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[Tam’sTi Ipodecopa, mokropa TexHiyHuX Hayk 'OJIOBKA B’syecnaBa Dtiva.

s MeHe ocobucto, K i mas 6a-
raTbox iHmMx, B’stuecnas Iimtiu ['omoBKO
OyB BM3HAYHOIO ITOCTATTIO. BiH HapoauB-
cs1 07 munas 1947 poky. Moe 3HaiioMCTBO
i3 HMM BimOysoCs ITiJ Yac MiAroTOBKU 10
3aXUCTY Moe€i KaHIUOATChbKOIL
mucepranii. Mloro Tpoxu npuKMypeHuit
TIOTJISIA, i3 CUrapeTol 3amaM’SITOBYETbHCS
Ha yCe SKUTTS. 3aBXKIOM CIHiJIKYBaHHS 3
B’sayeciaBoMm Dtivem Mano xapakTepHY
puUCy — BiH 3aBXOM IIYKaB MOXJIMBICTb
JoromorTtu. I moriomaraB BiH IIMPO, Bif
oymri. [Ipy yomy 1ie CTOCyBajiocsl He
TIJIbKM HaYyKH, 11e 00i/iMasio yBeCh CIIEKT]

JKUTTEBUX IIUTAHD.

By/10 Take BifuyTT4, 10 BiH IPOHMKAB B Tebe. Vloro migomiuHi 3aBxam sHaIM —
«mied» mopsig Oyab-ae Ta Oyab-KOJIMN.

B’stuecnaB Imiu 'os10BKO OYB JTIOAMHOIO — TeHepaTOpOM. BiH mocTiiiHO reHepy-
BaB ifiei, aHaIi3yBaB iX BIPOBaI;KeHHSI, 1ie OYB CeHC ioro XUTTs. Came 114 SIKiCTh Xa-
paktepusyBana npodecopa ['0jioBKa BIPOJOBX BCbOTO OTO HAYKOBOTO NUISIXY. A
HayKy BiH Jito6uB. I 11060B 115 6y/1a B3a€EMHOI0. 3i CTyIeHTChKUX pOKiB B’siueciaB I'o-
JIOBKO MpPUIIMaB aKTMBHY yYacTb Y HAYKOBOMY XKUTTi. CIIOYaTKy CTYI€HTCbKi HAyKO-
BO-JIOCJIiJIHi po60TH, MMOTIM yUacTh y HAyKOBO-IOCTiAHUX poboTax Kadenp. He nus-
HO, IO Mic/as 3aKiHYeHHS MeTanypriiiHoro iHCcTuTyTy v 1970 poli BiH nmepexonuThb
mpaifoBaT 10 [HCTUTYTY YopHOi MeTanyprii. lo cdepu 7toro HayKOBUX iHTepeciB
BXOJIMJIO TIOMEHHEe BUPOOHUIITBO, CTaJIeIUIaBUIbHI arperaT. BiH ocobucTo 06’i3auB
Maiike yci MeTanypriiiHi komb6iHaTu KonuiiHboro CPCP. HakonuueHuit TOCBiz AaB
3MOTy OTpUMAaTM BaroMmuii HAyKOBMII pe3yJbTaT — 3aXUCT KaHAMIATCbKOI
nucepTaliii, e Oy/iu BUpillleHi KOMIUIEKCHI MUTaHHSI alrOpUTMy POOOTU CUCTEM
1oJavi MMUXTOBMX MaTepiajliB Ha KOJOLIHMUK JOMEeHHO] Ieui. MaTepianu auceprailii
Maiike ofipa3y 6y/u BIPOBaIKeHi y BUPOOHUIITBO, 1110 CBiTUMUTH PO BaroMuii Hay-
KOBO-TIpaKTUUHMIT pe3y/bTar.

V nopanpiiomy B’siuecnaB iutiv 3aXonmBCsl BIPOBAI)KEHHSIM PagapHOI TEXHIKNU

y MmeTtanyprii. YacTo y meTanypriiiHux arperarax rotpioHo 3HaTu GpakKTUIHUIT piBeHb
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IIMXTOBMX MaTepiajiB abo posmiaBy. OCKiIbKM OCHOBHMMM MEePENIKoIaMM € 3aMK-
HYTUII TPOCTip Ta BMUCOKA TemIiepaTypa, TO AJisl I[bOTO 3aBHAHHSI paiojoKallisl €
HaONTMMAaJbHIIIMM pillleHHSIM. B’sdeciaBa [niiva 1mo rnmpaBy MOXKHa BBaskaTU poO-
JIIOHaYaJIbHMKOM pajiosiokaliii MeTanyprii B Ykpaini. Came 11iit TemaTuili 6yia mpu-
CBSTUEHA JI0r0 TOKTOPChKA IycepTallis, MaTepiay SIKOi 3BiCHO K Oy/iM BIIPOBaIKeHi
y BUpoOGHMIITBO. ITig HayKOBUM CympoBOAKeHHsIM npodecopa T'osoBka OGyna BcTa-
HOBJIEHA CMCTeMa Pajioa0KalliiiHOrO KOHTPOJII0 PiBHS 3aCUITy HIMXTOBUX MaTepiasiB
Ha KOJIOLIHUMKY HAMIOTYXHIWO1 foMeHHO1 teui N29 y Kpusomy Po3i, sika no3sonmia
3HAYHO OITMMi3yBaTy ii poOOTY Ta MiABUMIIUTU TEXHiKO-eKOHOMIiUHi MOKa3HUKMU
IOMEHHOI IIJIaBKM.

I[Tig KepiBHMIITBOM Ta KOHCYJbTYBaHHSIM B’suecnaBa Inmmiua Oyno 3axuiineHO
psII KaHOAMAATCHKUX Ta AOKTOPCHKMX Ayceprailiii. BiH OyB wieHOM 6araThbOX IOK-
TOPCHKMX crelliasi3zoBaHux BueHux pag.

OxpeMO x04eTbCs 3ragatu IIpo ApyxuHy B’suecnaBa lmiva. Jlrogmmna
AupgpiiBHa Oy/a HamiiHMM TUJIOM Ta 3aBKOM MMiATPUMYyBaja 40j0BiKa. [IpupoaHbo,
III0 BOHA TaKOX Oysa MOB’si3aHa 3 HAYKOBOIO HisuIbHiCTIO. KaHaMmaT XiMiyHMX HayK
Jllommuna AHpApiiBHA ['OJIOBKO Bce JKXUTTS TIPUCBATWIA IIUMTAHHSIM Ximil B
MeTaJypriiHux TMpoijecax Ta IpomnpaliBaga y IiHCTUTYTI YOPHOI MeTamyprii
im. 3.I.HekpacoBa HAH VYkpainn.

BiitHa my>ke HeraTMBHO BIUIMHYJ/IA HA BCiX HAc Ta Ha B’suecnaBa Itiva. Le 6yna
ioro ocobucTa Tparefis, sika, HaXkaJib, Iy>ke HeTaTMBHO BiJo6pa3miach Ha 1 OTo 3/10-
poB’i. 3a mBa AHi micas cBoro 75-tu piuHoro ioBinerw, 09 mumHg 2022 p B’sueciiaBa
Inniva I'osmoBKa He crtaso. IIpo e 6os1ue roBOpUTH... MeHi iHOi 34a€ThCs, 110 paill-
TOM ABepi A0 KabiHeTy IMIBUIKO Ta BIIEBHEHO BiTUMHSITHCS Ta YCMixXHeHMIT 1med cka-
Ke: «AHJIpIOXa, XBaTe MaripliiB, JaBaii OyIeMo 3aiiMaTUCSI HayKOIO!».

BrieBHeHmii, 1m0 BCi MM, MOro Yy4Hi, Apy3i Ta KoOjeru Imam’ SITaTUMemMO
B’siuecnaBa Dimiva yce skuTTs. 3Halo, IO #Oro ciipaBa kXuBa i Mmu Oymemo ii

PO3BUBATU.

Anppiit Cenereii, mpodecop Kabenpu «TexHiuHa mexaHika» YIVHT.
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€.C. Cynema, O.P. Ilens
3ACTOCYBAHHS KJIACTEPU3AIIII
JJIS IIIBUIEHHA TOYHOCTI JITHIMHUX HABJIVDKEHD

AHomauyis. ¥ cmammi 3anponoHOBaHo cnocib nidsulyeHHs MOYHOCMI MOOesItoBAHHS 00'ekma
00C/1I0XeHHsA Ha OCHOBI HABOPY MeMNopaabHUX MyabMUMOOAIbHUX OAHUX 3a 0NOMO20I0 NiHi(
HUX HabJUXeHb 3 BUKOPUCMAHHAM Kaacmepu3ayii. 3anponoHosaHruli nioxio moxe 6ymu 3acmo
cosaHuli npu cmeopeHHi yugpposo2o 08iliHUKA OOCTIOXYBAHO20 06'EKma.

Kntoyosi cnosa: yugposi 08IUHUKU, MeMnopaibHi Mybmumo0asnbHi 0aHI, GHAMI3 OQHUX.

Berym. CyvyacHi TeXHOJIOTiUHI 3aco6M CIIOCTEpPesKeHHSI, MOHITOPUHTY Ta
BUMipIOBaHHS TO3BOJISIIOTh T€HEPYBATM BeJMUe3HUii 00’€M reTeporeHHMUX IaHUX,
II0 OIMMCYIOTh CTaH Ta MOBEMiHKY CMCTEM Ta ITPOIIECiB, TaKMX SIK PO3YMHi OyIMHKMN,
aBTOMATMYHi BMPOOHMIITBA Ta BUIPOOYBaJbHIi CTEHOM, MEIWYHi TOCTigKeHHS
TOLIO. BHAC/HIMOK ILIbOIO BMHMKAE HEOOXiTHICTh aHaMi3y Ta BUKOPUCTAHHS LUX
JaHUX 3 BEJMKOW TOYHICTIO JJjisI OTpMMAaHHS pO3YMiHHS IPOIECiB, M0
CIIOCTEPIramThCs, Ta MOOYIOBM IMPPOBUX MOJEEeN CKIaJHUX CUCTEM Ta IIPOIIECiB,
30KpeMa UIM@POBUX ABIHMKIB, 3 METOIO AOC/iIKEeHHS, BUBUEHHS Ta OITMMi3allii
MIpUIHATTS pillieHb [1-3]. Taki Habopu HaHUX MOPOIKYIOTh LTy HM3KY MMpo6jeM Ta
BUK/IMKIB, SIKi CTAHOBJISITb 3HAUHMII iHTepec IS MOCHiITHUKIB Y Pi3HMX 00JIaCTIX
HAyKM Ta TexXHiKM, HAIMpMKIag, iX OTPMMAaHHS, CUHXPOHi3allisi, 30epiraHHs i
edexTNBHI 06poOKa Ta aHai3 [4].

3a CBO€I0 MPUPOJIOI0 MYJIbTUMOAANbHI JaHi MiCTSTh Oisbllle iHbOpMaliii, Hix
3HAUeHHSI MOJa/JbHOCTel, 3adikcoBaHi OKpemo, 3aBIASKM HASIBHOCTI 3B’SI3KiB MiX
HMUMU. Xoua 1i 3B’SI3KM MOXYTbh OyTU HeBimomi Oe3mocepelHbO, ITPO HUX MOKHA
3poOMUTM TI€BHi BMCHOBKM 3 BMKOPUCTAHHSIM METOXIB TOegHAHHS maHux (data
fusion). IToegHaHHSI MaHMX BU3HAUAETHCS SIK IpolleC KOMOiIHYBaHHSI 3HaueHb, IO
HaAXOIOATh 3 Pi3HMX [PKepes, HaIpMKIaJ, CEeHCOPiB Pi3HMX TUIIB, I/ OibIl
TIOBHOTO OMMCY CepeloBuINa, Ipoliecy abo o006’e€kTa, IO AOCTIIKYETbCS, TaKUM
YMHOM, 06 TpM I[bOMY CYTTEBO 3pocia Aeska iHdopmariliiiHa merpuka [5]. 3

MIPaKTUYHOI TOUKM 30pY MOE€AHAHHS JaHUX AO3BOJISIE OTPUMATH OiTbII TOUHI MOIeTi

© Cynema €.C., ITens O.P., 2022
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IOCJiIKyBaHUX SIBUII HA OCHOBI pi3HUX Ikepest iHdhopmallii, SIKi BUKOPUCTOBYIOTbCSI
B Pi3HUX IIJISIX, B TOMY YMCJIi IJ1s1 TOOYA0BM 1IMGPOBUX NBIHUKIB — KOMIT IOTEPHUX
MoOJiesieil peajlbHUX CUCTeM, SIKi ITOCTiIKYIOThCS ISl aHamizy iHdopmaliii Ta
TIPUIHATTS pillleHb B yMOBAaX, KOJM BIAMNOBiJHI €KCIEePUMMEHTU 3 peajbHOI
CUCTEMOI0O He € MOOIIJIbHMMM 3 MipKyBaHb BapTOCTi, 0e3leKyu TOIo. Y TaKux
cucTeMaxX MOJATbHOCTI BIUIMBAIOTh OJHA Ha OOHY, 3a0e3meuyiouy OibIl TOYHE
TIpeICTaBIeHHS 06’ €KTa JOC/TiIKeHHS.

ITocraHoBKa mpoOieMu. 3a7jaua MEeTOAiB MOJIe/IIOBAHHS Ta aHaJi3y B I[iJIOMY
MOJISITa€ 'y CTBOpPeHHi Hu@poBoi Mojeni o06’e€KTa [OOCTIKEHHST 3a HabopoM
TEMITOPAJIbHUX MYJIbTUMOJANbHUX NaHUX 3 IOMNepeaHbO HEBiIOMMMM 3B’SI3KaMH,
[0 [O3BOJISITMME TIepeddaveHHs] 3 OiNbIIOI0 TOYHICTIO, HiXX OJHe JiHiliHe
HaOMVsKeHHS. BXigHuit Habip maHuxX BBaskaTMMeEMO MOBHMM Ta CMHXPOHi30BaHUM 3a
YaCOM.

LI cTaTTs mMpUCBsSiUeHAa BMKOPUCTAHHIO KjaacTepumsallii Iy aHamizy HabopiB
TeMITOPAIbHUX MY/JIbTUMOIAIbHUX NAHUX, SIKi XapaKTepu3yloTh 00’€KT AOC/iIsKeHHS
3 METOIO IiABUIIIeHHSI TOUHOCTi MO/Ie/TIOBaHHSI.

AHauni3 nitepaTypHux mxepes. Y po6oTi [6] 3amporioHOBaHO 6a30BY MOJieNb
1I1GpPOBOro MBiMHMKA, SIKa MIpU3HAYeHa IJIs1 aHaji3y Ta MOJIe/NI0OBaHHS BUPOOHUUMX
npoiieciB. BoHa cKaagaeTbCs 3 YOTUPHOX PiBHIB: piBHS (i3MYHOTO IPOCTOPY
BUMPOOHMYOIO TIpoIlecy, PpiBHSI KOMYHiKalliliHOI cucTemMu, piBHSI 1M(pPOBOro
IBiliHMKA Ta PiBHS KOPUCTYBAlbKOTO MpocTopy. [IporpamMHa cuctema Ajist peanisaiii
uudpoBoro ABiliHMKA BK/IKOYAE MOIY/Ib KepyBaHHS, MOAYJb CUMYJSIii, MOIY/b
nepef6adyeHHs i BUSBI@HHS aHOMasilt, a TaKOX MOZIY/Ib 30epeskeHHs JaHUX (XMapHe
cxoBuile). HemomikoM 3anmpOnoOHOBAaHOI MOJe/li € HEMOKIUBICTh 11 BUKOPUCTAHHS
IJIs iHIIMX TayTy3eli 3aCTOCyBaHHS IMPPOBUX ABITHUKIB.

VY pob6ori [7] npencTaBieHo MeTOH, CTBOpeHHS 1MbpPOBOi Mojesi BUPOOHNYOTO
MIPUCTPOIO Ta TependaueHHs MedeKTiB BMPOOHMIITBA Ta 3HOCY pOOOUMX YACTUH
3aBJSIKM 300pYy i1 06p0OIIi ormocepegKOBaHMX JTaHMUX 30BHIIIHIX CEHCOPIB.

3arnporioHOBaHMii y poboTi [8] meTon [mo3Bosisie 3ab6e3MeunTy 3B’SI30K MiX
pi3HMMM MOJAEISIMU ITPOMMCIOBOrO 00’ €KTa JJIsI KOPEKTHOI Bisyasisarii 111ppoBoro
nBiiHuka. Ileit MeTon He Moyke OyTM 3aCTOCOBaHMI MJisI LMQPPOBOrO IOJAHHS
00’€eKTiB iHIIIOI IPUPOAY, HAIIPUKIIAM, MeIVKO-0i0OriYHNX 00’ EKTIB.

AHani3z HMx Ta IHMMUX JiTepaTypHUX Kepes, OIyO0JiKOBaHMX HeI[0JaBHO,
JI03BOJISIE CTBEPIKYBATU IIPO HEOOXiTHICTh YIOCKOHAJIEHHSI METOHIB ITOJAHHS Ta
aHaji3y TeMMNOpaJbHMUX MYJbTUMOJIbHUX OAHUX [AJsS KOMIUIEKCHOTO TOHAaHHS

HabopiB JaHMX Ta GOpMYBaHHS IMMPOBUX ABIHMKIB JOCTIIKYBaHUX 00’ €KTIB.

6 ISSN 1562-9945 (Print)
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IlogaHHS TeMNOpaJbHMX MYJBTUMOJANbBHUX AaHMX. [ dopmanbHOI
cienmudikanii  uudpoBMX  OBIMHMKIB  JOCTIMKyBaHMX OO’€KTiB  IOTpiGeH
MaTeMaTUYHMII arapat, sIKuii 3a0e3IeuyuTb JIOTiKy IIOJaHHSI Ta OOpOOJIeHHS
TEeMIIOPAJIbHUX MYJIbTUMOJATbHUX JaHUX 3 YPaxXyBaHHSIM BJIaCTUBOCTEN LIMX TaHUX,
a came, MyJIbTMMOIAIbHOCTI (IMDPOBUIT ABIHUK BU3HAYAETHCS CYKYITHICTIO TAHUX
pi3HOi mpupomu; JOrika IOJaHHS Ta 00poOJeHHS HaHUMX LMAPOBOro NBiHMKA
3aJIeXKMUTh BiJl SKICHOTO Ta KiJIbKICHOTO CKJAaAy Ili€i CYKyIIHOCTi OaHMX) Ta
TeMIIOPIbHOCTI  (eJIEMEHTM CYKYIIHOCTi JaHMxX Hu@poBOro MABiliHMKA €
BIOPSIAKOBAaHMMM 3a 4YacOM iX OTpPMMAaHHS; TOPSAOK CAiAyBaHHSI OKpeMMX
eJIeMEeHTIB IIOCTiTOBHOCTI JaHMX BIUIMBAE Ha pe3yabTaT 0OpOOJEeHHST Bciei
CYKYITHOCTi JaHux LudpoBoro [BiiiHMKAa). TakMmM MaTeMaTMUHMM arapaTom €
anrebpaiuHa cucrtema arperatis [10].

Arperat A - 1le BIIOpSIIKOBaHA CKiHUeHa CYKYITHICTb eJleMeHTiB, sSIKa BM3Haua-
eThCst KopTeskeM MHOXMH {4} Ta kopTexkem Koprexis enementis (A), mpruaomy ere-

a}

= M
. Iy
MEHTU ~i KOXXHOTO KOPTEeXy eJIeMEHTIB (ai}i=1 €

HaJIekaTh A0 BiANOBiAHOI

MHOXMHU Mf < {A}, J= [1.. N], IO 3aa€ B3a€EMHO-OOHO3HAYHUII 3B’SI30K MIXK

MOPSIIKOM CJIiIyBaHHSI MHOXMH Ta MOPSIIKOM CJIiTyBaHHSI KOPTEXiB eJleMeHTIB:
. n; N

_ J\T _ 1

A= [MRaly 2], = [AIAN, W

J'W _.l‘ ?IJ,-
me 4} - xoprex muosxun i; (4 - koprex xoprexis enementiB (%itiZi;
j . . .
@ — oxpemuit eneMeHT (3HaUeHHS) a60 CKIaLeHMiT eleMeHT (KOPTEX OFHOPITHUX

. . aleM.
3HayeHb a60 KOPTeX pi3HOpigHMX 3HaveHb), % €M),

POSITISIHEMO 06’€KT CIIOCTEPEKEHHSI © , SIKMii BUSIBIISIE CBOIO CYTHICTb Uepe3
Hab6ip Bractusocteit F1 Fzr o F | siki MOXYTb OYTM BUMIipsiHi. B 6araTbox BUMagKax
1Ii BJIACTUBOCTI € B3a€MOIIOB’I3aHMMU, OCKIJIbKM BOHU MPECTABSIOTh CTaH OJHOTO
i Toro x o06’e¢kTa Ta, HAKTUUHO, € Pi3HUMM IIPOSBAMM WOrO IIOBEAiHKM, IO
3MIHIOETBCS 3 TUIMHOM 4Yacy. KoMruiekcHe momaHHS JaHuX, 10 BimoOGpaxkaloTb Xa-
PaKTepPUCTUKU OOCTIIKYBAHOTO 00’€KTa, CIpUSIE KPAllOMy PO3YMiHHIO 3arajbHOI

KapTUMHM TIOBeJiHKM IbOro o00’ekTa. BuMipsHi 3HaueHHS BJIACTUBOCTEI

IOCJTiIKYBaHOTO 00’€KTa S MOXXHA IIPeCTAaBUTK sIK arperat As, KOMIOHEHTamu

f)"

SIKOTO € KOpTeXi 3Haqub{ i=1 Bractusocreit Lj Jd= 1..N ) 06’exTa S
As = [My, My, Myl(FS e AV R SR 2 ) (R S S3)] @)

PosrisineMo crnoci6 JocimKkeHHS 3B’S13Ky MiK JaHUMU Pi3HUX MOAATbHOCTEIA
006’€KTa AOCTiIKeHHS, BU3HAUEeHOTrO (2), sIKi BU3HAYAIOTh 10r0 BIACTUBOCTI.
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BuxkopucraHHsi KjacTepusaliii »OaHMX [JisI IiABUILEHHSI TOYHOCTI
MOJe/JI0OBaHHA. Y BUIMAAKY, KOJM IIOBEOiHKA CUCTEeM OIMCYETbCS HEiHIMHUM
3aKOHOM, ab0 CYKyIIHiCTIO 3aKOHiB B 3aJIe;KHOCTi BiJ MEeBHMX YMOB, €IMHA
almpoKCUMallis MyJIbTUMOAAIbHUX OAaHUX, SIKa OYIyeTbCS B OiNBIIOCTI MeETOZiB
TO€MHAHHS JTaHUX CTAa€ 3HAUYHO MeHII edeKTUBHOIO uepe3 BUKUAM, IO CUIbHO
BigXMUJIAIOTHCS BiJI JTIiHiITHOTO HAOIVKEHHS.

3acTocyBaHHSI B TAKOMY BUIAJIKy MeTOMiB daKkTopM3allii abo KOMIIOHEHTHOTO
aHaTi3y AO03BOJISIE OMMCATU CUCTEMY Oi/IbII TOYHO 3a PaxyHOK ITOSIBM OibInoi
KiJIbKOCTi CTYIIeHiB cBOOOAM, a00 BBEIEHHIO IIPUMHLIMIIOBO iHIIMX BJIACTUBOCTEN, ajie
TIpU IIbOMY BCe OJHO OYIyEThCS €MHe JIiHiliHe HaOIMKeHHS, 00UMCIeHHS, aHaJli3 Ta
iHTepIIpeTallis IKOTO € HeTPUBia/JIbHOIO 3a/1auelo.

[yt BUpillleHHS TaHOi Mpo6jieMy IPOIIOHYEThCSI BUKOHATU PO3MIiJIeHHS 00J1acTi
IaHUX Ha iHTepBaaM, B SKUX JIiHiiHI HAOGMMKeHHS OYyOyThb OaBaTyU 3a0BibHY
TOUHICTh — BUKOHATM KJIaCTepu3allilo 3 ypaxXyBaHHSIM CaMMX 3HaU€Hb TOUOK ITaHUX
Ta iX CTATUCTUYHUX XapaKTePUCTHUK.

3arajbHUIT aJITOPUTM, 11O MIPOMOHYETHCS IJIS 1IbOTO € MoAudiKalli€elo MeTomy
DBSCAN, y IKOMy METPMKOIO BiZICTaHi € BiIXMJeHHS TOYKM Bif JIiHiiiHOro Ha6/IM-
>KeHHS T10 TIOTOYHOMY KJIacTepy:

1. O6bpaTu MiHiMa/IbHY KiJIbKiCTb TOYOK M.

2. IHimiamizyBaTu CNMCOK BiaxwieHb R = @ Ta COMUCOK KaHAMUAATIB A = @,
JIYMIBHUK KIacTepiB i = 0, notrounuit kinactep C;= @.

2. Y BIIOPSIKOBAaHOMY 3a He3aJIEKHOK BEIMUMHOIO HAbOPi JaHMUX moOymyBaTu
JIiHiliHe HAOIMKeHHS 3a/IEXKHOI BeJIMUMHHM 3a TIePIIMMMU M TOUYKaMM, JOAATH iX y MO-
TouHMUI1 KaacTep C; Ta OOUUCIUTY CepeHE BiIXUIEHHS §.

3. JI71sl KOKHOI HACTYIHOI TOUKM P o6umcanTy BigxuaeHHS d Bif HAOGIMKeHHS
Ha ITOTOYHOMY KJacTepi.

3.1. SAxmo d < s:
3.1.1. Axkmo R =0, C;=C; U {P};
3.1.2. [Hakme gKmo|R|+4 = m:
3.1.2.1. Sgmo R| =4, Toi=i+1, C;=RUA,
3.1.2.2. Imakme C; = C; U R U 4,
1.2.3. TlepeoSuncauTH HaOMHKESHHA Ta 5 114 IOTOYHOIO KIacTepa;
3.1.24. R= 0. A = O, nepefitu 10 1. 3

(Y]

3.1.3. Inakme gxmo d <5, To4 = A4 U {P}
3.2. Imakme R = R U {P}, nepeifitu 1o . 3.1.2.
4. C - C‘;URU;&'

5. Orpumano MHOXHY KiacTepiB C Ta BiAMOBIIHI HAOIMKEHHS Ta HUX.
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3aIpoIIOHOBAHMIA AJTOPUTM II0 CYTi € JKaJiOHMM aJrOPUTMOM, SIKUII TOHae
TOUKM JTAHUX IO MOTOYHOTrO KJacTepa, IMOKM He HAKOMMYUThL JOCTATHIO KiJIbKiCTh
TOYOK, 10 BiAXWISIFOTHCS Bif JIiHIJiHOI MOJesi JaHUX [J1s IOTOYHOrO KJjaacTepa, siKi
CUTHAJII3yIOTh IIPO HEOOXimHICTh BUIiIIEHHS HOBOTO KjacTepa Ta BigHeCeHHS
HAKOMMYEHMX TOUOK OO HbOTO. TaKMM UMHOM, OTPMMAaHi HAOJMKEHHSI € UMCEIbHO
OLTbIII TOUHMMM, HiK 3aCTOCYBaHHS €IMHOTO HAO/IVKeHHS Ha BCili MHOXMHI TaHUX.

3acTocyBaHHSI METOAY Ta aHa/i3 pe3yiabTaTiB. /il HOCTIIKeHHS 3B’SI3KYy
MiX JaHMMM Pi3HUX MOJATbHOCTEN PO3IASHEMO Habip JaHMX MiCTUTh 9568 TOUOK
IaHuX, 3i0paHMx 3 KOMOIHOBAHOI eJeKTPOCTaHIlii mpoTsarom 6 pokiB (2006-2011),
KOJIM eJIEKTPOCTaHIIis1 Oysia HajalllTOBaHa Ha POOOTY 3 MOBHMM HaBaHTaKEHHSIM.
XapakTepuUCTUKM CKIAOAI0TbCS i3 CepefHiX TOAMHHMX 3HAauyeHb TeMIepaTypu
HAaBKOJMIIHBOTO cepenoBuina (AT), TUCKY HaBKOJMIIHBOIO cepenmoBuina (AP),
BigHOCHOI1 BosiorocTi (RH), Tucky Hocis (V) Ta BUXigHOI ITOTY>KHOCTi eJIeKTpOCTaHIIii
(PE).

CepenHi 3HaueHHS OepyTbCsS 3 Pi3HMX CEHCOpPiB, pO3TallOBAaHMX Ha
e/IeKTPOCTaHIlii, SKi IIOCEeKYHAM PpEECTPYIOThb IlapamMeTpy HABKOJUIIHbOTO
cepenoBuia. 3HaueHHS 3aaHi 6e3 HopmyBaHHs [10].

3B’S13KM MiXX HaBeJeHMMM MOJJIbHOCTSIMM He € OYeBUIHUMM i iX CKIaJHO
TIOBHOIO MipOI0 BUSIBUTU 3 HasIBHOIO HAOOPY JaHMX yepe3 Jioro po3MipHiCTh, IPOTe
MO>KHA 3aCTOCYBATM CTaTUCTUUYHMI aHATi3 Ta Bidyasti3allito IJis TOTo, 06 OTpUMAaTH
IesKe VSBJIEHHsS IIPO 3B’SI3KM MK MOJAIbHOCTAMMU. IX PpO3YMIHHS O3BOJISIE
1OOYIOBY GibIll e(heKTUBHMUX MO EJIEN, 1[0 TMTOEAHYIOTh MOIATbHOCTI.

BBaxkaTumMeMo TemIiepaTypy, TUCK, BOJIOTICTb Ta TMCK HOCiSI He3aJeKHUMU
BeJIMUMHAMM, OCKiJIbKM iX BM3HAUalOTh IIPUXOBAHi OCOOJMBOCTI IIpOILIECiB
YCTAaHOBKM, @ BUXIJHY IIOTYKHICTb — 3aJIe)KHOI0, OCKiJIbKM BOHA € TIOXiIHOIO
BiAMMOBIiAHMX TIPOIIECiB, SIKi BU3HAYAIOTD iHIII BeIUYMHN. [ DOCTII)KEeHHS 3B’ SI3KY
MiXX MOJQJIbHOCTSIMM BUKOPUCTAEMO TpadiuHe MpeacTaBAeHHS Ta KOpPesIiiiHuii
aHami3. Ha puc. 1 (a-e) 300paskeHO 3a/IEXKHOCTi MiXK IeIKMMM MOJATbHOCTSIMU JIJIsT
piBHOMipHOi BMOipKM i3 TUCSUi TOUOK JaHUX.

Xoua 300paskeHi 3aJIeKHOCTI BimoOpaskaloTh JMIlle IOMapHMii 3B’SI30K MiX
BeJIMUMHAMM, i He BPaxOBYIOTb 3B’SI3KM MiK HMMM, MOXKHA 3pOOUTH BUCHOBOK, IO
BUXiJIHA MOTY>KHICTb CTaHIIil 3HAXOAUTbCS B JIiHINHIN 3a7€3KHOCTI BiJ TeMIiepaTypu
cepelOBUIIA, i B eKCIIOHEHLiaJbHill 3aJIeXXHOCTI Bif TUCKy Hocig. B Toi 4ac
BOJIOTiCTh Ta TUCK CepeIoBuIIa ¢JIabo MOB’SI3aHi 3 MOTYKHICTIO, ajie MaloTh ITEBHMIA
3B’130K 13 BEJMKOI [UCIEpPCi€l0 3 TeMIepaTryporo, 0 MOXe CBIJUUTU PO
HAsIBHICTh IPUXOBAHUX 3MiHHMX, SIKi BU3HAYAKOTh iX CITiBBiTHOIIIEHHS.

ISSN 1562-9945 (Print) 9
ISSN 2707-7977 (Online)



20
Temneparypa, °C
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(B) Tuck cepegouiia — [IoTy>KHiCTb
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MoTysricts, MBT

(6) Tuck Hocig — ITOTYKHiCTD

MoTynicTs, MBT

Bonoricms cepenosywa, %

(r) Bosnorictb cepemoBuiiia — IIOTyKHiCTb

Bonoricrs cepedosma, %

0 s 10 15 0 2 20 S w0
Temnepatypa, °C

(e) TemmnepaTtypa — Bosoricts cepenoBuiia

PucyHOK 1 - 3a/exXHOCTi MiXX JaHUMM JeSIKUX MOaTbHOCTe

LIi BMCHOBKM MiATBEP/IKYIOTHCS KOPESIiiHMM aHajaizoM (Tabs. 1, 2). Bucoka

Kopessiis [TipcoHa Mixk TeMIiepaTypolo, TUCKOM HOCisI Ta MOTY>XHICTIO CBiAUMUTD PO

HasSIBHICTh 3aJIe)KHOCTI MiK HMMM, OaM3bKOi mOo JiHiliHoi. Tak camo, BMCOKa

Kopessilis CripMeHa O3Haua€ MOHOTOHHY (He OOOB’SI3KOBO JIiHiNHY) 3a/IeXKHICTb

MiX AJaHVMU BeJIMUYMHAMMN.
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Tabmuig 1
Kopensamiiina marpuiia mogaiabHocTel (KoedimienT ITipcona)
AT \Y% AP RH PE
AT 1.000 0.844 -0.508 -0.543 -0.948
\Y% 0.844 1.000 -0.414 -0.312 -0.870
AP -0.508 -0.414 1.000 0.010 0.518
RH -0.543 -0.312 0.010 1.000 0.370
PE -0.948 -0.870 0.518 0.390 1.000
Tabmuig 2
KopensauiiiHa MmaTpuls mogaabHocTel (KoedinienT CriipmeHa)
AT \Y AP RH PE
AT 1.000 0.851 -0.519 -0.543 -0.944
\Y% 0.851 1.000 -0.426 -0.305 -0.884
AP -0.519 -0.426 1.000 0.087 0.543
RH -0.543 -0.305 0.087 1.000 0.390
PE -0.944 -0.884 0.543 0.390 1.000
3 ypaxyBaHHSIM OTpPMMaHMX BMCHOBKiB, 3aCTOCYyEMO 3aIlpOIIOHOBAHMIA

anaropuTM Aj1s1 OyIOBM JTiHIMHOI Momeni s 00UMC/IeHHS BUXiHOI ITOTYKHOCTI 3a
TeMIIepaTypoIO Ta TUCKOM.

Pe3yibTaT BUKOPUCTAHHS aArTOpUTMY i3 m = 1435 (15% Bim 3arajbHOI KiJTbKOCTi
JaHuX 106 3a6e3MeUnTH CTiMKICTh 0 BiIXMaeHb Ta VHUKHYTYU BUIIIEHHS BeJIMUKOI

KiZIbKOCTI KJIacTepiB) OO3BOJISIE OTPUMATU OOUH KacTep LI TeMIlepaTypu Ta OBa
KJ1acTepu Ojis TUCKY (puc. 2).

30 40 50 60 70 80
Twck Hocia, kMa

PucyHOK 2 - PesynbTaT KiIacTepusanil 3a TUCKOM
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[JIsT BUKOPMCTAHHS OTPMMAHOIO IIOAITY i moOymoBM HaOMMKeHb HeOOXiTHO
CKOpUTYBaTM OTPMMaHi pe3ynbTaTM KilacTepusallii TakKMM UYMHOM, I100
MIPMHAJIEXXHICTh BXiTHOI TOYKM 10 MEBHOTO iHTepBa/ly OAHO3HAUHO BMU3HAuya/lach
HabOpOM 3a/IeXXHUX 3MiHHMX. [IJIS1 1IbOTO, MeXKa IOJIiTy 3a TMCKOM oOpaHa SIK TOYKa,

piBHOBIiAIaseHa BiJi KpaliHiX TOUOK BifAIMOBIAHMX KiIacTepiB (puc. 3).

490

480

470

460

MoTYXHICTL, MBT

440

430

420

T y T T T T
30 40 50 60 70 80
Tuck Hociq, kMNa

PucyHoK 3 - Ilofin, ogHO3HAUHMI 3a He3aJeXKHUMM 3MiHHUMM

g BuAaiieHMX iHTepBaliB OYOyHOTbCSI Ta BUKOPUCTOBYIOTHCS OKpeMi
HabOmsKkeHHS. 111 MoOymoBM Mopesi BUKOPUCTOBYBach 90% HasBHMUX Y Habopi
IaHUX, i BiamoBigHo 10% BMKOPUCTOBYBAINUCH [JIS i OLIiIHKM Ha KOKHOMY iHTepBaJIi.
HabmmkeHHsT moOymoBaHi Ta OlliHEeHi 3 BUKOPUCTAHHSIM IIPOTPaMHOro mnakety Scikit
Learn MoBu python 111 MHOKMHHOI] JTiHiltHOI perpecii Ta oliHKM Mojesieit. B skocTi
rapaMeTpiB OLIiHKM MOZesli 06paHO cepeHbOKBAIPATUUHY ITOMWIKY Ta KoedillieHT
JeTepMiHaIlii.

BukopucTaHHS €IMHOrO HAOMIDKEHHS [O3BOJISIE OTpUMATUM MOJENb i3
cepeIHbOKBAIPAaTUUHOIO MOMMWIKOI0 24.13 Ta KoedilieHTom nertepminaiiii 0.91.
Mopenb i3 oOKpeMyMM HaOIMKeHHSIMM Ha KjIacTepax, IIo0yIoBaHa 3 BUKOPUCTAHHIM
3alIpOIIOHOBAHOTO MeTOAY, BiAIIOBIZHO Mae€ cepegHbOKBAApaTUUHE BiIAXWIEHHS
21.49 ta koedinienToM gerepminailii 0.93, TOOTO IMOMMIKA MOZEJIi 3MEHIIMIach Ha
11% i BOHa Kpallie TIOSICHIOE BIUIMB He3aJIeXXHUX 3MiHHMX Ha 3aJIeKHY.

TakosK, y paMKax JOCJiI;KeHHST 32 HAOOpOM JTaHUX Oy IoOya0oBaHi Ta OIliHeHi

iHIIIi MOKIMBI HAGMMKEHHSI, pe3y/IbTaTy HaBe[eHo B Ta0JI. 3.
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Tabnuig 3
IToGymoBa Ta oliHKA iHIIMX HAGIVKEeHb

) CepennbokBagpatuyHe | KoedimieHT
3a/IexkKHICTh . .
BigxuieHHs meTepMiHallii
JIiHiltHa BiJ TUCKY 72.20 0.75
JliniliHa Big TemmepaTypu 29.28 0.93
JliHniliHa BiJ yCix mapameTpiB 33.72 0.91
Jli”iJiHa Bixm TemmepaTypu Ta KBaJpaTuu-
HHa B pamyp AP 66.51 0.82
Ha Bifg TUCKY
Jli"iriHa Bi TemMIiepaTypu Ta
. a ) patyp 2049.39 0.76
eKCITOHeHIIiaJbHa Bif TUCKY

BucHoBKM. Y po0OOTi 3aIIpOIIOHOBAHO METO[, ITOOYI0BY Mofeseil 00’eKTiB 3a
HaboOpoM MYyJIbTMMOOANbHUX MHAHMX 3 BUKOPMUCTAHHSIM KjaacTepu3alii s
MiABUIEHHS TOYHOCTI. Tak, 3alpOMOHOBAHMIA IiXil MOKHA BUKOPUCTOBYBATU B
MOJIe/II0OBaHHi IIpU CTBOPEeHHi IMMPOBUX ABIMHUKIB.

3arnpoIOHOBAaHMII aJTOPUTM KIacTepusallii Moske OyTu MoamcdpikoBaHMIT B
3aJIeKHOCTi BiJi 0COOJMBOCTel 3amauvi Ta Habopy maHux. Hampukiam, KiabKicTb
TOYOK Y ITOYATKOBi i MHOXMHI, 1110 (OpMY€E TepIInit KaacTep Moxke OyTH 6ibIa, Hixk
MiHiMaJbHa KiJIbKiCTh TOYOK Yy KjacTepi, 100 3MEeHIIUTM BIUIMB TPaHUUYHUX
3HaueHb, ab0 yMOBa BUIIJIEHHS HOBOTO KJacTepy MOXe 3aJieskaTu  Bifl
CITiBBiIHOIIEHHSI HAOOpiB BiIxXMjeHb Ta KaHAMAATIB HA [OJABaHHS B MOTOYHMIA
KjacTep.

By/no posrasiHyTO #Oro 3acTOCYBaHHSI 3alpOIIOHOBAHOTO METOIy Ha Habopi
IaHUX, 10 OIMCYE XapaKTEPUCTUKY eJIeKTPOCTaHIlii KOMOIiHOBAaHOIO IIMKIIY 3 METOIO
nepenbavyeHHs] BUXIJHOI IIOTY)KHOCTI 3a XapaKTepUCTMKaMM cepemoBuina. B
pe3yJbTaTi, OOCTII)KEHO 3B’SI3KM MDK MOJAJbHOCTSIMM Ta TPOBEAEHO HU3KY
eKCIIePMMEHTIB 3 MOIeII0OBaHHS CUCTEMU 3 YPaxXyBaHHSIM BUSIBJIEHUX 3aJIEXKHOCTEIA.

3acToCyBaHHS 3aPONOHOBAHOrO IMiAX0Ay MPU3BEIO 0 IMiABUIIEHHS TOYHOCTI
MOJeI0BaHHS (3HAaUEeHHSI CepeJHbOKBAAPATUYHOI TOMMUJIKHU, 1[0 BUKOPUCTOBYETHCS
SIK MeTpUKa TOYHOCTi, 3MeHIIMI0Ch Ha 11%). IIpu 1iboMy JiHilMiHI MOJeNi MalTb
3HAUHO Kpallly TOUHICTh 3aBASKM aJITOPUTMaM OOUMC/IEHHS TTapaMeTpiB, 110 MeHII
CXWIbHI 10 TepeHaBUYaHHSI Ta € YMCEJbHO CTIMKIIIMMM y MOPIBHSIHHI 3 iHIIMMU
BUJAMI allpOKCHMMallii.

HeposikoMm MeTomy € O0OYMCIIOBaJIbHA CKJIAOHICTh Yepe3 HeOOXiTHiCTh
BUKOHAHHSI KjacTepusallii, o0YMCIeHHS IapaMeTpiB Ta 30epiraHHs O6inbiIoi
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KiJIBKOCTi MOfi€eJiei, 0 OMMCYIOTh CUCTEeMY. 3a HassBHOCTi Oi/IbIIOI KiJTbKOCTi JaHUX,
MOJIaJIbHOCTE Ta Bapialliii B MOBEMAiHIli CUCTEeMM iX KiJbKiCTh MOKe OyTM 3HAUHO
6i/IbI1I010 i MOKe MPMU3BECTU IO 3MEHIIIEHHS TPOAYKTUBHOCTI Ta TOYHOCTi MOJIETi.
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Application of clustering to improve the accuracy
of linear approximations

The paper presents an approach to increase the accuracy of modelling an object of
research based on a temporal multimodal data set with linear approximations using
clustering. The proposed approach can be applied for creating digital twins of a re-
searched object.

The purpose of the study as a whole is to create a digital twin of the researched ob-
ject based on a set of temporal multimodal data with previously unknown relationships,
which will allow predictions with greater accuracy than a single linear approximation.
The input data set is considered as complete and synchronized. This paper focuses on the
use of clustering to analyse the sets of temporal multimodal data that characterize the
researched object.

The paper presents a method for dividing the data space into intervals, where linear
approximations will be more accurate, by clustering based on the values of data points
and their statistical characteristics for independent variables that show a nonlinear rela-
tionship with the dependent variable. As a result, the accuracy in models that use a linear
approximation for a given value has increased (the value of the mean square error used
as an accuracy metric has decreased by 11%). At the same time, linear models have much
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better accuracy due to algorithms for calculating parameters that are less prone to over-
fitting and are more numerically stable. However, the proposed method is more computa-
tionally expensive due to the need to perform clustering, calculate intermediary approxi-
mations and store more models that describe the system. If there is more data, modalities
and variations in the behaviour of the system, their number can be much larger and can
lead to some reduction in productivity and accuracy.

Keywords: digital twins, temporal multimodal data, data analysis.
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P. Borysenko, V. Gromova
USING SHARDING TO IMPROVE BLOCKCHAIN NETWORK SCALABILITY

Annotation. Blockchain is a distributed and decentralized database for recording transactions. It
is shared and maintained by network nodes, which ensures its operations using cryptography and
consensus rules that allow all nodes to agree on a unique structure of the blockchain. However,
modern blockchain solutions face network scalability issues due to different protocol design
decisions.

