpeIlyBaHHS Ta
MyTallii A OopMyBaHHS HOBHX IOKOJIIHb BapiaHTIB pi-
uieHb [3]. V [4] npornoHyeThCsi TeHETHYHHUI alrOpUTM
JUI BHUPIIIEHHS SK OPi€HTOBAHOTO, TaK i HEOPI€HTOBA-
HOTO BUITAKIB 3aBJaHHS IIPIMOKYTHOI YIIAKOBKH. 3a3Ha-
YaeThes MPOOIIEMa HaNAIITYBaHHS TapaMeTpiB TeHEeTHY-
HOT'O QJITOPUTMY, TAKHX SIK PO3MIp HOIYJISLIT, KMOBIpHO-
CTi KpOCOBEpY Ta MyTallil, 1110 3HAYHO BIUIMBAIOTh HA pe-
3yJITATUBHICTH aJIropuT™my [5, 6].

[TepcrieKTHBHUM IT11X0JJOM € BUKOPHCTAHHS JITOPH-
™™y MypamuHoi kosoHii (ACO, Ant Colony Optimiza-
tion), o Mozeoe NoBeaiHKY Mypax y npupoi. Lleit an-
TOPUTM BUKOPUCTOBYE (DEPOMOHOBI MITKH JJIsl MOIIYKY
ONTHMANBHUX PIMICHb 1 JEMOHCTPYE BHUCOKY C(EKTHB-
HICTh y BHPIIICHHI 33/1a4 PO3KPOIO 3 BEIMKOIO KiJTBbKICTIO
BapianTiB [7]. EpexruBHicts ACO 3a51e:KuTh BiJ Hajall-
TyBaHb LIBUAKOCTI BUNAPOBYBaHHS (DEPOMOHY Ta IHIIHX
nouaTkoBux yMoB [8]. ¥V crarti [9] po3rnsinaeTsest 3aiaua
TJIBHOTHHHOTO PO3KPOIO NPSIMOKYTHHX 3aroTOBOK, 3a-
NPOINOHOBAHO Ii/IXiZl HA OCHOBI AJITOPUTMY MYpAIIHHOT
KOJIOHI1 Ta MPOBEJCHO YUCENbHI EKCIIEPUMEHTH JIJIS OITi-
HKM Horo edeKkTHBHOCTI. PO3TIsIHYTHMH miaxin mokasas
CBOIO JIOIJIBHICTh Y BHUIAAKAX PO3KPOO 3MilTaHUX, Ma-
JMX Ta JOBI'HX MPAMOKYTHHKIB, 3a0€3medyroun Koediri-
€HT BUKOpHUCTaHHS Matepiany 1mo 95,8%. Boanodac aB-
TOpU 3a3Ha4yaloTh, IO €(PEKTUBHICTh AITOPUTMY 3ajle-
KHTH BiJ] BHOOpPY MapaMeTpiB i crienuGiky BXiJHUX a-
HUX, [0 MOXXE BHMaraTd J0JaTKOBOTO HaJIAIITyBaHHS
JUTSL IHINUX KJIaciB 3a/1ad.

MeTto10 po6oTH € aHani3 eeKTUBHOCTI BUKOPHC-
TaHHS eBPUCTUYHHUX Ta METAEBPUCTHYHUX IMIAXOMIB JIJIs
BHpIIICHHS 3a/a4i TUTLHOTMHHOTO PO3Kporo. Peaiizo-
BAHO MiJIXOJX Ha OCHOBI PIBHEBUX Ta T€HETUYHUX aJITO-
PHUTMIB Ta METO/Iy MypPaIINHOI KOJIOHIi. YBara npuineHa
JOCITIPKEHHIO TAKUX KPUTEPiiB e(DEKTHBHOCTI SIK IIBHI-
KiCTh BUKOHAHHS, KOSQIIli€HT BUKOPUCTAHHS MaTepiany
1 KUIBKICTh BUKOPHUCTAHHUX apKYIIiB.

© Isamenko I'. C., Kononenko A. 1., Tumorenko /1. O., 2025
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ITocTanoBKka 3agaui

3amada TUTBHOTHHHOTO PO3KPOI0 (POPMYITIOETHCS
HACTYITHIM YMHOM: JIaHO NPSIMOKYTHHH JTUCT MaTepiary
po3mipom W X H (mmpuHa Ta BUCOTA BiAMOBIIHO), SIKUH
moTpiOHO po3pi3aT Ha MEHII MPAMOKYTHI YaCTHHH i3
3amaHuMHU po3MmipamMu w; X h; mna i = 1,2, ..., N [10].
PosrnanaeTsest BapiaHT 3aBAAaHHS 3 OPTOTOHAIBHUM PO3-
KPHEM, Yepe3 IO AOITYCKAETHCS OBOPOT AETaTICH Ha KyT
90 TpamyciB, IpUYOMY AETaTi PO3MIIIYIOTHCS IIapaje-
JIBHO JI0 Oceii koopauHaT. HeoOxi1HO 3HAWTH Takuii crio-
ci0 pO3KpOI0, KU MiHIMI3Y€E BIIXOAH 3 KOXKHOTO JIUCTA
Ta NPU SKOMY BUKOPUCTAHO MiHIMaNbHY KUIBKICTB JIHC-
TiB MaTepiamry M. V sKOCTi KpuUTepito onTuMi3arii BUKO-
PHUCTOBY€TbCS KOE(IliEHT BUKOPUCTAHHS Marepiary
(KBM) abo xoediuieHnt poskporo [11]. Ockinbku BU-
TpaTu MaTepianmy HeoOXiTHO MiHIMi3yBaTH, BiATIOBITHO
KBM HeoO0XiTHO MaKCHMIi3yBaTH.
HinpoBa Qynkis (1) BUTIsA1a€ HACTYITHIM YHHOM:
ELwixh) 0
MXWxH

OOMexeHHs 3a/1a4i BKIIFOYaIOTh:

0< xi+Wl' < W,O < yi+hi < H,Vi, (2)
(xi+Wl' < x]) \ (x]+W] < xi) \ (yl+hl < y]) \Y
yjt+h <y),Vi#], (3)
Maw{ Xxh)) <M xW x H, (4)
, _ (wpakmo r; = 0,
Wi = {hi,HKUlO =1, ®)
, _ (hi,axkmo r; =0,
hi = {Wi,ﬂKU-lo =1 ©

e X;, Y; — KOOPIMHATH JIIBOrO BEPXHBOTO KyTa i-ro eje-
menra Ha apkymi (i = 1,2, ..., N), r; € {0, 1} o3Haka no-
BOPOTY 1-TO eJIeMEHTa.

Oomexenns mozeni (2) 3abe3neuye, 11100 BCi ene-
MEHTH OyJM pO3MillleHI B MeXaX BHKOPHUCTaHOTO ap-
Kymia. YMoBa (3) BCTaHOBITIOE, 10 €JIEMEHTH HE ITOBUHHI
mepeKkpuBaTucs. 3rigHo 3 (4), CyMapHa ITUIOIIA IIEMEHTIB
He MTOBHHHA MIEPEBUIIYBAaTH ILIONTY apKymIiB. Bupasu (5)
Ta (6) BU3HAYAIOTH MOXKIIUBICTH IOBOPOTY €JICMCHTIB.

Ilixxoau 10 BUpillIEeHHsI HA OCHOBi eBPUCTUYHHX
Ta METAeBPUCTUYHUX METOAIB

EBpucTHYHI MeTOIM BUPIIICHHS 3a/1a4i TIEHOTHH-
HOT'O PO3KPOIO CIIUPAIOTHCS Ha CIIPOILECHI TPaBUIIA T EM-
MipUYHI TiIX0/IH, 3aCHOBaHI Ha TIONEPEIHHOMY JOCBIIi.
BoHu [103BOJNSIOTH 3HAXOMUTH TPHUHHSATHI PIICHHS 3a
JIOTIOMOTOI0 3arallbHUX €BPHUCTUK, Takux sk First Fit,
Next Fit, Best Fit, Worst Fit, Smallest Piece Method
Tomio [2].

MeTaeBpHCTHYHI METON BUKOPUCTOBYIOTH €BPHC-
TUKY B ITO€JHAHHI 3 MOLIYKOBUMH alITOPUTMAMH JJIs 10~
CSATHEHHS ONITUMAIILHOTO YU HAOIMKEHO ONTHMAIIbHOTO
pimenHs. BoHM NpaIlioloTh y iTEPaTHBHOMY PEXHMI, 1€
Ha KOXHIiH iTepanii BinOyBaeThCs MOMIMIICHHS MOTOY-
HOTO pilIeHHs. MeTaeBpUCTHYHI METOIH JUIsl 33/1a4i po-
3KpOI0 MOXYThb BKJIIOYaTH TEHETHYHI aJrOPUTMHU
(genetic algorithms), Mmypamuni anropurmu (ant colony
algorithms), cumymsuito Bianany (simulated annealing)
Ta 1HIII.

VY po0oTi 3ampoOnOHOBaHO METOJM HA OCHOBI Haii-
MOLIMPEHIIINX €eBPUCTUYHHUX TA METa-€BPUCTUYHUX all-
TOPUTMIB JJIsl BUDILIEHHS 3a7adi PO3KPOIO: PiBHEBUI
(Best Fit), renernunnii (Genetic Algorithms) ta mypa-
mmHuid (Ant Colony Optimization — ACO) anroputmu.

3a OCHOBY pIBHEBHX aJTOPUTMIB INPHAMAETHCS
MIPUHIMI MOCTIJOBHOTO YKJIQJIAHHS €JIEMEHTIB y IPSIMO-
KyTHY 00JIacTh, pO3TaIIoBaHy B Mexxax jucrta [12]. Pea-
Ji3aIis TaKoro anropuTMy mnepeabadae KilnbKa eTamiB.
CrioyaTKy IeTaii COPTYIOTHCS 3a IUIOUICI0 y TOPSAKY
CHaJaHHs, IO JO03BOJISE CIIOYATKY PO3MIIIyBaTH HaHOi-
nbini eneMeHTH. Jlani BigOyBaeThCs MOCIHIJOBHE pO3Mi-
LICHHS JeTaJled Ha HasgBHUX apKymax. i KOKHOI ze-
Tajl NepeBipsAIOTHCS BCi JOCTYNHI MoO3uIii, 1 BUOMpa-
€THCS HalKpalla 3 TOYKH 30py MiHiMi3alil 3aJIMIIKOBOTO
npoctopy. Takox BpaXxOBY€eTbCs MOKIIMBICTH IOBOPOTY
Jeraneil. SIKoO Jetans He MOMILAEThCS y CTaHIApT-
HOMY TIOJIOKEHHI, BOHA 00epTaeThes Ha 90 rpamyciB i mo-
BTOPHO TIEPEBIPSETHCS MOIIMBICTB ii PO3MIIICHHA. Y
BUMAJKY, SKIIO KOJHA 3 HASIBHUX IO3HIIH HE MiAXOINUTh,
CTBOPIOETHCS] HOBUH apKyIll INCTOBOTO MaTepiaiy.

OmnmcaHuii miAXix CIpAMOBAHO HAa OTITUMI3AIIiF0 BU-
KOPHMCTaHHS IIPOCTOPY Ha apKylli, MaKCUMaJIbHO 3aIl0B-
HIOIOUM KOXXHY 00JIacTh Tepeja CTBOPEHHSIM HOBOi. Ta-
KUM YMHOM, EJIEMEHTH YKJIaJaloThCsl Ha JIUCTI B Mipy iX
HaJXOJUKEHHsI, CIIOYaTKy pO3MIilllylouH OuIblIi egeMe-
HTH, a MOTIM 3alOBHIOIOYHU MPOCTIp, IO 3aJHIIHBCS,
MEHIIMMHU ejeMeHTamu [13].

Ilenermunmii anmroput™ ([A) — me maremaTwdHa
MOJIENb €BOIIONIT MOMYJIAMil ITYYHUX OCOOMH. Y KOH-
TEKCTi 3aBAAaHHs PO3KPOIO, OCOOMHOIO BBAXKAETHCS Bapi-
aHT PO3TAIlyBaHHs AeTalled Ha JIMCTI, IO 33J0BOJIBHSE
yMOBaM 3a/1a4i. XpoOMOCOMa, SIKa OIIMCY€ OCOONHY, € KO-
JIOBaHUM CIOCOOOM PO3MONTY O0'€KTiB Ha TUIOIIHHI.
KosxeH reH y XpoMOcOoMi MpeZCcTaBIisie MOJI0KEHHsT abo
OpieHTAIiI0 NIPSMOKYTHHKIB Ha IuIo1uHI. KOHKpeTHi ko-
OpAMHATH PO3MIIIECHHS MNPEIMETIB Ha JIUCTI MOXHA
OTpUMAaTH, PO3MICTUBIIH JIETaNi B OPSAKY iX epepaxy-
BaHHsI B XpOMOCOMI 3a MpaBujaMu ACKOAyBaHHs [ 14].

Y 3anponoHOBaHOMY AaJTOPUTMI 3aCTOCOBYETHCS
METO/] pO3MIIIeHHs 00’ €KTIB 3 IEPEBiPKOIO HA TICPETHHH,
110 nepe1oavae MoCTyIOBE J01aBaHHs 00'€KTIB y MexXax
JIOIYCTHMOTO TIPOCTOpY. Y pa3i BUABJICHHS HaKJIaJAaHHS
peai3yeTbes Mpoleaypa KOPUIyBaHHS TOJIOXKEHHs a00
opieHTAIli1 00'€KTa, BKIFOUAIOYH MOYKIIHBICTH HOTO MOBO-
poty Ha 90 TpagyciB 3 METOIO ONTHUMI3allii 3aIIOBHEHHS
TUTOIII.

Po6oTa migxoay Ha OCHOBI T€HETHYHOTO alTOPH-
TMY [OYMHAETHCS 31 CTBOPEHHS MOYATKOBOT MOMYJIALIT, Y
AKIf KO’KHA OCOOMHA T€HEePY€ETHCS BUITAJKOBUM YHHOM.
Jetami po3MiIIyIOThCS Ha JUCTI Y BUIAAKOBOMY IIO-
PSZKY 3 BHIIQJIKOBO OOpaHOIO Opi€HTAL€r0, 1 I KOX-
HOTO pPilIeHHS OOYMCIIOETHCS (YHKIIS MPHCTOCOBAHO-
CTi, sIKa BU3HAya€ €EKTUBHICTh BUKOPUCTAHHS IUIOLII.
@DyHKIis TPHUCTOCOBAHOCTI OOUUCIIOETHCS K 3BOPOTHE
3HAYEHHS 10 IUIOMI, SIKy 3aiiMaloTh €JIEMEHTH Ha ap-
Kyi. Yum Oinbie 3HaueHHS (YHKIIT IPUCTOCOBAHOCTI,
TUM e(DEeKTUBHIIINM € PO3KPIiHi.

HactynanuMm etamom € BinOip 6aTbKiBCBKHX OCOOMH
JUTSI CTBOPEHHS HOBOT'O IMIOKOJTiHHSL. Bif0ip 3MiHCHIOETBCS
3a JIOTIOMOTO0 TYPHIPHOTO METOAY, IPH SKOMY BHIaJ-
KOBO 0OHMPAIOThCS JeKiTbKa 0COOWH, 1 3 HUX BUOUPAETHCS
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HalOUIBII IpUcTOCOBaHA. TakMM YMHOM, Kpallli pillIeHHs
MaroTh OLIbIIE IIAHCIB HA PO3MHOKEHHSI.

[Micns BimOopy BinOyBaeThcs oOmeEpalist CXperry-
BaHHS, /e JIBi 0AaTHKIBChKI XPOMOCOMH KOMOIHYIOThCS,
YTBOPIOIOYM JBI HOBI 0coOMHHU. BukopucToByeThes 01-
HOTOYKOBHH KpPOCOBEP, L0 JO3BOJISIE CTBOPIOBATH HAIIla-
JIKiB 13 BIACTUBOCTSAMHU 000X OaTHKIiB IIJISIXOM IOALTY iX
XpOMOCOM Y BHIIAJIKOBOMY MICIIi Ta OOMIHOM BigHOBiJI-
HUX TEHiB.

Ha erami myTarii mpoBOANTHCS BHIIAJAKOBA 3MiHA
TeHiB OCOOMH-HAIAKIB, IO CIIpHsie 30epekeHHI0 TeHe-
TUYHOTO PI3HOMAHITTS MomyJsinii. MyTarlist Moxe BKITIO-
YaTd 3MiHy KOOpJIMHAT PO3TallyBaHHS JETaseH, 3MiHY
opieHTanii a0o 0oOMiH MicusMH J1BOX eleMeHTiB. Llei
MIPOLIEC JIOTIOMArae yHUKHYTH JIOKQIbHUX ONTHMYMIB Ta
MOKPALIHUTH KiHIEBE PillICHHS.

Ly BigOopy, CXpelryBaHHs Ta MyTallii TOBTOPIO-
€ThCS IPOTATOM 3a/IaHOT KITBKOCTI iTepariif a0o oKH He
Oyze DOCSATHYTO iHIIMIA KPUTEPii 3yITHHKH.

AJNTOPUTM MYpamImHOI KOJOHIi iMITye MOBEIIHKY
Mypax, sKi 3aJIMIIAI0Th (PEPOMOHOBI CIIIN TIPH TIOIIYKY
[UIAXY BiJl MypanIHHUKa 10 JpKepena Dki. Y 3amadi po3k-
POIO TIpY BUKOPHCTAHHI IiJXOLy Ha OCHOBI aJrOPUTMY
MypAIIMHOI KOJIOHIT KOXKEH areHT (Mypaxa) MOCTYIIOBO
po3Mmilye neTaai Ha apKyiii, OOUpardu HACTYIHY Jie-
TaJIb Ha OCHOBI IMOBipHOCTI [15], sika BU3HAYAETHCS pi-
BHEM (DEpPOMOHHOTO CIIiy Ta €BPUCTUYHOIO OL[IHKOIO

a B
P =ty ()
ZJ Tj 77]'
Jie T; — IHTCHCUBHICTDb ()EPOMOHHOTO CIIiY, 1); — EBPHC-
THUYHA OIliHKa (0OepHeHa N0 IuIowll 3ajHuIIKiB), aif —
BaroBi Koe(imieHTH.

[Micns koXHOT iTepamii OHOBIIOETHCS PiBeHB (epo-
MOHIB (HalKpamli po3MileHHS ITiICHITIOITE CBOI (hepo-
MOHOBI CJIiJTH, TOA1 K MEHII €(PEKTHBHI IIUIIXH PO3KPOIO
MOCTYIOBO 3HUKAIOTh, IO JIO3BOJISIE aJITOPUTMY JOCITi-
JDKYyBAaTH HOBI BapiaHTH PO3KPOIO):

1, =0-p)t; +Ar;, (8)

Je T; — Koe(illieHT BUNAapOBYBaHHs, AT; — BHECOK HOBHX
pitrens y pepomonnmii ciin. 3aBasaku mpomy ACO moc-
TYNOBO 3HAXOAMTD PIllICHHS 3 MiHIMAJIEHUMH BTpaTaMH
MaTepiaiy.

OnwucaHuil mporec MOBTOPIOETHCS, JIOKU HE Oyne
JOCSITHYTO MaKCUMaJIbHOI KIIBKOCTI iTepartii.

Takum ynaoM, ACO anropuT™ MypamImHOi KOJIOHIT
y 3a/1a4i pO3KPOI0 e(hCKTUBHO MOJICITIOE KOJICKTUBHY 1H-
TENEeKTyallbHy MOBEIIHKY Mypax Jjsd 3HaXOJ/DKEHHS Ol-
THMaJIBHOTO PO3KPOIO MaTtepiany.

Pe3yabTaTu ekcriepuMeHTAJIBHUX A0CTIIKEHb

Jlns mpoBeseHHs eKCIEepUMEHTIB Oy BHKOpHC-
TaHi Habopw, 10 CKIaaawThes 3 5, 10, 20, Ta 40 geranei.
HanamryBaHHS T€HETHYHOTO ajiroputMmy Oyio 3mikc-
HECHE HACTYITHUM YHHOM:

e I TeHepamii MOYaTKOBOI MOITYJAMii 0COOWH
BUKOPHCTAHO BHIAJKOBE PO3MILICHHS NPSIMOKYTHHX
OJIOKiB Ha JIUCTIi 3 ypaxyBaHHAM OOMEXEHb Ha TIEPETHHH.
Homynsmist mictuts 3000 ocobuH;

e yMOBa 3ynmuHKHU — AocsarHeHHS 3000 MOKOIiHb;

e Ul CXpELIyBaHHS OCOOHMH 3aCTOCOBYETHCS OfI-
HOTOYKOBHH KpocoBep. Touka po3pizy oOHpaeThcst Buma-
JIKOBO B MEXaxX JIOBXHHH PO3MILICHHS OJIOKIB;

e BHOIp 0aTbKIBCBKHX OCOOMH 3IIHCHIOETHCS
IIIIXOM TypHIPHOTO BiIOOpY 3 2 yYaCHUKaMH;

e BHKOPHCTOBYIOTHCSI TPHM THITM MYyTallii: iHBep-
CHa, BUIIaJKOBA 3MiHa KOOpPIUHAT OJOKY Ta 0OMiH Opi€H-
Tanii 6moky. MMOBIpHOCTI 3aCTOCYBaHHS KOKHOTO THITY
myTanii cranoBnATh 0.33, 0.33 ta 0. 34 BimnoBigHO.

Jlis mocmipKeHHST MypPaInHOTO alnropuTMy, Oyiu
BCTAaHOBJICHI TaKi IIOYAaTKOBI YMOBH €KCIIEPHMEHTY:

e KINBKICTH areHTiB (Mypax) ctaHoBuThH 500,
mo 3abe3rnedye BHCOKY BapiaTMBHICTB y MOLIYKY pi-
HICHHS;

e yMoOBa 3ynuHKU — fAocsraenHs 1000 iteparriii;

e KoedillieHT BUIIApOBYBaHHS ()epOMOHY BCTAHO-
BiieHuil Ha piBHi 0.5, 110 3a0e3neuye MOCTYIIOBE 3MEH-
LIEHHS BIUIMBY ()€POMOHHOTO CJIiY, CHPUSIOYH MTOLTYKY
HOBHIX BapiaHTIB PO3MIIICHHS;

e TapaMeTpH o Ta [3 MaroTh 3HaueHHs | Ta 2 Bin-
MOBITHO, MO HAJANITOBYE aTOPUTM Ha OalaHC MiX
BIUTHBOM (PEPOMOHY 1 €BPUCTHYHOIO iH(POPMAIIIEIO TIPO
po3MipH OIIOKIB.

B Tabn. 1 HaBesieHi oTpuMaHi pe3yJbTaTd JOCIHi-
JOKEHHS €(DEKTHBHOCTI MIIXO/1IB 32 KPUTEPISIMU Yacy BHU-
KOHAaHHS Ta Koe(illieHTa BHUKOPUCTAHHS Marepiany
(KBM).

Tabauys 1 — EdpekTHBHICTH pOOOTH MiAX0AiB HA OCHOBi PiBHEBOIr0, FTEHETHYHOI0 TA MYPAIIMHOI0 AJITOPUTMIB

. Kpurepii ede- KinbkicTs neraneit
3acTocoBaHi aIrOpUTMH CTHBHOCTI
10 20 40
Best Fit Yac, mMc 54.50 46.90 98.90 115.70
KBM, % 53.85 53.92 63.71 72.38
Jluctu, mwr 1 1 1
T'enetnunnit anroputm Yac, mc 1383.60 2809.30 7363.60 34510
KBM, % 56.26 43.28 28.88 24.96
Jluctu, mwr 1 3 4
MypauivHuii anropuTm Yac, mMc 1247.0 64736.60 475345.10 1260009.03
KBM, % 82.07 70.51 71.18 73.20
Jluctu, it 1 1 1
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Ha puc. 1 naBeneno rpadiuHe MOpiBHSHHS
Yyacy BUKOHaHHS, a Ha puc. 2 — 3anexHictb KBM Bin
KUTBKOCTI JIeTaliecH y 3a/1a4i.

Crpareris, 10 BUKOPUCTOBYE PIBHEBHUH ajro-
putM (Best Fit) nemoHcTpye HaliMeHIINIA Yac BUKO-
HaHHA (pHc. 1), 10 CBIAYUTE PO HOTO BUCOKY IIBH-
TIKOJIIIO.

Leit MmeTon miAXOOUTH AJIS BHIIAJKIB, A€ Tep-
IIOYEProBEe 3HAYCHHS Ma€ MIBHIAKICTH OTPUMAaHHS
piIIeHs.

Hanpuknan, npu 5 geransix Best Fit mparroe 3a
54.50 mc, a pu 40 geransax —3a 115.70 mc, o 3Ha-

YHO IIBUJIIIE MOPIBHSAHO 3 MiJIX0/JaM1 Ha OCHOBI Me-
TaeBPUCTHYHHUX AITOPUTMIB.

Merton, mo 6a3yeTbcsi Ha TEHETHYHOMY aJIro-
putMi noTpedye 3Ha4YHO OLIBIII BUTPATH Yacy 4epes
CKJIA[THICTh OOYHMCIIIOBAJbHUX OIEpalliii, MOB's3a-

HUX 13 IIPOIIECOM €BOJIIOLIHHOTO mouryky. Yac Bu-
KOHaHHA 30utbmTyeThes Bin 1383.60 mMc st 5 mera-
neit 10 34510 mc s 40 aeraneii (puc. 1).

e obymoBneHO HEoOXimHicTIO OaraTopaso-
BOT0 TEHEPYBAaHHS HOBHX PIIIEHb Ta iXHHOTO OIIi-
HIOBaHHSI.

Pitenns, noOya0BaHe Ha OCHOBI MYPAITHHOTO
AITOPUTMY JEMOHCTpPYE Ille OUIbIIl BUTpATU yacy
(puc. 1), OCKIIbKH KOXEH areHT (Mypaxa) 00YHUCITIOE
MOXJIMBI IUISIXM PO3TalllyBaHHs JAETajlied, o MOT-
pebye BenMkoi KiNBKOCTI OOYMCIIOBANBHUX iTepa-
iit.

V Bunanky 3 40 netansiMu yac BUKOHAHHS J10-
csrae 1260009.03 mc, 1m0 3HAYHO 0OMEKY€E MOKITH-
BOCTI HOTO MPaKTUIHOTO 3aCTOCYBaHHS B PeabHUX
yMOBax.

Tl'onoBHUM KpUTEpiEM €PEKTHBHOCTI PO3KPOIO
e KBM, sikuii mokasye, sika 4acTKa IUIOIIi apKyIia
OyJia BUKOPUCTAHA IS PO3MIIICHHS eTaleH.

Uum Buie 3HaueHHss KBM, tum kpammii pe-
3ynbTat (puc. 2).

ITiaxin Ha ocHOBI anroputMy Best Fit mokasye
BiZITHOCHO HM3bKi 3HaueHHss KBM — Bix 53.85% no
72.38%, 110 CBIAYMTH MPO 3HAYHI 3AIMIIKK Marepiaiy
ITICJIS PO3KPOIO.

Ile oOymMOBIE€HO THM, IO aJTOPUTM HE 3/IHCHIOE
rio0ankHOI ONTHMI3alii, a JIWIIEe JOKAaJhbHO PO3MIIIYeE
JeTani B HalKpaIi JOCTYITHI 00acTi.

Crpareris i3 BUKOPUCTAHHSAM I'€HETHYHOTO alIropH-
TMY JAE€MOHCTPY€ 3MiHy €()eKTUBHOCTI B 3aJI€KHOCTI Bif
cknmagaHocTi 3ana4i. J{ns 5 neranedt Bin 3a6e3neuye KBM
56.26%, onnak nipu 40 neransx 3HaueHHss KBM nagae o
24.96%.

e cBiqunTh MpO 3HIKEHHS €(PeKTUBHOCTI IpH 30i-
JBIIEHH] pO3MIpy 3a/adi, o MoXke OyTH HaciiKoM 00-
ME)XEHOCTI MOKOJIiHb 200 MmoTpedu B onTUMi3alii mapa-
METPIB aNrOPUTMY.

Haiixpami pe3yabTaTH 3 TOYKH 30pY BUKOPHCTaHHS
Marepiany 3a0e3rnedye METOA Ha OCHOBI MYypaIIMHOTO
anropurMmy (puc. 2), nokasytoun KBM B mexax 73.20—
82.07%. Lle mosICHIOEThCS 3[ATHICTIO aJTOPUTMY aJiar-
THBHO 3MIHIOBaTH CTPATETil0 PO3MIMIEHHSA Ta 3MEHIIY-
BaTH HEBHKOPHUCTaHI MpocTopH. [IpoTe, BUCOKA 0O4mC-
JIFOBaJIbHA CKJIAAHICTD € 3HAYHUM OOMEKEHHIM TSI HOTO
MIPAaKTHYHOTO 3aCTOCYBAHHS.
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Puc. 1. [liarpama BuTpaT 9acy
TIpY 0OYNCIIEHHI PO3KPOIO 3 PI3HOIO KUIBKICTIO JeTanei
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Best Fit
B [eHEeTUYHUI aNropuUTMm

B MypallnHUI anropuTm

Puc. 2. liarpama 3nauens KBM y pesynbrari podotu
3aIPOIOHOBAHMX ITIIXO/IIB IIPU Pi3HOI KIJILKOCTI AeTaneil

3HauynmmM GakTopoM OIiHKH e(heKTUBHOCTI € Ta-
KO KUJIbKiCTh BUKOPHUCTAHUX JIUCTiB MaTepiany. Haii-
Kpaluid pe3yibTar 3a UM KPUTEPieEM NEMOHCTPYIOTh
migxoau Ha ocHOBI Best Fit i MypammmHanuTo anropuTmy,
SIKi JO3BOJISIIOTH PO3MICTHTH BCi JeTaii Ha OJIHOMY
JIUCTI.

leHeTHYHMIT aNTOPUTM y BUMAAKAX ITiIBHIEHOL
CKJIATHOCTI 3a/1a4i Ma€ HU3BKY €()eKTUBHICTH BUKOPHC-
TaHHs MaTepiany (tabm. 1).

BucnoBxku

VY poGoTi npoBeaeHO NMOPIBHAJIBHUIT aHAI3 eBpHC-
THYHOT'O METO/Ty Ha OCHOBI PiBHEBOTO aJITOPUTMY, Ta Me-
TaeBPUCTHYHUX MiAXOMIB 10 0a3yrOThCsl HA TE€HETHY-
HOMY aJITOPUTMY Ta METOIY MYypaIInHOi KOJIOHIi IS BU-
pimeHHs 3a7a4i TIBHOTHHHOTO po3Kporo. Ekcriepumen-
TaJIbHI Pe3yJIbTAaTH MOKA3aJIH, 1[0 PIBHEBI aJITOPUTMH Jie-
MOHCTPYIOTh HAaBHIIy IIBUAKOZIIO, TOJI SIK METaeBPHC-
THYHI aJITOPUTMH 320€311e9yI0Th e(eKTUBHINIE BUKOPHU-
CTaHHs Marepiaiy.

HaiiBumuii koedilieHT BUKOPUCTaHHS Marepiairy
JOCSITHYTO 32 JIOTIOMOTOIO ITi/IX0/ly Ha OCHOBI QJITOPUTMY
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MYpauIMHOi KOJIOHII, 10 CBIAYUTH NMPO HOro 3/1aTHICTH
3HAXOJMTH PIICHHS 3 MIHIMAJIbHUMH 3aJIHITKAMH MaTe-
piany.

BukopucTaHHS TEHSTHYHOTO alroOpuTMy 3abe3rie-
4Yy€e BUCOKI Pe3yJIbTaTH, ajic HOro e(h)eKTHBHICTh 3HUKY-
€ThCA 31 30UIBIICHHSIM CKJIAIHOCTI 3aa4i 4Yepe3 BHCOKY
00YHCITIOBANIBHY CKJIAHICTB.

Iomanpmi HampsMH AOCITIIKEHb MOXYTH BKITIO-
4aTu:

e Tri0OpUM3alilo PIBHEBHX Ta METaCBPHUCTHYHHX
METOJIIB JUTS TOCSTHCHHS KOMIIPOMICY MK IIBUIKOII€I0
Ta e()eKTHBHICTIO BUKOPHCTAHHS Marepiaiy;

e ONTUMI3aLil0 MapaMeTpiB MYpalIMHOTO aJro-
PUTMY 3 METOIO 3MEHIIICHHS Yacy 0OYMCIICHB;

e BUKOPHCTaHHS aAITUBHUX CTpATeTiil y mporeci
HaJIAIITYBaHHS TapaMeTpiB IiAXOAy Ha OCHOBI T€HETHU-
HOTO aJTOPUTMY IUIS MiABHIICHHS HOTO e(EeKTHBHOCTI
TIPY BEJIMKIH KUTBKOCTI €IEMEHTIB PO3KPOIO.
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Metaheuristic methods for solving the guillotine cutting stock problem
Heorhii lvashchenko, Anastasiia Kononenko, Daria Tymoshenko

Abstract. Topicality. The optimization of sheet material cutting is a critical task in the industry, enabling waste minimi-
zation and cost reduction in production. This article examines methods for solving the guillotine-cutting stock problem, including
level algorithms (specifically, Best Fit Decreasing), genetic algorithms, and the ant colony algorithm. The goal of this work is to
analyze the efficiency of heuristic and metaheuristic approaches to the cutting problem and compare them based on performance
speed and material utilization rate. The object of research is the process of cutting sheet materials into rectangular parts while
minimizing waste. The subject of research is the algorithms used to solve the guillotine-cutting stock problem. Results. This
paper explores the application of heuristic and metaheuristic approaches to solving the sheet material cutting problem. The results
of experimental research demonstrate the advantages and disadvantages of each proposed approach for solving the given problem.
Conclusions. The Best Fit Decreasing (BFD) algorithm-based method achieves the highest processing speed, whereas the ant
colony algorithm-based method demonstrates the highest accuracy.

Keywords: guillotine cutting stock problem, material utilization rate, genetic algorithm, ant colony algorithm, level algo-
rithms, heuristics, metaheuristics, selection, crossover, mutation.
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METOAUKO-IHCTPYMEHTAJIBHI 3ACOBUA ABTOMATHU30BAHOI'O AHAJII3Y

JAHUX PE3YJIBTATIB UX-JOCJIIKEHDb 3 BUKOPUCTAHHAM
CUCTEM HLITYYHOI'O IHTEJIEKTY

Anoranisi. CrarTs IpUCBSIeHa aBTOMAaTH30BaHOMY aHaJi3y pe3yJbTaTiB qociikeHsb B3aemoxnii (UX-mocmimkeHs) 3 BU-
KOPHCTaHHSM CHCTEM IITYYHOT'O IHTEJIEKTY, 30KpeMa HeHPOHHHX Mepex Ta eKCIepTHUX CHUCTeM. MeTolo ITOCIIDKeHHS €
PO3poOKa CHCTEMH METOANKO-1HCTPYMEHTAIBHIX 3ac00i1B JUTs aBTOMaTH3allil anani3zy nannx UX-IociipKkeHs MUIIXO0M iHTe-
rpanii TeXHOJIOTiH ITYyYHOTO HTENEKTy Ta eKCIIepTHUX cucTeM. [IpoBeeHo aHasl3 akTyaabHOCTI POOIeMH aBTOMAaTH3aIi{
00pOoOKH BETHMKUX OOCATIB PI3HOPIAHUX AHMX, L0 OTPHMAaHi B pe3yJbTaTi JOCIHiIKEHb B3a€MOIIl KOPUCTYBadiB 3 IHudpo-
BHUMH IIPOIYKTaMH. 3alpONOHOBAHO KJIACHU(IKAI[II0 METOMAIB JOCIIHKEHb B3a€EMO/Ii1 KOPUCTyBava Ta HU(PPOBUX MPOIYKTIB
3a TUIIaMH JaHHUX Ta MiAXix 10 BUOOPY BIAMOBIAHUX apXiTEKTyp Helpomepex A IX aHamizy. PO3risHyTO MOXIHBOCTI 3a-
CTOCYBaHHS PEKYPEHTHHX Ta 3TOPTKOBUX HEHPOHHMX MEPEX K NPHKIAJ A1l 0OpPOOKH TEKCTOBHX, ay[lio- Ta BilCONAHHX.
Taxo’x 3ampoIIOHOBaHO BHKOPHCTAHHS EKCIEPTHOI CHCTEMH IJISI aBTOMaTH30BaHOTO BHOOPY HeifpoMepexk, ONTUMAalbHUX
JUIS aHATi3y PI3HOTHITHHUX JaHUX. Po3po0ieHo Ta mpoTecToBaHO MPOOHY BEpCilo cUCTeMH 3 BUKOpUcTaHHsAM API mTygHoro
IHTEJNIeKTY, IO MiATBEPIKYE MOXKIMBICTH aBTOMAaTH30BaHO! 00pOOKH pi3HMX THIIB AaHuX UX-IOCIiKeHb 3a J0MOMOTO0
HeipoMepexk. OKpeceHO MEPCHEeKTUBU MOJANBIIOT0 PO3BUTKY CHCTEMH aHaNi3y HaHuX pe3ynbraTiB UX-mocnmiKeHsb,
BKJIIOYAI04N PO3poOKY MPOrpaMHOTo 3a0e3nedeHHs, PO3IHPEeHHs (YHKIIOHAIBHOCTI Ta aJalTallio Ul CyMDKHUX Tary3e.
PesynpraTti qocmimpkeHHS MArOTh IPaKTUYHE 3HAYCHHS JUTA MIBUIIECHHS e()EKTUBHOCTI aHAIi3y JaHUX Ta MOXKYTb OyTH BH-

KOPHUCTaHi JUI1 BIOCKOHAJICHHS IPOLIECY MPOEKTYBAHHS iHTEp(EiCiB.

Kaouogi croBa: UX-gociijkeHHs, aBTOMATH3allis, aHAJi3 JaHUX, HEHPOHHI Mepexi, eKCIIePTHI CHCTEMH.

ITocTanoBka nMpodiemMu

B cygacHOMY CBITi SIKiCTB JOCBiTy B3aEMOIII € KPH-
THUYHO BOXJIMBUM (PAKTOPOM YCIiXy IU(POBUX MPOIYK-
TiB Ta nocayr. [lomstrss «mocBixg B3aemonii» (User
Experience, UX) MicTHTB 3arajibHe Mpe/CcTaBlIeHHS TOTO,
SK KIiHIEBI KOpUCTyBadi OyAyThb B3a€MOJIISTH 3 iHTEp-
¢eiicamu. Lle moHATTS nependavae po3yMiHHS SIK TTOBE-
JIHKH KOPHCTYBadyiB, TakK i Oi3HEC-NPOIIECIB, IS SKUX
el inTepderic CTBOPIOETHCS.

IIpomec mpoektyBaHHsA iHTEpQeiiciB nependadae
MIPOBEJCHHS JIOCHI/DKEHb, SIKI JJO3BOJISIOTH NMpUIMaTH
0o0rpyHTOBaHI nu3aitH-pimeHHs. OQHAK, TpaIUIiiHI Me-
TOJM TIPOBEJICHHS JOCII/KEHb B3a€EMOJII MalOTh HEIO-
JKK, Taki SK 3HAYHI BUTPATH IOACHKHX PECypciB Ta
gacy Ha 30ip it 00poOneHHs maHux. BukopucranHs Tex-
HOJIOTIM IITyYHOTO IHTEJEKTY BiJIKPHBAE MOMIIUBOCTI
JUIsl aBTOMaTH3allii Ta onTuMizarii aHasi3y JaHuX JA0CIi-
JDKeHb B3a€EMOJIIT KOpHUCTYBaua 3 inTepdericamu. [Hrerne-
KTyaJlbHI CUCTEMH 3/IaTHI IBUIKO 0OpOOIISTH BeNnKi 00-
CATH JaHUX, BUSIBJIATH IPUXOBaHI 3aKOHOMIPHOCTI — I1e
JI03BOJISIE CYTTEBO NPHUCKOPHUTH JOCIIKEHHS Ta OTpH-
MaTH TJIMOIIE PO3YMIHHS KOPHCTYBadiB, iX mpoOiem,
IOB’s13aHi 3 3aJ0BOJICHHSIM MOTpPeO (KOMYHIKaIliiHUX,
HaBYAJIbHUX, YNPABIIHCHKUX, PO3BAXAJIbHUX, Oi3Hec
TOIO), @ TAKOX TPYAHOILIB (AOCTYHMHOCTI, e()eKTUBHO-
CTi, IepCOHANI3AIII] TOCIYT TOIIO).

HeoOximanM € ¢opMyBaHHS Ta po3poOKa IIIaHy
BIIPOBA/KEHHSA €(PEKTHBHOI CUCTEMH Ta iH(popMamiiHOl
TEXHOJIOTI1 JOCHTIKEHb B3aEMO/Ii1 3 BUKOPUCTAHHSIM CH-
CTeM MITYYHOTO IHTEJEKTYy, L0 I03BOJHUTh 3MEHUIUTH
py4uHy 00pOOKY TaHUX Ta MIPUCKOPUTH MPOIEC TPOEKTY-
BaHHS iHTEepdenciB. {1 TOCATHEHHS OCTABJICHOI METH
Oynu chopMyITbOBaHI HACTYITHI 3aBAAHHS JOCIIKEHHS:

1. Amnani3z cywacHoro crany UX-mociikeHp Ta
YUHHHUX METOJIB IX IPOBE/ICHHS;

2. JlocnmipKkeHHsT TEXHOJIOTiIH IITYYHOTO IHTEJe-
KTY, SIKi MOXKYTb OyTH BUKOPUCTaHI JJIsl aBTOMATH3allii;

3. TlpoekTyBaHHS EKCIEPTHOI CHUCTEMH MIJISI BH-
00py HeoOXiqHOT HeIPOHHOT Mepeki Ha OCHOBI THIIIB Ja-
HUX;

4. ®opmymoBaHHS PEKOMEHMALIH 11010 BUKOPHU-
ctanHsA MetoaiB UX-mociimKeHb Ta iHpopMamiiHol Tex-
HOJIOTIT JJIsl NPUHHATTS PillIeHb B IIPOLECI TPOEKTYBAHHS
iHTepdeiicis.

BripoBajpkeHHs 3apONOHOBAaHUX METOJIB Ta TeX-
HOJIOT1 MaThMe MO3UTUBHUI e(peKT Ha BCi cdepH, e
HPOEKTYIOTHCS iHTEepdericH HUPPOBUX MPOAYKTIB. ABTO-
Maru3ailis pe3yJbTaTiB JOCIHIIKEHb B3a€MOJIl JJ03BO-
JWThH TiIBUIIATH 3arajbHAA PiBeHb 3pYyYHOCTI HUPPO-
BHX TIPOAYKTIB, 3pOOHTH IX OUTBII 3p0O3yMULTHMU, 3pyd-
HUMH Ta NpUBaOIMBUMU ISt KopucTyBadi. [1ig mudpo-
BUM pO3yMi€Thbcsl Oy/b-SIKMI TPOIYKT, KU HalaeThCs
KopucTyBadeBi B mudpoBomy Qopmari. Hampukiman,
mporpamMHe  3a0e3nedeHHs, MOOUTbHI  3aCTOCYHKH,
BeOcaiiTH, OHJIAWH-CePBICH, Me/Iia TOIIIO.

TakuM 4MHOM, TEMa aHaJTi3y JaHuX pe3ynpTartiB UX-
JOCITI/DKCHD 3 BUKOPUCTAHHS CHUCTEM IITYYHOIO IHTEJe-
KTy Mae Oe3rnocepe/Hii 3B'130K 3 BKIMBUMH HAyKOBUMH
Ta MPAaKTUYHUMU 3aBIaHHSIMH ChOTOJICHHS — ITiIBUIICH-
HSIM SIKOCTI Ta e()EeKTUBHOCTI TPOIIECY MPOEKTYBaHHS iH-
TepdeiiciB 1MPPOBUX MPOAYKTIB, SKI MAKCUMAJILHO Bijl-
TIOB1/1at0Th TTOTpedaM Ta O4YiKyBaHHSM KOpHUCTyBauiB. Po-
3B'I3aHH [IOCTABJICHUX 33/]a4 MaTHMe 3HAUHHUH BIUIMB Ha
PO3BUTOK ChepH AOCBi Ty KOPHUCTYBaHHS HU(PPOBUMHU ITPO-
JIYKTaMH Ta HU(GPOBOT EKOHOMIKH 3arajioM.

AHaJIi3 0CTAHHIX JOCTIZKeHb | myOaikamin

3HayHa KUTBKIiCTh MyOuTiKamii, 10 OXOILTIOITH Pi-
3HI aCHEKTH TeMHM JIOCHI/PKCHHsS, BKIIOYAOYM IpOLEcC
MIPOEKTYBaHHA Ta cTBOpeHHs iHTepdeiiciB, UX-noci-
JUKCHHSI, aHaJli3 BEJIMKHUX JIAaHWX Ta ITyYHUH 1HTENIEKT,
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JIOBOJATh aKTyaJbHICTh MPOOJIEMH aBTOMATH30BaHOTO
ananizy UX-nanux. Came Ha IEpeTHHI IUX TEXHOJOTiN
BHUHMKAE MOTpeda B aBTOMATH3aLlil pe3yJIbTaTiB LUX JI0C-
nipkeHb. JIJ11 BUBYEHHS NpoOieMu Oylio MpoaHali3o-
BaHO CIIEKTP PI3HOMAaHITHHX IKEpell.

Po3zmouatn aHani3 cTaHy Cy4acHUX HAYKOBHX POOIT
Ta MarepiamiB Oyio BHpIIIEHO 3i CBITOBUX IIAEpiB y
cthepi HOCHIIKEHHS KOPHCTYBAIl[bKOTO JOCBITy —
Nielsen Norman Group. Bonu Bizmomi cBOiMH YHCIIEH-
HUMH ITyOJiKamisasMu, KOHQEepeHIiIMIA Ta HaBYAIbHIMH
mporpaMaMy 3 TEMH IU3aHHy B3a€EMOMIi Ta MPOEKTY-
BaHHs iHTepdeiciB. [l ix kepiBHUUTBOM OYyJI0 BHIaHO
noHan 2500 HayKOBHX cTaTei, a TaKOXK 3alo4aTKOBaHO
Ta anpoboBaHo cuctemy ceptudikamnii Nielsen Norman
Group UX Certification System. [lounHatoun 3 aBTeHTH-
ynoi npani «Usability 101: Introduction to Usability» [1]
OyJI0 BBEJCHO MOHATTS 3pYYHOCTI B KOHTEKCTI JU3aliHY
iHTEepdeiiciB. ABTOpH 3a3HAYAIOTh, IO B CYyYaCHOMY
CBITI 715l IPUBEPHEHHS Ta YTPHMaHHS yBarud KOPHCTyBa-
YiB IO TPOIYKTIB Ta CEpBiciB, BOHM TOBUHHI OyTH HE
nvire GyHKIIOHATEHUMH, aJie i 3pyYHUMH Ta JETKHUMHU y
BUKOPHCTaHHI. B 1i#f cTaTTi HABOIATHECS BU3HAYCHHS Ta
KOMITOHEHTH JIOCBiy B3a€MOJIi Ta BaXKJIMBICTh MOCTIil-
HOTO BIOCKOHAJICHHS I[OTO OCBiy. 3a3Ha4aeThes, 1110
CTBODIOBaHI CEPBICH Ta CUCTEMH MAlOTh OyTH Opi€HTO-
BaHi TIEPIIIOI0 YEPror0 Ha KIHI[EBOIO CroXkuBaya. JIroau-
HOIICHTPUYHHUI XapaKTep MpPOIIECiB CIIOHYKA€E 10 301Jib-
LIEHHs 1HBECTULIH pOOOYMX 3yCHIIb B MPOLECH, MOB's-
3aHi 3 MPOEKTYBaHHIM iHTEep(QEICciB Ta B3a€MOJII 3 KOpH-
cryBadeM. B ToMy umcIi 301IBIIYIOTH IPOBEICHHS JOC-
JKEHb KOPHCTYBAIbKOI MOBEIIHKH, TECTYBaHHS IIPO-
TOTHIIIB, BIIPOBAKCHHS 3pYYHUX 1HTEPPEUCHIUX pillleHh
Ta MOCTiHHE BAOCKOHAJICHHS MPOIYKTY Ha OCHOBI 3BOPO-
THOTO 3B'SI3Ky BiJl KOPUCTYBaUiB Ha KOXKHOMY €Talli po3-
PpOOKM porpamMHOro 3a0e3neyeHHsI.

JonatkoBo OyB pO3IISHYTHH IHIIMH CTaHIapT B
KOHTEKCTiI po3pobku nndppoBux iHrepdeiiciB — cepii
ISO, a xorKpeTHIIE, fI0ro YacTHHA NPO 3PYUHICTH BUKO-
pHUCTaHHS JIIOMHO-MAIIMHHUX iHTepdeiicis
«Ergonomics of human-system interaction - Part 11:
Usability: Definitions and concepts» [2]. Lleii cranmapt
po3risimae MOHATTSA 3pydHOcTi (usability) y KoHTeKCTi
B3a€MOIi TIOMHN 3 cucTeMaMu. Po6oTa BUCBITIIIOE 3HA-
YEeHHS Ta CKJIAJOBI 3pYYHOCTI, TaKi K e(EeKTUBHICTH Ta
3a[IOBOJICHHS BiJ B3aeMo[il 3 MUPpPOBUM iHTEepdeiicoM.
3arajbpHa MeTa CTaHIAPTHY IOJISITAE Y CHPHUSIHHI PO3BU-
TKY KOHCTaHT Ta METOJMK OLIHKH 3Py4YHOCTI BUKOPHC-
TaHHsA UU(PPOBUX IMPOAYKTIB, IO NONOMOXKE 3abe3re-
YUTH CTBOPEHHS €()EKTUBHHUX Ta KOPHUCTYBAIbKO-Opi€H-
ToBaHuX Oi3Hec-cuctem. Came Tomy cranaapt ISO mpo-
MOHYE YiTKI BJacHI BU3HAYEHHsS TaKUX TEPMIiHiB, SK
«3py4YHOCTI BUKOPHCTaHHS HU(PPOBUX MPOAYKTIBY», «Jl0-
CIiKEeHHsT B3aeMoily, «Metoan UX-IoCiiKeHH», a
TakoX «JII0IMHO-OpPIEHTOBHOTO MHM3aliHY», 1€ 3aCTOCY-
BaHHS JIIOACHKUX (PaKTOPIB, a TAKOXX 3HAHB 1 METOAIB ep-
TOHOMIKM Ta 3pYYHOCTI BHUKOPHCTaHHS € OJHI€I0 3
000B’SI3KOBHX CKJIAJJOBUX JAM3aiH-TIpoLieCcy. 3arajom,
CTaHAapT HaJa€ KOHUENTYaIbHUN KapKac IVl MOJallb-
LIOTO JIOCII/KEHHSI Ta BIIPOBA/DKEHHS B IPAKTUKY.

Jocmimkyoun 6e3mocepeIHb0 HAPsIM JIIOJUHOTLIe-
HTPUYHHX MOJETICH MPOEKTYBAaHHS Ta peaisalii mporpa-
MHOTO 3a0e3neueHHs, OyiIM MpoaHajli30BaHi BigIOBIIHI

HaykoBi poboru Ta myOuikanii. B mpami «Impact of
Human-Centered Design Process (HCDP) on software
development process» [3] omucana BaXJIUBICTH JHOJCh-
Koro ¢akTopa B Tpolieci po3poOku iHTepdeiicy, e me-
pendavaeThes 3ayUeHHs JIF0ACHKOT IepCIIeKTHBY Ha KO-
KHOMY eTari po3poOku. B miit poboTi mocmimxyeTbes
BIUIMB 3aCTOCYBaHHS IIPOLECY JIOJCHKO-HAIPaBICHOTO
mm3aitny HCDP (Human-Centered Design Process) Ha
T ABUIIEHHIO 3pYYHOCTI BUKOPHUCTAHHS Ta €PEKTHBHOCTI
KOPHUCTYBAaIlbKOTO IOCBiAy. TakoX B Ipali IPOIOHY-
€TBCS MOJENb JIOACHKO-HampasiieHoro nu3aitny HCD
(Human-Centered Design) ta anainiz PSC (People using
Software in a Context) At TOCATHEHHSI BUCOKOTO PiBHS
iHTerpauii 3 mpouecoM po3poOKH MPoOrpaMHoOro 3adesre-
YeHHsI Ui BHCOKOTO DIBHSI 3pYyYHOCTI BHUKOPHUCTaHHS
CTBOPIOBaHMX IU(POBUX MPOIYKTIB.

Jocnipkyroun Haykosi mpati y chepi UX-Metonis,
OyIi0 3HAWJEHO CYKYINHICTH POOIT, IO MOPYIIYIOTH IH-
TaHHS aBTOMATH3AaIlii OIIHKK 3pyYHOCTI iHTep(enCiB IH-
¢poBuX TpORyKTIB Ta mpoBemeHHs MeToniB UX-mocii-
okeHb. Lli mpami MmATBEpIKYIOTh aKTyalbHICTB IIPO-
OmemMu aBTOMaTH3amii y cepi KOPUCTYBaIbHHUIIEKOTO
JOCBimy. BapTo 3ayBa)KMTH KOHTEKCTYallbHY PI3HHUIIIO —
yCi 3a3HaueHi B bOMY PO3/UI pOOOTH HE PO3IIIAIAIOTH
aBTOMATHU3aLil0 00pOOKU pe3yJbTaTiB JAOCHIPKEHb B3ae-
Mozii KopucTtyBaua 3 uppoBuM intepdeiicom. Came neit
HpoIeC aBTOMATH3allil € OCHOBHOIO METOI0 MaiOyTHIX J10-
cITikeHb Ta pooiT. Hapasi my0mikarii MicTsTh aBTOMAaTH-
3aIito y cepax MpUiHATTA pillieHb, IIOPiBHSIHB YHCIOBUX
00’emiB maHUX abo0 3arajbHY OIIHKY cTany UX Ta 3pyd-
HOCTI MOTOYHOTO TIpoaykry. B myOmikarii «Detect and
interpre: towards operationalization of automated user
experience evaluation» [4] 3a3Ha4a€eTbCS BaXIUBICTh aB-
TOMAaTH30BAaHOI OIIIHKH JTOCBiAY B3a€EMOI1 KiHIICBOTO KO-
puctyBaya 3 rpadiuHumu iHTepdeiicamu. OHak 3a3Hava-
€THCSI, 110 YMHHI METOIH OI[IHKY YaCTO MOTPEOYIOTH BUCO-
KOT'O PiBHS JIFOJICHKO] y4acTi y 300pi Ta aHai3i JaHux. AB-
TOPKHU JIOCII/PKEHHSI HAaroJoIyl0Th Ha BOXKJIMBOCTI 3alTy-
YeHHs1 eKCIIepTiB AJ1s npoBeeHHs: UX-aHanizy Ta aHaiizy
pe3yJIbTaTiB MPOBEICHUX TOCITIHKEHD. 3a3HAYAETHCS, 110
YacTo I[iHa 3aJly4eHHs eKCIepTa JUlsl IPOBEJICHHS Ta aHa-
nizy ganux UX-mociikeHHS € BICOKOIO, B IOPIBHAHHI 3
BapTICTIO POOOTH IHIIMX CHELIaNiCTIB B MPOIECi po3po-
Oku iHTepdeiiciB udpoBUX MPoAyKTiB. B poOOTI Takoxk
3a3HAYAIOTHCSl BHUKJIMKM aBTOMaTH30BaHOT UX-OLiHKK
3pY4HOCTI BHKOpHCTaHHs iHTepdeiicaMu. 3 omisgy Ha
3pOCTalibHY KiJBKICTh IPO/IYKTIB Ta KOPUCTYBAIbKY 0a3y
i MOB'sI3aH1 3 HUMH JIaHi, TIOCTIHHUNA MOHITOPHUHT 3PyYHO-
cTi u(POBUX NPOAYKTIB, 3 SKUMH B3aEMO/II€ KOPUCTYBaY,
CTa€ NMoTpiOHKMM, ajie BoJHOuac — CKiIaaHuM. Lle Bumarae
PO3pPOOKH CHCTEM, SIKi 3[1aTHI aBTOMATHYIHO BIJICTSIKYBATH
UX Ta HagaBaTH BIIOMOCTI PO HEOOXiTHI MOKPALICHHS
iHTepdeiiciB. Takox OynH PO3IIITHYTI HEAOMIKH HassBHUX
ITiIXO/IiB, B IKMX yBara, sik IpaBuiIo, (POKYCYIOThCS Ha BU-
3HaYeHHI METPUK, 110 BiOOpakaroTh cTaH iHTepdeiiciB,
ajie He 3aBXKIM J03BOJIIIOTH BHUSBUTH IOTEHLIHMHI Npu-
yuHM poditeM. B mpari copmMoBaHe BUSHAUCHHS JaHHUX
noBeninky kopuctyBada (User behavioral date), Ha ocHOBI
AKHX BiZOyBaeThCs aHati3 MeTpuK Ta UX-oIiHKa. 3 aBTO-
MaTHYHUX [IPOrpam Ta 610110 TeK, M0 KOJMEKIIOHYIOTh CTa-
TUCTHKY, OyJIn 3a3HaveHi B Tomy umcii Google Analytics
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ta Hotjar. IIpoTe i nporpamu 3rajaHi BUKIIOYHO B KOH-
TEKCTI aBTOMATH30BaHOTO 300py JAaHUX KOPHCTYBAdiB 1 €
JIUIIIEC OJTHIETO 3 MPOMDKHUX JIAHOK B MPOLIECI aHAI3y Ja-
Hux UX-gocmimkens. i MeToan BITHOCATHCS 10 KiJbKiC-
HUX CTATHUCTUYHHUX METOAIB IOCIIIKEHb KOPUCTYBAILHHU-
IIBKOTO JIOCBIJTy, aBTOMATH3ALIiS SIKHX € BXKIIMBOIO YaCTH-
HOIO OIIHKH 3pYyYHOCTI DU(POBUX MpoaykTiB. Ha mpotu-
Bary — B JIOCTI/DKYBaHi# poOOTi HE BUCTaYa€e YaCTUHH, B
SIKii O pO3TIIAAanach aBTOMATH3ALisS Pe3yNbTaTIiB SKiC-
HUX J0cHiKeHb Ha ocHOBI User behavioral date. Taxi me-
TOJM aBTOMATH3YIOThCS HaliBakde, I[iHA 3aTydeHHS eKc-
niepta Jyisl iX aHaizy € HalOLIbII KOIITOBHOIO, a 1X oIpa-
LIIOBaHHS 3aliMae OiJbLIe Yacy.

11106 oTpumarH 4iTke PO3yMiHHS YHHHUX METOZIB
JocIipKeHHs, OyJjo NpoaHalli3oBaHO HAyKoBi po0oTH,
110 CTOCYIOTHCS IIMX METOJIIB i CHIOCO0IB 1X IIPOBEICHHS.
B po6ori «The past, present, and future itof UX
empirical research» [5] mpoCITiKOBYIOTBCS T€3H HEOO-
ximHicTh mepeocMuciieHHs UX, aHamizytoun morHax 400
aKaJeMIYHAX EMITIpUYHUX IOCIIKCHb. ABTOPH CTaB-
TATHh c0o0i 3aBIAaHHS BU3HAYUTH, SK 3MIHIWIACH aHAJI3 Ta
Metoaun UX-mocmimkeHHs. Byno BusBuio 3HagHMIA picT
KUJIbKICHUX Ta 3MIIIAHUX METOJI0JIOTIH JOCIIiIKEHHS KO-
PHUCTYBAIBHHULILKOTO J0CBiAy. Bynu HaiiOinem mnomm-
PEeHi METOIU JOCIIPKEHHS 3pYYHOCTI BUKOPUCTAHHS 111~
(poBHX NPOJYKTIB, TaKi SIK OMUTYBaHHSI, OIS Bifeoce-
cii KOpUCTyBayYiB Ta MIMOWHHI IHTEPB’10.

IIuTaHHs MiAX0XKUX CIIOCO0IB aBTOMAaTH3ALIl JaHUX
Oynu TaKOX JOCHTIKEHI B poOOTaxX cepu MITYIHOTO iH-
TEJICKTY ¥ HEHpOMepeX, a TaKOX BXKE MPOTECTOBAHHX
croco0iB aHaJi3y MaHWUX 3a JTOTIOMOTOI0 3aTy9YeHHs Hel-
porHux Mepex. Crarts «An integrated text analytic
framework for product defect discovery» [6] mpomnonye
IHTETPOBaHY TEKCTOBY aHATITHIHY 010TI0TEKY IS BUSIB-
nenns aedektie y UX-mpoaykry. OCHOBHA iest CTaTTi
noJsirae B po3poOLi MeToJ0JOTii JJisi aBTOMaTHYHOTO
BUSIBJICHHST 1e(DEKTIB MPOIYKTY 3a JOIOMOIOI0 aHalli3y
TeKcToBOI iH(poOpMalil HelpoHHOIO Mepexero. bibio-
TeKa e()eKTHBHO BUKOPUCTOBYE PI3HOMaHITHUHA KOHTEHT
colLiaibHUX MeJlia Ta KiJibka aBTOMaTHYHO chOpMOBaHUX
CUTHAJIBHUX O3HAK, SKi MOXYTb OyTH BHKOpHCTaHI 5K
BXIJHI JaHi JUIA BHSABICHHA Ne(eKTiB mponaykry. Cam
MiAX11 BUKOPUCTOBYBABCs OUIBINE ISl TECTYBaHHS Ta
QA-KOHKpETHHUX MPOTPAMHUX CHCTEM, aHI)K JUIS OIIHKH
Ta MOKpaIeHHs TO0CBiMy B3aemomii. Yepes Te, 1o 6i0mi-
OTeKa aHalli3yBajia METPHUKH, SIKi 30MpaluCh aBTOMATH-
YHO Ta OyJIM JIMIIEe TEKCTOBUMH, iX cepa 3acToCyBaHHS
Oyna oOMexxeHa. ABTOPH BU3HAYAIOTh MOTPeOy y moja-
JIBIIKX JIOCHIJPKEHHSX, CIIPSIMOBAHUX HA aHali3 peaiza-
il ixHpO1 6I0IIOTEKH B IHIIKMX ramy3sx, e cdepa aBTo-
MaTHYHOTO aHaNi3y JaHUX Moke OyTH MacmITaboBaHa 3
TEKCTOBOI J10 TpadidHoi Ta Bijeo.

IIyomikamiss «UX Calculator: An online tool to
support user testing» [7] miaTBepaKy€E BasKIMBICTH J10C-
JJOKEHb B3aeMOJii KopHcTyBada 3 IU(POBUMHU iHTEp-
(eiicamMu 1151 KOHKYPEHTOCIIPOMOXKHOCTI Oi3Hecy. Bonn
CHpsIMOBaHI Ha 3py4HICTh KOPHCTYBaHHS Ta KOPUCHICTb,
a OT)KE CTAlOTh KIIOYOBUMHU JJISI KOMEPLIHHOTO YCHiXy.
V crarti npesenryerscss UX Calculator — Be6incTpy-
MEHT, KU J103BOJISIE MPOBOJWTH CTATUCTUYHI TECTH,
MIPU3HAYCHI JJI OCHOBHHMX aHai3iB, MOB'I3aHUX 3 OIIiH-
KOIO 3py4HOCTi. BiH n03BONSIE qu3aifHEepaM MPOBOIUTH

MOPIBHSHHS MiX JIBOMa IPyIIaMH Ta OTPUMYBATH HalilHi
BHCHOBKH IIPO MPOJIYKTHBHICTh. O0JaCTh 3aCTOCYBaHHS
€ 00MeKeHOI0, 00 BiH JJ03BOJISIE JIMIIE OPIBHIOBATH Tie-
BHY BUOIPKY OJHOPIJHUX I JIMIIIE TEKCTOBHUX JaHUX il He
BKJIIOYA€E IHTEJICKTYaJIbHUN aHalIi3 pi3HOMaHITHOI 1H]O-
pmamii. [lefi iHCTpYMEHT MiOXOXHUIl IS TOPiBHAIBHOTO
aHaJIi3y pe3yIbTaTiB B3a€MOII 3 ABOMA BEPCisIMH iHTep-
(eiicy, mpoTe TakoX MOKe OyTH BUKOPHCTAaHHUN B TIOJa-
JBIIUX po3poOKax OLIBII CAMOCTIHHUX Ta MIMPOKHUX CH-
CTEM aBTOMAaTH3AaIll JOCHIKEHD.

B panimie po3rsIHyTHX HayKOBHX poOoTax Oyiw
BU3Ha4YeHi opMaTu AaHUX, MPOLEC aHAI3y SKUX MOXKE
OyTu aBTOMaTH30BaHUM. Buxomsuu 3 tumiB UX-mocii-
JUKeHb, 1H(popMalis iX pe3ynbTariB Moxe OyTH Haipis-
HOMaHITHIIIa: TEKCTOBA, ayJiajbHa, Bi3yalbHa, B TOMY
YHCIIi BKIIOYAK0YH Bifieo. [lo mpuKkIiaay, B pe3yJsibTari 3a-
IMUCIB KOPUCTYBAJILHUIBKUX cecii Hotjar poboui rpymnu
OTPUMYIOTHh ayIiO3aIlUCH, Ta Bil€O3amvcH 3 JWHAMIiY-
HUMH 300paKCHHSIMH TEIUIOBUX Mal, a TaKOX Ta Bi-
Jeocecii KOpUCTYBaTbHUIBKOI OBEIIHKH 3 CalTiB. AHa-
73 Takoi iHpopMamii Moxe 3a0e3MeUnTH AKiCHE IpoBe-
JIeHHS JOCTIDKCHb, IO HEOOXITHO AN MOKpaIleHHS
JocBiny B3aeMofii Ta cdepu iHTepdericHOro Au3aiiHy B
ninoMy. BifnoBigHo HEOOXiTHO PO3IJISIHYTH Pi3HOMAaHi-
THI TEXHOJIOTii HeHpoMepex, sIKi MOXKYTh OYTH BUKOpPH-
cTaHl JuId aBTOoMaru3auii Takux aaHux. B po6oti «On-
line retrainable neural networks: improving the
performance of neural networks in image analysis
problemsy [8] aBTop nponoOHy€e HOBATOPCHKHIA i AXiM 10
MOKpAIICHHS HEHPOHHUX Kiacu(ikaTopiB y 3aBAaHHAX
po3mi3HaBaHHS 300pakeHb, CETMEHTAIli{ a00 KOTyBaHHSI
Ha OCHOBI NPOIEIYpH IIOBTOPHOTO HaBUaHHS HAa PiBHI
KOpHUCTyBada. AIITOPUTM HaBYaHHS Oepe J10 yBaru sk 1o-
TIepeIHi, TaK i IIOTOYHI 3HAHHSI MEPEXi 3 METOIO JOCST-
HEHHSI XOPOIIOro y3araibHeHHs. B po6oTi Takox mpea-
CTaBJICHI PE3yJIbTATH, SIKI LIIOCTPYIOTh TEOPETHYHI PO3-
BUTKH, & TAKOX MPOAYKTUBHICTh 3aIIPOIIOHOBAHOTO Mijl-
X0y B PEaIbHUX €KCIIEpUMEHTaX, SIKi MOXKYTh OyTH 3a-
CTOCOBaHI JyIs aBTOMaru3alii JociikeHb. B 1opobky
«Al in Video Analysis, Production and Streaming
Delivery» [9] mpoanai3oBaHi TSHICHIIIO PO3BHUTKY Bi-
JICOTEXHOJIOT1H, PO3YMIHHS SKHX HEOOXiIHe A sKic-
Horo anamizy iHdopmarii. A «Video content analysis
using convolutional neural networks» [10] mosicHroe mpo-
Llec aHali3 BiJICOKOHTEHTY B CHCTEMax Bimeocrmocrepe-
JKEHHsI, PO3IJISIAETHCS TAKOK aBTOMATH30BaHa CUCTEMa
aHali3y BiZIeOKOHTEHTY. [IponoHyeThes cucTema, sika re-
Hepye TEKCTOBUIA (a1 3 ONMCOM BiZICOKOHTEHTY, L0 J0-
3BOJISIE IIBHJIKO 3HAXOAWTH HeoOXinHy iH(popmarito. B
POOOTI BUKOPUCTOBYETHCSI MOJIENb 3TOPTKOBUX HEHPOH-
HHUX MEpEeX IJIs BUSIBIICHH Ta Kilacudikanii 06'ekTiB, 1110
3'BISIFOTHCS Ha BiJI€O.

3nilficHeHnit aHai3 JpKepern MiATBEPIKY€E aKTyallb-
Hicth TeMu UX-nmocnmipkeHb Ta ix aBromaTusaiii. ILle
YMHHA IpOo0JIeMa, OCKUIBKHM TECTYBaHHS 1 MATPUMKA BH-
cokosikicHoi UX-ckimanoBoi iHnTepdeiiciB nndpoBux mpo-
JYKTIB € KDUTUYHIMHU Ha KOXKHOMY eTari po3poOKu iH-
TepdeiiciB. Y MailOyTHOMY, IJIaH aBTOMATH3AIli1 TOCITi-
JDKEHB 32 JOTIOMOTOI0 IITYYHOTO IHTEJIEKTY MOXKE BKITIO-
4aTh Po3poOKy CIIeIiasli30BaHUX CHCTEM, IO JTO03BOJIS-
IOTh 3/1IHCHIOBATH IIBUAKUHA Ta TOYHUH aHAJI3 BEINKHX
00cATiB TaHUX.
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DopMyTIOBAaHHS METH CTATTI

MeTol0 CTATTi € aBTOMATH3AaIlig aHAJi3y pe3yibTa-
1iB UX-10CHiIKEeHb 3 BUKOPUCTAHHSIM TE€XHOJIOTIH MITY-
YHOTO IHTENIEKTY, 30KpeMa HeHPOHHHX MEpexk Ta eKCIIe-
PTHHUX CHCTEM, NUIIXOM (OPMYBaHHS CHCTEMH METO-
JIUKO-IHCTpYMEHTaJIbHUX 3aco0iB. [locmimkeHHS B3ae-
MOJIii € HEBIIIUTPHOI CKJIAJ0BOIO MPOIECY MPOEKTY-
BaHHJ iHTep(eiiciB MOOLTBHUX Ta HACTIJIBHUX 3aCTOCYH-
KiB, BeOcaiit, irop, mporpam 3MimIaHoi Ta I0IoBHEHO] pe-
IBHOCTI TOIIO. TpajnmiiHO, I JOCHTIIPKSHHS HPOBO-
JSITHCSL Bpy4HY (axiBISIMU 3 JU3aiiHy, pO3pOOKH, apXi-
TEKTYpU Ta TECTYBaHHS, SKi BUKOPHCTOBYIOTH CIiellia-
JBHI MIPOTPaMH IS 3aIUCY Ceciii KopUCTyBaHHS ab0 iMi-
Tarlil TUMIOBOI MOBEAIHKHA KOpUCTyBadiB. OMHAK, BEIHKI
00cATH JaHWX, IO TeHEPYIOTHCS B Pe3yNIbTaTi TaKUX J0-
CIIJKEHB, Ta HEOOXiMHICTD iX py4HOI 0OpOOKH 3HAYHO
YHOBUIBHIOIOTH TIPOIEC MPOEKTYBAaHHS iHTEpQeiciB Ta
BHMAraroTh 3aJIy9eHHS 3HAYHUX JIIOJCHKIX pecypciB. 30-
CepeIMBILUCh Ha JOCTIDKEHHSAX, L0 aHANI3yIOTh BIXKE
CTBOpEHI iHTepQelcH, MOXKHA BUSBUTHA MOXKJIMBOCTI JJIs
ix aBTOMaTH3aIlii. Pi3HI THIM TOCIIKEHb MOXKYTh OYTH
JIOTTOBHEHI TEXHOJIOT1SIMH ITYYHOTO 1HTEIEKTY, 30KpeMa
HEHPOHHUMH MepeXaMH Ta EKCIIEPTHUMH CHUCTEMaMH,
JUIS aHaJi3y JaHWX Ta iX MiATOTOBKH 0 MPUHHATTS pi-
meHb. [le mo3BommTh (axiBIsM mBHIOIIE Ta e(EKTHB-
Hillle ONpallbOBYBATH BXKE MiATOTOBJIEHI pe3ybTaTH O~
CII/DKEHb Ta 30CEPEAUTUCH Ha PO3poOLi KOHIENTYab-
Horo. OTxe, TeMa poOOTH, B SIKili pO3TIIAAAI0THCS Ta BU-
pILIyIOTBCS HayKOBI MUTaHHS, MOB'SI3aHi 3 aBTOMAaTH3a-
LI€I0 aHai3y pe3yJbTaTiB JA0CIIKEHb € aKTyalbHOIO Ta
notpioHo0. st TOCSATHEHHS IOCTABJIEHOT METH MPOIIO-
HYETHCS BUPILLICHHS HACTYITHHUX 3aBJaHb!

1. JocnimKeHHsS YAHHHUX IIXOIIB 10 aBTOMATH-
3anii nposeneHHst UX-T0CTiIKCHb,

2. Omnwmc Ta cUCTeMaTH3alliss METO/IIB IPOBEICHHS
JIOCIIJDKeHb, IPUIATHHX JUTS aBTOMATH3aLLT;

3. AmnHami3z TeXHOJOTIH MTYYHOTO iHTENEKTY, 30K-
peMa HEeHPOHHUX MEPEXK Ta EKCIIEPTHUX CHCTEM, SIKi MO-
XKyTh OyTH 3aCTOCOBaHI IJIs1 0OPOOKH pe3yIbTATIB;

4. ®opmyBaHHS CXeMHU 00POOKH pe3yNbTaTiB 3 BU-
KOPHUCTaHHSM BiJINIOBITHUX HEMPOHHUX MEPEX Ta eKCIie-
PTHHUX CHCTEM;

5. AHai3 HeBUpIIEHUX 3aBIaHb Ta MEPCIEKTHB
PO3BUTKY 3allPONOHOBAHHUX METOIIB.

3anpornoHoBaHa CHCTEMa METOJMYHO-IHCTPYMEH-
TaJIbHUX 3aC00IB aBTOMATH3aLli] aHai3y Pe3yJIbTaTIB J0-
CJIIJPKEHb IPYHTYETHCS Ha MTO€AHAHHI TEXHOJOTIH Ty~
HOTO IHTEJIEKTY, 30KpeMa HeHPOHHHX MEPEeX Ta eKcIep-
THHUX CHCTEM, 3 HaSBHUMH METOJIaMH IIPOBECHHS I0CTi-
IDKCHB.

Bukjax 0cHOBHOT0 MaTepiaJty 10CTizKeHHs

JocmimkeHHs B3a€MOIiT KIHIIEBOTO KOPUCTYBada 3
iHTEepdeiicoMm m(POBOTO NPOIYKTY — IIe CTPYKTYpa pi-
3HOMaHITHUX HAYKOBUX ITIIXO/1B, KOKEH 3 SIKUX BUKOPHU-
CTOBYE CBOI METOJMKH Ta cTpaTerii. 3arpornoHOBaHUM
MiAXiA 10 Kinacudikarii ta ctanmaprusanii [10] e aume
OJTHUM 3 0araTh0X MOXKJIMBHX BapiaHTIB, i B XOJi moja-
JIBIIUX JTOCHIKCHb BiH MOX¢ OyTH CKOPUrOBaHUM a0
JOTIOBHEHUH 3 ypaxyBaHHSIM HOBHX 3HaHb Ta NPaKTHY-
HOTO JOCBiAYy B IMiif ramy3i. Ockinbku Mu OyaeMo miaou-
partu HefipoMeperki Ha OCHOBI IaHUX JTOCTIiKECHb, ITOTPi-
0HO 00paTH KJIaCU(IKAIIiFO 32 TOIIIOM 32 TUTIAMH JaHUX
(puc. 1), SIKi OTPUMYIOTECS B pe3yIbTaTi IPOBEIACHUX JI0-
ciimpkeHsb. 1le MoxyTh OyTH TEKCTOBI JaHi, YUCIOBi abo
KinbKicHI aaHi, ¢isnuHi apredakry, rpadiuni naHi, ay-
JIi01aHi, HABIralliiHi Ta MOBSAIHKOBI JIaHi, a TAKOXK MY-
JMBTUME]Ii#HI TaHi. Pe3yapTaTi 0CITiIKEHb, SIK IPABUIIO,
MIPEACTABICHI y BUIJISI BEIMKUX OOCATIB PI3ZHOPITHHUX
naHux. Lle MOXyTh OyTH TEKCTOBI TPaHCKPUIITH iHTEp-
B'10 (ITChMOBA iHTEpHpeTalisi yCHOI pPO3MOBH) Y KOMe-
HTapiB KOPHUCTYBAYiB, ayio- Ta BiI€O3aIUCH CECiif Tec-
TYBaHHs, TCIUIOBI KapTH HATUCHEHHS, HaHi BiICTEXKY-
BaHHS 0Yel, METPHUKH MMPOAYKTUBHOCTI Ta iHIII THIH iH-
(dopmanii. 3anpornoOHOBaHUA METOI OINpAIIOBaHHI pe-
3yNbTaTiB JIOCIHI/UKEHb JO3BOJISIE ABTOMATH3YBAaTH Ta
MIPUCKOPUTH TPOLIEC aHali3y BEIMKHX OOCSTIB JaHUX,
10, CBOEID YEProl0, CIPHATHME OUIbIl e(hEeKTHBHOMY
MPUIHATTIO PillleHb II0JI0 BJOCKOHAJIECHHS KOPHCTYBa-
BKOT'O JIOCBiy LM(POBUX MPOIYKTIB Ta iHTEpdeiiciB.3
iHIIOTO OOKY, JUIs peaji3allii aBTOMaTH30BaHOTO aHaJi3y
pe3ynbsTariB UX-mociikeHb OpPOMOHYEThCS 3aCTOCY-
BaHHS HEHPOHHUX Mepex. s onpaltoBaHHs pi3HOpin-
HUX JaHUX HEOOXigHO OyIe 3ailyduTH KijbKa BHIIB HEl-
POHHHX MeEpex, OCKIIbKH JKOJHAa OKpeMa MOJENb He
3MOke e()eKTHBHO BIOPATHUCS 3 yciMa (hopMaTaMu BXiJ-
HOi iH(opMarii. PosrnsHemo npukianm omHiel 3 Takux
HEHWPOHHHX MEpEeX, AKa MOXe OyTH BUKOPHCTAaHA B paM-
KaX JQHOTO JJOCIIiDKCHHSL.

MeTtogun UX-gocnigueHHa
(UX Research methods)

[ I

Hasirauiini Ta noseainkosi gaui Dizwuni apredantin

‘ 3aNUTH B NOWYKOBMX CHCTEMAX | Naneposi npoToTHNKM l

[ ApyxoBani onurysaneHikm i auketn |

[ Manu Tenna kniie | pyxie kypoopa [ Hanwcari sin pyww Hoatku Ta samanbosk |

[ 3anwcy knikin | nepernagic cropinok |

[ 3anwcw inTepakuin is cairom/goaaTkom [ Maxerw i ananorw, cTaopeni kopuetyasami |

Aygiogani Mpadiuni gani

[ Aypiozanucy cecii inTeps'io

l Mepconu (nopTpeTw, Bisyanisauii apxeTunie)

[ niarpamu kapTysanus xypHeio kopuerysaua

| Aiarpamu inpopmauianal apxivexrypy

“cnosi/kinskicui Rani -
[ 3hinakst expany, crpinworn

PEATHHIIA | OLiHKH i3 DNHTYBaHE

[ 3anucy sineo cecin w3adiniti-rectie

MynbTHMepiAni paki

[ MeTpukn saposonenocti (NPS, CSAT, CES) |

[ Undposi ckeri Ta sisyaniaauii inei

Texcrosi gani

[ Bineosanmcu 0satiniti-ectysans i nonsosux aocninkens

AHANITVUHI NOKAKYUKH = -
| NpoTOTUNK iHTepdeiicie

[ Tparcipunty intepeio

| 3anuck eTanie aHanisy saenaHb
[ Binkpui Ta sakpuTi Bignosigi 3 onuTyBans

Qani BincTexenHn ouei

MeTpukw i0sabiniti

[ TparckpunTy cecin "aymku aranoc”

Cratuctika A/B TecTyBaHb

[ Kamenrapi si 3sapaTHoro ae'aaky kopncTysasin

[ HotaTku 3 sopKwonis | woskoBux WTypMis

[ 38iTv nonosux cnocrepexent |

[ OnucH nepcow | cueHapiia BUKOPMCTAHNR

Puc. 1. Knacudikamnis meronis UX-nociimkeHb
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IoBTOproBana abo * peKypeHTHA HEHpOHHA Mepexa
(RNN) [11] — e Tum wTyqHOi HEHPOHHOT MEPEXKi, KA BU-
KOPHUCTOBYE MOCIIOBHI aHi a00 aaHi yacoBux psmiB. LIi
ITOPUTMU 3a3BUYall BUKOPHUCTOBYIOTBCS JUISl TIEPEKIIay,
00pOOKM TNPUPOAHOI MOBH, pPO3II3HABAHHS MOBJICHHS
tomo. Lli HefipoMepexi iHTErpoBaHI B Taki HOMYJIPHI
nporpamm, sk Siri Ta Google Translate. Boru Bimpizas-
IOTBCS CBOEIO «TIaM SITTIO», OCKUTBKH BOHHU OepyTh iHpOp-
MAIIifo 3 MOTIePeIHIX BXiOHUX NaHWX, MO0 BIUIMBATH Ha
TIOTOYHI BXiIHI Ta BUXiTHI AaHi (puc. 2).

| —

. o PeKkypeHTHa . .

BxigHuin = BuxigHuii

BEKTOP HEMPOI;;;'I:I)EPE)KE! BEKTOp
I

Puc. 2. Cxema poOOTH peKypeHTHHX HeHpoMepex

RNN MoyTh OyTH HaBuUeHI NEPEBOAWTH ayiio3a-
IIICH B TEKCT, TOOTO PO3II3HABAaTH MOBJICHHS. A TaKOX
MOXYTh OyTH HaBYCHI BH3HAYATH EMOIIMHUI TOH MOB-
JICHHS B ayzio3amnucax. Lle 103Bossie po3yMiTH eMOIiHHIH
cTaH 0coou, 10 MOXe OyTH KOPHUCHHUM IS TIO/AJIBIIIOTO

ananizy. Hanpuknan, aHaii3 BiAryKiB KOPHCTyBadiB, [e
MOBTOpIOBaHA HeHpoMepexa MOXKE aBTOMATHYHO KJIACH-
(iKyBaTH BIIT'yKH 32 HACTPOEM, TEMOIO a00 1HIINMH Hapa-
Mmetpamu. ['oBopstan koHkpetHime, LSTM-mepexa (Long
Short-Term Memory) 3natHa eheKTHBHO 0OPOOIISITH TOBTi
TIOCITiIOBHOCTI JaHUX, MO>Ke KITacH(iKyBaTH BiATYKH 3a TO-
HAJIBHICTIO, BUOULITH KITFOYOBI (pa3d Ta TEMH, IO 3ramy-
FOThCSL KOPHUCTYBadaMH, a0 y3araJbHIOBATH OCHOBHI ifei
Ta npobemu, BUCIOBIeHI B TekcTi [12]. RNN moxe Oytn
TAaKOXX KOPHCHHUM Ta BHSBIITH IATEPHU MOBEAIHKH KOPH-
CTyBa4iB Ta igeHTH(IKyBaTH €TaIld, J€ MOXJIMBI IIPO-
6nemu 3 UX. Taki Mepesxi € HiIHHUM TaKOX, TOMY 1110 MO-
JKYTb BUSIBJISITH €MOLHHI peakiii KopucTyBauiB Ha OCHOBI
ayzio- abo Bie03anmciB KOPUCTYBAIBHUIIBKUX CECIH.

OKpiM peKypeHTHHX HEHPOHHHUX MEPEK, ICHYIOTb i
HII TUIIM HEHPOMEPEK, IO MOXYTh OyTH BUKOPHCTaHI
JUISL aHaJI3y JaHuX JociipkeHb. Jlo mpukiany, 3ropr-
koBi HelipoHHI Mepexi (CNN) [13]. Taki mepexi ocob-
TUBO eEeKTHBHI UIT 00pOOKH Bi3yalbHUX JaHHX, TAKAX
SIK 300paKEHHS Ta Bife0; MOXXYTh aBTOMAaTHYHO BHUJ-
JATH TIPOCTOPOBI O3HAKH 3 Bimeokazapis. Lli mepexi Bu-
KOPHCTOBYIOTB OIIEpAIlil0 3rOPTKH (pHc. 3) A aBTOMa-
THYHOT'O BUJIICHHS IPOCTOPOBHX O3HAK Ta MIA0JIOHIB 3
BXIJIHUX JaHUX.

Lllap BBEgEHHA
iHpopmayit

Wap nyninry

3ropTkoBwWil wap

3ropTkoBwMit Wwap

Ll ]
L]
MoaxicTio
3B'AZaHi Wapk

LUap BHBEAEHHA
iHpopmanii

Wap nyninry

Puc. 3. Cxema po6OTH 3ropTKOBUX HEHpoMepex

Hamnpukian, npu aHaiisi Bije03anuciB KOPUCTYBa-
JIBHULBKUX CECili MOXXYTh BHUSBIISITH €JIEMEHTH IHTEp-
(eiicy: KHOIKH, MEHIO, (JOpMH TOIIO, TOJOKEHHS Kyp-
copa Ta obnacti B3aeMofii kopuctysada [14]. MoxyTb
OyTH HaBYCHI BUKOHYBATH 3a1adi kKiacu(ikamii Ta cer-
MEHTaIlii Ha OCHOBI BUILJICHUX MIPOCTOPOBHX O3HAK (KJIa-
cudikaris aiif KOpUCTyBada: BU3HAYCHHS THUIY B3a€EMO-
Iii, BUKOHAHHS CEMaHTHYHOI cerMeHTamii iHTepdeiicy,
pO3Mi3HaBaHHS Ta BHIUICHHS PI3HUX €JIEMEHTIB iHTEp-
¢eiicy) [15]. Po3rusiHyTi mpuKiIaau 3aCTOCYBaHHS PEKy-
PEHTHUX HEHMPOHHUX MEPEX Ta 3rOPTKOBUX HEUPOHHUX
Mepex s ananisy maHux UX-10CmipKeHs 1eMOHCTPY-

FOTh ITMPOKI MOKJIMBOCTI aBTOMATH3AIi1 00pOOKH pi3HO-
pinHOI iHpopMalii — BiI TEKCTOBUX TPAHCKPHIITIB iH-
TEpB't0 JI0 BiZI€03aIUCIB KOPUCTYBAIBHUIKUX ceciid. 3a-
3HAYCHI TUIH HEHpPOMEpEK € JHIIe MPUKIATaMH Cepel
0e3Jiyi MOKJIMBHX apXiTeKTyp Ta iX KoMOiHamii. J{ns
KOMIUTIEKCHOI aBTOMAaTH3AaIli] aHaIi3y JTaHUX MOXYTh 3Ha-
JoOHUTHCS TIOPHUIHI MiIX0AH, SKi MOEAHYIOTh Pi3HI THIH
HelipoMepek. 3aBIsSKH MOEIHAHHIO PI3HUX BUIIB HEH-
POHHUX MepeX 3'SIBUTHCS MOXIIMBICTH CTBOPUTH CHC-
Temy (puc. 4) 111 aBTOMAaTH30BAHOTO aHAJTI3Y PI3HOTHUII-
HHX JIaHUX, [0 OTPUMaHI B Pe3yJIbTaTi MPOBEICHHS J10C-
JJKEHb KOPUCTYBaJIBbHUIILKOTO JIOCBIY.

InTepdeic kopucTyBaya
(User interface)

Baza 3HaHb

MexaHiam noriyHoro susogy

Baza dakTis (Logical conclusion mechanism)

(Fact base)

(Knowledge base)

Mopgynb BBE€AeHHA faHUX
(Data input module)

Basa npaBun

(Rule base) Mopgynb NOACHEHHN pe3ynbTaTie

(Results explanation module)

Puc. 4. CtpykTypa eKCrepTHOI CHCTEMHI

Kpim Toro, edextuBHiCTH poOOTH HEHPOHHOI Me-
PeXi 3aJeXNUTh He JIMIIE BiJ| BUOOPY 1i MpaBHIBHOI apXi-
TEKTYpH, aJe ¥ BiJI HU3KU 1HIIHX (haKTOPiB, 30KpeMa Tirle-
prapamerpi. Mozeni rian6oKkoro HaBYaHHS XapaKTepu3y-
FOTHCS X 3HAYHOIO KiJTbKICTIO, TAKKX SIK KUTBKICTh IIapiB,

KIJIbKICTh HEHPOHIB, NIBUAKICTD HABUaHHS, QYHKIIT aKTH-
BaIlii Ta ontuMizatopu. HasBHICTh BEIHKOT KUTBKOCTI MO-
JKITMBUX KOMOIHAITIH ITUX MapaMeTpiB CYTTEBO YCKIIATHIOE
MIpoIieC HaBYaHHA HEHPOHHMX MEPEXK, a OTXKe, 1 BUOip o1r-
TUMaJbHOI apXiTeKTypH Ta il HaJAmITyBaHHA I KOH-
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KpeTHO{ 33/1a4i. 3 OrJIsily Ha Iie, BIPOBA/KEHHS eKCIIepT-
HOi CHCTEMH € HCOOXIJIHUM KPOKOM JUIS aBTOMATH3aIil
Iporiecy BHOOPY Ta KOHQIryparii HeipomMepexi, o J0-
3BOJIUTH CHIPOCTUTH Ta MPUCKOPHTH PO3POOKY eeKTHB-
HUX MoJienieit i aHami3y manux UX-mociimkenb. Came
TOMY, B paMKax 3aIIpOIIOHOBAHOI CHCTEMH aHai3y, IIepe-
0adaeThCsl BUKOPHUCTAHHS EKCIIEPTHOI CHCTEMH, fKa, Ha
OCHOBI XapaKTEePHUCTHK BXITHUX JAaHWUX Ta MiJeH aHawi3y,
3MO’KE PEKOMEH/TyBaTH HAHOLIBIT IPHIATHI apXiTeKTypH
HelpoMmepexx Ta iX rimeprapameTpu. [HTerparis pisHHX
THUIIB HEHPOMEPEXK B paMKaX THYUKOI Ta aJallTHBHOI €KC-
MIEPTHOT CHCTEMH € MEPCIEKTUBHUM HAIPSIMKOM JUTS I10-
JAIBIINX JIOCII/KEHb Ta TIPAaKTHYHUX peanizaliil y cdepi
AQHAIITUKU KOPHUCTYBAIBHHUIBKOTO JoCBiny. Pamime 3a-
3HAYaJoCh, 10 Hapasi y cdepi OLIHKM 3py4YHOCTI OlnlbIa
YacTHHA pillleHb NPUUMAETHCSI €KCIIEPTOM 1 HaBITh 4acT-
KOBa aBTOMaTH3allisl HEMOJKJINBA 0e3 CTBOPEHHS CHCTEM,
sKi OymyTh 3amiHATH Horo. [IpomoHyeThCS po3poOuTH
TaKy €KCIEPTHY CHCTEMY Ul NPUIHATTS pillleHb, MOAO0
BIIMOBiHOT HeHpoMepeki M 00poOKHM NaHWX OCIi-
JUKeHb. Taki cHCTeMH € OJTHUM i3 HaIpsSIMKiB IITyYHOTO iH-
TENeKTy, mo 0a3yloThesl Ha 3HaHHAX. CHcTeMa MIiCTHTh
0a3y 3HaHb, 1110 AKYMYJIIOE JOCBI]] EKCIIEPTIB, Ta MEXaHI3M
JIOTIYHOTO BUBEJICHHS, IKUI BUKOPHCTOBYE 11i 3HAHHSI.

baza 3HaHb 11i€i CHCTEMHU CKIIAIAETHCS 3 IBOX KOM-
MOHEHTIB: 6a3u (akTiB Ta 0a3u mpaBwi. MexaHi3M BHBe-
JeHHs1 00po0IIsie (hakTh Ta MpaBUiIa I TeHepallii peKo-
MeHJalii ado pimens. Taka ekcrepTHa cucTeEMa MICTUTh
MOJYJb BBEICHHS JaHNX VIS 3a0€3MCUCHHS XapaKTepH-
CTHK BXIJTHHUX TAHUX Ta I[iJIeH aHANi3y 1 MeXaHi3M JIOTi4-
HOTO BUBEJCHHS AJS 3AIHCHEHHS BHOOpPY HEeHpoMepex
Ha OCHOBi 0a3M 3HaHb Ta BXiTHUX MaHUX. [Ipm HEoOXis-
HOCTI iHTEpIIpeTallii pe3ynbTaTiB MOXKyTh OyTu oOpaHi
HelipoMepeki 3 BOyI0BaHUMHU MEXaHi3MaMH MOSICHEHHS.
VY KoHTeKcTi aHami3zy pesynbraTie UX-mociiiKeHb eKc-
NepTHAa CUCTEMa BHKOPUCTOBYETBHCS Ul BHOOpY Haid-
OLIBLI IPUAATHUX HEHPOHHUX MEPEK 3aJICIKHO BiJl TUILY
BXIJIHUX JaHUX Ta Iijiedl aHami3y. Taka eKCrepTHa CHC-
TeMa Ma€ MICTHTH 0a3y 3HaHb, L0 aKyMYJIIOE EKCIIepT-
HUI TOCBIA y cdepi MaIIMHHOTO HABYAHHS TA AaHAJTITUKH.
baza dakTiB MOXe BKIIOYATH XapaKTEPUCTUKH BXIJHHAX
JAHWUX JOCHTIPKEHB (opMar, o0cAar, CTPYKTypa) Ta LT
aHami3y (xracudikalis, KIacTepu3allis, IPOTHO3YBaHHS
Tomio). baza mpaBui1 Mae MicTUTH €BpPUCTHYHI NTpaBHIIa,
0 TOB'S3YIOTH THITM JAHWX, LTI aHAJ3y Ta apXiTek-
Typu HEHPOHHHMX Mepexk. MexaHi3M JIOTi4HOTO BHBe-
JICHHSI, BUKOPHCTOBYIOUHM 0a3y 3HaHb, OOMpaTHMe Haid-
OIBLI MpUAATHI Helpomepexi Aysi 00poOKH KOHKpeT-
HOTO Ha0Opy JAaHHUX NOCIIIKEHb Ta JIOCATHEHHS IOCTaB-
JICHUX aHATITUYHHX LiIei.

Il popMyBaHHS BUMOT 110 TIOOYI0BH Ta Cy4acHU
CTaH eKCIEPTHUX CHCTEM OyB NPOBE/ICHUI aHai3 HasB-
HUX EKCIIEPTHHUX CHCTEM Ta IHCTpYMEHTIB, [lo mpuknany,
icaye incTpymeHT Neural Network Console [16]. Lle —
rpadiyHHU IHCTPYMEHT ISl TPOEKTYBAHHS, HABYAHHS Ta
pO3ropTaHHs HEMPOHHMX Mepex. BiH Hamae 3pyqHui
drag-and-drop intepdeiic ans BizyanbHOI moOyI0BH ap-
XITEKTypH HEHpOMEpEeK, BKIIOYAIOUX IIaph Ta 3B'S3KH
mik HuMH. Neural Network Console micTuts BOy10BaHy
6a3y 3HaHb 3 TUIIOBHUX apXiTEKTyp HEHpoMepex Il pi3-
HUX 3a7a4 (knacudikailis 300pakeHb, 00poOKa MpUPOI-
HOi MOBH TOII[0) T4 JIO3BOJISIE ABTOMATHYHO I'€HEpYBaTH

KOJI MOJIeJIi Ha OCHOBI BizyasnbHOI cxemu. Bin Moxe OyTH
3aJy4eHHH B IPOEKTYBAHHI €KCIIEPTHOT CHCTEMH IS BU-
Oopy IHIIMX HEHPOHHHX MEpEeX /s aBTOMaTu3auii 00-
poOxu pe3ynbrariB Takox icHye Neural Architect [17] —
BeOIuIaTopMa A Bi3yaIbHOrO IPOEKTYBAaHHS, HaB-
YaHHs Ta PO3rOpTaHHS HEMPOHHUX Mepex. BoHa Hanae
IHTYITHBHO 3p03yMiuii iHTepderc it modyaoBH apxi-
TEKTypH HEHPOMEpEX 3 BHKOPHCTaHHSIM TOTOBHX OI10-
kiB. MictuTh BOytOBaHy 0a3y 3HaHb 3 THIIOBHX apXiTeK-
TYp AT pi3HUX 3324 Ta JO3BOJISIE aBTOMAaTHIHO T€HEPY-
BaTH Kox Mozeri. OKpiM TOTOBHX IHCTPYMEHTIB, MOX-
JIMBE CTBOPEHHS CIELiali30BaHUX EKCIIEPTHHX CHUCTEM
Ha OCHOBI MPaBWJI It BUOOPY HEHpOoMepeKeBHX apxirTe-
kTyp B KoHTekcTi UX-nocnimkens. Taki cucremu mic-
TATH 0a3y 3HaHb 3 EBPUCTUYHUMH NIPABUIIAMH, SIKi MIOB'sI-
3YIOTh XapaKTePUCTHKH JaHHUX Ta LTI aHaNi3y 3 BiINOBI-
JHUMH TUIIaMH Heiipomepex. Lli cucremu MOXyTh OyTH
pealizoBaHi 3 BUKOPHUCTAHHSIM MOB IPOTPaMyBaHHS 3a-
ransHOTO npr3HaueHHs (Python, Java, Kotlin) abo cre-
iaJi30BaHUX MOB JAJS CTBOPEHHS EKCIEPTHHX CHCTEM
(CLIPS, Prolog, Lisp, Jess, Drools, RETE, PyKnow).

AHaii3 IHCTPYMEHTIB ITOKa3ye, MO BXKE JOCTYITHI
pilIEHHST Ui Bi3yaJlbHOTO NPOEKTYBAaHHS EKCIEPTHHX
cucTeM BHOOPY HEHpOMEpeKEBUX apXiTEKTYp, SIKi CIpo-
HIYIOTh MPOIIEC pO3pOoOKH Ta amanTaiii Mmoaesei. OqHaxk,
HONPH HASBHICTH UX IHCTPYMEHTIB, HE ICHYE TOTOBOTO
pileHHs, IO IOBHICTIO BiAmoBinae crenudini aproma-
TH3alii aHanizy Helipomepex Ta gaHux UX-1ociimKeHs.
Li cucremu MOXXyTh OyTH BHKOPHCTaHi K 0aza, aje 1mo-
TpeOyIOTh aganTallii Ta JonoBHeHH:. HeszanexxHo Big 00-
PaHOTO MiAX0Y, BAKOPUCTAHHSA €KCIIEPTHUX CUCTEM IS
aBTOMATH30BaHOTO BHOOpPY HEHPOMEPEKEBHX apXiTeK-
TYp MO3BOJISE 3MCHIINTH BIUIMB JIFOACHKOTO (hakTopa,
TIPUCKOPHUTH TIPOIIEC PO3POOKHU Ta MiJBHIIUTH €(PEKTHUB-
HICTB aHaJII3y.

AHaJi3 iHCTpyMEHTIB MOKa3ye, 1110 iCHYIOTh TOTOBI
pilIeHHsT Uil Bi3yaJIbHOTO TMPOEKTYBAaHHS EKCIIEPTHHX
cucreM. OnHAaK Tepea BUKOPHCTaHHAM OYIb-SIKOTO 3
HUX, JUIS MATBEPKEHHS KUTTE3aTHOCTI 3aIIpOIIOHOBA-
HOI KOHIENii HEOOXiAHO MPOBECTH €KCIIEPUMEHTAJIbHE
nocmimkeHHs. e Oymo BUpIMIEHO MPOBECTH IIIIXOM
CTBOpPEHHS TecToBOI Bepcii cucremu. Llg Bepcis, xoua i
HE MaTUMe MOBHOI (DYHKIIIOHABHOCTI €KCIIEPTHOI CHC-
TEMH, IO IUIAHYETHCS PeaTi3yBaTH B IIOJANIBIINX HAYKO-
BHUX IpaLsiX, IPOTE JO3BOJIMTH NEpeBipUTH 6a30Bi 3aruia-
HOBaHi IIPUHIUIU POOOTH, a caMe: MOXKJIMBICTh 3aBaHTa-
xenHst paiiniB UX-nociipkeHb pi3HUX THITIB Ta X 00po-
OKy 3a JONOMOI00 MOJIeJIel IITy4YyHOro iHTenekTy. Jis
peastizaiiii TecTOBOi Bepcii CHCTeMH HEOOXiTHO BHPpI-
HINTH HACTYIIHI 3aBAaHHS:

1. Bu3HauUTH ONTHMAIILHY MOJEINb IITYYHOTO iH-
TENeKTY JUIs TECTYBaHHS, 10 3a0e3MeunTh 00pOOKH pi3-
HOoTHHHUX JaHuX UX-HoCiigKeHb;

2. OOparyu apxiTeKTypy Ta METOJ CTBOPEHHS Tec-
TOBOI CUCTEMH;

3. MigiOpaty BiANOBITHI TEXHOJOTii, MOBY IIpO-
rpaMyBaHHs Ta IHCTpPYMEHTaJIbHI 3ac00M A1 pearizamii
KOPHUCTYBaIlbKOTO iHTepdeiicy.

B pamkax nepuioro 3aBjaHHs 0yJi0 IPOBEACHO MO-
PIBHAUTBHUH aHaIi3 crlocobiB iHTETpamii Moaenel mryd-
HOTO IHTEJIEKTY Y CUCTEMY, IO po3po0IseThes. Po3riis-
HyTO HaCTyIHI miaxoau 1o BupoBaxeHHs LI-cucrem:
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APIl-inTerpaunisi, JOKalbHE PO3rOPTaHHS Open-Source
MoJjeneid, Bukopucranus ML-¢dpeliMBOpKiB Ta BUKOpHC-
TaHHS XMapHHUX CEPBICIB.

API-iHTerpauis uepes cepsicu, Taki sik OpenAl API
g Claude API 3a6e3meuye qocTym 10 MOENCH udepes
HTTP-3anuTn. [lepeBaramMu € MUTTEBHI AOCTYH JIO TEX-
HOJIOTi#, BIICYTHICTh BUTpAT Ha 00JIaTHAHHS Ta MOCTIiHI
oHOBJIeHHS. OOMEXEHHSIMHA BHCTYNAIOTh HEOOXiTHICTH
a0OHEHTCHKOI TUIATH Ta 3aJICKHICTh BiJ iHTEpHET-3'€]-
HaHHA. JIOKambHE PO3rOpTaHHSA Open-source MoJneseu
HaJla€ NOBHUH KOHTPOJIb HaJl CHCTEMOIO, IPOTE BIMArae
3HAYHUX IHBECTHUIii B 0OJaJHAHHS, TJTUOOKHUX TEXHiu-
HUX KOMIIETEHIIH Ta MOCTIHHOTO OOCIyroByBaHHS iH-
¢dpactpykrypu. Buxopucranus ML-dpeiiMBopKiB mis

Tabauys 1— Texniuni moxiuBocti API-moaeneii LT

CTBOPEHHSI BJIACHUX MOJIEJICH JOLiIbHE JIUIIE JUIS BY3b-
KOCTICIiaIi30BaHMX 33/1a4, OCKUIBKHU MOTpedye 3HaYHMX
pecypciB Ha po3poOKy, TECTYBaHHS Ta HaBUYAHHS MOjie-
neit. Jlnsa peamizaiii TecToBOi Bepcii cUCTeMH OOpaHO
API-iHTerpamnii sk onTHMaTbHUN 3 MOMISAY CHIBBIIHO-
IIEHHSI BUTPAT, IIBUAKOCTI BIIPOBAKCHHS Ta THYYIKOCTI
po3poOku. Bin mo3BoIsEe 30cepeauTiCh Ha po3po0ti ¢y-
HKI[IOHAJy CHCTEMH Ta i TeCTyBaHHI 3aMiCTh OOCITyTOBY-
BaHHS iHPPACTPYKTYPH MITYIHOTO iHTENEKTY. [Ipoanarti-
3yBaBmm noctynHi API-iHTerpamii Momene mTy4HOTO
IHTETIeKTY, OyI10 30cepeKeHO yBary Ha ABOX MPOBITHIX
pimennsx: OpenAl API ta Claude APIL. ¥V ta6n. 1 ta 2
HaBEJICHO iX MOPIBHSUIBHUN aHaNi3 3 HOTJIITY TEXHIYHUX
MOJKJIUBOCTEH Ta KOMEPLIHHUX yMOB.

IMapamerp Claude API OpenAl API
MakcuMansHHI po3Mip KOHTEKCTY 200K TokeHiB 128K TOoKeHIB
IlinTrpumyBani popmatu daiinis PDF, DOCX, XLSX, CSV, JSON, TXT PDF, DOCX, JSON
IBuakicTs 0OpOOKH 3aIHTIB o 3500 TokeHiB/c Jlo 2000 TokeHiB/c
TounicTs 06pOOKH TPUPOTHOT MOBH Bucoxa Bucoka
bararomoBHa miATpUMKa 100+ moB 95+ moB
BOynoBani aHani-TH4HI IHCTPYMEHTH Posmmpeni Bazosi
O0po0OKa CTPYKTYpOBaHUX TaHUX Bo6ynosana [Motpebye monaTkoBOT po3pOOKH

Tabruys 2 — ' YmoBu Bukopuctanus API-monesneii LT

IMapamerp Claude API OpenAl API
IIpo6Hwuii nepion $5 kpenutis BincyTHiii
Bazoswuii Tapud Pay-as-you-go Iigmucka
Bapricts TokeHa Bix $0.00008 Bin $0.0002
JlimiTH 3anuTiB IHyuki dikcoBaHi

Sk BugHO 3 HaBeaeHux nanux, Claude API nemoH-
CTpY€E Kpallli TOKa3HUKH 32 TEXHIYHUMH ITapaMeTpaMu Ta
Mae OUTBII THYYKI KOMEpIiiiHIi YMOBH BUKOPUCTaHHS.
Oco0mBO BaXXIIMBUM (PaKTOPOM € HASBHICTH MIPOOHOTO
nepiony 3 kpeautamu Ha cymy $5. JlocTymHux pecypcis
MPOOHOTO Mepiony AOCTATHRO JJISI CTBOPCHHS, TECTY-
BaHHS Ta HaJaro/KeHHs BeOiHTepdeiicy, a TaKOXK Mpo-
BEJICHHS [10YaTKOBOro aHamizy nanux UX-gociikeHs,
IO JTO3BOJIUThH MiJATBEPIUTH JKUTTE3JATHICTH 3arporo-
HOBaHOT KOHIIETIIIT.

Hacrynuum eranom miciist Bubopy API-iHrerpanii
CTaJIO MPOEKTYBAHHS apXiTEKTYPH CUCTEMH AJIsI €PEKTH-
BHOI B3aemozii 3 APl mTydHOrO iHTENEKTY Ta MOKIIH-
BicTh 00pOOKH pi3HuX THIIB AaHuX UX-mocmimkeHs. B
poreci ananizy O0yJ10 po3riITHyTO OCHOBHI apXiTeKTypHi
MiIXOIH.

MoHoumiTHa apXiTeKTypa, Xxoua it 3abe3nedye npoc-
TOTY PO3pPOOKH, Mae OOMEKEHHS II0JI0 MacIITa0yBaHHS
Ta yckmagHioe npouec interpaunii 3 APL TI'iGpumne pi-
LICHHS 3 CEPBEPHUM PEHJIEPHUHIOM MOTPeOye J0JaTKO-
BHX pecypciB. MikpocepBicHa apXiTeKTypa BHSBHIIACS
HaJMIpHOIO I TECTOBOI BEpCii CUCTEMM uepe3 CKIal-
HiCTB peanizanii Ta oocimyroByBaHHs. Tox At peasizanii

TECTOBOI Bepcil cucTeMu 0OpaHO KIIACHIHUI BeOiHTEp-
¢eiic 3 posminennsm Ha yactunu frontend ta backend.
Takwit BUOiIp OOTpyHTOBaHHMH KiNbKOMa (haKTOpaMH:
backend-uactuna edexTHBHO Kepye B3aeMoji€0 3
Claude API Tta 00pobOkoto manmx UX-HOCHiTKEHB.
frontend — 3a6e3neuye inTepdeiic A1 3aBaHTAXKEHHS Ta
HeperiisiLy pe3ysbTaTiB aHallizy.

JlonaTKOBOIO TEpPeBaroi € MOXKIMBICTh HE3aJIeK-
HOT'O MacIITa0yBaHHS KOMIIOHEHTIB CUCTEMH TPH 301J1b-
HICHHI HABAaHTA)KECHH.

