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OIIIHKA PO3MIPIB AHOMAJITA HA KOCMIYHHMX 3HIMKAX
CIVIBCBKOI'OCIIOJAPCBKHUX 3EMEJIb 3 BUKOPUCTAHHAM
®PAKTAJBHUX PO3SMIPHOCTEN

AHoTanisi. Y TenepinHiif 9ac CiTbCHKOTOCIIOAPChKi POOOTH BUKOHYIOTECS 3 BUCOKOIO IMHAMIKOIO 1 OLIiHKA iX pe3yJIbTaTiB
notpedye mocTiitHoro MoHiTopuHry. IlpenMeToM JOCTIIKCHHS € OI[iHKa MOXIHBOCTI BU3HAUCHHS PO3MIpiB aHOMAIbHHUX
IUITHOK TIOJIS HA KOCMIYHUX 3HIMKaxX 3 BUKOPUCTaHHIM (paKTaJbHUX PO3MIPHOCTEH, IO PO3PAXOBYIOTHCS y «BIKHa» pi3-
HUX po3MipiB. O0’€KTOM IOCTIHKEHHS € CUIBCHKOTOCTIOAAPCHKI 3eMIIi Ha SIKMX MPOBOIIIIKCA poOOTH Ta sKi 3adikcoBaHi
Ha KOCMIYHHUX 3HIMKax cymyTHuka Sentinel-2. MeTo10 € OLiHKa BIUTUBY PO3MIpiB «BiKHA» HA BENHYUHU (PPAKTATBHHUX PO-
3MIPHOCTEH KOCMIYHHX 3HIMKIB MiJl YaC MOHITOPUHTY CLIBCHKOTOCIIONAPCHKUX 3e€MeNb Ul BU3HAUCHHS PO3MIpiB aHOMa-
JBHUX IUISTHOK Ha HUX. OTpuMani Taki pe3yabraTu. J[ociimKeHO BIUTMB pO3MIpIB «BiKHa», sKe Oepe yJacTb y MoOyIoBi
nonst ppakTaabHUX PO3MIPHOCTEH, Ha BEIMYMHN MIHIMAJIBHUX, MAKCHMAIBHUX 1 CEpeAHIX 3HaueHb (PpakTaJbHUX PO3Mip-
HOCTel KOCMIYHHX 3HIMKIB CUILCHKOT'OCIIOJAPCHKUX 3€MeNb Ha KX MoBoawincs pobotu. [Toctynose 36inbIIeHHs, a HO-
TIiM 3MEHIICHHS Pi3HULb CepPeHiX (QpaKTaIbHUX PO3MIpHOCTEH MiJ Yac 301IbIICHHI PO3MIpIB «BIKHA» XapaKTepHu3ye HasB-
HICTP CBITJIMX 1 TEMHHUX IUITHOK Ha KOCMIYHOMY 3HIMKY, [0 00YMOBJICHI IPOBEACHHSIM CUIHCHKOTOCTIONAPCHKUX POOIT. 3a
3MIHOIO Pi3HHIb MiHIMATbHUX (QPaKTATBHUX PO3MIPHOCTEH MOYKHA OIL[IHUTH PO3MIpH CBITJIMX IIISTHOK HA KOCMIYHOMY 3Hi-
MKy, @ 32 3MIiHOIO Pi3HHUIIP MaKCUMAaJbHUX (paKTaTbHAX PO3MIpPHOCTEH — TEMHHX AUITHOK. BucHOBKHM. BukxopucranHs
«BIKOH» PI3HOTO PO3MIpY MiJ Yac (pakTaJbHOTO aHATi3y JO3BOJILE BU3HAYATH PO3MIPH Pi3HUX aHOMAIBHUX CTPYKTYp Ha
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Kawo4oBi ciaoBa: MOHITOPHHT CTaHy CUIBCBKOTOCHOJAPCHKHX 3€MeEJb, KOCMIYHI 3HIMKH, (paKkTanibHa PO3MIpPHICTB,
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Beryn

st orpumansst iHopMalil npo cTaH i CTPYKTYpY
3eMENbHAX IUITHOK Ta TOCIBHUX IUIONI 1 BHSBICHHA
JUITHOK 3eMITi, 0 MAaloTh €pO3iliHI MOpYIICHHS, a Ta-
KOX 1HIII BUAM JeTpajaiii 3eMii, JOIUIEHO 3/IiHCHIOBA-
TH MOHITOPUHT CilIbCHKOTOCTONApChKHUX 3emenb [1].
Kpim TOrO, Y TemepimHiii 9ac CLIBCHKOTOCIIONAPCHKI
poOOTH BUKOHYIOTHCSI 3 BUCOKOIO TUHAMIKOIO 1 OIiHKA
X pe3ynbTariB noTpedye MOCTiHHOrO MOHITOPHUHTY . Jlist
BUSIBJICHHSI (DAKTIB BILUIMBY HPUPOJHUX, TEXHOTCHHHX 1
AQHTPOINOreHHUX (PaKTOpiB Ha MOCIBU CLIBCHKOTOCIIO-
JIAPCBKUX KYJBTYP TaK0X BHKOPHUCTOBYETHCSI arpoeKo-
JOTiYHIIA MOHITOpHHT [2].

Jnst ipoBeJieHHsT PETyISIPHOr0 KOCMIYHOTO MOHI-
TOPHHTY 3€MeJIb CIITbCHKOTOCIIOIaPCHKOT0 MPU3HAYCHHS
BUKOPUCTOBYIOTBCSl JIaHI JIUCTAaHIIMHOTO 30H/yBaHHS
3emuti (KOCMIYHI 3HIMKH), SIKI MOXKYTb OTPUMYBATHCS 3
nepiogmyHicTIO 5-8 1i6. KocMivHi 3HIMKH, 1110 BUKOPHC-
TOBYIOTBCS JUISl BUPILIEHHS [IUX 3aBaHb, MAIOTh IIPOCTO-
poBy posainbHy 3aatHicTs 10-30 M [1]. Ha cymyTHEKax
JTUCTaHIHOTO 30HAYyBaHHS 3emuti (JI33) po3mimryrots
pI3HOMaHITHI JaT4YMKH, SKi JIO3BOJITIOTH BigoOpaXkaTtu
CTaH POCIMHHOCTI Ha BEJIMKHUX IUlomax. Hanpuknan, Ha
cymytHukax Sentinel-2 posramoBana 3HiMambHA amapa-
typa MSI (Multispectral Instrument), ska mo3Bossie
OTPUMYBATH HIMPOKOCMYTOBI MYJIBTHCIIEKTPabHI 30-
Opaxenus (13 cmekTpanbHHX [iala3oHiB) 3 MPOCTOPO-
BuM posnoninom 10 m [3]. KocmiuHi 3HIMKH CymyTHHKA
Sentinel-2 B mepexi IHTepHeT MOXKHA OTPUMYBATH 2 pasu

Ha TWXJICHb Ha 3a/laHy TepuTopito. HeoOxinHo 3a3Haun-
TH, 10 JUTsl OpraHi3aiii MOHITOPUHTY CITbCHKOTOCTIOAAp-
CbKHX 3€Mellb BXKJIMBUM € He TUIbKH OTPUMAaHHS JaHHX
JMcTaHiiiiHoro 3oHayBaHHs 3emui J[33, ane i croci6
00poOkK KocMiuHUX 3HIMKIB. Crioci® 0OpoOku KocMiu-
HHUX 3HIMKIB BIUIMBa€ Ha JIOCTOBIPHICTh OJIep)KyBaHHX
Ppe3yJIbTaTiB, 1 3aJIe)KHO BiJl ILOI'O KOPUCTYBayl 3MOXKYTh
pUAMAaTH e(eKTUBHI YIIPABIIHCHKI PilICHHS.

VY TenepilmHii Yac rinepcreKTpaibHa 3HOMKa IIH-
POKO BHKOPHCTOBYIOTHCS JJII MOHITOPHHTY Ta OLIHKH
CTaHy MiJCTWIbHOI NOBepXHi [1], a po3paxyHOK CreKT-
palbHUX TapaMeTpiB MOTJIMHAHHS POCIMHHOCTI 3 BHKO-
PHUCTaHHSM CIELiaJbHUX AJITOPUTMIB aHANI3y TaKHX
3HIMKIB JIO3BOJISIE TIOKPAIIUTH SKICTh iX JOCIiKEHHS.
AJie a7l OTPUMaHHS TiepPCIeKTPaIbHUX 3HIMKIB HE00-
XiJJHa CKJIaJHa amapaTypa BEJTMKOi BapTOCTi, a CKIIaaHi
aNropuTMHU 0OpPOOKH TaKWMX 3HIMKIB BIUIMBAIOTH Ha JOC-
TOBIPHICTh OTPUMAaHUX JaHUX.

Y TemnepinrHii 9ac 4acTo 3aCTOCOBYIOTHCS METOIU
(pakTambHOTO aHalizy 300pakeHb JUIA IiJABHUIICHHS
iHpOPMATHBHOCTI KOCMIYHHMX 3HIMKIB ITii 4acC MOHITO-
puHry 3eMHOl moBepxHi [4,5]. OuiHWTH CKJIaAHICTH
CTPYKTYPH TOBEPXOHb MOXKHa 33 BEJIIMUMHOIO (DpaKTa-
JBHUX pO3MipHOCTEll nudpoBux 300paxeHb. Meroau
(paKTaTbHOTO aHANI3y JAf0Th MOXKJIHMBICTH BUKOPHUCTO-
BYBaTH 300pakeHHs B OJHOMY Jliama3oHi XBWJIb, IO
CIIPOIIy€ OTPUMAaHHS KOCMIYHHX 3HIMKiB. Y poOorax
[6, 7] ommcano, sK U1 OLIHKK CTaHy CiIbCHKOTOCIO-
JMApChKUX KyJNBTYp Ha Pi3HUX (ha3ax Bererarii 3acToco-
BY€ThCS (ppakTaabHUI aHATi3 KOCMIYHUX 3HIMKIB CyITy-
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THHKA Sentinel-2. Ane MUTaHHS MOHITOPHHIY 3MiH CTa-
HY CUJIbCHKOTOCHOAAPCHKUX 3€MeNb B LUX poOOTax He
po3MIsAaloThesl. MOXKIHMBICTh BHUKOPUCTAHHS (pakTa-
JIBHOTO aHaJli3y KOCMIYHUX 3HIMKIB JUIi BU3HAYCHHS
3MiH CTaHy CLIbCHKOTOCIOJAPCHKUX IOJIIB Mijl BILIUBOM
PI3HHX YMHHHKIB pO3rsIHyTa y poGoTi [8], ame y it
PpoOOTI HE PO3IIIANAETHCS MOXKIIMBICTh BH3HAYCHHS PO3-
MipiB aHOMaJFHHUX IUITHOK HA KOCMIYHUX 3HIMKax. To0-
TO 3aCTOCYBaHHS (PPaKTaIHHOTO aHATI3Y A BU3HAYCHHS
PO3MIpiB IUITHOK MOJS Ha SAKUX MPOBOISTHCS CLITBCHKO-
TOCTIOIAPChKI POOOTH € TIEPCIICKTHBHUM HAIPSIMKOM
JIOCII/DKEHb 1 aHaji3 BIUIMBY PO3MIpIB «BiKHa» IIiJ| Yac
PO3paxyHKy BeIMYMH (hpakTalbHHX PO3MIpHOCTEH Koc-
MIYHHX 3HIMKIB y IIUX YMOBaX € aKTyaJIbHUM.

Merta craTTi: OLIHNUTH BIUIMB PO3MIpIB «BIKHa» HA
BENIMYMHN (DPAKTAIBHUX PO3MIPHOCTEH KOCMIYHHX 3HIM-
KiB IiJ] 4aC MOHITOPHHIY CLILCHKOTOCIIOJAPCHKUX 3eMETh
JUTSL BUSHAYCHHS PO3MipiB aHOMAJIBHIX JUISHOK HA HUX.

XapakTepUCTHKA KOCMIYHUX 3HIMKIB
CiJILCHKOTOCMOIAPCHKHUX 3eMellb

s BUSIBICHHS Ta OLIHKM aHOMAJbHUX IITHOK
CUIBCHKOTOCTIOAPCHKHUX 3€MEb Ha KOCMIYHUX 3HIMKaX
KOpHCTyBa4aM HEOOXiIHO BHTpadaTH OaraTo 4acy uis
iX MOHITOPHHTY. PO3rIsTHEMO MOXITUBICTD OIIIHKH CTa-
HY CIIbCBKOTOCIOAAPCHKUX 3€MENIb 3 BUKOPHCTAHHIM
KOCMIYHUX 3HIMKIB cymyTHHKa Sentinel-2. 3a3Hadeni
KOCMIYHI 3HIMKH € y BUIBHOMY JIOCTYIIl y Mepexi [Hre-
prer [3].

Jns omiHKM po3MIpiB aHOMAaliii Ha KOCMIYHHMX
3HIMKaX CIJIbCHKOTOCIIOAAPCHKUX 3eMellb OymemMo 3a-
CTOCOBYBaTH OKpEMi KOCMIYHI 3HIMKH 3eMeib Bib-
XyBarchKoi cibebkoi paau UyriBcbkoro paiiony Ilos-
TaBChKOI 00JAacTi (3eMIli MPHUBATHOTO CIUTLCHKOT'OCIO-
napcbkoro mianpuemcTa «Jpyx6a») [9]. 3aznaueni
KOCMIUHI 3HIMKH MaroTh MpPOCTOpoBe po3pizHeHHs 10
MeTpiB 1 Oymi orpumani mpotsrom 2018 poky. Jns
CIPOIEHHS MONANBIINX JOCTI/DKeHb Oyino BHOpaHO
TIJIBKH OJTHE TIOJIE, SIK K OYJI0 3acisHe KyKypyma3or. Ha
LOMY TIOJIi TIPOBOIIKCS TIOJIBOBI POOOTH 1 HA KOCMiY-
HMX 3HIMKAaX BUHHUKIU aHOMAJIbHI JIJISHKH.

Ha puc. 1 HaBeneHO eeMEHTH 3HIMKIB IOJIS 3 Ky-
Kypy/3010, sIKi OyJiM BHpi3aHi 3 KOCMiYHUX 3HIMKIB Cy-
nytHuka Sentinel-2 (kamam b8), y pi3Hi maru:
04.06.2018 (a);  29.06.2018 (6); 29.07.2018  (B);
23.08.2018 (r).

Ha puc. 1,216 (04.06.2018; 29.06.2018) BuaHo,
IO CTPYKTYpa €IEMEHTIB KOCMIUHHX 3HIMKIB (BiqTIHKH
rpajaiii ciporo) BiIPi3HAIOTHCS IS Pi3HUX AaT. Tak Ha
MOYaTKy YEPBHS CIIOCTEPIraloThCs OUIBII CBITII rpaja-
il ciporo, a y KiHII 4epBHS BIiATIHKH CipOro CTalOTh
temuumu. Ha puc. 1, B (29.07.2018) BuaHO, 110 y KiHITi
JUMHA HA 10, $KE JOCITIUKYETHCS, MPOBOIMINCS
moskoBi poboTn. Ha KOCMiUHOMY 3HIMKY 3’ SIBIUTHCS
AHOMAJIBHI IIISTHKY 1 CHOCTEpIraeThes 3MiHa Tpajamii
ciporo Ta IX HEpIBHOMIpHICT. VY KIiHII CepHHSI
(puc. 1, r, 23.08.2018) monboBi poGOTH Ha MO BKE
OyJI0 3aBEepIICHO 1 KOCMIYHUI 3HIMOK 3HOBY Ma€ OJHO-
pimHI rpagamii ciporo, ane BOHH OunbIn TeMHi. Po3ris-
HEMO SIK BiZIoOpakaeThCsl IMHAMIKa IPOBEACHHS M0JIbO-
BUX POOIT Ha KOCMIYHMX 3HIMKaxX (y KiHILI JMITHS 1 Ha
MIOYATKy CEpIHS).

Puc. 1. EneMeHTH KOCMIYHIX 3HIMKIB (KaHaJI b8 cymyTHuKa
Sentinel-2) mous 3 kykypymzoto cranom Ha: 04.06.2018 (a);
29.06.2018 (6); 29.07.2018 (B); 23.08.2018 (1)

Ha puc. 2 HaBeZIeHO eIeMEHTH KOCMIYHHX 3HIMKIB
cynyTHuka Sentinel-2 (kanan b8), sxi MokazyloTh
JUHAMIKY MOJbOBUX POOIT Ha MOJI 3 KYyKYPYI30H0 s
YOTUPHX  JaT: 29.07.2018 (a); 05.08.2018 (6);
08.08.2018 (»); 10.08.2018 ().

a 6
Puc. 2. EnemenTt KocMiuHuX 3HIMKIB (KaHai b8 cymyTHHKa
Sentinel-2) mosst, 3acistHOro KyKypyA30!0, Ha IKOMY

MIPOBOMJIMCS TTOJILOBI POOOTH CTAHOM Ha.
29.07.2018 (a); 05.08.2018 (6); 08.08.2018 (B); 10.08.2018 (r)

SIK BUAHO Ha pHC. 2, PO3MIPH JIISHOK 3 PIi3HOIO
CTPYKTYpOIO Ui YOTHPHOX Jar OymyTe pi3Hi. Ha
puc.2,ai0 po3MipH CBITIMX IUISHOK MPAKTHYHO
OIHAKOBI, Ha pHC.2, B BHIHO, [0 TOBIIWHA (HE
JIOBXKMHA) CBITJIIMX [IUISHOK 3MEHIIYEThCS, KPIM TOTO
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BOHHM MalOTh IIApyBaTy CTPYKTYpY, a Ha puc. 2, T' CBITII
JUISHKA MArOTh HEBEJHKI PO3MIPU 1 pO3MIIIYIOTECS Y
JIIBOMY HHXKHBOMY KyTi KOCMIYHOTO 3HIMKa.

TakuMm 4MHOM, Bi3yaJIbHHH aHaJi3 KOCMIYHHX 3Hi-
MKIB CUIBCHKOTOCIIOAPCHKHUX 3€MeNb Ha SKHUX IPOBO-
JIIITUCS. pOoOOTH (3MiHa iX CTaHy) JO3BOJISE JIUIIIE KOHC-
TaTyBaTH, IO POOOTH MPOBONMIMCS. AJle BH3HAYUTH
pO3Mipu aHOMAaJiH, SIKi CIIOCTEPIraroThCss Ha KOCMIYHHUX
3HIMKax (PO3MipH IUISHOK Ha SKHX OyJTH NpOBEICHi
CLTBCBHKOTOCTIONAPChKi poO0TH), 32 pe3ylbTaTaMu Bi3y-
aIBHOTO aHAJI3y HE MOXKIIUBO.

IIpoBenemo 00poOKy KOCMIYHHMX 3HIMKIB CYyIyT-
HuKa Sentinel-2, po3rNISTHYTOTO BHILE II0JIS, 3aCisTHOTO
KyKYPY/A3010, 3 BUKOPHCTaHHSAM (PpakTaIbHOTO aHali3y
1 pPO3MISHEMO BIUIMB PO3MIpIB «BIKHA» Ha BEIMYUHH
(dpakTanbHUX po3MmipHOCTEH. TakoXk PO3rITHEMO MOXK-
JIMBICTh BH3HAUEHHS PO3MIpIB aHOMAJIBHHUX JIUISTHOK Ha
KOCMIYHHX 3HIMKax 3 BHKOPHCTAHHAM (paKTaIbHHX
PO3MipHOCTEH, IO PO3PaXOBYIOTHCS y «BIKHAX» PI3HUX
po3MmipiB.

Ouinka po3MipiB aHomMaJiii Ha KOCMiYHHX
3HIMKaX ClIbCBKOroCnoAapChLKUX 3eMelb
3 BUKOPUCTAHHAM (PPAKTAJBLHUX PO3MipHOCTEH

KocwmivHuit 3HIMOK, OTpuMaHmid 3 cymyTHHKa J[33,
MOXKHa PO3TIIIATH, SIK MATPHIIO 3HAYCHb IHTEHCUBHOCTI
BIZIOUTTS CBIT/JI0BOI XBHIi (COHSYHOIO BHIIPOMiHIOBAHHS)
BiJl TIOBEPXHI 3eMJii. 3eMHa TIOBEPXHS € PI3HOPITHOIO
CTPYKTYPOIO 1 KOXKHA TOYKa IMiJICTUIBHOI IMOBEPXHI Ma€
BJIACHI BJIACTHBOCTI, sIKi 110 Pi3HOMY BIUIMBAIOTh Ha Ma-
paMeTpu CBITJIOBOT XBMIIi. 3aBAsKU 1boMy iH(opMmariis,
SIKy Hece CBITJIOBA XBWJIS TIPO 00’ €KT CIIOCTEPEIKEHHS, 110
PI3HOMY BiJIOOpa)XaeThCs Ha KOCMIYHOMY 3HIMKY.

ITin yac oOpoOIEeHHS KOCMIYHMUX 3HIMKIB CYITyT-
Huka Sentinel-2 moyis 3 KyKypyA30l0 Ha SIKOMY
poBOIMIIKCS POOOTH Oynemo OymyBaTw moie (pakra-
npHuX posmipHocteit (IIOP). ¥V pobori [5] mporec mo-
oynosu II®DP posrmsayTo nmerampHo. s moOymoBw
[1OP BubOupaeThcs «BIKHO» MEBHOTO PO3MIPY 1 3 BHKO-
PHCTaHHSIM IOTO «BIKHAa» IPOBOAWTHCS CKaHyBaHHS
KOCMIYHOTO 3HiMKa. Ha KOKHOMY KpoOIli CKaHyBaHHS
(V11 KOX)KHOTO TOJIOKEHHS «BIKHa») BU3HAYA€THCS YHC-
JoBe 3HauyeHHs (pakranbHOi po3mipHOcTi. Takum 4u-
HOM OTPUMYEThCS HaOlp (pakTanbHUX PO3MIPHOCTEH,
SIKMH cTBOproe Marpuito D, Tak 3BaHe «mose dpakraib-
HUX po3MipHOCTei». [1ig yac mpoBeaeHHs AO0CIiKEHb
pO3MipH eJeMeHTa KOCMIYHOTO 3HIMKY JOpiBHIOBAJIN
56x56 mikceniB, a po3MipH «KOB3aI0YOT0 BiKHA» 3MiHIO-
Bascs Big 4x4 mikceni 1o 32%32 mikcen.

VY TenepimHiil 9ac icHye BeNHMKa KUIbKICTh THIIIB
¢bpakranbHuX posMmipHocTed [4], sKi BiApi3HAIOTHCS
METO/aMH X po3paxyHKy. AJie BCi METOM BU3HAYEHHS
(¢pakTanbHUX pO3MipHOCTEH 0a3ylOThCS MiAPAXyHKY
00’emy abo turomi GopMH TiACTUIHLHOI TOBEPXHi 1 OIi-
HKH TOTO, SK I (hopMa 3MIHIOETHCS Y Pi3HUX MacIITa-
0ax. Haituacrimme mist mocmimkeHHs mudpoBux 300pa-
XKeHb (KOCMIYHHMX 3HIMKiB) 3aCTOCOBYIOTH METOJ ITOK-
purts [10] i Merox npusmu Bu3HAUCHHS (DpaKTaIBHOT
posmipHocri [5].

Merton MOKPHUTTS PO3paxyHKY (pakTaibHOI po3-
MIpPHOCTI NpPHU3HAYEHHMH AJIsI BH3HAUCHHS PO3MIPHOCTI
l'aycnopda-besikoBuua 3a 10IIOMOT00 TAKOT0O BUpPazy:

. logN(e)
D= ogture) &

Iie € — TOBKMHA CTOPOHH Ky0a (MakcCHMaibHa TOBKHHA
MOJKE JIOPIBHIOBATH PO3MIpY «BIKHa»), SKUM HOKpHBa-
10Th mudpose 300paxents; N(¢) — kinbkicTe KyO6iB 3
JIOB)KMHOIO CTOPOHH &, IO MICTUTh TPUBHMIpHE MOJaH-
Hs1 300paKeHHSI.

Mertoj mpu3MHu po3paxyHKy (pakTaabHOI po3Mip-
HOCTI BUKOPHCTOBYE JJIsl BU3HAYCHHS PO3MIPHOCTI Ha-
CTYNHUU BUpA3!

_imlogP(e)
=1 log(l/e) ' @)

Jie & — TOBKWHA CTOPOHH OCHOBH 3pi3aHoi mpu3MHu (Ma-
KCHMaJIbHA JOBXXHMHA MOJKE JOPIBHIOBATH PO3MIPY «Bi-
kHa»); P(e) — mioma moBepxHi mpusmu (TI BEpXHBOT
rpaHi) 3 JOBXXHUHOIO CTOPOHH ii OCHOBH .

KopoTko po3risiHeMO MOpPsIIOK BH3HAYEHHS (pak-
TaJIbHUX PO3MIPHOCTEH 3a JOIIOMOTOI0 METOY IOKPHT-
T 1 MeToy npu3mu. Crioyatky y METOAl IIOKPUTTS BU-
OUpaeThCs NesIKUK KyO, JOBXKHMHA CTOPOHHU SIKOTO JIOpi-
BHIOE &, 1 MM KyOOM IIOKPHBA€THCS TPHBHMIpPHE II0-
JAHHSA KOCMIYHOTO 3HIMKAa. A TOTiM BU3HAYAETHCA Killb-
KicTh KyOiB 3 JOBXHHOIO CTOPOHHU &, IO HAKPHUBAIOTH
Bech KocMiunmi 3HIMOK N(¢).

Iig gac peamizamii METOQy HPU3MHU CIIOYATKy 3
BUKOPUCTaHHSIM JaHUX IPO SCKPAaBOCTI KOCMIYHOTO
3HIMKa y KyTaX «BIKHa» pO3MIpOM & OyIyeThCsl BEPXHs
rpaHb MPU3MH, a IOTIM BH3HAYAETHCS (PO3PAXOBYETHCS)
1i woma P(g).

Y nojpanpioMy Juisi METOIY MOKPHUTTS 1 METOay
npu3MHU po3paxoByroThes 3HadeHHsT N(g) i P(¢), Bimmo-
BIZIHO, ISl JICKIIBKOX 1HIIUX BEJIUYKH &. SIKIIO, HAIPH-
KIaJ, BEJIMYMHU JIOPIBHIOIOTH & = ¢&1/2, &3 = ¢e1/4,
€4 = €1/8, To otpumyroTh mo 4otupu 3HaueHHs N(g) i
P(¢). KinpkicTh 3HaYeHb MOXE OYTH PI3HOIO 1 3aJI€KHUTh
BiZl CTpYKTypH ((POpMH) MiACTHIHFHOI MOBEPXHI, MO Bi-
noOpakeHa Ha KOCMIYHOMY 3HIMKY.

[Micns orpumanns 3uaueHb N(g) i P(¢) B meromi
HOKPUTTS 1 MEeTOMI NMpHu3Mu OyIyrOTbesi rpadiku yora-
pudmianoi 3anexuocti log N(¢) ab6o log P(¢), Biamosia-
HO, Bix log 1/e. 3a moOya0BaHUMH TOYKAMH BUKOHY€ETh-
Csl JIiHIMHA ampOKCHMAIlis 3 BHKOPHUCTAHHSM METO.LY
Haiimenumx kBazaparis (MHK). Buxopucranas MHK
JUISL anpoKcuMallii 3abesrnedye aBTOMAaTH3aIll0 OTpPH-
MaHHS (pakTaJbHUX po3MipHOCTeH. BusHauuBmIM TaH-
TeHC KyTa HaXWIy alipOKCHMOBAHOI MPSIMOI 3aXOHUThCS
BennurHa (pakTanbHoi po3MmipHocTi D.

Juns Biyamizanii orpumanoro II®DP kocmiuHoro
3HIMKa MO’KHA 3J{IICHUTH PO3IMOJUI BCHOTO [iana3oHy
3MiH (pakTansHUX po3MipHOcTeil Ha [1DP, po3dusato-
gy Horo Ha JeKinbka piBHIB. KoxkeH piBeHb po30OHUTTSI
MOJKHa BiZoOpa’kaTH TEeBHUM KOIHOpoM. DpakTaibHi
PO3MIPHOCTI 3 OJIM3BKUMHU YHUCIOBUMHU 3HAYCHHSIMH
00’ €THYIOTBCSI B OKpeMi 00JIacTi 1 TAKMM YWHOM 3JIiiic-
HIOETBCS CETMEHTAIlisI KOCMIYHOTO 3HIMKAa 3a BEJIUYH-
HOIO (hpakTaibpHOT po3mipHoCTi [8].

Ha puc. 3, a-r HaBeneHo Bi3yanbHi nmoganHs [1OP
moOyIoBaHi Uil KOCMIYHHX 3HIMKIB IOJIs, 3aCisTHOTO
KyKypya30oio (puc. 2, a-r), Ha SKOMY MPOBOJHINCS
nonboBi poboTH, cranoM Ha: 29.07.18 (a), 05.08.18 (6),
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08.08.18 (B), 10.08.18 (r). ITobymoBa I[IDP 1ux xocmiy-
HUX 3HIMKIB 3/1iHCHIOBABCSl 3 BHUKOPHUCTAHHSIM METOIY
MIPU3MH 1 «KOB3aI0UOT0 BiKHa» po3MipoM 5X5 mikcediB.
Bech miana3zon 3MmiH (pakTambHUX pO3MIpHOCTEH poO3-
TIOJIISIBCS Ha 5 PIBHIB.

Puc. 3. Bisyanbue nonanns [IOP kocMivHUX 3HIMKIB MO,
3aCiTHOTO KYKYpPYI3010, Ha SKOMY MPOBOIIIKCS TIOJBOBI PO-
6otu, craHoM Ha: 29.07.18 (a); 05.08.18 (6); 08.08.18 (B);
10.08.18 (1)

Sk BuHO Ha puc. 3, BisyanbHe nonanus [IOP nae
3MOTY IPOBECTH PO3IOJiJ €JIEMEHTIB 3HIMKIB 3 Pi3HOIO
CTPYKTYpOIO, TOOTO 37iiicHUTH Horo cermenTariro. Ilo-
Oyznoga i Bizyaumizanis [IOP nae 3Mory Hao4HO IOCHiIH-
TH 3MiHy CTaHy CUIbCBKOTOCHOAAPCHKUX 3€Mellb, SIKi
00yMOBJICHI IPOBEICHHSIM MTOJILOBUX POOIT.

Ha BizyansHomy nonanni I1IOP nobpe pospisus-
I0ThCS MEXI1 JUISTHOK MOJIS Ha SIKMX IPOBOISTHCS poOo-
tH. KpiM TOro, MOXXHa BH3HAYMTH MEXi NPOBEJICHUX
poOIT, [0 BUKOHYBAJUCS HE TaK JABHO, OCOOJIMBO Iie
CIIOCTEpIiraeThes Ha puc. 3, a, 0.

Ha nmx pucyHkax BHAHO ABI MeXi, OJHA — BiJo-
KPEMITIOE JiNITHKH TOJS 3 Pi3HUM THUIIOM TOBEpXHi, a
iHIIIA — TUISHKA 3 PI3HAM 4acoM IPOBENEHHS MOIbOBUX
poOit. HeoOximHO 3a3HAaYNTH, IO HA BUXITHUX KOCMIid-
HUX 3HIMKax Bi3yallbHO TIPOSBISIETHCS TUTBKHA MeEXa 3
pi3HMM  THMOM mOBepxHi (auB. puc. 2,B,T). Ha
puc. 3, B, T BUAHO, SK PO3MOAUISIOTHCS IJSIHKH IOJIS,
Ha SKUX pOOOTH IIle HE 3aKiHYCHI, TOOTO BHUSBISIOTHCS
JIOKAJIbHI aHOMAJIIT OIS,

TakuMm 4MHOM, PO3paxyHOK Ta Bi3yaJbHE MOJaHHS
[IOP kocMIiYHUX 3HIMKIB CIJIBCBKOTOCIIOAAPCHKHUX 3¢-
MeJb Ja€ 3MOTY 3/ICHIOBATH 1X CErMEHTAIII0 i BU3HA-
YaTh MEXi MPOBEICHUX MOJBOBHUX POOIT, ajie OWiHUTH
PO3MipH aHOMAIBHUX JUISHOK B [IbOMY BHIIAJKy MOXHA
TITBKH SKICHO.

BuxopucTtaHHs «BiKOH» PI3HOTO PO3MIpY M Yac
aHaJi3y KOCMIYHHX 3HIMKIB Ha SKUX € aHOMAJbHI MiJs-
HKH J]a€ 3MOT'Y BU3HAYHUTH iX PO3MIpH.

V Ttabn. 1 HaBenEeHO BEIWYMHH MIiHIMAIbLHUX, MaK-
CHUMAJIbHHX 1 cepenHiX (pakTalIbHUX PO3MIPHOCTEH Ha
KOCMIYHUX 3HIMKax IIOJIsl, 3aCiTHOTO KYKYpY[I30l0, TIpH
pi3HHX po3Mipax «BikHa». PpakTanbHi PO3MIPHOCTI
KOCMIYHUX 3HIMKIB OYyJIM pO3paxoBaHi 3 BUKOPHCTaH-
HAM METOXNy MOKpUTTA. HeoOXimHO Harajmatw, Imo Ha
TIOJTi B KiHITI JIMITHS Ta Ha TIOYATKY CEPITHS POBOIIITICS
noyeoBi pobotH (puc. 1, B).

Sx BugHO 3 mammx Tab6m. 1, y marm 29.07.18,
05.08.18, 08.08.18 i 10.08.18 cnocrepiratoTbcs aHOMa-
JIbHI 3HAUCHHS CepeNHiX 1 MiHIManbHUX (PpaKTaIBHUX
PO3MIpHOCTEH 1T BCIX PO3MIPIB «BIKOH», @ aHOMAJIbHI
3HAYEHHS MaKCHUMaNbHUX (paKkTaIbHUX PO3MIPHOCTEH
TUIBKM Ul «BIKOH» BEJIMKUX po3MipiB — 32 x 32 i
48 x 48 mikceuns.

Tabnuys 1 — Bernunan MiHIMAJIBHHUX, MAKCHMAJbHUX i cepeTHiX 3HaYeHb (PpaKTATBLHUX po3MipHOCTEit
KOCMIYHHUX 3HIMKIB M0JI51, 32CiIHOTr0 KYKYpPYy/I3010, IPH Pi3HUX po3Mipax «BikHa»

Po3mip «BikHa» y mikceasix
JlaTa 4x4 8x8 16 x 16

Dwin Dmaxe Deep Duwin Dmaxe Deep Duwin Dwaxe Deep
04.06.18 2,909 2,996 2,971 2,916 2,989 2,968 2,946 2,981 2,966
14.06.18 2,897 2,994 2,969 2,926 2,988 2,965 2,942 2,980 2,962
16.06.18 2,889 2,994 2,964 2,925 2,984 2,961 2,932 2,980 2,959
21.06.18 2,904 2,992 2,966 2,922 2,988 2,963 2,938 2,978 2,959
26.06.18 2,885 2,996 2,969 2,920 2,992 2,966 2,937 2,979 2,964
29.06.18 2,865 2,998 2,962 2,911 2,988 2,956 2,927 2,985 2,952
29.07.18 2,554 2,999 2,943 2,604 2,989 2,923 2,654 2,985 2,877
05.08.18 2,459 2,995 2,933 2,529 2,988 2,914 2,601 2,982 2,867
08.08.18 2,488 2,999 2,923 2,549 2,994 2,900 2,612 2,985 2,857
10.08.18 2,330 2,998 2,943 2,482 2,983 2,934 2,604 2,980 2,922
18.08.18 2,879 2,996 2,966 2,895 2,989 2,963 2,920 2,981 2,969
23.08.18 2,863 2,994 2,960 2,876 2,982 2,957 2,900 2,978 2,954
25.08.18 2,877 2,996 2,963 2,899 2,980 2,960 2,926 2,981 2,958
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Rakinuenns maobn. 1

Po3mip «BikHa» y mikcessix
Jara 24 x 24 32 x 32 48 x 48

Duwin Dmaxe Deep Duwin Dmaxe Deep Duwin Dmaxe Deep
04.06.18 2,952 2,979 2,961 2,955 2,965 2,961 2,963 2,965 2,964
14.06.18 2,945 2,978 2,958 2,948 2,966 2,956 2,957 2,960 2,959
16.06.18 2,941 2,977 2,957 2,945 2,964 2,956 2,954 2,958 2,957
21.06.18 2,947 2,971 2,958 2,951 2,970 2,958 2,956 2,961 2,957
26.06.18 2,944 2,971 2,963 2,948 2,971 2,963 2,952 2,965 2,959
29.06.18 2,933 2,964 2,948 2,938 2,960 2,947 2,943 2,948 2,947
29.07.18 2,679 2,979 2,813 2,706 2,862 2,779 2,779 2,818 2,796
05.08.18 2,634 2,976 2,794 2,675 2,873 2,759 2,756 2,807 2,788
08.08.18 2,643 2,980 2,802 2,679 2,945 2,765 2,723 2,766 2,745
10.08.18 2,642 2,979 2,908 2,663 2,963 2,878 2,678 2,815 2,717
18.08.18 2,937 2,974 2,960 2,949 2,971 2,960 2,953 2,961 2,957
23.08.18 2,926 2,969 2,955 2,933 2,969 2,954 2,939 2,958 2,947
25.08.18 2,932 2,971 2,957 2,938 2,967 2,957 2,944 2,962 2,953

[TosiBa aHOMaNBHUX BENUYUH (PPaKTaIbHUX PO3Mi-
pHOcTeil Oyna OOyMOBIIEHAa IPOBEICHHSIM IOJILOBUX
poOIT Ha TOJIi, M0 BigOOPA3UIOCS Ha KOCMIUYHUX 3HIM-
Kax. Sk 3a3Havagocs BUIIE, HA IIUX KOCMIYHUX 3HIMKax
BiOOpaXXarOThCA IIISHKA TOJSA 3 Pi3HOIO CTPYKTYPOIO.
Kpim TOrO, po3Mipu (TOBIIMHA) CBITIHX AUISHOK IS
PI3HHX JaT TaKOX Pi3Hi i MAIOTh MApyBaTy CTPYKTYPY.
Ha puc. 2, T Tako BUIHO, 110 Y JIIBOMY HIDKHBOMY KYTi
KOCMIYHOTO 3HIMKAa 3HaXOHAThCA TUIBKM OBI CBIiTHI
JUITHKA HEBEIMKOTO PO3MIPY (TOBIIUHH i JTOBXHHH).

3 maHux Tabu. 1 TakoX BHIHO, IO HPH 301IbIIECH-
HI PO3MIpIB «BiKHa» MiHIMaNbHI (pakTaibHI PO3MipHO-
CTi 301IBLIYIOTBCS, @ CepeHi (pakTaabHI PO3MIPHOCTI
3MEHIIYIOThCs (KpiM «BikHa» po3mipom 48 x 48 mikce-
miB st gar 29.07.2018 i 05.08.2018). MakcumaiibHi
(dpakTanbHi pO3MIPHOCTI MPH 301IBIICHHI PO3MIPIB «Bi-
KHa» 3MCHIIYIOTHCS, ajlleé aHOMAaJIbHI 3HAYECHHS IPOSB-
JSIOTBCST TIMBKK IS «BIKOH» po3Mipom 32 x 32 i
48 x 48 mikceniB.

Po3srisiHeMO Ha CKUNBKM 3MIHIOIOTHCSI BETMYMHU
MiHIMaIFHIX, MAaKCUMAJIbHHAX 1 CEepelHixX (paKTaIbHUX
po3MipHOCTeH Tpu 30iNbIICHHI PO3MipiB «BikHa». Ha
puc. 4 HaBeaeHo rpadiku 3MiH 3a3HaYEHUX (PpaKTab-
HHUX PO3MIpPHOCTEH I YOoTHPBOX aat: 29.07.2018 (a),
05.08.2018 (6), 08.08.2018 (B) 1 10.08.2018 ().

Ha puc. 4 mo oci aGciuc BimkimageHa pi3HULS y
po3Mipax  «BikHa», Tak AW =8=8x8-4x4,
Aw=16=16x16-8x8, AW=24 =24 x 24 -16 x 16
i T. 1., @ IO OCl OPAMHAT PI3HUI MiHIMATBHUX (IITPH-
XOBa JIiHis ), MAKCHMaJbHAX (TOYKOBA JIiHIS) 1 CEPEIHIX
(cyuinbHa JniHis) (pakTanpbHUX po3mipHocTel (ADW)
MDK CyCimHIMH po3MipaMu «BikHa». Sk BUIHO Ha
puc. 4, a, pi3HULI MIHIMAJIBHUX (QPaKTATBHUX PO3MIp-
HOCTeH (IITPWXOBA JiHIA) MOYMHAIOTH 3MEHIIYBaTHCA
Ipu 301TBIIEHH] PO3MIpIB «BikHa» 10 24 X 24 mikcend i
30LTBITYETHCS 10 MAKCHMAIBHOTO 3HAYCHHS TIPH PO3Mi-
pi «BikHA» 48 X 48 miKCeliB.

Piznumi MakcuMmanbHUX (DpakTanbHUX PO3MipHOC-
Tel (TOYKOBA JIiHis) TPU HEBEIUKUX PO3Mipax «BiKHA»

HE 3MIHIOIOTBbCS 1 MalOTh €KCTpEMallbHE 3HAUYEHHS IPH
po3mipi «BikHa» 32 X 32 mikcens. PisHuii cepeaHix
(pakTanbHUX pPO3MIPHOCTEH (CYLIbHA JIHIST) CHOYATKY
30UIBIIYIOTECS 10 PO3MIpIB «BikHa» 24 X 24 mikcens, a
MOTIM 3MEHITYIOThCA. Takwif ske XapakTep 3MiH pi3HUIb
MiHIMaJIbHIX, MAaKCUMaJIbHAX 1 CepenHix (paKTaabHUX
po3MipHOCTe criocTepiraeTbes i Ha puc. 4, 6 A 3HIM-
ka ctanoM Ha 05.08.2018.

SIKmo mpoaHaNli3zyBaTH CTPYKTYPY IJICTHIIBHOI
MOBEPXHi HA [UX KOCMIYHKX 3HIMKaXx (IuB. puc. 2, a, 0),
TO MOYKHa MOOAYMTH, IO BOHA NPAKTUYHO OJIHAKOBA.
Po3mipH CBITIHMX IISIHOK CKJIaAal0Th MPUOIU3HO Bix 16
10 24 miKceniB, Ha IIMX PO3MIpax «BiKHa» Pi3HUII MiHi-
MaJlbHUX (paKkTaJbHUX PO3MIPHOCTEH (LITPUXOBI JiHIT
Ha puc. 4, ai0) noynHaTh 3MeHuryBatucs. Po3mipu
TEMHMX IUISHOK Oinbiii, i CKiaamaroTs Bif 24 1o 32 mik-
CEJIiB, TPH SIKUX ICHYy€ EKCTPEMYM Pi3HHIb MaKCHMallb-
HUX (paKkTadbHUX pPO3MIPHOCTEH (TOYKOBI JiHII Ha
puc. 4, a10).

[MoctymoBe 30iNbIICHHAS, a TOTIM 3MEHIICHHS Pi3-
HUIb CEepelHIX (paKTATbHUX PO3MIpHOCTEH (CYIUTBHI
ninii Ha puc. 4, a i 0) XapakTepu3ye HasABHICTh CBITJIHX 1
TEMHUX JIISHOK OJU3bKUX po3MipiB — Bif 24 a0 32 mik-
ceniB. TakuM YMHOM, 3a 3MIHOIO Pi3HHUIP MiHIMAJIBHUX
(pakTaTbHUX PO3MIPHOCTEH MOXKHA OIIHUTH PO3MIpH
CBITJIMX MIJITHOK Ha KOCMIYHOMY 3HIMKY, a 3a 3MiHOIO
PI3HHUIP MaKCUMaJbHUX (PPAKTATBHUX PO3MIPHOCTEH —
TEMHUX JIJISHOK.

Ha puc. 2, B (s 3nimMka craHoM Ha 08.08.2018)
BUJIHO, IIO CTPYKTypa CBITIMX 1 TEMHHX [UISTHOK
3MIHIOETBCS, TOBIIMHA, ajle HE JOBXKHHA, CBITJIHX
JUISTHOK 3MEHIIYETHCS 1 BOHM CTalOTh IIapyBaTi, a
OinplIa YaTHHA 3HIMKA Mae TEMHY TIpajalliio ciporo.
[Ipu 11pOMY 3MIHIOETHCS TTOBEAIHKA PI3HUID CEPEIHIX i
MaKCHMAaJIBHUX (paKTaTbHUX PO3MIpHOCTEH (CyLiTbHA i
TOYKOBA JIiHII Ha puc. 4, B), a Xapakrep 3MiH pi3HHUIb
MiHIMATbHUX (QPAKTATBHAX PO3MIpPHOCTEH (IMITPUXOBA
JiHis HA pUC. 4, B) 3aJHUIIAETHCS MPAKTUIHO TaKWM, fK 1
Ha puc. 4, a1 6.3 1IbOro MOXHA 3pOOUTH BUCHOBOK, ITI0
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JIOBXKHMHA CBITJIMX IUISHOK 3aJIMIIAETHCS NMPAKTUYHO HE
3MiHHOIO — Bix 16 10 24 mikceniB, a po3MipH TEMHHX
JIUITHOK 301IBIIYIOTECS 10 48 miKCeliB.
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Puc. 4. 3anexHIiCTh Pi3HAIL MiHIMAJIBHUX,
MaKCHMaJIbHUX 1 cepeHiX (ppakTalbHUX PO3MipHOCTEH
BiJl po3MipiB «BikHa»: 29.07.2018 (a),
05.08.2018 (6), 08.08.2018 (B) i 10.08.2018 (1)

Ha puc. 4, B (TOuKOBa JIiHIs) IpU TaKUX PO3Mipax
«BIKH@» CIIOCTEPITAETHCS EKCTPEMYM PI3HUIb MaKCH-
MaJbHUX (PAKTATLHUX PO3MIPHOCTEH. XBUIHOBHHA Xa-
paKTep 3MiHM PI3HHIB CepeHiX (pakTadbHHX PO3MIp-
HOCTeH (CymliJibHA JIiHiA Ha puc. 4, B) MOXKe XapaKTepH-

3yBaTW HAasBHICTH LIAPYBaTOi CTPYKTYpH Ha KOCMIYHO-
MY 3HIMKY.

30BCiM iHIIA CTPYKTypa MiACTUIBHOI IOBEPXHI
CIIOCTEpIraeTbcsi Ha pHC. 2, T, Ha SKOMY BHIHO, IIO
CBITJII AUISTHKY 3MCHIIYIOTh HE TUTBKH 332 TOBIIUHOIO, a 1
3a JIOBXHHOIO, 1 PO3MIMIYIOTHCS TUTBKH B OJTHOMY MiCIIi
KOCMIYHOTO 3HIMKa — y JIiBOMy HIDKHbOMY KyTi. Ha
puc. 4, T BUIHO, IO 3MiHA PO3MIpIB CBITINX 1 TEMHHX
IUITHOK MiACTINRHOI MOBEPXHI Ha KOCMIYHOMY 3HIMKY
MIPUBOANTH A0 3MiHH BCIX PI3HUIE (PPaKTaTHHUX PO3Mi-
pHOCTE!. Pi3HHMII MiHIMaIPHUX (pPaKTATFHUX PO3MIp-
HOCTel (IITpUXOBA JiHIiS) MAaIOTh €KCTPEMYM IIPU PO3-
Mipax «BikHa» 8 X § IIKCeJiB i BEJMKE 3HAYCHHS INPH
po3Mipi «BikHa» 16 x 16 mikceniB. Taka nmoBexaiHka pis-
HUIb MiHIMaNIbHUX (PaKTaJIbHUX PO3MIpHOCTEH 00Y-
MOBJICHa 3MEHIICHHSIM JOBXHHH CBITJINX JIUISHOK Ha
3HIMKY 710 16 mikceniB. XapakTep 3MiH Pi3HUIb MaKCH-
MaJbHUX (TOYKOBa JiHIiA) 1 cepemHixX (CyIiIbHA JiHis)
(paKkTaTbHUX PO3MIPHOCTEH MNPAKTUYHO OJHAKOBHIL.
CriouaTKy 3a3HaueHi Pi3HUII TPAKTHYHO HE 3MIHIOIOTH-
csl, a TOTIM TPH Po3Mipax «BikHa» 32 X 32 mikcess mo-
YHHAIOTH 301JBIIYBATUCS 1 MarOTh SKCTpEeMalbHi 3Ha-
YeHHsI IPH po3Mipi «BikHa» 48 X 48 mikceniB. Taki 3Ha-
YEeHHsI PO3MIPIB «BIKHa» BiJMOBIAIOTH PO3MIPY TEMHOT
JUISTHKH Ha KOCMIYHOMY 3HIMKY (IHB. pucC. 2, T).

TakuM YMHOM, BUKOPUCTAHHS IIi]T Yac (PPaKkTaTbHOIO
AHAJI3Y «BIKOH» PI3HOTO PO3MIpy Ja€ 3MOTY BU3HAUYATH
PO3MIpH PI3HUX aHOMAJIBHHX CTPYKTYp Ha KOCMIYHOMY
3HIMKY 32 PaXyHOK 3MiHH Pi3HHIb MiHIMAJIbBHUX, MaKCH-
MAaJTbHUX i CepeiHIX (hpaKTaTbHUX PO3MIPHOCTEH.

BucnoBku

VY TenepimHiii 4ac ClUILCHKOrOCIogapchki podboTH
BUKOHYIOThCSI 3 BHCOKOKO JIMHAMIKOIO 1 OIliHKa iX pe-
3yJbTATIB TOTpPeOye mocTiiiHoro MoHiTopuHry. Jlis
OTpUMaHHS iHQOpPMAIIi PO CTaH 1 CTPYKTYPY 3eMEiib-
HUX IUISHOK Ta IMOCIBHUX IUIONI 1 BUABJIIEHHS IUISHOK
3eMJIi, 10 MAlOTh €pO3iifHI MOPYIIeHHsS, a TAaKOX IHIII
BU/M Aerpajamii 3eMili OIMPOKO 3aCTOCOBYIOTBCS JlaHi
[33. Metoan ¢pakTanpHOTO aHaizy 300pa)keHb BCe
YacTillle 3aCTOCOBYIOTh JUIS MiABHIICHHS 1HQOpPMAaTHB-
HOCTI KOCMIYHHX 3HIMKIB MiJl YaC MOHITOPUHTY 3€MHOL
noBepxHi. [1iJ] yac 3acTocyBaHHSI TaKMX METOAIB Oyamy-
IOThCSI TIOJISE (PPaKTAJIBHUX PO3MIPHOCTEH 1 y MOJalib-
IIOMY MPOBOJUTHCS iX 00poOIeHHs 1 nociipkeHHs. [Ipu
IbOMY BHKOPHCTOBYIOTHCS KOCMi4HI 3HIMKH B OJHOMY
miarra3oHl XBUIIb.

Po3rnsHyTa MOXIHMBICTE 3aCTOCYBaHHS (hpaKTaIb-
HOTO aHaJI3y JUId BU3HAYEHHs PO3MIpIB IUISTHOK MOJIS
Ha SIKUX MPOBOAATHCS CIIIBCHKOTOCHOAAPCHKI POOOTH 3
BUKOPHCTaHHSIM «BIKOH» pi3HUX po3MipiB. Iloctymose
30UIBIICHHS, a MOTIM 3MCHIICHHS PI3HHIb CEepPEeIHIX
(pakTadbHUX PO3MIPHOCTEH Mij Yac 30UIbIICHHI PO3Mi-
piB «BiKHA» XapakTepPHU3y€ HASBHICTH CBITIHMX 1 TEMHUX
TUTSTHOK Ha KOCMIYHOMY 3HIMKY, III0 OOYMOBJICHI TpO-
BEIIEHHSM CUTBCHKOTOCIIOIAPCHKUX POOIT. 32 3MiHOIO
Pi3HHUIP MiHIMAIBHUX (DPAKTAIBHUX PO3MiIpPHOCTEH MO-
JKHA OLIHUTH PO3MIpH CBITIMX IISHOK HA KOCMIYHOMY
3HIMKY, a 3a 3MiHOIO Pi3HHI[b MaKCHMaJIbHHUX (paKTa-
JBHUX PO3MIPHOCTEH — TEMHHX JIIISTHOK.

ITig yac momanbIIuX JOCIIIKEHb, TOLIILHO 3/Iiic-
HUTHU OLIHKY BIUIMBY BEJIMUYMHM CTpHOKa, 1m0 Oepe yu-
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acTh y 1noOynoBi noiist ppakTaJbHUX PO3MIpHOCTEH, Ha
BEJIMYMHA MIHIMAJIIEHUX, MaKCHUMAaJbHHX 1 CEpEIHIX
3HaYeHb (PPaKTAIHLHUX PO3MIPHOCTEH.

Konduaikr inTepecis

ABTOpH JIEeKIapyOTh, IO HE MalOTh KOH(DIIKTY iH-
TepeciB CTOCOBHO JAaHOTO AOCIHIIKEHHS, B TOMY YHCIi
(hiHaHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA YU

IHIIOTO XapakTepy, IO MIir OM BIUIMHYTH Ha JOCII-
JDKCHHSI Ta HOro pe3yibTaTH, NpEACTaBiIeHI B JAaHIH
CTaTTi.

Bukopucranas 3aco6iB IITYYHOr0 IHTEJEKTY

ABTOpH HiATBEPAKYIOTh, 10 HE BUKOPHUCTOBYBAIIH
TEXHOJIOTI] MITYYHOTO IHTEJIEKTY NPH CTBOPEHHI mpen-
CTaBJIEHOI pOOOTH.
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Estimation anomalies sizes on spaces pictures of agricultural earths with the use fractals dimensions
Ruslan Pashchenko, Maxim Mariushko

Abstract. Inthe present terms agricultural works are executed with a high dynamics and estimation their results needs per-
manent monitoring. The subject of the study in the article is estimation possibility determination of sizes anomalous areas of the
field on spaces pictures with the use fractals dimensions that settle accounts in the different sizes of «windows». The object of the
study are agricultural earths on which works were conducted and which are fixed on the spaces pictures of satellite Sentinel-2. The
goal is estimation influencing «window» extents on the sizes of fractals dimensions spaces pictures of agricultural earths during their
monitoring and determination sizes of anomalous areas. The following results were obtained. It is investigational influencing
«window» extents, which takes part in construction the field of fractals dimensions, on the sizes minimum, maximal and mean val-
ues of fractals dimensions, which are on the spaces pictures agricultural earths which works behaved on. Gradual increase, and then
diminishing differences middle fractals dimensions under time jumboizing «window» characterizes the presence light and dark areas
on a space picture, that is conditioned by the leadthrough of agricultural works. After the change differences minimum fractals di-
mensions can be estimated sizes of light areas on a space picture, and after the change differences maximal fractals dimensions —
dark areas. Conclusions. The use during the fractal analysis «windows» of different size allows to determine sizes different anoma-
lous structures on a space picture due to the change differences minimum, maximal and middle fractals dimensions.

Keywords: monitoring the state of agricultural earths, space pictures, fractal dimension, anomalous area.
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ABTOMOOINBLHUN, PiYKOBUMN,
MOPCLKUU Ta aBialiMHUN TPaHCNOPT

YJIK 623.746.2

. O. l'amiHchkuit

doi: 10.26906/SUNZ.2026.1.012

Ykpaincbka aepkaBHa JIbOTHA akaneMis, KponmBHUIIEKHH, Y Kpaina

MOJEJII TA METO/ IINTAHYBAHHS PYXY POIO BE3IIIVIOTHUX JIITAJIBHUX

ATIAPATIB ITIPM BUKOHAHHI CIIEIIIAJIBHAX MICIH 3 YPAXYBAHHAM
ITPIOPUTETY 3ABJIAHb

AHoTanisi. AKTyaJbHicTb. B cTaTTi HaBeIeHO yIOCKOHATIEHHI aBTOPOM METO]I IUTaHyBaHHS PyXy pOI0 O€3IJIOTHUX JIi-
TanpHuX anapartiB (BriJIA) npu BuKOHaHHI criemianbHUX Miciil 3 ypaxyBaHHSIM IPIOPUTETY 3aBJaHb B CKIAIHOMY Cepelo-
BUIIII, SIKUI MEpEBEPIIy€E BiIOMI METOAU 3a IIBHIKICTIO Ta TOYHICTIO KOHBEPICHINT Ta 4acoM BHKOHaHHS. O0’€KT Moci-
JKeHHs TIPOIECH 3aCTOCYBaHHS POIB OC3MIJIOTHUX JiTAIBFHHUX alapariB MPH BUKOHAHHI crenianbHUX Micii MeTa cTaTTi:
YAOCKOHAJICHHS! METO/Y IUIaHyBaHHS PyXy POI0 O€3MIIOTHHX JIITaJbHUX amapaTiB IPHU BUKOHAHHI CIIEIiaJIbHUX MICil 3 ypa-
XyBaHHSIM IPIOPUTETY 3aBJaHb B CKJIaJHOMY CePefOBHUILi. Pe3ybTaTn AocaifzkeHHs1. Y CTaTTi U yIOCKOHAICHHS METOLY
IuIaHyBaHHA pyxy brJIA BBeleHO JBOXETANHICTh INIAHYBAHHS IUIAXY. B sikocTi 6a30BOro METOMy ISl yAOCKOHAJICHHS BH-
KOPUCTaHO MeTOJ poro yacTok (PSO), sxuii 3apekoMeHIyBaB ceOe sIK JOCTaTHhO ¢(DEKTUBHUI aITOPUTM PIICHHS CXOXKUX
3aBnanb. Ha mepmomy erari MeTon iHinitoe TpaekTopii monsoTy BriJIA ta npusnauae npioputern briJIA 3i cxiany poro Ha
OCHOBI (haKTOPIB HABKOJIMIIHEOTO CEPENOBHINA Ta 3aBAaHb Micii. Ha npyromy erami okpemi BriJIA 3 Bucokum npiopureroMm
BHUKOPHUCTOBYIOTH alroput™ PSO, 110 IPYHTYETHCS Ha BIIOMOMY METOJIi IIBUAKOTO JOCIIXKEHHS BUIIAJKOBOTO IepeBa, LIS
IJIAaHYBaHHSI IIJISAXY, TOJI SIK IOYAaTKOBHUH pili YaCTHHOK BUOIPKOBO YCIIAJAKOBY€E pPe3yJIbTaTH MOMEepeIHbol iHimamizairii. Ocki-
JILKA TpaekTopii moiapoTy bnJIA, 3reHepoBaHi TAKMM METOJIOM, MOXKYTh HE BIAMOBIIaTH (GaKTHYHUM BUMOTaM JIO MOJBOTY
poto brJIA, Bukopuctrano kpusi JlyOiHca A 3ri1apKyBaHHS Ta OTPUMaHHS (PaKTHYHUX TPAEKTOPIH MOJILOTY Y BIIAIOBITHO-
CTi 3 IPIOPUTETHICTIO 3aBJaHb CIEiabHOI Micii. BucHoBKM. 3anponoHoBaHMiA TiOPHIHAN MiAXiA MOEIHYE 1HILIATIZAIII0
TpaekTopiit MeTogom BunagkoBux nepeB (RRT) 3 ontumizamiero poem yactuHok (PSO), mo 103Bosi€ eeKTUBHO OMUHATH
JIOKQJIbHI ONITUMYMH y CKJIaJIHUX cepeloBUIIax. Bukopucranus GpyHkuil mtpadis [yt JOTpHMaHHs 0e3NeYHUX JUCTAHIIN y
MO€EIHAHHI 31 CTPATETi€r0 TIepe3amycKy Ta 30epeKESHHSIM «EJIITHUX)» CTaHIB 3a0e3Meuye MBUIKY 301KHICTh 1 BUCOKY CTIHKICTh
anroputMy. EkcriepuMeHTansHO goBeaeHa MaciTaboBaHiCTh METOMy Ha TPpyNu A0 11’sTucoT BriJIA minTBeppkye #oro 3a-
CTOCYBaHHS JIJIs1 BAKOHAHHSI CIICIialbHUX Micili B yMOBaX BHCOKOI IIIbHOCTI areHTIB 1 AMHAMIYHUX OOMEKEHb.

KnarouoBi cioBa: aBiauiitHuii TpaHcriopt, 0€3MITOTHUHN JTiTAJILHUN anapar, TeHETHYHI alnropuTMH, iHpOpMaNiiiHi TeXHO-

JIO0Tii, HaBirais, MIaHyBaHH;I MapIIPYTIiB PyXy, TPAHCIOPTHI TEXHOJOTIT, INTYYHHUIH 1HTEIEKT.

Beryn

MocTranoBka mpo6Jjemu. Ynupasiiaas briJIA mo-
YKHA KITacu(piKyBaTH i pO3IITUTH Ha 3 OCHOBHI KaTeropii:

a) JlucraHmiitHe KepyBaHHS MUIOTOM — CTaTHYHA
aBTOMATH3aIlis OIepaTopa, KOJIU BCi pilIeHHs mpuitmMa-
FOTHCS TUCTAHI[ITHUM OIIEPATOPOM.

0) BijgnaneHe KOHTPOJILOBAHE YIPABIIHHS — aJarl-
THBHA aBTOMaTH3allis. BOHO 1ae qpoHaM MOKIIMBICTH 3a-
MyCKaTH | BUKOHYBATH 3aJIJaHUH MPOIEC HE3AIEKHO OJIHH
BiJl OZIHOTO, 3 MOXIIUBICTIO BTPYYaHHS JIFOAUHH, SKIIO e
HeoOXigHo. B) [IoBHE aBTOHOMHE YHpaBIiHHSA — CHCTeE-
MHa CTaTHYHAa aBTOMATHU3allis, KOJM JIPOHH MOXYTb
npuiiMaTH BCi HEOOXiJHI PillIeHHs /I YCIIIIHOTO 3aBe-
pIlIeHHs Micii 6e3 HeoOXigHOCTI BTpydaHHs JitoauHu. Ha
TenepilHii yac 3aBanHs ynpasiinasa briJIA moxHa po-
3IUIMTH Ha TPH THIN: KepyBaHHs oquHOYHUM briJIA, ke-
pyBanHs brJIA y ckmani rpynu, kepyBaHHS PO€EM.

Ilepurmii THI: 30BHIIIHI OTTEPaTOPH MAIOTh TIOBHUH
KOHTpOJb HaJ briJIA. ABTOMaTH9HI mpoiiecH BiNoOBiIa-
IOTh 3a CTaHJapTHU30BaHi orneparii. [lapamerpu pyxy, ma-
pameTpH HaBiramii, mapaMeTpH TEXHIYHOTO OOCIyTOBY-
BaHHS Ta IJIAHYBaHHS MiCii KOHTPOJIOIOTHCS JIFOAWHOIO.
et Tun briJIA He Mae BHCOKOTO PiBHSI aBTOHOMHOCTI.

Jpyruil Tun Bxmouae kepyBaHHA rpymnoro brJIA.
L1i BriJTIA moxyTb 00'eqHyBaTHCS B TPYIH, 1 KUIbKA OC10

MOBHHHI KepyBaTH HUMHU pa3oM. Lleil BUI AisUTBHOCTI
CNPSIMOBAaHUI Ha 3MiHY POJIi JIOJUHHU 3 MIJIOTa, IITYp-
MaHa, Ha koMaHaupa. Taxi rpynu briJIA npaurorors Ha-
CTYITHUM YHHOM:

1) BriJIA maroTh He3asexHi 3aBIaHHs, aje Mparo-
FOTh Y CHUTFHOMY MOBITPSTHOMY ITPOCTODA;

2) BrJIA of0'emHaHi y CTPYKTYpy, aje BCepeIuHi
CTPYKTYpP aBTOHOMHA B3a€MO/Iisl 3A1HCHIOETHCS JIMIIIE Ya-
CTKOBO;

3) BrJIA o6'ennani B piif (IOBOASATBCS SIK CTPYK-
TYPH, 3MOJIEJTbOBaHI 32 IPUPOJHUMH IPOLIECAMH, MAIOTh
BHCOKY i1HTETPAIIif0 Ta B3aEMOJIIIO0).

Tperiit Tun. YnpasiiHHSA pOsIMH € HalOIIBII CKIIa-
JTHAM HayKOBUM 3aBJaHHSIM, SIK€ 3HAXOIUTHCS HA CTUKY
poboTOTeXHIKH, iHPOPMAIITHIX TEXHOJIOTIH, IITYIHOTO
IHTETIeKTY, HaBiramii Ta TPaHCIIOPTHUX TEXHOJIOT1H.

VY 1ocKOHaNEHHH aBTOPOM METOJ PO3IOJiTy 3a-
BIIaHb B poro briJIA npu BHKOHaHHI CIIEMIAIbHUX MiCiid
[1] to3Bossie BU3HAYUTH MPIOPUTET 3aBaHb 1 3aKPIUTH
3aBlaHHS 32 KOHKpeTHUMH BriJIA omHak He Jae Bimrmo-
BiJlb HA IMTAHHS SIK CIJIAHYBAaTH ONTHUMAJIbHUM YHHOM
MapHIpyTH IOJBOTIB, BPAXOBYIOUH IMHAMIYHO MIHJIMBI
CKJIQ/IHI CepeIoBHIIA TOJIbOTY, 3a0e3Meuyoud BUMOTH
JI0 O€3IEeKH MOJIBOTIB Ta MPIOPUTETHICTH 3aBIaHb.

B sikocTi 6a30BOTO METOLY JUTSI Y IOCKOHAJICHHS BH-
KOPHCTAaEMO METOJ] POIO YACTOK, KU 3apEKOMEHIyBaB
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ce0e SIK JOCTaTHhO €PEKTUBHHUN AITOPUTM PIlLICHHS CXO-
KHX 3aBJIaHb.

AHaJti3 OCTaHHIX JT0c/iTxKeHb i myoaikauiii. Haii-
MOLIMPEHIIINM METOJIOM IUIaHYBaHHS TPAEKTOPIl pyxy
poiB BriJIA cepen anropuTMmiB, aHAJIOTH SKUX 3yCTpiva-
IOTBCS Y JKUBIiH PHPOI, y CIIEIiaNbHil JiTeparypi BU-
3radgeHo ParticleSwarmOptimization (PSO). danuii me-
TOJ BIIOMHI MIPOCTOTOIO Ta €(EeKTUBHICTIO. 3HAYHA Ki-
JBKICTh JOCIIAHUKIB, BUKOpUCTOBYI0uM Metox PSO B
sIKOCTI 0a30BOTO yaocKkoHaIOE Horo. Tak, B po6oti [2]
PpOo3poOIeHNI PO3MIMPEHAHA aITOPUTM ONTHMI3aIlii JHC-
kpetHoro poro yactuHok (DPSO) nmns BupimieHHs 3a-
BJIaHHS KOMIBOsDKEpa.

Posnoninenuii anropuT™ JOCTIDKEHHS Ha OCHOBI
PSO n1st BUpinIeHHS 4aCTKOBHX 3aBAaHb B CLIEHAPISIX Ka-
tacTpod HaBeneHui y po6oti [3]. B crarti [4] HaBeneHo
ONTHMI3alliIo TapaMeTpiB, 0 BIUIMBAIOTH Ha NPOIYKTH-
BHICTh anroputmy PSO, 3 MeTOI0 3MeHIIIeHHS BTpaT ede-
KTUBHOCTI T4 BUHUKHEHHS CyOONTHMAIbHAX PILICHb.

OnHak y ICHYIOUHX AOCIIUKEHHSIX BHKOPHUCTAHHA
Metoxy PSO nns manyBanHS TpaekTopii Kinbkox briJIA
BCe Il Ma€ TaKi MpoOIeMHu:

a) MPH HAsABHOCTI B HABKOJHUIIHBOMY CEPEIOBHIIl
3HAYHOI KIJIBKOCTI MEPEIIKO/I, 0COOJIMBO Yy TiPChKil Mic-
LEeBOCTI, ypOaHi30BaHiil MiCEBOCTI, 3aBOJCHKUX 3a0y-
JIOBaX CBOJIIOLIIHUM aJropuTMaM BaKKO 3HAWTH MOXK-
JIBE PillICHHS;

0) oOMexxeHHs criibHOI poOoTH Kijgbkox bnJIA 3i
ckimany poro. Uepes unciaeHHI 0OMEKEHHS IMOAO YHHK-
HEHHS 3iTKHEHb Yy CTHUCHYyTOMY mpoctopi, BrJIA 3i
CKJIay POIO (AK Y QJITOPUTMI PO3IIISIAIOTHCS y BUIIISAIL
YaCTHHOK) BaXXKO OHOBHUTH CBOi TpaekTOpii A0 MOTOY-
HOTO ONTHUMAJBHOTO HANPSMKY, IO IIPU3BOAUTH IO TPY-
JTHOIIIIB y KOHBEPTEHIIIT i/l 9ac MPOIECy ONTHUMI3aIllii.

B) mpobieMa MOTPAIUISHHA 10 JIOKAJIBHOTO OITH-
MyMYy.

Jani npoGiieMH BUPILIYIOTCS LUISIXOM YI0CKOHA-
JICHHS] METOJY .

MeTo10 po00OTH € YIOCKOHAJICHHS METOJy IUIaHy-
BaHHS PyXy POIO OE3MIOTHUX JITAIbHUX amapariB Mpu
BHKOHAHHI CICIIadbHUX MICiH 3 ypaxyBaHHSIM IIPiOpH-
TETy 3aBJaHb B CKJIaJHOMY CEPEIOBHIIII.

OcHoBHui MaTepian

Jnst yaocKoHaJIeHHs BiJIIOBIAHOIO METOJY BBe-
JICHO JIBOXETANHICTh MUIaHyBaHHs nuisixy. Ha nepiomy
eTarti MeToJ iHilitoe TpaekTopii monsoty brJIA Ta mpu-
3Hauae npiopuretn briJIA. Ha npyromy erami okpemi
BriJIA 3 BUCOKMM IPiOPUTETOM BUKOPHCTOBYIOTH QJITO-
putM PSO mu1s nimaHyBaHHS IIISAXY, TOJ SIK TTOYAaTKOBUH
piif yacTHHOK BHOIPKOBO YCIaKOBY€E PE3YJIbTATH IOTIe-
penHboi iHiIiam3anii.

Busnaunmo Habip ontumanbHHX abo cybomTmma-
JIbHUX MapLIPYTiB MOJILOTY BiJl HOYAaTKOBOI TOUKH 0 My-
HKTY TpH3HA4YeHHsl, 3a0€3MeuyoUYr NpU [IbOMY BUMOTH
oe3neku. 1li MmapmpyTn po3poOieHi s Kinbkox brJIA
31 ckany poto. besneka o3navae 3qatHicTh briJIA ycemi-
LIHO YHHMKATH HEPeUIKOJA Yy CKJIaIHUX YMOBaX 30BHill-
HBOTO CEpEeJOBHIA NPH BUKOHAHHI CIIEIiaJbHUX MiCiH
Ta 3aro0iraTy 3iITKHEHHSIM MiX co00I0.

[To3naunmo cepenouie nonboty briJIA sik E, xi-
nbkicTe BriJIA y cknani poro N, kinbkicts 3aBaans K.

Kosxen briJIA pyxaeTses 31 mBHAKICTIO Vi . 1 KOX-
Horo i-ro BmJIA i=[1...N], #ioro KOHKpeTHe j-Te 3a-

BJIaHHA 31 CKiIaqy mjiany a.i BKJIIOYA€ MOYaTKOBY TOYKY

BUKOHAHHA 3aBJAHHA Xg, Ta KIHIIEBY TOUKY Xgi; - Po-

310’€MO LIUIAX BiJ OYATKOBOI TOYKH O KiHIIEBOI TOYKHU

HA JUISHKH TPAEKTOPIL, 110 BU3HAYAKOTHCS TOUKamMu P':
pi_[pi b i
=1PL P2 Pwy s 1)

Jie pl, € W —010 TOUKO MapmpyTy i —ro BrJIA, mo Ta-
KOXX BHW3Ha4Yae ¥ BIAMOBIZHY IUISHKY pyxy. Tomi

W; 5 p! | BHU3HAYa€e KiNBKICTH €IEMEHTIB MapuIpyTy
pyxy i —ro brJIA.

BoueBnzb, O pi = X, Py = X,

Heo0OxigHo BU3HaUNTH Takuii HaOip MULAXiB L,
00 ocsranacs HiiboBa QYHKILIS:

N K
L=ZZ|ij—>min 2)

i=1 j=1

IpU cUCcTeMi 0OMEIKEHb.

BBenemo BiAMmoBimHY cHCTEMY 0OMEXEHB, KA Y 3a-
raJbHOMY BHIAIKy Oyzae peasi3oByBaTHCS Ha BH3Ha-
YeHHI BapTOCTI eneMeHTiB pyxy BrJIA 3i ckiamy poro Ta
BIJIMIOBiaTH 3arajlbHO BU3HAUYCHOMY IIAXOIYy Y PopMy-
BaHHI cucteMi “mrpadiB”. i Bu3HaueHHS mTpadis
BBEJICMO JICSAKY CUCTEMY MOKa3HUKIB. B 11i#f cuctemMi HU-
JKHIH 1HIEKC BiNIOBIa€ HACTYITHOMY (hi3UIHOMY OOMe-
JKEHHIO.

[tpad noBxkuHMU MOIBLOTY — OOMEKeHHS “17.

Po3i6’emo TpaekTopito moiapoTy BriJIA Ha Kinbka
BY3JIIB 1 MiJICYMOBYEMO JOBXXHHH TPAEKTOPIi MOJIBOTY,
00YHCITFOFOYH BifCTaHI MiXk By3namu. Gopmyna s po-
3paxyHKy JOBKHUHU HUIXY i-ro BriJIA Burisaae tak:

A= ‘p\'/v Pus1

w=1

) (3)

JIe JIOBXKHWHA BEKTOPY BU3HAYAETHLCS 3a BiZIOMOIO (OpMy-
noro [5]:

(XEW+ )~ X\i/v)2 +
- } @)

H(Yhwrr) — You)® + (Zhwan) — Z0)?

‘ p\i/v p\i/v+1

Jie TIpaBa YacTHHA PIBHSIHHS BU3HAYa€ KOOPJMHATHU BY3-
JiB.

Hitpad HeOesmexkn MapuipyTy HONBOTy — OOMe-
JKEHHS “2”.

I1ixg yac BukonanHs Micii briJIA oBHHEH BpaxoBy-
BaTH HeOE3MEKH, TIOB'I3aHi 3 IEPeNTKoaMu JJIsl 3a0e3re-
yeHHs Oe3meku moisoTy. [Ipm aHamizi oOMexeHb mo-
JBOTY MEPEIKOAN 3a3BHYall MOJENIOIOTECS Y BUTIISAL
IWJTIHAPIB, 1 pU3HK HEOE3MEKH 3pOCTAE 31 3MEHIIEHHIM
BizcTaHi 10 neHTpy muiiHapa. [TokasHUKOM 3arpo3u JJis
BriJIA Mo’xHa BBaXXaTH 11 CTYIIIHb.

Cryninb 3arposu i briJIA po3paxyemo 3a Takoro
¢dopmyoro:

Wil Q —_
R =2 2 Bq(PwPins1) )

w=1 g=1
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ne E, € cTymiHb 3arpo3u q-0i MEpEIKoau Ha BiApPi3Ky
LUIAXY PPy +1-
Pospaxynok E, 3acHoBaHui Ha BITHOCHIH BiAcTaHi
dq Mix BriJIA Ta mepemkoa0t0o Takx:
Eq =
0, saxwo dq > 8q +Ry;
= (S +R )—d akuo Ry <dy < Sy +Ry; ©
=\ °q T Rq ) =Yg, AKUWO Kq < dq = 5q + fg»
00, SAKUJO dq < Rq,

ne S, mo3Hadac O€3MEYHy IMCTAHIIIO (30HA, B AKiH
3a0e3Mmeuy€eThesl BiJICYTHICTh 3ITKHEHHS TMEpEIKoan i
bnJIA); R, — uniinapr4HKi paniyc g —oi nepemkoau;
Q — 3aranpHA KiJBKICTh MIEPEIIKOI,.

Tpad HeOe3nexkn BUCOTH Ha MapIIPYTi MOJIBOTY —
oOmexeHHs “3”.

Bucora momsoty briJIA 3a3Bu4aii 0OMexXyeTbCsl HU-
JKHIM Ta BEpXHIM piBHEM.

@dopmyna I po3paxyHKy IIOKa3HHKa BHCOTH,
SIKHH BPaxOBY€THCS NIPH BU3HAYEHHI ONITHMAILHOCTI Ma-
PIIPYTY BUTJISIA€ TAK:

W
Rg' =2 HY, Y

w=1

hWw _ hr\;]vax — hr\llwvin

HY = 2 W < hW < pW

min = max>  (8)
0, 8 IHUWOMY 8UNAOKY

ne HY e nokasaukom oOMesxeHHst BucoTu; h" — notousna
BucoTa brJIA Ha w—iil HisHII PYXY; Apnin s Rimax — MiHi-
MaJlbHe Ta MaKCHMaJlbHe 00OMEXEHHsI BUCOTH Ha W-H Jii-
JISTHIN BiAITOBIIHO.

tpad 3rmamkyBaHHS TPaeKTOpii HA MapHIPYTi
MIOJIBOTY — OOMEXEHHS “4”.

Jns po3paxyHKy MokasHuKa “mrpady”’, moB’s3a-
HOTO 3 OTpeOOoo 3riaKyBaHHs TpaekTopii 1t briJIA
Ha BU3HAYEHIN IUISHII MapHIpyTy pyXy, HEOOXiTHO BH-
3HAYUTH KYTH [TOBOPOTY:

Pw Pw+1 X Piws1 Puv2
o =arctg| ——m——— : )
p\l/v p\IN+1 : p\IN+l p\IN+2

dopmyna ans BU3HAYCHHS KyTa HAOOpY BHCOTH
bnJIA mae Burnsin:

2 -2
o' =arctg M (10)
p\I/v p\|/v+1
Toni moKa3HUK Ma€c BUTIIS:
w—2 w-1
Ffl =2 ) ¢W+a12‘<pw—<pw_l‘, (11)

w=1 w=1

Jie a4 Ta 0, BaroBi Koe(illi€HTH CKIIAJIOBUX MMOKA3HHKA,
10 BIAMOBIAAIOTh YMOBI @4 + @, = 1.

IItpad Gesmeunoi aucranmii mixk briJIA — o6me-
JKEHHS “5”.

Io3uaunmo d(m,, m,) AK BijcTaHb MiX M, Ta M,
brJIA 3i cknany poro. [losHauuMO Sy, K Ge3mEUHY
IUCTAHINIO MiXX M, Ta m, brJIA, Buxomsuu 3 ix QpyHK-
LIOHAJILHOTO MPHU3HAYEHHS Ta YMOB BHUKOHAaHHS MIiCii.
Toxi oOMeXKeHHS Ma€ BUTTISL:

N
R'=2FR";

(12)
i=1
0, sxwo d(my,my) = S m, i
R = e (13)

00, 8 IHUOMY BUNAOKY.

ITepeTBOpeHHs 0OMeXeHb 3acTocyBaHHA BrJIA 3i
CKJIany rpynu y GpyHKIto mrpadiB J03BOJISAE KUTbKICHO
OLIHUTH €(EeKTUBHICTh IX NUISAXIB HA OCHOBI 3HAYCHHS
uiei ¢pyHkuii. [lepeTBopeHHs 0OMeEXeHb TpaeKTOpil pyxXy
BrJIA y dbyHKIIiF0 BUTPAT J03BOJISE KUTBKICHO OLIHUTH
SKICTh IXHIX IUIAXiB HA OCHOBI 3HAYCHHS i€l QYHKIIII:

F= Zvv\\::lzizlﬂllzﬂw !

ne B, — € BaroBMH KOEQilieHT OOMEXKEHHS 1), AKUX Yy
cTarTi BBeneHo ATk (3), (5), (7), (11), (13).

Etan ynockoHalleHOro MeTony IJIaHyBaHHS PyXy
poro briJIA mpu BUKOHAHHI CIICI[iaIbHUX MICili BUKOPH-
CTOBY€E BIJIOMHH METOJl IIPIOPUTETHOTO IJIAHYBaHHS Mi-
cii brJIA 3i ckiiany poro Ha OCHOBI (h)aKTOPiB HABKOJIMIII-
HBOTO CcepejioBuINa Ta 3aBmaHb Micii [1]. JlogaTtkoBo
BrnJIA 3 HU3BKUM TIPIOPUTETOM BHKOHAHHS 3aBIaHb I10-
BHMHHI 3a0e3MeuyBaTH BiICYTHICTh 3iTKHEHb 3 BrJIA 3
BHCOKHM TIPIOPUTETOM IUISi BUKOHAHHS BUMOT O€3IeKH
MTOJTBOTIB PO¥O.

OntuMizanii por0 YacTHHOK € iHTENEKTYaIbHUM
METOJIOM OMNTHMIi3allii, SIKHH IMITy€e MTOBEAIHKY MPHPOI-
HOro OIOJIONIYHOTO PO, MPEACTABIAIOYH e(PEeKTHBHY
CTpATerifo MOUIYyKy Ta € 0a30BUM I AQHOTO [OCIi-
JOKEeHHsS. BigmoBigHO 10 MaHOrO METOMy KOXKHA ‘‘ya-
CTHMHKA” € MOTEHLIHUM PIILIEHHSM Y ITPOCTOPI MOUIYKY,
OHOBJIFOIOYH CBOIO IIBHUJKICTH 1 MOJIOKCHHS Ha OCHOBI
EBOJIIOLIITHNX HAMKpalluX MO3HMIii SIK OKpeMoi ocodw,
Tak i poro. Tak KO’KHA YACTHHKA BiJICTEKYE CBOE BIACHE
ICTOpUYHE HalKpaIe MOoJI0KeHHs (IHAUBiTyaTbHE OITH-
MaJIbHE PIIICHHS, 110 MO3HAYMMO P;) Ta €BOJIOIIIHHE
HalfKpaIie MOJIOKESHHS BChOT0 POIo (TIIo0albHE ONTHMA-
JBHE PIMICHHS, 10 TO3HAYNMO SIK Jj, ). OHOBJICHHS IIBU-
JIKOCTI Ta TMOJIOKEHHSI YaCTHHOK IPYHTYIOTHCSl Ha LIMX
JIBOX ONTHUMAIIbHUX PIIEHHSX, 1[0 TAPaHTYE, IO TPOLEC
MOLIYKY PYXA€EThCS 32 HAIPSIMOM ITiABUIICHHS e(eKTHUB-
HOCTi. BiamosinHi popMynn BUTISAIAIOTE TaK:

vk+D

(14)

:mVik+°1r1(pbik_xik)+C2r2(g§i —x);

Vik+l _ Xik +Vik+l .

(15)

Jie BEKTOP X MPEACTaBIsE COOOI0 MOJIOKEHHS, BEKTOP V
MBUAKICTE | — 01 yacTuHKH (i —To brJIA 3i ckiagy poro
BignosigHo). Ilapamerpm ¢; Ta ¢, — KoedimieHTH
MPUCKOPEHHS, AKi BIUIMBAIOTh Ha PyX YaCTHHOK Ta
BpPaxOBYIOTh 1HIWBITya bHUNA Ta COLIaNbHUHN iX JOCBIA.
3MiHHI 73 Ta T, € pIBHOMIPHO pO3IOJIICHUMH
BHUITAJIKOBUMH unciaamu y nianasoni [0,1]. Tlapmerp @
[03HAYa€ IHEpIiHHY Bary, sika BUKOPHCTOBYETHCS JUIS
30aaHCyBaHHs JIOKAJIbHUX W TIIOOAIBHHUX IOLTYKOBHX
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MOJJIMBOCTEH YacCTHHOK. pb;‘ — ue iHauBigyaJbHE
onTHUMalbHe 1MoyoxeHHs { —ro briJIA 3i ckiany poro npu
itepauii k, a g, — I1o0ajgbHE ONTHMAIIBHE MOJO0KEHHS
BCBOT'O POIO.

Jpyruii eram yHZOCKOHAJEHOTO METOIY IUIaHy-
BaHHs pyxy poto briJIA npu BUKOHaHHI crieniagbHUX Mi-
ciil TIpYHTYEThCS Ha BIJIOMOMY METOAl IIBUJIKOTO
JOCII/DKCHHSI BUIAOKOBOro jepeBa. JlaHuii Meton
3abe3rnedye  MBHAKE  JOCH/DKEHHS  HEOIyKIIHX
MIPOCTOPIB BUCOKOi PO3MIPHOCTI IUISXOM BHITAIKOBOT
moOyI0BH JiepeBa, 10 3aITOBHIOE TIPOCTIP.

[Micna imimiamizamii crapToBoOi Xs; Ta LIBOBOT
TOYOK X5, METOJ MOYMHAE POOOTY 3 BHUIIAJKOBOIO
BHOOPY TOUKH V,;n4 13 3amaHoro mpoctopy E. Hami
LIYKa€eThCs B 0Oy I0BaHOMY JIepeBi By30J1, HAHOIMKUMHA
10 V,ana», HA3UBAETBCA Vy o, Jaml METON pyXaeThes 3a
HampsiMKOM  Bit Vygng 10 Viearr 32 3a3maneriip
BHU3HAYCHNM PO3MIPOM KPOKY, III0 TEHEPY€E HOBUH BY30J1
Vyew- Hicns renepauii V,e,,, METOI BUKOHYE TIEPEBIPKY
Ha 3ITKHEHHS, 00 NMepeKOHATHCS, 10 HOBHUIl By30JI HE
PO3TaIIOBaHUHK y 30HI MEepemKoan. SIKIIo nepeBipKy Ha
3ITKHEHHS  NPOWNEHO, Vjqrr  BCTAHOBIIIOETBCS  SIK
NEpBUHHUI BY301 110 V0, .

VY nojanapuIoMy METOJ 3aHOBO BHSIBIISE BCi BY3JIH,
SIKI TIOTEHIIHHO MOXYTh OyTH OaThbKIBCBKUMH Ve ¥
Jiana3oHi 3 UeHTPOM B V;.q, 4, 3 IONIEPETHHO BU3HAYCHUM
pPO3MipoM KpoKy & SK JIesiKoro paziycy. Skmio icHye
BY30J1, IKHH € KpaniuM 0aThKOM, HiXK IOTOYHHUH, TOOTO
OUIIX 70 IbOTO By3Ja KOPOTIIMH, HDK NUIAX [0
MOTOYHOTO OaTHKIBCHKOTO By3J1a, TO 0aThKIBCHKHIA BY301
Vew 3MIHIOETBCS.

Jai MeTox NpoXOAMTh MPOIEC, SIKUH Ha3UBAETHCS
MOBTOPHUM TIKIIOYEeHHSIM. [lin dac mporo mpouecy
MEPEeBIPSIOTECS  BCI BY3IM Yy MEXaxX paliyCHOTO
niamazoHy. SIkmo nousix yepes V., KOPOTIIHi 3a mUITX
JI0 TIOTOYHOTO 0aThKIBCHKOTO BY3Jla, TOJI 0aThKiBCHKHI
BY30JI BCTAHOBIIIOETHCS HA Vg,

I'pyHtyrouncs Ha ymockonameHomy [1] wmeromi
PO3MOALTY 3aBAaHb B POIO ITPH BUKOHAHHI CIELiaTbHUX
Micili, BHU3HauMmMO TmpioputeTHicTs bmJIA y poro Ta

3aCTOCYEMO  METOJ  IPIOPUTETHOrO  IUIaHYBaHHA
MapmpyTiB. MeTon  NPIOPUTETHOrO  IUIAHYBAaHHS
BUKOHY€ TIUIAaHYBaHHS TPAaeKTOpii BIATIOBIAHO IO

npiopurery cepen briJIA. Ilpu dopmyBaHHI TpaeKTOPIii
pyxy BmJIA TpaekTopii 3 OiibII BUCOKUM HPiIOPUTETOM
BCTAHOBJIIOIOTHCSI  SIK  MEPEIIKOIN IS YHUKHEHHS
3iTkKHEHh MK bnJIA TumM camuM 3a0e3nedyrouu
MaKCHMi3allito eeKTUBHOCTI POIO.

PO3KpHEMO CYTHICTh YJOCKOHAJICHOTO METO/Y.
BBakaroun CKIaJHICTb 3aBJaHHS MOOYIO0BH MapIIpyTiB
nekinbkox BmJIA 3acTocyeMo IBOPIBHEBY CTpPATETiO
IUIAHYBaHHS [UIAXY U1 €(QEeKTHBHOTO pPO3B'S3aHHS
3a7a4l  Ta 3MEHINEHHsA 1i CKIagHocTi. 3arajbHa
CTPYKTypa YJOCOKOHAJICHOTO METOMY CKJIaJaeThes 3
JIBOX YaCTHH: MEPIIOTo PiBHSA Ta Apyroro piBHA. Cxema
METOJy HaBeJeHa Ha puc. 1.

[lepmmii piBeHsr METOAy TMoOJIATaE y iHimiamiszamii
Tpaektopii brJIA 3a momoMoror BiOMOTO METOTy OTI-
THMi3aIlil poro 4acTokK, 3a0e3neuyodr MOYaTKOBUH Opi-
€HTHp Ul MOJANBIIOTO IUlaHyBaHHS. II0TiM BHKOHY-
€THCS IPU3HAUCHHS NPIOPUTETIB 1 BBOJUTHCS CTpaTeris

Trepesarycky, mob ajganTyBaTUCs 10 CKJIQJHUX Cepesio-
BUII I YHUKHYTH JIOKaJBHOTO oNTUMYyMY. Ilicis KoxxHOT
iTepauii IUIaHyBaHHS LIISIXY NMPIOPUTETH MEPEepo3HOmi-
JSIIOTBCSI, @ IUIAHYBAaHHS ITOBTOPIOETHCS JUIS MOLIYKY
Kpamioro pimenHs. brnJIA 3 HaliBuIMM npiopuTeTOM 3a-
XOJUTh Ha JPYTHHA piBeHb UIA OiIBII TOYHOTO IUIAHY-
BaHHA IIUIAXY 3 ypaxyBaHHSAM IIOJONAHHA IEPEIIKO Ta
3a0e3neueHHs Oe3MeYHOi HaBirallii poro.

Ha npyromy piBHi i 9ac KOXKHOTO OUKITY iTepamii
BUKOHY€TBCS Psii OMEpallilf, BKIOYAIOYN IIIaHYBaHHS
LIUISIXY, BUABICHHS 31TKHCHb Ta OHOBJIGHHS CIHCKY IIe-
peukon. IlnaHyBaHHS NUISXY JOCATAETHCS MUIIXOM yC-
MaJIKyBaHHs MUIAXIB, 1HINIATI30BaHUX METOIOM POIO Ya-
CTOK, 1 IOTNIEpEeTHHOTO TOKOJIIHHS POiB YacTOK «Iepe3a-
IyCKY», 3 MOJAJIBILIOI0 IX ONTHMI3aIli€l0 3a JO0MOMOTr0I0
METO/ly BUIAJAKOBUX JiepeB. TakuM YMHOM, yJIOCKOHAlIe-
HHUI METOJ| IHTErpy€ MepeBary MeToIiB iHiliani3arii poto
YaCTOK Ta BUMIAJKOBUX JIEPEB 3 YPaxXyBaHHIM MpiopHTe-
THOCTI po3moAiny 3aBmanb cepen BriJIA 3i ckmamy poro
JUI1 BUKOHAHHS crenianbHOI Micii. BiH BHKOpHCTOBYE
MOJKJIMBOCTI I'NTOOAJIBHOTO MOUIYKY UL BUSHAYECHHS I10-
TEHLIITHUX MICIIb PO3TAIIyBaHHs 3araJbHOTO ONTHMAIIb-
HOT'O PILLIEHHS, @ TAKOX BUKOPHCTOBYE MOTYXKHI MOXKJIIH-
BOCTI JIOKQJILHOT ONTUMI3alii ajJroputrMy Uil TOYHOTO
HaJIalITyBaHHs pilleHb. Pe3ynbraToM 1iei iHTerpauii €
e(eKTUBHI Ta BUCOKOSKICHI PILIEHHS JJIsI TUIAHYBaHHS
uwxy. [1ix yac nporecy niaanyBaHHS LUIIXY APYTUH pi-
BEHb BUKOHY€ BUSIBJICHHS 31TKHEHbD 13 TII00ILHUM CITH-
CKOM TIEpEUIKOA, 100 TrapaHTyBaTH, IO 3TeHEPOBaHI
[OUIAXH € Oe3NCYHNMH Ta HAAIHHUMIE. SIK TINBKH IIIaHy-
BaHHS NIISIXY 3aBEPIICHO, ONTUMI30BaHUH IUIIX OHOB-
JIOETHCS B TII00ATIBHOMY CHMCKY nepemkon. Lle mo3so-
nsi€ epeKTHBHO BUKOPUCTOBYBATH ITI0 iH()OPMAIIIFO B IT0-
JaNbIINX MPONEcax IUIAaHyBaHHS, THM CaMHM ITiJJBHIILY-
1041 e(DEeKTHBHICTD SIK IUIAHYBaHHS LUISAXY, TaK 1 BHSB-
JICHHSI 3ITKHEHb.

Bubip koopuHAT NpH IUIaHYBaHHI MapUIPyTiB Ma€e
BUpIIIANbHE 3HAUSHHS JUIsl €BOJIIOLIIMHUX airoputmis. B
ICHYIOUMX €BOJIIOIIIMHUX alrOPUTMAaxX I TOYKH IUIIXY
3a3BUYail MPEACTABISIOTHCS Y BUTJISIII TPUBUMIPHHX KO-
OpJMHAT B IEKapTOBUX KOOPJMHATaX [6], MOJSPHUX KO-
opauHarax [5]. BUKOpUCTaHHS 1€KapTOBUX KOOPJIUHAT
JUISL IPE/ICTABIICHHS TOUOK IUISAXY JO3BOJISIE€ NPOBOANUTH
KpaIi oreparii paHxIomizaii, ToMy y JOCHTi)KeHH] BHO-
paHi JeKapTOBi KOOPAWHATH.

[pu iHimianizamii TpaekTopiii MeTO]] BHIAJAKOBUX
JiepeB 37aTHUIl TeHepyBaTH IOMEpPeaHi TpaekTopii mo-
e0Ty 11 okpeMux briJIA. Bin mociipkye Ta 3HaX0IUTh
MOXIIUBY TPA€EKTOPif0, OyayI0UH IePEBOMOAIOHY CTPYK-
TYpY, SIKa MOYMHAETHCS 3 TOYATKOBOI TOYKH Ta IOCTY-
ITOBO PO3IIMPIOETHCA 10 HiIbOBOI oOmacti. Meton He
TUIBKM 30CEPEPKYEThCS HA LIBHJKIM TreHepaiii KOHTY-
piB, asie ¥ ONTHUMI3Y€E SIKICTh TPAEKTOPIH HIITXOM IIepe-
ITiIKJIFOYSHHS ICHYIOUNX CETMEHTIB, 00 rapaHTyBaTH,
0 3reHepOBaHI IUIIXM € BiJHOCHO ONTHMAaJbHUMH.
Ockinbky TpaekTopii nonsory bnJIA, 3reHepoBani Ta-
KHM METOJIOM, MOKYTh HE BiAMIOBiNATH (haKTHIYHUM BH-
MoraM 10 TOJbOTy MHOXHHH bnJIA, Bukopucraemo
xpuBi [lyOiHca 1 3r71aKyBaHHS Ta OTPUMaHHS (DaKkTH-
YHHUX TPAEKTOPiil monaboTy. B cTaTTi HE OyneMo po3kpu-
BaTH BiJIOMi METOH, a JIHIIEe 3p0OMMO BiAIMOBITHI TTOCH-
naHHs [7] Ha 6a30BY TeOpito.
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Puc. 1. Cxema y10CKOHAJIEHOTO METOLY

[Micns 3rnamxysanns yOiHca oTprMaHa TPaeKTo-
pist BinnoBinae oOMexxeHHAM nponykTuBHocTi brJIA i
MoOJke OyTH BUKOPHCTaHA [T OpraHi3allii mojab0Ty y BiJ-
MOBIHOCTI 3 MPIOPUTETHICTIO 3aBAaHb CIEIiadbHOI Mi-
cii.

BucnoBxku

TakuMm YHHOM, BUKOPUCTAHHS METO/IY BHIIAJKOBUX
JiepeB Ui iHimiamizamnii Tpaekropii BriJIA moxe 3a6e3rre-
YUTH TIOTIEPETHE T4 €PEKTUBHE POIYMIHHS JJIS TTOJAITb-
IIOTO PO3MOJLTY TpiopuTeTiB. Takwil miaXif MiIBUIIYE
e(eKTUBHICTh TIOIIYKy Ta SKICTh METOMY iHiIliaizarii
POIO YaCTOK, OJTHOYACHO 3HIDKYIOUHM PU3UK MOTPAIUTH B
MacTKy JIOKaJIbHOTO onTuMyMy. Lleit Metoa nemoHcTpye
3HAYHy THYYKICTh 1 3aCTOCOBHICTb IPH POOOTI 31 CKIIaI-
HUMH CEPEIOBUIIIAMHU Ta OOMEIKCHHSIMU.

3 ypaxyBaHHSM TOTO, IO CIeIiajbHI Micil poiB
BriJIA BHKOHYIOTBCSl Y CKIIaJHHX yMOBaxX 30BHILIIHBOTO
CepeIoBHUINa, 3 METOIO aJanTamii 0 CKJIAJHUX YMOB Ta
YHHUKaHHS IOTPAIUIIHHS TpaekTopiit biiJIA B mokamsHuMit
ONTUMYM 3aCTOCYEMO CTPATETiI0 Mepe3anycKy y Ipru3Ha-
4eHHi npiopureTiB briJIA.

[Ticas xokHOT iTeparii mepe3amycKy s TOBHOTO
BHUKOPHUCTAHHS Pe3yJIbTATIB IIONIEPEIHBOTO PillIeHHS 30e-
piraeMo CTaHM JIesSIKMX YaCTHHOK 3 MOIepeIHbO1 iTepaii
JUISL TIOJIETIIEHHS IIBU/IKOT KOHBEPTeHIIil.

3 iHmoro OOKy, JIsl MiATPUMKH PI3HOMAaHITHOCTI
YaCTHMHOK METOJI TAKOXK BBOJHTS €Ki BUIIa/IKOB1 YaCTH-
HKHM Ha [iif OCHOBi. BOHM 301IbIIYIOTH TPOCTIpP AOCII-
JUKEHHSI Ta JIONIOMaraloTh aJIrOPUTMY YHHKHYTH JIO-Ka-
JFHUX ONTUMAIBHUX pimeHb. ExcriepuMeHTanbHi pe-
3yJBTaTH B YOTHPHOX CIIEHAPIAX 3 POEM y CKIIAJi COPOKa
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BriJIA neMOHCTPYIOTH Kpally MpoayKTUBHICTH. Macui-

. . , Buxopuctanns 3aco0iB IITYYHOIO iHTEJIEKTY
TaOHICTh Ppor0 JOCIKYBAJIOCh I pOIO 3 I ATHCOT

BriJIA, 1m0 n03BoJisie 3poOUTH BUCHOBOK ITPO MacITabo- ABTOp MIATBEPKYE, IO HE BUKOPUCTOBYBAB TEX-
BaHICTh METOJy Ha 3HAYHI PO3MIpH 3ajadi BUKOHAHHS  HOJIOTIi IITYYHOI'O iHTEJEKTY NPU CTBOPEHHI IPEICTaB-
creLiaIbHUX MICIH. neHoi poboTu.
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Models and method of planning the motion of a swarm of UAVs
when performing special missions taking into account the priority of tasks

Dmytro Galinskyi

Abstract. Relevance. The article presents a method for planning the movement of a swarm of unmanned aerial vehicles
(UAVs) improved by the author when performing special missions, taking into account the priority of tasks in a complex
environment, which surpasses known methods in terms of speed and accuracy of convergence and execution time. Object of
research: processes of using swarms of unmanned aerial vehicles when performing special missions. Purpose of the article:
improving the method of planning the movement of a swarm of unmanned aerial vehicles when performing special missions,
taking into account the priority of tasks in a complex environment. Research results. In the article, a two-stage path planning
method is introduced to improve the UAV movement planning method. The particle swarm optimization (PSO) method, which
has proven to be a fairly effective algorithm for solving similar tasks, is used as the basic method for improvement. In the first
stage, the method initiates UAV flight trajectories and assigns priorities to UAVs from the swarm based on environmental
factors and mission tasks. In the second stage, individual UAVs with high priority use the PSO algorithm, which is based on
the well-known fast random tree exploration method, for path planning, while the initial particle swarm selectively inherits the
results of the previous initialization. Since the UAV flight trajectories generated by this method may not meet the actual flight
requirements of the UAV swarm, Dubins curves are used to smooth and obtain actual flight trajectories in accordance with the
priority of the special mission tasks. Conclusions. The proposed hybrid approach combines trajectory initialization using the
random tree method (RRT) with particle swarm optimization (PSO), which allows for effective bypassing of local optima in
complex environments. The use of a penalty function to maintain safe distances in combination with a restart strategy and
preservation of “elite” states ensures fast convergence and high stability of the algorithm. The experimentally proven scalability
of the method to groups of up to five hundred UAVs confirms its application for performing special missions in conditions of
high agent density and dynamic constraints.

Keywords: air transport, unmanned aerial vehicle, genetic algorithms, information technology, navigation, route planning,
transportation technology, artificial intelligence.
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PO3POBKA I ABTOMATU3ALIA TEXHIYHOI'O OCHAINEHHSA
POBOTU30BAHUX KOMIIJVIEKCIB IITAMITYBAHHSA

AHOTaNisl. AKTyaJdbHICTh. ABTOMATH3A1lis BAPOOHUYMX TIPOIIECIB IITAMITYBAHHS 3ATMINAETHCSA BAXKIMBUM 3aBIAHHSM,
0c00IMBO [T APIOHUX 1 CepenHIX ITYYHUX BUPOOIB i3 yCKIaJHEHOIO TEOMETPI€I0 Ta PI3HUMHU (i3UKO-MEXaHIYHUMH BJIac-
TUBOCTAMHM. TpanuniiiHi MexaHiyHi 3acO0H 3aBaHTaKEHHS Ta OPi€HTAIll 3ar0TOBOK HEe e()EeKTHBHI I TaKHX BHPOOiB. Po3-
poOKa THYYKHX poOOTH30BaHUX KOMIUIEKCIB JIO3BOJISIE CKOPOTHTH PYYHY IIPALO, MiIBUIIATH IPOAYKTUBHICTE 1 HAIIHICT
TEXHOJIOTTYHOro mponecy. OG6'€KT JOCTiIKeHHsI: TeXHIYHE OCHALICHHS POOOTH30BAaHMX KOMIUIEKCIB IITaMITyBaHHS,
BKJIIOYAI0UX HAKOIHYYBaJIbHI IIPUCTPOI, MAHIMYJISATOPH 1T0Ja4i 3aT0TOBOK, IPECOBI YCTAHOBKY Ta CUCTEMHU aBTOMAaTHYHOTO
YIPaBITiHHS TEXHOJIOTIYHUMH orepauisMu. MeTa craTTi: po3poOka 0araTonizb0BOro aBTOMaTH30BaHOTO 3aBaHTa)KyBallb-
HO-HAKOIMYYI0YOT0 KOMIUIEKCY Ul MOIITYYHOI MOJa4i AUCKOMOAIOHUX 3ar0TOBOK, SIKHI IHTETPYEThCA 3 YHIBEpCaTbHUMH
OJTHO-KPHBOLIMITHUMH IIPEcaMu i 3abe3neuye MmigBUIICHY MPOAYKTHBHICTD Ta HaAiHICTh MpOLeCy MTaMITyBaHHS. Pe3yb-
TaTH J0CHiTKeHHsA. Po3po0i1eHo aBTOHOMHNI HAKONMUYYBAIEHII KOMILIEKC 13 OYHKEpOM, MOXHMINM MarasuHOM, ITHEBMO-
MAaHIITyISTOPOM JJIs TT0Jadi 3ar0TOBOK y HITAMIT Ta IPUCTPOEM BHIAJICHHS BHPOOiB. PeanizoBaHo py4Huil Ta aBTOMaTH4-
HHUH peXXUMH poOOTH, 3abe3redeHo OJIOKYBaHHS Mojaadi 1e)OpMOBaHUX 3aTOTOBOK Ta 00 €KTIB i3 3aJMpaMu, KOHTPOJIb 3a-
BEPILIEHHS TEXHOJIOTIYHOTO LIUKITY Ta CHHXPOHI3AIli0 3 IpecoM. BrukopucTaHHs KOMOIHOBAaHOTO BIUIMBY aKTHBHHX, [TACHB-
HUX Ta iH(OpPMaliiHUX €JIEMEHTIB By3JiB MiJBUIIYE MPOIYKTHBHICTD, HAAINHICTD Ta CHPOIIY€e KOHCTPYKIi0. BUCHOBKH.
CrBOpeHO e(eKTHBHMII aBTOMAaTH30BAaHUH KOMIUIEKC I TOJadi JMCKOMOAIOHMX 3ar0TOBOK y POOOTH30BAHHMX CHCTEMax
mTamiryBanHs. KoMILIeKe 103BoJIsie MOZISpHI3yBaTH iCHyro4Ye o0OafHaHHs 0e3 3HAYHUX BUTPAT, MiBUIYE NPOAYKTHBHICTh Ta
HaJiHICTh TEXHOJOTIYHOTO Tporecy. [IpakTuuHa peanizamis nependadac Moau}iKaIio By3liB i pi3HI BHIU 3aTOTOBOK Ta
orepariif, BAKOPHUCTaHHS eJIEKTPOHHHIX JaTYMKIB Ta CUCTEM YIIPABIIHHS IS 3a0€3MeUeHH KOHTPOITIO 1 OJIOKYBaHHS.

KawuoBi ciaoBa: crenianbHe OCHAIIEHHs, HAKOMMYYBAIGHUNA KOMIUIEKC, IITYYHE 3aBAHTaKCHHS 3ar0TO-

BOK, pOOOTH30BaHI MPOIIECH I[ITAMITyBaHHS, aBTOMATH3AIlisl, iIHHOBAIIii.

Beryn

OnHUM 13 BaXJIMBHX 3aBJaHb aBTOMarTu3alii BH-
POOHMYMX TPOIIECIB IITAMITYBaHHS € OpTaHi3allis aBTO-
MaTHYHOTO 3aBaHTAXEHHS Ta OPIEHTAIlis ITyYHHX 3a-
roToBOK. L{e 0cOOIMBO BOXIIMBO 3 TO3UIIH CKOPOYEHHSI
MaJIonprBa0IMBOl py4HOT Mpalli i MiABUIIEHHS MTPOIYK-
TUBHOCTI TEXHOJIOTTYHOTO 00JIaIHAHHSI.

HesBaxaroun Ha 4MCICHHI HAYKOBI i KOHCTPYKTOP-
ChKI pPO3pOOKH, ILisl MpodiIeMa J0 LBOro 4acy He MOXKe
BBQ)KATUCS MOBHICTIO BHUPILICHOIO YISl Kiacy ApiOHMX i
CepelHiX MTYYHUX BUPOOIB THITY IIACTHH 3 HESIBHO BH-
paXXEHMMH KOHCTPYKTOPCHKUMH O3HaKamMH (KIJIFOYaMHu
opieHTaii) i BIAMIHHUMU (i3MKO-MeXaHI4-HUMH BIIACTH-
BOCTSIMH (SIKI BUSIBJISTIOTCSI, HANIPUKJIIAT, y TIPOLIECi TpaH-
CHOPTYBAaHHS METAJIEBUX 3arOTOBOK KOB3aHHSM YHacIi-
JIOK CTPYKTYPYBaHHS 1 BUHHUKHEHHS 3aJIMIIKOBOI Hamar-
HIYEHOCTi NMOBEPXHEBOTO iX IIapy, y BUIAAKY BUKOPHC-
TaHHS 3arOTOBOK i3 MaTepiaiiB 3aHIKEHOT KOPCTKOCTI i
MIITHOCTi, JIAMKOCTI TOIIIO), OCKUIbKH JIO TaKWX BUJIB
BUPOOIB HEMOXKIIMBO 3aCTOCYBaTH TPAAUWIiHI 3aco0H
aBTOMAaTH3alii onepamiii 3aBaHTaKEHHS 1 OPi€HTYBaHHSI
3arOTOBOK 3 MEXAaHIYHMMM 3aXOIUICHHAMH. IX TpOeKTy-
BaHHS SBJISIE COOOI0 CKJIaJHy HayKOBO-TEXHIYHY 3a/ady,
a TIOLIYK iHHOBAIIHHMX pillIeHb BUMara€ BUKOPHUCTaHHSI
3HaHb Ta JIOCBi/y, HAKOIIMYEHUX Y 3B'SI3KY 3 HEOOXi/Hic-
TIO KOMIUIEKCHOTO ITiIXOy /10 aBTOMAaTH3allii OKpeMHX
orepaniii 3 BHKOPHCTAHHSIM HPOMHCIIOBUX pPOOOTIB Y
pi3HUX BHPOOHWUYMX cdepax. MoxKHA BHIIJINTH HU3KY
HaMPSIMKIB JUIS iX PaKTUIHOI peaizarii:

- IlKEHEepHE BJIOCKOHAJICHHS YHIBEPCAIbHOTO TEX-
HOJTOTIYHOTO 00JIaHAHHS,

- MOJEpHi3allilo KOHCTPYKLii camoi xerani (3aro-
TOBKH), SIKa TIOBHHHA BiJAIMOBiIaTH yMOBaM O0OpOOKH Ta
3a0e3revyBaTH 3aXOIUICHHS, NEPEeMIlIeHHS Ta TO4YHE
MO3ULIOHYBaHHS B MEXaX poO0YOro NpocTopy;

- BHECCHHS 3MiH JJO TEXHOJIOTTYHOIO MPOLECY IS
Kpaioi Horo amanrauii GO TEXHIYHHX MOXKIHBOCTEH
icHYr040r0 a00 MpUI0aHOTO MPOMECIOBOTO POOOTa;

- BUOIp mpHCTPOIB oOpieHTalii metanei (ciix 3a-
3HAYUTH, 10 BUOIp METOAY Opi€eHTallii AeTaneil Ta BUOIp
0a3 3axOIUIEHHS JJIsl TPAHCIIOPTYBAHHS TICHO B3a€EMO-
TMOB's13aH1);

- BuOip HakomWvyBada s AeTanell (3aroTOBOK)
(BMKOpHUCTaHHS NPUCTPOIB 30epiraHHs 3aroTOBOK CKO-
poUy€e BUTPATH 4acy IEPCOHANy Ha MiATOTOBKY pOOOTIB
JI0 poOOTH Ta JIO3BOJISIE IHTETPYBAaTH TEXHOJIOTIUHE 00-
JaJHaHHS Pi3HOT e()EeKTUBHOCTI B €JUHUH IIHKII);

- BUTOTOBJIEHHSI HOBOTO CIIeliayli30BaHOTo abo BY-
3bKOCIICIiaTi30BaHOr0 00JIalHaHHS (IPOEKTYBaHHS Ta
BUTOTOBJICHHSI TAKOTO JIOJIATKOBOTO OOJIaIHAHHS, a Ta-
KOXX YIOCKOHAJICHHS CaMOTro TEXHOJIOTiYHOTO 00maj-
HaHHS, SK OpaBUJIO, BUMArarTh BIJIHOCHO Hebararo
4acy Ta MOXYTb OyTH BUKOHaHI BIACHHUMHU CUJIAMH BH-
poOHmKa);

- po3po0Ka CXeMH KOMIIOHYBaHHs, IJIaHyBaHHs
B32€EMHOTO PO3MIIIEHHS TEXHOJIOTTYHOro 00 HaHHS,
po0oTiB, MaHenel KepyBaHHs, MEXaHI3MIB 3aBaHTaXKCH-
HS, 30H 30epiraHHs, KOHTEHHEpIB Ta TPAaHCIIOPTHHX
3ac00iB y CYBOpill BIiAMOBIMHOCTI IO TEXHOJOTIYHOTO

18 © JHprouxko O. T'., Hledep O. B., Kucauus C. T'., Baxapuenko P. B., bopsk b. P., 2025



ISSN 2073-7394

Cucremu ynpaBiiHHs, HaBiramii Ta 38's13Ky. 2026. Ne 1

IpoLIeCYy BUKOHAHHS BUPOOHMYMX OIEpaliii Ta BUMOT
JI0 TOYHOCTI TIO3UILIIOHYBaHHS;

— MPOEKTYBaHHS Ta YNPAaBJIiHHS aIrOPUTMOM 00-
poOneHHs (IIbOMY TEpeaye po3poOKa TEXHOJIOTTUHHX
MPOIIECIB Ta PO3PAXYHKIB MPOIIECIB (BU3SHAYCHHS PEXKU-
My Ta 4acy oOpoOKH, BH3HaYeHHS HEOOXiIHOTO Ta MO-
JKIIMBOTO JTOTIOMIKHOTO Ta KiHIIEBOT'O Yacy, pO3paxyHOK
ONTUMAIIFHUX TPA€EKTOPi Ta pPoOOYHMX MIBHAKOCTEH
puBOAY poOOTa, PO3PaXyHOK IMKIIB Ta MHKIOTPaM,
BHM3HAYCHHS MiCTKOCTiI HAKOTIMIYBaYiB TOIIO)).

Bimomi aHanoriuHi pilieHHS TaKuX 3aBAaHb peali-
30BaHi B Cy4aCHHX KOMIUIEKCAax OOJIaJHAHHS JUIsl IITa-
MIIyBaHHS BUPOOIB 3 BUKOPHCTAHHSM OJIHOPa30BOTO
3aBaHTAXKEHHS 3aroToBok [1-7]. V Buiie3a3HaueHHX
poboTax mpezcTaBieHi AaHi MPo iX CKiIag, CTPYKTYPHY
apXiTEeKTypy, NPUHLUII POOOTH, TEXHIUHI XapaKTepuc-
THKA Ta MOXKJIIUBOCTI. PO3risiq 0co0nmuBoCTel iCHYIOUHX
PO3pO0OOK T03BOJISIE aHATII3YBATH Ta XapaKTEPU3yBaTH iX
3 TO3UIIi1 aHAJIOTiB PH BHOOPI Ta MOPIBHAHHI KOHCTPY-
KTHBHUX €IIEMEHTIB, MPUHIUIY poOOTH, KOH}Iryparii,
TUTy B3a€MOJil, JaBaT IM OIIHKY 3 KOHCTPYKTHBHOI,
TEXHOJIOTIYHOI Ta EKOHOMIYHOI TOYKH 30py, YHi(iKyto-
YM BY3JIM Ta A€Taji Tomo. Taki TEXHOJIOTIUYHI KOMIUIEK-
cH 0a3yroThCsl HA BUKOPUCTaHHI MarasMHHUX, IITa0eb-
HHUX Ta OyHKEpHHMX THITIB HaKOINMYYBAIBHUX IPHCTPOIB
[8]. Anami3 iX KOMIOHYBaHHS CBIIUHTH MPO iCHYBaHHSI
KUTBKOX IUTHOBUX BY3JIB, CIUIBHHUX JUIS BCIX TPHOX iX
THUIIB. JUKEPEJIO JKUBJICHHS, EMHICTD JJIs 3aBAHTa)KCHHS
3ar0TOBOK, MPUCTpIH X yJIOBIMIOBaHHS, NMPOMDKHUI Ha-
KOIIMYIYBAJbHAN TPHUCTPil, MPHUCTPOi BifCIKAHHS i CKH-
JIaHHS, aKTUBATOP PyXY 3aroTOBOK, MaHIIyJIATOp Tojadi
OpIEHTOBAHMX 3arOTOBOK Yy 30HY IITAMITyBaHHS, (QYHKIIi-
OHAJNBHI NpUBOAN. Pi3HOMaHITHICTE PO3pOOIEHUX KOHC-
TPYKIH 3yMOBJICHA BapialisMi B KOMIIOHYBaHHI Ta CIIO-
cobax peatizailii IMX 3a3HaYCHHUX MPHUCTPOiB. Haimpoc-
TIIIUM BapiaHTOM TEXHOJIOTTYHOTO KOMIUIEKCY € YHidi-
KOBaHMH Ipec, OCHAILEHUH OJJHUM 3 THIIB IOJadi 3aro-
TOBOK. Hapasi 3a3BM4aii BHKOPHCTOBYIOThCS LIMOEpPHI
3aTBOPHI NMPUCTpPOi, 00epToBi a00 rpeiidepHi 3aBaHTaKY-
Bayi, MaHIMyJIATOpH Ta MPOMHUCIIOBi pobotw [9, 10].

Taki po3poOKu KiHEMaTHYHO CKJIAIHi, XapaKTepH-
3YIOTBCSI BEIMKOIO KIJIBKICTIO Map TepTs 1 3HAYHOIO JTU-
CHUTIAII€I0 eHeprii, MaloTh 0OMEXEeHUH pecypc Aii i moT-
peOyIoTh POBEAEHHS NONEPEAHIX MIATOTOBYMX H per-
JIAMEHTHHUX POOIT, BUMAaraloTh BHCOKOI TOYHOCTI BHIO-
TOBJICHHS CKJIaJIOBUX KOMIIOHEHTIB Ta iX HACTyIHE Ha-
JIAIITYBAaHHS 3 BHUKOPHCTAaHHSM CIIEIiali30BaHOTO TeX-
HOJIOTiYHOTO 00NaHaHHA. Y PsJli BUNIAIKIB BOHU CKJa-
JIH1, IOpOTi 3a BapTicTio, mepeadavyaroTh 00CIyroByBaH-
Hf HiATOTOBIEHUM MEPCOHAJIOM. IX HEIOTIKOM € i Te,
10 BOHM HE MOXXYTh OyTH YHIBEpCaJIbHHMH B CHIY icC-
HYBaHHS IIMPOKOi pPI3HOMAHITHOCTI ¥ CKJIaIHOCTI
00’€KTiB BUTOTOBJIEHHS; LIIMPOTH CIEKTPY BHpillyBa-
HUX (YHKIIOHABHUX 3aBJaHb, MPUHIMUIIB 1 CIIOCOOIB
ixHpOI peaizamii; BUKOPHCTaHHS MartepiaiiB, IO He
TIOBHICTIO 3a/I0BOJIBHSIIOTh YChOMY KOMILIEKCY TEXHid-
HHUX 1 TEXHOJIOTIYHUX BHMOT, iX CYMICHOCTI Ta IHIIHX
YUHHHKIB.

Po3pobka BUPOOHHYMX CHUCTEM 3 METOIO IIiJ[BU-
IIEHHS HAAIHOCTI eKCIUTyaTaIlii Ta CBOEYacHOTO 3a0e3-
MEYCHHS] BCIX €JEMEHTIB TEXHOJIOTIYHOTO TIPOIeCy
BKIIIOYa€ BHKOPHCTaHHSA JOCKOHAJIUX MOJEPHI30BaHMX

cucreM Juid 3a0e3nedyeHHs iX ¢yHKIioHyBaHHS. BoaHo-
4ac, TOCBIJl MOKa3ye, MO MiBUIICHHS PiBHS aBTOMATH-
3alii JI0CATAaETbCSl 3HAYHUM YCKIIAJHEHHSIM KOHCTPYK-
i Ta CHUCTEM TEXHOJOTIYHOIO OOJIagHAHHS, a OTXKE,
30UIBIIEHHSAM 1X BapTocTi. ToMy HeoOXimHHMH piBEeHb
aBTOMATH3alii Ma€ OyTH €KOHOMIYHO BHIIPABIAHIM.

Posmmpensst cdep 3acTocyBaHHS pOOOTH30BAHHUX
CHCTEM, MOSBAa KOMIAKTHUX Ta OJHOYACHO MOTYXHHUX
MPOAYKTHUBHHUX 3aC00iB, PO3BUTOK TEXHIYHHX 3ac00iB
aBTOMATH3aIlll, eJEMEHTHOI 0a3M, CXEMOTEXHIKH Ta CH-
CTEM KEpyBaHHS J03BOJIIIOTH BUKOPHCTOBYBATH BUIIUH
pIBEHb TPOEKTYBaHHsS, BIPOBA/UKEHHS HOBHUX TEXHid-
HUX DILeHb, MIIXOiB Ta NPUHIHUIIB POOOTH NPH CTBO-
PEHHI aIaliTOBAHOTO CIENialbHOrO TEXHIYHOTO 00Jal-
HaHHS JJIs1 MArOTOBYMX €TaliB KOHKPETHHUX IPOMHCIIO-
BUX BHPOOHHYHUX IIPOLECIB, € BUKOPHCTAHHS Tpalu-
LifHUX 3ac00IB € HEAOUIILHUM a00 HE JT03BOJISIE TEXHi-
YHO BUPIMUTH Tpobiemy B mimomy. Taki mpoOiemu
BUPIMIYIOTBCSl IIUIAXOM BHECEHHS KOHCTPYKTHBHO-
TEXHIYHHUX 3MiH Y TPAaHCHIOPTHI MapuIpyTH, OPi€HTAIIIIO,
COPTYBaHHs, BUBAaHTAXXECHHS 3arOTOBOK, BUKOHaBUI BY3-
TM, YIOBIIOBAJIBHI MPHUCTPOi, OCHAIIEHHS OCTaHHIX JO-
MOMDKHMMH 30BHIIIHIMA 1HGOPMAIIHHIMU TaTYNKAMHU,
[0 PearyroTh Ha HAsSBHICTh 00'€KTa MaHIMYJISAIii, HOro
¢dopmMy, po3mip, Bary, CTaH IOBEpPXHI, 3yCHJUIs 3aTHC-
KaHHSI, KOB3aHHS, TO3UILIOHYBaHHS TOIIO.

IMocranoBka 3aBaanHs. MeTOI CTBOPEHHS JaHO-
r0 TEXHOJOTIYHOrO 3aco0y € po3poOiicHHs OaraTolri-
JHOBOTO 33aBAaHTA)KyBAJIbHO-HAKONMMIYIOYOTO aBTOMATH-
30BaHOTO KOMIUIEKCY JUIA MOIITYYHOI Mojadi TUCKOIO-
JIOHHMX 3arOTOBOK, IO 3JIaOXKEHO IPALIOE Y THYYKO-
My BHUPOOHHYOMY DPOOOTH30BAaHOMY 3B’SI3KY 3 YHIBep-
CaJIbHUMH OJIHO-KPUBOIIMIIHAMH IPECaMu Ta TOETHYE
MOXJIMBICTh WOTO CIPSDKEHHS 3 HasBHUM TEXHOJOTiY-
HUM O0OJaJHaHHSIM Cy4YacCHOTO MAIIMHOBHPOOHHKA, 3
HalMEHIIMMHU NepepoOKaMu iCHYIOHOTo JOIOMIXHOTO
OCHAII[CHHS], BJIACHUMH 3YCWJUISMHU Yy BIANOBIIHOCTI 3
BUHHUKAIOYAMHU IHHOBAI[IHHUMU TECHACHI[ISIMH.

Pe3yabTaTu podoTH Ta iXHE 00rOBOPEHHS

Y poGOTi NpONOHYEThCS PO3IIISA] BapiaHTy TeX-
HIYHOI peasizalii aBTOHOMHOTO HaKOIHYYHYOIro KOM-
TUIEKCY, 10 NMPU3HAYCHUH Ui 00CIyroByBaHHS IpeCiB
OJTHO-KPUBOILIUITHUX BIJKPUTHX MPOCTOi Iil HOpMalib-
HUM 3ycwuisiM 1o 250 kH, BigmoBinHO Ail04OMYy CTaH-
mapty JICTY 9408-89, i 3abe3mneuye oaepKaHHs MITaM-
MOBaHMX BHUPOOIB (ephopoBaHUX JeTalleil i3 3ar0TOBOK
y ¢opMi JIUCKIB) NIIIXOM 3aBaHTAXEHHS 3arOTOBOK
HaBaJIOM B OyHKep-HaKONMYyBay, iXHE HACTYIHE Opi€H-
TyBaHHS, COPTYBaHHSI, [TOIITYYHY BU/a4y, CHHXPOHHY 3
poboToto mpecy mojady y INTaMIl, ITaMITyBaHHs (TIpo-
OMBaHHS OTBOpIB) Ta BHIITOBXYBaHHS BHUpPOOIB i3 miTa-
Mmra. BukoHaHHS 3a7aHOi TOCIIIOBHOCTI omepariiii Ta
3yaro/ikeHe (QyHKIIIOHYBaHHS BY3/IiB 3a0e3Meuye elek-
TPOHHUI KOMIUIEKC KepYBaHHS.

IIpuBenena po3poOka (Tabin. 1) y mimomy mpeacra-
BIISIE CYKYIMHICTh (PYHKIIIOHAIBHO 3B’SI3aHUX 3ac00iB i
MPUCTPOIB, KOHCTPYKTUBHO 00’ €JHAHMX 3a 3arajlbHUM
MOCJIIIOBHO-JIOTIYHUM TIPUHIMIIOM pOOOTH, 1 BKIIOYAE
NPUCTPI 3aBaHTaXXyBaJbHO-OYHKEPHHUH, ITOXWINH Ma-
ra3vH-HaKONIMYyBay 3aroTOBOK, CTaHIAPTHUI OJIHO-
KPHUBOILIMITHUH ITPEC, ITaMI CIELiadbHOI KOHCTPYKIIT,
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NPUCTPI JTOCWJIAaHHS 3arOTOBOK Y ILITaMIl — ITHEBMO-  BHpPOOIB i3 IITaMna Ta aBTOHOMHHMH aBTOMAaTH30BaHUI
Mmasinyiasitop KMO.63 114212, npuctpiii BupaneHHS  KOMIUIEKC YIPABIiHHS TEXHOJIOTIYHMM IPOLIECOM.

Tabnuys 1 — TexHiyHi 1aHi Ta XapaKTepUCTUKH PO3POOKHU

Yucno 3aroTOBOK, IO 3aBAHTAXXYIOTbHCA

N 600 CepeHs TPUBAITICTh OJJTHOTO ITUKITY, C 6
OJTHOYACHO Y ITyCTHI OYHKep, IIT.

€MHICTh TTOXHJIOTO MarasmuHy-

Maca naprii 3aBaHTa)XeHHSI, KT 24 8
HAKOMUYyBaya, IIT.

JliameTp 3aroTOBOK, MM 60 To4HiCTh MO3HIIOHYBaHHS, MM +0,2
KyT moBopoTy mraHru mpucTporo JOCHII-

ToBmmHA 3ar0TOBOK, MM 15 Y poTy PHCTPOIO 2 45 — 240

KH, Tpa.

a) «PYIHHI»;

Pexxumu pobotu: 0) «aBTOMaTUYHHI»: ~220/
Hanpyra xusnenns, B

— KOTMHOYHUI, (-24)
— CIUKITYHAI
Tuck NOBITPA y MaricTpaii BUKOHYIOUUX
CepenHst POIYKTUBHICTH KOMIUICKCY B MeXaHi3MiB,
ABTOMATHIHOMY PEXHUMI TIPH TIOBHOMY MITa (kre / em?) 0,45 (4.,5)
3aBaHTaXCHHI OYHKEpY 3aroTOBKaMH, 40 TaGapuTy yai 1J1s1 3aBaHTaKEHHS 3aro-
[ITaMIIOBAaHUX BUPOOIB 32 XBHIIUHY TOBOK:
(urr. / xB.) niameTp, MM 450
BHCOTa, MM 150

B3aeMonisi CKJIaOBUX KOMIIOHCHTIB PO3POOJCHO-  TaKyBallbHO-OYHKEPHOTO  BiOpaIlifHOrO  IPUCTPOIO
ro KOMIUIEKCY Ta MoomneparliiifHa ix po6oTa onucyotbcs  (puc. 1) i GIOK-CXEMOIO MPUCTPOIO YIPABIIHHS TEXHO-
HIDKYE 1 U HAOYHOCTI TOSICHIOIOTHCS CXEMOIO 3aBaH-  JIOTIYHUM KOMILIEKCOM (pHC. 2).

Puc. 1. Cxema 3aBaHTa)KyBaJIbHO-OyHKEpHOT0 BiOpaIiiftHOr0 NPHCTPOIO:
1 — yamra 11 3aBaHTaXXEHHSI 3arOTOBOK; 2 — JIHO KOHYCHE 3 TEeKCTOJITY; 3 — sIKip; 4 — BiOpaTop eleKTpoOMarHiTHHIA;
5 — criiika KpiruieHHs Bibpatopa; 6 - mifBicka (IPyXHbO—IPYKUHIYIA OIIOpa) KPIIUICHHs Jalii
OYHKEpHOT0 HaKONHWYyBada; 7 — KPOHIITEHH; 8 — mifcTaBa; 9 — aMopTH3aTOp ryMOBHI
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Puc. 2. Bnok-cxema NpUCTPOIO yIpaBliHHSA pOOOT:

JlMckn-3aroToBKHM 3aJlaHoro JiaMerpa Ta (ikcosa-
HOi TOBIIMHM 3aBaHTa)KYIOTHCSI «HACHIIOM» y TIPHUCTPIi
3aBaHTaXeHHs OyHkepa (puc. 1). 3a 10MOMOTOI0 eIeKT-
pomarHiTiB (4) OyHKep NpPUBOJUTHCS B KOJMBAIBHUH
pyx. Hama (1) BiOpoOyHKepa 3 TBUHTONOIIOHOIO TpaH-
CHOPTHOIO JIOPKKOIO BCTAHOBJICHA HAa TOXWIMX HPYK-
HBO-TIPY)KHHSIYHX omopax (6). 3aBAsKH TakoMy Kpim-
JICHHIO Ha 3arOTOBKH II€PElaloThCS BEPTUKAbHI Ta ro-

M30BaHUM TEXHOJIOTTYUHUM KOMILIEKCOM mTaMIryBaHHSA

PU30HTAIILHO TAaHTEHIIAIBHI CKIAJOBI 30ypenb. [lim ix
BIUTMBOM 3JIiICHIOETHCS Opi€HTAIlisI (3aTOTOBKH JICTAIOTh
pIBHO), pO3MIapyBaHHS Ta KOJOBUH pPyX 3aroTOBOK.
[Mpodins gHa HakomuuyBaya (2) Ma€ HEBEIUKHH HAXMII
BiJl IICHTPY Yallli 10 CTIHOK Ta 3a0e3medye 3MilCHHS
3aroTOBOK IIij Yac iX pyxy mo nepudepii OyHkepa Ta Ha
NUIAXY OO TPAHCIIOPTHOI KOJIii. 3arOTOBKH BHIIHKOBY-
IOTHCS O/THA 32 OIHOIO Ta PYyXaIOThCS IO CITipaji JIOTKA.

21



Control, Navigation and Communication Systems. 2026. No. 1

ISSN 2073-7394

st ycyHeHHsI pyXy 3aroTOBOK BHaBal, iX COPTY-
BaHHS Bijl 1e()OPMOBAHHUX 1 AHUCKIB 3 BEJIMKHMH 3aIUpa-
MH Ha IUIIXY IXHBOTO INPSIMyBaHHS BCTaHOBIIOETHCS
aKTMBHAa BUIBHA BiJ 3aK/IMHIOBaHHS IIinMHA. Bowna
YTBOPIOETHCSI TYMOBHMM BAaJIOM CKHAyBaya, BiCh SKOTO
PO3TaIIOBY€ETHCS Wi HEBEIUKUM KyToM (Topsimky 30°)
10 XOAY PyXY [0 JOTHYHOTO IUTHIBHOTO KOJNa JOPIXKKH
TpPaHCHOPTYBaHHs. BrcoTa mi€l MUIMHN perymroeThes i
BCTaHOBIIIOETHCS OJM3BKO 1,5 TOBIIMHM 3aroTOBKH. Ban
cKkpzada 00epTaeThes 3 BENMKOIO IIBUAKICTIO, 3aXOIl-
JIIO€ 3aTOTOBKY, IO IiTHOCUTBCS, 1 CKUAA€E depe3 BHYT-
pilHIO GIYHY CTIHKY JIOTKa BCEpEAMHY Yallli HAaKOMHYYy-
Baya. 3aroToBKa 3HOBY IIOBTOPIOE NPOWAEHHH IILISAX.
Yacrora obepraHHs Bally JOBHIYHa CKHJaya Mae€ IBa
JMCKPETHI 3HAUCHHS 1 3aJ]a€ThCs 3 IIyJIbTa YIPABIiHHSL.

Buxin 3arotoBok 3 BiOpOOYHKEPHOTO MPHUCTPOIO
HaKOMHMYyBadya Mae WMOBIPHICHUI, BUIIaJKOBUH Xapak-
Tep. s y3romkeHoi poOOTH HAKONMWYyBaJbHOTO IPHU-
CTPOIO0 Ta Tpeca KOMIUIEKC OONajHaHWN MPOMDKHUM
MOXHMJIMM Mara3nHOM-HaKOITNIyBadeM.

VY BuxigHOMY cTaHi (pHC. 2) HUXKHIHA eleKTpomar-
HITHUH 3aTBOP HEPEMyCKHOTO By3la - "momaya" MmoxXu-
JIOTO Mara3uHy-HaKOIMYyBaua 3aKpUTHH, BEpXHIiil BilIK-
puTHil. 3arOTOBKM OZHA 32 OJHOK0 HAJXOAATH 3 BiOpO-
OYHKEPHOTO MPHUCTPOIO 1 Mif[ AI€I0 CKIaT0BOI CHUJIM Baru
3allOBHIOIOTh Mara3uH-HakonudyBad. [Ipu yTBOpeHHi
CTONKH 3 8 3aroTOBOK 3a JIONMOMOIOI0 OE3KOHTaKTHHX
natyukiB nonoxkenus JI15, JIIT 6 Ta joriuHoro mpu-
CTporo OJOKYBaHHS BIIKIIOYAETHCS IPUBOJ BiOPOOYH-
KEPHOTO TIPHUCTPOIO, MIPUIHMHAETHCS MOJada 3ar0TOBOK i
YCYBa€TbCS TaKUM YHHOM II€PEHNOBHEHHS JOTKA IOXH-
JIOTO MarasuHy-HakomuuyBada. [Ipn BHaadi 3aroToBKH
B IITAaMI IIpeca Ta 3MEHIIEHHS CTOIH JIOTIYHUH TPHUCT-
piit BKJIFOUAE €NEKTPOMArHITH BiOpoOyHKepa Ta MpPOBO-
JIMTh JIOKOMILJIEKTYBaHHs Maraszuny. [Ipouec moBropro-
€TbCsl. 3alOBHEHHS MOXMJIOT0 MarasuHy-HaKolnuyBada
3aroTOBKaMH BifOYBa€ThCS HE3AJICIKHO Bij IHIIUX CTa-
Iiif, 110 MPOTIKAIOTh OJHOYACHO 3 POOOTON mpeca.
Haiikparuii peskuM HaKOITUYEHHS Mi0HUPAETHCS ONTH-
MaJIbHUMH yMOBaMH BiOPOTPaHCIIOPTYBaHHS 3ar0TOBOK
y BiOpoOyHKepi — BHOOPOM aMILTITY I BiOparii — muis-
XOM peryJIIOBaHHS HAIPYTH, IO )XKUBUTh €JIEKTPOMarHi-
@ EM 1 — EM 3 (mpu He3MiHHUX paHimie migiopaHux
YKOPCTKOCTI TMOXWJINX MPYXKUHIINAX CTIHOK (6) i mrupuHi
3a30py sKopro (3)), KOHTPONb SKOI 3MIMCHIOETBCS 3a
BOYJJOBaHUM Ha MyJbTi YIIPAaBIiHHS BOJIETMETPOM.

V pexumi "poboTa" 3a HaSBHOCTI 3aTOTOBKH Y BU-
X1THOMY TOJIO)KEHHI B JIOTKY MarasuHy-HakolH4yBada
(matumk [JI1 1 MiX eNeKTpOMarHiTHUMH 3aTBOpPaMH
MIEPETYCKHOTO MPUCTPOIO 3HAXOUTHCS B CTaHI JIOTIYHOL
"omuHMMI") 1 BIACYTHOCTI CUTHANIB OJIOKYBaHHS IO KO-
MaH[i 3 MPHUCTPOIO YNPABIIHHS BKJIIOYAETHCS MEPEIyC-
KHUHM TpHCTpill ((pikcaTopy HMKHBOTO €JIEKTPOMAarHiT-
HOT'O 3aTBOPA OITyCKAIOThCS, BEPXHHOTO-ITiAHIMAIOThCS),
1 3arOTOBKa 3ICKOB3Y€ 3 JIOTKAa MarasuHy-HaKOITMYyBaya
Ha MTOBEPXHIO MaTPHUI 1 PyXaeThCs MO Hill YHOBIUIBHEHO.
Y MoMeHT 3ickoB3yBaHHs chparpoBye matdauk [I1 2,
AKHAN 3armycKkae popMyBad OJUHOYHHUX IMITYJIBCIiB 3 TOC-
TIHHOIO TPUBAJIICTIO, JOCTaTHBOIO ISl BKIFOUEHHS MIPH-
CTPOIO JOCWJIAHHS 3arOTOBKM B INTaMI. 3a CXCMHHUM
pIIICHHAM TIEPEyCKHUNW TIPUCTPIA 3HAXOTUTHCS Y
BKJIFOUEHOMY CTaHi 3 MOMEHTY ToJadi KoMaHau "myck"

JI0 MOMEHTY CIIpallloBaHHs naTyuka nojoxeHus JIT 2.
Bechb weii yac ¢ikcatopu BEpXHBOTO €JIEKTPOMArHITHO-
ro 3aTBOpa MEPEIyCKHOrO INPHCTPOI0 3HAXOISATHCS B
MiHATOMY CTaHi, YyTPUMYIOTh NEPENOCTaHHIO 1 BHIIE
pO3TalIoBaHi 3arOTOBKH Bifl 31ICKOB3YBaHHS 1 IOTIaAaHHs
y IITamIL.

[pucTpiit nocnnanses, moOyxoBanuii Ha 6a3i yHiDi-
KOBaHOTO IMHeBMoMaHimyisitopa KM 0.63 114212, gepes
KJIMHOMOMIOHMIT 3aci0 3a JOIOMOIOKO INTAHTH IOCHIIAC
3arOTOBKY JI0 YIIOPY B OTBIp By3Ja MaTpHIli i 3abe3mnedye
CYMIIIEHHS TEOMETPHUYHOTO IEHTPY 3arOTOBKH 3 po0o-
YO0 BICCIO IITaMIa. BKIIIOUEHHS NPHUBOAY MPUCTPOIO
JIOCHJIAHHS 3/1iHCHIOETBCS €JICKTPOITHEBMATHYHUM KJla-
MIAHOM 32 KOMaH/IOI0 JlaT4yrKa nosnosxkenHs JI1 2.

[lepemileHHs! ITAHTH IPUCTPOIO JOCHIIAHHS Pery-
JIFOETHCST MICIIEM PO3TallyBaHHs YIOpIB, 32 JOIIOMOTIOI0
SKUX BapiloeThCsl KYT MOBOPOTY Bally ITHEBMOJBUTYHA.
[IIBraKicTs MOBOPOTY Bally IPHBOIY Y MPAMOMY 1 3BOpO-
THOMY HamnpsIMKy 3MIHIOETbCS THeBMoapoccemsiMu Jp 1,
Jp 2. KoHCTpyKTHBHO B MPHUCTPOI € KOJMiHMI Mikpore-
pEMHKaY, IO CIIPAlbOBYE Bijl KyJIAYKOBOTO MEXaHI3My B
KiHII 3BOPOTHOTO XOJy MPUBOAY Bally i CHTHANIZYE PO
3aBEpILUCHHS ONepallii JOCHIaHHs 3arOTOBKU y INTaMIL 3
MPUXOJIOM ITi€i KOMaHIM CXeMa 3aIyCcKy mpeca BUpoOIIse
OJMHOYHHI IMITYJIC Ta 3a JOIOMOTOI0 EJICKTPOHHOTO
onoky ympasiiaas BYB—1A Bxitouae npec. Bin0OyBaeTs-
csl ITaMITyBaHHs (Tiepdoparis) getani.

BYB-1A mae nmockoHally CHUCTEMY KOHTPOIIO Ta
3IIMCHIOE OTIEpAIlifo JIWIIE 32 CIIPaBHOCTI BCIX (DYHKIIIO-
HAIBHHUX BY3IIiB, CHCTEM IIpeca, BIICYTHOCTI OyIb-SIKOTO
CHrHaJTy OJIOKyBaHHS Ta 3HAXO/DKEHHS B MEKax HOPMH
mapaMeTpiB eHeproHociiB. ToMy 3a MOSIBOIO HasBHOCTI
IMITyJIbCY BKJIIOYEHHS IPHBOJY IIpeca MOXKHA pPOOHTH
BHCHOBOK IO (haKT BUKOHAHHS ONEpallii mTamMITyBaHHS.
Ie# mpuUHIMIT TOKIAJEHO B OCHOBY POOOTH CXeMHU KOHT-
POJIEO 3aBEPIICHHS TEXHOJIOTIYHOI Omepallii Ta J03BOJISE
YHUKHYTH YCTaHOBKH JIOJIATKOBUX JIATYHKIB ITOJIOKESHHSL.

CxeMa KOHTPOJIIO 3aBEpILESHHS LITaMITyBaHHS ITiJI-
KJIFOYA€EThCS MapalielIbHO eJIEKTPOITHEBMO KJlanaHy NpH-
BOJIy Ipeca i 1Mo Horo 3aaHpoMy (pOHTY poOOYOoro iMm-
myJbcy (GopMye CHrHanm KOMaHAM Ha HACTYIHY ollepa-
IiI0 BHINTOBXYBaHHA, TOOTO B MOMEHT IIICNIA 3aBep-
IICHHS MITaMIyBaHHS (MPOOMBKU OTBOpIB). [Ipuuomy,
3TiIHO 3 (PYHKIIOHAJHHUMH OCOOIHBOCTAMH pPOOOTH
mpeca, [eil CUrHan 3aKiHUYeTbCsS TOJI, KOJNM INATyH
npeca MigHIMAEThCS Y BEPXHE TTOTOKESHHS.

Jns cTpaxyBaHHS €I€KTPOIIHEBMAaTUYHUN KJallaH
MIPHUCTPOIO BUINTOBXYBAaHHS BHPOOY i3 MITaMITy BiAKpHU-
BA€TKCS MiCIsT HEBENMKO1 3aTpuMKH. CIparboBy€e MHEB-
MOIITiHAp. MOro mTOK BHIITOBXYE 3 GJOKY IITaMIly
MpoIITaMIIOBaHUH (TIeppOpOBaHMiA) ANCK 1 Hajgae HoMy
JIESIKOTO TIOCTYNAIBHOTO IMIyJbCY. JIMCK MOTparuisie B
MOXWJIMH 5K0JI00 1 TiJT Ai€10 CKIJIAZ0BOT CHIIM Baru 3iCKO-
B3y€ B OyHKep NpHIMaHHS TOTOBUX JAETalleH.

VY mporieci BUIITOBXYBAaHHS KOPCTKO HOB'SI3aHUH 31
IITOKOM «IIpariopens» y KpaiHbOMY IPaBOMY IOJOKEH-
HI BHIITOBXyBaya 3aXOJUTh Yy 3a30p MarHiTOIPOBOIY
rereparopHoro matauka [I13, 3a curHAJIOM SIKOTO 3Mi-
HIOETHCSI HANPSAMOK IOJa4i MOBITPS B ITHEBMOIMIIIHJIP.
[IITokx moBepTaEcThCS y BUXiHE TOJ0XKEHHS. BoHO ineH-
TA(QIKYETHCS CHUTHAJIOM JIOTiYHOT «OJMHHIL JaTYHKa
TIOJIOXKEHHS BUX1THOTO CTaHy BuIToBXyBada JII1 4.
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Le# curHan ogHOYACHO € CHTHAJIOM 3aBEPILICHHS
LUKITy POOOTH TEXHOJIOTIHYHOTO KOMILIEKCY.

3 mynbTa MNPUCTPOIO YIPABIiHHA IeperdadueHo
BKJIIOYEHHSI POOOTH KOMILJIEKCY B «PyYHOMY» Ta «aBTO-
MaTUYHOMY» PEXHMax. Y «PYYHOMY» PEXUMI € MOXKIIH-
BICTh MOYEProBOTO BKIFOUCHHS OKPEMHUX BY3JIB — IIepe-
IYCKHOTO HPHCTPOIO, MPUCTPOIO JOCHIIAHHS, Npeca, BH-
IITOBXYBAaya, a TAKO’K BUKOHAHHS OJHOTO ITOBHOTO ITHK-
JIy KOMIUIEKCY B «OJJMHOYHOMY» PEXNMI IPH HATHCKaHHI
kHonku "Ilyck". B «aBTOMaTHYHOMY» peXHMi CHUTHAI
nmatunka JII14 B KiHII WKy € KOMaHIOK BUKOHAHHS
HACTYITHOTO LMKy KOMIUIEKCOM. TakuM 4YMHOM, HOro
poboTa LMK 32 IMKJIOM ITOBTOPIOETHCS 32 ONUCAHUM
paHillle anropuT™MoM. B eleKTpoHHOMY MpHUCTPOi yrpas-
JIHHA KOMIUICKCOM TMepeadadcHo psii OJOKyBaHb, IO
3abe3neuye Horo HaliiHe (PYHKIIOHYBaHHSI.

KosxkHa HacTynmHa omnepaisi Moxe OyTH BHKOHaHa
TIJBKH MICIIA 3aBEPIICHHS MOMEPEIHBOI. 3 Mi€l0 METOIO
y HIpHUCTpPOI yNpaBIiHHA Hepen0aueHui pericTp ocepen-
KiB mam'sTi g 30epiranHsa iH(oOpMaIii mpo craH Bin-
TIOBIZTHOTO BY371a, SIKi BCTAHOBJIOIOTHCS Y BUXIZTHE «HY-
JbOBE» MOJOXKEHHS Tepes MOYaTKOM KOXKHOTO LIUKITY
pobotu. [HpopMaIlis PO Xil BUKOHAHHS OTEPALii s
Bi3yaJIbHOTO KOHTPOJIIO BHBOJUTHCSI HA IIyJIBT YIPaB-
JIHHS 3a JOMOMOTOK CBITJIONIONHOI Matpuil. Bona
Hao4YHa Ta HEOOXiJHA SIK Y PEKUMI HallallTyBaHHS, TaK i
B PEXHUMI EKCIUTyaTari.

3amycKk KOMIUIEKCY MOXKHa 3JIHCHUTH JIMIIE TPU
3HaXO/DKEHHI IITOKAa BHIITOBXyBadya B KpaHBOMY JIi-
BOMY BHBEJICHOMY 3 MATpHIIi CTaHi Ta 32 HasBHOCTI 3a-
TOTOBKHM y BHXIJHOMY MOJIO’KCHHI B OXHJIIOMY Marasu-
Hi-HaKoNM4uyBaya. Y «pydyHOMY» pPEXHMi NpU HATHC-
KaHHI OJHOYACHO ABOX 1 OUIBIIE KHOIMOK KOMAaHINA Ke-
pyBaHHS OJOKYIOThCS. YTPaBIiHHS MOKHA 3IiHCHIOBA-
TH TIJIBKM OJHUM BUKOHABUUM IPUCTPOEM. Byb-sikoi
MUTI, Ha Oyab-sKid cTafil poOOTH MOXXHA MPOBE3TH
3YNHHKY KOMIUIEKCY — HaTUCKaHHAIM KHOnKH "Ctom".

3a JONMOMOro AaHOi PO3poOKHM MOXKYTh OyTH
CTBOPEHI BUCOKOIIPOAYKTUBHI HaJliiiHi HEJOPOTi THYYKI
TEXHOJIOTIYHI CHCTEMH INTaMIyBaHHS 13 IUTYYHHM 3a-
BaHTAQXXEHHAM 3aroTOBOK Ta OCHAIICHI JIOMOMIXHUM
00JaTHAHHSM, SIKE TPUHIMIIOBO BiIMIHHE BiJl IPOMHC-
JIOBHX 1 BIIOMHX paHimie aHajoriB. Taki TEXHOJOTidHI

3aco0M MOXYTb OYTH JIETKO peasli3oBaHi 1 eKcIuTyaTyBa-
TUCS SIK CAMOCTIHHO, TaK i B CKJali (PYHKIIOHATBHHUX
niHid. € MoxuMBicTE MoAU(]iKyBaHHS PO3POOIEHOTO
BapiaHTy 3aJIe)KHO BiJi BUPILNIYBaHUX (YHKIIOHAJIHHUX
3aBIaHb Ta 3MiHHM BUJY J€TajeH, 10 BUTOTOBISIOTHCS,
IIPHA TIOTIEPETHHOMY aJTOPUTMI BUKOHAHHS OIIEparli,
IJIIXOM BHECEHHS! KOHCTPYKTUBHUX 3MiH Y TPaKTH BiO-
POTPaHCIIOPTYBaHHS, BY3JIM OpPI€HTYBaHHS, Mara3uH-
HAaKONUYyBad 4YM 1X 3aMiHH.

Jns migBUIEHHS MPOXYKTUBHOCTI poOOTH 1 HaZii-
HOCTi (pYHKITIOHYBaHHS pO3po0IeHOT0 3ac00y CTBOPEHO
CrIelliabHi OCHAILCHHS 1 eIEKTPOHHI JATYUKHU IOJIOKEH-
Hsl, OE3KOHTAKTHI CXEMH KepyBaHHS BUKOHaBUMMH IIPH-
CTPOSIMU 1 MEXaHI3MaMH, CIIPOEKTOBAaHI CUCTEMH YIIPaB-
JIHHSL, TIarHOCTYBaHHSI, KOHTPOJIIO, OJIOKYBaHHSI.

BucHoBknu

Po3polbiieHO HaKOIMUYBaIbHUI KOMIUIEKC /IS aB-
TOMAaTH30BaHOTO 3aBAHTAXKCHHS LITYYHUMH JHCKOIIOi-
OHMMH 3aroTOBKamu YHI(IKOBaHMX OJHO-KPHUBOLIMII-
HUX TIPECiB y pOOOTH30BaHUX HPOLECcaX HITAMITyBaHHS.
3anpornoHOBaHO CydYacHi BapiaHTH IPaKTUYHOI peajtiza-
il mocTaBieHOl 3a4adi TEXHIYHUM, CXEMHHM 1 KOHC-
TPYKTOPCBKMM ~ MOJCPHI3yBaHHAM 1 MEpPEOCHAIICHHAM
TEXHOJIOTIYHOTO oOnagHaHHsA. [1iMBHINCHHS NPOIYKTH-
BHOCTI 1 HagiHOCTI poOoTH 3aco0y, CIPOIIEHHS i 311e-
IICBJICHHS. HOro MoOyZOBH OCHOBaHE Ha BUKOPHCTAaHHI
i KOMIUICKCHOMY TO€JHAHHI MOXJIMBOCTEH BIUIHBY
«aKTHBHHUX», «MIACHBHUX», 1H(pOpMaIiitHUIX mapaMeTpiB
(yHKIIOHATIbHUX BY3JIiB Ha ()OPMYBaHHS 1 KOpETryBaHHS
3MIHCHIOBaHMX OIepalliiHUX BUPOOHUYHX MOTOKIB.

Konduaikr inTepeci

ABTOpH JIEKJIapyIOTh, 0 HE MAKOTh KOHQIIKTY iH-
TEpeciB CTOCOBHO J@HOTO JOCII/DKEHHS, B TOMY YHCIi
(hiHAHCOBOTO, OCOOWCTICHOTO XapakTepy, aBTOPCTBAa YU
IHIIIOTO XapakTepy, 10 Mir OM BIUIMHYTH Ha JOCIiHKEeH-
Hsl Ta 0ro pe3yJibTaTH, NpeCTaBleH] B JaHii CTaTTi.

Buxopuctanns 3aco6iB IITYYHOI O iHTEJEKTY

ABTOpH HiATBEPIXKYIOTH, 10 HE BUKOPHUCTOBYBAJIH
TEXHOJIOTIi IITYYHOTO iHTEJEKTY NPU CTBOPEHHI Ipel-
CTaBJICHOI POOOTH.
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Development and automation of technical equipment for robotic stamping complexes
Oleksandr Dryuchko, Oleksandr Shefer, Svitlana Kyslytsia, Ruslan Zakharchenko, Bohdan Boryak

Abstract. Relevance. The automation of stamping production processes remains an important task, especially for small
and medium-sized parts with complex geometry and diverse physical and mechanical properties. Traditional mechanical means
of loading and orienting workpieces are ineffective for such items. The development of flexible robotic systems allows for the
reduction of manual labor, increased productivity, and improved reliability of the technological process. Object of research: the
technical equipment of robotic stamping complexes, including storage devices, workpiece feeding manipulators, press installa-
tions, and automated control systems for technological operations. Purpose of the article: the development of a multi-purpose
automated loading and storage system for individual feeding of disc-shaped workpieces, which integrates with universal single-
crank presses and ensures enhanced productivity and reliability of the stamping process. Research results: an autonomous stor-
age complex has been developed, consisting of a hopper, an inclined magazine, a pneumatic manipulator for feeding workpieces
into the die, and a product removal device. Manual and automatic operation modes have been implemented, ensuring the block-
ing of deformed workpieces and items with burrs, monitoring the completion of the technological cycle, and synchronizing with the
press. The combined use of active, passive, and informational elements of the system’s units increases productivity, reliability, and
simplifies the design. Conclusions: an efficient automated complex for feeding disc-shaped workpieces into robotic stamping sys-
tems has been created. The system allows for modernization of existing equipment without significant costs, increases productivity
and reliability of the technological process. Its practical implementation includes the modification of units for different types of
workpieces and operations, as well as the use of electronic sensors and control systems to ensure monitoring and blocking.

Keywords: special equipment, accumulation complex, artificial loading of blanks, robotic stamping processes, automa-
tion, innovations.
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A. 1. Kpusopor, €. A. Bacunbes, O. C. Bacunbes, I'. @. JlypaueHko

Harmionansamii yaiBepeutet «llonraBepka momitexrika imeni FOpis Kornpartiokay, [lonraBa, Yipaina

doi: 10.26906/SUNZ.2026.1.025

BILIMB BUAY MOTOPHOTI'O ITAJIUBA TA IBUJAKICHUX PEKUMIB PYXY
HA KOE®INIEHT HABAHTAKEHHSA IBUT'YHA ABTOMOBLJIA KATEI'OPII M1

AHoTanis. AkryajabHicTb. CydacHUH PO3BUTOK aBTOMOOLIBHOTO TPAHCIIOPTY XapaKTEPH3YETHCS MACOBUM IEPEXO00M
Ha aNbTepHATHBHI BUIM MajKBa, 30KpeMa 3pimkenuil Hagrosuit ra3 (LPG), yepe3 #Oro eKOHOMIUHICT Ta €KOJOTIYHICTb.
IIpoTe OinpIIiCTh ICHYIOUUX AOCIIIKEHb 30CEPEDKEH] Ha 3arajibHUX IMOKa3HUKAX MaIMBHOI €KOHOMIYHOCTI, TOM1 SIK BIUIHB
BUJly NajyBa Ha KoedillieHT HaBaHTakeHHs IBUTryHa (ky) B yMOBax peajbHOI eKCIUTyaTalii Ta IpW pi3HUX MIBHAKICHHUX
PEKUMaX 3aTUIIAETHCS HENOCTATHRO BUBYEHHM. PO3YMIHHS IIMX MPOIECIB € KPUTUYHO BAXIUBUM IS ONTHMI3aIil poOOTH
JIBUTYHA Ta MiIBUIIEHHSA Horo pecypcy. O0’ekT aocaigkenns. Jlerkosuii aBTomo6116 kateropii M1 (Mitsubishi Lancer IX
3 neuryHoM 4G18), ocHamennii cucremoto razodanonHoro obnaguanss (I'6O) gerBeproro mokoninusg STAG 200 Go-Fast.
Mera craTTi. ExcriepuMenTanbae TOCHiKEHHS Ta KUTbKiCHA ONIHKA BIUIMBY BHIy MOTOpHOro nainBa (OeH3uH A-95 Ta
LPQG) i mBUIKOCTI yCTAJICHOTO pyXy Ha Koe(illieHT HaBaHTa)KEHHS JIBUT'YHa BHYTPIITHHOTO 3TOPSHHS B peabHUX JOPOXKHIX
ymoBax. PesyabTaTn nocaimkenns. B xoni excnepumenTiB Ha mBuakocTsx 40, 60 ta 80 xm/rox Oyino BCTaHOBJIEHO, IO
BuKopucTanHsa LPG npu3sBoanTh 10 MiABUINEHHS KoedillieHTa HaBaHTa)KeHHsI ABUryHa Ha 11—13% mopiBHAHO 3 GEH3UHOM
A-95. Ile mosACHIOETBCSI HEOOXiJHICTIO KOMIEH aIli{ 3HIKeHHS e()eKTHBHOI MOTYKHOCTI (Ha 3—10%) uepe3 HIDKTYy 00'eMHY
€HEPTOEMHICTh Ta30MOBITPAHOI CyMilli. 3a JOMOMOTO MaTeMaTHKO-CTATUCTUYHOTO aHaJli3y MOOyI0BaHO perpeciiiHy Mo-
JIeITb, SIKa OMKCY€ 3aJIeKHICTh HABAHTAKCHHS BiJl IIBUAKOCTI Ta BUAY HajuBa. BuzHaueHo, o 30Ha MiHIMAJIIBHOTO BiCOT-
KOBOTO HaBaHTA)KEHHsI 11 000X BUIB MalKMBa 3HAXOAUTLCSA B MEKax MIBHAKOCTEH 55—60 kM/roga. BucHoBku. J{oBeneHo,
1m0 poOoTa JBUTYHA Ha ra30BOMY IAJIMBI CYNPOBOIKYETHCS BHIIUM PiBHEM BiIHOCHOI'O HaBaHTaXXECHHS, 110 ITiJBUIIY€ Tep-
MIUHy Ta MeXaHiYHy Hanpy»XeHicTb Horo aeraneil. s ontumizanii excroryaranii aBroMo6iniB 3 'O pexomengoBaHoO miz-
TPUMYBATH IIBUAKICHUN PEXUM Yy 30HI 55-60 kM/roj Ha 4eTBepTii mepenadi, o 3ade3nedye HaiBUILy e()eKTUBHICT PoO-
0OTH CHJIOBOT YCTaHOBKHU. Pe3ynpTaTé MOCHiIKEHHS MOXYTh OYTH BUKOPHCTaHI IJISl BIOCKOHAJEHHS alTOPUTMIB pOOOTH
eJIeKTPOHHUX OJI0KiB KepyBaHH: [ BO.

Kawuosi cnoBa: xoedinient HaBantaxenus JIB3, LPG, 6en3uH, ycraneHuil pyx, ra3o0aqoHHe 0013 HaHHS, SKCILTya-

Taniini nokasuuku, Mitsubishi Lancer IX.

Beryn

CyuacHUH PO3BUTOK aBTOMOOIIBHOTO TPaHCIOPTY
XapaKTepU3y€eThCs 3pOCTAHHSIM BUMOT 10 NMAJMBHOI €KO-
HOMIYHOCTI Ta €KOJIOT1YHUX MOKa3HUKIB [1]. ABTOMOOLTI
kareropii M1, 1o cCTaHOBIATH HAHOUIBITY YACTKY MapKy
JIETKOBUX TPAHCHOPTHHX 3ac00iB, MEPEBAYKHO EKCILTya-
TYIOTBCSI B PeKHMMaX 4aCTKOBMX HAaBaHTa)XEHb JBUI'YHa
BHYTpilIHbOro 3ropsians ([B3), ocobnauBo B ymoBax mi-
ChbKOTO pyxy [2, 3]. BukopucTaHHs ra30BUX MOTOPHHX
namB (LPG Ta CNG) Ha0y10 OIMPOKOTO MOMIHPEHHS 3a-
BISIKM IX EKOHOMIYHHMM IIepeBaraM Ta MEHIIOMY HeTaTH-
BHOMY BIUIMBY Ha HaBKOJMILHE cepepoBuuie [1]. 30k-
pema, B YKpaiHi 9acTKa JISTKOBUX aBTOMOOLITIB, Tiepeoo-
JMaJHAHUX JJIs pOOOTH Ha 3piKeHOMy HadTOoBOMY Tasi
(LPQG), oriHIOETHCS IK OJHA 3 HaiBHIuX y €Bpori [4].

Bcranosnenns razobanonnoro oomagaanus (I'bO)
YETBEPTOTO MOKOJIiHHS, 10 3abe3neuye nociigoBHe da-
30BaHe BIOPCKYBaHH ra3y, 3MiHIO€ yMOBH poboTu /B3,
110 MOJKE BIUIMBATH Ha HOTO HABAHTA)KYBAJIbHI XapaKTe-
puctuky. {7 KiTbKiCHOT OIIHKH CTYTICHS BUKOPUCTAHHS
edpexTuBHOI MOTYX)HOCTI JIB3 3acTocoByeThCs Koediti-
€HT HABAHTAXKCHHSI IBUTYHA Ky, SIKUI € y3arajJbHIOI0Y00
XapaKTepPUCTUKOI0 poOOTH cruitoBoi yctaHoBkH [1, 2, 5].
AxXTyanpHiCT po00TH 00YMOBIIEHA HEOOXIIHICTIO KOM-
TUIEKCHOTO JOCII/KEHHsI BIUIMBY BHLY ITaJIMBA Ta LIBH[-
KICHUX PeXUMIB pyXy Ha L€l KITIOUOBHH eKCILTyaTarliii-
HUIl TIOKa3HWK B yMOBaX peaybHOi eKcInTyaTamii, ocKi-
JIbKM TaKi TOCHIHDKeHHS B iCHYIOYiH JiTeparypi oOme-
xeni [5].

IMocranoBka npobaemu. CydacHHWil eTam poO3BH-
TKYy aBTOMOOUTIBHOTO TPAHCIOPTY XapaKTePU3yeEThCs

CTIHKOIO TEHJEHLIEI0 10 MOCHICHHS BUMOT 100 MajK-
BHOI €KOHOMIYHOCTI Ta €KOJIOTIYHOT O€3MeKH TPaHCIIop-
THHUX 3ac00iB. OCcOOIMBOI aKTyaIbHOCTI I1i MUTAHHS Ha-
OyBalOTh B YMOBaxX MICBKOi €KCIDIyaTamii, e 30cepe-
JDKEHa HaWOUIbINa KIJIBKICTH JIETKOBUX aBTOMOOLIIB Ka-
teropii M1 [1, 6]. AHami3 pexxuMiB poOOTH IBHUTYHIB
BHYTpimmHBOTO 3ropsHHs (JIB3) Takux aBTOMOOLTIB CBI-
JUUThH, IO OLIBIITY YaCTHHY Yacy BOHU (YHKIIOHYIOTH B
YMOBaxX 4aCTKOBHX HaBaHTa)X€Hb, SIKi CYTTEBO BiJpi3HSI-
I0ThCS1 BiJl HOMIHAJIbHUX MapaMeTpiB, 3aKIaIeHUX TPH iX
npoektyBanHi [1, 2].

OHUM 13 KITFOYOBUX IHTErPAIbHUX MTOKA3HUKIB, 110
XapakTepu3ye ePeKTUBHICTh BUKOPUCTAHHS CHEPTreTHY-
HOT'O MOTEHIIAJIy CHJIOBOI YCTAHOBKH B PealIbHUX YMO-
Bax pyxy, € koediuient naantaxenss JIB3. Horo 3na-
YEeHHsI BU3HAYA€ThCs CYKYITHHUM BIUTMBOM OaraTbOX YHH-
HUKIB: KOHCTPYKTUBHUMH NapaMeTpaMH TPAHCIIOPTHOTO
3aco0y, JIOPOXKHIMH yMOBAaMH, LIBHIKICHUM PEKUMOM
Ta, M0 BKpail BaXJIMBO, (i3UKO-XIMIYHUMHU BJIACTHBOC-
TSIMHM BUKOPHCTOBYBaHOT0 nayusa [1, 5]. 3mina xapaxre-
PHCTHK NaiBa 0e3rnocepeHbO BILIMBAE HA MPOLIECH CY-
MIIIOyTBOPEHHSI, MBUIKICTh 3TOPSHHS MaJUBHO-TIOBIT-
PSHOT CyMiITi Ta, K HACJIIOK, Ha HaBaHTAXKyBaJIbHI Xa-
paKkTEepUCTUKY IBUTYHA [7].

B ocraHHI gecATHIITTA, 3 OTISAY HAa €KOHOMIUHY
JIOLTBHICTh Ta €KOJIOTIYHI YNHHUKH, ITUPOKOTO HOIIN-
peHHs HaOyJIM ra30Bi MOTOPHI MaJnBa, 30KpeMa 3piJke-
nuii HadroBuit ra3 (LPG) Ta cTucHEeHMH npupoHuii ra3
(CNG) [8]. B YkpaiHi yacTka JerkoBHX aBTOMOOLIIB Ka-
teropii M1, nepeobnannanux st podoru Ha LPG, 3a pi-
3HUMU OLIHKAMH CTAHOBHUTH Bif 25 10 35 %, 1110 € OfHUM
i3 HAMBUIIMX MOKa3HUKIB y €Bpormi [8]. Bukopucranus
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rasy J03BOJIsl€ 3HU3UTH BUKU/IU OKCUY BYTJICLIIO, ByTJIe-
BOJIHIB Ta TBEPMX YACTUHOK, 1110 € KPUTHYHO BaXKIINBUM
JUTSL MICBKOTO cepefoBHuiia [4].

IIpote mepexin 3 OCH3WHY Ha ra30BE MAIUBO 3Mi-
HIOE YMOBH IPOTiKaHHS POOOYMX MPOLECIB Y HMITIHAPAX.
T"a3omomiOHe maaMBO Ma€ BHILE OKTAHOBE YHCIIO, III0 J0-
3BOJISIE YHUKHYTH JETOHAIIi1l, ale BOAHOYAC BOHO BHTIC-
HSI€ YaCTHHY HOBITPS 3 BI[yCKHOTO KOJIEKTOPA, III0 MOXE
MIPU3BOJUTH A0 3HIDKCHHS €(EKTUBHOI MOTY)KHOCTI Ha
3-10 % [5]. s miHiMizallii X HETaTHBHUX e(eKTiB
CydJacHiI aBTOMOOLII OCHAIIYIOTHCS CHCTEMaMH ra3oda-
noHHoro obnanHauHs (I'BO) yeTBepTOro MOKOIIHHS, SIKI
3a0e3neuyroTh IOCHi0BHE (ha30BaHE BIOPCKYBaHHS
rasy, MakCUMaJIbHO HaOJMKEeHE JI0 AJITOPUTMIB pOOOTH
IITaTHUX OCH3MHOBHX CHCTEM.

HesBaxkatounm Ha 3Ha4HY KUIBKICTh HAayKOBHX
npalb, IPUCBSIUCHUX OLIHIII MAJIMBHOT EKOHOMIYHOCTI Ta
TOKCHYHOCTI BiIpaIibOBaHUX Tra3iB MpH poOOTi HA alb-
TEpHATUBHMX [TaJIMBaX, IUTaHHS BIUIMBY BUAY MaIKBa Ha
BIZICOTKOBE HABaHTa)KCHHS JBUI'YHA B PEKHMaX ycTalle-
HOTO PyXY 3QJIMIIA€THCS BUCBITIIEHMM HEJOCTATHHO [J,
6]. BinpmricTs iCHyFOUMX METOAMK 30CepeKeHA Ha 3ara-
JIbHUX MOKA3HUKAX €KCILTyaTallii, TO/i sIK KiJIbKiCHA OITi-
HKa 3MiHM HaBaHTa)XyBaJIbHUX PEXUMIB IPH MEPEeX0i
Mik OSH3MHOM Ta Ta30M Ha PI3HUX IIBHIKOCTSX MOTpe-
Oy€e 10IaTKOBUX EKCIIEPUMEHTAIBHUX JIOCIPKEHb.

AKTyalpHICTB 1aHOT IPOOJIEeMHU 00yMOBIIEHa HEOO-
X1JTHICTIO TJIMOOKOr0 PO3yMiHHSI TOTO, SIK CamMe 3MiHIO-
€THCS CTYIIHb BUKOPHCTAHHS MOTYXHOCTI ABUT'YHA TIPH
crasoMy pyci aBromMo0ins. Lle 103BOIUTE HE TIMBKH OI-
THUMIi3yBaTy HaJAIITYBaHHS CHCTEM IAJIMBOIIONAYi, a i
HA/IaTH MPAKTHYHI peKOMEHIAlii BOAIAM IIOA0 BHOOPY
HAMOLIBII paliOHATBHAX IIBUAKICHAX PEKHUMIB 3 TOUKH
30py pecypco30epeXeHHs Ta JOBrOBIYHOCTI CHIIOBOI yC-
TAaHOBKHU. BUKOpHCTaHHS Cy4yaCHUX METO/IiB CUCTEMHOTO
aHaJli3y Ta KOMIT'FOTEPHUX TEXHOJIOTiH CTATUCTUYHOT 00-
POOKH TaHUX J03BOJISE 00'EKTUBHO OI[IHHUTH Il 3MiHH Ta
BUSIBUTH 3aKOHOMIPHOCTI (hOpMyBaHHSI HABaHTaXKyBaJlb-
Hux pexxumis JIB3 [1-3].

MeTor0o poGoTH € eKcrnepuMeHTalbHE JOCIIi-
JUKEHHS BIUTUBY BHAY manuBa (OeH3uH A-95 ta LPG) Ta
IIBUJIKOCTI YCTAJICHOTO PyXy aBTOMOOLII kKaTeropii M1
Ha Koe(ilieHT HaBaHTaKEHHs BUTYHAa BHYTPIIIHHOTO
3TOPSIHHSL.

J1s TocsITHEHHS TOCTaBIeHOT METH HEOOXiJHO BH-
pimmTH Taki 3amgadqi:

1. IIpoanamnizyBatu TeopeTHUHI IepeayMOBH GHop-
MyBaHHS KoedinieHTa HaBaHTaxeHHS J[B3.

2. OOrpynTtyBatn BHOIp 00'€eKTa TOCIiIKESHHS
(Mitsubishi Lancer IX) Ta 3aco6iB KOHTpOIIO MapameT-
piB (STAG 200 Easy, ELM 327).

3. Po3poOutu Ta pearnizyBaTH IIaH €KCIIEPUMEHTY
JUIsl BU3HAYCHHS BiJICOTKOBOTO HaBaHTakeHHs /B3 B pe-
KHMMax yCTaleHoro pyxy Ha 6ensuHi Ta LPG.

4. TloOynyBatu Ta nepeBipuTH aJIeKBaTHICTh MaTe-
MaTH4HOi MOJENI 3aJIeKHOCTI BiJJICOTKOBOTO HAaBaHTa-
xenns JIB3 Bix gocmimpkyBaHux pakTopis.

5. ChopmyioBaTy MPaKTUIHI PEKOMEH/IAIIT 11010
onTUMi3allii eKCITyaTalifHuX PeKUMIB.

AHaJIi3 ocTaHHIX T0cixxKeHb i myoaikauiii. Ede-
KTHBHICTHh poOoTH JIB3 B eKkcruTyaramiiiHuX yMOBax BH-
3HAYAETHCSI KOMITJICKCOM B3a€EMOIIOB'SI3aHUX (PAKTOPIB,

cepell SIKMX KIIOUOBE MICIEe 3aliMalOTh PEXHMHU PyXy
TPaHCIIOPTHOTO 3ac00y, TEXHIYHUH CTaH Ta BUJl BUKOPH-
CTOBYBaHOTO MOTOpHOrO manusa [1, 2, 5].

Teopernuni ocHOBH KoedillieHTa HaBaHTaKEHHS
JB3. KoedimieHT HaBaHTa)KeHHs JBUTYHA kK BH3Haya-
€THCSI CITIBBIJHOILICHHSIM e)eKTUBHOI NOTyXHOCTI N, 110
HOMiHaJbHOI MOTYX)HOCTI N, IpU 33JaHii YacToTi
obepranmus [1]:

g =5 (1)

HOM

KoedirmieHT HaBaHTaXEHHA Kp € BaXXIUBUM EKC-
IUTyaTalliiHIM TOKa3HUKOM, IO BiJOOpakae CTYMiHb
BUKOPHCTaHHS MOTYXHOCTI [1]. YV Micbknux ymoBax Juis
aBTOMOOLTIB Kareropii M1, ky; 3a3Buuaii cranoButs 0,2—
0,5, 10 BKa3ye Ha poOOTy B pSKUMaX YaCTKOBUX HaBaH-
TakeHb. 31 30UIbIICHHAM Ky TMOKpAIIYEThCS MAJMBHA
€KOHOMIYHICTh, TOA1 K HU3bKi 3HAYCHHS CYIPOBOIIKY-
FOThCS TiIBUILICHUMH BITHOCHUMH BTpatamu [1].

BB MmBHAKICHUX PEXHMIB YCTIEHOTO pyXY.
[Ipu ycranenomy pyci HaBaHTaxXeHHS Ha [IB3 dopmy-
€ThCSI HEOOXI1THOO MOTY>KHICTIO JJIs TIOJIOJIAHHS CyMap-
HOT CHJIM OTIOpY PYXY, sIKa JJIsl pIBHOT IOPOTH JIOPIBHIOE
CyMi CHJI OTIOpY KOUEHHIO F;, Ta aepoANHAMIYHOTO ONOpY
E,, [1]. Cuna aepoArHAMIYHOTO OMOPY 3pOCTAE MPOIIOP-
LIfHO TYCTHHI TOBITPs P, Koe(dillieHTy aepoauHaMiy-
Horo onopy Cy, J000Biii mioi aBToMoOUIst A Ta KBaj-
paty MBHAKOCTI pyXy aBTroMobins v, [1]:

1
Fazz-p-Cx-A-vz. )

Pizke 3pocranns F, mpu3BOANTH J10 3pOCTaHHA ky
Ha BUCOKHMX MBHIKOCTAX [1]. BogHowac, Ha HU3BKHX
MIBHKOCTSX NMAJIMBHA €KOHOMIYHICTD MOTIPIIYETHCS Ue-
pe3 poOoTy B 30HI MiJBUIICHUX BiTHOCHUX MEXaHIYHUX
Ta HACOCHUX BTpaT [2]. [IJIs KO’)KHOTO IBUTYHA iCHYE OT-
TUMaJBHUH Jiara30oH 4acTOT OOepTaHHS Ta HaBaHTa-
KEHHs, 10 3a0e3nedye MiHIMaJIbHy TUTOMY BUTpPATY T1a-
smBa [5].

Bmiue Buay MOTOpPHOTO majiuBa. Di3uKO-XiMidHI
BiactuBocTi LPG (ra3onoaniona ¢opma, Hux4a eHepre-
THYHA TYCTHHA) MPU3BOIATH N0 3HIKEHHS 00’ €MHOI
e()eKTUBHOCTI Ta 3MEHILIEHHS MaKCUMaJIbHOI e(eKTHB-
Hoi notyxHocti /IB3 Ha 3-10% nopiBHSHO 3 OEH3MHOM
[1, 5]. EdbexTrBHA NOTYXHICTD 1OB’s13aHa 3 €(DEKTHBHUM
KPYTHAM MOMEHTOM JIBUTYHAa M, Ta KyTOBOIO IIBHJIKi-
CTIO 00epTaHHS KOJiHYACTOTO BaJla w:

M, w

Ne =000 - ®

3umxenas N, (LPG) npu He3MiHHIH MOTYXHOCTI,
HEOOXiTHIN U1 pyXy aBTOMOOINIS, TPU3BOIUTE J0 3pOC-
TaHHg ky [1]. JocmimkeHHS MiATBEPIKYIOTh, IO IH-
ToMa BuTpaTa manuBa Ha LPG moxe Oyt Bumoo [4].
Cyuacae I'BO 4-To MOKONiHHS, BUKOPHCTOBYIOUH CHT-
Has OEH3MHOBHX (POPCYHOK, MiHIMI3y€ BIUIUB 3MiHH I1a-
JMBa HAa HABaHTAXYBAJIbHI PEXUMH, IPOTE HE YCyBae
fioro moBHicTHO [3, 5].

Takum unHOM, icHYe mpobiemMa KUTbKICHOT OLIHKH
Ta TOPIBHAUILHOTO aHallizy 3MiHM Koe(illieHTa HaBaHTa-
kerHs JIB3 aBToMo06ins kareropii M1 npu mepexoni 3
6em3uny Ha LPG Ta B yMOBax pi3HUX MIBUIKICHUX PEKH-
MiB YCTQJIEHOTO PYyXYy.
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O0'exTOM JOCIHTIKEHHS 00paHO JIETKOBHHA aBTOMO-
6imp Mitsubishi Lancer IX (2006 p.B.) 3 OeH3MHOBHM
neuryHoM 4G18 (1.6 x, 72 xBT) [9]. OcHOBHI TexHIUHI
XapaKTepUCTHKH aBTOMOOLIA HaBeneHi B Ta0m. 1.

Tabnuys I — TexHiuHi XapaKTepUCTUKH
Mitsubishi Lancer IX [9]

XapakrepucTuka INoka3Huk
Kiac aBTomo6inst C
JIB3: 4G18
Hanys Hi
Posramrysanns /IB3 ITonepeuno 3 nepeny
PosramryBanHs uTiHAPIB L4
Krnananis Ha nmmiaap 4

PosramyBanss KianasiB Ta
PO3MOALTEYOTO BaTy

Bepxuboknananuuii 3 Bep-
XHIM pPO3TalIlyBaHHSIM PO3-
MOJITFYOTO Basla
[mxekTop, po3nomiapHe

Cucrema 1nojayi najimisa

BIIOPCKYBaHHSI ITAJIMBA

TpancwMicis: 1-a- 3,583
MexaHiuHa 5-Tu CTyIeHeBa 2-a— 1,947
KOpoOKa mepenay 3-1-1,343
F5M41-1-R7B5 4-a—0,976

5-a—0,804

3.x.—3,416

I'm —4,333
Tun npusony [Mepenniit

Excnutyaraniiini mokasHuKHU:

MakcumalnbHa IBUIKICTb, 183
KM / TOf.

Posrin 1o 100 kM / rof., cex 11,8
[TanmuBoBUTpaTH J1 HA 8,8
100 kM. (MiCBK.IT)

[TamuBoBUTpaTH J1 HA 55

100 k™. (3aMm. 11.)
006’eM manuBHOTO 0AKY, T 50

[TanmuBoBHTpaTH 1T HA 6,7
100 kM. (3MimLIY)
IToBHa Maca, Kr 1750

Huryn 4G18 ocnamenuii I'BO yerBepToro moxo-
minns STAG 200 Go-Fast.

st peectpatii Ta KOHTPOJIIO TapaMeTpiB BUKOPHU-
CTOBYBAJIUCH:

— nporpamue 3abesneuenHs STAG 200 Easy s
3unTyBaHHS mapaMeTpiB podoru I'BO, BriroUaroun ma-
pametp "Engine load" Kyg3, %);

— bluetooth-miaraoctnunmii ckanep ELM 327 [10]
st nyOmoBaHHA Ta Bepudikamii mapamerpiB uepes
OBD-II inTepdeiic;

0E3KOHTaKTHUH iH(ppavyepBOHUIT ipoMeTp
GM300H 1151 KOHTPOJIIO TEMIIEPATYPHHUX PEKHMMIB.

ExcriepuMeHTH NMPOBOAMINCH HA TOPU3OHTAIBHIH
ninstani tpacu E-40 (M-03) micns nmoBHoi crabinizanii e-
IoBUX pexumis [1, 2].

[epen 3aizmamu KOHTPOITIOBAJIACH BiICYTHICTH CTO-
POHHIX omopiB (IuIAX BHOIry mpu 60 KM/TOIl CTAHOBHB
741,66 m), [1, 2], mo miaTBepAKYBaJO CHPABHICTD Tallb-
MiBHO{ CHCTEMHU.

[Inan ekcnepuMeHTy: qBOGAKTOPHHUI TPUPIBHEBUIT
mwian [11].

daxrop X1.

Bun nanusa (I).

Pini: LPG (I=4, xon -1),

3wmimanuii (I=6, kox 0),
bernsun A-95 (I=8, xox +1).

®axkrop X2.

IBuakicte ycrameHoro pyxy (V, km/rox).

PiBHi: 40 km/rox (kox -1),

60 xm/rox (kox 0),
80 km/rox (xom +1).

BumiproBanHsi BijicoTkoBoro HaBaHTakeHHs1 /B3
(Ky1g3) IPOBOIMIIOCH HA YETBEPTil mepenadi (nepenasa-
abHe yucsio 0,976) [9], 3 TPUBAIICTIO KOXKHOTO PEXKUMY
1 xBUIMHA.

OTpuMaHi eKCIIepUMEHTANBHI AaHi (Tabi. 2) Oyim
CHCTEMaTH30BaHi Ta 00pOOIICHI METOTaMHi MaTEeMaTHKO-
cratucTudHoro aHamzy [11, 12]. Ha ocHOBI nux maHuX
OyI0 po3paxoBaHO Koe(illi€HTH perpeciifHOTO PiBHIHHS
JPYTOro MOPSIZIKY.

Tabnuys 2 — O0podKa ekcnnepuMeHTAJIBHUX JaHUX npu podoti B3 nocaixkyBanoro
aBToM00is Mitsubishi Lancer 9 na 6en3uni A-95 PRO

Ne .;10- n ﬂal\:;:;)::: (xi) nlfiit:&a&lz) BS?)C(?:(B)IM Bincorkope HaBanTaxenns JIB3
ciny 5 5 - >
X X2 X{ X5 X Xo y ¥ Xy X X3 X1 Xo
1 + + + + + 46 46 46 46 46 46
2 + - + + — 41 41 41 41 41 41
3 - + + + - 58 -58 58 58 58 -58
4 - - + + + 52 -52 -52 52 52 52
5 + 0 + 0 0 49 49 0 49 0 0
6 - 0 + 0 0 61 -61 0 61 0
7 0 + 0 + 0 49 0 49 0 49 0
8 0 - 0 + 0 58 0 -58 0 58 0
9 0 0 0 0 0 46 0 0 0 0 0
10 0 0 0 0 0 42 0 0 0 0
11 0 0 0 0 0 43 0 0 0 0
) 545 -35 2 307 304 -1
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Hapamempuune pisusinus peepecii. Ilicns nepese-
JICHHSI 3 KOJIOBAHOTO BHIJISIy OTPUMAHO TaKe Mapamer-
pHUYHE PIBHSHHS:

Kppz = 0,77655 - 12-0,00625 - - V —
-11,86085 - I + 0,0040155 - V2~
-0,42769 -V + 103,632.

(4

ne I — yMOBHMIA KOJA MaIMBHOTO (akTopa; V — mBum-
KICTB, KM/TO/I.

CraructuyHa nepeBipka afieKBaTHOCTI PiBHSHHS 3a
kpurepiem Dimepa mokasana, o BUKOHYETHCS Taka He-
PIBHICTB

Fyoan, = 46164 < F 5, = 19,2,

ATBEPAXKYIOUN KOPEKTHICTh MOJIEII.
3mina Kjp3 Bix meuakocti (V) ta suay namusa (I):
Ha ocHoBi mTapameTpudaHOTO piBHSHHS perpecii (4)
no6ynosani rpadiuni 3anexunocti Kyp3(V) s Beix ma-
JIMBHUX pexuMiB (puc. 1).

®)

0

60

50

40

o

20

Bidcomxobe wabaumaxemsa 183 %

17

40 45 50 55

—

Yemanera wbudkdcme docaidhozo abmorading Mitsubishi L ancer IX km/ 200
— 8

60 65 70 Vel 80

Puc 1. I'padiyna 3aexHICTh BiICOTKOBOrO HaBaHTaxeHHs [IB3 aBTromo06iiast Mitsubishi Lancer 1X
HpH poOOTi IBUI'YHA Ha MOCTIHHINA KITBKOCTI BHKOPHCTOBYBAHUX 1HXKEKTOPIB IPH IIOCTYIOBOMY
3pPOCTaHHI yCTaJeHOI IBUKOCTI PyXy JOCIIJDKYBaHOTO TPAHCIIOPTHOTO 3aCO0y

3ona minimanvrozo nasanmagicenns: Cnocrepira-
erbcsi U-moniOHa 3aJIeXHICTh 3 MIHIMyMOM Yy 30HI
55-60 km/roj He3anexHo Bix Buay nanusa (LPG = 56%,
OcH3uH =~ 44 %).

Bnaue nanusa: Kypz npu poboti Ha LPG € Bummm
Ha 11-13 BiICOTKOBHX ITyHKTIB MOPiBHSHO 3 OCH3MHOM.
3a3HauMMO, 110 MIITaHUH peXUM 3aiiMae IPOMIXKHE T10-
JIOXKEHHS.

3mina Kyps 6i0 pakmopa nanusa (1) Ha mocTifniiA
uBuakocTi (V): panexuicts Kygs(I) (puc. 2) 1eMoHCT-
PY€ MOHOTOHHE 3HIDKEHHS! HABaHTa)KEHHS TP IIEPEXOi
Bix LPG (I = 4) no Gensuny (I = 8).

ITiomeepooicenns onmumanvuozo pedxcumy. Busis-
JICHHSI 30HM MiHIMaJIbHOTO BIJHOCHOTO HaBaHTa)KEHHS
(55-60 kM/ro) MiATBEP/KY€E TEOPETUYHI BUKIAAKH [1, 2,
5, 7], mom0 iCHYBaHHS ONTUMAIBHOTO MIBUAKICHOTO pe-
KUMY, 1e edpextuBHicTh JIB3 € HaiiBHIIOM0.

Ile mae npsiMe MpaKTUYHE 3HAYECHHS I PO3POOKH
peKOMEH Al i 010 €KOJIOTIYHOTO Ta EKOHOMIYHOTO BO-
Iinns, [6].

Hoscnenna spocmanna Kygs na LPG. 36inbmenns
Kjg3 #a LPG na 11-13% nopiBHAHO 3 GEH3WHOM € Killb-
KICHAM BHpaXCHHSIM HEOOXiIHOCTI KOMITEHCamii 3HHU-
xeHHs edexruBHOi notyxHocti B3 (3-10%), cripnun-
HEHOTO HIDKYO0I0 00'eMHOO0 e(DeKTHBHICTIO ra30MoBITPS-
HO{ cymimTi.

30inbmenns Kyp; Ha 11-13% e npsamum ingukaro-
POM TOTO, 1[0 ABHUTYH IPAIIOE 3 OLTBIITNM BiJTHOCHUM Ha-
MIPY>KEHHSIM y Ta30BOMY PEKHMI /I BUKOHAHHS Ti€l XK
pobotu.

e migTBepmKye HEOOXiTHICTH PETENFHOTO KOHT-
pomo napamerpiB ['BO Ta Bkasye Ha moTeHIiiHE 3poc-
TaHHS TEPMIYHOI Ta MEXaHIYHOT HANPY>KEHOCTI eJleMEeH-
TiB ABUTYHA [5, 7].

3nauenns mamemamuunoi mooeni. [1odynoBana pe-
rpeciiina Monens (4) AO3BONIAE 3 BHCOKOIO TOYHICTIO
HpOTHO3YBaTH Kjg3 11 pi3HUX KOMOiHaIif IBUIKOCTI
Ta MajnBa, 3a0e3Me4youn IHCTPYMEHT JUIsl 00'€KTUBHOTO
omiHoBaHHsA edexruBHOCTI podoT ['BO, Ta HEOOXiAHO-
CTi KOPUT'YBaHHS HOT0 HaJallITyBaHb.
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FMIHE OGHOYACHE RPALIBIBILX DATUGHUX $OPCYHOK

= 5] f11,/ 200
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Puc. 2. 'pacdiyna 3a5exHICTh BiJIcOTKOBOTO HaBaHTakeHHs /B3 aBromo06isst Mitsubishi Lancer IX
MIPH TOCTIHHIH ycTalleHii IMBUAKOCTI JOCIIIXKYBaHOTO TPAHCIIOPTHOTO 3aC00y
TIpY pi3Hii KIJTBKOCTI BUKOPUCTOBYBAHHX iH)XKEKTOPIB

BucHoBxku

1. TIpoBeieHO KOMILIEKCHE €KCIIEpPUMEHTAIBHE JI0-
CJIiJKEHHS BIUTUBY BUIY MOTOPHOTO ManuBa (OeH3uH A-
95, LPG, 3mimanwmii) Ta yctaneHoi MBUAKOCTI pyxy (40,
60, 80 kM/TOJT) Ha BiJICOTKOBE HaBaHTakeHHs JIB3 aBTO-
Mo0ist Mitsubishi Lancer IX.

2. Ha ocHOBI MaTeMaTHKO-CTATUCTHYHOI 0OPOOKHU
JAHWX, TIOOYIOBAHO aJeKBATHY PErpeciiiHy MOeNb, 110
OMHKCY€E 3aJeKHICTh BiJCOTKOBOrO HaBaHTakeHHs J[B3
BiJT TOCTIKYBaHUX (HaKTOPIB.

3. BcTaHOBJIEHO, 110 30HA MiHIMAJILHOIO BiJCOTKO-
BOTO HABAHTAXXCHHS JBUTYHA IPU YCTaJCHOMY pyci

3HAXOJMTHCS B MEXkax 55-60 KM/T0.T HE3aJICXKHO BiJ BULY
najuBa, MO € ONTHMAaJbHUM CKCIUTyaTalliiHUM PEKU-
MOM.

4. BusiBieHo, 110 npu po6ori apuryHa va LPG Bij-
COTKOBE HABAHTAKECHHSI € BUIIIUM MTOPIBHIHO 3 OCH3UHOM
A-95 (1a 11-13%), 1110 MOSICHIOETHCSI HEOOX1THICTIO KOM-
reHcarii 3HKeHH e()eKTUBHOI OTYXKHOCTI Ta 0CO0IIH-
BocTsMu anroputmiB EBY.

5. ChopMyIpOBaHO MPAKTHIHI PEKOMEHIAIIT, SKi
BKITIOYAOTh MiATPUMKY IIBUAKOCTI B ONTUMAIBHIH 30HI
(55-60 kmM/ro) IPH yCTATIEHOMY PYCi, BHKOPHUCTAHHS 4-
1 mepeadi sSIK €TAJIOHHOTO PEKUMY, & TAKOK PETyJIPHUIN
KOHTPOJIb TUCKY a3y Ta TEIJIOBUX PEIKUMIB.
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The influence of the type of motor fuel and speed modes of motion
on the engine load coefficient of a category M1 vehicle

Anatolii Kryvorot, Yevhen Vasyliev, Oleksii Vasyliev, Heorhii Durachenko

Abstract. Relevance. The current development of motor transport is characterised by a massive transition to alternative
fuels, in particular liquefied petroleum gas (LPG), due to its cost-effectiveness and environmental friendliness. However, most
existing studies focus on general fuel-efficiency indicators. At the same time, the impact of fuel type on the engine load coefficient
(k_H) under real operating conditions and at different speeds remains insufficiently studied. Understanding these processes is
critical for optimising engine performance and increasing its service life. Object of research: a category M1 passenger car
(Mitsubishi Lancer X with a 4G18 engine) equipped with a fourth-generation STAG 200 Go-Fast gas cylinder equipment (LPG)
system. Purpose of the article. Experimental study and quantitative assessment of the impact of the type of motor fuel (A-95
petrol and LPG) and steady-state speed on the load coefficient of an internal combustion engine in real road conditions. Research
results. During experiments at speeds of 40, 60, and 80 km/h, it was found that using LPG increased the engine load coefficient
by 11-13% compared to A-95 petrol. This is explained by the need to compensate for the reduction in adequate power (by 3-10%)
due to the lower volumetric energy density of the gas-air mixture. Using mathematical and statistical analysis, a regression model
was constructed to describe the dependence of load on speed and fuel type. It has been determined that the zone of minimum
percentage load for both fuel types is between 55 and 60 km/h. Conclusions. It has been shown that operating an engine on gasoline
results in a higher relative load, which increases thermal and mechanical stresses on its parts. To optimise the operation of vehicles
with LPG systems, it is recommended to maintain a speed of 55-60 km/h in fourth gear, which maximises the power unit's effi-
ciency. The study's results can be used to improve the algorithms of electronic control units for LPG systems.

Keywords: internal combustion engine load factor, LPG, petrol, steady motion, gas cylinder equipment, operating perfor-
mance, Mitsubishi Lancer IX.
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BU3HAYEHHS EHEPTOBUTPAT 3 BAKOPUCTAHHSIM TPACKTOPII
PYXY MOI31Y

AHoTanisi. AKTyalIbHiCTh. 3aTi3HUYHUI TPAHCTIOPT € OHKM 3 TOJIOBHHX BHIIB TpaHcropTy Ykpaiunu. [linBuiuenns ede-
KTHBHOCTI HOTr0 ()YHKIIOHYBaHHS € TOJOBHUM 3aBJaHHIM IIpH foro ekciuryaranii. O6’€KT J0CTiTKeHHsI: TIPOIECH Kepy-
BaHHS JU3eJb-TI013/10M B Iporieci pyxy. MeTa cTaTTi: po3poOUTH METO OLIHKH SKOCTI eKCIUTyaTalii TAroBOro pyXoMoro
cxiany (TPC) 3 aBTOHOMHHM JUKEpesIoM JKUBIICHHS NIJISIXOM BUKOPHUCTAHHS TpaekTopii pyxy moizma (TPII). ns nporo Bu-
KOHATH pOo3poOKy MaTeMaTHYHOI MOJENi BH3HAYECHHSI TATOBOTO 3YCHIUII 1 IPOBECTH PO3paxyHOK €HEPrOBHTPAT y IPOIeCi
PYXY 3 YpaxyBaHHSAM 0COOJIHMBOCTEll OOYAOBH CXeMH eneKkTpornepenadi. Pe3yabTaTu AocailxeHHs. Y cTaTTi IpOBEIEHO
aHaJi3 ICHYIOUHX 3ac00iB OIIHKU eeKTUBHOCTI ekcrutyartanii TPC 3 aBTOHOMHHMM JKepesioM KUBJIEHHS, po3pobieHo i 00-
TPYHTOBAHO METOJI BU3HAUEHHS 11i€1 omiHKHU 3 BUKopucTaHHsaM TPIL. Po3poGieno MaTeMaTHdHy MOJENb 1 HABEJCHO MPUKIAT
PO3paxyHKy BUTpAT MajKBa U BUMAAKY PealbHOI TpaekTopii pyxy ausenb-moizna AEJI-02 3 mapamerpamu, sxi Oyiu oTpu-
MaHi 3aBJIIKH HasBHOCTI iH(OpMaIiifHOT CHCTEMH B CKJIaJli CHCTeMH KepyBaHHsA. BucHoBKH. Po3po6iieHo 1 00rpyHTOBaHO
METO]] BU3HAUCHHS CHEPrOBHUTPAT IMOi3/iB IpH X eKciuryaTamii 3a gornomororo TPII, ctBopeHO MaTeMaTH4HYy MOJENb, sIKa

BHKOHaHa 3a OCHOBHUM piBHHHHS{M pyxy noizza.

Kaw4oBi ciioBa: eHeproBuTpari, MaTeMaTHYHA MOJIENb, TPAEKTOPIS PyXy MOi3/1a, TATOBHI PyXOMUMA CKIIAJ.

Beryn

IMocranoBka npo6iemu. B ymoBax mocTiiHOTO
MIBHUINCHHS I[iH HA TAJTMBHO-CHEPTETHYHI PeCypcHu po3-
poOKa HOBHMX METOMIB 30€pEeKEHHsI eJIEKTpOeHeprii Ta
MABHOTO € aKTyaJllbHUM NHUTaHHAM Yy AiSTBHOCTI KOXK-
HOTO 3aJIi3HUYHOTO Tinpo3ainy [1, 2]. HasBHicTh y cuc-
TeMaX KepyBaHHS Ta KOHTPOJIO TATOBOIO PyXOMOTI'O CKIay
(TPC) 3aco6iB 00YHCIIIOBAIBHOI TEXHIKH 3 BIAIOBIIHIM
MIpOTpaMHAM 320e3MeYeHHAM JTO3BOJISIE BUPIIIHUTH II€ 3a-
BranHsA. OTHUM i3 BapiaHTIiB OLlIHKK €HEPTrOBHUTPAT € BU-
KOPHCTaHHS TpaekTopii pyxy mnoizma (TPII). ns mporo
PO3pO0OIEHO MaTeMaTHYHy MOJENb BU3HAYCHHS TSTH 3
MOJIAJbIIMM OOYHCIICHHSIM Ta aHaJi30M EHEepProBUTpar
pyXy 10i3/1a 10 NEPETOHY.

AHaJi3 ocTaHHIX H0caimKkeHb i myOJikamiii. Ce-
pell MeToI0JIOTiH PO3paxyHKy BUTPAT MaliBa MOKHA BU-
IUIATH TpU OCHOBHI mimxomw. [Ipu TpagumiiiHOMY TIijI-
XOJIi IPUHIIAT PO3PaxXyHKY HOJIrae y BU3HAYEHHI 06a30-
BOT HOPMH BHTpPAT €HEPrOPECypCiB, MO pO3PAXOBYETHC
JUTSL «THUTIOBOi MOJIETIi Ioi3/1a%», mapaMeTpH SKOi CTaHAap-
TH30BaHi. J{Js BpaxyBaHHS BiIXWJICHb PEANTbHHUX YMOB
eKCILTyaTallii BiJi «TUIIOBOI Moieni», 6a30Ba HOpMa KO-
PHTYETHCS 32 JOIOMOTOI0 CHCTEMHU EMITIPHYHHUX KOPHT'Y-
BabHUX KoedimieHTiB. Lleli mMeTonq Mae oOMeEXeHHS,
OB’ s13aHi 3 TUM, IO >KOJHA MOJeJIb, 3aCHOBaHAa Ha 00-
MEXEHIH KUIBKOCTI HE3AJEKHUX 3MIHHUX, IKHUMH € KO-
puryBanbsHi KoedilieHTH, He Moke OyTH abCOIFOTHO TO-
YHOIO.

Jpyruii maxin noysirae y BUKOPUCTaHHI JETalbHUX
TATOBHUX PO3PaxyHKIB JuIsl imMiTauii pyxy moizaa o 3ajaa-
Hill JUISHIN OUIAXY 3 YPpaXyBaHHSIM TATOBUX XapaKTepH-
CTHMK JIOKOMOTHBA 1 CHJI omopy pyxy. IlepeBara Takoro
IiIX0/1y TOJIATA€e B TOMY, IO BiH JIO3BOJISIE BIIMOBHUTHCS
Bil HATYPHUX TOI3JI0K, 3aMICTh SIKUX TOCIiTHUKHA MO-
KYTh BUKOHYBaTH 0araTopa3oBi 0OYHMCIIIOBAIbHI €KCIIe-
pumenTH. Lleit miaxin 103BoJIsI€ 3 BACOKHM CTYIIEHEM TO-
YHOCTI PO3paxyBaTH BUTPATH IMalMBa Ta IHII IOKa3-
HUKH, aje I METOJX pO3PaxoBye CHEPTOBUTPATH IS
BXKE 3aaHOTO PEXMMY BEICHHSA, a HE IIyKae Haikpa-
L.

Tperiit miaxin GoKyCyeThCA Ha TOIIYKY €HEpro3ao-
[ DKYIOUHX TpaekTopid. Metomonoris nepeabadae po-
3paxyHOK OaraToBapiaHTHHX TPAEKTOPid 13 BapiaTUB-
HMMH BUXIJJHUMH JaHUMU (Maca noizza, mpodisb HUIsIxy
Ta iH.), a KIHIEBUM PE3yJIbTaTOM € NoOynoBa Oararormna-
pameTpuuHOi QYHKIIT yIpaBliHHS OTYXHICTIO JIOKOMO-
THBA, sIKa JO3BOJISIE 3MEHIIUTH BUTPATH EHEPTOPECYPCIB.

VY poboTi [3] moka3aHo, 110 AJIs ONTHMI3ALIT Kepy-
BaHHS PyXOM JIOKOMOTHBA 32 MiHIMyMOM €HEproBUTpar
Tpeba BUKOHYBATH PO3PaXyHKH BUXO/ISYH 3 YMOB BHKO-
HaHHS TOI3AKM 10 AUISHII NUIAXY 33 33JaHUi Yac MpH
000B’sS3KOBOMY [OTPHMaHHI OOMEKEHb Ha BEIUIHHY
IIBUIKOCTI pyxy. Y pobotax [4, 5] HaBeZeHO Hepelik oc-
HOBHHX ITapaMeTpiB, siki Tpeba BpaXOBYBaTH IIpH BUOODI
€HEePro3aoiaKyIOUnX TPaEKTOpii. Y podoti [6] mis
3MEHILEHHS] CHEProBUTPAT IOKa3aHo, 1I0 Tpeba Kepy-
BaTH TOTY)KHICTIO JIOKOMOTHBIB LIJIIXOM CTBOPEHHS 00-
PTOBUX arapaTHO-IIPOrPaMHUX KOMILIEKCIB, SIKi MAlOTh y
CBOilM CTPYKTYpi cucTteMu KepyBaHHs. Y po6oti [7] no-
Ka3aHo, 110 BUKOPHUCTAHHS JJIsl TATOBHUX 33aJa4 MaTeMa-
THYHOTO arapary Teopii BapialiifHOro YucIeHHs 1a€ MO-
XKITUBICTh BU3HAYHUTH ONTUMAJbHI CIIOCOOM KepyBaHHS 3
MEHIIIUMH eHeproBUTpaTaMu. Y pobori [8] po3podieHo
MOJIETb JUISl BU3HAYEHHSI CIIOKMBAHHS €HEprii Ha OCHOBI
JAHUX TPO MIBHIKICTH MOi3[a, YXUI KOJIii, TOBXUHY Ili-
JISTHKH, 9ac IMOI0POKi Ta Macy moizna. Meroro pobotu [9]
€ po3po0Ka METO/Y 3MEHIICHHSI CIIOKMBaHHSI €HEeprii 1mo-
13710M Mif] yac HOTo pyXy, IPH AKOMY BPaXOBYIOThCS JAH-
HAMiYHI XapakTepUCTHKU (CWjia TATH, aepoJUHAMIivHi
BIUIMBH Ta iH.). 3ajaya ONTUMI3allii BUPIIIY€eThCS 3a J0-
TIOMOTOFO €BOJTIOIIITHOTO anropuTMy. Jn3ens-noizam ce-
pii JAEJI-02 oGnasHaHi MIKpONPOIIECOPHOIO CHCTEMOIO
KepyBaHHS, sika 3a0e31euye ONTUMAaIbHY POOOTY TSATOBOT
eJIeKTporiepesiadi. ¥ CTPYKTYpy CXEeMH KepyBaHHS BXO-
auth iHdopmauiiina cucrema (IC), ska KpiM KOHTPOJIIIO
poboTu GOKIB esekTporiepeadi 3/ilcHIOE 3amuc i1 oc-
HOBHUX IapaMeTpiB y pearbHOMY 4aci.

MeTto10 po60oTH € po3poOKa METOIy BU3HAUYCHHS
eneprosurpat TPC 3 Bukopuctanusm TPII, skuii n1o3Bo-
JIUTh BUKOHYBATH OIIHKY €()eKTHBHOCTI KOKHOI MOT3KH
JU3eTh-TI013]1a TI0 TTapaMeTpax, ki peectpye IC.
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OcHoBHu# MaTepian

Jlis BU3HA4UeHHS BUTpAT CHEpTii (aiiBa) moi3aomMm
MiJ Yac MPOXOKEHHS MUISHKH KOJil Ta MOJABIIOTO
aHaJi3y IUX BUTPAT 3 OLIHKOIO AKOCTI eKCIUTyaTaii, BU-
KOPHCTOBYETHCS HOTO TpaekTopis pyxy. Ha puc. |1 HaBe-
JICHO CIIPOIIEHY CTPYKTYpPHY CXEMY CUCTEMH €JIEKTpPOIIe-
penadi MOTOPHOTO BaroHa AN3eb-TI013/a.

[TepeTBOprOBau
Jluzens P P i
BIIaCHHX NOTped
} A TsroBuit
Tsarosuii _ | acHHXpOHHHIA
T'enepatop |—»| INEpeTBOPIOBAY IBHTYH 1
YacTOTH
* Tarosuit
T anbsMiBHHIA ACHHXPOHHUH
pe3ucTop JIBHTYH 2

Puc. 1. CriporieHa CTpyKkTypHa cxeMa CUCTEMH
eJIEKTpOIepeaadi MOTOPHOTO BaroHa

Ha puc. 2 HaBeZeHO TPAEKTOPIO PyXy AU3EINb-110-
i3ma JIEJI-02, BUKOHAHY Y BUTIISAL 3aJISKHOCTI ITBUAKO-
cti Big wacy V = f(t). Lli mani B3sTi 3 IC, siKa BXOIUTH
J0 CKIany CHCTEMH KEpPYBaHHS JU3eNb-TI01310M
JEJI-02. SIk BuaHO 3 puc. 2, y TPII MokHa BUAIIUTH TPH
XapakTepHi BiJIpi3KH, SKUM BiANOBIAIOTh TaKi PEXKUMH
pyxy moizaa: I (OAB) — posrin; II (BC) — pyx i3 mocriii-
Hoto mBuakictio; 11 (C4) — ranemyBansst; Touka D Bin-
MOBiJIa€ CTaHIIIi IPU3HAYCHHS IUISHKH PYXY.

v,
Km/roa

e

25 F-- I

Puc. 2. Tpaekropis pyxy Au3enb-oi3aa

Po3paxyHOK €HEproBUTPAT BHKOHYETHCS 3a JIOIO-
MOTOI0 OCHOBHOTO PiBHSIHHS PyXy MOi3/a, SIKUH PO3IIs-
JIa€ThCs SIK TBEPAE TIJI0 3 BIJOMOIO Macol0, Ha IKE JII0Th
CHIIH TSTH Ta OIIOPY PYXY:

F=G-(102-(1+7)-a+W, £W,), @

ne F — tarose sycwis; G — maca noizna; (1+y) — koe-
diuient inepuii o6eproBux mMac (¥ =0,1); a — npucko-
pennsi; W,, — OCHOBHuiA omip pyxy noizua; W,y — nonar-
KOBHI omip pyXy HOi3aa, SKUi 3aJeXUTh Bix Mpodinro
ko1 (migiom abo cmyck) [10].

Dopmyiy it 00YKMCICHHSI OCHOBHOTO ONOPY PYXY
noizga W, 3 ypaxyBaHHSIM OIIOpPY MOBITPSHOTO CEeperio-

BHUIIA, BHYTPIIIHBOTO TEPTS B PYXOMOMY CKJIJli, OTIOPY
BiJl BIUIUBY PyXOMOT'O CKJIaJly Ha IUISIX MOXKHA 3aIHCaTH
TaKUM YHHOM:

W, =1,1+0,012 -V +0,00025 -V 2, @)

e V — mBUAKICTE ITo13/1a.

HeoOxinni 3HaYeHHd 3MIHHHAX IUI YUCEJIBLHOTO
PO3B’s13aHHS PIBHAHHS pyXy Noi3aa 6epyThes 3 6asu ja-
HUX (Maca noizaa, npodine komuii) Ta TPII, a y 3B’s13Ky 3
THM, III0 BOHM HE MOXYTh 3MIHIOBATH CBOI 3HA4EHHS
LIBHUJIKO, JUI PO3PaXyHKIB 3 BHCOKOIO MipOI0 TOYHOCTI
MOXHa BHKopucToByBatu Meton Einepa. Koxxne 3Ha-
YeHHS TATOBOTO 3yCHIIIA B JAHOMY BUITQJIKY PO3PaxoBy-
€TBCS OKPEMO 3JIeKHO Bill 3HaKy Hapamerpa IpPUCKO-
PEHHS:

npu a > 0 (ans Bimpizky / Ha puc. 2):

F=G-(102-(1+7)-a+W,+W,), ©)

npu a = 0 (s Bigpizky // Ha puc. 2):
F=G-(Wo W), (4)

npu a < 0 (mms Bimpisky /11 Ha puc. 2):
B=G-(102-(1+y)-W, +W,). (5)

VY (5) npu a <0 Taroee 3ycuiuisa F 3MiHeHO Ha ra-
JbMIBHE B, a TaKOX 3MiHEHO 3HAK Iepe]l OCHOBHHUM OI10-
poM pyxy W, . Y mpoleci po3paXyHKy 3HaK nepea W,
3aJIeKHUTh BiJl yMOB pyXy noi3aa (migidom abo cmyck).
I1in yac pyxy rOpU30OHTaNBHOIO JUITHKOIO W, Y BUpa3ax
(3 — 5) BigcyTHit. Y pexumi rabMyBaHHS Bij JpKepena
SHeprii (I13es1) CIOXKUBAETHCS JIMIIE HEBEJIMKA YaCTHHA
MOTY>)KHOCTI Ha JXHWBICHHA IOMOMDKHHX TMOTped. Y
3B’SI3KY 3 LIMM, Y MOJAIBIINX PO3pAaXyHKax BUTPAT CHep-
Til BUKOPHCTOBYIOThCS TibKH BHpa3h (3) i (4).

Ha puc. 3 HaBeZeHO OJIOK-CXeMy allTOPHTMY MOJe-
JIIOBAHHS 1 O0YKCIICHHS €HEepro3aTpar.

¥

BupiweHHa
PIBHAHHA PyXy

BeegeHHA BUXIQHMX
napameTpis

A

34UTYBAHHA Y
napameTpis 4NAHKW

3 B6asu gaHux ObyucneHHa
€HEProBuTpar
A
Po3paxyHokK Y

CCHOBHOrC onopy

pyxy Buaaua pesynbraTie

Po3paxyHokK Y
A0AaTKOBOro ONopy
pyxy

I

Puc. 3. brok-cxema anropuT™My MOAENIOBaHHS
i OOYHCIICHHS €HeProBUTPAT

RiHeupb

Ha puc. 4 HaBeneHO QyHKIIIOHAIBHY CXEMy MOJIEIi
00YHCIIEHHS TATOBOTO 3yCHIIIS. 3MiHA TSTOBOTO 3YCHILIA
y ¢yHKOii gacy, sika OTpEMaHa B pe3yJIbTaTi MOZEIIO-
BaHHA TIIC, 3 ypaxyBaHHIM napaMeTpiB AU3eb-11013/1a,
HaBe/ieHa Ha puc. 5. Po3rin noizna (Binpi3ok /) 3abe3re-
Yy€ThCSl TOCTIHHUM TATOBHM 3YCHJUISIM 13 IOJAIBIINM
3HIDKCHHSM 3yCHJLISA 110 Mipi pOo3roHy (puc. 5).
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x 0.00025 +

|
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Puc. 4. dynxuioHanpHa cxeMa 00YHCIEHHS TATOBOTO 3YCHILIA

>
310 350 tc

Puc. 5. 3anexuicts F = f(t) quzens-mnoizna

Biapizok /I Binmnomizae pyxy noizaa 3 MOCTIHHOO
LIBUKICTIO 1 XapaKTepU3YEThCsI MIHIMAIILHUM 3HA4€H-
HSIM TSATH, AOCTATHIM [UIS [ATPUMKH II€T IBUAKOCTI.

Ha Biapisky /II — ranemyBanHs (IpH 1bOMY BifCy-
THE TATOBE 3yCHJUIS 1 Bifbip moTyxHOCTI Ha Tsry). ITo
oTpuMaHiii Tarosii sanexnocti F = f(t) Oyno pospa-
XOBaHO MOTYXKHICTh Ha TATOBHX BICAX MOi37a:

Pt = Ft 'Vt, (6)

ne F;, V; — 3HAYEHHS TATOBOTO 3YCHIUIA 1 IIBUIKOCTI B

KOHKpeTHHMiT ac. 3anexnicts P = f (t) naseneno na puc. 6.

KBT
596 -

1249

Puc. 6. 3anexuicts P = f(t)

Enepris, siIKky BHKOpHCTaHO IIOi3JOM Ha MpPOXO-
JDKEHHSI KOHKPETHOTO BiJpi3Ky HUISXY, BU3HAYAETHCS 3

ypaxyBaHHAM KoedilieHTa KOpHUCHOI il enexTporepe-
Jadi 7, 3a GOPMYIIOLO:

1 ta tg tc
W =—([P(dt+[P)dt+[Pt)dt). (7)
77en 0 tA tB

Butpary nmanuBa oTpuMaHO 32 BUTPaTHUMH Xapak-
tepuctukamu nusens. s TPIL, mo HaBeneHo Ha puc. 2,
Ta 3 ypaxyBaHHAM MapaMeTpiB amienb-moizga JJEJI-02
BIJINIOBITHO 10 3aIPONIOHOBAHOTO METOJY OYyJIO BHKO-
HaHO PO3PaxyHOK BUTpPAT €Heprii (Magusa).

PesynbraTn po3paxyHKiB Taki:

1) npu po3roHi 10 WIBUAKOCTI 72 KM/TOJ BUTpATH
eHeprii ckianaots 11,8 kBT rox.;

2) nipH pyci 3 HOCTIHHOO MBUIKICTIO 72 KM/TO[I BH-
TpaTu eHeprii ckiagawTs 7,98 kBT TO1.;

3) eHeprisl, sKa BUAUSETHCS MPH E€ICKTPOTAIbMY-
BaHHI nopiBHIOE 2,1 kBT ToI.

3arampHI BUTpaTH €HEPrii CKIAJAIOTh
kBT1'rox. a6o 3,65 Kr nM3eIbpHOrO IajauBa.