In this paper, we discuss sharding as a possible solution to overcome the technical limitations of
existing blockchain systems and different forms of its practical realization presented in recent
research spurred by blockchain popularity.

Keywords: blockchain, sharding, scalability, distributed networks, proof of work, multi

blockchain, decentralized systems, directed acyclic graph.

1. Introduction. Blockchain — a centerpiece technology underlying Bitcoin
and over thousand other cryptocurrencies that rapidly emerged in recent years — of-
fers great potential and benefits in many applications. Not only does it fuel modern
economic system changes, but also decentralized markets and governance models
that benefit from lack of censorship and reliability of not having a singular failure
point.

The main drawback of such systems is their performance. Most popular existing
solutions have incredibly low processing bandwidth and confirmation latency:
around 15 transactions per second (tps) and 12 minutes per transaction for
Ethereum, 7 tps, and up to 60 minutes for Bitcoin [2]. This is incomparable with pro-
cessing rates of traditional payment systems like Visa or Mastercard, standing at
around 5000 transactions per second on average [2, 3]. Unfortunately, more than
available computation capacity will be needed to solve this problem.

In this paper we want to discuss a demand and ways to achieve a more scalable
solution with a throughput of a few orders of magnitude higher than existing sys-
tems while maintaining crucial blockchain benefits like security and decentraliza-
tion, by looking at existing approaches to the problem in the industry. These in-the-
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wild solutions are often lacking proper scientific rigor, but provide interesting in-
sight into the problem.

2. Problem definition. A few modifications to existing protocols were pro-
posed in recent years to mitigate these issues among the industry and academic
communities [4-6], but no significant advancements are discussed in academic liter-
ature.

As first described in [1], blockchain is a decentralized, replicated, and transpar-
ent data store that allows anyone to read data and verify its correctness. Data is usu-
ally stored on the blockchain in the form of blocks (hence the name) as a linked list
with cryptographic hashes instead of pointers. This list is stored on a series of (usu-
ally independent and generally untrusted) nodes in a network that must communi-
cate without the presence of a trusted intermediary maintaining the consistency of
data stored on the chain. This setup presents several challenges to the classical Byz-
antine generals’ problem of finding consensus among the nodes, such as a lack of
viable identity verification infrastructure or quadratic complexity on the number of
messages needed.

Classical implementations of the blockchain employ a Proof-of-Work consen-
sus method of selecting a random node as a designated trusted verificator from a
pool of available nodes by producing hard-to-solve but easy-to-validate computa-
tionally intensive problems (e.g., Hashcash-like [7] — finding a SHA256 hash that
satisfies a specific condition — in Bitcoin protocol). The node that finds the solution
to a problem is then allowed to modify the blockchain with the new data. However,
it's easy to see how this is a very limiting solution that scales poorly with the number
of nodes and transactions in the system — reducing the underlying properties of the
required computational puzzle (i.e., block time interval) leads to increased security
risks. So does also increase the total transactions allowed per block (while further
decreasing network propagation). This makes proof-of-work consensus neither par-
ticularly cost-effective nor ecologically viable [8].

Many blockchain projects propose a move to use a different consensus mecha-
nism, among others:

— Proof-of-Stake, where block proposers are selected by their stake in the sys-
tem (wealth, age, or other factors);

— Distributed Proof-of-Stake, where the stakeholders vote on block proposers;

— Directed Acyclic Graph that removes sequential limitations on block pro-
cessing.
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These methods come with their own limitations in other critical aspects of the
blockchain infrastructure. (For a more detailed overview of the modern blockchain
consensus protocols, see [12].)

This leads to the drive for another way of tackling the network throughput and
bandwidth scaling problems present in the existing protocols, preferably without
massive security and decentralization drawbacks.

Note that a few commercial blockchain solutions are promising to solve the
scaling problem by relying on trusted infrastructure or using federated identities,
i.e., not targeting an open permissionless environment [9-11]. This is a concise deci-
sion on their part, and we are not discussing them within this paper.

3. Sharding architectures. One of the possible solutions to the scaling chal-
lenges of blockchain comes from traditional database design.

Sharding is a technique in which the main blockchain is divided into smaller
parts, called shards or sub-chains, that exist in either separate sub-network or on the
main blockchain network and processes a non-overlapping set of transactions.

This produces several challenges that need to be solved:

1) Cross-shard transactions: Cross-shard transactions enable interoperability
between accounts or transactions on different shards but are hard to do securely
when a consensus of more than one sub-chain is required. This is an essential prop-
erty, even more complex when smart contracts are involved, especially in call chain-
ing scenarios (i.e., when a cross-shard smart contract calls another cross-shard
smart contract).

2) Masternode assignment: Each sub-chain must start from a primary node, but
this process should be sufficiently random to prevent adaptive attacks and
masternode collisions, especially in a non-proof-or-work system.

3) Shard reshuffling and data availability: By design, blockchain networks are
not stable, and as such, there is a massive potential for network reconfigurations
that will lead to synchronization issues. This synchronization during masternode re-
assignment may take a significant portion of network uptime.

Let’s look at a few examples of sharding architectures and compare their ap-
proach to the challenges posed above. Based on the similarities we can then deduce
possible solutions to these problems and how this knowledge can be applied to other
network architectures.

3.1. Elastico. Elastico [14] is one of the first protocols that utilized sharding
and was developed specifically to solve scalability issues, initially of Bitcoin, that can
be applied to any blockchain. (Zilliga [15] was one of the first cryptocurrencies that
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used Elastico protocol as the basis for development from the start.) Elastico scales
linearly with the amount of available computational power in the network and can
withstand up to 25% of its nodes being byzantine adversaries.

The protocol is uniformly splitting the network into separate sub-networks,
called committees, that run a disjoint set of transactions in parallel using a classical
byzantine consensus protocol internally. One of the committees is selected to com-
bine shards selected by other committees, computing and broadcasting the digest
and selecting randomness seeds.

Inside one committee, each node is responsible for solving proof-of-work chal-
lenge and providing identity to other members. Once most members sign the select-
ed shard, that is then sent to a final committee that produces the final value (usually
equal to a traditional block). This process, called an epoch, is then repeated with dif-
ferent sets of transactions, with different final committees on each epoch.

Despite the initially proposed algorithm using proof-of-work as part of the pro-
cess to establish the node identity, which is central to the byzantine consensus pro-
tocols, it's possible to use other mechanisms.

The algorithm assumes a few drawbacks:

1) The protocol assumes the transactions are independent and subsequently
doesn't try to restrict the number of transactions per shard, as traditional Bitcoin-
like protocols do. Consequently, no additional interdependent data can be stored on
the chain, and double spending can become an issue.

2) Elastico requires careful consideration of the controlling constants — num-
ber of committees and transactions per epoch — that greatly influence its viability
and scalability. However, protocol authors propose a way to estimate these values.

3) The protocol is reliant on randomness generation by the final committee of
each epoch, which assumes an easy vector for Byzantine and Sybil attacks.

3.2. Aspen. Aspen [16] is a protocol that proposes service-oriented sharding,
the separation of blockchain data based on service preference. This is rooted in the
idea of a multi-blockchain, where multiple separate chains have a common genesis
block and share checkpoint blocks that contain data for the management of the
overall structure.

This technique requires additional restrictions on the sharded blocks, such that
they can belong to only one service. The added benefit is that intra-shard protocols
can be completely separate and independent of the main blockchain. Aspen contains
methods for introducing these new sub-chains (and, most importantly, their proto-

cols) on the fly as part of the maintenance transactions in the checkpoint blocks of
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the main chain, allowing for seamless integration with existing systems. This, com-
bined with the ability to be built upon any existing blockchain platform, makes ser-
vice-oriented sharding a very interesting protocol for non-payment related
blockchain solutions.

The obvious drawback here is a possible non-uniformity of the service-chains.
While the number of side-chains does not hinder the scalability, the existence of
high-load services that require much computational power can draw it from less
transactions-heavy services, resulting in their throttling, unless an additional mech-
anism for controlling per-service throughput is introduced.

Unfortunately, no practical implementations of this protocol exist, and no
more developments have emerged since its conception, as well as no peer-reviewed
data on its properties of it.

3.3. TON Blockchain. TON or Telegram Open Network, Blockchain [17, 18] is a
blockchain system developed as part of the Telegram messaging platform to handle a
large number of transactions. Practical implementation is currently in the testing
phase, but theoretical papers describing its architecture are openly available.

TON's direction is wildly different from previous examples. TON proposes a so-
called Sharding Paradigm, implying that not only main blockchain can be sharded,
but every resulting subchain can be subsequently subdivided further into sub-
subchains practically ad infinitum.

As such, the central architecture of the TON blockchain consists of 3 chains:

1) mainchain, which possesses general information about subchains, valida-
tors, and stakes;

2) workchains, which are subchains of the mainchain, that contain actual
transactions, smart contracts, and so on;

3) shardchains, which are subchains of workchains and correspond to a self-
contained set of accounts.

Each mainchain and shardchain block is considered a 1-block blockchain on its
own. This allows for sharding particular shardchains if they become too big, scaling
the system on the go.

TON Blockchain uses a proof-of-stake solution, designating specific nodes as
validators and subdividing them among shards in a pseudorandom fashion, changing
every 1024 blocks. For each validator, there is a set order of preference for a concrete
block to be chosen to be committed. Validators use a variant of Byzantine fault tol-
erant consensus for selecting the new block in a shard. The mainchain block is gen-
erated on a timeout or when all new shardchain blocks are processed, containing
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hashes for all shardchain latest blocks, by consensus of all validators to achieve per-
sistence in the system.

What is different from protocols like Elastico is that each validator can be as-
signed to more than one shard, processing them in parallel. Moreover, invalid blocks
in the shardchains can be corrected by subchaining the wrong block and generating a
correct transaction in the top block of the subchain. This means that mainchain
forks can be achieved only by incorrect behavior of the majority of validators, mean-
ing significant stake losses for them.

Another interesting development is in the cross-shard messaging between
shardchains. Messages are allowed to travel only between " neighboring"
shardchains, i.e., shardchains that have only a small difference in their shard identi-
fiers. Routing messages further is a special transaction. This creates a routing net-
work between shardchains with the approximate number of intermediate transitions

being log:e N =1 which scales incredibly well on the number of shardchains V .

Shardchain validators are encouraged to process messages from the output
queues of their “neighbors,” ensuring the routing mechanism works. The negative
side of such a system lies in its heavy reliance on the proof-of-stake mechanism to
ensure cross-shard transaction delivery and validation.

4. Discussion. Sharding solutions presented in this paper use a wide variety of
different consensus strategies, with Elastico and Aspen building upon a more tradi-
tional proof-of-work Nakamoto consensus and TON using a proof-of-stake system at
its core. All of them mix it with Byzantine-based protocols to achieve a consensus
process to increase the system’s security properties.

It's worth noting that there exist consensus-independent sharding protocols,
such as OptChain, as well as mixed systems, that use different consensus strategies
inside and outside shards.

In contrast to the traditional single-chained solutions, sharding protocols are
much more reliant on randomness generation for security purposes, complicated by
the distributed nature of the system. Most of the discussed protocols use Verifiable
Random Functions, Verifiable Secrets Sharing, and Verifiable Delay Functions,
which are a de-facto standard in the community.

Cross-sharding is still one of the most complex problems to solve. For example,
in [19], it's expected that more than 90% of transactions are cross-sharded if using
the traditional Unspent Transaction-Output model, where each transaction repre-
sents a unique atomic state of the ledger. Because of these, cross-shard transactions

22 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 6 (143) 2022 «System technologies»

need to ensure consistency of the produced state in all of the shards involved. This is
usually referred to as an atomic commit property.

There is no agreed-upon common protocol for atomicity. Solutions include:

— use of a distributed set of trusted authorities [14, 20];

— use of locking mechanisms [19];

— splitting the cross-sharded operation into a series of intra-shard transac-
tions and special atomic-by-construction cross-shard transactions [17].

Often cross-shard communications are the primary source of bandwidth in
sharded blockchain systems, so choosing the correct algorithm is paramount to en-
sure proper scalability. Cross-shard communication can also be a significant vector
of attack on the blockchain, as many atomic commit protocols are vulnerable to De-
nial of Service attacks. For a more detailed analysis, see [13].

We argue that, at least to some degree, the security, atomicity, and cross-shard
communication (or, similarly, bandwidth of such communication) are mutually ex-
clusive properties for now. We can think of them as of CAP-like triad for sharding,
presenting a unique challenge in balancing out these properties. We also argue that
most practical applications of these systems, like those mentioned above, are only
focusing on solving one of the issues and generally do not care for the overall sys-
tem’s performance.

Finally, there are other venues for research in sharding, such as horizontal
sharding (the influence of which we can see in TON Blockchain) and heterogeneous
sharding. In these instances, we see each new instance of the blockchain, an equiva-
lent of a shard, being configured separately in response to a specific demand, which
can be more flexible in solving specific growth issues and balancing network band-
width. Heterogeneous systems can consolidate the solution for the atomicity and
communication problems.

Security still poses a problem but can be addressed where needed, specifically
by sacrificing the overall performance. One way of doing so would be by introducing
special "secure nodes" that process sensitive transactions. They would be bottleneck
points and influence the network's overall bandwidth. Horizontal sharding has the
same properties with a different technological basis.

Beside the sharding protocols, there are other alternatives to tackle scalability
issues, like [21], that are conceptually similar to sharding.

For the sake of completeness, we need to mention other solutions. Off-chain
solutions are outsourcing the transactions to a third-party entity, providing only de-
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scriptions to the blockchain. These solutions are especially prone to identity attacks
as they require additional mechanisms for validating the off-chain transactions.

Another popular method of achieving scalability is using a Directed Acyclic
Graph when blocks are not connected as a chain, but as a graph, with validity being
represented by outgoing edges. Throughput can be optimized by not requiring
downloading the complete graph for all nodes. The obvious drawback is the addi-
tional dependency on validators, as well as the probability of valid transactions be-
ing appended to an invalid sub-graph.

It is also worth mentioning that there, of course, exist many other valid issues
that factor into the scalability problem, such as environmental factors and socio-
cultural acceptance of blockchain solutions that we only briefly mentioned in this
article. Such matters may further hinder the development of the mentioned ap-
proaches. Environmental concerns are the most pressing in this regard, as the per-
formance impact on the energy footprint of some algorithms is very high and can be
unattainable when applied at scale. Such factors warrant additional research.

5. Conclusion. Among the many proposed solutions to achieve scale-out
throughput and latency limitations of permissionless blockchain networks, like off-
chain solutions, Directed Acyclic Graph, and sharding, the latter is the only one that
seems most suited to overcome primary security and centralization issues posed by
the problem.

Sharding solutions still imply the use of consensus protocols on top of tradi-
tional proof-of-X consensus, dominated by Byzantine fault-tolerant solutions, as
well as a cross-shard communication protocol that requires additional atomic prop-
erties.

New developments in recent years include hybrid and non-traditional solutions
championed by multi-blockchains like TON Blockchain.

We analyzed several sharding algorithms that present the most interest in solv-
ing scalability problems of classical blockchain. We concluded that sharding is the
best possible solution to the scaling issues in most existing classical blockchain ar-
chitectures based on practical data from in-the-wild usage. [16, 17, 19, 21]

We conclude that multi-chain solutions, such as the one proposed by TON de-
velopers, are the most effective for solving sharding problems in a decentralized set-
ting. The trusted authority distribution can be performed in many different ways,
and this problem is very similar to the classic database scaling problems. Solutions
proposed by Elastico and RSCoin both have their strong sides under different condi-

tions.
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The results of this research can be applied to a number of problematic scaling
solutions in existing blockchain networks, such as Bitcoin and Bitcoin Classic, as
well as modern blockchain infrastructures such as Ethereum.

Additional research is required regarding the non-algorithmic properties of
these solutions, such as their environmental impact.
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paper.
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BukopucmanHs wapouHzy 011 NOKpauleHHs1 MacumadoeaHocmi mepexc

Bnokuetlin — ye posnodineHa ma deueHmpanizosaHa 6aza daHux 0ns 30epizaHHs
iH(popmayii npo mpansakyii. Bona niompumyemucs uneHamu mepexci, wo 2apaHmyrnms
ii onepauii sukopucmosyouu kpunmozpagiuxi 3acobu NiOMpUMKU KOHCEHCYCY, W0 003-
80JI1I0Mb UJIeHaM Mepexci domMosumucs uiodo YHiKanvHoi cmpykmypu OoxuetiHy. O0-
HAK, cyuacHi 6J10KueliH pilleHHs CMUKarnmscs i3 npobaemamu MacumabosaHocmi uepes
pi3HOMaHImMHI npobsemu i3 ix npomoxoaamu. Y yiti cmammi mu po32ns0aemo 8UKopu-
CMAaHHA WAapouHzy SIK MOXCIUB020 pilleHHS O NOOOJIAHHS. MEXHIUHUX 00MeM eHb
iCHyrouux OJI0K4eliH cucmem i pi3Hi (opmu 1i020 NPAKMUUYHO20 8MIJIEHHS. Y CYUACHUX
00CN1i0HCeHHS, BUKIUKAHUX NONYASIPHICMI0 OJI0KUETIHY.
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B.I1. Manaiuyk, C.B. Knumenko, H.O. JIuceHko
IH®OPMATUBHICTb CTATUCTUYHOI OBPOBKU
EKCIIEPUMEHTAJIbHNX BUMIPIOBAHDb
MOJIVPIKOBAHUM KPUTEPIEM BYIIA-BIHIA

AHomauyis. KnacuyHa mamemamuyHa cmamucmuKka NponoHye nepesipamu cmamucmuyHy o0
HOpPIOHICMb BUGIPOK HOPMAJIbHUX BUNAOKOBUX BeUYUH KOMOIHOBAHUM Kpumepiem bywa BiHOa
ma oyiHoBamu ix 3cysu ma macwmabu opmyaamu anpoKcuMayii 3aKoHis ma (yHKYil po3no
oiny Fayca. [ponoHyemscs 6inbw npocmull aHanoe kpumepito bywa BiHoa, skuli popmyembcs
3a hopmynamu no2icmuyHuUX BUNAOKOBUX BeaUYUH. LLinsxom nposedeHHs Komn'tomepHuUX 06Yuc
JI0BAJIbHUX eKCcnepuMeHmis OUTHIEMbCS ix e(hekmuBHICMb ma (aKmopHull aHasi3 snausy po3
mipis BuGIpoK 1 BUGTB CMAMUCMUYHUX 3AKOHOMIpHOCMel 00CHIOXYBAHUX BUNAOKOBUX BENUYUH,
ix acumempuyHocmi.

Kntoyosi cnosa: HenapamempuyHa cmamucmuka, 3axucm iHgopmayii, kibepbesneka, 00HOpio
HICMb eKcnepumMeHmanbHUX BUBIPOK BUMIPIOBAHb, Kpumepili bywa BiHoa, o64ucnosansHuli exc
nepumexm.

IToctraHoBKa mpoGsemMu. ITOMUIKM KOMIT'IOTEpHOI OOpOOKM eKCIlepuMeH-
TaJIbHUX BUMIipIOBaHb, SIKi MiCTSTh iHdOpMaIlilo PO CTaH MPUPOSHUX i TEXHIUHUX
00’€KTiB Ta TeXHOJIOTiUHUX TIPOIIECiB, MOPYIIYIOTh iX Kibepbe3mneky. [Iyke BaXXIUBUM
€ 3aCTOCYBaHHS e(PeKTUBHUX KPUTEPiiB MPUIHSTTS pillleHb, 0CO0JIMBO, KON IeTh-
cst mpo 3abesnedyeHHs iHGopMalliiiHoi 6e3rneku. KOHTpoabOBaHi 03HAKM, HAIPK/IaT,
XapaKTepUCTUKHM KJIaBiaTypHOTO MOUYepPKy, iHTeHCMBHICTh MepeXXeBMX aTak Ta 6araTo
iHIIMX, ONIUCYIOTHCSI BUMIAAKOBMMU BeIMUMHAMM, 3aKOHU PO3IOZITY SIKUX, SIK Mpa-
BUJIO, € HEBigoMumu [1].

AHai3 ocTaHHiX mOCTiAKeHb Ta myouikanii. KnacuuHa HemapameTpuyHa
CTAaTUCTUKA MPOTIOHYE MOPiBHIOBATU BUOIpKM BUMAJKOBUX BEIMUYMH 32 PAaHTOBUMMU
KpUTEepiIMM ONHOPIAHOCTI, BUIBHUX BiA BUAIB posmnoaiiy. Lle Kpurtepii 3CyBy
BUOIPOK, y IKMX OJHAKOBI AycIiepcii Ta KpuTepii MaciiTabiB (po3Kuay), SIKIIO Y HUX
piBHI MaTeMaTU4Hi CIIOAiBaHHS. TakKuMX KpUTEPiiB iCHye BenmKa KiibKicTbh [2]. Buko-
pPUCTOBYIOUM KpUTePili 3cyBy BaH-nmep-BapaeHa Ta kputepiit Mmaciitady Knotiia, Byt

i Binpg 3amporioHyBasmM KOMOiHOBaHMII KpuTepiii Byma-Binga. Ile acMuMOTOTMYHO
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ONTUMa/IbHa HellapaMeTpMuHa CTAaTUCTHKA JJis PiBHOIPABHOTO TeCTYBaHHSI JIBOX
HOPMaJIbHUX CepefHix i BUOipKOBUX AMCIIePCiit B reHepaibHOI CYKYITHOCTI [3].

BaH-paep-BapeH 3anpornoHyBaB aArOpUTM IlepeBipky rirnoTe3u (MpUIyIIeHHS)
mpo Te, IO ABi BMOGIpKM BUMIpIOBaHb x, (k) 1 x,(k) ONHOPigHI WIISIXOM iX
nopiBHSHHS.  CroyaTky  ¢oOpMyeTbCS  €aMHA  BMOIpKa  poO3MipoM  2n
x,, (i) = x,(i) + x, (i —n) 1 MOTIiM yci Tpu BMOIpKM I1epeTBOPIOIOTHCS B YIIOPSIAKOBAHI 3a
3POCTaHHAM x, (k), x., (i) 1 x, (k).

PaHryu BropsizkoBaHMX BUOIPOK x. (k) 1 x, (k) , IK HOMepa iX B BUOIpLi x, (i) , BU-
3HAYaI0ThCS 3a GopmyIaMu

2n
Ry, (X (k/1)) =Y sgn (x:(k/j) ~x, (/1) k =1,2,...,n;

i=1

2n

R, (% (k/D)=Y sgn(x;(k/j)— X, (i/§)k=1,2,...n,

i=1
e j — HOMep OOUMC/IIOBAIbHOTO €KCIIePUMEHTY, sgn(x — a) - (QYHKIIiS OJAVHMYHOTO
cTpubKa, JOPiBHIOE 1, IKIIO x > « , T JOPiBHIOE 0, IKIIO x < a .
SIkio BUOIpKM x, (k) i x,(k) OFZHOPiAHI, TO OGHOPiIHI BOHM TaKOX i 3 BIIOPSIJI-
KOBaHOI0 BMOIpKOIO x, (i) . BaH-Iep-BapaeH IpoIoHye IepeBipKy TOrO, L0 y HUX
OJIHAKOBa CTaTUCTMKA 3CyBiB. Moro kpurepiii (opmyeTbcs Ha ampoKCUMAIigx

byHKIIi1 HOpMaTbHUX (TAYCOBMX) BUTIAAKOBUX BETUUMH

2,34
(x+1,574)

F.(x)=1-0,852exp| —— , X >0.
L 2,0637 J

SIKIIO x <0, TO F,(-x) =1- F,(x). Ii 3BOpOTHS QYHKILIS x =y (F, (x)) OMUCYETHCS

dbopmynoro

)OJA

v (F, (X)) = 4,91[(Fa(x) ~(1- Fa(x))"‘“]

EmnipuuHi HemepepBHi GQyHKIliI pO3IMOily MMOBIPHOCTI F (x) eKCIlepyMeH-

TaJIbHUX BUOIpOK GOPMYIOTHCS 3a (OPMYIIO0

n

1 .
F()==> sgn(x— X (i)).

i=1

BHacmigok, pauru R(x (k)) GYHKUIIOHAIbHO 3B’s3aHi 3 (QYHKIIE PO3MOALTY

JIMOBipHOCTi
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BMKOPICTOBYIOUNM eKCIIepMMeHTabHI paHru Ry, (x;/j) i R, (x;/j), BaH-zmep-

BappeH 3ampomnoHyBaB KpUTepiil IepeBipKM piBHOCTI 3CyBiB BM3HAUYaTH 3a 3BOPOT-

HOIO eMITipUYHOI0 QYHKITi€H0

* * 0,14 . 0,14
z,//(Fa(x(k))):4,91{(Fa(x(k))) —(l—Fa(x(k))) }
Ile BuIIAQAKOBI BeIMYMHM 3 HYJAbOBMM MaTeMaTUUYHMM CIIOJiBaHHSIM i
JIVCIIEepCi€r0
1 2n ) ( i

P v (X 0)]- zW”LzmlJ'

2n-177

Kputepiit Ban-gep-BapaeHa onucyeTbes 3a GOpMyJio0

e (RO E )
B, ()= ZV/( onal ﬂ\/Zn—lizll//uLZ”Jrljj

Knoti, 3arporionyBaB KpuTepii IJs1 mepeBipKy TilloTe3y IPO PiBHICTh B JABOX

-1

BUOipKax IMOKa3HMKIB MaciiTady (BMOipKOBMX AMCIEPCiii) HA OCHOBI eMITipMUHMUX

OIL[iHOK KBaJIpaTy 3BOPOTHOI QYHKIIii

( K 3 1
oy Z'R[X(%U SRS IR
K"(J):;kzlw”L 2n+1 J Z k2n+1JL\/2n—1§W“L2n+1JJ ’
R(x(k/})))
Iie Tif, pagyiKaJoM AUCIIePCis y | —_—
L 2n+1 )

bym i BiHA 3ampomoHyBa/iM IepeBipsiTM TilOTe3y IIPO pPiBHICTb 3CYBiB i
MacuTabiB gBOX BMOIpOK x (k/j) 1 x,(k/j) 3a JBOMIpDHOIO OGYHKIi€I0 MOJIYIiB
KpuTepiiB BaH-gep-Bapaena ta Knoria

[ . Yoo . V1
B (j)=2lml | |

|+ In .
L [2(1-F ) ) IL2(1—FH(|KH(J')|))H

[Tepen6avaeTbes, IO SKIO Y TOCTIIKYBaHUX BUOIpKax x (k) i x,(k) OIHAKOBI

MaTeMaTU4Hi CIOAiBaHHS Ta AucHepcii, Toai kputepiit byma-Binga — e Bunaakosi
BEJIMUMHM, SIKi OMUCYIOTHCS 3aKOHOM PO3IOJiIY Xi-KBaJpaT 3 YOTUPMA CTyIEeHSIMU

cBo6oay. SIKIO n<30, TOMAI 3HAUeHHS! IIOPOTriB DIBHSHHS 5, IpeACTaBleHi Y

Tabmui 1.
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Tabmuig 1
3Ha4yeHHs [IOPOroBUX 3HAUeHb 5, IJIs1 KpuTepisa byma-Binga
nn\n 110 115 220 225 330
00,45 88,05 88,97 99,05 99,09 99,24

@opmMy/II0OBaHHSI METU [JOCTiAKeHHA. Po3misiHeMo 3amauy IepeBipku
rinoTesy IpPO CTATUCTUYHY OMHOPIOHICTH OBOX €EKCIIEPMMEHTAJbHUX BUOIpOK
BUMipIOBaHb, SKIIO KpuTepii BauH-mep-Bapmena i Knotia, siki dopmyloThes 3a
armpoKCUMMaIlisIMM 3BOPOTHMX DYHKIIi ['ayca, SMiHUTH IX aHaJoraMu — 3BOPOTHUMU
GYHKITISIMM JIOTiICTUYHMX BUIIAAKOBMX BeMuMH. IIpoBeaemMo 06Unc/IIoBa/IbHI eKcIe-
PUMEHTM Ta HOCTiAMMO iHhOPMaTUBHICTh KJIaCMYHOTO KpuTepito byma-Binaa i itoro
aHajora, sikuit GopMyeTbCSI Ha JIOTICTUYHIl 3BOPOTHIi GQyHKIIii po3mominy.

Bukinaz ocHoBHOro marepiaxy. ChpopmyeMo BUOIpKM BUITaIKOBUX BeTUUNH 3
TPpbOMa BUAAMM CTATUCTUYHUX 3aKOHOMIPDHOCTEN - JIOTICTUMYHI, pee€eBChbKi i
eKCIOHEeHIIiaJbHI 3 OJHAaKOBMMM MaTeMaTUYHMMM OuiKyBaHHsIMM. OIliHMMO 3a
Kputepiem byma-Binga ix omHopigHicTh. DyHKIII pO3IOAiTy MMOBIPHOCTI ONUCY-
I0ThCSI hopMyIaMm

( (7 x-a \\71 [ x*)

[ x)
F.(x)=|1+exp| -—= | 5 Fo(x)=1+exp|——F |, F,(x)=1+exp| ——|.
{ "V o)) L 26" %)

MaTeMaTUYHi OUiKyBaHHS TaKMX BMOipOK JOPiBHIOIOTH

M [x1]=a, D[Xl]zo-z; M [Xz]_\/z:b’ D[Xz]:

BukopucToByoun nporpamHi reeparopu ¢, (k), &, (k), &, (k) BUOIpOK BUIIaf-

4-r

b?; M [x,]=2, D[x,]=4".

KOBMX BeJIMUMH 3 DIBHOMIPHMM 3aKOHOM PO3MOIITY W (&) =1 i GyHKIi€ pO3NOAiTy
BUOIPOK F (&)= ¢, copMyeMO BUOIpKM 3 JIOTICTUYHUM x, (k) , PelIe€EBCbKUM x, (k) i
eKCIIOHeHIia/IbHUM x, (k) 3aKOHaMM PO3IOA1Ty IMOBIpHOCTI.

3aKOH 30epeskeHHsI JIMOBIpHOCTI IpM IIepPeTBOPEHHi BUIIAJAKOBUX BeJIUMUYNH
é(k) B x(k) ommcyerbcsl OipdepeHLiabHUM pPIBHIHHAM W [£]dé =W (x)dx.
BupimmBmu  iioro, orpumaemMo  dopmyny  GYHKI[IOHAIbHOI  3aJIesKHOCTI
£(k)=F(x(k)). Buxopucrosyroum ii obepHeHy (QyHKLIO x(k)=Y¥ (&(k)),
oTpuMaeMo GoOpMyaM IepeTBOPeHHS BUOIpkM ¢ (k) y BUOiIpKy x (k). Lle

MaTeMaTMUYHi MOJesli MPOrpaMHMX TeHepaTopiB BUMOIPOK BUITAAKOBUX BEJIMYMH i3

3aJaHVMMMU CTaTUCTUYHMMMU 3aKOHOMipHOCTf{MI/I
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Xl(k):a+a£In(&\,xz(k) 2b In|( ! \|, 3(k)=/1ln( ! \.
z Ll_é(k)J kl §(k)) L]‘*gs(k)J

[IpoBememMo OOYMCIIOBAJIbHI €KCIepUMMEHTM i OIIHMMO iH(POPMATUBHICTH

Kputepiwo Byma - Binga i iioro mogudikoBaHoro aHanory. Knacuuumit kputepiit By-

ma-Binma dopmyeThcs 110 3BOpOTHINM (pyHKIii 'ayca. AHamorom ii Moske 6yTH 3BO-
pPOTHa JIOTiCTMYHA QYHKILisT

\/_(F

%(F(X))——'“

|_\
n

—_
>

~—

sIKa 3aIIUCYETHCS Y BUTTISIAL

GV
EEE

SIkwo B dopmynax B, (j) M K,(j) QyHKUO v,

v,

3aMIiHUTU Ha

( ( k.]\
GYHKILIO y { M I , TO OTPMMA€EMO
L 2n+1 J
e
10 R(x"(k/1))) - wfwl—thx/f( ')
FKZ:I 'YL —— J n 1 L 2n +1 J 2n 2n +1
B,(j)=—— \ LK (j) =

Lo of (S O
\/2n—1izlw L2n+1J \/2n—1iz_1w’L2n+1J
B dopmyni »5,(j) ¢byskuii F (B(j)) i F,(K(j)) Ha byHKUii F (B, (j)) i

)

F,(K,(i)),To ananor kputepito byma-Binga 5 (j) BU3HaYMMO 3a (popMyIaMu

1

F (e ()= — —
1+$exp(—‘81(1)‘)

1

FL(Jx ()]) - ,

T

1+ ﬁexp(—‘Kﬂ(j)‘)
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( ( =z o))
nIO,5L1+\/§exp(—|I(7(})|)JI
M jg—eXP(‘|BJ(J')|) | L \7/[3-9Xp(‘|’<.v(f)|) J

[IpoBegeMo N OOUYMCIIOBAJIbHUX €KCIIEPUMMEHTIB Ta OIIHMMO e(heKTUBHICTb

:
|
A
|

]

KputepiiB 5, () Ta 5 (j). OTpMMaeMO KiJIbKOCTI N, 1 N BUKOHYBaHHS

. . . Yo N .+ N . .
HepiBHOCTel 5, (j)<5, i b, (j)<5,. IXx BifHOmeHHST —-P i — =P - OLiHKK
. N NERRE

MMOBIDHOCTEI TPUIHATTS BIpHUX pillleHb IIPO CTaTUCTUYHY OJHOPIJHICTb
IOCTiMKyBaHUX BUOIpOK BUMipIOBaHb.

ITepuwiuti obuucnosanvHuli ekchepumernm. IIpoBeneMo IOCTiIKEHHSI CTaTUCTUY-

HUX 3aKOHOMipHOCTei MoKa3HUKIB 5, (j) Ta 5, (/). O6unciaumo miHimanbHi 5, ,

MaKCUMMaJIbHi 5, Ta cepedHi 3HaYeHHS 5 , BMOIpPKOBi mucriepcii D', OIiHKMU

5

eMITipMYHOi IMOBipHOCTI BipHOTO pO3Mi3HAaBaHHS OJHOPiZHOCTI BMOGIpoK p,, Ta
no6yyeMO ricTorpamu AOCIiI)KYBaHUX MIOKa3HUKIB 5, (/) Ta b, (j) .

CratucTuuHi INoOKa3HMKM Kpurepiro byma-Binpga 5, (/) Ta Jioro aHamory

b, (j) IO TpbOX BUAIB OOHOPIOHMX HEKOPeIbOBaHMX BUIIAAKOBUX BEJINYUH OB-
KMHOIO n =100 MpeJcTaB/leHi B Tabaui 2.
Tabmuig 2
CTaTUCTUYHI TIOKa3HUKM 5, (j) Ta 5, (j) JJIsi TPhOX BUIIB OMHODITHMX

HeKOpeJIbOBAHMX BUITAAKOBUX BeJIMUMH OJOBXWHOIO n =100

IToka3HUKMU JloricTuuHi B.B. PeneeBchbKi B.B. EkcrioHeH1Iia/IbHi B.B.
5.() | B.() | B() | B() | BG) | EG)
5 14.116 12.624 15.386 13.824 13.857 12.941
B, 0.08 0.039 0.155 0.036 0.016 0.114
5 3.41 3.748 3.449 3.754 3.394 3.736
D, 5.441 5.283 5.736 5.349 4.989 4.871
P 0.992 0.997 0.987 0.992 0.993 0.998

MonudikoBanuit nokasHuk Byma-Binga 5, (/) He3HauHO Bigpi3HSETHCS Bif
KJIaCMYHOTO MOKa3HMKa 5, ( /), CIIOCTepiraeTbCs 3MillleHHSI CepeJHbOr0 3HAaYeHHS B

6inpury cropony (Ha 9%). BubipkoBa mucriepcist l; .(j) MeHme Bi BU6ipKOBOI
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pucrepcii 5, (j) (B cepenHboMy Ha 4%), a VMOBIDHICTb TNPUIHATTA BipHOIO
pimeHHs 6inpire Ha 0,5 %.

[Tpu moBXkuMHi BUOIpOK n > 30 IJIs KJIACUMUYHOTO KpuTepito bymia-Binga cripase-
JMBA almpoKCMUMallis pO3IOIi/IOM Xi-KBajpaT 3 f = 4 CTyHeHsIMU cBoOonu. HaBene-

MO Ha puc.l ricrorpamu NOKa3HMKIB KJIACUMYHOro Kpurepis byma-Binga 5, (/) Ta
Jjioro a”asiora 5, (j) pasoM 3 KPMBOIO 3aKOHY PO3MOJiTy Xi-KBaJapaT 3 YOTUPMA CTY-

neHssMM cBoboay. licTorpamy mokasHukiB 5, (/) Ta 5, (/) MoGyAyeEMO Ijis TPbOX

BUIB JOCJiIKYBAHMX OJHOPITHMX HEKOPEeIbOBAaHMUX BMOIpOK BUMMipIOBaHb JOBKMU-
HOIO n =100 .
[Ipy BenuMKMX po3mipax BMOIPOK n >100 3aIpOIIOHOBAHMII aHAJIOT KPUTEPIIO
byma-Binga He gyske 3HAUHO, ajie OibIl e(eKTUBHMIA, HiXK KJIACMUYHMIT KpUTEPiit.
Hpyauti obuucniosanvHuti ekchepumerm. IIpu n > 30 TOKa3HUKY KpuTepito Byia-
Binga - 11e BMMagKoOBi BeIMUMHM, SIKi ONMCYIOTHCSI 3aKOHOM PO3IIOALTY Xi-KBagpaT 3

4yoTMpMa CTyneHsiMM cBoGonau. IlepeBipuMmo rimore3y Npo 3akOHM PO3MOIITY
JIMOBIPHOCTI [OOC/HIIXYBaHMX IIOKasHMKIB 5 (/) Ta 5, (j) 3a Kpurepiem

xi-kBagpar [4].

<
M
=
I
.i
-
=
8]

ris, (/)] B) ris, (/)]
PucyHox 1 - KpuBa 3aKOHY pO3MO/iTy Xi-KBaJipaT 3 YOTUPMa CTYIIeHSIMY CBOGOAM Ta
ricrorpaMm MOKasHuKiB 5, (j) i 5, (/) A5 BUOGIPOK a) JTOTiCTUYHUX,

0) pes1eeBChbKMX Ta B) €KCIIOHEHI[ia/IbHMX BUIAIKOBUX BeJIMUMH (n =100 )
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3amaMo KiJIbKiCTh iHTEpBaliB TicTorpaMM L Ta OOUYMCIAMMO iHTEpBasl

OVICKpeTu3allii

oe x_ - MiHiMa/JibHe 3HauUeHHS BMOiIpKM BUMipIOBaHb Ta x . -MaKCMMajbHe 3Ha-

min ax

YyeHHSI BUOipKM BUMipIOBaHb.

lcrorpamHui umciaa k ,k,,., k, - L€ KUIbBKICTb BMMIpIOBaHb IOC/IIIKYBaHOI
BMOIpKM, SIKi BAy4MIM B iHTepBaIM OUCKpETU3aLii x,, + Ax/2, TAE x,, = X, + (i—1)Ax,
X, = X, +Ax/2. SIKmo BuKopuctatu GyHKUiI0 XeBicaiina (OOMHUYHOTO CTPUOKA)

I BU3HAUEHHS TiCTOrpaMHMX UMces, TO aJTOPUTM iX BU3HAUYEHHS Oyle MaTyu BU-

IS,

kK, = [son (x, — xg; + Ax/2)=sgn (x, — X, — Ax/2)],

k=1

Ie sgn(x) - QYHKIIiSI OTMHMYHOTO CTPMOKA MIpUiIMaE JIMIIIe 1Ba 3HAUEHHS: sgn(x) = 0,
SIKINO x < 0, Ta sgn(x) =1, KO x >0 .
SJKIIO0 3aKOH pO3NOAUIy BMMIPIOBAaHb W (x), TO JWMMOBIPHOCTI BJIy4YeHHS

BMMIpIOBaHb B i -TUJi iHTepBaJ ricTorpaMu p, BM3HA4alThCS 338 GOPMYIIOI0
Aix
XD\+ B
Po= [W()dk =W (x,)Ax, i=123.. L,
_ax
Xoi B
Ie x,, - LeHTp i -TO iHTepBaJy riCTOrpamMu.
OueBupHO, 10 BiAHOCHI TiCTOrpaMHI uMciaa p ' =— - € OLIHKaAMU
n

JIMOBIpHOCTeN p,. SIKIIO IMOBIPHOCTI p, BU3HAUeHi 3a TiNOTETUYHUM 3aKOHOM
PO3IIOALTY W (x) , TO 3BakKeHa CyMa KBaJpaTiB PisHMIL p, M p, MOXKe 6YTU IIOKa3HM-

KOM OJIM3bKOCTi W (x) Ta HEBiJTOMOTO 3aKOHY IOC/TiI;KyBaHOI1 BUOipKM BUMipIOBaHb

2
Z:i(pi - piw :ZL: (ki_ﬂpi)2
i:lL ’\’Di J i=1 npi(l_ p|)
PimmeHHs1 mOpo BipHICTh BUCYHYTOI TillOTe3M CJIi MOpUAMATH HUISIXOM

HOpiBHHHHH 00UYMCIeHOTO 3HAUEeHHS ITOKa3HMKa ; 3 OEeAKMM I'PaHMYHVM 3HaYeHHSIM

Z,: SIKIIO < 1Z,, TO CJiJi BBaXKaTu, 10 TiloTe3a BipHA, SIKIIO > Z;, TO TillOTe3y CJif,

BiAXMJINTU Ta 3aIlpOIOHyBaTH iHIMy. [Topir mMOpiBHSIHHSA Z, BM3HAYaKOTh 3a MpPaBU-

noM HervimaHa - IlipcoHa i3 yMOBM: /IMOBIpHICTb IIOMMJIKM 1-TO POy He IOBMHHA
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repeBUINyBaTH Jesike TpaHMUHe 3HaueHHsS P, (Hampukaagd,e(H /B)<o.05 ). lIpu-

O/1M3He 3HaUYEeHHS Z, MOXKHA OLIiIHUTHU 3a (OPMYJIOI0

3

z, = L{l—i+‘}’(P) i} R

Ie w(x) - GyHKIisg, 3BOpOTHa iHTerpany iMoBipHocTi ayca. SIKio mekijiibka
rinoTes 3aJ0Bi/IbHSIOTh HEPIBHOCTI Z<Z,, TO Tpeba 0O6MpaTH rirnoresy, A SIKOi Z

MiHiMa/IbHO [4].
[TlepeBipuMO riroTe3y Mpo 3aKOH PO3MOAIY Xi-KBaJpaT 3 UOTMPMA CTYIEeHSIMU

cBoOOIM [l TIOKa3HMKIB KiaacuM4yHoro Kpurepis bByma-Binmpa 5,(,) Ta ¥ioro

MozaudikoBaHOro aHasora 5, (/).

Tabauig 3
3HaueHHS MOKa3HMKIB OJM3bKOCTI . , TpPaHMUHI 3HaUeHHS Z, Ta pe3yJabTaTu
po6oTH KpUTepito Xi-KBaapart s 5, (j) Ta 5, (/) 3a TpbOMa BUIAMU OTHOPiTHUX

HeKOpeJIbOBAaHMX BUIIAAKOBUX BeJIMUMH OJOBXWHOIO n =100

[Toka3HUKMU ) . . ExcrioneHiianbHi
.| JloricTuyHi B.B. PeeeBChbKi B.B.
0JIM3bKOCTi B.B.
HoBskMHa
] Ta
BUOipOK .
rpammuHi | B, (j) | B,.(Jj) | B,.(J) | B.(J) | B, (J) | P,(J)
3HAYEHHS
z 16.951 | 10.998 22.34 17.107 | 23.409 18.808
100
z, 21.013 22.78 28.86
z 17,462 | 6,858 21,332 8,734 16,555 11,945
50
z, 19,66 22,35 27,58
z 10,462 | 8,804 19,004 | 12,011 16,273 14,53
30
z, 21,43 23,07 24,98

SIk BupgHO 3 Tabmuui 3, TMoOKasHuMKM bByma-Binma 5, (/) Ta
5 (j)3a00BUIbHSIOTh YMOBI IIPO Te, 110 BOHU ONMCYIOTHCSI 3aKOHOM PO3IIOAINTY Xi-

KBaJpaT 3 YOTUPMa CTYIEeHsIMU CBOOOAM (3a KpUTEpieM Xi-KBagpaT Z<Z, ). AHamor

Kputepito Byma-BiHga JeMOHCTPY€E MeHII ITOKa3HMKi 6JM3bKOCTI Z , M0 CBigUYMTh
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PO Te, 0 BUCYHYyTA TiloTe3a MpPo 3aKOH PO3IOAITY MMOBIPHOCTI HNiAXOAUTH oMY

Kpallle, HiXK KJIaCMYHOMY IOKasHMKY 5 (/). Omke, MoaudikoBaHMII IOKa3HUK

B (j) 3 6inblIOI0 IMOBIpHICTIO ONMMCYETHCSI 3aKOHOM PO3MOJIMY Xi-KBaApaTr 3 4o-

TUPMa CTYIIEHSIMM CBOOOMM, Hi’K KJIACMUHMIA BapiaHT KPUTEPil0, 3 BUKOPUCTAHHIM
armpoKcuMaliii HopMaabHOiI QYHKIIiI PO3IIOIiTy.