[Tpu nopaybioMy BHOOpI TEXHOJIOTIYHOTO CTEKa
NpOaHaNi30BaHO CydacHi ppedMBOpPKH Ta MOBH NpOTrpa-
MyBaHHs. Ha OCHOBI BUMOT 10 IIBHJIKOCTI pO3pOOKH Ta
npocroty iHTerpanii 3 APl oOpaHo MiHIMaJIiCTHYHUHA
crek: HTML/CSS 3 JavaScript Ta AJAX na frontend Ta
Python (FastAPIl) na backend. Bubip TexHomoriynoro
CTeKa 3yMOBJIEHHH NMOTpe0OI0 y MIBHAKIH po3poOii Ta
PO3TOpPTaHHI CUCTEMH, a TAKOX MPOCTOTOIO IHTETpaIlii 3
Claude API. Ha ocHOBI IpoBeIeHOT'O KOMIUIEKCHOTO J0-
cimimkeHHs MeroniB UX-I0CiKeHb, aHali3y TeXHOJ0-
Tilf IITyYHOTO iHTEJIEeKTY Ta BUBUEHHS ITiAXOiB 10 aBTO-
Martu3zaiii 0yio po3pobJeHO TeCTOBY CHCTEMY aBTOMa-
TU30BAaHOTO aHAM3y naHux UX-gocmipkens (puc. 5).
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YuTaHHA AOKYMEHTIB

Beepitb npomnT:

Lle — pe3ynsTaT MacoBHX ONATYBaKb ONUTYBAHHA CTYAEHTIB OHNAMH LIKONM AM3aiH Ta KpeaTHBHWUX Npodeciin. OBpoGi Uel 3MICT Ta BU3HaUM KINIOYOBI BUCHOBKM, 3-NPUBOAY TEM Ha

chopmartie Hae4aHHs, ski TypBytoTk cTynenTis HanbinkLue, Ak ix Hanbinbwe xoyeThes.

MiprpumyBaHi popmarti chaitnis:
+ .docx (Word)
« xlsx (Excel)
« pdf (PDF)

Choose file OnuTyBaHHA...ponses).xlsx

Obpobka ainy...

Puc. 5. CrapToBuii BUrisin inrepgeiicy TecToOBOi CUCTEMH MPH 3aBaHTAXXEHHI (ailmy

Cucrema iHTETpy€e pe3yJabTaTH TEOPETHYHOTO aHa-
T3y, MOEAHYIOYH MOXKIIMBOCTI HEHPOHHHUX MEPEX I
00pOOKH PI3HUX THUIIIB JaHUX Ta BEOTEXHOJOTIT /i 3a-
Oe3reueHHs B3aEMOJIIT 3 KOPUCTYBaUEM.

B pamkax nmpakTu4HOi peaitizaliii CTBOPEHO Bepciro
CHCTeMH y BHIVIAAI BeOiHTepdeiicy 3 IHTerpariero
Claude API.

Po3pobiieHa cucreMa BTUTIOE OCHOBHI TEOPETHYHI
KOHIICTIIIT JOCIiIPKEHHs] Ta BKIIOYA€E Taki (yHKIiOHa-
JBHI MOKJIMBOCTI:

1. 3aBanTaxkeHHA QailmiB M0 iHTEpdEhcy y ¢op-
matax DOCX, XLSX ta PDF;

2. HamamryBaHHS apamMeTpiB aHaNI3y depes yTo-
YHIOBAJIbHE ITOJIE 3aIIMTiB;

3. Bisyaumizais nporiecy 00poOKH 3 iHIMKATOPOM
TIporpecy;

4. Bamigaris ta BiqoOpaXeHHS BMICTY 3aBaHTa)Xe-
HUX (aiinis;

5. CrpykTypoBaHe MpPEJICTABICHHS pE3yJbTaTiB
aHami3zy maHux UX-IOCTiKeHHS Ta IOMepeaHiX BUCHO-
BKIB BIIITOBiAHO IO 3aIIUTIB.

IHTepdeiic cuctemu BimoOpakae MpoOMiKHI pe3yIib-
TaTH Ha KO)XKHOMY eTamni oOpoOku nanux. [Ipu 3aBanTa-
JKCHHI (paiiiTy KOpHCTYBad OaYUTh HOTO BMICT y CTPYKTY-
POBaHOMY BHIJISLL

JUISl TEKCTOBUX JIOKYMEHTIB — 3 44COBUMH MITKaMHu
Ta po30MBKOIO HAa CETMEHTH,

JUISL TAOJIUIIb — 3 KOPEKTHUM (popMaTyBaHHIM psi-
JIKIB Ta CTOBIILIIB.

Cucrema aBTOMaTHYHO BUSIBIISIE TIPOOIIEMHU 31 CTPY-
KTypOIO TAaHWX, TaKi SK IMOIIKO/KCHI TaONHINI 91 HEKO-
peKTHE popMaTyBaHHs, Ta GOPMYE TEXHIUHI pEKOMEHa-
i m10J10 TX BUIIpaBICHHS. Takuii miIXi JO3BOJISIE HA Te-
CTOBOMY €Tali BpaxOBYBaTH JIMIIE IepeBipeHi Habopu
JaHUX.

st TectyBaHHS cucteMH OyJ10 JJOAaTKOBO IIpOaHa-
JIi30BaHO MOKJIUBI X011 10 popmyBaHHS HAOOPIB Ja-
HuX. PosrmsHyTo Bimkputi Habopu manmx UX-mocii-
mxerb (UX Researches Datasets), 30kpema KoJiekIii 1a-
Hux Ha atdopmi Kaggle Ta GitHub, mo mictaTs pe-
3yJIbTaTH MaclITa0HUX KOPHCTYBalbKHX JOCII/IKEHb.
Opnak, BpaxoBy04# 0ocoonuBocTi podotu AP, ne o6po-
Oka naHuMxX TapuQikyeTbcs 3a 00CATOM TOKEHIB, 1

HEOOXigHICTh Bamifamii pe3ynbTaTiB 00poOkm, OyIo
MIPUIHATO pIIIEHHS BUKOPHCTOBYBAaTH BIacHI HalbopH
JaHUX MEHIIOTO0 00csry 3 peanbHuX UX-nocmimkens. Ha
[[bOMY €Tarli PO3pOOKH CHCTEMA MPAIFOE 3 KOHKPETHUMH
3anutaMu (prompts) 1 06poOKU JaHUX, 1O J03BOJISE
TOYHO HAJAIITYBATH IapaMeTpH aHaNli3y AJs KOXKHOTO
TUIY TOKyMeHTiB. Hanani mianyerscs po3pobka 6arato-
KPOKOBOT'O TPOIECY aBTOMATHYHOTO (OPMYyBaHHS Ta
YTOYHEHHS 3allUTiB HA OCHOBI XapaKTEPUCTHK BXIJHHX
JaHUX.

Jns Bamiganii poboTH cucTeMu OyJIo i ITOTOBICHO
Ha0ip TECTOBMX NOKYMEHTIB, IO MPEICTABISIOTH Pi3HI
i gaanx UX-40cCiiKeHb:

1. TaGmuui pe3yspTaTiB MacOBUX ONUTYBaHb Ie-
PEBIPKH CTaBJICHHS 0 IPOIIOHOBAHUX CHCTEMOIO HaBYa-
JpHUX (OPMATIB Ha CTOPIHII KaOiHETy KOpUCTyBaya;

2. TpaHCKpUNTH INTUMOMHHUX THTEPB'IO PO KOPHC-
TYBalbKH JOCBIJ] BUKOPUCTAaHHs (PyHKLIT IpOBEACHHS
OHJIaH-TIPaKTHKYMIB;

3. TekcToBi JOKyMEHTH 3 aHAII30M 3MICTY HaBYa-
JBHOTO MaTepiany sl MOJANbII0i 0OPOOKH.

PosrnsHeMo nporiec 00poOKH Ta OTpUMaHi pe3yiTb-
tatu. [lepmmii crieHapiil mependadaB aHami3 HaBYAIb-
HOTO BiZICO 3 METOIO BUAIJICHHS KIIOUYOBUX TE€3 Ta CTBO-
PEHHSA MiACYMKY.

Ha nepuuiii yacTuHi puc. 6 HpencTaBiIeHO iHTEp-
¢eiic cuctemMu npu poOOTI 3 TEKCTOBUM JIOKYMEHTOM, 110
MICTUTh TPAHCKPUNT 3 YaCOBUMH MiTKaMH. SIK BHHO,
CHCTEMa YCIIIIHO OIpalloBaia CTPyKTypOBaHUN TEKCT,
30epirar4un 3B'I30K 3 YaCOBUMH MiTKaMu, Ta chopmy-
BaJla 3MICTOBHMH aHaJi3 y BHIJISI OCHOBHHUX Te3 JOTIO-
BI.

Jpyruii cueHapiii cTocyBaBcs aHaJi3y KUIbKICHHX
JIAaHUX ONMTYBaHHS CTYAEHTIB LIOA0 HAaBYAIBHUX (hop-
Maris.

Ha npyriit wactuni puc. 6 nmoxasano po6oTy cuc-
TeMH 3 TAOMMIHUME JaHuMU. [Tpu po0oTi 3 TabIMIHIMEI
JAHUMH CHUCTEMa TPOJEMOHCTpYBalla 3[aTHICTh BHSB-
JsTH Tipo0ieMu 3 (hopMaTyBaHHIM Ta Ha/IaBaTH peKOMe-
HJAIl m0/I0 TOKpaIeHHs AKOCTi BXiTHUX gaHux. Ilo-
MIPH 9aCTKOB1 0OMEXEHHS BXITHUX JaHUX, CHCTEMA 3MO-
TJ1a BUAUTATH KITFOYOBI TEHAEHIII] Ta chopMyBaTH CTPyK-
TYpOBaHi BUCHOBKH I110/I0 TIpedepeHIiii KOpUCTyBadyiB.
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BaKaBCii TYT HaBiTo 3HOBY % Tak
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Peaynirat 06pobik:

KopoTkmid aMicT:

YDOK NMEBSYEHMA TEML MDTMBAWLAHOrO NWCTa BLL pocslpyenni pexpyrepku Ipuiu, ska Mae noHay S pok1B QOCBLMy B perpytMedrl., BoHa noacuue Cyfs,

NPU3HAYEHHS Ta BawMMBiCTb MOTMBALLAHOrO nWCTa npw mowyky poBoTw.
3 Hanuikaniupx pymKm:

1. MotuBauifHui nUCT = ue KOPOTKWIA ROKyMeHT obcarom 200-250 cnie, skuit nonoHe peswme Ta € cnocofom camonpesenTauii.,
2, Ha pigMiny 8if peseme, ske MiciuTb CTpyKTYpDEaNy iHGopmauie npo ockivy 1@ pocain pobetn, MOTMEALAAHMA NMCT MO3IRLNAE POINOBLCTM Npo ocobucty

MOTHBAUIN Ta 3aliragneniciu y KOMKDE ML Bakapcil,

3. He BCi KoMnaHii BuMarawTb MOTMBALLAHWA NMCT, ane B QesKux BiH Moxe GyTu 0608 'S3K0BMM ab0 CYTTEBO NifBMWATM WAHCH K3HAMOATE Ha NPALEBAAWLTYBAHHA.

2U24-U6-U7 138:5/:U8.£28U00 1@k, 3BICHO!

2024-06-07 13:58:10.136000 Tak, 3BicHo!

2024-06-07 13:58:35.547000 Tak, 3gicHo!
2024-06-07 14:00:26.383000 Tak, 3BicHo!
2024-06-07 14:06:42.761000 Tak, 3sicHo!
2024-06-07 14:06:46.214000 Tak, 3icHo!
2024-06-07 14:09:14.847000 Tak, 3gicHo!

2024-06-07 14:21:57.472000 Tak, 3BicHo!

Peaynkrat 06po6ku:

[TextBlock(text="Ha Xanb, HapaHu# BMiCT BUrMSAAE AK 4aCTKOBO MOWKORKEHa abo HEKOPeKTHO chopMoBaHa Tabmuus, WO YCKNAAHWE il noBHOUiHHWM aHanis. OpHak,
6a3ylyncb Ha 3aronoBkax Ta YaCTKOBO BMAMMMX [AHWX, MOXHA 3pobMTM HACTYNHi nonepegHi BUCHOBKM:

Kni4oBi cnocTepexeHHs:

1. ONUTYBAHHS CTOCYETHCH CTYAEHTiB OHNAWH-WKONW AM3aiiHY Ta KpeaTusHUX npodeciit

2. JlocnipXeHHA OXOMNWE Kinbka BaXnMBMX acnekTis:
IHTepec [0 pi3HMX QopMaTis HaB4anbHMX NOAiN
3pyy4Huit Yac pna BipBimysaHHA 3axopis
OuiHka npogeciitux Hanpsamkis
llikaBicTb fo 1HCTpyMeHTanbHUX MailcTep-knacise

3. Metogonoris onuTyBakHs nepepbavac:
likany ouiHwsaHHa 8ig 1 po 5
llkany ouinwsanHa Big 1 po 10
MoxnuBicTb MHOXUHHOTO BMBOpY

fina 6inbw petanbHOro Ta TOYHOrO aHaniay notpibHa noBHa, KopekTHO cdopMoBaHa Tabnuua paHux.
PekomeHpauin: MNepesipTe uinicHicTb Ta KOPEKTHiCTb BuxipHoro dainy nepep mopanbuwvm axanisom.', type='text')]

Puc. 6. 3HiMKH 3 eKpaHa 31 3MiCTOM Ta pe3yabTaToM 00poOku Aanux UX-maocimimKeHb

PesynbraT TeCTyBaHHS MiATBEPIMIM Hpale3ar-
HICTh OOpaHUX TEXHIYHUX pIlIEHb Ta JO3BOJIMIM BH-

SIBUTH OCOOJIMBOCTI pOOOTH CHCTEMH 3 Pi3HUMH THIIAMH.

JaHuX. 30Kpema, Ipu OOpoOIll TEKCTOBHX TOKYMEHTIB
cucTeMa epeKTUBHO NPALIOE 3 (POPMATOBAHUM TEKCTOM,
30epirarouu CTpyKTypy JOKyMEHTa Ta MeTaJaHi, Taki K
yacoBi MiTKH. [Tpn po6OTi 3 TAOIMYHUMY JaHUMH pealti-
30BaHO MEXaHI3MH BaJIiiallii, 10 JO3BOJISIOTH BUSBIISITH
MOTEHIIMHI TpobieMu 3 GopMaTyBaHHSIM Ta CTPYKTY-
POI0 JaHUX WIe J0 MOoYaTKy aHamizy. BomHouac Tecty-
BaHHS BUSIBHJIO HANPSMKH JUIS MOAAJIBLIOTO BJOCKOHA-
JICHHS] CHCTEMH:

1. Astomarmzanis GopMyBaHHS 3aIIUTIB HA OCHOBI
THUITY Ta CTPYKTYPH BXiTHUX JaHUX;

2. PoznmpenHs miarpuMku Gopmaris daitnis s
pizHuX THIiB UX-IT0CTiIKCHB;

3. BmpoBamkeHHs JOAaTKOBUX MEXaHI3MIB BalIi-
Jarii Ta mornepenaHs0i 00pOOKH JaHUX.

OnrtuMizariss 00poOKY BENIUKHX aHHX;

OcoOIUBICTIO pO3POOICHOT CHCTEMH € 1 THYUKICTh
mon0 TumiB aHamizy maHux UX-mocmimkeHb. Cuctema
Moyke OyTH 3acTOCOBaHa JUIsl Pi3HHUX 3aBJaHb: BiJ Ipoc-
TOTO y3arajJbHEHHs TEKCTOBHUX JAHUX JI0 CKJIaJHOTO aHa-
i3y pe3yJbTaTiB KOPUCTYBAbKUX ONHUTYBaHb. X04a HO0-
TOYHA BEpCisi BUKOPHCTOBYE 0a30BY MOJENH IITYYHOTO
IHTETIeKTY, 1[0 MOXe MOTPeOyBaTH JOAATKOBUX iTeparii
JUIL ONTHMI3aIlil pe3yibTaTiB, BOHA JEMOHCTPY€ MpPHH-
LUTIOBY MOYJIMBICTh aBTOMAaTH30BaHOI OOPOOKH TaHWX
UX-nocnmimkenb. Ha ocHOBI TpoBeaeHOTO TOCIIKEHHS
Ta pe3yJIbTATiB TECTyBaHHs cHCTeMH Oyna copmoBaHa
3arajgbHa KOHLEMIIS pOOOTH CUCTEMH METOANKO-IHCTPY-
MEHTAJIbHUX 3aC00iB aBTOMaTH30BaHOTO aHANI3y JaHMX
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UX-gocnimkenb. CxeMa poOOTH CHCTEMH, IPEICTaB-
JICHa Ha pUC. 7 1 OTMHCY€E KOHIICMIIIO, IO MOJIATrae y 3a-
crocyBaHHI YynHHHX MeToiB UX-10CmiKeHb, TUIIIB Ja-
HUX Ta HASIBHUX HA CHOTOJIHI HEHPOHHUX MEPEIK, a TAKOXK
ix iHTerparii B eauHy cuctemy. KiIrouoBoro ificero € Bu-
KOPHUCTaHHS HEOOXiTHUX HeHpoMepex 3aJIe)KHO Bif TH-
B JaHWUX Ui 3a0e3medeHHs eeKTHBHOTO aHAJi3y Ta
00po0OKH X maHuX. Cxema IEMOHCTPYE, 0 HelpoMe-
peXi MOXKYTh OyTH 3aiTydeHi AJIs aHali3y MEBHUX THUIIB
JaHWuX, 310paHMX MiJ Yac KOHKPETHUX METOMIB TOCIIi-
JUKeHb. TakuM YWHOM, 3aIpONOHOBAaHUM 3arajlbHUN

IuTepeiic kopucTyBaya ExcnepTha

(User interface for input and output resuits)

[UIAX ABTOMATH30BaHOTO aHaJI3y i3 3aCTOCYBAaHHSIM BiJl-
MOBIHUX HeHpomepek. ICHye psim HEBIJOMUX €ICMEH-
TiB, SIKi TOTPEOYIOTh YTOYHCHHS Ta JOJATKOBHUX JOCITi-
JUKEHB. 3 OJHOTO OOKY, Iie cTocyeThest metoniB UX-moc-
JiJDKCHB, SKI Ha el yac He Y3rOJDKEHi, He Kiacupiko-
BaHI Ta HE MAlOTh CTaHAAPTH30BaHOTO (hopmaTy mpen-
CTaBIICHHA PE3YJbTaTiB.

B craTTi mponoHyeThCs JTUIIE OAWH i3 MOMKIIUBUX
cnoco6iB kmacudikamii meroxis UX-mocmimkeHs Ta
BHU3HAYCHHS TUIIIB JaHUX, [0 TEHEPYIOTHCSA B PE3yIbTaTi
iX IPOBEJECHHS.

3 aHanisy pesyneTartis Ta nigbopy
(Expert system to select neural network and automatic analysis)

BERT, GPT-3, EC, PyTorch, TensorFlow,
VGGNet, RecNe, GAN, DeepSpeech

MiaGip eianoeinsoi
re——

- 42 Sopuyssa

Mosegismosi weTom
AuicHi MeTOmM,
Kinicni meTomm,
Bigyanosm meTomM,
Kosiasonani meTop WavZLstter, Cognitive, LSTM, GRU Touio
Touo
1 T2 1 2
1
Bammasenss gaRne |
Ta $COMYEIHHA 3aNATY B Ty
{promptj wepes Ux-gocnigmens 3aEaHTANEHOTD daity

irepdenc see/ e

Busegesss pesynsTatis

Norepeasa narcroera Ofipotia pesyruratie
p RETEMLHILOTD SaMTY 5 an e pes
Ta rinepnapaueTpia pra s
Mlouyx crasazpriaes 360
X 3aNTIB,
o samiie
T s
InTepnperaujs
pesymraTe

Puc. 7. Cxema po0OTH CHCTEMH METOIUKO-1HCTPYMEHTAJIBHUX 3aC001B
aBTOMaTH30BaHOTO aHanizy UX-mocmimkeHs

Taka cucremarusalisi € HEOOXITHOK IS MOHAlb-
1Ioi iHTerparii Hux METOIB 3 BiAMOBIIHUMH HEHpoMe-
peXaMu B €IMHY aBTOMaTH30BaHy CHCTEMY.

[Moganpun JocimipkeHHs OyIyTh CHIPsIMOBaHI Ha
aHaJli3 YUHHUX Ta PO3POOKY HOBHMX BEpCil €KCIEepPTHOI
cucreMd. HacTynmHUMEM KpOKaMH € JieTaii3allisi 3arajib-
HOTO IUTaHy 1OOYyJOBM aBTOMATH30BaHOI CHCTEMH aHa-
nizy UX-maHux Ta OIMc MpaKTUYHOI peati3alii Takoi cu-
CTEMH 3 BUKOPUCTAHHAM 00paHNX HEMPOMEPEKEeBHX Te-
XHOJIOT1H. JI bOTO TUIAHYETBCSI NMPOBEJCHHS JOCIi-
JDKEHHSI HelpoMepek Ta OpMYJIIIOBaHHs Ta 0a3y 3HAHb
3 OITUCOM iX apXiTeKTyp Ta rineprapamerpiB. OkpiMm Hel-
POHHHX MEPEX, 10 CHCTEMH MOXKYTh OyTH IOJIaHi eKcIie-
PTHI KOMIIOHEHTH JUIs TIOTJIMOJICHOTO aHai3y Ta IHTepII-
perarii pe3ynbTaTiB. Jluine 3a yMOBH peTENBbHOT PO3pO-
OKH BCiX CKJIAJIOBHX €JIEMEHTIB MOXHA JJOCATTH MOCTAB-
JICHOT METH — CTBOPEHHS €(QEeKTHBHOI METOJOJOTi{ aB-
TOMAaTH30BAHOTO aHANI3y JAHWX HA OCHOBI IHTENEKTya-
JILHUAX CHCTEM.

BucHoBkH

IIpoBenenuit anami3 JiTEpaTypHUX JKEPEN BUSBUB
MIeBHI HEJOMIKY TpaauIiiaux MeTo1iB UX-IT0CiHKeHb,
MOB'sI3aH1 3 BUCOKMMH BUTpPAaTaMHy 4acy Ta pecypciB Ha
30ip 1 00poOKy maHWX, IO 3YMOBIIOE HEOOXiIHICTH

aBTOMATH3alLlii IIbOTO MPOLECY 3 BAKOPUCTAHHSIM TEXHO-
JIOT1{ IITYYHOT'O IHTENIEKTY;

3anpornoHOBaHO KOHIIENITYaIbHY CXEMY CHCTEMH
METOAMKO-IHCTPYMEHTAILHUX 3aC00iB aBTOMAaTH30Ba-
HOTO aHaii3y pe3yJbTaTiB 3 BUKOPUCTAHHSIM HEUPOH-
HUX MEpEeX Ta eKCIEepPTHOI CHCTeMH, sika nependavae
KIacu(iKaIifo TUIIB JOCTIHKEHB 32 popMaraMu TaHUX
Ta BHOIp BIATIOBITHUX apXiTEKTyp HeHpoMepex I IX
00poOKH.

3anpornoHOBaHO BHKOPUCTAHHSA EKCIEPTHOI CHC-
TEMH JIJIs1 aBTOMATH30BaHOTO BHOOPY ONTHMAIIbHUX HEH-
POMEpEeXEBUX MOAENEH 3aJISKHO Bifl TUITY Ta XapaKTepH-
CTHK BX1JIHMX JaHUX JOCHIIKEHD;

HageneHO MOXITHBOCTI IHTETpaLlii CHCTEMH, 1110 PO-
3po0II€THCS, 3 CYyJaCHUMHU IaT(opMaMu MITYIHOTO iH-
TEJIEKTY, IO JO3BOJISAE PO3LIMPUTH (DYHKIIOHAIBHICTH
CHCTEMH aBTOMATH30BAHOI'O aHAIII3Y;

OTtpumani pe3yabTaTH CBiYaTh PO 3HAYHUH TOTe-
HIIiaJ po3p0o0JIeHOT CUCTEMH ISl IPAKTHYHOTO 3aCTOCY-
BaHHS Ta IiJIBUIIECHHS €(EeKTUBHOCTI POLIECY MPOEKTY-
BaHHs iHTepdeiiciB. [lomanpimi AOCHIIHKEHHS MOXYThH
OyTH cIpsAMOBaHI Ha NMPAKTHYHY peaji3alilo CUCTEMH,
po3poOky BimmosigHOTO [13 Ta eKcrieprMeHTaIBHY OIli-
HKY e(eKTHBHOCTI aBTOMAaTH30BAaHOTO AHANI3Y Pi3HHX
THIIIB JaHUX.
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[TpoBenene mociiUKEHHS BIAKPUBAE MIMPOKI repc-
MEKTHUBY ISl OJAJIBLIOT0 PO3BUTKY Ta BIIOCKOHAICHHS
METOJiB aBTOMAaTHU30BaHOTO aHajii3y pesynbrariB UX-
JOCITIIKEHB 3 BUKOPHCTAHHSIM TEXHOJIOT1{ IITYYHOTO iH-
TesiekTy. Peanizamisi 3aBIaHb JIOCHIPKEHHS JIO3BOJISIE
CYTTEBO yIOCKOHAIUTH NPOLEC NPOEKTYBAHHS KOPUCTY-

BalbKHX iHTep(eiiciB, 3a0e3neynBLIN HOTO OLIBITY HIBU-
JKICTh, €()EKTHBHICTH Ta OPIEHTOBAHICTh Ha peajibHi HO-
TpeOu Ta OviKyBaHHS KopucTyBadiB. Lle, cBoeto ueproto,
CIPHUATUME ITiJIBUIIEHHIO SKOCTI Ta KOHKYPEHTOCIPOMO-
KHOCTI IU(POBUX MPOIYKTIB Ta MOCIYT B YMOBax CTpi-
MKOTO PO3BHUTKY iHPOPMAIiTHIX TEXHOJIOTIH
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System of methodological and instrumental tools for automated analysis
of UX research data using artificial intelligence systems

Y. Ihnatiuk, A. Popov

Abstract. The article is dedicated to the automated analysis of user experience (UX) research results using artificial intel-
ligence systems, particularly neural networks and expert systems. The aim of the research is to develop a system of methodological
and instrumental tools for automating UX research data analysis through the integration of artificial intelligence technologies and
expert systems. The relevance of automating the processing of large volumes of heterogeneous data obtained from user interaction
research with digital products has been analyzed. A classification of user interaction research methods and digital products by data
types and an approach to selecting appropriate neural network architectures for their analysis are proposed. The possibilities of
using recurrent and convolutional neural networks as examples for processing text, audio, and video data are examined. The use of
an expert system for automated selection of neural networks optimal for analyzing various types of data is also proposed. A trial
version of the system using artificial intelligence APl has been developed and tested, confirming the possibility of automated
processing of various types of UX research data using neural networks. Prospects for further development of the UX research data
analysis system are outlined, including software development, functionality expansion, and adaptation for related fields. The re-
search results have practical significance for improving the efficiency of data analysis and can be used to enhance the interface
design process.

Keywords: UX research, automation, data analysis, neural networks, expert systems, web-interface.
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METOJA ®OPMYBAHHSI IIACUCTEMHA ObPOBKH
OIIEPATUBHUX TPAH3AKIIN IHTEPHETY PEYEHU

AHoTanisi. AkryaabHicTs. Tpanzaxuii [HTepHeTY pedeil 3a3Buuaii 00poOITIOIOTECS y XMapHHX IIEHTpax 0OpOOKM TaHUX.
Aute ipu HeoOXiJHOCTI 0OPOOIISITH ONIepaTUBHI TPaH3aKIii BUHUKAIOTh YacOBI 3aTPHMKH, III0 TIOB’sI3aHI 3 ITepeadero JaHuX
y XMapHe cepenoBuine. JlaHy nmpo6ieMy MOXHa BHPIIINTH 32 PaXyHOK IEPEHECEHHS] 00YHCIICHb 10 IIapiB, [0 HAOIMKEeHi
1o natynkis [oT. Meta ctatTi — po3pobutn MeTo popMyBaHHS MiACHCTEMU 0OPOOKH ONIEpaTHBHUX TpaH3akLiil [HTepHeTy
peueii, opieHTOBaHUI Ha TPAaHUYHUH Ta TyMaHHMH IIapd XMapHOTO cepeloBHUILa. Pe3yabTaTu AociilkeHHs. 3aponoHO-
BaHa MaTeMaTU4HA MOJEIb Mpolecy 00poOKM omepaTUBHUX TpaH3akmiid. Ha ocHOBI Moaeni po3poOieHuit MeTo, KOTpUit
JI03BOJIsSIE€ BpaxyBaTu creludiuHi 0COOIMBOCTI HIKHIX LIAPiB XMapHOTO CepeAOBHINA MiATPUMKHU [HTepHeTy peueii Ta 00-
paty HaiOIIbII MPUIHATHUI BapiaHT MOOYIOBH MiCHCTEMH 00pOOKH ONepaTHBHUX TpaH3akuiil [HTepHeTy pedeit. BucHo-
BOK. Po3po0iennii MeTon 103Boj1sie BUKOHATH BuMoru QOS juts onepaTHBHUX TpaH3aKIii [HTepHeTy pedeil.

KawuoBi ciaoBa: [HTepHeT peueii, onepaTuBHa TpaH3aKIisl, TYMaHHUH MIap, MEPEKHUIA BY30I.

Beryn

Ha croromni mapaaurma [HTEepHETY pedeit HaOya
OypXJIMBOTO PO3BUTKY y 6arathox ramyssx [1-4]. Biamo-
BiJTHO PO3BUBAETKLCS 1 0TOUYIOUa iH(ppacTpykTypa IHTep-
Hety peueii [5, 6]. 3okpema, Tenep IPUCTPOI rPaHHYHOTO
Ta TYMaHHOTO HIapiB iH(PACTPYKTypH MOXYTh MPOBO-
auTH 00poOKy iHdopMariiHux motokiB. Lle Hanmano
3MOTy nepeHecTH 00poOKy TpaH3akii [HTepHeTy peuei,
sIKi MOTPeOYIOTh IIBUIKOI BiAMOBIMI, TOOTO OMEPaTHB-
HUX TpaH3akuii [7]. Ane npu nboMy i BUKOHAHHS Ya-
coBux BUMOT QOS moTpiOHO BpaxOBYyBaTH OCOOIHBOCTI
TaKAX MEPEKHUX BY3JIB, AKi MAlOTh OOMEKeHI 00dwmc-
JIOBAJBHI PECYpCH Ta OpPI€HTOBaHI Ha PO3IOALICHY 00-
pobOky [8]. Mera po6oTu — po3pobuti MeToa Gopmy-
BaHHS MIJCUCTEMH OOpOOKH ONEpaTHBHUX TPAaH3AKIIiH
[HTepHeTy pedeil, OpieHTOBaHHMH Ha I'paHUYHUI Ta TY-
MaHHUH IIapy XMapHOI'O CEPEJOBUILA.

Pe3yabTaTtu gociaixkeHn

Jnst Bu3HAUeHHS e()eKTUBHOCTI BUKOHAHHS OTlepa-
TUBHUX TpaH3akiii [areprety peueit (IoT) y posnoine-
HOMY TyMaHHOMY Iuapi xMapHoro cepenopuina (XC) 3a-
CTOCOBYIOTh TaKi TEXHIUHI KpUTEPIii:

MOKA3HUKH 3aBaJOCTIMKOCTI (BiJHOILICHHS CHT-
HaJI/ITyM, IMOBIPHICTh TOMHMJIKOBOTO IpUiOMY Ta iH.),

MIPOIyCKHA 3/1aTHICTB,

HaJIIMHICTb,

KOMOiHAII1 pi3HUX TEXHIYHUX MapaMeTpiB.

Bonu xapakTepu3yroTh SKiCThb CHCTEMH, ii TEXHIU-
HUH piBeHb. OHaK, BUKOPHCTOBYIOUH TUIBKM TEXHIYHI
MOKa3HUKH, MM TUIBKH JIOKAJIBbHO OLIHIOEMO €(EeKTHB-
HICTB TpOIIECY NPOXOJUKEHHS TPaH3aKIlii, HE BPaXxoBY-
109YH 0COOJIMBOCTI MEPEKHUX BY3JIB SIK TPAHHYHOTO, TaK
1 TYMaHHOTO IIapiB, sKi, 3a3BUYal, MarOTh JOCUTH 0OMe-
KeHl obumcoBanbHI pecypcu. Tomy npu ¢opmyBaHHI
micucTeMu OOpOOKM ONMEpaTHBHUX TPaH3AKIIM BapTo
BpPaxoOBYBAaTH ¥ HasIBHI PECYPCH MEPEKHHX BY3IiB HIK-
HiX IIapis.

Buxoasuu 3 1poro, CHOpMyITIOEMO MPUHITUITH Mi-
HIMYMY PECypCHHX BHUTpAT i MakcumyMy edekry, Ha oc-
HOBI IKHX MOXYTb ()OpMyBaTHCs KpUTEPii €PeKTUBHOCTI

BUKOHaHHs onepatuBHUX Tpan3akuii [oT [9]. [Tpuniun
MIHIMyMYy BHUTPaT BHKOPHCTOBYIOTh Y THX BHIIQJIKaX,
KOJIM TIPU 33/1aHOMY edeKTi MOTpiOHO BU3HAYMTH Bapi-
aHT Z € Z, IpH IKOMY 3a0€e311euyI0ThCsI MiHIMaJIbHO MO-
JKITUBI pecypcHi BUTpaTH. SIKII0 HeoOXiJHO AOCATTH LT
IpU BUKOHAHHI ICHYIOYMX OOMEXEeHb Ha PECypCcHi BU-
TpaTé OOYNCIIOBANIEHUX BY3IIiB, € IPUHHATHUM IOPyTHI
npuHIUI. Brucoka mBuakicte 00poOku iHpopMaii mgo-
CSITAETHCA 33 PAXyHOK 3aCTOCYBAaHHS PO3MOIUICHUX 00-
YHCJICHD, II0 € XapaKTepHUM IS HIDKHIX IIapiB Xmap-
Horo cepenosumia miaTpumku loT. Bukopucranus B Ta-
KOMY BHIAJIKY TiJIbKH POl BUPIMIAIBEHOI CXEMH TIOB'-
S3aHO 13 3HAYHUMH PECYpPCHUMH BHUTpaTaMH, HEOOXil-
HUMH JUIsI 3a0€3MeYeHHsT He0OX1IHOTO 3HaYCHHS 00pa-
HUX [OKa3HMKIB 3aBajocTiikocTi. Tomy If0 3amady
Kpaile BHPIIIUTH, 3aCTOCYBaBIIM JPYTy BUPIMIAIbHY
CXeMy, IO TapaHTy€e HEOOXIiHI MOKA3HUKU SKOCTI MpH
BUKOHAHHI HU3KH 0OMexeHs [10].

MeTo/10JI0TiYHOI0 OCHOBOIO PILLIEHHS 3a]a4 ONTH-
Mi3amii miacucTeMu 0OpOOKHM ONEepaTHBHUX TPaH3aAKIIH
(ITOOT) € Tteopis mocmimkeHHs omepamnii. Omumemo
[OOT i mpencTaBuMo 3aady i ONTHMI3alii B y3araib-
unenomy Burisiali [11]:

extr v(X) = (X1, X2, ..., Xn); D
¢Xk(X)=O,¢XI(X)SO; (2)
¢yk(x):0,¢yi(x)so; 3)

CoopmyiroemMo 3agady: 3HAHTH BEKTOp BHYTpill-
HiX TmapameTpiB Xoum, 0 33JJ0BOJIBHSE PIBHOCTSIM 1 Hepi-
BHOCTSIM (2), (3) 1 AOCTaBIIIOYNM MIHIMYM LUTLOBOT (Y-
HKiii v(X).

SIkuio Ha 3MiHHI HakJa/ileHi oOMexXeHHs TUITy QyH-
KIIOHAJIFHUX HEPiBHOCTEH, TOUKY €KCTPEMAIbHOTO 3Ha-
YeHHs! QyHKIT 3HAXOAUMO METO/IOM IXHBOTO BHIIY4YEHHS
abo MeTo/I0M MHOXKHMKIB JIaHTpaHXa, KoMK mepeMiHHi
HEMOXKITUBO 200 Ba)KKO TPEJCTABUTH B BUTIISI

© Kiisens C. 1., Kynemos O. B., 3y6ko P. B., 2025

extr v(X), X = (X1, X2, ..., Xn); 4
ei(X)=0,i=1,2,...,m;m<n. (5)
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[Tpu BuOOPI napaMeTpiB I OLIHKH €(EeKTUBHOCTI
[MOOT BigNOBIAHO A0 CUCTEMHOrO MiIXOXy B 3araib-
HOMY BHIAJKy BapTo Oyio O BpaxOBYBaTH ycCi BUIH BHU-
TparT, 10 MaIOTh Micle rmpu 00pobui iHdopmanii. Tak sk
MIPOEKTYETHCSl ONTUMaNbHA IiJICHCTEMA, 1110 3a0e3medye

noTpibHuii yac Ta HeoOXinHy 3aBajoctiiikicts P,

pu MiHIMaTBHUX BATPATaX Cjomp, TOKA3HAKOM ITOPIBHS-
JBFHOT €pEeKTHBHOCTI BCiX NOIMyCTUMHUX TiICHCTeM Oyne
Yyac OTpUMaHHS BiAMOBiAl Ha TpaH3akito 71. O4eBHIHO,
Y Uib0BY (DYHKIIIFO IIOBUHEH BXOAWUTH TiTHKH IeH mapa-
METp, OCKIUTBKH y Oy Ib-sIKOMY pa3i U1t OnepaTHBHOI Tpa-
H3aKIii 6a)kKaHO HOTO 3MEHITYBaTH. Y pe3yiIbTaTi MaeEMO
TaKe 3aBJaHHs BUOOPY ONTHMAIIBHOI MiJACUCTEMH B Ma-
TEMAaTHYHOMY BHIJISIL

3aJ[aHi MHO>KWHH BEKTOPIB BHYTPIIIHIX 1 30BHIIIHIX
rapaMeTpiB IUIaHY€E€MOI ITiJCHCTEMU:

X = (X1, X2); Y = (Y1, Y2),

KOMIIOHEHTH SIKMX X1 = M, e M — KIJILKICTh HE3aMITHUX
OOYHCITIOBAIFHUX BY3IB TPH po3MapaielioBaHHI 3a-
BIaHHA, M= 2, 3, 4, ..., M; X2 — iiMOBipHiCHUI TapameTp;
Y1 — pecypCHH mapameTp, Yy, —tapaMeTp, o XapaKTepH-
3y€ 3aBaIOCTIHKICTD IMiJICHCTEMH.

CthopMyeMo KOMITOHEHTH 32 JTOTIOMOTOI0 CHCTEMU
TaKHUX OOMEKEHD:

2<x <M;
D, —
0<%y <<1,;

Y1 = Cnomp ;
_)
y, < Penomp,

Je M — MakCHMaJbHO MOYKJIMBA KIIBKICTh MEPEKHHX BY-
3B HIO)KHIX MIapiB XMapHOTO CEPeIOBHUINA IMiATPUMKH
10T, sixi MOXyTh OyTH 3aisHI A1 QYHKIIIOHYBaHHS ITi-
JcucTeMH 00pOOKH OTIEpAaTHBHUX TPaH3aKIIii.

PosrnsHEMO piBHSAHHS 3B'S3KY 30BHIIIHIX 1 BHYTpI-
LIHIX apaMeTpiB:

y=A(R) +Ayj(m);i=1,2j=123 ()
Y2 =f (M)A k=1,2; (7)

(47R)*
GG, 22 F2

Cr=A(R) =dP* =D . (8)

ae d, o — mocTiiHi KoedillieHTH, 0 XapaKTepU3yoTh
THUII MEPEKHUX BY3IB, P, — y3arajJbHeHa XapaKTepHc-
THKa ONEPaTHBHOI TpaH3akiii, Nj — cepenHe 3HaYeHHs
BIJIHOILICHHSI CUTHAJI-TIeperkoaa [12].

VY 3aranpHOMY BUTJISI[II BU3HAYMMO 3aBaIOCTIiH-
kicte [IOOT, BUKOpHCTOBYBABIIN (GOPMYITY IS Cepell-
HBOT IMOBIPHOCTI IOMWJIKU TIPpU N-KPaTHOMY po3mapa’e-
JoBaHHI 3aBaanHs [12]:

Ro(P), =(nv2(1+h/2)(2+R/2)..(n+h/2)).

ITpu n = 1, To6T0 NpM 3aIisIHHI TIJILKK ABOX BY3JIIB
INOOT otpumaemo:

Ro=1/(h+2); b =1/Ry;
mpu N = 2;

Ro=1/(1+h/2)(2+h/2); hy=2/[Ry .

IMixcraBuBiuy y Bupas (8) 3HaueHss st hy orpu-

MaeMmo 1pH o = 1 Taki 3HaUCHHS:

Cr=A /R

ci=A(2(R)"

V Toii ke yac
Cz = Azyi(m),

ne A1, A2 — HopMoOBaHi KoedimienTH, a vj(M) — GyHKIIis,
110 BU3HAYAE CKIIQJHICTh PYToi BUPIIIANBEHOI CXEMH,

y1(m) = 2(m - 1);
y2(m)) = log2(m + 1);
y3(m) =2 + log2(m + 1);

A (m)=c

>
2M
m-m-0.5 (1/2m-1)""x

a x((m=1)/(2m-1)) ™°°

[o(m) =3"2 + 1.

Benemo nani piBHSHHS B IUTBOBY (PyHKIIO i 00-
MEXXEHHS 1 3aMUIIeMO 3a/1a4y ONTUMAILHOTO MaTeMaTH-
YHOTO TPOTPaMyBaHHSA 3 HENIHIHHUM (QYHKIIOHAJIOM,
OHIUM HENiHIHHUM OOMEXEHHSM Y BHUMI PIBHOCTI i
JBOMa OOMEKEHHSIMH Y BUII HEPiBHOCTEH:

v =A ()" + Agyj (m) - min; ©)
Be (MR <R (10)
2<m<M, (11)
0<Po<<1. (12)

TakuMm uuHOM, PO3MIIAHYTa 3ajgada 3BOAUTHCS JI0
3HAXO0JUKEHHS 3HaUeHb 3MiHHHUX M 1 Po, 1m0 3a710B0BHS-
10Th piBHAHHIM (10) — (12) 1 MiHIMIZyIOTh QyHKIIOHANT
(9).

[IpononyeTbest BUpilIEHHS 3a/1a4di KIIACHYHUM Me-
TOJIOM MHOXHUKIB Jlarpanxa.

[MincraBasiemo QyHKIIITO

P(X)=( e (m) R~z <o)

3 HEBiIOMHM MHOXHHKOM A Yy IIITBOBY (PYHKIIiIO TPHOX
3MIHHHUX X1, X2, A:

v(X, &) = v(X) + Ap(X)

OJIEPIKY€EMO 3a]]a4y ONTUMAIBHOTO MATEeMATUYHOTO [TPO-
rpaMyBaHHs 6e3 0OMeKeHb
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minv (X, )=
XA (13)

3Bi,71KI/I OINTHUMAJILHI 3HAYEHHS HE3aIEKHUX HepeMiHHI/IX
3HaxXoauMoO piHIeHHS[M CHUCTEMHU 3 TPHOX piBHHHL:

Dx2)]_
X '

Bxa]
Xy '
o(X)=0.

Bapianty pinieHHs mi€l CHCTEMH Ul Pi3HHX 3HA-

YeHb ﬁ, , vi(m), Bk(m) 3BexeHi B Tabm. 1, xe

2
m< —-m+ 0,5
¥(m) = 2
(m) m(m — 1)(2m - 1)
3"2In3
K(m) = —.
(m) 32 41

llykane onTuMaibHe PIMIEHHS Xomnm ONEPKYEMO
[UIAXOM iTepaniiiHoro mpouecy. [lincrapnsioun y dop-
myny (7) 3HaYCHHS Momri, Po.onmi, 3HAXOIUMO MiHiIMa-
JIbHE 3HaYeHHSs [UTb0BOT (hyHKIIT.

Ha puc. 1 mokazana 3aneXHICTh HITbOBOI (YHKIIT
Bix Po Ipy 3HAYECHHAX M, IO 33JOBOJIEHAIOTH YMOBI (7).

Tabnuys 1 — BapianTu pilieHs ontuMmizauiiinoi 3axadi (9) — (12)

Hi Yi Br(m) Cucrema piBHSHB 1715 Xonr
2(m-1) chnoy NPy =—[¥(m)+(2AmPRy)/ A ]; Coyy 4Py" =107
1/Po logz(m + 1) choy NPy =—[¥(m)+(AmPRy)/ A (m+1)In2]; C3y 1P =107
2 +logz(m + 1) 3241 | InPy=—[K(m)+(AmRy)/(A(m+1)in2)]; (3" +1)RM =101
2(m—1) cn | InRy=- PP 2%m%“y@1 ch . PM 10710
217y logz(m + 1) e, | mR=- Pp + ”ﬂ/@(m+gm2} ch L PM =100
2+loga(m+1) | 3241 In%-[K + AHPUZW(ﬁ(m+iﬂnﬁJ;(3m2 1)R =10710
v(m1Po) m
4 3 1/2
2000
1000

10 10°

103

10*

Puc. 1. 3anexHicts 1inboBoi GpyHKIIT Bix Po npu pi3HUX 3HAUYSHHSIX M
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AHaniTHYHI 3anKcy MOOYIOBaHUX KPUBHX 3BEICHI
B Ta0I. 2.

Tabauys 2 — AHaITHYHI 3aMCH KPUBHUX Ha puc. 1

q)y.ﬂ - AHaJITHIHAH 3anHC Ne kpusoi
uis
Ve | chhapy =107 !
Y2 (3m—2 + 1) Pom _ 10—10 2

V1 A1(1/Po)* + A22(m — 1)

V1 A1(1/Po)* + Azlogz(m + 1) 4

y1 A1(1/Po)* + A2[2 + logz(m + 1)]

BimxuieHHs 3HAa4YeHb MapaMeTpiB Bifl ONTHMAalb-
HHUX IPUBOAMTH 0 TIOMITHOTO 301IBIIEHHS 00CSTY IOT-
PiOHOTO OOYHCITIOBAFHOTO PECYpPCY MEPEKHHX BY3IIB
TPaHIMYHOTO 1 TYMaHHOTO MIapiB.

VY Toii ke yac 3acToCyBaHHS B IpyTiil BUpiIIANbHIH
CXeMl PpO3MOJUICHOT CXeMM MiJABHINYE e(EeKTHBHICTH
MOOT (puc. 1, kpusi 4, 5), Mo mpairoe Ha OOMEKCHUX
pecypcax MEpeKHHX BY3IIiB Ta KaHalaX HU3bKOI SKOCTI.
VY pe3ynbTaTi NOPIBHUIBHOTO aHaJi3y MOJIMBHUX Bapia-
HTIB pO3MOALUICHOT CXeMH MOYKHA 00paTH HalOUIBII 3py-
yHHi BapiaHnT ¢popmysanHs [I0OT, 3MeHmIyroun gac 10-
BeJICHHS iHpOpMaii 10 oxepxyBaya.

BucHoBku

VY crarTi 3ampomoHOBaHa MaTeMaTHYHAa MOJCETb
mporecy 0OpoOKH ONepaTHBHHUX TPAH3AKIIIH.

Ha ocHoBi Mozeni po3po0Onenuii MeTox, KOTpuit 1o-
3BOJISIE BpaxyBaTH cien(ivHi 0COOIMBOCTI HIDKHIX IIIa-
PiB XMapHOTO cepe/lOBHUINA MIATPUMKH [HTEepHeTY peueit
Ta 00paTH HaHOLIBII IPUHHATHUIT BapiaHT 100y 10BH ITi-
JcucteMu 00poOKH ONepaTHBHUX TpaH3akliil [HTepHeTy
peuen.

Po3pobnennii MeTon A03BOJISIE BUKOHATH BUMOTH
QoS s onepaTHBHUX TPaH3aKIii [HTEpHETY pedei.
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Method for forming a subsystem for processing operative transactions of the IoT
Sergii Klivets, Alexander Kuleshov, Roman Zubko

Abstract. Topicality. Internet of Things transactions are usually processed in cloud data centers. However, when it is
necessary to process operational transactions, there are time delays associated with data transfer to the cloud environment. This
problem can be solved by transferring calculations to layers close to 10T sensors. The purpose of the article is to develop a method
for forming a subsystem for processing operational transactions of the Internet of Things, focused on the boundary and fog layers
of the cloud environment. Research results. A mathematical model of the process of processing operational transactions is proposed.
Based on the model, a method has been developed that allows taking into account the specific features of the lower layers of the
cloud environment supporting the Internet of Things and choosing the most appropriate option for building a subsystem for pro-
cessing operational transactions of the Internet of Things. Conclusion. The developed method allows you to meet the QoS require-
ments for operational transactions of the Internet of Things.

Keywords: Internet of Things, operational transaction, fog layer, network node.
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Harionansamii TexHIYHIHN yHIBEpCUTET “XapKiBCHKAN NOMITEXHIYHAN 1HCTHTYT, XapKiB, YKpaiHa

PO3POBKA NPOI'PAMHOI IVIAT®OPMM J1JISI TECTYBAHHSA
MPOAYKTUBHOCTI KJIEHTChKOI YACTUHHU BEB3ACTOCYHKY

AHoTauis. Y madiit ctarti Oyau BHBYSHI METOIU Ta BUKOPUCTAHHS OPUTIHAIBHO po3polieHoro GppedMBOpKyY 1 Tec-
TyBaHHS NPOAYKTHBHOCTI KIIEHTCHKOT YaCTUHM Be03acTOCYHKiB. Bynio mpoaHanizoBaHo 3aBHaHHS Ta BUKJIUKH, SIKI CTOATH
nepea po3poOHUKaMH IPU ONTUMi3allii B3aeMOil KOPUCTYBaviB Ta peHACPUHTY CTOPiHOK. IIpoBeneHo MopentoBaHHs B3a-
€MOJIii KOpUCTYBauiB 3 Be0O3aCTOCYHKaMH Ta CTBOPEHO (pelHMBOPK, IO BKIIIOYAE IHCTPYMEHTHU AJISI CTBOPEHHS CLEHapiiB
KOPHCTYBAIbKOI B3a€MO/Ii1, MOHITOPHHIY MIBUAKOMIT Opay3epa, aHalli3y 4acy 3aBaHTa)KeHHs CTOPIHOK, Ta KepyBaHHS Tec-
TOBHM HporiecoM. EkcriepuMeHTH NpoBeaeHO Ha pealbHUX Be03aCTOCYHKaX, II0 BUKOPHCTOBYBAIINCS SK TECTOBE Cepelo-
BuIe. Pe3ynpTaTi MOKa3yIoTh, IO 3aCTOCYBaHHS IIPOIIOHOBAHOTO ()PEHMBOPKY NMPU3BOIMTH 10 ONTHMI3alii IPOTyKTHUB-
HOCTI KJIIEHTCHKOi YaCTHHU BE03aCTOCYHKIB, IO 3HAYHO IMOJINIIYE TXHIO MIBUIKOJIIO Ta HAMIHHICTh. B X0 TOCHiKEHb
OyinM BU3HAYCHI Ta MiATBEPAKEHI 03HAKK TOAAIBLIOTO MOKPAIICHHS B3a€EMO/Iii KOPUCTYBaviB 3 BeO3aCTOCYHKaMHU.

Knao4oBi ciaoBa: xomm’roTepHa cucTeMa; IporpamMHa miatgopma; nporpamue 3a0e3nedeHHs; TeCTyBaHHs IPOIYKTHB-
HOCTI; KJIIEHTChKa YaCTHHA; Be03aCTOCYHOK; (hpeiiIMBOPK; ONITHMI3aLlisl; eKCIIEpIMEHT; po3po0Ka.

Beryn

TecTyBaHHS NPOXYKTUBHOCTI KIIIEHTCHKOI YacTH-
HU Be03aCTOCYHKIB € KPHUTHYHO BaXKJIMBHM AaCIEKTOM
3a0e3neueHHsT SKOCTi, SIKMH BKJIIOUA€E B ceOe BUKOpPHC-
TaHHSA aBTOMAaTHU30BAaHHUX TECTIB, IO IMITYIOTH B3a€EMO-
JiI0 pealbHUX KOPHUCTYBadiB 3 iHTepQeiicoM 3aCTOCYH-
Ky, TakuM 5K Opay3ep. Lleit Bux TecTyBaHHA € HEBiA'eM-
HOIO YaCTHHOIO POIIECY IMiIBUIICHHS SKOCTI KiHIIEBOTO
MPOJYKTY, OCKUIbKM Oynp-ski 3001 abo mpobiemu,
MOB’s5I3aHi 3 HU3bKOIO HPOJYKTHBHICTIO, MOXKYTh TPH3-
BECTH JI0 BTPATH KIIIEHTIB, 5Ki BiIMOBJISITBCS Bijl BUKO-
pHCTaHHS BallloTo0 Be03aCTOCYHKY.

VsBiMO CcHTyalifo: IiJ Yac BEITUKOTO OHJIANH-
posnponaxy, Takoro sk YopHa IATHHI, IHTEpHET-
MarasuH OYiKy€ Ha 3Ha4yHe 30uTbIneHHs Tpadiky. I pam-
TOM, 4Yepe3 MpoOJeMH 3 MPOAYKTHUBHICTIO KIIIEHTCHKOT
YAaCTHHH, CANT IOYMHAE 3aBHCATH, CTOPIHKM 3aBaHTa-
KYIOTbCSl TTOBUIBHO, TOBapH JOAAIOTbCS Y KOP3HHY 3
3aTpPUMKaMHU, OIjlaTa He MPOBOAUTHCS 3 MEPILOro pasy -
KOpHUCTYBayi MOYMHAIOTH 3AJIMIIATHA CAUT Ta MEepexojiu-
TH JI0 KOHKYpeHTiB. Lle Moxke mpu3BecTH 10 Belnues-
HUX (piHAHCOBMX BTpaT AJsI KOMIIaHii, sIK, HAIIPHUKJIA,
Amazon uu eBay, gximo ixHi Be03aCTOCYHKH HE BUTPH-
MarOTh HaBaHTAXXCHHS y TAKUI KPUTUIHUM MOMEHT.

TecTyBaHHS NPOIYKTUBHOCTI KIIIEHTCHKOI YaCTUHU
JI03BOJISIE TIEPEKOHATHCS, 10 BeOJOIaTOK e(EeKTUBHO
TIPaIIoE MiJ] Yac MKOBMX HAaBaHTaKEHb 1 3a0e3revye Ko-
pucTyBauam Oe3repepBHE Ta IUIaBHE KepyBaHHs IHTEp-
¢eticom. lle nmonomarae BHSBHTH Ta ONTHUMI3yBaTH ele-
MEHTH iHTepdeiicy, sIKi MOXKYTh CIIOBUIBHIOBATH POOOTY
abo0 CTBOPIOBATH HE3PYUHOCTI TSI KOPUCTYBAUiB.

Merta craTTi: BUKOHATH JIOCIIDKEHHS Ta PO3pPO-
6utn GperMBOPK ISl TECTYBAaHHS MPOAYKTUBHOCTI KJIi-
€HTCHKOI YaCTHHU Be03aCTOCYHKIB.

OcHOBHA YaCTHHA

TectyBaHHS MPOIYKTUBHOCTI KIEHTCHKOI YaCcTH-
HHU BE03aCTOCYHKIB € KPUTHYHO BKIMBHM JUII 3a0e3-
MEYCeHHS ONTHUMAIBHOTO KOPHCTYBAaIbKOTO JOCBITY.
[IpoMyKTHUBHICTh KIIIEHTCHKOI YACTHHH BimoOpakae
MIBUAKICTh 3aCTOCYHKY 3 TOYKH 30py KiHIIEBOTO KOpPHC-

TyBaya, BKJIOYAIOYH JIOCTaBKy KOHTEHTY, MOT0 TpaHC-
¢dopmalliro Ta peHICPUHT y Opays3epi ab0 HATHBHOMY
3aCTOCYHKY. Ba)XJIMBO pO3yMiTH, IO 1€ BiIPi3HIETHCS
Bijl yacy oOpoOKH cepBepoM, i He MOKa3ye piBEHb HaBa-
HTa)XEHHS, SIKHI CepBEP MOXKE BUTPHMATH.

JJis OWiHKY MIPOAYKTUBHOCTI KITi€HTCHKOI YaCTHHH
MOJKHa BHUKOPHCTOBYBAaTH Pi3HI METPHKH, TaKi SK Hac
BIJIMIOBIi[Ii, Yac MOBHOTO 3aBaHTaXXCHHS CTOPIHKH, PO3-
Mip cropinky, Kinbkicte HTTP-3anmriB, po3mip 300pa-
JKeHb, 4yac BUKOHaHHs Javascript Ta immi. L{i MmeTpuku
JONIOMAararoTh 3pO3yMiTH, K JOAATOK Bele cede 3 ToU-
KM 30py KOPHUCTYBaua, 110 € KIIOYOBUM ISl ONTUMI3aLii
npoayKTHUBHOCTI. OJIHIEI0 3 OCHOBHUX NPHYHMH, YOMY
TECTYBaHHS MNPOJIYKTUBHOCTI KJI€HTCHKOI YacTHHU €
TaKUM BaKJIMBUM, € T€, L0 BUMIPIOBaHHS Ha CTOPOHI
cepBepa HE MOXKYTh aJICKBaTHO BiOOpaXkaTu MOBEIIHKY
3 TOYKHU 30py KiHIIEBOro KopucTyBaua. Hampukiaz, uac
BIJIMIOBiZIi cepBepa HE NMOPIBHIOE Yacy IOBHOT'O 3aBaH-
Ta)XEHHS CTOPIHKM Ha CTOpPOHI Kii€HTa. Pi3HI Mmicms
po3TanryBaHHs KJIi€HTIB, pi3HI KOH}Iryparmii MamuH Ta
BUKOPHCTaHHS CTOPOHHIX CEpBICIB MOXYTb 3HA4YHO
BIUIMHYTH Ha IPOIYKTHBHICTb.

Tunu TecTyBaHHS NPOAYKTHBHOCTI KITIE€HTCHKOT
YaCTHHHU BKIIIOYAIOTh MEPEKEeBE TECTYBaHHS, TECTyBaH-
Hsl 3 PI3HUX MiCIlb, TECTYBaHHsS KOPHUCTYBAlbKOTO J0C-
Bily, Kpoc-Opay3epHe TecTyBaHHS Ta MOOIJTbHE TECTY-
BaHHA. KoXeH 3 X THIIB Mae CBOi OCOOJMBOCTI Ta
JIoTIOMarae BUSIBUTH MTOTEHIIiIHI MPOOIeMH, SKi MOXYTh
BIUIMHYTH Ha KOpHCTYBalbKuid mocBin. Hampukmnan,
MepeXeBe TECTYyBAaHHs HUIIXOM eMYJILil pi3HHX IIpo-
ITyCKHUX 37aTHOCTEH Ta THUIIIB MEPEX MOXKE BHSBHUTH
crierudivHi By3bKi Micus Uil KOPHCTYBadiB 3 MOOIJb-
HUMH a00 TOBUILBHUMH 3'€qHAHHAMH. TecTyBaHHS 3
pi3HHUX Micupb JonoMarae 3po3yMiTH BIUIMB MEpeXeBOl
MIBUKOCTI Ta 3aTPUMKH, a Takoxk edekTuBHiCTH CDN.
TecTyBaHHS KOPHCTYBALBKOTO JOCBiAY IMITy€ MOBEJIH-
Ky KiHIIEBUX KOPHCTYBadYiB, JHO3BOJIAIOYH OIiHUTH, 5K
JIOJIATOK Bee cebe MmiJl Yac HOPMAIBHOTO Ta ITiJBHUIIIE-
HOro HaBaHTaxkeHHs. Kpoc-OpaysepHe TecTyBaHHS Ba-
JIIMBE I 3a0e3MEeYeHHS CYyMICHOCTI 3aCTOCYHKY B
pi3HHUX Opay3epax, KOXKEH 3 SKHX Ma€ CBOI 0COOJIMBOCTI
B 00po01i Javascript Ta peHICpHHTY.
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3aranaoMm, TECTyBaHHSI NPOAYKTHBHOCTI KJII€HTCh-
KO YaCTHHU € HEBiJl EMHOI) YaCTHHOIO pO3poOKH BeO3a-
CTOCYHKIB, OCKIJIbKM BOHO JIOTIOMarae 3a0e3Me4nTH BU-
COKHH piBEHb 3a/I0BOJICHOCTI KOPHCTYBauiB Ta edeKTu-
BHICTh BE03aCTOCYHKY.

Juns peanizamii ¢ppeliMBOpPKY TeCcTyBaHHS HPOIyK-
TUBHOCTI KJITI€HTCHKOi YaCTHHH MOTPIOHO CIIOYATKY IO-
CIITUTH Pi3HI IHCTPYMEHTH IUIS TECTYBaHHS MPOIYKTH-
BHOCTI, BUBYHUTH X B3a€MOIII0 Ta PO3POOUTH apXiTek-

TypHy miarpamy (puc. 1).
Selenoid instance ‘

« f
e '
-— o

Email & Slack

Jenkins instance ‘

@ :Curl
Jenkins Job | Maven

«—>

SR A Sc— selenoig  MNouers
O _Reponing instance 0 ‘ ) \l
& & =
i docker docker ; =5
Lﬁ | 6) S (— ]

System Under The

InﬂuxDB; Test

Grafana

Puc. 1. BucokopiBHeBa apXiTeKTypa ppeiiMBOpPKY TECTyBaHHSI
HPOJIYKTHBHOCTI

Onuparo4uch Ha apxiTeKTypy ppeiiMBOpKY TecTy-
BaHHS NPOXYKTUBHOCTI KITI€HTCHKOI YaCTHHH Beb3acTo-
CYHKIB, IIOYHEMO peaji3allifo MOTOYHOTO DillleHHA. 3a
OCHOBY Bi3bMEMO aBTOTECTH HalllcaHi Ha MOBi Java 3
BHKOpUCTaHHAM Selenium. €1mHa BiAMIHHICTH TECTIB
NPOJYKTUBHOCTI BiJl 3BUYAIIHUX aBTOTECTIB € Te, 110 MU
nogaeMo Jkiie 1 CTPIYKy KOAY IS KOXKHOTO METO-
ny(puc. 2) 1 BOHa BUKOHYE «Marito», sika JJO3BOJISIE aB-
TOMAaTHYHO JIICTaTH METPHKU NPOJYKTUBHOCTI CTOPIHKH
yepe3 Navigation Timing API ta Resource Timing API,
MOTIM TiJpaxyBaTH yci BaXJIMBI JUls Bizyauizauii mMer-
puky, Ta Hamicinatd ix g0 InfluxDB — B skiii 306epira-
IOTBCS BCI METPUKH TECTYBaHHS NPOILYKTHBHOCTI.

aptopsPage openFirstiaptop() {
String firstLaptopInTheListNane = ~get (0) .getText()
Linfo( + firstLaptopInTheListhane)
-get () .click()
.until(ExpectedConditions.elenentToBeClickable(

assertTruel .getText ().contains(firstLaptopInTheListNane)

waituntilPageIsFullyloaded(wait)
.writeToInflux( )

Puc. 2. TIpukiaa MeToy 3 A0AaBaHHSAM aBTOMaTHYHOTO
MiApaxXyHKy METPUK MPOAYKTHBHOCTI KITI€EHTCHKOT
YaCTHHH Be03aCTOCYHKY

st TOro 100 JOCSATTH TaKOTO €PEeKTy Ta JETKOCTi
BHKOPHUCTAHHS PO3POOJICHOTO METONy, OyB CTBOpPEHHIA
Java kmac — NavigationTiming, B SIKOMy BHKOHY€THCS
NEKUTbKA BaXKJIMBUAX IIH:

- «llepexomneHH» METPHUK TMPOAYKTUBHOCTI 3
Opay3epy, 3amymeHoro 3a nonomoror « WebDriver.

- IligpaxyHOK yciX BaXJIMBHUX UIS Bizyaurizarii
METPHK.

- Hapcmmanns merpuk 1o InfluxDb.

IMounemo 3 mepmioro myHKTy - «llepexoricHs
METPUK TPOAYKTHBHOCTI 3 Opay3epy, 3amylmIeHOTO 3a
noromoror « WebDrivery (puc. 3).

Puc. 3. [lepexoruieHHS METPHUK MIPOAYKTUBHOCTI 3 Opay3epy

3a [OOIOMOTOK KUIBKOX KOMAaHI Ha MOBI
JavaScript pobumo 3armuT m0 Opay3epa Ha ITOBEpHEHHS
NavigationTiming 00’exTy (puc. 4) Il TIOTOYHOI CTO-
pIHKM, SIKMH TOTIM mHpuBoguMO 10 Java 00’ekty
Map<String, Object>, ne String — e Ha3Ba moxii, a
Object — 1e timestamp. 3a3Buuaii timestamp BimoOpa-
KAETBCS Y BUIIAII YHCIA, IO HPEICTABISE KUIBKICTH
MUTICEKYH/I, SIKI MPOMIUIM Bix MeBHOI enoxu yacy. Ha-
NpHUKIa], y 0araTboX MOBax MporpaMmyBaHHs abo Ga3zax
JIaHUX BUKOPUCTOBYEThCS Unix timestamp, sikuif moka-
3y€ KUTBKICTh CEKYHH, sKi mpoumumu Bix 1 ciwas 1970
POKY 110 NMEBHOTO MOMEHTY. BukopucTaHHs timestamp
J03BOJISIE JIETKO IIOPIBHIOBATH IOJil, BCTaHOBIIIOBATH
MOPSIIOK MOAIH 1 BAKOHYBATH 1HII orepariii, NoB's3aHi 3
4acoM, y pi3HHX POTPaMHUX CHCTEMaX.

Elements Console Sources Network

ik [d
D Q| topvy | @

> performance.timing

Y Filter

¢ w PerformanceTiming {
ectEnd: ¢

: PerformanceTiming

Puc. 4. [Ipuknan Navigation Timing 06’ekry

Hactynmaum etamom € «IlizpaxyHOK yciX BaITH-
BHUX I Bi3yamizamii MeTpuk». s 1pOro mimiidmyTh
CTaHIApTHI METOAM MOBH IporpamyBaHHs Java. [locra-
THHO TEPETBOPUTH OTPHMaHUi timestamp y dopmar
long, Ta 3po0OUTH eleMEHTapHI ONeparii BiTHIMAHHS IS
TOro 100 OTpUMAaTH MOTPiOHI AN Bizyauizamii MeTpu-
ku. (puc. 5). Hampukiaa: amas OTpUMAHHS BaXKIHBOI
Metpukn «timeTolnteract» mocTaTHRO BiTHSATH Hac IO-
nii 3 Ha3Boro «domlnteractive» Bim «domLoadingy», a
JUIL TOrO 1100 OTPMMATH IMOBHHMHA YaC 3aBaHTAKCHHS
CTOPIHKH JIOCTaTHBO BITHATH Yac OCTaHHBOI IMOJil
00’exty Navigation timing /Uit OTOYHOI CTOPIHKH, BiJl
niepioi moxii. A came «Load Event End» - «Navigation
Start». OcTaHHIM €TaloOM € BiATIpaBKa IiJpaXxOBaHUX
METpHK 10 0a3u JaHuX, B sIKii 30epiraloTbcs pe3ysbTa-
TH TECTYBaHHS MPOAYKTUBHOCTI. [ mporo Oyia BHKO-
pucrana 6i6mioTeka influxdb-java. CriouaTky Oyna mia-
aaTa 6asza ganmx InfluxDB, micas mporo s BCTaHOBUB
3B’SA30K 3 Ii€r0 0a3010.
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entEnd() -

Puc. 5. [TinpaxyHOK Ba)JIMBUX JUTS Bi3yasi3amii METPHK.

[Micnst 1poro moTpiOHO chopMyBaTH O0’€KT Kiacy
Point, B sskomy moTpiOHO BKa3aTi measurement (TaOIHITIO
JUTsL 30epiraHHs pe3yIbTaTiB), .time — Jac 3armcy pe3yJib-
TaTiB B 0a3y HaHUX, .tag — Teru st PUIbTpallii pe3ybTa-
TiB, .field — momns It migpaxoBaHUX pasinie MeTpuk. [lic-
JIs HOTO KOYXKEH Takuid Point momaeThest B 6aTd, Ta Biampa-
BIIETHCS ACHHXPOHHO B 0a3y maHuX. (puc. 6).

getTotal_time())

Puc. 6. 3anmic pe3ynpTatiB B 6a3y AaHUX

I HaiironoBHiue — yci ui onepariii 3aiiMaroTh JIMIIe
JIeKiJIbKa MUTICEKYH/I, TOMy Ha METPHKH Ta pe3yJbTaTH
1€ HisIK HE BIUIABACE.

[Ticnst po3poOKK TECTOBOTO CLiEHAPit0, HOro MOX-
Ha 3amyckaTd. /ly)e Ba)kKIMBOIO YaCTHHOIO po3polduie-
HOTO IHCTPYMEHTY € Bi3yali3allis OTpUMaHHUX Pe3yibTa-
TiB 3a gonomoror Grafana. /[y Toro mo6 BizyarizyBa-
TH pe3ynsTatd B ['padani Tpeda CTBOPUTH CBiif BIacHUI
Dashboard (momky), Ha sSIKy MOKHA JI0JaBaTH IOTPiOHI
maHewni JUis JeTalbHOi Bidyauisallii pe3yNbTariB, SK B
3araJikHOMY Ha BeCh TECTOBHUI CIIeHapiii, Tak i Ha 3aBa-
HTa)KEHHSI KOXKHOI CTOPiHKH, a00 BUKOHAHHS KOXHOT il
okpemo. Grafana dashboard - 1ie iHTepakTUBHMIA iHTEP-
¢eiic, KUl BUKOPUCTOBYETHCS [UIA Bi3yauizamii Ta Mo-
HITOPHHTY JaHHX 3 pi3HHX mkepen. Grafana - me momy-
JISIPHUMA 1HCTPYMEHT IS CTBOPEHHS 1 BimoOpaskeHHs
JanbopiiB y peaJbHOMY Yaci.

[Tix yac moOyn0BM BIACHOI JIOWIKH, SI KEPYBaBCS
MIPUHIOMIIAMH TOTO, IO Tpeba BioOpasuTn yci HaiiBax-
JUBIOI METPUKH pPa3oM Uil TOOYJIOBH 3arajlbHOTO
TpEeH/ly HIBUIKOCTI pOOOTH BeO3aCTOCYHKY, SIKMH TECTY-
erbest (puc. 7). Takox, OynaM BpaxoBaHI MOKIJIMBOCTI
I'padann a1t BimoOpakeHHS eTallel Ta YCiX BaXKIIMBHX
METPHK TI0 KOXHIii cTopiHii abo mii okpemo. I1{o mo-
3BOJISIE 3HAXOIUTH TPOOJEMHI MIISTHKA B HAIIOMY 3a-
CTOCYHKY 1 CpOKYCyBaTHCh Ha iX BUTIPaBIICHHI.

212 0 283.0ms 23 ms 1.64 ¢ 177

Puc. 7. 3aranpHuil TpeHA IPOIYKTUBHOCTI IO CLIEHAPiIo

BaxxnuBo nopaTy, 1m0 3a AOIIOMOTOIO TETiB, sSIKi MU
JI0/IaBajIM JI0 HAIIMX 3aIMCIB METPHK, TEEep MU MOXXEMO
(binbTpyBaTH BiOOpaKEHHS pe3yJIbTaTIB Ha HALIN JOII-
ui. MoxHa GinbTpyBaTH 3a Pi3HUMH CLEHAPIsIMH, TECTO-
BUMH CEPEIOBUILIAMH, CTOPIHKAMH, PE3yJIbTaTH JUIS SIKHX
OymyTh BimoOpakatuch. Takoxk, MOkKHa (ITBTPYBaTH, a
TaKOX MOPIBHIOBATH PE3yJIbTaTH MiX COOOI0 3a Pi3SHUMHU
TeraM, K HampuKian “browser”’. 3aBOSKH IEOMY TEry
MOJKHA TIOPIiBHATH MIBHAKICTH POOOTH OJHHX 1 THX CAMHX
CTOpPIHOK a0o Amiif B pi3HHX Opay3epax, IO JOMOMOXKE
HaJiaBaT OJHAKOBO HaWKpally LIBHAKOIIIO PI3HHM KO-
puctyBadam. s nemoHctpanii podoty ¢GinbTpiB, mpo-
MOHYIO CIIOYaTKy OOpaTH OIHY CTOPIHKY JJisi BimoOpa-
JKEHHsI METPHK 10 Hill (puc. 8), a MOTIM 11e KijibKa i mo-
PIBHSITH pe3yJibTar BimoOpakeHHs y ['padani (puc. 9).

IR

Puc. 8. BinoOpaxeHnHs nanenen
numre Uit 1 BUOpaHoi CTOPiHKH

i

Puc. 9. BinoOpaxeHHs maHenei
IUTSL KUTBKOX OOpaHHUX CTOPIHOK

Sk BM MoxeTe OayMTH Ha CKPIHIIOTI BHIIE,
ProductPage cropinka npamtoe mpuOIM3HO B 5 pasiB
noBibHIIIE, HiX LaptopsPage, 1ie Bxe € 03HaKoI0 TOTO,
mo Tpeba OUIBII NETANbHO PO3IJISTHYTH KOHTEHT Ii€i
CTOPIHKH Ta 3pO3YyMITH NpUPOYy OLIBII MOBUIHHOI poO-
00TH Ta BiIOOpaKECHHIO.

Jami po3risiHeMo OinbIl eTaNibHO KOXKHY MaHeNb
JUTS BiTOOpakKeHHS METPHK IO OKPEMHUX CTOpiHKax. J{ms
Bi3yaumizamii METpHUK O OKpeMili cTopiHmi OyJo cTBope-
HO 2 maHedi, SKi aBTOMaTHYHO PETUTIKYIOThCS IS KOXK-
HO1 0OpaHOi cropinku. Ile Oyn0 IOCITHYTO 3aBISIKH
ukopuctanuio INfluxQL — moBa 3anwuriB 10 Ga3u ja-
nux InfluxDB, ta moximBocTei Bizyanizauii B Grafana.
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[Nepmia nanens BijmoOpakae MIBHIKICTD BIKPUTTS CTO-
PIHKM Ha 4yacoBOMY IPOMIXKKY. ToOTo Ha npoMy rpadi-
Ky MOXHa MOPIBHSTHU IIBUIKICTh Ta CTAOUTBHICTH BiJK-
PHUTTSI CTOPIHOK Ha BEIMKOMY HMPOMIXKY 4acy. KoxxeH
CTOBIELb 3 PE3yJIbTATOM BIANOBIJa€ 3a OKpEeME BilK-
PUTTSA CTOPIHKH Ta Bi3yali3ye Ppi3HUMH KOJbOpaMHU
IIBUIKICTh BUKOHAHHS Pi3HUX OIEparliif 3 3aBaHTaKeH-
HS Ta BimoOpakeHHs cTopiHku: Latency, Time to Dom
Interactive, Time to DOM Load, Total Time (puc. 10).

[TEs

Puc. 10. [Tpuknan HanamTyBaHHS TaHEN]
31 croBmipimMu B Grafana

Hpyra maHenb BigoOpakae pe3yinbTaTH B Pi3HUX
MIEPCEHTHIISIX, Ta OyJia MoOyAoBaHa IO TOMY K CaMOMY
NIPUHIONITY, 32 BHKIIOUCHHSIM PI3HUX HaJallITyBaHb Ta
Tumy Bizyamizamii B ['padani. [lepma manens mMae tun
«Time Series», komu apyra maHenb — 1e «Bar Gaugey,
sKa Mae TPOXW IHIIYy Bidyamizauito. ['onoBHa 3amava
Jpyroi maHeni Bi3yaii3yBaTH arperoBaHi pe3ysbTaTH 3a
0o0OpaHHii MPOMIXKOK Yacy 3 IO 3PO3YyMITH SIK LIBHJKO
cTOpiHKa OyzAe BiOOpakaTHCh 3 PI3HUMH DIBHSIMH Bi-
porigHocTi. [ 1[bOTO B HABAaHTaXXyBAJIBHOMY TECTY-
BaHHI BUKOPHCTOBYIOThCSA IepceHTw. IlepceHTnis (B
KoHTeKcTi ['padanu Ta aHaNmi3y MaHWX) - 1€ CTATUCTHY-
HUI TepMiH, IO BKa3ye Ha 3HaYCHHA B HaOOpi MaHWX,
HIDKYE SIKOTO TIEBHHUH BIJICOTOK criocTepekeHb. Hanpu-
KJIaJ, SIKIo BU MaeTe 90-i mepCeHTHIb A MIBUIKOCTI
3aBaHTa)XEHHs BeOcaiTy, me o3Hauae, mo 90% kopuc-
TyBa4iB MalOTh IIBHJKICTh 3aBaHTA)KCHHS, SKa MEHIIE
a0o piBHa JjaHOMY 3HauyeHHIo, a juiie 10% xopucTyBa-
4iB MalOTh MIBUJAKICTh 3aBaHTAXKEHHsI BUILE IIbOTO 3Ha-
yenns. Y I'padani, npu aHamizi METpUK Ta Bizyamizarii
JTAHUX, BUKOPHCTOBYIOTHCSI MEPCEHTWII AJIS TOTO, HI00
OTpUMATH YSBJICHHS IPO PO3MOALT JaHUX 1 BHSBUTH
eKCTpeMaJIbHI 3HaueHHs abo aHomaiii. lle mMoxe OyTn
KOPHUCHO TP MOHITOPHHTY IPOJYKTHBHOCTI, JIE€ BaXKIIU-
BO PO3YMITH, SIKI YACTHHH KOPHUCTYBayiB MOXYTb BiJ-
YyBaTH HAHKpaIuii 41 HalTipmmi focsix (puc. 11).
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Puc. 11. [Ipuxinang HanamTyBaHHs MaHei
3 nepcentwisimu B Grafana

Sk GaunMO, HA CKPIHIIOTI BWILE, NEPCEHTHII pa-
XYIOTbCs 3aBIikH MoxuBocTsM InfluxQL, B skomy €
meroq PERCENTILE, mo mizpaxoBye HepCeHTHII IS
MOTPIOHMX HaM METPUK Ha OOpaHOMY IIPOMDKKY dacy.
@inbTpyBaHHSI METPHK 32 TEraMy Ta YacoM BiI0yBa€ThCS
3aBIsku KimodyoBoMy cioBy WHERE, ne mu Moxxemo
BKa3aTH TETH I QiUIbTpamii Ta 9acOBHIA MPOMIKOK, Ha-
npuknan: WHERE page =~ /~$page name/ AND env =~
/$env/ AND scenario =~ /$scenario/ AND $timeFilter.

Takox, 3aBIAKH IHTETpalii 3 CHCTEMOIO Hemepep-
BHOI iHTerpamii Jenkins B MOeMy iHCTpYMEHTI TecTy-
BaHHS NPOJYKTHBHOCTI, MU MOXXEMO 3aIlyCKaTH TECTH
4yepe3 QyKe 3pydHHil iHTepdeiic, ssKkuil 103BoJsie poOu-
TH aBTOMAaTHYHHH 3aIlyCK TECTIB 3a PO3KJIAZ0M, HalpH-
knan BHoui ({uB. [lonarok B). KopucryBau mae mumie
3aJaTi MapaMeTpH 3arycKy B 3pYyYHOMY KOPHCTYBallb-
KoMy iHTepdeiici 1 HaTUCHYTH KHOTIKY Build, sika mou-
He BUKOHaHHA TecTiB (puc. 12). IlepemaBatu MoxHa
TaKi mapameTpu:

- Ha3Ba TECTOBOTO CLEHAPIIO;

- Opay3ep;

- TecToBe cepemoBHIIC (JUIT po3poOKH, IS Tec-
TyBaHHA);

- KUIBKICTB iTepalliif 3aIycKy TECTOBOTO CIIEHapito;

- YekOOKC /i1 aBTOMATHYHOIO 3amucy BiIEo Y
pa3i BUHUKHEHHS IOMHJIOK ITiJ] Yac TecTy;

- KOpHCTyBaui, SKi OTPHUMAalOTh aBTOMATHYHY
iMeiin HoTH(DIKaIiIo MiCIIs TECTY.

This build requires parameters:

environment

browser

scenario [ Nightly v
Choose name of a test scenario

loop_count 50

Whole scenario iterations

enable_video
Check if you want to receive the video of test execution in case of failure

Release v

RdDemo

periodicity

version

email_recipients | pmytro_Tyrtyshnyi@epam.com
coma separated list of email recipients

slack_notification
Receive Slack notification?

Puc. 12. Iurepoetic Jenkins

[Ticns aBTOMAaTHYHOTO 3aIlyCcKy TECTiB, yci KOpHC-
TyBadi, iMeilyIn sIkuX OyJM BKaszaHi NPU 3aIlyCKy, OTPH-
MalOTh aBTOMAaTHYHUI 3BIT MPO TECT, B SIKOMY MOKHa
Oyze modaynTh cTaTyc TECTy, OTPUMATH Bileo A iTe-
pawiii B SKMX BHHUKJIA TOMMJIKH, Ta OTPUMATH IOCH-
JaHHSA Ha BigoOpakeHHs pe3yibTaTiB B I'padani, abo
BimoOpakenHs joriB y Jenkins (puc. 13).

OOroBopeHHs pe3yJbTATIB

B xomi mocmimkeHHs OyJiM BUKOHAHI JOCIIIKCHHS
TEOPETHYHOT YaCTHHU MPOAYKTHBHOCTI KIIIEHTCHKOI Yac-
THUHH BE03aCTOCYHKIB, BKIIIOYAIOYH OTJIST OCOOIUBOCTEH
OO TECTYBAHHSI, OTO MEpPeBary, Ta OCHOBI BU/IN.
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n Nightly_Loopa mpd

D parormance-u-tet.

CLIENT-SIDE PERFORMANCE NOTIFICATION

Please find a video recording and a |
TEST RUN STATUS: 3 OUT OF 5 LOOPS WERE SUCCESSFUL
TEST PARAMETERS:

‘Start Date: 06:19:00 October-22
Environment: Stage

Browser: Chrome

Application Version:

Scenario: Nightly

Loop count: 5

Jenkins Bulld: 1984

End Date: 07:00:46 October-22

LINKS:

Puc. 13. [Ipukiax aBTOMaTHYHOTO 3BITY Ha iMei

[Micns Toro Oynmu mOCTiMKEHI pi3HI IHCTPYMEHTH
IU1sL po3po0KH (PpeiiMBOPKY TeCTyBaHHS MPOLYKTHBHO-
CTi KITI€HTCHKOI YaCTHHH Be03aCTOCYHKIB. Yci mi iH-
CTPYMEHTH OyJIM 3aCTOCOBaHI Ha MPAaKTHLI Ta IPOAEMO-
HeTpoBaHi y mii. Ilicmsa po3poOkm ¢peiiMBOpKy, OyB
PO3pOOIEHUI TecT Ui MPUKIANy, Ta 3aBISIKH LILOMY
TECTOBOMY CIICHapif0 OyB MpPOTECTOBAHUIN IHTEPHET-
MarasuH.

TecTd NMPOMYKTHBHOCTI KIIIEHTCHKOI YAaCTHHU BU-
SIBIJTH HAWTIOBIIBHIII IS 3aBaHTa)KCHHS CTOPIHKH Ta
BKazalyd Ha HaWmpoOieMHimi Micus, siKi MoTpedyroTh
MIOTJIAOJICHOTO aHAli3y 3 BUKOPUCTAHHSAM OLUIBII TIOTY-
JKHUX Ta JCTANli30BaHUX IHCTPYMEHTIB JJIS aHANI3y Ta

onTuMizanii nmpobyieM 3 MPOAYKTHBHICTIO KII€HTCHKOI
YaCTHHHU Be03aCTOCYHKIB.

BucHoBku

VY pe3ynbTarti MpoBeACHOTO AOCHTIIKEHHS TECTY-
BaHHS TNPOAYKTUBHOCTI CEpBEPHOI YaCTWHHU BeO3acTo-
CYHKIB Ta po3poOKH (QpeHMBOPKY HMOTPiOHO 3a3HAYUTH,
[0 BIIPOBA/DKCHHS IBOTO (HPEHMBOPKY JO3BOJISE ITiJI-
BUIIUTH €(PEeKTUBHICTH POOOTH Ta CTaOUIBHICTH KIIEHT-
CBHKOT YaCTUHU Be03aCTOCYHKIB.

Bynu netranpHO AOCIHiIKEHI 0COOIMBOCTI TECTY-
BaHHS NPOAYKTHBHOCTI KIIIEHTCHKOI YacTHHH Beb3acTo-
CYHKIB, TIPOJEMOHCTPOBaHi BapiaHTH pillleHb, SKi
BKITIOYAIOTH B ceOe Habip cremiani3oBaHUX iHCTPyMEH-
TIB JUIS JOCATHEHHS METH JTOCIIDKEHHS.

Po3pobnennit ppeiiMBOPK BKIIOYAE IHCTPYMEHTH
Ut 30ipy METpHK MPOIYKTUBHOCTI 3 Opay3epy KIli€HTa,
MOHITOPHHTY, aHali3y HaHHX, KEPyBaHHS TECTOBUM
MPOLIECOM, a TAKOXK MOJIYJII I BIOCKOHAJICHHS MPOIY-
KTHUBHOCTI. BiH € 3pyYHHM Ta THYYKHM 1HCTPYMEHTOM
JUisl e()eKTHBHOTO aHajli3y Ta BIOCKOHAJICHHS IPOAYK-
TUBHOCTI Be03aCTOCYHKIB.

ExcriepumenTH, mNpoBeleHi B paMKax JoCIi-
JOKEHHS, MIATBEPAWIN, 0 BUKOPUCTAHHS PO3POOIICHO-
ro (¢peiiMBOpKYy nonomarae B JOCHTIJDKEHHI 3 METOO
3HAYHOIO MOKPAIUICHHS HPOAYKTUBHOCTI KII€HTCHKOL
YaCTHHHU BE03aCTOCYHKIB.

Omxke, pe3ysIbTaTH LBOTO NOCHIKECHHS MOXYTh
OyTH BHUKOpPHUCTaHI pO3pOoOHMKaMH Be03aCTOCYHKIB IS
i ABUIIECHHAS MPOIYKTUBHOCTI Ta HAAIHHOCTI CBOIX Ipo-
IYKTiB.
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Development of a software platform for testing the performance of the client part of a web application
Sergey Leonov, Dmytro Tyrtyshnyi

Abstract. This article explores methods and the use of an originally developed framework for testing the client-side per-
formance of web applications. The tasks and challenges faced by developers in optimizing user interactions and page rendering
were analyzed. Simulation of user interactions with web applications was conducted, and a framework was created that includes
tools for creating user interaction scenarios, monitoring browser performance, analyzing page load times, and managing the test-
ing process. Experiments were carried out on real web applications used as a testing environment. The results show that applying
the proposed framework leads to optimizing the performance of the client-side of web applications, significantly improving their
responsiveness and reliability. During the research, signs of further improvement in user interactions with web applications were
identified and confirmed.

Keywords: computer system; software platform; software; performance testing; client-side; web applications; frame-
work; optimization; experiment; development.
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Harmioransauiil TeXHIYHUHN yHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHNHN YHIBEpCHTET», YKpaiHa, XapkiB

IMPONO3ULII IIIOI0 ABTOPU3AIIII
B CAUJIKAP KOMIIOHEHTI MIKPOCEPBICHOI APXITEKPYPH

AHoTanis. Y crarti po3po0ieHo Npono3uLii 00 AOULTFHOCTI peatisalii aTopu3anii y caifiikap KOMIOHEHTI MiKpocep-
BIiCY, IIIO JI03BOJISIE BITOKPEMUTH Oi3HEC-JIOTIKY Bifl 3aBJaHb ABTOPH3ALlii, BEACHHS XypHAIiB, KeIIyBaHHS Toulo. Taka peai-
3aIlisl T03BOJIIE OCHOBHUM Oi3HEC-MOIYJISIM 3aiHIIaTHCS C(OKYCOBAaHMMHU BHKIIIOUYHO Ha CBOiM Oi3HEC-JIOTiLi, 3MiHIOIOYUCH
JIMILIE TOJi, KOJIK € OHOBJICHHS y Oi3HEC-TIPOLeypax, a 3ajadyi, sKi € 3aralbHUMU Maiibke 1S OyAb-sIKOTO CY4acHOTO PillleHHS,
Tiepe/iaBaTH JOTOMDKHIM KOMITOHEHTaM TAaKUM sIK caiikap. [IpaBuibHa pearizanist aBTopH3aliii BUCTYNa€ KITIOYOBHM acIeK-
TOM Oy/Ib-SIKOi CHCTEMH, € Jy’Ke BXIMBHM Ta BUMara€ BpaxyBaHHS BEJNKOI KUIBKOCTI OCOOJIMBOCTEH Ta BUKOPHUCTAaHHS Iie-
PeIoBUX TPAKTUK JUI 3a0e3NedeHHs 30epe)KeHHs TaHUX BiJl HECAHKIIOHOBAHOTO JOCTYIy. PO3MIsIHYTO MOXIIMBOCTI Open-
source pimenns Keycloak. Take pilieHHs € Tye MOIYJIIPHAM CepBicOM Ui ayTeHTH(iKauil/aBTopu3anii, Ma€e MmITpUMKyY
CTaH/IAPTHUX TIPOTOKOMIB ineHTuikari, Takux sk: OpenlD Connect, OAuth 2.0, SAML 2.0. Pituenns miarpumye Garatodak-
TOpHY ayTeHTH(IKaLilo, MATPIMY€E KOHTEHHEPH3AII0 Ta MOXKE OYTH JIETKO PO3MOIUICHUM y CEPEIOBHILI MIKPOCEPBICIB K
Kubernates Ta inrerpysarucst 3 pisHUME 30BHIIIHIME cepBicamu, BKiroyaroun Google, Facebook toio. Po3po6ieHo apxitek-
Typy Ta IPOMNO3HLii, [0 HEOOXiHi s BUKOHAHHS iHTerpamii 3 caiiikap kommoHeHToM. [IpoBeaeHo TociimKeHHs 00 Tpo-
JTYKTUBHOCTI po3po0ieHoro pimeHHs. OTpUMaHO YHCIIOBI 3HAYEHHS, [0 HABEJICHO y TAOIUIIX Ta Ha rpadiky.

KawuoBi cioBa: caiinkap, mikpocepsic, aBropusauis, Keycloak, mpoxykrushicts, kenr, konreitnep, Kubernates, macui-
TaboBaHicTh, Open-source, Gatling, posmomin pecypcis, GanaHcyBaHHs HABAHTAXKEHHs, BEO-cepBep, iHdopMariiiiHa cucrema.

Beryn

IMocranoBka npoéJjemu. B cyuacHux posnopiie-
HUX CHUCTEMax, 1[0 0a3yrThCSA Ha apXiTEKTypi MiKpo-
CepBICIB, BaXJIMBO 3a0€3IEYUTH BUCOKY IPOTYKTHB-
HiCTB, Oe3meKy Ta maciTaboBaHicTh. OJHUM i3 BUKIIH-
KiB € e()eKTHBHE YIPaBIiHHSA aBTOPU3AIIEI0 Ta ayTCH-
Tudikaniero. BUKOpHCTaHHS OKpeMHX MiKpOCEpBICiB
U1t 0OpOOKH aBTOpH3aLlii MOXE MPU3BECTH JI0 3HUKEH-
HS TMPOAYKTHBHOCTI Yepe3 ITyOIroBaHHSA 3yCHIb Ta 30i-
JIBIIEHHS 00CSATY MEPEKEBHUX B3a€MOIH.

BinmoBimaneHICT MIKPOCEPBICIB 32 aBTOPHU3AIIIO
JIOaTKOBO 301NIbIlye HABaHT)XKEHHS Ha HUX, &, OTXKE,
CIIOBUIBHIOE peaizailito 0i3Hec mporecis. ITiaxin momo
aBropu3alii Mae OyTH yHi(IKOBaHMM Ta LIEHTpaTi30Ba-
HUM, 1100 CIIPOCTUTH apXiTeKTypy pieHHs. [ns peai-
3amil TakuX KOMIUIEKCHHX 3aBJIaHb BHKOPHUCTOBYETHCS
caiiikap Ju3aiiH NaTTEepH.

ABTopu3ariis Ta ayTeHTH(]IKAIlS € OTHUM 13 BaXK-
JMBHX TPOLECiB, A€ caiikap 3HaXOIWTh €(EKTHBHE
3acTocyBaHHs. [lo mepeBar Takoro pillIeHHS MOXKIHBO
BiJTHECTH HACTYIIHI:

— peamizamis ayTeHTH]iKauii Ta aBTOpM3amii y
caiiikapi J03BOJISIE YIPABISATH OE3MEKOI0 IEHTPaTi30-
BaHO /IS yCi€l CHCTEMH Ta yCyBae HEOOXiAHICTH pealri-
3amii uxX QYHKLIH y KO)KHOMY MiKpOCEpBiCi OKpeMo;

— BHKOPHCTaHHS caiJikapy 3abe3mnedye OJIHOpPIN-
HE 3aCTOCYBaHHS KOHTPOJIIO JIOCTYIy Ta MOJITHK 0e3-
MeKH I yCiX MIKpOCEpBiciB, MO yCyBa€ HEOOXiTHICTh
y JOAATKOBIH KOH(Qirypamii OKpeMHX MIKpOCEpBICiB,
crpusie K 3MEHIIEHHIO KUIBKOCTI TOXHOOK, TaK 1 moste-
TIICHHFO MiATPUMIII;

— MacmTaboBaHICTh MIKpPOCEPBICIB IPOXOJHUTH
IpoCTillle, OCKUIBKY yCi HalaIITyBaHHS BXKE IHTErpoBa-
Hi y calilkap KOMIIOHEHTaXx, a He y MiKpocepBicax.

ABTOpH3AIlis y PO3MOIJICHUX CHCTEMax, 0COOIH-
BO y apXiTeKTypaX MiKpPOCEpPBICiB, € OJHIEI0 3 HAWOIBII
CKJIaAHUX Ta KPUTUYHUX 3a/a4, IKa BIMarae He TiJIbKH

TEXHIYHOTO, ajie i eKCIIEPTHOTO AOCIiKEHHS Y cdepi
KepyBaHHs Oesnekor. CKnamHicTh mojsarae y 3adesre-
YeHHI HaIiltHO1 Ta Oe3rmevHoi aBTopu3amii 6e3 HeraTus-
HOTO BIUIMBY Ha NPOXYKTHBHICTH cHCTeMH. Bubip He-
MPaBIJIEHOTO PIilICHHS MOKE NPU3BECTH JI0 BPa3IHBOC-
Teil y Oe3nelli Ta 3HIKeHHS e(DEKTUBHOCTI CUCTEMH.

Takum 4nHOM, HEOOXiHO 00paTH eheKTUBHUIA iH-
CTPYMEHT, SIKUil JO3BOJIUTH BUPIIIUTH BHCBITJIEHE Hay-
koBe 3aBiaHHs. OJHUM 13 LUISIXIB BUPIIICHHS MOXeE
6ytu 3acrocyBanns Keycloak, sikuii akTHBHO BHKOpHC-
TOBYETBCA y IHAYCTPIl sl YIPaBIiHHS iI€HTUIHOCTAMHI
Ta aBTOPH3ALIEI0 Y PO3MOIIICHUX CHCTEMAX.

AHaJi3 ocTaHHIX AocjailKeHb i myOaikanii. AB-
TOpU3AIlis Y MiKPOCEPBICHUX apXiTEKTYpax € KIFOYOBHM
KOMIIOHEHTOM, IO BIUIMBAa€E Ha Oe3meKy Ta edexTHB-
HICTh PO3POOKH 1 BIIPOBaPKEHHS PO3IMOIUICHUX CEpBi-
ciB. ¥ [1] npoBeneHo MOCTIKEHHS MUTAHHS 1010 6e3-
NEeKH MiKpocepBiciB. Bu3HaueHO aBTOpH3aLlito K OCHO-
BHHMII MeXaHi3M sl 3a0e3NeueHHs] JTIOTPUMAaHHS MPUH-
[UITIB 0OMEKEHOTO JOCTYITY Ta 130JISIIil CITyXO0.

Hoxymenranis Keycloak [2] namae iHcTpyKIiil
0710 PO3TOPTaHHSA MOTY>KHOTO CepBEpY ayTeHTHdiKa-
il Ta aBTOpH3alii y KOHTEKCTI MIKpOCEPBICHUX apxirte-
KTYyp, J0 SIKOTO caijKap 3BepTa€Tbes JuIsl Bajlijaamii To-
keniB. Keycloak minrpumye cranmaptu 1D ta gocrymy,
taki six: OpenlD Connect i OAuth 2.0, mo mo3Bossie
THYYKO 1 O€3MeYHO YIpaBISATH aBTOPU3ALIEI0 KOPHUCTY-
BayiB.

V [3] mpoBeneHo aHai3 BUKOPUCTAHHS OOTIKOBHX
maanx APl y Mikpocepsicax, /¢ POMOHYETHCS MiIXif
no edeKTHBHOI aBTOpW3allii Ta aBTeHTHIKaIil udepes
API| 1nmro3u, 1mo J03BOJISE TOKPAIIUTH 3a0e3MeueHHS
Oesmekn y Takux cucTemax. BukopucroByetsest API
o3 Kong, arne foro ydacts y mporecax aBTopu3alii
MiHIMallbHA, OCKUIEKH Maii’ke yBech 00’ eM poboTu Oepe
Ha ceOe caiiakap.

V [4] npoBenieHO JOCITiIKEHHS Pi3HUX MMTiAXO/IB 10
MeXaHi3MiB aBTOpH3alil y MiKpocepBicax. AKIEHTY€ETh-
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csi yBara Ha BukopucranHi Role-Based Access Control
(RBAC) sik eeKTHBHOTO 3ac00y yIpPaBIiHHSI JOCTYIOM
Ha pi3HMX piBHAX. IX poGoTa mimkpecmoe morpeby y
CTaHJApTHU3AIl]l B3aEMOJIl Mik HE3ale)KHUMH CepBica-
MU, 100 3a0e3neunTn Oe3neyHuil 0OMiH 1HPOpPMAITI€TO.
Takuit miaxin miarpumyerbes cepepom Keycloak, skuit
BHOpaHMIA AJIs peaizanii y qaniid poOoTi.

V [5] npoBeneHo MTOCTiKEHHS, K caiKap MOKe
BHKOPHUCTOBYBATHCH UIA 3a0e3ledeHHsT Oe3NedHoi aB-
TOpHU3aIlii, PO3IITMBIIA OCHOBHI OOOB'SI3KM MiX SIIPOM
cepBicy Ta caiiakap mpokci. Takuii miaxim ITO3BOJSE
MacuTabyBaTd aBTOpU3aliliHI KOHTPOJI eeKTUBHILIe
Ta 3MEHIIUTH CKJAIHICTh ynpaBiiHHA. JlaHuWil aHami3
BUKOPHCTOBY€E CXOXI MiJXOIU y aBTOpHU3alii 3 BUKOPHU-
CTaHHIM calaKapy sK 1y AaHiit poOoTi.

V [6] npoBeneHO neTanbHUMN aHAi3 BUKOPUCTAHHS
Envoy Proxy sik caiifikap pillleHHs AJisl yIpPaBIiHHS aB-
TOPHU3AIIEI0 Ta MOHITOPUHTY Y MiKpOCEPBICHHX apxiTe-
KTypax. Envoy no3Boisie BincTeKyBaTu Ta KepyBaTH
3a0e3neueHHsIM Oe3eKn Ha PiBHI KOKHOTO MiKpOCEpBi-
Cy, NMOJaBaTH JETalbHi JIOTW NOCTYNy A aHAII3y Ta
BHSIBJICHHSI MOXKITUBHUX aTak Ha cepic. Envoy Proxy me
aJIbTepPHATHBA PILlIEHHIO, PE/ICTABJICHOTO y JIaHil cTaT-
Ti, aje ii apXiTeKTypa He JO3BOJIIE KacTOMI3yBaTH Ta
JI0JIaBaTH HOBHMX MOXKJIMBOCTECH TaKMX SIK IHTErparlis 3i
LITYYHAM 1HTEJICKTOM.

Meta cTaTTi — po3poOKa MPOMO3HUILi 00 pea-
mi3aunii aBropu3anii y caifikap KOMIHOHEHTI MiKpocepBi-
Cy IUIs BiTOKpeMIICHHs Oi3HEeC-JOTIKH MIKpOCepBiCy Bif
3aBJlaHb ABTOpH3aLlii Ta MiJBHIUCHHS NPOXYKTHBHOCTI
pitIeHHs.

BuKJ1a]1 0CHOBHOTO MaTepiay

3acrocyBanHs miaxoy 3 caiiikapamu i Keycloak y
SKOCTI aBTOPH3ALIHHOrO cepBepa J03BOJISIE B LIJIOMY
MABUITUTH Oe3MeKy Ta YIPaBIIHHSA TOCTYIIOM y MiKpo-
CEepBICHUX apXiTEeKTypax.

Keycloak mae BimkpuTunit BUXiHUIA KO, 10 HATAE
OOIIMPHI MOXKIJIMBOCTI JIJIs KACTOMI3allii Ta pO3LIMPEHHs
GyHKIIOHATBHOCTI it moTped Oisuecy. Ilmatdopma
ajanrtoBaHa Juis poOOTH y BEIMKHX OpraHizalisx Ta
3/1aTHA JIETKO MacIuTabyBaTHCs 31 3pOCTaHHIM CHCTEMHU.

IIpu po3podii BHKOPHCTOBYBAJIACH BEpPCis, sKa
Mmae inrerpaiito 3 OpenlD Connect Provider, mo npen-
CTaBJICHO Ha puC. 1.

=  IKEYCLC

Keycloak -

Manage

Identity providers

Identity providers are social networks or identity brokers that allow users to|

To get started, select a provider from the list below.
Clients

User-defined:

Client scopes

Realm roles

& Keycloak OpeniD & OpeniD Connect
Connect Vo

Users

Groups

Puc. 1. BuGip OpenID Identity nposaiinepa

HemnomixoMm pimmeHHs € yCKJIQJHEHHS yIPaBIiHHAM
CHCTEMOIO TIPH BIIPOBADKEHHI JT0JIATKOBOTO KOMITOHEH-
Ta, MO0 MOXX€ BUSBHUTHCSA CKIQJHUM Y HaJIAIITyBaHHI
JUTSL JIIOJIeH 0e3 BiAMOBIIHOTO OCBiAY Ta BUMAraTH JO-

JaTKOBMX  OOYMCIIOBAIBHUX  pecypciB.  Takox,
Keycloak € BiHOCHO KOMIIEKCHOIO CHCTEMOIO, IO
moTpedye peryysspHAX OHOBIICHb OC3MEKH Ta MiATPUM-
KH.

HesBakaroun Ha MOXKJIMBI YCKJIQJIHEHHS B YIIpaB-
JHHI Ta BUMOTH JI0 PECypCiB, IepeBaru BUKOPHCTAHHS
Keycloak stk pimenss s po3yMHOTO caiiikapa, 0co6-
JMBO y KOHTEKCTi 3a0e3redeHHsi Oe3leKkw, aBTeHTU(I-
Kalii Ta IMeHTPaTi30BaHOTO YIPABIiHHA JIOCTYIIOM, 3HA-
YHO NEePEeBUINYIOTh MOTEHIIHI Hemomiku. Take pimeH-
Hi 3a0e3medye BUCOKHI piBeHb O€3MeKH Ta e(heKTHBHO-
CTi sl MIKpOCEPBICHUX apxiTekTyp [7, 8].

Bukopucranns Keycloak sk oxpemoro koHreiiHe-
pa y Kubernetes cepenoBuiiii € oHIM i3 ONTUMATBHIX
CIOCO0IB PO3rOPTaHHS ISl JOCSATHEHHS BHCOKOI JOCTY-
ITHOCTi, MacIITabOBaHOCTI Ta ynpasiiHHA. Take pimieH-
Hs HAJIa€ PsiJ BAXKIIMBHX IIEpeBar:

— posropranns Keycloak y oxpemomy koHTeii-
Hepi 3a0e3medye 1300 Bif iHITNX YaCTHH CHCTEMH,
10 TiABUIIYE OE3MEeKy Ta CTAOUTBHICTS,

— Kubernetes miaTpuMye BHCOKY AOCTYITHICTH
LUIIXOM aBTOMAaTHYHOTO Hepe3alycKy KOHTEHHEpiB y
BUMAAKY 1X majaiHHg abo MOMUJIOK, 3a0e3Meuyrouu Ta-
KHM YHHOM BUCOKY BiJIHOBJIIOBAHICTb.

VY sxkocti Tumy KoHTpojdepa y Kubernates mist
Keycloak o6pano StatefulSet 3amicte Deployment,
SKUH BHKOPUCTOBYETHCS Ul stateless MiKpOCEpBICIB.
TakuM 4rHOM 30€piraeThcs CTaH CeCiid, 1o 3a0e3neuye
BITHOBJICHHS Ticiis 3000 0€3 BTpaTW AAHUX SAK TPEI-
CTaBJICHO Ha pHC. 2.

VY mporeci peanmizamii CHCTEMH YTIPaBIiHHS JOCTY-
moM Ta imeHTH(iKamiero 3a gonomorot Keycloak Bax-
JWBO BPaxOBYBaTH IHTErpallif0 Ta CHHXPOHI3aIil0 Ja-
HUX KOPHCTYBadYiB Ta iX poseld. BapianTu pimieHHS IbO-
ro 3aBJaHHS 3aJeXaTh BiJl apXiTEKTypHHX 0COOIMBOC-
Teii BKe ICHYI04Y0T CHCTEMH.

StatefulSet: keycloak

Mamespace:- Age: 9da
Image: keycloak  Rea
Endpoints:  [Any Nodel:30201 S0/HT

Labels: appkubernetesiofcomponent :

Annotations: Show 2 annotations

Pods by State

1

Running

Puc. 2. Buxopucranns StetefulSet konrposepa

Y KOHTEKCTi MIKpOCEpBICHOI apXiTeKTypH, A€ BXKE
icHy€e TToBHO(YHKITIOHATbHE 30epiraHHsl KOPHUCTYBaviB Ta
iX pounel, e(EeKTUBHUM pIIEHHSIM € BHKOPUCTAHHS
Keycloak REST API mjis 3a0e3led4eHHs CHMHXPOHi3allii
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naHux. Takwii migxin nependavae, mo mpu 3MiHi iHdop-
Maii Ipo KOPHCTyBa4a y OCHOBHIH MiKpOCepBicHii cuc-
TeMi, Takiil sk Moaysib mod-users, HOTPiOHO BUKOHYBaTH
Bignosigui POST, PUT a6o DELETE HTTP 3anutu no
Keycloak API, mo no3Bosnsie 3a6e3meunuT KOHCHCTEHT-
HICTP TaHUX MK Pi3HUMH KOMIIOHCHTAMH CHCTEMHU.

Ha puc. 3 mpencraBieHO CIHCOK KOPHCTYBAdiB,
3apeecTpoBaHMX y BH3HaueHoMmy Realm cucremn
Keycloak. ¥V manomy konTekcti, Realm e moriurum
MIPOCTOPOM Y CHCTEMi, IO MICTHTh OKpeMi KOPUCTYBa-
IBKi 1I€HTUYHOCTI, OOJIKOBI aHi, pomi Ta iHIIN KOH(i-
rypauiiiHi mapameTpu.

=  @IKEYCLO

Keycloak hd

Manage

Users

Users are the users in the current realm.  Learn more

=

User list Permissions
Clients

Q, Search use;

Y Defaultsearch w

-

Realm roles ) Username Email

Client scopes

Users admin o-

Puc. 3. Kopucrysaui y cucremi

Ha puc. 4 npexacrasiieHi poi, sKi JOCTYIIHI Y CHC-
TeMi JJIs TIOAAbIIOTO MPUCBOEHHS KOPUCTYBauaM. Poiti
y koHTekcTi Keycloak HeoOXiaHi uist yIpaBIiHHA Ipa-
BaMH JIOCTYIY, BOHH MOXYTh OYyTH SK TJIOOQIbHHMHU,
TakK i BU3HAYCHUMH JJIsl KOHKpeTHOTO Realm.

= @IKEYCLO

Keycloak -

Manage

Realm roles

Realm roles are the roles that you define for use in the current realm.

Q, Search role by name
Clients

Role name

Client scopes

admin

Realm roles

(Ve

default-roles-master
Groups ®

Puc. 4. Poni y cucremi

3anporoHOBAaHO Y peaizallil po3yMHOI0 caikapy
ABTOpU3ALlil0 3/IHCHIOBATH Y caiiikap KOMIIOHEHTaX.
Buxnuk Mik MOIyJIsSIMU 3iHCHIOBATH Yepe3 BiAMOBIIHI
caiKapu.