YV GIMBIIOCTI CXeM TATOBUX €JIEKTpoIepenayd eHep-
Tist TaJIbMyBaHHS PO3CIIOETHCS HA TalbMIBHUX PE3UCTO-
pax. OcoOMBICTIO BUKOHAHHSI CXEMH TSTOBOI €JIEKTPO-
nepenadi quzenb-noizaa JJEJI-02 e migkinrouenHs nono-
MDKHUX HaBaHTa)KEHb 1 CHCTEMH OMAJICHHS MacaXupCh-
KHX CAJIOHIB JI0 BUXIJHHUX KJIEM CHJIOBOI BUMPSIMHOI yC-
TAaHOBKHM Yepe3 BIANOBIIHMI MEpEeTBOPIOBAY, IO JUIA
koHKpeTHOro Bumnaaky TPC nae ekoHOMIIO manuBa B Ki-
nekocTi 0,4 kT, o ckianae ~15% BuTpaT manuBa Ha Bia-
CHi TOTpeOu Ta OMaJeHHs MacaXKUPCHKIX BaroHiB.

19,78

BucHoBkH

VY pesynbTaTi NpOBENEHUX NOCHIIKEHb ISl BU3HA-
YEeHHsI EHeproBUTPAT IMOI3iB B €KCIUTyarTallii, 3ampomno-
HOBaHO Ta o0rpyHToBano Bukopuctanus TPII mo nepe-
TOHY 3 BiJOMHM IpodijieM Ta OOMEXKEHHSIMHU Ha Kepy-
BaHHs. BU3HaueHHs €HEpProBUTpPAT BUKOHYETHCS 32 JIO-
TIOMOTOI0 OCHOBHOTO PIiBHSHHS PyXy I10i3/1a Ta po3po0-
neHoi MmateMaTHyHO1 Mojeni. HaBeneHo po3paxyHOK BH-
Tpat eHeprii (maguBa) A7 KOHKPETHOI TPaeKTopii pyxy
mmsens-nioizaa JJEJI-02 3 peanbHUME TapamMeTpamu, sKi
oTpuMaHi 3a oromororo IC.

[Monanpunii po3BUTOK i€l poOOTH Nependavae Bu-
KOPUCTAaHHS 3alPOTMIOHOBAHOTO METOAYy Ui 3HAaXo-
JDKEHHS Ta peajizalil Ha MPaKTHIi ONTHMAIbHUX PEXH-
MiB 10,10 BUKopucTaHHs eneprii TPC

KonduaikT inTepecin

ABTOpH I€KNApyIOTh, 0 HE MAalOTh KOHQIIKTY iH-
TEepeciB CTOCOBHO JIAaHOTO JIOCIIJDKEHHS, B TOMY 4HCI (i-
HAHCOBOTO, OCOOWCTICHOTO XapakTepy, aBTOPCTBAa YU
IHIIIOTO XapaKTepy, 0 Mir OM BIDIMHYTH Ha JOCTIHKEHHS
Ta HOTO pe3yibTaTy, MPeACTaBIIeH] B JaHii CTaTTi.

Bukopucranas 3aco6iB IITYYHOT0 IHTEJEKTY

ABTOpPH MiATBEPUKYIOTH, III0 HE BUKOPHUCTOBYBAIIN
TEXHOJIOTI] MITYYHOTO IHTENEKTYy NMpPU CTBOPEHHI Npen-
CTaBJIeHO1 poOoTH.
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Determining energy consumption using train traffic
Valentin Noskov, Svitlana Gavrylenko, Volodymyr Skorodielov, Maksym Heiko

Abstract. Relevance. Railway transport is one of the main modes of transport in Ukraine. Improving efficiency of its
functioning is the main task in its operation. Object of research: processes of controlling a diesel train during movement. Purpose
of the article: to develop a method for assessing the quality of operation of traction rolling stock (TRS) with an autonomous power
source by using the train trajectory (TT). To do this, develop a mathematical model for determining the traction force and calculate
energy consumption during movement, taking into account the features of constructing the power transmission scheme. Research
results. The article analyzes existing means of assessing the efficiency of TRS operation with an autonomous power source, de-
velops and justifies a method for determining this assessment using TT. A mathematical model is developed and an example of
calculating fuel consumption is given for the case of a real trajectory of a DEL-02 diesel train with parameters that were obtained
due to the presence of an information system as part of the control system. Conclusions. A method for determining the energy
consumption of trains during their operation using TRP has been developed and substantiated, a mathematical model has been
created, which is based on the basic equation of train motion.

Keywords: energy consumption, mathematical model, traction rolling stock, train trajectory.
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XapKiBChKHI HAIlIOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

OIITUMIBALIA BUKOPUCTAHHSA PECYPCIB Y TETEPOI'EHHUX
I'PI11 -CUCTEMAX 3 HECTAIIOHAPHUM BXI/THUM ITIOTOKOM

AHoTalisi. AKTyaJIbHICTBH JOCII/KCHHS 3yMOBIICHA 3pOCTaHHAM MAacIITabiB BUKOPUCTAHHS Fe€TEPOTeHHUX I'Pif-CUCTEM
JUIS BUKOHAHHS OOYUCIIOBAJIBLHO CKIAIHUX 3a/1a4 B YMOBaX JAWHAMIYHOTO Ta HECTAI[lOHAPHOTO BXiTHOTO MOTOKY. Pi3HOpi-
JIHICTb OOYHCITIOBAIBHUX PECYpCiB i HEPIBHOMIPHICTh HABAaHTAXKEHHS IPH3BOIATH 1O 3HIDKCHHS €()eKTUBHOCTI BUKOPHC-
TaHHS O0YHCITIOBATIBHOI IHPPACTPYKTYpH Ta MOTPEOYIOTh 3aCTOCYBAHHS aJallTHBHUX METOJIB OalaHCYBaHHS HAaBaHTAXKEH-
Hs. MeTo10 PoGOTH € TiJBHIICHHS e(EKTHBHOCTI BUKOPHCTAHHS PECYPCIB IETEPOreHHUX IPiA-CUCTEM IIUITXOM PO3POOKH
Ta JOCHIDKEHHS AJITOPUTMIB OaaHCyBaHHS HABAaHTa)KCHHS Ha OCHOBI IMiTalliifHOTO MOJIENIIOBaHHS B YMOBaxX HeCTalliOHap-
HOTO BX1THOTO MOTOKY 3a7a4. O0’€KTOM J0CHiI:KeHHs € TIPOLIECH YIPABIIHHSA Ta PO3MOALTYy 00UYHCIIIOBANBHIX PECYPCiB y
reTepOreHHuX rpia-cucremMax. IlpeaMeToM A0CTIIKEHHSI € METO/IM Ta aJTOPUTMHU OallaHCYyBaHHs HaBaHTAXXEHHS il onTH-
Mi3alii BUKOPUCTAHHS PECypCiB TeTEPOreHHHUX TPiJ-CUCTEM 3 HECTAIllOHAPHUM BXITHHUM MOTOKOM 3a7ad Ha OCHOBI iMiTa-
LiifHOTO MOJeNMOBaHHsA. Pe3yabTaTu. Y poboTi po3podiaeHo iMiTaliifHy MOAETh TeTePOreHHOI IPiA-CHCTEMH, IO BPaXxOBYE
PI3HOPIAHICTH OOYNCITIOBANBEHUX BY3JIiB Ta 3MiHHY IHTEHCHBHICTh HAJIXOJDKEHHS 3a1a4. [IpoBeieHO eKCriepuMeHTaNIbHI 10-
CITiKeHHS e()eKTUBHOCTI AJITOPUTMIB OaJlaHCYBaHHS HaBaHTa)KCHHS Y HOPMAJIBHOMY Ta IIIKOBOMY peXXHUMaxX poOOTH CHC-
TemH. BucHoBok. OTprMaHi pe3yJbTaTé IOKa3alnd 3MEHIICHHS CepeAHbOTO Yacy OUYiKyBaHHS BHKOHAHHS 3a71ad, ITiJBH-
IIEHHS PIBHOMIPHOCTI 3aBaHTa)KCHHSI PECypCiB Ta 3pOCTaHHS 3arajbHOi NPOMyCKHOT 31aTHOCTI cuctemu. Hampsimamu mo-
JAJIBIIHX TOCTiIZKeHb € PO3IIMPEHHs IMITaiiHOI MOJENi 3 ypaXxyBaHHSIM MPIOPUTETHOCTI 3a/1a4, OOMEXEHb SIKOCTi 00-
ciyroByBaHHs (Q0S), eHEeprocoKMBaHHS OOYUCIIOBAIBHUX BY3IiB, @ TAKOX 3aCTOCYBAaHHS IHTEJCKTYyalbHUX 1 MPOTHO3-
HUX METOJIiB OaNaHCyBaHHS HaBaHTXKEHHS y TeTEPOTCHHUX PO3NOAICHUX OOUUCITIOBAIBHIX CEPEOBUIIAX.

Kaw4voBi ciaoBa: rpig-cucreMa, reTeporeHHiCTh, HECTAI[IOHAPHICTh, OaNaHCYBaHHS HABAHTAXKCHHS, PO3MOMALT pecyp-

CiB, 00YHCITIOBAIBHUI BY30JL..

Beryn

IMocranoBka mnpo6aemu. [ereporeHni rpin-
CHUCTEMH € OJTHUM 13 KIIFOYOBHMX IHCTPYMEHTIB peasizalii
BHCOKOIIPOJYKTUBHHUX PO3MOJAUIEHUX OOYHUCIEeHb, IO
3a0e3neuyroTh CIIbHE BHUKOPHCTAHHS PI3HOPIAHUX
00YHCITIOBAILHUX PECypCiB, 00’€HAHUX y €IUHE IH-
(dopmariiiiHo-00UKCIIOBANIbHE cepeoBuine. BiqminHOC-
Ti Y TPOAYKTHBHOCTI BY3JIB, apXiTEKTypi amapaTHOTO
3a0e3NeueHHs, XapaKTepPUCTHKaX MepesKeBOl B3aeMOii
Ta peKXUMax JOCTYIY JI0 PECYpPCiB 3yMOBIIOIOTH ITiIBH-
IIEHY CKJIaJHICTh 33/a4 YNPAaBJIiHHSI TAaKUMH CHCTEMa-
mu [1].

B ymoBax HecTamioHapHOTO BXIJHOTO ITOTOKY 3a-
J1a4, KOJIM IHTEHCHBHICTh HAJXOHKEHHS 3aIIUTIB 3MIHIO-
€ThCS Y Yaci Ta Ma€ BHPaXKEeHI IIKOBI HaBaHTAXCHHS,
0Cco0MMBOI aKkTyaJbHOCTI HaOyBae mpobiema OallaHCy-
BaHHS HaBaHTAXXEHHS MK OOYMCIIIOBAILHUMH BY3JIaMU
rpin-cucremu [2]. HeagexBatauil po3momisi 3a1ad mpus-
BOJIUTH JI0 TEpPEBAaHTAXEHHS OKPEMHUX pecypciB, Hpoc-
TOIO IHIIMX BY3JIiB Ta 3HM)KCHHS 3arajibHOI e()eKTHBHO-
CTi QpyHKUiOHYBaHHs cucTemu [3].

EdexTuBHUM 1HCTPYMEHTOM JOCIIKEHHS Mpo1ie-
ciB (YHKIIOHYBaHHSI T€TEPOT€HHHX TI'PiJ-CUCTEM € iMi-
TaliiiHe MOJEIIOBAaHHs, SIKE JO3BOJISIE BiJTBOPIOBATH
JTUHAMIKY BXiIHUX TMOTOKIB, TIOBEIIHKY OOYHMCIIIOBAIIb-
HUX pecypciB 1 anropuTMiB OajlaHCYBaHHA HaBaHTa-
JKEHHSI 0e3 BTpYYaHHS y pealibHy iHPpacTpyKTypy. 3a-
CTOCYBaHHS iMITaIlifHUX MoOJeled Hajgae MOXKIUBICTH
aHAI3YBAaTH BIUIUB PI3HUX CTpaTerid IUTAaHyBaHHS Ta
PO3MOJITY pecypciB, OIIHIOBATH TMOKa3HUKH TPOIYKTH-

BHOCTI, Taki SIK 4ac O4iKyBaHHs 3ajad, Koe(illieHT 3a-
BaHTa)XEHHSI BY3JIiB 1 IPOIYCKHA 3/1aTHICTh CUCTEMHU.

BuxopucTanHs iMITamifHOTO MAXOIY € OCOOIUBO
JIOLUTBHAM Y 3aJjadaxX ONTHUMI3allii, OB’ s3aHUX i3 He-
CTAl[lOHAPHUMHU MMOTOKAMH, OCKIJIBKH J03BOJISIE BPaxo-
BYyBaTH BHUIIAJKOBUI XapaKTep HAAXOKCHHS 3ajad,
3MiHY TXHIX BUMOT JI0 PECYpCIB Ta aJlaliTUBHY MOBE/iH-
Ky aiaroputmiB Ganancysanus [4]. Ile cTBoproe nepen-
YMOBHU JUJIsl PO3POOKH Ta JOCIIIKCHHS AIanTUBHHUX 1
JUHAMIYHUX METOIB OalaHCYBaHHS HaBaHTaKCHHS,
OpIEHTOBaHMX Ha MiJBHIICHHS e()EeKTHBHOCTI BHUKOPHC-
TaHHS PECYPCIB T€TEPOTCHHUX T'Pi/I-CUCTEM.

MeTo0 podoTH € po3poOKa Ta MOCHTIHKEHHS iMi-
TaIifHOT MOJIeIi TeTePOTeHHOI I'Pil-CHCTEMH 3 HeCTalli-
OHapHUM BXI1JTHUM ITOTOKOM 3a/1a4, a TAKOXK aHaji3 ede-
KTHBHOCTI alTOPUTMIB OalaHCYyBaHHS HABAaHTAXXCHHS 32
PI3HHUX PEXHUMIB (QYHKIIOHYBaHHS CUCTEMH.

OcHoBHMi MaTepian

Ha noxarok mo ananizy b n-pack ng ta omiHku Ha-
BAaHTAXKCHHS PO3TJIHEMO JIOCATHEHHS B aJITOPHUTMAaX
OanaHCyBaHHsS HABaHTaXCHHsS, SKI MOXYTh JaTh imei
JUTSL TOTO, MO0 3alPONOHYBATH aJCKBATHY TEXHIKY pO3-
TOJTLTY BUKJIUKIB.

VectorDot (VD) [5] - ue anroputm OanaHcyBaHHs
HaBaHTKEHHS I poOOTH 3 pecypcaMi B i€papXidgHHX
CHCTeMaX pO3NOAUICHUX OOYHCICHb. AJTOPUTM Ha-
TXHEHHUM MeTojaoM Toiomu mist GaraTOBUMIpHHX paH-
uiB. Bin no3Bosse mepemimatn VM, BipTyalibHI CXOBU-
ma Ta Tpadik KOMyTaTOPiB 3 OJTHOTO By3/1a Ha iHIINH O3
MPOCTOIO0 TPAIOI0YOT0 B HBOMY AOHaTKH. DYHKIIS «
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TOYKOBOTO IPOJIYKTY » OIHCYE NEpEeBaHTaKeHI cepBepr
yepe3 HagMipHe BukopuctanHs LT, mam'sTi, mepexi abo
JINCKOBOTO BBEJICHHS-BMBOJYy. BOHa BHUKOPHUCTOBYETHCS
JUIsL TIOIIYKY BY3JIB CepBepiB ab0 KOMYTaTOpIB IS Mir-
pauii VMs abo Tpadiky. AJrOpuT™M NEpeBipeHO B XOJi
eKCIIEPUMEHTIB K Y peaJbHOMY LEHTPi OOPOOKH JaHMUX,
Tak i B 3MOZCIbOBaHIH CepeIOBHILI BEIMKOMACIITAOHOTO
LHEeHTPY 00pOOKH TaHHX.

Virtual Web Resource (VWR) [6] - e anroputm
OanaHCyBaHHS HABaHTA)KEHHS UL PO3MOILTY KIEHTCh-
KHX 3alliTiB MK pEIUTiKOBaHNMH cepBepaMu. Bin Bu-
KOPHUCTOBY€E MPOTOKOJ Ui OOMEKEHHS MIBUAKOCTI Iie-
peHanpaBieHHSI Ta 3ano0iraHHs HaBaHTaXXEHHs Bijja-
neHux cepBepiB. Komu cepBep nepeBaHTa)keHHi, BiH
OTPUMYE JO03BUI Ha 3HIKEHHsI HAaBaHTaKEHHS Ta Iepe-
HarpasJisi€ TEPEeBUIILYIOYY HaBaHTA)KEHHS Ha HaWOIVK-
4yuii BeO-cepBep 13 MEHIUUM HaBaHTaxeHHsAM. CepBepH
MOXYTh HPUHHATH 200 BIOXWINTH 3aIUT, SKIIO 3aITUT
BIIXWJICHUH, TO Ui HOTO BUKOHAHHS BUOHMPAETHCS 1H-
LU cepBep.

Crpareris IaHyBaHHS Npu OanaHCyBaHHI HaBaH-
taxkeHHs Ha VM-pecypcax — SVB [7] — ue anroputm
OanaHCyBaHHSI HaBaHTaXeHHs ajst Mirpauii VMs y ce-
PEIOBHIL XMAPHUX 00YHCIICHB. AJITOPUTM, 3aCHOBaHU I
Ha TreHeTH4YHuX anropurmax GA, BpaxoBye Bapialii
CHUCTEMH, iICTOPHYHI JaHi Ta BapTicTh Mirparii. Bin Ha-
MaraetbCsi 3MEHIIUTH a00 YHUKHYTH TUHAMIYHOI Mir-
paiiii. XpoMocoma MpeacTaBicHa Y BUIUIAIL JEPEBOIO-
ni6HOT cTpykTypH. KopeHeBuii By301 — Iie IUIaHyBaHHS,
MIPOMDKHI BY3JH — peaibHi MAaIlliHY, a JICTOBI BY3JIH -
VMs. [IponoHyrOTECS BIAMOBIAHI cTparterii BHOOPY,
riOpuausanii Ta Bapiamii. Lleit Metox 3maTHU peanizy-
BaTH OaJaHCYBaHHS HABAaHTAXEHHS Ta PO3yMHE BHKO-
pHCTaHHS PECypciB, KOJNM HaBaHTaKCHHS Ha CHCTEMY
cTablibHa Ta BapiaTUBHA.

Honeybee Foraging Behavior (HF) [8] - ue neuent-
paiti3oBaHMii AITOPUTM OalaHCYBaHHS HABAHTAKCHHS
JUTSL BETUKOMACIITA0OHNX XMapHUX CHCTeM. BiH auHami-
YHO PO3MOIUIAE BeOCEPBICH HA cepBepax Ui PeryJio-
BaHHSl CHUCTEMH 3QJIEKHO Bij monuty. lledi amroputm
BHUKOPUCTOBYETHCS JJIsI CaMOOpraHi3alii Ta JOCATHEHHS
r700aIbHOI0 OalaHCyBaHHS HABAaHTaKCHHS 3a JIOTOMO-
TOI0 JIOKATBHUX il cepBepa. KoxkeH ¢i3uunmii cepsep
rpynye BipTyanbHi cepBepH. IIOHATTS « jomIKa OroJo-
IIEHb » BUKOPUCTOBYETHCS ISl TOBIIOMIIEHHS TIPO TJIO-
OanpHy TpUOYTKY KosioHii. HezaitHsATi cepBepr YMTAIOThH
JIOIIKY OTOJIOIICHb, BUOWPAIOTh OTOJIONICHHS Ta 00CIy-
TOBYIOTh 3allUT 200 BUIMAJKOBUM YHMHOM OOCIYrOBYIOTbH
3aIUT YeprH CEPBEPIB.

Particle Swarm Optimization (TBSLB-PSO) [9] -
e MeXaHi3M OalaHCyBaHHS HABaHTAXXEHHS UL XMap-
HUX oOumcieHb. Llel anropuTM BHKOPHCTOBYE IIEHTpa-
JBFHUH TUTaHyBaNbHUK 3aBAaHb CTS s nepenavi mona-
TKOBHX 3aBJIaHb 3 NepeBaHTaKeHOI0 VM Ha HOBY aHa-
soriyHy VM 1uissxom 3acTocyBaHHs iHQopmauii Ha
gomi. Jlomka MIiCTHTh BCIO iH(OpMAIIO IUIaHYBaJIb-
HUKIB IIPO XapakTepUCTHKN VMS, BUKOHYBaHI 3aBIaHHA
Ta AKicTh oociyroByBanHs QoS. IIponec mirpariii Bpa-
XOBye 0OCAT HTaHWX, MaM'sTi, MPOIMYCKHY 3IaTHICTH i
guciio VMs. Hemnparoroui ¢izuuni mamuan ®M He
OyayTh 00OpaHi sIK HOBUX XOCTiB 111 VMS; 11e J03BOJIsIE
3HU3UTH €HEPTOCIIOKUBAHHSL.

Teopist MypalIMHUX KOJIOHIH Ta CKJIaIHUX MEpPEexX
ACCLB [10] — ue mexaHi3M OanaHCyBaHHS HaBaHTa-
JKEHHsI JUISL BIIKpHUTOTO (enepanii XMapHuX 00YHCIIEHb.
Mypaxa mepiofMYHO BHPYIIAE HEJOBAaHTAKCHUM BY3-
JIOM JUIsl TIOIYKY HaBaHTakeHHs. [1if yac mogopoxi BiH
3armam'sITOBy€ By30J1, IKHA Ma€ MaKCUMaJbHY / MiHIMa-
JTbHY HaBaHTAKCHHS, 1 3yNHUHAETHCS y BY3Ti, IO TIepe-
BHIIy€ TIOPIr HABAaHTAXXCHHS PI3HHUI MiDX ax i n abo
3arajibHa KUTBKICTh KPOKiB mepemimeHHs. [lotiM Mypa-
xa noBigomiste BoM By3nmaM N ax i N n mo06 30amaHcy-
BaTH HAaBaHTa)XKEHHA MIX HUMH. Ll cucrema crpsmoBa-
Ha Ha DINICHHS CKJIAIHOI0 Ta AMHAMIYHOIO 3aBIaHHS
OayaHCyBaHHS, IIPU IIbOMY BPaxOBYIOTHCSI XapaKTepUC-
TUKH CKJIaJTHOT MEpPEeXi MaJHid CBIT i CB00OOIa Bl MacII-
TabOBaHOCTI.

Event Driven (ED) [11] - ue anroputm OanaHcy-
BaHHS HaBaHTAXEHHs U1 DPO3paxOBaHUX Ha Oararo
KOopHCTyBadiB oHNaiH- irop MMOG B peansHOMY Yacy
Ha XMapHHUX pecypcax. Bin mpezacrasisie co00t0 €KOHO-
MigHO e(peKTUBHHI XOoCcTHHT mns cecii MMOG Anro-
PUTM BUKOPHUCTOBYE TIOHI€BO-OPI€EHTOBaHE pillICHHS,
sIKe OTpUMY€E 1H(QOpPMAIII0 MPO MPOITyCKHY 3IiOHOCTI,
aHaiizye 11 B KOHTEKCTi Ta MpuiiMae pilIeHHs MMpo Ha-
nanHs nocnyr. Ilogii nmpomyckHuid 3ai6HOCTI ckiana-
I0ThCA 3 cecii Ta pecypciB, cTaTycy MOAil, MOHITOPUHTY
Ta MPOTHO3yBaHHS.

Fuzzy Based Round Robin (FBRR) [12] - me ax-
rOpUTM OalaHCYBaHHs HABAHTAXXKCHHS HAa OCHOBI HEUIT-
koro Joriku Ta RR y meHTpi 00p0oOKH mHaHUX y XMapi.
Bin 30epirae iHpopMario Ipo KOXHY BipTyaIbHOIO
MaIIrHi Ta iX 3aIWTH, SKi B JaHWH Jac 9ac PO3MOiUICHI.
HaiiMenm 3aBaHTa)keHa MallWHA BU3HAYA€THCS IIPH
BCTYIIi 3amUTy Ha BUALICHHA. Da33udikaTop BpaxoBye
LIBHJKICTH TIpOIlecopa Ta HaBaHTakeHHS VM s Oa-
naHcyBaHHs cuctemu. Fuzzy Infe ence Syste FIS imitye
NPUHHATTS PillieHb JIIOAWHOK HA OCHOBI HEWITKUX IIpa-
BUJI YIPABJIIHHSA Ta BIAMOBIAHUX BXITHHUX JIIHTBICTHY-
HHX [TapaMeTpiB.

V¥ Tabn. 1 HaBeEeHO OTJIAA CePEeIOBHII aJITOPUTMIB
OayaHCyBaHHSI HaBaHTaXeHHs. Y Ta0is. 2 mpejacTaBlieHi
OCHOBHI XapaKTepUCTHKH aJITOPUTMIB, a y Tabid. 3 y3a-
raJbHEHO METPUKH, BUKOPHCTaHI ISl BUBYEHHS SIKOCTI
ANITOPUTMIB, TOOTO METPUKH OallaHCYBaHHS HaBaHTa-
MKEHHsI, IO JIO3BOJIIIOTH OL[IHUTH CTaH PecypciB, SKICTh
o0ciyroByBaHHS Ta €(EKTHBHICTH PO3IOALTY 3aIHTiB
MiX BY3JaMH CHCTeMH. Bubip MeTpmK BH3HAYAETHCA
THIIOM CEepEelOBHINA Ta BUMOTAaMH /O NPOJAYyKTHBHOCTI
Ta HagIHHOCTI.

HaBeeHO OCHOBHI METPHKH, IO 3aCTOCOBYIOTHCS
B aJropuTMax OalaHCyBaHHsS HAaBaHTAXKEHHS ISl OIli-
HIOBAHHS CTaHy OOYHUCIIOBAJIbHUX T4 MEPEKEBUX pecy-
PCiB, BUBYAIOTh OKPEMUIT acleKT (yHKIIOHyBaHHS CHC-
TEeMH, 30KpeMa pPiBE€Hb 3aBAaHTAXKEHHS anapaTHUX pecy-
pciB, SKiCThb OOCIyroByBaHHS KOPHCTYBadiB, €Heproe-
(DeKTHBHICTB Ta HAAIWHICTH By3JiB. MeTpHKH, MOB's13aHi
3 BUKOPHUCTaHHSM IIpOIecopa, ONepaTUBHOI HmaM'sTi Ta
JMCKOBOI MiJICUCTEMH, O3BOJISIIOTh BU3HAYMTH O0YHC-
JFOBaJIbHE HABAaHTAKEHHS Ta 3aMOOITTH IepeBaHTaKEH-
HIO OKpPEeMHUX BY3JiB. MepexHi MOKa3HHUKH, TakKi SK 3a-
TPUMKa, TIPOMYCKHA 3JaTHICTh Ta BTpaTH TaKeTiB, 3a-
CTOCOBYIOThCSL JIsI 3a0e3leueHHsl SKOCTI CepBicy Ta
MiHIMi3aIlil 9acy BiAKIMKaHHSI CHCTEMHU.
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Tabruysa 1 — CepenoBuine aJITOPUTMIB 0aJIaHCYBAHHS HABAHTAKEHHS

XapaKkTepucTHKA Tumnosi aaropur- Hepnouixn /
CepenoBuiie IepeBaru
cepefoBHINA MH 0aj1aHCYBaHHS 00MeKeHH S
JlokabHi Hesenuka KinbKicTh By3iiB, Round Robin, Ipocrora peanizanii, | He BpaxoByeThes mo-
004HCIIOBAIBHI HH3BKi 3aTPUMKH, CTaO1IbHI Weighted Round MiHIMaJIbHI HaKJIaHi TOYHE HABaHTAKCHHS
mepe:xi (LAN) KaHAIH 3B'S3KY Robin BUTPATH BY3JIiB
. Onuopiani a60 ¢i1abo HEOAHO- . Buia eexTuBHICTE TTorpebye mocTiifHOrO
Kaacrepni Hizurl)ii 371U, CITIJIbHA MeI"Ira Least Connections, BI/IKEI I/Ic(faHHﬂ ec MOEiTOy MHTY CTaH
CHCTEMH p Y3IH, Least Load P HEGL pecyp PHHTY y

00YKCIIEHD

ciB BY3JIB

XMmapHi 00umc-
aenns (Cloud

JuHamiuHe MacTaOyBaHHs,
BipTyasti3allisi, 3MiHHa KiJlb-

Dynamic Load
Balancing , Auto-

CkrnagHicTh peanizaii,

Bucoka alanTHBHICT, . .
3aJIeXKHICTh BiJl IPO-

- . . . eJIACTHYHICTH o
Computing) KiCTh pecypciB scaling aropuT™MH Baiizepa
Po3nopineni T'eorpadiuno po3HeceHi By3iH, Hash-based , MacmTaboBaHICTB, MosximBa HepiBHOMI-
CHUCTEMHU ACHHXPOHHA B3a€EMOJIs Consistent Hashing BiZIMOBOCTIHKICTb PHICTH pO3IIOIIITY
Mepe:xi Mo0inb- | Bucoka Mo6GinbHicTh KopucTy- | Load-aware , QoS- [MixTpuMKa sikocTi CkiragHicTh 009nC-
HOIO 3B'fI3KY BauiB, 3MiHHA SKIiCTh KaHAJIB based cepaicy ( QoS) JIeHb y pealbHOMY 4Yaci
LenTpu 06podku | Bucoka miIbHICTH CEPBEPIB, ECMP. Elow-based Bucoka npomyckna He BpaxoBye HaBaH-
nanux (HOQ) BEJIMKI 00csiru Tpadiky ’ 3JIaTHICTh TAKCHHSI CEPBEPIB
InTepHer- Benuka kijbKicTh KOPHCTYBa- Least Response Onrtumizaris yacy ITotpebye 300py cTa-
cepBicu 4iB, HepiBHOMIipHUi Tpadik Time BIIITYKY TUCTHUKHU
10T- eneremn O6Me>1<e§i pecypeu By3ni1§, Lightweight , Edge- EneproedexTisHicTs OOMexeHa TOUHICTh

BEJIMKA KUJIBKICTh TPUCTPOIB based OasaHCyBaHHS

Tabnuys 2 — OCHOBHI XapaKTePHCTHKH AJITOPUTMIB 0aJJaHCYBaHHS HABAHTAKEHHS

XapakTepucTuka

CTaTHy4Hi aJropuTMu

AnantuBHi (iHTeJeKTyaIbHI)

JlunamivHi aaropurmMu
AJITOPUTMH

Hpuxuun podorn

Po3mozin 3a Harepes
3aaHMMU [IPABHIAMH

Po3monin 3 ypaxyBaHHAM icTOpil
Ta NPOTHO3Y HaBaHTAKCHHS

Po3monin 3 ypaxyBaHHIM
MIOTOYHOT'O CTAHy CHCTEMH

YpaxyBaHHsi CTaHy pecypciB

He BpaxoByroThcs

BpaxoByBaTuCh 4acCTUYHO TloBHe ypaxyBaHHSA

JAunamivHicTh Husbka CepeiHs-BUCOKA Jly>xe BUCOKa
MacmtadoBaHicTh oOMexeHa Bucoka Jyxe Bucoka
CrulafiHicTh peaJtizauii Husbka Cepenns Bucoka
Hakaanuni BuTpaTn MiHimasbHi [omipHi 3HauHi
3aTpuMKa NpUIiHATTA pilieHb MiniManpHa IomipHa Buria gepes aHaii3 1aHux
BigmoBocTiiikicTh Husbka Cepennst Bucoka
CropaBelsIMBiCTH PO3MOaiIy oOMexeHa Bucoka OnrumizoBaHa
IinTpumka QoS BincyTHst YacTkoBa [loBHa
ApnanTauis 10 3MiH cepeioBUIIA BincyTHst oOMexeHa IToBHa
Enepreruyna eeKTHBHICTH Husbka Cepennst Bucoka

Tunosi aaropurmMu

Round Robin, Hashing

Least Connections

Reinforcement Learning

Cdepa 3acTocyBaHHs

Mauni cucremu, LAN

O/, BeO-cepBicu

XwmapHi cuctemu, 5G, loT

Tabauys 3 — MeTpuku 6aIaHCYBaHHSI HABAHTAKEHHS

MeTpnka Onuc Illo xapakTepu3sye Jle 3acToCOBY€ETbCS
3aBanTaxkenns CPU BukopucraHHas npouecopy HaBaHTa)keHHS By3/a Kiacrepu, IIOJ, Cloud
Buxopucranusa OIl O6csr 3aitasitoi RAM PecypcHi oOMexxeHHst By3na | BuptyamizoBaHi cepegoBuma

IIponyckHa 31aTHICTHL Mepeki

OO0csAT TaHUX TOAUHY

MepexeBe HaBaHTaKEHHS

Posnoaineni cucremu, 5G

3arpumka ( Latency )

Yac noctaBku

IBMAKOIII0 CUCTEMH

Peanbnoi roguan, URLLC

Yac Biaryky

Yac: BiAMOBIIIIO — 3aIIUT

SlkicTh 00CIIyroByBaHHS

Beb-cepsicu, API

Yucs10 AKTHBHUX 3'€IHAHD

Uwmcno BIIKPHUTHX ceciit

HaanTtaxeHHS cepBepa

Load balancer piBas L4/L7

BrpaTu nakeris

YactrHa BTpPAUCHUX ITAKETIB

SIKicTh Mepexi

MoOGieHI Mepexi

PiBeHn BUKOPUCTAHHS JUCKaA

HIsujkicts Ta oocar 1/0

Cras mijicucTeMu 30epiranHs

basu nanux, cxoBuia

EHepFOCl’lO)KI/IBaHHﬂ

CrioX1BaHHsI BY3JI0M

EHeproe(eKTHBHICTh

IoT , “seneni” IO/

HagpiiinicTh By3Ja

IMOBIpHICTb BiIMOBU

CTiliKiCTh CHCTEMH

KpuruuHi cucremn

Ipiopuret Tpadiky ( QoS )

BaxnuBicTh MOTOKY

["apaHTis cepBicy

4G/5G, MC mepexi

BinxuiaeHHss HABAHTAKEeHHsI

Pi3HHII MiX By3JIaMu

bananc cucremu

AHajliTUYHA OIlIHKA

IIponyckHa 31aTHiCTh

Yucmo 06po0IeHUX 3aMKTIB

3arajgpbHy NPOAYKTHBHICTh BHCOKOHABaHTAKEHI CHCTEMH

I'onnHa npocToro By3Jaa

Ilepio HEAKTUBHOCTI

11O/, ceprepHi hepmu

Heontumanbhue BUKOPUCTAHHSA

Oxpemy Tpymny CKIaJIaTUMyTh METPHUKH, OPi€HTO-
BaHi Ha NMPOAYKTUBHICTH Ta €(heKTUBHICTH POOOTH CHC-
TEMH B IIUJIOMY, 30KpeMa MPOIYCKHY 3AaTHICTh, KiJlb-
KICTh aKTHBHHX 3'€IHaHb Ta CEPEIHE BIIXWUICHHS HaBa-
HTaXeHHs. Takox y Tabiuui BpaxoBaHO EHEPreTHYHI Ta
HaJliHICHI MTOKa3HUKH, [0 € KPUTHYHO BayKJIMBUMH JUIS

XMapHHUX CEPEIOBUII, IIEHTPIB 00poOKH TaHWX Ta MOOI-
JHHUX Mepek. TakuMm YMHOM, HaBelIeHI METPUKU € OC-
HOBOIO ISl IPUIHATTS pIllleHb y mporeci OamaHCyBaH-
Hs HaBaHTXEHHS Ta JO3BOJSAIOTH aIalTyBaTH alTrOpH-
TMH J0 BHMOT KOHKPETHOI CEpeIOBHINA (PYHKIIOHY-
BaHHS CUCTEMH.
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Mpukaan: onTuMizamisi BAKOPUCTAHHS
pecypciB y reTeporeHHUX rpia-cucremMax
3 HeCTaliOHAPHUM BXiTHUM MOTOKOM

Po3risiHeMO TeTeporeHHy TIpin- CHCTEMy, IO
CKJIQJA€ThCS 3 OOUUCIIOBAIILHUX BY3JIB 13 PI3HOIO MpPO-
JYKTHBHICTIO ITPOILIECOPIB, 00CSATOM ONEPaTUBHOI aMm'si-
Ti Ta MPOIYCKHOIO 3JIaTHICTIO Mepexki. Y cucTeMy Hal-
XOJIUTh HECTAIlIOHAPHUIA BXiTHUI TOTIK 3aBJaHb , iHTe-
HCHBHICTH SKOTO 3MIHIOETHCS B TOJUHI, HANPHUKIAL,
BIAMOBIIHO 10 JOOOBHX ITIKIB HaBaHTa)KeHHS a00 BHIIa-
JKOBHX CIUIECKiB 3amuTiB. Iy omTHMizalii BHKOpHUC-
TaHHS PECYpPCIB 3aCTOCOBYETHCS TUHAMIYHUNA aJTOPUTM
OanaHCyBaHHS HABaHTAKEHHS , SIKMHA y pealbHOMY Haci
aHaizye Taki MeTpuku: 3aBaHTaxeHHs CPU, obGcsr Bi-
JBHOT ONEepaTHBHOI TaM'siTi, KUIBKICTh aKTUBHHX 3a-
BJJaHb Ha BY3JIi Ta CEPEHS TOJMHA BUKOHAHHS 3aB/aHb.
Ha ocHogi 3i0paHoi iHpopmarii popMyeTbesi BaKIMBUiA
MOKa3HUK JTOCTYIHOCTI IIKIPHOTO By3J1a, IKUil BU3HAYa€E
Horo mpiopuTeT it 0OpOOKH HOBUX 3aB/IaHb.

VY mepioan HU3BKOI IHTEHCHBHOCTI BXiHOTO TIOTO-
Ky 3a7adi piBHOMIPHO PO3IOIUIAIOTHECS MK BY3JIaMHU 3
ypaxyBaHHSM X NMPOAYKTHBHOCTI, IO 3a0e3meuye Max-
CHMaJbHE BUKOPHCTaHHS 00YHCIIOBATIBHUX PECYpCiB. Y
MOMEHTH PI3KOT0 3POCTaHHS HaBAHTAKCHHS alTOPHTM
aJaliTUBHO TIEPEHAIPABIIE HOBI 3aBAAaHHA HAa MEHII
3aBaHTa)XEHI Ta OUIBII TMPOJYKTHBHI BY3JH, a TaKOX
MOXE THMYacoBO OOMEXYBaTW IPH3HAUCHHS 3aB/aHb
Ha BY3JIU 3 BUCOKUM PIBHEM 3aBaHTa)KEHHSL.

Pe3ynbpraToM Takoro miaxony € 3MEHIIEHHS cepe-
JHBOT TOAMHY OYiKyBaHHs 3aBJaHb , ITiJBHIICHHS IPO-
ITyCKHOI 3/IaTHOCTI I'PiA-CHCTEMH Ta 3HWKEHHS HMOBIip-
HOCTI IepeBaHTaXeHHsI OKPEMHX BY3IiB. TakuMm 4nHOM,
ajanTuBHe OaJaHCyBaHHS HABAaHTAXXEHHS JO3BOJISIE
e(EeKTUBHO ONTHUMI3yBaTH BHKOPUCTAHHA PECYpCiB y
TeTepOreHHHX IPiA- cHCTeMax B YMOBaxX HeCTallioHap-
HOTO BXi/IHOTO TTOTOKY.

BBeaemo iHTerpaibHUi MOKa3HUK BHOOPY By3ia

1 1 1
cru; P vem; Ty

1 1 1
ne CPU; — 3aBanTaxkeHHs npornecopa, MEM; — Bukopu-
cTaHHA maM'saTi, Qi — JOBXKHWHA YepTH 3aBIaHb, o, B, Y —
BaroBi koedimienTn, o +  +y = 1.

Hexaif rereporeHHa Tpin-cucremMa CKIagaeTbes 3
TppoX oOumcmoBambHEX By3miB Ni, N> ta N3. Barosi
koediientu Bubpano takumu: o = 0.5, 3 = 0.3,y = 0.2,

[ToTrounuii cTaH By3JiB Ta pO3PaxyHOK iHTETpajb-
HOTO TIOKa3HUKa HaBeAeHi y Tabd. 1.

Si =Q-

Tabauys 1 — AHaJIi3 TOTOYHOTO CTaHY BY3JiB

By3zoa CPUi MEM; Qi Si
N1 0.70 0.60 1.254
N2 0.50 0.80 1.400
N3 0.30 0.40 2.484

Haii0inpme 3Ha4eHHS IHTETPAJBHOTO MOKAa3HHUKA
orpumano st By3na N3 @ Sg > Sy > S;. OTke, HOBe 3a-
BJIaHHS HEOOXiTHO MPHU3HAYUTHU By31y N3, OCKIJIBKH BiH
Mae HalMCHIIE 3aBaHTA)XEHHS MPOLECcOpa, HWXKYE BHU-
KOPHUCTAHHS MaM'sITi Ta KOPOTKY Yepry 3aBlIaHb.

I'pagix puc. 1 nemoHCTpye 3pOCTaHHS 3HAUYCHHS
nokazHuka S(f) y daci, M0 CBiYMTH NMPO 3MEHLICHHS
HaBaHTa)XKCHHS Ha BY30JI BHACIIJIOK aJIaliTUBHOTO Tepe-
posnoziny 3aBnasb. Ilicis moyaTKkoBOro mepiony cro-
cTepiraeThesi CTadlII3allsl HOKa3HUKa, [0 BKa3ye Ha JI0-
CSTHEHHS KBa3iCTalliOHAPHOTO PEKUMY POOOTH CHCTEMH.

2.5 __—*
24
i
£ 23
I
"
m
522
[ =
=
T 2.1+
=
m
a
g 20
[
ES
19
1.8
0 2 4 [ 8

Yac t

Puc. 1. 3mina inTerpanpHOTO Moka3Huka Si(t) y daci

3MiHa iHTerpanpHoro mokasuuka Si(t) y waci miar-
BEpIKY€ e(EeKTHUBHICTh aJalTHBHOTO aJrOpPUTMYy Oa-
JAHCYBaHHs, [0 3a0e3medye cTalLTi3alil0 HaBaHTa-
JKEHHsI B YMOBaX HECTalliOHAPHOTO BXiJHOTO ITOTOKY.

BucHoBku

VY poboTi mociimkeHO MpoOiieMy ONTHMI3allii BH-
KOPHCTaHHSI OOUUCITIOBAILHUX PECYPCIB Yy T€TEPOTeHHHX
rpin-cucteMax B yMOBaxX HECTAlliOHAPHOTO BXIJHOTO
MOTOKY 3aja4. Iloka3aHo, 10 Pi3HOPIAHICTh 00YKCITIOBA-
JBHUX BY3JiB 1 AMHAMIYHMH XapakTep HaBaHTaKCHHs
ICTOTHO YCKJIQJIHIOIOTh MPOLECH IUIAHYBaHHS Ta PO3MO-
Iy 3amad, mo NOTpeOye 3acTOCYBaHHA aJalTHBHHUX
METO/IiB OalaHCYBaHHS HaBaHTAXEHHs. [IpoaHamizoBaHO
ICHyIOUl TigXOmu 10 OalaHCYBaHHS HaBAaHTAXXCHHS Y
PO3TIOUICHUX OOYHCITIOBATBHUX CHCTEMaX Ta OOTPYHTO-
BaHO JOUUIBbHICTh BUKOPUCTAHHS IMITAI[IfHOTO MOJIEITIO-
BaHHA K e(DEKTUBHOTO iHCTPYMEHTA JIOCHiKEHHS ITOBe-
JIHKH TPIJ-CHCTEM Yy PI3HHX peXUMax (yHKI[IOHyBaHHSI.
OTpuMaHi pe3yabTaTH IMiATBEPIUIIH, 10 3aCTOCYBaHHS
AIANTHBHUX AJTOPUTMIB OaJaHCyBaHHS HaBaHTAKCHHS
3a0e3rnedye 3MEHIICHHS CepeHbOr0 Yacy OYiKyBaHHs
BUKOHAHHS 3a/1a4 Ta TOKPALLEHHS 3arajbHOl IPOILYyCKHOL
3[IATHOCTI TPi-CHCTEMH TOPIiBHAHO 3 0a30BMMHU METOMa-
MU PO3IOJITY 3a/1a4.

Konduaikr inTepecis

ABTOpH JIEKNIApyIOTh, III0 HE MAIOTh KOHDIIKTY iH-
TEPEeCiB CTOCOBHO NTAHOTO JOCHIKCHHS, B TOMY YHCII
(hiHaHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA YU
HIIIOTO XapakTepy, IO Mir O BIUIMHYTH Ha HOCII/KEH-
Hs Ta Horo pe3yJIbTaTH, NpeJICTaBIeH] B IaHii CTATTI.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJIEKTY

ABTOpH MiATBEPIKYIOTh, 10 HE BUKOPHUCTOBYBAIN
TEXHOJIOTI1 MTYYHOTO IHTEJEKTY TMPU CTBOPESHHI MpeI-
CTaBJICHOT pOOOTH.
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Parallel implementation of voice signal processing methods on multicore CPU and GPU
Viacheslav Radchenko, Yuliia Andrusenko

Abstract. The relevance of this study is driven by the growing scale of using heterogeneous grid systems to execute computa-
tionally intensive tasks under conditions of a dynamic and non-stationary input flow. The heterogeneity of computing resources
and uneven workload distribution lead to reduced efficiency of the computing infrastructure and necessitate the use of adaptive
load-balancing methods. The aim of this work is to improve the efficiency of resource utilization in heterogeneous grid systems by
developing and studying load-balancing algorithms based on simulation modeling under conditions of a non-stationary task input
flow. The object of the study is the processes of management and allocation of computing resources in heterogeneous grid systems.
The subject of the study is methods and algorithms for load balancing and optimization of resource utilization in heterogeneous grid
systems with a non-stationary task input flow based on simulation modeling. Results. A simulation model of a heterogeneous grid
system was developed, taking into account the heterogeneity of computing nodes and the variable intensity of task arrivals. Experi-
mental studies of the efficiency of load-balancing algorithms were conducted under normal and peak operating modes of the system.
Conclusion. The obtained results demonstrated a reduction in the average waiting time for task execution, improved uniformity of
resource utilization, and increased overall system throughput. Future research directions include extending the simulation model to
account for task prioritization, quality of service (QoS) constraints, energy consumption of computing nodes, as well as applying
intelligent and predictive load-balancing methods in heterogeneous distributed computing environments.

Keywords: grid system, heterogeneity, non-stationarity, load balancing, resource allocation, computing node.
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BAI'ATOBEKTOPHA I'OJIOCOBA IIEHTU®IKAIIA KOPUCTYBAYA
3 YPAXYBAHHAM ®OHETUYHHUX BAPIALIN I'OJIOCY

AHoTanisi. AKTyajabHicTh. CHCTEMH Toj0cOBOI iMeHTH(]IKALI IMIHPOKO 3aCTOCOBYIOTHCS B OIOMETPHUYHHMX CHCTEMax
KOHTPOJTIO IOCTYITY, IEPCOHATII30BAHUX 3aCTOCYHKAaX Ta IHTEJIEKTyalIbHUX 1HTepdeicax, Y SKMX OCHOBHOIO BUMOTOIO € Ha-
NifiHEe po3Mi3HaBaHHS KOPUCTYBa4iB 3 YpaxyBaHHSAM IHAMBIIyaJbHUX Bapiamliid ronocy. TpaaumiiHi MiaXoau, Mo IPYHTY-
IOThCSl HA CTATHYHUX BEKTOPHUX MPEICTaBICHHIX (POHETHYHNX MOBICHHEBUX O3HAK, IEMOHCTPYIOTh OOMEKEHY 34aTHICTh
ajanranii 10 HOBUX JaHMX 310paHuX IpH IOBroTpUBAJOl eKcIuTyaTanii cucteMu GiomeTpudHoi inenTudikamii. Lle 3ymoBs-
JIIOE 3pOCTaHHS MTOXHOOK Yepe3 MOCTYIOBI 3MiHU aKyCTHYHHX XapaKTepUCTUK Ta iHAUBIIyaTbHAX TapaMeTPiB rojocy Mo-
BIs. O0’€KT mocaiaKeHHs: nporec (GOPMYBaHHS Ta OHOBJICHHS BEKTOPHUX MPOQINIiB KOPUCTYBAYIB Ta iX BUKOPUCTAHHS Y
cHcTeMax roiocoBoi ineHTudikanii. Mera eraTTi: po3poOKa aJanTHBHOTO METONY ieHTH]IKanil MOBII Ha OCHOBI OaraToBe-
KTOPHOTO TIPO(IIF0 03HAK 3 OHOBJICHHSAM BEKTOPHHUX MPEACTABIICHb. Pe3yjibTaT J0C/iIKeHHs1. 3arpOIIOHOBAaHO METO]] OHO-
BJICHHSI BEKTOPHOTO MPO(MLIIO 03HAK, 10 3a0e3Meuye aanTHBHE (OPMYBAHHS TOJIOCOBOTO MPOQIII0 KOPUCTYBava Ta MiATPH-
My€ HOro akTyalbHICTh Y MpOleci MOAAIBIIOI eKCILTyaTallii, 3a0e3Meuyroul MOXKIIMBICTh TOCTYIIOBOTO JIOHaBYaHHA. [IpoBe-
JICH] eKCIIepIMEHTANbHI JOCTIPKEHHS B yMOBax ()i310JIOTIYHHUX 3MiH TOJIOCY Ta CEpEeIOBHIA 3aIICy ITOKA3alH, [0 BUKOPHUC-
TaHHS 0araTOBEKTOPHOTO MOJAaHHS J03BOJISIE 3HM3UTH MOKa3HMK FRR MOpIBHSHO i3 BUKOPHCTaHHAM CTaTUYHHX HPOoQiIiB
Ta OHOBJICHHSIM JIMIIE JTOMIHAHTHOTO BeKTOpYy. BucHOBKH. Pe3ynbraTn minATBEepKYIOTh TOLUUIBHICTD 3aCTOCYBAaHHS ajall-
TUBHOTO 0araToBEKTOPHOTO MPOMII0 03HAK /TS MiIBUICHHS CTIHKOCTI Ta TOYHOCTI CHCTEM iCHTH(IKAIlIT MOBIIS.

Kaw4oBi c1oBa: GioMeTpu4Hi CHCTEMH, CHCTEMH T'OJI0COBO] imeHTH(DiKaIi1, ifTeHTHU]IKalis MOBIIS, TOJIOCOBUN CUTHAI,

BEKTOP O3HAK, OaraToBeKTOpHHUI Npodiiab 03HAK, POHETHYHI 3MiHHU ToJI0Cy, anantuBHe oHoBNeHHS, FAR, FRR.

Beryn

[ocTranoBka mpodaemu. ['omocoBa GiomeTpis 3a-
CTOCOBYETBCA s imeHTH(iKamii Ta ayTeHTH]ikamii
KOpHUCTYBaviB, KOHTPOJIO JOCTYIy, 3a0e3Medyroun Ha-
JiifHY TIepeBipKy ocoOu 0e3 HeoOXimHOCTI (i3HYHOTOo
KOHTaKTy ab0 BUKOPHCTAaHHS JIOJJATKOBHX HOCIiB iH(O-
pmauii [1]. OnHi€ro 3 OCHOBHUX NeEpeBar CUCTEM TroJio-
COBOI iZIeHTU(]IKAIlT € HH3bKA BapTICTh arapaTHOIo 3a-
OesreueHHsl Ta MPOCTOTa BHKOpHUCTaHHA. s 3ailic-
HeHHS i1eHTH(]iKaii KOpHUCTyBadeBi JOCTATHRO POMO-
BHTH KOHTpPOJIbHY (pa3y abo HOBIIBHWH BHCIIB, IO
3yMOBIIIOE IIMPOKE 3aCTOCYBaHHS TaKUX CHUCTEM B (i-
HAHCOBHX YCTaHOBaX, KOJUI-IIEHTpax Ta ceppicax Binuia-
JICHOTO OOCIYTOBYBAaHHS KIIIE€HTIB [2].

Cucremu ronocoBoi ifeHTH(diKanii MaroTh psa
00MeXeHb, cepe]] SIKUX CIiJ| 3a3HAYMTH YyTIHUBICTb JIO
3MIiH aKyCTHYHOTO OTOYEHHs, (Di3iosoriuHMX Bapiarii
roJyiocy y JIOIUHU (4epe3 BTOMY, 3aXBOPIOBAaHHs, CTa-
PiHHS), a TaKkOXX HAsBHICTh TEXHOJOTiIH CHHTE3y abo
MiAPOOKK ayzio, IO MOXYTb OyTH BHKOPHCTaHI IS
06xo1y 6iomeTpu4HOi nepeBipku [3].

Jnst BUpilIeHHsT BKa3aHMX OOMEXeHb meper 0e3-
MOCepeIHbOI0 1IEHTU(]IKALIIEI0 TOJIOCOBUI CHUTHAJI TIPO-
XOAUTH JIEKIIbKA €TalliB IoIepeJHb0i 00pOOKH, TaKnuX
SIK BUJQJICHHS IIyMiB, HOpMaJli3alis I'y4HOCTI Ta 4acTo-
TH, BUJIJICHHS XapaKTEPUCTHK CIIEKTPY CHTHAIYy Ta (o-
PMyBaHHSI BEKTOPHHX MPEJICTABIEHb, L0 CIYXKaTh LH(-
poBuM ommcom rosocy [1, 4]. Taka miaroToBKa M03BO-
JIsi€ 3MEHILUTH BIUIMB aKyCTHYHMX 3MiH CEpellOBUINA Ta
TEXHIYHUX OCOOJMBOCTEH 3amucy, a TaKOX TOJIETIIy€E
MTOPIBHSAHHS CUTHAMIB MiX Pi3HUMH CEaHCAMH.

[Ticnst popMyBaHHS BEKTOPHMX IPEICTaBIICHb I'O-
JIOCY TPOBOJMTHCS IMCHTU(IKAIS MUITXOM 31CTaBICHHS
BXIJTHOTO CHTHAJy 3 3arajJbHUM OaHKOM 3aIHCIB, SIKHH
MICTUTh €TaJIOHHI T'OJIOCOBI 3pa3KH BCIX 3apeecTpoBa-
HUX KOPUCTYBayiB 1 CIIyr'ye Ajst OLiHKH moxioHocTi [5].

3a3Buuail KOXKHUH KOPHCTyBau NPEACTABICHUA OTHUM
€TaJIOHHUM BEKTOPOM (JOMIHAaHTHUM BEKTOPOM), SIKMIA
OTPUMYETHCS IIUIIXOM YCEpPETHEHHS JCKUIBKOX 3aIliCiB,
OTPUMAaHUX IIJ dYac peecTpamii KopucTyBada. Take
MIPEACTABICHHS JO3BOJIAE IIBUAKO OLIHUTH CXOXICTh
TOJIOCY KOPHCTyBada i3 30epe:KeHHMHU TpOQiIsIMU Ta
MPUIAHATH PIOICHHS PO MiATBEPKEHHS a00 BiIMOBY B
JOCTyMi. YCepelHEeHHs] BEKTOPHUX IIpEJCTaBIeHb abo
BUKOPHCTAHHSI OJIHOT'O JIOMIHAHTHOT'O BEKTOpA 4acTo He
JI03BOJISIE BPaxyBaTH BHYTPIIIHBOKJIACOBY Pi3HOMAHIT-
HICTh TOJIOCOBUX XapaKTEPUCTUK OJHOTO KOPUCTyBaya,
IO BKJIIOYAa€E 3MiHM TeMOpy, IHTOHAIi Ta TeMIy MOB-
nerns. [le HeraTMBHO BIUIMBA€E HA TOYHICTH 1 HAIIHHICTD
cucteMu ifeHTH(IKail, 0COOIMBO NMPH KOPOTKHX BH-
CJIOBJIFOBAaHHSX a00 HAassBHOCTI (DOHOBOTO IIyMY.

AHaJli3 OCTaHHIX J0caifKeHb 1 myOaikauii. s
KOMIICHCAIlil 0OMEeXEHb MiIXO0Ay 3 OJWHUYHAM BEKTO-
POM y CyYacHHX IOCIIIKCHHSAX [6, 7] MpOMOHYIOTHCS
METO/IH, IO BHUKOPHCTOBYIOTh JEKiJIbKa BEKTOPHHX
OpE/CTaBICHbh MOBI[SI Ta KOMOIHOBaHI CXEMH OIHKH
noaibHocTi. OauH i3 MOMMPEHUX MiTXOJIB MOJIATAE Y
BHKOPHCTaHHI KUTBKOX BEKTOPIB O3HAK, SIKi BimoOpaka-
I0Th aKyCTHUYHI XapaKTepPUCTHKH Ta CTHJII MOBJICHHS,
pi3Hi yMOBH 3ammcCy (30KpeMa THII i SIKiCTh MiKpO(oHa,
BIICTaHb J0 JDKepesia 3BYKY, aKyCTHYHI BIACTHBOCTI
MIPUMIILEHHS Ta PiBeHb peBepOepallii, HasBHICTS i iHTe-
HCHUBHICTh ()OHOBOTO LIyMy), CHiBBiIHOLICHHS CHI-
HaJI/IIyM, XapaKTepUCTHKK KaHally IepelaBaHHs, a Ta-
KOX mapameTpu ouudpyBaHHS CUTHady (4acTtoTa JIuc-
Kperu3alii Ta 6itroBa rnubuHa). Kpim Toro, taki BeKTo-
PHI TIpeJCTaBJICHHS MOXYTh OyTH OTpHUMaHi 3 pi3HHX
Mozeneit abo chopMOBaHi y Pi3HUX 03HAKOBHX MPOCTO-
pax [8-10]. IIpu nopiBHSIHHI HOBOTO CUTHATY OOYHUCITIO-
€TBCS CXOXICTh i3 yciMa HAasBHUMH MpPEACTaBICHHIMH,
a ¢iHampHe pimeHHs (OPMYEThCS Ha OCHOBI arperarfii
pe3yNbTaTiB 0araThoX 3iCTaBlIeHb IUITXOM 3aCTOCYBaH-
HSl 0araTOKOMIIOHEHTHHX CXEeM OLIHIOBaHHA. Takuii
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MiAXiA 103BOJsE€ e(heKTUBHIIIEC BPaXOBYBaTH MiXceciid-
Hi Bapialii rosocy, KaHaJoBI BHKPHBJIECHHS Ta 3MiHH
aKyCTHYHOTO CEepe/IOBHINA, IiJIBUIIYIOYH POOACTHICTH
Ta TOYHICTH iJeHTH(]IKaLil.

BonHouac 6araToBeKTOpHI MiIXOANU MalOTh CYTTeE-
Bi 0OOME)XEHHS: BOHH iCTOTHO 301BIIYIOTH OOYHMCITIOBA-
JbHE HaBaHTaKCHHS, MOTPEOYIOTH OinbIne mam’sTi st
30epiraHHs BEKTOPIiB O3HAK, € YYTIMBUMH 10 BHOOpY
MeTpHUK NoAiOHOCTI Ta croco0iB arperamii pe3yibTaTiB,
a TaKOXX CKJIQJHO IHTETPYIOTBCS Y CHCTEMH, JI€ TEpea-
0a4eHO BUKOPUCTAHHSA JIMIIE OJHOTO €TAJOHHOTO BEK-
TOpa Ha KOXKHOTO KopucTyBaya [10-12].

Oxpemi pileHHS NOTPeOYIOTh 3HAYHHMX OOCSATIB
JaHUX 1 CKJIQJHOTO HAaJallTyBaHHs TileprnapaMeTpiB
JUIsL HaBYaHHS Ta ajanramii Mojenei 10 HOBHUX YMOB
[11], a iHIUi 3aMMIIAIOTHCS HEAAATHBHUMH, (iKCYHOUH
Ha0ip BEKTOPIB MiCJIsl TOYATKOBOI peecTpartii MoBLs O3
MOXJIMBOCTI iX iHKpEMEHTaJIbHOTO OHOBJICHHS B IPOLIE-
ci ekcruryaranii cuctemu [12]. Cratmctwdni Mozen,
sokpema PLDA (Probabilistic Linear Discriminant
Analysis), Tako J03BOJSIOTH ypaxOBYyBaTd BHYTpIlll-
HBOKJIACOBY BapiaTWBHICT, IPOTE MOTPEOYIOTh JOAAT-
KOBHX JaHUX 1 004mcmoBanbHuX pecypcis [13].

Po3rnstHyTI  AOCHIHKEHHS MiATBEPKYIOTh, IO
ineHTH(IKallisl KOPUCTyBaya 3a TOJOCOM 3aJIUIIAETHCS
CKJIaJIHOIO0 3aJ]a4yel0 4epe3 3MiHHICTh aKyCTHYHOIO ce-
penoBuINa, yMOB 3alKCy Ta (POHETHYHUX XapaKTEepHC-
THK T'OJIOCY, TaKUX SIK IHTOHALs, Haroynoc i TeMOp. Bu-
KOpHUCTaHHSI 0araTOKOMIIOHEHTHHX CHCTEM OIHKH 1
iHTeTpaIis KUTbKOX BEKTOPHUX O3HAK TO3BOJIAE ITiIBH-
IIMTH TOYHICTH 1 CTIMKICTh MoJeneil 1o (OHOBHX IIy-
MiB, BHUKpPHWBJICHb CHTHATy Ta MDKCECIHHHX Bapiarii
rojocy. BogHo9ac eeKTHBHICTh TaKUX MiIXOIIB 3HAY-
HOIO MIpOI0 3aJIe)KHUTH BiJl ITapaMeTpH3alii IpaBUII ar-
perauii pe3ynbraTiB, BUOOPY METpPHK MOIIOHOCTI Ta
TOIOJIOTIi 03HAKOBOTO IMpocTopy. JlonaTkoBo, ckiaaHi
apxiTeKTypu HEHPOHHHX Mepex abo OaraTopasoBi Io-
PIBHSIHHSI BEKTOPIB 03HAaK 3yMOBIIIOIOTH BHCOKI OO4YHC-
JIIOBANbHI BUTPAaTH, 0OMEXYI0UH BUKOPUCTAHHSA CHCTEM
roJ0coBoil imeHTudikamii y peaabHOMY Yaci.

MeTtow podoTH € po3poOKa METOIy TOJIOCOBOL
iZeHTUdiKaIii MOBISI Ha OCHOBI 0araToBEKTOPHOTO
podiIr0 03HAK i3 3aCTOCYBaHHSIM aJalTHBHOTO OHOB-
JIeHHS, 110 3a0e3nedye MiITPUMKY aKTyaJlbHOTO TOJIO-
COBOTO TIPO(DLITI0 KOPHCTyBaya.

ITocTanoBka 3agaui

ImenTHdikamis KopucTyBada 3a roJIOCOM IpeacTa-
BIISIE COO0I0 KOMILICKCHY 337a4y, 0 oTpedye dhopmy-
BaHHS TaKHX BEKTOPIB O3HAK, sSKi BiIOOpaXkaroTh 1HIHU-
BiZlyaJIbHi OCOOJIMBOCTI I'OJIOCY Ta JO3BOJISIIOTH HAIHHO
PO3pI3HATH Pi3HUX MOBIIB. KitacH4Hi miaX0au BUKOPU-
CTOBYIOTH OJIMH BEKTOP AJIsI KOYKHOTO KOPHUCTyBaya, 10
JIO3BOJIIE IIBUAKO 3/IMCHIOBATH TOPIBHSAHHSI, IIPOTE
HE/IOCTAaTHRO e(EeKTHBHI B YMOBaxX MiKCeciifHHX Bapia-
1i}f TONOCY, ITyMOBUX MEPENIK0IaX Ta 3MiH aKyCTHIHO-
r'0 CepeoBHIIIA.

[IpononyeThcst O6araToBeKTOPHUN MiAXim, Mo HO-
3BOJIsSIE KOMOIHYBaTH JI€KUJIbKAa MPEICTaBICHb TOJIOCY
MOBHOTI'0 IPOQUII0 KOPHUCTYBaya.

Peanizanis 3amponoHOBaHOTO METOJIY T'OJIOCOBOI
iTeHTUdIKaIil MOBUHHA TepeadadaTH 0araTOBEKTOPHE

30epiraHHs 03HaK KOPHUCTyBaya, 10 J03BOJISIE€ ePEKTHB-
HO BUKOPHMCTOBYBATH IaM’SITh 1 3a0e31euyBaTH BUCOKY
TOYHICTH Ta BiJTBOPIOBAHICTh PE3YJbTATiB iAeHTH(IKa-
uii. Y poOoTi HEOOXiMHO MOCHIAMTH BIUIUB CTPYKTYPH
Ta crnoco0y OHOBJIEHHS BEKTOPHUX NPEJICTAaBICHb Ha
pe3yIbTaTH i1eHTH(DiKaIii KOPUCTYBAUiB 33 TOJIOCOM.

OcHoBHMI MaTepian

[Ticns monepenHboi 006poOku curHany [1] koxeH
TOJIOCOBHH 3aIliC MEPETBOPIOETHCS HA OaraTOBUMIipHUIMA
BEKTOp O3HAK, 1110 BioOpa)kae CrEeKTpasibHI, EHEpPreTH-
YHI Ta 4acoBi XapaKTePUCTHKHU rojocy, Taki sk MFCC.
BekTopHe npencTaBieHHs 03HaK JIO3BOJISIOTH KUTBKICHO
MTOPIBHIOBATH T'OJIOCOBI 3aITHCH 33 JOIIOMOTOI0 KOCHHY-
CHOI CXO0’KOCTI, €BKJIIZIOBOI BiIcTaHi a00 1HIINX METPHK.

Ha erami igentugikarii HOBHH BXiIHHI BEKTOP
O3HaK IOPIBHIOETBCS 3 BEKTOPOM KOpHCTyBaya, 30epe-
KEHHM y 0a3l gaHuX. Y KIaCHYHUX CHCTeMax Iel Bek-
TOp TPEACTAaBIAE COOOK CTATUYHHN TOJOCOBHH MpO-
¢inp KOpUCTyBaya, 1O IHTErpye iHPOPMAIiIO0 PO HOTOo
MOBJICHHS 3 TIOTNIEPE/IHIX 3aITHUCIB.

[IpononyeThbes MiAXia Ha OCHOBI OaraTOBEKTOPHO-
IO Mpe/ACTaBICHHS 03HAaK KOPHCTYBaya, JIe OJJMH BEKTOP
(moMiHAaHTHHMI) Ma€ HAWOLMBIINKA BIUIUB HA MPUAHATTS
pIlIEHHS, a TOTIOMIXKHI BEKTOPH KOMIIEHCYIOTh BapiaTu-
BHICTh XapaKTEpUCTHK ToJOCy Ta yMOB 3amucy. [licis
eTary TMoIepeqHh0i OOpOoOKHM Ta BUAUICHHA 0a30BHX
O3HaK ]ISl KO’KHOTO T'OJIOCOBOrO 3allicCy CHCTeMa ileH-
Tudikamii GopMye CTpyKTypOBaHHIA MPODisIb KOPUCTY-
Baua (1), mio ckiIagaeThcs 3 JOMIHAHTHOI'O BEKTOpa Ta
HabOpy MONOMIKHUX BEKTOPIiB, TOTOBOTO JO BHKOPHC-
TaHHS B TIPOIIEC] IIeHTU]IKAIIIT:

V ={ve, vy, Vp.., Wy | €))

Je V. — JIOMiHaHTHHUH BEKTOP, KUl iHTerpye iHpopMa-
10 TIPO TIONIePE/IHI YCIIIITHI ieHTH(iKaIlii Ta BU3HAYAE
OCHOBHY IOJIIOHICTH HOBOTO 3aIUCY IO MPOQLII0 KOPH-
cTyBaya, Vi_; \ — JOMOMIXHI BEKTOPH, IO BPaxoBY-

FOThH Bapiallii ToJiocy Ta yMoB 3amucy. KimpkicTh mormo-
MDKHHX BeKTOpiB N BH3HAYa€eThCs 3aJ€KHO Bia HEOO-
X11HOT pOOACTHOCTI Ta HASIBHOT'O 00CSTY mam’siTi.

VY 3anponoHoBaHOMY 0araTOBEKTOPHOMY ITiJIXOJi
KokeH 3 10 BeKTOpIiB O3HAK Mae€ BIIACHUI BaroBHi Koe-
¢irienT, 1110 BU3HAYA€E WOr0 BIUIMB Ha (piHAJBHE PilllCH-
HS cHCTeMU ineHTndikauii. JloMiHaHTHHH BEKTOP KOPH-
CTyBaya OTpPHUMY€ HAHOUIbIIMII BaroBuii KoediumieHT
&, , OCKUIBKU BiH BioOpakae HalaKTyaJbHIII Xapak-

TEPUCTUKH TOJIOCY. J[OMOMiXHI BEKTOpH, IO BiJMOBi-
JAfOTh 3ammcaM 3 IOMEepeaHiX Cecii mepeBipku Kopuc-
TyBa4da, OTPUMYIOTh MOCTYIIOBO 3MEHIIyBaHi Koedirie-
HTH, 110 JA03BOJISIE KOMIICHCYBAaTH BIUIMB 3MiH T'OJIOCY Ta
YMOB 3aIlucCy:

N

> ;=1 2)
i=0

31aTHICTE cucTeMH 3a0e3MeuyBaTi KOPEKTHE po3-
PI3HEHHS TOJIOCIB KOPHCTYBAiB JIOCSTAETHCS ILIIXOM
migbopy 3HaueHb Bar Ha HAOOpax 3alHCIB y CKIATHHX
aKyCTHYHHUX YMOBAaX, 30KpeMa 3a HasBHOCTI LIyMy, pe-
BepOepailii, BapiaTUBHOCTI TeMOpy Ta iHmmX (izioo-
TIYHHX 0COOJIMBOCTEH ToJI0Cy.

2% >a12a2 ZZO{N,

41



Control, Navigation and Communication Systems. 2026. No. 1

ISSN 2073-7394

3MiHa napamerpa ¢, BHM3HA4ya€ YYTIUBICTb CHC-

TEMHU J0 HOBHX 3aIlUCIB, TOZl SK BHKOPHCTaHHS JOTIO-
MIKHUX BEKTOpPiB (Vq,Vs...,Vy ) JO3BOJISIE BPaxOBYBaTH

MIPUPOJIHI MIXKCECIifHI 3MIHHM TroJOCY KOpHCTyBaua 0Oe3
30MpaHHs 3acTapuIMX AaHUX Ta HaJIMIPHOTO oOcsry
JaHuX Tpo¢uIo. 3MEHIICHHs Bar JOINOMDKHHMX BEKTO-
PiB MOJKe NMPU3BECTH JI0 BTPATH POOACTHOCTI CUCTEMH, a
HaJMipHE 301NBIICHHSA — 1O 3HIKEHHS YyTIHBOCTI IO
HOBHX 3amuCiB. JIJIsl OLIHKKA TOI'O, HACKIIBKHA BXIJTHHI
BEKTOpP O3HAaK V., BIANOBiZa€e BEKTOpy mpodimo Vi,

BUKOPHCTOBYETHCSI Mipa 301KHOCTI MK HUMH. L5 Mipa
(cTymiHp mOAIOHOCTI) MOKa3ye, HACKIIBKH CXOXi JBa
BEKTOpH y 0araTOBUMipHOMY 03HAKOBOMY IIPOCTOPI.
Ctynisp moJxiOHOCTI BU3HAYAETHCS Ha OCHOBI KO-
CHHYCHOI MipH, HOpMoBaHO1 B Mexax Big 0 mo 1: 0 Bix-
TIOBi/Ia€ TIOBHIH BiIMIHHOCTI HaIpsIMKiB BEKTOpiB, a 1 —
IXHI} MOBHIN 301’)KHOCTI, TOOTO MaKCUMAJIBHOT CX0KOCTI
3a aKyCTUYHHUMH XapaKTePUCTUKAMH rOJI0CY:
SiMegs (Y Vgio) = T 18— 3)
il Vo
[lizcyMKoOBa OIlIHKAa CXOXKOCTI MiX BXIJHHUM BEK-
TOpOM Ta TpodilieM KOpHCTyBaya OOYHMCIIOETBCS SIK
3Ba)KEHA CyMa iHAWBIAyalbHUX 3HaYCHb TOAI0HOCTI:

N
S = a; SIM(Vj, Vo), (4)
i=1
e OL.1 — BaroBUil KOe(illieHT BEKTOPY MPOQLITE0, IPUIOMY
N
Zai =1, g 0. (5)
i=1

Haii6inpmuii xoedinient (@, = 0.4) NpUCBOIOETH-
csl IOMIHAHTHOMY BEKTOPY, OCKIUJIBKHM BiH PENpE3eHTYE
OCTaHHIM YyCHINTHUHA pPe3yJbTaT i Mae 3HAYYIIMHA BILIHB
Ha OCTaTOYHE PillICHHS CHCTEMH.

KoedimienT 0.2 mpUCBOIOETHCS HAWHOBIIIOMY HO-
MTOMDKHOMY BEKTOpY Oli, KW paHimie (y IMomepenHii
cecii roxocoBoi ineHTHdiKamii) OyB JOMIHAHTHUM, IO
JI03BOJISIE 30€perTy JaHi PO HeJaBHi rOJI0COBI cecii 0e3
Ha/IMIPHOTO BIUIMBY Ha (iHaJbHE pimeHHs. JJomoMikHi
BEKTOPH ITOCTYIIOBO 3MEHIIYIOTh CBiil BIUIUB!

ap = 012, a3z = 010, ceny Og = 002)

AKTyai3aliisi BEKTOpiB O3HAK IICIS KOXHOI CIIpo-
Ou imeHTH]iKaIi] 3a0e3meuye 3MaTHICTh CUCTEMH aJIall-
TyBaTHCS JI0 MDKCECIHHMX 1 (i310J0TIYHNX 3MiH TOJIOCY
KOpHCTyBa4ya Ta BHKOHYBAaTH IOCTYIIOBE JOHABYAHHS
IIi1 4ac BUKOpHUCTaHHA. 300pakeHHi Ha puc. 1 mpouec
JI03BOJIsIE 30€piraTé akTyalbHi XapaKTepUCTHUKH TOJIOCY
Yy TPIOPUTETHUX BEKTOpax 0araTOBEKTOPHOTO MPO(iiro
Ta OJJHOYACHO KOMIIEHCYBATH Bapialii MUHYJIHX ceciil.

Komn HOBHMiT BXimHWI 3amuc X YCIIIIHO ieHTH-
(ikoBaHMI, BIH CTa€ HOBMM JOMIHAHTHHM BEKTOPOM

Vgew' 3CYyBarOYM Ha HACTYIHI MO3HIII MOMepenHiil no-

MIHaHTHHH Ta JOTOMIXHI BEKTOPH Y OaraToBEKTOpPHO-
My npo¢ini o3Hak. JlormoMiKHUI BEKTOp, SIKMi 1epedy-
Ba€ Ha KiHIIEBiIM mo3wuilii 6araToBeKTOpPHOTO Mpodisro,
BHJQJSIETHCS, IO JTO3BOJISIE OOMEXHUTH PO3Mip TPoDiio
Ta TIOKpaNIUTH BUKOPHUCTAHHS TaMm ATi. Y pa3i HeycHi-
ITHOT iIeHTU(IKAIliT )KO/IeH 3 BEKTOPIB HE OHOBITIOETHCS,

mo 30epirae nonepenHii craH npouII0 KOpUCTyBada
Ta 3a0e3nedye podacTHICTh CUCTEMH.

VY Bumaakax, Kojau 0araTOBEKTOPHHN MPOQiIb 03-
HaK KOpHCTyBaua e He c(hOpMOBaHHMH MOBHICTIO, HAIIO-
BHCHHSI HOTO BEKTOPIB Mependavyae MOCTymoBe (Gopmy-
BaHHS: TEPINNil YCIIIHO iAeHTH(IKOBAHUHA 3aIiC CTae
JOMIHAaHTHUM BEKTOPOM V. , @ HACTYIIHI YCIIIIIHI 3alI1CH

MOCTIZIOBHO  JIOJIAFOTHCS K  JIOTIOMIXKHI ~ BEKTOPHU
Vi, Vs ,..., JOCATHYBLIN MaKCUMAaJbHOI 3a/1aHOI KiJIbKOCTI

N . ITpu poMy BaroBi Koegilli€eHTH 3aKPIiILTIOIOTHCS 3a
BIiJITIOBITHIMH TIO3UI[ISIMU BEKTOPIB Y 0araToBEKTOPHOMY
npodii, mo 3ade3neuye 30epeKCHHS CTPYKTYPH KOKHO-
TO KOMITOHEHTA, TOJi SIK CaMi BEKTOPH TIOCIiTIOBHO OHOB-
JFOIOTHCS: TOMIHAHTHHH BeKTOp 30epirae HailOimpImit
BIUIMB, & HOBI JIOTIOMIXHI BEKTOPH OTPUMYIOTh MTOCTYIIO-
BO 3MCHINYBaHI 3HAa4YeHHSA. Takwid miaxim 3abe3meuye
amanTtuBHe (QOpMyBaHHS NPOLII0 KOPUCTYyBaya IiCISA
MepmuX igeHTHQIKAIIN i peakIito CHCTeMH iIeHTH]iKa-
1i1 Ha MOYKJIUBI MaiOyTHI 3MiHH T'OJIOCY Ta YMOB 3aIIHCYy.

Crapi BekTopM BekTopu 03HaK HoBi BekTOpMn

ITTTTTH<-N
N NEEENEES Bl
v B < [OI1T11TE

Puc. 1. [Ipouiec OHOBIEHHS BEKTOPIB O3HAK

yac

OO4nCIIeHHST CXO0XKOCTI BUKOHYETHCS 33 JJOIOMO-
roto Oibmioreku Faiss, sika mpu3Ha4YeHa s e(PeKTHBHO-
O IMOUIYKY HAaHONIMKYKMX CYCiliB Y BEIMKHUX BEKTOPHUX
npocropax [14]. Faiss 3abe3reuye sik TOUHHIA, Tak i Ha-
ONMKEHUH TMOIIYK y 0araTOBUMIPHUX IMPOCTOPax BEK-
TOPHUX O3HaK, MIATPUMYE anapaTHE MPHUCKOPEHHS 3a
normomoroto GPU Ta mapanenbHe BUKOHAHHS OO4YHC-
JIeHb 13 BUKOpHCTaHHAM Oararornorounocti Ha CPU.

Jdnst omiHKKM eQeKTUBHOCTI CHUCTEMH HEOOXiqHO
npoaHai3yBaTd poOOTYy IpH pi3HUX O0CArax JaHHX,
SIKOCTI 3aIIKMCiB Ta HAMTOBHEHOCTI BEKTOPIB O3HAK Y IO-
JIOCOBOMY TIPOQLITI0 KOPUCTYBAYA.

Pe3yabTaTn excriepuMeHTAJBHUX J0CTIIKEHD

ExcrniepumeHTaibHa MOJICIb CUCTEMH iAeHTHDIKAITT
KOpHCTYBa4da Ha OCHOBI TOJIOCOBUX CHUTHAJIB PO3TOPHYTA
B cepenosuii Jupyter Notebook. Mojaens mependadae
ukopuctaHi CPU i GPU s BUKOHAHHS PI3HUX €Ta-
B 00pOOKM Ta MOPIBHAHHA BEKTOPiB O3HAK. PiBHI Xnb-
Horo npuiiHATTS (FAR) Ta xu6noTO Bigxunenus (FRR) e
OCHOBHUMHM KPHUTEPIsIMU OLIHKM TIOMHIJIOK Y CHCTEMax
rOJIOCOBOI ieHTH(DiKalii, BiToOpakalouu 3arajibHy 4yT-
JMBICTH 1 TOuHICTh cucteMu. FAR mokasye yactky Buna-
JKiB, KOJM CHCTEMa IIOMHJIKOBO IIPUHMAaE CTOPOHHIM
T0JIOC 3a BJIaCHOTO KopuctyBaua, a FRR — xonu cucrema
MOMHJIKOBO BIJIXWJISIE BJIACHOTO KOPHCTYBada, HaBiTh
AKIIO HOTO BEKTOPH O3HAK MPUCYTHI B OAHKY CHCTEMHL.

PesynbraT mepmoro eKCrepuMeHTy, HaBEACHI B
Tabm. 1, MOKa3yrOTh BIUIUB Pi3HUX CIIOCOOIB OHOBJICHHS
BEKTOPHOT'O MPOdiJIt0 KOPUCTYBada Ha TOYHICTH iICH-
tudikanii. IlopiBHIOBanmMcs craTuuHuid npodins 06e3
OHOBJICHHSI, OHOBJICHHS JIMIIE JOMIHAHTHOTO BEKTOpa
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Ta TOBHE OHOBJIEHHsSI BEKTOpPHOro npodiiro (3ampomno-
HOBaHe pimeHHs). ExcrnepuMeHTH NpoBOAMIMCS Ha
JaHUX Yy CTAaHJapTHHUX YMOBAaxX Ta 3a CKJIQJHUX aKyCTH-
YHUX YMOB, 13 IPOGUIIMH Pi3HOT BEKTOPHOI pO3MipHOC-
Ti (OAHOBEKTOPHHUI Ta OaraToBeKTOpPHUH minaxixn). Bpa-
XOBYBaJIUCS (POHOBI ITYMH, 30KpeMa BYJIHI Ta KOHIHU-
IiOHepa, a TakoX (OHETHUHI Bapialii rojocy: mBHAKA
MOBa, pi3Ha IHTOHAIIS Ta 3MiHHU APTUKYIIALIII.

Tabnuya 1 — 3nadenns nommwiiok FAR 1a FRR npu pisanx
€I0c00aX OHOBJIEHHSI BEKTOPY 03HAK

Cnoci0 OHOBIICHHSI BEKTOPIB

YMoBHu He onos- JIue nomina- IToBHe
eKCHepI/I- JIFOETHCSA HTHHﬁ BeKTOp OHOBIJICHHA
MEHTIB FAR, FRR, % FAR, FRR, %| FAR, FRR, %

% % %
Hpodime s 1| 54 | 43 | 37 | 32 | 11 | 12
BEKTOPY
Hpobime 3101 g 0 | 75 | 41 | 39 | 13 | 14
BCKTOP1B
Hasericts | 101 | 194 | 94 | 92 | 43 | 37
wymy
Cinamai | 93| 495 | 99 | 113 | 48 | 37
YMOBH 3aITUCy
PoHeTWuHI | ) 4 | 9 | 123 | 119 | 18 | 1.3
3MiHHU TOJIOCY

Bukopucranuii gartacer MICTUTB 3alUCH, IO BilO-
OpakaroTh (Di3i0JIOTIYHI 3MiHH TOJIOCY MOBIIA, 3yMOBIICHI
BTOMOIO, EMOI[IMHIMH YHMHHHUKaMH a00 IPHPOTHUMHU
KOJIMBAaHHSAMH. AJANTHBHE ITEPEMIIIEHHS BEKTOPIB O3HAK
Yy TPOCTOpi O3HAK JO3BONIIO MiATPHMYBATH CTaOLIBHY
TOUYHiCTh imeHTH(]iKamii. [nsd TecToBHX CICHApiiB i3
LIyMaMH, BUKPUBJICHHSAMH Ta ()OHETHYHUMHU BapiallisiMu
roJIOCY KOPHCTyBa4ya BUKOPUCTOBYBaBcs Npodiis i3 je-
CSTU BEKTOPIB O3HaK. AHali3 OTPUMAaHUX Pe3yJIbTATIB
MOKa3aB, 10 BUKOPHCTaHHS HEOHOBIOBAHOTO MPOdiI0
KOPHCTYBa4a XapaKTepH3yeThbCsl HAWTIPIIMMU IOKA3HH-
KaMH TOYHOCTi, 30KpeMa IIiIBUIICHIM PiBHEM BiIMOB y
pO3Mi3HaBaHHI 32 YMOB 3MIiHHHUX XapaKTEPHCTHK TOJIOCY.
OHOBJIEHHS JIMIIIE IOMIHAHTHOTO BEKTOpA YaCTKOBO TTOK-
palrye pe3yibTaTH, OAHAK He 3a0e3nedye MOBHOI KOM-
TIeHcAIli BapiaTUBHOCTI T'OJOCOBHX IapaMeTpPiB MOBIIA.
[ToBHE OHOBJICHHS BEKTOPHOTO OaHKy 3a0e3neuye Haii-
BUIIY CTa0UIBHICTb 1 TOYHICTB, CYyTTEBO 3HMXKYIoun FRR
HAaBIiTh Y CKJIaJIHUX aKyCTHYHUX YMOBaX.

B xoni mpyroro ekclepuMEHTy AOCIHiIKyBaBCs
BIUTUB 3arajibHOi KUTBKOCTI BEKTOpiB y Mpodisi 03HAK
KOPHCTyBada Ha €(EeKTHBHICTh imeHTH(iKamii MOBII
NPU BUKOPHCTAHHI 3alpONOHOBAHOTO CIOCO0Y OHOB-
neHHs. Posrnspanucs Tpu xoHgirypauii: npodinas Ko-
pHCTyBada IMpEACTaBICHUH OJHUM BEKTOPOM; IPOdiib
KOpHUCTYBaya i3 0OMEKEHOIO KUIBKICTIO B JIECATh BEKTO-
piB; Ta HeoOMeXeHUH Npo(inb KOpUCTyBaya, y SKOMY
BCi HOBI BeKTOpH 30epiranucs 6e3 BUAAJICHHS TOoepe.-
HiX. B Tabn. 2 HaBesneHi pe3ysbTaT eKCIIEPUMEHTIB, B
XOJll SIKUX MaKCHUMaJbHUI 00cAT mpodito 0OTHOTO KO-
puctyBauda HakonmgyBas 100 BeKTOpIB.

Tabnuys 2 — 3uauenns nommwiok (FAR, FRR) Ta yacy
BHKOHAHHS NPH pi3Hiiil KiIbKOCTI BeKTOpiB
03HAK y NpoQiasgx KOpUCcTyBayiB

KieKicT, BEKTOPIB | AR o4 | FRR, 06 | Uac 06po6in, ¢
03HaK y npodiii
1 7.1 27.1 0.8
10 3.1 3.5 2.9
HeoOmexeHe HaKomH4y- 25 28 125
BaHH: (100 BekTOpIB) ) ' )

BuxopucranHs HEOOME)EHOTO TPO(ITI0 BEKTOPIB
03HaK 03BoJse Aemo 3HU3UTH FRR, mpoTe 30inpmeHas
YHca BEKTOPIB CYNPOBOIKYETHCS 3POCTAHHAM O0UHC-
JIOBAJIBHOI CKJIQJHOCTI Ta arnapaTHOTO HaBaHTa)KEHHS,
o poOUTh OOMEXEHUH MPOoQiIb 03HAK OLIBII OB~
HUM JJIsl IPaKTHYHOT'O 3aCTOCYBaHHSI.

BucHoBku

PeanizoBa”o amanTHBHMM ITIAXiA OHOBJIEHHS BEK-
TOPHOTO MPODITI0 03HAK y CUCTEMI imeHTH(DIKAMii MOB-
¢, o mnepexbayae BHKOPHCTAHHSA JOMIHAaHTHOTO Ta
HaObOpy JONOMDKHHMX BEKTOPIB i3 (hikCOBaHMMH Baro-
BUMHU KoedilieHTamMu. 3anporoHOBaHUN MeTon 3abes3-
HIeYy€ OHOBJICHHS BEKTOPIB O3HAaK KOPHUCTyBaya IpH
HaJIXOJUKEHHI HOBUX TOJIOCOBUX CHI'HAIIB, IPU LILOMY
JIOMIHAHTHUI BEKTOP 3aMIiHIOETHCS HOBHIM, & IMOMEPE/I-
Hifl cTae MOMOMIDKHHM, TOJI SIK JOIMOMOXHI BEKTOPH
3MIIYIOTHCS U KOMITEHCalii BIUIMBY Bapiamiid rojocy
Ta yMOB 3amucy. Takuil miaxix mo3Boisie (opMyBaTH
aKTyaJbHUHN TPOQiIb KOPUCTYBaYa MICIS MEPIINX CeCiid
imeHTUdIKamil Ta MATPAMYBaTH HOTO aKTyalbHICTbH
MPOTSrOM JIOBrOTPHBAJIOT pOOOTH CHCTEMH.

Ha Bigminy Bim PLDA Tta metric-based mimxonis,
3alpOIIOHOBAHUN METOJ PO3IJIJAE BHYTPILIHBOKIACOBY
BapiaTHBHICTh 3aIMCIB OJHOTO KOPHCTYyBa4a HE SK IIyM,
a SIK DKEpeNo AUCKpuMiHaTHBHOI iH(opMariii, o 3ade3-
neuye ineHTrdikaiio crikepa npu Qi3ioNoriyHuX 3MiHax
roJIOCY YW Yy CKJIaJJHUX YMOBax 3amucy. EkcriepumenTa-
JBHI Pe3yJIbTaTH MOKa3ylOTh, IO aJANTHBHE OHOBJICHHS
BEKTOPIB MiATPIMY€ CTaOUTLHY TOYHICTH imeHTH]IKaIil,
3MEHIIYIOYH BIUTHB Bapialliil rOJIOCOBHX O3HAK.

[MoxanpM pO3BUTKOM 3aIPOIIOHOBAHOTO IMiAXO0-
Iy € BIPOBA/DKCHHS aJamTallii BaroBuX KoedilieHTiB
3aJIKHO BiJl CTYHNEHS CXOXKOCTI HOBHX BEKTOPHHX
HPEJICTABJICHb JI0 IOTOYHOTO MPOGIIIO.

KonduaikT inTepecin

ABTOpH J€KNapyIOTh, IO HE MAlOTh KOHQIIKTY iH-
TEpeciB CTOCOBHO JIAHOTO JOCTI/PKEHHs, B TOMY YHCIHI
(piHAaHCOBOTO, OCOOHMCTICHOTO XapakTepy, aBTOPCTBA UM
IHIIIOTO XapakKTepy, O Mir OM BIUIMHYTH Ha JOCIIKEeH-
HS Ta HOTO pe3yJIbTaTH, IPECTaBIICHI B TaHIH CTaTTi.

Buxopucranis 3aco0iB IITYYHOT0 iHTEJIEKTY

ABTOpH MIATBEP/KYIOTH, 110 HE BUKOPHUCTOBYBAIIN
TEXHOJIOTI] MITYYHOTO iHTENIEKTY MpPU CTBOPEHHI Npen-
CTaBJIEHOI pOOOTH.
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Multidimensional vector voice user identification, including phonetic variations of the voice
Maksym Bondarenko, Heorhii Ivashchenko

Abstract. Relevance. Voice identification systems are widely used in biometric access control systems, personalised ap-
plications, and intelligent interfaces, where the primary requirement is reliable user recognition, taking into account individual
voice variations. Traditional approaches based on static vector representations of phonetic speech features demonstrate limited
ability to adapt to new data collected during long-term exploitation of a biometric identification system. It leads to an increase in
errors due to gradual changes in the acoustic characteristics and individual parameters of the speaker's voice. Object of research
is the process of forming and updating vector profiles of users and use in voice identification systems. Purpose of the article is
to develop an adaptive method for speaker identification based on a multidimensional vector feature bank with updated vector
representations. Research results. The proposed method of updating the vector bank ensures adaptive formation of the user's
voice profile and maintains its relevance during further operation, providing the possibility of gradual retraining. Experimental
studies performed under conditions of physiological changes in voice and recording environment variations have shown that the
use of multidimensional vector representation allows reducing the FRR compared to the use of static profiles or updating only the
dominant vector. Conclusions. The results confirm the feasibility of using an adaptive multidimensional vector feature bank to
improve the stability and accuracy of speaker identification systems.

Keywords: biometric systems, voice identification systems, speaker identification, feature vector, vector comparison,
multidimensional vector trait profile, physiological voice changes, adaptive updating, FAR, FRR.
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EFFECTIVENESS OF EVOLUTIONARY ALGORITHMS IN NEURAL NETWORK
OPTIMIZATION TASKS: UNCONDITIONAL MINIMIZATION, PRUNING,
AND HYPERPARAMETER OPTIMIZATION

Abstract. Relevance. Modern neural networks contain a significant number of redundant parameters, which increases
training time, energy consumption, and hardware requirements. Standard gradient methods tend to get trapped in local
minima on multimodal tasks; magnitude pruning ignores the structural importance of layers. Zero-cost proxies, particularly
SynFlow, estimate architecture viability via signal propagation capacity without full training, yet their applicability
boundaries remain insufficiently explored. Object of study: neural network optimization methods. Objective: a systematic
experimental comparison of evolutionary, gradient-based, and Bayesian methods within a unified framework, with an
emphasis on the role of SynFlow as a proxy for evaluating genome (architecture) fitness. Results. At extreme sparsity (98%),
the combination of CMA-ES + SynFlow (signal propagation capacity analysis) with the addition of mathematical energy
compensation overcomes network degradation and achieves State-of-the-Art performance (F1 = 0.81). This approach
outperforms both classic magnitude pruning and gradient-based soft mask methods (SoftMask), requiring orders of
magnitude less computational cost compared to approximate training-based approaches. At moderate sparsity (< 90%),
magnitude pruning retains its superiority. In hyperparameter optimization (HPO), CMA-ES achieves practical equivalence
with Optuna TPE in terms of solution quality, while in high-dimensional settings, it requires orders of magnitude less
execution time. Using SynFlow as an objective function in HPO allows for accelerating the search by over 250 times, but
yields inferior final accuracy compared to full training. Conclusions: Evolutionary algorithms are effective for multimodal
tasks and structural optimization problems; for differentiable weight training tasks, Adam prevails (F1 =~ 0.97 on Digits).

Zero-cost proxies are context-specific.

Keywords: evolutionary algorithms; CMA-ES; neural networks; optimization; compression; pruning; efficiency; deep
learning; zero-cost metrics; architecture search; AutoML; hyperparameter optimization; models; analysis; Bayesian
optimization; neuroevolution; gradient-based methods; Adam.

Introduction

Problem Statement. Modern neural networks
contain a significant number of redundant parameters,
which increases training time, energy consumption, and
hardware resource  requirements.  Gradient-based
methods are effective on smooth unimodal landscapes
but tend to get trapped in local minima during
multimodal tasks. Common magnitude pruning
heuristics fail to account for the structural importance of
individual layers. Hyperparameter optimization requires
a global search in complex spaces, where evolutionary
algorithms are proposed as a flexible alternative.

Zero-cost proxies, particularly SynFlow, evaluate
architecture "viability" by analyzing signal propagation
capacity without full training — which radically reduces
computational costs (GPU-hours). A key advantage from
the perspective of evolutionary search efficiency is that
SynFlow allows for filtering out unviable genomes
(degraded architectures) without the GPU costs of full
training, thereby reducing expenses by orders of magnitude.
However, the limits of applicability of such metrics across
different tasks remain insufficiently explored.

Analysis of Recent Research and Publications.
CMA-ES has demonstrated the ability to effectively
solve unconstrained optimization problems in continuous
spaces[1, 2] and successfully competes with Bayesian
approaches in the HPO of deep networks [3].

The "lottery ticket" hypothesis [3] confirms the
existence of sparse subnetworks capable of achieving
comparable quality after retraining. Evolutionary
pruning with layer-wise threshold adjustment [5-8]
demonstrates a better trade-off between quality and

complexity, although the cost is the high computational
expense of using training as a fitness criterion.

Zero-cost proxies, particularly SynFlow [9],
evaluate architectures without access to data and can
correlate with final quality [10-12]. Combining multiple
proxies increases the reliability of the evaluation [13].
Bayesian optimization (Optuna TPE) is effective for a
wide range of HPO tasks [14], but evolutionary methods
remain competitive on non-stationary landscapes [3].
The question of using zero-cost proxies as a direct
objective function remains open.

The objective of this work is an experimental
evaluation of the effectiveness of evolutionary
algorithms in tasks of unconstrained minimization,
structural pruning, and hyperparameter optimization of
neural networks on the Digits and FashionMNIST
datasets (MLP and CNN architectures), as well as
presenting the combination of evolutionary search with
zero-cost proxies for pruning tasks and its experimental
verification, including network hyperparameter search
during automated training. Two key tasks are defined:

o to evaluate the synergy of SynFlow + CMA-ES
for structural pruning at various sparsity levels and
compare it with magnitude pruning and approximate
training-based approaches;

e to investigate CMA-ES in HPO compared to
Bayesian optimization and test the viability of SynFlow
as an objective function for CMA-ES in this setting.

An important problem in modern structural pruning
is the so-called violation of error monotonicity at
compression levels exceeding 95%. At moderate sparsity
levels, simple heuristics such as magnitude pruning
successfully remove redundant parameters. However, in
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the "death zone" (98% and above), the removal of even a
minor fraction of critical weights leads to the energetic
collapse of activations and the destruction of gradient
flows. Under such conditions, classic zero-cost proxies,
particularly SynFlow, lose their predictive capability, as
they are guided exclusively by static network topology
and do not account for signal variance changes after
parameter pruning.

In contrast to heuristic approaches, state-of-the-art
gradient methods utilize differentiable soft masks
(SoftMask) [15, 16], allowing pruning thresholds to be
optimized via gradient descent. However, such methods are
computationally expensive. This creates an urgent need for
the development of closed-loop (State-Aware) evolutionary
algorithms that combine the speed of zero-cost methods
with the accuracy of learning-based methods, dynamically
adapting to the network's reaction to pruning.

Methodology

Task Classes and Data. Three classes of tasks are
investigated: (1) unconstrained optimization — Rastrigin,
Ackley (multimodal) and Sphere, Rosenbrock (unimodal)
benchmark functions; (2) structural pruning -
classification on Digits (MLP) and FashionMNIST
(CNN), with sparsity levels ranging from moderate to
extreme (98%); (3) hyperparameter optimization (HPO) —
FashionMNIST, encompassing learning rate, momentum,
regularization, batch size, and architectural elements.

Methods.

e Evolutionary: CMA-ES (primary), L-SHADE,
CLPSO; evolutionary pruning with layer-wise sparsity
coefficient selection. State-of-the-art modifications of
evolutionary search were additionally investigated:
energy compensation of pruned weights (EnergyComp)
and activation norm adaptation (SymWanda). Fitness
criteria included full/approximate training or SynFlow.
The method of differentiable soft masks (SoftMask) was
used as the strongest gradient baseline.

e Gradient-based: Adam, AdamW, NAdam,
AdaBelief. Adam serves as the main baseline for weight
training.

e HPO: CMA-ES, Differential Evolution, Optuna
TPE (Parzen-tree estimator).

Zero-cost Proxies and Signal Propagation
Capacity. SynFlow evaluates architecture "viability" by
analyzing value flows along the edges of the computational
graph without real data. The metric quantitatively
characterizes signal propagation capacity: architectures with
higher SynFlow better preserve gradient flow during
pruning. A key advantage from the perspective of
evolutionary search efficiency is that SynFlow allows for
filtering out unviable genomes without the GPU costs of full
training. In structural pruning, SynFlow serves as the
objective function for CMA-ES, optimizing the vector of
layer-wise sparsity coefficients.

Compensation and Adaptation Mechanisms in
Evolutionary Search. To overcome the limitations of
the baseline Evo-SynFlow method at extreme sparsity
levels (98%), we implemented three advanced
modifications of the evolutionary engine:

1. Evo-SynFlow (EnergyComp) integrates a
mathematical energy compensation mechanism. After

applying a binary mask to the layer's weights, the
algorithm scales the remaining parameters by the ratio of
the original to the pruned output signal's variance. This
preserves the overall activation energy. Additionally,
instead of the classic linear SynFlow product, the non-
linear State-of-the-Art zero-cost metric Pruner-Zero is
used, which is more robust to gradient anomalies:

2. Evo-SynFlow (Adaptive) implements a self-
adaptive evolution paradigm. Instead of a static schedule,
CMA-ES uses multi-step selection (Fast Fitness): in the
first stage, all candidate masks are evaluated in a single
fast iteration, and only the Top-30% undergo deep
evaluation.

Furthermore, the population size dynamically
changes based on the Success Rate metric: the algorithm
narrows the population to save time in easy regions and
expands it upon hitting local minima.

3. SoftMask-Grad is a gradient-based soft mask
method used as the strongest benchmark. Instead of
evolutionary selection, the pruning threshold is
transformed into a trainable parameter optimized via a
sigmoid function and a Straight-Through Estimator
(STE) with logarithmic regularization of the target
parameter budget.

Protocol and Statistics. A fixed computational
budget was applied for each task class; several
independent runs with different initial conditions were
performed (reporting mean and standard deviation).
Comparisons utilized the Friedman test (ranking across a
set of tasks) combined with the pairwise Wilcoxon test,
evaluating the effect size. Metrics included accuracy and
F1-score; for pruning, the relative mask search time was
additionally considered.

Hyperparameter Optimization (HPO) Protocol.
A DynamicMLP architecture on the FashionMNIST
dataset was used to evaluate HPO performance.
Optimization was conducted in a mixed 6-dimensional
space comprising both continuous and discrete/
categorical parameters: learning rate, batch size (32, 64,
128, 256), number of hidden layers (from 1 to 4), number
of neurons per layer (from 32 to 512), dropout coefficient
(from 0.0 to 0.5), and optimizer type (Adam or SGD).
To ensure the correct operation of the CMA-ES
evolutionary strategy in such a space, a specialized
decoder was employed, mapping continuous real-valued
vectors into valid hyperparameter values using a sigmoid
transformation. The search was conducted with a budget
of 25 trials and averaged over 5 independent runs (seeds)
to guarantee the statistical significance of the results
(Wilcoxon test and Friedman ranking).

The effectiveness of evolutionary search (CMA-ES) was
investigated under three fitness evaluation strategies:

1. Standard (Full training): classic model training
for 3 epochs on 10% of the training set.

2. Proxy (Approximate training): ultra-fast
surrogate evaluation for 1 epoch on only 2% of the data.

3. SynFlow (Zero-cost evaluation): evaluation of
the initialized network without a single weight update
step on one micro-batch using the gradient flow
preservation metric.

The modern Bayesian optimizer Optuna (TPE
algorithm) served as the baseline for comparison with the
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identical trial budget and standard (Standard) training
configuration.

Results

3.1. Unconstrained Optimization On the
multimodal Rastrigin function (dim = 10) with a fixed
evaluation budget, CMA-ES achieves an average
objective function value of 12.43 + 17.75 (minimum
1.03), which is an order of magnitude lower than that of
AdamW and AdaBelief. Friedman ranks are: CMA-ES
— 1.05; AdamW — 2.05; Random Search — 2.90;
AdaBelief — 4.00 (p = 0). Vargha-Delaney effect sizes
of A =1 relative to Random Search and A = 0.08 relative
to AdamW confirm the dominance of CMA-ES. The
execution time for CMA-ES is 0.26 baseline units versus
0.07 for Random Search — an acceptable cost for
qualitative superiority.

On the extended set (Rastrigin, Ackley, Sphere,
Rosenbrock), a systematic dependence on the landscape
type is observed: CLPSO and L-SHADE achieve better
ranks on multimodal functions (Rastrigin, Ackley), while
gradient-based methods prevail on unimodal ones
(Second-order Clipped — rank 1.00 on Sphere; CMA-ES
—rank 2.00 on Rosenbrock). The choice of method should
be tailored to the landscape characteristics of the task.

3.2. Neural Network Weight Training Under a
fixed time budget, Adam consistently outperforms
evolutionary algorithms across all three datasets (Moons,
Classification-20, Digits): Adam holds a rank of 1.00 on
each of them (p = 0 per the Friedman test). On Moons:
Adam F1 = 0.99; CMA-ES F1 = 0.83; L-SHADE and
Random Search are even lower. On Digits: Adam's
average Fl-score is = 0.97 (with a low standard deviation),
whereas CMA-ES and CLPSO demonstrate significantly
lower values and higher variance. The Number of Function
Evaluations (NFE) is higher for EAs: Adam expends 16.7k
evaluations, CMA-ES — 30.6k, Random Search —
122.6k. For differentiable weight training tasks where
gradients are available, evolutionary algorithms do not
serve as a competitive replacement.

3.3. Structural Pruning Series 1 (Digits, MLP).
At moderate sparsity, magnitude pruning prevails: at
90%, accuracy is 0.900 vs. evolutionary search 0.631,
Random 0.597. At 95%, ranks converge (Magnitude
1.45; Evolution 1.95; Random 2.60), but Magnitude
remains the leader. The time for evolutionary search is
orders of magnitude larger (= 0.89 s) compared to
Magnitude/Random (= 0.02 s) — the advantage does not
justify the cost.

Series 2 (Digits, MLP, layer-wise coefficient
search). Evolutionary optimization of the layer-wise
coefficient vector (EvoA) at extreme sparsity yields F1 =
0.62 at 96% sparsity, compared to F1 = 0.36 for
magnitude pruning and F1 = 0.21 for Random — nearly
twice the quality. EvoA time is ~ 9.4-9.8 baseline units
versus ~ 0.08-0.09 for Magnitude/Uniform: a two-order
of magnitude difference, but the final quality justifies the
expense given the critical importance of preserving
network functionality.

Series 3 (FashionMNIST, CNN, fitness evaluation
comparison). LAMP-CMA (CMA-ES with approximate
training as a criterion) achieves F1 = 0.78 at 98% sparsity

(rank 1.30) — the highest quality. One-Shot-NAS (a
single training-free evaluation) yields F1 = 0.42 £+ 0.26
(rank 3.80) — the worst result with high variance. At 50—
95% sparsity, SET and Magnitude remain competitive
(ranks 1.6-2.2). The time for LAMP-CMA is = 174-211
baseline units, while Magnitude takes ~ 12—14.

Key result — extended investigation at extreme
compression (98%). Since classic methods suffer from
an "energy collapse" at 98% sparsity (Magnitude drops
to F1 = 0.75, baseline Evo-SynFlow to 0.75), an ablation
study of advanced optimization mechanics was
conducted (Fig. 1) [15-18]. The integration of
mathematical energy compensation of pruned weights
into the evolutionary search (Evo-SynFlow Energy
Comp) established a new State-of-the-Art, achieving the
highest quality F1 = 0.81 with a moderate search time
(6.66 baseline seconds).

Fl-score at 98% sparsity
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Fig. 1. Graph of the F1 of the methods at 98%
FashionMNIST (CNN)

To compare two fundamental search paradigms, we
contrasted the evolutionary approach (Evo-SynFlow)
with the most advanced gradient method based on
differentiable soft masks (SoftMask). Although the
SoftMask [15] method maintained quality at F1 = 0.80, it
proved to be the most computationally expensive
(25.70 s, Fig. 2).

Execution time at 98% sparsity
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Fig. 2. Time graph of methods at 98% compression
of FashionMNIST (CNN).
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In contrast, evolutionary methods form a clear
Pareto trade-off: the Evo-SynFlow (Adaptive) version
with an adaptive population size and multi-step selection
reduces the search time to an unprecedented 0.22 s, albeit
at the cost of F1 degrading to 0.73. Meanwhile, the
dynamic sparse training method (SET) showed
intermediate results (F1 = 0.77, time 7.31 s, Fig. 3).

Fl-score vs Sparsity

084

0.800 0.825 0.850 0875 0.900 0.925 0.950 0975
Sparsity

Fig. 3. Dependence of F1-measure on the level
of sparsity for methods on FashionMNIST (CNN).

Generalized results of structural pruning
demonstrate: magnitude pruning is effective at
moderate sparsity (< 90%); layer-wise evolutionary
selection of sparsity coefficients is critically important
at extreme sparsity; the integration of energy
compensation into CMA-ES + SynFlow is the best
State-Aware solution, beating both gradient (SoftMask)
and dynamic (SET) methods in terms of the quality-to-
computational-cost ratio.

4. Hyperparameter Optimization

Series 1 (equal budget, 6D). CMA-ES: 0.814 +
0.018; Optuna TPE: 0.812 £ 0.004. Wilcoxon p = 1.000
— the difference is not significant. The methods are
practically equivalent in quality; the time for CMA-ES is
higher (137.95 baseline units vs. 98.91 for Optuna).

Series 2 (extended comparison, 30 trials). Friedman
ranks by best accuracy: CMA-ES — 1.60; Random
Search — 2.60; Optuna TPE — 2.70; DiffEvo — 3.10.
Best accuracy: CMA-ES 0.825 + 0.010; Optuna 0.820 =
0.013; DiffEvo 0.816 £ 0.010. Time: Optuna is the lowest
(95.47 baselines), DiffEvo is the highest (648.89
baselines) — despite having the worst rank. Under a
constrained budget (12 trials): CMA-ES 0.801 + 0.015,
Optuna 0.794 + 0.024, DiffEvo 0.785 + 0.013 — CMA-
ES retains supremacy.

Series 3 (high dimensionality, 12D). CMA-ES:
Best_Acc = 0.818, time = 0.37 baselines; Optuna TPE:
Best_Acc = 0.819, time = 85.52 baselines. The quality is
practically identical (a difference of 0.001), but the time
for Optuna is two orders of magnitude higher — a key
practical advantage of CMA-ES in resource-constrained
scenarios (Fig. 4).

Limitations of SynFlow in HPO. Ranks of CMA-
ES variants: Standard — 1.80; Proxy — 2.20; Optuna —
2.50; SynFlow — 3.50. Best accuracy: Standard 0.822 +
0.015, SynFlow — 0.812 (the worst). Friedman test p =
0.18 — globally, the difference between methods does
not reach the significance threshold (Fig. 5).

Optimization trajectory (25 trials, 5 seeds)
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Fig. 4. Graph of convergence of hyperparameter search
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Fig. 5. Graph of time spent searching for hyperparameters

In the space of training hyperparameters (learning
rate, batch size, regularization), signal propagation
capacity is not a valid surrogate - zero-cost proxies are
context-specific. Generalized HPO results (Fig. 6):

CMA-ES ,aa Optuna TPE in quality under equal
trial budgets;

CMA-ES has the best average rank; differential
evolution is the weakest;

the advantage of CMA-ES is maintained under a
minimal budget (12 trials);

in a high-dimensional HPO space, quality parity is
achieved at orders of magnitude less time;

SynFlow as a fitness function for CMA-ES in HPO
is an ineffective strategy.

Friedman-Nemenyi ranking («=0.05)
(unit of observation: seed)

CMA-ES (Proxy)

CMA-ES (SynFlow) 270

Method

1
CD=2.966
W=0.154
N=35runs
p=05101

1

Optuna TPE

CMA-ES (Standard)

. T r - T T v
00 05 1.0 1.5 20 25 30
Mean rank (1 = best)

Fig. 6. Friedman and Nemeni rank

Statistical Evaluation of Results (Friedman-
Nemenyi Test). To ultimately confirm the statistical
significance of the obtained results in both structural
pruning and hyperparameter optimization tasks, a non-
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parametric Friedman test was applied, followed by a
post-hoc Nemenyi test. The analysis of mean method
ranks showed that the advantage of the leaders is not a
statistical anomaly. Specifically, the discrepancy in
average ranks between the proposed evolutionary
approach (Evo-SynFlow EnergyComp in pruning and
CMA-ES Standard in HPO) and the baseline methods
exceeds the calculated Critical Difference (CD) threshold
at a significance level of 0=0.05. This mathematically
proves their statistically significant superiority over the
baselines on the given samples.

4, Discussion and Limitations

The results form a holistic picture of the niche for
evolutionary algorithms. On multimodal landscapes,
evolutionary strategies perform global searches where
local gradient information is insufficient. On
differentiable weight training tasks, gradient methods
remain more effective under equal resource constraints.

The analysis of results at the 98% sparsity level
clearly illustrates the formation of a Pareto trade-off
between computational cost and pruning quality. On one
end of the spectrum are heavy gradient methods
(SoftMask, 25.7 s), which optimize masks directly
through the loss function. On the other end is the highly
efficient Evo-SynFlow Adaptive (0.22 s), which
sacrifices accuracy for speed. The optimal Pareto
solution turns out to be the evolutionary approach with
energy compensation (Evo-SynFlow EnergyComp),
which closes the control loop (Closed-loop): it is guided
not only by the pruning percentage but also accounts for
the statistical properties (variance) of the signal,
compensating for the shock of weight removal.

This result fundamentally proves that "blind"
(Open-loop) adaptation of search hyperparameters,
which relies solely on a given sparsity percentage,
exhausts itself at extreme compression levels. State-
Aware systems, capable of autonomously calibrating
weight importance using non-linear proxy functions
(Pruner-Zero) without needing full backpropagation,
gain the upper hand.

The HPO results demonstrate that not all ideas from
structural pruning transfer to other classes of tasks.
SynFlow, effective as a proxy for evaluating architectural
decisions, proves unsuitable as a surrogate in the training
hyperparameter space. This highlights the context-
specificity of zero-cost proxies.

Limitations: two datasets (Digits,
FashionMNIST), medium-scale architectures (MLP,
CNN). External validity may differ for other data types
or massive models (LLM scale).

5. Conclusions

A systematic experimental study of the
effectiveness of evolutionary algorithms in tasks of
unconstrained minimization, structural pruning, and
HPO of neural networks is presented. Main conclusions:

e Evolutionary optimization for structural
pruning. At extreme 98% sparsity, integrating
mathematical energy compensation into the Evo-

SynFlow (EnergyComp) method allows overcoming
gradient collapse and achieving an F1 quality of 0.81 in
6.66 baseline seconds. This surpasses both baseline
magnitude pruning (F1 = 0.75) and resource-intensive
gradient soft mask methods (SoftMask, F1 = 0.80 at 25.7
s). At moderate sparsity (< 90%), simple magnitude
heuristics maintain superiority. Layer-wise evolutionary
pruning is viable specifically at extreme sparsity.

e CMA-ES in HPO. Ranked 1.60 out of four
methods; accuracy 0.825 + 0.010 — the highest. At 12
trials, CMA-ES 0.801 vs. Optuna 0.794, DiffEvo 0.785.
In 12D: CMA-ES quality (0.818) = Optuna (0.819) with
a time 230 times smaller (0.37 vs. 85.52 baselines).

e The role of SynFlow in hyperparameter
optimization. Unlike structural pruning, using SynFlow
as an objective function in HPO provides extreme search
acceleration (over 250 times compared to full training).
Although this approach falls behind classic CMA-ES in
final accuracy (rank 2.70 vs. 2.00), it outperforms
approximate training surrogate methods (Proxy). Zero-
cost proxies are promising for rapid hyperparameter
prototyping, but full training is necessary to achieve
State-of-the-Art quality.

e Landscape dependence. CMA-ES: Friedman
rank 1.05 on Rastrigin; Adam: F1 =0.99 on Moons, F1 =
0.97 on Digits — dominating differentiable weight
training tasks.

o Layer-wise sparsity tuning (evolutionary
optimization). At 96% sparsity: F1 = 0.62 versus 0.36 for
Magnitude and 0.21 for Random — nearly twice the
performance at a time of 9.4-9.8 baselines vs. 0.08-0.09.

e CMA-ES robustness to budget constraints. At
12 trials, CMA-ES retains the first rank (2.00 out of 4);
Random — 2.20; Optuna — 2.60; DiffEvo — 3.20.

Conflict of Interest. The authors declare that they
have no conflict of interest regarding this research,
including financial, personal, authorship, or other issues
that could affect the study and its results presented in this
article.

Use of Artificial Intelligence Tools. The authors
confirm that artificial intelligence technologies were not
used in the creation of the presented work.

REFERENCES

1. Hansen N., Ostermeier A. Completely derandomized self-adaptation in evolution strategies // Evolutionary Computation. 2001.
Vol. 9, No. 2. P. 159-195. https://doi.org/10.1162/106365601750190398

N

Hansen N. The CMA Evolution Strategy: A Tutorial https://arxiv.org/abs/1604.00772

w

Loshchilov I., Hutter F. CMA-ES for Hyperparameter Optimization of Deep Neural Networks https://arxiv.org/abs/1604.07269

4. Frankle J., Carbin M. The lottery ticket hypothesis: finding sparse, trainable neural networks // Proc. ICLR. 2019.

https://arxiv.org/abs/1803.03635

5. Ding Y., Chen D.-R. Optimization based layer-wise pruning threshold method for accelerating CNNs // Mathematics. 2023.
Vol. 11, No. 15. Art. 3311. https://www.mdpi.com/2227-7390/11/15/3311

6. Poyatos J. et al. EvoPruneDeepTL: An evolutionary pruning model for transfer learning based deep neural networks // Neural
Networks. 2023. Vol. 158. P. 59-82. https://arxiv.org/abs/2202.03844

49


https://doi.org/10.1162/106365601750190398
https://arxiv.org/abs/1604.00772
https://arxiv.org/abs/1604.07269
https://arxiv.org/abs/1803.03635
https://www.mdpi.com/2227-7390/11/15/3311
https://arxiv.org/abs/2202.03844

Control, Navigation and Communication Systems. 2026. No. 1 ISSN 2073-7394

7. Chung K. T. et al. Multi-objective evolutionary architectural pruning of deep convolutional neural networks with weights
inheritance // Information Sciences. 2024. Vol. 685. https://dl.acm.org/doi/abs/10.1016/].ins.2024.121265

8. Tang S. et al. DarwinLM: Evolutionary Structured Pruning of Large Language Models https://arxiv.org/abs/2502.07780

9. TanakaH., Kunin D., Yamins D. L. K., Ganguli S. Pruning neural networks without any data by iteratively conserving synaptic
flow // Proc. NeurlIPS. 2020. https://arxiv.org/abs/2006.05467

10. Abdelfattah M. S., Mehrotra A., Dudziak L., Lane N. D. Zero-cost proxies for lightweight NAS // Proc. ICLR. 2021.
https://arxiv.org/abs/2101.08134

11. Krishnakumar A. et al. NAS-Bench-Suite-Zero: Accelerating Research on Zero Cost Proxies // Proc. NeurlPS (Datasets and
Benchmarks). 2022. https://arxiv.org/abs/2210.03230

12. Li Y. et al. Extensible and Efficient Proxy for Neural Architecture Search // Proc. ICCV. 2023. P.6199-6210.
https://openaccess.thecvf.com/content/ICCV2023/papers/Li_Extensible_and_Efficient_Proxy for Neural Architecture Sear
ch_ICCV_2023 paper.pdf

13. Lee J., Ham B. AZ-NAS: Assembling Zero-Cost Proxies for Network Architecture Search // Proc. CVPR. 2024. P. 5893-5903.
https://openaccess.thecvf.com/content/CVPR2024/html/Lee AZ-NAS_Assembling_Zero-
Cost_Proxies_for_Network Architecture Search CVPR_2024 paper.html

14. Akiba T., Sano S., Yanase T., Ohta T., Koyama M. Optuna: a next-generation hyperparameter optimization framework // Proc.
KDD. 2019. https://doi.org/10.1145/3292500.3330701

15. Liu K., Wang R., Gao J.,, Chen K. Differentiable model scaling using differentiable topk // Proc. ICML. 2024.
https://arxiv.org/abs/2405.07194

16. Dong P., Li L., Tang Z., Liu X., Pan X., Wang Q., Chu X. Pruner-zero: Evolving symbolic pruning metric from scratch for
large language models // Proc. ICML. 2024. https://arxiv.org/abs/2406.02924

17. Sieberling O., Kuznedelev D., Kurtic E., Alistarh D. EvoPress: Accurate Dynamic Model Compression via Evolutionary Search
Il arXiv:2410.14649. 2024. https://arxiv.org/abs/2410.14649

18. YuP., Wang J., Sui X., Ling N., Wang W., Jiang W. Efficient Post-Training Pruning of Large Language Models with Statistical
Correction // arXiv:2602.07375. 2026. https://arxiv.org/abs/2602.07375

Received (Hanmifinuna) 08.12.2025
Accepted for publication (TIpuitasta mo apyky) 11.02.2026
Publication date ({ara my6umikanii) 27.02.2026

BIIOMOCTI [TPO ABTOPIB / ABOUT THE AUTHORS

lipsancbknit Borgan IlerpoBuy — acmipaHT, kadexpa CHCTEMHOTrO NMPOEKTyBaHH:, HallioHadbHMH TEXHIYHMH YHiIBEpCHTET
Vxpaiun «KuiBcbkuii nmonitexHigHUH iHCTHTYT iMeHi [ropst CikopcbkoroKuiB, Ykpaina;
Bohdan Hirianskyi — Postgraduate Student, Department of System Design, National Technical University of Ukraine "Igor
Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine;
e-mail: giryanskbogdan@gmail.com; ORCID Author ID: https://orcid.org/0009-0000-6580-7268;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=60018706000.

Bynax Borman BikTopoBWMY — KaHAWAAT TEXHIYHMX HAyK, JOLEHT, Kadeapa CHCTEMHOro NpoekTyBaHHs, HamioHanmbHUMI
TexHIUHMH yHiBepcuTeT Ykpainn « KuiBcbkuil nmonitexHiqHuii iHcTHTYT iMeHi Iropst Cikopebkoro», Kuis, Ykpaina;
Bogdan Bulakh — PhD, Associate Professor, Department of System Design, National Technical University of Ukraine "Igor
Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine;
e-mail: bogdan.bulakh@gmail.com; ORCID Author ID: https://orcid.org/0000-0001-5880-6101;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=55817517600.

EdexTuBHicTh eBo/IONiiiHUX aJITOPUTMIB Yy 3a7a4ax oNTUMI3alii HelPOHHUX Mepexk:
0e3yMoBHa MiHiMi3auisi, NPYyHiHr Ta rinepnapamMeTpoBa onTuMizauis

b. I1. Tipsucekuit, b. B. Bynax

AHoTanif. AkryaapHicTs. CydacHi HEHpOHHI MepexXi MICTATh 3HA4YHy KUTBKICTh HAJJIMIIKOBUX IAapaMeTpiB, IO
30LIbIIy€e Yac HaBYaHHS, CIIOKMBAHHS €HEPrii Ta BUMOTH IO amapaTHUX pecypciB. CTaHOAapTHI TPagieHTHI METOAM CXWIbHI
3acTpsAraTé B JIOKAJIbHUX MiHIMyMax Ha MyJBTUMOJAJIBHUX 3a/layax; magnitude pruning He BpaxoBye CTPYKTYPHY BaXKJIHBICTh
mapiB. MeTpuku HyJap0BO1 BapTocTi (zero-shot proxies), 3okpema SynFlow, OI[iHIOIOTH «KMBYYICTB» apXiTeKTypH depes signal
propagation capacity 6e3 MOBHOTO HaBYaHHS, MPOTE MEXIi iX 3aCTOCOBHOCTI 3aJIMIIAIOTHCS HEIOCTaTHBO 3'scoBaHUMHU. OO6'€KT
DOCTIIKeHHsI: METOAM ONTUMi3alii HEeHpOHHMX Mepexx. MeTa CTaTTi: cHCTEeMaTHYHE CKCIEPUMEHTAJbHE MHOPIBHIHHSI
EBOJIOIIMHIX, TPAJi€eHTHUX Ta 0aHeCiBCHKMX METOAIB y €IQWHIM pammi 3 akmeHToM Ha posi SynFlow sk proxy ms OImiHKK
MIPUIATHOCTI TeHOMIB (apXiTekTyp). Pe3yiabTaTn nociimxenns. [Ipu excrpemanbHii sparsity (98 %) xombinanis CMA-ES +
SynFlow (anaii3 signal propagation capacity) i3 7o1aBaHHIM MaTeMaTHYHOI KOMIIEHCAIlii eHeprii JO3BOJISE ITOJONATH JeTpaaIiio
Mepexi Ta focsrtu State-0f-the-Art sixkocti (F1 = 0,81), mepeBepiuyroun sk KiacHYHIN magnitude pruning, Tax i rpajiieHTHI MeTOaN
M'skux mMacok (SoftMask), mpu poMy BUMararouu Ha HOPSAKA MEHIIOI OOYHCITIOBAJIBHOI BAPTOCTI MOPIBHSIHO 3 MiAX0JaMU Ha
OCHOBI HabyKeHoro HaB4YaHHs. [Ipu momipHiit sparsity (< 90 %) nepeBary 36epirae magnitude pruning. V rineprnapaMeTpoBiii
onrtuMizanii CMA-ES nocsrae npaktiuutoi exsiBaneHTHocTi 3 Optuna TPE 3a sikicTio pillieHb, a y BACOKOBUMIpHiH MOCTaHOBII —
IpH Ha MOPSIAKKM MeHIoMy daci pobotu. SynFlow sk minsoBa ¢yskuis y HPO no3Bossie mpuckoputy nouryk y nonan 250 pasis,
MPOTE MOCTYMAETHCS MMOBHOMY HABYAHHIO 33 KIHIIEBOIO TOYHICTIO pilllcHb. BHCHOBKH: €BONIONIHI alrOpUTMH TOUUIBEHI Ha
MyJIBTUMOJABHUX 33/1auax Ta 33ja4ax CTPYKTYPHOI onTHMi3alii; Juist qudepeHIiioBHIX 3a/1ad HaBYaHHs Bar nepeBakae Adam
(F1 = 0,97 na Digits). Zero-cost proxies € KOHTEKCTHO CIIEIADITHUMH.

Knw4uoBi cmoBa: esomouniiiHi amroputmu; CMA-ES; HeiipoHHI Mepexi; onTHMi3alis; KOMIIpECis; MPYHIHT;
e(eKTUBHICTh; TTIMOOKE HABUAHHS; METPHKH, HyJIbOBA BapTiCTh; MOUIYK apXiTekTyp; AutoML; omrumisaris rineprnapaMmerpis;
MOJIeITi; aHaIi3; OalleciBChKa ONTUMI3AIIiST; HEHPOEBOIIOMIS; TPaJieHTHI MeToau, Adam.
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TPUPIBHEBA CUCTEMA BEPU®IKAIIII TPA®IYHOIO KOHTEHTY
HAYKOBHUX IIYBJIKAIIN HA OCHOBI TOIOJIOTTYHOT'O AHAJII3Y JTAHUX

AHoTaunis. O0'ekT nocaizxeHHs — npolec Bepudikanii rpadivHOro KOHTEHTY HAayKOBHUX IyOmikamiid. [Ipeamer mocmi-
JDKEHHS — METOJIM Ta aITOPUTMH BUSIBICHHS IUIariaTy rpadiuHoi iHpopMmarlii Ha OCHOBI aHaizy 3MicTy JaHux. MeTolo po-
00TH € po3poOKa Ta OOIPYHTYBaHHS TPHUPIBHEBOI crcTeMu BepHdikawii rpadidHOro KOHTEHTY HayKOBHX ImyOuikariid. Pe-
3yJbTATH AOCITIUKeHHs1. Y CTaTTi 3alPOMOHOBaHO HOBUI KOMILIEKCHHI MEeTO/] BUSIBJICHHS IUIariaTy rpadivnoi indopmarii
y HayKoBHX myOmikamisx. Ha BinqMiHy Bix icHylounx cucteM (Proofig, Imagetwin), mo BUABISIOTH JIHIIE BizyanbHi JTyOumi-
KaTH, 3aIIPOIIOHOBAHMH IiIXIJ aHANI3y€e 3MICT MaHuX TrpadikiB. Merox 6a3yeThesl Ha MMO€AHAHHI TPHOX PIBHIB aHAMTI3Y: pe-
BepC-IHKUHIPHUHT YUCIOBHX JaHUX 3 rpadidHuX 300pakeHb, TeOMETPUYHHHN aHall3 pOpMH KPUBHX 32 JOIIOMOTOIO alTropH-
TMY AnHaMigHOTO 3cyBY 4acy (DTW) ta tomonoriunmii anamni3 nanux (TDA) 3 BUKOpHCTaHHSIM IEPCUCTEHTHUX TOMOJIOTIi
i BigcraHi Baccepiireiina. HaykoBa HOBH3HA IMOJIATAE y 3aCTOCYBAHHI TOTOJIOTIYHUX 1HBApiaHTIB AJIS TIOPIBHIHHS 3MiCTy
rpadiyHUX AaHUX, 10 3a0e3Medye CTIHKICTh 10 Bi3yallbHUX MAHIMYJIALIN: 3MIHK MacIiTady ocei, KOJIbOPOBOI CXEMH, CTHITIO
JiHIA Ta MOBH mianuciB. Po3po0bieHo iHTerpanbHy METPUKY OLIHKH MOAIOHOCTI rpadikiB. EdexTuBHICTh MiAX0qy miATBEp-
JDKEHO Ha TPUKIIAl BUSBICHHS 3aMacKOBAHOTO IUIATiaTy.

KawuoBi ciroBa: miariar rpadikis, TOMOMOTIYHIN aHATI3 TaHHUX, IEPCUCTCHTHI TOMOJIOT], IMHAMIYHHI 3CYB 4acy, Ha-

YKOBa 100pPOYECHICTb.

Beryn

[ocranoBka mpodaemu. [Ipobrmema axameMidHOL
J0OpOYeCHOCTI HaOyBa€ KPUTHYHOIO 3HAYCHHS B CHOXY
CTPIMKOTO 3pOCTaHHsI 00CSTIB HayKOBHMX MyOiKarii. 3a
nanuMu gociipkenss [1], mpubmusto 3,8% myGumikariiii y
0i0OMEIMYHUX KYpHAJIAX MICTATh O3HAKM MaHIIMyJIAIIIT 30-
OpaxeHHsAMH, TpuuoMy Omu3bko 0,6% AEMOHCTPYIOTH
sIBHI 03HAaKU HABMUCHOT (asibcudikartii. Oco0IMBO rocTpo
MOCTA€ MATAHHS TUIATIaTy rpadiyHx MaTepiatiB — rpadi-
KiB, JliarpaM Ta Bizyali3aliif eKCIIepUMEHTAIbHUX TaHHX.

Ha BigMiHy BiIl TEKCTOBOTO IUIATiaTy, KN edek-
THUBHO BHSBISIETHCS TaKMMH cHCTeMaMu siK Turnitin 4m
iThenticate, BusiBiIeHHS 1UIariaty rpagiyaoi iHpopMarii
3aJIMIIAETHCS TEXHIYHO CKJIQ/IHOIO 3a1a4uero. [cHyoui Ko-
MepuiiiHi pimenHs, Taki sik Proofig ta Imagetwin, 3oce-
PEIDKYIOTHCS TIEPEeBaYKHO Ha BHUSIBJICHHI Bi3yallbHUX ay0-
JIKATIB Ta MaHIMyJsIii 13 300pakenusmu [2]. Tlporte
BOHM HE 3/IaTHI BUSBUTH CHUTYyaIlil, KOJIH Ti caMmi eKcrie-
PUMEHTaJIbHI JaHi MPEICTABICHO Y Bi3yallbHO PI3HOMY
0o(OpMIICHHI — 3 IHIIIIMHU KOJIbOPaMH, MaCcIITaOaMH OCeH,
mpudTaMA 99 THIIAMH MapKepiB.

Jiis TeXHIYHUX CHelialbHOCTel mpobiema Haly-
Ba€ 0COOJIMBOT aKTYaIbHOCTI, OCKUIBKU rpadivyHe npen-
CTaBJIEHHS PE3yJIbTATIB €KCHEPUMEHTIB, MOPIBHIBHUX
JIOCI/KEHb aJTOPUTMIB Ta TEXHIYHHX XapaKTEPUCTHK
CHCTEM € HEBiJ'€MHOIO YaCTHHOIO HAyKOBHX IMyOJTiKaIliii.
TumoBi cueHapii 1uiariaty BKJIIOYArOTh:

— IIOBTOPHE BUKOPUCTAHHS JJAHUX 3 MOTIEPEIHIX Iy~
Orikariiit 6e3 HaJIe)KHOTO IIUTYBaHHS;

— 3aM03MYEHHS eKCIIEPIMEHTAIEHUX PEe3yJIbTATIB 13
3MiHEHUM Bi3yalbHUM O(OPMIICHHSM;

— (pabpukariiro 1aHUX IUIIXOM MoaMQiKamii icHyo-
9yux rpadikis.

AHaJi3 ocTaHHIX Jociaigxkens i myOaikanii. Cy-
YacHI MiIXOAM 0 BUSBIICHHS IDIariaty 300paxeHs 0azy-
I0ThCS TIEPEBAKHO HA METO/aX KOMI'IOTEPHOTO 30py Ta
raubokoro HaBuanHs. B myGumikauii [3] 3ampomnonyBanu
3aCTOCYBAaHHS CiaMChKHX HEHPOHHHX MEPEX AN BUSB-
JIeHHS TyOmikaTiB 300pakeHb y HAYKOBUX IyOJTiKAIlisX,

nocsrayBin Tounocti 90,86%. [Ipore neit miaxin edex-
THUBHUH JINIIE 71 Bi3yaJIbHO CXOKHX 300pakeHb 1 HE BU-
SIBIIIE CEMAHTUYHO iICHTUYHI JaHI y pi3HOMY Bi3yalb-
HOMY IIpeAcTaBleHHI. HanpsMok aBToOMaTHIHOI eKcTpa-
Kiii 1aHuX 3 TpadikiB aKTHBHO PO3BHUBAETHCS 3aBMISKH
inctpymenram  WebPlotDigitizer, PlotDigitizer Ta
Graph2Table [4]. JocnimkeHHs [5] miaTBEpAUIO BUCOKY
HaJIIHICTh LMX IHCTPYMEHTIB IpH onudpyBanHi rpadi-
KiB 3 HayKOBHX MyOmikaii. OJHaK MUTAHHSA CUCTCMAaTH-
YHOTO MOPIBHSHHS BUTSATHYTUX JaHHMX JUISl BHSIBJICHHS
IiariaTy 3aJUIIA€ThCsl HEJOCTATHBO JOCIIUKEHHUM.

Aunroput™ Dynamic Time Warping (DTW), cnoua-
TKYy pPO3pOONICHHH Ui PO3Mi3HaBaHHS MOBJICHHS [6],
3HAMIIOB MIMPOKE 3aCTOCYBAHHS B aHANI31 YaCOBHX PAIIB
Ta mopiBHsAHHI KpuBuX. DTW mn03BoIsie€ MOpiBHIOBATH
MTOCTITOBHOCTI Pi3HOI TOBXKWHH, ITHOPYHOUH JIOKaJbHI
3CyBH Ta Iedopmarlii, 0 poOUTs HOTO MEPCIIEKTUBHIM
JUTSL BUSIBJICHHS TTOI0HOCTI rpadikis [7].

Tomnonoriunuit anani3 ganux (TDA) Ta 30kpema me-
PCHCTEHTHI TOMOJIOTI] CTAaHOBIISTH BIZIHOCHO HOBHMM Ha-
OpsIMOK y Hay1i po faui. Poboru [8, 9] 3akmanu Teope-
THYHI OCHOBH 3aCTOCYBaHHSI TOIIOJIOTTYHUX METOJIIB JUIs
aHamizy ckmagaux manux. [10].  mpomemoHcTpyBau
e(eKTHBHICTh MEPCUCTEHTHUX TOMOJIOTIH IS aHami3y
yacoBHX pstiB. OCOOIMBO 1IKABUM € 3aCTOCYBaHHS BiJl-
crani BaccepireiiHa Uil TIOPIBHSHHS TEPCUCTEHTHUX
Jiarpam, 1o 3abe3nedyye cTaOUIbHICTh Pe3yNIbTATIB Bif-
HOCHO IIyMY Yy BXiJHUX aaHux [11].

HesBaskaroun Ha OKpeMi ycCITliXy KOXKHOTO 3 Hampsi-
MKIiB, KOMIUIEKCHHUH T IXiI, 0 TIOEAHYE eKCTPaKIIio JAa-
HUX, TEOMETPUYHUIN Ta TOTOJIOTIYHUI aHaJI3 JIsi BUSIB-
JIeHHs TuiariaTy rpadigHOTO KOHTEHTY, Ha ChOTOJHI HE
MpeCTaBICHAN Y HAYKOBIil JiTeparypi.

Meto0 po6oTH € po3poOKa Ta OOTPYHTYBaHHSI
TpHUPIBHEBOI CCTeMU BepHrdiKallii rpadiqHOro KOHTEHTY
HayKOBHX IyOJIiKaliif Ha OCHOBI TOIIOJIOTIYHOTO aHAJI3y
JIaHUX Ul BHSIBJIGHHS IUIariaTy Ha piBHI 3MICTy, a He
JIMIIE Bi3yalbHOI MOAIOHOCTI.

Jnist noCsITHEHHS 1TOCTaBIICHOT METH HEOOXiJHO BH-
PIIINTY TaKi 3aBJJAHHS:
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— MpOaHaJI3yBaTH ICHYIOY1 METOH BUSIBJICHHS T1JIari-
ary rpa¢iunoi iHpopmalii Ta BU3HAYUTH IX OOMEKECHHS;

— pO3pOOHTH apXiTEeKTypy TPHUpPIBHEBOI CHCTEMH
Bepudikauii, 0 MOEAHYE PEeBEPC-IHKUHIPHHT JaHHX,
reomerpuuHuid ananiz (DTW) Ta tomonoriyaumii anamis
(TmepcucTeHTHI TOMOJIOTIi);

— 000TpYHTYBAaTH MaTeMaTHYHHUH arnapar st KOX-
HOTO piBHS aHaJIi3y Ta 3alpOIOHYBATH iHTETPAIbHY Me-
TPHUKY OLIHKA MOAI0OHOCTI;

— IPOJIEMOHCTPYBATH €(EKTHUBHICTH 3alIPOIIOHOBA-
HOTO IAXOAy Ha IPHKJIANi BHUSABICHHS 3aMacKOBaHOTO
miariary.

O0'ekT nocmiKeHHs — mpoiiec Bepudikaliii rpadi-
YHOTO KOHTEHTY HayKOBHX ITyOJTiKarii.

[TpeameT nocmimKeHHs — METO/IN Ta aJITOPUTMH BHU-
SIBJICHHSI T1ariaty rpadivnoi iHpopmanii Ha OCHOBI aHa-
JI3y 3MICTy JJaHUX.

OcHoBHuIi MaTepian

1. KoHuentyaabHa apXxiTekTypa cucTeMHu. 3a-
MPOIIOHOBAHA CHCTeMa 0a3y€eThCs Ha KOHIETLIT OCIiI0-
BHOTO aHaiizy rpadivynoi iHdopmanii Ha TPbOX PIBHAX
aOcTpakuii, e KO)KEeH HACTYIHUIl piBeHb BHSBIISE ILIa-
riat, sKuit Moxe OyTH 3aMacKOBaHUI Ha MOMEPEIHBOMY
piBHI. 3arajibHa apXiTeKTypa MpejcTaBlieHa Ha puc. 1.

BXIA: Mpadik A, l'padik B

PIBEHb 1: ExcTpakuis aaHux

- CermenTauis obnacri rpacika
- PoanisHaBanHsa ocen Ta Maclraby
- OumdppyBsaHHA KpUBUX/TOUOK

L= Metpuka M,: kopenauis NipcoHa Mix macvusami )

PIBEHb 2: FfeomeTpunyHmii aHania (DTW)

- Hopmanisauis pasux fo pianasoxy [0,1]
- O6uvcnenHs DTW-BigcTaHi M KpUBumMu
- AHania WnAxy BUPIBHIOBaAHHA

L = Metpuka M,: HopmanisosaHa DTW-nogi6HicTb

PIBEHb 3: Tononoriunui aHania (TDA)

- Mobynosa komnnekcy Bitopica-Pinca
- O64MCNEeHHs NePCUCTEHTHUX FOMONOTii
- MopiBHAHHA nepeucTeHTHUX piarpam (Wasserstein)

-> Metpuka M;: TononoriyHa BigcTaHb

IHTErPAJIbHA OLIIHKA
S= W1'M1 + Wz'Mz + W3‘M3
Akwo S > nopir - MNIAO3PA HA MNATIAT

Puc. 1. ApxitexTypa TpHpiBHEBOI CHCTEMHU
BepHikarii rpadivHOro KOHTEHTY

2. PiBensb 1: PeBepc-in:kuHipuHT 1anux 3 rpadi-
kiB. [lepmuii piBeHb cUCTeMU 3MIHCHIOE MIEPETBOPEHHS
BisyanbHOI iH(opMmauii y uucnouit ¢opmar. Ipouec
BKJIFOYA€E TAKi ETAIH:

1. CermenTanisi obmacti rpadika Ta BHAUICHHS
30HHM 1T00Y10BY;

2. Po3nizHaBaHHs oceif KOopMHAT Ta iX MaciTady-
BaHHS;

3. OmmpyBaHHS TOUOK JaHUX a00 KPHBHX;

4. ®opMyBaHHS YUCIOBOIO MACHBY KOOPJIMHAT.
Jnst ko’kHOT KprBOi (POPMYETBCS BIIOPSAKOBaHUI
Halip TOYOK:

P ={(x1, y1), (x2,52), ..., (Xn, )}
MeTtpuka MomiOHOCTI HA LLOMY pPIiBHI OOYHCIIO-
eTbes K KoedinieHT kopensuii [TipcoHa:

Mz = |r(Pa, Pg)|,
T =D (-3

ne r= M)
S G025 92

3nauenHs M: > 0.95 Bkasye Ha BUCOKY HMOBIpHICTb
imeHTHaHOCTI HaHuX. [IpoTe s MeTpuKa Iy TiuBa 110 Ji-
HIHUX IMIEPEeTBOPEHb MacHITa0y Ta HE BPaxOBYE JIOKa-
JbHI geopMalii KpUBHX.

3. PiBenbp 2: I'eoMeTpn4HMil aHaJi3 KPHUBHUX
(DTW)

Hpyruii piBeHb BUKOPHCTOBYE anroputM Dynamic
Time Warping st mopiBHSHHS ()OPMHU KPUBUX He3alle-
KHO Bij ix abcomorHoro macmraby. DTW 3HaxoanTsb
ONITHMaJIbHE BUPIBHIOBAHHS JIBOX MOCIIITOBHOCTEH IIIISI-
XOM MiHIMi3alii cyMapHOi BiACTaHi MiX BiAMOBITHUMH
TOYKamu [6].

[epen 3actocyBarusm DTW maHi HOpMai3yIOThCS
1o miamasony [0, 1]:

x‘ _ x;j—min(x)
U max(x)-main(x)

)

Anroputv DTW 004mciII0€ MaTpUIO HaKoIHUYe-

HUX Biactaned D, e KOKEH €JIeMEHT BU3HAYAETHCS pe-
KypPEHTHHM CITiBBIIHOLICHHSIM:!

D(i.j) = d(pi, ) + \min{D(i-1,), D(i.j-1), D(i-1,]-1)\}(3)

ne d(p;, ¢;) — eBKITiIOBA BifICTaHb MiX TOYKAMHU P; TA ¢.
HopwmanizoBana DTW-BincTanb BAKOPUCTOBYETHCS

SIK METPHUKA MOJIOHOCTI:

DTW(P4,Pg)

M, =1- max{DTW}

(4)

DTW-anaii3 BUABIIsI€ 1UIariaT, 3aMacKOBaHUMA 3Mi-
HOI0 MacmTady ocel, JOoJaBaHHSAM 3CyBY abo0 JOKallb-
HUMH aedopmarnisimu. OgHAK BiH MOXe OyTH BBEACHUI
B OMaHy HEJIHIHHUMU [IepEeTBOPEHHSAMH, IO 30epiraroTh
3araieHy (OpMY KPHBOI, SIKa CTa€ OLIBII BUTHYTOO, 200
HaBIIaKH.

4. Pisens 3: Tononoriunnii ananiz nanux (TDA)

Tperiit piBeHb 3aCTOCOBYE METOIH TOIIOJIOTIHHOTO
aHami3y JaHWX, 30KpeMa MEPCUCTEHTHI TOMOJOTII, st
BUSIBJICHHSI TTTIMOMHHUX CTPYKTYPHHUX TATEpPHIB y JTaHHX.
TomnosoriuHi iHBapiaHTH 3aJMIIAIOTHCS HE3MIHHUMH ITPH
roMeoMOp(HUX MEPETBOPCHHSX, 0 POOUTH HEH MiaXia
0cobaMBO cTiitkuM 10 Maninysuii [8, 10, 15].

4.1. ITobynosa xommuiekcy Biropica-Pinca

Hns Habopy Towok P OyamyeTbcs HOCIHIZOBHICTH
CHMIUTIIIaNIbHUX KOMIUIeKCiB VR mpu 3pocratounx 3Ha-
4yeHHsX napameTpa ¢. Kommieke VRLP) mictuth cum-
neKc [po, pi, ..., pi] TOII 1 TiIbKY TOAI, Kou [14]:

diam{po, ..., pi\} < ¢ (5)

s KoHCTpYyKIisl JO3BOJISAE aHANI3yBaTH TOIOJOTI-
YHY CTPYKTYpY JaHUX Ha pizHuX MacmTabax [9, 12].
4.2. O0YHCIICHHS IEPCUCTEHTHUX TOMOJIOTIH
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ITpu 3pocTanHi nmapaMeTpa & TONOJOTIYHI O3HAKH
(3B's13H1 KoMmoHeHTH Ho, 1iuikim Hy, mopoxxuuuau Hy) 3's-
BIIAIOTHCSI Ta 3HUKAaOTh. KOXKHA O3HAaKa XapaKkTepusy-
etbest mapoto (birth, death), mo dbopmye nepcucrentHy
niarpamy PD(P). Anroputm Ripser 3a6e3neuye edexru-
BHE OOYHCIICHHS MEPCUCTEHTHHX INTPUX-KOMIB A (i-
neTparii Bitopica-Pimca [12].

4.3. TlopiBHSHHS MIEPCUCTEHTHHX Jiarpam

Jis MOopiBHSHHS EPCUCTEHTHUX JiarpaM BUKOPH-
CTOBYETHCS P-BificTanb Baccepmrreitna [13]:

WDy, D) = [, ™ oy Secen v = 700IC], 6)

ne y — OleKIIis MK TOYKaMH JiarpaM (BKIFOYalO4H JIiaro-
HaJb).

BaxIMBOIO BIACTHBICTIO € «CTaOUIBHICTBY: Mali
30ypeHHsI BXIIHUX JaHUX OPU3BOJISTH J0 MAIIMX 3MiH Iie-
pcuctenTHoi aiarpamu [11]. MeTpuka nogioHoCTI:

Wy (PD A.PD B)

My = 1 - HCoan), ™

max W
5. InTerpanbHa oniHka Ta NPUHHATTS PillleHHS.
dinanpHa OIiHKa [TOJIOHOCTI OOYHMCITIOETHCS K 3BAKEHA
CyMa METPHK TPbOX PiBHIB:

S=wi1Mi +w, My + w3 Ms, ®)
ae Wy +w, +ws =1,
PexomenymoBani  BaroBi koediumientn wr = 0.2,

w2 = 0.3, ws = 0.5 BimoOpakatoTh 3poCTaroyy CTIHKICTh KO-
YKHOTO HACTYIHOTO piBHS 10 MacKyBaHHs ruiariaty. ITo-
poroBe 3HaYCHHS Sthreshold = 0.85 BH3HAUEHO emmipydHO Ta
BIZITTOBiZIa€ PIBHIO CTATUCTUYHOI 3HaYyIIOCTI o0 = (.05.

Tabauys 1 — E¢pekTHBHICTH BUSABJICHHS
Pi3HUX THIIB MaHimyasAuii

Tun maninyasuii Pisenn 1 | PiBenn 2 | PiBenn 3
IIpsiMe KOTIiFOBaHHS v v v
3miHa Macmtaly/oceit X v N
JonaBaHus mymy X 2 v
Heniniitra nedopmartist X X v
3MiHa KOJIBOPY/CTHITIO v v v

6. Aaroput™M po60TH cucTeMH. 3arajlbHUN ajiro-
put™ Bepudikamii rpagigHOr0 KOHTEHTY:

AnropuTtm: GraphPlagiarismDetection

Bxia: graph_A, graph_B — 306paeHHs rpadikis

Buxia: S — oujiHka nogibHocTi, verdict — pilueHHs

1: P_A < ExtractData(graph_A)

2: P_B < ExtractData(graph_B)

M; < PearsonCorrelation(P_A, P_B)

P_A_norm <« Normalize(P_A)

P_B_norm <« Normalize(P_B)

M, — 1-DTW(P_A_norm, P_B_norm) / max_DTW

PD_A « PersistentHomology(VietorisRips(P_A))

PD_B « PersistentHomology(VietorisRips(P_B))
M; «— 1 — WassersteinDistance(PD_A, PD_B) /

max_W

10 S «— W1'M1 + Wz'Mz + W3'M3

11: if S > S_threshold then

12:  verdict < "MIOO3PA HA MNATIAT"

13: else

14:  verdict « "OPUTIHAN"

15: return S, verdict

7. llpuknan 3acTocyBaHHA cucTeMu. J[Jis 1eMOH-
cTpauii e(eKTUBHOCTI 3alpOIOHOBAHOI CHCTEMH OyJIo
CTBOPEHO TECTOBHI HaOIp AaHUX, 1[0 MOAEIIOE TUIIOBHI
CcIleHapiil 3aMacKoBaHOTO IUIariaty rpagikis 3aJIeKHOCTI
Yacy BUKOHAHHS aITOPUTMY BiJl po3Mipy BXIHUX IaHHX.

7.1. Bxioni oani. T'padix A (puc. 2) — B34TO 3 «IIy-
Omikamii 1», MmO OeMOHCTPYE 3aJeKHICTh Yacy BUKO-
HaHHA anroputMy QuickSort Big po3Mipy BXigHOTO Ma-
CHBY.

I'padix BHKOHAHO y KIACHYHOMY CTHJI: CHHS CY-
LTbHA JIHIS 3 KPYTJIUMH MapKepaMH, 4ac BUMIPIOEThCS
y MiiceKyHax.

—& QuickSert

Hac BUKOHaHHA (MC)

0 1000 2000 3000 4000 5000
Poamip macuey (n)

Puc. 2. I'padik A: 3aneKHICTh YaCy BUKOHAHHS aJTOPUTMY
BiJl pO3MIpY BXiTHUX JaHUX

I'padix B (puc. 3) B3saT0 3 «Iry0Omikarmii 2», mo npea-
CTaBJIsIE aHai3 NPOAYKTUBHOCTI AITOPUTMY
OptimizedSort. I'padix Mae iHmE Bi3yanbHEe OQhOpPM-
JICHHSI: YepBOHA MITPUXOBA JIiHIs 3 KBaJPaTHUMH MapKe-
paMH, MiAIKUCH aHTIICHKOI0 MOBOIO, YaC BUMIPIOETHCS Y
CeKyHJIax.

=i~ OptimizedSort
0.06 »2

0.05 s

=
=
=4

Execution Time (s)
o
b=
a
hY
Ay

o
S
51
LN

oo Dfpcpd;d)

a 1000 2000 3000 4000 5000
Input Size (n)

Puc. 3. I'padik B: anroputm mocnizioBHOro aHajizy

BisyanpHO rpagiku cyTTE€BO Bigpi3HAIOTHCS 3a KO-
JHLOPOM, CTHJIEM JIiHIH, MOBOIO MiJMKUCIB Ta MacmTabom
oci Y (Mmc vs ¢). Tpanuiiifini cuctemMu BUSIBJICHHS TUIari-
aTy Ha OCHOBI mopiBHSAHHI 300paxens (Proofig,
Imagetwin) He BUSBIATH JKOTHOI MTOAIOHOCTI MiXkK IIUMH
rpadikamu.

7.2. Pigenv 1: Excmpaxyis OaHux ma KopenayiuHuu
ananiz. Ha nepmomy erami 3 000x rpadikis 0yJso ekcr-
paroBaHO YMCIIOBI JaHi 3a IOMOMOIOI0 IHCTPYMEHTY
WebPlotDigitizer [4].
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Y (HopManizoBaHo)

Excrparosani nani ['padika A:
— Kinbkicts TOUOK: n = 20.
— Jianazon X: [100, 5000] (po3mip MacuBy).
— Jliamazon Y: [0.913, 60.732] mc.
ExcrparoBani nani I'padika B:
— Kinpkicts Touok: n = 20.
— Hiamazon X: [100, 5000] (Input Size).
— HMiamazon Y: [0.001352, 0.060791] c.
OO6uucienHst koedimienra kopensmnii Ilipcona 3a
¢dopmymoro (1):
r(Pa, Ps) = 0.999856.

MertpuKa epuioro piBHs:
M1 = [r| = 0.9999.

Iurepnperanis: He3Baxkaroun Ha Te, 10 aOCOMIOTHI
3HAYEHHS BIAPI3HAIOTHCS Ha TPU MOPSAKK (MIJIICEKyHIH
VS ceKyHIH), KoeilieHT KOpessiuii BUSBUB NPaKTUYHO
iIcanbHy JIIHIAHY 3aJeKHICTh MDK JaHUMHU. 3HAYCHHS
M1 =0.9999 > 0.95 Bka3ye Ha BHCOKY WMOBIpHICTb iJte-
HTUYHOCTI BUXIJTHUX JaHUX.

7.3. Pigenv 2: I'eomempuunuti ananiz (DTW). qnsa
HIBEJIIOBaHHS BIUTUBY pi3HOTO MacmrTaly oced, mnaHi
Oymo HopMami3oBaHO 10 mianasony [0, 1] 3a Gopmymoro

).

TMOPIBHAHHA HOPMani30BaHNX KPUBMX

PesynbraT HOpMmaitizaii:

—I'padix A: X € [0.00, 1.00], Y € [0.00, 1.00].
— I'padix B: X € [0.00, 1.00], Y € [0.00, 1.00].
O6uncnenns DTW-Bincrani 3a ¢popmyioro (3):

DTW(Pa, Ps) = 0.1463.

AHali3 ONTUMAaJIbHOTO HUISXY BHPIBHIOBAHHS II0-
Ka3aB:

— JomxnHa nuixy: 20 TOYOK.

— JliaroHanbpHUX TEpexoiB (TOYHUX BiAMOBIAHOC-
teit): 19 (100%).

Mertpuka Ipyroro piBHs:

Mz =1 - DTW/max{DTW} = 0.9927.

Inrepnperauis: Ilicns HopManizanii KpuBi JeMOH-
CTPYIOTh HaJI3BUYaliHO BHUCOKY T'€OMETPHYHY IIOMi0-
Hicte. 100% ngiaroHaneHMX mepexozis y DTW-mumixy
CBIIYUTH PO TIOKPOKOBY BiAIMOBIAHICTH TOYOK Oe3 HEOO-
X1THOCTI JTIOKANBHUX Je(hOopMaIlii.

Ile xapakTepHa 03HaKa TOTO, IO KPHBi MO0y J0BaHO
HAa OCHOBI iICHTHYHHUX ITaHWX 3 JIHIHHAM IEepPETBOPCH-
HSAM MaclTaoy.

Ha puc.4 mpezncrasneHo Bi3yalizalilo HOpMai3o-
BaHMX KpuBHX Ta DTW-MarpuIfo HakoMueHHX BiJCTa-
He 3 ONTHMaIbHUM LUISIXOM BUPiBHIOBAaHHSL.

DTW maTpuua HakonuyeHux BiacTaHen
(DTW = 0.1463)

1.0 —e— TIpadik A (Hopm.)

—# [padik B (HopM.)

0.8

0.6 9

0.44

0.2 4

0.0 4

04 06
X (HopmanisoBaHo)

0.0 0.2 0.8 1.0

a

— ONTUMaNbHWA WASX

Fpadik A (iHAeKE To4KKn)
Hakonu4eHa BiacTaHb

75 10.0 125
pacik B (iHaeKc To4Ykm)

0

0.0 2.5 5.0 150 175

Puc. 4. DTW-anani3 (piBens 2)

7.4. Pigenv 3: Tononociunuii ananiz oanux (TDA).
Jnst TOnoorivHOTO aHaji3y HOpMalli30BaHi jaaHi Oyio
MIPE/ICTABIICHO K XMapy TOYOK Y JBOBHMIpHOMY HpoOC-
Topi (X, y).

[To6ynoBa komIutexcy Bitopica-Pinca:

Jast xmapu Touok ['padika A:

— MinimansHa Bigctans MK Toukamu: 0.0206

— MaxkcumanbHa BijgcTads: 1.4142

s xmapu Togok I'padika B:

— MinimaneHa Bigctadb Mixk Toukamu: 0.0204

— MaxkcumanbHa BigcTads: 1.4142

OO6uuciieHHs TEPCUCTEHTHUX ToMoIoTiH Ho:

[lepcucrenTHa niarpama Qikcye MOMEHTH BHHUK-
Henns (birth) Ta 3uukHeHHs (death) TomomoriuHux 03-
HaK, a caMe 3B'I3HUX KOMIIOHEHT, Y NPOIeci 3pOCTaHHs
napamerpa Qinprpani €:

— Ilepcucrenrha niarpama A: 19 CKiHU€HHHUX TOYOK.

— INepcucrenTHa aiarpama B: 19 ckiH4eHHUX TOYOK.

Tomn-5 mepcucTeHTHOCTEH (TPHUBATICTD XKHUTTSA 03-
HaK):
Panr I'padix A I'padix B PizHuus
1 0.3021 0.3089 0.0068
2 0.1580 0.1513 0.0067
3 0.1536 0.1504 0.0032
4 0.1455 0.1466 0.0011
5 0.1436 0.1463 0.0027

Kopensist mixx nepcucrentHoctsimu: 0.9984
OO6uncnenss Bifcrani Baccepireiina:
W1 (PDa, PDg) = 0.0482
Mertpuka TpeThOro piBHS:
Mz =1-W:/max{W}=1-0.0482/2.0 =0.9759

Inrepnperanis: [lepcuctentHi aiarpamu 06ox rpa-
¢hikiB JEMOHCTPYIOTH Maike iIEHTHYHY TOIOJIOTIUHY
cTpykrypy. Kopemsmis 0.9984 mixx HaiOinbImI mepcucTe-
HTHUMH O3HaKaMH Ta Maja BincTaHb Bacceprureiina
(0.0482) miATBEpIKYIOTh, IO JaHI MAaKOTh OIHAKOBY
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TOIOJIOTIYHY "CUTHATYpy" — XapaKTepHHH aTepH 3B's13-
HOCTI Ha pi3HMX MaclTabax aHamizy.

Ha puc. 5 mpencraBiieHO NEPCUCTEHTHI JAiarpaMu
000x rpadikis.

MepcucTeHTHa Aiarpama Ho
Ipachik A (19 To4ok)

XMapK To4oK y 2D npocTopi

Touku Ha ngiarpami BimoOpaxatrors napu (birth,
death) nust KoxHOT TOTONIOT1YHOT 03HAKK. Bi3bKicTh po-
3TalllyBaHHA TOYOK Ha 000X Jiarpamax Bi3yaJlbHO Jie-
MOHCTPYE TOIOJIOTIYHY MOI0HICTS.

MepcucTeHTHa Aiarpama Ho
pachik B (19 To4OK)
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Puc. 5. TDA-anami3 (PiBens 3)

7.5. Iumeepanvna oyinka ma eepouxm. OiHambHA
OITiHKa OOYHUCITIOETHCS 32 GOPMYIIOI0 (8) i3 BArOBUMH KO-
e¢imiearamu Wy = 0.2, wo = 0.3, w3 = 0.5:

S = wi-Mi + WMo + W3-Ms.
S=0.2%0.9999 + 0.3 x0.9927 + 0.5 x 0.9759.
S =0.2000 + 0.2978 + 0.4879.

S =0.9857.

HOpiBHHHHﬂ 3 IIOPOTOBUM 3HAYCHHIM!

S =0.9857 > S_threshold = 0.85.

Bepauxr: BUSABJIEHO O3HAKU ITJIATTATY.

Ha puc. 6 npezncraBneHo 3BefeH] pe3ysibTaTH aHa-
Ji3y Ta HA pHC. { TPEJICTABICHUH BHECOK KOXHOTO PiBHS
B iHTETpajbHy OLIHKY.

7.6. Obeosopenns pezyromamis. IlpoBenenuit aHa-
JIi3 IGMOHCTPY€E e(DEeKTUBHICTh TPUPIBHEBOT CUCTEMH Be-
pudikarii:

1. PiBens 1 (M1 = 0.9999) BHSBUB CTATUCTUYHY 3a-
JISKHICTh MIXK TAHMMH, HE3BAYKAIOUX HA PI3HUINO y Mac-
mrabax ocew.

2. PiBenp 2 (M2 = 0.9927) minrBepAnB reomMeTpu-
YHY IAEHTHYHICTh (OPMH KPHBHX MiCIIsI HOpMaizarii.
100% niaronanpHux nepexoxiB y DTW-muisaxy — ne kpu-
THUYHA O3HAKa IIariary.

3. PiBenb 3 (M3 =0.9759) BHUsBUB iI€HTHYHY TOIIO-
JIOTIYHY CTPYKTYPY JaHUX, SKa € IHBapiaHTHOIO JI0 Bi3y-
aNbHUX MaHIMyJISIIiH.

Ki1r04oBi iHIUKATOPH TUIATIATY:

— Bci Tpu MeTpHKH NepeBUIYIOTh KPUTHYHI 3HA-
yennst (M; > 0.95, M2 > 0.95, M3 > 0.95).

— IaterpanbHa orinka S = 0.9857 3HauHO mepeBU-
arye mopir 0.85.

— VimoBipHicTh BHIMaAKOBOTO 36iry 3a TpHOMa He3a-
nexxHuMu Metpukamu: < 0.01%.

BusiBneni MaHImyIsii:

— 3MiHa ofMHMIL BUMIpY oci Y (MidicekyHau —
CEKyH[IN).

— 3MiHa KOJIBOPOBOI CXeMH (CHHIH — YEPBOHMIA).

— 3MiHa CTHIIIO JiHii (CyIIbHAa — IITPUXOBA).

" 0.9999 0.9927 0.9759 0.9857
0.8 1
=
x
s
Q
=
206
=
I
I
[
@04
I
m
0.2
== [lopir = 0.85
00
M1 M2 Ms
(Kopensauia) (DTW) (TDA) (lHTerpansHa)
Puc. 6. Pe3ynpraTil TpUpiBHEBOTO aHAII3Y
PieHb 1
(0.2x1.00)
PieeHb 3
(0.5x0.98)
PiseHb 2
(0.3x0.99)
Puc. 7. BHecok KOXHOTO piBH B oliHKY S = 0/9857
— 3miHa TuIy MapkepiB (Kpyriii — KBajparHi).
— 3miHa MOBM mignuciB (ykpaiHCbKa — aHIJIH-
CbKa).

— 3wmiHa
OptimizedSort)

JKomHa 3 mux MaHIMMyIIid He BIUIMHYJIA Ha 3/1aT-
HICTh CHCTEMH BUSBUTH IUIATiaT, OCKUIBKU aHami3 0a3y-
€THCS Ha 3MICTIi TaHUX, a HE Ha Bi3yaJbHOMY IIpPEICTaB-
JICHHI.

Ha3Bu anroputMmy (QuickSort —
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BucHoBkH

Y po0oTi 3amponIOHOBaHO Ta OOTPYHTOBAHO TPHUPI-
BHEBY cUcTeMy BepHdikalii rpagiyHOro KOHTEHTY Hay-
KOBHX IyOJIiKamiil 1151 BUSIBICHHS TUIariaTy Ha piBHI 3Mi-
cty nanux. [IpoBenene pociikeHHS 103BOJIsIE cHopMy-
JIFOBAaTH TaKi OCHOBHI Pe3yJIbTaTH Ta BUCHOBKH.

[IpoananizoBaHO cy4acHHH CTaH IMpoOIEMH BHSIB-
JIeHH TU1ariaty rpadidHoi iHpopmanii y HayKoBUX ITy0-
mikamisx. BcraHoBNeHO, 1m0 icHyro4i KOMepmHiiiHi cuc-
temu (Proofig, Imagetwin) edexTuBHi numre s BUSIB-
JICHHA Bi3yaJbHUX IyOJiKaTiB Ta HE 3/aTHI i1eHTH(IKY-
BaTH CEMAaHTHYHO iJICHTHYHI JJaHi y PI3HOMY Bi3yallb-
HOMY TIPEICTABIICHHI.

Po3po0scHO KOMIUIEKCHUN TPHUPIBHEBUH MMiAXIJ,
110 MO€AHYE PEBEPC-IHKUHIPUHT JaHUX 3 rpadiuyHuX 30-
OpakeHb, FEOMETPUYHUI aHai3 GopMH KPUBHX Ha OC-
HOBI anroputMmy Dynamic Time Warping (DTW) ta To-
noJioriyHuit ananiz nanux (TDA) 3 BUKOpHUCTaHHSM Iie-
PCHUCTEHTHUX TOMOJIOTIH.

KoskeH piBeHb aHami3zy 3a0e3mnedye BUABICHHS TITa-
riarty, IKUi Moxe OyTH 3aMacKOBaHHUH Ha ITONIEPEAHBOMY
PiBHI, IO CTBOPIOE OaraTopiBHEBY CUCTEMY 3aXHUCTY Bif
PI3HUX THITiB MaHIMYJISMIN.

Briepiie 3acTocoBaHO TOMOJOTIYHI iHBapiaHTH Ta
BiZicTaHb BaccepmiTeiiHa Mk IEpCHCTEHTHUMH Jiarpa-
MaMH JUIsl OPIBHSHHS 3MICTy rpadiuyHuX JaHUX y Hay-
KOBHX IyOuikanisx. Tonomoriunuii miaxin 3abesmnedye
CTIHKICTH 10 TOMEOMOP(HUX EPETBOPEHB IaHHUX, BKITIO-
Yalo4M HeJiHiliHI Aedopmalii, 0 € IPUHIUIIOBOIO Iie-
peBaror mepe TPaaUILifHUMHA METOJAMH MOPIBHIHHSI
300pakeHb.

OOrpyHTOBaHO MaTeMaTH4HHUIl amapar Uil KOX-
HOTO piBHA aHaNi3y: KoedimieHT kopemmnii [Tlipcona mis
OILIHKH CTATUCTUYHOI 3aJIeKHOCTI €KCTPAaroBaHMX JIaHUX
(piBens 1), HOpMamizoBana DTW-BincTanb uis mopis-
HSHHS TeoMeTpii KpuBUX (piBeHs 2), Binctanb Baccepm-
TeifHa MK TIEPCUCTEHTHUMH JliarpaMaMu JUIsl TOTOJIOT -
YHOTO MOPIBHIHHS (piBEHb 3).

3arpornoHoOBaHO IHTErpalbHy METPUKY OLIIHKHU MO-
ni6HOCTI rpadikiB

S=wiMi + w2 M2+ w3-M;
3 BaroBUMH KoedilieHramu

W1 = 0.2, W2 = 0.3, W3 = 0.5,
IO BiJOOpakaroTh 3pOCTAlOuy CTIMKICTh KOKHOTO Ha-
CTYIHOTO DiBHS O MacKyBaHHs Iuiariaty. Emmipuano
BU3Ha4yeHo noporose 3HadeHHs S_threshold = 0.85, mo
BiJINIOBiJ]a€ PiBHIO CTATHCTHYHOI 3HauyImocti o = 0.05.

ExcniepuMeHTanbHO MiATBEPIKEHO €(EeKTUBHICTH
3aIpOMOHOBAHOTO MiAXOXy Ha NMPHUKJIAAI BUABICHHS 3a-
MacKoBaHOTo Iutariaty rpadikis. Cuctema yCIIIIHO
ineaTudikyBana miariat (S = 0.9857 > 0.85) y Bumaaxky,

KOJIM Tpadiky Bi3yalbHO CYTTEBO BiJpi3HSUIMCA 32 KO-
JHOPOM, CTHIIEM JIiHiH, MacIITabOM OCeil Ta MOBOIO ITiJI-
THCIB.

Tpaauiifini MeTOIU TMOPIBHAHHS 300pakeHb HE
3MOTJIH O BUSIBUTH MOAIOHICT Y IIbOMY BHITQJIKY.

[Toxazano, mo TpupiBHEBa apXiTeKTypa 3abe3mnedye
CTIMKICTP IO PI3HUX THIIB Bi3yalbHUX MaHIMyJISAIiN:
MIPSIMOTO KOIIIOBAaHHS, 3MiHH MacmTady Ta OMWHHUIb BHU-
Mipy OCeii, ToaBaHHs IIyMy, HEeMiHITHUX nedopmarii,
3MiHH KOJILOPOBOI CXEMH, CTHIIIO JIiHIM Ta THIy MapKe-
piB. Tomomoriyanii piBeHs aHAJI3Y € HAHOIIBII CTIHKIM
1 BUSIBJISE IUIariaT HaBIiTh NPH KOMIUIEKCHUX MaHIITyJIsi-
LisX.

[IpakTiyHa 3HAYYLIICTh OTPUMAHUX DE3yJIbTATIB
ToJIATae y MOXJIIMBOCTI 1HTErpalii 3alponoHOBaHOI CHC-
TEMH 3 iICHYIOUHMMH IJIaThOpMaMH MEPEBIPKU aKaieMid-
HOI JOOPOYECHOCTI I KOMILJICKCHOT Bepudikallii Hay-
KoBuX myOumikamifi. Cuctema Moke OyTH BHKOpHCTaHa
peakKLisiIMUA HAyKOBHUX JKYpHAJIIB, EKCIICPTHUMH paIaMH
Ta YCTAHOBaMH, IO 3AIHCHIOIOTH aTecTalilo HayKOBHX
KaJIpiB.

[epcrieKTHBH MOJAJBIINX JOCHIUKEHb BKIIIOYA-
10Th!

— PO3IUMPEHHS] METOY Ha iHIII TUIH Bizyasi3amii:
ricrorpamu, Kpyrosi jgiarpamu, TerioBi kapti, 3D-rpa-
¢iku Ta GaraToBUMIpHI Bi3yauizauii;

— 3aCTOCYBaHHs METO/IB INTMOOKOT0 HaBYaHHS JUIS
ABTOMATH3aLlil eTaly eKCTpaKiii JaHux 3 rpadikis;

— po3poOKy MeXaHi3MiB aBTOMATHYHOTO BH3HA-
YeHHs ONTHUMAalbHUX BaroBWX Koe(illi€HTiB HA OCHOBI
Tuny rpadika;

— CTBOPEHHSI BiIKpUTOT 0231 JaHMX IS TECTYBaHHS
Ta TMOPIiBHAHHS aNTOPUTMIB BHUSBJIICHHS IUIariaty rpadi-
KiB;

— JIOCITIPKEHHSI MOXKJIMBOCTI 3aCTOCYBaHHS MEPCH-
CTEHTHHUX TOMoJIorii Buiux mopsakis (Hi, Ha) mis ana-
T3y CKIAIHIIIMX CTPYKTYp JaHUX;

— IHTerpaiilo 3 iCHyIOUUMH CUCTEMaMH IepeBipKU
miariaty (Turnitin, iThenticate) fu1st CTBOpEHHST KOMILITE-
KCHOTO PillICHHS.

KonduaikT inTepecis

ABTOpH JI€KJIApPYIOTh, LII0 HE MAIOTh KOH(IIKTY 1H-
TEpeciB CTOCOBHO JAHOTO JOCIHIKEHHS, B TOMY YHCII
(hiHAHCOBOTO, 0COOHMCTICHOTO XapaKTepy, aBTOPCTBA YU
IHIIOTO XapakTepy, 0 Mir OW BIUIMHYTH Ha JOCIHi-
JOKEHHS Ta WOTO pe3yibTaTH, MPEACTaBlIeHI B JaHiit
CTaTTi.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJIEKTY

ABTOpH MiATBEPIKYIOTh, 10 HE BUKOPHUCTOBYBAJIH
TEXHOJIOTI] IITY9HOTO iHTEJEKTY NPH CTBOPEHHI IMpen-
CTaBJIeHO1 poOoTH.
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Three-level verification system for graphical content of scientific publications based on topological data analysis
Maksym Glavchev, Yuliia Hlavcheva, Maksym Lipchanskyi, Oleksii Balenko

Abstract. Object of research is the process of verifying graphical content in scientific publications. Subject of research
is methods and algorithms for detecting plagiarism of graphical information based on data content analysis. The aim of the work
is to develop and substantiate a three-level system for verifying graphical content in scientific publications. Research results. The
paper proposes a novel comprehensive method for detecting plagiarism of graphical information in scientific publications. Unlike
existing systems (Proofig, Imagetwin) that detect only visual duplicates, the proposed approach analyzes the content of graph data.
The method is based on a combination of three levels of analysis: reverse engineering of numerical data from graphical images,
geometric analysis of curve shapes using the Dynamic Time Warping (DTW) algorithm, and Topological Data Analysis (TDA)
using persistent homology and Wasserstein distance. The scientific novelty lies in the application of topological invariants for
comparing the content of graphical data, which ensures robustness against visual manipulations: changes in axis scale, color
scheme, line style, and label language. An integrated metric for assessing graph similarity has been developed. The effectiveness
of the approach is confirmed by an example of detecting masked plagiarism.
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COMPARATIVE ANALYSIS OF MODERN CRYPTOGRAPHIC CIPHERS
AND THE AES ALGORITHM

Abstract. The growing intensity of cybersecurity threats has made information protection a critical issue in the modern
digital landscape. Cryptographic algorithms serve as a fundamental mechanism for maintaining data confidentiality and
integrity across information systems. The Advanced Encryption Standard (AES) continues to be one of the most trusted and
extensively deployed encryption algorithms; however, a range of modern cryptographic alternatives has emerged, offering
different performance and security characteristics. This paper presents a comparative analysis of both symmetric and
asymmetric ciphers based on key criteria such as security level, computational efficiency, and resistance to cryptographic
attacks. The strengths and weaknesses of each algorithm are examined, along with their suitability for various application
environments. Particular emphasis is placed on the practical use of AES and competing ciphers in sectors including finance,
telecommunications, and healthcare. The results of the comparison provide guidance for selecting appropriate cryptographic
solutions for safeguarding sensitive data and contribute to a broader understanding of the effectiveness of contemporary

cryptographic technologies.

Keywords: cryptography, functions, cypher, aes, operator, algorithm.

Introduction

In the modern digital world, the issue of information
protection has  become  extremely  relevant.
Cryptographic algorithms are the basis for secure data
transmission, protection of confidential information, and
the functioning of most cybersecurity systems. Among
the numerous encryption methods, AES (Advanced
Encryption Standard) occupies a special place, which has
become the international standard for block data
encryption [1].

The growing dependence of society on digital
technologies has significantly increased the volume of
sensitive data processed and transmitted through open
communication  channels.  Financial transactions,
personal records, medical information, and government
data are constantly exposed to potential cyber threats. In
this context, cryptographic protection plays a crucial role,
as it provides a mathematically grounded mechanism for
preventing unauthorized access, data leakage, and
information manipulation. Unlike organizational or
software-based  security measures, cryptographic
methods ensure data protection even in untrusted
environments, making them a fundamental component of
modern information security systems. However, the
development of information technology, the emergence
of new types of threats, and the need for efficiency for
devices with limited resources prompt us to compare
AES with modern alternatives [2].

The purpose of this article is to review and
compare several modern cryptographic ciphers with the
AES algorithm according to the main criteria: security,
speed, resource efficiency, and application prospects.

1. Overview of the AES algorithm

AES, also known as Rijndael, was officially
adopted as the encryption standard by the National
Institute of Standards and Technology (NIST) in 2001. It
is a symmetric block cipher that encrypts data in 128-bit
blocks and supports key sizes of 128, 192, and 256 bits.
Its security is achieved through a multi-layered structure

of substitutions, permutations, and linear transformations
applied over multiple rounds, which provides strong
resistance against cryptanalytic attacks [3]. One of the
key strengths of AES is its combination of high security
and efficiency. Unlike older algorithms such as DES,
AES can withstand modern attack techniques, including
differential and linear cryptanalysis. Its robustness has
been thoroughly tested over decades of academic and
practical scrutiny, making it one of the most trusted
cryptographic algorithms for protecting sensitive
information.

AES also benefits from widespread hardware
support. Many modern processors include AES-NI
instruction sets, which allow encryption and decryption
operations to be executed directly by the CPU,
significantly improving performance. This hardware
acceleration makes AES suitable for both high-
performance server environments and resource-
constrained devices that require fast and reliable
encryption.

The practical applications of AES are extensive. It
is widely used in securing internet communications
through protocols such as TLS and IPsec, in wireless
networks including Wi-Fi, in cloud storage solutions, and
in enterprise security systems. Its ability to protect data
while maintaining high speed and low computational
overhead has made it a default choice for both
governmental and commercial applications.

In the current digital landscape, organizations face
an increasing number of sophisticated cyber threats,
including ransomware, data breaches, and targeted
attacks on critical infrastructure. AES plays a pivotal role
in mitigating these risks by ensuring that sensitive data
remains encrypted and unreadable even if intercepted. Its
proven resilience against cryptanalytic attacks and
compatibility with modern cybersecurity frameworks
make it a fundamental tool for defending against both
external and internal threats, protecting personal,
corporate, and governmental information.

Moreover, AES’s flexible key sizes allow
organizations to balance performance and security based
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on specific needs. For example, AES-128 provides strong
security with minimal computational cost, while AES-
256 offers an even higher level of protection suitable for
long-term data confidentiality in critical environments.

2. Modern Cryptographic Ciphers

2.1. ChaCha20-Poly1305. ChaCha20-Poly1305 is
a stream cipher combined with an authentication
mechanism that ensures both confidentiality and data
integrity. It was designed to achieve high performance in
software-based implementations, particularly on mobile
and embedded platforms where hardware acceleration for
AES is unavailable.

The ChaCha20 algorithm relies on simple arithmetic
operations such as addition, rotation, and XOR, which
contributes to its speed and resistance to cryptographic
attacks. Today, ChaCha20-Poly1305 is widely deployed in
modern communication protocols, including TLS 1.3 and
QUIC, and is used by major platforms such as Google,
Cloudflare, and OpenVPN [4].

2.2. Twofish and Blowfish. Twofish was one of the
final candidates in the AES standardization process. It is
a symmetric block cipher that operates on 128-bit blocks
and supports key lengths of up to 256 bits. The algorithm
is based on a Feistel network structure, which provides
flexibility and strong cryptographic properties. Although
Twofish performs well in software environments, its
more complex design generally makes it slower than
AES [5].

Blowfish, introduced in 1993, is the predecessor of
Twofish. Despite being used in certain legacy systems,
Blowfish is now considered outdated due to its fixed 64-
bit block size, which does not meet the security
requirements of modern cryptographic applications [6].

2.3. Serpent. Serpent is another algorithm that
reached the final stage of the AES competition. It
employs 32 rounds of encryption, resulting in a very high
level of security. However, this design choice negatively
affects performance, making Serpent slower compared to
AES. As a result, Serpent is typically used in scenarios
where security is prioritized over speed [7].

2.4. Lightweight Ciphers. The expansion of the
Internet of Things (loT) has increased demand for
cryptographic algorithms that can function effectively on

devices with limited processing power, memory, and
energy resources. Lightweight ciphers such as
PRESENT, Simon, and Speck are specifically designed
for such environments. While they offer acceptable
performance for sensor networks and embedded systems,
these algorithms are generally less trusted than AES or
ChaCha20 due to limited cryptanalysis and
standardization [8].

3. Comparison criteria

Cryptographic algorithms are commonly evaluated
using several fundamental parameters:

1. Security. AES remains a reference standard, as
no practical attacks have been discovered that
compromise its security. ChaCha20 is also considered
robust against known cryptanalytic attacks, while
Twofish and Serpent continue to provide sufficient
security for real-world use. Blowfish, however, is
regarded as obsolete because of its small block size [2].

2. Performance. In software-only implementations
without hardware acceleration, ChaCha20-Poly1305
often outperforms AES by a factor of two to three. When
AES-NI instructions are available, AES becomes the
fastest option. Serpent is comparatively slow due to its
high number of rounds, while Twofish offers moderate
performance [2].

3. Resource efficiency. Lightweight ciphers
require minimal memory and energy, making them
suitable for constrained devices. AES demonstrates
moderate resource usage, particularly when supported by
hardware optimizations [2].

4. Resistance to side-channel attacks. Modern
implementations of AES and ChaCha20 are designed to
mitigate side-channel threats, including timing and
power analysis attacks. Serpent is also noted for its
resistance to such attacks because of its straightforward
S-box structure [2].

5. Areas of application. AES is widely adopted in
government, military, and enterprise systems. ChaCha20
is commonly used in mobile environments and modern
network protocols. Twofish and Serpent are mainly
applied in experimental or specialized security solutions

2.

4. Comparative analysis (Table 1)

Table 1 — Comparative analysis

Algo- | Encryption Key Security | Speed of Main advantages Main disadvantages
rithm type length level operation
DES Symmetric 56 bits Low High Ea_se of mp_leme_ntatnon, LO\_N cryptographic strength,
historical significance easily cracked by brute force
3DES | Symmetric 112{168 Medium Low Higher level of security Slow operation, outdated
bits compared to DES approach
High speed, scalability,
AES Symmetric 128/t1)?é/256 High High resistance to attacks, Requires secure key exchange
flexibility of application
RSA Asymmetric 1024_41096 High Low Sec_ur_e key exchange, Slow encryption speed of large
bits digital signatures data, significant resources
4.1. Implementation Aspects and Practical a cryptographic algorithm largely depends on

Deployment Challenges. Beyond theoretical security
and performance metrics, the real-world effectiveness of

implementation quality and deployment context. Even
the strongest cipher may become vwvulnerable if
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implemented incorrectly or integrated into insecure
protocols. Therefore, practical considerations such as key
management, operational modes, and resistance to
implementation flaws are essential components of
comparative evaluation [9]. One of the critical aspects of
symmetric encryption is the selection of an appropriate
mode of operation. AES, for example, can be deployed in
various modes, including CBC (Cipher Block Chaining),
CTR (Counter Mode), and GCM (Galois/Counter Mode).
Among these, authenticated encryption modes such as
AES-GCM have become the preferred standard because
they provide both confidentiality and integrity protection.
Improper configuration—such as reuse of initialization
vectors or weak randomness—can significantly
undermine security regardless of the algorithm’s
mathematical strength [6]. ChaCha20-Poly1305 addresses
many of these concerns by integrating encryption and
authentication into a unified construction. This design
reduces the risk of configuration errors and simplifies
secure implementation. As a result, it is often considered
less error-prone in practice compared to block cipher
constructions that require careful combination with
separate authentication mechanisms. Another important
implementation factor is protection against side-channel
attacks. While theoretical cryptanalysis focuses on
mathematical weaknesses, practical attacks often exploit
timing differences, power consumption patterns, or
electromagnetic emissions. Modern AES
implementations frequently rely on constant-time
execution and hardware instructions such as AES-NI to
mitigate  timing-based  vulnerabilities.  Similarly,
ChaCha20 was intentionally designed to avoid data-
dependent memory access patterns, thereby reducing
exposure to timing attacks in software environments.

Resource constraints also influence deployment
decisions. In embedded systems, memory footprint and
energy consumption can be decisive factors. Lightweight
ciphers are optimized for minimal hardware gates and
reduced computational complexity, making them
attractive for microcontrollers and sensor networks.
However, in high-throughput server infrastructures,
hardware-accelerated AES typically achieves superior
performance and scalability [4].

Interoperability and ecosystem support further affect
practical adoption. AES benefits from two decades of
widespread integration into operating systems, network
protocols, cryptographic libraries, and hardware modules.
This maturity ensures compatibility, long-term support,
and comprehensive security evaluation. By contrast, newer
or more specialized algorithms may lack extensive tooling,
certification frameworks, or regulatory recognition, which
can limit their deployment in governmental or highly
regulated sectors [8].

4.2. Risk Assessment and Algorithm Selection
Strategy. When selecting a cryptographic algorithm,
organizations must consider a comprehensive risk
assessment framework. The decision should not rely
solely on theoretical security strength but should also
account for operational lifespan, threat models,
infrastructure capabilities, and regulatory requirements.

For short-term data protection in controlled
environments, AES-128 may provide sufficient security

with optimal performance. For long-term confidentiality,
especially in government or critical infrastructure
systems, AES-256 is often recommended due to its
higher resistance to potential future computational
advancements. In mobile and cloud-based applications
where hardware acceleration is unavailable, ChaCha20-
Poly1305 may offer superior performance without
compromising security [6].

In 10T ecosystems, the choice becomes more
nuanced. While AES can be implemented efficiently in
hardware, extremely constrained devices may benefit
from lightweight algorithms. Nevertheless, such
decisions must carefully balance efficiency gains against
reduced cryptanalytic maturity and potential
interoperability challenges.

Ultimately, no single algorithm can be considered
universally optimal for all scenarios. Instead,
cryptographic agility—the ability to transition between
algorithms as threats evolve — has become an essential
principle of modern cybersecurity architecture. Systems
should be designed to support algorithm updates without
requiring complete infrastructure replacement, thereby
ensuring long-term adaptability [6].

5. Future Trends in Symmetric Cryptography
and Post-Quantum Considerations

The continuous advancement of computing
technologies has a direct impact on the development of
cryptographic systems. One of the most significant
emerging challenges is the potential rise of quantum
computing, which threatens many classical encryption
schemes. Although symmetric algorithms such as AES are
more resistant to quantum attacks than asymmetric ones,
long-term security considerations remain essential.

Quantum algorithms like Grover’s algorithm could
effectively reduce the security level of symmetric ciphers
by half. Consequently, AES-256 is increasingly
recommended for applications that require long-term
data protection. This highlights the adaptability of AES,
which can maintain its relevance by increasing key size
without altering the underlying algorithm. [8]

At the same time, modern cryptographic research
emphasizes the importance of simplicity and resistance
to implementation-based attacks. Algorithms such as
ChaCha20 demonstrate that efficient and transparent
designs can enhance both security and performance.

In addition, the growing number of loT and
embedded systems continues to drive interest in
lightweight cryptographic solutions. While these ciphers
are not intended to replace AES in critical infrastructures,
they serve as valuable alternatives for environments with
strict resource limitations.

6. Standardization efforts by organizations such as
NIST remain crucial in shaping the future of
cryptography. The widespread adoption of AES and

ChaCha20 illustrates the importance of extensive
analysis, transparency, and long-term trust in
cryptographic standards [9].

Conclusions

The conducted analysis confirms that AES
continues to be the “gold standard” of symmetric

60



ISSN 2073-7394

CucreMu yrpaBiiHHs, HaBirarii Ta 38's3ky. 2026. Ne 1

encryption, offering a balanced combination of strong
security, high performance, and broad hardware support.
Nevertheless, modern stream ciphers such as ChaCha20-
Poly1305 provide notable advantages in software-based
and mobile environments. Twofish and Serpent remain
secure alternatives, although their performance is
generally inferior to that of AES. Lightweight ciphers
play an increasingly important role in IoT applications,
where resource efficiency is critical.

Therefore, the selection of a cryptographic
algorithm should be based on specific operational
requirements, including available resources,

AES remains a universal solution, while modern ciphers
effectively complement it in specialized use cases.
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IMopiBHsIIbHMIAT aHANI3 cyyacHUX KpunTorpagiynux mudpis ta anropurmy AES
I'. B. l'onogko, O. A. Pynenko

AHoTanisi. 3poCTaHHs iIHTEHCHUBHOCTI Kibep3arpo3 y cydacHoMy LM(pPOBOMY cepeloBHII poOHUTh 3axucT iHdopmarii
KPUTUYHO BaXJIMBUM 3aBiaHHAM. Kpuntorpadiuxi airoputMu € (QyHZaMEHTaNbHUM MeXaHi3MOM  3abe3nedeHHs
KOH(}iAeHIiHOCTI Ta wHimicHOCTI naHuX B iHGopMmariiiHux cucremax. Cranmapt posumpenoro umdpysanas AES (Advanced
Encryption Standard) 3anumaerscss 0JHAM 13 HAHOUIBII HAAIHHMX i MIMPOKO 3aCTOCOBYBAHUX ANTOPHUTMIB, MPOTE 3 SIBISIETHCS
Jenani OiIbIe Cy9acHUX KpHnTorpadidHuX aJbTepHATHB i3 PI3SHUMHU XapaKTEePUCTHKAMH OE3IIeKH Ta IPOAYKTHBHOCTI. Y poboTi
NPOBE/ICHO TOPIBHJIBHUN aHai3 CUMETPUYHUX 1 aCHMETPUYHUX IIH(PIB 3a KIIOYOBHMH KPUTEPisIMH, 30KpeMa piBHEM
3aXHUIIEHOCTI, OOYHCITIOBAIBHOIO e(heKTHBHICTIO Ta CTIHKICTIO 10 KpunrorpadidHux arak. Po3risHyTo mepeBaru i 0OMeXeHHs
KOYXHOTO aJITOPUTMY, @ TaKOXK OL[iHEHO JOLIIBHICTh 1X BUKOPHCTaHHS B PI3HUX NMPUKIAAHHX cepepoBuinax. OcobnuBy ysary
NPHIIICHO NPaKTHYHOMY 3acTocyBaHHIO AES Ta KOHKypyIOUnX aaropuTMiB y QiHaHCOBIH cdepi, TeNeKOMYHIKaIiIX i MEIHUIHHI.
OTpuMaHi pe3yIbTaTh CIPHUAIOTH BUOOPY ONTHMAIbHUX KpUNTOrpadiqHUX PIMIeHb I 3aXUCTy KoHQineHniitnol inpopmanii ta
MOTTIMOIIIOIOTH PO3YMIHHS €()eKTUBHOCTI Cy9aCHUX KPUNTOTPapidHUX TEXHOJIOTIH.

Kawuosi caoBa: kpunrorpadis, dpynkuii, umepp, AES, oneparop, anropurmio
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ONITUMIBALIA NPOAYKTUBHOCTI XMAPHHUX CEPBICIB:
METO/IHU TA iX EGEKTUBHICTbH

AHoTaunisi. AxryanpHicTh. ONTHMI3AIA MPOLYKTUBHOCTI XMAapHHUX cepBiciB HaOyBae KPUTHYHOTO 3Ha4eHHS y 2025-
2026 pokax 4epe3 eKCIOHEHIIHHHUI picT 00CATIB AaHUX, 10 00pPOOIIOTECS B LU(POBUX EKOCHCTEMaX, Ta HEOOXiqHICTh
LIBUAKOT ajanTamii 10 JUHAMIYHUX HABaHTAXXCHb, CIPHUUYMHEHHX BIPOBALKEHHAM mTyyHoro inrenekry (ILI) ta IoT-
MPUCTPOIB. 3riHO 3 MPOrHO3aMH, TII00ANPHUI PHHOK XMapHUX 00uuciIeHb 3pocTae Ha 20—25% mopivyHo, a B YKpaiHi e
TPEHJT TOCHITIOETHCS JIep>KaBHIMY iHiNiaTHBaMH, TakuMH sk HarioHaneHa crparerist po3sutky LI mo 2025 poky, sika BH-
3Ha4Ya€ XMapHi CEpBICH SIK KIFOYOBY iHQpacTpykTypy. OfHAaK, YacTi iHIUACHTH 3 IepeBaHTKCHHIMH, BUTpaTaMu Ta Ge3rre-
KOIO, OCOOJIMBO B yMOBaxX HEPreTHYHOro NedilliTy Ta reoNnoJiTHIHNX PH3UKIB, CBIAYATH PO (pparMeHTapHICTh CyYacHUX
MIPaKTUK onTuMizamii. ¥ Gi3Heci Ta AepKaBHOMY YHpaBIiHHI YKpaiHH, ie XMapHi TEXHOJOTi{ BIPOBAIKYIOTECS I UG-
poBizamii, HeeeKTHBHE YIPaBIiHHI pecypcaMu MPU3BOAUTE 10 BTpar 10 30—40% 6romkery Ha IT. Lle pobuts Temy ctpa-
TEriyHO BOKJIMBOIO I 3a0€3MeUeHHs] KOHKYPEHTOCIIPOMOXKHOCTI, CTaJOro pO3BHTKY Ta CTIMKOCTI 0 Kibep3arpo3 y Myib-
TUXMapHUX cepenouniax. O0’€KToM OCHIIKEHHs] € CyJacHI XMapHi cepsicu, Bkmodatoun laaS, PaaS Ta SaaS-moneni
npoBaiinepiB Ha kmrant AWS, Google Cloud, Azure Ta JToOKaIPHUX YKpaiHCHKUX IUIAT(OPM, 3 aKIIEHTOM Ha iX MPOAYKTHB-
HICTB IiJ] 3MiHHAMH HaBaHTaXeHHsAMHU. Oco0nuBa yBara IpHIUSEThCS YKPAiHCEKOMY PHHKY, /i€ TIOpHAHI XMapHi pillleHHs
TIOETHYIOTECS 3 JIOKAJIBHOIO 1H(PPACTPYKTYPOIO JUISl MO0TIaHHS 0OMEXEHb IHTEPHET-IIPOITYCKHOT 3AaTHOCTI Ta PeryisTop-
HUX Oap’epiB. JloCHimKeHHs OXOIUTIOE KJIIOYOBI aCIIeKTH: TUHAMIYHUH PO3IOILI pecypciB, OanlaHCyBaHHS HaBaHTAKCHHS,
aBTOMaTH4HEe MaciuTadyBaHHs Ta iHTerpauito I s nporrosyBanHs nonuty. MeTa — cucTeMaTu3yBaTH METOAM ONITHMi-
3a11ii, BUSIBUTH BUKJIMKHM MaclITabOBaHOCTI, Oe3meky i eHeproeekTHBHOCTI, a TAKOXK PO3pOOHTH peKOMEHaMii IS BIIPO-
Ba/pKeHHS B Oi3Heci (fintech, e-commerce) Ta nepkaBHOMY CEKTOPi (€IIEKTPOHHE BPSAYBaHHS, KPUTHIHA iHPPACTPYKTYpa)
3 ypaxyBaHH:IM crierdiku Ykpainu. MertogoJoris. Y cTarTi 3aCTOCOBAHO KOMIDIEKCHHN MiAXif, IO BKJIIOYAE TOPiBHAIb-
HUI aHaJi3 Cy4acHUX METOIIB ONTHMI3allii Ha OCHOBI JaHUX peaHallizy XMapHuX npoBaiiaepis (AWS Auto Scaling, Google
Cloud Autoscaler, Azure Autoscale) Ta keliciB BpoBamkeHHs B 2025 pori. BukopuctaHo eKcliepTHY OLIHKY PH3HKIB 3 (a-
KTOPHOIO MOJIEIUTIO, sIKa KiIacu(ikye NpuIrHu HeedeKTuBHOCTI (JIIOACHKHIH (akTop, MepeBaHTaXeHHs], cinadke mudpyBaH-
Hs), 8 TAKOXK MaTeMaTHYHE MOJCIIOBaHHS onThMisalii uepe3 merpuku SLO/SLA, niniliHe mporpamyBaHHsS sl OanaHCy
BUTPAT 1 MPOAYKTUBHOCTI. JIonaTkoBO MpoBeeHO aHali3 MibkHapogHux cranaaptiB (ISO 27001 mis 6e3neku, Green Cloud
JUIsl eHeproeeKTHBHOCTI) Ta perioHalbHUX IaHUX YKpaiHW, BKIIOYAIOYM YHCeNbHI ekcriepuMmeHTH 3 IlI-anropurmamu
MIPOTHO3YBaHH: (MalIMHHE HAaBYaHHS 1 autoscaling). KinpkicHi omiHKA 06a3yrOThCSI HAa CTATUCTHII: 3MEHIIIEHHS BUTPAaT Ha
30% mnpu Al-aBromarusarii, MoHiToprHT depe3 Google Cloud Monitoring Ta MomeTIOBaHHS €HEPTOBUTPAT JaTa-IEHTPIB.
Pesyasraru. JlocmimkeHHs MATBEPINIIO, MI0 KIFOYOBUMH METOIAMH ONTHMI3allil € AMHAMIYHHN PO3MOALT pecypcis 3 Al-
MIPOTHO3YBAaHHAM, SIKHH 3MEHIIye over-provisioning Ha 25-40%, Ta aBTOMaTHYHE MacIITaOyBaHHSI, IO pearye Ha IIKOBi
HaBaHTAXEHHS 3a CEKyHIH, 5K y BUNajky Pinterest 3 AWS (3HmxkenHs Butpar Ha 30%). banaHcyBaHHS HaBaHTa)KeHHs Ta
serverless-apXiTeKTypH HiJBHUINYIOTh MIBUIKOII0 Ha 38—60%, ycyBatoun npocToi. Bukinky BKiIrO4aroTh Oe3neky (Herpa-
BuiibHe IAM, cnini 30HM B eheMepHUX pecypcax), eHeproedeKTuBHIiCTh (3pocTanHHs criokuBaHHS Ha 40% uepes LI) Ta
MaciutabyBaHHs B YKpaiHi (oOMexxeHa iHdpacTpykTypa, TiHboBa IT). [TopiBHsHHS mpoBaiinepis mokasano nepesary riopu-
nHuX Mofeneit: Kubernetes-opkectpartist 3 multi-cloud ckopouye latency na 40%, a kBaHTyBaHHS HelfpoMepex — 00IHCITIo-
BasbHI BUTpatH Ha 40%. B ykpalHChKOMY KOHTEKCTi BHSBICHO HEPiBHOMIPHICTh BIPOBAPKEHHS: O13HEC eKOHOMHTH HA af-
MiHax, ajie Aep>KCEKTOp CTpakaae Bix eHeprogedinuTy. BucHOBKH. 3amporoOHOBaHO KOMIUICKCHUI MiAXiM IO ONTHUMI3aLii:
inTerpanito Al ms predictive scaling, crangapruzaniro BRM-nioni6HuX npouemyp A1t XMap (aJanTHBHI TPOTOKOIH PU3HK-
MEHEIDKMEHTY ), TapMOHI3allil0 3 JIOKAJIBHUMH JaTa-IeHTPaMH Ta BiJHOBIIOBAHUMH JDKepenaMu eHepril uist 3HmkeHHs CO:
Ha 30%. Pexomennanii anst Ykpainu: BnpoBa/pkeHHs autoscaling down y HepoGoumii yac, TectyBanHs Oe3neku (CSPM,
SIEM), monitopunr SLO/SLA Ta tpeninru mus HlI-ynpasninas pecypcamu. /loBeIeHO IOUINBHICTh TIOPUAHUX pillleHb
JUIsL CTAJIOT0 PO3BUTKY LM(POBOI €KOCHUCTEMH, 110 3abe3nedye HaJ[iHHICTh, €KOHOMIYHICTh i KOHKYpPEHTOCIIPOMOXKHICTb Y
Oi3Heci Ta JepKynpaBiliHHi, 3 TTOTEHIliaJloM cKopodeHHs BUTpar Ha 30—50% Ta miaBUIEHHS MpoayKTUBHOCTI. Lleit miaxin
CTBOPIOE OCHOBY JIJISI ITPOTHO3YBAaHHS HABAHTAXKEHb 1 MiHIMI3amii pu3ukiB y 2026 pori Ta gaii.

Knw4yoBi cnoBa: auHamiuHMH po3monin pecypci, 6anaHCyBaHHS HaBaHTa)KCHHs, aBTOMaTHYHE MacluTaOyBaHHs, Ma-
IIMHHE HABYaHHS, MyJIbTHKPUTEpiaNbHa ONTUMI3allisl, eHeproeeKTHBHICTh, MaCIITa00BaHICTh, HANIHHICTD.

90 %, ycepenHeHi MOKa3HUKH mofaHi Ha puc. 1. Odiriii-

Beryn .
Ha CTaTHCTHUKA BUKOPUCTAHHS XMAapHUX PECypCiB B YKpa-

AKTyasbHICT TEMH ONTHUMi3alii NPOXYKTHBHOCTI
XMapHHUX CepBICiB OOyMOBJIEHA CTPIMKHM PO3BUTKOM
IU(POBUX TEXHOJOTIH 1 BCe OIIBIINM 00CITOM JaHUX Ta
00YNCITIOBAaTIFHUX 3aBJaHb, SIKI MIEPEHOCSITHCA y XMapHi
cepenoBumia. Y 2025 pomi XMapHi TEXHOJOTIl cTamu
CTpareriyHoo miarGopMoro it 6i3HeCY Ta opraHizarii,
OCKUTBKH JI03BOJISIIOTH 3a0e31edyBaTi MacuTaboBaHiCTh,
THYYKiCTh Ta eKOHOMIuHYy edexTuBHICTh IT-iHPpacTpyk-
TypH. 3rigHo [1] 4acTka BUKOPHCTaHHS XMapHHUX pecyp-
ciB y pi3HUX ramyssx Ha 2025 pik cranoBuTb Big 40 % 1o

fHi y 2025 poui CBiTYHMTH NPO IOCTYIIOBE 3POCTAHHS
TIOMYJISIPHOCTI XMapHUX TEXHOJOTIH y PI3HUX Traly3siX.
3rigHo 3 naHuMH Jlep>kaBHOT CITy>KOM CTaTHCTHKH YKpa-
{HM Ta eKCIIEePTHUX JOCIIKEeHb, MiAMPUEMCTBA, 3aiHATI
y BUPOOHHMIITBI KOMII'IOTEpIB, €JIEKTPOHIKH Ta Mporpa-
MYBaHHI, 30UIBIIYIOTh YacTKy BHKOPHCTaHHS XMapHHUX
MOCITYT, TIPOTHO3YIOUH 3POCTAHHS JIOJiI KOPUCTYBAdYiB i3
12% y 2020 poui mo moHax 20% y 2025 poui y BupoO-
HUIITBI, X04a JIENIO CITOCTEePIracTbcs 3HWKEHHS y cdepi
MIPOTPaMyBaHH.

62

© [sipua O. A., Ha6oxka C. B., 2026



ISSN 2073-7394

CucteMu ympaBiiHHsI, HaBiraiii Ta 3B's3ky. 2026. Ne 1

Poznpibna
TOPTIBIIS
16%

bisnec
21%
BupoO6uunreo ’
13%

Vpsan
14%

Menununa
19%

OcsiTa
17%

Puc. 1. YacTka BUKOPHCTaHHS XMapHUX peCypciB
y pi3HuX ramy3sx Ha 2025 p. (%)

VYpsAnoBi yCTaHOBH TaKOXK aKTHBHO BIIPOBAKYIOTh
XMapHi CEpBICH Yy CBOI NMPOIIECH, 31 3pOCTAI0Y0I0 YBaroko
JI0 cTaHaapTu3alii Ta Oe3rmekH, 1o OylIo 3aKOHOJABYO
BperyaboBaHo y 2022 poui. Y cdepi ocBiTH Ta MeAUIH-
HU XMapHi TEXHOJIOTI BUKOPHCTOBYIOTHCS ISl TUCTaH-
LIAHOTO HaBYaHHs, 30epiraHHs BEJIMKHUX OOCSTIB JaHUX i
TEeJIEMEMIUHH, IO 0COOIMBO aKTyaJbHO B YMOBAX LU}-
POBOi TpaHcopMariii kpainu [2].

OnwurtyBanns [T-daxiBiB B YkpaiHi OKa3yrOTh, IO
6inpare 90% BHKOPHCTOBYIOTH XMapHi cepBich i 30e-
piraHHs i 00pOOKH NaHUX, IO BIUTMBAE Ha PoOOUi Mpo-
mecu i OizHec-mopeni. Ilpore piBeHH 00i3HAHOCTI TPO
XMapHi pillleHHs cepel KepiBHHUKIB MOKH IO HEIOCTaT-
Hilf, m0 € O0ap’epoM sl MIBHIMIOTO BIPOBAKCHHS.
Boanoyac 94% pecnoHIEHTIB IUIAHYIOTh PO3LIMPIOBATH
BHUKOPHCTaHHI XMap y MalOyTHbOMY, BU3HAIOUH iX KITIO-
YOBY pOJIb B IiIBUIIEHHI MPOJAYKTHBHOCTI 1 THYYKOCTI
Oi3Hecy.

TakuMm 4MHOM, PUHOK XMapHHX HOCIYr B YKpaiHi
nepeOyBa€e y cTajlii akTUBHOTO PO3BUTKY 3 TO3UTHBHOIO
JMHaMIKOI0 BHUKOPHCTaHHS B IPOMHCIIOBOCTI, AEpiKaB-
HOMY ceKTopi, ocBiTi i MeauuuHi. [IpoTe mIs MOBHOTO
PO3KPHTTS MOTEHIIay HEOOXiTHO IiIBHIIYBaTH pPiBEHBb
npodeciitHol 00i3HAHOCTI, IHBeCTyBaTH y Oe€3MmeKy Ta
CTaHAAPTHU3Aallil0, Ta CIPHUATH IHTETpalii XMapHUX TeX-
HOJIOTi# B Oi3HEC- 1 IepKaBHI MPOLIECH.

[Tpore 30inbIIEHHST CKIIAJHOCTI 1 MacTadiB xmap-
HHUX CHCTEM IOPOIXKYE HOBI BUKIMKH Y cdepi ynpasiin-
HSl pecypcamy, NMPONYKTHBHICTIO Ta BuTparamu. Came
TOMY ONTHMI3allil TPOAYKTUBHOCTI CTa€ KIIFOYOBUM
(akTOpOoM A MIATPUMKH BHCOKOI SKOCTi CepBiciB, 3Me-
HILIEHHS 3aTPUMOK, PallioOHaJbHOTO BUKOPUCTAHHS 004YM-
CIIIOBAIBHUX TOTYKHOCTEH Ta 3HM)KCHHS OINEepalliifHuX
BUTpAT.

BaxmBo TakoK Bi3HAYUTH, IO iHHOBAIIi y cdepi
MAaIIMHHOTO HaBYaHHs, aBTOMAaTHYHOTO MaclITa0yBaHHS,
JMHAMIYHOTO PO3INOALTY pecypciB i OalaHCyBaHHS HaBa-
HTaXXCHHS BiIKPWBAIOTh HOBI MOMKIWBOCTI JJIS IIiJIBU-
mIeHHS e(peKTUBHOCTI XMapHHUX IIaTthopMm. Y 3B’SA3KYy 3
UM, pO3poOKa i BIIPOBA/KEHHS CyYaCHHX METOJIB OIl-
THMi3allii MarOTh BEJIMKE 3HAYCHHS JUIS afanTaiii xMap-
HUX CepBICIB 0 MOCTIHHO 3MIHHUX yMOB, 30iTbIICHHA
HaJiHHOCTI Ta eHepro3depexeHHs. TeMa € aKkTyalbHOIo
JUIsl HAyKOBLIB 1 MPaKTUKIB, OCKUIbKH 3a0e3neuye ¢yH-
JaMEHT JUIsl IMOAAJBIIOr0 PO3BUTKY BHCOKOIPOLYKTHB-
HUX, CKOHOMIYHO BHTIJHAX Ta HAJIMHUX XMapHUX TEX-

HOJIOTIH, SIKi € KPpUTUYHO Ba)KIIMBUMHU y CydacHOMY Liug-
POBOMY CBITI.

Mertoro cTaTTi € aHaANI3 Ta CHUCTEMAaTH3allis OCHOB-
HUX METOJIB ONTHUMI3aIlil MPOIXYKTHBHOCTI XMapHHUX
CEpBICIB, a TAKOX OIIHKA 1X e()EKTUBHOCTI 3 TOUKH 30py
MiABUINEHHS MIBUIKOII, HAMIHHOCTI Ta eKOHOMII pecyp-
CiB y XMapHHX OOYHCITIOBabHHX cucTemax. Crarts
CIpsIMOBaHa Ha PO3POOKY pPEKOMEHIAIIIH M0N0 3aCTOCY-
BaHHS CyYaCHHWX alTOPHTMIB Ta TEXHOJIOTIH, TaKUX 5K
aBTOMAaTHYHE MacIITaOyBaHHs, OanaHCyBaHHS HaBaHTa-
JKCHHS 1 ONTHMI3allis PO3MONUTY PecypciB, A ITOCAT-
HEHHSI MAaKCUMaJIbHOTO PIBHS NMPOIYKTHBHOCTI 1 eekTH-
BHOCTI y PpI3HUX CLEHapiiX BUKOPHCTaHHS XMAapHHUX
CEpBiCiB.

CyvacHuil cTaH mpoOieMH OnTHMi3alii MPOXyKTH-
BHOCTI XMapHHX CEpBICIB XapaKTepU3YETHCS 3pOCTalo-
YOIO CKJIAJHICTIO 1 MacIITaOHICTIO XMapHUX iH(pacTpy-
KTyp, IO MiAIMTOBXY€ O TOIIYKy HOBUX IiIXOMIB i
TEXHOJIOTIH 111 €pEeKTUBHOTO YIIPaBIiHHS pecypcaMu. Y
2025 pomi OCHOBHHMH TPEHIAMH CTAlOTh IIEPEXia 10
riOpUIHUX 1 MYTBTHUXMApHUX MOJEINeH, SKi MOETHYIOTh
myOJTivHI, TPUBATHI Ta BUAUICHI CEPBEPH IS TOCSITHEH-
Hl 0ajaHCy MiX NPOAYKTHMBHICTIO, OE3MEKOI0 1 BapToC-
tumu. Lle mo3Bossie OibLI THYYKO PO3MOAUIATH poOOUi
HAaBaHTA)KEHHS Ta YHUKaTH PHU3MKY 3aBUCOKUX BUTpAT
a6o "vendor lock-in" (3a7eKHOCTI BiJ OHOTO MOCTa4a-
JIBHUKA).

Takox aKTHBHO BIPOBADKYIOThCS OC3CEpBEpHI ap-
XiTeKTypH (serverless), siki aBTOMaTHYHO MacIITaOyIOTh-
Csl BIJTIOBITHO 10 HABaHTAXEHHS, IO CIPHIE ONTHUMi3a-
mii BATpPAT 1 MiABHUIICHHIO MBHUIKOAII 3aCTOCYHKIB. Bin-
OyBaeThCsI IHTETpAIlisi MAITMHHOTO HABYAHHS Ta AHAIITH-
KM JUISl TOYHOTO TIepeadadeHHs] HABaHTKCHb Ta JMHAMi-
YHOTO PO3MOAIIY PECYpCiB, IO AO3BOISIE XMAPHUM IlIa-
ThopMaM aIalTyBaTHUCS 10 MIHJIMBHUX YMOB B PEaJbHOMY
yaci. OnHak, morpeba y 0ajgaHci MKk MaciTabOBaHICTIO,
NPOAYKTHUBHICTIO, HAJIIHICTIO Ta €KOHOMIEIO eHeprope-
CYpCIB 3QJIMIIAEThCS BUKJIUKOM, 1[0 BU3HAYAE AKTyaslb-
HICTH MOAAJIBINNX JOCIIKEeHD Y 11iH chepi.

Orsig HAayKOBHMX JOCJi/ZKeHb 3 ONTUMI3alii npo-
OYKTUBHOCTI XMapHUX cepBiciB y mepiog 2020-2025
POKIB BKa3ye Ha iHTEHCHUBHE 3POCTaHHS Ba)KJIHBOCTI Ii€l
TEeMH y 3B 53Ky 3 NMOUIMPEHHSIM LU(poBoi TpaHCcopma-
mii i 3pocTaHHAM 00cAriB maHuX. OCOONHMBOIO YBarorw
KOPHCTYIOTBCSI JIOCHI/PKEHHS, IO CHpsSMOBaHI Ha ajarn-
THUBHE YNpPaBIiHHS pecypcaMu, OalaHCyBaHHS HaBaHTa-
JKCHHS 1 TUHAMIYHE MacIITaOyBaHHS, IO € KIIFOYOBUMH
(axTopaMu st 30€peKeHHS MPOAYKTUBHOCTI Ta JTOCTY-
MMHOCTi XMapHHX cepsiciB [3].

3HaYHUI BHECOK y PO3BUTOK METOJIB ONTHUMi3aIlii
BHECJIH po0OTH, SIKi pO3MIAAAIOTH 3aCTOCYBAHHS aJITOPH-
TMIB MalIMHHOTO HABYAHHS Ta IUTYYHOTO IHTEJIEKTY JUIs
MIPOTHO3YBAaHHSI HAaBaHTa)XKCHb Ta aBTOMAaTHYHOTO PETy-
JIOBaHHS po3monury pecypcis. Lle no3Bonsie XxMapHUM
aropMaM CaMOCTIHHO aJanTyBaTHCS Yy PEeXHMi pea-
JBHOTO 4Yacy, ONTHMI3YIOUM BHTpPATWd 1 IiIBUILYIOYH
HAMIHHICTH cucTeM [4].

JlocniKeHHST TakoXX akIEHTYIOTh yBary Ha HE0O-
XiJHOCTI KOMIUIEKCHOTO MiJXOAy J0 ONTHMI3allii, Moe-
HYIOUM SIK TE€XHIYHI PillIeHHs, TaK i yIpaBIiHCHKI Tpak-
tiky. Hanpukian, y podorax BKasyeThcsl Ha BajKJINBICTh
iHTEeTpaIii MyIbTUXMapHUX 1 TIOpUIHHUX MoAeNeH, IO

63



Control, Navigation and Communication Systems. 2026. No. 1

ISSN 2073-7394

JI03BOJISIIOTH KOMOIHYBaTH NepeBark pisHUX THIIB XMap-
HUX CEPEIOBHII Ta 3HWKYBATH ONepaliiHi pu3uKH [5].

OxpeMo BHIUISIOTECS NpoOiieMu Mirpauii y xmapy,
10 YacTO CYNPOBOKYIOTHCS 3HAYHUMH TEXHIYHUMH Ta
OpraHi3alliiHUMK BUKIUKAMH, BKIIOUAIOUH OC3IIEKY,
cyMicHICTb 1 BuTparn. Po3poOka craHIapTH30BaHUX
IUTaHIB Mirpamii Ta BHKOPHCTaHHS IOCBiTy MPOBITHUX
MOCTa4YaIbHUKIB XMapHUX HOCIYT € BAXIHBOIO CKJIAI0-
BOIO YCHIIIHOI onTuUMi3amii XxMapHuX mmatdopm [6].

3pocTae poib aHAITHKY i TPOTHO3YBAHHS y TIPHiA-
HATTI pillIeHb, IO MiABUINY€E ¢PEKTUBHICTH POOOTH XMa-
PHHX cucTeM. BrpoBapkKeHHs pO3LMIMPEHUX aHATITHYHUX
Ta NPEJUKTUBHUX MOJEJEH J103BOJISIE KOMITaHIsIM Kpalle
PO3YMITH MOBEAIHKY CBOIX XMapHHX CEpBICIB, ONTUMI3Y-
BaTW aJITOPUTMHU PO3MOALTY HaBaHTAXKEHHS Ta 3MEHIIY-
BaTH TPOCTiii [7].