Tpemiii obuucniosanvHuli ekcnepumenm. IIpakTUUHA 3HAUYILICTb KpuTepist by-
ma-BiHga 1misbHO IOB’SI3aHA 3 JOBKMHOIO BMOIPOK BMMipIoBaHb. SIKIIO KpUTepiii
XapaKTepU3yeTbCS BUCOKMMM 3HAUEHHSIMM MMOBIPHOCTE! BipHOIO pO3Ii3HaBaHHS
HaBiTh B YMOBaxX 0OMEKeHOCTi BXiTHMX JaHUX, TO IOTO MOKHA PEeKOMEHIyBaTH IJIsI
[TepeBipyMO e(eKTUBHICTb KJIACMYHOTO Ta

IMPAaKTUYHOTO 3aCTOCYBaHHA.

MmoaudikoBaHOTO KpuTepiiB byma-BiHma, 3acTocoByrouM KOPOTKiI  BUOIpKU
BUMMIipIOBaHb n = 10;20.

O6UMCAMMO CTaTUCTUYHI XapaKTepUCTUKM TMOKasHMKIB K, (/) Ta 5,(j) Ta
npencTaBuMoO ix B Tabnuii 4. [TobymyeMo ricrorpamu AOC/TiIKYBAaHMX ITOKA3HUKIB
bTa (j) Ta E (/) BJig TPbOX BU[IB OLHOPIAHMX HEKOPEeIbOBAaHMUX KOPOTKUX BMOIPOK
BUMIipIOBaHb. Ha puc. 2 mpeacTaBiieHi ricTorpaMyu NOKa3sHUKIB KJIACMYHOTO KPUTEPist
bymia-Binga B_a (/) Ta yioro aHajaora L; (/) pa3oMm 3 KpMBOIO 3aKOHY PO3IIOAiNY Xi-

KBaJpaT 3 YOTMPMa CTYIEHSIMM CBOOOIM IJIsI JOBKMHU BUOIPOK n =10 .
Tabauusa 4

CratucTnuHi nokasuuku 5, (j) ta b, (j) Kputepiro byma-Binga aist Tpbox BUAiB

O,Z[HOpi,I[HI/[X HeKOpeJIbOBaAHMX BUIIAAKOBUX BeJIMUNH JOBXMHOK n =10

JloricTuuHi B.B. PeneeBchbKi B.B. EkcrioHeH1Iia/ibHi B.B.

5,(J) 5, (J) 5,(J) 5,(J) 5,()) | 5.(J)

5 11,147 9,33 9,797 8,628 8,463 7,958
- 0,159 0,039 0,209 0,345 0,293 0,45
b? 3,225 3,494 3,402 3,657 3,523 3,807
D; 4,197 3,859 4,805 4,435 4,376 4,263
pB*P 0,992 0.997 0,991 0.997 0,992 0.999
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Tabmuig 5

CraTucTuuHi NoKasHuKkM 5 (/) Ta b (j)Kpurepito byma-Binaa s Tppbox BUAIB

O,E[HOpi,ILHI/IX HeKOpeJIbOBaHMX BUIIAJAKOBUX BeJIMUMH JOBXMHOIO n = 20

JloricTuuHi B.B. PeneeBchKi B.B. ExcrioHeH1IiasnpHi B.B.
By | B | B | BG) | B | BL)
5 14,47 11,191 13,689 11,684 13,497 12,353
B, 0,036 0,059 0,15 0,005 0,029 0,115
E_ 3,464 3,789 3,376 3,668 3,395 3,693
D, 4,822 4,409 4,962 4,557 4,77 4,572
P 0,992 0,998 0,991 0,997 0,995 0,997

[Tpu mopiBHSHHI JaHuX TabauIli 2 (IJ1s1 JOBIMX BUMOIpOK BUMipIOBaHb, n = 100 )

3 JAaHUMM TabauIp 3 Ta 4 (IJ1 KOPOTKMX BUOIPOK BUMipIOBaHb, n =10 » 20 ) MOKHA

3pOOUTH HACTYITHI BUCHOBKM.

PucyHok 2 - I'padik 3aKOHY pO3IMO/Iily Xi-KBagpaT 3 YOTMpPMa CTYTIeHSIMY CBOOO I
Ta TicTorpaMu MOKas3HMKiB 5, (j) i 5, (j) Oast BUGIPOK a) JTOTiCTUUHMX,
0) pesieeBChbKMX Ta B) €KCITIOHEHIIiaIbHUX BUITAAKOBUX BEJIMUMH (n = 10 )
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PucyHOK 3 - I'padik 3aKOHY PO3IOIiIy Xi-KBagpaT 3 YOTUPMa CTYIIeHSIMM CBOOOIU
Ta TicTOrpaMm MOKasHMKiB 5, (j) i 5, (j) Lnst BUGIPOK a) JOTiCTUYHMX,

0) peneeBChbKMX Ta B) €KCITOHEHIIia/IbHUX BUITaIKOBUX BEJIMYMH (n = 20 )

[Ipy BUKOpMUCTAaHHI BMOIPOK BMMipIOBaHb JOBXKMHOIO n =10;20 CepenHi 3Ha-
YeHHSI KJIacMYHOro i Moau@ikoBaHOro MOKa3sHUKIB KpuTepito byma-Binga 3anuiia-
I0ThCS1 6e3 CYTTEBMX 3MiH i BiIXWJISIIOTBHCSI BiJi cepefqHiX 3HaueHb, OTPUMaHUX TIpU
BUMKOPMCTaHHI BMOIpOK JOBXMHOIO n = 100 , He 6ijbie HixXX Ha 7%. [Ipu 3MeHIIeHHi

OOBXMHM BUOIpOK BMMIpIOBaHb 3BYXXYETHCSI [ialla30oH poO3Maxy b5, - &

ax min J

a
BMOIpKOBi Aucriepcii mMokasHMKIB 5, (j) i 5,(/) 3MEHLIYIOTbCS B CepelHbOMY

Ha 16%.

Oco6MBO CJ1if 3BepHYTH yBary Ha Te, [0 3HaUYeHHS IMOBipHOCTEN MPUITHITTS
BipHOrO pillleHHs, K 3a KIacCMYHUM KpuTepiem Byma-BiHga, Tak i 3a #ioro aHamno-
roM, MPY 3aCTOCYBaHHI KOPOTKMX BMOIpOK BMMipiOBaHb (n =10;20 ) 3aJIMIIAIOTHCS
Ha TaKOMY X BMCOKOMY PiBHi, SIK i IIpM 3aCTOCYBaHHi TOBI'MX BMOIPOK BUMMipIOBaHb
BUITQAKOBUX BEJIMUMH (n =100 ).

OTXe, MOKHA 3pOOMTM BMCHOBOK MpO e(eKTUBHICTh KJIACMYHOIO Ta
MoaudikoBaHoro KputepiiB Byma-BiHga mpu 3acTocyBaHHI KOPOTKMX BUOIpOK
BMMIipPIOBaHb (n =10;20).
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BucHOBKM. 3ampoIlOHOBaHMII B pobOOTi aHajsor Kputepiro bByma-Binga
BiIpi3HSETbCS  Bif KJIACMYHOTO KPUTEpPil0 3MEHIIEHHSIM OOYMC/ITIOBAIbHOI
CKJIaTHOCTi 3i 30epeskeHHsIM e(peKTUBHOCTI. EMITipyuHi iIMOBipHOCTi po3ITi3HaBaHHS
OOHOpimHOCTI BMOIPOK, SIKi OTPpUMMAaHi IIISXOM IIPOBEIEHHS OOUYMC/IIOBAIbHUX
eKCITepUMMEHTIB 1151 BUOipOK JIOTiICTUUHMX, PEIEEBChKMUX Ta €KCIIOHEHIliaJIbHUX BU-
MagKOBUX BeJUUYMH, CBiUuaTh IMPO HeINapaMeTPUUHiCTh, BUCOKY YYTJMBICTh Ta
MOSK/IMBICTh 3aCTOCYBaHHSI KPUTEPiI0 B YMOBAxX OOMEKEHOCTi eKCIIepyMMeHTaTbHUX
IaHUX.

MoanudikoBanuit  Kputepiit  Byma-BiHga  xapaKTepu3yeTbCsS  BUCOKOIO
iHpopMaTMUBHICTIO Ta MOXKe OYTM peKOMEHIOBaHMIA JIsI CTATUCTUYHOI 0OPOOKM eK-
criepyMeHTaIbHUX BUMipIOBaHb.
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Informativeness of statistical processing of
experimental measurements by the modified Bush-Wind criterion
The use of effective decision-making criteria is very important, especially when it
comes to ensuring information security. Controlled attributes, such as keyboard hand-
writing characteristics, intensity of network attacks, and many others, are described by
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random variables whose distribution laws are usually unknown. Classical nonparametric
statistics suggests comparing samples of random variables by rank-based homogeneity
criteria that are independent of the type of distribution. Using the Van der Warden shift
criterion and the Klotz scale criterion, Bush and Wind proposed the combined Bush-
Wind criterion. It is an asymptotically optimal nonparametric statistic for equal testing
of two normal means and sample variances in a population. The article considers the
problem of testing the hypothesis of statistical homogeneity of two experimental meas-
urement samples if the Van der Warden and Klotz criteria, which are formed by approx-
imations of the inverse Gaussian functions, are replaced by their analogues - the inverse
functions of logistic random variables. Computational experiments are carried out and
the informativeness of the classical Bush-Wind criterion and its analog, which is formed
on the logistic inverse distribution function, is investigated. The analog of the Bush-Wind
criterion proposed in this paper differs from the classical criterion by reducing computa-
tional complexity while maintaining efficiency. The empirical probabilities of recognizing
the homogeneity of samples, obtained by conducting computational experiments for
samples of logistic, Rayleigh and exponential random variables, indicate
nonparametricity, high sensitivity and the possibility of applying the criterion in condi-
tions of limited experimental data. The modified Bush-Wind criterion is characterized by
high information content and can be recommended for statistical processing of experi-
mental measurements.

Manaiiuyk Bamentun IlaBnoBuu - mpodecop Kkadenpu Kibepbesmeku Ta
KOMIT'IOTEpHO-IHTEeTpOBaHUX TeXHOJIOTI, di3MKo-TexXHIUHMI (dakysnbTerT,
IIHITTpOBChKMI HalliOHaAbHMII YHiBepcuTeT iMmeHi Osiecs ['oHuapa.

Knumenko CpiTiana BomogummupiBHa - [noueHT Kadeapu Kibepbesreku Ta

KOMII'IOTepPHO-iHTerpoBaHUX TEeXHOJIOTI, bi3uKo-TexXHIUHMIA daxkynbrerT,
IIHITTpOBCHKMI HalliOHaAbHMII yHiBepcuTeT iMmeHi Osiecs ['oHuapa.
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KOMII'IOTepHO-iHTerpoBaHUX TEeXHOJIOTIA, (bi3uKo-TeXHIUHMIA dakynbrerT,
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I1.0. Kaninina, O.I1. I'oskuit, B.B. Heuaxin, C.I. Illngn
IMITAIIMTHE MOJEJTIOBAHHSI CUCTEM
31 CKIIAIHVM CTOXACTUYHUM ITPOLIECOM OBPOBKHM JAHUX
3A IOITIOMOI'OK0 KOJIbOPOBUX MEPEXK IIETPI

AHomauyis. B cmammi po3ensdaemscs npouec nobydosu imimayiliHux modenell cucmem 3 cmo
XacmuyHUM npoyecom 06pobKuU OaHUX HA OCHOBI KOJIbopoBux mepex [lempi. [pedcmasneHo ¢o
pMansHUli onuc moodesieli Ha OCHOBI KOIbOPOBUX Mepex [lempi. [lns iMimauyiliHo20 MOOeN0BAHHSA
3a0a4 06pobKU OaHux 06I'PYHMOBAHO BUKOPUCMAHHA 4acosux mepex [lempi, wo 00380/5€ BU
3Hayumu i 0emanbHO onucamu Yacosl NPOMIXKU npouyecy, Akuli modenoemscA. [lpusedeHo an
2opumm nobyodosu imimayiliHux modeneli Ha 0CHOBI KOJIbOpPoBUX Mepex [lempi. BuzHayeHo oco
6/1uBOCMI 3aCMOCYBAHHSA Yacosux mepex [lempi npu nobydosi imimayiliHux modenel 3i ckaao
HUMU CMOXacmu4yHuUMuU npoyecamu o6pobru 0aHux. [1na 3a80aHHA BUNAOKOBUX BeNUYUH BUKO
pucmani cneyianbHi pyHKYii. HagedeHo nepenik yHKUIl 3 ix OoKNaOHUM onucom 1 0iana3oHamu
donycmumux 3Ha4eHb 0718 BXIOHUX napamempis. B skocmi npuknady posensHymo nobyoosa
iMimayitiHoi modeni npoyecy pobomu yeHmpy 06pobKu 3a580K KomepuyiliHoi ¢ipmu. Modensb by
J1a nobydosaxa 8 cepedosuwyi CPN Tools. BuzHayeHi ma 0ocnioxeHi napamempu cucmemu, 3MiH
Hi, pyHKYIT ma napamempu mooeni. [ HaKonu4YeHHs cmamucmuKu npo peyasmamu pobomu
modesneli 6y0 3aCMocosaHo Memod HakonudyeHHs THopmayii 8 nosuyisx. llpedcmasneHo aHa
J1i3 pe3ybmamis iMimayiliHo20 MoOeBAHHS nNpoyecy pobomu yeHmpy 06pobKU 3asB0K KoMe
puyitiHoi ¢ipmu.

Kntoyosi cnosa: ModenwsaHHs, imimayiliHa mooesb, KOJboposi Mepexi [lempi, cmoxacmu4Hull
npouec, CPN Tools, yeHmp 06pobKu 3a580K.

BceTryn

MogenioBaHHSI CUCTeM € Haibiabil e(peKTMBHMM CIIOCOO0M IOCTiIsKeHHS
CKJIQIHUX CUCTEM Pi3HOrO MpU3HAUEeHHS, — TeXHIYHUX, EKOHOMIUHUX, €KOJIOTiYHUX,
comiasibHMX, iHGOpMallifiHNX, HA Pi3HMUX eTarax iX >XUTTEBOTO LIMKIIY, TPOEKTyBaH-
HS, @ TAKOX B Ipolieci ekcruryararil [1]. CydacHi TeXHOJIOril MO eI0BaHHS He Tijlb-
KV 3HAYHO MOJIETHIWIN i TPUCKOPU/IU TIPOlLieC MOOYN0BM Ta IOCTiIKeHHSI MoJieseii
CKJIAJHUX CUCTEM, ajie ¥ 3HaUYHO MiABUIIMIN e(PeKTUBHICTb MOAEeTOBaHHS. MOKIu-
BOCTi CHCTeM MOJEIOBAHHSI TIOCTiiHO pO3MIMPIOIOTHCSI, TOMY IO IIOCTiliHO

3’IBJISIIOTHCS HAMMHOBIII MeTOIM Ta TEXHOJIOTii MofdestoBaHHs. 1le cripuse, MMPOKO-

© Kaminina 1.0O., T'oxkuit O.I1., Hewaxiu B.B., Illugu C.1., 2022
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MY PO3ITOBCIO/I)KEHHIO PiSHOMAaHITHMX METOIB Ta MigxoaiB MoaenoBaHHs. [ToTpeba
Yy PO3B’sI3aHHI 33124 MOJIeJIIOBAHHS CUCTEM BMHMKAE HE TiJIbKM Y JOCTiIJHUKIB Ta Ha-
YKOBIIiB, ajie Ji y IIPOeKTYBaJbHMKIB Ta BUPOOHMKIB ITiJl YaC IIPOEKTYBAHHS Ta MOJe-
JIIOBAHHS CKIAOHUX cucTeM. MaTeMaTU4Hi MOZeJli Ta METOOM MOJIeJI0OBaHHS BUKO-
PUCTOBYIOTHCS TIPU CTBOPEHHi iHGOpMaIliiiHMX CUCTEM Pi3HOTO TUITY: CUCTEM IIPU-
MHATTS pillleHb, CUCTEM aBTOMATM30BaHOTO KePyBaHHS, CUCTEM HITYyYHOTO iHTeeK-
Ty Ta iHIIL..

OmHMM 3 CyJaCHMX METO/IIiB ITOOYIOBM MOeseli CKIaJHMUX CUCTEM € Bi3yalbHe
MOJe/IIOBaHHSI HA OCHOBI KOJIbOpOBUX Mepex [leTpi. BukopucranHus mepex Ilertpi,
SIK iHCTpyMeHTa rpadivyHOro i MaTeMaTUYHOTO MOJEIIOBAHHS CKIaJHUX CUCTEM Ta
MPOIIeCiB OCTAaHHIM 4YacOM OTPMMa/IO IIMPOKe PO3MOBCIOMKeHHsS. Mepexa IleTpi
(PN) 1e opieHTOBaHMII OBOHOJbHMII rpad 3 ABOMA TUIAMM BY3JiB: MO3UILISIMU
(mpencTaBJieHi KojlaMI), Ta Iiepexoaami (IpeacTaBieHi IpsIMOKyTHMKaMM). [To3uiiii
B Mepexkax IleTpi mMiCTSITh JOBUIbHY KiJIBKiCTh MapKkepiB (mokewis). Po3nopin mapke-
piB Hajd, MiCUSIMM Ha3MBA€E€TbCSI MAPKYB8AHHAM. ICHYIOTh pi3Hi Tummu mepex IleTpi:
croxactuyHi mepexi I[letpi (SPN), yacoBi mepexi Iletpi (TPN), Ko/JbOpOBi Mepexi
I[Tetpi (CPN), HeuiTki Mepexi [TeTpi Ta iHmi [2-5].

Konboposi Mepexi [leTpi € omHMM 3 edeKTMBHUX iHCTPYMEHTIB iMiTallilfiHOTO
MopentoBaHHs. Koabopy npu3HaueHi O BpaxyBaHHS 3MiHHMX Pi3HUX TuIiB. Ta-
KM YMHOM IIPY MOJEIIOBAaHHI MOX/IMBO BPaxOBYBaTU OCOOIMBOCTI JaHUX Pi3HUX
IUCKpeTHUX CUCTeM. B rmoegHaHHI 3 MOXJIMBOCTSIMM iMiTalliiHOTO MOMe/JI0BaHHS
KOJIbOPOBi Mepexi IleTpi HafgaTh NOTY>XKHUI IHCTPYMEHT [IJIs1 AOCiI)KEHHS CKJIa/l-
HUX OUCKPETHUX CUCTEM.

ITocraHOBKa MpooIeMu

MeTo10 1aHOi poOOTH € MOC/IiIKEHHS IPOLIeCy iMiTallifHOro MOAEe/I0BaHHS CH-
CTeM 3i CKJIaJHMM CTOXaCTUYHMUM ITPOIIeCOM OOpOOKM JaHMX 3a AOIIOMOTOI0 KOJIbO-
poBux mepex [letpi.

AHaJIi3 OCTaHHIX JOCIiIKeHb

3acTocyBaHHs1 Mepex IleTpi, K iHcTpyMeHTa rpadiuHOTO i MaTeMaTUYHOIO
MOJe/II0OBaHHSI CKJIaJHMUX CUCTEM Ta IPOolLieciB 3aCHOBAHO Ha BUKOPUCTAHHI Opi€eH-
TOBAHOTO IBONO/IbHOTO Tpady 3 ABOMA TUIIAMM BY3JIiB: MO3UILISIMM Ta epexoIaMu.
Iyru rpada 3'€AHYIOTD IMO3UIII i Mepexoay TaKUM YMHOM, IO IMO3UIIil MOXYTb OyTHU
TIOB'sI3aHi TiIbKY 3 Tiepexoaamy i HaBmaku. [1o3uiiii B mepexki [leTpi MOXYTbh MiCTU-
TU OUCKPETHEe YMCJIO MapKepiB. Po3moin MmapkepiB Haj, MiClIsSIMM Ha3MBa€E€ThCS Map-
KyBaHHSM [6]. CnoyaTky Mepexxi IleTpi ciaykuau Ajist Onucy napaieabHUX CUCTEM 3
TOYKM 30pY MPUUMHHO-HACTIIKOBMX 3B'SI3KiB 6e3 06J1iky vacy [7]. [ToTiMm po3BUTOK
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Teopii Mepex IleTpi 4O3BOMMUB POSMIMPUTU Ta TOIMOBHUTY (OpMabHMUIL artapaT Me-
pex IleTpi yacoBumMu KoHuUenuigmu [8]. s MopaenoBaHHS CKIAJHUX CUCTEM Ta
MpoIIeCiB pi3HOI MPUPOAM BUKOPUCTOBYIOTHCS pisHi Momgudikailtii [9-11]. B pobo-
Tax [12-14] mepexi [TeTpi pisHUX TUTIIB Oy/IM BUKOPUCTAHI Jj151 TOOYA0BU CUCTEM Pi-
3HOr0 TNpMU3HAYeHHS. 3ajavya MOJEIIOBAHHS CUCTEeM 3i CKIagHUM CTOXaCTUYHUM
TIpOLiecOM 0OPOOKM JaHUX € aKTya/IbHOIO, TOMY IIIO BeIMKa KiJTbKiCTh CKIATHUX TeX-
HiYHMX CHCTEeM OOpOOGJISIIOTh CTOXACTUYHI AaHi i MOTpe6yITh KOPEKTHOIO IMpeaCcTaB-
JIEHHSI Ta MOAe/I0BaHHSs. [Iis1 BUpilIeHHs 3a7a4 po3p0o0KM iMiTalliiiHMX MOzeeii i3
CKJIAJIHMM IIPOLIecOM OOpPOOKM AAaHMX HEOOXiJTHO PO3pOOUTH METOJ MOOYyZ0BM MO-
Ierneit Ha OCHOBI KOJbOpoBUX Mepex Iletpi [15-17].
Pe3yabTaT JOCTIAKEHHS Ta iX 0OrOBOPEHHS

[Ipu 1o6YymoBi iMiTaIiiiHMX Moeiei IJisl CUCTEM 3 CKIAIHMM CTOXaCTUUHUM
Ipo1ecom 0OpoOKM 3asiBOK JOLIiIIbHO BUKOPUCTOBYBATH KOJIbOPOBi Mepexki ITeTpi.

Mopgenb Ha OCHOBI KOJbOPOBO1 Mepexi [leTpi Mae HACTYTHMIT BUTJISI,:

PN,col ={S,T,F,M,0,Type, Type(T,Type" (" M, In}

§={51.52 .5} — Muoxuma craniB; I = {ty.t5, ...t} — MHOXMHA nepexopis; F —

e
MHOXXMHA JIYT, IKa BK/IKOYA€E MiAMHOXMHU BXiTHUX Ta BUXITHUX OYT 110 BiTHOIIEHHIO
Io nepexony; Mo — MHOKMHA, B IKOI 3a[a€ThCS ITOYATKOBE MapKyBaHHS Mepexi ITe-
Tpi, Type — MHOXMHA TUMiB gaHux; Type T — MHOXMHA, SIKa BiloOpaska€ MOCTYITHY
MHOXMHY TUIIB JaHUX Y MO3UIIISIX Mepexi; Type M — MHOXMHA TUIIiB MapKepiB, 110
iHiIi0I0Th TIepexin; In — MHOKMHA YMOB iHillialii mepexois.

[lJ1s1 Moze/TIOBaHHS 3a/1au 0OPOOKM JaHUX TAaKOX MOXK/IMBE BUKOPUCTAHHSI 4Ya-
coBux Mepex IleTpi, 1110 € BAJOCKOHAJIeHHSIM Mepesxki IleTpi i moB’sg3aHO 3 JmomaBaH-
HSIM 0 KOXKHOT'O 3 IepexoiB iHdopmailii mpo 4acoBi mexi. Ile ;03BoJisle BUSHAUM-
T i JeTaJIbHO OMMCATH YaCOBi MPOMIXKKM MpPOLiecCy, SIKMii MOJe/IeThCs. YacoBa Me-
peska OMUCYETHCS 3a JOIIOMOTOI0 HAaCTYITHOTO BMUpPasy:

Niime = §S. T, F,Eft,Lft, Mg},
ne Eft.Lft — Qyukuii, W0 CTaBAATHCA Y BiATIOBIIHICTD KOKHOMY 3 IIePeXOLiB i Bu-
3HavaoTh HwkHIO (Eft ) Ta Bepxuio (Lft ) yacosi Mexi, SKi 3aOBONBLHSAIOTh HACTYII-
HuM ymoBam: Eft <Lft | Mopenb, sika BpaxoBye INPIOPUTETH, BKIKOUAE MHOXKMHY
MPiOPUTETIB /151 KOKHOTO 3 TTepeX0/IiB i Ma€ HACTyITHUIT BUTTIS,:
PN,pr(time = {S,T,F,Eft,Lft, PR,M,0 } |
ne PR ={Pry, P, ..,P1,} — MHOXMHA TIpiopuTeTiB, a Pr1iv — BelmumHM npiopuTeTis.

AnropuTMm 1o6yI0BM iMiTalliliHMX MOJeJieit Ha OCHOBi KOJIbOPOBUX Mepex Ile-

TPi CKJIAIAETHCS 3 HACTYITHMUX KPOKIiB:
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5 ={5,,5,,

1.Bu3HavaeThCcd MHOXXMHA CTaHiB S }, Ta MHOXWHA MepexoiB
T ={ty,t;, ...t} gKi BifNOBigaOTh npoLecy, 10 MOJE/II0EThCS.

2.BusHavaeTrbcs F, Ta 3a4a€ThCS IOYATKOBE MapKyBaHHS Mepeski M.

3.BusHavaloThCs MOXJIMBI 3MiHM CUTYallii, Ta BigobpaxkatoTbes y Type T MHO-
SKVHI TUMIB Y ITO3UILISIX Mepexi.

4.Bu3Ha4Yar0ThCI MapKepH, SKi iHII[IIIOTh epexoaun, i yMOBM iHiliasisalii me-
pexoniB In (4acoBi).

5. OctaTouHO GOPMYETHCSI CTPYKTYpa MEPEKi.

Ha ocHOBi KoybopoBux Mepexk IleTpi moLisbHO po3pobsaTy iMiTawiiiHi Momesti
HeJTiHITHMX Ta HecTalliOHapHUX IIPOIeciB reHepailii Ta 06poOKM AaHuUX, IPUITMATHA
pillleHHS Ha MiCTaBi MOJeII0BaHHS, a TaKOX MepeBipsSITU pe3yabTaTy MOJeT0BaH-
HSL.

IIpu 1mo6ymoBi Mopeseit peaJbHUX CUCTEM IOTPiOHO MOCTiMKEHHS AMHAMIKU
TIpollecy i BM3HAUEHHSI YaCOBUX XapaKTePUCTUK POOOTM Mojesi. PeanbHi mpoiecn
PO3BMUBAIOTHCS B Uaci, TOMy i MaTeMaTUYHMI1 arlapar, IIpyU3HadYeHuit OJ1s iX MOJiento-
BaHHS, ITOBMHEH MaTy MOX/IMUBICTb MOAAHHS MOAii y yaci. Tomy Mogesnti, 110 Onucye
TUIBKM BHYTPIIIHIO CTPYKTYPY Ta JIOTiKy, 4acTO OyBa€ HemOCTaTHbO. [IJIs1 MOJeio-
BaHHS IpoI1ieciB y yaci, Mmepexi [leTpi po3mnprOOTbCS BBeAEHHSIM YaCOBUX MIiTOK B
Mapkepax. YacoBa MiTKa IOKa3ye, 3 SKOro MOMEHTY Yacy Mapkep Oyze JOCTYITHUI B
rosuiiii. Ilpy BM3HaYeHHiI aKTUMBHOCTI IepexoiiB B 4acoBOi Mepexi [leTpi BpaxoBy-
I0ThCS TUIBKM Ti MapKepH, y SIKMX 3HAUeHHS 4acy MeHIile abo JOpiBHIOE TOTOUHOMY
yacy mogeni [1].

[Tpu 1106yI0Bi MOzesli pea/ibHOI CMCTEMM YacCOBi iHTepBasu He 3aBXIU MOXKYTb
OyTHu TpencTaB/ieHi y BUTJIS/I IEBHOTO YMC/Ia, 3aMiCTh IIbOTO B MOJIE/ISIX Yac Maibke
3aBKIM 3aJA€TbCSI B BUTJISIAI BUIIAAKOBOI BeJIMUYMHHU, [0 PO3IO/ijeHa 0 IeSKOMY
3aKoHy. [IJi 3aBIaHHST BUMMAIKOBMUX BEJIMUMH MOKYTh OYTM BUKOPUCTAHI CrelliaabHi
dyukirii. Iepenik GyHKIINA 3 iX HOKIAAHUM OMMCOM i AiarmasoHamMy AOMYCTUMMUX
3HaYeHb IS BXiIHUX ITapaMeTpiB IpeacTaBiaeHmnii B Tabauli 1.

Ipuknad. HeobxigHo 1moOymyBaTy MOAENb, 0 TO3BOJISIE aHAIi3yBaTU PoOOTY
IIEHTPY 0OpOOKM 3aIBOK KOMePpIIilfiHOI (ipMy 3 GaraTokaHaJIbHUM 3B’SI3KOM. IcHYe
6araTokaHaJIbHMI TeeOHHMUIT HOMep, Ha SIKMIT HaAXOOSATh A3BiHKM KOPUCTYBauiB 3
nuTaHHIMM. Tak K A3BiHKIB 6araTo, JesSKMM KOPUCTyBauaM JOBOAUTHCS YEKATH,
TOKM OZIVIH 3 OmepaTopiB 3BiIbHUTHCSI. KopucTyBaui po3fineHi Ha rpymnu 3a Mpiopu-
tetramu (N TpyI), Oj1sT KOXKHOI IpyIM peali3oBaHa okpeMa uepra. Y IIeHTpi 06poOKu
3asIBOK ITPAIfIOIOTh KijibKa omepaTopiB (M miofeii). BinbHuit orepaTop rMoBuMHeEH BUO-
paTy KOpMCTyBaya 3 HaibinbIIiM rnpioputeTom y yep3si. KoskeH KopucTyBad 3BepTa-
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€ThCS B IIEHTP 00pOOKM 3asIBOK 3 ofHi€lo 3 K mpo6iemM. KoxkHiii mpo6iemi Bigmosizae
yac, 3a sKe omepaTop Moxke 3HauTu pimeHHs KMin i KMax njs piBHOMIPHOTO PO3-
noainy yacy Bianosiai Ta KN i KV ajis1 HOpMa/IbHO pO3MOi/IeHOTO Yacy BiAmoBiai. Y
pasi, SIKIO KUIbKICTh KOPUCTYBAUiB, SIKi OLHOUYACHO OYiKYIOTh [I3BiHKA, OOCSTJIO Be-
muuyHyu UMax, To BCiM HACTYITHUM KOpPMCTyBadyaM Oyjie BiZMOBJIEHO B 00poOIIi 3as-
BOK [1].

3MopeoBaTy POOOTY LIEHTPY 0OPOOKM 3asIBOK KOMEPIIiitHOi ipmu 3 06CTyro-
ByBaHHS 1000 xiieHTiB. MOKIMBA CTPYKTypa MOl IIpeACcTaBieHa Ha PUCYHKY 1.

Tabanug 1
®yukiii CPN ML pns reHepallil BUIAJKOBUX BEeJIMUNH

@yHK1i4 31 CIMCKOM
. Omnuc pyHKIIii
rapamerpis

Po3nodin bepuynani. Jliania30H OOIYCTUMMX 3HAUYEHb [JIsT
nmapamerpa p: 0.0<=p<=1.0. Twur 3HaYeHHS, 110 ITIOBe-
PTAETHCS 1IiJie YMCI0, 3a3HAYeHMI1 B OrojIomieHHi QyH-
bernoulli(p:real) : int Kuii mmicag gokpanku. V Liji Ta iHmmx QyHKIigX, B pa-
3i BUXOAy 3HaueHb IlapaMeTpa 3a MeXi AOMYCTUMMX
rpaHullb Oye 3TeHepOBaHO BMHSITOK Ta MO/IETIOBAHHS
MIPUIVHUTHCS.

BiHomianeHuti po3nodin. Jliama3oH 3Ha4YeHb IapaMeT-

binomial(n:int, p:real) : int |
piB: n>=1 ta 0.0<=p<=1.0

Po3nodin kci-keadpam. Jliana3oH 3HaueHb IlapaMeTpa:

chisq(n:int) : real
q(n:int) o],

TuckpemHuii pieHomipHuii po3nodin. IlapameTp a MeH-

discrete (a:int, b:int) : int ;
e a60 MOPiBHIOE IMapameTpy b, a<=b.

['aMMa po3mopia 3 MM rnmapameTpom n (po3nodin Ep-

erlang (n:int, r:real) : real i i
nauea). Jliaria3oH 3Ha4yeHb napameTpis: n>=1 ta r>0.0

ExcnoHeHyianvHe po3nodin. Jliara3oH 3HaUeHb apame-

exponential(r:real) : real
P ( / Tpa r>0.0

HopmaneHuii po3nodin. [liaria3oH 3HauYeHb IapameTrpa
normal(n:real, v:real) : real p p n p p

v>=0.0
. . Po3nodin IT Ha. Jliarma3soH 3HadeHb I1apaMeT
poisson(m:real) : int o3nodin ITyaccona. [liama3oH 3Haue apaMeTpa
m>0.0
. Po3nodin Cm Hma. Jliarma3oH 3HauYeHb MapameT
student (n:int) : real 0310011 Cmolodenma. [liama3oH 3Haue apameTpa
n>=1.
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uniform(a:real, b:real) :  |pignomipnuii po3nodin. lapamerp a meHiue aGo HOPiB-
real HIOE IapameTpy b, a<=b.
rayleigh(s:real) : real Po3nodin Petini. [liara30H 3HaueHb apameTpa s>=0.0

gamma(l:real, k:real) : real I'amma po3nodin. [liama3oH 3HaueHb IlapaMeTpiB I,
:real, k: :

k>=0.0
bema po3nodin. [iama3oH 3Ha4YeHb IlapaMeTpiB da
beta(a:real, b:real) : real p A p p ’
b>=0.0
Yepra 1 Omnepatop 1
T'enepanis .| CoptyBaHHS Bubip PospaxyHok
KITIEHTIB "|  xmienTis e KITIEHTIB CTAaTHCTHKH
Yepra N Omneparop M
Bimxmosa B
o0cIyroB
YBaHHI

PucyHok 1 — Cxema mogenti

ITo6ydoea modeni. 3araibHa MOJe/b MPOILeCy pOOOTH 1IeHTPY 06pOOKM 3asIBOK
Mae 7 GyHKIlioHaIbHUX OJIOKiB (OMB. puC. 2). B/IOK reHepallii KJIi€HTIB MpeicTaB/IeHO
4 niosutiissmu (Group — mae Habip MITOK, 1[0 BKAa3yIOTh I'PyIM KIi€HTIB 3a mpiopure-
tamu (N rpym); Problem — MiCTUTb MiTKH, 1[0 BKa3y0Th Ha npobiaemu (K), 3 IKUMU
3BepTalOThCs KIieHTHU; MaxGen MiCTUTh 3arajibHY KiJIbKiCTh KJTi€HTIB, sIka 06CTyrO-
BYETBCS B Ipolieci moaentoBaHHs; GenDelay — HeoOxigHa 151 GopMyBaHHST 4aCOBOi
MiTKM TIpM KOKHOMY 3BEpHEHHi «HOBOTO» KJIi€HTa) Ta mepexomom Generate, siKiit
6e3mocepelHE BMKOHYE (PYHKIIil0 TeHepallii KIi€eHTiB. BlIOK cOpTyBaHHSI KJIi€HTIB
npeacTtaseHo no3utiieto Client, B IKy ToTparuise iHdbopmalilisi IIpo MOTOYHOTO KIIi€-
HTa, Ta 2 nepexoaamu SortQ1, SortQ2, siki COPTYIOTb KJIi€HTIB IO mpiopuTeTam. Bif-
COPTOBAaHI KJII€EHTU HAKOIMYYIOThCS B yeprax — Iie nosuiii Queuel, QueueZ. KoHT-
pOb 3a KUIBKICTIO HAAXOIKEHHSI KII€HTIB BMKOHYETHCS 3a OMOMOTOI0 MO3MUIIii
SumQ. Biok Bimbopy KJIi€HTIB 3 Uepr A0 OrepaTopiB Ipe/CcTaBlIeHo 2 MepexoaaMu
GetCQ1, GetCQ2 Ta 2 nosuuissmu PriorClient, Limit, B IKMX MOTpaIuisie iHpopMaliis
PO MMOTOYHOTO K/Ii€HTA 3 Yepr Ta KOHTPOJIKETHCS KiJIbKiCTh HAAXOMKeHHS K/IIEHTIB
0 oIlepaTopiB MJisi 0OCAYrOByBaHHS. 3aTpMMKa Ha 4yac OOCIYTOBYBaHHSI KOXKHUM
OIlepaToOpOM MOZETIOEThCS 3a JornoMororo nepexofnis Op(i) Ta Exit(i), sIKi mounHa-
I0Th Ta 3aKiHUYIOTb MpPOIleC 00CIyroBYBaHHS, Ta 3 mosutlisimu: TimeO(i) — MiCTUTb

YyacoBi MiTKM mpo vac 06cyroByBaHHs, Op(i) — MicTUTbh 3ammc iHdopMallii mpo Kiti-
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eHrta, LimitO(i) — KOHTPOJIIOE OOCTYrOBYBAaHHSI OepaTopaM II0 OOHOMY KJIi€HTY 3a
pas, ge i =15, Po3paXyHOK CTaTUCTMKM BUKOHYETbCS Iepexomamu Priorl, Prior2.
[TonepenHbO B IMO3UIIiI0 Statistics oTparuisie iHpopMallist Ipo IMOTOYHOrO KITi€HTA,
sSIKili 6yB 00CYTOBAHO OJHMM 3 OIlepaTopiB. Pe3ynbTaTyl 10 KiJbKOCTi KITi€EHTIB I10
npiopuTetaM (M0 rpyram) 36mpaioTbcsl B mo3uiiii NumP1, NumPZ2. 3arajibHuit 4ac
00CTYTOBYBAaHHS KIIi€HTIB KOXHOI I'PYIM HAKONMUYYETHCS B mo3uuisix TimeSumPl,
TimeSumP2. CepenHiit yac 00C/JIyTOBYBaHHS KIi€HTIB KOKHOI TPy HAKOMUIYETHCS
B no3uwisix AvrTimeP1, AvrTimeP2. 3arajbHa KiJIbKiCTb YCiX KJIi€HTIB, IKUX 00CTY-

’KeHO 30upaeThes B no3uilii TotalNum.

CLIENT_REC
171

S~ 1]

INT

11 1'1@0] 5 1°1@0

client®

stimeEnd dient)]
ime S clientR)

clen
ops s its 1°0]
setEndTime(clients) client @1 10
S e o

LimitOS ).
@1y

T

PucyHok 2 - ImiTtatiiiiHa Mmofesnb Ipoliecy po60TH 1ieHTpy 06poOKY 3asiBOK

KoMepIIiliHoi (ipmu

3asdanHa dexknapauyiti cucmemu. BusHavyalTbCs IlapaMeTpyu CUCTEeMM, sIKa MO-

IemoeThes. 111 KobopoBuX Mepesx IleTpi, e mHoxcuHa Konvopie cucmemu (colorset),
SIKi MAlOTh HACTYITHI 3HAUEHHS :

o (dimku Tuny TINT — BU3HAUAIOTh MHOXUHY IiIJIMX YMCET 3 YACOBUMM MiT-
KaMu;

e koptexk CLIENT REC mae 4 1ijie 4uce/ibHI TOJs, SIKi BiATOBiZalOTh 3a
cGroup — THUII IPYIIM KJIi€HTA 3a IIpiopuUTeTOM, problem — Tuil mpobiaemMmu, 3 IKOIO 3Be-
PHYBCS KJIi€HT, timeS, timeEnd — Mope/ibHi 4acy MOYaTKy Ta 3aKiHYeHHS 00CIyTOBY-

BaHHS K/Ii€HTA;
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o dimku TuUny CLIENT REC LIST - 1ue cnucok iHdopmallii MMpo KJIi€HTiB
IIEHTPY 00POOKM 3asIBOK.

3MiHHI Modeni:

e group — BU3HA4Ya€ 3HAUYEHHS TPYIN, OO SIKO1 BIIHOCUTHCS KITI€EHT;

problem — Bu3Hauae HoOMep IIPoOIEMMU, 3 SKOIO 3BEPTAETHCS KITIEHT,
e clientR — BuU3HaYa€ MOBHY iHpopMaIlilo IMpo KIi€eHTa.

e clientL — BU3HaUa€ HAAXOIKeHHS iHGOpMallii ITpo KJIi€HTa B Yepry;
e i,j,k — BM3HAUaAIOTh 3HAUEHHS IliJie UMCeTbHUX 3MiHHUX;

e X — BU3HAUac 3HAUEHHS [iliCHOI 3MiHHOI.

Busnaummo ¢yukuyii cucmemu:

e dyukuis curTime() HeobOXigHa B Moesi sl 3M00YTTSI IIOTOYHOIO 3HAYEHHS
MOJIeJIbHOT'O Yacy;

e dyukIis setEndTime() po3paxoBye yac 3aKiHUeHHSI 00CTyTOBYBaHHS KJIi€HTa
i bopmye MoBHMIL TaKeT 3anucy iHpopMaliii Mpo MOTOYHOTO KJTi€HTA.