Jo iHmmx BapiaHTIB peaji3auii 3amporOHOBaHUX
MIPOTIO3HILIIFl MOKJIMBO BiJIHECTH HACTYITHE:

— neHrpanizoBanunii APl numo3. ¥ nanomy Buna-
JKy yci HepeBipKH aBTOpH3allil BiOyBalOThCS Iepes
TUM, SIK Tpaik JOCATHE MiKpocepBiciB. JaHui ILTIO3
MOJKe KepyBaTH ayTeHTH(IKaIli€ro, MUppyBaHHAM, JIO-
TYBaHHSM Ta IHIIMMH acTIeKTaMu OE3MeKH I yCiX BXi-
JTHUX 3aIINTIB,

— 00pobka JWT TokeHIB Ha piBHI MiKpOCEpPBICiB.
MikpocepBicH MOXyTh caMOCTiiHO 00pobmsatn JWT
TOKEHH, JEKOAYIOUM IX Ta MEepeBIpsSIOYM BaIiIHICTS.
IMpu Taxiit peamizanii Ko)keH MIKpOCepBiC MOBUHEH Ma-
TH JIOTIKy AJs Bajijauii TOKeHy, W0 NMPHU3BOAUTH JIO
JQyOJIOBaHHS JIOTIKM Ta YCKJIAJAHEHHS BIIPOBAJDKCHHS
3MiH y crioco0i aBTopu3aliii;

— BHKOPHCTaHHS 30BHILIHBOI CUCTEMH /IS OLIHKH
TIOJITHK, KOHTPOJIO Ta Oe3neku noctymy Takux sik Open
Policy Agent. Taki cucTeMu TO3BOJISIOTH IICHTPAJi3yBa-
TH TIpaBUJIa aBTOPH3aLlii Ta JIETKO TX OHOBIIOBATH.

VY cydacHUX MIKpOCEPBICHHX apXiTEKTypax, 1€ J0-
CSITHEHHSI BUCOKOTO PIiBHSI O€3IEeKH JOCTYITY € OJHUM i3
KITIOYOBUX BHKIIMKIB, JOCIIKCHHS 3ac00iB aBTOpHU3aIlil
KpUTHYHE A5 3a0e3MedeHHs 3arainbHoi Oe3MeKu cucTe-
MHU. BHKOpHCTaHHS «pO3yMHOT0» caiiakapa i o0po0d-
KM aBTOpH3allii, 30kpeMa uepe3 inrerpamito i3 Keycloak,
HaJIa€ TIEBHI IepeBard MOPIBHAHO 3 aBTOPH3AII€I0, BU-
KOHAHOI0 0e3MmocepeIHbO Y MIKPOCEPBICi.

[Tep 3a Bce, Takui MigXiA COPHSE BiIOKpEMIICH-
HIO 30H BiamoBimaipHOCTi. Calijkapu OepyTh Ha cebe
MOBHY BI/ANOBINAJBHICTG 32 00pOOKy aBTOpHM3alii, 3Bi-
JBHSOYU OCHOBHHMU KOHTCHWHEP MIiKPOCEPBICY Bill He-
00XIHOCTI BKJIIOYATH PO3ray KeHi epeBipku Oe3rneKH,
SIKI MOXYTb 3 4aCOM 3MiHIOBaTHUCH 200 OHOBIIIOBATHUCH.

JlomaTkoBO, BUKOPHCTaHHS YHi(IKOBAHOI JOTIKH
aBTOpH3amii y calikapi Crpuse BHUKIIOYCHHIO AyOIIIO-
BaHHS JIOTIKH aBTOPHU3AIlil y KOXKHOMY MIKPOCEpBIC,
3HAYHO CIIPOIIYIOYH IPOIEC PO3POOKH Ta MiATPUMKH.
[Ipu 3MiHax y mpaBuiiax aBTOpH3alii, MOTPIOHO 31iiic-
HUTH OHOBJICHHS JIMIIIC B OJHOMY MicCIli — caiiikapi, 1o
3MEHIIYE KOMIUIEKCHICTh YIPAaBIiHHS OHOBJICHHSIMH,
HOPIBHSHO 3 HEOOXIIHICTIO PI3HUX aJanTalii y KOKHO-
MY MIKpOCEpBICi.

BukopucranHs caiiakapa, Takox, IiIBUILY€ 3ara-
JTHHUN PiBeHb OC3MEKH, OCKUIEKH 3MEHIITYEe HMOBIPHICTh
MOMIJIOK Y peali3allii aBTopu3amii uepe3 MEHITy Killb-
KICTh TOYOK BXOJY Ta CTAaHAAPTH3AILIIO MiAXOIIB.

Kpoxu B3aemonii Keycloak 3 mikpocepBicHOIO ap-
XiTEeKTyporo 3 BUKOpuctaHusMm "smart sidecar" mis 06-
poOKM aBTOpHU3allii BUMIIAAAIOTH HACTYITHUM YHHOM:

1. KopucryBau B3aemojie 3 intepdeiicom Kopuc-
tyBaua (Ul), Hanpukiaz, BeO-CTOpIHKA, SKUH BUKIMKAE
Bigmosiguuii API ennmoint. HTTP-3anuT, 3ailicHeHMit
KOPHCTYBaueM, MICTUTh y CBOEMY 3arojIOBKy TOKEH
aBropusauii (JWT TokeH).

2. 3anur crnouaTky oOpoOisierbes Kong, sikumii
pructymnae y pom API Gateway. Kong anmanizye HTTP
3arosioBok, BusHayae URI 3anuTy Ta, BUKOPUCTOBYIOUH
BHYTPIIIHIO cXeMy 0a3m JaHWX, ¢ 30epekeHO BiIrmo-
BigHOCTI URI 10 cenn¢idHUX MiKpOCEpBicCiB, IMepeHa-
MIPABIIS€ 3aIUT JI0 BiIIOBITHOTO MIKPOCEPBICY.

3. 3amur mocsirae BIANIOBIHOTO MIKpOCEpBICY Ta
MEePEXOIUTIOETHCS CalaKapoOM, TIOB'SI3aHUM 13 1TUM MiK-
pocepBicom. Califkap BiJirpae KIt04oBY poJib Y 00po0-
11i 3aMUTy HA ILOMY €Tari.

4. Carigkap 3nivicHtoe 3anuT a0 Keycloak, mepe-
JABIIM HEOOXimHI JaHi Mpo KOPUCTyBada (3a3BUYail y
uriigi Bumiesraganoro JWT TokeHy). 3anmut BKIHOYAE
Ba)KJIMB1 KOHTEKCTHI JaHi.

5. Keycloak nepmr 3a Bce nepeBipsie YMHHICTD ca-
MOTO TOKEHa — 30KpeMa, MpaBHIbHICTh HOro (opmary,
MIJIHCY, a TAKOX Yac Aii (expiration).

6. IMicnst ycmimsol Bamiganii JWT tokena Keycloak
JIO/IATKOBO TIEPEBIpsie, UM Ma€ KOPUCTyBay JIOCTATHI TpaBa
aBTOpH3AIlii U1 BUKOHAHHS 3amuTy. Lle BKiIro4yae mepe.i-
PKy 3aJaHuX y TOKEHi pojiel Ta JI03BOJIIB KOPUCTyBada
TIOPIBHIOIOYH 3 OOMEXKEHSIMU JOCTYIY, BH3HAYCHUX Y
Keycloak myist janoro enamointy abo pecypey.
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Ha puc. 5 nokaszana nepia 4acTuHa Jiarpamy aBs-
TopH3alii, /A€ 3amUT OOpOOTIOETHCS KOMIIOHEHTOM
Kong, mo Buctynae y pomi Api Gateway. Ha puc. 6
MOKa3zaHa Jpyra 4acTWHa JiarpaMmu, A€ caijkap BUKIHU-
kae cepBep aBropuzaiii Keycloak mis nepesipku mpas
KOPHCTYyBa4a Mepe BUKITMKOM CBOTO MIKpOCEpBicy.

Buxopucranns caiikap-KOMIIOHEHTIB 3a0e3medye
MOJKJIMBICTh JIOKaJi3allii mporeciB aBTopu3alii Ha piBHI
OKPEMOT0 MiKpOCepBicy, IO MiABHIIYE MPOIYKTUBHICT
CHCTEMH, OCKIIBKM TiCIs YCINIOIHOI aBTOpHU3aIii B
Keycloak, caiinkap mikpocepsicy 1 moxe Oesmocepen-
HBO KOMYHIKYBaTH 3 MIKpOCEpBICOM 2, OMHMHYBIIHU HO-
BTOPHI TIEPEBIPKH aBTOpHU3aLlii.

1. Ul euzuBaE Bianos
\AP| eHONOIHT. ToXEH BKMHUAE
LWNRx 10 HeoGxigxoro
eHanoiHTa

3. Kong Npokcye BUKNK
BU3HaUSHOrD sidecar,
BHMH04AKUN 00MiK0S] AaHi
HOPHCTYESYE

Ui Module

—
Kong Routing
Tables

2. Kong Bn3Haqae kyan
He0TKIHO HaNPaENATH AP
SUETME(HE AKMIA Sidecar)

Puc. 5. O6po6ka 3anura Api Gateway

4 Sidecar CTROPHE KOH
BUKNUKY | nepejac foro,

BKMHYAI0YM A03BONN

5. Keycloak eanigye TokeHd

asTopu3aLj

KOpUCTYEAUIZ, ANA
Module Sidecar

N
7 )
A
6. Keycloak anigye 4n
KOPUCTYBad Mac yCi

HeofxigHi go3e0nK onA
BMKOHaHHA onepaulii

Backend module

Keycloak Users
Permissions tables

7. MicnAa ycniwHoi
asTopu3aauii y Keycloak,
Sidecar BUknnkac
HEODIXHMI eHANOIHT ¥
Bianec moayni

Puc. 6. Komynikaris mix caiinkapom i Keycloak

OpHak, HEOOXITHICTP BUKOHAHHS aBTOPHU3AIT s
KokHoro API-BukiMKy BcepenuHi caiakapa MoKe
CTBOpWTH 3HauHe HaBaHTaxxeHHs Ha Keycloak, oco6mm-
BO y CHCTeMax 3 BUCOKOIO YacTOTO 3anuriB. Take Ha-
BaHTA)KEHHS MOXE HPU3BECTH /0 3HIDKSHHS 3arajibHOi
MpOAYKTUBHOCTI aBTopm3amiiftHoro Keycloak cepsicy,
110, BiAMOBITHO, HETATMBHO BIUIMHE HAa €(QEKTHUBHICThH
poOOTH MIKpOCEPBICHOT apXiTEKTYPH.

Ha puc. 7 npexacraBieHo KiJbKicHI JaHi JIOTyBaH-
HS, SIKI LTIOCTPYIOTH 3BEPHEHHsI MIKpOCEpBICIB 110 BiJ-
MOBIMHKX caiimkapi st Bamimanii TokewiB y Keycloak
MPOTATOM BU3HAYEHOTO 17-XBHIMHHOTO IHTEPBANY.

fields @timestamp, @messoge, @logStreaw, @log
sort @timestomp desc
[Fiiter @messoge dike “muthorizing request to ]
TIRLL 10000
% Query generatar
=
) Completed. Query executed for 4 log aroups. &
Logs (10k)  Patterns(2)  Visualization
Logs (10k)
[spowing 10000 of 132239 records matcneap |
9,716,540 records (1.8 GB) scanned in 7.95 (@ 1,228,697 recordsfs,
15k
"
500 e - .
L L
BB oni 082 G2 e oM 0820  oud 0831 BT 0833 O 003 08 oa oud

Puc. 7. Kinbkicts 3BepHeHHs caiinkapy mo Keycloak
ITiJ1 Yac MKOBUX HaBaHTaKCHb

JlaHi oTpuMaHi 3 MPOBEJEHUX BUNPOOYBaHb CTiii-
KOCTI CHCTEMH, sika OyJia po3po0iieHa.

3 puc. 7 MOXJIMBO CTBEP/XKYBaTH, IIO MPOTArOM
BKa3aHOTo mepioay caiinkapu 3uiiicnunu 132,239 3Bep-
HeHb 70 cepBepa aBreHTUdiKkauii Keycloak. [lana cra-
THUCTHKA CBIIYMUTH NMPO 3HAYHE HABAHTAXXEHHS, L0 Ha-
kianaetees Ha Keycloak, mo HaoyHO eMOHCTpye Horo
pOTBb SIK TIOTEHIIHHOTO BY3BKOTO MICISI Y CHCTEMHIN
apxIiTeKTypi, OCOOJIMBO TiJ Yac MepioIiB HE OCOOIUBO
BHCOKOI HaBaHTa)KE€HOCTI Ha iH(ppacTpykTypy. Crocre-
PESKCHHS 32 CHCTEMOIO IiJl Yac MIKOBUX HAaBAaHTAXXEHb
BKa3ye Ha Te, IO KUIBKICTh 3BepHEeHb 10 Keycloak mo-
JKE 3pOCTaTH KPaTHO.

ToMy, KpUTHYHO BOXXJIMBHUM € po3po0Ka Ta BIIPOBa-
JDKCHHSI MEXaHI3My, SIKMH JO3BOJUTH 3MEHIIUTH Kijlb-
KicTb 3BepHeHb 0 Keycloak i3 caiinkap-KOMIOHEHTIB.
OnuH i3 MOXKIIMBHX MIJIXOMIB — € BUKOPUCTAHHS Kelly-
BaHHS TOKEHIB, IO JI03BOJIUTh 3HU3UTU YacTOTy Oe3mo-
CEepeHIX 3aIlUTiB 0 aBTOPU3AI[IIHOTO CEPBICYy.

VY naniii poOOTI BUKOPUCTOBYETHCS JIOKAIBHUH
KeII Ha PiBHI KOXXHOTO caiakapa Uit 30epiraHHs TOKe-
HIB, SIKi 9aCTO 3aIUTYIOTHCS, 10, Y CBOIO Yepry, MiHIMi-
3y€ HeoOXimHICTh 3nilicHeHHs 30BHIMHIX HTTP-3amuris
IpH NepeBipI aBTOpU3allii.

Jliarpama KOMIIOHEHTIB TaKOro METoJa HaJlaHa Ha
puc. 8 Ta BKIIIOYAE HACTYITHI KPOKH:

1. KopucryBau iHiLito€ 3amuT 10 Mikpocepsicy 1.
IIpu 11pOMY, 3aIUT MEPEXOILUTFOETHCS BIAMOBIIHUM Caii-
JIKapOM.

2. Catigkap 1 aHami3ye, 9Yu MICTHTH JIOKAaIbHHHA
KeIl 3HAYeHHS BXIJHOTO TOKEHy. Y BHIAJKy 3HaXO-
JUKEHHS BIIOBITHOTO TOKEHY y JIOKQJIFHOMY Kellli, Ba-
JiAanis BBaXKA€ThCS YCIIIITHOK, 1 3BEPHEHHS JI0 CIyXKOU
Keycloak moxxe OyTH NOBHICTIO YHUKHYTE.

3. 3a yMOBH, SIKIIO JIOKaJbHUH Kell HE MICTHTh
BKa3aHOTO TOKeHa, caiigkap iHimitoe HTTP-zamut gm0
API Keycloak s mpoBeneHHs Bamifamii TOKeHa.

4. Tlicns mepeBipku TOKeHA cainkap 1 3miiicHIOE
BUKJIMK 1HIIOTO MOIYJIA 2 JJsl peajizallii BilmoBigHOT
6i3Hec-noriku. Takwif IpoIec MepexoIUTIOEThCS Ccaif-
JIKapoM 2, SIKMH MOBTOPIOE JIOTIKY, OAIOHY /10 3aCTOCO-
BaHOI caiinkapoM 1. BaxJMBo migxpeciuTy, Mo KoXXeH
caiiikap Mae BIacHMH JokanbHui kem. Tomy, mpucyTt-
HICTh TOKEHa Yy Kelli OJHOr0 caiakapa He TapaHTye
Horo HasBHICTH y Kellli iHIIOTo caikapa.

3a3HaueHi KPOKM 1HTerpalii BUMararoTh 0COOJIMBOT
yBard 1o AeTaiei peainizallii, aipke HEKOpPEKTHE yIpaB-
JIIHHS KEIIeM MO)Ke CTBOPUTH IOTEHITIIHI Bpa3IUBOCTI,
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SIKI JJO3BOJISITH 3JOBMHCHHKAM OOXOIHUTH IPOLEAYPY
Bajimanii keury. OTHUM 3 aCHEKTiB OC3IEKH, 10 BHUMa-
ra€ yBaru, € yCTaHOBKa yacy xutTs (time to live, TTL)
Juist 3anuciB y kemi. [IpaBunbhe HanamryBanus TTL €
KPUTUYHO Ba)XJIMBUM IS 1HBamifauii 3actapiiux abo
HENINCHNX TOKEHIB. TakoX, BaXKIMBO 3a0€3MEYNUTH BH-
Jy4eHHSI TOKCHIB 3 KeIly IPH BUAAJICHI KOPHCTYBAYiB,
00 3amo0irTH HEeCaHKI[IOHOBAHOMY IOCTYITYy IO CHC-
TEMH 3 BUKOPHUCTAHHSM CTapUX TOKCHIB.

TIOKANEHMIT Keww
TOKEHIE

{ Mikpocepsic 1 H Cangxap 1

Mikpocepeic 2 Cangyap 2

Puc. 8. [liarpama kenryBaHHs aBTOPH3AL[IfHIX TOKEHIB

VY mporieci peatizailii JOKaIbHOTO KEITyBaHHS TO-
KEHIB BaXJIMBO BHM3HAUUTH HEOOXIJHUH  pO3MIp
00’ekTiB, siKi OyayTh 30epiratucst y mam’siti. Po3mip
TokeHa y Keycloak mMoxe BapitoBaTHCS y 3aJIeKHOCTI
BiJl KUTBKOCTI KIteiimiB (claims) Ta iHmMx aTpulyTiB, sKi
BKJIFOYEHI J10 TokeHa. 3a3Buyair, JWT (JSON Web
Tokens), sxi BuxopucroBye Keycloak mis aBropusa-
HifHIX TOKEHIB, MAlOTh PO3MIp BiJ KUTBKOX COTCHb
0aiTiB 10 KUIbKOX KiJOOaMTIB.

[punycrumo, 110 cepenHiii po3Mip TOKeHa CTaHO-
BuTh mpubnu3no 2 Kb (2048 6aiitie). [Ipu 1ipomy, pos-
Mip JokasnpHOTrO Kemy it 100 TokeHiB Oyze ckiianaTu
200 k0. Ileit moKa3HUK € TIOPIBHSHO HEBEIMKHM, IIO
CBITUMTH NP0 MiHIMAJIBHHUH BIUTUB Ha 3arajbHi peKoMe-
HAaMii 3 BUAUICHHS IaM sITi UL caiiikapa.

Crin 3a3HAYMTH, IO JOKAIbHI Kelll TaKoX 3HH-
KYIOTb PU3UKH 3001B CUCTEMH, 10 MOXYTh BUHUKHYTH
y BHUIQJKy BHXOAY 3 JIaay LEHTPalTi30BaHUX Kell-
CHCTEM, OCKUIBKH Caiiikapy He Ma€ HEOOXiJHOCTI 3Bep-
TaTHCS JI0 CTOPOHHIX CHCTEM KellyBaHHs. [lopiBHIOIOUN
MIPEJCTaBICHE PIMIEHHS 3 IEHTPATi30BAaHUMHU CHCTEMa-
Mu KemryBauus Takumu sk Reddis a6o Memcached,
JIOKaJbHUHA KeIl MPOCTIMIUH A peamizamii, OCKiTbKU
He oTpedye TOAATKOBUX KOMIIOHEHTIB, AKi MOTIM Tpe-
0a 11e 101aTKOBO MiATPUMYBATH.

TakoX, BUKOPHUCTAHHS i30JIbOBAHMX KEIIIB y pam-
Kax KOXHOTO caiiikapa 3MEHIIy€e NIaHCH HA HECaHKI[io-
HOBaHWH JOCTYN 1O JAHMX 3 IHIIMX YaCTHH CHUCTEMH,
TaKUX SIK HOBUI KOMIIOHEHT 3 PO3IOJUICHUM KEIIoM,
SIKMIA MICTHTB Yy TIIHBI JaHi.

TakuM YHHOM, peami3alliss JOKaIbHOTO Keury y
KOXKHOMY OKpEMOMY €eK3eMIULipi caiinkapa 0e3 HeoO-
XiTHOCTI TX CMHXpOHi3auii npeacTasisie co000 epeKTH-
BHE Ta JIOLIJIbHE PIllICHHS Y BUCOKONMPOAYKTHUBHIN pea-
nizanii caiakapa.

IMomo BuOOpY OiOIIOTEKH JIOKATBHOTO KEIIy CIIiT
3BepHyTH yBary Ha Caffeine. Bona omrumizoBana st
BHCOKO{ ITPOIYKTUBHOCTI Ta MiHIMaJIbHUX 3aTPHMOK JI0C-
Tymy g0 KemoBaHux jganux. @yskmioman Caffeine
BKJIIOYA€ MOJIIMBICTD YNPaBIiHHS KeIIeM 3 BUKOPHCTAH-
M anroputMmiB LRU (Least Recently Used), sixi BuKo-
HYIOThCS C(EKTUBHO 3aBISIKM ONTHMI3allisiM Ha PiBHI
xomminsropa JVM. EdexTuBHe ynpaBiiHHSI TaM'aTTIO Ta
acuHXpoHHe APl 103BONSIOT YHHUKHYTH OJNOKYBaHb i
KOHKYPEHIIi MK MOTOKaMH, 10 MiHIMI3y€ BILIHB KEIIy
Ha 3arajibHy YyTJIHBICTH CHCTEMH JI0 3aTPHMOK.

3rigno 3 gocmimkendsm [9] Caffeine nemoncTpye
3HaYHi MepeBary y MBHAKOCTI BCTABJICHHS JaHUX MOPi-
BHSHO 3 IHIIMMHU TOMYJISIPHUMH Oi0NiOTeKaMH KeIry-
BaHHs1, TakuMu sk Guava abo ConcurrentHashMap.

Ha puc. 9 moka3ano mopiBHAUIBHUH Tpadik 3amucy
y keur mixx Caffeine, ConcurrentHashMap ra Guava.

1. Compute

Throughput scores (ops/s)
€.g.b.c.c.ComputeBenchmark
500M

400M

300M

ops/s

200M

) . I

Ml compute_sameKey(computeType=ConcurrentHashMap)
M compute_sameKey(computeType=Caffeine)

M compute_sameKey(computeType=Guava)

Il compute_spread{computeType=C: Hash
M compute_spread({computeType=Caffeine)

M compute_spread{computeType=Guava)

Puc. 9. Ilepesaru Caffeine npu 3ammcy y xemr

IaTerpamis nokansHOTO Kemry Caffeine y caiimkap
Juts 30epiraHHs TOKEHIB aBTOpHM3aIlil BUKIIMKA€E 3HAYHE
MiABUIEHHS 3arajibHOi MPOTYyKTHBHOCTI cHcTeMH. Bu-
kopuctannsa Caffeine kenry 103BOJIsI€ CYyTTEBO 3MEHIIIN-
TH 3aTPUMKH, 1[0 TIOB'sI3aH1 3 MOCTIHHUMH 3BEPHEHHSIMU
Jo cepBepa aBreHTH(diKanii Takux sk Keycloak ta cyr-
TEBO 3MEHIINTH HaBaHTAXXEHHS HA HHX, 3a0€3Neuyroun
BiTYyTHE MiIBUIICHHS IIBUIKOIIT IIPU 0OPOOIIi 3aMHUTIB.

Jis mepeBipkM NPOJYKTHBHOCTI pealli3oBaHOTO
pimenns Bukopucrano Gatling ¢peiimeok [10]. IIpose-
JICHO OIIHKY IPOJYKTHBHOCTI MiJ Pi3HWMH BHIAaMH Ha-
BaHTaXEHb:

— BxigHi 3anuty 3 JWT TOKEeHOM KOpHCTyBaya;

—  BXIgHi 3auTH 3 cucteMHUM JWT TokeHOM;

— HEaBTOPHU30BaHI BUXIJIHI 3aIlATH.

Ko’keH TecT MOXIMBO HaNaAIITYBaTH, BUKOPHCTO-
Byrouu npodisns y ¢aiini .conf.:
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ingress-10u-300s-50s {
baseUrl = "http://localhost:19021"
tracingEnabled = true
rampUpUsers = 10
rampUpDuration = 1s
testDuration = 300s
tokenRefreshinterval = 60s
config {
type = "ingress"
includeUserJwt = true
includeSystemJwt = true
requestsFile = "igress-requests.jsonl"

1}

Jns tecty caiimkap OyB MaKCHMANbHO i307OBa-
HUM BiJl 1HITUX CHCTEMHHX CIyk0. Yci 3anuTH Ha 30B-
HIIIHI cIyk0M Ta cepBick OyiM IMITOBaHUMH 3a JOMO-
Mmororo inctpymenty Wiremock. Lle weoGximHo, 1106
TOYHO OL[HUTH Came MPOJYKTUBHICTH OKPEMOI0 KOM-
MOHCHTY, CaiiKapa y HallOMy BHUIAIKy, BiJ OI[IHKH
Bciel cuctemu B 1imomy. Js manoro tecty Keycloak
MictuB TeHaHT 3 100 xopuctyBadamu ta 10 BHmamko-
BUMH POJISIMH.

PeCypcu calinkap KOMIOHEHTa AJIsl Pi3HUX TECTIiB
BHUIULUINCS y TAKUX Jiana3oHax:

CPU Reservation: 128 /256 / 512 /1024 (0.125

/0.25/0.5/1.0 vCPU);

CPU Limit: 128 /256 /512 /1024 (0.125
/0.25/0.5/1.0 vCPU);

Memory Reservation: 192 MB;

Memory Limit: 224 MB.

Juist MikpocepBicy, 3 SIKUM OB’ si3aHuil caiiakap:

CPU limit: 1024 (1.0 vCPU);

Memory Limit: 400 MB;

Response Delay: 50/200 /1000 ms;

Request Body: (jsonObject with key: 10
random chars, value: 100 random chars), number of
keys = 50 /500 / 5000.

Jnst cepBepa aBropu3aitii Keycloak:

CPU Limit: 3072 (3.0 vCPU);
CPU Reservation: 2048 (2.0 vCPU);
Memory Limit: 1200 MB;

Memory Reservation: 1200 MB.
Tect npoBoguBcst npoTsirom 600 cekyHA 3 BHKO-

pUCTaHHAM 100 BipTyalbHUX KOpPHUCTYBayiB
(V_USERS). V sxocti napamerpy RAMP_UP Bukopu-
cToByBajiocs 3HaueHHs y 550 cexynn. Lle o3nauae, 1o
V_USERS OyayTh HOCTYMOBO IOJABATHCS JIO TECTY
npotsirom 9 xB. Ta 10 c.

VYV maHoOMy BHIIQAKY KpWBa HaBaHTAXXCHHS Oyze pi-
BHOMIPHO 3pOCTaTH, TOKH He Oyne JTOCSATHYTO MOBHOTO
00’eMy OIHOYaCHHWX KOpHCTyBaduiB. Take 1uaBHE 30i-
JBIICHHS HABAaHTAXCHHS MOXKE IOMOMOITH BUSBHTH
MTOTEHIIi}{HI MTPOOIeMH 31 CTIHKICTIO Ta IPOAYKTUBHICTIO
CHCTEMH TIPH TIOCTYIOBOMY 3POCTaHHI KOPHCTYBAdiB,
SIK TIpeJICTaBlIeHo Ha puc. 10.

[Mapamerpu nepiuoro tecty Gatling, Bukonasoro y
paMKax JOCHI/DKEHHs, BKIIOYaIH 3aTpuMKy y S50 misi-
cekyH (MS), BUALIEHHS 00YNCIIOBAILHUX PECypCiB Ha
piai 0,1 BipTyanbHOro LEHTPaJBHOTO HpolEecopa
(vCPU), HamamtyBaHHS OJHOrO OOpOOHMKA IOMIA
(Event Loop) Ta BUKOpUCTaHHS M'ATH pOOOYUX TTOTOKIB
(Thread Workers). Taki mapametpu Oynu obpani uist
TECTyBaHHS BIUIUBY KOH(Iirypamii cepBicy Ha #oro 31a-
THICTb OOpOOJSATH HaBaHTAXKCHHA Ta 3a0e3ledyBaTH
CTablIBHY POOOTY B YMOBaX Pi3HOTO PiBHS 3aIIHTIB.

VY 1aba. 1 mpeacTaBiIeHO Pe3yNbTaTH BXIITHHUX BHU-
KITUKIB, SIKI 0OpOOISUTUCS caiiIkapoM ISl IPOBEIACHOTO
Tecty 1.

3arajgpHa KigbKiCTh 3alUTIB cKiaama 27,713, 3 sskux
yci Oyim yermiHao 0opobiieHi 6e3 momunok (0% momu-
1ok). CepenHsl iIHTCHCUBHICTh 3alUTiB cTaHOBUIA 46,19
3aIUTIB 32 CEKYHY.

MinimManpHHUN Yac Ha BIATYK CKJIaB 19 mimicexyH.
Menianawmii (50-1 TepIEHTHIIB) Yac BIATYKY CTaHOBUTH
5360 mc, a gac Biaryky mius 75-ro meprentwrst — 8230
Mc. Yac BiAryky mis 95-ro mepreHTWIS JOPiBHIOBAB
11596 mc, a s 99-ro nepuenTIs — 12309 Mc.

MakcumanbHuii  3adikcoBaHMii Yac Ha BIITyK
cknaB 13851 mc, cepenniii yac Biaryky — 5779 mc, 3i
CTaHIAPTHHUM BiAXWICHHSIM 3293 McC.

OTpuMaHi pe3ysbTaTd CBiYaTh PO BHUCOKY MPO-
JYKTHBHICTh Ta CTaOUIBHICTH caiiikapy mpu o0poOii
HTTP 3amurTis.

Jlns HacTynmHOTO TecTy 2 Oyiu 30UTbIIeHi mpoIlie-
COpHI TOTYXHOCTI i caiiakapy 3 0,1 vCPU no
0,5 vCPU (tabu. 2).

Zoom | lﬂl
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Number of requests per second
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16:08
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Puc. 10. I'pachix 301bIICHHS KiTBKOCTI OJHOYACHUH 3aIUTIB IiJ] 4ac TECTy
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Tabnuys 1—Tecr Nel 3 0,1 vCPU

Executions Response Time (ms)
Requests % 50th 75th 95th 99th Std
0 .

Total | OK | KO KO Cnt/s | Min ot nct ot nct Max | Mean Dev
All Requests 2771327713 0O 0 46,19 ( 19 5360 8230 11596 12309 | 13851 | 5779 3293

Authorizeuser | 1141 | 1141 | O 0 19 19 25 39 70 123 164 34 20
GET request 6096 | 6096 [ O 0 10,16 | 63 5611 8511 11605 12241 | 13354 | 6072 3149
POST request 4821 | 4821 | O 0 8,04 | 56 5577 8385 11580 | 12204 |13305| 6013 | 3139
EEL'IEEIE 10703|10703| 0 | o |17.84| 55 | 5534 | 8436 | 11508 | 12165 | 13851 | 6004 | 3132
PUT request 4952 | 4952 | O 0 8,25 | 55 5616 8335 11607 | 12156 |13305| 6030 | 3123

Tabauys 2—Tecr Ne2 3 0,5 vCPU
Executions Response Time (ms)
Requests % s0th | 75th | 95th | 99th std
(0] .

Total OK [KO KO Cnt/s | Min ot pct ot nct Max | Mean Dev

All Requests 176426 | 176426 | O 0 294,04 ( 19 707 1407 2292 2608 (3411 920 704
Authorize user | 1291 1291 0 0 2,15 19 31 48 110 185 271 44 32
GET request 40164 | 40164 | O 0 66,94 | 52 713 1403 2310 2618 |[3313| 927 702
POST request | 31714 | 31714 | O 0 52,86 | 53 706 1408 2288 2584 |[3190| 924 705
rDeELIJ_eEs-trE 70577 | 70577 0 0 117,63 | 52 700 1402 2286 2587 |[3411| 925 702
PUT request 32680 | 32680 | O 0 54,47 | 52 715 1405 2229 2580 |[3206| 930 701

[licns aHamizy OTPUMaHUX PE3YNBTATIB JIPYroro
Gatling Tecty caiinkapy 3 koH¢irypamiero 0,5 vCPU,
MOXKJIBO CTBEPKYBAaTH, IO 301IbIICHHS IPOLIECOPHUX
pecypciB Mae 3HaYHWH BIIMB Ha NMPOAYKTHUBHICTH Caid-
JKapy.

IcTOTHI 3MiHU CHOCTEPITalOThCsl y HACTYIHUX Ta-
pamerpax:

1. 3arampHa KiJBKICTh 3aIIUTIB 33 TOM caMHi uac
3HauHO 3pocina 3 27,713 no 176,426.

2. Iare”cuBHicTh 3anuTiB 30inblieHa 3 46,19 no
294,04 3anuTiB 3a CEKyHLIY.

3. CepenHiit yac Ha BIIMOBiIl 3HAYHO TTOKPAIIHB-
cs13 5779 mc 1o 920 mc.

4. MiHnimanbaui, Menianaui (50- nepreHTHIb),
75-if mepueHTWIB, 95-i mepueHTHIL Ta 99-i mepueH-
THJIb 4acy Ha BIATIOBIJIi 3HAYHO MOKPAILIMIINCH, BKa3ylO-
YM Ha IBUAITLY 00pOOKY 3aIHTiB.

JlaHi 3MiHM JJIEMOHCTPYIOTh, IO caiakap 30iIbIIHB
CBOIO MPOAYKTUBHICT Ta 3AATHICTH 0OPOOIATH GBIy
KUIBKICTh 3allUTiB 3a OJMHUINO Yacy TpH 301IbIICHHI
BIpTYaJIPHUX LEHTPAJBHUX IMpoIrecopiB. Take CBITYUTH
Ipo Te, Mo caiakap e(heKTHBHO BHKOPHCTOBYE JOAAT-
KOBI mporecopHi pecypcu. lle crae kimo4oBUM acriek-
TOM JUIsl ONTUMi3alil MPOJYKTUBHOCTI Y BHUPOOHHYMX
cepeloBHIIaX, /Ie BUMOTH A0 IIBHJIKOJII Ta MaciTabo-
BaHOCTI IOCTIHO 3POCTAIOTh.

3a pesynbpraTamm aHamizy npyroro Gatling tecty
caiimkapy 3 koHQirypamiero 0,5 BipTyalbHOTO LIEHTpa-
npHOTO Tporecopa (VCPU), MOMXIIMBO CTBEpIKYyBaTH
PO HACTYIHI KJIFOYOBI IMKOBi 3HAYCHHS, SIKI BKa3YIOTh
Ha ONTUMAJIbHY HPOJYKTHBHICTb:
MaKCHUMaJibHa KUIBKICTh 3alMTIB 3a CEKYHIY:
3arajibHa IHTEHCUBHICTE 3amuTIB gocsria 294,04 3amu-
TiB 3a ceKyHAy. Take 3HaU€HHs BKa3ye Ha T€, HACKUJIbKH
e(eKTUBHO caiiikap Moke 0OpOOJIATH BEJIHUKY KUIBKICTh
BXIIHUX 3aIIATIB;
MiHIMaJTbHUN Yac Ha BIiAMOBIAI 3agiKCOBaHO
JUISL aBTOpH3allil KopuctyBada — 19 ms.

BucHoBku

TakuM YMHOM, BUKOPHCTAHHS Open-source pilieH-
Ha Keycloak mis nmemerarii aBropuzamii y cadakapi €
e(DeKTUBHUM DINIEeHHSIM SK 3 MOy Oe3MeKH, Tak i 3
TOYKH 30py ONTHMi3allii NpOyKTHBHOCTI.

LlenTpaunizanis aBropusanii y caiinkapi qo3BosnIa
3MEHIINTH HAaBAaHTAXXEHHS Ha MIKPOCEPBICH, 3BLIBHSIO-
4y iX BiJ HEOOXiJHOCTI 0OpOOIIATH aBTOPU3ALINHHY JIO-
riKy Ta J03BOJISIFOYM CPOKYCyBaTHCS HAa BUKOHaHHI 0i3-
HEC-JIOTIKH.

Takok, pO3MIlIEHHS aBTOpM3amii y caiakapi
CIIpHsi€ KOHCOialii 0e3meKku, OCKiIbKU ycsi iHhopMa-
IIist PO aBTOPH3AIIito Ta ii JIOTiKa yNpaBITiHHS KOHIICHT-
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pyroThes y ogHOMy Micli. Bukopucranus Keycloak nae
3MOTY JIETKO IHTErpyBaTH CTOPOHHI I10CTAYaJIbHUKH
IIGHTHYHOCTI 4Yepe3 CTaHAapTU30BaHI MPOTOKOJH, TaKi
sk OpenlD Connect abo SAML. Ile nanae Outbiry ray-
YKICTh Ta PO3LIUPIOE MOMKIJIMBOCTI MO0 3a0e3meueHHs
Oe3mekn Oe3 3HAYHMX 3YCHIIb 3 pO3poOKH Ha CTOPOHI
MiKpOCEepBiCiB.

3aBIAKHA KOMIUIEKCHOMY IiIXOy IIOA0 ONTHMi3a-
il y KoHQIrypamio Ta apXiTeKTypy calakapy, MOXKIHU-
BO JOCAITH 3HAYHOI'O IABHINCHHS HPOIYKTUBHOCTI.
Orpumani mami TectyBanb Gatling migreepmwmu pe-
3yIbTAaTH.

OnHUM 3 KIHOYOBHX BHECKIB Yy ONTHUMI3AIlil0 €
pilleHHS TPO KEUIyBaHHS TOKEHIB aBTOpH3alii
Keycloak.

Bukopucranns 6i6miorexu Caffeine st takux -
JIel O3BOJISIE 3HAYHO CKOPOTHTH 3aTPUMKH, IO MOB'S-
3aHi 3 YaCTHUMH 3alTUTAMU Ha aBTOPH3AIIIO.

3a pesyipTaTaMH BOPOBADKCHHSA PO3POOICHHUX
MPOMNO3HUIiif 3 OOKY ONnTHMi3allii BCTaHOBJIEHO, IO caii-
JKap He TIIbKH 3HAYHO IOKPAIy€ CBOIO MPOIYKTHB-
HICTb, aJIe 1 IEMOHCTPY€ 3JAaTHICTh MOJ0 €(PEKTHBHOTO
MaciTabyBaHHS JUIsl 33J0BOJICHHS 3pOCTAI0YUX BUMOT
Cy4acHHX BeO-/10/IaTKiB Ta CEPBICIB.
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Suggestions for authorization in the sidekick component of microservice architecture
S. Nosko, S. Bulba, O. Kolomiitsev, D. Lysytsia, H. Molchanov

Abstract. The article develops proposals on the feasibility of implementing authorization in the sidekick component of a
microservice, which allows separating business logic from authorization tasks, logging, caching, etc. Such an implementation
allows the main business modules to remain focused exclusively on their business logic, changing only when there are updates to
business procedures, and tasks that are common to almost any modern solution to be transferred to auxiliary components such as
a sidekick. Proper implementation of authorization is a key aspect of any system, it is very important and requires taking into
account a large number of features and using best practices to ensure the safety of data from unauthorized access. The possibili-
ties of the open-source Keycloak solution are considered. This solution is a very popular service for authentication/authorization,
it supports standard identification protocols, such as: OpenlD Connect, OAuth 2.0, SAML 2.0. The solution supports multi-factor
authentication, supports containerization, and can be easily distributed in a microservices environment like Kubernates and inte-
grated with various external services, including Google, Facebook, etc. The architecture and proposals necessary for integration
with the sidekick component are developed. A study on the performance of the developed solution was conducted. Numerical
values were obtained and presented in tables and graphs. Additionally, it can integrate with various external services, including
Google, Facebook, and others. The article presents the architecture and method required for integration with a sidecar component
and includes a performance analysis of the proposed solution. To enhance the performance further, the sidecar architecture incor-
porates a local caching mechanism, utilizing Caffeine cache — known for its high performance and effectiveness. This cache
stores authorization tokens, significantly decreasing the volume of calls required to Keycloak by reusing the tokens stored locally
until they expire. This mechanism reduces reliance on central Keycloak servers and minimizes latency, providing a performance
boost through decreased network traffic and accelerated token retrieval processes. Extensive performance testing was conducted
using the Gatling framework to validate the integration and caching strategy. These tests demonstrated that the sidecar configura-
tion, equipped with the local Caffeine cache, maintained consistent performance under varying loads and was capable of horizon-
tal scaling without degradation in response times. Moreover, the reduced load on the Keycloak servers showcased the effective-
ness of the caching approach in minimizing backend calls for token validations. The approach confirms the robustness and scala-
bility of the sidecar, poised to handle increased loads efficiently while safeguarding sensitive authorization data.

Keywords: Sidecar, microservices, authorization, Keycloak, performance, cache, containers, Kubernetes, scalability,
open-source, Gatling, resource allocation, load balancing, web server, information system.
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MOBILE APPLICATION SECURITY ANALYSIS MODEL
BASED ON ARTIFICIAL INTELLIGENCE

Abstract. The article considers the possibilities of using neural networks to ensure a secure environment for using devices.
It reviews several neural network architectures that are already used to prevent attacks by attackers, the main areas of attack
on mobile applications, and learning algorithms. It describes the features of using recurrent neural networks to analyze the
dangerous space. The results of the article show that neural networks can be an effective tool for preventing data loss and
hacker attacks. However, further research is needed to optimize the architecture and parameters of neural networks to improve

the accuracy of threat detection.
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Introduction

Statement of the problem. The use of mobile
devices has recently become an integral part of our lives.
Today, they contain a lot of private information, such as
banking data or documents. Many applications do not
have proper data protection systems that can give the user
confidence in the confidentiality of data. One of the
possible solutions may be neural networks. The
development of the field of artificial intelligence can help
in the development of security methods for any programs
used everywhere.

Analysis of recent research and publications. In
the work of Draguntsov R., Rabchun D., Brzhevska Z.
[1], the main vectors of attacks on information systems
where Android OS applications are used as client
interfaces are considered, compared and analyzed. This
analysis is carried out in order to obtain initial material
for the creation of practical methods for ensuring security
at the architecture level of such systems. The article
divides into categories possible attacks and
vulnerabilities that underlie them, in the context of
Android application security and taking into account the
security model of the operating system itself and the
environment.

In the work of Sosnovy V.O. and Zamriy 1.V. [3],
the effectiveness of recurrent neural networks for
protecting information systems in cyberspace was
investigated. The experiment showed that RNN works
much better than basic machine learning algorithms. This
is possible due to the built-in memory of RNN, where it
is possible to remember several previous states and
implicitly separate characteristic features, hidden
complex  structure and  complex  sequential
communication within the data, which helps to achieve
the best accuracy.

In the work of Ivanichenko Yu., Sablina M.,
Kravchuk [4], the main machine learning technologies
that can be implemented in the cybersecurity
organization are formulated. The main type of artificial
neural network that will be used to prevent and detect
cyber threats is also described, and it is established that
the main machine learning technology for general
application is artificial neural networks based on a
multilayer perceptron with backpropagation of errors.

In the work of Lakhno V., Erbolat K., Bagdat Yu.,
Kryvoruchko O., Desyatko A., Tsyutsyura S., Tsyutsyura
M. [7] a new approach to improving the information
security of the educational institution network is
proposed.

The proposed approach is structured and
systematic. It allows to assess the degree of security of
the educational institution network as a whole, as well as
its individual subsystems and individual components that
ensure the information security of the educational
institution. Heuristic, expert, statistical and other
indicators are used to assess the security of the system.
The proposed model will allow to describe the process of
ensuring the information security of the university
network. The authors proposed a balanced system of IS
indicators, which allows to assess the effectiveness of
methods for ensuring the security of the university
network in real time.

Purpose of the article. Creating a model for
analyzing the security of a mobile application based on
artificial intelligence technology. Review of methods for
improving vulnerability recognition using neural
network tools. Review of the use of neural networks of
various architectures to prevent data leaks through
unverified services, and the destruction of software
design due to viruses entering the system.

Presentation of the main material

Every app store user data. It is this data that users
try to hide from attackers when using their devices. This
data should be properly protected so that other apps
cannot access it, but this protection is not always
provided.

JNI. Java Native Interface (JNI) is a mechanism in
Java that allows you to interact with code written in other
programming languages, such as C or C++. This is
especially useful in cases where you need to call
functions written in a low-level language or use libraries
written in C languages.

Security flaws in the Java Native Interface (JNI) in
Android  applications can  have  devastating
consequences, leading to vulnerabilities, attacks, or
unauthorized access to some critical device resources.
Here are some types of issues and how to fix them:

e Security vulnerabilities in the code C/C++:
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Impact: The threat of memory leaks, buffer
overflows, and unsafe function calls may lead to
uncontrolled application behavior, including the
possibility of malicious code execution.

e Incorrect handling of pointer data:

Impact: Faulty pointers or incorrect memory
operation may lead to confidential data leakage or device
damage.

e Insufficient permission checking:

Impact: Using insufficient permission checks may
lead to unauthorized access to functions or resources,
resulting in security vulnerabilities.

e |Leakage of confidential data:

Impact: Incorrect handling of sensitive data during
transfer between Java and C/C++ code may lead to data
leakage, with serious implications for user privacy.

e Insecure call from Java to C/C++ code:

Impact: Lack of proper control and validation when
calling functions from Java may lead to unpredictable
behavior or vulnerability attacks.

e Using untrusted libraries:

Consequence: Using libraries with security
vulnerabilities can compromise the entire application.

To minimize risks and increase security when using
JNI, it is important to follow security programming best
practices, carefully review C/C++ code, use secure
functions, and implement access control and permission
checks.

Danger areas of mobile applications. When
analyzing mobile applications, first of all, it is necessary
to outline the main areas of attack that can be carried out
on the following systems:

e 0N server-side processes.

e on the client application.

e on the communication channel.

Server-side attack vectors. The information
system, which involves the use of a mobile application as
a client interface, contains a server part that implements
the main part of the functionality free of charge.

The processes of the server part of the program are
understood as any processes in the information system
that are provided by functional, implemented server
software. Such elements include:

e authentication, authorization and
delimitation.

e session control.

e business logic.

e data validation.

e error handling.

Attack vectors on the client application. Attacks
carried out on a client mobile application within the
studied architecture can primarily affect data that is
processed locally. The main functional elements specific
to the client application include:

e user interface.

e interprocess communication.

e local data storage.

Attack vectors on the communication channel.
Many modern client-server applications for Android OS
require HTTP communication protocol. Using this
protocol without additional protection can be considered

access

a serious vulnerability of the system, as there is no way
to ensure the confidentiality and integrity of information
during transmission.

To provide these features, a secure connection
protocol - HTTPS is used. However, given the fact that
mobile devices mostly operate in an untrusted
environment that can be controlled by a potential
attacker, the possibilities of using the regular HTTPS
protocol are limited.

From this, four possible types of attacks on the
communication channel can be distinguished:

e MitM attack on an unsecured communication
channel (HTTP).

e MitM attack with DNS server substitution on
the network on a secure communication channel
(HTTPS).

e exploitation of  wvulnerabilities in  the
implementation of SSLPinning technology to attack a
secure channel.

e cryptographic
communication channel.

Neural networks. Machine learning (ML) is the
process by which machines learn from information they
are given, building logic and predicting a certain output
for a given input. There are three types of ML: supervised
learning, unsupervised learning, and reinforcement
learning. Supervised learning uses a dataset labeled with
a correct answer symbol to learn from. These labels
define characteristics for each dataset. Once the model
has completed its self-learning, it can begin to make
predictions or decisions about new data or situations that
are subsequently fed to it.

In unsupervised learning, there is no need for such
a defined data set. When a model is given a data set, it
automatically finds patterns and relationships, creating
clusters within them. Unfortunately, this type of learning
cannot predict anything. When new data is added, the
model assigns it to one of the existing clusters or creates
a new one. Reinforcement learning is the ability of a
system to interact with its environment and determine the
best results.

The system is “rewarded” or “punished” with a
score for correct or incorrect answers, and based on the
positive reward results obtained, a model is automatically
formed. Similarly, after training, an artificial neural
network is prepared to predict new data that is given to it.
Deep learning (DL) is a class of ML algorithms that uses
multiple layers to gradually extract higher-level features
from the original input.

The main differences between ML and DL are ML
algorithms almost always require structured data, while
DL networks rely on an artificial neural network (ANN)
layer. Quite often, ML requires human intervention to
produce further results with a larger data set, while DL
does not. One of the core concepts of DL is ANN.

ANN is a model that is based on the principle of
organization and functioning of the human brain (i.e., a
network of nerve cells in a living organism). In other
words, a neural network algorithm attempts to create a
function that maps input data to desired results. Neural
networks (NNs) are typically organized into layers
(Figure 1). Layers consist of a set of interconnected

attacks on a secure
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“nodes” that contain an “activation function.” Patterns
enter the network through an “input layer,” which passes
data to one or more “hidden layers,” where the actual
processing is done through a system of weighted
“connections.” The hidden layers are then fed to an
“output layer,” where the response is the output.

Fig. 1. Example of a neural network

Neural networks in cybersecurity. The scope of
ML in cybersecurity is vast: from detecting anomalies
and suspicious or unusual behavior to identifying your
own vulnerabilities and fixing known ones.

For example, Reathi and Malathi published a set of
ML algorithms trained on the NSL-KDD intrusion
detection dataset for detecting abuse. Meanwhile,
Buchak et al. focused on network intrusion detection
using ML [6].

Meliher et al. proposed using NN for password
strength verification. They compressed their model to
hundreds of kilobytes and developed a JavaScript-like
tool on the client side. For the active phase of password
strength verification, they used neural networks such as
Multilayer Perceptron (MLP) and Single Layer
Perceptron (SLP). It should be noted that MLP provides
better results than SLP when testing datasets. In addition,
the number of layers is 10, and thus a better result is
obtained. User and Subject Behavior Analysis (UEBA)
uses the capabilities of ML to analyze behavioral patterns
and network traffic in real time and respond instantly to
attacks. This process can be accomplished by forcing the
user to log in again, blocking the attack, or assessing the
risk level and alerting the company's information security
officers so that they can take the necessary measures.

Most ML and DL methods, such as clustering and
decision tree learning, are used to detect abuse,
anomalies, and hybrid cyber intrusions.

DARPA is working with BAE Systems to develop
a system that will allow sensors to be configured and
defenses to be deployed “at machine speed.” The
initiative, called CHASE, stands for Cyber Hunting at
Scale. It aims to create automated tools to detect and
profile new attack vectors, gather the right contextual
data, and distribute defenses both within and across
companies [8].

The cyberattacks considered by hackers are related
to the general idea of big news. Information that can be
gathered from a media source can help predict similar
incidents using NLP and ML methods.

We can also use ML to identify developers'
programs. Rachel Greenstadt and Eileen Kaliskan have
created a system that can "de-anonymize" programmers
by analyzing source code or compiled binaries.

Another method of monitoring a system and
network for malicious activity or policy violations is an

intrusion detection system (IDS). Another method is an
intrusion prevention system (IPS) - this system works in
conjunction with an IDS. These systems detect intrusions
and stop the detected fraudulent activity.

Both systems use supervised and unsupervised ML
techniques to detect anomalies: point, contextual, and
collective. The main task of a firewall is to ensure the
network security of a system by controlling incoming and
outgoing network traffic. Firewalls allow or block traffic
by comparing its characteristics with predefined patterns
(i.e., firewall rules).

In their paper, Ukar and Ozhan presented the results
of automatic anomaly detection in firewall pattern
repositories based on ML and high-performance
computing methods such as Naive Bayes, kNN, table
solutions, and HyperPipes. Firewalls filter content
between servers and are also a method specifically
designed for web application content. A web application
firewall (WAF) is deployed in front of web applications.
Thus, it analyzes bidirectional web interface (HTTP)
traffic, and then shows and blocks any malicious or
illegal content. To implement such functionality in WAF,

developers choose regular expressions, tokens,
behavioral analysis, reputation analysis, and ML
technologies.

Among ML techniques, special predictive

techniques can be used for data loss prevention (DLP) to
minimize the risk of hacking or leakage. Practical DLP
solutions allow us to set special rules that classify
confidential and non-confidential information so that it
cannot be disclosed fraudulently or accidentally by
unauthorized users. This process can be created using
supervised learning algorithms and two types of
examples: positive examples (i.e. data that needs to be
protected) and counterexamples (i.e. documents like the
positive set but do not need protection).

Using ML in cyberattacks. This section describes
how the process of finding cyberattack results can be
achieved using ML. Automated vulnerability scanning is
one of the most obvious and challenging tasks in
cybersecurity. For example, CSRF attack files contain
only 5% of the additives, as reported in the OWASP Top
10 2017, while most frameworks include CSRF
protection.

Accordingly, Calzavaraetal introduced Mitch, the
first ML-based tool for detecting the same CSRF black
box, which identifies 35 new CSRF vulnerabilities in 20
websites out of 10,000 Alexa websites and three more
tools for previously undetected CSRF vulnerabilities in
working software that has already been tested. analyzed
using another state-of-the-art tool. Mitch is a binary
classifier that labels sensitive or insensitive queries using
a random forest algorithm in a 49-dimensional feature
space. Compared to the heuristic classifiers BEAP and
CsFire, Mitch demonstrated the best F1 scores and
accuracy (Table 1). Trustwave released an open-source
scanning tool that uses facial recognition to automatically
track topics on social media. Image scanning simplifies
this process, removing false positives in search results
and speeding up data analysis for the human operator.

Using the data obtained about the target, the
attacker can attach pre-designed fake news to the victim.
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Table 1 — Validity measures of tested classifiers
(BEAP, CsFire, Mitch)

Classifier Accuracy Response time F1
BEAP 0.29 0.88 0.44
CsFire 0.24 0.95 0.32
Mitch 0.79 0.65 0.71

ML tools help recognize fake news, but the
researchers say that the best way for ML to do this is to
learn to create such fake news on its own. So, they
developed a supervised text generation model called
Grover. The testing process used four classes of articles:
human news, machine news, human propaganda, and
machine propaganda. Amazon Mechanical Turk experts
rated the skin condition, including their overall
reliability. In the case of propaganda, the score increased
from 2.19 for the manually created article to 2.42 for the
machine-generated article.

SNAP_R was introduced at DEFCON 24. SNAP_R
is the world’s first automated depth generator for deep-
sea fishing on Twitter [6]. While previous tools are based
on Markov chain models, SNAP_R is based on a finite
NN with an LSTM architecture. Using Twitter as a
medium offers some advantages for automated text
generation. For example, it limits the length of a message,
which reduces the likelihood of grammatical errors.
Despite this, Twitter links are often shortened, making it
very easy to mask malicious domains. This, in turn, has
significantly increased the success rate of detecting such
attacks from 5-14% on Markov chain-based tools to 30—
66%, which supports 45% for manual fishing. In this
case, attackers do not know the exact algorithm for
detecting the malware but can understand certain features
it uses by using developed test algorithms in the black
box algorithm. MalGAN selection is a competitive
network generative algorithm that generates examples of
rogue malware that can mitigate black-box ML
modeling. This element can minimize the level to almost
zero, making it difficult for a retraining-based defense
method to work against such examples. The architecture
of MalGAN is shown in Fig. 2.
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Fig. 2. MalGAN architecture

The generator uses the malware feature vector and
the noise vector to transform the former into its generic
version. The surrogate detector is needed to tune the
black box detector and obtain gradient information to
train the generator. Both networks are represented as
multi-layer ANNs with direct input. The competing
examples used against the black box detector come from

a variety of machine learning methods trained on 160-
dimensional binary vector functions representing API
system calls, logistic regression, decision trees, support
vector machines, and multilayer perceptrons, and voting
on the ensemble of these algorithms. Malware developers
retrain detectors after learning about such undetected
examples, but MalGAN requires that this entire
retraining epoch reach a 0% true positive rate.

Another example of the application of GANs in
cybersecurity is password attack. There is a new method
for generating passwords based on DL and generative
adversarial networks, known as PassGAN. The key
difference of this method is that DL does not require deep
knowledge of the password structure, unlike methods
based on templates, Markov models, and FLA. PassGAN
helps improve the training of GAN Wasserstein
(IWGAN) Gularajani et al. using the ADAM optimizer.
The generator and discriminator in PassGAN are based
on ResNets. The architecture of the generator and
discriminator is shown in Fig. 3 and 4, and the residual
block image is shown in Fig. 5.
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Fig. 3. Architecture of the PassGAN generator
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Fig. 4. PassGAN discriminative architecture
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Fig. 5. Architecture of the residual block in PassGAN

To achieve maximum efficiency, attackers often
choose multiple password cracking tools, such as
HashCat, John the Ripper, PCFG, OMEN, and FLA, to
combine various attack methods. For example, by
combining raw PassGAN data with HashCat Best64
results, usability researchers found 51-73% more unique
passwords than HashCat.

Traditional botnets wait for commands from a
C&C, but now crooks are using automation to make
decisions on their own. Fortinet developers predicted that
cybercriminals would replace simple botnets with
intelligent Al clusters of compromised devices, which
have become a type of attack that can use self-learning to
shape consumption of vulnerable systems with minimal
oversight.

In the early stages of an attack, fraudsters often face
the problem of missing a captcha. Suphannee et al.
developed a simple attack that uses DL technology to
semantically annotate an image. The system needs about
19 seconds per call to solve the tasks, with an accuracy of
70.78% for reCaptcha and 83.5% for Facebook image
captcha. The system automatically selects which of the
provided images are semantically like the sample images.
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The system first obtains information for all images using
Google Reverselmages Search (GRIS); Clarifai [6], which
is built on deconvolutional networks; TDL, which is based
on artificial Boltzmann machines or NeuralTalk and Caffe.
Next, if no clue is found, the system searches the labeled
dataset for images to obtain something like it, if possible.

Analysis model. Developing an artificial intelligence
(Al)-based mobile application security analysis model is an
important task due to the increasing number of mobile
applications and the increasing threats to their security. Such
a model can use various neural network techniques to
identify potential threats and wvulnerabilities in mobile
applications. Here are some key aspects that can be
considered when developing such a model:

e Source code analysis.

Detection of abnormal behavior.

Network activity monitoring.

Malware detection.

Vulnerability analysis in third-party libraries.
Monitoring changes in system calls.
Detecting social engineering attacks.
Regular updates of rules and algorithms.

When choosing an Al training architecture, two
options were considered:

e Tutored learning (perceptron).

e Unsupervised learning (adaptive
networks).

Studying with a teacher. Supervised learning is
not suitable for this domain analysis because the
perceptron has limited effectiveness when dealing with
complex class boundaries and is not capable of solving
nonlinear problems. This method is more suitable for
simple projects. Blended learning is not suitable due to

resonance

the high complexity of the training and very long
computation time. This method is more suitable for very
large projects where immense data sets need to be
processed.

Studying without a teacher. Adaptive Resonance
Theory (ART) networks are a type of neural network that
can be used in cases where the data has a nonlinear
structure or when it is necessary to consider the dynamic
behavior of the data. ART networks can be used for
clustering and timely detection of leaks and outliers.

Conclusions

The article examines the use of neural networks to
ensure security using artificial intelligence. The latest
research in this field is analyzed. It is demonstrated that
neural networks can be an effective tool for solving
security problems. The article examines the areas of
danger of mobile applications, the use of neural networks
in the field of cybersecurity. The results of existing Als
that cope well with the tasks assigned to them in detecting
cyber threats are considered.

Based on the research conducted, the following
conclusions can be drawn neural networks can be an
effective tool for detecting and preventing threats in
mobile applications; it is important to choose the right
neural network architecture and configure its parameters.

In further research in this area, it is advisable to
study the following issues: creating our own practical
model for analyzing mobile application threats based on
Al. The training will be carried out in Python using the
TensorFlow library. The unsupervised learning method
was chosen for security analysis because it meets the
requirements for creating the Al we need.
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Mopens anamizy 6e3nekn MOOIILHAX 3ACTOCYHKIB Ha OCHOBI INTYYHOT0 iHTEIEKTY
A. C. IIpouenko, B. M. ®enopuerko

AHoTanisi. [IpoBomuThesl OIS JEKITBKOX apXiTEKTyp HEWPOMEPEXK, IO BXXE BUKOPHCTOBYIOTHCS JUIS 3alOOIraHHs aTak

3JI0BMHCHHKIB, OCHOBHHX HAIPSIMIB aTaK Ha MOOLUIbHI 3aCTOCYHKH, ITOPUTMIB HaBYaHHsA. OIHUCYIOTBCS OCOONMBOCTI BUKOPHCTaHHS
PEKYPEHTHHX HEHPOHHHX MEPEX IJIsl aHai3y HeGe3[euHOro mpocTopy. Pe3ynbraTh CTarTTi MoKasyoTh, 1110 HEHPOHHI MEpexi MOXKYTh
OyTH eeKTHBHUM IHCTPYMEHTOM 3arlo0iraHHs BTpAT JAHUX Ta XaKepchbkux arak. OqHak HEOoOXiJHI MOMANbBINI JOCIILKEHHS I
OITHMi3allil apXiTeKTypH Ta apaMeTpiB HEHPOHHNX MEPEX UL ITOKPAIEHHs TOYHOCTI BUABIICHHS 3arpo3.

Kawuosi caoBa: ueiipomepexa, ML, DL, ANN, mo6insHuit 3acrocyHok, kibep3arposa, Opanamayep.
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LARGE LANGUAGE MODELS:
BUSINESS APPLICATIONS AND DEVELOPMENT PROSPECTS

Abstract. The article explores the potential of large language models (LLMSs) in business. The main areas of their use
are identified, including customer service, marketing and sales, internal operations, product development and innovation.
The benefits of implementing LLMs are analyzed, such as increasing efficiency, reducing costs, improving service quality
and stimulating innovation. The challenges and limitations associated with the use of LLMs are considered, in particular,
issues of data quality, cost, security, ethics and the need for human control. The prospects for the development of LLMs
and their impact on the future business environment are outlined, including hyper-personalization, automated decision-
making, employee empowerment, the creation of new business models and multimodality. The conclusion is made about
the significant potential of LLMs for business transformation and the importance of further research in this area.

Keywords: large language models, artificial intelligence, business, efficiency, innovation, automation, development

prospects.

Introduction

The rapid development of artificial intelligence
technologies, in particular large language models
(LLMs), opens up broad prospects for their application
in various areas of public life, including business. LLMs
demonstrate impressive capabilities in understanding
and generating natural language, which stimulates the
emergence of innovative business models based on
automation, personalization and intelligent data
analysis. At the same time, there is a need to understand
the potential benefits and risks associated with the
implementation of LLMs, their impact on the labor
market and the economy as a whole. Insufficient
understanding of the limits of applicability of these
technologies can lead to ineffective investments and
potential losses. Large Language Models (LLM) are of
great importance to large businesses, providing a wide
range of opportunities to optimize processes, improve
customer interactions, and make informed decisions.
This article discusses the main benefits and use cases of
LLM for large businesses.

Analysis of recent research and publications. The
idea of creating artificial intelligence originated in the
middle of the 20th century. The fundamental article in
this direction was Alan Turing's "Computing Machinery
and Intelligence" (1950), where the concept of thinking
machines was first proposed and the Turing test was
formulated. Further development of the field is associated
with the work of Arthur Samuel "Some Studies in
Machine Learning Using the Game of Checkers" (1959),
in which the term "machine learning™ was introduced and
a checkers program capable of learning from its own
experience was described. A revolutionary step was the
creation of the first mathematical model of a neural
network in the article "A Logical Calculus of the Ideas
Immanent in Nervous Activity" (1943) by Warren
McCulloch and Walter Pitts.

The development of reinforcement learning is
associated with the work of Richard Sutton "Learning to
Predict by the Methods of Temporal Differences™ (1988),
which introduced the temporal difference method, which
became one of the main algorithms for reinforcement
learning. The Transformer architecture, presented in the

article "Attention is All You Need" (2017) [1],
revolutionized the field of natural language processing
and became the basis for most modern LLMs.

Recently, much attention has been paid to the
development of models capable of "reasoning"” such as
ChatGPT o1-preview from OpenAl, which can generate
a chain of thoughts before issuing a response, which
significantly improves their performance[2][3].

Modern scientific research pays considerable
attention to studying the potential of LLMSs in various
business sectors, as well as analyzing the challenges that
arise in the process of their integration.[4][5][6][7][8]
Separately, the economic feasibility of implementing
these technologies is investigated, including an
assessment of the costs and benefits that accompany
their deployment, and a proposal, CEBench (Fig. 1) is
introduced as a method for assessing [9]. In addition,
considerable attention is paid to the issues of
overcoming existing limitations of LLMs, in particular,
improving their productivity, adaptability and efficiency
in specific business scenarios [10]. Since LLMs are
systems that operate with large amounts of data, the
safety of their use remains a critically important aspect.
In this regard, threats associated with possible
vulnerabilities of models and risks of confidential data
leakage, as well as measures to minimize the impact of
these risks on information security are considered [11].
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Research objective. The purpose of this study is
to analyze the potential applications of large language
models (LLMSs) in business, identify the main areas of
their use, as well as determine the advantages,
challenges and limitations associated with their
implementation. In addition, the work aims to outline
the prospects for the development of LLMs and their
impact on the future business environment.

Presentation of the main material

Main areas of application of LLMs in business.
LLMs are increasingly being used in various aspects of
business, transforming traditional approaches and
opening up new opportunities for process optimization
and efficiency improvement. It is useful to consider the
application of LLMs in the context of key business
functions.

Customer service. LLMs are revolutionizing the
customer service industry by automating and
personalizing interactions at various stages.

Chatbots and virtual assistants. The use of
LLMs allows you to create intelligent chatbots and
virtual assistants capable of conducting meaningful
dialogues with customers, simulating a live
conversation. These systems can not only provide
reference information, but also solve complex
problems, provide qualified support, place orders and
perform other operations 24/7. This approach allows
you to significantly reduce the load on contact center
operators, optimize service costs and increase its
availability and efficiency.

Feedback analysis. LLMs provide the ability to
effectively analyze large amounts of text data
containing customer feedback collected from a variety
of sources: social networks, surveys, e-mail, forums,
etc. Through deep semantic analysis, LLMs identify key
topics, detect trends, determine the emotional coloring
of statements (positive, negative, neutral) and isolate
problematic aspects that concern customers. This allows
companies to obtain valuable information for improving
products and services, increasing the quality of service
and responding promptly to complaints.

Personalization of offers. Based on the analysis of
customer data (purchase history, views, behavioral
factors, demographics, preferences), LLLs generate
personalized recommendations for products, services,
and special offers. This approach takes into account the
individual needs and interests of each customer, which
contributes to increased conversion, increased average
transaction value, and strengthened brand loyalty.

Marketing and sales. LLMs open up new
opportunities for automating and optimizing marketing
activities and sales processes.

Content generation. LLMs are able to
automatically create a variety of high-quality marketing
texts: product and service descriptions, articles for blogs
and websites, posts for social networks, advertisements,
video scripts, email newsletters, etc. This allows content
marketers to significantly save time and resources,
automate routine tasks, and focus their efforts on
solving strategic issues, developing creative concepts,
and analyzing content effectiveness.

SEO optimization. LLMs help optimize content for
search engines. They analyze current search queries, the
semantic core, and create text content that is as relevant
as possible to these queries, which improves the
website's ranking in search results, increases organic
traffic, and, as a result, increases the company's
visibility in the online environment.

Market and competitor analysis. LLMs are able to
analyze large amounts of data about the market, the
competitive environment, the target audience, and
consumer trends. They identify new market niches,
determine promising development directions, identify
the strengths and weaknesses of competitors, and also
form forecasts about future trends. Such analytics allow
companies to make strategically sound decisions
regarding product development, pricing, positioning,
promotion, and other aspects of marketing activities.

Internal operations. LLMs help optimize internal
business processes, automate routine operations, and
increase employee efficiency.

Document workflow automation. LLMs allow you
to automate the processing of various documents, such
as invoices, contracts, acts, reports, etc. They are able to
recognize text, extract structured data from it (for
example, names of counterparties, dates, amounts,
product nomenclature), classify documents,
automatically fill in the corresponding fields in
information systems and databases, and detect errors
and discrepancies. This speeds up the document
processing process, minimizes the number of manual
operations, and reduces the likelihood of errors
associated with the human error.

Knowledge management. LLMs can serve as the
basis for creating corporate knowledge bases that
aggregate information from various internal sources.
Thanks to semantic search capabilities, LLMs allow
employees to quickly find the necessary information,
instructions, regulations, answers to frequently asked
questions, as well as share experience and best
practices. This helps to increase productivity, reduce the
time for adapting new employees and ensure the
effective use of the company's accumulated experience.

Decision support. LLMs are capable of analyzing
large volumes of internal company data and providing
analytical insights that can be used by managers to
make more informed and effective decisions. For
example, LLMs can detect hidden patterns in financial
indicators, predict risks, identify potential problems, and
suggest solutions.

Product development and innovation. LLMs
stimulate innovative activities of companies and
contribute to the development of new products and
services.

Idea generation. LLMs can generate new ideas for
products, services, business models, marketing
campaigns, etc. Using machine learning methods and
analyzing large amounts of data about the market,
competitors, consumer trends, and technological
innovations, LLMs offer creative and unconventional
solutions that can become the basis for breakthrough
innovations and help companies stay ahead of their
competitors.
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Prototyping. LLMs can be used to speed up the
prototyping process. For example, in the field of
software development, LLMs are able to generate parts
of code or even entire software modules based on a
textual description of their functionality. In the field of
design, LLMs can create sketches, mockups, and other
visual elements. This allows you to reduce the time and
cost of the prototype development phase and move
faster to testing and implementing new products.

Testing and feedback. LLMs can be involved in
the testing process of new products. They can generate
test scenarios, analyze test results, and collect and
process user feedback in the early stages of
development. This allows them to identify potential
problems and shortcomings of the product before it is
released to the market, as well as take into account user
wishes for its improvement.

Examples of practical application of LLMs.
Business Process Management. Research shows that
LLMs can extract imperative and declarative business
process models from textual descriptions with accuracy
that surpasses traditional approaches, opening up new

[a} Accuracy Score

opportunities for automating business process analysis
and optimization.[12]

Financial analysis. Models like GPT-4
demonstrate high performance in predicting changes in
company profitability based on standardized financial
statements, even outperforming professional financial
analysts in forecast accuracy.

Fig. 2 compares the forecasting performance of
GPT and human analysts. The naive model is based on
extrapolating the change in previous earnings to the
current change in earnings. Analyst 1m (3m, 6m)
denotes the median analyst forecast issued one (three,
six) months after the earnings release. GPT (without
CoT) denotes GPT forecasts without any chain-of-
thought prompts.

In this case, the model is provided with only
structured and anonymized financial statement
information. GPT (with CoT) denotes the model with
financial statement information and detailed chain-of-
thought prompts. Accuracy (percentage of correct
forecasts out of total forecasts) for each method (left)
and F1 score (right) [13].
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Fig. 2. GPT vs. Human Analysts

Text analysis. LLMs such as ChatGPT are
effectively used for sentiment analysis in texts, for
example, in customer reviews, as well as for automatic
summarization of large amounts of text information and
content generation [14]

Translation. LLMs provide high quality and
naturalness of text translation, which is critically important
for companies operating in global markets, outperforming
traditional machine translation tools in these indicators.

Code generation. LLMs significantly simplify and
accelerate the software development process by
automating code generation and allowing you to obtain
analytical data from databases using SQL queries.

Data analysis. LLM's ability to identify patterns,
trends, and anomalies in large data sets opens up vast
opportunities for in-depth data analysis, which
contributes to making informed business decisions.

Productivity improvement. Research confirms that
using LLM in consulting allows you to complete 12.2%

more tasks, and do it 25.1% faster. The quality of task
performance increased by more than 40% compared to
the control group (Fig. 3). [15]

Benefits of Using an LLMs in Business.
Improving efficiency. Automating routine and time-
consuming tasks, such as document processing,
responding to customer inquiries, and generating
content, allows employees to focus on more complex,
creative, and strategically important tasks, which
contributes to overall productivity growth.

Cost reduction. Process automation and resource
optimization using LLMs lead to a reduction in
operational costs associated with manual information
processing, maintaining a large staff of employees, and
other cost items.

Improving customer service quality. LLMs provide
fast and accurate information to customers, personalized
support 24/7, which leads to increased customer
satisfaction and strengthening their loyalty to the company.
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Stimulating innovation. Thanks to the ability to
generate new ideas, accelerate the process of product
development and testing, LLMs contribute to the
creation of innovative solutions, which allows
companies to remain competitive in a dynamic market
environment.

Making more informed decisions. The analytical
capabilities of LLMs, their ability to process and
interpret large volumes of data, allow managers to gain
a deeper understanding of the business environment,
identify hidden patterns, and make decisions based on
objective data rather than intuition.

Challenges and limitations. Data quality. The
effectiveness and accuracy of LLMs is directly
dependent on the quality of the data they are trained on.
Using poor-quality, incomplete, outdated, or biased data
can lead to inaccurate results, erroneous conclusions,
and poor decision-making. Therefore, it is critical to pay
attention to the quality of the data used to train and
operate LLMs.

Cost. Developing, implementing, and maintaining
LLMs can require significant financial investments,
especially for small and medium-sized businesses. This
is due to the costs of computing resources, developing
and training models, attracting qualified specialists, etc.

Security and privacy issues. The use of LLMs is
associated with risks of leakage of confidential
information and cyberattacks. Comprehensive measures
must be taken to ensure the security of data processed
by LLMs and to protect systems from unauthorized
access.

The need for human control. Despite the high level
of automation, LLMs still require human control and
oversight to ensure the accuracy, relevance, and
consistency of their work results with their intended
objectives. Relying entirely on LLMs to make important
decisions is unacceptable.

Ethical aspects. The use of LLMs raises a number
of ethical issues related to algorithmic bias, decision-
making transparency, responsibility for consequences,
possible misuse of technology, etc. These issues require
careful consideration and regulation.

The Future of LLMs in Business. The role of
LLMs in business will steadily grow in the coming
years. This will be facilitated by the development of
technology, the reduction in the cost of computing
resources, and the accumulation of experience in the
application of LLMs in various fields.

Promising directions of development and
application of LLMs. Hyperpersonalization. LLMs
will allow for even more personalized customer
experiences, taking into account not only their past
preferences, but also real-time contextual information
such as location, mood, current needs, and intentions.

Automated decision-making. LLMs will play an
increasingly important role in business decision-making,
automating not only the analysis of data, but also the
process of formulating recommendations and, in some
cases, even taking certain actions based on those
recommendations.

Employee empowerment. LLMs will become
indispensable assistants for employees, providing them
with quick access to the necessary information,
automating routine tasks, helping to solve complex
problems, and contributing to increased productivity.

Creating new business models. LLMs will open up
opportunities for creating fundamentally new business
models based on automation, artificial intelligence, and
deep personalization, which will lead to the emergence
of new markets and the transformation of existing
industries.

Multimodal LLMs. Further development of LLMs
will be related to the ability to process not only textual
information, but also other types of data, such as
images, audio and video. This will allow LLMs to
understand context even better, provide more accurate
and relevant results, and expand the scope of its
applications.

Impact on the labor market. The introduction of
LLMs will undoubtedly have a significant impact on the
labor market. Some professions related to the
performance of routine, repetitive tasks may be partially
or fully automated. This primarily applies to professions
related to the processing of large volumes of text
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information, simple data analysis, providing basic
customer support, etc.

However, at the same time, new professions related
to the development, implementation, maintenance, and
monitoring of LLMs will emerge. Machine learning
specialists, data analysts, prompting engineers, Al
ethicists, and other professionals with the knowledge and
skills necessary to work with LLMs will be needed.
Additionally, LLMs are likely to transform many existing
professions, requiring workers to acquire new skills
related to the use of Al tools in their work. Thus, the
impact of LLMs on the labor market will be ambiguous,
and it is important to prepare for these changes now by
investing in education and retraining of personnel.

Conclusions

This paper analyzes the possibilities and prospects
for the application of large language models in business.
The application of LLMs in the following areas is
considered: customer service, marketing and sales,
internal  operations, product development and
innovation, and outlines the methods of application.
Examples of practical application are also given and
promising areas of development and implementation of
LLMs are investigated. The speed of development of
artificial intelligence necessitates continuous scientific
research aimed at analyzing its functional capabilities
and potential areas of application.

REFERENCES

1. Vaswani A., Shazeer N., Parmar N., Uszkoreit J., Jones L., Gomez A., Kaiser L., Polosukhin, I. Attention Is All You Need.
arXiv preprint. (2017). https://doi.org/10.48550/arXiv.1706.03762

2. Ahmed El-Kishky, Daniel Selsam, Francis Song, Giambattista Parascandolo, Hongyu Ren, Hunter Lightman, Hyung Won
Chung, llge Akkaya, llya Sutskever, Jason Wei, Jonathan Gordon, Karl Cobbe, Kevin Yu, Lukas Kondraciuk, Max
Schwarzer, Mostafa Rohaninejad, Noam Brown, Shengjia Zhao, Trapit Bansal, Vineet Kosaraju, Wenda Zhou. OpenAl.
Learning to reason with LLMSs. (2024) [Online]. Available:https://openai.com/index/learning-to-reason-with-lIms/.

3. OpenAl. Introducing OpenAl ol-preview. (2024). Available:https://openai.com/index/introducing-openai-ol-preview/.

4. Subramanyam Sahoo, Kamlesh Dutta, Boardwalk Empire: How Generative Al is Revolutionizing Economic
Paradigms(2024) arXiv preprinthttps://doi.org/10.48550/arXiv.2410.15212

5. Maxim Vidgof, Stefan Bachhofner, Jan Mendling. Large Language Models for Business Process Management: Opportunities
and Challenges. (2023) arXiv preprinthttps://doi.org/10.48550/arXiv.2304.04309

6. Son The Nguyen, Theja Tulabandhula. Generative Al for Business Strategy: Using Foundation Models to Create Business
Strategy Tools.(2023) arXiv preprinthttps://doi.org/10.48550/arXiv.2308.14182

7. Sai Krishnan Mohan. Management Consulting in the Artificial Intelligence — LLM Era(2024) Management Consulting
Journal DOI:10.2478/mcj-2024-0002

8. Jean Kaddour, Joshua Harris, Maximilian Mozes, Herbie Bradley, Roberta Raileanu, Robert McHardy. Challenges and
Applications of Large Language Models. (2023) arXiv preprinthttps://doi.org/10.48550/arXiv.2307.10169

9. Wenbo Sun, Jiagi Wang, Qiming Guo, Ziyu Li, Wenlu Wang, Rihan Hai. CEBench: A Benchmarking Toolkit for the Cost-
Effectiveness of LLM Pipelines. (2024) arXiv preprinthttps://doi.org/10.48550/arXiv.2407.12797

10. Mahei Manhai Li, Irina Nikishina, Ozge Sevgili, Martin Semmann. Wiping out the limitations of Large Language Models —
A Taxonomy for Retrieval Augmented Generation. (2024) arXiv preprinthttps://doi.org/10.48550/arXiv.2408.02854

11. Ayush RoyChowdhury, Mulong Luo, Prateek Sahu, Sarbartha Banerjee, Mohit Tiwari. ConfusedPilot: Confused Deputy
Risks in RAG-based LLMs (2024) arXiv preprinthttps://doi.org/10.48550/arXiv.2408.04870

12. Michael Grohs, Luka Abb, Nourhan Elsayed, Jana-Rebecca Rehse. Large Language Models can accomplish Business
Process Management Tasks (2023) arXiv preprinthttps://doi.org/10.48550/arXiv.2307.09923

13. Alex G. Kim, Maximilian Muhn, Valeri V. Nikolaev. Financial Statement Analysis with Large Language Models (2024)
WORKING PAPER NO. 2024-65 Becker Friedman Institutehttps://papers.ssrn.com/sol3/papers.cfm?abstract_id=4835311#

14. Ming  Cheung. A  reality check of the benefits of LLM in business. (2024). arXiv
preprinthttps://doi.org/10.48550/arXiv.2406.10249

15. Fabrizio Dell'Acqua, Saran Rajendran, Edward McFowland III, Lisa Krayer, Ethan Mollick, Frangois Candelon, Hila
Lifshitz-Assaf, Karim R. Lakhani, Katherine C. Kellogg. Navigating the Jagged Technological Frontier: Field Experimental
Evidence of the Effects of Al on Knowledge Worker Productivity and Quality. (2023) Harvard Business School Technology
& Operations Mgt. Unit Working Paper No. 24-013.https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4573321#

Received (Hapniiinuia) 29.11.2024
Accepted for publication (ITpuitnsra 10 apyky) 26.02.2025

Beauki MoBHi Mo1eJti: OM3Hec-3aCTOCYBAHHS TA MEPCNEKTUBU PO3BUTKY
O. B. Ckaxaunina, A. 1O. 'oy6

AHoTanifi. Y cTarTi MOCHIIPKEHO TOTEHIIiall 3aCTOCYBaHHSA BENUKNX MOBHHX Moneneil (LLM) y 6GizHeci. BusnaueHo
OCHOBHI c(hepH X BUKOPHCTAaHHS, Cepell IKMX 00CIyrOBYBaHHS KIII€HTIB, MApKETHHT Ta POJaKi, BHYTPIIIHI oneparii, po3pobka
npoayKkTiB Ta iHHOBauii. [IpoananizoBano mepeBaru BrpoBamkeHHs LLM, Taki sk migBHIIEHHS e(QEKTHBHOCTI, 3HHKECHHS
BHUTPAT, MOKPAILIEHHS SKOCTI 0OCIyroBYBaHHS Ta CTUMYJIIOBaHHS IHHOBALil. PO3rIsHYTO BUKIMKM Ta OOMEXEHHs, NOB'I3aHi 3
BUKopucTaHHsM LLM, 30kpema mHUTaHHS SIKOCTI JaHMX, BapTOCTi, OE3MeKH, eTHKM Ta HEOOXiZHOCTI JIFOJCHKOTO KOHTPOIIIO.
OkxkpeciieHo mepcrnekTHBU po3BuTKy LLM Ta iX BIiMB Ha MaiOyTHe Oi3Hec-cepeloBHINA, BKIIOYAIOUH TilleplepcoHaizalliio,
aBTOMATH30BaHE MPUUHSATTS PillleHb, PO3MIMPEHHS MOXIMBOCTEH CHIBpOOITHUKIB, CTBOPEHHS HOBHX Oi3Hec-Mojelell Ta
MYJIbTHMOJANEHICTb. 3po0IeH0 BHCHOBOK Npo 3Ha4HUK moTeHmian LLM mms Tpanchopmanii Oi3Hecy Ta HAaroJOIIEHO Ha
BaXXIIMBOCTI MOJABIINX JOCIIKECHB Y LIl Tary3i.

Kaw4oBi caoBa: Benuki MOBHI Mojelni, IITYYHHH IHTENEKT, Oi3Hec, ©(EKTHUBHICTh, IHHOBALli, aBTOMaTH3AaLisd,
MEPCIICKTUBH PO3BUTKY.
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PO OCOBJIHUBOCTI ®OPMYBAHHA TPUILJIETIB
JJIs1 HABYAHHSA CIAMCBKOI HEMPOHHOI MEPEXKI

AnoTauis. IlpenMer gocizkeHHs — IPOLeCH PO3Mi3HABaHHS 300pakeHb 13 3aCTOCYBaHHAM HEHpOHHUX Mepex. [lona-
TOK /IS PO3Mi3HABaHHS IPYHTYETHCS HA apXiTEKTypi ClaMChKOi Mepexi 3 TPUILIETHOIO (DYHKIIEIO BTPAT 1 31 3TOPTKOBOIO
HEHpOHHOIO migMepexero. MeTa eTaTTi — 00rpyHTYBaHHS BUOOPY KBa3iBUIaIkoBo1 N-BUMipHOI HOC/IIOBHOCTI BEKTOPIB K
BKJIaJICHb JJIs1 HAaBYaHHs ClaMCbKO1 HEHPOHHOI Mepexi 3 TPUILUIETHOIO (DYHKIIEI0 BTPAT Ta OL[iHKA OTPUMAaHHUX IICIIS HaB-
YaHHS XapaKTePHUCTHUK KIacTepiB BKJIAICHDb 300pakeHb nudp. 3aBIaHHSA: eKCIIEpUMEHTaIbHA OI[IHKA OTPHMaHUX ITiCJIs Ha-
BYAHHS C1aMCBhKOT HEIIPOHHOT MepesKi 3 TPHILIETHOIO (DYHKIII€I0 BTPAT XapaKTEePUCTHK KIIACTepPiB BKIAJIeHb 300paxxeHb IUdp.
MeToan gocaigAKeHb: METO NPSIMOTO IONIYKY JUIsl (YHKIIH 3 KiTbKOMa 3MIHHUMH JJI BU3HAYCHHS OIIHOK N-BUMIipHHX
BEKTOPHHX HPEJCTaBICHb BXITHUX 300pakeHb. Pe3yabTaTn mociimxens. [IpoBeneHo nociipkeHHS KBa3iBUMIaaKkoBoi N-
BUMIpHO{ IIOCITIIOBHOCTI BEKTOPIB SIK BKJIAJACHb JJIs1 HABUAHHS C1aMChKO1 HEHPOHHOT Mepexi 3 TPUILIETHOIO (DYHKIIEIO BTPAT
Ta ii TectyBanHA. [loka3aHo, 10 3aMPONOHOBAHI METOAW BU3HAUYEHHA N-BUMIpPHUX BEKTOPHHX MPEACTABICHb BXiTHUX 30-
OpakeHb € pOOACTHUMH Ta 3HAYHO 3MEHIIYIOTh 00CAT OOYUCIICHb i Yyac HaBuaHHA. [1in 9ac TecTyBaHHA BUKOPUCTOBYBa-
ncsa 300pakeHHsT pyKomucHuX 1udp i3 TectoBoro Habopy MNIST. BusHaueHo, mio BUKOPHCTaHHS KBa3iBUIMaAKOBOi N-
BUMIPHOT IOCJIIIOBHOCTI BEKTOPIB SIK BKJIaJeHb 300pakeHb i/l 4ac HaBYaHHs ClaMCBhKOT HEHPOHHOI Mepexi 3 TPUIUIETHOIO
(YHKII€IO BTPAT J1a€ 3MOTY 3HAYHO IOJIIIIUTH XapaKTEePUCTHKN OTPHMAHNX KJIacTepiB BKJIAJEHb 300pakeHb. BUCHOBKH.
Pesynpraty, oTpruMani B po60Ti, MOXYTb OyTH BUKOPHUCTaHI IPH MOPIBHSUIBHIN OILIHIN Ta BU3HaYeHHI N-BHUMIpHHX BEKTOP-
HUX MIPE/ICTaBJICHb Pi3HUX KJIAciB BXiTHUX 300pa)keHb 3 METOIO iX pO3Ii3HaBaHHS 3 BUKOPUCTAHHSIM apXiTEKTYPH CiaMChKOI
HEWPOHHOI MepeXi 3 TPUILIETHOIO (DYHKIIEIO BTPAT.

KawuyoBi caoBa: ciamchka HeﬁpOHHa MEpEKa, TPUIUICT, BKIIAACHHS, IPOTOTUIl BKJIIAACHb KJIaCTE€pa, TECTYBaHHA HEW-

POHHOT Mepexi.
Beryn

Ciamchka Heitponna mepexa (CHM) — 1ie oauH i3
BUJIIB HEHPOHHOI Mepexi, sKa HIMPOKO BHKOPHUCTOBY-
€TbCSl B CHCTEMax PO3ITi3HAaBaHHs 00JMYb Ta IHIIHUX rpa-
¢iuHNX 00pa3siB, y cuCTeMax NepeBipKH MiJIUCY, IS I10-
piBHSIHHS TeKCTiB TomO [1-3].

OpHiero 3 Haile(heKTUBHIMMX IIiJ] 9aC HAaBYAHHS
CHC e tpuruieTHa QyHKIlisS BTpAT TaKOro BUrisiny [4]:

Loss = Y, L((A P,N)), (1)

IpUYOMY
L((A, P, N)i) = max{d(A, P)i - d(A, N)i + margin, 0} —

BeJIMYMHA BTPAT JJIsl i-r0 TpUIUIETY; K — po3mip Habopy
TPUIICTIB BUKOPUCTOBYBAHUX MJISI HABYAHHS MEPEXKi,
(A, P, N)i — i-it TpurmieT 300paxeHb, 0 CKIaIa€ThCs 3
SIKIDHOTO 300pakeHHs1 A, MO3UTUBHOTO 300pakeHHs P
(300paxents A i P Hamexarh 10 OZHOTO Kiiacy 300pa-
JKEHb) 1 HeraTUBHOTO 300paxkeHHs N (300paxkeHHsT A 1 N
HaJIeXaTh 70 pi3HUX KiaciB 306pakens), d(A, P)i — eBk-
JiJI0Ba BIICTaHb MiX BKJIJICHHSIMH i-¥ mapu 300pakeHb
A taP, d(A, N)i — eBki1ij0Ba BiJIcTaHb Mi)K BKJIQJICHHIMHA
i-it mapu 300paxkenb A Ta N, margin > 0 — napamerp.

SkipHi 300paxkeHHs A — e JJaHi ISTKOTO KIIACy, SKi
BH3HAYAIOTh, HA SKOMY KJaci TPUILIET OyAe HaByaTH
CHC mogens.

MeTta BHKOpHUCTaHHS TPUIUIETHOI (pyHKII BTpaT -
MiHIMi3yBaTH BiZICTaHb MK BKJIIaJIEHHAMH 300pakeHb A
i P, BomHOYac MakcHMi3ylOuu BiJICTaHb MiX BKJIaJ€H-
HaMU A 1 N, ToOTO 3poOHTH Ki1acTepy BKIIAJeHb 300pa-
JKCHb O1TBII KOMITAKTHUMHM, TAKUMH, 10 HE HEpPETHHA-
IOThCS, Ta MO0 KJIacTepH Pi3HUX KJIACiB OyJIM HA MaKCH-
MaJIbHI{ BiICTaH1 OJIMH BiJ OJTHOTO.

BinmoBigHO 10 BUpasy Ui TPUILICTHOT (YHKIIIT
BTpAaT BUAUIAIOTH TPH BHIH TPHUILIETIB [4]:

— JIETK1 TPUILIETH, SIKi MalOTh BTPATY, 11O TOPIBHIOE
0, romy mo d(A, P); + margin < d(A, N);;

— JKOPCTKI TPHIUIETH, B SKUX BKJIAJCHHS HETaTHB-
HOT0 300pakeHHs N OIIbKYe 10 BKITAICHHS IKOPS A, HiXK
BKJIaJICHHS TIO3UTHBHOTO 300pakerHs P, To6To d(A, N);
< d(A, P);;

— HaIiBXOPCTKI TPHUIIJIETH, B SIKMX BKJIAJCHHS Hera-
TUBHOTO 300paxkeHHs N He OJIIK9e 10 BKIIQJACHHS IKOPS
A, HIX BKJIaJICHHSI TO3UTUBHOTO 300paxxeHHs P, aje 3Ha-
YEHHsI BTPATH BCE M1 3aIUIMIAEThCs To3uTHBHUM (A, P);
< d(A, N)i <d(A, P)i + margin.

3a3Buyaii, aIg onTUMIzalii SIKOCTI Ta HIBHIKOCTI
HapyaHHs CHC, HaOopu TpHIIJIETIB 13 3aJaHMHU BIIACTH-
BOCTAMH (Y, X, Z) (€ Y - KiJIbKICTh KOPCTKUX TPHUILICTIB
y Habopi, X - KUIbKICTh JISTKUX TPHUILIETIB, Z - KUTBKICTh
HATIBXXOPCTKUX TPHUILIETIB, K - po3mip Habopy Tpurie-
TiB, MpUYOMY X +y + z = K) 1 BKIIaZACHHS I iXHIX CKIIa-
noBUX (opMyrOTh Oe3mocepeHbO IIiJ] Yac HaBYaHHS.
Tak, Hanpuknan, y [4] k =256, y = k\2, x+z = k\2 (npu-
YoMy CHIBBiHOIICHHS X 1 Z MiX 0000 WiTKO HE 3aja-
etses). Y [5] k=32, y =k\2, x+z = K\2 (cniBBigHOIICHHS!
X 1z Mi>k COOOFO TaKOX YiTKO HE 33JIal0Th), IPUUOMY Ha-
6ip i3 k TpuruteTiB HhopMyIOTH i3 BHIIAAKOBOTO HAOOPY 3
200 Tpumzeri. Y [6] k =256 i rapaHTyeThCH, IO IOHAN-
MmeHIe z =Kk\2, a perira TpUILUIEeTiB MOXKYTh OyTH J0BiJIb-
Humu. ToOTO BignoBigHO A0 [4, 5, 6] )KOPCTKI Ta HAIIIB-
JKOPCTKI TPHIUIETH 3a0e3Me4yIoTh OLTBII SKICHE HaB-
yanHst CHC. Takwii miaxix 10 CTpyKTYpH 1 CKiaxy TpH-
IUIETIB BU/IAETHCS HE IIUTKOM €()eKTHMBHHUM 3 OISy 00-
CSITY 00YHCIIeHB, IKOCTI Ta mBUAKOCTI HaBdaHHs CHC.

OcCHOBHA YaCTHHA

Ocxinbku y pyHkuii Brpat (1) BUKOPHCTOBYIOTh-
Csl €BKJIIJIOBI BiJICTaHi MiX BKJIaJICHHAMH Hapu 300pa-
xeHb A Ta P Ta mapum 300paxens A ta N, TO mix yac
HaBuaHHs CHC o0uucioBaTUMEMO BKJIAICHHS SIKIPHUX
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300paxxeHb A Ta BUKOPHCTOBYBATUMEMO OLIIHKH IIPOTO-
TUIIB BKJIaIeHb KiaciB 300paxenb EP ta EN. Toni Bupa3
JUISL TPUIUICTHUX BTPAT MaTUME BUTJISIL

L((A, EP, EN);) = max{d(A, EP); - d(A, EN); +
margin, 0}.

Tyt 300pakenns A i Bkragenas EP Hanexats 1o
OJTHOTO KJIacy, 300pakeHHs A i BkinaneHHs EN Hanexarsb
110 pi3HUX Ki1aciB, a BKiageHHs EP 1 EN e ominkamu mmpo-
TOTHIIIB BKJIaIeHb Pi3HUX KJIAaciB 300pakeHb.

Sx omiaku nporotutiB BKiIangerb EP 1 EN mix gac
HaBuaHHI CHC Oynmo BHKOpHCTaHO KBa3iBHIIAJKOBY N-
BuMipHy (n=10) nocninoBHicTh i3 10 BekTOpiB, reHEpo-
BaHux 3a metogoM Cobos [3, 7].

Crpykrypy migmepexi CHC [5], o ¢popmye BrIta-
JICHHSI JUIsl BXIJJHUX 300pakeHb, HaBeeHo Ha puc. 1. Ha
Bxix migmepexi CHC nomaetbes 3 Habopy narux MNIST
[8] omHOKaHaNBHE 300paXKCHHS Y TPaJallisfaX Ciporo Ko-
JTBOPY 3 PYKOMHCHOI IH(POIo po3Mipy 28*28 mikcemiB

- Input(28*28*1). [Mami ime 3ropTKOBHH  wIap
Conv2D_1(128, (7, 7), relu)), sikuit popmye 3a gomnomo-
TOI0 si7iep 3ropTku po3mipy (7, 7) 128 xapT 03HaK i BUKO-
pucroBye ¢yHKIito akTuBauii relu. [Ticis nepioro mapy
3ropTKH ciinye map nigsudipku MaxPooling2D, o 3a-
MIHIOE JaHi y BiKHI IXHIM MaKCHMAallbHUM 3HAa4YCHHSM.
Maui - npyruii map sroptku Conv2D_2(128, (3, 3), relu)
3 128 xapramu o3Hak, map migsubipkun MaxPooling2D i
Tperiit map 3roptku Conv2D 3(256, (3, 3), relu). [Totim
mrap Flatten, Ha Buxopi sikoro 3 #oro BXigHUX MaHUX (o-
PMY€ETbCS OTHOBUMIpHUIT BekTOp. Jlayii MOBHO3B'SI3HUIA
map Dense(4096, relu) 3 4096 By37iB 3 BUKOPHCTaHHIM
¢yskmii aktuBarii relu i moBHO3B's13HuM 1rap Dense(10)
3 n=10 By31iB 6€3 BUKopucTaHHS QyHKLIT aKTUBaMii 1715
3a0e3nedeHHs] MOBHOTO Jiana3oHy 3Ha4YeHb BKJIAICHHS.
Buxin migmepexi popmyerbest Lambda mapom, sikuii Bu-
KOHYye ormepaitito L2-Hopmaii3auii 3HaueHb BKJIaJICHHS 3
noriepegaporo mapy Dense(10).

Input(28*28*1) — Conv2D_1(128, (7, 7), relu) — MaxPooling2D — Cnv2D_2(128, (3, 3), relu) —» MaxPooling2D —
—Conv2D_3(256, (3, 3), relu) — Flatten — Dense(4096, relu) — Dense(10) — Lambda(L2-normalize)

Puc. 1. Crpyxrypa migmepexi CHC

Ha ko>xHili iTeparii HaB4aHHS GopMyBaBcs HaOip i3
32 TpumieTiB y Takuit crmoci6. CriovyaTtky Ha MmifcTaBi
TPEHYBAJILHOTO HA0OPY 1 BKIIAACHB IS ACCATH ITUPP Te-
HepyBaBcs HaOip i3 200 BUNaAKOBUX TPUILIETIB BUIY (A,
EP, EN);. Ilorim neit Habip copTyBaBcs 32 3MEHIICHHIM
pizuuni mix Bincransmu d(A, EP)i 1 d(A, EN); i 3 Binco-
pToBaHOro Ha®oOpy BHOHpanu 16 MEpIINX TPUILIETIB.
Haui 3 pemrru Habopy 3 200 TpumnueTiB BUOUpau me 16
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JOBUTHHHUX TpHUILTETiB. Moaens Oymo rHaBdeno Ha 9000
itepartiit. J{ns orinroBanns skocti moaeni CHC na puc.
2 mpeaCcTaBIeHO PO3PaxoBaHy Ha IiJCTaBl BKIAAEHb Te-
cToBoro Habopy 300pakenb ROC-kpuBy [9] a) 1o Hag-
YaHHs, 0) MICJII HABYAHHS, 8 TAKOXK 3HAYCHHS ILIOIII i1
kpuBoro (AUC), uyrnuBocti (Sensitivity) i mopory
(Threshold), sikuii 3a0e3nedye 4acTOTy XHOHOMO3UTHB-
Hux pesynbraTiB (FPR) He Oinbre Hix 10e-3.
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Puc. 2. ROC-kpuBa: a — 10 HaBYaHH:, O — MiCJIs HABYAHHS

Ha puc. 3 mokaszano Bizyaii3oBaHi 3 BUKOPUCTAH-
HSM QJITOPUTMY 3HIDKeHHS po3MipHocTi t-SNE [10 ] ne-
CATh KJIACTEPIB BKJIA/ICHb PYKOMHCHUX LU(P TECTOBOTO
Habopy 300paxernp MNIST a) no HaBuaHHs Ta 0) micis
HaBYaHHS.

baunmo, mo micns HaBYAHHA 3 BHKOPHCTaHHSIM
TpuruieTHol GyHKIIT BTpar, TpuruieTiB Burisiay (A, EP,
EN)i i mixmepexxi CHC (puc. 1), yci necars Knactepis
BKJIaJICHb IIPAKTUYHO HE IIEPETHHAIOTHCS, 1 BIICTaHI MiX
BKJIaJICHHSIMH KOXKHOTO KJIacTepa CTajd iCTOTHO MEH-
LIUMH.

[IpoToTunu BKIQAEHH KIAacTepiB BKIAJEHb 300pa-
XKeHb IU(p € y3araJbHEHOI XapaKTEePUCTHKOIO KiacTe-
piB BKJIQJIEHBb BiIMOBITHUX HHU(QP 1 BUKOPUCTOBYIOTHCS
JUIA PO3paxyHKy CTYIEHS CXOXKOCTi BXiZHOTO 300pa-
JKEHHsI 13 300pakeHHIM BiNoOBiaHOT U pH.

Jns mouryky IpOTOTHIIB BKJIaJeHb 300pakeHb
mudp TecroBoro HabOpy HaHMX OyJI0 BUKOPHCTaHO Me-
tox [layenna npsiMoro momyky Jursd GyHKIIT 3 KiTbKOMa
3MiHHuMU 3 Python-6i6miorexu SciPy. [IpoToTunu Bkia-
JeHb 300pakenb mudp s niamepexxi CHC (puc. 1) mi-
CJIl HABYAHHS MAlOTh BUTJISA:
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0) [-0.2824016 -0.27252399 -0.37384685 -0.33512156 -0.29360956 -0.30970557 -0.27883729 -0.33485432 -0.33369731 -0.3317796];
1) [-0.05223146 -0.39773643 0.1311696 -0.11012863 -0.00831585 -0.24040615 0.46429436 0.28060366 0.45396905 0.13724699];
2) [ 0.29550691 -0.24569951 -0.32850522 -0.30957372 0.33073034 0.32076124 -0.20231111 0.33361188 0.34647749 0.36148253];
3) [-0.29281085 0.31785711 0.28628017 0.36124768 -0.35524327 -0.27347703 0.31099376 -0.32188501 -0.32414977 -0.25594271];
4) [-0.2123403 -0.13414584 0.13346918 0.29032724 -0.09325196 -0.50832853 -0.15217541 0.50219026 0.4942752 0.1325437];

5) [ 0.37764855 0.40513021 -0.38194006 -0.13066819 0.39994588 0.11103943 0.40234225 -0.10447713 -0.10416116 -0.40455939];
6) [ 0.10466758 -0.38080509 0.42403376 0.16230785 0.11301583 0.3711326 -0.39282424 -0.39239505 -0.3939226 -0.12383774];

7) [-0.40467949 0.18668864 -0.1246697 -0.40202019 -0.38693982 -0.13544805 0.19201151 0.25637364 0.26939899 0.48835121];
8) [-0.35404521 -0.19320955 0.4521353 -0.07188427 0.08048192 -0.25373991 -0.09305534 0.48344564 0.49281425 -0.21215699];
9) [ 0.17273745 0.34933134 -0.0630242 0.45769747 -0.45803124 0.2907892 0.46623946 -0.04591382 -0.03500779 0.32947503].

a — 10 HaBYaHHA

0 — miciIs1 HaBYaHHs

Puc. 3. Bizyaumizais gecsiTi K1acTepiB BKIIaJICHb PYKOIUCHUX NU(P TecTOBOro Habopy 300pakeHr MNIST

VY Tabun. 1 HaBeIeHO PO3paxoBaHi IJIs TECTOBOTO Ha-
6opy manux po3mipy 10000 3 BUKOPUCTAHHSM MPOTOTH-
IiB BKJIAJICHb XapaKTEPUCTHKH KIACTEPIB BKJIAJICHD 30-
OpaxxeHb P - KUTBKICTh 300paxkeHb Pi3HUX Udp y Te-
croBoMy Habopi (k), miHiManbHA BicTaHb (), MaKCHMa-
JIbHA BiICTaHb (paiyc KIacTepa) MixK BKIIaICHHIMH KJIa-
crepa i mporotunoM BKiageHHs (R), cepenHs BHyTpim-
HBOKIJIACTepHA BigcTaHb (SSR) i cepemHe kBagpaTHyHE
BimxmwieHHs (sD). ¥V Tabx. 1 meprumii psmok A KOKHOL
uudpu Biamosinae crany CHC no HaBuaHHsA, Ipyruii psi-
1ok - micist 9000 iTepariit HaBUAHHS.

Tabnuys 1 — XapaKTepuCTUKH KJIAacTepiB BKJIadeHb
300pakens nudp

-y r R SSR sD
¢pa
o | ogo 00769 | 07303 | 03171 | 0.0%61
0.0043 | 1.1589 | 0.0287 | 0.0517
. | 1135 | 00889 | 08783 | 0.2924 | 0.1082
0.1453 | 14764 | 05182 | 0.2003
, | 1032 | 01900 | 08640 | 0.4255 | 0.1078
0.0454 | 1.4558 | 0.2137 | 0.1666
, | 1010 | 000336 | 0.7289 | 0.3342 | 00905
0.04274 | 1.8494 | 02048 | 0.1668
, | 982 | 01466 | 0835 | 0.3705 | 0.1088
0.0202 | 1.3727 | 0.2093 | 0.1615
o | 892 | 01239 | 06659 | 0.3461 | 00913
0.0218 | 15957 | 0.1306 | 0.1513
o | 958 | 01645 | 07195 | 0.3818 | 00970
0.0192 | 1.7079 | 0.1220 | 0.1641
| 1028 | 01058 | 0.7845 | 0.3298 | 0.0991
0.0439 | 1.1062 | 0.2406 | 0.1536
o | 974 | 01344 | 07767 | 0.3628 | 00930
0.0344 | 1.4964 | 0.1966 | 0.1710
o | 1009 | 00883 | 06607 | 0.3067 | 00874
0.0274 | 1.4920 | 0.1363 | 0.1614

BignosinHo 1o maHux i3 tabm. 1 10 HaBYaHHS Hali-
OLIBII HEKOMITAKTHUI 32 MMOKa3HUKOM R Kiactep BKia-

JICHb 300pakeHb mudpu 1 1 KIacTep BKIAACHb 300pakeHb
uudpu 2 3a nokazaukoM SSR. HaiikommakTHimmii 3a mo-
Ka3HUKOM R Kimactep BKI1a/ieHb 300pakeHs 1udpu 9 1 kiia-
cTep BKJIaJeHb 300pakeHb mudpu 1 3a mokazHukom SSR.

[Ticns HaBYaHHS HAHOIIBIT HCKOMITAKTHHI 32 ITOKa-
3HAKOM R Kiactep BKiIageHp 300pakeHs nudpu 6 i Kia-
CTep BKJIaeHb 300paxkeHp mupu 1 3a mokasHukoM SSR.
HaiikommakTHimmi 3a moka3HAKOM R Kiactep BKIaJeHb
300pakeHs nudpu 7 1 KI1acTep BKIAJCHb 300pakeHb IHU-
¢pu 0 3a mokazankoM SSR.

ITiciis HaBYaHHA 3HAYEHHS MiHIMaJIbHOI BiJCTaHi I
JUISL KJTaCTEPiB BKJIAI€Hb 300paXkeHb yCix 1udp, KpiM 1u-
¢pu 1, 3smenmmucs Bin 2,2 mo 17,9 pasis. s BrinaaeHb
uudpu 1 3HaYEHHS T Micisi HABYAaHHS 30UTbIIMIHCS B 1,6
pa3a. 3HaueHHS MAaKCUMaJIbHOI BificTaHl R st Beix Kiia-
CTepiB BKJIaAeHb IIUQp 30utbmmIncs Bixg 1,4 no 2,5 pasis.
3HaveHHs CcepelHbOl BHYTPIIIHBOKJIACTEPHOI BiJCTaHi
SSR mns Beix KimacTepiB BKIaaeHb DU, KpiM mudpu 1,
smeHmmrcs Bix 1,4 no 11,0 pazis. st Bktagess nudpu
1 3ragenns SSR micns HaBuaHHs 30iUTbmIITHCS B 1,8 pa-
3iB. 3HaUEHHS CepPEeIHBOTO KBAIPATUIHOTO BiIXFIICHHS
sD nmnst Beix kiactepiB BKJIAACHb HUQP, KPIM BKIAJCHD
uudpu 0, 36impmmnucs Bix 1,5 go 1,9 paza. [nsa Bkia-
nenb nudpu 0 3HayeHHst sD micns HaBYaHHS 3MEHIIN-
mucs B 1,9 pasza.

VY Tabn. 2 qna tprox 10-BumipHEX HabOpiB BKIIA-
JeHb po3Mmipy n=10 (mepmmii HaGip - BEKTOpU KBa3iBHU-
naakoBoi nocaigoBHOCTI Co0os, Apyruii Habip - MPOTO-
THUIIH BKJIAJICHB KIIACTEPIB PYKOMHUCHUX UMD LI MOJIEITI
CHC (puc. 1) 1o HaB4aHHs i TpeTiit HAOIp - MPOTOTHUIH
BKJIaJICHb KJIacTepiB pykonucHUX nudp st Mmogeni CHC
(puc. 1) micist HaBUaHHS) HABEJICHI BIAOBIIHO MiHiMa-
npHa Bifictasb (FE) Mix BKJIaJeHHSIMH B HA0OPi, MaKCH-
manpHa BigcTanb (RE) 1 cepenns Bincrans (SSRE).