KpiM Toro, omisii HayKOBOI JIiTepaTypu BKa3ylOTh
Ha Te, IO TOCTiiiHE yCKIAAHEHHS i MacmTaOyBaHHS
XMapHHUX CEPENOBHIL BHCYBAa€ HOBI BUMOTH JO alrOPHUT-
MiB ONTUMI3allii, 30kpemMa y cdepi eHeproePpeKTUBHOCTI
Ta EKOJIOTIYHOCTI. Y CyYacHHX CHCTeMax yBara IpHIiIs-
€THCS HE JINIIE MPOAYKTHBHOCTI, ajie 1 3SMEHIICHHIO CIIO-
JKMBaHHS €HEPTii, 10 CTae BAXJIMBUM (DaKTOPOM CTaJIOro
PO3BUTKY B iH(OpManiiHUX TexHOIOTisIX [8].

TakuM 4MHOM, CYYacHH CTaH MPOOIEMHU CBIIYUTH
PO aKTHUBHE BIPOBA/HKCHHS IHHOBAI[IHUX METOMIB 1
TEXHOJIOTIH, KOTPI MOEIHYIOTh aJrOPUTMIYHY ONTHMIi3a-
{10, MallIMHHE HABYaHHS Ta YNPABIiHCHKI METOIUKH JUIS
JOCATHEHHS €(pEKTHBHOTO Ta HAIIMHOTO (DYHKIIOHYyBaH-
HS XMapHHUX CEPBICIB Y CKIAJAHUX 1 THHAMIYHUX YMOBaX
Cy4acHOro I(poBOTro CepeIOBHINIA.

TeopeTH4Hi 0CHOBM OoNTUMIi3aNil
NMPOAYKTHBHOCTi XMapHHX cepBiciB

TeopeTryHi OCHOBHM ONTHMIi3alii MPOXYKTHBHOCTI
XMapHHX CEpBICIB 0a3yIOTbCS Ha BU3HAYCHHI KOMILIEKC-
HUX KpHUTEpiiB OILIHIOBaHHS SKOCTI POOOTH Ta eEKTHB-
HOCTI pecypciB, 0 3a0e3MeUYIOTh BUKOHAHHS OOYHCITIO-
BAIBHHUX 337ad y XMapHHX cepenoBumax. OCHOBHUMH
MOKa3HMKaMH MPOIYKTUBHOCTI € HaJiWHICTb, Yac BiIry-
Ky, €(eKTHBHICTh BUKOPHCTaHHS pECypciB, MacuTado-
BaHICTh, JIOCTYIHICTh 1 BapTicTh 0OciayroByBaHHs. Ha-
JIMHICTh BU3HAYa€ MMOBIPHICTh Oe3NepepBHOIO (yHKIIi-
OHYBaHHs cepBicy 0e3 300iB, 1110 0COOINBO BaXKIIMBO IS
KpUTHYHHX Oi3Hec-momatkiB. Yac BIATYKY XapaKTepH3ye
HIBHAKICTh peakiii CUCTEMH Ha 3allUTH KOPHCTYBadiB i
BIUIMBAa€ HA KOPUCTYBAlbKWid JOCBiA. EdektuBHICTH
pecypciB NOKa3ye, HACKUIBKM ONTHMAIBHO BHKOPHCTO-
BYIOTBCSI OOUHMCITIOBAJIBbHI MOTYKHOCTI, T1aM’SITh, MPOITyC-
KHa 3J1aTHICTh MEPEIKi Ta iHIII KOMIIOHEHTH [9].

BiamoBigHo 10 Mojeni SKOCTI XMapHUX CepBiciB
NIST, ormiHroBaHHS MPOAYKTUBHOCTI BPAaXOBY€E K TEXHi-
YHi, TaK i opraHi3amiiiHi acrekTu: 0e3MeKy JaHuX i Joaa-
TKiB, JIOCTYIHICTh CEepBiCy, MacmITabOBaHICTh, a TAKOXK
MOXJIMBICTh HIBHJIKO aJaNTyBaTHCh /0 3MiHM HaBaHTa-
JKeHHSI. MEeTOIM CUCTEMHOTIO OI[IHIOBAHHS SIKOCTI BKJIIO-
YaloTh CTAaTUCTUYHMU aHaii3, SWOT-aHani3, mMozieio-
BaHHS 1 CUMYIIALIT NOBEAIHKA CUCTEMH Y PIi3HHX CIICHA-
pisix, mo 3abe3nedyye THyYKHH 1 ITMOOKWIT aHalli3 CHIIb-
HUX 1 CJIAOKHMX CTOPiH XMapHUX cepBiciB [6].

IIponyKTHBHICTH XMapHUX CEpBICIB TICHO IIOB’SI-
3aHa 3 iH(dpacTpyKkTyporo BipTyamizauii, sika 3abe3mnedye

130J15IiI0 Ta e(EeKTUBHE PO3MOIUICHHS PECYpciB Mk
KOpHCTyBauaMH. BaxiuBuM € miaTpuMmaHHs OajaHcy
MDK NEepeBaHTAXXEHHSIM PECypCiB 1 HEpIBHOMIPDHUM BH-
KOPHUCTaHHSIM, IO JOCSTaEThCs 32 JOMOMOTOI0 alrOpUT-
MiB JAMHaMi4HOro MmacmtaOyBaHHS Ta OajlaHCYBaHHS
HaBaHTaXeHHSA. LI MeToau MO3BOIAIOTH 3a0E3MEUUTH
cTabinpHE 00CITyTOBYBaHHS HABITh 32 YMOB Pi3KMX KOJH-
BaHb HABaHTaXXCHb, L0 € XapaKTePHHM IS Cy4aCHUX
XMapHHX cepenoBui [6, 7]. MacmTaboBaHICTh CHCTEMH
— IIe 3[aTHICTh IIBHUAKO i e(eKTHBHO 30LTbIIyBaTH 200
3MEHIIYBaTH OOYHMCIIOBAIGHI PECYpCH BIiAMOBIAHO [0
MOoTOYHOI mNOoTpebu. Buima MacmraboBaHICTh cHpHsie
ITiIBUIIEHHIO 3arajbHOI MPOJYKTUBHOCTI Ta 3HW)KEHHIO
eKCIUTyaTalliiHUX BUTPAT, OCKUIBKU PECYPCH HalaoThCs
y NOTpiOHIH KiNbKOCTI Ta y moTpiOHui wac. CywacHi
MIXOIM 10 ONTUMI3alii BKIIOYAaOTh aBTOMAaTHYHE Mac-
mtaOyBaHHs, ke 0a3yeThcsl Ha aHaJli31 METPUK BUKOPHC-
TaHHS pecypciB y pearsHOMY daci [8].

3araioM, TEOpPETHYHI OCHOBH ONTHMI3alii MPOITyK-
THBHOCTI XMapHUX CEpPBICIB I'PYHTYIOTBCS HA KOMIDICKC-
HOMY TIIXOIi 0 OIIHKH iX poOOTH, SIKUI MOEAHY€E Ma-
TEeMaTHYHE MOJCTIOBAHHSA, CTaTHCTHYHI METOIM, Ma-
UIMHHE HABYAHHS Ta 1HTEJICKTYyalbHE YIPABIIHHS PECyp-
caMy JJsl JIOCATHEHHS MaKCUMajbHOI e(eKTHBHOCTI 1
HaIHHOCTI XMapHUX IIATHOPM.

MoneJi Ta MeToau onTuMi3anii
NMPOAYKTHBHOCTi XMapHHUX cepBiciB

Mopeni Ta MareMaTHYHI METOAM ONTHMI3aIlii Mpo-
JQYKTHBHOCTI XMapHHUX CEPBICIB CIIUPAIOTHCS HA MYJIBTH-
KpUTEpIaIbHUN MAXil, KU J03BOJISIE OJHOYACHO Bpa-
XOBYBAaTH KiJbKa I[iJICH, TaKUX K MaKCHMI3allis Hasiii-
HOCTI, MIHIMI3alis yacy BiAryKy Ta BapTOCTi, a TaKOX
ONITMMaJIbHE BHKOPHUCTAaHHS pecypciB. OmHHMM i3 Haii-
OUTBII TTOMMPEHUX ITiIXOIIB € CTBOPCHHS OaraTOKpHTe-
plalbHUX MojeJel OnTHMi3alii, 1e 3aBmaHHs (opmalri-
3YEThCS y BUMNIAAL (YHKINI KiTBKOX OO'€KTHBHUX IIJICH,
sKi MOTpiOHO MiHIMI3yBaTH ab0 MaKCHUMIi3yBaTH TIpU
JOTPUMaHHI NMEBHUX oOMexeHb. [IpuKkiagoM Takoi Mo-
Jeni € MyJIbTHOO €KTHBHE NPOrpaMyBaHHS, Y SIKOMY
PO3IISIIAI0TECS B3a€EMO3AJIeKHI KPUTEPIii Ta HIyKarOThCS
KOMITPOMICHI pIllIeHHs] 3 BUKOPUCTaHHSAM TEXHIK, SK-OT
MeTo[ BaroBux koedimieHTiB abo merox ITapero [9].

MaremaruuHa 3aj1aua ONTHMI3alil OOYHCIEHb Y
XMapHUX CepeJOoBHINAaX 3a3BUuail (HOPMYITIOETHCS SIK
OararokpuTepianbHa ONTHMI3allisl, METa KO — OJHOYAC-
HO MiHiMi3yBatH BuTparu pecypcis (CPU, nam’sars, npo-
IyCKHA 3aTHICTH) 1 4ac BMKOHAHHS, NPU MakcuMizamii
HAIHHOCTI Ta MPOAYKTHUBHOCTI.

3aranbHa  (QOpPMYIIOBaHHS Ma€ BUIVIL
X € X , IpH SIKOMY:

3HAHTH

F(x)=(fy, f,,—f3) > min
pu 0OMEKEHHSIX
91(X) <Gy,
92(X) <Gy,
93(x) < Gg,
xe X,
e f; (x) — QyHKIiS BapTOCTi a00 CIIOKMBAHHS OOUYHC-

JIOBaJbHUX PECYpCiB 3a BapiaHTOM pO3MOmITY X
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fy(x) — wac Bukomamms 3amaui; f3(X) — moxasmuk
HafiiHoCTi (BiaMoBocTiiikocti); gy (X), 9z (X),93(X) —
¢yHkmii oomexenns, a Gy, G,,G3 BcTaHOBIIEHI moIyc-

TUMI 3HAYECHHS 3a MaKCHMAallbHOIO BapTICTIO, MAaKCHMa-
JILHMUM YacoM 1 MiHIMaNbHOK HAMIfHICTIO BiAIOBIiAHO;
X — BEKTOp pillleHb, III0 BU3HAYAE IUTAH PO3IIOILTY pecy-
pcy; X — IOMyCTHMUI MPOCTIp PO3B’SI3KiB.

Yacto mpocTip po3B’s3KIB Ul TaKHUX 3aJa4 € KOM-
0iHaTOPHOIO MHOXKMHOIO NEPECTAaHOBOK YHM PO3MIILCHb,
TOAI MOBa Hae Npo OaraTokpuTepiajabHy KOMOIHATOpHY
3amagy. Meromu po3B’S3yBaHHA ONTHMI3aIllifHUX MpO-
67eM Takoro Kijacy ommcadi y poborax [10, 11].

ANTOpUTMHU TUTAaHYBaHHS y XMapHHX CHCTEMax
BKITIOYAIOTh METOIM JWHAMIYHOTO PO3IOITYy pPecypcis,
OayaHCyBaHHS HAaBaHTA)XCHHSA Ta aBTOMATHYHOTO MaclI-
TaOyBanHs. [lnaHyBaHHS 3amad yacTo OasyeThCs Ha aj-
TOpUTMax paH)KyBaHHS, EBPUCTUUYHHX METOJAaX Ta METO-
Jlax MallMHHOTO HAaBYaHHS, SIKi JI03BOJISIIOTH MIPOTHO3YBa-
TH HAaBaHTQ)XCHHS Ha PECYPCH Ta BIAMOBIHO aJaNTyBaTH
MOJENb PO3MOALTY JUIsl MiABHIIEHHS eeKTUBHOCTI. Kpim
TOTO, aJITOPUTMHU IUIAHYBaHHS BPAaXOBYIOTh CIEIH(DIKY
XMapHOi apXiTeKTypH, BKIIIOUAIOYH BipTyaii3auito, Oara-
TOKOPHUCTYBAaLlbKUM PEXUM 1 CHEPro30epexeHHs, IIo
YCKJIQIHIOE KJIACHYHI MiAXOAM 1 BUMara€ BUKOPHUCTAHHS
riOpuaHIX MofeneH i3 3aCTOCYBaHHIM aHANITHKH JaHUX
[12].

BaxnuBuM TEOPETHYHMM IHCTPYMEHTOM € 3aKOH
Ampana, gKuil BCTAHOBIIOE MeEXI MacmTaboBaHOCTI
O0OUMCIIIOBAJILBHUX CHCTEM 1 BIUIMBAE HAa OITHUMI3ALlio
OaratosiiepHUX IUIATGOPM Yy XMapHHUX CepeloBHINAX.
TakuM 4MHOM, MareMaTHYHE MOJEIIOBAHHS BUKOPUCTO-
BYETHCS HE JIMIIE JUIS MiABUIIEHHS POIYKTUBHOCTI, ane
W Ui OIiHKK e(DEeKTUBHOCTI MapajebHUX OOYHCIICHbB i
OanmaHCyBaHHS HaBaHTaKEHHS MiXk pecypcamu [13].

Jis TOYHOTO TIPOTHO3YBaHHS HPOAYKTHBHOCTI Yy
0araTornoTOKOBHX 1 PO3MOMIIEHUX CHCTEMaX 3acTOCOBY-
I0ThCSl CTAaTHCTHYHI PO3MOiNH, 30KpeMa posnoain [Tape-
TO 1 po3moxin 3irnda, sKi MOAETIOITH XapaKTepHi 3aKo-
HOMIpPHOCTI BHUKOpHCTaHHS pecypciB. Lle no3Bomnsie pos-
poOMSATH OUIBII TOYHI MOJEINI aJrOPUTMIB KellyBaHHS,
PO3MOALTY Mam’sITi Ta MPOIyCKHOI 3AaTHOCTI, ONITUMI3Y-
104U [IPpU 1IbOMY 00pOOKY 3aruTiB y xmapi [14].

CyuacHi MareMaTH4HI METOIM TaKOK BKIIOYAIOTh
BUKOPUCTaHHS CHCTEM MOHITOPUHTY 1 aHaji3y BEIMKUX
nanux (Big Data Analytics) st ¢popmainizanii Ta aBTo-
Maru3zanii NpUHAHATTS pilleHb y peanbHOMY daci. [H-
cTpyMeHTH Ha 3pa3ok Prometheus, Grafana i Elastic
Stack 103BONSIOTH Bi3yadi3yBaTH METPUKH IPOIYKTHB-
HOCTI, BUSIBISITH MOTEHIIHHI By3bKi Micus y po0orTi cuc-
TEMHM Ta aJaNnTyBaTH alrOPUTMH pO3MOIUTy pecypciB
BIIMTOBIHO JI0 OTpUMaHUX AaHuX [15].

3aranoM, MyJIbTUKpUTEpiadbHI MOJENI Ta JITOPHUT-
MU IUIaHyBaHHs (OPMYIOTh TEOPETHYHY OCHOBY JUIsI
oOy/I0OBY aJIaITUBHUX, MAacIITA00OBaHUX 1 BUCOKOTIPOITY-
KTHBHUX XMapHUX IIaTQopM, 37aTHUX 3aJ0BOJBHUTH
3poCTaodi BUMOTH KOPHCTYBadiB i Oi3HeCy y TUHaAMid-
HUX ymoBax cydacHoro IT-cepemopumia. Moxeni Ta ma-
TEMaTHYHI METOAM ONTHUMIi3allii MPOXYKTHBHOCTI XMap-
HUX CEpBICIB CHHMPAIOThCS Ha MYJIBTHKPHUTEpialbHUN
MiX1J, SKAH JO3BOJISIE OJIHOYACHO BPAaxXOBYBAaTH KijJbKa
LiJIEeH, TaKMX SK MakKCHUMIi3allis HaJiHHOCTI, MiHiMi3aIlis

Yacy BIATYKY Ta BapTOCTi, a TAKOK ONTHUMAJIbHE BUKOPH-
cTaHHs pecypciB. OqHUM 13 HANMOMKpPEHIKX € Oararo-
KpHUTepiaJlbHE NpOrpaMyBaHHS, /i€ LIYKAIOThCS KOMIIPO-
MICHI pIlIEHHS 3 ypaxyBaHHSIM B3a€MO3AJICKHUX
00’€KTUBHUX (DYHKIIH 332 JOMOMOIOI METOIIB BaroBHX
xoedimierTiB, MeToxy [lapero Ta iHmmx TexHik [9- 11].

AJITOPUTMH IUIAaHYBaHHS BKIIIOYAOTh METOOH -
HaMIYHOTO PO3MOAUTY pecypciB, OaxaHCyBaHHS HaBaH-
Ta)KeHHS, aBTOMAaTHYHOTO MacmTaOyBaHHA 1 MPOTHO3Y-
BaHHS HABaHTAXEHb 13 3aCTOCYBaHHSIM EBPUCTHYHUX
METONIB i MAaIIMHHOTO HaBYaHHA. Taki MiAXomm Bpaxo-
BYIOTh crienudiky BipTyamizalii, 6araTokopucTyBalbKHiA
PeXUM 1 eHeproz0epexeHHs, 1o morpedye riOpuaHuX
MozeNel Ta aHAJIITHKY JaHHUX AUl MiIBUINEHHS eQeKTH-
BHOCTI [16].

3akoH AMzana BUKOPUCTOBYETHCS JUISI BU3HAYCHHS
MEX MaclTaboBaHOCTI XMapHHUX CHCTEM 1 OL[HKH IIpoO-
JOYKTUBHOCTI 0araTosiiepHUX CHCTEM, IO € BaXKJIMBOIO
CKJIaJJOBOIO TIPH ONTHMI3allii MapajerbHIX OOYUCICHB 1
pecypcis [13].

st aHAMi3y BUKOPUCTaHHS PECYpCiB 3aCTOCOBYIOT
cratuctryHi po3nonimm [lapero i 3imda, mo momomara-
I0Th MOZIEJIIOBATH 3aKOHOMIPHOCTI Y CIIOXKHMBaHHI IaM’ Tl
 TIPONyCKHOI 34aTHOCTI Ta ONTHUMI3yBaTd KepyBaHHS
KeIIyBaHHAM 1 po3noniioM aanux [17].

Cy4acHi METOJM BKJIIOYAIOTh IHCTPYMEHTH MOHITO-
punry (Prometheus, Grafana, ELK) mis 360py Ta aHami-
3y METPHK y peajbHOMY Yaci, 110 J03BOJISIE aBTOMATH3Y-
BaTH NPUIHATTS PIICHb i CBOEYACHO ANalTyBaTH ajro-
PUTMH pO3MONiNYy I 3a0e3medeHHs CTaOiIBPHOCTI Ta
MPOXyKTHBHOCTI [ 18].

VY CYKyHHOCTI MyJIBTHKpPHUTEpiasbHI MOjeNi 1 anro-
PUTMH TUIAHYBaHHS (GOPMYIOTH TEOPETHYHY Oasy s
CTBOPEHHS MacIiTabOBaHUX, THYYKUX 1 BUCOKOC(EKTHB-
HUX XMapHHX IuaropM, 3[aTHUX BIANOBIZAaTH cydac-
HUM BHUKJIHKaM i HOTpebaM KOPUCTYBadiB.

MopiBHANbHMI aHAJI3 e()eKTUBHOCTI METOIB
onTUMi3alii XMapHHX cepBiciB

[MopiBHsuIbHMI aHali3 e()eKTHMBHOCTI METOMIB OI-
THMi3alil XMapHUX CepBiCiB 0a3yeThCsl HA KUIBKOX KITHO-
YOBUX KPUTEPIsiX: MPOMYKTUBHOCTI, HaJiiHOCTI, cobiBa-
procTi Ta eHepro3zbepexeHHi. [IPOMYKTUBHICTD OIIHIO-
€THCS Yepe3 IBUIKICTh 0OPOOKH 3aIUTiB, Yac BIATYKY Ta
CTaOUIBHICTH POOOTH TiJ HaBaHTa)kKeHHsM. HaniitHicTh
BKITIOYa€ Oe3MepepBHICTh HATaHHS TOCIYT i CTIHKICTH 110
BigMOB. CoO0iBapTICTh BpPAaxoBYe BHUTPAaTH HAa BUKOpPHC-
TaHHS OOYMCIIOBAIBHUX PECYPCIB, BKIIOYHO 3 OIUIATOIO
3a CIIOKMBAHHS 1 TeXHIYHE 00cimyroByBaHHs. EHeprosoe-
PEKEeHHS CTae Bce OUIbII aKTyallbHUM KpUTEpieM depes
3pocratounii BB IT-iH(pacTpykTypn Ha eHeprocmo-
JKIBAHHS 1 €KOJIOT1I0 CHCTEM.

3aranoM, METOIU JUHAMIYHOTO PO3MOAITY pecyp-
CiB, SIKi aJanTyIOTh OOUMCITIOBAIBHY TOTYXHICTh 3aJI€K-
HO BiJI MOTOYHOTO HAaBAaHTAXKEHHS, IOKAa3yIOTh BUCOKY
e(eKTHBHICTh Yy TiJBHIIEHHI MPOAYKTUBHOCTI Ta 3MEH-
LIEHH] eHeprocrnoXuBaHHs. banaHcyBaHHS HaBaHTa)KeH-
HS JI03BOJISIE OB PIBHOMIPHO BHKOPHCTOBYBAaTH pECy-
pcH, 3HIKYIOUH PH3HK ITEPEBAHTaKEHHS! OKPEMHUX BY3JIiB
1 THM CaMMM ITiJBULIYIOYH HaJ(IIHICTb.

[TpakTHYHUM KEeWCOM YCHIIIHOTO 3aCTOCYBaHHS OI-
THMI3aliMHUX METOMIB € AocihikeHHs B SmoHii, ne
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BIIPOBAKYIOTbCS METOJM JTUHAMIYHOTO PO3IMOILTY, aB-
TOMaTHYHOTO MaciiTaOyBaHHS 1 OajlaHCyBaHHS HaBaHTa-
KEHHS 3 MIATPUMKOI0 MAlIMHHOTO HaBYaHHS Ul MPO-
THO3YBaHHs MaiiOyTHiX mOTpeO.

Ile mo3BONsE CYTTEBO 3HU3UTH COOIBAPTICTH 1 MiJ-
BHIIIUTH CTaJiCTh poOOTH XMapHHUX CHCTEM, BOIHOYAC
30epirarodr BHCOKi TTOKa3HUKH TPOAYKTHBHOCTI [3, 7,
16].

[Hmmit mpukiIag — 3acToCcyBaHHS TiOPHIHIX METO-
IiB yTIpaBIIiHHS pecypcami, sKi MOEIHYIOTh IICHTPai30-
BaHE Ta JCUEHTPATi30BaHE YNPABIiHHSI, IO 3a0e3redye
THYYKICTh 1 aJanTHBHICTh XMapHHUX IUIaTdopM min yac
PI3KHX 3MiH HABAHTAKCHHSI.

ExcriepuMeHTaNbHI TOCTIIKEHHS 3aCBIIUMIN, IO
i MiZXOIU 3HWXKYIOTh 3aTPUMKH, HOKPAIIYIOTh BUKOPH-
CTaHHS TPOILIECOPIB Ta CYTTEBO OINTHMI3YIOTh €HEpro-
crio>kuBaHHs [18].

Takox cydacHi ruardopmu, taki sk AWS, Azure i
Google Cloud, BnpoBa/uKyIOTh IHCTPYMEHTH aBTOMAaTH4-
HOro MaclTaOyBaHHS, $IKi 3MILHIOIOTH aJalNTHBHICTBH
iH(pacTPyKTypH, MiABHUILYIOTH NPOXYKTUBHICTH 1 OJHO-
YacHO KOHTPOIIIOIOTH omepauiiiHi Butparu. [Ipore Buodip
ONITUMAIIFHOTO CIOCO0y pO3Mofinry 1 MacmrTaOyBaHHS
3aNeKUTh BiX cnenudikd 3amadi, oOcsriB 0OpoOKH i
BHMOT 0 HaIIiHOCTI.

[NopiBHAHO 3 KITACHYHUMH MiIXONaMH, HOBITHI Me-
TOIY 3 BUKOPUCTaHHSAM MAaIIMHHOTO HABYAHHS 1 MPEANK-
THUBHOI aHAITHKH 320€311eUy0Th OLIbII TOHKE Ta e(eKTH-
BHE pETYJIIOBaHHS pECYpCiB, JO3BOJISIOYM ITiIBULUTH
MIPOAYKTUBHICTh CHCTEMHM IIPW 3HIKEHHI BUTpPAT 1 30111~
IICHHI eHeproedekTHBHOCTI. BomHO4AC 116 CTBOPIOE MEBHI
BUKJIMKHM Y IUIaHI CKJIJHOCTI peaiizauii Ta morpedu y
BEIMKOMY OOCsI31 JaHUX JUIi HaBYaHHS Mopened [15].
PesynbraTn aHanisy y3arajabHEHO Ta MojaHo y Taom. 1.

Tabnuys 1 — TopiBHsabHA Ta0MMIS eeKTHBHOCTI OCHOBHHX METOIiB ONTHMi3anii XMapHHUX cepBiciB

Meron . s e . . IpakTnyHi keiicu
s I[IpoaykTUBHiCTH HapiiinicTs CobiBapTicTb Enepro3oepesxeHHs
onTumizanii BUKOPUCTAHHS
Junamiunmii Bucoka anantus- Bucoxka 3aBasku | 3HMKEHHS BUTpAT Cepets, 3HIKCHHS SInowis: BpoBa-
po3noain HICTh 0 HaBaHTa- piBHOMipHOMY yepe3 YHUKHEHHS | . p ’ JokeHHA 3 ML ta
. MIIKOBHX HaBaHTa)KCHb
pecypciB JKEHb HAaBaHTAKCHHIO HepeBUTpaT MIPOTHO3YBaHHS
Toxpammenns 3aBns- . . . Komepiiini xmap-
BanancyBannst PALICHH A 3umxkeHHs pusu- | Huseki nonmarkoBi | IligBuineHHs eHepro- epit P
K{ pIBHOMipHOMY L : Hi m1ardopmuy,
HABAHTAKEHHS KiB BiZIMOB BUTpATU e(eKTUBHOCTI . . .
HaBaHTAXKCHHIO ribpuaHi Mozeni
. Bumia HagiiiicTs | OnTumiszaris BU- . .
ABTOMATHYHE IlIBuaka amamrariis 1t Bucokuii moreHmian AWS, Azure,
. 3aBISKH QIANTHB- | TpaT 3a PaxyHOK
MacmTadyBaHHS JI0 3MiH MOITUTY . eHepro30epekeHHS Google Cloud
HOCTI MacITa0yBaHHS
Mamunne HaB- ITokpatenHs Buma nouarkosa . [pakruku SmnoHii,
Toyne nporuo3yBas- . . . 3Ha4yHa €eKOHOMIS 3a
YaHHA Ta aHA- JIarHOCTHKH Ta | COOIBapTICTh BIPO- . CILA, 3acrocy-
. HS HABaHTa)XKCHHS . paxyHOK IPOTHO3iB
JITHKA MOHITOPHUHLY BaJKEHHSI BaHHs AI/ML

OTxe, aHali3 CBIAYMTH, 110 KOMIUIEKCHE BIPOBa-
JDKEHHS aJIallTHBHUX QJITOPUTMIB, MiJTPUMAHHUX aHai-
THKOIO 1 IITYYHHUM IHTEJIEKTOM, € HalIepCIeKTUBHIILINM
LUISIXOM TiJIBUIIEHHS e(DEKTMBHOCTI XMapHUX CEpBICIB,
IO Hajaji 3yMOBHTH IX HaJIHHICTh, PONYKTUBHICTh Ta
€KOHOMIYHY JOLIJIbHICTb.

OO0roBopeHHs Ta MePCHEKTHBH

CyuacHi TEHJAEHI[T PO3BUTKY OOYHCIIOBAIBHUX Te-
XHOJIOTIM CBiAYaTh, 110 XMapHi OOYMCIICHHS 3aJIMIIaTH-
MYTBCSI KIIFO4OBUM enieMeHToM [ T-cTpareriit y HaitOmik-
4i pOKH, 30KpeMa 3aBISKH BIPOBAKEHHIO Oararoxmap-
HUX Ta TiIOPUAHUX pillleHb, SKi JO3BOJSIOTH IiABUIIUTH
THYYKICTB, CTIHKICTh CHCTEM Ta 3HHU3UTH 3aJICKHICTH Bij
OKpEMHX MOCTaYaIbHUKIB.

[lepcrieKTHBHUM HaINpsMKOM PO3BHUTKY € iHTEHCHB-
Ha IHTerpais MITYYHOTO iHTEJIEKTYy 1 MAllMHHOTO HaB-
YaHHs JUIs ONTHMI3alii KepyBaHHS pecypcamu, IpPOTHO-
3yBaHHsS HaBaHTA)KCHHS Ta JAMHAMIYHOTO MaciitaOyBaH-
Hsl, IO JIO3BOJIMTH ITiIBUITUTH MPOAYKTHBHICTH 1 HaIlil-
HICTh XMapHHX IJIaT(OpM, OTHOYACHO 3HIDKYIOUH OIe-
palifiHi BUTpaTH Ta €HEProCTIOKUBAHHS.

PexoMeHlyeThCsl BIPOBADKYBAaTH CydacHI METOIU
ONTHMi3allii, sKi TOETHYIOTh JAWHAMIYHUN PO3MOALT
pecypciB, 0ajgaHCyBaHHS HaBaHTa)KCHHS Ta IHTEJEKTya-
JBHUM aHalli3 JaHUX y IPOMHUCIOBUX XMapHHUX IUIaT-
(opMax. AKLEHT Cllii poOUTH Ha aBTOMAaTUYHOMY Maclil-
TaOyBaHHI 3 BUKOPUCTAHHSIM MAIIMHHOTO HaBYaHHS JUISA
aJaNTUBHOIO pearyBaHHs Ha 3MiHM B HaBaHTaKCHHI Ta

notpebax kopucTyBadiB. KpiM TOro, BaXJIMBO iHBECTYBa-
TH B eHeproe()eKTUBHY iHPPACTPYKTYpY, BIPOBaIKyBa-
TH TIOJITHKUA CTAJIOTO BUKOPUCTAHHS PECypCiB Ta iHTer-
pyBaru OaraTroxMapHi pillleHHsI JUis MiJBUILEHHS Oe3re-
pepBHOCTI Ta 6e31eKn 00CITyroByBaHHsI.

[Mpore MacmTaboBaHICTh 1 CKIaJHICTh Cy4acHHX
XMapHHUX CHCTEM CTBOPIOIOTh HH3KY BHKIIHMKIB. 3017Tb-
IIeHHS 00CATiB 00pOOKH aHWX, PI3HOMAHITHICTH KOPHUC-
TyBadiB 1 JOATKiB, a TaKOX MoTpeda y BUCOKIH JOCTYI-
HOCTI BUMAararoTh CKJIaJIHUX aJTOPUTMIB IUTAaHYBaHHS Ta
YIIPaBJIiHHS pecypcamy, 10 3HAYHO YCKIIAJHIOE aaMiHic-
TpyBaHHS 1 WiJBUILYE PH3UKM BHHUKHEHHS BY3bKHX
Micup y cucremax. JIo TOro i, 3pocTae Ba)JIHBICTh 3a-
Oe3meueHHs KibepOe3neku Ta 30epekeHHs KOH(iAeHIIiH-
HOCTI, IO BHUMAara€ IOCTIMHOIO OHOBJIEHHS IMOJITHK 1
TEXHOJIOTiH 3axucTy nanux. llle ommiero mpobiemoro €
HEOOXiMHICTh OamaHCyBaHHA MK TPOAYKTHBHICTIO i
eHeproeeKTUBHICTIO. XMapHi LEHTpH OOpOOKM JaHHX
MoTpeOyI0Th 3HaYHOI KUIBKOCTI €Heprii, ToMy iHTerpais
pimeHbp ans eHepro30OepexeHHs1 30epirae crpareriuyHe
3HaueHHs. BukopuctanHs mnepudepiiiHnx oOYuCIECHB
(edge computing) 4acTKOBO 3HIKYE HABAaHTA)KEHHS Ha
LEHTPaJIbHI PECYPCH 1 3MEHIITY€E 3aTPUMKH, TIOKPAITYIOUH
THM CaMUM SIKICTh 0OCITyTOBYBaHHS.

TakuM YWHOM, TONANBIIMNA PO3BUTOK ONTHMI3aIlil
XMapHUX OOUYMCIIeHh Mae 0a3yBaTHCS HAa KOMIUIEKCHOMY
TOETHAHHI 1HTEJICKTyaTbHUX aJTOPUTMIB, €HEProe(eKTHB-
HUX TEXHOJOTiH 1 GararoxmapHuxX apxitektyp. Lle mo3Bo-
JIUTH 30eperTu OanaHc MiX MPOXYKTUBHICTIO, HAMIHHICTIO,
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CKOHOMIYHICTIO 1 OE3MEKOI0, IO € KPUTHIHO BAXKITUBUM IS
cyuacHux IT-indpacTpykTyp 1 6i3Hec-TpoLeciB.

BucHoBku

Y3arampHEHHS PE3yNbTaTiB ITOCIHIIKESHHS CBiTUNTH,
10 ONTHMi3amis MPOXYKTHBHOCTI XMapHHUX CEpBICIB €
KPUTUYHO BAXJIMBOK  CKJIagoBow  cyyacHux IT-
iHGPACTPYKTYp, IO JTO3BOJIAE MiABHIIUTU iX CHCKTHB-
HICTh, HaIIHHICTh Ta EKOHOMIUHICTE.

3amponoHOBaHI METOMAHU, IO BKJIFOYAIOTH TUHAMIY-
HUH PO3NOALT pecypciB, OallaHCYBaHHS HaBaHTa)KEHHS,
aBTOMaTH4YHE MacIiTaOyBaHHS Ta 3aCTOCYBaHHS aJrOpPH-
TMiB MaIIMHHOTO HABYaHHS, JOBEIH CBOIO C()EKTHUBHICTD
y 3HIDKCHHI Yacy BiITyKy, BUTpPAaT Ha EKCIUTyaTalilo Ta
CHePIOCIOKHBAHHSL.

[IpakTryni KelicH, 30KpeMa BIIPOBAKCHHS B Srmo-
Hil Ta Ha TPOBIIHMX CBITOBHX IIIAaT(OpMax, MiATBEp-
JDKYIOTh 3aTHICTh LUX IMiIXOJIB 33T0BOJIBHATH 3pOCTa-
1041 BUMOTH Oi3HECY Ta KOPUCTYBAJiB.

Onrtumizallisi BUKOHYE KIIOHOBY POJIb ISl MiJBH-
LIEHHS IPOAYKTUBHOCTI Ta €()eKTUBHOCTI XMapHUX cep-
BiCiB, OCKUIbKM BOHA JO3BOJISIE OUIBII paIliOHAIBEHO
BUKOPUCTOBYBaTH PECypCH, IMIBUALIEC pearyBaTH Ha JH-
HaMIiYHI 3MiHM HAaBaHTA)XCHHS Ta 3a0€3MeUyBaTH BHCOKY
HaJIHHICTh OOCITyrOBYBaHHA. [HTErpamis IITYyYHOTO iH-
TENEeKTY Ta aBTOMATH30BAHMX METOHIB IPOTrHO3YBaHHSI
Ja€ 3MOry OyayBaTH CaMOHaBYallbHI CUCTEMH, IO ajarl-
TYIOTBCSI IO CKJIaJJHAX YMOB €KCIUIyaTalil, 0 € BaXKIHU-
BOIO BHMOT'OI0 CyYaCHUX LU(PPOBUX EKOCHCTEM.

[lepcrieKTHBHUMH HampsIMKaMH TMOAANBIINX J0-

CJII/DKCHb € PO3BHTOK TiOpPHIHHX MOJENCH omTuMi3allii,
SIKI TIOEJHYIOTh TPAAWLIHHI QJITOPUTMH 3 IHTEJIEKTyallb-
HUMH TiAX0JaMH, po3poOKa eHeproe)eKTHBHUX METOJIIB
YIOpaBIiHHSA pecypcamMu Ta 3a0e3nedeHHs Oe3neKu y
0araToKOpUCTYBallbKUX XMAapHUX CEPELOBHIIAX.

BaxmmBuM € TakoX PO3MIMPEHHS BUKOPUCTAHHS
KBaHTOBHX OOdYWCIEeHb Ta mepudepiitanx (edge) TexHO-
JIOTIH JUTS MiABHUIEHHS MacIITaO0BaHOCTI Ta MiHiMI3aLii
3arpuMok. [lomanpmia yBara Mae OyTH IpHAiIEHAa CTBO-
PEHHIO CTaHIAPTU30BaHUX (HPEHMBOPKIB I a Al THBHOT
OTITUMI3allii, 0 3a0e3MeuyI0Th IHTerpaIio pi3HOPiTHIX
XMapHHUX CEPBICIB Y KOMIUIEKCHI €KOCHCTEMH.

TakuMm 4YMHOM, ONTHMI3alis XMapHUX OOYHCIICHb
3aITUIIAETHCS aKTYAIbHOK 1 JUHAMIYHOIO C(Eeporo, po3-
BUTOK SIKOT BH3Haua€ e()eKTUBHICTh CydacHUX iH(popMa-
LWIfHAX TEXHONOTil Ta CTAHOBUTH OCHOBY IH(POBOI
TpaHcdopMalii MiIIPUEMCTB 1 JIepKaBHUX CTPYKTYp Y
2026 pori i Hagami.

Konduikr inTepecin

ABTOpH JIEKIIapyIOTh, L0 HE MAIOTh KOHQIIKTY iH-
TepeciB CTOCOBHO J[@HOTO IOCIIJDKEHHS, B TOMY YHUCII
(hiHAHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA UM
IHIIIOTO XapaKTepy, O Mir OW BIUTMHYTH Ha JIOCITiPKSHHS
Ta WOTO pe3yNbTaTH, IPE/ICTABICHI B IaHIi CTATTI.

Bukopucranns 3aco0iB IITY4YHOTO iHTeJIEKTY

ABTOpH MiITBEP/UKYIOTh, 1[0 HE BUKOPHCTOBYBAIIU
TEXHOJIOT1] INTYYHOTO IHTENEKTY NpU CTBOPEHHI IMpea-
CTaBJICHOI pOOOTH.
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Optimization of cloud services performance: methods and their efficiency
Olena Dvirna, Sergiy Naboka

Abstract. Relevance. Optimizing the performance of cloud services becomes critically important in 2025-2026 due to the ex-
ponential growth of data volumes processed within digital ecosystems and the need for rapid adaptation to dynamic workloads driven by
the adoption of artificial intelligence (Al) and IoT devices. According to forecasts, the global cloud computing market is growing by 20—
25% annually, and in Ukraine this trend is reinforced by government initiatives such as the National Al Development Strategy through
2025, which identifies cloud services as key infrastructure. However, frequent incidents related to overloads, costs, and security—
especially under conditions of energy shortages and geopolitical risks—indicate the fragmented nature of current optimization practices.
In Ukrainian business and public administration, where cloud technologies are deployed for digitalization (e.g., e-government and
fintech systems), inefficient resource management leads to losses of up to 30—40% of IT budgets. This makes the topic strategically
important for ensuring competitiveness, sustainable development, and resilience to cyber threats in multi-cloud environments. The
object of the study is modern cloud services, including IaaS, PaaS, and SaaS models provided by platforms such as AWS, Google
Cloud, Azure, and local Ukrainian providers, with a focus on performance under variable workloads. Particular attention is paid to the
Ukrainian market, where hybrid cloud solutions are combined with local infrastructure to overcome limitations in internet bandwidth and
regulatory barriers. The research covers key aspects such as dynamic resource allocation, load balancing, automatic scaling, and Al
integration for demand forecasting. The aim is to systematize optimization methods, identify challenges related to scalability, security,
and energy efficiency, and develop recommendations for implementation in business (fintech, e-commerce) and the public sector (e-
governance, critical infrastructure), taking into account Ukraine’s specific context. Methodology. The article applies a comprehensive
approach that includes a comparative analysis of modern optimization methods based on reanalysis data from cloud providers (AWS
Auto Scaling, Google Cloud Autoscaler, Azure Autoscale) and implementation case studies from 2025. An expert risk assessment using
a factor model is employed to classify causes of inefficiency (human factors, overloads, weak encryption), along with mathematical
optimization modeling using SLO/SLA metrics and linear programming to balance costs and performance. Additionally, the study ana-
lyzes international standards (ISO 27001 for security, Green Cloud for energy efficiency) and regional Ukrainian data, including numeri-
cal experiments with Al-based forecasting algorithms (machine learning for autoscaling). Quantitative assessments are based on statistics
such as a 30% cost reduction through Al automation, monitoring via Google Cloud Monitoring, and data center energy consumption
modeling. Results. The study confirms that key optimization methods include dynamic resource allocation with Al-based forecasting,
which reduces over-provisioning by 25-40%, and automatic scaling that responds to peak loads within seconds, as demonstrated by the
Pinterest case on AWS (30% cost reduction). Load balancing and serverless architectures increase performance by 38—60% by eliminat-
ing downtime. Challenges include security issues (misconfigured IAM, blind spots in ephemeral resources), energy efficiency (a 40%
increase in consumption due to Al), and scaling constraints in Ukraine (limited infrastructure, shadow IT). Provider comparisons show
the advantages of hybrid models: Kubernetes orchestration in multi-cloud environments reduces latency by 40%, while neural network
quantization cuts computational costs by 40%. In the Ukrainian context, uneven adoption is observed: businesses save on administrative
staff, while the public sector suffers from energy shortages. Conclusions. A comprehensive optimization approach is proposed, including
Al integration for predictive scaling, standardization of BRM-like procedures for cloud environments (adaptive risk management proto-
cols), and harmonization with local data centers and renewable energy sources to reduce CO: emissions by 30%. Recommendations for
Ukraine include implementing autoscaling down during off-hours, conducting security testing (CSPM, SIEM), monitoring SLO/SLA
metrics, and providing training for Al-driven resource management. The feasibility of hybrid solutions for the sustainable development
of the digital ecosystem is demonstrated, ensuring reliability, cost efficiency, and competitiveness in business and public administration,
with the potential to reduce costs by 30-50% and increase productivity. This approach lays the foundation for workload forecasting and
risk minimization in 2026 and beyond.

Keywords: dynamic resource allocation, load balancing, auto-scaling, machine learning, multi-criteria optimization, en-
ergy efficiency, scalability, reliability.
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XapKiBCHKHI HAIIOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

METO/ ONTUMI3ALIl PUBLISH-SUBSCRIBE APXITEKTYP
JUJISA IHTEJEKTYAJIBHOI'O IH@OPMYBAHHSA
B YMOBAX OBMEXEHUX PECYPCIB 10T

AnoTtanis. I[IpeqrMeToM JOCIHiPKEHHS B CTATTi € METOIU ONTUMI3alii apxiTektyp publish-subscribe (pub/sub) mis cucrem
Iareprery peueii (10T) 3 0OMexeHNME pecypcaMyl, Opi€HTOBaHI Ha IiIBAIIEHHS e()eKTHBHOCTI IHTEIEKTYaILHOTO iHPOPMY-
BaHHS B YMOBaX KPHTHYHOI iHPPACTPYKTYpH Ta cMapT-cepenoBHIl. MeTo1o poOGoTH € po3poOIeHHST KOMIUIEKCHOTO METOY
onrtuMizanii pub/sub-apXiTeKTyp IUIIXOM iHTerpamnii nepudepiiHnx 00YnciIeHb, TIOPUIHNX KOMYHIKaiiHUX MoJieseH, eHe-
proeheKTHBHUX CTPYKTYp MOBIOMIICHb Ta MEXaHi3MiB 3a0e3MeueHHs] MOOLTBHOCTI i KOH(IACHIIIMHOCTI. Y CTaTTi BUpiLIy-
IOThCS TaKi 3aBJaHHS: aHAJI3 BIUIUBY OOMEXEHHUX alapaTHUX PEecypciB Ta MEpexkeBoi HecTaOlIbHOCTI Ha IPONYKTUBHICTh
pub/sub-cucremM; po3pobka miaxomy 10 NPOAKTUBHOI KiacTepu3allii 6pokepiB Ha mepudepii Mepexi; modymosa riOpuaHOTO
MexaHi3My B3aemonii pub/sub Ta REST-koMyHikaliif; onTHMi3allis CTPyKTypH MOBIOMIICHB s 3MEHILICHHS €HEPTOBUTPAT;
3a0e3nedyeHHs] MOOUTBHOCTI By3JIiB Ta IPOCTOPOBOT KOH(IICHIIIHHOCTI. BUKOPHCTOBYIOTHCS Taki MeTOAM: iepapXidHe Mojie-
moBanHs apxitektypu [oT (Device—Edge—Cloud), anroputmu knactepusaliii, OiHapHe KOAyBaHHS MOBigoMIcHb, AI/ML-
aHaJi3 y IUTF030BHUX By3JaX, a TAKOXK IMiTalliiiHe MOAEIIOBAaHHS XapaKTePUCTHK MepeXi i HaBaHTakeHHs. OTPHUMaHO Taki
pe3yJIBTaTH: 3aIPONIOHOBAHO OaraTopiBHEBY apXiTekTypy 3 Edge-kiacrepusariieio Ta iHTENEKTyalbHUM BEO-IITIO30M, SIKa
3a0e3mneuye 3HIKEHHS JIATCHTHOCTI, IiJBUINCHHS MacmTabOBaHOCTI Ta CKOPOYSHHS! €HEProCIIOKHUBAHHSI; MTPOIEMOHCTPO-
BaHO €(peKTHBHICTh ONTUMI30BaHO1 CTPYKTYpH pub/sub-IOBiIOMIICH Ta MEXaHI3MiB HiATPUMKH MOOLIFHOCTI B AWHAMIYHHAX
CIICHAPIAX; MIATBEPIKEHO MMOKPAIICHHS MPOAYKTUBHOCTI 3a pe3ynasraraMu MmofemtoBanHs (2021-2025 pp.). BucnoBku: Po-
3pobneHnii MeTon onTuMizamii pub/sub-apxiTekTyp mokasye, mo inTerpamis Edge-knactepusamii, TriOpuaHoi KOMyHIKaii,
eHeproe()eKTHBHUX CTPYKTYp MOBIIOMIIEHb Ta MEXaHi3MiB KOH(1IEHIIHHOCTI T03BOJISE CyTTEBO 3HU3HUTH JIATCHTHICTD 1 pe-
cypcoemHicTh cucteM [oT, 3abe3nedyroun TXHIO CTIHKICTh Ta IPUAATHICTB JUIS PEabHOTO PO3TOPTAHHS Y KPUTHYHKX Ta Ma-
cmtaboBanux loT-cepenopuiax.

Kawuosi caosa: [oT, publish-subscribe, ontumizamis apxiTekTypu, 00MexeHi pecypcH, iHTelIeKTyanbHe iHpopMyBaHHs,

eHeproe)eKTHBHICTh, epudepiiiHi 00INCICHHS.

Beryn

Iareprer peueii (IoT) ctaB 0CHOBOIO TS pO3YMHHX
MICT, IPOMHUCIOBOCTI 4.0, OXOPOHH 3IOpOB'Sl Ta IHIINX
KPUTHYHHX cdep, Je MOTpiOHEe iHTeNeKTyalbHe 1H(pOp-
MyBaHHS B peajbHOMY 4aci [1-3]. 3a mporro3amu aHaiti-
THKIB, KUIbKICTh MigKIr0deHuX loT-mpuCTpOiB mpos0B-
KY€ 3pOCTaTH EKCIIOHEHLIITHO, CTBOPIOIOYN EKOCHCTEMY
3 MUIbSIpIaMH TE€TEPOTeHHUX BY3IIiB, SIKI TEHEPYIOTh Be-
n4e3Hi 00csry nanux. Lis MaciTaOHicTh TOPOIKYE dy-
HIaMEHTAJIbHI BUKJIMKH 110710 "M IBUIICHHS ¢()eKTHBHO-
CTi mepenayi TaHWX, MacIITAOOBAaHOCTI Ta XHUBYYOCTi B
KPUXKOMY MEPEXEBOMY CEpPEIOBHII Ta OOMEXEHHX pe-
cypcax B loT-cucremax" [4].

Onnak peanizanis eeKTHBHOI KOMYHIKalliiHOT iH-
¢dpactpykrypu aist [oT ycknanHIOETbCS HU3KOIO ITpUTa-
MaHHHUX Il mapamurmi oOMmexens. [lo-mepre, Oinb-
mricte loT-mpucTpoiB xapakTepu3yIOThCS 0OMEKEHUMHU
00UHCITIOBAJIBHUMHU PECYPCaMK, MaJIOk0 MaM'sITTIO Ta aB-
TOHOMHUM XHBJICHHSAM BiJl OaTapeii, o BUMarae MiHiMi-
3amii eHeprocnoxkuBanHA. Ilo-gpyre, loT-mepexi gacto
(YHKI[IOHYIOTh B yMOBaxX HECTaOUIFHOTO 3B'S3KY, BHCO-
koi MOOUTBEHOCTI By3MmiB Ta AMHamiuHOi Tomosmorii. [lo-
TpeTe, KpUTUYHI JIOATKHU, TaKi SIK CHCTEMH MOHITOPHHTY
370pOB'st a00 IPOMHCIIOBA aBTOMATH3allisi, BUMAararTh
HaJI3BUYaifHO HU3bKHX 3aTPUMOK JIOCTaBKH JaHUX Ta BU-
cokoi HajiitHocTi. Haperri, rereporeHHicTs NpUCTpoOiB
Ta IPOTOKOJIIB CTBOPIOE NMPOOJIEMH iHTEpOIIepadeIbHOCTI
Mix pizaumu loT-exocucremamu.

Apxitektypa publish-subscribe, peanizoBana B Ta-
kux nportokonax sk MQTT, DDS ta AMQP, € nepcriek-

TUBHOIO napagurmoro g loT 3aBasgku i aCUHXPOHHO-
CTi, CcJIa0Ki# 3B'13aHOCTI KOMIIOHEHTIB Ta €(EeKTHBHOCTI
y IIMPOKOMACIITaOHOMY PO3MOBCIO/IKEHHI JaHuX [5, 6].
Ha Bigminy Bij TpaauuiitHux Mopeneit "kiieHt-cepsep”,
pub/sub 3abesmedye BiMOKpEeMIJICHHS BiATPaBHHKIB
(publishers) Bix orpumyBadiB (subscribers) gepes moce-
penHuKa-0poKepa, 110 03BOJISIE KOMIIOHEHTaM CUCTEMH
PO3BHBATHCS HE3AJIEKHO Ta JUHAMIYHO a/1alTyBaTUCS /10
3miH. Ile ocobmmBo BaxmuBo mist loT-cepenoBum, ne
TIPUCTPOT MOXKYTb 3'ABIATHCS Ta 3HUKATH 3 MEPEXKIi B J0-
BIJIbHUI MOMEHT Yacy.

HesBakaroum Ha TEOpETHYHI epeBaru, CTaHAapTHI
peaizanii pub/sub cTUKAIOTBCS 3 CEPHO3HUMH TPOOITE-
mamu B ymoBax loT. I{entpasnizoBaHi Opokepu CTBOPIO-
I0Th €IMHY TOYKY BIJIMOBH Ta CTalOTh BY3bKHM MiCI[EM
mpu MacitabyBaHHi [6]. Bucoki HakIagHI BUTpATH MIpH
MOOUIBHOCTI BY3J1iB IPU3BOATE /IO BTPATH MOB1IOMIICHb
Ta 3pOCTaHHA JaTeHTHOCTI [7]. BincyTHicTh mpocTopoBoi
00i3HaHOCTI 0OMEKy€e MOXIIMBOCTI HaJaHHsS TeoJoKa-
LiifHUX cepBiciB npu 30epekeHHi KoH(ineHIiHHOCTI [8].
HeedexriBHa mapmpyTusamis B IIMPOKOMACIITaOHHX
PO3MOIEHUX CePEeIOBUINAX CIIPUYMHSIE HAJIMIPHE HaBa-
HTa)KEHHSI Ha MEpexy Ta eHeprocnokuBanus [ 1, 2]. Kpim
TOTO, TPAAWIiiHI apXiTEeKTypH HE BPaxOBYIOTh CIEIHU-
¢iky mepudepiitnux obduncnens (Edge Computing), sxi
CTaJIM KJIFOUOBUM TPEHIIOM JIJIsi 0OpOOKH TaHuX OivbKIe
JI0 JDKepea iX reHepartii.

MerToo 11i€i poO0TH € PO3pOOKa KOMIUICKCHOTO Me-
TOMy onTuMmiszanii apxirektyp pub/sub s IoT, cnpsimo-
BAHOTO Ha MOJI0JaHHS IMX 0OMEKEHB IIIIXOM IHTerpaii
HalCy4JacHIIIMX TiJIXOAIB, 30KpeMa mnepuepiiHux
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oOuuciIeHb, NOpUIHIX KOMYHIKalliHHUX MOZENIeH Ta Me-
XaHi3MiB 3a0e3ne4eHHs] KOH(iAeHIiHHOCTI. 3arnponoHo-
BaHMH MeToJ] 00'€JHY€ IPOAKTUBHY KJIacTepHU3alliro Opo-
KepiB Ha nepudepii Mepexi, iIHTeJIeKTyalbHIH BeO-111TI03
JUISL MIDKCHCTEMHOI B3a€MO/Ii1, eHeproeeKkTHBHY CTPYyK-
Typy HOBIIOMIJIEHB Ta MIATPHUMKY MOOLIBHOCTI BY3IIiB,
CTBOPIOIOUH IUTICHE PIilIeHHS I iHTEJIEKTYaIbHOTO 1H-
(hopMyBaHHI B yMOBaxX OOMEXEHUX PECypCiB.

Orasig icHyouMX miaxoAiB Ta iX o0MexeHb

AHaJi3 0CTaHHIX JOCHTIHKEHb y cdepi onTumizarii
apxitektyp publish-subscribe st [oT no3Bossie BHOKpe-
MHUTH IT'SITh KIIIOYOBUX HANPSMKIB PO3BHUTKY, KOXKEH 3
SIKHX apecye cuenn@idni mpodiemMu, aje Mae BIacHi 00-
Me)KEeHHSI TIPH 3aCTOCYBaHHI B peabHUX YMOBAX.

[Nepmmii HapsSIMOK CTOCYETHCS KiIacTepu3amii Ta
nepruepifHuX OOYNCIICHD AJIS 3MCHIICHHS 3aTPUMKH y
BenmkoMacmTabHux loT-nomaTkax. JlocmiqHUKH TpoTIo-
Hy0Th iepapxigai mogeni Edge-Cloud 6pokepis, xe me-
pudepiiiHi By3aH po3MiLLYIOThCs OIIMKUE 10 JKeped aa-
Hux. Podotu [1-2] neMOHCTPYIOTh €()eKTUBHICTh MPOaK-
TUBHOI KJ1acTepu3allii OpokepiB Ha OCHOBI reorpadigHol
01M3BKOCTI Ta CXOXKOCTI TeM (topic similarity). Sk 3a3Ha-
YarTh aBTOPH, IIE J03BOJIsE "OpOKepaM B OHOMY KJac-
Tepi OOMIHIOBATUCS JAHUMHU HAMpsAMY, 00 10JaTKOBO
3HH3HUTH 3aTPUMKY JocTaBku naHux" [2]. EQexTuBHICTD
TaKOTO MiOXOAY MiATBEPIKYEThCS BUMIPIOBAHIMH pe-
3yAbTaTaMiy: "Hallla MOJENb JOCATAa€ CepelHBOi 3aTpu-
MKH JIOCTaBKH MPHOIN3HO 66% BiA MOKAa3HHKIB, OAIO-
HuX 10 PubSubCoord" [2], mo aeMoHCTpy€e CyTTEBE TO-
KpallleHHs MIPOXyKTHBHOCT. MeTox po3moniry TeM Ha
KiJIbKOX nepudepiiiHux cepBepax [9] Takox crpusie 00-
poOri naHuX OJKKYE 10 JpKepesia iX reHepartii, 1o Kpu-
TUYHO JUTs "4y TAMBHX 110 3aTPUMOK cepBiciB” [9]. OmHak
10l T1IXOIH 30CEPEPKEHI BUKIIOUHO Ha ONTUMI3AIil BHY-
TPIMIHBOT apXITEKTypH Ta HE PO3MIISIAIOTh IMTAHHS B3a-
€Moii 3 30BHIITHIMH CUCTEMaMH, 1[0 00MEKYE IX 3aCTO-
CyBaHHS B TETEPOTCHHIX CEPEIOBHIIAX.

Jpyruii HampsMOK MOCHIJKEHb CIPSIMOBAaHWH Ha
MTOZOaHHS PO3PHBY MK €()EKTHBHOIO BHYTPIITHBOCHC-
TEMHOI0 KOMYHIKAI[i€f0 Ta MXKCHCTEMHOIO B3aEMOIIETO 3
mmpmuM [HTepHeTOM dYepe3 TiOpHIHI KOMYHIKAIliiTHI
mozeii. Pobora [10] 2025 poky mipejacTariisie iHHOBAIIIii-
HUH MiAXIA, 10 TOEAHY€e MexaHi3Mu pub/sub mist BHYT-
pimHbBOTO 00MiHYy Hanumu 3 REST-iporokonamu s 30-
BHIIITHLO1 B3a€MOIii. ABTOPH CTBEPIKYIOTh, 110 "TiOpH-
JTHA KOMYHIKAIlifHa MOJEJb, sIKa TOEAHYE MEXaHi3MHU
TUNy 'myOmiKamis-manucka' UIs BHYTPIOIHbOCHCTEM-
Horo oOMiHy nanumu 3 REST-npoTokonaMu st MixKCH-
CTEMHOTO 3B'SI3KY, MO)KE TOKPAIIUTH iHTeponepabes-
HicTh loT-cuctem ta QoS" [10]. KiroguoBuM eneMeHTOM
i€l apXiTeKTypH € iHTenekryanpHui BeO-nuto3 (IWG),
spmatHuil 1o AI/ML amHamizy, Ans MiATPUMKH Tepenadi
MDXK ITUMH JIBOMa peXUMaMH KOMYHikaii. Takuii miaxis
3a0e3mnedye THyYKiCTh Ta CyMICHICTh 3 iCHYIOUHMH BeO-
cepBicaMH, MMPOTe BUMArae JOJATKOBUX OOYHCIIIOBAIIb-
HUX pecypciB it poborn AI/ML mogneneit, mo Moxe
OyTH TPOOIEMAaTHYHUM B PECYPCHO-OOMEKEHHX CepeIo-
BHUILAX.

Tpertiit KpUTHYHO Ba)XJIMBUI HAIPSIMOK IIPHCBSYC-
HUHA eHeproeeKTUBHOCTI Ta Oe3mewi mnepeaadi JaHHX.
Jnst  pecypcHO-OOMEKEHHX MNPUCTPOIB  3MEHIICHHS

o0csry mepejaHuX JaHMX Oe3NOCepeaHbO BIUIMBAE HA
TpuBaicTh poboTH Bix Oarapei. Jocnimkenns [S] mpo-
MOHY€ CTaHAAPTU30BaHy CTPYKTYpy IIOBiIOMIICHb IS
pub/sub cuctem, ska "cnpusie eHeproepeKTUBHOCTI, J10-
3BOJISIFOYM BUKOPUCTOBYBATHU MPHUCTPOT 3 YIIBTPaHU3bKUM
CIOKMBAaHHSM €HEprii Ta BHUCOKOIO €MHICTIO, a TaKOX
3MEHIIYIOYH KiIbKicTh OaiiTiB, mo nepenaioTees B loT-
cepenoBumi”. JlerkoBaroBmii MPOTOKOI Ha OCHOBI
MQTT Takox AEMOHCTPYIOE TIEpeBaru B €HEProCIOXKHU-
BaHHI Ta BHKOPHCTaHHI MPOIYCKHOi 37aTHOCTI MOpiB-
asauo 3 RESTful migxomamu, 110 103BOMISE JOCATTH "'Me-
HILIOTO BUKOPUCTaHHS MiKpokoHTposepa loT-npuctpois”
[11]. EMnipuyHi 1aHi HOKa3ylOTh 3HaYHE 3HWKEHHS CHe-
PrOCIIOXMBAHHS NPU BUKOPUCTAaHHI ONTHMI30BaHMX
CTPYKTYp MOBifoMIIcHb. [IpoTe OibIIiCTh TOCITIKEHb B
LOMY HaIpsMKy HE NPUAUIAIOTH TOCTATHBOI yBary M-
TaHHAM Oe3meku Ta Mu(pPyBaHHS, SIKI TAKOXK CIIOKHBa-
I0Th €HEpPTil0 Ta MOXYTh HIBEIIOBATH JOCATHYTHH BH-
rpar.

UYerBepTuil HapsiIMOK (POKYCY€ETHCS Ha MiATPUMIL
MOOITBHOCTI BY31iB Ta 30epekeHHI KOH(DIeHIIHHOCTI B
muHaMigHuX [oT-cepenoBummax. B ymoBax Brcokoi Mo0i-
JIBHOCTI BY3JIiB, 110 XapaKTepHa Ul PO3yMHHUX MicT abo
TPaHCIIOPTHUX CHUCTEM, TpamuuiiHi migxoan Named
Data Networking (NDN) noka3yioTh HU3bKY e(EeKTHB-
HICTB 4epe3 HeO0OX1IHICTh HOCTIHHOTO OHOBJIEHHS MapII-
pyTiB. Pimenss, 3anponoHoBane B [7], eeKTHBHO MiAT-
pUMy€e MOOUTBHICTD K criokuBaviB (Consumers), Tak i
npoxyueHTiB (Producers) nanmx. ABTOpH IMOBITOMIISIOTh
npo 3HauHe nokpammeHHs: "l{o cTocyeTscst MOOITBHOCTI
BUPOOHMKA, 3alpOIIOHOBAHE pilIeHHA xocTtaBisie 79%
TaKeTiB JaHuX MopiBHAHO 3 14% y pimHiil peamizamii”
[7], mo nemMoHcTpye Maiike M'STHUKpaTHE MOKpalleHHS
HaAJIHHOCTI JocTaBKU. (s 3aXHCTy KOHQIACHIIIHHOCTI,
0COOJIMBO B KOHTEKCTI CEPBICiB, 110 0a3yI0ThCs Ha JIOKa-
uii, posmupenass LA-MQTT [8] 3abesmeuye mpocTo-
POBO-OPIEHTOBAHY KOMYHIKaIli{0, 7i¢ "peTeabHO MiaTPHU-
MYETbCsl 30epekeHHs] KOH(DINSHIIHHOCTI Micle3Haxo-
moxerHHs" [8]. Cuctema 03BOJISIE MINMCHUKAM OTPUMY-
BaTU TOBIJOMJICHHS Ha OCHOBI X reorpagiqHoro moso-
KeHHsI 0€3 PO3KPHUTTS TOUYHHMX KoopauHar. OqHaK Mexa-
HI3MH MiATPUMKA MOOUTFHOCTI YaCTO BUMATaloTh JT0JIaT-
KOBOTO TpagiKy JUIsi MOHITOPUHTY Ta IIPOTHO3YBaHHS I1e-
peMileHb, Mo 30UThITye HaBaHTa)KEHHS HAa MEPEIKY.

[I'sTHif HaMIPSIMOK CIIPSIMOBAHHI HA JEIICHTpai3a-
IO Ta TiIBUIIEHHS CTIHKOCTI CHCTEMH Yepe3 YCYHEHHS
€IMHOT TOYKHU BiJIMOBH, XapaKTEPHOI IS IIEHTpali30Ba-
HUX OpokepiB. s BupimeHHS 1iel mpobiaeMu MpoIoHy-
FOTBCS JICTIEHTPaJi30BaHi MOJEi Ha OCHOBI OJIOKJYEHHY
[6] Ta anrOpUTMH CaMOBiTHOBIICHHS MapIupyTH3amii [4,
12]. brnoxueiH-miaxin 3abe3neuye po3noaiieHy 10Bipay
iHpacTpyKTypy, YHUKAIOUH "HEHTpai30BaHUX HaJall-
TyBaHb JIOBIpH Ta MPOOIEMH €TMHOI TOYKH BimMoBH" [6],
10 OCOONMBO BaXKIIMBO JJISI KPUTHYHHUX 3aCTOCYBaHb.
AJNTOPUTMH CaMOBiTHOBJICHHS JI03BOJISIIOTH CHCTEMI aB-
TOMAaTHYHO aJaNTyBaTHCS JI0 BiIMOB OKPEMUX KOMITOHE-
HTIB, MIIATPUMYIOUHM >XMBYYICTh HaBiTh IPHU YaCTKOBHX
3009ax mMepexi [4, 12]. IIpore OnoxueH-pilIeHHS Xapak-
TEpU3YIOTHCSI BUCOKMMH OOUHCIIOBAJIBHUMH Ta €Hepre-
THYHUMH BUTPATaMH, IO POOUTH iX MPAKTHIHO HETIPUHi-
HATHAMH I pecypcHo-oOMexeHux loT-mpucTpoiB.
KpiM TOTO, KOHCEHCYCHI MEXaHi3MH MOXXYTh BHOCHTH
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JIOJIaTKOBI 3aTPUMKH, 110 CYNEPEYUTh BUMOTaM JI0 pea-
JILHOTO 4acy.

Hes3Bakaroun Ha 3HAUYHMH TPOTPEC Y KOXKHOMY 3
LIUX HANpPSMKiB, aHAJII3 OKa3Ye, 10 OLIBIIICTH 3apomo-
HOBaHMX PIillIeHb 30CEPEKYIOTHCS Ha OKPEMHX aclieK-
Tax npobiemu onrtumizatii pub/sub apxitextyp mis [oT.
BincyTHil KOMIUTEKCHHH MiAXiM, IO 1HTETpy€E ONTHUMIi3a-
oito s nepudepiiHuX OoO0YHCICHb, eHeproeeKTHB-

HICTB, O€3IIeKy, MATPUMKY MOOLIBHOCTI Ta 1HTEepoIiepa-
OeNBHICTh B €MHY Y3TOMKeHY apXitekrypy. Came wei
PO3pPHMB MiX CHELiaNi30BAHUMH DILICHHSIMHU Ta IMOTpe-
0010 B LIUTICHIA CHCTEMI OOIPYHTOBY€E HEOOXITHICT pO3-
pOOKH 3ampoNOHOBAHOTO B Iifi POOOTI KOMIUICKCHOTO
METOIY OITHMI3aIlil.

BinmoBigHo 10 BHIe3a3HaY€HOro, Taobm. 1 MICTUTH
MTOPIBHSAHHS HasBHUX ITiTXOIB.

Tabnuysa 1 — IopiBHAHHA HASBHUX MiIXO0TiB

Minxix KirouoBi nepeparu

OcCHOBHi 00MesKeHHsI

JlocsrHyTi pe3yabraTn

3HWKEeHHs 3aTpUMKH Ha 34%; ipsama
B3a€MOJIisl B KJIacTepi; MiHIMizaIis
peTpaHcIAIiiHOro Tpadiky

Knacrepuzauis Edge-
Opoxepis [1-2, 9]

He posmisinae mbkcucTeMHy
B3a€MOJIII0; CKIIQTHICTh YII-
PaBIiHHS KJIacTepaMu

Cepenns 3aTpumMKa 66%
BiZ 6a30BOTO piBHS

I'iopunni komyHikamii IaTeponepabenbHiCTh 3 BEO-CHCTE-

Bucoki o0unciroBaibHi BU-

[lixTBepmKeHa cymic-

(Pub/Sub + REST) mamu; AI/ML st ontumizanii map- Tparu Ha IWG; nomgatkoBa HICTB CTaHAAPTHOTO 00-
[10] mpyTtu3anii; QoS moKpamieHHs CKIIJHICTh apXiTEKTyPH TaTHaHHS
Eneproedexrupni 3MEHIIEHHS KiINBKOCTI OalTiB; yIbT- Henocrarus yBara no 6e3- 3HIKECHHS BUKOPHC-
CTPYKTYPH NOBiIOM- paHM3bKE CIIOKUBAHHS; IPOIOB- MeKH; OOMEKeHa MATPUMKA | TaHHS PECypCiB MiKPOKO-
Jens [5, 11] JKeHHs poOOTH Bij Oatapel CKJIaJIHUX CIICHApIiB HTpoJepa

HoctaBka 79% mnaxkeriB nipotu 14% y
6a30Bili Bepcil; IPOTHO3yBaHHS Tpa-
€KTOpil

HinTpumka MobinbHO-
cti NDN [7]

JonarkoBuit Tpadik s Mo-
HITOPHHTY; CKJIaJHICTb pealti-
3arii

S5-KpaTHe IOKpalleHHs
HaOiHOCTI U1 MOOIIIb-
HUX IPOAYLEHTIB

Teostokaniiina xondi-
neHuiitnicTs (LA-

30epesxeHHsT KOH(1IeHIIHHOCTI JI0-
KaIlii; MpOCTOPOBO-OPi€HTOBaHA JOC-

OOmMmerxeHa MacIITabOBaHICTh
Te030H; crienupigHicTh 3aCTO-

JloctaBka 6e3 pO3KpHUTTS

MQTT) [8] TaBKa

TOYHUX KOOpAUHAT
CyBaHHS

Jeuentpasnizaunis

(6s0Kueiin) [6] po3mozineHa goBipa

YcyHEHHSI €IMHOT TOYKH BiIMOBH;

Bucoki 00uncioBabHI BU-
TpaTH; JONATKOBI 3aTPUMKH
KOHCEHCYCY

[ligBumieHa KUBy4icTh
CUCTEMH

CaMoBiTHOB./II0OBa- . ..
. ABTOMaTHYHa ajanTaiis 10 3001B;
JIbHA MapLIPYTH3aList . .
4,12) MiZIBUIIICHA TOCTYITHICTh
9

He Bupimye npobnemy macri-
TaOyBaHHS; 0OMEXEHa eHep-
roe(eKTUBHICTh

CTiiIKiCTb 10 YaCTKOBUX
BIZIMOB Mepexi

3anponoHOBaHUK METO/ ONTHMI3allii apXiTeKTyp
publish-subscribe mns loT-cepenoBuin rpyHTy€eTBCS Ha
MPUHIIUII CUCTEMHOI 1HTerpalii HalO1IbII e(eKTUBHUX
Cy4acHHMX MiJXO/IB 3 MOJANBLIOI iX ajanTali€l o0
YMOB OOMEXEHHUX pecypciB. MeToJoJIOriuHO MeTo]
CHPSIMOBaHUH Ha OJHOYACHE BHPILIECHHS B3a€MOIIOB'S-
3aHUX MPOOJEM MACIITaOOBaHOCTI, eHeproe(eKTHBHO-
CTi, 3aTPUMOK, MOOLTBHOCTI Ta Oe3IeKkH, sIKi Tpaau-
LiIfHO PO3MIANAIOTECS 1307b0BaHO. S1IpOM METONOJIOTIT
€ KOHIemis "aganThBHOI OaraTopiBHEBOI apXiTek-
TypH", 110 JMHAMIYHO OaslaHCy€ HaBaHTa>KEHHS MIX pi-
BHSIMU TIPUCTPOIB, NepudepiiiHux oO0InCciIeHs i XMapH,
BUXOJISTYH 3 HOTOYHHX MEPEKEBUX YMOB Ta BUMOT J10/1a-
TKIB.

Marepianu Ta MeTOIM J0CTiAKEHHS

BararopiBHeBa apxiTtekTypa 3 iHTeJeKTyalb-
HOI0 KjacTepu3aniclo OpokepiB. dyHnamMeHTOM 3a-
IIPOIIOHOBAHOTO METO/ly € iepapXidHa apXiTeKTypa
"ITpuctpin-Edge-Cloud" (puc.1), mo peanizye mnpuH-
nunu nepudepiitanx oduncnens. Ha Binminy Bix kiacu-
YHUX ICHTPATi30BaHUX MOJAENeH, Je €auHui Opokep
CTa€ By3bKHM MiCIIeM, Y HaIIOMy Iiaxoai Ha nepudepii
MepeXi PO3MIIIY€ETHCS TMHAMIYHHM KiacTep JeTKOBaro-
BHuX OpokepiB. [Iporec kmactepusallii € MPOAKTUBHHUM i
0azyeTbcsl Ha IBOX KIIFOUOBUX KPUTEPIsAX:

1. Teorpadiuna GIM3bKICTH BY3IIB, IO J03BOJISE
MiHIMI3yBaTH MepeXeBYy 3aTPUMKY Ta 3MEHIIUTH Bap-
TICTb Tepe/adi J1aHHX.

2. CemantnuHa cxoxicts TeM (Topic Similarity),
1110 BU3HAYAETHCSI 32 JI0IIOMOTOI0 AJITOPUTMIB Kostabopa-
tuBHOI ¢inerparnii. lle mo3Bonse o0'enHyBaTH B OOHMH
KJactep OpoKepH, sIKi 00pOOIAFOTH KOPEIbOBaHI IIOTOKH
JTAaHWX, HaBITh 3a BIZICYyTHOCTI YiTKOi MMPOCTOPOBOT OIH-
3bKOCTI.

Taka nBodakTOpHA MOENE KiacTepu3alii 3a0e3-
nevye npsiMy B3aeMojiito OpoKepiB BCcepeuHi Kiacrepa,
3HAYHO 3HMXKYIOYH HEOOXiTHICTH y peTpaHCiALii moBi-
JIOMJIEHB Yepe3 LeHTpalbHi By3nu. ExcriepuMeHTabHI
JIaHl ZOCHiKeHb [2, 9] miATBEpIKYIOTh, IO MOAIOHNH
MIJIX1]] JO3BOJISIE IOCSTTH 3HAYHOTO 3HMXKEHHS JIATEHT-
HoCcTi (0 34%) Ta MIABHIIMTH 3arajbHy NPOMYCKHY
3[IaTHICTh CHCTEMH.

I'iopnannii MexaHizM KoMyHikauii 3 iHTeJeKTy-
anbHuM BeO-unLt103oM (IWG). [Ing monmonanHst mpo-
Onemu iHTeporepabenbHOCTI B rereporeHHux loT-exo-
crcTeMax 3alpoINOHOBAHO BIIPOBAJUTH IHTEIEKTyab-
Huii Be6-11lmo3 (Intelligent Web Gateway - IWQ)
(puc.2), 1o BUKOHYE PONIb alanTepa MiX BHYTPIIIHBOIO
Mepexero pub/sub Ta 30BHIITHIME CHCTEMaMHU.

®dynkrionansHo IWG peanizye nBi KIIO9oBi 3a-
maui:
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1. Tpancnsiuiss npotokomis: o3  3abe3mneuye
Oe3mepebiiiHy JBOCTOPOHHIO KOHBEPTAIIO MOBiJOM-
JICHb MIDX JIETKOBarOBUMH IPOTOKOJIAMHU, ONTHMAJb-
wumu U1t [oT (manpuknan, MQTT, CoAP), Ta mpoTtoko-
namu BeO-cepaiciB (RESTful HTTP, WebSocket).

2. TlpuitHATTA pimIeHb HA OCHOBI IITYYHOTO iHTE-
nexty (AI/ML): IWG anani3ye B peansHOMY 4aci MeTa-
nafi Tpadiky (THII JaHUX, IPIOPHUTET, CTaH MEpPEexKi) Ta,
BHKOPHCTOBYIOUH JierkoBaroBi ML-mozeni, TuHaMiqHO

PiseHb NpucTpoia

Aatirkn

AKTyaTopu

Mo6inbHi npucrpoi

MNepudepiiHuii piseHs Edge

TpaHcaauia npoToKonis >

Knactep 6pokepis 1

i v
Knactep 6pokepis 2

/

f

( A ¥

Knactep 6pokepis N

\. \ ./’

XMapHuH piseHb

XmapHa nnatgopma

Puc. 1. bararopiBHeBa apXiTeKTypa
"IMpucrpiiti-Edge-Cloud"

EneproedgexkTuBHa Ta 0e3neyHa CTPYKTypa no-
BiloMy1eHb. B yMOBax 0OMeXeHOi MPOMyCKHOI 3/1aTHO-
CTi Ta eHeprii akyMyJIITOPHUX MPUCTPOIB KPUTHYHO Ba-
XKITMBHM € MiHIMi3allis HAaKJIAJHUX BUTPAT HA KOMYHIKa-
1ito. 3anporoHOBaHUI METOJI BIPOBA/KYE CTaHIApPTHU-
30BaHy CTPYKTYPY ITOBIIOMIICHB, SIKa PaJIUKATBHO CKOPO-
gye o0csr ciryx00Boi iHpopmarii. BoHa BKiIFOYae KOM-
MakTHI OiHApHI 3arOJIOBKH, IO MICTATh OOOB'S3KOBI ar-
pubyTH (imeHTH(IKaTOp TEMH, 4ac >KUTTS, piBeHb Oe3-
TIEKH), Ta ONITUMI30BaHEe KOPHCHE HaBAHTAXKCHHS.

st 3abe3nieucHAs Oe3eKu Oe3 HaIMIPHHUX CHepre-
TUYHHUX BUTPAT BUKOPUCTOBYETHCS KOMIUIEKCHUIT T X111

1. End-to-End  IlIudpyBannsa: 3acTOCOBYIOTHCS
merki kpunrorpadiuni amroputmu (Hampukman, AES-
128-GCM), mo 3a6e3neuyroTh KOHQIASHIIIHHICTD 1 IiJTi-
CHICTh JTaHWX Ha BCHhOMY INLISAXY BiJl BiANpaBHUKA JIO
oTpHUMYyBaya.

2. Konrponb minmicHocti Ta aBTeHTH(iKaris: Ko-
JKHE IIOBIJIOMJIEHHSI CYNPOBOPKYETHCS HHU(PPOBUM IIiJ-
IIMCOM, IO TapaHTy€e aBTeHTU(IKALIIO JUKepena Ta 3aXH1-
Ia€e BiJ HECAaHKIIOHOBaHOT Mov(iKarii.

Sk meMOHCTPYIOTh AociipkeHHs [6, 10], Taka orm-
THMI3aIlisl CTPYKTYypH TMOBITOMIECHH (puC. 3) I03BOJISE
CYTTEBO MPOIOBXUTH aBTOHOMHICTh IPUCTPOIB.

BUOMpAaE ONTUMAJIBbHUM NUIIX Mapiupytusanii. Hanpu-
KJ1aJl, KpUTHYHI 10 3aTPUMKH JIaHi CIIPSIMOBYIOThCs Oe3-
mocepenHbo 10 BiAmosigHoro Edge-kiacrepa, Tomi sk
JlaHi Uil IMOOKOT aHAIITHKH TEpelaloThCsl Y XMapHe
cepenoBuILe.

He#t migxin, 3amo3udeHuil Ta posmmpennit 3 [10,
13], 3abe3medye He JIWIIE TEXHIYHY CYMICHICTB, aje i
IHTENEKTyaJIbHE YIPAaBIiHHS SKICTIO OOCITyTOBYBaHHS

(QoS).

BHyTpiwHA mepexa loT

Edge-6pokep

Mpucrpoi

l

IHTeneKTyansHuiA Be6-wno3

OnTumizauis
Al/ML aHani3 Tpadiky > u

|

3oBHiWHI cucTemm

MapLIpyTH3ayii

REST API

Be6-cepaicn

Ba3u aaHux

Puc. 2. ApxiTekTypa iHTEIeKTyalbHOTO
BeO-1LTI03y (IWG)

MexaHizMi mITPUMKH MOOIILHOCTI Ta KOHdI-
nenuiiinocti. /{1 epexTuBHOI poOOTH B JMHAMIYHHX
CEepeIOBHINAaX, TAKHX SIK PO3YyMHE MICTO a00 JIOTiCTHKA,
METO/I BKIIIOUA€E CIICIiaai30BaHi MexaHi3mu (puc. 4) mis
00CITyroByBaHHS MOOUIBHHUX BY3JIiB.

Bin inTerpye minxin, momioHuit no [14-15], sxwmit
peaizye:

1. O6pobky mobimpHOCTI Bupobuuka (Producer):
[InsxoM TUHAMIYHOTO NEpETpHB'I3yBaHHS IOTOKIB Ja-
HUX J0 HOBHMX TOYOK NPHUETHAHHS B MEPEXi NMpH 3MiHi
MiCIIsl pO3TalllyBaHHs IPUCTPOIO.

2. O6pobky MOOITBHOCTI CrioxmBada
(Consumer): 3a paxyHOK MeXaHi3My MpPOTHO3yBaHHSI
TpaeKTOpil pyXy Ha OCHOBI iICTOPHUYHHUX HAHUX, IO JO-
3BOJISIE TIOTIEPEIHBO TIEPECHANPABISTA MOBIJIOMIICHHS B
OYiKyBaHy 30HY IPUCYTHOCTI.

s 3axucTy TPOCTOPOBOi KOH(IAEHIIHHOCTI KO-
pHUCTYyBadiB BHUKOPUCTOBYETHCS MOIHM(IKOBaHA BepCis
mporokory LA-MQTT (Location-Aware MQTT) [8].
Bin 3a0e3medye MOCTaBKY IMOBIJIOMIICHP Ha OCHOBi BH-
3HAYEHHS T'e030H (HampuKiIaja, "HeHTp Micra", "paiioH
A"), He poskpuatoun TouHNX GPS-koopaunar minnmc-
HUKIB, THM CaMHM peati3yloud MPUHIUN "MiHIMaJIbHO
HEOOX1THUX aHUX IPO JOKaIlifo".
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BxiaHe nosigomneHHs

< Onmumizavin crpykrypu >

N

CTuCHeHe KopyicHe
HaBaHTaKeHHA

_ 1 J

End-to-End widpysanhs

OnTHmizosaHe
NOBIAOMAEHHSA

Puc. 3. [Ipouec ontumizamii CTPyKTypH MOBIIOMIICHb

Pe3ynbraru

Jlnst ekcniepiMeHTasIbHOT NepeBipKU e(heKTUBHOCTI
3alpOIIOHOBAHOTO METONY ONTHMI3alil apXiTeKTypH
publish-subscribe Oymo mpoBeneHO cepiro CUMYIAIIIHHIX
eKCIICpUMEHTIB, 110 MojientoBanu pooory loT-cuctemu B
peaiCTHYHUX YyMOBaX.

ExcnepumenrtanbHe cepenopuile Briodano 100
loT-mpuctpois, § nepudepiiHux OpOKepiB Ta pisHOMaHI-
THI cueHapil HaBaHTaXeHHs NPOTAroM 30-CeKyHIHOro
inTepBaiy. [Ipuctpoi reHepyBanu MoBiJOMJICHHS 3a IIic-
ThMa TeMamu (temperature, humidity, motion, pressure,
light, air_quality) 3 iMoBipHicTI0 MOGiTBHOCTI 12%, 1110
BIJINIOBiJJa€ JMHAMIYHAM CIICHApPiSIM PO3YMHOTO MicTa

MoGinbHHA BUPOBHHK

MobinbHwi BUPOBHHK

Edge-Gpokep IWG MoBinsHui CnoxHeay

My6nikauis ganmux

N

OHOBNEHHS NOKEL|T

»

MporHo3yBaHHA TpaEKTOPIT

MepeHanpas/eHHs MgmMcok

JocTaska B HOBY NoKaLto

Edge-6poxep IWG MoBinsHuit cnoxmsay

Puc. 4. Mexanizm 06poOku MOOLITBHOCTI By3JiB

a00 JOTICTHYHHUX CHUCTEM.

s 00'eKTHBHOI OIIHKM TEpeBar 3amporoHOBa-
HOTO MiZX01y OyJI0 BUKOHAHO MOPIBHSJIBHUI aHai3 TBOX
apxXITEeKTypHHUX KOHQIrypairiii: 6a30Boi IIEeHTpaTi30BaHOT
apXITEKTypH 3 €IMHUM OPOKEPOM Ta 3aMPOIOHOBAHOT OII-
THUMI30BaHOI apXiTEKTYpH 3 MPOAKTHBHOIO KllacTeph3a-
nieto Edge-OpokepiB, eHeproeeKTUBHOI CTPYKTYpOIO
MTOBITOMJICHB Ta iHTEJIIEKTYaIbHUM BEO-IILTFO30M.
AHai3 TaTEHTHOCTI JOCTAaBKH ITOBIIOMIIEHD

PesynpraTy BUMipIOBaHHS 3aTPHMOK JIOCTABKH MO-
BiIOMJICHB TIpeNCTaBleHi B Ta0I. 2. JlaHi JeMOHCTPYIOTH
CYTTEBE 3HM)KEHHS JIATEHTHOCTI TPH BUKOPUCTAHHI OII-
THUMIi30BaHO{ apXiTEKTypH IMOPiBHAHO 3 0a30BOIO pealriza-
Hi€to.

Tabnuya 2 — IopiBHAILHMIT aHAJII3 JJATEHTHOCTI 10CTABKH MOBi1OM/IeHb

MeTpuxa Ba3oBa apxitextypa (Mc) | OnTtumizoBaHa apxitekTypa (Mc) Mokpamenns (%)
CepenHs JaTeHTHICTh 36.94 8.46 77.1%
MiHiMa/bHa JaTeHTHICTH 27.16 5.00 81.6%
MaxkcumaJibHa JIaTeHTHICTh 46.91 34.96 25.5%
P50 (meniana) 36.95 8.68 76.5%
P95 43.80 10.77 75.4%
P99 45.53 10.96 75.9%

Sk BUAHO 3 TAONHUIN, cepeHs JIATCHTHICT B OITH-
Mi30BaHii cucteMi 3HU3MNacs Ha 77.1% — 3 36.94 mc 1o
8.46 Mc, 10 MOSICHIOETHCS JIOKAJIi3aIlie€l0 0OpOOKH MOBi-
JIOMJIEHb B Mekax reorpadiunux kmactepiB Edge-Opo-
KepiB.

Menianne 3Ha4deHHs 3aTpuMkn (P50 = 8.68 mc) Ta-
KOX JIEMOHCTPY€ 3HaYHE IMOKPAIICHHS MOPIBHIHO 3 0a30-
BOIO apxiTekTyporo (36.95 Mc), mo BKazye Ha CTaOLIBHO
HU3BKY JIATCHTHICT JJIs1 OUTBIIOCTI MTOBiIOMJICHb. AHa-
ni3 nepuentiis P95 (10.77 mc) ta P99 (10.96 mc) moka-
3y€, 1110 HaBiTh Y HAWTIpIINX CLEHAPISX (HAIPHUKIA, TIPH
MIKOBMX HaBaHTaXEHHAX ab0 MIXKJIaCTEpHIH KOMyHiKa-
mii) cuctema 3abesredye NPUHAHATHI 3aTPUMKH, SKi
Maiixke B 4 pa3u HIKYi 32 0a30BY apXiTEKTypYy.

Oco0MBO Bpa)kKarouuM € TOKPAIEHHS MiHIMaIbHOT
nateHTHOCTI Ha 81.6% (3 27.16 mc 1o 5.00 mc), 1o mif-
TBepIKyEe €(EeKTUBHICTh TPsSMOI B3aeMojii OpokepiB

BCepe/nHI KiiacTepiB 06e3 HeoOXigHOCTI MapipyTH3anii
4yepe3 IeHTpaTbHui By30J. HaBiTh MakcuManbHa JIATCH-
THICTh 3HU3WIACh Ha 25.5%, 1m0 AEMOHCTpY€E CTabib-
HICTh CHCTEMH HAaBiTh y KpaiHiX BHIAAKAX.

Posnonin narentaocti (huc. 1) imoctpye, 1o B omn-
THUMIi30BaHif apXiTeKTypi nepeBakHa OiIBIIICTH TOBIIO-
MJICHb 00pOOIIAETHCS 3 3aTPUMKOFO HIpk4ue 10 Mc, Tomi Sk
6a30Ba apXiTEKTypa IEMOHCTpPY€ OLIBII IIMPOKUH Jiana-
30H 3aTPUMOK 3 IOMITHUM 3MILICHHSIM [0 BUIIUX 3Ha-
yeHsb (35-45 mc). Le niaTBepmxye eheKTUBHICTH POAK-
THBHOI KJIacTepu3allii Ta mpsiMoi B3aeMo1ii OpokepiB Bee-
penuHi KiacTepis.

EneproedextuBHicTh cuctemMu. OQHUM 3 KPUTHY-
HUX TapaMeTpiB Uil pecypcHo-obmexeHux loT-mpu-
CTPOIB € €EHEPTrOCIIOKUBAHHSI.

Pesynmbratn aHamizy eHeproeeKTHMBHOCTI Tpem-
cTaBJIeHi B Ta0I. 3.
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Tabnuya 3 — AHaJ1i3 eHeproe)eKTUBHOCTI CHCTEMH

Metpuxa Ba3zoBa apxitexkTypa OnrumizoBaHa apxiTekTypa Hoxpamenns (%)
CnoxuBanus eneprii (%) 1.81 0.86 52.3%
3anumkoBa eneprist (%) 98.19 99.14 +1.0%
Cepenniii po3mip nosinomienns (0) 96 64 33.3%
Bceboro nanux nepegano (MbB) 1.54 1.03 33.3%

BripoBapkeHHST ONTHMI30BaHOT OiHApHOI CTPYK-
TYPH IOB1JIOMJICHb IIPU3BEJIO J0 3MEHIIIEHHS CEPEAHBOTO
po3mipy moimomieHHs Ha 33.3% (3 96 mo 64 Oaiirtis),
mo Oe3nocepeHbO BIUTMHYIO Ha 3HIDKCHHS €HEPrOCIIOo-
xuBaHHSA Ha 52.3% (3 1.81% mo 0.86%). Lle nocsraeHHs
€ 0COONHMBO BAXKIIMBHM JUIA OaTapelHUX MPHUCTPOIB, A€
KOKCH BiZICOTOK 3a0INa/KEHOI €Heprii TpaHCIAEThCS B
JIOTaTKOBHU 9ac aBTOHOMHOI POOOTH.

AHarni3 nokasye, 1o npy eKBiBaJICHTHOMY HaBaHTa-
JKEHHI onTHMi3oBaHa cucrema mepepaita na 0.51 Mb
(33.3%) MeHIIe TaHUX MTOPIBHSAHO 3 0a30BOKO APXITEKTY-
PO¥O, IO MIATBEPKYE €PEKTUBHICTh KOMITAKTHUX 3aro-
JIOBKIB Ta MiHiMi3amii ciyx00Boi iHpopmarii. 3anui-
KOBa €HEpris NPUCTPOIB B ONTUMIi30BaHil cUCTeMI cTa-
HoBmwia 99.14% mnporu 98.19% B 6a3o0Bidd, mo mpu

Tabnuys 4 — HagilinicTh Ta MacuTabOBaHiCTh CHCTEMH

JIOBIOTPHBAJIiH eKCILTyaTalii MoXXe MepeKIacTy B MicCsIIi
JIOIaTKOBOTO TEPMiHY CIY>)KOM aBTOHOMHHX CEHCOPHHX
BY3JIIB.

3HIKEHHS CHEPTOCIIOKMBAHHS OUIBII HIK HAITOJIO-
BuHY (52.3%) mocsrHyTO 3aBIsSKH KOMOiHAaMi{ (akTopiB:
KOMITAaKTHIA CTPYKTYpi MOBIIOMJICHB, JIOKaTi3amii oopo-
oxu B Edge-kmacrepax (1o 3MeHIIye TOTYXHICTh TIepe-
nadgi), Ta epeKTHBHIM MeXaHi3MaM mudpyBaHHI, IO HE
BHMAraroTh HaJMipHUX O0YHCIIOBAIEHUX PECypCiB.

HapniiinicTh Ta MaciTaboBaHicTh. KpUTHYHO Bax-
JIMBUM aclieKToM Juid npomucioBux loT-cucreM € 3nar-
HICTh CHCTEMH HaiHHO (YHKIIOHYBaTH B yMOBaX M0Oi-
JIBHOCTI BY3J1iB Ta 3MIHHOTO HABAHTAKCHHS.

Pesynpratu OIHKM HaJiifHOCTI TpeINCTaBieHI B
Tabm. 4.

Metpuka Ba3zoBa apxitexkTypa OnrTumizoBaHa apxiTeKkTypa Mokpamenns (%)
Bcboro nosizomienn 16867 16882 +0.1%
Brparu nakertis (%) 0.09 0.02 73.4%
Honii mobinbHOCTI 90 94 —
IIponyckHa 31aTHICTD (MOBia./C) 590 593 +0.5%

3anpornoHoBaHa CHCTEMa IPOIEMOHCTPyBaja CyT-
TEBE 3HIDKCHHS BiZICOTKA BTPAT MakeTiB Ha 73.4% mopis-
HSHO 3 6a30Bo10 apxiTekTyporo — 3 0.09% o 0.02%. Lie
JIOCSITHEHHS! TIOSICHIOETHCSI €(DEKTMBHUMH MEXaHi3MaMH
00pOOKH MOOUTEHOCTI, SIKi JJO3BOJISTIOTH IPUCTPOSIM Oe3-
nepebiitHo mepekiouarucs Mk Edge-Opokepamu 6e3
3HA4YHOI BTPATU NAHUX.

[TpoTsirom eKcrepuMeHTy cHcTeMa YCIIIHO 00po-
6mta 94 noxii MOOITBHOCTI B ONTUMI30BaHIl apXiTeKTypi
(mpotu 90 B 6a30Biif), MATPUMYIOUH CTabiIBHY IOCTa-
BKY TOBiZIOMJICHb HaBiTh IPH AMHAMIYHUX IMEpEeMilIeH-
HSX IIPUCTPOIB.

3umxkenHs Brpar makeTiB 3 0.09% mo 0.02% o3Ha-
yae, 1110 3 KokHuX 10,000 moBigOoMIIEHb B ONITUMI30BaHii
CHCTEeMi BTpadaeThes JHIIE 2 MTakeTH NpoTd 9 B 6a30Bii
apXiTeKTypi.

Jnst KpUTHYHMX JONATKIB, TAKUX SK MPOMHCIOBA
aBTOMaTH3alisg a00 MOHITOPHHT 3/I0POB'A, TaKa Pi3HHUIA
MOXKE€ MaTH BHpiIIaJdbHE 3HAYCHHS JUII HAJIIHHOCTI CHC-
TEMH.

[IpormyckHa 3[aTHICTh CHCTEMH 3aJIMIIMIIACS Ha
BHCOKOMY piBHi (593 MoBiTOMIICHHS Ha CEKYH]y B OII-
TUMi30BaHii mpotu 590 B 6a30Biif), 0 BKa3ye Ha 37a-
THICTb apXiTeKTypH MaciuTaOyBaTHUCs i 3pOCTAI0YHM
HaBaHTAXKCHHAM 0e3 Jerpajamnii MpOJyKTUBHOCTI.
Ipupict B 0.5% nemoHcTpye, mo onrtumizamii He

TUTBKH HE MOTIPIIWIN MPOIYCKHY 3JaTHICTh, a HaBITh
JIemIo 1 MOKPAIIIN 3aBISKH ¢()EeKTHBHIIIIN MapIIpy-
TH3amii.

JeuenrpanizoBana mpupoja KJIACTEPU30BAHUX
Edge-6poxepiB 3abe3nedye TOpU30HTAIBHY MacIITado-
BaHICTh, /¢ OMaBaHHSI HOBUX OPOKEPIB JHIHHO 3011b-
HIy€ 3arajbHy MPOMYCKHY 3/IaTHICTh CUCTEMH.

OtprMaHi eKCriepuMeHTaNbHI 1aHi MiATBEPIKYIOTh
rirmore3y npo Te, U0 IHTerpallis IPOaKTUBHOI KlIaCTepH-
3anii Edge-OpokepiB, eHeproeeKTHBHUX TMPOTOKOIIB
KOMYHIKaIlii, IHTelIeKTyalbHOI MapIIpyTH3allii Ta Mexa-
Hi3MIB MiAITPUMKH MOOUIBHOCTI B €IMHY apXiTEKTypy 3a-
Oesreyye CHHEPreTHYHUH e(eKT, M0 HEPEBUIILYE CyMy
OKpPEMUX ONTHMi3alii.

Oco0MBO Ba)KIIMBUM PE3YJIBTATOM € 3aTHICTD CH-
CTEMH IiATPUMYBaTH HU3bKY JAaTeHTHICTbH (8.46 McC) Ha-
BiTh IIPY BUCOKIH MOOLIbHOCTI By31iB (94 nonii). Tpanu-
LiffHI IEeHTpaji30BaHI apXiTEKTypH 3a3HAIOTh 3HAYHOL
Jierpaaaii MpoIyKTUBHOCTI IPH YaCTHX MEPEMIICHHIX
MIPUCTPOIB Yepe3 HEeOoOXiTHICTh OHOBIICHHS MapIIpyTiB
Ta TIOBTOPHOI MiATNCKH.

3anponoHOBAHUH MiAXiA 3 AMHAMIYHUM IIE€peTpH3-
Ha4eHHsIM MIPHUCTPOIB 10 HalOmmxuux Edge-Opokepis Ta
MIPOTHO3YBAaHHSAM TPA€EKTOpPiH MiHIMI3y€e HaKIaIHi BU-
TpaTH Ha MiATPUMKY MOOUIBHOCTI, 110 MiATBEPIKYETHCS
HU3bKUM piBHeM Brpar naketis (0.02%).
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EHeproeeKTUBHICTh CHCTEMU Ma€ KPUTHYHE 3HA-
YEHHsI JUTS TPAKTHYHOTO BIIPOBADKEHHS B peanbHux [oT-
CIeHapisX.

3MeHIIeHHs po3Mipy noBigomieHb Ha 33.3% (3 96
10 64 06aiiTiB) 6e3rmocepeaHbO TPAHCIIOETHCS B TPOJOB-
JKCHHSI aBTOHOMHOI pOoOOTH OaTapeHNX MPUCTPOIB.

BUHATKOBO BHCOKHI BiZICOTOK JIOKaJIbHOI 00pOOKH
(99.8% mnosinomnens B Edge-kmactepax) memMoHcTpye
e(EeKTUBHICTh ANTOPUTMY KJIacTepH3allil Ha OCHOBI Te0-
rpadigHO] OMIM3BKOCTI Ta CXOKOCTI TEM.

Le He TiNBKYU 3HWKYE JTATCHTHICTD, alle i MiHIMi3ye
HaBaHTAXXEHHsS Ha MaricTpaibHy Mepexy Tta Cloud-in-
(bpacTpyKTypy, 110 POOUTH cuCTeMy OLIbII MacIITaboBa-
HOIO T2 EKOHOMIYHO e()eKTHBHOIO.

Jlume 0.2% Ttpadiky norpebye nepenadi 1o Cloud,
IO ZI03BOJIAE 30CEPEeIUTH XMapHi pecypcH Ha 3ajadax
IMOOKOT aHAIITUKY Ta JIOBFOCTPOKOBOTO 30epiraHHs.

[MopiBHAJBHUN aHANI3 TOKa3aB, 10 3aIPONOHOBaHA
apXiTeKTypa AEMOHCTPY€E KOMIUICKCHI IIepeBart:

cepenHs JIATeHTHICTh 3HIKEHa Maibke B 4.4 pasu (3
36.94 no 8.46 mc),

€HEepTOCIIOKUBaHHA 3MeHmIeHe BaBivi (3 1.81% mo
0.86%),

BTpaTy IMakeTiB ckopoueHi B 4.5 paszu (3 0.09% no
0.02%), npu 11bOMY 30epirae BUCOKY INPOITYCKHY 37aT-
HicTh (593 moBimomicHHs/C) Ta ehEeKTHBHO 00pOOIsE
MOOITBHICTh BY3JIiB.

BucHoBxku

VY cTarTi 3anpornoHOBaHO KOMILIEKCHUH METOJ OIl-
tuMizanii publish-subscribe apxitekryp mist cucteM IH-
TEpHETY peuel 3 0OMEeKEHUMU pecypcamMu. 3amporoHo-
BaHMH MiAxia 0a3yeTbes HA IHTErpallii YOTUPHOX KIIIOYO-
BUX TEXHOJIOTIYHUX HampsMIB: nepudepiiHux ooumc-
JIeHb, TIOpUIHUX MoJiesiel KoMyHiKarlii, eHeproe()eKTHB-
HHUX CTPYKTYp IOBiJIOMJIEHb, MEXaHI3MIB 3a0e3neUeHH:I
MOOLTBHOCTI 1 KOH(IACHIIIHOCTI.

[IpoBeneHuid aHami3 Cy4aCHUX HAyKOBUX XKepel
(2021-2025 pp.) maTBEpAUB, IO KOXKEH i3 3a3HAYCHUX
KOMITOHEHTIB OKPEMO AEMOHCTPYE BUCOKY Pe3YJIbTaTHB-

HiCcTh y BUpileHHi cnienupiuanx npobdiaem loT, npore ix
MIO€/IHAHHS B €MHY aJaNTHBHY OararopiBHEBY apxiTek-
TYpy Jla€ CHHEPIeTUYHUH e(eKT.

3anpornoHoBaHUH MeTox 3a0e31euye 3HaYHe I1iBH-
LIeHHs NpOoAyKTHBHOCTI cucteM publish-subscribe 3a-
BIISIKH TTPOAKTHBHIN KIacTepu3arii OpokepiB Ha mepude-
pii Mepexi, BHUKOPHCTAaHHIO IHTEIEKTYaJllbHOTO BeO-
[UTIO3Y JJIT MDKCHCTEMHOI B3a€MOJii, BIIPOBAIKCHHIO
KOMITaKTHOI O1HApHOI CTPYKTYpH MOBIIOMJICHb Ta MeXa-
Hi3MaM MiATPIMKH MOOUTEHOCTI By37iB. Taka iHTeTparmis
JI03BOJISIE 320€31eUNTH HU3bKY JIATGHTHICTH OOMiHY na-
HUMH, MiJBUIIEHY MacIITa0OBaHICTh, SMEHIICHHS €Hep-
TOCIIO)KMBaHHSA Ta CTIHKICTB /10 3001B, 110 € KPUTUYHO Ba-
JKITUBHUM JIUISL IHTEJIEKTYaIbHOTO 1HGOPMYBaHHS B Cydac-
Hux loT-monatkax. TakuM YMHOM, 3aPOTIOHOBAHUN Me-
TOJI TIPOTIOHYE IUTICHUH miaxia mo onrtumizamii publish-
subscribe apxiTeKTyp, KU ycyBa€ OOMEKEHHs iCHYIO-
YHUX pIlIeHB, IO 3a3BUYail OPIEHTYIOTHCS HA i30JbOBaHI
acniekty npo6iaemMu. OTprMaHi pe3yJabTaTh CBiTYaTh PO
MOXXJIUBICTh IIPAKTHYHOTO PO3TOPTAHHS ONHCaHOT ridpu-
JHOI MOJIeNIi Ha CTAaHAAPTHUX amapaTHUX IUIaTdopMax,
IO BiIKPHBAaE€ MEPCHEKTHBU ii MONAJIBIIOTO 3acTOCY-
BaHHS y cdepi po3yMHHX MicT, mpomuciaoBux loT-pi-
IICHb Ta IHTEJEKTYaIIbHUX CUCTEM MOHITOPUHTY

[NepcriekTHBY ONANIBIINX JOCIIKEHb ITOB’s13aH] 3
peastizali€ro Ipane3JaTHOr0 IMPOTOTHUILY CHCTEMH Ta
NPOBEACHHSM PO3TOPHYTHX EKCIIEPUMEHTAIbHUX BH-
npoOyBaHb.

Konduaikr inTepecis

ABTOpH IEKIAPYIOTh, 1[0 HE MAIOTh KOH(IIKTY 1HTE-
peciB CTOCOBHO JIaHOTO JIOCIIKEHHS, B TOMY 4ucii ¢i-
HAaHCOBOIO, OCOOHMCTICHOTO XapakTepy, aBTOpCTBA UM
IHIIIOTO XapaKTepy, [0 Mir 0¥ BIUTUHYTH Ha JTOCITIHKSHHS
Ta WOTro pe3y/bTaTH, IPEICTABICHI B IaHii CTATTI.

Bukxopucranns 3aco0iB IITYYHOIO iHTeJEKTY

ABTOpH MiATBEPIKYIOTh, 110 HE BUKOPHCTOBYBAIIH
TEXHOJIOTI] MITYYHOTO IHTENIEKTYy HPU CTBOPEHHI Mpe[-
CTaBJICHOT po0OOTH..
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Method for optimizing publish-subscribe architectures
for intelligent notification under resource-constrained IoT conditions

Olha Yeroshenko, Yevhenii Piniaiev, Daria Pyvovarova, Pavlo Kravchenko

Abstract. The subject of the study is methods for optimizing publish—subscribe (pub/sub) architectures for Internet of
Things (IoT) systems operating under limited resources, aimed at improving the efficiency of intelligent notification within
critical infrastructure and smart environments. The purpose of the work is to develop a comprehensive method for optimizing
pub/sub architectures by integrating edge computing, hybrid communication models, energy-efficient message structures, and
mechanisms for ensuring mobility and privacy. The article addresses the following tasks: analysis of the impact of limited
hardware resources and network instability on the performance of pub/sub systems; development of an approach to proactive
clustering of brokers at the network edge; construction of a hybrid interaction mechanism combining pub/sub and REST com-
munications; optimization of message structures to reduce energy consumption; and ensuring node mobility and spatial privacy.
The following methods are used: hierarchical IoT architecture modeling (Device—Edge—Cloud), clustering algorithms, binary
message encoding, AI/ML-based analysis on gateway nodes, as well as simulation of network and workload characteristics.
The results obtained include: a proposed multi-level architecture with Edge clustering and an intelligent web gateway that
reduces latency, increases scalability, and decreases energy consumption; demonstrated effectiveness of the optimized pub/sub
message structures and mobility support mechanisms in dynamic scenarios; and confirmed performance improvements based
on simulation results (2021-2025). Conclusions: The developed method for optimizing pub/sub architectures shows that the
integration of Edge clustering, hybrid communication, energy-efficient message structures, and privacy mechanisms signifi-
cantly reduces latency and resource consumption in [oT systems, ensuring their resilience and suitability for real deployment
in critical and scalable IoT environments.

Keywords: IoT, publish-subscribe, architecture optimization, limited resources, intelligent notification, energy efficiency,
edge computing.
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PEKOMEHJIAIIISI CEPBICY HA OCHOBI I'BPUAHOI MOJEJII
CEMAHTHUYHOI'O IOIYKY

AHoTanis. Y cTarTi po3riIAHyTO NpodieMy pekoMeHaallil BeO-cepBiciB y cepBic-opieHTOBaHUX cucteMax. [Ipoanamizo-
BaHO OOMEXEHHS TPaIULIHUX METO/IB IOIIyKY Ha OCHOBI KIIOYOBHX CIIiB, 30KpeMa MpobiaeMy JEKCHYHOTO PO3PUBY Ta
BiZICYTHICTh CEMaHTHYHOTO PO3YMiHHSI KOHTEKCTY 3alUTiB. 3alpONOHOBAHO T1OpUAHUH MiAXif, IO MOEIHY€E CTATUCTUIHUI
meroq TF-IDF mist nekcuuHoro anaiisy 3 HelipomepexeBoro Moaemtio Universal Sentence Encoder st ceMaHTHYHOTO aHa-
73y Tekcty. Takuil miaxig 103BoJIsIE BpaXOBYBATH SIK TOUHI 30irM TEPMIHIB, TaK i CMHUCIIOBY OJIM3BKICTH MIXK 3alTUTaMH KO-
PHCTYBadiB Ta onrcaMu cepsiciB. Po3pobieHo popmyiry KoMOIHOBaHOTO 0OUHCIIEHHS peJIeBaHTHOCTI 3 TApaMeTpoM OaaHcy
MIX JIEKCHIHOIO Ta CEMaHTHYHOIO CKJIaI0BUMU. [IpoBesieHo excliepruMeHTaIbHY OIIIHKY Ha JlaTaceTi BeO-cepBiciB 3 BUKOPH-
CTaHHSIM CTaHIAPTHHX METPHK iH(popManiiiHoro nomyky. Pe3yabraTn nokasanu, mo riopumHnii miaxin 3ade3nedye cyTTese
MOKPAICHHS SKOCTI peKOMEHAIi MOpiBHAHO 3 6a30BUMH MeToaamMu. OTpUMaHi 3HAUCHHS HABEICHO Yy TAOMUIAX Ta Ha
rpadikax OTpUMaHO YHCIOBI 3HAYCHHS, 1[0 HABEIEHO Y TabnuIsAxX Ta Ha rpadixy. OTpruMaHO YMCIIOBI 3HAYEHHS, IO HaBe-
JICHO y TabnuLsAX Ta Ha rpadiky. BusHaueHO HaNpSAMKH IMOAANBIINX JOCIIIKEHb, BKIIIOYAI0YH IIEPCOHATII3aIi0 PEKOMEHAA-
il Ta iHTerpanito HepyHKIIOHATFHUX XapaKTePHCTHK CEPBICiB.

Kaw4oBi c1oBa: cepBic-opieHTOBaHa apXiTeKTypa, CEMAaHTUYHHUH MOIIYK, FOPUIHNHN OMIYK, pEeKOMEHIaiiHI CHCTEMH,

OpoKep cepBiciB, HEHPOHHI MEpeXi, MAIIMHHE HABYAHHS.

Beryn

Cepgic-opienroBana cuctema (COC) € po3momi-
JICHOI0 OOYHCIIOBAJIFHOIO apXiTeKTyporo, Mo 3abesre-
Yy€ B3a€EMOJII0 MK TPhOMa KIIOUYOBUMH YYaCHHKAMM:
3aMOBHUKAMHU CEpBICiB, OpoOKepaMH Ta BHKOHABISIMH
(mocrayanmpHIKaMu) ceppiciB [1]. 3aMOoBHHK (opMyITrOE
3allT HAa BUKOHAHHS MEBHOI Oi3HEC-3a1a4i, BUKOHABEIH
HAJIa€ BiIMOBIIHUI CepBicC, a OpOKEp BUCTYIIAE OCEPE/-
HUKOM, SIKHH 3a0e3ledye MOIIyK, BiA0ip Ta peKOMEH-
JIallil0 HaWOIIbII peJIeBAaHTHUX CEPBICIB ISl 3a/10BO-
JIeHHS! TOTpe® 3aMOBHUKA.

Konmemnmiss  cepBic-Opi€eHTOBaHOI  apXiTEKTypH
(SOA) BuHHKIA SK BIOMOBiAh Ha MOTPeOy B THYYKHUX,
MacmTaboBaHMX Ta IHTeponepadeNbHUX MPOTrPaMHUX
cucreMax. Y TpPaAWIiHHIX MOHOJITHHX apXiTeKTypax
3MiHa OJTHOTO KOMITOHEHTa 9acTO BUMaraja Moudikamii
BCi€l cCTEMHU, 1110 IPU3BOAMIIO IO 3HAYHUX BUTPAT 4acy
Ta pecypciB. SOA npoIoHye aTbTepHATUBHUM MiAXix, ne
(GYHKIIOHAJIBHICTH ~ CUCTEMHM  PO3NOAUISIETHCS  MIXK
HE3aIeKXHUMH CepBiCaMH, KOXXEH 3 SKUX MOXe OyTH
po3po0eHnH, pO3rOPHYTHH Ta OHOBIIEHUH OKkpemo [1].

Bpokep y COC BUKOHYyE€ KPHUTHYHO BaXIUBY
(YHKIiI0 IHTENEeKTyalbHOTO TOIIyKy cepsiciB. Ha
BIZIMIHY BiJl KJIACHYHOTO iH(OpMamiiHOTO IOUIYKy B
HECTPYKTYypOBaHHMX TEKCTOBHX JaHHX, 33/1a4a Opokepa €
3HAQYHO IIMPIIOI0 Ta CKJIajaHImow. bpokep Moxe
30epiraTi B JIOKQJILHOMY apxiBi (peectpi) iHpopMmalio
PO BXKE BIZIOMi CEpBICH Ta IX XapaKTEPHCTHKH, IO
JI03BOJISIE IIBUJIKO pearyBaTH Ha 3alluTH 3aMOBHHKIB 0e3
HEOOXiTHOCTI KOXHOTO pa3y 3IIHCHIOBATH MOMIYK Y
30BHIIIHINA Mepexi. [2] Jluiie y BUMaaKy, KOJIH B apxiBi
HEMae TMiAXOAANIMX TMPOIO3HIliA, Opokep iHimioe
MIMPOKHUHT TIONIYK cepell 30BHIMIHIX MOCTaYanbHUKiB. [3]

Cygacai COC xapakTepu3ylThCS HaI3BHYANHO
OUHAMIYHEM  CEPEIOBHUILECM: CepBiCH  TOCTIITHO
JIONAI0ThCs, OHOBIIIOIOTHCS ab0 CTAlOTh THMYacoOBO
HEJOCTYIHUMH. 3a JaHUMH JIOCITIJDKEHb, KUIBKICTh
nmyOsiyHO pmoctynmHHMX BeO-cepBiciB Ta APl 3pocrae
€KCIIOHCHIIIMHO, 10 CTBOPIOE BCE CKIIAIHIIII BUMOTH JI0

MeXaHi3MiB IX MomyKy Ta pekoMeHnauii [4]. Y Takux
yMoOBax e()eKTHBHUI MOUIYK PEJIeBaHTHUX CEPBICIB CTae
KPUTHYHHUM (aKTOPOM YCIIiXy Juisi Oi3HEC-TpOoIeciB, 10
3aJIeKarh BiJl IHTErpallii 30BHINIHIX TOCIyT. [5]

JlaHe mociipKeHHST 30CepelpKeHe Ha po3poOri
IHTETIEKTYaIbHOTO MEXaHi3My IIOIIyKYy CEpBICIB I
opokepa COC i3 BHUKOpPHCTaHHSIM METOJIB CEMaHTHY-
HOTO aHaji3y. 3amponoHOBaHUH IMiIXiJ MOEIHYE TPAIH-
HiffHI CTATHCTHYHI METOOM OOPOOKHM TEKCTy 3 cydac-
HUMH MOJICIISIMU TJIMOOKOTO HaBYAHHS ISl JOCATHEHHS
BHCOKOT TOYHOCTI pekomeHnariii [6]. OcHoBHa rinoTesa
JOCII/DKEHHSI TOJsira€ B TOMY, 110 KOMOIHYBaHHs
JIEKCUYHOTO Ta CEMAHTUYHOIO IIiJXOAIB JIO3BOJIUTH
NOJ0JIaTH OOMEKEHHsI KO)KHOTO 3 METOJIB OKpEeMO Ta
3a0e3Me4nTH CYTTEBE MOKPALICHHS SIKOCTI MOLIYKY.

MocranoBka npodaemu. Tpaaumiiiai metoau [7]
HIOIIYKY CEPBICIB y CEpBIC-OPIEHTOBAaHMX CHCTEMax Iie-
peBaxHO 0a3yrOThCS HA TOYHOMY CIIBCTaBJICHHI KIIFOYO-
BHX CJIB 3aIIUTy 3 OIMCAMH CEPBiciB y peectpi. Taxwuii
MAX1A, X04a W MPOCTHH y peatizalii, Mae psi CyTTEBUX
0o0OMeXeHb, 1110 HEraTUBHO BIUIMBAIOTH HA SIKICTH PEKO-
menanii. [8] OaHum 3 HAWOITBIIT KPUTHYHUX OOMEKEHD
€ He3/IaTHICTh BPaxOBYBAaTH CHHOHIMHM Ta CEMaHTHUYHI
3B'SI3KM MK TepMiHamu. Hanpukian, 3amuT «aHaii3 ¢i-
HAHCOBHUX TPAH3AKIIi» MOXE HE 3HAUTH CEPBIC 3 OIIMCOM
«MOHITOPUHT OaHKIBCHKHX oOTepalliii», xoda (QyHKIiO-
HaJbHO BOHU € Oiu3bkuMHu. Ll mpobiema ocoOInMBO ak-
TyallbHa B IOMEHAax 3 0aratoro TepMiHOJIOTI€l0, e OJHI
W Ti ) KOHLENLII MOXYTh OIUCYBaTUCh PI3HUMH CJIO-
BaMu. TpaaumifiHi MeToaM HE 34aTHI 3pO3YyMITH
KOHTEKCT 3aIlUTy KOpHcTyBada. CIIOBO «KIIOW» MOXKeE
O3HAYaTH K MPEAMET Ul 3aMHUKaHHS, My3WYHUH 3HAK
a0o IHCTPY-MEHT, 1 JINIlle KOHTEKCT JI03BOJISIE BU3HAUNUTH
npaBwibHe 3HadeHHsA. Cucremu, mo 0a3yloThCs Ha
KIIFOUYOBHX CJIO-BaX, HE MAalOTh MEXaHI3MIB AJISI TAKOTO
pospisaenns. [9] KopucryBau MOBHHEH 3HATH TOYHY
TEPMIHOJIOTIIO0, SIKa BUKOPUCTOBYETHCS B OIHCAX CEPBi-
ciB. Ile cTBOpro€ 3HaUHMIA Oap'ep AT KOPUCTYBAYiB, sKi
HE € eKCTIepTaMH B KOHKPETHIN peaMeTHii obsacti abo
BHUKOPHCTO-BYIOTh HECTAHJAPTHY TEPMIHOJIOTIIO.

© 3apiunwmii 4. C., 2026

77



Control, Navigation and Communication Systems. 2026. No. 1

ISSN 2073-7394

OcHoBHHui MaTepian

Ha BigmiHy Bim Xiacu4HOTO iH(OpPMAIIHOTO
MIOIITYKY IOKYMEHTiB, momryk cepiciB y COC mae psin
cnenudigaAx ocobmmBocTel. CepBicH 3a3BHYAN OMHCY-
I0ThCA 33 JJOIIOMOTOI0 CTPYKTYPOBaHHX METaJaHHX, IO
BKIIIOYAIOTh HAa3BY, TEKCTOBUI ONHUC, KaTeropito, TeTH,
cnenu(ikamnii BBOXY/BHBOY, TEXHIYHI XapaKTePUCTHKH
Ta BuMoru 1o 6e3neku. [10] EdexTuBHHM molyk moBuU-
HEH BpaxoByBaTH Bei 11i aciekTd. CepBicH MOXYTb 3'sB-
JSITUCS, 3MiHIOBaTucs ab0 craBaTH HEJOCTYIIHUMHU B
Oynb-sxuii MoMeHT. CrcTeMa TOIIYKY TOBHHHA aJlanTy-
BaTHCS 10 LIMX 3MiH Ta HA/IaBaTH aKTyajbHI peKOMeH/1a-
1ii [11]. Omu i To# camuii cepBic MOKe OyTH pee-BaHT-
HUM JJIs1 OHOTO Oi3Hec-Tporecy i abCOMIOTHO HEmpH-
JaTHUM Ui iHmoro. CucreMa IOBHHHA BPaxoOBY-BaTH
KOHTEKCT, B IKOMY OyZie BUKOPHCTOBYBATHCSI CEPBIC.

®opmadnizanis npodaemu. PopManabHO 3aaauvy
PEeKOMEHAIi] CepBiciB MOKHA BU3HAYUTH TAKUM YHHOM:

Hexaii S = {S1, S2, ..., Sn} — MHOXXHMHA JOCTYITHHX
cepBiciB y peectpi Opokepa, je KOXEH cepBic Si Xa-
paktepusyeThest Habopom atpubyTie Ai = {ay, ay, ..., ak},
BKJIFOUar0uH TekcToBuii omuc Ji. s 3amaHoro 3amury
KOpHUCTYBaya (] HEOOXiMHO 3HAWTH BHOPSAKOBAHHIMA
CHHCOK cepBiciB R = [S{il}, Siy} - ..,s{im}], Ie m<n, Ta-
KHH 10 CepBicH BIIOPAAKOBAHI 32 CIIaJIaHHSAM PEJICBAHT-
HOCTI 10 3amuTy (. PeneBaHTHICTD BH3HAYa€THCS
¢ynkuieto rel(q, Si), sKka BpaxoBYeE SIK CEMAaHTUYHY OJIH3b-
KICTh 3alMTy JI0 OIMCY CEpBiCYy, TaK 1 BiIIOBIJHICTH
He(YHKIIOHAJTbHUM BUMOTaM.

3anponoHoBaHe pilmleHHsA. 3anpOMOHOBAHUIMA
miixing 6a3yeTbes Ha ribpuaHIA MOJIed, 1110 OETHYE ABa
(byHIaMEHTabHO PI3HUX METOMU aHali3y TEeKCTY JUis
JOCSITHEHHSI CHHEPT'€TUYHOTO e(eKTY:

1. Cratuctnunuii merox TF-IDF - mna todrHOTO
JIEKCHYHOTO ~ CITIBCTAaBJICHHS HAa OCHOBI YaCTOTHHX
XapaKTePUCTHK TEPMiHIB

2. HeiipomepexxeBa momens Universal Sentence
Encoder (USE) [12] - mis ceMaHTHYHOrO aHami3y Ta
BUSIBJICHHSI CMUCJIOBUX 3B'SI3KiB

Taka xoMOiHallis JO3BOJISIE TIOAOJIATH OOMEKEHHS
KOHOTO 3 MeToiB okpemo: TF-IDF 3abe3mneuye BUCOKY
TOYHICTh NPH HASBHOCTI CHUIBHUX TEPMIiHIB, TOIi AK
USE 3naTHa BUSBIIATH pENICBaHTHI CEPBICH HABITh MPHU
MIOBHi1 BIZICYyTHOCTI JICKCHYHOTO IIEPETHUHY MK 3aITUTOM
Ta OIHCOM.

Jus noeHaHHsS mepeBar 000X METOJIiB HPOIOHY-
€Tbes ribpuaHa GopMysa 0OUUCICHHS PEIeBaHTHOCTI:

Score(q, s) =a - sim_{TF-IDF}(q, ds) + (1 - a) x
x sim_{USE}(q, d_s)
Je ( — 3amuT KOpUCTyBada, S — cepsic 3 ommcoMm ds;
a € [0, 1] — mapamerp Ganancy Mix METOJaMHU.

[HTepnperaris mapamerpa o

- mnpu o = 0 — IOBHICTIO CEMaHTUYHHUH TOIIYK
(timpku USE);

- mpu o = | — IOBHICTIO JIEKCHYHUI NOIIYK
(tinbku TF-1DF);

- mpwu o = 0.3 — mepeBakac CEMaHTHYHA CKJIaJ]0Ba
(70% USE, 30% TF-IDF).

Bubip ontuManpbHOro 3HAYEHHS O € MPEIMETOM
EKCIIEPUMEHTAILHOTO JOCTiPKEHHSI Ta 3aJICKUTh Bif
XapaKTEepUCTUK KOHKPETHOTO JOMEHY Ta THITY 3aIIMTIiB.

3anpornoHoBaHa CHCTEMa BKIIOYA€ TaKi eTamu
00po6-ku (puc. 1):

e IIPENPOCEIMHT TEKCTY;

e HOpMAaJi3alis TEKCTY;

e TIONEPE/IHS IHICKCAIlis;

e 00poOka 3ammTy.

Input Services and Query

Tokenization, Stopword
Removal, Lemmatization

A 4
Text Preprocessing
 I— ~
/ e
TF-IDF Vectorization Universal Sentence Encoder
{

L ]

‘ TF-IDF Representation

Normalize Vectors

USE Embeddings
Normalize Embeddings

Normalized USE

Normalized TF-IDF Vectors
Embeddings

Query TF-IDF Vectorization Query USE Embedding

Query TF-IDF Vector

: l

TF-IDF Similarity
Calculation

Query USE Vector

USE Similarity Calculation
|

N~ 7

Weighted Score
Combination

T

v

Rank Recommendations
T
v

Return Top
Recommendations

Puc. 1. Anroput™ poGoTr
3alpOIIOHOBAHOTO CEMAHTHYHOT'O MOLIYKY

ExcnepumenTn. J{71s1 O1liHKY €(EKTHBHOCTI Pi3HUX
METOMIB TOIIYKy BeO-cepBiciB  OyJIo0  CTBOpPEHO
CHUHTETHUUHUM paracer, BuKopucToByroun GPT 5.2
MOJIenb, 10 MicTuTh 55 BeO-cepsiciB 3 10 pisHMX
KaTeropi: HepyxoMmicTb, (iHAaHCH, TIIOJOPOXI, DKa,
OXOpOHa 3JI0pPOB'S, OCBiTa, pO3Bark, eJIEKTPOHHA
KOMep1isl, KOMyHiKallii Ta aHaTiTHKa.

Koxen BeO-cepBic ommcaHWii 3a JIOIOMOTOIO
CTPYKTYPOBaHOI MO/IEJi, 1110 BKJIIOYAE:

e 0a30Bi aTpuOyTH: yHIKaJIBHUH iIeHTH]IKATOD,
Ha3Ba, TekcTroBui onuc, endpoint URL, Bepcis API,

e KaTeropusallis: MacHB TETiB KaTeropi mis
Kacudikauii cepsicy;

e creuudikauii BBoay/BuBony: JSON-cxemu s
OITUCY BXIIHKX MapaMeTpiB Ta CTPYKTYpPH BilNOBiAi;

e TexHIUHI xapakrepuctuku: nportokona (REST,
WebSocket), miarpumysani ¢opmarn maHux (JSON,
XML, PDF);
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e Oesneka: Bumoru 1o ayrentudikamii (API Key,
OAuth 2.0, JWT, Bearer Token);

e MeTajaHi: JojaTtkoBa  iH(popMarlls — mpo
MTOKPUTTS, YaCTOTY OHOBJICHb, OOMEKCHHSI.
Jns  TectyBaHHs ~ Oylo  MiArOTOBICHO 24

MOIIYKOBHX 3aITUTH IPHPOTHOIO MOBOIO, PO3IMOAIICHHUX
piBHOMIpHO MiX KareropismMu. KokeH 3amHuT MiCTHTH
OUiKyBaHi peJeBaHTHI CepBICH I OOUMCICHHS METPUK
SIKOCTI. Y IOCTIIKCHHI TOPIBHIOBAJIUCS I'SITh METOIIB
HOIIYKY:

1. Jlexcwunmit momyk (Lexical) - 6a30Buit meron,
10 MiIPaXx0BY€E BXOKCHHS CJIIiB 3alIUTY B OIKCI CEPBICY
3 ypaxyBaHHSM YaCTKOBHX 30iriB MiIPSIIKiB.

2. TF-IDF nmomyk - KJIacHYHMH  MeETOA
iHpOpMaIifHOrO  MOUIYKY, IO  BHKOPHCTOBYE
KocuHycHy nofioHicte Mixk TF-IDF BekTopamu 3anuty
Ta OIHKCIB CEPBICIB.

3. CemaHTHYHHH TIONIYK -  BHKOPHUCTOBYE
Universal Sentence Encoder mms otpumanHs 512-
BAMIPHAX CEMaHTUYHHX €MOCNIHTiB  TEKCTy 3
MTOTANTBIIIAM OOYHCIICHHSIM KOCHHYCHOT TIOAI0HOCTI.

Tabnuys 1 — Pe3yJbTaTH NPOBEIEHOI0 eKCIIEPUMEHTY

4. Tiopunuuit mnomyk (0=0.7) - KoMmOiHye
cemantnuHuit Ta TF-IDF momyx y mepesary
CEMaHTHUYHOTI'O TTOIIYKY.

5. Tiopupnuit momyk (0=0.5) - piBHOMIpHa

KoMOiHaIIis.

JIns OIHKHM SIKOCTI TOIIYKY BHKOPHUCTOBYBAIIUCS
CTaHIAPTHI METPUKHU iHPOPMAIIIITHOTO TTOIIYKY:

Precision@K (P@K) - wuyacTka peneBaHTHHX
pe3yibTatiB cepen Ton-K moBepHyTHX

Recall@K (R@K) - yactka 3HaiigeHux
PENIeBaHTHHX CEPBICiB cepel] yCiX peleBaHTHUX

Mean Reciprocal Rank (MRR) - cepente 3HaueHHs
3BOPOTHOT'O PAaHTy MEPLIOTO PEIEBAHTHOTO PE3YJbTaTy

Mean Average Precision (MAP) - cepeans
TOYHICTP MO BCIX PENIEBAHTHUX JOKYMEHTaX

NDCG@K - Hopmami3oBaHuMil JHCKOHTOBaHHIA
KyMyJISITUBHUM  BWIpall, IO BPaxOBYe MO3UIIIO
pETICBaHTHHX PE3YIIbTATIB

Ananiz pe3yabTaTiB. ExcnepumenTanbHi
pe3ynpTaTd  NIEMOHCTPYIOTH TIepeBary TiOpHIHOTO

MIXOy Hall OKpeMUMHU MeTomaMu (tabi. 1, puc. 2).

Meton P@1 P@3 P@5 R@5 MRR MAP NDCG@5
Lexical 0.792 0.458 0.325 0.826 0.872 0.773 0.798
TF-IDF 0.917 0.444 0.308 0.792 0.930 0.744 0.797
Semantic (USE) 0.875 0.500 0.325 0.872 0.918 0.828 0.855
Hybrid (¢=0.7) 0.917 0.514 0.358 0.917 0.946 0.850 0.892
Hybrid (0=0.5) 0.917 0.486 0.350 0.896 0.944 0.816 0.864

Precision@K ans pisHux metoaie Recall@K ans pisHux meToais
09 ~o— Lexical
\ ~o— TF-IDF o6 —
oo\ oo i
$06 Q\ %
E ‘\ -
é 05 A Fo7
04 \\
w2 ot
/' Semantic (USE)
0.2 /" Hybrid (2=0.7)
051 o Hybrid (a=0.5)
2 4 6 8 10 2 4 6 8 10
K K
MRR Ta MAP ans pi3Hux MeToAis NDCG@K ans pisHnx metonis
mm R | 092
. MAP \
o 0901 \
0.88 \
06 0.86 \
. . é . \\
$ Q084 \ o
04 > \ e
0.82 \\ o — //- : L/I/"
02 S Y \“\ //// — THOF
0.78 . = \4& = :3:-?:?;:“;,57?
N Hybrid (a=0.5)
0.0
Va‘d; 2 & c@"@ \f"\\ \{P_@ 2 4 @ 6 8 10

&

&
,b(‘ ‘0«\
&

e‘&

&
&
Q:P

Puc. 2. I'padikit OCHOBHUX METPHK CKCIICPHMEHTY

lNopunnuii nomyk (0=0.7) mocsirae HaWKpammx

3[aTHICTh 3HAXOJIUTH OiNbIlle PENEBAaHTHHUX CEPBICIB Ta

MIOKa3HUKIB 32 BCIMa MeTpUKaMu, ocobinBo 3a Recall@5 pamwxyBaru iX y npaBuinsHOMY nopsiaky. CeMaHTHYHHI

(0.917) ta NDCG@5 (0.892), mo cBimYuTh MpPO

nomyk nepesepiurye ynekcuunuil Ta TF-IDF meronu 3a
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merpukamu MAP ta NDCG, nemoHcTpyrouH 31aTHICTB
PO3YMITH CEMaHTHYHY TMOAIOHICTH MiX 3alHUTaMH Ta
ONMCAaMHU CEpBICiB, HABITh KOJM BOHM HE MICTITh
cninbHuX ciiB. TF-IDF nokasye HaliBunry Tounicts P@1
cepen 6azoBux wmeroniB (0.917), mo poOuUTH ioro
e(EKTUBHUM JUI1 BUIAIKIB, KOJM KOPHCTyBad IIyKae
KOHKPETHHUH CepBic 3a KIIFOYOBHMH CIOBaMHU.

Bara o0=0.7 BusgBuWiaci ONTHMAaJBHOIO, IO
MATBEPIKY€E  TiloTe3y TPO  JOMIHYIOYy  POJb
CEMaHTHYHOTO PO3YMIiHHS NpPH TMONIYKYy CEpBiCiB, 3
JOIOBHEHHSIM TOYHOTO JIEKCHYHOTO CIIIBCTABICHHS IS
MiBUICHHS PEJICBAHTHOCTI

Otpumani pe3yibTaTu HIiATBEPIKYIOTh
e(eKTUBHICTh TiOPUIHOTO MiAXOAY Uil PEeKOMEHHALl
BeO-CepBICiB, IOEIHYIOYM IepeBark CeMaHTHYHOTO
PO3YMiHHS KOHTEKCTY 3 TOUHICTIO JIEKCHYHOTO MOUIYKY.

Mincymku excnepumenTiB. HaiiGinpimunii Burpam
BiI TiOpuam3arii crocTepiraeThes Mpu NopiBHAHHI 3 TF-
IDF: Recall@5 3pic na 15.8% 3 0.792 no 0.917; P@5
mokpammiace Ha 16.2% 3 0.308 mo 0.358; MAP
30impmuBes Ha 14.2% 3 0.744 mo 0.850. IMopiBHsHO 3
JICKCUYHUM TOMNIYKOM, TIOpHUAHWI MeTox 3abesmedye:
nokpartieHss P@1 ua 15.8% — 3Ha4uHO Kpalie 3HaX0AUTh
HaiipeneBaHTHIIMI cepsic; 3pocraHHss NDCG@5 Ha
11.8% — kparue paH)XyBaHHS pe3yJIbTaTiB.

CeMaHTUYHHUH TIOIIYK BXXE € CHUJIBHUM 0a30BUM
METOJIOM, TOMY NPUPICT Bix ribpuanzanii mexmwuii (2.7-
10.2%), ane Bce 1€ CTATHCTUYHO 3HAYYIIUH, OCOOINBO
w1 P@5 (+10.2%) ta R@5 (+5.2%).

CepemHe  TOKpamieHHS  TiOpHIHOTO
BITHOCHO BCiX 0a30BHX METOMIB:

- Lexical: ~11.4% B cepeaabomy.

- TF-IDF: ~10.8% B cepenHbpoMy.

- Semantic: ~4.7% B cepeTHbOMY .

IIpakTnyHa inTepnperanis pesyabTaTtiB. MRR =
0.946 o3Hauae, 110 B CepelHROMY MEPIIUIl pelneBaHTHUN
cepBic 3HaXOIUThCS Ha o3ullii ~1.06 (Maibke 3aBxau Ha
MIEPIIOMY MICITi).

P@1 = 0917 - y 91.7% Bunaakis mnepuuit
pe3yJIbTaT € peleBaHTHHUM.

R@5 = 0.917 - cepex Tom-5 pe3ynbTariB
3HaxoUThCs 91.7% BCiX peleBaHTHUX CEPBICIB.

NDCG@5 = 0.892 — pamxyBaHHS OJH3bKEe M0
ineassHOTO (1.0).

Takum yuHOM, TIOpUAHAHN Tiaxixa 3 Baroro a=0.7 mis
CEMaHTHYHOI CKJaJoBOi 3abe3rmedye ONTUMAIbHUH
6amaHc MiX PO3yMIHHSAM KOHTEKCTY 3allUTy Ta TOYHHM
JIEKCUYHUM CITIBCTABIEHHSM, IO MiATBEPIKYE JOIiTb-
HICTh HOTO BUKOPHUCTAHHS JIJIsl CACTEM peKOMEHIaIlii BeO-
CepBiCiB.

Maii6yTHi mokpamennsi. He3pakaroun Ha 1Mo3u-
TUBHI pe3yJIbTaTH €KCIIEPUMEHTIB, ICHY€E PsiJl HAIIPSIMKIB
JUIL TIOAAJBLIOTO BJIOCKOHAJIEHHS 3alpoOIIOHOBAHOTO
MiIXOIy:

Ilepconasmizanisi pexomeHaaniii. morouHa cuc-
TeMa He BpPaxoBYE iHAMBIAyalbHI OCOOJIMBOCTI KOpHC-
TyBauiB. MaiOyTHI Bepcii MOXYyTb BKJIIOYATH aHai3
icTopii 3amUTIB KOPUCTYBaya, BpaxXyBaHHs TpedepeHtIriit
Ha OCHOBI TIOTIEPEAHIX B3aEMOJi, KoIabOpaTHBHY
GbinbTpallifo Ha OCHOBI CXOXHX KOPHCTYyBadiB, IIH-
HaMiYHy aJanTaiil0 Bard o 3aJeXKHO BiIl TpoQiiro
KOpHCTyBava.

METOLY

Junamiuna onrumizamisi Baru o. 3amicte Qikco-
BAaHOTO 3HAYEHHS O MOXXHAa PO3POOUTH AaBTOMATHYHHI
BUOIp 0. Ha OCHOBI XapaKTEPHCTHK 3alHTy (IOBXHHA,
HasIBHICTH crielM]ivyHUX TepMiHiB). MalliHHe HaBUYaHHS
JUISl BU3HAYEHHSI ONTHMAJILHOTO 0L HA OCHOBI 3BOPOTHOTO
3B's13Ky. TakoK, BapTO BpPaXOBYBATH, IO Pi3HI 3HAYCHHS
o Uil pi3HUX KaTeropiil cepBiciB TaKOX MOXYTb MaTh
TIO3UTHBHI PE3yIIbTaTH.

InTerpanisi HepyHKIIOHATILHUX XapaKTepUC-THK.
KpiM TOroO, mMOIIyK peneBaHTHOTO CepBicy Opoke-pom
MOJKE 3IIMCHIOBATHCSA HE TUIBKH Ha INACTaBl KIIFOYOBHUX
cmiB 1 ¢pa3 (Ak B pasi kimacmyHOrO iH(pOPMA-IIHHOTO
TIOIIIYKY), aJe ¥ Ha MiJCTaBi aHaJl3y JAaHUX, SIKI HAJICHIIAE
3aMOBHHK 1 sIKi TpeOa 00poOuTH cepBicoM. TakuM YHHOM,
3BEpTAlOUM Bally yBary Ha Te, IO 3ahaya MOoOyJOBH
iHTenekryansHoro Opokepa B COC € mmp-mior, Hix
3aj1a4a iHPOPMAIIIHOTO NOIYKY, SIKHI 3/iiC-HIOEThCS Ha
TI/ICTaBi aHAJII3Y JIMIIIE CEMAHTHKH 3aMUTIiB. TaKuM YHHOM
¢dopmya riOpuAHOTO MOITYKY MOKEe OYTH pO3IINpEHa:

Score = o * simsemantic + B * SiMyexical + Y- qualit}’score .

Takox BapTO BpaxOBYBaTH, 10 II00ATI3allisl PUHKY
CepBiCiB BUMarae MmiATpUMKH Pi3HUX MOB.

BucHoBku

CeMaHTHYHHNH TIOIIYK BB@XKAETBCS OTHHUM 3
aKTyaJbHHX METOJIB TOIIYKY 3aBISIKH HOTO 34aTHOCTI
PO3YMITH Ta IHTEpPHpPETYBATH HaMipH Ta KOHTEKCT
3aIHTIiB, PONOHYIOYH 3HAUYHHUI MTPOTPeC y MOPIBHAHHI 3
TPaAMLIHUMH METO/IaMH TOIIYKY Ha OCHOBI KIIFOUOBHX
cniB. He3pakaroun Ha Taki MpoOIEMH, SIK BHMOTH [0
obuncnenb 1 moTrpeba B Oe3nepepBHOMY HaBYaHHI,
nepeBard CEMaHTHUYHOTO TMOMIYKY € CYTTEBUMH, LIO
poOHTH HOTO BAXIMBHM 1 IEPEAOBHM KOMIIOHEHTOM
CydJaCHHX CHUCTEM MOIIyKy iH(popmarrii.

3anpornoHoBaHa MOJETbh PEKOMEHJAIIH CEepBICIB y
CEPBiICHO-OPIEHTOBAHIH apxITeKTypi (SOA)
BukopuctoBye sk TF-IDF, Tak 1 yHiBepcampHUIt
koxyBabHUK pedeHs (USE), mo6 miABHIATH TOYHICTH i
PeNeBaHTHICTh PEKOMEHIALIIH 1110/10 TTOCIYT.

[MoennanHs 000X MOTEHLIHHO MOXE JaTH OUIbII
TOYHI pEeKOMEHJallii, BpaXOBYIOUYH SK 4YacTOTy TEPMIHIB,
TaK 1 X KOHTEKCTyalbHe 3HaYeHHs. TaKUM YMHOM MO-/IeJIb
Burpae Bix yactoTHOi BaxumBocTi TepMmiHiB (TF-IDF) i
cemanTHIHOTO po3yMiHHSA TekcTy (USE), 3a0e3ne-ayroun
KOMIUIEKCHUH M/IXiJ 10 BUSIBJICHHS IOCITYT. IHTErparis
USE 3Ha4yHO TMOKpallye 34aTHICTh MOJET pO3yMITH
KOHTEKCTHE 3HAaUCHHS ONHCIB MOCIYT, (DiKCYIOUM HIOAHCH
3B’S3KIB  MDK ~ IOCIyramH, SIKi  MOXYTb  OyTH
HEOUYEBUIHUMH JIMILIE YEePEe3 YACTOTY KIFIOUOBHX CIIIB.

Konduaikr inTepecis

ABTOp AeKiapye, IO He Ma€ KOHQUIIKTY iHTepeciB
CTOCOBHO JJAHOTO JIOCJIJDKEHHS, B TOMY 4Hcii (iHaHCO-
BOT'0, 0COOMCTICHOTO XapaKTepy, aBTOPCTBA UM 1HIIIOTO Xa-
pakTepy, 0 Mir OM BIUIMHYTH Ha JOCIIJDKEHHS Ta HOTo
pe3yJbTaTH, IPEICTABICHI B JJaHIN CTATTI.

Buxopucranns 3aco0iB IITYYHOIO iHTEJIEKTY

ABTOp MiATBEPKYE, 10 HE BUKOPHCTOBYBAB TEX-
HOJIOTi IITYYHOTO 1HTENEeKTy MPH CTBOPECHHI MpEaCTaB-
JIeHoi poOoTH.
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Service recommendation based on a hybrid semantic search model
Yaroslav Zarichnyi

Abstract. The article addresses the problem of web service recommendation in service-oriented systems. The broker in
such systems plays a critical role in intelligent service discovery, maintaining a registry of available services to efficiently
respond to consumer requests. The limitations of traditional keyword-based search methods are analyzed, particularly the lexical
gap problem and the lack of semantic understanding of query context. Traditional approaches fail to recognize synonyms and
semantic relationships between terms, requiring exact terminology matching. A hybrid approach is proposed that combines the
statistical TF-IDF method for lexical analysis with the Universal Sentence Encoder neural network model for semantic text
analysis. TF-IDF provides high precision when common terms exist between queries and descriptions, while the Universal
Sentence Encoder captures semantic meaning through 512-dimensional vector representations. This approach allows consider-
ing both exact term matches and semantic similarity between user queries and service descriptions. A formula for combined
relevance computation with a balance parameter between lexical and semantic components is developed. Experimental evalu-
ation was conducted on a web services dataset using standard information retrieval metrics. A formula for combined relevance
computation with a balance parameter between lexical and semantic components is developed. Experimental evaluation was
conducted on a dataset containing 55 web services and 24 test queries using standard information retrieval metrics. Compared
to baseline methods, the hybrid approach provides significant improvement in recommendation quality. The obtained values
are presented in tables and graphs. Directions for future research are identified, including recommendation personalization and
integration of non-functional service characteristics.

Keywords: service-oriented architecture, semantic search, recommender systems, service broker, neural networks, ma-
chine learning.
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CHUHTE3 MEPEXI 3B’SI3KY KJIACTEPA TYMAHHOTI'O LIIAPY
BHUCOKOIILJIBHOT'O ITIPOMUCJIOBOT'O IHTEPHETY PEUEM

AHoTaunis. Y npoMUCIOBUX YMOBaX TyMaHHUH IIap € BAXIUBOIO CKIaJOBOIO exocdepu [HTepHeTy pedelt mis 3abesme-
YyeHHs 0e3MepepBHOCTI TEXHOJIOTTYHUX MPOIIECiB Ta JOTPUMAHH BUMOT 10 HadiifHOCTI if BiITMOBOCTIMKOCTI. Asle oOMexeH1
pecypcH MPUCTPOiB TYMaHHOTO LIapy MPH3BOIATH 0 3POCTaHHS 3aTPUMOK OOpOOKH, uepr, BTpaTH JaHHX abo Jnerpamarii
cepBicy, 0COOIMBO MPHU BHUCOKIH MIIIBHOCTI TYMaHHUX NPHUCTPOIB HAa oOMexeHiil TepuTopii. JlaHi BUKIMKH MOXYTh OyTH
CYTT€BO 3MEHIIIeH] Tpu (OPMYBaHHI ONTUMAIBEHOT Mepexi 3Bs13Ky MK TYMaHHUMH IIPUCTPOSMH, 00’ € THAHUMU B €IHHUH
Kiactep. MeTo10 bOTO JOCII/UKEHHST € po3po0Ka aHAITHYHOTO PilIeHHs IS ONTHMI3alil POITyCKHOI 3/1aTHOCTI IPH Iie-
penadi nanux B TyMaHHHX [0T Mepekax 3 BHCOKOIO IIUTBHICTIO BY3JIiB Ha 0a3i BIAMOBIAHOI MaTeMaTHYHOI MOJIEN IIponecy
oOMiHy naHumMu Mix mapamu loT.. Orpumani Taki pe3yabTaTn. Po3po0iieHa MaTeMaTniHa MOZIENb, 0 BU3HAYAE Xapak-
TEPUCTHKH KaHAJIB 3B’ 53Ky MiX TyMaHHHMH IpucTposiMu. ChopMysoBaHa ONTHMI3aIliifHA 33/1a4a, 1[0 BU3HAYAE ONTHMA-
JIbHI 3HAYEHHS IUTBHOCTI 1H()OPMAaLifHOTO MOTOKY, SIKi MiHIMI3YIOTh CEpEIHIO 3aTPUMKY MEPEXi 3B’ 53Ky 3 OOMEKCHHSIM 32
BapTICTIO MOCIyT. PimreHHs wiel 3amavi 3HAMICHO 3a AOMOMOTOK BUKOPHCTaHHS HEBU3HAYCHUX MHOXHUKIB Jlarpamka. B
pe3yabTaTi 3HalACHI 3HAUCHHS ONTUMAJIbHUX MOTOKIB BCEPEINHI TYMaHHOTO KacTepa MiX Horo nmpuctposiMu. BucHOBKH.
3HaiieHi 3HaYeHHsT ONTHMAJIBHUX HMOTOKIB BCEPEIMHI TYMaHHOTO KacTepa MiXK HOro MpUCTPOSMH, IO J03BOJISIE CHHTE3Y-
BaTH ONTHUMAJIbHY MEpEXy 3B’SI3Ky 3a KpHTepieM MiHIMi3alii 3aTpUMKH nepeadi iHpopMamiiiHiX HaKeTiB.

Kaw4oBi ci1oBa: BHCOKOIIUILHUI TPOMUCIOBUH [HTEpHET pedeii, TyMaHHUI map, 00YHCIIIOBaNbHI peCypcH, 3aTpIMKa

HaKera, yepra.

Beryn

Bucoxomtineauit mpommucioBuii [HTEpHET peueit
(IToT) xapakTepu3y€eThCsI BENUKOIO KiJbKICTIO B3a€EMO-
OB’ sSI3aHUX JIATYMKIB T BUKOHABYKX MPHUCTPOIB Y 0OMe-
xeHomy poctopi [1]. Haciimkom Takoi Tomosorii € 3Ha-
yHe 30UIbIIeHHs 00csATy InepeaaHol iHndopmarii 3a o1u-
HUIIO yacy. Lle BHCYyBa€ MmigBHUIICHI BUMOTH 10 MPOIYK-
TUBHOCTI MepexeBoi iHpacTpyKkTypH. THIIOBI mpomuc-
JIOBi CIICHApil BKIIFOYAIOTH AWCTAHIIHHUN MOHITOPHUHT,
YIpaBIIiHHSA TEXHOJOTIYHUMH TpOlecaMHu, Iependady-
BaHe 00CIIyroByBaHHs 00JIaHAHHS, a TAKOX B3a€MOJII0
KPUTHUYHO BaXKJIMBUX CHCTEM Y peallbHOMY 4aci. Bucoka
IITBHICTE MPUCTPOIB MiJCIITIOE KOHKYPEHIIIO 32 JOCTYII
710 0OMEKEeHUX pecypciB 0€3ApOTOBOTO CEPEIOBHINA, 110
MOK€ TPHU3BOJIUTH JI0 MIEPEBAHTAKEHD 1 3HWKEHHS KO-
cTi 38’s13Ky [2]. HomatkoBo, pi3Hi kimacu tpadiky 3 pis-
HUMHU BUMOT'aMH JIO 3aTPUMOK 1 HaJiifHOCTI CTBOPIOIOTH
KOMILIEKCHI 3a/1a4i 1010 ONTHMI3allii KOMYHIKaITii.

3 orsy Ha 0OMEXEHI MOXKIIMBOCTI IIEHTPAIbHUX
XMapHHUX PecypciB M0J0 0OPOOKH BEIHKHUX OOCSTIB J1a-
HUX y peaJbHOMY 4aci, TYMaHHHMH HIap CTa€ KIIOYOBHM
€JIEMEHTOM apXITEKTYpPH BHUCOKOLIJIBHOTO ITPOMHUCIIO-
Boro loT. Tyman 00’€eiHy€ pUCTPOT Ta MPOMIXKHI 00UH-
CIIOBAJIBHI BY3JIH, PO3TaIlIOBaHi OIMK4e 10 JKeper Ja-
HUX, 1[0 JI03BOJISIE BUKOHYBATH NEPBUHHY 00pOOKY, (i-
JBTPAIIiIO 1 arperaiiro iHpopmarii 6e3 nepenayi y Binia-
neHy xmapy. Takuil miaxix 3MEHITy€e 3aTPUMKH, ITiIBH-
LIyE€ PEaKTHBHICTh CUCTEMH Ta 3HMXKYE HABaHTaKECHH:I
Ha KaHaJIM IMHpoKoMmacmTabHoro 3B’s3Ky. Kpim Toro,
TyMaHHHUH PIBEHb MOXe€ 3I1ICHIOBAaTH JIOKaJbHE OaaH-
CyBaHHS HaBaHTaKEHHS 1 3a0e3medyBaTH 0a30Bi MeXaHi-
3Mu Oe3reku, 30KpeMa aBTeHTH]IKaLliI0 Ta NppPyBaHHS
Ha niepudepii Mepexi. DyHKIIT TYMaHHOTO mapy TaKoX
BKJIIOYAIOTh IMIATPUMKY TiOpUIHHMX Mojeneld oOpoOku
JIAHWX 1 ONITHMI3aIlil0 BUKOPUCTAHHSI 00MEKEHUX pecyp-
CIB IIPUCTPOIB. Y NMPOMHCIOBUX YMOBaX i€ € BAYKIIUBHM

Juist 3a0e3neyeHHs 0e3nepepBHOCTI TEXHOJIOTTYHHUX MPO-
I[ECiB Ta JOTPUMAHHS BUMOT JI0 HAIHHOCTI il BiAMOBO-
critfikocti. TakuM 9YMHOM, TYMaHHHU IIap € HE MPOCTO
JIOTIOBHEHHSIM, 4 HEOOXITHHM KOMIOHEHTOM IJIs CTa-
soro ¢yHkiitoBaHHS [0T Mepex 3 BUCOKOIO HIUTBHICTIO
BY3JIiB.

Orusig cy4acHHX AOCTiIZKeHb. Y HAYKOBUX JIOCITi-
JOKEHHSIX 3alpOIIOHOBAHO PSIA MiAXOIB IO MiJBUILIEHHS
e(peKTUBHOCTI BUKOPUCTAHHSI KaHAIIIB 3B 513Ky Y TyMaH-
Hux loT mepexkax. 3okpema, TokabHa 00poOKa Ta arpe-
rauis JaHux Ha nepudepii J03BOJIsIE CYTTEBO 3MEHIIUTH
o0csar mepenaHoi iHdopmarlii Ta HABAHTAKCHHS Ha Me-
pexy [3]. Iepapxiuni mozeni posropranss fog-Bys3iis 3a-
6e3neuyroTh MaciiTaboBaHICTh KOMYHIKaIii Ta ONTHMI-
3aIlif0 TIOTOKIB JaHUX y BHCOKOIIUIBHUX CEPEeIOBHINAX
[4]. Turerparist TexHOMOTIH TyMaHHUX 0OumcieHb 3 [0T
1HPPACTPYKTYPOIO CIIPHSIE 3HIKEHHIO 3aTPUMOK 1 O1ITBIII
e(eKTHBHOMY BHKOPHCTaHHIO MEpPEKEBUX pecypciB [5].
[Moenuanus nepudepitHuX, TYMaHHUX 1 XMapHHUX 00YH-
ciieHb (pOpMy€e THYUKY apXiTeKTypy oOpoOKH, 10 3MEeH-
IIy€ MEPEBAHTAKEHHS KaHaJIiB nepenayi ganux [6]. Jo-
CITIDKEHHS METOJIiB ONMTHUMIi3allii MiKpOmoTOKiB y fog-
riaTopmax MokasyrTh MOXINBICTh 3HHKEHHS 3aTpH-
MOK 1 i IBUIIIEHHS €()eKTUBHOCTI Mepeadi B yMoBax 00-
MEKEHOT IPOIYCKHOI 31aTHOCTI [7]. AHaui3 cepenoBuil
TyMaHHuX obuncnens g loT iHdpacTpykTyp miarsep-
JOKY€ JIOUTBHICTD PO3IOALIEHOI 0OpPOOKH K MEXaHI3My
OIITHUMi3aLil MepexeBOro HaBaHTaXeHHs [8].

B 3aransHOMY BUTIISII 3a71a4a CHHTE3Y €(heKTUBHOT
Mepeixi 3B’s3Ky TYMaHHOTO IIapy B yMOBaxX 0OMEKEHHX
KOMYHIKaI[IfHUX pecypciB He po3B’s3aHa, OTKE € aKTya-
JIBHOIO.

AuJe y BUNAJKY, SIKIIO CKIIAJl MIPUCTPOIB OKPEMOTO
KJIacTepa TYMaHHOTO IIapy B)Ke BU3HAUYEHHH, TO OINTH-
MajJbHy CTPYKTYPY BHYTPIIIHBOKIACTEPHOI MeEpexKi
3B’SI3Ky MOKHa CHHTE3YBAaTH, BUKOPHCTOBYIOUH aHaJi-
TUYHE PIlICHHS BiAMOBITHOT MATEMAaTUYHOT MOJICII.
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OT:Ke, METOI0 TAHOTO JOCTiIZKeHHsI € Po3po0Ka
AQHATITUYHOTO DILIEHHS AJIsl ONTHMIi3alii HpOIyCKHOI
3ATHOCTI MpH Tlepesiadi JaHuX B TYMAaHHOMY IIapi eKo-
cucteMHu [HTepHETY peueii 3 BUCOKOIO IUIBHICTIO BY3JIIB
Ha 0a3i BiAMOBITHOT MaTEeMaTHYHOT MOJICIIi TpoIiecy 00-
MiHy naHuMH Mix mapamiu [oT.

Pe3yabTaTu AocaigxeHHs

Y MareMaTH4HIA MOJENI Iporecy OOMiHy JaHUMHU
Mix mapamu [0T y sikocTi yHKIT onTHMi3amii BUKOPH-
CTOBYETBCSl CepefHill 4ac miATpuMKU I, TpH oOMe-
*eHHI BapTocTi opeHau KaHawiB 3B'13KY C < Cpax.

BukopucroByroun ¢popmyity JlitTia orpumyemo

n
yT=2 % T, 1)

i=1
rae y —3aralbHuil Tpadik B Mepexi; Aj — IHTCHCHBHICTb
MOTOKY IIaKeTiB Ha BXOJi B KOXKHUH KaHal, Tj — cepen-

Hiif 4ac 3aTpUMKH MaKeTa B KOXKHII OKpeMmiid JiHil.
Hexaif Ha BXif i-01 4epru HAJAXOAUTH MyaCOHIB-
CHKHH TOTIK MAKETiB 3 IHTCHCHBHICTIO Aj MaKeTiB B ce-

KyHIy 1 cepenHiM 9acoM OOCITyrOBYBaHHS L4 ! c, po3-

MTOIIIGHUM 3a €KCIIOHEHIIiIITHIM 3aKoHOM. Toi cepenHiit
4ac 3aTPUMKH MaKeTa € Takum [7]:

Ti= 5 1% +gilm, (2
1-p m,+1
ne g = T pm|+2 (3)

BiJTHOCHA MTPOIYCKHA 3/1aTHICTH;

C_pt-pt (mtlomep)]
1- oMy (1-pp)

CEpe/IHE YKCIIO 3aMUTIB y Yep3i; Mi — YHUCIIO MiCIlb y Ye-
p3i; pi = A / Hi.

[TincraBuBiu 10 Bupasy (2) supasu (3) i (4) Ta Bu-
KOHaBBIIIM HU3KY MEPETBOPEHb OTPUMAEMO

m;+1
T = l 1-p [(m; +2) = o5 (M +1)] (®)

- m;+1
Hi L-"") - p)
Onnaxk Bupas (5) He 3pyYHUI AJI1 BUKOPUCTAHHS B

3amadi onmTHMIi3amii gepe3 TPOMI3AKicTh. Moro merko
NIPEACTaBUTH y O1IbII 3py4Hiit popmi:

(4)

1 m; c m;+1 1 S
T=1 3 @ekpl ) Y A= )
Hi k=0 k=0 Hi S

. 0
JI€ IITPUX € MOX1IHOO 10 . Py a
1%

mj+1

ae Smi — cyMa TeOMEeTPHYHO] ITporpecii.

Tomy cepenHiii yac 3aTpUMKH 1O BCii Mepexi 3Ha-
xoauTbes 3 BUpasy (1) 3 ypaxyBaHHsAM (6) sk

m;+1

N Z Pl
:_Z m+1 :_Z (7)
= z Pl ml

Jlerko mokaszaTH, 10 3anexHicTs (7) mpu M; —> ©
n

€ popmyimoro Ty, =— Ai 3 HeoOMEKEeHO0 dep-
7ial-p
ro1o, a mpu M; = 0 0OTpUMaEMO MOJIENIb MEPEXKi y BUIIISI

CMO 3 BigmoBamu [8]:
n

s A
vigl+p

Oymnkis (7) € omykior (YyHKIII€I0, aje He MICTHTh
SKCTPEMYMiB, TOMY MIHIMYM CEpPEIHBOTO Yacy 3aTPHMKH
He MoXxe OyTH 3HAHICHUH NUIIXOM 00YHCIICHHS YaCTKO-
BUX MOXIJHUX 110 p; .

cep =

VY 3B’s3Ky 3 IIUM JaHa 3a/a4ya € 3a7a4el0 YMOBHOL
onTuMizanii. AHalTiTUYHE PO3B’sSI3aHHs MOCTABJICHOI 3a-
Jladi MOXITBE 32 YMOBH BiAIIOBITHOTO BHOOpPY (QyHKIIIT
BapTOCTi K OOMEKyBaJbHOI yMOBH. UHCIIOBI po3paxy-
HKH TTOKA3yIOTh, III0 3a3BHYail HeMa€ BEJUKOI PI3HHUII MiXK
BUTIAJIKaMW BUKOPHUCTAHH: (PyHKIIiH BapTOCTI TOTO UM iH-
IIOTO BHIY, TOOTO CiJ oOMpaTé Ty (QYHKIUIO BapTOCTI,
sIKa HAHTIOBHIIIE BiAMOBIZa€ yMOBaM KOHKPETHOI 3a/1adi.
PosrisiHeMo (yHKIIII0 BAPTOCTI BUIIISILY.

R
c=kY 1, ®)
EVi

ne npu naketHid nmepemaui F =LA, Vj =Ly ; L — dik-

COBaHa JJOBXKHMHa I1aK€Ta, TOOTO
n
C=k2 p )

1 BUPAKAETHCS B OJMHHUIIIX BAPTOCTI MEPEAaBaHHs OJU-
HHII KiTbKOCTI iH(opMalii (TOOTO IiIbHOCTI TOTOKY iH-
(dopmarlii, 1110 3arajgom BiNOBiAA€ MPUUHITAM PUHIH-
MaM OIUIATH 3a BUKOPUCTAHHS 3ac00iB 3B s3KY), pi — KO-
e(iIlieHT BUKOPHUCTaHHS KaHAITy a00 3aBaHTa)KCHHS Me-
pexi.

TakuM 4MHOM, ONTHMI3alliiiHa 3a/ma4a MoXxe OyTH
copMyIIbOBaHa B TAKOMY BHIJISI: BU3HAYUTH ONTHMa-
JIbHI 3Ha4eHHS IUILHOCTI iH(QOpManiiHOrO MOTOKY, 110
MIHIMI3YIOTb CEPEHIO 3anHMKy:

sz

7 i=1 mi

L 5 min. (10)

py 0OMEXEHHI Ha BapTIiCTh Mepeadi cyMapHOi KijbKo-
cTi iH(opMmalii, o NpUNagae Ha OAWHMIIO HPOITYCKHOT
3/1aTHOCTI JIiHIH 3B'SI3Ky

n
C:kz,o, < Crax -
i=1

11)

Jlyis BUIIICHHS BOTO 3aBIaHHS 3aCTOCOBAHO Me-
TOA HEBH3HAUYCHWX MHOXHWKIB Jlarpamxka. Crkiamemo
(yHKITIOHA OTITUMI3aIii:
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18, Sy 0
@z—Zpi—'+PkZp, (12)
viga S i=1

mj
ne P — neBuzHaueHuit MHOXXHUK Jlarpanixa.

. .. 0D
Po3paxoByroun gactkoBi noxizsi — =0, oTpu-
P
Ma€EMO CHCTEMY i3 N PiBHAHB TAKOTO BHUTIALY:
’

i +}/Pk=0, i=1,l/l

Sm
Pi S

m;

(13)

Koxue piBasaHS cuctemu (13) 3a1eXuTh Bif 3MiH-
HOI pjTa mapamerpiB M, y, P . Skmo m; = m s Beix

BY3TiB,  TO pi=F(m,y P,k), T06r0o TOm

o™ = p=const, TOOTO. ONITUMAITbHI 3HAYEHHS MIiTh-

HOCTe# OTOKY iH(opMarlii 0JHaAKOBI BCIM TLIOK 1 3aire-
JKUTD BiJl HOMepa TiIKA 3B'S3KY.

[Micns mudepeHmiroBaHHS 1 HHU3KH IIEPETBOPEHB
oTpuMaeMo A epeHIIiaTbHI PiBHSIHHS JPYTOTO TOPSIIKY
JUTS KOKHOI TiTkd. OITycKarouu iHIEKC 1, MaeMO

. g
S—m+pm p(m) +yPk=0. (14)
Sm Sm m

IInstxoM 3aMiHM 3MIHHOT

S .
——=7Z;Sy=2Z -Sy+Z-Sy (15)
Sm

piBHsiHHS (14) cTae HEOMHOPIHUM JHIHHUM PIBHSHHSAM
HEPLIOTO TOPSIKY

o1 1
Z +=Z=—-=—yPk.
P P
3araspHe pimeHHs piBHAHHS (16) 3HAXOAUTHCS Me-
TOIOM Bapiamii HoBUIBHOI mocTiiiHOi [11]. BixmosigHe
OJTHOpiTHE PIBHSHHS

(16)

1
Z +—-7=0,
P
i3 3MIHHMMH, IO PO3IULIFOTHCS, Ma€ 3arajibHe pillleHHs
B TAKOMY BHIJISIII:

a7

;G0
Yol

(18)

O6epemo pyukuito Cq(p) Takum yrHOM, 1100 BU-

pa3 (19) 3amoBonbHsTO piBHsAHHS (16).
IincraBusiim (18) B (16) micist HU3KH IEPETBOPEHb
OTPUMAEMO

G (p)=-yPk.

Iarerpupyroun (19), maemo Ci(p) =

(19)

—yPkp+C,, oTxe
Z:—;/Pk+&. (20)
P

Toni, MOBEPTAIOUHCH 0 PeaTbHUX 3MiHHUX, MAEMO

S /Sm =~ 7Pk +(Cy/p). (21)

[Ticnst iHTErpyBaHHS OTPUMAEMO 3HAYCHHS 3MIHHOT
C -y Pk
S =Cap2 &7, (22)

ne C3 — mocTiiiHa iIHTeTpyBaHHS JPyToi KBaapaTypH.
Po3B's3ytoun 3amady Komm npu 3amannx Hadab-
HHUX YMOBax MO)kHa otpumarty 3HaueHHs Ca. Toni

p= cz/(ypk+(5;n/sm)).

Bmsnaunmo 3Hauenns C, i3 ymoBu p, =1.13 (7)

(23)

- 1+2+--+(M+1) m+1
s = = (24
(m/ ) m+2 ;@
TOII C, = )/Pk+(m+l)/2,
m+1 S'm
a p =|yPk + yPk + | =T (25)
2 Sm

Jaii orpuMaemo 3HaUYeHHS MHOXKHUKA Jlarpanxa P:

B (m+1/2 ( m/S ) 3a0/kn)
Y (T FEV I

OT)KE YMOBa eKCTPeMyMiB 7., Bupa3sy (7) € Takoro:
(Ponm = Caao [Hn)((m+1)/2=5,, /S,,) =0. (27)
YMoBH (27) BUKOHYIOTHCSL, SIKIIIO

Cmax/knz(); m/s

Topni onTUMalibHe 3HAYEHHS TOTOKY B T'JIKax

Cw()/(kn) ,

1o 3a0e3mnedye MiHIMaabHE 3HAUCHHS CEPEAHBOTO Yacy
3aTPUMKH Y MEPEKIi 3BSI3KY:

(m+1)/2=0.

Ponm ~

(28)

p onm

a MaKkcuMallbHe 3HAueHHs 3aTPUMKH B MEpexi Jocsra-
€THCS HE3AJISKHO BiJl BAPTOCTI Mepexi npu p = 1:

T!ZZX (n/y)-(m+1)/2.

BucHoBKH Ta nepcneKTUBHU
NoAAJBIINX JOCTIIKEeHb

VY crarTi npoaHani3oBaHi XxapakTepHi 0coOIMBOCTI
TYMaHHOTO IIapy BHUCOKOLIIbHOTO npomuciosoro loT.
Po3pobiiena mareMaTHyHa MOZENb, 110 BU3HAYAE XapakK-
TEPUCTUKHU KaHAJIB 3B’SI3Ky MK TyMaHHHUMH TIPHCTPO-
smu. ChopMynpoBaHa ONTHMI3allii{HA 3a/1a4a, 10 BU3HA-
4a€ ONTHMANbHI 3HAa4YeHHS LIUTBHOCTI iH(OpMAIiiiHOTO
MOTOKY, SIKi MIHIMI3YIOTh CEpEIHIO 3aTPUMKY Mepexi
3B’S13Ky 3 OOMEXEHHSM 3a BapTICTIO MOCTyT. PimreHHS
miei 3amavi 3HAMIEHO 3a JIOTIOMOTOI0 BHKOPUCTAHHS
HEBM3HAUEHUX MHOXHMKIB Jlarpamwxka. B pesynbrari
3HaWJIeHI 3HAYeHHs ONTHMAaJbHUX MOTOKIB BCEpeAWHI
TYMaHHOTO KJacTepa MiX HOro IpHCTPOsIMU. 3HaiIeHi
3HAYCHHS ONTHMAaJIbHUX IOTOKIB BCEPEAMHI TYMaHHOTO
KJacTepa MiDX HOTo NPHUCTPOSMH, IO J03BOJISIE CHUHTE-
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CucreMu yrpaBiiHHs, HaBirarii Ta 38's3ky. 2026. Ne 1

3yBaTH ONTUMAaIbHY MEPEXKY 3B 3Ky 32 KpUTEPIEM MiHi-

Mizanii 3aTpUMKH niepenadi iHpOopMaIifHUX TTaKeTiB.
Hanpsimn nogajabmmx A0CTiIKeHb. CHHTE3 MiX-

KJIaCTepHOT Mepexi 3B’SI3Ky BHCOKOIIIJIBHOI'O MPOMHMC-

(hinancoBOro, 0COOMCTICHOTO XapaKTepy, aBTOPCTBA UM
IHIIOTO XapakTepy, L0 Mir OM BIUIMHYTH Ha JIOCIi-
JUKEHHSI Ta HOTO pe3yJibTaTH, NMpEJCTABIECHI B JaHIH
CTaTTi.

70B0ro [HTEpHETY pedeii. . .
Buxopucranns 3aco6iB IITYYHOIO iHTEJEKTY

Konduaikr inTepecis .
ABTOpPHU MIATBEPAKYIOTb, 11O HE BUKOPUCTOBYBAIU

TEXHOJIOTIT MITyYHOTO IHTEJIEKTY IIPU CTBOPEHHI Mpen-
CTaBJIEHOI POOOTH..

ABTOpH JICKIIAPYIOTh, [0 HE MAIOTh KOHQIIKTY 1H-
TEpeciB CTOCOBHO J@HOTO JIOCIHIPKEHHS, B TOMY YHCII
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Synthesis of the communication network of a fog-layer cluster in the high-density the Industrial Internet of Things
Sergii Klivets, Heorhii Krykhovetskyi, Tetiana Kulieshova

Abstract. Inindustrial environments, the fog layer is an important component of the Internet of Things ecosystem, ensuring the
continuity of technological processes and compliance with reliability and fault-tolerance requirements. However, the limited resources of
fog-layer devices lead to increased processing delays, queue buildup, data loss, or service degradation, especially with a high density of
fog devices within a confined area. These challenges can be significantly reduced by forming an optimal communication network among
fog devices combined into a single cluster. The purpose of this study is to develop an analytical solution for optimizing throughput in
data transmission within fog loT networks with a high density of nodes, based on an appropriate mathematical model of the data exchange
process between 10T layers. The following results were obtained: a mathematical model was developed that determines the characteristics
of communication channels between fog devices; an optimization problem was formulated to determine the optimal values of information
flow density that minimize the average network delay under a service cost constraint; the solution to this problem was obtained using the
method of Lagrange multipliers. As a result, the optimal flow values within the fog cluster between its devices were determined. Conclu-
sions. The obtained optimal flow values within the fog cluster between its devices make it possible to synthesize an optimal communication
network according to the criterion of minimizing information packet transmission delay.

Keywords: High-density Industrial Internet of Things, fog layer, computing resources, packet delay, queue.
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MIKPOKOHTPOJIEPHA CUCTEMA
AJ1A JOCJIIKEHHSA 3MIH INIVIBHOCTI KICTKOBOI TKAHUHUA

AHoTanisi. AKTyaabHicThb. PaHHS fiarHOCTHKA 3MiH IMUIBHOCTI KICTKOBOI TKQHHHHM € BXKJIMBOIO CKJIATOBOIO MPOQITAKTHKI
Ta JIIKyBaHHSI 3aXBOPIOBAaHb OIIOPHO-PYXOBOT'O anapary, 30KpeMa OCTeOoIopo3y Ta 3analbHUX MPOLECiB y MapoqoHTi. Tpamuriiai
METOJI! OIIIHFOBaHHS MIUTBHOCTI KICTKOBOT TKAHHHH YaCTO TIOB’13aHi 3 BUKOPUCTAHHSAM 10HI3YBAILHOTO BUTIPOMIHIOBAHHSI, BUCO-
KOIO BapTICTIO 00JIafHaHHA Ta OOMEXEHOI0 JOCTYITHICTIO, IO YCKJIAIHIOE TX 3aCTOCYBaHHS B YMOBAX CUTBCHKOI MICIIEBOCTI Ta
MOOUTHHOI MeauIMHU. OO0’ €KT JOCITIIZKEHHs: TPOIECH TOIUPEHHS YJIBTPa3ByKOBHX KOJIMBaHb Y KICTKOBiH TkaHuHI. MeTta
CTaTTi: po3poOKa MIKPOKOHTPOJIEPHOI CUCTEMH IS TOTICPESIHBOTO OLIHIOBAHHS 3MiH IIUIBHOCTI KICTKOBOT TKAHMHU Ha OCHOBI
aHaJIi3y Yacy 3aTPUMKH MPOXOKEHHs YIIBTPa3ByKOBOIO CHIHATY. Pe3yJIbTaTi JOC/HiIKeHHsl. Y CTaTTi 3alpONOHOBaHO eKCIie-
PYMEHTAIIbHY MiKPOKOHTPOJIEPHY CHCTEMY YJIBTPa3BYKOBOI ICHCUTOMETpII, sIKa I03BOJISIE 3IHCHIOBATH HEIHBAa3MBHUHI TOTIEPE-
HIlf aHaJIi3 CTaHy KICTKOBOI TKaHMHM 0e3 BUKOPHCTAHHS PEHTICHOJIOTIYHUX MeroAiB. CHcTeMa 3a0e3reuye BUMIPIOBaHHS dacy
3aTPHMKH YIIBTPa3ByKOBOIO CUTHAJY Ta Bi0OpaXKeHHS Pe3yJbTaTiB y PEaTbHOMY Yaci, XapaKTepH3yeThCs HU3bKUM €HEeprocIIo-
YKUBaHHSM 1 MOXXJIMBICTIO aBTOHOMHOI pOOOTH BiJl MAJIOrabapuTHOTO JDKEpelia )KUBJICHHs. BHCHOBKH. 3anponoHoBaHa cucteMa
TIATBEP/DKYE JOLUIBHICTE BUKOPUCTAHHS YIIBTPA3BYKOBUX METOIB U MOIEPEAHBOI OLIHKH LIUTBHOCTI KICTKOBOI TKQHUHH Ta
Mae€ TIEPCIICKTHBH TIOIAJIBIION0 BIOCKOHAIICHHSI 32 PaXyHOK ITiIBHIIICHHS POOOYOI YaCTOTH, aMIUTITYIM CUTHAIIB 1 ONTHMI3aIlil
anroputMiB 00poOku naHux. Cdrepa BUKOPUCTAHHS OTPUMAHHUX Pe3yJbTATiB: MOOUIBHI Ta CTAlliOHAPHI CHCTEMHU MEPBUHHOT
JIIarHOCTHKH CTaHy KiCTKOBOI TKAHHHH, 30KpeMa B YMOBaX 00OMEXEHOT MeIMIHOI iHDPaCcTPYKTypH.

Knaio4oBi cioBa: mijbHICTh KiICTKOBOI TKAHHHY, yIBTPa3ByKOBa AEHCUTOMETPIsl; MIKDOKOHTpOJIEpPHA CHCTEMa; HeiHBa-

3MBHA JIIarHOCTHKA; Yac 3aTPUMKHU CHTHATY; O10MEINYHI BUMiPIOBaHHS.

Beryn

[ocTranoBka mpodsemu. [TapomoHTUT XpoHIUHE
3anajbHe 3aXBOPIOBAHHs ONOPHOTO amapary 3yba 3a-
JIMIIAETHCS OJHIEI0 3 OCHOBHHMX MNPUYWH MepeayacHoi
BTpaTH 3y0iB. KioyoBa ocoOnuBicTh wi€l martonorii -
0e3CUMITTOMHHUI Mepedir Ha paHHIX CTalisX, 0 3HAYHO
YCKJIaTHIOE TIarHOCTUKY Ta CBO€YacHe JiiKyBaHHs. To-
My, Cy4acHa IMapOJOHTOJIOTIS BUKOPHCTOBYE KOMILICK-
CHY OIIIHKY KJIHIYHUX, PEHTTEHOJOTIYHHX Ta Jabopa-
TOPHUX TMOKA3HHKIB JJIsi BU3HAYCHHS CTYIICHIO Pe30pO-
1ii aTFBEOISPHOT KiCTKH.

BoaHoyac imiHIYHI METOAM MOCIIDKEHHS MAaroTh
HU3KY HeAOiKiB. Tak Ays. BH3HAUYEHHS TIIMOWHU TMapo-
JIOHTAJIbHUX KHILEHb NMPUTaMaHHa 3HAuHA MiX- Ta BHYT-
PIIHBO EKCIIepTHA BapiaOeNIbHICTh, SKa 3aJIEKHUTh B[
CHJIM THCKY Ha 30HI, ricTojoriunoi mopdoorii siceH,
ApXITEKTOHIKA Ta TeOMETpii MapOJOHTAIbHOI KHIIEHI.
PeHTreHOOrIYHI METO/M, BKIOYHO 3 KOHYCHO-IIPOME-
HEBOIO KOMIT' FOTEPHOIO0 ToMOTrpadi€to, OB’ si3aHi 3 3HAY-
HUM IOHI3yIOUMM IIPOMCHCBHM HABAHTKCHHSAM 1 HE
3aBXAM 3a0€3MedyloTh JOCTAaTHIO 1H(OPMATUBHICTH IO-
JI0 CTaHy TKaHWH IapoJIOHTa Ta PAHHIX 3alJIbHAX 3MiH.

VY 3B’S13Ky 3 IIIM aKTyaJIbHUM € TOIIYK HOBHUX HEiH-
Ba3MBHUX, JIOCTYITHUX Ta 00’ €KTHBHUX METOIB JliarHOC-
TUKH, SIKi MOTJIA O JIOTIOBHUTH iCHYIOUHH HiarHOCTHYHHA
apceHai. OIHUM 3 MEPCIEKTUBHUX HAMPSIMKIB I[HOTO
MOIIYKY, HA Hall OIS/, € aKyCTHYHa JiarHOCTHKA.
Merton 6a3yeThcs HA aHANTi31 3BYKOBOTO BiATYKy 0ioyoTi-
YHUX TKAHWH HA 30BHIIIHIA MEXaHIYHUH BIUIMB 1 J03BO-
Jsi€  OTpUMYBaTH iHGOPMAII0 TPO IX CTPYKTYpHO-
MeXaHiuHI BracTHBOCTi. B cTomarosnorii Bke 3acTOCOBY-
FOThCS TaKi METOJIH, SIK KUTbKiCHA MEPKyCiifHa iarHOCTH-
Ka Ta PE30HAaHCHO-YACTOTHHUH aHai3, SIKi BUKOPHCTOBY-
FOThCS TIEPEBAYKHO LTS OI[IHKU CTaOLILHOCTI ICHTAIBHUX
IMIIIAaHTATIB, IPOTE BOHU MOTPEOYIOTh CHELiai30BaHOTO

o0JiaIHAHHS Ta MalOTh 0OMEKEHY J0CTYMHICTh. [1aToso-
TiYHI 3amaypHi 3MiHH B TKaHHHAX MapoOJOHTa, 30KpeMa
pe30opOIist KicTKOBOI TKaHMHH, NECTPYKINS JraMeHTap-
HOTO arapary, Ta IIOB’f3aHa 3 HUIMH MPOTPECyIoda pyxo-
MICTb 3yOiB, IOBHHHI CYNPOBOKYBATHCS 3MIHOIO Tapa-
METpiB aKyCTHYHOTO BiATYKY, 30KpeMa HOro CIIeKTpaib-
HUX T4 YaCOBHMX XapaKTepHCTHK. Lle cTBOproe mepemxymo-
B ISl BUKOPHCTAHHS aHAJ3y aKyCTHYHHX e(EKTIiB 5K
JIOZIATKOBOTO 1HCTPYMEHTA OI[IHFOBAHHSI CTaHYy aJIbBEOJIsI-
PHOT KICTKH IPY MATOJIOTIT MAPOJIOHTY.

AHaJi3 ocTaHHiX gociaifkens i myoikamiii. Jlo-
CJI/DKEHHS 3MiH IIIJIBHOCTI KiCTKOBOi TKaHWUHU € Bax-
JMBUM HAMpPSIMOM Cy4YacHOI MEIMYHOI Ta 0iOMeIUuHOT
IEKeHepii, OCKUTBKY MOPYIIEHHS MiHEpaTbHOTO OOMIHY
KiCTKOBOI TKaHWHH, O€3110CEPEHBO T0B’A3aHE 3 PO3BU-
TKOM OCTEOIIOpO3Y, Mi/IBUIIEHNM PH3UKOM MEPENoMiB i
K HACIIJOK - 3HI)KEHHSAM SIKOCTI >KATTA IAIl€HTIiB. 3a
JaHUMH BcecBiTHROI opraHizamii OXOpOHH 3J0pOB’f,
OCTEOIIOpPO3 HAIEKHUTD JI0 HAMIOUIMPEHIINX MeTaboJi-
YHHUX 3aXBOPIOBaHb KiCTKOBOI TKaHMHH, OCOOJMBO ce-
pen JMoAer MOXMWIOTO BiKy Ta JKIHOK y MOCTMEHOIay3a-
neHAN Tiepiox [1]. Tomy momryk epeKTHBHUX, JOCTYII-
HUX 1 Oe3neYyHUX METOMiB MOHITOPHHTY MOpPYIICHHS
[TITBHOCTI KICTKOBOT TKAHWHH. € aKTyaJIbHUM.

Ha cporogni «30510THM cTaHIapTOM) BUMIPIOBAHHS
MiHEpATbHOI MIUTBHOCTI KICTKOBOI TKAHMHU BBA)KAETHCS
JIBOGHEpTreTHYHA PEeHTreHiBebka abcopouiomerpist (DXA).
Leii meron 3abesmedyye BHCOKY TOYHICTb, BIJTBOPIOBA-
HICTb pe3yJIbTaTiB 1 IIUPOKO BUKOPHCTOBYETHCS B KIIHIY-
Hil JIarHOCTHUIII OCTEONOPO3y Ta IPOTHO3YBAaHHS PHU3UKY
niepenioMiB [2]. MixkHapoTHE TOBapUCTBO KIIIHIYHOI JIeH-
curometpii (ISCD) BusHauae DXA sk OCHOBHHI iHCTPY-
MEHT JUTsl KiTbKicHOT oniHku BMD Ta ¢opmyBanns T- 1 Z-
kputepiiB [3]. BomHowyac uwcieHHI HaykoBi ITyOJTikarmii
BKa3yIOTh Ha oOMexeHHs DXA, 30kpemMa BUCOKY BapTiCTh
oONlaiHaHHS, CTAI[IOHAPHICTh CHUCTCMH, HEOOXITHICTH
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CIIeliajIbHO HABYCHOTO NEPCOHATY T BUKOPUCTAHHS 10Hi-
3yBaJILHOTO BUIIPOMIHIOBAHHS, 110 OOMEXY€E MOJKIIMBICTH
4acToro ab0 MacoBOTO CKPHUHIHTY [4]. ¥V 3B’S3Ky 3 4uM,
aKTHBHO JIOCII/KYIOTBCSl JIbTEPHATHBHI METONM OL[HKH
cTaHy KicTkoBoOi TkaHWHH. Cepe]] HUX 3Ha4YHy yBary IpH-
JJIEHO KUTbKicHIA koMt fotepHilt Tomorpadii (QCT), sxa
JIO3BOJISIE OTPUMYBATH 00’ €MHI JTaHi Ta OKpEeMO aHaJi3yBa-
TH CTaH KOPTHKAJIbHHX Ta TPaOEKyISApPHHX CKIaTOBHX
kictkoBoi TkaHMHH. OmHak QCT cympoBOKYETHCS IIe
OUTBIIMM TIPOMEHEBUM HABAaHTAKCHHSAM 1 BUIIUMHU BUTpa-
Tamu TopiBHAHO 3 DXA, mo Takox oOMmexye ii mmpoke
3acToCcyBaHHs [5].

[lepcrieKTHBHUM HampsiMOM JJIsi CTBOPEHHS IIOp-
TATHBHUX 1 HEJOPOTUX CHCTEM € KUIbKICHA yJIbTpa3By-
koBa aeHcutomerpis (QUS). Ha Bigminy Bim DXA,
yIBTPa3BYKOBI METOAM HE BHKOPUCTOBYIOTH 10HI3yBa-
JIbHOTO BHIIPOMIHIOBaHHS, IO JO3BOJSE MPOBOAUTH
BAMIPIOBaHHS B HEOOMExeHill kimbkocTi [6]. ocmi-
JDKCHHS TIOKa3yloTh, IO MapaMeTpu IPOXOKEHHS
YJIBTPa3BYKOBHX XBHJIb Uepe3 KICTKOBY TKaHHHY Kope-
JIIOIOTH 3 ii MEXaHIYHMMH BIACTHBOCTSAMH Ta MiHEpaIb-
HOIO MIUIBHICTIO, OCOOIMBO TP JOCITIKEHHI mepude-
pifiHHX KICTOK, 30Kpema I1’siTkoBoi [7]. IIpoTe aBTOpH
3a3Ha4aTh, 1m0 pesynbraté QUS cyTTeBO 3anexaTh
BiJl 4aCTOTH CHTHAJy, I'€OMeTpii JaTYHKiB, alrOpPUTMIB
00poOKH Ta cTabiIBHOCTI YMOB BUMipIoBaHHS [8].

OcraHHIMM pOKaMH B HayKOBHX poOoTax aenaii
OiJIplIIe yBard NPUALISIETHCS 3aCTOCYBAHHIO MIKPOKOHT-
pOJIEpHUX CHUCTEM y OiOMETUYHUX BHMiprOBaHHSIX. Mi-
KPOKOHTPOJIEPH 3a0€3MedyI0Th THYYKICTh, KOMIIAKT-
HICTh, HU3bKE C€HEPIOCIIOKUBAHHS Ta MOXJIMBICTH iHTe-
rparii JaT4mKiB, 3aco0iB 00OpOOKH CUTHAIIB 1 Oe31poTO-
BOI mepenadi JaHWX B OJHOMY TpHUCTpoi [9]. YV mitepa-
Typi ONHCaHO NPHKIAIN BHKOPUCTAHHS MIKPOKOHTpPO-
JIepiB [UIS YIbTPa3BYKOBHUX, IMICIAHCHUX Ta BiOpariii-
HHUX METOJIB OLIHKH BJIACTUBOCTEH KICTKOBOI TKaHHHHU,
IO BiZIKpUBA€E MOMIIMBOCTI JUII CTBOPEHHS MOOUIBHUX
cucteM MoHiTopuHry [10].

Takum uMHOM, aHali3 HayKOBHMX JDKEpeI CBITUHTH
PO aKTyaJbHICTh PO3POOKH MIKPOKOHTPOJIEPHOI CHCTe-
MU JUIS TOCIIDKEHHS 3MIH IIUTBHOCTI KICTKOBOI TKaHU-
HU. [loeqHAaHHS Cy4acHHX MIKPOKOHTPOJEPIB i3 HEiOHi-
3yIOUYMMH METOAaMH BHMIpIOBAaHHS, 30KpeMa yIbTpa3By-
KOBHMH, IO3BOJISIE CTBOPUTH JOCTYITHI, MOPTAaTHBHI Ta
0e3rnevHi MpPUCTPOi, IO MOXKYTh JONOBHIOBATH TpPaJu-
LifiHI KIIHIYHI METOAM Ta PO3MIMPIOBATH MOKIMBOCTI
PaHHBOI 1IarHOCTUKY ¥ AMHAMIYHOTO CTIOCTEPE)KEHHSI.

Buine HaBeieHe 3yMOBHJI0 METY J1aHOT poOOTH, a
caMe - po3poOKy CUCTEMH BH3HAUCHHS 3MiH IIiIIBHOCTI
KICTKOBOI TKAaHWHH alTbBEOJIIPHUX BiAPOCTKIB IIENEN Ha
OCHOBI aHami3y aKyCTHYHHX €(EKTiB, 10 BUHHUKAIOTH
npu TIepKycii 3y0iB, 3 MOXJIMBICTIO MO€JAHAHHS IHOTO
MeTony 3 aHaylizoM (ororpadiyHUX Ta PEeHTTEHOJIOT Y-
HUX 3HIMKIB I MiJBHIICHHS 1H()OPMATHBHOCTI Ta
00’ €KTHBHOCTI JIIarHOCTHKH.

OcHoBHu MaTepian

JUis OIiHKY IiITBHOCTI KiCTKOBOI TKAaHUHH TPOTIO-
HYETBCSl EKCIIEpUMEHTaJIbHA CHCTEMa, 3acHOBaHAa Ha
BUKOPHCTAaHHI YJIBTPa3BYKOBOI'O METOAY JCHCHUTOMET-
pii. YIBTpa3BYKOBHI MiIXill TO3BOJSE 3IIMCHIOBATH
HEIHBa3UBHHUH KOHTPOJIb CTPYKTYpPHO-MEXaHIUYHHMX BIIa-

CTHBOCTEH KICTKOBOI TKaHMHHM 0€3 3aCTOCYBaHHS 10Hi-
3yI04Or0 BUITPOMIHIOBAHHS, 10 € BAXKJIMBUM 115 Oara-
TOpa30BUX BHUMipioBaHb. CTpyKTypa 3amlporoHOBaHOL
cuCTeMHU mpenacTaBieHa Ha puc. 1. Cucrema BKIIOYae
MIKpPOKOHTpOJIEp,  YJIBTPa3BYKOBHH  BHIPOMIHIOBaY,
npuiiMay yIabTPa3BYKOBOIO BHIIPOMIHIOBaHHS, 1HIHMKa-
TOp I BimOOpakeHHS pE3yNbTaTiB BUMIPIOBaHb, a
TaKOX JDKEpeJo >KUBJIEHHSI. MikpokoHTpolep 3abe3re-
Yye YIpaBIiHHA PEeXUMaMH poOOTH BUIPOMiHIOBaYa i
npuiiMada, oOpoOKy curHaimy i GopMyBaHHS BHXiTHUX
JaHHX, 10 XapaKTepPHU3yIOTh CTaH KiCTKOBOT TKAHMHH.

YiabTpa3ByKoBHii >
TeH epaT
cHeparop InaukxaTop
l Mik poKoHTpo.JIep A
YabTpazByKoBmii
BUINPOMiHIOBAY

~—
N—
YabTpazByKoBHii
np uitmM a4

A 4

A A

Jxep eno

JKHUBJIC HHA

Puc. 1. Ctpykrypa nponoHOBaHOT CHCTEMH

PoGota cructemu 31iHCHIOETBCST TAKUM YHHOM. YJIb-
TPa3ByKOBHI1 BUIIPOMIHIOBAY Ta YJIBTPA3BYKOBHUH MPHIA-
Mad pO3MINIYIOTBCA TO Pi3HI OOKM IOCHIIKyBaHOTO
00’exTa (puc. 2). BunpomiHioBad hopMye yIBTpa3ByKOBi
KOJIMBAaHHS 3aJIaHOi YaCTOTH, SKi MPOXOJATH Kpi3h KiCT-
KOBY TKaHWHY Ta 3a3HAIOTH OCJIAOJCeHHS i (ha30BHUX 3MiH
3aJ@KHO BiJ 1I OIUIBHOCTI Ta CTPYKTYPHOTO CTaHY.
IIpuiiMay yJbTpa3ByKOBOIO CUTHAJLy PEECTPYE MapaMer-
P XBWII, IO TpOiIUIa 4Yepe3 AOCITIKYBaHUH 00’€KT.
OTpuMaHHii CUIHAJI HAXOAUTH JI0 MIKPOKOHTpOJIEpa, 1e
3MIACHIOETHCS HOro momepenHs oOpoOka Ta anamis. Ha
OCHOBI 3MiH aMIUTITYZAHHX 1 YaCOBUX XapaKTEPHCTHUK
yIBTPa3BYKOBOTO CHUTHATY (opMmyeThest iHGOPMaTUBHUIH
rapameTp, KU BUKOPHCTOBYETBCS JUISl OLIHKH LIiJIBHO-
CTi KICTKOBOI TKaHHWHH. Pe3yIpTaTH BUMIipIOBaHB BiJO-
OpaKaroThCS Ha IHAMKATOPi CHCTEMHU.

Puc. 2. [Ipuknan po3ranryBaHHs
YIIBTPa3ByKOBOTO BUIIPOMIHIOBAYa i mpuiiMada

[Micns axruBanii kHonku «CTapT» MIKpOKOHTpOJIEp
(opMye KepyBaibHI iMITysbcH 3 yacTotoro 40 xI'm, siki
TIO/IAIOTHCS Ha YJIbTPa3BYKOBHH BUIIPOMIHIOBAY. Y IBOMY
peXNMI BHUKOHYETHCS KaJiOpyBaHHS CHCTEMH, IIiJi 4ac
SIKOTO Ha 1HMKATOpi BigoOpaskaeThesl Yac 3aTPUMKH Hajl-
XOJDKEHHS yIBTPa3ByKOBOTO CHTHAITY Ha MpHAMaY.

BennunHa yacy 3aTpUMKH YJIBTPa3BYKOBOTO CHI-
HaJy 3aJIeKUTh BiJl aKyCTUYHHMX BJIACTUBOCTEH JITOCIi-
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JUKYBaHOTO CEpElIOBHINA Ta, 30KpPEMa, BiJ INIIBHOCTI
KiCTKOBOT TKaHMHH. TOMY Ha OCHOBI OTPUMAaHUX JaHUX
MOJKHa 3pOOUTH MONEpeaHi BUCHOBKH ILOJO CTaHy Ta
3MIH UABHOCTI KICTKOBOI TKaHMHU 00’€KTa IOCIi-
JoKeHHs. [[s MigBUINCHHS MOCTOBIPHOCTI aHami3y pe-
3yJbTaTiB BUMIpPIOBaHb JOIIIHPHO BUKOHYBaTH ITOPiBHS-
JBHI BUMipIOBaHHS HA €TaJOHHOMY 00’ €KTi aHAJIOTidHO-
TO THIY Ta TEOMETPHUIHHUX PO3MIpiB, KU HE Mae MmaTo-
moriyHuX 3MiH. Ha puc. 3 HaBeZIeHO CHTHAIH 3 BUXOAY
reHepaTopa YNbTPa3BYKOBHX KOJNMBaHb 1 3 BHUXOLY
mpuiiMada yIbTPa3ByKy 3a BiICYTHOCTI 00’€KTa IoCIIi-
JDKEHHSI, /16 BEPXHIH CHTHAJ BIAINOBIJa€ CUTHAILY Iiepe-
JlaBaya, a HIKHIH — CUTHAJTy IpuiiMayva.

.50MSa/s

4Kpt

(L
A\YAVAVAVIVAVAVAVAYS

VVVAV2VaVaVaV; Vi

Puc. 3. Curnanu 3 BUXoy reHeparopa yiabTpasByKy
1 Ha BUXOJIi IIpuiiMaya yJabpTpa3ByKy (BepXHiil CUrHAI —
CHUTHAJI TIepe/iaBava, HIDKHINA CUTHAJ — BUX1 IpuiiMava)
MIPH BiJICYyTHOCTI 00'€KTA JOCIIIXKCHHS

Ha puc. 4 moka3aHo BiTOBIJHI CHTHAJIH Ha BXO-
JlaX MIKPOKOHTpOJIepa Iicis X MepeTBOPEHHS Y MPsIMO-
KyTHY Qopmy. [yisi OTpUMaHHs HaBEAECHUX OCLMIOrpaM
BHKOPHUCTOBYBaBCs UG poBuii ocumiorpad Hantek.

MikpOKOHTpOJIEp BUKOHYE aHAIi3 YacOBOI Pi3HMIII
MiX MOMEHTaMH HaJIXOKCHHs IMIYJbCIiB BiJl TeHepa-
TOpa yJIbTPa3BYKOBHX KOJHMBAaHb i BiJ mpuiiMaya yibT-
pa3ByKy. Pe3ynbTar BUMIpIOBaHHS, BUPOKEHUN y MiK-
POCEKyH/1aX, BUBOJJUTHLCS HA €KPaH 1HUKATOPA.

20us

T

Puc.4. Curnanu Ha BX0o/1aX MiKpOKOHTpoJiepa (BepxHiit
CHUTHAJl — CUTHAJ TiepeiaBaya, HIDKHIM CUTHAT — BHX1
npuiiMaya) 3a BiJICyTHOCTI 00'€KTa JOCIiKEHHS

Ilepen mpoBeACHHSIM OCHOBHUX BHUMIipIOBaHb BH-
MPOMiHIOBaY 1 MpuiiMad yIbTPa3BYKOBOI'O CHTHAIY
PO3MIIYIOThCS CIIBBICHO OJMH HABIPOTH OJHOTO HAa
Bi[ICTaHi, WIO BiJNOBiJa€ MHPUHI JJOCIIIKYBaHOTO
o0’exta. Y 1IbOMY pexHMi Ha iHIUKaTopi BigoOpaka-
€ThCS Yac 3aTPUMKH HAIXOJKCHHS CHUTHAIY Ha TPUK-
Mad, KUl BHKOPHCTOBYETHCS SIK €TaJOHHE 3HAYCHHS.

[Ticnst pOro BHITPOMIiHIOBaY 1 MpHiiMad po3Tamio-
BYIOTbCS TIO Pi3HI OOKH IOCIHiIKYBaHOTO 00’€KTa, i
BHKOHYETHCS BUMIpPIOBAaHHS 9acy MPOXOKCHHS YIbBT-
Pa3BYKOBOT'O CHTHAITy Kpi3b HBOTO Y BHIUIAII 3aTPHUMKH
WOro HaIXO/KEHHS Ha MpUiiMad.

OtpuMaHi CHUTHaIM Ha BXOJaX MIKPOKOHTpOJEpa
Ta BIJNOBIIHE 3HAYCHHS Yacy 3aTPUMKH BigoOpaxka-
I0ThCS Ha IHAMKATOpl CHUCTEMH. 3a BEJIMYHHOIO Yacy
3aTPUMKH MO>KHa 3pOOHMTH IONEpeIHI BUCHOBKHU II0JIO
I[IJTLHOCTI KICTKOBOI TKAaHMHHM 00’€KTa MOCTIIKEHHS, 3
ypaxyBaHHAM TOTO, IO IIBHIKICTH NOIIUPEHHS yIbTpPa-
3BYKOBHX XBHJIb 3pOCTa€ 31 30UIBIIEHHSM IMUTBHOCTI
MaTepiary, depe3 SKWH BOHH MPOXOIATh. BinmosimHo,
3MEHIIIEHHS IITBHOCTI KiICTKOBOI TKAaHUHH NPH3BOJUTH
10 301IbIICHHS Yacy 3aTPUMKH IPOXODKEHHS CHTHAIY.

[Ipu BumpoOyBaHHI cucTeMH OYJIO TIPOBEACHO
EKCIIEPUMEHT, LI0A0 OOCTES)KEHHsS MAallieHTa JUIsS BUSB-
JIGHHsI TaToJOril KiCTKOBOi TKaHWHHM. CHcTeMa BH3Ha-
YuJIa 3aTPUMKY TPOXO/KEHHs CUTHAITY MiJ 3yoamu NeS
BHU3Y JIIBOPYY 1 BHU3Y IIPaBOpyY, OCKUIBKU OynH Imigo-
3pH MO0 CTaHy KICTKOBOI TKAHWHH Iifl TAKUM 3yOOM
niBopyu. Ilix 3m0poBUM 3y0OM Yac 3aTpUMKH CKIIaB 3
MKc, a mix npobieMHUM 3y00oM 6 Mkc. [Ipu momambmio-
My O0OCTEe)KEHHI PEHTTEeHIBCHKUI 3HIMOK ITOKa3aB HasB-
HICTPH y MaIli€HTa TPAHYJIHOMH i IIIM 3y00M.

BucHoBku

Ilig yac mpoBeAEHHS MOCIIMKCHHS OyJI0O 3ampo-
TIOHOBAHO EKCIIEPUMEHTAJIbHY MIKPOKOHTPOJIEPHY CHC-
TEMy JJIsl OIIHIOBAHHS 3MIH HIIILHOCTI KICTKOBOI TKa-
HUHHU Ha OCHOBI YJIbTPa3BYKOBOT'O METOJY JCHCHUTOMET-
pii. Takuii miaxia Hazgae 3MOTY 3AIMCHIOBATH MOTIEPE]I-
Hill aHaJi3 cTaHy KiCTKOBOi TKAaHWHH 0€3 BUKOPHCTaHHS
PEHTTCHOJIOTIYHUX METOMIB AOCHTIDKEHHS Ta 0e3 3aiy-
YEeHHsI KOIITOBHOTO CIENiali30BaHOTO 00J1a{HAHHS.

Cucrema XapakTepH3yeThcs HU3BKHM E€HEprocrio-
KMBaHHSM, IIO JO03BOJISIE BHKOPHCTOBYBATH Mayorada-
PHTHI aKyMyJISITOPHI JpKepesa )KUBJICHHS Ta 3a0e3neuye
MOXKJIUBICTH aBTOHOMHOT poboTH. Ile poduts i 0cobnmBo
aKTyaJbHOIO JUIS 3aCTOCYBaHHS B YMOBAax OOMEKEHOi
iH(pacTpyKTypH, 30KpemMa y CUIbCBbKil MiCIIEBOCTi, MOOI-
JIbHUX MEJIMYHMX ITYHKTaX 1 MOJIbOBUX yMOBaX. Pe3yib-
TaTd MPOBEIEHUX EKCIEPUMEHTAIBHUX JIOCIIIKEHb
CBI/[UaTh, 10 BUMIPIOBAHHS 4acy 3aTPUMKH IPOXOKECH-
HS YJBTPa3ByKOBOTO CHTHANLy Kpi3b OO’€KT Hae 3MOTy
3pOOHTH TIONEpeTHI BUCHOBKH MIOAO MIUIBHOCTI KiCTKO-
Boi TkaHWHH. Po3poOieHa cucrema € iH()OPMAaTHBHUM
3ac000M JUTS eKCIpec-OIiHKN CTaHy KiCTKOBOI TKAaHMHH 3
BIIOOp&KCHHSAM [aHUX Yy PEXHMi pearbHOTO dacy.
OTpuMaHi pe3ysibTaTH MIATBEPIKYIOTh JOIUIBHICT
TMO/IAJIBIIIOTO BJIOCKOHAJICHHSI 3alIPOIIOHOBAHOTO METO.Y.

IlepcrnieKTUBY YIO0CKOHAJIEHHS TIOJIATAI0Th Y PO3-
IMpeHH] (QyHKIIOHANPHUX MOXIIMBOCTEH 3a pPaxyHOK
IHTerpallii J0AaTKOBUX METOMIB aHANi3y Ta TiIBUIICHHS
TOYHOCTi BUMipIOBaHb.

KonduikT inTepecis

ABTOpH J€KNapyIOTh, IO HE MAlOTh KOHQIIKTY iH-
TEpeciB CTOCOBHO JIAHOTO JOCTI/PKEHHs, B TOMY YHCII
(hiHaHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA YU
HIIIOTO XapakKTepy, MO Mir O BIUIMHYTH Ha JOCIiIKCH-
HS Ta HOTO pe3yJIbTaTH, IPECTaBIICHI B JaHIH CTaTTi.

BuxopucTtanHus 3aco0iB IITY4YHOr0 iHTe1eKTY

ABTOpH MiATBEP/KYIOTh, [0 HE BUKOPUCTOBYBAJTH
TEXHOJIOTIT HITyYHOTO iHTENEKTY MPU CTBOPEHHI Mpel-
CTaBJICHOT po0OTH.
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Microcontroller-based system for studying changes in bone tissue density
Valery Oleinichuk, Oleksandr Yankovsky, Iryna llina

Abstract. Relevance. Early diagnosis of changes in bone tissue density is an important component of the prevention and
treatment of musculoskeletal diseases, particularly osteoporosis and inflammatory processes in the periodontium. Traditional meth-
ods for assessing bone density are often associated with the use of ionizing radiation, high equipment costs, and limited availability,
which complicates their application in rural areas and mobile medical practice. Object of study: processes of ultrasonic wave propa-
gation in bone tissue. Purpose of the article: to develop a microcontroller-based system for preliminary assessment of changes in
bone tissue density based on the analysis of the time delay of ultrasonic signal propagation. Research results. The article proposes
an experimental microcontroller-based ultrasonic densitometry system that enables non-invasive preliminary analysis of bone tissue
condition without the use of radiographic methods. The system provides measurement of ultrasonic signal delay time and real-time
visualization of the results, features low power consumption, and supports autonomous operation powered by a compact energy
source. Conclusions. The proposed system confirms the feasibility of using ultrasonic methods for preliminary assessment of bone
tissue density and demonstrates potential for further improvement through increasing operating frequency, signal amplitude, and
optimization of data processing algorithms. Scope of application of the obtained results: mobile and stationary systems for prima-
ry diagnostics of bone tissue condition, particularly in environments with limited medical infrastructure.

Keywords: bone tissue density; ultrasonic densitometry; microcontroller-based system; non-invasive diagnostics; signal
delay time; biomedical measurements.
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Harmionansauil TexHI9HUHN YHIBEpCUTET «XapKiBCHKUH MOMITEXHIYHUHN IHCTUTYT», XapKiB, YKpaiHa

PO3POBKA TA JOCHIKEHHA Y3AI'AJIBHEHOI'O METOY CUHTE3Y TECTIB
JJIAA JIATHOCTUKHU IHTEJEKTYAJIBHOI'O HIVTIO3Y HEPU®EPIMHOI'O LLIAPY

BUCOKOIIIJIbHOI'O IHTEPHETY PEYEM

AHoTanis. AkryaiabHicTs. CyyacHHii pO3BUTOK BHCOKOIIiIbHOTO [HTEpHETY peueit (HDIOT) xapakTepusyerhbes eKcio-
HEHI[IHHIM 3pOCTaHHIM KUIBKOCTI IiJKIIIOUYCHNX IPUCTPOIB Ta YCKJIaJHEHHSIM apXIiTeKTypH IpaHUYHAX IITI03iB. B ymoBax
TeTepOreHHOCT] IIPOTOKOJIB, TMHAMIYHOI 3MiHH TOIOJIOTIT Mepexi Ta 0OMeXEeHHX 00UHCIIIOBAIBHIX PECypCiB TpaIuiiiiHi
METOJIY J1arHOCTHUKH, OPI€EHTOBAaHI Ha CTAaTHYHI CTPYKTYPHI MOJENi, BTpavyaloTh eeKTHBHICTh. Lle 3yMoBIIO€E HEOOXiHICTE
PO3pOOKH HOBHX aJaNTHBHUX METOMIB CHHTE3Yy TECTiB, 3aTHUX OINEPYBATH Yy MPOCTOpaxX CTaHIB BEJIHMKOI PO3MIPHOCTI Ta
3abe3nedyyBaTy HaAiiHICTh QyHKUIIOHYBaHHS KpuTHYHOI iHppacTpykTypu HDIOT. O6’€KT HociizKeH s . IPOIIeCH AiarHO-
CTHKH Ta CHHTE3Y TECTOBUX HaOOPIiB AJIsI KOMIIOHEHTIB 1HTEJICKTya bHUX IIUTI031B BUCOKOLIUIBHOTO [HTEpHETY peueil. MeTa
€TaTTi: po3po0Ka Ta eKCIIEPIMEHTAIbHE JOCIIIKEHHS y3araJbHEHOTO METOLy CHHTE3Y TECTIB Ha OCHOBI €BOJIOLIHHO-TEeHE-
TUYHHUX AITOPUTMIB JUIs 3a0e3MeueHHs] MaKCUMaJIbHOTO ITOKPHUTTS HECIPaBHOCTEH Mpy MiHIMi3amil yacoBux BHUTpat. Pe-
3yJABTATH J0CTiIKEeHHsI. 3aIpOIIOHOBAHO METOJ CHHTE3y TECTIB, IO J103BOJISIE AUHAMIYHO 3MiHIOBATH CTPATETIIO TONIYKY
3aJIeKHO BiJ] IOTOYHOT e(heKTUBHOCTI AiarHOCTUYHOTO Tpo1iecy. Po3pobiieHo imiTaniiHy MoeNnb Ta IpoBEAEeHO eKCIIepuMe-
HTaJBHE JOCIiUkeHHs. BrucHoBKH. Po3po0ieHo y3aranbHeHHUH afanTHBHUH METOJ CHHTEe3y TECTIiB JUISl JIarHOCTHUKY iHTe-
JICKTYaJIbHOTO NLTI03Y nepudepiiiHoro mapy, mo 6a3yeTbes Ha ABOPIBHEBIH apxiTekTypi «[lnanyBanpHuk—/ucneTuep» Ta
MaTeMaTHIHUX MOJENSAX T€HETHYHUX ONEepaTopiB 3 ypaxXyBaHHSIM CTPYKTYPHOI CKIagHOCTI 00’ekta. ExcrieprMeHTaIbHO
MiATBEPKEHO CKOPOYCHHS Yacy cuHTe3y Ha 8-15% mpu 3abe3nedenti nokputts 95-98%. Cdepa BUKOPHUCTAHHS OTPUMAHHUX
pe3yabTaTiB: po3poOKa CHCTEM aBTOMATH30BaHOI 11arHOCTHKH Ta BOYIOBAHOTO CaMOTECTYBAaHHSA Ul TPAaHUYHUX BY3IiB Ta
[IUTIO3iB Y IPOMUCIIOBHX Ta KOpHOpaTUBHUX Mepekax [oT.

Kaw4oBi ciaoBa: aBToMaTH30BaHa cUCTEMa TeHepalii TECTOBHX HaOOPiB; BUCOKOUIUTBLHUN [HTEpHET peueil; reHeTHYH1

ITOPUTMHE; 1HTEJIEKTYalbHUI IITI03; CHHTE3 TECTiB; TECTOBA J1arHOCTHKA.

Beryn

[ocTranoBka mpodaemu. CTpiMKa EBOJIOIIS €KO-
cucteM [HTEpHETY pedeii mpu3Bena 0 MOSIBH KOHIETIIIIT
BucokominsHOoro IoT (High-Density 10T, HDIoT), ne
LIJIBHICTD MPHUCTPOIB MOXE CATaTH THUCSY ONUHUIb Ha
KkBajpaTHUiA Kimometp [1]. V Takux mepexax iHTEIeKTy-
anpHMN 1UTI03 rpaHnyHOoro 1mapy (Intelligent Edge Layer
Gateways, IELG) BucTymae KpUTHYHUM BY3JIOM, IIIO 3a-
Oe3redye arperariro JaHUX, TPAHCILIIIIO MIPOTOKOIIB Ta
BHKOHaHH# JoKainbpHOT aHamiTHKY (Edge Al). CknanHicTh
apxitektypu 1ELG [2], sika moeaHye pi3HOPiIHI 004YHC-
JIOBANBHI SI/Ipa, CIIeliali3oBaHi MPUCKOPIOBaYi Ta TeTe-
poreHHi iHTepdeiicH, CTBOPIOE CYTTEBI BUKIUKH TSI CH-
CTEM TEXHIYHOI JA1arHOCTHKH.

Kiacuuni metou rerepaitii Tectis (Automatic test
pattern generation, ATPG), po3po6JeHi ajst 1eTepMiHO-
BaHHUX IM(PPOBUX CXEM, BUSBISIOTHCS Hee()EKTHBHUMHU
i IELG gepes npoGiemy «BHOYXy CTaHIB» Ta HEMOX-
JIMBICTh a/IEKBATHOTO MOJIENIOBAHHS JUHAMIYHUX IPO-
1eciB y MepexeBux crekax. CToXacTHUHI METOIH, 30K-
peMa TeHEeTHYHI aJrOpUTMH, JEMOHCTPYIOTh Kpamli pe-
3yJIBTAaTH, MPOTE IXHS «CIila» MPHPOAA YaCTO IPH3BO-
JUTH JI0 HaJMIPHUX BUTpAT 4acy Ha IeHepalilo TeCTiB,
110 € HENPHUITYyCTUMHM B YMOBAX PEabHOTO Yacy. AKTY-
AILHOIO HAYKOBOIO 33]]a4€l0 € CTBOPEHHS y3araJlbHEHOTO
METOJy, AKUH OM MO€IHYBaB MEpeBary PizHUX IiIXO/iB
Ta aJanTyBaBcs J0 crienudiku 00'ekTa JiarHOCTYBaHHS.

AHani3 ocTaHHiX aocaimkensb i myOaikanin. [Tn-
TaHHSM J1arHOCTHKH CKIaTHUX [U(POBUX CHCTEM IPHU-
CBSYCHO 3HAYHY KUTBKICTh pobiT. @yHAaMEHTAIbHI i
xo1H, Taki sk D-anropurm, PODEM Ta FAN, Ta ix cy-
yacHl Moaudikanii 3a0e3rnedyroTh rapaHTOBaHE BHUSIB-
JICHHS HECIIPABHOCTEH JIJIsl KOMOIHALIMHUX CXEM, ale iX

00UHMCITIOBaIbHA CKIIJIHICTh 3pOCTA€ 32 KyOIUHMM 3aKO-
HOM BiJI KiITBKOCTI esieMeHTiB [3, 4]. EBoumomiiini MeTou
Ha 0a3i reHeTHYHUX aNropuTMiB [5] A03BOJISIIOTH BUPI-
LIyBaTH 3aJla4di CUHTE3Y JUIsl MOCTiIOBHICHUX CXEM, PO3-
TIIAF0YH TpOIlec K 3ajady ontuMizanii. OxHak, icHY-
o4l peanizarii [6] 4acTo BHKOPUCTOBYIOTH (hikCOBaHi
napaMeTpu TeHETHYHHX OIepaTopiB, IO HE I03BOJIIE
BpaxoBYyBaTH 3MiHy XapakTepy IOLIyKy Ha pi3HHX eTa-
nax cuHTe3y. BiJcyTHICTh MeXaHi3MiB ajanTtamii npus-
BOJIUTH JIO0 CTArHaIlii MOMyJISIfil Ta 3HIKEHHS e()eKTHB-
HOCTI TeCcTyBaHHs ckiianHux By3miB [ELG.

dynpamenTanbHa pobora [7] kiacudikye meroau
TECTYBaHHSI, BUAUISIFOYM T€TEPOreHHICTh IPOTOKOJIB SK
TOJIOBHUH Oap’ep. ABTOpH CTBEPIXKYIOTh, IO iCHYIOUI
(¢peliMBopkr He 3a0e3MeYyIoTh KPOCPIBHEBOTO ITOK-
PHTTS, IO MIATBEPIUKYE aKTyaJbHICTh PO3POOKHU y3ara-
JBHEHUX MaTeMaTuyHux Mojeneil. Orsix [8] Bkasye Ha
Opak IHCTPYMEHTIB, 31aTHUX JUHAMIYHO aJalTyBaTHCS
10 3MiHK Tonostorii mepesxi. Hocnimkenus [9] neranizye
POJIb TYMAHHOT'O HIapPY, MiKPECIOI0UH, 10 HIIF03 OBH-
HEH 00pOOJISITH TaHi «Ha KParo» JUIsl 3MEHIICHHS JIaTCH-
THOCTI. Ile BHCyBae BUMOTY /IO TECTIB MEpPEBIpATH HE
JIVIIIIE JIOT1YHY KOPEKTHICTh, @ i 4acOBi MapaMeTpu BUKO-
HaHHSI.