ITicyigs BM3HaUYeHHSI OCHOBHMX JIeKjIapalliil CMCTeMM 3aJal0ThCs napamempu Mo-

dezni Ha rpadax Mepexki. Ha MomebHOMY apKylili IpeIcTaB/lIeHo 3arajibHi apameTpu
Mopesi (IVB. pUC. 2):

e y mo3uilii Group MHOXMHa KOIbOpiB @imok — INT; mouyaTKoBe MapKyBaHHS
65" 1 ++ 35" 2 BM3HAUa€ BiICOTKOBE BiJIHOIIEHHS MiX ABOMA rpyrnaMy KIi€HTiB (Ki-
JIBKICTB IPYIL B pukiIani N=2);

e y no3utlii Problem MmHOXMHA KOJbOPiB (dintok — INT; moyaTKOBe MapKyBaH-
HA 1 14+1 24417 3++1°4++1°5++1°6++1 7++1 8++1°9++1°10++1°11++1°12++1°13 BcTa-
HOBJIIOE€ HyMepallilo ITpobJieM, 3 SKMMU 3BepTa€ThCS KITi€HT;

e y nosuliii MaxGen MHOXMHA KOJbOPiB ¢imiok — INT; TouaTKOBe MapKyBaH-
Hs 1000°1 BM3HaYa€ MaKCMMaIbHY KiJIbKiCTh KJIi€EHTIB AJ1s1 0OCTyTOBYBaHHSI B IIpOIIe-
Ci MO eTIOBaHHSI;

e vy nosutlisix GenDelay, TimeOl, TimeO2, TimeO3, TimeO4, Time5 MHOXMHa
KoJIbopiB ¢imtok — TINT; mouyaTkoBe MapKyBaHHS 1~ 1@0 BCTaHOBJIIOE YACOBi MiTKU;

e y niosutlisx Client, PriorClient, Opl, Op2, Op3, Op4, Op5, Statistics MHOXMHa
KoJibopiB (intok — CLIENT REC,;

e y no3utisix Queuel, Queue2 MHOKMHA KOIbOPiB ¢imok — CLIENT REC LIST,
MOYaTKOBe MapKyBaHHs 1 [] BU3HAUAE, 1110 CITOYATKy MOJeTI0BAHHS Uepry MOPOsKHi;

e y mo3utiax LimitO1, LimitO2, LimitO3, LimitO4, LimitO5, Limit, NumPI,
NumP2, TimeSumP1, TimeSumP2, TotalNum, SumQ, Reject MHOXMHA KOJIbOPiB (i-
oK — INT;

o yno3utlisx AvrTimeP1, AvrTimeP2 MHOXX1Ha KOJbopiB iimok — REAL;
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e Ha ny3i Bim mosunii GenDelay po mepexomy Generate Bupa3s
1@+ceil(uniform(10.0,50.0)) popmye 3HAUEHHSI MOJIETLHOTO Yacy 3BepTaHHS KIIi€H-
Ta, SIK OKpPYIJIeHe 0 HaiOMKUOrOo IiJIOr0 B OiJIbIY CTOPOHY 3HAYEHHi BUIIaIKOBOI
BeJIMUMHYU PIBHOMIPHO pO3MOAiNieHoi Ha MpoMixkKy [10, 50];

e Ha ny3i Big mepexomy Generate mo mosuuii Client Bupas 1 {cGroup=group,
problem=problem, imeS=curTime(),timeEnd=0} dbopmye Habip JaHUX PO «HOBOTO»
KJII€EHTA;

e Ha ayrax Big nepexony SortQ1 go nosuiiii Queuel ta Big nepexony SortQZ2 oo
no3utlii QueueZ2 Bupas3s clientL **|[clientR] 3afa€ HaAXOA>KeHHS 3asBOK B Uepriu;

e Ha ayrax Bim nmo3uiii Queuel mo niepexoay SortQ1 Ta Bim mosuiii QueueZ no
nepexony SortQ2 Bupas clientL 3amae 3BOPOTHili 3B'SI30K;

e Ha ayrax Bin nmo3uiii Queuel no nepexony GetCQ1I ta Big nmo3uilii QueueZ no
nepexony GetCQ2 Bupas clientR:: clientl. Bu3Ha4ae, 110 6JIOK BMOOPY KJIi€HTa MOXe
1ovyaTy 06pOOKY 3asIBKM, SIKIIO B Yeprax € xova 6 OfyH KITi€HT,;

e Ha nyrax Big nepexony GetCQlI mo nosuilii Queuel Ta Bin nepexony GetCQ2
o no3utilii Queue2 Bupas clientL moBepTae B Yepru CIMUCKU KIi€HTIB;

e Ha gyrax Bim mepexozis Op(i) mo mosuniii TimeO(®) (me i=15) Bupas
1@+ceil(uniform(50.0,90.0)) ¢popmye 3HaUeHHS MOJEJbHOIO Yacy OOCTYyroByBaHHS
KJIi€EHTA i-M omepaTopomM, SIK OKpyTJIeHe 10 HaitOJVKUOro IiJIOro B OiJIbIITY CTOPOHY
3HaAuUeHHi BUITaJKOBOi BeJIMUMHYM PiBHOMIpPHO pO3I0/iJieHOi Ha mpoMikky [50, 90];

e Ha fyrax Big mepexonis Op(i) mo Op(i) (ne ¢ = L5) Bupas setEndTime(clientR)
TiJJpaxoBy€ MOJIeJIbHUIT Uac KiHIIs 06CTYyTrOBYBaHHS IJIs1 KJli€eHTa Ta hopMye TTOBHMI
Habip maHMX PO KJIi€HTa;

e Ha Ayrax Bif mepexoniB Exit(i) mo mosuliii Statistics Bupas clientR 3amae Ha-
IXOM>KeHHS 3aICy PO KIi€HTa, SKuit 6yB 00CTyTOBAHO i-M OIepaToOpoOM;

e Ha ayrax Bim nepexony Priorl go no3uiii TimeSumP1 Ta Big nepexony Prior2
no nosutiii TimeSumP2 Bupas j+(#timeEnd clientR)-(#timeS clientR) miipaxoBye 3a-
raJIbHMI Yac 00CIyTOBYBaHHSI KJTI€EHTIB BiZIMIOBiIHOI TPyIIN;

e Ha nyrax Bin nmepexony Priorl no nosuiii AvrTimeP1 Ta Bif nepexony Prior2
nmo nosutlii  AvrTimePZ2 Bupas real(j+(#timeEnd clientR)-(#timeS clientR))/real(i+1) -
IIpaxOBYE cepeHE 3HaUeHHS Yacy 00CyroByBaHHS K/Ii€HTIB BiITIOBiAHOI IpyIIn.
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CLIENT_REC
171
1

; Lo )
=2problem=13tmeS=0.0 m\——l 11

TN 11 1 1e3837) 1 160

<<<<<

| 1" {cGroup=2problam=8.timeS=0 tm
‘eEnd=3522)
tafhm 1 247]

$IYTISYNYT

e
setEndTene(dienth)
G CLIENT_§EC i

mr

PucyHOK 3 — Pe3ynbTaTy iMiTaIliifHOr0 MOJIe/TIOBaHHS IIPOLIECY pOOOTH LIEHTPY

00pOOKM 3asIBOK KOMepIIiifHOi (ipMu

AHaniz pesynomamie moodento8aHHsA. [1ys1 HAKOMMUYEHHSI CTATUCTUKU TIPO pe-
3yJbTaTU POOOTU MOMesieit MOXKYTh OyTM BUKOPUCTAHI pi3Hi MmeToau. Y gaHiii poboTi
PO3IJITHYTO METO/[l HAKONUUeHHs iHhopmayii 8 no3uyisx.

Ha pucyHKy 3 npe[cTaB/ieHO pe3yabTaTy iMiTal[iiHOrO MO e/IF0BaHHS MPOLIeCy
pob0TH LEHTPY 0OpOOKM 3assBOK KoMepiliitHoi ¢ipmu. B Tabmmii 2 rpeacTaBieHO
pe3yJbTaTH iMiTalliifHOTO MoAeoBaHHSI mpoiiecy obcayroByBaHHS 1000 Kii€HTiB
1eHTpy. KopucTtyBaui 3BepTaioThCs Y LIEHTP BUIIAAKOBUM UMHOM B IIPOMIiXKKY 4acy

Big 1 mo 5 cexkyHz. BimcoTKoBe CIiBBiIHOIIEHHS KiJTbKOCTI K/ITi€HTIB B KOXKHii I'PyIIi
npiopuretiB: 65%, 35%.

Tabmuig 2
PesynbTaTy MOJe/IIOBaHHS
[TapameTtpu mogeni I'pyma 1 I'pyma 2
KinbkicTh 06CTy’K€HUX KITIEHTIB 127 120
CepepHiit yac 006CIyTOBYBaHHS KITi€HTIB 2,93 XBUJI. 2,88 xBuUII.
3arajibHMI Yac 00C/TyTOBYBaHHSI K/Ti€EHTIB 6,2 TOI. 5,77 ron.

3arayibHa KiJIbKiCTb 00CTy;KeHUX KITIEHTiB 247

KinbKicTb K/Ii€HTIB SIKMM 0YyJI0 BiZIMOBJIEHO B 06C/TyTO-
BYBaHHi

HakomnunueHHS CTaTUCTUKU € BAXKIUBUM €JIeMEeHTOM npouecy MoaeJ0OBaHHS.

Jesiki xapaKTepUCTUKM MOJesi MOXKYTb 6yTM 06UMCIeHi B peaJlbHOMY 4Yacy, B IIpO-
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11eci MOZe/TIOBaHHS, IJIS iHIIMX MOXYTb 3HAZOOUTNCS TOOATKOBI PO3paxyHKM B CIie-
Llia/li30BaHMX MaTeMaTUUYHUX JojaTkax [1].
BucHOBKU

B po6oTi 6ysi0 po3riSHYTO MOOyAOBa iMiTalliiiHUX MoJeJieit CucTeM 3 CTOXac-
TUYHUM TIpoiiecoM 06pobkyu maHux. [IpencraBaeHo ¢hopMaabHUIT OMIMC MOeIeit Ha
OCHOBi KoJIbOpoBUX Mepesk Iletpi. HaBemeHo ajropuTm mobymoBu iMiTalliifHUX MO-
JleJieil Ha OCHOBI KOJIbOPOBUX MepeX IleTpi. OGIpyHTOBAaHO BUKOPMUCTAHHS )i iMi-
TaIliifHOr0 MOJIEe/IIOBAHHS CKIAQJHUX CTOXaCTMUYHMX IIPOIIeCciB 00pOOKM TaHUX BUKO-
pucTaHHsI 4yacoBuX Mepex [leTpi. BusHaueHO 0COGIMBOCTI 3aCTOCYBAaHHS YaCOBUX
Mepexk IleTpi mpu 1mo6ymoBi iMiTalliiiHUMX Mojesel 3i CKIaAHUMM CTOXaCTUIHUMMU
npoiiecamMy 06po6Kky gaHux. 1151 3aBAaHHS BUMIAJKOBMX BeJIMUMH BUKOPUCTAHI CIie-
uianbHi QyHKIii. HaBegeHo nepesik GyHKIIiA 3 iX JOKIaJHUMM OIMCOM i iarma3oHa-
MM OOMYCTUMMMX 3Ha4YeHb IJISI BXiIHMUX IMapaMeTpiB. B SIKOCTi NpuKaamy po3riassHyTO
1MoOymoBa iMiTalliitHOi Mojesti rmporecy po6oTH IeHTPY 0OpOOKM 3asIBOK KOMeEpIIiii-
Hoi ¢pipmu. Mogens 6yna nmobymoBaHa B cepemoBuiii CPN Tools . BusHaueHi ta goc-
JIiIKeHi mapaMeTpu CUCTeMM, 3MiHHI Ta ImapaMmeTpu Mmozeni. IlpeacraBieHo aHami3
pesy/ibTaTiB iMiTallilfHOTO MOJIeTIOBAHHS IIPOIeCy poOOTH IEeHTPY 0OPOOKM 3asIBOK
KOMepIIifiHOi ¢ipmu. AHaji3 pe3yabTaTiB iMiTalliiiHOrO MOJEIIOBAaHHS JO3BOJISIE
3pOOUTHU BMCHOBOK IMPO e(eKTUBHICTh 3aCTOCYBaHHS KOJTbOPOBMUX MepexX IleTpi s
MO/Ie/TIOBaHHS CHCTEM 3i CKIIaJHUMMM CTOXaCTUUYHUMM IIpollecaMy 06poOKM JaHUX.
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Simulation modeling of systems with a complex stochastic data processing
process using colored Petri nets

The article considers the process of building simulation models of systems with
stochastic data processing based on colored Petri nets. A formal description of models
based on colored Petri nets is presented. For simulation modeling of data processing
tasks, the use of temporal Petri nets is substantiated, which allows to define and describe
in detail the time intervals of the simulated process. The algorithm for building
simulation models based on colored Petri nets is presented. The peculiarities of the use of
temporal Petri nets in the construction of simulation models with complex stochastic data
processing processes are determined. Special functions are used to assign random values.
A list of functions with their detailed description and ranges of permissible values for
input parameters is provided. As an example, the construction of a simulation model of
the work process of the application processing center of a commercial firm is considered.
The model was built in the CPN Tools environment. System parameters, variables,
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functions and model parameters are defined and investigated. The method of
accumulating information in positions was used to accumulate statistics on the results of
the models. The analysis of the results of simulation modeling of the work process of the

application processing center of a commercial firm is presented.
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O.T'. 3enenuos, T.M. lllanTana
MOJEJI TA METOIU HABUAHHSI HEVPOHHUX MEPEX
3 IUOEPEHIINIOBAHUMU ®VHKIISIMU AKTUBAILIIT

AHomauis. [IponoHyeEmMbCa HOBA NOCMAHOBKA 3a0aYT HABYAHHA HEUPOHHUX Mepex 3 BUKOPUC
MAaHHAM pO3WUPEH020 BeKmopy sapiliosaHux napamempis. [110 po3wupeHuM BeKmMopom 8apilio
BAHUX napamempis MAEMbCS HA yBA3T Me, WO BIH BKKYAE 00 cebe OKPIM BA20BUX Koe@iyieHmis
we 1 OeAKki napamempu yHKYit akmusayii. BeedeHHa 0o0amkosux 8apilioBaHux napamempis
He nepedbayae 3MiHU apximekmypu HelpOHHOI Mepexi, ane YHeMOXAUBJIOE 3aCMOCYBAHHA Me
mody 380pOMHO0 NOWUPeHHs NoxXubKu. 3a0a4a HaB4aHHs (OPMyMOEMBLCA AK 300a4a Henepe
pBHoOi bazamosumipHoi 6e3ymosHoi onmumizayii. na po3s’a3aHHa onmumizayiliHux 3aday 6yau
BUKOPUCMAHO HU3KY 2padieHmHux memoois. [IposedeHo O0CNIOXeHHA Pi3HUX NOCMAHOBOK On
mumizayitiHux 3a0a4 ma memodis ix po38°A3yBAHHA 30 KpumepiamMu moYyHoCmi ma egpeKmusHO
cmi.

Knioyosi cnosa: HelipoHHT Mepexi, 3a0a4a HABYAHHSA HelipOHHUX Mepex, 6azamosumMipHa onmu
Mi3ayis, Bekmop sBapitiosaHux napamempis, 2padieHMHI Memoou.

ITocTraHoBKa npooeMu. OCKiJIbKYM T'OJIOBHOIO iIe€i0 MITYYHOI HeIIPOHHOI Me-
pexxi (IIHM) € BigTBOpeHHS IpUHLNITY GYHKI[IOHYBaHHS 6i0/IOTiYHOTO HEMPOHY MO-
3Ky, TO 3a3gaserigb [IIHM He 3Hae K po3B’sI3yBaTy IIOCTABJIEH] ITepes co600 3a1aui.
TakuM UMHOM, OTHUM i3 KIIOUOBUX eTamiB poboTu IITHM - 1e mporec ii HaBYaHHS.
AJTOpUTM HaBYaHHS — 1Ie MeTo[, a0 MaTeMaTUYHA MOJIENb, SIKa MiABUIIYE IMPOTyK-
tuBHicTh [IIHM. Ik mpaBuiio, 1ieii aJiITOPUTM 3aCTOCOBYEThCSI 6araTopa3oBo 10 Me-
pexi [1]. AITOpUTM HaBYaHHS € OOHMUM i3 (PaKTOpiB, 10 BM3HAUYAKOTh, HACKIIbKU
IIBUAKO Ta HACKIJIbKM TOYHO MOXKe TpanoBaty [IIHM. 3anexxHo Bif mpoiecy po3po-
OKM Mepeski € TP OCHOBHI MOJIe/Ti MallMHHOTO HaBYaHHSI.

HaBuaHHS 3 BUMTe/ieM — lie MapajgurMa MalllMHHOTO HaBYaHHS JJis 3aBOaHb, Y
SIKiil OOCTYITHI JaHi CKIaJarThCs 3 TIOMiYeHUX MPUKIIALAiB, 10 O3HAYaE, 0 KOXKHA
TOYKA JaHMUX MiCTUTh GQYHKIIII Ta MOB’A3aHy MiTKy. MeTOI0 aJTOPpUTMiB HaBUaHHS 3
y4uTeJIeM € BUBUEHHS (PYHKIIii, IKa BimoOpaskae BEKTOPM O3HAK (BXiIHi ITaHi) 40 Mi-
TOK (BMUXiJHMX JAHMX) HA OCHOBI MPUKJIAAiB Nap BXiA-Buxif [2].

HaBuaHHs 6e3 BUMTe/IsI — Ha BiAMiHY BiJ HaBUaHHS 3 BUMTEJIEM IIeit MeTof, Je-

MOHCTpPY€E caMoopraHisailio, sika ¢ikcye 3aKOHOMipHOCTi Y BUIVISIAI IIIJIBHOCTI ¥iMoO-
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BipHOCTi a60 KOMOiHaIlii mepeBar HelipoHHUX (YHKIIi/, 3aKOJOBAHMX Y Bary 3B’SI3Ky
MiX HelipoHamu [3].

HaByaHHS 3 MiAKPIIJIEHHSIM — Take HaBYaHHS € OKPEMMM BUIIaAKOM HaBUYaHHS
3 BUMTEJIeM, ajie He BMMaAarae€ MogaHHS 3a3HaueHMX Map BXiAHUX/BUXITHMX OaHUX i
He BMMAarae SIBHOI KOpekiiii He ONTUMa/JIbHUX [ifi. VY 1ii€l Mozesi BUMTeIeM € cepe-
noBuiile abo iioro Mmogenb [4].

3ajaua HaBYaHHS HEeIPOHHOI Mepexi (OpMYJIIOEThCS SIK 3aJa4ya 6araToBMUMip-

HOi 6e3yMOBHOI ONTHMi3allii, Ae BapilioBaHMMM IMapamMeTpaMy € BaroBi KoedillieH-

™M:W = w,,w,, ..., w, |' . ®yukuis noxu6ky ITHM mae Burmsiz [1]:

2

E ( )z%ZZ(t‘:’—yj(W_)) - min ; W eE". (1)

Tyt N — Ki/IbKiCTh HaBYaJbHMX 3Pa3kKiB; k — PO3MipHiCTb BUXiTHOTO BEKTODY;

y (W ) — BuXimHMiT BEKTOp [JIs S-TO HABUAILHOTO 3Pa3Ky, SIKill 3aJ€XUTh Bif ycix

BaroBux KoeQillieHTiB; t° — eTaJOHHMI BUXIJHMI BEKTOp IJis S-TO HABYaJIbHOIO
3pasKy.

[J1s1 mepeBaykHOI OiNBIIOCTI MPUKIAAHUX 3a[ad, METOAM PO3B’SI3yBaHHS SIKMUX
nepenbavaioTh Bukopuctanus [IIHM, came sikicTh HaBUaHHS Ma€ BM3HAuya/IbHE 3HA-
YeHHSI.

B 3amauax po3paxyHKy [TOBrOBiYHOCTI Ta ONMTUMAaJIbHOTIO MPOEKTYBAHHS KOHC-
TPYKIIiii, 10 OiAASIra0Th BIVIMBY arpecuBHuUX cepenosuil ITHM BUKOpUCTOBYIOTHCS
IIJIST YIIpaBJIiHHS TOYHICTIO UMCEIbHOTO PO3B’SI3yBaHHS CUCTeM OudepeHIiabHUX
piBHsaHb (CIIP) [5] a6o myis ob6umcieHHs momnpaBouHMx GyHKIIi [6]. HU3bKa SIKiCTh
HaBuyaHHs IIITHM cTaBuTh ITif, CyMHIiB AOILJIBHICTh PO3B’SI3aHHS 3a4aui B 1ijiomy. B
pPOOOTiI MPOITOHYETHCS ITAXiA OO0 MiABUILEHHS TOYHOCTI po3B’s3aHHs IIHM, ocHoBa-
HMIt Ha 36ibIlIeHHI PO3MipHOCTI ONTUMI3aIliifHOI 3a7aui 3 30epekeHHSIM MepBicHOi
apXiTEeKTypu Mepexi.

AHaJi3 ocTaHHIX DOCTiIKeHb Ta MyOoJTiKaliii. AITOPUTM yIIpaBIiHHS TOUHI-
CTIO YMCeIbHOTO po3B’s3aHHs CIIP, SIKi ONMUCYIOTh MPOLeC HAKOMMUYEeHHSI TeOMeTpU-
YHMX IMOIIKO/KeHb B KOHCTPYKIITHUX eJleMeHTaX, OyB 3aIpOIIOHOBAHMIA, OUEBUTHO
yrepiiie, B [5]. IIHM BucTymasa K KOHTpoJiep, M0 J03BOJISIB BUSHAUUTU ITapamMeTp
YCEJIbHOTO PO3B’SI3yBaHHS MPY KOHKPETHOMY 3HaUYE€HHi IPUITYCTUMOI TTOXUOKM JIJIsT
JlaHOTO BEKTOpa BapilioBaHMX MapameTpiB. Takuii anropuTM BUKOPUCTOBYBAB OApa-
3y mekinbka [IIHM. B mopanbiimx iioro moaudikaliisix BUKOPMUCTOBYBaach JIUIle O/l-
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Ha [ITHM, mj1s1 IK0i OJHMM 3 BXiTHMUX MapamMeTpiB Oy/I0 3HAaUeHHS ITPUITYCTUMOI I10-
XUOKM.

B merogi mompaBouHMx (QYHKIIiV [6] Ha BiAMiHY BiJ momepeagHbOTO MigXOIy
BPaxOBYyBaJIaCh 3MiHa 32 4aCOM BHYTPIlIHIX 3yCU/Ib B KOHCTPYKUIMTHUX eJleMeHTaXx, a
[ITHM arpokcuMyBajia IOXMOKY Hab/MsKkeHOro po3s’sa3Ky CIY. BUKOpMUCTaHHSI CUT-
MOigasbHMX (YHKIIi/ akTUBaIlii 0OYMOB/IIOBAIO0 BUKOPUCTAHHS [IJIT PO3B’SI3aHHS
3amadvi (1) MeTomy 3BOPOTHOIO IOIIMpeHHs moxubku (M3IIIT).

[Tpu po3p’sa3anHi CP uncenbHO-aHATITUUHNX METO/IIB /151 YIIPABJIiHHS TOYHI-
cTIO Oy/ia MOTPiOHA He BigcTaHb MiX By3/IaMM YacOBOi CiTKM, a KiJIbKiCTh BY3J/1iB Ha
Bici HanpyxkeHb [7]. OTxe, B IIIHM BMKOpHMCTOBYBaIach JUCKpeTHA (PYHKIIisSI aKTUBA-
1Iii BUXiZHOTrO HEeMPOHY, 1[0 BUK/IHUYAJIO0 MOX/IMBICTb 3aCTOCYBAHHS AJ1s 11 HAaBUaHHS
rpajliEHTHMX METOJiB MaTeMaTUYHOTO MporpaMyBaHHs. [lJis po3B’sI3aHHS 3a7adi y
IIbOMY BUITQAKY OyB 3aisTHMI TeHETUIHUI METO[I,.

He3anexxHO BiJ 0OpaHOro MeTOAy 3a0e3IeuYuTy MOTPiOHY SIKiCTh HaBUYaHHS
[ITHM He 3aBXaM BOABaJoCs yepes IMpobieMy JIOKaJIbHUX MiHIMYyMiB.

MeTa JOCTiAKeHHS I0JIsITa€ B MOIIYKY HOBMX MOJeseil OoNTUMi3alliifHuX 3a-
Iad 1moao chopmyIboBaHOI IpobiemMyu Ta eeKTMBHMX METOJMIB iX peasisailii, sIKi
IO3BOIMIM OU TiABUINUTHU SIKicTh HaBuaHHs [IIHM, 30kpeMa yepes momoiaHHS IMpo-
6JieMM JTIOKaJIbHUX MiHIMYyMiB.

BuknagaHHSI OCHOBHOTO MaTepiaay AocCaigKeHHsI. MeTon 3BOPOTHOIO IO-

HIMpeHHs MOXMOKY Mepefdavyae KoperyBaHHs BaroBux koe@ilieHTiB 3a ¢GopMyJio:

wii=wi A8, x, (2)

Jie . — KPOK HaBUYaHHS; & ; — MIOXMOKa HepOoHy.

[TpurycTumo, 110 B mpolieci HaBYaHHSI HeIIPOHHOI Mepexki Ha (s-1)-i1 iTepartiii

IOCATHYTA TOYKA JIOKAJbHOTO MiHIMyMy w * , TO6TO 3HaueHHS QYHKIii MOXMOKM

lok ?
(1) y miei Touli MeHII, HiX y OyOb-sIKiit iHIIMI TOUIl, O HATEXUTb il OKOJY
(puc. 1):
VW W R W se = EW 5, )< EW). (3)
VY 11bOMYy BUIIaAKy 3MiHa 3HaueHb BaroBux KoedillieHTiB 3TimHO 3 dhopmMysoi0
(2) mpuBepe He IO MOKpalleHHs GYHKIlII TOXMOKM, a HaBITaKy — [0 ii IoripIieHHsI, a

HeoOXi/THA TOYHICTh HABYAHHS JOCSTHYTA He Oyre.
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PucyHnox 1 —JIokaysibHMIi Ta r706aabHUit MiHiMyMy QyHKITii

Iy momo/IaHHS TaKMUX CUTYallill JOLiIbHO BBeCTU B popmyity (2) iHepLiitHMi

KoeditieHt n [8]:

Wsij=Wsi}l+/1-5j~xi+n-AW?}l. “4)

TakumM 4MHOM, ITPY KOPeryBaHHi BaroBux KoedillieHTiB Ha s-i1 iTepallii 6yayTh
BpaxoBaHi iX 3HAUeHHS He TiJibku Ha (s-1)-i1, a i Ha (s-2)-71 iTepanisix. EQekTuBHICTh
TAKOTO ITiIXOAY BUSIBJISITUMETBCS JIUIIIE B OKOJIi IOKAJIbHOTO €KCTPEMYMY.

ABTOpaMy MPOIIOHYETHCS aJIbTePHATUBHMIA ITiAXiM, sIKUit 6a3ye€Thcs Ha 30i/1b-
[IeHHI pO3MIipHOCTI ONMTMMIi3alliliHOI 3a4aui MIISIXOM AOAAHHS OO0 BEKTOPY Bapiiio-
BaHMX ITapaMeTpiB, SIKi He BIZIMBATUMYTb Ha apXiTekTypy IITHM.

PosuiMpeHHs BEKTOPY BapiiiloBaHMX MapamMeTpiB MPOMOHYETHCS 3a PaXyHOK m

rmapameTpiB (QYHKIi aKTUBallii MTpuXOBaHMX Ta BuxigHoro iapis I[THM:

T .
W, =[w,w, ...,w ,e,a,,...,a_ ] . IlocraHoBKa 3amaui HaBuaHHs [IIHM 3

PO3IIMPEHNM BEKTOPOM BapilfoBaHMX MMapaMeTpiB SK 3aJaui 6araToBMMipHOI ONTH-

Mi3alii Mmae BuI;:
10 s s . n+m
E(Wnew)=;ZZ(tj_yj(Wnew )) — mn Wnew cE ° (5)

VY 1upoMy BUMNAAKy apxiTekrypa HM sanuiiaeTbcsi He3MiHHOIO, ajie BUKOPUC-
taHHs M3IIII B k1acMuHOMY BUJi [ pO3B’sI3aHHS 3a/a4i HABUaHHS CTae Mpobiie-
MaTUYHMM Uepe3 YCKIaJHEHHS aHaJiTUIHOro ayudepeHIiloBaHHS QYHKIIiT TOXUOKM
1o mapamMeTpam GyHKITiV aKTUBaIlii.

B maHiii po60Ti aBTOpamMu IOCTIIKYIOThCS AesIKi TpajieHTHI METOIMU: METO[,
rpafiEHTHOTO CIYCKY, MEeTO/[, HAMILIBUAIIIOTO CITYCKY Ta MeTOAM CIIPSIKeHUX Ipafi€H-
TiB (aniroputmu ®neruepa-Pi3a Ta Ilonaka-Pi6’epa). Hapuanusa [IIHM Bim6yBanoch
B MaKeTHOMY peskMMi, TOOTO KopeTryBaHHS BapilfioBaHMUX MapaMeTpiB 3[1i/iCHIOBAIOChH
Tic/isgs 06poOKM yciei MHOKMHM HaBYaIbHMX 3pa3kKiB. Ha Bimminy Big M3IIIT rpamieH-
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™M (PYHKIii MOXMOKM OOGUMCIIOBAIMUCHh MPUOIN3HO 3 BUKOPUCTAHHSIM CKiHUYEHHO-
pi3HMIIeBMX allpOKCHMMalliii gudepeHIiaTbHUX OllepaTopiB. B MeTomax HaMIIBUIIIO-
IO CITYCKY Ta CIIPSIKEHMX IPAMi€HTIB JJi1 BU3HAUEHHS TOUKM MiHIMyMy Ha 06paHOMY
HaMpsIMKY BUKOPUCTOBYBABCSI METOZ, TTapaborl.

Jlist imocTpallii 3aMpOIIOHOBAHOTrO MiAXOAy PO3I/SAAETbCS 3aaya almpoKCH-
Mallii GyHKIII IBOX apTyMeHTiB Ha 0OMexkeHOMY ITpocTopi. /JlaHa mocTaHOBKa 00y-
MOBJIIO€ BUOip apxiTexkrypu IIIHM (puc. 2). Ha migcraBi Teopemu Xext-HinbceHa Ki-
JIBKICTh HEMPOHIB MPMUXOBAHOIO LIapy AOpiBHIOBaiA ITSTU. KibKiCTh BapilioBaHUX
rapameTpiB (BaroBux KoedillieHTiB) y mocTaHoBIli (1) 3 ypaxyBaHHSM HePOHiIB 3Cy-
BY JOpiBHIOBaJa 21.

Sk dyHKIii akTHBallii TPMXOBAHOTO Ta BUXiTHOIO IIapiB BUMKOPMUCTOBYBAJNUCh
JIOTiCTUYHI QYHKIIii:

f(z)= ! i=1,2. (6)
1+exp (—a,-2)

s moctaHoBkM (1) 3HaueHHS mapaMeTpiB GYHKIIIN aKTMBAaIii 0OMpanmch

a, = a, =1.JlorictuyHa QyHKIis € aCMMIITOTUYHOIO, TOOTO 06/1aCTh i 3HAUeHb 06-
MesxeHa iHTepBaoM f (x)e (0; 1). Takum 4MHOM, apaMeTPy «, BIUIMBAIOTH JIMIIE

Ha IOBXMHY iHTepBaly eheKTMBHOI 3MiHM 3HaUeHb IIMX PYHKILii1 (puc. 3, 4).

Fx, y)

PucyHOK 2 — ApXiTeKTypa HelipOHHOI Mepexi

1.0

-10 -5 5 10

PucyHok 3 - I'padik ¢yHKIIii (6) Tpy o =1
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PucyHok 4 - I'padik dyHkIii (6) mpu o = 0,2 (@) Ta o =10 (0)

[Ipu 36inbIeHi MapaMeTpa « AOBXKMHA iHTepBaIy IIparHe O0 HY/S UM QYHKILiS
TIOYMHAE BeCcTy cebe OI/IBIN CXOKe Ha AMCKpeTHY (PyHKIIiI0 I'eBicaiima (moporosy @y-
HKIIiI0), SIKa MOyKe TIpuitMaTy juie aBa 3HaueHHs: 0 abo 1 (puc. 4 a). [Ipu 3meHIIe-
Hi 1IbOr0 MapameTpy HOOBXMHA iHTepBay 3pOCTa€, a Ha JAesSKOMY IIifiHTepBaji B
okouti Touku (0; 0,5) GyHKIIisI TOYMTAE BECTU cebe CXOXKe Ha 3BUUAMHY JiHiiHY QyH-
Kiito (puc. 4 6). IIpu 3miHi 3HaKa mapameTpa rpadik QyHKIIii cTae CMMeTPUYHUM Bi-
JHOCHO BiCi OpAMHaT.

Jns moctaHOBKY (5) 3HaUeHHSI OJATKOBMX BapililoBaHMX apaMeTpiB «, Ta «,
o6Me3XyBasCsl iHTepBaioOM o, e [-10; 10 |. 3arajpHa KilbKiCTh BapiiioBaHMX mapa-
MeTpiB gocsrana 23.

[Tepmroto dyHKIIi€0, I/ SKOi po3B’sI3yBasiach 3a/Jaya alpokcumaliii, 6ymna o6-
paHa ¢yHKIisi Po3eHOpoka — Heomyk/a (PyHKIIisl, 110 BUKOPUCTOBYETHCS [JIST TECTY-
BaHHS MPOAYKTMBHOCTI aJITOPUTMiB ONITUMIi3allii:

Fl(x,y):(a—x)2+b(y—x2)2 (7)

Ha puc. 5 306paskeHa rmoBepxHs GyHKIIiil (7) mpu a = b =1 B obnacti x € [0;2],

y € [0;3]. O6macTb 3HaueHb GyHKUii Ipy 06paHMx Mapamerpax F,(x,y)e [0; 17 ].
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PucyHok 5 — IToBepxHst PpyHKIIii Po3eHbpoka

OcTranHi aBi PyHKIIiIi MalOTh BULJISI:
Fo(x, y)=(x-4) +2(y-3)"; xe[2:8], y e [1;5] ®)

Ta
Fo(x, y)=3xy —xPr vyl xe [0;3], y e [1;4];

ix moBepxHi 300paykeHi Ha pUCYHKax 6 Ta 7.

O6uacTb 3HaueHb QyHKUIN: F,(x,y)e [0; 24], F,(x,y)e [~ 4; 31]
Buxopsiun 3 pekomeHalliit, HaBeJeHUX B [1, 6-8], KiIbKiCTb HaBYAJIbHUX 3pa3-

KiB — 25000; koHTpo/MbHUX 3pa3KiB — 5000; TecToBux 3paskiB — 10000. PesynbpTaT
HaBuaHHg [ITHM B mocraHoBIli (1) HaBedeHi B Tabmuigx: 1 ansa byHkuii (7), 2 nas
dyukiii (8) Ta 3 mas dyHkIii (9). [Tpy mpoBeneHHI 06UMC/TIOBATbHUX €KCIIEPUMEHTIB
3HAUeHHSI MPUIYCTUMOI MoxXubku mpuitmanoch s* = 0,0001, a MakcuMaibHa Kijlb-

)

KicTh ernox — 3000.

PucyHoKk 6 — IToBepxHst PyHKIIii (8) PucyHok 7 — IToBepxHst QyHKIIii (9)
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JIJ1s1 BCiX BUKOPUCTAHMX METO/IB rpafieHT (PYHKIIii MOXMOKM B TOUIIi IIPOCTOPY

pPO3B’sI3KiB E" BM3HAUaBCS YMCEIbHO, TOOTO (YHKIS MOXMOKM O06UMC/IIOBAIaACh
(n+1) pa3. OTKe, HaNOiIMbII 3HAUHI OOGUMC/IIOBAJAbHI BUTpaTH IOTpebyBasia came
Tpolieypa BU3HAUEHHSI TPALi€eHTy, TOMY SIK KpuTepiii eeKTUBHOCTI mpuiiMasaach

3arajibHa KiJIbKiCTh 10T0 BU3HAUYEHD.

Tabmmuig 1
KinbKicTb 06unciienb rpagi- | OYHKIIiS TOXU-
MeTop,
€HTY QYHKIii MOXMOKM §) /i
MeTo[, rpafiEHTHOTO CITyCKY 3000 0,000298
MeTo1 HaIIBUAIIIOTO CITYCKY 535 0,000273
MeTton ®netuepa-PiB3a 529 0,000124
Metop ITonaka-Pi6’epa 494 0,000153

Ha migcraBi manux Ta6mmii 1 3po6/1eH0 BUCHOBOK IIPO JOLIIbHICTh IOAAJIbIIO-
r0 BUKOPUCTAHHSI METOMIB CIIPSIKEeHUX TPadi€HTIiB IJisl pO3B’sI3aHHS 3a/aui HaBUaH-
Hs1 [ITHM B pi3HMX ITOCTaHOBKAX.

Inst mopiBHSIHHSA edekTuBHOCTI Momeneii (1) Ta (5) BUKOPUCTOBYBaIMUCh pe-
3yabTaty HaBuaHHs [IIHM a5 3apaui anpokcumaiiii pyHkitiin (7-9). 3HaueHHS MMpu-
MyCTUMOI MOXMOKM mpuitManoch ¢* = 0,0001; makcumasibHa KibKicTb eriox — 10000.
JIJ1s KOPEeKTHOTO 3iCTaB/IeHHSI pe3y/lbTaTiB PO3IJISIAaJNCh ILIiCTh CTAPTOBUX TOYOK,
nepiili 21 KOOpAMHATH SIKMX CITiBITaAaau IJjisi 060X IMOCTAaHOBOK. SIK MeTOoi HaBUaHHS
BUKOpUCTOBYBaBcsa Metop, detuyepa-PiB3a Tak K BiH IMOKasaB OibIl TOUHMUIA pe-
3y/IbTaT BUXOMSTUM 3 OTPUMMaHUX pe3yJibTaTiB y Tabmuiii 1.

s maHuX 3amad oOUMCIIOBAIbHI BUTPATY BU3HAUYAINCS He TiJIbKM KiJIbKiCTIO
0o0uMc/ieHb TpajieHTy QYHKIIii MOXuOKM, a i po3MipHiCTIO ONMTUMIi3alliliHOI 3aAaui:
IIJIST OTHOTO OOUMC/IEHHS IPafi€eHTY (PYHKIIisI MOXMOKM BU3HaYamach 22 pasu OjIsl mo-
ctaHoBKkM (1) Ta 24 pasu [ MOCTaHOBKM (5).

Pe3ynbTaTyt 06UMCIIOBAIBHOTO €KCIIEPUMEHTY HaBeeHi TaOmuisgxX: 1 QyHK-
1ii (7) Posen6poka 3 rmapametrpamu a = b =1 y Tabauti 2, ajst yHkIii (8) y Tabnuiii
3 Ta g pyHKii (9) y Tabaui 4. KinbKicHi MOKa3HMKM po3B’sI3KiB 3aaaui (5) ykasaHi
B IY>KKaX.

64 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 6 (143) 2022 «System technologies»

Tabamuig 2
N2 craproBoi | KinbKicTh 06uMcaeHs rpagie- | KinbKicTb o6umcieHb GyHKITID
TOYKU HTY QYHKIii MTOXMOKMU ITOXVOKM
1 624 (340) 275184 (179860)
2 1571 (732) 692811 (387228)
3 839 (911) 401751 (443831)
4 1324 (488) 583884 (258152)
5 501 (565) 249165 (265029)
6 1357 (852) 598437 (450708)
Tabnuis 3
N2 craptoBoi | KinbkicTs o6unciens rpagie- | KinbkicTh 06uncienb GyHKILi
TOYKU HTY QyHKIIii MOXnoKM MOXUOKY
1 487 (269) 214644 (142089)
2 696 (665) 333453 (352818)
3 1152 (420) 507979 (222011)
4 401 (408) 199332 (214673)
5 1099 (682) 484734 (360566)
6 1194 (549) 526536 (290421)
Tabauusa 4
N2 crapToBoi | KinbkicTh 06uMcieHb rpafiie- | KinibKicTb o6umcieHb GyHKITLi
TOYKU HTY QYHKIIii MOX1M6KM MTOXUOKY
1 1351 (602) 595817 318144
2 684 (368) 306367 194826
3 451 (504) 224249 241176
4 835 (367) 368578 194137
5 780 (756) 373628 399924
6 549 (303) 242162 160075

BucHOBKM. AHaJTi3 pe3y/bTaTiB UMCeNbHUX eKCIIEPMMEHTIB 103BOJIUMB 3pOOUTI
BMCHOBOK ITPO JOILJIbHICTh PO3IIMPEHHSI BEKTOPY BapiiiloBaHMX ITapaMeTpiB B 3aja-
yax HaBuaHHs [IIHM 3 HemepepBHMMM Ta AudepeHIliiioBaHMMM QYHKITISIMM aKTUBA-
11ii. He3askatouy Ha 306iJbIlIIeHHS PO3MipHOCTI 3a7aui onTUMisallii, B mijjomy edex-
TUBHICTb HOBOi ITOCTAHOBKYM 3HAUHO OiJIbIIl BMCOKA, HisK TpaAuilifiHOi. [TosICHIOEThCS
1le, HA AYMKY aBTOPiB, TMM, 1[0 3HaYHA YAaCTKa OOUYMC/IIOBAJIbHUX BUTPAT B Tpaau-

1iifHi} TTOCTaHOBIIi MPUITAAA€E Ha CIIPOOM MOKUMHYTY OKOJINIII JIOKAJbHUX MiHIMYMIiB,
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B TO¥ 4Yac, KOJIM 30i7bIIIeHHSI pO3MipPHOCTI IPOCTOPY PO3B’SI3KiB T03BOJISIE 3MiICHUTU
1le 3i 3HaUHO MEHIIVMM BUTpaTaMM.
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Models and methods of learning neural networks
with differentiated activation functions

Analysis of the literature made it clear that the problem associated with improving
the performance and acceleration of ANN learning is quite actual, as ANNs are used eve-
ry day in more and more industries. The concepts of finding more profitable activation
functions have been outlined a lot, but changing their behavior as a result of learning is a
fresh look at the problem.

The aim of the study is to find new models of optimization tasks for the formulated
problem and effective methods for their implementation, which would improve the quality
of ANN training, in particular by overcoming the problem of local minima.

A studied of models and methods for training neural networks using an extended
vector of varying parameters is conducted. The training problem is formulated as a con-
tinuous multidimensional unconditional optimization problem. The extended vector of
varying parameters implies that it includes some parameters of activation functions in
addition to weight coefficients. The introduction of additional varying parameters does
not change the architecture of a neural network, but makes it impossible to use the back
propagation method. A number of gradient methods have been used to solve optimization
problems. Different formulations of optimization problems and methods for their solution
have been investigated according to accuracy and efficiency criteria.
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The analysis of the results of numerical experiments allowed us to conclude that it
is expedient to expand the vector of varying parameters in the tasks of training ANNSs
with continuous and differentiated activation functions. Despite the increase in the di-
mensionality of the optimization problem, the efficiency of the new formulation is higher
than the generalized one. According to the authors, this is due to the fact that a signifi-
cant share of computational costs in the generalized formulation falls on attempts to
leave the neighborhood of local minima, while increasing the dimensionality of the solu-
tion space allows this to be done with much lower costs.

Dmytro Zelentsov - Doctor of Technical Sciences, Professor, Head of Department
of Information Systems, Ukrainian State University of Chemical Technologies
Shaptala Taras - Postgraduate Student, Department of Information Systems,
Ukrainian State University of Chemical Technologies.

3emeHoB [IMuTpo 'ereMOHOBMY — JOKTOP TEXHIUYHMX HaAyK, mpodecop, 3aBigyBau
Kadenpi iHpopmauiiiHux cuctem, YKpaiHCbKUI Hep>kaBHUI XiMiKO-TeXHOJOTiuHMI
YHiBepcuTeT.

IllanTana Tapac MakcumMoBMY — acripaHT Kadenpu iHGopMaliliHUX CUCTEM,

VKpaiHCbKNI AepskaBHMUI XiMiKO-TeXHOJIOTIYHUIA YHIBEPCUTET.
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I.B. PBay, €.C. Cynema
METO/I KOHCOJIITALIIT MYVJIbCEMEIIMHUX JTAHUX

AHomayia: Y cmammi nponoHyembca Memoo, AKul 00380/15€ BUKOHYBAMU NOEOHAHHA MA CUHX
pOHi3ayito MysnbcemediliHux OaHUX i3 3dCMOCYBAHHAM NpUHYUNi8 6azamonomokosocmi. 3acmo
CYBAHHA 3aNpONOHOBAHO020 MemoOy BUPIUIYE nNpobeMU, NOB’A3aHT 3 NOEOHAHHAM Yy 0OOHOMY Ya
COBOMY NPOMIXKY OQHUX Pi3HUX MOOabHOCMEl, W0 BIOPI3HAOMbLCS hopmamamu 36epexeHHs.
Leld memo0d npu3sHayeHuli 01 3aCMOCYBAHHA nNpu po3pobiieHHi HOBO2O KACY NPO2PAMHO20 3
6e3neyeHHs — MybcemeOiliHUX NPO2PAMHUX cucmenm.

Knwoyvosi cnosa: lpoepamHe 3a6e3nedeHHs, Myabcemedia, memMnopanbHi MyJbmumooanbHi 0aHi,
mMemo0 CUHXPOHI3ayii daHux, 6a2amonomoKosicme.