VY pe3ynpTaTi HaBYaHHSA Ha IIJICTaBI PO3PAaXyHKIB
Ha TecToBii BUOIpi (psaaku 2 i 3 Tabm. 2) MiHIMaIbHA
BifcTaHb TE MiX POTOTHIIAMH BKJIJICHb KJIACTEPIB py-
KOTIMCHUX QP 30inpmmiacs B 3,26 pa3u, MakCHMalbHA
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Bincranb RE -y 2,63 pasa i cepenns Bincrans SSRE -y
4,00 pa3a.

Tabruys 2 — XapakTepUMCTHKH TPHOX Ha0OpiB BKJIa/IeHb

N rE RE SSRE

1 1.4252 4.3768 2.6435

2 0.2112 0.7458 0.3536

3 0.6885 1.9595 1.4129
BucHoBxku

VY po6oTi mocTimKeHO COCiO BHKOPUCTaHHS po3pa-
xoBaHoi 3a MeTogoM Coboisi KBa3iBUNAAKOBOI N-BUMIp-
HOT ITOCITIJOBHOCTI BEKTOPIB AJIst JOPMYBaHHS TPHUILIETIB
mig yac HaBuanusa CHC.

BukopucranHs KBa3iBHIaKOBOI N-BUMIpHOI IocC-
nitoBHOCTI BeKTOPiB 5K BKIaneHb EP 1 EN Tpumery (A,
EP, EN) ycyBac HeoOXiZHICTh 3aCTOCYBaHHS MO3UTHUB-
HOTO 1 HeraTUBHOTO 300pakeHs P i N ta oOuncieHHs -
mmepexeto CHC Briagens st Hux. ToOTo 3aBIsSKd BU-
kopuctanHio Tpumiety Buny (A, EP, EN) 3sHauno ckopo-
gyeThesa 00csarT obuncnens nix yac HapdanHs CHC. Ilpu
poMy B pesynbraTi HaBuanHsad CHC Ha Tpunierax Bumy
(A, EP, EN) 3a 9000 itepamiit mmomra minx ROC-kpuBoro

soutpmmnacs 3 0,717 mo 0,99, uwyrtnusicts - 3 1,9% n0
80,1% 1 mopir, 1o 3ade3nedye yacToTy XMOHOIO3UTHB-
HUX pe3ynbraTiB He Ounbme 10e-3, 3 0,045 no 0,222,

Edexr Bin naBuanns CHC i3 TpumietHoo (yHK-
uieto Brpar i 3 TpumietoM Buay (A, EP, EN) nonsrae B
3HaYHOMY BiZOKPEMJICHHI Ta CTHCHEHHI KJIacTepiB BKJIa-
JIeHb 300pakeHb PYKOMUCHHUX muep. Tak micias Has-
YaHHS 3HAYCHHS MiHIMaIbHOI BifcTaHi AJIS KJIacTepiB
BKJIQJICHb 300paKeHb yCiX mU(p TECTOBOi BUOIPKH, OK-
pim mudpu 1, smenmmmmcs Bix 2,2 mo 17,9 pasis. 3Ha-
YeHHS CepelHBOI BHYTPIIIHHOKIACTEPHOI BIICTaHI IS
BCIiX KJacTepiB BKIaAeHb Ludp, KpiM nuudpu 1, 3MeHIun-
mucst Big 1,4 mo 11,0 paziB. Takox y pe3ynbTari HaB-
YaHHs MiHIMaJbHa BiJCTaHh M IPOTOTHIAMH BKJIa-
JICHb KJacTepiB 1udp 30inpmrmnacs B 3,26 pa3u, MakCH-
MaJlbHa BiACTaHb - y 2,63 pa3u i cepeaHs BiACTaHb - y
4,00 pasm.

[Monmanpmi gocimKeHHs CIi CIPsMYBaTH Ha BHOIp
aJaNTUBHUX AITOPHUTMIB IIEpepaxyHKy BEKTOPIB BKJa-
JeHb a1 (opMyBaHHS TPHIUICTIB IMiJ Yac HaBYAHHS 3
METOIO MPUCKOPEHHS HaBYAHHS 1 30UIbIICHHS HOTO SIKO-
CTi, @ TAKOXK JJIsI OJIMIIEHHS XapaKTePUCTHK KJIaCTepiB
BKJIa/IeHb 300paKCHb.
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On the features of triplet’s formation for Siamese neural network training
A. Shostak

AunoTtaunisi. Summary. The subject of research — image recognition processes using neural networks. The recognition
application is based on a Siamese network architecture with a triplet loss function and a convolutional neural subnetwork. The
purpose of the article — to justify the choice of a quasi-random N-dimensional sequence of vectors as embeddings for training a
Siamese neural network with a triplet loss function and to evaluate the characteristics of the clusters of digit image embeddings
obtained after training. Objective: an experimental evaluation of the characteristics of clusters of embeddings of digit images
obtained after training a Siamese neural network with a triplet loss function. Research methods: a direct search method for func-
tions with several variables to determine estimates of N-dimensional vector representations of input images. Research results.
A study of a quasi-random N-dimensional sequence of vectors as embeddings for training a Siamese neural network with a triplet
loss function and its testing is carried out. It is shown that the proposed methods for determining N-dimensional vector represen-
tations of input images are robust and significantly reduce the amount of computation during training. During testing, images of
handwritten digits from the MNIST test set were used. It has been determined that the use of a quasi-random N-dimensional
sequence of vectors as image embeddings in training a Siamese neural network with a triplet loss function can significantly improve
the characteristics of the obtained image embedding clusters. Conclusions. The results obtained in this work can be used for com-
parative evaluation and determination of N-dimensional vector representations of different classes of input images for their recog-
nition using the architecture of a Siamese neural network with a triplet loss function.

Kawuosi caosa: Siamese neural network, triplet, embedding, prototype cluster embedding, neural network testing.
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ANALYSIS OF PERSONALITY DETECTION
AND WRITER IDENTIFICATION METHODS

Abstract. Handwritten text as multi-sensory activity can show one’s personality and at the same time can serve as one’s
biometric identifier. Handwriting analysis is used in various fields including history, forensic, education, security, personnel
matters etc. In this article handwriting analysis methodologies were considered and categorized in four groups highlighting
advantages and disadvantages of each group. Also, this article depicts various problems associated with developing handwriting
analysis systems such as improper feature extraction, overfitting, underfitting, unreliable training data, picking model for
assessing personality types, etc. Both methods for robust offline writer identification and methods for prediction of human
personality that are used in state-of-the-art handwriting analysis systems are presented. In addition, current studies and common
approaches for performance measurement and database selection in both writer identification and personality detection fields
were analyzed. Also, perspective development directions of modern handwriting analysis systems are presented.

Keywords: handwriting, handwriting analysis, personality, handwriting features, graphology, personality detection, writer

identification.
Introduction

Handwriting analysis systems aim to automatically
extract important information from handwriting,
therefore research in the field of graphology has a wide
range of applications, such as writer identification,
personality detection etc. M. Hengl [1], Hemlata et al.
[2], Wirmanto et al. [15], Samsuryadi et al. [31]
presented an overview of modern methods of
handwriting analysis that are used in various fields. This
paper presents some challenges in handwriting analysis
systems, the motivation for further research, application
areas, design approaches and issues, writer identification
and personality detection methods. In addition,
perspective development directions are presented.

Formulation of the problem and its connection
with important scientific or practical tasks

Digital transformation is a continuous activity and
affects various aspects of human life. Despite that fact
handwriting remains a core human activity and
considered as one of the most complex human activities.
Everyone’s handwriting is unique and has characteristics
that are typical of the given individual which creates a
basis for handwriting analysis [1]. Handwriting analysis
is a scientific method for recognizing, assessing and
understanding a writer's personality and identity through
the shapes and word patterns in the handwriting [2].

Handwriting analysis has three major branches:
graphology, handwriting expert and forensic linguistics
[1]. The main fields of application for handwriting
analysis are criminalistic, education, history, mental
hygiene, medical diagnosis, public life, personnel matters
and personality profiles. In the criminalistic field
handwriting analysis is associated with crimes that
involve written documents such as kidnapping,
defamation, false witness, false accusations, violation of
rules for accounting and forgery of public documents.

Detecting an individual based on handwriting is a
kind of behavior biometric identification well
acknowledged by  psychologists,  neurologists,
paleographers, forensic analysts, document analysts, and
computer science researchers. Similarly, the existence of

a relationship between handwriting and different
demographic attributes of writers, such as gender,
handedness, and age, is also confirmed by psychologists
and neurologists [3]. So, handwriting is also called brain
writing. Each personality trait has a neurological brain
pattern in the human brain. Each neurological brain
pattern design delivers one of a kind neuromuscular
movement which is the same for each individual who has
that specific personality trait. Each stroke or movement
in handwriting reveals a particular personality trait [2].

Writer identification and personality detection have
been studied for many years but they remain an open
research problem for such reasons as diversity, similarity
and high intra-variability among authors in handwriting.
Digital era brings new challenges into writer
identification and personality detection because now text
can be handwritten not only on paper but also on digital
devices. This leads to the necessity to differentiate
between online and offline. In online writer identification
and personality detection data contains temporal
information about the text formation [4]. In contrast,
offline writer identification and personality detection
deals only with the handwritten text itself without any
additional information [4]. This paper mainly focuses on
the offline handwriting analysis process to detect the
personality of a person and perform writer identification
based on their handwritten documents. Section Il
describes research results, where subsection | describes
categorized handwriting analysis methodologies,
subsection 11 describes the related works in the field of
handwriting analysis for writer identification, subsection
Il describes related works for personality detection,
subsection 1V provides discussion topics and future
scope, section 1V gives conclusion.

Research results

Handwriting analysis methodologies.
Handwriting analysis is a complex problem so there have
been many studies proposed. To categorize these studies
and identify advantages and disadvantages different
aspects can be used.

Considering the type of features as a functional
context, the methods reported in the literature can be
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categorized into four main groups: structural-based,
textural-based, grapheme-based and auto-learned based
methods [17].

Structural-based methods consider the allograph
shapes and then apply a grapheme-emission probability
distribution. For structural-based systems cost of runtime
is high due to complexity of preprocessing steps which
include segmentation, binarization and edge detection.
Strong reliance on preprocessing is a limitation of these
methods, since preprocessing step failure means feature
extraction and classification steps are prone to failure.
Concentration of such methods mainly on allograph
shapes means that additional information drawn in the
same word between allographs is omitted. Additional
drawback of such methods is vulnerability to any
variations in the character or allograph characteristics (i.e.
slant, aspect ratio).

Textural-based  (transformation-based) methods
work with digitized image of handwriting which are
considered as special textures and extract features(after
some transformation techniques are applied) from the
whole document, Regions of Interest (or ROIs like blocks,
grid cells, connected-components, words, etc.) or Writing
Fragments (WFs). Textural-based methods are more
efficient runtime-wise, as they do not need additional
preprocessing steps such as segmentation and binarization.
Another advantage is parameter-free learning. On the other
hand, textural-based methods usually need more data to
extract reliable and highly discriminative features, which
might not be the case (i.e. forensic experts to predict the
authenticity have to deal with small queried handwriting
samples). Additional drawback of such methods is a need
for high contrast images.

Grapheme-based (bags of features (BOF)-based)
methods rely on codebook generation for all character types.
In such methods, handwritten text segmented into character
segments and graphemes are generated for each character,
after that a codebook is generated using any clustering
algorithm, for each codebook histogram distance scores are
calculated and the resulting histogram used for
classification. Such methods are considered as effective for
the writer's identification because they do not require an
excessive amount of the writer's original handwriting
sample to predict the authenticity of the queried handwriting
sample. However, this type of methods have some
drawbacks such as the need to spend much time extracting
and comparing grapheme details. Additionally, such
methods require a substantial amount of memory due to the
large number of grapheme features, especially for methods
that apply a single clustering algorithm.

Auto learned(model-based) methods rely on the
usage of deep learning techniques to extract automatic
features learned by deep models. Such methods are
robust and report high identification rates, especially for
word-level identification. Another advantage is that
models automatically learn representations from data (i.e.
automatic feature extraction) that's why Convolutional
Neural Networks have been widely used to extract
features from the images (i.e., words, pages, patches).
The main drawback of model-based methods is training
because a large number of samples is needed, the training
could be very time consuming and models tend to overfit.

Another important drawback of model-based methods is
the difficulty of selecting the best values for a large
number of parameters. Additionally, this type of methods
require very high computational resources and time.

Writer identification. During handwriting analysis
to perform a writer identification the method of individual
personal identification is used, the essence of which is the
full exploration of the individual characteristics of the
document being examined and the comparison of these
with the known manifestations of these characteristics in
other documents (comparative material) [1].

The writer identification methodologies share
common/standard steps of preprocessing, feature
extraction and writer identification (frequently referred
as classification) as shown in Figure 1.

Preprocessing

v

Feature extraction

v

Writer identification

Fig. 1. Writer identification methodologies common steps

Studies in the field of writer identification also fall
into four handwriting analysis methodologies categories.

In textural-based category Christlein et al. [4]
proposed to use local descriptor RootSIFT to capture
local properties of handwritten documents, use GMM
supervectors as encoding method and use Exemplar-
support vector machines (SVM) for similarity measure.

In auto learned category Christlein et al. [5] proposed
use of Convolutional Neural Network (CNN) to train a
powerful patch representation using cluster memberships
as targets and a global image descriptor is created by
means of Vector of Locally Aggregated Descriptors
(VLAD) encoding. Chen et al. [6] proposed deep CNN
(ResNet-50) and the weighted Ilabel smoothing
regularization (WLSR) for data augmentation to allow
more discriminative features to be learned to represent the
properties of different writing styles. Helal et al. [8]
experimented CNN DL with an additional dissimilarity
approach with an SVM classifier. Sulaiman et al. [9]
proposed a local binary pattern (LBP) as a hand-crafted
feature descriptor and AlexNet structure for extracting
deep description as a second descriptor, both descriptors
then assembled into a data matrix and encoded using
VLAD. A SEGmentation-free model presented by Kumar
and Sharma [10] where they apply the CNN to characterize
the writer of a given sample. Koepf et al. [12] presented a
novel method based on vision transformer (ViT) with K-
Nearest Neighbors (KNN) classifier. Semma et al. [13]
presented a deep CNN trained to capture deep features in
small patches which extracted from handwritten images
using the FAST key points and Harris Corner (HC)
detector and the deep learned features are encoded using
VLAD and the Triangulation Embedding with a KNN
classifier. At first He and Schomaker [7] proposed deep
adaptive CNN based on multi-task adaptation of the
AlexNet structure, after that He and Schomaker [11]
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proposed a deep neural network (FragNet, inspired by
Fraglets and BagNet) based on fragments segmented on
the input document image and feature pyramid maps in the
CNN, in more recent work He and Schomaker [14]
proposed global-context residual recurrent neural network
(GR-RNN) where spatial relationship between the
sequence of fragments is modeled by the recurrent neural
network (RNN) to strengthen the discriminative ability of
the local fragment features and the complementary
information between the global-context and local
fragments is leveraged. Wirmanto et al. [15] proposed to
segment data into two inputs and use Xception as feature
extractor in the Siamese network, the last one generates
encoded representation and extracts identification label.

State-of-the-art writer identification methodologies
usually measure performance based on publicly available
datasets (i.e CVL, IAM ect) and metrics used for
comparison are Top-1 Accuracy and Top-5 Accuracy.
Where Top-1 accuracy means expected result is exactly
the expected answer (i.e. the one with highest
probability) and Top-5 accuracy means expected result is
among first five highest probability answers. State-of-
the-art writer identification methods with high
recognition rates on public CVL dataset with Top-1
accuracy are shown in Table 1.

Table 1 — State-of-the-art writer identification methods
accuracy with CVL dataset

Author Method Acc

(%)
Christlein et al. [4] GMM super vector 99.4

+ E-SVM

Christlein et al. [5] CNN + VLAD 99.5
Chen et al. [6] ResNet-50 99.2
He and Schomaker [7] Adaptive CNN 79.1
Helal et al. [8] CNN 99.80
Sulaiman et al. [9] CNN + LBP 97.55
Kumar and Sharma [10] | SEG WI model 99.35
He and Schomaker [11] FragNet-64 99.1
Koepf et al. [12] ViT 99.0
Semma et al. [13] Resnet-34 99.5
He and Schomaker [14] | GR-RNN 99.3
Wirmanto et al. [15] Xception+siamese 99.88

Personality detection. BDuring handwriting
analysis to perform personality detection one investigates
the differences of the written samples from standard
writing and on the basis of this the personality of the
person providing the writing sample is deduced [1].

Similar to writer identification, personality detection
methodologies share the common/standard steps of

preprocessing, feature extraction and personality detection
(frequently referred as classification) as shown in Fig. 2.

Preprocessing

v

Feature extraction

v

Personality detection

Fig. 2. Personality detection methodologies common steps

To perform personality detection one need to pick a
personality psychology measurement model. There are
two popular models for assessing personality types: Big
Five and Myers Briggs Type Indicator (MBTI). The Big
Five model formalizes personality types as scores while
MBTI as classes. Article [32] performed a comparison
and concluded that even though algorithms trained on
MBTI could have better performance, the Big Five is
much more informative and has great variability in
performance depending on the algorithm.

Studies in the field of personality detection show a
wide variety of approaches and they, for the most part,
fall into the auto learned category.

So in auto learned category Gavrilescu [18]
proposed 3-level neural network architecture with a
ANN, SVM and KNN classification on 3-d level. Polap
and Wozniak [19] proposed a flexible neural network
where some neurons adapt to classification purposes.
Topaloglu and Ekmekci [20] proposed to use decision
tree and data mining techniques in conjunction with 1D3
and J48 algorithms. Gavrilescu and Vizireanu [21]
continued the 3-level architecture approach and this time
base layer includes normalization and segmentation,
intermediary layer generates Handwriting Map (HM)
using binary code, top layer performs classification using
feed-forward neural network(FFNN). Joshi et al. [22]
developed a classification framework based on the SVM
and used template-matching for letter extraction. Wijaya
et al. [23] compared left, right, top and bottom margins
segmentation and used SVM for classification. Fatimah
et al. [24] proposed CNN based classification with SGD
and AdaDelta optimization methods. Chitlangia and
Malathi [25] proposed to perform feature extraction
using Histogram of Oriented Gradient (HOG) technique
and classification using SVM. Thomas et al. [26]
collected texts written by ten subjects using a CNN
model and logistic regression, and selected seven features
for the classification task. Pathak et al. [27] proposed
deep neural network architecture based on CNN with
Long Short-Term Memory (LSTM) and Connectionist
Temporal Classification (CTC). Elngar et al. [28]
proposed a novel Personality Trait Level Detection
Model (PTLDM) where they use Personality Analyzing
Network (PAN) and PersonaNet for classification.
Bernardo et al. [29] proposed as a feature extractor to use
SqueezeNet lightweight architecture model optimized
with hyper-parameter optimization method and SVM for
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classification. Rahman et al. [30] proposed extracting
features using graph-based writing representation
approach and performing classification using Semi-
supervised Generative Adversarial Network (SGAN).
Samsuryadi et al. [31] performed a complex comparison
of SVM (three variations of the kernel: linear, RBF,and
polynomial), KNN, and decision tree approaches.

Personality detection researchers, unlike writer
identification researchers, usually instead of publicly
available datasets measure performance based on private
handwriting datasets and metrics used for the comparison
are accuracy, precision, recall, F1 score, true positive
(TP), true negative (TN), false positive (FP), and false
negative (FN). Personality detection literature methods
with high recognition rates on datasets with accuracy
metric are shown in Table 2.

Discussion. Handwriting analysis systems aim to
automatically extract important information from
handwriting. They include such disciplines as personality
detection, writer identification and many others.

For further development of such systems, it is
necessary to overcome many problems, for example,
improper feature extraction, overfitting, underfitting,
unreliable training data, picking model for assessing
personality types etc. The current directions in the
development of modern handwriting analysis systems are
the study and use of various architectures of neural
networks and deep learning. The current high accuracy
rates also suggest the need for larger datasets. This would
also widen the scope for techniques relying on more
training data. Since writer identification and personality
detection fields have so much in common it might be
reasonable to use techniques from one field to improve
the other one.

Conclusions

Thus, this article presents four groups of methods
for handwriting analysis categorized by the type of
features as a functional context. In addition the actual
advantages and disadvantages with the use and
development of such methods are presented. Both
methods for identifying the personality of a person and
writer identification methods which are used in the state-
of-the-art handwriting analysis systems are presented.

Table 2 — Personality detection literature methods.

Author Method Acc (%)

Gavrilescu [18] ANN, SVM, and KNN 88.6

Polap and Flexible neural network | 93

Wozniak [19]

Topaloglu and Decision tree 93.75

Ekmekci [20]

Gavrilescu and FFNN and template- 84.4

Vizireanu [21] matching

Joshi et al. [22] SVM and template- 97
matching

Wijaya et al. [23] | SVM 82.73

Fatimah et al. [24] | CNN 97.31

Chitlangia and HOG+SVM 80

Malathi [25]

Thomas et al. [26] | CNN 65

Pathak et al. [27] | Deep NN 97.7

Elngaretal. [28] | ANN + PersonaNet 65

Bernardo et al. Hybrid two-stage 91.26

[29] SqueezeNet and SVM

Rahman et al. SSL, SGAN 91.30

[30]

Samsuryadi etal. | SVM, KNN, and 99

[31] decision tree

The studies in these fields and comparative analysis
are presented. Also, discussion about performance
measurements, databases and typical metrics are
presented.

Based on analysis, conclusions about future
development and possible directions of handwriting
analysis systems were presented.

REFERENCES

Hengl M. Comparison of the Branches of Handwriting Analysis, Yaconnc HarmionansHoro yHiBepcurery "OcCTpo3bka
akanemis". Cepist: [IpaBo. — 2014. — Ne 2(10)

Hemlata S. Personality detection using handwriting analysis: Review / Hemlata S., Singh S. // In Seventh International
Conference on Advances in Computing, Electronics and Communication. — 2018. — 18-19 August — P. 85-89.

Alaei F. Review of age and gender detection methods based on handwriting analysis / Alaei F., Alaei A. // Neural Computing
and Applications. — 2023. — September — P. 23909-23925.

Christlein V. Writer Identification Using GMM Supervectors and Exemplar-SVMs / Christlein V., Bernecker D., Honig F.,
Maier A., Angelopoulou E. // Pattern Recognition. — 2017. — Vol. 63 — March — P. 258-267.

Christlein V. Unsupervised Feature Learning for Writer Identification and Writer Retrieval / Christlein V., Gropp M., Fiel S.,
Maier A., // In 14th 1APR International Conference on Document Analysis and Recognition (ICDAR). — 2017. — Vol. 13 - 9-
15 November.

Chen S. Semi-supervised Feature Learning For Improving Writer Identification / Chen S., Wang Y., Lin C., Ding W., Cao Z.
/I Information Sciences. — 2019. — Vol. 482 — May — P. 156-170.

He S. Deep adaptive learning for writer identification based on single handwritten word images / He S., Schomaker L. // Pattern
Recognition. — 2019. — Vol. 88 — April — P. 64-74.

Helal L. G. Representation Learning and Dissimilarity for Writer Identification / Helal L. G., [et al.]. // 2019 International
Conference on Systems, Signals and Image Processing (IWSSIP). — 2019. — June — P. 63-68.

141



Control, Navigation and Communication Systems. 2025. No. 1 ISSN 2073-7394

9. Sulaiman A. Length Independent Writer Identification Based on the Fusion of Deep and Hand-Crafted Descriptors / Sulaiman
A., Omar K., Nasrudin M. F., Arram A. // IEEE Access. — 2019. — Vol. 7 — June — P. 91772-91784.

10. Kumar P. Segmentation-free writer identification based on convolutional neural network / Kumar P., Sharma A. // Computers
& Electrical Engineering. — 2012. — Vol. 85 — June.

11. He S. FragNet: Writer Identification Using Deep Fragment Networks / He S., Schomaker L. // IEEE Transactions on
Information Forensics and Security. — 2020. — Vol. 15 — March — P. 3013-3022.

12. Koepf M. Writer Identification and Writer Retrieval Using Vision Transformer for Forensic Documents / Koepf M., Kleber F.,
Sablatnig R., // Document Analysis Systems. — 2022. — May — P. 352—366.

13. Semma A. Writer Identification using Deep Learning with FAST Keypoints and Harris corner detector / Semma A., Hannad
Y., Siddigi 1., Djeddi C., El Youssfi El Kettani M. // Expert Systems with Applications. — 2021. — VVol. 184 — Dec- P. 115473.

14. He S. GR-RNN: Global-Context Residual Recurrent Neural Networks for Writer Identification / He S., Schomaker L. // Pattern
Recognition. — 2021. — Vol. 117 — Apr.

15. Wirmanto S. Offline Handwriting Writer ldentification using Depth-wise Separable Convolution with Siamese Network /
Wirmanto S., Agustini D.A.R., Atmanto D.A., // International Journal On Informatics Visualization. — 2024. P. 535-541.

16. Purohit N. State-of-the-Art: Offline Writer Identification Methodologies / Purohit N., Panwar S., // International Conference
on Computer Communication and Informatics (ICCCI). — 2021. — Jan — P. 1-8.

17. Ahmed B. Q. Offline text-independent writer identification using a codebook with structural features / Ahmed B. Q., Hassan
Y. F., Elsayed A. S., // PLOS ONE 18. — 2023. — Vol. 18(4) — April — P. 1-31.

18. Gavrilescu M. Study on determining the Myers-Briggs personality type based on individual’s handwriting / Gavrilescu M., //
In Proceedings of the 5th IEEE International Conference on E-Health and Bioengineering. — 2015. — Nov — P. 1-6.

19. Potap D. Flexible neural network architecture for handwritten signatures recognition / Potap D., Wozniak M., // International
Journal of Electronics and Telecommunications. — 2016. — Vol. 62(2) — April — P. 197-202.

20. Topaloglu M. Gender detection and identifying one’s handwriting with handwriting analysis / Topaloglu M., Ekmekci S., //
ExpertSystems with Applications. — 2017. — Vol. 79 — March — P. 236-243.

21. Gavrilescu M. Predicting the big five personality traits from handwriting / Gavrilescu M., Vizireanu N., // EURASIP Journal
on Image and Video Processing — 2018. — Vol. 2018(1) — July.

22. Joshi P. A machine learning approach to employability evaluation using handwriting analysis / Joshi P., Ghaskadbi P.,
Tendulkar S., // In Proceedings of the Communications in Computer and Information Science ICAICR 2018. P. 253-263.

23. Wijaya W. Personality analysis through handwriting detection using android based mobile device / Wijaya W., Tolle H.,
Utaminingrum F., // International Journal of Information Technology and Computer Science — 2018. — Vol. 2(2). P. 114-128.

24. Fatimah S. H. Personality features identification from handwriting using convolutional neural networks / Fatimah S. H., Djamal
E. C., llyas R., Renaldi F. // In Proceedings of the 4th International Conference on Information Technology, Information
Systems and Electrical Engineering, ICITISEE — 2019. — Nov. — P. 119-124.

25. Chitlangia A. Handwriting analysis based on histogram of oriented gradient for predicting personality traits using SVM /
Chitlangia A., Malathi G., // Procedia Computer Science — 2019. — Vol. 165 — Jan. — P. 384-390.

26. Thomas S. A framework for analyzing financial behavior using machine learning classification of personality through
handwriting analysis / Thomas S., Goel M., Agrawal D., // Journal of Behavioral and Experimental Finance, 2020. Vol. 26(2).

27. Pathak A. R. Personality analysis through handwriting recognition / Pathak A. R., Raut A., Pawar S., Nangare M., Abbott H.
S., Chandak P., // Journal of Discrete Mathematical Sciences and Cryptography — 2020. — Vol. 23(1) — Jan. — P. 19-33.

28. Elngar A. A. A deep learning based analysis of the big five personality traits from handwriting samples using image processing
/ Elngar A. A., [etal.], // Journal of Information Technology Management — 2021. — Vol. 12 — P. 3-35.

29. Bernardo L. S. A hybrid two-stage SqueezeNet and support vector machine system for Parkinson’s disease detection based on
handwritten spiral patterns / Bernardo L. S., Damasevicius R., De Albuquerque V. H. C., Maskeliunas R., // International
Journal of Applied Mathematics and Computer Science — 2021. — Vol. 31(4) — Dec. — P. 549-561.

30. Rahman A. U. Predicting the big five personality traits from hand-written text features through semi-supervised learning /
Rahman A. U., Halim Z., // Multimedia Tools and Applications — 2022. — Vol. 81(23) — Sep. — P. 1-17.

31. Samsuryadi S.. A Framework for Determining the Big Five Personality Traits Using Machine Learning Classification through
Graphology / Samsuryadi S., [et al.], // Journal of Electrical and Computer Engineering. 2023. VVol. 2023(1). Jan. P. 1-15.

32. Lepri F. Is big ve better than MBTI? / Lepri F., Lepri. B., // Proceedings of the Fifth Italian Conference on Computational
Linguistics CLiC-it — 2018. — Jan. — P. 93-98.

Received (Hamitinmna) 15.12.2024
Accepted for publication (ITpuitasara no apyky) 29.01.2025

AHaJi3 MeToiB BUBHAYEHHS 0COOHCTOCTI Ta ineHTHdiKaNii MICbMEHHUKA
M. B. Hlymumok, B. O. MapToBunbkuii

AHoTamisi. PykonucHumit TeKCT Sk MyJIbTHCEHCOPHA TisUTBHICTH MOJXKE BiJOOpa)aTH 0COOMCTICTD 1 BOJHOYAC MOXKE CIIYTyBaTH
GiomMeTpUYHNM ineHTH(DIKaTOpOM. AHali3 MOYePKy BUKOPHCTOBYETHCS B Pi3HUX cepax, BKIIOYAIOUYH iCTOPiI0, KPUMIHANICTUKY,
OCBITY, Oe31eKy, KaJpoBi MUTaHHs TOMIO. Y Liil CTaTTi METOOJIOTIT aHai3y TouepKy OyJo PO3IISHYTO Ta PO3IIICHO HA YOTHPH
IPyIH, BUIUIMBIIM IEpeBard Ta HEMOMIKM KOXHOI rpynu. Takox y wmiif crarti omucyroThes pi3HI mpoOiieMu, MOB’si3aHi 3
PO3POOKOI0 CHCTEM aHali3y PYKONMHCHOTO TEKCTY, SK-OT HENpaBHIbHE BUAIICHHS O3HAK, [EpPEHABYAHHS, HEJIOHABYAHHS,
HEHaJIii{HI HaBYaJIbHI 1aHi, BUOIp MO AJIsI OLIHKH THITB 0coOmcTocTi Tomo. [IpeacraBneHo sk MeToIu HaaiitHOT ineHTHdiKamii
MMCbMEHHHUKA 11032 MEPEXEI0, TaK 1 METO/M IPOTHO3YBaHHSI JIFOJICHKOI 0COOMCTOCTI, SIKi BUKOPUCTOBYIOTHCS B HAHCYUYaCHIIIUX
cUCcTeMax aHalizy mouepky. KpiM Toro, Oynu mpoaHani30oBaHi MOTOYHI JOCHIIPKEHHS Ta 3araibHi MiJXOIU O BUMIipIOBaHHS
NPOJYKTHBHOCTI Ta BHOOpYy 0a3u HaHUX sK sl imeHTH(ikamii NMHCbMEHHHMKa, Tak 1 JUll BU3HA4YeHHsS ocoOuctocTi. Takoxk
HPECTaBICHO MEPCHEeKTHBHI HAPSIMU PO3BUTKY CYYaCHUX CHCTEM aHalli3y PYKOIHMCHOTO TEKCTY.

KnrouoBi cioBa: mnouepk, aHamiz IOUYEpKy, OCOOHCTICTb, PHCH MOYEpKy, Tpadolioris, BH3HAYEHHS OCOOHCTOCTI,
imeHTUdIKaIis MTIChMEHHUKA.
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SYSTEM FOR DETECTING CRITICAL HUMAN HEALTH CONDITIONS
BASED ON THE ANALYSIS OF PHYSIOLOGICAL INDICATORS

Abstract. Relevance. The modern increase in cardiovascular diseases, diabetes, and psychological disorders, particularly
post-traumatic stress disorder (PTSD), necessitates the implementation of intelligent health monitoring systems. WHO sta-
tistics indicate 15 million premature deaths annually, with 32% attributed to cardiovascular diseases. Additionally, the war
in Ukraine has significantly impacted stress levels among the population, increasing mortality risks. Traditional monitoring
methods do not ensure timely detection of critical conditions, making the adoption of Al-based automated solutions essential.
The object of this study is a system for detecting critical human health conditions based on the analysis of biometric indica-
tors and their dynamics using machine learning methods. The aim of the article is to develop and evaluate the effectiveness
of an automatic system for detecting critical health conditions that operates using wearable devices and artificial intelligence
algorithms. To achieve this goal, a stress level classifier based on physiological indicators was implemented, and a compar-
ative analysis of two algorithms, MLPClassifier and RandomForestClassifier, was conducted. As a result of the research, an
architecture for a continuous health monitoring system was proposed, an algorithm for stress level assessment using ECG,
EDA, BCP, and breathing patterns as input parameters were developed, and MLP and Random Forest classifiers were trained,
and tested on a dataset of 65 participants. MLPClassifier demonstrated higher classification accuracy (91.3%), confirming

its effectiveness for monitoring critical health conditions.
Keywords:

health monitoring system, critical conditions, wearable sensors, electrocardiogram, machine learning,

classification, MLPClassifier, RandomForestClassifier, telemedicine, biophysiological indicators.

Introduction

Problem Statement. Modern trends indicate that
the global population is experiencing an increasing
tendency toward premature deaths. According to WHO
data, approximately 15 million people aged 30-70 die
prematurely each year. Of these, 32% are due to
cardiovascular diseases, 17% to cancer, 8% to injuries
and accidents, and 7% to respiratory diseases and
infections (Fig. 1).

Other causes (36%)

Fig. 1. Diagram of Causes of Human Mortality:
C — Cardiovascular diseases (32%);
R — Respiratory and infectious diseases (7%);
I — Injuries and accidents (8%);
O — Oncological diseases (17%)

Statistics show that 85% of these deaths occur in
low- and middle-income countries. This is linked to risk
factors such as a sedentary lifestyle, increased stress
levels, environmental degradation, and the rising
prevalence of diabetes and obesity. In addition to the
growing number of psychological disorders (around 3—4
million Ukrainians show signs of PTSD), the war in
Ukraine has led to a 15-20% increase in premature
mortality [1].

Moreover, over 400,000 public infrastructure
facilities (approximately 2.7% of all buildings in
Ukraine) have been damaged by shelling, including more
than 57,086 residential buildings and 126 medical
institutions. This has further deteriorated living
conditions and healthcare systems. According to
research, the highest levels of loneliness among adults
are observed in Eastern European countries. There, 7.5%
of young people and 9.6% of middle-aged individuals
report feelings of loneliness. Among older adults over 60,
this figure rises to 21.3%. In Northern Europe, loneliness
levels are lower: 2.9% among young people, 2.7% among
middle-aged individuals, and 5.3% among the elderly.

It is crucial to understand that loneliness has serious
health consequences. Scientific studies have identified a
significant link between loneliness and an increased risk
of severe illnesses. Loneliness and social isolation are
associated with a higher probability of premature death,
cardiovascular diseases, stroke, and type 2 diabetes. In
particular, loneliness increases the risk of premature
death by approximately 30%.

Remote health monitoring and telemedicine are
highly relevant today, requiring the development of new
approaches and methods [2], as well as the creation of
assistants and support systems for people with disabilities
[3]. Looking at such negative statistics, as well as social
and economic risks, the relevance of these problems
leads humanity to the idea of a comprehensive approach
to preventing and detecting critical health conditions. The
main tools for reducing premature mortality include:

- medical and personal health monitoring;

- analysis and mitigation of risk factors;

- promotion of a healthy lifestyle;

- reduction of environmental hazards;

- vaccination and infection control.

The further development of a comprehensive
approach to preventing critical health conditions (see
Table 1) will be driven by technological trends (Al in
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medical diagnostics and telemedicine) and adherence to
key system principles:

- continuous monitoring;

- personalized approaches;

- integration of multidisciplinary data;

- proactive response.

These improvements will enhance the accuracy of disease
prediction and, as a result, significantly reduce mortality
rates among the population. The following physiological
markers of critical health conditions have been selected
for this study: ECG, Blood Circulation Pulse (BCP),
Breathing Pattern, and Electrodermal Activity (EDA).

Table 1- Development of Critical Health Condition Prevention

Diagnosis Treatment Methods Disease Detegtlon Health _Condltlon Expected Outcome
Level Technologies Indicators
Primary Pre- | — Healthy lifestyle — Mobile monitoring apps | — Biometric indicators — Prevention of dis-
vention — Regular medical check-ups | — Fitness trackers — Heredity ease occurrence
—Proper nutrition — Genetic testing — Age and gender
Secondary — Early diagnosis — Artificial intelligence — Deviations in tests — Stopping disease
Prevention — In-depth examination — MRI/CT diagnostics — Risk symptoms progression
— Monitoring of risk groups — Biomarker analysis — Changes in the body
Tertiary Pre- | — Rehabilitation — Personalized medicine — Treatment dynamics — Minimization of
vention — Correction of complications | — Telemedicine — Quality of life disease conse-
— Psychological support — Neural networks — Psycho-emotional quences
state
Predictive — Risk prediction — Big Data analysis — Genetic profile — Proactive health
Level — Individual forecasting — Genomic medicine — Behavioral patterns management
— Preventive measures — Machine learning — Social factors

ECG is a critical indicator for assessing heart
function and diagnosing and monitoring conditions such
as arrhythmia, heart failure, and stress. BCP is a
circulation indicator reflecting changes in the pulse wave
in blood vessels. The Breathing Pattern is used to assess
both the physiological and emotional state of a person.
Additionally, analyzing the breathing pattern is utilized
in HRV (Heart Rate Variability) to evaluate the balance
of the autonomic nervous system [4]. Electrodermal
Activity refers to the electrical activity of the skin, which
changes due to the function of sweat glands. It is used to
evaluate emotional state, stress, and the activity of the
nervous system.

Analysis of Recent Research and Publications.
The article [5] provides a review of smart wearable
systems used for monitoring human biological
parameters. The authors discuss hardware, sensor
technologies, data analysis algorithms, and methods for
integrating these devices into healthcare systems. Special
attention is given to artificial intelligence and machine
learning, which help improve the processing of acquired
signals and enhance the accuracy of medical condition
prediction. The results demonstrate that Al helps reduce
errors in biosignal analysis, while the use of flexible
nanomaterials allows for the creation of highly sensitive,
wearable sensors and autonomous power sources, which
hold promise for improving the independence of devices.
However, the study remains largely theoretical, with
practical experiments still limited.

The work [6] examines modern optical sensors for
non-contact measurement of vital signs. The principles of
operation of fluorescent, spectroscopic, and surface
plasmon resonance (SPR) sensors are described. Their
advantages over traditional electrochemical and
mechanical sensors, particularly in terms of accuracy and
speed, are analyzed. The results indicate that optical
sensors show high precision in measuring biomarkers in
blood and saliva and integrating these sensors into
smartphones and wearable devices allows for at-home

health monitoring. SPR methods enable non-contact
analysis of biological fluids with minimal intrusion.
However, real-world experiments on the long-term use of
these sensors with patients are not included in the study.

The article [7] focuses on the use of wearable
devices for monitoring the health of elderly individuals.
The primary devices and sensors that monitor heart rate,
blood oxygen levels, blood pressure, and physical
activity in real time are described. A separate section is
dedicated to the use of 10T and cloud technologies, which
enable doctors to receive data remotely. The conclusion
highlights that wearable devices significantly reduce the
need for hospital monitoring, allowing patients to remain
at home, while loT use enables doctors to respond
quickly to critical changes in patient status. However, the
greatest challenge remains ensuring data security and the
energy autonomy of devices.

In the work [8] an overview of current wearable
devices for diagnosing and monitoring patients is
presented. Biometric sensors, electrochemical sensors,
and artificial intelligence in disease prediction are
analyzed. Significant attention is given to the future of
wearable devices, including their integration with
medical databases and augmented reality (AR)
technologies. However, the study lacks practical data on
the effectiveness of these devices in real-world
conditions.

The work [9] discusses the mathematical model of
remote photoplethysmography (rPPG), based on optical
and physiological properties of light reflection from the
skin. The article analyzes key rPPG methods for
extracting pulse signals from video recordings, including
Blind Source Separation (PCA, ICA), CHROM, PBV,
and 2SR. The main contribution of the paper is a detailed
theoretical analysis of rPPG principles, enabling the
development of new algorithms for specific tasks. The
authors propose a new approach called "Plane-
Orthogonal-to-Skin™ (POS), which uses the projection of
a color vector onto a plane orthogonal to skin tone to
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improve pulse signal extraction. However, the proposed
method is more focused on theoretical analysis than
practical clinical application, and some methods may
have errors under different lighting conditions.
Furthermore, the POS method does not fully account for
the variability in light reflection from skin of people with
different skin types.

The analysis shows that modern health monitoring
systems significantly expand the possibilities for
controlling the physical condition of individuals. Future
developments in health monitoring should focus on the
integration of wearable and stationary systems,
improving device autonomy, enhancing measurement
accuracy, and expanding telemedicine capabilities.

After analyzing the characteristics and features of
the wearable devices described for health monitoring, it
can be concluded that these devices have a high cost, do
not provide a comprehensive approach to health
monitoring, have a limited monitoring duration, require a
continuous Internet connection, and are not sufficiently
accurate. However, the accumulation of primary
biometric data through wearable sensors is insufficient to
obtain valuable clinical information. A comprehensive
development of methods for processing and interpreting
the obtained data is needed, allowing for a transition from
quantitative indicators to a qualitative assessment of the
human functional state. This approach reflects the
effectiveness of performing certain activities and the
level of regulatory system tension in the body.
Classifying functional states allows for a transition from
a continuous stream of various biometric data to discrete
categories with clear physiological and clinical
interpretations. Several main functional states are
identified: physiological norm (optimal state), functional
tension, overstrain  (distress), exhaustion, and
pathological state. Each of these states is characterized by
specific changes in the functioning of physiological

Table 2 — Wearable Devices for Home Use

systems and can be identified by a set of objective
indicators.

The main problem in classifying functional states is
the selection of informative features. Collected biometric
data contains a significant amount of redundant
information and noise, which complicates their direct use
for classification and is further complicated by the high
individual variability of physiological indicators.

Artificial intelligence offers the necessary tools for
solving the problem of classifying functional states.
Unlike traditional statistical methods, machine learning
algorithms are capable of working with large amounts of
unstructured data, identifying hidden patterns, and adapt-
ing to individual user characteristics. Among the classi-
cal machine learning methods, the most effective for
classifying functional states are the Support Vector Ma-
chine (SVM), Random Forest, and Multi-Layer Percep-
tron (MLP) [10, 11].

The goal of the work is to develop a model of a sys-
tem for detecting critical health conditions and stress lev-
els in humans based on the analysis of physiological
indicators, which will provide continuous remote
monitoring of the patient's condition using portable
devices.

To achieve the stated goal, the following tasks must
be solved:

- development of a model for detecting critical
human states;

- development of an algorithm for the stress level
sensor based on the medical data obtained from the
patient;

- implementation of classifiers based on machine
learning methods (MLP and Random Forest) for
classifying stress levels based on the patient's biophysical
data;

- comparative analysis of classification accuracy
based on MLP and Random Forest.

System Name Description of Main Func-
tions of the System

System Drawbacks

Demonstration

Apple Watch Measurement of pulse rate,
ECG, blood oxygen satura-

tion (Spo2)

Inaccuracy of measurements compared to
medical devices, low battery life, depend-
ency on the Apple ecosystem.

BiolntelliSense
BioSticker

Continuous monitoring  of
heart rate, body temperature,
body movement tracking, re-
mote monitoring capability.

Limited duration of operation for a single
sticker (up to 30 days), measurement inac-
curacies during movement, system de-
pendence on a stable internet connection.

CarePredict Tempo | Tracking the daily activity of
elderly people, communica-

tion function with caregivers.

High cost of the system, limited device au-
tonomy, dependency on wearing the de-
vice.

Systems (Vayyar
Home, KamiCare,
Walabot)

ble sensors, tracking move-
ment and human activity,
tracking breathing at high fre-
quencies through walls

Withings Measurement of blood pres- | Difficulty of use, dependence on mobile
BPM Core sure, ECG, heart sound re- | app and internet connection, external noise
cording or body movements may affect measure-

ment results.
Elderly Care Fall detection without weara- | Dependence of accuracy on proper place-

ment of sensors, recognition issues in low
light conditions, high installation and
maintenance costs.
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Main Content

This work proposes a model of a system for
detecting critical health conditions and stress levels in
humans based on the analysis of physiological indicators,
designed to trigger medical services in case one or more
health indicators exceed critical thresholds (fig. 2).

The model includes the following modules — data
collection module (physiological indicators), data
analysis module, and data storage module. The purpose
of each module is as follows:

- the data collection module ensures the collection
of data using a wearable device that contains sensors for
measuring specific physiological parameters of the
patient;

- the data analysis module receives and processes
the biometric data of the patient using artificial
intelligence. The system also includes response
mechanisms  for critical situations, which are
implemented through the "decision-making” module.
This module contains a closed-loop learning cycle for
improving the system based on the processed data
received from the data storage module.

- the data storage module ensures the reception and
storage of information received from the data analysis
module, including biometric data, medical history, age,
and full name of the patient. This information is later
forwarded for use in the closed-loop learning and system
improvement process.

Within the proposed model, an algorithm for
detecting stress levels has also been implemented. This
algorithm involves the analysis of collected data from an
electro-optical heart activity sensor (ECG), an electrical
skin activity sensor (EDA), a blood circulation

measurement  sensor (BCP) based on optical
photoplethysmography  (PPG) technology, and a
combination of accelerometers and optical PPG sensors
for tracking breathing patterns (Breathing pattern) using
machine learning methods (Fig. 3). A key requirement for
the algorithm's functioning is the preliminary
accumulation of data to determine the normal state of the
body, followed by sensor calibration before directly
assessing stress levels based on deviations from the normal
state of the indicators. The proposed algorithm is based on
a comprehensive approach to analyzing the patient's
biophysiological data and consists of several sequential
stages of information processing. The first stage is the
collection of physiological data, namely: ECG, BCP,
EDA, and Breathing pattern. These indicators are the most
informative for assessing the psycho-physiological state of
a person and the level of stress, as they reflect the
autonomic nervous system's response to stress factors.

The next stage involves the preliminary processing
of the collected signals, including noise filtering and
artifact removal. To improve the accuracy of the analysis,
digital filters and adaptive filtering algorithms are used,
effectively separating the useful signal from noise
components. Special attention is given to removing
motion artifacts that could distort the analysis results.

Based on the comprehensive analysis of the
obtained parameters, the stress level is determined. For
stress level classification, a machine learning algorithm
is used, trained on a dataset consisting of data from 65
participants. The system classifies the current stress level
as either low or high. To improve classification accuracy,
individual user characteristics are taken into account,
such as the baseline level of indicators at rest and the
dynamics of their changes under stress.

Fig. 2. Diagram of the system model for detecting critical health conditions based on the analysis of physiological indicators
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Fig. 3. Algorithm of the Stress Level Sensor Operation

In the case of detecting a high-stress level, the
system activates the medical service call mechanism.
Simultaneously, the data is saved in a database for further
analysis and the formation of recommendations. If the
stress level is determined to be normal, the data is also

stored in the database to track the dynamics of the
indicators over time.

In this study, a dataset based on data from 65
participants is used to train classifiers. This dataset
includes facial video, audio, and physiological signals,
from which the physiological indicators are considered
for analysis. A graph based on these data is shown in
Figure 4. The physiological indicators used in the study
include:

- ECG (electrical activity of the heart): The ECG
line is demonstrated with an amplitude range of -0.5 to
1.5, displaying the typical pattern with R-peaks
corresponding to ventricular contractions. During stress
(indicated in red), changes in the heart rate and the
amplitude of the R-peaks can be observed as part of the
physiological response to stress;

- Electrodermal Activity (EDA): A physiological
indicator for measuring changes in the electrical
properties of the skin, demonstrated on a scale from 2.0
to 2.4 microsiemens (uS) along the Y-axis. During stress,
there is a decrease in the EDA values (from 2.3 uSto 2.1
uS), indicating a change in skin conductivity;

- Breathing Pattern: A measure of the rhythm,
depth, frequency, and overall structure of breathing
movements, shown by a curve with an amplitude range
from -1.5 to -0.5. During stress, a deeper and more
controlled breathing pattern is often observed, which is a
common response to stress;

- Blood Circulation Pulse (BCP): This indicator
reflects periodic changes in blood volume and pressure in
the blood vessels associated with heartbeats. The curve is
shown with clear pulsatile waves ranging from 60-120
beats per minute. During stress (red zones), an increase
in the amplitude of the pulse waves is observed.

The lower part of the graph (Predicted stress level)
shows the reference values for stress level distribution
into two classes: red — high-stress level, green — normal
stress level. The scale ranges from 0 to 1, where all values
up to 0.5 represent normal levels, and those above 0.5
indicate high-stress levels.
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Fig. 4. Dataset for tracking humgn physiological parameters
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The dataset described above serves as input for
training the selected machine learning methods,
specifically RandomForestClassifier and MLP, whose
effectiveness is the subject of research in this work.

Table 3 presents a comparison of the confusion
matrix structure for the two machine learning algorithms:
Multi-layer Perceptron (MLPClassifier) and Random
Forest (RandomForestClassifier).

The results of the study show that MLPClassifier
outperforms in all the metrics considered. Specifically,
the number of true negatives (TN) for MLPClassifier is
285 compared to 270 for RandomForestClassifier,
indicating more accurate identification of negative cases
in favor of MLP (+15). MLP also shows fewer false
positives (FP) and false negatives (FN) (by 15 and 20,
respectively), confirming its higher accuracy and lower
error rate in classification. Furthermore, the number of
true positives (TP) for MLPClassifier is 20 higher,
further emphasizing its effectiveness in identifying
positive cases.

Additional performance metrics analysis, shown in
Table 4, indicates that the MLPClassifier has a higher ac-
curacy (91.3%) compared to the RandomForest Classi-
fier (82.5%), with an increase of 8.8%. Its precision also
significantly outperforms that of
the RandomForestClassifier (84.2% vs. 66.7%, a 17.5%
improvement). Similarly, the MLPClassifier shows
higher recall (80.0% vs. 60.0%, +20.0%), which high-
lights the model's ability to correctly identify positive
cases. The F1-score, combining precision and recall, for
the MLPClassifier is 82.1%, while for the Random-
ForestClassifier it is 63.2% (+18.9%), further confirming
the overall advantage of the MLPClassifier.

Based on the two comparative tables (3 and 4) on
error structure and metrics, a visualization of the obtained
results was created in the form of confusion matrices
(Fig. 5) for the RandomForestClassifier and MLP

MLPClassifier
Predicted NORMAL Predicted HIGH

285 15

Actual NORMAL

Actual HIGH 20 80

Legend:
D D True Negative (correctly predicted NORMAL)

classifiers, which classify data into 2 classes - NORMAL
and HIGH. Each matrix shows the number of correct and

incorrect predictions.

Table 3— Confusion Matrix Structure

Metric ML_P_CIas- Random.- | Improvement in
sifier ForestClassifier | MPLClassifier
Accuracy 91.3% 82.5% +8.8%
Precision 84.2% 66.7% +17.5%
Recall 80.0% 60.0% +20.0%
F1-Score 82.1% 63.2% +18.9%

Table 4- Comparison of the performance of selected
classifiers based on metrics
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For the MLPClassifier model, there are 285 in-
stances where the model correctly identified the NOR-
MAL class and 80 instances where it correctly identified
the HIGH class. However, some errors occurred: the
model mistakenly classified NORMAL as HIGH 15
times and HIGH as NORMAL 20 times.

In the case of the RandomForestClassifier, 270 in-
stances of the NORMAL class and 60 instances of the
HIGH class were correctly identified. However, this
model made more errors: it mistakenly predicted NOR-
MAL as HIGH 30 times and HIGH as NORMAL 40
times.

RandomForestClassifier
Predicted NORMAL Predicted HIGH

270 30

Actual NORMAL

40 60

Actual HIGH

D |:] True Positive (correctly predicted HIGH)

|:] False Positive/Negative (incorrect predictions)

Fig. 5. Confusion matrix of two classifiers: MLP and Random Forest

Compared to the RandomForestClassifier, the
MLPClassifier model demonstrates higher accuracy, as it
has fewer errors and a greater number of correctly
classified objects.

For stress level classification tasks based on
biometric data, MLPClassifier demonstrated the best

results among the models considered. It provides high
accuracy (91.3%) and a good balance between precision
and recall for the "HIGH" class (stress), which is crucial
for minimizing both false positives and false negatives
when determining elevated stress levels.

However, if the goal is to identify which biometric
indicators are most significant for determining stress
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levels, it would be worth considering the use of
RandomForestClassifier, which provides a feature
importance metric.
Conclusions

The paper presents a system for detecting critical
health conditions based on the analysis of physiological
indicators. A novel approach is proposed, utilizing
wearable sensors for continuous monitoring of vital
parameters such as electrocardiogram (ECG), blood

circulation pulse (BCP), breathing pattern, and
electrodermal activity (EDA).
Using machine learning methods, specifically

MLPClassifier and RandomForestClassifier, the system
achieves high accuracy in detecting deviations in
physiological indicators that may indicate critical
conditions. A comparative analysis of the algorithms'

demonstrating higher accuracy (91.3%) compared to
RandomForestClassifier (82.5%). The results confirm
the effectiveness of the proposed approach for remote
health monitoring, which is particularly relevant in the
context of telemedicine.

The developed system enables the automatic
detection of critical health conditions based on
physiological parameters, significantly improving the
response time to threatening situations. The use of
machine learning methods, particularly MLPClassifier,
ensures high classification accuracy, making the system
promising for implementation in telemedicine services,
rehabilitation programs, and personal monitoring
systems. Future research will focus on optimizing
algorithms, expanding the dataset, and improving the
system's adaptation to individual users' physiological

performance was conducted, with MLPClassifier  characteristics.
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Cucrema BHABJICHHS] KPMTHYHHUX CTAHIB 310pOB’S JIIOAUHM HA OCHOBI aHai3y (i3io0riunnX nokasHUKIB
0. 10. Bapkogscrka, f. C. Hi, A. O. I'aBpamenko, €. O. [lepersika, A. O. PomaneHko

AHoTanis. AkTyansHicTs. CygacHHH picT 3aXBOPIOBAaHb CEPIIEBO-CYANHHOI CHCTEMH, AiabeTy Ta ICHXOJIOTIYHNX PO3JIa-
IiB, 30KpeMa IOCTTPaBMaTHYHOro ctpecoBoro posiany (ITTCP), BuMarae BpOBa/KEHHS IHTEIEKTYIbHUX CHCTEM MOHITOPHHTY
ctany 310poB’st. Craructuka BOO3 Bkazye Ha 15 MinbiHOHIB TepeJuacHIX cCMepTel IMOpOKy, TpraoMy 32% IpHnagae Ha CepreBo-
CyAuHHI 3axBoproBanHs. Kpim Toro, BiliHa B YKpaiHi CyTTEBO BIUIMHYJIA Ha PiBEHb CTPECY Cepesl HACENIeHHS, IO MiJABHUIILY€E PU3UK
cMepTHOCTI. TpaauiiiiHi METoIM MOHITOPHHTY He 3a0e3MeUyI0Th ONePATHBHOTO BUSIBICHHS KPUTHYHUX CTaHIB, 110 POOUTH HEOO-
XiJTHMM 3aCTOCYBaHHS aBTOMaTH30BaHMX PillleHb HA OCHOBI IITYYHOTr 0 iHTeNnekTy. O6’€KTOM I0CTiIKeHHS € CHCTeMa BUSIBJICHHS
KPUTHYHUX CTaHIB 37I0pOB’s JIIOAWHY, 10 0a3yeThCsl Ha aHaui3i 610METPHYHUX MOKA3HUKIB Ta TXHBOI TUHAMIKU 33 JIOMOMOTIOIO
METO/IiB MAIIMHHOTO HaBYaHHs. MeTOoI0 CTaTTi € po3poOKa Ta OLiHKa ehEeKTUBHOCTI CUCTEMU aBTOMATHYHOTO BUSBICHHS KPUTH-
YHUX CTaHIB 370pOB’s, 1[0 NPAIFOE Ha OCHOBI HOCHMHX IPHCTPOIB i aITOPUTMIB LITYYHOTO iHTEIEKTY. JlIst TOCSATHEHHS 11i€l MEeTH
peaiizoBaHo Kiacu}ikaTop piBHs CTpecy Ha OCHOBI ()i3i0JIOTTYHIX MOKA3HUKIB Ta MPOBEACHO MOPiBHUILHII aHANI3 IBOX allrOpH-
t™iB: MLPClassifier ta RandomForestClassifier. B pe3yabTaTi npoBeeHIX JOCIIKEHb 3aPOIIOHOBAHO APXITEKTypPy CHCTEMH
0e31epepBHOr0 MOHITOPUHTY KPUTHYHUX CTaHIiB 3710POB’s, PO3pOOICHO AITOPUTM OLIHKH PiBHS CTpecy, mo Bukopuctosye ECG,
EDA, BCP ta Breathing pattern sik BXifiHi mapameTpH, HaB4eHO Ta mpoTectoBaHo kinacudikatopu MLP ta Random Forest Ha
naraceri i3 65 yuacuukamu. MLPClassifier mponemMoHCcTpyBaB BuIlly To4HICTh Kiaacuikauii (91.3%), mo miarepmkye ioro ede-
KTHBHICTb sl MOHITOPHHTY KPUTHYHHUX CTaHIB 3J0pPOB’sI.

Kaw4oBi caoBa: cucreMa MOHITOPHUHTY 3/[0POB'sl, KPUTHYHI CTAaHU, HOCUMI CEHCOPH, SJIEKTPOKapIiorpamMa, MaliiHHe
HapyanHs, knacudikanis, MLPClassifier, RandomForestClassifier, Tenemenuimaa, 6io¢i3iosoriuHi HOKa3HUKH.
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CYYACHI METOIHU OLAP Y TAPTHEPCBKOMY MAPKETHHI'Y: OIITUMI3ALIA

MNPUBYTKY 3A JOIIOMOTI'OIO BATATOBUMIPHOI'O AHAJII3Y JAHUX

AHoTauis. Y cTarTi AOCTIIKEHO MOXKIMBOCTI Ta nepeBaru Bukopuctanusi OLAP-TexHosoriil y mapTHepchKOMy Mapke-
TUHTY, 30KpeMa iXHiil BIUIUB Ha ONTHMIi3allifo NpUOYTKY 3a JONMOMOI0I0 0araTOBUMipHOTO aHali3y JaHHX. Po3rimsHyTo cy-
yacHi metoau OLAP, Bkmoyaroun MOLAP, ROLAP, HOLAP, a Takosx HOBITHI TEXHOJIOT'4HI TEHACHIII1, Taki sk In-Memory
00po0OKa, XMapHi pillIeHHS Ta 1HTEerpalis 3i MITyYHUM iHTEJICKTOM. 3HAUHy yBary NpHIUICHO NPAaKTHYHUM acleKTaM BHKO-
pucranus OLAP, 30kpema cermeHTalii napTHepiB, aHaTi3y e(eKTHBHOCTI MapKETHHIOBUX KaMITaHil Ta BHSBJICHHIO IIaxX-
paiictBa. Takox mpezcTaBiIeHo peanbHi keficn BuposakeHHss OLAP y Gi3Hec, BKITOUarO4YH aHaNi3 YCIIIIHIX KOMIaHIH, 110
BHUKOPHCTOBYIOTH III0 TEXHOJIOTIIO JUTS IiJBHIIEHHS e(peKTHBHOCTI CBOIX MapTHEPCHKUX Iporpam. OKpeMo pO3TIISTHYTO BH-
KJIIMKU Ta HepcnekTuBH po3BUTKY OLAP y MapKeTHHTOBil aHATiTHII, BKIIOYAIOUN MUTaHHS O€3NeKH JaHWX, iHTerparii 3
IHIIMMH aHATITHYHAMH CUCTEMaMH Ta MOTEHIIHHI HapsSMHU PO3BUTKY Yy HaHOMK4i poKu. JOCTiIKeHHS MATBEPIXKYE, IO
OLAP € BaXXJTMBUM €I€MEHTOM CYJacHOTO II(POBOr0 MapKETUHTY, SIKHH CIIpUsi€ MBUAKOMY NMPUIHATTIO OOTPyHTOBAaHUX
PpillieHb Ta MiABUIICHHIO MPHOYTKOBOCTI KOMITaHiH.

Kawuosi cimoBa: OLAP, mapTHepchkuii MapKeTHHT, OararoBuMipHuil ananiz ganux, MOLAP, ROLAP, HOLAP, In-
Memory TeXHOOTii, XMapHi pilleHHs, IITyYHUI 1HTEJIEKT.

Beryn

AKTyalbHICTH TeMH. Y cydyacHOMY Oi3Hec-cepe-
JIOBHII, A€ JJaHi BiirparoTh KIIFOYOBY POIIb, MAPTHEPCH-
KU MapKETHHT CTa€ BCE OLTBII 3aJIC)KHUAM Bij e()eKTHB-
HOTO aHaJ3y BENUKHUX 00cCATIB iHpopMamii. 3pocTaHHA
IUPPOBUX ITATHOPM Ta OHJIAHH-KaHATIB 301y € KiJTb-
KIiCTh NTAaHWX, SKi HEOOXITHO OOpOOIATH IS MPUHHATTS
oOrpynTroBanux pimeHs. Texnomorii OLAP (Online
Analytical Processing) 3abe3mneuyroTh 0araTOBUMIpHUIA
aHali3 JaHuX, 110 JI03BOJISIE KOMIIAHISIM IIBUJIKO OTPH-
MYBaTH HeoOXiZHy iH(OpMaLito UIst ONTHUMI3aLil MapKe-
TUHTOBHUX cTparerii. Bukopucranus OLAP y maptHep-
CHbKOMY MapKETHHTY CTa€ OCOOJHMBO aKTyalbHHM Yepe3
motpe0y B OIEepaTHBHOMY aHali3i e(heKTUBHOCTI mapT-
HEpPCHhKHX IMPOrpaM Ta IIBHIKOMY pearyBaHHI Ha 3MiHH
PHHKY.

[TapTHEpCHKMIT MapKETHHT CTHKA€ThCS 3 HU3KOIO
BHUKITHKIB. [lo-miepie, 3pocTaHHs KiTBKOCTI MAPTHEPIB i
KIIIEHTIB YCKJIaTHIOE 00pOOKY Ta aHai3 JaHUX TPalIu-
HIHHUMH METOIaMH, 1110 IOTPEe0y€e BUKOPHUCTAHHS CIICITi-
QII30BaHUX TEXHOJIOTIH /s e()eKTUBHOIO YIPaBIIiHHS
BENUKUMH MacuBamu iHdopmauii. [To-apyre, Baxxnueum
3aBJIaHHSIM € OIliHKa e()eKTHBHOCTI MapTHEPIiB: KOMIIa-
HiSIM HEOOXiTHO MIBUAKO BU3HAYATH, SKi 3 HUX MPUHO-
CATh HAWOINBINY IIHHICTH, 1 BIAMOBIAHO ONTHUMi3yBaTH
crisnpario. [To-Tpere, 3HauHy PoOIEMY CTAHOBUTH BH-
SIBJICHHSI IIaX paiicTBa, OCKUIBKH AESKi TapTHEPH MOXKYTh
BUKOPHCTOBYBAaTH HEZOOPOCOBICHI CXEMH, IO BILUIMBA-
10Th Ha NpUOyTKOBicTh. HapemTi, oHUM i3 KIIOUOBHX
BUKJIMKIB € TIPOTHO3YBaHHS TEHIEHIIH — Oi3HeCy NoTpi-
OHO mepenbavaTy 3MiHU B MTOBEAIHIN CIIOXKUBAYIB 1 aa-
NITYBaTH MAapKETHHIOBI CTpaTeTii BiANOBITHO IO HOBHX
TperaiB. OLAP-texHOMOTIi HOMOMaramTs BUPINTyBaTH
11l 3aBJaHHs, 3a0€3MeUyI0Ur MBUIKUNA Ta THYYKUH aHa-
7113 6araTOBUMIpHUX JaHUX, IO CHPHUSIE MPUHHATTIO 00-
I'PYHTOBaHHX PIllIeHb Y MaPTHEPCHKOMY MApKETHHTY.

MeTo10 IBLOTO AOCTIIKEHHS € aHali3 Cy4acHHX
MmetoniB OLAP Ta iXHBOTO BIUIMBY Ha ONTHMI3aLiI0 NPH-
Oytky. Y Mexax poOOTH pO3IJISIAIOTECSI OCHOBHI
OLAP-texHoOri1 Ta iX 3aCTOCYBaHHS B TAPTHEPCHKOMY

MapKeTHHTY, aHaTi3yeThCs IXHIN BIUTUB HA TOKPAIIECHHS
e()eKTUBHOCTI MAapPTHEPCHKHUX MPOrpaM, a TaKOX BU3HA-
YaloThCS IepeBard Ta OOMEKEHHsS BHUKOPHCTaHHS LIHX
METO/IB Y Cy4aCHHX KOMIIaHIisX.

Jnst mpoBenieHHs TOCHIPKEHHS BUKOPUCTAHO aHa-
J1i3 HAYKOBOT JIITEpaTypH, 10 BKIIOYAE CTATTi, MOHOTpa-
¢ii Ta gocmimpKkeHHs, TpUCBsUeHi 3acTocyBanHI0 OLAP y
MapKeTHHTOBiil aHATIITHUII Ta YIIpaBIiHHI JaHUMH. Jlona-
TKOBO 3/1IHCHEHO OTJISI IPaKTHIHMX KEHCIB, SKi AEMOH-
CTPYIOTh peanbHi npukianu BrpoBamkeHas OLAP-Tex-
HOJIOTIH Y KOMIaHisX, 0 TPaIoloTh y cdepi mapTHep-
CHKOTO MapKeTHHTy. Takok BpaxoBaHO pe3yJIbTaTh BTO-
PUHHHX JIOCITI/KCHb, IO MICTATh CTATUCTHYHI IaHi
111010 €(hEeKTHBHOCTI HAPTHEPCHKUX MPOTPaMm JI0 Ta MiCIIs
BrpoBakenns OLAP. OkpiM 11b0T0, y TpOLIECi aHai3y
3aJy4eHO JYMKH eKCIIEpPTIB i3 MAPKETUHIOBOT aHANI THKH
Ta 1H(OPMALIITHUX TEXHOJIOTIH [l OTPUMAaHHS MPAaKTH-
yHHX iHCcauTiB. Takuii miaxin 103BOJIAE KOMILUIEKCHO OLli-
HUTHU poiib OLAP y napTHepChbKOMY MapKEeTHHIY Ta HOTro
BIUIMB HAa ONTHMIi3alil0 MPHOYTKOBOCTI KOMIAHIH.

Buknag ocHOBHOTo Mmarepiajy

Orasn gireparypu. Y cyyacHiil HayKoBiii JiTepa-
Typi nuTanHs 3acrocyBanHs OLAP-texHosoriil y mapr-
HEPChbKOMY MapKeTHHIY JOCIHIDKEHO HeqocTaTHbo. Of-
HaK iCHYIOTb POOOTH, SIKi PO3TJISAAAIOTH BHKOPHCTaHHS
OLAP y cymixHHX cdepax, 10 MOXYTb OyTH KOpHC-
HUMHM U1l PO3YMIHHS HOTro TOTEHIady B HapTHEPCh-
KOMY MapKeTHHTY.

3okpema y [1] mpeacraBieHo 3aranbHy iH(OpMa-
L[iI0 TPO CYTHICTb, CTBOPEHHS Ta NMPAKTUYHE 3aCTOCY-
BaHHS TEXHOJIOTiM IHTEIEeKTyalbHOTO aHATi3y JaHHX,
prmrodatoun OLAP. 11i rexHomorii MOXyTh OyTH 3aCTO-
COBaHI JUIS aHANII3y BEIMKHUX OOCATIB TaHUX y MapKeTH-
HTOBHX JIOCJIIPKEHHSIX.

VY [2] posrasmaroThcst TEOPETHYHI aCIEKTH MapKe-
THHIOBUX KOMYHIKaIlii, BKIIOYAIYX TPUKIIAIU TPAKTHU-
YHOI JisSUTBHOCTI KoMIaHii. Xo4a mociOHuK He (okycy-
eTbest Oesnocepenapo Ha OLAP, BiH Haila€ KOHTEKCT ISt
PO3YMIiHHS, SIK aHAIITHYHI IHCTPYMEHTH MOXYTb IIATPH-
MYBaTH MapKeTHHI'OBI CTpaTerii.
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VY nocnimxenHi [3] po3risaaoTbes MOKIMBOCTI 3a-
crocyBannsi OLAP s mintpuMku Gi3Hec-mporeciB Ta
NPUIHATTS e()EeKTUBHUX PIlIeHb Ha PI3HUX PIBHAX YI-
paBIIiHHS OpraHi3ali€o, BKIIOYAIOYH MapKETHHIOBI pi-
LIEHHS. ABTOPH IIiJKPECIIIOIOTh, IO BIIPOBAHKECHHS
OLAP-TexHOJIOTIif MOXE CIPHUATH YCHIXy OpraHizarmii
IUIIXOM TIOKPAIEHHS aHami3y JaHuX Ta MiATPUMKH
TIPUHHATTS PilllCHb.

VY crarti [4] mocmimKyeThes cHCTEMa OlepaTHB-
HOTO ompalfoBaHHsa [HTepHeT-maHuX Ha ocHOBI OLAP-
TEXHOJIOTi#. ABTOpH 3a3Ha4atoTh, mo OLAP Hanae min-
MIPUEMCTBY 3pY4YHI Ta IIBHUIKI 3aCO0M JOCTYIy, Heper-
TSy Ta aHalizy JiUTOBOI iH(OpMAIIi, 10 € BaXIUBUM
JUISL IPUAHSTTS. OOTPYHTOBAHUX YNPABIIHCHKHUX PIILICHB.

VY pobori [5] nocrimkyrorscst Mmetoau Data Mining
JUISL OLIHKM MapKeTHHTOBHX 3aXO0JliB TOPTOBEIBEHUX Me-
peX. ABTOpH akIEHTYIOTh yBary Ha TexHousorii Text
Mining, sika, OyIay9u po3poOIIEHOI0 Ha OCHOBI 0a30BHX
TexHouori#t Data Mining, 703BoJIsi€ ITyKaTH TPEHAH, 3a-
KOHOMIPHOCTI Ta B3a€MO3B'I3KH B HECTPYKTYPOBaHHX
TEKCTaxX AJISl IPUHHATTS yNPABIIHCHKUX PIIICHb.

VY crartTi [6] mpencTaBneHO OIS OCHOBHUX 3aCTO-
cyBanb OLAP-TexHouoriit s ananizy inpopmauiitHux
MEpEeXEBUX JaHUX. ABTOPH MiJKpecoTh, o OLAP
JI03BOJIsIE €(DEKTHBHO aHaIli3yBaTH BEJIUKI 00CSTH IaHHX,
IO € KPUTUYHO BOXKJIMBUM JUISl IPUHHATTSA 0OIPYHTOBA-
HUX YIPaBJIiHCHKUX PillICHb.

VY nocnimkenni [7] po3risaaeTbes MATaHHS, 1€ 1 K
IITYYHUH IHTEJIEKT Ta BENHKI JaHi MOXYTh OyTH KOpH-
CHO BIPOBA/UKEHI B MApTHEPCHKUH MapKETHHT. ABTOD
aHaJi3ye, SK Ii TEXHOJOTIl MOXKYTh OKPAIIUTH e(EKTH-
BHICTb MTapTHEPCHKHX MPOTPaM.

VY crarri [8] nociimkyerhes 3abe3neueHus iH(op-
MaIli€f0 MapKETHHTOBOI iHPOPMAIIiIfHOT CHCTEMH Ta TeX-
HIYHI HIOAHCH JJAHOTO TIpolecy. ABTOPH MiIKPECITIOIOTh,
mo OLAP-texnosorii MOXyTh OyTH BHUKOPHCTaHI st
300py Ta aHaNi3y JaHuX, IO CHPUsIE MPUHHSTTIO e(ek-
TUBHHMX MapKETHHTOBHX DPillIeHb.

Y po6Goti [9] mpencraBieHO OIS TEXHOJOTIH
OLAP Ta iX BIUIMB Ha IPUHHATTS pillieHb. ABTOPH JI0C-
TMDKYRTh pi3Hi TexHomorii OLAP, ix 3actocyBaHHS Ta
JM3aiH, M0 MOXKe OyTH KOPHUCHUM JUI PO3YMIHHS iX
BIUIMBY Ha IPOLIEC IPUHHATTS PillIeHb Y MapKETHHTY .

VY [10] 6yno mpoBeneHO MOPIBHSHHS PI3HUX AJro-
PHUTMIB MaIIMHHOT'O HABYAHHS JJIsl BUSIBIICHHS [IIaxpaiic-
TBa B IApTHEPCHKOMY MapKEeTHHTY. ABTOPH aHANI3yIOTh,
AK Pi3HI (aKTOpH, TaKi SIK po3Mip HabOpPy JaHUX, BHOIp
03HaK Ta MapaMeTpH ajJropuTMy, BIUIUBAIOTH HA TPOAY-
KTUBHICTH anroputmis. Y crarrsax [11, 12] o6rosopro-
IOTBCS IHCTPYMEHTH IS 300py Ta aHaANi3y JaHUX y Hap-
THEPCHKOMY MapkeTuHry. ABTopu crarti [11] migkpec-
JIFOIOTH Ba)KJIMBICTh BUKOPHUCTAHHS TaKMX IHCTPYMEHTIB,
SIK TOCJTIJPKCHHS KITFOYOBHUX CIIIB, ayJHUT CalTIB Ta aHANI3
KOHKYpEHTIB, aist onTumizanii crpareriii SEO y mapr-
HEPChKOMY MapKeTHHTY. ABTOpH y cTaTTi [12] 3a3Hava-
10Th, 0 OUIBIIICTh MAPTHEPCHKUX O13HECIB BUKOPUCTO-
BYIOTh KOMOIiHaIiI0 Oi3HEec-aHANITHYHUX JOIATKIB, Ta-
KHX SIK CTATHCTUYHI IHCTPYMEHTH, IHCTPYMEHTH IIPOTHO-
3HOTO MOJICTIOBAHHS Ta IHCTPYMEHTH 100yBaHHS JTaHUX,
JUTS T IBHIIICHHS IPOIYKTHBHOCTI Ta MPUOYTKOBOCTI.

VY po6ori [13] 06roBoproroThCS TEXHIKH aHATI3Y Ja-
HUX A1 TIOKPAIlEHHS MapTHEPCHKOTO MAapKeTHHTY.

ABTODH ITiAKPECIIOIOTH BAXJIMBICTh aHANI3Y JeMorpadi-
YHUX Ta NcUxorpadiyHuX JaHUX, BIICTEKEHHS Ta aHa-
i3y jkepen Tpadiky naprtHepis, npoBeneHHs A/B Tec-
TYBaHHS Ta BUKOPHUCTAHHS NPOTHO3HOI aHAJIITHKH IS
CTpaTEeriyHOrO IJIaHyBaHHS.

V crarti [14] 06roBOprOIOTHCS CTATHCTHYHI JaHi,
SIKI BUMIPIOIOTh €()eKTHUBHICTH, TEHACHIII Ta 3pOCTaHHS
MapTHEPCHKOTO MapKETHHTY. ABTOPH 3a3HAYAIOTh, 10 IIi
CTAaTHCTHYHI 1aHI MOXXYTb BKIIFOUaTH TaKi MOKA3HUKH, K
KUTBKICTh TTAPTHEPIB, KOe(IieHTH KOHBEPCii, Mpomaxi,
3apo0IIeHi KOMICii Ta TeMITH 3pOCTaHHS TaTy3i.

TakuMm yMHOM, X04a NPSIMHUX AOCIIKEHb 11010 3a-
crocyBanHs OLAP y napTHepcbKoMy MapKeTHHTY oOMe-
JKEHO, ICHYI04l poOOTH B CYMDKHUX cepax MiJKpeciTto-
I0Th MOTEHIIAN X TEXHOJIOTIH AJIsl MOKpAIeHHs aHa-
T3y AaHWX Ta MATPUMKH NPUIHATTA pillleHb y Mapke-
THUHTOBUX cTparerisix, i OLAP cepen Hux 3aiimae Bax-
JMBE MiCIIe.

OLAP y mapkeTuHroBiil anajaiTuui: cy4acHui
craH Ta TengeHuii. OLAP — e TexHoJIoris, 110 103B0-
JIs€ TIPOBOIUTH OaraTOBHMIipHHI aHAJ3 JaHWX, 1 BOHA €
KJIFOUOBOIO JIJIs1 MAPKETHHTOBOI aHamiTHKH (puc. 1).

Ob6epraHHa Po3pi3aHHA
Po36utTa
Detanizauin

=

Puc. 1. ITpunimn po6ortu 3 ganumu B OLAP cTpykrypax [15]

Arperauin

CyuacHi TenzieHuii po3zsutky OLAP cripsimMoBaHi Ha
MIJBUIICHHS MPOJAYKTUBHOCTI Ta THYYKOCTI aHaIITHY-
HUX IIPOIECIB, M0 BUKOHYIOTHCS PU 00pPOOKH BETUKUX
o0csriB maHnx. OTHUM i3 BOKINBUX HAIIPSIMKIB € TIepe-
xig mo In-Memory 0OpoOKkw, 1o 103BOJIsE 30epiraTi Ta
00pobsTH HaHi Oe3mocepeIHRO B ONICPATHBHIN TaM sITi,
3HAYHO TNPHUCKOPIOIOYN aHATITHKY. [HIOI0 Ba)XIHUBOIO
3MIHOIO € TIePeXiJl 10 XMapHUX PillleHb, SKi TO3BOJISIOTH
KOMIIaHIIM MacIITadyBaTH aHAJITHYHI MOXKJIHMBOCTI 0e3
HEOOXIHOCTI iIHBECTYBATH y BIIACHY iHQPACTPYKTYpYy.

Takoxx Bce Oinmble 3HaYeHHS HaO0yBa€ BUKOpPHC-
TaHHS HITYYHOT'O IHTEJIEKTY Ta MAIIHHHOTO HABYAHHS,
10 J03BOJISIE ABTOMATH3YBAaTH MPOIECH aHAJI3y MapT-
HEPCHKUX JAaHUX, MPOTHO3yBATH PE3yJbTaTH MAPKETHUH-
TOBHX KaMITaHii Ta BUSBISATH MIaXPaniCTBO.

BaxmmBo pospisusta OLAP Bix iHIIKMX aHATiTHY-
HUX IiIXO0/iB, TakuX sk Big Data, ManiiHHe HaBYaHHS Ta
Bl-mnardopmu. Ha Binminy Bix Big Data, sixe nparttoe 3
HECTPYKTYPOBAaHHMH JAHUMHU Ta BETUKUMH 00CATaMH iH-
(dhopmarii, OLAP 3a6e3nedye mBUIKUAN JOCTYII JIO arpe-
TOBaHUX MOKAa3HWKIB AJIS CTpaTeriyHoro aHamizy. Ma-
[IMHHE HABYAHHS J03BOJISIE BUSBIISTH CKJIaIHI 3aKOHOMI-
PHOCTI Ta POTHO3YBaTH €(EKTUBHICTh MaPKETHHIOBHX
kammaHii, Tozai sk OLAP BUKOPUCTOBY€ETHCS IS IIIBH/I-
KOi OIIIHKY iXHBO1 IpoAyKTUBHOCTI. BI-mmmardopmu, Taki
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sk Tableau uu Power BI, € incTpyMeHTamMu aist Bi3yati-
3amii JaHux, ski yacto iHTerpyroThes 3 OLAP-cucre-
MaMH /I CTBOPEHHS aHAIITHYHHX 3BITiB.

3MiHM y BUMOrax 0i3HeCy J10 aHaJlITUKH B IapTHEp-
CBKOMY MapKEeTHHTY 3yMOBJICH] 3pOCTal04Y0I0 KOHKYPEH-
Li€I0 Ta HEOOXiAHICTIO MpUHMATH IIBUAKI PIlICHHS Ha
ocHOBi nmaHmx. Kommasii mparHyTh 10 aBTOMAaTH3amii
MpOoIIeCiB  aHammi3y, mo MOoXIMBO 3aBasku Al-driven
OLAP, ne mTy4HHil iHTENEKT AOIOMAarae BU3HAYATH
TpeHIH, GopMyBaTH 3BITH Ta MPOIOHYBAaTH ONTHMAJbHI
crparterii. 30UIbIICHAS MacIITa0iB MAPTHEPCHKUX MPO-
rpaM TaKoX BUMarae e()eKTHBHUX PillieHb Jyis 00pOTHOH
3 maxpaiictBom, i OLAP mMoxxe OyTn BUKOpUCTaHHUHN JUTs
MOHITOPUHTY aHOMaJIbHHUX MAaTEePHIB y TPaH3aKLisfX Ta
ABTOMATHYHOTO BUSIBIICHHS MiJO3PLINX Miif.

OLAP TakuM 4MHOM BiZlirpa€ KpUTHYHY POJIb y Ma-
PKETHHIOBIM aHAIITHILI, 3a0e3Meuyroud MBUAKHNA J10C-
Tyl IO CTPYKTypoBaHOi iH(oOpMarii, iHTerpamito 3 Cy-
YaCHUMH TEXHOJIOTISIMA Ta MOXJIMBICTh aBTOMAaTH3amii
MIPOIIECiB yXBAJICHHS PIllICHb.

BaraTroBumipuuii aHai3 y napTHepcbKOMY Ma-
PKETHHTY. Y MapTHEPCHKOMY MapKETHHTY aHaJTiTHKA Bi-
Jirpae KIoYoBY poJb y BUMIpIOBaHHI epeKTUBHOCTI Ka-
MIIaHi#, onTHMI3alii ChiBIpali 3 MapTHEpPaMu Ta IMPo-
THO3YBaHHI MalOyTHIX pe3ynbTariB. BukopucraHHs
OLAP no3BoJIsI€ MIBUAKO aHATI3YBATH BEJTUKI 00CATH Ja-
HHUX, OTPUMYBaTH OaraToBHUMIpHI 3pi3u iHdopmawii Ta
npuiiMaTi 00TpyHTOBaHI pitneHHs. OCHOBHUMHU METpH-
KaMH, SKi 3aCTOCOBYIOTHCS U OIIHKH €(QEKTHBHOCTI
nmapTHepchkux mporpam, € ROI (moBepHeHHs iHBeCTH-
i), KoeilieHTH KOHBEPCiH Ta MPOAYKTUBHICTH OKpe-
mux maptHepiB. ROI BH3Havae, HACKITBKA BHTITHOIO €
KOHKpETHAa KaMIIaHis, 3iCTaBIsFOYN BUTPATH Ha ITapTHEp-
CBKY peKJIaMy ZI0 OTPHMAaHOTO JIOXOAy. AHalli3 KOHBEp-
ciit JoroMarae 3po3yMiTH, KU BiICOTOK BiJ[BiyBadiB,
IO TepelluId 3a MapTHEPCHKUM IIOCHJIAHHSM, 3aBep-
UMM IUJTBOBY JIiF0, HAMPHKIIA MOKYNKY abo peecTpa-
uito. Kpim niboro, OLAP 103BosIsie 1eTaIbHO OIIHIOBATH
e(eKTUBHICTh OKPEMHX IapTHEPIB, BUAUISIOUN HANIIPH-
OyTKOBIIIMX Ta BU3HAYAI04M (aKTOPH IXHBOTO YCIIXY.

BararoBumipHuii aHali3 y MapTHEPCHKOMY MapKe-
THUHTY TaKOXX J03BOJISIE MPOBOJIUTH CEIMEHTAIII0 TapT-
HEpiB, IO JOMOMAarae ONTHMI3yBaTH B3a€EMOJIIO 3 pi3-
HuUMH Tpynamu adimiatie. OLAP mae 3mory po3noginsaTu
MIapTHEPIB 32 piBHEM MPOIYKTUBHOCTI, JDKEpPEIaMu Tpa-
¢iky, reorpadiyHIMH perioHaMH ab0 MOBENiHKOBHMH
NoKasHuKaMu. Hanpukiiaz, KOMIaHisi MOXe BU3HAYHTH,
AKi TapTHEPH 3aJTy4aroTh HAHOIIBII JIOSIBHUX KIIIEHTIB
abo sKi peKIaMHi KaHAIX IPHHOCITh HAaWBUIINH Koedi-
II€HT KOHBepCii. 3aBOsSKH IIbOMY MapKETHHTOBi O0-
JDKETH MOXKYTh OyTH e(eKTHBHIIIEe PO3MOALIeH], a KOMi-
CiifHI BUHAropoIy a/1alTOBaHi 3aJIeKHO BiJI SIKOCTI 3aiy-
YCHUX MOTEHIAJhHHUX KIIEHTIB, SIKi MOXKYTh 3AIHCHUTH
NOKyMKy (1i/iB). Ille ogHMM Ba)KJIMBUM acCIEKTOM BHUKO-
puctanns OLAP y napTHepcbKOMYy MapKETUHTY € BUSIB-
JICHHS IaxpaicTBa Ta MaHimysanii. OcKiJIbKY napTHep-
CBKI IIPOrpaMH HEPIJIKO CTUKAIOTHCS 3 (PPOJI-aKTUBHICTIO
(migpobmneHi Kiiku, GaabIINBi KOHBEPCil, BAKOPHCTAHHS
00TiB a5 reHeparii Tpadiky Tomo), HeOOXiaHI HAAIHI
MEXaHI3MHU MOHITOPHUHTY aHOMalbHUX naTepHiB. OLAP
JO3BOJISIE aHATI3yBaTH JIaHI 3a YUCICHHUMH TapaMeT-
paMH, TaKUMH SIK, TOPIBHSHHS CEPEIHBOTO Hacy 0

KOHBepcii MK pi3HMMU NapTHEpaMu abo BHSBIATH He-
MIPUPOJIHI CIIJIECKH aKTHBHOCTI. BukopucroByloun icro-
pUYHI JaHi, CHCTEMa MOXKE aBTOMATHYHO BH3HAYaTH
MapTHEPIB i3 BUCOKUM DPU3UKOM IMIaXpalChbKUX il Ta
BXKUBATH BIAMOBIIHUX 3aXO0/IB.

Kpim ominkn morouHux nokasHukis, OLAP momo-
Marae y IporHO3yBaHHI pe3yJIbTaTiB MapKETHHTOBHX Ka-
MIIaHii. 3aBISIKN aHANI3y iICTOPUYHUX JaHUX Ta BUSB-
JICHHIO TPEH[IB KOMIIaHIi MOXKYTh Iepe10adaTH, sKi map-
THEPCHKi KaHaw OyAyTh Halle(heKTHBHIIINMH B MaliOyT-
HBOMY, SIK 3MIHHUTBCS TTOBEIiHKA ayJuTOpii Ta sKi (ax-
TOpPH BIUIMHYTh Ha 3arajibHy peHrabenbHicTh. Hanpu-
KJIaJ, SIKIIO aHai3 I0Ka3ye, 110 TIEBHUH CErMEeHT MapT-
HepiB IEMOHCTPYE cTablIbHE 3pOCTaHHS KOHBEPCiH y Ie-
BHUI CE30H, KOMITaHisl MOKe 3a3/1alieTilb CKOPUTYBaTH
MapKEeTHHTOBUI Oro/KeT, 100 MaKCHMi3yBaTH HpUOY-
TOK.

Otxe, OLAP y napTHEpCbKOMY MapKETHHI'Y BHUKO-
HY€ 0JIpa3y KiTbKa BaXKIMBHUX (PYHKITiH:

e 3a0e3medye TTMOO0KUI aHaNli3 OCHOBHUX METPUK;

e JTO3BOJISIE CETMEHTYBATH ITApTHEPIB IS KPaIIoOro
YTIPaBIiHHS IPOTPaMaMHu,

e J[OTIOMarae BUSBIATH IIaxpaiicTBO Ta CTBOPIOE
MOXJIMBICTh IIPOTHO3YBaHHS MaiOyTHIX MapKETHHIOBUX
TPEH/IIB.

Ile mO3BOJIsIE KOMITAaHISIM HE JIMIIE OIIHIOBATH I10-
TOYHY €(pEeKTHUBHICTH CBOIX MApTHEPCHKUX MPOrpam, a i
npUAMaTH OUTBIN CTPATEriuHi PIlICHHS ISl ITiABUIICHHS
MIPUOYTKOBOCTI.

Metoau ta inctpymentu OLAP pis1t onrumizauii
npudyTKy. CyyacHUil NapTHEPCHKUM MapKETHHI HEMO-
JKIIMBO YSBUTH O€3 aHANITHKH BETHKUX OOCSTIB NaHHX.
OLAP-TexHONOTi{ JTO3BOJIAIOTE €PEKTHBHO OOpOOIATH
iHpOpMaIil0 Ta YXBaJIOBaTH CTPATETiyHi PIillICHHS, SKi
0e3mocepeIHbO BILIMBAIOTh HA MPUOYTKOBICTH Oi3HECY.
IcuytoTh pi3ni miaxomu g0 OLAP-anami3y, cepen sKux
Hainommpenimumu € MOLAP, ROLAP ta HOLAP.

MOLAP BukopucToBye OaraToBUMipHi 0a3u JaHHX
JUIsl IBUJIKOT OOpPOOKM arperoBaHuX IIOKa3HHKIB, IO
0COOJIMBO KOPUCHO AJIsl OLIHKH 3arallbHUX TEHJICHIIH y
MTApTHEPCHKOMY MAapKETHHTY, HalPHUKJIAJl, BIJICTEKEHHS
3MiH y Koe(]ilieHTi KOHBEpCii UM 3aralbHOMY IPHOYTKY
3a CErMEHTaMH MapTHEPIB.

ROLAP, HaBmakwu, mpaiitoe 6e31mocepeiHbo 3 pensi-
oifHIMA 0a3aMu JaHWX, IO 3a0e3nedye OUThITy THYY-
KICTh 1 JIO3BOJISIE aHANI3yBaTH JETAbHI TTOKa3HUKH, Ha-
TIPUKJIAJI, PO3IIOJLT KITIEHTIB 3a uKepenamu Tpadiky ado
e(eKTHBHICT KOHKPETHHUX PEKJIIAMHIX KaMITaHiH.

HOLAP 06’eanye oOuaBa miaxou, JTO3BOJISIOUH
noennyBatu 1mBHIKICT MOLAP Tta neramizarito
ROLAP, o pobuts #0r0 ONTUMAaNEHAM BapiaHTOM IS
CKJIQ/IHUX NMapTHEPCHKUX MEPEXK 13 BEJIMKUMH 00CsITamMu
iHpopMarii.

Po3Burox OLAP-TexHONOTIH fie B HANPSAMKY IIiJI-
BUILEHHSI POAYKTUBHOCTI Ta MacITabOBaHOCTI aHAITH-
yHuX cucteM. CydacHi KOMIIaHii BCe JacTille BUKOPUCTO-
ByIOTh In-Memory TexHouorii, siki 30epiratots Ta 06po0-
JSIIOTH J1aHi 0e3MocCepeIHhO B OMEPATHUBHIN TaM’sITi, 10
CYTTEBO IPUCKOPIOE BUKOHAHHS CKJIAIHUX 3amuTiB. Lle
0COOTMBO KOPUCHO IS IIBUAKOTO aHaJli3y e(eKTUBHOCTI
TApPTHEPCHKHUX KaMITaHi y peKuMi peabHOTO Yacy, KOJIH
Ba)KJIMBO OIIEPAaTUBHO PearyBaTy Ha 3MiHU Ha PUHKY.
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[HIIMM Ba)KIMBUM TPEHJIOM € MEpexXia A0 XMapHUX
pIlIeHB, IO J03BOJISIE KOMIIAHISM BIIMOBUTHCS Bif JIO-
KaJIbHUX CEpBEpIB 1 BHKOPHCTOBYBATH MacIITa0OBaHi
pecypcu AWS Redshift, Google BigQuery a6o Microsoft
Azure Analysis Services. 3aBASKH [[bOMY MapKETHHI'OBI
KOMaH/IN MOXYTb OTPHMYBaTH JOCTYI IO aHAJITHKHU 3
Oyab-AKO1 TOUKH CBITY Ta MPAIIOBATH 3 BEJIMKIMH 00Cs-
raMu JaHux 6e3 0OMeXeHb Y IPOITyKTHBHOCTI.

[HTerparis mMTYYHOTO IHTENEKTY Ta MAIIHMHHOTO
HaBYaHHS 3HAYHO po3mmproe MoximBocTi OLAP-ana-
73y B MapTHEPCHKOMY MapKeTHHTY. BukopucToByroUn
anroputmu Al, kommnaHii MOXKyTb aBTOMaTU4HO BU3HA-
YaTl Hale(eKTHBHIIINX IapTHEpiB, MNPOTHO3YBaTH
3MiHy PEHTAa0CIbHOCTI PEKIAMHHUX KaMIIaHid Ta HaBiTh
BUSIBJIITH IIaxpaiicbKi 1ii, Taki sK (anbIuBi KIiKH abo
nigpo6ieni nigu. Hampukian, aHami3ylo4un naTepHH I11o-
BE/IHKM MapTHEpPiB Ta aHoMaltii y 3BiTax, Al-mozeni Mo-
KYTh CHUTHANI3YBaTH MO MiZO3pimi Aii, MO JO3BOJISE
OTepaTuBHO OJOKYBATH 3JIOBKUBAaHHS Ta MiHIMI3yBaTH
BTpatu komnadii. Kpim Toro, interpanis OLAP i3 Bl-cu-
cremaMu Ha 3pa3ok Tableau, Power BI un Looker 3a6e3-
medye 3pydHy Bi3yami3amifo aHATITHYHAX NAHUX, IO
CHPOLIYE IPOLEC YXBaICHHS PillieHb 1 JoIoMarae Kparie
PO3yMiTH e()eKTUBHICTh MaPTHEPCHKUX MPOTPaM.

[puxnanom ycmimHoro BukopuctanHs OLAP y
MapTHEPCHKOMY MapKeTHHTY € MDKHapoJHa e-Commerce
KoMMaHis, sika BukopucroBye OLAP-anani3 yist MOHiTO-
puHry edexTHBHOCTI CBOIX adimiariB. 3aBosKH IO€-
HaHHIO In-Memory o0poOku Ta Al-aHaTiTHKH KOMITaHis
3MOI7Ia 3MEHIIMTH Yac aHajli3y KIIOYOBHX ITOKA3HHKIB
epexruBHOCTI (KPI) 3 A€KLTBKOX TOAMH IO JIIYEHUX XBH-
siH. Le 103BoHITO0 1 MIBUIKO BUSIBIISITH ITAPTHEPIB i3 HU-
3bKOIO TIPOJIYKTHBHICTIO, TIEPEHANPABISITH OIO/KETH Ha
OibII e(peKTHBHI KaMIIaHil Ta 3amo0iraTé IIaxpaicTBy,
110 6e3nocepe/iHbO BILIMHYJIO Ha 3pOCTaHHsI IPHUOYTKY.

Taki migxoau JeMOHCTPYIOTh, Ik cydacHi OLAP-
IHCTPYMEHTH MOXKYTh HE JIUIIIE TOKPALUTH aHATITHKY, a
W MiJBUIIMTH KOHKYPEHTOCIIPOMOXHICTh KOMIIAHIH Y
MApTHEPCHKOMY MapKETHHTY.

Taxkum unHoM, OLAP Ha naHuii MOMEHT 3ajulia-
€ThCSI OTHUM 13 HallePeKTHBHIIIIX IHCTPYMEHTIB JIJI OTI-
TUMi3amii npuOyTKy y MapTHEPCHKUX HporpaMax. 3a-
BASKHA KOMOIHAIl KJIACHYHUX Ta HOBITHIX TEXHOJIOTIH,
TakuXx sk In-Memory 06poOka, xMapHi pimneHHs, Al-ana-
JiTHKa Ta iHTerpanis 3 Bl-cucremamu, komnaHii oTpuMy-
FOTh 3MOTY 3HA4YHO MiJBUIIMTH IIBUIKICTH Ta TOYHICTH
MPUHHATTA pimieHb. Lle BigkpuBae HOBI MOKIIMBOCTI IS
3pOCTaHHA 0i3HECY Ta ONTUMAILHOTO BUKOPUCTAHHS Ma-
PKETHHI'OBHX PECYpCIB.

Keiicu Ta peanshi gociaimkenns. OLAP e nmotyx-
HHUM IHCTPYMEHTOM JJIsl aHAIII3Y aHUX, SKUH IIUPOKO BH-
KOPHCTOBYETBCS B PI3HHX Taily3sX, BKIIOUaIOYH apTHEP-
CHKMH MapKeTHHI. X04a KOHKPETHI NPUKIAAN 3acTOCY-
BaHHA OLAP y mapTHepcbKOMY MapKETHHTY MOXKYThb
OyTH O0OMEXEHHMH B ITyOJIIYHOMY JOCTYTI, iICHYIOTh Bi-
JIOMi KOMITaHil, SIKi aKTUBHO BUKOPUCTOBYIOTh OLAP st
aHaNi3y JaHWX Ta ONTHMI3alii CBOIX MapKETHHTOBHX
CTpaTerTiu.

Peansni npukimagu BrpoBamkerHs OLAP y maprt-
HEPCHKOMY MapKETHHTY JIEMOHCTPYIOTh, SIK 0araToBUMIp-
HUH aHaJIi3 JaHUX CIPHSIE i ABUICHHIO €(EeKTUBHOCTI Oi-
3HEC-TIPOIIECIB, ONTHUMi3alii BHUTpPAT Ta IOKPAIICHHIO

B3a€EMOJIIT 3 MapTHEpaMHu.

Kopmnopauist «O60nonb» 31ilcHIIa HTUPPOBY TpaH-
cdopmartiro, BupoBaguBmn OLAP s BIoCKOHaJICHHS
yIpaBiiHHA (PiHAHCAMU Ta TAPTHEPCHKUMHU BiJHOCHHAMHU.
Ie 103BOIMIIO KOMITAHIT IIBUIKO Ta €PSKTUBHO aHATI3Y-
BaTH BEJIHKI OOCATH MaHWX y OararoBUMipHOMY (hopmari,
BUKOHYBATH CKJIa/IHI 3allUTH Ta NMPOBOJUTH IHTEPAKTHB-
HUH aHaJi3 JaHWX 3 PI3HUX MEPCIEKTHUB, 10 3HAYHO IIPH-
CKOPHJIO TIPOTIEC IPUMHATTS pinress [ 16].

BIT Impulse, ykpaincpka koMmaHis, po3poOuia iH-
CTPYMEHT JUTsl Oi3HeC-aHATIITHKH, KU CIIPOIILy€e poOOTY 3
BEJIUKMMHU 00CsIraMu laHuX. L[5t cuctema mBuiko BrpoBa-
JDKYETBCS B KOMIIAHISIX, 1110 BUKOPHCTOBYIOTH TEXHOJIOTIT
Microsoft, Taki sk MS OLAP, MS Dynamics ta MS SQL.
Bona ¢opmye 3BiTH y 3po3yminoMy BUIsiAi (Tabmuii,
rpadiku, giarpaMu) i 3abe3redye NOCTYIHY Bi3yati3allito
QHATITHKY, 10 JO3BOJISIE KOMIaHIsIM e(heKTUBHIILIE aHaTi-
3yBaTH JIaHi Ta nMpuitMatu o0rpyHTOBaHiI pitnenns [17].

3a HeopMaTEHIMU OI[IHKAMH JESKHAX CHCHiANICTiB
KOMIIaHii, sKi BUKOpUCTOBYIOTh OLAP mist aHamizy map-
KETHHIOBHX JaHHX - CKOPOUYIOTh 4ac yXBaJICHHS PillIcHb
Ha 30-50% TOpiBHSIHO 3 TPAaIWLIHUMHI METOIAMHU aHa-
T3y JaHuX, TakUMU sik Excel-3BiTn abo crannaptHi pens-
1iiiHI 0a3u naHuX Oe3 MOMepeHbO arperoBaHKX JaHUX, a
BukopuctanHs OLAP B pamkax iHIIMX HaJlalITOBAHUX ITi-
JICUCTEM YIIPABJIiHHS JO3BOJISIE TiBUIIIMTH TOUYHICTh IIPO-
THO3YyBaHHS NpojiaxiB Ha 25-40% y MopiBHSAHHI 3 METO-
namu 6e3 Bukopucranus OLAP, ne ananituka OynyeTses
Ha CTaTHYHHX 3BiTaX a00 pyYHUX MOJEIAX Oe3 iHTepaKTH-
BHOTO aHAJII3y JaHUX.

e mpuknaa kopucHoro BukopuctanHs OLAP - o
BrpoBakeHHT OLAP MapKeTHHTOBHIA BiAIIN KOMIIaHIl
MIT BUKOPHCTOBYBaTH okpeMi Excel-tabnumi st anamizy
MAPTHEPCHKUX KaHAMTIB, 110 3afiMano xo 10 roawH Ha miz-
TOTOBKY ILIOMICSIYHOTO 3BIiTy, a TiCJs BIIPOBAKEHHS
OLAP ueit nporiec ckopouyeTbest A0 30 XBUIMH (TIpH J10-
Ope HalallITOBaHUX IHIIUX CYMDKHHMX MPOLEcax), a TOY-
HICTh aHaJIi3y IMOKpaIIMIacs 3a paXyHOK aBTOMaTH30BaHOT
00poOKH TaHUX.

Takox 3a OLIHKAMU CIEIIaTiCTiB KOMIIaHii, SKi BH-
kopuctoBytoTb OLAP st aHami3y mapTHEpChKHX TpaH3a-
KIIif, MOXXYTb 3MCHIIIUTH PiBEHb MAXPaHCHKUX Jii y map-
THepchkuX mporpamax Ha 20-30%. Lle BinOyBaeTbcs 3a
paxyHOK aBTOMaTHYHOTO BUSIBJICHHS aHOMAJIIH Ta aHaJi3y
MIATEPHIB MOBEIIHKH Mi103pLInX adiiaTis.

THmi Bizomi KoMIaHii TakoK BUKOPUCTOBYIOTH ab0
OLAP a6o OLAP mnos's3aHi TeXHOIOTI1.

Hanpuknan, kommanisi Amazon, BijoMa CBO€IO TIap-
THEPCHKOIO TporpamMoro Amazon Associates, BHKOPHCTO-
BY€ aHAJIITHYIHI IHCTPYMEHTH IS BIICTE)KEHHS Ta aHATI3Y
e(eKTUBHOCTI MAPTHEPCHKUX MMOCHIIaHb, 110 JT03BOJISIE OTI-
THMI3yBaTl MapKeTHHIOBI cTparerii Ta IIiBHIIyBaTH
npuOyTKOBicTb [18].

I[i anamituuni TwIaThOpMH MOXYTh BKIIHOYATH
OLAP-migxomu, s aHamizy e)eKTHBHOCTI MapTHEPCh-
Kux mocwiasb. lle 103Bojsie KoMIaHii MIBHKO OLHIO-
BaTH POAYKTUBHICTH ahiniaTiB, CECrMEHTYBATH ITAPTHEPIB
3a piBHEM 3aiydeHHs Tpadiky Ta mepepo3noAiIsTH Map-
KETUHTOBI OIOKETH.

Booking.com BHKOpPHCTOBYe TOTYXHOCTI Amazon
Web Services (AWS) Ta reHepaTUBHUHN IITyYHHN 1HTETICKT
Uit 00poOkm moHay 150 merabaiiT maHWX, MOKPAITyIOYH
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cepeicu OponroBanHs. CriBmparrtoroun 3 AWS Professional
Services Ta BUKOPHUCTOBYIOYH TEXHOJIOTII, Taki Ik Amazon
SageMaker Ta Amazon Bedrock, xommnanis noOymyBana
MaciTaboBaHy IIaTGoOpMy MAaIIMHHOTO HABYaHHS, IO
NPHUCKOPIOE  eKcrepuMeHTH — Ta  iHHOBamii  [18].
Booking.com, 1o Mae macmTabHy mapTHEPCEKY IIPOTpamy,
TIPALIIOE 3 BETMKUMH 00CSTaMy JJaHWX Ta aHATITHIHUMU iH-
CTPYMEHTAMH IS YIPABIIiHHA KOMICISIMH Ta ONTHMIi3amii
koHBepciid. Buxopucramas OLAP-mimxomis TyT Moxke
CHPHATH IIBHIKOMY aHANI3y ITOBEAIHKOBUX (DaKTOPiB, IO
BIUTMBAIOTH Ha npoxaxi. I1le oxHiM MOTeHiHIM TpHKIIa-
noM € Uber, 1110 aKTHBHO BUKOPHCTOBY€E aHAIITUKY JIs OLli-
HKH e)eKTUBHOCTI CBO€T pedepanbHoi porpami. [Hrerpa-
ISl CKJIAIHUX aHATITHYHUX MOJICNCH y MApKETUHIOBI CHUC-
TEMH JIO3BOJISIE KOMITaHIi KOPUTYBaTH BUHATOPOAM JUIS Tap-
THEpIB, aHAJII3yBaTH 3aJTyUYeHHs] HOBUX BOJIIiB 1 ITaCaXHPIB,
a TAKOXK /IANTYBATH CTPATETIT T MiABUIICHHS JIOSUTBHOCTI
KopucTyBadiB. [TomiOHMIA miaxin, 3 BAKOPHUCTaHHAM Oarato-
BHUMIPHOTO aHAJI3y aHUX, 3a0e3Medye KOMIaHil KOHKype-
HTHI IiepeBar y cdepi nuppoBoro MapKeTHHTY.

Uber iHTerpyBasia cBoi JIOKaJIbHI OTeparii 3 XxMap-
HUMH cepBicamu AWS, BIKOPHUCTOBYIOUHN TaKi PillICHHS,
s;k Amazon Athena ta Amazon S3. 3a mintpumkun AWS
Enterprise Support, Uber mokpamuna onepariiny 06e3-
MeKy Ta 3HU3WIA BUTPATH, 10 CHOPHSIIO ONTHUMI3aLi 0i3-
HEC-TIPOIIECIB Ta MiJABUIICHHIO edexTuBHOCTI [19].

[ TakuX NpHKIIa/IiB MOYKHA HABECTH YMMaJI0. 3arajiom,
HABITh SKIIO KOMITaHIT HE 3aBXKITH BiIKPUTO TIOBIIOMJISIOTH
npo BukopuctaHHi OLAP, mpakTtuka OaraTOBUMipHOTO
aHaJI3y JJAHWX y NMApTHEPCHKOMY MApKETHHTY € 3araJlbHO-
npuitasToro. OLAP mo3Boisie MapkeTooraM MBHIKO OITi-
HIOBaTH €(heKTHUBHICTh KaHANIB 3aydeHHS Tpadiky, mpo-
THO3YBaTH MAaHOyTHI pe3yJibTaTH Ta ONTHMI3yBaTH BH-
TpaTH. BripoBampkeHHs MOJIOHMX TEXHOJIOTIH Ja€ 3MOTy
IT IBUILIUTH PEHTA0EIbHICTh MAPKETHHIOBHX 3yCHJIb, 3MEH-
LIMTH BTPATH Yepe3 HeeeKTUBHI MapTHEPChbKI MporpaMu
Ta 3pOOUTH NPOLIEC MPUIHATTS PillieHb OLIBII 00IPYHTOBA-
HuM. OLAP-cuctemu cami 1o co0i He € aBTOHOMHHM JKe-
pesioM pHOYTKY, 8 BUCTYIIAKOThH IHCTPYMEHTOM JUISL ITi/IBU-
HieHHsT e()eKTHMBHOCTI YIPaBIIHCHKUX HpoleciB. Bonu
CHPHSIOTH ONTHMIi3allii OKPEMHUX IiACHCTEM ITiIIPHEMCTBA,
0, y CBOKO YEpTy, Yepe3 B3a€MOJII0 3 ORI MaciTad-
HUMH yTIPaBJIiHCEKUMH CTPYKTYypaMH KOMIIaHi1 TOKpaIye
i 3arajdbHy NPOAYKTHBHICTH Ta (DiHAHCOBI IOKA3HUKHL.
Came Tomy mocuimkeHss piBas BBy OLAP Ha nmpubyT-
KOBICTP Oi3HECY € MEepPCIeKTUBHAM HAIPSIMOM TOJAIBIINX
AHAJITUYIHUX PO3BIIOK. STk 6auMMO, MOKITMBOCTI KOMITAHii
PO3IINPIOIOTHCS HE JIHIIIE 3aBSIKH BUKOprucTaHHio OLAP,
a W 3aBISIKH BIOPOBADKEHHIO CYMDKHHX TeXHOJOTIH. |
OLAP TyT Hanexuts BaximBe Micie. lle TOsSCHIOEThCS
M, 110 OLAP-crctemMu Bxke MiCTATh CTPYKTYypOBaHi JaHi,
SIKi JIETKO aHaJIi3yBaTH Ta BUKOPHCTOBYBAaTH B PEXHMIi OH-
JIalH y pi3HKX po3pi3ax. BoHM € BayKIIMBUM KPOKOM JI0 Ma-
KCUMAIIFHO ¢(DEKTHBHOI aHAIIITHKY, IO IiJBUIILY€E CTpaTe-
TiYHI HEPCTIEKTHBY KOMIIAHIH.