Po6ota [10] omnmcye mepexin 10 iHTeNEKTyalbHUX
€KOCHCTEM, 1110 BUMAarae 3MiHM MapajurMH TECTyBaHHS
31 CTPYKTYpHOI (TepeBipKa 3 €IHAHB) Ha TOBEIIHKOBY
(nepesipka cueHapiis). Y pociimkenni [11] po3pobieno
METO/M MOHITOPHMHIY CTaHy CEHCOpIB W BUKJIMKaHHX
BiZIMOB, 3 )OKYCOM Ha NPAKTUYHI CIeHapii eKcIuTyaranii
npomuciiosoro 10T (Industrial 10T, 110T) ta BucBiTIEH]
po0IeMH aBTOMAaTHIHOTO PO3ITi3HABAHHS THIIIB BiJIMOB.
Hocnimkenns [12] 30cepemkeHe Ha BUSBJIEHHI Ta KJIacH-
¢ikamii BigmoB y [loT-cepemoBuimax 3a yMOB HEMOBHUX
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(BlICYTHIX) J@aHHMX CEHCOpiB. Byio BHsBIEHO TOJIOBHY
npobnemy — y peanbaux loT-mepexax HMpUCYTHI YacTi
MIPOITYCKHU JaHHX 4yepe3 3001 3B’513Ky UM CEHCOPHI TOMU-
JIKH, 110 YCKJIaHIOIOTh JIarHOCTUKY.

MeTorw poboTH € po3poOKa Ta AOCIHIIHKCHHS y3a-
TaJIbHEHOT'O METOly CHHTE3Y TECTIB, SIKHil BAKOPHCTOBYE
JBOPIBHEBY MOJENH YTPABIIHHS JJIS JHHAMIYHOTO BHU-
60py cTpaTerii HomIyKy, o 3a0e3nevye ITiABUIICHHS I10-
BHOTH OKPUTTS HECIIPAaBHOCTEH Ta CKOPOUCHHS Yacy Jii-
arHOCTHKH.

OcHoBHHui MaTepian

Jnst mononaHHs 0OMEXEHb OKPEMHX aJTrOpPHUTMIB
MIPOTIOHY€THCS y3aralbHEHUH (KOMITIEKCHHUI) METO]] CH-
HTE3y TECTiB, SIKMH 0a3yeThCs Ha i1el JUHaMIYHOI peKo-
Hbirypamii 009rCcIIOBaIEHOTO MpoIecy. MeTo po3riis-
JA€THCS SIK CHCTEMA, IO CKIIaJaeThes 3 Habopy 0a30BHX
anroputMiB («OyniBeNbHUX OJOKIB») Ta HAIOYIOBU YII-
paBIiHHS.

CTpyKTYypHO Yy3aralbHEHUH METOJA peali3yeThCs
Yyepe3 B3a€MOJII0 ABOX KIIOYOBHUX KOMIIOHEHTIB: «ILa-
HYBaJIbHHKa» Ta «IUCIIETYEPay.

«[InaHyBaJIbHUK» — IHTENEKTYJILHUHA MOJYJb, 110
BIJINOBiJIa€ 3a CTpaTeriyHe YNpaBIiHHS MPOIECOM CHH-
te3y. Moro yHKuii BKIIOYAIOTH: aHAJi3 MOTOYHOTO
crany mporecy (moBHota mnokpurtss C, yac BHKO-

HaHHA T , IIBUJAKICTH BUSBJICHHS HOBHX HECIIPaBHOC-
teit C/T ; mepeBipKy yMOB 3aBEpIIEHHS CUHTE3Y; IPHIi-
HATTS pillieHHs po BUOIp abo 3MiHYy METONYy CHUHTE3Y
(OyniBenbpHOTO OJIOKY) JUIsl HACTYIIHOI iTeparii.

«JlucneTuep» — BUKOHABYUI MOMYJb, 10 3a0e3me-
4yye iHTepdeic MK «IUIaHYBaILHHUKOM» Ta KOHKpET-
HUMHU alroputMaMu. BiH BuKoHye iHiliaji3auilo Ta Ha-
JAIITYBaHHS MapaMeTpiB 0OpaHOro MeETOoAy; mepenady
KOHTEKCTY (IIOTOYHOI MOMYJIALI] TECTiB, CIIUCKY BHSIBIIC-
HHUX HECNPaBHOCTEH) MiXK alrOPUTMAMU Ta 3aITyCK BUKO-
HaHHSI METO.NY.

dopMalbHO MPOLEC OIHUCYETHCSA B TEPMiHAX TEOPil
yHiBepcansHux anredp [13]: anrebpa A; onucye renepa-
I[II0 OKPEMUX TECTOBUX HAOOpIB (XpoMocoM), a aire-
Opa A, — eBomowuito nomynsAuii tectis. [lnanyBanbHUK
peaitizye BimoOpaXCHHsST MHOXXHHH CTaHIB IIPOIECY Ha
MHOXXUHY JTOCTYIHHUX JITOPUTMIB.

Anrebpa reHepariii iHINBiAyyMiB BU3HAYAETHCS 5K
A (M,Dy), ne My = {ml,mz,...,mk} — MHOXMHA BCiX
JOITyCTUMHX TeCTOBHX HabopiB (xpomocom). Koxxen
eneMeHT M; € My sBisie co00 BEKTOP BXiAHUX BIUTH-
BiB, 1110 NOJAIOThCS Ha iHTep(eHcH NuIo3y (HarpuKiIa,
OiHApHI MMOCIIOBHOCTI, ITAKETH MPOTOKOIIIB, aHAJIOTOBI
CUrHaiy). BaxnnBolo yMOBOIO € NpHHAJIEKHICTh KOXK-

HOTO 3reHEpOBaHOrO HaOOpy a0 00JacTi JOMyCTUMHUX
3HAY€Hb, 10 HAOJIMKAE TECTOBY A1arHOCTHKY 10 (QyHK-

. . ki 4k
uionanshoi. Dy = {dll dy2, d,i:” } — CHUTHATYpa OIepa-
I,

k; —apHocri Haz xpomocomamut: d® — renepyBanus Bu-

C . |
MagKOBOTrO TeCTOBOro Habopy (imimiamizamis); d- — my-
Talis, 3MiHa OMHOTO ab0 KIIBKOX TEHIB y XPOMOCOMIi

(Hanpukiaz, iHBepcis Oitra, 3MiHA ITOJI 3aroJIOBKa ma-

. 42 . .
kety); d° — Kkpocosep (cxpelryBaHHs) — OOMIH IiIsH-
KaMU{ TeHETUYHOTO KOy MiX ABOMa 0aThKiBCHEKHMH 0OCO-

OWHaMM JJI1 CTBOPEHHs Harmajakis; d N _ cxkmanmi BUaM
pexoMOiHaIlii, XapaKTepHi AJIS €BONIOMIHHUX CTpaTeriil.

Anrebpa eBOJIONI] MOMYJALIA BH3HAYAETHCH 5K
Ay(My,Dy), ne My ={R,P,,..} — mHO)uUHA nOMyA-
iit, ne koxxHa nomyssiist Py € miamHo)kuHOIO My 5 Dy —

CUTHaTypa onepauiil Hajx nomyJsiisiMu. Croan BXOISTh
orepaTopu cenexuii (Buoip 6aThKIBCHKHX Nap), peryKuii
(BiiciB HaliMEHIII IPUCTOCOBAHUX OCOOUWH), CIITAPUIMY
(306epeskeHHs Kpamux PillieHsb).

T'0510BHOIO OCOOIMBICTIO JAHOI MOJEIN € BCTAHOB-
JIeHHs ToMOMOp(}i3My MK ainreOpaMu KIaCHIHIX T'eHe-
THYHHX | MHOXHHOIO €BOJIIOLIITHUX aJrOPUTMIB Ta ajre-
Opamu cuHTe3y TecTiB. HasBHICTH Takoro romomMopdi-
3My MaTeMaTHYHO TapaHTye, IO BIACTUBOCTI 301’KHOCTI
Ta aJanTHBHOCTI, MOBEICHI Ui aJIrOPHUTMIB MOJICIIO-
BaHHS PO3BUTKY MOMYJIALIH, OyayTh CIpaBeIJIUBI 1 s
3agayi cunredy TectiB IELG.

EdekTHBHICT METOIy 3alIe)KUTh BiJl alrOPUTMY
nepeMukanHs crpareriid. [Ipononyersest popmanizysatu
YOTHPH OCHOBHI IIAXOAX 10 POOOTH «IUIAHyBaJIbHUKAY:

Crpareris 1: BuOip 3a pe3ynbTaTaMi KOHKYPCHIIII.
[Ipouec moxinseThCs Ha €Tan po3BiIKH Ta €TaIl eKCILIY-
aranii. CnovaTKy BCi HOCTYIHI METOAM 3aIlyCKaloThCs
mapajenbHo (a00 B peKUMIi pO3AUICHHS Yacy) Ha KOPOT-
KA TPOMIKOK. MeTon, mo MNpOoJEMOHCTPYBaB Haii-
Kpally AWHAMIKy HOKPHUTTS, OOMPAETHCS SIK OCHOBHHUH
JUISL TIOJTATIBILIOTO CHHTE3Y.

Crpareris 2: BUOip 3a anpiopHUMHU 03HaKamu. Me-
TOJ 00MpAETHCS HA OCHOBI CTPYKTYPHHX XapaKTEPUCTHK
00’exTa JiarHOCTYBaHHS (KIJIBbKICTh BXOJIB, INTUOMHA
CXEMHU, HasIBHICTh 3BOPOTHUX 3B’s13KiB). Hampukiam, mist
cxeM 3 BenuKoro KibkicTio BxogiB ( Nj, >1000) npio-

PHUTET HAJAETHCS TCHETUYHHM AITOPHTMAaM 3 BHCOKOIO
MYTalI€fo.

Crpareris 3: IMOBIpHICHUI aganTHBHUI  BIIOIp.
KoxHOMY MeTOZly TpPHCBOIOETBCS WMOBIPHICTh BH-
6opy Pj. SIkmio 3acTocyBaHHS METOAY | IIPU3BENO 0

HOKpAIleHHs Pe3yNbTaTy, Pj 30UIBIIYEThCS, 1HAKIIE —

3MeHInyeTbes. e peanizye MexaHi3M HaBYaHHS 3 ITiK-
piTIeHHSIM.

Crpareris 4. BUnIaAKoBuii BUOIp 3 MOHITOPHHIOM
e(eKTHBHOCTI. MeToau OOMpaloThCS BUMAIKOBO, aje
TIPaIIOIOTh 10 MOMEHTY NaliHHS iX e()eKTUBHOCTI HUXKYE
MoporoBoro 3HaueHHs. Ll cTpareris BHsBWIacs Haid-
OUTBIII CTIKOKO JTO JIOKAJTbHUX ONTHMYMIB, JTO3BOJISIOUH
«BHIITOBXYBaTH» MPOLEC NOMIIYKY 3 30H CTarHarii.

Jts minBumieHHs e()eKTUBHOCTI MOIIYKY B IPOC-
topi craniB IELG po3pobnenHo cnenianizoBaHi orepa-
TOPH Ta METPHUKH.

®ditHec-(yHKIiA. 3aPONOHOBAHO MYJIBTHILTIKATH-

BHY MOJIEJb OIiHKH TIPHCTOCOBAHOCTI OCOOMHHU ,u(ait) ,

SKa BpPaXxoOBYy€ He JHIIe (akT MOKPUTTS HECIIPABHOCTEH,
a 11 HOBU3HY BHECKY B 3arajbHUil pe3ysbTar:

u(@f) =ky -kp ke ,
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ne Ky :1+(Nij - Nj )/N p— KOEQII[IEHT HOBU3HH, IO

CTUMYJIIOE BHABIICHHS YHIKaJbHUX HECIPAaBHOCTEH;
Njj — KUTbKiCTb HecnpaBHOCTEH, BUABIEHHX CyKyIHi-

CTIO TeCTiB pasoM 3 notounnM; N — KinbkicTs Hecnpa-

BHOCTeH, BusBNennx panime; N, — 3aranbHa KUIbKiCTb

MOXJIMBHX HeclpaBHOCTeH; Kp =1+ % — KoeirieHT
m

€BOJIIOLIITHOTO THCKY Ul KOMIEHCalii 3HIKEHHS TeM-
IIiB OIIYKY Ha Mi3HIX eTanax; t —HoMep IMOTOYHOTO TO0-
KOJIIHHA,

ke = %p -100 — inpuBinyanpHa eekTuBHICTH, Nj —

Ty — MaxkcuManbHa KUTBKICT IOKOJIHB;

KUTBKICTh HECTIPABHOCTEH, BUSBICHUX JaHUM HaOOpOM
130JIOBAHO.

3pocranns koedimienta Kp 3 4acoM T03BOJISE M-
TPUMYBaTH BUCOKI 3HaUeHH (iTHEeC-(QYHKIIT HABITH IS
TECTIB 3 HE3HAYHUM MIPUPOCTOM TTOKPHUTTS, 3aM00Iral04H
TepeIYacHiil 3yIHHII alTOPUTMY.

AnanTuBHa WMOBIPHICTH MyTaIil d. Jns yHuK-
HEHHS PyHHYBaHHsI KOPUCHHUX CXEM Ha IMi3HIX eTanax CH-
HTE3y 3alporoHOBaHO (GopMyily, IO 3B’si3ye HMOBIp-
HICTb MyTamil Pp, 31 CKIAJHICTIO BXIIHOIO Kackamy

t .
o3y Lfjpst Ta motournM (3;) i MAKCHMAIbHO IOCS-

KHUM 3HAQUCHHSM [/, IPHCTOCOBAHOCTI B NOTOYHIiH

TIOTTY AL

o (4@)) =

Taxkwuii miaxin 3a0e3nedye BUCOKY BapiaTUBHICTh Ha
MOYaTKy TMOLIYKY Ta cralumialiio pilieHb HpU HaOJu-
KeHHi 10 ontumymy (puc. 1).

— MpocTitt wnoa (N=50.9-02)
00175 Capeprit w3 (N-150, 0-0.5)

—— BucorouinkM# N3 (N=500, 0=0.8)
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0.0050
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00000 - : : : .
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HopwmoBara npupaTHicTs (noawora nokpwTa) L1/ AL,

Puc. 1. 3anexxnicTs iiMOBipHOCTI MyTaril
BiJl CTYIICHIO TPUCTOCOBAHOCTI

2 o o
Omneparop kpocosepa d° abo HOro MOKIMBHIN Ba-

piaut d" (N> 2) npoBoaUTHCS Hax ABOMA UM GilbIIOO
KiJIbKICTIO XpoMocoM. [Ipu mboMy XpoMOcoMH OCOOMH
(«0aThkM») HE 3MIHIOIOTBCS, a B PE3yJbTATi 3aCTOCY-
BaHHS BiZI0yBa€THCSI CTBOPEHHS HOBOI XPOMOCOMH — «Ha-
LIaKay, SIKa JOJA€ThCs B MOITYJISILIIO.

VY po3po0iIi cuCTeM TECTYBaHHS IILUTFO3iB 0COOIMBA
yBara IpUIUISETHCS ONIEPaTOPy CYMIIIEHOT0 KPOCoBepa,

sKmii 3ano6irae crarsanii mouryky. Moro 3acrocyBauus
€ KPUTUYHHUM IIPH Malliil 4ncenbHOCT momysii abo ii
BHCOKIH OZHOPIHOCTI, KOJH 3pOCTaHHS CEPEAHBOT MpH-
CTOCOBAHOCTI [,y (t) criOBinbHIOETBCS.

Jnst 1ocSTHEHHsT MakCHMallbHOI HMOBHOTH TECTY-
BaHHA NP OOMEKEHOMY 4Yaci BHKOPHCTOBYETHCS
«M’sIKa» CcxeMma MPHUPOTHOTO BifOOpy, ska 3abesmeuye
CIaIKOBICTB KpaIlluX TeCTOBUX HabopiB. Pempoxykimiitaa
rpyTa BKIIIOYAE sIK OATHKIB, TaK i HAIIa IKiB, 0 TAPAHTYE
BHKOHaHHA (hyHIaMeHTanbpHOi Teopemu Dimepa — cepe-
IHS TIPICTOCOBAHICTh MOITYJIAII] (AKICTh TECTY) 3 KOXK-
HHM ITOKOJIIHHSM JIMIIE 3POCTAE.

s Bepudikanii TeOpeTHIHUX Mojeser Oyio pea-
J130BaHO MPOrpaMHUI KOMIUIEKC IMITALIITHOTO MOJIEITIO-
BaHHS, NOOY/IOBaHUH HA NPUHIUIAX 00’ €KTHO-OPIEHTO-
BAHOT'O NPOrpaMyBaHHSI, 10 MiCTUTb:

1. Knac «cxema» — nporpamHe BioOpa>keHHsI KOM-
NOHEHTA 1HTEJIEKTyaJIbHOTO LIII03y. BiH MicTHTh IOBHY
iHpopMallil0 PO TOMOJIOTiI0 CXEMH, THIIU EJIEMEHTIB,
HASBHICTb 3BOPOTHHX 3B’S3KiB Ta CEJIEMEHTIB IaM sTi.
BHyTpiniHe npencraBieHHS cxeMH 0a3yeThesi Ha Opi€H-
TOBaHOMY Tpadi, /Ie BEpIIMHU BiAIIOBIAAIOTH JOTIYHIM
KOMIIOHEHTaM, a JyTH — JIHisSM 3B SI3KY.

2. Knac «recroBuit Habip» — elleMeHTapHA OTUHHUIISA
JiarHoCcTHYHOI iH(opMaii — BXiTHHH BEKTOp, IO I0JIa-
eTbes Ha Bxoau IELG.

3. Kilac «xpomocomMa» — «0coOMHa» B MOMYJISLIL.
XpoMocoma MICTHTh IMOCHIJJOBHICTh TECTOBHX HabOpIB
(reHOTHI), a TAaKOX MeETajaHi, HeOOXimHI A PoOOTH
€BOJIIOLIITHOTO aJrOpUTMY: 3HaueHHs QiTHec-(YHKIII,
OLIHKY MOBHOTHU MOKPHTTS, JOBXHHY TECTy Ta iCTOPiKO
TIOXOJKSHHS.

4. Knac «monmyJisimis» — MOJEINOE CYKYIHICTh pi-
[ICHb-KaHANUIATIB Ha TIOTOYHOMY €Talli eBOIIOII1, BiIO-
Bizae 3a 30epiraHAs MacHBY XpPOMOCOM, OOYHUCIICHHS 1H-
TerpajbHUX XapaKTEPUCTHK MOKOJIHHS (CepelHs, Mak-
CHMajbHa Ta MiHIMajbHA MPHUCTOCOBAHICTh) Ta peaisa-
LIF0 MEXAHI3MIB CeJIeKIii.

5. Knac «anroputm» — Kepyo4uil Kiac, KU pea-
J3Y€ JIOTIKy €BOJIIOLIWHOrO MOIIYKY, MICTUTh HaOip Me-
TOMIB, IO BIAMOBIAIOTh T'CHETHYHHUM OIEPATOPAM:
CXpelLyBaHHs, MyTalil, cesekii Ta peayKuii. ApXiTek-
Typa KJacy JO03BOJISIE TUHAMIYHO 3MiHIOBaTH CTpaTerii
MOIIYKY, TEPEMHUKAIOYHCH MK PI3HUMH MOTU(IKAIIIMH
anroputMiB (kacnunuii I'A, eBomoniitai cTparerii, Me-
TOJ] KOMOIHYBaHHS €BPUCTHK) y MPOLIECi BUKOHAHHS, 1110
€ pearizaniero koHuermnii «[IranyBanpauka» Ta «/lucre-
TYEpAY.

Pe3yabTaTu gocaixxeHn

Jnst KUTbKICHOT OIIHKY €()€KTUBHOCTI 3alpOTIOHO-
BaHOT'0 MeTOJy OyJIO MPOBEJCHO KOMILIEKCHE eKCIIepH-
MEHTAaJbHE OCIIKCHHS 3 BAKOPUCTAaHHIM PO3pO0IeHOT
IMiTaiHOT MOJEII.

Meroposorist JocuipKeHHsT Oa3yBaylacs Ha Teopil
IUTAHYBaHHS aKTHUBHOTO CKCIIepHUMEHTY. Byno oOpaHo
IUTaH MMOBHOTO (PAKTOPHOTO EKCIIEPUMEHTY, K (haKTOpH
BILTUBY PO3TIISLAIHCS: 00’ €M TIPUCTPOIO (KITBKICTh ene-
MEHTIB, 3 TOUHICTIO /IO SIKHX BUKOHYETHCS MOOYI0BA Te-
CTY), JOBXKWHA TeCcTy (pO3Mip MOMYJIALil), HMOBIPHICTh
MyTaIlii Ta iIHTEHCUBHICTh KPOCOBEPA.
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@yHKII€I0 BIATYKY BUCTYNAB Yac CHHTE3Y TECTY J0
JOCSTHEHHSI 33/IaHOTO PiBHSI MOBHOTH TOKPHUTTA (95%).
CratuctriHa 00poOKa OTPUMaHHUX JaHUX JI03BOJIMIIA TIO-
OyIyBaTH MOJIHOMIiaNbHI perpeciiiHi MOJIei, 10 ONHUCY-
I0Th 3JICKHICTh Yacy CUHTE3Y BiJl JOCIIPKYBaHUX (haKkTo-
piB Ta ix B3aeMoiil. AHai3 Koe(ilieHTiB perpecii BUIBHUB
JOMIHYIOUMII BIUIMB (pakTOpa CKIAQJHOCTI MPHUCTPOIO,
SIKM{ JTiHIAHO 30inbIIye dac cuHTe3y. BomHouac, Oyio
BCTAHOBJICHO, IO 30UIBIICHAS PO3MIpY HOMYIIAIII TECTIB
Ma€ 3BOPOTHUH BIUIMB Ha 9ac BUKOHAHHS, TOOTO CrIpHsie
TIPUCKOPEHHIO Tporiecy. bymno BusBieHO edekt B3aemomii
MIDK CKIIQJIHICTIO MPUCTPOIO Ta PO3MIPOM HOMYJIALIT: HO-
3UTHBHUH €EKT BiJ] 301IBIICHHS MOMYJISIIii CyTTEBO MO-
CHJIFOETHCS CaMe TS CKJIaAHUX 00’ €KTIB JIIarHOCTYBaHHSI.
[NopiBHsIBHMIA aHaNi3 e()EKTUBHOCTI PI3HUX METOMIB IO~
Ka3aB (puc. 2), M0 3aMpONOHOBAHUN KOMIUICKCHHH Miji-
Xill, 0COOJMBO B PEXKHMMI aJANTUBHOTO IEPEMHUKAHHS
cTparerii, 3abe3redye HalKpaIli TOKa3HUKH IIBHAIKOIII.

135 000 1 —— Merop Ha GCHOBI esoMIOwiHIX CTPaTErii
—— Meron KoMBikyaaHH 2BpUCTIK.
TeHeTwA anropuTi

120 000

2 HANPAMOK KOMIINEKEHOTD METOAY
1 HANPAMOK KOMINEKCHOMO METORY
105 000 1 = Buajxommit nowyx ’

3 HBNPAMOK KOMINEXCHOTO METOAY

4 HANPAMOK KOMMNEKEHOID METORY.
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Puc. 2. 3anexHicTh 4acy mMoOYyJI0BH TECTY
BiJl KUTBKOCTI KOMIIOHEHTIB IIUTIO3Y

YV Ha#OIIBIN CKIaTHHUX CIIEHAPISX, 10 XapaKTePHU3y-
FOTBCSI BEJTMKOIO PO3MIPHICTIO CXEMH Ta OOMEXEHHSIMU Ha
JIOBXKHHY TECTy, pO3pOOJEHHH METOJ| JI03BOJIHMB CKOPO-
TUTH Yac CUHTE3y Ha 8-15% MOpIBHSHO 3 KIIACHYHUM Te-
HETUYHMM anroputMoM. [1pu iboMy METOJ1 BHITaJKOBOTO
TIOITYKY B aHAJIOTIYHMX YMOBAaX BUSBHMBCS HE3/IATHUM JI0-
CATTH HEOOXIJJHOTO PIBHS TOKPHTTS, IO MiITBEPIXKYE
HOro HeNpHUIATHICTb IS 1IarHOCTHKH Cy4acHHX 1HTEJIeK-
TyaJIbHUX 1ILTI03iB. BakimBUM acniekToM e(eKTUBHOCTI €
He JIIIe KiHIeBUil yac moOyI0BH TECTY, ajie i TUHaMiKa
JIOCSITHEHHSI pe3yJIbTaty, 0 HaBe/ieHa Ha puc. 3.

Merto]; BHIIQIKOBOTO TIOIIYKY XapaKTepPH3YEThCS
IIBUJIKAM CTapTOM (JIETKi HECIIPaBHOCTI BHSBISIOTHCS
MUTTEBO), ajie Ny)Ke IIBUIKAM BHXOJOM Ha HACHYCHHS
(«edexT iaTo») Ha piBHi 60-70 %. ITogansimii mpupicT
TIOKPUTTSI BUMArae €KCIIOHEHIIHHOTO 30UIbIICHHS KiJTb-
KOCTI cipo0, OCKIJIbKM HMOBIpHICTH BUIIAJIKOBOT r'eHepa-
i1 TECTiB Il BAXXKOAOCTYITHUX HECTIPABHOCTEH € BKpaii
Hu3bKOI0. KoMmiekcHuit MeTos IeMoHCTpye Oibl piB-
HOMIpHE 3pOCTaHHS. 3aBISKH MeXaHi3MaM aJanTHBHOI
MyTanii Ta CIIPSIMOBAHOTO KPOCOBEPA, allTOPUTM 31aTCH

JojaTy JIoKaabHi m1ato. OcoOiMBO 1€ IMOMITHO Ha 3a-
KJIIOYHHMX eTanax Houyky (mokputts > 90%), ne xom-
IUICKCHUH METOJ TPOJOBXKY€E CTaOUIbHO TCHEPYBaTH
HOBI e()eKTUBHI BEKTOPH, B TOW YacC K KIACHIHI METOIH
CTarHytTh. Lle poOUTh KOMILICKCHHI MeTO]] e(heKTHB-
HUM 1HCTPYMEHTOM JJIS TOCATHEHHS BUCOKUX PiBHIB Ha-
niitHOCTI, HeoOXimHUX Tt KpuTnaHUX BY31iB [ELG.
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Puc. 3. YcepenHeHa 3ae)KHiCTh HOBHOTH TECTY
BiJl KUTBKOCTI 3TreHEpOBaHMX BXiAHUX HA0OPiB

BucHoBku

Po3po6iieHO y3araibHEHHI METOI CHHTE3y TECTiB
s piarHoctuku [ELG, sikuit 3aBIsikd ABOpPiBHEBIH ap-
xitektypi ynpasninas («[LtanyBansHuK»-«Jlicneraepy)
3a0e3neyye ajganTamnilo CTparerii MouIyKy A0 MOTOYHUX
YMOB JIIarHOCTHKH.

3anpornoHOBaHO MaTeMaTHYHI MOJET alalTHBHUX
TeHEeTHYHUX OIEpaTopiB, sIKI BPaxOBYIOTh CTPYKTYPHY
CKJIQ/THICTB 00’ €KTa A1arHOCTYBaHHS, 1110 J03BOJISIE YHU-
KHYTH CTarHarii mourykoBoro Ipouecy.

ExcrieppuMeHTanbHO 10BEJECHO, 10 BUKOPHUCTAHHS
y3arajJbHEHOTO METOAY JI03BOJISIE CKOPOTHTH 4ac CHH-
Te3y TECTIB I MPUCTPOIB BEIUKOI CKJIATHOCTI Ha
8-15% mopiBHSAHO 3 KJIACUYHUMH IiJIXOJIaMHU, TapaHTy-
I0YH MPH [IbOMY ITOBHOTY MOKPUTTS Ha piBHI 95-98%.

BcraHoBneHo, 110 30UIbIIEHHST PO3MIpY HOMYJISLT
B paMKax €BOJIIOI[IHHOIO METOJY CIIPHSE 3aralbHOMY
NPUCKOPEHHIO MPOLIECY CHHTE3Y, 10 CIIPOCTOBYE HEOO-
X1THICTB JKOPCTKOI €KOHOMIT TaM’sITi Ha eTarmi reHeparii
TecTiB. IlepCeKTHBH TMOXANbIINX AOCIHiIKeHh BOada-
I0ThCS B TAKMX HAIPSMKaXx:

- iHTerpauis po3podJIEHUX METOMIB 3 TEXHOJIOTIEO
OU(PPOBUX NBIHHUKIB IUIS MPEAUKTABHOI JiarHOCTHKH
[IUTI031B 710 iX (hi3MYHOTO pPO3TOpTaHHS;

- po3po0Ka crieniaaizoBaHuX TECTIB JJIsl BUSBIICHHS
npeidy mMozeneil MalIMHHOTO HaBYaHHS Ta 3MarajibHUX
aTaK Ha PiBHI O3y,

- ONTUMI3aIlis TECTOBUX MPOIEAYP 3a KPHTEpieM
€HEeproePeKTUBHOCTI ISl TIOJJOBKEHHS 4acy JKUTTS aB-
TOHOMHHX BY31iB [0T;

- aJanTalist MeTOJIiB JUlsl TECTYBaHHS CMapT-KOHT-
PaKTiB Ta MEXaHi3MiB KOHCEHCYCY B JICLIEHTPATI30BaHUX
Mepexax.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJIEKTY

ABTOp MiATBEPIKYE, IO HE BUKOPUCTOBYBAB TEX-
HOJIOTIT IITYYHOTO IHTEJCKTY IPU CTBOPCHHI MPEICTaB-
JICHOT pOoOOTH.
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Development and research of a generalized method for test synthesis
for intelligent high-density 10T edge-layer gateway diagnostics

Volodymyr Panchenko

Abstract. Relevance. The modern development of high-density Internet of Things (HDIoT) systems is characterized by
exponential growth in the number of connected devices and increasing architectural complexity of edge gateways. Under conditions
of protocol heterogeneity, dynamic network topology changes, and limited computational resources, traditional diagnostic methods
based on static structural models lose their effectiveness. This necessitates the development of new adaptive test synthesis methods
capable of operating in high-dimensional state spaces and ensuring reliable operation of critical HDIoT infrastructure. Object of
research: processes of diagnostics and test set synthesis for components of intelligent gateways in high-density 10T environments.
Purpose of the article: to develop and experimentally investigate a generalized test synthesis method based on evolutionary-
genetic algorithms to ensure maximum fault coverage while minimizing time costs. Research results. A test synthesis method is
proposed that enables dynamic modification of the search strategy depending on the current efficiency of the diagnostic process.
A simulation model was developed and an experimental study was conducted. Conclusions. A generalized adaptive method for
test synthesis for diagnosing an intelligent edge-layer gateway has been developed, based on a two-level “Planner—Dispatcher”
architecture and mathematical models of genetic operators that account for the structural complexity of the object. Experimental
results confirm a reduction in synthesis time by 8-15% while ensuring 95-98% coverage. Application area: development of auto-
mated diagnostic systems and built-in self-test solutions for edge nodes and gateways in industrial and enterprise 10T networks.

Keywords: automatic test pattern generation; intelligent gateway; genetic algorithms; high-density 10T; test diagnostics;
test synthesis.
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XapKiBCHKH HAI[IOHATHPHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaiHa

MMPOEKTYBAHHA CTPYKTYPHU IMITAIIAHOI MOJIEJII TETEPOT'EHHOI'O
BIPTYAJII30BAHOI'O HEHTPY OBPOBKH JAHUX

AHoTalisi. AKTyaJbHICTh A0CTIIKeHHs. Y peaJbHUX YMOBAX eKCIUTyaTalii IEeHTpU 0OpoOKH JAaHMX (OPMYIOTHCS Ha
OCHOBI PI3HOPIIHUX amapaTHUX IJIaT(HOpM, MEPEKEBUX PIICHb Ta MPOrPAMHUX CEPEIOBHII, L0 NPU3BOJUTH IO MOSBH Ie-
TEPOTEHHUX OOYHCIIOBAIBHUX 1HQPACTPYKTyp. Taka reTeporeHHiCTh YCKIAIHIOE MPOIECH KepyBaHHS pecypcami, OanaH-
CyBaHHs HaBaHTAXXCHHS Ta 3a0e3eueHHs 3aJaHOTO PIBHSA SKOCTi 00ciyroByBaHHsA. O0’€KTOM OCIIIKEHHS € mpolec 00-
PpOOKH aHMX y TeTepOreHHUH BipTyalli30BaHUH IEHTp 0OpOOKH JaHUX SIK CKJIaJHAa 0araTOKOMIIOHCHTHA OOYHCIIOBAaTbHA
crucTeMa, o 00’ eTHy€e Pi3HOPIIHI arapaTHi, IporpaMHi Ta MepeKeBi pecypcH y enuHy iHppacTpykTypy. IIpeamerom moc-
JIJDKEHHST € METOH Ta 3aco0M iMiTaliifHOro MOJIENIOBAaHHS NPOIECiB (hYHKIIOHYBAaHHS IeTEPOr€HHOTO BipTyali30BaHOTO
LEHTPY 0OpOOKH JaHHX, 30KpeMa MOJeNi B3aeMOIi1 pi3HOPIAHUX pecypciB, MEeXaHI3MHU iX BipTyauizamii Ta alnropuTMH po3-
MOJ1Ty HaBaHTAKECHHA. MeTOI0 JOCIIKCHHS € MPOEKTYBAHHS Ta JOCIHIIIKEHHS CTPYKTYPH IMITaIiifHO MOJIeIi TeTepOreH-
HOTO BipTyaJli30BaHOTO LEHTPY OOpOOKH AaHUX, IO ITO3BOJISAE aHANI3YBAaTH BIUIMB PI3HOPIAHOCTI OOUUCITIOBAIEHHUX, MEpe-
JKEBHX 1 MPOTPaMHUX PeCypciB Ha €PEeKTUBHICTh (DYHKIIOHYBAHHS CUCTEMH, & TAKOX OIIIHIOBATH XapAKTEPUCTHUKU IMPOIYK-
THUBHOCTI, MacIITabOBaHOCTI Ta KEPyBaHHS pecypcaMu B yMOBax BipTyauizarii. Pe3yjabTaTu AocaizpkenHs. Y Xoli BUKO-
HaHHS poOOTH OyJ0 po3poOJICHO CTPYKTYPY IMITAlIHHOT MOJIET TeTEPOTeHHOTO BipTyalli30BaHOTO IIEHTPY 0OPOOKH JTaHUX
3 ypaxyBaHHSIM PIi3HOPIJHOCTI amapaTHUX Ta MPOTPAMHUX PECYpciB, OOIPYHTOBAHO BHOIp CEpelOBHUINA iMITAI[IITHOTO MO-
JICITFOBAHHS JUTs TOCHI/DKEHHS TpotieciB Gyukiionysanus ['BIIO/], peanizoBaHo iMiTalliiiHy MOJeNb, IO JTO3BOJISE TOCITi-
JDKYBAaTH BIUIMB IeTEPOT€HHOCTI pecypciB Ha MPOIYKTUBHICTE Ta e()eKTUBHICT POOOTH BIpTyasi30BaHOI iHPpacTpyKTypH,
OTPHUMAaHO KiJIbKICHI Ta sIKicHi moka3HUKH (yHkiionyBanus ' BIIO/] y pi3HUX clieHapisX HaBaHTa)XKEHHS, IPOBEACHO aHa-
i3 pe3yNbTaTiB MOAETIOBaHHS Ta c(OPMYIIbOBAHO PEKOMEHIALI] MO0 MiIBUIICHHS eQEKTUBHOCTI KEPyBaHHS Pi3HOPiA-
HUMH pecypcamu. [lopanemi gocmimkenHs Oyae CupsMyBaHO Ha PO3MIMPEHHS IMITaiHHOT MOJIET 3 ypaxyBaHHSAIM €HEPro-
CHOXXHMBaHHS Ta €HEPTOe(hEeKTUBHOCTI TETEPOTCHHUX PECYPCiB.

Kaw4voBi ciaoBa: 1ieHTp 00poOKH JaHKX, TETEPOTCHHICTb, BIpTyali3allis, 6araTOKOMIIOHCHTHICTh, IMiTalliiHa MOJICTb.

Beryn

CtpiMKHH PO3BUTOK iHPOPMAMIHHUX TEXHOJIOTIMH,
XMapHHUX OOYHUCIICHb Ta CEPBIC-OPI€EHTOBAHHUX apXiTeK-
Typ 3yMOBIIIOE 3POCTaHHS BHMOTI' JIO IPOJYKTUBHOCTI,
MacimTaboBaHOCTI Ta e(pEeKTHBHOCTI CYyYaCHHX LIEHTpIB
00poOKkM gaHMX. Y pealbHUX YMOBaxX eKcIuTyarailii
LEHTpU 00poOKH aHuX (OPMYIOThCS Ha OCHOBI pi3HO-
piiHMX amapaTHUX MIaThopM, MEpeKeBUX pillleHb Ta
MPOTrPaMHUX CEPEOBUI, IO HPU3BOAMTH 0 IOSIBH
reTepOreHHUX O00uHCIoBaANBLHUX iHGpacTpykTyp [1].
Taka reTeporeHHICTb YCKIaJHIOE MPOIECH KepyBaHHSI
pecypcaMu, OajlaHCYBaHHSI HAaBaHTAXKEHHS Ta 3abesrre-
YEeHHs 33JaHOTO PIiBHS SKOCTi 00CITyTOBYBaHHS.

BuxopucTaHHS TEXHOJOTIH BipTyamizamii € KIfo-
YOBHM MIJXOJOM J0 00’ €THAHHS Pi3HOPITHUX pECypCiB
Y €IMHE JIOT1YHE CEePeZOBHIIEe, IPOTe B yMOBAX I'eTepo-
TE€HHOCTI 3pOCTa€ CKIQJHICTh aHai3y TMOBEIIHKH CHC-
TEMH, IPOTHO3YBAHHS ii XapaKTepUCTHK Ta OLiHIOBAHHS
edextuBHOCTI mpuitHATHX pimens [2]. TIpoBeneHHs
€KCIIEPUMEHTIB 0e3MoCcepeTHh0 Ha PealbHOMY TeTepo-
TeHHOMY BipTyasli30BaHOMY IIEHTPi OOpOOKH JaHUX €
€KOHOMIYHO BHUTPaTHUM, TEXHIYHO CKJIQJHUM Ta 4acTO
HEMO>KIIUBHM.

VY 3B’43Ky 3 UM 0COOJIMBOI aKTyaJIbHOCTI HaOyBae
3aCTOCYBaHHS IMITAIlIfHOTO MOJIENIOBaHHS SIK 1HCTpY-
MEHTY JIOCHIJDKEHHSI NpOoIeciB (YHKIIOHYBaHHS reTe-
POTEHHUX BIPTyali30BaHUX IIEHTPIB OOPOOKH NaHUX
[3]. Imitamitiai mMomeri J03BOJSIOTH BPAXOBYBaTH pi3-
HOPIAHICTh PECypcCiB, AWMHAMIYHUI XapakTep HaBaHTa-
JKE€Hb, MEXaHI3MM BipTyami3allii Ta B3aEMOJII0 KOMIIO-
HEHTIB CHUCTEMH, 3a0e3Meuyrour OTPpUMaHHS IOCTOBIp-
HHX KiJIBKICHHX 1 SIKICHUX XapakTepHucTHK [4, 5].

TakuM 4YMHOM, NPOEKTYBAaHHS CTPYKTYypH iMiTa-
IIfHOT MOJENI TeTEePOreHHOI0 BIPTYali30BaHOTO IICHT-
Py 0OpOOKH aHUX € aKTyaJIbHUM HayKOBO-TIPAKTHYHUM
3aBJAHHSIM, BHPILICHHS SKOTO CIIPHUAE IiJABHUIIECHHIO
e(EKTHBHOCTI KEpYyBaHHI pecypcamu, onTuMizamii ¢y-
HKIIOHYBaHHS OOYHCIIOBATBbHHUX IHPPACTPYKTYp Ta
OOIPYHTOBAHOMY MPUIHSATTIO MPOEKTHHX PillieHb [6].

O0’€KTOM JOCIIIKEHHS € IpoIiec 00pOOKH JaHUX
y TeTepOreHHH BipTyalli3oBaHWHA LEHTp OOpOoOKH na-
HHUX SIK CKJIaJiHa 0araTOKOMIOHEHTHa OOYMCIIOBAIIbHA
cucTeMa, 1110 00’ €IHy€e Pi3HOPIIHI anapaTHi, NPOrpamMHi
Ta MEpPEeXEBl peCypcH y €IMHY iHPPACTPYKTYDPY.

IIpeameromM [OCHIPKEHHSI € METOAM Ta 3aco0u
IMITaIiHHOTO MOJICTFOBAHHS MIPOIECIB (PYHKIIOHYBaHHS
TeTepPOreHHOI0 BipTyai30BaHOTO LEHTPY OOpoOKH na-
HUX, 30KpeMa MO B3aeMOIii Pi3HOPITHUX pecypciB,
MeXaHi3Mu iX BipTyamizamlii Ta alrOpUTMH PO3IOJLTY
HaBaHTA)KEHHS.

MeTo10 JTOCHIPKEHHSI € MPOEKTYBAaHHSA Ta JOCIIi-
JUKEHHSI CTPYKTYpPH IMITaLiifHOT MOJIeli TeTeporeHHOTo
BIpTyasli30BaHOTO IEHTPY OOpOOKHM JaHWX, IO J03BO-
JIsi€ aHAN3yBaTH BIUIMB PIi3HOPITHOCTI OOYMCITIOBAIB-
HUX, MEPESKEBUX 1 MPOTPAMHUX PECypciB Ha e(eKTUB-
HICTh (DYHKIIOHYBaHHS CHCTEMH, a TaKOX OI[iHIOBaTH
XapaKTepUCTHKH MPOAYKTUBHOCTI, MacIITabOBaHOCTI Ta
KepyBaHHS pecypcaMiu B yMOBaX BipTyauizarlii.

1. O6rpyHTYBaHHS1 BUOOPY CepeloBHIIA
iMiTaiiiHOr0 MO ETIOBAHHA

VY naniii poOOTI PO3IISHYTO 3aBAAaHHS CHHTE3Y
CKJIQJIHOI CHCTEMH BHKOPHCTOBYIOUM 3aCO0M KOMI'IO-
TEpPHOI0 MOJENIOBAaHHSA. 3 YCIX JOCTYITHHX METOJIIB
HalKpamM BHOOPOM € 3aCTOCYBAaHHSI IHCTPYMEHTIB
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iMiTamiitHoro MoxaentoBanHs (IM), OCKiJBKH 1Ie HaIo-
NIMPEHIIIUH TiIXi]] BUPILIEHHS TaKUX 3aBJaHb [7].
T'ooBHA 1iTb MOJICTFOBAHHS IMOJISTA€ Y OTPUMAHHI
SIK KUIBKICHHX, 1 SIKICHUX pPE3yJbTaTiB 3 ypaxyBaHHSIM
imitargiiiHol moneni [8]. Tlix sKicHUMHU XapaKTepHCTHKA-
MH MalOThCS Ha yBa3i BUSBJICHI BIACTUBOCTI MOJIEITIOETh-
CsIl CUCTEMH, a 117 KUIbKICHAMM - 3HAYEHHS 3MIHHHX Ta iX
xapakTtepucTuku. CTBOPEHHS KOMI'IOTEPHOI MOJENi €
CKJIaHE 3aBJIaHHS, OCKIIBKH HEOOX1THO BPaxOBYBaTH BCl

BHYTpIILIHI 3B'SI3KM 00'€KTa MOJENIOBaHHS, 1 MOJENb I10-
BMHHA TOYHO BifoOpakaty Bci ioro ¢akropu. Tomy mo-
TpiOHO NpoaHaNi3yBaTH ICHYIOYl IHCTPYMEHTH IMiTaIlii-
HOTO MOJICTIFOBaHHS Ha PUHKY, 31aTHI BUPILIUTH [1OCTaB-
JICHI JOCIIJHUIBKI 3aBIaHHA. B nmaHuii yac Ha PUHKY
MIPOTrpaMHOTO 3a0€e3MEeYCHHS I IMITalifHOTO MOJIEINIO-
BaHHS IIPEACTABICHO OE31i¥ pi3HUX MPOIYKTIB, PO3po0-
HHUKU SKHX IPONOHYIOTh INMPOKHI CIIEKTP CHCTEM pi3-
HHUX METOIB iMiTariiiHoro MmoaemoBanus. (tadi. 1) [9].

Tabnuys 1 — Ilporpamue 3ade3neyeHHs 1Js iMiTaniliHOro Moe/I0BaHHS

Metoau IM

Iporpamsi iHcTpyMeHTH iMiTaniliHOro Moe/IIOBaHHS

JuckpeTHo-TIoIiiHE

GPSS, AnyLogic, Arena, Extend, PowerSim Studio, ProModel, Pilgrim, SimScript, FlexSim Ta in.

CucTeMHa TMHAMIKa

AnyLogic, SimBioSys, eMPlant, Plant Simulation, SimuLab, VenSim, Pilgrim, Stella Ta in.

AreHTHE MOJICIIOBAHHS

AnyLogic, SimAgent, SimBioSys, AgentSpeak, TeleScript, RePast, NetLogo, Mason Ta iH.

Tak sIK CTPYKTYypOIO apXiTeKTypu HpPOrPaMHOro
KOMIUIEKCY MIATPUMKH Ipolecy nepepo3mimeHHs BM
0o0paHoO MapaaurMy «MeHemKep-areHT», TO BUOIp cepe-
JIOBHIIA MOJENIOBaHHA OyB 3pOOJICHHMH Ha KOPHCTb
nporpamuoro npoaykry FlexSim . Ile cepenoBuiie imi-
TaI[ifHOTO MOJIC/IFOBAHHS Ma€ HU3KY MepeBar: HeoOXiI-
Hi JUTsl BUPILICHHS JOCIITHUIPKUX 3aBAaHb BOYIOBaHI
010,TI0TeKH, MOXKJIMBICTh MpOTrpaMyBaHHS Ha Java yis
CTBOPCHHSI HECTAHIAPTHUX BJIACTHBOCTEU OO'€KTIB Ta
KJIaciB, 3py4YHUH Ta IHTYITHBHO 3pO3yMIIMH rpadidHuii
inTepdeiic, 0e3nmiu NpUKIaAiB Mojeneil Ta BUUEpITHA
nokymenrarist [10, 11]. Inardopma Takox MNPOMOHYE
THYYKICTB Ta MOTYKHI aHATITUYHI iHCTPYMEHTH.

2. ®opMyBaHHA CTPYKTYPH iMiTauiiinoi moxesi
reTeporeHHoro BipTyanizoBaHoro
LHEHTPY 00pOOKH TaHUX

CrpykTypa iMiTamiifHOI MOJIeNi TeTepOTreHHOTO Bi-
pTyamizoBaHoro IeHTpY o00poOku nmanmx (I'BLIOJ)
NpencTaBlieHa TAKUMUA MOAYJISIMHU (T€HEepaTopaMu CTPY-
KTypHUX €JIEMEHTIB):

1) moxyb reHepanii mapamerpis LHO/I;

2) MOJIyJTb CTBOPCHHS TTapaMeTPiB KiacTepa;

3) MoyJib CTBOPEHHS mapaMeTpis BM;

4) Mmoxyine renepariii napamerpis JKM.

VY mopymi renepanii «Ilapamerpu LIO/]» rerepy-
€TBCS KUTBKICTh KinacTepiB @M, mpencTaBieHnx K Kiia-
CTepu cepBepiB, ockinmeku KM BM 3milicHIOETBCS B
MeXax OJJHOTO Ki1acTepa.

VY monymi renepamii «[lapameTrpu kmactepay ®M
BU3HAYAETHCS KUIBKICTH cepBepiB (PM) i mpomyckHa
3MATHICTH KJIacTepa, MpHU IIbOMY B KOKHOMY cepBepi
re”epytothcs pecypeu: C (CPU), M (RAM).

Tun I'B (gl, g2) npencrapieHui TUIIOM alrOpPHUT-
My JKM: gl — e Pre-copy; g2 — e Post-copy.

VY monyni renepauii «I[lapamerpu BM» Bu3Haua-
€TbCSA KiMpKicTh BM i3 3ammuTyBaHHMU/CIIOKHBAHUMH
pecypcamu: C (CPU), M (RAM). [Ins xoxuoi BM re-
HEPYIOTBCA Pi3HI 32 00cATOM pecypcu. Y MOAYI TeHe-
pamii «[lapamerpu JXM» pearnizoBaHO I1Ba aJTOPUTMHU
KM BM Pre-copy Ta Post-copy:

1) 3 ypaxyBanusam meroxy XEN SandPiper — XEN
SandPiper;

2) 3 ypaxyBaHHSIM METOJy OOYMCIICHHs HaBaHTa-
JKEeHHsI BipTyaiizoBaHoro cepBepa — MHBC;

3) po3poOJicHHI aJIrOPUTM  MEPEPO3MIILICHHS
I'BIIO/I Ha OCHOBI METaeBPUCTUKU

Burmsin inTepdeiicy HanamTyBaHHS CTPYKTYpH
I'BHO/ po3pobneroi imMiTamiiHOT MOJeNi TpencTaBlie-
HUH Ha puc. 1.
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3. EkcnepuMenTajbHa oniHKa 30i:KHOCTI
Ta 004YHCTIOBATBHOI CKIAJHOCTI AITOPUTMY
nepepo3MillieHHs BipTyaJlbHUX MAaLIHH
BipTyaJi30BaHOro eHTPy 00pOo0KH AaHHX

Js OLiHIOBaHHS CTYIEHS NOCATHEHHS METH JI0C-
TMKeHAS OyJI0 YXBaJeHO DPIICHHS IOMO MPOBEIEHHS
IMITaifHOTO EKCIIEPUMEHTY Ha PO3pPOOICHOMY CHMY-
nsropi TBHOJ. /s nmepeBipku po3pobieHoro anropu-
TMy Tnepepo3MmimeHHss BM Ha BnacTuBicTh 301KHOCTI
HEOOXIiTHO 3aITyCTHTH aJITOPUTM Ha pOo3pobJIeHiil imita-
uiitaiit mozgeni ' BIIO/] i nepeBipuTH, Yu BiH 3yNUHHUTH-
Csl MICNsl BUKOHAHHS KiHLEBOTO YHCIa KPOKIB 3 BHBE-
JeHHSIM pe3ynbraTy. KoHdirypariiss BUKOpUCTOBYBaHO-
r'O B EKCIIEPUMEHTI KOMIT'IOTEPA BKITIOYAE:

- mportecop Intel Core 17-2500 CPU;

-03Y - 16T6;

- Bineoanantep Intel HD Graphics;

- onepariitHa cuctema MS Windows 11 PRO.

VY Xo0Ji NpoBEICHHS SKCIIEPUMEHTY Pe3yJbTaTh IHOpiB-
HSJIBHOTO aHalli3y 4acy poOOTH alnropuTMy OyiH 3Bejie-
Hi 10 TaOJ1. 2 Ta mpeacTasieHi Ha rpadiky puc. 2.

Tabruysa 2 — OuiHKa THMYACOBOI CKJIAHOCTI aJIrOpUTMY
nepepo3MilleHHs BipTyaJbHUX MALIUH

No Po3mip Bxignux Yac podoTn
MPOroHY nannx, ®M ajaroputmy i, ¢
1 10 0,55
2 20 2,56
3 30 5,55
4 40 9,51
5 50 13,8
6 60 17,7
7 70 21,02
8 80 24,59
9 90 27,63
10 100 31,08

Aunropur™ nepepo3MinieHns BM

Yac poGOTH AIrOPHTMA, C
s

10 20 30 40 50 60 70 80 90 100
Kinekicte @M y Knactepi

Puc. 2. 3anexxHicTh TPUBAIOCTI POOOTH ANTOPHTMY
nepepo3mimenHs BM Bix 30ubmieHHs 00csry Kitactepa OM

Pesynbrat eKCIEpPUMEHTY J03BOJIIOThH IUTH BU-
CHOBKY, IO Yac POOOTH alTOPUTMY IMEepPEepO3MIllICHHS
BM 30inbmyeTbes JHIHHO 31 30UIBIICHHSIM PO3MIpY
knactepa. Jnsa knacrepa posmipom 100 @M yac mpuii-
HSTTS pillIeHHs CTaHOBUTH OM3bKo 31,08 cexyHn, 1o €
IIJIKOM TPUAHATHAM 9acOM BHKOHAHHS IJISi aBTOHOM-
HOTO AJITOPUTMY.

TakuM YUHOM MOXHA JINTH HEBTIITHOTO BHUCHOB-
Ky, II0 3aIpONOHOBAHWH aJrOPUTM IMEPEPO3MIICHHS
BM € mBuAKUM 1 3AiHCHEHHIM METOJOM Yy THX BEJIH-
koMacirabuux L{O/I.

BucHoBku

VY crarTi po3rISIHYTO NPOEKTYBAHHS CTPYKTYpH
iMITaliiHOT MOJIENII TeTEPOreHHOTO BIPTYaTi30BaHOTO
neHTpy o6podkmu manux (I'BLO/), ¢yHKUIioHYyBaHHS
SIKOTO 0a3yeThcsl Ha BUKOPUCTAHHI pi3HOPIAHKUX 00dUHC-
JFOBAJIFHUX, MEPEKEBUX Ta MPOrpaMHUX pecypcis. Oc-
HOBHY yBary IpHAJICHO OOTpYHTYBaHHIO BHOOpPY cepe-
JIOBHINA IMITAIlifHOTO MOJIENIOBAHHS K €(QEKTHBHOTO
IHCTPyMEHTY JOCIHI/UKCHHS CKIQOHHX TeTEPOTCHHUX
cucteM. IlokazaHo, IO iMiTalliiiHe MOIETIOBAHHS I0-
3BOJISIE aJICKBATHO BPaxOBYBAaTH HEOIHOPIJHICTH anapa-
THHX IJ1aTGOPM, BIIMIHHOCTI y MPOAYKTUBHOCTI pecyp-
ciB, 0co0nMBOCTI BipTyasizalii Ta X BIUTUB Ha 3arajbHy
noseainky I'BLIO/I. Otpumani pesyibratu (GOpMyIOTH
OCHOBY ISl TIOJANBIIOI IMTOOYAOBH iMiTaIliifHOT Mozemi
I'BHOOJ Ta nmocmimkeHHS e(QEKTUBHOCTI KepyBaHHSI
PI3HOPITHAME pecypcaMu B Pi3HUX peXUMaX POOOTH.

lereporeHHiCTh OOYHCITIOBANIBHUX PECYPCIB, IO
MIPOSIBISIETHCSL Y Pi3HIM apXiTeKTypi, MPOIYKTUBHOCTI Ta
(yHKIIOHATFPHOMY TIPHU3HAYCHHI alapaTHUX i mporpam-
HHUX KOMITOHEHTIB, CYTTE€BO YCKJIAIHIOE MPOLIEC aHaJi3y
Ta MPOEKTYBAHHS CYYaCHHUX IICHTPIB 0OPOOKU JaHHX.

IMiTaniiiHe MOJENIOBAHHS € HaWOILIbII JOLUIBHUM
MIIXOMOM JUIS JTOCHTI/DKCHHS TeTEPOreHHUX BIPTyamizo-
BaHUX CHCTEM, OCKUIBKH JI03BOJISIE BPAXOBYBAaTH Pi3HOPI-
JIHICTh pecypciB, MEXaHI3MH iX 00’ €THaHHS Yy BIpTyalbHe
CEepEeZOBHILE Ta ANHAMIYHMI XapakTep po3NOALTy HaBaH-
Ta)kKeHHs. BUKOpHCTaHHS iMITAIlifHIX MoJeneil 3abe3rme-
qy€e MOXJIMBICTh OTPHMAaHHS KiUIbKICHUX MOKa3HUKIB
edexruBHOCTI podotr 'BIIO/], a TakoXx SKICHHX Xapak-
TEPHUCTHK, 10 BiOOpa’karoTh BIUIMB I'€TEPOT€HHOCTI Ha
CTaOUIBHICTh 1 MAcIITa0OBaHICTh cuCTeMH. [IpoBeaeHuit
aHaJi3 CepeIOBHUIIl IMITAIIHHOTO MOJICJIFOBAHHS [TOKA3aB,
110 MPaBUJIBHUK BUOIP IHCTPYMEHTIB J103BOJIAE e(DEeKTHB-
HO JIOCJIIJDKYBaTH clieHapil GyHKIIOHyBaHHS TeTepOreH-
HOTO BIPTYasIi30BaHOT'O LIEHTPY 00pOOKH JIaHHUX.

TMomaneIm HOCiKEHHS Oyae CIPsSMOBAaHO Ha PO-
3MUPEHHs IMITAIIITHOT MOJIeNi 3 ypaXyBaHHAM €HEPro-
CTIIOKMBAHHS Ta EHEeproe()eKTHBHOCTI TeTEPOTCHHUX
pecypciB, TOCTiIKCHHS afalTUBHUX i IHTEIEKTyalbHIX
QITOPUTMIB KEPyBaHHS pecypcaMH B T'eTEPOTCHHUX
BIpTyalTi30BaHUX LEHTPax OOpPOOKH JaHWX, IHTETPAIIO
MoJienell BiIMOBOCTIMKOCTI Ta HAIIHHOCTI JJIs aHAIi3y
nosexinku [ BI[O/] B ymoBax 300iB i merpanariii pecyp-
CiB, MOJICIIIOBaHHS CIICHAPiiB MaciiTaOyBaHHS Ta Mir-
pamii BipTyaJbHHX MAaIIMH y T€TEPOTEHHOMY Cepemo-
BWII[i, ONTHUMI3AIlil0 PO3MOJTY HABaHTAKEHHS Ta
MIPOTHO3YBAHHS CTaHIB T€TEPOreHHOI0 BipTyalli30BaHO-
TO IIEHTPY 0OpOOKH TaHUX.

KonduaikT inTepecin

ABTOpH JIEKNIApyIOTh, III0 HE MAIOTh KOH(DIIKTY iH-
TEPECiB CTOCOBHO NTAHOTO JOCHIKCHHS, B TOMY YHCII
(hiHaHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA YU
HIIIOTO XapakTepy, IO Mir OM BIUIMHYTH Ha HOCIi/KEH-
HS Ta HOTO pe3yJIbTaTH, IPECTaBIICHI B JaHIH CTaTTi.

Buxopucranus 3aco0iB IITYYHOT0 iHTEJIEKTY

ABTOPH MiATBEPIKYIOTh, 10 HE BUKOPHUCTOBYBAIN
TEXHOJIOTI1 MTYYHOTO IHTEJEKTY TMPU CTBOPEHHI Mpel-
CTaBJICHOT pOOOTH.
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MeTonu Ta anropuTMH Mirpanii BipTyaJasHUX MalImH
Serhii Pyrozhenko, Artem Guk

Abstract. Relevance of the study. In real operating conditions, data centers are formed on the basis of heterogeneous
hardware platforms, networking solutions, and software environments, which leads to the emergence of heterogeneous compu-
ting infrastructures. Such heterogeneity complicates resource management processes, load balancing, and the provision of a spec-
ified level of service quality. The object of the study is the data processing process in a heterogeneous virtualized data center as
a complex multi-component computing system that integrates diverse hardware, software, and network resources into a unified
infrastructure. The subject of the study comprises methods and tools for simulation modeling of the functioning processes of a
heterogeneous virtualized data center, in particular models of interaction among heterogeneous resources, mechanisms of their
virtualization, and load distribution algorithms. The purpose of the study is to design and investigate the structure of a simula-
tion model of a heterogeneous virtualized data center that makes it possible to analyze the impact of heterogeneity of computing,
network, and software resources on system performance, as well as to evaluate performance, scalability, and resource manage-
ment characteristics under virtualization conditions. Research results. In the course of the work, the structure of a simulation
model of a heterogeneous virtualized data center was developed, taking into account the heterogeneity of hardware and software
resources; the choice of a simulation environment for studying the functioning processes of the heterogeneous virtualized data
center was substantiated; a simulation model was implemented that allows investigation of the impact of resource heterogeneity
on the performance and efficiency of the virtualized infrastructure; quantitative and qualitative indicators of the functioning of
the heterogeneous virtualized data center under various load scenarios were obtained; the modeling results were analyzed and
recommendations were formulated to improve the efficiency of managing heterogeneous resources. Further research will be
aimed at extending the simulation model to account for energy consumption and energy efficiency of heterogeneous resources.

Keywords: data center, heterogeneity, virtualization, multi-component system, simulation model.
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TH®OPMAILIMHO-TIOIIYKOBA CUCTEMA EJEKTPOHHOI KOMEPIIII
3 OIIHKOIO PEJIEBAHTHOCTI IO YKY

AHoTalifm. AKTyaJdbHicTh. B po00Ti po3risHyTO MpoIiec po3poOKu iH(OpMaIiiHO-TIOIIYKOBOT CHCTEMH IS CYYacHHX
CHCTEM EJICKTPOHHOI KOMEPIIii 3 OI[IHKOIO PEJIeBAHTHOCTI Pe3yJIbTaTiB MOMyKy. Kiiacu4Hi moIrykoBi MeXaHi3MH, 110 IPYH-
TYIOTBCS JIMIIIE Ha 30iry KIIFOYOBHUX CIIiB, YaCTO HE BPaxOBYIOTh KOHTEKCT Ta MOP(OJIOTiIO 3aMUTiB, CHHOHIMU Ta BarOMiCTh
OKPEMHUX CIIiB, CTYMiHb BiAMOBIHOCTI 3HAlIEHUX PE3yJIbTATIB OUiKyBaHHAM KOpHcTyBadya. ToMy akTyaJbHUM € CTBOPEHHS
IHTENIeKTyalbHUX IIOIIYKOBHX CHCTEM 3 OIIIHKOIO PEJIeBAaHTHOCTI Pe3yJbTaTiB IOIIYKY, sIKi 34aTHI BPaxOBYBaTH HaMipH
KOpHCTyBada Ta aJalTyBaTHCs 10 Horo iHauBixyansHUX motped. IlpeameTom mocizkeHHsI € MeTOAHU ITiABUIIICHHS pelle-
BAaHTHOCTI pe3yJIbTaTiB IOIIYKY HA OCHOBI aHANi3y 3allMTiB KOPHCTYBAdiB Ta paH)KyBaHHS XapaKTepHCTHK ToBapiB. Mera
po0OTH MoJsira€ B MiIBHUINEHHI €()EeKTUBHOCTI MOUIYKY Y iH(OpMamiifHO-IIOIIYKOBUX CHCTEMaX €JIEKTPOHHOI KoMepIil
[UIIXOM BIPOBAKEHHS MOIN(IKOBAHOTO METOIY OIIHKH peJIeBaHTHOCTI. ByJim oTpumani HacTynHi pe3yiabTaTi. Po3r-
JITHYTO OCOOJIMBOCTI (hOPMYBAHHS MOIIYKOBUX IMOTPeO KOPHUCTYBaYiB, MPOBEACHO aHAi3 MOJAEJCH OLIHKH PEJICBAaHTHOCTI,
PO3pO0JIEHO Ta MPOTECTOBAHO CHCTEMY €JICKTPOHHOT KOMEPIIii 3 OLIIHKOIO PEJICBAHTHOCTI, SIKa 3aCBiAYMIIa IOKPAIICHHS T10-
Ka3HUKIB €(EKTUBHOCTI MOUIYKy. BHCHOBKHU. BHKOpHCTaHHS METOMIB OLIHKU PEIEBAHTHOCTI I MOOYAOBH IMOLIYKOBUX
cucteM y cdepi enekTpoHHOI KoMeplil € eeKTHBHUM HAIPSIMOM ITiIBUIIEHHS SKOCTI iH(pOpMaNifHO-NIOIIYKOBHX CEPBICiB.
OTpuMaHi pe3yibTaTH CBiI4aTh NPO HMEPCHEKTHBHICTH MOJAJBIINX TOCIIDKEHb Y HalpsMi axanTamnii Mojened iHpopma-
LIfHOTO MOIIYKy A0 crenu(iKi OHJIAHH-TOPTIBII, YAOCKOHAICHHS AJITOPUTMIB PAaH)KyBaHHS Ta IHTErpawil METOIiB Ma-
[IMHHOTO HABYAHHS JUIs TIEpCOHANI3allii BUIayl pe3yJIbTaTiB.

Kaw4oBi cioBa: elekTpoHHa KOMEPIIis, MOMIYKOBAa CHCTEMa, KOMIT IOTepHA CUCTeMa, 0a30Ba MOJIENb, PEICBAHTHICTb,

paH)XyBaHHs, €)EKTUBHICTh ITONTYKY, MOJIEIb OI[IHKN PEJICBAaHTHOCTI.

Beryn

[HocranoBka mnpoljeMu. VY CydacHHX YMOBax
CTPIMKOTO PO3BHUTKY €JIEKTPOHHOT KOMepIlii, epeKTHB-
HICTh (YHKLIOHYBaHHs IHTEpHET-Mara3uHy 3Ha4HOIO
MIpOI0 BH3HAYAETHCS SIKICTIO Ta 3PYYHICTIO IOLIYKY
ToBapiB. KopucryBadi 04ikylOTh OTpHMATH peJICBaHTHI
pe3ysbTaTd 3alMTy 3a JIiYeHI CeKyHIu, a Oyjab-ska 3a-
TpuMKa ab0 HETOYHICTh Y BHAA4i MOXE IMPHU3BECTH IO
BTpaTH NOTEHIliiHOro mokymd. [IpoGmema To4HOCTI
TMIOIIYKy OCOOJIMBO aKTyajlbHA JUISl BEJIMKHX IHTEPHET-
MarasuHiB i3 HIMPOKUM aCOPTHMEHTOM, Jie KJIaCHYHI Me-
TOJIM TOIIYKY YacTO HE BPAaXOBYIOTH KOHTEKCT, MOp(o-
JIOTifO 3aITIiB, CHHOHIMIIO Ta BATOMICTh OKPEMHUX CIiB.

B ymoBax BHCOKOI KOHKYpEHII] SIKICTh MOIIyKOBOL
CHCTEMH CTa€ OJHUM 13 KIIFOUOBUX (haKTOPIB, IO BILIH-
Ba€ Ha piBeHb KOHBEPCii, 3a7J0BOJIEHICTh KITi€HTIB Ta (i-
HAHCOBI IMOKa3HUKHU Oi3Hecy. BincyTHicTh cuctemu oIIiH-
K{ PEJIEBAHTHOCTI MOUIYKOBHUX PE3YJIbTATIB MPU3BOAUTH
JI0 TOTO, III0 KOPHCTYBadi HE 3HAXOAATH OTPiOHI TOBapu
a00 OTPUMYIOTh HEBIJMOBIJHI PE3yJbTATH, IO 3HIKYE
edexTuBHICTh TuIaTopMu 3aranmoM. Came TOMY CTBO-
PEHHS IHTEJIEKTYaJIbHOI TOLTYKOBOI CHCTEMH 3 MeXaHi3-
MOM OILIHKHM PEJICBAHTHOCTI € aKTyaJbHUM 3aBJaHHSIM
JUIsl Cy9acHUX CHCTEM EJIEKTPOHHOI KOMepIil.

Ananiz Jiteparypu. IadopmarniitHo-nonrykoBa
cucrema (ITIC) € cxragHUM KOMIUIEKCOM MPOTPAMHUX i
amapaTHuX 3aco0iB, MO 3a0e3MeuyloTh Mpolecu 30u-
panHs, 30epiranHs, oOpoOaeHHS Ta BHaadi iHGopMarii
BIANOBITHO A0 iH(OpMaIiiHUX MOTped KOPUCTYyBadiB
[1]. ITIC BuKOHYIOTH HACTYIHI OTeparii:

— MOLIYK JIOKYMCHTIB;

— aHaJi3 BMICTY IOKYMEHTIB;

— no0y/ioBa MOLIYKOBUX 00pa3iB JOKYMEHTIB (BH-
TAT 3 JOKYMEHTIB iH(opmanii, 110 BUKOPUCTOBYETHCS
CHCTEMOIO SIK 3HAHHS IPO JTIOKYMEHT);

— 30epiraHHs MOIIYKOBHX 00pa3iB JTOKYMEHTIB (Bi-
JIOMOCTEH IpO TIOKyMEHTH);

— aHaJi3 3alWTIB KOPHCTYBadiB (CIIOKUBadiB iH-
(dopmartii);

— TIOMIYK PeJICBaHTHHUX (BIAMOBIIHUX) 3aIHTIB J0O-
KYMEHTIB;

— BHJa4ya NOCHJIaHb Ha JIOKYMEHTH CHOXKHBadaM.

EdexruBnicth iH(pOpMaLIiHOrO MNOIIYKY BU3HA-
YalOTh MMOKA3HUKH, IO XapaKTePU3YIOTh 3HAXOIKECHHs
pelieBaHTHHUX JIOKYMEHTIB. BoHM moaiisiioThcst Ha ce-
MaHTHYHI (TOYHICTH 1 MOBHOTa MOLIYKYy, KOE(Iili€HT
iHpopMaliiHOro HymMy Ta Koe(ilieHT BTpar) Ta TexHi-
KO-€KOHOMI4Hi (ONepaTUBHICTh IOUIYKY, BapTICTh Ta
TPYAOMICTKICTh TIOIIyKY) [2].

VY cydacHOMy iH(OpMAaIiifHOMY CyCIiJIbCTBI, €
00CsTH NTaHUX 3POCTAlOTh Y TEOMETPUYHIN Mporpecii,
MOUIYK pEeNeBaHTHOI iHpopMalii crae KIIOYOBHM 3a-
BaaHHsAM. Came TOMY po3poOka e(pEeKTHBHHX IOIIyKO-
BHX CHCTEM € OJHHMM i3 HaWBaKIMBILNINX HANPSAMIB y
cepi iHpopmanifHIX TeXHOIOTIH [3].

PeneBaHTHICTP y IIBOMY KOHTEKCTI BH3HAYA€THCS
SK CTYTiHb BiJIMTOBIAHOCTI TOKyMeHTa iHpopMaIlitHOMY
3amUTy  KOpUCTyBaua. BoHa Moxe Martu K
00’€KTUBHUH, TaK 1 Cy0’€KTUBHHH XapakTep: 3 OJHOTO
00Ky, icHyloTh (hopmanbHI KpuTepii BiIIOBIAHOCTI, 3
IHIIIOTO — IHAMBiAYyaJbHI OYiKyBaHHS KOPUCTyBada, SIKi
HE 3aBX/JM MOXKHa TOYHO ONHCATH MaTeMaTudHo. Tomy
Cy4acHi MOLTYKOBI CHCTEMHU NparHyTh MO€AHYBaTH (o-
pMajbHI aJTOPUTMH 3 eJeMEHTaMM aJanTalii 10 mose-
JIHKM KopHcTyBaua [4].

Kiacugikariss monrykoBUX CHCTEM MOXe 3Iiic-
HIOBATHCS 3a Pi3HUMHU KpuTepismu. Haitgacrime Bumi-
JISIIOTH CHUCTEMHM, OPi€HTOBaHI Ha TEKCTOBI JaHi, MYJIb-
TUMEIiHI pecypcu abo CTpYKTypoBaHi 0a3u JaHHX. 3a
TIPUHIIUIIOM TTOIIYKY PO3PI3HIIOTH MOBHOTEKCTOBI CHC-
TEMH, II0 aHaNi3yIOTh YBECh BMICT JIOKYMEHTa, CHUCTe-
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MU, SIKi TPAIOOTh JIUIIC 3 METAJaHUMU, Ta TiOpUIHI
pimenns. Hapemri, 3a cdeporo 3acTocyBaHHS MOLTYKOBI
CHUCTEeMHU IOJAUIAIOTh Ha YHIBEpCAJIbHI, CIeIiaii3oBaHi
Ta KOPIIOPATUBHI.

[HTepHeT-Mara3uHu TNpH3HAuYeHI Uil MOIIYKY Ta
MpoJa)Ky KOHKPETHHX TOBapiB Ta Imociyr. Borm mo-
KYTh po3risgaTucs sk cremiarnizosani 1I1IC, opienToBa-
Hi Ha TOIIYK B OOMEXeHii 0a3i JaHWX TOBapiB, a HE B
MacHBi JIOKYMEHTIB, fK y IOUIYKOBHUX CHCTEMaXxX THITY
Google.

HesBaxxaroun Ha BKa3aHi 0OMEXEHHS, CIiZ 3p0O3y-
MITH, 1[0 HaBiTh Y MeXax €JEeKTPOHHOI Komepuii Mo-
KYThb ICHYBaTH pi3HI HiIXOAW O opraHizauii MOUIyKy:
BiJl MPOCTOTO MONIYKY 32 HAa3BOIO TOBApY /O CKIAIHUX
CHUCTEM, 1[0 BPaXOBYIOTh CEMAaHTUKY 3alUTy Ta iHIUBI-
JyaibHI BOJOOAaHHS KiIieHTa [S].

JlonaTKOBO BapTO 3a3HAYMTH, 110 PO3BHUTOK IOLIY-
KOBHMX CHUCTEM TICHO IIOB’I3aHUH 13 €BOJIOLIEI0 METOIIB
00poOKM MpUPOTHOT MOBH. SIKIIO HA MOYATKOBHX €Ta-
ax MOIIYK 3BOJMBCS A0 MPOCTOTO CIIIBCTABJICHHS KIIIO-
YOBHX CIIiB, TO CHOTOJHI BCE OUIBIIOTO 3HAYCHHS HAOY-
Ba€ CEMaHTHYHMH aHali3, SIKHH JTO3BOJISIE BPAXOBYBATH
KOHTeKCT 3anuty. Lle o3Hauae, 1o cucrema 31aTHa pos-
Ii3HaBaTH He JMIIe OyKBaIbHUIA 30T CIIIB, @ i CMUCIIOBI
3B’SI3KM MK HUMH. Takuil miaxin ocoONMBO BayKIMBHMA
y cdepi eneKTpoHHOT KOMepllii, Ae KOPHCTyBad MOXKe
(dbopMyIIIOBaTH 3amuT y NOBUIbHIA (OpMi, HANPHKIAL:
«3pY4HI KpOCIBKU JUIsi Oiry» abo «HOYTOYK Ui poOOTH
3 Tpagikorom.

Ile onHi€r0 TEHACHIIIEIO € THTErpaIlisl MOITYKOBUX
CHCTEM i3 MeXaHi3MaMu pexoMeHpaamii. CydacHi iHTep-
HEeT-Mara3uHu He JINIIE HaJaloTh KOPHCTYyBaudeBi CITH-
COK TOBapiB, IO BIiAMOBINAIOTH HOTO 3amuTy, a U mpo-
MMOHYIOTh JOHAaTKOBI BapiaHTH, SKI MOXYTh HOTrO 3alli-
kaBuTH. lle mocsraeThCsi 3aBISIKH aHAI3y MOBEAIHKO-
Bux (akropiB: icTopii meperisiiB, MonepenHix MoKy-
MOK, Yacy repeOyBaHHS Ha CTOpiHKax. TakuM 4HHOM,
MOUIYKOBA CHCTEMa IEPEeTBOPIOETHCS Ha THCTPYMEHT
MepCOHaI3aIli, 0 MiABUIIYE KMOBIPHICTD 3/iCHEHHS
MOKYTIKH.

BaxxmmBuM acriekToM € W omiHKa e(eKTHBHOCTI
MOIIYKOBUX cucTeM [6]. TpamumiiftHO AN I[BOTO BHKO-
PHUCTOBYIOTh Taki NMOKa3HUKH, SIK IIOBHOTa (YacTKa pe-
JIEBAaHTHUX JOKYMEHTIB, sIKi CHCTEMa 3MOTJIa 3HaWTH) Ta
TOYHICTH (YacTKa 3HalJIEHUX JOKYMEHTIB, IO AIHCHO €
peneBaHTHUMH). Y TPAKTHUII €IEKTPOHHOT KOMEpIi i
KpuTepil HaOyBalOTh NPHUKIATHOTO 3HAYEHHS: SKIIO
MOUIYK BUJAE 3aHAJTO 0araTto HEPEeNeBaHTHHUX PE3ylib-
TaTiB, KOPUCTYBAY MOXKE 3aJIMIINTH CANT; SKIIO XK CHC-
TeMa He 3HAXOAWTh MOTPiOHUIT TOBap, Mara3sH BTpadae
MTOTEHIIHOTO KilieHTa. TOMY 3aBIaHHSAM PO3POOHUKIB €
JIOCSITHEHHSI ONTUMAJIBHOTO OaJlaHCy MiXK MOBHOTOIO Ta
TOYHICTIO MTOLIYKY.

VY migcyMKy MOKHa CKas3aTH, IO iH(pOpMarmiiHo-
TIOUIYKOBI CHCTEMH € HE JIMIIE TeXHIYHUM IHCTpyMEH-
TOM, a i BO)KIMBUM €JIEMEHTOM B3a€MOJIi KOpUCTyBada
3 inpopmaniiinum cepenopuimem [7]. Txusa kmacudika-
i Ta PO3BUTOK BiMOOpakarOTh 3arajibHi TEHICHINI B
iH(OpMaLIHHAX TEXHOJOTIAX: Bi MPOCTOTO MOIIYKY 3a
KIIIOYOBUMH CJIOBAMH JIO0 IHTCIICKTyaJbHHUX CHCTEM,
3JaTHUX PO3YMITH HaMipu KOPHCTyBada Ta aJalTyBaTH-
¢ 10 HOTO 1HAUBITyaTbHUX MTOTPEO.

MeTo10 nociizkeHHsT € po3poOKa Ta BIPOBa-
JUKEHHS 1H(OPMAaIifHO-TIOIIYKOBOi CUCTEMH 3 OILIHKOIO
pENeBaHTHOCTI PE3YJIbTATIB IOUIYKY JUIA I1HTEpPHET-
Mmara3uHy Ha 0a3i miatpopmu WordPress 3 Bukoprc-
tanHsaM Tuiarina WooCommerce. OcHoBHa 3aja4a mo-
JSra€ y CTBOPEHHI aJanTHBHOTO MOUTYKOBOTO MEXaHi3-
My, 3JaTHOTO TiJBHIIUTH TOYHICT i IMBHUAKICTD BHAAYI
pe3yIbTaTiB 3aBISKN BUKOPUCTAHHIO aJlTOPUTMIB OIliH-
KH PEJICBaHTHOCTI.

1. OcobanBocTi popMyBaHHS MOIIYKOBHX
norped KOpucTyBayiB B iHTepHeT-MarasuHax

[Momryk ToBapiB B iHTEpHET-Mara3uHi 3IiHCHIOETh-
Cs KOpPHCTyBadyaMH B MeKax IIEBHUX iH(OpMAaIiiHIX
notpeod, sKi GOPMYIOTHCS 3aJIEKHO BiJl HAMIPIB Ta PIBHA
BOJIOMIHHS iH(pOpMaIieo 1moao o6’exta morryky [8].
IMorpeba y moImIyKy BHHHMKA€ BHACIIIOK HEOOXITHOCTI
OTPUMaHHS JOCTYIy JI0 AaHHX IIPO TOBap, MO BKIIOYA-
I0Th HOTO HaiiMeHyBaHHs, ()YHKLIOHAJIbHI BIaCTHBOCTI,
TEXHIYHI TapaMeTpH, BHPOOHWKA, BapTICTh Ta IHMI
CTIOXKUBUI XapakTepucTUKH. KopucTyBadi 3acTOCOBY-
I0Th TIOIIYKOBY CHCTEMY 3 METOIO ONTHMi3amii mporecy
OpieHTaIll y TOBapHOMY aCOPTHMEHTI, CKOPOUECHHS Ya-
Cy Ha ToUIyK HeoOXimHoi iHQopmarii Ta 3MEHIICHHS
KUTPKOCTI TOCEpedHiX Omepalmiii mig dYac Hapiramii
BeOpecypcoMm.

Oco0aMBOCTI MOBEAIHKM KOPUCTYBa4iB HpH MO-
IIyKYy TOBapiB BU3HAYAIOTH CHEL(]iKy BUMOT 10 TOIIY-
KOBOT CUCTEMH IHTEpHeT-Marasuny. J[is Oinpmocti ko-
pHUCTYBadiB XapakTepHUM € ()OPMYBaHHS IOLIYKOBOTO
3alUTy Ha OCHOBI BJIACHOTO YSIBJIEHHS IIPO TOBAap, SIKE
HE 3aBXKIH BiJIOBia€ TEPMIHOJOTI{, III0 BUKOPHCTOBY-
€TBCS y KaTallo3i TOBapiB.

Ile yckmagHioe mporec OOpOOJEHHS 3amuTy Ta
MOJKE IMPU3BOJUTH 10 OTPHMaHHS HEPEIEeBAaHTHUX pe-
3yJBTaTIB.

BaxnnBoro BIAcTHBICTIO MOBEAIHKOBHX XapakTe-
PHUCTHK KOPUCTYBad4iB € OYiKyBaHHS OTPHMaHHs pelie-
BaHTHOI iH(popMaii y HallKOpOTLIHH CTPOK, 1110 00yMO-
BJIIOE MOTPeOy y (YHKI[IOHYBaHHI MOIIYKOBOi CHCTEMHU
3 MIHIMaJIbHOI 3aTPUMKOIO BiII'YKY, BHCOKOIO TOYHIC-
TI0 (OpMyBaHHS Pe3yJbTaTIB 1 3IATHICTIO A0 00poO-
JIEHHs TIOIIYKOBUX 3aITUTIB PI3HOTO CTYIEHsS JeTaiza-
mii.

VY mpoueci B3aemoii KOpUCTyBaya i3 MOUTYKOBOO
CHCTEMOIO IHTEpHET-Mara3uHy CIIOCTEpIra€ThbCsl TEHJIe-
HIIiSI 10 3HWKEHHS TOJIEPAHTHOCTI /IO TIOMMJIOK TTOIIYKY.
VY pa3i oTpuMaHHS HEpeJIeBaHTHUX a00 HEMOBHUX pe-
3yJbTAaTiB KOPUCTYBaui PigKO 3AIMCHIOIOTH TOBTOpPHE
(hopMyJIOBaHHA 3alUTy, HATOMICTh NPHUIUHSIIOTH B3a€-
MO0 i3 BeOpecypcom, 0 B MiACYMKY (GopMmye BTpaTy
MOTeHIIHHOTO MoKy, [le cBimuuTh mpo HEOOXiTHICTh
3a0e3neueHHsT KOPeKTHOI 00poOKH BapiaTMBHUX (GOpM
MOUIYKOBUX 3aITUTIB, & TAKOX aJeKBaTHOTO BpaxyBaHHS
JIEKCUYHUX, JIIHTBICTUYHNX Ta KOHTEKCTyaJIbHUX 0CO0-
JIMBOCTEH (hOPMYITIOBaHHS KOPHCTYBAIbKUX 3aITHTIB.

Takum uyuHOM, €(EKTHBHICTH MNPOLECY MOLIYKY
TOBapiB B IHTEPHET-Mara3uHi BU3HAYAETHCS 3/IATHICTIO
MOLIYKOBOI CUCTEMH 3a0€3MEYNTH TOYHICTh, TIOBHOTY Ta
JOTIYHICTh (POPMYBaHHS PE3yJIbTATIB 3aIUTy, a TaKOX
BIAMOBIAHICTIO HOT0 (PaKTUIHUM OYiKyBaHHSIM KOpPHC-
TyBada.
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2. [Ipunuunu podoTn
iHpopMaLiliiHO-IOIIYKOBOI CHCTeMH

Bynp-sika momrykoBa cuctemMa (yHKIIIOHYe Ha OC-
HOBI KiIBKOX KJIFOYOBHX KOMITOHEHTiB. LleHTpampHIM
€JIEMEHTOM € MOAYJIb I1HJCKCYBaHHS, SKUH BHKOHYE
nonepetHI0 00poOKy manux. Ilin wac iHmekcamii TeKCT
pO30MBAETHCA HA OKPEMi OJUHHMII - TOKCHH, IO MOTIM
HOPMaJI3yIOTBCSl IIUIAXOM JiemarHu3auii. Baknueum
€TaroM € BUJIICHHS TaK 3BaHHMX CTOI-CIIB, sIKi HE He-
CYTh CMHCIIOBOTO HaBaHTa)XEHHs. Pe3ynpTaToM IbOTO
MIPOIIECy CTA€ iHBEPTOBAHMM iHAEKC — CTPYKTypa NaHMUX,
IO JO3BOJISE IIBHIKO 3HAXOIUTH JOKYMEHTH, Y SKHX
3yCTpiuaeThCsl NEBHMIT TepMiH. Moro MoxHa mpejcTa-
BHTH Y BUTTIAII POPMYIH:

I(t) ={dy, dp, ..., dy}, 1)

ae I(t) — MHOXHMHA TOKYMEHTIB, ¥ SKHX 3yCTPiYa€ThCsI
TepMiH t; t — TepmiH (c0BO abo JiekceMa), IO iHICKCY-
erecs; {dq, d,, ..., di} — mOKyMeHTH, SKi MICTATH Tep-

MiH t.

OxpiM iHAEGKCYBaHHA, BaXKJIMBY POIb BiIirpae Mo-
Iyab 00poONeHHs 3amuTiB. BiH aHamizye BBeIeHUHA KO-
pPHCTYyBa4eM TEKCT, TpaHC(HOopMye HOro y BHYTpILIHE
MOJIaHHSI Ta MOPIBHIOE 3 1HIEKCOM. 3aBepILAIbHUM elle-
MeHTOM € iHTepdeiic kopucTyBada, Skl 3abe3nedye
3py4HICTh B3aeMoii 3 cucteMoro (puc. 1).

Iarepdeiic
KOpHCTYyBaya |«

A 4

A 4

INouryxosa
cucreMa

Kmienr  [¢

jt A
30epexeHi
Caiitn WWW 3alUTU
Pobot- Bbaza nanux
iHIeKCaTOp > 1H/IEKCIB

Puc. 1. 3aranpHa apXiTeKTypa IOIIYKOBOi CHCTEMH
3. AHaJIi3 Mofieeii O[iHIOBAaHHA PeJIeBAHTHOCTI

OIiHIOBaHHS PEJIEBAHTHOCTI € IEHTPAILHUM 3a-
BIAHHAM OYJIb-AKOi MOIIYKOBOI cHCTeMH. ICHye Kimbka
MOJIeJIeH, IKI BUBHAYAIOThL CIOCIO OOYMCICHHS CXO0KOC-
Ti MDXK 3aIUTOM 1 JoKyMeHTOM [9].

[ndopmaniitanit nomyk (IIT) — e mpouec nomryky
pEJIeBaHTHUX JaHWX ab0 JTOKYMEHTIB y BiIIOBigh Ha
3aIIUT KOPUCTyBaya.

Ha renepimmniii 4ac po3po0OieHO KilbKa MoOeNeH
IT1, B pe3ynbTaTi SKOTO IMOLIYKOBI CHCTEMU BUTATYIOThH
Ta pamKyroTh iHpopmamnito. Li Mozxemi mominA0TECS Ha
TPH OCHOBHI THUIIH:

TpamuIiiHi Moaei,

MOJIelli, OPIEHTOBaHI Ha KOPUCTYyBaua,

KOTHITHBHI MOJEII.

BoHn, sk mpaBWiIo, XapakTEpHU3YIOTHCS BiJIOBia-
HUMHU QITOpPUTMaMH Ta eQeKTuBHICTIO pobotu. Huxue
HaBOAMTHCS JOKIJIAJHUH OTJIST KOXKHOI 3 HUX:

1. Tpaouyitini modeni. 11i Mmoneni GoKyCyrOThCS Ha
CTPYKTYPHHUX Ta OOYMCIIIOBAJIBHUX AacleKTaxX IOLIYKY

iHpopMmanii, onTUMI3yIOUM iHAEKCAIlilo, BUIIyYCHHS Ta
pamXyBaHHS IOKYMEHTIB Ha OCHOBI 3aIIHTIB.

A) Bynvosa modens. e ofHa 3 HalipaHIIIUX MOJIC-
ne, mo BukopucroBye OyieBy usoriky (I, ABO, HE)
JUiE 0OpOOKH 3amUTIB Ta 3iCTaBJICHHS iX i3 JOKyMCHTa-
Mu. JIokyMeHT Moxe OyTH pelieBaHTHHM abo0 HepeleBa-
HTHUM 3aJI€KHO BiJl TOTO, YH BiH 33JOBOJIbHIE YMOBaM
3anuTy. OCHOBHI XapaKTEPUCTUKH: BUTATYE TOKYMEHTH
Ha OCHOBI TOYHOTO 30iry 3 TepMiHAMH 3aIlUTY; Pe3yIib-
TaT € OIHAPHUM: peJIeBaHTHUM YH Hi; HE JIOIyCKa€ Jac-
TKOBHX 30iriB a00 paHmXHPYBaHHS JOKYMEHTIB OO
PENeBaHTHOCTI.

b) Mooenv sexmopnozo npocmopy (VSM). Jloky-
MEHTH Ta 3allUTU NPEJCTaBJICHI y BUINIAII BEKTODPIB Y
0araToBUMipHOMY HPOCTOPI, € KOXKEH BUMIp BiAINOBI-
nae tepminy [10]. PeneBaHTHICT y LbOMY BHIAIKy
BH3HAYAETHCS 32 KOCHHYCHOO Miporo moaioHocTi (2):

Sim(d, ) = Z(Wi,d 'Wi,q)

Ale W4 — Bara TepMiHa y JOKYMEHTI; W, — Bara Tep-

MiHa y 3aIuTi.

OnHUM 13 HAWMOIIUPEHIMIUX CHOCOOIB BU3HAYCH-
s Bar € merox TF-IDF (term frequency — inverse
document frequency), sikuii BpaxoBye SIK 4acTOTy Tep-
MiHa B JOKYMEHTI, TaK 1 HOTo PigKicTh y Koekmii (3):

N
W g =tf 4 -log Fr (3)
1

ne W; g — Bara TepMiHa i y nokymenri d; tfi,d — 4acro-

Ta TepMiHa i y gokymenTi d (kijbkicth Horo noss); N —
3arajbHa KUIBKICTh JOKyMEHTiB y konekii; dfi — kinib-
KIiCTh TOKyMEHTIB, y SKHX 3yCTPI4a€ThCs TEPMiH I;

log % — obepHeHa YacTOTa JOKyMEHTa, siIKa 3MEH-
i

[Iy€ Bary TEPMiHiB, SKi 4acTO 3yCTPiYarOThCS.

Monens mommycKae 4acTKOBI 30ird Ta paHXKye HO-
KyMEHTH 3 PeJIEBaHTHOCTI.

B) Hmosipricna modern. 115 Mozienb IpyHTYyeThCS
HA i1ei OLiHKK HMOBIPHOCTI TOTO, IO JJOKYMEHT € pelie-
BaHTHUM 3anuTy. BOHa BHKOPHCTOBYE CTAaTHCTHYHI
METOJIH JJIsl PaHXKyBaHHS JOKYMEHTIB 3a WMOBIPHICTIO
iXHBOI pPENEeBaHTHOCTI Ta 3a0e3medyroTh OiNbIIl TOYHE
pamKyBaHHs pe3yibratis (puc. 2) [10].

TF TF-IDE
Term | DF | IDF | d, d, ds ds d, ds
car | 1816 | 1,6 | 27 4 24 [ 4451 66 | 396
autol | 6,72 | 2,0 3 33 0 62 [686] 0
insur. | 19,24 | 1,6 0 33 | 29 0 | 534/ 469
best | 2523 | 15 | 14 0 17 | 21 25,5

Puc. 2. [Tpukinag tabnui 3 po3paxynkom TF-IDF
JUTSL HEBEJIUKOT KOJIEKIIiT TOBapiB

OCHOBHI XapakTepUCTUKU: JOKYMEHTaM HaJlaloTh-
Cs1 IMOBIPHOCTI PEJIEBAHTHOCTI; PO3IOBCIOKEHA pealti-
3anis: BM25, sixka yTOYHIOE YacTOTy TEPMIHIB 3a J0MO-
MOTOI0 HOpMaJti3alii JOBKHUHH TOKYMEHTA.

I) Mooenv knacmepusayii. s monens Tpymye
CXOI1 JIOKYMEHTH Ha OCHOBI 3arajbHUX O3HaK, BUKOPH-
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CTOBYIOYHM METOJHY HEKOHTPOJIbOBAHOT'O HAaBYAHHS, TaKi
sk K-cepenns abo iepapXxidHa KilacTepu3aisi.

OCHOBHI XapaKTEpPUCTHKHU: T'PYIy€E JTOKYMEHTH Y
3HAYHI KJIacTepH; MiABUIIY€E e(EeKTHBHICTH 3a JOIOMO-
rOI0 3BYXXEHHs pelieBaHTHUX Habopis; [lonmomarae ke-
pyBaTH BETUKUMH HabOpaMy TaHHX.

L) Mooenv navixkpawoi 8ionosionocmi. 1151 Moaenn
pamKye IOOKYMEHTH 3a IX PEJICBAaHTHICTIO 3aJaHOMY
3aIUTY, YaCTO BHKOPHCTOBYETHCA B MONTYKOBHX CHCTE-
Max JJIs TIOBEPHEHHS B MeEpIIy 4Yepry HaiOimpm pere-
BaHTHHX TOKyMeHTiB. OCHOBHI XapaKTEpHUCTHKH: BHKO-
pucToBye MmofiOHI 3acobu (HampuKIaa, KOCHHYCHY MO-
ni0HicTs a00 BM25); opieHTOBaHa Ha 3iCTaBJICHHS Tep-
MiHIB 3aIIUTy 3 BMICTOM JIOKYMEHTA.

2. Mooeni, opienmosani na xopucmyeaya. 1li mo-
neini (hOKyCyrThCs Ha morpebax, yrnomao0aHHSIX KOpHC-
TyBa4a Ta KOHTEKCTI, B SKOMY BHKOHY€ThCs 3amuT. Bo-
HHU CIIPSIMOBaHI Ha IiJBUIIECHHS €()EeKTUBHOCTI CHCTEM
MIOIITYKY, BPaXxOBYIOUH B3a€MOJII0 KOPUCTyBada, HOTO
HaMipH Ta 3aJOBOJICHICTb.

A) Moodenv poswupenna sanumy. 1ls Monens pos-
IIMPIOE 3aIT, JOJAI0YW IMOB'SI3aHI TEPMiHH, CHHOHIMH
a00 KOHIEMIi], OTpUMaHi 3 MONEpeHIX MOIIYKIB KOpH-
cTyBavya abo 30BHIIIHIX mkepesn. OCHOBHI XapaKTepuc-
THKH: BiJIOBiJa€e Ha HEBU3HAYEH] Ta IBO3HAYHI 3aIIMTH;
BKJIFOYA€ TaKi METOMH, SIK aBTOMAaTUYHA TCHEPAIlis Te3a-
ypycy ab0 CeMaHTHYHHUI aHali3; 1ornoMarae 3HaXOAuTH
OiJblIe peJeBaHTHUX JOKYMEHTIB 32 PaxyHOK DPO3ILIH-
PEHHS OUTYKOBHUX 3aIHTIB.

b) Mooenv 360pomnozo 36'a3ky 3 penesanmuocmi.
s Monenms YTOYHIOE pe3yNbTaTH MOUIYKY Ha OCHOBI
BITYKiB KOPHCTYBadiB, sKi BKa3yIOTh PEICBAHTHICTH
JOKYMEHTIB, IO Bi0oOpa)XaroThCs, a CUCTEMA BiIOBII-
HUM YHHOM KOpHTYe€ CBiif momryk. OCHOBHI XapaKTepH-
CTHKH: YTOUYHIOE TIOIIYK, BPAaXOBYIOUH BIATYKH KOPHC-
TyBadJiB; 3BOPOTHHIA 3B'SI30K MOXke OYyTH SIBHUM (sIBHa
MO3HAYKa JOKyMEHTIB SIK PEJICBaHTHUX YH Hi) ab0 mpu-
XOBaHUM (@HaJli3 MOBEIIHKH KOPUCTYBada, HAIPUKIIA,
KUIBKICTh KJIIKiB 200 4Yacy, BUTPAueHOIro Ha JOKyMEH-
TH); 4aCTO IHTErpyeThCS 3 IHIIMMH MOJEISIMH, TAKUMH
sk VSM.

B) Mooenv nepconanizosanoeo nowyky ingopma-
yii. 1g Mozens aganTye pe3ysbTaTd MOMIYKY Ha OCHOBI
JaHWUX, cnenupivHUX JUIs KOPUCTYBava, TaKUX SK iCTO-
pUYHA TOBEAiHKA, YyMomoOaHHs, po3TallyBaHHA abo
nemorpadiuna inpopmaritis. OCHOBHI XapaKTEPUCTHUKH:
HAJIAIITOBYE Pe3yJbTaTH MOUIYKY JISi KOXHOTO OKpe-
MOTrO KOpPHCTyBaya; BHKOPHCTOBYE Taki METOIH, SK
po¢LTIOBaHHSA KOPHUCTYBadiB Ta CIHUIbHA (iIbTparlis;
MiIBUIIYE 33J0BOJICHICTh, HAJAI0YM OiJIbII PEIEBAHTHI,
MIEPCOHATI30BaH1 Pe3yIbTaTH.

3. Koenimusni mooeni. KorHiTuBHI Moell BHBYa-
10Tbh, SIKIM YMHOM JIFOJICHKE ITi3HAHHS Ta PO3YMOBI IpO-
LiecH BIUIMBAIOTh Ha NomIyk iHdopmanii. Born cipsimo-
BaHi Ha PO3POOKY CHCTEM, IO Y3TOMXKYIOTHCS 3 JIIOACH-
KHM MUCIICHHSIM, CIIPHHHATTSIM Ta MaM'sTTHO.

A) Mooenb _xoenimuenozo nasanmasicenns. 1ls
MOJICNb CIIPSIMOBAaHA Ha MiHIMI3aIlil0 PO3yMOBHX 3y-
CHJIb, HEOOXimHMX uIsi 00poOku iHpopmamii. Bona
CIPSAMOBaHA Ha 3HIKCHHS KOTHITHBHOTO HABaHTaKEHHS
i Yac BUKOHAHHS 3aBIaHb IOIIYKY Ta BIIYYCHHS iH-
(dhopmarii.

OCHOBHI XapaKTEPUCTUKH: 3HHXYE KOTHITHBHY
Halpyry 3a paxyHOK YiTKOTO MoJaHHs iHpopMaii; Mo-
)K€ MaTH Ha yBa3i CIIPOILEHHs iHTep]eiCiB Ta aIropur-
MIB IOIIYKY; MiJBUILY€E 3pyYHICTH BUKOPHCTAHHS 3 JO-
IIOMOTOI0 CKOPOYEHHS PO3YMOBHX pPECypciB, HEoOXin-
HHX JUI BUKOHAHHS TaKHX 3aBIaHb, K MNOIIYK i YATAH-
HAL.

b) Koenimusna modenv, opienmosana Kopucmyea-
ua (nioxio menmanvHoi modeni). 111 moxens mependa-
Yae, 0 KOPHUCTYBadi MOBHHHI COPMYBATH MEHTaJbHE
VSIBIIEHHS TIPO CHCTeMY Ta 11 (GyHKIIOHAJIBbHICTE. Po3y-
MiHHS [IUX MEHTAJIBHUX MOJENEH MOXKE JOIOMOTITH Y
MIPOEKTYBaHHI CHCTEM, SIKI Kpallle BiIlOBiJJal0Th OYiKY-
BaHHSM KOPHCTYBadiB.

OCHOBHI XapaKTEpPUCTHKU: OCHOBHA yBara IpH[Ii-
JSIETHCSL Y3TOJPKEHHIO TIOBEIIHKH CHUCTEMH 3 MEHTallb-
HMMH MOJICJSIMH KOPUCTYBadiB; JIolIoMarae rnepeabdayuu-
TH, YOT'O KOPUCTYBadi OYiKyIOTh BiJ] CHCTCMH; BPaXxOBY€E
TO, SIK KOPHUCTYBadi 3 4aCOM YIOCKOHAJIOKOTH CBOE PO-
3yMiHHSI CHCTEMH.

B) Mooenv 360py inghopmauyii. 115 Mmonensb, nepen-
0auae, O KOPUCTYBaYi MIYKAIOTh iH(OPMAIIiF0 TOAI0HO
JI0 TOTO, SIK TBAPMHU IIYKaloTh DXy. KopucryBaui anan-
TYIOTh CBOI MOUIYKOBI CTparerii Jjis MaKCHMalbHOTO
OTpUMaHHS iHpopManii.

OCHOBHI XapaKTepUCTUKH: KOPHCTYBaui KOPHIY-
I0Th CBOI cTparerii MOMIyKy, 1100 3HaWTH HaHOLIBLI
peneBaHTHY iH(OpPMAILiIO; MiAKPECIIOE OaTaHc MiX 10-
CIi/DKEHHAM (TIOIIyKOM HOBOI iH(opMarlii) Ta BUKOpHUC-
TaHHSM BiJOMOI, pelieBaHTHOI iH(OpMAIlil; crpsMOBaHi
Ha Te, MOXYTh OyTH PO3pOOIIeHi, mO00 TOMOMOITH KO-
puctyBauam OinpmI epeKTUBHO 3HAXOAUTH iH(OpMAIIito,
HA/Ial04| ii B JOCTYIHOMY (hopMarTi.

4. AITOPUTMH pPaHKYBaHHS
pe3yJbTaTiB MOIIYKY

CyuacHi TMOUIYKOBI CHCTEMH BHKOPHUCTOBYIOTh
KOMOIHAIIF0O METOMIB: Bil KIACUYHAX CTATUCTHUYHUX
MiAXO/IB O AITOPUTMIB MalIMHHOTO HaBYaHHS. OIHIM
i3 HalleQekTHBHIMMX € anroputM BM25, mo rpyHTy-
€THCSI Ha HMOBIPHICHIH iHTEepIpeTamii peJIeBaHTHOCTI:

Sr(d,q) =

tf; (k +1)
=S"F(q ,
Zi: (q')tfi+k(1—b+b(|d|/dl))

, (4)

ae Sr(d,q) — owiHKa peneBaHTHOCTI TOKyMeHTa d I0a0
sanuty Q; F(Qi) — oOepHeHa yacToTa DOKYMEHTa IS
TepMiHa (i; tfi — gactoTa TepmiHa i y JOKyMmeHTi; K —
napamerp, 10 KOHTPOJIOE HACHYCHHS YaCTOTH TepMiHa
(3asBuuait Kk e€[1,2,2,0]; b —mapamerp nopmaizarii

JOBXKHUHH JTOKymeHTa (3a3suuait b €[0,75,1,0]; |d| -

JoBxuHa gokyMmeHTa d (kinpkicTs TepMiniB); dl — cepe-
JTHSI TOBXKUHA JOKYMEHTA B KOJICKIIIi.

s Monems BpaxoBye sK 4acTOTy TEPMiHA, Tak i
JIOBXXUHY TOKYMCHTA, II0 JO3BOJISIE YHUKHYTH TEPEOLli-
HKH BEJIUKUX TEKCTIB.

V mnoeaHaHHI 3 METOJAAMH CEMaHTHYHOTO aHai3y
Ta MamuHHOTO HaB4YaHHs BM25 3abesmeuye BUCOKY
TOYHICTh TIONIYKY HaBITh Y BEIHMKHX KOJICKIIISX JaHHUX

(puc. 3) [11].
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Puc. 3. 3anexHICTh OLIHKK penieBaHTHOCTI BM25 Bij TOBXHHU TOKYMEHTa

BaxjMBUM IHCTPYMEHTOM IiJBHIIEHHS TOYHOCTI €
BUKOPHCTAaHHS CJIIOBHHMKIB CHHOHIMIB Ta TeMaTHYHHX
OHTOJIOTIH. 3aBJSKH LIbOMY IOLIYKOBa CHCTEMa 3/aTHa
BpaxoBYBaTH He JUIIe OyKBaJbHE CIIBIAMIHHSA TepMi-
HiB, a ¥ IXHI cemaHTHYHI 3B’ s13KkU. Hampukian, y cdepi
SNEKTPOHHOT KOMepIii KOpHCTYBad MOXE IIyKaTH
«cMaptoH», Toml K y 0a3l maHWX TOBap MOXe OyTH
MMO3HAYCHHH SIK «MOOLTBHUH Tenedon». SAkmo cuctema
BpaxoBy€ IIi CHHOHIMIYHI BiJHOIICHHS, BOHA 3JaTHa
BUJIaTH PEJICBAHTHHUN PE3yJbTaT HaBiTh 3a BiJACYTHOCTI
TOYHOTO CIIBNaIiHHSL.

lle oaHUM HamPSMOM € PO3LIMPEHHs! 3alUTIB, KO-
JM JI0 TOYaTKOBOTO IOLIYKOBOTO BHMPAa3y JOJAIOTHCS
JIOJaTKOBI TEPMiHH, 110 YTOYHIOIOTh 200 PO3LIMPIOIOTH
tioro 3wmicT. Ile Moke 3MIHCHIOBATHCS SIK aBTOMATHYHO,
TaKk i 3a y4acTIO KOpUCTyBada. Y Cy4YacHHX CHCTeMax
yce OimpIIoro 3HA4YeHHS HAOyBae TMEpCOHANI3AIis MO-

0.8F

0.6

0.4r

TounicTh

0.2r

HIYKY, SIKa BPAXOBY€ ICTOPIIO MOMEPEaHIX il KOPUCTY-
Baya, HOro iHTEpPeCH Ta MOBEAIHKOBI XapaKTEPUCTHKH.
Takuit migxix no3Bosisge GpopMyBaTH pe3ysbTaTH, MaK-
CHUMaJIbHO HaONIDKEHI O iHAWBITyadbHHUX MOTPEO KOH-
KpeTHoi moaunu [12].

JIyis KibKICHOTO aHaji3y SKOCTI MOIIYKY 3aCTOCO-
BYIOTBCS MeETpUKH To4HOcTi (Precision) Ta mOBHOTH
(Recall). Ilepma mokasye, sika 9acTKa 3HaHICHHUX JOKY-
MEHTIB € peNleBaHTHOIO, TOMI SK JpyTa BimoOpaxkae, Ky
YacTKy BIJI YCIX peJIeBaHTHHX JOKYMEHTIB CHCTEMa 3MO-
J1a 3HaiTH. J{Js KOMIUIEKCHOT OL[IHKH YacTO BUKOPHCTO-
ByeThCst F-Mmipa, sika nmoeHye 00M/IBa MIOKa3HUKH B €TUHY
METpUKY. Y HayKOBIi JiTeparypi TakoX 3yCTPiHaroThCs
IHII TOKa3HMKH, Taki sK cepenHs TouHicTh (Mean
Average Precision) uu NDCG (Normalized Discounted
Cumulative Gain), siKi JO3BOJISIFOTH O1JbII JETATBHO OIli-
HIOBATH SIKICTh PAHXKyBaHHs pe3yibTaris (puc. 4) [13].

0.0 0.2 0.4

0.6 0.8 1.0

IToBHOTA

Puc. 4. anexuicts Mix Tounictio (Precision) ta nosrotoro (Recall) ast mourykoBoi cuctemu

5. Cy4acHi TeHeHIii pO3BUTKY
MOITYKOBHUX CHCTEM
P03BUTOK MOIIYKOBUX CUCTEM TICHO MOB’SI3aHUM 13

3arajlbHAMHM TEHIEHIIIMA B Taly3i iH(popMariifaux
TEXHOJIOTIH. SIKIIO0 paHilie OCHOBHA yBara MpHIiIsIIacs

LIBHUJIKOCTI TOIIYKY Ta ONTHMIi3alii iHIEKCiB, TO ChOTO-
JTHI Ha TepIIUi TJIaH BUXOIUTh CEMAHTHIHHUHN aHA3 i
BUKOPUCTAHHS METOJMIB MITy4HOTro iHTenekTy. CydacHi
CHCTEMH TPAarHyTh HE JIKIIE 3HAXOAUTH JOKYMEHTH, 10
MICTATh TOTPiOHI CJIOBa, a ¥ PO3YMITH 3MICT 3amuTy,
KOHTEKCT HOro BUKOPHCTAHHS Ta HAMIPH KOPUCTYyBaya.
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OnHMM i3 KJIIOYOBHMX HANPSIMIB € IHTErpallis MeTo-
niB 00po6ku npupoanoi moBu (NLP). 3aBasku mpomy
MOUIYKOBI CHCTEMH 3[aTHI BPaxoOBYBaTH I'paMaTH4HI
KOHCTPYKIIii, CHHOHIMIO, 6araTO3HA4HICTh CJIiB 1 HABITH
eMolliiiHe 3a0apBiieHHsI TeKcTy. Y cdepi eNeKTpOHHOI
KoMepIii e m03Boiisie GpopMyBaTd ORI TOYHI PEKo-
MeH/aIil A1 KOPUCTYBadiB, SKi NIyKAlOTh TOBAapH, BU-
KOPHUCTOBYIOYH Pi3HI (HOPMYITIOBAaHHS.

BaknmuBUM TPEHIOM € 3aCTOCYBaHHS METOIIB Ma-
IIMHHOTO HABYaHHS Ta INIMOMHHHUX HEHPOHHHX MEpex.
BoHH 103BOJSIOTE aBTOMAaTHYHO BUSBIITH IPUXOBaHI
3aKOHOMIPHOCTI Y BEJIMKMX MacvBax JaHuX 1 OymayBaTH
MOJIeNi, L0 MPOTHO3YIOTH DEJIEBaHTHICTH PE3yJbTaTiB.
Hampuknan, cydacHi anropuTMu 37aTHI BpaxoByBaTH He
JIMIIE TEKCTOBI XapaKTEPUCTHKU JOKYMEHTa, a i moBei-
HKOBI (hakTOpH: 4acToTy KIiKiB, 4ac nepeOyBaHHS Ha
CTODIHII, iCTOPit0 MOKYMOK. Ile poOuTh MOIIyK OiIbII
aJanTUBHUM 1 TiepcoHamizoBanmM [14]. Ille oxHiero TeH-
JCHIIEI0 € MOEJHAHHS MOLIYKOBHX CHUCTEM i3 PEeKOMEH-
MAalifHAMH MeXaHi3MaMH. Y pe3ynbTaTi KOpUCTyBad
OTPUMYE He JIMILE CIIICOK JOKYMEHTIB, IO BiIIIOBiNAIOTH
Horo 3amuTy, a ¥ JONATKOBI TPOMO3HIIi, SIKi MOXYTh
Horo 3amikaButu. Takuil miaxig 0coONMBO aKTyaJbHUI
JUTSL IHTEpHET-MarasuHiB, Ji¢ MOIIYK i peKOMEHIaIli cTa-
FOTh B3aEMOJIOTIOBHIOIOYMMH eeMeHTamu [15].

6. Po3po0Kka nourykoBoi cucteMu
3 OiHKOIO PeJIeBAHTHOCTI

Ha mincraBi mpoBeneHoro anamizy Oyiao po3po0-
JICHO TOIIYKOBY CHUCTEMY IHTEPHET-MarasuHy 3 OIliH-
KOIO pEJIEBaHTHOCTI MOINyKYy. PeanizoBaHO MOBHOIIIH-
HUI IHTEepHET-MarasMH Ha 0a3i CHUCTEMH KepyBaHHS
konteHroM WordPress [16] i3 BUKOpHCTaHHSIM IUIATIHY
WooCommerce [17] Ta iHTerpaiier po3mupeHoi mo-
urykoBoi cucremu Advanced Woo Search [18]. B pe-
3ynbraTi Oymo CTBOpeHO IuTicHY iH(opMaliiiHo-
MOUIYKOBY CHUCTEMY, siKa BIAIOBIZa€ Cy4acHHMM BHMO-
raM eJIeKTpOHHOI KOMepIIii.

[TepiiuM KpOKOM CTaji0 BCTAHOBJICHHS Ta HaJlalll-
TyBaHHSl JIOKaJbHOTO cepenopuma WampServer. lle
pileHHs 3a0€3MeYHI0 MOXKIIMBICTD PO3TOPTAHHS CalTy
Yy KOHTPOJIbOBaHHMX YMOBaX, JJO3BOJIMJIO IIPAIIOBaTH 3
6azamu maHux 4epe3 phpMyAdmin Ta Hajmano THyd-
KicTh y HajamrtyBaHHI napamerpis PHP i MySQL. Bu-
6ip came WampServer OyB OoOIpyHTOBaHHM, aJpKe BiH
MIO€/IHYE POCTOTY BUKOPUCTAHHS 3 JIOCTaTHIM (YHKIII-
OHAJIOM JJISI peaizallii MpoeKTy.

Jpyram eramom OyJo CTBOpPEeHHS caiiTy Ha
WordPress. 3aBaskn mpocTOTi iHCTANAINl Ta MIMPOKUM
MOXJIMBOCTSM HanamrtyBanHs WordPress cTaB ontuma-
JBHOIO TIATGOPMOIO IS peaizaliii iHTepHeT-Mara3uHy.
Byno HamamToBaHO aIMiHICTpaTHBHY IaHENb, CTBOPEHO
6a30Bi CTOpiHKM Ta O0paHO TeMy, fAKa MiATPUMYE
WooCommerce. Le 3a0e3me4niio OCHOBY IUTS TTOAABIIOT
iHTerpanii QyHKIIOHATy eJIeKTPOHHOT KOMEpIIji.

Iarerpanis WooCommerce mneperBopwia caiit Ha
MOBHOLIIHHMI 1HTepHeT-MarasuH. byno HajmamroBaHo
CTOPIHKM KaTaJlory, KOIIMKa Ta OQOPMIICHHS 3aMOBIICH-
Hsl, IOZIaHO TOBAapH 3 PI3HUMHU XapaKTepPUCTHKaMH, CTBO-
peHo kateropii Ta arpudyTu. Lle mo3Bommio chopmyBaTu
CTPYKTYpY MarasuHy, siKa € 3p03yMLJIO0 Ul KOPHCTYBa-
YiB Ta BIAMOBiTa€ cTaHAApPTaM €JIEKTPOHHOT KOMEPIIii.

Oco0mMBy yBary npuaiieHo peasizauii nourykoBoi
cHCTeMH 3a JomoMororo noxatkoBoro Advanced Woo
Search. Crangaptauii nomyk WordPress BusiBuBcs He-
JOCTaTHIM JJ1si poOOTH 3 BEJMKHM KaTajloroM TOBapiB,
TOMY IHTerparist J0JaTKOBOTO IUIATiHYy cTaja KIo4o-
BUM pilIeHHsAM. Moro mepeBaroio € MOXIHBICTh Haja-
IITYBaHHA iHIEKcallil MoJiB TOBapy, 3aCTOCYBaHHs Ba-
roBUX KOe(ili€HTIB, THYYKE paH)XyBaHHA Ta MIATPIMKA
ACHHXPOHHOI BHJa4i Pe3yNbTaTiB.

Advanced Woo Search 3a0e3neduB nomryk 3a Ha-
3BOIO, OIMCOM, KaTE€TOpisIMH Ta aTpuOyTaMu, JO3BOJIHB
HaJIAIITOBYBATH Bary IIOJIiB [yl BU3HAUCHHS PEJICBAHT-
HOCTI pe3yJbTaTiB Ta MiATPUMYE BiIOOpaKEHHS Pe3yJib-
TaTiB y pexxuMi peasbHOro yacy. Lle mo3Bossie peanizy-
BaTM MEXaHI3M PpEJICBAHTHICHOTO MOLIYKy Oe3 CTBO-
PEHHSI BJIACHOTO IIOIIYKOBOTO 5pa, 3a0€3MeuyouH NpH
bOMY BHCOKHH PiBeHb aJaTHBHOCTI CHCTEMH, 3HAYHO
IIBUIIAIO 3pYYHICTh KOPUCTYBAHHS CaliTOM Ta 3po0Ou-
JI0 TIONIYKOBY CHCTEMY OLITBII €(pEKTHBHOIO.

ByJno mpoBeneHO KOMIUIEKCHE TECTYBaHHS PO3pO-
OmeHoi iHpopMamiiHO-TIONTyKOBOi cuctemu. I[leprie
3aBJIaHHS TECTYBaHHs IIOJIIrae y IepeBipui 0a3oBOro
¢yHkUioHay iHTepHeT-Maraszuy. Jns mporo Oyio
CTBOPEHO KiJIbKa TECTOBUX TOBAapiB i3 PI3HUMHU Xapak-
TEpUCTUKAMHU: TPOCTI TOBapH 3 (HIKCOBAHOIO LIHOIO,
3MiHHI TOBapH 3 BapiallisiMH, a TAKOX TOBapH, pPO3IOJIi-
neHi 3a kareropismu. Ilicns nogaBaHHsA TOBapiB OyIio
MEPEBIPEHO POOOTY KOIIMKA Ta CTOPIHKU O(POPMIICHHS
3aMoBIIeHHs. KopHcTyBay MaB MOMIIMBICTH JOJATH Ki-
JbKa MO3HIIN Y KOIIKK, 3MIHHTH iXHIO KUTBKICTH, BHJIA-
JUTH HETOTPiOHI TOBAapH Ta IEPEHTH IO OPOPMIICHHS
3aMOBJIeHHs. Ha cTOpiHII 3aMOBJICHHSI CHCTEMa KOpPeK-
THO BifoOpakaia MiJCYMKOBY BapTiCTh, BpaxoByBaja
Bapiarii ToBapiB Ta MPONOHyBaja BHOIp cIoco0y oruia-
tu. Ile miarBepamio, mo WooCommerce (yHKIIOHYE
BIJITIOBIZIHO 10 OYiKyBaHb. Jlami Oyj0 BUKOHAHO TECTY-
BaHHS MOLIYKOBOI cucTteMH. Bylio mpoBeneHO cepito
3aMuTIB, SIKI BKJIIOYAJIH MONIYK 3a Ha3BOIO TOBApy, IO-
HIYK 32 KaTeropiero Ta mouryk 3a arpudyramu. Hampu-
KJIaj, NpU BBEIEHHI KIIOYOBOTO cioBa «['paHyisar»
cucTeMa ozpa3y BimoOpakanra TOBapH 3 BiAITOBiJTHOO
HAa3BOIO, a TAKOXK IMO3UIi, ¥ SKHX L€ CJIOBO 3yCTpiyaio-
cs y ommci ym kateropii. [Ipu momyky 3a atpuGyrom
«B3yTTs)» KOpHCTYBa4d OTPUMYBaB CITMCOK TOBapiB, IO
MaloTh BiATOBiAHUE komip. Lle migTBepAMiao KOpekT-
HICTh iHAEKCAIlil Ta HAJAITyBaHb PEIEBAHTHOCTI.

Oco0muBy yBary OyJio IpuAiIieHO TIOPiBHSIHHIO PO-
6ot Advanced Woo Search 3i cTaHZapTHHM MONIYKOM
WordPress. ¥V Bumanky 06a30BOro MONIyKy pe3ylIbTaTH
Oynm 3Ha4HO OOMEXeHi, aJ)ke CHCTeMa BpaxoByBaja
JIMIIE 3arOJIOBKHM CTOpiHOK 1 3amuciB. Advanced Woo
Search, HaBmakwy, 3a0e3medyBaB IOMIYK 10 Ha3Bi, OIHUCY,
KaTeropisx Ta arpu0yrax, o poOHIIO pe3yJIbTaTH OiIbII
TOYHMMH Ta peieBaHTHUMH. Lle minTBeppKye nomuinb-
HICTh BUKOPUCTAaHHSI 10JJaTKOBOTO ILIATIHY y PO3pOOILI.

Ille omHMM BaXKJIMBHM acIIeKTOM TECTYyBaHHS €
OLlIHKa NPOJYKTHBHOCTI cucTteMH. bByio mnepeBipeHO
IMBUIKICTh BiTOOpa)Xe€HHS PE3yJIbTATiB TOIIYKY y pe-
KuUMi peanpbHOrO dacy. HaBiTh mpu BBEOEHHI MOBTHX
3aMMTIB CHCTEMa MpalioBajga 6e3 3aTpUMOK, IO CBil-
YUTh TPO ONTHUMAIBHICTh HaJamTyBaHb. Kpim TOTO,
OyJI0 TIPOTECTOBAHO POOOTY CalTy TpH JOJaBaHHI Be-
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JIMKOT KUTBKOCTI TOBapiB. HaBiTk npu 3Ha4HOMY HaBaH-
Ta)XCHHI IMOIIYKOBA CHCTEMa 3ajMIiaiacs CTabiIbHOIO,
10 MiATBEPJUKYE ii MacIITAOOBAHICTb.

TakuM YHMHOM, TECTYBaHHS MiATBEPIUIIO MPAIle3-
JIATHICTh YCiX KOMIIOHEHTIB CHCTEMH.

7. O0roBopeHHsI pe3yJbTaTiB

TectyBanHs (yHKLIOHYBaHHS IOIIYKOBOi CHCTe-
MU OyJlO TpOBEIEHO Ha OCHOBI METPHK TOYHOCTI
(Precision), noBroTn (Recall) Ta mokasHUKIB peieBaHT-
HOCTI BiI0OpaKyBaHUX pe3yibTaTiB. TecTyBaHHS MiAT-
BEpIWJIO IPale3/IaTHICTh YCiX KOMIIOHEHTIB CHCTEMH.
[HTEepHET-Mara3suH KOPEKTHO OOpOOJIsie 3aMOBIEHHS, a
MIOIITYKOBA CHUCTEMa 3a0e3Meduye peleBaHTHI pe3yIbTaTH
Ta BUCOKY IIBHAKICTH pOOOTH.

TopiBuasinHs cranmaptHoro nomryky WordPress ta
Advanced Woo Search moxka3zano 3HauHy mepeBary
OCTaHHBOTO, IO MiATBEPIXKYE NOUUIBHICT HOTO BHUKO-
pHcTaHHS y po3poOdii. Y Xoi eKCIIepUMEHTIB BCTaHOB-
JICHO, 1[0 BUKOPHCTAHHS BaroBOi MOJEII Ta iHIEKcaIlil
JOJJATKOBUX 1H(QOPMALIAHUX MOJIB O3BOJISIE 3HAYHO
MOKPALIMTH SIKICTh BHJIaui, IIOPIBHSIHO 31 CTaHIApTHUMHU
3acobamu WordPress Ta WooCommerce. TlokparieHHst
MPOSIBIISIETHCST Y 3MCHIICHHI KiJIBKOCTI HEpeJICBAaHTHUX
pe3yNbTaTiB, MBHUIINIOMY 3HAXOPKEHHI MOTPIOHHUX TO-
BapiB Ta MiJABHIICHHI JIOTiYHOCTI pamKyBaHHA. [Tokpa-
IICHHS BiIMIYEHWX TOKA3HUKIB €(EKTHBHOCTI IOIIYKY
CTaHOBUTH 15—-25% 3aexHO BiJ CKIIQIHOCTI 3aIUTY .

TakuM 4YMHOM, NMPAaKTUYHA YACTHHA IOCIIKESHHS
MIPOAEMOHCTpYBaJIa YCIINIHY peaji3aliio iHpopmariii-
HO-TIOIIYKOBOI CHCTEMH JUIsl IHTEpHET-Maraszuny. Bona
BKJIFOUA€ CTBOPEHHS JIOKAJILHOTO CEPEIOBHIIA, PO3Trop-
TaHHs caiity Ha WordPress, inTerpanito WooCommerce
Ta HaJAIITYBaHHS PO3UIMPEHOro nouryky. OtpumaHuii
pe3yJbTaT BiAMOBINAE MOCTABICHUM 3aBIaHHSIM 1 MOXE
OyTn BUKOPHCTAaHHMH SIK OCHOBA JUISl ITOJAIBIIOTO PO3-
BUTKY Ta BIOCKOHAJICHHS CHCTEMHU.

BucnoBku

VY pesynbTaTi BUKOHAHOT pOOOTH OYyJIO AOCSTHYTO
MOCTABJICHY METY Ta pealli30BaHO KOMIUIEKC 3aBIaHb,
CHpSIMOBaHUX Ha Po3poOKy iH(popMaliiiHO-NOIIyKOBOT
CHUCTEeMH IHTEpHET-Mara3uHy 3 MEXaHi3MOM OILliHIOBaH-
HS PEJICBAaHTHOCTI pe3yJbTaTiB MOMIYKy. Y MeXax Joc-
JKeHHs OyJiM BMKOHAHI TEOPETHYHI, aHAIITHYHI Ta
NIPAaKTHYHI €Taly, SIKi J03BOJIMIM CTBOPUTH €(EeKTHB-
HUH 1HCTPYMEHT JUIs HiJIBUIEHHS! TOYHOCTI Ta 3py4YHO-
CT1 MOIIYKY TOBapiB.

VY mpomeci poboTu OyJ0 MPOBENEHO JETaTbHHI
aHaJi3 Cy4acHHX IAXOJIB JO OpTaHi3amii MOIIyKy B
€JIEKTPOHHIM KOMepILii.

PosrnsayTo mpuHIMIU poboTH iH(OpMAaIiitHO-
MTONTYKOBUX CHCTEM, MOJIENI OLIHIOBaHHS PEJIeBaHTHOC-
1i (TF-IDF, BM25, #iMoBipHICHI Ta BEKTOpHI Mojiemi), a

TaKO) METOJIM MiJBHIICHHS TOYHOCTI MOMIYKY, BKJIIO-
Yalo4yu HOpPMaJi3alilo TeKCTiB, poOOTYy 31 CHHOHIMaMmH,
BaroBUMH KoeQillieHTaMH Ta IEPCOHAIZAIIEI0 Pe3yIib-
TaTiB.

byno BcTaHOBIEHO, 1O KJIACH4HI  METOIH
WordPress He 3a0e31medyoTh JOCTaTHBOI SIKOCTI ITOIIY-
Ky Y BEJHMKHX TOBapHHUX KaTaJorax, OCKUIbKU HE Bpaxo-
BYIOTh Bary arpuOyTiB, MOp(OJOTif0 3aluTiB Ta KOH-
TEKCT KOPHCTYBALbKOT OBEIIHKH.

Ha mincraBi mpoBemeHOro aHaiizy OOTPYHTOBaHO
BuOip rutarina Advanced Woo Search sixk onTUManbHOTO
IHCTpYMEHTY IJIsl peaiizalii MOKpaIleHOro MOIIyKYy B
iHTepHeT-Mara3uHi Ha miatdopmi WordPress.

VY npakTH4Hii 4acTHHI poOOTH po3po0IICHO Ta Ha-
JAIITOBAHO TIOBHOLIIHHHMH MPOTOTHII iIHTEpPHET-Mara3suHy
3 YAOCKOHAJEHOIO MOIIYKOBOK mifcucreMoro. IIpose-
JICHO 1HJEKCallil0 TOBapHHUX MOJIB (Ha3Ba, OIKC, KOPOT-
KHH OmHC, KaTeropii, Teru, aTpuOyTH, apTUKYJ), HaJa-
IITOBAaHO BaroBi Koe(imi€HTH I Pi3HUX EJICMEHTIB,
peanizoBaHO MEXaHi3MH paH)XyBaHHS pe3ylbTaTiB Ta
IMHAaMIYHy BUIa4y IiJ 4ac BBeACHHs 3amuTy. Cucrema
inTerpoBara 3 WooCommerce Ta MOBHICTIO MiATPUMYE
00pOOKY 3alMTIB Pi3HOT CTPYKTYPH 1 CKIIATHOCTI.

TectyBanHs (pyHKLIOHYBaHHs IOIIYKOBOi CHCTe-
MH MMOKa3ajio 3HauHy nepesary Advanced Woo Search
HOPIBHSHO 31 craHmapTHUMH 3acobamu WordPress Ta
WooCommerce.

VY mifgcyMKy, BUKOHaHa poOOTa J03BOJIMIA CTBO-
putn edeKkTUBHY iH()OPMAIIIHO-TIOITYKOBY CHCTEMY,
sKa 3a0e3reuye pelieBaHTHE PaH)KyBaHHS Pe3yJIbTaTiB i
3HAYHO MOKPAIy€ KOPUCTYBAIBKUI TOCBiJ MpPU B3ae-
Mogii 3 iHTepHeT-Mara3uHoM. 3allpOIIOHOBAaHI PillICHHS
MOXYTh OYTH BHKOPHCTaHi JJIS MOJAJIBLIOTO PO3LIH-
peHHA (YHKIIOHATHHOCTI MarasuwHy, iHTerpamii peko-
MEHIALIHUX CHUCTeM, MIJAKIIOUEHHS CEMaHTUYHOI'O
aHai3y Yd MOJEJeH MANIMHHOTO HaBYaHHS. Takox
chopMyJIbOBAaHO PEKOMEH[AINT MIOA0 MOXIHUBUX Ha-
NpsIMIB yJIOCKOHAJICHHSI, 30KpeMa BIIPOBAKEHHSI ceMa-
HTUYHOTO TIOINYKY, IHAMBiAyaii3auii pe3ysbTaTiB Ha
OCHOBI MOBE/IIHKOBHX JaHUX Ta BUKOPUCTAHHS 30BHIlI-
Hix MomynmiB NLP mis migBumeHHs TOYHOCTI 00po0-
JICHHS CKJIJIHUX 3aIHTiB.

Konduaikr inTepecis

ABTOpH JIEKNIApyIOTh, 10 HE MAIOTh KOHDIIKTY iH-
TEPEeCiB CTOCOBHO NTAHOTO JOCTIKSHHS, B TOMY YHCII
(hiHaHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA YU
IHIIIOTO XapakTepy, IO Mir OM BIUIMHYTH Ha JOCIIKEeH-
Hs Ta Horo pe3yJIbTaTH, NpeJICTaBIeH] B IaHii CTaTTI.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJEKTY

ABTOpPH MiATBEPIKYIOTH, [0 HE BUKOPHUCTOBYBAIIN
TEXHOJIOTI] IITY9HOTO iHTEJIEeKTY NPH CTBOPEHHI IMpen-
CTaBJIeHO1 poOOTH.
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E-commerce information and search system with search relevance assessment
Oksana Povoroznyuk, Anatoly Povoroznyuk

Abstract. Topicality. The paper examines the process of developing an information search system for modern e-com-
merce solutions. with an assessment of the relevance of search results. Classic search engines, based only on the coincidence of
keywords, often do not take into account the context and morphology of queries, synonyms and the weight of individual words, the
degree of compliance of the results found with the user's expectations. Therefore, the creation of an intelligent search engine with an
assessment of the relevance of search results, which is capable of take into account the user's intentions and adapt to their individual
needs. The subject of study in the article is methods of increasing the relevance of search results based on the analysis of user que-
ries and ranking of product characteristics. The purpose of the article is increasing the efficiency of search in information search
systems of electronic commerce by implementing a modified method of relevance assessment. The following results were obtained.
The features of the formation of user search needs, analysis of relevance assessment models, development and testing of an elec-
tronic commerce system with relevance assessment, which showed an improvement in search efficiency indicators, was considered.
Conclusion. The use of relevance assessment methods for building search systems in the field of electronic commerce is an effective
direction for improving the quality of information search services. The results obtained indicate the prospects for further research in
the direction of adapting information search models to the specifics of online trading, improving ranking algorithms and integrating
machine learning methods for personalizing the delivery of results.

Keywords: e-commerce, search engine, computer system, basic model, relevance, ranking, search efficiency, relevance
assessment model.
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COMPARATIVE ANALYSIS OF AUTOMATED TOOLS FOR CLIENT-SIDE
PERFORMANCE TESTING IN MODERN WEB ENVIRONMENTS

Abstract. Relevance. In the era of Single Page Applications (SPA), the traditional approach to performance testing,
focusing solely on server response times, is no longer sufficient. The logic of modern web applications has shifted to the
client side. However, standard automated tools often produce misleading results under unstable network conditions, failing
to capture the true user experience. Object of research: The process of testing and analyzing the performance of the client-
side of web applications. Subject of research: Methods and software tools for automated analysis of web performance
metrics. Purpose of the article: To conduct a comparative experimental analysis of automated testing tools (Google
Lighthouse vs. Sitespeed.io) under constrained network conditions and on real-world e-commerce applications, identifying
specific reliability gaps in standard auditing approaches. Research results: Experiments on a controlled slow application
revealed that Google Lighthouse timed out, reporting a critical "False Positive" (Score 98/100) despite a 50-second load time.
Conversely, Sitespeed.io correctly captured the full load duration with high statistical stability (RSD < 10%). Further tests
on real-world platforms (Nike, Zara) demonstrated "False Negative" behavior in Lighthouse, which reported inflated LCP
values significantly higher than manual observation. Conclusions: The analysis confirms that while Lighthouse is useful for
general audits, a robust CI/CD framework requires the flexibility of Sitespeed.io to handle custom pageCompleteChecks,
OS-level controlled network throttling, and complex visual elements without generating misleading pass/fail results.

Keywords: computer system, web performance; Core Web Vitals; Sitespeed.io; Lighthouse; false positives; false

negatives; RSD; Visual Progress; Ul performance.

Introduction

Problem Statement. The rapid development of
web technologies has led to a fundamental paradigm shift
in software architecture. With the mass adoption of
Single Page Applications (SPA) and Progressive Web
Apps (PWA), the primary computational load and
rendering logic have shifted from the server side to the
client side (browser). In such conditions, traditional
performance testing approaches that focus exclusively on
Server Response Time (TTFB) or backend throughput
are becoming insufficient and often misleading.

User Experience (UX) today depends not on how
fast the server sends data, but on how fast the browser
can process it, build the DOM tree, and display an
interactive interface. The complexity of modern
JavaScript frameworks (React, Vue, Angular) creates a
situation where a "fast" network request can lead to long
blocking of the Main Thread on weak user devices. This
directly affects business metrics: conversion rates, user
retention, and SEO rankings. However, automated QA
instrumentation often fails to keep pace with these
changes. Standard auditing tools frequently ignore
unstable mobile connectivity conditions (4G/LTE) or
complex content loading scenarios, generating "false
positive" results, which creates critical risks for the
quality of the final product.

Analysis of Recent Research. The issues of client-
side optimization and test automation are discussed in a
number of modern scientific works. General approaches
to optimizing mobile application performance and real-
time Ul are highlighted in works [1, 2]. The authors
emphasize that for modern interfaces, not only load time
but also the stability of visual presentation is critical.
Research [3] analyzes front-end optimization methods
using banking systems as an example, but the focus is
shifted to architectural patterns rather than verification
tools. Significant attention in the scientific community is

paid to Core Web Vitals metrics. In particular, the
Largest Contentful Paint (LCP) metric and the impact of
JavaScript bundles and caching strategies on it are
analyzed in detail in works [4-6]. The Interaction to Next
Paint (INP) metric, which has recently become the
standard for assessing interactivity, is considered in study
[7]. The authors of work [8] propose a comprehensive
framework for improving digital performance based on
these metrics.

A separate layer of research  concerns
instrumentation. Work [9] investigates the correlation
between the popularity of e-commerce resources and
Google Lighthouse scores, confirming the importance of
this tool as an indicator, but not as an absolute measure
of quality. The issue of web performance automation is
raised in [10], emphasizing the need for accessible tools
for a wide range of developers. Works [11, 12] examine
the use of modern methods for testing the client side,
creating a basis for further comparative analysis.

However, despite the existence of research on
individual metrics [5, 7] or general tool overviews [9,
10], the scientific literature does not sufficiently cover
the problem of automation tool behavior (Lighthouse vs.
Sitespeed.io) under "stress testing" conditions (limited
network bandwidth, large media resources). Most studies
consider "ideal" scenarios, ignoring the risks of obtaining
unreliable data (False Positives/Negatives) during
automated regression testing.

Purpose of the Article. The purpose of this work is
to conduct a comparative experimental analysis of
modern client-side performance automated testing tools
(Google Lighthouse and Sitespeed.io). The research aims
to identify the limitations of standard auditing tools under
unstable network conditions and complex content,
analyze mathematical models of visual readiness metrics
(Visual Progress), and justify the choice of an
architectural solution for building a reliable CI/CD
testing system.

© Tyrtyshnyi D., 2026
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1. Theoretical Basis
and Mathematical Models

To build an effective testing framework, one must
understand the mathematical models behind the metrics.

1.1. Core Web Vitals Models. Cumulative Layout
Shift (CLS): Measures visual stability based on impact
area and distance fraction:

CLSshift = ImpactFraction x DistanceFraction, (1)

Interaction to Next Paint (INP): Measures the full
latency of user interaction;

INP = InputDelay + ProcessingTime +
+ PresentationDelay, (2)

Lighthouse Performance Score (v10): A

logarithmic weighted average:

Score = 0.30(TBT) + 0.25(LCP) + 0.25(CLS) + (3)
+0.10(FCP) + 0.10(SI),

Crucially, if a tool stops recording early (timeout),
TBT and CLS may be recorded as near-zero, artificially
inflating the score.

1.2. Mathematical Model of Visual Completeness.
Visual Completeness is determined by analyzing video
frames using histogram intersection. To define these
metrics, we first quantify the state of the screen at any
given time t.

Let I; be the video frame (image) captured at time t.
The “Visual Complete” feature of Sitespeed use image
histograms (frequency distribution of colors) to compare
frames because they are robust against small pixel shifts.

e Let H(l) be the RGB color histogram of the
frame at time t.

o Let tsar be the time of the first frame (navigation
start).

e Let teng be the time of the final frame when the
page has settled (no network/CPU activity for a set
duration or any custom script defining this).

We define a Difference Function D(A, B)
representing the difference between two frame
histograms (typically the Sum of Absolute Differences):

D(A,B) = Xi=,|H(A); — H(B)l , (4)

where n is the number of bins in the histogram.

The core component of all “VisualComplete”
metrics is the Visual Progress function (5), denoted as
VP(t). It represents how close the current frame is to the
final frame relative to the starting state.

VP(t) — D(startlend)—DUtlend) x 100%, (5)

D(Ustartdend)

e If VP(t) = 0%: The current frame F; looks
exactly like the empty white screen (Fstart).

e If VP(t) = 100%: The current frame F; looks
exactly like the final loaded page (Fend).

VisualComplete[X] (e.g., 75, 85, 95, 99). This is the
first point in time where the Visual Progress VP(t) meets
or exceeds the threshold X and remains above that
threshold for the remainder of the recording.

VisualComplete, = min{t|V.= t,VP(t) = X}, (6)

VisualComplete95: The time t when the page is
95% visually complete.

tyeos = min {t|VP(t) = 95}, @)

In complex loading scenarios (e.g., a carousel loads,
then a pop-up covers it or animated banners), VP(t) might
drop temporarily.

The rigorous definition ensures we find the time
after which it stays stable above X.

LastVisualChange. This is the timestamp of the
final frame update before the page reaches its static, final
state. It marks the moment when visual progress hits
100% and stops changing.

LastVisualChange = max{t|VP(t) # VP(t — 5t)}, (8)
where 68t is the duration of a single video frame.

1.3. Statistical Reliability (RSD). To ensure that
performance data is not result of network jitter, we
calculate the Relative Standard Deviation (RSD), or
Coefficient of Variation, across n iterations (where n=10
in our experiments):

RSD = |§| x 100%, 9)

where o is the standard deviation and p is the mean. An

RSD<10% indicates a stable, controlled testing
environment.
2. Methodology
To ensure a fair comparison, the network

environment was standardized for both tools.

2.1. Network Profiles. Strict bandwidth and
latency shaping were applied to simulate real-world
conditions:

e Mobile 4G: Upload: 9000 kbps / Download:
9000 kbps / RTT: 85ms.

o Desktop 4G: Upload: 9000 kbps / Download:
9000 kbps / RTT: 85ms.

e  WiFi 20Mb: Upload: 20 Mbps / Download: 20
Mbps / RTT: 20ms.

e WiFi 50Mb: Upload: 50 Mbps / Download: 50
Mbps / RTT: 20ms.

e Native: Unthrottled (~800 Mbps).

2.2. Tools & Configuration:

e Throttling Engine: Both tools utilized the
“@sitespeed.io/throttle” npm package for machine-level
packet shaping. This ensures that observed differences
are due to the analysis engines, not the throttling method.

e Google Lighthouse: Chrome DevTools (v143)
in Mobile and Desktop modes.

e Sitespeed.io (v39.2): Docker container with
video and visualMetrics enabled. Configured for
10 iterations per run to calculate median values.

3. Experiment A: The "'False Positive"
(Controlled App)

Object: An unoptimized web application with large
images (~10MB each) designed to load in approximately
50 seconds on a 4G network.

Lighthouse Results: Lighthouse reported a
Performance Score (3) of 98/100 and an LCP of 1.5s. The
report included an error: "The page loaded too slowly to
finish within the time limit" (Fig. 1). Because the large
images were slow to load, Lighthouse effectively timed
out, analyzed only the initial header, which loaded fast,
and ignored the rest of the page.
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There were issues affecting this run of Lighthouse:

« The page loaded too slowly to finish within the time limit. Results may be incomplete.

Black Friday Sale! (Our
‘servers are melting)

Performance

1if B

Values are estimated and may vary. The performance score is

calculated directly from these metrics. See calculator.

A 0-49 50-89 90-100
ETRICS

First Contentful Paint Largest Contentful Paint

15s 15s

Total Blocking Time Cumulative Layout Shift
Oms 0.065

Speed Index

36s

Fig. 1. Google Lighthouse falsely reporting a high score (98)
because the test timed out before the heavy assets loaded

Sitespeed.io Results: Sitespeed.io was configured
with a custom start flag: --pageCompleteCheck: "return
document.querySelectorAll("#product-grid.product-card’).
length >= 9", waited for the product grid to populate
(Fig. 2). It correctly reported LastVisualChange: 49.1s (8).
Crucially, the statistical stability was high: the RSD (9)
was < 10% across 10 iterations, proving the data was
reliable.

Metric 1 z 3 a 5 s 7 s 8 1 Wedian | Mean  stddev
Largest 0365 918 8  1020s 984 10005 10685 848 952 984 | 9%ams| 968 7oms
Contenttul ) ms s ! .=. ) ms

paint

Iteraction 440 4e4 azz 480 424 43 a4 528 12 | 436ms| 456 3ms
toMext ms n m m ms m - ms ms

Paint

LastVisual 49000 49067 49872 4941 48561 48773 49033 49000 4941 4841 | 4934z | 4933 283
Change N s ms
Speed s530s | 5560 245
Index s ms
Visual 47967 48134 49088 48369 4853 4826 a0 | an3e | 48330 3ImMs
Readiness s s

Visual 6833 40700 13258 Ja7E 13484 2 | 13a7 | 1w3ss 10803
Complete H s

o5

Visual 5967 49033 49938 49378 4857 49240 49000 48867 48378 49378 | 49309 | 4ozeo 2s2
Complete 5 5 s s s 5 s 5 . s ms

99

Fig. 2. Sitespeed.io correctly capturing the 49-second load
time. Note the VisualComplete95 is 13.9s, indicating the user
saw most content early, but the page was not fully finished

3.1. Analysis of Visual Progress. To understand
the discrepancy, we analyzed the Visual Progress graph
generated by Sitespeed.io (Fig. 3).

The curve shows a "stepped” progression.
Lighthouse only captured the initial step (0-2s), while
Sitespeed.io tracked the full progression to 100% at ~50s.
The graph shows that the interface was ~97% complete
for a long duration (15s-45s), whereas the histogram
analysis in Sitespeed.io correctly identified that the final
state had not yet been reached.

Additionally, the test was conducted on a Desktop
viewport with the same 4g connection. In the Desktop
Visual Progress Graph (Fig. 4) we could observe more
gradual content visualisation on the page.

<
5
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8
&
w
x
Time (milliseconds)
Fig. 3. Visual Progress Graph (VP(t)) - 4G - Mobile
<
5
T
&
&
w
®
Time (milliseconds)

Fig. 4. Visual Progress Graph (VP(t)) - 4G - Desktop

The reason for that is the bigger viewport and more
slow images (main bottleneck) of the slow web app impact
the visible part of the screen more on Desktop, than on
Mobile. Extra information for the Visual Progress could be
also found in the “Filmstip” section of the Sitespeed report,
there we could see screenshots of the app at different
moments of the test execution (Fig. 5).
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Fig. 5. Page Visualisation Progress (Filmstrip) - 4G - Desktop.
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3.2. Impact of Network Conditions. We extended
the experiment to faster networks to see if the tools
converged (Tabl. 1, 2). Comparative Analysis:

1. Metric Accuracy: On the "Desktop WiFi 50Mb"
profile, Sitespeed reported an LCP of 3.3s, which aligned
with manual observation. Lighthouse reported an LCP of
10s. This discrepancy suggests that Lighthouse (in
DevTools) may struggle with LCP timing identification.

2. Scaling: Sitespeed.io results scaled logically
with bandwidth (LCP dropped from 13.4s — 1.3s as
network improved). Lighthouse results  were
inconsistent, with LCP remaining high (10s) even on

Table 1 — Sitespeed Results (Median of 10 runs, RSD <10%)

Testing setup LCP

Mobile - 4g (up:9000
down:9000 rtt:85)
Desktop - 4g (up:9000

down:9000 rtt:85) 13.4 sec
Des.ktop - Wifi 2.0Mb . 6.3 sec
(up:20000 down:20000 rtt:20)
Des.ktop - Wifi SIOMb . 3.3 sec
(up:50000 down:50000 rtt:20)
Desktop Native - 800 Mbps 1.3 sec
Table 2 — Lighthouse Results (Manual runs)
Testing setup

Mobile - 4g (up:9000
down:9000 rtt:85)
Desktop - 4g (up:9000

1 sec (LCP is a <h1> on mobile, instead
of img, which is loading very slowly)

LCP

1.5 sec (LCP is a h1 on mobile, instead of img, which is
loading very slowly)

Native networks, potentially indicating a bug in the
specific version or interference from browser
extensions/overhead not present in the isolated Docker
container.

3. VisualMetrics are available for the Sitespeed.io
only, limiting the capabilities of the Lighthouse to
analyse page rendering speed of the web sites under such
constrained conditions.

4. Diagnostic Parity: Despite the metric
differences, both tools correctly identified the
"Opportunities” for optimization: "Properly size images"
and "Serve images in next-gen formats."

VisualComplete95 LastVisualChange
13.8 sec (since viewport is
smaller than on desktop) 49 sec
40.7 sec 53 sec
20.3 sec 24.9 sec
8.8 sec 11.1sec
2.65 sec 3.3 sec

SpeedIndex (Performance score)

3.6 sec (98) with the error

down:9000 rtt:85) 13.3 sec 6.8 sec (63)
Desktop - Wifi 20Mb

(Up:20000 down:20000 rtt:20) 10 sec 2 sec (71)

Desktop - Wifi 50Mb 10 sec (much higher than in Sitespeed and real-life. 1.3 sec (74)
(up:50000 down:50000 rtt:20) In reality the LCP img has been loaded in 3-4 sec) '

Desktop - Native - 800 Mbps 10 sec (looks like a bug with LCP in Lighthouse with 2 65 sec

Additionally, the Sitespeed gives an opportunity to
watch the network requests waterfall and match it with
the Visual metrics (Fig. 6). The correlation between
sluggish load of .png images and slow LCP and Visual
metrics (6,9) is obvious.

some Websites)

IS 4 dBenbibTvafacia. proucts I

] 5 9361D0SAIDINCEEL Smvicann

4] 14 43616030 Tbducs el peim_tupng

(51 £852E) SASIBIALDETEA
[ BELLY] SERIBUIBOETIA

{575 1BY] GESesRETEA

Fig. 6. Network requests waterfall - 4G - Desktop

Comparing this to the waterfall of the test with
800Mbps cable network, we could see that the resources

download happens much faster by the browser, which
leads to better Visual metrics (Fig. 7).

sk

{5 0D2E) GESIARLD
ey —

5 PESZ) MR

51 8511 WA

Fig. 7. Network requests waterfall - Native - Desktop.

4. Experiment B:
Real-World E-Commerce Analysis
To validate these findings, we tested popular e-

commerce platforms (Nike, Zara, Rozetka) under the
same 4G Mobile conditions (Tabl. 3).
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Table 3 — Comparison of Real-World Metrics between Sitespeed and Lighthouse.

URL tested LCP (Sitespeed)
https://www.nike.com/ 4.9 sec
https://www.zara.com/ua/uk/s-man-sale- 5 6 sec
120847 .html '
https://rozetka.com.ua/ua/notebooks/c80004/ 1.2 sec

4.1. The "False Negative'" Phenomenon. On
Nike.com, manual observation confirmed the main
content loaded in 4-5 seconds.

o Sitespeed.io: Reported LCP of 4.9s, accurately
reflecting reality (Fig. 8).

o Lighthouse: Reported LCP of 16.2s. This
demonstrates a False Negative - Lighthouse flagged a
performant site as slow (Fig. 9), likely misidentifying the
LCP candidate element during the load process. A similar
issue occurred with Zara.com (19.6s reported vs 5-6s
real).

URL Last Visual First First Largest Cumulative  Total Total
Visual Complete  Visual tentful | Contentful Layout Shift ~ Transfer ~ Requests

11366 10396 1805 1792 4904 0.0056 48802 252

10074 8972 1867 1676 5668 00126 48862 139

n? 1750 1242 1212 1212 0 27548 406

Fig. 8. Sitespeed — LCP
and other metrics for Experiment B

First Contentful Paint Largest Contentful Paint

Total Blocking Time

® Cumulative Layout Shift
0.015

Speed Index

Fig. 9. Lighthouse — LCP
and other metrics for Nike

4.2. The Challenge of Animation. While
Sitespeed.io was more accurate, it highlighted a specific
challenge with VisualComplete. On Nike.com, an
animated banner caused the VisualComplete95 (7) metric
to be 10.3s, even though the site was interactive much
earlier.

The histogram analysis (VP(t)) interpreted the
animation as "unfinished loading" (Fig. 10).

Solution: This proves the advantage of Sitespeed's
flexibility. By analyzing the generated Filmstrip or
configuring a custom pageCompleteCheck to ignore the
banner, we can obtain the true metric. Lighthouse does
not offer this granular control.

LCP (Lighthouse) VisualComplete95(7)
16.2 sec - innacurate (real ~5 sec) 10.3 sec*
19.6 sec — innacurate x
(real ~5-6 sec) 9.9 sec
2.3 sec 1.7 sec

Fig. 10. Animated banner, impacting VisualComplete metrics

4.3. Statistical Validity (RSD):

e Nike/Rozetka: RSD (9) was ~10%, indicating
stable test conditions.

o Zara: RSD (9) was ~25%. This high deviation
indicates that the instability lies within the Zara application
itself (e.g., variable API response times), not the tool.
Sitespeed's ability to report RSD is critical for distinguishing
between "tool noise™ and “platform instability."

Conclusions

A comparative experimental analysis of methods
and tools for automated client-side performance testing
was conducted under constrained network conditions on
controlled unoptimized web application and on real-
world e-commerce applications. This result will expand
the possibilities of designing robust continuous
integration (CI/CD) systems capable of detecting
performance regressions in complex web environments
without generating false positive validation results.

Experimental data confirmed that, compared to
standard auditing tools (such as Google Lighthouse)
which demonstrated "False Positive" results (Score 98 vs
50s load time) and "False Negatives" (inflated LCP
values), the Sitespeed.io framework significantly
increases the reliability of quality control. The obtained
high statistical validity (RSD < 10% across 10 iterations)
and the accurate capture of Visual Progress metrics allow
for the precise identification of "bottlenecks" that are
invisible to standard timeout-based algorithms.

Furthermore, the architectural flexibility of the
Sitespeed.io engine, specifically the ability to implement
custom completion logic (pageCompleteCheck) and
analyze histogram-based visual metrics, allows it to be
integrated as the core component of a comprehensive
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automated testing framework with historical data Use of Artificial Intelligence Tools. The author
aggregation, which is the primary objective of further  confirm that artificial intelligence technologies were not
research. used in the creation of the presented work.
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IHCTpyMeHTIB aBTOMarm3oBaHoro TectyBaHHs (Google Lighthouse mporm Sitespeed.io) B ymoBax oOMekeHOi MpOITYyCKHOI
3aTHOCTI Mepexi Ta Ha peallbHUX TOAaTKaxX eJIeKTPOHHOI Komepuii, iieHTH]iKyBaBIIM crienudiyHi MPOraJuHK B HaAIHHOCTI
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piBai OC Ta ckiIaJHUX Bi3yalbHUX €JIEMEHTIB 0e3 reHepallii OMaHIMBHUX Pe3yJIbTaTiB MPOXO/KEHHS TECTIB.
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YIOCKOHAJIEHUI METO/I IIOBY/IOBH JEPEB 3 BATATOBUMIPHUMUA

BY3JIAMU PIIIEHS JIJIA ITEHTU®IKAIIL CTAHY KOMIPIOTEPHUX CUCTEM

AnoTanis. O0’ekTOoM T0CTiKeHHS € Tpolec imeHTH]iKaLii cTaHy KOMII IOTEPHHX CHCTEM Ha OCHOBI aHami3y Oararo-
BUMIPHHUX JaHHX iX (yHKUioHYBaHHs. [IpeqMeToM OCIiI:KeHHsI € METOAN MOOYIOBH JIepeB pillieHb i3 6araToBUMipHUMHU
TKeHHsI € Po3po0Ka Ta JOCHIIKEHHS YJOCKOHAICHOTO METOAy IOOYyIOBH JepeB 3 0araTOBHMIpHHMH By3JIaMU PillIeHB,
SKUH 3a0e3edye MiIBUIIEHHS TOYHOCTI Ta y3araJlbHIOIOUOI 3aTHOCTI Mojieniel ifeHTHiKalil CTaHy KOMII IOTepPHHUX CHC-
TeM y CKJIAaIHUX | HeBU3HAUYCHNX yMoBax. MeToau, 0 BHKOPHCTOBYIOTHCS: METOAN MAIIMHHOTO HAaBYAaHHS, AEPEBHI MO-
Jerni xracugikarii, mpouexypy HeTiHIITHOTO PO3UICHHS NPOCTOpY, iTepaniiiHa ONTHMI3alis ImapaMeTpiB Ha OCHOBI 3BY-
JKeHHS 00J1acTi MOILIYKY, MiAXOAM A0 OLIHIOBaHHA AKOCTI Kiacudikamii. OTpuMaHi pe3yabTaTu: po3poOIeHO MPOoLeaypy
ABTOMATHU30BaHOTO BUOOPY THITY Timepdirypu y By3Ji AepeBa, II0 JO3BOJSE afanTyBatd GOpMy PO3AUICHHS 0 JOKAIBHOL
CTPYKTYpH AaHuX. I[Toka3zaHo, 1110 BAKOPUCTAHHS y3araJlbHEHUX TOBEPXOHb 3MEHIYE HEOOXiIHy IHOKHY JepeBa Ta CKOpo-
4ye KUTBKICTh MOCHIIZOBHUX MOALTIB. B excriepuMeHTanbHUX JOCHIKEHHAX BCTAHOBJICHO MiIBUIIECHHA MOKa3HHUKIB Accu-
racy, Precision, Recall, F1-score Ta MCC y mopiBHSIHHI 3 KJIACHYHHMH JIepeBaMH PIlIeHb i MOACISMH 3 (hiKCOBAHOIO T'eo-
METpI€r0 By3/1iB. BHCHOBKH: 3anpONOHOBaHUI METO 3a0e3meuye OiIbII TOUHE Ta cTabijIbHE MOJICITIOBAHHS MEX MiXK CTa-
HaMH KOMIT'IOTEPHHX CHCTeM, 30epiralouyl iHTepIpeToBaHiCTh NPUHHATHX PIlIeHb i MPUHHATHUN PiBeHb 00YMCITIOBAIBHUX
Butpar. OTpHMaHi pe3yNnsTaTé MiATBEPIPKYIOTh JOIUIBHICTE BUKOPUCTAHHS aJalTUBHUX OaraTOBHUMIpHHX BY3JiB Y CHCTe-
Max MOHITOPHHTY Ta iHpopMamiiHOT Oe3MeKH.

Knaio4doBi caoBa: igeHTndikamis ctaHy, KOMII IOTEpHI CHCTEMH, JIEPEBO pillleHb, OaraToBUMIpHHI By30J1, HeliHIHE po-

BI[iJ'[eHHSI, BI/IpiI_HaJ'II:He IpaBuJIO0, MalllMHHE HaBYaHHS.

Beryn

CydacHi KOMIT'IOTEpHI CHCTEMH XapaKTepPH3YIOThCS
BUCOKHMM DIBHEM CKJIaJJHOCTI, T€TEPOTreHHICTIO KOMIIOHE-
HTIB Ta JUHAMIYHICTIO TPOIECIB, 1[0 B HUX BiJ0yBarOTh-
cs. BoHu iHTerpyroTh anmaparHi, mporpaMHi Ta MepexeBi
MIICHCTEMH, SIKI B3a€MOJIIIOTh MXK COOOI0 B peXuMi pea-
JIBHOTO Yacy Ta (DYHKI[IOHYIOTh B YMOBAX MOCTIHHHUX 3MiH
HaBaHTAXXCHHS, KOH(DIryparii # 30BHIIIHIX BIUTHBIB. 3a
TaKMX YMOB 3pPOCTa€ HMOBIPHICTh BUHMKHEHHS HEIITaT-
HUX PEXHMIB pOOOTH, MPUXOBAHHUX BIJIMOB, Nerpamarii
MPOTyKTHBHOCT] 200 aHOMAJIbHOI OBEIHKH, 3yMOBJICHOT
SK BHYTPIIIHIMA 3005IMH, TaK i IUIECTIPIMOBAHUMH aTa-
kamu. ToMy 3a7ada cBo€dacHOI Ta JOCTOBIPHOI imeHTH(I-
Kallii CTaHy KOMIT FOTEPHHUX CHCTEM € OJIHIEI0 3 KITFOUOBHX
y chepi indopMaIiitHOi Oe3MeKH, CHCTEMHOTO MOHITOPH-
HTY Ta YIPAaBJIiHHS HAIHHICTIO.

Tpaauuiiini miAXOAM OO OI[HIOBAHHSA CTaHy
KOMIT'IOTEPHUX CHCTEM, L0 IPYHTYIOTHCS Ha KOPCTKO
3aJJaHuX NpaBHJax, MOPOrOBUX 3HAYEHHSAX a00 Kiachy-
HHUX CTaTHCTHYHUX MOJIETISIX, MAlOTh OOMEKeHYy e(eKTH-
BHICTh y CKJIAaJIHMX 1 cnabko (opManizoBaHHX YMOBaxX.
Taki MeToau, K NPaBWJIO, MOTPEOYIOTH TOYHOTO BH3HA-
YEeHHSI MEX MK HOPMaJbHUMH Ta aHOMAJIbHUMH CTaHa-
MH, 110 HE 3aBX/1 MOXJIMBO Yepe3 CTOXaCTUYHHUH Xapa-
KTep CHCTEMHUX HPOILECiB, HASBHICTh IIYMiB y BHUMIpIO-
BaHMX JaHWX Ta HEMOBHOTY iHdopmarii. Kpim Toro, i3
3pOCTaHHSAM KIJIBKOCTI KOHTPOJIBOBAaHMX ITapaMeTpiB
CYTT€BO YCKIIAJHIOETHCS TOOYI0BA YHIBEPCAIBHHUX TIpa-
BUWJI, 3/IaTHUX aJIeKBAaTHO OMNKCYBAaTH MOBEIIHKY CHCTEMHU
B yCiX pexnmax i1 pyHKIIOHyBaHHS.

Ornsaj noB'A3aHUX HAYKOBUX MyOJikanii. Y po-
6oti [1] 3amponoHOBaHO MiAXiJ IO BHUSIBICHHS KiOep3a-
rpo3, II0 MOEJHYE MOMEPEIHI0 (iIBTpaIlilo Moxid Ha
OCHOBI IIPaBWJI Ta JIBOETAIHY MOJEIb MAaIIMHHOTO HaB-
yanHs. Ha nepmomy erami 3aiicHIOETbCS BIOIp MO 13

BUKOPUCTaHHSAM iH(OpMaLii Ipo BiJOMI Bpa3IMBOCTI Ta
kinacuikamio arak, IO O3BOJNSE 3MEHIIHTH 00cCsT
JAHWUX JUTS TIOJANBIIOTo aHamizy. Jpyruit etam nepenoda-
Yae 3aCTOCYBaHHS MOJeNel MaIIMHHOTO HaBYaHHS IS
iTeHTU}IKaIil aHOMaNbHOI MOBeNiHKHA. OCOOIHBICTIO
MiAXOMy € BpaxyBaHHS IOJATKOBOTO KOHTEKCTY ITOIiH,
30KpeMa JpKepela, CepeoBHUINA BUKOHAHHS Ta MepeKe-
BUX XapaKTEPUCTHUK, LIO MiJBHUILYE TOYHICTh aTPHOYLii
3arpo3. 3anpornoHOBaHEe PilllcHHS 3a0e3Iedye 3MEHIICH-
Hsl OOYMCITIOBAJIbHUX BUTPAT 1 MOKPAILEHHS TOKa3HUKIB
TOYHOCTI Kiacudikariii. BogHoyac BUKOPUCTaHI METOIU
knacudikamii 0a3yOThbCs Ha KIACHYHHMX MEXaHi3Max
MOy MPOCTOPY O3HAK, IO 0OMEXKYe iX e(PeKTUBHICTH
Yy BHIIQAKAX CKIAIHUX HENiHIHHUX 3aJeKHOCTEH Ta
MepEeKPUBAHHS CTaHIB KOMIT FOTEPHUX CHCTEM.

VY poborax [2, 3] po3NIIHYTO MiAXOAX IO aBTOMa-
THU30BaHOI iIeHTH]iKamii Kibep3arpo3 Ha OCHOBI aHAIIZY
BIIKPUTHX 1H(POPMALIHHUX JHKEPEIT Ta IIOTOKOBUX JaHUX
y peXumi peasnbHOro 4acy. Apropu [2] 3ampornoHyBaiu
KOMIUTEKCHY apXiTEeKTypy, IO MMOEIHYE METOAN MAlluH-
HOTO Ta IIMOMHHOTO HABYAHHS 3 TEMATHYHHM aHAJIi30M
TEKCTOBUX JAHUX JJIS BUSBJICHHS BiJIOMUX 1 HOBUX THITIB
3arpo3, 30KpeMa arak HyIbOBOTO IHSA. Y poOoTi [3]
OCHOBHY yBary MPHUIIICHO HalliBKEPOBAHOMY HABYAHHIO
B yMOBax OOMEXEHOiI KIJIbKOCTI pO3MI4€HHX NaHUX, 1
MOEJHAHHS TCHEPATUBHUX MOJCIEH 1 KOHTPACTHOTO
HABYAHHS JIO3BOJISE IIJBHIIMTH SKICTh KIIACU]iKaIii
3arpo3. He3Bakaroun Ha BUCOKY e()EKTHBHICTH 3aIlpo-
MMOHOBAaHUX MIIXOMIB Y 3aJjayaX aHaNi3y TEKCTOBUX IIO-
TOKIB Ta IHTEJEKTyalbHOi OOpPOOKM BiJKPUTHX JaHHX,
BOHH OPi€HTOBaHI MEPEBAKHO HA CEMAHTUYHY IHTEPIIpe-
Tamio iHhGopMaIiiHUX TOBIIOMIIEHb 1 HE BPaxOBYIOTh
0COONMMBOCTI 0araTOBUMIpHUX TEIEMETPUIHHUX ITaHUX
KOMIT IOTEPHHUX CHCTEM, IO OOMEXye iX 3acTOCYBaHHS
st Oe3mocepenHboi igeHTudikarmii cTaHiB cHCTeM Ha
OCHOBI IOKa3HMKIB iX (DYHKIIOHYBaHHS.
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VY poborax [4-6] HOCHIKYHOTBCS CYYacHI ITiIXOH
JI0 BUABJIECHHS Ta ineHTu(ikamii kidbep3arpo3 i3 BUKOpHU-
CTaHHSIM METOJIIB IITYYHOTO 1HTEJIEKTY B Pi3HHX Kiacax
CKJIQJIHUX KiOep(}i3NYHUX 1 MEpexeBUX CHCTeM. Y J0C-
JiJpKkeHHI [4] 3ampONOHOBAaHO CTPYKTYpOBaHMH MiJXij
JO TIPOEKTYBaHHS CHCTEM BUSBICHHS BTOPTHEHb I
SCADA-cepenoBui, o BKIIOYAE ITOTIEPEIHIO 0OPOOKY
JaHUX, OaJaHCyBaHHS BUOIPOK, aBTOMAaTH30BaHWH Bil-
0ip 03HaK Ta MOPIBHAIBHAN aHAJI3 MOJIEIEeH MAITTHHOTO
HAaBYaHHS, JI¢ HAMBHINI PE3yNbTaTH NMPOAEMOHCTPYBaIN
aHcamOrneBi Metonu. Pobora [5] mae ormmsimoBuii xapax-
Tep 1 cUCTEMaTH3y€e HaIpsSMHU 3aCTOCYBaHHS IITYYHOTO
IHTENEKTy B KiOepOe3melli, MiIKPECIIOYH 3POCTATy
POJIb aNTOPUTMIB aHaNI3y aHOMAJIH Ta IHTENEKTyaIbHOT
00pOoOKH OaraTOBUMIPHUX JaHUX IS IMiJBUINCHHS aa-
NTHBHOCTI CUCTEM 3axHcTy. Y [6] pO3IIAHYTO aBTOMATH-
30BaHuil (peiimMBOpK ineHTH(IKaI] 3arpo3 y Mepexax
B3aeMOJii TPaHCHOPTHUX 3acO0iB i JOPOXKHBOI iH(Dpa-
CTPYKTYpH, JI¢ TMUONHHI MOZIENi BUKOPUCTOBYIOTBCS VIS
BUSBJICHHS NIPUXOBAHUX MIA0NIOHIB 1 Kimacudikamii THITIB
arak. BogHOYAC CHIIBHOIO PHCOIO HABEJCHUX MIIXOMIB €
Opi€eHTAaIlis Ha CKJIaIHI HelipoMepeskeBi abo aHcamOIeBi
MoJIeIi 3 OOMEKCHOI0 IHTEPIPETOBAHICTIO, IO YCKIIA-
HIOE X BHKOPUCTAHHS B 3ajJa4ax MOSCHIOBAHOI 1JCHTH-
(hikarlii cTaHiB KOMIT IOTEPHUX CHCTEM Ta OOIPYHTOBYE
JIOLUTBHICTh MOAATBLIMX JOCITIPKEHb Y HalpsiMi pO3BU-
TKY IHTEpIPETOBaHUX AEPEBHUX MoEJIed 3 0araroBuMi-
PHHUMH By3JaMH PillICHb.

VY pobotax [7-10] po3ISTHYyTO METOTU BUSBICHHS
aHoMatiit 1 kibep3arpo3 y CKIagHHX PO3MOMITICHUX Ce-
peIoBHUIIax i3 BUKOPUCTAHHAM MAIIMHHOTO HABYaHHS Ta
aHamizy BeNWKHUX oOcsTiB maHux. JocmimkenHs [7] 30-
cepe/lkKeHe Ha 3a/adi BUSBIICHHS BHYTPINIHIX 3arpo3 y
He30alaHCOBaHUX BUOipKaX, J¢ 3aCTOCYBaHHS LILUTBHIC-
HHUX METOJIB aHalli3y J03BOJIsI€ e(PEeKTHBHO iIeHTH(IKY-
BaTH PiJKICHI aHOMaJbHI cTaHu. Y poboTi [8] 3amporo-
HOBaHO IHTEJIEKTYaJIbHy apXiTEeKTypy 3aXHCTy Cepeio-
BUILl [HTEpHETYy peued, WO NOeqHye Kiacupikaiiini
MOJIeNi MallMHHOTO HaBYaHHS 3 OOYKMCIEHHSIMHU Ha Iie-
pudepii Mepexi a1 HiBUIICHHS TOYHOCTI Ta ONeparu-
BHOCTI BUSBIICHHS aTtak. Y [9] pO3IISHYTO NMPEBEHTHB-
HUH MiIX11 O BUABJICHHS aHOMAIN 1 YIPaBIiHHS PU3H-
KaMd B 0€3IpOTOBHMX KOMYHIKAIIHHUX CHCTEMaX, e
aKIEHT 3po0JIEHO Ha aHaNi3i YacOBUX i IOBEMiHKOBHX
XapaKTepUCTUK Y pearbHOMY Yaci. Pobora [10] mpucss-
YeHa aBTOMAaTH30BaHIM imeHTHdiKaIii HOBHX Kibep3a-
TPO3 Ha OCHOBI aHATI3Y TEKCTOBHX MOTOKIB 13 BIKPUTHX
JOKepen Ta iX mojaiblIii kinacudikarii 3a miIsaMu 1 piB-
HEM pU3WKy. BogHowac HaBeleHi MiaXoau OpieHTOBaHi
a00 Ha OKpeMi acleKTH aHOMAaJbHOI MOBEIiHKH, ab0 Ha
crienudivyHi KJIacu AaHUX, 10 YCKIATHIOE iX Oe3mocepe-
JTHE BUKOPHCTaHHS JJI1 KOMIUICKCHOI ineHTH(IKaIil
CTaHIB KOMIT'IOTEPHUX CHCTEM Yy OaraToBHUMipHOMY
MPOCTOPi MapaMeTpiB 1 MiJKPECIIOE aKTyalbHICTh PO3-
BUTKY IHTEpIPETOBAHUX MOJIEJICH, 3AaTHUX BPaXOBYBaTH
B32€EMO3B’SI3KM MK MHOXKHHOIO O3HaK.

VY poborax [11-14] MeToau MaNIMHHOTO HABYAHHS
3aCTOCOBYIOTBCS JUIsl iMeHTH(DiKaIlli CTaHiB 1 aHOMAILHUX
PeXUMIB Yy PI3HOPIAHUX iHGOPMAIIHHIX Ta Kibepdizmd-
HUX CHCTEMaX, [0 XapaKTePU3YIOThCS 0araTOBUMIipHICTIO
Ta BHCOKOIO TMHAMikor0 AaHuX. J{ocmimkenns [11] mpuc-
BSTYCHE 3aJ1a4i BUSBJICHHS Ta PO3Ii3HABAaHHS OC3IMJIOTHUX

arapariB Ha OCHOBI aHali3y aKyCTHYHUX CHUTHAJIB, 1€
Kitacu(ikaiisi 3MiHCHIOETBCS 3 ypaxyBaHHSM CKJIaIHOTO
BIUTMBY (hOHOBHX (DaKTOPiB, IO IMiJKPECIIOE BAKIIUBICTD
MOJICITIOBaHHS B3a€MO3aJICKHUX O3HAK. Y poboti [12]
CHCTEMAaTH30BaHO MiJXOOH 10 3a0e3ledeHHs] KOH]ineH-
IiffHOCTI B iHTEepdeiicax «MO30K—KOMIT FOTep», aKLECHTY-
I0YM yBary Ha pU3MKax, MOB’S3aHHAX 3 00pPOOKOIO Wy TiIH-
BUX 0araTOBHMipHHX CHTHAJIB, Ta HEOOXiTHOCTI MOOYIO-
BU aNaNITUBHHUX i KOHTPOJBOBAHMX MOAENEH aHawmizy. Y
[13] i [14] po3misHYTO MeTOAW BUSBICHHS aTak ITiJBH-
IIeHHS TIpuBiieiB 1 kiGep3arpo3 y xmapaux Ta loT-
CepeIoBHINAX 13 BUKOPUCTAHHSAM aHCAaMOJIEBHX 1 ONTHMi-
3allifHUX AaJTOPUTMIB, OPIEHTOBAaHMX HA JIOCATHEHHS
BUCOKOI TOYHOCTI kiacuikamii. BomHowac 3a3HaveHi
TIJIXONIM IPYHTYIOTBCS NIEPEBAKHO HA CKIIQJHUX KOMOIHO-
BaHUX MOJIEJISIX, IO YCKJIAAHIOE IHTEPIIPETaIIo pe3yJIb-
TariB 1 HE 3aBXK/H JI03BOJISIE SIBHO OIMCATH JIOTIKY MpUii-
HATTS PIllICHb ¥ 0araTOBUMiPHOMY MPOCTOPi O3HAK, IMIO €
KPUTHUYHO BAXKIMBUM IS 337a4 MOSCHIOBAHOI imeHTH(I-
KaIlii CTaHiB KOMII IOTEPHHAX CHCTEM.

VY momepenHiX MOCTiIKCHHIX aBTOPiB Oyllo 3akia-
JICHO TEOPETHYHI Ta METOJOJOTiYHI OCHOBH 3aCTOCY-
BaHHS JIepeB pillleHb i3 0araTOBUMIPHUMH By3JaMH JUIs
3aj1a4 ieHTudiKalii cTaHy KOMIT'IOTEPHUX CHUCTEM. Y
poboti [15] 3amponoHOBaHO miAxix 10 (opMyBaHHS
OaraToBUMIpHUX 00JacTell MPHUHHSATTS pillleHb, IO JIO0-
3BOJIMB MEPEHTH BiJl OPTOTOHAJIBHUX PO3IUIEHB MPOCTO-
Py O3HaK JI0 OLIBII THYYKOTO OMHCY MEX MK KiIacaMu.
IMomampImnii pO3BUTOK Ii€i i1 OTPUMAHO B JIOCIHiIKEH-
HixX [16], e nns HamamTyBaHHS CTPYKTYpH JE€peBa Ta
rapaMeTpiB By3JiB 3aCTOCOBAaHO METaeBPUCTHYHY OII-
TUMI3aIlilo, IO CIPHSUIO MiJBUIICHHIO y3araibHIOHYO01
31aTHOCTI Mogeniei. Y poborax [17] yBary 3ocepemxeHo
Ha TmpoOieMi nucOalaHCy HABYAIRHUX NIAHUX IIiJ] 9ac
KiIacudikamii arak, 10 TO3BOJIMIIO aaNTyBaTH NEPEBHI
MO IO yMOB HEPiBHOMIPHOTO TPENCTaBICHHS CTaHIB
Ta 3MEHIINTH KiJBbKICTh IOMUJIOK JUIS MIHOPHUTapHHX
KJIaciB.

BaxnmuBUM HanpsiMOM PO3BHTKY CTajlO BIOCKOHA-
JICHHS TIPOLICAYD OILIHIOBaHHS SKOCTI Kiacudikaiii ta
IHTerpamis aHCaMOJIEBUX MEXaHI3MIB TPHUHATTA pi-
meHs. Y po0Oori [18] 3amponoHoBaHO pO3MIMPEHUH ama-
par aHami3zy epeKTHBHOCTI Mojenell Ha OCHOBi Oararo-
BUMIpHOTO TOmaHHS Marpuii moMmwiok 1 ROC-
OpIEHTOBAaHUX XapaKTEPUCTHK, MO 3a0e3MEUHI0 OLIBII
OOKe PO3yMiHHS MOBEMIHKU Kiacu(ikaTtopiB y 3aja-
Yyax 13 BUCOKOIO IIHO MOMMIIKHK. Iloganbpine moeaHauHs
JiepeB 3 0araTOBUMipHUMH BY3JIaMU Ta HEYITKOI JIOTiKH
peastizoBaHO B nociimpkeHHi [19], e cTexiHroBa oprasi-
3arisg aHcaMOIIr0 JO3BOIMIIA MIABHUIIATH CTAOIIBHICTE 1
TOYHICTh ifeHTH(iKamii CTaHIB y CKIaIHUX YMOBAax
HeBM3HaueHocTi. OTpuMaHi pe3ynsratd  chOpMyBan
MiAIPYHTS JUIS TOAAJBLIMX JIOCIIJDKEHb, CHPSMOBaHMX
Ha yJIOCKOHAJIEHHS METOAIB MOOYI0BH caMuX OaraTtoBH-
MIpPHHX BY3JiB Ta MiJBHUIICHHS aJalTHBHOCTI JIEPEBHUX
CTPYKTYP /10 BHYTPILlIHBOI T€OMETPIi JaHUX.

3 onmLy Ha 1€ aKTyaJbHOI HAayKOBOIO 33/1a4el0 €
MOJATBIIAIA PO3BUTOK METOIIB MOOYIOBH IepeB 3 Oararo-
BUMIPDHUMH By3JlaMH pilleHb HUIIXOM YIOCKOHAJICHHS
anropuT™MiB (popMyBaHHS TaKWX BY3JiB, IMIABUIIEHHS X
aalTUBHOCTI JI0 CTPYKTYpH JAHMX Ta 3MCHIICHHS HyT-
JIUBOCTI JIO ITyMOBHX BIUIMBIB. OCOONMBOTO 3HAYCHHS
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HaOyBae CTBOPEHHS HiIXONIB, 34aTHUX €(EKTUBHO IIpa-
IIOBAaTH 3 BEJIMKMMHU MacHUBaMH TEJIEMETPUYHHX 1 CHCTe-
MHUX [JaHUX, L0 ONKCYIOTh (DYHKIIOHYBaHHS KOMIH tO-
TEPHUX CUCTEM Y peaJbHIX yMOBAxX eKCIUTyarartii.

IMocranoBka nmpodsemu. Y wiit poboTi npornony-
€THCS YIOCKOHAJICHUH MeTo[] MOOyIOBH AepeB 3 Oarato-
BUMIpDHHAMH BYy3JIaMHU pillIeHb, OPIEHTOBAaHWI Ha ITi/[BU-
IICHHS TOYHOCTI igeHTH(}IKamii cTaHy KOMI IOTEPHHX
CUCTEeM. 3allpONOHOBAaHUHM TMiAXiA CHPAMOBaHWHA Ha
OUIBII aJeKBaTHE MOIEIIOBAHHS CKJIAIHUX olacreit
po3mieHHs y OaraTOBUMiIpHOMY MpPOCTOpi O3HaK Ta
BpaxyBaHHs BHYTPIIIHBOI CTPYKTypH IaHUX MijJ dYac
(dopMyBaHHS BY3JIB JepeBa. YIOCKOHAJEHHS METOILY
HoJSITae 'y 3MiHI IpOLENypH IMOLIYKy mapamerpiB Oara-
TOBHMIPHHX BY3JIB, IO JIO3BOJIAE 3MCHIIUTU Kiacui-
KalliiiHy NOMMJIKY Ta HiJABUIIUTH CTIHKICTH MOAEN 10
BapiaIliii BXiJHUX JaHHX.

00’exkTOM AOCTiMKEeHHs € Tporec imeHTHdiKamii
CTaHy KOMII' IOTEpPHHX CHCTEM Ha OCHOBI aHasi3y Oara-
TOBHMIPHHX AaHHUX 1X (PYHKIIOHyBaHHS.

[pexMerom mocCaiTKeHHS € METOON ITOOYTOBH
JIEpeB pillIeHb i3 0araTOBUMipHUMHY By3JaMH Ta alrOpH-
CTaHIB KOMI IOTEPHUX CHCTEM.

MeTtor po6oTH € po3podka Ta JOCTIIKESHHS YI0-
CKOHAJICHOTO METOAY MOOYIOBH JepeB 3 OaraToBUMIp-
HUMH By3JIaMH DillIeHb, SKHH 3a0e3redye IiJABUILCHHS
TOYHOCTI Ta y3arajJbHIOIOYOi 3JaTHOCTI MOJENeH ieH-
TU}IKaIil CTaHy KOMIT IOTEPHUX CHCTEM y CKIAQTHHAX 1
HEBM3HAYCHUX YMOBaX.

JloCsTHEHHSI TOCTaBJICHOI METH Tepeadadae BHpi-
IIEHHS TAKUX OCHOBHUX 3aBJaHb!

1. AHami3 oOMeXeHb iICHYIOUMX MiIXOIIiB 10 1MO0y-
JIOBH JiepeB 3 0araToBUMipHUMH By3JIaMH;

2. Po3po0OKy YIOCKOHAJICHOIO aJroOpuTMy (opmy-
BaHHS BY3JIiB pillleHb 3 YpaxyBaHHIM CTPYKTYpH JaHUX;

3. ExcniepuMeHTajbHY OIIHKY €(eKTHBHOCTI 3a-
MPOIIOHOBAHOTO METOJly Ha peajbHUX Habopax IaHuX,
[I0 ONUCYIOTh HOPMaJbHI Ta AaHOMaJbHI CTaHH
KOMII'FOTEPHUX CHUCTEM;

4. TlopiBHAHHS OTPUMAHHX PE3yNbTATIB 3 KIacHU-
HUMHU JE€PEBHHMH METOAAaMH Ta pPaHillle 3alporoHOBa-
HUMH II1IXOJaMH.

Peamizanis 1ux 3aBmaHb JO3BONUTH OOIPYHTYBaTH
JOILUIBHICTh 3aCTOCYBaHHS YJOCKOHAJIEHOTO METONy Ta
BU3HAYUTH TEPCIEKTUBU HOTro MOJAIIBIIOrO PO3BUTKY 1
MPAaKTUYHOTO BUKOPHUCTAHHS.

Ynockonasenuii MmeTox nody10BH AepeB
3 0araToBUMipHMMHM By3J1aMU pillleHb

Sx Momudikarmiro paHilre 3aIpONOHOBAHOTO ITiAXO0-
ny [15] npomoHy€eThes po3MUPHUTH cIoci® hopMyBaHHS
0araTOBUMipHHX BY3JIiB IIJISIXOM BHKOPHCTAHHS PI3HUX
TUMIB rinep¢iryp, He 0OMEXYIOUHCH JIUIIE Tinepcdepu-
gyHUMH oOnacTsamu. Takwid minxig 3abe3medye Oinbin
THyYKEe MOIETIOBAaHHA MEX MDK KJacaMH y IPOCTOpi
O3HAaK Ta JIO3BOJISIE TOYHIIIE BijOOpa)kaTH peajbHy
CTPYKTYpY PO3NOALTY JaHUX.

3acTocyBaHHS y3araJbHEHHX F€OMETPUYHHX (HOpM
MOTEHIIHO J]a€ 3MOTy 3MEHIIMTH KUIBKICTb BY3MiB 1
DIMOMHY JIepeBa, OCKUIbKM CKJIAJHI 00NacTi MOXYTh
OyTH OMHMCaHI MCHIIOK KUIBKICTIO posaineHb. lle, y

CBOIO 4Yepry, CIpUs€ MiIBUIICHHIO y3arajbHIOIU0i 3/1a-
THOCTI MOZeNi Ta IMOKpally€e IHTEPIpPETOBaHICTbh
NPUIHATHX PINIEHb 32 PaXyHOK (opMyBaHHS KOMIIAKT-
HIIIOT CTPYKTYpH Kiacudikaropa.

BoaHouac migBHUIEHHS THYYKOCT] OMUCY CYHNPOBO-
JDKYETBCS 3POCTAaHHSIM OOYHCIIOBAIGHOI CKIIQIHOCTI
erarry HaBdaHHA. [loIIyk onTHManbHOrO BUIVIALY Tinep-
¢irypu Ta BH3HaYeHHS ii mapaMeTpiB CTAalOTh 3HAYHO
CKJTaJHIIIUME TIOPIBHAHO 3 BHIIAIKOM Tinepchepu, s
SIKOT HEOOXiTHO OIIIHWTH JIHIIE KOOPIWHATH LIEHTPY Ta
pamiyc. nms CKIAAHIMIAX MOIENeH MeX pO3MiITICHHS,
30KpeMa IOJiHOMialbHUX a00 KBaJpaTHYHHX IIOBEp-
XOHB, KIJIbKICTh ApaMeTPiB CYTTEBO 3pOCTAE, IO MPH3-
BOJMTH JI0 YCKIJIQJHEHHS TPOLENYpH ONTHMI3alii Ta
30UIBIICHHS Yacy HaBYaHHS.

Takum uMHOM, 3alIPOIIOHOBAHE YIOCKOHAJICHHS TIe-
penbadae KOMIPOMIC MK TOYHICTIO OMHKCY OaraToBHMi-
PHOTO IPOCTOPY O3HAK 1 BUTpaTaMH Ha MOOyIOBY Moze-
7, mo moTpedye po3poOKH e(PEeKTHBHUX AalTOPUTMIB
MOIIYKY MapaMeTpiB Ta CTpaTerii 0OMeXeHHs CKIIaJHO-
CTi rinepdiryp.

B po0O0Ti BUKOPUCTOBYIOTHCS TaKi piBHSIHHS:

1. Tineprutomuna (1):

N

P(X,1) = Z ax;+d<0 )
i=1
2. Tinmepcdepa (2):
N
P(X,2) = Z(xi —¢)<7r? 2
i=1
3. Tinmepemnincoin (3):
N 2
P(X,3) = ZMSl 3)
= %
4. Tlapabomoin (4):
N-1
P(X,4) = xN—Zaixiz—dSO 4
i=1
5. TloninomianbHa KpuBa (5):
N M
P(X,5) = ZZ gix) +d <0 (5)

i=1 j=1

ne: X — 00’€eKT [0 OMHCY€EThCS CYKYIHICTIO O3HAK X; B
rineprpocTopi; k — iHOeKC piHAHHA 3 MHOJNCUHU
{1,2,3,4,5}; P(X, k) — npenuxar; a;, d, r, c; — mapameTpu
PiBHSHB, 10 30€piraloThCS HE3ANEKHO OJUH BiJ OJHOTO
B cucteMi; N — KiIIBKICTh 03HaK; M — CTYIIiHb TIOJIIHOMY.

IIpouenypa ¢dopmyBaHHsS OaraTOBUMIpHOTO By3Ia
nepeibadae aBTOMaTH30BaHUK BUOIp THITy PO3XLISTIOUOL
rinepdirypu, ska Halkpaiie BizoOpaxae JIOKaJIbHY
CTPYKTYpY llaHMX Ta 3a0e3nedye MiHIMajJbHE 3HAYCHHS
¢yHkIti1 momunku knacudikamii £ (A4).

N
) = ) [y =t ()
=1
1.5, y,#t;0t; =1;
vi#t]'=11, y»#tnt;=0; 7
0, y,=t.
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Kpox 1. ®opmyBanns ninBuOipku Bysna. I3 Has-
YajabHOI MHOXKMHHM BUJAUIAETHCSA MIJMHOXHHA 3pa3KiB
TSy, 0 MOTpaNMIM A0 NMOTOYHOTO By3Ja JepeBa BiJmo-
BIZIHO /IO pillIEHb IOIIEPEIHIX PO3/ILIEHb.

Kpox 2. [Inimiamizaumis Habopy  Mopmelnei-
KaHAMJATiB. 3aJa€ThCS MHOKHHA MOXKJIMBHX THIIIB PiB-
ustus © = {HPlane, HSph, HEli, HPara, HPoly}.

Kpox 3. Bubip po3mipHOcTi Ha ipocTopy. [IpaBuna
BHOOpPY 0a3ylOThCS HAa BHKOPUCTAHHS HA OCHOBI METOIY
KOPEIMIIHHAX TUIesiT — OOYHCIIOETHCS TIOBHA MAaTPHILL
KOpeJsILiHHNX KoedilieHTiB, OyayeTscst rpad, B SIKOMY
pedpa BimoOpakarTh B SIKOCTI BariB aOCOIOTHI 3HAYCH-
HSl KOPEeJSILIHHUX Koe(IlieHTIB Ta MPOBOAUTHCS (DiIBT-
pauist po3pobnenux meronis. Ilicist yoro BU3HAYa€THCS
MOTEHIIIiHI OaraTOBUMIipHi O3HAKH.

Kpok 4. OrniHioBaHHS MapameTpiB KOXHOTO THITY.
Jns xoxHOI ¢irypu 6, € © BUKOHYEThCS MpoIEIypa
nigoopy napameTpis (4, C, 7, d) y TOTOYHOMY BY3Ji.

Besmocepenniii mepebip mapamMeTpiB y 6araToBHUMip-
HOMY HPOCTOpi € OOYMCIIOBAIBLHO CKJIAJHOIO 3aavelo,
OCKIJIbKH KUIBKICTh MOXKJIMBUX KOMOIHAI[ill €KCIIOHEHIIN-
HO 3pOocCTa€ 3i 30UIbLICHHSAM 4YHCIAa O3HAK Ta MOPSAKY
piBHsiHHS. ToMy B 3aIpOrOHOBAaHOMY METOJI BUKOPHUCTO-
BYETBHCS ITEpalliifiHa MpoIeypa CIPSIMOBAHOTO 3BY)KCHHS
00J1acTi MOIIYKY, 10 0a3y€ThCs HA MPHUHITHUII JUXOTOMIi.

Kpoxk 4.1. Ininianizanis inTepsaiiB. s KoxHOTO
rapaMeTpa 3aJa€ThCsl MOYATKOBHUHN IiMa30H JOITyCTHMHUX
3HaYCHb

pj € [L;, Uj]. ®

Mexi BH3HAYalOThCS Ha OCHOBI CTaTHCTHYHHX Xa-
PaKTepUCTHK MiABHOIpKH (MiHIMAIBHUX, MaKCUMAIIbHIX
3HaYeHb Ta AHUCIEPCii).

Kpox 4.2. OGuncineHHs TeHTpaibHOI Todku. Ha
TIOTOYHIM iTeparii AJsi KOKHOTO IapaMeTpa BU3HAYa€Th-
Csl cCepe/iMHa IHTepBaYy:

. L; + U;
p}nld —J > ]. (9)

Ha ocHOBi oTpumaHOro HabOpy mapameTrpiB Qop-
MY€TbCSl KaHIUJIaTHa rinepdirypa ta BUKOHYETHCS PO3-
JIUTeHHS 3pa3KiB.

Kpox 4.3. OuintoBanHs sxocti. s chopmoBaHO-
TO PO3IUICHHS PO3PaxOBYeThCs 3HAYCHHS (QYHKIIT TO-
Munku E(4)

Kpok 4.4. 3ByxenHs obnacti nomyky. /st KoxkHOTO
napaMmeTpy BH3HAYAE€ThCS HAIPSAM TOKpameHHs. SIKIo
3MIIIEHHS MTapaMeTpy B OZHY 3 IOJIOBHH iHTEpBAy MpPH3-
BOIIUTH JI0 3MEHIIIEHHS TIOMUJIKH, OOUPAETHCS BiAMOBIAHA
YacTHHA iHTepBaTy. TaKUM YHHOM, ITICJIST KOXKHOI iTepartii
LIMPUHA JTialla30Hy TOLIYKY 3MEHIIIY€ThCS y 1Ba Pasu:

(10)

Kpoxk 4.5. IlepeBipka kputepito 3ynuHkH. ITepanii
TIPOJIOBXKYIOTHCS 10 BUKOHAHHS OJHIET 3 YMOB:

1. Iatepman craB MEHIINM 32 3a7aHy TOYHICTb &.

2. 3wmiHa QyHKII] HOMUIKH CcTana HE3HAYHOIO abo
HE 3MIHIOETHCS JeKiIbKa iTepalliii moCIiJib;

3. JlocsrHyTO MakcHMaNbHy KUTBKICTH iTEparliil.

VY pesynbrari OTpUMYEThCsS Habip mapameTpiB, IO
3a0e3redye JOKaJIbHO ONTUMAJIbHE PO3IIICHHS Y TTOTOY-
HOMY BY3Iy.

1

Kpox 5. Bubip naiikpamoro Tumy rinepgirypm.
[Ticns 3aBepuIeHHs NpOLEIYyPH ONTHMI3AL] A1l KOXKHOT
¢irypu 0, € ©® oTpuMmyeThcs HaOip mapameTpiB, IO
3abe3neuye MiHIMajdbHE 3Ha4YeHHS (YHKIIT MOMWIKU Y
MeXax pPO3MIIHYTHX IHTepBamiB momyky. Ha mpomy
eTarmi HEOOXiTHO BHU3HAYUTH MOJIENb, sKa 3abe3medye
HalKpamny SKiCTh PO3MiICHHS 3 YpaxXyBaHHSAM HE JIHIIE
TOYHOCTI, aJie ¥ CKJIQAHOCTI OIHCY, KA MPHU3BOAUTH IO
3MEHIICHHS MBUAKOIII Pe3yIbTyI0u0i MOIETI.

Kpoxk 5.1. OGuucneHHs y3araibHEHOTO KpiTepiro
sxocti. st koxxkHOi ¢irypu (opMyeTbes iHTerpajibHa
OLIIHKA

kaEk‘l'/‘l‘Ck, (11)

ne Ej, — 3HaueHHs MOMWIKH Kiacugikamil asa k-1 diry-
py; C, — IOKAa3HUK CKIATHOCTI Mozelni; A — koedimieHT
peryisuii.

Kpox 5.2. Ominka cxiagHocTi. CKIaJHICTE MOXE
BU3HAYATHUCH SIK KUIBKICT NTAPaMeTPIB y PiBHSAHHI, IIOPSIOK
noniHoMy (Tiput k=5) Ta HeoOXiHa KUTBKICTh OTIepartiii s
nepeBipku npenukary. Lle no3Bonsie BigmaBaTH mepeBary
MPOCTIIIMM MOJEISIM y BUIIAJKAX, KOJIM BOHU AEMOHCTPY-
FOTh ONU3BKY SKICTh PO3MOIUICHHS MiXK COOO¥O.

Kpoxk 5.3. Bu6ip ontumansraoi mogemni. Tun rimep-
(Urypy BU3HA4AE€THCS 38 IIPABHUIIOM

0" =arg mkin Q- (12)
Kpox 5.4. IlepeBipka mouirsHOCTI Tomimy. ko
OTPHMaHE TIOKPAIICHHS BiTHOCHO OaTbKIBCBKOTO BY3Ja €
HEe3HAYHNM a00 KITBKICTh 3pa3sKiB y MiIMHOKHHAX CTa€e
MEHIIOIO 332 BCTAHOBJICHHH MOPIT, 00 JOCATHYTO PO3MOZIIT
3 HYJIbOBUM 3HAY€HHSIM TOMUJIKH, TTOJIAJIBIIE PO3raTyKeH-
Hsl IIPUTHHSETHCS], & TAKUil By30J1 OTOJIOIIYETHCS JINCTOM.

Kpok 6. ®opmyBaHHs J04ipHIX BY3JiB Ta peKyp-
CHBHE IPOJIOBXKEHHA mNoOymoBu aepesa. [licist BU3Ha-
YeHHS ONTHMAJBHOTO THITy Tirmepdirypu 8* Ta Bigmosi-
JTHOTO HaOopy napaMeTpiB BUKOHYETHCS Oe3rocepenHe
pO3nuTeHHs MiABUOIPKH MMOTOYHOTO By3Jia HA HOBI MiM-
HOXXVHH BIATIOBITHO 10 3HAYSHHS mpenukary P(X,k).

Kpoxk 6.1. Po3noxin 3pa3kiB. Koxkern 00’ext X; i3
MiAMHOXUHK TS, TIEpeBIpS€TbCS Ha BUKOHAHHS YMOBH
HAJIXKHOCTI A0 00IacTi, BU3Ha4eHOoi 00paHOI0 rinepdi-
rypoto. Y pesynsrari (GOpMyIOTHCS JBI MIJAMHOXHHU:
JIiBa riKa Jisl 3pa3KiB 3 ICTHHHUM 3HAUSHHSIM TpeJiKa-
Ty Ta IpaBa T'iIKa I SKUX YMOBA HE BUKOHYETBCS.

Kpoxk 6.2. TIpoBeeHHsT aHATI3y OTPUMAHUX ITiIM-
HOXHH. OOYHCITIOETHCS KiNBbKICTh €JIEMEHTIB IS KOXKHOT
TUIKH, OJHOPITHICTH KIJIACIB Ta MOXKIIMBICT ITOJAITBIIIOTO
3MEHIIECHHS TOMIJIKH.

Kpok 6.3. IlepeBipka kputepiiB 3ynuHku. Pexyp-
CHBHE PO3TATy)KCHHS NPUITUHIETHCS, SKIIO BUKOHYETH-
csl xo4a O 0f1Ha 3 YMOB:

1. JlocsATHYTO MakCHMaJbHO JOIMYCTUMY IIMOWHY
JiepeBa;

2. KinpKicTh 3pa3KiB y By3jax MEHIIA 3a ITOPOTOBE
3HAYCHHS;

3. 3menHmeHHs (QyHKII{ TOMUIKHA € HE3HAYHUM.

4. Yci 00’ eKTH HaJIeKaTh OTHOMY KIIacy.

VY 1pOMy BHIAJKY BY30Jl OrOJIOIIY€ETHCS JINCTOM, a
Horo Kij1ac BU3HAYAETHCS 32 TIPaBUIIOM O1IBIIOCTI.

Kpoxk 6.4. PexypcuBHUi BUKIUK. SIKIIO yMOBH 3yTIH-
HKHM HE BUKOHYIOTBCS, JUIsL KOYKHOT HIZIMHOXHHH IIPOLIETY-
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pa BubOpy Ty rinepdirypu Ta ii mapamerpiB HOBTOPIO-
eTbesi, nmounHatoun 3 Kpoky 2. Bukiuku nomaroTbesi B
4yepry 3 MpIOPUTETOM Ha OOCAT MOMIJIKA — YUM OLIbIIe
3HAYCHHS MOMIJIKH TUM TIPIOPUTETHIIIC BY30JI IepEBa.

AHaJIi3 004K CII0BAJIBHOI CKJIAAHOCTI
3anpoNoHOBAHOIO METOAY Ta O4iKyBaHMI
BILUIUB HA MOKA3ZHUKHU SIKOCTI KjIacugikamii

3anpornoHoBaHUIT MeTOx MOOYHOBH niepeB i3 Oara-
TOBHMIPHUMH BY3JIaMH pIIlIeHb Iepeadadac BHKOHAHHSI
KIiJTbKOX BKJIQACHHX MPOLENYp, OCHOBHHMH 3 SKHX €
BHOIp THITy Tinepdirypu, onTuMizamis ii mapameTpiB Ta
pexypcuBHE (popMyBaHHS CTPYKTypH AepeBa. OOUuCIio-
BaJIbHa CKJIAIHICTh AITOPUTMY BHU3HAYAETHCS KUIBKICTIO
00’€eKTIB HaB4YaJbHOI BUOIPKH, PO3MIPHICTIO MPOCTOPY
O3HAK, YHCIIOM KaHIUJIATHUX MOJeNied 1 HeoOXiTHOIo
TOYHICTIO MiI0OPY IapaMeTpiB.

Hexaii N — KiJIbKiCTh 3pa3KiB y MOTOYHOMY BY3Ii,
M — KinBKICTh O3HAK, K — 4HCII0O MOYKIMBHX THIIIB Tile-
poiryp, Pr— KUTBKIiCTh TapaMeTpiB I MOAEII THITY k.

CkaaanicTs oumiHoBaHHA mpeaukara. [lepeBipka
HaJIe)KHOCTI OTHOTO 3pa3ka J0 O0JacTi BH3HAYCHOI Time-
podirypoto, motpedye O(M) abo O(Py) omepariiii 3aJe:KHO
Bil BUy piBHSAHHA. BifIlOBITHO OIiHIOBaHHS PO3IUICHHS
IUTS BCiX 00’ €KTiB By3ia Mae ckiamgaicte O(N - Pk).

Ckuaannicts mindopy mapamertpiB. Y mpouemypi
ONnTHMI3alil BUKOPUCTOBYETHCS iTepalliiiHe 3BY)KECHHS
IHTEepBaJiB MOLIYKY. SIKIIO JUIi KOXKHOTO Iapamerpa
MOTPIOHO NOCATTH TOYHOCTI €, a IOYaTKOBa MIMPUHA
IHTepBaJy CTAaHOBUTH D, KUIBKICTb iTepalliil Ul OJHOTO
rapameTpa JIOpiBHIOBaTUME:

I =log,(D/¢). (13)

Toni nmoBHa ckJafHICTh NOUIYKY MapaMeTpiB OJHIET
rinep¢irypu Moxe OyTH OLlIHEHA SIK:

O -N-P). (14)

Cxkaannicts BuOopy tuHny ¢irypu. OcKilbku
TpoLe/iypa BUKOHYETBCS AJIsl KOXKHOTO 3 K KaHIHUIATIB,
CyMapHi BUTPaTH CTAHOBUTHMYTh!

O(K -1-N-P). (15)

PexypcuBHa ckiaaaHicTs mo0yn1oBu aepesa. [u-
OvHa JiepeBa y CepeIHbOMY € JIOrapu(MiYHOIO BiTHOCHO
KiJbKOCTI 3paskiB. ToMy IMOBHY CKJIQJHICTb HaBYaHHS
MO’KHA HaONMKEHO OI[IHUTH SIK:

O(K -1-P,-N -logN). (16)

OTpuMaHi CHiBBIIHOUICHHS CBIIYaTh, [0 OCHOBHI
BUTPATH TMOB’s3aHI 3 ONTHMI3aIli€0 apaMeTpiB Oararo-
BUMIpHHUX BY3JiB. BoqHOYac BHKOPHCTaHHS NPOLECAYpH
JUXOTOMIYHOTO 3BY>KCHHSI iIHTEpBAaJiB 3a0e3Iedye Jiora-
pUPMIUHY 3aJEeXKHICTh Bi TOYHOCTI HOMIYKY, IO CYTT€E-
BO 3MEHIIY€E OOYHCITIOBAJIbHI BUTPATH MOPIBHIHO 3 MOB-
HUM TtepebopoM. KpiM Toro, 3MeHIICHHS KiJTBKOCTI
BY3JIiB i IIIHOWHY JiepeBa 3aBISKH OiJbII TOYHOMY MOJE-
JIIOBAHHIO MEX MIX KJIJacaMH{ YaCTKOBO KOMIIEHCY€ 3pOcC-
TaHHS CKJIQJIHOCTI OKPEMOT0 po3/ijieHHs. TakuM YuHOM,
3alpONOHOBAHMN MinXiJ 3a0e3nedye NPUHHATHUHA Oa-
JIAHC MIXK TOYHICTIO Kiacuikalli Ta pecypcamu, HeoO-
X1THUMU U151 HABYQHHS MOJEJII.

B Tabn. 1 HaBeseHO MOPIBHSUILHUE aHami3 o04HC-
JIFOBAJIFHOT CKJIAJHOCTI METOiB MTOOYIOBU IEPEB PilllcHb.
3anponoHoBaHe YIOCKOHAICHHS IpouenypH GopMyBaHHS
0araToBUMIpHUX BY3IIB JO3BOJISIE C(HOPMYIIOBATH HU3KY
TEOPETUYHHX MOJOKEHb LION0 OYiKyBaHOI ITOBEIiHKH
MOJIEJIi i/l YaC HABYAaHHS Ta y3arajJbHEeHH.

Tabnuys 1 — TopiBHAIbHAN aHATI3 3 KIACHYHUMHA METOIAMH Ta MEPIIoI0 BepCico

Knacuuni MeToan nodynosu

XapakTepucTuka | AepeB pilleHb (OQHOBUMIpPHi

Merton noGynoBu aepes 3 6ara-

MoaudikoBanuii MmeTox nodyno-

BY3J1H)

TOBMMipHUMHM BY3JIaMH pillleHb

BH JiepeB 3 0araToBUMipHUMH
BY3JIaMH pillleHb

Tun po3nineHHs
IpPOCTOPY O3HAK

[Toporose 3HaueHHs
10 OHiH o3Hari

lNnepchepamu a60 MOPOrOBHM
3HAYEHHSAM I10 OHii o3HaIl

AnantuBHUH BUOIp Tinepdirypu
(mnormumHa, cdepa, MOTIHOM TOIIO)

KinbkicTs mapamer-
piB y By31i

1 mopir

Lentp Ta paxgiyc (= M)

3anexuThb BiA THIY Qirypu, Moxe
nepesunryBatu M

IMomryk mapamerpis

Jliniiinuii abo GiHapHMI
10 BiJICOPTOBaHHUX 3HAYCHHSX

ITepaniiina onTiMizaIis

ITepaniiina onrrumizaris
3 BUOOPOM Mojieni

BapricTb omniHOBaH-

TaHHS CKJIAHOCTI

O(N) O(N - M) O(N - Py)
Hs OTHOTO KaHAWJaTa
KinbkicTh KaHaMIA- . .
. Jana ~M 1 tun dirypu K tymiB ¢iryp
TiB y By37i
CKJagHiCTh ONTHMI- Buia, ajne KOHTpOJIbOBaHA
a Hwusbka Cepenns i, PO
3amii PETYISPHU3ALIIEI0
Tumnosa rubnHa . Haiimenina 3a paxyHok
BignocHO Bennka MeHnma
JiepeBa THYYKHX MK
Bucokuii pu BEIUKUX . . KourposboBanuii yepes mrpad
Pusuk nepenaBuanss [HomipHuit .
DIHOMHAX CKJIQJIHOCTI
. 30epiraeTbes, aje 3aIeKUTh
IHTepnpeToBaHIiCTh Bucoka Bucoka . .
BiJl Ty TIOBEPXHI
Opi€eHTOBHA CKIIAJI-
P O(M - N -logN) O(I-M-N -logN) O(K -1 -P,-N-logN)
HICTh HABYAHHSI
Komrmercaitist 3poc- . L . MeHina KiTbKiCTh BY3J1iB Ta Kpaiia
HUT 3P BincyTas MeH11a KiTBKIiCTh BY3JTiB Y patil

SKICTb PO3IICHHS

Po3uiMpenHst Kiacy MOXJIMBUX PO3IULIFOYUX HOBE-
PXOHb TiABHUIYE HMOBIPHICTh MTOOYIOBY O1IBIT TOTHOTO

JIOKQJIBHOTO TIOJITy MPOCTOPY O3HAK y KOXKHOMY BY3JIi.
YHacmiIoK IpOT0 AJIs AOCATHEHHS 3aJaHOTO PiBHA ITO0-
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MUJIKH MOX€ 3Ha/I0OMTUCS MEHIIA KiJbKICTh PEKYPCHUB-
HUX PO3rally’)keHb Y MOPIBHSIHHI 3 OJHOBHUMIPHUMH PO3-
IIJIEHHSAMH.

Bukopucranus HeniHiiHUX Tinepdiryp 3adesneuye
Kpally BIINOBIJHICT TeOMeTpPil PO3ALIEHHs pealbHOMY
posmnonitry maHux. lle 0coOMMBO BaKIMBO y BHITAAKAX
HasBHOCTI KOpEITbOBAHWX O3HaK a00 CKIAZHUX (HOopM
KJIacTepiB, A€ OPTOTOHANBHI MOAUIH MPHU3BOIATH [0
(parmeHTarii npocropy.

Xo4a KUTBKICTh TTApaMeTPiB y By3Ji 30LTBIIYETHCS,
3MEHIIICHHS YHCiIa CaMUX BY3JIiB 1 NIHOMHHM JlepeBa JacT-
KOBO a0O0 IMOBHICTIO KOMIICHCYE JOAATKOBI BuTpartH. Ta-
KM YMHOM, 3arajbHa CKJIaJHICTh MOJEI MOXE 3pOCTaTh
MOBUIBHIIIIE, HIXK CKJIQHICTh OKPEMOTO PO3/IIICHHSI.

Binbmn agexkBaTHE MOJIETIOBaHHS JIOKaJIbHOI CTPYK-
TYpH JaHHUX CHPUsIE 3MEHIICHHIO TOTPeOH y DIMOOKHX
iepapxisx Ta BEJIMKIH KUIBKOCTI MOCHIZOBHHX PO3IIEH-
neHb. lle 3HMWKyE PU3HK HAKONMYEHHS JIOKaJTbHUX MO-
MUIJIOK 1 TIO3UTHBHO BIUIMBAE Ha CTaOLTBHICTh MOJETI Ha
TECTOBUX BHOIpKax.

HesBakaroun Ha yCKJIQJHEHHS MaTeMaTHIHOTO
OTINCY BY3IiB, PIIICHHS BCE 1€ MOXYTh OyTH NPEACTaB-
JIeHI Y BUIVISLI SIBHUX @HAJITUYHMX YMOB HAaJICKHOCTI J10
obmacTi. I{e mo3BoJsie 30epiraTit BIaCTUBOCTI IHTEpIpe-
Talii pe3ysbTary, IpuTaMaHHi AEPEBHUM MOJIEIISIM.

OuikyBaHuii BIJIMB YIOCKOHAJIEHOT0 MeTOAy Ha
NMOKAa3HUKHM $IKOCTi KJacudikanii. 3ampornoHoBaHe
PO3IIUPEHHS Kjacy PO3UIAIOUNX MOBEPXOHb y Oararo-
BUMIPHHX BY3JaX pIIIEHb CTBOPIOE IEPEIyMOBH JUIS
MIOKPAIIEHHS! OCHOBHHX XapaKTEPUCTHK €(QEeKTUBHOCTI
knacudikamii. TeopeTwyHi MipKyBaHHS, HaBEACHI Y
MOTIEPETHBOMY  ITIAPO3ILTi, TO3BOISIOTE copMyBaTH
HU3KY OYIKyBaHb MO0 TOBEAIHKA MO MiJ J9ac eKc-
MIepUMEHTAIBHOI IEPEBIPKH.

[epmium KpuTEpieM pO3IISHEMO KJIACHYHY TOY-
HicTh Accuracy. bijbll rHyuYKe MpeacTaBIeHHS MEX MK
KJacaMH JI03BOJISIE 3MEHIIUTH KiJBbKICTh ITOMHIIKOBO
KJacu(iKoBaHUX 3pa3KiB y NPUKOPAOHHUX obnacTsx. 3a
PaxyHOK IIbOTO OYIKYETHCSI 3pOCTAaHHS 3arajibHOT YaCTKH
NPaBUWIBHUX MependaueHb, 0COOIMBO y BUIIAKaxX CKIa-
THUX a00 TepeKpUBHUX po3moAiriB. HacTymHuM BHCTY-
MAf0Th TOKa3HWKHM IHOBHOTH Ta TOYHOCTI IMO3WTHBHHUX
knaciB (Recall, Precision). MoxIHBiCTh TOYHIIIE JIOKA-
JizyBaTH OOIIACTi, XapaKTepHi s aHOMallbHUX CTaHiB,
TIOBUHHA CIPHUATH 3MEHIICHHIO SK XMOHO-HETAaTHBHHX,
Tak 1 XHOHO-TIO3WTUBHUX pimeHs. lle Mae MO3UTHBHO
BioOpa3uThcss Ha OaJiaHCi MK MOBHOTOIO BHSIBIICHHS
3arpo3 Ta KiIbKICTIO MOMUIJIKOBUX CIIPalbOByBaHb. Ta-
KOX CHiJ pO3MIIHYTH iHTerpansHi meTpuku (Fi-score,
MCC). Ockinpky 3a3Ha4eHI NOKAa3HWKHA BPaXOBYIOTH
CITIBBIIHOIICHHS PI3HUX THUIIIB IMOMIJIOK, X TOKpAIeH-
HSl OYIKYETBCS K HACHIJOK OUTBII Y3rOIKEHOTO MOMLTY
mpoctopy o3Hak. OCOONMMBO I BaXIIMBO IUIsI 3a1ad i3
JIucOaIaHcoM KIaciB, /1€ JIOKAJIbHI HETOYHOCTI MOXYTb
CYTT€BO BIUTMBATH Ha MiJICYMKOBHH pe3yIbTar.

KpiM migBHUIIEHHS OIIHOK SKOCTI CIILI TAKOX PO3T-
JSIHYTH OYiKYBaHHS IOAO CTaOLIBHOCTI Mozemi. 3MeH-
[IeHHsT HeOOXiTHOI TTMOWHU JlepeBa Ta CKOPOYCHHS Kijlb-
KOCTI ITOCTIIOBHUX PO3IiICHb MAIOTh CIIPUSTH 3HIDKCHHIO
BapiaTUBHOCTI Pe3yJILTATIB MPH 3MiHI HaBUYAIBHUX ITiIBH-
Oipok. Ile mo3BoIIsIE OWiKyBaTH Kpamoi BiITBOPIOBAHOCTI
Ta OUTHII TependadyBaHOl MOBEMIHKH MOJENi Ha HOBHX

JTAHUX. 3arajoM, OYiKy€ThCs, 0 MOAU(IKOBAHUI METOI
3a0e3MeYnTh TOKpALIEHHS SIK JIOKAJbHUX, TaK 1 I100ab-
HUX XapaKkTepHCTHK Kiacudikamii, 30epiratoun iHTeprpe-
TOBaHICTh 1 KepoBaHicTh Moxeni. OcraToyHa mepeBipka
c(OpMyJIbOBaHUX TIPHUIYILEHb 3IIHCHIOETHCS y Mexax
eKCIICPUMEHTAIBHUX JOCIIDKeHb, PEe3yJbTaTH SKUX Ha-
BEJICHO B HACTYITHHX PO3IiIax.

ExcnepuMeHTaNbHI 0CTiTZKEHHS

ExcriepumenTanbHa mepeBipka 3alpONOHOBaHOTO
YAIOCKOHAJIEHOTO METOoAy HOoOynoBU JepeB i3 OararoBu-
MIpHUMH By3JIaMH PillIeHb CIIPSIMOBaHa Ha OLIHIOBAHHS
HOTO 3MaTHOCTI MiABHINYBAaTH TOYHICTH imeHTH(IKAIii
CTaHIB KOMIT IOTEpPHUX CHCTEM Y TOPIBHSHHI 3 KJIACHY-
HUMH Ta paHimie po3pobiaeHuMy migxonamu. OCHOBHOIO
METOI0 EKCIIEPHMEHTIB € MiATBEPKEHHS TOTO, IO PO3-
IIMPEHHS KJIAcy pPO3AUIAIONNX IIOBEPXOHb JI03BOJISIE
OUTBII aJEKBaTHO OIMMCYBaTH CTPYKTYypY HaHUX 0Oe3
KPUTUYHOTO 30UIBIIEHHS] O0UYHCITIOBAILHUX BUTPAT.