ITocraHoBKa mpoosemu. TepMiH «mysnbceMepia» (aHmI. «mulsemedia» -
MULtiple SEnsorial MEDIA) ymepiie 6yB 3ampornoHoBaHuit I'eopritom [iHeem y
pob6ori [1]. KoHuentiisi MmyabcuMesia nepeabavae peecTtpaiiito, 36epiraHHs, 06pooKy,
mepensayy Ta BiATBOpPEHHSI KOMIT'IOTEPHMMM 3acobamMy  MyJIbTUMOIAIbHOI
inbopmariii mpo ¢iznyHi 06’e€KTH, IKa MOXKe CIIPUIAMATHUCS JTIOAMHOIO Yepe3 OpraHu
yyTTs. Io Takoi iHdopMalii BifHOCATb: ayaioBidyaysbHy iHQOpMallilo (30BHIilIHIiA
BUTIAN OO’€KTa  CIIOCTEpeXKeHHS, aKyCTMYHi  BJIACTUMBOCTI abo  MposiBU
(GYHKITIOHYBaHHSI 00’€KTa), TaKTWIbHY iHOpMaIlilo (TeKCTypa ITOBEPXHi, TemMIiepa-
Typa 00’ekTa), KiHecTeTMUHy iHdopMmalliro (Bara, LIEHTP TSDKiHHSI 00’eKTa),
inpopMmarlio mpo cmak, 34max Tome. OCOOMMBICTIO TIPOIlECY CHPUITHSTTS
MyJIbCceMeiitHOi iHdopMmallii JTIAMHOIO € Te, IO 1iei MpoIleC BigOyBaeThCs y IVIMHI
yacy. Uepes 1ie peecTpallisi MyJbceMeIilfHMX JaHMUX Ma€ 3[AilicHIoOBaTHUCS 3 dikcallieto
MOMEHTIB Yacy, KOJM BiAIOBigHa MyjabcemepiliHa iHdopmalisi icHyBasa abo ii
CIIPUITHATTS Majio CEHC JJIsT JIIOAVHU-TOCTITHMKA 00’€KTa CIIOCTEepPEsKeHHS, TOOTO
MyJbCeMeliliHi TaHi € TeMITOpaIbHUMMU.

KoHilerniisi MmyJsibceMelia € MOAAAbIIMM PO3BUTKOM KOHIIEIIlil MyJbTUMe/Iia,
sIKa TPYHTYETHCS Ha 3aIuci, 30epeskeHHi, 00poOI1li, TTepefadi Ta BiATBOpPeHHI JinIiie
aymioBisyasbHOi iHbopMmanii. ITpuHIIMIIHM, Tigxomu, GopmaTH, SKi JO3BOJSIIOTH 00-
poO6JIoBaTH MYJAbTUMMEZiiHi IaHi, € YHipiKoBaHMMM Ta CTaHIApTU30BaHMUMMU. Boji-

HOUac, KOMIT'IOTepHa 06po6Kka MyJibCeMeNiifHMX maHuX moTpebye dbopmaisalii Ta
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MOJAJIbIIOI CTaHAAPTMU3Allii, IO Y CBOIO Yepry BMMara€ po3poOJIeHHSI METO/iB 00-
pOOKM MyJbCEeMeNiiHMX MaHMX Ta iXHbOI peasisallii y BUIVISAI My/JIbCeMeIiifHOrO
MIPOTPaMHOro 3a6e31eYeHHs.

AHaji3 ocTaHHIX FoCaimKeHb i myOsikamii. binbiiicTs 3 BigoMux meTomiB
CMHXPOHi3allii MyJIbTUMOIAIbHUX JaHUX PO3POOIIEHi 1151 By3bKOIPODiIbHMX 3aCTO-
cyBaHb. [IpukiagomM Takoro creriajai3oBaHOr0 3aCTOCYBaHHS € AOC/IIKEHHS II0I0
OLIIHKM YaCTOTM CeplieBUX CKOpPOUEHb i eJeKTPONIKIpSIHOI aKTUMBHOCTI SIK MeTO[,
00’€KTMBHOI OI[iHKM KOPUCTYBALIbKOTO MOOCBimy M1 CepemoBUIN BipTyalbHOI
peasibHOCTi 3 e)eKTOM 3aHypeHHS [2].

SIK pO3BUTOK TE€XHOJIOTii 3aCTOCYBaHHSI HAMIIOMIMPEHINMX MeJlia JaHUX, TAaKUX
SIK ay/1io Ta BiZgeo, CTBOPIOIOTHCSI Ta aKTUBHO PO3POOISIOThCS crienudiuHi popmatu i
CTPYKTYpU [JaHMX, 3a J[OOIOMOTrOI0 SIKMX MOXKHA 30epiraTu Ta o0OpoONISITH Y
KOMIT'IOTepHMI1 croci6 iHdopmallilo mpo cMak, 3arax, TaKTWJIbHI BiIuyTTsI, TOIIO.
[TpoTe HasIBHMX METO/iB HEIOCTATHbO [IJII aHaJi3y Ta MOE€AHAHHSI CKIAJHUX MYJb-
TUMOJATbHMX KOMIOHEHTIB [3]. KpiM TOro, aHasi3 iCHyloUMx MeTOAiB CMHXPOHi3aIlii
MYJIbTUMOIA/IbHUX TAHUX He J03BOJISIE BUIIIUTY OOUH YHiBepcadbHUI MeTon, AJs
KOHCOJIigallil JaHUX 3 IIMPOKOTO CHEKTPy MOJaIbHOCTEN, SKi 3a4il0l0Th TPU Ta
Oisbllle TIOCHKUX OpraHiB uyTTS [1].

[IpoTe, ogHOUAaCHEe BUKOPUCTAHHS KiJIbKOX OpPraHiB BigUyTTS B iHT€PAKTUBHUX
JIOJAaTKaX CTA€ BCe OiTbII MOKIMBUM 3aBASIKM IMOIIMPEHHIO KOMEPIIiAHUX ITPUCTPOIB
IJIsI CTBOpPEeHHS iMepcuBHUX cucteM [4]. IIpuknagom Takux OPUCTPOiB € Aroma
Player ta Aroma shooter [5]. PO3BUTOK MeTO/iB Ta CHUCTeM MOEOHAHHSI MYJIbTUCEH-
COPHMX JAaHUX 3MIHUTb ITiAXid M0 poOOTH B AESIKUX Taay3six, a TaKOX CIPUSTUME
CTBOPEHHIO HOBOTO KOPMUCTYBAIIbKOTO AOCBiAYy Y CIOXKMBAHHI Me[IiaKOHTEHTY IILJISI-
XOM PO3IIMPEHHS CIIEKTPY KAACMUYHOTO ay/lioBi3yaJbHOIO MYJIbTUMEIiIHOTO BMICTY
iHIIMMM MOAANTBHOCTSIMU, 110 JO3BOJISTh 3aiSITU iHII OpraHy UyTTs JOOUHHA [6].

AHani3 BimoMux MeTOiB 0OpOOKM Ta CMHXPOHi3allii My/JbceMemiiiHUX TaHUX
nIo3Bosisie chOpMYJIIOBaTU BUMOIM, SIKUM Ma€ BiAIOBimaTM YHiBepcaJbHUIT MeTO[,
KOHCOMigalii Takux JaHux:

—~ MOKJIMBICTh OOPOOKM JaHUX Pi3HUX MOJATbHOCTEI;

- (opmyBaHHS €OMHOI YAacOBOI MIKAIM IJISI MYJAbTUMONQIbHUX HAHUX, IO
KOHCOJTiTYIOThCS;

— BUKOPMCTAHHS 0COOJMBOCTEN MeTamaHuX ¢GailiB MyJIbTUMOAATbHUX JaHUX
JIJISI Kpalllol CMHXPOHi3allii.

[IporpamMHa peasi3aiis TakKOTO VYHIBEpPCAJIbHOTO MeTOAYy KOHCOJigaIil

MyJIbCEMEIIHMX TaHUX Ma€ mependbavaTi:
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— 0araToIoTOYHicTh (0O0pOOKa [JaHMX KOXHOI MOJAJIBHOCTI B OKPEMOMY
MOTOI1i);

- MOXJIMBICTh BUMKOPMCTAHHS MYJIbTMMOAAJbHUX IaHi, 10 30epiraloTbCs Y
PO3IIOiIeHNX a00 XMapHUX CXOBUIIAX.

OcKinbKM XOOeH BigomMuii MeTOJ, y MOBHIil Mipi He BiAIIOBigae M BMMOraM,
3ajjaua CTBOPEHHS YHIBEPCAJIbHOTO MeTOAY KOHCOiAalii MyJbCceMeIiiHNX JaHUX €
aKTyaJIbHOIO.

MeTo10 JOCTiIKeHHsI, pe3y/ibTaTy SIKOTO MMpeACcTaB/ieHi y 11ili cTaTTi, € po3po-
OJIeHHSI OCHOBHMX 3acaj, KOMIT'IOTepHOI 00poOKM MyJsibceMemdiiiHoi iHgopMailii, a
caMme, po3po0JIeHHSI MeTONy, SIKUii Ja€ 3MOTy KOHCOJIiTyBaTM MYyJIbCEMeMiliHi maHi
IIPO 00’€KT CIIOCTEPEKEHHS 3 YpaxXyBaHHSIM MY/JIbTMMOOAIbHOCTI Ta TeMIIOPAJIbHOCTI
LIMX OJaHUX, [0 BMMAara€e iIXHbOI CMHXPOHi3allil y MesKkax €MHOTO 4YaCOBOTr'O IMPOMiXK-
KY.

OcHOBHi eTamM mpouecy KOHCOJNiganii MyJbCceMeOifiHUX aHUX.
KoHcosmimatiisi MynbceMediiiHUX JaHMUX PO 00’€KT CIIOCTEPESKEHHSI € IIPOIIeCOM, 110
CKJIAJIA€ThCS 3 TAKMX OCHOBHMX €TalliB.

1. Anani3z metaganux GaiiiB JaHMUX Pi3HUX MOIOAIBHOCTEIA.

2. ®opMyBaHHS  YacoBOi  IIKaJX  TIPOIleCy  AOCTiIKeHHS  00’eKTa
CIIOCTepesKeHHsI.

3. BusHaueHHS CTPYKTYpU [OAaHMUX Ta CTBOPEHHs1 (aitly KOHCOJiIOBaHUX
MyJibCeMeIiiiHMUX JaHUX.

Po3riisHeMO KOXKeH 3 LIUX eTarliB AeTalbHO.

AHaniz meragaHux. OKpiM BJacHO JaHMX MpPO OOG’€KT CIOCTepeskeHHs, SIKi
MOTPiOHO CMHXPOHI3yBaTH, BXifHi IaHi, 0 OpraHi3oBaHi y BUIISAI (aiiry, BKIIO-
YyaloTh METaiaHi, a came: Tui daiiry, 1oro posmip, JaTa CTBOPEHHS, TaTa OCTAaHHbO-
ro pefaryBaHHsI, MiCIle3HAXOXeHHSI Y MOMEHT CTBOPEHHS, TexHiuHa iH(opMalis
IIpo IpUCTPiit, sikum daitn 6yno cTBopeHo. [IJis Bigeo Ta ayaio ¢aiiiiB Ao ckiagy Me-
TafJaHMUX TaKOX BXOISATh: TPUBAIICTb, OITpPEiT, KOIEK, KiJIbKiCTh KaHajiB, PO3Mip
Kaapy, Tomo. JogaTKOBMMM MeTaJaHUMMM € Ha3Ba daitny, iioro omnuc, iHbopmalis
TIPO aBTOPiB TOIIIO.

JIJisT KOpeKTHOi KOHcoJifallii MyJibceMemiliHMX OaHUX HeoOXigHO BUSIBUTHU
MeTaJiaHi, 9Ki Ha3MBaTUMEMO TeMIOPaJIbHUMM MeTaJaHuMMU: 1aTa CTBOpPeHHs daii-
7y, JaTa ioT0 OCTAHHbOTO peJaryBaHHs Ta TPUBAIICTb 3amuCy. AHaIi3 TeMIopasb-
HUX MeTaJaHuX NO3BOJIIE€ OTpUMMAaTH iHDopMallilo, siKa MOTpiOHA A IMOJAJIbIIO]
00pOOKM TaHUX, a came, iX COPTYBaHHS, MTOEAHAHHS Ta CMHXPOHi3allii 3 METOI0 KOM-
TJIEKCHOTO TIOAHHSI MYJIbCeMeiiHUX AaHuX [7], 1m0 BCe6GiUHO OMUCYIOTh 06’€KT
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crioctepeskeHHs. Hampuknaz, gkimo ¢aiam 3 JaHMMU Pi3HUX MOJAJIbHOCTEN O6yin
CTBOpEeHi y TpMOAM3HO OJHAKOBMIT MOMEHT Yacy, TO aHaji3 TeMIOpaJbHUX MeTaza-
HUX [I03BOJISIE BUSIBUTHU, SIKi OaHi IOYaaM HAOXOAUTHU IepIIMMM Ta BU3HAUUTU
TPUBAIICTh iXHBOTO HAJIXO)KEHHSI, 1[0 JAa€ 3MOI'y BUKOHATV CMHXPOHI3allil0 IUX Aa-
HUX 3 JAaHMMM iHIIMX MOJAJbHOCTE B OZHOMY YacOBOMY IIPOMiXKY. Y (aitnax
pi3HOro TUITy TEMITOpaJbHi MeTagaHi MOKYTh 30epiraTucs y pisHux ¢popmarax, a Ta-
KOKX OyTy BigcyTHiMu. KpiM TOro, MiTku yacy MOKyTh 36epiraTuch He y 3arojIOBKY
daitny, a B OCHOBHIlT yacTuHi daitny, TOOTO He y MeTaJaHuX, a Y JaHUX.

I IpUCKOpeHHS Ipollecy KOHCOJiAalii MyJabceMeaiiHUX OaHUX OOILIJIbHO
3a6e31eunTy 6araToroTOKOBICTh aJTOPUTMY BUSIBJIEHHSI TEMITOPATbHUX JAHUX IS
OHOYACHOI 0OpOOKM (haiiyIiB pisHUX MOIATbHOCTEN. AJTOPUTM 0AraToOmoOTOKOBOi
00p0oOKM (aittiB I/ BUSIBJIEHHS TeMIIOPaJbHIUX MeTagaHMX HaBedeHuii Ha puc. 1.

®opMyBaHHSI 4YaCOBOi IIKa/JM. Pe3yibTaTOM BMKOHAHHS IIEpILIOrO eTamy
KOHCOMigaIii MyjabceMediiiHUX MaHUX € BUSBJIEHHSI TEeMIIOpPaJIbHUX MeTaJaHUuX —
YacoBMX 3HayeHb, IO BM3HAUalOTh TPUBAIICTh Ta 4Yac IIOYATKY i 3aKiHUEHHS
BiITBOpEeHHS JaHMX IMeBHOI MomaabHOCTi. [IpoTe 1i yacoBi 3HaUEHHS MAlOTh OYTU
BU3HAUEHi Yy OYIb-SIKMX OOMHMISIX BUMIpy 4acy: MiJiCceKyHIaX, TOAMHAX, MiCSIISIX
TOIIO, 1[0 3aJI€XXUTh BiJl 4aCTOTM OTPMMAaHHS BiATIOBIAHMX JAHUX 3 CEHCOPiB, KaMmep
Ta iHIMX IPUCTPOiB. [IJIsT KOHCOimallii MyJIbceMeIiiHMUX JaHUX HeOOXiTJHO MpUBecC-
TU BCi 3HaU€HHi B OJIHY CUCTeMY BMMipy Yacy Ta BUSHAUUTU €AVMHUI CIIIJIbHUIL Yaco-
BUI1 MIPOMIXKOK ISl Y3TOJKEHOTO MpeCTaB/JeHHs] OaHUX Pi3HMX MOJATbHOCTEN —
YacoBOi IIKa/JIM IPOIeCy AOC/iIKeHHsT 00’e€KTa crioctepeskeHHs. Lst mkana (puc. 2)
hopMyeThCSI HA OCHOBI OTPMMAHOI0 HabOpy TeMMNOpPaJbHUX MeTaJaHuX, SIKUii € Ma-
CMBOM YacOBUX MITOK, IO MO3HAYAIOTh K/IIOUYOBI MOMEHTM HOC/iIKeHHS 00’€KTa
CIIOCTEepesKeHHSI Ta  CIPUIHSTTS  JIIOAMHOIO-AOCAITHUMKOM  MYyJIbCeMeiliHO1

indopmMmarrii mpo 1eit 06’eKT.

72 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 6 (143) 2022 «System technologies»

MOOANBHOCTEH

i BEeeHHA 3

M1 = MogansHicTs 1

M2 = MoganeHicTs 2

Lr'.-13 = MoLansHIiCTh 3

BWABMEHHA TEMNOPANBHUX METAJAHUX Ta AAHNX

~

rrnonin YacoBoi LWKAMH Ha
NPOMIKM

T1-8ig 0 o T/3

T2 -Big T/3 po 2T/3

\J3-8in2Ti3 g0 T y

Y

.

OTpHMaHHA
YACY NOYATHY
3 METEAHIK

OTpHMaHHA
YACOBMX
MITOK 3 JAHKX

iy

OTpHMaHHA
YALCY KiHUS 3
METAAAHNX

OTpHMaHHA
YACOBOID

Kpaky

OTpHMaHHA
YACOBOID

Kpaky

&t

MoTik 1 MoTik 2

.

OTpHMaHHA
YACY NOYATHY
3 JEHHX

:

OTpHMaHHA
YALCY KiHUS 3
JaHHX

:

OTpHMaHHA
YACOBOID

Kpaky

o

MoTik 3

PopMYBaHHA YACOBOT WHKAMK

[Pt ichyE B

nporisky TK] l

[FIM cHyE B

nposisey TE]
Janwcary MN
I0 MpOMMKY
TK

Mok 1...NoTik K

-

O6paxyBaHHA rnoban bm;:‘
TeMNopanbHUX JaHKX

Start = min(startl...start3)

End = max(endL...end3)

Etep = min({stepl...step3) )

PucyHoK 1 - AIropuT™M 6araToroToKOBOi 00pO6KM MyJIbceMeIiiHMUX (daiiTiB

OJIsI BUSBJIEHHS TEMIIOPAJIbHMX METaJdaHUX

ISSN 1562-9945 (Print)
ISSN 2707-7977 (Online)




«CucrteMmHi TexHosorii» 6 (143) 2022 «System technologies»

| MoganbHicTsb 1 |

| MoganbHicTb 2 |

| | | | |MoganbHicTb 3| D

! p

Yac

PucyHok 2 - TIpukiaz 4acoBoi MIKajau MPOoIecy HOCTiIkKeHHSI 00’ eKTa

CIIOCTEpPEKEHHA

BusHaueHHSI CTPYKTYpM OAaHMX Ta CTBOpPeHHSI ¢aiiyly KOHCOJIiZOBaHMUX
myabcemMeniiuux nmaHux. CUHXPOHiI30BaHi My/jabceMefiliHi OaHi MalTh OyTU
36epeskeHi y BUrsiai dairy. Moxiamsum ¢popmaTtom Takoro daiimy moske 6yt JSON
(JavaScript Object Notation) [8], ockiJibkM BiH Haga€ 3MOTy CTPYKTypPOBaHO
36epiratT MyJbTUMOIAAbHI maHi. [IpoTe MynabceMemiiiHi JaHi € TeMIIOpaJIbHUMMU,
TOMY [,1s1 3a0e3IeueHHs MOAAbIIOr0 KOPEKTHOTO 06pob6ieHHs daily TakuUx JaHUX
dopmart dairy mae 6yTy MoaudikoBaHMIi 3 YpaxXyBaHHSIM TeMIIOPaJbHOCTI JaHUX.
HasBemo Takuit MmoaudikoBanuii dopmat Timeline JSON (TJSON). ITpuxnam TJSON-
00’eKTy HaBeIeHO Y JIICTUHTY 1.

Jlictunr 1. Ilpuknamg TJSON-06’exTy.

{

"name": "HaszBa MyJbceMenirHoro oanny",

"description": "onmc MmynbceMenimHoro odamnny",

"stepMeasurement": "dopmMaT BMMIPIBAHHA KPOKY (CEKyH-—
oy, Mijgicexyunu, Tomo)",

"step": po3mMmip kpoky (0.1, 0.01, Tomo),

"duration": 3arajibHa TPUBAJIiCThL MyJbCEMeNiMHOTO Gawniy
B oOpaHOMY bopmaTi (cexyHIou, MijicexkyHzou, Tomo)",
"media formats": [ MacuB BUKOPMUCTAHMX OQpopmaTin (mp3,

mp4, jpg, txt, Tomo) ],

"data": {
"0.0": [ MacuB IOaHuUX, IO 1CHYITb B IIPOMIXOK UYacy
0.0 1,
"0.1": [ MacuB JOaHUX, IO 1CHYITb B IIPOMIXOK UYacy
0.1 1,
"N": [ MacuB »maHMUX, WO 1ICHYKTb B IIPOMiXOK uyacy N ],

}
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ITicig BusHaueHHst TISON-06’eKkTy, TOOTO CTPYKTYpU JAaHUX IJ1s1 30epeskeHHSs
MyJIbCEMEIITHMX HaHUX, BimOyBae€ThCsl CTBOPEHHS MyiabceMepiliHoro dairy. Tum
daiiry, 110 CTBOPIOETHCS, 3aJI€KUTD BiJl HASIBHMX MOJIAIbHOCTEN i BU3HAYAETHCS BU-
XO[STUM 3 TAKMUX MipKyBaHb:

— SIKIIO cepeJ BXiTHUX TaHUX MPUCYTHI BileonaHi, TO BUXigHMii dhaita Mae ma-
T (popmar Bigeo;

- SKIIO cepej BXiIHUX DAHMUX BiJICYTHI BileomaHi, IpoTe MPUCYTHI ayAiogaHi
Ta YMCI0Bi a00 TEKCTOBI JaHi, TO BUXigHmii gaiia mae matu popMar Bigeo;

- SKIIO cepel BXiAHMX MaHMX BiJICYTHI Bigeo- Ta ayaiofaHi, IIpoTe MPUCYTHI
YMCIOBi 260 TEKCTOBi JaHi, To Buxigumuii daiin mae matu dopmart .CSV, .PDF abo
crieniasizoBanmuii hopmar, L0 BM3HAYAETHCS TUIIOM IIPUCTPOIO BiITBOPEHHS IIMX
JaHUX.

Buxiguuii ¢aiin KOHCOJiIOBaHUX MYJIbCEMEIiHMX JaHUX MiCTUTh AaHi, BIIO-
psankoBaHi 3rimHo 3 Bu3HaueHHSIM TJSON-o6’ekty. lLleit ¢aitn Moke OyTU
BiITBOpEHMI1 3a JOTIOMOTOI0 BiATIOBiAHOrO anapaTHoro 3abe3mneveHHs [9, 10]. Takox
MyJIbCeMeiiHI ITaHi MOXyTb OyTH IONepeaHbO 0OpOOJIeHi BiAmoBigHO mo 3amaui
mociimkeHHs. [Ipy 1IbOMY [OIIIBHO 3acTOCYBaTM oOmepallii BIOPSIAKYBaHHS abo
JoriyHi omepallii Ha OCHOBi anre6paiuHoi cucremu arperatiB (ACA) [7], ocKimbKu
TJSON-06’eKT € MpOrpaMHOI0 peajisalli€el0 arperata — MaTeMaTUYHOI abCTpaKiiii,
Bu3HaueHoi B ACA. TakuMm 4YMHOM, KOHCOJIiIOBaHi MyJibCeMe[iliHi AaHi MOXXHa
TIpeCTaBUTK Y BUIJISAI HaboOpy arperaTiB, HajJ SIKMMM BUKOHYIOTbCSI JIOTiUHi
omepaliii Ta orepailii BIOpsAaKyBaHHS. [0 JOTiUHMX oOmepalliii Haj arperaTamu
BiIHOCSITh 00’€HAHHS, Ilepepi3, Pi3HUIIS, CUMETPUUYHA Pi3HUIS Ta BUKIIOUHMIA
riepepi3. [lo omepaliiil BIOPSAKYBaHHS arperariB BiTHOCSITb PO3MIillleHHSI, COPTY-
BaHHS, IIPOPiJI>KyBaHHS, BMUIAJI€HHS Ta BCTaBJIEHHS.

SIkio orepartiii BOPSIIKYBaHHS MOKYTh BUKOHYBATUCSI B MeKax OJJHOTO Habo-
py IaHMUX, TO IJIsS JIOTiYHUX orepalliii HabopiB AaHUX Mae OyTM IBa, TOMY JIOTiUHi
omepailii MOXyTh BUMKOHYBAaTMUCSI ab0 MiX ABOMa Habopamy i3 pisHUX, MOXKINUBO,
CYCiIHiX 4acoBMX MTPOMIiXKKiB, ab0 Ipu HasABHOCTI iHIIOro Takoro TJSON-06’ekTy. ¥
TOMY BUIIAIKY, SIKIIIO HEOOXiJHO BMKOHATM orepaliii mo BcboMy TJSON-06’exTy ab60
Mixk nBoma TJSON-06’ekTaMM, MOKHA 3aCTOCYBaTH 0araTOIOTOKOBMI MiAXim /s
30inbIIeHHsT  eeKTUBHOCTI ob6uucieHb. IIpy 1poMy st 3abe3rneyeHHS
6araTONOTOKOBOCTI YacoBa INKajga IMOM/ISIETbCS Ha ¢parMeHTH. MyabcememiitHi
JaHi, 10 BM3HAUEHi y MeBHOMY (parMeHTi IIKaau, 0OpOOIIOIOTHCSI B OKPEMOMY

IIOTOLIi.
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EdeKkTUBHiCTh Napaie/IbHUX O0YMC/IeHb Y 3alIPOIIOHOBAHOMY MeTOxi. [1Jis
IOCTiIKEeHHST OOIIJIbHOCTI 6araToroTOKOBOCTI Oy/I0 BMKOHAHO peajti3allilo 3ampo-
TTOHOBAHOTO METOJY Ta IPOTEeCTOBAHO PO3pobseHNii TPOrpaMHMii KO, Ha eKCIlepu-
MeHTAJIbHUX JaHUX. MeTol0 eKcIiepuMeHTYy OYy/10 BU3HAUEHHSI IBUIKOCTI BUKOHAH-
HSI 06pOOKM MYJIbCEMEIiTHUX JaHUX ITPY Pi3HUX KiJIbKOCTSX ITOTOKIB.

BXigHUMM HaHMMM Yy IIbOMY €KCIIepMMeHTi Oyau ¢aiim HaCTYIMHUX TUITIB:
Bimeo, aymio ta CSV-¢aitn. TpuBamicTh Bimeo ckiamana 61 cexkyHmy. TpuBamicTh
aynio — 84 cexynau. CSV-gaiit MicTuB TabIUIIO IBOX 3HAUEHb «KTI0U»-«3HAUeHHS»,
Ile «KJIIoueM» € YacoBa MiTKa, a «3HaUeHHSIM» — YMCJI0Be 3HAUeHHS, 1110 HaAXOAUTh
i3 ceHcopa, MogaHe y TeKCTOBOMY (hOpMari.

ExkcriepMeHT OYB BMKOHAHMIA [OeKiJbKa pasiB 3i 3aCcTOCyBaHHSIM pi3HOI
KiJIbKOCTi TIOTOKiB. Pe3ynbTaTu BU3HAUEHHS MIBUAKICTD BUKOHAHHS OOpPOOKM

MYyJIbCeMeIiTHUX TaHUX IIPY Pi3HUX KiJIbKOCTSIX ITIOTOKIB HaBeeHi y Tabi1. 1.

Tabmuug 1
Pe3ynbTaTy eKCIIEPMMEHTY 3 ITapaieIbHUX 00UMC/IeHb
OnuH noTik IIBa MOTOKU Tpu moToku YoTupu oToKu
Yac, ¢ 211,06 202,8377 191,3445 176,8694

AHaniz 1uxX pesyabTaTiB [03BOJISIE TiATBEPAUTM IIPUMNYIIEHHS, 10 3i
30i/IbIIIEHHSIM KiJIBKOCTi TTOTOKIiB HIBUAKICTb OOPOOJEHHS MYyJIbCEMEMIMHUX TAaHUX
3pOCTaE.

BucHoBku. MysibcemeiiliHi MaHi SABISIIOTh COO0I0 CKIAIHY CTPYKTYPY NaHUX,
[0 MOXXe MiCTUTH JaHi HOBIIbHMUX MojaabHOCTel. Hapasi icHye mpobiema KOpeKT-
HOTO 3JIMTTSI JaHUX Pi3HUX MOIAJIbHOCTEN MJIS iXHbOI KOHCO/IiZOBaHOI 0OPOOKM Ta
30epiraHHs. 3alpoOIIOHOBaHMUIA y CTaTTi MeTOH Ha€ 3MOTY BUPIIIUTU Mpobaemy
MOE€AHAHHS JAaHUX Pi3HUX MOJAJIbHOCTEN, a TAKOX IXHbOI CMHXPOHi3allil y Mexax
€QMHOI YacoBOi IIKaJIM, [0 POOUTb MOXKIUBUM CTBOPEHHS MyJibceMediitHMX daiisiB
ISl TIOJAJIbIIOI ITporpaMHOi 006po6Ku. [IJist 36iablIeHHsT e(eKTMBHOCTI 3aIIPOIIOHO-
BAaHOTO MEeTOHy HOIiJIbHO BMKOPUCTAaTM 6AaraTOMOTOUHICTh Ha eTari aHajily meTa-
IaHUX Ta eTalli CTBOPEeHHS BUXigHOro daiiny.

3arporioOHOBaHMIi MeTOJ MOyke OyTM PO3IIMpeHuit iHIMMM MigXomamu Ta
TexHosiorisiMu. Hampukianm, Ha eTami ompallloBaHHS JaHMX MOKHA 3aCTOCOBYBATU

METOM IITYYHOTO iHTeJNeKTY AJIs1 OLiHKM KOpeJisilii JaHMUX Pi3HMUX MOJQIbHOCTEIA.

76 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucrteMHi TexHosorii» 6 (143) 2022 «System technologies»
JIITEPATYPA
1. A User Perspective of Olfaction-Enhanced Mulsemedia. Proceedings of the

international conference on management ofemergent digital ecosystems / Ghinea G.,
Ademoye O. // MEDES’10. - 2010. — P. 277-280.
2. Semi-automatic synchronization of sensory effects in mulsemedia authoring tools
/ Abreu, R., Mattos, D., Santos, J. A. D., & Muchaluat-Saade, D. C. // In Proceedings
of the 25th Brazillian Symposium on Multimedia and the Web. — 2019. — P. 201-208.
3. Beyond multimedia adaptation: Quality of experience-aware multi-sensorial
media delivery / Yuan, Z., Ghinea, G., & Muntean, G. M. // IEEE Transactions on
Multimedia. — 2014. — N217(1). - P. 104-117.
4. An evaluation of Heart Rate and ElectroDermal Activity as an objective QoE
evaluation method for immersive virtual reality environments / Egan, D., Brennan,
S., Barrett, J., Qiao, Y., Timmerer, C., & Murray, N. // In 2016 eighth international
conference on quality of multimedia experience (QoOMEX) IEEE. — 2016. — P. 1-6.
5. Towards a reference ontology on mulsemedia system / Saleme, E. B., Santos, C. A.,
Falbo, R. A., Ghinea, G., & Andres, F. // In Proceedings of the 10th International
Conference on Management of Digital EcoSystems. — 2018. — P. 23-30.
6. Development of directional olfactory display / Kim, D. W., & Ando, H. // In
Proceedings of the 9th ACM SIGGRAPH Conference on Virtual-Reality Continuum
and its Applications in Industry. — 2010 — P. 143-144.
7. Temporal Multimodal Data-Processing Algorithms Based on Algebraic System of
Aggregates / Pester, A., Sulema, Y., Dychka, I., & Sulema, O. // Algorithms. — 2023. -
N216(4). — P 186.
8. Foundations of JSON schema / PEZOA, Felipe, et al. // In: Proceedings of the 25th
international conference on World Wide Web. — 2016. — P. 263-273.
9. Multiple Sensorial Media Advances and Applications / GHINEA, George; ANDRES,
Frederic; GULLIVER, Stephen. // New Developments in. — 2012.
10. Mulsemedia vs. Multimedia: State of the art and future trends / Y. Sulema //
International Conference on Systems, Signals and Image Processing (IWSSIP),
Bratislava, Slovakia. — 2016. — P. 1-5.

REFERNCES
1. A User Perspective of Olfaction-Enhanced Mulsemedia. Proceedings of the
international conference on management ofemergent digital ecosystems / Ghinea G.,
Ademoye O. // MEDES’10. — 2010. — P. 277-280.

ISSN 1562-9945 (Print) 77
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 6 (143) 2022 «System technologies»

2. Semi-automatic synchronization of sensory effects in mulsemedia authoring tools
/ Abreu, R., Mattos, D., Santos, J. A. D., & Muchaluat-Saade, D. C. // In Proceedings
of the 25th Brazillian Symposium on Multimedia and the Web. - 2019. — P. 201-208.
3. Beyond multimedia adaptation: Quality of experience-aware multi-sensorial
media delivery / Yuan, Z., Ghinea, G., & Muntean, G. M. // IEEE Transactions on
Multimedia. - 2014. - N217(1). - P. 104-117.

4. An evaluation of Heart Rate and ElectroDermal Activity as an objective QoE
evaluation method for immersive virtual reality environments / Egan, D., Brennan,
S., Barrett, J., Qiao, Y., Timmerer, C., & Murray, N. // In 2016 eighth international
conference on quality of multimedia experience (QOMEX) IEEE. — 2016. — P. 1-6.

5. Towards a reference ontology on mulsemedia system / Saleme, E. B., Santos, C. A.,
Falbo, R. A., Ghinea, G., & Andres, F. // In Proceedings of the 10th International
Conference on Management of Digital EcoSystems. — 2018. — P. 23-30.

6. Development of directional olfactory display / Kim, D. W., & Ando, H. // In
Proceedings of the 9th ACM SIGGRAPH Conference on Virtual-Reality Continuum
and its Applications in Industry. — 2010 — P. 143-144.

7. Temporal Multimodal Data-Processing Algorithms Based on Algebraic System of
Aggregates / Pester, A., Sulema, Y., Dychka, I., & Sulema, O. // Algorithms. — 2023. —
N216(4). — P 186.

8. Foundations of JSON schema / PEZOA, Felipe, et al. // In: Proceedings of the 25th
international conference on World Wide Web. — 2016. — P. 263-273.

9. Multiple Sensorial Media Advances and Applications / GHINEA, George; ANDRES,
Frederic; GULLIVER, Stephen. // New Developments in. — 2012.

10. Mulsemedia vs. Multimedia: State of the art and future trends / Y. Sulema //
International Conference on Systems, Signals and Image Processing (IWSSIP),

Bratislava, Slovakia. — 2016. — P. 1-5.

Received 17.11.2022.
Accepted 22.11.2022.

Mulsemedia data consolidation method

The synchronization of multimodal data is one of the essential tasks related to
mulsemedia data processing. The concept of mulsemedia (MULtiple SEnsorial MEDIA)
involves the registration, storage, processing, transmission and reproduction by com-
puter-based tools of multimodal information about a physical object that humans can
perceive through their senses. Such information includes audiovisual information (ob-
ject's appearance, acoustic properties, etc.), tactile information (surface texture, tem-
perature), kinesthetic information (weight, object's centre of gravity), information about
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its taste, smell, etc. The perception of mulsemedia information by a person is the process
that exists over time. Because of this, the registration of mulsemedia data should be car-
ried out with the fixation of the moments of time when the relevant mulsemedia informa-
tion existed or its perception made sense for a human who supervises the object as
mulsemedia data is temporal.

This paper presents a method that enables the consolidation and synchronization
of mulsemedia data using the principles of multithreading. The universal method was de-
signed to support combining data of different modalities in parallel threads. The applica-
tion of the proposed method solves problems associated with integrating data of different
modalities and formats in the same time interval. The effectiveness of applying this
method increases by using multithreaded distributed computing. This method is designed
for use in the development of mulsemedia software systems. The modified J]SON format
(TJSON - Timeline JSON) was proposed in the paper, as well. TISON-object is a complex
data structure for representing the synchronized mulsemedia data and their further proc-
essing.

The proposed method can be further extended with other approaches and technolo-
gies. For example, artificial intelligence methods can be applied to assess the correlation
between data from different modalities. This can help improve the method's accuracy and
the output files' quality.
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B.B. Ctpenbbinpkuii, JI.B. BoBHerpa, A.B. ITaBauIko
MOJEJIIOBAHHSI EKCITYATAIIMHOI HAOIMHOCTI XOJOBUX KOJIIC
MOCTOBHUX KPAHIB MOPCBbKUX ITOPTIB

AHomayis. Mocmosi KpaHu WUPOKO 3aCOBYIOMbCA Y MOPCbKUX MA PIYKOBUX nopmax ON1s nepe
BAHMAXEHHA BAHMAXIB HA BIOKPUMUX Ma 3aKpUMUX CKAAOCbKUX MalioaHyukax. OCKiIbKU BOHU
€ OCHOBHOI IAHKOK MexHOI021YHUX npouecis, momy 8i0 ix HadiliHoi ma 6e3nepepsHoi pobomu
3anexums NPooyKMUBHICMb NOPMOBUX BUPOOHUYUX JiHIl. Bidomo, wo npu ekcnayamauii kpa
HiB 90% Xx0008UX KONIC BUXOOOM 3 a0y U 3AMIHIOEMbLCA HOBUMU Yepe3 THMeHCUBHUL 3HOC pe
60p0, a 60 70% niokpaHosux peliok Yepe3 3HOC ixHix 614HUX 2paHeli. OCKiIbKU pecypc € OCHOB
HUM NOKA3HUKOM 00820814HOCMI demasell ma By3/1i8, MoMy niOBUUEHHA BCMAHOBEHHSA pecyp
CY KOJIIC € AKMyasbHO 3a0ayero, o 003801UMb 3MEHWUMU BUMPAMU HA PEMOHM Ma eKcnay
amayir KpaHis. Memoto 00CiOXeHHA € BU3HAYEHHS pecypcy X000B8UX KOJIIC MexaHizMig MoCmo
BUX KPAHIB 3 NOHAOHOPMOBUMU MepMiHamu ekcnayamauyii. [ns 0ocnioxeHs 6y10 06paHo 4 ide
HMUYHT MOCMOBT KPaHu, BaHmaxonioliomHicmio 10 MoH, AKT NPayMb Yy KPIOKOBOMY pexumi
y Mopcbkux nopmax. KpaHosi koneca sueomosneri 31 cmani 65 memodom numsa. MexaHizmu
KpaHig 06cmexysasnu 8i3yasbHO ma BUMIPIOBAIU 3HOC KOJIC yepe3 3 Micayi npoms2oM 4 poKis
pobomu. 3a pe3ynbmamamu 00CNIOMeHb pO3PAxosaHi napamempu Modesb 3HOCy Bi0 Yyacy y su
enfadi cmynexesoi @yHkYii. OmpumMaHi 3HaYeHHA KoegiyieHmy Kopeaayii BKa3yloms Ha me, o
MIX 3HOCOM ma yacom pobomu icHye 00CMamHbo WinbHuUll 38'30K. CepeOHE 3HAYeHHS NOXUOKU
3a 3anpoNoOHOBAHOI MO0/ He nepesullye 6,1%, wo € YiKoM NPUUHAMHUM ON1S THXEHepHUX
pO3paxyHKis. BcmaHosieHo, wo pecypc KpaHosuX Koslic He nepesuwyye 3,3...3,4 pokis pobomu,
YO MeHLe 4 POKIB 3a3HA4eH020 BUPOBHUKOM.

Kntoyosi cnosa: HaodiliHicms, pecypc, 3HOC, Yac pobomu, cmyneHesa QyHKYis, KoepiyieHm Kope
NIAYTT, KOJ1eco KpaHa, MOCmoBuULl KpaH.

ITocTranoBKa mpoo6sieMu. MOCTOBI KpaHM IIMPOKO 3aCTOCOBYIOTHCSI Y MOPCh-
KMX i piYKOBMX IMOpPTax JJ1s1 BUKOHAHHS ITepeBaHTaKyBaIbHUX POOIT HA BiIKPUTUX Ta
3aKpUTUX cKnagax [1-6]. OCKibKM BOHM € OCHOBHOIO JIAHKOK) TEXHOJIOTIYHUX IPO-
1IeciB, TOMYy BiJ iX HafilfHOI Ta 6Ge3mepepBHOI POOOTU 3aJIEKUTDH MPOIYKTUBHICTD
MTOPTOBUX BUPOOHUUMX JTiHIA.

ITpoTte, choromHi moHam 88% KpaHiB PiUKOBMX i MOPCbKMX IMOPTiB YKpaiHM BiJ-

TMpalffoBaay HOpMaTUBHMIL pecypc i TPOOBKYIOTh IpalfioBaTu [1-3,5-7].

© Crpenbbinbkuii B.B, boBuerpa JI.B., ITaBnumko A.B., 2022
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Bimomo, mo npu ekcrutyaTailii KpaHiB 90% X0moBUX KOJIIC BUXOOOM 3 Jady U
3aMiHIOETHCSI HOBMMM Uepe3 iHTeHCUMBHUI 3HOC pebopn, a 60-70% migkpaHOBUX pe-
JIOK yepes 3HOC iXHiX OiYHMX rpaHeii. 3HAUHMIi piglle IMpOBOAUTUICS 3aMiHa KOJIC
IIpYU BUXOZ| 3 JIaAy IMiOIIMUITHUKIB 1 e piflie - B CUy PYIIHYBaHHS BiJ yTOMJIEHOCTI
MeTasry 6iroBoi Jopi>xkku Kosieca [3,8,9].

Crnip 3a3HAUMTH, IO TTOHAZHOPMOBA Ta TpuUBajia pobOTa MOPTOBUX KPaHIiB y
pPEeXMMi iHTEHCMBHOTO ILIMK/JIiYHOTO HaBaHTa)KeHHS MPU3BOAUTH OO0 MepeauyacHOro
BUXOJy XOJOBMX KOJIiC BHACTiLOK 3HOCY [1,5] Ta yTBOpeHHSI BTOMHUX AedeKTiB, 110
npu3Bee A0 BMXOAY 3 Jaay By3JIiB Ta aBapiii [2,3,6,7]. SIK Tokasye [OCBiJ eKCIuTya-
Tallii, XomoBi Kojieca MalOTb € HAlOiJbII 3HOIIYBAaHMMM €JeMEeHTaMM MeXaHi3MiB
repeMinieHHs. Tak, CTPOK iX eKCIUIyaTallil CKJIafa€ Bifi KiJbKOX MiCSIIiB A0 2-3 po-
KiB [1,8]. Lle moB’s13aHO 3 TUM, 1[0 3aMiHa KOJIic GifbII elieBa y MOPiBHSIHHI 3 3aMi-
HOIO ITiIKPaHOBOTO LIJISIXY.

OCKiTbKM pecypC € OCHOBHMM MOKa3HMKOM JOBrOBIYHOCTI JieTasieil Ta BY3JiB,
TOMY MiABUIIEHHS BCTAHOBJIEHHS PECypCy KOJIiC € aKTyaJbHOIO 3a/iauelo, 1110 103BO-
JIUTb 3MEHIIUTY BUTPATH HA PEMOHT Ta eKCITyaTallilo KpaHiB.

AHaji3 ocTaHHIX DOCTIIKeHb i myosmikamii. AHaji3 JOC/iIKeHb CKIaIHUX
TeXHIYHUX CUCTeM ITOKa3YeE, I0:

1) Ha#iliHiCTh MexXaHi3MiB MOCTOBUX KpPaHiB, 1110 eKCILTyaTyeTbCsl moHazg, 30 po-
KiB Y MOPCbKOMY TIOPTY, 10 KiHIIg He BuBUeHa [1,2,4,5-7];

2) HampalloBaHHSI BIUIMBAIOTh HEOJHO3HAUHO HA MeXaHiuHi XapaKTepUCTUKU
Marepianis [5-7];

3) BUXi[ iX 3 JaAy XOLOBUX KOJIC 3yMOBJIEHMI IepeBaKHO 3HOILIYBAHHSIM iX
MOBepXOHb [8], pyiiHyBaHHS Ta 3HOUTYBaHHS pebopa [9,10];

4) B peaJIbHMX YMOBAaX eKCIUIyaTallii mpu OIISIAi XOJOBUX KOJIIC CIIOCTEPIraeThb-
CS1 OTHOYACHO JAEKiJbKa 3 MOIIKOMKEeHb (3HOC pebop/I, 3HOC TTOBEPXOHb KaTaHHS Ta
in) [1,8,9,10];

5) xapakTep MOILIKO/KeHb KOJIiC 3a/eXXUThb Bif, yMOB ekcrutyaraiiii [1,8,9,10].