Buxuinku Ta nepcnekTuBu po3BUTKY. [lonpu 3Ha-
yHi nepeBar OLAP y napTHepcbKOMy MapKeTHHTY, HOTo
BIPOBA/KEHHS CYIPOBOJKYETHCSI TIEBHUMH BHUKJINKAMH.
OpnHi€r0 3 TONOBHUX MpoOIeM € CKIIAIHICTh iHTerpaii
OLAP i3 icHyfounMHu MapKeTHHTOBHMH TIATHOpPMaMH Ta
0azamu maHuX. barato KOMIaHiii MpaIroTh i3 po3pizHe-
HUMH JpKepenamu iHopMarlii, sKi MOXYThb MICTUTH

HECTPYKTYpOBaHi ab0 3acTapii laHi, 0 YCKIIaTHIOE CTBO-
PEHHS €1MHOT aHANTHYHOI Mozeni. KpiM Toro, st Hanex-
Horo BukopucTaHHsi OLAP noTpiGHi BUCOKI TEXHIUHI KOM-
TIeTeHIil, OCKUIbKY HaJIAIITYBaHHs OaraToBUMIpHHUX KyOiB
1 HANMCAHHS CKJIaJHKX 3aIUTIB MOYKE BUMAaraTH 3aJIyYeHHs
(axiBuiB i3 Oi3HecC-aHANITHKY Ta 6a3 TaHUX.

Besneka Ta KOH(DIICHIIHHICTD TaHUX TAKOX € KPH-
TUYHO BAYIMBUMH acnekTamu BpoBamkeHHS OLAP y
MapTHEPCHKUH MapKeTHHT. OCKIJIBKH I1i CHCTEMH aHaJli3y-
FOTh BEJHKI 00csTH iH(popMarii mpo KITi€HTIB, MApTHEPIB 1
TpaH3aKIii, KOMITaHi{ MalOTh JOTPUMYBATHUCS CTAaHAAPTIB
3axucTy naHuXx, Takux sk GDPR y €Bpomni abo CCPA y
CHIA. Hezaxumeni OLAP-cucreMun MOXyTh CTaTH
LIJLTIO JUISl XaKePCHKUX aTak ab0 BUTOKY 4y TJIMBOI iH(Op-
Mallii, 1o 3arpoyKye He Juiie GpiHaHCOBUMH BTpaTaMH, a i
pernyTalifHUMU pU3UKaMHK. Y BiMOBIIb Ha I 3arpo3u Bce
Oijplle KOMIaHii BHUKOPUCTOBYIOTH XMapHi pillIeHHS 3
BOYZOBaHNMH MeXaHi3MaMu MH(PyBaHHSA Ta OaraTopis-
HEBOTO JOCTYIIY, IO TiIBUIIY€ PiBSHb OS3MEeKH JaHUX.

VY naibmokai stk pokiB OLAP-cuctemMn mpomos-
KyBaTUMYTh PO3BUBATHCSI, aAANTYIOUHCH 10 3POCTAIOUNX
BUMOT 0i3HECY Ta TEXHOJIOTTYHUX TpeHIiB. OCHOBHIUM BEK-
TOPOM 3MiH CTaHE ePEeXi 10 PEaTLHOro Yacy 00poOKH a-
HHX, 10 JO3BOJIMTH KOMIIAHISIM MHUTTEBO pearyBaTH Ha
3MIHH y TOBE/IIHIII TAPTHEPIB 1 KITIEHTIB. [HIIOI0 BaXKIIMBOIO
tenzeHuieto € inTerpauiss OLAP 13 mTy4HUM iHTENIEKTOM
Ta MalIMHHUM HaBYaHHSIM, 11O JIOTIOMO>KE aBTOMaTH3yBaTH
aHaJI3 BEJIMKUX OOCSTIB IaHUX 1 3HAXOJUTH CKJIaJIHI 3aK0-
HOMIPHOCTI, 5IKi HEMOKJIHBO OyJ10 O BUSABUTH BPY4HY.

Po3Burox xmapaIx OLAP-pimens Takox Bigirpasa-
THUME BaXKIIUBY POJIb, OCKUTBKH KOMITaHii Bce OLIbIIe TIe-
PEXO/ATh Ha Serverless-aHaiTHKY, 110 JI03BOJISIE MacIITa-
OyBaTH pecypcH BIATIOBITHO 10 HABaHTa)XeHHs Oe3 3Hau-
HUX IHBECTHIil y BIacHy iH(ppacTpyKTypy. Bukoprc-
TaHHsI Bidyanizauiiinux BI-iHcTpymeHTiB, Takux sik Power
BI, Tableau ta Looker, cripoiryBaTume aHaii3 JaHUX Ta
3pOOHTH HOTO TOCTYITHUM HE JIUIIE IS TEXHIYHHUX CIeIli-
aJTiCTIB, a i 1711 MapKETOJIOTIB Ta KEPIBHHKIB.

3aranom, MaiioytHe OLAP y mapTHepchKkoMy Map-
KETUHTY BUIIISAAE TIEPCIEKTUBHUM. 301JIbIICHHS OTYX-
HOCTEW 0OpOOKH JaHUX, aBTOMATH3AIlis aHATITHKH Ta MO-
KpaIlIeHHs! OE3MEeKH CIPUATUMYTh aKTHBHOMY PO3BHUTKY
i€l TeXHONOTii, poOJsUu il me OUThIN eeKTUBHUM iH-
CTPYMEHTOM JUIS ONITHMIi3allii Oi3Hec-mporeciB i IiBHU-
IICHHS MPUOYTKOBOCTI MAPKETHHTOBHUX KaMITaHiH.

BucHoBku

TaxkuM 4MHOM, JOCHTIHKEHHS mokaszano, 1o OLAP-
TEXHOJIOTI] BiAIrpaloTh KIIFOYOBY POJIb Y HMAapPTHEPCHKOMY
MapKeTHHT'Y, 3a0e3MeUy0ur IIIMOOKNI aHai3 BEJIMKUX 00-
CSTIB JIaHUX Y PEKUMI peabHOTro Yacy. BoHn 103BOIISIOTH
Gi3Hecy He JIMIIE OLHIOBATH €(DEKTHUBHICTD TAPTHEPCHKHX
Tporpam, a i NporHo3yBaTH TEHAEHIIii, ONTUMI3yBaTH O10-
JOKETH Ta ONEPATUBHO BUSBIATH IIAaXpaicTBO. Bukopuc-
TaHHS 0araTOBUMIPHOTO aHaJI3y 3a0e3redye KOMIaHiIM
IIBUAKICTD y MPUIHATTI pillleHb, TOYHICTh Y CErMEHTaIii
MapTHEPIB 1 MOXKIIMBICTH aIaNTamii 10 3MiH PHHKY.

3 MpakTUYHOT TOYKH 30py Oi3HECY CIiI po3TsaaTH
OLAP He K OKpeMHIi iHCTPYMEHT, a SIK YaCTHHY 3araib-
HOT crcTeMH Gi3Hec-aHamiTHKH. Moro edekTHBHICTS 3poc-
tae npu iHTerpanii 3 CRM, Bl-cucremamu ta mry4Hum
iHTenekroM. KoMnaHisiM, SIKi IpaLforoTh 3 MapTHEPCHKUM
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MapKeTHHIOM, BapTo iHBecTyBaTH y XmapHi OLAP-pi-
LIIEHHS, 110 JIO3BOJIIOTHh MacIITa0yBaTH aHAIITHKY Ta 3a-
0e31evyroTh THYUYKICTh Y pOOOTI 3 BEJIMKUMH MacHBaMH
JaHuX. BakJIMBUM acrieKToM 3ajMIIaeThesl Oe3neka Ta
KOH(Q1IeHIIHHICTh 1H(pOpMallii, 0coOIMBO y 3B’SI3KY 3 pO-
CTOM BUMOT II[0/I0 3aXUCTY NEPCOHAIBHUX TaHUX.
Homanemi gocmimkeHHs y il cdepi MOXYTh 30ce-
penuTHCs Ha OIiHIII peaTbHOr0 €KOHOMIYHOTO e(PeKTy Bix
BukopuctanHsi OLAP y mapTHepcbkOMy MapKeTHHTY,

30KpeMa Ha BUMIpIOBaHHI 3pOCTaHHs NPUOYTKOBOCTI KOM-
TaHIN MiCJI BOPOBAKCHHS TAKUX TEXHOJOTH.

TakoX MepCreKTUBHUM HAIPSIMOM € PO3MIMPEHHS
MoximBocTelt OLAP uepes iHTerpariito 3 MalllMHHUM Ha-
BYAHHSIM Ta IITYYHUM 1HTEJIEKTOM JUIsl aBTOMATH30BaHOTO
BUSIBIICHHS 3aKOHOMIpHOCTEH y maHuX. MaiOyTHIH po3-
BuTOK prHKY OLAP-TexHOMOTI# cripusiTiMe TiIe OibIIiit
TIepCcoHai3amii MApKETHHTOBHUX CTpATETiH 1 IMiJBHUIICHHIO
1XHBO1 €()EeKTHBHOCTI.
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Modern OLAP methods in affiliates marketing: optimization of profits using multidimensional data analysis
I. llina, K. Kostin

Abstract. This article explores the possibilities and benefits of using OLAP technologies in affiliate marketing, in partic-
ular their impact on profit optimization through multidimensional data analysis. Modern OLAP methods are considered, including
MOLAP, ROLAP, HOLAP, as well as the latest technological trends, such as In-Memory processing, cloud solutions and integra-
tion with artificial intelligence. Considerable attention is paid to practical aspects of using OLAP, in particular, partner segmenta-
tion, analysis of marketing campaign effectiveness and fraud detection. The article also presents real cases of implementing OLAP
in business, including an analysis of successful companies that use this technology to improve the effectiveness of their affiliate
programs. The challenges and prospects for the development of OLAP in marketing analytics are separately considered, including
data security issues, integration with other analytical systems and potential development directions in the coming years. The study
confirms that OLAP is an important element of modern digital marketing, which contributes to the rapid adoption of informed
decisions and increasing the profitability of companies.

Keywords: OLAP, affiliate marketing, multidimensional data analysis, MOLAP, ROLAP, HOLAP, In-Memory technol-
ogies, cloud solutions, artificial intelligence.
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XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

orjasaa METOAIB AHAJII3Y
BE3IIEYHOT' O ITIPOI'PAMHOTI'O 3ABE3IIEYEHHSA

AHoTauis. Y crarTi npoBeJeHUH AeTalbHUNA OTJISII METOIB aHaji3y Oe3MmeyHoro mporpaMHoro 3abesmnedeHHs. MeToro
JOCJIiZKeHHS € IEeTaNbHUI OIJIA] ICHYIOUMX METONIB CTaTHYHOTO i IMHAMIYHOTO aHANi3y Mporpam, siki € 6a3oro aid 3a-
OesmeueHHa Oe3neku. [ boro MpOBOANUTECS MOPIBHAIBHUN aHaNi3 QYHKIIOHATBHUX MOMIJIMBOCTEH PI3HUX METOMIB i
IHCTPYMEHTIB Ta BHUSABJIAIOTHCS OCHOBHI Henoiiku. PedyjbraTm nociaigkenns. [Ipencrapnenuit aetanapHuid Ormsy i mopis-
HSUIBHUH aHaIIi3 ICHYIOUMX METO[IB 3iCTABJICHHS BUXINHUX i OiHapHUX (aiiiiB, aHANI3y 3MIH MK BEepCiIMH IPOTPaMHOTO
3a0e3MeYCHHS, TIONIYKY BUTOKIB JMHAMIYHOT ITaM'STi 1 TOMIJIOK BHKOPHCTAaHHS 3BUTbHEHOT maM'siTi. JloBeieHo, o He3Baxa-
1091 Ha BEJIUKY KUTBKICTh JOCTYITHAX METOJIiB, ICHYIOTE Cepii03HI 0OMEXEHHS Ha KJIac 3aBJaHb, U SIKUX BOHH MOXYTb OyTH
e(eKkTHBHO 3acTocoBaHi. BucHoBok. HeoOXinmHO mpuOupaTH icHyro4Yi OOMEXEHHS, PO3BHBAIOYH 3alPONOHOBAaHI METOMM.
JIOIIBHO pO3TiIAaaT METOAHM HE OKPEMO, a B CyKymHOCTI. [Ipu ipoMy Tpeba BpaxoByBaTH BKJIAJ, SIKHI IO OKPEMOCTI MPH-
BHOCSITH METOJH, B 3arajbHy KapTUHY 3a0e3leucHHs1 Oe3MeKH mporpaM. Takuid CHiIbHUI PO3BUTOK Ta CyMiCHE BHKOPHC-
TaHHS PO3MJITHYTHX y CTaTTi METOIB JJO3BOJIUTH OTPUMATH OB AKICHUH aHAaMi3.

KnwdoBi cioBa: Gesmeune nmporpamHe 3a0e3MeueHHs, Bpa3InBIiCTh IPOrpaMH, BUTIK iH(popMarii, 3MiHK Bepcii, OiHap-

HUH KOI.

Beryn

AKTyaJIbHicTB HocaimkenHst. [Iporpamue 3a6e3-
neuenHs (I13) mBuAKO iHTErpy€eTHCS B yCi chepu KUTTSL.
BoHO BHKOpPHCTOBYEThCS B MEPCOHANBHUX MPHCTPOSX 1
KPUTHYHHX cucTemax. 3 po3BuUTkoM II3 3pocraroTs 3a-
rpo3u Oe3meku. OOCIT 1 CKIATHICTH CHCTEM IIOCTIHHO
30UTBITYIOTECS. XaKepu BUKOPUCTOBYIOTH CKIIATHI Me-
TOIM aTak. BOHM eKCIUTyaTyloTh BPa3IHBOCTI IPOTPaM-
HUX CHCTEM. ATaKy BKJIIOYAIOTHh (DIIMHT 1 BPa3IHUBOCTI
«HYJBOBOTO JTHS.

3riguo 3i 3Bitamu NIST, KiJIbKICTh Bpa3IHBOCTEH
3pocia. 3a aecsaTh pokiB BoHa 3pocia 3 8 000 xo 28 000
[1]. Le BimOyBaeThcs TOMPU PO3BHUTOK IHCTPYMEHTIB
aHamizy. KibKICTh 1 SIKICTh TaKMX IHCTPYMEHTIB I1OC-
TIHHO 3pOCTalOTh. BUSBICHHS Ta YCYHEHHS 3arpo3 CTae
NPIOPUTETHUM 3aBJIaHHAM. TOMY HEOOX1/IHI HOBI METOIH
3aXHCTY MPOTpaMHOTro 3abesnedeHHs. [y nporo HeoO-
X1/THO TIPOBECTH aHAJI3 iICHYFOUHNX METO/IIB Ta BUSBHTH iX
Henouikd. Lle i 3yMOBIIOE aKTyallbHICTh JAaHOTO JOCITi-
JKCHHS.

AHaui3 pxepest. Bemki koMmnaHii po3yMiroTh BaK-
JIMBICTh PO3POOKH OE3MEeYHOro MporpamHoOro 3abesre-
YEeHHsI, TOMy aKTHBHO CTBOPIOIOTH CIielliai3oBaHi pi-
IeHHs Ta MIaTGopMu 71 aHaIli3y KOAY BiIKPUTOTO J0-
crymy. OganM i3 HanBigoMmimmx npukianiB € CodeQL
Bin kommanii GitHub, sikuii 103BoOJsie BUKOHYBAaTH 3a-
MIATH JI0 KOy Ta BUSBJISATH MOTEHIIIiTHI Bpa3muBocTi [2].
CodeQL 06pobisie mporpaMHuid KoJ sIK 0a3y AaHUX, IO
Jla€ MOXKJIMBICTh MOJIETIOBATH BPA3IMBOCTI Ta IIOMMIIKH
y Burisaai 3anutiB. el migxin 3a0e3medye BHKOpPHUC-
TaHHS SK CTAaH/IAPTHHX 3alUTiB, pO3POOJICHNX JOCITiTHH-
kamu GitHub i criinnbHOTOI0, TaK i CTBOPEHHS BIIACHUX 3a-
MUTIB JJIs BYy3bKOCIICIiaIi30BaHOTO aHaii3y. ba3u nqannx
CodeQL wmicTaTh aOCTpakTHE CHHTaKCHYHE JEpeBO,
rpadu NOTOKY JTaHWX 1 YHpaBIiHHSA, IO Ha/Jae BcebiuHe
MPE/ICTABICHHS KOy Ta € OCHOBOIO JIJIsl TIIMOOKOro aHa-
JTi3y Horo Ge3neKH.

Google Tako aKTHBHO PO3BHBAE HAINPsIM Oe3MeKn
MIPOTPaMHOTO 3a0e3MeueHHs, CTBOpHUBIIN MPOeKT OSS-
Fuzz, sxuit no3Boinsic BUKOHYBaTH (ha3MHI' BIAKPUTOTO

KOy Ha KiTacTepHHX MoTyxHocTsX [3]. Lieit mpoekT Oyino
3alyIIEHO TMicisl BHSABICHHS KPUTHYHOI BPa3IHBOCTI
Heartbleed B 6i6mioteni OpenSSL — onHOMY 3 Haifmomy-
JSIPHILIMX 1HCTPYMEHTIB 1S ndpyBaHHs BeO-Tpadiky
[4]. BpaznuBicTh MOr/ia 3a4€MUTH MiJTbHOHH KOPUCTYBa-
4iB [HTEpHETY Ta OyJja BUKIMKaHA NOMHJIKOIO MEPETOB-
HeHHs Oygepa mam'sri, sIKky MOXkHa Oyio O BHABHUTH 3a
JoroMororo ¢ga3unary. OHaKk Ha TOH MOMEHT IIeH METOJ
TECTyBaHHS HE OyB JOCTATHHO aBTOMATHU30BaHHUU 1 HE
OTpUMaB HIMPOKOTO PO3IOBCIOPKEHHS cepell pO3pOOHH-
kiB. [1{06 3minnTH cuTyaniro, Google ctBopus OSS-Fuzz
SIKMH aBTOMAaTH3yBaB Iporec (asuHry ta 3podus ioro
JOCTYITHUM JUIS BIIKPUTOTO POTPaMHOTO 3a0e31eYeHHs.

OSS-Fuzz mpartoe, 3amyckaroun da3epu s Mpoe-
KTiB 13 BIIKPUTUM BUXIJHHM KOJOM Ta CIIOBIII[AIOYH PO-
3pOOHHKIB MPO BHSBJIEHI TOMUIIKH, L0 JIO3BOJISIE OTIepa-
THBHO yCYBAaTH ypa3JIUBOCTI.

3 momeHTy cBoro 3amnycky OSS-Fuzz ctaB ogaum i3
HalBa)XJIMBILIMX IHCTPYMEHTIB JJIsl CIIUIBHOTH PO3pPO0-
HHUKIB Bigkpuroro koay. Crnouarky ioro 06yjo po3po0-
neHo aust MoB C Ta C++, ajne 3roioM MiATpUMKa PO3IIH-
puIacs Ha iHMI Oe3nmeyHi AT maM'sTi MOBH, Taki Kk Go,
Rust i Python. 3aBasiki 1bOMy TpPOEKTY BHAJOCS BU-
sSBUTH NoHa] 22 000 KpUTMYHHX NOMUJIOK y MpOrpam-
HOMY 3a0e3IeUeHH], 10 CBIAYUTH NP0 HOro e(eKkTHB-
HICTh Ta 3HA4YCHHS JUIA 3a0e3redeHHs Oe3rneku mudpo-
BUX CHCTEM.

OKpiM IIUPOKOTO CIEKTPY iHCTPYMEHTIB, HE0OXi-
JTHO TaKOK BIPOBAKYBaTH [IPAaBUIIbHY METOJIOJIOTIIO 3a-
Oe3nedeHHs 0e3MeKy MporpaMHOro 3a0e3nedeHHs, TOYn-
HAIOYM II¢ 3 eTaly MPOEKTYyBaHHS Ta po3poOku. s
LILOTO 3aCTOCOBYIOTHCSI METOIM O€3MEeYHOT0 UKy PO3-
poOxu I13, siKi 103BOJISIIOTH BUSIBIISITH Ta yCyBaTH MOTEH-
LiifHI Bpa3JIMBOCTI M€ JI0 TOTO, SIK IPOTPaMHUIN MTPOTYKT
Oyzie BIIpOBa/DKEHUH y peaibHe BUKOpHCTaHHS. OnHUM
i3 KIIIOYOBUX €JIEMEHTIB 3a0e3le4eHHs KOMILIEKCHOI
0e3IeKH € BUKOPHCTaHHS SKICHUX IHCTPYMEHTIB aHaJIi3y
KOAY, AKi JONIOMararoTh po3poOHNKaM 3HAXOIUTH Ta BU-
TIPaBJIATH KPUTHUYHI TOMUJIKH.

OpHak, He3BaKAIOYM Ha 3HAYHY KUTBKICTh JOCTYTI-
HUX IHCTPYMEHTIB, IO OXOIUTIOIOTH Pi3HI AaCIeKTH
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anamizy I13, icHye 06e371iu HEBUPIIICHUX TUTaHb, SKi CYT-
TEBO BIUIMBAIOTH Ha PIBEHb OE3MEKH.

MeTtoau CTaTUYHOTO aHaji3y, 10 BUKOPUCTOBY-
I0ThCS JUISl TIOIIYKY BPa3iIMBOCTEH y MporpaMHOMy 3a-
Oe3reueHHi, He 3aBK/IW BPaXOBYIOTh HasBHICTh BIIOMHUX
Ypa3IUBOCTEH y CTOPOHHIX 0ibiioTekax Ta BiIKPUTHX
mpoexTax. Lle cTBoproe curyamii, KOnu Bpa3nuBHN KO
MoOJKe OyTH BKIIFOUEHHUI y IPOEKT Oe3 BigoMa po3poOHH-
KiB, IO MiAAa€e CHCTEMY MOTEHIIHHNM 3arpo3aM. Kox-
HOT'O POKY BHSBIISIFOTHCS IECATKH KPUTUYHHX BPA3JIUBO-
CTell «HYJILOBOTO JHS», SKi CTAIOTh NPHYMHOIO MiJbHO-
HIB aTak 3JIOBMHUCHHUKIB Ha KOPHCTYBauiB Ta OpraHizarii.
3riguo 3i 3BiToM Google Project Zero 3a 2023 pik, Oyio
3HaieHo noHaa 50 Takux ypasnuBOCTEH y pi3HHUX Olle-
pauiiiHuX cucteMax i Opaysepax, IO MOTEHLIIHO 3aye-
MAJIA MIJTBHOHK KOpUCTyBauiB [5].

Pi3Hi iHCTPYMEHTH aHaNi3y KOAY IIUPOKO 3aCTOCO-
BYIOTBCS y 6arathoXx cepax, BKIIOYaI0ul BUSBICHHS Bi-
pyciB, TOmyK 3actapimux 0i0mioTek, imeHTH]IKaIiro
KJIOHIB KOAY 3 MOMHJIKAMH Ta 1HII Ba)KJIHMBI 3aBIaHHI.
Onnak MeTou (GasHHTY, sIKi BAKOPHUCTOBYIOTBCS JUIS Te-
cTyBaHHS Oe3MeKH, MalOTh CEpPHO3HI OOMEKEHHS, 30K-
pemMa npu reHepatii CTpYKTYpOBaHUX JJAaHUX Ta OOy 10Bi
JIAHII0)KKIB BUKJIMKIB CUCTEMHHX a0o0 0i0nioTeyHux ¢y-
HKUid. [le mpU3BOAMTH O HEMOCTATHHOTO MOKPHUTTS
KOJIy ITiJT Yac TeCTyBaHH:. 3a pe3yJIbTaTaMU aHai3y ede-
ktuBHOCTI ipoekty OSS-Fuzz, B cepeqHpOMY BiH 0XOII-
moe MmeHie 40% Koy, 110 BKa3ye Ha HEOOXIIHICTh Y0~
CKOHAJICHHS IiAxomiB 1o ¢aszunry. Kpim Toro, Hapasi He
icHye mueHTpanizoBaHol miatdopmu, ska O m03BOIIA
00'eTHyBaTH KiJIbKa IHCTPYMEHTIB aHATI3y B €MHY CHC-
TeMy, a TakoX 3a0esmedyBana e(eKTUBHE 30WpaHHS,
30epeKeHHs Ta 3py4YHE BUKOPHCTAHHS BEJIMKHUX OOCSTiB
apTedaxTiB BIIKPUTOTO MPOrPaMHOTO 3a0e3IeueHHS.

MeTa Ta 3aaa4i gociizKeHHst. MeToo 1IOTO J10-
CIIIJDKEHHS € JAeTaJIbHUI OIJIsl] iICHYIOUMX METOJIB CTa-
THYHOTO 1 JMHAMIYHOTO aHaJi3y Mporpam, siki € 6a30r0
Juisi 3abe3neueHHst  Oesneku. J[yis 1bOrO MPOBOAMTHCS
MOPIBHSUILHUHN aHaii3 (YHKIIOHAIBHUX MOJXKIIMBOCTEH
PI3HHX METOJIIB 1 IHCTPYMEHTIB Ta BUSIBIISIOTHCSI OCHOBHI
HEOMIKH.

Pe3yabTaTtu gocaixxeHn

1. Orasaa MeToaiB aHadi3y BUNPaBJAeHUX NMOMU-
JIOK Ta BpasjmBocTeid. Y podorti [6] aBTopu BH3Haua-
I0TB, K€ KOHKPETHE 3MiHEHHS IPU3BENIO IO BAHUKHEHHS
MTOMWJIKH B miporpami. /[y 1iporo BOHM aHAI3yIOTh CHC-
TEMy yNpaBJIiHHS TOMHJIKaMH, CKaHYIOUYH 3apeecTPOBaHi
npoOmemu. Jlami Juis KOXKHOI MOMHJIKM BOHM Hamara-
I0ThCSI BCTAHOBHTH, SIKE caMe BHECEHe 3MiHa € ii Bumpa-
BJIEHHSM. [y 1IbOTO aHAJI3YETHCS iCTOPIst 3MIH Yy CHC-
TEMi KepyBaHHS BEpCISIMH IPOTPaMHOTO 3a0e3IeyueHHS,
a TaKOXX TIPOBOJIUTKLCS JETANLHUHN PO3TJIS JIOTiB KOMITIB.
VY crarTi ONMCYIOTBhCS IBa OCHOBHI METOIM aHAJI3y —
CHHTAKCHYHHH Ta CEMaHTHYHHH, SKi 3aCTOCOBYIOTBCS y
MeBHINA mociinoBHOCTI. CHHTaKCUYHAN aHaJi3 BUKOHY-
€ThCS MEPIINM 1 3IMCHIOE TOMIYK IAOJIOHIB y BUTIIAMII
HOMEpIB MOMMJIOK i3 CHCTEMH YIPABITiHHS OMIIKaMH,
BUKOPHCTOBYIOUHM pErysisipHi Bupa3n. CeMaHTHYHHUH
aHai3, y CBOIO 4Yepry, IIyKae NOAaTKOBy iHdopmarito
PO BUIIPABJICHHS IOMWJIKU B JIOTaX KOMITIB Ha OCHOBI
Takux (axkTopis:

* HasIBHICTb HOMEpa MOMMJIKH Y JIOraX KOMITIB;

* OIUC NOMMJIKM MICTUThCS 0€3110CepeIHbO Y TOBI-
JIOMJICHHI KOMITY;

* aBTOp KOMITY TaKoXX € BiANOBIIaJIbHUM 3a 11 BU-
TIPaBJICHHS;

* (aifm, MPHUKPITUIEH] A0 3aBJaHHA, TAKOXK IPUCY-
THi ¥ BiATIOBITHOMY KOMITIi.

[licna BUSBIEHHS KOMITy, IO MiCTHUTH BHIIPAB-
JICHHSI, TOCTITHUKA HaMararoTbCsl BU3HAYUTH, SIKE caMe
TOTIepeTHE 3MiHA CIPHYUHIUIO TOSIBY ITi€i TOMWIJIKH B
mpo€eKTi. ['0JIOBHUM HEOIIIKOM JaHOTO METOLY € 3aJIeK-
HICTh BiJI SKOCTi OMHUCIB 3MiH, SIKi 3aJIMIIIAI0TH PO3POO-
HUKH y KOMEHTapsx A0 KoMiTiB. Lle He 3aBxkau € qocTo-
BIpHUM JDKepenoM iHdopmarii, OCKITbKH PO3POOHUKH
MOJKYTb HE BKJIIOYATH JIETaIbHI BIJOMOCTI PO MOMUJIKY
y JIOTH KOMITIB a00 HaBiTh HE PEECTPYBATH 11 y cUCTEMI
YIPaBJIiHHS TOMHJIKaMU. Y MiACYMKY, Lie TPU3BOAUTS 10
YHUCJIEHHUX NPOITYIIEHUX 3B’S3KIB MK NOMIJIKAMH Ta
BiIMIOBiTHIMH 3MiHaMH. Y cepeaHbpoMY, 54% BUmpaste-
HHUX TIOMHJIOK HE MOXYTh OyTH OJTHO3HAYHO OB’ sI3aHi 3
BIIMOBITHAMH BUIpaBIeHHIMA y Koxi. [lomiOHi mpo-
ONeMH CIOCTEpIraroThCs 1 B IHIMMX MociimKkeHHsX. Ha-
npukniaj, incrpyment BagCache [7], mo BukopucToBye
AHAJIOTIYHI METPUKH, TaKOX CTUKAETHCA 3 MOMIOHUMHU
TPy IHOILAMH.

OxpeMuii HampsiM JOCITIKCHb MPUCBSIYCHHUN ITO-
HIYKY BiJJOMHX BPa3JIMBOCTEH y BUXiZHOMY Kogi. Y po-
60Ti [8] aBTOPH BUKOPHUCTOBYIOTh 0a3y BiJOMHX Bpa3iH-
Bocteil CVE 1718 nouryky cX0XuX NOMMIIOK Y 3aJaHOMY
MIPOTPaMHOMY HPOEKTI. [l {BOTO 3aCTOCOBYIOTHCS TPH
MiIXOTU: TeKCTOBE TOPIBHSHHS, aHaJI3 JEKCeM Ta Mopi-
BHSIHHSI CHHTAKCHYHUX a0CTpakTHHX JepeB. Y crarti [9]
TIPEACTaBICHNI METO/ MONIyKY BPa3JIMBOCTEH 13 BHKO-
PHUCTaHHSIM TEXHOJIOTIH TIIMOOKOro HaBYaHHSA. Y LIBOMY
MiJIX0/1i MOIIYK BPa3IMBOCTEH PO3MIISAAETHCS SIK 3a/1a4a
kiacudikanii TeKCTy, a il HaBYaHHS BHUKOPHCTOBY-
eTbes TecToBU Hadip SARD, 110 micTuTh Benukuii 00-
CSIr' ITAaHUX TIPO MOMMWIKH. [laHi BUTATYIOTHCS 3 IIbOTO Ha-
6opy, MICIIsl YOT0 3aCTOCOBYETHCS IITMOOKE HABYAHHS JIsI
ABTOMATHYHOTO PO3ITi3HABaHHS MOTEHIIITHUX BPa3JNBO-
CTEH Y KOJIi.

VY pob6oti [10] omucano inctpyment VCCFinder,
SIKMH 3HaXOJUTh BPA3JIMBOCTI, BAKOPUCTOBYIOUHN KIIACH-
¢ikatopu SVM. HaBuaHHS 1IBOTO iHCTPYMEHTY 31iiiC-
HIOETHCS HA OCHOBI aHANI3y 3MiH Y PEMO3UTOPIsSX ITOHAT
60 mpoekTiB. J[11 BUABICHHS 3MiH, SKi MOTJIA YCyHYTH
Bpa3IMBICTh, peaji3oBaHo 1Ba migxoaw. Ilepmmii anro-
PUTM 3AIHCHIOE TIOIIYK y 0a3ax JaHWX BPa3IHBOCTEH
CVE Ta nepeBipse, 9u MICTATBCS Y HUX NOCWJIAHHS Ha
BIMOBiTHI KOMITH BHIpaBIeHHA. Jpyruid anropurm
aHaJIi3y€e iCTOPif0 KOMITIB y Pi3HUX MPOEKTaX Ta IIyKae
BKa3iBKM Ha ineHtudikaropu CVE. Ha ocHoBi orpuma-
HUX KOMITIB 3 BUIIPABJICHHSIMH PEajli30BaHO aITOPUTM
JUISL aBTOMAaTHYHOTO TOIIYKY NOAIOHUX MOMHMJIOK Y KOJIi.

2. Mertonu BiacTe:xxeHHs 3MiH MiX Bepcismu
MporpamMHoro 3adeznedeHHs. BincrexenHs 3MiH y rpo-
rpaMHOMY 3a0e3NeUYeHHI Ma€ MHUPOKUIT CIIEKTp MPaKTH-
YHHUX 3aCTOCYBaHb. AHANII3YIOYM BHECEHI 3MiHU, MOXKHA
BU3HAYUTH, YU HE MICTSTh BOHH HOBi MIOMWJIKH a0 TO-
TEHIIIHHI Bpa3IUBOCTi. Y BHIAIKy MpOrpaM i3 BiIAKpH-
THUM BUX1JIHAM KOJIOM OTPHMATH iHPOpMAITito TTPO 3MiHU
MOJKHa 3@ JIOTIOMOTOI0 IIPOCTOTO CHHTaKCHYHOTO
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MOPIBHSAHHA 1BOX Bepcil ¢paiiniB. OgHuM 13 HalO1IbLI Bi-
JIOMHX THCTPYMEHTIB JUIS TAKOT'O TTOPIBHSIHHS € YTHIIITA
diff, 0 BHKOPHCTOBYEThCS B OMEPALiHUX CHCTEMaxX
Linux. AHaJOriYyHMIA MiAXiJ 3aCTOCOBYETHCS Y BCIX CY-
YaCHHUX CHCTEMaX KepyBaHHs BEPCISIMH ITPOTPaMHOTO 3a-
6esmedenHs. [IpoTe CHHTaKCHYHE TMOPIBHAHHS (haiiiiB
Ha/1ae Jumie iHgopMartito mpo JoAaHi Y1 BUAAICHI PAAKH
y ¢aiinax i He BpaxoBY€e CTPYKTYpHi (CeMaHTHYHi) 3MiHH,
10 MOXYTh BIUTUBATH Ha ()yHKIIOHATBHICTH MPOTPAMH.

Icaye GaraTo moCHimKeHb, MPUCBIICHUX YIOCKO-
HAJICHHIO METOIiB aHaJTi3y 3MiH M)XK BEpCISIMHU IIPOTpaM-
HOTO 3a0e3MeYeHHs.

Hanpuknan, inctpyment change distler [11] Buko-
PHUCTOBYE MiJIXiJ, 3aCHOBAHUIA HA MOPIBHSIHHI CHHTAKCH-
YHOTO aOCTPaKTHOTO AepeBa NporpaMHoro koxy. Lls te-
XHOJIOTiSE 0a3yeThcsi Ha MONEPENHIX JOCIHIKCHHSX, Y
SIKMX 3MIHH Y TNPOTPaMHOMY KOJ HPEACTABISIOTHCS Y
BHTIIAAI MOIU]iKaIliif B aOCTpPaKTHOMY CHHTaKCHYHOMY
JepeBi. ANTOpPHUTM, KU 3aCTOCOBYEThCA B LIOMY iH-
CTPYMEHTI, TO3BOJISIE 3HAXOIUTH Pi3HI THIN 3MiH, 30K-
peMa JofaBaHHS, BHOAJICHHS, IEpPEeMilieHHs a0 OHOB-
JICHHS OKPEeMUX (pparMeHTiB KOLIy.

e omHuM e(eKTHBHUM IHCTPYMEHTOM JJIs aHa-
mi3y 3MiH y nporpamHomy 3abe3nedensi € LSDIFF, mio
OyB mpencTaBieHu# y qocmimkenti [12]. OCHOBHORO mie-
PEBaroro 1Oro iIHCTPYMEHTY € HOTO 3[aTHICTh BUSBIIATH
CUCTEeMAaTHYHI 3MIHM y KOJi Ta TPyIyBaTH iX y BiJIOBI-
JIHI KaTeropii.

Taxwuit miaxig 3HAYHO CIIPOIIYE MEPErIIs Ta aHAII3
3MiH, OCKUTbKH 0a3yeTbcsl Ha JTOCTIKCHHAX, SKi TOBO-
JSITh, 1110 CETMEHTH KOJY 31 CXOHMMH CTPYKTYPHUMH Xa-
PaKTEepUCTHKAMH, SIK IPaBHUJIO, 3a3HAIOTh aHAJIOTTYHMX
Monudikariii. [lomiOHMIA MiaXiy 3aCTOCOBYETHCS B 1H-
crpymenti CIDiff [13], sxuii, six i LSDIFF, cripsimoBa-
HUI Ha 3rpynoBaHe MpPEICTaBIICHHS 3MiH Yy Mporpam-
HOMY KOJIi JUIsl TIOJIETIIEHHS TXHBOTO MOJIAJIBILIOrO aHa-
i3y,

AHaJi3 iCHyI0OYHX METOJIB MMOKAa3ye, M0 OLIBIIICTD
pillieHb ISl TIOIIYKY 3MiH MK BEpCISIMH IPOTrpPaMHOTO
3abe3neueHHs] 3aCHOBaHI Ha aHaJIi31 JIOTiB KOMITIB Ta CH-
CTeM yHpaBiiHHSA noMmikamu. OTHAK TaKUH miaxin Mae
3HaYHI OOMEKCHHS, OCKUIBKH BiH HE J03BOJISIE BUSBUTH
BCI MOXIIMBI BUIIPAaBIICHHS Bpa3nuBocTed y komi. Lle
CTBOPIOE TIOTCHIIHI PU3UKH, OCKLTBKH BPA3JIUBI KOMIIO-
HEHTH MOXXYTb 3aJMIIUTUCS HENOMIYEHUMH Ta TPOIOB-
’KyBaTH BUKOPHCTOBYBATHCS B MaiiOyTHIX Bepciix Impo-
TpaMHOTO0 3a0e3MeYeHHS.

3. MeTtoau 3icTaBjieHHs] BUXiZHOro i GiHapHOr0
Kxony. [acrpyment Pigaios [14] npusHauennii 1 3icta-
BJIEHHSI CHMBOJIIB BUXIJTHOTO KOy i3 CHMBOJIaMH BiJIIO-
BigHOTO OiHapHOTO KOAy. BasknnBo Bi3HAUNTH, 10 TIEH
IHCTPYMEHT HE BUMarae, o0 BUX1IHHH KOJI TOTIEPEHBO
KOMITLITIOBABCS a00 KOMITOHYBABCSI, 1110 3HAYHO CIPOIIYE
npouec anamizy. s BUKOHaHHS 3icraBiieHHs Pigaios
IIPOXOJUTH Yepe3 KiJIbKa OCHOBHUX €TalliB:

— po30ip BUXigHOTO i OIHAPHOTO KOMY;

— BWIIy4eHHS apTedakTiB st KOXKHOT QpyHKIii BH-
XiHOTO Ta OIHAPHOTO KOAY;

— 3icTaBieHHSA (PYHKIIH BUXiTHOTO KOAY 3 (hyHK-
missMu GiHAPHOTO KOy Ha OCHOBI OTPHMAaHHX apTedak-
TiB 1 BU3HAUYCHHS KOoe]iIlieHTa CX0KOCTI JIs KOYKHOTO 3i-
CTaBJICHHS.

Jnst po36opy BHXIZHOTO KOy BHKOPHUCTOBYETHCS
komminarop Clang. ApredaxTd, sKi BUTATYIOTBCS 13
KOJ1y, BKJIIOYAIOTh!

* iMeHa QYHKIIIH;

* KOHCTAaHTHI PSAIKH;

* KUTBKICTh IUKJIIB, YMOB, BUKIIUKIB (DYyHKIIiH, 30B-
HIIIHIX 1 TTT00ATBHUX 3MIHHUX

* KITIBKICTB omepaTopiB "switch" Ta KigpKicTh BHma-
NIKIB IUIA HUX,

* HasIBHICTH PEKYPCHUBHUX BUKJIHKIB ¥ (QYHKIIISX;

* CITUCOK BUKJIMKAHUX (QYHKITIH.

[Ticns monepenHKOTO 3iCTaBICHHS (PYHKITIH BUXi-
HOTrO i GIHAPHOTO KOy Ha OCHOBI apTe(akTiB 3aCTOCOBY-
I0ThCS TOAATKOBI €BPUCTHKH y Pasi, SIKIIO He BC1 PyHKIIT
Oy 3icTaBieHi:

— 3ICTaBJICHHS BHKJIMKAHHUX Ta BUKIUKAIOUYUX (Y-
HKIIH: Ko ABi (yHKUii Oynu 3icTaBieHi, MOpiBHIO-
FOTHCS TaKOXK (DYHKIIIT, TKi BOHA BUKJIHKAIOTb.

— 3icTaBICHHSA HAHOMMKUNX (PyHKIIH: K0 QyH-
kmii F1, F2 i F3 3Haxonsatecs B omHOMY (haiii BUXiTHOTO
xoxy, i pynkuii F1 1 F3 Bxe Oynu 3icraBnesi, To F2 mo-
PIBHIOETBCSA 3 (YHKLIAMH, aIpecH SKUX 3HAXOISTHCS
MK IMMH QYHKIISIMH Y OiHAPHOMY KOZI.

— 3iCTaBJICHHS Ha OCHOBI PIJIKO 3YCTpIUarouuxcs
KOHCTAHT: JUISl PSIKOBHX KOHCTAHT, IO 3yCTPI4alOThCs
MEHIIIe TPhOX pa3iB, 3HAXOAATHCS (PYHKILIT y BUXiTHOMY
Ta OiHAPHOMY KO, 1110 X BUKOPUCTOBYIOTb, IICJISI 4OTO
BUKOHYETbCS TX MOPIBHSHHS Ta 31CTaBJICHHS.

BusnaueHHs KoeQillieHTa CXO0XKOCTi AJIS KOKHOTO
3iCTaBICHHS IPYHTY€EThCA HA TEXHOJIOTISIX MAIIWHHOTO
HaBuaHHs. ba3a ju1s HaBuanHs Oyna copMoBaHa BpydHy
Ha OCHOBI aHaJIi3y CHparbOBYBaHb IHCTPYMEHTA.

VY3araipHIOIOYH PE3yIbTaTH, MOXKHA CKas3aTH, IO
cepelHii BiZICOTOK MOMMJIOK MEPIIOT0 POy CTAaHOBHTH
17,9%, TOAi SK MOMMJIKH JPYrOTO POJIY JOCSTar0Th
72,8%.

JlonaTkoBO BapTO 3a3HAYMTH, IO KOJH y OiHap-
HOMYy (haiimi moctynHi iMeHa (yHKIiH (ToOTO HE OyJI0
BUKOHAHO KOMaH[y "strip"), BiICOTOK NMPaBUIILHO 3icTa-
BJICHUX (YHKIINA 3HAYHO 3pocTae. SKio x iHpopmarris
mpo iMeHa QyHKIH y OiHapHOMY (haiini BiICyTHA, cepe-
JTHIH BiZICOTOK MMOMIJIOK ITEPIIOTO POAY 30LTBIIYETHCS IO
32%, a apyroro poay — 1o 80,2%.

Immii inctpyment, RE-Source [158], Takoxk BHKO-
PHUCTOBYETBCS AJIs 3iCTaBICHHS OiIHAPHOTO KOAY 3 BHUXIJI-
HUM.

Ha Bxoni BiH oTpumye e 6iHapHui (aiii, BUKo-
HY€ TIONIYK Y CIeI[iali30BaHNX OHJIAHH-CXOBUIIAX (CIIH-
COK HaBeJICHO Jaili) i moBepTae iH(opmariito mpo 3Hai-
JIeHi 3iCTaBIECHHS.

OCHOBHI eTanu OHJIaifH-aHaJi3y BKIIOYAIOTh:

— BWIJIyYCHHS XapaKTepHUX OCOOJIMBOCTEH OiHap-
HOrO (haiiry, TAKMX SK KOHCTaHTHI 3HAUCHHS ONEPaH/iB,
iMITopToBaHi 0i0II0TEKH Ta BUKINKH (QYHKIIIH, 3HAUCHHS
KOHCTaHTHHX PAJKIB;

— CTBOpEHHS 3alIMTy Ha OCHOBI OTPUMaHUX 0c00-
JMBOCTEH Ta HOTO BiANpaBKa y IOIIYKOBI CHCTEMHM JUIS
aHaJIi3y BUXiIHOTO KOAY.

[Ile omHUM MiAXOIOM € BHKOPHCTaHHS 1HCTpyMe-
Hra CodeBin [15], oo 3acTocoBye HOBHI METO iIEHTH-
(hixamii 6iHapHUX QYHKITIH TUISIXOM MTOPiBHSIHHSA 1X 13 6a-
3010 MOTNEePETHHO 0OPOOICHOTO BUXITHOTO KOIY.
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Cucremu yrpaBiiHHs, HaBirarii Ta 38's3Ky. 2025. Ne 1

l'osoBHa in1est IBOTO IHCTPYMEHTA TIOJISITAE Y BHITY-
YEeHHI XapaKTepUCTHK BUX1THOTO KOy, SIKi 30€piratoThCst
HABITh MICJI KOMIITAIIT Ta CKIaJaHHS, 1, SIK IPABUIIO, HE
3aJIeXkaTh BiJl KOHKPETHOI MIaThOopMH, KOMITLIATOpa abo
PiBHS OonTHMI3aIi.

XapaKTEepUCTUKN BWIIyYaIOTHCS SK 13 BHXIIHOTO
KOAY, TaK i 3 OiHapHUX (ailiiB, MicIs Y0ro BOHU BHUKO-
PHUCTOBYIOTHCS IS 31CTaBJICHHS BiAMMOBITHUX (QYHKIIIH.

[opiBHSHHESA QYHKLIN 3MIHCHIOETHCS IUITXOM T'eHe-
patii yHiKaIbHUX BiIOMTKIB, 10 06a3yIOTHCS HAa HACTYII-
HHUX XapaKTEePUCTHKAX:

—  BUKJIUKU QYHKIIH Y BUXITHOMY KOJIi;

—  BukiMKH API-byHKuiii Ta crangapTHUX 010Mi0TeK;

—  KIJBKICTh apryMeHTIB y QyHKLisX;

— CKJIQJHICTh MOTOKY YIpaBIiHHSI, 110 BH3HaYa-
€THCS 38 UKJIOMATUYHOIO CKIIQIHICTIO;

—  IJIOYKCENbHI Ta PSIIKOBI KOHCTAHTH.

s 3icTaBneHAs OIHAPHOTO KOAY 3 BHUXiTHUM BH-
KOPHCTOBY€EThCS CIICIiai30BaHU aHOTOBaHMH rpad BU-
KITUKIB (DyHKIIH.

KoskHa BepmmHa 115010 rpada MiCTHTh JOAATKOBY
iHpOpMaLil0 TPO BHUKIUKK (QYHKIiH, BHKOPHUCTAHHS
3MIHHHUX Ta iHII BayKJIKMBi 0c00IMBOCTI Koay. [Iporiec 3i-
CTaBJICHHS IPOXOUTH Yepe3 HACTYIHI KPOKH:

—  BUTATYIOTBCSI XapaKTEPUCTUKH BUXIJTHOTO KOJY;

—  BUTATYIOTHCS XapaKTEPUCTUKHU OIHAPHOTO KOy ;

— BHUKOHYETHCSl IMOLIYK OiHAPHOTO aHOTOBAHOTO
rpada BUKIMKIB QyHKUIH y 0a3i BUXigHUX rpadiB ams
3HAXOKEHHS BIIIOBITHOCTEM.

Pesyneratn tectyBanHsa CodeBin mokasyroTs, 1o
cepenHii BiICOTOK MMOMMIIOK IEPIIOTO POy CTaHOBUTH
4,2%, a npyroro poxny — 79,3%.

BonHouac aHasi3 IpoBeAEeHNX TOCHTIPKESHb BUSBHB
KUTbKa HEJIOJIKIB IIHOTO IMiIXOAY:

—  MIATPUMYIOTBCS JIMIIE NeBHi 0ibmioTeku 3 ik-
COBaHHMMHU BEPCIIMHU;

— ISl TITPUMKH HOBHX OIOJIIOTEK YU KOHKpET-
HUX BepcCiii HEOOX1IHO BpYUHY JI0/1aBaTu yHIiKaJIbHI iJie-
HTH(IKATOPH;

— BW3HAYCHHs Bepcii 3IHCHIOETHCSI HA OCHOBI
CHELiaJIbHOTO PAKA, y IKOMY BKa3aHa BepCisl, ajie TaKuii
PAIOK MOXe OYTH BiICYTHIH y NeSKHUX BUTIANIKAX;

— METOJI He BPaXOBYE IOTIK JaHUX, III0 MOXeE ITPHU-
3BECTH JI0 HETOUHOCTEH y 3icTaBlIeHHI;

— MeTOJl Ma€ TPYIHOIII 3 TIPABIIIEHOI0 00POOKOI0
BHIIA/IKIB, Koy GyHKIii Oynu BOyZOBaHi B iHIIMH KOJI.

VY xoni pociikeHHs OyI0 IPOBEIEHO MOPiBHAIb-
HUI aHami3 IHCTPYMEHTIB AJIs 3iCTaBICHHS BUXITHOTO i
OimapHoro xkoxmy, cepen skux Pigaios, RESource,
CodeBin i Karta.

IMouarkosuii kog CodeBin € 3akputum, mo odme-
KY€ MOXJIMBICTh Horo Moaudikanii Ta iHTerpanii y Bia-
cHi po3po6ku. [HcTpymenT RESource mae BigkpuTnii BU-
X1JTHMH KOJI, IpOTe Hapasi He MATPUMYEThCS 1 moTpedye
IIKJIFOYSHHST IO MEpPeXi Ul BUKOHAHHS OHJIaiH-aHa-
Ti3y.

BaxxnuBo Bif3HAYMTH, MO JEAKI KOJIOBI 0Oasw, 3
skuMu TipamoBaB RESource, 6inbiie He AOCTYymHI, IO
CYTTEBO 3HUXKYE HOTO €(heKTUBHICTD.

Tactpyment Karta mo3Bossie 3icTaBisiTi OiHApHUIMA
KoJ i3 Oi0mioTekaMu, TP IbOMY HOTO BUXITHUH KOX €
BIIKpUTUM, MO0 JAa€ MOXJMBICTh  PO3MIMPEHHS

¢ynkuionany. Takox Karta Moxe BinHOBIIOBaTH Bepcii
610JtioTeK, sIKi OyJIM CTAaTHYHO 3JIMHKOBaHi y OiHapHOMY
Gaitni.

[Ipote cepenHiii BiICOTOK MOMHJIOK IIEPLIOTO POAY
B Karta cranoButh 4,2%, a TOMHJIOK JPYroro pomy —
79,3%, mo cBimYUTH PO HOTO OOMEXEHHS Y TOYHOCTI
3iCTaBICHHS.

Iactpymenrt Pigaios npuiiMae sk BUXinHUH, Taxk i Oi-
HApHUH KO, TICIIS 9OTO 3 CHIOE 3icTaBIeHHS QYHKIIIH.
Horo mouarkosuii KO € BIAKPUTHM, IO TO3BOJISIE HOTO
BIOCKOHAJICHHS.

BopgHouac cepenHiili BiICOTOK MOMHIIOK IEPIIOTO
poxy y Pigaios cknanae 17,9%, a npyroro poxny — 72,8%.

OCHOBHUMH HEZI0JIIKAMH IHCTPYMEHTY € HEMOJKIIU-
BICTh KOPEKTHOTO aHallizy BOyIoBaHMX (yHKUIH Ta BiJ-
CYTHICTb MIATPHUMKH aHaji3y MoToky nanux. [lonpwu ne,
Pigaios mpoIoBXKy€e aKTHBHO PO3BUBATHUCS Ta 3aJIMINA-
€THCS] OJTHUM 13 HaWKpaIIUX METOMIB 3iCTaBJICHHS cepen
JOCTYIHUX PIIICHb.

AHani3 OTpUMaHMX PE3YJBTATIB MOKA3ye, IO 3a-
BIIaHHA AKICHOTO 3iCTaBIICHHS BHXiIHOTO Ta OiHAPHOTO
KOy 3aJIMIIA€ThCS aKTyalbHUM 1 ITOTPEeOye MOAANBIINX
JOCTIIKCHB I PO3POOKH OLIBII TOYHHX Ta e(hEeKTHUB-
HHUX METOJIIB.

4. MeToau NMOIIYKY BUTOKIB JUHAMIYHOI maM'AITi.
Inctpyment SMOKE [16] BUkopHCTOBY€ Z1Ba OCHOBHUX
eTamnu Jyisl JOCSTHeHHsI BUCOKOT TOYHOCTI Ta Maciitabo-
BaHOCTI.

Ha mepmomy erami 3aCTOCOBYETHCS JIETKHH, aje
MEHIII TOYHUH aHami3 Ui ixeHTrdikamii BCiX MOXKIIUBUX
[OUIAXiB BUTOKIB TaM'ATi, TPH LHOMY BiJCIIOIOTHCS
LIJISIXH, SIKi HE MOKYTh IIPH3BECTH JI0 PEAIbHOTO BUTOKY.
Jast iboro OyayeThes crieriagbHe MporpaMHe MOJAaHHs,
sIKe Ha3UBA€ETHCS TpadoM IOTOKY BUKOPHCTAHHS ANHAMI-
yuoi mam’siTi (use-flow graph). Lleii rpad micTuth Bcio
HeoOXiqHy iHdopMarito npo noTik ynpaeiiHHS s 00'-
€KTIB KyIH, BKJIIOYAIOYHM MOCIIJIOBHICTh iX BHKOpHC-
tauus. Koxne pedpo rpada aHOTOBaHE YMOBAMH, 1110 BHU-
3HA4a0Th MOXKIMBICTD nepexony. SMOKE Takox moze-
JIIO€ YKMTTEBUI UK MOKAKYHUKIB JAMHAMIYHOI ITaM’sITi,
CTBOpIOIOYHM creniansHuii By30n "out-0f-scope", skuii
MI03HAYA€ MOMEHT, KOJIM 00'€KT KyITH OiJIbIlle HE BUKOPH-
CTOBYETHCHL.

Ha npyromy erami 3acTOCOBY€ThCSI OLNBIN TOYHUI
aHami3. Cro4yaTky iHCTPYMEHT iIeHTH]IKY€e BCli IIIAXH,
SIKi BEAyTh BiJl TOUYKW BUIICHHS MaM'sTi 710 By37a "mo3a
HEHHSI.

IMoTim ISt KOXKHOTO 3 BUSIBJICHUX IIUISXIB 3aCTOCO-
BYETBCS BHUpimTyBad oomexxens Z3 [17], mob nepesipuTtu
IXHIO 371iICHEHHICTh Ta Bi(iIBTPYBAaTH XUOHI CIIPAIhO-
ByBaHHi1. SMOKE 3a0e3neuye 4yTiauBiCTh 10 MOTOKY,
LUISXIB 1 KOHTEKCTY MPOrpaMH, aje Ma€ KUIbKa HeloIi-
KiB:

—  BIJICYTHS YyTIHUBICTB J0 TOJIB 00’ €KTIB;

— aHaji3 MOKaX4HKIB y Tpadi MOTOKY BUKOPHC-
TaHHS 11aM’SITi € HETOYHUM;

— He BpaxoBy€ apH(PMETHUHI omeparii HaJ Imoka-
KUUKAMHU;

— HE MATpUMYE aHaji3 0i0MioTeUHNX (PYHKIIIH.

Iacrpymenr PCA [18] 6asyerbcs Ha tuiatdopmi
LLVM [19] i BuKOHY€ aHai3 y KijbKa eramiB. CrioyaTky
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BUXIiZHI (aliin KOMIIIIOIOTECS y TPOMDKHE NOAAHHS
LLVM. TIloTiM, BHMKOPUCTOBYIOYM KOMIIOHYBaJIbHHK
LLVM Gold, yci npomixkhi ¢aitin 00’€IHYyIOTbCS B
€/IMHE TIOIaHHJ, ITICJISl YOTO BUKOHYETHCS aHaJIi3 MTOKaxX-
YHKIB 32 aIroputMoM AHzepcena. OTpruMaHi JjaHi BUKO-
PHUCTOBYIOTECSL s TOOYHOBU Tpada BHKIHUKIB, SKUH
BKITIOYAE SIK TIPSIMI, Tak 1 HeMpsiMi BUKJINKH (QyHKIiH. Ha
3aBEpIIAIEHOMY €Talli CTBOPIOETHCS MIKIIPOIICTy pHHHA
rpa¢ 3anexxHocTel nanux. I'onosruit Hemonik PCA — Bin
3abe3nedye JINIIE YaCTKOBY YyTJIMBICTH 0 MOTOKY YI-
paBIiHHS.

Inctpyment SVF [20], Takox moOymoBaHuii Ha 6a3i
LLVM, BukoHye noaiOHI KPOKW: KOMIUISLISL Y TPOMi-
JKHE MOJIaHHsI, 00’ €THAHHS MPOMIKHUX (paiimiB 3a J0MO-
Moroto komnonyBaibHuKa LLVM Gold i 3amyck Monyss
aHai3y TOKa)XYMKIiB (TATPUMYIOTECS Pi3HI aJITOPUTMH,
30KkpeMa anaii3z Augepcena). SVF n03Bossie po3duBaTu
mam'sITh Ha OKpeMi OOJIACTi, 1[0 3HAYHO IOKPAIIy€e Mac-
mTa0OBaHICTh 1 JJa€ 3MOTY aHaJi3yBaTH BEIUKI IIPO-
rpaMH, a TaKOX 3aCTOCOBYBATH CIICIIiali30BaHi JETEK-
TOpHU Ha 0CHOBI rpadiB moToky 3HaueHb (['T13).

HesBakaroun Ha mepeBard, Iel iHCTPYMEHT Mae
TaKi 0OMEKEeHHSI:

—  BIZICYTHS YyTJIMBICTB JIO TOJIIB Ta IIUISAXiB BUKO-
HaHHS IPOTPaMHu;

— TOraHo MacmTaOyeTbesl JUIS aHaNi3y BEJIMKHX
porpam.

Iactpymenrt Fastcheck [21] 3acTocoBye MikIpoIie-
JOYpPHUHA adrOpUTM A BHSABICHHS BHUTOKIB IIaM’sTi B
mporpamax mMoBoro Ci. BiH aHamizye mOTiK 3Ha4YeHB Bij
TOYOK BUJIIJICHHS ANHAMIYHOI ITaM’SITi 10 TOYOK IXHBOTO
3BUIbHEHHS, BUKOPHCTOBYIOUHM PO3PiJDKEHE IpEeCTaB-
JICHHS] IPOTpaMHM y BUTIIAI rpada MoToKy 3HaueHb. Pe-
Opa rpada aHOTOBaHI yMOBaMH PO3TaIly>KEHHS, IO BH-
3HAYalOTh MOXKJIMBICTh NPUCBOEHHS 3HAUYCHb.

I opmaris po BUKIMKK Ta OBEepHEHHs! QYHKILiit
JOJTAETHCSI 10 pedep, 1o 3abe3neuye KOHTEKCTHO-Iy TIH-
BUH aHAII3.

[Momryk BUTOKIB mam’sITi 3BOANTHCS 10 331a4i 10Cs-
XKHOCTI y rpadi M0TOKY 3Ha4YEHb.

Inctpymenr Clang Static Analyzer (CSA) [183] Bu-
KOPUCTOBYE METOJI CHMBOJIBHOTO BHKOHAHHS JJIsI TO-
LIYKY DI3HOMaHITHUX IOMWJIOK, BKJIIOYAalOYH BUTOKH
mam’ati. Bin 3a0e3medye MiKnponeqypHuid aHai3 i dy-
TIMBICTh 0 NUIAXiB BUKOHAHHA. B OCHOBI aHami3y Ire-
XKUTb po3iopanwnii rpad (PI), sskuit MicTUTH iHpOpMaIio
PO MOXITUBI BapiaHTH BUKOHAHHS mporpamu. s mo-
IIyKy BUTOKIB ITaM’SITi BUKOPHCTOBYIOTHCS CIICIliali30-
BaHI NIETEKTOPH, SKi MEpPEeBipAIOTH, YN ICHYIOTh HMULIXH
BUKOHAHHS, HA SKUX HE BUKOHYETHCS OIEpaLlisl 3BUIb-
HEHHSI MaM’sITi. SIKIIO TakKi NUISXW BUSBJICHI, ICTCKTOP
(dopMye BIINOBiZHE MOBIIOMIIEHHS PO MOMMIKY. On-
Hak CSA Mae J1Ba KpUTHYHI OOMEKEHHSI:

—  LUKJIM BUKOHYIOTBCSI 0OMEXEHY KUIBbKICTh pa3iB
(3a 3amMoBuyBaHHsAM 4), micist 4oro PIT He po3imuproeThes,
1 TOAambIIi IHCTPYKIIT HE aHATI3YIOThCS;

— KUIBbKiCTB IIISAXIB 3pOCTA€ €KCIIOHCHIIIHHO 3ajie-
JKHO BiJI KITTBKOCTI IHCTPYKIIiii po3rairykeHb, 0 poOUTH
aHaI3 BEJIMKUX POrpaM MajoeEeKTUBHIM.

Iactpymenr Infer [22] BUKOpHUCTOBY€ETHCS IS aHa-
Ji3y mporpam, Hanmcanux mMosamu Java i Ci/Cit++, 1 no-
3BOJISIE BUSBIISITH BUTOKH aM’SITi Ta BUKOPUCTAHHS HY-
JNHOBHX MOKAKUMKiB. MIoro 0coGIuBicTIO € BHCOKA 4yT-
JIMBICTH JIO MOTOKY, IIJISXiB BUKOHAHHS, MTOJIIB T4 KOHTE-
KCTY MPOTpaMu, 10 POOUTH HOro e(eKTUBHUM Y BHSIB-
JICHHI TIOMHJIOK.

Iactpyment PML Checker [23] mpairioe muisxom
JEKCUYHOTO T CHHTAaKCHYHOTO aHaJli3y BUXITHOTO KOy
MIPOTPaMH, TiCJIs YO0 OyayeThcst abCTpaKTHE CHHTAKCH-
gyhHe nepeBo (AC/). s ocraTouyHOTrO aHaily BUKOPHC-
TOBY€EThCS CHMBOJIbHHUI BHPIIIyBay, IO JO3BOJISIE BUSB-
JATH TOTEHIHI BUTOKH mam’sti. Lle#l iHcTpyMeHT 3a-
Oe3neyye YyTIUBICTH 0 MOTOKY, IIISXIB BUKOHAHHS Ta
TOJTiB IPOTPaMH.

VY Tabn. 1 HaBe#EHO pe3yJbTAaTH TECTYyBaHHs iH-
CTPYMEHTIB.

Tabnuys 1— Pe3yJbTaTH NOPiBHSIHHS YyTJIMBOCTI Ta 3AaTHOCTi 10 BUSIBJIEHHSI BHTOKIB iHCTPYMeHTIB

e | e | Symien |ty o | Sy | g | i
CSA Tak Tak Tak 4aCcTKOBO Hi Tak
Infer Tak Tak Tak YaCTKOBO Hi Tax
SMOKE Tak Taxk Taxk Hi Hi 4aCTKOBO
PCA Hi Hi Hi Hi Hi Hi
Fastcheck Taxk Tak 4aCTKOBO Hi YACTKOBO Tax
SVF Tak - Taxk Hi Hi Hi
PML Checker Taxk Tak Tak Tak Hi YACTKOBO
AHani3 JaHuX, OTPUMAaHUX B Pe3yJbTaTl TECTY- BHCHOBKIH

BaHHS, TIOKA3ye, 10 JKOJEH i3 JIOCTYITHUX 1HCTPYMEHTIB
HE 3JaTEH BUSBIISATHA BUTOKHU IaM’STi 3 JOCTATHEO BUCO-
KOIO TOYHICTIO Ta HE BOJIOJI€ MAaKCHMAJIbHO MOKIUBOIO
Yy TIUBICTIO.

Ile migkpeciTroe aKTyambHICTh MOAAJBINOI PO3PO-
OKH BIOCKOHAJICHUX METOIB TOIITYKY BUTOKIB IaM’sITi.

VY crarti npeacTaBIeHUH JeTaabHUN OTIs 1 TOPiB-
HAJBHUHN aHaji3 iCHYIOUMX METOJIB 3iCTaBJICHHS BUXiJ-
HUX 1 OiHapHUX (aiiB, aHaJi3y 3MiH MiXK BEpCIsSIMHU TIPO-
rpamMHOTO 3a0e3le4eHHs, MOUIYKY BHTOKIB JIWHAMI4YHOI
ram'sTi i HOMHJIOK BUKOPHCTAHHS 3BIJIbHEHOT ITaM'sTi.
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He3Baxarouu Ha BENHKY KUIBKICTh JOCTYITHHX Me-
TOJIIB, ICHYIOTh CEPIi03HI OOMEIKEHHS Ha KJIac 3aBIaHb,
JUTSL IKAX BOHH MOXYTh OyTH €()eKTHBHO 3aCTOCOBaH.

Heo0OximHo mpuOupaté i 0OMEKXEHHs, PO3BUBA-
FOYH 3aMPOMOHOBAHI METO/IM Ta OUIIBHO PO3IIISIATH iX

HE OKPEMO, a B CYKYITHOCTI, BpaXOBYIOUH BKJIa/I, IKUH I10
OKPEMOCTI MPUBHOCSATh METOIH, B 3arajbHy KapTUHY 3a-
OesrneueHHs Oe3reky nporpaM. Takuil CHUTbHUN PO3BU-
TOK Ta CyMiCHE BUKOPUCTAHHS PO3TJLIHYTHX y CTAaTTI Me-
TOJIiB JI03BOJIUTh OTPUMATH HOBY SIKICTh aHAJII3y.
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Overview of secure software analysis methods
A. Kovalenko, T. Kutsenko, A. Shapoval, O. Sytnyk, Ya. Ni

Abstract. The article provides a detailed review of methods for analyzing secure software. The purpose of the study is to
provide a detailed review of existing methods for static and dynamic program analysis, which are the basis for ensuring security.
For this purpose, a comparative analysis of the functional capabilities of various methods and tools is carried out and the main
shortcomings are identified. Research results. A detailed review and comparative analysis of existing methods for comparing source
and binary files, analyzing changes between software versions, searching for dynamic memory leaks and errors in using freed
memory are presented. It is proved that despite the large number of available methods, there are serious limitations on the class of
tasks for which they can be effectively applied. Conclusion. It is necessary to remove existing limitations by developing the pro-
posed methods. It is advisable to consider the methods not separately, but in combination. In this case, it is necessary to take into
account the contribution that the methods individually bring to the overall picture of ensuring program security. Such joint devel-
opment and joint use of the methods considered in the article will allow for a higher-quality analysis.

Keywords: secure software, program vulnerability, information leak, version changes, binary code.
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KuiBchkuit HantioHabHUH yHIBepcUTET OyAIBHUITBA 1 apXiTekTypu, Kuis, Yipaina

JTOCAIKEHHA YMOB MAKCUMAJIbHOI EOEKTUBHOCTI IEP®OPOBAHUX

EJIEKTPOMATI'HITHUX EKPAHIB

AHoTanis. BusHaueHi OCHOBHI CHIBBiIHOLIEHHS AT PO3PaxyHKy e(heKTHBHOCTI €KpaHyBaHHs €JIEKTPOMArHiTHUX MOJiB
Y JanbHIi 30HI METaJIEBUMH MaTepiajlaMy 1 KOHCTPYKIISIMU 3 OTBOpPAaMH KpyTJIoi Ta IpsIMOKYTHOI (hopmu. BpaxosaHne Bif-
OWTTS eNEeKTPOMArHiTHHX XBWJIb BiJ mepdopoBaHoi moBepxHi. [TokazaHo, 110 Ha OTBOpaxX 3 KiHIIEBOIO TOBIIMHOIO CTiHKA
MOXJIMBI BHHHUKHEHHS YaCTOTHHX CMYT IPO30POCTi KOHCTPYKII1 BHACIIIOK Pe30HAHCHUX SBHIL. Lle BUIUTMBaE 3 Teopil XBH-
neBosiB. TOBIIMHY CTiHKH eKpaHa BBaXXKAaTH XBHJIEBOJOM Takoi JoBXHHH. [IpoBeneHO DOCHiKeHHS 3aIeXHOCT] eheKTHBHO-
CTi eKpaHyBaHH BiJl YaCTOTH EKPAHOBAHOT'O EJIEKTPOMATHITHOTO MoJisi. BCTaHOBIIEHO HAsIBHICT YaCTOTHHX CMYT IIPO30PO-
CTi eKpaHa Ha 4acToTaX, HIDKYUX 32 YACTOTH 3pi3y Ul JaHUX TEOMETPHYHHUX XapaKTEPUCTHUK OTBOPiB. OTpuMaHi CIiBBij-
HOIICHHS U1 PO3PAaxXyHKY BHECKY Y €KpaHYBaHHs CYLUIBHHX UITHOK mephopoBaHOi KOHCTpYKIii. CiBBiTHOIIEHHS Bpa-
XOBYIOTh €IeKTPOQi3HUYHi BIACTUBOCTI Marepialy eKpaHa, 4YacTOTY €KPaHOBAHOTO €IEKTPOMArHITHOTO HOJIS Ta TIHOUHY
MIPOHUKHEHHA Y MaTepias. BpaxoByrouu eMmipHyHui XapakTep HUX CIiBBIAHOMICHD 1 MOXKIIUBI JOAATKOBI YHHHUKH MO>KIIH-
BUX 3MiH €KpPaHYIOUMX BJIQCTHBOCTEH (BIUIMB PEryJSIPHO PO3TAIIOBAHMX BEHTHIALIHHUX OTBOPIB) NOIIIbHE TECTYyBaHHS
CIIPOEKTOBAaHHUX KOHCTPYKIIH y peaJbHUX yMOBaX eKcIutyaranii. [IepcrieKTHBHEM HampssMOoM JOCIIDKEHB € YI0CKOHAJICHHS

(hopMH eKpaHiB MUITXOM MOJOBXEHHS MTHOWHH OTBOPIB.

KawuoBi cioBa: exkpanyBaHHs, nepdopais, XBUICBO, €NEKTPOQI3UIHI BIACTHBOCTI.

Beryn

Ha cphoroani HailOUIBII TOIIMPEHUMH € METajeBi 1
KOMITO3MIIIHI MaTepiaiu Jjis CKpaHyBaHHS eJICKTpoMar-
HITHUX TOJIIB Ta BUIIPOMIiHIOBaHb. [Ipu 1bOMY 3acTOCY-
BaHHSA CYLUTFHUX METAJICBUX CKpaHiB OOMEKeHe depes
BHCOKI KOC(IIIEHTH BIIOUTTS EIEKTPOMATHITHAX XBHIIb.
VYci cydacHi eKpaHyIO4i MaTepialyd MaloTh Pi3HI CTyTeHI
HeomHopimHOCTi. KommosumiiiHi matepiamy, mpuHANMHI
JTIBOKOMITOHCHTHI — [IETIEKTpHYHA MATPHUII 3 SKpaHyo-
YHUM €JIEKTPOIIPOBITHAM a00 MAarHiTHUM HAIIOBHIOBAYEM.
MertasieBi CTPYKTYpH, SIK IPABHUIIO, CITYACTI 1 pO3paxoBaHi
Ha EeKpaHyBaHHS €JIEKTPOMArHITHOIO BHUIPOMIHIOBaHHS
MIEBHOI YaCTOTH Ta aMIUTITYJIu. AJle y pealbHUX yMOBax
eKCIUTyaTalii JOUUIHO BUKOPUCTOBYBATH EKPaHyHOYi MO-
BEpxHi 3 nepdopairiero pizHoi GopMu Ta IIIIBHOCTI PO3Ta-
uryBaHHs1. Hanpukiaz, ais epoMartiTHUX Martepiaiis e
MOKe 3a0e3MeYNTH BUCOKI KOS(Ili€HTH eKpaHyBaHHS Ma-
THITHOTO TTOJIS1 HAJTHU3bKOT YaCTOTH 1 3HIKYE KOeillieHTH
BIZIONTTS €JIEKTPOMArHiTHUX BUIIPOMIHIOBAHb YJIbTPaBH-
COKHX 1 BHIIMX 4acToT. KpiM Toro, y 6ararbox BHIaaKax
OTBOpPY HOTPiOHI AJIsI MPOKJIaJaHHs KOMYHIiKalii, 0XoJo-
JOKCHHSI OONamHaHHS Tomo. TOMY IOIIBHO JOCHIIUTH
e(eKTUBHICTh €KpaHyBaHHSA INep(OPOBAHUX CTPYKTYD i
BU3HAYUTH 3aKOHOMIPHOCTI 3MiH KOE(ili€HTIB eKpaHy-
BaHHA y 3QJIS)KHOCTI BiJl 9aCTOTH BHIIPOMiHIOBAaHHSI.

Oruspn JitepaTypHuX Jaxepes. Po3poOieHHIO He-
OTHOPIJHMX MaTepialiB i KOHCTPYKIiil mpuaiIseThCs Oa-
raTto yBaru. B ocHoBHOMY Iie KOMIIO3HIi}{HI MaTepiany Ha
OCHOBI MiKkpo- Ta HaHOCTPYKTYp [1]. Hemonmikamu Takux
MaTepiaiiB € BICOKA BapTICTh Ta CXWIBHICTB JIO JeTpajia-
il B mporeci ekciuryaraii [2]. Jerpanarist moxiMepHIx
MaTpUIlb MOXIIMBA HE TIJIbKM BHACIIIIOK BHYTPIIIHIX MPO-
LIeCiB, a i1 IiJ] BIVIMBOM BHCOKUX TEMIIEpaTyp y pasi ekpa-
HYBaHHS MPOMHUCIIOBOTO obOmamHaHHs. Ile crocyerbes i
OOJIMIIFOBAHHS 30BHILIHIX IOBEPXOHb OyxiBenas [3].

VY nmocmimkerHi [4] moka3aHO MOXIIMBICTh C€KpaHYBaHHS
MarHiTHOI CKJIaI0BOi €JIEKTPOMArHiTHOTO TOJIS MPOMHC-
JOBOI YAaCTOTH CITYACTUMHU KOHCTPYKISIMH. AJle Taka
KOHCTpYKIIiSl TIOBUHHA MaTH BEJIMKI po3Mipu 1 OyTH Ha-
JiiHO 3a3eMyieHO0. Y po0oTi [4] y3araisHEHO iCHYROYI
MiIXO/IM 10 3aCTOCYBAHHS METAJICBUX €KPaHIB yCiX KOHC-
TPYKIiil Ta BU3HAYEHO HEOJIiKH. 30KpeMa IoKa3aHo, 110
ciT4acTi CTPYKTYpH (hakKTUYHO MOHOXPOMHI. A HIMpOKa
CMyra TOTJIMHAHHS €JEKTPOMArHiTHUX BUIIPOMIiHIOBaHb
JIOCATAETHCS 32 PaXyHOK YCKJIQJHEHHS KOHCTPYKIii. Me-
TOZOJIOTISI IPOEKTYBAHHS HEOAHOPIIHUX EJICKTPOMATHiT-
HUX €KpaHiB IoKa3aHa y [5]. Ane yacTuHa pe3ysbTaTiB He-
Mae JI0CTaTHHOTO 00IPyHTYBaHHs. TakoX BiICYTHE eKcIe-
PUMEHTAJIbHE T ATBEP/KEHHS TECOPETUUHHX JIaHUX. Y po-
60Ti [6] mokazaHo, 10 3aX0/I1 3 EKPaHyBaHHS EJIEKTPOMa-
THITHHUX TOJIIB 1 BUTIPOMIHIOBaHb HEOOXI1THO 34IHCHIOBATH
Ha OCHOBI €JIEKTPOMArHITHOIO MOHITOPHHTY, 1110 00YMOB-
JIGHO 3MiHAMH aMIUTITYJJHO-4aCTOTHUX XapaKTEePUCTUK
poro (haktopa y npocropi y 4aci. Jlocmimxenns [7] cBin-
YHTH, IO e(EeKTUBHICTh EKpaHyBaHHS MeppOopoBaHOi Me-
TaJeBOi CTPYKTYpH MOKHA PO3paxyBaTH 3 HPHHHATHOO
Moxn0OKoI0, aje He HaBeJeHO BepHdiKamii OTpUMaHHX pe-
3ynbTatiB. JIOCHIDKEHHS 00 HEOAHOPIAHOCTI BEJIMKHX
PO3MipiB, apMaTypu i AieIeKTPUIHUX KapKaciB Oy 1iBeib-
HUX KOHCTPYKIiH, [8] CBIMUUTSH 1110, IS TOCTATHROI ede-
KTHBHOCTI Taki CTPYKTYpH TOBHHHI MaTH BEJHMKY TOB-
[IMHY [0 HE 3aBXKIH NPUHHATHO. Y cTarTi [9] HaBemeHO
pe3ynbTaTd TEOPETHYHUX JOCHTI/DKeHb IOJ0 eKpaHy-
BaHHA EJICKTPOMArHITHUX BHUIPOMIHIOBaHb HEOIHOPIJ-
HUMH METAJICBUMH MaHEJSIMHU. 30KpeMa MOKa3aHo, II0
3py4Hi y 3aCTOCYBaHHI CHiBBIJIHOIIEHHS CTPOTO BHUITHBA-
IOTh 3 T€Opii XBWIEBOIIB. AJie BiIOMO, III0 Y XBHJIEBOIAX
MOXJIMBE BUHMKHEHHS PE30HAHCHUX SIBUIL, L0 BUMarae
eKCIIepUMEHTAJIBHUX JJOCII/DKEHb MO0 YacTOTHOI 3aie-
KHOCTI KoeQillieHTIB ekpaHyBaHHA. HaBenene oOymoB-
JIIO€ aKTYaJIbHICTh JOCIIIJUKEHHSI.
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BukianeHHst 0CHOBHOI0 MaTepiany

BpaxyBaHHS HasgBHOCTI OTBOpIB Yy eKpaHYIOUiil
KOHCTpPYKIIi NOIIJBHE AJISL YaCTOT, HIKYMX 32 YaCTOTY
«3pi3y», TOOTO [UIS €IeKTPOMATHITHUX XBIJIb, IS SIKUX
eKpaH HenpoHUKHUU. [Ipu IboMy pO3IiIsAa€ThCS NaTbH
30Ha EJEKTPOMAarHiTHOro mojs. YacToTu 3pi3y CTporo
PO3paxoBYIOThCS, BHXOAAYH 3 Teopii xBHiaeBoxiB [9].
Jnst mpssmokyTHOTo oTBOpy f3=1,5-108/b 't me b — 6inb-
mui po3Mmip ortBopy. s oTrBopy Kpyrioi dopmu
f3=1,75-10%/D T'n, ne D — niameTp oTBODY.

[Ipu upoMy BTpaTH Ha MOTJIMHAHHS JUIS YaCTOT, HU-
®urx 3a f, MpUONH3HO JOPIBHIOKOT:

Jst IpsIMOKYTHOTO OTBOPY

d
A=27—, 1b,
b

1e d — TOBIIMHA CTIHKH eKPaHy401 KOHCTPYKIIi;
Jnis kpyriioro oTBopy

d
A=32—, 1b.
D A

OO00B’I3KOBUM € BpaxyBaHHS BiTOUTTS €IEKTPOMa-

THITHHX XBUJIb R.
Jl1st KpyToro OTBOpYy:

30 A 30

g,

K,dB
K, dB

R =102 - 201g(Df ), 1B,

Jl1s npsIMOKYTHOTO OTBOpY:
R =100-20Ig(bf)+20Ig| 1+In Ej nb,
a

ae b, a — mupuHa Ta BUCOTa MPSIMOKYTHOTO OTBOPY.
Aute, sik mokazano y [10], npoxoKeHHIO elneKTpo-

MAarHiTHOI XBWIII Kpi3b XBHJIEBOJ NPHTaMaHHI pe30HaH-

cHi siBuIa. Lle 00yMOBITIOE Te, III0 XBHIIEBO/] CTAE TIOHA-

MEXHUM 32 yMOBH MA/2a > Je, nee— JUeNeKTpUYHa
MIPOHUKHICTh CEpe/IOBHUINA, @& — BHCOTa XBHJIEBOAA, A —
JIOB)KHHA €JIeKTPOMAarHiTHOI XBWJIi, M — HaTypajibHEe YH-
cino. Came pi3HUM/ 3HAYEHHSIM M BiANOBIIAIOTH KOJH-
BaHHS IHTEHCHBHOCTI BUIIPOMIHIOBAHHSL.

J1y1st BU3HaYeHHS MOXITMBHX BIKOH ITPO30POCTI eJie-
KTPOMArHiTHOTO €KpaHa 3 OTBOPOM Ha IIEBHHUX YacTOTax
Oynu mpoBeieHI BUIPOOYBaHHS KUTBKOX KOHCTPYKILH 3
OTBOpPAMH.

JlocmimkyBanucs: 3aMKHEHI MeTaneBi KOHCTPYKIIiI,
IO BHUKIIIOYAJIO0 IPOHUKHEHHS €IEKTPOMArHITHOTO OIS
mo3a ekpanoM. Ha puc. 1, a HaBereHO 3aIeXKHICTh Koedi-
[i€HTa eKpaHyBaHHSI KOHCTPYKII{ 31 OIUIMHOIO pO3MipoM
15x5 ¢M BiJ 4aCTOTH €KPAHOBAHOTO TIOJIS.

70
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K.dB

0 200 400 600 800
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a—15x5cm

€JIEKTPOMATHITHOTO TTOJIS

SIK BUIHO 3 HaBEJCHUX JIAHMX, KOHCTPYKIIS € pa-
niornpo3oporo Ha acToTi npubimmsao 400-600 MIm.

AHaIOTI9YHI JTOCTIKCHHST TIPOBEACHI IS OTBOPY
po3mipom 10x1 cm (puc. 1, 0).

Ha puc. 3 HaBeneHO pe3ysibTaT BUIPOOYBaHb KOH-
CTpyKLIii 3 0TBOpOoM po3mipamu 20%3 cm.

AHani3yto4n oTpUMaHi 1aHi, 10 32 Pi3HUX PO3MipiB
OTBOPIB CIIOCTEPIralOThCA YACTOTHI CMYTH IPO30POCTI
KOHCTPYKIIi /s eleKTpoMarHiTHoro mois. Lle, oueBuaao
TIOB’13aHE 3 pe30HAaHCHUMHU SIBHIIaMH. BusHaunTu cTpory
3aICKHICTD CMYTM TPOIyCKaHHS eJEeKTPOMAarHiTHHUX
XBWJIb y 3aJIEXHOCTI BiJl PO3MIpiB OTBOPY CKJIaJHO i He-
JIOITFHO. 3HAYHOO MIpOKO Iel TIOKa3HHK 3aJIC)KHUTh BiJ|
TOBIIMHM MaTepially, sSIKy MOXKHAa BBa)XKaTH JIOBXKHHOIO
xBHJIeBoa. HaliOumbIn pamioHAIbHUM € TIOTIepPEIHI BH-
poOyBaHHS KOHCTPYKIIii 3 ypaxyBaHHSIM aMILTiTYIHO-4a-
CTOTHHX XapakTEPHCTHK EJIEKTPOMArHiTHOTO BHIIPOMi-
HIOBaHHS, ke IOTpeOye expaHyBaHH:. EexTHBHICTS ek-
paHyBaHHS EJIEKTPOMATHITHOT'O MOJISt MOYKE 3HHKYBATHCS
BHACTIIOK NMPOHWKHEHHS OIS Oe3mocepeHbo Kpish eK-
panytounii Marepiai. [Ipu oMy 1iei TOKa3HHUK iCTOTHO
3aJICKUTh BiI 4YacToTH moist. IligBHINEHHS 4YacTOTH

-10
1400 0 200 400 600

60— 10x1 c™m

Puc. 1. 3anexHictb koedilieHTa eKpaHyBaHHS METaJeBOi KOHCTPYKIii
3 OTBOPOM PO3MIpOM BiJI YACTOTH €KPaHOBAHOTO

800 1000 1200 1400 -10
. MHz -20

0 200 400 600 800
£, MHz

1000 1200 1400

Puc. 2. PesynpraTn BUNIpoOyBaHb
KOHCTPYKIIi1 3 OTBOPOM
po3mipamu 20%3 cm

3HIKY€ TIPOHUKHICTH TIOJIS Y TIPOBITHUI MaTepial, TOOTO
3MEHILYETHCS TOBLIMHA CKiH-1Iapy.

st peryJisipHO po3TaIlOBaHUX OTBOPIB MONPaBOY-
HHUH KOe(ili€HT Ha MPOHUKHEHHS IOJIsl Yepe3 Marepial
MIDX OTBOpaMH MO)KHa BU3HAYUTH 3 EMITIPUYHOTO CITiB-
BipiHOIIIEHHSI, HaBemeHo y [11]:

K =—20Ig(1+35p_2'3),21]5; p :!;,

ne | — noBxuHa MaTtepiany Mixk OTBOpaMH, 6 — TOBIIHHA
CKiH-IHapy.

ToBmuHa cKiH-apy (TMMOWHA MPOHUKHEHHS OIS
y MaTepian) BU3HAYAEThCS CITiBBiTHOIIICHHSIM

d=c (27r\/0'7f),

Jie ¢ — MBUIKICTh PO3MOBCIOKEHHS €JIEKTPOMAarHi THIX
XBWJIb, G — TUTOMA MIPOBIHICTh MaTepiany eKpaHa.

TakuM YMHOM, TOTIPAaBOYHUNA KOe(ilieHT BH3HAYA-
€THCS SIK:

K =-20lg (1+ 35(27l o f /c)_2’3), 1b.
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HagezeHi CHiBBITHONICHHS € €MITIPHYHUMU, TOMY
iX 3acTOoCyBaHHS AOLIJIbHE /IS MOIEPEIHBOTO OLiHIO-
BaHHS €()EKTUBHOCTI EKpaHyBaHHS 3 ypaxyBaHHSIM aMII-
JITYyTHO-4aCTOTHUX  XapakTePUCTHK  EKPaHOBAaHOTO
nosst. Ciin BpaxyBaTu, 1[0 BOHH BUKOHYIOTHCS TiJIbKH
IUIsL aTbHBOT 30HH €JIEKTPOMArHiTHOTO HOJIS.

YV mporieci MPOEKTyBaHHS 3aXUCHOI KOHCTPYKIIii MO-
XKyTb BUHUKHYTH JIOJAaTKOBI POGJIEMH, HAIPHKIIA], BILTUB
BEJIMKOI KUTBKOCTI PETYIISIPHO PO3TAIIOBAaHUX OTBOPIB VIS
3a0€e3MeUeHHs] BEHTWIALII Ta OXOJIODKEHHS OOJIa HaAHHS.
Tomy amst 3a0e3nedeHHsT HOPMATHBHAX YMOB TiepeOyBaHHS
JFONIeH Ta 3a0e3MeueHHsI CTaOUIbHOT POOOTH EJICKTPOHHOTO
o0JasHaHHsT HeoOXiqHe BUIPOOYBAHHS JOCIIIHOTO 3paska
€KpaHyIOuoro Marepianxy abo KOHCTPYKIIII y peaJlbHIX YMO-
Bax eKcIuTyarallii. BpaxoByroun, mo mis nephopoBaHux 3a-
XUCHHX KOHCTPYKLIH MOKIIMBO 3aCTOCYBaTH TEOPIIO XBHIIE-
BOJIB, NMEPCIEKTHBHUM HAIPSIMOM JOCII/PKEHb € BH3Ha-
YEeHHSI MOXJIMBOCTI PO3POOJTIECHHS KOHCTPYKIIH 3 IICBHOIO
(hopMOFO OTBOPIB, sTKa 30LTBIINTE JOBXKHUHY XBIIIEBOA. Taki
KOHCTPYKIIii CIIPASTAMYTh IiABUIIICHHIO e(PEKTHBHOCTI €K-
paHyBaHHS 0e3 3HIDKEHHSI CyMapHOTO TIepepi3y OTBOPIB.

BucHoBKH

1. Bu3HaveHO CIIBBiJHOUIEHHS JJI1 PO3paxyHKIiB
e(eKTUBHOCTI €KpaHyBaHHs €JIEKTPOMArHiTHUX MOJIB Y
XBIJIBOBIH 30H1 3 BUKOPHCTaHHAM METaJICBUX MaTepialiB
orBopamu. [TokaszaHo, 110 3a Pi3HUX T€OMETPUYHHUX KOH-
¢iryparuiit OTBOPiB MOMJINBI HAIBHOCTI CMYT IIPO30POCTi
eKPaHYIOUYNX KOHCTPYKLIH AJIS eNeKTPOMarHiTHHX BH-
MIPOMIHIOBaHb.

2. TIpoBexmeHi qOCTiKEHHS YaCTOTHOI 3aJIe)KHOCTI
e(eKTUBHOCTI eKpaHyBaHHs JUI1 OTBOPIB Pi3HOT TOBXKHH
Ta IUPHUHU. BCTaHOBIEHO HEMOHOTOHHICTh TAKUX 3aJle-
JKHOCTEH 3 HasIBHICTIO 30H MPO30POCTI, III0 00YMOBIICHE
PE30HAHCHUMH SIBULIIAMH Y OTBOpax MarepialliB KiHIIEBOT
TOBILIMHHU.

3. HageneHo criiBBiTHOIICHHS TS pO3paxXyHKIiB BHE-
CKy MOTJIMHAHHSI €JICKTPOMArHITHOI eHeprii MeTaJeBUM Ma-
TepiajoM 3 ypaxyBaHHAM HOTO eNeKTpo(i3NIHIX BIIACTH-
Bocteit. HaromomieHo, o BpaxoByIO4H eMITipHIHICTB CITiB-
BiJTHOIIICHb, JOLIJIbHE BUNPOOYBaHHS CHPOEKTOBAHMUX Ma-
TepiaiiB 1 KOHCTPYKIiH y peaTbHIX YMOBaxX €KCIDTyaTaril.
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Study of conditions for maximum efficiency of perforated electromagnetic screens
Y. Biruk, A. Klymchuk

Abstract. The basic relations for calculating the efficiency of shielding electromagnetic fields in the far zone by metal
materials and structures with round and rectangular holes are determined. The reflection of electromagnetic waves from the perfo-
rated surface is taken into account. It is shown that at the holes with a finite wall thickness, frequency bands of transparency of the
structure may occur due to resonant phenomena. This follows from the theory of waveguides. The thickness of the screen wall is
considered to be a waveguide of this length. The dependence of the shielding efficiency on the frequency of the shielded electro-
magnetic field is investigated. The presence of frequency bands of screen transparency at frequencies lower than the cutoff fre-
quencies for these geometrical openings is established. The relations for calculating the contribution to the shielding of continuous
sections of a perforated structure are obtained. The relations take into account the electrophysical properties of the shield material,
the frequency of the shielded electromagnetic field, and the depth of penetration into the material. Taking into account the empirical
nature of these relations and possible additional factors of possible changes in shielding properties (the influence of regularly spaced
ventilation holes), it is advisable to test the designed structures in real operating conditions. A promising area of research is to
improve the shape of the screens by lengthening the depth of the holes.

Keywords: shielding, perforation, waveguide, electrophysical properties.
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3ACTOCYBAHHS KOMIO3UIIIMHOT O 3AJI30BMICHOI'O MATEPIAJTY
JJIsA EKPAHYBAHHA EJIEKTPOMAT'HITHHUX ITOJIIB
YJIbTPABUCOKHUX I BUIIIUX YACTOT

AHoTanisi. [lociipkeHO 3MIHM KOe]illieHTIB IPOXOJHKEHHS, BIIOUTTS Ta MOTJIMHAHHS €JIEKTPOMAarHITHUX BHIIPOMIHIO-
BaHb KOMITO3HIIITHIMH MaTepialiaMy i3 MaCOBHM BMiCTOM KapOoHUTHHOTO 3aimiza 40 % Ta 60 % y JHieIeKTpHIHId MaTPHIIL.
BcTaHoBIeHO, 1110 KOC(DII[i€EHTH MPOXOMKESHHS €IEKTPOMArHITHOTO BHIIPOMIHIOBAaHHSI Y 4acTOTHOMY miama3oHi 2—12 I'Trg
3HmKyI0Thes 3 0,80-0,85 10 0,10-0,30. BiamoBigHo xoegiieHTH BiAOUTTS €IEKTPOMArHITHUX XBHJIb IiJBHIIYIOTHCS BiJ
0,05-0,08 mo 0,22-0,28. TIpu upomy Ha yactoTax 8—10 I'T crocrepiraroTbes Bullli Koe(illieHTH BIAOUTTS AJIs 3pa3KiB 3
MEHIINM BMiCTOM KapOOHIUIBHOTO 3aji3a. Y MOJANBIIOMY IIel TOKa3HHUK 301IbIIYEThCS 1 cTabimi3yeTbes. 3HIDKeHHS Koedi-
Li€HTa BITOUTTS €IEKTPOMarHiTHUX XBHJIb IIPH BMICTI IPOBiTHOI CyOCTaHIIl y JieNeKTpHIHOMY MaTepialli MOXKHA TTOSICHUTH
JOCSTHEHHSIM MEePKOJIIIIIHHOTO eeKTy — MiABUIEHHIM IPOBiTHOCTI Matepiaiy. Lle BinOyBaeThCs IpH yTBOPEHHI y MaTepi-
aJi KiJ IpOBIAHOCTE Yyepe3 3HaYHi 3HAYEHHS eIEeKTPOMArHiTHUX KOHCTaHT YaCTHHOK HalOBHIOBaua. TOMY NPH MPOEKTY-
BaHHI KOMITO3HIIIHHUX MaTepiajiB i KepyBaTHCs 00’ €MHUM BMICTOM HAIlOBHIOBAva y AieNeKTpHYHIN MaTpuii. OTpruMaHi
JaHi JO3BOJISIOTH PO3PaxyBaTH KOMILICKCHI ieJEeKTPUYHI Ta MarHiTHI MIPOHUKHOCTI MaTepiaiiB. Lle y mogansmomMy crpoc-
TUTH NPOEKTYBAaHHS KOMITO3HLIHHUX MaTepiaiiB 3 MOTPiOHINMH 3aXHCHIMH BIACTUBOCTAMH. Y MPOIIECI MPOEKTYBAHHS 3aXH-
CHHX MaTepiaiiB i KOHCTPYKIIH CITiJi BpaXOBYBaTH Pi3Hi 3aJ€KHOCTI TAHTEHCA KyTa BTPAT IJIS AiCNEeKTPUIHUX 1 IPOBITHUX
MaTtepianiB. [laHa Mexxa U1 KOMITO3HIIN IS0 YMOBHA, TOMY MOTIEPEAHBOI0 YMOBOIO TS PO3pOOJICHHS 3aXHCHUX MaTepia-
JIiB € BU3HAYEHHS aMIUTITy THO-4YaCTOTHUX XapaKTEPHUCTHK IOJIIB, SIKi HOTPeOYIOTh eKpaHyBaHHSI.

Kaw4doBi cioBa: xoMmo3uuiitHuii Matepiai, eKpaHyBaHHS eIEKTPOMAarHiTHOTO BUITPOMIHIOBaHHS, KOS(Ili€HT BiTOUTTA,

eJIeKTpO(i3MYHI BIACTHBOCTI.

Beryn

OCHOBHMUMH HamnpsiMaMd pO3poOJIEHHs 1 BIPOBa-
JDKCHHS! KOMITO3UIIHHUX MaTepiaiiB y Tary3sx eJIeKTpo-
MAarHITHOI 0€3IeKH Ta eIeKTPOMATHITHOI eKOJIOTii € 3a-
Oe3medYcHHsT BUCOKMX KOe(ilieHTiB eKpaHyBaHHS 3a pa-
XYHOK TOTJIMHAHHS €HEpTii eJIeKTPOMAarHiTHUX XBHJIb.
To6T0, 32 BUCOKOT €PpEKTHBHOCTI KOS(IIiEHTH BiTOUTTS
€JIEKTPOMArHITHUX XBUIIb TIOBUHHI OyTH MiHIMaJIbHUMH.
e € ckmamHOO 3a/1a4€H0, OCKITBKH 0a3yeThes Ha hyHIa-
MEHTAJILHUX TIOJIOKEHHSIX €JIeKTPOIUHAMIKHY CYIIbHUX
cepenosuiil. Ha cborosHi OiIBIIICTh TAKUX TOCIIIKCHD
CTOCYETHCS] HAHOKOMITIO3UTIB, ajie TaKi MaTepiajin MaloTh
BHCOKY BapTiCTh, 1110 00YMOBIIIOE€ 0OMEKEHICTh ChepH iX
3acTocyBaHHs. bararomaposi CTpyKTypH 3 MiHIMAJIBHOIO
BiIOWBAaJBHOIO 3ATHICTIO HE 3aBXKAH MPHUHATHI depes
CKIIaJTHICTh TEXHOJIOTiH X BHKOpucTaHHA. Tomy normi-
JIbHO TIPOBECTH KOMIUIEKC EKCIIEPUMEHTAIBLHHUX JOCITi-
JDKEHb 3 TIOIIYKY KOMIPOMICHOTO pillIeHHS 070 3a0e3-
TIEYCHHS JOCTATHHOTO Koe(illieHTa 3araJibHOr0 eKpaHy-
BaHHS 3 MPUHHATHAM 3HAUYEHHSIM KoedillieHTa BiIOUTTS.

Crtal nuTaHuga

CkiaHicTh MpoOIeMaTHKN €KpaHyBaHHS €JIeKTPO-
MarHiTHUX NOJNIB 00yMOBJIEHa 3HAYHUMH PO30i’KHOC-
TAMH aMIUTITYZJHO-4aCTOTHUX XapaKTEPHCTHK eNeKTPO-
MarHiTHOi 0OCTaHOBKH Ha OKPEMHUX TEPHUTOPIsIX, B Oy1i-
BJISIX Ta BU3HAUYEHWX BUPOOHWYMX yMOB. JlomycTumi pi-
BHI TIONIB PErIaMEHTYIOThCS MIKHApOJHUM HOPMAaTH-
BoM [1] Ta HamioHanbHUMH HOopMaTHBami [2, 3]. Oco0-
JIMBICTIO 3aCTOCYBAaHHS €KpaHYBaHHS €lI€KTPOMAarHITHUX
TIOJTiB YJIFTPABUCOKHUX 1 BHITUX YaCTOT € OJJHOYACHHM 3a-
XUCT JIFOJICH BiJ €JICKTPOMAarHiTHUX BIUIMBIB Ta 3a0e3me-
YeHHs cTabuTbHOI POOOTH yCiX 3aco0iB 0€31pOTOBOTO

3B’s13Ky. KpiM TOTO, Taki eKpaHd HOBUHHI MaTH MaJi KO-
e(iui€HTH BIAOUTTS €IEKTPOMArHITHUX XBWJIb JJIsl YHH-
KHEHHS HerepeadadyyBaHUX MPOCTOPOBHUX HEPEPO3IOIi-
JIB MOTOKIB BHUIpPOMiHIOBaHb. HaiiBuiui edexTHBHOCTI
MaroTh MaTepiaid Ha OCHOBI HAHOYACTHHOK [4, 5]. AJe
X BapTiCTh SIK PH OTPUMaHHI HAHOCTPYKTYp, TaK i Ipu
BUTOTOBJICHHI MaTepiaiB qyxe Bucoka. Tomy ix 3acto-
CYBaHHS € JIOUUIBHUM TIIBKH JUTS 3a0€3IeYeHHS eJIeKT-
POMAarHITHOI CyMICHOCTI €JIEKTPOHHOTO OONaTHAHHA —
3axXUCT BiJ] CTOPOHHIX €JIEeKTPOMAarHiTHUX BIUHBIB. [loc-
JDKSHHS MIOA0 PO3POOIJICHHS W BUITPOOYBAHHS 3aXHUC-
HUX BJIACTUBOCTEH KOMITO3HILIN HA OCHOBI MIKPOCTPYK-
TYP CTOCYIOThCS €KpaHYBaHHS €JIEKTPOMAarHiTHUX IOJIIB
yactotamu 10 3 I'T1. Y poGori [6] BU3HAUEHO 3MiHU KO-
eQili€HTIB eKpaHyBaHHs €JIEKTPOMArHiTHOTO MOJIS Yac-
toroto 1,8 I'T11 y 3a/eKHOCTI BiJf BMICTY Ta AUCIIEPCHO-
cTi MarHeTuTy. [loka3aHo, 1110 NpH JOCSATHEHHI NPHIHS-
THUX 3arajibHUX KOeQiIlieHTiB eKpaHyBaHHA KOe]imieHT
BiIOUTTS HaOyBa€ BUCOKUX 3HAYCHb. Y JOCIIHKEHHI [7]
JUIL TABUINCHHS Koe(illieHTa eKpaHyBaHHS MaTepia-
JIaMU MaJIMX TOBILMH Y BUXIZHY CYMiIll 10/1a€ThCs rpadi-
TH30BaHa caka. BoHa Mae BUCOKY BapTiCTh, @ TEXHOJIOT1S
BHTOTOBJICHHSI KOMIIO3HIIIT YCKJIAIHIOETHCS. Y po0oTi [8]
MTOKAa3aHO 3aCTOCYBAHHS IBOKOMIIOHEHTHUX MaTepialiB
Ha OCHOBI 3aJIi30pyJXHOTO KOHIIEHTPATy I CTBOPEHHS
TPaJIiEHTY eNeKTPOQi3MIHUX BIACTUBOCTEH MO TIIMOWHI
Matepiany. IIpu mipoMy 30BHIIIHIM mIap Mae BiZHOCHO
Mani KoediIieHT BiTOUTTS eIeKTPOMATrHITHUX XBHJIb, &
BHYTpIIIHI — BHCOKI NOTJIMHAIBHI BiIacTuBocTi. Hane-
CEHHSI Ha MOBEPXHIO KUTBKOX IIapiB 3aXHMCHOTO MaTepi-
aJly TakoXX 30UIbIIye Yac CTBOPEHHS 3aXHCHOTO ITOK-
PUTTS 1 3HUKYE HOTO CTIHKICTB 10 MEXaHIYHHX Ta IHIIHX
BIUmBiB. JlocmimkenHns [9] cToCcy€eThCs 3aCTOCYBaHHS Ka-
pOOHINBHOTO 3aii3a y SKOCTI HaloOBHIOBaYa MaTpHIL.

© H. b. bypneiina, JI. A. 3o3yms, T. b. Ilerpynsok, 2025
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[TokazaHo, 1110 Ha TaKOMy Marepianxi MOXKHAa OTPHUMAaTH
Mauti Koe(ilieHTH BIIOUTTS i BUCOKI 3araiibHi Koedirie-
HTH €KpaHyBaHHs1. TOBIIMHM JOCIIKYBaHHUX 3pa3KiB Be-
JIMKI — 5 MM, 110 He 3aBAM 3py4HO. Matepian marpuii
MOJICIBHUH 1 OTpedye 0araToCTymiHYaCTOr0 BUTOTOB-
JICHHS, 32aCTOCYBaHHS KiJIbKOX IMapiB JIaKy. AJile BHCOKa
BiTHOCHA MarHiTHa IPOHUKHICTH 3aIIi3a, IPHHHATHA eIre-
KTPOIPOBIAHICTh Ta XiMi4HA CTIHKICTh YaCTHHOK, 3aXH-
IICHUX [IapOM BYTJICIIO POOHTH Iei MaTepian ayxe Iie-
PCIIEKTUBHUM. JIOIIIBHUM € JOCHIAWTH 3aCTOCYBAaHHS
JpiOHOAMCIIEPCHOTO 3alTi3a Y SIKOCTi HallOBHIOBAYA ITOJTi-
MEpHOI MaTpHuIi 3 TOYKU 30pY €(PEKTUBHOCTI EKpaHy-
BaHHS EJIEKTPOMAarHITHUX IOJIB YJIbTPAaBUCOKHX 1 BH-
LIHAX 9aCTOT.

Meta mociimzkeHHs] — BU3HAYCHHS Koe(illi€HTIB
TIOTJIMHAHHSA U BIIOUTTS €J1€KTPOMArHIiTHHUX IOJIB YJIbT-
PaBHCOKHUX 1 HAJIBUCOKUX YacTOT Ta CTBOPEHHS 3acaj 3a-
CTOCYBaHHSl TAKUX MatepiaiiB Ui 3aXHCTY JIFOICH Bif
€JIEKTPOMArHITHAX BILIHBIB.

BukiageHHsI 0CHOBHOI0 MaTepiany

Jlyist mpoBeNeHHs TOCTIHKEHDb OYJI0O BUTOTOBIICHO
3pa3kd 3aXHUCHUX MarepiajiB Ha OCHOBI JIATEKCYy
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Puc. 1. 3anexHicTb KoedilieHTIB
MPOXOJIKEHHS eJIeKTPOMarHiTHOTO
BUNPOMIHIOBaHHA KPi3b MaTepiall BiJl 4aCTOTH,
== — JyIs1 KiJIbKiCTh HanoBHIOBada 40 % 3a Macoro;
=@— — j1s KiILKICTh HanoBHIOBa4a 60 % 3a Macoro

OpnepxaHuii pe3ysbTar CBIIUHTS, 1110 BiIOUTTS ee-
KTPOMArHITHUX XBHJIb Ma€ OiJIbII CKJIaIHYy YacTOTHY 3a-
nexHicTh. Ha wacrorax, 6muspkux g0 6 [T 3pasok 3
BMicTOoM 60 % 3aJiza Ma€ YiTKUA MaKCUMYM BIiIOUTTS, a
Ha 4dactorax 8—10ITH meil moxkasHUK Ma€ MiHIMaIbHI
3HaueHHs. [1pu npoMy Ut gacToT, Ounemnx 3a 7 I'T1 xo-
eilieHTH BiGOWTTS OiNbIIi AJIT MaTepialiB 3 MEHIINM
BMicToM MeTaseBoi cyocTanii 40 %. Lleit pe3yabTar He-
OUiKyBaHHH i moTpelye 3’ sICyBaHHS.

Ha puc. 3 naBeneHi pe3ynpTaT BUMIipIOBaHb Koe-
(¢imieHTa MOTIMHAHHS OTPUMAHUX MaTepiaiB.

Sk BuHO 3 puc. 3, Ha yactotax 8—10 I'Tu criocrepi-
raeThes IEBHUH MaKCUMyM IOTJIMHAHHS, IO BiIOBIIa€e
YacTOTaM 3HWKEHHs Koedinienra Binoutts Ka. Takox
JIesIKi BiIXWJICHHS BiJI MOHOTOHHOCTI CITIOCTEPIrar0ThCs
Ha KPHUBIH NMPOXOJUKEHHS eJIEKTPOMArHiTHUX XBHIIb. Lle
MOJKHa TIOSICHUTH SIBHIIAMHU PE30HAHCY IPH MEBHUX

(MaTpus) Ta KapOOHiIBHOTO 3aii3a (HanoBHIoBay). Ki-
JBKiCTh HanoBHIOBaua ckianana 40 % ta 60 % 3a macoto.
JucnepcHicTh KapOoHiITBHOTO 3amiza — 6-8 mxm. ToB-
LIMHA 3pa3KiB CKJIaana npuoausHo 2 mm. s BunpoOy-
BaHb 3aXMCHHX BJIACTHBOCTEH BHKOPHUCTOBYBABCS XBH-
JIBOBUI METOLI.

BumMmiproBaHHS 3miliCHIOBANIHCS Yy Iiala30HI 9aCTOT
1-12 I'T, o BiAmoBigae poOOYNM YaCcTOTaM OUTBIIOCTI
BHUCOKOYACTOTHUX JKEPEN EJIeKTPOMAarHiTHOIO BHIIPO-
MIHIOBaHHS, SIKi BUKOPHUCTOBYIOTECS Y BHPOOHHYIUX Ta
IHIIKUX Tporecax. 3AiHCHIOBAIOCS BUMIpIOBaHHS Koedi-
LIEHTIB MPOXOPKEHHS €JIEKTPOMArHiTHOI'O BUIIPOMIHIO-
BaHHA K7, KoedimienTa Binoutts Kr Ta xoedimieHTa no-
rmuHaHHA Ka. B ycix Bumankax e(eKTHBHICTH eKpaHy-
BaHHS OIIIHIOBAJIACS 32 3MIHOIO ITOTY>KHOCTI BUIIPOMIHIO-
BaHHS.