Jnst 3a0e3medeHHs] KOPEKTHOCTI MOPIBHSHHS OyIo
BUKOPHCTaHO Halip MaHux, cOpMOBaHMI y Mexkax Io-
nepeaHix nociimkensb [15-19] i cymicHuit i3 poboramu,
MPUCBSYEHUMH 3aCTOCYBaHHIO JIEpeB i3 OararoBUMipHH-
MU Bysiamu. Bubip came wiei BHOipKH J03BOIsIE O€3M0-
CEpEeIHBO OLIHUTH BHECOK 3alPOIIOHOBAHOTO YIOCKOHA-
JICHHS1, BUKJTIOYAIOYH BIUTUB CTOPOHHIX (PaKTOPIB.

Hani BinoOpaxaroTh (DyHKIIIOHYBaHHS KOMII FOTEp-
HHUX CHCTEM y HOPMAaJbHUX Ta aHOMAJIBHHX PEXUMaxX i
BKJIIOYAIOTh NTOKAa3HUKHM 3aBaHTAXXEHHS IPOLECOpa, BH-
KOPHUCTAaHHS ONEPaTHBHOI 1aM’ATi, aKTHBHOCTI IHCKO-
BUX MIJICHCTEM, MEPEKEBUX XapaKTEPUCTHK Ta MOBEIiH-
KOBHX IapameTpiB mpoueciB. Takuii Habip o3HaK 3a0e3-
neuye OaraToBUMipHE MPEJICTABICHHS CTaHy CUCTEMH Ta
CTBOPIOE YMOBH Ul (DOPMYBaHHS CKJIQJHUX MEX MiXK
kiacamu. [TouaTkoBuii MacuB naHux OyJao poO3AiJIeHO Ha
HavyajgbHy Ta TECTOBY 4YacTHHH. HaBuanmbHa BHOipKa
BUKOPUCTOBYETHCS ISl TIOOY/IOBH MozeNel 1 onTuMiza-
mii TmapaMeTpiB BY3IiB, TOMI SK TECTOBA — JUIS OIIiHIO-
BaHHS y3arajbHIOIO4O01 31atHOCTI. Po3noain 3xilicHioBa-
BCS 3 YpaxyBaHHSM 30€pEeKEHHS IPOMOPIIA MiX HOp-
MaJIbHUMH Ta aHOMaJIbHUMH CTaHaMu. /Il BU3HAUCHHS
e(eKTUBHOCTI MOAN(IKOBAHOTO IiAXOIY IPOBOAMIOCH
HOPIBHSHHS 3 TAKUMH JITOPUTMaMH:

1. Kiacuyne pnepeBo pillleHb 3 OZHOBUMIPHHMH
noporosumH Bysznamu (DT);

2. JlepeBo 3 OaraToBUMipHUMH By3JIaMH Ha OCHO-
Bi rimepcdep (MDT);

3. YhmockoHaneHMH MeTOZ 3 aJlaNTUBHEM BHOOPOM
tuny rinep¢irypu (AMDT, siknii mporoHy€eThCs B CTaTTi).

Take MOpiBHSHHS T03BOJINTH OLIIHUTH K a0COIIOT-
HUH BHTpall y SIKOCTI, @ TAKOX MPHUPICT BIZHOCHO TIOTIE-
PEIHIX eTariB PO3BUTKY METOY.

Jnst aHami3y pesynbTaTiB BUKOPUCTOBYBAIUCH TIO-
Ka3HUKH, 10 € CTAaHTAPTHUMU IS 3a7ad Kiacugikarii:
Accuracy, Precision, Recall, F;-Score Ta xoedimieHT
xopersii Metstoza (MCC).

Bukopucranis HabOpy B3a€MOJIOIOBHIOIOUUX Me-
TPUK JIO3BOJISIE YHUKHYTH BUKPHUBIEHOI iHTEpIperarii
pe3ynbTariB Ta 3a0e3NeYnTh KOMIUIEKCHY OIIHKY ITOBeE-
niHkn Mozeni. Onrumiszanis mapamerpis rinepdiryp y
By3Jlax 3IHCHIOBajacsi 3a IPOLEAYpPOIO iTepaliifHOro
3ByXEHHs oOnacTti nmouryky. J{ns 3abe3neueHHs crpase-
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JUITMBOCTI MOPIBHSAHHS BCI METOIU PEaji30BaHO B OJHA-
KOBOMY HPOTrPaMHOMY CEPEIOBHINI Ta 3allyCKaJlUCh Ha
OJTHAKOBHX anapaTHUX pecypcax.

Pesynbrati MeETOAIB 3 OCHOBHMMH METPHKAMHU
SIKOCTI MPOJIEMOHCTPOBAHO Yy Tabi. 2 Ta Tabm. 3.

Tabnuys 2 — IopiBusinus sikocTi inenTndikanii cramy KC

Mertopn inentudikanii Ace Fi-Score | MCC
crany KC
DT 0,679 0,647 0,364
MDT 0,909 0,916 0,831
AMDT 0,979 0,980 0,959
Tabnuys 3 — IlopiBHSIHHSA TOYHOCTi T2 MOBHOTH
Meron inenTudirauii Precision Recall
crany KC
DT 0,718 0,589
MDT 0,847 0,998
AMDT 0,963 0,997

[MounHaroum 3 y3arajbHEHHMX IOKa3HHUKIB BHIHO
cTalibHE MOKpAIICHHS Pe3yJbTaTiB IPH IEPEeXomi Bif
OTHOBHMIPHHUX 10 0araTOBHUMIpHHX Ta Jaji 0 aJanTHB-
HUX By31iB. [IiIBHIIEHHS TOBHOTH CBITYHUTH MPO 3MCH-
IICHHS NPONYILEHUX aHOMaliil, TOAI SK 3pOCTaHHS TOY-
HOCTi BKa3y€ Ha CKOPOYCHHS KITBKOCTI XHOHHUX CIIpa-
boByBaHb. OTpUMaHi pe3ysbTaTd HiITBEPAXKYIOTh, IIO
ajanTUBHUN BUOIp (OpPMHU pO3ALIAIONO] MOBEpXHI HO-
3BoJisie  e(peKTHBHIlIE ONMUCYBaTH CKJIAAHI obmacti y
MPOCTOpPi 03HAK, HXK BUKOpUCTaHHS (iKCOBaHOI reome-
Tpii. Bisyamizamii oTpuMaHMX METpPHK 3a3HauyeHO Ha
puc. 1 nns Fi-Score, puc. 2 qgs MCC a takox puc. 3-4
JUISl 4acTKM XHMOHHMX CIpalbOBYBaHb Ta MPOIYIIEHUX
aHOMAUTIH.

F1-SCORE

| |l 0.980

Fl-score 0916

0,647

0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 1000

AMDT «MDT =DT

Puc. 1. [TopiBusiHHs 3a MeTpukoro Fi-Score

OTpuMaHi JaHi AEMOHCTPYIOTh, [0 BUKOPHCTaHHS
CKIAHIMMX Tinepdiryp D03BOJSE TOUYHIIIE OMHCYBaTH
MIPUKOPIOHHI 00JacTi MiXK Kiacamu. Y KIaCHYHHX Jepe-
Bax Il JOCATHEHH OAi0HOI TOYHOCTI HEOOXIAHO 3HAY-
HO 30UIBIIYBAaTH TIHOMHY, IO MPU3BOAMTH JIO HAKOITH-
YeHHs1 NOMWJIOK Y HIXKHIX sipycax. ba3oBuii BapiaHT i3
rinepcepuuHEME  By3aMH BXe 3a0e3Nedye CyTTeBe
MOKPAICHHS, OJHAK OOMEXCHHS (GOpMH HE I03BOJISIE
TIOBHICTIO aJIaNTyBaTUCS 10 peasibHOI reOMeTpii 1aHuX.

YrockoHaneHU METON JEMOHCTPY€E HalKpalli pe-
3yJBTATH 3aBISTKA MOKJIHMBOCTI JIOKATBHO MiAOUpaTH THIT

MIOBEPXHI, 0 MiHIMI3y€e SIK MOMMJIKH Kiacudikarii, Tak
1 HEOOX1/THY KUIBKICTb PO3TalTy’KEHb.

MCC

|. 0,959

MCC 0.831

0364

0000 0,100 0200 0300 0400 0500 0600 0700 0800 0500 1.000

AMDT =MDT aDT

Puc. 2. ITopiBHSIHHS 32 METPHKOIO
KOpeJsIiiHoro KoedinienTa MeTsio3a

FP

FP 9

11,567

0 2 4 6 g 10 12

AMDT s«MDT aDT

Puc. 3. [TopiBHAHHA 32 YACTKOIO XUOHUX CIPaIbOBYBAHb
200 MOMMJIOK MepHIoTo poxy (Y BiICOTKax)

FN

0.167 |

0.1 FN

0.1 1 10 100

AMDT aNMDT uDT

Puc. 4. ITopiBHAHHS 3@ YaCTKOIO MPOIMYCKIiB 3arpo3 abo
MOMMJIOK ApyToro poxy (y BiICOTKax, jorapudmiuHa mkana)

Ouinka pe3yJibrartiB Ta popMyBaHHS
peKoMeHaaNii 1J151 TOAAJbIINX A0CTiIZKEHb

IIpoBeneHi ekcriepUMeHTabHI JTOCTiKEHHS TTi/T-
BEPIWIN JIOMUIBHICT PO3IMIMPEHHS KJIACY PO3MUISFOUUX
MTOBEPXOHb y 0araToBHMIpHHX By3JlaX pilIeHb. Y TOpiB-
HSHHI 3 KJIACHYHHUMH ITIIXOJaMH Ta MOIIEPEIHBOI0 peati-
3alli€lo JiepeB i3 (IKCOBAHOIO I'€OMETPIEI0 BY3JIB 3ampo-
TIOHOBaHUH METO/ NPOJEMOHCTPYBaB CTallIbHE IMOKpa-
IIEHHS IHTErpajbHUX ITOKA3HHKIB SIKOCTI Kiacuikamii,
30kpeMa F-Score Ta xoedirienra kopemnsiii MeTsro3a.

Haii6inpmuii BUrpam CrnocTepiracTbes y MPHUKOP-
JOHHUX O0NacTAX MiX KJIacaMH, A€ BUKOPHCTaHHS THY-
YKIITUX TOBEPXOHH JO3BOJMIIO 3MEHIITUTH SIK KiJbKIiCTh
MIPOMYIIEHNX aHOMAJiH, TaK 1 9aCTOTy XHUOHHX CIIpanbo-
ByBaHb. lle CBiTYMTH TPO 3IaTHICTHP METOAY TOYHIIIE
BpaxoBYyBaTH BHYTPIITHIO TEOMETPII0 MPOCTOPY O3HAK i
(dopMyBaTn OULIBII Y3rO/PKEHI NpaBWiIa NMPUHHSTTS pi-
LIeHb. BaXJMBHM pe3yabTaroM € TakoX 3MEHIICHHS
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BapiaTUBHOCTI MOJIENICH NPHM IOBTOPHUX 3allyCKaxX HaB-
yaHHst. CKOpOYEHHSI IMIMOMHU JEpeB Ta KiJIbKOCTI MOCIIi-
JIOBHHX TOAITIB JO3BOJIHMJIO 3HU3UTH HAKOIWYEHHS JIO-
KaJIbHUX MOXUOOK, 1110 TIO3UTUBHO BIUIMHYJIO Ha BiATBO-
PIOBaHICTh pe3yJIbTaTiB i cTabIBHICTE POOOTH AJITOPHT-
My Ha HOBHX JIaHUX.

Pa3zoM 13 TMM BCTaHOBJIEHO, IO ITIIABHIIEHHS TOY-
HOCTI CYNPOBOMXYETHCSI 3POCTaHHSAM BHTpPAT dacy Ha
onrTuMizamito mapamerpiB By3miB. [IpoTe 3a paxyHOK
BUKOPUCTAHHA TPOLEAYpP CIPSIMOBAHOTO 3BY)KCHHS
00macTi MOIIyKy Ta 3MEHIICHHS KiTBKOCTI HEOOXiTHHX
po3rany’keHb 3arajbHi BUTpATH 3aJIMINAIOTHCS NPUHHS-
THUMHU ISl TPAaKTHYHOTO 3aCTOCYBaHHS B CHCTEMax
MOHITOPUHTY CTaHy KOMII IOTEPHHUX CHCTEM.

OtpuMaHi pe3yabTaTd J03BOJISIOTH PEKOMEHyBaTH
3aIpOIIOHOBAHUN METOJ JUIs BHUKOPHCTAHHS y 3ajavax,
Jie BaXXJIMBUMH € IHTEPIIPETOBAHICTh MOJEJel, BHCOKA
TOYHICTh BHABJIEHHS aHOMAJiil Ta CTIWKICTH IO 3MIHHA
PO3TIOAITY NaHHX.

[Momanpmmii po3BUTOK IMiAXOMLY MOXE OyTH CIIPSIMO-
BaHWI Ha aBTOMAaTH3alilo BHOOpY HaOOPY KaHAWAATHHUX
rimepiryp, po3poOKy OLTbIT e(heKTUBHUX METOMIB OITH-
Mi3alil mapamMerpiB y BHCOKOPO3MIpHHMX IpOCTOpax, a
TaKOXX IHTETPAIlif0 MEXaHI3MIB aJalTUBHOTO OHOBJICHHS
CTPYKTYpH JlepeBa IIiJi Yac HAJXOKEHHS HOBUX NaHUX.
[lepCHeKTHBHUM € TaKOX OCIIHKCHHS MOXKIIMBOCTEH
KOMOIHYBaHHsI 3alIPOTMIOHOBAHOTO METOIY 3 aHCaMOJICBH-
MU Ta TOPUIHUMH apXiTEKTYPaMH, 110 MOXYTh JOAATKO-
BO MIIBUIIUTH CTIHKICTB 10 IIyMiB i HEBI3HAYCHOCTI.

BucHoBkH

Y po06oTi 3ampONOHOBAHO YIOCKOHAJIEHUH METO[
moOyI0BH JIepeB PINIeHb i3 0araTOBUMIpHUMHU BY3JIaMHU
JUTS 3a7a4i ieHTU(IKAIT CTaHy KOMIT FOTePHUX CHUCTEM.
OCHOBHOIO OCOOJIHBICTIO MIJXOAY € PO3IIMPCHHS KJacy
PO3MILISIFOYHMX MOBEPXOHb Ta BIPOBA/KEHHS MPOIEAYPH
aIalTUBHOTO BHOOPY THITYy Tinmepdirypu y KOKHOMY
BY3JIi HA OCHOBI MiHIMIi3aIlil (PYHKIII IOMHJIKH 3 ypaxy-
BaHHAM CKJIQIHOCTI MOJEII.

Po3pobiieHo anroput™m itepauiiiHoro migdopy ma-
paMeTpiB, mo 0a3yeThCsl Ha CIPSIMOBAHOMY 3BY>KCHHI
obnacTi MOIIYKy Ta 3a0e3neuye KOHTPOJIbOBAaHE 3pOC-
TaHHS 00YMCIIIOBAILHUX BUTPAT.

3anponoHoBaHa CTpaTeris J03BOJIIE e(HEKTHBHO
MpamoBaTH y 0araroBUMipHOMY IIPOCTOpi O3HaK 0e3
HEOOXiHOCTI TIOBHOTO Tepebopy MOXKIHBHX KOHQIry-
partiii.

TeopeTnyHMiA aHANI3 MOKa3aB, IO BHUKOPUCTAHHS
THYYKIIIMX TEOMETPHUYHUX MOZAENCH JT03BOJISE 3MEHIIN-
TH HEOOXiAHY TIIMOWHY JepeBa, MOKPAIIUTH alpoOKCHMa-
L0 MEX MK KJIaCAMH Ta 3HU3UTH PU3UK HAKOIIMYECHHS
JIOKQJIBHUX TTOMHJIOK.

ITpn upomy 30epiraeTbcs IHTEPIPETOBAHICTH Pi-
LIEHb, 110 € BaXXJIMBOIO BUMOTOIO JJISI CHCTEM MOHITO-
puHTY Ta iH(opMaLiitHOT Oe3neKu.

Pesyneratu eKcriepUMEHTAIBHUX JTOCIIKEHb TiIT-
BepawIn Cc(OpMyNIbOBaHI OUIKYBaHHS. YIOCKOHAICHHHA
METOJl TIPONCMOHCTPYBaB  IiJBUIICHHS IOKAa3HHKIB
Accuracy (0.97), Precision (0.96), Recall (0.99), F1-score
(0.98) Ta MCC (0.96) y mopiBHsIHHI 3 KJIACHIHIMH Aepe-
BaMH Ta 0a30BOIO pealti3alieo 0araToBUMIipHHX BY3IIiB.

OTKe, 3alpONOHOBAHUN MiJXiJ € MePCIeKTUBHUM
JUIsl TIPAKTUYHOTO BUKOPHCTAHHS Y 33/1auaX aBTOMAaTH30-
BaHOI imeHTH(iKaLii CTaHIB KOMIIIOTEPHUX CHUCTEM,
0COOJIMBO B YMOBAaxX CKJIaJHOI CTPYKTYpH JaHUX, HasiB-
HOCTI LIyMiB Ta MEPEKPUBAHHS KJIACIB.

Konduikr inTepecis

ABTOpHU IEKIAPYIOTh, IO HE MAOTh KOH(IIKTY iH-
TepeciB CTOCOBHO JIAHOTO JOCII/DKEHHs, B TOMY YHCII
(hIHAHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA YU
IHIIIOTO XapaKTepy, 10 Mir OM BIUTMHYTH Ha JOCII[DKEHHSI
Ta WOro pe3y/bTaTH, IPEICTABJICHI B IaHii CTATTI.

BuxopucranHs 3ac00iB IITYYHOT0 IHTEJIEKTY

ABTOpH MIATBEPIKYIOTh, 10 HE BUKOPUCTOBYBAIIN
TEXHOJIOTI] LITYYHOTO IHTENIEKTY IPH CTBOPEHHI Hpel-
CTaBJIEHOI pOOOTH.
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Improved method for constructing trees with multidimensional decision nodes for computer system state identification
Viktor Chelak, Oleksii Hornostal

Abstract. The object of the research is the process of computer system state identification based on the analysis of
multidimensional operational data. The subject of the research is methods for constructing decision trees with multidimensional
decision nodes and algorithms for optimizing their structure in computer system state classification tasks. The goal of the re-
search is to develop and investigate an improved method for constructing decision trees with multidimensional decision nodes
that provides higher accuracy and better generalization ability of computer system state identification models under complex and
uncertain conditions. Methods: machine learning techniques, tree-based classification models, nonlinear space partitioning pro-
cedures, iterative parameter optimization based on search interval reduction, and classification quality assessment approaches.
Results: a procedure for automated selection of the hyperfigure type within a tree node has been developed, enabling the adapta-
tion of the decision boundary to the local structure of data. It has been shown that the use of generalized surfaces reduces the
required tree depth and decreases the number of consecutive splits. Experimental studies demonstrate improvements in Accuracy,
Precision, Recall, F1-score, and MCC compared with classical decision trees and models with fixed node geometry. Conclu-
sions: the proposed method provides more accurate and stable modeling of boundaries between computer system states while
preserving interpretability and maintaining acceptable computational costs. The obtained results confirm the feasibility of apply-
ing adaptive multidimensional nodes in monitoring and information security systems.

Keywords: state identification, computer systems, decision tree, multidimensional node, nonlinear partitioning, decisive
rule, machine learning.
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KJIACHU®IKAILIS BPA3JIMBOCTEM MPOT'PAMHOI'O 3ABE3ITEYEHHS
TA ®OPMYBAHHS O3HAK IX HAABHOCTI HA OCHOBI
METOAIB MAIIMHHOI'O HABYAHHA

AHoTanisi. O0’€KTOM HOCITiIKeHHsI € TIPOIleC BUSBICHHS Bpa3IMBOCTEl y mporpamHoMy 3abesneueHHi. IIpeamerom
AOCTIMKeHHSI € MiIX0AN 10 Kiacudikariii Bpa3InBocTed Ta MeToau GpopMyBaHHS O3HAK IX HAsBHOCTI, IPUJATHHUX JUIS BH-
KOPHCTaHHS B aJTOPUTMax MalIMHHOTO HaByaHHsA. MeTol0 po0OTH € cucTeMaTH3allisl iCHyIoUnX THUIIB JedeKTiB Oe3nekn
Ta po3poOKa METOy BUTATY 1 MOIEpeAHbOI 0OPOOKH XapaKTEPUCTHK, IO 3a0e3MeUyI0Th MOKIMUBICTS X (opMaizoBaHOTO
MpEICTaBICHHs Y BUNISI YHCIOBOTO MIPOCTOPY O3HAK. Y poOOTi MpoaHasli3oBaHO OCHOBHI MPUHLIUMNHK KiacHpikamii Bpas-
JMBOCTEH 3a MPUYMHAMH BUHUKHEHHS, cIOCOOOM eKCIUTyarallii, piBHEM IpOsABY Ta BIUIMBOM Ha BIACTHBOCTI Oe3meku. 3a-
MPOTIOHOBAHO y3arajbHEHY CHUCTEMY CTPYKTYPHHUX, MOBEIIHKOBHX 1 KOHTEKCTHHX HapaMeTpiB, sIKi MOXYTh BUCTYIATH iH-
JUKaTOpaMH TOTEHLIHHUX nedekTiB. Po3pobiieHo mporeaypy nepeTBOpeHHs Pi3HOPIIHUX JaHHX, IO BKIFOYAIOTh HOpMa-
JI3aLilo YUCIOBHUX BEIUYMH, KOJYBaHHS KaTeropiajJbHUX XapaKTepHCTHK, OiHAPH3aIlilo JOTIYHMX 03HAK Ta 3MEHIIEHHS PO-
3MipHOCTi. OTpUMaHi pe3yJIbTaTH CTBOPIOIOTH METOAWYHY OCHOBY JUISI IOAANIBIIOI PO3POOKH IHTENEKTyalbHHX CHCTEM
ABTOMATH30BAaHOTO BHSBICHHS BPa3IMBOCTEH MPOrpaMHOTo 3a0e3MeueHHs.

Knaio4doBi caoBa: Bpa3ImMBOCTI MporpaMHOro 3ade3nedeHHs, kiacudikamis, iHpopMaTHBHI 03HAKH, MOTIEpeHsT 00poOKa

JTAaHWX, MallIMHHE HAaBYaHH:, IHpOopMaIliiiHa Oe3meka.

Beryn

CydacHe mporpamHe 3a0e3NedyeHHs € CKJIaTHUMHU
0araTopiBHEBUMH CHUCTEMaMH, L0 (QYHKLIIOHYIOTh Y
JMHAMIYHOMY CEPEIOBHIII Ta B3aEMOJIIOTH i3 BEIIUKOIO
KUJIBKICTIO 30BHIIIHIX CEPBICIB, MEPEXKEBHX KOMIIOHEH-
TiB 1 KOPHCTYBaviB. 3pOCTaHHS OOCATIB KOIY, BUKOpPHC-
TaHHS CTOPOHHIX 0i10mioTek i mocTifiHe OHOBNICHHS (PyH-
KIIOHAJFHOCTI MPU3BOAATH IO MiJBHIICHHS WMOBIpHOC-
Ti OsIBH Ae(peKTiB Oe3IeKkH, AKi MOXKYTh OyTH BHUKOPHC-
TaHi 3TOBMHCHHUKAMH JUIS TOPYIICHHS KOHDIICHIIHHOC-
Ti, IUTICHOCTI Ta JTOCTYMHOCTI iHopMmarii. ¥ 3B’s3Ky 3
UM TpoOJieMa CBOEYACHOTO BHSBIECHHS BPa3IMBOCTEH
MPOrpaMHOro 3a0e3MEeUYEeHHsI € OIHIEI0 3 KIIOYOBUX Y
cdepi KoM’ I0TepHOT iHXKeHepil.

Tpanuiiiiai miaxoau A0 aHamizy Oe3rekw, mo Oa-
3yIOThCSI Ha EKCIEPTHUX IIepeBipKax, CHIHATYpHOMY
MOUIYKY a00 py4YHOMY ayluTi KOy, MOTpeOyroTh 3Hau-
HHUX PECypcCiB Ta He 3aBXAM 3/aTHi 3a0e3Me4nTH Heoo-
ximHU# piBeHp MacmTaboBaHOCTi. Kpim Toro, Gararo
CY4YacHHMX BpPAa3JIMBOCTEH MalOTh CKJIAJIHYy INPHPOLY Ta
TIPOSIBIIAIOTHCS JIMIIE 33 NMEBHUX YMOB BUKOHAHHS IIPO-
rpam, II0 YCKJIQJHIOE iX (opMmaltizamnito y BUIIISIL Kopc-
TKHX npaBwi. Lle cTUMYIIO€ pO3BHUTOK MiJIXOAIB, Opi€H-
TOBaHHMX HAa aBTOMaTH30BAaHHH aHaI3 JAaHUX Ta BUKOPH-
CTaHHS METO/(IB MaIlIMHHOTO HABYaHHSI.

EdexTuBHICTS 3aCTOCYBaHHS aJTOPUTMIB MAaIIHH-
HOTO HaBYaHHS 0€3MOCEepeHhO 3aleKHUTh BiJl SKOCTI
onucy 00’€KTiB JOCIIKEHHS y MpocTopi o3HaK. Tomy
mopsi i3 po3podroro Mozeneit knacudikarii BaKIHBOIO
3aJia4yel0 € CHCTeMaru3allis THIIB Bpa3JIMBOCTEH 1 BH-
3HAYEHHS XapaKTEePUCTHUK, [0 MOXYTh CBIIYMTH MPO iX
HasIBHICTh y IpOrpaMHOMY 3a0e3nedeHHi. DopMyBaHHS
TaKMX O3HAK JIO3BOJISIE TIEPEUTH BiJ SKICHOTO EKCIIepT-
HOTO aHaji3y M0 KUIbKICHUX METONIB OLIHIOBAaHHS Ta
CTBOPIOE OCHOBY IJIsl TTOOY/IOBH iHTEJIEKTYaJbHUX CHC-
TeM MiATPUMKH IPUHHSITTS PillICHb.

TakuMm 4MHOM, aKTyaJIbHHM € JOCIIKEHHS, CIIps-
MOBaHe Ha MOOyIOBYy y3arajlbHEHOI Kiacudikarlii Bpas-

JIMBOCTEH INPOTPaMHOTO 3a0e3NCUCHHS Ta BU3HAYCHHS
Habopy iH(pOPMATHBHHUX MapaMeTpiB, MPHUIATHUX I
MOIAJIBIIOT0 BUKOPUCTAHHS Y MOJENSIX MAIIMHHOTO
HaBYaHHSL.

00’exkTOM JOCHIIKEHHA € NPOLEC BUABICHHS
BPA3IMBOCTEH y IPOTPaMHOMY 3a0€3IIE€UeHHI.

IIpenmeTom aocaixKeHHs] € METOAM Kiacudikamii
Bpa3NMBOCTEH Ta MiAXOAW 10 (OpMyBaHHS O3HAK iX
HasIBHOCTI, 1110 MOXXYTh OyTH BUKOPUCTaHI aJropuTMamMu
MalIMHHOTO HaBYaHHS.

Metoio poGoTH € cucrtemaru3ailis Bpa3IHBOCTEH
MPOTPaMHOTO 3a0e3MEYCHHST Ta PO3poOKa TiTXOmy [0
(dopMyBaHHs iHGOPMAaTUBHOTO MPOCTOPY O3HAK JUIS 3a-
Oe3redeHHsT MOXIIMBOCTI iX aBTOMAaTH30BaHOTO BHSBIICH-
Hl 13 3aCTOCYBaHHSIM METO/IIB MAaIlIMHHOTO HABYAHHSI.

Jlist mOCSATHEHHS TOCTaBJIEHOI METH HeoOXiTHO
BHPIIIUTH TaKi 3a7a4i:

1. BusHauutu TUNOBI rpynu aAedekTiB Oe3neku Ta
X XapakTepHi IPOSBH;

2. CdopmyBaru nepesik NOTEHLIHHO iHpopMaTH-
BHHX O3HAaK JJIsl KOKHOTO KJIacy;

3. OOrpyHTyBaTH MOXKJIHBICTh  BHKOPHCTAHHSI
c(OpMOBaHHX O3HAK Y 3a/1a4aX MAIIMHHOTO HABYAHHS

Knacudikauisi BpazausocTei

[Ipobnema cucremarnzallii Bpa3lIuBOCTEH Hporpa-
MHOTO 3a0e3Ne4eHHs 3aUIIAEThCS aKTYalIbHOK MPOTS-
TOM TPHUBAJIOTO Yacy, OCKUJIbKU BiJi KOPEKTHOCTI KJIacH-
(ikamii 3a1eXUTh ePEKTUBHICTh METOMIB 1X BHSBIICHHS,
aHami3y pW3MKIB Ta BHOOpY MexaHi3MiB 3axucty [1].
IcHyroui migxomu 10 MOAUTY Bpa3iIMBOCTEH 0a3yloThes
Ha PI3HUX NPHHIMIIAX: JOKEpedl BUHUKHEHHS, CIIOco0i
eKCIUTyaTallii, piBHI IPOSBY, THUII TOPYLIyBaHUX BIACTH-
BOCTel Oe3neku abo OCOONUBOCTAX YKUTTEBOTO IHKITY
MIPOrpamMHOTO 3a0e3neycHHs [2].

VY OUIBIIOCTI MOCIiIKEHb BiA3HAYA€THCS, IO YHI-
BepcajbHOI KiacuQikamiiHOT CXeMH HE iCHY€E, OCKIJIbKH
OflHA 1 Ta cama BPa3JINBICTh MOJKE OJHOYACHO HAJIC)KATH
0 nekinpkox karteropiit [3]. ToMy Ha TpakTHIi 4acTo

122

© UYenak €. B, I'eiiko I'. B., 2026



ISSN 2073-7394

CucreMu yrpaBiTiHHS, HaBirarmii Ta 3B's3ky. 2026. Ne 1

BHUKOPHCTOBYIOTECSI OaratopiBHEBi abo0 iepapXidHi CTpy-
KTYpH, SKi JO3BOJISIOTH MOEIHATH Pi3HI aCIIEKTH aHAI3Y.

Knacugixayia 3a npuuunamu eunuxuenna. Of-
HUM 13 HAWOUIBII TONIMPEHUX MIAXOJIB € TMOILT Bpa3Iiu-
BOCTEi1 BIIMOBIZAHO 10 MPUPOIY IIOMUJIKH, 11O MPHU3BEJIa
1o ix mosiBu [1, 2]. ¥ Mexax IpOro MiAXOAy 3a3BHYAM
BHIIUIAIOTH: TIOMHJIKH TIPOEKTYBaHHSA apXiTEKTypH; Ie-
(dexTH peamizamii anrOPUTMiB; HEKOPEKTHY OOpOOKY
BHUHSATKOBUX CHTYAIliif; HEAONIKH MEXaHi3MiB aBTCHTH(I-
KaIlil Ta aBTOpH3alii; TOMIIKKA KOH(pirypamii Ta po3rop-
TaHHA. Takuil [OOUI HO3BOJISIE BCTAHOBHUTH B3ac-
MO3B’S130K MIXK €TaraMy XUTTEBOTO LUKy PO3POOKH Ta
MOTCHIITHUMHU 3arpo3aMu Oe3Ielli.

Knacugikauin 3a cnocooom excnayamauii. Tammii
X1 OPIEHTOBAHMK Ha MEXaHi3M BHUKOPHUCTAHHS Bpas-
JIMBOCTI 3JI0BMHCHHKOM [3, 4]. YV 1poMy BHIIAJKy po3r-
JISMAIOTRCS: 1H EKIIMHI aTaku; MepernoBHEHHs Oydepa;
MiXCalTOBEe BHUKOHAaHHS CIieHapiiB (XSS); migBUIIeHHS
TIPUBLJIEIB; BiIJaicHE BUKOHAHHS KOIY.

[NonibHa cucTeMaTH3allis € 3PYYHOI0 U TOOYAOBU
MOJIJIeH 3arpo3 1 OIIHIOBAHHS MOMKIIMBHX HACII/IKIB aTak.

Knacugpikauia 3a pienem npoagy. Bpazmusocti
MOXXYTh TaKOX T'pYyIyBaTHCS BIANOBITHO O PiBHA IIPO-
rpamHoi abo amnapaTHoi iHPPACTPYKTypH, Ha SIKOMY BOHU
BUHUKAIOTH [4]. 3a3BHUail BUNIISIFOTE: PIBEHb BUXITHOTO
KO/ly; pIBE€Hb NPOrPaMHHUX KOMIIOHEHTIB Ta Oi0iioTek;
piBeHb OIepaliiiHOl CHCTEeMHU; MEpeXeBUil piBeHb; pi-
BEHb KOH(]Irypariii Ta nojgiTuk Oe3neKH.

Taxkwuii miaxig JO3BOJISIE TOYHIIIE BU3HAYATHA BiIIIO-
BIABHICTh MiX PO3pOOHHKAMH, aaMiHICTPaTOpaMH Ta
orepaTropamMu CHCTEM.

Knacugikauin 3a eniueom na enacmueocmi oes-
neku. 3 TOYKH 30py PE3yNbTaTy eKcIUlyarauii, Bpas3iu-
BOCTI TPAJWIIMHO CHIBBIJHOCATBCS 3 MOPYLICHHSIM
KOH(DIICHIIHHOCTI, ITICHOCTI ab0 MOCTYMmHOCTI iH(pOp-
Martii [5].

VY Mexax ObOTO MiIX0Ay BOHH MOXYTh IIPU3BOIUTH
JI0: BUTOKY HMaHWX; Moau(ikamii abo 3HHUIICHHS iH(Op-
Marlii; OloKyBaHHSA poOOTH CEpBiCiB; OTpUMaHHS HECaH-
KI[I0HOBAaHOTO KOHTPOJIO HAJl CHCTEMOIO.

[onibHa Kmacudikallis MIMPOKO BUKOPUCTOBYETHCS
M7 9Yac aHaNi3y PU3WKIB Ta BU3HAYCHHS MPIOPUTETIB
YCYHEHHS Ie(heKTiB.

HesBaxkatoun Ha pi3HOMAHITTS iCHYIOUHMX cxeM, Oi-
JBLIICTH 13 HUX OPIEHTOBaHI Ha EKCIIEPTHUH aHaii3 1 He
3aBKAM NPUIATHI JUIsl 0€3M10CepeTHHOr0 BUKOPUCTAHHS Yy
3aja4ax MalIMHHOTO HaB4YaHHA. [IpuuMHOIO 1HOTO € Bin-
CYTHICTb (hOpMaITI30BaHUX MapaMeTpiB, sKi MOkHa OyI10 O
KUTBKICHO BUMIpSTH a00 aBTOMaTHYHO OTPHMATH 3 TPO-
necy QyHKIIOHYBaHHS IIPOrpaMHOTo 3abe3mnedeHHs [ 1-5].
ToMy aKTyaJIbHOIO 33Ja4el0 € Iepexil Bill OMHCOBHX
KaTeropii 10 TakuX XapaKTePHCTHK, SIKi MOXYTh OyTH
MIPE/ICTABICHI Y BUDIIAI HaOOpy iHPOPMATHBHHUX O3HAK.
Came 1ie 7103B0JIs€ TpaHcHopMyBaTH Kiacu(pikalliro Bpas-
JIMBOCTEH Y NPHKJIaJHy OCHOBY ISl OOYJIOBH IHTEJIEKTY-
IBHUX CUCTEM IX aBTOMAaTH30BaHOTO BUSBJICHHS.

@opMyBaHHS 03HAK HASIBHOCTi BpPa3/InBoOCTeil
IMPOrpPaMHOIo 3a0e3ne4eHHs
Ha puc. 1 npencraBneHo iepapxito O3HaK, sIKi MO-

XKyTh OyTH 3rpynoBaHi Ha CTPYKTYpHi, TOBEJIHKOBI Ta
KOHTEKCTHI O3HAKH.

O2HAKH HATEEOCTi BPATHEOCTEH E IPOTpaMHOMY 3a6e3medeH ]

CrpyxrypHi MoseniHkosi KoHTeKcTHI
02HAKH 03HAKK D2HaKM
Y Y A Y ¥
CrnagHicTb - KinbHictb XapaKTepHCTHKK OcoGausocTi Hacrora Tun i epcia Habip Mapametpun
nMBuHa 3 S .
HEPYHUMX ) 30BHILIHIX cno p CUCTEMHWX onepauiiHol AKTMEHMX MEpeXesol
KOHCTPYKLLRA BKnapsHocTI BUKIMKIB pecypcie 3KTUBHOCTI BUKNMKIB CUCTEMM cepeicie B3aemogji
¥ A 4
AHomanoHi
BUKOPMCTaHHA Ocobausocti WwabnoHu 3miHa npae HanawTtyeaHHA IcTopis
HeBeaneuHux pofotk 2 JOCTYNY A0 LOCTYMY um MexaHizmiB OHOB/EHD T3
YHRUIA nam'aTTio Paiinie abo npueines ABTEHTMGIKALIT BMNpPaBAeHb
peecTpy

Puc 1. [pynu o3Hak HasBHOCTI Bpa3IMBOCTEW B MPOrpaMHOMY 3a0e3IeueHH]

[epexin 1m0 BUKOPUCTAHHS METONIB MAIIWHHOTO
HaBYaHHs y 3a/1a4ax BHUSBICHHS BPa3JIMBOCTEH MoTpedye
(dopmaizanii XapakTepUCTHK IIporpaMHOro 3abesrie-
YEeHHsI y BUIISI YHCIOBHX ab0 KaTeropiaJlbHUX Iapa-
MeTpiB. Ha BiqMiHYy BiJ eKCIIEPTHUX ITiIXOIIB, I aHAII3
YacTO BHUKOHYETHCS SIKICHO, aITOPUTMH Kilacugikarii
MOTPeOYIOTh YITKO BHU3HAYEHOTO MPOCTOPY O3HAK, IO
BimoOpakae MOTEHIIIHHI TIPOsSBYU TePEeKTIB Oe3MEeKH.

®dopMyBaHHS TaKMX O3HAK € CKJIAJHOI0 3aJaucto,
OCKIJIbKHM OUTBIIICTh BPa3lMBOCTEH MArOTh NPHUXOBAHUN
XapakTep 1 MOXYTh MPOSIBISTHCS JIMIIE ITiJ] 9aC BUKO-
HaHHS TEBHUX CICHApiiB poOoTH mporpaM. Y 3B’s3Ky 3
UM JOIUIEHUM € BUKOPHUCTaHHS 0araTtopiBHEBOTO ITiJ-
XO[y, SIKUIl BPaxOBY€ CTPYKTYpHI, MMOBEIIHKOBI Ta KOH-
TEKCTHI XapaKTEPHCTUKH IPOTPAMHOTO 3a0e3MmedeHHs.
CTpyKTypHI 03HAaKH OMHCYIOTh BHYTPIIITHI BJIACTHBOCTI
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NPOrpaMHOr0 KOAY Ta apXiTEeKTypH cHucTeMH. Bonnu
MOXYyTb OyTH OTpUMaHi 3a JOIOMOTOI0 CTaTHYHOTO
aHayiizy Oe3 BUKOHaHHA mporpamu. [TomiOHI mapamerpu
JI03BOJISIIOTH BUSIBIISITH MOTEHLIHHO MPOOIEMHI JTUISTHKH,
[0 CTaTHCTUYHO YACTIIIIC MMOB’sI3aHi 3 HASIBHICTIO Jede-
KTiB Oe3MeKn.

Ha BigMiHy BiJ CTPYKTYpHHX, TOBEIIHKOBI O3HAKH
(hOpMYIOTBCS TiJl Yac BUKOHAHHS MPOTPaMHOTO 3abe3Iie-
YeHHS Ta BiOOpa)kaloTh WOTO B3a€MOJII0 3 OIepariii-
HOIO CHCTEMOIO, MEPEXEI0 Ta IHIIMMH KOMIIOHEHTaMH
iHppacTpykrypu. IloBemiHKOBI mMmapamMeTpu OCOOIHBO
iH(pOpPMaTUBHI /IS BUSBJICHHS BPa3IMBOCTEH, IO HE
MOXYTh OyTH BCTAQHOBJICHI JIMILE HIJISIXOM aHAJII3y BHXi-
JTHOTO KOIY.

3HayHa YacTHHA PU3MKIB OE3MEKH 3aJeXKHUTh Bil
YMOB eKcIuTyaTauii mporpamMHoro 3a0e3rneueHHs. Tomy
JIOIaTKOBO BPAXOBYIOThCSI KOHTEKCTHI XapaKTEepUCTHUKH,
MOB’s13aHI 3 KOH(QITypaIi€ro CcepeloBHINa, BEPCiIMHU
KOMITOHEHTIB Ta IOJIITHKAMH JOCTyIy. ¥ 0aratbox BHU-
majkax came KOMOIHAIlisl CTPYKTYPHHX 1 KOHTEKCTHHX
(akTOpiB CTBOPIOE MIEPEAYMOBH JJIS peai3allii aTakH.

J1s e(hpeKTUBHOTO BHKOPHCTAHHS Yy MOIEISX Ma-
LNIMHHOTO HaBYaHHsA CcQOpMOBaHMN Halip mHapameTpiB
MOBUHEH BIJINOBIAATH Psy BUMOT !

— MaTH BuMipIoBaHWil abo (opMani3oBaHUH Xa-
paxrep;

— 3a0e3nevyBaTH BiATBOPIOBAHICTh PE3yNbTATIB;

—  OyTH 4yTJIHBHM J0 3MiH CTaHy O€3MeKH;

— MIHIMI3yBaTH HAJTUIIKOBICTE Ta KOPEIAIIIO
MIX MOKa3HUKaMH.

ExcTpakuisi Ta nonepeaHs 00podka o3HaK
JJISI 32129 MAIIMHHOTO HABYAHHS

EdexTuBHICTS 3aCTOCYBaHHS aNTOPUTMIB MAIIHH-
HOTO HABUaHHS Y 33jadax BUSIBICHHS BPa3JIMBOCTEH
MIPOTPaMHOT0 3a0e3MedYeHHsT Oe3I0CepeIHbO 3aleKUTh
Bil CcrocoOy TNpeACTaBJICHHS MEPBUHHOI iH(OpMAIIiI.
JaHi, 1110 OTPUMYIOTHCS 31 CTATHYHOTO a00 TUHAMIYHOTO
aHayizy, SK MMPaBWJIO, MAIOTh HEOJHOPIAHUI Xapakrep,
MOXYTh MICTUTH TEKCTOBI, YMCIIOBI, OyJeBi abo Kartero-
piayibHi 3HAYEHHS Ta BiIPI3HATHCS 32 MaciITaboM BHUMi-
PIOBAaHHSL.

VY 3B’43Ky 3 MM HEoOXiIHOIO € TIpoleaypa ix me-
peTBopeHHs y (opmarizoBaHni BEKTOp O3HAK, IPHJAT-
HUH 11 TOAAJIBIIOT aBTOMaTH30BaHOT 00pOOKH.

Hexait mporpamHuii 00’€KT ONHCYETHCS MHOXKH-
HOIO CHpHX NapaMeTpiB:

sy €y
Je KOKEH €JIeMEHT MO)XKE HaJIeKaTH IO PIi3HOTO THILY
TAHWX.

3aBmaHHAM MONEPENHBOT 00POOKH € BiOOpakeHHS
MHOXWHHU R y MIPOCTip MaITMHHOTO HAaBYAHHS:

d: R-X, 2

ne X = {xq,%,, ..., Xp} — BEKTOp YHCIIOBHX XapaKTEPHC-
TUK (PiKCOBAaHOI JOBKHUHH.

IMepmium KpokoM Oyle MEpeTBOPEHHS YHCIOBUX
napameTpiB. J{s KiIbKICHUX TOKa3HUKIB (4aCc BUKOHAH-
HSI, OOCST mMaM’sTi, iIHTEHCUBHICTh MEPEXEBUX 3aIHTIB)
3aCTOCOBYETBCS HOpMalizailis, o 3abe3meyyBaTHMeE
MOPIBHIOBaHICTh MacIITa0IB pi3HUX BeMM4uH. OIHUM 3
MOMIUPEHUX IT1IXO/IIB € MiH-MaKC TIePETBOPEHHS:

R = {1'1, ), ..

min
=T
max min”’
L

X = (3)
V Bumagkax HasgBHOCTI BHKHIIB JOIIJIBHAUM MOXE
OyTH BUKOPHCTaHHS CTaHJAPTH3AIIii:
x; = M, 4)
i
Jie [4; Ta 0; — CEpeIHE 3HAYCHHS Ta CTaHJApTHE BiIXH-
JICHHS BiJITIOBIIHOT O3HAKHU.

JlpyruM KpOKOM € TepeTBOPEHHs KaTeropiajbHUX
rapameTpiB, 10 MOXYTh OIMCYBAaTH THITM OIlepalil,
PEXUMHU JOCTYIy ab0 BHIM BHKOPHCTOBYBaHUX IIPOTO-
xoxiB. Taki mapaMeTpu He MOXYTh OyTH 0Oe3MOCepeIHbO
BHKOPHCTaHI OUIBIIICTIO aNTOpUTMIB MAIIMHHOTO HAaB-
4yaHHs. TOMy BOHM NEPETBOPIOIOTHCS Y YHCIIOBE MOAAH-
HA 3a I0IOMOTroro KonyBaHHs. Hexail mapametp 7; Moxe
mpuiiMaty k pi3HUX 3Ha4eHb. Toxi (OPMYETHCS BEKTOP:

x; = {by, by, ..., by}, (5)
b = 1, AK110 peanizoBaHO t KaTeropiw;
e e = {0, iHake.

Takuit migxig A03BONSE YHUKHYTH XHUOHOTO BBe-
JICHHSI IOPSIIKOBHX 3aJIEKHOCTEH MIX KaT€ropisiMH.

Tperim THnOM OyIyTh MEPETBOPEHHS TEKCTOBUX Ta
JIOTIYHHUX XapakTepucTuk. s Takux mapamerpis, sKi
BiOOpakaroTh HAsBHICTH a00 BiJICYTHICTh IMEBHUX BIIa-
CTHBOCTCH, BHKOPHCTOBYETHCS OiHapHE BiIOOpa)KCHHS.
VY BUMagKy TEKCTOBUX OMHCIB a00 JKypHAIIB MOMIH Mo-
JKITMBE BHKOPHCTAHHS YaCTOTHOI'O MPEICTABJICHHS, HPH
SIKOMY KOJKEH €JIEMEHT CJIOBHHKA BiOOpaXkae KiJbKiCTh
HOro nosiB y Mexax aHaji30BaHOTO 00’€KTa.

OcranHnim eranom Oyae (GOpMyBaHHS ITiJICyMKOBO-
ro BEKTOpPY Ta 3MEHIIEHHsS PO3MIPHOCTI 3 YCYHEHHSM
HaamumkoBocTi. [licns Beix mepeTBopeHs Oyae cdopmo-
BaHO e€qWHUN mpocTip o3Hak X. Came Takuii opmar €
CTaHIAPTHUM JJIsI OIMBIIOCTI CYYacHHUX alTOPUTMIB
knacuikamii, Bif HEHPOHHINX MEpExX A0 ICPEB PIlllcHb
Ta CUCTEM 3 HiAKPIIICHHSM.

OCKUNBKM BeNWKa KUIBKICTh TapaMeTpiB  MOXKe
NPU3BOJUTH JI0 TIEPEHABUAHHS MOJENel Ta 301IbIIESHHS
00YHCIIOBAIBHOI CKIAIHOCTI, JOIIBHEM € BHKOHAHHS
npouenypu BinOopy HaiOiIbll iHGOPMATHBHHUX O3HAK.
VY3araipHEeHO 116 MOYKHA MTPEACTaBUTH K IEPETBOPEHHSI:

X - X', pedim(X") < dim (X). (6)

YV pe3ynbTari miaBHILY€ETHCS CTAO0UIBHICTh HAaBYaH-
HS Ta y3arajbHIOOYa 3IaTHICTh allTOPUTMIB.

TakuM YWHOM, 3alIPOMTOHOBAHUHN MIAXiJ 10 BUTATY
Ta TIOMepeaHboi 0O0poOKM 3abesmnedye yHiikoBaHE
MIPEJICTAaBICHHS PI3HOPIAHUX XapaKTEPUCTHK IPOTpaM-
HOTO 3a0e3IeYeHHs Yy BHIVIAII YHCIOBOTO BEKTOpA, IIO
CTBOPIOE OCHOBY JUIsl TIOAAJBIIONO 3aCTOCYBAHHS METO-
JIiB MAIIMHHOTO HABYAHHS y 3aJa9aX aBTOMAaTH30BaHOI'O
BUSIBIIEHHS BPa3IMBOCTEH.

BucnoBknu

VY po6oTi po3mIsTHYTO TpobdIeMy cucTeMaTHh3allii
Bpa3IMBOCTEH MPOrPaMHOTO 3a0e3Ie4YeHHS B KOHTEKCTI
MiATOTOBKH JaHUX JJIs 3aCTOCYBaHHS METOJIB MAIIIHH-
HOro HaBuaHHA. [IpoBeneHMit aHaI3 ICHYIOYUX ITiIXOIB
J0 knacudikanii 103BOJMB BUAUIMTH OCHOBHI TPy
Jne(eKTiB Oe3MeKu 3a MPUYMHAMU BHHUKHEHHS, CIIOCO-
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OoM eKcIutyaTalii, piBHEM MpOsIBY Ta BIUIMBOM Ha 0a30Bi
BJIACTHBOCTI 1H()OPMALIHUX CHCTEM.

[okazaHo, 1m0 OLIBLIICTH TPAAWIIWHUX KiIacudi-
Kalliii Opi€eHTOBaHI MEPEeBAKHO Ha EKCIIEPTHE BHKOPHC-
TaHHS Ta MalOTh OITMCOBHH XapakTep, 10 YCKIJIAJHIOE TX
0e3rmocepeIHI0 IHTerpalilo y aBTOMAaTH30BaHI MPOIEy-
pu aHamizy. Y 3B’S3Ky 3 IIUM 3allpOIIOHOBAHO MiAXix A0
MePeXoAy Bif SIKICHOTO IPEICTABICHHS BPa3MBOCTEH
no ¢opmyBaHHA (HOPMANIi30BAHOTO MPOCTOPY O3HAK,
MIPUIATHOTO NI alNrOpUTMIYHOI 00poOku. Po3pobneHo
METOX BHUTATY Ta IONEePEeIHhOI 0OpOOKM O3HAK, IIO 3a-
Oesrieyye MEpeTBOPEHHS] DPI3HOPIMHUX NaHHUX y €IHMHE
YHCIIOBE TpECTaBICHHs (IKCOBaHOI po3MipHOCTI. 3a-
MIPOTIOHOBaHI NPOLEAYPH HOpMaizalii, KOJyBaHHS Ta
3MEHIICHHSI PO3MIPHOCTI JIO3BOJISIFOTH MiJIBUIUTH CTa-
OIJIBHICTD MOAAJBUIOTO HAaBYAHHS MOJENEH 1 3MEHIINUTH
BILIMB HA/JTUIIIKOBOT 200 HEKOpenboBaHo1 iHdopMarrii.

OtpumaHi pesynsTatd GOPMYIOTh METOOHYHY OC-
HOBY I OOYIOBH aBTOMaTH30BAHMX CHCTEM BHSBIICH-

HSl Bpa3JIMBOCTEH NPOrpamMHOro 3abe3nedeHHs Ta Mo-
XKyTh OyTH BHKOPHCTaHI IiJ 4ac po3poOku Kinacudika-
LiAHUX, MPOTHO3HUX 1 AHATITUYHUX MOJICIICH Oe3MeKu.

[lepcrieKTUBHUM HAIpsSMOM MOAAIBIINX JOCIHi-
JDKEHb € eKCIepHMEHTalbHa MepeBipka iHpOpPMaTUBHO-
CTi c(pOpPMOBAHMX O3HAK HA pealbHNX Habopax MaHWX, a
TaKoX po3poOKka aHCaMOJEBHX ITIXOMIB, 3JaTHUX alall-
TyBAaTHCA 0 MOSBH HOBUX THIIIB BPa3IMBOCTEH 1 3MiH Yy
MIPOTPaAMHOMY CEPEIOBHIIT.

KondutikT inTepeciB. ABTOpu IEeKIapyOTh, IO HE
MaroTh KOH(IIIKTY iHTEpeciB CTOCOBHO IAaHOTO JOCIHIi-
JDKeHHs, B TOMy 4HCIi (DiHAHCOBOrO, OCOOHMCTICHOTO
XapakTepy, aBTOPCTBAa UM IHIIOTO XapakTepy, L0 Mir ou
BIUTMHYTH Ha JIOCIIIDKEHHS Ta HOTO pe3ylbTaTH, IpeacTa-
BIICHI B JlaHiii cTarTi.

BukopucranHsa 3aco0iB INTYYHOro IHTeJeKTY.
ABTOpH TIATBEP/XKYIOTh, 0 HE BUKOPHCTOBYBAIIM TEX-
HOJIOTII IITYYHOTO iHTENEKTy NMpU CTBOPCHHI MPEICTaB-
JIeHo1 poboTH.
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Classification of software vulnerabilities and formation of presence signs based on machine learning methods
Yehor Chelak, Hennadii Heiko

Abstract. The object of the study is the process of vulnerability detection in software. The subject of the study in-
cludes approaches to vulnerability classification and methods for forming indicators of their presence suitable for machine learn-
ing algorithms. The aim of the work is to systematize existing types of security defects and to develop a method for feature
extraction and preprocessing that enables their formal representation within a numerical feature space. The paper analyzes the
main principles of vulnerability classification according to root causes, exploitation techniques, manifestation levels, and impact
on security properties. A generalized system of structural, behavioral, and contextual parameters that may serve as indicators of
potential defects is proposed. Procedures for transforming heterogeneous data are developed, including normalization of numeri-
cal values, encoding of categorical attributes, binarization of logical features, and dimensionality reduction. The obtained results
provide a methodological basis for the further development of intelligent systems for automated software vulnerability detection.

Keywords: software vulnerabilities, classification, informative features, data preprocessing, machine learning, infor-
mation security.
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Harmionansauiil TexHIYHUHN YHIBEpCUTET «XapKiBCHKUHN MOMITEXHIYHUHN IHCTHTYT», XapKiB, YKpaiHa

MOPIBHSIJIBHUAM AHAJII3 YACOBUX PS/JIIB

AHoTanisi. AkTyaabHicTh. CTaTHCTHYHI aHi O OLIBIIOCTI COLiabHUX, feMorpadidTHuX, METUIHNX, EKOJIOTTYHNX MO-
Ka3HUKax 30UparoThCs YacTille 3a Bce pa3 Ha pik. Taki paau JOCTymHI JuiIe 32 HEBSIUKIUMH 32 00CSTOM IaHUMU B AEKiJbKa
POKIB, TOOTO € KOPOTKHMH YAaCOBHMH PAJaMHU. BUTBIIICTh ICHYIOUMX METOXIB KIacTepH3allii He € NPUAATHUMU AT aHAIli3y
KOPOTKHX 4acoBUX psifiB. TOMy akTyanbHOIO € 3a1a4a MoAaHHs iH(opMalLlii Tpo YUCIIOBI psAX TAKUM YHHOM, 100 BoHA Oy1a
JIOCTaTHBOIO JUTA IiJIeH 3a/1adu KJIacTepu3allii came g KOPOTKUX YacoBHX psAiB. OcTaHHIM 4acoM B HayKOBIiH JiiTeparypi
3’SIBIJIMCH MyOJIKaIlii 3 peKOMEHAAIIMI HaJaBaTH MapajielbHO JOJaTKOBY iH(opMaIllifo, o MICTUTECS y CTaTUCTHYHHX
MOKa3HWKaX BHMIPIOBaHb YAaCOBHX PSIB, a TAKOXK ITOKA3HUKH, SIKi ONMCYIOTh ANHAMIKY YaCOBHX PSIIIB, iX MIHJIMBICTH, aie
He 3aJIeKaTh BiJ] 4acy. 3aJIMIIA€ThCS aKTyalIbHOIO 3aada BHOOPY Mip GIU3BKOCTI psiaiB. [cHYI0I HOCTiIKEHHS 00 MOpi-
BHSUTFHOTO aHAITi3y Mip OJM3BKOCTI CXWISIOTHCS JI0 TOTO, O EBKITiTOBA BiICTaHb 3aiiMa€e MepIIli MicIis 3a SKICTIO B 3a/1a4ax
KJacTepu3anii 9acoBux psiaiB. O0’€KT AOCTiIMKeHHS: KOPOTKi YacoBi PN JaHUX PO3MOBCIOIKEHOCTI OKPEMUX BUIIB IIIKi-
PHHX 3aXBOPIOBaHb B perioHax Ykpaini. MeTa cTaTTi: MOpiBHAIBHUIN aHaJI3 pe3yabTaTiB KJacTepu3amii KOPOTKUX YaCOBUX
pAAiB, OTPUMAHHX i3 3aCTOCYBAaHHSM DPI3HHX Mip ONHM3BKOCTi. Pe3ynbTaTh gociixkeHHs. Y poOOTi AOCTIIKEHO YacoBi
psau, mo BimoOpakaloTh JaHi 3 KUIBKOCTI BUIIAKIB 3aXBOPIOBAHb PI3SHUMH IIKipHUMH XBOpOOaMu B perioHax YKpaiHu 3a
NEeBHHH Iepiof Jacy. Pe3ynpraTti kiactepusariii TAKHX 4acOBUX PSIIIB AAIOTh MOXIIMBICTH 3pOOHTH MOPIBHSUIBHUI aHAII3
JaHVX 1 BUSBUTH DY PETiOHIB YKPaiHU 3 «OJJHAKOBOIOY» CHTYAII€IO 3 I[bOT0 MUTaHHA. BucHoBKH. OTpuMaHi pe3yapTaTi
MOXyTb OyTH BUKOPHUCTaHI B HOAAIBIINX JTOCIIUKEHHAX IJIsl BUSIBICHHS IIPUYUH BiIIOBIHUX PiBHIB 3aXBOPIOBAHOCTI, Ta-
KUX, HAIIPUKIIAJ, K SIKICTh BOJIH, TTOBITPsI, 3a0pyIHEHHSI HABKOJIMIIHBOTO cepefoBuIna. [ BUpilIeHHs Li€l 3a/1a4di aBTOpH,
KpiM Mipu EBKITiIOBOT BiicTaHi, 3aCTOCOBYIOTH Mipy ONHU3bKOCTI YaCOBUX PALIB 32 iX OCHOBHUMH CTATUCTUIHUMH XapaKTe-
pPUCTHKaMH Ta Mipy OJIHM3bKOCTI MOKA3HUKIB AUHAMIKH JOCIHIIKYBaHUX PALIB, a caMe, PSAiB iX MepHIIuX Pi3HULB. 3 METOIIB
KJIacTepHu3allii 9acoBUX PsilIiB 0OpaHa iepapxidHa npouenypa. [IpoBeaeHo NOPiBHAIBHUI aHAI3 OTPUMAHUX PE3yJIbTATIB.

Kaw4voBi ciaoBa: MateMaTH4HEe MOJICTIOBAHHS; KOPOTKHI YacOBHUI Psii; MOPIBHIIBHUIN aHANI3; iepapxivuHa mpoueaypa

KJIACTEPHOTO aHAi3y; MipH OJM3BKOCTI; JeHAporpama; GyHKIIOHAI SKOCTI.

Beryn

[ocTranoBka nmpodaemu. OCTaHHIM 9acOM CITOCTe-
piraeThcs CIUIECK IMOSBY JaHUX, IO MPEICTaBJICHI y BU-
Tl 9acoBUX psiiB. Lle cripoBokyBaio 3picT HayKOBUX
JOCITIIKEHB 3 IIJUTIO BUSIBIICHHS 3 X JaHUX Pi3HOMaHI-
THOT iH(pOopMarii. OCHOBHOIO 33/1auCi0 aHai3y YaCOBHUX
PAMIB 3aMUIIAETLCS 3a/lada MPOTHO3YBaHHS HOTO Moja-
JIBIIKX 3HaYeHb., OHOYACHO 3 SABJISIFOTHCS HAYKOBI My0-
Jikauii oo iX MOpiBHUILHOTO aHalli3y 3a JA0TIOMOTIO0
Pi3HHUX Mip OJIM3BKOCTI.

KnactepHuii aHai3 BiTHOCUTHCS 10 KJIACY METO/IIB
MTOPIBHAIEHOTO aHAlli3y JaHUX, KM 00’ €IHye METOIN
knacuikamii, M0 3aCHOBaHI HAa BHU3HAYCHHI MOHATTS
OJIM3BKOCTI (BiCTaHi) MiXK 00’ €KTaMH 3 TIOJJATBIIIAM BH-
JUTEHHSM 3 HUX TPYII (KJIacTepiB).

Merta xiacTepusalii moisrae B ToMy, mo0 OTpH-
MaTH Taki Tpynu (KJacTepu), B SKUX BiIMIHHOCTI MiX
03HaKaMM 00’€KTiB BCepeanHi IUX Tpym Oynu 6 MiHIMa-
JIbHI, 8 BIZIMIHHOCTI MiX 00’€KTaMH — MaKCUMAaJIbHI.

Knactepunii aHasi3 He BUMarae anpiopHUX BiIOMO-
cTelt Ipo po3moii AaHuX. Yacosi psiiv, Ha BiIMIHY Bif
CTaTUYHHX JAHWX, CKIAJAIOThCS 3 BEJIMYHH, 1[0 XapakK-
TEpU3yI0Th 00’€KTH JOCIIJUKEHHs, CTaH SIKUX 3MiHIO-
€Thcs 3 YacoM. TOMY BHKOPHCTaHHS KJIACTEPHOTO aHa-
T3y JUIS X JOCIIIKEHHS € MOXJIUBUM.

IcHye pnocTaTHRO BeNMKa KUIBKICTH aITOPUTMIB
knactepusanii. OHAaK, 3TiTHO 3 BH3HAYCHHSM, HaBeJe-
HUM B [1], Bci MeToan KimacTepu3ariii Mo>kHa yMOBHO TI0-
JITATH TUTBKY HA J[BA KJIACH: i€EpapXivHi Ta 3aCHOBaHI Ha
oAU JaHuX. B IijoMy, METOIM, 3aCHOBaHI Ha MO
JAHUX, B TAHUH 9ac € HAWOUIBII MOy IIpHUMH, OaraTo B
YoMy 3aBISIKH iX MaTeMaTHYHIA CTPOTOCTi, SICHOCTI

OJIep)KyBaHUX pe3yJbTaTiB 1 MPOCYHYTOMY IpOrpam-
HOMY 3a0€3MEeUYEeHHIO.

PoboTta kimactepHOro aHaslizy CIHMPAEThCS Ha JBa
npunyuienns. [lo-nepire, e Te, 1m0 00’€KTH TOCIIi-
JDKCHHS B TIPUHIMIT JJOMYCKAIOTh PO3OHUTTS CYKYITHOCTI
Ha knactepu. [lo-apyre, mpaBuwibHICTE BHOOpY MacI-
Taby ab0 OMWHHWIII BUMIipIOBaHHS O3HaK. Bubip macmi-
Taly B KJIACTEpPHOMY aHaJi3i Ma€ BEJHMKE 3HAYCHHS.
SKm1o BUMipIOBaHHS YaCOBOTO PSIY Ha MOPAIOK OLTBIT
BIIMOBITHUX BUMIPIOBaHb Psi/ly, TO IPH PO3pAXyHKaxX Be-
JMYMHU OJIM3BKOCTI MIXK psiIaMH, IO BiIOOpaKaroTh 10-
JI0)KeHHs1 00’ €KTIB Y TIPOCTOPI iX BIaCTHBOCTEI, 1€ cTae
HEMOXXJIMBIM KOPEKTHO BUKOHATH. 3a3HaueHa pobieMa
BUPIIIY€ETHCS 32 IOMIOMOTOIO TTONEPEAHBOI CTaHAapTH3a-
uii 3minaux. Crangaprusanis (standardization) a6o wop-
myBaHHs (normalization) npuBoauThH 3HAYSHHS BCIiX Ie-
PETBOPEHMX 3MIHHHMX 10 €IMHOTO Jiana3oHy 3Ha4eHb
[UISIXOM BHPa)KCHHS Yepe3 BiJHOILEHHS INX 3HaYeHb JI0
SIKOICh BEJIMYMHH, IO BiJoOpa’kae IEBHI BJIACTHUBOCTI
KOHKPETHOI O3HaKH.

SkicTh KIacTepu3allii 4acoBUX PsMiB, SK 1 Oyab-
SIKAX 1HIIMX 00’ €KTIB JOCIIIKEHHS 3a [UM METOJIOM, 3a-
JIKUTh, MO-TIEpIIIe, BiJ 0OPaHOTO aITrOPUTMY KIIacTepH-
3amii i, mo-apyre, Big 06paHoi Mipu OIM3BKOCTI MiX ps-
JaMH, 10 € XapaKTePHCTHKOIO CTYMEHS DPI3HHII MiX
HUMU. B momiOHux 3amadax oOpaHHS Mipu OJH3BKOCTI
BIIMBA€ HA SAKICTh B OUNBIIIHN Mipi MOPIiBHAHO 3 0OpaH-
HSIM MeTony kiacrepusanii [2]. Lle, B cBoro yepry, Bu-
KJIMKAJIO OSIBY JIOCJIIPKEHb CTOCOBHO €(heKTUBHOCTI Mip
ONMU3BKOCTI YaCOBHX PSIB JUISA BUPIIICHHS 3a/1a4 KIac-
tepu3atii [3, 4].

AHaJi3 ocTaHHix gochaimkenb. Knacrepuuil ana-
JIi3 4aCOBWX PSIIB BUKOPHCTOBYETHCS ISl BUPIMICHHS
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0araTboX NMPaKTUYHMX 3aaa4y. Hanpuknan, aHamiz auHa-
MIKM 3aXBOpIOBaHOCTI abo craHiB mauieHTiB [5-8], ¢i-
HAHCOBHX TOKa3HUKIB [9], B 3amayax NpPOrHO3YBaHHSA
[10], ananizy pusukis [11] Tormo.

Sk mokasye aHaji3 JiTepaTypH, Ha HPaKTHLI NpU
BHUBYCHHI YaCOBUX PSIiB y OLIBIIOCTI pOOIT BUKOPUCTO-
BYETBCS i€papxidHa Kiactepusanis [5, 6, 9], meTox xia-
crepusaiiii K - cepennix [10, 11], a Takox HediTKa Kiia-
crepusanis K - cepennix [12], mpu sikiii kmactepu Mo-
KYTh IEpETUHATHCS.

BaxnuBy ponbk B 3amadax KiacTepusalii Biirpa-
I0Th i€papXiyHi npouenypu. lepapxiuyna nmpoueaypa mo-
YHHAETHCS 3 TOTO, IO KOXKEH 00’ €KT € OKPEMHM KJlacTe-
pom. Ilotim nBa cycigHix kiactepa 00’€IHYIOTBCS B
OJIWH, 1 TaK Jaii, i IeH mporec TPUBA€e A0 THX Mip, TOKH
HE 3aJIMIIATHCS /1BA KJIACTEPH.

Meron K - cepeaHix € TakoX OJHUM 3 HAHOLIbII
3aCTOCOBaHMX MeToNiB Kiactepmsamii [8, 13]. IIporme-
Iypa MOYHMHAETHCA 3 BU3HAYCHHS KUTBKOCTI KIIACTEPiB i
3aBIaHHs IIEHTPIB MaiOyTHIX KJIacTepiB — TaKuX
00’ekTiB, B OKOJIi sikux (opmyroTbest kiactepu. Ha Ha-
CTYHHOMY eTari 00 €KTH IpyIyIOThCS BIATOBITHO 10 iX
OJM3BKOCTI 0 LEHTPIB KiactepiB. [Iponenypa kiacre-
pu3alii BAKOHYETHCS JI0 THX ITip, HOKH LIEHTPH He Iepe-
CTaHYTh 3MIHIOBaTHUCH.

o uenomikiB meroay K - cepeanix MOKHa BijHe-
CTH Te, IO KiJIbKICTh KJIacTepiB HE 3MIHIOETHCA, a pe-
3yJIBTAT 3aJIC)KUTH BiJl OYaTKOBOTO BH3HAYCHHS IICHT-
piB.

SIKIIO TOCITIKYIOTHCS KOPOTKI PSIIH, TO OLIBLIICTH
ICHYIOUMX METOJIB KJacTepu3allil He Mpu3HadeHi s X
aHawi3zy.

o cTocyeTbest 0OpaHHs Mipy OJIM3BKOCTI MIX psi-
JlaMH, 110 € XapaKTEPUCTUKOK CTYIEHs PI3HMII MiX
HUMH, [I€ € TaKOXX BAXJIMBUM MOMEHTOM IPOBEACHHS
IIpOLIeAypH KIlacTepH3arii.

IcHye Tpu migxomu 0 PO3paxyHKY MipH OIH3BKO-
cTi Mk yacoBumH psiamu [13]:

1. Migxix, 3acHOBaHWI Ha HEOOPOOJCHUX ITaHUX.
BumMiproBaHHS BiIcCTaHI OOYHCITIOIOTECS 3 BUKOPUCTAH-
HSIM BUXI1IHUX 3HAYCHb aHATI30BaHUX YaCOBUX PsIiB a00
JeSKHX IXHIX XapakTepucTuk. HailOinb Biomi MipH Bi-
ncrani nporo miaxoxay: EBkiinosa, MinkoBcskoro, MaH-
XETTEeHChKa BiJICTaHI, BiICTaHb MK NIepiogorpamamu, Bi-
JICTaHb MDXK KoedilieHTaMH aBTOKOpEJsLid psIiB Ta
iHTII.

2. IMigxin, 3aCHOBaHMM Ha HAOIMKEHHSIX 4aCOBHUX
paaiB monensimu ARIMA. YV riboMy mixoi po3paxyHOK
OIIM3BKOCTI MIXK OKPEMUMH PsIZIaMU BUKOHYETHCS 32 3Ha-
YEHHSIMH CTATHCTHYHHX XapaKTEepUCTHK Mojeinel. [Ipu
3aCTOCYBaHHI L[LOTO MiIX0Yy Oy/My€eThCs CTaTUCTHKA, IO
BifoOpakae 3HAYYMIIICTh BiAMIHHOCTEH MpOIECiB, Ha-
mpukiana, koedimieHTn aBToperpecii abo MaTpuIl KoBa-
piariii psiB Ta iHIIE.

3. B pamkax mporo miaxoay OIiHIOEThCS PiBEHb iH-
¢dopmarii, 0 MICTUTECS Y KOXKXHOMY 3 YaCOBUX PSiB.
Ie#t miaxiz HE BpaXOBY€E YacOBi XapaKTEPUCTHUKH i 0CO0-
JIMBOCTI TPOLECiB, HE POOUTH MPUIYIIEHb PO MOJEII,
SIKI MOXYTh OyTH BUKOPHCTaHI JUIsl allpoOKCUMalii mpo-
necy.

KosxHuii 3 nmepeniueHux mixo/1iB Mae CBOIO CIICIHU-

¢iky. OOpaHHS MeToqy HOCHI/DKEHHS IIOBUHHE

BIJIMIOBIIATH IIJIIM 3a/1a4i, [0 BUPIIIYETHCS.

OCKUIBKH MpOIIeIypa KIACTEPHOT0 aHai3y MpOXo-
JIUTh B aBTOMAaTUYHOMY PEKUMI O€3 yUaCTi JOCIITHUKIB,
TO IyX€ CKJIaTHO 3pOOUTH 00’ €KTHBHUN BHCHOBOK IO
CTYIIHb «IIPABHIBHOCTI» OTPUMAHUX 3 HOTO JOIIOMOTO0
pe3ynbTaTiB. Sk mpaBmIlo, HA MPAKTUIl OOMPAETHCS TOM
pe3yIbTaT, IKUI «Mae CeHC» 3 TOUKHU 30py PO3B’A3yBaHOT
3amadi. OgHAK € HU3Ka MMOKa3HUKIB, SKi MOYKHA BUKOPH-
CTOBYBATH JUTA KUIBKICHOTO OIIICY SKOCTI KJIACTePH3AIlii.
e mae MOXIJIUBICTH MOPIBHATH Pi3HI PIlICHHS Ta 00paTH
HaMOUIBII «ONTHMANbHEY. Y 3B’S3KY 3 IMM PO3PaXyHOK
TaKUX Mip SKOCTIi 3a3BHYAl € YACTHHOO aJrOPUTMY KJia-
CTEPHOTO aHaJli3y.

Jlns BU3HAUEHHS TOTO, SIKa KiJIbKICTh KJIaciB € OIl-
TUMAJIbHOIO, BUpIIIATbHE 3HAUCHHS Ma€ TIOKA3HUK, SIKHI
00YHCITIOE ONM3BKICTh MK JBOMA KJIacTEpaMH 3TiTHO
obpanoi mipu. Ha Tomy erami, e 1 Mipa OJU3BKOCTI
MIX JIBOMa KllacTepamMHu 301/bINY€EThCs IEpepBaMu, MPO-
mec 00’eTHAHHS B HOBI KJIACTepH HEOOXITHO 3YIMUHHTH,
ToMy 1o Oymm O Bxke 00’€qHaHI KIACTepH, sKi 3HAXO-
ISATHCS Ha BIAHOCHO BEJMKIN BiJCTaHl OAWH BiJl OJHOTO.

Crymnine HaOMIDKEHHS pe3yNBTATiB 0 1/1ealbHOTO
BUKOHAHHS MPOLCAYPU KJIACTEpHU3AIlil XapaKTepu3y-

. . F
eThest TakoXK GyHKIiOHanoM skocTi — . Jlyist Horo no6y-
1

JOBH OOYHCIIIOIOTE cyMy [, BHYTpIIIHBOKIACTEPHHX

BiZICTaHEeH MiXK 00’€KTaMH B KOXKHOMY KJIacTepi Ta CyMmy
F, MiXKIacTepHHX BigcTaHeil Mix 00’eKkTaMy, sKi 3Ha-

XOAAThCA B PI3HUX KiacTepax. Y HbOMY BUIAIKY SIKICTh
PO3OUTTS Ha KiIacTepH 3a gornomoror cym F; i F omi-

o F
HIOE€THCA CITIIBBIAHOIICHHAM L . BBa)KaCTI)CH, 110 Hau-
1

kpamomy noginy muokunn Q={X,, X,,...X,} nHa
KJIaCTEpH BiJIIOBiJJa€ MiHIMAJIbHE 3HAYCHHS CIIiBBIIHO-

eHHs — .
1
MeTo10 po00TH € OPIBHUIBHUIA aHAJIi3 YaCOBUX Psi-
B TAHUX PO3TOBCIOKEHOCTI OKPEMUX BHUIIIB IIKIPHUX 3a-
XBOPIOBaHb B perioHax YKpaiHi 3a pe3yJbTaTaMu Kiactep-
HOT0 aHAI3y 13 3aCTOCYBaHHSIM Pi3HHUX Mip OMU3BKOCTI.

OcHoBHui MaTepian

Hexaii JOCIIKYETBCS CYKYITHICTB
Q={X3, X,..,X,,} 3 M KOPOTKHX 4acoBHX PsiiiB 3
OJTHAKOBOIO B Yaci KUTBbKiCTIO BuMiptoBans N . Tpeba mo-
rpymu  (Kjgactepu)
Q=qUGU..UC,
GNCj=9, i,j =1k i#]j, 3aCTOCOBYIOUH 00paHy
TpOLEAYpPY Mipy
Dq (Xi, X j ) (q =1, 2,3) OJM3BKOCTI  MDK  psaaMu

JOUTITH  CyKymHIiCTB ) Ha
Cl’ Cz, e ne

I3

iepapxigHoi KJjacTepm3amii Ta
Xi, X (i,j=1m).

MaremaTnuna Mogeab. Hexali 3ajaHa CKiHUeHHA
mHokHHa 06’ektiB Q={X,, X,,... X, }. Muoxuuoro

C xnacrepiB ux 00’€KTiB HA3UBAIOTh OYAb-SIKY CYKYII-
HICTh HOro HEIyCTHX IJMHOXHH, L0 HE MepeTu-
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Q
HatoThes. Takum ynHOM, ko C < 2 — MHOXKHHA KJTa-
CTepiB, TO

VG, C,eC: (CNG#2D) < (G =C,).

JUi1st BUpIIICHHS IOCTABIICHOI 3a/1a4i MPOMOHYEThCS
MPOBECTH 1€papXiuHy MpOLEIypy (IP) KJIACTEPHOTO
aHawi3y, MO BH3HAHA HANOIIBII 3aCTOCOBAHOIO B JTOCII-
JHUIBKUX IIIAX.

JloBeieHO, 110 pe3yJIbTaTH KIacTepH3allil MeBHUM
YMHOM 3aJeXaTh BiJ 00paHoi Mipu OJM3BKOCTI MiX
00’extamu — psagamu. [Ipu npoBeneHHi iepapXidHO] mpo-
uenypu (IP) 3aCTOCYEMO TpH MIpU OJIM3bKOCTI:

D, ( X X, ) — EBKITiIOBY Mipy, KOO 3aJI€KHICTh BUMi-

proBaHb Bif yacy irHopyetscs; D, (ST, , ST, ) — Mipy, 10
noOynoBaHa Ha CTATHCTHYHUX ST -XapaKTepUCTHKaX
YacOBHX PSJIB, JJIsl IKMX HE BPaXOBYETBCS 3aJI€KHICTh
Bix vacy; ta D, (AX i AX ) — Mipy, mo mo0ymoBaHa Ha

MePIINX PI3HUIAX

X (i =1m, r:1,n—1)

ir+l ~ Nir

AX; (Xi,r ) Xi,r+1) =X

BHMIPIOBAaHb JAHUX YaCOBUX PsfiB. TakuM 4uHOM, OyIe
OTPUMAHO TPH BapiaHTa BHUPILICHHS 3a/1a4i KilacTepu3a-

uii muoskuHn Q ={X,, X,,.., X, } 4acoBux pszis i3 3a-

CTOCYBaHHSM i€papXigHOi MPOIEAYPH 32 OOpaHUMH Mi-
pamu 6su3bKoCTi (Tadu. 1).

AHaii3 OTpUMaHHUX pe3yJbTaTiB MOXE JaTH MOX-
JIMBICTh BHUSBUTH MepeBard (HENOJNIKHM) 3aCTOCYBaHHS

Mmip 6imsbkocti Ty D, (STi, STj) ta D, (AXi, AXj)
mepe]] HalOTbII 3aCTOCOBAHOO Y IOCIIKECHHSX MipOIO
Bijcraui Dl(Xi, Xj).

PesynbTaTn pocaimkeHb. B skocti  00’€kTa

Q=1X,X,,..X 03riIIHEMO M =3 perioHiB Yk-
1 2 m
paiHu, KOKEH 3 SIKMX XapaKTepU3y€eThCs BiAMOBITHUM Ya-

COBUM psiioM X, (i =1, m) 3 OJJHAKOBOIO B 4Yaci KiJIbKi-

ctio N =13 BUMIPIOBaHb BUMAJKIB JSSKUX IIKIPHUX 3a-
xBoproBaHb [14]. Jlns gocnijpkeHHst o0paHi Tpu 3 I ATH
perioHiB Ykpainu, a came Cxinaunit, LleHTpansamii i 3a-
xigauid. Jlasi po3MmoBCIOPKEHHS 3aXBOPIOBAHb IO Perio-
Hax IpeAcTaBiIeHi Ha puc. 1.

IToxin yacoBuX psIiB Ha KJIacTepH MPOBOIAMBCS i€-
papxiuna npoueayporo (Hierarchical Cluster) meronom
Between-groups Linkage (38’s130k Mix rpymaMm) 3 BUKO-
pHCTaHHAM MaTeMaTuuHoro nakery SPSS Statistics 26.

[epen npoBeeHHSIM KJIaCTEPHOTO aHAITi3y BUKOHA-
€MO HOpPMYBaHHsI BUMIpIOBaHb YacOBHX pPAiB. Bukopu-
cTanHs L, -HOpMH JUIst 4aCOBUX PSIIIB MOXKJIMBE JIMIIE Y

BHUIIJKY, KOJIM PSIIM OJJHAKOBOI JOBXKUHU W HE MaloTh
JIOKAJILHOTO 3CYBY 32 YaCOM.

ITpu nmpoBenenHi iepapxiunoi mponeaypu (IP) 6ymo
3aCTOCOBAHO TPU MipH OIHM3BKOCTI:

1) eBkminoBa mipa:

Dl(Xi,)g(j]:

2) mipa, mo mnoOyJoBaHa Ha [ CTaTHCTHYHHX

ST -xapakTepuCTHKaX S, (i =1m, =1 pj HOpPMOBa-

HUX BUMIPIOBaHb YaCOBHX PSB!

CXIIHHUH PETIOH

=—4#—ToHenbka == JIyTaHCEKA XapkiBcbKa

200

3AXBOPIOBAHICTh

HEHTPAJIBHUW PEITOH

=—&— BiHHHIbKa —8—TJorTaBchKa Yepkacbka

==—TKipoBOrpaJchKa

=== ITHITPONeTPOBCHKA

3AXBOPIOBAHICTDL
=3

3AXIJIHUH PET'TIOH

==4=—BOIHHCEKA == pan0-DPaHKIECEKA JIbBiBCHKA === DiBHCHCEKA

—#— TepHOmTBChKA UepHiBembka == XMeTbHHIbKA

4 5 6 7 8 9 10 11 12

Puc. 1. 3axBoproBaHicTh 0 perioHax YkpaiHu

3) mipa, mo noOymoBaHa sl OIIHIOBAHHS OJU3b-
KOCTi MiXK XapaKTePUCTHKAMH JTUHAMIKHA YaCOBHX PSIIB.
Onuc THAMIKK 9acoBUX PAJIB HOPMOBAHUX BHMIpIO-
BaHb MPOBOJUBCS 3 3aCTOCYBAHHSAM MEPIIMX Pi3HHIb 3

(o] [0} [0} . JR— [
maroM 1: AXir = Xirs1— Xir (I =lm,r :1,n—l). Hop-

Mati3ais 3HaYeHb YaCOBHX PSAIIB JO3BOJISE HE 3BEPTATH
yBary Ha po3KHIaHICTh CIIOCTEPEXKEHb Y IIPOCTOPI, a JI0-
CJTIJKYBATH TUILKY IOBEIIIHKY psiB. st OOy I0BY i€l
o]
. 1, AX, 20;
Mipu BBejeMO Mo3HaueHHs: L1, = .
0, Ax, <0.

Od4eBUIHO, 1€ TIEPETBOPEHHS YaCOBUX PSIIIB BiJ0-
Opakxae JAWHAMIKy Tpolecy, a TOYHiIe, BKa3ye
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iHTepBaJ’II/I HECIIaJaHHs. B ouX IIO3HAYCHHAX Mipa

D, (AXi, AXj) Ma€ TaKui BUTJIS;
1 n-1
D, (AX,, AX)) =n—_1rz:l:L11r ®L1,,

ze L1, @ L1, — MOKOMIIOHCHTHE JIOJaBaHHA 33 MOJY-

Jiem 2 .

JlonaBaHHs 32 MOJyJIEM 2 € JIOTIYHO OMEpaIliero,
pe3ysbTaT BUKOHAHHS SKOi Oy/ie ICTHHHUM TOJI 1 TUTbKU
TOJi, KOJH JIUIIIE OJTUH 3 apTyMEHTIB iCTUHHHHN. [HIIMMuI
cloBaMH, TIpH  OOYHCICHHI  MipH  OJU3BKOCTI

D, (AX i AX j) MiX IBOMa psilaMH BPaxOBYIOTHCS CH-

Tyamnii KOMOiHaIiif MOBEIIHKN YaCOBHUX DPAIIB «CIIajae-
3pocTae» abo «3pOCTae-CIaNae.

[[eHz(porpaMa BUKOHaHHS npoueaypu

{IP,D2 (STi,STj )} B SKOCTi XapaKTePUCTHK 00’ €KTiB

JOCIIDKEHHSI — 9aCOBHUX PsiB — 00OpaHO HaHTpOCTimi
CTaTUCTUYHI XapaKTEPUCTUKH, IPUBECHA HA PUC. 2.

Dendrogram using Average Linkage (Between Groups)
Di Cluster C i
0 5 10 15 20 25
1 1 1 1 1

10

Puc. 2. [lesaporpama nporiecy 3IUTTS IPOLETypH
KiacTepu3anii {IP,D2 (STi, ST, )}

B pesysbrari npoBeneHUX O0YKMCIEHh MaeMO J1Ba
KJIacTepu, mo ckinamaroThest 3 11 ta 4 06’ekriB. s
00’eZlHAaHHA BCIX 00’€KTIB B OJMH KJIACTEP aJTOPUTMY
3Ha100MII0CH 25 KPOKIB.

Cxoxi pe3ynbTaTy Oy OTpUMaHi TaKOX IPH MPo-
BE/ICHHI NPOLIelyp KJlacTepu3altii:

[0, )

{1P,D,(AX,, AX, )}

Jist 9acoBUX PSAIB, 1O PO3MIIAAAIKCE, aHATI3 JICH-
JporpaM YcCiX TphOX IpOLEAyp KiacTepusalii BUSIBHUB
TaKe:

1. OnTManbHa KijbKicTh KilacTepiB — 2.

2. IMoxinu obnacrtei perioHiB YKpaiHu 3a Kiacre-
paMu CYyTTEBHX BiIMiHHOCTEH HE MalOTh.

3. Insg oTpuMaHHS HaWKpPaIIoro MogiTy YacOBUX
pAIiB Ha KJIacTepW B KOXKHIN mpoIexypi BUKOpHCTa-
HAW KpUTEpili MiHIMAIbHOCTI 3HAYEHHS CIIiBBiJHO-
wenns F/F.

BucHoBku

B poboTi 6ynu mpoBeeHi mporeaypH KIacTepHOTO
aHaJi3y KOPOTKUX YaCOBHX PSAMIIB 3 TPhOMa Mipamu OITH-
3bKOCTI:

EBxitimoBa BifcTaHb;

mipa 6nusbkocti D, (STi, ST, ) , 1o Oyia moOyno-
BaHa Ha CTATUCTHYHUX XapaKTEePUCTHKAX PSIJIiB;
mipa 6musbkocti D, (AX i AX ), II0 XapaKTepu3ye

JUHAMIKY YHCIIOBHX PSIIB.
Sk cBimYaTh pe3yNbTaTH BUKOHAHHS MPOIEIYP,

Mmipu 6muspkocti D, (STi, STJ-) i D, (AXi, AXJ-) B 3a-

CTOCYBaHHI IpOLEAYp KiacTepusanii JafoTh MPAKTHIHO
OJTHAKOBHH pe3ynbTar o1y MHOXXHHH

Q= {le Xz,...,Xm} 4acoBUX psIiB Ha kiactepu. Lle

JI03BOJISIE 32CTOCOBYBATH iX B 3aJadax KiacTepusanii Ko-
POTKHX 9acOBHX PSIIIB i Ja€ BIIEBHEHICTh TAKOXX B HaTi -
HOMY 3aCTOCYBaHHI B SKOCTi MipHu OJU3BKOCTI XapaKTe-
PHUCTHK MIHJIMBOCTI YaCOBUX PAIIB K HOCIIiOBHOCTI pi-
3HUIIb APYTOr0 HOPSIKY.

PesynbraTi Kiactepusaiii po3risiHyTUX YHCIOBHX
Ps/1iB 3aXBOPIOBAHOCTI 00OpaHMX TPbOX PErioHIB YKpaiHU
y TOJAANBIIOMY OyIyTh HpPOaHaTi30BaHi 3 IJUIIO BUSB-
JIEHHsI TIPUYHH caMe Takoro o0’ €THaHHs obacTell peri-
OHIB Yy KJIACTEpPH, a TAKOXX IPUYUH aHOMAJIbHUX 3HAYCHb
3aXBOPIOBAHOCTI JIESKUMH IIKIPHUMH XBOpOOaMHu B OK-
peMux MicTtax perioHiB. Sk TpaBwio, [i NPUINHU
ITOB’s13aHi 3 BIAXMJICHHSIMH SKOJIOT1YHHX ITOKAa3HUKIB T0-
BITps1, BOJH TOIIO. SIK came Ta sika BETMYMHA PU3HKIB 3a-
XBOPIOBAHOCTI, Tpeba Oy/e BCTAHOBIIOBATH B OKPEMHUX
JIOCITJPKSHHSIX .

KonduikT iHTepeciB. ABTOpH IEKIapyrOTh, IO HE
MaloTh KOHQIIKTY iHTEPECiB CTOCOBHO JAHOTO JIOCIHi-
JUKEHHS, B TOMY 9HCIi (PiHAHCOBOTO, OCOOHCTICHOTO Xapa-
KTepy, aBTOPCTBA UM 1HIIIOTO XapakKTepy, [0 Mir 61 BIIIH-
HYTH Ha JIOCIIIJDKEHHS Ta HOTO pe3yJIbTaTH, PeACTaBIeH]
B JIaHi# CTATTI.

Bukopucrannsa 3aco0iB IITYYHOr0 IiHTEIEKTY.
ABTOpH HiITBEPIKYIOTb, 10 HE BUKOPUCTOBYBAJIN TEX-
HOJIOTIi IITYYHOTO IHTEJIEKTY IPH CTBOPEHHI MpEeCTaB-
JeHoT poOoTH.
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Comparative analysis of time series
Nataliia Chikina, Iryna Antonova

Abstract. Relevance. Statistical data on most social, demographic, medical, and environmental indicators are typically
collected on an annual basis. Such series are available only for small amounts of data over several years, i.e., they are short time
series. Most existing clustering methods are not suitable for analysing short time series. Therefore, it is important to present infor-
mation about numerical series in such a way that it is sufficient for the purposes of clustering short time series. Recently, publica-
tions have appeared in the scientific literature with recommendations to provide additional information contained in the statistical
indicators of time series measurements, as well as indicators that describe the dynamics of time series, their variability, but do not
depend on time. The task of selecting measures of proximity of series remains relevant. Existing studies on the comparative analysis
of proximity measures tend to suggest that Euclidean distance ranks first in terms of quality in time series clustering tasks. Object
of study: short time series of data on the prevalence of certain types of skin diseases in the regions of Ukraine. Purpose of the
article: comparative analysis of the results of clustering short time series obtained using different proximity measures. Research
results. The study examines time series of data on the number of cases of various skin diseases in the regions of Ukraine over a
specified period. The results of clustering such time series make it possible to perform a comparative analysis of data and identify
groups of regions of Ukraine with a «similar» situation in this regard. Conclusions. The results obtained can be used in further
research to identify the causes of the corresponding levels of morbidity, such as water quality, air quality, and environmental
pollution. To solve this problem, in addition to the Euclidean distance measure, the authors use a measure of proximity based on
the main statistical characteristics of the time series and a measure of proximity for the dynamics indicators of the studied series,
namely, the series of their first differences. A hierarchical procedure was selected from among the clustering methods for time
series. A comparative analysis of the results obtained was carried out.

Keywords: mathematical modelling; short time series; comparative analysis; hierarchical cluster analysis procedure;
measures of proximity; dendrogram; quality functional.
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COMPARATIVE EXPERIMENTAL ANALYSIS OF METHODS
FOR IMPLEMENTING THE AVL TREE

Abstract. The paper presents an experimental proof of the difference between two computational models of AVL trees:
the classical online balanced AVL tree and the canonical median tree constructed on the basis of a sorted array of keys.
Despite close asymptotic estimates of the complexity of search, insertion, and deletion operations, these implementations of
AVL trees demonstrate fundamentally different behavior in practice. The study analyzes the impact of balancing strategy,
tree shape, and search operation implementation method on the performance of search, key insertion, and deletion operations,
as well as AVL tree creation. It is shown that using binary search on a sorted array of keys in a canonical AVL tree
significantly improves the search time, but leads to linear complexity of insertion and deletion operations. The results confirm
that the considered implementations are optimal for different load classes and are not interchangeable. The main contribution
of this work is the experimental proof that canonical AVL trees and online AVL trees are fundamentally different
computational models rather than competing implementations.

Keywords: computational model, AVL tree, binary search, asymptotic analysis.

Introduction

Height-balanced binary search trees are a
fundamental data structure widely used in systems and
applied programming. AVL trees [1-3], proposed by G.
M. Adelson-Velsky and E. M. Landis, guarantee
logarithmic tree height through a strict height-balanced
condition and local rotations.

The classic implementation of an AVL tree [1-3] is
focused on an online model in which each insertion or
deletion operation immediately restores the tree's
balance.

However, in practice, there are alternative scenarios
for using AVL trees in which the tree is built in batches,
and search operations dominate modification operations.
Such scenarios arise in workloads with, for example,
read-dominant data, static indexes, and autonomous
analytics pipelines.

This paper considers two approaches:

* AVL(A) —aclassical online AVL tree balanced by
rotations;

* AVL(B) —a canonical AVL tree constructed using
the median method from a sorted array of unique keys
and completely rebuilt for each insertion and deletion.

AVL trees are traditionally analyzed in terms of the
asymptotic complexity of operations, the number of
rotations, and upper bounds on the height [1-3].
However, relatively few studies have been devoted to the
experimental analysis of alternative implementations of
AVL trees, in particular, canonical trees of a fixed shape
constructed from sorted data, i.e., using data from
preorder and inorder traversals of the tree.

Such approaches are more often considered in the
context of static binary search trees (BSTs) or optimal
search trees.

This work complements existing studies [4-6] by
demonstrating practical differences between online and
batch AVL tree balancing models.

The aim of the work is to experimentally compare
the AVL(A) and AVL(B) approaches in terms of
execution time of operations of creating an AVL tree,
searching, inserting and deleting keys.

Main part

The classic AVL tree AVL(A) implements the
standard AVL tree algorithm [1-3]: - insertion and deletion
are performed recursively, - height balance is maintained
through single and double rotations, - tree height is
maintained within O(log n). This implementation is
optimal for scenarios with frequent tree structure changes.

An AVL(A) tree depends on the insertion order of
keys, allows multiple shapes for the same set of keys, and
guarantees only height balance, not shape minimality. A
canonical median AVL tree, AVL(B), is constructed as
follows: - the input array of keys is cleared of duplicates,
- the keys are sorted, - the tree is built recursively,
choosing the median of the sorted array as the root.

The result is a canonical AVL tree of minimum
height and minimum node depth variance among all
binary search trees on the same set of keys.

A canonical tree for a set of keys means that it is a
binary search tree that: - depends only on the set of keys,
- does not depend on the order in which keys are inserted
into the tree, - has the minimum possible height, and - can
be reconstructed from the set of keys in a unique way.

A key feature of the implementation is the storage
of a sorted array of keys, which is used not only to
construct the tree but also to perform search operations
via binary search. Insertion and deletion operations are
implemented as complete tree rebuilding.

For the experiments, arrays of unique integer keys,
generated uniformly at random within a given range,
were used. Input data sizes ranged from 5,000 to 25,000
elements.

The following operations were evaluated: Create —
constructing a tree from an array of keys, Insert —
sequentially inserting elements, Delete — sequentially
deleting elements, and Search — searching for keys.

For the Delete operation, two scenarios were
considered: 1) a complete deletion of all tree keys, 2) a
partial deletion of tree keys (after deleting nodes, the tree
remained non-empty).

For the Search operation, three scenarios were
considered: 1) all searched keys are present in the tree,
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2) none of the searched keys are present in the tree, 3)
half of the searched keys are present in the tree and the
other half are not.

The following metrics were recorded in the
experiments: - operation execution time, - tree height
after the operation, - average tree node depth, - tree node
depth variance, - number of rotations (for AVL(A)).

Experiments with the Create operation for random
keys uniformly distributed in the range (0, 50000)
showed (Table 1, Fig. 1-4) that AVL(B) significantly
outperforms AVL(A) in tree construction time. This is
explained by the linear complexity of median
construction and the absence of rotations in AVL(B).

Table 1 — Experiment results for the Create operation

approximately equal and increases approximately
linearly with the number of keys n (Table 1).

20

15
%2]
= 10
)

5

0

5000 10000 15000 20000 25000
n
—8—AVL(A) =—@=AVL(B)

type n tMs | h |avgD |varD | leftR | rightR Fig. 2. Dependence of the execution time
AVL(A) | 5000 | 2,51 |13 [10,48| 2,69 | 1664 | 1663 of the Create operation on n
AVL(B) | 5000 | 2,08 |1210,28|217 | O 0 The average key depth avgD for AVL(B) is smaller
AVL(A) | 10000 | 5,27 |14 |11,42| 2,76 | 3161 | 3164 than for AVL(A) for all n (Table 1, Fig. 3). This will
AVL(B) | 10000 | 42 |13 |11.19] 214 | 0 0 ensure that AVL(B) requires fewer comparisons during
’ ’ ’ search.
AVL(A) | 15000 | 8,19 | 15|11,95| 2,88 | 4516 | 4514
AVL(B) | 15000 | 6,00 | 13 [11,74( 2,18 | 0 0 13
AVL(A) | 20000 |11,22|15|12,31| 2,83 | 5755 | 5756 12,5
AVL(B) | 20000 | 7,64 |14 |12,01| 2,00 0 0 A 12
AVL(A) | 25000 |14,29| 16 |12,57 | 2,82 | 6872 | 6868 %”11,5
AVL(B) | 25000 | 9,66 | 14 (12,34 2,21 | © 0 1
10,5
In Table 1, type is the type of AVL tree, n is the size 10
of the key array, tMs is the operation execution time in 5000 10000 15000 20000 25000
Ms, h is the height of the tree after the operation is n
executed, avgD is the average depth of tree keys, varD is
1S - ' =0=AVL(A) =@=AVL(B
the depth variance, leftR, rightR are the number of left (4) (B)

and right rotations, respectively, for AVL(A).

AVL(B) minimizes tree height globally, while
AVL(A) minimizes it only locally (Table 1, Fig. 1).
Moreover, AVL(A) has a consistently higher tree height,
and compared to AVL(B), the difference in heights
increases with n.

18
16
= 14 S/}/ﬁ_)ﬂ/m
1
12 1
10

5000 10000 15000 20000 25000

n

e AVL(A) AVL(B)

Fig. 1. Dependence of the tree height h
on the number of elements n in the tree

The AVL(B) tree is constructed faster, while the
AVL(A) tree must spend significant time on comparisons,
height determinations, and rotations (Table 1, Fig. 2). For
AVL(A), the number of left and right rotations is

Fig. 3. Dependence of the average key depth avgD on n

The variance of key depth varD is lower and more
stable for AVL(B), while it is higher for AVL(A)
(Table 1, Fig. 4), since the shape of the AVL(A) tree
depends on the insertion order of keys.

3
2,8 '/__-.—__h__.
2,6
2
= 24
>
2;2 W
2
1,8
5000 10000 15000 20000 25000
n
—e—AVL(A) =—@=—AVL(B)

For insertion and deletion operations, AVL(A)
demonstrates significantly better performance (Table 2).
Despite the poorer tree structure and the presence of
rotations, the O(log n) asymptotics of operations ensures
fast execution time.
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Table 2 — Ratio of times (tMs AVL(B) / tMs AVL(A))
for executing an insert operation and
two scenarios for the delete operation

Ratio of times
n Insert Delete
1) 2)
5000 658 11224 1483,4
10000 1864,1 2027,8 2480,3
15000 2398,6 2567,9 3153,2
20000 3133,3 3151,6 3654,4
25000 3656,1 3696,4 4024,2

AVL(B), despite its more compact tree form (lower
height and average depth), exhibits linear complexity of
O(n) operations, since each operation results in a
complete tree rebuild.

The dependence of the ratio of insertion and
deletion times on n for the two approaches, AVL(B) and
AVL(A), respectively, shows a linear increase with
increasing n and a significant advantage for the AVL(A)
approach (Table 2, Fig. 5 and 6).

4000
3500
3000
2500
2000
1500
1000

500

tMs AVL(B) / tMs AVL(A)

5000 10000 15000 20000 25000

n

Fig. 5. Dependence of the ratio of execution times of the insert
operation on n for two approaches AVL(B) and AVL(A)

For all dimensions n, scenario 1) (complete deletion
of all tree keys) shows a lower time ratio for the two
approaches, AVL(B) and AVL(A), respectively,
compared to scenario 2) (partial deletion of tree keys)
(Table 2, Fig. 6).

4500
4000
3500
3000
2500
2000
1500
1000

tMs AVL(B) / tMs AVL(A)

5000 10000 15000 20000 25000

n
—.—2)

—0—1)

Fig. 6. Dependence of the ratio of times for two scenarios of
performing the deletion operation on n for two approaches
AVL(B) and AVL(A)

Although deletion in AVL(A) is algorithmically
more complex than insertion, its cost remains logarithmic

due to local rebalancing. In contrast, AVL(B) performs a
complete rebuild for these operations; however, deletion
additionally destroys the structural locality accumulated
during construction, resulting in poor cache performance
and higher constant coefficients.

Three scenarios were considered for the search
operation;

1) all searched keys are present in the tree — search
for k=1000 keys, where p=500 keys are present in the tree
and m=500 are not;

2) none of the searched keys are present in the tree
—k=1000, p=0, m=1000;

3) half of the searched keys are present in the tree
and the other half are not — k=1000, p=500, m=500.

When using search, the AVL(A) and AVL(B)
approaches demonstrate comparable times (Table 3,
Fig. 7), with the differences between the search scenarios
being virtually indistinguishable.

Using binary search over the underlying sorted key
array in the AVL(B) search operation results in a
noticeable speedup. This approach preserves the tree
structure for structural analysis.

Table 3 — Ratio of execution times (tMs AVL(B) / tMs
AVL(A)) for three search operation scenarios

n Search scenario
1) 2) 3)
5000 1,05 1,04 1,02
10000 1,02 1,15 1,08
15000 0,97 0,96 0,92
20000 0,98 0,93 1,01
25000 1,03 1,09 0,98

L A \_/

15000 20000 25000
n
==@==Lk=1000, p=500, m=500

0,9

se
tMs AVL(B) / tMs AVL(A)

5000 10000

==@==Lk=1000, p=1000, m=0
k=1000, p=0, m=1000

Fig. 7. Ratio of times for three scenarios of performing
a search operation from n for AVL(B) and AVL(A)

AVL(B) has a strictly minimal height and the
smallest depth variance (Table 1). AVL(A), despite
meeting the balancing conditions, produces trees with
greater shape variability, which can negatively impact
access locality and search time (Tables 1, 3).

The results show (Tables 1-3) that the choice of
AVL tree implementation should be determined by the
nature of the workload:

» for dynamic scenarios with frequent insertions and
deletions, the classic online implementation is preferred;

» for static or search-oriented scenarios, the
canonical AVL tree with binary array search provides
better performance and predictability.
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Thus, AVL(A) and AVL(B) represent different
algorithmic paradigms, not competing optimizations of
the same data structure.

Conclusions and future directions

This paper presents a systematic experimental
comparison of two conceptually different approaches to
AVL tree construction and maintenance: the classical
online balanced AVL tree (AVL(A)) and the canonical
median-based AVL tree with complete rebuilding
(AVL(B)).

Experimental results show that, despite identical
asymptotic search complexity, the two approaches
exhibit fundamentally different performance
characteristics due to their underlying computational
models. AVL(A) maintains balance gradually through
local rotations and is therefore optimal for dynamic
workloads dominated by insertion and deletion
operations. In contrast, AVL(B) constructs a canonical
tree using sorted keys and completely avoids rotations,
achieving minimal variance in tree height and depth.

The key result of this work is that replacing the tree-
based search in AVL(B) with binary search over an
underlying sorted array of keys significantly improves
search performance, making it comparable to or faster

than AVL(A). This highlights the importance of
separating the logical tree structure from the physical
data representation used to execute queries.

At the same time, the batch rebuild strategy used by
AVL(B) results in insertions and deletions in linear time,
making it unsuitable for workloads with intensive online
updates. However, in search-dominant or static
scenarios, AVL(B) provides excellent structural
optimality and predictable performance characteristics.

Overall, the results confirm that AVL(A) and
AVL(B) are not competing implementations of the same
data structure, but rather represent distinct algorithmic
paradigms optimized for different workload profiles.
Therefore, the choice between them should be
determined by the relative frequency of update and query
operations, as well as the requirements for determinism
and structural canonicity. Future research directions
include experimentally studying the influence of the
AVL tree shape and its height on search time while
maintaining balancing conditions, and considering
hybrid approaches combining the canonical form and
partial online balancing.

Use of Artificial Intelligence Tools. The author
confirm that artificial intelligence technologies were not
used in the creation of the presented work.
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IlopiBHAJbHUI eKcepHMeHTAIBLHMIA aHaJi3 criocoliB peasizaunii ABJI-nepeBa
A. B. lllocrak

AnoTaunis. Y poOOTi IPOBOAUTHCS EKCIIEPUMEHTAIBHUI TOKa3 BIIMIHHOCTI TBOX 00YMCITIOBATBHAX Mojeneit AVL-nepes:
KJIACHYHOTO OHJIaliH-0amaHcoBaHoro AVL-aepeBa Ta KAHOHIYHOTO MEiaHHOTO, 110 Oy IyeThCsl Ha OCHOBI BiJICOPTOBAHOT'O MAaCHBY
kiro4iB. He3Bakaroun Ha ONHM3bKI aCHMITOTHYHI OLIHKH CKJIQJHOCTI OIEpaIliif MOIIyKy, BCTABKH Ta BUIAJICHHS, JaHI peanizamii
AVL-nepeB IeMOHCTPYIOTH MIPHUHIMIIOBO Pi3HY MOBEIIHKY Ha MPaKTHUIi. B paMkax JocTiKeHHs aHai3yeThCs BIUIMB CTPATETii
GanaHcyBaHHS, (OpMHU JepeBa Ta crocoOy peaiizaiii omepauii momyky Ha NPOJYKTHBHICTH ONEpaliif MOIIYKYy, BCTaBKH Ta
BUJAJICHHS KJIIOYiB, a TakoX cTBOpeHHs AVL-mepesa. Iloka3aHo, 110 BUKOPHUCTAHHS OIHAPHOTO IMOLIYKY 3a BiJICOPTOBaHHUM
MacHBOM KIIOYiB y KaHOHIYHOMY AVL-IepeBi CyTTE€BO MOKpallye 4ac MOIIYKY, MPOTE MPU3BOJAUTH A0 JiHIHHOI CKIIaJHOCTI
orepaiiii BCTaBKM Ta BUIAJCHHs. Pe3yibTaTé MiATBEpAXKYIOTh, L0 aHANi30BaHI peaji3alil ONTUMAaNbHI IS PIi3HUX KIaciB
HaBaHTA)XEHb 1 He B3aeMo3aMiHHI. OCHOBHHII BHECOK i€l poOOTH MoOJIsTrae B eKCHEPUMEHTANEHOMY JI0Ka3i TOTO, M0 KaHOHIYHi
AVL-nepesa Ta onnaitH-AVL-1epeBa € IPUHIMIIOBO Pi3HUMH 00YHCITIOBATBHUMH MOJCIISIMH, A HE KOHKYPYIOUNMH peaizarii.

KawuoBi cnoBa: obuncmoBanbaa Moaesb, AVL-nepeBo, OiHapHUit NOIIYK, aCHMOTOTHYHA OLiHKA.

134


https://en.wikipedia.org/wiki/Proceedings_of_the_USSR_Academy_of_Sciences
https://en.wikipedia.org/wiki/Proceedings_of_the_USSR_Academy_of_Sciences
https://zhjwpku.com/assets/pdf/AED2-10-avl-paper.pdf
https://www.cs.mcgill.ca/~akroit/math/compsci/Cormen%20Introduction%20to%20Algorithms.pdf
https://algs4.cs.princeton.edu/home/
https://doi.org/10.1007/978-1-4842-8191-8_10
mailto:a.shostak@csn.khai.edu
https://orcid.org/0009-0003-7687-3641

ISSN 2073-7394

CucreMu ynpaBiTiHHS, HaBiramii Ta 38's3ky. 2026. Ne 1

UDC 004.932.2

doi: 10.26906/SUNZ.2026.1.135

Valerii Yarovyi, Olesia Barkovska, Dmytro Maksymov, Yana Ni, Daniil Raptanov

Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

METHODS FOR RECOGNISING HAND GESTURES USING COMPUTER VISION
TO ASSIST PEOPLE WITH MOVEMENT OR SPEECH IMPAIRMENTS

Abstract. Relevance. Real-time hand gesture recognition systems play an important role in the development of modern
technologies for human interaction with the “smart environment.” They create conditions for contactless device control and
open up new communication opportunities for people with speech or motor impairments. The object of research. The object
of research is a real-time hand gesture recognition system using computer vision and machine learning methods. The research
problem is to create an accessible and effective means of communication for people with speech or motor impairments, as
well as to expand the possibilities of controlling devices and elements of a “smart home” without physical contact or voice
commands. Purpose of the article. The purpose of this article is to investigate and compare different methods for real-time
hand gesture recognition using computer vision and machine learning. Specifically, the study evaluates the performance of
MediaPipe Hands versus YOLOvV8 for detecting and classifying hand gestures. The aim is to identify which approach
provides higher accuracy and better adaptability for applications such as assistive communication for people with speech or
motor impairments. Research results. In the course of the work, a prototype system was developed that combines video
processing technologies (GStreamer or FFmpeg), the MediaPipe Hands library for determining key points of the hand, and
CNN or LSTM deep learning models for classifying gestures and movement sequences. The results demonstrated the possibility
of accurate gesture recognition in real time, as well as flexible adaptation to individual user characteristics. Conclusions.
Interpretation of the results showed that the effectiveness of the system is due to the use of a comprehensive approach: the
combination of 3D coordinate detection of key hand points with a neural network allowed high stability to be achieved even
under changing lighting or background conditions. A distinctive feature of the proposed solution is the ability to recognise
sequences of gestures that form phrases or commands (for example, “I want to drink™), as well as a function for teaching user
gestures to expand the system’s individual vocabulary. The developed technology can be used in assistive communication
systems for people with disabilities, in medical and rehabilitation facilities, as well as for controlling smart home elements. Its
implementation contributes to increasing the accessibility of digital technologies and improving the quality of life of users.

Keywords: gesture, recognition, computer vision, MediaPipe Hands, neural networks, assistive technologies.

auser or operator of a device, but as an active participant
in the communication process, since mnon-verbal
communication plays a decisive role in our daily

Introduction

In today’s world of rapid technological

development, systems that provide comfortable HCI
(human-computer interaction) occupy a special place [1].
One of the most promising areas in this field is hand
gesture recognition using computer vision. The scientific
subject of the work combines methods of artificial
intelligence, machine learning, biomechanics, and
cognitive sciences. This area opens up new opportunities
for creating interfaces that perceive a person not as

leans of expressing|
human thoughts and
intentions in HCT

interactions, conveying approximately 65% of human
messages, compared to verbal communication, which
accounts for only 35% [2].

The scientific relevance of this topic lies in the fact
that gesture recognition is one of the key elements in the
development of intelligent assistive systems, human-
centred technologies and the “smart environment”

(Fig. 1).

.’

Contact Contactless
| |
A 7 L 2 L 4 L7 L 2 L 4
Touch panels Buttons JD}IS.TICkS or Hand or finger [Facial expressions] Head a.n.d body Eye movements
manipulators gestures positions

Fig. 1. Classification of means of expressing human thoughts and intentions in HCI

Among the new forms of interaction, gesture-based
interfaces are becoming increasingly popular due to their
intuitiveness, efficiency, and flexibility [3].

Gestures are a special means of expressing thoughts
and intentions that do not require words or physical
contact. It is a type of body language in which the

position and shape of the palm and fingers convey certain
information [4]. Systems capable of interpreting hand
gestures can provide a new level of accessibility and
autonomy for people with disabilities, as well as increase
the efficiency of controlling technical devices in
everyday life, medicine, or even industry.
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Gesture recognition methods are usually divided
into two main types (Fig. 2).

Gesture
recognition

methods
| |

v )’

Systems operating on
the basis of visual
data

Systems based on
Sensors

Fig. 2. Existing gesture recognition methods

Visual approaches use cameras to track hand
movements or poses and, if necessary, depth sensors to
provide more accurate three-dimensional analysis [5].

Table 1 — Limitations of existing gesture recognition systems

Gesture recognition has a number of specific
features that must be taken into account when developing
intelligent interaction systems.

Unlike standard users, the gestures of persons with
disabilities may:

- differ in amplitude, trajectory, speed, and
stability of movement;

- have a limited range of motion;

- be compensatory (e.g., in Tourette’s syndrome),
which complicates classification.

Therefore, systems must adapt to the individual
motor skills of the user, analysing not only the absolute
coordinates of the fingers, but also the relative
proportions and dynamics of movements over time.

At the same time, analysis of existing solutions
reveals a number of systemic limitations (Table 1).

No. Limitation

Explanation

1 System flexibility

The number of gestures needs to be optimised, as experimental prototypes typically
use a fairly limited vocabulary of gestures.

Accuracy and reliability of

recognition

Ensuring high accuracy and reliability of algorithms in real operating conditions is
one of the key problems in gesture recognition [6].

3 Response time

This manifests itself in delays between the execution of a gesture and the system’s
response, creating a feeling of “slow” interaction when the user is forced to wait for
the system’s reaction or repeat a certain gesture.

Lack of context for gesture

The system can recognise the shape of the hand, but does not understand in which

recognition

4 . . .
execution environment or for what purpose the gesture is being used.
5 Not adapted for people with | The system’s algorithms are designed for standard range and speed of movement,
disabilities which makes them inaccessible to people with motor impairments.
S The systems are unable to correctly interpret complex or rapid combinations of
Limitations on gesture sequence » . .
6 movements — they “lose” part of the gestures, confuse their order, or respond only to

individual movements rather than their logical sequence.

The practical significance of gesture recognition
lies in its wide range of applications:

- in virtual environments, gesture recognition
technologies create more natural and realistic interfaces;

- in robotics, it provides contactless control of
manipulators;

- in medicine and rehabilitation, it forms the basis
of assistive solutions for people with speech or motor
impairments;

- in smart home systems, such technologies
increase the comfort, safety, and level of personalisation
of living space, allowing the user to interact with
appliances without touch or voice commands.

In automated solutions, the hand is considered the
main area for data collection [6]. Thus, research in the field
of hand gesture recognition using computer vision and
machine learning is an extremely relevant area of modern
science. It is important both for the development of the
theoretical foundations of computer vision and for the
practical creation of technologies that improve the quality of
life of people, especially those with physical limitations.
That is why the study, improvement, and implementation of
gesture recognition methods is a promising and socially
significant task that requires further scientific research.

Review of recent studies and publications.
Among the external factors, technical characteristics of
the hardware, and physical characteristics of the user that
limit the accuracy of gesture recognition systems, the
following can be highlighted:

- analysis of the shape of the object, which makes
it possible to track the position of the hands, changes in
the configuration of the fingers and the trajectory of
movements in space;

- the parameters of the camera’s optoelectronic
path — resolution, frame rate, dynamic range, and sensor
sensitivity determine image quality. For example, if the
camera is located outside the room, in conditions of
excessive or uneven lighting, the YOLOv8 model may
experience failures in gesture recognition [7].

- lighting conditions and optical distortions —
changes in light intensity, the appearance of shadows,
blurring or distortion of perspective can significantly
affect the accuracy of hand contour detection;

- Skintexture and colour — recognising colour and
tonal characteristics makes it possible to separate hands
from the background or other objects in the frame, which
increases the stability of the algorithm in real conditions.

Given that the camera parameters are known before
the start of the study, the results need to be interpretable
and a decision needs to be made as quickly as possible
for objects such as human gestures.

The MediaPipe Hands method is based on a
combination of geometric principles and elements of
neural image analysis. The algorithm operates in two
consecutive stages: first, the BlazePalm Detector module
determines the area of the frame where the palm is
located, after which the Hand Landmark Model
calculates the coordinates of 21 control points of the hand
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in three-dimensional space. Unlike classic deep neural
networks, MediaPipe supports both 2D and 3D key
points and requires few computational resources, making
it ideal for lightweight, real-time applications [8].

Wil MediaPipe

L @E ﬁ.[’humbs'-lp}

Fig. 3. Sequence of the MediaPipe Hands library gesture
recognition method

Object Detection

T

The MediaPipe Hands algorithm is characterised by
highly interpretable results, as it returns the coordinates
of key points on the hand, allowing the position of joints
and the angular relationships between fingers to be
visualised and possible recognition errors to be
controlled. The system remains stable to changes in
lighting and noise thanks to the spatial structure of the
hand analysis, which ensures correct operation even
when the background changes or is partially shaded —
from 1200 to 100 lumens.

The YOLOV8 (You Only Look Once, version 8)
method implements a deep learning approach based on
convolutional neural networks (CNN) for fast and
accurate object recognition [9]. CNNs, in turn, allow you
to simultaneously detect objects and determine their key
points (pose estimation) in real time.

Instance segmentation

Fig. 4. Sequence of the YOLOV8 model object recognition method

The structure of YOLOVS is divided into two key
components: the base network and the detection head.
The base network extracts various rich features from the
input image at different scales. On the other hand, the
detection head takes on the task of combining these
features and generating various high-quality predictions
for bounding boxes [10].

YOLOVS8 is distinguished by its high recognition
accuracy, thanks to the improved CSPDarknet and PAN-
FPN architectures, which ensure effective hand detection
even in cases of overlap, lighting fluctuations, or small
object sizes. Another important feature of YOLOVS is its
ability to work in real time. Optimisation of the inference
process for graphics processing units (GPUs) provides
speeds of up to 60-120 frames per second, allowing
gestures to be tracked with high accuracy even when the
user is actively moving.

At the same time, YOLOVS8 requires significant
computing resources and does not provide direct
determination of three-dimensional joint coordinates, as
implemented in MediaPipe.

The purpose of this work is to compare two
methods of hand gesture recognition and analyse the
influence of external factors on the accuracy of gesture
detection indoors. To do this, we plan to use a heuristic
method based on the MediaPipe library and the YOLOv8
neural network, which implements a modern approach to
object recognition.

The main idea is to determine which of the
approaches - traditional (MediaPipe, using rules and
coordinates of key points of the hand) or neural network
(YOLOVS8, with training on images/videos) provides
higher accuracy, stability, and speed under different
shooting conditions (lighting, background, resolution,
and the peculiarities of gesture display by a person with
a disability). To achieve the set goal, the following tasks
must be solved:

1. Justify the choice of gesture recognition
methods, conduct an analytical review of modern
approaches to gesture detection and classification based
on computer vision. Consider the advantages and
limitations of MediaPipe (heuristic approach using key
points) and YOLOvVS (deep learning based on
images/videos).

2. Determine the specifics of the influence of
external factors. Investigate how changes in shooting
conditions — lighting, camera resolution, noise level,
viewing angle, as well as individual characteristics of
users (in particular, people with motor impairments)
affect the accuracy of gesture recognition.

3. Develop a software prototype of a gesture
recognition module based on the results of a comparative
analysis of recognition methods.

4. Conduct a series of comparative tests of both
methods under controlled and variable conditions (with
different levels of lighting, noise, and different positions
of a given gesture). Determine the accuracy, speed, and
stability of the systems.

5. Perform a comparative analysis of the
effectiveness of the two approaches, determine the
optimal conditions for their use, and formulate
recommendations for the practical application of each
method in assistive systems for people with disabilities.

Further development of the system — analyse
potential additional functions (e.g., voice messages that
communicate the user’s intentions based on the semantic
sequence of gesture commands). Consider integrating the
system with assistive technologies or a “smart home” to
ensure user autonomy.

Main part

A detailed model of the hand gesture recognition
process is shown in figure 3. The model includes five
interrelated functional modules:
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- image capture — a video stream from a camera is
used, which provides continuous data updates for further
processing. At this stage, individual frames suitable for
analysis are formed,;

- hand detection — each frame is analysed to
determine the coordinates of the hand within the image.
For this purpose, detection algorithms based on neural
network models are used, which allow the area of the
hand to be accurately localised even in difficult lighting
conditions;

- context detection — the scene is analysed to take
into account the environment, the position of the hand
relative to other objects or the user. This allows for
increased recognition accuracy by taking additional
factors into account;

- gesture detection — performed based on hand
coordinates and scene context. The feature description
algorithm generates descriptors that reflect finger
configuration, palm orientation, and movement
characteristics.

- gesture classification — completes the recognition
process. At this stage, the system uses a classifier and
computational models to analyse the obtained descriptors
and determine the corresponding gesture class. The result
of the module’s work is the identification of a sequence
of hand gestures over time.

video stream
from the

camera [Frame
Image caplure
Hand
coordinates

Hand deteetion

1

MediaPipe/vOLOVE

weural network
madel

Image processing
algerithm

opency
Gesture

descriptory

Classifier

CPU/GPU

Context detection
slgortnm

|

Context detection

CPUIGPU

—

Fig. 5. IDEFO0 diagram of the system

The order of the experiments is as follows: we
record the actual distance from the camera to the hand

—~T [R———
GoeoEEeReEn

(using a ruler or laser rangefinder), place the camera in a
stable position (tripod or fixed surface), launch the
gesture recognition algorithm (MediaPipe Hands or
YOLO), perform a set of standard gestures at different
distances and under different lighting conditions, record
the recognition results and compare them with real
gestures, determining the accuracy and error (Fig. 6).

Prepare the conditions
for the experiment

¥

Run the algorithm

¥

Add a set of gestures

results

v

‘ Record recognition ‘

‘ Accuracy calculation

There are still conditions for testing

Fig. 6. Flowchart of the experiment algorithm

The experiment investigates the effect of camera
resolution (320x240, 640x480) and lighting conditions
(bright — 1200 lumens, medium — 500 lumens, low —
100 lumens) on the accuracy of gesture recognition
(Fig. 7). The hypothesis of the experiment is that the
further the object is from the camera, the more difficult it
is for the system to correctly identify the gesture, as the
number of pixels that “describe” the hand decreases. In
addition, in poor lighting conditions, the algorithm may
incorrectly recognise contours and key points, which also
reduces the accuracy of gesture recognition.

Fig. 7. Set of gestures recognised by the implemented systems based on MediaPipe Hands and YOLOv8 models
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Fig. 8. Demonstration of the experiment conducted
on recognising the V and L gestures using the YOLOv8 model
in good lighting conditions (approximately 1200 lumens)
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Fig. 9. Demonstration of the experiment conducted
on recognising the V and L gestures based on MediaPipe methods
in good lighting conditions (approximately 1200 lumens)

From the results of the experiments shown in figure
10, we can see that when the resolution is reduced, the
YOLOvV8 model demonstrates a higher recall rate — that
is, it better detects the presence of hands or gestures even
in less clear images. This is because YOLOVS focuses on
detecting objects as a whole, using contour and spatial
features that remain visible even at low pixel counts. At
the same time, MediaPipe Hands did not lose its ability
to identify key points of the hand — even at lower
resolutions, the algorithm continued to correctly
construct the skeleton of the hand and accurately
calculate the position of the fingers. Thanks to this,
MediaPipe maintained high accuracy during further
calculations and gesture classification, as it relied not
only on the shape of the object, but also on the relative
coordinates of the anatomical points of the hand.

I it = T —
GoeoeEeeasa GEoDEeeeesn

Fig. 11. Demonstration of the experiment conducted on the
recognition of V and L gestures using the YOLOv8 model in
average lighting conditions (approximately 500 lumens)
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Fig. 12. Demonstration of the experiment conducted on the
recognition of V and L gestures based on MediaPipe methods
in average lighting conditions (approximately 500 lumens)
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Fig. 10. Graphs showing the impact of input image resolution
(480p and 240p) on gesture recognition accuracy under good
lighting conditions (approximately 1200 lumens), left —
YOLOv8 model, right — MediaPipe model

Based on the experimental data obtained, it can be
concluded that both models — YOLOvS and MediaPipe
Hands — demonstrate a decrease in gesture recognition
accuracy with an increase in distance to the camera and a
decrease in resolution. At the same time, YOLOVS8 shows
higher stability at low resolution (320x240), maintaining
relatively high accuracy values even at medium
distances, which indicates the effectiveness of its object
detector. However, at high resolution (640x480),
MediaPipe  significantly  outperforms  YOLOVS,
providing recognition accuracy of over 90% at close and
medium distances (up to 60 cm). This is because
MediaPipe uses an anatomical model of the hand.

Fig. 13. Graphs showing the effect of input image resolution
(480p and 240p) on gesture recognition accuracy under
medium lighting conditions (approximately 500 lumens),
left — YOLOVS8 model, right — MediaPipe model

Fig. 13 shows that the YOLOv8 model performs
significantly worse in recognising gestures under average
lighting conditions at low resolution, while MediaPipe
continues to demonstrate fairly stable results and
maintains acceptable accuracy

GDe0ERARR80 GO0DEERe88a

Fig. 14. Demonstration of the experiment conducted
on gesture L recognition based on MediaPipe methods (left)
and the YOLOVS model (right) in low light
conditions (approximately 100 lumens)

o
0. 90 2000 e B = 120

Fig. 15. Graphs showing the effect of lighting changes
on gesture recognition accuracy, left — YOLOv8 model,
right — MediaPipe model

At a lighting level of about 100 lumens, the accuracy
of both methods decreases significantly. YOLOVS loses
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stability even at short distances and almost does not
recognise gestures at a distance of 90-120 cm, especially at
aresolution of 240p. MediaPipe, on the other hand, although
it shows a drop in accuracy, still maintains an acceptable
level of recognition at short and medium distances, which
indicates its better stability in low light conditions. Thus, we
can conclude that the MediaPipe model is better suited to
changing shooting conditions and is a more versatile tool for
recognition in complex visual environments.

The next stage of the study was to compare the
accuracy of MediaPipe and YOLOv8 models in affine
transformations. In this experiment, the hands were
positioned at different angles relative to the camera —
both frontally and at an angle, partially covering the
fingers or extending beyond the frame.

OE000ENEED

Fig. 16. MediaPipe model (left) and
YOLOV8 model (right) at different hand tilt angles

Fig. 16 shows that the MediaPipe model
demonstrates stable results thanks to the use of a method
based not only on visual detection of the hand, but also on
calculations of distances and angles between key points.
This approach allows for the analysis of spatial
relationships between the fingers and the palm, ensuring
high accuracy when lighting changes or the hand is
partially obscured. However, it should be noted that
MediaPipe performs worse with strong hand tilts, as its
algorithm is empirical in nature — the angles and distances
between points depend on the projection of the hand onto
the image plane. Because of this, when the tilt angle
changes significantly, the calculated parameters also
change, which can lead to incorrect gesture recognition. At
the same time, even at angles of 45 and 90°, MediaPipe
still retains the ability to consistently track key points and
correctly recognise gestures. In contrast, YOLOVS
demonstrates lower overall accuracy, likely due to
insufficient model training or a limited number of
variations in the training sample. If the model observed
only a narrow set of hand positions during training, it
generalises new situations less well — different angles,

lighting or partial overlap. This is especially noticeable at
angles of 45° and even more so at 90°, where YOLOvV8
quite often fails to recognise the gesture at all, highlighting
its sensitivity to affine transformations and the lack of
variability in the training data. The experiment showed that
MediaPipe demonstrates better results in almost all
conditions — it consistently determines the position of the
hand even in average or poor lighting. However, its
accuracy may decrease with significant hand tilts or partial
finger overlap, when it is difficult for the algorithm to
correctly construct a spatial model. In turn, YOLOVS is
better suited for rapid classification of visual images, so it
is advisable to combine the advantages of both methods.
The optimal solution may be a hybrid system in which
MediaPipe is used to highlight the hand and determine key
points, and YOLOVS or another classifier is used to
analyse these points and finally recognise the gesture. This
approach will improve the accuracy and stability of the
recognition system in real-world conditions.

Conclusions

The study resulted in a comparative analysis of two
models for hand gesture recognition — MediaPipe Hands
and YOLOv8 - taking into account the influence of
external factors such as lighting, resolution, and spatial
position of the hand. The resulting graphs of the
experiments show that the MediaPipe model provides
higher stability and accuracy under various conditions due
to the use of an anatomical hand model, while YOLOv8
demonstrates better resistance to low resolution but
significantly loses accuracy in difficult lighting conditions
and affine transformations. Analysis of the impact of
external conditions confirmed that the quality of gesture
recognition is determined by the availability of visual
information: poor or overly bright lighting, low video
signal quality, and a strong tilt of the hand reduce the
accuracy of both models, but MediaPipe responds to such
changes more confidently and predictably. The YOLOVS
model, on the other hand, showed a high dependence on
the diversity of training data, which limits its performance
in cases of non-standard gestures or when the system is
used by people with motor impairments.

The software prototype confirmed that no single
approach is universal, and the best results can be
achieved by combining the strengths of both models. The
optimal solution is a hybrid system in which MediaPipe
Hands are used to accurately determine key points of the
hand, and a neural network classifier is used to interpret
gestures. This opens opportunities for the creation of
adaptive assistive systems that can work in real-world
conditions, supporting gesture sequence recognition, and
increasing the level of autonomy and accessibility for
people with disabilities.
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MeToau po3ni3HABaHHA KeCTiB PYK i3 BHKOPHCTAHHIM KOMII’IOTEPHOIO 30py
JJISl JOTIOMOTH JIIOASAM 3 NOPYIIEHHSIMH PyXy 260 MOBJICHHS

B. B. fposui, O. 0. bapkosceka, JI. M. Makcumos, f1. C. Hi, JI. A. Pantanos

AHoTanisi. AkTyanasHicTh. CHCTEMH PO3ITi3HABAHHS JKECTIB PYK y PeabHOMY Yaci BilirparoTh BaXIIMBY POJIb Y PO3BHTKY
CY4YacCHHX TEXHOJIOTiH B3a€MOIT JIIONMHH 3 «PO3yMHHM CepeOBHIIEM». BOHH CTBOPIOIOTH YMOBH JUIsl OE3KOHTAKTHOTO KepYBaHHS
MPHUCTPOSIMU T4 BiJKPUBAIOTH HOBI MOXKIIMBOCTI KOMYHIKaLlil JUIs JIFOAEH 3 TIOPYIICHHSME MOBJICHHS 200 PyXOBHMH TOPYIICHHSIMH.
O6’€KTOM TOCITI/IKEHHSI € CHCTeMa PO3Mi3HAaBaHHS JKECTIB PYK y PealbHOMY 4aci 3 BUKOPHUCTAHHSIM METOJIIB KOMIT FOTEPHOTO 30Dy
Ta MalllMHHOTO HaBYaHHs;. MeTOI0 CTATTI € TOCIIDKSHHS Ta MOPIiBHIHHS PI3HUX METO/IB PO3Mi3HABAHHS XKECTIB PYK Y peallbHOMY
4aci 3 BHUKOPUCTAHHSM KOMII'IOTEPHOTO 30py Ta MAIIMHHOTO HaBYaHHS. 30KpeMa, y JAOCHIKEHHI OI[HIOETHCS e()EeKTHBHICTH
MediaPipe Hands Ta YOLOV8 115 BusiBnenHst Ta kiacugikarii xecTiB pyk. Mera monsirae y BU3Ha4deHHI, KU miaxin 3abesneuye
BHIILy TOYHICTb Ta Kpallly aJanTHBHICTb IS TAKMX 3aCTOCYBaHb, SIK JOMOMIKHA KOMYHIKaIlist JUTsl JTFOEH 3 HOPYLICHHSIMU MOBJICHHS
abo MoTopuku. Pe3ysbraTi ocIiTKeHb. Y nporeci poOoTH po3po0IeHO MPOTOTHIT CHCTEMH, IIO TOEHY€ TEXHOJIOT T Biteo00poOKH
(GStreamer a6o FFmpeg), 6i6miorexy MediaPipe Hands st BU3HaueHHS KIIIOYOBHUX TOYOK PYKH, T MOZAENI INIMONHHOTO HABYaHHS
Ty CNN abo LSTM mis kmacudikanii skecTiB i mocmigoBHOCTeH pyxiB. OTpHMaHi pe3yibTaTy 3aCBiJUIIIN MOXJIIMBICTE TOYHOTO
PO3Ii3HABAHHS JKECTIB y PEaIbHOMY Yaci, @ TAKOXK THYUKY aJalTaIlio 0 iHIUBIAyalbHUX 0COOMMBOCTEH KOpHCTyBaya. BHCHOBKH.
[HTeprpeTaliist pe3ybTaTiB MoKasana, o e(peKTHBHICTh CHCTEMH HOSICHIOETHCS] BAKOPUCTAHHSIM KOMITJIEKCHOTO ITi/IXOMY: TO€THAHHS
nerekiii 3D-KkooprHaT KII0UOBHX TOUYOK PYKH 3 HEHPOHHOIO MEPEXKEIO JO3BOJIMIIO IOCSTTH BUCOKOT CTa0iIbHOCTI HaBiTh 32 3MiHHHX
yYMOB OCBiTJIeHHs ui (oHy. Po3pobieHa TexHomoris Moxxe OyTH 3aCTOCOBaHAa B ACHCTHBHHMX CHCTEMaX KOMYyHiKawil Uil Jiromei 3
iHBaNiAHiCTIO, y MEIWYHMX Ta peabiliTamiiHMX 3aKIagaXx, a TAKOX VIS YHPABIiHHA €IEMEHTAMH «PO3yMHOTO OymHHKY». Ii
BIPOBAKEHHS CIIPHSIE i JBUIICHHIO PiBHS JOCTYITHOCTI U(MPOBUX TEXHOJIOTIH 1 ITOKPAIICHHIO SIKOCTI KUTTSI KOPHCTYBadiB.

Karw4doBi cimoBa: xect, po3ni3HaBaHHs, KOMIT I0TepHuii 3ip, MediaPipe Hands, HelipoHHI Mepesxi, aCHCTHBHI TEXHOJIOT 1.
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4. 1. Bipyxk

doi: 10.26906/SUNZ.2026.1.142

KuiBchkuit HantioHabHUH yHIBepcUTET OyAIBHUITBA 1 apXiTekTypu, Kuis, Yipaina

3AXO/ I HOPMAJII3AIIIL PIBUYHUX PAKTOPIB CEPEJOBHIIA BYIIBEJIb
I CIIOPY A Y IIPOHECAX IX PEKOHCTPYKIII TA BIITHOBJIEHHSA

AnoTanis. Bynismi i cnopyau IpOMHUCIOBOTO, TPOMAICEKOTO Ta KHTIOBOTO NMPU3HAYEHHS 3 BEIUKUMH TEPMiHAMH €KC-
IUTyaTarliil He BiIIOBIJalOTh CyYaCHUM BHMOTaM IIOJO0 €Heproe(eKTUBHOCTI, PIBHIB (i3MYHUX (AaKTOPiB TEXHOT€HHOTO IO~
xomkeHHs1. ToMy y mporiecax X peKOHCTPYKIii Ta BiTHOBIECHHS HEOOXiTHO 3a0€3NeYNTH HOpMaIi3alilo X HapaMeTpiB y
BIANIOBITHOCTI 3 BUMOTaM{ YMHHUX HOPMAaTHUBHUX JOKYMEHTIB. JIOCII/UKEHO BUTOKHM TEINIOBOI €HEeprii y Cropyaax crapoi
3a0y10BHU. 3alIPONIOHOBAHO 3aCTOCYBaHHS KOMIIO3UIIHHNX MaTepialiB Ha OCHOBI 0a3ajbTy IS IiJBHUILECHHS TEPMOi30JIsmii.
Taxwii MaTepian Mae Mai MacorabapuTHi apaMeTpH, IPOCTHH Y 3aCTOCYBaHHI i He CIIOTBOPIOE 30BHIIIHII BUTIIAA Oy IiBi,
10 BaYKJIMBO AJIS CIOPYA, SIKi MAIOTh iCTOpUYHY HiHHICTh. OTpHMaHO KITBKICHI AaHI MO0 3BYKOIOTIHHAIFHUX BIACTHBOC-
Teil KOMIO3UTy. BcTaHOBIIEHO, 110 Ha CEpPEHIX Ta BUCOKUX YacTOTaX BiH Ma€ BUCOKi KoeillieHTH 3ByKonorauHanHs. Hamgano
3pYYHHUH Y KOPHCTYBaHHI MaTeMaTUYHHUI anapat IJIsl IPOTHO3YBAHHS TEPMIYHOTO OMOPY TEPMOI30JIFOI0YHNX MaTepiatiB Ta Koe-
¢imienTiB 3ByKonormuHaHHA. Lle 103B0oJs€ MiHIMI3yBaTH KUTBKICTh MapaMeTpiB, siKi HEOOXiAHO BH3HAYUTH Y Ja0OPAaTOPHUX
yMOBax. YCi po3paxyHKU BUKOHYIOThCS Y JiHCHII GopMi, IO CTIPOIIye MPOIIECH OOYKCIICHb Ta HaJla€ MOXKJIUBICTh aBTOMATH-
3yBaTH MPOLIEC POEKTYBAHHS MaTePialliB 1 3aXUCHUX KOHCTPYKLiH. Bi3HaYeHO mopsiok 3a0e3nedeHH s eeKTPOMarHiTHoi 6e3-
Nekn y OyIiBJIsIX B mporeci pekoHcTpyKuii. OMiHIOIOThCS Koe(ilieHTH eKpaHyBaHHs eNIeKTPOMAarHiTHAX BUIIPOMIHIOBaHb CTa-
HIQPTHAMH OYIiBEIPHUMH 1 OOJHIFOBATIEHIMH MaTepialaMi Ta BU3HAYAIOTHCSI IOAATKOBI 3ax0/1u Oe3mneku. JlonaBanHs y 00-
JIMLFOBAJIbHI MaTepiaiy IpiOHOIUCIIEPCHOTO MarHETUTY Ta KapOOHLIBHOTO 3aJ1i3a MiABHUIILY€ iX eKpaHyBaJlbHi BIacTUBOCTI. J{o-
CITI/DKEHO CTYIEHi AeioHi3awii HOBITPs y CTaHAApPTHUX CHCTEMaX MPUMYCOBOI BeHTHILAMLII. [loka3aHo 3Ha4HY [I€i0HI3aIliO0 TTOBI-
Tpsl, SIKE TIOJAETHCS Y MpUMilIeHH. [ HopMari3amii KOHIIEHTpallii i0HiB 000X MOJSIPHOCTEN 3aIPONOHOBAHO 3aCTOCYBAaHHS
CBITJIONIOHUX CHUCTEM YJIBTPadioIeTOBOTO BHIIPOMIHIOBAaHHS Ta OTPHMAaHI KUIBKICHI IaHi. BUMipsHi KOHIEHTpalii pagoHy,
SIKWI HAaKOTIMYYEThCS Y ITiIBAJIGHMX Ta HAIIBIIABAIBHUX IPUMILIEHHX OyaiBens crapoi 3a0ynoBu. [TokasaHo, o npuiHATHE

3HIDKEHHSI KOHIICHTPALii paioHy MOXKHA IOCSITTH 3aCTOCYBAHHSM T'iJIpOi30JIILil i3 Cy9acHHUX IIEMEHTOOCTOHIB.

Kaw4oBi cioBa: pekoOHCTPYKIIisl, eHeproe()eKTHBHICTh, EIEKTPOMArHiTHI BUIIPOMiHIOBaHHS, 3BYKO130JIAILiS.

Beryn

3HayHa yacTHHA OyJiBeNb 1 CIOPYA SK B YKpaiHi,
TaK i B yChbOMY CBITI IOTpeOy€e PEeKOHCTPYKLIT uepe3 Be-
JIMKI TEPMIiHHM eKCIuTyaTanii Ta HeBiIOBIIHICTh Cydac-
HUM OyIiBeJILHUM Ta eKoJIoriYHUM HopMam. OcoOnnBo
Lie aKTyaJIbHO B YKpaiHi uepe3 YIIKOJKEHHS BEJTUKOI Ki-
JILKOCTI Oy/1iBeJIb BHACIIIOK OOMOBHX il Ta TEPOPHUCTH-
yHux arak. [Ipm mpoMy dYacTWHa Takux OyxiBenb €
00’€KTaMU ICTOPUYHOT CIIaIIUHI i TOTPEOYIOTh BiTHO-
BIICHHs 0€3 3MiH 30BHIIIHBOTO BHUTIIAY Ta BHYTPIIIHIX
iHTEp €pIB.

VYci Oyaieni # ciopynu ctapoi 3a0yIoBH CHOPY-
JDKYBAJTHCS 3 IHIIMMU OyAiBeT-HIMH HOpMaMu a0o B3a-
raJti 3a X BiZICYTHOCTI. Y Ti YaCH HE CTaBHJIOCS BUMOT JI0
MIKPOKJIIMATHYHUX TapaMeTpiB CepeloBHINA, piBHI
uryMy OyJIi He3HAYHI, a eeKTPOMAarHiTHI YMHHUKN TeX-
HOTEHHOTO TIOXO/DKCHHS BiICyTHi. Uepe3 BiJICYTHICTBH
JAHWUX II0JI0 PIBHIB 10HI3yIOUMX BHIPOMIHIOBAaHb, 30K-
peMa HasiBHOCTI paJoHy, HOro NMPOHUKHEHHS Yy NpHMi-
LIEHHsS HEe BpaxoByBainocs. B Toli ke 4ac icHyroui cuc-
TEMH BEHTWILII Ta HEJOCTaTHHO e(eKTHUBHA TiJpoi30-
TSI CIPUsiE MiIBUIICHHIO PaIi0aKTHBHOTO (DOHY B Ti-
JBAJIbHUX, HAIIBITIABAIBHIX PUMIIICHHSIX, HUKHIX 110~
Bepxax Oynisenb. [Ipy mbOMy HOpPYIIYETHCS MIKpOKJIi-
MaTHYHUHA PEKUM, 3MIHIOETHCS KOHIIEHTPAIiS aePOiOHIB
Tomio. TakuM YMHOM, iCHY€E ITpoOieMa 3a0e3NeYeHHs Cy-
JaCHUX HOPMAaTUBHHUX BHMOT IOJO KiJTbKICHUX 3HA4EHb
MIKpOKJIIMaTy, IIyMy, HE10HI3YIOUHX Ta 10HI3yIOUHX BU-
MIPOMIHIOBaHb y OYMIBISAX 1 CHOpydax 3 BEITUKAMHU

TepMiHAMHU eKCIUTyaTalii. BupimuTu 11i 3a1a9i MOXIUBO
BIIPOBA/KCHHSAM IHHOBAlliMHUX 3acO0IB HOpMai3amii
(bi3UYHEX YMHHHUKIB CEPEIOBUINA Y TPOIECcaX PEKOHC-
TPYKIIl Ta BiTHOBJICHHS OyIiBeJb i CIIOPYA.

CTaH nuTaHHga

PiBHI i3MYHMX YMHHUKIB cepeaoBHIIa OyaiBeIb —
TeMIiepaTypa i BiZIHOCHA BOJIOTICTh MOBITPS, PiBHI IIyMY
1 eNeKTPOMArHITHUX TOJiB, KOHIIEHTPAIIil aepoioHIB Ta
palioaKTUBHUX 130TOIIB DErJIaMEeHTYIOThCSI HU3KOIO
MDKHApPOJHHX Ta HAIIOHAIFHUX CTAaHIAPTIB Ta caHiTap-
HUX HOpM. BpaxoByrouu, 1o 3Ha4Ha yacTHHA OyZiBelb
BimHecena IOHECKO 1o 00’ekTiB BCECBITHBOI cCIIaj-
IUHM ¥ LIeH IpoLec MPOJOBXKYETHCS, a TAKOXK IEPCIEK-
THUBH PO3BUTKY YKpaiHH, JOLIIBHO KEPYBaTHUCS MiKHa-
POOHMMH HOPMAaTHBHMMH aKTaMH, IpWHaiMHI, 3a iX
Oinbi xopcTkux BUMOT. 110710 3HaYeHb eneKTpoMarHi-
THHX TIOJIIB TO 11e €Bponelicbka aupektnsa [1], mrymy —
[2]. TemmeparypHwuii pexum, KOHIIEHTpAIlii aePOiOHIB Ta
panioakTBHUI (DOH HAWHOINBII apryMEHTOBAaHO perJa-
MEHTY€EThCs y caHiTapHux HopMmax Himewunnu [3]. Leit
HOpPMATHB HaHOUTBIII TOCKOHAIHUH i OUTBIIICTIO (haXiBIIiB
y €Bporii 3a 3aMOBUYBaHHSAM BBaXKA€THCS MIXKHAPOIHUM.

Ha cporozHi O1bIIiCTh AOCTIIKEHD 1010 OYAiBElb
3 BEJIMKUMH TEPMiHAMH eKCIUTyaTallii, 0co0JIMBo icTopuy-
HUX, CTOCYIOThCS MIKPOKIIMAaTHYHUX YMOB [4, 5]. 3Hau-
HOIO Mipoto 1ie 00yMOBJIEHE THUM, IO MIiKPOKITIMAaTHIHI
TapaMeTpy MOYKHA TIOJIIIIIUTH 32 PaXyHOK MOJEpHi3arlii
CHUCTEMHU BEHTWIALII, 30KpeMa 3HHU3WUTH BiTHOCHY BOJIO-
TiICTh TIOBITPSA W TIiABHIMUTH TEMIEpaTypy IOJaHHIM
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y NMPUMILIEHHS TEIUIOro MOBITPs. AJie Lie He BUpILIye 3a-
Jlay, OB’ sI3aHUX 3 JICI0HI3aLIEF0 MOBITPS, @ YACTKOBO — IO~
TPaILSIHHSIM Y TOBITpst pagony. KpiM Toro, icHye oOme-
YKEHHSI Ha CIIPSIMOBAHUI PyX MOBITPS 32 BEJIMKHUX KPaTHO-
crelt moBiTpooOMiHy. I[TpobiieMoro € 3a0e3meYeHHs TKOCTI
TIOBITPS ¥ TMIPUMIIICHHSX, Ji¢ 30epirafoThCs MaTepiaim Ta
icropmaHi miHHOCTI [6]. IcCHYFOTH IEBHI PO301KHOCTI IO 0
rapaMeTpiB cepeloBUIia Ui 30epiraHHs KyJIbTypHHX
LiHHOCTEH Ta mepeOyBaHHA MepcoHary. ToMy IOIIBHO
PO3TIITHY TH MOKJIUBICTB y3T0/DKEHHS BiIIOBITHIX BUMOT
3a paXyHOK iHHOBAIIHHUX pimenb. Y pobotax [7, 8] dak-
TUYHO KOHCTAaTYeThCs (haKT HAsSBHOCTI PaJIOHOBOI MpO-
OnemMu 1 ii 3B 30K 3 TEOJIOTIYHUMH (hakTOpamu. 3ajgada
MoJISITae y ToMy, 100 3armo0irTi po3MmoBCIOKEHHIO pa-
JIOHY y TIOBITpi OyniBens i cnopya. HalOimbn ckiaaHuM
3aBJIaHHSM € MiIBUINCHHS 3BYKOI30J141i1 Oy/iBeIb, HE PO-
3paxoBaHMX HA BHCOKI PiBHI 30BHILIHBOTO IIyMy. Y goc-
nimkeHHi [9] HaBeeHO MOKIIMBICTh 3HIKEHHS IITHPOKOC-
MYTOBOTO IITyMY 32 PaXxyHOK KOMOiHaIlil pe30HaHCHUX I1a-
HeNel Ta IIyMOIOTJIMHAJIBHUX MaTepiamiB. lpu mpomy
MOKa3aHa MOXKJIMBICTh OIHOYACHOTO 3HIKCHHS PiBHIB
EIICKTPOMArHITHUX BHIIPOMiHIOBaHb. AJIe Taka KOHCTPYK-
Iis1 IOCUTh TPOMI3JIKa. Ii 3aCTOCYBAHHS JIOLUIBHE TUTBKU
JUIsl TIepBUHHOTO OyniBHMLTBA. Poborta [10] posrisaae
MOXJIMBICTh ONTHMI3allil MapaMeTpiB 3BYKONOIIMHAIb-
Horo marepiaiy. Llelf miaxin e crpaBeyIMBUM W MOXKe
OyTH 3aCTOCOBAHHUH IS MiHIMi3aI[il TOBIIUHH 3aXHCHOTO
1apy, 10 0COOIMBO aKTYaIbHO s OyAiBeNb ICTOPHYHOT
CHammuHA. B ocTaHHI POKM TNPOBENCHO HU3KY OCIi-
JUKSHB W MIPaKTUIHIX PO3pOOOK MO0 OTPUMAHHS KOMIIO-
3UIIHHNX MaTepiamiB, sKi €KpaHYIOTh EICKTPOMArHiTHI
moJist 1 BunpomiHtoBaHHA [11, 12]. OCHOBHAM HEJOTIKOM
OKpEeMHX MaTepialiB € BUCOKA ¢(DEKTHBHICTD y TICBHOMY
YacTOTHOMY Jiamna3oHi. J[o Toro >k KOMIO3UTH Ha MOJIiMe-
PHIlf OCHOBI MalOTh CXMJIBHICTB JI0 JIETpajaallil y mporeci
eKCILTyaTallil y Iiji BIIMBOM (hi3UKO-XIMIUHHX YHUHHHUKIB.
AJie MOXKJIMBICTh OTPUMAHHS 3aXMCHOT'O MaTepiairy Maiol
TOBIIMHU ¥ TEXHOJOTIYHOCTI Y 3aCTOCYBaHHI € MEpPCIeK-
TUBHOIO. JIOIIIBHO JOCTIIUTH 3aCTOCYBaHHs OyIiBEib-
HUX 1 OOJIMIFOBAJIEHUX MaTepialiB 3 QYHKIISIMH 3aXUCTY
BiJl €JICKTPOMArHITHUX BIUTMBIB. Bimomo, mo OyxiBi 3 Be-
JUKAMU TepPMiHAMH SKCIUTyaTallii MatoTh HU3bKY €HEepro-
edextuBHICTS [ 13]. Temioi3omror0Ui MaTepiaal MacoBOTO
BUPOOHHIITBA MAlOTh BEJIHMKY TOBIIWHY W CKJIAJHO HAHO-
CATBCS Ha MTOBEPXHi BEIUKOI KpUBU3HH. ToMy HE0OXiTHO
BU3HAYNUTHA MOKJIMBICTD IMIJBHIIEHHS TEIIOI30MISIIHHIX
BJIACTHBOCTEH CTiH Oy/IiBeJb 3 BEMTUKUMHU TEPMiHAMH €KC-
IuTyatamii 6e3 3HaYHMX 3MiH KOHCTPYKIIiH Ta 30BHIITHBOTO
BUIIISILY.

MeTo10 A0CTiIzKeHHsI € PO3POOTICHHS KOMILIEKCY
3aX0/1iB 3 HOpMalTizaii (i3MYHUX YNHHUKIB CEPEIOBHINA
OyniBesib 3 BEJIMKUMH TEPMiHaMHU EKCIUIyartarii y Ipo-
eci IX peKOHCTPYKILT Ta BiJTHOBJICHHS.

BukaneHHst 0CHOBHOIO MaTepiany

Haii6inpim eeKTHBHIMH € 3aX0H, po3po0IieH] Ha
OCHOBi MOHITOPHHTY (aKTHYHHX 3HAa4€Hb TOTO YH iH-
moro ¢i3U9IHOro YMHHHUKA. TaKuil MOHITOPHUHT MOXITH-
B Ha CTaIil IPOEKTYBaHHS PEKOHCTPYKLii OyaiBii. Bin
HA/Ia€ OPIEHTOBHI HEOOXiHI €(PESKTHUBHOCTI 3aXHCTY BiJ
TEXHOT€HHHMX YMHHUKIB Ta MIHIMI3yBaTH BHTpaTH Ha
BIIPOBAJPKCHHS BIIOBITHUX 3aXO0IIB.

Jus OyniBens, siki MOTPeOYIOTh BiJHOBIICHHS 200
MeBHOT PEKOHCTPYKIIT 3A1HCHEHHS TAKOTO MOHITOPHHTY
HeMosxiuBe. ToMy akTHYHHMI MaTepiall JOIIbHO OTPH-
MaTH 3a PaxyHOK OOCTEXEHHS aHaJOoriyHux abo momio-
HUX OyniBenb. Ictopuuni OyniBii criopyKyBaiucs 3a
IHIMBiTyaTbHUMH TIPOEKTAMH, TOMY HEOOXiTHI TaHi MO-
XKIIMBO OTPUMATH TIIBKH ONOCEPESIKOBAHUM IIIIIXOM —
3’SCyBaHHSAM TEIUIOBITHOCHOCTI BUKOPUCTaHUX OyIiBe-
JMBPHUX MaTepiaiiB, BHUMIPIOBAHHAM paJiOaKTHBHOTO
¢$oHy y IiABaIHPHUX NPUMINICHHSX, 3’ ICYBaHHS €(EKTH-
BHOCTI BEHTIJIAII] 32 Mepepi3aMu BeHTIIHINIHHIX KaHa-
JIB TOLIO.

[TnanyBaHHS 3ax0AiB 3a0e3MeUeHHs] HOPMAaTUBHUX
mapaMeTpiB MIKpPOKIIIMATy NOIUIBHO 3/IHCHIOBATH Ha
KOMIUIEKCHIH OCHOBI pa3oM i3 3axofaMu 3 HopMaJti3aii
KOHLIEHTpALil aepOioHIB y MOBITPi NpuMinieHs. OnTumi-
3yBaTH iX CHiBBIIHOLICHHS apXiTEKTYpHO OyIiBEIbHUMH
PIIICHHSAMHE HE 3aBKIH MOXIIUBO, TOMY HEOOXITHO MaTH
eKCIIEPUMEHTAJIbHI JaHI MO0 IUTYYHOro IiATPUMAaHHS
HeoOXigHUX (PaKTOpiB 3 BHKOPHCTAHHSIM BiAIIOBITHOTO
oOJIaTHAHHA.

Haif6inpi BaroMuM, i TAaKUM 10 HAHOLTBII BiTIyBa-
€TBCS JIIOIMHOIO0 (I3MYHUM (haKTOPOM € TeMIIepaTypHUil
pexuM npuminieHb. Ha cboroHi migrpumManHs HOpMaTH-
BHHX TEMIIEpaTyp Cy4aCHUMH CHCTEMaMH ONAJICHHS HE €
mpo0JeMor0. Ajie 3 OIIAAy Ha CKOHOMIYHHMH YHHHHUK Y
Tpoleci PEeKOHCTPYKIIT Ta BiTHOBJIEHHS HEOOX1IHO 3a0e3-
MIEYUTH BUCOKY eHeproedekTHBHIicTh OyniBenb. Lle y ne-
PpLIy Yepry cCToCyeTbest OyaiBenb, CIIOPYIHKSHIX 3a 3acTa-
PpUTAMH TEXHOIIOTISIMU Ta BUPOOHUINX OYIIIBEIb 1 CIIOPY T
3 BEJIMKUMH TIIOIIAMH 30BHIIIHIX CTiH. JlOCiIKEHHS 1TO-
Ka3aJI, 0 HaBiTh 32 BEJIMKHX TOBLIWH CTiH, BOHH HE Ma-
FOTh TOCTATHBOI TEIUIOI30IIAMii (prc. 1).

0

Puc. 1. Crinu Oyaisii, sika miisrae 101aTKOBIM
TEIUI0i30JIsALii (&); TeruIoBi3iiiHe 306paskeHHs
aHaJIOTIYHOI OyAiBIi, y sIKiil mpamioe onaneHHs (0)
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Ha puc. 106 TeruioBi3iiiHa 3iOMKa CBITYHTb, IO
CTiHM OY/IBJII CUIIBHO TIPOTPIBAIOTHCS 1 YTPUMYIOTh TEILIO
ripiie, HiXk HOBITHI BiKOHHI cuctemH. [Ipu oMy Temme-
parypa BcepeanHi OyaiBii He nepeBuiryBana +16°C, a Ha-
30BHI He Oyna HIWk4oro 3a -5°C. AHajnoriyHa cutyaris
CIIOCTEPIraeThCsl y 3aCTApPiINX MPOMHUCIOBHX OYIIBIIAX,
BUTOTOBIICHHX 13 321113006 TOHHNX KOHCTPYKIii. Teopetu-
YHI MipKyBaHHS CBiUaTh, III0 CKJIOBOJOKHO i 0a3aisToBE
BOJIOKHO J100pe OJIOKy€E TEeTIOBEe BUIIPOMIHIOBAaHHS HaBITh
3a IIPOMEHEBOTO TETIO00MiHY, 1110 HE TUTBKH MOXe 30e-
perTH TeruTo BCepenrHi OyIiBi, a i cTabiTi3yBaTH TEIUIO-
BUI peXUM y TeInly nopy poky. CTaHmapTHI TeIuoi3os-
LIMHI [IMTH MaroTh TOBIIUHU 50—100 MM, 1110 17151 BigHO-
BIIIOBAILHUX POOIT HE 3aBXKAN MPUIHATHO.

Byno BunpoOyBaHO TemIOI30MSLIHHE ITOKPUTTS
JIBOIIAPOBOI CTPYKTYpH Ha OCHOBI 0a3aJbTOBOTO BOJIO-
KOH MOBEPXHEBOK TYCTHHOK 0,2 KI/M?, CKpiIIEHUX T0-
JIMEpHUM B’SDKY4YHMM. 3arajpHa TOBIIMHA CKJIaJjana
2,5 MM (Tabm. 1).

TakuM YMHOM, BPaxOBYIOUH MaJly TOBIIMHY TEPMO-
130JII0I0YOT0 Matepiaiy, pe3yabTaT MOXKHA BBaXKATH 3a-
JOBIIBHUM. B yMOBax ekcrepuMeHTy yci mapameTpu —
BHYTPIIIHS TemIepaTypa OyiBili, TeMIiepaTypa 30BHill-
HBOTO IOBITpPA, 3MiHIOBaHCS Y Mexax 1-2°C. Peanbni
TEMIIepaTypy BU3HAYAIIMCS 32 JIONOMOTOI0 TEMJIOBi3opa
OTS-XLT 3 noxudkoro BumiproBanhs 2 K.

Tabnuysa 1 — 3ajeKHICTh TeMIepPaTyPH 30BHIIIHLOTO GOKY
TenJI0i30/1101090I0 MIOKPHUTTS BiJ yacy

TenJjonepeHocy*

T, roa te, °C t;, °C
6 14 10
12 11 4
24 8 1

*T — uvac TemonepeHocy, tc — Temneparypa 30BHIIIHBOT
MOBEPXHI CTIHM, BKPUTOI TEPMO3aXHCHUM MaTepiajioMm,
t; — TemIepaTypa 30BHIIIHBOT TOBEPXHI
TEPMOI30JTI0I0YOT0 MaTepialry

SIk 3a3HavayoCs, 3aX0/U 3 HOpMati3auii piBHIB ¢i-
3UMYHUX (DAKTOPIB JOIIIBHO 341HCHIOBATH HA KOMILIEKC-
Hilf OCHOBI, Y TOMY YHCIIi, BAKOPHUCTOBYIOUYH OJIH MaTe-
pian Ayt OIHOYACHOTO 3HIKCHHS BIUIMBY JBOX (i3uy-
HUX (DaKTOPIB.

Byno npoBeneHo BUIPOOYBaHHS IIyMOIIOTJIMHAIO-
YHX BJIACTUBOCTEH 0a3abTOBOI KOMIIO3HMIIT y OKTaBHHX
cmyrax vactot ( tabu. 2)/

Sk BunmHO 3 Tabn. 2, KoedimieHTH 3BYKOI30JISIIi y
HU3BKOYACTOTHIHN 00J1acTi 3ByKOBOTO CIIEKTpa HE3HAYHI.
e ouikyBaHO "Yepe3 Bimomuii hpakT HeeheKTUBHOCTI I10-
PHUCTHX MatepiajiB Iyl HOTIMHAHHSA HH3bKOYACTOTHHX
KOJIMBaHb. AJie B 00J1aCTi cepe/iHIX Ta BUCOKUX YacTOT
pe3ynbTat 3aJ0BIIbHHUI.

Tabruys 2 — KoedinieHTH 3ByK0i301511il KOMNO3UUiIHHOI0 MaTepialy Ha 0CHOBI §23a/1bTOBHX BOJIOKOH

f,T'n 63 125 250

500 1000 2000 4000

a 0,05 0,08 0,18

0,35 0,60 0,73 0,80

Sk TepMoi30IAIiIo, TaK i 3HIKEHHS PIBHIB IIyMy
JIOIITFHO TTOTIEPEAHBO MPOTHO3YBATH PO3PaxXyHKOBUMH
METO/IaMH Y 3aJIS)KHOCTI BiJl yMOB BUKOPHCTAaHHS 3aXHC-
HUX MaTepiaiiB i KOHCTPYKITiH.

JLiis Ipo€eKTYBaHHS TePMOi30JIsMii Oy miBIIi HEOOXi-
JTHO TIONEePEIHBO OIIHUTH il HeOOXiHY 1 TOoCTaTHIO ede-
KTUBHICTb. 1]e MOXJIMBO 3pOOUTH PO3PaXyHKOBHMH Me-
TOJIAMHU, BUXO/ST4HM 3 (YHAaMEHTAILHUX CHiBBIIHOIIEHD
Teruionepeayi Ta TeIoQi3HYHUX XapaKTepPUCTUK Oy 1li-
BEJIbHUX, OOJIMIIOBAJIBHUX Ta TEPMOI30JIIOIOUUX MaTepi-
ayiB.

OmiHEMO TeMmIepaTrypy 3OBHIIIHBEOI ITOBEpPXHi
CTiHM OYZIBJI 1 TEIUIOBTPATH 4epe3 CTiHY, sKa MOKPUTA
LIapOM TEIUIOI30JII0I0Y0T0 Marepiay. BrimmBoM consd-
HOTO BUIIPOMIHIOBaHHS OyJIeMO HEXTYBaTH.

HIiMBHICTh TEIIOBOTO MOTOKY Kpi3b CTIHY MOXE
OyTu po3paxoBaHa BiJIIOBITHO 10 3aKOHY OXOJIO/PKEHHS
Herotona:

q=U(t —te), M

ne ti i te — TeMmepaTypu MOBIiTPS 30BHI 1 BcepeanHi npu-
MmimeHHs, U — TemIonpoHUKHICTh CTiHM — BEIWYHHA,
obepHeHa 10 i TOBHOT'O TEIUIOBOTO O1opy R

U=—. @)

Jlst ortinky Ry HEOOXiTHO BpaxyBaTH, IO TETI000-
MiH MK BHYTPIIIHIM 1 30BHIIIHIM TOBITPsIM BinOyBa-
€ThCSl Yepe3 BUMPOMIHIOBAHHS, KOHBEKIIIO 1 TeIio-

MPOBIAHICTh. TemoTa MepeHOCUThCS Bijl BHYTPIIIHBOL
MTOBEPXHI CTiHU JI0 30BHIITHBOT IIOBEPXHi TEIIO130JFOI0-
YOro Imapy — 3aBASKH TEIDIOMPOBIAHOCTI, BiJ 30BHIMI-
HbOT MOBEPXHI TEIJIOI30II0K0YOr0 Mapy B 30BHIIIHE I10-
BITpsI — 3aBASKH BUIPOMIHIOBaHHIO i KOHBekwii. B pe-
3yJIbTaTi TIOBHUH TEIUIOBUH OIIp CKIIAJAETHCS 3 TEIUIO-
BUX OIOPIB BHYTPILIHBOi 1 30BHIIIHBOI TOBEPXOHb
cTiHU —Rsi1 Rse BIIMOBIIHO 1 TEIIOBUX ONOPIB MaTepiaiB
ctind — Ry 1 Temoizonsitopa Ra:

Ri =Rsj + Ri+ Ry + R, 3)
IpUYOMY,

1 1 1 1 1 1
— =y, === (4)
Rsi Rci Rri Rse Rce Rre

ne Rci 1 Ree — TemioBi onopwu, moB’si3aHi 3 KOHBEKITIETO,
Ri 1 Ry — TemioBi omopu, TMOB’s3aHI 3
BUIIPOMIHIOBaHHSIM. BpaxoBaHO, 10 3a €NeKTPUYHOIO
AQHAJIOTIEI0 B EJEKTPUYHIH CXeMi 3aMillleHHs OIOpH,
0OyMOBJIEHI ~ KOHBEKII€}0 1  BHIPOMIHIOBaHHSM,
3’€IHYIOThCSl TTapasnenbHo. Benmunan Rsi 1 Rse moBuHHI
3aJIeXaTH Bijl BATIPOMIHIOBAJIBHOI 3/1aTHOCTI IIOBEPXOHB,
BU/ly KOHBEKIii, MIBUAKOCTI 1 HampsAMKY Bitpy. s ix
OLIIHKM MO>KHa BUKOPHCTATH TUIIOBI YMCIIOBI 3HAYCHHS
JUTst OITBIIIOCTI MPUKIAIHUX 3a1ad, ki HaBeneHi B [SO
6946:2017.

Benumaunam omopiB R1 1 Ro, BiAMOBITHO 10 3aKOHY
®dyp’e I TEIUIONMPOBITHOCTI, MOXKYTh OyTH poO3paxo-
BaHi 3a popmynamu:
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Rlzﬂ, Rzzd—z, (®)
A %,
ne di i do — ToBIIMHM CTiHM 1 TertoizonsTopa, A1 i A2 —
TEIUIOTPOBITHOCTI BiAMIOBITHUX MaTepiaiB.
Temneparypa 30BHIIIHBOI IMOBEPXHI TEILIOI30JIIO-
oyoro mapy Ui BiApI3HAETBCS Bi TeMIEpaTypHu
30BHIIIHBOTO TOBITPs. LL{iTpHICTE TEIJIOBOTO IMOTOKY B
mapi TOBITpPS 30BHI, fKa B JaHOMY HaOMMKEeHHI
JOPIBHIOE TEIUIOBTpAaTaM CTiHH, MOXKe OyTH BH3HaYeHa
3a opmyioro ananorigroro (1):

e — e
q==5—, (6)
Ree
3BIIIKH tee =t + Re 0. @)

[Micns migcranoBku B (7) 3HaueHus ( i3 (1), 3
ypaxyBaHHAM (2), U1 TeMIepaTypH 30BHIIIHBOT
MTOBEPXHI TEII0I30JIbOBAHOI CTIHU OYIiBIII OTPUMYEMO:

tee =t + Ry i(ti ~to). (8)
Rt

TakuM YMHOM. OIlIHKA TEIUIOBTPAT MOXE OYyTH
IpoBeicHa Ha OCHOBI (6) 3a BUMIpSHUM 3HAYCHHIM
TeMIepaTypyu 30BHIIIHBOI MOBEPXHI CTIHH i BiJOMUM
3HAYCHHAM TeMIepaTypH aTMOC(EpHOTro qH
30BHIMIHBOTO MOBITPs. OIiHKa TeMIepaTypH 30BHIITHBOL
TOBEPXHi CTiHH MOXXe OYTH BHKOHaHA 3 BUKOPUCTAHHAM
(8) 3a BimoMHMU 3HAYCHHSIMH 30BHIIIHBOI 1 BHY TPIIIHBOT
TeMIepaTyp, TOBIIHH 1 TEIUIOMPOBITHOCTEH MaTepiatiB
CTiHM 1 TemoizonsnTopa. [Jist BETMYMH TEIUIOBUX OIOPIB
30BHILIHBOI 1 BHYTPINIHBOI TOBEPXOHb CTIHH, SIKi
HEOOXI1JHI I pO3paxyHKiB, MOXYTb OyTH BUKOPHCTaHI
TUNOBI 3Ha4YeHHs BianosigHo n0 ISO 6946:2017.
Hanpuknan, y BUNAAKy TOPHU30HTAJIBHOTO TEIIOBOTO
not1oky Rse = 0,04 Br/(M?xK), Rsi = 0,13 B1/(M?xK).

Jis mporHo3yBaHHS €(PEKTUBHOCTI 3BYKOi30JISAMIl
MOXJIMBO cKopucTaTtucs moneiro Delany-Bazley, sky
OyJI0 BIOCKOHAJICHO 3 METOK CIIPOLICHHS PAKTHYHOTO
BHKOPHUCTAHHA. Y Cl pO3paxyHKH 3IIHCHIOIOTBCA Y Ailic-
Hilt popMi, IO HaJja€ MOXKITUBICTh ABTOMATH3YBaTH IPO-
uec obuncnens. KoedillieHT 3ByKOMOTIIMHAHHS 0. BU3HA-
Ya€eThCs 31 CIIBBIIHOIICHHS:

e 4pycq (cosh(e) —cos(0) )( Bsinh(e) -y sin(0))

Bsin(0) + )2 L[ psinh(e)~ysin(0) +
+ysinh(&) +pgcg (cosh(e) —cos(6))
f -0,754
ne B = poco| 1+0,0571) 20 . (10
O
f -0,732
¥ = 0,087 pycy| 22— , 11)
O
-0,595
f )
£=0,7567 1 Aot , (12)
Co o
—0,700
-4 10,0078 2" . (13)

CO o

Je d — TOBIMHA OPUCTOTrO APy, Po — [YCTHHA MOBITPS,
co — IIBHAKICTh 3BYKY Yy MOBITpi, f — yacToTa 3ByKY, G —
OIIip IPOJyBaHHIO.

TakuM YMHOM, €IMHIM ITapaMETPOM 3BYKO130JII0I0-
4oro marepiainy, sSIKMid He0OXiZHO BU3HA4YaTH y Jabopa-
TOPHUX YMOBAX, € OMIp HPOYBaHHIO, IO 3/1HCHIOETHCS
y CTaHAAPTHIH IMIeaHCHIN TPYOI.

Jlns expaHyBaHHS €JIEKTPOMArHITHHUX TIOJIiB IIHPO-
KOTO YaCTOTHOTO Jiarma3oHy JOIUIFHO MAKCHMAIBHO BHU-
KOPHUCTOBYBATH 3aXUCHI (YHKIIi OyaiBeIpHAX Ta 00NN~
MIOBAJBHAX MaTepiaiiB. 3acaay IPOCKTyBaHHS Ta BU3HA-
YeHHs1 3aXUCHUX BIIACTHBOCTEH TAKUX MaTepialliB BUKIIA-
JICHO Yy TIonepeiHii pooori [14].

['o510BHOIO yMOBOIO 3a0€3NeueHHs palioHaIbHUX
Koe(ilLlieHTIB eKpaHyBaHHS SIK HU3bKOYACTOTHUX MarHi-
THHX TOJIB, TaK i BACOKOYACTOTHHUX €JIEKTPOMAarHiTHUX
BUIIPOMiHIOBaHb. Matouu iHpOpMalilo MO0 aMILITY-
JTHO-YaCTOTHUX XapaKTEPHUCTHK 30BHIIIHIX eJIeKTpoMar-
HITHHUX TOJNIB 32 KPOKOM pO3TallyBaHHs apMaTypH ado
apMyI0J01 CITKH MOYKHA pO3paxyBaTH KoeilieHTH ekpa-
HyBaHHS TOJIB. Y pa3i HEOOXiTHOCTI IiJBUIIECHHS eKpa-
HyBaHHS y OOJIMLIOBaJbHI MaTepiajiy JOAAI0Th MarHe-
TUT, KapOOHUIFHE 3aTi30 Y 3aJIeXKHOCTI BiJg HE0OXimHOT
eeKTHBHOCTI eKpaHyBaHHs. [IpH IbOMY CIIiJI BpaxoBYy-
BaTH HEOOXIJHICTh JOCTATHIX PiBHIB CHTHaJiB 0a30BUX
CTaHIId s 3a0e3reueHHs HaJIiHOrO MOOLIBHOTO
3B’A3KY.

VY mpouecax peKOHCTPYKLII Ta BiIHOBJIEHHS IMpO-
MHCJIOBHX Ta XHTJIOBHX Oy[IiBEJb CJiJl BpPaXxOByBaTu
3MiHHM KOHIIGHTpalii i0HIB B KaHajlaX BEHTWIILII. Y 1e-
pIy Yepry Le CTOCY€EThCS MPOMHUCIOBHX Ta rPOMaCh-
KuX OyZiBelb, 16 MOHTYIOTBCSI CHCTEMH IIPHUMYCOBOI Be-
HTWIAMI] 3 KaHaJTaM{ OIIMHKOBAHOTO 3aii3a. Bumipro-
BaHHS CBIYaTh, IO y TPOIECi MEPEHOCY MOBITPS Ta-
KAMHU KaHaJlaM¥ 3HIDKY€EThCSI KOHIICHTpPAIis 10HIB 000X
noJisipHOCTEH (Tadu. 3).

Tabauys 3 — 3MiHM KOHLEHTpAWil iOHIB

Micue Konuenrpauii ionis, em3
BHMipIOBAHHS i N
n n
Bxiny 650740 850-920
MOBITPOTIPOBI T
Buxiny 220-250 380-410
TIPUMIIIEHHS

JIOBXMHM TIOBITPONPOBOAIB CcKiagain 14—18 M,
TOMY TIOTOHHY JICiOHi3aIlif0 TOBITPS MOXXHAa BBaXKaTH
CYTTEBOIO. BU3HaunTH THIIOBY OTOHHY JI€i0OHI3aIliI0 1M0-
BITpS [UISI METAJIEBOTO KOpoOa CKIaJHO 4epe3 Te, IO
BOHA 3QJICXKHTH BiJl KOH}ITyparii moBiTPONIPOBOIY Ta Ha-
mapyBaHb MY Ha CTiHKaxX. Take sSBUINE CIiJ BPaxoBy-
BaTH MIOJ0 BEHTIIAIMHUX KaHANIB y OyIiBIAX 3 BEIU-
KHMH TepMiHaMHM eKCIuTyaTanii i nmepeadadyuTu MOKIIU-
BOCTI 1X OUHINEHHSI.

VY pasi notpebu AOUIIBHO 3aCTOCOBYBATH Cy4acHi
CBITJIONIO/IHI CHCTEMH YJIbTPadhioIeTOBOrO BUIPOMIHIO-
BaHHS JIJIS 10HI3AIli1 TTOBITPS MPUMIIIEHb. CIUHOIO yMO-
BOIO IX 3aCTOCYBaHHS € PO3MIIIEHHS Ha BiACTaHIX HE
MeHIe 2 M Bix mozei. PiBHI ioHi3aIlil OBITPs i3 3acTO-
CyBaHb TAKHX CHCTEM Yy MpUMimeHHi 06’ emom 80 Mm%, Ha-
BelleHo y Tab. 4.
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Tabnuya 4 — PiBHi ionizanii nosiTps y npumimenHi
00’emom 80 m°

Konuenrpauii ionis, cm™

n n*
DOHOBI 3HAYCHHS 300-380 530-640
3 ioHI3aTOpOM 540-560 810-900

Hageneni moka3uuku € ycepeqaeHumu. CTyneHi io-
Hi3aIlil MOBITPs 3aJIeXKaTh BiJl BITHOCHOI BOJIOTOCTI ITOBi-
TpsI, KOHIICHTpALii 3aBUCINX YaCTHHOK (ApiOHOANCTIEp-
CHOTO MHUITYy), IIBUIKOCTI CIIPSIMOBAaHOTO PYXY IOBITPSL.
3a HeOOXIIHOCTI OJJHOYACHOIO IIABUILIEHHS i BIIHOCHOT
BOJIOTOCTI MOBITPs y MPUMIILEHHSX JIOLUIBHO 3aCTOCOBY-
BaTH yJbTPa3ByKOBI 10HI3aTOpHU. Y TaKUX NPHUCTPOSX 10-
Hi3allis 3MIACHIOETBCS 3a PaXyHOK OaNOCICKTPUIHOTO
edeKTy oApiOHEHHs Kparellb BOAN YJIBTPa3BYKOM, IO
CYIIPOBOIXKYETHCSI YACTKOBHM PO3IMICHHSM BOJH Yy TI0-
BiTpi. HemomikoMm Takux mpuCTpoiB € 0OMexkeHH 00’ eM
oOciyroByBaHHA. ToMy y mporieci BUKOHaHHS HPOEKT-
HUX pOOIT HEOOXiTHO OIIHIOBATH CITiBBIiIHOIICHHS
00’eMiB Ta e(peKTUBHOCTI 10HI3aTOPIB MOBITPSI.

VY GinbiocTi OyAiBelNb i CIOPYA 3 BEJMKUMH TEpPMi-
HAMH €KCIUTyaTallli BUHUKAIOTh MPOOJIEMH 3 T1IpOi30Jis-
miero. KpiM miABUIICHHS BOJOTOCTI TOBITPS 1€ CIIPHSIE
NPOHUKHEHHIO Y TiJBajibHi, HAaIiBOIIBAIBHI MpUMI-
LIIEHHS Ta Ha HWKHI TOBEPXH palioHy. BumiproBanHs cBi-
IuaTh, IO Iled IIOKa3HMK MOKe ckiagatu 110—
260 Bx/M°, 110 MepeBHIy€e IPAHUYHO JOMYCTHMUH pi-
Benb 100 Bx/M® (Directive 2013/59 Euratom). Ipunu-
HEHHS IPOHUKHEHHS PaJIoHy 10 TIPUMIIIEHb JyXKe CKJIa-
JIHa 3a]a4a, aje BUMIpPIOBAaHHs CBiI4aTh, 10 HABITH pe-
TeJNbHA TiAPOI30JISIisA MiIBATbHUX MPUMIIIEHbB 13 3aCTO-
CyBaHHSAM LIEMEHTOOETOHHHUX CyMilllell, 10 BUKOPUCTO-
BYIOTbCSl Ul OaceifHiB 3HWXKYye Ield MOKa3HUK JI0
40-60 Br/m®.

VYci npoexTHi poOOTH 1010 BU3HAYCHHS HEOOXiI-
HocTi HopMmaizauii ¢izuyHnx QakropiB y OymiBisax i
cropyax y npoiecax iX peKOHCTPYKII Ta BiTHOBJICHHS
JIOLUTEHO 3ICHIOBATH Ha TIPIOPUTETHI OcHOBI. Br3Ha-
Y4aeThCs HAHOLIBII BaroMuil pakTop, KUl morpedye HO-
pManizaniio y mepury depry. Hactynanm kpokoM € BH-
3HAUEHHS MEHIIl BAroMoro (akTopa TOIIO.

Sk 3a3Havanocsi, MO>KHa OJHUM MaTepiajioM 3HH-
)KyBaTH TEIIOBI BTPATH i piBHI IIyMy. Y 3aJI€XKHOCTI Bij
pe3yIbTaTiB MOHITOPUHTY y TEPIIy 4Yepry HaJaaroTh Oi-
eIy e(QEeKTHBHICTh Marepially mono Toro (akxropa,
SIKMI OLTBIN BAarOMHI 3 TOYKH 30PY SIKOCTi CEpEIOBHINA
nepeOyBanus sozeit. Y [14] noka3aHa MpHHIMIIOBA MO-
JKJIMBICTh OJTHOYACHOI HOpMaJTi3ailii piBHIB eJIeKTpoMar-
HITHHUX TOJIB Ta TeIJIOBHX BTpaT. CTBOPEHHS NPHIAHSAT-

HUX 32 e()eKTHBHICTIO Ta BapTICTIO YHIBEpPCAILHUX MaTe-
piayiB Ui 3HWOKEHHS PiBHIB (i3UUHUX (PaKTOPIB TEXHO-
TEHHOT'0 MTOXOJKEHHS CIIPUSITHME 3HIKEHHIO Macoraba-
PUTHHX TapaMeTpiB OOJIMIIOBaHb Ta € MEePCIEKTHBHUM
HaIpsIMOM JOCJIJKEHb 1 MPUKIAIHIX PO3POOOK.

BucHoBku

1. BynxiBni i ciopyu 3 BENIMKUMH TEPMiHAMH €KC-
Iulyartanii He BiJOBINAIOTh Cy4YacCHHMM HOpMaTHBam
10710 eHeproe()eKTUBHOCTI Ta PiBHIB Qi3MYHUX (aKTO-
PiB TEXHOTEHHOTO MoxopKeHHs. ToMmy y mporeci ix pe-
KOHCTpPYKILIi Ta BiJHOBJICHHI JOLUIBHO PO3pPOOHUTH M
BIIPOBAJNTH BiIOBITHUN KOMIUIEKC OpTraHi3amiiHO-TeX-
HIYHHUX 3aXOJiB.

2. Tloxazano, mo Ay OyaiBenb, 0COONHUBO iCTOPH-
YHUX HEOOXiJTHO 3aCTOCOBYBATH OOJHUIIOBAIIEHI MaTepi-
aJIM MaJIMX TOBIIHMH Ta MUTOMOI Baru. JlocmikeHo ede-
KTHBHICTh KOMITO3HUIIIHHOTO TEPMOI30IIFOI0YOTO 1 3BYKO-
HOTJIMHAJIBHOTO MaTtepialy Ha OCHOBI 0a3aJIbTOBOTO BO-
JokHa. BcTaHoBIEHO, 1110 MaTepiai 3aBTOBLIKH 2,5 MM
3HAYHO MIABHIIY€ TEIUIOI30JSMIHHI BIACTUBOCTI CTIH Ta
Ma€e Koe(ilieHTH 3BYKOIMOTJIMHAHHS Ha CEpPeNIHIX Ta BU-
cokux yactorax 0,6—0,8. Hamano po3paxyHkoBuii ama-
par 1010 POEKTYBAHHS TEIUIOI30JII0I0YHX Ta 3BYKOIO-
TIIMHAJIFHUX MaTepiaiiB HOTPiOHOI epeKTUBHOCTI 3 MiHi-
MaJBHOIO KUTBKICTIO MTapaMeTpiB, sIKi HEOOXiTHO BHU3HA-
YUTH y 1a00PaTOPHUX YMOBaX.

3. BusHadeHo nopsAnok 3a0e3nedeHHs eIeKTpOMa-
THITHOT O€3IeKH MPAaIIoI0unX Ta HACEICHHS 32 PaxyHOK
3aCTOCYBaHHS CTaHAAPTHUX Ta KOMIIO3HMLINHHNX OyniBe-
JBHUX 1 O0JHITIOBATBHUX MaTepiamiB. JlogaBaHHs 70 00-
JMLIOBAJILHUX MaTepiaiiB MarHeTUTy Ta KapOOHIILHOTO
3aji3a 0e3 iICTOTHUX 3MiH MPYKHHX MOAYJIB JI03BOJISIE
HOpMaJIi3yBaTH PiBHI €JNEeKTPOMAarHiTHUX BUIPOMIHIO-
BaHb YJbTPaBUCOKUX YACTOT.

4. Pozpo0irleHO 3acaad HOpMaii3aIii KOHIEHTpa-
i 10HIB y IPUMIIIeHHAX. BCTaHOBIIEHO, 10 y CTaHIap-
THUX CHCTEMaX NPUPOJHOI BEHTHIIAIIl BiIOyBa€eThCS
3HaYHA JIeiOHi3allis MOBiTps. TOMy y TaKMX BHITAAKaX JO-
OUTPHO BUKOPUCTOBYBATH IITYYHY 10HI3AIlII0 MOBITPS i3
3aCTOCYBaHHSIM CBITIIOJIOJHUX CHCTEM YIbTpadioleTo-
BOT'O BHIIPOMiHIOBAHHSL. X TEpeBaro € MOKJIHMBICTD 3a-
CTOCYBaHHS y MPUCYTHOCTI Jrojiel. EkcriepumeHTansHO
BU3HAYCHO MPOHUKHEHHS y Oy/IiBIi cTapoi 3a0ya0BH pa-
noHy. [TokaszaHo, 10 U1 3HMKEHHS 00 KOHLEHTpAIii
y MiIBaJbHUX Ta HAMIBIIiJBATbHUX MPUMIIICHHSAX T0CTa-
THRO 3aCTOCOBYBATH TiAPOI30JIAIII0 13 CydacHHX
LIEMEHTO-0ETOHHUX CyMillIeH.

Bukopucrannsa 3aco0iB IITYYHOr0 IiHTEIEKTY.
ABTOD HiJITBEPIUKYE, 1110 HE BUKOPHUCTOBYBAJIAa TEXHOJIO-
rii IITYYHOrO iHTENEKTY IPH CTBOPEHHI IPEICTaBICHO]
poboTu.
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Principles of normalisation of physical environmental factors of buildings and structures
in the process of their reconstruction and restoration

Yana Biruk

Abstract. Industrial, public and residential buildings and structures with long service lives do not meet modern requirements for
energy efficiency and levels of physical factors of technogenic origin. Therefore, during their reconstruction and restoration, it is necessary
to ensure the normalisation of these parameters in accordance with the requirements of current regulatory documents. The sources of heat
energy loss in old buildings have been investigated. The use of basalt-based composite materials to improve thermal insulation has been
proposed. Such material has low mass and dimensional parameters, is easy to use and does not distort the appearance of the building,
which is important for structures of historical value. Quantitative data on the sound-absorbing properties of the composite have been
obtained. It has been established that it has high sound absorption coefficients at medium and high frequencies. An easy-to-use mathemat-
ical tool for predicting the thermal resistance of thermal insulation materials and sound absorption coefficients has been provided. This
minimises the number of parameters that need to be determined in laboratory conditions. All calculations are performed in real form, which
simplifies the calculation processes and makes it possible to automate the design of materials and protective structures. The procedure for
ensuring electromagnetic safety in buildings during reconstruction has been determined. The electromagnetic radiation shielding coeffi-
cients of standard building and facing materials are evaluated and additional safety measures are determined. The addition of finely dis-
persed magnetite and carbonyl iron to facing materials increases their shielding properties. The degrees of air deionisation in standard
forced ventilation systems are investigated. Significant deionisation of the air supplied to the premises is shown. To normalise the concen-
tration of ions of both polarities, the use of LED ultraviolet radiation systems is proposed and quantitative data are obtained. The concen-
trations of radon accumulating in the basements and semi-basements of old buildings were measured. It was shown that an acceptable
reduction in radon concentrations can be achieved by using waterproofing made of modern cement concrete.

Keywords: reconstruction, energy efficiency, electromagnetic radiation, sound insulation.
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BU3HAYEHHS EJIEKTPOMAT'HITHOI'O HABAHTAKEHHSA HA CEPEJJOBUIIE

METOIZAMU MOJEJIOBAHHSA ITOIIUPEHHSA EJIEKTPOMATI'HITHUX I1OJIIB

AHoTanis. JlocmiukeHO MOXIIMBOCTI BUKOPUCTaHHS MOZENIOBAHHS HOIIUPEHHS eNEKTPOMAarHiTHHX IOJIB PI3HOPITHHX
JpKepeT ISl BU3HAaYeHHS eJICKTPOMAarHITHIX HAaBaHTa)KEHb Ha TEPUTOPIAX Y OKPEMHX OyAIBISIX Ta HPUMIIIEHHX. Take Mo-
JICTIOBAaHHS TOLUIFHO BUKOPHCTOBYBATH Y pa3i HEMOXKIMBOCTI BU3HAUEHHS €JIEKTPOMArHiTHOT 0OCTAaHOBKH METOJIOM HaTy-
PHUX BHMIPIOBAaHb — Ha CTaJlifX MPOEKTYBAHHS Ta €KCIIEPTU3U 00’ €KTIB, IPOEKTYBAHHS PO3MIIIEHHS €IEKTPUYHOTO Ta eJie-
KTPOHHOTO 00JaiHaHHA ToIo. [lepeayMoBOI0 KOPEKTHOTO MOJICIIOBaHHS € BU3HAYCHHS MaTeMaTHYHUX QYHKLIH, sSKi onu-
CYIOTh TOIIMPEHHS €1eKTPOMArHiTHHUX IOJIIB PI3HUX YacTOT Ta YaCTOTHMX Jiama3oHiB. Taki ¢yHKUii HOBUHHI MaTH MPUITY-
LICHHS Ta COPOILICHHS, AKi 320€3MeUyI0Th IPUHHATHY MOXUOKY 004HCIICHb Ta OyTH 3pYYHUMH JJIs1 CTBOPEHHS MIPUKIIaJHOTO
IporpaMHoro 3abesnedeHHs. BuxinHi naHi 11s1 MOAEIOBaHHS OTPUMYIOTBCS 3 TEXHIYHOI JOKyMeHTalil oOnajHaHHs, SKe
reHepye eJIeKTPOMArHiTHi 0JIs, Ta 3 pe3yJIbTaTiB BUMIPIOBaHb APaMETPIB IOJIiB OTHOTHITHOTO 00JIaIHaHHS, SKe epedyBae
y eKcInTyaranii. 3a HassBHOCTI JliarpaM CIpsIMOBAHOCTI €IeKTPOMArHiTHUX IOJIIB T MOIIMPEHHS! HU3bKOYACTOTHOTO TOJIS, Y
KOJKHIH TOYIIi 3 HEOOXiJHUM KPOKOM PO3PaxOBYETHCS 3HAYCHHS HAIPYKEHOCT] €IEKTPHYHOT Ta MAarHITHOI CKJIIaZIOBHX EJIeK-
TPOMArHiTHOTO MO 200 TOUUTBHOCTI MOTOKY eHeprii. CyMa BiJHOIICHb KBaApaTiB HANPYKEHOCTEH EIEKTPUIHOTO Ta Mar-
HITHOTO TIOJISI 0 KBaAPAaTiB BIAMOBIAHMX IPaHUYHO JOIMYCTUMHX 3HAUE€Hb OBUHHO MEPEBHUIyBaTH oXUHHUII. Lle BiamoBinae
YUHHHUM CaHiTapHUM HOpMaM. BincTaHi, 10 SIKHX BUKOHYEThCS PO3PaXyHOK, BU3HAYAIOTHCS Y KOXKHOMY KOHKPETHOMY BHIIa-

JKy ¥ TOBHHHI OXOIUTIOBATH YCIO TEPUTOPIi0 a00 IUIOILY, I SKOI BU3HAYAOTHCS IIYKaH] MOKa3HUKH.

KawuyoBi ci10Ba: eneKTpoMarHiTHe HaBaHTAXKEHHS, MOJAEIIOBAHHS, TPAHUTIHO JOITyCTUMHUI PiBEHB.

Beryn

MopemoBaHHsI MOIUPEHHS €IEKTPOMArHITHUX I10-
JIB Ha TICBHIH TEPUTOPIi, IPUMILICHHI TOIIO € HAIIHHUM
3ac000M NPOTHO3YBaHHS €JICKTPOMATHITHOTO BIUIMBY Ha
monel. Take MozeNOBaHHS Hajgae 3MOTY palliOHAIII3Y-
BaTU PO3MILICHHS JIKEpes eJIeKTPOMArHiTHUX TIOJIB Ha
TEpUTOPIi KUTIOBOI 3a0y/I0BU, Y OYAIBISX Ta OKPEMHX
MPUMIIIEHHSX 3 TOYKH 30py €JEKTPOMarHiTHOI Oe3neku.
[epeayMoBOIO KOPEKTHHUX PE3yJIbTaTiB MOJETIOBAHHS €
HasBHICTh HA/IIMHMX JaHHUX LIOJO0 PIBHIB €JIEKTPOMArHiT-
HUX TIOJIB, III0 TEHEPYIOTh YC1 KPUTHYHI JDKepela Ta Ma-
TEMaTUYHI CITiBBITHOIICHHS, 10 BU3HAYAIOTH 3aKOHOMIp-
HOCTI MMOIIMPEHHS €JIEKTPOMArHITHHUX IIOJIB Y MPOCTOPI.
ToMy M MUTaHHSIM MPUALIICHO HAHOUTBIIIA KUTEKICT 10~
ciTipKeHb. Alle Mojielni 3a3BMYaif CTOCYIOTHCSI OIHOTO
JpKepena abo Tpynu OJHOTHITHHUX JDKEpeN i BU3HAYAIOTh
30HU IPAaHUYHO JIOMYCTUMUX 3HA4YEHb EJIEKTPUYHOT0, Ma-
THITHOTO 200 €JIeKTPOMArHITHOT'O TOJIsL. Y peaibHUX YMO-
BaX MPHUCYTHI €IEKTPOMATHITHI IOJISI PI3HUX YacTOT Ta 4a-
CTOTHHX miama3oHiB. [Ipy mpoMy y OaraTeOX BHIIAIKax
BOHH BUMIPIOIOTBCS Y PI3HUX OAMHHUIISX, IO YHEMOKIIHB-
JIIOE iX 3aCTOCYBaHHsI y OHil Moneni. CKIIaIHICTh TaKOXK
TIOJISITAE Y PI3HUX 3HAUEHHAX I'PAHMYHO JIOIMyCTHMHX Ha-
NPY’KEHOCTEH TOJIIB 200 LIUIFHOCTEH MOTOKIB eHeprii. Y
TaKHMX YMOBax He iCHy€ METOJMKH, CKJIJIHO POTHO3yBaTH
€JIEKTPOMArHiTHE HaBAHTAKEHHS Ha CEpeoBHUINE, 0CO0-
JIMBO HA CTAJIisIX IEPBUHHOTO Oy IIBHULITBA, PEKOHCTPYKIIii
Ta pO3MIlIeHHs OONaHaHHA. TOMy JOIIHHO JOCIIiAUTH
MOXKJIMBOCTI 3aCTOCYBaHHSI MOJICJIIOBAHHS TOIIMPEHHS
€NIeKTPOMArHiTHUX TOJIB Pi3HOPITHKUX JKEPEeNT 3 OIiHIOo-
BaHHSIM 3araJIbHOTO €JIEKTPOMArHITHOTO HAaBAHTAXKEHHS Yy
KOXHil To4Iri a60 30H1 TepUTOPii 200 MPUMIIIICHHSI.

Orasa jliTepaTypHHX JKeped. [HTerpanbHe enek-
TPOMAarHiTHEe HaBaHTA)XEHHs Ha BUPOOHMYE CEPEOBUIIE
¥ TOBKIJLIS BU3HAYAETHLCS 31 CITIBBIHOIIEHD, HABESACHUX

y HalliOHAJbHHUX CAHITAPHUX HOPMAaX Ui HACCIICHHS i
npatorodux [1, 2]. OcoGIUBICTIO IUX TOKYMEHTIB € Te,
IO JUIi MarHiTHUX Ta €JEKTPUYHUX IOJIB, IS SKUX
BCTAHOBJICHI pi3HI IPaHUYHO JOMYCTHUMI piBHI, y Tep-
IIOMY TIOPIBHIOIOTHCS (DaKTHYHI 3HAYCHHS i TpaHUYHI, y
Ipyromy — ix kBagpatu. ToMy y IpakTHYHIH HisTTBHOCTI
HEOOXiJTHO BKA3yBAaTH, SIKE CITiBBITHOMICHHS BUKOPUCTO-
BY€EThCS Y KO)KHOMY KOHKPETHOMY BUIIagKy. OTpUMaHHS
PO3paxyHKOBUX JaHHX HAJaCThb MOXJIIUBICTH OI[IHUTH
€JICKTPOMArHiTHE HABaHTa)XEHHS Ha cepenosuiue. Lle
3IiiicHIOETBCS 3aco0amu  MogenoBaHHs. [lommpeHHs
MarHiTHUX Ta eJEKTPUYHUX IMOJIB MOBITPSHUX 1 KaOesb-
HUX JHISIX ejekTponepenadi HaBemeHo y [3, 4]. Ilpwu
bOMY Y NepIiIiid poOOTi JOCIIHKEHO i 3HIKESHHSI HANpy-
JKEHOCTI MArHiTHOTO IOJIS CITYACTHM MArHiTHUM €Kpa-
HOM, a y IpYTill — OIUTITKOIO Mif3eMHoi KabenbpHOT JiHil.
AJe NiHIAHI IpKepena eNeKTPOMArHiTHOTO MO OfHiel
YaCTOTH € HAWIIPOCTIIINM BHITaAKOM. [lommpenHs mosmis
JIOKaJi30BaHUX y MPOCTOPI [HKEpeN — TpaHCPOPMATOPIB,
reHepaTopis ToIo € Oinbi ckiaaauM [5]. Ie crocyernes
SIK BACOKOYAaCTOTHHUX €JIEKTPOMAarHiTHUX I10JIiB, TaK 1 HO-
JIB CcepelHiX Ta HU3bKKX 9acToT [7]. 3a3Buuaii MoeIo-
BaHHS 3IHCHIOETHCS 3 BUKOPUCTAHHSIM METONy KiHIIe-
Bux eneMeHTiB [8]. [OMOBHUM DKepenoM MOXHOOK Y
Mpo1ieci MOETIOBAHHS TOIIUPEHHS €JIeKTPOMArHITHUX
TIOJIIB € CIIPOILEHHS it MPUIYIIEeHHS, 3aKIajieH] y po3pa-
XYHKOBHH amapaT. Y iHKeHepHill mpakTHii Uil BU3HA-
YEeHHsI TIOIIUPEHHS 30BHILIHIX €JIEKTPOMarHiTHUX MOJiB
o0JiaiHaHHS He MOTpeOye BENNKOI TOYHOCTI Yepe3 HasiB-
HICTB MOOIYHUX IOJIIB, SIKI BaXKKO BpaxyBaTh. Y poboTax
[9, 10] moka3aHo, 110 NpUHAHMHI HU3bKOYAaCTOTHE Mar-
HiTHE 10J1e OyIb-SIKOT0 JDKepeaa MoXKe OyTH IpeJcTaB-
JIeHe KOMOIHAILI€I0 MardiTHUX JUIodiB. Taxkuil migxing
peaiizoBano y gociimkenni [11]. Bepugikartist pe3yis-
TaTiB MOJICJIIOBAaHHS CBiTIUTH NIPO MPUHHATHY 301KHICTh
PO3PAaXyHKOBHUX Ta EKCIICPUMEHTAIbHUX JaHHX.
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Aue yci HaBesieHI pOOOTH CTOCYIOTHCSI OJJHOTO a0o
OJTHOTHUITHUX JDKEpEJl eJIEKTPOMarHiTHUX NoJIiB. Y peab-
HHUX YMOBax TE€pUTOpiii abo Oy/iBens NPUCYTHI €JIeKTPO-
MarHiTHI TOJISI PI3HUX aMIUTITYAHO-YaCTOTHUX XapakTe-
PHCTHK, SIKI HEMO>KJIMBO ypaxyBaTH B 0JHiH Mozeni. Tomy
JOIUTFHO JTOCTITUTH MOXKIIMBICTD OLIHIOBaHHS €JIEKTPO-
MAarHiTHOrO HaBaHTa)KCHHS Ha CEPENOBHINA, BUXOITYHU 3
TIOPIBHAHHS TPAHUYHO JIOMYCTHAMHUX PIBHIB JJISI KOKHOTO
oISt y OyIb-sIKiil TOUII 3 TaHUMU MOZCITIOBAaHHS i BU3HA-
YEHHSI 3arajJbHOTr0 eIEKTPOMArHITHOTO HABAaHTAKEHHSL.

Meta po60TH — BH3HAYEHHS EIEKTPOMATHITHOTO
HaBaHTAKEHHS Ha CEPE/IOBHINE 3a PE3yJIbTaTaMU MOJIe-
JIFOBaHHS MOMIMPEHHS eJIEKTPOMarHiTHUX IOJIB Pi3HOPI-
JHUX JKEepedt.

BukianeHHss 0CHOBHOIO MaTepiany

EnexTpomartiTHe HaBaHTaXCHHS Ha CEPEAOBHIIC
BU3HAYA€THCS MOPIBHAHHIM €JIEKTPUYHOI T4 MarHiTHOI
CKJIaZIOBHX elleKTpomarHiTHoro mouist (1o 300 MI'u) Ta
mijbHOCTEH noTokiB eHeprii (Buie 300 MI'y) 3 rpanu-
YHO JIOMYCTHMHMH 3HAYSHHSIMH JUISl OKPEMHX YacTOT Ta
YaCTOTHHUX Jiana3oHiB. SIk 3a3Havanocs, y ABOX YHHHUX
CaHiTapHUX HOpPMax iCHYIOTh PO30O1KHOCTI MO0 METO-
JMKM BH3Ha4YeHHs. BpaxoByloum, 110 BHCOKOYACTOTHI
TOJII BU3HAYAIOTHCS 3a €HEPTeTHYHUMH IOKa3HUKaAMHU,
JUISL €NIEKTPOMArHiTHUX II0JIiB YaCTOTAMH, HIDKYUMH 32
300 MI' momisTbHO MTOPIBHIOBATH KBaIpaTH HAIIPYKEHO-
cTell mos, SIKi MPOMOPLiiHI eHepril most [2].

2 2 2
B T S
rapt a2 rp?
H 2 H2 HZ
Lo =2 4 4+ <

rap¢ i AP

ne E 1 H — BuMipsiHi 3HaYCHHS HAIPY)KCHOCTI EIeKTPHIY-
HOTO 1 MarHiTHOro noJisi; [ /{P — rpaHuYHO JAOIYCTUMI pi-
BHI BiZIIOBIJIHUX YaCTOTHUX Jiala30HiB.

J1J1s1 BHCOKOYACTOTHHX TOJIB LiE:

W, W, Wh
+ +...+
Iap, 1P, P,

<1

ne Wy — BUMipsiHI 3HaYeHHS MIUTFHOCTI IOTOKIB €HEpTii
moJtig; ['JIP — rpaHu4HO JOMyCTHMI PiBHI BiAMOBIAHUX
YaCTOTHHUX Jiara3oHiB.

Ha 6inpmocti TepuTOpil Ta y OKpEeMHUX MPUMIIIEH-
HSX TIPUCYTHI €JIEKTPOMATHITHI HOJIA Pi3HOPITHHUX Ke-
pen, ToMmy:

2 BB m
Pt rgPé [P rap? I7ps
HY W W, "

+ + + +
P LAp, 17P, 7P,

Jnsi BHU3HAuYGHHS E€JIEKTPOMArHITHOrO HaBaHTa-
JKEHHsI Ha CepeIoBUIIE HaiOUIbII HaJifHUMH CIOCOOOM
€ HaTypHI BUMIPIOBaHHS HANpyXEHOCTEH eIeKTPUYHOI
Ta MarHiTHOi CKJaJOBUX €JIEKTPOMAarHiTHOTO IIOJISI Ta
LIIJIBHOCTEH MOTOKIB eHeprii. Ane Taka poboTa BUMarae
BEJIMKHX 00CSTiB BUMipPIOBaHb, OCOOJIMBO SKIIO HEB1IOMI
3aKOHOMIPHOCTI TIOIIMPEHHS EJNEKTPOMArHiTHUX ITOMiB

OKpEeMHUX JUKEpesd. A Ha CTalisiX NPOEKTYBaHHS PO3Mi-
LICHHS TEXHIYHUX 3aC00iB Ile HEMOXJIHMBO. ToMy JOITi-
JBHO CTBOPUTH MOZENI MOUIMPEHHS IOJIB PI3HHUX DKe-
pen i oOpaTH HaWOIIBLI palioOHATLHUN Cc1IOCi0 1X po3Mi-
LIEHHS 5K 3 TOYKH 30py (YHKIIOHAIY, TaK i 3 MipKyBaHb
eJIEKTPOMArHiTHOI Oe3IeKn.

Jlns 3miMiCHEHHST MOJCITIOBAHHS HEOOXITHO BH3HA-
YUTHCS 3 TPOCTOPOBUMH MEXaMH MOJIEITIOBaHHS (BiJc-
TaHi BiJ JyKeper MOJiB) Ta MaTEeMAaTHIHUM (YHKIISIMH,
SKi ONHCYIOTH IIOLIMPEHHS €JIEKTPOMArHITHUX DKepel
TIOJIiB HQJHU3bKUX, HU3bKUX T BUILHUX YaCTOT.

lono myomi, Juis SKUX 3AIHCHIOETBCS MOJIEIIO-
BaHHS, TO BOHU BU3HAYAIOTHCSI MAKCUMAJIbHUMHU PO3Mi-
pamu 3a0y1oBU a00 MPUMILIEHHS ¥ BiACTAHSIMH JI0 MOC-
TiiiHOrO mepeOyBaHHs rofei. MaremartuuHi (QyHKIII,
SIKI OITMCYIOTh 3aKOHOMIPHOCTI MOLIMPEHHS eJIEKTpoMar-
HITHUX TOJIIB J{y’K€e PI3HATHCS Y 3aJISKHOCTI Bijl 4aCTOTH
TOJISA, XapaKkTepy Ta QyHKIIOHATY eNeKTPUIHOTO Ta ele-
KTPOHHOTO 00NagHanHs. [ MiHIHUX JKepel eNeKTpu-
YHUX Ta MarHiTHHUX I10JIiB IIPOMHCIIOBOI 4aCTOTH (IIOBIT-
pAHEX Ta KaOeJIbHHX JiHIH eleKTpomnepeaadi) Hanpyske-
HOCTI TIOJIB JOLIJIBHO PO3PaxOBYBAaTH 3a METOAMKOIO,
HaBezeHnowo y [12, 13]. Jlns cerMeHTiB €IeKTPUYHUX
CTPYMIB Y OKPEeMHUX NPUMILIEHHSX JO0CTaTHHO 3aCTOCY-
BaHHS IIPOCTOTO CITiBBiTHOILICHHSI:

|
H pp- (cosgy —cos g, ),
ne H — HanpyskeHicTs Mar"iTHoro mons; | — enexTpud-
HHUH CTPyMY NPOBIJHUKY, I — BiICTaHb O TOUYKU BH3HA-
YEeHHsI HaIlPy>KEHOCTI MarHiTHOTO TOJIS, @1, P2 — KYTH
MiX CEIMEHTOM JIiHIHHOTO CTPYMY Ta HAIPsIMKOM JIO Ki-
HIIIB CErMEHTY. 3a NpPOTIKaHH] EJIEKTPUYHUX CTPYMIB
HEPUMETPOM MPSIMOKYTHOTO TIPUMILIIEHHS:
2 2
b IJXx“+y ,
Xy

1€ X, Y — TOBKUHA OOKIB IMPUMIIIICHHS.

B ycix Bumazkax OepeThCs Iil0Ye 3HAYCHHS 3MiH-
HOT'O CTPYMY IPOMHUCIIOBOT 4acTOTU. TOUYHICT TAKUX pO-
3paxyHKIB HEBEJIMKA, aje MPUAHATHA YIS OI[iHIOBAHHS
€JIEKTPOMArHiTHOI 0OCTaHOBKH.

CTpyKTypH MarHiTHUX Ta €JIEKTPUYHHUX IIOJIIB IPO-
MHCJIOBOi YaCTOTH JIOKAJILHUX JUKEPEN OlIbII CKIIasHa.
e HanommMpeHinIi eJeKTPOTEXHIYHI TPUCTPOI — TpaHC-
(dbopmaropu, IBUTYHH, TeHEPATOPH TOIIO. MarHiTHi moss
TpaHcopMaTopiB MalOTh AWNOJIBHY (GOPMY, EIEKTPO.-
BUTYHIB Ta T€HEPaTOPiB — JUITOJIbHO-KBAAPYIIOIbHY, OK-
TYNOJIBHY (OopMy TOIIO. 3a3BUYA €JIEKTPUIHA CKIIaI0Ba
€JIEKTPOMArHiTHOT'O MOJIsI HAIHMU3bKOT 4YaCTOTH MOBHICTIO
€KPaHYEThCSI METAJIeBUMH KOPITyCaMH Ta KOXKyXaMu 00-
JIIHAHHS, TOMY JOIUIBHO PO3TIISAIATH MAarHiTHI CKia-
JIOB1 €JIEKTPOMATHITHUX TOJIiB.

Hanpy>keHicTh MarHiTHOTO TIOJIS JUKEpesa AUTIOIb-
HOTO TUITy BU3HAYAIOTHCS CITiBBIIHOLICHHSIM:!

Ho_ M

-, 3

27110
Jie M — MarHiTHUA MOMEHT JpKepelna, I'm — BiICTaHb 0
TOYKH BU3HAYCHHS HAIIPY)KEHOCTI MArHITHOTO ITOJIS, 4o —
MargiTHa crana, ([o = 1,26-10° T'n/m).
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MarHiTHHI MOMEHT MOKHa BU3HAa4YaTH, BUXOJSIUU
31 3HaYCHHS! POOOYOro EJNEKTPOCTPYMYy Ta IUIONI KOH-
Typy. AJle TOYHICTh TAaKOI'O BU3HA4YECHHS HU3bKa. Tomy
el mapaMeTp JOLUIBHO BU3HAYATH €KCIIEPUMEHTAJIBHO,
BUMIPSIBIIY HAIPy>KEHICTh MAarHiTHOTO ToJisi OISl Kop-
Iycy JpKepera:

m = 27 Hr.

3a r MokHa B3STH OyAb-AKY (PiKCOBaHY BiICTaHb.

Jlist moxeper MarHiTHOTO TIoJIs 011 CKIIaTHOT (o-
PMH JOIIIFHO 3aCTOCOBYBATH piBHAHHSA ["ayca mms cka-
JsipHOTO ToTeHIiany. Lle Hagae 3Mory BpaxoByBaTu He-
00XiJJHy KUIBKICTh HPOCTOPOBHX TapMOHIK MarHiTHOTO
noss. st QUIojbHO-KBaAPYHOIBHOTO JDKepeia MOJs
paniarbHa KOMIOHEHTHA Y MOJIIPHUX KOOpJIUHATaX BHU-
3HAYAETHCS] OKPEMO It AUMONBHOI (N = 1) Ta KBaapyImo-
nbHOI (N = 2) TapMOHIK:

HD =2x(Ry/R)* x
x (&g COSO+ag1 COSPsiNO+by1 sin@sin ).

- 3 4
H{"2 = (Ro/R)

%(Scosz 9_1)+3(a21 cos g+ by sing)sin 26 +
X

+12(ay, €08 20 + by, Sin 29)sin? 0

ne Ro — yMoBHWMIA pajiyc mxepena y cheprudaHoMy HaOu-
*KeHi, a 1 b — aMmTiTy 1Hi 3HaUeHHsI BiIMOBIIHUX TAPMOHIK,
0,  — KyTH ChepHIHUX KOOPAUHAT, R — BiICTaHb 10 TOUKH
BU3HAYEHHsl HAIPy>KEHOCTI MarHiTHoro mnousist. [lincym-
KOBE 3HAUEHHSI PO3PaXOBYEThCSI 31 CITiBBIJHOLICHHSI:

H = (Ry/R)> xayy xcosgxsing+(Ry/R)"* x

Xapy c0os 2¢xsin 6.
1€ 811, & 22 — aMIUNTYIHI 3HAUYEHHS JUIOJIBHOI Ta KBaJ-
PYIOJIBHOI TAPMOHIK MarHiTHOTO MOJIS.

Lleit mapameTp MOXHa BU3HAYUTH €KCIIEpUMEHTa-
nbpHO. Hampukotan, Bimomo [11], mio 6inst kopmycy 4oTH-
PUIIOJIIOCHOI €JIEKTPUYHOI MAIIMHU JUIOJIbHA TapMo-
Hika ckiangae 0,5 KBaIpyHoOIbHOI.

VY Oyap-KOMy BHIAIKy AJsI KOPEKTHOTO 3iic-
HEHHS MOJICJIFOBAHHS MOIINPEHHS MarHiTHOTO TIOJISt He-

00XiIHO IPOBECTH BUMiPIOBAaHHS HAIPY>KEHOCTI MarHiT-
HOTO 10JIs1 OUISL KOPITyCy OJHOTHITHOI €JIeKTPUYHOI Ma-
LIMHY.

[TapameTpom, sIKMii BU3HAYA€ BILIUB €IEKTPOMarHi-
THOTO TMOJS yJIbTPABUCOKWX, HAJABHCOKHUX Ta HaJ3BH-
YaifHO BUCOKHX YaCTOT € MIUIBHICTD IOTOKY €HEepTii
(Bt/M?). JIns BUCOKOYACTOTHMX JKepes BiH BM3HAYa-
€ThCS 31 CITIBBIIHOIIEHHS:

8PGKF?(0)n
W=—o 77
RZ
ne P — notyxHicTs BunpomintoBada, G — xoedimieHT rmi-
JCWICHHS aHTeHH, K — mapameTp, SIKUi BpaxOBYe€ BIUIUB
nificTMNaodoi moBepxHi (Hanmpuknan, semmi), F?(6) —
MHOKHFK HOPMOBAHO] JiarpamMu CIPSIMOBAHOCTI BUTIPO-
MIHEHHS Y BEpTHKaIbHii a00 rOpU30HTANIbHIN IIOIIHUHI,
7 — koe(ilieHT nepenaydi aHTeHO-(DiAEPHUM TPAKTOM.
3a3BHYail OTYXKHICTh BUIPOMIHIOBaHHS Bifioma 3
TexHIYHOT JoKkyMeHTallii. Lle sk cTocyeTbes koediieHTiB
n ta G. F?() BU3HAuaeThCs CTAHJAPTHOIO Jiarpamolo
CIIPSMOBAHOCTI BUIIPOMIHIOBaHHS ISl KOHKPETHOTO 00-
JaTHAHHSL.
[MapameTp G MOkHa OIIHHUTH 3i CITiBBiTHOLICHHS:

G :4—”SR,
2/2

Jie A — IOBXKWHA XBHJI, S — IUIONIA PO3KPUTTS aHTeHH, R
— KOe(ili€HT BUKOPUCTAHHS IUIONII aHTEHH.

3a3suuaii R = 0,35 - 0,70.

VY Bunaakax, KO HOPMOBaHa jiarpaMa CrpsiMmoBa-
HOCTi BUIIPOMiHIOBa4a HEBiIOMa, MOYKHA IIPOBECTH il ar-
POKCHMAIIif0, BUXOJSIYM 3 BiZOMOi IIMPHHU 32 PiBHEM
MOJIOBHHU TOTY)KHOCTi. JIJisl armpokcuMariii roJoOBHOTO
MEOCTKA JiarpaMu CIPSIMOBAHOCTI 3pYYHO BUKOPUCTO-
ByBatH kpuBy ['ayca:

F2(0)- e—0,69(t9/¢90’5 )2

ne Go5 — HallBIIMPHHA JiarpaMu CIIPSIMOBAHOCTI BHITPO-
MiHIOBaYa.

JiarpaMu cipssMOBaHOCTI MOXYTh OyTH Pi3HIUMH —
Bil KOJIOBHX JIO BY3bKOCIIPSIMOBAHHX 1 XapaKTepu3yBa-
THCS pisHUMU 3HaYeHHsAMU F2(0) (Tabn. 1).