MeTo10 OCTiI)KEHHST € BU3HAYEHHS pecypcy XOJ0BMX KOJIiC MeXaHi3MiB MOC-
TOBMX KpaHiB 3 TOHaAHOPMOBUMM TepMiHaMM eKCIuTyaTallii.

BukinageHHsI OCHOBHOTO MaTepiaay AOChimKeHHsA. [T OOCTiIKeHb OYyJ0
00paHo 4 imeHTUYHi MOCTOBi KpaHM, BaHTaXOMigiioMHicTIO 10 TOH, SIKi ITPAIIOIOTh Y
KPIOKOBOMY DE€XMMi Y MOPChKUX MOPTaX.

Jyist aHaTi3y BUKOPUCTAHO iHGopMaliilo sSKa MiCTUTbCS Y BiITIOBiAHMUX XXypHa-
JaX TeXHIYHOro OOCTYrOBYBaHHSI Ta PEMOHTY BifmoBimHux kpadiB 3 2018 mo 2021
POKMU.
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P036iskHiCTh Yacy 3aMiHM pobO0OYMX KOJIiC, sIKi Oy/IM BUTOTOBJIEHI 3i cTam 65T
MeTOAOM JIMTBA, MeXaHi3MiB IlepeMillleHHSI KpaHiB He MepeBuilyBaia 1 MiCsib.

MexaHi3MM KpaHiB 00CTeKyBa/IM Bi3yaJIbHO Ta BMMipIOBajIM 3HOC KOJIiC uepes 3
MicsILIi TTPOTSITOM 4 pOKiB po60TH. AHa/i3 OTPMMaHMX TaHUX MOKA3aB, 1[0 HAOiIbII
3HOIIYBAHMMM € pebopau MPUBITHMX Kojeci, 3HOC ITOBEPXOHb KOUEHHS 3HAYHO Me-
HIIle y TOPiBHSIHHI 3 pebopaamu. Ciim BigMiTUTH, 110 TIpoOIlec 3HOIIYBAHHS KOJIiC Bi-
IOYBA€EThCS B 30Hi 3iTKHEHHS KOJjieca 3 peiKoIo.

PesynbTaTy BUMIipiB 3HOCY 3BefieHiy Tabm.1.

AHasi3 oTpuMaHuX (IMBUCh Tabs.1) BKa3ye Ha Te, IO 3aJI€KHICTb 3HOCY Bif
yacy pobOTH € HeJliHiTHOIO.

151 mogablinX po3paxyHKiB pe3y/abTaTiB BUMipIOBaHb 3HOCY yCepeaHIOBaJIN.

Tabmuug 1
Pe3ynbTaTyt BUMipSIHUX CepeqHiX 3HaUeHHS 3HOCY h KOJIiC [JjIS1 MOCTOBMX KpaHiB
Yac | 3Hoc Komeca i y MM
poGoTH
t, TOI. 2
sl g |3 |9 |lsls |z |2 |2 |z |2 |22 /2|32 |F%
-l | = Z|l&2 |5 |5 |2 |g|2 |22 |2 |2 | &
2
o

1200 | 1,2] 1,0 1,0 1,0 1,0 1,1 1,2| 1.1 ] 11| 1,0 1,0 1,1 | 11| 1.1 | 1,1 | 1,1 | 1,10
2400 | 25| 24| 2.6 | 2.5 | 24| 23| 25| 24| 2.6 | 25| 24| 23| 2.6 2.5 | 2.4 | 2.3 | 245
3600 | 3,9 3,7 | 40 | 3.9 | 3.9 39| 39| 3.9 | 3.85| 3,85 3,.95| 3.9 4,0 40 | 4.0 | 40 | 3.91
4800 | 53| 5.2 | 53| 5.1 | 53| 50| 53| 52| 5.2 5.1 53| 5.1 53| 5.1 | 5.3 | 5.1 | 520
6000 | 65| 64| 6,7 | 65| 68| 6,7| 65| 64| 67| 65| 6.7| 6,7 6.7| 65| 6.8 | 6,5 | 6,60
7200 | 8,5| 84| 86 | 85| 8,7 | 86| 85| 84| 86| 85| 8.6 85 8.6 | 85| 87 | 86 | 855
8400 | 10.8| 10,7] 11,0 | 10,8 | 11,1] 11,0 10,8] 10,7| 11,0| 11,0] 10,8] 11,0] 10,9] 10,9 11,1 | 11,0 10,92
9600 | 12.8] 12,7] 13,0 | 12,9 12,6 12,9] 12.8] 12.7| 13,0 12,9 12,6] 12,8] 13,0] 12,9] 12,6 | 12.9] 12.82
10800 | 15.7| 15,6| 15,9 | 15,7 | 15.8| 15,6] 15.7| 15.6| 15,9 15,7| 15,8] 15,6] 15,9| 15,7| 15,7 | 15.6 | 15,72
12000 | 18.8| 18,7| 18,6 | 18,9 | 18,6| 18,5| 18.8| 18,7| 18,5| 18,6 18,6| 18,8| 18,7| 18,8 | 18,7 | 18.6 | 18,68
13200 | 21,9| 21,8 21,9 21,7 | 21,7] 21,8] 21,9| 21,8 21,9 21,7| 21,8] 21,8|21,9] 21,7| 21,7 | 21,8 | 21,80
14400 | 23.5| 23,5| 24,0 | 22,0 | 23.5| 23.6] 23.5| 23.5| 24,0 22.9] 23,5| 23,6] 24,0] 22,9| 23,5 | 23.6 | 23.50

OCKinbKM, 3HOC KPAaHOBMX KOJIiC OY/I0 BUMIpSIHO uepe3 BiloMi IMPOMiXKKM Yacy,
TOMY BUKOPUCTOBYEMO KOPEJISILIiiHUIA aHajli3 Ta BBAKa€EMO 3aJIeKHICTb 3HOCY Bif
yacy y Buriasai GyHkiii [11,12]:

h=ct", (1)
ne h — 3HOC pebopa KpaHOBUX KOJIiC, MM;
t — nepiop (4ac) poboTu, rox;
C - mnocTiliHa MaTepiasy KOJicC;
m — TOKAa3HUK CTYIIEHS.
Inst BU3HaueHHs nocTifiHux C 1 m 3anesxkHOocTi (1) cKimageMo CUCTeMy piBHSIHb:
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Y, =1lghy,lgh, lghs..lgh,)
fy (2)

Xi=lgt,lgt,, lgty....0gt, J

[Ticast yoro, po3paxoByeMO cepeliHi 3HaueHHS X, Ta Yo

X

ch = i=ln ’ (3)
2 Vi

ch = i=1—7 (4)

n
JIe N — KIJIbKiCTh OOCJIiIKeHb.

BM3HAYAa€EMO AOIOMiKHI BeJIMUMHM JJISI BUSHAUEHHS apaMeTpiB PyHKITii:

Sx:ZXiZ—“Xczp, (5)
i=1

S, =YV -nvg, (6)
i=1

Sy =3 XiYi =X oY - (7)

i=1

Topni, mapametpiB ¢pyHKuii Cu m:

o ®)
S X
a=Y, -BX_, 9)
cC=10"°, (10)
KoediuieHT kopensitii Kiy:
S X!
K, - (11)
S S

3a 3amporioHoBaHUM ajaropuTmom y MS Excel Bu3HaueHi: mapameTpiB QyHKIIii
C= 0,00015 ta m=1,24 koedimieHt kopensaiii Kxy = 0,98. T.T, 3a/ieKHiCTb 3HOCY

KOJIiC:

1,24
) (12)
Po3paxoBaHi Ta BUMipsiHi 3Ha4eHHS 3HOCY KOJIiC HaBeJieHi Ha puc.1.

h = 0,00015 t
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25,00

20,00

15.00 /
3a popmynoro (12) /\

10,00 >/\
s
/\ EKCMEepUMEHT

3noc /i, MM

5.00 /
e 7

1200 2400 3600 4800 6000 7200 8400 9600 10800 12000 13200 14400
Yac pobotu 7, Tox

0,00

PucyHoK 1 — 3ayieskHiCTh 3HOCY KOJIiC BiJi yacy po60Tu KpaHa

OTpumaHi 3HaueHHsT KoeillieHTy Kopessilii BKa3yloTb Ha Te, 110 MiK 3HOCOM
Ta Yacom poOOTH iCHY€E JOCTATHbO IIiIbHUI 3B'130K. CepeHe 3HAaUEHHS MTOXMOKM 3a
3alpOMIOHOBAHOI0 MOJIEJUII0 He mepeBuIlnye 6,1%, 10 € IiJIKOM TNPUITHATHUM IJIsI
iH)kKeHepHUX pO3paxyHKiB.

'paHMYHMIT 3HOC BU3HAYAETHCS 1i IIUPUHOIO - 25 MM.

[lyis BU3HAUEHHST pecypcy poOOTH KoJjieca BM3HAUMMO 3HOC KOJIiC 3a 3ajeskHic-
TI0 (12) mpoTsirom 19200 rom po6oTH, T.T. 4 poKiB PoOOTH, SIK 3a3HAUEHO BUPOOHMU-
KOoM. Pe3ynbTaTit po3paxyHKy HaBedeHi Ha puc.2.

OckinbkM, pecypc Kodjic, ckaamae 16200 roauH, 3HAYHO MeHIIe 3aK/IafJeHOro
BUpoOHMKOM y 19200 rom, To MOsKHa 3pOOUTM BUCHOBOK IPO HEOOCTATHIO iX HaJlili-

HicTb. T.T. pecypc KpaHOBMX KOJIiC He TepeBuInye 3,3...3,4 pokiB poboTu.
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PucyHok 2 — Po3paxyHKOBa 3aJIeKHICTb 3HOCY KoJjleca Bif] uacy pob0oTH KpaHa

BucHOBKM. 3a pe3yjbTaTaMi OOCTIIKeHb PO3paxOBaHi IlapaMeTpyu MOeb
3HOCY BiJ yacyy BUIJISIZI CTyIIeHeBO1 (PyHKIIii.

OTpumaHi 3HaueHHs KoeillieHTy KopeJisiiii BKasyloTb Ha Te, 1[0 MiK 3HOCOM
Ta YacoOM POOOTHM iCHY€E MJOCTATHBO IIiTbHMIT 3B'130K. CepelHE 3HAUEHHS ITOXUOKM 3a
3aIPOINIOHOBAHOI0 MOJE/UII0 He mepeBuinye 6,1%, 1m0 € UJIKOM NPUAHSITHUM [OJ1s1
iH)KeHepHMX pO3paxyHKiB.

BcTaHOBJIeHO, 1[0 pecypc KpaHOBMX KOJIiC He repeBuIlye 3,3...3,4 pokiB pobo-
TU, 1[0 MEHIIIe 4 POKiB 3a3HAUEHOI'0 BUPOOHMKOM.
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Modeling of operational reliability of running wheels
of overhead cranes of seaports

Overhead cranes are widely in operation in sea and river ports for cargo
transshipment in open and closed storage areas. Since they are the main link in
technological processes, the productivity of Port production lines depends on their
reliable and continuous operation. It is known that during the operation of cranes, 90%
of the running wheels fail and are replaced with new ones due to intensive wear of the
edges, and 60-70% of crane rails due to wear of their side faces. Since the service life is
the main indicator of the durability of parts and assemblies, therefore, increasing the
installation of wheel life is an urgent task, which will reduce the cost of repair and
operation of cranes. As the experience of operation shows, running wheels have the most
worn elements of movement mechanisms. Thus, their service life ranges from several
months to 2-3 years. This is due to the fact that replacing the wheels is cheaper
compared to replacing the crane track.

Since the service life is the main indicator of the durability of parts and assemblies,
therefore, increasing the installation of wheel life is an urgent task, which will reduce the
cost of repair and operation of cranes.

Analysis of studies of complex technical systems shows that the reliability of
overhead crane mechanisms operated for more than 30 years in the Seaport is not fully
understood, the nature of wheel damage depends on the operating conditions.

For research, 4 identical overhead cranes with a lifting capacity of 10 tons were
selected, which operate in Hook mode in seaports. Crane wheels are made of 65g steel by
casting. Crane mechanisms were visually examined and wheel wear was measured after 3
months during 4 years of operation. Based on the research results, the parameters of the
Wear model from time to time in the form of a step function are calculated. The obtained
values of the correlation coefficient indicate that there is a fairly tight relationship
between wear and operating time. The average error value for the proposed model does
not exceed 6.1%, which is quite acceptable for engineering calculations. It is established
that the service life of Crane wheels does not exceed 3.3...3.4 years of operation, which is
less than 4 years specified by the manufacturer.
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Ctpenb6inbkuii BikTop BacmiboBUY — IOLIEHT, KAHAUAAT TEXHIYHMX HAYK, Kade-
apa Ilig/ioMHO-TPaHCIIOPTHI MallMHU Ta iHXXMHIPUHT MOPTOBOTO TEXHOJOTIYHOTO
obagHaHHs, OgecbKMii HalliOHAJIbHMIT MOPChKMI YHIBEPCUTET.

BoBHerpa JI1o60B BiTaniiBHa - M0lleHT, KaHAUAAT TEXHIYHMX HAYK, 3aBilyBad Ka-
degpu iHGopMaliiHNX TEXHOJIOTI IMIPOEKTYBAHHS Ta Au3aiHy, HallioHaJIbHMIT YHi-
BepcuTeT «OecbKa IoJIiTeXHiKax.

IMaBaumko Aauapini BomoguMupoBuu - IOLIEHT, KAHAUIAT TEXHIYHUX HAYK, 10-
11eHT Kadenpyu iHboOpMaliliHMX TEXHOJIOTiN MPOEKTYBAHHS Ta Au3aiiHy, HalioHanb-

HUI1 yHiBepcuTeT «OecbKa IOJIiTeXHiKa».
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JI.O. Kipiuenko, I1.I1. 3iH4eHKO
3ACTOCYBAHHS PEKYPEHTHOI'O AHAJII3Y
IIJIST KITACU®IKAILIIT PEAJII3AIIIN EHIIE®AJIOTPAM

AHomayia. Y cmammi po32iaHymo BUKOPUCMAHHA MAWUHHO20 HABYAHHA 014 KAAcugikayii 4a
CoBUX peani3auill AKI no0aHo y Bu2naoi pekypeHmHux diaepam. KoxHa yacosa peanizayis ne
pemBoploEMbCA 8 MAMPUUID PeKypeHmMHUX CMAHI8 i npedcmasnsemsca AK YOpHO bine 306pa
eHHA. OmpumaHi 306paxkeHHs peanizayili Knacugikylomscs 3a 00NOM020t0 2/1UOOKUX HelipoH
Hux Mepex. B sakocmi knacugikamopa 013 306paxeHb BUKOPUCMOBYEMbLCA 2IUOOKA HelpOHHA
mepexa 3anuwkoso2o muny. [lposodumscs 6iHapHa Kaacugikayis peanizayit EEl. Pe3ynsma
mom 6THapHOT Knacugikayii € BusBIeHHA enienmuyHo20 Hanady. Pe3ynbsmamu O0CNIOXKeHHSA
NoKasylms, Wo po3ensHymul memod Mae BUCOKY MOYHICMb Kaacugikayii. 3anponoHosaHull
nioxio 00 Kaacugikayii Moxe Oymu se2ko BUKOpUCMAHUL HA NPaKmMuy;.

Knwo4osi cnosa: Knacugikayis 3 BUKOPUCMAHHAM MAWUHHO20 HABYAHHSA, KNACUGTKAYIA 4acoBUX
ps0is, peKypeHmHi diaepamu, peanizauis EET, 2n1ubOKi 3a/UWKOBT Mepexi.

AKTya/nbHICTD i IOCTAaHOBKA 3aayvi

OpHielo 3 HalBakuMX 3aBAaHb Kiaacudikalii € kmacudikallis yacoBUX psIiB.
YacoBuii psii MOKHA TIpeACTaBUTU K 4aCOBY peasi3allilo JesKoi AMHAMiuHOiI CuUcC-
TeMH, sIka BigoOpaskae 6araTo BHYTPIIIHIX i 30BHIIIHIX 3B'I3KiB 11i€i cucTemu. Ckia-
IHi OIMHAMIYHI CUCTeMM BiAIOBiZalOTh GiojgoriyHuM, iHGOpMAaILiiHUM, TEXHIUHUM
Ta colliaJibHMM ITporecaM. YacoBi peasisaliii Takux Ipo1ieciB € 4acTKOBO ab0 MOBHi-
CTI0 BUITAAKOBMMM, MalOTh 3BOPOTHIl HeJIiHiiIHMI1 3B'I30K Ta JOBTOCTPOKOBY KOpe-
JAIHY 3aJIeKHICTb. [IoOpe BimoMMUM MPUKIAA0M YaCOBUX PSJIiB, IO MAOTh BUIIE-
OTMCaHy CTPYKTYpY, € peaiisaillii enektpoeHiiedanorpamu (EET), ski maioTh dpak-
TaJIbHI BJIaCTUBOCTI [1].

JI'oAChbKMIT MO30K Ma€ eleKTPUUYHEe T0Jie, SIKe XapaKTepu3yeTbCsSl eIeKTPUYHM-
MM CUTHAJIaMM Bif JeKibKOX MijiaMIiep 40 KiJIbKOX COTeHb Misiammnep. KoskeH Heli-
POH MO3KY TeHepy€ 3MiHy eJIeKTPUYHOTO MOTEHIIialTy, 1[eil MpolieCc MOKHA BUMIipSITH.
AHaJli3 eJIeKTPUYHOTO TOJISI MO3KY IIMPOKO BUKOPUCTOBYETHCS IJIs1 AiaTHOCTUKU Pi-
3HUX 3aXBOpIOBaHb [2]. TakMM UMHOM, BUHMKAE 3aBAaHHS Kiaacudikallii peasisairii
EET.
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Ha cporomHiniHiin meHs mjisi Kiacudikailii yacoBUX psIAiB IUPOKO BUKOPUCTO-
BYETbHCSI MalllHHE HaBYaHHS. Pi3Hi migxoau 10 MeTOAIB MAlIMHHOTO HABYAHHS JJISI
Kinacudikaiii yacoBux psaiB, BKIIOYAOUM aJITOPUTMM, BUOIp 03HAK Ta 3aCTOCYBaH-
Hsl, PO3TJISIHYTI B OIVISIAOBUX CTATTAX [3-5]. Ciif Bil3HAUMTY BEIMKY KiJIbKICTh ajaro-
PUTMiB, METPUK Ta O3HAK, SIKi MOKYTb OYTM BMKOPMCTaHI IIJisI TIOPiBHSIHHS Ta Mo a-
JbII0i Kiacuikallii yacoBuX psifiB.

Hajiuacrime, micis nepemo6poOKy 4acoBOro Py, 3 HbOTO BUTYYA€ThCS HAOIp
IesIKMX O3HaK, SIKi € BXimHuMu 11 kKinacudikatopa. Bubip o3HaK 3anekuTh Bif 3a-
BIaHHA Kiacudikanii. HaiimpocTimmmy o3HakaMu st Kiaacudikailii MoKyTh OyTH
3HAUYeHHSI CaMOT0 YacoBOro psimy. B [6] 6y/o 1okasaHo, 1110 B pasi BupaskeHUx dhpax-
TaJIbHUX BJIACTUBOCTElN AOCTATHbO PO3IJISAATH 3HAUeHHS psAny 6e3 po3paxyHKy
dbpakTasbHUX XapaKTepUCTUK. [TOMyASIpHUM METOJIOM BUIyYeHHS O3HAaK € IepeTBo-
pEeHHS 4acOBOTO PSIY B YaCTOTHMII JOMEH 3a IOTIOMOrol0 repeTBopeHHsT Pyp'e abo
BelBJIeT-IIepeTBOPEeHHH [7].

BulesasHaueHi IMiaxoay MUPOKO BUKOPUCTOBYIOTHCS MIJisI Kiacudikailii peasi-
3auiii EET. V ornsimi [8] mpeacTaBieHo GibIIiCTh CydacHUX METO/iB MAalllMHHOTO Ha-
BUaHHS, SIKi BUKOPUCTOBYIOThCS IJ1s1 Kiacudikatii curHainiB EET. Ornsipg [9] akieHTye
yBary Ha BUKOPMCTaHHi INIMOOKOT0o HaBYaHHS [IJ1s 3aBaaHb Kinacudikarrii EET.

V TOJi ke yac, B OCTaHHI JeCITUIITTS, CTa/IM MOIIMPEeHMMM MeTOIM aHa/li3y ua-
COBMX PSIJIiB HA OCHOBiI MeTO/IiB HeMiHIAHOI AMHAMiKM. BUXiZHMM ITYHKTOM Y IL[bOMY
BUITAAKY € (aKT, [0 OJHA YacOBa peasisallisl IMCUIATUBHOI CUCTEMHU € JOCTATHbHOIO
ISl BiTHOBJIEHHS ii aTpakTopa, SIKMit MiCTUTb yCi0 iHQopMallito Ipo cucreMy. 30K-
pema, M030K (ab0 ¥10T0 YyacTuHa) Moke OYyTH PO3TJSIHYTUM SIK HeJliHiliHa AMHaMiuHa
cuUcTeMa, sSKa YyT/auBa A0 MOYaTKOBMUX YMOB, i EEI' € TpaekTopi€to 1ii€ei AuHaMiuyHO1
cucremu [2].

OpuH i3 MeTOoZiB, 110 BUHMK Y HEeJiHiiHI/ OMHAMIlli, - aHa/li3 PeKypeHTHOCTI
(MeTon, peKypeHTHMX Jiarpam), CIiouyaTKy 3anponoHoBaHuii B [10], a mogasbiiie po3-
BuHeHui B [11,12]. Ha cboropHiuHiin geHb aHa/li3 PeKypeHTHOCTI € MOLIMPEeHUM i
BUKOPUCTOBYETHCSI AJIs1 AOCTIIKEHHSI Pi3HUX CUCTeM, BKIHOYAIOUM Ti, 10 MamTh
dbpakranbHi BractuBocTi [13]. PekypeHTHa miarpama micTuTh iHdoOpMallito mpo mo-
BTOPIOBAHICTh CTAHIB OMCUIIATUBHOI AMHAMIUHOI CUCTEMMU, 1110 TIpeACcTaB/ieHa 4aco-
BUM DPSIIOM. PeKypeHTHi BIacTMBOCTI MOXYTb OyTHU BisyasizoBaHi y ¢opmi reomer-
PUYHUX CTPYKTYp i HAOYHO TMPOAEMOHCTPYBATU AMHAMIKM 4acoOBOTO psimy. Takum
YMHOM, TeXHiKa PeKypeHTHMUX [iarpaM IepeTBOPIOE YacOBi PsIY Ha 300paskeHHS,
SIKi MOXyTbh OyTM Kkiacu@dikoBaHi 3a [OMOMOrOK METO[iB KOMII'IOTEPHOTO 30Dy
[14-16]. [IpoTe Taki JOCTiI)KeHHS JOCUTD HOBI i 1lle He CTaIM IIMPOKO MOUIUPEHUMMN.
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MeTo10 maHoi poboTH € rnmpoBeaeHHs Kiacudikaiii EEI' Ha 0cHOBi peKypeHTHUX
JiarpaMm, sIKi IepeTBOPIOIOTHCS HA 300paykeHHS i i Mmicjs 1boro Kiaacu@ikyoThcs 3a
JIOTIOMOTOI0 HelipoMepesKi 3aJIUIIKOBOTO TUITY.

Knacudikarnist yacoBux psiaiB Ha ocHOBI rpadikiB peKypeHTHOCTi

MeTo[ peKypeHTHUX JiarpamM I'PYHTYETbCS Ha BiJHOBJIEHHI aTpaKTOpa CUCTeMU
3 OOMHOYHOI YacoBol peainisanii (mpouenypa Ilakkapaa-Takenca) [17]. VY nbomy Bu-
MaaKy rceBmogasoBuit MpocTip cTaHiB X cucTeMy MOKe OYTY OTPUMAaHUI IUISIXOM

peasi3sallii 3HaueHb U,

xi:(ui’“i+r’ “i+(m—1)f) =

fie x . - 3HAYeHHS riceBgo(da30BOi TpaeKTOpPii HA i-My MOMEHTI 4acy, U, - 3HaUCHHS
YyacoBOi peasisallii Ha i-My MOMEHTi 4acy, m - po3Mip 1ceBno¢pa3oBOro MpocTopy, 7 -
3aTpuMKa 4acy. ABTopu [11] 3amporoHyBaiu MeTOZ, SIKUii A03BOJISIE€ BigoOpasuTu
m - BUMipHY I1ceBI0(da30By TPAEKTOPIiI0 X i =1, ..., N, B 6iHapHy MaTpuIl0 po-
smipom N x N. EfiemeHT 3 KoopauHaTaMu (i, j) mpuiiMae 3HaueHHs 1, SIKIIO CTaH R*j €

pPEeKypPEeHTHUM [I0 CTaHy I’i, TOOTO Yj MOTpAIVISiE B TIEBHUI 3aJaHNI OKiJ I’i, i ene-

MeHT (i, j) mopiBHIO€ 0 y 3BOPOTHOMY BUITAJIKY.
Taka maTpuild (peKypeHTHa Jiarpama) MicTUTh iHdopMallilo Mpo MOBeHiHKY

yacoBoro psanay. PekypentHa giarpama RP- 1ie MaTpuiis, e 3HaYeHHS RPI. i IopiB-
HIO€ 1, KOJIM BigcTaHb MiXK Y;’ i X’j MeEHIIIe €

RPi.jzé’(g"xf_—xj") S X X, € Rm i,j=1, ..., N (2)
fie € - pafiyc m-BUMiPHOTO OKOMY TOUKM X ,, |- x,| - BimcTanb mix Toukamm, O( ) -

dyukiisg Xepicaiima. PekypeHTHI miarpamu JIerKO Bi3yasli3ylOTbCSI B YOPHO-OiomMy
dopmari. Tomi pekypeHTHi cTaHM BimoOpaskar0TbCS YOPHUM KOJIbOPOM, a peliTa -
6imum. B [1, 12, 18] 6ysio mokasaHo, 10 3MiHa KOPEJSIiitHOI CTPYKTYpPU CUCTEMMU
MPU3BOAUTH 0 3MiHM TOIOJIOTii peKypeHTHOi AiarpaMu. TakuMm UMHOM, aHasi3 pe-
KYpeHTHUX JiarpaM J03BoJisi€ KiacubikKyBaTy CIIOCTepeXXyBaHi 4yacoBi psian.
Bxignui pani

g 3givicHeHHs Kiacudikaiii 6y obpaHi MOMyJISIPHi TaHi 3aMmuciB MO3KOBO1
akTuBHOCTI [19]. [TouaTkOBMIT HAGIp JAaHUX MiCTUB 3aMMUCU MO3KOBOi aKTUBHOCTI JIJIsI
pi3HMX CTaHIB JIIOAVHN: eNiJIENTUYHMIA Harajl, 30Hy MyXJIMHU, 30POBY YaCTUHY MO-
3Ky, KOJIM JIIOJIMHA Ma€ 3aKpUTi 0Ui, i Koy BOHM BifikpuTi. Takum unmHOM, IaHi 6yin
posrofinieHi Ha 5 kinaciB. Koxken kiac mictuB 100 ¢aiinis, ge KoxkeH daiin BiAIoBi-

IaB ofHOMY 00'eKTy (moauHi). KoskeH (aity MicTUB 3ammcy MO3KOBOi aKTMBHOCTI
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MpoTsiroM 23,5 CeKyHIM, 1[0 BiZIMIOBiaI0 YacCOBOMY PSIy MOBXMHOI0 4097 3HaUeHb.
V [2] 6y70 HafmaHO JeTaabHUI OMUC IUX JaHUX MO3KOBOi aKTMBHOCTI Ta MOKa3aHO
ixHi HemiHilHiI BracTuBOCTi. He3Baxkaiounu Ha Te, 110 Habip JaHMX MiCTMB 5 KiaciB
YaCOBUX PSIAiB, OiMBIIICTD MOCTIIKEeHb MPOBOAMIN OiHapHY Kiacuikalliro, me Kiaac
eITiJIeNNTUYHOrO Halany MOPiBHIOBABCA 3 pewiTow. Y [20] emisienTMyYHiI Hanmaau aiar-
HOCTYBAJIACS 32 JOIOMOIOI0 METO/IiB MalllMHHOTO HaBYaHHS, TAKUX SIK IITY4YHi Heli-
POHHI Mepexi, HaiBHMII 6aeciBCcbKMi1 KaacudikaTop, k-HakOoMDKUMX CYCifliB, METOZ,
OTIOPHMX BEKTOpiB Ta k-cepenHix. EKcIiepuMeHT IOKa3aB Ayske MoOpi pe3yiabTaTu:
IS GiNIBIIOCTI aJITOPUTMIB TOUHICTb 6iHapHOi Kinacudikaliii 3anmciB TpuBamicTio 23
CeKyHIM IepeBuiyBaia 99%.

CkIagHillIoOw 3aayer0 € BM3HAUEHHS Hamnaay B pasi 3HAaYHO KOPOTIIMX JAHUX.
VY Habopi JaHMX KOKHA YacoBa peasisailist 3 4097 3HaueHb Oysia po3fisieHa Ha 23 ya-
cTuHM 10 178 3HaueHb, IO BiamoBigano 1 cekyHmi. Y 1iii po60TIi MU BUKOPUCTOBY-
BaJIM BUIE3rajaHi 4acoBi peasizailii MO3KOBO1 aKTMBHOCTI OBXMHOO 178 3HaUeHb.
Ha puc. 1 nokasaHi yacoBi peasnizaiii EET' 3 1-ro kiacy (emniJiemTMYHMII Harag) y
BepxHiit yacTuHi (a) Ta peanisaliii 3 iHIIMX KIaciB y HWKHi yacTuHi (b). PucyHOK 2
MOKa3ye peKypeHTHi Aiarpamu, 10 BiAMOBiZal0Th YaCOBUM peasi3allisiM, IIpecTaB-
JIeHMM Ha PUCYHKYy 1. BapTo Bif3HauuTH, 1O MPAKTUUHO HEMOXJIMBO Bi3ya/ibHO

3HaMTU pisHUI MK Ki1acamu EET gk y peasnisalisix, Tak i B peKypeHTHUX fJiarpa-

Max.
a)
52 fﬂq 100 ‘ )
2 i /W M\W °
6)
PucyHok 1 - Peanizarii EET ermijienTMYHOro Hamajy a) Ta iHIIMX KJ1aciB 0)
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Heitpouni mepesxi g kiacudikarnii 300pakeHb
Ha cbOrofHiIHiii neHb, B 3B'I3Ky 3i 3pOCTaHHSIM O0UMC/TIOBA/IbHOI TTOTY>KHOCTI
Ta MOSIBOIO 6a3 JaHMX 300pa’keHb, TEXHOJIOTii KOMIT IOTEPHOTO 30pY CTA/IM IyXKe T10-
mvpeHnMu. CTaao MOXJIMBUM 3aCTOCOBYBATH 1l TEXHOJIOTI1 He JIMIIE B Pi3HUX Taly-
35X HAYKOBO-TeXHIUHOI AiSIIbHOCTI, ajie i1 y MOBCSIKAeHHOMY XXUTTi. Halikpaiii pe-
3yJbTaTH PO3Mi3HaBaHHS 300pakeHb MOKa3ajy IIIMOOKI HeipOHHI Mepexi, 30KpeMa
3TOPTKOBi HEMPOHHI Mepeski, sIKi, BiIMiHHO Bif 6araToiapoBoro mepienTpoHa, Bpa-

XOBYIOTb JBOBUMipHi TOMoJorii 306paskeHs [21,22].

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
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PucyHOK 2 - PeKypeHTHi fgiarpamu emiJIelITMYHOro Hallaay a) Ta iHIIMX KIaciB 0)

3ropTKOBi HEIPOHHI Mepeki OTPUMYIOTh O3HAaKM y 6araToIIapoOBOMY PeKUMi
"Big mouaTKy M0 KiHLs". [TocaiiskeHHS TToKa3asin, 110 3i 3poCTaHHSIM KiJIbKOCTi 11apiB
TOYHiCTb PO3Mi3HABAHHS He 30i/bIIYETHCS 3HAUHO: CITIOYATKY TOUYHICTh MOKEe 3pOcC-
TaTy He3HAUYHO, ajie UMM TIMObIe MU PO3IIMPIOEMO MepexXy, TUM Tipiiie BOHA MOYM-
Hae kinacudikyBaTi. lle moB's13aHO 3 TUM, 110 MepesKi HaBYalTbCSI METOIOM 3BOPOT-
HOTO MOIIMPEHHSI TOMWJIOK, i BHACTIIOK AMudepeHIliloBaHHs 3a IMPaBWIOM JIAHITIOTA
TPaIi€eHT 3aTyXa€ IJIsI JOCUTH INIMOOKMUX 1mapiB. I BupilneHHs 1iei mpobiemu Gyia
po3pobiieHa CTPYKTypa Mepeski 3i 3anuiikoBuMu 6okamu [23]. OcobauBicTio 3a1u-
IIIKOBOI1 Mepexi € Te, IO pe3yabTaT Kaacudikalii po3mmpeHoi Mmepexi He Oyje rip-
mMM 3a 6a3oBuit. OCHOBHA ifiest MOJISITa€ B 3aMiHi 3BMUYAIfHOIO IMOC/IiTOBHOIO 3'€/I-
HaHHS IIapiB Ha CKOpoueHe 3'¢qHaHHsS. CKOpOUeHi 3'€IHaHHS 00XOASATh KiJbKa IlIa-

piB i mepenaTh 3HaUEHHS BigxuaeHHs. IXHi BUXigHI JaHi JOZAIOTHCS 0O BUXITHMUX
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JaHMX TPyINoBuX mapiB. OCHOBHOI OOMHMUIIEIO 3a/JIMIIKOBOI MepexXi € IBa Lapu 3
Barammu, siki He 06OB'SI3KOBO € 3TOPTKOBMMM, Ta CKOpOUeHe 3'€qHAHHS, SKe MTPOCTO
riepena€e CUrHa/I Ha BUXif,

VY pamMKax eKcrepMMeHTy OyJjia BUKOpPMCTaHA 3a/JIMIIKOBA HeifpoHHA Mepexka 3
131 mapom 3 Baramu. Mepeska ckiagasnacst 3 11 okpemux ta 120 3'emHaHUX B GJIOKU
CKOpOoueHMX 3'emHaHb. [lepmi 127 mapiB npu3HaueHi AJji9 BUSIBJ€HHS XapaKTepuc-
TUK (03HAK), OCTaHHiI 4 BUMKOPUCTOBYIOTbCS IS 1OOYyAoBuU (yHKIINI Kiacudikairii.
['Mmnboka 3aaMIIKOBA HEMPOHHA Mepeska MiCTUThb HeCSITh OJIOKiB, TPU 3rOPTKOBUX
Iapyu Ta OAVH MOBHICTIO 3'€qHaHMII 1ap. Buxia oCcTaHHBOIO MOBHICTIO 3'€IHAHOTO
1Iapy MOJAaeThCs Ha JIOTICTUUHY (PYHKIIi0, SIka PO3MOZi/se Ha ABa Kiacu. HelipoHu B
TOBHICTIO 3'€JHAHOMY IlIapi 3'€qHaHI 3 yciMa HelipoHaMM B IonepeaHboMy 1api. ITi-
IBMOiPKOBI MIapy CTIAYIOTH MiC/IST IPYTOTO Ta TPETHOTO 3TOPTKOBMUX IMapiB. DYHKITiS
ReLU BMKOPUCTOBYETHCS IS BUXOIY KOXKHOTO 3TOPTKOBOIO Ta MOBHICTIO 3' € THAHOTO
mapy. [Ijis1 HaBUaHHS Ha MepeXXi BUKOPUCTOBYBABCS aJallTUBHUIA aJITOPUTM OTITUMi-
3allii MBMAOKOCTI HaBYaHHSI Adam.

EkcriepuMeHT, pe3yJIbTaTy Ta 0OrOBOPEHHS

EkcriepuMeHTaIbHi AaHi 6yau B3sTi 3 [19]. Habip maHux MiCTUTh 3alucy MO3-
KOBOi aKTMBHOCTI 17151 6;3bKo 500 ocib rmpoTtsirom 23,5 ceKyHAM, SIKi CKIaaaloThCs 3
4097 3HaueHb. B pe3synbTaTi 6yso oTpumaHo 11500 yacoBux psifiB AOBKMHOIO 178
3HauYeHb [J151 iHTepBaly 1 CeKyHa.

EkcriepuMeHT crioyaTKy OyB IpoBemeHMii Ha BuOipili 3 7500 peanisatiit (6000
6e3 Hamragy / 1500 3 Hanmagom), ge 6000 BUKOpUCTOBYBaINCS AJ1s1 HaBUaHHS, a 1500 -
111 TecTyBaHHS. PesynbTaTu Kiacudikailii mpeacrasiieHi y maTpuili mommiok (Ta6-
nungs 1), me cumBoJ P 03Havae, 1m0 00'eKT KaacupikKOBaHO SIK HAJIEKHUI MO3UTUB-
HOMY KJacy (Hamag), N - HalleXHiCTb 10 HeraTMBHOTO Kiacy (6e3 Hamazny), cumBos T

IMOKa3ye, 1o Kiaac 6YB BU3HAUEHUM IMpaBUJIbHO, a F - HeIIpaBUJ/IbHE BU3HAYE€HHH.

Tabmuisg 1
MaTpuiisi HOMUIOK
CripaBsKkHili K1ac
3HauyeHH4 Haman bes Hamany
CriporHo3oBannii | Hamap 279 (TP) | 9 (FP)
KJ1ac bes Hamany 21 (FN) | 1191 (TN)

Ha ocHOBi MaTpuili moMmwiIok Oy/iu obumcieHi kiaacudikalliitHi MeTpuKM, sIKi
npencrasiiedi B Tabnmuii 2. BapTo 3a3HaunTy, 10 pe3ynbTaTy Kiacudikailii, orpu-
MaHi B JaHiii poOOTi Ha OCHOBiI MeTOJy Bisyasi3allii peKypeHTHMX rpadikis, He moc-
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TYIAIOTHCS 3@ TOYHICTIO pe3yyibTaTaM, OTpMMaHuUM y [21] 3a OMMOMOrOI0 KiJIbKOX Pi-

3HUX KIacudikaTopis.

Tabmuig 2
Knacudikaiiitai MeTpuku
Bumip [Tpumnagok(icTMHA)
TouHicTb (Accuracy) 0,98
BnyunicTb (Precision) 0,96875
IToBHOTa (Recall) 0,93
F1 mipa (F1 score) 0,94898

[[106 BM3HAUMTH BIUIMB PO3Mipy BMOiIpKM Ha SIKiCTh Kiacudikailii, 6yB BUKOPHU-
cTaHuit Bechb Habip maHux, ne 8500 peastizariiii 6yyo BubpaHo ajst HaBuaHHs u 3000 -
IJIsT TecTy. 3HaueHHSI KBadiikaliliHMX MeTpPUK He BiApi3HSIMCS CYTTEBO Bin pe-
3yJIbTATiB, MOJAHMX B TA0JI.2.

Takosx Ha BMOpaHOMY Habopi maHux OyJa MpoBeAeHa 6araTokiacoBa Kiaacudi-
Kallisi MO3KOBOi aKTMBHOCTI [IJISl pi3HUX CTaHiB JIIOAMHY, e HOMep Kjacy BianoBigae
BignmoBigHum EET : 1-71 - enuiennTMYHMIA Hamagy, 2-¥ - 30Ha MyXJAMHU, 311 -300pOBa
yacTUHA MO3KY, 4 - 3aKpPUTi oui, 5- BigkpuTi oui. TouHiCcTh pe3yyibTaTiB Kaacudika-

1Iii, IpeacTaB/ieHo B Ta0JI. 3.

Tabauig 3
Knacudikaiiiini meTpuku

Knacu TouHicTb
1,2,3,4,5 0,83
1,3,4 0,93
4,5 0,87
3,4 0,97

BucHOBKU

VY po60Ti 6y/10 pO3IJITHYTO NOCUTH HOBMIA TiJIXif A0 BUPillIeHHS 3aBAaHHS KiIa-
cudikallii yacoBux psAiB Ha Mpukaami peanisaniit EET. 3amporioHoBaHMIA Miaxin,
3aMiCTb 0a3yeTbCs Ha MIepeTBOPEHHI psIiiB B 300paskeHHSI Ta MOAabIIii kinacudika-
1Iii OTpMMaHMX 300pakeHb 3a IOMIOMOTIO0 ITMOOKMX HEMIPOHHMX MepesK. s reper-
BOpPEHHSI YaCOBUX PSiB Y YOpHO-Oisle 3060paskeHHs] BMKOPUCTOBYBasacsl 1obymoBa

peKypeHTHUX Jliarpam.
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B sikocTi knacudikaTopa ajis 300paxkeHb Oyia BuOpaHa Mepeska IIMO0Koro 3a-
JIMIITKOBOTO 3B'SI3KY. 3ilicHIOBaacs 6iHapHa Knacudikaris pearisaniit EET, 1o mic-
TWIN 3alMCU eMMiJIeNITUYHOro Hamamy. [ eKcriepMMeHTY BUKOPUCTOBYBAIMCS JaHi
3 aKTUMBHOCTiI MO3Ky 3 178 3HaueHHSMMU, 10 BiAmosigae 1 cexkyHpi. Pe3yabraTom 0i-
HapHOi Kinacudikaiii 6yj0 BUSIBJIEHHS eIiJIENTUYHOTO Haranay. Pe3yiapraTi mokasa-
7N, 10 PO3IJISIHYTUI MeTo[ Kinacudikailii Mae JOCUTh BMCOKY TOUYHICTh Kaacudika-
1Iii HaBiTh IIpM KOPOTKIiii moBxkuHi peaniszariin EET. [TokasHMKM SKOCTi Kaacuikairii
- TOYHiCTb Ta F1-Mmipa - mopiBHIOBaau BignosigHo 0,98 ta 0,94898.

[IpoBeeHMI1 eKCIepUMMEHT ITiATBEPAMB YCHILIHICTh IMiAXomy no kiaacudikarrii
YyacoBMX pSAiB 3a iX Bisyasisailiero. Ilomanbliie moKpaleHHsT SIKOCTi kiaacudikaiii
MOK/IMBe ABOMa ciiocobammu. [lepiinii - 1ie MOKpallleHHS apXiTeKTypyu HelipoHHOIi
Mepexi, a IpyTruit - po3pobKa MeTOIiB 30i/IbIIIeHHS Bi3ya/JIbHOI BiIMiHHOCTI MiX pe-
KYpPeHTHMMM JiiarpaMaMM Pi3HMUX KJIaciB 4yaCOBUX PSIAiB.
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Application of recurrent analysis to classify realizations of encephalograms

The current state of science and technology is characterized by a variety of methods
and approaches to solving various tasks, including in the fields of time series analysis
and computer vision. This abstract explores a novel approach to the classification of time
series based on the analysis of brain activity using recurrent diagrams and deep neural
networks.

The work begins with an overview of recent achievements in the field of time series
analysis and the application of machine learning methods. The importance of time series
classification in various domains, including medicine, finance, technology, and others, is
emphasized. Next, the methodology is described, in which time series are transformed
into grayscale images using recurrent diagrams. The key idea is to use recurrent dia-
grams to visualize the structure of time series and identify their nonlinear properties.
This transformed information serves as input data for deep neural networks.

An important aspect of the work is the selection of deep neural networks as classifi-
ers for the obtained images. Specifically, residual neural networks are applied, known for
their ability to effectively learn and classify large volumes of data. The structure of such
networks and their advantages over other architectures are discussed.

The experimental part of the work describes the use of a dataset of brain activity,
which includes realizations from different states of a person, including epileptic seizures.
The obtained visualization and classification methods are applied for binary classifica-
tion of EEG realizations, where the class of epileptic seizure is compared with the rest.
The main evaluation metrics for classification are accuracy, precision, recall, and FI-
score. The experimental results demonstrate high classification accuracy even for short
EEG realizations. The quality metrics of classification indicate the potential effectiveness
of this method for automated diagnosis of epileptic seizures based on the analysis of
brain signals.