Ha puc. 1, 2 HaBeleHO 4acCTOTHY 3aJIeXKHICTh Koe-
¢imieATa TPOXOHKEHHS EIEKTPOMATrHITHOTO BHIIPOMi-
HIOBaHHS.

Sk BumHO 3 puc. 1 it 060X 3pa3kiB KoedimmieHT
NPOXOJUKEHHS. NMPAaKTHYHO MOHOTOHHO 3HMXKYETHCS 3i
30UTBIIICHHSM YaCTOTH BUIPOMiHIOBaHHS. JlesKi Bigxu-
JICHHSI CIIOCTepiratroThes y cMysi yactot 8—10 ['Tm.
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Puc. 2. 3anexHictb koeQilieHTiB
BIZIOUTTS €EKTPOMAarHiTHOTO
BUIIPOMIHIOBaHHA KPi3b MaTepial BiJl 4aCTOTH,

=8 _ juist xinbKicTh HamoBHIOBaYa 40 % 3a Macoro’
=@= _ 151 KiILKICTh HanoBHIOBa4a 60 % 3a Macoxo

yMOBax BHMIpIOBaHb Ta BIIACTUBOCTSAMH (hepoMarHir-
HOTO pEe30HaHCY. AJle 3arajibHa TEHJICHIIS IMiBUIIEHHS
e(eKTUBHOCTI €KpaHyBaHHS 31 3pDOCTaHHSIM YacTOTH BH-
MIPOMIHIOBaHHS BiJINOBIZA€ MOJIOXKEHHSIM EJICKTPO/IMHA-
MIKH cyniibHUX cepenoBuil. [Ipu po3poOiieHi 3aXxucHnX
MaTepiaiiB CJIiJl BpaXOBYBaTH, 1110 KOe(ili€HTH BiIOUTTS
MalTh TEHJICHINIO J0 3pOCTaHHS, IO MOXe OyTH He-
MPUAHATHAM IS BUPIMICHHS NESIKUX MPUKIAIHUX 3a-
Jad.

SIKmmo y3araJlbHUTH OTpUMaHi AaHi, TO Ma€ BUKOHY-
BaTHUCS CITiBBITHOIICHHS:

KT+KR+KA =1,

Ane y pesynbrarax € geski BimxwmiaeHss. Lle e pe-
3yJIBTATOM IIEBHOI MOXUOKU BUMIPIOBaHb. AJie 3arajibHi
TEHJICHIII] 3MiHU TPHOX MOKA3HHUKIB CBITYaTh PO KOPCK-
THICTh JaHMX.
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Puc. 3. 3anexHicTh Koe]ili€HTIB TOTTHMHAHHS
€JISKTPOMAarHITHOI'O BUIIPOMIHIOBaHHS Kpi3b MaTepiai Bil 4aCTOTH,

== — JIJIs KUIbKICTh HanoBHIOBaua 40 % 3a Macoro;
=@= _ 1151 KUIbKICTh HamoBHIOBa4Ya 60 % 3a Macoro

Ha ocHOBI oTprMaHMX JaHHX 3aCTOCYBAaHHS METO-
nvku bekkepa-/IxapBica MOXKHA pO3paxyBaTH 3HAYCHHS
KOMIUIEKCHHX JieJIeKTPUYIHOI Ta MArHITHOT MPOHUKHOC-
Tel Marepiais.

30KkpeMa, JiCHI CKIIaIOBI MieIEKTPUYHOT MPOHUK-
HOCTI MaTepiaixy 3 BMiCTOM KapOoHiIbHOTO 3amiza 80 %
Mae 3HaueHHs 9,0-8,5 B ychoMy [iama3oHi, a 3 BMiCTOM
40 % — 6,2-6,0. IIpu upboMy ysiBHa CKJIaJ0Ba Ma€ HEBe-
JIMKI 3HA4YeHHs, SKUMH MOXKHA HEXTyBaTH. MartitHa
MIPOHUKHICTH 32 TICHOIO CKJIAI0BOIO 3HIKYETHCS 3 2,5
ta 2,0 mo 1,5-1,6 Ha wactorax 8—10 I'Tt. [Ipu bomy ys-
BHI CKJIaJIOBi Tak0ok He3HauHi. Taka crabimizaris i o0y-
MOBIIIO€ BHXin KoedimieHTa BIZOUTTA Ha NPAKTUIHO
cTaJl 3HaYEeHH.

KoedimieHT BiAOUTTS €IEKTPOMATrHITHUX XBUJIb BijI
MOBEPXHI MaTepialy BU3HAYAETHCS CITiBBIIHOLICHHSIM:

Zy-1
R™zy +1

ne Zy — MOBEPXHEBUH IMIIEIaHC MaTepiay.

gy (1-itgs)’

ne 19O — TaHreHC KyTa BTpar.
Jist mpoBiHUX MaTepiaiiB:

tgo = g ,
WEE

Jie 0 — MUTOMA eJIeKTPUYHA ITPOBIIHICTH MaTepiaiy.
Jist mienekTpuKiB:

n

tgdzg—,.
&

Cuij BpaxoByBaTH, IO TaHI'€HC KyTa MarHiTHHX
BTpPaT CKJIaJa€Thcs 3 KUJIBKOX KOMIIOHEHTIB — BTpAT Ha
ricrepesyc, BUXPOBI CTPYMH Ta 3aJIMIIKOBY HamarHiue-
HICTB.

Meka MiX TIPOBITHUMH Ta HETIPOBIHUMH Matepi-
anamu yxe ymoBHa. Lle inmoctpye 3MiHn KoedilieHTiB
BiIOUTTSI Il PI3HUX BMICTIB KapOOHIUILHOTO 3aji3a

(puc. 2). Ha neBHiif yacToTi KoeimieHT BiIOUTTS MaTe-
piary 3 OUTBIINM BMiCTOM 3aJli3a CTa€ HIDKYMM 32 Koei-
Li€HT MaTepiaxy 3 MCHITUM BMICTOM 3aii3a. Lle moxe Bi-
n0yBaTHCs Ha Mexi nepkojsuiiiHoro edekry — 3poc-
TaHHs MPOBiIHOCTI Matepiany. ToOTo, yacTuHa edekris,
CYTTEBHX 3 TOUKH 30PYy 3aXHCTy BiJl €ICKTPOMArHITHUX
BIUIMBIB, ITOB’I3aHUX CaMe 3 IIUM moka3HukoM. Cij Bpa-
XOBYBaTH, L0 BU3HAUCHHS BMICTY NPOBIJHOTO HAIlOB-
HIOBaYa 3a Macolo He Jja€ ysIBJICHHS PO MEXY MPOBiJHO-
cTi. Pi3ke miABHINCHHS MPOBITHOCTI 3a0e3medyeThes
YTBOPEHHSAM KiJl IPOBIAHOCTI Y AieIeKTPUYHIN MaTpHIIi
32 HasIBHOCTI KOHTAKTy MIXX YaCTHHKaMH HaIllOBHIOBaya.
Tomy y mporeci MpoeKkTyBaHHS KOMIO3UIIHHOTO MaTe-
piany cmim kepyBaTucs 00’€MHHM BMICTOM TIPOBITHOTO
HamoBHIOBaYa y Marpuili. CKiIaHicTh 3a0€3MeYeHHs 110-
BEPXHEBHMX IMIIEIAaHCIB 3aXMCHHUX MaTepiaiiB OJIM3bKUX
JI0 XBHJIBOBOT'O OIOPY IMOBITPsi 00yMOBJIcHa poOIeMa-
THYHICTIO BpaxyBaHH: PO3IOJILTY €KPaHyHUYUX JOMIIIOK
y T JiesieKTpruyHOT MaTpuli. Y mporeci 30ibIIeHHs
MarHiTHOI MPOHUKHOCTI HEBIJBOPOTHO 3MIHIOEThCS Jlie-
JEKTPUYHA TPOHHUKHICTh. 3aCTOCYBaHHS BIJOMHX €MIIi-
puuHUX criBBigHOMEHs (OneneBchkoro, Makcpeinia-
lapuerra, bpyrremana) ass omiHFOBaHHS eJIeKTPOdi3my-
HUX BJIACTUBOCTEH NMPOEKTOBAHOI KOMIO3MUIIIT He Nae Oa-
xaHoro epexTy. ToMy IOIiIBHO IPOBECTH CEpilo eKcIIe-
PUMEHTANBHUX JOCIIKEHb U KOMITO3HINNA 3 Pi3HUM
BMICTOM MAarHiTHOI Ta MPOBiAHOI PEYOBHHU I OTPHU-
MaHHS TpadigHuX 3aJeKHOCTEH 3MiH TOBEPXHEBUX 1M-
MeJaHCiB 3a Pi3HUX YMOB. J[OIITBHO PO3TISHYTH MOXK-
JIMBOCTI OTPUMAaHHS Ha OCHOBI €KCIIEPUMEHTAIFHUX JIa-
HUX EMIIPUYHMX CITiBBiIHOIIECHb, SKi OMHCYIOTh 3MiHH
eJIEKTPO(I3NYHUX Ta MArHITHUX BJIACTUBOCTEH KOMIIO-
3WIIIH 32 BeJIUKOro 00’ eMHOro BMicTy (Oibmie 30 %) ex-
paHyr04OI0 CyOCTaHIIEO Y AieneKTpuyHiil MaTpumi. Taki
CIIBBIJHOILICHHS TIOBUHHI BPaXxoBYBaTH i MOp(QoJIoTito
eKpaHyIOUMX BKIIIOUYEHb — BIIXWJICHHS Bif chepuaHOi
(hopMU CITIBBITHOIICHHS TOBKUHY U IIUPUHU TOIIO.

BucHoBku

1. JocmimkeHo 3MiHH KOEQIII€HTIB  TPOXO-
JOKCHHS, BIIOWTTS Ta TOTJIMHAHHS CJICKTPOMArHITHUX
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BUIIPOMIHIOBAaHb y KOMITO3UIIITHUX MaTepiajiax 3 pisHUM
BMICTOM KapOOHUILHOTO 3aJ1i3a BEJIMKOT IUCIIEPCHOCTI.

BcraHOBIIEHO Y4acTOTHY 3aJIeXKHICTh IUX IOKa3-
HUKIB Yy Jiana3oHax YJIbTPaBHCOKHUX Ta HaJBUCOKHX
4acToT.

TTokaszaHo, 1o i 3aJ€XHOCTI MarOTb HEMOHOTOH-
HHH XapakTep y HeBHUX CMyTax 4acToT, [0 00yMOBIICHO
PE30HAHCHUMH SIBHILAMH.

2. Tloxa3aHO MOXKJIMBICTE BU3HAYCHHS 33 PE3YIb-
TaTaM{ €KCIIEPUMEHTY KOMILIEKCHHX AieNeKTPUYHOI Ta
MAarHiTHOI TPOHUKHOCTEH KOMITO3UIIIHUX MaTtepiaiiB.

3 MOTPiOHMMU 3aXMCHUMHM BiacTBOCcTsMH. CIill Bpaxo-
BYBAaTH BiJIMIHHOCTI TOKAa3HHKIB BTPAT IS JiCICKTPHY-
HUX Ta IIPOBIAHUX MaTepiais.

3. Tloxka3zaHo, 110 HAWOLIKIN 3MIHH Yy BiJOWBaJb-
HUX BJIACTUBOCTSAX KOMITO3ULIHHHUX MaTepiaiiB BigOyBa-
I0TBCS TIPHU KOHIIGHTPALSIX eKPaHyI0uOoro HallOBHIOBa4a
y HieNeKTPUYHIN MaTpHIli, sIKi BiAIIOBIAAIOTH MEXi pi3-
KOTO 3pOCTaHHS IPOBiTHOCTI MaTepiany.

Ji1 KOpEeKTHOTO BHU3HAYCHHS MEXIi MPOBITHOCTI y
Iporeci TMPOEKTYBaHHS MaTepialiB CliJ KepyBaTHCA
00’€eMHUM BMiCTOM €KpaHyIOYOr0 HallOBHIOBAYA y Jielie-

Ile cnopomrye mpomecw MPOEKTYBaHHS MarepiayliB  KTPUYHIA MaTpHIIi.
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Application of composite iron-containing material
for shielding electromagnetic fields of ultra-high and higher frequency

N. Burdeina, L. Zozulya, T. Petrunok

Abstract. Changes in the transmission, reflection and absorption coefficients of electromagnetic radiation by composite
materials with a mass content of carbonyl iron of 40% and 60% in the dielectric matrix were investigated. It was found that the
transmission coefficients of electromagnetic radiation in the frequency range of 2-12 GHz decrease from 0.80-0.85 to 0.10—
0.30. Accordingly, the reflection coefficients of electromagnetic waves increase from 0.05-0.08 to 0.22—0.28. At the same time,
higher reflection coefficients are observed at frequencies of 8-10 GHz for samples with a lower content of carbonyl iron. In the
future, this indicator increases and stabilizes. The decrease in the reflection coefficient of electromagnetic waves with the con-
tent of a conductive substance in the dielectric material can be explained by the achievement of the percolation effect — an
increase in the conductivity of the material. This occurs when conductivity circles are formed in the material due to signifi cant
values of the electromagnetic constants of the filler particles. Therefore, when designing composite materials, one should be
guided by the volumetric content of the filler in the dielectric matrix. The obtained data allow one to calculate the complex
dielectric and magnetic permeability of materials. This will further simplify the design of composite materials with the required
protective properties. In the process of designing protective materials and structures, one should take into account the different
dependences of the loss tangent angle for dielectric and conductive materials. This limit for compositions is somewhat condi-
tional, therefore, a prerequisite for the development of protective materials is the determination of the amplitude-frequency
characteristics of the fields that require shielding.

Keywords: composite material, electromagnetic radiation shielding, reflection coefficient, electrophysical properties.
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KuiBchkuit HantioHansHUH yHIBEpCUTET OYAIBHUITBA 1 apXiTekTypu, Kuis, Ykpaina

IMPOEKTYBAHHA OJATY AJIA 3BAXUCTY BIJl TEPMIYHUX BIIJINBIB
TA 3BEPEXXEHHS TEILVIA

AHoTanisi. Ha ocHOBI (yHIaMeHTAIILHUX CIIBBITHOIIEHb TEIIONPOBITHOCTI PO3pO0IICHO MOJIENb TeIrIonepeadi Kpi3b
JIeKiTbKa [IapiB TEKCTIIIFHOTO Ta 3aXMCHOTO MaTtepiaidy. BpaxoBaHo HasBHICTh MOBITPSIHUX MPOIIAPKIB MK OKPEMHMH IIIa-
pamu MaTepianiB. OTpEMaHO 3MIiHH TeMIIepaTyp OKpEeMHUX IIapiB MaTepiary, o 103BOJIsIE BH3HAYNTH HOMEHKIIATYPY TeKC-
TIJIBHAX MaTepiaiiB Ta 3aXMCHHX IIapiB y 3aJISKHOCTI BiJ IMOCTAaBICHHUX 3a/1ad TepMoizoisinii. Po3pobiena meronomoris
JIO3BOJISIE IPOEKTYBATH OAT JUIS 3aXUCTY JIFOJEH BiJ] 30BHIIIHIX TEPMIUYHHX BIUIHMBIB Ta 3a1I00iraTv HETAaTUBHUX 3MiH y Tep-
MIYHOMY pEeXUMI Tina JoanHu. OTpUMaHi 3aJIeKHOCTI IIOA0 3MIHM TEMIIEPaTyPH 30BHILIHBOI MOBEPXHI 3aXMCHOT'O MaTepi-
aimy 3 yacoM. Lle 703BoJIsIE BU3HAYUTH MPOMDKKH 4acy, 3a sKi 3aXMCHUH OJAT BUKOHY€E CBOI (DyHKLIi HA MPUHHATOMY PiBHi.
[IpoBeneno Bepudikalio pe3yabTaTiB 10CTiHKeHb. PeanbHuil MaTepiaa Ha OCHOBI CKJIOBOJIOKHA 0OCTEKYBaBCs 3a JOIIOMO-
TOI0 CTaHJapTHOTO TEIUIOBI30pa y peanbHUX ymMoBax. [TokasaHo, o npuHaliMHi 3a rpaxieHTy Temuepatypu y 20 K matepian
TIOBHICTIO 130JTIO€ JIFOJIMHY BiJl BIUIMBY 30BHIIIHBOTO CEPElOBHUINA. 3a3HAYEHO, II0 YACTUHKU CKIOBOJIOKHA IIKIJUIMBI IS
IroJiel, ToMy y Ipolecax BUTOTOBJICHHS Ta KCILTyaTallii CKJIIOBOJIOKHO TIOBUHHE OyTH i30b0BAHO 3a JJOTIOMOTI'OIO JIeKOpa-

TUBHOT'O IIOKPUTTA.

Knwuogi ciaoBa: TeHJ'IOi3OJ'I5H.IiH, 3aXHCHHI OoJiAT, MOACIIFOBAHHS, CKJIOBOJIOKHO.

Beryn

He nuBnsiuuch Ha BEJIMKY yBary, M0 MPUIIISETHCS
PO3pOOJICHHIO CHELiAILHOTO OJATY JUIsi TNPAaliBHHUKIB
ciryk0 Ha/3BUYAHHMX CUTYallill, METATypPriiiHOT NPOMHU-
CJIOBOCTI TOIIO, TaKi PO3POOKU CTOCYIOTHCS a00 OJIHOTO
KOHKPETHOTO BIUTMBY, a00 MarOTh 3arajbHUi Xapakrep
HE BPaxOBYIOUM MOXKJIMBI 3HaYHI KOJMBAHHS TeMIlepa-
Typ Ta (i3muHe HaBaHTa)XeHHs MoauHHU. Ha cporomHi
po3po0IIeHi 3aranbHi 3acagul MPOEKTYBAHHS Oararolia-
POBHX TETIO130TFOI0YNX KOHCTPYKIIH. AJie i po3poOKu
MaloTh JeMo a0CTpaKTHUH XapakTep, onepyrodn Habo-
POM KOHCTAHT 0€3 NPUB’I3KH 10 KOHKPETHUX MaTepiaiiB
Ta TpajJi€HTIB TemrepaTyp. Y 0araTbox BUIaaKax HeoO-
X1THUH Of1AIT, SIKU Oy/ie 3aXUIaTH JIOIUHY BiJl BIUIMBIB
BHCOKHMX TeMIlepaTyp Ta 3a0e3neyyBaTi TePMOi30IIsIIiI0
B YMOBax HH3bKUX TEMIIEpAaTyp 30BHIIIHBOTO CEPEO-
Buina. J1yis 1boro HE0OXiTHO AOCIIIMTH MTPOLIECH TIPOXO-
JDKEHHS TEIUIOBOI €Heprii Kpi3h Iapu OAsTy 3 PI3HUMH
TeTI0(i3NIHIMH BIACTUBOCTSIMH, 1 BU3HAUNTH €(EeKTH-
BHICTB TEIIOBOTO 3axHCTy. Lle 103BOINTH parioHaIbHO
o0party TerroQi3udHi mapaMeTpu 3BUIaiHOTO OISTy Ta
MaTepiary, SKHd 3a0e3nedye TepMOi30JISIIii0 JIOIMHU.
Taxwuit miaxig Moxke 3a0€3MeUNTH 3aXHCT BiJl BILTUBY BU-
COKHX Ta HU3bKUX TEMIIEPATYP, @ TAKOK HPOEKTYBATH 3a-
cobu iH(padepBOHOTO KaMy(DIIKY.

Orasia JiTepaTypHUX AxKepesi. AHAJI3 TOCTYITHUX
JOCIIJKEHb 3 pO3pOOJICHHS 3aXMCHOTO OJATY, 30KpeMa
JUTS TIPALliBHUKIB CITy’X0 3 HaA3BUUAHHUX CUTyalliH, CBi-
JUUTB, 10 X HEJOJIKOM € 3aCTOCYBaHHS 3aCTapijIuX Te-
KCTHIIBHUX MaTepiaiis [1]. 3HauHO0 Miporo 11e 00yMOB-
JIeHe 0OMEKeHHSIMH Ha Iy OITiKallil Takkux MaTepiaiiB de-
pe3 iX 3acTocyBaHHs NPH PO3poOIeHH] iH)PauepBOHOTO
Kamyrsky. JlociipKeHHs o0 CTBOPEHHS TAaKOTO Ka-
My}ispKy [2] HAa OCHOBI HAHOCTPYKTYp MarOTh BHUCOKY
e(eKTUBHICTh ae CKJIaJHi y BUTOTOBJICHHI i MalOTh BH-
coky BapTicTh. JlociimkenHs [3] po3risgae 3aXuct Bij
TEIJIOBOT'O BUITPOMIHIOBaHHS 3 BUKOPHCTAHHSM PiIKOi

Taki HamOBHIOBAYi MalOTh BEJIHKI TEIUIOEMHOCTI i
3a0e3meuyroTh MOTJIMHAHHS TEIUIOBOI CHEpril Ha IEBHUHA
Yac. ajie¢ BOHA HAHOCATHCS Ha TKaHWHY, KA CTa€ KOPCT-
KOIO 1 He3pYYHOIO U BUTOTOBJICHHS oAAry. binem npu-
JIATHI JJI1 BUTOTOBJICHHS 3aXMCHOT'O IIApy MaTepiajiu 3
HaIlMJICHUMH Ha OBEPXHI CILUIABIB reépMaHito, CypMH, Te-
naypy. Aue Taki matepiaiu 3aHaaTo gopori [4]. Le x cTo-
CY€EThCsI 3aXMCHOTO MaTrepialy 3 MOHOKYJIhOK IOJiCTH-
poiy [5]. Y pobori [6] moka3zaHO MOXKJIHMBICTH 3aCTOCY-
BaHHsI CKJIOBOJIOKHA Y SIKOCTI 3aCO0Y MOTJIMHAHHS iH(pa-
YEpBOHOTO BHIIPOMIHIOBaHHS. TEOpPETHYHI MipKyBaHHS
CBiAYaTh, IO TaKUH MiIXix nepcrneKTHBHUNA. CKIOBOIIO-
KHa MarOTh TIOTJIMHAHHS BIIACTHBOCTI Y JOBXXHHAX XBHJIb
9-14 MxM, 10 BigNOBiAa€e OLTBIIOCTI YacTOT iH(ppadep-
BOHOTO BUIIPOMIHIOBaHHS. 3arajlbHUI HENOJIK OLIBIIO-
CTi TOCIiIKEHb — pO3pOOJICHHS i BU3HAYCHHS 3aXHCHUX
BJIACTHBOCTEH OJTHOTO BU3HAueHOro Marepiany. Lle o0y-
MOBJIEHE THUM, YMHHI MDKHApOJHI HOPMAaTHBH, HalpH-
Ki1az [7], BUMararoTh BUMIPIOBAHHS TEIUIOBOTO IOTOKY
Kpi3b 3aXMCHUI 1map 0e3 BpaXyBaHHs IHIIMX IIApiB, sKi
MO>KYTb BIUIMBATHU Ha LIeH MMOKa3HUK. B Toil ke Jac Bax-
JWBUMHU € 3MiHH I[bOTO ITOKa3HWKA BHACIIIOK IMPOXO-
JOKEHHS TETIa Kpi3h MIKIpY JTFOIUHH, 3BUYalHUHN OJIT Ta
HasIBHICTH MEBHUX MOBITPSHHUX IMPOMIDKKIB MIXK IIIapaMu.
Lle 00yMOBITIOE aKTya bHICTD JOCIIKEHHS.

BukaneHHs 0CHOBHOIO MaTepiany

V 3araibHOMY BHITQJKy 7Sl pO3pOOJIEHHS 3ac00iB
TEPMOI30JIAIIIT 32 YMOBH 3aXHUCTY JIFOJUHU BiJl 30BHIIIHIX
TEePMIYHMX BIIMBIB Ta 3aXMCT BiJ BTPAT TeIIa BHKOPHC-
TOBYIOTBhCSI OHAKOBI miaxoau. Li 3amadi € mpsMoro Ta
3BOPOTHOIO, a KiHIIEBUH pe3yJbTaT OOyMOBIICHHH BH-
KJIFOYHO CITPSIMOBAHICTIO TPAIEHTY TEMIIEpaTypH.

s nocnipkeHHs npolecy Terionepenadi (Termo-
BOTO [OTOKY) BiJI TiJIa JIFOJJUHH J0 30BHINIHBOT TOBEPXHI
MaTepiary CIeroITy BUKOPHUCTOBY€ETHCS HACTYITHE PiB-
HSHHS TEIUTOTPOBITHOCTI:

.. . o oT T (1)
CyMiIIl Ha OCHOBI CEPIMHOIO JIaKy 3 HAIIOBHIOBA4YaMH 3 —= ﬂxiz s
HITpHUIY O0pY Ta OKCUIY XpOMY. o ox
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ae T — remmnepatypa, A — KOeilieHT TeIUIONPOBIAHOCTI,
t — yac.

B mozeni npuitMaeThest, Mo 00aacTh JOCHTIHKSHHS
CKJIQJa€ThCs 3 PI3HMX ILIApiB, a came: TUIO JIFAWHH, Oi-
JIM3HA, CIEHOAAr (KOMIUIEKT OJAry), KypTKa, IO BiJpi3-
HSIOTBCS TEII0(i3NYHUM BIACTHBOCTSIMH.

Po3paxyHkoBa cxema noka3aHa Ha puc. 1.

Feegem QR A +15C
Ts=36°C To

— v

Opsar-Tpu wapu

Ll L2 L3

Puc. 1. Po3paxyHkoBa cxema ImapiB MoJedi

Takum yuHOM, (i3W4HA MOJENb CKIJAETHCS 3
TPHOX IIAPiB OJATY Ta TPHOX IIAPiB TOBITPS:

JDKEpeJIo TeIUIoreHepaltii — TiJIo JIFOJIMHA Ma€ TakKi
¢i3ngHI TapaMeTpu:

TOBIIMHA [Iapy WKipH Tina | = 3,2 mwm;

teroeMHicTs Ct = 3350 Jx/(kr*K);

wineHicTh p = 1056 kr/m3;

koedirmieHT terronposinHocTi At = 0,48 B1/(M*K).

Mi>X TiJIOM JIFOJMHY Ta TphOMa MIapaMu OJIATy Bpa-
XOBY€EMO MapaMeTpH IOBITPSL:

koediuienT Termonepenayi Ap = 0,02 Br/M*K;

teroemHicTb Cp = 1000 T/ (xr*K);

WIBHICTD pp = 1,226 Kr/M3.

L; =1 MM — BiACTaHb MIX TiJIOM JIFOIWHH Ta IeEp-
LIMM [IapOM OfisTy (HaTiibHA O1IM3HA);

d: = 1,0 MM — TOBIIMHA MaTepiany OiMHU3HM;

A1 = 0,03 Br/M*K — xoedimieHT Temonepenadi;

C1 = 1 xJIx/kr*K — TeII0eMHICTh TKAHUHH OLIN3HU;

p1 = 100 r/m? — WIibHICT;

L> =2 MM — BiiCTaHP MEPUINM Ta JPYTUM IIAPOM
omATy (KaMypIrsiK);

d2 = 1,5 MM — TOBIMHA MaTepiany CIeLOIArY;

A2 = 0,04 Br/m*K — koeoirieHT Temonepenadi,

C2 = 1,9 xJIx/kr*K — TeII0€MHICTh TKAHHHU KaMy-
hrsy;

p2 =220 r/M? — IiJTBHICTB;

L3 =5 MM — BigCTaHB MIX APYTHM HIapoM (Kamy-
JISDK) Ta MAKIIQAKOI0 KypTKH;

ds = 3,5 MM — TOBIIMHA MaTepiany CIEHOIATY;

A3 = 0,05 Br/m*K — koeoirienT Temionepeaadi,

C2=2,1x/Ix/kr*K — TEIIOEMHICT, TKAaHHHU
BEPXY KYpTKH;

p3 = 350r/M? — IIIBHICTE;

Temneparypa 3oBHimIHBOTO cepeposuiia +15 °C.
Tobto, mocTae 3a1a4a BUSHAYCHHS:

Yacy JOCSATHEHHsI TeMIIepaTypyu Ha TOBEPXHI MaTepi-
anmy Bepxy KypTku >+ 15,1°C npu HaBanTaxenHi 120 Br;

rapamMeTpiB TEMIIEPATYPHOTO PEXXUMY B ITiAKOCTIO-
MHOMY TIPOCTOpi;

Yacy JOCSTHEHHsI TEMIIEpaTypH Ha ITOBEPXHi MaTe-
piamy Bepxy Kyprku >+ 151°C npu HaBaHTa)xeHHI
400 Br.

KoedimieHT TemmnepaTyponpoBiTHOCTI Ui KOX-
HOTO [Iapy BU3HAYAETHCS SIK:

a, :ﬂ'n/(pncn)l (2

Jlns  MOAENIOI0Yoro pIiBHAHHS —TETUIONPOBITHO-
cti (1) craBmaTecs Taki rpaHYHI yMOBH (puc. 1):
—  Ha JiBi#f MeXi (31 CTOPOHH HABKOJHIITHHOTO Ce-
penoBwHIIa) 3aa€Thes 3HaUeHHs Temriepatypu 1T = 36°C.
—  Ha mIpaBilf Mexi (Ha MTOBEPXHI MaTepiaxy BEpXy
BEPXHBOTO OJATY) 3aJa€ThCsl 3HAYCHHS TEMIIepaTypH
To=15°C. Ilpum mnpoBeneHi po3paxyHKIB TpaHHIHA
YMOBa 3 4aCOM Ma€ BUTJIISL;

Tn—l = Tn ) (3)

ne Tn — TemrepaTypa B OCTaHHIH pO3paxyHKOBIH KOMi-
pui, Tnh1 — TemmepaTypa B IONEpeHid pO3paxyHKOBii
komipmi. [TogaTkoBa ymoBa mpu t = 0 B yciif po3paxyH-
KOBIi#t o0nacTi mputiMaetscs T = 36°C.

st IpoBeeHHS PO3PaxyHKIB BUKOPUCTOBYETHCS
NPSMOKYTHA Pi3HUILICBA CiTKA. 3HAYCHHS TEMIIECPATypH
BU3HAYAETHCS B LCHTPaX Pi3HULEBHX KOMipok. Jis 4n-
CEJIEHOTO PO3B’sI3aHHS MOJIENIOYOro piBHIHHA (1) BU-
KOPHCTOBYEThCS SIBHA PI3HHUIICBA CXEMa:

T_n _-|—_n _T_n _T_n
T =T+ At g At e, —— L (4)
AX AX

2(a;,1 &

a = (|+1 |), (5)
C

_ 2(ai—l 'ai). (6)
41 +q

3anexHocTi (4) Ta (5) BUKOPHCTOBYIOTBCS IS PO3-
paxyHKY 3Ha4eHHs Koe(ilieHTa TeMIIepaTyporpoBiTHO-
CTi HA TPAHUII MAPiB 3 PI3HUMH TEIIO(I3UIHIMH TTapa-
MeTpamMu. Ycboro 50 po3paxyHKOBHX By3idiB 1o oci OX,
Kpok citku 7.7/50 mMm. Byno po3paxoBaHO TeMIiepaTypu
KOYKHOTO IIapy 3aXMCHOTO OJISTY Ta TEMIIEPATypy 30BHi-
HIHBOT MOBEPXHI OJATY 32 Pi3HI MPOMIXKKH 4acy (puc. 2).

40

15 - i TE —=

10 L i: : L : L : L I i L :
0 0002 0004 0006 0008 001 0012 0014 0016 0.018
X
Puc. 2. Temnepatypu OKpeMHX IIapiB Ta 30BHIIIHBOT
HIOBEPXHi 3aXUCHOT'0 OJITY Y 3aJIeKHOCTI

BiJI yacy Iepeaadi Teria

Po3paxyHky BUKOHaHI 332 yMOBH HasIBHOCTI IIpoIIIa-
PKiB TIOBIiTpSl 3aBTOBIIKH 1—2 MM MiX yciMa mapamu
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onsry. BeraHoBieHo, 1o npuHaiMHI 32 00paHUX YMOB
3MiHa ()I3UYHOTO HABAHTAXKCHHS JIOJUHU CYTTEBO HE
BIUIMBAE Ha MapaMeTpH Teroizoisuii. byno nposeneHo
BepudiKalilo pe3yiabTaTiB PO3paxyHKIB 3 BUKOPUCTaH-
HSIM Marepially, SKHH y MeKax MOXHOKH TOBIINH OKpe-
MUX IIapiB BiAMOBigae mapaMeTpaM MOJACITHHOTO 3aXHC-
HOTO Marepianxy. BumiproBaHHS 3IiHCHIOBAIUCS 3 BHKO-
pucranasaM TerioBizopa OTS-XLT 160 2-8X. Pesyuns-
TaTH BUMIipIOBaHb HaBeIEHO Ha pucC. 3.

JeHHst 3axucHOro oxsry. Ciin BpaxoByBaTy, IO Y Mpo-
Lieci HOro BUTOTOBJICHHS Y MOBITPS OTPAIUISIOTh YaCTH-
HKH CKJIOBOJIOKHA. ToMy HaBiTh y mpoleci ekcruryararii
CKJIOBOJIOKHO HEOOXI1/THO IIOKPUBATH 3aXHCHUM IIAPOM.

BucHoBku

1. BukoHaHI pO3paxyHKH MO0 MPOEKTYBAHHA 3a-
XHICHOTO TepMoi3oismiiaoro oxsry. [Tokasano, mo Ha-
BEACHUH MiX1J NPUAATHUI JUIS BU3HAYCHHS €EKTUB-

HOCTI 3aXUCTY BiJ{ 30BHIIIHIX TSPMIYHUX BILUIUBIB Ta ITiJl-
TPUMaHHS TEIUIOBOIO pexuMmy moauHu. OTtpumai
3MIHM TEMIIEPaTypu Yy OKpEeMHUX LIapax OAsry 3 ypaxy-
BaHHSM HasBHOCTI MOBITPSIHUX 3a30piB MK OKPEMHUMH
mapami. Lle no3Bomnse oOpaTn HaiOiIBII IPUAATHI Ma-
Tepiany s 3a0e3neueHHs HeOOXiqHUX MapaMeTpiB Tell-
J0130JIALIT Y 3aJIeKHOCTI BiJl YMOBH €KCILTyaTallii.

2. TlpoBexeHo HaTypHI BHIPOOYBaHHS MaTepiaiy
Ha OCHOBI CKJIOBOJIOKHA. BcTaHOBJIEHO, IO MpUHAHMHI
3a rpagieHTy Temmeparypu y 20 K po3pobnenuit mare-
piay HaAIiHO TETUIOI30JIF0€ JTIOANHY. BpaxoByoun Mary
TOBLIMHY Matepialy, BiIH MOXe OyTH BUKOPUCTaHHUN /ISt
3abe3nedeHHs iHppauepBoOHOro KaMyGIspKy. 3a3HaueHo,
10 y mpolieci BUpoOIeHHs 1 eKcIITyaralii Marepiainy Ha
OCHOBI CKJIOBOJIOKHA HOT'O YaCTHHKU MOXKYTh HETaTUBHO
BIUIUBATH Ha JIFOJICH, CKIOBOJIOKHO MOBHHHE OyTH 130-
JbOBAaHMM BIJ JIFO/ICH 3aXMCHUM JEKOPATUBHHUM LIAPOM.

1, (] m

a b
Puc. 3. IlepeBipka eh)eKTUBHOCTI 3aXUCHOTO OAATY
y pealbHUX YMOBax eKCILUTyaTarii:
a — oOpakeHHs 00’ €kTa 0e3 3aXHCTY;
b — 06’ ekt 3axuIIeHNH TEMIIOI30IAMIHHAM MaTepiaiom;
CHHIl KoJIip BiAmoBigae Temmepatypi 16°C

OTpuMaHuii pe3ysbTaT CBIAYUTb, 10 CKIIOBOJIOKHO
€ JOCTaTHhO €(PEKTHBHUM MaTepiajioM i BUTOTOB-
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Designing clothing for protection against thermal effects and heat retention
V. Glyva, M. Dovhanovskyi

Abstract. Abstract. A model of heat transfer through several layers of textile and protective material is developed based
on the fundamental relations of thermal conductivity. The presence of air gaps between individual layers of materials is taken into
account. The temperature changes of individual material layers were obtained, which allows us to determine the range of textile
materials and protective layers depending on the thermal insulation tasks. The developed methodology makes it possible to design
clothing to protect people from external thermal influences and prevent negative changes in the thermal regime of the human body.
Dependencies on the temperature change of the outer surface of the protective material over time were obtained. This makes it
possible to determine the time intervals during which protective clothing performs its functions at the required level. The research
results were verified. A real fibreglass-based material was examined using a standard thermal imager in real-world conditions. It
is shown that at least at a temperature gradient of 20 K, the material completely isolates a person from the influence of the external
environment. It is noted that glass fibre particles are harmful to humans, so in the processes of manufacturing and operation, glass
fibre should be isolated by means of a decorative coating.

Keywords: thermal insulation, protective clothing, modelling, glass fibre.
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! KpemeHvy1pKuit HallioHa bHui yHiBepeuTeT iMmeni Muxaitna Octporpazacekoro, Kpemenuyk, Yipaina
2 Buue npodeciiine yunumnie Ne 7, Kpemenuyk, Ykpaina

JOCJIUKEHHSA CTAHY HOBITPSIHOT'O CEPEJIOBUILA B IIPUMIILEHHSIX
3AKJIAZIB IIEPE/IBUIIOI TA TPO®ECIAHON
(MMPOPECIITHO-TEXHIYHOT) OCBITH

AHoTtanisi. Mera. [locmipkeHHs: tuHaMike pectipabenbHoi ¢pakuii mty (PMzs ta PMio) Ta anani3 ii BInBy Ha 310pOB’s
YUHIB B HABYaJIbHUX ayIUTOPISX 1 BAPOOHHYHMX MaCTEPHSIX 3aK/Ia/liB epeIBUIIIOI Ta podeciitHoi (podeciitHO-TeXHITHOT) OCBITH
M. Kpemenuyk. Meronuka. JIocmipKkeHHS SIKOCTI MOBITPS Y HaBYaIbHUX NPUMILICHHSX 3IHCHIOBATIOCS Ha OCHOBI EMITIPHYHOTO
METOy IIiJ] 9ac HaTypHOTO eKCIIEPUMEHTY, CTATUCTUYHOTO aHaJIi3y OTPHMAaHUX JAHHX Ta arpoKcHMarii pesynsraris. PesyasraTu.
JlocrmipKeHHs oKasao, Mo KOHIEHTpaIlis pecripabenbHol ¢ppakmii mmty (PMzs, PMio) y HaBYaIbHAX MaliCTEPHSX 3HAYHO Bapi-
I0E€THCS 3aJIXKHO BiJI THITy IIPUMIIIEHHS Ta BUKOHYBaHUX poOiT. KOHIEHTpaIist Ty 3MIiHIOETBCSI IPOTATOM JHS: BOHA 3pOCTAaE Ha
TIOYATKy 3aHSTh, 3HIKYETHCS ITiJ] Yac MepepB i CyTTEBO MiJBUIIYETHCS MM Yac aKTHBHOT po6oTu. Ha po6odnx Miciisx, siKi TOCHi-
JDKYBaJIHCS, 3a(iKCOBaHO MEPEBHIIICHHS MIJIOBOTO HABAHTKCHHI, a HAHOUIBIINIA piBeHb 3aMIJICHOCTI 3a(ikCOBAaHO Ha pOOOIOMY
MicIi 3BaproBaybHAKA. OIiHKa BEHTWIALIMHIX CHCTEM TTOKAa3aJIa, 10 MBUAKICTH PyXy HOBITP I Yac 3aHATH 30UIbIIMIACS Y S—
15 pasziB, 10 CBIAYUTH PO €PEKTUBHICTH X POOOTH, 0COOIMBO Ha poOOUIOMY MicIi 3BaproBaJIbHUKA. JI0CIIHKEHHS TOKa3aIH, 10
JUTS TIOKPAIICHHS PiBHS IMAJIOBOTO 3a0pyIHEHHS B po004ii 30HI HEOOXiHO BIOCKOHAJIMTH Ta aBTOMATHU3yBAaTH CUCTEMH BEHTHIIALIL
1 acripaltii, 8 Tako)K BIPOBAJIUTH BUKOPUCTaHHS 3ac00iB iHAMBIMyanpHOTro 3axucty. HaykoBa HoBH3HA. [IpoBe/ieHi JOCITIKEHHS
BIIEpIIIC BPAXOBYIOTh pealibHi YMOBH HABYAIbHO-BUPOOHHUYIOTO MPOIIECY Y 3aKianax (haxopoi mepeasumiol ta npodeciitaoi (mpode-
CIHHO-TEXHIYHOT) OCBITH. 3alPOIIOHOBAHO KOMILIEKCHUH IiJIX1JT 10 aHAJIi3y SIKOCTI MOBITPSI, IO BKITIOYAE MOHITOPHHT 3a0pyIHEHHS
(PM2.5, PMi0, BUSIBIIGHHSI 3aKOHOMIPHOCTEH 3MiHH KOHIIEHTpALIii ITIJTy 3aJIe)KHO BiJ] eTalliB HABYaHHS, MaTeMaTHIHUH OITUC JUHA-
MIKH 3a0pyIHEHHS Ta OLIHKY €()eKTHBHOCTI BEHTHIIHHNX cucTeM. OTpHMaHi pe3yJabTaTd MOKYTh CTaTH OCHOBOIO JUIS BIOCKO-
HaJICHHS 3aXO0/1iB KOHTPOITIO SIKOCTI MOBITPS B HABYAJIbHUX MalCTEPHSX Ta PO3POOKH HOPMATUBHUX aKTiB, 110 3a0e31e4ars Oe3MeKy
ocBiTHBOTO Tiporiecy. [IpakTuyHa wiHHicTh. Pe3ynsraTt oCiiHKEeHHS JO3BOJSIOTE: ONTUMI3YBATH BEHTHWISLIIMHI CHCTEMH LUTS-
XOM BU3Ha4CHHsI He0OX1THOT IIBHKOCTI MOBITPSIHOTO MOTOKY Ha OCHOBI PeasIbHIX JaHUX MPO KOHIEHTPAIIiI0 3a0pyIHIOIOYHX pe-
YOBHH Y ITIOBITpPi HABYaIFHO-BUPOOHIMUINX MalCTepeHb; PO3POOUTH aJaNTHBHI CUCTeMH (UIBTpamii MOBITPsI ISl 3HYDKEHHS PIBHS
pecnipabenbHoi (pakLii Ty B BUPOOHIYHX IPHUMIIIEHHSX; 00IPYHTYBaTH HEOOXiTHICTh CHCTEMAaTHYHOTO MOHITOPHHT'Y MOBITPSI-
HOTO CEpEeZIOBHINA B HABYAIBHHUX MAICTEPHSIX, 30KpeMa 3 BUKOPUCTAHHIM Cy4acHUX TEXHOJOTIH (0e30poToBi CEHCOpHI MOMyi);
3aMpOBAIUTH 3aXO0IH 3aXHCTY JUIsl yUHIB BIKOBOT Kareropii 14—19 pokiB, siki € HaHOLIBII Yy TIIMBUMH JI0 BIUTMBY BUPOOHHYOTO TIHITY.
3acTocyBaHHS OTPHMaHUX PE3YJBTATiB CIPHUSTAME ITiIBUIICHHIO PiBHA O€3MEKN HABYAIBHOTO TPOIIECY, 3HIKEHHIO TPOodeCciitHIX
PYBUKIB LTS y9HIB Ta MOKPAIICHHIO YMOB TIpalli B HABYAIBHUX MaHCTEePHSIX.

KawuoBi caoBa: pecrnipabenbHa dpakiiis muiy, HaB4YaIbHI MaCTepHi, KOHIICHTPAILiS MUY, TMHAMIKA 3alUJICHHS, BEH-

THIALIHHA CUCTEMA.

Beryn

3710pOB’s JIFOMUHN 3HAYHOIO MIpOIO 3aJISKHUTh Bif
SIKOCTI TTOBITPS, IKUM BOHA J¥Xa€. 3a JaHUMH BcecBit-
HBOI opranizamii oxoporu 310poB’s (BOO3), monan 90%
CBITOBOTO HACeJIeHHs AuXae 3a0pyIHEHUM IOBITPSIM, B
SIKOMY TI€PEBUILEHI AomycTuMi Hopmu [1].

OpHi€lo 3 HaWOUIBII BPa3IMBUX IPYIl HACEJCHHS €
MOJIO b y Billi 14—19 pokiB, sika epedyBae y mporeci ak-
TUBHOTO (Hi310JIOTIYHOTO PO3BUTKY Ta BOJAHOYAC CTHKA-
€TbCS 3 BUCOKMMH 1HTEJIEKTYalIbHUMH HaBaHTKEHHSIMH
iy yac HaB4YaHHS. B ymoBax 3a0pynHEHOTrO MOBITPS Y
HaBYAJIbHO-BUPOOHMYUX MPUMIIIEHHAX 3HAYHO 3HIKY-
€THCSl KOTHITUBHA aKTHBHICTb, IiJIBUIYETHCSI PUBHK PO-
3BHUTKY pECIpaTOpHHUX 3aXBOPIOBaHb, TAKUX SIK OpPOHXI-
aJIbHA acTMa, XPOHIYHUI OPOHXIT Ta ajepridHi peakuii.
HasBHIiCTh y IOBITpPi TaKMX IIKIUINBUX PEYOBHH, K pe-
cripabenpaux (pakniii muny (PMzs, PMig), miokcua
azory (NO2), mioxeun cipku (SO2), wagnuii ra3 (CO) ta
cipkoBozens (H2S), cTBOproe 3arpo3y He JiwuIIe A1 3ara-
JIHOTO CaMOIIOYYTTs, a i Ui JOBrOCTPOKOBOTO 3710-
poB’st MonouXx Jroaei [1].

3Ba)kat04H Ha 11, BAXIIMBHUM € JIOCIKEHHS SIKOCTI
MIOBITPsl y HaBYAJIbHUX 3aKJIajiaX, 0cOOIMBO y MaiicTep-
HAX Ta  ayAWTOpisAX, J€  BHKOPHUCTOBYETHCS
TeXHIYHe OOJagHAHHA Ta MaTepiajd, L0 MOXYTb

COPUATH 3a0pyIHEHHIO MOBITPSIHOTO cepenoBuiia. Y Mi-
cti KpemeHuyk, sike Mae pO3BUHEHY CHCTEMY 3aKJajliB
nepenBuIOi Ta npodeciiiHol (mpodeciiHO-TeXHIUHOT)
OCBITH Ta TOTY€E CIICIIANICTIB 3 TEXHIYHUX POOITHUINX
creniaJbHOCTEH, HEOOX1THO MPUIIIATH OCOOTUBY yBary
MOHITOPUHTY Ta MOKPAIIEHHIO YMOB HaBYaHH, puc. 1.
BripoBamkeHHsS e(heKTUBHUX CHUCTEM BEHTHIIAMLIL Ta (i-
JBTpalii MOBITPS JO3BOJNUTH 3HU3UTH PiBEHB 3a0pyj-
HeHHs Ta 3a0e3ne4nTi KoM(opTHE nepedyBaHHs Y4HIB i
BHKJIa/Ia4iB Y HABYAJIBHHUX PUMIMICHHSX.

Puc. 1. HaByansHo-BupoOHKYI MaiicTepHi M. KpemeHuyka

MeTo10 fOCHiTKEHHS] € BU3HAYCHHS KOHLIECHTpA-
1iit BUpoOHMYOTO THITy pectipabenbroi Gpakiii (PMzs,
PMyo) Ta mkimmueux razis (NOz, SOz, CO, H.S) B HaB-
YATBHHUX ayJUTOPIsAX 1 BAPOOHMINX MaWCTEPHSX 3aKja-
IiB mepenBuioi Ta nmpodeciiinoi (mpodeciitHo-TexHiY-
HOT) ocBiTH M. KpemeHuyka.
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IlocTanoBKka 3aBIaHHS Ta HOTO BUpPilIEeHHS

B VkpaiHi BiAcyTHIf eqMHNN HOPMAaTHBHUHN JOKY-
MEHT, SIKUi OW 4iTKO perjaMeHTyBaB BUMOTH JI0 SKOCTI
TIOBITPS y HABYAJIbHO-BUPOOHUYHX IIPUMIIICHHSX 3aKJIa-
IiB mepenBuinoi Ta npodeciiinoi (mpodeciiiHo-TexHiy-
HOi) ocBiTH. Lle CTBOPIOE MPaBOBY MPOTAINHY, 10 MOXKE
HEraTHBHO BIUIMBATH Ha 3/10pOB’S MUTITKIB y Bii 15-19
POKIB, 5IKi HABYAIOTHCS 38 TEXHIYHUMH CIICHiATEHOCTIMHU
Ta MPOXOJATH IPaKTHYHE HaBUYAHHS Yy TOKApHHX, ppese-
PHHUX Ta 3BaplOBaJIbHUX MaHCTEPHSIX.

HartomicTe s 3akmamiB 3araibHOi CepeIHBOL
ocsitu i€ CaniTapHui perimaMenT [2], sIkuit BCTaHOBITIOE
BAMOTH [0 MIKpOKIIMaTy, BEHTWIALII Ta MPOBITPIO-
BaHHs KJIacHMX KiMmHaT. [loniOHI BUMOru mponwucasi i
JUTS IOIIKUTPHUX HAaBYAIBHUX 3aKiafiB y CaHiTapHOMY
periaMeHTi AJs JOIIKITbHUX HaBYANbHUX 3aknafiis [3].
[pore, )x0l1eH 3 TUX JOKYMEHTIB HE MICTUTh HOPM L1010
KOHLEHTpALiil MUy Yd XIMIYHOTO CKJIaxy HOBITPS B
MPUMILIEHHSX, 10 BUKOPHCTOBYIOTHCS ISl HABYAJIbHO-
BHpOOHMYOI misutbHOCTI. KpiMm Toro, Haka3 Minictepc-
TBa OCBiTH 1 Hayku Ykpainu Ne 510 [4], permamerTye op-
TaHi3alilo0 OCBITHHOTO MPOIIECY B 3aKiaaax (paxoBoi Ime-
PEIBHILOI OCBITH, BKJIIOYAIOYM HHUTAHHS HPAKTUYHOL

miaroroBky. OjiHaK 1IeH JOKYMEHT TaKOXX HE MICTUTBb
KOHKPETHUX BUMOT JIO SIKOCTI MOBITPS B HABYAJIbHO-BHU-
POOHHYMX TPUMIIICHHSX.

HopwmaruBHa 6a3a Ykpainu y cdepi BUpoOHNUOT 1i-
SJIBHOCTI, PEryIaMEeHTY€e TPaHUYHO JOITyCTUMI KOHLICHT-
pamii (I'AK) mKigmmBUX pedoBHH y TMOBITpiI poOodoi
30HH. Tak [5] BCTaHOBIIOE BUMOTH 10 O€3MEeKH POOOTH 3
MeTajlaM¥l, BKJIIOYaO4H ITapaMeTpH BEeHTHIALIT Ta KOH-
HeHTpamnii 3a0pynHI0I0YNX pedoBHH. [Ipore meit moky-
MEHT IIPU3HAYCHUH TS TPOMHUCIIOBHX I JIPUEMCTB 1 He
BPaxoBY€ OCOOIMBOCTEH OCBITHBOTO MPOIIECY.

€Bporneiicbke 3aKOHO/IaBCTBO MICTUTh HOPMAaTHBH,
IO PETYINIOIOTH AKICTh aTMOC(EpHOro MoBiTps [6]. B wiit
JIMPEKTHBI BCTAHOBJICHO I'PaHWYHI 3Ha4€HHS 111 PMys,
PM1o, NO: Ta SO: y 30BHIIIHEOMY cepenoBuii. OnHak
i BUMOTH HE CTOCYIOTHCSI NOBITpS BCEpENUHI MPUMI-
IIeHb, BKIIIOYAI0YH HaBYaJIbHI MalicTepHi. ToOTo, HaBITh
y kpainax €C BificyTHi OKpeMi HOPMATHBH, fAKi O peria-
MEHTYBAJIM CTaH IIOBITPS y HaBYAJIBHO-BUPOOHMYHX
MPUMIIMICHHIX TepeaBuIoi Ta mpodeciitaoi (mpode-
CIHHO-TEXHIYHOT) OCBITH.

BOO3 Hamae pexoMeHAaIlii o0 IKOCTi HOBITPS y
NPUMILICHHSX, BCTAHOBIIIOIOYH JIONTYCTHUMI PIBHI KOHIIE-
HTpaIii Mty Ta iHmmx 3a6pyaaoBayis [1], Tabm. 1.

Tabruysa 1 — HopMaTHBHI NOKA3HUKY 3a0PY/AHIOIOYHX PEYOBHH y NOBITPi Ta iX BIVIMB HA JIIOAUHY

Iloxas- R - Hacaiaku nepeBuIIeHHs] KOHUEHTpauii
Jonyctumi piBHi KoHnenTpanii y noBirpi
HHUK 3a0pyIHIOIOYHX PEYOBUH
PM2.5 Piune cepenne 3HaueHHs HE TOBUHHO NepeBuiryBatd 5 | [ligBHUIeHNI pU3KK CEpIEBO-CyANHHHUX Ta PECIipaTop-
’ MKI/M?, cepeqHpOq000Be 3HaUeHHA — 15 MKT/M3 HUX 3aXBOPIOBaHb
PM10 PiuHe cepenHe 3HaUCHHS HE MOBIUHHO TIEPEBUIIYBaTH 15 | BUHUKHEHHS pecripaTOpHHUX XBOPOO, MOCHIEHHS acT-
MKr/M?, cepeqHpon000Be — 45 MKr/m? MaTUYHUX CUMIITOMIB
Piune cepenne 3HaueHHs1 oOMexkeHe 10 Mkr/M?, a Makcu- | [logpa3HeHHS NIUXANbHUX IUIAXIB, CHOPUSHHSA YTBO-
NO: MaJlbHa TTOTO{MHHA KOHIeHTpanis — 200 Mkr/M® (He 6i- | peHHIO 030HY Ta BTOPHMHHHX AaepO30JiB, HETaTHBHUH
neine 18 mepeBHIeHs Ha Pik) BIUTMB Ha JIETeHeBYy (DyHKIIiT0
S0 MaxkcumansHa ToroguHHa KoHIeHTpamis — 40 Mxr/m®, | IloripmieHHs cTaHy 340pOB’S JFO/EH, OCOOIMBO acTMa-
2 . i .
cepenubonoboBe 3HadeHHS — 20 MKT/M? THKIB Ta 0Ci0 13 3aXBOPIOBaHHIMH ITUXAITBHOI CHCTEMU
OTpy€eHHS OpraHi3My, 3MEHILICHHS 31aTHOCTI KPOBi Tpa-
CO MakcumanbHe 8-ToMHHE cepeHe 3HaueHHs — 4 Mr/M®> | HCIIOPTYBaTH KHCEHb, IO MOXKE MPU3BECTH 0 CepHo3-
HHX HEBPOJIOTIYHMX Ta CEPLEBO-CYJUHHUX HACII/IKIB
H.S I'pannuHe cepenHbO000BE 3HAUCHHS <7 MKI/M* Tokcu4Ha Jiist HA HEPBOBY CHCTEMY

OTxe, BIZICyTHICTh HOPMAaTHBHOTO JJOKyMEHTA, 110
PETYIIO€ SAKICTh MOBITPS y HABYAJILHO-BUPOOHMYUX MTPH-
MIIIEHHAX 3aKJIaJiB TepeaBumIoi Ta mpodeciinoi (mpo-
(heciiiHO-TeXHIYHOT1) OCBITH, € CYTTEBOIO MPOOJIEMOIO,
sIKa MO’X€ HETaTHBHO BIUIMBATH Ha 3J0pPOB’s y4HIB. 3a-
MIPOBA/PKEHHS YITKUX HOPM CIIPUSITUME CTBOPEHHIO 0e3-
MEeYHUX YMOB Ipalli Ta HABYAHHS, 3MEHIICHHIO BIUIUBY
IIKiATMBUX (aKTOPiB 1 MiABHIIECHHIO 3arajJbHOTO KOM-
(opTy OCBITHHOT'O HIPOIIECY.

Oco0OuBYy yBary ciiJ HIPUIUITH BIKOBiH KaTeropii
14-19 pokiB, OCKUIBbKH B 11ei Iepio]] BiTOYBA€THCS aKTHB-
HUH picT 1 GopMyBaHHs OpraHiaMy, a BIUIMB 3a0pyJiHe-
HOT'O TOBITPsI, 30KpeMa BUPOOHUYOTO IMHITY, MOXE MAaTH
JIOBFOCTPOKOBI HACJIiJIKH JUISI 3/10POB’S1.

BaxxmuBuM € CHCTEMHHII MOHITOPHMHT SIKOCTI ITOBi-
Tps Ta po3po0Ka CIIeIiaIbHNUX 3aX0MiB Oe3MeKH, CIIpsIMO-
BaHUX Ha 3aXUCT yYHIB.

OnTUMaJbHAM PIlICHHSM € po3po0ieHHs yHi]iko-
BaHOTO HOPMAaTHBHOTO [IOKyMEHTa, SKHH IO€AHAB OH

cydacHi caHitapHi cragmaptu BOO3, HopMu npomucIio-
BO1 Oe3mekn Ta Haifkpamli mpakTuku €C MoA0 SKOCTi 1Mo-
BITPS y IPUMIIIEHHSX, 3a0€3Meuy0un HaJIe)KHUH PiBeHb
OXOPOHH 3JIOPOB’S Ta OE3MeKH IS BCiX YIACHUKIB HaB-
YaJbHOTO MPOIIECY.

Pe3yanbTaTu nociakeHHs1

MarepianpHo-TexHiuHa 0a3a 3akiaiB (paxoBoi Ie-
pensumioi Ta npodeciitHoi (mpodeciiiHO-TeXHIUHOT)
ocBiti KpemeHuyka 3a0e3neuye y4HsM JOCTYH A0 TeX-
HIYHOTO O0JafHAaHHS Ta 3ac00iB, SIK1 BIAMOBIAAIOTh BH-
MOraM Cy4acHOTO BUPOOHHIITBA.

B HaBuanbHUX ayJUTOPIAX Ta MaliCTEPHSIX BUKOPHU-
CTOBYIOTbCA BEpCTaTH, KOMI toTepu, 3D-puHTepH Ta
€JICKTPOTEXHIYHE 00IaTHAHHS.

Le, Bce m03BONSAE YUHSIM OTPUMYBAaTH NPaKTHYHI
HaBMYKH JUIsi poOOTH Ha MiNPHEMCTBAX PErioHy Ta YK-
paiHu, olHaK OZJTHOYACHO BaXIIMBHM € 3a0e31eueHHs Oe3-
MEYHUX YMOB HaBUYaHHSI.
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BaxnuBo mij yac npoBeCHHS 3aHATh B ayIUTOPIsIX
Ta HaBYAJIEHO-BUPOOHUYMX MaWCTEPHSX 3aCTOCOBYBAaTH
aIanTHBHI CUCTEMH BEHTHIIAIII Ta (iIBTpAIii mOBIiTPs.
Lle noB’si3aHO 3 TUM, 110 OOPOOJSIFOTHCS PI3HOMAaHITHI
Marepialii, 3aCTOCOBYIOThCSI MacTHIIa i OXOJIO/KYI0U] pi-
JVUHA MOXYTH MIPU3BECTH 10 3MIiHH SIKICHUX NOKa3HUKIB
MOBiTPs. Y BHUMAIKy, KOJMHM BEHTWIALIWHA CHCTEMa He
371aTHA BYACHO BUIAJSATH BUPOOHWIHMH I TOBITPS, Ha-
KOIIMYEHHS pecmipabenbHuX (pakmiil My MOXe CTaTH
MTOTEHITIHHOI0 HEOE3IEeKO0 TS 3I0POB’ S YUHIB.

JocnimkeHHs MOBITPs y 3akianax ¢GpaxoBoi mepen-
BuIoi Ta npodeciitnoi (mpodeciiiHo-TeXHIYHOT) OCBITH
3ilicHIOBasoCs Ha 0a3i npuMitneHs BITY 7, mo mictuth
yci TUIX BUPOOHMYMX MaliCTepeHb Ta 00NaHaHHs. 3 Me-
TOIO OTPUMAHHS IOCTOBIPHUX JIaHHX, Y KOXKHOMY ITPHUMi-
LIEH] IPOBOIMIIOCS CEpisi BUMIPIB MapamMeTpiB HOBITPs-
HOTO MPOCTOPY, PE3YJBTaTH SKHX 0OpOOIISIINCS 3 BUKO-
PHCTaHHS CyJacHHUX IPOTPAMHHX MPOIYKTIB.

JlocTimKeHHS AKOCTi MTOBITPS B HABYAJIBHUX IIPHMIi-
IIEHHAX 3aKJIa/liB OCBITH 3IHCHIOBABCS 3a JIONMOMOTOO
Monymo Vaisala AQTS530, sxuii 103BOJIsE aHANIZYyBAaTH
piBHI 3a0pyIHEHHS MOBITPs, TaKUX K PM> s, PM o, NO»,
CO, H:S, SO..

Monyns AQTS530 moenHye enekTpoximiuHI CeH-
copu s aHami3y rasoBux 3a0pyaaioBauie (NOz, CO,
HS, SO:) Ta onTHYHUI METOA PO3CIIOBaHHS CBITJIA IS
BU3HAUCHHs KOHIICHTpaIlii TBepAux YacTUHOK (PMys,
PM o). EnexTpoximiuHi CEHCOpH pearyroTh Ha ra3y IUIs-
XOM  OKHCHO-BITHOBHHX  MpOLECIB,  CTBOPIOIOYH

CJICKTPUYHHI CUTHAJI, IKUI TOYHO BioOpakae KOHICHT-
pailiro 3a0pyIHIOIOYMAX PEYOBUH. [ aHamizy TBepAUX
YaCTMHOK BHMKOPHCTOBYETHCS JIa3epHA CIIEKTPOCKOIIIs:
YAaCTHHKHU B MOTOL HOBITPSI PO3CIIOIOTH CBITIO0, a (OTO-
JIETEKTOPU aHaJI3yI0Th HOro iHTEHCHBHICTB, IO JI03BO-
nsi€ kmacu(ikyBaT YaCTHHKH 32 po3MipoM. OCHOBHUMHU
nepeBaramMu Moxymo AQTS530 € — aBTomaTiyHa TemIre-
paTypHa KOMIICHCAIIisl, KOPEKIisl TepeXpecHOi Ty TIHBO-
cTi, rdpoBHUN BUXiA AN iHTETrpamii Ta HU3bKE €HEepro-
CIIOXKUBaHHA. Momyib MiTPHMY€E Nepenady JaHHuX depes
6e3npotosi Texuomnorii (Wi-Fi, Ethernet, GSM), a Takox
JI03BOJISIE BiIOOpakaTu JaHi B pealbHOMY 4aci Ha iHTe-
pakTUBHOMY iHTepdeiici Ta 30epiratu iX Ui Mopaaib-
IIIOTO aHAJI3Y.

[Inan nocnimkeHs OyB CKIaJeHUI TaKMM YHUHOM,
06 3a(hikCyBaTH MOYATKOBHIA PIBEHB MOKA3HUKIB SKOCTI
MOBITPSHOTO CEpeIOBUILA J0 3aHSTh Ta IPOTITrOM HaBya-
JIBHOTO JHS, HABYaJIBHOTO THIKHSL.

BukopucToByroun MOXIHBOCTI MoOmymo Vaisala
AQT530 3milficHeHO aHai3 XiIMIYHOTO Ta IIHJIOBOTO
CKJIay TIOBITPS B TPOIIECi 3aHSITB.

3a pesynbrataMy JOCIIIDKSHHS, NPOTAroM poOo-
4Oro 4acy, y MalCTEepHsX He OyJl0 BHSBICHO IE€pEBU-
nieHHs kouteHTpaiii NOz, SOz, CO Ta HzS, Tadmn. 2. Ilo-
Ka3HUKH TOBITPS 32 XIMIYHMM CKJIaJIOM BiJIIOBIAaIOTh
BUMOTaM HaI[lOHaJIbHUX 1 MKHAPOAHUX CTaHAAPTIB LIS
TaKoTo THUIY NpuMilieHs [1, 6]. Lle ctocyerses sik poHO-
BOTO PiBHS 3a0pyIHCHHS Iepe MOYaTKOM 3aHSTh, TaK i
CKJIa[y TIOBITPS IiJ 9aC CAMUX 3aHSTh.

Tabnuya 2 — CepenHi moka3HUKHU XiMi4HOT0 3a0pyIHeHHs MOBITPSI HA PpoOOYUX MicHsIX
Y HAaBYAJbHO-BHPOOGHHYHX MAMiCTEPHIX MPOTIATOM PoGovoro yacy

PoGoue micue: ¢pesepyBajbHUKa

TOKaps 3BAPIOBAJIBHUKA | €JIEKTPOMOHTEPA

IToxa3Huk

NO2| SOz | CO | H2S [NO2z| SOz | CO | H2S |[NO2| SOz | CO | H2S |[NO:z| SOz | CO | H2S

Cepenne 3Ha4. 3a podounii gac, Mxr/m?| 2,7 | 9,3 | 650 | 1,7

8,8 783 |1,8 |42 (10,5(1039(3,5| 1,8 |6,7 578 1,1

OCHOBHUMH JDKEpeIaMd XIMIYHOTO 3a0pyIHEHHS
noBitpst (NO2, SO2, CO Ta H-S), € pi3HOMaHITHI aHTpO-
MOTEeHHI Ta NPUPOJHI (HaKTOPH.

Bukuau 1ux 3a0pyqHIOBAYiB 3yMOBJICHI [isUTbHI-
CTIO TPAHCIIOPTY, MIPOMHUCIOBUX MiANPUEMCTB, CIAIIIO-
BaHHSIM BUKOITHUX BHJIB TaJIMBa, & TAKOX HPUPOIHUMH
npolecamMu, TaKMMH SIK PO3KIIaJIaHHs OpPraHiYHUX Mare-
piamiB.

Taki mpouecu B HaBYAJIbHO-BUPOOHUYHX MaiicTep-
Hix M. KpeMeH4yKa He 371HCHIOIOTBCS.

JlocnimpKeHHS TIOKa3HUKIB NHWITY 3A1HCHIOBAJINCS Y
THX )K€ CaMUX HaBYaJbHO-BUPOOHWYMX MaWCTEPHAX B
SIKMX TIPOBOJIMBCS aHANI3 XIMIYHOTO 3a0py/IHEHHSI ITOBIT-
PSIHOTO cepefoBHIIA. 3a pe3ylibTaTaMy Ho0y10BaHi 3ae-
YKHOCTI 3MIHHM KOHIIEHTpALii My Ha pOOOYNX MICIIIX Y
BIJIMOBIHUX MaiCTEpHSIX MPOTATOM HAaBYaJbHOTO TH-
KHSI, pHC. 2.

AHaJi3 OTpHMaHHX 3aKOHOMIPHOCTEH AWHAMIKU
3MiHM KOHIIEHTpamii pecmipabenbHUX (Qpakiiii mury
(PMa.5 Ta PM ) KOperyBaBcsi B 3aJIe)KHOCTI Bifl rpadiky
HaBYaJILHOTO IIPOLIECY, & CaMe HaBUYAHHS Ta BIATIOYHHKY.

TakuMm 4MHOM, Ha pHC. 2, a-T, CIIOCTEPIraeThCs KO-
JIMBaHHS KOHLIEHTpaLil, a came:

— 38.50 10 9.45 — nouarkoBe 3pOCTaHHS KOHLIEH-
Tpalii YaCTHMHOK, KOJH Y4HI MPUXOAATH HA 3aHSATTS, TIe-
PEOJSIratoThCs Ta PO3TAIIOBYOTHCS 32 APTAMHU JIJIsI TIPO-
BE/ICHHSI TEOPETHYHOI MiJrOTOBKU /IO NPAaKTHYHHUX 3a-
HSTB;

- 39.45 1o 10.00 — TpuBae nepepna, TOMy KOHIIE-
HTpaIlisi MUy CIajaac;

— 310.00 go 13.30 — cmocTepiraeTbcst akTUBHA PO-
0oTa y MalicTepHsX, KOJIK 3aCTOCOBYIOTHCS TEXHOJIOTUHE
oOnaiHaHHSI.

KoskHe poOoue MicIie y4Hs XapaKTepH3y€eThCs BiJIIIO-
BIJHUMH 3HAYCHHSIMH MAaKCHMYMH Ta MIHIMyMHU HasBHO-
cTi iy, Tadn. 3.

Tax y meBHi mepiomgu poOovoro mHs criocTepira-
FOTBCS TIPOCAIKH KOHIIEHTPAIlii YaCTUHOK TIHITY, IO CBif-
YUTH PO HASBHICTH IepepB y poOOTi y4HIB Ta aKTHBHY
pOOOTY BEHTHIISIIIIMHUX YCTaHOBOK.

Kpim Toro, y Tabmn. 3 HaBeIeHO OTpUMaHe CepPEqHBO-
J000Be 3HaYEeHHS KOHIIEHTpaii pecripadenbHux ppaxmin
mTy. AHalli3 pe3yibTaTiB JIOCHIKEHHsT KOHIEHTpPALii
Ty Ha poO0YMX MICLISIX BUSIBUB, 1110 HAWOIIbIINIT piIBEHb
3aIIJICHOCTI CIIOCTEPITaeThCs HA pOOOUOMY MICIIi 3BapIO-
BaJIbHUKA.
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Puc. 2. Konnenrpauii pecriipabebHux (pakiiii mury
Ta IX anpoKCHMAIlis B 3aJIE)KHOCTI BiJl THITY poO0YOro MicIs:
a — poboue micie ppesepyBanbHIKa; 6 — podoUe MicCIle TOKaps;
B — poOoue MicIie 3BapIOBAIbHIKA; T — PoO0UYe MiCIle eNeKTPOMOHTEpa

Tabnuys 3 — 3BeeHi 3HAYeHHSI JOCTiKeHHsI KOHIeHTpaii pecipadeabunx gpakuiii mury (PMaz.s ta PMio)

PM:2s PMio
PoGoue micue . .
min, max, cepenHboI000Be min, max, cepenHbOI000BE
MKr/™M3 MKr/™M3 3HAYEHHS, MKT/M> MKr/m3 MKr/M3 3HAYEHHS, MKT/M>
OpezepyBajbHUKA 1,3 37,7 4.4 4,7 90,9 15,3
Toxapst 0,9 16,0 3,8 5,0 55,6 12,9
3BaproBaJbHUKA 2,6 134,5 16,9 12,0 1205,3 137,4
EnexrpomonTepa 0,8 14,9 2,7 1,0 88,8 12,1

30KpeMa, cepeqHbO000Ba KOHIEHTpALls Ty 3a
PM, 5 mepeBuIiye BcTaHOBIIEHI HOpMaTHBH B 1,1paswu, 1o-
csararoud 3HaueHHs 16,9 Mkr/m?, a 3a PM ¢ nepeBHIIICHHS
y TpH pasu i cTaHoBUTH 137,4 MKr/M>,

a1 poGodi Micg XapakTepu3yIOThCS MEHIIIOKO 3a-
MTUJICHICTIO, OZIHAK HAa HUX BiJ3HAYAIOTHCS BHUITAKH, KOIH
MUTTEBI 3HAYCHHS KOHIICHTPAIIH NIy IIepEeBUILYIOTh Ce-
pemHpon000Bi HOpMHU. BUKOpHCTOBYIOWM MaTeMaTHYHI
IaKeTH BUKOHAHO allpOKCHMAallil0 Ta OTPUMAaHO MaTeMa-

TUYHHUH OIMC 3MiHU KOHIIEHTpauii pecripabenbHux ppa-
KUil MUTY TPOTSATOM 3aHSTTS Ha pOOOYHMX MICIISIX.

VY 3araneHOMY BUIVISII 3MiHY KOHLEHTpalii PMj s
Ta PMo MOXHa onrcaTy MOJIIrapMOHIHHOO 3aJI€KHICTIO

TPETHOTO MOPSAAKY:
PM2_5(10)=a+b't+C't2+d't3, (1)

Koeoimientn Bupasy, a Takox Koe]ilieHTH aerep-
MiHawii ¥ Kopesnsiiii 3aHeceHi 10 Tadn. 4.
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Tabnuys 4 — 3Benena Tadauns koedinicHTIB piBHAHHS 3MiHH KOHIEHTpPANil

pecnipadensnnx ¢ppakuiii muxy (PMz.s Ta PMio)

Po3smip KoediuicnTn piBasinns Koefl) Co Koeg.
PoGoue micue pecnipadeJbHHX ATEpPMIHALIL | KOpeJIstI
(bpauiii nuty a b ¢ d R, % R, %
PMzs -2,662 0,259 -9%104 8*107 62,5 79,1
OpeszepyBarbHUKa
PMio -7,862 0,684 -4%104 -4%10 76,1 87,2
PM2s 0,707 0,047 3*104 -9*107 88,6 94,1
Toxaps
PMio 3,420 0,156 1,9%1073 -8*10°6 78,3 88,5
PM2s -3,12 -0,019 7,2%1073 -2*10°3 88,8 94,2
3BaproBaJbHUKA
PMio -17,535 -2,529 0,098 -3*104 90,6 95,2
PMzs 0,725 0,031 0,001 -2*10°6 79,9 89,4
EnexrpoMonTepa
PMio 13,324 0,206 0,002 -7*10°6 63,8 79,8

Tak, koedilieHTH AeTepMiHaIil i KOpesilii MaroTh
BiJTHOCHO BEJIUKY PO301KHICTb, 0 MOXHA TTOSICHUTH BU-
COKOIO BapiaHTHICTIO JaHHMX Ta PI3HUMH PEXKUMaMHU PO-
00TH B MalCTEPHSIX.

3 METOI0 OLIIHKK POOOTH CHCTEMHU BEHTHILALIT OyI10
JOCII/PKEHO MIBUAKICTh PyXy HOBITPsS Ha HailOinbI 3a-
MAIEHUX PoOounX MicIsix. JJociimKeHHs BUKOHYBaJIICS
y JIBa eTamy, a caMme J0 MOYaTKy 3aHATh i Mij Jac HaB-
YaHHS.

BuMiproBaHHS MIBUAKOCTI MOBITPS 3MiHCHIOBAIOCS
3a gomomMoroto anemomerpa GM8903, skuit 3maTHUI (i-
KCYBaTH IIBUAKICTH MOBITps B mianmas3oHi 0,001 — 45 m/c
Ta Mae NoXuoOKy +3%. OTpuMaHi pe3yIbTaTH 3aHECCHI 10
Tabm. 5.

Tabnuya 5 - J1ocjaigKeHHs] LIBUAKOCTI pyXy HOBiTpst
y NpuMillleHHAX BUPOOHUYUX MaiicTepeHb

HIBuakicTs MoOBiTPSI, M/C
PoGoue micue nepen mix
3aHATTAM Yac 3aHATTH
DpeszepyBarbHUK 0,027 0,15
Toxkaps 0,036 0,18
3BaproBajibHUKA 0,03 0,45
Enextpomontepa 0,019 0,22

Ha puc. 3 HaBeneHO pe3yabTaTH BUMIpIB NPOTITOM
100 ¢ Ha pobogOoMy MicCIi 3BapIOBAIEHUKA.

0,9
0,8
0,7
0.6
0.5
0.4
0,3
0,2
0,1

IIBH/KICTE TIOBITPS, M/C

40

60 80 100

Yac, ¢

Puc. 3. Bubipka 3MiHH IIBUIKOCTI MOBITPsI HA POOOYOMY MiCIli 3BapIOBaIbHHKA

AHaITi3yI0uu OTpUMaHi pe3ylbTaTH 3a Tadm. 4, oue-
BHHO, IO MIBHKICTH PyXy ITOBITPS ITiJT 9ac 3aHATH 3Mi-
HIOETBCA Ha YCiX POOOUMX MICIAX MOPIBHAHO 3 TOYATKO-
BUMH YMOBaMH.

Haiimentie 3pocTaHHsi criocTepiraeTecsi Ha pobo-
goMy Micti ¢pesepyBansuuka (3 0,027 m/c 1o 0,15 m/c)
Ta Tokaps (3 0,036 m/c 1o 0,18 M/c), o 0OyMOBIICHO BiJI-
HOCHOIO CTAaTHYHICTIO BHKOHYBaHMX omnepauiil. Haii6i-
JbIlIa JAMHAMIKAIPOCIHIKOBY€ETbCS Ha poOOYOMY MicIii
3BaproBasbHUKa (3 0,03 mM/c 1o 0,45 m/c).

3MiHM y TIBHKOCTI MOBITPSI OB’ s3aHi 3 pe:KUMaMu
PpOOOTH CHCTEMH BEHTHJIALI, pyXOM YacTHH TEXHOJOT14-
HOTrO OOJaJHaHHS Ta JIIONEH, sSKi CTBOPIOIOTH KOHBEK-
LifiHI TOTOKH, IO MiABHIIYIOTh MIBHIKICTH PyXy IOBi-
TpsL.

Haii0Oinpmri piBHI pyxy MOBITps BimOyBaeThCs B
MalCTepHI 3BapIOBAIBHUKIB Ta €JIEKTPOMOHTEPIB, IO
OB’ 5I3aHO 3 NOTPe0OI0 BUBEJCHHS LIKIUIMBUX Ta3iB Ta
NPOAYKTIB TEXHOJIOTTYHHUX MPOLECIB 3 MOBITPSHOTO IIPO-
CTOpPY BUPOOHNYNX MalCTEPEHb.
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3arajnoM OTpHMaHi pe3ylbTaTH BUMIPY IIBUIKOCTI
MOBITPS BIATIOBIIAI0Th HOPMATUBHUM aKTaM.

BucHoBxku

3a pesyneraTaMu IOCTIIDKEHHS MOKA3HHUKIB SKOCTI
TIOBITPS Y HABYAJIBHUX MaWCTEPHAX 3aK/IaiB IEePEIBHIIOT
Ta npodeciiiHoi (podeciitHo-TexHigHO01) ocBiTH M. Kpe-
MEHYYK BCTaHOBJICHO, III0 KOHIICHTPAILis peciipabensHux
¢paxuiit muny (PMas Ta PMig) 3Ha4HO BapiloeThes 3aie-
JKHO BiJI BUJIy HAaBYAJBHOTO NPHUMILIEHHSA Ta XapakTepy
BUKOHYBaHUX po0iT. HallOLIbIIHMiA piBEeHB 3aIIMIICHOCT] BH-
SIBJICHO Ha pOOOYOMY MiCIIi 3BapIOBaJIbHUKA!

— cepenHbO000Be 3HaYCHHS PM» 5 cTaHOBUTE 16,9
MKTI/M3,

— cepenHBOI000BE 3HaUeHHS PM o — 137,4 MKT/M?,
10 TIEPEBHIIY€ BCTAHOBIICHI HOpMH [ 1].

JocnimKkeHHsT TTOKa3ajio, Mo Ha POOOYHMX MiCIIX
TOKapsi, (pe3epyBalbHHKA N EICKTPOMOHTEPA TaKOXK
CIIOCTEPIraeThCs MMiIBUIICHHS TOKa3HUKIB BUPOOHUIOTO
Uty pecripadenbHol Gpaxirii.

JuHamika 3MiHU KOHIICHTPAIlii TBEPIUX YaCTOK CBi-
JIYUTB TIPO 3pOCTAHHS KOHLEHTPALIH BUPOOHUYOTO MUY
Ha MOYaTKy 3aHsTb, 3HWKEHHS I1i]] Yac IepepB Ta 3HAYHe
MIABUIICHHS ITi]] 9aC aKTUBHOT poOoTH y4HiB. OIiHKa PO-
00TH BEHTWJILIIMHUX CHCTEM IOKa3ala, 110 IIBHIKICTH
PyXy TOBITPS TiJ Yac 3aHATH 3pocia y 5—15 pasiB mopi-
BHSTHO 3 TIOYATKOBMMH 3Ha4eHHsAMH. Haitbinmpmuit npu-
picT 3adikcoBaHO Ha POOOYOMY MICIIi 3BapIOBaIbHUKA —
3 0,03 M/c 1o 0,45 m/c (36imbIeHHST ¥ 15 pasiB), mo CBi-
JTYATH TIPO €(EKTUBHICTh BEHTWIALI] Y BUAAJICHHI IIKi/I-
JMBHX YacCTOK Ta rasis.

OtpuMaHi pe3yabTaTd IMiJKPECIIOITh HEoOXia-
HICTB TOJIAJIBIIOTO BJOCKOHAJICHHSI BEHTWIISLIIHUX CHC-
TEM, PO3pOOKHU 3aXO/iB 13 3HMKEHHS 3allWIICHOCTI po0o-
401 30HU y4HsI. 3aIIpOBaPKCHHS IPEBEHTUBHUX 3aXO/IB 3
YHOPMYBaHHS ITOKa3HUKIB MMOBITPSIHOTO CEPEAOBHIIA Ta
BUKOPUCTaHHS Cy4acHUX 1 e()eKTUBHHUX 3aC00IB 1HIUBI-
IyaJbHOTO 3aXHCTy OPraHiB JUXaHHS JO3BOJHTH 3MCH-
IIUTH HETaTUBHUI BIUTUB IEPEBUILCHNX ITOKA3HHUKIB KO-
CTi OBITpsI BUPOOHMYNX MaHCTEPEHD Ha 30POB’S yUHIB.
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Research of the state of the air environment in the premises
of primary and vocational (vocation-technical) education institutions

Dmytro Rieznik, Olga Chencheva, Yevhenii Lashko, Ivan Petrenko, Dmytro Havrylets

Abstract. Purpose. Study of the dynamics of the respirable fraction of dust (PM2.5s and PMio) and analysis of its impact
on the health of students in classrooms and training workshops of institutions of higher and vocational education in the city of
Kremenchuk. Method. The study of air quality in educational premises was carried out on the basis of the empirical method during
a field experiment, statistical analysis of the obtained data and approximation of the results. The results. The study showed that
the concentration of the respirable fraction of dust (PM2.5, PM10) in training workshops varies significantly depending on the type
of premises and the work performed. The concentration of dust changes during the day: it increases at the beginning of classes,
decreases during breaks, and increases significantly during active work. Exceeding the dust load was recorded at the investigated
workplaces, and the highest dust level from the purpose of the article was recorded at the welder's workplace. The assessment of
ventilation systems showed that the speed of air movement during classes increased by 5-15 times, which indicates the efficiency
of their work, especially at the welder's workplace. Studies have shown that in order to improve the level of dust pollution in the
working area, it is necessary to improve and automate ventilation and aspiration systems, as well as to implement the use of personal
protective equipment. Scientific novelty. For the first time, the conducted research takes into account the real conditions of the
educational and production process in institutions of higher and vocational education. A comprehensive approach to air quality
analysis is proposed, which includes pollution monitoring (PMa2.5, PM1o), detection of patterns of changes in dust concentration
depending on the stages of training process, mathematical description of pollution dynamics, and evaluation of the efficiency of
ventilation systems. The obtained results can become the basis for improving air quality control measures in educational workshops
and developing regulations that will ensure the safety of the educational process. Practical value. The results of the research allow:
to optimize ventilation systems by determining the required speed of air flow based on real data on the concentration of pollutants
in the air of educational and production workshops; develop adaptive air filtration systems to reduce the level of the respirable
fraction of dust in production facilities; justify the need for systematic monitoring of the air environment in training workshops, in
particular using modern technologies (wireless sensor modules); introduce protective measures for students aged 14-19, who are
most sensitive to industrial dust exposure. The application of the obtained results will contribute to increasing the level of safety of
the educational process, reducing professional risks for students and improving working conditions in educational workshops.

Keywords: respirable dust fraction, training workshops, dust concentration, pollination dynamics, ventilation system.

177


https://surl.li/spwxvv
https://surl.li/diknnr
https://surl.li/aohqck
https://surl.li/kyvpiv
https://surl.li/brpccq

Control, Navigation and Communication Systems. 2025. No. 1

ISSN 2073-7394

V]IK 351: 65.012.8 (477)

doi: 10.26906/SUNZ.2025.1.178-183

O. B. Tpetbsikos, b. JI. Xanmypanos, H. M. Kiuara, A. B. Pemcbka
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MIIXII 10 KIJTBKICHOT OITHKA CTIMKOCTI
OB’CKTIB KPUTUYHOI IH®PACTPYKTYPH

AnoTtanisi. CTiliKicTh 00’€KTiB KpUTHYHOI IHYPACTPYyKTypH BU3HAYAETHCS SIK 3AATHICTh TOTYBATHCS 10 MiHJIMBUX YMOB
Ta aJanTyBaTHCS JI0 HUX, a TAKOXK BUTPUMYBATH 3001 i IIBUIKO BiHOBIIIOBATHCS ITIiCJIS HAX, BKJIFOYHO 3 HABMUCHUMH aTa-
KaMH, aBapisiMi ab0 MPUPOIHUMH 3arpo3aMu. 3a0e3MeYeHHS] BUCOKOTO PiBHS Oe3MeKH i CTIMKOCTI 00’ €KTiB KPUTUYHOI 1H-
¢bpactpyktypu a1 YkpaiHu B yMoBax arpecii p¢ € kpail akTyalbHUM MUTaHHIM. MeTa JA0C/IiIzKeHb Hosrana B po3pooti
METOAOJIOTIYHOTO MIIXOMY ISl KUIBKICHOT OILIHKH PIBHSA CTIMKOCTI 00’€KTiB KpUTHYHOI 1H(PPACTPYKTYpU HE 3aJI€KHO Bif
CEKTOPIB KPUTHYHOI 1HYPACTPYKTYpH, A0 AKOTO BOHHU HaJekKaTh Ta YCiX BUAIB MPOEKTHHUX 3arpo3. O0’€KT q0c/ifKeHb —
0e3MeKH 1 cTifikocTi 00’eKTiB KpuTHYHOI iHppacTpykTypu. [IpeaMeT qocaiTKeHb — METOMOJIOTIS KiNBbKICHOT OIHKH PiBHS
CTIHKOCTI 00’ €KTiB KpUTHUHOI iHPpacTpykTypu.OTpuMaHi pe3yabraTu. [loyaTkoBa crazis miciis HeGesneuHol moii e pi-
3HOBUJI IIPOSIBY KaTtacTpodu «cKiIaika», BU3HaUeHo1 y Teopii katactpod. Takuii miaxig 103BOIIsIE BUSHAYUTH BTPATH 00CATY
HaJaHHs TOCITYyTHM 00 €KTOM KPHTHYHOI 1H(PACTPyKTYypH BHACITIJOK HeOe3NmeyHol Moii, 0 BH3HAYAIOTH BPa3JIMBICTh
00’exty. CTilKicTh 00’€KTa KPUTUYHOI 1HYPACTPYKTYpH MOKHA BU3HAUUTH, SIK JOOYTOK Hacy Ha NOBHE BiJHOBICHHS Ha
BUTPATH, 1I0B’s13aH1 3 BIAHOBICHHAM 00CATY MOCIYT 10 BUX1AHOTO piBHA. YnM Oijblie el MOKa3HUK THM MEHBIIE CTIHKICTh
00’€KTy KPUTHYHOI iHPPACTPYKTYpH. 3acTOCyBaHHS 1 iMiTaliitHOT MOoeN I KacKagHUX €(eKTiB, Ja€ MOXKIHBICTh OTPH-
MaTH WMOBIPHICHI OLIHKH PO3BHUTKY MOMIH 32 BU3HAYCHUMH CLECHAPIsIMU 1 JO3BOJISE 3MIHCHUTH OL[IHIOBAHHS 3arpo3 Uit
00’€KTa KpUTUYHOI iHYPACTPYKTYPH 32 BEITMUYMHOIO IMOBIPHOCTI HACTaHHS MO/ i mepexoaiB Mixk HuMu. Ha ocHOBI oTpu-
MaHHX 3HaYCHb IMOBIPHOCTI HACTaHHS HEOC3MEYHUX MOJIii JJIsI yCiX €IEeMEHTIB 00’ €KTa KpUTUYHOT iHPPACTPYKTypH BHU3HA-
YaeM HaWOLIBII Bpa3JUBi i Ul HAX HPOBOJMMO KUIBKICHY OIIHKY cTiliKocTi. Lle mae 3Mory oIiHMTH HEoOXinHi pecypcH
(dinancoBi, MaTepianbHi, €HEPreTUYHI, JIOACHKI, TPAHCIOPTHI TOIIO) JUIS IiJBHINEHHS CTiiiKocTi. BuzHaunTn HeoOXimHi
€JIEMEHTH Pe3epBYBaHHA ISl YHUKHEHHS KacKaTHUX e(heKTiB i HeOakeHUX HaciinkiB. BucHoBkH. Ha ocHOBI Teopii kaTact-
pod po3pobiaeHO €MUHMI METOIONOTIYHUHN MiAXiA 1S KUTBKICHOT OIIIHKH PiBHS CTIHKOCTI 00’ €KTIB KpUTHYHOT iH)PACTPYK-
TypHU HE 3aJIeKHO BiJl CEKTOPIB KPUTUYHOI iHPPACTPYKTYpH, OO SIKOTO BOHH HaJeXaTh.3alpPOIIOHOBAHUN MiIXiJ JO3BOJIIE
MIPOBOJHTH aHAI3 CTIHKOCTI MO YCiX eJIeMeHTax 00’ €KTy KpUTUYHOI iHPpacTpyKTypH, IPOBOJUTH CITIBCTABHUH aHAIIi3 Bpa-
3JIUBOCTI 1 CTIHKOCTI 00’ €KTIB CEKTOPY, OIIHIOBATH PO3MipH HEOXiTHUX HOJAATKOBUX IHBECTHIIIN ISl 3HIDKCHHS BPA3JINBOCTI
1 TIJBHIIEHHS CTIMKOCTI €JIeMEHTIB 00 €KTY, pO3pOOIIATH CEKTOPAJIBbHI IIPOrPaMHU IiJBHUIIEHHS CTIHKOCTI 00’ €KTIB CEKTODY,

BU3HAYNTH HEOOXI/IHI TEpUTOpiaNbHI pecypcH pe3epByBaHHs Ta iX obcsru.

Kaw4doBi ciaoBa: 00’ekT KpUTHYHOI IHQPACTPYKTYpH, Oe3MeKa, CTiHKICTh, Teopist KKkaTtacTpod.

Beryn

OcHoBHI 0a30Bi IOHATTA y cdepi Oe3neKn KpUTHI-
HOi 1H(QPACTPYKTYpH, IO BH3HAYCHI B HOPMATHBHHX JO-
KyMeHTax 1 HaBezieHi y [1], siki BioOpakaroTh CyTHICTh
TOHSATTS «Oe31eKay, MOXKyTh OyTH BU3HAUCHI 5K Taki: 6e3-
TeKa KpUTHIHOT iHppacTpyKTypH, HiTiCHICTH, CAMOJOCTa-
THICTB, CTIHKICTB, 3arpO3HM KPUTHYHINA iHPPACTPYKTYDI,
HeOe3neKa KpUTHYHIHN 1HppacTpyKTypi, TEXHOJIOTIi nore-
PEIDKEHHSI 3arpo3Hu, TEXHOJIOTIT BUSIBJICHHS 3arpO3H, TeX-
HOJIOT1 JIKBiAAIii 3arpo3, TEXHOJIOTI1 BiTHOBICHHS /TislTb-
HOCTI, BiJIIIKOAYBaHHs 3aBAaHUX 30MTKIB. 30KpeMa CTii-
KIiCTh 00’€KTa KPUTHYIHOI iHPPACTPYKTYpH BH3HAUCHA SIK
HasIBHICTh HEOOXIIHUX YMOB, €IEMEHTIB Ta CHCTEMHHX
3B’SI3KIB MK HUIMHU HA PiBHI, JOCTaTHHOMY ISl CTPUMY-
BaHHS Jii 3arpo3 Ta BiJHOBIEHHs micis ix il [1].

Konnemnuis crifikocTi po3po0iisiacs i 3acToCoByBa-
Jacs B PI3HOMa@HITHUX HamNpsMax AisiIbHOCTI (TICHXoo-
Tisl, IICUXiaTpis, €KOJOTis, COLiaNbHI HAYKH, CKOHOMIKa
Ta TEXHiKa) IPOTATOM KiIBKOX ACCSTHIITH [2, 3], ocTaH-
HIM YacoM BOHA MpUBEPTAE JAe/ami OibIny yBary y chepi
YOPaBIiHHSA PU3UKaMH. 30KpeMa, CIIbHOTAa KPUTUIHOT
iHQPACTPYKTYpH €BOJIOIIOBANA Bifl MEPIIOYEPTOBOTO
aKIEHTy Ha 3axucTi 0e3neku y 1990-x pokax mo OGimbin
ITUPOKOTO aKIEHTY Ha Oe3Merni Ta CTIKOCT.

VY cdepi HalioHANBHOT OC3MEKU BH3HAYATH HAIIiO-
HaJIbHY HOJITUKY LOA0 3MII[HEHHS Ta MiATPUMKH Oe3rie-
4YHOT, PyHKIIOHAIBHOI Ta CTIHKOT KpUTHYHOT iHppacTpy-
KTYPH B CEKTOpax, sIKi € BAXJIMBUMH ISl HALlIOHAIBHOT

0e3mneKu, TPOMaICBKOT0 3710pOB’s Ta Oe3MeKH, eKOHOMi-
YHOT JKUTTE3/IATHOCTI Ta 3arajibHOl SIKOCTI XKUTTA. [lpu
bOMY CTiiKiCTh BU3HAUYAETHCSI SIK 3IATHICTb TOTYBaTHCS
JI0 MIHJIMBHX YMOB Ta aJIaliTyBaTHCS IO HUX, & TAKOK BU-
TpuMyBaTu 3001 ¥ HIBUIKO BiJHOBJIIOBATHCS MICIs HUX,
BKJIFOYHO 3 HAaBMHCHHMHU aTaKaMu, aBapisiMu abo mpupo-
JHUMHE 3arpo3amu [4].

[epexix Bix 3aXHUCTy KPUTHYHOI iHPPACTPYKTYpH IO
3a0e3redeH s il CTIHKOCTI Mae Ha METi BpaxyBaTH KITO-
YOBI 3MiHH B JIaHIA(TI PU3UKIB, 1110 XapaKTEPU3YIOTHCS
3pocTaHHsIM HeBu3HaueHocTi. [lnst Toro, mo6 Kpartie
IHTErpyBaTH CKJIQJHICTh, B3a€MO3AJICKHICTH 1 B3aEMO-
OB’ S3aHICTh KPUTHYHOI iHQPACTPYKTYypH, NPHIAHITTI
CHCTEMHOTO IIAXOAy A0 CTIHKOCTI KpWUTHYHOI iH(pa-
CTPYKTypH 3a0e3reuye J01aTKOBI IepCreKTHBy [5].

[TimBuIeHHs CTIHKOCTI HalliOHAIBHOT Ta €BPOTEH-
ChKO{ KpUTHYHOI iHQPACTPYKTypH BHU3HAUYEHO OJHUM i3
npioputeTiB 6e3nexoBoi noyitTukn €C Ta 3aKkpilieHo B
pimennsx Pagu €C, cnpsMoBaHMX Ha IMOCHIJICHHS 33aX0-
JiB 13 MiJBUIIEHHS CTIMKOCTI KPUTHYHOI iH]pacTpyK-
Typu [6]. Takum yrHOM, 3a6€3MEUCHHS BUCOKOTO PiBHS
Oe3rexy 1 cTifikocTi 00’€KTiB KpUTHYHOI iH(pacTpyk-
TypH A7t YKpaiHu B yMOBax arpecii pd € kpai akTyaib-
HUM HHUTaHHAM.

AHaJi3 JiTepaTypHHX [JaHMX Ta IOCTAHOBKA
npodaemn. JI0ACTBO 3axmIae KpUTHYHY iHPpacTpy-
KTypy 3 4aciB BUHAMJACHHS KoJieca, OJTHAK 3a OCTaHHI
20 pokiB OiNBIIICTh HALIOHAIHHUX TOJITHK 1 CTpaTte-
riii y cdepi kKpuTHuHOI iHQpacTpyKTypu Ha 3axoni
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CucteMu ynpaBiiHHS, HaBiralii Ta 3B's13ky. 2025. Ne 1

€BOJIIOIIOHYBAJIH BiJl 30CE€PEKEHHS BUKJIFOYHO Ha 3a-
XUCTI KpUTHYHOI iHQPACTPYKTYpH O MiABUILEHHS ii
O6esnexkn Ta criiikocti. Lleit 3cyB B mepury uepry
OB’ SI3aHUHN 3 THM, IO Iepe] 3alliKaBIEHUMHU CTOPO-
HaMU CTOITh HaJCKJIaJIHE 3aBJIaHHS 3aXUCTHTH yCi CH-
CTEMHU KPUTUIHOI iHQPpaCTPYKTypH BiJl 3pOCTAIOUO] Ki-
JBKOCTI (paKkTOPiB pU3UKY, 3 IKUMH BOHHU CTUKAIOTHCA.

Bingnmosigno no xonnenmii be3nexku ta cTiikocTi
kputndHOi iHQpacTpykrypu (BCKI), Tepminu «bes-
nekay i «cmitxicmuvy, 6€3yMOBHO, M ITPUMYIOTH i71€I0
3aXHCTY, aJle BOHU MAIOTh criendidHi 3HaueHHs. bes-
neka O3HA4Ya€ 3MEHIICHHS MHMOBIPHOCTI YCHIIIHHMX
aTaKk Ha KPUTHYHY iHQpacTpyKTypy abo HacIiJIKiB
MIPUPOJHMUX Y TEXHOTCHHHUX KaTacTpod IIISTXOM 3a-
CTOCYBaHHS (i3UIHUX 3ac00iB 200 0OOPOHHUX 3aXOJIB
kibepOe3neku. Cmitikicms — 1€ 3AaTHICTh KPUTHYHOL
iHQpacTpyKTypH NPOTUCTOSTH, MOTIMHATH, BITHOB-
JMOBAaTUCA a00 YCHIIIHO aJanTyBaTHCS IO MIiHIMBUX
yMoB. BigmoBocrtiiika iHppacTpykTypa € HaIiiHOIO,
THYYKOIO, aJallTUBHOIO, 37JaTHOIO IPOTUCTOSTH 1 IBH-
JIKO BIIHOBJIIOBATHCS Hicis 300iB, HaBMHCHHX aTak,

Tabnuys 1 — CKIAAHUKH CTIAKOCTI

aBapiii ab0 NPUPOAHMX 3arpo3 Y IHIOUACHTIB. 3
OTJISTy HA 3POCTaHHS MPUPOIHUX 1 TEXHOTCHHUX 3arpo3
1 Bpa3IIMBOCTEH, 3 SIKUMHU CTHKAIOThCS Cy4acHI CyCIUIbC-
TBa Ta sIKi BUKPUBAIOTh OOMEKEHICTh TPAIMIIIAHOI OIli-
HKU PH3UKIB 1 3yCWIb 31 3HIKEHHS PU3UKIB, KOHIICTIIIS
BCKI Bumaetscst 0co0MMBO KOPUCHOIO TSt POPMYBaHHS
TIOJIITHKH, CIIPSIMOBAHOI HA MTOM SKIICHHS HACJiJKiB Ta-
KHX TIOJIiH, 1 BKa3ye Ha JKUTTEBO BAXKIIMBY MOTPeOy KpaiH
y pO3po0IIi Ta BOPOBAKEHHI BCEOCSHKHOI CTpaTerii yII-
paBiinHs pusukamu [7]. OCHOBHI €leMEHTH BOTO BH-
3HAYCHHS — 3AATHICTh TOTYBATUCS 0 MIHJIUBUX YMOB i
aJlanTyBaTHCS JI0 HUX, @ TAKOXXK BUTPUMYBATH 1 LIBUIKO
BiJTHOBJIFOBATHCS TiCIs 3001B — MOXKHA OXapaKTCpH3Y-
BaTH YOTHPMa CTPYKTYPHUMH €JI€MEHTaMH: TOTOBHICTb,
3aXO0/H 3 TIOM SIKIIIEHHS HACJI/IKIB, pearyBaHHs 1 3aX0H
3 BijHOBIICHHS [8].

Pa3zoM i 4OTHpH CKIIaAHUKH MOXYTh JOHOMOITH
(axiBIsIM PO3KIACTH KOHIEMIIIO CTIHKOCTI HA MPaKTH-
YHI KPOKH Ta, 3PEUITOI0, SIKICHO OLIHUTH MPOTPeC y i~
BHIIICHHI CTIHKOCTI 3 IIIMHOM Yacy. Y Tab. | omumcani mi
CKJIQJIHUKH 1 HaBe/ICHI MpUKIaau st po3risiay [9].

HACIIAKIB BiJ] IX BUHUKHEHHS, BKIIOYHO i3
3aX0JIaMH 3 NONEPE/PKEHHS Ta 3aXHCTY; CBi-
YATh TPO aJaNnTHBHICTH 1HYPACTPYKTYp-
HUX CHCTEM 1 IpoIlec iHTerparii Ta Bpaxy-
BaHHS 300YTOTO JIOCBiY.

CKIagHUKH Onuc Hpuxnaan
[ixrorosne- JlisIBbHICTE, CIIpsSIMOBaHA Ha nepenOadeHHs | Y TpUMaHHS CHIT Oe3IeKH.
HICTE BiJNOBI/IHIX 3arpo3/HEGE3ICK | MOKIMBHX Y cTaHOBICHHS/MOHITOPUHT (i3HYHOTO KOHTPOIIO AOCTYILY .

Po3po0Oka miaHiB Oe3nepepBHOCTI, TUIAHIB HA BUMIAIOK HA/I3BH-
YallHUX CHTYyawil i IJIaHiB KibepOe3neKy; HaB4aHHs IepCOHATY
110/10 TIJIaHIB.

ITpoBeneHHs peryIapHUX HaBYaHb JUIS IEPEBIPKH IUIaHIB
CTBOpeHHs MexaHi3MiB 00MiHy iHdopMariiero.

IMom’sikirennst | isTbHICTD, CIIPSIMOBAaHA HA MPOTUCTOSHHS

MoepHi3aitist iIIPUEMCTB TS TIOM’ IKIICHHS HACIIIKIB Pi3-

mo0 JOIOMOITH OpraHi3alisiM MOBEpHYTH
YMOBH pOOOTH JI0 IPUHHATHOTO PiBHS Ta Bi-
JTHOBUTHCS MiCJIS TIOAIT; CBITYUTH PO 37aT-
HICTb IBUAKO BiTHOBUTH HAJIAHHS IOCIYT.

HACITiIKiB Ta/a00 MOTJIMHAHHS HETaTHMBHUX HACIIIKIB | HUX MPUPOJHUX 3arpo3 (HAmpHKIIaI, MPOTHIIABOIKOBE 00JIa -
o1i1, 3MEHIIEHHs TSDKKOCTI a00 HACIIiIKIB | HAHHS, IPOTHUIIABOAKOBI 0ap’epn).
3arposu; CBIIUNTH TPO HANINHICTE IHGPa- | Monepuisawis 06nagHaHHs, sike 6y/1e IPOTHCTOATH Hepeadady-
CTPYKTYpH. BaHMM HeOe3IeKaMm.
[TinBunieHHs HagiHHOCTI/pe3epBYBaHHs CHCTEM MiATPUMKH iH-
(bpacTpyKTypH.
CTBOpEHHS aTbTEPHATHBHOTO PE3ePBHOTO MaiiJaHInKa, SIKHi
MOX€ TIPOIOBXKHUTH POOOTY ITiCIIsl IHIUACHTY H CIIPUSATH BiTHOB-
JICHHIO.
Po3yMiHHS MiXTaTy3eBUX 3aJIC)KHOCTEH BiJl KIIFOYOBUX 30BHIII-
HIX pecypciB (HaIIPUKIAJ, eIEKTPOCHEPTis, MaiBO, BOJIA,
3B’5I30K).
3aBbauinBa MiArOTOBKA JOATKOBHMX 3amaciB (HampuKiIaj, ma-
JIMBa, Pe3ePBHUX T'€HEPATOPIiB, PE3EPBHOTO 3B’ S3KY).
PearyBanus 3axoau Ta mporpamu, IO 3AiHCHIOITHC | [liATpUMaHHS MOXKIIMBOCTEH pearyBaHHs Ha MiCI{ Ha KITIOYOBi
abo po3pOoOISIIOTECS /U pearyBaHHs Ta | HeOe3neku (HarpuKIIal, PO3JIMBH XIMIYHUX PEUOBHH, TOKEKI,
aJanTaii 0 HETaTHBHUX HACHIJKIB MOJIT; | BUOYXOBI peuoBUHH, 30pOHI HATa Iy, HaJ3BUYAiTHI CHTYaIlil Me-
CBIIYNUTH MPO BUHAXIAJMBICTh BIACHHUKIB Ta | JMYHOTO XapaKTepy).
orepaTopiB iHQPACTPYKTYpH B YIpaBITiHHI [ToOynoBa BiIHOCHH 3 MiCLIEBUMHU CITy)kKOaMH IIBUIKOTO peary-
KPH30BHMH CHTYaL[isMHU BaHHI Ta MKCEKTOPAIbHUMH apTHEPaMH; HasiBHICTh MOXKIIMBO-
CTel [UIs yIpaBliHHS MO3aIITaATHUMH CUTYaI[isIMU Ha MicLi,
BKJTIOYHO 3 HABYEHUM IIEPCOHAIOM, (DYHKIIOHAIFHAM OIIepaTHB-
HUM LEHTPOM 1 PO3YMIHHSIM MIKTaTy3eBHX MPOOIEM.
Binnosnenns | JisuIbHICTB 1 IporpaMH, CIIpSMOBaHI Ha Te, | YKIagaHHS yroJ| Ipo MepuIouyeproBe BiTHOBICHHS 3 KIIOUOBIMH

MOCTa4YaILHUKAMH TIOCIYT; OIliHKA 9acy i 3aX0/1iB, HEOOXITHIX
JUTS BIZTHOBJICHHS TIOBHOLIIHHOT pOOOTH OpraHi3arii mcis 30010.

Crparerii IBAAKOT 3aMiHH/PEMOHTY KPUTHYHO BOXKIUBHX KOMIIO-
HEHTIB (HampuKIaz, cepTu(ikoBaHi MOCTayaIbHUKH.

[TixTpuMKa 3amaciB Ha BUIIAJI0OK HAI3BUYANHIX CHTYAIIil).
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3 HaBezeHOI B TabmMLi iH(pOpMaNii BUAHO, 1O CTi-
KiCTh 00’€KTiB KPUTUYHOI iHQPACTPYKTYPH € IHTETIPYIO-
YHM ITOKa3HHKOM, SIKHH OXOILTIOE IMTPAKTUYHO YCi CKIIaI0Bi
(YHKLIOHYBaHHS 00’€KTIB 1 Ll YCKIIaJHIOE HOTO TPsSIMY
KIJIbKICHY OLIHKY.

Bapami b. migkpecmioe ckmamHuid i GaratorpaHHNI
XapakTep CTIHKOCTI KpUTHIHOI iH(pacTpykTypu. bapami
B. 3acTocoBye OaraTopiBHEBHIA i IX1M, IO IPYHTY€ETHCS HA
OIIHII PU3WKIB 1 BPAXOBY€ B3a€EMO3AJIEKHOCTI CKIIaTHIX
iHpacTpyKTyp, PO3TILOAI0OYN TPH IHOMY ITOTCHIIIHHI
piIIeHHs, SIKI MOXKHA 3aCTOCYBaTH TIPOTSTOM >KATTEBOTO
LUKy 1HQPacTpYKTYpHOI cucTteMu (TOOTO, TNPOEKTY-
BaHHS, OYAIBHHLTBO Ta €KCIUTyarauis). TakuMm 4YuHOM,
CTIHKICTh BU3HAYAEThCS HE SIK €IUHUI pe3yibTaT ado
BUKJIFOYHO 3/1aTHICTh JI0 BIHOBJICHHS MICJIs KaTacTpodu,
a ckopilme sK JUHAMIYHUNA TPOLEC, SIKUH 3aCTOCOBYE
METO/I, 3aCHOBAHUI Ha PU3UKAX 1 )KUTTEBOMY UK, IJIS
YCYHEHHSI BPa3JIMBOCTEH CHCTEM KPUTHYHOI iHppacTpyK-
TypH, pOOJITYM CHUCTEMH OUIBII BiIMOBOCTIHKUMH,
e(pCKTUBHIMH, PO3YMHIIINMH 1 3JaTHUMH Kpallle ajar-
TyBAaTHCS 10 HECTIOiBaHUX BUKIHKIB [10].