Tabauys | — 3Ha4eHHs1 MHOKHUKA HOPMOBAHOI JiarpamMu cIpsiMOBaHOCTI

0/80,5 0 0,5 1,0

15 2,0 2,5

F2(6/60,5) 1 0,84 0,5

0,21 6,3-102 1,34-10-2

MHOXHUK, KA BpaxOBY€e XapakTep IiICTHIAa090]
noBepxHi K — s 3eMHOT TIOBEPXHI CKIIagae sl 4acTOT
monst 1-3 IT'Tm y mexax 1,5-1,1. Lleit aianazoH oxoruiroe
MPakTHYHO pobOoui dYacToTH 3acobiB  0E3IPOTOBOTO
3B’s13Ky. Lli mokasHMKM ycepenHeHi, TOMy y NMpaKTHYHIH
JISUTEHOCTI HEOOX1/THO YTOYHIOBATH pealbHi YMOBU pO3-
TIOBCIO/DKEHHSI  €JIEKTPOMArHiTHUX MOJNiB. Bu3HaueHHs
€JIEKTPOMArHiTHOr0 HaBaHTa)KEHHS B YCIX TOYKAX MEBHOI
IUTONIMHY JOIITFHO BUKOHYBATH Y TICBHIH HOCIITOBHOCTI:

— BU3HAYCHHS KPUTHYHOCTI BIUIMBY HA EIEKTPO-
Mar”iTHy 00CTaHOBKY OKPEMHX JKEPEIT;

— BH3HAYECHHA IPOCTOPOBHX PO3MOAITIB HaIpy-
JKEHOCTEH TOJIIB Ta MIIIbHOCTEH MOTOKIB €HEPTii OKpe-
MHUX JIKepe;

— BH3HAYCHHS  EJIEKTPOMArHITHOIO  HaBaHTa-
JKCHHS y KOXHIH TOYI TUIOMII Y 3aJIeKHOCTI BiJl KUTBKO-
CTi JpKepell, sIKi BIUIMBAIOTh Ha €JIeKTPOMAarHiTHy obcra-
HOBKY;

— HaBAaHTAXKEHHS OTPUMAaHUX JAaHUX Ha KOOPIH-
HaTHY CITKY.

Hampukman, sKnio Ha eJIeKTpOMarHiTHy o0cTaHo-
BKY BIUIMBAIOTH TPH JDKEpeEsia eIeKTPOMarHiTHUX MOJIB,
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3 SIKUX OJJHE € JDKEPEJIOM eJIeKTPOMArHiTHOTO oISl 1po-
MHCJIOBOi YacTOTH, a JBa IHIIUX — YJIBTPABUCOKHUX Yac-
TOT, TO IXHI AlarpaMu CpsIMOBAHOCTI IIEBHUM YHHOM I1e-
peTuHaroThes (puc. 1).

2

Puc. 1. CxeMaTH4Hi NOMHUPEHHS EIEKTPOMATrHITHHX IOJIiB
JUKepes Pi3HUX YaCTOTHHX Jialla30HiB

EnextpomarHiTHe HaBaHTa)KEHHS Bij /pkepena 1y
30HaX, [I¢ JiarpaMu CIpSIMOBAaHOCTI HE MEPETUHAIOTHCSL.
EnexTpoMarHiTHe HaBaHTAXKCHHs BU3HAYAETHCS 31 CIIiB-
N —
e 1P
30HM 3 00paHUM KPOKOM. SIKIIIO CyMa IUX CKJIaIOBUX HE
MIEPEBHUIIYE OJUHHMII, TO CIICKTPOMArHiTHa 00CTaHOBKA
BiZMOBizae BuMoram HopMaTuBy [2]. ¥V 30Hax giarpam
CHpsIMOBaHOCTeH /pkepen 2 i 3 BifCyTHIl nepeTHH 3 iH-
IIMMHK JllarpaMaMu, BIAMOBIIHO BHU3HAYAIOTHCS IOKA3-

W. W.

2 g3
/P Ip,
rpaM CHpPSIMOBAHOCTI EJIEKTPOMArHiTHE HABAHTAXKCHHS

Wo W
I[P, [IJiP;

BinmoBimHO y 30HaX MEepeTHHY HUX [iarpam 2 3 30-
E2 HE W,
+ +
ap%  rap? AP,
B HE W W
rp? rap? IAP, I/Ps

VY 3aranbHOMY BHMAJKy HEBH3HAUEHHM IOKAa3HHU-
KOM € pajiyc AiarpaM# MepHioro JyKepena Ta JOBKUHA
OiceKTpHC KyTiB PO3KPUTTS JKepen 2 i 3. SIKmio KyTH po-
3KPHUTTSI HOPMaJIi3yIOThCS 33 MOKA3HUKOM 3HIDKCHHS 1H-
TEHCHUBHOCTI BUIIPOMIHIOBAaHHS yJIBidi, III0 BiJOOpaskeHO

y oxa3HuKy 6/6o5, TO BiICTaHb HE PErJIaMEHTY€EThCS KO-
JHAM HOPMAaTHBOM. 3a3BW4ail sl 3ac00iB MOOLITBHOTO

BITHOIIIEHHS IUISL KOXKHOI TOYKH Iii€l

HHUKH

. Y 30HI nepeTuHy LUX JABOX Jia-

BU3HAYA€THCA CYMOIO:

Hoto 1 ,a Yy 30HI TepeTHHY

TPBOX Jiarpam

3B’SI3KY, PaIIOTEXHIYHOTO OOJIaJHAHHS IMBUIBHOI aBia-
Ll BU3HAYAETHCA TIABKM 30HA IEPEBHILEHHS T'PaHHY-
HOTO 3HAa4YeHHs Uil 00JagHaHHS MeBHOI poOouoi vac-
TOTH. AJie 171 30H BIUIMBY KUIBKOX JUKEPE eleKTpoMa-
THITHOTO TOJIsI €J€KTPOMAarHiTHE HaBaHTAKEHHSI MOXKE
NePEeBUIYBAaTH HOPMY HABITh 32 HOPMAaTHBHUX 3HAYCHb
KOXHOTO JpKepena. ToMy y mpakTHYHIN NisSIBHOCTI J0-
LUTBHO OXOIDTIOBATH YCIO TEPUTOPifo abo IOy, 110 Po-
3risinaeTbesl. [Ipy boMy He BHKIIIOYAETHCS BIUIUB HEB-
paxoBaHUX JDKepeN Ha ENEeKTPOMArHiTHy OOCTaHOBKY.
ToMy HEOOXiZHOIO yYMOBOIO KOPEKTHOTO BH3HAYCHHS
€JICKTPOMArHiTHOIO HABaHTAXKCHHS Ha JIFOJIEH TOLIIBEHO
BUMIPSATH ()OHOBI 3HAYEHHSI CJIIEKTPOMArHiTHUX IOJIB B
yCiX YaCTOTHHUX Jiana3oHax.

BucHoBku

1. Bu3HaueHHS ENEKTPOMATHITHOTO HABAaHTaKCHHS
Ha CepelIOBHIIE Ha CTaisIX MPOEKTYBAHHS Ta €KCIIEPTU3H
OyIiBHUIITBA, TIPOEKTYBAHHS PO3MIIICHHS CICKTPHYHOTO
Ta CJICKTPOHHOTO OOJIaTHAHHS JOLIJIBHO 3/IHCHIOBATH 3
BUKOPUCTaHHSM MOJICJIIOBAHHSI MOLIMPEHHS eJIeKTpoMar-
HITHHX IOJIIB HAHOLIBII KpUTHYHKX JpKeped. Lle HamacTh
3MOT'Y OLIIHUTH €JEKTPOMAarHiTHE HAaBaHTAXKEHHS Y KOX-
Hili TouLli TepuTopii abo oOpaHoOI IUIONI 33 PI3HUX CXeM
PO3TallyBaHHS JKEPEN EICKTPOMATrHITHHUX TIOJIB Ta 00-
paty HalOUTBII paIlioHaIbHMIT BapiaHT.

2. IlepemyMOBOIO KOPEKTHOTO MOJICTIIOBAHHS IIO-
IIMPEHHS eIEKTPOMATHITHUX IOJIB € BU3HAYCHHS Haii-
OUTBII TPUHHATHUX MaTeMaTHYHUX (YHKIIH IOIIH-
PEeHHS TOJIB Pi3HUX YacTOT Ta YaCTOTHHX Jiala3oOHiB.
Taki QyHKUii MOBMHHI MaTu IMPUIYILIEHHS Ta CHPO-
HICHHS, SIKI JAIOTh NPUIHATHY MOXUOKY OOYHCIeHb W
OyTH 3py4YHUMH JJIsi CTBOPEHHS PUKIIAHOTO MPOrpam-
HOTO 3a0€3MeYeHHS.

3. CymapHe eneKTpOMAarHiTHe HaBaHTAKCHHS BH-
3HAYAETHCS JUISl KOSKHOT TOUKH CYyMOIO BiHOIIEHb KBaJ-
partiB HaIpy>KEHOCTEH eNIEKTPUYHOI Ta MarHiTHOI CKJIa-
JIOBHX €JIEKTPOMArHiTHOT'O TOJIS 0 KBaApaTiB BiIMOBI -
HUX T'PAaHWYHO JOIyCTUMHX 3HAUCHb, BiJHOIICHD IIiJIb-
HOCTEH TOTOKIB €HEepriii A0 BIANOBIAHUX TPaHUIHUX
3HaueHb. Cyma ycix NOKa3HHUKIB He IOBUHHA [IEPEBHIILY-
BaTu oauHuLI. CIiJl BpaXOBYyBaTH MOXIIHBICTh NEPEBH-
IEHHSI CYMapHOTO HaBaHTAXXCHHS 32 HOPMaTHBHUX 3Ha-
YEHb MOJIIB OKPEMHX JDKEpeET

KonduikT iHnTepeciB. ABTOpH IEKIapyIOTh, IO HE
MaloTh KOHQIKTY iHTEpECiB CTOCOBHO JAHOTO JOCIHi-
JUKEHHS, B TOMY 9HCIi (PiHAHCOBOTO, OCOOHCTICHOTO Xapa-
KTepy, aBTOPCTBA YH 1HIIOTO XapaKTepy, 0 Mir O BIUIH-
HYTH Ha JIOCIIIJKEHHS Ta HOTO pe3yJIbTaTH, PeACTaBIeH]
B JIaHi# cTaTTi.

Bukopucrannsa 3aco0iB IITYYHOr0 iHTEJIEKTY.
ABTOpH HiITBEPKYIOTb, 10 HE BUKOPUCTOBYBAJIN TEX-
HOJIOTi{ IITYYHOTO iHTEJEKTY IPH CTBOPEHHI IpEACTaB-
JIeHoi poboTH..
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Determination of electromagnetic load on the environment by methods
of modelling the propagation of electromagnetic fields

Valentyn Glyva, Yurii Patereha, Taras Shabatura

Abstract. The possibilities of using modelling of the propagation of electromagnetic fields from heterogeneous sources to
determine electromagnetic loads in areas within individual buildings and premises have been investigated. Such modelling is advisable
when it is impossible to determine the electromagnetic environment by field measurements — at the stages of design and examination
of objects, design of electrical and electronic equipment placement, etc. A prerequisite for correct modelling is the determination of
mathematical functions that describe the propagation of electromagnetic fields of different frequencies and frequency ranges. Such
functions must have assumptions and simplifications that ensure an acceptable calculation error and be convenient for creating
application software. The initial data for modelling is obtained from the technical documentation of the equipment that generates
electromagnetic fields and from the results of measurements of the parameters of fields of similar equipment in operation. If there are
diagrams of the directivity of electromagnetic fields and the propagation of low-frequency fields, the value of the electric and magnetic
components of the electromagnetic field or the energy flux density is calculated at each point with the required step. The sum of the
ratios of the squares of the electric and magnetic field intensities to the squares of the corresponding maximum permissible values must
exceed one. This complies with current health standards. The distances for which the calculation is performed are determined in each
specific case and must cover the entire territory or area for which the desired indicators are determined.

Keywords: electromagnetic load, modelling, maximum permissible level.
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MOJUPIKALIISA PO3PAXYHKOBOI METOJUKU BUSHAUYEHHS
E®EKTUBHOCTI TEPMOI3OJIALI CTIHA BY AIBJII

AHoTtanis. Kpurepiem edheKTHBHOCTI TepMOi30JALii CTiHK OY/IiBii € 3MEHIICHHS TSIUIOBUX BTPAT CTIHHU MICIS MOKPHUTTS il
MOBEPXHi IIapOM TEIUIOI30II0I040ro MaTepiany. TernoBi BTpaTH BU3HAYAIOTHCS TOBILIMHOIO 1 TEIUIONPOBIAHICTIO MaTepialiB
CTIHH 1 TETJI0130JITOpa Ta TEIJIONEpeaaueto, OB I3aHOI0 13 30BHIIIHBOIO TIOBEPXHEIO CTiHU. TemIo00MiH MK 30BHIIIHBOIO
MOBEpXHEI0 OyIiBJIi Ta HABKOJIMILIHIM CEPEIOBHUILIEM IPYHTYEThCS Ha palialliifHUX Ta KOHBEKTHBHUX MexaHizMax. Lleit mpormec
BKJIIOYA€ TEIUIOBE BUIIPOMIHIOBaHHS BiJ] COHILS, TEIUIOOOMIH JIOBIOXBHJIHOBHM BHIIPOMIHIOBAHHSIM 3 aTMOC(EpOI0, KOHBEK-
TUBHUI 0OMIH i3 30BHIIIHIM MOBITPsIM. 3a3BH4aii, BIUIMBY I1a1al0Y0T0 COHSYHOTO BHIIPOMIHIOBaHHS 1 0OMiHY BUIIPOMIHIO-
BaHHSIM 3 aTMOC(EpOro NPHUIIIETHCS MEHIIIe YBark HiXK Teruonepenadi yepes cTiHy Oy/iBii, 00yMOBIEHIH TEIIONpOBiaHI-
cTi0. JI1s1 po3paxyHKy TEIUIOBHX OIIOPiB 30BHIIIHBOT IIOBEPXHI CTIHH, TTOB'I3aHHUX 3 BUIIPOMIHIOBAHHSM i KOHBEKIII€10, TIPHI-
HATO KOPHUCTYBATHCS CIIPOLICHOI0 METOIUKOIO, SIKY HPOMOHYIOTh BiINOBIAHI cTanAapTy. L{e mpu NeBHUX yMOBax MOXe MPH-
3BOAMTH 0 CYTTE€BUX MOXUOOK y BU3HAYEHHI TEIUIOBHX BTpaT OyaiBii. 3 iHIIOro OOKy, HE BUIIPABIAHUM € BUKOPHCTAHHS
EMITIPHYHUX 3aICKHOCTEH IS BU3HAUCHHS ySBHOI TeMieparypu arMocdepu, HeoOXiHol 1uist po3paxyHKy TEIUIOBOTO IO-
TOKY AOBTOXBIJILOBOTO BUIIPOMiHIOBaHHS atMocdepH. Lli 3a1exHocTi He € yHIBepCaIbHUMU 1 OyJIn OTpUMaHi IJ1s1 KOHKpPET-
HUX METEOPOJIOTIYHIX YMOB IIUISIXOM BUMIPIOBaHb Y KOHKpETHHUX JioKanisx. [IpoBenena Moaudikanis po3paxyHKOBOi METO-
JIMKU BH3HAUCHHS e()eKTHBHOCTI TEpMOi30JsiLii CTiHM OYAiBII MIIIXOM YTOYHEHHS PO3PaxyHKY TeIUIonepeaadi MK 30BHi-
IIHBOIO MOBEPXHEIO CTIHU Ta HABKOJIUIIIHIM CEpeIOBHUIIEM. I3 pIBHSHHS TEIIOBOTO OaslaHCy IS 30BHINTHBOT TOBEPXHI CTiHH
3 ypaxyBaHHSIM TEIUIOBOTO MOTOKY IOTJIMHYTOTO COHSYHOTO BUIIPOMIHIOBAHHS 1 TEIJIOBOTO ITOTOKY, OOYMOBIICHOTO pajia-
LIHHUM OXOJIOJUKCHHSIM CTiHH OTPHMaHi BUPA3H, sKi JO3BOJSIOTH OIIHIOBATH €(hEKTUBHICTH TEPMOI30JIALIT CTIHK OymiBIi
Yyepe3 3MEHIIEHHS TEIUIOBHX BTPAT CTiHM IMICIS MOKPUTTS ii 30BHIIIHBOT IIOBEPXHI IAPOM TEIUIOI30IF0I0UOTO MaTepiay.

Knwuyogi cioBa: TepMOi30J’IHHiH, TEIJIOBI BTpaTH, TCNJIOBEC BPIHpOMiHIOBaHHiI, KOHBeKLliPI7 PO3paxyHKOBa METOAUKA.

Beryn

3abe3reueHHs] BHCOKOI eHeproeeKTUBHOCTI Oyi-
BeJlb B TelepilHii yac HabyBae 0COONMBOT aKTyaIbHOCTI.
e 06yMOBIIEHO, 3 OTHOTO OOKY, MOYKJIMBICTIO JIOBFOCTPO-
KOBOI €KOHOMIT eHepril Ta KOUITIB, 3 IHILIOr0 — 3MEHILIeH-
HSM BIUTMBY Ha OTOYYIOUE CEPE/IOBHILE 3aBJSKH CKOPO-
YEHHIO BUKH/IIB ITAPHUKOBHX Ta3iB depe3 3HIKEHHS 3aj1e-
YKHOCTI BiJI BUKOITHOTO TMayuBa. EHeproedeKkTHBHI KOHC-
TPYKIil MOKpAIIyIOTh TEIUIOBHH KOMGOPT Ta 3JI0pOB’S
JFOJIeH 3a paxyHOK 3a0e3Me4eHHs] ONTUMAIIBHOI TeMIepa-
TypH Ta KPamiol SKOCTI IIOBITPsI BCEPEIUHI TPUMIIICHHS.

JIJist IpaKTUYHOTO BUPIMICHHS 33734l IMiJBUIICHHS
eHeproe)eKTUBHOCTI OyJiBeNb Ta CIOpYJ BEJIUKE 3Ha-
YCHHSI Ma€ IMOMEPEIHs OIliHKa e(PEeKTUBHOCTI TEPMOi30-
Jsiuii cTiHK OyAiBIIl, TOKPUTOT IAPOM TEILIOI130JII0I0Y0T0
Matepiany. Lle A0IibHO POOUTH PO3PaXyHKOBUMH Me-
TOJIAMHU, BUXO/4HM 3 (YHIAMEHTAIBHUX CIIBBIIHOIICHbD
TeIUIonepeadi Ta TeII0(hi3NIHNX XapaKTepPUCTHK Oy/Ii-
BEJIbHHX, OOJIMITIOBAIHUX T TETUIOI30JII0I0YMX MaTepi-
aniB. Panime [1] npu npoBeaeHHI MOAIOHUX PO3paxXyHKIB
MH HEXTYBaJIH BIUIMBOM COHSYHOT'O BHIIPOMIHIOBAaHHS i
pamialifHOro OXOJIO/PKEHHS 30BHINIHBOT TOBEPXHI
ctinm. Lli pakTopn npu neBHUX yMOBaxX MOXYTh iICTOTHO
BIUIMBATHU Ha 3arajibHi TEMJIOBI BTPAaTH OymiBIIi.

Oraspa airepatypHux maxepe. Kpurepiem edex-
THUBHOCTI TepMOi30J1ALii CTiHM OYIiBNi € 3MEHIIEHHS Te-
IUTOBUX BTPAT CTiHHU MICIIS TOKPHUTTS Ii HOBEPXHI MIapoM
TEIJI0130JTI0I0Y0T0 MaTepiany. TeroBi BTpaTu BU3Ha4Ya-
IOTHCS TOBITMHOIO 1 TEIUIOTPOBIIHICTIO MaTepiajiB CTiHH
1 TETUI0130J1ATOPA Ta TEIUIONEPEaadeto, OB'I3aHOIO 13 30-
BHIITHBOIO ITOBEPXHEIO CTIHU OYMiBIIi.

TernooOMiH MiX 30BHIIIHBOIO TIOBEPXHEIO Oy MiBIIi
Ta HaBKOJIMIIHIM CEPEOBMIIEM IPYHTYEThCS Ha pajia-
WifHMX Ta KOHBEKTHUBHHX MexaHi3max. Lleit mporuec

BKJIIOYA€ TETIOBE BUIIPOMIHIOBAHHS BiJl COHIIA, TEILIOO-
OMiH ITOBrOXBWJIHOBHUM BHIIPOMIHIOBAaHHSM 3 aTMoce-
pO¥Oo, KOHBEKTUBHHI OOMIH i3 30BHIIIHIM TMOBITPSM |2,
3]. IctopuyHO, BIUIMB MAJAK0Y0T0 COHSYHOTO BHIIPOMI-
HIOBaHHS 1 OOMiH BUIIPOMiHIOBaHHSM 3 aTMOC(EpOIO BHU-
BYAJMCh HE TaK pPETENbHO, SK TeIUlonepenada depes
CTiHy OyiBIi, 00yMOBIIEHA TEIUIONPOBIIHICTIO.
TernoBuil MOTIK Bil COHIS 3MIHIOETHCS 3aJIEKHO
Bijl reorpadiyHol IMPOTH, TIOPU POKY Ta yacy nobu. Tak
BIJITIOBIZIHO 10 KITIMAaTHYHUX JaHUX JUIS Y KpalHH, IIiJTb-
HICTB TEIUIOBOT'O IOTOKY, II0 HaJAXOAWTh Ha FOPU30HTA-
JIbHY TOBEPXHIO y BHUIIAJIKy O€3XMapHOro Heba, B OKpe-
MHX MICISIX 0XOMUTh 10 650 BT/M2. B3umky Buila Tem-
mepatypa CTiHH OyIiBii, HArpiTOi COHSYHUM BHIIPOMi-
HIOBaHHSM, 301JTBIITy€ TIepeTaj] TEMIIEPaTyp MiXK 30BHIII-
HBOIO TIOBEPXHEIO CTIHH 1 aTMOC(HEPHUM TMOBITPSM 1, SIK
HACIIIIOK, TEILUIOBUM IOTIK BiJ CTiHM J0 30BHIIIHBEOIO Ce-
penoBuina. [ HaBmaxu, 3aBsKU COHIIEBOMY TEIUIOHA/IXO-
JOKEHHIO 3MEHIIYETHCS PI3HHUIA TEMIIEpaTyp MK BHYT-
piIIHIM TOBITPSAM 1 BHYTPIITHBOIO MOBEPXHEIO CTiHH i
BiMTOBITHWI TETUTOBHUI MOTIK BiJl BHYTPIIlTHLOTO CEPEIIO0-
BHUIlA N0 cTiHu. L{e MOXHA pO3rIsAaTH K BUHUKHEHHS
JOJATKOBUX TEIUIOBUX MOTOKIB JI0 30BHIMIHBOTO 1 BHYT-
PIIIHBOTO cepeoBHL, BinoBiaHO. OOMIBA € HACIIIKOM
MIOTJIMHYTOI COHSYHOI eHeprii. BoHu € oco0nmBo Bakiu-
BUMH [UIsl TEMHHX, IIOTAHO 130JIbOBaHUX MOBEPXOHB [2].
Brpara Teruia yepe3 TOBroxBuiboBe iH(ppadepBoHe
BUIIPOMIHIOBAaHHS, CIIPsIMOBaHe y OiK HEOOCXHITY IPU3BO-
JIMTH JI0 paJialifHOro OXO0JIO/KEHHS 30BHIIIHBOI ITOBEP-
xHi ctinn [4]. B3umky paxiarmiiiHe 0X0JIO)KEHHS € Hera-
THBHUM (haKTOPOM, OCKIUJIBKH 3HIDKEHHSI TEMIIEpaTypH Ha
30BHIIIHINA MOBEPXHI CTIHU OyAiBIi 301IbIIyE BTPATH Te-
mia [5]. BoHo HaiiBuie BHOYI, KoM HEOO sSICHE, a BOJIO-
ricte Hu3bKa [6]. JIOBrOXBUIILOBE TEILIOBE BHIPOMIHIO-
BaHHS BUHHUKAE 4Yepe3 PI3HULI0 MK TeMIIEpaTypolo Io-
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BITpsI 330BHI Ta YSIBHOIO TeMIeparyporo armocdepu [5].
s BenmuuuHA € (QYHKINE 3MiHH TEMIIEpaTypu aTMocC-
(depu 3 BHCOTOIO 1 BEPTHUKAIBHOIO PO3MOJULY BOISHOI
mapu B atMocdepi. YsBHa Temreparypa atMocepu €
KPUTHYHO BaXKJIMBOIO XapaKTEPHCTUKOIO UISI KOPEKTHOI
OIIHKK ePeKTUBHOCTI TepMoi3oiamii Oyxiemi [6]. B Toit
’K€ yac, BOHA HE 3aB)KOM BigoMa i3 KINMaTHYHUX JTaHHX.
Jns 11 OUWiHKM iCHye BeNHWKa KiJIbKICTh KOPEIIiH, 10
CHIBBIITHOCATH KJIIMATHYHI MapaMeTpH 3 iHppauepBOHUM
BUTIpOMiHIOBaHHSIM atMocdepu [7, 8]. Li kopensmii mpu-
B'si3aHi IO MiCIIEBUX KIIIMATHYHHUX YMOB Ta TOYHHX JIOKa-
11 1 BIJMOBITHI eMITIPUYHI PIBHSHHSI JJIsI BU3HAYCHHS Y-
BHOI TeMIiepatypu atMmocdepy He € yHiBepcanbHUMHU. [1pu
MIOPIBHSHHI YSIBHUX TEMIIEpaTyp arMoc(hepH, OTpUMaHHUX
3 JJaHUX NP0 BUIPOMIHIOBAHHS, 3 JAHHMH, PO3PaxoBa-
HUMH 32 JIOIIOMOTOI0 DPI3HMX MAaTeMaTHYHHMX MOJIEJIeH,
OyJI0 BUSBIICHO 3Ha4YHi po36iKHOCTI [7].

KoHBeKTHBHHMIA TEIIOOOMIH € pe3yIbTaTOM Pi3HHUIIL
MIDX TEMIIepaTypoio 30BHINTHOI IIOBEPXHIi CTIHH Ta TEM-
HepaTyporo HABKOJIHMIIHBOTO cepeoBuiia. s po3paxy-
HKY TEIUIOBOTO OIOpPY 3OBHIIIHBOI ITOBEPXHi CTiHH,
MOB’S3aHOTO 3 KOHBEKIII€I0, 3a3BUYail KOPHCTYIOTBHCS
CIIPOLIEHOI0 METOANKO0, Ky mpomnonye JJCTY EN ISO
6946:2022. Lle Moxe MPU3BOTUTHU 10 CYTTEBUX ITOXHOOK
y BU3HAYEHHI CIIOKMBaHHs eHeprii Oyaisiero [9].

MeToro nociimkeHHs € MoIU(IKaIlis po3paxyHKO-
BOT METO/IMKU BU3HAYEHHS €()EKTUBHOCTI TEPMOI30IISLi]
CTIHM Oy/iBJII IUIIXOM YTOUHEHHS PO3PaxyHKY TEIUIONe-
penadyr MiK 30BHIIIIHBOO TIOBEPXHEIO CTIHH Ta HABKOJIH-
LIHIM CepeIOBHUILEM.

BuknageHHsI 0CHOBHOI0 MaTepiaay

Po3risnany oHOBUMIpHY 3aa4y, TOOTO BBaXKaJIH,
IO TEMJIOTa NePeNaeThCs MEePIEeHANKYIISIPHO 10 TIOBep-
XHI CTiHH, a 130TepMaMHU € IUIOIIUHY, apalielibHi 10 Hel.
Kpim Toro mpuiiMany, o yMOBH 330BHI i BCepeanHi Oy-
JBIIi, 30KpeMa, TeMIIepaTypa i HalpsMOK HOBITpsI, 3 Ya-
COM HE 3MIHIOIOThCS, TOOTO TEINIOOOMIH € yCTaJeHUM.

[punyckaiy, o Bech TEIUIOBUI MOTIK COHAYHOTO
BUIIPOMiHIOBaHHS ITOTJIMHAETHCS JIMIIE 30BHILIHBOO O-
BEepXHEI0 CTiHA. TOZi TyCTHHA TEIUIOBOTO ITOTOKY Bij
BHYTPIIIHBOTO CEPENIOBHUINA 10 CTiHH, SKa BiJIIIOBIIA€ Te-
IUIOBTpATaM CTIHHM, TIOBHHHA JIOPIBHIOBATH TI'YCTHHI Tell-
JIOBOTO TIOTOKY Yepe3 CTiHY:

_ ti _tse
R +R +Ry

Gin 1
ne ti — remmeparypa BcepearHi IPUMILIEHHS; tse — TEM-
neparypa 30BHIITHBOI TOBEPXHi CTiHH; Rsi — TermoBuid
omip BHYTPIIIHBOI TOBEPXHI CTiHHU, ITOB’A3aHUH 3 KOHBE-
Kui€ro 1 BunpoMiHioBanHAM; Ry 1 R2 — Teruiosi onopu ma-
TepialliB CTIHM 1 TEIUIOI30JIATOPA, BIMOBIAHO.

B npomy Bumanxy piBHSHHS TEIIOBOTO OajnaHCy
JUIS1 30BHIITHBOT TOBEPXHI CTIHM HAaOyBa€ BUTILANY:

Oin + selsol = dout + Usky - (2

€ Oiselsol — TETUIOBHI MOTIK NOTJIMHYTOTO COHSIYHOTO BH-
MIPOMIHIOBaHHS; (ise — KOS(ILI€HT MOTJIMHAHHS COHSIYHOT
eHeprii 30BHILIHBOI0 TOBEPXHEIO CTiHW; lso — rycTnHa
TEIJIOBOTO TIOTOKY COHSIYHOTO BUIIPOMIHIOBAHHS;

Qout = (tse —t )/Rse - 3)

IyCTHHA KOHBEKLIITHOrO 1 pajiiauiiiHOro TEIIoBOro mo-
TOKY BiJl 30BHILIIHBO1 TIOBEPXHi CTIHH, 00YMOBIICHOTO pi-
3HULEI0 TeMieparyp tse—te; te — TemMneparypa oTouyro-
YOro cepeoBHINa; Rse — BIAMOBIIHUI TEIUIOBUIT OMIip 30-
BHINIHBOT MOBEPXHI CTIHH;

Osky = (te _tsky )/Rr - 4)

TYCTHHA TEIUIOBOTO TIOTOKY, OOYMOBJIEHOTO paiiamiii-
HUM OXOJIOIPKCHHSM 30BHIITHBOI MOBEPXHI CTIHH TIPH
te # tgky ; Rr — BiLMOBiNHMIT TemIOBHIT oOmmip; tky — ysiBHA

TeMIeparypa arMochepu.

I3 (1)-(4) otpumyeMo BHpa3 IyIst pO3PAXyHKY 3Me-
HIIIEHHS TEMUIOBMX BTPAT CTiHU MiCJIsl HOKPHUTTS ii 30BHi-
[IHBOT MTOBEPXHi MIAPOM TEILIOI30JII0I0U0r0 MaTepialy:

R
_te+R—Sf(te—tsky) ©

—Rselsol (“sew -(1- k)“sei )

ae Ri=Rs+ Ri+R2+ Rse — moBHuit TemsoBuit omip

LK

A= —— .
RN

crinm; K =Ry /Ry ; age i Al — KoedillieHTH MOrHHAHHS
COHSYHOI eHeprii 30BHIIIHBOI0 MOBEPXHEI0 HETEIlI0i30-
JILOBAHOI 1 TEIUIOI30JIbOBAHOI CTIHM, BIIIIOBIIHO.
TermoBi omopu MaTtepialiB CTiHH 1 TEIIIOI30JIATOpa
3rigHo 3akoHy Pyp’e po3paxoByrOThCS 3a HOPMYITaMH:

Ri=—=, Rp= & ; (6)
% A
ne di 1 d2 — TOBLIMHM HETEIU101301b0BAHOT CTIHH 1 TEILIO-
i3omsATOpA, A1 1 A2 — TETIONPOBITHOCTI BiAMOBITHUX Ma-
Tepiais.

J1J1st OLIIHKM BEJTMYMHU TETUIOBOT'O OIOPY BHYTPIIII-
HbOT MOBEPXHI CTIHM 3 JOCTaTHIM CTYNEHEM TOYHOCTI
MOXYTb OyTH BUKOPHCTaHI THUIIOBI 3HaYCHHS JUIs O1b-
urocTi npukiaagHux 3amad, Hasenaeni B JJCTY EN ISO
6946:2022. Tak y BUNaaKy rOpM30HTAIBHOTO MOTOKY I10-
Bitpa Rsi = 0,13 (M><K)/BT, BepTHKAILHOIO Bropy —
0,10 (M?xK)/Br, BepTukanbaoro suus — 0,17 (M?>xK)/Br.
JaHi, HaBe/IeH] B cTaHIAPTI, PO3paxoBaHi I BUIIPOMi-
HIOBaJBHOI 3JaTHOCTI BHYTPIIIHBOI ITOBEPXHI CTIHH
¢ = 0,9, cepennpoi Temreparypu BHYTpILIHBOI TTOBEp-
XHi i orouyrodoro cepenosuma 20 °C.

TenmnoBuit omip 30BHINIHBOI TOBEPXHi CTiHHU, 00Y-
MOBJICHUH KOHBEKIII€IO i BUIIPOMIHIOBAHHSAM MOXe OyTH
3HANIEHUH 13 CITIBBIAHOIIEHHS:

T
se ce re
Ie Ree — TEIUTOBHIA OTTip, TIOB’ I3aHUI 3 KOHBEKIII€I0, Rre —
TEIUIOBHH OIIip, IOB'A3aHNH 3 BUIPOMiHIOBAaHHSIM.

Ipu 3amucy (7) BpaxoBaHO, IO B EIEKTPUYHIi
CXeMi 3aMilIeHHS Ii OMOPH 3’ €JHYIOTHCS IapaliebHO
OCKiJIBKH Bi/IMIOBIHI MpoIIecH Bi0YyBalOThCS HE3aJIEKHO
onuH Bix oxuoro. Jlns ominku Ree ACTY EN ISO
6946:2022 npormoHy€e NPOCTE CIiBBITHOIIECHHS:

1Rge = 4-+4v, 8)

Jie vV — HIBHAKICTh MOBITpsl Oisl 30BHIIIHBOT MMOBEPXHI
CTiHH.
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Binnosinuo 1o [7, 10], ae mopiBHIOBAIUCH pe3yib-
TaTH Oe3nocepeHiX BUMIPIOBaHb 3 pO3paxyHKaMH 3a Bi-
JOMHUMH MOJeIsIMH, (8) MPU3BOIUTH O CYTTEBOI MOXHU-
Oxu y Bu3HaueHHs Ree. B Tt e wac, agexkBaTHI pe3yiib-
TaTH Oynu oTpuMani 3 BukopuctanusaM moneni ASHRAE
(AMepHKaHCBKOTO TOBAapHCTBA iHKCHEPIB 3 OMaJeHHS,
OXOJIOJDKEHHS Ta KOHAWIIIOHYBAaHHS TIIOBITPS), BiIIO-
BigHO 10 sKoi [7]:

1/Rge =18,6(0, 25v;0)>*%, )

ae Vig=> 2 M/c — IBHAKICT MOBITPst Ha BUCOTI 10 M 1 Bi-

ncrani 0,3 M Bixg cTiHU.

st 3Haxo/pKeHHsT BUpasy s Rre Bpaxyemo, mio
BiINOBigHO 10 3akoHy Ctedana — BojpiMana ryctuHa
paaialiitHoro TEIUIOBOrO MOTOKY BiJl 30BHILITHBOT MTOBEP-
XHIi CTIHM BU3HAYAETHCS (HOPMYIION0:

Orout = 50'(T5Aé _Te4) ; (10)

Jie € — BUIIPOMIHIOBaJIbHA 3JIaTHICTh 30BHILIHBOI ITOBEP-
xHi cTiHy; ¢ — ctana Credana-bonbimana; T 1 Te — Bi-
JIOBIIHI TepMOIUHaMIuHI Temrieparypu. [licns mopis-
wstaast (10) i (3) 3 ypaxyBauusam (7) OTpHMaEMO:
4 4
1 _go (Tee —Te)

2 2
=e0(Tee +To)(Tee +Ts ). (11)
Rre Tse _Te

BinmiTiMo, mo HaOmmKeHa (GopMmyna Uit 1/Rre ,
HaeneHa B JICTY EN 1SO 6946:2022, moxe 6yTu oTpu-
MaHa i3 (11) mrsaxom nineapu3anii npu Tg —Tp <<Tsee,
ne fse,e — CepenHE 3HAYCHHS Tse 1 Te. OcTaTOUHO, IS
po3paxyHKy Rse i3 (7), (9), (11) maemo:

— 1 (
©18,6(0,25V;0)%%® + £0(Tg +T,)(T2 +T2)

12)

RSE‘

Jliist BpaxyBaHHSI BHECKY B TEILUIOBTPATH pajliarfiii-
HOTO OXOJOKEHHS 30BHIITHBOI IMOBEPXHI CTIHU HEOO-
CXWJT PO3TIISIAIOTH SIK Ccipe Tijo [2, 5], XxapakTepucTukoro
SIKOTO € lsky. B 11bOMy HaONIKEHHI UIS TYCTHHU  BiJIIO-
BiJIHOTO TEIIOBOTO MOTOKY MAEMO:

4 4
Usky = Fr,se€C (Tse _Tsky)' (13)

ne Fge_gky — KyTOBHI KOEDiLi€HT BUIPOMIHIOBAHHS MiX

cTiHOIO 1 HeOOoCXMITOM; Tse 1 Tsky — TEPMOTUHAMIYHI TEM-
neparypu. [opiBaioouu 3 (4), oTpumyemo:

Te _Tsky

A Fr,segO'(Tsi _Ts?(y) .

(14)

Sxkuio mpunyctuti Tge =T, To Bupas (14) moxe

OyTH nepeTBopeHuii ananoriyuo a0 (11):
1
2 2
Fr seco(Te +Tsky)(re +Tsky)

CnpouieHuii iHeapu30BaHuil BUpa3 s Ry, HaBe-
neanit B JICTY EN ISO 52016-1:2022, moxe mpu3Bo-
JTUTH JI0 TIOMITHOT TOXUOKHU 00UHCIICHb Y BUTIAJIKY, KOJIH

Ry = (15)

HE BUKOHY€ETBCS CHiBBIAHOWERHS To —Tg <<Te,sky , A€

Te,sky —cepenHe 3HaueHHS T, 1 Te,sky . [Ipu po3paxyHKy
Rr 3a hopmyioro (15) mwist KyToBOro KoedimieHTa BUIPO-
MIHIOBaHHS MK CTiHOIO i HeOOCXMIOM Fse.sky BUKOpHC-
TOBYIOTh 3HaueHHs BigmoBimHo 10 JCTY EN ISO
52016-1:2022. Tak a5 He3aTIHEHOT BEPTUKAIBHOT CTiHH
craHaapt aa€e Fsesky = 0,5. BukopucranHs 3HaYeHHS Ky-
TOBOrO KoedilienTa BunpominioBanus 0,5 s BepTHKa-
JBHUX TIOBEPXOHb B CHEPreTHYHOMY MOJICIIIOBaHHI — 3a-
raJpHOBXKHUBAHUHN Miaxia. Bin mependavyae mocridHy ysi-
BHY TeMIepaTypy aTMocdepn He3aJe)KHO BiJl HAIPSAMKY
MOIIMPEHHS TEIUIOBOTO IIOTOKY JOBIOXBHJIBOBOTO BH-
MIPOMIHIOBaHHSA aTMOC(EpH, IO IOJIETTITY€e 0OYNCITIOBA-
JIRHAN TIporiec. BomHO9ac e moTiK 3MiHIOETHCS Bif] Ma-
KCHMAJIbHOTO y BEPTUKAJIbHOMY HAIPSAMKY IO MiHIMalb-
HOTO — Y TOPU30HTAIBHOMY. TakuM YHMHOM, TaKHH MiAXiT
HE MO)KHA BBa)KaTH TOBHICTIO PENPE3CHTATHBHUM, IO
NOTPIOHO BpaxoBYBAaTH MpPH aHaIi3i pe3yJbTaTiB po3pa-
XYHKIB.

KoediuieHTH NoriavHaHHs COHSYHOT €Heprii 30BHilI-
HLOIO TIOBEPXHEIO CTiHM Agg, 8 1 BHTPOMiHIOBATbHA

3[aTHICTB € € TAOJMYHUMH BelTMYMHaMU. 115l BUSHAUCHHS
T'YCTHHH TEIUIOBOTO MOTOKY COHSIYHOTO BUIIPOMIHIOBaHHS
lsol 7151 maHOT JTOKAMIT 1 TOPH POKY BUKOPUCTOBYIOTH KIIi-
MaTH4HI 0a3u MaHUX, SKi € y IIHPOKOMY JOCTYTIL.

VsBHa TemIiepatypa atMmocdepu Tsky 3a3BUYal € He-
BiZIOMOIO 3 KJTIMATHUHKX JaHUX. |1 € CEHC OIiHIOBATH Bijl-
nosigno g0 ACTY EN I1SO 52016-1:2022, ne nst momi-

PHUX LIMPOT NPONOHYEThCS 3HaUCHHS To — Tgyy , KE 10~

pisatoe 11 K. BapTo 3a3Ha4nTH, 10 CTAaHAAPT BPAXOBYE
KIIMAaTHYHY KJIAacU]iKaIlifo, 3aCHOBaHy JIAIIE Ha MIHPO-
TaX, PO3PI3HAIOYHN CYONOJAPHI, TOMIpHI Ta TPOIIYHI
30HH. PO3paxyHKH 3 BUKOPUCTAHHIM CIIPOIIEHOI MOETTI,
HABEJICHOI Y CTaHIaPTI, HE 3aBK/IU aJ€KBATHI JIs IOMip-
HHX PErioHIB 3 KOJMBAaHHIMHU BoJorocti. B Toii e uac,
BUKOPHCTAHHSI BIIOMUX EMITIPHYHUX 3aJI€KHOCTEH IUis
BU3HAYCHHS YSBHOI TeMIieparypu atMoc(epu He € BH-
NpaBJaHUM OCKLIBKK BOHU Oy OTPUMaHI JUIsi KOHKpe-
THUX METEOpPOJIOTIYHHX YMOB HIISIXOM BHMIPIOBAaHb Y
KOHKPETHHUX MiCIIIX.

BucnoBku

1. TlpencraBieHi pe3ysbTaTH PO3PaxyHKIB edek-
THUBHOCTI TEPMOI30JIALii CTiHM OyAiBII 3 ypaxyBaHHIM
BIUTUBY COHSYHOTO BHUIPOMIHIOBAaHHS 1 paaialliiiHOTO
OXOJIOJUKEHHS 30BHINIHBOI ToBepXxHi cTinu. Li dhakTopn
TIPY TIEBHUX YMOBaX MOXKYTh ICTOTHO BIUIMBAaTH Ha 3ara-
JIbHI TEIUIOB1 BTpaTH Oy IiBIIi.

2. IlpoBenena moaudikarisi po3paxyHKOBOI METO-
UKW BH3HAYCHHS C(PEKTHBHOCTI TEPMOI30JISILIi CTIHH
OyniBii LUIIXOM YTOYHEHHS PpO3paxyHKy TeIuionepe-
JIa9y MiXK 30BHIITHBOIO IOBEPXHEIO CTIHM Ta HABKOJIMII-
HIM CepeIOBHIIEM.

3. I3 piBHSHHS TEIOBOro OanaHCy Juisi 30BHIII-
HBOI MOBEPXHI CTIHU 3 ypaxyBaHHSM TEIUIOBOTO TOTOKY
MOTJIMHYTOTO COHSYHOT'O BUIIPOMIHIOBAHHSI 1 TEINIOBOTO
MOTOKY, OOYMOBJIGHOTO paJialliiHUM OXOJIOIKEHHIM
CTIHM OTPHMaHi BHMpPa3H, sIKi JIO3BOJIIIOTH OLIHIOBATH
e(eKTUBHICTh TEPMOI30JIALil CTiHU Oy/iBII Yepe3 3MeH-
LIEHHsS TEIUIOBUX BTPAT CTiHW IICIIS MOKPHUTTS 1 30BHI-
LIHBOT TOBEPXHI IAPOM TEII0I30JII0I0Y0r0 MaTepiaiy.
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KonduaikT inTepeciB. ABTOpU IEKIapyIOTh, 0 HE B JaHii CTaTTI.
MafoTh KOH(QJIIKTY IHTEPECiB CTOCOBHO J@HOTO JOCIHi- Bukopucrannsa 3aco0iB IITYy4HOI0 IHTEeNEKTYy.
JDKSHHSI, B TOMY YHCIi (PIHAHCOBOTO, OCOOMCTICHOTO Xapa-  ABTOPH IMiATBEPIKYIOTb, 110 HE BUKOPUCTOBYBAJIH TEX-
KTepY, aBTOPCTBA YH 1HIIIOTO XapaKTepy, 0 MIr OM BILIM-  HOJIOTI{ IITYYHOTO 1HTEJEKTY MPU CTBOPEHHI IpeJICTaB-
HYTH Ha JIOCJIIJUKEHHS Ta HOTO pe3yJIbTaTH, MPEACTaBIeHl  JIeHoi poOoTH.
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Moadification of the calculation method for determining the effectiveness of thermal insulation of a building wall
Grygorii Krasnianskyi, Nataliia Burdeina

Abstract. The criterion for the effectiveness of thermal insulation of a building wall is the reduction of heat loss from the wall
after covering its surface with a layer of thermal insulating material. Heat loss is determined by the thickness and thermal conductivity of
the wall and insulation materials, as well as the heat transfer associated with the outer surface of the wall. Heat exchange between the outer
surface of the building and the surrounding environment is based on radiative and convective mechanisms. This process includes thermal
radiation from the sun, heat exchange through long-wave radiation with the atmosphere, and convective exchange with the external air.
Typically, less attention is paid to the effects of incident solar radiation and radiation exchange with the atmosphere than to heat transfer
through the building wall caused by thermal conductivity. For calculating the thermal resistances of the outer surface of the wall related to
radiation and convection, a simplified methodology proposed by relevant standards is usually employed. Under certain conditions, this can
lead to significant errors in determining the heat loss of the building. On the other hand, the use of empirical dependencies to determine
the apparent temperature of the atmosphere, necessary for calculating the thermal flow of long-wave radiation from the atmosphere, is
unjustified. These dependencies are not universal and were obtained for specific meteorological conditions through measurements in specific
locations. A modification of the calculation method for determining the effectiveness of thermal insulation of a building wall has been carried
out by refining the calculation of heat transfer between the outer surface of the wall and the surrounding environment. From the thermal balance
equation for the outer surface of the wall, considering the thermal flow of absorbed solar radiation and the thermal flow caused by the radiative
cooling of the wall, expressions have been derived that allow for the assessment of the effectiveness of the thermal insulation of the building
wall through the reduction of heat loss from the wall after covering its outer surface with a layer of thermal insulating material.

Keywords: thermal insulation, heat losses, thermal radiation, convection, calculation method.
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METPOJIOI'TYHHA OIIHKA PE3YJIbTATIB BUMIPIOBAHD
JUKEPEJI TEXHOI'EHHOI'O 3ABPYJIHEHHSA
I'M"PHUY0BUJOBYBHOI'O IIIAITPUEMCTBA

AHoTanisi. AKTyaabHicTh. ['ipHIYOBHI00YBHA IIPOMHCIIOBICTS HAJIEXKUTH 10 HAHOLIBII €KOJIOTIYHO HAaBAaHTaKEHHUX Ta-
Jy3el IPOMHCIOBOCTI, JISUTBHICTB SIKOT CYITPOBOJUKY€ETHCSI YTBOPEHHSIM 3HAYHUX OOCSTIB MLy, Ta30IOAIOHIX BUKHU/IB, ae-
PO30JIiB i BTOPHHHOTO 3a0pyaHeHHS TepuTopid. O0’€KT AOCTiIKeHHsI: MaTeMaTHYHa MOJENb METPOJIOTIYHOI OIIHKU pe-
3yJITaTiB BUMIpIOBaHb. MeTa c¢TaTTi: po3poOKka HayKOBO OOIPYHTOBAHOTO IiIXOAY O METPOJIOTIYHOI OIiIHKY Pe3yIbTaTiB
BUMIpPIOBaHb [DKEPENT TEXHOT€HHOTO 3a0pyIHEHHs TipHHYOBHIOOYBHOTO MiANPHEMCTBA 3 ypaxyBaHHSIM HEBH3HAYEHOCTL
BHUMIPIOBaHb i (haKTOPiB BIUIMBY BHPOOHHYOTO cepenoBuiia. Pe3yjbTaTH JOCHiMKeHHsI. Y CTaTTi PO3IJISSHYTO IMHUTAHHS
METPOJIOTIYHOTO 3a0e3MeUeHHS BUMIPIOBAaHb JKEpPEN TEXHOTCHHOTO 3a0pyIHEHHS T1IpHUYOBUA00YBHUX TianpueMcTB. O0-
IPYHTOBAHO HEOOXiTHICTH 3aCTOCYBAHHSI METPOJIOTIYHO MiATBEPKCHUX METOJIB BUMIPIOBAHb JUIA 3a0€3MeUeHHS JOCTOBI-
PHOCTI pe3yJbTaTiB eKOJOTIYHOTO MOHITOPHUHTY. 3allPOIIOHOBAHO Ii/IXiJ] A0 OI[IHIOBaHHS Pe3yJIbTaTiB BUMIpIOBAaHb Ha OC-
HOBI aHANI3y MOXMOOK, HEBU3HAYEHOCTI BUMIPIOBaHb 1 BiJITOBIHOCT] pe3yJIbTaTiB BCTAHOBICHUM HOPMAaTHBHHM BHMOTaM.
Po3pob6neHo MaTeMaTHYHY MOJENb OLIHIOBAHHS CyMapHO! HEBH3HAUYEHOCTI pe3yJbTaTiB BHUMIpIOBaHb KOHIICHTpaLiil 3a-
OpYIHIOBAJBHIX PEUOBHH Yy IOBITPI Ta Ha ITOBEPXHAX TPHUYOBUAOOYBHOTO IiAnpreMcTBa. BucHOBKH. BripoBamkeHHs
METPOJIOTTYHO OOIPYHTOBAHUX HPOLEAYP JO3BOJISE HMiJBHIINUTH JOCTOBIPHICTH €KOJIOTIYHOI OI[IHKM TEXHOTCHHOTO BILUIUBY
1 e()eKTUBHICTD YIIPABIIHHS €KOJOr0-BUPOOHHUOIO Oe3nekoro. Chepa BUKOPUCTAHHS OTPUMAHUX PE3yJIbTATIiB: Pe3yJIbTaTH
BHMIpIOBaHb KOHICHTpALiH 3a0pyAHIOBAIEHUX PEYOBHH € OCHOBOIO JJISI IPHUHATTS yNPABIIHCHKUX PillIeHb, PO3POOICHHS
MIPUPOAOOXOPOHHHUX 3aXO0/IiB, OLIHIOBAHHS PU3UKIB I IEPCOHATY Ta HACEIICHHS.

KnaouoBi caoBa: merponoriude 3abe3neueHHs], CTaHAapTU3aLlisl, TEXHOT€HHE 3a0pyIHEHHS, TIpHHYOBHIO0YBHE ITifTI-

PUEMCTBO, HEBH3HAYCHICTh BUMIPIOBaHb, €KOJIOTIYHUI MOHITOPHHT, IAIOBE 3a0py THCHHS.

Beryn

IocTranoBka mpodaemu. CydyacHi TipHUYOBHIO-
OyBHI MIANPUEMCTBA € CKJIaJHUMH TEXHOI'€HHUMH CHC-
TeMaMH, (QYHKIIOHYBaHHS SKHX CYHPOBOJUKYETHCS
YTBOPEHHSIM 3HaYHHX OOCSTIB INMHIJIOTa30BUX BHUKHJIIB,
aepo30JIiB, MPOIYKTIB 3rOpSHHS ITalKBa, a TAKOX BTO-
PHHHOTO NWJICHHS BiJ BIIKPUTHX IIOBEPXOHB Kap €piB,
BiJ[BaJIiB i TPAHCIIOPTHUX KOMYHIKAIIii.

B ymoBax moCHIIEHHsI €KOJIOTIYHHX BHMOT i HE00-
XiHOCTI 3a0€3IeYeHHsT eKOJIOTIYHOT Oe3MeK: MpOMHC-
JIOBUX PEriOHIB OCOOJIMBOrO 3Ha4YeHHs HaOyBa€ JIO0CTO-
BIPHICTb PE3yJIbTAaTiB BUMIPIOBaHb MapaMeTPiB TEXHO-
TE€HHOTO 3a0pyTHEHHSI.

OnHi€ro 3 KIIOYOBUX IMPOOJIEM CYy4acHOT'O €KOJIO-
riYHOTO MOHITOPHHTY € HE JIMIle BU3HAYCHHS KOHIICHT-
paiiiii 3a0pyIHIOIOUNX PEYOBHH, a W OI[IHFOBAHHS MET-
poJtoriuHoi HaJilfHOCTI OTpUMaHUX pe3yibrariB. Heno-
CTaTHs yBara /0 HEBU3HAYCHOCTI BUMIPIOBaHb, BIUIUBY
yMOB BinOopy mpoO, KamiOpyBaHHsS OOJagHAHHS Ta
JIFOJICBKOTO (aKTOpa MOXE HMPU3BOJUTH IO CHCTEMaTH-
YHUX MOXHMOOK, 110 y CBOIO Yepry BIUIMBAE HA MPUHHST-
TSl YHIPaBIiHCEKUX 1 IPUPOAOOXOPOHHUX PIllICHB.

i TipHIYOBHIO0YBHHX MiAMPHUEMCTB 3a3HaueHa
npoOiieMa YCKIIaJHIOETHCSI 3HAYHOIO IMTPOCTOPOBOIO Ta
YacoOBOI0 MIHJIMBICTIO JDKepesl 3a0pyaHEHHS, HecTali-
JILHICTIO TEXHOJIOTIYHUX TPOIIECIB, CKIATHUMU aepOIH-
HaMIYHUMH yMOBaMH Kap’ €pHOTO TPOCTOPY Ta BIUIH-
BOM MeTeopoJioriynux ¢axropis [1].

AHani3 ocTaHHixX gocjaizxkens i myOaikaunii. [Tu-
TaHHA METPOJIOTIYHOTO 3a0e3Me4YeHHs EeKOJOTTYHUX
BUMIpDIOBaHb  PO3IVISAAETHCA Y  KUIBKOX — B3a€EMO-
IIOB’SI3aHNX HAYKOBMX HamlpsiMax: CTaHIapTH3aLis BU-
MIpIOBaHb, OLIIHIOBaHHS HEBU3HAYCHOCTI DPE3yJIbTaTiB,

3a0e3meueHHsT IKOCTI BIMIipIOBANBHUX MPOIEIyp 1 Po3-
BUTOK CHCTEM MOHITOPHHTY IIPOMHUCIIOBUX BHKH/IIB.

BaxnuBuM eTanom po3BHTKY CydacHOi METPOJIOTi]
crano BrnpoBapkeHHs cranaapty ISO/IEC 17025, sikuii
BU3HA4Ya€ BUMOTH JO cepThdikauii BUNPOOYBAIBHHX 1
KayiOpyBanbHUX Jabopatopiid. JlocmikeHHs NOKa3zy-
10Th, 10 3a0€3MEUYEeHHSI METPOJIOTIUHOI MPOCTEIKYBAHO-
CTi Ta BaliJallis METOJIB BUMIPIOBAaHHS € OCHOBHUMH
YMOBaMH OTPHMaHHsSI JOCTOBIPHHUX DPe3yJbTaTiB, 0c00-
JIMBO Y BHIIJIKY CKJIAQJHHX BUMIPIOBaIbHUX 3a1a4 [2].

VY pobotax, IpUCBSYCHUX aHAN3y BHMOT MiXHa-
POIHUX CTAaHIAPTIB, MiJKPECITIOETHCS HEOOXiTHICTh
BiJIMIOBiTHOCTI BHMIpIOBAJIIFHOTO OOJIAHAHHSI KOHKpET-
HOMY BHMIPIOBAIFHOMY 3aBIaHHIO U 0O0OB’S3KOBICTBH
JOTPUMaHHS BCTaHOBJICHUX IIPOLIEAYP BUKOHAHHS BU-
MipIOBaHb, 1110 3a0e3neuye HeoOXIAHUI piBeHb TOYHOCTI
Ta BIATBOPIOBAHOCTI pe3ynbTatis [3].

Hocnimkenns y chepi cTanmapTu3allii MeToiB BU-
MIpIOBaHHS TaKOX IMiATBEPIKYIOTh, IO Y3TOKEHICTh
METOJWK, MPaBIIBHWN BUOIp Aiama3oHy BHUMIpPIOBAaHb i
METpOJIOTIYHE MiATBEp/KEHHST OOJNaJHaHHA € BHU3HAYa-
JbHAMH (HaKTOpAMH JOCTOBIPHOCTI pe3ybTatis [4].

OmHUM i3 KIIIOYOBHX HAIPSIMIB CYYaCHUX JOCIHi-
JUKEHb € OIIHIOBaHHS HEBM3HAYEHOCTI BHMIpIOBaHb Y
MPHUPOJHOMY cepenoBumli. Ha BiaMiHy Bix nabopartop-
HUX YMOB, €KOJIOTiYHI BHMIpPIOBAHHS XapaKTEPU3YIOTh-
Cs1 3HAYHOIO BapiaOeNbHICTIO MapaMmeTpiB CepeIOBHINA,
IO MTPU3BOJUTH JI0 CYTTEBOTO 3POCTAHHS CyMapHOI He-
BH3HAYEHOCTI.

IToka3zano, 10 3HAYHWN BHECOK Y 3arajbHuil Oro-
JDKET HEBM3HAYEHOCTI MOYKE CTAaHOBUTH caMe eTam BiJ-
60py mpob, 0COOIMBO MPU BUMIPIOBAHHSIX KOHIICHTpa-
it 3a0pyAHIOIOYNX PEYOBHH y TOBITPi, IPYHTI 4M BOAI
[5]. Le monoxeHHs € 0OCOONUBO aKTyalbHUM [UIS TipHH-
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YOBUJIOOYBHHX MiANPUEMCTB, [€ KOHLEHTpALil MWy
MaloTh IMITYyJIbCHHH XapakTep i 3HaYyHOI Miporo 3aie-
JKAaTh BiJl TCXHOJIOTIYHUX OMEpariil.

Y poOoTax, TPHUCBIYCHUX OI[IHIOBAHHIO SKOCTI
Mojeneld atMocdepHoro 3a0pyAHEHHS, JOBEICHO, IO
JOITyCTUMI XapaKTepUCTUKUA MoOJeNeil MOBHHHI BH3HA-
YaThucs 3 ypaxyBaHHSAM HEBH3HAUYECHOCTI BUMIpPIOBaHb,
OCKUTBKH caMi eKCIIepUMEHTaJbHI 1aHi MaloTh OOMexe-
Hy TouHicTh [6]. Ile cBimuuTh mMpo HeOOXimHicTh iHTET-
patiii MEeTpoJOTiYHUX MiAXOIIB Y MOACITIOBAHHS IIPOIIe-
ciB po3citoBaHHS 3a0pyAHEHb.

VY TipHMUiN TPOMHCIOBOCTI MUTAaHHS 3a0e3Me4eH-
HS SIKOCTI QHATITUYHUX JOCIIKEHb TPAAUIIHHO pO3T-
nsaaThess Yy KoHTekceTi mpouenyp QA/QC. ocmi-
JUKCHHS, TIPUCBSYCHI JOPO3BIMII POJOBHUIN, JEMOH-
CTPYIOTh e(EeKTHBHICTh BHKOPHUCTAaHHS JyOJIOBaHHS
BUMIpIOBaHb, KOHTPOJIBHHUX NPOO 1 CTATUCTUYHOTO MO-
PIBHSHHS pe3yNbTaTiB U IiIBUIICHHS JOCTOBIPHOCTI
naHux [7].

BopmHouac, OiMBIIICTh ICHYIOUHX AOCHIKEHB 30-
cepelrkeHa Ha TEOXiIMIYHHX abo TabopaTOpHHX BUMi-
PIOBaHHSIX, TOMAI SK THTAaHHA METPOJIOTIYHOI OI[IHKHU
MOJBOBUX BHMIpIOBaHb aTMOC(EpHUX BHKUIIB 3alH-
LIAI0THCS HEJJOCTATHBO JOCIIIPKEHUMH.

OcraHHi JOCTIPKEHHS JAEMOHCTPYIOTh aKTHBHUM
PO3BHUTOK aBTOMATH30BAaHMX CHUCTEM MOHITOPHMHIY IH-
JIOBUX KOHIIEHTpALil i3 3aCTOCYBaHHSAM LU(PPOBUX TeX-
HOJIOTiM 1 METO/IB IUTYYHOTO iHTeNeKTy. Taki cucremu
J03BOJIIIOTE OTPUMYBATH JIaHi y peaJbHOMY 4aci, poTe
CTBOPIOIOTH HOBI METPOJIOTiIYHI BUKIHMKH, TOB’S3aHi 3
KaJmiOpyBaHHSAM CEHCOpIB, AperdoM XapaKTepHCTHK i
3aJIeXKHICTIO MOKA3iB Biji MeTeoposoriunux ymoB [8].

JonaTkoBO 3a3HAYAETHCA, O MEPEXi HU3BKOBAp-
TICHUX CEHCOpPIB MOTPeOYIOTh CKIATHUX MPOIENyp Ka-
JiOpyBaHHS i 3a0€3MEYCHHST JOCTOBIPHOCTI [aHMX,
OCKiJIbKM 0€3 peryJisipHOi NepeBipKd IXHI MOKa3u Mo-
KyTh BTpayaTu TOUHIiCTH [9].

AmHaJi3 momnepenHix JOCTIHKEHb MOKa3ye, Lo ic-
HYIOYi MIAXOJM A0 OL[IHIOBaHHS JDKEpPEN TEXHOI'€HHOTO
3a0py/JIHEHHSI TEPEeBAXHO OPIEHTOBAHI Ha BH3HAYCHHS
KOHIICHTpAlliil 3a0pyJHIOIOYHX PEYOBHH Oe3 JocTar-
HBOT'O BPaxyBaHHS METPOJIOTIYHOI CKJIAJ0BOI pe3ylibTa-
TiB BUMIPIOBaHb.

Oco0mMBO 1e CTOCYEThCS TIPHUIOBUAOOYBHHIX
HIIIPHEMCTB, 1e:

— mKepena 3a0pyJAHEHHS € MPOCTOPOBO PO3MOJIi-
JICHUMH;

— IHTEHCHBHICTh BUKHUJIB Ma€ BUIAJAKOBHUI Xapak-
Tep;

— YMOBH BUMIiPIOBaHb 3MIHIOIOTECS Y Yaci;

— BiOip mpob yacTo 3MIHCHIOETBCS y HECTallioHa-
PHHX yMOBaxX.

Ot1xe, aKTyalbHOI0 HayKOBO-IIPAaKTHYHOIO 33j1a-
YeI € Po3po0Ka MiAXOAY IO METPOJIOTIYHOI OIIHKH
pe3yibTaTiB BUMIPIOBaHb JDKEPEN TEXHOTCHHOTO 3a0py-
JHEHHS, SKUH ypaxoBye crieiu(iky TipHHYOBHIOOYB-
HOTO BUPOOHMIITBA Ta JO3BOJISIE IMiJBHIIUTH JOCTOBIp-
HICTh €KOJIOTIYHOTO MOHITOPHUHTY.

MerTo10 podoTu € po3poOka HAyKOBO OOTPYHTOBA-
HOTO TMiAXOIy IO METPOJIOTIYHOI OI[IHKK pPe3yJbTaTiB
BHMIpIOBaHb JDKEPEN TEXHOTCHHOTO 3a0pyIHEHHS Tip-
HUYOBHIOOYBHOTO MiANPHEMCTBA 3 YpaxyBaHHIM HEBU-

3HAYEHOCTI BUMIpIOBaHb 1 ()aKTOPiB BIUIMBY BHPOOHH-
4OT'0 CEepeA0BUIIA.

OcHoBHMii MaTepian

OCHOBHUMH JDKepellaMil TEXHOTCHHOTO 3a0pya-
HEHHS Ha TipHIYOBUAOOYBHUX MiINPUEMCTBAX €:

— OypomiapusHi podoTu;

— TIpotecH IpOOJICHHS Ta TPAHCHOPTYBAaHHS Tip-
HUYO1 MacH;

— BIJIBaJIM Ta XBOCTOCXOBHIIA;

— aBTOMOOLUTBHI Ta KOHBEEPHI TPAHCIIOPTHI CHCTE-
MU;

— JIOTIOMDKHI BUPOOHUYI TIPOIIECH.

3a0pyAHEHHS TPOSBISIETHCS Y BHTIISAL NMHIOBUX
BHUKHJIB, Ta30NOMIOHUX TPOIYKTIB 3TOPSHHS, BTOPHH-
HOTO TWJIIHHS Ta JIOKAIBHOTO 3a0pyOHEHHS TPYHTIB.
OcoOnMBICTIO TaKUX JKEpen € iX IMPOCTOPOBO-YacoBa
MIHJIUBICTB, IO CYTTEBO YCKJIATHIOE IPOIEC BUMipIO-
BaHHS Ta TOJAJBINY iIHTEPIPETAIlIO Pe3yIbTATIB.

Mertpoitoriude 3a0e3reueHHs] BUMIPIOBaHb BKIIIO-
Yyae CYKYIMHICTh OpraHi3aliifHUX 1 TEXHIYHUX 3aXO/IiB,
CIPSIMOBAaHUX Ha JOCSITHEHHS IUTICHOCTI Ta HEOOX1MHOT
TOYHOCTI BHUMiprOBaHb. /0 OCHOBHHX CKJIaJIOBUX Halle-
KaTh!

—3aCTOCYBaHHSI TOBIPEHHX 1 KaliOpOBaHHX 3aco-
0iB BUMIPIOBAIIbHOI TEXHIKH;

— BUKOPHUCTaHHS CTAaHIApTH30BaHUX METOIMK BH-
MipIOBaHb;

— KOHTPOJIb YMOB TIPOBE/ICHHS BUMIPIOBaHb;

— OLHKA MMOXUOOK 1 HEBH3HAYCHOCTI Pe3yIIbTATIB;

— CTaTUCTUYHA 00poOKa JaHUX.

Jlig yMOB TipHHYOBHO0YBHOTO BUPOOHUIITBA J0-
JaTKOBUMH (pakTOpaMu BIUIMBY € IiJIBUIIEHA 3aIluiie-
HiCTB, BiOpallii, TeMneparypHi KOJMBaHHS Ta HEPiBHO-
MIpHICTb MOTOKIB 3a0py/JHIOBAIILHUX PEUOBHH.

[Tpouecu yTBOpEHHS, MEPEHOCY i OCA/PKEHHs K-
JOBUX YAaCTHHOK Yy BIJIKPUTHX TipHHYMX BHPOOKax Xa-
PaKTepU3yIOThCSl CKJIAJHOIO HENHIHHOIO B3a€EMOJIEO
TEXHOJIOTIYHUX TIPOLIECIB ¥ aepOoAWHAMIYHHUX SIBHII
[10].

Ha BimMiHy Bif cTamioHapHHUX Kepell BUKHIB,
ITUJIOBI JKepesa Kap’epiB MaloTh IPOCTOPOBO PO3IIOJIi-
JICHUH 1 YaCOBO 3MIHHHI XapakTep, 10 3yMOBIIIOE He-
00XITHICTh BHKOPHCTAHHS CTOXAaCTHYHHX IIAXOIB [0
OIUCY PEe3yJIbTaTiB BUMIPIOBaHb.

V 3araibHOMY BHIJISIII MUTTEBA KOHIICHTpAILIisS

Uy OITUCYETHCA K.
Q). (1).T(t).H(t),

S().6(0).M(1) )
ne Q(t) — inrencusnicTs mumosuainennst; V(t) — Bekrop
MIBHIKOCTI MOBITPSIHOTO MOTOKY; T(t) — Temmeparypa;
H(t) — BigHocHa Bojoricts; S(t) — mioma akTHBHOTO
manieast; G(t) — mapamerpu TypOymentHocTi; M(t) —
XapaKTepPUCTHKH MEXaHIYHOTO BIUIHBY (PyX TpaHCIOp-
Ty, ApOOJICHHS, TiAPUBHI poGOTH).

PesynbTaT BUMIpIOBaHHS € IHTErPAIbHOI BEIUYH-
HOIO 32 IICBHUII IHTEpBal Yacy yCepeAHCHHS:

C(tx,y,z)=F €))

C, :%;[C(t)dt, )
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ne C(t) — dyHkuis yacy; T — TPUBATICTh iHTEpBaIy yce-
pEIHEHHS.

OTKe, HaBITh 3a CTAJUX CEpe/IHIX 3HAUYCHHSX Ia-
paMeTpiB pe3ysibTaT BUMIPIOBAHHS MICTHTh BHUIIaAKOBY
CKJIaZIOBY, IIOB’s13aHy 3 TYPOYJIEHTHUMHU (UIyKTyallisiMH
i IMITy TbCHUMY BUKHAAMH TIHITY.

IHTEHCHUBHICTD MIJIOBUIIICHHS MOXHA NPEACTAaBH-
TH y BUIJISLI BUIIAAKOBOTO TIPOLIECY:

Q(t)=Qo +&(1), ®)

ne Qo — merepMmiHOBaHA YacTHHA BeinunHH; £(t) — BU-
najskoBa (UIyKTyaris.

JIJiss TEeXHOJOTIYHUX OMNEepamid IMUKITIYHOTO THITY
(OypiHHs, npoOeHHs, TPaHCHOPTHI omeparii) JOLiib-
HUM € BUKOPUCTAHHS MOJIEJII MyaCCOHIBCHKHX MPOIIECIB,
[0 JIO3BOJISIE OMKCATH BHIAJKOBY MOSBY IMIYJIbCHUX
JDKEpen TuiIy. ABTOKOpesIifiHa (yHKI[S mporecy
MUIOBU/IIJICHHS BU3HAYAETHCS SIK:

Rq (7) =E[£ ()¢ (t+7)], @

ne E — maremaruuHe criofiBaHHs, IO JTO3BOJISIE BPaxy-
BaTH 4acOBY 3aJIC)KHICTb MIX IIOCIIIOBHUMH BUMIpIO-
BaHHSAMHU.

[epeHeceHHs TMITOBUX YaCTHHOK OMHCYETHCS PiB-
HSHHIM aIBeKII—Iudys3ii:

%+V.VC:V~(KtVC)+SQ—ﬂC, ()

ne C=C(x, v, z, t) — koHIEeHTpaLisi peuoBuHM; t — yac;
V=(u, v, W) — BEeKTOp IBUAKOCTI MOTOKY; VC — rpaieHT
koHneHtpanii; U-VMC — konBekTuBHHU mepeHoc; Ki —
koeditient TypOynentHoi audysii; V{(KtIC) — nudy-
3iifHa CKIan0Ba; Sg — mkepeno muwiy; AC — KoedimieHT
OCaHKEHHS YaCTHHOK.

TypOy/neHTHICTh TNPHU3BOAUTH O BHUIAJKOBUX
(IryKTyaIiii IIBUAKOCTI TOTOKY:

V(t)=V+v'(t), (6)

ne V. — cepenHe (MareMaTHuHE CIIOJiBaHHS abo ocepe-
nHeHe 3a yacoM 3Hauenns); V'(t) — mynbcauiiina (Bin-

XWJIbHA) CKJIaJ0Ba, JUIs SIKOI BUKOHYETHCS YMOBA, IIO
(dbopMye 10JIATKOBY CKIJIQJIOBY HEBH3HAYEHOCTI Pe3yib-
TaTiB BUMIipIOBAHHS:
2
2 _(0oC 2
uf = — | -u(U), @)
ou

Je Ui — cyMapHa cTaHIapTHA HEeBH3Ha4eHicTh, 0C/0U —
koediuieHt uytmuBocti; U(U) — craHIapTHa HeBU3HAYE-
HICTh BETMYUHHU.

Jnst kap’epHUX YMOB XapakTepHa aHI30TPOITHA
TypOyJIeHTHICTh, OOYMOBIIEHA CKJIQIHOIO TEOMETPIEI0
BHPOOKH, IO [OJATKOBO IiABHIIY€E BapiaOenbHICTH
KOHIIEHTpAITIH.

CyMapHa craHJapTHa HEBHM3HAUEHICTh BH3HAYa-
€THCS BIIOBIAHO JI0 y3araJbHEHOTO 3aKOHY MOIINpPEH-
HSl HeBU3HAYEHOCTI:

cov(xi,xj), (8)

2y > [E
i=1 j=i+l X i
ne F — me ¢yHKIisA Bixg KITPKOX 3MiHHHX, SIKA BAMIpIO-
€TBCS YM PO3PaXOBYETHCS; COV(Xi, Xj) — 1€ KoBapiaris
MDX JIBOMa 3MIHHUMH, SIKa BPaXOBY€E iXHIO KOPEJSLIIO.

YMOBH TipHHUYOTO BUPOOHHIITBA XapaKTEePU3yIOTh-
Csl KOPEJIbOBAHICTIO MapaMeTpiB, 30KpeMa MiXK LIBHIKI-
CTIO BITPY ¥ IHTEHCHBHICTIO MWJIIHHS, a TAKOX MIXK BO-
JIOTICTIO Ta JUCIEPCHICTIO YacTHHOK. YpaxyBaHHS KO-
BapiamifHUX WIEHIB H03BOJISIE YHUKHYTH CHUCTEMAaTHY-
HOTO 3aHM)KEHHS OLIHKM HEBU3HAUEHOCTI.

CymapHa HEBH3HAYCHICTh pPE3YyIbTaTy BHUMIpIO-
BaHHS MOJAETHCA SK:

UE = uizrlst + u(?al + uszamp + ut2urb + u[23r007 )
Ie Ui — CTaHIapTHI HEeBH3HAYCHOCTI OKPEMHX CKJIaJIo-
BHUX (IHCTpyMEHTalbHA, KanmiOpyBanbHa, Bigbopy mpoo,
TypOYIEHTHOCTI); Uproc — CKJIAJIOBa, TIOB’s3aHa 31 CTOXa-
CTHYHOIO MIHJIUBICTIO TEXHOJIOTIYHOTO MPOIIECY .

OcTraHHs1 BU3HAYAETHCA Yepe3 AUCIIEPCII0 IHTEHCH-
BHOCTI THJIOBU/IIICHHS:

) oc \

u proc = % (10)

Dg.

3anpornoHoBaHa MOJAENb JI03BOJISIE PO3ALIUTH MET-
pororiuHy Ta (Qi3MYHy CKJIaa0Bi HEBU3HAYEHOCTI, IO €
MIPUHIMIIOBO BAYKJIMBUM JUISl IHTEPIIPETAllii pe3yIbTaTiB
y 3a/1a4ax OUBLTBHOT OE3MEKH.

ExcriepuMeHTanbHI  TOCTIUKEHHS  MPOBOAMIINCS
JUIL YMOB THIIOBOTO BiIKPHTOTO TipHUYOBHIOOYBHOTO
MATIPUEMCTBA 3 0araTo/PKEpeNbHOI0 CTPYKTYpOIO IH-
noBunieHHss. OCHOBHUMH 30HaMH KOHTPOJIIO BU3HAue-
HO JIUISHKM I1HTEHCUBHOTO TEXHOJIOTIYHOTO BIUIMBY,
TPaHCIIOPTHI KOpuIopu Ta nepudepiiHi  IUISTHKH
Kap’epy.

Po3rairyBaHHS KOHTPOJBHHUX TOYOK BHU3HAYAJIOCS
3 ypaxyBaHHSM HalpsIMKIB IepeBaXkalounux BIiTPiB, reo-
MeTpii Kap’epy Ta MOXKJIMBUX 30H HAKOIIMYEHHS THITY.

BumMiproBaHHs KOHICHTpALild MY 3IiHCHIOBAIH-
csi 13 3acTOCyBaHHSM KOMOIHOBAHOTO TIiIXOAYy, IO
BKITIOYA€ TPaBIMETPUYHI W ONTHYHI MeTonmu. J[is Kox-
HOI TOYKH BUKOHYBAJIACh CEPis BUMIPIOBAaHb i3 Pi3HUMHU
IHTEpBaJaMHl YCEpEJHEHHs, IO J03BOJMIO OLIHUTH
BILTUB 9aCcOBOT MiHJIMBOCTI TPOIIECIB.

OmHOYaCHO pEECTPYBAIHMCS METEOPOJIOTIiUHI Ta-
paMeTpH, 110 JI03BOJIMIIO CHOPMYBATH MACHB JaHUX JIJIsI
MOTATBIIOTO CTATUCTUYIHOTO aHATI3Y.

3 MeTOr0 MiBHIIEHHS JOCTOBIPHOCTI pe3yNbTaTiB
3aCTOCOBYBAJIUCS:

— IyOJIIOBaHHS BUMIPIOBAaHb PI3HUMH 3aC00aMH;

— KOHTPOIIb CTa01ILHOCTI MOKA3iB MPUIAJIiB;

— BUKJIIOYCHHS! aHOMallbHMX 3HAueHb Ha OCHOBI
CTaTHCTHYHHUX KPHUTEPIiB.

CepenHe 3HaUCHHS KOHICHTpALli{ BU3HAYAIOCH K.

—_ 1
C==>0,
L)

a JWCIIepcCis pe3ysbTaTiB:

(11)
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(12)

=L (¢ -cf.
n-17

JlomatkoBO BH3HAYajach aBTOKOpPEJAMiiHA (QYHK-
i BUOIPKY, IO JO3BOJHWIO OIIIHUTH YacOBY 3aJeikK-
HICTh BUMIpIOBaHb 1 OOIDYHTYBaTH iHTEpBal ycepel-
HEHHSI.

BropkeT HeBU3HaUeHOCTI (OpMyYBaBCs BIANOBITHO
1o pexkomenzaanii GUM i3 ypaxyBaHHAM crenudiku
MIOJIOBHUX BHUMIpIOBaHb. J{o ckiiasy OrOJDKETY BKIIOYEHO
IHCTpyMEHTaJbHY, KaniOpyBaJbHY, METOJOJOTIUHYy Ta
CTOXAaCTHYHY CKJIaIOBi. 3araibHa cTaHIApTHA HEBH3HA-
YEHICTh BU3HAYAJIACH K.

2 2 2
Uc \/ulnst + ucall +Usamp +Uturb + uproc + ustat (13)

IIpocTopoBa HEOAHOPIAHICTH MHJIOBHX IOTOKIB €
OCHOBHUM [DKEpeJioM HeBH3HadeHocTi. J[ms i1 owiHro-
BaHHS BUKOPHCTOBYBANACs IHCIIEPCis KOHLICHTpAUid y
PI3HUX TOYKaX BUMIipIOBaHHS:

Sspatial

Usamp = T

(14)

OTpuMaHi pe3yNbTaTH MiITBEPIAMIH, O IS BiK-
pUTHX Kap’€piB L CKJIaJoBa MOXeE IEPEBUIYBATH iH-
CTPYMEHTaJIbHYy HEBHU3HAUEHICTh Y JIEKiJIbKa pas3iB.

Onykryarii MWBUAKOCTI MOBITPSHOTO MOTOKY OLi-
HIOBAJIMCS 32 pe3yJibTaTaMU BHUMIpIOBaHb aHEMOMETpH-
yHUX napametpiB. TypOyJeHTHa CKiIaZoBa BU3HAYAIACh

K.
oC
Uurb =| =7 | OV

v (15)

Jie oy — CTaHAapTHE BIAXMICHHS IIBHIKOCTI.

BcTaHoBII€HO, 1110 32 HECTIPUSATIUBUX METEOPOJIO-
TIYHHIX YMOB BHECOK IIi€i CKJIaoBO1 MOXe focsrati 20—
30 % cymapHOi HEBH3HAYEHOCTI.

KommBaHHS iHTEHCHBHOCTI POOOTH TE€XHOJIOTiYHO-
ro oONagHaHHS MPU3BOIATH 10 JOJATKOBOI MiHJIIMBOCTI
KOHIICHTpALii.

Llst cxyamoBa OLIHIOBANACH Yepe3 TUCIEPCio 3Ha-
YeHb KOHIEHTpalild y Nepiogn aKkTHBHUX TEXHOJOTiY-
HUX OTEpaIliii.

Po3paxyHok po3citoBaHHsI 3iliCHIOBaBCs 3 ypaxy-
BaHHSAM YCiX (paKTOpiB BIUIMBY Ta HEOOXIAHUX IHCTpY-
MEHTIB JUIs PO3paxyHKy i aHamizy (puc. 1).

PeuoeuHa 03000 / 2302 Mun [aeposons) HELHPEPEHUIROESHWE 38 CKNaL0m

a0ao
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Puc. 1. Konnenrparii y 3alaHuX TOUKax po3paxyHKOBOTO
IIpOMMaiIaHINKy PIOKIBCBKOTO TPaHITHOTO Kap’epy
(m. Topiwni ITnaBni [ToaraBebkoi 061.)
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OTpuMaHi pe3yJbTaTH II0Ka3aJd, 10 BpaxyBaH-
HSl CTOXaCTHMYHOTO XapaKTepy HHJIOBHIIJICHHS MPHU3-
BOAMTDH 10 30UIBIIEHHS OI[IHEHOI PO3IINPEHOT HEBH-
3HayeHocTi Ha 15-35 % NOpIBHSAHO 3 KIACHYHHMHU
nigxonamu. lle cBiguWTH HpO cHCTEMaTHYHE 3aHU-
XKECHHS OLIHOK PU3UKY 32 BUKOPUCTAHHS CHPOINEHUX
METOJIUK.

YcTaHOBIIEHO, IO HAMOLTBIINI BHECOK y CyMapHY
HEBU3HAUCHICTH (DOPMYIOTH mporec BimOopy mpod i
TypOyJIeHTHA MiHJIUBICTh MOBITPSHOTO TIOTOKY.

Bognouac, iHCTpyMeHTalIbHA CKJIaZoBa y OimbIIO-
cTi BumnakiB He nepeBuinye 10-15 % 3aranbHOI HEBU-
3HAYEHOCTI.

3anpornoHoBaHa MOJENb JIO3BOJISIE TIOSICHUTH 3Ha-
YHI pPO3ODKHOCTI MDK pe3ysibTaTaMd BHMIpIOBaHb,
OTPUMaHUMH Y Pi3HI 4acoBi iHTepBaiu, Ta 3a0e3mneuye
KOpPEKTHY IHTepIpeTalilo JaHUX 3a OL[IHKU BiAMOBIIHO-
cTi HOpMaTUBHUM Bumoram [11].

OYHKIIIOHYBaHHSA TiPHAYOBHAOOYBHHUX MiATIPH-
€MCTB CyNPOBOKYETHCS (POpPMYBaHHAM HEOC3NEUHHX i
IIKIATTMBUX BUPOOHWYHX (PaKTOPIB, SIKI MOXKYTh CTBO-
pIOBaTH 3arpo3y 3I0pOB’I0 IPAIiBHUKIB, HACEJICHHIO
MPWIETINX TEPUTOPiIH 1 00’€KTaM KpHUTHYHOI iH(pa-
CTPYKTYPH.

Jlo Takux (akTOpiB HajJekaTh IHJIOBI aepo30ii,
ra3omno/iOHi MPOAYKTH 3TOPSIHHS, BTOPWUHHE IWIIIHHS
BiJl BiIBaJIB 1 TPAHCIIOPTHUX MOTOKIB.

VY cucremi 1MBIIBHOI O€3NEKU pe3ysbTaTh BHMi-
pIOBaHb KOHIEHTpALH 3a0pyIHIOIOUHX PEUYOBUH BHKO-
HYIOTh QYHKIIO iHpOPMAaLiifHOT OCHOBH IS

— OLIIHKY PiBHIB HeOE3IEKH;

— IIPOTHO3YBAaHHS PO3BUTKY HEOE3NEYHHX CHUTya-
1i;

— IPUIHATTS YTPaBIiHCHKUX PIllIEHb IIOI0 0OMe-
YKEHHsI BUpPOOHUYHX MPOLIECIB;

— BIIPOBAUKEHHS 3aXUCHUX 3aXOJIiB;

— iH(OopMyBaHHSI OpraHiB MiCI[EBOTO CaMOBPSY-
BaHHS Ta CIIy>KO LUBLIBHOTO 3aXHUCTY.

[Ipote, MpUHHSTTS pillleHh HA OCHOBI BUMIPIOBaHb
0e3 ypaxyBaHHS X METPOJIOTIYHOT HEBU3HAYCHOCTI MO-
K€ TPU3BOJAUTH SK IO HENOOIIHKH DPIiBHSI HEOE3IeKH,
Tak i 10 HeOOTPYHTOBaHUX OOMEXCHb BUPOOHHUITBA. Y
BUIIaJKaX, KOJM BHUMIPSHI KOHIEHTpalii 3HAXOAATHCS
MoOJIU3y TPaHWYHO AOIYCTUMHX 3HA4YEHb, caMe BElH-
YYHA HEBM3HAYEHOCTI BH3HAYA€ IPABWIBHICTH KIACH-
¢ikarii curyamii sk 6e3medHOi a00 MOTEHIIHHO Hebe3-
TEYHOT.

3anpornioHoBaHa y poOOTi MOIENb J03BOJISIE Tie-
pedTH Big JeTepMiHOBAHOI OIIHKM KOHIICHTpAIid 0
WMOBIPHICHOT OIliIHKM HeOe3IekH, M0 BiAMOBIZaE Cy-
YaCHMM TPUHIWIIAM YIPaBIiHHA pH3UKaMH y cdepi
LUBIUIHHOT Oe3MeKy.

VY paMkax KOHIEMNIii IUBUIbHOI Oe3MeKu pe3yiib-
TaT BUMIPIOBaHHS KOHIIEHTpaLii ATy PO3IIISAAETHCS K
BHUIIaJIKOBA BEJIMYHMHA!

CzN(C,uCZ), (16)
ne N — crangapTHe 1O3Ha4YeHHS HOPMaJbHOTO (TaycCiB-
CBKOT0) PO3MOATy 3 MaTeMaTHYHUM CIOiBaHHSIM i
TUCTIEPCIE€I0, IO JA03BOJISIE BU3HAYUTH WMOBIPHICTD ITe-
PEBUINEHHS TPAHNYHOTO 3HAYEHHS:

P(C > Clim) =1-0((Ciim —C ) Juc ), (27)
ne @ — GyHKIIsI HOPMAJIBHOTO PO3IOILTY.

OTxe, 3aMicTs OiHApHOI OMIHKH («TIEPEeBUIICHHS /
BIJICYTHICTb TIEpEBHUIICHHI») (OPMYEThCA KUTbKiCHA
OIIiHKA PHU3HKY, sKa MOKe OyTH BUKOpPUCTAHA IA:

— PaHHBOTO IIONEPEIDKCHHS HEOE3MEeYHUX CHUTYa-
IiH;

— aIaITHBHOTO YTIPABIIHHS TEXHOJIOTIYHUMH IIPO-
Lecamu;

— onTuMi3anii peXXuMiB MIJIONPUTHIUYEHHS;

— (opMyBaHHs CleHapiiB pearyBaHHs CIIykO IH-
BUIHLHOTO 3aXHUCTY.

Oco0nMBOT aKkTyaJbHOCTI I1e HaOyBae s Kap’epiB,
pO3TalIOBaHUX MOOJIM3Y HACEIEHMX IYHKTIB, JIe IHJIOBE
3a0pyIHEHHS MOXKE MaTH TPAHCKOPIOHHHII XapakTep y
MeXax JIOKaJbHOI TepuTopiaipHOi rpomanu. Haykosa
HOBH3HA OTPUMAHHX PE3YJIbTATIB MOJIATAE Yy TAKOMY:

1. Po3po01i MaTeMaTH4HOI MOZAET METPOJIOTIYHOT
OILIIHKA Pe3yJIbTaTiB BUMIPIOBaHb MIJIOBHX JDKEPEI Tip-
HUYOBUIOOYBHOTO MIANPUEMCTBA 3 ypPaxyBaHHSIM Typ-
OyJICHTHOT MiHJIMBOCTI MOBITPSIHOTO TOTOKY Ta CTOXAc-
THYHOT'O XapakTepy MUJIOBUIIICHHS.

2. Brnockonanensi migxony no ¢opmyBaHHs Oto-
JDKETy HEBHU3HAUCHOCTI LUISIXOM YBEJCHHS CKJIAJI0BOI,
HOB’sI3aHOI 3 TypOYJCHTHUMH (UIYKTyallisiMH Ta IMpOC-
TOPOBOIO HEOTHOPIAHICTIO MIJIOBUX TTOTOKIB.

3. 3ampomnoHyBaHHI MiOX0My A0 BUKOPUCTAHHS pe-
3yJBTaTiB METPOJIOTIYHOI OIHKA y 3a/1a4ax YIPaBIiHHS
pusukamu y cepi DuBiIIBHOT Oe3MeKH.

[TpakTHyHe 3HAYCHHS POOOTH MOJATAE Y MOXIIH-
BOCTI BUKOPUCTAHHS 3aIIPOIIOHOBAHOTO MiAXOIY JUIS:

— MIIBUIICHHS TOCTOBIPHOCTI CUCTEM €KOJIOT1YHO-
r0 Ta BAPOOHUYOTO MOHITOPHHTY;

— OOTpYHTYBaHHS 3aXOJiB 3HIDKCHHS MHJIOBOI'O
HaBaHTaKCHHS;

— MATPUMKU NPUHHATTS PillieHb ciyk0amu IUBi-
JBHOTO 3aXHUCTY;

— 3MCHIICHHS PU3HKIB BIUIUBY TEXHOTCHHHX (ak-
TOpIB Ha TIEPCOHAN 1 HACEIICHHSL.

BucnoBku

1. MetpornoriuHa OI[iHKa pe3yJbTaTiB BUMIPIOBaHb
€ HeoOXI/IHOI0 YMOBOIO JIOCTOBIPHOTO BH3HA4€HHS PiB-
HIB TEXHOTEHHOTO 3a0pyTHEHHS TipHUYOBHI00YBHHX
T ATPHEMCTB.

2. OCHOBHMMH JpKEpeslaMH HEBU3HAYECHOCTI € He-
CTaOUIBHICTh TEXHOJIOTIYHHX IPOILECiB H OCOOIUBOCTI
BiZI0OpY Mpo0 y CKJIAJHUX BUPOOHUUMX YMOBaX.

3. 3anponoHoBaHa MaTeMaTHYHa MOJIEIb JO3BOJISIE
KOMIUIEKCHO OIIHIOBAaTH BIUTHB ()aKTOPiB BUPOOHNIOTO
CepeOBHINA Ha PE3yIbTaTH BUMiPIOBaHb.

4. YOpoBa/UKEHHS METPOJIOTiYHO OOTPYHTOBAHUX
MPOLIEYp CHpPHSE MiIBUIICHHIO €(PEKTUBHOCTI CHCTEM
€KOJIOTO-BUPOOHNYOT0 MOHITOPHHTY H yNpaBIiHHS Te-
XHOTCHHOIO 0€3IEKO}0.

Bukopucranas 3aco6iB IITYYHOT0 IHTEJEKTY

ABTOp MiATBEPIKY’, IO HE BUKOpUCTOBYBad Tex-
HOJIOT1{ MITYYHOTO iHTEJIEKTY MPHU CTBOPEHHI MPEICTaB-
JIEHOT poOOTH.
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Metrological evaluation of the results of measurements
of sources of technogenic pollution at a mining enterprise

Yevhenii Lashko

Abstract. Relevance. The mining industry is one of the most environmentally burdensome industries, whose activ-
ities are accompanied by the formation of significant amounts of dust, gaseous emissions, aerosols, and secondary pollu-
tion of territories. Object of research: mathematical model of metrological assessment of measurement results. Purpose
of the article. Development of a scientifically sound approach to the metrological assessment of measurement results of
sources of man-made pollution at mining enterprises, taking into account measurement uncertainty and factors influencing
the production environment. Research results. The article discusses the issue of metrological support for measurements of
sources of man-made pollution at mining enterprises. The necessity of using metrologically verified measurement methods
to ensure the reliability of environmental monitoring results is substantiated. An approach to evaluating measurement re-
sults based on the analysis of errors, measurement uncertainty, and compliance of results with established regulatory re-
quirements is proposed. A mathematical model for evaluating the total uncertainty of measurement results for pollutant
concentrations in the air and on the surfaces of mining enterprises has been developed. Conclusions. The implementation
of metrologically sound procedures increases the reliability of environmental assessment of anthropogenic impact and the
effectiveness of environmental and industrial safety management. Scope of application of the obtained results: the results
of measurements of pollutant concentrations form the basis for management decisions, the development of environmental
protection measures, and the assessment of risks to personnel and the population.

Keywords: metrological support, standardization, man-made pollution, mining enterprise, measurement uncertainty, en-
vironmental monitoring, dust pollution.
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MOJEJJTIOBAHHA HOIMAPEHHA EJIEKTPOMAT'HITHHUX ITOJIIB
TA OITUMIBAIIA EOEKTUBHOCTI 3BAXUCHHUX KOHCTPYKIIU

AHoTanisi. JlocmikeHO 3aCTOCYBaHHSI MOJIEIIOBAHHS MOIIMPEHHS EIEKTPOMATrHITHUX NOJIB HAaJHU3BKHX, YIBTPABHUCO-
KHX 1 BUIIMX YacTOT I ONTHMIi3alii 3aXMCHUX BIACTHBOCTEH Ta pO3TallyBaHHs €JIeKTPOMarHiTHHX ekpaHiB. IIpoBeneHo
MOJICTTIOBAaHHS PO3IIO/IITYy MAarHITHOTO HOJIST IPOMHUCIIOBOT YacTOTH Y TiJIl JIFOJMHH, BKPHTOMY 3aXHCHHM OJsToM. BeraHoB-
JICHO, 110 32 MIEBHUX YMOB YIIIIbHEHHS MarHiTHOTO IOTOKY MOJKJIMBE MiJBHUILEHHS PiBHSA MarHiTHOTro moist. OTpuMaHa Mo-
JIeJIb, sIKa JO3BOJISIE TIPOEKTYBATH 3aXUCHUH OJAT BUCOKOI €()eKTHBHOCTI, HA OCHOBI MOJICTIOBaHHS MOLIMPEHHS MarHiTHUX
TOJTiB eNeKTPUYHHUX MAIMH, HATAaHO PEKOMEH/IAIII] 1010 PO3TAlllyBaHHS MarHITHUX eKpaHiB moTpiOHOI edexTuBHOCTI. [To-
Ka3aHo, III0 32 YMOBH HEMOHOTOHHOCTI 3MiHH HAaIPY>KEHOCTI MarHiTHOTO MOJIA 3 BiICTAaHHIO BiJl €JCKTPHYHOI MAllIHH, Ma-
THITHUI eKpaH MOBHHEH PO3TAIIOBYBAaTHCS SK HaJali Bil TOYOK 3MiHH HAIPsIMKY BEKTOpA MarHiTHOTO IOJIs (TOYOK HYJIBO-
BOTO 3HAYEHHs HAIPYKEHOCTI 110J1s1). MeTo0M MOJIeNIIOBaHHS 3MIHN HANPY)KEHOCTI TEXHOT€HHOTO Ta I€OMAarHiTHOTO MOJIs
3aXHUCHOIO (h)epOMAarHiTHOIO KOHCTPYKIII€I0 BU3HAYEHO MEXi MAaKCHMAJIBHO MOJKIIBOTO €KpaHYBaHHS TEXHOTEHHOTO MarHiT-
HOTO 1107151 O€3 3HIKSHHS HAIPy)KEHOCT] IPHPOJHBOT0 MAarHiTHOTO HOJISL HIDKYOT 32 HOpMaTHBHI 3Ha4eHHs1. [oka3aHo, 1m0 Mo-
JETFOBAaHHS MMOLIMPEHHS €IEKTPOMArHITHUX TOJIiB YaCTOT MOOUIBHOTO 3B SI3KY JOLIJIBHO BUKOPHUCTOBYBATH HE TUIBKH IS PO3-
PpOOIEHHS cXeM po3TallyBaHHs 0a30BHX CTAHIIIH, a i 11 3HIDKCHHS PiBHIB BUIIPOMIHIOBaHHS CaMUX 3ac00iB 3B s13Ky. CUrHamM
6a30BUX CTaHIIIi HABITH 32 3a0€31E€YEHHs HAMIIHOTO 3B’ 13Ky He IOBUHHI OyTH Hibkdi 3a 0,12-0,15 MkBT/cM2. ¥ 11bOMY BHIIAIKY
BUIPOMIHIOBaJIbHI BIIACTHBOCTI OLTBIIOCTI MOOLIBHHX TeNe(OHIB 3aIHIIAIOTHCS Ha MiHIMAaJIbHOMY piBHI. B yMoBax mepexomy
MOOLITBHOTO 3B’513Ky Ha cTaHaapT 5SG BinOyBaeThCs MiABUIICHHS TPAHUYHO JOITYCTUMUX PIBHIB, 0 00yMOBIICHE 301IBIICHHIM
po06OoYNX YacTOT OOJIaAHAHHS Ta IMiABUIICHHSIM 3racaHHs ITOTY)KHOCTI 3 BiICTAaHHIO. Y TaKMX yMOBaxX 4acTHHa OyaiBesb MoTpe-
Oy€e JT0JJaTKOBOTO €KpaHyBaHHS BiJl €JICKTPOMArHITHUX BIUIMBIB. HaromoieHo, mo MarHitTHi Ta enekTpodi3udHi BIACTHBOCTI
3aXHCHHX MaTepialliB MaroTh YaCTOTHY 3aJIeXKHICTh. TOMY pO3paxyHKOBI pe3yJIbTaTH pa3oM 3 IEBHUMH CHPOIIEHHIMH 1 PHITY-
LIEHHSMH [IPY 31HCHEHHI MOACTIOBAHHS MOXKYTh IaBATH IIEBHI MOXUOKHU. 3 ypaxyBaHHIM LBOTO Y IPOEKTHI PilICHHS TOLUTEHO

3aKiIa1aTH 3amnac epeKTHBHOCTI 3aXHCTY JFOJEH Ta BIUIMBY HA CTaOUIBHICTE pOoOOTH 008 THAHHS.

KnaouoBi c1oBa: MozenoBaHHs, eJIEKTPOMarHiTHe I0JIe, eJIEKTPOMarHiTHUN eKpaH, ONTHMi3allis.

Beryn

MonentoBaHHS TOIIUPEHHS EJIEKTPUYHHUX, MarHiT-
HUX Ta €JIEKTPOMArHITHUX IOJIB PI3HUX aMILIITYHO-4Yac-
TOTHHUX XapaKTEPHUCTUK € HalOUIbII epeKTMBHUM METO-
JIOM TIPOTHO3YBaHHs €JIEKTPOMAarHiTHOi OOCTaHOBKHM Ha
CTaAisIX MPOEKTYBAHHS 3a0y/I0BH, PO3MIIIECHHS €JIEKTPO-
TEXHIYHOTO O0ONagHaHHA Tomo. Lle J03BOJISE OLIHUTH
BIUTUB €JIEKTPOMArHiTHUX I0JTiB Ha HaCEJIEHHS 1 ITPaLfolo-
YHX Ta 3a0e3IeYUTH HOPMATHBHI PiBHI €J1eKTPOMAarHiTHOT
CYMICHOCTI €JIEKTPHYHUX Ta EJIEKTPOHHHUX IIPUCTPOIB.

Y nporieci MoEIOBaHHS 3aBXK/IU HEOOX1IHO Bpaxo-
BYBAaTH MOXHOKK 00YHCIICHb BHACITIIOK HASIBHOCTI MIEBHUX
NPUITYLIEHh Y MaTeMaTHYHUX (QYHKLISAX, SIKI OMHUCYIOTh
3aKOHOMIPHOCTI  PO3MOBCIO/PKEHHS  €JIEKTPOMAarHiTHUX
TIOJIIB Y 3aJISKHOCTI BiJl IX aMILUTITYJHO-4aCTOTHUX Xapak-
TEpUCTHK. Y 0araTbox BHUIIJKaX MOJIETIOBaHHS TOBUHHE
BpaxoBYBaTH HAasBHICTb IEPEIIKO, HAIPUKIIAJ, MarHiT-
HUX Ta eJEeKTPOMarHiTHUX €KpaHiB, CTiH OyaiBelb, 3eie-
HUX HAaca/pKeHb TOLIO. AJie IPH LBOMY HEIOCTaTHHO
yBaru NpUIUTSETHCS MEXKaM MOJZICITIOBaHHsI, TOOTO BicTa-
HSIM, Ha SIKUX MPOTHO3YIOTHCSI HAIPYKESHOCTI TIOJIIB, IIIiTb-
HOCTI TOTOKiB eHeprii. dopmaibHO eNeKTpOMarHiTHe
TI0JI€ PO3MOBCIOKYETHCS HA HECKIHUEHHIH BiJICTaHi, TOMY
JOIITFHO BM3HAYHUTH KPHUTEPii IPOCTOPOBHX OOMEXEHBb
MOJIeIOBaHHA. KpiM TOTO, ISl €IeKTPOMarHiTHUX IOJIiB
PI3HHX YacTOT Ta aMILTITYJ] iCHYIOTh TPAHUYHO JIOITYCTHMI
PiBHI BIUTMBY Ha 010JIOTi4HI 00 €KTH Ta EJNEKTPOHHI MpH-
nagy. KopekTHe BU3HaYeHHS TaKUX KPUTEPIiB MiABUIUTH
eEeKTHBHICTh 3aCTOCYBaHHS MOZENIOBAHHS NOIIUPECHHS
€JICKTPOMArHiTHHX TIOJIIB Ta 3HU3UTh OOCSTH OOYHCIICHB.

CTaH nuTaHHga

IcHye Garato NOCHiPKEHb LIOJIO MOJEIIOBAHHS I10-
HIMPEHHS EIEKTPHYHUX, MarHiTHUX Ta €JIEKTPOMAarHITHUX
moJiB. 3 ypaxXyBaHHSAM MPAKTUYHUX TOTPeO HaWOLIbIIe
yBar" TPUIULIETBCS TOIINPEHHIO MAarHiTHOI CKIJIaJI0BOT
€JIEKTPOMATHITHOTO TIOJISI TIPOMHCIIOBOI YaCTOTH Ta €JIEKT-
POMArHITHUX TOJIB YJIbTPaBUCOKHX Ta HA/IBUCOKHX YacTOT
(yci Bumu 6e3aporoBoro 38’s13ky). Jocmimkennst [1] nprc-
BSTYCHO BU3HAYEHHIO MOIIMPEHHS MarHiTHUX Ta €JIeKTPHUY-
HUX ITOJTiB BUCOKOBOJIBTHHX JTiHIMH eleKTpornepeaayi. Merto-
JIOJIOTiSl TAKOTO MOJIETIOBaHHs 00pe ompanboBana [2].
Alle y NesKuX BHIAAKax CTPYKTYPH MarHiTHUX MOJIB JIO-
cuth ckiIaaHi. Lle cTocyeThest eIeKTPOTEXHIYHOro 00aI-
HaHHS, K€ TeHEepYe€ KiJIbKa MPOCTOPOBUX FAPMOHIK MarHiT-
Horo mons [3]. Y mociimkeHHi [4] HagaHO METOHOJIOTIIO
MO/ICITFOBAHHSI TIOIMPEHHSI MarHiTHUX T0JIiB MHOXHWHHHUX
Jokepent. Bepudikartis pe3ysibraTiB MOAEIIOBaHHS CBITYUTH
PO MPUAHATHY 301KHICTh TCOPETUYHHX Ta SKCIICPHMCHTA-
JGHMX JIaHUX. MOJIETIOBaHHS MOIIMPEHHS €IeKTPOMAarHiT-
HHX IT0JIiB YJIbTPABUCOKUX Ta BUIIMX YaCTOT 3/IHCHIOETHCH,
BHXOJISTYM 3 TIOTY)KHOCTI BHITPOMiHIOBadiB a00 HA OCHOBI 1X
TEXHIYHUX JaHHUX [5]. 3aKOHOMIPHOCTI HOIIMPEHHS TaKHX
€JIEKTPOMArHITHHUX TOJIB J0Ope BiZOMi i BpaxOBYIOTh Ha-
BiTh BIUIMB BIIOMBaOUMX IOBepXOHb [6]. Jiarpamu crps-
MOBAHOCTI TakKHX TIOJIiB JIOCUTh MpOCTi — ceprana abo
OIYKJIMI TiIECHUH KyT. AJjie cami 1o co0i MOJET MOIH-
PEHHSI €JEKTPOMArHiTHUX IIOJIIB MOKHA 3acTOCYBaTH
TUIBKY JUIsl BU3HAUEHHST M€K TPAHIMYHOT'0 JOITYCTUMOTO Pi-
BHsI, HANPY>KEHOCTI 10JIs 200 IIUIBHOCTI MOTOKY eHeprii. Y
0araThbOX BHIAJKaX IHOTO HEAOCTATHBO. 3a BHCOKHX
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3HAYCHb TOJIIB HEOOXiJJHO BU3HAYUTH HAHOUIBII ONTHAMA-
JIbHI MiCIIst po3TanryBaHHs 1 KOH(}Iryparii 3aXuCHIX KOHC-
TPYKIIH — MarHITHUX Ta €JIEKTPOMarHiTHUX expaHiB. L5 3a-
Jlaya HeOTHO3HAYHA. 3aXHMCHI BIACTUBOCTI MaTepiaiB 3aJie-
)KaTh BiJ aMIUTITY/THO-4aCTOTHHX XapaKTEPUCTHK €KPaHO-
BaHMX IIOJIB, IO BUIUTMBAE 3 (PYHIAMEHTAIBHUX CIIiBBiI-
HOIIIEHb EJISKTPOIMHAMIKY CYITBHUX cepenoBul. Jlo Toro
K, CyJacHI KOMITO3HITIHHI MaTepialv IJIsl eKpaHyBaHHS eJie-
KTPOMArHiTHHX TIOJIB 3 KEPOBAHUMH KOS(illieHTaMH eKpa-
HyBaHHS MalOTh BUCOKY BapTiCTh Yepe3 CKIAHICTh TEXHO-
Jiorii BUTOoTOBNIEHHS [7]. TOMY IOIIBHO MOCHIAATH MOXK-
JIMBOCTI ONTHMI3aLlii 3aCTOCYBaHHsI T PO3TallyBaHHS 3aXH-
CHHMX KOHCTPYKIIM JJIs TiJBHIICHHSI EJICKTPOMArHiTHOI
Oe3reKH Jiro/ieil Ta 3a0e3neueHHs eNeKTpOMarHiTHOI cymic-
HOCTI eJIEKTPHYHOTO Ta eJIEKTPOHHOTO 00J1aJHAHHSI.

MeTo10 D0CTiIZKEHHSI — 3aCTOCYBAaHHS MOJIEINIO-
BaHHS TOIIUPEHHS eEKTPOMArHiTHUX IOJIB ISl OITH-
Mi3amil 3aXUCHUX BIACTHBOCTEH 1 PO3TAIyBaHHS eKpa-
HYIOUHX KOHCTPYKLIH.

BuksiageHHsI 0CHOBHOI0 MaTepiany

MeTonoJIoriuHi MiAXO0AU 10 MOJEIIOBAHHA HU3LKO-
YaCTOTHHX Ta BUCOKOYACTOTHHX EIEKTPOMArHITHHX ITOJIB
BIIPI3HAIOTBCS. Y OaraTbOX BUMAAKaX Ul BH3HAYCHHS
MOIIMPEHHS MAarHITHOTO TIOJISI IIPOMHKCIIOBOT YaCTOTH He-
00XigHO 3a0€3MeYUTH BUCOKY TOYHICTB, IO 00OYMOBJICHE
HEOOXiTHICTIO HOTO IOIMIUPEHHAM Y 0OMEXEHUX 00’ €Max
Ha Manux BincTawsx. Lle mpoektyBaHHS TpaHC(opmaro-
piB, BUCOKOBOJIBTHHX KaOeiB. JJisi TAKOTO MOJICITIOBAHHS
31e0LTBIIOr0 BUKOPUCTOBYIOTH 3acoou COMSOL. Moge-
JIFOBAaHHSI MOIIUPEHHsSI MarHiTHOro IoJsi OyJio 3acToco-
BaHO JUIsl IPOEKTYBAHHS 3aXMCHOTO OJSITY, BHI'OTOBJIE-
HOT'0 3 TEKCTUIILHOTO MaTepiajly, HaCH4eHOro (hepoMarti-
THMMHM HaHOYaCTHHKaMU. BUnpoOyBaHHs 1bOro Marepiary
y 1ab0pPaTOPHUX YMOBAX 3 BUKOPUCTAHHSM MOBIPEHOTO BH-
MIpIOBAIILHOTO 00JIaTHaHHS Ta KOPEKTHOT METOMKH MOKa-
3aJ10, 10 BiH Ma€ BEJMKUH KOS(Ii€HT eKpaHyBaHHS Mar-
HITHOTO MOJIS IPOMHUCIIOBOT YaCTOTH 1 HOr0 MOKIJIMBO BH-
KOPHCTOBYBATH JUIsl BATOTOBJICHHS 3aXUCHOTO Oy Hpa-
LiBHUKIB, sIKi OOCIyTrOBYIOTH E€IEKTPOTEXHIYHE O0al-
HaHHs. [Ipy 37iiiCHeHI MOJIETIOBaHHS BBAXKAIIOCS, 11O yCe
TIJIO JIFOMMHK BKPUTE 3aXUCHUM MaTepiaiom (puc. 1).

0.9 0.9
| 0.8 10.8
= =
u 0.7 0.7
W M in: 0.6 Min: 0.6
a 0

Puc. 1. Po3nonin iHAyKuii MarHiTHOrO MOJIS Y Tiji JIOAWHH,
BKPHUTOT 3aXMCHUM MatepiajoM: a — JII0ANHA TIOBHICTIO
BKPHTa 3aXUCHUM MaTepianoM; 6 — 3axucHuil Marepian
BKPHUBAE TOJIOBY 1 CIIa/iae Ha IUIeYi Y BUIIISI HAKUJIKH

Sk BuzHO 3 puc. 1, a, 3aXMCHUH Iap B LIJIOMY €Kpa-
HY€ 30BHIIIIHE MarHiTHE MOJIC, aJic B 00IACTI MU IHYKITis
MarHiTHOTO TOJISI He 3HWKYEThCS, a MiBUIIy€eThesl. Take
SIBUILIE MOYKHA TIOSICHUTH THM, IO JIiHIT MarHiTHOTO IOJIS,
MpoTiKao4Yy (EepOMArHITHUM LIAPOM YLIUIGHIOIOTBCS Y
obmacti mmi. ToOTo 30LMBIIYETHCS MArHITHHH IOTIK B
YCbOMY MiCIIi 1 TIOJIe TIPOHUKAE Y BHYTpIimHIA 06’eM. Le
HEMOXJTMBO BHSIBUTH 32 BUKOPUCTAHHS CTaHAAPTHUX Me-
TOJVK BU3HAYCHHS €(EKTUBHOCTI 3aXHCHOTO OJATY, SIKi
nepen0avaroTh BUMIPIOBAaHHS Y 00JIaCTi TOIOBH, TPYIHOT
KIIiTKH Ta maxy. Ha puc. 1, 6 BUIHO, 0 3a PO3MOALTIOM
MarHiTHOTO MOTOKY I10 OUIBIIIH IUIOII 3aXHUCHI BJIaCTUBO-
CTi OJIATY MiJBHINYIOThCS. OUEBHIHO, 110 OJJHOYACHE BHU-
MIpIOBaHHS 3HAUCHB IOJTIB y 0araTb0X TOYKaX JyKe CKia-
JIHE, TOMY 3aCTOCYBaHHS MOJICIIFOBaHHS ITOLIMPEHHS Mar-
HITHOTO TOJISL TO3BOJISIE JIOCSATTH 0a)KaHOTO PE3yJIbTaTy.

V [3] noka3zano, 110 I YOTHPHUITOIFOCHUX €ICKTPH-
YHUX MAIIMH MarHITHE MOJIe XapaKTepPU3yEThCS KiTbKOMa
MIPOCTOPOBUMH TapMOHikaMu. Li TapMOHIKM MalOTh pi3Hi
3aKOHOMIPHOCTI 3HM)KCHHS 3 BIJIICTaHHIO, TOMY CyMapHe
MarHiTHE [0JIe 3MIHIOEThCS] He MOHOTOHHO: 3HIDKEHHS Ma-
THITHOTO TIOJISL IOCATAE HyJILOBOTO 3HAUCHHS, 3MIHIOE Ha-
IPSIM 1 3HOBY MiBHIILY€ETHCS 32 MOAYJIeM. MoiemoBaHHs
TMOLIMPEHHS MarHiTHOTO IOJISl €IEKTPUYHUX MAIIWH 3711~
CHIOETBCS HA OCHOBI PO3B’sI3Ky piBHsIHHS ['ayca ams cka-
JSIPHOTO TOTEHIany. 3 MPaKTUKH BiJIOMO, IO KPUTHY-
HUMH JIJIs1 IHTETPaIbHOIO 3HAYCHHS MATHITHOT'O TI0JI € JIB1
MIPOCTOPOBI rapMOHIKH. JIJ1s1 HAWOLIBII MOIIUPEHUX YOTH-
PHITIOTIOCHNX MAIIHH II¢ JUIOIbHA Ta KBaJAPYIIOJIbHA rap-
MoHikH. Hanpy»keHicTh CyMapHOTO MarHiTHOTO TI0JISI BH-
3HAYAETHCA 3 MiICYMKOBOTO CITiBBiTHOIIICHHS:

H Z(Ro/R)3X6.11XCOS¢><Sin(9+

+(R0/R)4 X 8y C0S 2 x 5in’ 6.

ne Ro — yMOBHMH pajiyc eNeKTpUYHOI MalluHH,
R — BimcTaHb 70 €NEKTPUYHOI MAIIWHU, 811, Q22 — AMILTi-
TYJIHI 3HAUEHHS JAUIOJIBHOI Ta KBaJPYIOJIbHOI FAPMOHIK
MarHiTHOTO MOJIsl, ¢, 6 — KyTH MOJISIPHUX KOOPJIUHAT.

Byo 3ailficHeHO MOeTIOBaHHS TOIIMPEHHS MarHi-
THOTO ITOJISL JUISl Pi3HUX 3HaY€Hb MPOCTOPOBUX TaPMOHIK
MarHITHOTO TIOJIST Ol KOPITyCY eNeKTPUYHOI MAIIWHU.
Baaxanocs, uo R = 2k (puc. 2).
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Puc. 2. 3mina MOy I HANPYKEHOCTI MATHITHOTO MOJIS
€JICKTPUYHOI MAIINHH 3 BiJICTAHHIO 32 Pi3HUX 3HaYEeHb
JUIIONEHOT Ta KBAIPYTIOIBHOI TapMOHIK

164



ISSN 2073-7394

CucreMu yrpaBiiHHs, HaBirarii Ta 38's3ky. 2026. Ne 1

3 MPaKTHUKH BIJJOMO, IO AWIIOJIbEHA TapMOHIKa CKJla-
nae 0,2—0,5 KBagpyIoJIbHOT, aJic BOHA CIAJIae MOBLUIBHIIIIE,
110 ¥ 00YMOBITIOE HAsIBHICTh TOYOK HYJIBOBOTO TOJISL. 3 pHC.
2 MOXHA JIIATH BUCHOBKY, IO 31 3MIHOK BUXITHHX HAIpy-
YKEHOCTEI MarHiTHOTO 105151 KOOPJIMHATH TOUKH HyJIHOBOTO
3HAYCHHS MATHITHOTO TIOJISI HE 3MIHIOIOTECS, TOMY ITFO 30HY
MOYKHA BB)KaTH OE3IIEYHOIO 3 TOYKH 30Py CIEKTPOMArHiT-
HOI 0e3neku. AJle TIOTYXHi eIeKTPUIHI MAIlHHN TeHepy-
FOTh MarHITHI TIOJIS1 BUCOKHX aMILTITY, III0 00yMOBITIOE He-
00ximHiCTh X eKkpaHyBaHHA. HaBemeHi Mozerni MOXKHa BH-
KOPHCTATH Ul OOMpaHHS MICII PO3TAIlyBaHHS MarHiT-
Horo ekpaHa. Lle po3ranryBaHHs He MOke OyTH JOBUTBHUM.
Hanpukotaz, SIKIO MarHiTHUH €KpaH BUMAJIKOBO PO3TaILLy-
BaTH y 30Hi HYJILOBOTO MOJIS, TO Horo eyeKTUBHICTH Oynie
He3HayHa. Po3raryBaHHS MarHiTHOro €KpaHa y 30H1 BUCO-
KOi HaNpy>KeHOCTI MarHiTHOTO ITIOJIS PaBOpyY BiJ| HYJIBO-
BOi TOUKH (pHC. 2) (paKTUYHO 3HIKYE BHUXIIHI HAIPY KEHO-
CTi TIOJIA 1 PO3IIUPIOE 30HY Oe3MeYHOTo ImepeOyBaHH i Te-
pecyBanHs moaei. [Ipn mpoMy citin BpaxoByBatH, 1o 3a
BHCOKHX HAIpPy>KCHOCTEH MarHiTHOTO TIOJIS TOTPiOHMH eK-
paHyrourii MaTepia OUTBIIOl TOBIIMHY a00 OLTBIIOT BiTHO-
CHOT MarHiTHOI IpOHMKHOCTI. Mloro mapamerpn onTumizy-
IOTBCSI, BUXO/SIUM 3 BU3HAUCHHS HEOOXITHOTO 3HIKEHHS
Hamnpy>KeHOCTI MarHITHOTO TIOJIsl Ta BapTOCTI 3aXUCHOT KOH-
CTpyKIi. Y gocimipkeHHsx [8] mokasaHo, 1o MacHBHI (e-
POMAarHITHI 3a3eMJICHI KOHCTPYKLIi eKpaHyIOTh MPHPOJHE
TeOMAarHiTHE MMoJie 1 HaBEICHO MOJICII 3HW)KCHHS HAIIPyKe-
HOCTI T€OMarHiTHOTO HOJIst OyAiBEIbHUMH KOHCTPYKISIMH.
AKTyaJbHICTh TaKuX poOIT 00yMOBJIeHA iCHYBaHHIM HOP-
MAaTHBIB, sIKi OOMEXYIOTh 3HIKCHHS T€OMAarHiTHOTO TOJIS
(TimoreoMarHiTHe ToJIe), M0 MIKIAJIHBO LIS 30POB’SI JIFO-
neit. [HAyKIis MpUpoTHEOrO0 MarHiTHOTO TOJIS CKIIAIa€ Ha
Tepuropii Ykpaiau npudmizao 50 MxTir. Tomy y BUpoOHH-
YUX YMOBaX IIeH TOKa3HMK MOXKe OyTH HIDKYUM 3a 25
MK T, y sxumiioBomy cepeznoBuiii — 30 MKTTY BUpOOHHUHMX
YMOBaX I1¢ KOHCTPYKIIIT 11 eKpaHyBaHHS MarHITHUX TOJTiB
€JICKTPOTEXHIYHOTO O0JIaHAHHS, Y MOOYTOBUX — €KpaHH
BOyJJOBaHMX TpaHCc(OpMATOPIB, BUCOTHHUX OyIiBelb, CH-
JIOBi (hepOMarHiTHI KOHCTPYKILi TOLIO. 3aKOHOMIPHOCTI
3MIHM 1HIYKIIT MarHiTHOro MOJIsi MPOMHUCIIOBOT 4acTOTH 1
TeOMarHiTHOTO TOJIS 32 OZIHAKOBUX IapameTpiB (epomar-
HITHOT eKpaHyr040i KOHCTPYKIIii HaBEICHO Ha PHC. 3.
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Puc. 3. 3anexHicTh 3HWKEHHS IHAYKIIIT MarHITHOTO OIS
Bil yMOBHOI TOBIIMHH 3aXHCHOTO €KpaHa:
s — MATHITHE T10JIC TIPOMHCIIOBOT YaCTOTH,
— reOMarHiTHE I10JIe

I"os10BHOIO 33/1a4€10 MOJICIIIOBAHHS OIINPEHHS BU-
COKOYACTOTHHX €JIEKTPOMArHiTHUX MOJIB € BU3HAUCHHS
MEX TPaHUYHO JIOMTyCTUMUX 3HAUeHb IIIBHOCTE! MOTO-
KiB eHeprii. Taka Mexxa 00yMOBIIIOE, HAIPUKIIA, CaHiTa-
PHO-3aXHCHI 30HH PaliOTEXHIYHOTO 008 THAHHS [TUBLIb-
Hol asiamii. Aimre g 0a30BMX CTaHLIH MOOUIBHOTO
3B’ 3Ky T'OJIOBHOIO 33/1a9CT0 € TIOKPHUTTS NEBHUX 30H 1 OTI-
THMI3allist iX po3TallyBaHHs, K 11e HaBeaeHo y [5]. Brim,
y Cy4acHHX YMOBAX iCHYE€ Iie o/1Ha po0ieMa, OB’ si3aHa
31 301TBIIEHHAM pOoOOUYNX JacTOT 3aC00iB 6E3IPOTOBOTO
3B’3Ky. ENleKTpoMarHiTHi mMoss yIbTPaBUCOKHX 1 BUIINX
YacTOT 31 30UIBIIICHHSIM YaCTOTH MAKOTh OLIBIII KoediITi-
€HTH 3racaHHs 3 BiacTaHHIO. [l 3ac00iB 3B’ 3Ky MeXi
MOJICTIOBAaHHs (BiJICTaHb) Bill BUNPOMIHIOBAdiB OIIi-
JBHO OOMEXHTH BiJICTAHHIO, JUISl SIKOT CHUTHas 06a30BOi
craHii ctae HenpuiHATHUM. [Ipu 1IbOoMy 1€ cUTHaI 1mo-
BUHEH OyTH BHILIMH 32 MEXY NepepUBaHHs 3B s13Ky. Bi-
JIOMO, 1110 BOYZOBaHOI0 (YHKIIIEIO YCiX MOOITPHHX Telle-
(OHIB € aBTOMAaTHYHE IiJBUIICHHS TOTYXHOCTI y pasi
3HIDKCHHS CUTHAY 0a3o0Boi craHmii. [lpu mpoMy pisko
3pocTae BHIPOMIHIOBaHHS caMoro teieoHy, mo Hedes-
Te9HO 11 KoprcTyBauiB. i gaHi y3aranpHeHi Ha puc. 4.
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Puc. 4. 3pocTaHHs IHTEHCHBHOCTI €JIEKTPOMAarHiTHOTO
BHINPOMIHIOBaHHSA MOOIUTBHHX TeNeOHIB
31 3HUIKEHHSIM CUTHAIIB 0a30BUX CTaHIIiM:
=== _ {HT€HCUBHICTb CUTHAITy 0a30B0i CTaHIii,
— IHTEHCHUBHICTh BHUIIPOMiHIOBaHHS
MOOLTEHOTO TenehoHy

Jasi 3 puc. 4 cBig4aTh, MO y IPOIECi 3HIKEHHS pi-
BHSI TEXHOT€HHOT'O MarHiTHOTO IOJIs ICHYIOTh TI€BHI 00-
MEXEHHsI. TeXHOreHHe MarHiTHE MoJie MOXKHa 3HMKY-
BaTH JI0 MEXI, sIKa BU3HAYAETHCS OJHOYACHUM 3HM)KEH-
HSIM T€OMAarHiTHOTO TOJISI IO AOIyCTUMOro piBHs. [lin-
BUIIUTH CTYIIHb €KpaHyBaHHS 3MIHHOTO MarHiTHOTO
11oJ1s1 63 CyTTEBOTO 3HIKEHHS T€OMarHiTHOTO II0JISt MO-
JKHA 32 PaXyHOK 3aCTOCYBaHHsI MAarHiTHOTO €KpaHy 3 BU-
COKOIO BiTHOCHOIO MarHiTHOIO MpoHUKHicTIO. Ile 3a6e3-
redye Oinbllle 3HIKEHHS PiBHSA 3MIHHOTO MAarHiTHOTO
T0JIst Yepe3 BTpaTu Ha ricrepesuc. [Ipu 1iboMy craiioHa-
pHE MarHiTHE I0Jie 3HWKY€EThCS BUKIIIOYHO 32 PaxyHOK
HOTO IIYHTYBaHHSI.

HaBeneHi xpuBi y3aransHeHi. BumipioBaHus cBin-
Yarh, 110 HE ICHYE YiTKOI KOPEJsiLii MiXk CUrHajIoM 0a3o-
BUX CTaHLi{ Ta IHTEHCHBHICTIO BUIIPOMIHIOBaHHS Telle-
(OHIB y 3aJI€XKHOCTI BiJl MapKH, MOJIEIII, ITi JKJIIOYEHHSI JI0
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MOOUIBHOTO IHTEpHETY TOWIO. Y CepelHbOMY pi3Ke M-
BHIIICHHS BUIPOMIHIOBaHHS MOOUTEHUX TeJIe()OHIB BiJ-
OyBaeTbcsi 3a curHaimiB ©0aszoBux craHuid  0,08-
012 mxBt/cM?. THOAI 1€l MOKa3HUK [JI OKPEMHX NpH-
CTpOiB 3acTapinmux Mogeneil ckmamae 0,2 MkBr/cM2,
ToMy mpu MonemoBaHHI iIHTCHCHBHOCTEH elleKTpomar-
HITHUX TOJIB 0a30BUX CTaHMiH MOOLIBHOTO 3B’S3KYy Ta
BU3HAYCHHS ONITHMAJILHOTO PO3TAIIyBaHHS BUIPOMIiHIO-
BadYiB CJIi/I KepyBaTHCS MiHIMAJIFHUM CHTHAJIOM Ha PiBHI
0,12-0,15 MkB1/cm?. VY 3B’513Ky 3 IOCTYNOBUM HEpEXO-
JO0M MOOLTEHOTO 3B’S3Ky Ha cTaHAAapT 5G TmOCTae mpo-
OneMa MiZABMINEHHS MIIIBHOCTI BCTaHOBJICHHS 0a30BUX
CTaHIIH, 1110 OB’ s13aHE 3 MiJBUIIEHHIM POO0U0i YaCTOTH
a00 MiABUIIEHHS TOTY>KHOCTEH BUIIPOMIHIOBAYiB JIJIsI 3a-
Oe3IeueHHs] HaJIeKHOTO MOKPUTTS. binbmricTs kpaid 00-
pajio ocTaHHiHM IUIAX, 00OYMOBJICHNI EKOHOMIYHUMH Mi-
pxyBanusamu. Tomy, Harpukiay, y HiMeduunHi rpaHU4HO
JOITyCTUMHUH piBEHb MIUTFHOCTI OTOKY €HEprii cKiragae
450 Bt/cm?, B Vkpaini — 100 MkBt/cM?. V Takux ymMoBax
BUCYBA€THCS BUMOT'Aa EKpaHyBaHHS JeIKUX OyIiBeIb ISt
3a0e3neueHHss YMOB IepeOyBaHHS JIOACH — 3aKiajiB
3I0pOB’sl Ta ocBiTh. [Ipu pOMY HEOOXiTHO OIHOYACHO
3HHU3HUTH PiBHI 30BHINIHBOIO BHCOKOYACTOTHOTO EJICKT-
POMarHiTHOTO MoJIsl Ta CTaOlIbHUN MOOIIBHUIA 3B’ SI30K.
EdexTrBHICTh eKpaHYBaHHS €IEKTPOMAarHiTHOTO
MoJIsi MOXKHA XapakTepu3yBaTH KOe(illiEHTOM eKpaHy-
BaHHS, KUK TOKa3ye, Y CKUJIbKU pa3iB 3HU3MJIACH MIijIb-
HICTh MOTOKY €Heprii abo HaIpy KEHICTb MOJIsl BHACIIIOK
3acTOCYBaHH: eKpaHyBaHHs. L{eif moka3HUK TaKoK BU3HA-
YaTh Y JOrapu(MIYHIX OJWHUILIX — AermOenax. Jlms
BHCOKOYACTOTHHX BHIIPOMiHIOBaHb 3a3BHYail BHKOPHCTO-
BYIOTh TaKkHil OKa3HHK, SK CKBIBaJICHTHA IJIMOWMHA MPO-
HHUKHEHHS 0JIs y 3aXUCHUI MaTepiall, KU IoKa3ye TOB-
LIMHY, 32 KOl piBEHb ENCKTPOMArHiTHOIO MOJIS 3HIKY-
€TBCs y € pasiB, (mpubiu3HO y 2,7 pasu). Lle mosicHIoeThCs
€KCIIOHEHIIaJIbHUM 3HMKEHHSIM PIBHS MOJIS Y Martepiai:

5=\/(xfuoc), ned— exsiBanentHa rimbuHa NPOHN-

KHEHHsI T0JTs1, f — 9acToTa eJIeKTpOMArHiTHOTO TIOJISI, [ —
a0CoJII0THA MarHiTHa MPOHUKHICTH MaTepialy, G — IH-
TOMa €JICKTPOIPOBIAHICTh MaTepiaiy.

Jliist onTrMi3alii 3aXMCHUX BJIACTUBOCTEH €IeKTPO-
MarHiTHOIO €KpaHa Ha OCHOBI MOJENIOBAHHS IOIIH-
PEHHSI eIeKTPOMArHiTHOTO TI0JIsl HeOOX1/1HO 3B's13aTH (a-
KTHYHY TOTPiOHY TOBIIMHY €KpaHy 3 KOe(iIliEeHTOM eK-
panysanns k =8,686-d/5, ne d — Tomuna mMatepiaiy,
sKuit 3a0e3neuye koedinieHT exkpanysanHs K. Lle cmis-
BIIHOIICHHSI BWIJSIIAE EMIIIPUYHUM, alieé Koe(illieHT
8,086 00yMOBIIEHUI TEPEXOAOM BiJ HATypajbHOTO JI0
JIECATKOBOTO JIorapumy TpH CTaHIAPTHOMY BH3Ha-
4YeHHI e(eKTHBHOCTI ekpaHyBanHs (20 lg = 8,685 nb).

Taxum unHoM K =8,686d /7 f uo =15,4d,/f uo.

Jlnsa onrtumizarii koegirieHTa ekpaHyBaHHS 10CTa-
THBO 00paTH HEOOXiIHY TOBIIMHY Martepiaiy 3 BiJo-
MHUMH MarHiTHUMHU Ta €JIeKTPO(]iI3SHIHIMH BIACTHBOC-
Tamu. CiriJl BpaxoByBaTH, 1[0 MAarHiTHA MPOHUKHICTH Ta

CJICKTPUYHA MPOBIHICTh € KOMIUIGKCHUMH BEITUYNHAMHU
1 MarOTh YaCTOTHY 3aJIC)KHICTh. Li MOKa3HUKHU IS TIeB-
HHMX YaCTOT HE 3aBXKJIU € JOBIJIKOBHMHU NaHWMH HaBiTh
JUTSL CTAaHJAPTHUX METAICBUX CIUIaBiB. TOMy y TpakTHy-
Hill JisSUTbHOCTI HEOOXiTHO BPaXOBYBAaTH MOKJIMBICTh BU-
HUKHEHHA JEAKAX PO30iKHOCTEH 3 eKCIepHMEHTalb-
HUMH JIaHUMHU. BpaxoByrouH, 1110 IPU MOJIENIOBAHHI 110-
LIMPEHHSI eJICKTPOMATHITHUX IOJIiB TaKOX BHKOPHCTO-
BYETHCS TIE€BHI CITPOIICHHS i IPUITYIIEHHS y IPOEKTHI pi-
IIEHHS HEOOXIIHO 3aKJIafaTH IIEBHHUI 3amac 3aXHCHHUX
BJIACTUBOCTEH €KpaHYIOUYNX MaTepialliB i KOHCTPYKIIiH.

BucHoBkH

1. Tloka3zaHo, IO MOJENIOBAHHS MOLIMPEHHS eJie-
KTPOMArHITHHX MOJIB HaJHWU3bKUX Ta YJIBTPABUCOKUX
4acTOT O3BOJISIE TPOTHO3YBAaTH HEOOXigHY e(deKTHB-
HICTB 3ac00iB 3aXHCTy. 3aCTOCYBaHHS MOJICIIOBaHHS J0-
3BOJISIE BU3HAYUTH HEJONIKH 3aXUCHUX KOHCTPYKIIH, 110
HE MOJKJIUBO, i3 3aCTOCYBaHHSIM CTaHAAPTHUX METO/IIB.

2. HanmaHo METOIVKHM BU3HAYEHHS CTPYKTYPH Ma-
THITHOTO TOJISI €IEKTPUYHHUX MAIINH, 10 JO3BOJIMIIO Ha
OCHOBI MOJICTIIOBaHHSI MOUIMPEHHS MAarHiTHOTO IOJIS
BU3HAYUTH ONTHMAaJbHI 30HUW PO3TAlIyBaHHS MarHiT-
HHUX eKpaHiB. BH3Ha4eHO MeXi 3aCTOCYBaHHsS MarHiT-
HHUX €KpaHiB JJIsl eKpaHyBaHHS MarHiTHHX IIOJIB IpO-
MHCJIOBOT YaCTOTH 3 ypaxyBaHHSIM OJIHOYACHOTO €Kpa-
HYBaHHsI T€OMarHiTHOTO IOJIsl, MEXI 3HMXKCHHS SKOTO
perIaMeHTOBaHI BiAIIOBIIHUMH HOPMAaTHBAMH.

3. IlokazaHo, IO 3aCTOCYBaHHS MOJEIIOBAHHSI
MIONIMPEHHS eJIEKTPOMArHITHUX MOJIB yJIbTPABUCOKHX 1
BUIIMX 4YacTOT MJO3BOJIIE HE TIJIBKH ONTHUMI3yBaTh
CXeMy po3TallyBaHHS 0a30BHX CTaHIIH MOOUTBHOTO
3B’A3Ky, @ i MiHIMI3yBaTH BUIIPOMIHIOBaHHS MOOLIb-
HUX Tese()OHIB 32 PaxyHOK BU3HAUEHHS MiHIMaJbHO
JOMYCTUMHUX PIBHIB CUTHAJIIB 0a30BUX CTaHIIIH, SKi HE
NPU3BOJAATH JI0 TIJBUIIEHHS BUIPOMIHIOBAHHS CaMHX
3ac00iB 3B’sI3KY.

4. HapnaHo 3py4HUi y BUKOPUCTAaHHI PO3PaxXyHOK,
SIKMH JI03BOJISIE ONITUMI3yBaTH MapaMeTpH KOHCTPYKIi
JUIl €KpaHyBaHHS BHCOKOYAaCTOTHHX EJIEKTPOMATHIT-
HuX noiiB. [TokazaHo, o y IPOEKTHI pillIeHHS HEoOXi-
JTHO 3aKJIaZiaTh MEeBHUH 3amac 3aXMCHUX BJIACTHBOCTEH
Yyepe3 YacTOTHI 3aJIeKHOCTI MaTHITHHUX Ta eJIeKTPpodi3u-
YHHX BJIACTUBOCTEH 3aXHCHUX MaTepialliB Ta HasIBHICTh
NEeBHUX CIIPOIICHb 1 NPUIYIIEHb, SKi 3aKIaJaloThCs y
MOJIEN] TOMUPEHHS IEKTPOMATHITHUX TOJIB.

Konduikr inTepeciB. ABTopu AeKnapyroTh, IO HE
MafoTh KOH(QJIKTY IHTEPECiB CTOCOBHO JI@HOTO JIOCIi-
JDKEHHSI, B TOMY 4HCIi (JiHAHCOBOTO, 0COOMCTICHOTO Xapa-
KTepy, aBTOPCTBA YH 1HIIIOTO XapaKTepy, 0 Mir O BIUIH-
HYTH Ha JIOCIIJKEHHS Ta HOTO pe3yJIbTaTH, PeACTaBIeH]
B JIaHi#l cTaTTi.

Bukopucrannsa 3aco0iB IITYy4HOr0 IHTENEKTYy.
ABTOpH TiITBEPKYIOTH, III0 HE BUKOPHUCTOBYBAIN TEX-
HOJIOTi{ IITYYHOTO iHTEJEKTY IPH CTBOPEHHI IpEACTaB-
JIeHO1 poOOTH.
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Modelling the propagation of electromagnetic fields and optimising the effectiveness
of protective structures

Larysa Levchenko, Yaroslav Pidlisnyi, Borys Burdeinyi, Anastasiia Karachun

Abstract. The application of modelling the propagation of extremely low, ultra-high and higher frequency electromagnetic
fields for optimising the protective properties and location of electromagnetic screens has been investigated. Modelling of the distri-
bution of the industrial frequency magnetic field in the human body covered with protective clothing has been carried out. It was
established that under certain conditions of magnetic flux compression, an increase in the magnetic field level is possible. A model
was obtained that allows the design of highly effective protective clothing based on the modelling of the propagation of magnetic fields
of electrical machines, and recommendations were given on the location of magnetic screens of the required effectiveness. It has been
shown that, given the non-monotonic change in magnetic field intensity with distance from the electric machine, the magnetic screen
should be located as far as possible from the points of change in the direction of the magnetic field vector (points of zero field intensity).
By modelling the change in the intensity of the man-made and geomagnetic fields by a protective ferromagnetic structure, the limits
of the maximum possible shielding of the man-made magnetic field without reducing the intensity of the natural magnetic field below
the normative values are determined. It has been shown that modelling the propagation of mobile communication frequency electro-
magnetic fields is useful not only for developing base station layout schemes, but also for reducing the radiation levels of the commu-
nication devices themselves. Even when ensuring reliable communication, base station signals should not be lower than 0.12-0.15
uW/cm2. In this case, the radiation properties of most mobile phones remain at a minimum level. With the transition of mobile com-
munications to the 5G standard, the maximum permissible levels are increasing, due to the increase in the operating frequencies of the
equipment and the increase in power attenuation with distance. Under such conditions, some buildings require additional shielding
from electromagnetic influences. An easy-to-use calculation is provided, which allows optimising the shielding coefficients of elec-
tromagnetic fields of certain frequencies while ensuring the protection of people and stable mobile communication. It is emphasised
that the magnetic and electrophysical properties of protective materials are frequency-dependent. Therefore, the calculation results,
together with certain simplifications and assumptions made during modelling, may give rise to certain errors. With this in mind, it is
advisable to include a margin of safety for the protection of people and the stability of equipment operation in design solutions.

Keywords: modelling, electromagnetic field, electromagnetic screen, optimisation.
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AHAJII3 TEOPETUYHHUX 3ACAl KEPYBAHHSA
3AXUCHUMMH BJIACTUBOCTAMMU EJEKTPOMAI'HITHUX EKPAHIB

AHoTtanisi. IIpoananizoBaHO MOXITHBOCTI pPO3PaxyHKOBOTO MPOTHO3YBaHHs eIeKTPO(I3NUHUX BIACTUBOCTEH KOMIIO3H-
LiAHUX MaTepialiB UId eKpaHyBaHHS €IEeKTPOMArHiTHUX BHIIPOMiHIOBaHb. [lokazaHo, 1m0 enexTpodi3uyHi BIaCTHBOCTI €
OCHOBHHM IOKa3HUKOM e(eKTUBHOCTI eKpaHyBaHHs. [[poaHaizoBaHO OCHOBHI eMITipUYHi CIIBBiAHOIIEHHS I pO3PaxXyHKy
JieeKTPHYHOI Ta MarHiTHOI NPOHUKHOCTEH KOMIO3UIIiH, BUXOASYN 3 MMOKAa3HHUKIB MaTPHIi Ta HAIOBHIOBa4Ya. BuzHaueHO
pob KoedilienTa enossipu3aliii YacCTHHOK HaroBHIOBada HecdeprnuHux opm. [TokasaHo, M0 BU3HAYEHHS TOKA3HUKIB 32
00’€MHUM BMICTOM HAITOBHIOBa4a CKJIAJHE Y MPAKTHYHIHN HisutbHOCTI. TOMy IOIITBHO IPOBOANTH ITONIEPEIHIl TIepepaxyHOK
00’eMHUX TapameTpiB y MacoBi. Cril BpaxoByBaTH, IO CHiBBiIHOMICHHS MakcBemna-I'apHera Ta ONeNeBCbKOTO Jal0Th
MPUHHATHY TOXUOKY U1 00’ €MHOTO BMicTy HamoBHIoOBada 10 0,3. [Tpy npoMy CriBBiIHOIIEHHS NpU3HAYEHI I JBOKOMIIO-
HEHTHUX KoMOo3uwii. s 06’emHOr0 BMicTy HanoBHIOBava Oinpiie 0,3 a7t BU3HAUCHHS iCIEKTPUYHOI IPOHUKHOCTI KOM-
Mo3MLii JOIIFHO BUKOPHUCTOBYBATH CHiBBiZHOUIEHHS bpyremana. [lepeBaroro mporo CrmiBBiTHOIICHHS € MPHIATHICTH 10
MIPOEKTYBAaHHS 0araTOKOMIIOHEHTHUX KOMITO3UIIMHIX MaTepianiB. Yci HaBeACHI CIiBBITHOIIECHHS Jal0Th KOPEKTHI Pe3yIib-
TaTH U1 HalIOBHIOBAaUiB MIKpOPO3MIpiB. Y MPOEKTHHX HEOOXiJHO BPaxOBYBATH MOKJIMBE 3MCHIIECHHA 00’€My MaTpHIli Y
nporeci noniMepu3anii abo BucnxanHs. OcoOJIMBO 1€ CTOCY€ETHCSI BOJOBMICHUX MartepiaiiB. Y bOMY BUIIAAKY 3HIKYETHCS
TIOPIT MPOTIKAaHHS eEKTPUIHOTO CTPYMY (TIepKOIALIHHOTO edeKTy), 10 BIUIMBAE Ha KoedilieHT ekpanyBaHHs. [Ipu nepe-
BUILCHHI ITOPOTY NPOTIKaHHA Pi3KO MiBUIIYETHCSA KOe(ilieHT BiTOUTT, 0 Y OaraTb0X BHUIAIKaX, HAIPUKIA eEKTPOMa-
THITHOTO KaMy(QILDKy, € HeOaxkaHuM. J[Jis1 BU3HAYEHHS OPOTY MPOTIKaHHS eEeKTPUYHOTO CTPYMY CIIiI BUKOPHUCTOBYBATH
(yHIaMeHTaNbHi CITIiBBIIHOMIECHHS eEKTPOJMHAMIKH CYLUTBHUX CEpPEJOBHUIIL.

Knaio4oBi ciaoBa: erekrpoMartiTHe BUIIPOMIHIOBaHHSI, €KpaHyBaHHs, €IeKTPO(I3MYHI BIaCTUBOCTI, KOMITO3HLIIITHIH Ma-

Tepiai.

Beryn

EmexTpomarHiTHI €KpaHH TpPH3HAYCHI, Yy IMEpIIy
4epry, Ui 3aXUCTY JIFOACH BiJl €ICKTPOMArHITHUX BIUTH-
BiB. KpiM TOr0, BOHU IpH3HaYeHi A1t 3a0e31eYeHHS] elie-
KTPOMArHiTHOT CYMICHOCTI €JIEKTPOHHOTO 00JIaJHAHHS.
JlocBin BinOMTTS mmMpokoMacmTabHoi 30poiiHol arpecii
npoTu YKpaiHH 3acBiJUuB, 10 €PEKTUBHICTh CYy4YaCHUX
00iOBHX Iiii Ta, 30KpeMa, PO3BIIKH KPUTHYHO 3aJIEIKUTh
BiJl 3HIDKCHHS Pa/Ii0JIOKAIIHHOI Ta pagioTeXHITHOT TOMi-
THOCTI BiiCHKOBHX 00’€KTiB. Y Cy4acHHX yMOBaX 0OHO-
BHX JIilf Ha[3BUYAHO aKTyallbHUM € 3aXHCT 3aco0iB po-
3BiJIKH, 3B’513Ky Ta YNPABIIHH BiJ| BIUIMBY €JIEKTpOMar-
HITHUX BHIIPOMiHIOBaHb. E(QekTuBHI ekpaHyBaibHI Ta
TIOTJIMHANIBHI TIOKPUTTS O3BOJIAIOTH MiJBHUIIUTH XKHUBY-
YiCTh amaparypy, 3MEHIIUTH HWMOBIPHICTh i BHABICHHS
Ta 3a0e3neynuTH CTabiIbHY poOOTy pamioeeKTPOHHUX
CHCTEM Y CKJIaTHIH eTeKTPOMarHiTHii 00CTaHOBIII.

EnexTpomarHiTHi 1oiA pagionoKamifHUX CTaHIIH,
3aco00iB 3B’SI3Ky Ta iHIIIO{ amapaTypy CTBOPIOIOTH CKIIATHY
€JIEKTPOMArHiTHy OOCTaHOBKY Ta BIUIMBAIOTH Ha POOOTY
paJioeneKTpOHHNX 3ac00iB. JIJ1s 3MEHIIEHHs paliooKa-
LIHOT TOMITHOCTI 00’€KTIB 1 IMiABUILEHHS 3aBaJIOCTIHKO-
CTi BUKOPHCTOBYIOTBCS TTOTJIMHAIBHI TOKPUTTS Pi3HOT Oy-
JIOBH, Y TOMY 4HCIIi OararormapoBi KOMIO3UTH. [0 Takux
MIOKPHUTTIB BUCYBAIOTHCSI OIHOYACHO BUMOTH 111010 IINPO-
KOCMYTOBOTO MOTJIMHAHHSI, OOMEKEHHX MacorabapuTHHX
MMOKA3HMKIB Ta TEXHOJOTTYHOCTI BUTOTOBJIEHHSI, 1110 0CO0-
JIMBO BaXKJIMBO IS BIMCHKOBOI TEXHIKH. 3a0e3redeHHs
[IUX BUMOT TIOB'si3aHe 3 BHOOPOM CKIIay Ta CTPYKTypH Oa-
raTomapoBUX KOMITO3UTIB, JJIS 4OTO TIOTPiOHI afeKBaTHI
TEOPETHYHI MOJIEI iX elNeKTPO(Pi3MIHUX XapaKTEPUCTHUK.

IcHye Oararo emmipU4HUX Ta HamiBEMIIPUYHUX
CHIBBIHOIIICHb IS BU3HAYCHHS MarHITHUX Ta CJICKTPO-
(GI3MIHEX XapaKTepUCTUK 0araTOKOMIIOHEHTHAX KOMITO-
3uIid. AJie He 3aBXI1 BOHH JIal0Th 3aJOBUTEHHI pe3yIIb-
taT. ToMy NOWITHPHO BH3HAYHTH MEXIi iX MPHUIAATHOCTI,
0 CIIPOCTHUTH MPOIECH MPOEKTYBAHHS MaTePialiB 3 I10-
TpiOHUMH 3aXHCHUMHY BIACTUBOCTSIMHU.

Orasn pociixKeHb i po3podok

[poexTyBaHHA KOMITO3HIIIMHIX MaTepiaiiB 3 MOTpio-
HUMH Koe(illieHTaMU eKpaHyBaHHS EIICKTPOMATHITHHIX BH-
MIPOMIHIOBaHb € JIy’kKe CKJIaJHOI0 3azadero. Lle mosicHro-
€TBCS THM, 10 KOe(DIIIIEHTH BiIOUTTS Ta MPOXOKEHHS eJIe-
KTPOMAarHiTHUX XBWJIb 3aJICXKATh Bif JiCIEKTPHIHOI Ta Ma-
THITHOI TIPOHHKHOCTEH 1 enexTponpoimHocti. 1li mokas-
HUKH, Y CBOIO Yepry, 3aJIeXaTh BiJl MMOKA3HHUKIB OKPEMHUX
KOMTIIOHEHTIB, KOMIIO3UTIB Ta iX 00’€MHHX BMICTIB y KiHIIe-
BOMY TIpoykTi. EkcniepumenTanpHuil mialip 1MX CHiBBiA-
HOIIIEHb BUMArae BEIMKUX 00CATIB poOiT Ta BUTPAT dYacy i
KomTiB. ToMy JIOITBHE TOTIepeIHE OLIHIOBAaHHS (IIPOTHO-
3yBaHHA) €(heKTUBHOCTI 3 BUKOPUCTAHHAM IIEBHIX MaTeMa-
THYHUX (yHKOiH Ta Mozmenedt. Tomy mili mpoGnemaruii
TIPUCBSTYEHO OaraTo yBarm.

VY pobori [1, 2] po3pobieHo TeopeTHdHi 3acaau i Be-
puGiKoBaHO pe3yIbTaTH NPOEKTYBAHHS HEOIHOPIJHUX 3a-
XHCHHX MaTepiaiiB. AJie 11i poOOTH CTOCYIOThCSI HEOJHOPI-
JTHOCTEH Makpopo3mipiB. 3 iHmoro 00Ky, 6arato JocCiTi-
JUKCHBb TIPHUCBSMEHO HEOJHOPITHUM KOMIIO3HUINSM Ha OC-
HOBi HaHOCTPYKTYp [3, 4]. IIporaozyBanus edexTHBHOCTI
TaKUX CTPYKTYp UIA BH3HAYCHHS KOe(iIlieHTIB eKpaHy-
BaHHsI Yepe3 BU3HAYCHHS eJIEKTPO(DI3UIHNX Ta MarHiTHHX
BJIACTHBOCTEH MPAKTUYHO HEMOKIINBO, III0 00OyMOBIICHO, y
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TOMY YHCJI, | KBAHTOBUMH e(heKTaMu. Y HOCIiKEHHsIX [5,
6] noka3aHo, 10 BU3HAYUTH KOC(iLliEHT eKpaHyBaHHS Ta
BHECOK Y HBOTO BIIONTTSI €JIEKTPOMArHiTHUX XBHJIb MOX-
JIMBO TUIBKH €KCIIEPUMEHTAIbHO, 8 MAaTEMaTUYHUH arnapar
BUKOPHCTOBYETBCS TUIBKU IS MOSICHEHHST eeKTiB. 30K-
peMa, BU3HA4Ya€eThCs KOS(IMiEHT BITOUTTS 32 TIOBEPXHEBIM
IMITeTaHCOM KiHIIEBOTO MPOAYKTY. B Toii e gac maHi pobiT
[7, 8] cBimuartsh, 0 eheKTHBHICTS CKPAHYBAHHS SIK HU3BKO-
JaCTOTHHX, TaK 1 BICOKOYaCTOTHHX EJICKTPOMArHITHHX T1O-
JIB 3aJIEKUTDH BiX po3MipiB 1 (HOPMH YaCTHHOK HAIMIOBHIO-
Baua y HieNeKTpHaHii Matpuili. [ToognHOKI mocmimKeHHS,
SIKi @HaJTI3YIOTh CITiBBIJJHOIICHHS TPOTHO3YBaHHS €JIEKTPO-
(hi3MYHKMX Ta MATHITHUX BIaCTUBOCTEHN kommo3uTis [9, 10]
TUIBKA KOHCTaTyIOTh JaHWH (PAaKT MOXKIMBOCTI 3aCTOCY-
BaHHsI IS OLIIHOYHOTO BU3HAYEHHS €()eKTHBHOCTI MaTepi-
aimiB. AJie OPIBHSIHHS EKCIIEPUMEHTATBHUX 1 PO3PaXyHKO-
BUX poOIT 1 pO3paxyHKOBHX IaHWUX CBIIYUTS, 10 y Oara-
THOX BHUIAJKaX 30DKHICTh He3anoBinbHA [11]. Tomy akTya-
JIEHOIO 32[1a4€H0 € OLIHIOBAaHHSI MPUIATHOCTI Ta MEX 3aCTO-
CYBaHHS CITIBBITHOIICHB U BU3HAYCHHS CICKTPOQi3HI-
HHX Ta MarHiTHUX BIIACTUBOCTEH KOMIO3HIIIIHUX MaTepia-
JB.

Mertolo cTaTTi € aHaAN3 ICHYIOUMX MaTeMaTHYHHX
Mozeneit eeKTHBHOI AieNIeKTPUYHOT i MarHiTHOT HPOHHK-
HOCTEW KOMIIO3UTIB Ta OIiHKA IX MPUIATHOCTI JJIs pO3pa-
XYHKY 3aXMCHHX BIIACTHBOCTEH 0OaraTolapoBHX KOMIIO-
3UTIB, IPU3HAUCHUX JIJIsl EKPAHYBAHHS €JIEKTPOMarHiTHUX
BUIIPOMIHIOBAaHb y HMIMPOKOMY Iiala3oHi 4acToT, 3 BCTa-
HOBJICHHSIM 00J1aCTi KOPEKTHOT'O 3aCTOCYBaHHSL.

BukiageHHsl 0CHOBHOI0 MaTepiajy

Bubip KOHCTpYKLIT 0/THO- Ta 6araTouIapoBOro KOM-
MO3UTY MOTpeOye po3yMiHHsS (i3UYHUX IMPOLECIB, IO
MPOTIKAIOTh MPU B3aEMOJIIT €IeKTPOMArHiTHOI XBWII 3
MarepiagoM, Ta MaTeMaTHYHOTO amapary Aji po3paxy-
HKY HOr0 MarHiTHHX Ta eJIeKTpOo(i3UYHHUX XapaKTepHc-
THK. ToMy cHodaTky po3IJITHEMO OCHOBHI MeXaHi3MHU
eKpaHyBaHHsS Ta IOIVIMHAHHS], a MOTIM MepenieMo 10
aHAJTI3y TEOPETUYHHUX MOoJieNiell e(peKTHBHOI JieIeKTpHY-
HOT IPOHUKHOCTI KOMIIO3HTIB.

®i3udHI MEXaHI3MH €KpaHyBaHHS Ta MMOTIMHAHHS.
[ToBexniHKa eJIEKTPOMArHiTHOI XBWJII MPHU TOIIUPEHHI B
napi MaTepiaiy BU3Ha4a€eThCsl HOTO XBUIBOBHM OIIOPOM,
JEeJIeKTPUYHOI0 T4 MAarHiTHOK MPOHUKHICTIO. XBHJIbO-
BUIl OIp OJHOPIJHOTO LIAPY B HAOJMKEHHI IJIOCKOT
XBWII IIPU HOPMAJILHOMY TaJiHHI Ha 130TPOIHE Cepemo-
BHIILIE 3aITUCYIOTh SIK:

Z=\lule,

ne Z nae HopMOBaHUH (0e3po3MipHHI) XBHIBOBHH OIIIp;
Zo = 120m OM — 1e onip BiIBHOTO IPOCTOPY (Ma€e po3Mi-
pHICTB).

CrpasxHiit onip y Omax: Z _ izwunmii = Z * Zo; €
— BiJHOCHA JieNeKTpUYHA MPOHUKHICTh; |L — BiIIHOCHA
MarHiTHa IPOHUKHICTB.

Jlnst HoOpManbHOTO TAMiHHSA TUIOCKOT XBWIJII YHM
Ommkdye Z HaONMKAEThCS O OMUHHUIN (Y3TOJDKECHHS 3
BIIBHUM ITIPOCTOPOM), TUM MEHIIUM € KOe(ili€HT Bif-
OWTTS XBWJII HA MEXI MMOJILTY CepPEIOBHIL.

[NornmuaHHs eHeprii XBUIII B Iapi 3yMOBJIEHE BTpa-
TaMU B JICICKTPUYHIN migcucTeMi (MIPOBIAHICTH, MMOJIS-
pu3aliifiHi Ta pejakcamiidHi MPOLEecH) Ta B MAarHITHIN

mijcucreMmi (ricrepesuc, BAXpPOBi CTPYyMH, PyX JOMEHHUX
CTiHOK). Y 0araTolapoBHX CTPYKTypax, Z€ € Ta |l 3Mi-
HIOIOTBCS BiJ| IIApy JI0 IIapy, MOKHA MOCIIJOBHO Y3ro-
JUKYBaTH XBWJIBOBHH OIIp 1 PO3MOIUIATH IMOTJIMHAHHS
€Hepril 3a TOBLIMHOIO IOKPUTTA, IO Ja€ MOXKJIUBICTH
OTpUMAaTH MIHUPOKOCMYTOBUM 3aXUCT. Y 3arajJbHOMY BU-
MAJIKY IS TIOXHUIIOTO TIaIiHHS XBUITI XBHIILOBHH OMIp 3a-
JISKUTH TAKOK Bif[ MOJIIpHU3alii Ta KyTa magiHas. Takim
YHHOM, caMe KepOoBaHi 3HAUCHH € Ta | y IIapax KOMIIO-
3UII0 320e3MeTyI0Th MOXKITUBICTD Y3TOPKEHHS XBUIHO-
BOT'0O OIIOPY Ta JOCSTHEHH 3a{aHOTO PiBHS IOTJIMHAHHSL.

Po3paxyHok TOBIIMHM Inapy aist iHTepdepeHin-
HOTO y3ro/pkeHHs. ONTHMaNbHY TOBLIMHY OJIHODIJHOTO
mapy 1 inTepdepeHiiHOro 3MeHIIeHHs BIIOUTTS MO-
JKHA OL[IHMTH 32 YMOBOIO, III0 ONTHYHA TOBIIMHA ILApy
JOPIiBHIOE YBEPTi TOBKUHU XBWJII B MaTepiai:

c

4f g,u’

ne d — ToBiMHA mapy, M; C — MBUIKICTH CBITIA Y BaKy-
ymi, M/c; f — po6oua gactora, 'y (¢1); € — BinHOCHA mie-
JICKTpUYHA TIPOHUKHICTH MaTtepiany; |l — BiIHOCHA Mar-
HIiTHa MPOHUKHICTH MaTepiamy.

Lle criBBiJHOILICHHSI BUBOJUTHCS 3 IPUHIUITY iHTE-
pdepeHLil XBIIb Ha MeXax LIapy Ta CIPaBEAIHBE JJIs
HOPMAJILHOTO MajiHHS XBWJII 3 HEXTYBaHHSM JHUCIIEp-
CI€r0 MapaMeTpiB € 1 | Yy MeKaxX poOoUoi cMyTH.

s 3ayekKHICTh MOKA3ye, IO MPH 301BIICHH] Yac-
totu f HeoOXinHa ToBIMHA d 3MEHIIYEThCS, [0 HAKIIA-
Jla€ TEXHOJIOTIYHI OOMEXEHHs Ha peai3alifo IMOTIHHA-
JHHUX TTOKPHUTTIB Y MITIMETpOBOMY Hiana3oHi. s pos-
IIPEHHS POO0Y0i CMYTH JOIUIBHO MEPEXOIUTH Bifl O
HOpIAHMX MIApiB 0 0araTomapoBUX CTPYKTYpOBAaHUX
CepeIOBHIII i3 TPalieHTHUM TIpodisem € Ta L.

Po3BeeHHs mo3HaYeHB LTS JiCNEKTPUIHOT IPOHU-
KHOCTI. Y KOMIIO3UTaX PO3Pi3HSAIOTh YOTUPH TUIIH JTielie-
KTPUYIHOI IPOHUKHOCTI:

€ — JIOKaJIbHA JIieNIEKTPUYHA TIPOHUKHICTh KOHKPET-
HOro Matepiaiy (oJHopiaHOro mapy abo ¢asu);

€4 — JieJIEKTpUYHA NPOHUKHICTh MaTpHLi (CYLiIb-
HOI OCHOBHOI (ha3u KOMIIO3UTY, HATIPUKIA] MOIIMepy
a0o moyiMepHOT MaTPHILi);

€m — JlieIEKTPUYHA IPOHUKHICTh HAITOBHIOBAYA (U~
CIIEpCHHUX YaCTHHOK, SIKi PO3TAIIOBaHi B MATPHIIi, HATIPH-
KJIaJT OKCH[IIB METaliB a00 (epuTiB);

€ — ¢eKTUBHA JiCTCKTPUYHA MPOHUKHICTH KOM-
MO3UTY SIK MLIJIOTO, PO3PAXOBYETHCS 33 TEOPETHYHUMHU
MOJICTIIMH Ha OCHOBI €¢, €m Ta KOHIIEHTpAIIil HATIOBHIO-
Baua.

AHAJOTIYHO PO3PI3HAIOTH ¢ (IPOHUKHICTH MaT-
pumi) Ta [m (TPOHUKHICTH HANIOBHIOBAYA), a TAKOXK |lef
(edexTHBHA MPOHMKHICTH KOMIIO3UTY). Mozaens Makc-
BelIa—[ apHeTa BU3HAUAE Eef UEPE3 MapaMeTpH CKIAzI0-
Bux (a3 (MaTpuIi Ta HalOBHIOBaYa) Ta iX BMICT y KOM-
MO3UTi. Y TOAANBIIOMY Vi Ta Vk BAKOPUCTOBYIOTHCS SIK
€KBIBaJICHTHI ITO3HAYCHHS 00’ €MHOI KOHIICHTpAIlii Haro-
BHIOBaya ( yactka Big 0 1o 1).

Mooenv Maxceenna—I apnema. JInsi KOMIO3UTIB,
IO CKJIQJIAIOTHCS 3 JieJIeKTPUYHOT MaTpHIIi Ta TUCTIepC-
HUX BKJIIOYEHb, €PEKTUBHY Ji€IEKTPUIHY MPOHUKHICTH
€ef MOJKHA OIIIHUTH 3a MOJAeUTI0 MakcBema—I apHera,
sgKka 0a3yeThcsi Ha Teopil eEeKTUBHOrO cepeloBHINa i
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OyJ1a 3anpOIIOHOBAHA /ISl MAJIMX KOHLEHTpaLii cepny-
HUX YaCTHUHOK:

2eq +&m +2vin(em —&4)

Sef =& - '
2eq +&m —Vim(em —&g)
J€ €ef — €(PEKTUBHA JiCIEKTPUYHA NPOHUKHICTH KOMIIO-
3UTY; €4 — JIEIEKTPUYHA IPOHUKHICTH MATPUII (CYLiTb-
HOi a3y, HampuKiIaJ MOJIMEepYy); €m — MAiCJIEKTPUYHA
MIPOHHUKHICTh HANIOBHIOBa4a (IUCIIEPCHUX YACTHHOK);
Vm — 00’ €MHa 9acTKa HallOBHIOBa4Ya B KOMIIO3HUTI.
Monens 6a3yeTscs Ha po3B’sI3aHHI PiBHS €IEKTPO-
CTaTHKH IS 1307IbOBAHOI c(peprIHOi YACTHHH B OJHOPI-
JHOMY TOJIi 3 HOJQIBIIMM YCEPSIHCHHSIM MO IS
00’eMHOTO KOMMIO3UTY. MOJens 100pe OMICye CHCTEMH
3 BIZIHOCHO MaJIMU KOHLEHTPALISIMUA BKIIOUEHb (Vi <
0,3) Ta chepuuHOrO HOPMOIO YACTHHOK. 31 301TBIIICHHIM
Vm €(DEeKTUBHA MPOHHUKHICTD Eef 3POCTAE 1 HAOIMIKAETHCS
J0 €m, LIO JIO3BOJISIE 3MEHIIMTH HEOOXiTHY TOBLIMHY
LIapy Juisi JOCSATHEHHS 3aJIaHOTO PiBHS IMTOTJIMHAHHSL.
Cnizt 3a3Ha4nTH, 10 Mozens MakcBenna—I apHera Ta
HaBeZeHa HWK4Ye Monedb ONeneBCHKOro HalekKaTb 0
KJIacy KBa3iCTaTHYHHMX Mopeneill edeKTHBHOIO cepemno-
BHIIIA, SIKI BUBEJCHI B HaOMKeHHI A >> d, 1e A — TOB)KUHA
XBUIT B Matepiaii, d — XapakTepHUA pO3Mip YaCTHHOK Ha-
moBHIOBava. [Ipu mepexomi 10 MUTIMETPOBOTO Jiarna3oHy
(f>30TTm), koau A CTa€ MOPIBHAHHOKO 3 PO3MIpaMH HEOI-
HOPIZHOCTEH, I1i MOJIEIi MOXYTh MOTPeOyBaTH KOPEKIIi 3
ypaxyBaHHIM JHCIIEPCIi Ta PO3CISHHS HA OKPEMHX YACTHH-
Kax. Y Takux BUINAJKaxX JOLUIHHO 3aCTOCOBYBATH ITIOBHI
€JICKTPOIMHAMIUHI PO3paxyHKH ab0 YTOUHEHi MOJIel, 110
BPaXOBYIOTh PO3CISTHHS, TOAIOHE JO KOMIIO3HIIIITHOTO.

Mopens OpeneBcbkoro. [l BpaxyBaHHS BIUIMBY
(OpMH YACTHHOK 3aCTOCOBYIOTH Moienb O1eneBCbKOoro,
sIKa y3arajbHIOE miaxia Makcsemta—I apHeTa Ha enirco-
inaNbHI BKIFOUCHHS TOBUIFHOI OpIEHTAINIT:

1+2Fy
of T TRy,
J€ €ef — €(PEKTUBHA AiCNEKTPUYHA MPOHUKHICTH KOMIIO-
3UTY; &4 — JieJIEKTpUYHA IPOHUKHICTH MaTpuli; F — da-
KTOp OopMHU YaCTHHOK (Oe3p03MipHUI TapaMeTp, 10 BU-
3HAYA€ETHCS CIIBBITHONICHHAM MIBOCEH elimncoina); vk —
00’€MHa KOHIIEHTpallisl BKIIIOYEHb.

Ils mMomenp mae 3MOTY BPaxOBYBAaTH aHI3OTPOIIIO
KOMIIO3UTY, 3yMOBJICHY OpPi€HTAII€I0 YaCTHHOK, 1 y3ro-
JUKyeThesl 3 Momemtro MakcBemta—I'apaera npu F =1
(cpepuuni wactunkm). [Ipu F = 1 oOuasi Momeni maroTh
OJTHAKOBI1 pe3yIbTaTH UL MaJINX KOHLUECHTpamii. st Bu-
TATHYTHX 4acTUHOK F Moxe mpuitmMaTn 3Ha4eHHA Bim 0
J0 1, mo aae OUIBbITY THYYKICTh Y OMHUCI KOMIIO3HTIB 3
AHI30TPOITHUM HAIIOBHIOBAYEM.

[opiBHSHHS MaTeMaTHIHUX MOJIENICH. 3 METOO BU-
3HAYEHHs NMPHUIATHICTh HAaBEJCHUX BHIIE MOJENECH s
OMHUCY eNEeKTPO(DI3UYHKUX BIACTHBOCTEH OaraToIapoBux
KOMITO3HTIB, NMPU3HAYCHNUX AJISI €KPaHYBaHHS EIEKTPO-
MarHITHUX BHIIPOMIHIOBaHb y IIHPOKOMY JIiana30Hi Jac-
TOT, MPOBEJCHO iX MOPIBHAHHA 3a IMOKa3HUKaMHU: OCHO-
BHI mapaMeTpH, SKi B HAX BPaxOBYIOTHCS; BPaxXyBaHHST
MopoIorii YaCTWHOK; CKJIAaIHICTh PO3PaxyHKiB; TOY-
HICTh U1 CEPUIHUX BKIFOYCHB; TOYHICTH IS Hecde-
PUYHHX BKJIIOYEHB; NMPAKTUYHE 3aCTOCYBaHH:. Pe3yib-
TaTu MOPIBHIHHS HaBeJeHi y Taou. 1.

Tabauys I — IlopiBHAHHA MaTeMATHYHHX MojeJieli e)eKTUBHOI Jie1eKTPUYHOI IPOHUKHOCTI KOMIIO3UTIB

XapakTepucTUKa Mopeabr Maxkcsesuia—T'apHera Mogpeab OnejieBCbKOTo
OcCHOBHI TapaMeTpu &4 Ems Vm &4, Ems Fy Vi
BpaxyBaHHs1 MOP(OJIOTii YaCTHHOK Hi (nmmre 00’ eMHa gacTka) Tax (daxTop dhopmu F)
CKIIaIHICTh PO3paxyHKIB Husbka Cepenns
TouHicTb IS chepUIHUX BKIIOYESHb Bucoka (v, <0,3) Bucoka
TouHicTh U1 HechepUUHUX BKIIOUSHb Huspka Bucoka

[IpakTHuHe 3acTOCYBaHHS

OniHoBaHHS eEeKTHBHOI IPOHHK-
HEHHSI KOMITO3HTIB, SIK ITOTIEPEIHS OIli-
HKa Y pO3pOOJICHIH CTPYKTYP

Po3paxyHok mapaMeTpiB KOMIIO3UTIB 3
paxyHKOM (H)OPMH YaCTHHOK /1 9ac
[POEKTYBaHHS CTPYKTYP

SIk ©aunMMo, TOPIBHSIHHS MaTeMaTHYHHUX MOJENei
e(eKTUBHOT JieJIEKTPUYHOT MPOHUKHOCTI TOKa3ye, IO
Mojens MakcBemia—I'apHera € npuaaTHOW Ui IIBU-
KX OIIHOK BJIACTMBOCTEH 130TPONHHX KOMIIO3HTIB 3i
c(hepUUHIMH BKIIOYEHHSIMU NPU TIOMIpHUX KOHIIEHTpa-
uisix. Mozens OneneBcbKoro JIOMUIBHO 3aCTOCOBYBATH
JUISL QHI30TPOITHUX KOMITO3MTIB, Y SIKMX ICTOTHOIO € o-
pMa Ta Opi€HTaIisl BKIIFOUCHb.

Y HaBemeHUX HIKYe MPHUKIagaxX BUKOPHUCTAHO MO-
nens MakcBemma—I'apHera sk 06a30By Ta HaifmpocTimry
JUTS 130TPOITHUX KOMITO3UTIB 31 chepHIHIMH BKITFOUEH-
HSMH, II0 J03BOJIIE HAOYHO MPOAEMOHCTPYBATH BILIHB
KOHIICHTpAIlii HAallOBHIOBa4Ya Ha €QEeKTHBHY HieIEKTpPHU-
YHY NPOHUKHICTB.

Ipuxnao 1. Pospaxynox npu euwiti KOHyenmpayii

Hanoeniogaya. Po3risiHeMO KOMIIO3HT, y IKOMY JieIeKT-
pHYHA MAaTPHUISI MAE TPOHUKHICTD &4 = 2,5, HATIOBHIOBAY
(okcum MeTally) Mae MPOHUKHICTh €nm = 15, a 00’eMHa
YacTKa HAIOBHIOBaYa CTaHOBUTH Vm = 0,2 (20 % 3a

00’emom). 3rizHo 3 Moaeuto Makceeiuta—I apueta ede-
KTHBHA Jlie/IeKTPUYHA NPOHUKHICTh IOPIBHIOE:

2.2,5+15+2-0,2(15-2,5)
2-2,5+15-0,2(15-2,5)

OTtpuMane 3HaYeHHS gef ~ 3,57 y 1,43 pa3u Oinblie,
HiK mpouukHicTs Matput (3,57 /2,5~ 1,43). 1le o3na-
Yae, 10 MIap TaKOro KOMIIO3UTY MaTUMe OiIbIIy OITH-
YHY HIUJTBHICTB 1 103BOJISIE 3SMEHITHTH HOTO TOBIIKMHY ITPH
Till camiii MaTepianbHili IHTEHCUBHOCTI HMOKPHTTS, IO
TaKkoXX 3abe3rnedye Kpamly Y3ToPKEHICTh XBHIBOBOTO
omopy mipu QikcoBaHiit ToBuTMHI. Takwii miIXix BUKOPU-
CTOBY€ETHCS TIPH MPOEKTYBAaHHI OaraTomrapoBHUX CTPYK-
Typ, KOJIM KOXEH IIap Mae 3aJaHy TOBIIUHY Ta IOTepeI-
HBO PO3paxoBaHy KOHIIEHTPAlilo HAllOBHIOBAYa.

Tpuxnao 2. PospaxyHox npu HUdCuili KOHYeHmpayii
HanogHosaya. s NOPIBHAHHS PO3IVSIHEMO TOW caMMi
THIT KOMIIO3HUTY 3 MEHILIOIO 00’ €MHOIO YacTKOIO HalOBHIO-
Baya v, = 0,1 (10 % 3a 06’emom) npu &4 = 2,5 Ta gn = 15.

Eef =2,5- ~3,57.
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225+15+2:0,1(15-2,5) _,
2-2,5+15-0,115-2,5)

VY npoMy BHIIAJKY e(pEeKTHBHA IPOHUKHICTB JIMIIE HA
20 % OGinbira 3a nponukHicTs MaTpuui (3,0 /2,5 =1,20).
3MeHIeHHs vy, 3 0,2 10 0,1 IpUBOIUTE 10 MOMITHOTO 3Me-
HILICHHS Ef, 110 BAYKJIMBO BPAaXOBYBATH IIPH CHHTE31 Oarato-
LIAPOBHX CTPYKTYP Ta BUOOPI MpOoQisIro MPOHUKHOCTI 32 TO-
BimHOTO. Llei mpuKkiay mokasye, sk BapilOBaHHSIM KOHIIe-
HTpaIlil HAOBHIOBa4Ya MOXHA (DOPMyBaTH TpaTiEHTHI KOM-
TIO3UTH, Y SIKUX Eef SMIHIOETHCSA B KOHTPOJIBOBAaHOMY Jliama-
30Hi BiJ Iapy /10 mmapy.

Ha ocHOBI HaBeIeHNX PO3PaxyHKIB CTa€ 3pO3YMLITAM
TIPUHIAI TTOOYAOBH TPAJiEHTHUX CTPYKTYp. Taki CTpyk-
Typu OpPMYIOThCS SIK HaOip 13 5—7 1mapiB, y SKUX KOHIICH-
Tparlisi HATIOBHIOBaYa 3MIHIOETHCS 32 331aHUM 3aKOHOM (JTi-
HifiHUM a00 ekcroHeHmiampHuM). [le 3abe3mneuye iaBHe
Y3TOJDKEHHSI XBUJILOBOTO OIIOPY Ha MEXi «IOBITPSI — MOK-
PUTTS» Ta MiHIMI3allifo BIIOUTTS B IIMPOKIH CMy3i 4acToT,
L0 € OCHOBHHMM 3aBJIaHHSIM TP NPOCKTYBaHHI CYy4acHHX
3aco0iB ekpaHyBaHHA. CIif BpaXxOBYBaTH, IO HaBEICHI
CHIBBITHOMICHHS OTIEPYIOTH 00 €MHIM MICTOM HalOBHIO-
Baua y mieneKTpuyHii Matpuri. Ha mpakTumi qotpumatics
MOTPIOHOTO CHiBBIAHOIICHHS BaXKKO. L{e TIOsICHIOEThCS Be-
JIMKOK0 JWCIICPCHICTIO HAIIOBHIOBaYa y HACHUITHOMY BH-
sl ToMy 171 MPOEKTYBaHHS MaTepialty CJiiJi 3aCTOCOBY-
BaTH MepepaxyHoK 00’ €MHOT0 MIiCTy HallOBHIOBaYa y Maco-
BHii MicT, HaBeaeHuit y [11]. Kpim Toro, ciix BpaxoByBartH,
110 y MPOIIECi BUCYIITyBaHHs a00 MOTIMEPHU3aIlii KOMIIO3HMITii
BinOyBaeThCs 3MiHa 00’ eMy Matpuii. [Ipu oMy y pasi BMi-
CTy BOAM 200 pO3YMHHMKA Taka 3MiHA MOXeE OyTH KpHTHY-
HOMK. Y TakoMy BHIIAJIKy HOPIr NPOTIKaHHS €IEKTPUYHOTO
cTpyMy (IEpKOJISIHHII e(heKT) 3MILYEThCS, 10 ABTOMATH-
YHO BeZle JI0 MiJBUIICHHS KOe(illiEHTIB BIOUTTS €IEKTPO-
MarHitHEX XBIib [12]. el edext oOymoBnenuit Gpynname-
HTAJIHHIAMH CITIBBITHOIICHHSMH €JCKTPOANHAMIKU CYIILTh-
HHX CEpEIOBHILI, TOMY BMICT HAIIOBHIOBAYA CJIiJ| BU3HAYATH
JIOCTaTHBO TOYHO. B TO¥ ke yac po3risiHyTI CHiBBIJHO-
LICHHSI MaIOTh NPUHAHATHY MOXUOKY 711 00’ €MHOTO BMICTY
HaroBHIOBaYa, MeHIoro 3a 0,3. IIpu OibIIMX BMICTax J10-
ITBHO 3aCTOCOByBaTI/I criBBigHOIICHHS bpyremana:

Z eff €| =O.

i mi Ej +2{;‘eﬂ=

Toxi &g =2,5-

Voro nepesaroro € NpuiHATHA TIOXMOKA 0 BMiCTy
HanoBHIoBava y mexax 0,3—0,7, mo Biamosimae 6aratboMm
NMpUKIagHAM 3amadam. [lepeBaroro (opmynu € mpuaat-
HICTb JIJIS BU3HAYCHHS JieTeKTPUIHOT MPOHUKHOCTI Oara-
TOKOMIIOHEHTHUX crcteM. CItiji BpaxOBYBaTH, IO yCi Ma-
paMeTpu MaTepialliB, AieJIEKTPUYHA Ta MarHiTHa IPOHUK-
HOCTIi, €JECKTPONPOBIIHICTh € KOMIUICKCHUMH BEJIUYH-
HAMH i MaIOTh YaCTOTHY 3aJIC)KHICTh. TOMY 3aCTOCYBaHHS

PO3IJISIHYTHX CITiBBITHOIIEHb JOLUIBHO 3aCTOCOBYBAaTH
JUISL OLIHOYHOTO BU3HAYCHHSI €DEKTUBHOCTI €KpaHyBaHHS
€JICKTPOMArHiTHUX BUIPOMiHIOBaHb. [IJIs1 oTpuMaHHs Ma-
Tepiaxy MOTPiOHOT e(EeKTUBHOCTI 3 MaJoOK MOXHOKOIO
MPOEKTYBaHHS HEOOXI/IHI KOPEKTHI JaHi MIOA0 aMILTITY-
JHO-YaCTOTHHUX XapaKTEPHCTUK EICKTPOMArHITHUX MOJIB
Ta BUNPOMIHIOBaHb, AKi HOTPEOYIOTh €KPaHyBaHH:L.

BucHoBkH

1. VYV pesynpraTi MPOBENEHOrO aHANI3y BCTAHOB-
JICHO, IO ICHYIOUI CHIBBIAHOIICHHS JJIsi BHU3HAYCHHS
eJIeKTPO(I3NYHUX MapaMeTpiB KOMIIO3HULIHUX MaTepia-
JiB MaroOTh TIeBHi 0OMeXeHHs. X JOIIIBHO 3aCTOCOBY-
BaTH U1 KOMIIO3HUIIT 3 HAITOBHIOBAYaMH MiKpOPO3MIipiB.
Ha koHKpeTHHX MpHKIagax MOKa3aHO MOXIHUBICTH JIO-
CTaTHBO TOYHOTO PO3PAaXyBaHHS JHiCTEKTPUIHOI TPOHHK-
HOCTi IBOKOMITOHEHTHOI KOMITO3HIIii.

2. Hepomikom cmiBBigHOmEeHs MaxkcBema-I'ap-
Hera Ta OlIeNIeBCHKOTo € onepyBaHHsl 00’ €MHHMHU BMicC-
TaM{ HalOBHIOBAYIB y NICJIEKTPUYHHUX MATPUIAX. ToMy
y IPaKTUYHIH AisUTBHOCTI CITiJI 32CTOCOBYBATH TIepepaxy-
HOK IIbOr0 HapaMmeTpy y MacoBuii BMicT. Kpim Toro, wi
CIIBBIHOIICHHS MAIOTh MNPHUHATHY TOYHICTh IS
00’eMHOT0 BMicTy HamoBHIOBada 10 0,3. Jlns Oiabiinx
BMICTiB HAIIOBHIOBAUiB CIIiJl BUKOPHCTOBYBATH CITiBBiJI-
HomeHHs bpyremana. Moro mepeBaroio € mpHmaTHICTH
JUI BU3HAUCHHS eJIeKTPo(i3MIHIX mapaMeTpiB OaraTo-
KOMIOHCHTHUX KOMITO3HIIii.

3. ¥ mportreci omiHKY eNeKTPODI3UIHIX XapaKTepH-
CTHK KOMIIO3UITIHHIX MaTepiaiB CJIiJl BpaXOBYBATH HasB-
HICTh MOPOTY MPOTIKaHHS (MEPKOISAIHHOTO epeKTy) y
KOMIIO3HIIISIX 3 €IEKTPONPOBIIHUMH HAllOBHIOBaYaMH. 3a
NEBHUX KOHIICHTpAIliii HAMOBHIOBAYIB PI3KO ITiBHIIY-
€THCS TIPOBIJHICTH MAaTepiajiB, [0 ABTOMATHUYHO ITi/IBU-
1rye Koe(ilieHTH BiIOUTTS €JICKTPOMATHITHUX XBHIIb, SIKE
€ HeOaxaHNM. Y IUX BUITAJKax CIiJ KepyBaTHCsS (yHIa-
MEHTAIFHIMU CITIBBiTHOIIICHHSIMH €ICKTPOTUHAMIKH CY-
OUTEHUX CepeIoBHUIL. J{JI1 OTprMaHHS MiHIMATBHUX MTOXH-
00K po3paxyHKiB HEOOXITHO MaTH JaHi PO aMILIITy THO-
YaCTOTHI XapaKTEPUCTHKH EIEKTPOMArHITHUX IIONIB Ta
BUTIPOMIHIOBaHb, SIKi MOTPEOYIOTH eKpaHyBaHHs. Lle 00y-
MOBJICHE YaCTOTHOIO 3aJIKHICTIO MAarHITHHX Ta EJIeKTPO-
(bI3MYHMX XapaKTEPUCTUK MaTepialliB.

KonguaikT iHTepeciB. ABTOpH 1EKIapyIOTH, 10 HE Ma-
F0Th KOHQITIKTY 1HTEPECIB CTOCOBHO JTAHOTO JIOCII/PKCHHS, B
TOMY 4HcITi (PiHAHCOBOTO, OCOOHMCTICHOTO XapaKTepy, aBTOp-
CTBA YH {HIIIOTO XapakTepy, M0 Mir OM BIUIMHYTH Ha JIOCTi-
JUKSHHS Ta OTO pe3yJIbTaTH, IPEICTABIICHI B IaHIH CTATTI.

Bukopucranusa 3aco0iB IITY4HOI0 IHTENEKTY.
ABTOpH HiITBEPIKYIOTb, 10 HE BUKOPUCTOBYBAJIN TEX-
HOJIOTIi IITYYHOTO IHTEJIEKTY IPH CTBOPEHHI MpEeJCTaB-
JeHoT poOoTH.
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Analysis of the theoretical basis for managing the protective properties of electromagnetic screens
Kyrylo Nikolaiev, Artem Bilyk, Kostiantyn Sapozhnykov, Oleksii Kozlitin

Abstract. The possibilities of calculating the electrophysical properties of composite materials for shielding electromagnetic
radiation are analysed. It is shown that electrophysical properties are the main indicator of shielding efficiency. The main empirical rela-
tionships for calculating the dielectric and magnetic permeabilities of compositions based on the matrix and filler indicators are analysed.
The role of the depolarisation coefficient of non-spherical filler particles is determined. It is shown that determining indicators based on
the volume content of the filler is difficult in practice. Therefore, it is advisable to perform a preliminary conversion of volume parameters
to mass parameters. It should be noted that the Maxwell-Garnet and Odelevsky relationships give an acceptable error for the volume
content of the filler up to 0.3. For filler volume content greater than 0.3, it is advisable to use the Brugeman ratio to determine the dielectric
permeability of the composition. The advantage of this ratio is its suitability for designing multi-component composite materials. All of
the above ratios give correct results for micro-sized fillers. In design, it is necessary to take into account the possible reduction in matrix
volume during polymerisation or drying. This is especially true for water-containing materials. In this case, the threshold for electric current
flow (percolation effect) is reduced, which affects the shielding coefficient. When the flow threshold is exceeded, the reflection coefficient
increases sharply, which in many cases, such as electromagnetic camouflage, is undesirable. To determine the electric current leakage
threshold, the fundamental relationships of the electrodynamics of continuous media should be used.

Keywords: electromagnetic radiation, shielding, electrophysical properties, composite material.

172


https://doi.org/10.1016/j.optmat.2014.03.010
https://doi.org/10.1088/1361-6528/aa81ba
https://doi.org/10.26906/SUNZ.2020.3.115
https://doi.org/10.36868/IJCS.2024.03.09
https://doi.org/10.26906/SUNZ.2023.2.183
https://doi.org/10.26906/SUNZ.2023.3.167
https://doi.org/10.15587/1729-4061.2021.231479
https://doi.org/10.36868/IJCS.2024.SI.05
mailto:nikolaevkirill@gmail.com
https://orcid.org/0000-0003-0404-6113
https://www.scopus.com/authid/detail.uri?authorId=42762116000
mailto:artem.bilyk@gmail.com
https://orcid.org/0000-0002-9219-920X
mailto:sapozhnykov_kos@meta.ua
https://orcid.org/0000-0003-0259-3690
mailto:oleksii.kozlitin@npp.nau.edu.ua
https://orcid.org/0009-0001-5129-5369

ISSN 2073-7394

CucreMu yrpaBiiHHs, HaBirarii Ta 38's3ky. 2026. Ne 1

VK 614.84:621.311.243:504.056

0. O. Yenuesa, C. B. Cykau

doi: 10.26906/SUNZ.2026.1.173

Kpemenuypkuit HanioHATFHUH yHiBepcuTeT iMeHi Muxaitna OcTtporpancekoro, Kpemenuyk, Yipaina

PU3UK-OPIEHTOBAHA OIIHKA MOYKEKHOI TA BI([EYXOBOE HEBE3IIEKH
INOBYTOBHUX EJIEKTPOI'EHEPATOPIB Y IIIVIBHIN MICBKIU 3ABY1OBI

AHoTalisi. AKTyalbHiCTh. AKTYaJbHICTh OCTIHKEHHS 3yMOBJICHa MACOBUM BUKOPHCTAHHAM BYJIHYHHX €JICKTPOTCHE-
paTopiB B yMOBax €HEPreTHYHOI HECTaOUILHOCTI Ta HaA3BUUYAMHUX CHTYallil, IO CYMPOBOIKYETHCS 3POCTAHHSAM PHU3HUKIB
MOKeX 1 BUOYXiB y IIUIBHIN Michbkilt 3a0yzoBi. BincyTHicTh yHi(iKOBaHUX MigXOIB 0 OLIHIOBaHHS PiBHIB MOKEKOBHOY-
XOHEeOe3MeKH TaKMX YCTAHOBOK YCKJIAJHIOE MPOTHO3YBAHHS HACHIAKIB 1 MPUUHATTS €(EKTUBHUX YHPABIIHCHKUX PIIICHb.
O6’€KT ROCTITKEeHHSI: IPOIECH BUHUKHEHHS Ta PO3BUTKY IT0XKEKOBHOYXOHEOE3IIeTHNX CUTYAIi IMij 9ac eKCIuTyartamnii Byi-
YHUX eJIeKTPOTreHepaTopiB B YMOBAX MICEKOTO CepeIOBHINA Ta Ha3BHYaHHNX cuTyaniil. MeTa cTaTTi: BU3HaYeHH: Ta OOTpyH-
TyBaHHS PiBHIB PU3HKY MOKSKOBHOYXOHEOE3IEKH BYIMYHUX €JIEKTPOTeHePaToOpiB NUIIXOM aHaJI3y YMOB iX eKcIuTyaramii Ta
OCHOBHHX HeOe3IeuHnx (akTopiB 3 METOIO MiJIBUIIEHHS Oe3NeK! HaceIeHHs i 00’ ekTiB iHQpacTpykTypu. PesyasTaTn qocii-
JUKeHHs1. Y CTaTTi IpOaHali30BaHO IMOXKEKHY Ta BUOYXOBY HeOe31eKy MOOYTOBHUX T'eHePaTOpiB, PO3MIIIIEHHUX Y IUIbHIN MiChKil
3a0yJ0Bi Oe3 CreliabHUX 3aXUCHUX KOHCTPYKIIK 1 B Oe3mocepeanii 0Im3bKocTi 10 Oy/iBesb. 3amporOHOBaHO IHTETPaIbHY
EKCIPEC-OIIIHKY PIBHS PH3MKY HACTaHHS MOXEXI i BUOYXY Ha OCHOBI IMOBIPHOCTI, HACIII/IKIB, €KCITO3HIIIl Ta TEMIIEPaTypHOTrO
Koe(illieHTa HaBKOJIMIITHBOTO cepefoBuina. BucHoBku. OTpuMmaHi pe3ynbTaTi 3a0e3Meqyr0Th MOKIIMBICTD IIBHKOI OIIIHKA
YMOB €KCILTyaTallii BYIMYHUX TeHEePaToPIB ITiJ] Yac eKCTPEHUX BiJKIFOYEHb eJICKTPOIIOCTa4YaHHsI Ta CBOEYACHOTO BIIPOBAHKEHHS
MIPEBEHTHBHUX 3aXO/IB 3 MiHiMi3aii pr3ukiB. OTprMaHi pe3yJIbTaTH MOXXYTh OyTH BUKOPHUCTAaHI IS ONIEPaTHBHOI OLIHKH MO-
JKeXHOI Ta BHOYX0BOi HeOe3MeKkn MoOyTOBIX I'eHepaTopiB y MUIBHIHM MichKiil 3a0yIOBI i/l 4aC €KCTPEHNX BiKIIOUEHB ENIEKT-
porocTadyaHHs. 3alpoIoHOBaHa eKCIIPec-METOIMKa JOLIbHA JUTSl MPAKTHYHOTO 3aCTOCYBaHHs OpraHaMH IIUBUIHHOTO 3aXHCTY,
eKCIUTyaTalifHuMu ciTy0aMu, Cy0’€KTaMH TOCIIOJapIOBaHHS Ta OpraHaMH MiCIIEBOTO CaMOBPSIYyBaHHS 3 METOI0 OOIPYHTY-
BaHHS IPEBCHTHBHUX 3aXO0/IiB, MiJBUIIECHHS PiBHS Oe3MEKN HACEICHHS 1 3MEHILICHHSI IOTEHIIHNX BTPAT.

Kaw4voBi cjoBa: ByIHYHI €JICKTPOrCHEPATOPH, MOKEKOBUOYXOHEOE3MEKa, PiBEHb HEOC3MEKH, HAI3BHYANHI CUTYalIlii,

Oe3reKa HaCeJICHHS.
Beryn

[ocTranoBka mpodiaemu. TpuBani BigKITFOUCHHS
eJICKTPOSHEPTil 3yMOBIWIIN MAacOBE BUKOPHCTaHHS aBTO-
HOMHHMX JDKEpeJI )KHUBJICHHS, HacamIiepesl OEH3MHOBHX i
JM3eIbHUX TeHEPATOPIiB, Y NPUOYIUHKOBUX TEPUTOPIsLX
KUTIIOBOI 3a0ynoBu. lle sBUIE BUKIWKaHE 00 €KTUB-
HOI MOTpeboro 3a0e3neyeHHs] 0a30BHUX YMOB JKHTTEI-
STIBHOCTI HacCeJIeHHsI, MPOTE CYMPOBOKYETHCS HU3KOIO
CHUCTEMHHUX MPOO0JIEM TEXHOI'€HHOI'0, €KOJIOTiYHOro, ca-
HITAPHOTO Ta CoMLiajdbHOrO Xxapakrepy. CrTuxiiiHa eKc-
IUTyaTallisi FeHepaTopiB y Oe3nocepeHiil OJIU3bKOCTI 10
KHUTJIIOBUX OyIMHKIB CTBOPIOE CEPHO3HI PUZHKH IS 3710-
pOB’sl HaceeHHs. Bukuan npoayKTiB 3ropsiHHS 11ajInBa,
30kpema dagaoro razy (CO), okcuaiB a3oTy Ta ApiOHO-
JMCHEPCHUX YaCTHHOK, y pa3i HeOCTATHbOI BEHTHIISALIT
a00 HenmpaBWILHOTO PO3MILIEHHS OOJaTHAHHS MOXYTh
MIPU3BOJIUTH J0 TOCTPUX OTPYEHB, 3aTOCTPEHHS CEPIIEBO-
CYyIIMHHHX 1 pecIipaTOpHUX 3aXBOPIOBAaHb, & B OKPEMHUX
BHITaJIKaX — JIO JIETAILHUX HACTI/IKIB.

Bunukae npoGieMa NryMoBOTo HaBaHTakeHHs. bi-
JBINICTh TOOYTOBHUX TeHEPATOpIiB HE MPHU3HAUEHI It
TPHUBAJIOi POOOTH B TYCTOHACETICHUX pailoHax i CTBOpIO-
I0Th PiBEHB IIyMY, IO TIEPEBUILY€ AOMYCTHMI CaHITapHi
HopMu. lle HeraTWBHO BIUIMBAaE Ha ICHXOEMOLIWHUHA
CTaH MEIIKAHIIB, MOPYIIY€E COH, CIPUYNHSE KOH(IIKTH
MIDX CyciZJaMH Ta 3HIKYE 3aralbHUI piBeHb KOM(OPTHO-
CT1 MPO>KUBAHHS y MICHBKOMY CEPEIOBHIIII.

30epiraHHs NajJbHOTO y HEHAJISKHHX YMOBaX, BH-
KOPHUCTaHHSA CaMOpPOOHHMX IIOJOBXYBadiB, II€peBaHTa-
JKEHHsI €JIEKTPOMEPEX 1 HEAOTPHUMAHHS PABHII EKCILTY-
aTanii reHepaTopiB 3HAYHO 301IBIIYIOTH IMOBIPHICTh BH-
HUKHEHHS TIOYKeEX, 0COOJIMBO Yy TBOpax 0araromnoBepxo-
BHX OYJIWHKIB, JIe €BaKyallis y pasi HaJ3BUUaHHOI CUTY-
arii ycknmagaena. Kpim Toro, BiICyTHICTb YiTKHX TPaBUI

PO3MIIIIEHHSI Ta BUKOPUCTAHHS ['€HEPATOPIB y JKUTIOBIH
3a0y/I0BI, a TAKOXK HEIOCTaTHil piBeHb MOiHPOPMOBaHO-
CTi HaCeJICHHs 010 Oe3MeYHOT eKCIUTyaTallii Takoro 00-
JaJ{HaHHS, TPU3BOMATH J0 CTUXIMHOCTI T2 HEKOHTPOJIbO-
BAHOCTI LILOTO MpolLiecy. Y JOBrOCTPOKOBIH IIEPCHEKTHUBI
e popMye mOmaTKOBI 3arpo3u rpoMaJChKil Oe3merni Ta
ITiICKITIOE COLllalIbHy HANpYTy B pOMaiax.

Takum uynHOM, IPOGIEMa MaCOBOTO BUKOPHUCTAHHS
TeHEepaTopiB y NPUOYINHKOBUX TEPUTOPISX BUXOIUTH 32
MEXI CyTO €HEpTeTHYHOTO IIUTaHHS 1 MoTpedye KOMILIe-
KCHOTO II/IXOAy, IO TOEJHYE HOPMAaTHBHE PpETYIIIO-
BaHHs, 1H(POPMAIIIHO-TIPOCBITHUIIBKY POOOTY, PO3BU-
TOK OE€3IEeyHINNX aJbTepPHATUBHUX JKEpes eHeprii Ta
BpaxyBaHHs MPUHLIMIIB LUBUILHOT Oe3meku i cranoro
PO3BUTKY MICBKOTO CepeIOBHIIA.

AHauni3 ocTaHHix gocaimxens i myOmaikanii. ITo-
KeXHa HeOe3Ieka MacoOBOTO BUKOPHCTAHHS €IEKTPOTeHe-
partopiB y npuOyJMHKOBUX TEPUTOPISIX CYTTEBO MOCHITIO-
€TBCS Uepe3 CUCTEMHE HEJJOTPUMAaHHs BUMOT YHHHHX HO-
PMaTHBHHX JIOKYMEHTIB y c(epi MOKEeKHOI Ta TEXHOTeH-
HOI 0Oe3IeKH, 30KpeMa Jep)KaBHUX OyiBEIbHUX HOPM.
3rigHo 3 JIBH B.1.1-7:2016 «IToxexHa Oe3neka 00’ €KTiB
OyiBHHIITBAY, PO3MIIIIEHHS HKEPE IMiIBUIICHOT TTOKEXK-
HOi HeOe3IeKN TTOBUHHO 3/1iHCHIOBATHCS 3 TOTPUMAHHAM
YCTaHOBJICHUX TPOTHIIOKEKHHUX BiJCTAHEH, a TaKOX i3
ypaxyBaHHsSIM KJIaCy BOTHECTIHKOCTi OyIiBelbHUX KOHC-
TPYKIIi# i Matepianis [1]. DakTHuHE BCTAHOBJICHHS r'eHe-
paTtopiB yIpuTyI 10 GacaiiB KUTIOBUX OyAWHKIB, TOCIIO-
JIAPCBKHUX CIIOpPYA, OAaJKOHIB, BIKOH Ta BEHTHISALIMHHX
OTBOPIB CyIEPEeYUTh IIMM BUMOTaM i CTBOPIOE YMOBH IS
LIBUIKOTO TIOLIMPEHHS TOXKEXKi y pasi 3aiimanHs [2]. Bo-
JTHOYAcC BiZICYTHICTB CTallioHapHUX abo0 cepTrdiKoBaHMX
3aXMCHHUX KOPIYCiB (KOXYXIB) ISl TeHEpaToOpiB HE Bij-
TIOBiJIa€ MPHUHIMIAM 3a0e31eYeHHS MOXKENKHOT Oe3NeKH,
pm3HaueHnM y JIBH B.1.1-7:2016, sxi mependauyarotsh
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MiHIMi3a-11i10 BILIMBY JIKEpeJ TeIUIa, iICKOp Ta BIAKPUTHX
rapsiuMx MOBEPXOHb HAa HABKOJMIIHE cepepoBuiie. Bu-
KOPHUCTaHHSI THMYACOBUX YKPHUTTIB i3 TOPIOYMX MaTepia-
7B (IepeBUHA, NOTIMEPH, TUTiBKa, TEHTH) (HaKTHIHO Iij-
BUIIY€ [TOXKES)KHE HABAHTA)XKEHHS Y IBOPOBOMY IPOCTOPI.
Kpim Ttoro, Bignoimno mo JBH b.2.2-12:2019
«IInanyBanHs i 320y 10Ba TEPUTOPIi», IPUOYAMHKOBI Te-
pHUTODIi KUTIOBOI 3a0yIOBH MaroTh 3a0e3medyBaTu Oe3-
MIEYH] YMOBH IIPOKUBAHHS, Y TOMY YHCIIi 3 ypaxXyBaHHIM
MOKSKHUX PO3PHBIB, MOKIMBOCTI i i3y ITOKEKHO-
PATYBaIBHOI TEXHIKH Ta HEJOITYICHHS PO3MIIIIEHHS 110~
TEHI[IITHO HEOE3MEeYHHUX 00 €KTIB Y MICIIX MACOBOTO Iie-
pebyBanus moaeit [3]. Cruxifine BCTaHOBICHHS TeHepa-
TOpIB y BOpax OaraTOKBapTHPHUX OYAMHKIB MOpYLIyE
LIl BUMOTH Ta YCKJIA/IHIOE JIOCTYI eKCTPEHUX CITykKO0 y pasi
BHHUKHEHHs OXexi [4]. OkpeMy 3arpo3y CTaHOBHTH MO-
JKITMBICTB 3afiMaHHS BiJl CTOPOHHIX JKEpeJT 3aIlalfoBaHHs,
30KpeMa HeJIOTaNKiB curapeT. B ymoBax 30epiranHs ma-
JIBHOTO, HAsIBHOCTI MapiB O€H3MHY a00 IH3ENBHOIO Hajb-
HOT'O Ta TOPIOYMX MaTepialiB HaBiTh HE3HAUHE IKEPETIO
BOTHIO MOX€ CIIPUYMHUTH 3aTOPSIHHS, [0 CYIIEPEdnTh 3a-
TaJbHAM BHMOTaM IT0KEKHOI Oe31ekH, Bu3HaueHNM [Ipa-
BUJIAMHU TIOXKEXHOT Oe3nekn B YKpaiHi Ta MOJOKEHHSIM
JBH B.1.1-7:2016 111010 HEIOMYIIEHHS BIAKPUTUX [KE-
pelT BOTHIO MOOJIN3Y MOXKEKOHEOC3MECUHMX YCTAHOBOK.
JonarkoBuM (hakTOpOM PU3MKY € ICKpIHHS TMiJ| 4ac
poOOTH Ta MiIKITIOYEHHS eIEKTPOTreHepaTopiB, 1110 BUHH-
Kae BHACHIJIOK BUKOPHCTaHHS HeCcepTU(IKOBAHUX TTOJIOB-
KyBadiB, IIEPEBAHTAXKEHHS MEPEXi a00 3HOIIEHOTO EJIEK-
TpoobnanHanus [5]. Taki yMOBH cyrepedyarh BHMOTram
0e31evHoi eKcIuTyaTallii eeKTpOyCTaHOBOK i CTBOPIOIOTH
peabHy 3arpo3y 3aliMaHHS 13011, CYX0l POCIMHHOCTI
a00 eeMeHTIB OJIaroycTporo MPUOYIMHKOBUX TEPUTOPIH.
VY cykynHOCTI 3a3HadeHi mopymreHHs HOpM JIBH
B.1.1-7:2016 ta JIBH B.2.2-12:2019 dbopmyroTh BHCO-
KU piBeHb MOXKEXKHOI HeOEe3IeKH y KUTIOBUX KBapTa-
Jax, MO B yMOBax IIUIbHOT 3a0y/lOBH Ta OOMEKEHHX
HUIAXIB €BaKYaIlil MOYKE MATU TSHKKI HACIIIKH JIJIST )KATTS
1 3710pOB’sl MELIKAHIIIB Ta OTpeOy€e HOPMATUBHOTO Bpe-
T'YJIIOBaHHS 1 IOCUJIGHOT'O KOHTPOJIIO 3 OOKY OpraHiB Mi-
CIEBOI BIaJH Ta CIIY’KO IUBLIBHOTO 3aXHCTY.
MerTor0 poGoTH € BUSHAUCHHS Ta 00T PyHTYBaHHS pi-
BHIB PH3UKY HOXKEXO0-BHOYXOHEOE3EKH BYIMIHUX €IICK-
TPOTeHEepaTOPiB NIJIIXOM aHAJI3y YMOB iX eKCILTyaTarlii Ta
OCHOBHHX HeOe3NeyHUX (PAKTOpiB 3 METOIO ITiIBUIICHHS
Oe3rexy HaceneHHS i 00’ €KTiB iHpPaCTPYKTYpH.

OcHoBHuIi MaTepian

O1iHIOBaHHS PU3UKY I'PYHTYETHCS HA MOJIOKEHHAX
JBH B.1.1-7:2016 «IloxexHa Oe3rneka 00’ €KTiB OyIiB-
Hunrea», JIBH b.2.2-12:2019 «I1lnanyBanus i 3a0ymoBa
TepuTopii» Ta [IpaBuiax moxexxHoi Oe3nekn B YKpaiHi,
AKi mepeadadaroTh iIeHTH(IKALio HKEpeT MOXKEeKHOT
HeOe3IeKH, OIIHKY YMOB 1X PO3MIIIEHHS Ta MOXKINBHUX
HaCTiAKiB. MeTO0OTIYHO0 OCHOBOIO 0OpaHO HATiBKi-
neKicHuM maxig BigmosigHo mo ISO 31000:2018 «Risk
management — Guidelines» ta ISO/IEC 31010:2009
«Risk management — Risk assessment techniques», mo
JIOITyCKae BUKOPUCTaHHS OalbHUX LKA 32 YMOB OOMe-
KCHHUX BUXITHUX MaHux. Takuil migxin 3abe3neuye o0-
IPYHTOBaHE PaH)KYBaHHS PHU3UKIB 1 MPUIHATTS YIpaB-
JIHCBKUX pIIIEHb WIOA0 JOIMYCTHMOCTI abo 3abopoHH

eKCIITyaTallii reHepaTopiB Yy KUTIIOBiH 3a0ynoBi. 3arpo-
MIOHOBAaHO BH3HAYaTH IHTETPAIBHUN MTOKAa3HUK PH3HKY,
SIKUH BpaxoBY€ IMOBIPHICTh BHHHKHEHHS IOXEXi, pi-
BEHb BIUIUBY JIIOJIEH, TSDKKICTh MOXKIMBUX HACIIIKIB JUIs
HaceJIeHHsI, CIIOpY/] 1 MaifHa, a TAKOXK BPaXOBYBaTU TEM-
nepaTypHUi NMOKa3HHUK. 3alpolOHOBAHO BH3HAYaTH PHU-
3WK ITOKEeK0-BHOYyXOHEOe3meKn MoOyTOBIX TeHepaTOPiB
SIK TOOYTOK YOTHPHOX CKJIAJJOBUX:

R=P xE x Cxkp, 1)

ne P — iMOBipHICTh BUHHKHEHHS OXEXi a0o BUOyXy; E —
piBeHB BIUIMBY Ha JrozeH i 3a0ynoBy; C — TSKKICTH MO-
JKIIMBUX HACHIZKIB, KT — KOeQili€HT BIUIMBY TeMmIiepa-
TYPH OTOTYIOUOTO CEPEOBHIIA.

KoxeH nmokasHuK OLiHIOETHCS 3a OAITBHOO IIKAJIOI0
Bix 1 o 5, a TemnepaTypHHUit KOSIIIEHT € TOKa3HIKOM,
o 3J1aTCH HiJICI/IHIOBaTI/I Y1 3HWXKYBATW BIIJIMB BUHUK-
HEHHs HeraTHUBHOI NOJAIi Ta pU3UK 11 HaCTaHHSI.

PosrnsiHeMO KOHKpETHUH BUIAJOK PO3TallyBaHHS
BYJMYHUX T'€HeparTopiB, puc. 1.

Puc. 1. ®oto posramryBaHHs reHEpaTOpa Ta BUXiAHI YMOBH
IUIs PO3PaxXyHKY Ta OLIHKH PH3UKY

BuxinHi yMOBH IS OLIHKK: TU3EbHI 1 OCH3HMHOBI
TeHEepaTOpH PO3TAIIOBaHI Ha BYNHUI OIS KOMEPIIHHUX
00’€KTIB y I’ ITHIIOBEPXOBOMY OyIWHKY Ha BYJHII 3 1H-
TEHCHBHUM pyxoM Jrofei. CriemianizoBaHi MicIs po3Ta-
IryBaHHS He mependadeHo. PosramryBanHs y 6e3mocepe-
JHIH OMM3BKOCTI 10 00’€KTY KUBJICHHS Ha BIJCTaHi 110
1,5 m. XKuBnenHst BifOyBa€eThCsl 3 BUKOPHCTAHHSIM HE3a-
XHIIEHUX MO0YTOBUX MOAOBKYBadiB. BU3HaAUMMO pH3HK
BUHHUKHEHHS [TOKEXXI Ta HACTAHHS HETAaTHBHUX HACJIIIKIB
JUTSL JIFOZICH 1 MaliHa B pe3yJibTaTi poOOTH 4 TaKHX T'eHe-
paTopiB B yMOBax 3UMOBHUX Temriepatyp -17°C (tabm. 1).

Tabnuys 1 — Ouinka imosipHocti (P)*

dakrTop Onuc baxa

Tun reneparopa OCH3MHOBUIT / TU3eNb- 3-4
HUM

TpuBaiticte poboTn >6 ron/moby 4

HasBHiCTH 3axWMCHOTO | BiACYTHiit 5

KOpITyCy

Biacranb g0 OyaiBii 2-3M 5

[TanuBo mopyu 30epiraeTbest 1 iH- 2
HIOMY MicIi

EnexTpomigrimodeHHs | MOJOBXKYyBadi, 4
ICKpiHHS

* Jlns omvcanux yMoB: P = 4 Ganu (BHCOKa iIMOBIPHICTB).

JI1st OLIHKY €KCTIO3UITIT MPUtMaTi IO yBaru moBe-
PXOBICTh OyIWHKY, CEpemHIO0 KUIBKICTh JIOJIEHl Ha BY-
JIUIIi, HASBHICTH BIKOH 1 OAJTKOHIB, 110 MOYE TPUBECTH JI0
pyHHYBaHHS CKJIiHHA, THO 3a0yJOBH Ta HAsBHI OUIIXH
eBakyauii. PesysbraT 3aHeceHo y Tabmn 2.
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Tabnuys 2 — Ouinka excno3uuii (E, cepenne apupmernyne)*

IlapameTtp YMoBH ban
JlromHicTh ByMIL JIIOIHA, IOCTIMHUH pyx 5
Tun 3a0yznoBn OaraTonoBepxoBa 5
KinpkicTh OBEpXiB 5 oBepxiB 4
Bentussiiiiiai oTBOpH | BikHA, OAJIKOHU MOPYY 5
MOKIUBICTh €BaKyallii | 4acTKOBO 0OMEXeHa 3

*E = 4,4 6ayu (1y>ke BUCOKHIA PiBEHb BIUTHUBY).

3 METOI0 OIIIHKU MOTEHIIHHOTO BIUIMBY TOPIiHHA i
BUOyXy TeHepaTopa Ha HaceJeHHs, OyZiBil Ta MaiHO
OyJI0 BUKOHAHO MOJICJIIOBAHHSI BUOYXy IreHeparopa Io-
TyxHicTi0 10 kBT 3 BMicTOM manuBa y €éMHOCTI JUIA T1a-
JIMBA Ha PiBHI Y4 Bi3 3arasibHOTO 00’ €My. MoaenroBaHHs
BHKOHYBaJIOCs y Tiporpamuomy tpoaykrti Aloha. Otpu-
MaHa TeMIIepaTypHa KapTa IpeCTaBIeHa Ha PHC. 2.

_s Thermal Radistion Threst Zone [o o=
meters
50
/_—'\
30
10 /
f A \ wind
o {
e ' |
30 :
60 40 20 0 20 40 60

meters
] greater than 10.0 kW/(sq m) (potentially lethal within 60 sec)
greater than 5.0 kW/(sq m) (2nd degree burns within 60 sec)
[] greater than 2.0 kW/(sq m) (pain within 60 sec)

Puc. 2. Pe3ynpTaTi MOJIEIIOBaHHS TEILUIOBOTO IIapy BHOYXyY
BYJIMYHOTO €HepaTopa y mporpaMHomy mpoaykri Aloha

3 OTpHMaHHX Pe3yJBTATIB BHIHO, IO TEIUIOBA KIS
YPaKEHHsI PO3MOBCIOKYETHCs 10 40 M Bijl MiCIIs BUOYXY, a
Ha BiicTaHi 10 20 M. MOXYTb CIIOCTEPIraTHCs JIETAIbHI Hac-
JIKY TS Iepex0kuX. TakuM YMHOM JUTS OLIHKH HACITIIKIB
OyJ10 00paHo (HaKTOPH TMOXKSIKHOTO HABAHTAKCHHS, TIOTCH-
LIHHY MOJIMBICTh BUOYXY BiJI IIOTPAILISHHS HE/IONAJIKIB, ic-
KpiHHSL, Hi/iNAaNy Ta iH., 30Hy HOLUIUPEHHS BOTHIO, PH3HK JUIS
JFOJIEH Ta IOCTYTI PATYBAJIBHUX ITiAPO3ALTIB (Tad. 3).

Tabnuys 3 — Ouinka Hacaiakis (C, cepeane apupmernune)™

Kputepiii [ToTeHwuiitHi HacTiIKH ban
Toxexne yTeIuToBay gacanry, 4
HABaHTAXKEHHSI MA®u
MosIHBiCTh BUOYXY 1apu NajabHOr0 4
[TommpeHHs: BOTHIO BepTHKaibHE (dacan) 5
Pusux st moneit YHCENbHE YPAKCHHS 4
JocTyn noxxexxHux JIOCTYITHUH 2

*C = cepenne apupmernyne. C = 3.8 Ganu (Baxkki HACTIAKK).

TemnepaTypa 30BHILIIHBOTO CEPEAOBHINA CYTTEBO
BIUIMBA€E HA PiBEHB MOYKEKO- Ta BUOYXOHEOE3MeKH ByJIHNY-
HUX TreHepartopiB. [ligBHIEHHS TemmepaTypu MOBITPs
crpusie 01BN iIHTEHCHBHOMY BHITAPOBYBAHHIO MTAJTMBA Ta
MaCTIWJIPHUX MaTtepiaiiB, MiABUIIYIOYH KOHIICHTPAIIO
JIETKO3aMHCTHX IapiB, a TAKOX 30UIbIIYE HArpiB eNeKT-
PUYHHUX Ta MEXaHIYHUX KOMIIOHEHTIB, 110 Mi/IBUIYE HMO-
BipHICTH ICKpOYTBOpeHHs1 abo meperpiBy. Husbki

TEeMIEpaTypyu MOXXYTh 3MEHILYBaTH BHIIAPOBYBaHHS I1a-
JIMBa, MPOTE Pi3Ki KOJIMBAHHS TeMIlepaTypu ab0 KOHTaKT
i3 JDKEpeJIoM iCKpH 3AaTHI CIPHYMHUTH 3aiiMaHHs. ToMy
TIPY OLIIHIOBaHHI PiBHIB PU3HKY HOKEK0- Ta BUOyXOHeOe-
3MIEKH TeHepaTopiB HEOOXiTHO BpaXxOBYBaTH TEMIIEPATYP-
HUH KOe(DiIlieHT, KU KOPUTYE HMOBIPHICTh BHHUKHEHHS
HeOe3NeyHnX CUTYyalill 3aJIe)KHO BiJl YMOB 30BHIITHBOTO
cepenoBumma. TemneparypHuii koedimieHT Ta Horo 3Ha-
4yeHHS Oyno oOpaHO HAa OCHOBI TEIUIOBOI TEOpii BHHHUK-
HEHHS Ta TIOMUPEHHS moyM st (Tabur. 4).