The conclusions highlight the importance of the proposed approach and its poten-
tial usefulness in various domains where time series classification based on the analysis
of brain activity and recurrent diagrams is required.
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K.IO. OctpoBcbka, M.O. lllepctaunx, I.B. CtoBmuenko, 10.0. Kanibepga
OJOCJIIPKEHHSA EOEKTUBHOCTI INIAT®OPM VIIPABJIIHHS
OBYMCJIIOBAJIbBHUMU CEPBICAMM ITPU OPTAHI3AIIII FOG COMPUTING

AHomauis. Poboma npucssdyeHa 00CTIOXeHHI0 epekmusHoCcmi naamgopm ynpasiiHHa 064uc
JII0B8ANbHUMU Cepsicamu npu opeaHisayii Fog computing.

B pamkax pobomu npoBadumscs 00CNi0XeHHs eghekmusHocmi naamgopm KoHmelHepHoOi opke
cmpayii 3 opeanisayieto Fog computing.

Y x00i nposedeHHs 0ocnioxeHHs HeobXIOHO BUKOHAMU MaKi 3a80aHHA: 1) 3pobumu niobip ni
mepamypu, Haykosux nybaikayili ma IHmepHem cmamedl, HeobXiOHUX O/ NPoBedeHHs 00CAi
OXeHHA; 2) 30ilicHumu 027140 n1amgopm KOHmelHepHoi opkecmpayii; 3) susHayumu Ka4081
gumoau ma Kpumepii nposeOeHHsa O0CNIOKeHHA; 4) cnpoekmysamu ma peanizysamu ymuaimy
asmomamuyHo20 npogedeHHs BunpobysaHs; 5) BUKOHamMuU 00CNIOXeHHsA epekmusHocmi niam
opm KoHmeliHepHOT opKecmpayii 3 o0p2aHi3ayie MyMaHHUXx obyucieHs, 6) npoaHanizysamu
OMpUMaHi pe3ysbmamu ma 3pobumu cynymHi BUCHOBKU.

OpaaHizyembcs po3zopmarHs Docker koHmeliHepis. []ns cmBopeHHs Kiaacmepa BUKOpPUCMOBY
emsca Docker Swarm. Bupiwytombca 3a80GHHA BUMIPIOBAHHA HACMYNHUX NAPamMempig: 4ac po3
20pMaHHA 00HO20 KOHMeliHepa, 4ac po320pMAaHHA 2pynu KoHmelHepis, 4ac 8id2yKy 3a0a4i 20
PU30HMANIbLHO20 MACWMAbYBAHHS, 4aC 3ampumMKu nepedayi. [1poBOOUMbCS AHANI3 00ePKAHUX
pe3ysnbmamis 8unpobysaHs.

Knwo4osi cnosa: fog computing, ymunima, docker, docker koHmeliHep, docker swarm, 20pu3oH
masnbHe Macwmabys8aHHs, KoHmeliHep, niamgopma, iHmepHem peyell.

AKTya/JIbHICTh Ta IIOCTAHOBKA MpoOieMu. Ha chOromHimHiii meHb, KOJN
TEeXHOJIOTii iHTepHeTy peyeii Ta HaJAHHS XMapHMUX 00UMCIeHb SIK TIOC/IYT BIIEBHEHO
3HaXO[SITh CBOE 3aCTOCYBAHHS, PO3BMBAIOTHCS HOBi 00UMC/TIOBAIbHI KOHIIEIIIii, 30K-
peMa TeXHOJIOTil TyMaHHMX 00umcieHb. [laHuit Bup OOUYMCIIEHb I0OCi € HOBOIO
TEXHOJIOTi€10, SIKa Ti/JIbKY MTOYMHAE HAaOMPaTH CBOIO ITOMYJISIPHICTb.

[TapagurmMa XMapHMX OOUMCIEHb CIIpUSIA PO3BUTKY HaJaHHS OOUMCITIIOBAJIb-
HUX CepBiciB Ta iHQPACTPYKTYp SK IOCIYT, IO JO3BOJWIO 3a0UaAUTH KOIITU Ha
CTBOpPEHHS Ta 0OC/IyTOBYBaHHS BJIACHOI 00UMC/IIOBA/IbHOI iHQpaCTpyKTypu. Y 1IbOMY

cepemoBMIIi CITPOIIEHO Ta aBTOMAaTM30BaHO MacIITabyBaHHS MOMATKIB JJisI 3aJ0BO-
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JIeHHS MOTped B yMOBax BMCOKOTO HaBaHTaxKeHHsS. BipTyasisallis € K/IIOUY0OBOIO
TEeXHOJIOTi€10, 10 3abe3meuye 1Ii MOK/IMBOCTI. B JaHuMii yac KOHTeliHepu3allis cTaia
TIOIYJ/ISIPHOIO aJbTE€PHATUBOIO BipTyaJIbHMM MalllMHaM i Habysa MPOKOro 3acTocy-
BaHHS, y pe3y/JbTaTi IHCTPYMEHTM OpKecTpalil CTaauM HeBiJ €MHOI YaCTUHOIO
XMapHuX o6uucieHb. HesBaxkalouum Ha yCIilllHE 3aCTOCYBaHHSI TeXHOJIOTil
KOHTelHepu3allii, moci XmapHi 0O0uMc/IeHHSI He 3a0e3MeuyioTb HaJIeSKHOTO
BiJIMOBiAHOCTI KPUTEPiSIM TeXHOJIOTii [HTepHeTy peueii [1]. YripaBiiHHS CIy>k6aMu,
PO3TOPHYTMMM B TYMAaHHOMY OOUYMC/TIOBATbHOMY CepeOBMII, € CKIaJHMUM 3aBJaH-
HSI, a iHCTpYMEHTM KOHTelHepu3allii Ta opKecTpallii peasi3yiTh ii 6e3mpobiemMHe
BIIPOBAJKeHHS Ta BUKOPUCTAHHS [2].

Takum uMHOM, HAOCTIIKeHHS e(@eKTUBHOCTI maaTdhopmM KOHTEHHEepPHOi
OpKecTpallii Ipu opraHisailii TYMaHHMUX OOUMC/IeHb € aKTyaJbHUM 3aBIAHHSIM pPO3-
BUTKY KOHIIEMIIii TYMaHHMUX 00UMCIIEHb.

B pamkax po60Tu opraHi3yeTbcsi posroptaHHs Docker-koHTeitHepiB [3]. s
CTBOpPEHHS KjacTepa BUKOPUCTOBYETbCS Docker Swarm. BupinryioTbcsl 3aBOaHHS
BUMMIipIOBaHHSI HAaCTYITHMX MapaMeTpiB: YaC PO3rOPTaHHSI OJHOIO KOHTeliHepa, uac
pPO3TOpPTaHHS TPYNM KOHTelHepiB, yac BiryKy 3afaui TOPM30HTAIbLHOTO MaciITaby-
BaHHS, Yac 3aTpUMKM Tepenadi. [[poBoaAUTHCS aHali3 ofep>KaHUX pe3yJbTaTiB BU-
poOyBaHb.

OcHOBHiI Marepianu aocaigKeHHs. [IJs1 JOCTOBipHOTO IOC/TiIKeHHS [JIs
pi3HMX iHCTPYMEHTIiB KOHTEHEepHOI opKecTpallii HeOOXiTHO CTBOPUTHU imeHTUYHI
YMOBM BMKOHAHHSI TECTYBaHb i IIPOBECTU Psif] IIOBTOPEHb KOXKXHOT'O BUIIPOOYBaHHS
NI OOCATHEHHS JOCTOBipHMX pes3ynbTaTiB. [IJII 1bOTO CKOPUCTAEMOCS
BipTyaJIbHMMM MalllMHAMM, 110 HajaThcst Amazon Web Services.

JlJis1 MOCTOBIPHOCTI pe3y/ibTaTiB MPOBeleHHSI BUTIPOOYBaHHSI HEOOXiTHO po3po-
OUTK YTWIITY aBTOMaTUUHOTO MPOBeJeHHS BUIPOOyBaHb, sika Ma€ 3abe3reuyBaTu
HACTYITHUI QyHKIioOHaT:

- MOJKJIMBICTh HaJIAITyBaHHS, BUOip Ta 3aIyCK BUIIPOOYBAHHS;

- MOHITOPYHT ITOTOYHOT'O BUITPOOYBAHHS;

- IeMOHCTpallisl pe3y/IbTaTiB BUTIPOOYBaHHSI.

[y ommcy BapiaHTIB BUKOPUCTAHHSI YTUIIITM pO3pOOJIeHO JiarpaMy BapiaHTiB
BUKOPUCTAHHS (AMB. pUCYHOK 1) — miarpama, 110 Bifmo6paskae BiTHOCMHM MiK aKToO-

paMu Ta MmpeliegeHTaMu.

102 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 6 (143) 2022 «System technologies»

YTrniTa aBTOMaTHIHOTO IpOBEACHHA EHHPUGYB&HL

Hanamrypasus
BHIPoOYyBaHb

3anyek
BHIPOOYBaHDL

Koprierypas

Mouitopuur
HOTOYHOTO CTAHY
BUIIPpOOYBaLL

Bujanenns
CIIEMEHTIB MHHYJIOI0
BHIPOGYBAHHS

PucyHok 1 - Jliarpama mpereieHTiB YTUIITY aBTOMaTUYHOTO

IIpOBeJeHHS BI/IHpO6YBaHb

Jyist Toro, mo06 BMMIpSITM Yac MPOBeOeHHSI BUIIPOOYBaHb, Oy/I0 0OpaHO MPUH-
LIMIT 3BOPOTHOTO Bifir'yKy KO>XKHOTO PO3TOPHYTOrO KOHTelHepa [4], SKUil MoJsrae B
HACTYITHOMY:

- 3aITyCKA€TbCSl CayXad (cepBep), SKMII TIpUIIMae MOBIZOMJIEHHS Bifj
KOHTelHepiB (K/ITi€HTIB);

- cayxau Gikcye yac 1movyaTky BMUIIPOOYBaHHS Ta TMpUiiMae BCi MOBigOMIIEHHS,
HaZiC/IaHi KOHTeHepaMU IIiJ Yac pO3rOpTaHHS, Ta IOKA3ye yac BiITyKYy.

[lIo6 oTpMmaTy 4Yac BMIPOOYBaHHS, HEOOXiAHO Bif 4yacy OCTaHHBLOI'O BiATyKy
BiIHSATYM Yac IOYaTKy BUIIPOOYBaHHSI.

HaouHO NpMHILMIT 3BOPOTHOTO BiATYKY KOXXHOTO KOHTeltHepa MOsKHa I00aunTu

Ha PUCYHKY 2.
INorigoMIeHH"
CITYXa4EEi PO CTAPT ITouatoK
EHITP 0O YEaHEA
e Hanpimaiap, cepsic
SBH}ICI\ pOSTOpTaETECAE £
CepBiCcy KoHTefiHepax
I
y k.
Cryxau Konteimep 1 [Konreimep 2 |Kontedinep 3 [KonTeimep 4 —@ncma}m 3aImMTy
3
Crmyxau
thikcye qac
KOEHOTO ATy

PucyHOK 2 - [IpyHUIMIT 3BOPOTHOTO BiATYKY KOKHOT'O KOHTeliHepa
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[yig aBTOMAaTM3allii IpoBeIeHHsI BUIIPOOyBaHb OyJIO pO3pOOJIEHO YTUIITY aB-

TOMaTUYHOI'O PO3TOPTAHHS Ta MacIITabyBaHHSI KOHTefHepiB MOBOIO bash.

byiok-cxemy YTUIIITM TPOAEMOHCTPOBAHO HAa PUCYHKax 3— 4.

TlouaTor

HI 3amveK
KOHTEfHEpY S
TTOE{TONITEHHANM
— "'start”
Samyek
KOHTeIHepy 3 | Bunanexna
e Posropramn cepeicy
= OHOTO
KOHTeiHepy
Pasropranma PosropraHus
TPy TPV 3
KOHTeHEepPIE R VIHHYE .
KOHTeilHepiE KOHTelHepiE
3amyeE
KOHTeHepY 3
TIOE{A0MIEHHAM
statt Bumanemma
| KOHTefHepiE
Macwrabveanna 4|—
Bumanemma
obpasie
KoHTefHepis
Kineme
PucyHok 4 -
PucyHoK 3 — Biok-cxema yTuititi (bparmeHT 1) Biiok-cxema yTmmiTi
(bparmeHT 2)

[l TIpoBeieHHsT JOC/IiakeHHS 6y/10 o6paHo Amazon Web Service sk cepsicy,

1110 TIPOTIOHYE MOCTYTY BUKOPUCTAHHST 00UMC/TIOBAIbHUX TTOTY>KHOCTEIA.
[y mpoBeieHHsT BUITIPOOYBAaHb HaM 3HAAO00/IIThCS BipTyaabHi MallMHU PiBHS

t2.medium (vCPU: 2, RAM: 4 I'6) y KiibKOCTi 3 eK3eMIUISIpiB 3 BCTaHOBJIEHY

ornepaiiiiiHoo cuctemoro Ubuntu Server 16.04 LTS.
CTBOpMMO Ta MpOiHilliasisyeMo BipTyaabHi MaliMHM (PUCYHOK 5).
MManager i-069d5e8c7503faalf t2 medium us-east-1f @ running
Waoarker i-0b193f189808f2a40 12 _medium us-east-1f @ running
B Worker i-0ba%elBc1a?B8aabb 12 medium us-east-1f ) running
PucyHok 5 — BipryasnbHi mauiay B AWS
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Tak SK BipTya/IbHi MalllMHM He MiCTSITh HEOOXigHOIO IonepeJIHbO BCTaHOBJIE-
HOro IporpaMHoOro 3abesmeueHHs! (Docker), BCTAaHOBMMO Ha KOKHiil BipTya/bHOIi
MAalllHY JI0T0 BPYYHY.

Jsist BcTaHoB/eHHsT Docker Ha BipTyasibHI MaliMHM 3BepHEMOCS 10 odiliitHoi
IOKyMeHTallii 3a iHCTPYKIIi€l0 i3 BCTAHOBJIEHHS.

BukoHaeMO MO uyep3i HACTYIHI KOMaHAM KOXKHOI 3 BIPTY&JIbHUX MallUH

(PUCYHKM 6 - 7):

5 sudo apt-get update

% sudo apt-get install
apt-transport-https \
ca-certificates
curl \
gnupg-agent \
software-properties—common

PucyHok 6 - Komanau ycraHoBku Docker (pparmeHT 1)

3 curl -£sSL https://download.docker.com/linux/ubuntufgpg | sudo apt-key add -
3 sudo add-apt-repository

"deb [arch=amde4] https://download.docker.com/linux/ubuntu

% (lsb_release -c3)

stable"

5 sudeo apt-get update

5 sudo apt—get install docker-ce docker-ce-cli containerd.io

PucyHok 7 - Komanau ycraHoBku Docker (pparmeHT 2)

[TepeBipMMO CTaH BCTAHOBJIEHOTO MPOrPaMHOrO 3abe3IevyeHHsS Ha KOXHil

BipTyasnbHiil MallIMHi:

ubuntu@ip-172-31-67-190:~5 docker info
Profile: default
Eernel Version: 4.4.0-1105-aws
Operating System: Ubuntu 16.04.6 LTS
O05Tvpe: linux
Architecture: xB& &4
CPUs: 2
Total Memory: 3
Name: ip-172-31-&7

Pucynok 8 — Bukonanust komanau docker info Ha Manager (bparmeHT)
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ubuntu@ip-172-31-64-148:~5 docker info
Profile: default

FEernel Version: 4.4.0-1105-aws
Operacing System: Ubuntu 16.04.6 LTS
0STvpe: linux
Architecture: x8
CPUs: 2
Total Memory: 3.858G
Name: ip-172-31-64-1

(s3]
(s3]
o

PucyHok 9 — Bukonannst komanau docker info na Worker 1 (pparmenr)

ubuntu@ip-172-31-69-190:~5 docker info
Profile: default
FKernel Version: 4.4.0-1105-aws
Operating System: Ubuntu 16.04.6 LTS

0S5Tvpe: linux

Architecture: x86_ 64
CPU3: 2

Total Memory: 3.858GiB
Name: ip-172-31-65-1850

Pucynok 10 — Bukonanust komanau docker info na Worker 2 (pparmenr)

Sk My 6aummo 3 pucyHkiB 8 — 10, mporpamHe 3abe3mneueHHs: Docker ycminiHo

BCTAHOBJIEHO Ha KOXKHii1 BipTyaJibHili MalllMHi.
IlIo6 cTBOpUTHM KIacTep, HeOOXimHO BMKOHATM KoMaHmy docker swarm init --
advertice-addr [advertise-ip]:2377, me advertise-ip — [P-agpeca BipTya/ibHOI Mallu-

HHA, ne nepen6aqaeTbCH 3aIlyCK ynpaBnHquo'l' HOOM.

ubuntufip-172-31-67-180:~5 docker swarm init --advertise-addr 172.31.87.1%0
Swarm initialized: current node (laxxwd7ck94i60dg8411t0vma) is now a manager.

To add a worker te this swarm, run the fellowing command:

docker swWwarm join —-—token SWMTEN-1-
3dcppkufdai®lhzcmcepjfz75n7lngwhngkmxvrlckxZklTdou-07npiZzctB3ildsmhgffzums3
172.31.67.190:2377

To add a manager to this swarm, run "docker swarm join-token manager' and follow

he instructions.

Pucynok 11 - 3anyck knacrepa Docker Swarm

Kepytoua Hoza 3artyiieHa, KjiacTep TOTOBUIA 0 ToJaBaHHS poO0UMX HO,.
IlIo6 momaTy poboUi HOAM B KIACTep, BUKOHYEMO KOMAaHIy 3 BUCHOBKY Pe3y/ib-
TaTy Komauau jgictuHry N: docker swarm join —token [token] [manager ip]:[manager

port].
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ubuntu@ip-172-31-64-148:~3 docker swarm jein -—tcken SWMTEN-1-

34oppkufdaifZhzemcbpjfz75n7 lngwhngkmxvrlckx2kl7dtu-0TnpiZzct83il 9smhgf fzume3

This node jeoined a swarm as a worker.

PucyHok 12 — [TomaBaHHS po60o4oi Hoau 1

ubuntu@ip-172-31-69-190:~3 docker swarm Jein -—tcken SWMTEN-1-

34oppkufdai®Zhzcmchbpjfz75n7lngwhngkmxvrlckx2kl 7dtu-0TnpiZ=ct83i1l 9smhgffzume3

This node joined a swarm as a worker.

PucyHok 13 — [lomaBaHHS po6040i HOIM 2

[TepeBipumMo HOAM K1acTepa koMaHmoio: docker node ls.

wbuntu@ip-172-31-67-190

10 STATUS AVAILARILITY MANAGER 3TATUS ENGIKE VERSION
pcuflmfimgwglrrwisd32ibd ip-l72-31-64-148 Beady AcTtive 1%.02.9
laxxwdTck94i60d4g8411tlvma * ip—-172-31-67-130 Beady AcTtive Leaderx 1%.03.9
sobubdalssTifygimloyonlcs ip—172-31-68-1580 Beady Active 1%.02.89

PucyHoK 14 — Bukonanus komauau docker node Is

3 pucyHkiB 11 — 14 BMUIHO, IO KJIacTep CTBOPEHO. SIK MM MOKeMO 6aunTy Ha
pucyHky 14, Homa ip-172-31-67-190 € kepywouorw, a Hoau ip-172-31-64-148 Tta ip-
172-31-69-190 € pobGiTHUKaAMMU.

3peliTo0, MM MOKeMO 3pOOUTM BUCHOBOK IIPO Te, IO KIacTep 3alylieHui i
TOTOBMIA 10 TIPOBEeIeHHS AOC/iAKeHHS.

[l opraHisailii 00MiHy OBiIOMJIEHHSIMM BUKOPUCTOBYEMO MepesKeBY YTUIIITY
orepaiiriHoi cuctemu Linux Netcat.

CTBOpMMO cayxaua, SIKMii TpuiiMaTuMe IMOBigoMJIeHHS i dikcyBaTMme uac
MIpUXOAY MOBiJOMIEHHS 3amucoMm y ¢aiin result.txt. Koa ciiyxaua mpogemMoHCTpOBa-
HO Ha PUCYHKY 15.

#!'/bin/bash
ifeceonfig

while true; do ((nc -1 4789 »> result.txt exit]) && printf "5 (date +%s%N | cut

-k1-13) \n" »> result.txt); done

PucyHoKk 15 — Peasizaiiisg ciyxaua (server.sh)
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3a mommomoroi Dockerfile cTBoproeTbcsl KOHTeliHep-KITieHT (client:v2).

KoHTeltHep-K/Ii€HT BUKOHYE ABi QYHKIIii:

- BcraHOBIIO€ 3'€fHAHHS 31 CTyxXaueM;

- Hapcuiae iiomy moBimomiieHHS «start».

Kop koHTeltHepa-KkirieHTa (client:v2) mokazaHo Ha pUCYHKY 16.

FROM ubuntu

BUN apt update && apt—get imstall -y netcat
CMD ((echo "start™) | (nc 172.31.67.190 478% | exit)) && while true; do echo
"msg"; sleep 1l; done;

PucyHoOK 16 — Peasizaliiss KoHTeitHepa KiieHTa (client:v2)

3a mommomorow Dockerfile cTBopioeTbCsl KOHTeliHep-KiIieHT (client:vl).
KoHTeliHep-K/Ii€HT BUKOHYE OBi QYHKIILIi:

- BcTaHOBIIIO€E 3'€fHAHHS 3 KOHTEMHEPOM-ClIyXaueM;

- Hapcmitae oMy NoBigOMIEHHS «message».

Kop koHTeliHepa-kiieHTa (client:vl) mpoaeMOHCTpOBAHO HA PUCYHKY 17.

FROM ubuntu

EUN apt update && apt-get install -y netcat
CMD ({echc "message") | (nc 172.31.67.19%0 4782 | exit)) && while true; dc echo
"msg"; sleep 1l; done;

PucyHok 17 — Pearizailis koHTeliHepa KiieHTa (client:v1)

Ilj1s mpoBeAeHHS OOCTi)KeHb BUKOPUCTOBYEMO YTUJIITY aBTOMATUYHOIO TPO-
BeJleHHS BUTIPOOYBaHb i3 KJIIOUaMu:

- A (Bunpo6yBaHHS "OOMH KOHTeHep");

- B (Bummpo6yBaHHS "T'pyra KOHTeltHepiB");

— C (BunpobyBaHHS "Topu3oHTa/IbHe MaciITabyBaHHS").

[IpogeMOHCTPYyEMO IPOIeC pO3TOPTaHHS TPYIIM KOHTEMHepPiB Ha aiarpamMi po3-

ropTaHHs (pUCYHOK 18).
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Manager

Crayxau

Worker 1 Worker 2

PucyHoK 18 — [liarpamMa posropTaHHS [Jisl BUIIpoOyBaHHS "I'pyIia KOHTeiiHepiB"

Ha pucynkax 19 — 20 MoskeMo 6aunTy IIpOBeIeHHSI BUITPOOyBaHHS «OIMH KOH-

TeﬁHep» 3a JOIIOMOI'0OKO YTI/IHiT]/I dBTOMATMYHOTI'O ITPOBEAEHHSI BI/IHpO6YBaHb.

-
A

Pucynok 20 - Ilepersisip ciyxauiB

IToBTOpUMO BUpobyBaHHs 10 pa3iB i mpeacTaBMMO OTPUMMAaHi JaHi TabJUMIHO-
MY BUTJISAL (AUB. Tabauio 1).

Tabmuus 1
PesynbTaTyt BUIpo6byBaHHs "OAMH KOHTeltHep"

N t ts i3 ty ts ts t; ts to t1o
1 1852 1260 1866 2480 1072 1773 1130 24046 1857 22146

ne N — KiJIbKiCTb KOHTelHepiB, ti-10 — YaC BUKOHAHHSI BUTTPOOYBAHHS Y MiTiceKyH/aX.

Ha pucynkax 21 — 22 moxkeMo 6auuMTH ITpPOBeIeHHS BUIpoOyBaHHS "I'pyra

KOHTeltHepiB" 32 JOITOMOTOI0 YTUJIITY aBTOMAaTUYHOTO ITPOBeIeHHSI BUTIPOOYBaHb.
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PucyHok 22 — Ileper/isif JaHUX C/IyxauiB

[ToBTOpMMO KOkHe BUMpoOyBaHHS 10 pasiB i mpeacTaBMMO OTpUMaHi AaHi B

TaOJIMYHOMY BUTJISIAL (IMB. TAOIMLIIO 2).
Tabauis 2

Pesynbraty BuUpobyBaHHs "I'pyna KoHTeliHepiB"

N 5] t: t3 ty ts ts ts ts to t1o
2 1814 | 1793 | 1797 | 2384 | 2000 | 1800 | 1761 1139 1904 | 2168

4 1921 2386 2069 1914 1829 2875 1785 1822 2350 1736
8 2624 33835 2585 2531 3317 2575 2235 2960 277 2538

16 4505 3728 3300 4217 3719 3906 4251 3973 4219 4793
32 6026 G2EE 6420 6191 6311 6813 6938 5804 6103 7178
48 2442 0132 7911 8437 8628 8071 7822 8365 T681 8411
64 0693 0003 10774 9766 10533 9043 10811 0836 0678 10234
128 | 18750 | 19600 | 19318 19266 19306 19416 18939 18859 19400 19056
150 | 23761 | 23284 | 23616 | 22577 | 23173 23256 | 23002 22013 | 23533 23640

Ie N — KiJIbKiCTb KOHTeIHePiB, ti-10 — YaC BUKOHAHHSI BUITPOOYBAHHS Y MiTiceKyHIaX.

Ha pucyHKy 24 MoskeMO 6a4uTH, 110 3i 3061/IbIIIEHHSIM KiJTbKOCTi KOHTEIHEePiB,
110 po3ropratThcs 10 180, Kepyroua HOJLA He CITPaB/SETHCS 3 JAHUM 3aBIAHHSIM 4e-
pe3 HaBaHTaXeHHS Ha sApa Iporecopa, ska pocsrae 100%, mo mpusBOOUTH [0

MIPUMYCOBOTO 3aBepIlleHHSI KOMaHAM PO3TOPTaHHSI.

110 ISSN 1562-9945 (Print)
ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 6 (143) 2022 «System technologies»

sh -B 180

Pulling from
£7 d3: pull
Pull

B =c2-34-231-243-249.compute-1.amazanaws.com - PuTTY - . ﬁ

PucyHok 24 — PosropranHs 180 KkoHTeliHepiB

Ha pucyHnkax 25 - 26 MokemM0 0a4MTH IIPOBeeHHsSI BUTPOOyBaHHS «['OpM30H-

TaJIbHE MaCH_ITa6YBaHH$I>> 3a JOIIOMOI'0OKO YTI/I)IiTI/I dBTOMATUYHOI'O BI/IHp06YBaHHSI.

o oo Oy O % Oy O

PucyHok 25 — T'opu3oHTa/IbHE MacHITabyBaHHS 3a JIOTIOMOTOI0 YTUJTITH
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message

1521528241328

STart

PucyHOK 26 — Ileper/isi JaHUX C/IyxauiB

[ToBTOpMMO KOkHe BUIpoOyBaHHS 10 pa3siB i mpeacTaBuMMO OTpUMaHi JaHi B
TaOMMUHOMY BUIJISIAI (IMB. TaGIUIIIO 3).
Tabnuiga 3
PesynbTaTyt BUIIpobyBaHHS 'TopM3oHTaIbHe MacliTabyBaHHS"

N-M 1 ta ta t4 itz ts ts ts tg t1o
1-16 4043 4028 3073 3922 3914 3693 4388 3089 3338 3590

16-64 7525 6972 7770 7636 7837 1079 8734 6912 6772 6279

ne N — BuximHa KiJbKiCTh KOHTeliHepiB, M — KiHIleBa KiJbKiCTb KOHTelHepiB, ti-10 —

yac BUKOHAHHSI BUTTPOOYBAHHS Y MiTiceKyHaX.

Ha pucynkax 27 — 35 MoskeM0 6aunTy ITPOBeIeHHS BUITPOOyBaHHS «Latency».

ubuntu@ip-172-31-64-148:~5 docker network create %

> —--driver overlay \

> —-subnet 10.0.%.0/24 %
> --opt encrypted \

= my-network

tog9fcmchbwwyglollstjvot47

PucyHok 27 — CTBOpeHHS Mepexi
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ubuntu@ip-172-31-64-148:~5 docker network ls

NETWORE ID NAME DRIVER SCOPE
Oebaceeftda bridge bridge loecal
cb51%c8bbceh docker gwbridge bridge local
8abeaf94282d5 host host local
c0bi3i7g366b ingress overlay swarm
togffcmchbwwy my-network overlay swarm

Iy )

W
=250%23407=6f nons null local

PucyHok 28 — IlepeBipka Mepexi

ubuntu@ip-172-31-64-148:~% docker service create '

= —--replicas 3 A

> —-name my-web \

= --network my-network \
= nginx

vkl22s0fg8gkBuZhtkjefe3
overall progress: 2 out
1/3: running
2/3: running
3/3: running
verify: Service converged

5
ci 2 tasks

PucyHok 29 — CTBOpeHHS Ta IMigK/II0OUYeHHS MePIIOro cepBicy A0 Mepexi

ubuntufip-172-31-64-148: -5 docker service inspect '\
= ——format='{{json .Endpoint.VirtualIPs}}"' \
= my-web

[{"NetworkID": "togifcmchwwyglollstjwitdT", "Addr":"10.0.9.2/24"}]

PucyHok 30 — 3HaxoaykeHHs [P-agpecu repiioro cepsicy

ubuntufip-172-31-64-148:~% docker service create --replicas 3 --name my-
web2 --network my-network nginx

adtfgd4gqupt0r2c2lyascSaclu

overall progress: 3 out of 3 tasks

ljf’E H :'J.I".:I.iﬂg [==================================================>]
:JHE H :'J.r'.:l.iﬂg [::::::::::::::::::::::::::::::::::::::::::::::::::}]
3;’3 H r'.u‘.nir_g [::::::::::::::::::::::::::::::::::::::::::::::::::}]

verify: Service ceonverged

PucyHok 31 — CTBOpeHHS Ta MiAKIIOYEHHS IPYyroro cepBicy 10 Mepexki

ubuntufip-172-31-64-148:~§ docker service inspect -—format="{{json
.Endpoint.VirtualIPs}}' my-web2
[{"HetworkID": "tog®femchwwygZollstjwit4T", "Addr":"10.0.9.8/24"}]

Pucynok 32 — 3HaxogykeHHs IP-agpecu npyroro cepsicy

ubuntu@ip-172-31-64-148:~5 docker exec -it 60e8d8b04bff bash

PucyHOK 33 — IligkitoueHHS A0 cepBicy
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root@60e8d8L04AbEf: /# apt-get install iputils-ping

PucyHok 34 — BcraHoBneHHs iputilits-ping

root@60e8d8b04bEff: /# ping -c¢ 10 -i 0.1 -+ 10.0.9.2
36(84) bytes of data.

PING

&4
&4
&4
&4
&4
&4
&4
&4
&4
&4

: icmp_seg=l
: icmp_seg=2
: icmp_seg=3
: icmp_seg=4
! icmp seg=3
: i:xp:35q=6
: icmp seq=7
: i:xp:35q=8
: icmp_seg=9
: icmp seg=10 £tl=64 time=0.110 ms

NG 10.0.9.2 (10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2
bytes from 10.0.9.2

——— 10.0.%.2 ping statistics —--

10 packets transmitted,

10 receiwved,

o+
ot
I

it
(S
=}
[ 1 1 O | T | T |
[ Y oY Y Y Y (Y T Y

[
I
| |
(=N A A L T S M L

ey

ttl

time=0
time=0
time=0
time=0
time=0
time=0
time=0
time=0
time=0

127 ms
112 ms
.108 ms
.096 ms
.109 ms
.109 m=
.111 ms
.110 ms
.108 ms

0% packet loss, time 9%936ms

rtt minfavg/max/mdev = 0.09&/0.110/0.127/0.007 ms

PucyHoKk 35 — Bukonannst komauau ping —c¢ 10 -i 0.1 -v 10.0.9.2

Tabnuis 4
PesynbTaTty BunpobyBaHHs "Latency”
N f1 t2 t3 ty ts te t t3 to two
10 0.127 | 0112 | 0.108 | 0096 | 0.109 | 0109 | 0111 | 0110 | 0.108 | 0.110

e N — KiJIbKiCTb 3aIMUTiB, ti-10— YaC BUKOHAHHS 3alIMTiB MiJIiICEKyH/IaX.

[IpoaHasisyeMo OTpMMaHi AaHi 3 paHillle MpoBeJeHMX BUIIPOOYyBaHb Ta Ipej-

CTaBMMO OTPUMaHi 3HAUEHHS Y TaOJMUHOMY BUIJISIAI (TabMMIIA 5).

Tabmuisa 5
[TimcymMKoBi pe3ysnbTaTy BUTTPOOYBaHb
Cepenniii | CepenHiii uac po3rop-
HajimeHyBaHHSI BUTPOOYBaHb N 4ac, TaHHS OZHOI'O
MC KOHTelHepa, MC

Yac posroptaHHSI OGHOTO KOHTE- 1 1800,2 1800,20
Hepa B KjacTepi 2 1856,9 928,45
4 2 068,7 517,18

8 2751,2 343,90

16 4291,1 268,19

32 6437,1 201,16

48 8 290,0 172,71
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64 10117,3 158,08
128 19 255,6 150,43
150 23533,6 157,02
180 N/A N/A
Yac ropmsoHTajdbHOro Macmrady- | 1-16 3707,8 247,19
BaHHS iCHYIOUMX KOHTeHePiB 16-64 7 351,6 153,16
TumuyacoBi 3aTpuMKu mepenavi
IIOBiZOMJIEHb MiDK XOCTaMMU B 10 0,11 N/A
KjacTepi
I'padiku ogepskaHMX pe3yIbTaTiB.
CepeaHiii 4ac po3ropraHHA
25000 233536
20000 19255,6
[
=
T 15000
sy
=]
= 10117,3
E 10000 8250
a 6437,1
o 42911
g 5000 2751,2 ’
= 1800,2 1856,3  2068,7 l
,,m m m N
1 2 4 .8 16 32 48 64 128 150
KinBKICTE KOHTCHHEPIE,
o po3TOPTAKThCH
PucyHOK 36 — CepefHiii yaCc poO3ropTaHHS
CepeaHii 4ac po3ropraHHA
O0JHOTO RﬂHTEﬁHEpﬂ
2000,00
«» 1800,00 1800,20
"‘-':I 1600,00 \
E 1400,00
E 1200,00
g_‘ 1000,00 928,45
2 800,00 -
3 600,00 Q?,]S
2, 343,90 , oo
g 10000 T —— | 20116 17271 158,08 150,01 155,78
i 200,00 — - - . -
0,00
1 2 4 g 16 32 48 B4 128 150
KinbkicTs KOHTEHHEPIE, MO PO3TOPTAKTHCH
PucyHok 37 — CepefHiii yac po3ropTaHHSI OAHOTO KOHTeliHepa
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3 pucyHKa 36 MOXeMO 0auuTH, IO 3i 30iIbIIEHHSIM KiJIbKOCTi pO3ropTaHHS
KOHTeIfHEepiB Yac po3ropTaHHS 30i/TbIITYETHCS.

Tak, mpuIycTuMoO, 3i 306i/IbIIEHHSIM KiJIbKOCTi KOHTeliHepiB 3 1 7o 16, yac po3-
rOpTaHHS 36ibITYETHCS B 2,4 pa3y, 3i 30iIbIIeHHSIM KiJIbKOCTi KOHTeliHepiB 3 16 10
64, yac po3ropTaHHS TAaKOX 30iJbIIYETHCS B 2,4 pasu, Ipu 30iJablIeHHI KiJbKOCTi 3
64 no 150, yac po3ropTaHHs 30i/IbIIYETHCS B 2,3 pasu.

Ha pucynky 37 crnocrtepiraeMo, I0 3i 30i/JIbIIIEHHSIM 4YMC/Ia PO3TOPHYTUX
KOHTEIHEePIiB cepeiHili 4aC pO3TOPTAHHS OJJHOTO KOHTEHEPa 3MEHIIIY€EThCS.

Tax, /11 pO3ropTaHHs OJHOr0 KOHTeliHepa noTpioHo 1800,2 Mc, KoJu i Tpy-
M 3 64 KOHTelHepiB, cepelHiil yac poO3ropTaHHs OOHOr0 KOHTEelHepa 3a/iMac juiie
158,08 mc. 3HIMKEHHSI 4Yacy PO3TOPTAaHHS OJHOTO KOHTelHepa 3i 30i/JbIIeHHSIM
KiJIbKOCTI KOHTEVHepiB MOB's13aHe 3 po3napase/jlOBaHHSIM BMKOHAHHS 3aBJaHb PO3-
rOpTaHHS Yy KJIacTepi.

TakoX BapTO 3BEepHYTM yBary Ha Te, IO IIPM PO3TOpTaHHI rpymu 3 128
KOHTEJHepiB yac pO3rOpTaHHS OJHOIO KOHTeiHepa 3aiimae 150,01 mc, Komm mjist
rpynu 3i 150 KOHTeliHepiB yac po3ropTaHHs 3aiiMae 155,78 Mc, 110 TOBOPUTH HAM
PO Te, 3HAlIEHO TOUKY HaCMUEeHHS CepeJHbOro 4acy pOo3ropTaHHsI OJHOTO KOHTe-
Hepa MiJi yac BUKOHAHHS 3aBIaHHS PO3TOPTaHHS TPy KOHTelHepiB.

OxpemoO BapTO 3a3HAUMTH, IO 3i 30i/MbIIIEHHSAM KiJbKOCTi KOHTeltHepiB, IO
posropratTbcs A0 180, Kepyroua HOAA He CIPaBJSIETLCS 3 JaHMUM 3aBIAHHSIM 4yepe3
HaBaHTA)XXeHHS Ha siApa Ipolecopa, mo gocsarae 100%, 1mo npmusBoAUTh A0 IIPUMY-
COBOTO 3aBepIlleHHS KOMaHAM pO3TOPTaHHSI.

3 Tabsmili 5 MOKeMO IIOMITUTH, IO MacCIITaOyBaTy KOHTeHEepMU30BaHi IIPO-
rpaMy BUTiAHiIle, HiXXK pO3ropTaTu HeoOXigHe KiJIbKiCTh 3aHOBO, TOMY IO IIpU
eKBiBaJIeHTHUX 3a7auvax (po3ropTaHHsS 1642 KOHTeliHepiB Ta TOpM30HTaJIbHE Mac-
mTabyBaHHs 3 1 10 16 KOHTeHEPiB, a TAKOXX pO3ropTaHHs 48 KOHTeTHepiB Ta ropu-
30HTa/IbHe MaciITabyBaHHS 3 16 10 64 KOHTeltHepiB) 6auMmMo, 110 MaCIITaOyBaHHS
BUKOHYETHCS MIBUZAIIIE TTPUOIM3HO HA 12-14% 3a paxyHOK TOTrO, 1[0 MacCIITaO0BaHMIA
KOHTeHep130BaHMi1 1OaTOK He IMOTpebye N0aTKOBOTO CKauyBaHHS 00pasiB.

CepepHili yac 3aTpMMKM OpU Tepefadi 3aluTiB MiXX KJIaCcTepU30BaHUMMU BY3-
namy ckiasno 0.11 mc.

Tomy 110 JigepoM y mporpaMHOMY 3abe3reueHHi JIJiS aBTOMaTu3aIlii pos3rop-
TaHHS Ta YIPaBJIiHHS JOAATKAMM B CepelOBUINAX 3 MiATPMMKOIO KOHTeliHepu3allii €
Docker, a Docker Swarm € pigHoI0 cucTeMOIO KilacTepusallii, Sika IepeTBOpIOe Habip
Docker-xocTiB Ha OOMH IIOCTiIOBHMIA KIACTEP, MOKEMO Bi3HAUMTU Oe3IepeInKo/I-

HYy B3aeMo/iio Kiactepa Docker Swarm i3 Docker-koHTeliHepamMu.
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TakoxX BapTO BiI3HAUMTH, 110 IIaTGopMa KOHTeliHepHOiI opkecTpailii Docker
Swarm BiZmpi3HSIETHCS MPOCTOTOI0 OCBOEHHS Ta PO3TOPTAHHS KacTepa.

BucHOBOK. B po6oTi 6y/10 po3p0o6/€HO YTWIITY aBTOMaTUYHOIO IIPOBEIeHHS
BUIIpoOyBaHb. Takok 6yJI0 MpoBeeHO BUIIPOOYBaHHS «OOVH KOHTeiHep», «['pyma
KOHTeliHepiB», «[opM30HTa/IbHE MaciITabyBaHHs», «Latency».

JIJ1s1 BUKOHAHHSI TIOCTaBJIeHOi MeTH OyJI0 BUPIillleHO TaKi 3aBIaHHS:

- 3mificHeHO Timbip JiTepaTypu, HayKOBMX MyOIiKalliii Ta iHTepHeT cTareit,
HeOOXiTHMX [IJISI IIPOBEIeHHS TOC/TiIKeHHST;

— MKOHAHO OrJIsiA, ruiaTGopM KOHTeTHepHO1 OpKecTpaliii;

— BM3HAY€HO K/II0YOBi BUMOTM Ta KpuUTepii mpoBeaeHHS OOC/iIKeHHS;

— CIIPOEKTOBAHO Ta peasi30BaHO YTUJIITy aBTOMAaTUUYHOTO MTPOBeIeHHSI BUIIPO-
OyBaHb;

— BUKOHAHO  [JIOCHiMKeHHSI  e(peKTMBHOCTI  mIaTdhopM  KOHTeiHEepHOi
OpKecTpallii 3 opraHisalli€ro TYMaHHUX 00UMCIEHb
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Research of the efficiency of computing services management platforms
in the organization of fog computing

The work is devoted to studying the effectiveness of computing service management
platforms in the organization of Fog Computing.

As part of the work, the effectiveness of container orchestration platforms with the
Fog computing organization is being studied.

During the research, it is necessary to complete the following tasks: 1) select litera-
ture, scientific publications and Internet articles necessary for the research; 2) inspect
container orchestration platforms; 3) determine the key requirements and criteria for
conducting the study; 4) design and implement an automatic testing utility; 5) conduct a
study of the effectiveness of container orchestration platforms with the organization of
fog computing; 6) analyze the results obtained and draw related conclusions.

Deployment of Docker containers is organized. Docker Swarm is used to create a
cluster. The problems of measuring the following parameters are solved: deployment time
of one container, deployment time of a group of containers, response time of the horizon-
tal zoom task, transmission delay time. The analysis of the obtained test results is carried
out.

Keywords: fog computing, utility, docker, docker container, docker swarm, horizon-
tal scaling, container, platform, Internet of Things.
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M.B. Axaproxina, T.B. CeniBbopcToBa
APXITEKTVYPHE PIIIEHHA 4151 BEB-JOOJATKY
DDP (DIPLOMA DEFENSE PROJECT)
OJISI JOKYMEHTYBAHHS ITPOLIECY EK3BAMEHYBAHHS

AHomayis. Cmamms npucssyeHa po3pobyi apximekmypu npozpamHozo 3abesneyeHHs. 0108

HUM 3aBOGHHAM 3aNPONOHOBAHOT apximeKkmypu € yugposizayis pobomu 4jeHiB ek3ameHayitiHoi
KoMicii, 6inbW WBUOKOi 06pobKu OoKyMeHmayii 8 npoyeci 3axucmy. TexHiYHa MOXUBICMb 3Me

HWUMU HABAHMAXEHHS Ha ceKpemaps KOMICIi ICHYE Bxe Cb0200HI. B mMipy 361/bLeHHs KiJlbKOC

mi cmyOeHmiB8 BUNYCKHUKIB, BAXAUBOCMI BYACHO20 OOKYMEeHMYBAHHS ma nepesipku 1Hpopmauyii
aKmyasabHUM Nnocmasno nuUMaHHa opmysaHHsa 8i0nosIOHOT OoKyMeHmauyii 8 npoyeci 3axucmy 3a
00NOM02010 NeBHO20 NPO2PAMHO20 3a6e3neyeHHs.

AK c8i04UMb NPAKMUKA PO3BUHEHUX KPAiH, came WupoKe BUKOPUCMAHHA Yu@pposux mexHonoeili
(v copepax supobHuymBa, iHAHCIB, OePKABHO20 YNPABJIHHSA, COUIAIbHO20 00OC/Y208YBAHHSA
mouwjo) 3a6e3neyye cymmese nidBULEHHS eeKmUBHOCMI eKOHOMIYHOT 1A IbHOCMI ma AKocmi
CyCninbHO20 Xumms. YKpaiHa makox cmana Ha waax yugposisayii, npo wo csioyums llpuliH

ammsa y 2018 poui KoHuyenuyii po3sumky yugposoi eKOHOMIKU ma cycniibcmsa YKpaiHu Ha
2018 2020 poku ma 3amsep0oxeHOMY NaaHi 3axo0is wWo0o ii peanizayii.