TakuMm 9UHOM, KOJH BiIOYBA€THCS IHIMICHT, LTI
CTIMKOCTI KPUTHYHO BaXJIMBOI iIHPPACTPYKTYPH MOXKYTh
OyTu BUMIpsIHI y JIBOX BHMipax: OOMEXEHHsI MacITady
MOUIKO/KEHb Ta OOMEXEHHS TPHBAIOCTI IEPEpBH Y
HaJlaHHI ~ MOCJIYT, CHPUYMHEHOI IOIIKO/KECHHSIMH.
BaxauBo 3a3HAYMTH, 110 BiIHOBJICHHS HE 000B’SI3KOBO
03HAa4Ya€e MOBEPHEHHS 70 MOINEPEeIHbOTO CTaHy, SKHUM
iCHyBaB [I0 IHIIMICHTY, alie MOXKe IependavaTd 3MiHy,
ajanTamilo g0 HOBMX YMOB Ta IIOKpAIlCHHS
(YHKIIOHATTBHOCTI CUCTEM 3 TUIMHOM Yacy.

[IpoBexneHa sikicHa OIiHKA PiBHS CTIHKOCTI 00’ €KTiB
KPUTHYHOI iHQpacCTPyKTypH 3a 3alIPOIIOHOBAHUM ITiJIXO-
JIOM JIHCHO TOTIOMOTa€ (DaxiBISIM PO3KJIACTH KOHIIETIIIIFO
CTIMKOCTI Ha MPaKTHYHI KPOKH, ajie He Ja€ KiIbKiCHOI
OLIIHKH 1IbOTO IMOKa3HUKA, LI0 HE JO3BOJISIE ITPOBOAUTH
MOPIBHSUIbHUI aHali3 CTIMKOCTI 00’ €KTIB KPUTUYHOI iH-
(bpacTpyKTypH, TUM OijbLIe, SIKIIO BOHH HAJIEXKATh JI0 Pi-
3HUX CEKTOPIB KPUTUYHOI iH(pacTpyKTypH.

Ha cworosani B Ykpaini Bu3HaueHO 24-u cexTopa
KPUTHYHOI iHQPACTPYKTYPH, UM MO 00’€KTIiB B SKHUX
moTpeOyIOTh JOMAaTKOBUX iHBECTHIN JJIS IiIBUICHHS
crifikocti [11]. Came uepes 11e AepKaBHUM YIOBHOBaXe-
HHUM OpraHoM y cdepi 3aXucTy KpuTH4IHOI iH]pacTpyk-
TypH YKpainu 3aTBepukeHi MeTOANYHIX pEeKOMEH AL
1I0/I0 PO3POOJIEHHSI Ta 3aTBEPIXKECHHSI MICHEBHUX IIPO-
rpam 3abe3nedeHHs O0e3nekn Ta CTIHKOCTI KpUTHYHOI 1H-
(dbpacTpyKTypH, IpOrpaM IiIBUIIEHHS CTIHKOCTI TEPUTO-
playibHUX TPOMaJ] 0 KPU30BHUX CHUTYyallil, BUKIMKAHHUX
NPUIMHEHHSM a00 MOTIPIISHHSM HaJaHHS BaXKJIHBUX
JUTA TX KUTTEISTBHOCTI MOCITYT YU IS 371 CHEHHS )KUT-
TeBO BaxMBUX (yHKUiH [12]. dnst po3poOKku MicleBHX
mporpam 3a0e3nedyeHHs Oe3MeKH Ta CTIHKOCTI KpUTHIHOL
iH}pacTpyKTypH Ta Iporpam IiJABUIIEHHS CTIHKOCTI Te-
pHUTOpiaJbHUX IPOMaJL IO KPH30BUX CUTYaIliil HEOOXiIHO
cepen nux 00’€KTIB BU3HAYNUTH IPIOPUTETHI, a 11e 6e3 Ki-
JIKICHOT OLIIHKM CTiIHKOCTI HEMO>JIOBO. Tomy Kpaii Ha-
TAIBHUM € PO3po0Ka METOMUKH KiUIbKICHOI CTIHKOCTI
00’€KTIB KpUTHUIHOT iIHQPACTPYKTYPH Ta iX EIEMEHTIB.

MeTa Ta 3aga4i gocaigpxeHHsa. Mera 1ociikeHb
TIOJIATAE B PO3POOIIi METOJOJIOTIYHOTO IMiIXOY IS KiJlb-
KICHOi OIIIHKU pIiBHA CTIHKOCTI 00’€KTiB KPUTHIHOL

iH(pacTPpyKTypH HE 3aJI€XKHO BiJl CEKTOPIB KPUTHYHOT 1H-
(dpacTpyKTypH, 0 SKOTO BOHHM HaJeXaTh Ta yCiX BHUIIB
MIPOEKTHHX 3arpo3.

Jnst nocsiTHeHHs MeTH OyJIM ITOCTaBJICHHI HACTYITHI
3aBJaHH:

— 3HAWTH WiAXIA A7 HE TPSMOTO KiUTbKiCHOTO
OIIHIOBaHHS CTIHKOCTI 00’ €KTIB KpUTHYHOT iHQPaCTpyK-
Typu;

— OWIHHUTH HOro aJIeKBaTHICTh 3 MO3HULIH Teopii
KaTacTpod.

Pe3yabTaTu AociaigxeHb

3a]u1s1 I0/10JIaHHS CKJIATHOILIB MIPH PO3TIISAL CKITa-
JOBHX CTIHKOCTI 1 KOHIIENTyaui3alii iX y KOHTEeKCTi iH-
(bpacTpyKTYypHHX OTIeparliif 3 TOYKH 30pYy 4acoBOi mepc-
MEKTUBH MOXKHA PO3IITHYTH (QyHKIIOHYBaHHS 00’ €KTY
KPUTHYHOI iHQPACTPYKTYPH SIK 3aJEKHICTH 00CATY Ha-
JAHHS TIOCITyTH B Yaci 3a pi3HUX YMOB, OCOOJIMBO TIPH il
HeOesneyHoro (axkropy (IPUPOJHOTO, TEXHOTCHHOTO,
TEPOPUCTHYHOTO, BOEHHOTO MOXO/KEHHs), SIK 11 O3Ha-
YEHO Ha PUCYHKY 1.
Jlo MOMEHTY MposiBY HEOE3Me3MeyHol MoIil 00’ €KT KpH-
THYHOT iHPPACTPYKTYPH PYHKIIOHYE Y CTATIOMY PEXKUMI
1 HaJla€ MoCIyry y MPOEKTHOMY 00cCsi3i. 3 MOMEHTY Ha-
CTaHHs HeOE3MEeYHOT MOJIi1: MPUPOTHOTO KaTaKii3my (3e-
MIIETPYC, 3CYB, TIOBEHb TOILO), TEXHOI'CHHUX aBapiii, He-
CaHKIIOHOBAaHHOTO BTPYYaHHs, KibepaTaku, TEpOPHTHY-
HOTO aKTy, BOEHHOTO HaIay, TOLO o0CAT HaJaHHs 1oc-
JIyTH 00’ €KTOM KPUTHYHOI iH()PACTPYKTYPH Pi3KO 3HU-
KyeTbes, a00 30BciM npunuHieThes (t1). Ilicns goro Ha-
CTa€ Tepioj MiArOTOBKHA IO BiIHOBICHHS (DYHKIIOHY-
BaHH: 00’ €eKTy (11) (IpO€EKTHI po6OTH, 30CEPEKEHHS He-
00XIZHUX MaTepialbHUX PECYPCIB, 3aTyYCHHSI M APSTHH-
KiB TOIIIO), 1110 IEPE/IY€ BiIHOBIIOBAHUM POOOTAM, MiCIs
YOro pO3MOYMHAETHCS  BIJIHOBJCHHS IOTYXHOCTEH
00’€KTy 3 MOCTYMOBUM BUXOJOM Ha CTaIHMi PEXKUM Ha-
JaHHS ITOCITYTH Y IPOEKTHOMY 00CS3i.

A He6e3nmeuna mojgisn

t1 t2 t3

Puc. 1. 3anexHicTs 00CATY HalaHHS MOCIYTH
00’€KTOM KPUTUYHOI iHPPaACTPYKTypH Bij 4acy
pu Aii HeGe3neyHoro hakTopy

ITouaTkoBa cTajis micas HeOe3neuHoi MOl 1e pis-
HOBH/J IPOSIBY KaTacTpodu y Teopii karactpod [13]. Ka-
macmpogha muny «cxaaoxkay (x* + ax) — onana 3 Hainpo-
crimmx karactpod. CranmaptHa nedopmartis (magiHHI
piBHS 00’ €My TTOCITYT) B IIbOMY BHITAJIKY 3a7a€Thes pop-
MYJIOIO:
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Vp(t) =t3/3 + at, [(h)

ne Vp — obcsr HagaHHS oCTyTH; { — Yac.

UucnoBuii KoeQillieHT BBEIEHO, MO0 CIPOCTHTH
MOJATBII po3paxyHKH. baraTopisHoBumHicTE M Takoi
KaTacTpo(y BU3HAYAETHCS PiBHAHHIM:

_4a _ 42
0= dth(t)—t +a. 2

BrpaTu 00csry HaaHHS TOCTYTH 00’ €KTOM KPUTH-
9HOI 1H(PACTPYKTYpH BHACHIAOK HEOE3MeYHOi IMmomii
Oyzne BU3HAYATHUCS:

W= f;fvp (H)dt, ©)

1 XapakTepi3yBaTu Bpa3iHMBICTh 00’€KTY KPUTHUYHOI iH-
pacTpykrypH.

BuBueHHS eneMeHTapHHUX KaTacTpod MOYMHAETHCS
3 NEPEeTMUCHHS] OCHOBHUX CTPYKTYD, OB’ sI3aHUX 3 KaTa-
ctpodamu [13]. [Iyist bOTo PO3IIsIHEMO caMencTBO (yH-
KL

V:SXC >R, ()

ne S — nmesika GaratopizHOBHOHICTE R", ska Mae Ha3By
mpoctip craHiB; C — 6araTopisHOBHAHICTE R', m0 Bu3Ha-
YaeThCS K MPOCTIP YIPABIiHHSA, @ YHCIO I PO3MIPHICTD
nedopmarii.

BararopizHoBUIHICTIO KaTacTpodu M Ha3MBAETHCS
miaMHOKKHA B R"XR', 1110 BU3HAYAETHCS PIBHIHHIM:

DV ()=0, (5)

ne V.(t) =V(t,c) — MHO)KHHA YCiX KPUTHYHUX TOYOK
noreHuianis V¢ 3 cimeiictra V.

Binzepkanennsam katactpodu S Ha3MBaETHCs OOMe-
KeHHsI M HaTypaibHOT IPOEKIIIT:

T:R"XR > R", (6)
n(t,C) =C. @)

Oco0IMBOI0O MHOXHHOK S Ha3MBaeThCs IT1AMHO-
KHHA B M, sIKa CKJIAIa€ThCs 3 OCOOIMBHX TOUOK BioOpa-
JKEHHs y, e paHr noxianoi D, menmie Hix r. O6pa3 oco-
6uBoi MHOKUHH ) (S) € C Ha3uBarOTh OiypKamiiHOO

MHO>XHHOIO B.

IcHye MHOXHMHA THX TOYOK (X, c) € M, B sxux V¢(X)
Ma€ BUPOXK/ICHY KPUTHYHY TOUKY. 3HAUUTh, B SBJIsIE CO-
6010 MicIe, Jie 3MIHIOEThCA KiTBKICTB 1 MPUpOJa KPUTHYI-
HHUX TOYOK. Y 3B’SI3KY 3 CTPYKTYPHOIO YCTaJICHHICTIO MO-
PCOBCBKMX (PYHKIIIM Taka 3MiHa MOXe BiIOyTHCS JUIIE
3a YMOBH MEPEXO0Jly Kpi3b BUPOKICHY KPUTHIHY TOUKY.
VY GinbIIOCTI 3aCTOCYBaHb HAWOIIBII BAXKJIMBAM € caMe
6idypkamniiiHa MHOXHHA, TaK SIK BOHA JIEXKUTH B IIPOCTOPI
YIpaBITiHHS.

PiBusHHS (2) mOKasye, MO B sSKOCTI KapTu st M
Tpeba B3sATH KoopaMHaTy .

3araipHa TOYKa OaraTopi3sHOBUAHOCTI M 3amucy-
€TBCS y BUTIIAI:

(t,a) = (t —t2). (8)

Posknanenns B psn Teiinopa, ske BiAmoBinae Iii
TOYIll HA S Ma€ HACTYITHUIA BUTIIS]L

V,t+T) = %(t + T+ (—t2)(t+T) =

+§T3 + tT2 + 0T — §t3. 9)

TakuM 4YUHOM, 0araTopi3HOBHHICTH KaTacTpodu
siBJIsie coOoto0 mapaboiy, a OidypkariiiHa MHOKHHA CKJIa-
JTAETHCS 3 OJHIET TOUKH.

I'nmanxicTe wi€l HOBepXHi HE TapaHTYeE, 1O MPH ILIa-
BHIM 3MiHI oxHi€l 3MIHHOI OOMIBI IHIINI TAKOX 3MIiHIO-
I0ThCS TIABHO.

Buxonsun 3 Takoro migxomy CTIHKICTE 00’€KkTa
KpUTHYHOI iHPpacTpykTypH (abo HOro 4acTku, migpo3-
IUTy TOIIO) MOXKHA BU3HAYUTH, SIK JOOYTOK Yacy Ha To-
BHE BiTHOBJICHHS Ha BUTPATH, [TOB’A3aHi 3 BiTHOBIICHHIM
00CsTy MOCTYT IO BUXiTHOTO PiBHS:

e At — gac Ha TTOBHE BiTHOBJICHHS 00’ €KTY KPUTHIHOI
iHppacTpykTypu (abo HOTO YaCTKH, MiAPO3ILTY TOIIO);
> Ei— yci BuTpaTH Ha BiHOBJICHHS ((piHAHCOBI, MaTepia-
JIbHI, CHEPTETHYHI, JIFOCHKI, TPAHCIIOPTHI TOIIO).

YuM Oisbliie el MOKa3HUK TUM MEHBIIE CTiHKICTh
00’€KTy KpUTHYHOT iHPpacTpyKTypH (Si — min).

Jnst 3pyqHOCTI BUTpaTH Ha BiITHOBJICHHS 00’€KTYy
KpUTHYHOT iHQpacTpyKkTypH (abo Horo 4acTku, migpo3-
ILTy TOIIO) MO>KHA OpaTH He K aOCONIIOTHY BEJIMYHHY, a
SIK 9aCTKY BiJI TPOEKTHOT BAPTOCTI 00’ €KTY.

SKmo KinbKiCHA OIiHKA PU3WKY peaiizalii HeOe3-
MEYHNUX IOIIH 3MIMCHIOETHCS Ha OCHOBI IMITAIliHHOT MO-
JeTl JUIsl OLIHIOBAHHS 3arpO3W BUHHWKHEHHS KacKaJHHX
e(eKTiB U pi3HUX CIEHapiiB PO3BUTKY MOl y 30HI
00’exTa KpPUTHYHOI iHPPACTPYKTypH, ska nependauae
BUKOHAHHS TaKUX MPOLEIYP:

— BU3HAYCHHS MO/ B ClleHapil pO3BUTKY CUTYaIlil
(CKJIAIOBI €IEMEHTH CIIEHAPIIO, 1110 3IiHCHIOIOTH OTEH-
ifHUN BIUTMB HA peaji3alliio 3arposn);

— BH3HAUCHHS MHOXXHHHM MOXJIMBHX CTaHIB MOIH,
110 BIUIMBAIOTH HA PiBEHb 3arPO3H;

— (opMyBaHHs CIEHApiiB PO3BUTKY 3arpo3u (BH-
3HAYEHHS JIAHOK, 1[0 CKJIAJIAf0THCS 3 TIap: OIS — repe-
X1/ B 3aJaHMiA CTaH»), M0 MPHU3BOIATE IO peai3allii 3a-
I'PO3H, NPEACTABICHHS CTPYKTYpPHO-JIOTIYHOT MOJIeNi po-
3BUTKY KPHU30BOI CUTYyallii, 10 MAa€ CKIIAIHY CTPYKTYpY
3a Pi3HUMH BapiaHTaMH PO3BUTKY CIIEHAPIi0 Ha 00’ €KTi
KPUTHYHOT iHPPACTPYKTYpH;

— ¢opmyBanHs oprrpady cueHapiiB 3arpo3 (CTpyk-
TYpPHO-JIOTiYHAa MOJIEITh, 1[0 BKJIFOYAE BCi ClieHapii peai-
3arrii 3arpo3m);

— oIliHKa HMOBIpHOCTEH CTaHIB MOIiii Ta IX rmepexo-
qiB;

— OLIHIOBaHHS HWMOBIPHOCTI pealizamnii creHapiiB
3arpos.

3actocyBaHHS TaKo1 iMiTaliHHOT MOIETI AJIS KacKa-
THUX e(EeKTiB, Ja€ MOXKJIMBICTh OTPUMAaTH HMOBIpHICHI
OIIHKU PO3BHUTKY IMOJIH 32 BU3HAYCHUMH CIICHAPIsMHU i
JI03BOJISIE 3IHCHUTH OIIHIOBAHHA 3arpo3 il 00’€KkTa
KPUTHYHOI iHQPACTPYKTYPH 32 BEIHIHNHOIO iIMOBIPHOCTI
HACTaHHS MOIN 1 Mepexo/IiB M’k HIMH.

Tpuxnao:

Hexait Ha TpancdopmaTopHiil miacTaHuii craBcs
BUOYX 3 CepelHiM piBHEM HpaBoNoAiOHOCTI pearizanii
3arpo3u. Toji oLiHKa HACIIAKIB BIUIUBY 3arpo3 (CTiHKo-
cTi) OyJe MaTi HaCTYITHUH BUTIISL:

— Yac Ha NOBHE BiJHOBJEHHS 00’€KTY KPHUTHUYHOI
iHppacTpykTypu At = 30 nHiB,
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— BUTpATH Ha BiZIHOBJICHHS 00’exTy
E;=2 mnpg rpH;

— YHCETBHICTh HACEJICHHS, SKE 3a3HAJ0 PH3HKY
BTpatu — 200 ocib;

— 3HW)KEHHS PIBHS HaJaHHS XUTTEBO BaXKIMBUX
(YHKIIA/TIOCTYT, TPUBAJICTD 3HIDKEHHS PiBHS 3I0POB’S
(daranbHicTh) — 3 m1HI;

— IMIKOZA JOBKIILTIO — TEPUTOPis palioHy Ha TepMiH
1o 1 poky;

— 3HW)KEHHS PiBHSA BUPOOHMIITBA / HATAHHS OCHOB-
HOi mocimyru (mponykuii) (erexkTpo3abe3nedeHHs) —
BTpaTa IOCIYTH (€JIEKTpO- 3a0e3MedeHHs) Ui MOHaJ
300 Tuc. abOHEHTIB; YHCENBHICTh YPAKEHOTO HACEIICHHS
(BUMylIeHa Mirpamtiss 4u morpeda HPUXUCTKY/IOIO-
MOTH);

— BrutuB Ha 100 THC. 0cib Ha TepMiH 10 30 qHiB;

— nyOjiyHe CHPUMHATTS CUTyalii, CIpUYUHEHE
BIUIMBOM 3arpo3M — 3aHENOKOEHHs BimdyBae 5% Hace-
nenss [14].

Po3paxyHok cTiiiKOCTi:

S; =At'in = 30 guiB - 2+ 10°rpH =

= 6-10%°(anis - rpn). (11)

e 3HaueHHs BimoOpaxkae iHTErpajbHy OILIHKY
BIUIMBY 3arpo3u Ha 00’€KT Ta MaciuTabu BUTPAT, HEOO-
X1AHUX UIS HOTO ITOBHOTO BiIHOBJICHHS.

HasBHiCTE pe3epBHOI TpaHCPOPMATOPHOI IMiACTaH-
mii JO3BOJIUTH CKOPOTHUTH Yac Ha ITOBHE BiIHOBIICHHS
HagaHHS mociuyru 00’extoM KI 1o mekinmpkoX XBWIIHH,
10 CYTTEBO 3a0€3MeUNTh MiIBUIIEHHS CTIHKOCTI 00’ €KTY

(puc. 2).

Vp He0e3nenuna
nojais

t1 t2

Puc. 2. 3anexHicTb 00CITy HalaHHS OCIYTH 00’ €KTOM KPUTHYHOI iHYpacTpyKTypH
BiJl 4acy IpH HAassBHOCTI pe3epBHOTO eneMeHTy 00’ ekty Kl

Ha ocHOBI oTprMaHHX 3HAa4YeHb IMOBIPHOCTI Ha-
CTaHHS HeOe3MMeYHNX MOIIH I YCIX eIeMEeHTIB 00’ €KTa
KPUTHYHOI iHPpACTPYKTypH BU3HAYAEM HAUOTBII Bpas-
JIMBI 1 JUIsl HUX TIPOBOJIMMO KUIBKICHY OLIIHKY CTiHKOCTI.
Lle nae 3mory ouinnTH HeoOXinHI pecypcu ((piHaHCOBI,
MaTepialibHi, CHEPTeTHYHI, JIFOJICHKI, TPAHCTIOPTHI TOIIIO)
JUIA I ABUILEHHS CTIMKOCTI.

Bu3HaunTH HEOOXiAHI €JIEMEHTH pe3epBYBaHHA
JUIl YHUKHEHHS KacKagHUX e(ekTiB i HebakaHMX Hac-
JAKIB.

Taxuii migxig 11 06’ €KTa KpUTHYHOT iHPpaCTPyK-
TYpH J03BOJISIE:

— NPOBECTH aHaji3 CTIMKOCTI IO yCiX eleMEeHTax
00’€xTY;

— BU3HAYUTH BPA3JIUBICT 1 CTIHKICTh KOKHOTO NPH
peauizarii Oynp SKUX 3arpo3 y KiTbKiCHOMY BHMIpi;

— O3HAYUTH HAMOIIBII BPa3MUBi 1 HAMMEHII CTIKU
€JIEMEHTH 00’ EKTY;

— OIIIHUTH PO3Mip HEOXi1IHUX TOTaTKOBUX 1HBECTH-
il 7)1 3HIDKEHHS BPa3JIMBOCTI 1 MiABUIIEHHS CTIHKOCTI
€JIEMEHTIB 00’ €KTY;

— BHU3HAYUTHU HEOOXIiIHI pecypcu pe3epByBaHHS Ta
ix oOcr.

Jnst ceKTopaJIbHOTO OpraHy y cdepi 3aXucty Kpu-
TUYHOI iHQPACTPYKTYpH:

— IIPOBOAMTH CIIIBCTAaBHUH aHaJi3 BPa3JIMBOCTI 1
CTIHKOCTI 00’ €KTIB CEKTOPY;

— BH3HAYATH HAHOUTBII BpasiuBi 1 HaHMEHBII
CTINKH;

— PO3pPOOUTH CEKTOPATBbHY NPOrpaMy IiABUILCHHS
CTIMKOCTI 00’ €KTIB CEKTOPY;

— BU3HAUUTH NPIOPUTETH 1HBECTYBAHHS ISl ITiJIBH-
HICHHS CTIAKOCTI 00’ €KTIB CEKTOPY.

Jnst TepuUTOpialIbHUX TPOMAI:

— MMPOBECTH aHAJI3 CTIMKOCTI IO ycix 00’ €KTax KpH-
TUYHOI IHQPACTPYKTYPH;

— BU3HAYUTH HaWOUIBII BpasziaMBi 1 HaliMEHBII
CTIHKHM Ha TEpPUTOPIi rpoMaIy;

— po3poOMTH TepUTOpiaJbHY NpOrpamy IiJBH-
LIEHHS CTIMKOCTI 00’ €KTIB KpUTHYHOT iIHPPACTPYKTYpH;

— BU3HAYMTH HEOOXI1IHI TEPUTOPiaIbHI pecypcH pe-
3epByBaHHs Ta ix oOcsr.

BucHoBku

Ha ocnoBi Teopii xaracTpod po3poOieHo €TMHuH
METOJIOJOTIYHIHA IMiIXiJ JJIs KUTbKICHOI OIIHKU PiBHS
CTIHKOCTI 00’ €KTIB KpUTHYHOI iHPPACTPYKTYpH HE 3ajie-
JKHO BiJl CEKTOPIB KPUTHYHOI iHPPACTPYKTYpH, 0 SKOTO
BOHU HaJIEXKaTh.

3anponoHOBaHUH MiJIXi]l TO3BOJISE:

TPOBOJUTH aHAI3 CTIHKOCTI MO yCiX eleMeHTax
00’€KTY KpUTUYHOT iHQPACTPYKTYPH,

TIPOBOJIUTH CITIBCTABHUH aHaJIi3 BPA3JIHUBOCTI 1 CTiH-
KOCTi 00’ €KTIB CEKTOPY,
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OLIIHIOBATH PO3MipH HEOXITHUX JOAATKOBUX 1HBEC- PO3pOOIATH CEKTOPaNbHI MIPOrpaMH IiIBUICHHS
TUIIH JUTs1 3HIOKCHHSI BPA3JIMBOCTI 1 MiJIBUILICHHS CTIMKO-  CTIHKOCTI 00’€KTIB CEKTOPY Ta BU3HAYMTH HEOOXI1THI Te-
CTI eNeMEHTIB 00’€KTY, pUTOpialibHI pecypcH pe3epByBaHHS Ta iX o0csru.
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Approach to quantitative assessment
of the resilience of critical infrastructure facilities

O. Tretyakov, B. Khalmuradov, N. Kichata, A. Remska

Abstract. The resilience of critical infrastructure facilities is defined as the ability to prepare for and adapt to changing
conditions, as well as to withstand and recover quickly from failures, including deliberate attacks, accidents or natural threats.
Ensuring a high level of security and resilience of critical infrastructure facilities for Ukraine in the face of russian aggression is an
extremely urgent issue. The purpose of the research was to develop a methodological approach for quantifying the level of
resilience of critical infrastructure facilities, regardless of the critical infrastructure sectors to which they belong and all types of
project threats. The object of research is the safety and resilience of critical infrastructure facilities. The subject of research is
the methodology for quantifying the level of resilience of critical infrastructure facilities. Results obtained. The initial stage after
a dangerous event is a type of manifestation of the "fold" catastrophe defined in the theory of catastrophes. This approach allows
you to determine the losses in the volume of service provision by a critical infrastructure facility as a result of a dangerous event,
which determine the vulnerability of the object. The higher this indicator, the lower the stability of the critical infrastructure facility.
The use of the simulation model for cascading effects makes it possible to obtain probabilistic estimates of the development of
events according to certain scenarios and allows to assess threats to a critical infrastructure facility by the probability of occurrence
of events and transitions between them. Based on the obtained values of the probability of occurrence of dangerous events for all
elements of the critical infrastructure facility We identify the most vulnerable and quantify resilience for them. This makes it
possible to assess the necessary resources (financial, material, energy, human, transport, etc.) to increase resilience. Determine the
necessary redundancy elements to avoid cascading effects and unintended consequences. Conclusions. On the basis of the theory
of disasters, a single methodological approach has been developed for quantifying the level of resilience of critical infrastructure
facilities, regardless of the critical infrastructure sectors to which they belong.The proposed approach allows to conduct a stability
analysis for all elements of a critical infrastructure facility, to conduct a comparative analysis of vulnerability and resilience of
sector facilities, to assess the amount of additional investments needed to reduce vulnerability and increase the resilience of facility
elements, to develop sectoral programs to increase the resilience of sector facilities, to determine the necessary territorial resources
of reservation and their volumes.

Keywords: critical infrastructure facility, safety, resilience, theory of disasters.
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INEHTU®IKANS OB’€KTIB IOIITOBOI'O 3B’ A3KY )
JJIAA OIITUMIBALI OITPAIIIOBAHHSA ITOIITOBOI KOPECITIOHAEHIII

AHoTaunis. Y cTaTTi po3risHyTO aKTyalbHy IpoOsieMy ieHTHdiKamii 00’ €KTiB MOLITOBOTO 3B 3Ky K Ba)KIMBOTO €JleMe-
HTY ONTHMIi3alii HpoueciB 00poOKU MOIMTOBOI KOpecHoHAeHMIi. 3pocTaHHs 00CATIB BiANpPaBiIeHb, 3yMOBICHE PO3BUTKOM
€JIEKTPOHHOI KOoMepii Ta riodaii3amiero, CTBOPIOE 3HAYHI BUKIMKH IS TIOIITOBHX CIIY’KO0, 30KpeMa IoJ0 3a0e3nedeHHs
IIBUKOCTI, TOYHOCTI Ta EKOHOMIYHOI e(heKTHBHOCTI 00poOKH. TpamuiiiiHi METOIM PYYHOTO COPTYBAHHS € PECYypCOMICT-
KHMH, CXHIIBHAMH JI0 TIOMHJIOK Ta HE BIAMOBIAIOTh CYyYaCHUM BUMOTaM JI0 MPOJYKTUBHOCTI, OCOOJMBO B MiKOBI MEPiOIH.
JocnimkeHHsT GOKYCYy€eThCSI Ha BIPOBAKCHHI aBTOMATH30BaHUX CHCTEM ifeHTH(DIKaIli1, siKi 0a3yIOThCs Ha BUKOPHCTAaHHI
texnoioriit RFID, cucteM xoMm’10TepHOro 30py Ta MITpHUX-KoAiB. [IpoBeneHO aHai3 iX epEeKTUBHOCTI 32 TPhOMa OCHOB-
HUMH TTOKa3HUKaMH: MIBUAKICTE 00pOOKHU, TOUHICTH iieHTH(iKalii Ta eKoHOMIUHA eeKTUBHICTh. BcTaHOBIEHO, IO aBTO-
MaTH3alis AO3BOJISE 3HAYHO IMiBUIINTH MBUAKICTE 00poOku: RFID 3a6e3neuye 06poOky 1o 500 BiampaBieHb Ha TOAUHY,
CHCTEMH KOMIT I0TEPHOTO 30py — 10 450 BiampasieHs, a ITpUX-KoA0Bi TexHoyorii — m0 400 Biampasiens. Lle 3HaYHO
TIEPEBUIIY€ MIBU/IKICTH PYYHOTO COPTYBAHHS, sika CTaHOBUTH Jinie 200 BignpasieHs Ha roauny. 11loxo TouHoCTI ineHTHI-
karii, RFID mocsirae 99%, o poOGHTH IF0 TEXHOJIOTiI0 HAWOIBIN HAIIHOK, 0COOJIMBO B YMOBaX BUCOKOTO HABAHTAXKCHHSI.
CucreMn KOMIT FOTEpHOTO 30py 3a0e3MeuyroTh TOUHICTE 98%, a MTpHUX-KOIH, Yepe3 YyTIHBICTh 0 IONMIKO/KEHb MapKy-
BaHb, MAIOTh TOYHICTh Ha piBHI 95%. ExoOHOMIiYHA OIliHKa MMOKa3aja, O aBTOMATH3aIlisl JO3BOJISE CYTTEBO CKOPOTUTH BH-
Tpatu Ha 00poOKy BinnpasieHb. BrnpoBamkenns RFID y momtoBoMy nieHTpi 3 HaBanTaxkeHHs M 10 000 BinnpaBiieHb Ha JEHb
JIaJI0 3MOTy CKOPOTHTH BHTpaTu Ha oruiary mpaui Ha 40%, mo ekBiBageHTHO $20 000 rmomicsunoi ekonomii. Cuctemu
KOMIT’ FOTEPHOTO 30pY J03BOJIsI0TH 3aouiaautu $15 000, 3HmKyoun motpedy y py4Hiii mepeipui. EkcriepuMeHTaIbHE BIIPO-
BamkerHs RFID y momroBoMy meHTpi KneBa minTBepanio npakTuiHy eeKTHBHICTh aBToMaTu3awii. CTaTTs TaKoX BHCBi-
TIIOE TIEPCTIEKTHBH PO3BUTKY CHCTEM aBTOMAaTH3allil, 30KpeMa iHTerparito MTYyYHOro iHTeJeKTy Ta I[HTepHery peueii. Li
TEXHOJIOTI] MalOTh MOTEHIIiaJl MOKPAIINTH MOHITOPUHT Ta IPOrHO3YBaHHs, 3a0€3MeuyI0uH 1Mo jajblIe BJIOCKOHAJICHHS JIOTi-
CTHYHUX IpoleciB. BrpoBa/pkeHHs TakKMX pillleHb J03BOJIUTH MOLITOBUM OIEpaTOpPaM BilNIOBIJAaTH CYyYaCHUM BHKIIMKaM,
30epirarouu BUCOKY SIKICTB IOCIYT Ta KOHKYPEHTOCIIPOMOXKHICTB.

KawuoBi ciaoBa: inenrudikaiis 00'ekTiB, MOMTOBHUIA 3B'130K, MAIIMHHKUIN 3ip, aBTOMATU30BaHI COPTYBAIbHI CHCTEMH,

ONTHUMI3allisl MPOIIECIB, TOIITOBI BiAMPABICHHS, JTOT1CTHKA.

Beryn

HocTranoBka mpo6aemn. CydacHi IOMITOBI CIy-
XKOM CTHKAIOTHCS 3 MACIITAOHUMH BHKIIMKAMHU, ITOB’sI3a-
HUMH 3 00pOOKOI0 3HAYHHUX OOCATIB ITOIITOBOT KOPECIIO-
HJISHIII1.

[IBuKe 3pOCTaHHS KUIBKOCTI BiflIpaBJiCHb, 3yMO-
BJICHE PO3BHTKOM €JIEKTPOHHOI KoMepuii Ta riobariza-
i€10, BUMAara€ BiJ TOIITOBUX OIEPaTOpiB yIOCKOHA-
JICHHS TEXHOJIOTIYHHX MPOIIECiB /I 3a0e31eYeHHs CBO€-
YacHOi JIOCTaBKM Ta MiHiMi3amii moMumok. Tpamuriiiai
METOJIM PYYHOT'O COPTYBaHHS € PECYpPCOMICTKUMH, CXH-
JILHAMH JI0 IOMHJIOK Ta 3HAYHO CHOBUIGHIOIOTH 3arajibHy
NPOJYKTUBHICTB [1].

OHI€T0 3 KITFOYOBHX MPOOJIEM € imeHTH]IKaIisT 00'-
€KTIB ITOILTOBOIO 3B’SI3KY: JINCTIB, NOCHJIOK, OaHaepoIIeit
tomo. [Iponec inenTHdikamii BKIIIOYaE po3Mi3HABAHHS
TUIy BiJIpaBIeHH:, HOro Baru, 00’eMy, aapecH Bigmpa-
BHHUKA Ta oTpuMyBaya. [ToMunku Ha etami izeHTH}IKaIi]
CIPUYMHAIOTH 3aTPUMKH y JOCTABIIi, AyOJIIOBAaHHS PO-
0O0TH Ta MiJBUIICHHS OTNEPAIMHUX BUTpPAT. 30Kpema, y
MIIKOBI Mepioay, Taki SK CBATA YU aKIHHI PO3MPOTAXKI,
HaBaHTa)XCHHSI Ha MTOIIITOBI CITY>KOH 3pOCTae B KUTbKA pa-
3iB, III0 YHEMOXIIUBIIIOE €pEKTUBHY PoOOTY 06€3 BUKOPH-
CTaHHS CUCTEM aBToMaTH3alii [2].

AKXTyaJIbHUM pIIIEHHSM € BIIPOBA/DKEHHS aBTOMa-
THU30BaHUX CHUCTEM ifeHTH]IKAIIiT, 1110 0a3YIOThCS Ha CY-
YaCHUX TEXHOJIOTIAX, TAaKWX SIK KOMIT IOTepHHH 3ip,
RFID-texHoJI0TIi, IITPUX-KOAN Ta MAlllMHHE HABYAHHS.
i cuctemMu HO3BOJIIOTH MIBUAKO W TOYHO iIeHTH(IKY-
BAaTH BiJIIPABJICHHS, ONITUMI3yIOUH IPOLIECH COPTYBAHHS
Ta gpocrasku [3,4].

TakuM 4MHOM, ITOCTA€ HEOOXIIHICTD AOCHIIKEHHS
METO/IB i1eHTH]IKaLl] 00’ €KTIB MONIITOBOTO 3B’ SI3KY IS
po3pobuTH eheKTUBHI PilIEHHS IS i ABUILIEHHS MIPOJY-
KTHBHOCTI TIOIITOBUX OIEPATOpPiB, 3HIKEHHS BUTPAT i
TTOJIIIIEHHS IKOCTi 00CITyroByBaHHS KITi€HTIB

AHaJi3 ocTaHHIX AociIKenb i mydJikaniii. J[oc-
JIJDKEHHS ONTHMI3allii MOITOBHUX NPOIECiB Ta iAeHTHI-
Kallii 00’€KTiB aKTUBHO PO3BHBAETHCS B OCTAHHI POKH 3a-
BIIIKM BIIPOBAJDKCHHIO HOBITHIX TeXHOJOTiH. BueHi Ta
MIPaKTHKH (POKYCYIOTBCSI Ha PO3poOIl KUTbKICHUX 1 sIKiC-
HUX METOJIIB aHAI3Y AJIS IMiIBUIICHHS epeKTUBHOCTI PO-
60T noITOBHX CIy*k0 [5, 6].

30kpeMa, KiTbKiCHI METOIU BKIFOYAF0Th BUKOPUC-
TaHHS MaTeMaTHYHHX MoOJieNiell, CTATUCTUYHOTO aHa-
73y Ta CUMYJIIHHUX MOAENeH I MPOTHO3YBAHHS
00CSITiB MOMITOBHUX BiAMPAaBICHH Ta OI[IHKH Yacy ix 00-
poOku. JlocmimKeHHsT MOKa3yoTh, 0 aBTOMATH3AIlisd
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COPTYBaJBbHUX JIHIH JJ03BOJISE MiABUIIUTH IPOTYKTHB-
HicTh Ha 30-40% mopiBHSAHO 3 py4HOIO 00pOOKOIO [5].

SIkicHI MeToaM, Taki SIK IHTEpB’I0 Ta CHOCTEpe-
JKEHHsI, 3aCTOCOBYIOTHCS JJIsl BUBYEHHSI JOCBILy ITparliB-
HUKIB MOIITOBUX CIy’k0. 30kpema, Oylo BCTaHOBJICHO,
o0 Tepexil Ha aBTOMAaTH30BaHI CHCTEMH COPTYBaHHS
3HIDKY€E KUIBKICTh NOMMJIOK, ajlé BHMarae IOJaTKOBHX
BUTpAaT Ha HABYaHHS IIEPCOHAIY Ta TEXHIYHE 0OCITyrOBY-
BaHHs oOnaxHanus [1].

OxpeMo ¢ Biq3HAUYNTH JOCITIKEHHS, 1[0 CTOCY-
1oTecs BIpoBakeHHs RFID-TexHomori#t Ta cucrem Ha
OCHOBI KOMIT'10TepHOr0 30py. Taki TexHounorii 3abe3mne-
YYIOTh MIBHJKE PO3Mi3HABAHHS 00 €KTIB, 1X iICHTU(IKA-
Lito 3a Baror, 00’eMoM Ta mpu3HaueHHsM. [Ipore BU-
COKa BapTiCTh BIPOBAKEHHS Ta HEOOXIIHICTh MOJICpHI-
3amil iHPpacTPyKTypH 3aIMIIAIOTHCS CTPUMYIOUUMHU (a-
kTopamu [2].

HesBaxaroun Ha ycmixu, icHye morpeba y momaib-
IIUX JOCHTIHKEHHSX, AKi IOEIHYIOTh B CO01 KUTBKiCHI Me-
TOJH, CY9acHI TexXHOJOTii imeHTH(diKamii Ta MPaKTHIHY
peaitizartito Ui migBUIICHHS ePeKTHBHOCTI 0OPOOKH MO-
LITOBOT KOpecToHAeHIIIT [5].

Meta podoTn. MeTOI0 CTaTTi € AOCIIIKESHHS Me-
TOJIB 1 TEXHOJOTIH ifeHTHU(iKALi 00’€KTIB MONIITOBOTO
3B’SI3Ky JAJIsL ONTHMIi3alii mpoueciB 0OpoOKH MOIITOBOT
KOpPECIOH/ICHIIT. 30KpeMa, CTaTTs CIpsMOBaHa Ha OIli-
HKY €()eKTHBHOCTI aBTOMaTH30BaHUX CHCTEM, 110 BHKO-
pHUCTOBYIOTH KoM 'toTepHuil 3ip, RFID-Texnomorii Ta
IITPUX-KOIYBaHHS JUIS MiABUIICHHS MIBUAKOCTI, TOYHO-
CTi Ta MPOYKTUBHOCTI pOOOTH MOMITOBUX CITYKO.

Buknaa ocHOBHOro marepiasy

Jlane mociipKeHHsT CpsSIMOBaHE Ha aHai3 BILTUBY
aBTOMaTH3allii Ha IpouecH ineHTHdikawii 00’ €KTIB I0-
LITOBOTO 3B’s13KY. ISl IbOTO MU PO3IIISIHYJIM TPH KITIO-
4oBi TexHojorii: RFID, cucreMu KOMIT FOTEPHOTO 30pY
Ta MTpUX-Koau. OCHOBHI METPHKH JUIS OIHKH BKIIIO-
Yamy IBHIKICTH OOpOOKH, TOYHICTH iAEHTH]IKAIil Ta
€KOHOMIUHY e()eKTHUBHICTb.

IIBraKiCTE OOPOOKH € KPUTHYHUM ITOKa3HUKOM
JUIL ONTHMI3allii IMOIITOBHX MPOIECIB. Y CepeaHbOMY
MOLITOBOMY LIEHTPI, sikuit 06pobisie 10 000 BixnpasiieHb
Ha JICHb, TPAIUIIIITHE PyYHE COPTYBAHHS J03BOJISIE 00PO-
6ssith He Oinbire 200 BianpasieHp Ha roauHy. Lle cTBo-
PIOE BY3bKi MICIIS B [IKOBI IEPi0IH, TaKi SIK CBATKOBI JIHI.

RFID (pamiouactoTHa igeHTH}IKAIlS) € OJHIEIO 3
HalCy4YacHIIUX TEXHOJIOTIH, 1110 BUKOPHCTOBYETHCS JUIS
aBTOMATH3allil POLECIB y MOIITOBIH Jiorictumi. OCHOB-
HUHA NpUHIMN 11 poOOTH IOJISITaE B TOMY, IO KOXKEH
00’eKT, SKUHM mimmarae ineHTH(IKalii, OCHANIYETHCS
RFID-miTkor0. st MiTKa mepenae naHi HA MpuiiMad ve-
pe3 pazioxBuii, 3a0€3MeuyI0UH MBHUJIKY i OE3KOHTaKTHY
nepenady iHopmarii. 3aBmasaku oMy RFID Bukmouae
HEOOXiJHICTh MPSIMOTO KOHTAKTy a00 BUAMMOCTI MiX Mi-
TKOIO Ta 3UUTyBauYeM, 110 € 0OCOOJIMBO BaXKJIMBUM y BUIIa-
JIKax, KOJU 00’€KTH YMaKOBaHi B HEMPO30pi MaTepiain
a00 nepeOyBalOTh y CKIAJHUX YMOBaX, HAMPUKIAMI, i
4ac TPaHCIIOPTYBaHHSI.

OpHieto 3 ronoBHUX nepeBar Texnouorii RFID e ii
MacIITaOOBaHICTh 1 3AATHICTD 3UUTYBATH JJaHi 3 KLITBKOX
MITOK omHOYacHO. Ile m03BoIIsie 0HOYACHO 00pOOIATH
BeNUKI MHapTii BiANpaBieHb, L0 3HAYHO INPHCKOPIOE

orepaii Ha copTyBaibHUX JiHIsAX. Kpim Toro, RFID-wmi-
TKH MOXYTb MICTHTH 3HaYHO O11bLIMH 00CsT iHpopMamii
MOPIBHSHO 31 IITPHX-KOAAMH, 30KpeMa JI0JIaTKOBI JaHi
PO BiANpPaBJIEHHs, TaKi K YMOBH 30epiraHHs 4y Ipio-
puteT noctaBkH. BomxHodac, BapTiCTh BIPOBAKEHHS
RFID-TrexHomoriii 3aauIIaeTbCcsl TO0BOJI BHCOKOIO, IO
iHOZI OOMEXye iX BHKOPHCTAHHS B HEBEJHKHX IMOIITO-
BUX IIEHTpaXx.

CucteMn KOMIT IOTEpHOTO 30py 0a3yIOThCS Ha BH-
KOPHCTaHHI KaMep Ta MPOTPAMHOTO 3a0€3IeUYCHHS IS
aHawizy oTpuMaHuX 300paxkeHb. Lli cuctemMu mo3BOISA-
I0Th ieHTH(IKYBaTH 00’€KTH 3a IXHIMH Bi3yallbHUMH
XapaKTepUCTUKaMH, BKIFOYAIOU TEKCTOBY 1H(opMallito,
rpadiuHi cuMBOIH Ta 300paxeHHs. OHI€I0 3 KIIFOUYOBHX
(YHKLIH KOMIT'IOTEPHOTO 30py € 3[aTHICTb PO3Ii3Ha-
BaTH HaBITh MOIMIKO/KEHI ab0 YacTKOBO CTEPTI MapKy-
BaHHS, 10 HEJIOCTYITHO JUIS TPAAULIHHUX IITPUX-KO/IB.

HesBakaroun Ha 11e, y TEXHOJIOTI] KOMIT IOTEPHOTO
30py € cBOi BUKIMKA. Hampukiiaz, ii TOYHICT 3a1eKUTh
BiJl AKOCTi 300pa’keHb, III0 BUMAarae HaJe)KHOTO OCBIT-
JEHHS Ta PEryJsipHOrO OOCIYroBYBaHHS OOJaJHAHHS.
Kpim Toro, o6pobka 300paxeHp moTpedye 3HAYHUX 00-
YHCITIOBAILHUX PECYPCiB, IO MOXE YMOBIILHIOBATH
HpoLieCH B YMOBaxX BUCOKOTO HaBaHTaxkeHHs. [Iporte po-
3BHUTOK IITYYHOTO IHTEJIEKTY JI03BOJISE MOCTYIIOBO ONTH-
MI3yBaTH I1i CHCTEMH, 3HIDKYFOUH MOTPEOY B JIFOJACHKOMY
BTpYYaHHI.

HITpux-Koau 3aMuIIaoThCs HAKOUIBII mHOIIMpe-
HOIO TEXHOJIOTI€10 3aBISKH iXHIA MPOCTOTI, HU3BKIiH Bap-
TOCTI Ta JOCTYITHOCTi 0OnanHaHHs. BoHHU € eeKTHBHIM
PIIICHHSM JUISl HEBEJIMKHX MOIITOBHUX LEHTPIB abo opra-
Hizalliil i3 cepenHiM HaBaHTaxkeHHsM. [IpoTe mTpHx-
KOJH MarOTh IIeBHI OOMEXCHHSI, BKITFOYA0UH 3aJICKHICTh
BiJl SKOCTI JPYKY Ta HEOOXiJHICTh MPSAMOi BHIMMOCTI
MIX CKaHepoM i MapKyBaHHsM. Lle poouts ix MeH ede-
KTUBHHMU B CKJIATHUX YMOBaX, TaKuX SIK mui, Opyxa abo
MEXaHIYHI MMOLIKOIKEHHS.

[MopiBHIOIOYHM IIi TPH TEXHOJIOTII, MOKHA 3POOUTH
BHCHOBOK, III0 KOXXHA 3 HAX Ma€ CBOI yHIKajbHI mepe-
Baru.

RFID BuningeTscst BACOKOIO TOYHICTIO Ta IIBUAKI-
CTIO, aJle BapTICTh METOAY € CYTTEBUM Oap’epoMm.
Komm’torepHuii 3ip 3a0e3nedye THYUYKICTh 1 ITUPOKHA
CIIEKTP MOKJIMBOCTEH, X04a i moTpedye 3HAYHHUX IHBEC-
TUII y mporpamMHe 3a0e3medeHHs Ta OOJagHaHHS.
I Tpux-KOoaM 3aTUIIAIOTHCS HAKOIIBII €KOHOMIYHO BH-
TiIHUM pIIIEHHAM, OCOONMBO AT MaJUX Ta CEpemHiX
KOMIaHi}, OgHAaK 1X (PyHKI[IOHAIBHICTH 3HAYHO OOMe-
JKEHa B CKJIQJHUX eKCIUTyaTalliiHUX YMOBaXx.

Y KOMITJIEKCHOMY MiIXOJi O aBTOMaTH3allii Io-
IITOBUX IIPOIECIB YACTO BUKOPHUCTOBYETHCS KOMOIHAIIISA
LIUX TEXHOJIOTIH, 1110 J03BOJIsIE MAKCUMAIIEHO e()eKTHBHO
OIITHMI3yBaTH POOOTY MOLITOBHUX LIEHTPIB.

ABTOMATH3AIIiSI MPOIECIB 3HAYHO IiIBUIIYE IIBH/I-
KiCTb:

e [ITpux-kK0omOBI cHCTEeMH 30UTBIIYIOTH IIBU-
KicTh 10 400 BinmpaBICHb HAa TOUHY.

¢ RFID 3a6e3neuye 06podky mo 500 BimnpasieHb
Ha TOJIMHY.

e CucteMH KOMIT IOTEPHOTO 30Py JEMOHCTPYIOTh
mBUAKICTH 450 BimNpaBlieHb Ha TOIUHY, OCKIJIBKH JT01a-
TKOBHH Yac BUTPAYAETHCS Ha aHAi3 300pakeHb.
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ABTOMaTH3allis JO3BOJISLE 3MEHILIUTH KIIBKICTD IO-
MUWJIOK, 5IKi BUHHKAIOTh Yepe3 JIIJIChKUi (hakTop abo mo-
IIKOJKCHHS MapKyBaHb.

[IpoBenenuii anaini3 qaHUX MOKa3as, IO € Taki pe-
3yJIBTATH:

e RFID nmocsrae tounocti 99%, OCKIIBKM IaH1
3YUTYIOTHCSI OE3KOHTAKTHO, HABITh Y CKIAHUX YMOBAX.

o Kowmn’totepruii 3ip Mae TouHicTh 98%, ogHaK
1HKOJI BUHUKAIOTHh NPoOIeMH 3 Hepo30ipIuBUMH ajpe-
caMH.

o [Irpux-konu 3a6e3nedyroTh TOUHICTh 95%, ane
CXWJIbHI JIO MOMUJIOK Yepe3 MOIIKOKCHHS abo 3a0py /-
HEHHSI €ETUKETOK.

IlepeBaru aBTOMaTH3aIlii BUXOATH 32 MEXI IIBH-
JIKOCTI Ta TOYHOCTI.

VY nocniiKeHHI PO3pax0OBaHO CKOHOMIYHHN e()eKT
BiJl BIPOBAKCHHS TEXHOJIOTI# Y MOMITOBOMY IICHTPI 3
HaBaHTakeHHsM y 10 000 BignpaBieHb Ha ICHB.

500

400

300

200

WewakicTe (BignpaeneHL/ron)

—
=
[}

aHH‘?' ,\QON'"
pyne cop™® i

e Buxopucranus Ttexnonoriii RFID nozsossie
CKOPOTHTH BUTpATH Ha oruiaty npani Ha 40%, 1o Biamo-
Bifiae ekoHOMii 6:1u3bK0 $20 000 Ha MicsIb.

e CucremMH KOMIT'IOTEPHOTO 30py 3a0e3NeUyIoTh
exoHOMil0 Gym3pko $15 000 ImomicsyHO, 3MEHIIYIOUYH
motpely B py4Hiil mepeBipiti.

e IlITpUX-KOZOBI TEXHOJOTII MAlOTh HAWHIKIHA
eKOHOMIYHUH e(eKT, are 3aIuImarTbCsS BUTIIHUMHE 3a-
BIISTKW HU3BKill BAPTOCTI BIIPOBAKEHHS.

VY omHOMY 3 TOIITOBUX LEHTPiB MicTa Kui Oyio
MIPOBEACHO EeKCIepuMEHT i3 BrmpoBamkeHHsM RFID. 3a
TPU MiCs1i IPOAYKTHBHICTb 3pocia Ha 35%, a yac oOpo-
OKM OJTHOTO BiINpaBIICHHSI CKOPOTHBCS 3 2,5 XBUIHMH 10
1 xBuIMHMU.

Tabnuii oTpuMaHHX pe3ynbrariB (Tabim. 1,2) Ta
€KOHOMIYHOTO e(eKTy, a TaKoK rpadikd HOPIBHSHHS
MIBUJKOCTI 1 TOYHOCTI imeHTH]ikamii (puc. 1, 2) HaBe-
JICHO JUTS Bi3yaulizamii pe3yibTaTiB:

A ep““ﬁ 3P

onr ot

TexHonoria

Puc. 1. ITopiBHAHHSA MIBUAKOCTI 0OpOOKH BiAMpPaBIECHb 32 PISHUMHU TEXHOJOTISIMA
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Tabnuysa 1 — llIBuAKicTH 00pO0KH BignpaBJieHb

Tabnuya 2 — ExoHoMiunMii epexT Big aBTOMaTH3ALIT

|Texnonoriﬂ ||H_IBw1|ciCTb (BigmpasJieHb/T0O1) | . SHUIKEHHST ExoHomist
|quHe COPTYBaHHS || 200 | Texnostoris BUTpAT (%) ($/micsup)
[tpux-Kom | 400 | [RFID I 40 | 20000 |
IRFID I 500 | |[Komm’rorepruiisip || 30 | 15000 |
|K0Mn’}0TepHHﬁ 3ip || 450 | |]_L[TpI/IX-K0,£[I/I || 20 || 10 000 |

3a piBHEM TOYHOCTiI TEXHOJOTil pO3TaIIoBaHi Ha-
CTYITHUM YHHOM:

e RFID — 99%j;

o Kowmm’torepnuii 3ip — 98%;

o Illtpux-koaum — 95%.

BucHoBxku

1. TlpoBeneHi DOCTiKEHHS TIOKA3YIOTh, III0 aBTOMa-
TH3alis imeHTH(iKanii 00’€KTiB MOMITOBOTO 3B’S3KY CYT

TEBO ITiABUIILY€ IIBUIKICTH 1 TOUHICTH 00pOOKH, 3a0e3medy-
FOYH €KOHOMIIO BUTPAT Ta 3POCTAHHS IPOIYKTHBHOCTI.

2. Buxopucranns rexronoriid RFID i komn’totep-
HOT'O 30pY JI0BEJIH CBOIO €(DEeKTUBHICTh, CKOPOTHBILIH Yac
00pOOKH BiIIPaBICHb YABIYI.

3. Tlomanpmmii pO3BUTOK TEXHOJOTIH, TaKHX SK
I ta [oT, BiAKpUBAE HOBI MOKITUBOCTI JJI1 ONTHMI3aIlii
JIOTICTUYHHUX MPOLIECIB 1 3MIIIHEHHS KOHKYPEHTOCIIPOMO-
JKHOCTI ITOIITOBUX CITYXO.
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Identification of Postal Communication Objects
for Optimizing Postal Correspondence Processing

Y. Zourab, N. Yermilova

Abstract. The article examines the pressing issue of postal object identification as a crucial element in optimizing
mail processing operations. The increase in shipment volumes, driven by the development of e-commerce and globalization,
poses significant challenges for postal services, particularly in ensuring speed, accuracy, and cost-effectiveness of pro-
cessing. Traditional manual sorting methods are resource-intensive, prone to errors, and fail to meet modern productivity
demands, especially during peak periods. The research focuses on the implementation of automated identification systems
based on RFID technologies, computer vision systems, and barcodes. Their effectiveness was analyzed according to three
key indicators: processing speed, identification accuracy, and cost efficiency. It has been established that automation sig-
nificantly enhances processing speed: RFID enables processing of up to 500 items per hour, computer vision systems—up
to 450 items, and barcode technologies—up to 400 items. This far exceeds the speed of manual sorting, which is only 200
items per hour. In terms of identification accuracy, RFID achieves 99%, making it the most reliable technology, particularly
under high workloads. Computer vision systems ensure 98% accuracy, while barcodes, due to their susceptibility to label
damage, have an accuracy rate of 95%. The economic evaluation revealed that automation substantially reduces processing
costs. The implementation of RFID in a postal center handling 10,000 items per day reduced labor costs by 40%, equivalent
to 20,000 in monthly savings. Computer vision systems allow for savings of 15,000 by reducing the need for manual verifi-
cation. Experimental implementation of RFID in a Kyiv postal center confirmed the practical effectiveness of automation.
The article also highlights the prospects for the development of automation systems, including the integration of artificial
intelligence and the Internet of Things. These technologies have the potential to enhance monitoring and forecasting, further
improving logistics processes. The adoption of such solutions will enable postal operators to address modern challenges
while maintaining high service quality and competitiveness.

Keywords: object identification, postal communication, computer vision, automated sorting systems, process optimiza-
tion, postal shipments, logistics.
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MOBILE APPLICATION SECURITY ANALYSIS MODEL
BASED ON ARTIFICIAL INTELLIGENCE

Abstract. This article analyzes and studies holographic services, which established that the growth of traffic generated by
holographic services will increase several times in the foreseeable future. The main features inherent in the holographic type
of communication are identified. A study was conducted of innovative technologies for recording holographic copies, data
compression methods to ensure holographic communication, and the transmission of holographic copies to the end user with
high-quality reproduction. An analysis of the traffic of multimedia and holographic services, as well as Internet of Things
services, was conducted, traffic models were developed, it was determined that the traffic of these services is a mixture of
various distributions, and also that the traffic of holographic services has the property of self-similarity.

Keywords: holographic communication, traffic, Internet of Things, self-similarity, bandwidth.

Introduction

Today, the transmission of holographic information
to provide the effect of the presence of the interlocutor is
of great interest to users and researchers around the
world.

In practice, this is confirmed by the emergence of a
huge number of diverse and different types of equipment
that allows both to form a holographic flow and to
reproduce it on the other side in real time [1]. Obviously,
this type of communication places high demands on the
network bandwidth, which for existing communication
networks vary in the range from 10 Mbit/s to 4.2 Thit/s
[2].

Statement of the problem. Trends in the
implementation of  holographic  services and
holographic communication today already require a
revision of the principles of planning, designing and
building existing communication networks, as well as
approaches to the implementation of sixth-generation
6G networks, which are based on the integration of
various technologies and communication networks into
a single network [3, 4].

A separate issue is the assessment of the quality of
service and the quality of perception of holographic
services by both objective and subjective assessment
methods [5].

Analysis of recent research and publications.
There are practically no criteria for assessing the quality
of a holographic image, including scales and methods for
subjective assessment of the quality of holographic
services [6, 7].

Moreover, the properties of the holographic flow
are poorly studied, and even less so its influence on
communication networks and requirements for network
parameters, which makes the tasks of studying traffic
characteristics and assessing the quality of service of
holographic services very relevant. [8]

Purpose of the article. The object of the article is
the holographic type of communication, and the subject
is the characteristics of traffic and quality of service of
the holographic type of communication.

The purpose of the article is to study the models of
traffic of the holographic type of communication in
networks of the sixth and subsequent generations.

Presentation of the main material

The relevance of the article on the development of
holographic technologies is due to the transition to a new
stage of the implementation of modern innovative
technologies, which involves the active use of
holography in the future.

There is a general global trend in the work of
specialists with three-dimensional images in various
fields of human activity.

Holography, displaying an object in three
dimensions, is one of the most promising areas of
visualization of three-dimensional objects, which
justifies the emergence of a certain scientific interest in
this area of research.

Displaying real reality, the hologram exhibits a
unique property: a holographic image reproduces an
exact three-dimensional copy of the original object,
unlike photography, which creates a flat image. A
holographic image with a large number of angles that
change with the movement of the observation point can
be so realistic that it is often indistinguishable from a real
object.

In the context of the introduction of modern
technologies, the holographic method of recording
information has received the opportunity to reveal its
potential. The exponential increase in the number of
scientific publications on the results of research into the
theory of holography, its practical application indicates
interest in the topic, its undoubted prospects and
relevance.

Theoretical developments in the field of digital
holography have made it possible to create devices with
unique characteristics - a holographic TV, a digital
holographic lensless microscope, holographic glasses, a
holographic control system for unmanned aerial vehicles
(drones). Holographic network applications are
emerging, which is a direct development of the digital
stage. Holographic assistants and holographic
communication are becoming the most popular among
the images of the future for young people.

One of the most promising areas is digital pictorial
holography. The effect of presence in real time is
achieved when computer programs synthesize color
volumetric images of objects.
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Considering the trajectory of the development of
communication tools in accordance with the increase in
the technological level of the communication system, it
is possible to graphically represent from a landline
telephone to a holographic type of communication

through the stage of using mobile communication tools
and sequentially through the stage of video
conferencing.

Fig. 1 schematically shows the development of the
communication system.

Mobile p
connection

Landline
connection

Video b
communication

Holographic
communication type

Fig. 1. The development of the communication system

The holographic method of recording information,
which  underlies  holographic  technologies and
holographic communications, is just beginning to reveal
its potential.

One of the most important scientific problems in the
implementation of holographic communication is the
problem of transmitting holographic copies to the end
user with high quality reproduction.

The widespread implementation of holographic
copies will depend on how communication networks can
support high-quality interactive transmission of video
holograms in real time.

Research of 3D video stream traffic servicing
processes in various transmission environments.
Transmission of various types of traffic is directly related
to the study of the problem of the influence of the data
transmission environment on the quality of service. Three
types of data transmission environment can be
distinguished, namely:

— electrical (copper) cables based on twisted pair
wires;

— wi-fi;

— fiber optic.

Let's consider the objectively inherent features of
the data transmission environment. Let's focus on the
three most important of them:

- bandwidth (frequency range of signals) and signal
attenuation. These characteristics are directly related to
each other. Let's emphasize that with an increase in the
signal frequency, its attenuation increases;

- noise immunity of the transmission environment;

- signal propagation speed.

Traffic, as a process of moving data through a
network, can also, depending on the environment in
which the transmission occurs, be wired and wireless.

Various technologies and protocols are used
(IEEE 802.3 (Ethernet), TCP/IP). Wired networks
provide high data transfer speeds (from 10 Mbit/s to
100 Gbit/s and higher) and a reliable connection.

Fiber optic cable, twisted pair (Cat5e, Cat6,
Cat6a, etc.), and coaxial cable are used to transmit
traffic.

Research of 3D video stream traffic transmission
using wireless environment (Wi-Fi). The modern trend
of expanding the scope of use (Wi-Fi) as a data
transmission medium has necessitated the study of 3D
video stream traffic and provision of innovative
holographic communication services.

Indeed, mobility, ease of deployment, low
installation cost, the ability to create public access points
and connect Internet of Things (10T) devices confirm the
prospects for further development of this technology.

When studying the transmission of holographic
copies in various environments, it is also necessary to
study the transmission of holographic content using
Wi-Fi.

For this stage of the study, a structural model of a
full-scale experiment was developed.

The diagram of the laboratory stand is shown in
Fig. 2.
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Fig. 2. Laboratory setup diagram

The necessary equipment for the laboratory stand
was assembled on a modern technical base. The
interaction between the switches was carried out via a
wireless channel.

Below are graphic materials of traffic monitoring on
the switches. The results of the 3D video stream
transmission on the transmitting side are shown in Fig. 3.
The packet transmission intensity during the observation

189



Control, Navigation and Communication Systems. 2025. No. 1 ISSN 2073-7394

session is shown in Fig. 4. Thus, when using a wireless  increasing the network's resistance to peak loads and the

data transmission medium (Wi-Fi) between switches, the  influence of the external environment.

quality of holographic content reproduction may Transmission of 3D video stream traffic using

deteriorate. Ethernet technology. To conduct the experiment, a full-
Therefore, in order to implement this technology  scale model of the network was built, the structure of

into mass use, it is necessary to solve the problem of  which is shown in Fig. 5.
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Fig. 3. Results of monitoring the transmission of 3D video stream on switches
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Fig. 5. Model network structure
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It includes the following equipment: a Microsoft
Kinect camera sensor, which allows recording a moving
object in real time, two servers, two Mikrotik switches
(SWi#1, SW#2) and a holographic laser projector LG
with 3D support for reproducing a three-dimensional
image.

The data transmission medium between the
switches is fiber optics, between the switch and the server
- an SC-SC patch cord or a four-pair cat.5e 3.0m UTP
patch cord, since twisted pair is used in access networks.

Video traffic was obtained using a Microsoft Kinect
3D camera (Full HD (1920x1080)).

The 3D video stream was generated using a special
software tool — OBS Studio (Open Broadcaster

Software). Wireshark was used to intercept and analyze
network traffic. Web interfaces of switches were
launched on the virtual server to monitor traffic. An SDN
controller was implemented to virtualize the network
management level.

Fig. 6 shows a graph demonstrating the dynamics of
packet intensity changes during an observation session
(350 s — total traffic recording time).

The traffic was obtained by recording human
movements with a 3D camera and transmitting the
resulting video image through the model network to a
laser holographic projector for playback.

Fig. 7 shows a histogram illustrating the distribution
of packet lengths.

Packet intensity
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Fig. 6. Packet transmission intensity during the observation session
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Fig. 7. Packet Length Distribution

The main parameters of the traffic under study are
given in Table 1.

The histogram above shows that the largest share of
packets (over 95%) are packets from 40 to 80 bytes in
size and packets from 1280 to 2560 bytes in size. The

average packet length and the standard deviation from it
were 1226 bytes and 544 bytes, respectively. This result
is important for describing the model of servicing a flow
by a network as a mass service system in terms of
choosing a model of packet transmission time.
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Table 1 — Numerical values of traffic parameters

Parameter Value

Packet intensity 3290,7 + 113 Packet /s

Traffic intensity 32,3+ 1,1 Mbit /s

Average packet size 1226 + 1 byte

Total number of observed packets 1151745 number

Observation duration 350s

Total traffic volume 1412,04 Mbyte

Conclusions

The current trend of exponential increase in traffic
volume and, accordingly, an increase in the network load,
indicates a serious problem in the field of providing
network resources.

The distribution of time intervals between packets
has a multimodal distribution and can be described by a
mixed distribution.

The obtained traffic characteristics allow us to
judge it as a random process, as well as to obtain
numerical estimates of its main parameters. The data set
is sufficient for choosing models and calculating the main
parameters of traffic servicing.

High bandwidth, low latency, connection reliability
and standardization of communication networks are

necessary conditions for the successful implementation
of holographic communication.

The above results can be used to model the 3D video
traffic service in a communication network. The results
of the study of the distribution of intervals between
packets and packet lengths make it possible to use
approximate models from the theory of queuing to
describe the time parameters of the functioning of the
communication network.

Also, the result of the study was the developed
analytical model of 3D video stream traffic, obtained on
the basis of the data of a full-scale experiment and the
results of statistical processing, which can be used in
solving traffic research problems, as well as planning
new networks and communication services taking into
account the requirements for quality of service.

A promising direction of research may be a more
comprehensive study of holographic traffic and problems
of transmitting holographic copies.

The need to introduce new methods of visualizing
objects based on holographic technologies creates a need
to study the properties of a new type of traffic
transmitting a 3D video stream in real time. The
importance and relevance of the problem is emphasized
by a significant number of studies devoted to the study of
the characteristics of video traffic, multimedia traffic, 3D
image traffic, and traffic modeling in the context of the
development of communication networks.
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Tpagixk, mo 3a0e3neqye ronorpagivyHuii THI KOMYyHiKanii
H.T. Kyuyx, P. O. Yusucekuit, B. [I. Yeiuenko, I1. B. bBycnos, A. C. I'ykx

AHoTanisi. Y crarTi mpoBefeHO aHaNi3 Ta JOCHI/UKEHHs roiorpadidHuX IMOCIYT, B XOIi SKOTO BCTaHOBJIEHO, IO
3poctaHHs Tpagiky, IO BUPOOIAETHCSA TOJOTpadiyHIMHU MOCTyraMH, 30UTBIINTHECS B pa3d B HAWOMIDKIOMY MaiHOyTHBOMY.
[To3HaueHO OCHOBHI OCOOJHBOCTI, BIACTHBI rojorpadiuHoMy THIy KOMYyHikaiii. [IpoBeaeHO IOCTIMKEHHS IHHOBALiHHHX
TEXHOJIOTIH 3amucy rojorpadiyHUX KOMii, METONIB CTUCHEHHsS NaHUX M 3a0e3medeHHs ToiorpadidHoro 3B'A3Ky, mepenadi
rojorpadiyHUX KOMil KiHIIEBOMY KOPHCTYBadeBi 3 BHCOKOIO AKICTIO BinTBOpeHHA. [IpoBeneHo aHaimi3 Tpadiky MymbTHMeIia Ta
rosiorpaiuHUX MOCIYT, a TAKOXK MOCIYyT [HTepHeTy peueid, po3podieHo Mozeni Tpadiky, BU3HaUSHO IO Tpadik JaHUX MOCIYT €
CYMIILIIIO Pi3HUX PO3MOALTIB, @ TAKOXK, 1[0 Tpadik ronorpadivHUX MOCIYT Ma€ BIACTHBICTh CAMOIIOAIOHOCTI.

KawuoBi caoBa: romorpadiunmii 38’130k, Tpadik, [HTepHeT pedei, caMonoaiGHICTh,, IPOITyCKHA 3aTHICTb.
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KOHIIENTYAJIbHA MOJIEJIb IEPAPXIYHOI OPT AHIBATLIII
IH’ KEHEPHUX MEPE)KHUX CUCTEM

AHoTaunis. Yepes coinbHOCTI pAAY XapaKTepHHUX BIACTUBOCTEH Ta OCOONMBOCTEH, SIKUMH, 30KpeMa, € (hyHKIiOHaIbHE
NIPU3HAYEHHs, TOTOJIOTIYHA CTPYKTYpa, MO/ IIOTOKOPO3IOINIB, a TAKOXK 3a/adi, METOJH Ta alTOPUTMH YIIPaBIiHHS, CH-
CTEMH CLIECHKOTOCIIOIapCHKOTO BOJOIOCTAUaHHS, a TAKOXK 3POLIyBaJIbHI CHCTEMH MOXYTh OyTH BiJTHECEHi 10 Kiacy iepa-
PXI4HO OpraHi3oBaHHX iHkeHepHUX MepexHux cucteM (IMC). Ha ocHoBi aHami3zy icHyrounx Ta npoekroBanux IMC Mox-
Ha 3poOUTH BHCHOBOK, IIO TaKi 00'€KTH MOXXYTh OyTH JIEKOMIIO30BaHI Ha IIEBHUM YHHOM B3a€MO3JIEXkKHI Ta B3a€EMOIFOi
Mix co0o10 B mporeci QyHKIIOHYBaHHS OKpeMi JIokaibHi Mepexi (JIM) pizHoro piBHA iepapxii. [Ipu npomy peanshi IMC
Ha HalBUIIOMY piBHI iepapxii sk JIM micTaTh MarictpanbHi Mepexi (MM), mo sxux migkmodeni JIM HIK4Oro piBHA i€pa-
pxii, — posnoxineHi Mepexi (PM). [lo PM nepenoctanHboro piBHS iepapxii miaxmtodeHi PM HaitHmk4oro piBHA i€papxii —
MepexXi CrokuBayiB 1iboBoro npoaykry (MCLII). o Hux Ge3mocepeqHbO MiAKIIOUEHI CIIOKUBAYil HITBOBOTO MPOIYKTY
(CLT), u1o 3miHCHIOOTE Y MACYMKY CIIOXHBaHHS 1iiboBoro mpoxykry (LIIT), — Boaw, i3 po3risayBaHoi iepapxiuyHo opra-
nizoBanoi IMC [1, 2]. ®yukuionansHuM npu3HadeHHAM MM e cnoxuBanHs LT i3 30BHIiMHIX 10 BigHomeHHio 10 IMC
JDKepesl, HOoro TpaHCHOPTYBaHHS Ta Iepepo3nofin Mik PM, migkmodeHHMMH no po3rriayBanoi MM. ®yHKuioHambHUM
npusHaueHHsM PM e cnoxuBanus 1{I1 3 MM, no sikoi migkiaroueHa qaHa PM, Horo TpaHCIOPTYBaHHS Ta MEPEPO3MOIiI
mix MCUII, migxmouenumu a0 mie€i PM. @ynknionansaum npusHadeHHsM MCUII e cioxkusanns L1 3 PM, po sikoi mia-
kimroueHa nana MCIII, #oro TpancmopTyBaHHs Ta mepepo3nonin mixx CLIL, minkmrouernnmu no miei MCLII. Bracmimox
CTOXAaCTHYHHX 3MiH pexxuMiB cioxkuBaHs L1 okpemumu CLIL, 11 CTBOpEHHS MPUITyCTUMHX YMOB iXHBOTO (DYHKIIOHY-
BaHHS € HEOOXIHOIO peajti3alis IpoLeciB onepatuBHoOro ynpasiiaas IMC.

Kaw4oBi cioBa: iHKeHepHI MEpEXKHI CHCTEMH, JIOKAJIbHI MEPEeXi, MariCTpaabHiI MEPexi, PO3MOAUIbHI MEPEexki, Mepexi

CHOKMBAYiB [IJILOBOTO MPOAYKTY, HUILOBHUH MPOIYKT, CHOKMABAUI IITLOBOTO MPOIYKTY.

Beryn

IMocranoBka npodiaemu. BigmosigHo o [1, 2],
PO3MIITHEMO 3MiHY HACTYNHUX HaWBaXKIMBIIIMX Xapak-
TEpHUX BIACTHUBOCTEH Ta OCOOJIMBOCTEH JIOKAJIbHUX
Mepex (JIM) 3anexHo Bix piBHS iepapXii B iHKeHEpHiit
MmepexHiit cuctemi (IMC).

1. dyHKIiOHAIBHE TPU3HAYCHHS.

2. I'eomeTpu4HI pO3MIpH.

3. KOHCTPYKTHBHO-TEXHOJIOT14HI 0COOJIMBOCTI pe-
amizarii.

4. TonosoriuHa CTPyKTypa MOJIENIOIYHX rpadis.

5. EHeprernuHa XapakTepuUCTHKa MOTOKOPO3IOJi-
y.

6. Pexumu CcHOXHMBaHHA IIJIBOBOTO MPOIYKTY
(LLID).

7. CTyIiHb CTOXaCTHIHOCTI MTOTOKOPO3IOALTY.

8. EneMenTHMit ckiag ayr.

9. MOXJHBICTh IPAKTUYHOI peaii3amii pi3HUX BH-
niB ineHTrdikarii.

®opmyJawoBaHHsa MeTH cTaTTi. Ha migcrasi [1, 2],
10 MICTATH MaTepiajii Ta Pe3yibTaTH 3 Pi3HUX aCIEKTiB
nocmipxenHs IMC sk 00'eKTiB yIpaBmiHHS, PO3TIITHEMO
HaWBaXJTMBIIII BIACTUBOCTI Ta OCOOJIMBOCTI, XapakTep-
Hi Ju1s1 okpemux JIM pi3HOro piBHA iepapxii.

OcHOBHA YaCcTHHA

KonctpyktnBHO MaricTpanbHi  Mepexi (MM)
CKJIAJIAIOTECS 3 BEJIMKHAX TPYyOOIPOBOMIB BEIHMKOTO ITe-
pepi3y, 3IaTHUX BUTPUMATH BEJUKI HAIIOPH Ta MPOILyC-
katu Benuki motoku L{I1. MM MaroTh BETHKY JOBXKHUHY.
Mopemoroui rpagu MM abo € nepeBamu, abo MaroTh
BIZTHOCHO HEBEJIMKY KUIBKICTh IMKJIB, TOMY IHKJIOMa-
TUYHI YKclia TakuX rpadiB AOpiBHIOIOTH a00 He Habara-
TO TNEPEBHILIYIOTh HYJIbOBE 3Ha4eHHs. KOHCTPYKTHUBHO

posnoineui Mepexxi (PM) ckiagaroThest 3 TpyOOMpoBo-
JIB MEHIIIOTO JiaMeTpa, pPO3paxoBaHHX Ha Mepeaavy
MmeHmmx norokiB 1 3 Hanopamu, MEHIIMMH IIOJO
BiANOBIHUX BeauyuH B MM.

Peanbni PM xapakTepu3yrOThCsl MEHIIOK MPOTH
MM mnpotsoxricTIo. Mogemtotoui rpadu PM wmictath
ORIy TOpPIBHAHO 3 Mozemorudumu rpapamu MM
KUTBKICTh IUKJIIB, TOMY BiIIOBITHI IIUKIOMATHYHI YHC-
7a HaOyBalOTh OLTBIINX 3HAYEHB, HDK JJIS MOJEIIOIO-
gyux rpadis MM.

KonctpyktusHOo Mepexi crioxkuBadis L{IT (MCLIIT)
NPE/CTABIISIFOTh BEJIBMU PO3Taly’KeHi Ta 3aKiIbIbOBaHI
Mepexi ApiOHMX TPYyOONIpPOBOJIB HU3BKOTO THUCKY, IO
MalOTh HEBEIMKY JOBXHHY. Llukiomarnuni dYucia,
BIAMOBIAHI MozenorounM rpadam peambuux MCIIII,
HAOyBalOTh OUIBIINX 3HAYCHB, HDXK I MOJCITIOKOUYNX
rpa¢is PM.

Pexxumu cioxkuBanus 1T i3 pumux JIM HIKIUMEH
JIM un cnoxuBadamu 1iiboBoro npoxaykry (CLIT) Bu-
3HAYAIOThCs BenmuuHamMu NoTokiB LII1, a Takox 3Ha4YeH-
HSIMH HAIIOPIB, 32 SKHUX CIIOKUBAIOTHCS IIi MOTOKH. JlJist
peanpanx CIIIT Mae miciie CTOXacCTHYHHNA XapakTep pe-
JKUMIB CTIOYKUBAHHS, 00YMOBJICHHUH IIJIMM PSJIOM BHIIA]I-
KOBHX YHHHHKIB, JI0 SKHX, 30KpeMa, MOJKHA BIiIHECTH
MIOTOTHI YMOBH, 010JI0Ti4HI TOTPeON OpPraHi3MiB, i HABITH
cy6'exTrBHI MipKyBauHs [3, 4].

BigmoBimHo 10 MaTeMaTH4HOI MOZETi MOTOKOPO3-
mojiil B po3risayBaHiii JIM BuU3HAUaeThCS peKUMaMK
cnoxxuBanHs L1 migkmodeHux a0 Hel Hwkaux JIM abo
CLII. Tomy croxacTHyHicTh peskuMiB crioxuBanus CLITT
MOPOKYE CTOXACTUYHICTh IOTOKOPO3MOJIUIIB OKPEMHX
JIM pizHoro piBHS iepapxil.

OnmHak y cuily Ti€l ) CTOXaCTHYHOCTI PEXHMIB
cnoxxuBanHs CIII un Hmwxuecrosmux JIM pi3Hi Bunaj-
KOBi 3MiHH (30ypeHHS) TaKUX PEKMMiB B3aEMHO KOMITCH-
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CYIOTBCSI, BHPIBHIOIOTBCSI, 3IJIaJPKYIOTBCSI HPH IXHBOMY
BIuMBi Ha Buml JIM. ToMy MOTOKOPO3MOALIH y BHIIHX
JIM Ta pexumu croxuBands Humu L1 € Oinbin gerep-
MIHOBaHHUMH, HIXK B HIDKYHX JIM.

OcoONUBICTIO €IEMEHTHOTO CKJIaLy AYr peajlbHUX
MM - ne HasBHiCTH B HUX NOTyXHUX AE Ta BigcyT-
HicTh a00 MiHiManmbHA KibKicTh [1E. JloninpHicTs po3-
MimenHs Benukux AE B myrax MM oOymoBiieHa HasB-
HICTIO B HUX ITIOTOKOPO3MOiJIiB 3 BUCOKIMH €HEpPIeTH-
YHAMH TapaMeTpaMu (IIOTOKaMH Ta HAMOpPMH), IO
MalOTh BHCOWH CTYHIHb JETEPMIiHOBAHO{, IO TO3BOJIIE
3aCTOCYBaTu OUIBII MOTYXXHI, @ OTXKe 1 OLIBII eKOHOMI-
YHI KOHCTPYKUii Ta Tumopo3Mmipu AE, cTBopuBIIHM npH
IBOMY JUISl HUX OLTBII CHPUSTIMBI YMOBH (PyHKIIIOHY-
BanHs. Posmimienns x [1E B anyrax MM e meHmn jorii-
JIbHUM, OCKUJIBKM B YMOBAaxX IMOTYXXHHX MOTOKOPO3IOJi-
JIB 1Ie NPU3BOJUTH /10 ICTOTHHX €HEPreTHYHUX BHUTPAT
[1, 2].

VY nyrax peansHux PM MoxyTh MmictuTHCA K AE,
tak i IIE. Ilpore BigHOCHa KinmbKicTh AE TyT MeHma,
HiX y ayrax MM, a moTyxkHicTb ix Hmk4a. L{e nmoscHro-
€TBCS TUM, L0 €HEPTeTHYHI MapaMeTpH IOTOKOPO3IO-
aimiB B PM Hukdi, Hk y MM, a cTyniss iX croxacTud-
HOCTI — BUIIMHA. Y TaKHX YMOBaX Ba)KKO CTBOPHTH IPH-
MycTHMi YMOBU U1 (YHKIIOHYBaHHs peanbHuX AE,
0COONMBO U TUX, SKI MalOTh BEJHKY IOTYXHICTb.
HasBaicTb xe TyT I1E npunyctuma B GubIniii Mipi, Hix
B MM, OCKUIBKH BiJNOBIJHI €HEPreTHYHI NapaMeTpH
MTOTOKOPO3IOALTIB TYT HIKYI, a OTXKE HIDKYI i eHepre-
tuuni Brpatu B I1E [1, 2].

VY nmyrax xe peanpanx MCLIT BHacHiTOK BHCOKOL
CTOXaCTHYHOCTI Ta HU3bKUX CHEPreTUYHUX NapaMeTpiB
MOTOKOpO3moaiiiB MictsaThes numie [1E [1, 2].

Takum 9UHOM, 1€papXigHICTH CTPYKTYPH PEaTbHUX
IMC oGyMmoBieHa HEOOXIJHICTIO Y3TOJPKEHHSI HEBEIH-
KOT0 4YKClIa B OCHOBHOMY JETEpMIHOBAHUX IPOLECIB
cnoxuBanHs 1[Il i3 30BHINIHBOTO CEPEIOBHIIA, IO
MaloTh BHCOKI €HEpPreTH4Hi HapaMeTpH, 3 JyXKe Bellu-
KHM YHCJIOM CTOXaCTHYHUX IPOLECIB HOTO CIIOKHMBAHHS
CUII, oo xapakTepu3yrThCsl HU3bKHUMH €HepreTHYHU-
MH ITapaMeTpaMH.

s peamnizanii nporecis ynpasiuinas IMC Bennke
3HAYEHHS MA€ MOXJIMBICTD 1X CTPYKTYPHOI Ta mapamer-
pudHOi imeHTH(IKAMii, a TaKOX iNeHTHU}IKAII] CTaHy
Ttakux o0'ekrtiB [1, 2]. Ha migcraBi po3risiHyTHX Biac-
tuBocTeit MM, PM ta MCIII BU3HAYNMO MOKINBICThH
MIPAaKTUYHOI peajizallii pi3sHUX BHIIB iAeHTHU(IKAIT X
JIM. 3okxpema, MM XapakTepu3yIOThCsS BiTHOCHO HEBe-
JIMKAM YHCJIOM BiTHOCHO CTIHKHMX 3MiHHHUX 1 MapameT-
piB, B32€MO3B'I3aHUX MiXK COOOI0 Y BiTHOCHO MEHIIIOMY
CTyTIEHi, HiXK aHajoriunai Benumunau B PM ta MCIII, Ta
B JIOCTaTHBOMY CTYIICHI JOCTYIHHUX JJIsl BUMipy. Tomy
MOXKHa 3pOOMTH BHCHOBOK, 10 st MM 3a3HaueHi
BUIM ineHTU(DIKALT € IpakTHYHO peanizoBanumu [1, 2].

PC xapakTepu3yloThCsl 3HAYHO BEIMKHM YHCIOM
3MIHHHMX Ta MapaMeTpiB, CTOXaCTHYHICTh SIKMX ICTOTHO
BHIIIA, HDK JUIs aHajoriyHuX BeamduH B MM. Kpim
LIOTO, 3a3Ha4YeHl BeIUYnHU B PM B3aeMo3B'si3aHi MiXK
c000r10 B O1IBIIOMY CTyTIEHI, HXK y MM, Ta y MEHIIIOMY
CTYTICHI JOCTYIHI ISl BUMIDY.

Tomy MokHa 3poOWTH BUCHOBOK, 110 B PM mpak-
THYHA peami3alis po3TIAAaHuX BHUIIB ideHTH(IKAIIT

3ycTpivae neBHi TpyaHou [1, 2]. V 383Ky 3 MM npu-
IycKkaTuMeMo, 1o B PM mMoxyTts Oyt ineHtudikoBani
JIMIIE ICTOTHI CTPYKTYPHI B3a€MO3B'SA3KH, a TAKOX HaM-
Ba)KJIMBILII 3MiHHI Ta TapaMeTpH.

MCHII xapakTepu3ylOTbCs OyXKe BEJIHUKUM YHUC-
JIOM 3MIHHHX Ta HapaMeTpiB, CTYIMiHb CTOXaCTHYHOCTI
SIKAX 3aHAJTO BUCOKHIH.

B cuiy cTpyKTypHO-TOMOJIOTIYHUX OCOOIUBOCTEH
MOJIENIOI0YNX TpadiB Ta KOHCTPYKTHBHO-TEXHOJOTid-
HuUX ocobmmBocter peamizamii MCLII, mi BemmunHN
Iy’Ke CIJIBHO B3a€MO3B's3aHI MK cOOOI0 Ta Ba)KKOIO-
CTYIIHI JUIS BUMIpY.

Tomy MoxHa 3poONTH BUCHOBOK, L0 BKa3aHi BUIH
inenTrdikanii B MCLII peanizyBaTi NpakTHYHO HEMO-
xuBo [1, 2].

Sk mpuKian, Mo KOHKPETH3YE OCHOBHI ITOJIOXKEH-
HS JIaHOi POOOTH, PO3IIITHEMO MEPEKHY CUCTEMY Cillb-
CHKOTOCTIOJapCHKOTO BOJIOIIOCTaYaHHS, IO CKIAIA€THCS
3 MM, 1o sixoi miakmodeni PM [1, 2].

MM, 110 BXOAWTH B PO3TIAAYBaHy CHCTEMY, Xapa-
KTEpU3Y€ETHCS HACTYITHUMH OCHOBHHMH BIACTHBOCTSIMH
Ta napameTpamu. i 10BXHHA 3HAXOMUTBCA B MEXaxX Bijl
JICKIIBKOX COTECHb METPIB JI0 JCKUIBKOX KITOMETpiB. 3a
cBO€I0 KoHpirypariero MM noexunoro 10 200 M €
TYNUKOBUMH, @ MM OiNbII0i JOBKHUHHM MalOTh JEKiJIbKa
IUKJTIB.

Hinsuxkamu MC SBISIOTHCS CTaJCBi, YaByHHI 200
aszbecronieMeHTHI TpyOu miamerpom Bix 100 MM 110
500 mm B sxocti AE B posrasayBaniit MM BUKOpHCTO-
BYIOTBCA BifmeHTpoBi Hacocu tuny K ta KM 3 momadero
Bin 0,45 mM%/rox no 360 m3/ron Ta Hanopamu Bij 8,8 M
0 98 M, a TakoX 0araToCTyIiHYACTI CEKIiHHI HacoCH
tuny MM 3 momadero Bix 22 m3roa mo 400 m3/ron Ta
Hanopamu Big 30 M mo 1230 m. PosrmsimyBana MM B
skocti [IE MicTUTh HeKijibKa 3aCyBOK, 1110 3HAXOISThCS
Ha aisiHKax, iHnuaeHTHux AE. JloGoBa HepiBHOMIp-
HICTB IIPOLIECY BOJAOCIOXKHMBaHHS 3 MM, 110 Mae NeBHy
TEHICHI[I0, TPEACTaBICHA BiIMNOBITHUM IOTOAUHHUM
rpadikom Ha puc. 1. BiH Mae nBa MakCMMyMu, IO JI0-
caraoTh 10 M%/rox, a Takox MiHiMyM, sAKuii Binnosinae
1 m3/ron.

InenTudikamis posrisigyBanoi MC sk 00'ekTy yII-
PpaBIIiHHSA 31HCHIOETHCS 3a JOIIOMOT'OI0 BUMIPIOBAJIbHUX
MePEeTBOPIOBAYIB THCKIB Ta MOTOKIB. SIK mepeTBoproBadi
THCKIB BUKOPHCTOBYIOTHCSI NIEPETBOPIOBaYi, 110 MalOTh
moxubky BuMipy 1,5% Ta yac BCTAaHOBJIEHHS CHTHAIY
Bix 0,5 ¢ mo 2,5 c.

Bumip motokiB B po3risayBaHiiit MM peanizyeTs-
csl 32 JIOTIOMOTOI0 €JIEKTPOMArHiTHOTO IePeTBOPIOBava
MTOTOKiB, MOXMOKa BUMIipy sikoro ckiamae 1%, a TUro-
BHI Yac BCTAHOBJICHHS BUXIIHOTO curHamy — Big 0,6 ¢
o 2,3 c.

Koxxna 3 PM, migkiao4eHUX 0 pPO3IIISAYyBaHOI
MM, xapakTepu3yeThcsi HACTYITHUMH OCHOBHUMH BJIac-
THUBOCTSIMH Ta ITapaMeTPaMH.

JoBxuHa posrasayBaHoi PM 3HaxoguThecs B Me-
Kax BiJl AEKIJTBKOX JIECATKIB JIO0 JEKIIBKOX COTEHb MET-
piB. Jlinsakamu PM € cranesi Tpyou giamerpom Bix 50
MM 10 100 MMm.

Hana PM ne mictuth AE, y sxocti I1E Bukopuc-
TOBYIOTBCSI BEHTHJI, IO 3HAXOAATHCSA HA [UITHKAX,
IHOUAEHTHHUX K MM, tak i CIIII.
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Puc. 1. IToroguuuuii rpadik BoZOCHOKUBaHHS
3 MM cucteMH CiTbChKOTOCIIOaPCHKOTO BOIOTIOCTAYAHHS.

[Ipy 1pOMy HIBHAKOCTI pyXy BOAM Ha MAUISHKAX
PM cknanatots Big 0,7 mM/c mo 1,4 m/c, a Hamopu Mo-
KYTb tocarat 60 M. 3a3HaducHI HAWBAXUIMBIII XapaKTepHI BIACTUBOCTI

UYepes ckIagHICTh MPOLECIB BOAOCIONKHMBAaHHA 3  Ta ocoOmuBOCTI okpemux JIM pi3HOro piBHs iepapxil
PM, oOymoBneHoi, 30kpeMa, Cy0'€eKTUBHIMH YMHHHUKA-  MOXYTh OYTH BHKOPHCTaHi JJIsI OCTAHOBKU BiJIOBiJI-
MU, TIOB'SI3aHUMH 13 CIIO’KMBaYaMH MiJTbOBOTO NMPOAYKTY,  HUX JokanbHux 3amau (JI3) Ta BuOOpY aaekBaTHHX
iXHE CTATUCTUYHE MOJICIIOBAHHS y BHIUISAI BIAMOBIA-  JIOKadbHUX anroputMmiB (JIA) TxHBOT peamizaliii.

BucHoBku

HUX rpadikiB He pOOUTHCS. 30KkpemMa, OTpUMaHi pe3yJbTaTd BUKOPUCTaHI MpH

Takoxx He pobuthes imeHTHOIKAiS JaHuX PM sk cuHTe31 Kepyloouux anropuTMmiB MM 3poiryBajibHUX
00'€KTIB yIpaBITiHHS. CHCTEM.
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Conceptual model of hierarchical organization of engineering network systems
L. Lievi, O. Zyma

Abstract. Due to the commonality of a number of characteristic properties and features, which, in particular, are the
functional purpose, topological structure, flow distribution models, as well as management tasks, methods and algorithms, agri-
cultural water supply systems, as well as irrigation systems, can be attributed to the class of hierarchically organized engineering
network systems (ENS). Based on the analysis of existing and designed ENS, it can be concluded that such objects can be de-
composed into separate local networks (LN) of different hierarchy levels, which are interdependent and interact with each other
in the process of functioning. At the same time, real ENS at the highest level of the hierarchy as LN contain backbone networks
(BN), to which LNs of lower hierarchy levels are connected - distribution networks (DN). The LNs of the lowest hierarchy level -
networks of consumers of the target product (NCTP) are connected to the LN of the penultimate hierarchy level. They are direct-
ly connected to the consumers of the target product (CTP), which ultimately consume the target product (TP), water, from the
considered hierarchically organized ENS [1, 2]. The functional purpose of the BN is the consumption of TP from sources exter-
nal to the ENS, its transportation and redistribution between the DNs connected to the considered BN. The functional purpose of
the DN is the consumption of TP from the BN to which this DN is connected, its transportation and redistribution between the
NCTPs connected to this DN. The functional purpose of the NCTP is the consumption of TP from the DN to which this NCTP is
connected, its transportation and redistribution between the CTPs connected to this NCTP. Due to stochastic changes in the
modes of TP consumption by individual NCTP s, the implementation of the operational management processes of the ENS is
necessary to create acceptable conditions for their functioning.

Keywords: engineering network systems, local networks, backbone networks, distribution networks, networks of con-
sumers of the target product, target product, consumers of the target product.
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NIJIBUINEHHA 3ABAJOCTIHKOCTI MOBLJIBHUX ITU®POBUX
KOMBIHOBAHUX PAJIOTEXHIYHUX CUCTEM HBY ATAITIA3OHY

AHoTanisi. Y CTaTTi OIIHIOETHCS 3aBaJOCTIHKICTh CIIUIBHOI CHCTEMH IICEBIOBHIIAIKOBOI IIepeOy10BH poOOUI0i YaCTOTH —
IIAPOKOCMYTOBOT'O CHTHAITY 10 BiIHOIICHHIO 10 BUKOPHUCTAHHS TUIBKH IICEBOBHUITAIKOBOI epeOyoBM poO0U0i YacTOTH Ta
OKpPEMO HIMPOKOCMYTOBOTO CHTHaITy. BimoMo, mo y MOOLTEHHX KOMOIHOBAaHHMX PaliOTEXHIYHMX CHCTEMaX BUKOPHUCTOBY-
I0ThCs SIK (pa3oMaHinmybOBaHi MIUPOKOCMYTOBI CHT'HAIIH, TaK i ICEBAOBUIIAAKOBA MepedynoBa pobouoi yacToTu. Y MoOiib-
Hiit undpoBiit koMOiHOBaHIH TpomochepHO—KOCMIUHIN CHCTEMI TaKOX BHKOPHCTOBYIOTHCS (ha30MaHiIyIb0BaHi MIMPOKOC-
MYTOBI CHTHAJIU Ta IICEBIOBHUIIAAKOBA Iepedy1oBa poOoUuoi 4acTOTH. 3aCTOCYBaHHS CIIBHOI CHCTEMH IICEBIOBHIIAIKOBOT TIe-
pelynoBu po6OUOi HYaCTOTH — IIMPOKOCMYTOBHX CHI'HANIIB 00yMOBJI€Ha BUMOTOIO CTIMKOTO (hYHKIIOHYBaHHS OyAb-sIKOI pamio-
TEXHIYHOT CHCTEMH 33 YMOB CKJI[JHOI IEPEIIKOT0BOi 00CTAHOBKH, CTBOPIOBAHOI CTAHIIISIMHU PAJIIONIPUTYIIICHHS CYIPOTHBHHUKA.
VY crarTi IpoBeIeHO aHaIi3 BiIIOBITHUX JiTepaTypHHX JuKepe. HaBeneHo cxemu nepenaBada Ta npuiiMada moso GopMyBaHHS
Ta IPUIOMY CHIIBHOI IICEBIOBHUITAIKOBOI epeOyaoBH PoOOYOT YaCTOTH — MIMPOKOCMYTOBOTO cHrHaIy. OCOONIHMBICTIO TaHUX
CXeM € Te, W0 NepeaBaibHuii Ta npuiiMansanit HBU TpakTu peasizyroThesl Ha YaCTKOBO 3aIIOBHEHHX JiCNIEKTPHKOM IIPSIMO-
KyTHHX XBUJIEBOIaX. B po0oTi 1oCimKeHO BIUTUB 3aropoKyBajIbHOT IIIYMOBOI IIEPEIIKOAN HA CTIHKICTh [0 MEPENIKO/ TAKOTO
npuiiMada. [TokazaHo MOKIIMBICTh TOMIIIKY Ha 0iT st QPSK Momyssmii B yMoBax BILTUBY O1J10TO rayCiBCHKOTO IIyMY 1 3aro-
POmKyBanbHOI epenkon. Bupas s #iMOBipHOCTI TOMIIKY Ha 6iT 3armicano depes Gynkiito Kpamma, MMoBipHicTs mOMHIKE
Ha OiT 3Hali/ieHa 3a YMOB, 110 CIIEKTP MEPELIKOAHN NEPEBHUIILYE CIIEKTP IMPOKOCMYTOBOIO CHTHAITY 1 3@ YMOBH, IO CIIEKTp Iie-
perko OUTHII BY3bKU HK CIIEKTP IHPOKOCMYTOBOT'O CUTHAITY. Y poOOTi po3paxoBaHi 3aIeKHOCTI HMOBIPHOCTI TOMIJIKH Ha
01T Bij BiTHOLIEHHS OTY)KHOCTI CHT'HAILY /IO CYMapHOi OTY>KHOCTI ITyMY i IEPELIKO/IH TIPH Pi3HUX 3HAYEHHSX KoedillieHTiB
PO3ILINPEHHS CHEKTPIB I BUMAAKIB 3aCTOCYBAHHS TIIBKH IICEBOBHITIAIKOBO] IepeOya0BH poO0OUI0i YaCTOTH, IIUPOKOCMY-
TOBOTO CHUTHAJY 1 CIIUIFHOT IICEBIOBUITAKOBOI Tepe0yJ0BH poOOUOi YaCTOTH - MIMPOKOCMYTOBOTO CUTHAITY. 3po0JIeHO BH-
CHOBOK, 1110 3 ypaxyBaHHSM HasBHOCTI IIPUCTPOIO 3aXKUCTy B MPUHMaUi HIMPOKOCMYTOBOTO CUTHAJIYy B yMOBAX BIUIUBY Hepe-
LIKOJH B YaCTHHI CMYTH MEPEIIKOIOCTIMKICT CIUIBHOI CHCTEMH BUIIIA, HIXK TIEPEIIKOJOCTIHKICTh CHCTEMH TICEBIOBHITAIKO-
BO1 mepeOynoBH pobouoi yacToTe a00 CHCTEMH 3aCTOCYBAHHS OKPEMO IIHPOKOCMYTOBOTO CUTHAITY.

KnaouoBi caoBa: ncesnoBumankosa nepebynoBa po6odoi 4acToTy; (Ha3oMaHIMyIbOBaHUH CHTHAI; IIHPOKOCMYTOBUIH

CHTHAII; CHCTEMA 13 PO3IMINPEHHSM CIIEKTPY .

Beryn

MobinpHa ¢ poBa KOMOIHOBaHA TporochepHo-pa-
JioperieiiHa CHCTeMa CKIIIa€Thesl 3 TporocepHoi Ta pa-
nioperneitHoi kKoMIoHeHT. Po3pobneHo aBa BapiaHTH Ta-
KUX MOOUIBHMX KOMOIHOBaHUX PaJiOTEXHIYHHUX CHCTEM
[1, 2]. Ui nasemui MobinbHI KOMOIHOBaHI pamioTeXHivHi
CHCTEMH MalOTh 3arajbHHUI TPakKT 4acToTo (GopmyBaHH,
L0 JI0CSATAETHCS 32 PaXYHOK CXEMOTEXHIYHUX MOKIIBOC-
Teii 30yIHUKa-TeTepOIMHA Ta BBEACHHS eJIEKTPOHHOT KO-
MmyTauii B nepenaBaipauii HBY TpakT. ¥ umx cucremax
BHUKOPHCTOBYIOTHCH SIK (hazoMaHimypoBaHi (PM) mmpo-
kocmyroBi curHany (LLICC), Tak i rmceBIoBUIIaIKOBA T1e-
pebynoBa pobodoi yactotu (IIITPY). V MoOimbHIM 1HI-
pOBiii KOMOiIHOBaHiH TpomnochepHO-KOCMIYHIH cHcTeMi
[3] Takosx BuxkopucroBytotscss ®M HICC Ta ITTPY.

VY pi3HEX MOOITBHUX PATIOTEXHIYHUX CHCTEMax
BHUKOPHCTOBYIOTHCSI CUCTEMH 3 PO3IIUPEHHSM CIIEKTpa,
Hanpuknag, sik [IITPY Tak 1 HICC. 3 mornsay 3aBamgoc-
TIHKOCTI 3aCTOCYBaHHS PO3IIUPEHHS CHEKTpa SK METO-
nom TIITPY, Tak i metomom IIICC, sBHUX mepeBar 1moao
onue oxHoro Hemae. CrineHy cuctemy [HITPY-IICC mo-
xHa posmpati sk LICC Ha xoHOMY CTpHOKY dac-
totH, o eksiBaneHTHO IIICC 3 Hecydoro, Mo nepioau-
YHO 3MIHIOETBCS 32 IICEB/IOBUIIAIKOBUM 3aKOHOM. baka-
HiCcTh 3acTocyBaHHs cninbHOl cucremu [TITPY — IICC
00yMOBJICHa BUMOT'0I0 CTIHKOTO ()yHKIIOHYBaHHS Oy b~
SIKOT PaJIOTEXHIYHOI CHCTEMHU B YMOBaX CKJIa/HOI 3aBa-
JIOBOi 0OCTAaHOBKH, CTBOPIOBAHOI CTaHIISIMH DPaJioNo-

naBiieHHs. cynporuBHuKa. CminbHa cucrema IITTPY -
IICC 3a paxyHOK CTPHOKIB YaCTOTH J03BOJISIE YACTUHY
Yyacy He MOTPAIUIATH B Ty YaCTHHY CHEKTpa, sKa Iijia-
€ThCs i1 nepenko. AJe, sIKIIO BCE ) TaKKU CTPUOOK Ya-
CTOTH TOTPAINlMB Ha TEPElIKOAy, TO Taka HepenIKoaa
Moxke OyTH ociabieHa MIIIXOM PO3MINPEHHS CHEKTPY 3
MTOTANTBIIIAM CTUCHEHHSM 1 QLUTBTpali€ero y OLTBI BY3bKilt
CMy3i, fK 1e BimOyBaeThcsa B cucTemax 3B's3ky 3 LLICC.
OpHak, y IIbOMY BHIAIKy CMYTOBHHA (UIBTP, MO0 Tpo-
nyctuta HICC, 1o 3ainuimmBest micis 3HATTS CTPUOKIB
YaCTOTH, NOBUHEH MAaTH OLIbLIYy IIUPUHY CMYTH, HIXK
Tinbku it oauiel [TITPY.

AHani3 jgitepatypHux mxepet. CucremMu 3 pos-
LIMPEHHSIM CIIEKTPY BUKOPUCTOBYIOTH Y PaliOTEXHIYHHUX
cHCTeMax Pi3HOro Mpu3Ha4YeHHs. PO3MIMPEHHS CIIEKTPY
BHUKOPHCTOBYETHCS JJISI ITUPOKOCMYTOBOTO 3B'SI3KY MiXK
MiBOJJHUMH YOBHAMH [4], B Mepexax Oe3MiIOTHHX JTiTa-
JTBHUX amapartis [5,6], B pamapHiil cuctemi [7], B cucre-
Max 3B'S3Ky 3 IPOCTOPOBUM PO3HECEHHSIM CHUTHAIIB [8],
y PO3paxoBaHUX Ha 6AaraTo KOPUCTYyBauiB CUCTEMaX 3B'sl-
3Ky [9], y 6e3npoBigHux cencopuux mepexax [10]. IcHy-
IOTh Pi3HI MaTeMaTH4YHI MOJEN IS CHCTEM i3 pO3IIHU-
perssam criektpy [11, 12]. Lli cuctemu ycminrHo 3acToco-
BYIOTBCS /ISl OOPOTHOM 31 CTPYKTYpHHMH Ta XaOTHY-
HUMU nieperkoaamu [13-16]. 3aznaunmo, o y podoTtax
[17, 18] ommcawi ¥ iHII pi3HOBHIM CHCTEM i3 PO3IIHPEH-
HSIM CHEKTpY.

Meta po0OTH — OLIIHUTHU 3aBaIOCTIAKICTh CIIBHOT
cucremu [IITPY — IIICC.
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OcCHOBHA YacTHHA

CTpyKTypHa cxema IepeqaBada CIIUIBHOI CHCTEMHU
[ITPY — HICC noxa3ano Ha puc. 1. Y nepenaBaui BUKO-
PHCTOBY€ETBCSI T€HEPATOp NCEBIOBHUIIAAKOBOI MOCIiJOB-
Hocti (IIBII), six 1u1st reHepyBaHHs PO3LIUPIOIOYOTO CIIe-
KTpy NMOCHiA0BHOCTI ¢(t), Tak i s GopMyBaHHS MOCITi-

nosHocti gacrot [ITITPY f(t). Crpubok yactoTu BinOy-
BAETHCS MEPIOANYHO MICHs HAAXOKEHHs (iKCOBAHOTO
yucna enemeHTiB [1BI1. V mpuiimadi micist 3HATTS CTpU-
OKIB YacTOTH 1 MOCJIJOBHOCTI, IO PO3LIMPIOE CHEKTP,
3aJIMIIAETHCS HECy4a, MOIY/IbOBaHA HOBIIOMIICHHIM. Y
CIIUTBHHX CHCTEMax MOYKE BUKOPHUCTOBYBATHCS SK KOTe-
PEHTHA, TaK 1 HEKOTePEHTHA MO TYJIAIIisL.

:_________________I TMTPYINCC
| | T
| | ” o
I ! . Cryrosm diteTp
I -
| | H
I I
| |
I
I e(t)c0s2nf.) I Zeoz[2af ()t + ]
I
I mogymatep [ICC I
I

Puc. 1. Ilepenasau crinsraoro [IITPY/IICC curnamy

Hanpuknan, ans kBaapaTypHOT $ha30oBOi MOTYISIIIT
QPSK curnan Ha Buxozi HHICC monymnstopa nepenaBada
MOJKHA 3aMUCaTH HACTYITHUM YHHOM:

Y. () = V2Px(t)c(t) cos(2nf.t), (1)

ne P — cepenHs moTyxHicTh curuainy; ¢(t) — pyHkuiona-
JIbHA 3aJICKHICTb, 110 po3muproe crnektp [IBIT; x(t) —
BXIiJ/IHA TIOCITIZIOBHICTh JAHUX; f, — 4aCTOTa HECYYOi.

3a3HauMMO, 1110 KOXKEH 0IT JaHuX MOAyoeThes K, ene-

T .
mentamn IIBIT: K, = -2, ne T, Ta T, — TpuBanocti
Tc

cé CE

fo- AFmpy AF

cos (2af(e))

iHpopMmaniiHux OitiB Ta enementiB [IBII BigmosigHo.
[Ticnst nepeTBOpeHHs B 3MilllyBayl Ta IMPOXOKEHHS Ue-
pe3 cMyroBuit GigbTp BUIIPOMIHIOBAHMN CIUIBHHMA CHT-
HaJl 3aITUIIEMO Y BUTIISI:

Ye(t) = V2Px(t)c(t) cos[2n(f, + £ ()t + 9o, (2)

I€ (¢ — TT0YaTKOBa (ha3a OMOPHOTO CUTHAITY 3MilllyBaya.

CrpykTypHa cxema NpuiiMada CIIIBHOI CHCTEMH
[ITPY-ILICC nokazano Ha puc.2, ne C® - cMmyroBui
¢ineTp; BII - BUpimagpHA TIPUCTPIi.

[ [ =

cit)cos(2mf t)

aemogyazTop [ICC

Puc. 2. [Tpuitmay coinsHoro [IITPY/HICC curnamy

VY mpuiimadi BinOyBaeThCs 3HATTSA CTPHOKIB dac-
TOTH Ta TepexiJi Ha NPOMDKXHY dYacToTy. CMYroBui
¢buIBTp 31 cMyroro mponyckaHHs AF BindinbTpoByeE Ie-
pemkoan i mporryckae LIICC 3 Takoro caMor0 CMyTOFO Ya-
cror 6e3 mepemkon. [IpoHmoBmM dYepe3 CMyTroOBHMA
¢ineTp curHan MHOXUTHCS Ha [IBIT 1 iHTeTpy€eThCs, a BU-
pimansHuit npuctpiit (BI1) Bu3Hauae, skuii 6yB nepena-
HUi1 OIT.