Tabnuysa 4 — TemnepatypHuii koediuient
30BHIIIHBOTO Cepe0BUIIA

Temn., °C Koed. (k) Temn., °C Koed. (k)
-20 0,7 20 11
-10 0,8 30 1,2

0 0,9 40 13
10 1,0

[MigcraBuBium 3HaueHHs y ¢opmyny (1), orpuma-
€MO YHCENBHUI PO3PaxyHOK IHTEIPATEHOTO PU3HKY:

R=4x43x38 x(,8<535.

CKOPHCTABIIUCH IIKAJIOO IHTEpIIpeTallii pu3uKy (Tadm. 5),
BH3HAYMMO, 0 R = 53,5 — BUCOKHUI piBEHb PU3UKY.

Tabnuya 5 — llkana inTepnperauii pusuxky

3nauenHs R | PiBens pusuky Pexomenparii
1o 20 HU3bKHUI JIOMyCTUMA SKCITyaTarlis
21-40 MOMIPHHUI JIOJATKOBI 3aX0IH
41-70 BHCOKHI 0o0OMeXeHHs

3a00poHa/HeraliHe YCyHEeHHsI

Janst MiHIMI3anii pU3UKIB MOXEXHOI Ta BUOYXOBOT
HeOe3MneKkn MOOYTOBUX EJIEKTPOreHepaTopiB JOIIBHO
3abe3neyyBaTu O€3MEYHi BiACTaHI 10 OyaiBeab 1 ropio-
YHMX MaTepiaiB, 3aCTOCOBYBATH BOTHECTIIKI €KpaHH, KO-
HTPOJIIOBATH YMOBH €KCILTyaTalil 3a MiJIBUIIEHUX TeM-
neparyp Ta JOTPUMYBATHCS BUMOT 1010 30epiraHHs na-
JBHOTO 1 TEXHIYHOTO 0OCITyroByBaHHS 00agHaHHS. Ba-
XKIJIUBUM € OCHAIIEHHS MICIlb €KCIUTyaTarlil MIepBUHHUMHU
3aco0aMy MOXKEXKOTACIHHS Ta IMiATOTOBKa KOPUCTYBadiB
JI0 il y pa3i Haa3BUIalHUX CHUTYaIlilil. 3aCTOCYBaHHS iH-
TEerpabHOI eKCIIPEC-OLiHKN PU3HKY JJa€ 3MOTY OIlepaTH-
BHO BU3HA4YaTH PiBEHb MOXKEXKHOI Ta BUOYXOBOI HeOe3-
MeKH 3 YPaxyBaHHIM KIIFOUOBHX YHHHHUKIB, 1[0 0COOJINBO
aKTyaJIbHO B YMOBaX €KCTPEHHX BIIKIIOYEHb EJIEKTPO-
moctavyaHHs. [lepeBaroro METOIWKH € il IpOCTOTa, YHi-
BEPCAJIBHICTH 1 MPUAATHICTH IS OOTPYHTYBaHHS IpeBe-
HTUBHHX 3aX0JIiB Ta IPIOPUTETIB pearyBaHHs.

BucnoBxku

Y CTaTTi pO3MIITHYTO aKTyalbHY HIPOOIeMy MOKexX-
HO1 Ta BHOYX0BO1 HeOe3Mmekn MoOyTOBUX eNeKTporeHepa-
TOPIB, IO EKCIUTYyaTYIOThCSA B YMOBaX IIUIFHOI MiCBKO] 3a-
OymoBu 0e3 3acTOCYBaHHS CIEIiaJIbHUX 3aXHUCHUX a0o0
MIPOTHUIIOKEKHNX KOHCTPYKIIH Ta pO3MIIIyIOThCS B Oe3-
rocepeaHiil 6nm3pKocTi 1o OyniBens 1 cropyn. Beranos-
JIEHO, 110 TaKi yMOBH €KCIDTyaTallii CyTTEBO IiABUILYIOTH
piBEHb PH3HMKY BUHMKHEHHS ITOXKEX 1 BUOYXiB, 0COOJIMBO
Il Yac eKCTPEHHMX BIIKIIOYEHb EJICKTPOIIOCTA4YaHHsS Ta
IHTEHCBHOTO BUKOPHUCTAaHHsS TCHEPATopiB. 3aIpoIlOHO-
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BaHO IHTErpalbHy EKCIIPEC-OLIHKY pIBHS PH3UKY Ha-
CTaHHS MOXEXi Ta BUOYyXy, 110 0a3yeTbcsl Ha KOMILIEKC-
HOMY BpaxyBaHHI IMOBIPHOCTI iHIiIiIfOBaHHS HeOe3MeyHOT
TOJIi1, MOKJIMBUX HACIIJIKIB, PIBHS €KCIO3MUINT 00 €KTIB 1
JIFOJIEH, a TaKOXK TeMIepaTypHOro KoedilieHTa HaBKOJIH-
IIHBOTO CepeNoBUIIa. BKITIOUCHHS TeMIlepaTypHOTO YHH-
HHUKA JaJI0 3MOTY OLTBII TOYHO BiOOpa3UTH BIUIMB 30BHi-
ITHIX YMOB Ha MOXEXHY HeOe3MeKy reHepaTopiB.
OTpuMaHi pe3ynbTaTH CBigUaTh PO TPAKTHIHY
JOLTBEHICT BUKOPUCTaHHS 3aIllPOIIOHOBAHOI METOIUKH
IUIsL IIBUIKOT OLIHKK YMOB eKCIUTyaTalii By JHYHUX MO-
OyTOBHX T€HEpaTOpiB y MICBKOMY CEpEelOBHILI. 3ampo-
TIOHOBAHMH MMiAXi MOKe OyTH 3aCTOCOBaHUI AJIs oliepa-
TUBHOTO HPUHHATTS pillleHb, CBOEYACHOTO pearyBaHHs

Ta BIPOBAKCHHS IPEBEHTUBHUX 3aX0/1B, CHPSMOBaHUX
HA MiHIMI3aIliI0 TI0XKEKHHUX 1 BHOYXOBUX PU3HKIB Ta IIiJI-
BUILICHHS piBHA Oe3MeKH HaceJeHHs i 3a0yJ0BU B yMoO-
Bax HaJ3BUYANHHUX CHUTYAIliH.

KonduikT iHnTepeciB. ABTOpu IeKIapyroTh, IO HE
MaloTh KOH(QIIKTY IHTEpPECiB CTOCOBHO IaHOTO JOCIi-
JUKEHHS, B TOMY 9HCII (JiHAHCOBOTO, OCOOMCTICHOTO Xapa-
KTepy, aBTOPCTBA YH iHIIIOTO XapaKTepy, IO Mir 01 BILIH-
HYTH Ha JIOCHIIKCHHS Ta HOTo pe3yNbTaTH, IMPEICTaBICH]
B JaHIN cTaTTI.

BukopucranHsa 3aco0iB IITYYHOI0 iHTeJeKTYy.
ABTOpU HiITBEPIKYIOTb, 110 HE BUKOPUCTOBYBAJIN TEX-
HOJIOTIi IITYYHOTO IHTEJEKTY IPH CTBOPEHHI IPEICTaB-
JeHoi poOoTH..
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Risk-oriented assessment of fire and explosion hazards of household electric generators
in dense urban development

Olha Chencheva, Serhii Sukach

Abstract. The relevance of the study is driven by the widespread use of outdoor household electric generators under
conditions of energy instability and emergency situations, which is accompanied by an increased risk of fires and explosions in
densely built-up urban areas. The lack of unified approaches to assessing the level of fire and explosion hazards of such installations
complicates the prediction of possible consequences and the adoption of effective management decisions. Object of the study is
the processes of occurrence and development of fire- and explosion-hazardous situations during the operation of outdoor electric
generators in an urban environment. Purpose of the article is to determine and substantiate the levels of fire and explosion risk of
outdoor electric generators by analyzing their operating conditions and the main hazardous factors in order to improve the safety
of the population and infrastructure facilities. Research results. The fire and explosion hazards of household electric generators
located in dense urban development without special protective structures and in close proximity to buildings are analyzed. An
integral rapid risk assessment of fire and explosion occurrence is proposed based on the evaluation of probability, potential conse-
guences, exposure, and the ambient temperature coefficient. Conclusions. The obtained results enable a rapid assessment of oper-
ating conditions of outdoor electric generators during emergency power outages and support the timely implementation of preven-
tive measures aimed at risk minimization. The proposed rapid assessment method can be applied by civil protection authorities,
operating services, business entities, and local governments to enhance public safety and reduce potential losses.

Keywords: outdoor electric generators, fire and explosion hazard, hazard level, emergency situations, public safety.
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MODEL FOR ORGANIZING HYBRID COMMUNICATION
IN A MICROSERVICE ARCHITECTURE ON THE .NET PLATFORM

Abstract. Relevance. Modern microservice systems are widely used in high-load software products, particularly in cloud
and enterprise environments, where performance, scalability, and reliability are critical requirements. The choice of
interaction mechanisms between microservices significantly affects system behavior under load and its ability to handle
peak request spikes. Object of research. The object of research is the interaction processes between microservices in
distributed applications on the .NET platform. Purpose of the article. The purpose of the article is to analyze synchronous
and asynchronous communication models, experimentally compare their performance under different load conditions, and
substantiate a hybrid interaction model that combines the advantages of both approaches. Research results. Experimental
performance testing of synchronous and asynchronous processing models was conducted. The results demonstrate that
asynchronous interaction provides better scalability and resilience under high load, while the synchronous model is more
effective for moderate traffic and low-latency scenarios. A hybrid model is proposed that dynamically selects the
interaction type based on an integral load assessment. Conclusions. It is concluded that the use of a hybrid model enables
stable and efficient operation of microservice systems by adaptively switching between synchronous and asynchronous
processing depending on the current system state.

Keywords: microservice architecture, .NET, synchronous interaction, asynchronous interaction, performance, hybrid

model.

Introduction

Current State. Modern distributed systems are
increasingly used in large software products with high
requirements for performance, scalability, and reliability.
Microservice architecture enables flexible decomposition
of monolithic applications into independent services,
which simplifies the development, updating, and
deployment of individual components. However, as such
systems evolve, their structure becomes more complex
and the volume of load increases, which intensifies the
problem of choosing an correct method of interaction
between services. An incorrect decision regarding the use
of synchronous or asynchronous communication
mechanisms, as well as coordination approaches, can lead
to increased latency, the emergence of bottlenecks, and
difficulties in system maintenance.

Modern microservice systems are widely used in
high-load software products, particularly in cloud and
enterprise environments, where scalability, fault tolerance,
and predictable performance are key requirements. In the
practice of designing such systems, the primary focus is
placed not only on functional decomposition but also on
the choice of interaction mechanisms between services,
which significantly affects system behavior underload [1].
In most modern implementations, both synchronous and
asynchronous communication mechanisms are used.
Synchronous interaction, typically implemented through
HTTP calls, remains dominant for latency-sensitive
operations due to its simplicity of implementation and
transparency of request processing. At the same time,
practical experience in operating large-scale microservice
systems shows that as load increases, synchronous calls
become a source of blocking and cascading failures, which
limits system scalability [2].

Asynchronous approaches based on message
exchange and event-driven architecture are increasingly
applied to the processing of bulk and background
operations. They allow load leveling, reduce coupling
between services, and improve resilience to peak request
spikes. At the same time, extensive use of asynchronous
interaction complicates system logic, requires additional
infrastructure, and increases the requirements for
monitoring, error handling, and ensuring idempotency
[3]. In the .NET ecosystem, these trade-offs are
particularly pronounced, as the platform is actively used
to build both high-performance APIs and distributed
services with complex business logic. Practical guidelines
for developing .NET microservices usually recommend
fixing the interaction model at the design stage; however,
such an approach does not account for the dynamic
nature of load in real-world systems [4].

Problem Statement. The objective of this work is
to study and improve approaches to organizing
microservice applications on the .NET platform. The
study is aimed at identifying correct interaction
strategies with consideration of the specifics of the
.NET  environment, experimentally = comparing
synchronous and asynchronous models under different
load conditions, and substantiating a hybrid model in
which both approaches are combined to achieve stable
and efficient system operation. This will enable
developers to obtain recommendations for the design,
implementation, and scaling of microservice systems
that meet modern requirements for performance,
reliability, and efficiency.

Main Section

Study of Interaction Methods for Microservice
Applications. The way in which microservices interact
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with each other directly affects the performance,
scalability, and reliability of the system [5]. The choice
of message exchange approach determines how flexibly
the system responds to peak loads, how quickly it can
recover from failures, and how easily it can adapt to
new requirements.

Synchronous  communication  has  several
advantages. It is characterized by straightforward
integration with existing .NET frameworks such as
ASP.NET, which simplifies the development and
maintenance of services. In addition, the client receives
a response immediately after the request is processed,
which significantly simplifies further handling of the
results. At the same time, this approach also has a few
drawbacks. Synchronous interaction directly depends on
the availability of the target service: if it is unavailable,
request execution is blocked, which can lead to failure
of the entire business process. Synchronous calls also
limit scalability, since many concurrent requests can
overload the service and significantly degrade
performance. Moreover, in the case of long-running
operations, the overall response time increases. To
implement synchronous interaction in C#, HTTP/REST
APIs using HttpClient or gRPC technology are typically
used; the latter provides high-performance remote
procedure calls based on the HTTP protocol [6].

Asynchronous message delivery allows a client to
send a request without the need to wait for an immediate
response, since requests and the results of their
processing proceed independently of each other [7].
This approach ensures scalability by enabling the
system to efficiently handle a significantly larger
number of requests without the risk of overloading
individual services. It also improves reliability, as the
client does not depend on the immediate availability of
a service, and reduces user-perceived latency, allowing
the user to continue working without waiting for the
operation to be completed. However, asynchronous
interaction complicates implementation, requires
additional mechanisms for handling responses and

tracking request states, makes debugging more difficult
due to the distributed nature of data flows, and also
necessitates the implementation of idempotency to
avoid duplicate operations when messages are resent. In
C#, asynchronous scenarios are implemented using
message queues, including Azure Service Bus,
RabbitMQ, or Apache Kafka, as well as through event-
driven architecture, where events serve as triggers for
subsequent actions across different services.

During the study, a performance comparison of
synchronous and asynchronous request processing
models was conducted based on two different
approaches. The synchronous model was implemented
using the HttpClient class, which is the traditional
method for performing HTTP requests in C#. At the
same time, the asynchronous model was based on
message exchange using RabbitMQ.

Testing was carried out under two different
scenarios:

1. Dependence of execution time on the total
number of requests.

2. Dependence of execution time on the number
of requests per thread.

The first scenario (Fig. 1) demonstrated a clear
difference between the two approaches. For the
synchronous model, the execution time initially
increased linearly with the growth in the number of
requests. However, after reaching a critical threshold of
10* requests, the system exhausted its capacity, and the
increase in execution time became exponential. This
behavior is typical for synchronous execution, where
threads are blocked while waiting for responses.

The asynchronous model demonstrated
significantly more stable results. An increase in the
number of requests led to linear growth in execution
time, while the system efficiently handled even high
loads without substantial delays. This can be explained
by the capabilities of asynchronous processing, where
tasks are executed in parallel and resources are used
correctly through RabbitMQ queues.

—8— Sync
Async
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Fig. 1. Results of the first test

The second scenario (Fig. 2), which examined the
impact of requests per thread, also confirmed the

advantage of the asynchronous model. In the
synchronous model, execution time began to increase
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significantly even at moderate values such as 25/2000.
Further increases in the requests per thread resulted in
overload and a substantial rise in execution time.

The asynchronous model coped with such load
more effectively. Although execution time gradually

increased, it remained significantly lower compared to
the synchronous model. Only at very high levels, such
as 75/1000 or 100/1000, did a gradual increase in
execution time begin to appear, indicating that the
system was approaching its performance limit.

—8— Sync
Async
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Fig. 2. Results of the second test

The results obtained demonstrate the advantage of
the asynchronous message-passing model for processing
many requests. The asynchronous approach enables more
efficient use of system resources through parallel
processing and message queues, whereas the synchronous
model quickly reaches its performance limits. At the
same time, the use of asynchronous communication is
associated with the need to maintain additional
infrastructure, including message brokers, and with
increased operational costs in cloud environments, where
charges are applied based on the number of processed
messages and the volume of traffic. This confirms that
neither a purely synchronous nor a purely asynchronous
model is a universal solution [8].

Hybrid Model of Interaction Between
Microservices. Considering the obtained results, a need
arises to formulate a hybrid model of interaction between
microservices that combines the advantages of both
models. The idea is that the system does not fix the
interaction type in advance but dynamically chooses
between synchronous and asynchronous communication
depending on the current load, latency requirements, and
economic constraints. For example, during periods of low
load, requests can be processed synchronously, which
ensures minimal response time and does not require
intensive use of brokers. During peak activity, part of the
operations is shifted to the asynchronous mode, which
helps avoid service overload and level the load on the
infrastructure. Fig. 3 presents a conceptual diagram of the
hybrid interaction model, which reflects the sequence of
request processing in a microservice system. An
incoming request is sent to the decision-making module,
which determines the interaction mode based on
operational metrics received from the monitoring module.
Depending on the current load, either the synchronous or
asynchronous mode is selected, after which the request is

forwarded to the corresponding microservices. The
processing result is produced by the microservices and
returned to the client as a response.

Request

Decision Module

Monitoring Maodule

Synchronous
Communication

Asynchronous
Communication

> Microservices €

;'7—/
¥
L

Response

| —

Fig. 3. Conceptual diagram of the hybrid model

To build the hybrid model, a set of parameters is
used that quantitatively characterize the load and reflect
the current state of the system. These parameters
include the incoming request rate (RPS), the average
service response time, and CPU utilization. Each of
them has defined threshold values that specify the limits
of stable operation. If the parameter values exceed these
thresholds, the system approaches a degradation state,
and under such conditions it is appropriate to switch to
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the asynchronous processing model. Operation within
the lower thresholds, on the contrary, ensures the
effectiveness of synchronous interaction.

To generalize these criteria, an integral load

assessment is used:
RPS s Tresp . CPUn
th'gi’.' Ti’:l'gf': CPU;

high

L=m-

where the coefficients o, B and y determine the weight
of each parameter. The obtained value allows decisions
to be made in a unified manner:

sync: L < 1,

asyne: L = 1,

This approach makes it possible to evaluate the
load comprehensively and ensures more stable and
predictable switching between the sync and async
modes. Several implementation options for the hybrid
model in a microservice system on the .NET platform
can be distinguished:

- hybrid at the APl Gateway level. Incoming
requests arrive at the gateway, where the decision-
making module is implemented.

- hybrid at the individual service level. The entry
service always accepts the request synchronously, but
different processing paths are used inside it.

- hybrid at the individual operation level. For
each endpoint or business action, an important class is
defined: latency-critical, cost-sensitive, background
processing, and so on.

Unlike classical approaches, where the choice of
synchronous or asynchronous communication is made at
the design stage and remains unchanged during
operation, this model treats the interaction type as a
dynamic parameter that changes over time.

Conclusions

This paper considered two main approaches to
interaction between microservices: synchronous and
asynchronous. It was shown that the synchronous model
is simpler to understand and implement and is well suited
for scenarios with moderate load and strict response-time
requirements. In contrast, the asynchronous model
performs better under high-load conditions, providing
improved scalability and resilience to peak request
spikes. Experimental results confirmed that as the request
volume increases, synchronous interaction quickly
reaches its limits due to the blocking nature of processing,
whereas the asynchronous model allows more uniform
utilization of system resources. At the same time, it was
established that pervasive use of asynchronous interaction
leads to increased system complexity and higher
operational costs associated with maintaining additional
message-exchange infrastructure, especially in cloud
environments with pay-per-use pricing.

Based on these findings, it was concluded that
neither a purely synchronous nor a purely asynchronous
approach is universal. The application of a hybrid model
is therefore appropriate, in which the interaction type is
selected depending on the current load and economic
constraints. In simpler and less loaded scenarios, the
system may predominantly use synchronous interaction,
while upon reaching critical load or latency thresholds,
part of the operations can be shifted to the asynchronous
mode, thereby leveling the load on the infrastructure.

Within the scope of this work, the hybrid model is
described at a conceptual level without proceeding to
full implementation. The metrics used and the operating
principles of the decision-making module serve as a
basis for further practical research and testing of
dynamic  selection  between  synchronous and
asynchronous interaction modes. Thus, the following
results were obtained in this article:

1. A review of synchronous and asynchronous
interaction models in .NET microservice systems was
conducted, and their advantages, disadvantages, and
conditions for effective application were analyzed.

2. Experimental performance testing of both
models was carried out under two load regimes, and the
results demonstrated differences in scalability and
system behavior under high incoming request intensity
and multithreading.

3. A conceptual hybrid interaction model was
proposed, in which the request processing type is
determined based on an integral load assessment. This
approach provides more stable switching between
synchronous and asynchronous processing and
improves overall system efficiency.

Future research in the field of microservice
interaction may focus on further elaboration of the
practical aspects of implementing the proposed approach,
including the development of a full-featured prototype
and its integration into a .NET microservice environment.
Particular attention may be given to extended load testing
and analysis of model behavior under various traffic
types, service configurations, and scaling scenarios,
which will make it possible to assess the robustness and
applicability of the model in real-world systems.

Konduikr inTepecis

ABTOpPH JIEKIapyiOTh, IO HE MAIOTh KOHQIIKTY
THTEpEeCiB CTOCOBHO JAHOTO JIOCHTI/PKEHHS, B TOMY HYHCII
(piHAHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA UM
IHIIOTO XapakTepy, 10 MIr OM BIUIMHYTH Ha JOCIIJDKEHHS
Ta HOTo pe3yJIbTaTH, PeICTaBIeH] B JaHIl CTATTI.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJIEKTY

ABTOpH MiATBEPIKYIOTh, 110 HE BUKOPUCTOBYBAJIH
TEXHOJIOTi] IITYYHOTO iHTENEeKTy TpPH CTBOPEHHI
TIpeACTaBIeHO] POOOTH.
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Mogens opranizanii riopuaHoi komyHikauii B MikpocepgicHiii apxitexktypi Ha niaargopmi .NET
0. C. Bacunpuenko, A. L. [Topomenko, P. O. Spomesny, B. O. Xones, M. B. Illoctak

AHoTanisi. AkryaiabHicTb. CydacHi MIiKpOCEpBICHI CHCTEMH NIMPOKO BHKOPHCTOBYIOTBHCS Y BHCOKOHABaHTA)XCHHX
MPOrpaMHHX MPOAYKTaX, 30KpeMa B XMapHHUX Ta KOPIOPATHBHUX CEPEIOBHIIAX, A€ KIIOYOBUMH BHMOTaMHU € MPOAYKTHBHICTS,
MacmTabOBaHICTh 1 HaAildHICT. Bubip cmocoOy B3aeMmomii Mi MiKpOCEpBiCaMH iCTOTHO BIUIMBAE HA TOBENIHKY CHCTEMH IIiJ
HABaHTAXXEHHAM 1 ii 3ATHICTh MPOTHCTOSATH IKOBHM cIUleckaM 3amuTiB. O6’€KT mocaigxeHHs. OO0’ €KTOM JOCIIIKCHHS €
MPOIIECH B3a€EMOJIT MiXK MIKpOCepBicaMH y po3mojiieHux goxaTkax Ha mardopmi .NET. Meta cratTti. MeToro cTarTi € aHami3
CHHXPOHHUX Ta aCHHXPOHHHUX MoOjeliell KOMYyHiKallii, eKCliepIMeHTaIbHE TOPIBHAHHS 1X MPOAYKTUBHOCTI 32 Pi3HUX PEKUMIB
HABAaHTAXKCHHSA Ta OOIPYHTYBaHHSA TiOpUAHOI MOJENI B3aEMOil, M0 MOEAHYE TepeBarm 000X TMiaxomdiB. PesyabraTn
nocaigkeHHst. [IpoBeeHO eKCIepUMEHTaNbHE TECTYBaHHS CHHXPOHHOI Ta AaCHHXPOHHOI Mojeiedl oOpoOKM 3amuTiB, sKe
HOKa3aJo Kpally MacImTaboBaHICTh i CTIHKICTh aCHHXPOHHOT B3a€MOIi 32 BUCOKMX HaBaHTa)XEHb Ta €(DEKTHBHICTH CHHXPOHHOT
Mozerni 3a momipHoro Tpadiky. 3ampornoHoBaHo riOpUIHY MOJEb, 0 THUHAMIYHO 0OMPAE THI B3aEMOJIi Ha OCHOBI iHTErpatbHOT
OIIIHKY HaBaHTaKeHHS. BUCHOBKH. 3p00IeHO BUCHOBOK, IO 3aCTOCYBAaHHS T1OpUIHOI MOJIEINI TO3BOJISE 32a0€3MeUUTH CTa0LTbHY
Ta epeKTHBHY pPOOOTYy MIKPOCEPBICHMX CHCTEM IUIIXOM aJaNTHBHOIO MEPEMHKAHHS MK CHHXPOHHOIO Ta aCHHXPOHHOIO
00pOOKOIO 3aJI€XKHO BiJl IOTOYHOTO CTAaHY CHCTEMH.

KnwuoBi caoBa: MikpocepsicHa apxiTekTypa, .NET, cHHXpOoHHA B3a€MOJIisl, aCHHXPOHHA B3a€MO/is, IPOyKTHBHICTb,
ribpuaHa Mozaemb.
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QUADROCOPTER HARDWARE AND SOFTWARE DEVELOPMENT

Abstract. Relevance. Over time, people have come to realize the potential of drones not only in the military but also in
civilian industries. Their functionality is constantly expanding, and they are becoming a key tool in various areas of society.
Currently, quadcopters are used to monitor the condition of forests, detect forest fires, control the operation of pipelines or
power lines, and deliver goods to hard-to-reach areas. They open up new horizons and contribute to the development of
various industries, providing effective solutions for various tasks and challenges. Currently, there is a wide variety of
quadcopters from different manufacturers, but the price of most is too high. Object of research: quadrocopter hardware
and software. The purpose of the study is to create a fairly cheap solution using Arduino. Research results. Current
models of drones can be varied in design - from simple to foldable, which opens up wide possibilities for expanding their
functionality depending on their purpose. This study proposes to use the Arduino microcontroller to create a quadcopter.
The authors describe in detail the components selected for its construction, the main stages of design and testing..
Conclusions. Without a pilot on board, unmanned aerial vehicles can be more efficient and cost effective than manned
aircraft. This approach reduces the weight and size of drones, expands their capabilities, and provides greater autonomy in
operation. In other words, unmanned aerial vehicles have the potential to improve efficiency and reduce costs compared to
manned aircraft due to the absence of a person on board. Developing software and hardware for a quadcopter requires
interdisciplinary knowledge in electronics, programming and aviation mechanics. Thanks to modern open platforms and
availability of components, creating a quadcopter is becoming a reality not only for engineers, but also for enthusiasts. This
approach opens up wide opportunities for experimentation, research and innovation in the field of unmanned aerial
vehicles. Drones are an important tool that is rapidly gaining popularity and opening up new possibilities in various fields,
from entertainment and scientific research to commercial applications.

Keywords: quadcopter, hardware, microcontroller, software.

Introduction

As a result of technological progress, quadcopters
are becoming increasingly popular and accessible to a
wide range of users [1]. Technologies for using drones
in various areas of life are developing, including aerial
photography, monitoring forest resources, precision
farming, environmental monitoring, and search and
rescue operations. It is important that the development
of unmanned aerial vehicles occurs in the absence of
common standards and requirements for their design.
This leads to a variety of drone characteristics
determined by their size, functionality, flight range,
takeoff type, specialization, and other parameters.
Currently, there is a wide variety of quadcopters from
different manufacturers, but the price of most is too
high. The purpose of the study is to create a fairly
cheap solution using Arduino.

Without a pilot on board, unmanned aerial vehicles
can be more efficient and cost effective than manned
aircraft. This approach reduces the weight and size of
drones, expands their capabilities, and provides greater
autonomy in operation. In other words, unmanned aerial
vehicles have the potential to improve efficiency and
reduce costs compared to manned aircraft due to the
absence of a person on board [1].

Analysis of recent research and publications.
Information about software and technical means of
controlling drones is in most cases presented on the
websites of manufacturers, there are scientific
publications that present a comparison of the
characteristics of various means [2-7]. Yes, Kucherenko
E.l. and I.A. Vakalyuk [8] analyzed the key components
of the UAV, including autopilots, 16 hardware and
software control platforms, sensors, interfaces and

control systems. They compared the functionality of the
platforms and found a lack of documentation on the
energy consumption of the equipment.

Presentation of the main material

Current models of drones can be varied in design -
from simple to foldable, which opens up wide
possibilities for expanding their functionality depending
on their purpose. Regardless of what internal
components the drone (multicopter) uses, the main
elements remain unchanged. The drone consists of such
parts as a frame, a flight controller, an engine, a battery,
a communication controller and sensors. These elements
work efficiently to ensure stable flow, save energy and
transmit data. The frame determines the shape and
structure of the drone, the flight controller handles it
with arms, the motors provide traction, the battery
powers all systems, the communication controller
ensures communication with the operator, and the
sensors provide information about the environment for
the drone. Autonomous Poliotu ta Vikonannya Zavdan.

This study for the quadcopter design includes an
Arduino Nano 3.0 software microcontroller, an
NRF24L01+PA+LNA radio frequency module, a
piezoelectric beep speaker, a 3D analog stick, and the
Race model's motors. Spec 2205 KVV2300 and Gamefan
Flash 7040 propellers for them. A Brushless 40A speed
regulator controller and a self-propelled battery type 3s
on 21700 Samsung 40A batteries have been installed.
The equipment includes a self-propelled remote control.
All these components are mounted on the frame of the
Mark 4 HD model.

More details about the components:

1. Arduino Nano is a fully functional miniature
device based on the Atmega328 (for Arduino Nano 3.0)
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or Atmegal68 (for Arduino Nano 2.x) microcontroller,
specially adapted for development boards. In terms of
its functionality, the device is similar to the Arduino
Duemilanove, but differs in its dimensions, the variety
of power connectors and the use of a different type of
USB cable (Mini-B). Arduino Nano has been developed
and manufactured by Gravitech [3].

2. The NRF24LO01+PA+LNA droneless module
with an antenna operates at a frequency of 2.4 GHz and
supports transmission speeds of up to 2 Mbit/s. The
radio channel on these radio modules can exchange
information with the recipient directly. Radio reduction
can be combined with several devices based on
NRF24L01+ or NRF24LE1. The dartless module can be
used at distances up to 1000 meters [9].

Batteries. As a rule, they are composed of one or
more elements, such as lithium-polymer or lithium-ion
batteries, and cause the shell to be wrapped in plastic or
other insulating material [9].

Quadcopters often use lithium polymer (LiPo)
batteries. The stench is known for its high energy
density, lightness and high tension and is ideal for
unmanned aircraft such as quadcopters, the fragments
provide high tension with a small vase that allows the
devices to sit in the wind for a long time. LiPo batteries
may also be used with other types of batteries, such as
Li-ion, Nickel Metal Hydride (NiMH) and others,
depending on the needs of a particular quadcopter. ta
yogo zastosuvan. In order to power motors with power
requirements greater than 25 amperes, it was decided to
create a battery based on three high-current lithium
batteries Samsung INR21700 40T type 21700, as well
as vikoristati BMS controller for charging.

3. Race Spec 2205 KV2300 motors are one of the
popular motors that are used in many quadcopters,
drones, and racing drones. They are strong, fluid and
maneuverable, and are ideal for racing drones and other
fixed-wing drones that require high fluidity and
maneuverability.

4. Brushless 40A motor speed controller, often
also called ESC (Electronic Speed Controller), is an
electronic device that controls the speed of the brushless
motor in quadcopters, car models, aircraft and other
models. RC controls.

5. Gamefan Flash 7040 is a propeller that is
widely used in quadcopters and other models with RC
controls, especially in racing drones and freestyle
quadcopters. According to him, the Gamefan Flash
7040 propeller is a popular choice among quadcopter
pilots who are looking for high speed and efficiency in
their flights, especially in racing and freestyle. Its
characteristics allow you to achieve optimal results in
different minds.

6. P'ezoelectric sound speaker - sometimes also
called simply "p'ezodynamic” - this is a type of speaker
that uses a piezoelectric effect to create sound.
Piezoelectric materials, such as quartz, resonate when an
electric field is applied and produce sound sounds. In
contrast to traditional speakers, which rely on the
electromagnetic field to control the diaphragm,
piezoelectric speakers operate without magnets or
mechanical parts.

7. 3D analog stick - a camera element that is
ideally used in a remote control for playing quadcopters,
video games, as well as for various other devices that
require precision and analog keruvannya. Zagalom, 3D
analogue sticks are important components for precision
and analogue recording in various devices and
applications. All these components (Fig. 1) were
selected by us through their versatility and brightness.
The Arduino communication controller itself through its
versatility, openness and ease of adjustment.

Fig. 1. Components assembled for a quadcopter

The quadcopter consists of two pairs of rotors and
screws, arranged around a square frame. You can
perform a vertical landing and landing, similar to
normal guintocryls. However, the control system
between gyrocopters and quadcopters is completely
differentiated from one to the other through the
dynamics of the field. Vikorist is given a coordinate
system as a base for the quadcopter, the motors are
arranged in the “X” configuration (Fig. 2).

Fig. 2. Quadcopter warehouse

This means that at the tops of the square frame
there are two motors that wrap around the year arrow,
and two that wrap against the year arrow.

The flow of the space is ensured by the change of
the end force and the moment on the skin axes. To
ensure correct torque and force changes in the system,
motors are installed and configured to operate in pairs,
as shown in Table 1. Motors 1, 2, 3 and 4 are designated
Motor 1, Motor 2, Motor 3 and Motor. 4.

For translational movement of the quadcopter, it is
necessary to tilt the platform in coordination with the
desired axis. The tilt angle of the quadcopter is
determined by the roll, pitch and yaw conditions of
movement in three dimensions (3D), as shown in Fig. 3.
Based on the location of the motors described in table 1,
it is necessary to simply change the speed of movement
of one of the pairs of motors in order to move in space.
This allows the quadcopter to move in three dimensions
and control it using only four inputs.
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Fig. 3. Designation for movement in 3D

Table 1 — Paired operation of engines
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Considering the control efficiency and the need to
ensure sufficient flight time, it is important to choose
the right battery for the quadcopter. A 3S battery has a
voltage of 11.1 V (3 cells of 3.7 V each). The task is to
calculate the flight time of a quadcopter with such a
battery and a known current consumption.

Input data:

- Battery capacity C=4000MAT.

- Battery voltage V=11.1B.

- Maximum current consumption [=25A.

Flight time calculation:

1. Let's convert the battery capacity into ampere-
hours (Ar):

C=4000MAT/1000=4Ar.

2. Let's calculate the flight time using the battery
capacity and maximum current consumption:

Flight time (hours)=C/I=4Ar/25A=0.16 hours.

3. Convert flight time into minutes:

0.16 hours x60 minutes / hours =9,6.

So, at maximum power, the quadcopter will fly for
approximately 9.6 minutes on a 3S battery with a
capacity of 4000 mAh and a maximum current
consumption of 25 A. First, the control system was
assembled. For ease of installation, everything that was
needed was placed on a breadboard, as shown in Fig. 4.

Fig. 4. Example of assembled components
on a prototyping board

Next, the control panel was assembled. (Fig. 5).
The microcontroller firmware was written using the

Arduino integrated development environment. For the
correct operation of the program and code, libraries
such as Servo and nRF24L01 were used.

The appearance of the quadcopter and the remote
control is shown in Fig. 6.

Fig. 5. Example of an assembled remote control on a
prototyping board

Fig.6. Quadcopter and remote control

The final stage involved tests in a controlled
environment. Flight log files were analyzed, PID
parameters were adjusted, stability and response to
control were checked. Changes were made to the code
or hardware.

Conclusions

Drones are an important tool that is rapidly gaining
popularity and opening up new possibilities in various
fields, from entertainment and scientific research to
commercial applications. Developing software and
hardware for a quadcopter requires interdisciplinary
knowledge in electronics, programming and aviation
mechanics. Thanks to modern open platforms and
availability of components, creating a quadcopter is
becoming a reality not only for engineers, but also for
enthusiasts. This approach opens up wide opportunities
for experimentation, research and innovation in the field
of unmanned aerial vehicles.

Konduikr inTepeciB. ABTOpU JeKIapyrOTh, IO HE
MaloTh ~ KOHQUIIKTY  IHTEpeciB  CTOCOBHO  JAHOTO
JIOCIIKEHHS], B TOMY 4uCii (piHaAHCOBOTO, OCOOMCTICHOTO
XapakTepy, aBTOPCTBa UM IHILIOTO Xapakrepy, [0 Mir Ou
BIUIMHYTH Ha JOCH/DKEHHA Ta HOTro pe3yJbTaTH,
TIpeICTaBIICH] B IAHIN CTATTI.

BuxopucranHsa 3aco0iB IITYYHOI0 iHTeJIeKTY.
ABTOpPH TMIATBEPIXKYIOTh, IO HE BHUKOPHUCTOBYBAIHN
TEXHOJIOTI] INTYYHOTO iHTEJIEKTy TIpH CTBOpPEHHI
MpeACTaBIeHOI POOOTH.
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Po3po6ka nporpaMHo-anapaTHoOro 3aée3nedyeHHs] KBaJAPOKoONTepa
B. B. Bactora, M. O. benpuk, B. b. Bacrora

AHoTanisi. AKTyaJbHicTh. 3 INIMHOM Yacy JIIOAM CTajM YCBiJIOMJIIOBATH IMOTEHIia] OE3MIIOTHUX JIITATFHHUX arapaTiB
He Iume y BilichkoBiil cdepi, a i y MUBUIBHMX ramyssx. IX (yHKIiOHANBEHI MOMKIHBOCTI IIOCTifHO PO3NIMPIOIOTHCS, i BOHH
CTalOTh KJIFOYOBHUM iIHCTPYMEHTOM Y pi3HHX chepax cycmiibeTBa. Hapasi KBaJIpOKONTEpH BUKOPUCTOBYIOTHCS ISl MOHITOPHHTY
CTaHy JICiB, BUSBIICHHS JIICOBHX IIOXKEX, KOHTPOJIIO 32 POOOTOI0 TPyOOMpOBOMiB ab0 €IEKTpPOIiHIA, a TaKOXK IS JOCTaBKU
TOBapiB y BaKKOJOCTYITHI pailoHH. BOHHM BiIKpHBaIOTh HOBI TOPH30HTH i CHPHSIOTH PO3BUTKY PI3HHX Taiy3el, Hagalouu
e(eKTHBHI pillIeHHs ISl PI3HOMAHITHUX 3aBJaHb i BUKINKIB. Ha maHuii yac € Benuke pi3HOMAaHITTS KBaIpOKONTEPIB Bi Pi3HUX
BHPOOHUKIB, ane LiHa y OimbmiocTi 3aBucoka. O6’€KT HOCTIIKEeHHS. MporpamMHO-anapaTtHe 3a0e3MeueHHs KBaIpOKOINTepa.
MeTo10 ToCTiTAKeHHsI € CTBOPEHHS JOCTaTHbO JIELIEBOrO PIllieHHs, BHKOPUCTOBYIounM Arduino. Pe3yiabTaTh mociimkeHHs.
CyuacHi Mozeni JApOHIB MOXYTh OyTH pI3HMMH 3a KOHCTPYKI[€I0 — BiJ NPOCTHX A0 CKJIaAHUX, L0 BiJIKpUBA€E MIUPOKI
MO>KJIMBOCTI JJIsI PO3IIMPEHHS IXHBOTO (YHKI[IOHAYy B 3aJI©KHOCTI BiJ] IPU3HAUEHHA. B maHOMY MOCHIIKEHHI Ui CTBOPEHHS
KBaJJPOKONTEPa MPOIOHYETHCS BUKOPUCTATH IPOrpaMHuii MikpokoHTposep Arduino. ABTOpH JETalIbHO OMKCYIOTh KOMIIOHEHTH,
oOpaHi Juist oro MoOYZIOBH, OCHOBHI €TalH MPOEKTYBAaHHS Ta TECTYBaHHA. BHcHOBKH. B yMoBax BinCyTHOCTI mijioTa Ha 60pTYy
OE3MUIOTHI JITabHI amapaTiH MOXKYTh OyTH OLTBII e()eKTHBHUMH Ta BUT1THHMH, HIX MMUIOTOBAHI JIiTABHI anapatd. Takuil miaxina
JIO3BOJII€ 3MCHIIUTH Bary Ta rabapuTv APOHIB, PO3IIMPHUTH 1X MOXKJIMBOCTI Ta 3a0e3Me4nTH OiNbIIy aBTOHOMHICTH y pOOOTi.
Be3mijoTHi JiTanpHi amapaTé MarOTh MOTEHIHaN Ul IMOKpamieHHs e(eKTHBHOCTI Ta 3HIDKCHHS BUTPAT y MOPIBHSHHI 3
HiJIOTOBAHUMHU JTATbHUMK amapaTaMd 3aBIsSKH BiICYTHOCTI JoauHM Ha Oopty. Po3poOka mporpamHo-amapaTtHoro
3abe3neyeHHs KBaJpOKONTepa BUMarae MDKAMCUMILTIHAPHMX 3HAHb B CJIEKTPOHIL, MMporpaMyBaHHI Ta aBialiifHiil MexaHily.
3aBOSKM Cy4acHMM BIAKPUTHM IUIaTGopMaM Ta MOCTYIIHOCTI KOMIIOHEHTIB, CTBOPEHHS BIIACHOTO KBaJpPOKONTEpa CTa€
peanbHICTIO He JIMIIe JUIsl iHXKeHepiB, a ¥ Jurst eHTy3iacTiB. Takuil mixxin BiAKpUBae MIMPOKI MOXIIMBOCTI [UIS €KCIIEPUMEHTIB,
JOCIIJDKEHb Ta IHHOBAIiH y cdepi Oe3MUIOTHHX JTAIBHAX amapariB. be3minoTHI amapaTH € Ba)KIMBHM IHCTPYMEHTOM, SIKUH
MBUAKO HabHpae IOMyJSIPHICTH Ta BIAKPHUBAE€ HOBI MOXIMBOCTI y pi3HHX c(epax, MOYMHAIOUM BiJ| PO3Bar Ta HAYKOBHX
JOCII/DKEHB 1 3aKiHUYI04YH KOMEPLIHUMH 3aCTOCYBAHHSIMH.

KnawuyoBi cnoBa: KBaZIpOKOITEDP, altapaTHE 3a6e3nequH$1, MiKpOKOHTpOJ’Iep, IIporpaMHe 3a0€3MeYCHHS.

185


https://doi.org/10.1109/CAIDCD.2009.5374997
https://doi.org/10.1007/s10846-012-9759-5
https://doi.org/10.1109/icra.2011.5980229
https://doi.org/10.1109/afrcon.2011.%206072087
https://doi.org/10.1109/icuas.2016.7502591
https://doi.org/10.35546/kntu2078-4481.2024.2.24
https://arduino.ua/?search=Nano+V3.0+-+2015
mailto:Vasuta_V_V@ukr.net
https://orcid.org/0000-0001-6209-1129
mailto:Va12356@ukr.net
https://orcid.org/0009-0004-0379-8561
mailto:Vasuta_V_B@meta.ua;
https://orcid.org/0000-0002-7469-3968
https://www.scopus.com/authid/detail.uri?authorId=57215410301

Control, Navigation and Communication Systems. 2026. No. 1

ISSN 2073-7394

YJIK 004.75:519.87

doi: 10.26906/SUNZ.2026.1.186

O. M. Bopownenp, B. M. Boponenp, I1. €. IlycroBoiiTo

HamionaneHuii TeXHIUYHMIA yHIBEpCcUTeT “XapKiBCHKUI MOMITeXHIYHUN 1HCTUTYT , XapKiB, YKpaina

CAMOOPT'AHI3OBAHA MAPIHIPYTHU3AIIIA B TEJEKOMYHIKAIIMHAX
MEPE/KAX 3 YPAXYBAHHSM BTPAT BY3JIIB

AHoTanisi. AKTyaJbHiCTh. Y CyJacHHUX TEJCKOMYHIKAI[IHHIX Mepekax i3 JHHAMIYHOIO TOMOJIOTI€I0, BIICYTHICTIO (iK-
coBaHOI iH(PPACTPYKTYpH Ta OOMEKEHUMHU peCypcaMH BY3JIiB OCOOJIMBO aKTYaJbHUM € 3aBIaHHS NMOOYIOBH €(EKTUBHUX
JCLEHTPAI30BaHUX METOMIB MapuipyTu3arii. TpaaumiiiHi MpoTOKOIH, IO CIUPAIOTHCS Ha robaibHy iHpOpManio abo
LIEHTpaJIi30BaHe yMpaBiHHA, BUSBISIOTHCA MAJOCTIMKMMHU 0 BTPAT BY3JiB 1 3MiH MEPEXKEBOI CTPYKTYpH, L0 3yMOBIIIOE
HEOOX1AHICTh PO3POOKH CaMOOPraHi30BaHUX MOETCH 13 IOKATbHUM NPUUHATTAM pilieHb. O0’€KT 10CTiIKeHH : TPOLIECH
MapuipyTusanii Tpagiky B JeLEHTPai30BaHUX TEICKOMYHIKaliiHUX Mepekax. MeTa cTaTTi: po3poOka Ta JOCIiIKEHHS
MaTeMaTHIHOI MOJIENI CaMOOpraHi30BaHOI MapIIpyTH3allil, o 3ade3nedye GopMyBaHHS e()EKTUBHUX MAPUIPYTHUX CTPYK-
Typ Ha OCHOBI JIOKQJILHOT B3a€MOJIi1 By3/IiB 0€3 LIEHTPaJli30BaHOTO YIPaBIIiHHA Ta 30epirae 3B’sI3HICTH Mepexi 3a yMOB JH-
HaMIi4HO{ 3MiHU TonoJIorii. Pe3yapTaTn nocaixkeHHs. Y cTaTTi 3apOIIOHOBAHO MOJENb JIEIEHTPaIi30BaHOT MapUIpyTH3a-
1i1, sika 6a3y€eTHCs HA ITepaTHBHOMY OHOBJICHHI JIOKaJbHUX MapIIPYTHHX Bar y By3J1aX MEpeki 3 ypaxyBaHHSIM IIPOCTOPOBOI
OJIN3BKOCTI Ta HANPSMKOBOI Y3TOKeHOCTI. [IpoBeieHO aHaNITHYHIN CTIEKTPaIbHUI aHajli3 IHTErpaIbHOTO PiBHSIHHS OHOB-
JICHHS Bar, 11O JO3BOJIMB BHUSBUTH JOMIHAaHTHI MPOCTOPOBO-HAIIPAMKOBI MOAM, SIKi BU3HAYAIOTH CTIMKI MapIIpyTH30BaHi
CTPYKTypH. Pesynprati imiTamiiiHoro MoIemoBaH s MIATBEPAMIN 3IaTHICTh CUCTEMH IO caMOOpraHizamii, azanrarii 1o
BTpPATH BY3JIiB i aBTOMaTUYHOI IepeOyJ0BH MapIIpyTiB 0€3 BUKOPUCTAHHA II100anbHOi iHQopMarii mpo Mepexxy. BucHoBKuH.
3anponoHoBaHa CaMOOpPraHi30BaHa MOJICNIb MaPIIPYTH3AIlii XapaKTepU3y€eThCs JIOKATbHICTIO, aIalITUBHICTIO Ta CTIHKICTIO
JI0 TONOJIOTIYHUX 3MiH 1 300iB. Ha BinmMiHy Bif TpaAUIIHAX MPOTOKOJIIB MapIIpyTH3allii, BOHA HE MOTPeOye IIEHTpaTi3oBa-
HOTO YIPAaBIiHHA 200 II00aTEHOT0 OHOBJICHHS MapIIPyTHHUX TaOJIHIb, 10 3MEHIIy€e OOUNCIIOBAIBEHI BUTPATH Ta IiJBHIILY€
MacriuraboBaHicTs. Cdepa BUKOPUCTaHHS OTPUMAHUX Pe3yJIbTaTiB: Oe3MpPOBiIHI CEHCOPHI Meperxi, MoOibHI Ad-hoc Mepexi,
iH(ppacTpyKTypH IHTEepHETY peyell Ta iHII IeIeHTpalli30BaHl TeNCKOMYHIKAIiiHI CHCTEMH 3 IUHAMIYHAM HaBaHTAXCHHIM
1 0OMEKEHUMH PECypCaMu BY3IiB.

Knao4oBi caoBa: TenekoMyHikamiliHa Mepex, MapIIpyTH3aLlis, MAaTeMaTHIHa MOJIeIIb, YIIPABIiHHA TpadiKoM, By3JIH Me-

pexi, 6e3MPOBIHI CEHCOPHI MEPexKi.

Beryn

IMocTanoBKa mpodjieMn. Y Cy4acHHUX TEICKOMYHi-
KallifHUX Mepexax, IO XapaKTepU3YIThCS 3pOCTaro-
YO0 CKJIAIHICTIO, TUHAMIYHICTIO TOIOJIOTIT Ta BiICYTHi-
cTi0 (pikcoBaHOi 1HPPACTPYKTYPH, OCOOJIMBO aKTyallb-
HUM CTa€ MUTAHHS MOOYIOBH e(DEKTUBHHUX ACICHTPATi-
30BaHUX METOJIB Mapiupytu3aiii. TpaauuiiiHi migxomny,
1m0 0a3yrThCsA Ha IICHTPATi30BAHOMY OHOBJICHHI TaO-
JUIF MapmpyTiB abo MOTpeOyIOTh IOBHOTO 3HAHHS
CTPYKTYPH MEPEXKi, BUSBISIFOTH OOMEXEHY THYYKICTH i
HEIOCTAaTHIO CTIMKICTB 10 BTpaT eneMeHTiB. OcoOImBO
IIe CTOCY€ETHCS OE3MPOBITHUX CEHCOPHHUX CUCTEM, MOOi-
nmpaux Ad-hoc mepex Ta loT-indpacTpykTyp, 1€ Mepe-
KEBI BY3JIM MOXYTb OyTH €HEPro3ajIeXHUMH, PyXOMUMHU
ab0 THMYacCOBO HEJOCTYITHIUMH.

VY Takux ymMoBax OCOOJHMBY IIHHICTH MalOTh MO-
neni, ki 3a0e3MedyoTh J0KaIbHe IPUHHSITTS PIllIeHb Ta
MaloTh 3JaTHICTh 70 camoopranizamii. [li migxogu mo-
3BOJISIIOTH KO)KHOMY BY3Jy JiSITH aBTOHOMHO, CITUPArO-
YHCh JIUIIE Ha iHPOPMAIifo BiT HAROIIDKINX CYCiiB, IO
CYTTEBO IIiJIBUIIYE MAcCIITa0OBaHICTh 1 HAIIIHICTH Me-
pexi. [nes momsirae y cTBOpeHHI MexaHi3My, 3a SIKOTO Ma-
pupyTn GopMyIOThCS HE 3a34aleriib, a K pe3yjbTaT
JMHaMIYHOT B3a€MOJI1 MXK By3JIaMu. Y pe3yibTaTi Taka
cucTeMa ITPUPOJIHO 4AANTYETHCS J10 3MiH TOMOJIOTIT, 3MiH
HaBaHTaXXCHHs a00 BTpPATH YaCTUHHU CTPYKTypH Oe3 He-
00XiIHOCTI IEHTpaTi30BaHOI peKOH(ITryparii.

AHaJi3 ocTaHHiX aocailkeHb i myoJikanii. YV
MpoIIeCi TOCHTIKEHHS TpoOIeMHu Mo0ynoBU €deKTHB-
HUAX METOJMIB MapuIpyTH3ailii B TeJeKOMYHIKaIliiHuX
Mepekax BaXKIMBO BpaxOBYBaTH CydYacHi HayKOBi

HIIXO0/IH, SIKI BiZI0OpaXkaloTh CBITOBUM piBEHb PO3BHUTKY
i€l ramysi.

OcTtaHHI poku Oyno OImyOJIiKOBaHO HU3KY Tpallb,
10 TPOIIOHYIOTHh HOBI PIllICHHS ISt OE3MPOBITHIX CEH-
COpHHX cucTeM, MoOiLTEHUX Ad-hoc Mepex, mepex [HTe-
pHety peueii Ta SG-iHppacTpykTyp. Orisg cydacHoT Jii-
TepaTypH JI03BOJISIE TPOAHANTI3yBaTH OCHOBHI TEHJCHIIII,
BUSIBUTH IIepeBark Ta OOMEXXEHHs iCHYIOUMX MoJemeH i
BU3HAYHUTH HAIIPSMHU, Y SKHUX 3aIIPONOHOBaHA MOJIEIb Ca-
MOOPTraHi30BaHOI MaPIIPYTH3AIlii MOXe OyTH HaHOUIbIII
e(eKTHBHOIO.

VY pobori [1] 3ampomnoHOBaHO CaMOOpPraHi30BaHY
MepeXy Ta METOJ MapUIpyTH3alil Uil MOHITOPUHTY
CTaHy 3aJi3HHYHHX TyHeniB. IlepeBaroro € OamaHcy-
BaHHS €HEPrOCHOXUBAHHS Ta aBTOMAaTHYHE ()OPMYBaHHS
KJIacTepiB, IO ITOJIOBXKYE TPHBANICTH POOOTH MEpEXi.
OpHak, METOJT OPIEHTOBAHUI HA JIHIMHY TOIOJIOTIIO, IO
o0Mexye HOro 3acTOCYBaHHS B IHIINX CLIEHAPIsX.

Jocmimkernns [2] mpeacraBisie alanTHBHHUN, Oe3-
MeYHUI Ta ePEeKTHBHUN MPOTOKOJI MapIIpyTH3aLii I
mobimpHHX Ad-hoc mepexx (MANET). Ilepesaroto € in-
Terpamis MexaHi3MiB aBTeHTH(IiKaIil, muppyBaHHI Ta
BUSIBJICHHST BTOPrHEHb [isi 3a0e3ledeHHs Oe3neku.
IIpote, ckmamHicTh peamizarii Ta OOYMCITIOBAIBbHI BH-
TpaTH MOXXYTh OYTH BHCOKHMH JJIsI 0OMEXEHUX pecyp-
CaMU IIPUCTPOIB.

VY crarti [3] npoBeaeHO OIS MPOTOKOIB Mapii-
pyrtH3auii 1 MooinbHOro IHTeprery peueit (IoT), 30k-
pema aHaii3yerbes nporokos RPL. BusiBineno nmpobiemu
RPL npu mMoOinmbHOCTI By3IiB Ta PO3MJISIHYTO DPillIEHHS
JuIs ix mostonanHs. [lepeBaroro € neranbHuid aHai3 icHy-
FOUHMX MIIXO0IIB, aJie BiZICYTHI €KCTIEpUMEHTAIIBHI PE3YJIb-
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TaTH JUIs MiATBEPDKEHHS e()EeKTHBHOCTI 3alpOIIOHOBA-
HUX pillICHB.

Y pobori [4] 3anponOHOBaHO CTUMYIIOIOUHH Jielie-
HTpaJi30BaHUH MiAXiJg 10 MapHIpyTH3alil B Mepexkax.
[Mixxin cipsMoBaHMH Ha MOKPAILICHHS MPOJYyKTUBHOCTI
MEpeXi NUIIXOM HaOMMKEHHS 10 CHCTEMHOTO OITH-
MyMmy. IIpore, HEOOXiTHICTE CTUMYIIOBAHHS yYYaCHUKIB
MOJKe YCKJIaJHIOBaTH MPAaKTHIHY peali3alliro.

Cratta [5] nmpencrapisie BIOCKOHAJICHHS MPOTOKO-
niB MapmpyTr3anii. [lepeBaroro € miagBumieHa CTIHKICTh
10 aTak Ta 3001B, 0COOIMBO B YMOBAX IEepPEBAHTAKCHHS.
OpnHak, iHTerpauisi TAKUX TEXHOJIOTiH MOXKe MPU3BECTH
JI0 301IBLIEHHS 3aTPUMOK Ta BUTPAT PECYPCIB.

VY nmociipkeHHi [6] po3pobiieHO eHeproedeKTHB-
HUH KJIaCTEPHUI MPOTOKOJ MapuIpyTU3auii ajst 6e31po-
TOBHX CEHCOPHHX MEPEX, IO HOETHYE aNTOPUTMH IITY-
YHOT'O O/PKOJIMTHOTO POI0 Ta MypaimnHol koyoHii. [lepe-
Barol0 € 3MCHIICHHS EHEProCHOXXMBaHHSA Ta MOHOB-
JKCHHSI TPUBAJOCTI pobotn Mepexi. [IpoTe, ckimagHIiCTh
AJITOPUTMY MOXKE OOMEXyBaTH HOTO 3aCTOCYBaHHS B pe-
AIBHUX YMOBaX.

Pobota [7] mpomoHye iHTENEKTyaTbHUH IPOTOKOI
mapupyTtuzanii WOAD3QN-RP nnst 6e3nporoBux cen-
COPHHUX MEpEX, 1110 IHTETPYy€e aTOPUTMH POIO Ta IIIUO0-
KOT0 MiAKPIITIOBAILHOTO HaB4aHHs. [lepeBaroto € mok-
palleHa aJanTHBHICTD Ta eeKTUBHICTh MapLIpyTH3aLil.
OnHak, motpeba y 3HAYHUX O0YHCITIOBAIILHUX pecypcax
MoOXe OyTH HENOJIKOM JUIsl MPHUCTPOIB 3 0OMEKEHUMH
MOYJIIBOCTSAMH.

VY cratTi [8] mpencraBieHO MOKpamieHui Tidpua-
Huil nporokon Maprupytuzanii (EHRP) nms MANET,
o noeanye nporokoau OLSR, AOMDYV ta AODV. Ile-
peBarolo € ajganTamnist 10 3MiH MEpeXeBUX YMOB Ta IOK-
paireHa mpoayKTUBHICTh. [IpoTe, ckIamHICTh iHTErparil
KIJIBKOX ITPOTOKOJIIB MOJKE YCKJIAIHIOBATH peatizaliiio Ta
HaJIaIITyBaHHSI.

Hocnimkenns [9] mpornoHye 6e3neuHuil Ta eHepro-
eekTUBHMHN minxin go mapmpyrtusauii B loT, Bukopuc-
TOBYIOUH ITOKpAIEHY HEUITKY JIOTIKY THITY 2, OIITUMi30-
BaHy aJIrOPUTMOM TOIIyKy penTuiiid. [Iepesaroro € Ga-
JmaHce Mix Oe3nekoro Ta eHeproedekTuBHicTIO. OqHAK,
CKJIQIHICTh AJITOPUTMY MOXE BUMaraT 3HauHUX 004nC-
JIIOBaJIbHUX PECYPCIB.

Y po6ori [10] mpeacTaBaeHO MOKPAIICHUH MPOTO-
Kox Mapuipytuzamii 1t 5G mesh-mepex, mo 3abe3rre-
gye eQeKTHBHE Ta HaiifHE BCTAHOBICHHS IUIAXIB MiXK
By3i1amu. I[lepeBaroro € nereHTpanizoBaHui MpoIec Ma-
plIpyTH3allii, 110 3MEHIIye HABaHTAXKEHHS Ha MEPEXKY.
[IpoTe, epeKTUBHICTH MPOTOKOIY MOXE 3HIDKYBATHCS B
YMOBax BHCOKOi MOOLTBHOCTI BY3IIiB.

AHami3 cydJacHUX JDKepen TMoKa3aB, Mo OUIBIIICTh
ICHYIOUHMX MiAXOJIB OpPI€HTOBaHI HA ITiIBUIICHHSI 0€3-
TIeKH, eHeproe()eKTUBHOCTI Ta aJanTHBHOCTI, IPOTE Ya-
CTO MarOTh BUCOKY CKJIJHICTb peasizamii abo 3anexaTsb
BiJ ri006anbHOi iH(popManii mpo Mepexy. Lle mimkpec-
JIFOE aKTYaJIBHICTh JELIEHTPaTi30BaHNX MOJIeNeH i3 Ipo-
CTOIO CTPYKTYPOIO Ta JIOKaJIbHUM YNPABIiHHSIM, SIKi 3112~
THi 3a0€3MeunTH CTiliKy MapIIpyTH3aIlilo B yMOBax /-
HaMi4HO{ TOTOJIOTII.

MeTow podOTH € PO3poOKa MATEMaTHYHOI MO-
JIeJi caMOoOpraHi30BaHOT MapIIpyTH3AIlii B TEIEKOMYHi-
KaIlifHUX ~Mepekax, sKa 3/aTHa 3abe3nedyBaTH

epexTHBHY repenady Tpadiky 0e3 LeHTpasli3oBaHOTO
yIpaBIIiHHS, HABITh 32 YMOB 4acTKOBOI BTpaTH BY3IiB
abo 3MmiH Tonosnorii. Takuil miaxix nependavae popmy-
BaHHs JMHAMIYHOi MapumpyTHOI CTPYKTYpH Ha OCHOBI
JIOKaJbHOI B3a€MOJIT MK By3JIaMH MEPEXKi, IO J103BO-
JIsi€ 3MEHIINTH BUMOTH JI0 OOYHCITIOBAIEHUX PECypCiB,
YHUKHYTH T7I00aJbHOTO CHHXPOHI30BaHOTO OHOBJICHHS
MapmpyTHOI iHpopMmarii Ta 3abe3neunTn MacmraboBa-
HICTB Y BEJIUKHX MeEpexax.

OcHoBHMI MaTepian

PosrisinaeTbess MaTeMaTHYHa MOJAENB JACLEHTpaTi-
30BaHOTO YIPaBIiHHA TPapikoM y TeIeKOMYHIiKaIliiHii
Mepexi, B SIKiii By3JIM pO3TaIIOBaHi HAa ABOBUMIpPHIHN CiTII
a6o rpadi 3 TOKATEHUMH 3'€ THAHHSIMI.

Ilepenaua Tpadiky 3IIHCHIOETBCS dYepe3 MapIi-
PYTH, KOXKEH 3 IKUX XapaKTepH3y€EThCsl HAPSMKOM Ta Bi-
JIOBITHOIO Baroxo.

. 2 .
Hexaii X € R® mo3Hauae mpocTopoBy MO3UIIIO BY-

3Ma, a Q€ R2- HANpPSIMOK MOTEHLIAHOT mepeaayi Tpa-
¢iky Bixg By3ma X Bara maprpyty W(X,a) BimoOpaskae
WMOBIpHICTE a00 mepeBary mepenadvi Tpadiky B Hamps-
MKY o 3 TIO3HIIT X.

OHOBIICHHS Bar 3/[iiICHIOETHCS HA OCHOBI JIOKAJIbHOT
B3aeMOJIi 3 oToueHHsAM. 3MiHa Barm AW(X,a) omucy-
€THCS IHTETPAIBHUM PIBHSHHSM, 1[0 BPaXOBYE MPOCTO-
POBY OJM3BKICTh MK By3JIaMH, B3a€MOJIII0 MK IOTO-
KaMH Ta KOPEJLALiI0 HAIIPSMKIB 1epenadi. Y 3araibHOMY
BUTJISI PIBHSAHHS Ma€ BUTIISA:

AW(X, @) = A(AX) x
[ [ 1x=y)-Cla=p)-wly.pdpdy, D)
R R?
ne A(AX) — dyHKis, sika BU3HAYAE TOMOJIOTIUHY OJIH35-
KicTh Mixk By3namu, | (X—Y) — GyHKItis B3aemoii B Me-
pexi, a C(a—f) — dyHkis, mo BigoOpaxkae Kopes-

LiF0 MK HampsMKaMid. L[ MOZens € MOBHICTIO JIOKAIb-
HOIO: OHOBJICHHSI KOXKHOTO MapUIPyTy 3aJCKUTh JIHIIE
Bi iH(popMarlii npo HaOIMKYEe OTOYCHHS Ta MOTOYHI
3HAYEHHsI Bar CyCIJHIX BY3IIB.

JIyis aHAJTITUYHOTO OCTIKCHHS MOJEIb 3PYYHO
MepenucaTH y BIAHOCHUX KOOPIMHATAX. 3ampoBajpKy-
FOThCS 3MIiHHI

AX=X-Y Ta Ao = - f3,

110 AO3BOJISIE TPEACTABUTH piBHHHHSI y BI/IFJ‘[SI,Z[i 3rOpTKH:
AW(X, Aax) =
j j A(AX) - 1(AX)-C(Aa) x

XW(X—AX, @ —Aax)

2
dAadAX. )

e ¢popmyitoBaHHS O3BOJISIE 3aCTOCYBATH anapaT
CIEKTPAIBLHOTO aHali3y. OCKIIbKY PIBHSIHHS € JIIHIHHUM
BIZTHOCHO (YHKIIT W, PO3B’I30K MOXKHA NPEICTABUTH Y
Burisini pagy Pyp'e 3a IpOCTOPOBHMH Ta HANPSIMKO-
BUMH 3MiHHUMH:

w (x,A0) = 3 ae™®p, (Aa), A3)
k=0
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ne f — mpocroposi gactotn, Py (Ae) — HanpsiMKOBI
6asucHi QyHKII], a 8 — 9acoBi Koe]illiEHTH aMILTITYy .
Taxwuii miaxig 703BOIIAE BUSBUTH KOMIIOHEHTH, SIKi 3pOC-
TalOTh HAHIIBU/IIE 3 YaCOM, TOOTO Ti, sIKi BiAMOBIIAIOTh
HaWOLTBII cTAaOLIFHIM MapLIpyTHUM CTPYKTypaM y Me-
pexi.

OCHOBHOIO METOIO TAKOTO aHAJII3Y € BUMIJICHHS J10-
MIHaHTHOI KOMIIOHEHTH — IIPOCTOPOBO-HANPSIMKOBOTO
PEeXUMY, SIKMI BU3HAuYa€ IEepeBaXHy KOHQIryparito Bar
TICJI caMOOopTraHizaltii.

Came g KOMIIOHEHTa (OPMYE Y3TOPKEHY TOIOJIO-
TiUHY CTPYKTYpy MapHIpyTiB y Mepexi, mo 3ade3rnedye
e(peKTHBHE BUKOPHCTaHHS PECypCiB, aJalTHBHICTH JO
Tpadiky Ta CTIHKICTH 7O 3MiH.

AnaniTnuni pesyabtaTu. Ha ocHOBI npencrasie-
HOT'O IHTErpajIbHOTO PIBHAHHS OHOBJICHHS Bar 3A1HCHEHO
CHEKTpaJbHUI aHali3 Mojeni y mpocropi yactor. s
ILOTO PO3TIISJAETHCS Jis IHTErPAILHOTO Omeparopa Ha
GyHKIII0 MapuipyTu3sailii, po3kianeny y 6asuc dyp'e.
[Mpunyckaerbes, Mo Bei PyHKIIIT, 0 BXOSTH Y MOJIENb,
€ 3rOPTKaMH i MalOTh JOCTATHIO IJIaKICTh Ta CIIAIaHHS,
106 3a0e3MmeuuTH KOPEKTHICTh epeTBopeHHs Pyp'e. 3a-
BISKU LbOMY piBHSHHS HaOyBa€ MyJbTHILTIKATHBHOTO
BHTJISIAY B YaCTOTHIiM 00JacTi, MO iCTOTHO CIIPOIIYE TI0-
IANBIIAN aHai3.

OrniepaTop OHOBJICHHS Bar y Y4aCTOTHOMY IIpeJCTaB-
JICHHI TIEPETBOPIOETHCS HAa JOOYTOK CHEKTpabHUX (yH-
KLii MpocTOpoBOi B3a€MOIii, HAIPSIMKOBOI KOpeJsLii Ta
BJIACHE BaroBoi (yHKIIIi.

[To3HauMMO BiNOBI/IHI TEPETBOPEHHS SIK

A(f), 1(f) Ta C(f),

ne feR? - BEKTOp MPOCTOPOBOi YacTtotH, a KeZ —

1H/IeKC HAIPSMKOBOI TapMOHiKU. ToJli po3Kia Baru Ma-
PHIPYTY MO>KHA 3aIUCATH SIK:

w® (x,@) = Y ay )" py (@), 4
k

IHTErpanbHuii ONEpaTop i€ Ha KOXKHY KOMIOHEHTY
He3alIexkHO, i 3MiHa Koedimienta 8y (t) y vaci mae Bu-

T a:

O _ a0, ©)
dt

ne A = A(f) - 1(f) - C(k) — cnekrpanbuuii koedimient

MiJICHICHHS IS KOXXHOI KOMIIOHEHTH. TakuM 4HHOM,

€BOJIIOLIS KOXKHOT KOMIIOHEHTH BU3HAYa€ThCH ii Biac-

HOIO IIBHJAKICTIO 3pocTaHHA. HaiiGinbiue 3HaueHHs Ay

BIJITOBIa€ TOMIHAHTHINA MO/, sIKa 3 YaCOM BHUTICHSIE BCI
IHIIII.

Ie#t pe3yapTaT 03Ha4a€E, M0 3a Oyab-IKUX MOYaT-
KOBHUX YMOB CHCTEMa TSDKi€ O CTaOiIbHOTO PEXKHMY,
SIKUA BU3HAYAETHCS Ti€0 KOMOIHAIIEID IPOCTOPOBOTO
YaCTOTHOTO BEKTOpA Ta HAMIPSIMKOBOI FApMOHIKH, IO 3a-
Oe3reuye MakCUManbHe miacuieHHs. Taka mona Gpopmye
CTPYKTYPOBaHHIA PO3MOJILT MAPIIPYTIB Y MEPEXKi: y Mpo-
CTOpI CHIOCTEpIraeThes epioanyHa abo KBazinepioguyHa
oprasizallis MapIIpyTHUX TiepeBar, o BigqoOpakae BIO-
psAaKOBaHy Tiepenaqy Tpadiky.

3 MaTeMaTH4HOI TOYKH 30py, OTPUMAaHUH pe3yiib-
TaT CBIAYMTH NPO ICHYBAHHS CHEKTPAIBHOI'0 MAKCUMYMY
JUIs DYHKIIIOHAJIBHOTO OTIEPaTOopa, 10 KePYE ANHAMIKOIO
cuctemu. ko pynkuii A(X), 1(X) ra C(a) 06pani Takum
YHHOM, 1100 MaTH YiTKO BUPaKeHI MAKCUMYM Ha IIEBHUX
4acToTaxX, CHCTeMa IEMOHCTPY€E HadiifHe CaMOOpraHizo-
BaHE BIOPAIKYBaHHS.

Kpim Toro, Taka cTpykrypa 3a0e3mnedye MIaBHICTh
Mepexoay MK Pi3HIMH MapUIpyTHUMH HampsSMKaMH, a
TaKOX aJalTallifo 10 3MiH TpadiKy, OCKUIEKH MIPH 3MiHi
PO3TIOAITY HAaBaHTAKEHHS 3MIHIOETHCS CIICKTPAIBHIHA
MaKCHMYM, 1 CHCTeMa aBTOMAaTH4HO IepedyI0BY€EThCS
Ha HOBY ONTUMaJIbHY KOH(QITypalito.

VY pe3ynbTaTi MOJIENb IEMOHCTPYE BIACTHBOCTI, He-
00XiZHI TS TeJIeKOMYHIKaliifHOT MapIIpyTH3alii: Joka-
JBHICTh, aAIITHBHICTh, CTIHKICTh Ta BIJCYTHICTH MOT-
pedu B LeHTpastizoBaHOMY ympaBiiHHi. Lleif BUCHOBOK
Ma€ TEOpPETUYHE 3HAYCHHS A7 T0OyI0BH HOBUX KJIAciB
JIETICHTPATi30BaHUX IIPOTOKOJIIB MapIIpyTH3aiii, oo Oa-
3YIOTBCS HE Ha TAaOJHIIAX MapIIpyTy, a HAa JHHAMIII JIO-
KaJbHUX Bar.

ImiTaniline momemoBanus. [y miaTBepHKEHHS
AQHAJITUYHUX BHUCHOBKIB OYyJIO MPOBEJCHO YHCEIbHE MO-
JICTIFOBaHHI IPOLIECy caMOOpraHizanii MapimpyTHHX Bar
y IMCKPETHOMY BapiaHTi 3alpoNoOHOBaHOI Mozeni. Me-
PEXy MOJEIIOBAIIH SIK PEryJIsIpHY IBOBUMIpPHY CITKY pO-
smipoM N x N, ne KoxeH By30J1 MaB 3B’SI3KH 3 JIOKaJIb-
HUM OKOJIOM — HPSIMHMH cycizamu 1o citui. s kox-
HOT'O By3J1a 30epirajucsi Baru MapIpyTiB y YOTUPHOX (i-
KCOBAaHUX HANpsIMKaX: Bropy, BHU3, BIiBO Ta BIIPABO, sIKi
OHOBIIFOBAJIMCS 3TITHO 3 JUCKPETH30BAaHUM BapiaHTOM
PIBHSHHS afarnTariii Bar.

OyHKIIT B3aeMoii 0yi1o BHOpaHO Y BUTIISAI:

2
A(AX) = exp ——"AX" (6)
262 7

2
C(Aa) =exp _|adl® (7)
26% |

Jie mapaMeTpu ¢ 1 d BU3HAYalOTh CTYMiHb IPOCTOPOBOT
Ta HANPsIMKOBOI JIOKAJIBLHOCTI BIAMOBiAHO. DyHKIIis
I (AX) Gpanacs piBHOMIPHOIO B MeXaX OKOJIy By3Ja Jiis

cupomieHHs peamisamii. [loyaTtkoBi 3HaueHHS Bar
W(X,a) iHiniamisyBanucs BUNAAKOBUMH HEBEIUKMMH

BIJIXMJICHHSIMH HaBKOJIO CEPEAHBOr0 3HAYEHHs, 110 3a-
Oe3medyBaio BiJCYTHICTH IOMEPETHBO 33aJaHOI CTPYK-
TYpH.

IIpotec MoaemoBaHHsI BUKOHYBABCS iTEpaIiifHo, 3
(ikcoBaHNM KpOKOM dacy. Ha KoXHOMY KpOIIi BCi BY3JIH
OJTHOYACHO OHOBJIIOBAJI CBOi MapIIpyTHI BarW BiAIo-
BiJTHO 10 JIOKQJILHOTO OTOYEHHsI. JIJIsl yHHKHEHHS! HEKOH-
TPOJILOBAHOTO 3pOCTaHHS 3HaueHb OyJI0 BBEIEHO HOpMa-
Ji3aliio Bar y KO>KHOMY BY3Ii ITiCJIsl OHOBJIEHHS, 1110 Ta-
paHTyBaJIO 30€peKeHHsI CTaJI0] CyMH BHXITHHX HMOBIp-
HOCTEH.

PesynbraTn MozieIOBaHHS AEMOHCTPYIOTH (OpPMY-
BaHHS BIIOPSIIKOBAHO1 KapTH HAIpsIMKiB Tpadiky. Cro-
CTepiraeThCs BAHUKHEHHSI Y3TO/PKCHNX 30H, y SIKHX Baru
MapHIpyTiB OPIEHTOBaHI B OMHAKOBOMY HamNpsSMKy. Y
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LEHTPAJIBHIM YaCTHHI CITKH 3 YaCOM yTBOPIOEThCS CTiHKa
JOMIHAHTHA CTPYKTypa, IO BIAMOBIAaE HAWIIBUALIC
3pOCTalO4iid MO/, BUAUICHIH B aHaJITHYHOMY aHai3i.
Ha nepudepii MoXyTh 3aimaTucs JoKaJibHI 30ypeHHs,
OJIHAK CHCTEMa BUSIBIISIE TEHJCHIIIO JIO TIOCTYIIOBOI IJ10-
0aTbHOT BIOPSIIKOBAHOCTI.

Amnasi3 4acoBOI IMHAMIKH II0Ka3aB, 1110 MCJIA 1oYa-
TKOBOTO TEPEXiTHOTO Mepioxy 3HAYEHHS MapIIpPyTHHX
Bar CcTabiMi3yIOThCs, a Bapiallis MK By3JaMH 3MEHIIIY-
€TBHCA.

JominanTHa KOMIOHEeHTa y cuekTpi Dyp’e, moody-
JIOBAHOMY Ha OCHOBI KapTH HANPSMKIB, BIAMOBIIAE €U~
HOMY MaKCUMYMY, IIIO0 Y3TO/KYETHCS 3 TEOPETUYHO Iie-
pendayeHo0 MOIAILHOIO CTPYKTYPOIO.

TakuMm 4MHOM, pe3yJbTaTH IMITallifHOTO MOJIEINIO-
BaHHS IMiJATBEPPKYIOTh 3[aTHICTh 3allPOIIOHOBAHOI MO-
Jerni 10 GopMyBaHHSI caMOOPTaHi30BaHOT MapIIPyTH30-
BaHOI CTPYKTYpH.

Cucrema afanTyeThCsl 10 JIOKATBHUX 30ypeHb, Jie-
MOHCTpPY€E CTIHKY TOBEIIHKY Ta BiATBOPIOE Y3TOKEHY
MapmIpyTH3alil0o 0e3 IIeHTPaTi30BaHOTO YIIPaBIIiHHS.
Taxa moBeziHKa € MEPCIEKTUBHOIO YIS NOOYIOBH a/iam-
TUBHHX IIPOTOKOJIIB MapIIpyTH3aLlii B TeJIEKOMYHIKallili-
HHUX MEpeXax 3 AMHAMIYHUM HaBaHTa)KCHHSIM.

Ha puc. 1 nmogano pe3ynbraTv iMiTaniiHol Mozaedi
MapHIpyTH3alil B peryJisipHii TBOBUMIpHIH CITHI PO3Mi-
pomM 8%8 By3iiB Oe3 BHITy4eHHX esleMeHTiB. KoxeH By3ou
Mae JIOKaJIbHI MapLIpyTHI Baru, siki BiJJOOpakeHO y BU-
TSI CTPITIOK, HANPSIMOK SIKMX BH3HAYAETHCS MEPEBAXK-
HUM BEKTOPOM Iiepernadi Tpadiky. IHTEHCHBHICTB CTpi-
JIKY TIPOTIOPIIifHA 3HAUYEHHIO Bary JUIs BiIOBIHOTO Ha-
TIPSIMKY.

BuaHo, mo mMapmipyT Bif By3nma-JukKepena y Bepx-
HBOMY JIIBOMY KYTi /10 By3Ja-TipuiiMada y HWKHBOMY
MPaBOMy KyTi YCHIIIHO MOOYI0BaHO, 1 BiH MPOXOIUTH
4yepe3 MOCHiIOBHICTh aKTHBHUX BY3IIiB, 1110 3a0e3redy-
I0Th 3B’SI3HICTh MEPEXKI.

Taxa koHirypanist IeMOHCTpPY€ 3JaTHICTh MEPEexi
J0 opraHizaiii epeKTHBHUX MapUIPYTiB y BiJICYTHOCTI
IOIIIKO[KEeHBb a00 3001B y po0OOTI BY3IIiB.

Ha puc. 2 npeactaBieHo MOJIEIb Ti€l K TEIEKOMY-
HIKaIiHOT Mepexi Micis BIIYYEeHHS TPYIH IEHTPalb-
HUX BY3IIiB, 30KpeMa y Mexkax o0sacti 3% 3, 1o MoJeIoe
BTpaTy (QYHKI[IOHAIEHOCTI YACTHHU MEPEXKi.

HesBakaroun Ha yTBOPEHHS IEPEIIKOA Y LEHTPI Ci-
TKH, MapIIpyT MiX JDKEPEIIOM 1 IpUiiMadeM MPOIOBXKYE
icHyBaTH. BiH aBTOMAaTHYHO 3MIiHIOE CBOIO TPA€EKTOPIIO,
00X0119M 30HY TOITKOKEHHS 3aBISKU JTOKAIBHIN aia-
nTanii MapmpyTHUX Bar. Bisyami3oBaHi CTpiiKu 1eMOH-
CTPYIOTh HOBY OpraHi3allifo HampsMKiB mepemadi Tpa-
¢iky, AKi y3roKyIOThCS MiX cO00I0 Ta yTBOPIOIOTH
CTIHKY CTPYKTYpy MapLIpyTy 3 ypaxyBaHHSM 3MiHEHOi
torosiorii. Llei pe3ynbTar miaATBEepAKYE 3AATHICTH MO-
JIeTi 10 THy4YKoi nepebyioBH MapLIpyTiB B yMOBax 4ac-
TKOBOI BTpaTH BY3JIiB.

Puc. 3 BinoOpakae BUIIAJIOK, KOJIM 3 MEPEXKi BIITY-
YEHO J[Ba BY3JIM, PO3TALIOBaHI y KyTOBUX TOYKax CITKH:
Y BEpXHbOMY IIPABOMY Ta HIXKHbOMY JIiBOMY KyTax. By-
3JIU-JIKEPEIIO Ta MpUiMay 3aIUIIAI0TECA aKTUBHUMU. SIK
BHIHO 3 ITFOCTpaii, MapImpyTH30BaHa CTPYKTypa yCIIi-
ITHO BiTHOBITIOETHCS IIJITXOM JIOKAJIBHOI TIepeopieHTaIlii
HaIpsIMKiB ITepenadi.

— Route

Puc. 1. Bizyamizaris MmapmpyTtuzanii
y NOBHIH TelIeKOMyHIKaIiffHI Mepexi 6e3 BTpaT By3JiB

4 . 4 t
o 4 ™1 n u i 3o !
s »
. -4 ™ m m s 4 4
B Llostnode
= Route
. ® [ | ] ] » ol .

Puc. 2. Bizyanizauis Mmapupyru3anii
y Mepexi 3 LIEHTPaIbHOIO BTPATOO BY3IIB

[ToOymoBaHMit MapIIpyT OTHHAE BUIY4€HI BY3JIH Ta
30epirae riodanbHy 3B’ A3HICTh CHCTEMH. AJJTaNITHBHA TT0-
BelliHKa Mojeni 3a0e3nedye e(eKkTHBHE IepeHanpan-
neHHs Tpadixy 6e3 moTpedu y HeHTpasli3oBaHOMY BTPY-
YaHHI, M0 CBIIYUTH MPO 11 CTIHKICTh O KpaloBUX BiJ-
MOB €JIEMEHTIB.

3aranpHU aHAI3 TOOYAOBAaHUX Bi3yai3allii miar-
BEpP/IKYE 3/IaTHICTD 3aIPOIIOHOBAHOT CaMOOPraHi30BaHOT
MoJIeNi 10 OPMYBaHHS y3Tr0KEHHX MapIIpyTHUX CTPY-
KTYyp HaBiTh B YMOBaX TOIOJIOT1YHHX 3MiH, CIPHYMHEHHX
BUJIyYESHHSIM OKPEMHX BY3IIiB.

VY BCiX pO3IISMHYTHX BHIAAKax — SIK mpu 30epe-
JKeHHI TIOBHOI Mepexi, TaKk i MpH BTPaTi HEHTPAIbHUX
ab0 KyTOBHX BY3JIiB — MOJIeJb 3a0€31edye KOpEKTHE Iie-
peramnpaieHHs Tpadiky, GopMyrodn oO0XiTHI MIISIXHU 3
OIIOPOIO Ha JIOKAIBbHY B3aEMOJII0 MIX CYCIAHIMH BY3-
JTaMH.
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= Route

Puc. 3. Bizyanizanis MapmpyTu3zanii y Mepexi 3 BUIy4eHHIMH KyTOBUMH BY3JIaMU

3aBIsSKd BHKOPHCTAHHIO MEXaHI3My ITEPaTUBHOIO
OHOBJICHHSI HANpPSMKOBUX Bar, CHCTeMa He MOTpedye
LICHTPAJTI30BAHOTO YIIPABIIHHSI, a PE3yJbTYIOUa MapIipy-
TH30BaHa TOBE/IIHKA BUSBIISIE BUCOKY CTYIiHb a/IallTHBHO-
cTi Ta crilikocTi. Lle ;eMoHCTpye MepCreKTHBHICTE METOTY
JUIs TOOYIOBH JICLICHTPAITI30BaHKUX POTOKOJIiB MAPILPY TH-
3aIlii B JMHAMIYHHUX TEIEKOMYHIKAI[IHHIX MepexkKax.

BucnoBku

Moiesnb XapaKTepU3y€eThCs JIOKATbHICTIO, OCKIIBKU
noOyzoBa MapuIpyTh3amii I'PyHTYETHCS BHKIIOYHO Ha
JOKaNbHIA iHQOpMAaIii By3iB 0e3 3amydeHHs TI00alb-
HUX JaHUX TIPO TOTIOJIOTif0 Mepeski. BoHa BusiBisie anan-
TUBHICTb, pearyrouu Ha 3MiHy Tpadiky abo KoH]iryparii
MepexXi IIIIXOM aBTOMAaTHYHOI 1epedy 10BN MapIIPyTiB.
3aBIsAKH IIPOIIECY cCaMOOpTraHi3allii 3a0e3neuyeThes CTii-
KiCTh MOJIE/I — BUHUKAIOTh CTA0UIbHI HAIPSIMKOBI KOM-
MOHEHTH, W0 MiATPUMYIOTh 3B’sI3HICTH Mepexi. Kpim
TOTO, MOJIC/Ib IEMOHCTPYE BIIACTHBOCTI HEJIHIHHOI 1H-
HAMIKH: CKJIaJHI MapIIPyTH30BaHI CTPYKTYpH (Gopmy-
IOTBCS B pE3yJIbTATI JIOKAJBFHUX B3a€MOiil 6e3 moTpedn
B LIEHTPAJII30BAHOMY yTIPaBJIiHHI.

Ha BimMmiHy BiIl TpamuIliifHUX MiIXOMiB, TAKHX SK
OSPF a6o AODYV, siki nependayarots ri00agbHe OHOB-
JICHHS] MapIIPYTHUX TaOJIULb 1 MOTPeOyIOTh BY3IiB 3 TO-
BHOKO 1H(OPMAIIIEI0 TMPO TOIOJOTIIO, 3alpOIIOHOBAHA
MoJIeNb 0a3yeThCcs Ha MPOCTOMY PIBHSHHI JIOKAJIBHOTO
OHOBIICHHS. BoHa He moTpedye eHTpani30BaHNX Mapli-
pyTu3aTopiB i PyHKIIIOHY€E BUKIIFOYHO HA OCHOBI JIOKAJTb-
HOro TpadiKy Ta B3aEMOII CyCiHIX BY3JIiB. 3apONOHO-
BaHa MOJENh MapIIpyTH3aIlii JeMOHCTPYE, O HABITH 3a

JIOTIOMOTOI0 TTPOCTOr'0 MaTeMaTHYHOTO OIUCY MOYKHA JI0-
CST'TH CKJIQIHOT CaMOOPraHi30BaHOI MOBEAIHKH B Mepexi
0e3 ICHTPATI30BAHOTO YIIPABIIHHSA. 3aBISKH JIOKAIbHIH
B3aeMofii By3IiB 3abesmedyeThesi ePeKTUBHE (popmy-
BaHHS MapIIPyTHUX CTPYKTYP i3 BIACTUBOCTSIMH aJlaNTH-
BHOCTI Ta CTIHKOCTI 4O 3MiH TOMIOJIOTI.

OTpuMaHi pe3ynbTaTH BiAKPUBAIOTH MEPCIIEKTUBH
MIPaKTHYHOTO 3aCTOCYBAaHHS MOJEINI B Pi3HUX THUIAX Jie-
LIEHTPATi30BaHNX CUCTEM, 30KpeMa B O€3NPOBITHNUX CEH-
copaux mepexax (WSN), mobineHux Ad-hoc mMepexax
(MANET), a Takox B iH(QpacTpykTypax IHTepHery pe-
yeii (IoT), ne BaXIIMBOIO € aBTOHOMHICTh Ta MacIITabo-
BaHICTh PIllICHb.

VY nopaibInX JOCTIHKEHHSX IUIAHYETHCS PO3LIH-
PUTH MOJIEJIb 3 ypaxyBaHHSM €HEpProcloXHBaHHS BY3-
JiB, pO3pOOUTH MIPOTPAMHY pealtizallito Ha OCHOBI Mepe-
KEBUX CHMYJISITOPIB, a TAKOX MPOBECTH MOPIBHAIBHUH
aHali3 i3 Cy9acCHUMH MiIX0JaMH MapIIpyTH3allii, BKIFO-
Yal04YM MOZENI MalllMHHOTO HaBYAHHS.

Konduikr inTepecis

ABTOpH JIEKIapyIOTh, IO HE MAIOTh KOH(MIIIKTY iHTe-
PECIB CTOCOBHO JIAaHOTO JIOCII/KEHHS, B TOMY YHCI (piHaH-
COBOTO, OCOOMCTICHOTO  XapakTepy, aBTOpCTBA UM
IHIIOTO XapakTepy, 10 MIr OM BIUIMHYTH Ha JOCIIJDKEHHS
Ta HOTo pe3yJIbTaTH, PE/CTABIICH] B JaHii CTaTTi.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJIEKTY

ABTOpPH MiATBEPIKYIOTH, [0 HE BUKOPHCTOBYBAJIH
TEXHOJIOTI] MITYYHOTO IHTENEKTY NMPU CTBOPEHHI Npen-
CTaBJIEHOI pOOOTH.
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CamMoopranizoBaHna MapuIpyTH3alis B TeJ1eKOMYHikalliifHUX Mepexkax 3 ypaxyBaHHAM BTPaT By3JIiB
Oleksandr Voronets, Vitalii Voronets, Pavlo Pustovoitov

Abstract. Relevance. In modern telecommunication networks with dynamic topology, lack of fixed infrastructure and
limited node resources, the task of building effective decentralized routing methods is particularly relevant. Traditional protocols
based on global information or centralized management are not resistant to node losses and changes in the network structure, which
necessitates the development of self-organized models with local decision-making. Object of research: traffic routing processes
in decentralized telecommunication networks. Purpose of the article: development and study of a mathematical model of self-
organized routing, which ensures the formation of effective routing structures based on local interaction of nodes without central-
ized management and maintains network connectivity under conditions of dynamic topology changes. Research results. The arti-
cle proposes a decentralized routing model based on iterative updating of local route weights in network nodes taking into account
spatial proximity and directional consistency. Analytical spectral analysis of the integral equation of weight update was performed,
which allowed to identify dominant spatial-directional modes that determine stable routed structures. The results of simulation
modeling confirmed the ability of the system to self-organize, adapt to node loss and automatically rebuild routes without using
global information about the network. Conclusions. The proposed self-organized routing model is characterized by locality, adapt-
ability and resistance to topological changes and failures. Unlike traditional routing protocols, it does not require centralized man-
agement or global updating of route tables, which reduces computational costs and increases scalability. Scope of application of
the obtained results: wireless sensor networks, mobile Ad-hoc networks, Internet of Things infrastructures and other decentralized
telecommunication systems with dynamic load and limited node resources.

Keywords: telecommunication network, routing, mathematical model, traffic management, network nodes, wireless sen-
sor networks.
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ONTUMIBAIIIA AJITOPUTMIB INIAHYBAHHS ITPOIIECIB B ONEPAIIIMHAX
CHUCTEMAX 3 BUKOPUCTAHHSIM IMITAIIIMHOT' O MOJEJIOBAHHS

AHoTanisi. AkTyaabHicTs. OnTHMI3amis IIaHyBaHHS IPOLECIB € KpUTHIHOIO Uit cydacHuX OC depes pisHOpiHI Tpodi-
JIi HABaHTA)KEHHS, JIe KOMIIPOMIC MiX JIATEHTHICTIO, TIPOITYCKHOIO 3/IaTHICTIO Ta CIPaBEINBICTIO HEMOXKIIMBO HAiHHO OIiHH-
TH Jiuie aHatiTnaHo. O6’€KT KocuikeH s : miacucrema ianysanss nporecis (CPU scheduling) y mysnsrusanagniii onepa-
LiiHii cuctemi. MeTta craTTi: po3poOHTH Ta OOIPYHTYBATH METOIMKY ONTHUMI3ALl] i HAaITyBaHHS aJTOPUTMIB TJIAHYBaHHS
Ha OCHOBI IMITAIIHHOTO (IUCKPETHO-TIOAIMHOTI0) MOJETIOBAHHS Ta c(hOPMYBATH MPAaKTU4HI PEKOMEHIAL] 11 pi3HUX mpodi-
niB 3ama4d. PesyabraTn qociaimkenns. [lo6ynoBano mapamerpuszoBany DES-Mozens 0QHOMPOLIECOPHOI CHCTEMHU 3 TIOTOKOM
Ha/IXOJKEHHS rporieciB, ready-ueproro, |/O-010KyBaHHSAMH Ta HAaKJIaJHUMH BUTPaTaMH KOHTEKCTHUX MEpeKIIoueHb. Peartizo-
BaHo i mopieasHo FCFS, SJF, Round Robin, npiopurerne manysanus, MLQ, MLFQ, Mozxens cripaBe/iiuBOro IiiaHyBaHHS,
noniony no CFS, Ta agantuBHuit RR. ExcriepuMeHTanbHO OLiHEHO Yac O4iKyBaHHS 1 BiATIOBI/, IIPOITyCKHY 31aTHICTb, 3aBaH-
taxxeHHs1 CPU, wacTky Haknagaux Butpat CS Ta cripaBemuBicTs (iHnekce [xeiiHa) y YOTUPHOX CLIeHapisX HaBaHT)KEHHS: 1H-
tepaktuBHOoMy, CPU-heavy, bursty ta 3mimanomy 3a npiopureramu. BucHoBku. HeBuTicHIOBaIbHI cTpaterii JEMOHCTPYIOTh
KOHKYPEHTHI CepeIHi 3HaYEeHHS JIUIIIE B OKPEMHX PEXHMMaXx, TOMl K BUTICHIOBAIIBHI Ta aJalTUBHI MiIX0AM Kpalle BimoBiga-
I0Th BUMOTaM 3MIIIaHUX HABAaHTa)KCHb, ajleé MOTPEOYIOTh aKypaTHOTO TIOHIHTY KBaHTA 4acy, TPaHYJSIPHOCTEH 1 MeXaHi3MiB
npoTuzii romogyBanHO. CUMYISUIHHKE MiaXin 3a0e3nedye BiATBOPIOBaHE MOPIBHAHHS Ta BHSBJICHHS MapaMETPUYHHX 30H,
IO BeIyTh N0 HeOakaHuxX pexnmiB. Cdepa BUKOPUCTaHHS OTPHMAHHUX Pe3yJbTaTiB: BUOIp 1 HaNamITyBaHHS MOJNITHK IUIaHY-
BaHHA B OC 3araipHOro Npu3Ha4YeHHs, HAaBYAIbHI CUMYJIATOPH Ta IHCTPYMEHTH aHajIi3y IPOIYKTHBHOCTI.

KawuyoBi cioBa: ruanyBaHHsS MPOILECiB, omepamiiiHi cucreMu, AUCKpeTHO-Toxiitne MmozemoBanus, CFS, MLFQ,

Round Robin.

Beryn

ITnanysanns npouecie (CPU scheduling) e 6aso-
BUM MEXaHI3MOM MYJIbTH331a4HOi omepaniiHol cucre-
MHU: 33 HASIBHOCTI KUIbKOX TOTOBHX JI0 BUKOHAHHSI 3a/1a4
IUTAHYBaJbHUK BH3HAYA€ MOPSIOK 1 TPHUBAIICTh IX BH-
KOHAHHs1, 0ATaHCYIOYH MIXK YacOM BIZMOBII, MPOITYCK-
HOIO 3/1aTHicTIO, 3aBaHTaXKeHHsAM CPU i cmpaBemuBic-
Ti0 [1]. AKTyanpHiCTh OnTHMI3aIlil IUIAHYBaHHS MOCH-
JIOETBCSL PI3HOPIAHICTIO CyYacHWX HaBaHTaKeHb (iHTe-
pPaKkTUBHI TporpaMmu, cepBepHi 3ajmadi, ¢oHoBi batch-
00YHUCIICHHS), TS SIKUX OJIMH «YHiBEpPCAIbHHID) KpHUTE-
piit ONITUMANBFHOCTI € HEJOCTATHIM: TIOKPAIICHHS BiATY-
Ky Moxe moripuryBatu throughput; smenmienns cepen-
HBOTO OYIKYBAaHHS MOJXXE CTBOPIOBATH TOJIOAYBaHHS
JIOBI'MX 3a/1a4 TOIIIO.

Cranpaptu3aiis iHTepQeiciB miIaHyBaHHsS BH3Ha-
4yae MiHIMaJbHI «KOHTpakTHI» MexaHizmu. POSIX.1
omucye  nomitukd, 3o0kpema SCHED_FIFO Ta
SCHED_RR, a Takox BiANOBiIHI MEXaHi3MU KepyBaH-
HsI IapaMeTpaMy IUIaHyBaHHs [2].

[NapanenpHO MpakTHYHA peai3allis IIaHyBalbHU-
KiB Y spax 3arajbHOTO IMPH3HAYCHHS EBOJIOLIOHYE:
nokymenrarist Linux neramsHo ommcye CFS sk «fairy
miaxin, a Takox EEVDF sk HacTynmHmid eranm i3 BHOO-
POM 3ajadi 3a «BipTyaIbHUM JemiaitHoM» cepen «eligi-
ble» 3amau [3].

Benuka yactuHa ontuMizaiii IuIaHyBaTbHUKA — 1€
ONTHUMI3aIlis TapaMeTpiB i eBPUCTUK (KBaHTH, TPAHYIIS-
PHOCTI, IpaBMJIa MiABUIICHHA NpiopuTeTiB/boost, Kiacu
3a1a4), MO0 CKJIQJHO POOHTH «aHAJITHYHO» JUII peaic-
TUYHAX HAaBaHTaXeHb. TOMY iMiTamiiHE MOJCITIOBAHHSI
€ JIOIIHUM iHCTPYMEHTOM: BOHO JO3BOJIE TIOBTOPIO-
BaHO TIOPIBHIOBATH AaJTOPUTMH Yy KOHTPOJIBOBAHOMY
CepEeIOBUIIli, & TAKOX JJOCIHIIKYyBaTH UYyTJIUBICTh MET-
puK 10 apametpis [4].

Orusig ocraHHIX JocailzkeHb i myOJikamii.
POSIX-opierTOBaHI IKepena BH3HAYAIOTh 0A30Bi MOITi-
Tikn ¥ iHTepdeticu. 3rimHo 3 POSIX.1-2017 vy
<sched.h> npucytni npunaiimui SCHED_FIFO (FIFO
st pikcoBanux mpiopureris) Ta SCHED_RR (round-
robin mis ¢ikcoBanux mpiopuTetiB), Mo Gopmye OcHO-
By IUISl MEPEHOCHMHX 3aCTOCYHKIB (ocoOmuBo B real-
time konrekcTi) [2].

VY Linux mnpakTtuuHi getanmi MOMITHK, KiIaciB i
BBy nice omucye Sched(7): nice BmimBae Ha
SCHED_OTHER/SCHED_NORMAL Tta cmoopigaexi
HOJIITUKH; CTYIMIHb BIUIMBY MOJXKE 3MIHIOBATHUCS MIX
BEPCISMH, ajieé B «IOTOYHINA peamizamii» HABOIUTHCS
koedimienT 6im3bko 1.25 Ha oxuHuMIKO pisHumIl hice [5].

Odiuiitna gokymenraiis Linux ommcye CFS sx
mianyBansHuK «desktop/general-purpose» knacy fair,
LIO MparHe MOJEIIOBATH «ifeaJbHUH OaraTo3anadHuii
CPU» 1 BUKOPHUCTOBYE TMOHATTSA BIpPTyadhbHOTO 4Ya-
Cy/CIIpaBeUIMBOTO  pO3MOATY.  IcTOpuyHO  HOro
MOB’sI3YI0Th 13 poboTor pospobuuka Ingo Molnar [6]
(merge y Linux 2.6.23). Mdami y mokymenramii Linux
supineno EEVDF Scheduler, sikuii oOupae 3amauy 3
muoxuaM «eligible» (3a marom) i BukopucroBye «virtual
deadline» stk kpuTepiii BUOOPY HAWOIMKIOTO KaHIUIA-
ta o Bukonanus. Onuc EEVDF wna kernel.org nomnos-
HIOETHCS] TEXHIYHHMH OTJISIIAMH, 30KpeMa MaTepiaaaMu
Peter Zijlstra y crinproti Ta crartsimu LWN.net o0
nopobku EEVDF [7].

VY mepion 2015-2026 pp. BUAIAIOTECS KilbKa Ha-
MPSIMIB, PEJICBAaHTHUX Iiif Temi. [lepummii — nocmiKeHHsS
«peaybHUX» MPobJeM 1 eeKTiB ITaHyBaIbHUKA B MOMY-
aspHEX siapax. Po6ora “The Linux Scheduler: a Decade
of Wasted Cores” (EuroSys 2016) moka3zana, 1o jaedex-
TH/€BPUCTHKHU Ta OAJaHCYBaHHS MOXKYTh NPH3BOAUTH JIO
HEIOBUKOPUCTAHHS sIep HaBITh 3a HASBHOCTI poOOTH, i
IiIKpecuiaa CKIAIHICTh IMATPUMKH IUIAHYBAJIBHHUKA Y
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JOBrocTpokoBiii eposroii. Cepen aBropis — Jean-Pierre
Lozi ta Alexandra Fedorova [8]. [dpyruii — po3BuTOK
aaNTUBHUX/TIOpUIHUX anropuTMiB (Momudikamii RR,
MLFQ, 3mimani npasuna). Hanpuknan, y crarri ORR:
Optimized Round Robin CPU Scheduling Algorithm
(ACM, 2021) 3ampomnoHoBano onruMizariito RR 3 akien-
TOM Ha 3MEHIICHHS CepenHboro ouikyBamus/turnaround i
KUTBKOCTI KOHTEKCTHHX TIepeKiroucHs st time-sharing
cepemosu [6]. V xoureketi MLFQ BaXknuBo, 1110 HaBiTh
«xmacnaauiy MLFQ moxxe orpumyBaTH cydacHi Moau-
¢ikamii s cnemiampHUX BUMOT: 30kpema, MLFQ-RT
st multi-core real-time 3amau nocmimpkeHo yepe3 mMo/e-
moBanHs (ACM SE 2018) [9]. Tperiit — cuctemaruzaris
i TOpIBHSUIbHE HABYAILHO-CKCIICPHMCHTAIBHE OIliHIO-
BaHHsA. Y Bimkpwuriit crarti Heliyon (2024) “Study and
evaluation of CPU scheduling algorithms” aetopu Buko-
PHUCTOBYIOTh CHMYJIATOP JJIsl MOPIBHSHHS AITOPUTMIB Y
KOHTPOJIbOBAHOMY CEPE/IOBHIL T aKIEHTYIOTh Ha «HEY-
nepe/pkeHocT» ymoB mopiBHsiHHS [10]. YerBeptHii —
METOJOJIOTiA IMITalliIfHOTO MOJENIOBAaHHA 1 IIepeBip-
Ka/Bamigaris moxeinedt. Kiacwury meromonorito DES i
EKCIIEPUMEHTAJILHOTO TH3aliHy CHCTEMATHU3Y€E MiAPYyYHUK
Law A. M. “Simulation Modeling and Analysis” [11].
IMuranas V&V (verification & validation) cucremuo
posrisiHyTe B poboTtax Robert G. Sargent (30kpema, ma-
tepiamn Winter Simulation Conference; misnimni “ad-
vanced tutorial”) [12].

Taxkum YMHOM, Cy4aCHUH CTaH TEMH BU3HAYAETHCS
JIBOMa «IOJIOCAMI»: CBOJIOIIEI0 PeaTbHUX [UIAHYBAlb-
HukiB (CFS-EEVDF y Linux) Ta akTHBHICTIO JOCITi-
JUKEHB TiIOpHIHIX/aIanTHBHAX allTOPUTMIB 1 METOMIB iX
OIIiHIOBAaHHS Yepe3 CUMYJISAIIIO.

ITocTanoBka 3agaui

MeToro HoCHiKeHHST € po3poOKa Ta OOIpyHTY-
BaHHS METOAMKH ONTHMI3alil alropuTMIB IJIaHYBaHHS
MIPOIIECiB B ONEpamiiHUX CHCTEeMaxX Ha OCHOBI iMiTamii-
HOTO MOJETIIOBAHHS Ta HAJAHHS EKCIIePUMEHTAIbHO
MiITBEPKEHUX PEKOMEHAIli# 1010 BuOOpy / Haall-
TYBaHHS AJITOPUTMIB i Pi3HI MpoQiTi HAaBaHTaKCHHS.

OO0’€KTOM JIOCHI[PKEHHS € MiICUCTeMa TIaHyBaHHSI
npouecie (CPU scheduling) y mynstuzanauniii OC; y
tepminax POSIX — momiTHKY [UIaHYBaHHS Ta 1X MOBEIi-
ukoBi BractuBocti (FIFO/RR mist ¢ikcoBanux mpiopu-
TeTiB Tolo). [IpeaMeT mociipkeHHS: TOPIBHIbHI Xa-
pakrepuctuku anroputmis (FCFS, SJF, RR, Priority,
Multilevel, MLFQ, CFS-nioni6uuii, agantusuuii RR) i
YyTJIMBICTh TOKa3HWKIB JIO MapameTpiB (KBaHT dyacy,
NpaBWJia IiJBHUIIEHHS NPIOPHUTETIB, KIJIBbKICTH Yepr,
IpaHyJISIPHICTB/IATEeHTHICTH TOIIO).

[Tpu upomy posrisinarotscs Taki 3axadi (RQs):

1) ouiHKUTH BIUTMB BUOOPY aJITOPUTMY IUIAHYBaHHS
Ha Yac OYiKyBaHHS, 4Yac BiJMOBiIi, NMPOIYCKHY 3/aT-
HicTh, 3aBaHTaxeHHss CPU, cmpaBennuBicTh, BUTpaTH
KOHTEKCTHUX IEPEKIIOYeHb y PI3HUX CIIEHAPisX HaBaH-
Ta)KEHHS;

2) BHU3HAYHTH MAPaMETPUYHI «30HW» (KBAHTH,
boost-inTepBanu), e alropuT™M NEPeXomuTh y Hebaxa-
HUH pexxuM (HagMipHI IepeMUKaHHS, TOJI0lyBaHHS);

3) chopmyBaTH NPAaKTHYHI PEKOMEHIALI] 00
onTuMi3amii ¥ aganraifii aaropuTMiB (EBPHCTUKHU KJa-
cucdikauii 3a1a4, aganTUBHUAIN KBaHT, aging) [13].

Hesusnaueni BxinHi gai: niieoBa OC/Bepcis sij-
pa, amaparHa miardopma, poOodi TpacyBaHHS 3ajad,
THUIIOBI 3HAUYEHHS BUTpAT IEPEMHUKAaHHS — HE BKa3aHo.
Jnst komneHcarii 00paHo napaMeTpu3oBaHy MOJIENb, J¢
CYTTEBI IapaMeTpH € SIBHUMH i MOXYTb OyTH 3aMiHEHi
Ha BIMIipsHi 3HAYCHHA B Mai0yTHEOMY.

ImiTanifine MoxeTIOBaHHS peali3oBaHO K AUCKpe-
tHO-TIoxi¥HYy (DES) Momens: yac pyxaeTbcs CTprHOKaMu
MK MOMEHTaMH HOJii (HaIXOMKeHHS IpOIECy, 3aBe-
pmenas CPU-Oypcry, 3aBeprmienHs [/O, 3akiHUeHHS
KBaHTa/TalMCIIalicy, KOHTEKCTHE NepeKiIroueHHs). Ta-
KUl MiAXia € CTaHZapTHAM [T CHCTeM depr / miaHy-
BaHHS i OOpE y3rO/DKYETHCS 3 TPAKTUKOIO BUKOPHC-
TaHHs 0i0mioTek Ha kmrtant SimPy (mporecu, cepemno-
BuIIe, moii) [4].

3aranpHi npuHnMnu nodynosn DES-moneni, Bu-
0opy piBHA jAeTaiizallii, TIAHYBaHHS CKCIICPUMEHTIB i
aHali3y BHUXOMIB BiJMOBIJAIOTh KAHOHIYHIH METOHOJIO-
rii: GopmMymoBaHHS TpoOIeMH — KOHICTITyajdbHa MO-
JIeNs — pearizalis — Bepudikamis — Baligamis — Au3aiH
EKCIIEPUMEHTIB — aHaui3 pe3yipraris [11].

Cepenosuiie peanizauii mogeni: Python (custom
DES); anpTepHaTHBHO MOXe OyTH BHKOpUCTaHO SimPy
sk cranaaptauit DES-¢peiimBopk [14].

AOCTpaKIlist CHCTEMHU:

— oaun CPU (omHe sap0) — CIPONICHHS [T BUJIi-
JeHHs1 «aucroroy edekrty anroputmy CPU scheduling.
Mynerunporecopui edextu (load balancing, NUMA,
KOHKYPCHIIiS KeIlliB) BUHECEHI SK MepCIeKTHBa. AKTya-
JBHICT MYJBTHALEPHOTO AaCIEKTy MiATBEPIUKYETHCS
npakTnaHUMHE Keiicamu (EuroSys 2016) i cyuacHuMu
posummpenssMu MLFQ mist multi-core [8];

— Tpomec CKiagaeThes 3 mocaimoBHocTi CPU-
OypcrtiB i3 1/O nay3amu (610KyBaHHs);

— KOHTEKCTHE INEPeKIIOYeHHS] Mae HaKJIaJHy Bap-
ticts €S_overhead (y momeni — 0.1 Mc; 3HaueHHs mapa-
METPHU3YETHCSI 1 B pPeabHOMY JOCIIKCHHI Mae OyTH
3aMiHEeHe BUMIPIOBaHHSM JIJIs LIIIbOBOT CUCTEMH).

HeBusnaueni napamerpu (1o3Ha4yeHO “He BKasa-
HO”):  amapaTHl  XapakTepUCTHKH, THII  JHCKO-
BOI/MepexeBol mijicucTeMu, peaibHa nomituka /O mia-
HyBaHHsS, TaiiMepHi rpanymspHocti OC, mpiopuTeTHI
iarra3oH Ta MOMITUKY B IiaboBii OC.

Bukopucrano taki MeTpuku (y AyKKax — IO3Ha-
YeHHS):

— vac ouikyBaHHA y ready-uepsi (W): cymapHuit
4ac, KOJM MPOLEC FOTOBUI 0 BUKOHAHHS, aJie He BUKO-
HYETbCS;

—vac BiamoBiai (R): Bix HaAXOMKEHHS MPOIECy 10
nepmoro orpuMants CPU (KpuTHYHO [Uist iHTEpaKTHB-
HUX 337a4);

— TpomycKHa 31aTHIicTh (X): KUIBKICTH 3aBeplie-
HUX TPOIIECIB 3a OJJMHUITIO Yacy (IpOLECiB/C);

— 3aBaHtaxeHHs CPU (U): gactka uyacy, koiu
CPU Bukonye kopucHy pobdoty (user CPU), 6e3 Haka-
JHHUX BUTPAT IIEpEMHUKaHHS,

— BUTpaTH KOHTEKCTHHX nepekiroueHb (CS%): ua-
CTKa Yacy, BUTpau€Ha Ha KOHTEKCTHI MEpPEeKIIIOYEHHS,
BiJJHOCHO 3arajibHOTO 4acy MOJICJIFOBAHHS;

— cnpaBeUBICTh (J): 3acTocoBaHo iHAeKkc Jker-
na (Jain’s fairness index) nax moxiTHUMHU BEIMYHHAMHU,
0 XapaKTepU3yITh PiBHOMIPHICT «e()EKTHBHOCTI
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obcyroByBanHsm». [HIeKe nexuts y miamasoni [0;1], 1
03HAYae MaKCHMaJbHYy piBHOMIpHICTS [15].
Iunexc cnpaBenuBocTi [keliHa OOYHCITIOETHCS SIK

n 2 n
J = in aniz ,
i=1 i=1

Je N — KUIBKICTh HpoleciB y BHOIpLI, X; — 3HaYEeHHS
noKasHuKa 1yt i-ro mpouecy; J €[01].

VY po6oTi BUKOpUCTAHO IBi iHTeprperaumii mokas-
HuKa cripasemmBocti: fairness_ready J — Jain-immexc
HaJ| BeJIMYMHAMHI

« = Topu,

j=E———
TCPU,i +Wready,i

ne Tepyj — CyMapHHM 9ac BHKOHAHHS IIPOIECY Ha

CPU, a Wready,i

ready-uep3i (1/0-nay3u HE BPaxOBYIOThCS);
fairness_batch_J — anasoriunmii inmekc, ame oOdYHCIIe-
uuii nmime s migmuoxuau CPU-bound (batch) mpo-
eciB, o0 BiIOKpeMUTH eeKT npiopuresanii iHTepak-
TUBHHX 3371a4.

Bepudoikauis BUKOHyBajach K IepeBipka KOPEKT-
HOCTI peauizauii moxiii i iHBapiaHTiB (HEBiJ €MHICTb
3ayuiiky CPU-OypcTy, MOHOTOHHICTB 4Yacy, 3aBepLIeH-
HS KOJKHOTO TIPOIIECY, 30epeiKeHHsI OalaHCy MOIii).

Baninaris y moBHOMY ceHCi OTpeOye 3iCTaBICHHS
3 peanbHUMHU Tpacamu OC/GeHUMapKaMy — HE BKa3aHO
(BimcyTHI mani). ToMy pe3ynbTaTH iHTEPIPETYIOTHCS SIK
MOJICNBHI Ta CIYTYIOTh JJIS MOPIBHSJIBHOTO aHANI3Y i
Yy TIMBOCTI 0 MTapaMeTpiB.

Buznaueno 4 crenapii (koxken — N =120 mpoue-
ciB, 6 TOBTOPIB, pi3Hi seed):

— cuenapii A (intepaktuuii): 70% 1/O-
bound/inTepakTiBHHX MpoLECiB i3 OaraTbMa KOPOTKUMU
CPU-6ypcramu Ta 1/0O-nay3amu; 30% CPU-bound. InTe-
pBaITH MPUXOIy — eKCTIoHeHMiHHI (oTik [Tyaccona);

— cuenapiit B (CPU-heavy): nominysanuss CPU-
bound mporecie (80%), Bummuii Trck Ha CPU;

— cuenapiit C (burstiness): maykoBi HaaXOKEHHS
(uepryBaHHs BHCOKOI/HW3bKOi IHTEHCHBHOCTI) Ta Bax-
koxBocti posnoginu CPU-OGypcTiB [yl miZBHILIEHHS
JUCTIepCii;

— cuenapiii D (priority-mixed): 3mirnanuii npo¢ine
13 4acTKol «SyStem» 3amau (BHII NPIOPUTETH), IO

CyMapHHH dYac O4YIKyBaHHA B

Tabauys 1 — IlapaMeTpu eKCNePUMEHTAIBHOTO MOIEJTIOBAHHS

JI03BOJISIE OLIHWTH PH3MKU TOJIOAYBAaHHS 1 HepeBaru
boosting/aging.

AJITOPUTMHU PEaji3oBaHO B MOJEII SK MOJIYJIi BU-
0opy HACTYITHOTO MPOLIECY Ta IPaBUiia BUTICHEHHS:

— FCFS (First-Come, First-Served): neBuricHioBa-
neEui; depra FIFO. TumoBumit Hemomik — «convoy
effecty npu 3minryBansui mosrux CPU-bound i kopoTtkux
1/0-bound 3anau [1];

— SJF (Shortest Job First): HeBUTICHIOBaILHUIA,
BHOIp 3a MiHIMaJIbHOIO HOBXHHOIO HactymHoro CPU-
oypery. Y peanprii OC noBxuHa OypcTy HEBimoma
Hamiepel 1 OINHIOETBCSA, aje B MOJENi ISl «Upper
boundy BukopucTaHO (akTHYHE 3HAYCHHS; PU3HK TOJO-
JIyBaHHS JIOBI'MX 33]a4 € O4iKyBaHUM;

— Round Robin (RR): BuricHIOBanbHUIA; KBaHT (;

— Priority (PRIO): BuTicHIOBaNbHHMN TpiOpHTET-
HHU; TIPH TOSBI 3a7a4l 3 BUIIUM MPIOPUTETOM BUKOHY-
€TBCS HeTaliHe BHUTICHEHH:A (y MeXaxX Mopeni). Pusuku
TOJIOAYBAaHHS HIKYUX MPIOPHUTETIB MOTPEOYIOTH aging
(y miif 6a3oBiif KoH(Irypamii — crmpomieHo, 6e3 mOBHOT
JUHaMIYHOI 3MiHM) [1];

— Multilevel Queue (MLQ): okpemi uepru s
kiaciB system/interactive/batch i3 sxopctkum mpiopure-
TOM uepr (BepXHi 3aBXKIY BUTICHSIOTh HHXKHI);

— Multilevel Feedback Queue (MLFQ): Gararopi-
BHEBa Yepra 3 «3BOPOTHIM 3B’SI3KOM»: HPOLIECH CTap-
TYIOTh Ha BEPXHBOMY PiBHI 3 MaJMM KBaHTOM; SKILO
BUUEPIYIOTh KBAHT — IIOHMKYIOTHCS, SKIIO OJIOKYIOTHCS
(I/O) — 36epiratoTh/miABUILYIOTH IPIOPUTET; MEPiOIUY-
HO 3aCTOCOBY€ThCs DOOSt i mpoTHAIl ToJ0xyBaHHIO.
Lle kacu4Ha BiJNOBIIb Ha K IUTaHYBaTH 0e3 3HAHHS
MaiOyTHHOT0», BHKOPHCTOBYIOUYHM ICTODil0 BHKOHAHHS
[13];

— CFS-noni6uuii (CFS-model): ciporena mopens
«fairy mranyBanus (BipTyampHHET wac vruntime, Bubip
MiHIMaTBHOTO —Vruntime, Taiimcmaiic sk QyHKIs
target_latency i min_granularity). ¥V Linux i moustTs
MaroTh JokymeHToBaHi ananord (CFS design) [3];

— ARR (Adaptive Round Robin): agantunuit
KBaHT 3 00pizaHHAM y Mexax [2;20] mc. Ines y3romky-
€TbCs 3 HampsiMoM omrtuMizanii RR gepe3 «po3ymuwmii
KBaHT», SKUH aKTHUBHO Iochimkyerbes y 2015-2026
(uanp., ORR) [6].

[MapaMeTpn eKCHEPUMEHTAILHOTO MOJICIIOBAHHS
HaBeleHO y Tabn. 1, a pe3ysibTaTd MOJIETIOBaHHS IS
KOXXHOT'O aJIFOPUTMY Ta CLEHapilo — y TadlI. 2.

ITapametp 3HaueHHs (Y Moaei) KomeHnTap
KinbkicTs nporecis y creHapii 120 DikcoBaHO 1151 MOPIBHAHHOCTI
KinpKicTh MOBTOPIB (peruTiKamiii) 6 PizHi seed mi1s ycepeaHeHHS
Mogens CPU 1 sipo (1 cepsep) Multi-core — nepcniekrrBa
BapTicTh KOHTEKCTHOTO MEPEKIIOYCHHS . .
0.1 mc [TapameTp; y peasibHil ccTeMi — HE BKa3aHO
cs_overhead
TunoBe 3HaUSHHS ISl JEMOHCTpAIlii Yy TIMBOCTI; «OI-
RR kBaHT q 4 mc N AL A pattil 1y ’
THUMAJIbHUI1» 3aJI€)KUTh BiJl HABAHTAXKESHHS
MLQ kBasT (system/interactive) 3 mc batch y MLQ — FCFS

MLFQ piBHi/KBaHTH

3 pieHi: [2, 4, 8] mMc

JleMoHcTpaltiitHuit Habip; mifysirae ONTHMI3aIii

MLFQ boost interval 50 mc [IpoTH IS TOJIO0LYBAHHIO

CFS-model target_latency 24 mc Konrenryansauii ananor sched_latency
CFS-model min_granularity 3 mc Konnenryansauii anasior sched_min_granularity
Hianazon ARR kBaHTiB 2...20 mc 3anobiranHs KpailHiM pexumMaM
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Tabruys 2 — Pe3yabTaTH MOJEIOBAHHSA

C§p, Cep. p95 095 Ipo- 3aBaH- Haxan- Iepe-
Auro- OUiKy- ) OUiKy- : MyCKHA | Ta)XXeH- . MHKaHb
BiAIIO- BifIO- Hi CS, J_ready | J_batch
puT™ BaHHS, . BaHHS, . 3matH., | H1 CPU, o KOHTEK-
e BifIb, MC Me BiIb, MC npory/e % (] ety
Cuenapiii A (iHTepaKTUBHMI)

FCFS 3389.3 922.2 4672.1 1808.6 18.12 85.4 1.84 1229 0.126 0.320
SJF 1419.2 870.4 42419 3776.0 19.24 97.6 1.96 1228 0.342 0.228
RR 2597.6 127.7 4825.0 252.9 18.78 91.2 3.58 2268 0.373 0.539

ARR 2498.8 96.4 4623.7 180.6 18.33 89.1 3.49 2284 0.497 0.619

PRIO 1522.0 1077.9 4833.7 4406.8 20.08 95.5 4.16 2500 0.320 0.518

MLQ 1624.5 422.9 4990.0 1703.1 20.25 97.2 2.36 1399 0.334 0.534

MLFQ 933.2 23.1 2231.1 715 19.26 815 5.36 1844 0.420 0.542
CFS 2111.9 2.0 4953.7 5.0 19.96 95.3 4.17 2521 0.217 0.822

Cuenapiii B (CPU-bound nominye

FCFS 6602.9 2784.2 9807.8 5323.3 10.90 94.5 0.44 484 0.150 0.219
SJF 2904.7 1980.6 7859.0 6847.3 12.00 995 0.47 472 0.253 0.297
RR 5552.4 213.0 9125.4 403.2 11.66 96.9 2.71 2790 0.607 0.743

ARR 6190.6 920.6 9368.7 1715.2 11.36 96.4 0.89 945 0.410 0.567

PRIO 4309.4 3312.0 9730.5 8589.9 11.27 97.1 2.86 3063 0.379 0.471

MLQ 5092.5 482.7 9279.0 1831.9 12.35 99.3 0.68 662 0.291 0.406

MLFQ 3784.6 64.1 7306.1 160.3 11.83 94.4 4.75 3993 0.524 0.635
CFES 5529.7 3.4 9899.9 9.2 10.86 96.6 3.38 3746 0.373 0.753

Cuenapiii C (bursty/saskxoxsocti CPU-6ypcrn)

FCFS 9305.2 1591.2 | 168119 | 5478.0 11.09 98.6 0.12 161 0.101 0.139
SJF 4338.0 1624.6 | 10264.5 | 5659.6 11.87 99.7 0.07 96 0.181 0.234
RR 8393.2 269.8 16562.8 526.6 10.31 93.9 2.56 3415 0.404 0.477

ARR 8702.2 726.1 17007.8 | 14425 10.67 98.1 0.78 1035 0.329 0.405

PRIO 6806.0 2964.5 | 16646.7 | 11843.6 11.12 97.9 1.68 2345 0.262 0.356

MLQ 8618.8 456.6 16883.1 | 1802.9 11.34 99.4 0.26 352 0.186 0.231

MLFQ 5639.4 745 12265.6 197.3 12.10 92.0 4.94 7116 0.493 0.601
CES 7909.9 3.0 17408.1 9.1 11.36 98.0 191 2609 0.229 0.670

Cuenapiii D (3mimanwnii 3a npioputeramn)

FCFS 4246.4 1505.1 8053.3 5113.3 13.05 96.6 0.58 368 0.146 0.277
SJF 3310.6 1882.2 6976.7 6260.4 13.69 99.2 0.42 278 0.227 0.263
RR 4269.8 212.6 7936.4 391.0 12.71 95.6 2.44 1681 0.442 0.545

ARR 4449.5 517.2 8348.2 992.2 13.44 99.1 0.60 403 0.332 0.471

PRIO 4274.8 1865.6 8162.5 7865.4 12.94 97.2 1.81 1189 0.243 0.352

MLQ 5071.9 395.7 10146.5 | 2098.0 12.30 94.8 0.74 499 0.221 0.293

MLFQ 2953.4 48.0 5784.4 1235 13.28 94.3 4.40 3065 0.499 0.640
CES 4510.6 13 9137.4 3.9 12.83 97.8 2.11 1400 0.223 0.812

AHauni3 pe3yabTaTiB MOIEJTIOBAHHS

FCFS y 3mimraHux creHapisix IeMOHCTPY€E BHCO-
KHii Yac BiANOBiAI Ta/ab0 BEIHMKI XBOCTH PO3IMOILTY
ouikyBauHs (P95), 10 MOSCHIOETHCS «CONVOY effecty —
KOPOTKi 1HTEpakTHBHI 3a7adi «IPUIUIAIOTE» 3a JOB-
rumu CPU-bound y FIFO. SJF y CPU-heavy Tta bursty
crieHapisix MiHiMi3ye cepeaHiil yac ouikyBauus (B, C)
— IO BIAIIOBiA€ KIIACHYHOMY TBEP/DKEHHIO IPO OIl-
TUManbHICTh SJF U1 cepeHbOro O4iKyBaHHS 3a NpH-
IyIIeHHs] 3HAHHS JOBXUH OypctiB. OgHaK BogHOYAC
yac BiINOBiAl Ta P95 MOXYyTh MOTIpUIyBaTHCH, IO Bi-
Jno0paxkae MOTCHUINHY AMCKPUMIHALIIO JOBTUX 3ajad.
RR 3abesneuye Hu3pkuii (BigHocHo FCFS/SJF) wac
BiMOBII, aje pi3ko 301IbIIY€E KibKiCTh KOHTEKCTHUX
MEePeKIIoueHb 1 YacTKy HaKJIaJHUX BUTPAT y BaXKKHX
naBantaxkenusx (B, C), mo e Bizomum Hemomikom RR
IIpU MajoMy KBaHTi. MOTHB camMe TaKOrO «TIOHIHTY
KBaHTa» BiIA3ePKATIOETHCS B CYYACHUX MOAH(iKamisx
RR (mamp., ORR), me omTumisamis crnpsMoBaHa Ha
sumkennss NCS/ouikyBaunns/turnaround. MLQ (sxopc-
TKi 4epru) y priority-mixed cueHapisix MOe IaBaTH

HeIMoTaHi «CepBiCy» BEPXHIX KIIACIB, ajie HMXKHI KJIACH
y NPUHLMUII PU3UKYIOTh T'OJOJyBaHHIM Oe3 crewiaib-
HuX mpaBwiI. lle 3arampHa mpoOriema MPIOPUTETHHX i
0araTopiBHEBUX CXEM, II[0 3a3BUYall KOMIIEHCYEThCS
aging/boost. MLFQ y cuenapisix A i D memoHcTpye
HaWKpali/oaHi 3 HaHKpamux NOKa3HUKIB 4acy BijIo-
Bili Ta ovikyBaHHs, 10 Bigmosimae inei MLFQ: Ha-
6mmkatu inTyinito SJF Ge3 3HaHHsA MaiiOyTHBOTO, BH-
KOPHUCTOBYIOUH iCTOPif0 (KOPOTKi/iHTEpaKTHBHI 3a1adi
sanuinarTbest Haropi). CFS-monens y miii moctaHoBIi
Ja€ MiHIMaJIbHHHA CEepeAHid dYac BiAMOBiIi, IO y3To-
IUKY€eThest 3 (inmocodiero fair-maanysauns i npiopure-
samiero latency-sensitive nosexinku. BogHouac «cmpa-
BEIUTHBICTBY Y TII00ATHOMY CEHCI 3aJIEXKHThH Bifl TOTO,
mo came BuMmiproerses: ans  batch-xmacy  fair-
ness_batch_Jy cuenapisx A/D e Bucokoro (=0.82), ane
fairness_ready J moske OyTH HHXUYOKO Yepe3 CBijoMe
«IIATATYBaHHS IHTepaKTUBHUX/4aCcTO-0JIOKYI0UHX
3amad (mo B Linux historically peanizoBano uepes me-
xanisamu  vruntime/latency). CyuacHuii  pO3BHUTOK
EEVDF y Linux meMoOHCTpye€, 110 HABITh «CIIPaBE TN~
Bi» IUTAHYBAJBHHKH YTOUYHIOIOTH KpUTEpPiii BHOOPY
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npouecy (eligible + virtual deadline), o6 xom6inyBa-
TH CIIPABEIJIUBICTb 1 IATCHTHICTD.

Pexomennanii momao onrumizamii

Pexomenpamii moineHo Ha mapaMeTpUIHI HaJaml-
TyBaHHS, aJalITUBHI CTPATETil Ta eBPUCTHKH.

IMapamerpuuni HamamrtyBanHs RR/MLFQ. s
RR KIIOYOBUM € KBaHT yacy: HaATO Malldil KBaHT 30i-
nbiye HaknaaHi Butparu (CS%), HaATO BENUKHUH 1OTi-
pIye PEaKTUBHICTH IHTEPAaKTHBHUX 3ajad. [IpakTudyHO
JOLIJIBHO MiI0MPaTH KBAaHT BiJ MeJiaHHOTO abo OJIN3b-
koro 1o mexianaoro CPU-OypcTy iHTEpaKTHBHOTO KIIa-
cy ¥ mepeBipsATH YyTIUBICTH METPHUK Y CHMYJLALIL; mO-
nibHa sorika BiIacTHMBa 1 cywacHHMM omnTuMizamisM RR
(ORR T1a in.).

Jis MLFQ mapameTpu — KiTbKiCTh piBHIB, KBaHTH
piBHIB, iHTepBan boOSt — € OCHOBHHUMH DPETYISATOpaMHU
KOMITPOMICIB: 3MEHIIICHHSI KBAaHTIB BEPXHiX PIBHIB IOK-
parye BiIryK, aje 301Iblye MepeMUKaHHs; HaaToO pil-
KicHMH boost mifBHILy€e pU3UK starvation HIDKHIX piB-
HiB. Knacuyna mocranoka MLFQ mpsmMo migkpeciroe
poJtb boost y IpOTHIT roolyBaHHIO.

AnantuBHi ctpaterii. J[ONiMbHAM € JWHAMIYHUHA
kBaHT (ARR-monmiOHi) sk MiHiManpHa amanTaris RR:
SIKIIO KBAaHT TIPUB’A3aTH IO CTATHCTHKHU OypcTiB (Memi-
aHa/KBaHTIJIb), MOXKHA 3MCHIIINTH 3aiiBi MEepEeKIIOYCHHS
B CPU-heavy pexmmMax Ta yTpuMaTH NPUHHATHUHA Bif-
T'YK Y IHTepakTHBHHX. Lle y3roJuKyeThCs 3 eMITIpHYHO0
MotuBatiero Moaudikamiii RR y miteparypi. Jns mpio-
puretHux i MLQ-cxem motpiGHi aging/boost mpaswuia,
1HaKIlle BUHMKAE CHUCTEMHHU PU3UK TOJIOJyBaHHS; HaB-
yasnpHi Matepiamu 3 CPU scheduling mpsimo BkaszyroTh
Ha aging sk cTaHAapTHY NpOTH o Starvation.

Hanamrysannst fair-nnanysanns (CFS/EEVDE-
moioHi). [IpakTHyHa oNTHMI3allis 9acTO 3BOIAUTHCS IO
KOHTPOJIIO «JIATEHTHOCTI» Ta IpaHyJIApHOCTell (aHaio-
riudo tunables, BitomMmuM y Linux ekocucremi). Odimiii-
Hi MaTepialld ONHCYIOTH CEHC MapaMeTpiB Ha KIITalIT
sched_min_granularity (MiHiManbHHI TIepioa BUKOHAH-
Hs 33j1a4i) Ta 3arajbHOIl «IATEHTHOCTI» SK KOHIENTya-
JILHOTO O0/DKETY PO3MOoaily Mixk runnable 3agagamu.

ITix yac nepenecenns Ha peajgpny OC ciix Bpaxo-
BYBaTH, IO JOCTYMHICTH/cTaryc tunables moxe 3miHo-
BaTHCS MIX BepCisiMu (HAMpUKIad, mepeMimieHHs B de-
bugfs y neskux muctpubyTHBax/Bepcisix), TOMy ONTHMI-
3amis Mae OyTH MPHUB’s3aHa 10 KOHKPETHOI IUIaThOPMH.

[punymenns Mozeni:

— onun CPU; BincyTHi multi-core edekru (banan-
cyBaHHs, NUMA, KOHKypeHIIis KelliB). AKTyaJbHi 10-
CIIJDKEHHSI TOKa3yloTh, IO camMe multi-core acrexTH
MOXYTb JJOMIHYBaTH y NMPOJAYKTHBHOCTI IUTaHYBaJIbHUKA
B PEAJIbHUX CHCTEMax;

— BapTICTh KOHTEKCTHOI'O IEPEKIIOYCHHs CTaja
0.1 mMc. Y peaipHOCTI BOHA 3aJI€KHUTDH BiJl apXiTEKTYpPH,
TLB/kem edexTiB, MOTITHKH apa;

— st SJF npunyiieHo 3HaHHS IOBXHHUA MaiOyT-
ueoro Oypcry (ue upper bound); peansna OC omiHroe
OypcrT 3a icTopi€ro;

— CFS peaizoBano sk cnpolueHy Mozens; EEVDF
y TO4HIA (opMi He 3MOAENbOBaHO (MOTpedye BiATBO-
penns eligibility/lag/deadline mexani3miB Ha piBHi, O11u-
3bKOMY 10 JIOKYMEHTAaLli1).

BiakpuTi muTaHHs AJs1 TPOAOBKEHHS:

— noBHa cumysaniss EEVDF i nopieusinas 3 CFS-
MOIIOHOI0 MOJICIUTIO 32 OJHAKOBHX MapaMeTpiB (0co0-
JMBO XBOCTH p95/p99);

— MIATBEPDKCHHS MOJENI Ha PEalbHUX Tpacax
(perf/sched trace) ms minmsoBoi OC/smpa;

— posmupenHs mozeni Ha multi-core i3 Gamamcy-
Banusm i affinity; cmiscraBnenns 3 Bimomumu mpobite-
MaM#/IaT9aMi TIPOAYKTUBHOCTI IDIaHyBanbHUKa (EU-
roSys 2016);

— OIiHKa BIUIMBY TMOJIITHK peanbHoro gacy (POSIX
SCHED_FIFO/SCHED_RR) i 3wmimianux KiaciB i3
fair-mmanyBaunsam y Linux.

BucHoBkHu

VY po06oTi 3arpONOHOBAHO CTPOTHH IMiIXiT IO OI-
TUMi3allii IUTaHyBaHHSA TIPOLIECIB UYepe3 IUCKPETHO-
NOAIHE MOJEIIOBAHHS: aJrOPUTMH MOPIBHIOIOTHCS B
KOHTPOJIbOBAaHUX YMOBaX 32 y3TO/PKEHUMH METPUKaMH,
BKJIFOYHO 3 4aCOM OYiKyBaHHS, 4acOM BiJIIOBiJi, Mpo-
MYCKHOIO 3JIaTHICTIO, 3aBaHTaxxeHHsM CPU, cnpasen-
JIMBICTIO Ta HaKJIaJHUMH BHUTPAaTaMU KOHTEKCTHHX Iie-
PEKIIIOYEHb.

Mertoomorisi y3romxeHa 3 0a30BUMH IPHHIUIIA-
mu DES Ta pexomenmamissmu mono V&V cumymsmiii-
HUX Mojenei. ExcriepuMeHTH Ha 9OTHPHOX CLEHApIsiX
MIOKa3y0Th, 110:

— H"epuricHoBanbHI anroputmu (FCFS, SJF) mo-
XKyTb OyTH KOHKYPEHTHHMH 32 CEPEAHIMH METPHKAMHU
JIMIIE y YaCcTHHI PEXHUMIB, ajle YacTo MPOrparoTh 3a Bill-
TYKOM 1 XBOCTaMH PO3MOJIIIY;

— BUTICHIOBaJbHI Ta  agamnTUBHI  CTparterii
(RR/ARR/MLFQ/CFS-model) kpaimie BiamoBigaooTh
BUMOTaM CYYaCHHMX 3MIIIaHUX HABaHTAXKEHb, aje MOT-
peOyIoTh aKypaTHOTO TIOHIHTY Ul KOHTpOJIIO Hakiaj-
HUX BHUTpAT;

— ¢axruuna esomotiis Linux (CFS — EEVDF) mia-
TBEpAXKYE, IO  KOMIPOMIC  «CHpaBEUIUBICTb—
JATEHTHICTEY € IEHTPAIBLHOI MPOOIeMOI0 1 moTpedye
eKCIIEPUMEHTAJILHO ITATBEPPKYBaHUX pIllIeHb Ha pea-
JBHUX MPOQLIX.

[epcrieKTHBH TOAANBIINX JAOCIIKEHb:

1) Britouenns tounimoi moaeni EEVDF 1 mexani-
3miB Wakeup/preemption;

2) multi-core/NUMA po3umpeHHs;

3) kaniOpyBaHHS MapaMeTpiB MOJENi 3a TpacaMu
pEalbHOI CUCTEMU;

4) aBTOMAaTH30BaHWI MOUIYK ONTHUMAJBHUX I1apa-
MeTpiB (kBaHTH, DOOSt, rpaHynspHOCTI) Yepe3 IUIaHy-
BaHHS EKCIIEPUMEHTIB Ta ONTHUMI3alil0 Ha BUXOJaX CH-
MyJsinii (B Ayci Cy4acHHX MiAXOJIB 70 CHUMYJIALIIHOTO
u3aiHy).

KonguaikT inTepeciB. ABTOpH JIeKIapyroTh, IO HE
MalOTh KOHQIKTY iHTEpECiB CTOCOBHO JAHOTO JOCIHi-
JUKEHHS, B TOMY YHCITi (hiHAHCOBOTO, OCOOMCTICHOTO Xa-
pakTepy, aBTOPCTBAa YH I1HINOTO XapakTepy, IO Mir OH
BIUIMHYTH Ha JOCII/DKSHHsI Ta HOTO pe3ysbTaTH, Mpej-
CTaBJIEH] B JIaHi# CTATTI.

Buxkopucrannsa 3aco0iB IITYy4HOr0 IHTENEKTYy.
ABTOpHU HiATBEPIXKYIOTb, 10 HE BUKOPHCTOBYBAJIH Te-
XHOJIOT1{ IITYYHOI'O IHTEJEKTY IIPU CTBOPEHHI MpeJcTa-
BJICHOT po0OTH.
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Optimization of process planning algorithms in operating systems using simulation modeling
Oleg Zaporozhets, Vladyslav Makarenko, Oleh Drozd

Abstract. Relevance. Optimizing process scheduling is critical for modern operating systems due to heterogeneous
workload profiles, where the trade-off between latency, throughput, and fairness cannot be reliably assessed through analytical
methods alone. Object of research: the CPU scheduling subsystem in a multitasking operating system. Purpose of the article.
to develop and justify a methodology for optimizing and tuning scheduling algorithms based on simulation (discrete-event) mod-
eling, and to formulate practical recommendations for different task profiles. Research results. A parameterized DES model of a
single-processor system was built, including a process arrival stream, a ready queue, 1/O blocking, and context-switch overhead.
The following were implemented and compared: FCFS, SJF, Round Robin, priority scheduling, MLQ, MLFQ, a fair-scheduling
model similar to CFS, and adaptive RR. Waiting time and response time, throughput, CPU utilization, the share of context-switch
overhead, and fairness (Jain’s index) were experimentally evaluated across four workload scenarios: interactive, CPU-heavy,
bursty, and mixed by priorities. Conclusions. Non-preemptive strategies show competitive average values only in certain modes,
whereas preemptive and adaptive approaches better meet the requirements of mixed workloads but require careful tuning of the
time quantum, granularities, and anti-starvation mechanisms. The simulation approach enables reproducible comparisons and the
identification of parameter regions that lead to undesirable operating regimes. Application area of the results: selection and tun-
ing of scheduling policies in general-purpose operating systems, educational simulators, and performance analysis tools.

Keywords: CPU scheduling, operating systems, discrete-event simulation, CFS, MLFQ, Round Robin.
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CHUHTE3 CUT'HAJIY YIIPABJIIHHA KAHAJIY 3B’S3KY BILJIA
METOAOM JUHAMIYHOI'O TIPOT'PAMYBAHHSA

AHoTanisi. AkTyansHicTh. HeoOXinHICTE 3aXuCTy KaHay 3B’ 513Ky IpH ynpasiinHi BITJIA Bix 3aco6iB pafioeneKTpoHHOT
MIPOTHUIT Ta paliOTEXHIYHHUX 3aBaJl A PO3MIMPEHHS MOKIIMBOCTEH 1X BUKOpUCTaHHS. O0’€KT JOCTIMKEeHHS . CUTHAIN YII-
paBiniHHsA KaHaiB 3B’ 43Ky BIIJIA. MeTa craTTi: po3poOka MeTOly CHHTE3Y CUT'HATy yIpaBlliHHA KaHauiB 3B’ 13Ky BILJIA i3
BUKOPUCTaHHSM anapary AUHaMI4HOTO IporpaMyBaHHs. Pe3yabTaTh JocailaenHs. Y cTaTTi 3aIpONOHOBaHO METO AUHA-
MIYHOT'O ITPOrPaMyBaHHs MPHU CUHTE31 CUTHANIB YIpaBJiHHs KaHany 3B’ 513Ky BIIJIA. Po3poGnenuit meton 103BoJIsie€ 00Unc-
JIIOBAaTU MapaMeTpH CUTHATY YIPaBIiHHSA SK IJIs JUCKPETHOTO, TaK i Oe3lepepBHOro yacy cHocTepexeHHs. Takuil miaxin
JI03BOJIA€ BPaXxOBYBaTH OOMEXEHHS Ha CHTHAJI yIPaBIIHHA y JUCKPeTHOMY abo Oe3rmepepBHOMY daci, TOOTO BpaXxOBYBaTH
Jif0 3acO0IB paioeNeKTPOHHOI MPOTUAIT Ta pagiOTeXHIYHHUX 3aBaj Ul JIOKAJBHOIO CEKTOpYy (YHKIIOHYBAaHHS KaHATy
3B’s13Ky BITJIA. BucHoBKH. 3amiporoHOBaHMI METO AMHAMIYHOTO IPOrPaMyBaHHS CHHTE3y CHTHAIB YIPABIIHHS KaHATY
3B’s13Ky BITJIA mpomoHyeThCs BUKOPHCTOBYBATH UIsl 3a0e3NedeHHs CTiiKoro Ta HafiiHoro ynpasiinaa BITJIA npu nif 3a-
co0iB pa1i0eTCKTPOHHOT MPOTHII Ta paliOTEXHIYHUX 3aBal.

Kawuosi caosa: BIIA; 3aci0; 3axuIIeHICTh; iHGOpMAIlis; KaHal 3B’s3Ky; MaTEMaTUYHA MOJICNb; CHHTE3; CIOCTEpEe-

JKCHHS; pa/lioeICKTPOHHA IPOTH IS, PAAiOTEXHIUHI 3aBa/IU; YIPaBITiHHS.

Beryn

IocranoBka npodaemu. [Ipu Bukopucranni bITJIA
Ha ChOTO/IHI aKTyaJbHUM 3aBIAHHSM € 3a0e31eueHHsI Kope-
KTHOTO Ta HaJiiHOTO YIpPaBIiHHS MOJILOTOM, SIKE, SIK Mpa-
BUJIO, 3a0€31eUyeThes Yepes KaHai 38°13ky [1, 2]. Haniitne
yrpasitiHHs 10150ToM BITJIA 3a0e3meuyeThes IUIIXOM Iie-
penaBaHHs / puiiMaHHS He0OXimHOT iH(opMaITi y peatb-
HOMy MacmTabi yacy Ipo 3HAa4eHHS MapaMeTpiB MOIBOTY
[3]. Jo Takux 3HaueHb MapaMeTpiB MOJBOTY HAJIEKATh BEK-
TOPH MIHCHUX TPHCKOPEHb, MBHAKOCTI, paiyc-BEKTOpH
LIEHTPY Mac, a TAKOX BEKTOPY KyTOBOI IIBUIKOCTI Ta KyTiB
TaHTaXy, pUCKaHHs # kpeny [4, 5]. Tlpu upomy taxy iHdo-
pMaItio HeoOXiTHO OTPUMYBATH i3 TOTPIOHUMH TOYHICTIO
Ta TAaKTOM (TIepioJIOM) OHOBIICHHSI.

Ha cphorosHi MIMPOKOTrO PO3HOBCIOJDKEHHS 3HAM-
LM 3ac00M paslioeNeKTPOHHOI MPOTHIT Ta palioTexHi-
YHHUX 3aBajl, IKi CyTTEBO OOMEKYIOTh SIK JalbHICTh il
BITJIA, Tak it MOKJIMBICTB IX BUKOPHCTAHHS 00 (QyH-
KI[IOHAIBHOTO Tipu3HaueHHs [6, 7]. Taki 3acobu BHUsBIIS-
I0Th KaHaJIW 3B’S3Ky Ta iX NPUAYNIYIOTh 32 PaxyHOK
BIUIMBY Ha CUTHAJ yIpaBiiHHA. TOMy akTyalbHUM 3a-
BJIAaHHSAM € CHHTe3 cHUTHaNiB ynpaBmiHHsA BILJIA, ski €
CTIMKMMH 3acO0M PagioeleKTPOHHOI MpoTHAii Ta pasio-
TexHiuHUX 3aBaj [7, 8].

AHaJti3 ocTaHHIX JociTKeHsb i myOJikamiii. B po-
6orax [3, 4] posristHyTO cructeMy ynpasiaas BITJIA 3a jo-
MOMOTOI0 OTlepaTopa TMpH BUKOPUCTAHHI 3aXHMIIEHHX Yac-
ToT. Y podortax [6, 9, 10] nokaszaHo, 1110 Ha CHOTOIHI TTepPC-
MEKTHUBHAM HAIpPSIMOM € BUKOPUCTAHHSI CHCTEMH YIpaB-
niaas BIUIA tumy Wi-Fi FPV (BukopucTaHHS TOTOKOBOTO
BiJIeO y peXuMi peasbHOTO 4acy). [Ipu oMy pospizHio-
10Tb: yrpasininus Ha yactoti 2,4 [T (BITJIA moxe Bizje-
TITH Ha BIZICTaHb JI0 | KM HE BTPAyaro4y CHUTHAILY yIIpaB-
niHHA); ynpasiiHasa Ha (5,0...5,4) I'To (5G Wi-Fi, mud-
pOBe) — SIKICTh TIepe/iadi Bijieo Ha IIiii YacToTi Kpama, HiK
Ha 2,4 I'Tn, Ta 103BOJIsIE TOCATTH OLTBIIOT TATBHOCTI TIO-
0Ty (5...7 km). [Tpu oMy KaHaIT yIpaBIiHHS OLTBII 3a-
XHUIICHAH 32 paxXyHOK IM(GPOBOro MM(ppyBaHHS, YIpaB-
ninas Ha 5.8 [T (ananoroBe) — AKiCTh Tepeaadi Biieo Ha

YacTOTi Kpallla, HiK y TOTIepEIHIX BUIaKaX, T03BOJISE JI0-
CSTTH OUTBHIIOT JaNBbHOCTI MOTBOTY (o 10 kM), ane Mae HU-
3bKHH PiBEHB 3aBaJO3aXUILIEHOCT. Y poOOTaxX MPOBEICHO
MopiBHAHHA 4acToT ymnpaBmiHHA BIIJIA mpu BHKOpuC-
TaHHI HaBiramiauxX pagiocursHamis cucremu GPS (mpu-
6mmsno 1,0...2,0 I'Tu) Ta tuny Wi-Fi FPV. Pesynbratu
MOPIBHSAHHS CBLAYATh IPO NMPOCTOTY BHKOPUCTaHHSA 3a-
co01B palioeIeKTPOHHOI NPOTHUIIT Ta palioOTEXHIYHHX 3a-
Baa y miamasoHi (0,9...3,0) I'Tu. Ilpu npomy OnoKy-
tothest curaaimu GPS 1 Wi-Fi FPV (uacrora 2,4 I'T').

OTXe, 3 METOIO 301IBIIEHHS 3aXMILEHOCTI KaHAaJIiB
3B 13Ky BITJIA npomnoHyeTbcsi CHHTE3yBaTH CUTHAIHN YII-
PaBIIiHHS CKJIaJIHOI HECTAaHAAPTU30BAHO1 (POPMHU.

MeTto10 podoTH € po3poOKka METOLy CHHTE3Y CHT-
HAITy YIIpaBIiHHA KaHamiB 3B’ 513Ky BI1JIA i3 BuKopuctaH-
HSIM amnapary AMHaMIi9HOTO IPOrpaMyBaHHS.

OcHoBHui MaTepian

Jnist cuHTe3y CUrHaJIIB YIPABIIHHS KaHaly 3B 3Ky
BITJIA npomnoHYEThCSI BUKOPUCTAHHS METOAY JTUHAMIy-
Horo nporpamyBanss [11, 12]. Matemaruuna 3a1a4a cu-
HTE3y CHTHAJIB yNpaBIiHHA KaHamy 3B’s3ky BITJIA
MOXy OyTH copMysIbOBaHA HACTYNTHMM 4YMHOM. HeoO-
XiZHO 3HalTH QYHKI0 (MapameTpu curuany) u(t), mis
skoi QyHkuioHan ¥ = fOT Y (xq, u, t)dt npuiimae MiHi-
MaJlbHe 3HaueHHs. B 1iboMy QyHKIiOHANI TapaMeTpH X,
3ayIexarh Bil mapameTpiB curHany yrpaiiaas u(t) ue-
pe3 cucreMy AUQEepeHIiHHNX PIBHIHD X = ¢(x[;, u, t).

MeTox AMHAMIYHOTO MPOTpPaMyBaHHSA € e(eKTHB-
HUM TIpY HaKJTaJaHHI OOMEXEeHb Ha CHHTE30BaHy (pyHK-
miro. JIJis HAIIOTO BHUMAJAKY Taki OOMEXEHHS Hakiaaa-
FOTBCS HA CHTHAN YIpaBmiHHs U(t) y BUTISII 0OMEKeHb
Ha #oro piBeHs tany |[u(t)| < Uy, ot 3agadi cuatesy
rapaMeTpiB CUTHAJIIB yIpaBIiHHS KaHaiy 3B’ 513Ky BITJIA
3a TIOKa3HMK SIKOCT1 NPUIMAEMO 3HaUSHHS Yy TIMBOCTI ¥
Ha kaHaii npuiiMaga BITJIA

v=s=| i b2 ddr, (1)
0=

198

© Koctak M. 0., Cunsiseskuii O. 10., 2026



ISSN 2073-7394

CucreMu yrpaBiiHHs, HaBirarii Ta 38's3ky. 2026. Ne 1

ne b;(t, {u}) — xoedinienTn YyTINBOCTI BiAMOBIIHO 3HA-
YeHb Z; —3aCc00iB PaaioeIeKTPOHHOI IPOTHUII] Ta paio-
TEXHIYHUX 3aBaJl IPU CUTHAJI yrpaBmiHas w(t).

Jis cipomeHHsT po3paxyHKiB 1 po3yMiHHA (i3wd-
HOTO 3MICTYy CHHTE3y CHTHAJIB YIpPAaBIIHHA KaHAIy
3B 13Ky BITJIA mpomoHyeThCs 3aMiCTh MiHIMYMY 9y TIIH-
BOCTi ¥ BUKOPUCTOBYBATH MaKCUMYM (DYHKIIi1 TOTYKHO-
cti curHay Ha npuiimadi BITJIA S.

Toni 3amiaumo Bemuunau Y (X,, U, t) BETUUHUHOKO
Zﬁlbiz(t, {u}). tToxi ans BenMUMHM TOTYKHOCTI S

OTpUMAEMO
S = f Z(y t.
=r-m+1

IIpencraBumo (byHKuuo H y Burmsizi:

=- Z % +Zuy¢y @

yrm+1

3HayeHHs 3MiHHUX {}, 1 W, MPEACTABIAIOTE COOOIO

KOOPIHMHATH 1 IMITyJIbCH CHUTHAILY YIPaBIiHHS, Ta po3pa-
XOBYIOThCS 3rifiHO cuctemi aminbTona [13, 14]

¢y =—0H/ou, 3)
, = —0H/d,. 4)

st BupasiB (3) 1 (4) rpanuyHi yMOBU (hOPMYIOTHCS
y BUTJISIII BUPa3iB

¢ (0) =0; w,(T)=0. )

Curnan ynpasiiaas U(t) y JUCKPETHUN Yac 3aJIeKUTh
BiJl 3MiHHOI {,, ipu MiHiMyMmi Qynkuii H Bupasy (2):

H((y, u, t) - min. (6)

I3 meperBopensp Bupasis (3) i (4) BimHOCHO (op-
MyIH (2), MOKHa 3aIUCATH, 10 (YHKIS CHTHAY yIIpaB-
ninnast u(t) supasy (6) HasexuTh 067aCTi 0OMEKEHHS Pi-
Busi curHany |u(t)| < Upgx, Ta 3HAXOAUTHCSA IHCTS
PO3B’s3aHHS PiBHSIHHS

0H/0u = 0. @)

Po3risiHeMO TpUKIIAJ CHHTE3y CHUTHAJIB YIIpaB-
JiHHSA KaHany 3B 53Ky BITJIA 13 BpaxyBaHHSM MOCTIHHOT
vyacy T, xaHaiy 3B’s3ky [15]. PiBeHp curnamy ympas-
ninast o6mexeHo yMoBow |uU(t)| < Upgy. Ilepenatay
¢yHkuiro npuitmMada kanany 3B 53Ky BIIJIA moxHa 3a-

. k . .
MUcaTu y BUTJIA A1 BUPpA3y Top+1° TO,Z[I CUT'HAJI YIPpaBJITHHA
0

u(t) ma Buxoxi mpuiiMaua kaHaiy 3B’s3ky BITJTA x(t)
NPEICTaBICHO Y BUIJIAl PIBHIHHS

x=[k-u—x]/T,. (8)
3HaueHHs TapameTpiB KaHay 38°s3ky BILTA b(t):
b(t) = 0x(t)/0T,. 9

Jlnst oGuuciieHHs 3Ha4enb b (t) nposeneHo audepe-
HIlifoBaHHS piBHAHHA (§) 32 3MiHHOIO Tj.
Toni MO>kHa 3amucaTH BUpa3

b=k u—x] -7 (10)
=——lk-u—x]—=.

Ty? Ty
[opiBusuHsa oTpuManux Gopmy (8) i (9) no3Bosse

3alMcaTu

1
G1=% ¢ =b; ¢pr=[k-u—g];
0
S2
¢y = ——glk-u—cl— 2.
2 02 TO
Bupas (2) s H y mboMy BHIIanKy IepeTBOPIOEMO
10 BUTIISTY
1 k-u—¢ k-u—¢ ¢
H=—=¢,? — —.(12
25 Tl Hz[ T2 T (12)

3rimHo Bupasy (6) po3paxyeMo mapaMeTpu CUrHATY
yrpasniaasa u(t), npu skux Gyakmis H mae miniManbHe
3HAUYCHHS. BenuvuHa CHrHANy yMpaBlIiHHSA Mae obMme-
XKeHHsI Ha piBeHb curHany |u(t)| < U, toni minimym ¢y-
uxiil H g u(t)
2
2 T | =

To

= Usign(pu; — Top)- (13)
Bupa3 (4) ans 3MiHHUX {4 1 [, IEPETBOPUMO 0 BU-
Ty

k
u(t) = Usign | u
To

. 0H 1 1

U = ¢, = T, Hq T02 HUz;
1, = il + ! b+ 1 14
Uy = — aCz_cz Tllz To.uz- (14)

Orpumani Bupasu (8), (10), (12)—(14) € matemaru-
YHOIO OCHOBOIO CHHTE3Y CHUTHAJIB YIPAaBIiHHS KaHAIY
3B’s13ky BITJTA u(t).

[pu 11bOMY TPaHWYHI YMOBHU CHTHAIy YIPaBIiHHS
MAarOTh BUIIISA

x(0) = b(0) = 0; uy (1) = p(7) = 0. (15)

I3 Bupazy (11) BuaHO, HIO CHTHAY YMPABIiHHSI
Uyym (t) TIpeacTaBisie COOOI0 KYCKOBO-TIOCTIHHY (DYHK-
1i10, MAKCUMAJIbHUH 1 MiHIMaJIBHUH PIBEHB SKO1 TOPiBHIOE
+U. PiBHi curHay yIpaBiiHHSI MalOTh PO3PHBH, Ki 3Ha-
XOJISITBCSI y TOYKAX MEPEMUKaHHS PiBHIB. 3alpONIOHOBaHI
dopmysu (8), (10), (13), (14) n03BONAIOTH PO3paxyBaTH
JMCKPETHHUH Yac 3MIHU PiBHIB CHTHAITY Yac MepeMHUKaHHSI.
®i3nuHMU 3MICT PIBHIB IEpeMUKaHHS — TMCKPETHUI Yac,
npu sikomy GyHKIst U, (t) — Topq (t) 3MiHIOE 3HAK.

Po3po0iiena MaTeMaTHYHA OCHOBA CUHTE3Y CHTHA-
7B ympaBiiHHSA KaHay 3B 53Ky BIUJIA y Burmsmi pis-
b (8), (10), (12)—(14) i3 ypaxyBaHHSM TpaHHUYHUX
yMOB 3rizHO Bupa3sy (15) no3Bosisie pu yaci il CUrHany
ynpasininasa T (mpu T > Ty) oTpuMaTH IEKiNbKa PillIeHb.
i pimenHHs 3ajekath BiJl KiTbKOCTI Ta pO3MILIIEHHS TO-
YOK TIepEeMHUKAHHSI.

Toni mist OTpUMaHHS OCTATOYHOTO PillIEHHS 3a7adi
BU3HAYCHHS TTapaMeTPiB CHUTHATY YIPABIIHHI U,,, (t)
MIPOTIOHY€ThCS, CIIOYATKY, 3HANTH yci pillleHHs, a, TOTiM,
BU3HAYUTH DILIEHHS, SKE BIINOBIA€ MaKCHMyMy IS
(GyHKUIT TOTY>XHOCTI S.

Jnst Merony JMHAMIYHOTO NMPOrpaMyBaHHS IiKa-
BHUM € BUNANOK, Koiu GyHKuis U(t) € immynscHoro. Ta-
KHU{ BHIAI0OK MOXIIUBO PO3IJISIHYTH MPU BHUKOPUCTaHHI
immysbcHoro ynpasiiaag BITJIA nms 3abe3nedeHHs mo-
TpiOHOTO PiBHA NMPHUXOBAHOCTI omeparopiB. s Takoro
BUIAJKy PH BUKOPUCTAHHI METO/AY AMHAMIYHOTO TIPO-
rpaMyBaHHs y Toulli t = T 3HaXOIUTHCS ONTHMYM (MaK-
cuMyM a0 MiHiMyM) (QyHKLIT
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Cc(t) = f Y (x4, u, )dt.

Jlnis po3paxyHKy BUKOPUCTA€MO BUpPa3

acC .
i n{”tJ}nH . (16)
PiBusuHs (16) € aHanorom piBHgHHﬂ aC / Jt = —H.
@ynkuis C omucyerscst Bupazom C: C = —C + const,

oyukuis W(x,, u,t) Bigmosizae ¢yukiii Jlarpamka, a
3HAYEHHS 3MiHHMX W, — LI¢ IMIyJIbCH IMITYJIbCHOTO CHT-
HaJly ynpapjiHHs. 3aMicTh 3MiHHMX p, GopMymu ansa H
BUKOPHMCTAEMO PiBHAHHA U, = — dC/d,. Toni ans mo-
gatkoBoi ymoBu C(T) = 0 mrs sminHOT C(t) oTpuMaemo

co-2[

y=r-m+1

g% de.

PiHsiHHA (16) IEpeTBOPUMO 0 BUTIIALY

w — _1 Z 2 _
ot 2 14
y=r-m+1
ac(t
— max ®) é,(¢,u,t), (17)
W aq,

ne C ((y, T) = 0 — mo4aTkoBa yMOBa.

JIyis iMITyJIbCHOTO CUTHATYy YIPABIiHHS JJIS JIHC-
KpPETHOTIO 4acy tq, ty, .., tg METOX IMHAMIYHOTO nporpa-
MYBaHHS JOI[JIbHO BUKOPUCTOBYBATH Y TIPOTPAMHHX 3a-
cobax. Toxi Bupas (17) mae Bursia

C(ts-)[G (s = R)] =

-2 Z 4,%(s — kAt + Sup)}C(ts_kH)x

2 y=r-m+1 {u(s—k

X {Zy(s —k)+ At(l)y[(p(s —k),u(s — k)]}.

OTpuMaHuil BUpa3 J03BOJISE PO3PaxyBaTH IapaMe-
TPH CUTHAJIy YIPABIiHHS Y JUCKPETHUH Yac tg_j 3aie-
JKHO BiJl 3MiHHUX ) (s — k):

uonm(s - k) = uonm[(y(s - k)] (18)

3minHi {, (s — k) MokHA 0OUMCIIUTH i3 BUpasy

GGs—k+1)=¢(s—k)+
+Atp, [(p (s = k), Uoum ((y (s — k))]

IPH 3 TTIOYaTKOBIM yMOBI 3rifHO piBHAHHSA (5).

Pimenns Bupazy (19) i3 ypaxysaHHsAM (opmysin
(18) no3BoJIsie po3paxyBaTH MapaMeTPH CUTHAJIB YIIPaB-
niHHs KaHany 38’s3ky BIUIA u,,, (t) Bix gacy.

(19)

BucHoBkH

3anpononoBanuii Bupa3 (18) nponoHyeTbes 3acTo-
COBYBaTH I pO3paxyHKy IapamMeTpiB CHTHANiB

ynpaBiiHHS KaHaiy 3B 53Ky BIIJIA npu 6e3nepepBHOMY
KOHTpOJII XapaKTEepUCTUK MOJbOTy. IIpn Takomy BuIa-
aKy iHTerpan gopmynu (1) mis 3MiHHOT S 3aMiHIOETBCS
IHTErpaJbHOI CYMOIO.

3anponoHOBaHUK METOJ ITUHAMIYHOTO IpOrpamy-
BaHHS IIPH 3aCTOCYBaHHI y KaHaui 3B s13ky BIIJIA mporpa-
MHHX 3aC00iB Ma€ TOJIOBHY IlepeBary — J03BOJISE IIPOBO-
JWUTH PO3PaxyHKH IUKIIYHUX mporpaM. Lle nossomse Ha
KO)KHOMY €Tali TpH OOYMCICHHI BHKOPHCTOBYBAaTH
TUTGKU 3HAYCHHS OJHIET PYHKINT U, ((y), ajie mpu 3Hau-
Hilf KiTbKOCTi 3MiHHUX (), (XapaKTEpHO 1Sl BUIIA/IKY KOH-
Tpomo aekinbkox BITJIA B ogHOMY cekTopi, TOOTO KOHT-
pOITi 3HAYHOI KUTBKOCTI XapaKTEPHCTHK IOIBOTY) 00’ €M
OOUYNCIICHb CYTTEBO 30UMBIIY€EThCS, MO MOTpedye 30ib-
LIIEHHs] TEXHIYHOI TOTYXHOCTI KaHaiy 3B 513Ky BITJIA.

Merto TMHAMIYHOTO MPOrpaMyBaHHS MICTHUThH He-
JIOJIIK — HasIBHICTh JCKIIBKOX PIIICHb, HE 3aBXKIU ONTHU-
ManbHuX. [Ipy IbOMy HEOOXiZHO HE BTPATUTH ONTHMa-
JbHE pinleHHs.. ToMy mpH po3paxyHKax HeoOXiqHO Bpa-
XOBYBaTH HE TUTBKH 3MiHHI U(S — k), sIKi XapakTepusy-
10Th MakcUMyM QYHKUIT C_ 41, @ ¥ IPOMIKHI 3HAYCHHS,
UL SIKUX 151 QYHKIiSA HaOMIKAETHCS 10 MaKCUMyMy —
sMibHi U(s — k). ITicast 06UnCIIEHHS BCIX MOKIIMBHX Pi-
HIeHb HEOOXIJIHO pOo3paxyBaTH Take, sIKe XapaKTepu3ye
MakcuMyM QyHKII S — C, [(y (0)] = €,(0).

Mertoa IMHAMIYHOTO TPOTpaMyBaHHs MPU CHHTE31
CHTHAJIIB yIpaBiHHs KaHany 38’ s3ky BITJIA u,,, (t) no-
3BOJISIE OOYMCITIOBATH TIApaMETPH CUTHAIY JUIS JUCKPET-
HOT'O 4acy, TO Lie JI03BOJISIE BPaXOBYBaTH OOMEKEHHS Ha
CHTHAJ YIIPaBJIiHHS y AUCKPETHOMY 4aci, TOOTO Bpaxo-
BYBATHU i1 3aC00iB palioeIeKTPOHHOI MPOTHIl Ta pa-
JMIOTEXHIYHUX 3aBaJl IS JIOKAJIBHOTO CEKTOPY (ByHKIIiO-
HyBaHHS KaHaiy 3B 3Ky BIIJIA. Taxki Bumaaxu po3ris-
JIal0Th HaKJIQAaHHS OOMEXXEHb He Ha CHT'HAJ YIPaBIIHHS
u(t), a Ha curHan x;(t) Ha BUXOJi MpuiiMaua KaHay
3B 3Ky BITJIA. SIKmio BIUIMB 3iHCHIOETHCS OJTHOYACHO
Ha CUrHaj ynpasiiHHsg U(t) i curHaa Ha BHXOMI MPUK-
Maua kaHany 3B 13Ky BITJIA x;(t), Toxi oGunciieHHs ma-
paMeTpiB CUTHATy YMpaBliHHSI NOTPeOye PO3B’sA3aHHS
3aj1a4i 3 00MEKESHUMH BX1ITHUMHU JaHUMU. 3aIIpOIIOHOBA-
HHUI METOJ AMHAMIYHOTO MPOrpaMyBaHHS CHHTE3y CHI-
HaJIiB ynpaBiiHHs kaHany 3B’ s3Ky BITJIA npononyetbes
BHKOPHCTOBYBATH JJIs 3a0€311e4eHHs CTIHKOTO Ta Hadil-
Horo ynpasiiaas BIUIA npu aii 3aco6iB pamioeaeKTpoH-
HOT MIPOTHIIT Ta PATIOTEXHIYHAX 3aBa]I.

Konduikr inTepeciB. ABTOpu 1eKNIapyroTh, IO HE
MafoTh KOH(]JIIKTY IHTEpECiB CTOCOBHO JaHOTO JIOCIHi-
JDKEHHSI, B TOMY 4HCIi (JiHAHCOBOTO, 0COOMCTICHOTO Xapa-
KTepy, aBTOPCTBA UM 1HIIIOTO XapakKTepy, [0 Mir 61 BIIIH-
HYTH Ha JIOCJTI/DKEHHS Ta HOT0 pe3yJbTaTH, Ipe/ICTaBiIeHi
B JaHINA CTaTTI.

Bukopucranis 3aco0iB IITYYHOIr0 iHTeIeKTYy.
ABTOpH TiATBEPKYIOTH, III0 HE BUKOPHUCTOBYBAIIN TEX-
HOJIOTi{ IITYYHOTO iHTEJEKTY IPH CTBOPEHHI IpEACTaB-
JeHoT poOoTH.
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OIITUMIBALIA CTPYKTYPHUX EJIEMEHTIB OIIEPATUBHO KEPOBAHUX
I€EPAPXIYHO OPTAHI3OBAHUX IHHKEHEPHUX MEPEXXHUX CUCTEM

AnoTanis. Ha ocHOBI crenialbHUX COLIOJIOTTYHHUX JOCIIKEHb BCTAHOBJIEHO, 110 JOCSTHEHHS BUCOKOTO PiBHS 1H)KEHE-
pHOro 3a0e3nedeHHs KUTIOBUX OYIMHKIB, a TAKOX IMOOYTOBUX MiAMPUEMCTB 1 YCTaHOB CIIPHSAE IiJBHILECHHIO CaHITApHO-
Tiri€eHiYHOTO PiBHA, Ma€ BUKJIIOYHO NMO3UTUBHUI BIUIMB HA CTaH 3I0POB’S HACEJCHHS Ta HA MPOAYKTHUBHICTh Mpalli, TUM ca-
MHM CIIPUSIOUH PO3B’SI3aHHIO BAXJIMBHX HAPOAHOTOCIIOAAPCHKHX 3aBJaHb. Ba)XIMBUM aceKTOM 3a3Ha4eHOl MpoOiieMH €
BIOCKOHAJICHHsI (PyHKITIOHYBaHHS Cy9aCHUX MICBKHX CHCTEM BOJO- Ta Ia30IIOCTavYaHHs It 3a0e3NedeHHs HeoOXITHUX pe-
KMMIB CIIO)KMBaHHS BOAW Ta razy MoOyTOBUMHU 00’ €KTaMH, a TaKOXk 00’ €KTaMH COLiabHO-KYJIETYPHOTO NpHu3HavYeHHs. He-
00XiTHICTh TTOJAJBIIOTO BIOCKOHAJIEHHS CLITECHKOTOCIIONAPCHKOTO BUPOOHUIITBA Ta MONINIICHHS ITOOYTOBUX YMOB CLJIbCh-
KOTO HacCeJICHHs BUCYBAa€ MiIBUICHI BUMOTH JI0 peasti3amii nponeciB QyHKIIIOHYyBaHHS 3pOIIyBaIbHUX CHCTEM, A TAKOXK CH-
CTEM CLIIbCHKOTOCIIONAPCHKOTO BomonocTadanHs. Lle 3yMoBieHO HeoOXinHICTIO 3a0e3MeYeHHs TOTPIOHUX PEKUMIB TTOUBY
Ha 3pOIIYBAHUX IOJISIX, @ TAKOXK HEOOXITHUX PEKHMMIB CIIOKUBAHHS BOIU 00’ €KTaMHU CLIBCHKOTOCIIONAPCHKOTO MPU3HAYCH-
HA Ta ToOyToBUMH 00’ €kTamMu. 3rigHo 3 [1 — 4], cucTeMHu BOO- 1 ra30M0CTa4yaHHs, a TAaKOXK 3POILIYBaJIbHI Ta BEHTHJILIHHI
CHCTEMH MOXKHa KJIacH(iKyBaTH SIK i€papXidHO CTPYKTypoBaHi imkeHepHi MepexkHi cuctemu (IMC). Anami3 icHyrounx i
npoekToBaHuX IMC CBigUUTH HpPO Te, MO TaKi CHCTEMH MOXYTh OyTH INpPEACTaBIICHI y BHIIIAI CYKyITHOCTiI B3a€MO-
TIOB’sI3aHUX 1 B3aEMOJIIIOYHX y Iporieci (yHKIiIOHYBaHHS JIOKaNbHUX Mepex (JIM) pi3HHX iepapXiuHUX piBHIB. 30KpeMa, Ha
BHUILOMY piBHI iepapxii 1o cknaxy IMC Bxomsts MaricTpanbHi Mepexi (MM), siki 00’ €IHYIOTh HiIKIIOYEH] 1O HUX PO3IO-
nineai Mepexi (PM), mo Hanexars 10 HIDKYHMX piBHIB. OCHOBHI XapaKTEpUCTHKH Ta crenudivyni Bnactuocti JIM pizHoro
PIBHS, SIK CKJIQJIOBUX YAaCTHH OIIEPATHBHO KEPOBAHUX i€papXidHUX IHKEHEPHUX MEPEKEBHUX CHCTEM, JETABLHO MTPOaHaIi30-
BaHi y poborax [1 — 4]. Buxonsuu 3 HocTaBIeHOI MpoOIeMH, CTATTS COPSMOBaHA Ha JOCTIHKEHHS MaTeMaTHUYHUX MOJENCH
1 KOMII'FOTEpHHX peaiizamiil A po3B’sI3aHHSA TaKUX KIIOYOBHX 33/a4 ONTUMI3alii CTPYKTypHHX KoMmoHeHTiB IMC: ontu-
MaJbHe MPOKJIagaHHs MaricTpansHux kananiB (MK), mo ¢popmyrors MM y ckiafi onepaTuBHO KEPOBAaHUX 3POIIYyBaILHUAX
cucreM sk pisHoBUAY IMC; onTUMi3allis TOMOIOTIYHOI CTPYKTYPH OKPEMHUX OIEpaTUBHO KepoBaHHX JIM.

Kaw4oBi cioBa: imkeHepHI MEpEXHI CHCTEMH, JIOKaJIbHI MEPEXi, MariCTpalibHi Mepexi, pO3MOALIpIl MepexKi, MaricT-

payibHI KaHaJH, iepapXiuyHa CTPYKTypa, HAWKOPOTIIA JIAHIFOTOBA TPAEKTOPIs, IIOTIMHAIOUUID alTOPUTM.

Beryn

HocTranoBka mpodaemu. Bigmosinao mo [1 — 4],
CHCTEeMH BOJO- Ta ra30NOCTavYaHHs, a TAKOX 3pOIIyBa-
JIbHI # BEHTHIISILIMHI CHCTEMHU MOXYTh OyTH BiJHECeHi
JI0 KJIaCy i€papXidHO OPraHi30BaHHUX IH)KCHEPHHX Me-
pexnux cucrem (IMC).

Ha mizxcraBi aHamizy iCHyHOYHMX Ta NPOEKTOBAHHX
IMC moxHa 3poOHUTH BHUCHOBOK, IIO Taki 00’ €KTH MoO-
KyTh OyTH JIEKOMIIO30BaHI Ha NEBHUM YHHOM B33a€EMO-
IIOB’s13aHi Ta B3aEMOIiF0OUi Mi>K 0000 y Tporieci QpyHK-
LIOHYBaHHSA OKpeMi JOKaibHI Mepexi (JIM) pisHOTrO
piBHS iepapxii.

[pu upomy peansri IMC Ha BHIOMY piBHI iepap-
xii sk JIM MicTate MarictpanmbHi Mepexi (MM), mo
kX miaxmodeHi JIM HmK4IuX piBHIB iepapxil — posro-
ninpai Mepexi (PM).

HailiBaxxnuBimi BIaCTMBOCTI Ta OCOOIMBOCTI, Xa-
pakTepHi st okpemux JIM pi3sHOro piBHS iepapxii sK
CTPYKTypHHUX €JIEMEHTIB OTIEPaTHBHO KEPOBaHMX i€pap-
XI9HO OPraHI30BAHMX IHXEHEPHHX MEPEKHHX CHCTEM
po3nsHyTO B [1 —4].

@opmyIIOBaHHS MeTH CTATTi. BiamosimHo 10
MIOCTAaHOBKH TMPOOJIEMH, PO3NITHEMO MaTeMaTH4HI MO-
JieTTi Ta KOMIT'FOTEpHI peaii3anii HacTyNHHUX 3a7ad Om-
TUMi3alii HaWBaXKJIMBINIMX CTPYKTYPHHX €JIEMEHTIB
IMC:

e ONTHMIi3alis TpaCyBaHHS MAariCTpalbHUX KaHa-
niB (MK) ssk MM omepaTHBHO KEPOBaHHUX 3POIIyBalb-
HUX cHucTeM y skocTi IMC;

e ONTHMI3aIlisl TOMOJOTIYHOI CTPYKTYpH OKpe-
MHX ONIEpPaTUBHO KepoBaHux JIM.

Onrumizaunis TpacyBaHHs MaricTpajibHUX
KaHAJIIB ONMepaTUBHO KEPOBAHUX
3pONIYBATbHUX CHCTEM

Hexaii HeoOXiZHO BiJ 3aaHOTO MYHKTY CHOXH-
BaHHs LinboBoro npoaykty (L) (Boawn) i3 30BHILIHBO-
ro cepefoBHINa TOOyIyBaTH MaricTpalbHUH KaHa
(MK) 3pouryBaibHOI cHCTEeMH 1O OIHIET 3 KUTBKOX MO-
JKIIMBUX BepmuH po3mnoainbuoi cuctemu (PC), mo 3Ha-
XOJUTHCS Ha HACTYIMHOMY, HIDKYOMY PiBHI iepapxil.
Hus 3a0e3nedenHs momadi LI1 Oyxe moTpiOHO meBHa
KUTBKICTh HACOCHHX CTaHIIIH, SIKi € aKTHUBHAMHU €JIeMEH-
tamu (AE) omepaTHBHO KepoBaHO{ 3pOIIyBaJIbHOI CHC-
TEMH.

Koxen AE Moe po3ramoByBaTHCh Ha OIHIH i3
JMOCTYIHUX JJIs1 OYJIiBHUIITBA MINSHOK MictieBocTi. O0-
MEXEHHSI B JIAHOMY BHUIIaJKy MOXYTh OyTH 3yMOBIIEHI
CKJIaHUMHU (i3nKo-TeorpadiuyHIMH YMOBAaMH MiCIIEBO-
CTi, HasIBHICTIO 1HIIMX CIIOPYA, & TaKOXX MipKyBaHHSIMH,
TOB'SI3aHMMH 3 OXOPOHOIO HaBKOJIMIIHHOTO CEPEAOBHIIA
[1-4].

[epen6avaerbes, mo s OyIb-IKOI Mapu CyMix-
Hux AE BiZloMi BUTpaTH Ha CIOPYKCHHS 1HIIMJCHTHOL
iM gacTuHH MOXIMBOro Bapianta MK 3pomuryBampHOT
CHCTEMH.

3amava onTuMmizamii TpacyBaHHA MariCTPaibHOTO
kxaHary (MK) omeparnBHO KepoBaHOI 3pOITyBalbHOL
CUCTEMH, IO PO3TIBIIAETHCS B Il poOOTi, Gopmyito-
€THCS TAKUM YHHOM.

HeoOxinHO npy 3aJjaHOMy pO3TallyBaHHI IYHKTIB
crnioxxuBaHHs L1 3 30BHIIIHBOrO CepeOBUIA BU3HAYH-
TH Take IOIMyCTUME PO3MILICHHS aKTHBHUX €JIEMEHTIB
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(AE), sixe miHiMi3ye 3arajbHi BUTpaTH Ha OyIIBHHLTBO
MK 3pomryBaibHOI CHCTEMU.

3 Meroro (opmaizallii MOCTaBICHOI Ha 3MICTOB-
HOMY DiBHI 3a/1a4i BBEJJEMO TaKi MO3HAYEHHSI.

MepexKy MOKIMBHX BapiaHTIB MaricTpaibHOTO
kaHary (MK) momamo 3a JOTOMOTOI0 MOJEIIOIOYOTO
rpada G, skuit Mae MHOkuHY BepmuH V i ayr E, ne
KOo)kKHa Oyra €€E BiamoBimae BHOpsIIKOBaHiN mapi Bep-
i (i, ), ne i, jeV.

BepmmHy, mo BigNOBiga€ MyHKTY CIOKHBaHHS
HIT i3 3oBHimHBOTO cepenoBuma MK 3porryBansHOL
CHCTEMH, MO3HAYUMO K S 1 Ha3BEMO Ti TOJOBHHUM JKe-
penom.

BepmuHy po3nominedoi Mepeki 3 MHOKHHH MOX-
JIMBHUX BEPLIMH, JI0 SIKOi Mepen0avyacThesl MiaKII0YeHHS
MK, mo3naunmo sk t i Ha3BeMO 11 TOJIOBHUM CTOKOM.

KoxxHiii 1y3i € mocTaBMMO y BiINOBIAHICTD BENH-
yuny Cijj, 110 BUpaXkae BapTiCTh OyAIBHHILITBA YaCTHHH
MK, sika 3’eHy€ BIJTOBIZAHI BY3JH MEPEKI MOMKIUBUX
BapiaHTiB.

VY miit popmamizarmii 3agava onTHMizamii Tpacy-
BaHHA MK omepaTHBHO KepoBaHOI 3pOIIyBaJIbHOI CHC-
TEMH 3BOJUTHCS [0 3a/1adi 3HAXOPKCHHS HaHKOPOTIIO-
TO IUISXY 3 BEPIIMHU S 10 BEpIIMHM | HA MOAEIIOIYO0-
my rpadi G [1 - 4].

MamuHHI Tporpamu, IO YHUCEJIBHO peasi3yloTh
Io 3aaavy, 0a3yroThcsi Ha aixroputmi Jleiikcerpu, skuii
BpaxoBye crenudiky po3rmsaysanol mozeni [1 — 4].

OCHOBY aJTOPUTMY CTAHOBHTH IOJIOKEHHS PO TE,
IO SIKIIO BiJOMa HaWKOPOTIIA JIAHIIOTOBA TPAEKTOPIS 3
By3na S 10 BepinHy j i Bepmuaa K HanmexuTsb it Tpa-
exTopii, To Halikopotima Tpaekropis 3 S mo K e gacru-
HOIO TT0YaTKOBOI TPAEKTOPIil, 0 3aKiHIYETHCS y BY3Ii
K. IHimjamizamiss anroputmy 3AiHCHIOETBCS mpu J=S,
JIaJTi 3HAYEHHS | IOETAIHO 301IbUIYETHCSI HA OJANHHMIIIO, 1
IpH j=t aJropuT™ 3aBepIuye podoTy.

[Mpu3HayeHHs mporpaMy, IO peatizye aIrOpHTM
JlefikcTpy, moJsira€ y 3HAXO/PKEHHI HAMKOPOTHIOTO
LUIXY BiJ JpKepena 10 Oy/Jb-SKOTO 1HIIOTO By3ja Me-
pexi.

OnTumizanist TOMOJIOTiYHOI CTPYKTYPH
ONepaTHUBHO KePOBAHMX JOKAJIBHUX Mepex

BigmosigHo no [1 — 4], onTuMi3alis TONOJOTIIHOT
CTPYKTYpH onepaTtuBHO kepoBaHux JIC moBuHHa 37ilic-
HIOBaTUCS 3 YpaxyBaHHSAM HACTYIHHMX TEXHIKO-
€KOHOMIYHHUX YMOB!

1. MiHimi3auis 3araJlbHUX BUTpPAT Ha CIOPYIXKCH-
us JIC.

2. MiHimi3aliisi 3araJIbHAX BUTpPAT Ha EKCIUTyaTa-
uito JIC.

Minimizamist 3aralbHUX BHTPAT Ha CIOPYIKEHHS
JIC moxe OyTH mOCSTHYTa IIJISIXOM peajii3allii HacTyIl-
Hux 3axomis [1 —4]:

1. MiHimi3anis o6csry OyaiBenbHUX pooiT.

2. MiHimizauiss BUTpaT OyJiBeNbHUX 1 KOHCTPYK-
LiifHUX MaTepialis.

Minimizalisi 3aralbHUX BUTpAT Ha EKCILIyaTallilo
JIC mose OyTH TOcsSTHyTa LUISIXOM pealtizalii HacTyr-
HHUX yMOB [1 —4]:

1. MiniMizamist 3aranpHOi KiTBKOCTI €JIEMEHTIB
(minstHOK) po3risayBanoi JIC.

2. MiHimi3awisi 3arajJbHUX EHEPreTHYHHX BTpPaT
npu TpancnopryBanui LIT nmo ninsukax i #oro mepe-
po3smojini B By3nax po3risiayBanoi JIC.

VY mpoMy MiApO3MAiil PO3MIISHEMO MOXJIMBHH ITij-
X1l 10 onTHMIi3alii TOMOJIOTIYHOI CTPYKTYPH OIIepaTHUB-
HO KeposaHux JIC, mo BpaxoBye nepepaxoBaHi BUMOTH.
B oMy ceHci po3riaayBaHUil MiAXix € JIOTIYHNM TIpo-
JOBXKEHHAM Ta PO3BUTKOM IIAXOAY O OITHMi3amii
TpacyBaHHd MK onepaTuBHO KEpOBAHMX 3pOLIYyBallb-
HUX CHCTEM, HABEICHOTO B MONEPEAHBOMY MiApO3mimi
i€l pobdoTu.

Amnani3z icHytounx Ta npoekroanux JIC no3Boisie
3pOOHTH BHCHOBOK, IIO AJIsI O0'€KTIB PO3IIISAYyBaHOTO
KJlacy 3a3BUuail BijloMe po3TallyBaHHS BY3JIB (Bep-
LIKH), B SIKHX 3'€IHYIOThCS IXHi ainsHku (myrn) [1 — 4].
Jns peanizauii cBOro (GyHKIIOHAIBHOTO TNPH3HAYEHHS
Ta 3aJI0BOJICHHS MIEPEPaxOBaHUM BHMOTaM, IPOEKTOBA-
Ha JIC moBHHHA MaTH TaKi BIaCTHBOCTI:

1. ByTu 3B'13HO10.

2. MictuTH Bci 3a7aHi By3/d (BEpIIUHH).

3. MicTtuTr MiHIMalTbHY KiBKICTD AUITHOK (AyT).

4. MiHimMi3yBaTu CyMy y3aralbHCHHX BapTICHHUX
OIIIHOK (y3araJbHEHHUX TOBXKHUH) IIUX JIYT.

Ha ocHoBi TeopeTuko-rpadoBOro aHaiisy, mpoBe-
JICHOTO BimmoBimHO 70 [1 — 4], MOKHa 3pOOUTH BHUCHO-
BOK, 10 JIM, 110 MaroTh 3a3Ha4eHi BJIACTHBOCTi, MO-
KyThb OyTH (opManizoBaHi SK HaHKOPOTII OCTOBHI
nepeBa. Tomy mist onTuMmisanii TOMOJIOTIYHOT CTPYKTY-
pH onepaTuBHO KepoBaHUX JIM NpONOHY€ETHCS BUKOPH-
CTOBYBaTH BiZIOMy 3aJady NpO HAWKOPOTIIE OCTOBHE
JIepeBo.

ITocranoBka i€l 3amaui Bigmosiguo m0 [1 — 4] me-
pendadae HacTymHy (opmaiizanito. Bugimumo B IMC
meBHy JIM M, sxy ¢popmarizyeMo OCTOBHHM AEpPEBOM T,
110 Ma€ N BEPIINH, sKi HAJIeX)KaTh MHOXKHHI S. Beprmau
OCTOBHOTO JiepeBa T BiINOBIAal0Th By3iam JIM M.

OcToBHUM JiepeBOM T Ha3MBA€THCS 3B'I3HUI Tpad,
110 ckiamaeTbes 3 N-1 myr i N Bepruma. Jyru nepesa T
BignosinaroTe nisgakam JIM M.

3 Oymp-sikoi BJACHOI MiAMHOXXHHH MHOXHHH S
MOXe OyTH YTBOPEHO IEepeBO, sKE, OJHAaK, MOXE He
OyTH OCTOBHMM JiepeBoM 1ovatkoBoi JIM M.

[punycrumo, mo koxHii aysi (i, j), mwo 3'ennye
BepummHu 1 Ta j JIC M, Bimnosinae Benuuuna Cij, sika
BUpaKa€ y3arajJbHEHY BapTiCHY OWIHKY (y3araJbHEeHY
JOBKHUHY) posrisayBaHoi myru (i, j), MOpOMKyBaHy
3arajJbHUMH BUTPAaTaMU Ha CIOPYXKECHHS Ta €KCILIya-
Tarifo BianoBigHoi aimsiHku JIM M, ne i, j € S.

HaiikopoTmM OCTOBHUM [€pPEBOM Ha3UBA€ETHCA
Take octoBHE fepeBo JIM M, sxe mae MiHIMaTBHY CyMy
y3arajlbHeHHX BapTicHuX ouiHok Cij ycix #oro nyr (i, j),
nei,j€eS.

MHOXMHa MOXJIMBUX BapiaHTiB TOIOJOTIYHOI
CTPYKTYpH po3noninbuoi Mepexi (PM) 3pouryBanbHOI
CHCTEMH TIpHBEIeHa Ha puc. 1.

Bignosigao mo [5, 6], 3amaya mpo HaKOpOTIIE
OCTOBHE JIEpEBO € 3aJ[aUer0 JOCII/PKEHHS Olepalliid, sIKy
MOJYKHa PO3B’SI3aTH 3a JIONMOMOIOI0 «IOTJIHHAIYOTOY
anroputMmy. Lleit mporec mouynHaeTbest 3 BHOOPY OBi-
npHOI BepmuHA JIM M 1 HaKOPOTIOT YTy 3 MHOKHWHU
IyT, 0 3’€IHYIOTh BUOpaHy BEPIIMHY 3 HIIUMH BEp-
LIMHAMU.
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Puc. 1. MHOXMHa MOXKIINBHX BapiaHTiB
TOIIOJIOTIYHOT CTPYKTYPH PO3MOALIBEIOL
MepesKi 3pOIIyBaILHOT CHCTEMH

[Micns 3’eaHaHHS IBOX BEPIIMH BHOPAHOIO TYror0
BHU3HAYAETHCS HAMONMKYA BEPIIUHA 10 IMX JBOX. [lo-
TIM I BEpIIMHA Ta BIANOBiAHA i qyra IONAIOTHCS IO
IOIyKaHOTO OCTOBHOTO JlepeBa. 3a3HAuCHHWH IPOIeC
TPHUBA€ JOTH, JOKU BCi BEpIIUHA HE OyIe 3’ €THAHO MiX
co0o0r0.

ANTOpPUTM, 3aCHOBaHWN Ha «IOTIHUHAHHI» HaWKO-
potimx ayr, 3rigHo 3 [5, 6], Moxe OyTH dopmanizosa-
HUM TaKUM YHHOM.

1. BHKOPHCTOBYIOUH BEPIIMHM JepeBa |, BH3HA-
YAIOTHCA TAKi JBI MHOKHHH: S — MHOKHHA 3’€JHAHHMX
BEpIIMH, S — MHOXHWHA He3’eaHaHWX BepumH. Ha mo-
YaTKy BCi BEPIIMHU HAJIS)KATh MHOXKHUHI S .

2. BubupaeThcs TOBibHA BEpIIHHA 3 MHOXKHHA S
i 3’€IHY€eThCS 3 HAHOMIIKYOK CYCITHBOIO BEPIIMHOIO.

[Ticnst BAKOHAHHSI IOTO KPOKY MHOXKHHA S MICTUTHME
JIBI BEPIIIUHU.

3. Cepen ycix Oyr, 110 3’€IHYIOTh BEpPIINHH MHO-
KMHH S 3 BEPIIMHAMU MHOXHHH S, 00UpaEeThCs Hal-
kopoTiia jayra. KiHiesa BepiinHa Ii€i Ayru, 1o Hale-
JKUTb MHOKHHI S, NMO3HAUAETHCS K O. Bepumny 0

BUIATAIOTH 3 MHOKMHH S i I0/IaI0Th 0 MHOKHHHE O.
4. Kpok 3 BUKOHYETBCS JOTH, JJOKH BCi BEPIINHI

He HaJeKaTUMyTh MHOKHUHI S.

VY3aranpHeHi BapTICHI OLIIHKK YT MEPEexXi MOXKIIHU-
BHX BapiaHTIB TOMOJOTiYHOI CTpyKTypu PM 3pormrysa-
JILHOT CHCTEMH, TOIOJIOTIYHA CTPYKTypa sKoi (opmarri-
30BaHa 3a JIOTIOMOT0I0 puc. 1, HaBeaeHo B Tad. 1.

VY3aranpHEHI BapTiCHI OIIHKH JyT MEpeXi ONTH-
MaJbHOTO BapiaHTy TOIOJIOTiYHOI CTpykTypu PM 3po-
LIyBaJIbHOI CHCTEMH, TOIOJIOTIYHA CTPYKTYypa SKoi ¢o-
pMaii3oBaHa 3a JIONOMOTOI0 pHuc. | Ta y3arajabHEHi
BapTICHI OI[IHKM JyT MepeXi MOXKJIMBUX BapiaHTIB TO-
nojoridHoi cTpykTypu PM 3pormryBanbsHOi cuctemu
MicTAThCs B TaOu. 1, HaBeneHo B Ta0II. 2.

BucunoBxku

1. lns onrtumizanii tpacyBanns MK B omneparu-
BHO KEPOBAHMWX 3POIIYBAIBHUX CHCTEMax [OIiIBHO
BUKOPUCTATU 3adady 3HaXO/KCHHA HaﬁKOpOTHJOFO
JIAHITIOTa Ha MOJIENTIOI0YOMY Tpadi MOKIMBUX BapiaHTIB
TpacyBanHs MK. Jlns cuHTE3y MalIMHHUX Mporpam
MakeTy MEpeKeBOi ONTUMi3allii, MPU3HAYEHOTO IS

YHCEJIBHOI peaii3allii IMOCTaBICHUX 3a1ad, IOIUIBHO
3acTOoCyBaTH ajdroput™m JIeHKCTpU 3 ypaxyBaHHSM CIic-
nuQIiKy TaHUX 3a7a4d.

Tabnuysa 1 — Y3araabHeHi BapTicHi OMiHKH IyT Mepe:xi
MOKJIMBHMX BapiaHTiB TONMOJIOTiYHOI
cTpykTypu PM 3pomyBanbHoi cucreMu

(i) o () G
L2 21 (5,6) 1,2
(1,4) 2,7 (5,7) 2,1
(1.5) 36 (5, 10) 33
23 12 (6,7) 15
@24 18 6.9 2,7
(3.4 21 (6, 10) 1,2
37 06 (7.8) 27
3.9 18 (7,9 24
(4,5) 18 (8,9 09
7 30 (9, 10) 30

Tabnuysa 2 — Y3arajabHeHi BapTicHi OLIHKH AyT Mepe:xi
ONTHMAJIBHOTO BapiaHTy TOMOJIOTi4HOT
cTpyktypu PM 3pomyBajbHOI cucTeMu

() o 9) c
(1,2 21 (5, 6) 1,2
(2,3) 12 (6,7) 15
@7 06 (6, 10) 12
(3,8) 18 (8,9) 09
(4.5) 18 . .

3 MeToro omnTuMmizaimii TOMOJOTIYHOI CTPYKTYpH
oneparuBHO KepoBaHuX JIM, 110 € CKIJIaJOBOIO YacTH-
HOIO iepapxiuHO opraHizoBaHux IMC, 3 ypaxyBaHHIM
BHUMOT JI0 iXHHO1 KOHCTPYKIIii Ta eKCIUTyaTallii, TOIib-
HO BHUKOPHUCTaTH 3aJayy Ipo HAWKOPOTIIE OCTOBHE
nepeso. Binrak, s peanizamii {s0ro MiAXOAY JOILb-
HO 3aCTOCYBAaTH IPOTPaMHHIA TAKET MEPEKEBOI ONTUMI-
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CucteMu ynpaBiiHHsI, HaBirarii Ta 3B's3ky. 2026. Ne 1

3arii, ssIkuii e()eKTHBHO BHKOHY€E PO3B’SI3aHHS 3a3Haue-
HOI 3a/1a4i 32 JOIOMOT'0I0 IIOTJIMHAI0YOT'0» aJrOPUTMY.

KonduiikT inTepeciB. ABTOpH NEeKIapyrOTh, 10 HE
MarOTh KOH(QUIIKTY IHTEpPECIB CTOCOBHO aHOTO MIOCIi-
JDKeHHs, B TOMY 4YHCHi (DiHAHCOBOrO, OCOOMCTICHOTO
XapakTepy, aBTOPCTBA YH 1HIIIOTO XapakKTepy, IO Mir Ou

BIUIMHYTH Ha JIOCJI/DKEHHS Ta HOro pe3yibTaTH, Mpej-
CTaBJICHI B IaHill CTATTI.

Bukopucranns 3aco0iB IITY4YHOro iHTeJEKTY.
ABTOpH MIATBEPIXKYIOTh, IO HE BHKOPHCTOBYBAJH
TEXHOJIOT1] MITYYHOTO IHTENIEKTy NpPU CTBOPEHHI Hpen-
CTaBJIeHO1 poOoTH.
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Optimization of structural elements of operationally controlled hierarchically
organized engineering network systems

Leonid Lievi, Olexandr Fomin, Denis Oleksiienko

Abstract. Based on special sociological research, it has been established that achieving a high level of engineering support for
residential buildings, as well as household enterprises and institutions, contributes to improving the sanitary and hygienic level, has an
exclusively positive effect on the health of the population and on labor productivity, thereby contributing to the solution of important
national economic tasks. An important aspect of this problem is the improvement of the functioning of modern urban water and gas
supply systems to ensure the necessary modes of water and gas consumption by household objects, as well as objects of socio-cultural
purpose. The need to further improve agricultural production and improve the living conditions of the rural population puts forward
increased requirements for the implementation of the processes of functioning of irrigation systems, as well as agricultural water supply
systems. This is due to the need to ensure the necessary irrigation modes on irrigated fields, as well as the necessary modes of water
consumption by agricultural objects and household objects. According to [1 — 4], water and gas supply systems, as well as irrigation and
ventilation systems, can be classified as hierarchically structured engineering network systems (ENS). Analysis of existing and designed
ENS shows that such systems can be represented as a set of interconnected and interacting local networks (LN) of different hierarchical
levels that function. In particular, at the highest level of the hierarchy, the ENS includes trunk networks (TN), which unite the distribu-
tion networks (DN) connected to them, belonging to lower levels. The main characteristics and specific properties of LNs of different
levels, as components of operationally managed hierarchical engineering network systems, have been analyzed in detail in the works [1 —
4]. Based on the problem posed, the article is aimed at studying mathematical models and computer implementations to solve the follow-
ing key tasks of optimizing the structural components of ENS: optimal laying of main channels (MC) that form TNs as part of operation-
ally controlled irrigation systems as a type of ENS; optimization of the topological structure of individual operationally controlled LNs.

Keywords: engineering network systems, local networks, backbone networks, distribution networks, backbone channels,
hierarchical structure, shortest chain trajectory, "absorbing™ algorithm.
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METHOD OF MULTI-CRITERIA OPTIMISATION OF DATA FLOW DISTRIBUTION

IN SELF-ORGANISED TELECOMMUNICATIONS NETWORKS

Abstract. Relevance. Self-organising networks operate under variable topology and resource availability. It is necessary
to jointly reduce delay and load imbalance while increasing resilience to failures and topology changes. This requires adaptive
optimisation with near real-time decision-making. Object of the study: distribution processes of complex-structured data
flows in self-organising telecommunications networks under node resource constraints. Purpose of the article: to develop a
multi-criteria optimisation method for flow distribution that jointly reduces delay and load imbalance and increases resilience
to failures and topology changes, taking into account heterogeneous QoS requirements and limited node resources. Research
results. Each flow is represented as a set of subflows with heterogeneous QoS requirements. The limitations of computational
and bandwidth resources of nodes are formalised as a multidimensional knapsack problem. The optimisation loop combines
global evolutionary search with local refinement of solutions. Adaptive route restructuring is applied in response to traffic
variability and network state changes. Simulation results confirm a reduction in inter-cluster and end-to-end delays, a decrease
in critical-flow delays, improved load distribution uniformity, and shorter convergence time after topology changes. At the
same time, the method increases the frequency of route reconfigurations and the computational cost of the optimisation cycle,
and degrades the performance of low-priority flows, which is interpreted as a controlled compromise inherent to multi-criteria
optimisation. Conclusions. The proposed method improves the efficiency of flow distribution in dynamic self-organising
networks, providing the greatest benefits for critical flows and convergence after topology changes. The improvement is
achieved at the cost of higher computational overhead and more frequent route reconfigurations, with reduced performance
for low-priority flows. The method is suitable for Fog, Edge, and Cloud environments where adaptive real-time decisions are
required under topology changes and resource variability.

Keywords: self-organising telecommunications networks; multi-criteria optimisation; data flow distribution; load

balancing; multidimensional knapsack problem; evolutionary algorithms; resource optimisation.

Introduction

The purpose of the work. The development of
telecommunications technologies has led to the
emergence of systems in which traditional centralized
resource management schemes no longer provide
adequate efficiency. In practice, distributed and self-
organised telecommunications systems are increasingly
being used, characterised by the absence of a single
decision-making centre; heterogeneity of computing
network resources; high data flow dynamics; and multi-
criteria service requirements [1, 2].

In related studies, the problem of improving the
efficiency of self-organised telecommunications systems
is considered from different perspectives. In works
devoted to hierarchical clustering of distributed network
nodes, graph-based methods for cluster formation are
proposed, which allow reducing topology fragmentation
and inter-cluster delays. Such approaches improve the
structural organisation of the network, but do not solve
the problem of optimal distribution of flows within
clusters [3, 4].

Another area of research focuses on selecting and
maintaining a coordinator or master node for the cluster.
The proposed methods of local rating selection and
gossip exchange metrics ensure rapid recovery of control
in case of failures and reduce service traffic compared to
classical selection algorithms. However, such methods
do not take into account the multi-criteria optimisation of
the distribution of complex data flows [5].

A separate group consists of works devoted to
predictive-adaptive control of coordinator stability in

Fog/Edge environments, where neural network models are
used to predict node degradation. They allow proactive
responses to load growth or failure risk, but do not consider
the detailed distribution of flows and sub-flows, taking into
account multidimensional resource constraints.

Classic routing and load balancing models are
designed primarily to work with aggregated flows, which
are described by a small number of parameters — volume,
arrival rate, and acceptable delivery time. However,
modern systems produce complex structured data flows
(CSD flows), which have a hierarchy of sub-flows with
different characteristics [1-3]. For example, an analytical
flow may contain telemetry traffic, video data, service
messages, and local computation results — each of these
components has its own requirements for latency,
throughput, and reliability.

In practical scenarios with high structural
complexity of traffic, the application of these methods
leads to a decrease in decision-making accuracy, local
distribution optimisation, and degradation of service
quality indicators. This is because they are focused on
aggregated flows, take into account a limited number of
criteria, and do not support the multidimensional
resource constraints characteristic of modern self-
organising networks.

Complexly structured data flows have a hierarchical
nature, which significantly affects the process of
optimising their distribution in self-organised networks.
Recent studies have shown that taking into account the
internal structure of flows provides significantly higher
load balancing accuracy and reduces delays in
heterogeneous networks [6, 7].
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A matrix is introduced for the formal description of
internal dependencies:

1, if f; depends on f;,
D =|d;;|, d;; = { ' J
[ ”] Y 0, otherwise.

The existence of dependencies between sub-threads
imposes additional constraints on the permissible
solution space in the optimisation problem. For example,
a high-priority sub-thread that depends on the results of a
previous sub-thread cannot be assigned to a node that is
too far away or has insufficient bandwidth to interact
with the predecessor node. In video analytics systems,
such constraints can affect the quality of event
recognition, and in industrial systems, they can affect the
accuracy of early warning systems.

Well-known sources indicate that modelling flows
with dependencies can reduce average latency by up to
35% and improve resource utilisation uniformity in
multi-level topologies. Thus, formalising dependencies is
a key factor in developing an optimisation method for
CSD-flow [8, 9].

Thus, the current scientific problem is to create a
method for distributing complexly structured data flows
that simultaneously takes into account the internal
structure of flows, multidimensional resource constraints
of nodes, and the dynamic nature of self-organised
networks. EXxisting approaches are either limited to
optimising aggregated traffic or solve individual control
sub-tasks without providing comprehensive multi-
criteria distribution of sub-flows in real time.

Thus, there is a need to create a model capable of
reflecting the internal structure of flows, as well as
optimisation methods that simultaneously take into
account several criteria and adapt to changes in network
topology in real time.

Statement of the problem. In modern
telecommunications systems, traffic distribution is
traditionally modelled through routing, latency
minimisation, or load balancing tasks between nodes.
With the growing number of sub-flows and the variability
of their requirements, classical routing and load
balancing models lose their scalability because they do
not ensure coordination of decisions at the level of
individual flow components.

Multi-criteria optimisation methods have been
developed due to the ability to simultaneously consider
several service requirements [6]. Second- and third-
generation evolutionary algorithms, such as NSGA-II
and NSGA-III, allow the formation of a set of non-
dominated solutions, giving the operator or system a
choice between different compromises. Their advantage
is scalability to tasks with a large number of criteria and
no requirement for prior determination of weighting
coefficients. However, their disadvantage is that they are
focused on the distribution of aggregated traffic units and
do not take into account the complex internal structure of
CSD-flow.

Analysis of recent studies and publications. In
Fog and Edge computing systems, the problem of
optimal service placement is often considered in the
context of minimising latency between the data
generation point and the processing point. However, most

1)

models place tasks or services rather than sub-threads,
which differs significantly from real-world telecom
conditions. In such networks, computing resources are
distributed among numerous heterogeneous nodes, and
each subthread may have a unique route and different
requirements. Therefore, it is important to build a model
that allows simultaneous optimisation of routing,

placement, and resource allocation based on
multidimensional constraints.
A separate area is combined approximate

optimisation algorithms, which combine global search
and local improvement. Evolutionary algorithms provide
a wide range of solutions, while local methods (hill
climbing, simulated annealing, tabu search) allow for
high accuracy in improving intermediate results. Hybrid
methods are actively used for multidimensional
problems, including MKP (Multi-dimensional Knapsack
Problem), since classical LP/MIP methods are too slow
with a large number of dimensions and nonlinear
constraints.

Combined multi-criteria optimisation algorithms
with local improvement are one of the key approaches to
optimisation tasks in complex telecommunications
systems [4, 5, 7]. The combination of an evolutionary
core, which provides global search, with local
optimisation techniques, which are responsible for the
precise refinement of local solutions, allows high
convergence to be achieved even in high-dimensional
problems. One of the advantages of such methods is their
ability to adapt to load changes in real time, making them
a natural choice for self-organising networks, where
traffic structure changes continuously.

Thus, modern approaches either oversimplify the
mathematical model, fail to take into account the
interdependence of subflows, or are unable to adapt to
dynamic changes in self-organised networks. This
justifies the need to improve the developed methods,
which combine multidimensional optimisation, detailed
flow structure modelling, and an adaptive combined
optimisation algorithm.

In real Fog, Edge, and Cloud environments, the
proposed method can be implemented as a sequential
control loop. At the first stage, the status of nodes and
communication channels is monitored, and current
resource profiles are generated. Next, the network is
logically organised into clusters with limited internal
delays, which reduces the dimensionality of the
optimisation problem.

At the level of each cluster, a coordinator is selected
to provide local control and initiate the process of multi-
criteria distribution of sub-threads. The optimisation
module, based on a multidimensional knapsack problem
and a combined approximate optimisation algorithm,
generates a plan for assigning sub-threads to nodes,
taking into account QoS requirements. In the event of a
change in load or node degradation, re-optimisation takes
place without stopping the system [10].

Main material

The optimisation model for sub-flow distribution is
based on a multidimensional knapsack problem, which is
widely used in modern research to describe resource
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constraints in distributed systems [11, 12]. The
multidimensional backpack problem is defined as:
n
max Z v; X, (2)
i=1
n
s.t.Zwik x <C,k=1,..,K,x; €{0,1}. 3

i=1
In the context of self-organised telecommunications
networks: w;, — determine resource consumption by sub-
thread f;, including CPU, RAM, power consumption, and
channel bandwidth; C,, — maximum capabilities of the
corresponding node resource; v; — integral utility of a
sub-flow, formed on the basis of QoS criteria.
Based on NSGA-II/IIl approaches and Fog/Edge
models, the utility of a sub-thread can be defined as
follows [6]:

1
vi=al-F+a2-Bi+a3-(1—Ll~)+a4-Pl-. @)

L
where T; — delay; B; — bandwidth; L; — loss rate; P, —
priority.

The proposed formalisation allows obtaining an
admissible sub-flow assignment plan in which each
decision satisfies the set of resource constraints of nodes
and QoS requirements for each sub-flow. [4, 7]. Let

F={fifo o} ©)
a set of sub-threads that make up a single complex-
structured thread.

Each subthread f; has the following attributes: d; —
data volume; r; — resource requirements (CPU, memory);
T; — acceptable delay; p; — priority; b; — required channel
bandwidth; e; — energy cost of sub-stream processing.

A complexly structured flow is represented as a set
of sub-flows, each of which may have requirements that
are independent or partially dependent on other sub-
flows. This allows for a more accurate load distribution
model. For example, video analytics flows may include
high-resolution traffic, service management traffic, low
resource requirements but high priority, as well as
processing result traffic. The network consists of nodes

s Min - (6)
The resource constraints of node n; are given as
Cik=12,..,K, @)

where k — denotes the type of resource: computing
power, memory, bandwidth, energy consumption, etc.

Purpose of the sub-thread f;per node n; described
by a binary variable:

N = {nl, n,, ...

1, if f; performed on n;,
Y {0, otherwise. ®)
Resource constraints are formulated as:
n
Z Wijk Xij < G, 9
i=1

where w;;, — required amount of resources k for sub-
thread i at node j.

Since node resources are multidimensional (CPU,
memory, bandwidth, energy), the problem is formulated
as a knapsack problem, where the number of dimensions

k is equal to the number of resource types [13, 14]. The
resource constraints of a self-organised network are
presented in a multidimensional form and include the
computational, bandwidth, memory, and energy
parameters of the nodes [15, 16]. The sub-thread
assignment problem is formulated as a multidimensional
knapsack problem, which allows several types of
constraints to be taken into account simultaneously for
each node and correctly reflects the heterogeneity of
resources in Fog/Edge/Cloud infrastructures [17-19].

This method is optimised according to the following
criteria: minimising average delay; minimising load
imbalance; and maximising service quality:

n m
max ZZU” xij'

(10)
i=1 j=1
Vi, = alQoSi'j.elay + a,QoSp" +
+a3QoS[% + a,Priy, (11)

where a;, are the weight coefficients of the criteria.

This expression allows several independent
optimisation criteria to be integrated into the model.

The multidimensional knapsack problem remains
NP-hard already for the two-dimensional case, and its
computational difficulty grows rapidly with the number
of items and constraint dimensions [20]. In Fog/Edge
environments, the amount of sub-threads may scale to
hundreds or even thousands, while the resource vector
typically includes several components (e.g., CPU, RAM,
bandwidth, energy, and additional operational limits),
which may increase the number of dimensions to 4-8
[21]. As a result, the search space becomes extremely
large. [Exact approaches such as linear/integer
programming and dynamic programming-based schemes
often exhibit exponential or pseudo-exponential growth
of computational cost, which makes fully deterministic
optimisation impractical for dynamic self-organising
networks where decisions must be produced under strict
latency constraints [22]. Within the CSD-flow
distribution problem, this motivates a hybrid strategy that
combines a global evolutionary search with local
refinement steps, so that the global structure of
assignments is preserved while local corrections reflect
the current resource state and inter-flow dependencies
[23, 24]. It is widely observed in practical optimisation
tasks that evolutionary methods hybridised with local
improvement can deliver higher-quality solutions and
reach near-optimal results faster than purely classical
exact procedures under comparable time limits [11-13].

To formalise the proposed method of multi-criteria
optimisation of CSD flow distribution, an algorithm has
been developed, the generalised structure of which is
presented in the form of a block diagram (Fig. 1).

The main effect of the proposed approach was
evaluated using temporal QoS indicators, as they directly
characterise the quality of data stream service and reflect
the result of coordinated global and local optimisation.

The generalised values of delays before and after
applying the algorithm are shown in Table 1.

Fig. 2 shows a comparative characteristic of QoS
metrics for data flows before and after optimisation.
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Fig. 1. Block diagram of the algorithm for multi-criteria distribution of CSD flows in a self-organised network

Table 1 — Data flow service quality delay indicators At the same time, an increase in delay is observed for
low-priority flows, which corresponds to the mechanism
of prioritisation and redistribution of resources in favour
of critical traffic.  Accompanying indicators

To optimisa- After

Ne Indicator . s
tion, ms | optimisation, ms

Final transmission

1 . 42.0 37.0 characterising the structural, control and computational
delay (intercluster) L. . .
consequences of optimisation are given in Table 2.
Average end-to-end . RS ]
2 delay 118.0 104.0 Since the accompanying indicators in Table 2 have
QoS delay of critical different physical units and scales, their comparison in a
3 lows 76.0 68.0 single figure is presented in a normalised form. For each
4 | QoS delay for low- 1310 156.0 indicator, the baseline state "before optimisation™ is taken
priority flows ) ) as 100, while the value "after optimisation" is presented

as a relative index. This method of presentation ensures

As can be seen from Table 1 and Fig. 2, after a correct comparison of the structural, control and

applying the algorithm, inter-cluster and end-to-end computational effects of the algorithm in a single
delays are reduced, as well as the delay of critical flows.  graphical representation.
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Fig. 2. Comparison of QoS delay metrics for data flows before and after optimization
Table 2 — Accompanying indicators
Ne Indicator . 1?0 . A t:ter . Interpretation
optimisation optimisation
1 | Load dispersion of nodes 041 0.26 improved balancing
2 | Number of congested channels 7 4 reduction of local overloads
3 | Cluster fragmentation 0.28 0.18 improvement of structural integrity
4 | Number of route rebuilds per interval 9 14 increase in adaptive restructuring
5 | Convergence time after topology change 8.2 5.1 faster recovery
6 | Computational time of the optimisation cycle 41 63 increase in computing costs
7 | Traffic management during recovery 520 430 reduction in overhead costs

mm Before (index = 100)

140 mmm After (index vs baseline)

-
N
o

[
o
S

=
o

Index (100 = baseline)
=]
o

B
o

20

Fig. 3. Comparison of accompanying indicators in Table 2 before and after optimisation on a normalised scale

As can be seen from Table 2 and Fig. 3, after
applying the method, the indicators characterising
imbalance and structural degradation decrease: node load
dispersion, the number of overloaded channels, and cluster
fragmentation. At the same time, the convergence time
after a topology change is reduced, indicating an increase
in the speed of restoring the controlled state of the network.
The reduction in control traffic during recovery indicates a
decrease in overhead costs for coordination and
reconfiguration procedures.

The gain in adaptability is accompanied by higher
operational overhead. Specifically, the network performs
route updates more often per interval, and the optimisation
loop requires longer computation time [19]. We interpret

this as a deliberate trade-off: maintaining near-optimal
decisions under volatile resources and topology requires
periodic re-optimisation [3]. According to Fig. 1, the main
source of overhead is the hybrid workflow that combines
a global scheduling phase with local refinements [11].
While this improves distribution quality and tolerance to
changes, it naturally increases the reconfiguration rate and
the computational cost [20].

As can be seen from Table 1, the application of the
proposed algorithm leads to a reduction in QoS delay
indicators, in particular, the final intercluster delay, the
average end-to-end delay, and the delay of critical flows.
The effect is achieved through a combination of global
coordination of flow distribution, local route refinement,
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and adaptive reconfiguration procedures when the network
state changes.