Ha puc.1 i puc.2 nokaszaHo, 110 nepeaaBIbHAN Ta
npuitMansaniit HBY TpakTi peainizyioTbcs Ha 4acTKOBO
3allOBHEHUX JIICJIEKTPUKOM MPSIMOKYTHHX XBHJIEBO/AX
(U3AI1X). st MOOITbHIX IUPPOBUX KOMOIHOBAaHHX pa-
JIOTEXHIYHUX CHUCTEM pO3pOO0JICeHO Hadip MPHUCTPOIB Ta
enemenTiB Ha Y3/IITX [19-30].

PosrnsiHeMO BIUIMB 3aropoKyBaJIbHOI IIyMOBOL
MIEPEIIKOIHM Ha 3aBaI0CTIAKICTh MPHiiMaya Ha puUC. 2.

VY 1npoMy BUNAIKY V BCil 00J1aCTi JOMyCTHMHX Ya-
CTOT BIUTMBAIOTh aJUTHBHO OiTMi TayCiBCHKHE MIyM 3i

CIEKTPAJILHOIO IIUIBHICTIO MOTYKHOCTI Ny 1 3aropoiKy-
BaJIbHA IIEPENIKO/IA 13 CIIEKTPAJILHOIO MIIIBHICTIO MOTYXK-
Hocti N,. MMosipHicTs momunku Ha 6it ams QPSK mo-
OyJsii B yMOBax BIUIMBY O110TO rayCiBCHKOTO IIyMy Ta
3aropoJiKyBaJIbHOT EPELIKOM IPH 3a3HAYSHUX YMOBaX
BHU3HAYAETHLCS 32 (POPMYIIOIO:

PEb=CD< ’ZE_b/NE>: 3

ne E, — enepris 0it; ®(a) — dynxuis Kpamna; Np =
Ny + N,. @ynknito Kpamna 3anumemMo y BUTIISL

() =2/ J' “emtir2 dt, 4)
0

SIk BigOMO, MOXHa BUKOPHCTOBYBATH I1HTETPai
mMoBipHOCTI 260 Q-dyHkiiro, ski Bix ¢yl Kpamma
OyIyThb BiZIpi3HATHCS KOSPIIIEHTOM TIepe]] iIHTETpaoM.

ITepeTBoproemo aprymenT pynkmii Kpamma:
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2E, _ 2Pk, )
No+N, P +P’

ne Pr u P, — MOTY>XHOCTI TEIIOTO IIyMY Ta 3aTOpPOJIKY-
BaJIbHOI mepentkou BianosinHo; k. = KpK-. Toxi ¢pop-
Mmyda (3) 3 ypaxyBaHHsAM Gopmyiu (5) HaOyBae BUTIISLY:

Pr, = @ (\2Pcke/ (P + BY)). (6)

3 ¢opmyiu (6) BUIIIHMBAE, 1110 B YMOBaxX BIUIUBY 3a-
rOpOJUKYBaJIBHOT ITyMOBOT NEPEIIKOIH y BCiH BUALICHIH
CMy31 4aCTOT CTIMKICTh 10 MEPEIIKO/ CIIJIBHOI CUCTEMH
TIITPY-IIICC ekBiBalIeHTHA 3aBaIOCTIHKOCTI CHCTEMH
IICC 3 koeimieHTOM pO3IMHUPEHHS CIEKTPa, PiBHUM J0-
OyTKy KoegimieHTa posmmpeHHs 3a paxyHok I[IITPY i
ICC, a6o cuctemu I1I1PY 3 koedimieHTOM pO3MINPEHHS
CHEKTpa, 10 TOPiBHIOE k.

VIMOBipHiCTh MOMHIIKH Ha 6iT MO3Ke GyTH 3HalineHa
B TaKuii crocid 3a yMOBH, L0 CIEKTp MEPELIKO/I IePEBH-
mrye criektp HICC. [pumyckaemo, mo: H, - OiT He ypa-
KeHHUH 3aBanoio; Hy; - OIT ypakeHHIl 3aBaZiol0 JacT-
KoBO; Hy, - GiT ypakeHuii 3aBa1010 MOBHicTIO. MIMOBI-
PHICTH TOMUJIKH Ha OiT MOXe OyTH 3HalineHa 3a hopMy-
JIOXO TTOBHOT HMOBIPHOCTI:

Pg, = P(E/Ho)P(Hoy) + P(E/Hy1)P(Ho1) +

+P(E/(Hoz)P(Hoz), (7
Je i IMOBIPHOCTI BH3HAYAIOTHCS SIK TEOMETPUYHI MPH
PIBHOMIPHOMY PO3MOZiJI IMTOIOKEHHS MEPEIIKOANA B 00-
JIACTi JOMYCTUMHX YacCTOT.

MEPENIKO]] y YAaCTHHI CMYTH IIOBHICTIO IEPEKpUBAE
cnektp LLICC, maemo:

P(E/Ho) = & (J2Pck./Py), (8a)
_ 2Ep AFnppy
P(E/Ho1) = @ (No + ht P)AFqnpy | (8b)
2E, AF,
P(E/Hp;) = @ TN (8¢c)

(Np + Ny)AFnppy )’

ne AFpppy — obmacth yacToT, BumuteHa aus I1TTPY;
h - mapametp mepemrkonu. [licns migcTaHOBKH QopMy
(8a) - (8¢c) y dopmymy (7) oTpumaemMo BHpa3 1iisi HIMOBI-
pHOCTI TOMHJIKH Ha OIT Yy BHUIAJKH CIUIBHOTO
[ITPY/ILICC curnany npu BIUIMBI IEPEIIKOAN B YaCTHHI
CMYTH 4acToT, 1o nepesuinye cuextp [LICC:

Ps, = & (V2PcK /(B + B)), ©)
Qopmyma (9) BpaxoBye, mo AF, > AFycc,

AFqgmpy > AF, AF = AFycc -

Ha puc. 3, a HaBemeHO 3aleKHICTH HMOBIPHOCTI
noMuiaku Ha Oit Bin BimHowewus P./(P.+ P,) mnpu
Ky =16, K. = 16, k. = 256. Ha puc.30 noka3zani aHa-
noriuHi kpuBi mpm 3HaueHHAX K =4, K. = 64,
k. = 256. fx BurumBae 3 puc. 3, a i puc. 3, 6 3aBagoc-
TifikicTh crimbHOT cuctemu [1TTPY — LIICC npu AF, > AF
nepeBuIye i criiikicts go nepemkon [1ITPY i nepermiko-

YMOBHI MOXJIMBOCTI TOMWIOK BHM3HauaroThesi 3 gocriikicte IICC  mnpu  BiANOBIAHHUX  3HAYCHHSX
ypaxyBaHHAM opmyiu (6). s Bunaaky, komu criektp K, ta K.
P,
1 - 21 IICC (K,)
1n—3
10 7 2 — ma TITIPY (K, )

7251

3 — gma [TMPYINCC

I
107# r, /

Ky =16, K, = 16,k, = 256

1075

I
1
4= !
107¢ 7

1077 =

10

[}

-10 -5 0

R/(BE+E)

15 20

Puc. 3, a. 3anexHicth iMOBipHOCTI MOMUJIKK Ha OIT Bix BinHomenns P./ (P, + P,) npu Ky = K. = 16, k. = 256

P,

n

1073

1 — gx TITIPY (Ky )

f.—::/' 2 - gux IOCC (k)
1

10~

¥4

3 — g TTIPYIICC

Ky =4, K, = 64k, = 256

10-5
/)
r

4 m— r

1078 -

10°7 ===

10

]
L

=
[

-10

B/(E+E)

15 20

Puc. 3, 6. 3anexHicTs MOBIpHOCTI TOMUIKH Ha OiT Bif BigHotuenus P, /(P + B,) npu Ky = 4, K. = 64, k. = 256
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3a3HaunuMO, MO0 CTIMKICTh N0 MEPEIIKOJ CHIHAILY
[ITPY/IICC 36unb11y€eThest 3 pO3LIMPEHHSIM CIEKTpa 3a
paxynok HICC.

Konu criektp 3aBazam OLTbII BY3bKUIH HIK CHEKTp
IICC, To B 1i#i cuTyaIlii CIIEKTp MEePEIIKOT a00 YACTKOBO
MIepeKpUBA€E CIEKTP CHUTHANY, abo B3araji He IepeKpu-
Bac. YMOBHI HMOBIPHOCTI IIOMWJIKHA BH3HAYalOTHCS 3
ypaxyBaHHsIM dopmyia (7), i cepenHs KMOBIpHICTB I10-
MWJIKH HaOyBae BUIIIALY:

Ps, = P(Ho)® (\2RK:K:/P,) +
+P(H,)® (J2PK/Ky/ (P + RRKY) ). (10)

[Tpu posmmpenHi criextpa 3a paxyHok LICC iimo-
BIPHICTb Ypa)keHHs 0iTa 30LIbLIYEThCSL, 1 cepeHst HMOBI-
pHicTh nomMuiKH crinbHoi cuctemu [TTTPY — HICC npu
MOTYXHIH MEepPemKo/i MOXe MMepeBepIINTH HMOBIPHICTb
nomunku [TITPY.

VY npoMy BHIAJIKy BIUIMB BYy3bKOCMYTOBOI Ieperl-
KOJH iCTOTHO MOKe OyTH ocia0eHu MIITXOM 3aropo-
JDKEHHS 32 JOIIOMOTOI0 3ar0pOJUKYBaIbHOTO (BiIBTPY.

BucHoBKH

[IpakTH9IHO y BCiX KOMIIOHEHTAaX MOOUTBHUX IU}-
pPOBHX KOMOIHOBAaHUX PATIOTEXHIYHUX CHCTEM 3aCTOCO-
Byetbes curHain [TITPY/IICC. PosrnsHyTo BapiaHTH pe-
amizanii cnimeHuX [MITPY — IICC npuiimagi, Ko Ha
KOXHOMY CTPHOKY YacTOTH BiIOYBA€THCS PO3LIMPEHHS
crekrpa 3a goromoroto LIICC. IIpu nii 3aropomKyBaib-
HO{ IIyMOBOT NEPEIIKOIH y BCiif CMy3i 4acTOT MEepeIKo-
JIOCTIHKICTh cminbHOT cuctemu Tpoxu Buie [TITPY abo
HICC cuctem. I1pu aii mumpoko NOMUPEHOT Ha MTPAKTHUII
MePEeIIKON B YaCTHHI CMYTH 3 IIUPUHOIO CHEKTpa, IO
nepeBuntye mupuHy cnekrpa HICC, nepemkomocTiii-
KICTB CITITPHOT CHCTEMH BHIIIE, HiXK ITEPEIIKOJOCTIHKICTD
[ITPY a6o HICC 3 MyIbTHILTIKATHBHAM KOE(iIlieHTOM
pO3MIMPEHHS crieKTpa. TakuM YWHOM, MOXKHA 3pOOHTH
BHCHOBOK, III0 3 ypaxyBaHHAM HasBHOCTI MPUCTPOIO 3a-
xucty B npuiiMadi [IICC B yMOBaX BIUTHBY IEPEIIKOIN B
YaCTHHI CMYTH CTIMKICTh JO TMEpEeIKOH CIUIBHOI CHC-
TEeMHU BHIIE, HDK NeperkoaocTiikicts cuctemu [TTTPY
a6o cuctemu HICC.
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Increasing the interference immunity
of mobile digital combined microwave radio engineering systems

V. Pochernyaev, M. Mahomedova, N. Syvkova

Abstract. Inthe article evaluates the interference immunity of the joint system pseudo-random frequency hopping — wide-
band signals. It is known that mobile digital combined microwave radio engineering systems use phase-shift keyed wideband
signals and pseudo-random frequency hopping. The mobile digital combined troposcatter-space system also uses phase-shift keyed
wideband signals and pseudo-random frequency hopping. The use of a joint system of pseudo-random frequency hopping - wide-
band signals is due to the requirement for stable operation of any radio engineering system in the conditions of a complex interfer-
ence environment created by enemy radio suppression stations. The article analyzes the relevant literature. The schemes of the
transmitter and receiver for the formation and reception of a joint pseudo-random frequency hopping - a wideband signal are given.
The peculiarity of these schemes is that the transmitting and receiving microwave paths are implemented on rectangular waveguides
partially filled by a dielectric. The influence of barrage noise interference on the interference immunity of such a receiver is inves-
tigated in the article. The probability of error per bit for QPSK modulation under the influence of white Gaussian noise and barrage
interference is shown. The expression for the probability of error per bit is written through the Crump function. The probability of error
per bit is found under the conditions that the interference spectrum exceeds the spectrum of the wideband signal and under the condition
that the interference spectrum is narrower than the spectrum of the wideband signal. The article calculates the dependences of the
probability of error per bit on the ratio of the signal power to the total power of noise and interference for different values of the spectral
expansion coefficients for the cases of using only pseudo-random frequency hopping, only a wideband signal and joint pseudo-random
frequency hopping — wideband signal. It is concluded that taking into account the presence of a protection device in the receiver of
a wideband signal, under conditions of interference in part of the band, the noise immunity of the joint system is higher than the
interference immunity of a pseudo-random frequency hopping system or a system using a wideband signal.

Keywords: pseudo-random frequency hopping; phase-shift keyed signal; wideband signal; spread spectrum system.
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Harmionansauiil TexHI9HUHN yHIBEpCUTET «XapKiBCHKUHN MOMITEXHIYHNN IHCTUTYT», XapKiB, YKpaiHa

METO/ AHAJII3Y 3ABAHTAXXEHH# BY3JIIB KIIACTEPY MESH-MEPEXI
HA OCHOBI MATEMATHUYHOI MOJEJII MEPEXK JJZ/KEKCOHA

AHoTauis. Y cTaTTi NpeiCTaBICHO METOJ aHai3y 3aBaHTa)XEHHA Kiactepy By3nmiB y MESH-mepexax Ha ocHOBI Mate-
MaTH4HOTrO amapary mepex JkekcoHa. PO3risHyTo MateMaTH4Hy MOJIENb, LI0 ONMHUCYE B3AEMOJIIO BY3JiB y KiacTepi, 30K-
peMma iXHIO 34aTHICTE 00pOOIATH BXiTHUH Tpadik Ta Mepepo3NOAULITH ITIOTOKH MiXk co00t0. Moaens BpaxoBye HMOBIPHOCTI
Mepexo/1y 3asBOK MiX By3JIaMH, IIBUIKICTh OOCIYTrOBYBaHHs KOKHOTO By3Jia Ta 30BHIIIHIN BXifHHi Tpadik. OCHOBHY yBa-
Ty IPUIUICHO aHA3y 3aBaHTaKEHHs BY3JiB Ta yMOBaM cTaburbHOCTI cucTeMu. [IpoBeseHO po3paxyHOK KoedilieHTIB 3a-
BaHTa)KCHHS BY3JiB, HMOBIPHOCTI BIICYTHOCTI 3asIBOK, a TaKOXX CepeIHBOI KIIBKOCTI 3asBOK y KOXXHOMY By3ii. [lokazaHo,
mo 1yt 3a0e3MedeHHs CTabiIbHOI poOOTH CHCTeMH HeoOXiHO, 00 Koe(ilieHT 3aBaHTa)KEHHS KOXKHOTO By3Jlla OyB MEH-
MM 32 OJJMHHUII0. BU3HaueHO BIUIMB mapaMeTpiB CHCTEMH, TaKUX SK IHTEHCHBHICTH BXITHOTO TpadiKy Ta IIBUIKICTH 00-
CIIyrOBYBaHHS, Ha MPOXYKTUBHICTh KJIACTEPy. 3alpPONOHOBAHHK MiAXiN € e(eKTHBHUM IHCTPYMEHTOM IUIS ONTHMIi3allii
MESH-Mepesx, OCKiTbKH T03BOISIE iMeHTH(IKYBaTH By3/IH 3 KPUTUYHHM HAaBaHTAKEHHSIM Ta OLIHUTH CTaOUIBHICTH CHCTe-
MH B 1inomy. Mojens Moxe OyTH BUKOPHUCTaHa JUlsl IPOEKTYBAaHHS HOBHX MEPEXK Ta BIOCKOHAICHHS iCHYIOUHX, OCOOJIHBO

B YMOBAaX pi3HOPiTHOTO Tpadiky Ta TUHAMIYHUX 3MiH MApaMETPiB CHCTEMH.

KawuoBi caoBa: mepexa JHxekcona, Kinacrep, MaremMarinyna moaeib, MESH-mepeixa, Tpadik.

Beryn

AkTtyanpHicTh mocaimkenns. MESH-mepexi €
OJIHIEIO 3 HAMBAXKJIMBIIIUX TEXHOJIOTIH CyYacHHX Telie-
KOMYHIKAaI[ITHUX CHUCTEeM, IKi 3HaXOASATh IIUPOKE 3aCTO-
CyBaHHS y 0€3J]pOTOBUX MepeKax, CCHCOPHUX CHCTEMax
Ta iHTepHeTi pedyed. 3aBAsKU iXHiMl aJanTHBHIA CTPYK-
Typl Ta BUCOKill THYYKOCTi BOHU J03BOJISIIOTH CTBOPIO-
BaTH pO3MNOAUICHI Ta CaMOBIIHOBIIOBAIBbHI MeEpexi,
3maTHi e(eKTUBHO (YHKIIOHYBaTH HaBITh 3a YMOB
BTPaTH OKpeMHX BY3JiB. OJHAK y TaKMX Mepexax BH-
HUKAIOTh CKJIaIHI 3a7a4i aHali3y Ta onTuMmiszamii Tpadi-
Ky, OCKIJIbKH B3a€EMOJIiSl BY3JiB KIaCTEpPy CYHMPOBOIKY-
€ThCSI HEPIBHOMIPHUM 3aBAHTAXCHHSAM 1 MEPEepo3Ioi-
JIOM 3asIBOK, III0 MO>K€ IIPU3BOANTH JI0 TIEpEBAHTAKECHHS
OKPEMHX €JIEMCHTIB CHCTEMHU.

AKTyaJbHICTh JOCIIKCHHS MOJSTa€ B HEOOXis-
HOCTI pO3p00KK e(PEeKTUBHUX METOJIB MOICIIOBAHHS Ta
aHamizy 3aBaHTaxeHHs By3liB y MESH-mepewxax mis
3abe3neueH sl IXHbOI CTA0IIBHOCTI Ta MPOAYKTHBHOCTI.
OmHUM 13 TMEPCIeKTUBHHUX IIXOMIB € 3aCTOCYBaHHS
MaTeMaTUYHOTo amaparty mepex JKekcoHa, sKMi 1o-
3BOJISIE MOJIGJIIOBATH CKJIAJHI CHCTEMH Yepr i3 B3aEMO-
JIFOYMMH BY3JIaMH Ta OLIHIOBAaTH KJIFOYOBI XapaKTepuc-
THKH, TaKi K KOe(il[ieHT 3aBaHTa)XEHHs, CEpeIHill yac
nepeOyBaHHs 3asBOK Ta WMOBIpHICTH iX BTpar. Takuii
miaxia 3a0e3nedye MOXKIIMBICTH amamnTariii Mepexi 10
3MiH y Tpadiky Ta onTuMizamii ii poboTu.

VY cTaTTi NpONOHY€EThCS METOJ aHaji3y 3aBaHTa-
JKEeHHS Kiactepy By3niB y MESH-mepexax Ha OCHOBI
Mepex Jxekcona. JlocmipKeHHS CIpSMOBaHe Ha OIliH-
Ky CTaOUIBHOCTI CHCTEMH, BHABJICHHS BY3JiB i3 KPUTH-
YHUM HaBaHTQ)XEHHSM Ta BU3HAYCHHS YMOB, 32 SKHX
CUCTeMa 3aIMIIAETHCS €(DEKTUBHOIO. 3alpOIIOHOBAHUM
MiAXia MOoke OYTH 3aCTOCOBaHHWMA Ui ONTHMI3aIii ic-
Hyrounx MESH-Mepex, miaHyBaHHS HOBUX CHCTEM Ta
PO3pOOKH 1HCTPYMEHTIB JIUII aBTOMAaTHYHOTO YIIPaBIIiH-
HS TpaikoM y pO3IOIUICHUX MEpexax.

Meta Ta 3agaudi gocaigxeHHs. MeToro crarTi €
pO3poOKa METOly aHAITi3y 3aBaHTAKEHHS KIIACTEPYy BY3-

niB y MESH-mepekax Ha OCHOBI MareMaTH4HOTO ara-
patry Mepex JIKEeKcoHa, IO J03BOJISE OLIHIOBATH CTa-
OUTBHICTD CHCTEMH, BUSBIATH KPUTHYHO 3aBaHTAXKCHI
BY3JIHM Ta ONTHMI3yBaTH po3nofin Tpadiky. JocmimkeH-
HS CIIPSIMOBAaHE HA YIOCKOHAIEHHS METOMIB MOJEIIO-
BaHHS TEIICKOMYHIKAIlifHAX CHCTEM 3 METOI0 IIiJIBHU-
IIEHHS iX MPOAYKTHBHOCTI Ta aJalTUBHOCTI B yMOBax
3MIHHUX XapaKTePUCTUK TpadiKy.

OnHuM i3 3aBJaHb € MOOyI0Ba MaTEMAaTHYHOI MO-
JIelTi, sika OMKCY€ B3a€EMOJIII0 BY3JIB KilacTepy, Bpaxo-
BYIOYH 30BHIIIHIN TpadiK, MIBUIKICTh 00CIYroBYyBaHHS
3asBOK Ta WMOBIPHOCTI mepexoxy MiX Bysiamu. Taka
MOJIENIb Ma€ BiOOpakaTH OCHOBHI XapaKTEPHCTHKH
CHCTEMH 4epr Ta J03BOJIITH NMPOBOAMTH aHAMi3 i1 mapa-
METpIB, TaKUX SK KOe(illi€EHTH 3aBaHTa)XXCHHS BY3IB,
CepedHsI KUTBKICTh 3asiBOK Ta WMOBIPHICTH BiICYTHOCTI
3as8BOK y KO’KHOMY BY3JIi.

HactymHuMm 3aBraHHSM € JTOCII/DKEHHS YMOB CTa-
O1IbHOCTI CHCTEMH Ha OCHOBI PO3paxyHKY KOe]illieHTIB
3aBaHTXKEHHS BY3JiB. BaJIMBO BU3HAYMTH KPUTHYHI
3HAYEHHS ITapaMeTpiB, MPH SKUX CUCTEMa 3AJUIIAETHCS
y CTabLIbHOMY PEXKHMI POOOTH, a TAKOXK OLIHUTH BIUIUB
3MiH 30BHIIIHBOTO TpadiKy Ta MIBUAKOCTI 0OCIYroBY-
BaHHS Ha NPOJYKTHUBHICTH KJIacTepy.

Ille oxHi€0 BaXKIIMBOIO 3a/1a4€I0 € BUSBJICHHS BY3-
JiB i3 KPUTHYHUM HaBAaHTAKEHHAM Ta po3poOka peko-
MEHJaliil moao IXHHOTro po3BaHTaxeHHs. Lle mependa-
ya€ a”alli3 MOKJIMBHX IIIAXIB ONTHMI3allil, TaAKHUX SK
3MiHa po3noniny Tpadiky, 30iIbIICHHS BUAKOCTI 00-
CIIyrOBYBaHHS a00 TIepepO3MOIiI 3asiBOK MK By3JIaMH.

OcTaHHIM 3aBIaHHSIM € 3aCTOCYBaHHS OTPHMaHHUX
pe3ynpTaTiB  ansd  mpakTHgHOi omrtmMmizamii  MESH-
MepeX, 30KpeMa, iXHbOI'O IUIAHYBaHHS, YIPaBIiHHSI
TpadikoM Ta po3pOOKH aJaNTUBHUX PIllIeHb I POOOTH
B YMOBax pi3HopimHoro Tpadiky. PesympraTm moci-
JUKEHHSI MOXKYTh OYTH BHKOPHCTaHI SIK 1IHCTPYMEHT IS
MiABUIICHHS ¢(EKTHBHOCTI ICHYIOUHX MEpPEeX Ta BIOC-
KOHAaJICHHS IXHBO1 apXiTeKTypH.

Orasa gitepatypu. Y Cy4YacHHMX IOCIIIDKCHHSIX
MOJICITIOBaHHs 3aBaHTaxkeHHS By3nmiB MESH-mepex i3

© Casuenko M. B., llluman M. B., 2025

201



Control, Navigation and Communication Systems. 2025. No. 1

ISSN 2073-7394

BUKOPHUCTaHHSIM Mepex J[KeKcoHa NpUBEpTae 3HAYHY
yBary. 3okpema, y crarti [1] aBTOpH HOCTIIKYIOTH Ce-
penHiii Bik iHpopMarlii B Mepexkax J[xekcoHa 3 oOMe-
XKeHUM po3Mipom Oydepa. [lepeBaroro nporo miaxomay €
MOXIJIMBICTh OIIIHKK edeKkTUBHOCTI iH(OopManiitHuX
CHCTEM, OIHAaK OOMEKEHHSIM € CKJIAIHICTh y 3acTOCy-
BaHHI JT0 BEJMKHIX MEPEX depe3 oOMexeHHs Oydepis.

Iume mocmimkeHHs, npencraeiaene y crarti [2],
aHaJi3ye y3arajdbHEHI Mepexi J[KekcoHa 3 ypaxyBaH-
HSM MOXIIMBUX BigMoB. [lepeBaroto € 3maTHICTE Moemi
BpaxOBYBAaTH Pi3HI PEKUMH BiIMOB Ta CTpaTerii BigHO-
BJICHHSI, TPOTE HEJIOJIKOM € CKJIaHICTh y 3aCTOCYBaHHI
JI0 pealbHUX MEpex 4epe3 HEOOXiJAHICTh TOYHOrO BH-
3HAYEHHS ITapaMeTPiB BiIMOB.

V kuusi [3] aBTOpH AETaNBHO PO3IISIAI0TH TEOpe-
THUYHI OCHOBM Ta NPAKTUYHI acleKTH BiKy iHpopMmarii B
Mepexax, II0 J03BOJIS€ TIHOIIe 3pO3yMiTH ITUHAMIKY
OHOBJICHHS JIaHHUX Yy CKJIQIHUX cHcTeMax. [lepeBaroro €
KOMIUTICKCHHUH MiAXiA J0 aHami3y.

[Migxig HAa OCHOBI Mepex JIKeKCOHAa Mae CyTTEBi
mepeBard IMOPIBHAHO 3 KIACHYHUMH MapKiBCbKHMH

P11

mojensimu [4, 5], 30kpeMa B KOHTEKCTI MOETIOBAHHSI
3aBaHTA)XEHHS BY3JIIB y CKJIaJHHX CHUCTEMax, TaKuX SIK
MESH-mepexi.

Ha BiaMmiHy BiJ MapKiBCbKUX MOjenei, ski mepe-
Ba)KHO OPIEHTOBAHI HA aHaJ3 CTaHIB OKPEMHUX BY3IIB 3
Oe3maM'saTHICTIO, Mepexi J[PKeKCOHa O3BOJISIOTH MOJE-
JFOBaTH B3a€MOJIiI0 MHOKHHHHX BY3JiB 1 BpaXxOBYBaTH
mepeposmonin  Tpagiky Mik HuMH. lle 3abe3meuye
OUTBII peanicTHYHE BiZOOpa’keHHS NWHAMIKH CHCTEMH,
0COONMBO U PO3NOAUICHHX 1 aJanTHBHUX MEPEeK.
IIpore mepexi /kekcoHa MalOTh BHILY OOYHCIIOBAIB-
HY CKJIQIHICTh 1 BUMaraloTh TOYHOTO BU3HAYEHHS HMO-
BIDHOCTEH IEpexoliB MK By3laMH, II0 MOXe OyTH
BUKJIMKOM JJIsl BEJIMKUX 1 TETEPOTeHHUX CUCTEM.

Pe3yabTaTu gociaigxenn

1. MaremaTu4Ha MoJeJdb KJaacTepy Mepexi 3
TpboMa By3iamu. [loOyayeMo MaTeMaTHYHy MOJICIb
yactuHd MESH-Mepexi 3 TppoMa By3iamu, A€ BY3JIH

Puc. 1. Mogenb Mepexi 3 TpboMa By3JIaMH

OmmmemMo CTpyKTypy Mepexi 3a JIOIIOMOTOI0 CTa-
HIAPTHHAX TIO3HAYeHb Teopii rpadiB. € Tpu By3mH A, B,
C, siKi MOKXYTh OOMIiHIOBATUCS TPa(hiKOM OJIUH 3 OJHHM
Ta C 30BHILIHIM cepeloBuIeM (IHIIMMH By3JIaMH BEJH-
KO1 Mepexi, SKi He TIOTPaIIIN Y KJacTep, Mo po3risiaa-
€TBCS).

Mix By31aMH BCTaHOBJICHI WMOBIpHOCTI MEpexo-
IiB p; jael, j— IHIEKCH BY3IIiB.

VY cBOIO 4Yepry 3aJaHo HACTYIHI ITapaMeTpH CHC-
TEMH, IHTCHCUBHICTh 30BHIIIHBOTO TOTOKY AJISI KOXKHO-
TO BY37TA Agy; A4 i = A, B, C, mBHAKICTS 00CTyroBY-
BaHHS 3a5BOK y KOXHOMY BY31i y; must L = A, B, C, mar-
puns fiMoBipHOCTEH nepexony Mik Bysnamu P = {p;;},
ne p;j — IMOBIPHICTb MEPEXOTY 3asBKHU 3 By3Ja { JI0 .

Bukoprcraemo piBHSIHHS TOTOKOBOTO 0OajaHcy.
Jlnst KO>KHOTO By3J1a CyMa BXIJIHHX ITOTOKIB JOPiBHIOE
cyMi 00poOJICHNX Ta MepeAaHuX MOTOKIB. 3amuIIeMo Ie
CIIIBBIHOIIEHHS.

Ai = Aexei + Z Apji, €Y)
j#i

B3a€MOIIOB'A3aHi, BHKOPUCTOBYIOUM MaTeMaTHYHHN
amapat mepex Jxekcona (puc. 1).
Aext,c
P33
Je A; — cyMapHa iHTEHCHBHICTh MOTOKY, 1[0 00pOOIs-

€ThCSI BY3JIOM .

OTtpumaHa cucTeMa piBHSHB JJIS TOTOKIB A; BHpI-
LIYETHCSI, BPaXOBYIOUN MaTPHIIIO Iepexonis P.

2. AHaJii3 NoKa3HUKIB sIKOCTi 06CTyroByBaHHs
y By3J1ax Mepexki Ha 0a3i 3anponoHoOBaHOI MoJei.
[MoOynyemo Moens KiacTepy Mepexi 3 TpboMa By3Jia-
MH. |HTEHCHBHICTb NOTOKY IaKeTiB, M0 HAJIXOIATH IO
[UX BY3JIiB BiJIIOBiTHO

Aext,A =5, Aext,B =3, Aext,c = 2.

VY cBOIO Yepry IIBHJIKICTH 0OCITyrOBYBaHHS KOX-
HOTO By3na JOpiBHIOE U, = 25, ug = 20, po =15, a
MaTpHIL IIePEXO0/1iB 3a/1aHa CITiBBITHOIIEHHIM

0 03 02
P=lo4 0 03], )
03 05 0

e MiaroHabHi eneMeHTH p;j = 0, OCKiIbKH BYy301 HE
TIepeCciIac MakeTH caM coOi.
CktazieMo CUCTEMY PiBHSHB JJIsI TOTOKIB:

202



ISSN 2073-7394

Cucrtemu yrpaBiiHHs, HaBirarii Ta 38's13ky. 2025. Ne 1

Aa = Aexta + AgPpa + AcPcas

Ap = Aexep + AaPas + AcPcs,

Ac = dextc + AaPac + ApPac-

MincraBumo y (3) 3HaueHHs Marpuii P 3 (2),

OTPUMYEMO HACTYIIHE CITiBBiTHOIICHHS:

Aq =5+ 0445 + 0.3,

Ag = 3+0.31, + 0.5,

Ade = 2+ 0.2, +0.32;5.

3

4

Juns BigmykasHS Ay, Ag, Ac cucTema piBHSIHD PO3-
B'SI3YETBCS 32 JJOIMTOMOTOI0 YHCEIBHUX METOJIB a0o Iij-
CTaBJICHHS.

B pesynbrati oTprMaHO iHTEHCHBHOCTI 00po0ITIO-
BaHOT'0 MOTOKY y By3JaxX:

By3om A: 44, = 11.14;
By30n B: Ag =9.95;
By3on C: A, = 7.21.

A=9.95
p=0.50

S0

c
A=7.21
p=0.48

Po3paxyemo koedilieHTH 3aBaHTaXXEHHS BY3IIiB 3a
(bopmyoro

b=, )
Hi
JIe MaEMO TaKi XapaKTePUCTHKH BY3JIiB:
By3on A: py = 0.45 ;
By3o1 B: pg = 0.50;
By301 C: pc = 0.48 .

Otpumannii kmacrep MESH-mepexi Oymno mpen-
CTaBICHO Yy BHUDIILINI crpomeHoi Mepexi [Ikekcona
(puc. 2), mo A03BOMIIO 3MIHCHUTH aHANI3 3aBaHTaKEH-
HS BY3JIiB Ta OIIHUTH CTaOiIbHICTH CHCTEMH.

BukopucraHHs MaTeMaTHYHOTO amapary Mepex
JlxekcoHa 3a0€3MeYniIo MOXKIIMBICTh PO3PaxyHKy iHTe-
HCHBHOCTI TIOTOKIB y KOXXHOMY BY3Ili, KOe(illi€eHTIB iX
3aBaHTA)XKEHHSI, a TAKOXK CEPEeIHbOT KIILKOCTI 3asBOK Ta
yacy X 00CIIyroByBaHHsI.

04
A
A=11.14
p=0.45
02

Puc. 2. Kinactep MESH-mepexi, npeacTaBnennii y BUIIIAL crpoiieHol Mepexi J[ekcona

Ile 103BOMMIIO BUSBUTH BY3JIM 3 KPUTHYHUM HaBa-
HTQKEHHSIM, M0 € KIFOYOBHM IS ONTHMI3amii pecypciB
Mepexi Ta MiIBUIIEHHS i MPOIYKTUBHOCTI.

Pesynpratn minTBepauau e(eKTUBHICTH 3alpoIio-
HOBAHOTO MiXOY JUIS aHATi3y PO3MOMITICHUX CUCTEM 13
pi3HOpiAHNM TpadikoM.

3. AHaji3 3arajJbHUK TMOKA3HHKIB SIKOCTi 00-
cIyroByBaHHsi y kJjacrepi. Orpumani koeQilieHTH
3aBaHTAKEHHS p; IS BCIX BY3IiB MEHIIE 33 OJMHUIIO,
IO O3Hayae, 10 CHUCTEMa Mpalioe y crabinbHOMY pe-
HKHMI.

Ie 3abe3mnedye cTaliOHaApHICTh CHCTEMH, a HMOBI-
PHICTB TOTO, III0 BY3JIH BiNbHI € OLTBIION0 32 HyJb. s
KO’KHOTO BYy3J1a BU3HAYA€ThCS UMOBIpHICTE Py (i), TOrO,
10 y BY3JIi HEMAE 3asBOK:

Po(0) = (1 = py). (6)
CepenHsi KUIBKICTB 3asiBOK Y KOXKHOMY BY3mi L;

PO3paxoBy€eTHCS 32 GOPMYIIONO:

Pi
L — 7
-, 7

CepenHiit uac niepeOyBaHHS 3asBKH Yy 4ep3i Ta 00-
ciyroByBauHi y By3ii (ping) W; o6unciroethes 3a criB-
BIJHOIIIEHHSIM:

L;

1
pi(1— Pi)'
CepenHiii yac niepeOyBaHHS 3asBKH Y BCiid Mepexi
JI>kekcoHa po3paxoBYEThCs 32 popmyitoro JliTTia:

3
X1l
=
21 Ai
Pesynbrat po3paxyHKiB mapaMeTpiB Ui KOXKHO-

ro By3na 4, B,C 3a ¢popmynamu (6) — (9) HaBeneHo y
Tabn. 1, a inTerpanbhnii mokasHuk Wy, grorm = 0.096.

w; 8

€))

Wsystem =
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Tabruys 1 — Po3paxyHOK MOKAa3HUKIB CHCTEMH

By30ﬂ Ai Pi P() Li Wi
A 11.1442 | 0.4457 | 0.5542 | 0.8043 | 0.0721
B 9.9502 | 0.4975 | 0.5024 | 0.9901 | 0.0995
C 7.2139 | 0.4809 | 0.5190 | 0.9265 | 0.1284

BucHoBkn

VY wiit poboTi OyJIO0 3aIPOIIOHOBAHO METOJ| aHAJi3y
3aBaHTaXEHHs1 Kiactepy By3niB y MESH-mepexax Ha
OCHOBI MaTeMaTHYHOTO amapary Mepex Jxekcona. Ilo-
OymoBaHa MOJETH JO3BOJIIUIA OLIHUTH KITIOYOBI mapame-
Tpu poOOTH MepexKi, BKIIFOUAI0UN iHTEHCUBHICTE Tpadiky,
Koe(iieHTH 3aBaHTAXKCHHS BY3JIB, CEpEIHIO KiIbKiCTh
3asBOK i yac ix mepeOyBaHHs y By3nax. Lle mamo Moxm-
BICTh BH3HAUUTH YMOBH CTa0iJIbHOT POOOTH CHCTEMH Ta
BUSIBUTH BY3JIM 3 KPUTUYHUM HABaHTaXKECHHSIM.

PesynbraTi AOCHIIKEHHS MiATBEPAUIN e(PEKTHB-
HICTh 3alpOIMOHOBAHOTO Mmigxoay s aHamizy MESH-
Mepex, 0COOJIMBO B YMOBaX JAWHAMIYHUX 3MiH Tpagiky
Ta HEOJHOPIHOTO HaBaHTaXXCHHS. BukopucraHHs Me-
pex JIkekcoHa 3a0e3nedye THYUKiCTh y MOJAETIOBAHHI
CKIaIHUX PO3MOAUICHUX CHCTEM, a TaKOX JO3BOJISE
3MIACHIOBATH OINTHMI3aIlif0 PECypciB 1 IMepepo3moaina
Tpagiky A JOCSATHEHHS MaKCHMaJIbHOI NTPOXYyKTHBHO-
CTi Mepexi.

OTtpumaHi pe3yiabTaTH MOXYTh OyTH BUKOPUCTaHI
JUIsl BAOCKOHaeHHs icHytounx MESH-mepex, rmany-

BaHHS HOBHMX CHCTEM Ta PO3pOOKH aJTOPUTMIB yIpaB-
JiHHA TpadikoMm y peanbHOMy uaci. Ilopamemi mocii-
JDKEHHSI MOXKYTh OyTH CHPSIMOBaHI Ha PO3LIMPEHHS MO-
Jerl 3 ypaxyBaHHSAM OUIbII CKJIQJAHUX THHIB Tpadiky,
BIJIMOB BY3JIIB Ta iHIIMX ()aKTOpiB, sIKi BIUIMBAIOTH Ha
poOOTY Mepexi B peabHAX YMOBaX.

3armponoHOBAaHUN METOJA aHaji3y 3aBaHTAXCHHS
kmacrepy By3niB y MESH-mepexax moxke OyTn mpak-
THYHO BIIPOBADKCHUH Yy MpOIecaX MPOEKTYBAHHS 1 OI-
TUMI3aIii TeleKOMyHIKaliifHux cucteM. Monens Ha
ocHOBI Mepex JIKekcoHa IO3BONAE iMeHTH(IKYBaTH
BY3JIM 3 KDUTUYHHM HaBaHTAXKCHHSM Ta MPOTHO3YBaTH
iXHIl cTaH 3a yMOB 3MiHHOrO Tpadiky. lle Moxe OyTH
BUKOPHCTAHO JUIS NMOOYAOBH aBTOMAaTH30BAHUX CUCTEM
MOHITOPUHTY Ta YHpaBJIiHHA MepekaMH, siKi 3abesre-
YyBaTUMYTh OaJaHCYBaHHS HAaBAaHTA)XEHHS Yy pPEaJIbHO-
My 4aci.

OkpiM TOro, pe3yibTaTH IOCIIKCHHS MOXKYTb
3HalTH 3acTocyBaHHA y cdepi [oT-mepex, ne HeoOXin-
HO 3a0e3meunTr cTabiIbHy Iepenavy NaHNX MK BEIHd-
KOIO KUTBKICTIO TIPUCTPOIB. [HTErparis Moxer B cucre-
MU YOPaBIiHHS JO3BOJHTH NOKPAIIUTH e()eKTHBHICTH
BUKOPHCTAHHSI PECYPCIB MEpexi, MiHIMI3yBaTH 3aTPUM-
KU Tiepenadi iHpopMalil Ta yHUKaTH MepeBaHTAKEHHS
BY3IIIB.

Le 0coOMMBO aKTyaabHO ISl KPUTUYHO Ba)KIIMBHX
3aCTOCYBaHb, TAKHX K CUCTEMH PO3YMHOTO MiCTa, iH-
(bpacTpykTypa Oe3leKd Ta CEHCOPHI MEpexi JJisi MOHi-
TOPUHTY.
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Method for analyzing the load of MESH-network cluster nodes
based on the mathematical model of Jackson networks

Mykola Savchenko, Maksym Shyman

Abstract. The article presents a method for analyzing the load of a cluster of nodes in MESH-networks based on the
mathematical apparatus of Jackson networks. A mathematical model is considered that describes the interaction of nodes in the
cluster. In particular, the model describes their ability to process incoming traffic and redistribute flows among themselves. The
model takes into account the probabilities of application transition between nodes, the service speed of each node, and external
incoming traffic. The main attention is paid to the analysis of the node load and the conditions of system stability. The calculation
of the node load coefficients and the probability of the absence of applications is carried out. The average number of applications
in each node is also calculated. It is shown that to ensure stable operation of the system, it is necessary that the load coefficient of
each node be less than one. The influence of system parameters, such as the intensity of incoming traffic and the speed of service,
on the performance of the cluster is determined. The proposed approach is an effective tool for optimizing MESH networks, as it
allows you to identify nodes with critical loads and assess the stability of the system as a whole. The model can be used to design
new networks and improve existing ones. The model will be especially useful in conditions of heterogeneous traffic and dynamic
changes in system parameters.

Keywords: Jackson network, cluster, mathematical model, MESH network, traffic.
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GENERATION OF SURFACE OSCILLATIONS
OF SEMICONDUCTOR STRUCTURES BY CHARGED PARTICLE FLOWS

Abstract. The results of the work determine the degree of influence of flows of charged particles induced by external
electromagnetic radiation on the performance of communication equipment. The aim is to determine the conditions for the
development of hydrodynamic instabilities of electrostatic oscillations in communication system devices containing
semiconductor layers surrounded by media with different electromagnetic properties. The following results are obtained: A
mechanism for the occurrence and development of surface electrostatic oscillation (plasmon) instabilities is proposed under
conditions where the interaction of electromagnetic oscillations and a flow of charged particles generated by external
electromagnetic radiation is ensured by the presence of a boundary. Specific features of the transformation of the spectral
characteristics of the energy of transition radiation associated with the presence of an interface between media with different
electromagnetic properties in open-type radiophysical systems are determined. A new physical mechanism for the generation and
amplification of surface electromagnetic oscillations by flows of charged particles, the characteristics of which are determined by
the properties of the interface between conductive solids, is developed. Conclusion. The criteria for the occurrence and development
of surface plasmon instabilities associated with the nonequilibrium of electronic systems obtained in the work are realized in
conductive solids. Therefore, they can be used in the development of active devices of semiconductor electronics designed to
amplify, generate and convert electromagnetic oscillations in the millimeter and submillimeter ranges. The comparative analysis of
the increments of beam-plasma instabilities of various branches of electrostatic oscillations during the motion of a particle flow
along the normal or along the interface of media, carried out in the work, allows us to solve the problems of optimizing existing
mechanisms for amplifying oscillations in structures used in modern radiophysics (MDS, MOS, various types of p-n junctions).

Keywords: beam instability of electrostatic oscillations, semiconductor components, induced current, electromagnetic

radiation, surface oscillations.

Introduction

One of the urgent tasks of modern radiophysics is
the need to master the submillimeter and short-wave part
of the millimeter ranges of electromagnetic oscillations.
These ranges are important not only for many technical
applications: radar, radio navigation, communication
technology, computing technology, but also in biology,
medicine, as well as in research in various areas of
theoretical physics.

The possibility of mastering this range is impossible
without creating appropriate sources of electromagnetic
radiation. In solving it, two approaches were determined.

On the one hand, attempts are being made to
improve devices that operate in a lower-frequency part of
the spectrum, namely, avalanche-transit diodes,
microwave transistors, Gunn diodes. These include
studies of plasma-wave effects, unstable states and
resonances in conducting solids. The results of these
studies open up new possibilities for generating
oscillations in this range, and also solve problems of
radio spectroscopy of solids. On the other hand, research
is being conducted aimed at using the laser principle of
amplification and generation of electromagnetic waves in
the submillimeter range, which is implemented in optics
(in semiconductor lasers). A necessary condition for the
successful solution of the tasks set is the availability of
an appropriate element base created on the basis of
materials with predictable parameters.

Modern technology allows creating conductive
solid-state structures: semiconductors with a two-
dimensional (2D) electron gas, a superlattice, as well as
films and structures of the metal-insulator-semiconductor
(MIS) type, etc. The study of the electronic properties of
ultra-thin layers and plasma oscillations caused by the

collective behavior of charges determines the
mechanisms of their formation.

Solutions to the issues of interaction of plasma
oscillations with flows of charged particles are also
important for diagnostics and practical use of conductive
solid-state structures (for example, in micro- and
nanoelectronics). The fact is that in structures that have
submicron dimensions, the ballistic mechanism of charge
transfer is implemented. Therefore, they may exhibit
instabilities based on the effects of Cherenkov, transition
and bremsstrahlung radiation of particles.

In addition, the results of studies of wave processes
in a limited semiconductor plasma can be used for
contactless methods of diagnostics of electron spectra of
charge carriers and surface properties. Finally, new
branches of electromagnetic oscillations arise in limited
media, as well as a connection between different types of
oscillations due to the presence of external boundaries.

This work to a certain extent compensates for the
existing gaps in studies of wave processes in
semiconductor plasma. It examines the mechanisms of
generation of electromagnetic oscillations of the
submillimeter and short-wave part of the millimeter
ranges, caused by their interaction with flows of charged
particles induced by pulsed electromagnetic radiation in
semiconductor structures used in modern radio
electronics and communication technology.

Task solution

Let us consider the dispersion characteristics of
electrostatic oscillations in a system that is a semiconductor
layer (or dielectric) surrounded by semi-infinite media with
different electromagnetic properties [5]. To find the
spectrum of electrostatic oscillations of a given structure,
we will use the following electrostatic equations:

© Serkov A., Breslavets V., Breslavets J., Yakovenko I., 2025
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rotE=0; (1) divD=0. )

The electric induction vector 5<F,t) is related to

the electric field E (F,t) by the material equation:

t A
D(r.t)= j e(t—t)E(r,t)dt. 3)
—00
We select the reference system in such a way that
the y-axis is directed perpendicular to the interface
boundaries, and the x,z-axes are parallel to them. The
system is assumed to be infinite along the x,z-axis.
Let the plate with & =& occupy the region -d <y

< d; the half-space —o < y < —d - is the medium "2" with
£=¢&,, , the half-space d <y <o- is the medium "3"
with € =&3.

At the interface boundaries y=*d, the conditions of
continuity of the tangential components of the electric

field E and continuity of the normal components of the
induction vector are satisfied. At y =+oo, the y4riables

included in equations (1)-(2) vanish. We represent the
field E(F,t) in the form:
E(rt) = E(y)e@ 0 @)
Where a is the wave vector, ® - is the oscillation
frequency, p = (,z) . Since the medium is assumed to be
isotropic, the x-axis can be directed along the wave vector
q. In this case E(F,t) =E(y,xt); E=(E, Ey). The
solution to system (1) - (2) takes the following form:
ae?,—o<y<—d;
Ex(y)={ae¥ +a,e ™ -d<y<d; (5

a3e_qy,d <Yy <oo;
Ey(y)=i@,—>q>0-
iq oy

The boundary conditions at y=td give the following
dispersion law for the natural oscillations of the system:

(e1+&2)(e1 +&3) = (61— &2)(&1 — &3) exp(—4qd) , (6)

o0
where & (@) :I 5 =& (r)e'”"dr - the permittivity of
0

the i-th medium. For the semiconductor layer it is

2 2
g 2 _ 4re”ng;
) 1 —
w? m;

assumed that: &;(@) = &g — , Eoi
dielectric constant of the crystal lattice. ng, m; —
concentration, effective mass of conduction electrons of
the medium. Expressions for ¢; are obtained from the
equation of motion of conduction electrons.
The constants a; are related to each other by the
following relationships:
2&8 &g—¢ _
19 _ AT g g2ad

dy =
& t&o

& té& ’

2¢ -
ag = —2—ae 20, (7)
& tég
For large wave numbers (gd>>1) we obtain two
independent solutions: & +&, =0 u & +& =0 and

describing surface plasma oscillations on isolated
boundaries y =+d of media "1-2" and "1-3". In the

opposite limiting case (d—0) we have plasma surface
oscillations on the boundary of media "2" and "3"
(& + &3 =0). For small but finite gd, plasma oscillations

also arise in the layer & (w)=0.
From equation (6) it follows:

(1+(a+B)/2)" -2x

2
2 :Q_l 1+a+ﬂ

@iz = 2 T| @+ B+ A+ ap)theqd -(8)
1+th2qd
)
Here £01 = €02 = €03 = €0 5 Qf = oy /80 ;

Q% = anz ; Q% = ,Ble; o and B; are real numbers
expressing the relationship between the concentrations of
charge carriers in different media. An example of such a
system is, for example, "R - P"- transitions at y = £d.

It is interesting to note one circumstance related to
the symmetry of the system. If we put in expression (6),
then it splits &3 = &5 into two independent equations:

(e1+62)=%(& — &) exp(-2qd) )

The equation with the "+" sign describes
oscillations with a symmetric distribution of the
tangential component of the field in the layer

E,(—d) =E,(d), the second - with an antisymmetric
one. If medium "1" is a dielectric with & + &4 , and where
& =¢(@), where

second is a semiconductor

e(w)=¢g —zvg / ®” , then the spectra of symmetric and

antisymmetric oscillations have the following form:

% 10
w.]-(q) «’6‘0 +€dthqd ( )
t (11)

w R
Z(q) \[6'0 +8dCthqd

On the contrary, in the case of & =¢(@) and
&y = &4 the spectrum of symmetric oscillations is

described by formula (11), and antisymmetric ones by
formula (10). For the metal-insulator-semiconductor
structure &, >, & =¢&4, & =¢&(@) , there is only
one branch with the dispersion law:

@
@(q)= 12
(@) \J&o +&4cth2qd (12

Let us now consider the interaction of the flow of
charged particles with the oscillations of the electric field
in these structures. Let the flow of electrons with density
ng and velocity vy move in the medium "1" (& =¢&4)

along the X-axis (in the final formulas we can always put

206



ISSN 2073-7394

CucreMu ynpaBiTiHHS, HaBiramii Ta 38's3ky. 2025. Ne 1

(¢4 =1) . At the boundaries y = * d the normal component
of the induction vector undergoes a discontinuity caused
by the occurrence of surface charges. Thus, from the
Poisson equation, at y = d it follows that the boundary
condition takes and is written as follows:
d+0
&qEy (d+0)—Dy(d-0) =4z j ndy .
d-0
The disturbed concentration n of beam electrons is
related to the velocity V by the equations of
hydrodynamics:

(13)

i(w—qvo)nziqnovx+%[no(y)vyJ; (14)

(@ —quo)v =i E. (15)
m
Using (14), (15), after integrating over the transition
layer (13) we find:
2
@ &4

£4Ey(d +0)~Dy(d ~0) = SEy(d+0). (16),

(@-av
Where @y, = (47rezn0 / m)ll2

is the plasma

frequency of the beam electrons. Let us further assume
that &y = &3 = g(a)) . In other words, there is a gap in the

semiconductor plasma through which a flow of charged
particles passes. In this case, in the dispersion relations

(9), it is necessary to replace g  with
&4 —a)g/ (a)—qvo)z . As a result, we obtain:
2 2 2 a)ng

[0) —Q&(Q)J(Q’—QVO) :m; (17)
22 2 a’ga’z

[0® - 03 @ J(0-ao)® =2 19)

We obtain the solution of equation (17) using the
approximation of low beam density cos / wg <1 [7]

Assuming m,=0, we define two independent solutions:
o= (q). 19)

w=0qvy. (20)

The first characterizes the already known natural
oscillations of the system in the absence of a beam, the
second — oscillations in a beam with low density. Taking
into account the finite density of beam electrons leads to a
change in frequencies and the emergence of instability (the
Akhiezer and Feinberg mechanism). Under the conditions
of Cherenkov resonance, when the frequencies and wave
numbers of both branches coincide, the oscillation
increment y has a maximum value:

1/3
7 _3[ efthad
208 |

w 2
The magnitude of the instability y increment
characterizes the oscillation generation mode since it

ey

determines the exponential growth of the amplitude E of
the electromagnetic fields of radiation of semiconductor
devices with time:

E mexp(+yt); vy =1/At,

where At — the time of effective interaction of induced

currents and natural oscillations of the semiconductor
structure (the time it takes a particle to pass through the
semiconductor layer).

The relative increment for antisymmetric
oscillations with a frequency @ =@, (q) is found in a

similar way. It differs from formula (21) by replacing
th gd with cth ¢gd. For small qd, the relative increment for
)1/3

a branch @;(q) is proportional to (qd , and for a

branch @,(q) it turns out to be significantly larger and

proportional to (qd )_1/3. This is due to the fact that the

perturbed electron density in the flow is localized at the
boundaries and therefore the interaction of space charge
waves is more effective with antisymmetric plasmons.

The interaction of an electron beam with plasma
oscillations was experimentally studied in indium
antimonide and germanium [9, 10] in the millimeter and
submillimeter ranges. Due to the high frequency of electron
collisions v, the weak coupling condition is realized in the
experiment, where A < v, where Aw is the change in the
frequency of natural oscillations in the presence of a beam.
Therefore, compensation of the wave amplitude attenuation
is observed due to the energy of the particle flow.

Analysis

Let us present quantitative estimates of the
conditions of resonant (Cherenkov) interaction of surface
plasmons with flows of charged particles induced by
external electromagnetic radiation, i.e. the possibilities of
their generation (amplification) in currently used
microwave semiconductor devices. The frequency of
surface plasmons for typical values of semiconductor
structures used in modern radio electronics is

W = 10° —10%!s71 . The drift velocity of carriers for fields
in the range of amplitudes of electric E and magnetic H
field strengths acting on the semiconductor structure of
radiation is E <100kV/m; H <600 4/m consists
Vp ~107"-107° sm/s. Therefore, the conditions of
resonant interaction of waves and particles (equality of the
phase velocity of the wave v, and the drift velocity of
Vg = 05 /q= vap the particles of the induced current are
fulfilled for millimeter (submillimeter) wavelengths
A=2x/q=~ 1071 -10"3sm. Thus, the proposed physical
model of the emergence of conditions for the generation
(amplification) of oscillations is realized for most
semiconductor devices used in modern radio electronics
since their dimensions are within 10! — 103 sm.

Conclusion

The conditions for the development of
hydrodynamic instabilities of electrostatic oscillations in
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communication system devices containing
semiconductor layers surrounded by media with different
electromagnetic properties are determined.

The problem of the development of the initial
perturbation of the charged particle flow, the appearance
of which is caused by the action of external
electromagnetic radiation, when it passes through the
interface of media with different electromagnetic
properties, is solved.

Determination of the mechanisms of collisionless
attenuation of surface electrostatic oscillations and the
conditions of its reversal associated with the interaction
of waves and flows of charged particles at the boundary
of conducting solids.

Expressions are obtained for the increments of
hydrodynamic beam instabilities in semiconductor

structures and structures with ballistic charge transfer.

Ratios are obtained that connect the characteristics
of semiconductor structures and the parameters of
charged particle flows, ensuring the occurrence of
unstable states similar to the Akhiezer-Fainberg
instability.

A new physical mechanism for generating and
amplifying surface electromagnetic oscillations by flows
of charged particles, the characteristics of which are
determined by the properties of the interface between
conducting solids, has been developed. Specific features
of the transformation of the spectral characteristics of the
energy of transition radiation associated with the
presence of an interface between media with different
electromagnetic properties in open-type radiophysical
systems have been determined.
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I'eHepanisi MOBePXHIBHUX KOJIMBAHb HANMIBNPOBITHUKOBHX CTPYKTYP MOTOKAMM 3apPsi’KEHHX YaCTOK
O. A. Cepxos, B. C. Bpecnasers, 0. B. Bpecnasenp, 1. B. SIkoBeHko
bl bl bl

AHoTanisi. Pesynsratn poOOTH BH3HAYaIOTh PiBEHb BIUIMBY ITOTOKIB 3aps/DKCHHX YaCTHHOK, HABEICHHUX 30BHIIIHIM
€JIEKTPOMATHITHHM BUIIPOMIHIOBaHHSIM, Ha po00Yi XapaKTEPUCTHKU 3ac00iB 3B's3Ky. MeTa CcTaTTi — BU3HAYCHHS YMOB PO3BHTKY
TiAPOIMHAMIYHUX HECTIHKOCTEH eNEKTPOCTATHYHUX KOJIMBAHb Y IPHCTPOSIX CHCTEM 3B'SI3KY, 110 MICTATh HAIliBIPOBITHUKOBI IIapH,
OTOYEHI CepeIOBUIAMH 3 PI3HHMH eleKTpoMarHiTHUMHU BiactuBocTsMU. The following results are obtained: 3ampomonoBanHO
MEXaHi3M BHHHMKHEHHS Ta PO3BUTKY HECTIIKOCTEH MOBEPXHEBHX ENEKTPOCTATHYHHX KOJIMBaHb (IUIa3MOHIB), B yMOBAaX, KOJH
B32EMOJIisl €IEKTPOMArHITHUX KOJHMBaHb Ta IIOTOKY 3aps/KEHHX YaCTHHOK, CTBOPIOBAHMX 3OBHIIIHIM €JEKTPOMArHiTHUM
BUIIPOMiHIOBaHHSM, 3a0e3MeuyeThcsl HasBHICTIO KOp/IoHY. BusHaueHno crnerudivuni 0co6auBocTi TpaHchOpMaIil CrieKTpaIbHIX
XapaKkTepUCTUK EHeprii MepexiqHOro BUIIPOMIHIOBAaHHS, IOB'SA3aHi 3 HAsABHICTIO MEXI MOy CEpeloBHI] 3 pPi3HUMHU
CJIEKTPOMArHITHUMH BIACTHBOCTSIMHU Y Pafiodi3MYHUX CHCTEMax BiIKpUTOro THmy. Po3pobneHo HOBHI (i3udHMII MexaHi3M
reHepanii Ta MOCUJICHHS MOBEPXHEBHUX €JIEKTPOMArHITHHX KOJNHBAHb IOTOKAMH 3aps/DKEHHX YaCTHHOK, XapaKTEPHCTUKH SKHX
BU3HAYAIOTHCS BIACTHBOCTSIMH MEX1 PO3JIUTY TBEPAMX Tix, 1m0 mpoBoaaTs. Conclusion. OTpumani B poOOTi KpuTepii BAHIKHEHHS
Ta PO3BUTKY HECTIHKOCTEil MOBEPXHEBHMX ILIA3MOHIB, TOB'S3aHI 3 HEPIBHOBAKHICTIO EJEKTPOHHHX CHCTEM, PEAi3yHOThCS Y
TBEPIUX TiNaX, MO MPOBOAATH. TOMYy BOHH MOXYTh OyTH BHKOPHCTaHI IPH PO3pOOIi aKTHUBHUX TMPUCTPOIB HAIIBIIPOBITHUKOBOL
CNIEKTPOHIKH, NMPU3HAYCHHUX ISl MOCHJICHHS, TeHepYBaHHS Ta MEPETBOPECHHs ENIEKTPOMAarHiTHUX KOJHWBAaHb MITIMETPOBOTO Ta
cyOminiMeTpoBoro niama3oniB. IIpoBenenuii y poOOTI MOPIBHSUIBHUI aHaji3 1IHKPEMEHTIB IyYKOBO-IUIA3MOBHX HECTiHKOCTEi
PI3HHX TIIOK €JIEKTPOCTaTHYHUX KOJMBAaHb MPH PYCi MOTOKY YAaCTHHOK 32 HOPMAJLTIO ab0 B3IOBXK MEXi PO3Iily ceperoBHIL,
JIO3BOJISIE BUPILIYBaTH 3aBJAHHs ONTHMIi3allii iCHyFOUNX MEXaHi3MiB IIOCHJICHHS KOJIUBAaHb y CTPYKTYpaX, 10 BUKOPHCTOBYIOThCS
B cydacHii paxio¢izuni (M/II, MOII, pi3HEX p-n HepexoniB).

Kaw4oBi ciioBa: myykoBa HECTIMKICTh €IEKTPOCTATUYHHX KOJMBAHb HAIIBIPOBIIHUKOBI KOMIUICKTYIOUi, HaBEICHHUI
CTPYM, €JIeKTPOMarHiTHe BUIIPOMiHIOBAHHS, [IOBEPXHEBI KOJIMBAHHSI.
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OIIHIOBAHHSA E®EKTUBHOCTI IEKOJAYBAHHA 3A BIIOPAJAKOBAHUMMU
CTATUCTUKAMMU AJITEBPATYHUX 3rOPTKOBUX KO/IIB

AHoTanisi. Y po6oTi pO3rISIHYTO 3aCTOCYBAaHHS JEKOAYBAHHS 3a BIIOPSAKOBAHMMH CTaTHCTHKAMU JI0 KOPOTKHX aire0-
paigHnX 3ropTkoBHX KoaiB. [lokasaHo, o JaHWH MiAXiX JOIIBHO 3aCTOCOBYBATH UIS HAIIHHOTO HepeqaBaHHs CITyK00-
BUX IOBITOMJIEHb Y KaHaJaX KepyBaHHs HOBITHIX CHCTEM paJio3B’s3Ky. Y poOOTi 3aIpONOHOBAHO aITOPUTM AJIS IIpOrpa-
MHOI peaitizauii mpoliecy 3aBafoCTiHKOro mepenaBaHHs iHGopMaii A1 faHuX YMOB. PO3ristHyTO 3arajibHi MPUHLUIN Ta
0COOIMBOCTI peaizallii OCHOBHHX €TalliB MOJIENIIOBaHHS. J{0CiiHKeHHS POBOIMINCE A anreOpaidHuX 3TOPTKOBHX KOJIB
3 MaKCUMAaJIbHOIO KOJIOBOIO BiICTAaHHIO JJI Pi3HUX OBXKHH KOJOBOTO 0OMEXeHHA. [leKoayBaHHS JaHUX KOIIB pealizoBy-
BaJIOCH JUIS IBOX OOpPaHUX CTENEHIB BIOPAJKOBAHUX CTATHCTHK Y KaHAJi 3 aAUTUBHUM OUJIMM rayCOBUM LIYMOM. Y pO3po-
OJieHiif mporpaMHiil pearizalii JeKOAyBaHHS 3/iHICHIOBAIOCH 32 KPUTEPIEM MiHiMi3allii 3BayKeHOT Bark XeMiHra Mix 3reHe-
POBaHUMHM TECTOBHMH KOJOBHMH CIIOBAMHM Ta NMPUIHATHM CIOBOM. MOJIETIOBaHHS 3aBEPIUIyBAIOCH P JTOCSITHEHHI HiTBO-
BOTO 3Ha4YCHHS KOoe(DillieHTy MOMUJIOK. 3a pe3yJibTaTaMH IIPOBEACHNX JOCIIDKEHb BU3HAUEHO, 10 ICKOAYyBaHHS 3a BIOPSI-
JIKOBAaHUMH CTaTHUCTHKAMH € e()eKTUBHUM JJII KOPOTKHX alreOpaidHuX 3ropTKOBUX KOMIB, OCOOINBO Y Jiarna3oHi BUCOKOTO
BigHOIIEHHS cUrHAN/IIyM. [IpencTaBinenuii MeToa JeKOAyBaHHS AOLJIFHO BUKOPUCTOBYBATH JUIS IiIBUINECHHS €(pEKTUBHO-
CTi mepenaBaHHs CITy>k00Boi iH(opMaii Ha 6a3i KOPOTKUX anreOpaidHUX 3rOPTKOBUX KOJIB y CHCTEMax paio3B’si3Ky HO-
BOTO TTOKOJIHHS.

Kaw4voBi caoBa: anredpaiuni 3ropTKOBi KOJHU, BIOPSIKOBaHI CTATUCTUKH, JCKOIYBaHHs, C)EKTUBHICTh, MOJICITIOBAH-

HSl, CHCTEMH Pagio3B’sI3Ky.

Beryn

IMocTanoBka mpo6Jemu. HoBiTHi cucremu pa-
Ii03B 3Ky TependavaloTh HaJaHHS PI3HOMAHITHHUX iH-
(dopMariifHuX Ta KOMYHIKaIiHHUX TOCIYT 3 MiABHIIE-
HUMH BUMOTaMH JIO IIBHJIKOCTI, HAIIHHOCTI Ta 3aTpUM-
ki 00poOku iHopmaii. s 3abe3neueHHs 3amaaHOl
SIKOCTI HaJJaHHS TIOCIYT Ha (pi3MYHOMY PIiBHI JJAHUX CHC-
TEM peai3yloThCs YIOCKOHAJICHI METOIU MOIYJIALLII,
u(ppoBoi 0OPOOKK CHUTHAIB Ta 3aBaJOCTIHKOrO KOMIY-
BaHHs. 30KpeMa, 3aBaOCTIKE KOIYBaHHS BiIrpae Ba-
XKITUBY POJIb NPU JIOCSITHEHHI TaKMX KJIFOYOBUX ITOKa3-
HUKIB €(EeKTHBHOCTI CHCTEM pamio3B’s3Ky SK HalIiid-
HICTh TepenaBaHHs iHQopMaIlii, 3arajJpbHa MPOAYKTUB-
HICTh CHCTEMH, 3aTPUMKa 0OpPOOKH JTaHMX Y By3JlaX Me-
peXi, po3Mip 30HH TOKPUTTS MEPEKi, CHEKTpalbHA
e(EeKTHBHICTh Ta CHEPreTHYHa e(PEeKTUBHICTH Mepexe-
Boro obnaguanus [1 — 3].

BaxnuBy poib y CydacHHX TEXHOJOTIAX pa-
JII03B’SI3Ky BiArparoTh 3ropTkoBi koau. Ha manuii mo-
MEHT iCHy€ 3HayHa KiJIbKICTh PIi3HMX THIIB JaHHUX KO-
IliB, III0 BUKOPUCTOBYIOTHCS OKpeMO abo B CKJIaJli Kac-
KaJHUX KOIOBUX KOHCTpYyKIii. Hampuxman, Hepexyp-
CHUBHI 3TOPTKOBI KOJM 3HAXOJSTh 3aCTOCYBAHHS y CHC-
TEeMax pajio3B’sI3Ky Jpyroro IMoKodiHHA. B monansmio-
My y CHCTeMax pPajio3B’sI3Ky TPETHOIO Ta YETBEPTOTO
MTOKOJiHb OYJI0 3MilficCHEeHO mepexin 10 TypOOKOIiB, Mo-
Oy/0OBaHMX Ha OCHOBI PEKYPCHBHHMX 3TOPTKOBHX KOJIIB.
CTaHZapTHUM METOJIOM JEKOJyBaHHsS 3TOPTKOBHX KO-
IiB € anroput™m Birepbi, o04ucIOBalbHA CKIAIHICTH
SIKOTO 3HAYHO 3POCTAE JJIsl BEJIUKOI IOBXHHU KOJIOBOTO
obmexxeHHs. 3 iHImOro OOKy, 3aCTOCYBaHHS CIIEIlialib-
HOTO KJIacy aire0paidHuX 3rOPTKOBUX KOMIB JTO3BOJISE
rapaHTyBaTH BUCOKI KOpETyBaJbHI XapaKTEPHUCTHKH Ta
BHKOPHUCTOBYBATH JIOCTATHHO MPOCTi anreOpaidHi MeTo-
oM nexopyBaHHS. TpaauiiiiHOO 00JIaCTIO 3rOPTKOBHX
KOJIB € 3aXMCT BiJ HOMHJIOK JIOBIMX iH(popMaLiitHuX

nociigoBHocreil. Ilpore HeoOXimHICTH TepenaBaHHS
KOPOTKHX IOBIIOMJIEHb y KaHallaX KepyBaHHS CHCTEM
pamio3B’si3Ky M’SATOrO Ta IIOCTOrO MOKOJIHb BHMArae
BUPIIIEHHS aKTyaJIbHOT 3a/1a4i MOUIyKy Ouibil edekTu-
BHHMX METOJIB JiekoxyBaHHs [4, 5].

AHayi3 ocTa”HHIX JocaifkeHb i myOaikaniii.
VY [6] mpeacraBneHO CHUCKOBUET METOJ| JEKOIyBaHHS
3TOPTKOBHX KOZIB, [0 MAIOThH MEPEBIPOYHY MATPUIIO 3
HU3BKOIO IMUTBHICTIO TEpeBipoK Ha mapHicTh. [lepena-
TOI0 TAHOTO METOAY € 3a0e3ledeHHs JOCHTh Mayoi 3a-
TPUMKH JICKOJyBaHHs 332 PaXxyHOK BHKOPHUCTaHHS (ik-
COBAHOTO BIKHA [IEKOMYBaHHSI Maioro posmipy. Y [7]
PO3IJISIHYTO JCKOJAYBaHHS Ha OCHOBI KOB3HOTO BiKHA
JIOKQJILHO BiJJHOBJIIOBAIBHHUX aJIreOpaiyHUX 3rOpTKOBUX
koiB. [Toka3aHo, 110 I1i KOJAHM XapaKTEePU3yIOThCS BHCO-
KOI0 KOPETyBaJIbHOIO 3aTHICTIO Ta MPAKTUYHO J0CsTa-
toth rpanuni Cinrnrona. VY [8] mns nexonyBanus nude-
peHIIaJbHUX 3rOPTKOBUX KOJIB BUKOPUCTAHO anredpai-
gyanit  Merox  [litepcona-I'opeHcreitna-Llupnepa. 3
OTPHMaHUX y poOOTi pe3ybTaTiB BUILUIMBAE, IO Yepe3
00pOOKY JIHIIIE KOPCTKUX pillleHb €EKTUBHICTH JEKO-
JyBaHHS € JOCHTh HEBUCOKOIO. [lyis mijBHIEHHS edek-
THBHOCTI ajreGpaidHuX 3ropTKOBHX KoxaiB y [9] mpen-
CTaBJICHO OlOIHCHIPOBAHWIA METOJ IEKOIyBaHHS, IO
3aCHOBaHUH Ha TpoIeaypi AudepeHiaTbHOI eBOIOII].
Y po0oTi pO3MISHYTO OCOOIHMBOCTI OCHOBHHX €TariB
JICKO/IyBaHHs Ta MIiATBEP/PKEHO JOCSATHEHHS MEHIIO]
IMOBIPHOCTI MIOMWJIKM JEKOJyBaHHsI MOPIBHSHO 3 ajre-
Opaiunum metozoM nekoxyBanus. Y [10] 3ampomnono-
BaHO AITOPUTMH JUISi NPOrpaMHOI peaiizamii JaHoro
METO/y JE€KOyBaHHS aJreOpaiuHuX 3TOPTKOBHUX KOJIB.

V [11] noka3aHo, IO IEKOIYBaHHS 3a BIOPSAKO-
BaHMMH CTaTUCTUKAMHM MOXXHa PO3IIIIATH Y SIKOCTI
YHIBEPCAILHOIO METOJy AEKOJyBaHHS KOPOTKHX 3aBa-
JocTiknx komiB. 3okpema, y [12] mpoBemeHo nocii-
JDKEHHS O0COOJHMBOCTEH IHOTO METOXy JEKOIyBaHHS,
MPOAHATI30BaHO CTATHCTUYHI BIIACTUBOCTI Ta BILUIUB
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3Ba)KEHOI Barn XeMiHra MiXK OL[IHKaMH KOJOBOTO CJIOBa
Ta NPUIHATHM 3 KaHalTy 3B 513Ky CJIOBOM Ha peaizalliio
nexozepy. s 3MEHIIeHHsT 00YUCITIOBaIbHOT CKJIaIHO-
cTi gexkomyBanHs y [13] 3acTocoByeThes JOKanbHE 006-
ME)XCHHS BIOPSAKOBAHUX CTATUCTUK JJIS TIOLIYKY TeC-
TOBHX IOMHJIOK 3 BHKOPHUCTAHHSAM MOIU(PIKOBAHOTO
nexonyBaHHS Bitep0i. BBemeHHs crenudiuHuMX mapa-
METpiB Ta IMOBIPHICHHUX OILIHOK JUIS 3MEHIICHHs o0ac-
Ti TOLIYKY TECTOBHX HMOMMJIOK JO3BOJIAIOTH ITONATKOBO
MOKPAIIUTH e(QEeKTHUBHICTh NEKOIYBaHHS 32 BIIOPSIKO-
BaHMMU cTaTucTUKamu [14].

TakuMm 4KMHOM, TIPOBEAEHHMI aHaJi3 IOKa3aB, IO
JOLIIBHO PO3IJISIHYTH 3aCTOCYBaHHS NPOLEIYPH BIIO-
PSIKOBAaHUX CTAaTUCTHUK JUISA TIJBUIICHHS €(eKTHBHOCTI
JICKO/TyBaHHsI KOPOTKUX aireOpaidHUX 3rOPTKOBHX KO-
JIB y CUCTEMaX pazio3B’si3Ky HOBOTO ITOKOJIHHS.

MeTta cTaTTi: OIIHIOBaHHS ¢()ESKTUBHOCTI ICKOIY-
BaHHS 3a BIOPSIKOBAHMMH CTATHCTUKAMH KOPOTKHX
anreOpalyHUX 3rOPTKOBUX KOIIB Yy CHCTeMax pa-
J1I03B’ 13Ky HOBOTO ITOKOJIIHHS.

Buknag ocHOBHOro Mmarepiajy

Heskuit (n,k,m) anre6Gpaiunuii 3ropTKOBHH KOI
MIOBHICTIO 33J[a€ThCSl y3araJbHEHOIO IOPOJKYBAIBHOIO
MaTpHILero, Mo0YJOBaHOIO 3 BHKOPHCTaHHAM OOpPaHOTO
HENBIIKOBOrO OJIOKOBOTO KOJIy, Ta XapaKTEepU3yeThCs
HACTYITHUMH NapaMeTpaMu: JOBXWHA 1H(opMaLiiiHOro
Kanpy K, JOBXWHA KOZOBOTO Kaapy N, JOBKHHA KOIO-
BOro oOMeKeHHsI M, MIBHUAKICTH KoAyBanHs R . Teope-
THUYHO JTaHi KOAW MOXYTh 3aCTOCOBYBAaTHCH I KOIY-
BaHHS HECKiHUCHOI iHPOpPMaLiHHOI MOCTIIOBHOCTI, ajie
Ha TIpaKkTHI iHQOpMaIliiiHe TTOBITOMIICHHS 3aBXIU 00-
MEXYETBCS Ta 3aCTOCOBYIOTHCS Pi3HI MEXaHI3MHU YCi-
YeHHsI 3rOpPTKOBHX KogiB. lle mo3Boise po3mIsIHYTH
MOJJIMBICTh M’SIKOTO JCKOAYyBaHHs anreOpaiyHux 3rop-
TKOBHX KOIB Ha OCHOBI CTAHJapPTHUX METOIB, HAsB-
HUX y Teopii O10koBUX KoJiB. Binomo, 1o nekoayBaH-
HSl 32 BIIOPSIKOBAHUMH CTaTHCTHKaMH € YHIBepCallb-
HUM Ta e(EeKTHBHHUM METOJIOM /IS OJIOKOBHX KOJIB 3
JIOBUIBHOIO CTPYKTYpOIO, TOMY y pOOOTI MpOBEIcHE
JOCIIJPKeHHST €()EeKTHBHOCTI 3aCTOCYBaHHS JaHOTO IIiJ-
X0y 10 anreOpaidyHuX 3rOpTKOBUX KOJIIB.

OmniHrOBaHHA €(EKTHBHOCTI METOAY ICKOIYBaHHSI
anreOpaiyHuX 3rOpPTKOBHX KOJIB 3a BIIOPSIKOBAHHMH
CTaTUCTUKaMHU 3aCHOBAHO Ha PO3pOOJIeHii mporpaMHii
peamizarii 3a BHKOPHCTaHHAM MOBH IIPOTPaMyBaHHS
Python. Brok-cxema anroput™my TPOBEICHHS MOIEIO-
BaHHS MpeJICTaBlIeHa Ha pucC. 1.

BuxigHUMH JaHUMH U1 MOJICIIIOBAHHS € rapame-
TpH anredpaidHOro 3ropTKOBOIO KOy, AOBXHHA iH(O-
pMaliifHOro MOBIJOMIICHHS, CTEHiHb JEKOJYBaHHS 3a
BIIOPSITKOBAaHMMH CTATHCTHKAMHU, [iaria30H BiHOLIEHHS
CHrHAN/IIyM Ta LiNboBHH KoedinieHT momuinok. Moze-
JIIOBaHHS Tiependadae TeHepyBaHHS KOJOBUX CIIIB IS
KO’KHOTO BUIIAJIKOBOTO 1H(OPMALIITHOTO MOBiIOMIICHHS
Ha OCHOBI y3araJlbHeHOi IMOPOJKYBAJIbHOI MaTpHIli 3a-
JlaHoro anredpaiyHoro 3roptkoBoro koay. IIpu mope-
JMoBaHHI OyJl0o BHKOPHCTaHO anreOpaiyHi 3TOPTKOBI
KOJM 3 MaKCHUMAaJIbHOIO KOJOBOIO BiJICTAHHIO, MOOY/I0-
BaHi Ha 0a3i MOPOKYyBaJIbHOI MAaTpHIll Koxy Pima-
Conomona [9].

ITouaTox

v
BcTaHOBJIGHHS BUXITHUX
napaMeTpiB MOAETIOBAHHS

€

y

[Tiznpouec reHepyBaHHs KOJIOBHUX CIIiB
anre6paivHOro 3ropTKOBOroO KOy

!

INepenaBanHs CUrHATY Yepe3 KaHal 3
AJIUTUBHUM OLTMM rayCoOBHM IIyMOM

v
[Tinnpouec 1eKoxyBaHHS NPUWHATOTO CIOBA
anreOpaitHOro 3rOpTKOBOrO KOy 32
BIOPSI/IKOBAHUMU CTaTUCTUKAMHU

\ 4

BusHaueHHs koedilieHTa MOMUIOK

JlocsATHYTO LiTbOBE 3HAYCHHS
KoedilieHTy TOMUIOK?

Pe3ynbTaTtu MoaentoBaHHs

Puc. 1. binok-cxema anropurmy
MIPOBEAEHHS MOJICITFOBAHHS

[epenaBanns iHpOpMAaIii 3miHCHIOETECS (ha30MO-
JyJTbOBAaHUM CHTHAJIOM, IIO BiJIOBi/a€ KOJOBOMY CIIO-
BY, U€pe3 KaHaJI 3B’SI3Ky 3 aIUTHBHUM OIJIMM rayCOBUM
mymoMm (ABIII). JlexkoayBaHHS MNPHUHSITOTO CJIOBA
peai3yeTbes st 00paHoi CTETIeHI BIIOPSIIKOBAHUX CTa-
THCTUK D 13 BU3HAYeHHSIM BiATOBiAHOTO KOeQillieHTy
MOMWIOK. Y PO3poOJeHiil mporpaMHiid peaizallii geKo-
TyBaHHsI 3I1HCHIOEThCS 3a KpUTEpieM MiHiMi3arii 3Ba-
JKeHO1 Barm XeMiHra MK 3T€HEPOBAHHMH TECTOBHUMH
KOJOBMMH CIIOBAaMH Ta TpHHAHATHM cioBom [11, 12].
[Iporec MomeMrOBaHHS MPOAOBXKYETHCSA 0 AOCSTHEHHS
LIJTLOBOTO 3HA4YeHHsI Koe(ilieHTy MOMIJIOK P . 3a pe-

3yJIbTaTaMH MOJICNIIOBaHHS (OpMyeTbesi Halip 3Haie-
HHUX OLIHOK KOJOBHX CIIiB alreOpaidHOro 3ropTKOBOTO
KOy Ta 30epiratoThCsi KOeQillieHTH TOMIUIOK JUIST KOXK-
HOTO 3HAYEHHS CUTHAI/IITYyM.

[TapameTpn MozmenrOBaHHA HaBeleHO y Tabm. 1.

Pe3ynbpraTi MOZAENIOBaHHS METOMY JICKOIyBaHH:
3a BHOPSIKOBAaHMMH CTATUCTUKAMHU JAJIsl OOpaHHUX ajre-
OpaiuyHuX 3ropTKoBUX KoxaiB y kaHam 3 ABI'TI HaBenme-
HO Ha puc. 2.
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Tabruya 1 — IlapameTpu MoJeTIOBAHHS

Ha3zsa napamerpy

3HAYEHHS

Mopens kanamy

ABI'TII

Metona Moyt

®dazoBa MOy SIS

Tum 3aBafocTiiiKOro Koay

AnrebpalqHuil 3ropTKOBHH KO

JoBxuHa iHQOpMaLiHHOTO OB IOMIIEHHS 64

HIBuAKICTH KOAYBaHHS 1/2

JloBXHHA KOTOBOTO OOMEKEHHS 6 ‘ 8

MeTton JeKoayBaHHS JlexoyBaHHS 3a BIOPSIKOBAaHUMH CTaTHCTHKAMU
CreriHp BIOPSIKOBAaHUX CTATUCTUK 1 2 ‘ 1 2
Jliana3oH BiIHOICHHS CUTHA/TIYM, 1B Big 2 no 6

IipoBMiA KOE(imieHT TOMIIIOK 1074

10714

10—2 -

KoethillieHT NOMUNOK
=
S

10744

2 3

BigHoweHHs curHan/wym, ob

Puc. 2. 3anexHicTh KOe(illi€HTY MOMUIIOK BiJl BiTHOIICHHS CUTHAJ/IITYM
JUTst areOpaidyHuX 3ropTKOBUX KOiB 3 R = 1/2

Ha puc. 2 no3naueno:

1, 2 — pe3ynpTaT AEKOAYBaHHS 32 BIOPSIKOBA-
HuMHu cratuctukamu (2, 1, 6) anredbpaiyHOro 3ropTKO-
Boro koxy npu D=1 ta D =2 BiamoBinHO;

3, 4 — pe3ynbTaTH JEKOIYBaHHS 3a BIOPSAKOBA-
HuMu craructukamu (2, 1, 8) anrebpaiuyHoro 3ropTko-
Boro koay npu D=1 ta D=2 BiamoBixHO.

3 ananizy rpadikiB Ha puc. 2 Cliaye, 0 y BUMIAI-
Ky (2, 1, 6) anrebpaidHOrO 3rOpTKOBOTO KOy 301J7Ib-
IICHHS CTEMEHIO BIOPSAKOBAaHUX CTaTHCTUK D 103BO-
JIi€ OTPUMATH TOJJaTKOBUH €HEPreTHYHUI BUTpam Om-
3pk0 1,3 Ab nmnsg mimboBoro Koe(imieHTy TMOMEIIOK

p= 1074, OmHUM 13 NUIAXIB TiABUINECHHS €()eKTHBHOCTI

JIEKOTyBaHHS € 30UTBIICHHS JOBXUHHU KOJAOBOTO OOMe-
JKCHHS M, X04Ya IIe, B CBOIO Yepry, IPU3BOIUTH JIO 3PO-
CTaHHA 3aTPUMKH 00poOKH iH(opmarii Ta 06UUCTIOBa-
JBHOI CKIaaHOCTI nekomyBanust [6, 9]. 3 mpoBemenux
EKCIIEPUMEHTIB BHMIUIMBAE, 10 3actocyBanusa (2, 1, 8)
anreOpaiyHOro 3rOPTKOBOrO KOAY Ta JICKOMYBAaHHS 3a
BIIOPSAKOBAaHUMHE cTaTucTHKamu nipu D =1, minsurinye
eHepretuuny edextuBHicTh Ha 0,8 nb mns 3amaHoro

3HAYEHHS KOE(ilieHTy NOMHUJIOK P = 1074, IIpu upomy

30UIBIICHHS CTEICHI BIOPSIKOBAHUX CTATHCTHUK [0
D =2 no3Bomnse orpumaru aumie 6mm3pko 0,3 nb eHep-
TEeTUYHOTO BHTpANIy MOpiBHAHO 3 (2, 1, 6) anredpaiu-
HUM 3TOPTKOBHM KOJIOM.

TakuMm YWHOM, BWTpAIl BiJ 30UTBIICHHS CTEMCHI
BIIOPSIIKOBAHUX CTATUCTHK € HE JOCHTH 3HAYHUM JIJIS
anreOpalyHuX 3TOPTKOBUX KOJIB 31 HIBHJIKICTIO KOAY-
BauHAd R =1/2 Ta HOBXWHOIO KOIOBOTO OOMEKEHHS
m=8§8.

BucHoBku

Jlis 3abe3neueHHs BUCOKOT SIKOCTI HaJaHHS MOCITYT
y CHCTEMax paJlio3B’A3Ky PI3HHX HOKOJIIHb IIUPOKE 3a-
CTOCYBaHHS 3HaXOAATh 3TOPTKOBI KOJIH.

[MepenaBaHHs KOPOTKHX CITy’KOOBHX MOBIIOMJICHB Y
KaHaJIaX KepyBaHHs HOBITHIX CHCTEM Pajio3B’s3Ky JOLli-
JBHO pealli3yBaTh 3 BUKOPHUCTAHHSIM ajreOpaidyHuX 3rop-
TKOBUX KOJIB.

YV po06OTi po3TASHYTO 3aCTOCYBaHHS JEKOIYyBaHHS
3a BIOPSIIKOBAHUMHU CTATUCTHKAMHU JI0 KOPOTKHX aire0-
paivHUX 3rOPTKOBHX KO/IiB.

Jlns omiHioBaHHS €()EeKTUBHOCTI JTAHOTO ITiIXOTy
OyJI0 MPOBEJCHO MOJEIIOBAHHSA HAa OCHOBI PO3pOOJICHOT
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nporpaMHoi peajizalii nmpouecy 3aBaJoCTIHKOro Nepeaa-  BiJHOLIEHHS curHajil/uryMm (y obnacti monax 4 nb).

BaHH4 iHpopMarrii uepe3 kanan 3 ABI'II. [IpencraBnennii METOA JIEKOMYBaHHS JOIIIBHO BH-
BusnaueHo, 110 J1eKOyBaHHS 3a BIOPSAKOBAHMUMH  KOPUCTATH JUIsl IiJBHIIEHHS €()EKTHBHOCTI IepeiaBaHHs

CTaTHCTHKaMH J03BOJISIE 3a0e3MeunTH eeKTHBHE KO-  CIy>k00Boi iH(popmaiil Ha 0a3i KOPOTKHX anreOpaidHux

JyBaHHS anreOpaidHuX 3rOPTKOBUX KOJIB JUIS LIJILOBOIO  3TOPTKOBUX KOAIB y CHCTEMax pajio3B’si3Ky HOBOTO I10-

Koe(ilieHTy MOMMIIOK, 0COOIMBO Y Iiama3oHi BUCOKOTO  KOJNIHHSL
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Evaluation of efficiency of ordered statistics decoding for algebraic convolutional codes
M. Shtompel, 1. Kovtun, I. Husyeva

Abstract. The paper considers the application of ordered statistics decoding to short algebraic convolutional codes. It is
shown that this approach is expedient to use for reliable transmission of service messages in control channels of modern radio
communication systems. The paper proposes an algorithm for software implementation of the process of noise-resistant infor-
mation transmission for given conditions. The general principles and features of the implementation of the main stages of model-
ing are considered. The research was conducted for algebraic convolutional codes with maximum code distance for different
code constraint lengths. Decoding of these codes was implemented for two selected values of ordered statistics in additive white
Gaussian noise channel. In the developed software implementation, decoding was carried out according to the criterion of mini-
mizing the weighted Hamming weight between the generated test codewords and the received word. The modeling was complet-
ed when the target value of the error rate was reached. According to the results of the conducted research, it was determined that
ordered statistics decoding is effective for short algebraic convolutional codes, especially in the range of high signal-to-noise
ratio. The presented decoding method is advisable to use to increase the efficiency of service information transmission based on
short algebraic convolutional codes in new generation radio communication systems.

Keywords: algebraic convolutional codes, ordered statistics, decoding, efficiency, modeling, radio communication sys-
tems.
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METHOD OF GENERATING ENERGY EFFICIENT CODES

Abstract. The article considers the current problem of reducing the power that is dissipated in global communication
lines while maintaining high performance. High switching activity leads to significant losses through coupling capacities
between long lines. They are one of the most energy-intensive components of the embedded system. The use of Gray codes
not only reduces dynamic energy losses in the address bus, but also minimizes communication losses between closely
spaced lines. However, the Gray code has low balance and a large number of bit switches. The methods for constructing
alternative Gray codes are investigated, which makes it possible to reduce the number of switches on the buses. The
purpose of the article is to develop a method for constructing unit distance codes, determining the type of code
transformations and forming a system of various typical representatives. Estimates of their number are obtained,
characteristics are determined, catalogs of typical representatives are formed. The application of the developed method will
make it possible to analyze and select codes with the best properties and, as a result, obtain the best results in terms of
network delays, energy costs and other design constraints for computer systems.

Keywords: coding, unit distance codes, energy efficient coding, switching activity, equivalence.

Introduction

Statement of the problem. Computer systems are
widely used in various fields of science and technology
to build systems for controlling, regulating,
transmitting, and processing discrete information.

Modern processors are becoming increasingly
bottlenecked by the energy required to move data across
different levels of the memory hierarchy and between
different input and output devices.

High switching activity leads to significant losses
due to capacitance between long lines. They are one of
the most power-consuming components of an embedded
system [1, 2].

Various methods are used to encode the address
bus with the least switching activity. Gray codes are
used to reduce dynamic energy. Since access to the
instruction memory is often continuous, the use of Gray
codes not only reduces dynamic energy losses in the
address bus, but also minimizes communication losses
between closely spaced lines. However, the Gray code
has a low balance and a large number of bit changes [3,
4]. In this regard, the problem of finding low-power
coding methods that allow efficient transmission or
storage of information is relevant.

Analysis of recent studies and publications. Gray
codes are widely used in practice, but they have low
balance and, in some cases, cannot be used. In this
regard, alternative coding options are being sought [5, 6].

The conceptual foundations of Gray transforms are
considered in the works of A. Beletsky [7, 8]. A
generalized structure of Gray codes is proposed, which
includes the classical “left-handed” and the proposed
“right-handed” Gray codes. In the new class of right-
handed transformations, the value of the lowest (right)
bit of the transformed number remains unchanged
during forward and reverse transformations. The
introduction of the left and right Gray transforms (both
forward and backward) together with the reverse
permutation of the codes led to the possibility of
constructing combined or composite Gray codes. The

use of composite Gray codes has proven to be quite
successful in cryptography, in solving problems of
synthesis and analysis of discrete systems. The author
considered the properties of transformations for only
three bits.

Paper [9] presents algorithms for generating
reflected and modular (shifted) m-ary Gray codes. For
both variants, the ranking and de-ranking functions are
presented, as well as algorithms for generating
codewords between two given vectors. A. Phillips and
M. Wick [10] developed a recursive method for creating
n-bit binary Gray codes. The paper [11] proposes
innovative approaches to generating classical and
quantum reflected binary Gray codes. A technique is
described that generates both long and short Gray codes
with the desired properties of the same number of
column changes. M. Ali [12] developed a method for
constructing an n-bit reflected binary Gray code
sequence in space and time.

T. Mutze and J. Nummenpalo studied the Gray
code at medium levels, which is a cyclic enumeration of
all 2n+1 bit strings with n or n+1 entries equal to 1, such
that any two consecutive bit strings in the list differ by
exactly one bit for any integer n. They also provided an
efficient algorithm for computing the Gray code at
medium levels [13].

For image denoising, Y. Zhou, K. Panetta and C.
Chen proposed a new parametric n-dimensional Gray
code, the so-called (n, k, p)-Gray code, which includes
well-known codes such as the binary-reflected code and
the (n, k)-Gray code [14]. The (n, k, p)-Gray code varies
depending on the values of the base n and the distance
parameter p. It is a new type of non-Boolean Gray code
when its base is greater than two. X. Wang, Y. Su and
H. Zhang proposed to use the (n, k, p)-Gray code for
encrypting color images [15]. Experimental results have
shown that the encryption algorithm shows high
performance in image encryption. It can be used to
protect privacy in biometrics, medical imaging systems,
and video surveillance systems. M. Tahiri, H.
Karmouni, and A. Bencherqui used the (n, k, p)-Gray
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code to develop a hybrid optimization and fractional
transform algorithm [16].

The article [17] considers the problem of
constructing Gray codes using mathematical methods.
The authors analyze methods for constructing Gray
codes using Hamiltonian graphs and the iterative
method. The problem of generating Gray codes of any
given length is considered. G. Meenakshi and S. Gupta
in [18] proposed an algorithm for generating (n, r) Gray
codes. As an example, they consider the design details
of the generalized binary Gray code for 5 and 6 bits.

An analysis of known studies has shown that there
are other codes that have the same characteristics as
Gray codes. This class of codes is called generalized
(alternative, extended) Gray codes in the literature. The
name “unit-distance codes” reflects the properties of
these codes more accurately.Unfortunately, most of the
researchers study only particular cases of codes, and
there is no general approach to their study.

Aim of the article: development of a method for
constructing unit distance codes and forming systems of
typical representatives.

Presentation of the main study material

In general, a code is a bijective mapping of a finite
ordered set of symbols belonging to some finite
alphabet Y to another, not necessarily ordered set of
symbols X to encode the transmission, storage, or
transformation of information [20, 21]. For codes, the
bijective function has the form f: Y — X, where X is a
set of codewords, X = {X!, X%...,XX}; Y is a finite
ordered set of symbols, Y ={yi,yo,....yx}, k is the
number of codewords, n is the number of bits of a
binary code.

The code word X' consists of n characters (the
number of bits):

Xi={x1...xh}; xje{0,1}, i=l,...k; j=I,....n,

where K is the number of codewords, n is the number of
bits of the binary code.
Two adjacent words differ only in one bit, i.e.

(X' X"y =1 i=1..k-1, 1)

where p is the Hamming distance between codewords
Xiand X1,
The code in which p(X!,X*¥)=1 is called

cyclic. The canonical form of a code W(X) is its
representation in the form:

WX) =x4 ... x%... x4 . (2)

For compactness, the binary form of the
representation W(X) can be converted to hexadecimal.

On the set of unit distance codes, the following
types of transformations are considered: column
permutation (P transformation) and column inversion (N
transformation). These transformations preserve the
property of unit distance between adjacent binary words
in the code. The set of transformations is denoted by
IT = {ny,...,mpn}, Where Lpn is the number of PN
transformations.

e X xK

The X' code corresponds to the canonical form
W(X'). As a result of the transformation ;, code X' is
transformed into code X with the canonical form
W(X). A typical representative of a code X' is a code
(denoted by T(X") that has the smallest canonical form
in the lexicographic sense among the codes obtained as
a result of a set of P transformations, i.e.

T(X'= min{W(Xi)!; j=1.,....Lon. 3)

Based on the set of typical representatives, a set of
different typical representatives is formed MT =
{T,...,TKT}, where KT is the number of different typical
representatives. For each typical representative included in
this set, its structure is determined S(X) = (H(X),<), where

k
hy = Z (X, j®X ) i=1....n (4)
=2

The balance of C code is defined as follows:

n
hi' h]/n
j=1

Typical representatives T® - TKT are divided into
non-intersecting equivalence classes S. Typical
representatives T' and T are called S-equivalent if
S(T) = S(T)). As a result, a set of typical S-equivalent
representatives is formed, denoted by MS = {S%,...,SN5},
where NS is the number of typical S-equivalent
representatives.

To build a system of typical representatives for a
group of II transformations, a procedure has been
developed, which is described using the following
notation:

i - the current number of the code under review,

X' - the code under consideration

T(X) - a typical representative of the codeX',

S' - the structure of code X',

KT - the number of different typical representatives,

MT - the set of different typical representatives,

KS - the number of code structures,

MS — the set of code structures,

KTC(S;) - the number of different typical
representatives that have the structureSj, j = 1,...,KS.

MTC(S!, KTC(S) - the set of different different
typical representatives that have the structure Si.

The procedure for constructing a system of typical
representatives for a group of II transformations
consists of the following steps.

1.i=0.

.KT=0,KS=0.

=i+l

. Let’s form the step X'.

. We define a typical code representative X' -

n

c=>

i=1

. (5)

[S2BF ~ VI ]

T(XY).

. We define the code X' - S'structure.

.If T(X) e MT, then proceed to the stage 19.
.KT=KT+ 1.

9. MT(KT) = T(X)).

10. If S' € MS, then proceed to the stage 12.
11. Proceed to the stage 15.

12. KTC(S") = KTC(S") + 1.

0o ~N O
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13. MTC(S', KTC(S")) = T(X).
14. Proceed to the stage 19.
15. KS = KS +1.

16. MS(KS) = S'.

17. KTC(S") = 1.

18. MTC(S!, KTC(S") = T(X).

19. If all code options are considered, then proceed
to the stage 21.

20. Proceed to the stage 3.

21. End.

Table 1 shows an example of building a system of
typical representatives for a group of II transformations.

Table 1 — An example of building a system of typical representatives for a group of II transformations

[ X T(X) Si MT MS
1 01326457fh98aecd 01326457fh98aecd 1356 MT(1) = T(X1) MS(1) = S1
2 01326457fh9dc8ae 01326457fh9dc8ae 1455 MT(2) = T(X2) MS(2) =S2
3 01326457fb9dcead 01326457fb9dcead 1446 MT(3) = T(X3) MS(3) = S3
4 01326457fha89dce 01326457fbha89dce 1356 MT(4) = T(X1)
5 01326457fbaec89d 01326457fbaec89d 1455 MT(5) = T(X5)
6 01326457fhaecd98 01326457fhaecd98 1446 MT(6) = T(X6)
7 01326457fd98ceab 01326457fd98ceab 1455 MT(7) = T(X7)
8 01326457fd9ba8ce 01326457fd9ba8ce 1347 MT(8) = T(X8) MS(4) =S8
9 0132a89bfd5764ce 01326457fd9ba8ce 1347 T(X9)eMT
10 0132abfd98c4576e 013267fd54c89bae 3336 MT(9) = T(X10) MS(5) = S10
11 0132abfd98ce6457 013267fd54cea89b 2355 MT(10) = T(X11) MS(6) = S11
12 0137feab98cd5462 0137feab98cd5462 2346 MT(11) = T(X12) MS(7) =S12
13 01546237fd9baec8 01326457fb9dcead 1446 T(X13)eMT
14 015467fb32a89dce 013267fd54c89bae 3336 T(X14)eMT
15 0154cdfh98a2376e 013267fd54c89bae 3336 T(X15)eMT
16 0154cdfh98ae6237 013267fd54cea89b 2355 T(X16)eMT
17 015d9b32a8cef764 01375d98c46efba2 3444 MT(12) = T(X17) MS(8) = S17
18 015d9b37fe62a8c4 01375d9bfea8c462 2256 MT(13) = T(X18) MS(9) =S18
19 015dfb98aec46732 0137fd54ce62ab98 2445 MT(14) = T(X19) MS(10) = S19
20 015dfb98c46732ae 0137fd5462ab98ce 3345 MT(15) = T(X20) MS(11) = S20
21 0150dfb98c46ea237 0137fd5462aec89b 3345 MT(16) = T(X21)
22 015dfb98cea23764 0137fd546ec89ba2 2445 MT(17) = T(X22)
23 015dfe64c89ba237 0137fea2645dc89b 3345 MT(18) = T(X23)
24 015dfe6732ab98c4 0137feab98cd5462 2346 T(X24)eMT
25 015dfea23764c89b 0137fec89ba2645d 3345 MT(19) = T(X25)
26 0198a2376ec45dfb 0132645dcea89bf7 2355 MT(20) = T(X26)
27 0198a23bf7546ecd 01326457fd98ceab 1455 T(X27)eMT
28 0198a23bf75dc46e 01326457fd9ba8ce 1347 T(X28)eMT
29 0198a23bf75dce64 01326457fd9baec8 1446 MT(21) = T(X29)
30 0198a23bf7645dce 01326457fdc89bae 1356 MT(22) = T(X30)
31 0198a23bf76ec45d 01326457fdcea89b 1257 MT(23) = T(X31) MS(12) = S31
32 0198c45df76ea23b 01326457fdcea89b 1257 T(X32)eMT
33 019d573bfea264c8 01375d9bfea8c462 2256 T(X33)eMT
34 023bae64c89df751 01375d98c46efba2 3444 T(X34)eMT
35 023bae64cdf75198 01375d98cefba264 2445 MT(24) = T(X35)
36 023bae67fd5198c4 01375d9bfea264c8 2346 MT(25) = T(X36)
37 023bae67fd54c891 01375d9bfea8c462 2256 T(X9)
38 023bae67fd9154c8 01375d9bfe62a8c4 2445 MT(26) = T(X38)
39 023bae67fd98c451 01375d9bfe64c8a2 2445 MT(27) = T(X39)
40 023bae67fdc45198 01375d9bfecB8a264 2256 MT(28) = T(X40)
41 02a8c46efb319d57 01326457fh98aecd 1356 T(X4)eMT
42 045dce62a8913bf7 01375d98c462aefb 3336 MT(29) = T(X42)
43 045dce62a89bf731 01375d98c46efba2 3444 T(X43)eMT
44 0462a8cef7315d9b 01326457fba89dce 1356 T(X44)eMT
45 08a264cefh9d5137 01326457fb9dc8ae 1455 T(X45)eMT

Table 2 shows the formed system of different
typical representatives. Table 3 shows the binary codes
and their characteristics: binary positional code X,
Gray code X2, binary code X3 (i = 17 in Table 1),
corresponding to the structure S(X®) = {3,4,4,4}and its
typical representative X%, Fig. 1 shows the assessment
of the options' balance. The number of changes in the
values of each bit for these codes is as follows:

H'={1,3,7,15}, H? = {1,248}, H® = {4,344},
H* = {4,4,3,4}. The values of the balance of the codes:
Cl=4,5C*=9; C®*=1,5 C*=1,5 A comparative
analysis of the results shows that the type of code
significantly affects its characteristics.

Thus, in the above example, the balance of the
obtained typical representative ** is 6 times better than
this indicator in the Gray code.

215



Control, Navigation and Communication Systems. 2025. No. 1

ISSN 2073-7394

Table 2 — System of different typical representatives

KS S KTC (KS) MTC(S) KS S KTC (KS) MTC(S)
1 1257 1 01326457fdcea89b 8 2355 1 013267fd54cea89b
2 1347 1 01326457fd9ba8ce 2 0132645dcea89bf7
1 01326457fh98aecd 1 0137fd54ce62ab98
3 1356 2 01326457fbag89dce 2 0137fd546ec89ba2
3 01326457fdc89bae 9 2445 3 01375d98cefba264
1 01326457fh9dcea8 4 01375d9bfe62a8c4
4 1446 2 01326457fbaecd98 5 01375d9bfe64c8a2
3 01326457fd9baec8 10 3336 1 013267fd54c89bae
1 01326457fh9dc8ae 2 01375d98c462aefb
5 1455 2 01326457fbaec89d 1 0137fd5462ab98ce
3 01326457fd98ceab 11 3345 2 0137fd5462aec89b
6 2956 1 01375d9bfea8c462 3 0137fea2645dc89b
2 01375d9bfec8a264 4 0137fec89ba2645d
7 2346 1 0137feab98cd5462 12 3444 1 01375d98c46efba2
2 01375d9bfea264c8
Table 3 — Binary codes and their features
Xt X2 x3 x4
X1 X1 x13 X4 X% X% X%3 X24 x31 X3 X33 X34 x4 x* X% X%
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 1 0 1 0 1 0 0 1 1
0 0 1 1 0 0 1 0 1 1 0 1 0 1 1 1
0 1 0 0 0 1 1 0 1 0 0 1 0 1 0 1
0 1 0 1 0 1 1 1 1 0 1 1 1 1 0 1
0 1 1 0 0 1 0 1 0 0 1 1 1 0 0 1
0 1 1 1 0 1 0 0 0 0 1 0 1 0 0 0
1 0 0 0 1 1 0 0 1 0 1 0 1 1 0 0
1 0 0 1 1 1 0 1 1 0 0 0 0 1 0 0
1 0 1 0 1 1 1 1 1 1 0 0 0 1 1 0
1 0 1 1 1 1 1 0 1 1 1 0 1 1 1 0
1 1 0 0 1 0 1 0 1 1 1 1 1 1 1 1
1 1 0 1 1 0 1 1 0 1 1 1 1 0 1 1
1 1 1 0 1 0 0 1 0 1 1 0 1 0 1 0
1 1 1 1 1 0 0 0 0 1 0 0 0 0 1 0

Ci
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lIIATTT
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Fig. 1. Assessment of the options' balance

Conclusions from this study and prospects
for further research in this area

The paper considers the actual problem of
reducing power dissipation in global interconnection
lines while maintaining high performance. It is shown
that the switching activity of buses is the cause

of a significant share of the total power dissipation. One
of the effective methods for reducing switching activity

during device-to-device or system-on-chip
communication is the use of low-power coding
methods.

A method for generating energy-efficient codes
and systems of typical representatives is proposed,
which allows choosing the optimal coding without
going through the options. Estimates of the number of
typical structures are obtained and catalogs of typical
representatives are formed.

The application of the developed method will
allow analyzing and selecting codes with better
properties and obtaining better results in terms of
network delays, energy costs, and other design
constraints for computer systems.

Further research in this area: development of a
method for constructing codes with specified properties
and a method for constructing code converters.
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Meton ¢popmyBaHHS eHeproe)eKTUBHUX KOIiB
B. B. Spemenko, B. B. Kocenko

AHoTanmisi. Y cTaTTi po3risgacThCs aKTyallbHa MpoOsieMa 3HIDKEHHS MOTYXKHOCTI, IO PO3CIIOEThCS, B INIOOANBHHX
JiHIAX 3B'I3Ky NpH 30epe)eHHI BHCOKOI NMPOAYKTHBHOCTI. BHcoka KoMyTaliiiHa aKTHBHICTh NMPU3BOJMTH O 3HAYHHX BTPaT
yepe3 €MHOCTI 3B'A3Ky MDK JOBIUMH JIiHiIMH. BOHM € OZHMM i3 caMuX €HEproeMHHMX KOMIIOHEHTIB yOyZOBaHOI CHCTEMH.
Bukopucranus koiB ['pest He TiJIbKU 3MEHILY€ JUHAMIYHI BTPaTH SHEprii B aApecHiil IIHHI, ale TaKoX MiHIMi3ye BTpaTH 3B'I3Ky
MDK ONM3BKO po3TamoBaHUMH JiHisMH. OpHak, Kox I'pest Mae HM3bKY 30aTaHCOBAHICTh i BETHKY KUTBKICTh I€peMHKaHb OiTiB.
HocnifpkeHo MeTou Mo0yI0BH albTepHATHBHUX KOAIB I'pesi, 110 JO3BOJISIOTH 3MEHIINTH KiNbKICTh MEpeMHKaHb Ha LIMHAX.
Merta cTarTi moJsirae y po3poOii MeToay MOOYAOBH KOJIB OJUHWYHOI BiJICTaHI, BU3HAYCHHS BUIIB KOJOBUX IEPETBOPEHH Ta
(OpMYBaHHS CHCTEMH pI3HHX THIIOBHX NpeAcTaBHUKIB. OTpHMaHO OINHKH iX KINBKOCTI, BH3HAUCHO XapaKTEPHCTUKH,
c(OpMOBaHO KaTaJOTH THIIOBUX NPEACTABHHKIB. 3aCTOCYBaHHsS PO3POOJICHOrO METONLY JO03BOJIMTH aHATI3yBaTH Ta BHOHpATH
KOJM 3 HalKpamMMH BIACTHBOCTSAMH Ta B Pe3yJbTaTi OTPHUMYBATH HaiKpaili pe3yJbTaTH 3 MOIMISAY MEpPEeKEBUX 3aTPUMOK,
BUTPAT Ha EJICKTPOCHEPTIIO Ta IHIINX KOHCTPYKTHBHUX OOMEKEHD JUIS KOMITIOTEPHUX CUCTEM.

Kaw4yoBi cioBa: KOJyBaHHS, KOJU OJUHHYHUX BiJICTaHEH, eHeproeeKTHBHE KOIyBaHHS, KOMYyTalliiiHa aKTHBHICTb,
€KBiBAJIEHTHICTD.
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