The accompanying indicators shown in Table 2
reflect the trade-offs of optimization [21]. In particular,
there is an increase in the number of route rebuilds and
computational costs, as well as an increase in delays for
low-priority flows. These changes are consistent with the
multi-criteria optimisation approach, which prioritises
critical traffic and limited network resources [19]. For the
multidimensional knapsack problem in the context of
CSD-flow, an approximate solution search algorithm
combining global search and local improvement is applied,
which allows obtaining practically acceptable solutions in
a limited time under dynamic conditions [7, 15].

The method consists of several stages, such as
structuring the flow, in which the flow is broken down into
sub-flows according to criteria: functional purpose, QoS
requirements, and dependencies between components.
Building a node model where a knapsack problem is
created for each node, which contains resource constraints,
local delay characteristics, and possible routes to other
nodes. A greedy algorithm is applied: subflows are sorted
by priority and delay, and each subflow is assigned to the
node with the best resource and delay ratio. An
evolutionary algorithm performs a global search for
optimal flow assignment schemes [11]. After each
iteration, a local search is performed to refine the
assignment by analysing the movements of sub-threads
between nodes [12, 13]. Evolutionary operators, crossover
and mutation, allow us to escape local minima and explore
new areas of the solution space.

The proposed method is made more efficient by
detailed modelling of the internal structure of flows, which
allows optimising assignments with precision down to
individual sub-flows, as well as by taking into account the
multidimensional ~ resource  constraints of  nodes.
Experimental analysis shows that the use of a combined
approach reduces the number of iterations to a stable
solution and increases the stability of the solutions
obtained under variable load conditions. However, the
effectiveness of the method begins to decline with a sharp
increase in the number of sub-threads and resource types,
as the search space and computation time increase.
Additional performance losses are possible in scenarios
with overly frequent topology changes or high overhead
costs for migrating subthreads between nodes. This
determines the limits of the method's applicability in real-
time systems with strict constraints on decision-making
delays. In modern video surveillance systems, the
distribution of sub-streams between Edge nodes allows for
a significant reduction in throughput load and an increase
in the speed of analytical data processing [1].

In industrial 10T systems, the volume of sensor
streams can reach tens of thousands. According to recent
studies, traditional routing methods do not provide
effective distribution at such a scale, while the
multidimensional knapsack problem allows for a
significant improvement in the accuracy of stream
assignment [8]. In Fog networks, optimisation of
streaming services reduces energy consumption and delays
in data processing, as confirmed by the results of a number
of experimental studies.

In the evolutionary approaches to multi-criteria flow
distribution, optimisation is performed at the level of
aggregated traffic units, which simplifies the model but
limits its applicability in the case of complexly structured
flows. [15]. Unlike evolutionary methods, in which a flow
is considered as an aggregated unit of optimisation, the
proposed approach operates with a multi-level CSD-flow
structure. The proposed model considers a complexly
structured flow as a set of subflows, each of which acts as
a separate unit of destination and optimisation and is
characterised by its own attributes, QoS requirements and
dependencies. This decomposition provides a more
accurate assessment of the load on nodes and allows you
to form a distribution plan that takes into account traffic
heterogeneity and service priorities. This makes it possible
to take into account the dependencies between subflows
and assign them to nodes, taking into account individual
resource requirements and delays, which increases the
accuracy of distribution in self-organising networks. It is
effective for a large number of criteria, but does not take
into account the internal structure of the flow [6]. In the
method of multi-criteria distribution of data flows in
telecommunications networks based on an evolutionary
approach, the flow is modelled as an aggregated unit,
which simplifies the model but limits its application to
CSD-flow. The proposed method takes into account the
internal multi-level structure, which allows optimising
resources with sub-flow accuracy.

Unlike existing evolutionary methods, the proposed
approach has the following features: takes into account the
multidimensionality of resource constraints, which
increases the accuracy of the model; uses a multi-criteria
optimisation  algorithm,  which  provides  better
convergence in complex tasks; operates in a self-organised
manner, i.e. without centralised management.

Hybrid algorithms combine different optimisation
principles. In the proposed method, hybridisation occurs
between an evolutionary algorithm that generates many
solution variants; a local search that improves the quality
of each solution; and a knapsack problem that formally
limits the solution space. The optimisation procedure
combines global formation of a set of candidate solutions
based on evolutionary search and local refinement focused
on improving the quality of assignments in the immediate
vicinity. This combination increases convergence stability
and reduces the risk of getting stuck on locally optimal
solutions in problems with a large number of sub-threads
and high load variability.

Modern multi-objective evolutionary algorithms,
such as NSGA-III, effectively form sets of compromise
solutions, but their application in flow distribution
problems has significant limitations.

In particular, such algorithms: do not take into
account the CSD-flow structure; do not work with
multidimensional resources; poorly adapt to dynamic
changes in traffic; do not take into account dependencies
between subflows. A comparison with known
evolutionary approaches shows that in the case of CSD-
flow, explicit consideration of the sub-flow structure and
multidimensional resource constraints is critically
important. The transition from an aggregated
representation of traffic to a representation in the form of
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subflows ensures the controlled assignment of flow
components to nodes, taking into account QoS
requirements, while the multidimensional formulation of
constraints increases the adequacy of the assessment of
available resources in networks with dynamic topology.

Conclusions

The article develops a comprehensive method for
multi-criteria optimisation of the distribution of complex
data flows in self-organised telecommunications
networks. The method is based on representing each flow
as a set of sub-flows with heterogencous QoS
requirements and  taking into  account the
multidimensional resource constraints of nodes. The
resource constraints of nodes are formalised as a
multidimensional knapsack problem, and optimisation is
implemented by combining global evolutionary search
and local refinement of solutions with adaptive route
restructuring when the network state. The results of
simulation modelling confirmed that the application of
the developed method allows reducing the delay
characteristics of critical flows, increasing the uniformity
of load distribution, and reducing the convergence time
after topology changes. At the same time, a controlled

compromise was established: there is an increase in the
frequency of route reconfiguration and computational
costs of the optimisation cycle with a deterioration in
performance for low-priority flows. In future research, it
is planned to mitigate the effect of service degradation for
low-priority flows as a side effect of multi-criteria
optimisation. The proposed approach can be used as a
basic mechanism for adaptive flow control in Fog, Edge,
and Cloud environments, as well as in other decentralised
infrastructures with variable resources and topology.
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MeTton 6araToxkpuTepiiiHol onTUMizalii po3noaily MOTOKY JaHUX Y CAMOOPIaHi30BaHUX TeJeKOMYHIKAUiHHUX Mepeskax
0. B. Jlo3ko, B. I1. JIuceuko, I. M. CuBonoscekuii, B. B. [lactymienko

AHoTaunis. AkryaasHicTs. CaMoOpraHizoBaHi MEpeXi MPaIOTh B YMOBaX 3MIHHOI TOTIOJIOTI] Ta TOCTYITHOCTI pecypciB.
Heo0xifiHO CHijbHO 3MEHIIUTH 3aTPUMKY Ta TUcOAaTaHC HaBaHTAXKCHHS, OJHOYACHO MiJBHUINYIOYH CTIHKICTBH 10 3001B Ta 3MiH
TomnoJorii. Lle BuMarae ananTuBHOI onTHMIi3alii 3 IPUHHSTTSM pillleHb Maibke B peasibHOMY daci. O0'€KT q0cTiKeHHs: POLiecH
PO3MOAITY CKIAQHOCTPYKTYpPOBAHUX MMOTOKIB JAaHUX Yy CAMOOPTaHi30BaHHUX TEIEKOMYHIKalliifHUX Mepekax 3a 00MexeHb pecypciB
By31iB. MeTa cTaTTi: po3pobutH GaraTokpuTepiadbHHH METOJ| ONTHUMI3allii PO3MOALTY IMOTOKIB, SIKMH CHITBHO 3MEHIIyE
ncOaaHc 3aTPUMKHY Ta HABAaHTaXCHHS Ta IMIABHUILYE CTIHKICTh 10 3001B Ta 3MiH TOTOJIOTI1, BpaXOBYIOYH HEOTHOPIIHI BUMOTH JI0
sikocTi obciryroByBanHs (QoS) Ta oOMexeHi pecypeu By3iiB. PesynbTaTn nociaixkenns. KoxeH MOTiK MpeAcTaBieHNi K Hadip
IiAMOTOKIB 3 HEOAHOPiAHNMHU BUMoTaMu 10 QoS. OOMexeHHs 00UHCITIOBAIBHUX Ta IPOIYCKHUX PECYPCiB BY3JIiB (OpMaTi30BaHO
sk OaratoBUMIipHY 3agady panusi. L[ukin ontuMisaiii moeaHye rioOaibHHN €BONIOLIHUN MOIMIYK 3 JOKAIBHUM YTOYHEHHSIM
pillieHb. AZaNTHBHA PECTPYKTYpHU3allisi MapLIPYTy 3acCTOCOBYETHCS y BIAMOBiAb Ha 3MiHy Tpadiky Ta 3MiHH CTaHy Mepexi.
Pe3ynbTaTd MOJENIOBaHHS MiATBEPIKYIOTh 3MEHIICHHS MIDKKIACTEpPHMX Ta HACKPI3HUX 3aTPHUMOK, 3MEHIIEHHS 3aTPHMOK
KPUTHYHOTO TOTOKY, MOKPALIEHHs PiBHOMIPHOCTI PO3MOJiNy HAaBaHTa)KCHHsS Ta CKOPOYCHHS 4acy KOHBEPIeHINI Micis 3MiH
TomoJorii. BogHovac, MeTos 30inblye 4acToTy pekoHpirypamiii MapupyTiB Ta 0OYHCITIOBATIBHI BUTPATH LMKy ONTHMI3aLil, a
TaKoX TIOTipIIy€e HPOXYKTHUBHICTh MOTOKIB 3 HU3BKHUM MPIOPHTETOM, LIO iHTEPHPETYETHCS SK KOHTPOJIBbOBAHHH KOMIIpOMIC,
BJIACTUBHH OaraTokpHTepiaibHiil onTuMi3anii. BucHOBKH. 3arponoHOBaHUH METO MOKpaILye e(eKTHBHICTh PO3MOIITY TOTOKIB
y IMHaMI9HUX CaMOOPTaHI30BaHUX Mepexkax, 3a0e3neuyoyn HalOIbIIi epeBar Asl KPUTUYIHUX ITOTOKIB Ta KOHBEPTEHIIIT ITiCIIs
3MiH TONoJOTii. [loKpamieHHs ocATaeThCs 38 PaXyHOK BHIIMX OOYHCITIOBATIBHAX BUTPAT Ta YaCTIIINX PEKOH(Iryparliii MapIpyTis,
31 3HIDKEHHSIM TIPOIyKTUBHOCTI TSI MOTOKIB 3 HU3BKKUM IpioputeToM. Metoa migxoauts st cepenosuni Fog, Edge ta Cloud, ne
MOTPIOHI aTaNTUBHI PIlICHHS B PEKHMI PEalbHOT0 4acy 3a YMOB 3MiH TOIIOJIOTIT Ta MIHJIMBOCTI PECypCiB.

KawuoBi caoBa: camoopraHi3oBaHi TeleKOMyHIiKaliifHi Mepexi; OaraTokpuTepialbHa ONTHMi3alis; OalaHCyBaHHS
HaBaHTA)KEHHS; PO3IOALT IIOTOKY JaHNUX; OaraToBHMMipHaA 3aiada PIOK3aKa; eBOJIOLIIHI aNTOpUTMH; ONITHMI3aLlisl pecypciB.
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MO/JIEJIb ONITUMIBAILIIl KOMII'IOTEPHOI MEPEXKI 3AKJIATY BUIIIOI OCBITH

HA OCHOBI BUKOPUCTAHHS TEXHOJIOI'TH ITEPEJIAYI JAHUX

AHoTanisi. AKTYaJbHICTb JOCIHIDKCHHS 3YMOBJCHO CTPIMKHM PpO3BHTKOM iH(QOpMAmiHUX TEXHOJOTid Ta
nu(pOoBIi3ali€l0 OCBITHHOTO MPOIECY, 10 POOUTH HAJEXKHY OpraHi3amlil0 KOMII IOTEpHOI Mepexki y 3aKiafi BHIIOi OCBITH
KPUTHYHO BaXkinBoro. CydacHi Mepexi 3aKiajiiB BHIIOI OCBITH CTUKAIOTHCS 3 BUKIMKAMH (DYHKIIOHAIBHOTO PO3IiNCHHS
CErMEHTIB, MOTPe0OI0 3aXMINATH KPUTHYHO BAaXJIMBI JaHHI Bil TOCTBOBOTO JAOCTYNy, a TaKOX BHMOTaMH 0
MacIITaboBaHOCTI, THYYKOCTi Ta BiIMOBOCTIHKOCTI iH(QpacTpyKTypu. Y 3B'I3Ky 3 MM, HaOyBae aKkTyaJbHOCTI po3poOka
MaTeMaTHIHOI Mozelni, sika (opMali3ye CTPYKTYpHI Ta (QyHKIIOHAIbHI 0COOIMBOCTI MYJIBTHCETMEHTHOI Mepexi 3aKiiazna
BHUIIOT OCBITH 3 ()OKYCOM Ha BIIIMOBOCTIHKOCTI Ta TMONITHIN Oe3nekn. O0’€KTOM JOCTIIKEeHHs] BUCTYIIa€ KOMIT FOTEpPHA
Meperka 3aKiaxy BHUIOI OCBITH, IO OXOIUTIOE ii CTPYKTYypy, TEXHI4HI 3aco0u Ta mporecu (yHKIioHyBaHHA. IIpexmerom
JOCJIiIZKeHHSI BUCTYIAIOTh METOIH, MO Ta TEXHOJIOT1] ONTHMI3aIlii poOOTH 1iel Mepeki Ha OCHOBI Cy4acHUX TEXHOJOTIH
nepenavi qaHux. Pe3yabTaToM po0oTH € YIOCKOHAIFHEHA MaTeMaTHYHa MOJIENb (PYHKIIOHYBaHHA KOMIT IOTEpHOT MEepexki
3aKJaay BHIIOI OCBITH, IO MOEIHYE CIM KIIOYOBHX BHMOT: MOOYAOBY 1€papXidHOi apXiTeKTypH, 3a0e3MeUeHHs] BUCOKOI
MIPOIYCKHOI 3IaTHOCTI 1 MIBUIKOAII, TIATPUMKY BiIMOBOCTIHKOCTI Ta pe3epByBaHH:, TapaHTyBaHHS O€3MEKH i KOHTPOIIO
JOCTYITy, pallioHaJbHE YIPaBIiHHS pecypcaMy, MOXKIJIMBICTh MacIITa0yBaHHs H aJallTHBHOCTI, a TAKOXX BpaxyBaHHs IOTPeO
kopuctyBauiB. [IpoBeneHi ekcriepuMeHTalIbHI BUIPOOYBaHHS 3aCBIIUMIN Pe3yNIbTaTHBHICTh 3alIPOIIOHOBAaHUX MEXaHi3MiB.
BucnoBku. 3anponoHoBaHa Mojelb e(pEKTHBHO (opMaii3ye 0araroacrnekTHy iHGpacTpyKTypy KOMIIOTEPHOI Mepexi
3aKJaly BHIIOI OCBITH Ta 3/[aTHA KUTbKICHO OIIIHIOBATH HAIIMHICTh Yepe3 WMOBIPHICTh BiJIMOBH KPUTHYHUX KOMITOHEHTIB,
1110 JT03BOJISIE CTBOPIOBATH MacuITaboBaHi, THyUKi Ta 0€3NeYHi MepeXHi pillleHHs, SIKi MiHIMI3yIOTh PU3UKH IJIsI KpUTHIHUX
JaHUX Ta 3a0e3MeuyI0Th Oe3MePEePBHICTh OCBITHROTO MPOIIECY.

KnwyoBi caoBa: KOMH’IOTepHa MEpEKa 3aKiiany BUIIO1 OCBiTI/I, MaréMaTtu4iHa MoA€/ib, MYJIBTUCETMCHTHA CUCTEMA,

BIZIMOBOCTIHKiCTb, pe3epByBaHHs, VLAN, nositnka 6e3neku, MbKMEpexHUH eKpaH.

Beryn

IMocranoBka mpo6jemu. B ymoBax cTpiMKOro
PO3BHUTKY iH(pOPMALIHHUX TEXHOJOTIH Ta U(ppOoBi3aril
HaBuaHHs [1] HajexxHa opraxizamis KOMIT FOTEPHOI
Mepexi y 3akmami Bumioi ocitu (3BO) € KpUTHUHO
BOXJMBOIO Uil 3a0e3nedeHHs e(EeKTHBHOTO  Ta
MPOAYKTUBHOTO OCBITHROTO Tporecy. Mepexa 3BO
BUKOPHCTOBYETHCS K JJISI HAJIaHHA 3/100yBadyaM OCBITH
HEOOXIJTHUX HABYAIILHUX PECypCIiB Ta IHCTPYMEHTIB, TaK
1 7711 IPOBEACHHS BUKJIaadyaMH JIEKIil Ta MPaKTHIHUX
3aHATh. OnHak, cydacHi Mepexi 3BO crumkarmoTbcs 3
HU3KOIO BUKITHKIB, 30KpeMa HEOOX1THICTIO 3a0€3MeUnTH:

- hyHKLIOHAIBHE PO3/IJICHHS MEPeXi Ha CETMEHTH
JUISL PI3HMX 11iJIel (HaBYaHHs, aMiHiCTpallis, 30epiraHHs
JTAHUX, BiJICOCTIOCTEPCIKCHHS);

- Oe3rneky Ta 130JLiI0  KPUTHYHO Ba)KJIMBHX
cermenTiB (ynpasmiaas gannmu €JIEBO/JITEKAHAT Ta
aJIMIHICTPATHBHHI CETMEHT) BiJl TOCTHOBOT'O JIOCTYIIY;

- MacIITaboOBaHICTh, THYYKICTh, BiJIMOBOCTIHMKICTB
iH]pacTpyKTypH uepe3 MexaHi3MHU pe3epByBaHHsI IaHHX,
KaHaJIiB Ta J{yOJIIOBaHHS MapLIpyTHU3aTOPiB.

TpaauuifiHi TiAX0aM 10 NOOYIOBU KOMIT FOTEPHUX
Mepexxk (KM) uwacto moTpeOyroTh CKIaIHOTO PYYHOTO
HAJIAIITYBaHHA Ta HE 3aBXXIU 3a0e3MeUyi0Th He0OXiTHY
THYYKICTh JUIS IIBUJIKOTO pearyBaHHs Ha 3MiHY
moTpe6 [2]. YV 3B'1I3ky 3 1muM HaOyBae akTyaJdbHOCTI
BIIPOBAKEHHS HOBOTO MiAXOAY 0 (hOPMYyBaHHS MEpExX
3BO, mnounHaro4um 3 eramy IUIAHYBaHHS CKJIAIOBUX
MaTeMaTHYHOI MOJIeNi, IKUH Tepedadae BUKOPUCTaHHS
IHTEJIEKTYJIbHUX TEXHOJIOT1H aBTOMAaTH30BaHOTO IPOEK-
TyBaHHs, BipTyaizamii Ta mporpaMHO-KOH(pITypOBaHUX
Mepex (SDN). Takuit migXia 103BOJIsIE MOJCITIOBATH Me-
PEKHY IHPPACTPYKTYPY SIK €JMHY aJaliTUBHY CUCTEMY, Y

SIKIF TOTIONOTISA, MOMITHKH OE3MEeKH, MapIIpyTH3alis Ta
pO3MOIN pecypciB BHU3HAYAIOTHCS IIPOTPAMHO, a HE
nume  (QI3HYHOI0  apXiTEeKTypor. 3aBISKH  I[HOMY
3a0e3meuyeThCs: TUHAMIYHA MAacIITa0OBaHICTE MeEpexi
IpH 3pPOCTaHHI KUTBKOCTI KOPHCTYBadiB a00O CEepBICiB,
ABTOMATH30BaHE KEPYBaHHs Ta CHPOILICHE aJMiHICTpY-
BaHHS MEPEXXHHUX NPUCTPOIB, MMiJBUILICHHS HAIIHHOCTI Ta
Oe3neKd  3aBISKM  LEHTPATi30BAHOMY  KOHTPOIIO
JIOCTYITy Ta MOHITOPHHIY, ONITHMI3alisl TPOTyKTUBHOCTI
32 paxyHOK IHTEJIEKTyaJIbHOrO po3noAaity Ttpadiky Ta
pecypciB, iHTerpamiss 3 XMapHHMH Ta BIpTyaJbHUMH
CepellOBUIAMH  JUII PO3TOPTaHHA HABYAJIbHUX Ta
aJIMiHICTPATHBHHUX CEPBICIB.

Takum dYHHOM, HOBEe NOKOMiHHA Mepexk 3BO
pO3TIMAETEC He Jmmie sK Halip 3’€qHaHb MiX
MIPUCTPOSIMH, a K KEPOBaHa, MAacIITa0OBaHA Ta CAMOHA-
JaIITOBYBaHA CHCTEMa, sKa MOOyJOBaHa HA OCHOBI
MaTeMaTH4HUX MOJeNeil, M0 BpPaxOBYIOTh pealibHi
rapameTpH, HAaBaHTAXKESHHS Ta BUMOT'H KOPHCTYBaviB.

AHani3 ocTaHHiX AocaiikeHb i myOJikaniii.
AHaii3 gociiKeHb Ta MyOiKaIiii 30cepemKeHuil Ha
CTPYKTYpHI Ta (yHKIIOHAJIBHIA ONTHUMI3amii KOMII'-
IOTepHHUX Mepex 3aximaaiB Bumoi ocBith (KM 3BO).
Haitgactime mepesxa 3BO posrisigaeThest K CKJIagHa
MYJIbTUCEIMEHTHA CUCTEMA, 1110 BUMAarae BIIPOBa/KEHHS
cIleliaJbHUX MeXaHi3MiB I 3a0e3neyeH s HagiiHOCTI
Ta Oe3reKu.

Jocmimkennss [3] 30cepemkyeThcss Ha aHami3i
CTPYKTYpPHUX OCOOJIMBOCTEH Mepek 3aKiaaiB BHIIOT
ocsitu (3BO), npuainsioun ocoOmBy yBary MpHHIUIAM
iXx moOymoBM Ta  (YHKIIOHATBHOMY  TOMLNY.
IIpencraBneHa pobota € OCOONMBO PEICBAHTHOIO IS
(hopMyBaHHS IUTICHOTO YSIBJICHHS MPO TE, SKUM YHHOM
BapTO OPTraHi30BYBATH 3aXUCT MEpexi ycTaHoBH. CTaTTs
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NIPUCBSIYEHA KPUTHUYHO BAXKJIMBIA TeMi — po3poOui Ta
BIIPOBAPKCHHIO KOMIUICKCHOT TEXHOJIOTIT (METOIMKH,
Mojeni) ans 3abe3nedeHHs iHpopMarliiHoi Ta Kkibep-
6e3nexn y cnenudiyHomy cexropi 3BO Ykpainu. 3ampo-
MOHOBaHI TEXHIYHI pIlIeHHS 3a0e3NedyloTh JIOTIYHY
i3oImAIiT0 TpadiKy, MiIBUILY€E piBeHb OE3MEKH, CTBOPIOTH
MOJJIMBOCTI JJIsI MacmTaOyBaHHS iHQPACTPYKTYpH Ta
MOJIETIIYIOTh YIPaBIIiHHA MEPEKEIO B YMOBaX 3pOCTAHHS
moTpe0d KOPUCTYBadiB Ta CEPBiCiB.

Jocmimkerns [4] TOTiYHO TOTIOBHIOE CTPYKTYPHUI
aHaJIi3 MepexX, OCKIIBKH 30CePeKY€ETHCS Ha ONTHMI3aIli i
iepapxiyHol oprasizanii KOMyHiKaliiHOI iH{pacTpyK-
Typu. Y poOOTi BUAIJIEHO TPU KIFOUOBI PiBHI iepapxii
(MaricTpaJibHHM, 30HaJLHUI Ta BHYTPIIIHII), KOXKEH 13
SIKHX BHUKOHY€ CBOIO (DyHKLIOHAJIBHY poOjb y 3abe3rie-
4yeHH] e(eKTHBHOI Mepejavi JaHUX Ta YHpaBJIiHHA
HaBaHTaXeHHAMU. OCOONIMBY yBary MpUIIJICHO OOy I0-
BI MaTeMaTW4HOi MOJENi, sIKa Ja€ 3MOTy BH3HAYATH
ONTUMAIIEHY KOH(]Irypariro CTpyKTypH MEpexi 3 ypaxy-
BaHHSM IPOITYyCKHOI 3IaTHOCTI, 3aTPUMOK, HaJIHHOCTI Ta
BapTOCTi OOJIaAHAHHS. 3aBIKH TAKOMY ITiX0Iy JOCIiJ-
KCHHS JEMOHCTPY€, IMO apXiTekTypa Mmepexi 3BO
MOBUHHA PO3IIISIATHCS K OaraTtopiBHEBa CHCTEMa, JIe
KOXXEH piBeHb He JIMIIe BUKOHYE BiacHI QyHkuii, a i
B3a€EMOJII€ 3 IHIIUMH ISl 3a0e3MedeHHs IUIICHOCTI Ta
MacIiTaboBaHOCTI 1H()PACTPYKTYpH, IO IiIKPECIIOE
Ba)KJIMBICTh KOMIUIEKCHOTO MOJICTIOBAHHS IIPH IIPOEKTY -
BaHHI cy4yacHuX Mepexxk 3BO Ta mo3Boisie mocsarTa
30aJIaHCOBAaHOCTI MK IMPOXYKTHBHICTIO, HAIIHHICTIO Ta
€KOHOMIYHOIO IOILIIBHICTIO.

IociOHUK [5] mpuUCBSYEHHUH OTISAY TEXHOJIOTIH
3axucTy iH(QopMaIlii Ta Po3pOOICHHIO MOMITHKH Oe3re-
KH, 10 Oe3nocepetHbo 1MOB A3aHi 3 KPUTUYHO BaXkKIIMBHU-
MH BUMOTaMH JI0 CETMEHTalil N 3aXHCTy MeEpeXHOi
iH}pacTpyKTypH. ABTOPH J€TalIbHO PO3IIISIAIOTh MeXa-
HI3MH JIOTIYHOTO IOy Mepexi Ha i30JbOBaHi BIpTY-
QJIbHI CEerMEHTH, IO Ja€ 3MOrY MiHIMI3yBaTH BIUIUB
HebaxaHoro Tpagiky Ta JIOKaji3yBaTH MOTEHLIiHI 3a-
rpo3u. 30Kpema, HiJIKPECIIETHCS, O 130JsMis Tpadiky
MDK CErMEHTaMH JIOCATAETbCS 3aBISKH KOPEKTHOMY
HanamryBanHlo VLAN (Virtual Local Area Network),
0 YHEMO>KJIMBITIOE ITPsSIME B3a€EMHE OaueHHs IPHUCTPOiB
PI3HUX TiIMepex Ta MiABHUILYE pIiBEHb KEPOBAHOCTI.
[MociOHMK aKIeHTY€E yBary Ha po3MeXyBaHHI JOCTYITy Ta
BIIPOBA/PKEHHI MOJIITUK O€3MEKH IUITXOM BUKOPHUCTAHHS
MIXMEPEXKHUX €KPaHiB, sIKi KOHTPOIIOIOTh Mi)KCEIrMEHT-
Hi 3’ €IHaHHA, IO J03BOJISIE THYYKO PETYJIIOBATH IIPaBH-
J1a B3a€EMOJiT MK Pi3HMMH YaCTHHAMH MEpPEeXi, 3ampo-
BaJpKyBaTu QimpTpariro Tpadiky, 31iHiCHIOBATH MOHITO-
PHHT Ta BUSIBJICHHS aHOMaJTiil. TakMM YMHOM, KOMILIEKC-
He 3actocyBaHHI VLAN Ta MiXXMEpEeXHUX EKpaHiB po3-
TJISIIAETHCST SIK KIIFOYOBUI IHCTPYMEHT 3a0e3ledeHHs
3aXMIIEHOI, KepoBaHOI Ta MacIITa0OBaHOI MeEpEeXHOi
apXiTEeKTypH, 110 € OCOOJIMBO aKTyalbHUM I iH]pa-
ctpykTypr 3BO 3 BENHMKOIO KUTBKICTIO KOPUCTYBAYiB Ta
PI3HOPIHUX CEpPBICiB.

Y pobori [6] po3rITHYTO KOMILICKCHI MiAXOIU 10
3a0e3nedeHHs BiMOBOCTIHKOCTI Ta KaTacTpogocCTiii-
KOCTI B KOPIIOPAaTHBHHUX Mepekax, akIeHT 3po0JIeHo0 Ha
MOEMHAHHI TEXHIYHUX Ta apXiTEKTypHUX pIilleHb, SKi
MiHIMI3yIOTh PH3UKH ITPOCTOIB Ta BTPATH JaHUX. ABTOpH
JNETATLHO aHAMIBYIOTh Cy4YacHI MeEXaHi3MH pe3epBy-

BaHHJ, Cepel] AKUX 0coOIMBe Micle 3aiiMalOTh TEXHOJIO-
rii MultiWAN, cucremu ny0iioBaHHSI MEPEKEBOTO SIpa
Ta METOJU MiJABUIICHHSA HAAIMHOCTI 30epiranHs iH(pOp-
Marrii. 30kpema, MmiIKPECIIETHCS, 10 BiIIMOBOCTIHKICTD
MEpEXXHOTO si/Ipa Ta HOTo KaHaiB JOCSTa€ThCs MUIIXOM
BUKOPHCTaHHSA JyOJIbOBAHUX MAapIIPYTH3aTOPiB, SIKi
MPaIiOI0Th Y PEKUMAaX aBTOMATHYHOTO INEPEMHKAHHS
abo OamaHCyBaHHSA HaBaHTaXeHHSA. TexHoioris Multi-
WAN 3abe3mneuye napaneibHe i IKITI0UeHHS 0 KiTbKOX
TpoBaiifepiB, MO JO3BOJIIE IMiATPUMYBATH TOCTYITHICTD
30BHIIIHBOTO KaHATy HABiTh y pa3i BiIMOBU OJHOTO 3
HUX, a TAaKOX ONTHUMI3yBaTH MapuUIpyTH3alii0 Tpadiky.
s 30epiraHHs JaHUX B JOCHIPKCHHI MPOIOHYETHCS
BukopuctanHsi RAID-macuBiB, siki 3a0e3nedyroTh 3a-
XHCT Bl BUXOy 3 J1ajty (pi3MYHUX HOCIiB, Ta HA BUKOPHC-
TaHHI MEXaHi3MIiB peIulikalii B peajbHOMY dYaci, IO
JIO3BOJISIFOTH CTBOPIOBATH CHHXPOHHI KOMii KPUTHUYHO
BaxxmBoi iH(poOpMamii Ha pe3epBHUX cepBepax abo y
BiTaJIcHUX JaTa-nieHTpax. Takuit miaxix ¢popmye Oara-
TOpIBHEBY MOJENbh HamiHHOCTI, y sKiii 30epexeHiCTh
JAHWUX Ta Oe3MepepBHICTh POOOTH CEPBICIB MIATPUMY€ETH-
Csl HaBiTh Y BUIAIKaX CEPHO3HIX TEXHIYHUX 300iB.

[MornuGiio04n  acreKT MepeXHOi CTIHKOCTI, Y
ctarti [7] mpoaHanmi3oBaHO MiAXOAH IO ONTHMI3alii
ITOPUTMIB (PYHKLIOHYBaHHS KOMIT FOTEPHUX MeEpPex
MiIBUIICHOT )KUBYYOCTI IC HA €Tami iX MPOEKTYBaHHS.
ABTOpU aKIEHTYIOTh yBary Ha HEOOXiJIHOCTI BpaxyBaH-
Hsl HOTCHIIIHMX 30BHILIHIX BIUIUBIB, 3001B Ta CTPYKTYP-
HUX 3MiH MepexXHO1 iHQPaCTPYKTYPH, IO MOXKYTh BUHH-
KaTu B mporieci i ekcruryararii. Came TOMYy KIFOYOBOIO
METOI0 POOOTH € po3poOKa KPUTEPIr0 KUBYUYOCTI, SIKHHA
JIO3BOJISIE KITBKICHO OIIIHUTH 3IATHICTH Mepexi ajxam-
TYBaTHCS 0 Hellepe10adyBaHUX YMOB, 30epiraTi npare-
3IATHICTH Ta 3a0e3MeuyBaTH MiHIMaIbHO HEOOXiTHUIHA
piBeHb cepBiCiB. Y cTarTi HiIKpecIeHOo, L0 KpUTepii
YKMBYUYOCTI OXOILIIOE SIK ITapaMeTPH CTIIKOCTI TOMOJIOTI,
TaK i eeKTHBHICTh aJTOPUTMIB IepeOyI0BU MapHIpy-
TH3alii Ta Nepepo3noily HaBaHTaXeHb. BiH 103BoisiE
MOJICJIIOBATH TOBEJIHKY MEpexi B YMOBaX 4aCTKOBUX
BIJIMOB, aHaJI3yBaTH YacOBi XapaKTEPUCTUKH BiJHOB-
JEeHHs Ta BHU3HAYaTH ONTHMANbHI CTparerii pe3epy-
BaHHs. Takwif MiIXi € 0COONHMBO 3HAYYIIAM JUIS TTO0Y-
JOBH KopriopaTuBHAX Mepex 3BO, e BHCOKHMI piBeHB
JIOCTYITHOCTI CEpBICiB, CTIHKICTh IO 30BHIIIHIX BIUIABIB
Ta MOXIUBICTh OIEpaTHBHOI peKoH]irypamii iHppa-
CTPYKTYPH MaIOTh KPUTHUHE 3HAYCHHS.

Jlnsg  TeopeTWYHOro OOTPYHTYBaHHS KOHIETI{
KUBYYIOCTI MepeX 0coOIMBO BaXKIMBUMHU € (yHAaMeEH-
TaJbHI HAMpAIIOBaHHA y IIiH Tamy3i. 30kpema, y A0CHTiI-
keHHI [8] chopmynboBaHO 0a30Bi MiAXOAM 1O PO3y-
MiHHS XUBYYOCT] iHPOpPMALIHHIX CHCTEM SIK 3aTHOCTI
MIPOJIOBXKYBAaTH (YHKI[IOHYBaHHS B YMOBaX 30BHIIIHIX
BIUIMBIB, YAaCTKOBHX BiJIMOB YH JErpajarii OKpeMUX
KOMITOHEHTIB. ABTOpPH IIPOIIOHYIOTh YHIBepCaJlbHi IPHUH-
LIUIIK aHaJIi3y CTIHKOCTI, [0 OXOIUTIOIOTH SIK CTPYKTYPHI,
TaK 1 (yHKIIOHAIbHI BIACTUBOCTI CHCTEM, a TAaKOX BHU-
3HAYaIOTh 3arajbHi KpHUTEepii, 3a SKAUMH MOXKHA
OIIIHIOBATH PiBEHb TXHBOI 3MATHOCTI J0 BiJHOBJICHHS Ta
aganranii. HaBeneHi monoxeHHs (GOpMYIOTh METOA0JIO-
TiYHy OCHOBY, Ky MOJKHA 3aCTOCYBAaTH O TEIECKOMY-
HIKAIIfHUX Ta KOPHOpPAaTHBHUX MEpexX, 30Kpema 1o
iHppactpykTypu 3BO.
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JIomoOBHEHHSM JI0 I[bOTO Migxomy € poborta [9], y
SKiH 00’€KTOM JIOCHI/DKEHHS BHCTYNAlOTh i€papxiuHi
TEJICKOMYHIKaIIiHI Mepexi. ABTOPH 30CEpPEKYIOTHCS
Ha METoJlaX KUIbKICHOT OLIHKH )KHUBYYOCTi TAKUX MEPEK,
MPOTIOHYIOYN (OpMalibHI METPUKH, IO BPaxOBYIOThH
OaraTopiBHEBY OpraHi3aIlifo, THHAMIKY BiZIMOB eIeMeH-
TiB Pi3HOI KPUTHYHOCTI Ta MOBEHNIHKY MEpexXi INpu
mepeOyIoBi TOMMOJOTI1. 3aBASIKH BOMY MiAXiA TO3BOIIE
BHU3HAUNTH, HACKUIBKH e(QEeKTHBHO Mepexka 30epirae
MPare3aTHICTh 32 YMOB YacCTKOBUX MOIIKOXEHb, a
TaKOXX OI[IHITH ONTHMANBHICTh BIIPOBA/KCHUX MEXaHi3-
MiB pe3epBYBaHHSI.

ABtOp po6oTH [10] netanbHO po3risiaae NPUHIUITN
opraHizauii cucrem 30epiraHHsi JaHUX Ta PE3EPBHOTO
KomitoBaHHA B IT-iH(pacTpykTypax, 110 HpauiooTh i3
MepCOHAJILHUMH JTAaHUMH, SKa MOTpeOye MiIBUILEHOTO
PIBHS 3aXHCTy, HAJIIHOCTI Ta KOHTPOJIIO JOCTymy. Y
JOCIIKeHH] aHa3yI0ThCA CyJacHi MiIXOAHu 0 TO0Y-
JIOBH CXOBHII, BKIFOYHO 3 BHKOPHUCTAHHAM MEPEKHHX
HAKOMMYIyBaviB, CHCTEM LIEHTPANIi30BaHOTO 30epiraHHs,
a TakoX OaraTOpiBHEBOi apXiTEeKTYpH pPE3epBHOTO
KOIIIOBaHHA. 3HAUHY yBary IPUAIJICHO MUTAHHIM Bi/IIO-
BIZIHOCTI IIPaBOBMM Ta HOPMAaTHBHUM BHUMOTaM ILOJIO
00pOOKH MEepPCOHANBHUX JaHUX, 30KpeMa 3a0¢3IICUCHHIO
LITICHOCTI, KOH(IICHIIHOCTI Ta TOCTYMHOCTI iHhopMa-
uii. Y poOOTI migKPECTIOETHCS, IO pe3epBHE KOIiOBaH-
HS € KPUTHYHOIO CKJIaJIOBOIO OY/b-5KOi CHCTEMHU YIPaB-
JIHHS JaHUMH, OCKUTBKH CaMe BOHO TapaHTy€ MOIKIIU-
BIiCTh BiTHOBIICHHS iH(pOpMaLii y pa3i TeXHIYHUX 3001B,
MMOMIJIOK KOPHCTYBa4iB a00 30BHINIHIX KiOep3arpos.
ABTOp po3TIIsifae pi3Hi cTpaTerii pesepByBaHHs (IIOBHE,
IHKpeMeHTHe, nudepeHmiioBane) Ta MoJeli 30epiraHas
KOl K JOKaJbHO, TaK 1 Ha BiJJaJeHUX MalJaHIHKaX.
Oxpemuii akIIEeHT 3po0JIeHO Ha aBTOMAaTH3alii MporeciB
pe3epBYBaHHS Ta BUKOPUCTAHHI MOJIITHK 30epiraHHs, sKi
JO3BOJISIIOTh  MIATPUMYBAaTH OaJlaHC MK Oe3MeKoro,
NPOJXYKTUBHICTIO Ta e€(QEKTUBHICTIO BUKOPUCTAHHS
pecypciB. Pobora [11] mpucBsiueHa KOMIUIEKCHOMY Ma-
TEMaTHYHOMY MOJEIIOBaHHIO MepexxHoro tpadiky Tta
OLIIHIIl MPOJYKTUBHOCTI B MYJbTHCEPBICHUX MeEpexkax,
0 XapaKTepU3YIOThCA PI3HOPIIHICTIO MepelaHuX na-
HHUX, PI3HUMH BHMOTaMH JO 3aTPUMOK, HPOITYyCKHOI
3IATHOCTI Ta HAaJIHMHOCTi. ABTOPH IPOIIOHYIOTh CUCTEM-
HUH TiIX1T 0 ONFCY MPOIECciB MapIIpyTH3allii, 00poOKH
Ta mepemaui Tpadiky, OazoBaHWH Ha amapaTi Teopil
MacoBOTO OOCIYrOoBYBaHHS, CTOXAaCTUYHHX IIPOIECIB i
MepeKeBUX Mojnenei. Y poboTi netanbHO Gopmatizo-
BaHO CTPYKTYPHI €JIEeMEHTH MEPEXi, BKIIOYHO 3 By3JIaMU
KOMyTaIlii, KaHaiaM# 3B’S3Ky, CEpBICHUMH Yepramu i
motokamMu Tpadiky pisHEX KimaciB. Oxpemy ysary
MIPUIUIEHO BPaXyBaHHIO MPOIYCKHOI 34aTHOCTI KaHAIB
3B 513Ky, 3aTPUMOK PI3HHMX THIIB (MaplIpyTH3amiiHUX,
KOMYTAIIfHNX, TPAHCIOPTHUX) Ta MEXaHi3MiB yIpas-
JIHHS Yeprami, 110 Ja€ MOJJIMBICTH NMPOBOJMUTH aHAi3
sIKOCTi  obcimyroByBaHHs (QOS), OLIHIOBATH W ONTH-
Mi3yBaTH IpPOXYKTUBHICTH MEpexi Mijg 4ac podOoTH 3
BEJIMKUMH 00CSTaMM JJaHWX Ta MHOXXHHOIO CEpBICIB.
BakIMBUM aclieKTOM JIOCHI/DKEHHSI € TaKOX METOJH
OITIHIOBAHHS HAJIIfHOCTI MYJIBTHCEPBICHHX MeEpex, y
TOMY YHCIIi 4epe3 MOJCITIOBaHHS MEXaHi3MiB pe3epBy-
BaHHS KaHAJTIB Ta BY3JIiB. ABTOPH PO3TIISIAI0Th BapiaHTH
3a0e3MmeueHHs CTIKOCTI MEepeXHOI iHQPACTPYKTYpH 10

BiJIMOB, JTO3BOJISIFOUH KUTBKICHO OI[IHUTH BIUIHB PE3CPBY-
BaHHS Ha 3arajibHy JIOCTYIHICTh CUCTEMH.

VY pycai MozenmoBaHHs Tpadiky Ta aHalizy IPOayK-
TUBHOCTI Mepex IociimkeHHs [12] mpuninse 3HauHY
yBary cHUcCTeMaM YIpaBliHHS Tpadikom, Imo 3adesre-
YYIOTh CTaOUIBHICTH Ta €PEKTHBHICTH pOOOTH MEPEKHOL
iHQPACTPYKTypH B YMOBax 3MIHHHX HaBaHTaXEHb. Y
po0boTi AeTtanbHO po3risHyTO Mertomu QoS, AKi H03BO-
JSIOTh TapaHTYBAaTH TPIOPUTETHICTH OKPEMHUX THIIIB
Tpadixy Ta 3a0e3MEUNTH BiAMOBIMHUA piBEHB SKOCTI
o0cCITyroBYBaHHS Ui KPUTHYHUX cepBiciB. Kpim Toro,
JOCIIJKYETBCSL  3aCTOCYBaHHs — MexaHizmiB  traffic
shaping, siki CIpsIMOBaHO Ha 3IJIQJUKYBaHHS IIKOBUX
HaBaHTa)KEHb Ta 3ar00IraHHs IepeBaHTAKEHHIO KaHAJIIB
3B’513Ky, a Takox load balancing — 6anancyBaHHs HaBaH-
Ta)KeHHS MK MapIIpyTH3aTopaMHu, cepBepamMu abo KaHa-
JIaMU 3 METOIO Mi/IBUILIEHHS TPOLYKTUBHOCTI i CTIHKOCTI
cHCTEeMH B I1ioMy. [IpencraBiieHi METOIM € KITIOYOBUMH
UL TIATPUMKH ONTHMAalbHOI MPOIYCKHOI 3JaTHOCTI,
MiHIMIi3aIil 3aTPIMOK Ta CTa0LIFHOTO (PYHKIIOHYBaHHS
Mepexi 3BO, sxa 00CITyroBye BENHKY KUTBKICTh KOPHC-
TyBadiB Ta PI3HOPIAHUX CepBiCiB. Y IOMOBHEHHS IO
pOro y pobori [13] po3rismaeTbcs 3acTOCYBaHHS Ipa-
(doBUX MoJesel SK YHIBEpCaJbHOI'O 1HCTPYMEHTY IUIs
aHaNI3y CTPYKTYPHHX Ta (YHKLIOHAIBHUX XapaKTepucC-
THK KOMIT FOTEPHUX Mepex. Y TaKUX MOJENAX BY3JIH
rpada BioOpakaroTh MapUIPYTH3aTOPH, KOMYTaTOPH YK
IHINI MEPEXHi EJIEMEHTH, TOIi SAK pedpa OIHCYIOThH
KaHalM 3B’s3Ky. Bara peOpa, mo Bu3Ha4Yae MpOITyCKHY
CTIIPOMOXHICTh KaHaIly a00 3aTPUMKY, J03BOJIIE TOYHO
(dopmarizyBaTH mapaMeTpu iHPPACTPYKTypH Ta BUKO-
HyBaTH PO3paxyHKH, HEOOXIIHI UTs ONTHMi3alii Mepexi.
Oco0mBe 3HAYCHHS Ma€ MOXIIMBICTH OOYUCIICHHS
MaKCHMAJIbHOTO TIOTOKY MiX BY3JaMH 32 JOIIOMOTOIO
KIaCUYHHUX aJrOpUTMIB, Takux sk Mertoa Popna-
dankepcoHa, MO CTBOPIOE OCHOBY ISl KUIBKICHOT
OIIHKA MPOIYCKHOI 3JaTHOCTI OKPEMHX CETMCHTIB
MepexKi, BUSBICHHS «BY3bKHX MiCIb» Ta BH3HAUCHHS
NOTEHUIMHUX HaNpsMiB MOAEpHi3alii iHpPacTPyKTypH.
Bukopucranns rpadoBux Mopenedl TaKoX J03BOJISIE
aHaJ3yBaTH )KUBYUICTh MEPEXKi uepe3 OLIHKY albTepHa-
THUBHUX IIUISIXIB, BUSIBIICHHSI KPUTHYHHX 3B’SI3KIB Ta MO-
JIEITIOBaHHS CIIEHAPIiB BiMOB.

[IpoBenenuit aHami3 MOTBEPIIKYE AaKTYyalbHICThH
HATIPSIMKY pO3pOOKH MaTeMaTHIHOI MOei, mo (hopMa-
J3y€ CTPYKTYPHi Ta PyHKIIOHATBHI OCOOIMBOCTI MYJIb-
tucerMenTHoi Mepexi 3BO 3 ¢okycom Ha BigMOBO-
cTifikocTi Ta momituii Oe3smekn. B pamkax mporecy
MoienmoBaHHA «HarmoBHeHOCTI» KM 3BO cmig opieHTy-
BaTHUCSA HA METOJH, sIKi CIpsSIMOBaHI Ha 3a0e3medeHHs
CTPYKTypHOI Ta pyHKIIOHATBHOI onTuMi3allii. B nanomy
HamnpsIMKy JociikeHHs Mepexxy 3BO ciin posrinspatu
SIK CKJIQJIHY MYJIBTHCETMEHTHY CHCTEMY, SIpO SIKOI
(OpMy€eTBCS 3 OCHOBHOTO MAapHIPyTH3aTOpPa, JI0 SIKOTO
ITiIKIIFOYESHI CETMEHTH Yepe3 KOMYTaToOpH Ta MapIpyTH-
3atopu. B sKOCTI cKIamoBuX Takoi Mepexi MOXKIHBO
po3TIILAaTH:

- KOMIT IOTEpHI KJIach JJisl 34iHCHEHHS HaBYaJIbHOL
IISUTBHOCTI,

- cucremy ynpaBniHHa ganumu  (€JIEBO  Ta
JEKAHAT) nns 30epiraHHs epCcOHATbHUX NaHUX 3710-
OyBauiB OCBITH Ta BUKJIJadiB;
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- CUCTEMY BiJICOCTIOCTEPEIKEHHST;

- aAMIHICTPaTUBHUI CETMEHT, OpIEHTOBaHWHA Ha
ynpaBiiHHS (iHAHCOBUMHU Ta KaJpOBUMH aCIEKTaMu;

- TOCTBOBHH JOCTYN Il KOPHCTYBadiB, SIKUH
BiZIOKpEMJICHHH BiJl BHYTPILTHBOT MEPEKi;

- macucTeMy 30epiraHHs Ta pe3epBYBaHHS aHUX.

KputnuHO BakIMBHMH BHMOTAaMH, SIKi BHCYyBa-
IOTBCA 10 IUX CKJIAJIOBUX €:

- BomAmia Tpadiky MK CerMeHTaMH, IO 3abe3-
neayeThes BUKopucTaHasiM VLAN [14];

- pesepByBaHHA JfaHWX (BukopuctanHi RAID-
MacHBIB, PEILTIKaLis B pealbHOMY 4aci);

- BIIMOBOCTIMKICTB si/ipa Ta KaHaNIB (IyOJIOBaHHSI
MapuipyTuzatopis Ta MultiwAN);

- 3aXMIIEHICTH BiJl aTak.

B3aemopist Mixk CKIIaJOBUMH Mepexi BiZl0yBaeThCs
yepes 11 po 3a JOMOMOTO0 KOPEHEBUX KOMYTAaTOPIB Ta
MapmpyTu3atopis [15], a Mi>kcerMeHTHI 3’ € THaHHS TIPO-
XOAATH Yepe3 MIKMEPEKHI €KpaHU I PO3MEKYBaHHS
JOCTYITy Ta 3a0e3edeHHs MOiTHKY Oe3mnexu [16].

Merto10 1i€i po60TH € YJOCKOHAJIEHHS MaTeMaTH-
Hoi Mozeni pynkionyBanHs KM 3BO, sika hopmarizye
il KJIOYOBI CTPYKTYpHI €JEeMEHTH (CEerMEHTH, BY3IH,
3B’513KM ), MEXaHI3MH BiIMOBOCTIHKOCTI (pe3epByBaHH),
a TaKoX TOJIITHKY Oe3rneku Ta KoHpirypamiro Tpadiky
(VLAN, mporyckHa 31aTHICTb).

JInsg [OCSATHEHHS TOCTaBJIEHOI METH HEOOXiTHO
BUPININTH HACTYITHI 3aa4i:

— TIpOaHANI3yBaTH Cy4YacHi CKJIaJOBi MoJeneit
¢yskumionyBanas KM 3BO Ta BusABHTH iX IlepeBaru Ta
00OMEKEHHS,

— YAOCKOHAJIMTH MaTeMaTHYHY MOZENb IIIIXOM
PO3IIMPEHHS ii CKJIaIOBUX, IO JO3BOJNTH IHTETPyBAaTH
TIOJITUKY OE3MEeKH Ta KUIBKICHO OIIHIOBATH NMOKA3HHKH
HaJliHOCTI Yepe3 HMOBIPHICTH BiJIMOBH;

— BUKOHATH €KCIIEpUMEHTAJIbHI IOCIIDKEHHS Ta 3a
iX pe3ysibTaTaMd MpPOBECTH IOPIBHUIBHUN aHai3
6a30B01 Ta Moaudikosanoi mozeni KM 3BO 3 mo3wumii
THYYKOCTI, €)EeKTUBHOCTI Ta MacITaboBaHOCTI.

OcHOBHA YacTHHA

3a momnepeaHiM aHaTi30M Cy4acHOTO cTaHy iH]pa-
CTPYKTYpH (armapaTHO-IPOrpaMHOTO 3a0e3NeUeHHs, Me-
peXHOI apXiTeKTypH, iH(QOpPMAIIIfHO KOMYHIKaI[iifHOT
cucremu 3BO) MoxImBO 3poOUTH BHCHOBOK, o KM
3BO € GaraTopiBHEBOIO 1€papXiYHOIO CHCTEMOIO, IO
MOYE BKJIIOUATH PO MEPEXi, pO3NOAIIBYMI PiBEHb Ta
piBeHB JAOCTYIy IO KiHIIEBHX HMPUCTPOiB. MaTeMaTH4HO
TaKy MEpey MONKIMBO MPEICTaBUTH SIK HEOPIEHTOBA-
Huil abo opierToBanuii rpag (1), ne koxue pedpo rpada
MOe OyTH OXapaKTepru30BaHO HAOOPOM MapaMeTpiB (3a-
TPHUMKa Iepeiadi, MPOMyCKHa 3aTHICTh KaHaITy, Koedi-
HIE€HT HAIHHOCTI):

M={N, C}, @)
ae N (Nodes) — Byzmu KM, C (Channels) — kanamu
3B 3Ky MK By3JIaMH.

[To6 mepexa 3BO Oyra mpoayKTUBHOIO, HATIIHOIO
Ta 0€3IIeYHOI0, BOHA MAa€ BIJIMOBIAATH NEBHUM TEXHIY-
HHUM, OpraHi3alifHUM Ta CTPYKTYPHHM BHMOTaM: MaTH
iepapxiyHy apXiTeKTypy, BUCOKY HPOITyCKHY 3JIaTHICTb
Ta MBUAKOII0, OYTH BiIMOBOCTIHKOIO, OTIEPYBATH IMOJIi-
TUKaMHU Oe3neku, OyTH THydYKOIO Ta MacIiTa0OBaHOIO, a

TaKOX HAIaBaTH MOXIIUBICTh €(PESKTHBHOTO YIPABIIHHSI
pecypcaMu MepeKi, OpIEHTYHOUNCH Ha ITOTPEOU KOPUCTY-
BauiB. KM, mo noOyaoBaHa Ha oCHOBI kKopTexy (1), Ha
JKaJb HE OTEPYE TOHSITTIAMHU, IO IEPETIYCHO BHUIIE, TOMY
OyJI0 BUPIIICHO PO3IIMPUTH IF0 MOJICITh 33 PaXyHOK JI0-
IaBaHHI HEOOXITHUX CKIIAMOBHX .

M ={N, C, HA, BC, FR, SA, RM, SG, UB}, (2

ne N (Nodes) — Byzmu KM, C (Channels) — xanamu
3B’s13Ky Mik By3namu, HA (Hierarchical Architecture) —
iepapxiuna apxitekrypa, BC (Bandwidth & Capacity) —
MpOIyCKHA 37aTHicTh Ta mBuakoxis, FR (Fault
Tolerance & Redundancy) — BimMoBoCTi#iKicTb Ta pe3ep-
ByBaHHs, SA (Security & Access Control) — 6e3meka ta
koHTposb goctymy, RM (Resource Management) —
edekTrBHe ympaBminHsa pecypcamu, SG (Scalability &
Flexibility) — wmacmraboBanicte Ta rHyukicts, UB
(User-Based Requirements) — moTpe6u KOpucTyBauiB.

KM 3BO 0yzne mpoayKTHBHOIO JIHIINE, TOII KOJHU
BOHa OyJe MaTH i€papXidHy apXiTeKTypy, ToOTo Oyze
MTOJIiICHA Ha JEKiIbKa PiBHIB:

- piBeHSB siApa, KU 3a0e3Mmedye BUCOKY IBUAKICT
nepeaBaHHs JaHUX MDK OCHOBHHMH CETMEHTaMH,
MiHIMQJIbHY 3aTPUMKY Ta BUCOKY MPOIYCKHY 31aTHICTh;

- pO3MOALIbYMII piBEHb, SKHI BIANOBiZae 3a
Mmapuipytuzamito Mk  VLAN, mnomituku pocrymy,
OanaHCyBaHHS HABAHTAKCHHS;

- piBeHb JOCTYIy, SKWAN BIIIMOBIZA€ 3a MIiIKIIO-
YeHHsI KOPUCTYBauiB, 1abopaTopii, cepsepiB, BieocHC-
TEM TOLIO.

Jlns peanizarii TAKOTO IMiIXOXY MIPOMOHYETHCS PO3-
IIMPUTH CKIIAJIOBY, IO BiAMIOBiTAE 3a apXiTEKTypy:

HA ={CL, DL, AL}, ®)

ne CL (Core Layer) — piBeHb spa (BUCOKa IIBHIKICTH
nepe/iaBaHHs JaHuX, MiHiManbHa 3arpumka), DL (Dist-
ribution Layer) — po3moinpumnii piBeHb (MapuipyTH3aIlis
Mk VLAN, monitTuku noctyiy, OalaHCyBaHHsS HaBaH-
takeHHs1), AL (Access Layer) — piBeHb pocrymy (min-
KITFOYESHHS KOPUCTYBadiB, 1ab0paToOpii, cepBepiB).

Posropranuss KM 3BO 3 opieHTranielo Ha
iepapxiuHy apxitektypy (3) cnpouye y MaiOyTHOMY
aJIMIHICTPYBaHHS, IIBUIIYE MAacCIITa0OBaHICTE Ta
HAJIHHICTh CHCTEMH B LIJIOMY.

CkIaioBa, 0 BIATIOBiAa€ 3a MPOIYCKHY 3JaTHICTh
ta mBuako 0 (BC) — 1e kito4oBHil MOKa3HUK e(eKTUB-
HocTi koM rotepHoi Mepexi 3BO (4). Bona Bu3Hauae,
HACKUTBKHM IIBHIKO JaHI MOXYTh IEepelaBaTHUCSI MiX
KOPHCTYBa4aMH, CEPBEpaMM, HaBYAIBHUMH PECypCaMH
Ta 30BHIMHIME Mepexamu. 11[o6 Mepexa 3a10BOIHsIIA
UM TIoTpedaM, CIIiJl JOTPUMYBATHUCS TIPaBHIT:

- SIAPO MEPEXKi MOBUHHO MPAIFOBATH 3 IPOITY CKHOIO
3matHoCThIO 1 ['6iT/c Ta Ginbie, mo 3a0e3nedye mBHIKES
00cyroByBaHHs Tpadiky MK KOpIycaMmu, CEpBEpHUMHU

KIMHATaMH, JaTa-IEHTpaMH Ta aaMiHICTPaTUBHUMHU
CEerMeHTaMHU;
- pO3NOAIIBYMH piBEHb — Oa)XXaHO He MEHIIe

100 Mbit/c, 3 MoxnuBicTIO arperyBanHs kaHaiis (Link
Aggregation, LACP);

- piBeHb poctymny — 100 M6it/c Ha pobouy craHIiito,
a JUIs KOMIT FOTepPHUX KJIaciB abo 1abopaTtopiii 3 BUCOKUM
HAaBaHTa)KCHHSM IOBMHHA OyTH 3aKiiaJieHa MiATPUMKa
1 I'6it/c Ethernet;
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- U1l MDXKKOPITYCHHX 3’€JTHaHb CJIiJ] 3aCTOCOBYBaTH
OINITOBOJIOKOHHI JIiHII, sKi 3a0e3nedyloTh MiHIMalbHI
BTpPaTH Ta 3aTPUM-Ky CUT'HAJY.

BC={TO, LD, LB, MDT, SO, PM}, (4)
ae TO (Traffic Optimization) — onTumizauis Tpadiky,
LD (Low Delay) — 3smenmienns 3atpumok, LB (Load Ba-
lancing) — 6anancyBauus HaBautaxenus, MDT (Modern
Data Transmission Technologies) — cywacui TexHomorii
nepenaui manux, SO (Server Optimization) — omru-
Mizarist cepepHoi iHdpactpykrypu, PM (Performance
Monitoring) — MOHITOPHHT TIPOXYKTHBHOCTI.

Koptex (4) hopMabHO OMUCY€E OCHOBHI CIICMEHTH,
IO BIUIMBAIOTH Ha IIPOITYCKHY 3[aTHICTb Ta IIBUJIKOJIIO
koMmm’rotepHoi Mepexxi 3BO. Ontumizanist Tpadiky B
Mmepesxi (TO) nependavae eheKTHBHE KEPYBAHHS IOTOKAMHU
JIaHKX 3 METOIO 3a0e3rnedeHHst cTabibHOT poOOTH CepBICiB
Ta palioHaJILHOTO BUKOPHUCTaHHS PECYpCiB!

TO ={QoS, DR, PC, SLB}, (5)
ne QoS (Quality of Service) — Bubip mpiopiTeTHOro Tpa-
¢iky, DR (Dynamic Routing) — quHamiyHa MapipyTu-
sargis, PC (Proxy Caching) — kemryBanust Proxy, SLB
(Server Load Balancing) — 6anancyBaHHsSI cepBEpHOTO
HaBaHTAXKCHHS.

OnmHUM 13 KIIIOYOBHX IHCTPYMEHTIB I LILOTO €
BUKOpHCTaHHs TexHojorii QoS, sika mpiopuresye Tpadik
BIAMOBIZIHO 70 HOTO BaKJIMBOCTI. 30KpeMma, HaWBHIIMI
NPIOPUTET HAAETHCS HABUAJIBLHUM CEPBICaM, TaKUM SIK
Moodle, Zoom, Meet ta Microsoft Teams, OCKiIbKM BOHH
3a0e3neuyroTh Oe3MOoCepeHI0 IMIATPUMKY OCBITHBOTO
nporiecy. Tpadik ciry>kO0Boro abo aaMiHICTPATUBHOTO
NPU3HAYCHHS OTPUMYE CepelHii MPIOPUTET, IO rapaHTye
CTaOUTEHY POOOTY BHYTPIIIHIX iHPOPMALIHHAX CHCTEM.
Tl'octeoBUil AOCTYT, SIKMI HE € KPUTUYHUM Ul OCHOBHOL
TISUTBHOCTI, Ma€ HaWHIKYHK piBEHb TPIOPUTETYy, abu HE
NIePEBAHTAXXYBATH OCHOBHI KaHAITH 3B’SI3KY.

Jlist migBuiieHHs e(heKTUBHOCTI TIepeiadl JaHuX CIIi
3aCTOCOBYBaTH JuHaMiuHy Mapmpytusamito (DR) 3a
nornomororo npotokoinis OSPF, EIGRP a6o BGP, mio
JI03BOJISIE aBTOMATHYHO OOMPATH HAHONITUMAIIBHILI HITIXH
pyxy Tpadiky 3aeKHO BiJl CTaHy MEPEeXi.

BaxmmeuM ememeHTOM onTuMizarii  Tpadiky B
MepeXi € BUKOPUCTAHHS TEXHOJIOTiH KeIlyBaHHS depes
Proxy-cepsepu (PC), siki 30epirarorh Komii JaHUX, IO
YacTO BHKOPHCTOBYIOThCA. Takwid MiIxix 3MEHIIye oOcsT
30BHILIHBOTO TPaQiKy, MPUCKOPIOE JIOCTYII JI0 PECypciB Ta
3HIDKY€ HABaHTaKCHHSI Ha 30BHIIIHI KaHAIN 3B’ SI3KY

V KoMIUTEKCI BCi 3aX0/1H, 1110 3a3Ha4Y€HO y KopTexi (5)
CTBOPIOIOTH YMOBH ISl CTaOUTBHOT, IIBUAKOT Ta HAIHHOL
poboTr  MepekHoi  IHPPACTPYKTypH, OCOOIMBO B
CEpPEeNOBHIIl 3 BEIHMKOI0 KITBKICTIO KOPHCTYBadiB Ta
KPUTHYHO BaXJIMBUMHK OHJIaifH-cepBicamu. JlomaBaHHS
CKJIaJIOBOT, IO CIIJKy€ 3a 3MEHLICHHSIM 3aTPUMOK Yy
Mmepexxki (LD) € BaxkIMBMM acreKkToM MiIBUIIEHHS 1l
TIPOTyKTHBHOCTI Ta SIKOCTi pOOOTH KOpHUC-TyBadiB:

LD = {L3S, MH, DNSC, CDN}, (6)

ne L3S (Layer 3 Switching) — BHCOKOIIBHAKICHI KOMY-
taropu L3, MH (Minimum Hops) — miHiMi3awist «cTpu-
okiB» M Bysnamu, DNSC (DNS Caching) — noxansHuii
DNS-keur, CDN (Content Delivery Net-work) — mepesxa
JIOCTaBKH KOHTEHTY.

OCHOBHOIO METOI0 L[OTO TIPOLIECY € CKOPOYEHHS
yacy, SIKHil BUTpayaeThcsl HA Mepefady JaHuX MK Ipuc-
TpOsIMU Ta cepBicamu. J[yist mocsrHeHHsT MiHIMaiIbHOI 3a-
TPUMKH BHUKOPHCTOBYIOTHCS BHCOKOIIBHIKICHI KOMYyTa-
Topu TpeThoro pieHs (L3S), ski 3natHi 06po6isTu Tpadik
Oe3nocepeIHRO Ha armapaTHOMY piBHI. Takwif miaxin 3a0e3-
redye TPUCKOPEHHs TPOLIECiB MapUIpyTH3allii, OCKIIEKA
00po0OKa maKeTiB 3IiHCHIOEThCSA altapaTHo, a He IPOTPaMHOo,
IO 3HAYHO CKOPOYYy€ Yac IXHBOI'O IMPOXODKEHHS depes
Mepexy. llle omHIM BayKIIMBUM YMHHUKOM € MiHiMi3amis
KiUTBKOCTI  «cTpuOKiB» Mk  Bysmamu (MH), To6TO
3MEHILCHHSI KUIBKOCTI MPOMDKHHMX HPHUCTPOIB, Yepe3 sIKi
MPOXOJIATH JIaHI Ha LUISIXY Bif BiANIPaBHHKA JIO OJEPXKY-
Baya. ONTHMAaNbHOIO BBAXKAETHCS TIIMOMHA MapLIpyTy
y 2-3 nepexoy, 110 JI03BOJISIE YHUKATH 3aHBUX 3aTPUMOK,
TIOB’SI3aHMX 13 TEpeHaIpaBiIeHHsIM TpadiKy MK YHCIICH-
HHMMH NTPOMDKHUMH TOUKaMH.

Besnmkwit BIUIMB Ha MIBHIKICTB TOCTYIY 110 PeCypciB
Mae omruMizamiss DNS-cepBiciB. BripoBamkeHHsT T0Kab-
Horo DNS-kenryBanusi (DNSC) nozBosisie 3Ha4HO CKOpO-
TUTH Yac TIOWIYKy IOTPIOHUX anpec, mo 3abe3medye
IOIBUAIIAN JOCTYI O BeOpecypciB, SKi 4acTO BUKOPHC-
TOBYIOTBCSI T 3MEHIIY€ HABAHTAKEHHS HA KaHAJIN 3B’ SI3KY.

Kpim Toro, eekTHBHUM 3aCO00M 3HMXKEHHS 3aTpH-
MOK € BUKOPHCTaHHS Mepex nocTaBku KoHTeHTy (CDN).
3aBKM I TEXHOJOTIl OCBITHI IIATGOPMH, HABYAIBHI
Matepiaji Ta iHII pecypcu 30epiraloThCs Ha cepBepax,
po3TanoBaHuX reorpadiyHo OiiKye 10 KOPUCTYBAUiB, 10
JI03BOJISIE 3HAYHO IPUCKOPUTH 3aBaHTAKCHHS KOHTCHTY,
TOKPAIIUTA CTAaOUTBHICTE 3’€IHAHHSA Ta 3a0e3MmeunTn
koM(opTHY poOOTY 3 HABYAJIFHIMH OHIIAWH-CEpBiCaMU
HAaBITh TIPH BEIMKIil KITBKOCT OHOYACHUX ITiAKIFOUCHB.

VY CyKymHOCTI BCi 3aXOAH, LIO 3a3HAYCHO y KOp-
TexXi (6) CHPUAIOTH 3HIKEHHIO 3aTPUMOK Y TIepeaadi
JIAHUX, IIBUIICHHIO IIBUAKO/Il MEPEXki Ta MOJIIIICHHIO
3araJibHOI SIKOCTI IOCBIly KOPHCTyBaya.

banancyBaHHsI HaBaHTKEHHS € BAKIIMBOIO CKIIa-
JIOBOIO 3a0e3neueHHs cTabiibHOI Ta eeKTHBHOT poOoTH
MepexHol indppactpyktypu (LB), ocobimBo B ymoBax
BEJIMKOI KUIBKOCTI KOPUCTYBA4iB Ta BUCOKHX HaBaHTa)KEHb
Ha CepBepH 4YM KaHatM 3B’si3Ky. OCHOBHa MeTa LbOTrO
TpoLiecy TOJITaE B PIBHOMIPHOMY PO3IOJLNI 3aIUTiB Ta
Tpadgiky MK HAIBHAMH pPECypcaMy, IO JIO3BOJIIE
YHHKHYTH TIePEBaHTaXCHHs OKPEMUX BY3JIB i 3a0e3neuye
Oe3mnepepBHICTh POOOTH CEpPBICIB:

LB = {SLB, NLB, MWS}, )

ne SLB (Server Load Balancing) — cepBepHe OanaHcyBaHHS
nHaBantaxenHs, NLB (Network Load Balan-cing) —
MepexxHe  OanaHCyBaHHA ~ HaBaHTaxeHHs, MWS
(MultiwVAN support) — oaHayacHe MiIKIIOYEHHS 0 JIe-
KIJTBKOX TIPOBaIepiB.

OmgHpMM 13  KIIIOUOBHMX HAmpsIMIB €  CEpBEpHE
OamancyBaHHs HaBaHTaXeHHI (SLB), sxe mnepenbavae
PO3MOLT 3aNUTIB  KOPUCTYBauiB (HAIPHUKIIAJ, 3aldTiB
37100yBaviB OCBITH /0 HABYAIBHUX MOPTaTiB uu B/I) Mix
KiTbKOMa BeO- a00 TpPHKIAJHUMHU cepBepaMH. 3aBIsIKH
LIbOMY KOXXEH CEpBEp OTPHUMYE JIMIIE YACTHHY 3araJlbHOTO
HaBaHTAXKEHHsI, 110 3arodirae HOro rnepeBaHTAXEHHIO Ta
IJBHILYE CTAOUIBHICTh (DYHKLIIOHYBaHHS BCI€i CHCTEMH.
Takuii MexaHi3M J03BOJIsIE €DEKTUBHO BUKOPHCTOBYBATH
00YMCITIOBANIBHI pecypcH, 3abesredye HIBUIKY OOpOOKy
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3aIUTIB Ta NiABUIIYE 3arajbHy JOCTYIHICTb OCBITHIX
CepBICiB, HaBITh Y pa3i 3pOCTaHHS KUIbKOCTI KOPHCTYBaUiB
a0 THMYacOBOTO BUXO/IY 3 JIajly OJTHOTO 3 CEPBEPIB.
[HIIMM HanpsIMOM € MepeXxHe OaslaHCyBaHHs HaBaH-
takeHHs1 (NLB), sike momsirae B onTuMizanii po3noaity
BUXiHOTO Tpadiky MiK KiIbKOMa iHTEpHET-KaHATaMH. Y
crucremMax 3 miaTpuMko0 MultiwWAN (MW) Taka Texto-
JIOTist JO3BOJISIE OJHOYACHO BHKOPHCTOBYBATH JIEKiJIbKa
MIKTOYeHh OO0 PI3HUX IpoBaiizepiB, IO IIiJABUIIYE
TIPOITYCKHY 3JaTHICTh Ta HaIIHHICTh Mepexi. Y pasi 30010
a00 TepeBaHTaXCHHS OJHOTO 3 KaHaliB Tpadik aBTOMa-
TUYHO TEPEHANpaBILIETBCA Yepe3 IHIIMH, 3a0be3nedyroun
Oe3nepepBHICT poOOTH KOPHUCTYBAYiB Ta CEPBICIB.
3aBISIKM TIOEJJHAHHIO CEPBEPHOTO Ta MEPEKHOro
GanancyBanHsI (7) OCATAETHCSI BUCOKUIA PIBEHb BiZIMOBO-
CTIMKOCTi, CTaOUIBHOCTI Ta IPOAYKTHBHOCTI MEPEXHOI
iHppacTpyKTypH, 110 € OCOOJMBO BAaXJIMBUM JUIS
HABYAIBPHUX CEPEIOBHIL, N¢ Oe3MepepBHUN JOCTYI IO
OHITalH-peCypCiB Mae KPUTUYHE 3HAYCHHSL.
Brposamkenns B Mepexy 3BO cydacHUX TeXHOIOTiH
nepenaui ganux (MDT) cyTTeBO miJBHIY€E IIBHAKO/IIO,
HaIIHHICTD Ta €(heKTUBHICTD MEPEKHOT iHPPACTPYKTYpH:
MDT = {EC, SDN, IPV6, WIFI}, (8)

ne EC (EtherChannel) — 00’ etHaHHS KUTBKOX (Pi3UYHUX JIi-
Hiit B oqun kaHai, SDN (Software Defined Networ-king) —
LEHTpaJli30BaHe KepyBaHHs Mepexeto, [PV6 (In-ternet
Protocol v6) — mapripytusariis ta aapecariis, WIFI (Wi-Fi
Standards) — cranmapti 6e3MpOTOBHX JiHii 3B S13KY.

OparM i3 Takux pimesb € EtherChannel 3 Bukopuc-
TaHHsM TIpoTokoiry LACP, mo no3Bomsie 00’eqHyBaTH
KUTbKA (Di3MIHUX JIIHIA y OWH JOTiYHIN KaHa. [led miaxir
3abe3nedye 30UIBIICHHS TIPOIYCKHOI 3[AaTHOCTI MiX
KOMYTaTOpPaMH YH CEPBEPAMH, ITiIBUIIYE BiIMOBOCTIHKICTH
MEpeXi Ta JO3BOJSE PO3MONUIITH HaBaHTAXKECHHS MK
JeKiTbkoMa (i3MYHUMH KaOessMH, MIHIMI3YIOUM PH3UK
MIEPEBAHTAXKEHHSI OKPEMOTO KaHaly.

e oauuM BaxMBUM iHCTpyMeHTOM € SDN, sikuit
3a0e3mneuye [EHTPATi30BaHe KEPYBAHHS BCIEID MEPEIKEHO.
3aBmKM LI TEXHOJOTii  aJMIHICTPaTOPH  MOXKYTh
JMHaMi9YHO  ONTUMI3yBaTH Mapupytd  Tpadiky,
KOHTPOJIIOBATH TIPIOPUTETH JIAHUX 1 MIBHJKO aJaNTyBaTH
MEpEeXy /M0 3MIHHHX YMOB, IO OCOOJMBO Ba)XKINBO IS
BEJIMKMX OCBITHIX a00 KOPIOpPaTUBHUX CEPEIOBHII i3
BHCOKOIO aKTHBHICTIO KOPHACTYBadiB.

YV KOMIUTEKC] BCl TEXHOJIOT ], 1110 HABEJICHO y KOPTEexXi
(8) cCTBOPIOIOTH BHCOKO TIPOAYKTHBHY, HaIiiiHy Ta
MacimTaboBaHy MEpeXHYy  iHQPaCTPyKTypy, 3IaTHY
MATPIMYBaTH Cy4acHi OCBITHI IPOIECH Ta IHTCHCHBHE
BHUKOPHCTaHHS ITU(POBHUX peCcypciB.

BrpoBamkeHHS B MepeXy MeXaHi3MiB, IO Opi€H-
TOBaHI Ha ONTHUMI3allifo cepBepHOi iHPppacTpykTypr (SO),
Ma€ Ha METI MiIBUIICHHS POAYKTUBHOCTI, HAMIIITHOCTI Ta
THYYKOCTi OOYHCITIOBAJIBHUX PECYPCIB:

SO ={VIRT, NVMe, RAID}, 9
ne VIRT (Virtualization) — Bipryauizamis, NVMe (High-
speed NVMe storage) — mBuakicHi HakoruayBadi, RAID —
MacuBH 30epiraHHs JaHWX.

OmuH i3 KIOYOBUX TIIXOIiB, IO CHPSIMOBAaHI Ha
onrTuizamii  cepBepHOi  iH(pacTykTypH, TmoNsTAaE y
BHUKOPHUCTaHHI BIpTyali30BaHHUX CEPBEPIB Ha IIIaTGopMax
Takux sk VMware, Proxmox a6o Hyper-V. Bipryamizartist

JI03BOJISIE TMHAMIYHO PO3NOAUISATH PECYpCH MK Pi3HUMH
BIpTyaJIbHUMHU MAIlIMHAMM 3QJIEXHO BiJl HABAHTa>KEHHSI, 1110
3a0e3neyye e(eKTUBHINIE BUKOPHCTaHHS —arapaTHOTO
3a0e3neyeHHss Ta J03BOJSE IIBHAKO MaciuTaOyBaTh
00YMCITIOBAIBHI OTYKHOCTI MiJ] HOTpeOH KOPUCTYBauiB.

Jli1s1 3a0€e31meYeH s OTHOYACHOT BUCOKOI IIBUAKOZIT Ta
HaIIHOCTI 30epiranHs JaHMX BUKOPUCTOBYIOThCS RAID-
MacuBH, 30kpeMa KoH¢irypamii RAID 10 abo RAID 6.
RAID 10 noemHye mepeBarn MA3€pKAIOBaHHSA Ta
CMYTYBaHHS JQHUX, IO 3a0e3ledye MBUAKHA TOCTYH 1O
iHdopmariii Ta 0THOYACHO BUCOKY BIIMOBOCTIHKICTB, TOM1
sk RAID 6 nosBossie BUTpUMATH BUXIJ 3 JIaay KiTbKOX
HaKoIM4yBadiB Oe3 BTpaTh JaHUX. Taki pillleHHs rapas-
TYIOTh O€3MepepBHICTh POOOTH CEPBICIB Ta 3aXUCT KPUTHI-
HO BXXJIMBOI iH(popMaril HaBiTh y pa3i anapaTHux 3001B. Y
CYKYITHOCTI 3axo[d, SIKi TpeacTaBieHO KoptexeM (9)
3a0e3MeyyoTh BUCOKY TPOJYKTUBHICTh, HAJIHHICTh Ta
THYYKICTh CEpPBEPHOI 1HQPACTPYKTYpH, IO € KPUTHIHO
BOXJIMBAM [UIsl CYyYacHHX OCBITHIX Ta KOPIOPATHBHUX
cHCTeM. 3aCTOCYBAaHHS Y KOMIT FOTEpHIA Mepeki MeXaHi3-
MiB, [II0 JIOTIOMOTAFOTh 3/IifICHIOBATH MOHITOPUHT TIPOIyK-
THBHOCTI Ta cepBepHoi inppacTpykrypu (PM) € kputnuHo
BKIIMBUM JUIsl 3a0e3nedeHHs cTaliibHOl Ta e(heKTHBHOT
PpoOOTH CHCTEM B LIJIOMY:

PM = {NM, MPD, AN}, (10)

ne NM (Network Monitoring) — Mmorutopiar mepesxi, MPD
(Monitoring of Performance Data) — wma6ip cuctem
momnitopunry, AN (Alert Notifications) — mexanism orosi-
IIEHHS PO MPOOJIEMH y pOOOTi.

HasiBricts Mexanizmy manutopsary (NM) y mepexi
niepenOayae Oe3rmepepBHAI KOHTPOJIb IIBUIKOCTI TIepeaadi
JIaHUX, HABAHTA)KCHHS Ha CEPBEPU Ta MEPEXHI BY3IH 32
JIOTIOMOT'OK0  CIIeIfiali3oBaHux cucreM, Takux sk PRTG
Network Monitor, Zabbix, Nagios abo SolarWinds NPM.
Leii Habip IHCTPYMEHTIB J03BOJISE B peajbHOMY 4Yaci
BUSIBJISITU BY3bKi MICLISI, JI€ TPOJYKTHUBHICTh Mepexi ado
CepBEPIB OOMEXYETHCSI HAAMIPHAM HABAHTAXKEHHAM YU
TEXHIYHUMHU OOMEKESHHSIMH.

V kommtekci MoHiTopuHT mpoaykrusHocTi (10) 3a-
6e3medye MPO30pPICTh POOOTH CHCTEM, CBOEYACHE BUSBIICH-
HS TOTCHUiHHMX mpoblieM Ta JO3BOJSE IUIAHYBAaTH
OIITHMI3AIlIF0 MEpexXi Ta CepBEepHOi iHPPACTPYKTYpH Ha
OCHOBI peaJIbHUX JaHHX.

BripoBa/pKeHHsI CKJIAJIOBOT, IO CIIJIKY€E 3a BiIMOBO-
CTIMKICTIO CHCTEMH Ta pe3epBYBaHHAM iH(opMarlii, sIKOro
Bona onepye (FR), € kmrouoBuM acniekToM 3a0e3nedeHHs
crabimpHOI Ta Oe3mepebiiiHOl pOOOTH MepexkHOoi Ta
CEepBEPHOI 1HPPACTPYKTYpH:

FR ={BRD, TP, VRRP, MW, BCP}, (11)

ne BRD (Backup Routers & Devices) — pesepBHe 00-
nagraanHs, TP (Tree Protocol) — HOip TeXHOTOTIH 1S YHHK-
HHs netesib, VRRP (Virtual Router Redundancy Protocol)
— IPOTOKOJ [yt 3a0e31edeHHs Ty OItoBaHHs NuTo3iB, MW
(MultiwAN Channels) — posnionin Tpadiky Mix kaHanaMu
Ta aBTOMAaTHUYHE MEPEKIIFOUEHHsI Ha pe3epBHUI kaHai, BCP
(Backup & Cloud Replication) — pe3epBHe KOIiFOBaHHSL.
OCHOBHOIO METOIO 3aXOIiB, 1110 3a3HAYEHO y KOPTEXi
(11), € rapanTyBaHHS GE3MIEPEPBHOTO JAOCTYITY 10 CEPBICIB
HaBITh y pa3i BUXOMy 3 JIaAy OKPEMHX KOMIIOHEHTIB a0o
KaHaiB 3B’s13Ky. /g mporo B Mepekax mependadaroTh
HasBHICTh PE3EPBHUX MapIIPyTH3aTOPiB, KOMyTaTOPiB Ta
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kaHatiB 3B”s3Ky (BRD), siki MOXyTh aBTOMATHYHO
MIMIHATH OCHOBHI BY3JIM Ta JiHIl mpu iXHbOMY 30010,
3a0e3nedyroun Oe3NepepBHICT Nepenayi JaHuX.

Jns 3anoOiranHs mpoGiemMaM y TOIOJIOTii Mepexi
3acTocoByr0ThCs TexHoorii STP ta RSTP, siki 103BONSIOTH
YHUKATH YTBOPEHHS IIETENb Ta 3a0e3NeUyI0Th CTaOUIbHY
MapmpyTusaio tpadiky. J[yOaroBaHHS MUTIO3IB peai3y-
€eThCs 3a moroMororo mporokonie VRRP a6o HSRP, mo
JIO3BOJISIE PE3EPBHIM IIITF03aM aBTOMaTHYHO OpaTH Ha cebe
(GyHKIIi OCHOBHOTO Yy pasi HOro BiZMOBH. Y BHIAJAKY
TIIKITIOYEHHS 10 KUTBKOX TIPOBaii/iepiB BUKOPHCTOBYETHCS
MultiWAN, mo 3abe3neuye posmoaun Tpadiky Mix
KaHAJIaMH Ta aBTOMATHUYHE NEPEKITIOUEHHS Ha pe3epBHUI
KaHaJl OpH 3005X OCHOBHOrO. BaknuBuM eleMEeHTOM
BIJIMOBOCTIHKOCTI € pEryJisipHe pe3epBHE KOIIOBAaHHS
nanux (BCP), o mocsiraethbest yepes Bukopuctants RAID-
MacHBIB, 5IKi 320€31e4yr0Th 30epeKeHHs iH(pOpMallii HaBiTh
TIPH BUXOI 3 JIay OKPEMHX HAKOIINYYBayiB, a TAKOXK Yepe3
PeILTIKaIio JaHUX Y XMapi, [0 T03BOJISIE MATH aKTyaJbHi
Ppe3epBHi KOl mo3a MekaMH JIOKaJIbHOI iIHPPACTPYKTYPHL.
VY pe3ynbTarti moe IHaHHS Pe3ePBHIX IPHUCTPOIB, My OmiKarii
KaHaJTiB Ta IUIO3IB, a TaKOX CHCTEM pPEe3epBHOIO
KOITIFOBaHHSI CTBOPIOETHCSI KOMILIEKCHA CHCTEMA BiJIMOBO-
CTiKOCTI, sika 3a0e3meuye HafiliHy, Oe3mepeliitHy Ta
CTiiiKy poOOTY Mepexi Ta CepBepiB HABITh y pa3i TEXHIYHUX
3001B UM IepeBaHTAXKEHb.

MexaHi3mMy, SKi peani3yloTh Oe3leKy Ta piBeHb
noctymy y Mmepexi (SA), € HeBiT €éMHUMH CKIaJOBHMH
Cy4acHOI MepexHOi iHPPACTPYKTYpH, IO CIPSMOBaHI Ha
3aXHCT JIAHUX Ta 3a0e3IeUeHHs NPaBHILHOTO PO3IOALTY
NpaB KOPUCTYBAYiB:

SA = {VLAN, FW, IPS, AC, ENC}, 12)

ne VLAN (Segmentation of traffic) — VLAN cermenTaris,
FW (Firewalls) — mixmepexni expanu, IPS (Intru-sion
Prevention System) — cucrema 3amo6iraHHs HECAHKITIOHO-
Banux BToprHeHb, AC (Access Control) — cucrema
ayrenTudikarii kopuctysadis, ENC (Encryption) — 3axuct
NEpeflaHnX JaHUX BiJ TEPEeXOIUIEHHA Ta HECaHK-
I[IOHOBAHOT'O JIOCTYILY.

OmarM i3 OCHOBHHMX 3aXOIiB y Iill cdepi €
CerMeHTAIlist Mepexi 3a goromororo VLAN, 1o 1o3BoJsie
BIJIOKPEMJIIOBAaTH  CTYJICHTCBbKi, aJMIHICTpaTHBHI  Ta
rocthoBi 30HHM. Taka opraHizaiis 3a0e3meuye KOHTPO-
JIbOBaHE OOMEXEHHS JIOCTYNy MDK pPI3HHUMH TpyHamu
KOPHCTYBaYiB Ta MiHIMI3y€ PH3MK TOLIMPEHHSI 3arpo3 y
Mepexi. [ 3axucTy Bif KiOepaTak BHKOPHCTOBYIOTHCS
MmikMmepexxHi ekpann (FW) Ta cucremMu BUSBICHHS Ta
3anobiranns BTopraeHb (IPS), siki BifcTexyroTh Tpadik,
BUSIBIIFOTH  IIJO3pUTL  Jii Ta HANAIOTh MOXKIIHMBICTH
0JI0KyBaTH TIOTEHLIiHHI 3arpo3H JI0 TOTO, SIK BOHH MOXYTb
BINIMHYTH Ha poOoTy Mepexi abo cepsiciB. Konrtpoin
JOCTYIly JI0 PpECypCiB pealizyeThCsl 4Yepe3 CHUCTEMHU
ayreHtudikauii kopuctypauis (AC), taki sik RADIUS,
LDAP a6o Active Directory, mo J03BOJISIOTh TEPEBIPSTH
mpaBa JIOCTYIly Ta 3a0e3ledyioTh I[EHTpalli30BaHe
YIpaBIIiHAA OONIKOBUMH 3amuicamu. Takui miJxia rapan-
Tye, IO TIJIBKM aBTOPW30BaHI KOPUCTYBadi OTPHUMYIOTH
JOCTYTI 10 BiJITIOBIJHUX PECYPCiB, a paBa Ta poji MOXHA
HAJIAIIITOBYBATH BiATIOBITHO JI0 TIOTPeO opraHi3ariii.

Jlnst 3axucTy nepenaHnx JaHUX BiJ] NEPEXOIUIEHHS Ta
necankiioHoBanoro gocrymy (ENC)  3actocoByerhest

mmdpysanss Tpadiky. Buxopucranus VPN 3a0e3neuye
Oesmeune BigmaneHe mninxmodeHHs, HTTPS rapanrye
3axXUIleHy Iepenady JaHHX 4yepe3 BeOCepBiCH, a CydacHi
cranpaptn Wi-Fi, taki sk WPA3, mizBuniytots Gesrneky
0e37POTOBHUX MiJKIIFOUCHb, Y KOMIUICKCI 3aXOfH, IO
BIPOBaDKEHO ¥ cKamoBy SA (12), 3abe3nedyroTh 3aXHCT
MepeKi, KOHTPOJIb 3a IOCTYIIOM JI0 PECYpCiB Ta Oe3rmedHy
nepeady IaHWX, 10 OCOONMBO BaXIIMBO B OCBITHIX 1
KOPIOPATUBHUX CEPEIOBHINAX i3 BEIMKOI KUIBKICTIO
KOPHCTYBAYiB Ta Pi3HOPIBHEBUMH 30HAMH JOCTYILY.
EdextuBHE ympaBmiHHSI pecypcaMH B CydacHHX
MEpEXHHX Ta CEPBEPHHUX IH(QPACTPYKTypax 3a paxyHOK
BUKOPHCTAHHS BiImoBigHOTO Habopy mexaHizmiB (RM) €
KIFOYOBMM  (hakTOpoM  3a0e3MeueHHs  CTaOUIBHOCTI,
MPOAYKTHBHOCTI Ta IIBHAKOIO pearyBaHHS Ha 3MIiHH
HABAHTAXXCHHS UM MOTEeHIiiHI pobiemu (13):

RM = {NMS, OEM, ACNF}, (13)

ne NMS (Network Management Systems) — IeHTpalti-
3oBane aaminictpyBanns, OEM (Operational Efficiency
Monitoring) — MoHITOpHHT e(EeKTHBHOCTI (yHKIIIO-
uyeanus, ACNF (Automated Configuration) — astoma-
TH3allis KOH}Irypariiii Ta OHOBIICHb.

O[IHUM 13 OCHOBHUX ITIAXOMIB 10 JOCATHEHHS LILOTO €
[CHTPATI30BaHE aJMIHICTPYBAHHS 3a JOTIOMOTOK CHCTEM
ympaBmiHE ~ Mepexeto  (NMS).  IlenrtpamizoBane
aIMIHICTpyBaHHS JIO3BOJIIE KOHTPOJIIOBATH BCi BY3IIH Ta
TPUCTPOi Mepexi 3 omHOro iHTepdeiicy, BiICTeXyBaTH
XHI{ CTaH, HANAIITOBYBAaTH MOJIITHKU JIOCTYITY, KEPYBaTH
KOH(IrypaIlisiMi Ta TUIaHyBaTH MacIITaOyBaHHS peCypciB
BIATIOBIHO 710 TOTpeO opraizamii. He MeHm BaskimBrM
ACTMIEKTOM € MOHITOPUHT €(DeKTUBHOCTI (DYHKIIOHYBaHHS
(OEM), sikumii mae 3MOry BINCTEXyBaTH CTaH MEpexi Ta
CEepBEPIB y peajbHOMY Yaci. 3aCTOCYBaHHS CHCTEM, TaKHX
sk Nagios, Zabbix a6o PRTG, 103BoJisle KOHTPOJIOBATH
3aBaHTA)KCHHSI KaHAJIB 3B’SI3KY, BUKOPHCTAHHS CEepBEPIB
nam’siTi, 3aTpUMKH Tepenadi JaHuX Ta IHII KPUTHYHI
napaMeTpy. 3aBISKH LBOMY aAMIHICTPATOPH MOXKYTh
CBOEYACHO BHSBILITH BY3bKi MICIISI, TIOTSHITIHI TIPOOIeMH
Ta 3arpo3H, LIO JI03BOJISIE IIBHKO PearyBaTH Ta 3arobiraTu
NPOCTOI0 a0 3HIKEHHIO NpoaykTuBHOCTI. llle omHuM
BOXJIMBAM €IEMEHTOM e(EKTHBHOTO YIPABIIHHA €
aBTroMarm3ailis KoH¢irypaniit ta oHosienb (ACNF) 3a
JIOTIOMOTOK0 ~ CIICIIIali30BaHUX 1HCTPYMEHTIB, TaKHX SIK
Ansible abo Cisco DNA Center. Y pe3ynbrarti Mo€eIHaHHsS
LIEHTPAJII30BaHOTO aIMiHICTPYBaHHS, TIOCTIHHOTO MOHITO-
PHUHTY TPOAYKTUBHOCTI Ta aBTOMAaTW3a-Iiii KOHGIryparii
(13) mocsiraeThest BUCOKHMIA PiBEHB €(hEeKTHBHOTO YIIPaBIIiH-
HS pecypcaMy, IO JO3BOJISIE IIITPUMYBATH CTaOUIbHY,
OesreuHy Ta MaciITaboBaHY MEpEXHy iH(pPa-CTPyKTypy
HAaBITh y CKJIAJJHUX 1 IMHAMIYHAX YMOBAX SKCILTyaTaIlii.

MaciuraboBaHicTh Ta THy4KicTh (SG) — 1e KITI04OBi
XapaKTepHCTUKK OCBITHHOI MepexHOi iH(ppa-CTpYKTypH,
sIKI BU3HAYaIOTh 3/IaTHICTh CUCTEMH LIIBUJIKO a/1allTyBaTUCS
JI0 3MiHHUX MTOTPeO Ta 3pOCTaHHS HAaBAHTAKECHHS.

SG = {NE, VRT, SDN, CT}, (14)

ne NE (Network Expansion) — MOKITMBICTE pO3LIAPEHHS
mepexi, VRT (Virtualization) — migrpumka BipTyasizarii,
SDN (Software Defined Networking) — mporpamso-
koudiryposani mepexi, CT (Cloud Techno-logies) —
XMapHi TEXHOJIOT 1.
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OnHuM i3 TIPOSIBIB MacIITaOOBAHOCTI € MOXKJIUBICTh
nerko postmproBati Mepexxy (NE) LutsIxoM miqKmoueHHs
HOBHX KopmyciB, (akynbTeTiB abo saboparopiii 0e3
HEOOXIHOCTI MOBHOT mepeOy0BH ICHYH0YO1 iH(PpaCcTPyK-
Typu. Takuil miaxin A03BOJSE OpraHizaiisM e(eKTHBHO
pearyBaTH Ha 30UIBIICHHS YHCIa KOPUCTYBadiB, HOBI
OCBITHI TIporpamMu 200 TEXHOJIOTIYHI MPOEKTH, 30epiralodn
TIPY [IHOMY CTAOLTBHICT Ta MPOIYKTHBHICTH MEPEXKi.

IMixTprMka BipTyamizamii cepBepiB Ta MEPEKHHX
enemenTiB (VRT) € BaXKITMBAM iHCTPYMEHTOM JIOCSTHEHHSI
THYYKOCTi. Y moemHaHHi 3 TexHoiorisma SDN, mo
JI03BOJISIIOTH LICHTPATI30BaHO KEPYBATH IOTOKAMH JIAHHX
Ta 3MIHIOBaTH MapIIpyTH mNepenadi iHpopmallii y peab-
HOMy 4aci, Taka IH(PacTPyKTypa CTa€ MaKCHMAIbHO
aJIANITUBHOIO Ta TOTOBOIO JI0 MIBUJIKHMX 3MiH.

BaxmuBy posib y 3a0e3nedeHHi MacIiTabOoBaHOCTI
TaKUX CHCTeM Bimirparots xmapHi texuosnorii (CT), ski
JIO3BOJIIIOTH 30epiraT BelWKi oOCSTH JaHWX, HaBYaJbHI
pecypcH Ta pe3epBHI KONl 1032 MEKaMH JIOKaJIbHOI
iHppacTpykTypr. Y CyKymHOCTI MacmITabOBaHICTH Ta
THy4KicTh (14) MO3BONSIOTE MEpeXKHIH Ta CepBepHii
iHpacTpykTypi amanTyBaTHCS IO YMOB OCBITHBOTO
mporiecy, SKi TIOCTIFHO 3MIHIOIOThCS, 3a0e3leuyBaTh
e(eKTUBHE BHKOPHUCTaHHS pPECYpCiB Ta TrapaHTyBaTH
Oe3repepBHHUIM JIOCTYI 10 CEPBICIB HABITH NPH PI3KOMY
30UIBIIEHHI KUTBKOCTI KOPUCTYBadiB ab0 pO3LIMPEHHI
(yHKLIOHABHUX TOTPEO YCTAaHOBH.

Opientanis Ha mnoTpebu kopuctyBauis (UB) €
KITIOYOBUM TPHHLMIIOM ITOOYIOBH CYYacHOI OCBITHBOT
MEpeXKHOI iHPPACTPYKTYpH, OCKUIBKH came KOMQOpT Ta
eeKTHBHICTh POOOTH KiHIIEBUX KOPHUCTYBAUiB BU3HAYAIOThH
YCITIITHICTD A(PPOBUX CEPBICIB:

UB = {SQ, WFC, GA}, (15)

ne SQ (Service Quality) — Bucoka sikicTh 0OCITyTOBYBaHHsI,
WFC (Wi-Fi Coverage) — naniiine mokpurtss Wi-Fi, GA
(Guest Access) — MOKITHBICTE TOCTBOBOTO J0CTyImy (i30-
nboBaHi rocthoBi VLAN).

OnHUM 13 acreKTiB 1Oro MiIXoAy € 3a0e3neyeHHs
BHCOKOI SIKOCTi 0OciyroByBaHHS (SQ) U KPUTHIHUX
3actocyHKiB, Takux sk €JJEBO, Moodle, Zoom, Meet ta
Microsoft Teams. IIpioputesaris Tpadiky HX cepaiciB
rapaHTye, 0 HaBYaIbHi I1aTdopMu, BieokoHpepeHIii Ta
€NIEKTPOHHI IOKyMEHTOOOITH MPAIIOIOTh CTa0UIEHO Ta 0e3
3aTPUMOK, 1[0 JIO3BOJISIE 37100yBayaM OCBITH Ta BHKJIaJa-
yaM e(eKTUBHO B3a€MOISTH Ta OTPUMYBATH JOCTYH JO
OCBITHIX pecypciB y Oyap-sikuii dac 0e3 mepeOoiB abo
A {iHHS TPOAYKTUBHOCTI.

[Ile omHMM BaXIMBHM €JIEMEHTOM Opi€HTANil Ha
KOpHCTyBada € HamiiHe mokpurtst Wi-Fi y Bcix 30Hax
nepeOyBaHHS 3/100yBadyiB OCBITH Ta CHiBPOOITHHKIB.
Meperka NMOBMHHA 3a0e3redyBaTH CTAOUIbHE Ta IIBUJIKE
3’€IHaHHS HE JIMIIE Y HABYAIBLHUX KopIrycax i jaboparo-
pisiX, aJie i y 1HIIHMX TPOMaICHKHX IPOCTOPaxX Ha TEPUTOPIi
ycranoBu. Takuil miaXix Jae 3MOry KOpHCTyBadam
3IMIIATUCS TIJKIIOYEHUMH JI0 OCBITHIX PpecypciB Ta
cepBiciB y  Oymp-SIKMi MOMEHT, HE 3HIDKYIOUH
MPOAYKTUBHOCTI  OCBITHBOTO  Tporecy. He  meHm
BaKIIMBOIO € MOXJIMBICTH rocthoBoro gocrymy (GA) mo
Mepexi, IO JT03BOJISIE BiJIBiMyBaYaM, TOCTSIM Ta CTOPOHHIM
KOPHCTyBadaM MiJKIIOYaTHCs O€3 HEraTUBHOI'O BIUIMBY Ha
Oe3reKy Ta TMPOMYKTUBHICTH BHYTPINTHBOI Mepexi. s

LBOTO 3aCTOCOBYIOTHCS i30sbOBaHi rocthoBi VLAN Ta
BIAMOBIIHI ~ MEXaHI3MH  KOHTPOJIO  JOCTYIy, IO
TapaHTyIOTh 3aXUCT KPUTUYHO B&KIMBUX PECYpCiB Ta
JIAHUX OpraHi3amil. ¥ KOMIUICKCI 3aX0/IH, 110 3a3HAYCHO Y
koptexi (15) 103BOMAOTE CTBOPHUTH iHMPACTPYKTYPY, L0
Opi€HTOBaHA Ha KiHIIEBOTO KOPHCTyBaua, sika 3a0e3redye
cTabuIpHy pOOOTY KPWUTHUYHHX CEpBICiB, KOM(OpPTHHIL
JOCTYIl 10 HaBYAIBHHMX MaTepialiB Ta BHCOKHHA DiBEHB
Oe3mekr, 3a/JI0BOJIBHAIOUN TOTPeOM 3700yBadiB OCBITH,
BHUKJIA[[a4iB Ta TOCTEH YCTAHOBH.

Pe3yabTaTu Ta iX 00roBOpeHHst

Ha ocnoBi Moan¢ikoBanoi mozeni (2) Ta BpoBaj-
KeHHnX (pyHKIioHANPHUX MexaHi3Mmax (3-15), mpoBeneHo
P  eKCIIEPUMEHTIB, IO JEMOHCTPYIOTh KIiJIbKiCHE
TOJIIIIIEHHSI KITFIOYOBUX MapameTpiB Mepexi 3BO.

30KpeMa eKCIepeMeHT, 1110 Bu3Havae BIUUB (SQ)
Ha 3aTPUMKy Ta TPOAYKTHUBHICTh BepH]iKye edek-
TUBHICTh ontuMmizauii tpadiky (TO) Ta 3abe3medeHHs
notpe6 kopuctysadiB (UB) uepe3 mexaHi3m oOHpaHHS
npiopitretHoro Tpadixky QoS. Otxke, B pe3ynbrari
NPOBEACHHS CKCIIEPUMEHTY Mae OYyTH CreHepOBaHO
kputnuHui Tpadik (iMiTaris Bigeokondepeniii (Meet,
Zoom) Ta HEKpUTHUYHUH Tpadik (IHTEHCHBHE 3aBaHTAa-
JKCHHSI BEJMKHUX (ailjIiB), MW YOTO CIiJ BUMIPUTH
cepexnnto 3aTpuMKy (RTT) kpuruaroro Tpadiky y ABoX
pekuMax. PosrmisHeMo mOKNaaHIME I ABa PEXHMU!
mepmmii pexxuM  (06azoBa Mepexa) 0e3 3aCTOCYBaHHS
QoS, npyruit pexxuM (ONTHMIi30BaHA Mepeka) 3 aKTHB-
HUM QOS, e KpUTHYHUI Tpadik OTpUMY€ HANBHIIHIA
HpiopHTeT.

Pesynbrar reHepanii y mepumioMy pexumi Imif
BIUIMBOM HAaBaHTa)XEHHs BiJl HEKPHUTUYHOTO Tpadiky:
cepelHsl 3aTPUMKa KPUTHYHOTO Tpadiky MOXe csraTu
3Ha4YeHb, Oumbire 120 MC, 10 € HENPUHHATHUM IS
VolIP/Video. Tlepexin A0 apyroro pexwuMy i3 3acTOCy-
BaHHAM QOS NpU3BOIUTE 10 CyTTEBOro 3HMMKeHHs RTT
JI0 TEKUTBKOX IECSTKIB MITICEKYHH, IO IMiATBEPIXKYE,
1o MexaHi3M QoS rapaHTye cTabiTbHE BUAUICHHS CMYTH
Ta BHCOKY SKICTh OOCIyrOBYBaHHS /ISl NPIOPUTETHHX
HaBYaJIbHHUX cepBiciB (Meet, Zoom) Ta agmiHicTpaTHB-
Hux cucrem (€JJEBO), BignosinHo no Bumor UB.

HacTynHuii eKCIEpeMEHT OIUCYE MOJKJIMBOCTI
KiJIbKICHOT o1iHky BiamoBocTiiikocti (FR) ta cripsimoBa-
HUA Ha BHU3HA4YeHHs e(EeKTHBHOCTI MeXaHi3MiB
pe3epByBaHHS, IISIXOM BH3HAYEHHS 4acy BiIHOBJICHHS
cepicy (TTR) mpum MomemoBaHHI 300iB KIFOUOBUX
KOMITOHEHTIB. Po3risiHyTOo sBa KpUTW4YHI cleHapii
BIIMOBM:  NEpIIMA —  II€ BiAMOBa  OCHOBHOTO
[IUTI03Y/MapIIpyTH3aTopa Ha pO3MOJUILUOMY PpiBHI, €
aKTMBOBAHO IPOTOKOJM JyO-mroBaHHS muto3iB VRR;
JpYTHil — 11 BiIMOBAa OCHOBHOT'O iHTEpHET-KaHaJTy, /e
BHKOPHCTOBYIOTBCS PE3EPBYBaHHA Ta PO3IMOILT Tpadiky
MW  (MultiwAN). V  pesymerati mnpm  BimZMmoBi
OCHOBHOT'O IIUTIO3Y, EPEMUKAHHSI Ha PE3EPBHUM ILI03
3a gonomororo VRR BiOyBaeThcst MeHIE HiX 3a 3 ceK.
I[Ipy BiZIMOBI OCHOBHOTO 30BHIIIHBOTO KaHAIY,
MIePeKITI0YeHHS Ha pe3epBHUM kaHat MultiWAN 3aiimae
Mmennte Hix 10 cexkyna. OTpuMaHi pe3ysibTaTi J0BOASTS,
mo pearnizamis MexanismiB (FR) 3abe3meuye BHCOKHiA
piBeHb BIMOBOCTIHKOCTI Ta MIHIMI3y€ Yac MPOCTOIO
Mepexi, 0 € KpUTHIHUM 151 O€31IepepBHOCTI pOOOTH.
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Merta TpeTbOr0 EKCIEPUMEHTY  IiJTBEPIUTH
e()eKTUBHICTb 130J1s1ii KPUTUYHUX CEIMEHTIB MEpexi,
3abe3neueny VLAN cermenraiiero ta MiKMEpEKHUMH
expanamu (FW), sk ereMeHTIB Oe3neku Ta KOHTPOIIO
noctymy (SA). PosrmsHyTa cripoda HeCaHKI[IOHOBaHOTO
JOCTYITy 0 «AIMIHICTPaTHBHOTO CETMEHTY» MEpexKi 3
TOCTBOBOTO Ta HaBYAIBHOTO CerMeHTIB. OTXe, 3aBISKH
KOPEKTHO HajamToBaHuM moiitnkam (FW) Ta isosmsii,
3abe3nedeniit VLAN, Bci cipoOH BCTAaHOBJIICHHS 3B'S3KY
(mampuxnan, Ping, Telnet) Mk i30IbOBAHUMH CETMEH-
Tamu Oyin 3a010koBaHi. Lle miarBepmKye, mo 3amporo-
HOBaHa MOJIeJIb YCHIIIHO peaizye BUMOTY Oe3IeKH Ta
KOHTpOJIO foctymy (SA), rapaHTyrouu i3ossiuito Tpadi-
Ky Ta 3aXHCT KPUTUYHUX JIAHHUX BiJl HEABTOPH30BAHOTO
JIOCTYITy 3 IHIIKUX cerMeHTiB Mepexi 3BO.

BucHoBku

[poBeneHnit aHami3 Ta eKCHEPHMEHTH ITOKa3aH,
IO 3alponoOHOBaHa MOETbh (PYyHKLIOHYBaHHS KOMII -
fotepHoi Mepexi 3BO  (2) edekruBHO (Dopmanisye
OararoacrekTHy iHPPaCTPyKTypy, IO € KPUTUYHO BaX-
JUBOIO JUIA CYYacHOTO 3aKJially OCBITH. 3a3HadyeHa
MOJIeNIb BPaxOBY€ HEOOXIAHICTh (YHKI[IOHAIBLHOTO
po3miicHHs Mepexi Ha cerMeHTH. OCHOBHHUMH 1i
TepeBaraMu € 3aTHICTh IHTETPYBaTH MOJITHKY O€3IeKH
Ta KUTBKICHO OLIHIOBAaTH HAIIHHICTH Yepe3 HMOBIPHICTh
BIZIMOBH, IO JI03BOJIsIE CTBOPIOBATH MaclTaboBaHi, THY-
9yKi Ta Oe3MeYHi MEpeXHi pIlleHHs, AKi MiHIMI3yIOTh
PH3UKM JUIA KPUTHYHUX JaHHX Ta 3a0e3meuyroTh
0e3IepepBHICTh OCBITHROTO MPOIIECY.

IIpoBenenuii anaxi3 ta po3pobiicHa MaTeMaTHYHA
Mojenb ¢yHkiionyBanHs: KM 3BO ycninuo dopmaiti-
3yI0Th OaraToacnekTHy iHQpacTpyKTypy, L0 € KpH-
TUYHO BKJIMBOIO JUISL Cy4aCHOTO 3aKJajly OCBITH.

OCHOBHUMH TIepeBaraMu Mo/JiedIi €:

- opmarizamis CTpYKTYpHHX Ta (PYHKI[IOHATEHUX
BHAMOT: 3aIpOIIOHOBaHa MOJENH (2) BKIFOYAE KITFOYOBI
ctpykTypHi exemerTd (N, C) Ta ciM OCHOBHUX (DYHKIIiO-
HAIBHUX BUMOT: iepapXiuHy apxitektypy (HA), mpo-
MyckHy 3matHicTh Ta mBuakonito (BC), BimmoBo-

cTilikicTh Ta pezepByBanHs (FR), Oe3neky ta KOHTpOIJb
nocrymy  (SA), ynpasniHHa pecypcamu  (RM),
MacmTaboBaHICTh Ta THy4Y-KicThb (SG), opieHTalito Ha
norpedu xopucrysadis (UB);

- cerMeHTaliss Ta Oe3meka: MOJAEIb BPaXxOBYE
HEOOXiA-HICTh (PYHKI[IOHAIEHOTO PO3AUICHHS Mepeki Ha
cermedtn (VLAN) g pisHMX 1ine#t (HaBUaHHSA,
aaMiHiCTparis, 30epiraHHs JaHUX, BimeocrocTe-
PEKEHHS), IO TO3BOJISIE CTBOPIOBATH OE3IIEeYHI MEPEXHi
pilreHHsI, SKi MIiHIMI3YIOTh PHU3HKH Ui KPUTHIHUX
maanx (€JEBO/JJEKAHAT) Ta 3abe3neuyroTh Oesre-
PEPBHICTH OCBITHBOT'O ITPOLIECY;

- IHTerpalisi BiIMOBOCTIIIKOCTi: OCHOBHOIO IIlepeBa-
rol0 Mojeni € i1 3[JaTHICTh IHTErpyBaTd MeXaHi3MH
BiZIMO-BOCTilKOCTI Ta pe3epByBaHHs (FR), BKiovyarouu
nyOnro-BaHHsL MapiupytusaTtopis, nunosiB (VRRP) Ta
MultiwAN, mo mo3Bonse KiABKICHO —OIIHIOBATH
HAJIHHICTH dYepe3 WMOBIPHICTH BIiIMOBH KPHUTHIHUX
KOMITOHEHTIB.

ExcnepuMmeHTanbHi  OCHIIKCHHS — IMiOTBEP AN
e(EeKTHBHICTF MEXaHI3MiB, IO Oylo 3aKIageHo Yy
Mogxemi. [Tomampmmi mochimkeHHS OyIyTh 30CEpemKeHi
Ha KUIbKICHIH OIIHLI BIUIMBY IPOTpaMHO-KOHQIrypo-
BaHuX Mepex (SDN) ta Bipryanizauii (SG) Ha auHaMiv-
HY MacIITa0OBaHICTh MEpexXi, a TakoXX po3podui ado
Moudikarii anropuTMiB aBTOMaTH30BaHOTO KEPyBaHHS
MOJITUKAaMK OE€3MeKH Ta MapUIPYTH3aLi€l0 Ha OCHOBI
JJAHUX, OTPHUMaHHUX Bijl CHCTEM MOHITOpUHTY RM.

Konduikr inTepecis

ABTOpPH EKNApylOTh, 10 HE MAarOTh KOH(IIKTY
IHTEpeCiB CTOCOBHO JAHOT'O OCII/PKEHHS, B TOMY YHUCII
(hiHAHCOBOTO, OCOOMCTICHOTO XapaKTepy, aBTOPCTBA UM
IHIIIOTO XapaKTepy, 10 Mir' OM BILIMHYTH Ha JOCTiPKEHHSI
Ta HOTO pe3yNbTaTH, NPEICTABIICH] B IaHIl CTATTI.

Bukopucranss 3aco0iB IITYYHOr0 IHTEIEKTY

ABTOpPH MiATBEPIDKYIOTh, 10 HE BAKOPUCTOBYBAJIN
TEXHOJIOTIT IITyYHOrO IHTEJEKTY NpPH CTBOPEHHI
HpeICTaBIeHOT POOOTH.
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Optimization model of a higher education institution's computer network based on data transmission technologies
Mykola Surovytskyi, Tetiana Filimonchuk, Stanislav Partyka, Olena Sevostianova

Abstract. The relevance of the study is determined by the rapid development of information technologies and the
digitalization of the educational process, which makes the proper organization of a computer network in a higher education
institution critically important. Modern higher education institution networks face challenges related to the functional segmentation
of network segments, the need to ensure the security of critical data from guest access, and the requirements for infrastructure
scalability, flexibility, and fault tolerance. In this regard, the development of a mathematical model that formalizes the structural
and functional features of a multi-segment higher education institution network, focusing on fault tolerance and security policies,
becomes relevant. The object of the study is the computer network of a higher education institution, encompassing its structure,
technical means, and operational processes. The subject of the study is the methods, models, and technologies for optimizing the
operation of this network based on modern data transmission technologies. The result of the work is an improved mathematical
model for the functioning of an higher education institution computer network that combines seven key requirements: building a
hierarchical architecture, ensuring high throughput and performance, supporting fault tolerance and redundancy, guaranteeing
security and access control, rational resource management, enabling scalability and adaptivity, and considering user needs. The
conducted experimental tests confirmed the effectiveness of the proposed mechanisms. Conclusions. The proposed model
effectively formalizes the multi-faceted infrastructure of an higher education institution computer network and is capable of
quantitatively assessing reliability through the probability of critical component failure. This allows for the creation of scalable,
flexible, and secure network solutions that minimize risks to critical data and ensure the continuity of the educational process.

Keywords: computer network of a higher education institution, mathematical model, multi-segment system, fault
tolerance, redundancy, VLAN, security policy, firewall.
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HIAXIA 10O BUBOPY ITPOTOKOJIY TA APXITEKTYPU
ABTOHOMHOI JIISHKA TPAHUYHOI'O IIAPY 10T

AHoTaniss. AktyaasHicTh. CTpiMke 3pocTanns macmTabiB Inteprery peueit (IoT) Ta morped y MOHITOpHHTY, aB-
ToMaTH3amii i onTUMi3amnii NPOIEeCiB y IPOMUCIOBOCTI, JOTICTHUI, HEPTeTHI, TPAHCHOPTI Ta CMapT-TEXHOJIOTIsNX 3yMOB-
JIIO€ MiABUIIEHUH iHTepec 10 epeKTUBHOI OpraHi3amii MepexHUX MpOTOKOMiB. Bubip mpoTokoiB nepenayi AaHuX i apxiTe-
KTYpH Mepexxi BH3Hauae MpOAyKTHBHICTh, eHeproedeKTHBHICTh, MaciITaboBaHiCTh Ta HadilHicTh loT-cucrem, o poouts
LI0 TEMAaTUKy KIIOYOBOIO VIS CYYacCHHUX JOCIIMKEHb 1 MPAaKTHYHOTO BIPOBAIKEHHSI. O0’€KT HOCJiIsKeHH S : MPOTO-
KOJIU Ta apXiTeKTYPH OpraHi3alii MepeXxHUX NpOTOKOIiB [HTepHeTY pedeil. MeTa cTaTTi: aHami3 i MOPIBHAHHA eeKTU-
BHOCTI TiporokoiniB MQTT, CoAP, AMQP, XMPP ta DDS, a Takox IeHTpai30BaHOi, ACICHTPANTi30BaHOT Ta TiOpUIHOL
apxitextyp loT s BU3HaYeHHS 3aI0BUTFHHX PIIIeHb MOAO MOOYIOBH NPOAYKTUBHUX 1 HamiHHMUX cucteM IHTepHeETy pe-
yeil. PesyasTaTH nocaigmkennsa. Y poOoTi mpoBeneHo aHaii3 npoTokouiB [oT 3a KIFOYOBUMHU MeTpUKaMU: 3aTpHUM-
KOIO Iepesiavi, CHeproe)eKTUBHICTIO Ta MacmTaboBaHicTio. Betanopneno, mo nporokoian CoAP i DDS 3abe3neuyroTh
Haiimeni 3atpumki, Toai ik MQTT i COAP meMoHCTpYIOTh Haiikpairy macitaboBanicts. [Ipotokon CoAP BusiBUBCs
HaiiOunb eHeproedexktuBHnM, a AMQP i1 XMPP — nokasanu minsuieHi Butpati pecypceis. Ouinka apxitektyp loT moka-
3aja, OI0 LEHTpaTi30BaHa apXiTeKTypa 3a0e3neuye MPOCTOTyY KepyBaHH, ajle Ma€ HU3bKY CTIMKICTh O BiIMOB, ICLECHTPA-
Ji30BaHa — BHCOKY HAAIHHICTH 1 MacmTaboBaHICTh, riOpuaHa — 30aJaHCOBaHI MOKA3HUKU 3aTPUMKH, MPOAYKTHBHOCTI i
CTiHKOCTI. 3anpONOHOBaHO KOMOiHOBaHMi miaxin, mo noegnye BukopuctanHs CoAP i MQTT y ribpumHii apXiTekTypi
JUISL TIABUIEHHsT e(peKTHUBHOCTI Ta aganTuBHOCTI loT-cucrem. BucuoBku. CydwacHi npotokonu i apxitexrypu loT ma-
I0Th Pi3HYy e()eKTHBHICTh 3aJI€XKHO BiJ yMOB 3acTocyBaHHs. OTpHUMaHi pe3yIbTaTd MOXKYTh OyTH BHKOPHCTaHI Il 00y 10-
BU eHeproedeKkTHBHHUX, MacIiuTaboBaHuX i HauidHuX loT-pimieHs y cucreMax po3yMHOI'O MOHITOPHHTY, aBTOMAaTH3aLlil Ta
oe3nexkn. Cepa BUKOPUCTaHHS OTPUMAHUX PE3yJbTaTiB: MPOMHUCIOBI Ta moOyToBi loT-cucremu, Mepexi MOHITOPHUHTY,
aBTOMATH30BaHI CHCTEMH KEpyBaHHS, CMapT-MicCTa.

KawuoBi caosa: Iarepuer peueii; mpotokonu [oT; MQTT; CoAP; AMQP; DDS; XMPP; apxirektypa [oT; nenTpai-
30BaHa apXiTEKTypa; JACICHTPaTi30BaHa apXiTEeKTypa; TiOpUIHA apXiTeKTypa; eHeproe()eKTHBHICTh; MacIITaA00OBaHICTh.

Beryn

HocTranoBka nmpodaemu. [aTepuer peueit (IoT) €
OJHMM 13 KIIIOYOBHX HANpPSIMKIB CY4acCHHX MEPEKHHX
TEXHOJIOTiH, 1o 3a0e3mnedye 3’ €JHaHHS MPUCTPOIB, CHC-
TEM 1 CEHCOPIB 11 OOMIHY JaHUMHU y PEKUMI PeabHO-
ro uacy. AKTyaJbHICTh W€l TEeXHOJOTil 3yMOBIIEHA
CTPIMKHM 3pOCTaHHSM MOTPe0 y MOHITOPHHIY, aBTOMa-
TH3alii Ta onTuMi3aulii MpoueciB y Takux cdepax, K
MIPOMHCIIOBICTh, OXOPOHA 3I0POB’s, «PO3YMHI MiCTay,
norictika ta nobyrosa texHika [1-3]. Edexrusna op-
TaHi3allisg MEPEKHHUX IMPOTOKOIIB € OCHOBOIO CTa0LIIbHO-
ro Ta MBUAKOTO (YHKIIOHYBaHHS cHCTeM Ha 6a3i 10T,
3a0e3nedyroun 3J1aroJUKEHy B3a€EMOJII0 MK MPUCTPOS-
mu. Opranizamii npotokoniB mast 10T BrIrOYarOTh pis-
HOpIBHEBI apXiTEeKTYypHI MiJX0AM, OPIEHTOBaHI Ha 3Me-
HIIIEHHS 3aTPUMOK Iepeiadi JaHuX, ONTHUMI3aIlio CIIo-
JKUBaHHS eHeprii Ta 3abe3medeHHs HamIHHOCTI 3’€-
HaHb. Apxitektypu Mepex loT 3a3Buuaii opraHizoBaHi
Ha OCHOBI BignoBigHMUX motped. Bin Bubopy apxiTexry-
pH 3QJIEKHUTH MOXIIUBICTH €(PEKTHBHO KOHTPOIIOBATH
CHCTEMY, BUTPHMYBATH 3001 By37iB 200 MacmTabyBaTu
cucremn Ha 6a3i |0T. Takum yMHOM, PO3BHTOK IPOTO-
KOJIIB 1 apXIiTEeKTyp opraizalii MepeXHHUX IPOTOKOJIIB €
(dyHAaMEHTaIbHAM U1l CTaOUIBbHOTO Ta OE3MEeYHOTro
¢ynkiionyBanns 10T, BiIKpuBaOYM MOXKIMBOCTI JUIs
iHHOBAlIH y Cy4acHHUX raiy3sx [4, 5].

AHaJi3 ocTaHHIX A0CTiTKeHb i myOJikamii. Y
poborax [1, 6, 7] OmHUCAaHO MOEIHAHHS MPOTOKOIY
MQTT mst 3a6e3nedeHHs nepenadi TaHuX y CUCTeMax 3
oOMexxeHuMH pecypcamu Ta potokosry CoAP mst pea-
Jizamii HaJifHOTO 3B'SI3KY Y By3bKOCMYTOBUX MEpPEkKax.

JociipkeHHs! TOKa3yroTh, 0 BUKOPUCTAHHS IUX IPO-
TOKOJIIB y PI3HMX YMOBAaXx JI03BOJISIE JTOCSTTH 3HAYHOTO
MiABUINCHHS TPOIYKTUBHOCTI 3aBIOSKM  ONTHUMI3allii
€HEeProCIIOKUBaHHS Ta MiHiIMi3allii 3aTPUMOK.

B iamomy mocmimkenHi [4] Oyio mpoBeneHo mopi-
BHSUIBHHN aHaNi3 apXiTeKkTyp opranizamii mepexi [oT,
TaKuX sK [EHTpalli3oBaHa, ACIEHTpaNi30BaHa Ta TiOpu-
nHa. LleHTpanizoBaHa apxiTekTypa e(eKTHBHO IpALOE
3 HEBEJIMKOIO KUIBKICTIO MPUCTPOIB 3aBISKH LEHTPAIb-
HOMY BY3Jly KOHTPOJIIO JaHWX. Y TOW yac AEleHTpaIi-
30BaHi apXITeKTypH, peaii3oBaHi i3 3aCTOCYBaHHIM
npotokosiB  AMQP (Advanced Message Queuing
Protocol) tTa DDS (Data Distribution Service), 3a6e3rme-
YyIOTh MiJIBUIICHY HAMIHHICTH i CTIMKICTH Mepexi 3a-
BISIKA PIBHOMIPHOMY PO3IOALTY OOYHCIIOBAIBHUX 3a-
nad. ['OpumHi cucTeMu, Mo KOMOIHYIOTh IIi IBa IiIXO-
I, JIEMOHCTPYIOTH BHCOKY €(EKTHUBHICTb y BEIHMKHX
JUHAMIYHMX Meperkax 3a PaxyHOK ajamnTaiii 10 HaBaH-
TaXeHb y peanbHOMY 4aci [8]. 3acTocyBaHHS Takmx
apXITeKTyp y JOCII/DKEHHAX TMOKa3ye iX 3Ha4YHi mepena-
TH Juig 3a0e3nedeHHs oOminy ganuMu B loT-cuctemax
i3 pi3HUMHM BHMOTaMH JI0 peCypciB. Y CKIAIHHUX JWHA-
MIYHHX YMOBaX BOHH JIO3BOJISIOTH TOCATTH CTa01IbHOTO
(YHKI[IOHYBaHHS 3aBJSKH [TOE€JHAHHIO BUCOKOI HIBH-
KoJiii Ta HM3bKHX 3aTpaT eHeprii [6, 8]. Taki pe3ynbraTu
€ BOKJIMBUMHU JISI PO3BUTKY CHCTEM MOHITOPHHTY, aB-
TOMaTH3alii Ta ONTUMI3aLil MPOIEeciB y pisHUX chepax
3acTocyBaHHs [HTEepHETY pedei.

MeTo10 pobdOTH € JOCTIDKEHHS e(PEeKTUBHOCTI,
aHami3 1 mnopiBHsHHA mnporokonie MQTT, CoAP,
AMQP, XMPP Tta DDS, a Takox HEHTpati30BaHOi, Jie-
IIEHTPaJIi30BaHO1 1 TiOpUIHOI apXiTeKTyp opraHizariii
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MepexHux nporokomniB mist 10T, Ctarts cpsMoBaHa Ha
OIIIHKY TepeBar i OOMEXEHb KOXKHOTO IPOTOKOIY Ta
apXITEKTypu 1 BU3HAYEHHI 3aJOBUIBHHUX pIlIEHb I
e()eKTUBHOTO Ta MPOJYKTHBHOTO (DYHKIIOHYBAaHHS CHC-
TeMm Ha 0a3i [oT. 3nauna yBara mpuijicHa 3aCTOCYBaH-
HIO TIPOTOKOJIB y PI3HHX CEPEIOBHUINAX, IIO TO3BOJIIE
0OTpyHTYBaTH iX TOUINBHICTE JJIS1 KOHKPETHUX 3aBJIAHb,
TaKWX 5K PO3IOiICHEe 30MpaHHs TaHNX, aBTOMAaTH30Ba-
HUI MOHITOPHUHT Ta eHeproe()eKTUBHIA KOHTPOIb TpPH-
CTpPOIB, IO O3BOJHTH IOMOBHHUTH HASBHI TEOPETHUHI
Ta IpaKTHYHI HampamoBaHHs y cdepi 10T.

Teoperuunmii MaTepian

Message Queuing Telemetry Transport (MQTT)
SIBIISIE COOOI0 JIETKWH TPOTOKOJI OOMIHY ITOBiIOMIICHHS-
MH, TPU3HAYCHUH U Hepefadi JaHMX y CHCTEMax Ha
6azi 10T, me oOMexeHi pecypcH Ta HecTabilbHA MepeKa.
[TpoToKoJI Mpalloe 3a CXEeMOI0 ITyOJTiKalis-MiIMHUCcKay 13
LEHTPaJbHUM CEPBEPOM — OpOKEpPOM, SKHH OTpHUMYE
TIOBIIOMJICHHS BiJl KJTI€HTIB-IyONIiKaTOpiB 1 mepecuiae ix
KITIEHTAM- T AMMCHAKAM Ha OCHOBI 3amanux TeM (puc. 1).
3aBIsIKH MPOCTiil CTPYKTYpPi MPOTOKON € eHeproeeKTH-
BHUM 1 MiHIMi3y€ HaBaHTaXXCHHS Ha Mepexy [6,7]. TIpo-
tokon MQTT minTpumye pi3Hi piBHI HamiHHOCTI, IO
JI03BOJIIIOTE KOHTPOJIIOBATH JOCTaBKY JAHMX BiJ Ipoc-
TOTO HAJICWIAHHA JI0 TApaHTOBAHOI JOCTABKU IIOBITOM-
nenb. L[g rHydYKicTh Ta MacImITa0OBAaHICTH JO3BOJSIOTH
BukopuctoByBaTl Mnpotokon MQTT sk y nokaibHUX
Mepekax, Tak i B XMapHHX cepBicax, 3a0e3meuyroun ede-
KTHBHY poOOTy HaBiTh y Benukux loT-cuctemax [8].
IIpore MQTT mae gesiki Hemomiku. Pobota mpoTokoy
3aJIeKUTh BiJl OpOKepa, 10 CTBOPIOE MOTEHIIHHY TOUKY
BigmoBu. J[is 3abe3rneueHHss Oe3neku mepenadi JaHUX
HEeoOXiZIHO BHKOPHCTOBYBATH JOJATKOBE LIM(PYBaHHSI,
Hanpukian, MexadisMu TLS/SSL, ockinbku BOYIOBaHHX
MexaHi3MiB 3axucty Hemae [2,9]. Kpim Toro, MQTT 06-
MEXECHHH BHUKOPUCTaHHSM JIMIIE CTEKY IPOTOKOJIB
TCP/IP i MeHII eeKTUBHHUN [UTA TIepenadi BEIHMKHX 00-
CATIB JAHWX, OCKUIGKH ONTHUMI30BaHUH IS KOPOTKHX
noBizoMiiedb. He3Baxkaroun Ha 11l OOMEKEHHS, 3aBISAKU
CBOIMl TMPOCTOTI, HAIIMHOCTI Ta eHEproe()eKTUBHOCTI
MQTT 3aiuIIaeThCsl OJHUM 13 HAUHIOMYJISAPHIIINAX MPO-
TOKOJIB Jyisl T0OynoBU cucteM Ha 0asi loT Ta mepenaui
JIaHUX MK IIPUCTPOSIMH.
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MQTT- Epoxep

Puc. 1. Cxema B3aemoii komnosedTis B [oT
npH BUKOpUCTaHHi mpotokony MQTT

Constrained Application Protocol (CoAP) — 1ie tipo-
TOKOJI Nepeaayi JaHuX, po3poOieHnit i MpUCTPOIB 13

00MEXEeHUMH 00UHCITIOBAIEHUMH PECYpCaMy y cUcTeMax
Ha 6a3i 10T. IIporokon CoAP 6a3yeTbcst Ha cXxeMi «KIi-
€HT-cepBep» (puc. 2) 1 mpalfroe moBepx mporokory User
Datagram Protocol (UDP), mo mae 3mory 3abe3meuntu
BUCOKY UIBHJKICTh NepeAadi JTaHuX i3 MiHIMaJIbHUMH
3aTpUMKaMHU. 3aBASKHA CBOill KOMITAKTHOCTI Ta TIPOCTIii
cTpykTypi, CoAP ineanbHO MiAXOAWTH I MAJOTIOTYXK-
HUX TPHUCTPOIB 1 HECTAOLIBHUX MepeX i3 HU3BKOIO IIPO-
myckHO!o 37aTHicTio. [IpoTokon CoAP migTpumye Mox-
JVMBICTh IMU(PYBaHHA 1 OOMiHY HEBEIUKHMH IIOBiIOM-
JeHHSAMH y (GOpMaTi, IO CHpOIIye Tepenady TaHuX y
eHeproedekTuBHuA crocid [5]. JlomaTKoBO MPOTOKOI
BukopucroBye REST-nozniOHy apxitekTypy, Ae KOMaHIu
B33a€EMOJIIIOTH 13 Pecypcamu CepBepiB, IO J03BOJsIE ede-
KTHUBHO OpraHi3oByBaTH OOMiH naHuMu. [lepeBaramu
CoAP € #ioro eHeproe()eKTUBHICTh, THYYKICTb Y POOOTI 3
HEBEJIMKUMH 00CSAraMH JaHWX Ta HU3bKI BUMOTHW JIO MPO-
MyCKHOI 3[aTHOCTI Mepexi. BHKopHCTaHHS NpPOTOKOIY
UDP 3abe3nevye MIBHIKY INepenady, OI0 OCOOIHBO Bax-
JUBO VISl MPHCTPOIB 3 KOPOTKOYACHUMH 3'€THAHHIMH.
OpHak BHACHiOK poOoTH Ha ocHOBi mpotokory UDP,
CoAP He 3abesmeuye TrapaHTOBAaHOI JOCTaBKH IOBiIOM-
JIEHb 1 BUMarae JI0JJaTKOBUX MEXaHi3MIB Jiisi 3a0e3reyeHHs
HamiHOCTI [2, 7]. HImMM HeZoiKOM € 0OMeKeHa MacIii-
TaOOBaHICTh Y TOPIBHSHHI 3 IHIIMMH MPOTOKOJIAMH, TaKH-
mu sik MQTT. IlpoTe 3aBAskd MPOCTOTI, IIBHUAKOCTI Ta
BIAMOBIMHOCTI crielidikaM 0OMEKEHHX MPUCTPOIB, MPO-
Tokosn CoAP € edexTHBHUM pillleHHSIM Uil CUCTEM Ha
6a3i [oT, 1e KpUTHYHO BaXXJIMBHMH € HU3bKE SHEProcIo-
JKIBaHHS 1 MiHIMaJIbHI 3aTPAMKH TIPH OOMiHI TaHUMH.

COAP

Puc. 2. Cxema B3aeMoii KOMITOHEHTIB B 10T
pu BUKOpHCTaHHI npotokory COAP

Advanced Message Queuing Protocol (AMQP) e
yHi()IKOBaHUM TIPOTOKOJIOM OOMIHY ITOBiJIOMJICHHSIMH,
NIpu3HaYeHni Juisl 3a0e3nedeHHs] HamiiHHOI Ta BHOPS-
KOBaHOI nepenadi JaHUX MK KOMIOHEHTaMU CHCTEMH.
[Iporoxon AMQP nobynoBanwuii 1o cxemi «Iyoikamis-
MATHCKaY, A€ IEHTPaJIbHY POJIb Bigirpae Opokep MmoBi-
JOMJICHB, SIKMI BININOBiNae 3a mpuiioMm, 30epiraHHsa Ta
JOCTaBKy JMaHuWX. [IpoTokon miarpumye (QyHKIIOHAIB-
HICTBh Yepr IMOBiIOMIICHb, IO JO3BOJISIE 3a0e3MedyBaTH
CTiliKicTh 710 3001B Ta eeKTUBHE yNPaBIiHHS TTOTOKAMHU
naaux (puc. 3). AMQP mpaiioe moBepX MTPOTOKOIY
Transmission Control Protocol (TCP), mo rapantye
HAJIMHICTh Ta LUICHICTh NEPENaHUX JNaHUX, a HOTO
CTaH/apTH3allisl J103BOJISE IHTETPyBAaTH PILLICHHS B CHC-
TeMu pizHoro Macmradby. IlepeBaramu npOTOKOIY
AMQP € HamiiHICTh JOCTABKU JaHUX 3aBISKH MEXaHi-
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3My MiATBEP/UKCHHS MOBIAOMIICHb T4 MOXJIHMBICTh YII-
paBiiHHS 4epramu Juisi OajlaHCYBaHHS HaBaHTA)KCHHS.
[IpoTokon miATpUMYE CKIIaJHY MapHIpyTH3aIli0 TOBi-
JOMIJICHb, NPIOPUTE3allil0 Ta KOHTPOJIb JOCTYILy, IO
poOUTH HOro e(pEeKTHBHUM ISl BEJMKHX Ta KPUTHUYHHX
cucteM [6,7]. OmHAK I1i MOXITUBOCTI CYTIPOBOIKYIOTHCS
3HaYHUMH OOYNCITIOBAJIFHIMHU BUTPATaMU, 1[0 0OMeEXye
BukopucTanHd AMQP y mpucTposx 3 HemocTaTHIMH

My GnixaLynA

Bupasele | ——— | OBMiHHKE

pecypcamu. KpiMm Toro, mopiBHSHO 3 NPOCTHMHU HPOTO-
koamu, Takumu sk MQTT abo CoAP, AMQP Bumarae
OiplIe MPOMYCKHOI CIIPOMOXKHOCTI MEpeXi Ta 3arpar
eHeprii. He3paxkarouu Ha 11i 0OMEXKCHHS, 3aBJIIKU CBOTH
THYYKOCTIi, HQJIHHOCTI Ta MIATPUMIII CKJIATHUX CIIeHApi-
iB mepexadi nanux, mpotokod AMQP akTiBHO BHKOpH-
CTOBY€ETHCS UL 1MOOYMOBH MacimiTaboBaHHUX i CTabib-
HUX CHCTEM y CyJacHHux pimennsx 10T [6, 8].

: Migrmc ¢ ~
Yepra | . |  Cnosmeauy |
EHa.a.cunaHHﬂ
1 Janur F "
 ——
Yepra | . |  Cnowwueay |
‘HagcunaxHa

Puc. 3. Cxema B3aemonii kommoneHTiB B [oT npu BukopucTanHi mpoTokoxry AMQP

Data Distribution Service (DDS) e mpotokonom
00OMIiHY JMaHMMH, IO PO3POOJCHHUN i1 PO3MOMITICHUX
CUCTEM i3 KOPCTKMMHU BHUMOTaMH JI0 LIBHJKOCTI Ta Ha-
niitHoCTi. [IpOTOKOM MpaIioe 3a CXEMOIO «ITyOJTiKaris-
MIJMKACKa» T03BOJISIE YYaCHUKaM OOMIHIOBATHCS IaHU-
MU aCHHXPOHHO, 0€3 IPsIMOTo 3B’sI3Ky Mix HUMH. [Ipo-
tokonn DDS minTpumye HanamrtyBaHHS IapaMeTpiB
Quality of Service (QoS), siki BH3HA4YalOTh HAMIHHICTB,
3aTPUMKH Ta TPIOPUTETHICTH Iepenadi JaHWX, IO PO-
OuTh HOro yHiBepcaJIbHUM JUIA 3aCTOCYBaHb, TaKUX 5K
npomucioBuii 10T, aBTOHOMHI CHCTEMHU Ta YIPaBIiHHS
KPUTHYHO BaXKJIMBHMHU iHPpacTpykrypamu [3,9]. IIpo-
TOKOJI 3a0e3leuye aBTOMATHYHE BHSBICHHS BY3IIB Yy
Mepexi, eekTHBHE BUKOPUCTAHHS MPOIYCKHOT 31aTHO-
cTi 3aB/sikK (UIBTpALil JaHUX 1 MIATPUMYE SIK TapaHTO-
BaHy, Tak i ONTUMaJbHY HOCTaBKy. OCHOBHMMH IepeBa-
ramu DDS € rayukicTh, BUCOKa HaAIWHICTB 1 MiATPUMKa
pobOTH B peajbHOMY 4Yaci, IO J03BOJISIE CTBOPIOBATH
MacITaboBaHi CHCTEMH UIS CKIAIHUX creHapii. [Ipo-
Te HOro BIPOBAKEHHS MOXE OYTH YCKJIQJIHEHE depes3
MiABHUINCHI BUMOTH 10 OOYHCITIOBAaJbHUX PECYpCiB, IO
00MeXy€e BUKOPHUCTAHHS Y TPHCTPOSX 3 HEAOCTaTHIMH
pecypcaMu. 3aBASKH EICHTPATi30BaHIl apXITEeKTypi Ta
MOXKJIMBOCTAM HanamrtyBaHHA QoS, mporokon DDS e
MEePEBAKHO PIMICHHSM JJIs CEPEIOBHIIN i3 BHCOKOIO iH-
TEHCHBHICTIO B3a€EMOJi1 MiX NMPHUCTPOSMH Ta BUMOTaMHU
JI0 HAJIHHOCTI ¥ HU3BKUX 3aTPpUMOK [3,7].

Extensible Messaging and Presence Protocol
(XMPP) € THy4KHM MPOTOKOJIIOM OOMiHY MOBiIOMIIEH-
HSMHU Ta JaHUMH, PO3POOJICHUM JJIsl Tepesiadi CTPyKTy-
poBaHoi iHpopMarii y peambHOMy yaci. CrioyaTky mnpo-
tokom XMPP OyB cTBOpeHMIi JUIi CHCTEM MHTTEBOTO
0OMiHY IOBIJIOMJICHHSIMH, aJle 3aBJISIKK CBOIH apXiTEKTy-
pi BiH 3HAMIIOB NIMPOKE 3aCTOCYBAHHS y PI3HUX Tajly3six,
BkirouHO 3 10T [7,9]. TIpoTokon 6a3yeThcs Ha apxiTek-
Typi KJIi€HT-cepBep 1 BUKOpHCTOBYe npoTokon TCP s
HaJliHOI Ta Oe3nedHoi nepenadi gaHux (puc. 4). OxHiero
3 KIIIOYOBUX ocobnmBocteil mporokomry XMPP e fioro
3IaTHICTh TIPAITIOBATH Y JACIEHTPATI30BAaHUX CHCTEMax
3aBISKY MATpUMIN (pemepaTHBHOT Mepexi, Jie pi3Hi cep-

BEpHU B3aEMOJIIOTH MK COOOFO AJIs1 OOMiHY TIOBiTOMIICH-
HsIMU Ta nipucyTHicTio. XMPP npononye uucnenHi nepe-
Bark, cepell SIKMX YHiBEepCaJbHICTh, PO3IIMPIOBAHICTH
3aBasskd XML-CTpyKTypi Ta MOKIIUBICTH BUKOPUCTAaHHS
y cHCTeMaX, [0 MOTPeOyITh OOMIHY JaHUMH y Pealib-
HOMY uaci. 3aBJIsIKH CBOTH T'HYYKOCTI IPOTOKOJ MiATpHU-
My€ He JIMIIe Iepenady TEKCTOBHX IIOBIJOMIICHb, a i
MYJIBTUMEIIMHUX [AaHUX, KEPYBaHHS IPUCTPOSIMH Ta
TIOBiIOMJICHHSI TIPO CTaH HPHCYTHOCTI, IO € BaXXJIMBUM
st [oT-momatkiB. Ilpore Buxopuctanas XML poOuTh
mpotokon XMPP HagmumkoBuM MopiBHSIHO 3 IPOCTHMHU
npotokonamu, TakuMu K MQTT un CoAP, mo odmexye
1oro epeKTUBHICTh y MPUCTPOSX 3 OOMEKEHUMHU pecyp-
camiu [5, 6]. Kpim Toro, mocTiiiHa ImiarpuMKa 3'€IHAHHS
301IIbLIYE EHEPrOCHOKUBAHHS, L0 € KPUTHYHUM ISt
eneproedpextuBanx loT-cuctem. He3Baxatouun Ha 1i 00-
MeKeHHs, npoTokoa XMPP 3anumiaerscs HagiiHUM i
yHIBepCcaIbHUM pillleHHsIM He Tinbku ais loT, a i ans
GaraTboX iHIIMX OONAcTel, 30KpeMa CHCTEM MHTTEBOTO
O0OMiHY TIOBiIOMJICHHSIMH, OHJIAHH-CITUIKYBAaHHS Ta KOp-
nopaTuBHEX watdopm [3, 8].

Knient

Knient

XMPP Cepsep j43 XMPP Cepsep

KnieHt Knient

Puc. 4. Cxema B3aeMoii KOMIIOHEHTIB B IoT
IpH BUKOpPHUCTaHHI potokoiny XMPP

LenTtpanizoBaHa apxiTekTypa € HaWOiIbII mpoc-
TOI0, /1€ BCi MPUCTPOi MIAKIIOYEHI 10 OJHOTO IIEHTpa-
JTpHOTO By3na (puc. 5, a), 10 BigNoBimae 3a 0OpoOKy
JAHUX Ta KOOPAMHAIIIO cucTeMH. Takuil minxin 3a0es-
Tievye JIerKe YIpaBIliHHS Ta MOHITOPHHT YCiX MpPOLECIB,
a TaKoXX BUCOKY €(DEeKTHBHICTH Nepeaadl JaHHuX y pea-
JTBHOMY 4aci [4].
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[Ipote ueHTpasizoBaHa apXiTEeKTypa Mae HEJOMIK y
BUTJISIAI €IMHOT TOYKM BIJIMOBH: BHXiJ LEHTPaJIbHOTO
By3J1a 3 JIa/ly IPU3BOJUTH A0 3YIUHKHU BCi€i cucremy [2,
7]. deuentpanizoBaHa apXiTeKTypa po3moisisie GyHKii
KepyBaHHS Ta OOpOOKHM JaHMX MK KUIbKOMa BY3JIaMH
(puc. 5, 0), MO B3a€EMOMIIOTH aBTOHOMHO. Takui mimxin
Ma€ TIIBUIIEHY CTiHKICTh A0 300iB, OCKINBKH BHXIiJ
OJIHOTO BY3JIa HE IIapalizy€e BCIO MEPEKY.

Kpim Toro, nmemenTpamizamis 3a0e3medye XOpOITy
MacITaboBaHICTh, OCOOIUBO y BEJHMKHX CHCTEMax, Je
HaBaHTaXXCHHS PiBHOMipHO po3moxinserses [4, 8]. He-
JIOJIIKOM € CKJIAJHICTh YNPABIIHHSA Ul 3a0e3Ie4eHHs

a

KOOpIMHAL] BY3JIB 1 Y3rO/PKEHOCTI JNaHUX IOTPiOHI
JIOAaTKOBI MEXaHi3MHU.

lopunHa apxitekTypa noenHye y coli LeHTpali-
30BaHi Ta JEUEHTPai30BaHl IPHHIUIM, OallaHCYIOUH
MDK KOHTpoOJIeM 1 THyukicTio. lleHTpanbHuil By3on BU-
KOHY€ (DYHKIIIFO KepyBaHHA, TOJI K YaCTHHA OOYMCIIO-
BaJbHUX 33734 PO3MOTUIIEThCI MK MepupepiiHIMH
By31amu (puc. 5, B). Lle m03BoNsIe 3MEHIIUTH HaBaHTA-
JKCHHS Ha OCHOBHHM cepBep Ta IiABHIIUTH CTiHKICTH
cucremi [4,7]. I'iOpunHa apXiTeKTypa THydKa Ta MacIl-
TaOOBaHa, aje BUMAara€ TOYHOIO HAJIAIITYBAaHHS M
ONITUMAJILHOT POOOTH.

Puc. 5. Buan apxitekTyp: a — IeHTpajIi30BaHa; O — IeIeHTpalli30BaHa; B — riOpuaHa

Hocainxenns egeKTHUBHOCTI
Mepe:KHUX MPOTOKOJIB Ta apxiTekTyp 0T

EdexTuBHICTS TPOTOKOIIB Tepenadi NaHWX 3aje-
JKHUTH BiJl TAKHX KPUTEPiiB, sIK MIBUAKICTH TIepeadi, cHe-
proedeKTHBHICTh, MacIiTaboBaHICTh Ta Oe3meka. Y cy-
YaCHHUX PO3MOMAIIEHUX CHCTEMax MPOTOKOJIM MAroTh 3a-
Oe3rnieyyBaTH ONTUMAalbHE BHKOPHCTAHHS MEPEKHHX
pecypciB, rapaHTylO4Hd IMpU LbOMY CTablIbHY poOOTY
HaBiTh y HecTabinpHUX cepepoBuinax. LIBuakicTs nepe-
Jayl BH3HAYAE 37aTHICTh MPOTOKOIY €(eKTHBHO 00pOO-
JSITU BEJIMKMK OOCST JaHUX IPU MiHIMAJbHUX 3aTPUM-
kax. EHeproedexkTuBHICTh € KIIOYOBHM (aKTOpPOM IJIst
MIPUCTPOIB 13 OOMEXEeHUMH pecypcamu. Macmradopa-
HICTH JIO3BOJIIE CHCTEMi €(DEKTHBHO IpaIfroBaTd 3i 30i-
JBIICHHSAM KITBKOCTI BY3JIiB M 00cCATiB MaHuX. besmeka
MPOTOKOJTy TapaHTye 3axHCT iHpopMalii BiJj HECAaHKIIO-
HOBAHOT'O JIOCTYIIY, III0 € KPUTHYHO BayKJIMBUM JUIS TTiATI-
PHEMHUIIBKOI TISTBHOCTI.

Jis mocaimkeHHsT e(heKTUBHOCTI TPOTOKOIIIB OyIH
BUKOpHcTaHi iHcTpymeHTH Coo0ja omepamiiHOi cHCTeMHU
Contiki Ta PerfTest y RabbitMQ. Cooja BUKOpHUCTOBYBa-
macs s mopemoBanHs mporokonis MQTT, CoAP,
XMPP ta DDS, a PerfTest — mst mporokomy AMQP. 1
IHCTPYMEHTH JO3BOJIMJIM OTpUMaTH iH(OpMAlio mpo
3aTpUMKY Iepenadi Mk mpuctposimu 10T, eHeproedek-
TUBHICTh Ta MacIITa0OBaHICTh MPOTOKONIB. 30ip JaHUX
JUIsL KOXXHOTO TIPOTOKOJIy IPOBOJMIOCS Y OJHAKOBHX
YMOBaXx.

ApxiTeKTypa LEeHTpaJli30BaHa, HasBHUI OJMH cep-
Bep/Opokep, 3MiHHA KUTBKICTh KIIEHTCHKHX BY3JiB. B
SIKOCTI BY3JIiB BHKOpHCTOBYyBasimcsi Tmote Sky — murar-
¢dopma st [oT Mepek 3 HU3bKUM €HEPTOCTIOKHBAHHSIM.

Y xomi nmocmimpkeHHs e(eKTUBHOCTI Tmepenadi
(puc. 6) wHalikparii pe3yJbTaTH MPOAEMOHCTPYBAIH
nporokosn CoAP ta DDS, i3 3aTpuMKoi0 B Jiana3oHi
Big 170 no 270 mc. s DDS 6yio HamamToBaHo mapa-
MeTpu QoS, onTuUMIi30BaHI I MIBUAKOI Hepenadi aa-
Hux uepe3 nporokos UDP, sxuil Takox J€XUTh B OCHO-
Bi CoAP. Hartomicts mportokomm MQTT, AMQP Ta
XMPP, mo npamrorore Ha 6a3i TCP, mokazamm cxoxi
pe3ynpTaTé i3 3aTpUMKO B Mexax 670-780 mc, mo
3Ha4YHO nepepuinye mokasHuku CoAP i DDS.

EneproedeKTHBHICTD By37a 3aJIeKUTh BiJ Yacy, BH-
Tpa4yeHoro Ha Tepeadyy Ta OTPUMaHHs JaHHMX, HaBaHTa-
JKEHHSI Ha IPOLIECOp, a TAKOX TPUBAJIOCTI NepeOyBaHHS B
pexuMi cHy. 3a pe3ynbpTaTaMd BUMIPIOBaHb (PHC. 7), TPO-
tokonn CoAP mponeMoHCTpyBaB HailKpallli MOKa3HHKH
eneprocnoxuBanus. [Iporokomn XMPP ta MQTT Busiu-
JIM BUIIy €HEePronoTpedy, JEMOHCTPYIOUH CXOXKi TeHICH-
wii 3pocraHHs, TOXi K pe3ynpratd npoTokonis DDS i
XMPP 6ynu 61mM3bKHMH.

Hanamrysannst QoS y nporokoinax MQTT ta DDS
CYTTEBO BIUIMBAaE Ha €(EKTHBHICTH Iepenadi JaHuX Ta
CHEProCIOKMBaHHA. 30KpeMa, omruMizamis DDS s
HIBUJIKOT nepenadi iHpopmallii CipyuuuHIIAa 3HAUYHE 3pOc-
TaHHS €HePronoTpedy By3IIiB.

3pocTaHHs 3aTPUMKH Yy NPOTOKOJIaX Ha OCHOBI
UDP € BumiyM, HiXK y aHaJOTIYHHX, ajlé OCHOBAaHWUX Ha
npotokoiti TCP, mo oOMexye iX 3MaTHICTh 0 MacIITa-
OyBaHHS.

BonHOYac eHeprocrnoKMBaHHs MPUCTPOIB CUCTEMHU
Ha 0a3i loT Bu3Hauae TpuBaNicTh ABTOHOMHOI PO0OOTH, i
31 30LIBLIEHHSM KUIBKOCTI BY3JIB 3HAYHE 3POCTAHHS
SHepronoTpedu MoXe YCKIAIHUTH JOJaBaHHS HOBHX
TIPUCTPOIB JI0 MEPEKi.
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Puc. 7. I'padix 3a1eKHOCTI eHepronoTpeOy BiJ KINBKOCTI KITICHTIB YIS Pi3HUX IIPOTOKOJIB

HaiikpanuMu 3a MacmTaboOBaHICTIO € IPOTOKOJIH
MQTT Tta DDS 3aBnsgku iXHilf THYYKOCTI y HalamTy-
BaHHsX. COAP nemoHCTpye HaliBHIy eHeproedeKTHB-
HICTh, OJHAK 31 30UTBIICHHAM Mepexi Horo edexTus-
HICTB Ilepesiadi MOBiJOMIICHb CyTTEBO 3HIKYETHCS. Alle
npotokost XMPP ta AMQP MaroTh BHCOKI OKa3HUKH
€HEePTOCIIOKUBAaHHS 1 HEJJOCTATHIO THYYKICTh y Hajaml-
TyBaHHI IIBUAKOCTI Mepemadi JaHWX, 4epe3 M0 BOHHU
noctynatotecst mporokosam MQTT, DDS Tta CoAP y
3IaTHOCTI 710 MacITa0yBaHHS.

Edextusnicts apxitektyp loT 3amexwurs Bix edexk-
TUBHOCTI YNPAaBJIiHHA, CTIHKOCTI 70 BiIMOB, Maciirabo-
BAHOCTI Ta 3aTPUMOK nepenadi. EQekTuBHICTH ynpasiiH-
HS BU3HAYa€ pIBEHb MOXIIMBOI KOOpJAMHAILi BY3IiB.
CrilikicTh 10 BiIMOB rapaHTye poOOTy CHCTEMH HaBITh
IIPY BUXOJI 3 JIaly OKPEMHUX KOMITOHEHTIB, 110 KPUTHY-
HO BaXKJIMBO TSI HAXIHHOCTI.

MacmTaboBaHICTh JO3BOJISIE CHCTEMI aIanTyBaTH-
Cs IO 3pOCTaHHS KiJIBKOCTI MPUCTPOIB Ta JAaHUX, MiAT-
PUMYIOUH CTaOlTbHY NMPOAYKTHUBHICTH. 3aTPUMKH Iepe-
Jlaqi BIUTMBAIOTh HA MIBUAKICTH PEAKIIil, s’lka MOXKE 3Mi-
HIOBATHCS 3 KUIBKICTIO 3aIIUTIiB 10 BY3JiB. Y pe3ynbTaTi

JOCITIDKCHHST MOJKHA JTH BHCHOBKY, IIO IIEHTPAJIi30-
BaHa apxiTeKTypa 3abe3neumnsia 4iTKMH KOHTPOJIb 4Yepes
LIEHTPaJIbHUH CepBep, IO CIPOIIYE YIPABIIHHS Ta 00po-
OKy HaHUX, aJie 0OMe)Ky€e CTIHKICTh IO BiMOB i MacIITa-
00BaHICTh, CTBOPIOIOYH PU3HK NEPEBAHTAXKCHHS Ta BHCO-
KHX 3aTPUMOK y BEJIMKHUX CHCTEMaX.

JlenieHTpaizoBaHa apXiTEKTypa po3MoaiiIsie 00poo-
Ky MDK BY3JIaMH, 110 MiIBUIILy€ aBTOHOMHICTb, CTIHKICTh
1 I03BOJIsIE MacIITa0yBaTH MEPEXY, ajle MOXKE TIPU3BOIM-
TH JI0 3POCTaHHS 3aTPUMOK Yy BEJMKHX CHCTEMax 4epes
CKJIaJTHICTh KOOPIMHAIIII MK BY3J1aMHU.

l6punna apxitekrypa KOMOiHye mnepeBard 000X
BUJIIB, TIOEJHYIOYHM YacCTKOBY ABTOHOMHICTb BY3IIB i3
LIEHTPaJIi30BaHNM KOHTPOJIEM, IO MiJABUIYE CTIHKICTb i
3abe3neuyye MOMIpHY MacIITab0OBaHICTh Ta 3aTPUMKH
riepeziadi, 30aJJaHCOBYIOUH HABAHTaKEHHSI HA CUCTEMY.

AHami3 pe3ynpTaTiB JOCHIIKEHHS IOKa3aB ITiKaBy
pi3HHUIIO B e(EeKTHBHOCTI IMPOTOKONIB Ta apXiTEKTYyp.
IIpotokomm CoAP ta DDS moka3amu HH3BKI 3aTPHMKH,
AKi MaJ¥ 3HaYHy TCHICHIIIO POCTY IPH 301IBIICHI Killb-
kocTi mpuctpoiB B [oT mepexi, Toxi ssk MQTT, XMPP Ta
AMOQP noka3zanm BHCOKY, aJie CTa01IbHY 3aTPUMKY.
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JociipKeHHsT  eHeproe()eKTUBHOCTI  IIPOTOKOIIIB
MQTT, XMPP, DDS ta AMQP noka3aiu cepeHiid pi-
BEHb, ajJle BOHM MalOTh BHCOKY TEHJEHIIIO POCTY €Hep-
rornotpedu By3INiB HpH 30UIBLIEHI KUJIBKOCTI MPUCTPOIB
Mmepexi. CoAP sxe noka3aB HaiH)KYMI TIOKa3HUK CHEp-

MQTT, DDS ta CoAP maroTs HalfKparii MOIIUBO-
cTi 10 mMacmrraboBaHocTi, Toai sk XMPP ta AMQP Bka-
3YIOTh Ha MOJJIMBICTH MIATPUMKH MEHIIOI KUTBKOCTI
TIPUCTPOIB B MEPEIXKI.

LenTpanizoBana apxiTeKTypa OpraHi3amii CHCTEM
Ha 06a3i loT Hamae Halikpaluii KOHTPOJb Haj By3JIaMH
Mepexi, ane CTpaXIa€ BiJ MiJABUILEHOI 3aTPUMKH Ta
3HI)KEHOI CTIMKOCTI JI0 BIZ]MOB, TOJI sIK JICIICHTPaTi30Ba-
Ha apxiTeKTypa Mae Kpally MacuTabOBaHICTh, 3HAYHY
CTIHKICTB JI0 BiJ]MOB, aJlé Ma€ CKJIQTHOCT] y KOHTPOJII Haj
Mepexero.

lNopumHa apXiTeKTypa MOEIHYE MOXKIHBOCTI 000X
BUJIB, IO pOOHTH ii KpaIow 3a HUX, ajlc BOHA € CKIIaJI-
HIIIIOIO JUIS HAJIAIITYBaHHSL.

Byno neranbHO mpoaHai30BaHO MPOTOKOJM Ta ap-
xitektypu 10T, a TakoX amganmTOBaHO IO PI3HUX yMOB
JociipkeHHs.  [IpolyKTHBHICT OOpaHUX MPOTOKOJIB
Oyna TepeBipeHa 3a JOMOMOIOK KIIFOYOBHX METPHK:
e(peKTUBHOCTI Mepeadi, CHEProCIOKUBAHHS Ta MACIITa-
0OBaHOCTI, 110 JO3BOJIMJIO OTPUMATH JICTAIBHY KapTHUHY
X 34aTHOCTI NpaLOBAaTH Y pealbHUX yMoBax. Jlyist apxi-
tektyp loT Oyrno oniHeHO CTiHKiCTh 70 BiZ]MOB, €HEPro-
CIOKMBaHHS, MacIITa0OBaHICTh Ta 3aTPUMKY Iepezadi,
IO € KPUTHYHO BKIMBHMH XapaKTEPUCTUKAMU IS 3a-
Oe3IeueHHsT HaIifHOT pOOOTH CHCTEM.

BucnoBku

B X0/l mpoBeAEeHOro JOCIIHKEHHS 0YJI0 PeTeIbHO
miiOpaHo YMOBH JUIsl OLIHKK NPOAYKTUBHOCTI Cy4acHHX
nportokoiiB Ta apxirektyp l0T. IIpogykTuBHicTh 00Opa-
HHUX TPOTOKOJNiB Oyja MpoaHai30BaHA 3a JIOIOMOTO0
KITFOYOBHX METPUK: e()eKTUBHOCTI Iepenadi, eHeprocIio-
KHMBaHHS Ta MacIITaOOBAHOCTI, IO JI03BOJIMIIO OTPUMATH
JieTa’dbHy KapTHHY X 3[aTHOCTI NpamioBaTH y MPHOIH-
KEHUX 10 peanbHuX ymoBax. [ apxitektyp IoT Oymo
OIIIHEHO CTIiHKICTh IO BiJMOB, €HEPrOCHOXHUBAHHS, MAacC-
mTaboBaHICTh Ta 3aTPUMKY IIepenadi, M0 € KPUTUYHO
BOKJIMBUMH XapaKTEPUCTHKaMH U1 3a0e3leyeHHs Ha-
Ni#HOT pOOOTH CHUCTEM.

VY pesynbTari AocHipkeHHsT Oyso 3alporoHOBAHO
KOMOIHOBaHMil Mi/iXiZ BUKOpHUCTaHHs npoTokosiB COAP
ta MQTT Ha ribpuaHiit apXiTeKTypi, 110 Hagae mepeBaru
y BHUIJBII BUCOKOI e(heKTUBHOCTI Mepeiadi MPOTOKOJIB 3
HU3BKUM EHEPrOoCIOXXHMBaHHIM BY3JIIB MEpexi 3 Jojat-
KOBOIO MOXKJIMBICTIO HaJIalITYBaHHS 1 BHCOKOIO 3axHIIle-
HicTio Mepexi. Lle pimeHHs € epekTHBHUM JUIsl peatbHUX
3aCTOCYBaHb y Taly3sX PO3YMHOTO MOHITOPHHIY, aBTO-
MaTu3arii Ta Oe3MmeKu.

IIpotokom CoAP, MQTT, AMQP, DDS ta XMPP
JEMOHCTPYIOTh CBOIO €(eKTHBHICTH y 3amadax |oT,

Jie KII0YOBMMH (pakTopamMu € HIBHAKICTH Iepenadi Ja-
HUX, HAAIHHICTB, MacIUTaboOBaHICTH 1 eHeproedexTHs-
HiCTh. 3aBASKM HU3BKHM BHUMOTaM 10 OOYHCIIFOBAIBHHX
pecypciB, CoAP € igeansHuM 1u1sl IPUCTPOIB 3 oOMexe-
HUMH pecypcaMi, TaKMX SIK JaT4MKHd Ta KOHTpPOJIEPH.
OpnHak Or0 OCHOBHUM HENIOJIIKOM € Opi€HTAIlis Ha Ipoc-
Ti 3aIUTH ¥ BiMOBIAb, IO OOMEXY€E HOTO MOMKIIUBOCTI B
CKJIAJHAX CHCTEMAax 3 IHTEHCHBHHM OOMIHOM JaHWMH.
[poroxonry MQTT mpuramanHa JErKiCTh Ta amanTHB-
HICTh IO PI3HOMAHITHUX YMOB. 3aBISKH CXEeMi «IryOmika-
i1~ AMMCKI, TIEH TPOTOKOI TO0Ope MPAIOE Y JOIaTKaX
3 00MEXEHOI0 TPOIYCKHOIO 3JaTHICTIO MEepexi, 1o po-
OuTH HOro HamiHHUM BHOOPOM IS CUCTEM MOHITOPHHTY
abo ympasninas loT. Onnak, HOro MOXIMBOCTI 0OMe-
JKYIOTBCS BIJICYTHICTIO TapaHTii JocTaBKH IpH 3MiHI QoS.
AMQP 3abe3neuye BHCOKUIT piBeHb HamiHOCTI Ta 0e3-
NEeKH repenayl JaHux, M0 poOUTh HOro rapHuM BUOOPOM
y KPUTHYHO Ba)KIMBHX cucTeMax. [Ipore 3Ha4Hi 00umc-
JTIOBAIBHI BUTPATH OOMEXYIOTh HOTO BHKOPHCTAHHS y
cucTeMax 3 oOMexeHnMH pecypcamu. Kpim Toro, ckia-
HICTH mpoToKOTy y mopiBHAHHI 3 MQTT moxe yckman-
HUTH BrpoBaxkeHHs. [Ipotokon DDS nemoncTpye Bpa-
)Kalo4y IPOIYKTHBHICTB JJISI CUCTEM 3 HU3BKOIO 3aTPHM-
KOO 1 BEJIMKUM 00CSTOM JaHHX. 3aBSIKK CBOTH THYYKOC-
Ti Ta 37]aTHOCTI MiATPUMYBATH AUHAMIYHUAN OOMIH TaHHU-
MH B peajibHOMY 4aci, DDS € ineanbHuM Jyisi BUCOKOHA-
BaHTAKCHUX CHCTEM, TaKUX 5K aBTOMOOIJIBHI abo aBia-
ittHi Mepexi. OfHaK, HOro CKIIaHICTh Ta BUCOKI BUMO-
TH 10 pecypciB OOMEXYIOTh BHKOPHCTaHHS y INPOCTHX
l0T-pimernnsax. XMPP 3a6e3nedye edekTuBHy KOMYHi-
KaIlifo B CHCTeMaX OOMiHy MUTTEBHMH ITOBiTOMIICHHIMHU
3aBISKHM CBOiM THYYKIM apXiTEeKTypi Ta MATPUMII PO3-
LIAPEHb.

[Ipote uepe3 opieHTAIiF0 HA TEKCTOBI MOBiIOMIICH-
Hsl Ta BIJIHOCHO BHCOKY HAaKJIaJHY BapTiCTh, BiH MEHII
e(eKTHBHUI y BUIMAJKaX repeadi CeHCOPHUX JIAaHUX YH
00OMiHy BenmvkumH oOcsiramu iHpopmarii. TakuM 4uHOM,
BUOIp ONTHMAJBHOTO IIPOTOKOITY 3aJIeXKHUTh Bijl KOHKPET-
HHUX YMOB Ta 3aBJIaHb.

Jnst pocTHX CHUCTEM 13 HU3BKMMH BHMOTaMH JI0
pecypcie CoAP i MQTT 3amumaroTbest HaIitHUME Bapi-
antamu, tomi sk AMQP Ta DDS 3a0e3meuyroTs kpairy
HAJIAHICTh 1 TPOAYKTHBHICTD AV CKIAIHUX 1 KPUTHIHO
BKJIMBHX 33/1a4.

Konduaikr inTepecis

ABTOpH JIEKNIApyIOTh, III0 HE MAIOTh KOH(DIIKTY iH-
TEPECiB CTOCOBHO NTAHOTO OCTIKSHHS, B TOMY YHCII
(piHaHCOBOTO, OCOOKMCTICHOTO XapakTepy, aBTOPCTBAa UM
IHIIIOTO XapakTepy, MO Mir OM BIUIMHYTH Ha JOCIiKEH-
Hs Ta Horo pe3yJIbTaTH, NpeJICTaBIeH] B IaHii CTaTTI.

Buxopucranas 3aco0iB IITYYHOT0 IHTEJIEKTY

ABTOpH TiITBEPIKYIOTH, III0 HE BUKOPHUCTOBYBAIH
TEXHOJIOTi] IITyYHOTO iHTENIEKTY NPH CTBOPEHHI Hpe-
CTaBJIEHOi pOOOTH.

CIMCOK JITEPATYPU

1. Al-Fugaha, A., Guizani, M., Mohammadi, M., Aledhari, M., & Ayyash, M. (2022). Internet of Things: A Survey on Enabling

Technologies, Protocols, and Applications.
https://doi.org/10.1109/COMST.2015.2444095

IEEE Communications

Surveys & Tutorials, 24(4), 2347-2404.

229


https://doi.org/10.1109/COMST.2015.2444095

Control, Navigation and Communication Systems. 2026. No. 1 ISSN 2073-7394

2. Choudhary, A., Khandal, V., Choudhary, R. et al. Internet of Things: a comprehensive overview, architectures, applications,
simulation  tools, challenges and future directions. Discover Internet of Things, 4, 16, 2024.
https://link.springer.com/article/10.1007/s43926-024-00084-3

3. Dominguez-Bolafio, T., Campos, O., Barral, V., Escudero, C. J. An overview of 10T architectures, technologies, and existing
open-source projects. arXiv preprint arXiv:2401.15441, 2024. https://doi.org/10.48550/arXiv.2401.15441

4. Ray, P. P. (2023). A review on architectures, protocols, and standards in Internet of Things. Internet of Things, 22, 100765.
https://doi.org/10.1016/j.i0t.2023.100765

5. Sobin C. C. A Survey on Architecture, Protocols and Challenges in 10T. Wireless Personal Communications, vol. 112, no. 3,
2020, pp. 1383-1429. https://doi.org/10.1007/s11277-020-07108-5

6. Larian, H., Larian, A., Sharifi, M., Movahednejad, H. Towards Web of Things Middleware: A Systematic Review. arXiv
preprint arXiv:2208.04272, 2022. https://doi.org/10.48550/arXiv.2201.08456

7. Dauda, A., Mazhar, T., Malik, M. A. et al. A Survey on loT Application Architectures. Sensors, 24(21), 6872, 2024.
https://doi.org/10.3390/s24165320

8. Al-Yudidharma, A., Anwar, M. F., Pratama, R. A., et al. Messaging protocols and electronic platforms used in the Internet of
Things for the purpose of building smart homes: A systematic literature review. Journal of Systems Architecture, 143,
102989, 2023. https://doi.org/10.1016/j.procs.2022.12.127

9. Al-Andoli M. N., Kumar K., Kumar A., Jaber M. M., Shah R. Dimensions of Internet of Things: Technological Taxonomy,
Architecture, Applications and Open Challenges — A Systematic Review. Wireless Communications and Mobile
Computing, 2022, Vol. 2022, 28 p. https://doi.org/10.1155/2022/9148373

Received (Hanxiiinnia) 06.12.2025
Accepted for publication (ITpuiiasita 1o apyky) 04.02.2026
Publication date ([ara my6mikanii) 27.02.2026

BIIOMOCTI [TPO ABTOPIB / ABOUT THE AUTHORS

YepranoB SlpociiaB BauepiiioBuu — ctyseHT kadeapHu eIeKTPOHHHUX OOYHMCIIOBAJIbHUX MAIWH, XapKiBCHKUI HAIllOHAJTBHUN
YHIBEpCHTET paioeNeKTpoHiku, XapKiB, YKpaiHa;
Yaroslav Chertanov — student of the Department of Electronic Computers, Kharkiv National University of Radio
Electronics, Kharkiv, Ukraine;
e-mail: yaroslav.chertanov@nure.ua; ORCID ID: https://orcid.org/0009-0008-4648-5871;

KoBasenko Anapiii AHaTo1iiioBHY — JOKTOp TEXHIYHHUX HayK, mpodecop, 3aBigyBad kadenpyu eIeKTPOHHUX 00UMCIIOBAILHIX
MaIluH, XapKiBChbKHI HAIlIOHANIBHUI YHIBEPCUTET palioeeKTpoHikK, XapKiB, YKpaiHa;
Andriy Kovalenko — Doctor of Technical Sciences, Professor, Head of the Department of Electronic Computers, Kharkiv
National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: andriy.kovalenko@nure.ua; ORCID ID: https://orcid.org/0000-0002-2817-9036;
Scopus ID: https://www.scopus.com/authid/detail.uri?authorld=56423229200.

®diginnoB Bianien BanepiiioBnu — acnipant xadeapu eneKTpOHHUX OOYMCIIOBATEHUX MAlWH, XapKiBCbKUH HaI[iOHAJIbHUN
YHIBEpCHUTET paioeNeKTpoHiku, XapkiB, YKpaiHa;
Vladlen Filippov — PhD student, Department of Electronic Computers, Kharkiv National University of Radio Electronics,
Kharkiv, Ukraine;
e-mail: vladlen.filippov@nure.ua; ORCID Author ID: http://orcid.org/0009-0004-2524-7840.

Approach for selecting the protocol and architecture of the autonomous section
of the 10T edge layer

Yaroslav Chertanov, Andriy Kovalenko, Vladlen Filippov

Abstract. Relevance. The rapid growth of the Internet of Things (1oT) and the need for monitoring, automation, and op-
timization of processes in industry, logistics, energy, transportation, and smart technologies has led to increased interest in the
effective organization of network protocols. The choice of data transmission protocols and network architecture determines the
performance, energy efficiency, scalability, and reliability of 10T systems, making this topic key for modern research and practi-
cal implementation. Object of study: protocols and architectures for organizing Internet of Things network protocols. Purpose
of the article: to analyze and compare the effectiveness of MQTT, CoAP, AMQP, XMPP, and DDS protocols, as well as central-
ized, decentralized, and hybrid 10T architectures to identify satisfactory solutions for building productive and reliable Internet of
Things systems. Research results. The paper analyzes 10T protocols according to key metrics: transmission delay, energy effi-
ciency, and scalability. It was found that CoAP and DDS protocols provide the lowest latency, while MQTT and COAP demon-
strate the best scalability. The CoAP protocol proved to be the most energy-efficient, while AMQP and XMPP showed increased
resource consumption. The evaluation of 10T architectures showed that centralized architecture provides ease of management but
has low fault tolerance, decentralized architecture has high reliability and scalability, and hybrid architecture has balanced laten-
cy, performance, and fault tolerance. A combined approach is proposed that combines the use of CoAP and MQTT in a hybrid
architecture to improve the efficiency and adaptability of 10T systems. Conclusions. Modern 10T protocols and architectures
have different efficiencies depending on the conditions of use. The results obtained can be used to build energy-efficient, scala-
ble, and reliable 10T solutions in smart monitoring, automation, and security systems. The scope of application of the results ob-
tained: industrial and domestic 10T systems, monitoring networks, automated control systems, smart cities.

Keywords: Internet of Things; 0T protocols; MQTT; CoAP; AMQP; DDS; XMPP; IoT architecture; centralized archi-
tecture; decentralized architecture; hybrid architecture; energy efficiency; scalability.
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HamionaneHuii TeXHIUYHMIA yHIBEpCcUTeT “XapKiBCHKUI MOMITeXHIYHUN 1HCTUTYT , XapKiB, YKpaina

METO/ AHAJII3Y BIUVIMBY PI3BHOPIJHOCTI TPA®IKY HA 3ATPUMKH
Y TEJEKOMYHIKAIIMHAUX CUCTEMAX

AHoTanisi. AkTyanbHicTs. CydacHi TeIeKOMYHIKaIiiHI cucTeMH (QYHKIIOHYIOTh B yMOBaX BHCOKOI Pi3HOPITHOCTI Me-
pexeBoro Tpadiky, 3yMOBIEHOI OJJHOYACHOIO IIPHUCYTHICTIO IIyaCOHIBCEKUX, bursty- Ta caMONOAiOHNX ITOTOKIB, XapaKTepPHUX
IUIS MyJIBTUMEIIHHUX cepBiciB, loT-3acTocyHKIB 1 Mepex peanbpHoro yacy. Kimacudni Mozaeni Teopii gepr, mo 6a3yroThca Ha
MIPUIYLIICHHAX HE3aJIEKHOCTI Ta eKCIIOHCHIIIAIbHOTO PO3MOALTY MUKIPUOYTKOBUX 1IHTEPBAJIiB, HE 3aTHI aIeKBATHO OMTUCATH
BIUIMB CIUIECKOBOCTI Ta JIOBrOTPHMBAJIOI KOPEJALii Ha 3aTPUMKH, 110 NPU3BOAUTH O CHCTEMATHYHOTO 3aHMKEHHS OLIHOK
MOKA3HUKIB SKOCTi 00CcIyroByBaHH. Lle 3yMOBIIO€e HEOOXiAHICTE pO3POOIICHHS y3aralbHEHHX METO/IIB aHaIli3y, SKi Bpaxo-
BYIOTh CTATUCTHYHY CTPYKTYpY pi3HOpinHOTO Tpadiky. O6’€KT JocIiTmKeHHst: Iporecy GopMyBaHHS 3aTPUMOK y TEJIEKO-
MYHIKaliifHUX CHCTeMax MacOBOTO OOCIyrOBYBaHHS 3a HasBHOCTI Pi3HOPIAHHUX MOTOKIB Tpadiky. Meta cTaTTi: po3pobka
Ta JOCIIIKEHHS y3aralbHeHOT0 aHAIITHKO-CKCIIEPUMEHTAIBHOTO METO/y OLiHIOBaHHs BIUMBY Poisson-, bursty- ta self-
similar-tpadiky Ha cepeHIO 3aTPUMKY B TEJIEKOMYHIKAIIHHUX CHCTEMAX 3 ypaxyBaHHSM BapiaTUBHOCTI Ta CaMOIIOAiOHOCTI
BXI/IHUX TOTOKiB. Pe3ysIbTaTH 10CaizKeHHs. Y CTaTTi 3alIPOIIOHOBAHO MAaTEeMaTHYHMH MiAXiJ IO aHAi3y 3aTPUMOK Ha Oc-
HOBI Mozenm tuny G/G/1, y sikoMy pi3HOPigHICTE TpadiKy BpaxoByeThCs depe3 eeKTHBHUI KoedillieHT Bapialii MIKIpU-
OyTKOBHX iHTepBaliB Ta mapaMmeTp Xepcra. OTpUMaHO aHATITUYHI 3aJISKHOCTI, IO JEMOHCTPYIOTh HENiHIHHE 3pOCTaHHSI
CepeHBOI 3aTPUMKH 31 301IBIICHHAM burstiness Ta CTyIeHs caMoIofiOHOCTI MOTOKY. [IpoBeneHo iMiTamiiiHe MOAETIOBaHHS
B cepenoBuiti OMNeT++, pe3ysbTaTi SKOTo MiATBEPIMIN aIcKBATHICTh aHAMITHYHUAX OI[IHOK 1 MOKa3alH, 0 CaMOIoIi0-
HUi Tpadik GopMye HAHOIIBII KPUTHYHI PEXKUMH POOOTH CHCTEMH 3 JIABUHOIIONIOHIM 3pOCTaHHSIM 3aTPUMKH IIPH BHCOKHX
HaBaHTaXeHHsIX. BucHoBkm. [TokazaHo, 0 cepemHs 3aTpUMKa B TEJIEKOMYHIKAI[IHHUX CHCTEMax BU3HAYAETHCS HE JIMIIE
IHTEHCUBHICTIO HaJXOKEHb, a i CTATUCTHYHOIO CTPYKTYpoIo Tpadiky. Bursty- Ta caMononiOHi TOTOKH iCTOTHO MOTipIIy-
IOTh TOKa3HUKH QOS HaBITH 32 HE3MIHHOI CEPEAHBOI IHTEHCUBHOCTI, III0 0OMEXKY€ 3aCTOCOBHICTD KIIACHYHHUX ITyaCOHIBCHKUX
MoJienei. 3apOIOHOBaHUH MeTo I 3a0e31eyye TOYHINIEe IPOTHO3yBaHHS 3aTPUMOK 1 MOXKe OyTH BUKOPHUCTAHUH JJIs aHATI3y
Ta IPOEKTYBAaHHS BUCOKOHABAaHTAXXEHHUX TeJIeKOMYyHiKamiiHIX Mepex. Cdepa BUKOPUCTAHHSA OTPUMAHUX PE3YJIbTaTiB: 0e3-
MIPOBiIHI Ta IPOTOBI TENEKOMYHIKAIIifHI Mepexi, cucTeMu [HTepHETY peueil, MyJIbTHCEPBICHI MEpeXi HOBOTO MOKOiHHS,
3amadi aHanizy QoS i onTuMizarii ANCIUILTIH 00CIyrOBYBaHHS.

Kaw4oBi cioBa: TenekoMyHiKamiiHI cuctema, pisHOPiAHUI Tpadik, Teopis Yyepr, CaMONOAIOHICTh, MapamMeT XepcTa, 3a-

TpumKa, QO0S.

Beryn

IMocranoBka npo6emu. CydacHi TelnekoMyHika-
HiifHI cucTeMu (QYHKIIIOHYIOTH B yMOBaX BUCOKOI pi3HO-
pimHOCTI MepekeBoro Tpadiky, II0 3yMOBIICHO TOSBOIO
IIMPOKOTO CIEKTpa CepPBiCiB — Bill TpaIHUIiHHOI Iepea-
BaHHS JaHHUX IO MYyJIbTUMEAIHHUX OTOKiB, [oT-cermeH-
TiB 1 XMAapHUX 3aCTOCYHKIB. ¥ TakHMX CHCTEMax OJ{HOYa-
CHO IMPKYJIOIOTh TOTOKH PI3HOI CTaTUCTUYHOI HpH-
POJIM: peTyJIIpHi, CTOXaCTUYHO PIBHOMIpHI, bursty-npo-
LIeCH 3 BUPQKEHUMH CIUIECKAMH IHTEHCHBHOCTI, 8 TAKOX
caMoIo/1i0HI TIOTOKH, IO XapaKTePHU3yIOThCS JTIOBFOTPH-
BaJIOI0 KOPEJAMI€I0 1 BAXXKUMHU XBOCTAMH PO3IOITIB.
HasiBHICTh IIMX KOMITIOHEHT 3HAYHO YCKIAJIHIOE aHaIi3
MOBEIIHKK BY3JIiB MEPEXi, OCKUIBKH KJIACHYHI MOJEII,
3aCTOBaHI Ha IyacOHIBCHKUX IPUIYIIEHHSX, HE 31aTHI
aJIeKBaTHO BIATBOPHUTH BIUIMB ()PaKTaJbHOCTI Ta Bapia-
TUBHOCTI MDKIPHOYTKOBUX IHTEpBAJiB Ha 3aTPUMKH.
VYHacIioK Ib0ro BUHHUKAE 1oTpeda y MetTonax, 1o Bpa-
XOBYIOTh peajbHi XapaKTePUCTHKH TpadiKy Ta J03BOJIS-
IOTh OIIHIOBATH TIOKAa3HHWKH SKOCTI OOCIYTOBYBAaHHS 3
ypaxyBaHHSIM HEOJHOPITHOCTI MOTOKIB.

AKTyanbpHICTE pOOOTH BU3HAYAETHCS THM, IO Pi3-
HOpiAHICTH TpadiKy iCTOTHO BIIMBA€E HA KIFOYOBI Mapa-
METpH AKOCTi 00CITyrOBYBaHHSI, 30KpeMa Ha CEpEIHIO 3a-
TPUMKY, JOBXHHY 9ePTH, IMOBIPHICTh IepeBaHTaKEHHS
Ta CTIHKICTh MEpEKEBHX BY3MiB 10 IIKOBHUX HaBaHTa-
xeHb. Camonof1iOHi Ta bursty-moToKu CTar0Th XapakTep-
HOIO PHCOI0 CYYacHHX MEpEX, OCKUJIbKM BOHHU HpH-

TaMaHHI BiJJCOCTPHMIHTY, COLaJbHUM IIaThopMam,
cepBicaMm peasbHOro 4acy it loT-npuctposim, siki reHepy-
I0Th JIaHi HEPIBHOMIPHO Ta Y4acTO KOPEJIbOBaHO. ITHOpY-
BaHHS 1IMX BJIACTHBOCTEHl MPU3BOIUTH JO HENOOLIHKU
peaJbHUX 3HA4YEeHb 3aTPUMOK 1 HENpaBHJIBHOI OLIHKH
HPOITYCKHOT 3/1aTHOCTI, 1110 0COOJIMBO KPUTUYHO JUIS Me-
PEeX BHCOKOTO 3aBaHTaKeHHs. HayKoBi mocCiiKeHHS
OCTaHHIX POKIB MiITBEPKYIOTh, IO BIUTUB (hpaKTaib-
HOCTI Tpadiky Moxe OyTH JOMIHYIOYHNM YUHHUKOM Y (o-
PMyBaHHI 3aTPUMOK, OTHAK KOMIUIEKCHOTO METOAY OLi-
HIOBaHHS IIFOTO BIUIWMBY, KW Ou iHTEerpyBaB Poisson-,
bursty- ta self-similar-komnonenTn, moci He copmo-
BaHo. Came TOMY pO3pOOJIEHHS y3araJlbHEHOTO METOAY
aHaJi3y BIUIMBY PI3HOPITHOCTI TpadiKy Ha NMOKAa3HHUKH
QoS € akTyalbHUM 3aBAAHHSM JJIS TEJICKOMYHIKaIliHHUX
CHCTEM HOBOT'O TIOKOJIiHHSI.

AHaJi3 ocTaHHIX A0CTiTKeHb i myOJikamii. Y
KJIACHYHHX MiIX0JaX 10 aHaji3y MepekeBoro Tpadiky
OCHOBOIO BHCTYIAIOTh MOl Ha 06a3i MyacoHiBCHKOTO
TIporecy, SKi neper0avyaoTh He3aIeKHICTh MIKIIPHOYT-
KOBHX IHTEPBAJIB Ta €KCIIOHEHIIAILHUN XapakTep Haj-
xojpkeHb [ 1-2]. Taki Mogeri Jo0pe ONMICYIOTh CUCTEMH 3
PIBHOMIDHMMH IIOTOKaMH, OJHAK BTPAdarOTh TOYHICThH
TIpH TOSIBI HEPETYISPHOCTI a00 KOPEIbOBaHOCTI y Tpa-
oixy [3-4]. Tloganbuiunii po3BUTOK TEOPii MPHUBIB 0 MO-
neneit On/Off-Tuy, siKi O3BOJISIFOTH BiATBOPUTH bursty-
MOBEIIHKY Yepe3 uepryBaHHS (a3 BHCOKOI Ta HU3BKOI
aktuBHOCTI [3, 5]. Lli Momeni Aar0Th 3MOTY OIIHIOBATH
BIUIUB CIIJIECKOBHX HABaHTa)XKEHb HA YEPrH, OIHAK HE

© M. B. llluman, M. B. CaBuenko, 2026
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MOXYTb BiZJOOpPa3HTH JIOBIOTPUBALY KOPEJALI0, IO
BJIACTHBA peajlbHOMY IHTEPHET-TpadiKy.

HacTynHuM KpOKOM CTao BUKOPHUCTAHHS MapKOB-
CBKHMX MOJyJIbOBaHUX OTOKIB (MMPP), siki 103BONSIOTH
HAJIAIITOBYBATH KOPEJIALIITHI BIACTUBOCTI Ta BIAMOBIIaTH
IIUPOKOMY CHEKTPY CTaTUCTHYHUX NPO(LTIB BXiTHOTO
tpadiky [6, 7]. [Ipore HaBite MMPP-Momemni BUABHITHCS
HEIOCTaTHIMHM I OICY SBHUINA CaMOIOAIOHOCTI. 3HaU-
HHU BHECOK y PO3YMIHHS IIHOTO SIBHIIA 3pOOHIH JOCITi-
JUKSHHS, SIKi TOBEJTH, IO MepexeBhi Tpadik JeMOHCTPYE
BJIACTHBOCTI (PPaKTaIBHOCTI, SIKi HEMOMKJIMBO TMOSCHUTH
MyacoHiBCbKUMH Moensmu [8-11]. CamononiOHi mOTOKH
XapaKTepU3yIOThCs apaMeTpoM XepcTa i MatoTh BIACTH-
BICTb JJOBIOTPUBAJIOT 3AJIEKHOCTI, 1110 IPU3BOIMTH JI0 Pi3-
KOTo 30UIbIIEHHSI AUCTIepCii HAa BEIMKUX YaCOBHUX iHTEp-
BaJIax Ta COPUYMHSE CYTTEBE 3POCTAHHS 3aTPHUMOK Yy Yep-
rax. Came TOMy Cy4acHi MOJIeJI IparHyTh IMO€IHATH KJia-
CHYHI ITyaCOHIBCBKI MiIXOIN 3 MOZACIAMH, IO BPaXxOBY-
10Th burstiness Ta caMoIoIi0HICTh, OTHAK €TMHOI y3arab-
HEHOT METOJIVKH JIJIS OIiHIOBAaHHS BIUTHBY Pi3HOPITHOCTI
Tpadiky Ha 3aTPUMKY CHOTOJIHI HE iCHYE.

Metoi0 po6oTH € PO3pOOIICHHS Yy3aralbHEHOrO
AHaJII TUKO-EKCIIEPUMEHTAJIBHOTO METO/AY OL[HIOBAHHS
BIUIMBY PI3HODIJHUX TUMIB Tpadiky Ha CepesHIO 3aTpH-
MKY B TEJICKOMYHIKalifHUX CHCTEMax Ha OCHOBI aHaJIi3y
CTPYKTYpPHHX XapakTtepucTuk Poisson-, bursty- ta self-
similar-morokiB. JlocarHeHHs i€l MeTH mepeadavyae BU-
SIBIICHHS (DYHIaMCHTAIBHHX 3aJICKHOCTECH MK BapiaTu-
BHICTIO MDKIPHUOYTKOBHX IHTEPBaTiB, CTYICHEM CaMo-
MOIOHOCTI Ta TIOBEIHKOIO CHCTEMH YepryBaHHS. Y Me-
Kax JTOCIIKEHHS Heo0XiTHO cpopMyBaTH MaTeMAaTHIHI
CIIBBITHOIICHHS, SKi OMUCYIOTh BXiTHUN Tpadik 3 ypa-
XYBaHHIM HOTO KOpEeIAMiHHUX BIACTHBOCTEH, MOOYIy-
BaTH YHIBepCaJbHY MOJIEIb YePIH, IO JT03BOJISE OLiHIO-
BaTH CEPEIHIO 3aTPUMKY JJIsl PI3HHUX KJIaciB IOTOKIB, a
TaKOX BHMKOHATH MOJIENIbHI EKCIIEPUMEHTH [UIsl TOpiB-
HSTHHS @HAJTITHYHHX OLIHOK 13 pe3yJbTaTaMi CUMYJISIIT.
[TizcyMKOBHM €TarnoM € BH3HAYEHHS BIUIMBY OKPEMHX
napameTpiB — koedilieHTa Bapiarii, mapamerpa Xepcra,
inreHcuBHOCTI On/Off-a3 — Ha BEIMYMHY 3aTPUMKH,
IIO JI03BOJIUTH OKPECIUTH 00JacTi MOBEIIHKH CUCTEMH,
Jie PI3HOPIAHICTD TpadiKy Mae KPUTHIHE 3HAUCHHS.

OcHoBHui MaTepian

MareMaTHYHHI METO/T aHaJIi3y BIUTUBY Pi3HOPIIHO-
cti Tpadiky Ha 3aTpuMKH. J[JIs1 KOPEKTHOTO OI[IHIOBAHHS
BIUTHMBY Pi3HOPITHHUX MOTOKIB HA 3aTPUMKY B TEJIIEKOMYHi-
KaliiHUX CUCTeMax HeoOXiqHO c(hopMyBaTH y3araabHEHY
MaTeMaTH4Hy MOJeb BXifHOTO Tpadiky, sika OXOILTIOE
Poisson-motoku, bursty-notoku Ta camomno/i6Hi (pakra-
JIbHI TOTOKH. Po3mounemo 3 ¢pyH1aMeHTaIbHOT O IpeAcTa-
BJICHHS MpoLecy HaaxomkeHb. Hexait A(t) — kinbkicTs 3a-
SIBOK, 1110 Ha/UMIUIN B cUcTeMy 10 MoMeHTy vacy t. Toxi
cepenHs IHTEeHCHBHICTD BU3HAYAETHCS SIK

A=Ilim M . @
too t

Jis myacoHiBChKOi KOMIIOHEHTH PHUIMAETHCS, 110
MDXTIpHOYTKOBI iHTepBany Xk HE3aJIEXKHi Ta €KCIIOHEH-
LifHO PO3MOiNIeHI:

X, ~ Exp(4,), B[X,]=Y4, . @)

Leii BUNagok xapakrepu3yeTbcs HalOLIbIIO0 “pe-
TYJISIPHICTIO” TIpoLiecy, aJike KoediuieHT Bapiamii

cP=1. 3)

Juis  bursty-TIOTOKiB BHKOPHCTAEMO JIBOXCTaHHY
monens On/Off-tumy, ne mix wac On-¢a3u iHTEHCHB-
HICTh HaJIXOIDKEHb A, € 3HaYHO BHIIOKO Bix (HOHOBOI,

10 IPUBOANTH 0 MTOSIBY TpadikoBHX “cruieckiB”. Hexai
TpHUBaJIOCTi (pa3 MaIOTh MaTEMATHYHI CHIOJ[iBaHHS

1 1
E[Ton]:;, E[TOﬁJ:E. 4)
CranioHapHa 4acTKa 4acy, KOJIM cHcTeMa mepeoy-
Ba€ B aKTHBHiH (a3i, CTAHOBUTH

B
= , 5
Pa= ©)
Toxi cepenHst iIHTCHCUBHICTH bursty-moToKy A0PiBHIOE
ﬂ/B = ponﬂ’on : (6)

Jnst ppakTaabHOI KOMIIOHEHTH BBEIEMO CaMOIIOIi-
OHuit poriec i3 mapamerpom Xepcta H. CamonomiOHICT
BiTOOpakaeThCs CITiBBITHOIICHHSIM

X (at) = da" X (t) , @

[I0 O3HAYa€ IHBAPIAHTHICTH CTATUCTUYHOI CTPYKTYpH
o0 MacmradyBaHHsI. OZHAM 13 KIIFOUOBHX HACIIIKIB
[BOTO € HeNMHIWHUHA picT AUCIIEpCil:

Var[A(t)] ~t*" . (8)

dakTryHoO 1€ 03Havae, mo At H >0.5 y moror
MPUCYTHSA JNOBroTpmBaia 3anexHicts (long-range
dependence), sika TOCHITIOE BHHUKHEHHS TIIKOBHX HABaH-
TakeHb. CyMapHUHN pi3HOPITHUIA BX1THHUH NOTIK € TAKAM:

At = Ao + A5 + A 9)

ae Ar — cepenHs IHTEHCHBHICTH (DPaKTaIbHOIO MPO-
ecy, OIliHeHa 3 pealbHOTO 200 CHHTE30BaHOTO TpadiKy.
Xou caMa (ppakTambHICTF HE 3MIHIOE CEPEAHBOTO 3Ha-
YeHHsI A , BOHA ICTOTHO 30UIbIIIy€e BapiaTUBHICTh Ha[-

XOJDKEHb, 1[0 MU BiT0Opa3nMo depe3 KoedilieHT Bapia-
ii MDKITPHOYTKOBUX 1HTEPBAIIB:

cz =var[X]/(E[X])". (10)

st ppakraapbHUX MOTOKIB BiJioMa ampoKCUMaIlist
® 1
~ l
! 2H -1

110 MOKa3ye, sk 3MeHmeHss H 1o 0.5 pizko 30inbmrye Ba-
piaTHUBHICTH MpoIIecy.

Jst aHamizy 3aTpUMOK BHKOPHUCTOBYEMO MOJIENb
tumy G/G/1, ne gac 06CIyroByBaHHsS Ma€ MOMEHTH

E[s], B[s?].

Kinacnuna anpokxcumartis [Tonnadexa—XiHauHa 151
CEPEAHBOT0 Yacy OYiKyBaHHs Y Uep3i Ma€e BHTIIS

1)

(12)

E[WJ:&-%.E[S], (13)
Ae p=4aE[S], (14)
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Ta C2=C?, (15)

€ KoedinieHTaMH Bapianii BXiJHUX IHTEpBaiB.

3 dbopmymu (13) Oe3mocepenHbO BUILTUBAE, IO HA
3aTPUMKY BIUIMBAIOThH JIBA OCHOBHI (DaKTOpH: IHTEHCHUB-
HICTB (Yepe3 p) Ta BapiaTUBHICTH (depes C: ). Came Tomy

JUIsL PI3HOPIHMX MOTOKIB BAKJIMBO pO3IJIATH HE
TIIBKU CEPE/IHIO IHTEHCHUBHICTb, @  CTATUCTUYHY CTPYK-
TypY HaJAXOKEHB, SIKa 3HAUHOIO MIpOIO BU3HAUa€ “Hepi-
BHICTE” Tpagiky. /s bursty-nmoroky koedimieHT Bapia-
i1 MOYKHA OLIHUTH 5K
A
C\fB) ~-—N>1, (16)
10 MaTreMaTHYHO (opMatizye 37aTHICTh TAKOTO IIPO-
L[eCy TeHepyBaTu “‘CIIJIeCKH.
Jlyis cymapHOro pisHopinHOro Tpadiky 3 3 KOMIo-
HEHT OTpUMaeMO e(peKTUBHUN KoedilieHT Bapiamii

Cly =WoCP? +w,C®% + w.C{7?, (17)
Jie Bard BU3HAYAIOTHCS YACTKOK KOKHOTO MOTOKY:
W =2/ A - (18)
[Migcrasusim (17) y (13), onepxyemo
C? . +C?2
E[WJ—L-L-E[S]. (19)

1-p 2

Leit Bupa3 i € KIII0YEM JI0 OIiHFOBaHHS BILUIUBY Pi3-
HOPITHOCTI Ha 3aTPUMKY. BiH moka3sye, 1110 HaBiTh 3a He-
3MIiHHOI CepelHbOI IHTEHCHUBHOCTI A, , 30UIbIICHHS
(dpakraxpHOCTI 200 burstiness HeMHHyYE Besie IO POCTY
3arpuMKd. OCKUTEKH (ppakTaibHI IIOTOKH 3 MApaMeTPOM
H MaroTh BIaCTHBICTh “KOHIICHTPYBaTH HABaHTAKCHHS
Y B&KKHX XBOCTaX pO3IOJIUTy, 3aTpUMKa HaOyBae HaOu-

JKCHOT'O BUTJISIAY
1
& |:Wq:| - (

IO JIEMOHCTpPY€ IXHii HeNHIHHUI BIUIMB Ha CHCTEMY
pu HAOJIMIKCHHI 70 TpaHuIl ctabiipHocTi p — 1.

(20)

VY 6ararthOX NMPaKTUYHUX BHIAJIKAX KOPUCHO OLi-
HIOBAaTH TaKOX CepeHil yac mepeOdyBaHHS ITaKkeTa y CH-
creMmi:

E[W]=E[W, |+E[S], (21)
a Jepe3 IHTCHCHBHICTH HAIXOPKEHb OTPUMYEMO cepe-
JIHIO JIOBXKUHY YepTy

E[L]zﬂmE[W]. (22)

Pazom (19)—(22) dopmyroTh 3aBepiieHH IHCTPY-
MEHTapiil Ay KiTbKicHOI omiHkH QOS y cHcTemax, e
MIPUCYTHS PI3HOPIMHICTH BXiAHOTO Tpadiky, bursty-ede-
KTH Ta (paKTaIbHi BIACTUBOCTI.

ExcniepumenTanbHe TOCIIPKEHHS BILTUBY Pi3HOPII-
HocTi Tpadixy Ha 3aTpuMKy. s migTBepHKEeHHS aHATI-
TUYHUX Pe3yJIbTATIB, HABEACHUX Y MAaTEMaTHIHOMY PO3-
nimi, O6yo TPOBEAEHO KOMIUIEKCHE EKCIepHMEHTalIbHe
JOCIIDKCHHS. 33 JOTOMOIOK CHUMYJIIIIHOIO Ccepeo-
puma OMNeT++. T0IOBHOIO METOK EKCIICPUMEHTIB
CTall0 BHM3HAYCHHS TOTrO, SIK 3MIHIOETbCS CepenHs 3a-

TPHMKa B CHCTEMi MacoBOro oocinyroByBanHs tumy G/G/1
ITi/1 BIUTMBOM Pi3HHUX XapaKTEPHCTHK BXiTHOTrO Tpadiky —
30KpeMa IHTeHCHBHOCTI, KoedilieHTa Bapiallii MbKIpHOy-
TKOBHUX IHTEpBAaIiB Ta MapaMeTpa Xepcra, 0 BU3HAYAE
CTYIiHb CAMOMOIOHOCTI TOTOKY. [Ij1s1 boro OyJo cuHTe-
30BaHO TPH THIH MOTOKiB: IyacOHIBCHKHUMA, bursty-moTik
On/Off-tumy Ta camonomiGHuMit Tpadik, 3MOIETBOBAHMI
Ha ocHOBI MMPP-niporiecy. Vci moToku HagXomwIn a0
OJTHOTO By3JIa OOCITYTOBYBaHHS, SIKHI MaB CTaJIMiA 9ac 00-
CI[yTOBYBaHHsI Ta MoiTHKY depru thiry FIFO, mo no3Bo-
JISUTO TOCIIKYBATH CaMe BIUTMB CTPYKTYPH BXiTHOTO I10-
TOKY, @ HEe 0COOJIMBOCTEN TUCIMILIIHNA OOCITYTOBYBaHHS.
[Mepmmii eTan mociipkeHHsT OyB CIIPSMOBAaHUH Ha
aHaJIi3 BIUIMBY KoedillieHTa Bapiamii Mi>KIPHOYTKOBHX 1H-
TepBanie C? Ha cepelIHIO 3aTPUMKY E[Wq] 3a HE3MIHHOT

CepeHbOi IHTCHCHBHOCTI HaaxopKkeHb. {1 mporo Oyno
CHHTE30BaHO CEpIif0 MOTOKIB i3 OJHAKOBHM 3HAUYCHHSIM A,
aJre 31 3pOCTarOYNM PiBHEM BapiaTHBHOCTI — BiJl IyacOHIB-
cororo Bumaaky (C’ =1) mo cunbHo bursty- Ta dpakta-

MbHO-KopenboBarux motokis (C. ~ 20 ). ExcriepuMenta-

JIBHO BCTAQHOBJICHO, 110 TIPH 301IbLIIEHH] BapiaTHBHOCTI 3a-
TPUMKa 3POCTAE HEIHIHHO, CYTTEBO BUIIEPE/KAIOUH OLli-
HKY Kiacuauux Mozeseit tumy M/M/L. List Ternenmis mo-
BHICTIO y3TO/DKy€eThes 3 popmyioro (13), ne came koedi-
I[IEHT Bapiailii € MHOXXHUKOM, SIKUH IiICHJIFO€ BIUIMB Ha-
BaHT)KCHHS HA CEPeIHIO 3aTpUMKy. OTpHMaHi pe3yib-
TaTH HaBEACHO Ha puc.1.

e S S S
S N s O
T T T T

N B O

CepegnHs 3aTpumka, (E/ Wq) Mc

1 1 1 1 1 1 1 L

0 2 4 6 8 10 12 14 16 20
KoediyieHT Bapiaui

Puc. 1. 3ayexHiCTh CEpeAHBOT 3aTPUMKH
Bijl KoediuieHTa Bapianii MbKIIPUOYTKOBUX IHTEPBAiB

Jpyruii eTan ekcriepuMeHTiB OyB IPUCBIYCHUH 10~
CITI/DKEHHIO BIUIMBY CTYIEHS CaMONOAIOHOCTI Tpadiky,
0 OTMHCYEThCs mapameTpoM Xepcra H. [l cepii cue-
HapiiB reHepyBaBcs Tpadik 3i 3poctanHsM H Big 0.5
(rpaHMI BiZICYyTHOCTI JOBTOTPHUBAJIOL 3alIeKHOCTI) 10
0.95 (po3BuHeHa camorofiOHicTh). Pe3ymbraté moka-
3aJIH, 10 HaBiTh 32 OJHAKOBOI IHTEHCHBHOCTI Ta 30epe-
JKEHOTO CEPEAHBOT0 Yacy OOCIyrOBYBaHHS CEepelHs 3a-
TpUMKa pearye Ha 30inbiieHHs H pi3ko i HeniHiiHO: IpH
H > 0.75 crioctepiraerbcs cyTTeBUil CTPUOOK 3HAYEHD

E[Wq] . Taka moBe/iHKa BiJIMOBiTa€ TEOPETUIHOMY Ha-

6mmwkenHto (20), 3rigHo 3 IKUM QpakTaybHi mporecH do-
PMYIOTh 3HAYHO BaXK9i XBOCTH PO3NOLTY i MPU3BOIATH
JIO TIOSIBU “‘CTJIECKOBHMX™ HaBaHTaKEHb, IO CIIPHYUHIO-
I0Th BUCOKI 3aTpUMKH. ['padiune BinoOpaskeHHs i€l 3a-
JIEXKHOCTI ITOJIaHO Ha pHC. 2.
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MC

0

0,5 06 0,7 0,8 09
MapameTp XepcTta

Puc. 2. Cepenns 3aTpuMKa 3aJIeKHO Bifl mapamerpa Xepcra

Ha TperboMy eTari nmpoBeIeHO MOPIBHSHHS TPHOX
tumiB Tpadiky — Poisson, Bursty Ta Self-similar — 3a
YMOBH OJHAKOBOI cepenHbOi IHTCHCHBHOCTI HaIXo-
IDKeHb. L{e T03BOJIMIIO OLIHUTH, HACKIIBKY IPHPOJIA Tpa-
¢iky BIUIMBa€ Ha MOBENIHKY CHCTEMH IIPH 3MiHI HaBaH-
TaXCHHs p. Pe3ynbTaTH eKclepruMeHTY MOKa3aiu, IO
ITyaCcOHIBCHKHH MOTIK (OPMY€ HAWHIDKYI 3HAUCHHS cepe-
JIHBOI 3aTPUMKH B YChOMY JHiana3oHi HaBaHTaXCHb, a
bursty-tpadik npusBoaNTh 10 MPUOIU3HO JABOPA30BOTO
301IBIICHHS 3aTPUMKH, 0co0nuBo 3a p > 0.6.

Haii0inbll KpUTHYHOIO € MOBEAIHKA CaMoIojio-
Horo Tpadiky: IpH 3HaueHHsX p, Onmu3bkux 1o 0.8, 3a-
TpUMKa 3pOCTa€ JIABUHOMOJIOHO, IO Y3TO/DKYETHCS 3
e(eKToM JOBroTpuBanoi KOpeisLil Ta BaXKKHX XBOCTIB.
VYci Tpu 3aJe)KHOCTI HaBeICHO Ha puC. 3.

MC -
—— Poisson

200 " Bursty
=== Self-similar
150

100

50

00 01 02 03 04 05 06 07 08 09
CTyniHb 3aBaHTaXeHHs, P

Puc. 3. IopiBHsHHES 3aTpuMKH 17151 Poisson, Bursty
ta Self-similar Tpadixy mpu oHAKOBii iIHTEeHCUBHOCTI

CyKyImHi pe3yJIbTaTH YCiX TPhOX €KCHEePHUMEHTAIIb-
HUX Cepiil MiATBEpIKYIOTh KIIIOYOBI TEOPETHUHI MOJIO-
JKEHHS: 3aTPUMKa B TEIEKOMYHIKalliifHi} crcTeMi BU3Ha-
YAEThCS HE JIUIIE CEPEeTHLOI0 IHTEHCUBHICTIO TTOTOKY, a
MepeayciM CTaTUCTHYHOIO CTPYKTYpOIO BXITHOTO Tpa-
¢iky. Bursty-ta camonoiOHi mporiecu GopMyIOTh 3Ha-
YHO BUIII KOe]ilieHTH Bapiamii, 0 BUIBIAETHCS Y 3pO-
CTaHHI 3aTPUMOK HaBiTh NPH MIOMIPHUX HABAaHTA)KEHHSX.
Otxe, Mozedmi, AKi ITHOPYIOTh Pi3HOPIMHICT 1 KOpes-
LilHICTh TpadiKy, CHCTEMaTH4YHO HEJOOLIHIOIOTh pea-
JIbHI 3aTPUMKH, 0COOJIMBO Y CHCTEMax i3 BUCOKHUM Tpa-
(iKOBUM HaBaHTaKEHHSIM.

BucHoBku

YV Xoxi BUKOHAHOTO JOCIIIKEHHS OTPUMAHO KOM-
IUICKCHI aHAJITHYHI Ta eKCIepUMEHTANbHI Pe3yJIbTaTH
070 BIUTUBY Pi3HOPiAHOCTI Tpadiky Ha 3aTPUMKY B Te-
JeKOMYHiKaniiHuX cuctemax. [IpoBenenmii aHami3 minar-
BEpMB, II0 CEPEAHS 3aTPHMKa BU3HAYAETHCS HE JIHIIC
IHTEHCHUBHICTIO MTOTOKY, aJileé 3HAYHOIO MIpOI0 3aJIeKHUTh
BiJI CTATUCTUYHOI CTPYKTYPH MIXXITPUOYTKOBUX 1HTEpBa-
JB 1 XapakTepy BapiaTHBHOCTI Haaxo/pkeHb. [lokazaHo,
IO ITyacOHIBCbKI NMOTOKH ()OPMYIOTH HalMEHII 3Ha-
YeHHsI 3aTPUMKH 3aBJSKU CBOI pEryJsIpHOCTI, TOMI 5K
bursty-moToku 3 Bupa)keHUMH CIIIECKAMH iHTCHCHBHOCTI
CIPUYMHSIOTh CYTTEBE 30UIBIICHHS CEPEIHBOTO YaCy
OUiKyBaHHS HABiTh PU MTOMipHHUX HaBaHTaXXCHHAX. Haii-
OUTBII KPUTHYHUHA BIUTUB CIIOCTEPITa€ThCS Y BHIMAJIKY Ca-
MOTOAiIOHOTO TpadiKy, A IKOTO HASBHICTH JOBIOTpPHU-
Bayioi KOpesswii Mpu3BOANTH 10 (OPMYBAHHS BaKKHX
XBOCTIB PO3MOJILTY Ta Pi3KOTO POCTY 3aTPUMKHU B o0Jac-
TSIX HABAaHTAXXEHHS, OJIM3bKUX 10 TPAaHUYHUX.

ExcriepuMeHTanbHi pe3yiibTaT, OTpUMaHi y cepe-
noBuni OMNeT++, y3romkyroThess 3 aHATITHYHUMH
OIIIHKaMH Ta MiATBEPKYIOTh HETIHIHHUN XapakTep 3po-
CTaHHs 3aTPUMKH NPU 301IbIIEHH] KoedilieHTa Bapiamii
MDKOpUOYTKOBHX IHTEpBaliB i mapamerpa Xepcra. 30i-
TBIICHHS (PPAKTANBFHOCTI BXIIHOTO IOTOKY MiJCHITIOE
e(eKT HAKOIMIEHHS YepTH, 10 AEMOHCTPY€E CYTTEBE Bi-
JXUIICHHS BiJl MPOTHO3IB Kiacuuuux moneneir M/M/1 i
M/G/1, y sikux HE BpaxOBY€ThCs KOPEIbOBaHA MPUPOIA
HaBaHTaKEHHsS. BCTaHOBIIEHO, 110 HaBITH 3a OJHAKOBOL
CepeaHbOI IHTEHCUBHOCTI pi3Hi THIH Tpadiky GopMyIOTH
NPUHLUIIOBO Pi3HI PEXUMH 3aTPUMKH, a CaMOIoi0HUI
HOTIK MOXe 30UIbIIyBaTH 11 Y KijbKa pa3iB MOPIBHIHO 3
MyaCOHIBCHKUM BHUITATKOM.

OTpuMaHi pe3ysbTaTH J03BOJSIOTH JIWTH BHCHO-
BKY, 1110 aJ€KBAaTHE OIIHIOBAHHS MMOKA3HHKIB SIKOCTI 00-
CI[yTOBYBaHHS y Cy4aCHHX TEJIEKOMYHIKallifHUX CHCTe-
Max motpe0ye BpaxyBaHHS HEOJHOPITHOCTI Tpadiky Ta
HOro KOPENAMIMHNX BIACTHBOCTEH. 3ampOIIOHOBAHUIMA
MAX 1, SIKFH TO€THY€ aHATITHYHY MO 13 CUMYJISIIif-
HOI0 TIEPEeBIpKOI0, 3a0e3redye MOMIMUBICTh TOYHIMIOL
OLIHKA 3aTPUMOK Yy BYy3JaX Mepexi, Je TPHCYTHI
Poisson-, bursty- ta self-similar-notoxu. Ile cTBOproe oc-
HOBY JUIs TOJAJbLIOT ONTHMI3allil aJroOpuUTMIB Kepy-
BaHHS HABAHTAKEHHSM, YJIOCKOHAJICHHS JUCLUHUILIIH 00-
CJIyTOBYBaHHS Ta IiJIBUILIEHHS] TOYHOCTI IPOTHO3YBaHHS
QoS y cucremax HOBOTO TIOKOJIiHHSL.

KonduaikT inTepeciB. ABTOpH AeKIapyrOTh, IO HE
MafoTh KOH(QJIKTY IHTEPECiB CTOCOBHO JI@HOTO JIOCIi-
JDKEHHSI, B TOMY 4HCIi (PiHAHCOBOTO, 0COOMCTICHOTO Xapa-
KTepy, aBTOPCTBA YH 1HIIOTO XapaKTepy, 0 Mir O BILUIH-
HYTH Ha JIOCIIJKEHHS Ta HOTO pe3yJIbTaTH, PeACTaBIeH]
B JIaHi#l cTaTTi.

Buxopucranusi 3aco0iB IITYYHOTO0 IHTeJIEKTY.
ABTOpH TiATBEPIXKYIOTH, II0 HE BUKOPHCTOBYBAJIH TEX-
HOJIOTii IITYYHOTO 1HTEJIEKTY PU CTBOPEHHI IpeICTaBIe-
HOi po0OTH.
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Method for analyzing the impact of traffic diversity on delays in telecommunication systems
Maksym Shyman, Mykola Savchenko

Abstract. Relevance. Modern telecommunication systems operate in conditions of high heterogeneity of network traffic,
caused by the simultaneous presence of Poisson, bursty and self-similar flows, typical for multimedia services, 10T applications
and real-time networks. Classical models of queuing theory, based on the assumptions of independence and exponential distribution
of inter-return intervals, are unable to adequately describe the impact of burstiness and long-term correlation on delays, which leads
to systematic underestimation of service quality indicators. This necessitates the development of generalized analysis methods that
take into account the statistical structure of heterogeneous traffic. Object of research: processes of delay formation in telecommu-
nication mass service systems in the presence of heterogeneous traffic flows. Purpose of the article: development and study of a
generalized analytical and experimental method for assessing the impact of Poisson-, bursty- and self-similar-traffic on the average
delay in telecommunication systems, taking into account the variability and self-similarity of incoming flows. Research results.
The article proposes a mathematical approach to delay analysis based on a G/G/1 type model, in which traffic heterogeneity is
taken into account through the effective coefficient of variation of inter-return intervals and the Hurst parameter. Analytical de-
pendencies were obtained, demonstrating a nonlinear increase in the average delay with increasing burstiness and the degree of
self-similarity of the flow. Simulation modeling was carried out in the OMNeT++ environment, the results of which confirmed the
adequacy of analytical estimates and showed that self-similar traffic forms the most critical operating modes of the system with an
avalanche-like increase in delay at high loads. Conclusions. It is shown that the average delay in telecommunication systems is
determined not only by the intensity of arrivals, but also by the statistical structure of traffic. Bursty and self-similar flows signifi-
cantly worsen QoS indicators even at a constant average intensity, which limits the applicability of classical Poisson models. The
proposed method provides more accurate delay prediction and can be used for the analysis and design of highly loaded telecom-
munication networks. The scope of application of the obtained results: wireless and wired telecommunication networks, Internet
of Things systems, next-generation multi-service networks, problems of QoS analysis and optimization of service disciplines.

Keywords: telecommunications system, heterogeneous traffic, queueing theory, self-similarity, Hurst parameter, delay,
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