Poboma cekpemaps ek3ameHayiliHoi KOMICIi A8/15€ OO0 pymuHy 3 BeOeHHS OOKyMeHmauii: ge

OeHHs NPOMOKOJIB, HOPMYBAHHIO 381MiB, NIOPAXYHOK CMamucmuyHux daHux. LLjo6 cnpocmumu
pobomy 4jieHiB KOMICIi € MOXIUBICMb NPAKMUYHO20 3ACMOCYBAHHA MAKOi THHOBAUTT  AK Npo

ekm DDP (diploma defense project). [lpoekm y cmammi 3anponoHosaxo po3pobumu 3a donomo

2010 ¢ppelimsopka Ruby on Rails. Ruby sxodums 0o cknady 6inswocmi oucmpubymusis OC Linux,
nocmasnaemscs 3 Mac 0S X i docmynHa 013 Kopucmysayis THWuUX onepayiliHux cucmem. Cma

HoM Ha cepneHb 2022 poky Ruby sxodumes 0o mon 20 HalinonynapHiWux MO8 npo2pamyBaHHs 3a
BepCI€E asmopumemHo20 cneyianizosaHo2o pelimurey Tiobe.

Y cmammi makox onucaHuli npoyec cmsopeHHA apxXimeKkmypHO20 piweHHs 014 npoekmy DDP,
ONnucaHi pexkomeHOayiliHi mexHo021i 01 (io20 CMBOPeHHSA, a Makox HasedeHi UML diazpamu,
wWo 6116w 0emanbHO onuCyloMb apxXimeKmypy npoekmy.

Knioyosi cnosa: Ruby on Rails, yneHu ek3amenayitiHoi komicii, UML diazpamu, HeyHKUIOHANbHI
sumoau, MVC, seb cepsic.

ITocranoBKa npoo6siemu. Lndposisaliisi - HacuueHHS (Pi3MUHOTO CBIiTY €/IeKT-

pOHHO-LU/I(prBI/IMI/I IIPUCTPOSIMU, BaCO6aMI/I, CHUCTeMaMM Ta Ha/JIaroJ KeHHS eJIEKT-
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POHHO-KOMYVHIKaIliifHOT0O 00MiHYy MiXK HMMM, 10 (GaKTUUHO YMOSKIMBIIIOE iHTerpa-
JIbHY B3a€MO/IiI0 BipTya/sibHOTO Ta (i3MUHOTO, TOOTO CTBOPIOE KibepdisuuHmit mpoc-
Tip.

[lpu cucTreMHOMY OepskaBHOMY IMigxozi mu¢poBi TexHosorii 6yayTh 3HAYHO
CTUMYJIIOBATY PO3BUTOK BiIKpUTOro iH(GOpPMaIiiiHOTO CYCITi/IbCTBA SIK OJHOIO 3 ic-
TOTHMX (aKTOpiB PO3BUTKY AEeMOKpaTii B KpaiHi, MiJABUILEHHS ITPOTYKTUBHOCTI,
€KOHOMIYHOIO 3pOCTaHHS, a TaKOX IiABUIIEHHS $SKOCTi >XUTTS T'POMasiH
Vkpaiunu [1].

ITocTaB/ieHO 3aBIAHHS PO3POOUTM IMPOTPaMHY apXiTeKTypy s myudposisarii
IiSUTbHOCTI UJIeHiB eK3aMeHallifiHO1 KoMicii Ta MpMCKOpPeHHST 00pOOKYM JOKyMeHTaIlii
mig vac 3axucrty. [Ipobsema mojsra€e B HaAMipHOMY HaBaHTa)KeHHiI Ha ceKpeTaps
eK3aMeHalliiiHOi KoMicii 3 JOKyMeHTyBaHHi mpolecy 3axucTy, (OpMyBaHHi 3BiTiB
Ta iH.

AHani3 ocraHHiX FocaimkeHb i myomikamiii. Ha mpocropax iHTepHeTy 3a-
IIPOTIOHOBAHO OaraTo cTaTeil i3 po3poOKM Beb-cepBiciB 3a momomorox Ruby on
Rails. Ase HalirosoBHimmMm mkepenom iHopMmaliii € caidt 3 odilliiiHOW0
IokyMmeHTalli€o RoR.

YV Tpetbomy BumaHHi Software Architecture in Practice Jlen Bacc, ITon Kie-
MEHTC Ta iH. 3HAMOMJISITb HAC i3 KOHIEIMIISIMM Ta HaMKpallyMMy IpaKTUKaMMU
apxiTeKTypu MPOrpaMHOro 3abesrneueHHs] — SK CTPYKTypOBaHa CHMCTeMa IporpaM-
HOro 3a0e3meveHHsI Ta SIK eJIeMeHTH 1Ii€i cucTeMy MaroTh B3aemogmisst. Y 2021 porri
BUIIILIIO yeTBepTe BuaaHHs Software Architecture in Practice, sike oHOBleHe ony-
HaAISITbMa HOBUMMM PO3[AijJiaMu, Jie AeTa/IbHO MOSICHIOE, 1110 Take apxiTeKTypa Mpo-
rpaMHOTO 3a0e3IedYeHHs], YOMY BOHA Bask/IMBa Ta SIK il MPOEKTyBaTH, CTBOPIOBATH,
aHaJIi3yBaTM, PO3BMBATH Ta KepyBaTU HEW AUCIUILIIHOBAHMMM Ta e(eKTUBHUMU
criocob6amm.

llikaBolo € pobora [2], me TipencTaBjiieHO iH(opMalliiiHy cUcCTeMy
IOKYMEHTallilfHOro 3abe3rmeyeHHsI poOOTH ceKpeTapsl eK3aMeHalliifHoi Komicii Hair.
yH-Ty “JIbBiBChbKa TOJTEXHIKA”, OGIPYHTOBAHO HEOOXiAHICTH Ta [TOBEIEHO
e(eKTUBHICTb TAKOT'O BITPOBA/I>KEHHSI.

V BuIlle3rafaHuxX HAyKOBMX MpalsiX Ta MiAPYYHMUKAX 3 apXiTeKTypu AeTaabHO
ONMCaHi TEOPETUUHi acIleKTH, SIKi ITOTPiGHO BpaxOBYBaTM Yy pO3poOIli BeO-CcepBiciB.
ABTOpU NIPUBOASITH CBOI1 JOBOAY, OAO AOLIIBHOCTI BUKOPUCTAHHS TUX, UM THIINUX
TEXHOJIOTiii TMicasi BU3HAUeHHSI (YHKI[iIOHAJbHMX Ta HeQYHKI[IOHAJIbHUX BUMOT
KJIi€HTA. AJie 10Ci HEMa€ €IMHOrO MPOTPAaMHOTIO pPillleHHS, 00 aBTOMaTu3allii po-
604Y0ro MicIisg cekperapst eK3aMeHalliitHoi KoMicii Ta ujeHiB Komicii B 1iomy.
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MeTa po0OTM - [OCTIIKEHHSI HAasSBHUMX apXiTeKTYpHMUX PpillleHb [JIs
aBTOMaTM3allii pobOTM eK3aMeHalliliHOi Kowmicii Ta po3pobKa apXiTeKTYpHOTO
pillleHHS AJ151 TTIOJQ/IBLIOrO CTBOPEHHS MIPOrPpaMHOTr0 MPOAYKTY Ha OTO OCHOBI Ij1s
30iblIIeHHST e()eKTUBHOCTI Ta MOKpaIeHHS SIKOCTi Tpoliecy 3axucty. Lie BaxinBumii
MIPaKTUYHMI 3B'SI30K 3 ITOTpebaMM CyuyacHOi OCBiTHbOI CHMCTEMMU.

BuxknageHHs1 OCHOBHOrO Marepiajqy OOCHiIKeHHs. [I1  KOXHOro
apXiTeKTYpHOIr'o CTW/I0 MOXKHA 3HAMTU eTajlOHHY apXiTeKTypy, sika OMMUCYE OCHOBHI
YaCTMHM KOHCTPYIOBaHHS, MPMU3HAUEHHS Ta 3aJIEKHOCTI MiXk HMMMU. Byno obpaHo
REST. Apxitektypumii ctuiab REST nmyke momynspHmii Imig vac 1moOGymoBu Beb
cepBiciB.

BaxkmuBum etanmoM € Bu3HaueHHS Architecture Significant Requirements
(ASRs), TOOTO 0OpaHHS MMATEePHiB [IJIsT BUKOHAHHSI BMMOT IIIOJIO SIKOCTi, OOMeKeHb i
IesikuxX PYHKI[iOHAJIbHUX BUMOT [3].

[lepegycim Tpeba BM3HAUUTU CTEMKXOIAEpiB, TOOTO, [Mdi3HATUCh, XTO
3allikaBjeHuil y mpoeKkTi. HeobxigHO mouyTu morpebu BCix jiomeit, siKi JOTUYHI 10
CUCTeMM, aKe KOMYChb OYyIOyTh BKpaii BaXJIMBi KBapTajbHi 3BiTM, a KOMYCh -
JOKyMEHTallisl Ha CUCTEMY TOLIO.

B Hamomy BMUITaAKy BM3HAUY€HI HACTYIIHI - cekpemap KOoMicii, uieHu KoMmicii, 20-
J108a KOMICii, Haykoeull KepigHuil, cmydeHm, SIKUli npoxodums Npouedypy 3axucmy.
KrieHT-3aMOBHMK BBaXKA€ThCS Kadepa.

Hani crpobyemMo IpoBecTM aHali3 He(yHKIiOHAAbHMX BUMOT. € 6araTo
C110co6iB 360py HePYHKIIIOHATBHMUX BUMOT (BMMOT A0 SIKOCTi): iHTEpPB’I0 Ta OMUTY-
BJIbHUKM [JIs1 KIIi€HTiB, quality attributes workshops, peBepc-iHXUHIpiHT cucTeM,
110 BXKe iCHYIOTb.

Byno copmoBaHO aHKeTy MJIs BUK/IAZadiB, SIKi MajaM MOCBim WIeHCTBA B
KoMicii. [IuTaHHS B aHKeTi CIPSIMOBAHI Ha OTPMMAaHHS AOJATKOBOI KOHKPETHOI
iHdopMallii mpo ouikyBaHHS Ta MOTpPe6M WieHiB KOMicii 11040 JOKYMeHTYBaHHS Ta
MeTomiB ouiHoBaHHS (Puc. 1). Lle mo3Bonmao Kpaile BpaxyBaTu iXHi moTpebu Ta
BUMOTH TIPU pO3POOIIi TTPOEKTY.

[To 3aBepilieHHIO 300py BMMOT MU CTUKHYJIUCDH i3 IeSIKMMU PO36iKHOCTSIMU Y
BiMOBiAsix, sIki Oynu BpaxoBaHi. PesynbTaTu oOnmuTyBaHHS OyAyTh HaBelleHi B

JycepTalliliHiii po6OTi.
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ANKeTE (anomiving)

[lpoayernEnleTn:

2. Hxy mmuowicTs peamsii CHCTEMR B nEsacrte npiiimrnmn?

b Hki ouikymn MIkcEaILl mnaTEEe iR [ KNLNcTe CTYNSETI) N2 CEcTesy ¥ nemmil
TIEpOT, Ay

Bewneka:
2. Hx memecr i a0 mfiemnereme Geanmexn Ta wondiaemmiineeTi nam mr secTe?
b Axi serom ayrenmrddcal mamneTe mShinLm naTiiiieno 108 gooTyny oo cicresan?

Apervmmor:
2. i vascsvamine cpaifmaTis mKic T ninson CHcTEMH ETIPOSOEN NEMITo nepiagy’
b Arxi sexanine e xoveTe S o8 abemenenm maiintmed gooTymieTi

MacmTadananicrn:

a. Hx mmemm cicresa sa Macnmafiymmece 18 momomini ma apocramen oficars
BEEnpHCTaIE

|

IuTepdeac:

a. Hu ouimymaoni misors 00 Dmepdeiicy KOPECTYETE] 1 TOMKE Iopy IVENOCTE T
Ty ITHBEOCTI T

b Arxi Gawani wonr T2 TEREOROTIT 118 inTepdefcy m nintacme nepezary?

[LiaTpastkn Ta ymparaims:

a. A ouixynamni misors 00 PimNE NITPHMER T8 coywis MOTEGIMKN S04 KOpSECTVEZNLE
croTesp?

b Axi MmEERocT] ATECTRFIAIIIE Ta YIPARTEA CRCTEMMN0 DaM Ieotaim T

Eyrurype T conlnrend aenes T

a. Ak ow auimoecTe naKTINIcTL 15eImENENE APYREmORI0T T1 ETENIKM SEeSOMITI 0
cHeTesi?

b Ax crcTena NOMINNE COIPRATH CENLIKITE Ta CNsmpas cepes, cTeiikxannepis?”

Aokvsacntynanng axectis kswildgleanlfmms podi

EHKOEHCTLINN MeToIln CHETEMIBSTT RIBLTN:

2. Axi souKpeTE METODM CECTEMINOOD MEATINY DM POTTANACTE  ITH  OUEIKIEINE
exlaaemuEms pobir?

b He OwiKWCTLCE, M0 CHCTEM2 COPHETESE BGKOPECTENK [RX METOSIE 7@ NiEEmT.
TIPONES CaTincaums?

PucyHoK 1 - AHOHIMHAa aHKeTa [/l YieHiB KOMicii

[IpoBenenmit aHasiz dyHkiioHaabHUX BUMOT (architecturally significant re-
quirements). YV BuMorax Bu3HaueHi (aKTopy, IO CYTTEBO BIUIMBAIOTh Ha BUOIp
apXiTeKTypHOTO CTUJIIO T iHCTPYMEHTIB (HaBeJleHi HUIIE).

AHajtiza oOMekeHb, fIKi Ma€ KiIieHT. Po3poOKka Ha uYacHili iHiniaTusi
MiATPUMYETHCSI OOMEXeHMMM JIIOACHKMMM Ta TeXHiYHMMM pecypcamu. lle moxe
BIUTMHYTM Ha IIBUIKICTh Ta MacCIITaOHICTh peasi3allii MpoeKTy.

OTxe, kaemnpa, sika BM3HAUYEHA SIK KJIi€HT MTPOEKTY, Ma€ HACTYITHi 0OMe>XKeHHSI:

- OI0[IKeTHI 0OMesKeHHS ;

- 4acoBi OOMEXeHHSI; Ile MOXXe BIUIMHYTM Ha 00Csr Ta CKIAgHICThb

dbyHKIioOHaMY, SIK1it MOXe OyTU peai3oBaHMii;
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- TeXHiUHi 06MeskeHHS; IIPOEKT ITOBMHEH BiAIIOBiIaTX MOXIMBOCTSIM Ta o6Me-
skeHHSIM Ruby on Rails. IIpus'siska 10 o6agHaHHS - By3bKe Micie. O6MexkeHMit 06-
CST MaM'siTi, oOMeskeHHSI Yyacy BMKOHAHHSI omepalliii, ooMexkeHi MOXX/IMBOCTi BBO-
Iy/BUBOAY, HETpaAULliiiHi iHTepdeiicu KopucTyBaua Ta iH. Y Bunagky cucrtemu DDP
MIPUB'I3Ka 10 06IaHaHHS KOPUCTYBaUiB BifCYyTHE, 60 1)1 BUKOPUCTAHHS CAMTY KO-
pUCTyBa4 Ma€ 3MOTY caM 00MpaTy TeXHiuHe 00IaHaHHS;

- JIIOJICBbKI pecypcH; iHilliaTMBa Ha 4YaCHY BiANOBiga/JbHICTb TAaKOX BMMAarae
BiTUyTTSI OOMEXEeHMX PecypciB y BUIJISIAI po60YOro yacy Ta KiabkocTi Komanau. Le
BIUIMHE Ha 0OCST Ta TEMIT PO3POOKH;

- MacIITabHiCcTh; PiHaHCOBI 0OMeKeHHS BILIMBAIOTh Ha MOX/IMBICTh MacIITa-
OyBaHHSI MPOEKTY B MaiiOyTHbOMY. PosmmpeHHs: ¢yHKIioHaMy abo iHTerpatist go-
JIaTKOBUX MOXK/IMBOCTEN MOXKYTb OYTY 0OMEXKeHUMMA.

OTxe, ooMexkeHHSIMM € (iHAHCOBI Ta peCcypCHi acrmeKkTH, a TaKOX TeXHiuHi Ta
opraHiszariiiHi oOMeskeHHS, SIKi MOXYTh BIUIMHYTM Ha 00CSTr, MIBUIKICTh Ta
MOSK/IMBICTb Maii6yTHbOTO PO3BUTKY ITPOEKTY.

st cuctemu DDP 6Gysio 06paHO HACTYIHMI CTEK TEXHOJIOTi:

- st 6ekeHay Ta ¢poHTeHAY - Ruby on Rails;

- IJ1st 6a3y TaHUX BUKOPUCTOBYEThCS Postgres.

Takoxx Ha cepsici HOSTIA 6yno nmpuabano momeH - lildoc.hhos.net (Tpadixk mo-
MeHy HeoOMeskeHMit, Hapa3si miticuuit mo 22.08.2025), Hajasti 1IaHyeThest puabaH-
Hs Micng mys B

Jyist KOHTPOJTIO Bepciit 6yno obpano Github.

B mpoiieci po60TH BUKOHYETHCSI CBOEUACHEe TOKYMEHTYBaHHS ITpoliecy po3poo-
KM, iMIUIEeMeHTalili po3pOOHMKA. 3MiliICHIOEThCS peTe/ibHA IepeBipKa 3aesKHUX
CepBiciB Ta JOTpUMaHHS 0€3IIeKOBMX 0OMEKEHbD.

[IperiemeHTH - 116 PYHKITIOHAIbHI MOKIMBOCTI @00 IMOCTYTH, SIKi HAZAa€ cucTeMa
(y Bumangky cuctemu DDP, nmudpoBa cucrema s cekpertapss Kowmicii). Hwuiie
HaBeJleHi igeHTM(iKoBaHi OCHOBHI MpellefeHT! Ta iX 3B 'SI3KU.

36epeskeHHS iH(GopMaIlii Ta 06podKa JaHMX:

— Ommc: Cucrema 36epirae Ta o06pobsse meBHMIT o6csr iHGopmarii 1mpo
KBatidikaliiiHi poboTy Ta OLiHKMA.

— AxTtopu: CekpeTap KOMicii.

— 3B's3ku: CekpeTrap MOXe BBOIMTM, pemaryBaTu Ta MeperasgaTv OaHi
KBaJTiQiKaliifHMX pOOIT Ta OIiHOK.

— Bu3HaueHH$ OLIiHKM 3a Pi3HUMM KPUTEPIIMMU:
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— Onuc: Cucrema Haga€e MOXJIMBICTD WiIeHY KOMicCii TOYHillle BU3HAYUTU
OIIiHKY KBasTidikaIliiiHux pobiT, BUKOPUCTOBYIOUM Pi3Hi KpUTepii.
— AxTopu: UneH Komicii.

3B's13KM: YieH KOMicii MOsKe MeperasaaTy KpUTepii Ta BUCTABISITU OL[iHKMU.

d®opMyBaHHS ITPOTOKOJIiB 3aXUCTiB:

— Ommc: Cucrema mA03BOJSIE IBUIAKO (GopMyBaTM MPOTOKOAM 3aXUCTY
KBaJTiQiKaLifiHMX poOiT.

— Axropu: CekpeTap KoMicii.

— 3B'a3ku: CekpeTrap KoMmicii MOXe CTBOpPIOBATM Ta pefaryBaTu ITPOTOKOJM
3aXMUCTIB.

Ha pucyHky 2 mpepcTaBjieHa Aiarpamu IpereneHTiB mjasi cuctemu DDP. 1Ig
Iiarpama IpeJCcTaB/siE OCHOBHI (DYHKITIOHAIbHI MOXK/IMBOCTI CUCTEMM Ta B3a€EMOZII 0

3 aKTOpaMM, sIKi OYIyTh B3a€EMOIISITA 3 I[i€l0 CUCTEMOIO.

A

Cekpetap Komicii

DDP

X

nex KomMicii:

Cucrema

O/“/K

PucyHok 2 - Jliarpama ripeniefieHTiB cuctemyu DDP

Ils mpoekTyBaHHSI DDP mpoeKTy po3po06/ieHo Ie JeKijJbKa TUIIB aiarpam, siKi
IOTIOMOYTh Kpallle 3pOo3yMiTM Ta Bi3yasli3yBaTu pi3Hi acliekTu CUCTeMu Ta 1i
(dyHKiioHanbHOCTI. HMsKue rpeacTaBiieHi:
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- [niarpama KjaciB (puc. 3): TO3BOJISIE MPeICTaBUTM OCHOBHI K/IaCU CUCTEMMU Ta
iX B3a€eMO3B'SI3KM; BKIIOYA€ 00'€KTM, Taki SK KBamidikaliiiHi pobOTH, OLIHKM,
KOPUCTYBayi, TPOTOKOJIM TOLIO.

- Jiarpama ITOCIiZmOBHOCTI (puc. 4.1-2): §o3BoJIsSI€ Bim0oOpa3UTH MOCTiAOBHICTh
BMKOHAHHS OIepaliiji Ta B3a€EMOZiii MiK CMCTEMHMMM KOMIIOHEHTaMu. B po3pobiri
Oyme BMKOPMCTOBYBATMUCh po3iiupeHHs1 AppMap njst pemakTopy Komy VSCode, sike
BimoGpaskae gaHi AppMap SIK iHTepaKTUBHi IiarpaMu;

- giarpama akTMBHOCTI (pucC. 5): AO3BOJSIE BimOOpasmMTH MOTOKM POOOTM Ta
Mpollecy y Balllili CUCTeMi;

- giarpama CyTHOCTi-3B'SI3KY (pHUC. 6): TO3BOJISIE 3MOAEIIOBATY CTPYKTYPY 6a3u

IAHMX, CYTHOCTI Ta iX B3a€MO3B 'SI3KN.

u.l I\TLOLR

'\hlluy
"[]"“V)"MI 22420
Roady 1.6.0

hitpz//railroady. presienlee.com

upuuluj at -datetime(6)
user_id ]NTFC‘FR

COMMIsion_assignments|

Group - S
commission_id :INTEGER — User
; updated_at :datetime(6) r—

form :varchar theme :varchar updated_at :datetime(6)
specialization :varchar : e TR email -varchar
ages INTEGER
name_number :varchar FE e mation, INTEGER pted_password svarchar
specialty_code :INTEGER - i password_token svarchar

B esel_pas: sword_seni_al :datetime(6)

emember_created_at :datetime(6)

P
language :varchar

specialty_itle varch e e AINTEGER
TEGER

updn(m dl d.nlmnu[fu

Student

commission_id :INTEGER N

full_name :varchar ( Mark | | Question |

theme :varchar id :INTEGER id :INTEGER

ate teacher_id :INTEGER teacher_id :INTEGER

gender : mark :INTEGER text :varchar

group._i diploma_id :INTEGER diploma_id :INTEGER

Cl created Jatetime(6) created_al :datetime(6)
updated_at :datetime(6) updated_at :datetime(6)

cacher.
id :INTEGER

updated_at :datetime(6)
first_name : \.lﬂh ar
"

PucyHok 3 - [liarpama Kiacis (Class diagram) mpoekty DDP
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I

Database

HTTP server requests
app/views (2)

GET /defense

sqlite_version (*

name FROM sqglite_master WHERE name <>

PRAGMA table_info ("schema_migrations")

T * FROM sglite_master

"schema_migrations"."version" FROM "s¢

r WHERE name <>

Loop [ 2 times 1.21ms ]

"users".* FROM "users" WHERE "users".'

Loop [ 2 times 0.662ms |
PucyHok 4.1 - ®parMeHT giarpamu mocaigoBHOCTI rpoekTa DDP,
reperyisif rpynu ctyaeHTis (1)
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SELECT "defense_processes".* FROM "defense_p:

Loop [ 2 times 1.97ms ]

Loop [ 2 times 31.9ms ]

Loop [ 2 times 1.6ms ]

PucyHok 4.2 - ®parMeHT giarpamu mocaigoBHOCTI rpoekTa DDP,
reperJisifi Ipynu CTyAeHTiB (2)
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Koproryney
EpeCCTpomamA
HE CENpeTHD

oo
emailmapam.

Eopwcrynss yeninmo
ERTOPRETy AR

Koprorymr
@ ANTOPMETYCTLCH B

CHCTCML

PucyHok 5 - [liarpama akTuBHOCTI mpoekTy DDP,

aBTOpI/I?:aL[iH KOpHUCTyBada-CceKkpeTaps
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Ddp domain model

( User \

email
ﬂ&cﬁveﬂecord::InternalMetadate“ ] _ _ encrypted password
k value ) G\ctlveﬂecord::SchemaMlgraﬂotD remember_created_at

reset_password_sent_at
reset_password_token
role

( Teacher \
academic_status ( Commission \ Def L
first_name head_id ( elenserrocess \
last_name name knamelD )
patronymic number
position
( Group \
degree
form
CommissionAssignment name_number
specialization
specialty code
specialty_title
Student \
commission_id
date
full_name
gender
theme

( Diploma
language

mark
pages Protocol
presentation

sample_type
theme

( Mark \ ( Question \
mark teacher_id
teacher_id text

PucyHok 6 - [liarpama cytHocTi-3B's13Ky (ER Diagram) npoexty DDP

BapTo 3a3HauuTH, 1110 po3pobka Beb6-momaTKy Ha Ruby on Rails mae cBoi 0co6-
JIMBOCTI, SIKi BApTO BpaxyBaTy Py IMPOEKTYBaHHi apXiTekTypu [4]. Hiokue HaBeIeHO

3araJibHuii onuc apxitekTypu Be6-noaatky DDP npoekTy, o 6yae nodynoBaHuii Ha
Ruby on Rails.
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ApxiTekTypa 3a MoOae/IIO-BUA-KOHTpoiep (Model-View-Controller,
MVC):

1. Mogeni (Models):
BM3HAUEHHSI JIOTiKM JOCTYITY 10 623y TaHUX Ta 0OPOOKM TaHUX.

2. Bugu (Views):
BU3HAYa€Te TIpeACTaBleHHs pAaHux pAasg kopucryBada (HTML, CSS,

JavaScript);

- BUJAYa JaHUX KOPUCTYBauy B 3pyYHOMY IJIsI CIIPUITHSTTSI BUTJISIII.

3. KouTponepu (Controllers):

- KepyITb B3a€EMOJI€I0 MiXK MOJIeIIMM Ta BUTAMU;

- 06po6ka HTTP-3anmuTiB Bij KOPUCTYBauiB Ta BM3HAYAIOTh, SIKa [IisI IIOBMHHA
BiIOyTHCS.

[H1IIi KTIOYOBI CKIaOBI:

4. MapmpyTtu3sartis (Routes):

- BKa3sye, gki URL-1isxy Bimob6paskaTu Ha SIKi KOHTPOJIepH Ta [Iii;

- BM3Hauva€ Mapuipytu gjs kopucrysadiB Ta URL-agpecu gogaTky.

5. Basa manux (PostgreSQL):

- 30epiraHHs JaHUX IPO KBajdidikalliiiHi poboTH, OLiHKM, KOPUCTYBAUiB TO-
110.

6. InTepderiic KopucryBaua:

po3pobKa iHTepdeiicy KopuctyBaua 3 BukopuctanHam HTML, CSS Ta
JavaScript, MoOXHa BMKOPMCTOBYBaTM GpeitMBOpKM abo 6i6GmioTeku, Taki SK
Bootstrap abo jQuery.

7. Cucrema ayreHTH(iKallii Ta aBTOpuU3allii:

- BUKODUCTAHHS TOTOBMX O0i0yioTeKk s peasnisanii ayreHTudikailii Ta
aBTopu3aiiii (rem Devise) [5].

8. TecTtyBaHHS:

- peastizallis TeCTyBaHHS, BK/IIOYAIOUM MOMIY/IbHI Ta iHTerpaiiiHi TecTu, mo6b
TepeKOHaTHCS Y TPaBUABHOCTI pOOOTH AOAATKY Ta IOTO KOMITOHEHTIB.

BMUCHOBKM 3 JAHOTO OOCTiIKEHHS i MepCHeKTUBU MOAAIBIINX PO3POOOK
3a jgaHuM HamnpsamoMm. OTxke, B CTaTTi JOOCTiIKeHI ICHYHOUi pillleHHS [JisI
aBTOMaTHM3allii po60YOro Miciig cekpeTapst KOMicii, mokasaHi pe3yabTaT po3poOKM
3arasibHOi apxiTekTypu DDP mpoekTy, sika 6asyeTbcs Ha NpuHiunax Ruby on Rails
Ta rnarrepny MVC.

[IpencraBieHnit HOBMUIT BapiaHT apXiTeKTypHOTO pilleHHsI Beb-cepBicy mjist
aBTOMaTHM3allii poboTH WIeHiB eK3aMeHalliitHoi Komicii. HaBemeHi miarpamu moro-

ISSN 1562-9945 (Print) 131
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 6 (143) 2022 «System technologies»

MOKYTh Kpallle po3iopaTucsl 3 apxiTeKTypoio Ta ¢GyHKIioHaabHicTIO DDP mpoekTy
i, yac HaNMCaHHS KOMy, CIIPOCTATb KOMYHIKallif0 B KOMaHZi Ta CIPUITUMYTb
edeKTUBHII po3poOIli Ta BIIPOBAIKEHHIO ITPOIYKTY.
JIITEPATYPA
1. KoHmermniiiss po3BUTKY HM(pPoBOi €eKOHOMIKM Ta CycItijibcTBa YKpainu Ha 2018-
2020 poku. — URL: https://zakon.rada.gov.ua/laws/show/67-2018-%D1%80#n14
2. PomaHoBcbka I. ABTOMaTum3ailis poOOTM ceKpeTapsl €eK3aMeHaliitHoi Komicii
HAIliOHAJILHOIO YHiBepcuTeTy “JIbBiBChbKa MoJIiTexHika” / PomaHnoBcbKa 1., ITeemu-
muH A. Bicuuk HarmioHanpHoro yHiBepcurery “JIbBiBchbKka mostiTexHika”, N2 879,
2017. - c. 100.
3. Software Architecture in Practice 3th Edition Len Bass, Paul Clements, Rick
Kazman Addison-Wesley, 25 Bep. 2012 p. - 624 cTop.
4. Using Rails for API-only Applications [EnexkTpoHHMit pecypc]|. —
Pexxum goctymy: https://guides.rubyonrails.org/api_app.html- 12.05.2022p
5. Ruby on Rails Technology Stack [EnekTpoHHmii pecypc]. —
Pexxum goctymy: https://www.railscarma.com/technology-stack/ — 05.05.2022p.
REFERENCES
1. Concept of development of the digital economy and society of Ukraine for 2018-
2020. — URL: https://zakon.rada.gov.ua/laws/show/67-2018-
%D1%80#n14
2. Romanovska I. Automation of the work of the secretary of the examination board
of the National University "Lviv Polytechnic" / Romanovska I., Peleshchyshyn A. Bul-
letin of the National University "Lviv Polytechnic", No. 879, 2017. - p. 100.
3. Software Architecture in Practice 3th Edition Len Bass, Paul Clements, Rick
Kazman Addison-Wesley, 25 September 2012 p. - 624 pages.
4. Using Rails for API-only Applications [Electronic resource]. —
Access mode: https://guides.rubyonrails.org/api_app.html- 12.05.2022p
5. Ruby on Rails Technology Stack [Electronic resource]. —

Access mode: https://www.railscarma.com/technology-stack/ - 05.05.2022p.
Received 28.11.2022.
Accepted 30.11.2022.

Architectural solution for the ddp (diploma defense project)
web application to document the examination process

Analysis of recent research and publications. The primary source of information
about using Ruby on Rails is the official RoR documentation website.

After researching scientific papers and textbooks on architecture, theoretical
aspects that should be taken into account when developing web services were collected.

Research objective. The aim of this work is to investigate existing architectural
solutions for automating the work of the examination committee and to develop an
architectural solution for creating a software product based on it to increase efficiency
and improve the quality of the defense process.

Presentation of the main research material. The main stakeholders were identified -
the secretary of the commission, commission members, commission chair, academic
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supervisor, student undergoing defense procedures. The client-customer is considered the
department.

A questionnaire was proposed for teachers to determine non-functional
requirements. This allowed us to better consider their needs and requirements in project
development.

Analysis of functional requirements (architecturally significant requirements) has
been conducted. The requirements define factors that significantly influence the choice of
architectural style and tools.

The constraints include financial and resource aspects, as well as technical and
organizational constraints, which can impact the volume, speed, and possibility of future
project development.

For the DDP system, the following technology stack was chosen: Ruby on Rails for
backend and frontend; Postgres for the database.

Additionally, a domain was purchased on the HOSTIA service - lildoc.hhos.net
(domain traffic is unlimited, currently valid until 08/22/2025), andplans are in place to
purchase database hosting.

Github was chosen for version control. The design, class, sequence, activity, entity-
relationship diagrams for theDDP system were formed and presented. The defined
architecture of the DDP project:

- Follows Model-View-Controller (MVC) pattern.

- Components: Models, Views, Controllers, Routing, Database (PostgreSQL), User
Interface, Authentication and Authorization System, Testing.

Conclusions from this study and prospects for further developments in this
direction. The article examines existing solutions for automating the secretary of the
commission&#39;s workplace, presents the results of developing the general architecture
of the DDP project based on Ruby on Rails principles and the MVC pattern.

A new architectural solution for a web service to automate the work of the
examination commission members is presented.

CeniBbopcroBa TerssHa BiTaniiBHa - KaHAMIAT TeXHIUHMX HAYK, AolieHT, Kadenpa
iHbopmariituux TexHosorii i cucrem, HHI «IHCTUTYT mpoMucioBuX Ta Gi3HeC Tex-
HOJIOTii1», YKpaiHCbKUI1 AepsKkaBHUI YHIBEpCUTET HAYKU i TEXHOJIOTIA.

AHaproxiHa Mapraputa BacuiiBHa - acmipaHT, acucteHT Kadbenpu iHpopmaliiii-
HUX TexHOoJjoriin i cucrem, HHI «IHCTUTYT mpoMmMcIoBMX Ta 6Gi3HEC TeXHOJIOTiii»,
YKpaiHCbKUI AepskaBHUI YHIBEepPCUTET HAYKM i TEXHOJIOTIIA.
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PE®EPATHU

YK 004.62

Cynema €.C, Mens 0.P. 3acTrocyBaHHA KnacTepusauii AnA NigBULLEHHA TOYHOCTI NiHINHUX
HabamKeHb // CuctemHi TexHonorii. PerioHanbHU MiXBY3iBCbKMI 30IPHUK HAyKOBKX Mpalib.
Bunyck 6(143). — [ninpo, 2022. - C.5 - 16.

Po3rnspaeTbcs MOAENtOBaHHA 06’€KTa 3@ HAOOPOM TEMMOPANbHUX MYJIbTUMOAANbHUX [AHUX.
3anponoHoBaHO MeTop NobyA0BM MOAENi, WO CKNAAAETbCA 3 AEKiNbKOX NiHINHMX HabNMKEeHb Ha
iHTepBanax nNpocTopy faHux. [nsa BUAINEHHA iHTepBaniB NPOCTOPY AAHWMX 3aNPOMNOHOBAHO anro
puUTM Knactepwm3sauii. OnucaHumii cnoci6 3aCToCOBaHO /IS MOAENIOBAHHSA eNeKTPOCTaHLii 3a Habo
pOM OnoCepefKOBaHWUX AAHMX, TOYHICTb OTPMMAHOT MOfeNi MOPiBHAHO 3 iHWWMKM BMAAMU HAbNK
KEHb.

bi6n. 10, in. 3, 1abn. 3.

YK 004.42

Bopucenko M., F[pomMoBa B. BAKOPUCTaHHSA WAPAWHTY ANA NOKPALLEHHA MacWTaboBaHoCTI
mepex // CuctemHi TexHonorii. PerioHanbHUi MixBY3iBCbKWIA 30IpHUK HAyKoBKMX Npaub. Bunyck
6(143). — [ninpo, 2022. — C.17 - 27.

BnokyeitH — ue po3nopfineHa Ta aeueHTpanizoBaHa 6asa gaHux Ans 36epiraHHa iHbopmauii
Npo TpaH3akLii. BoHa NifgTpUMYETbCSA YUNeHaMKU Mepexi, WO rapaHTytoTb i onepawii BUKOPMCTOBYIO
4y KpuntorpadiyHi 3aco06M NiATPUMKM KOHCEHCYCY, WO [03BONAOTb YIEHAM Mepexi [LOMOBUTUCS
1|00 YHiKaNbHOT CTPYKTYpW GnokyeitHy. OfiHaK, cyyacHi GJIOKYeiH pilleHHs CTUKATLCA i3 Npo
bnemamu MacwTaboBaHOCTI yepe3 pi3HOMaHiTHI Npobnemu i3 ix npoTokonamu. Y Uil cTaTTi MU
PO3rNALAEMO BUKOPUCTAHHA WAPAMHTY SIK MOXMBOIO PilleHHs ANs NOLONAHHA TEXHIYHWUX 0OMe
KEHb iCHYIOUMX ONOKYENH cucTeM i Pi3Hi opmMM 11Or0 NMPAKTUYHOTO BTINIEHHA Y CyYaCHMX
AOCNiMKEHHS, BUKTMKAHUX NONMYNAPHiCTIO 60KYeNHy.

bion. 21.

YK 004.942: 519.711.3.

Manaituyk B.M., Knumenko C.B., Jiucenko H.0. IHopMaTMBHiCTb CTaTUCTUYHOT 06pO6KM
eKcnepuMeHTaNnbHUX BUMipIOBaHb MopaucikoBaHum Kputepiem bywa Binpa // Cuctemni
TexHonorii. PerioHanbHUI MixBY3iBCbKMIA 30ipHUK HayKOBUX npaub. Bunyck 6(143). — [Hinpo,
2022. - (.28 - 41.

KnacuyHa matemaTMyHa CTaTUCTMKA NPOMOHYE NEPEBiPATM CTAaTUCTUYHY OAHOPIAHICTb
BMOIPOK HOPMaNbHMUX BUNAAKOBMX BEMYMH KOMOIHOBaHUM KpuTepiem bywa BiHpaa Ta ouiHioBaT ix
3CyBM Ta Macwtabu dopmynamum anpokcumauii 3akoHiB Ta (yHKUi# po3nominy layca.
MponoHy€eTbca Ginbll NPOCTUIN aHanor Kputepito bywa BiHaa, akuit dopmyeTbes 3a hopmynamm
NOTICTUYHUX BMNAAKOBUX BenuuMH. LUnsxom npoBedeHHs KOMN'IOTEPHUX 0BYMCNIOBANBHUX
eKCNepuMeHTIB OLHIOETbCA iX edeKTUBHICTb Ta (haKTOPHWII aHani3 BniMBY po3MmipiB BMOIpOK i
BUAIB CTaTUCTUYHMX 3aKOHOMiPHOCTEN AOCHiAKYBAHWUX BUNAAKOBUX BEIMYMH, X aCUMETPUYHOCTI.
MopudikoBaHuin kputepinn bywa BiHpa XapakTepu3yeTbcsi BUCOKOK TH(OPMATUBHICTIO Ta MOXe
OyTV peKOMEHA0BaHWIt ANA CTaTUCTUYHOT 06POOKM eKCNepUMeHTaNbHUX BUMipIOBaHb.

bibn. 4, in. 3, Tabn. 5.
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YK 004.942
Kaninina I.0., Foxuit 0.M., HevaxiH B.B., Wusax C.I. IMitauinHe MopenioBaHHA cuctem 3i

CKNafHUM CTOXaCTUYHUM NPOLLECOM 0OpOOKM AaHMX 32 AONOMOr0I0 KOJIbOpOBUX Mepex MeTpi
// CuctemHi TexHonorii. PerioHanbHKiA MiXBY3iBCbKUI 30IpHUK HayKOBWX Mpalb. Bunyck 6(143).
— [lHinpo, 2022. - C.42 - 56.

B cratTi po3rnsapgaeTbcs npouec nobyAoBu iMiTauiiHUX Mopenei CUCTEM 3 CTOXaCTUYHUM
npoLecom 06pobKM AaHNUX Ha OCHOBI KONbopoBux Mepex Metpi. MNpeacTaBneHo hopManbHUiA onuc
Mofeneil Ha OCHOBi KonbopoBux Mepex [eTpi. [ns imiTauiiHoro moaentoBaHHA 3agay 06poOKM
AaHWX 0Or'pYHTOBAHO BMKOPUCTAHHA 4YacoBMX Mepex [1eTpi, Wo [03BONSE BU3HAYMTY i AeTabHO
OnMcaTM YacoBi MPOMiIXKM npouecy, AKUA MopenioeTbcA. [lpuBefeHo anroputm nobynosu
imMiTaliHUX Mofeneit Ha OCHOBI KONbOPOBUX Mepex MeTpi. Bu3HauyeHo 0co6GAMBOCTI 3aCTOCYBAHHA
yacoBux mepex MNetpi npu nobyaoB.i iMiTauiiHUX Mofenei 3i CKNagHUMM CTOXAaCTUYHUMM NpoLleca
MK 00pOOKM AaHux. [Ins 3aBAAHHA BUNAAKOBUX BENIMUYMH BUKOPUCTAHI cnewianbHi dyHKuii. Hase
AeHO nepenik dyHKUiih 3 iX JOKNagHMM OMMCOM i fiana3oHaMu JONYCTUMUX 3HAYEeHb ANA BXiAHUX
napametpiB. B skocTi npuknagy po3rnsHyTo nobyaosa iMiTaliiHoi Moaeni npouecy poboTn LeHTpy
00pobKM 3asBOK KomepuilHoi dipmu. Mopenb 6yna nobyposaHa B cepegosuwi CPN Tools.
Bu3HaueHi Ta gocnigeHi napameTpu cuctemMu, 3MiHHI, hyHKUIT Ta napameTpu mogeni. lns Hakonu
YEeHHS! CTAaTUCTWUKM NPO pe3ynbTaTu poboTu Mopeneit Oyno 3acTOCOBAHO METOL HAKOMUYEHHS
iHdopmauii B no3uuisx. MNpeacTaBneHo aHani3 pesynbTaTtia iMiTauiiiHOro MOAeNtoBaHHA npoLecy
po60TM LIEHTPY 06POOKM 3aABOK KOMEPLiHOT thipmu.

bi6n. 17.

YK 004.94

3enenuos [.l., Wantana T.M. Mopgeni Ta MeTOAM HABYAHHA HEMPOHHUX Mepex 3
andepeHuyinoBaHumm  ¢yHKuiamu aktuBauii  // CuctemHi TexHonorii. PerioHanbHUi
MiXBY3iBCbKMI1 36ipHMK HayKoBKX npaub. Bunyck 6(143). — AHinpo, 2022. — C.57 - 68.

Y uiih poboti chopmMoBaHO HOBY MOCTAHOBKY 3afia4i HAaBYAHHS HEMPOHHUX Mepex. [Ins uboro
NPONOHYETLCA PO3LWMPUTU BEKTOP NApaMeTpiB, WO BApPitoOTLCA, AKUIA KPiM BaroBux KoedilieHTiB,
TaKOX BMiCTUTb Y cOGi lWe 1 peski napameTpu QyHKUii akTuBauii. Ha BigMiHy Bifg BBepeHHs
HeWpOHiB 3CyBY, AaHe PO3LWMPEHHA He nependayae 3MiHy apXiTeKTypu HEMPOHHOT Mepexi i 3anu
WKTb 11 y NOYATKOBOMY BUINIAAI, NPOTE Lie NpuU3BeAe [0 HEMOXIMBOCTI 3aCTOCYBAHHSA KNACUYHOTO
MeTofy HaBYaHHsA — 3BOPOTHOrO MOWMUPEHHS NOXUOKK. NpoBefeHO AOCTIMKEHHS Pi3HUX MOCTAHO
BOK ONTWUMi3aLiiHWX 3aBAaHb Ta METOLIB iX BUPiLIEHHA 33 KPUTEPiAMU TOYHOCTI Ta eheKTUBHOCTI.

bi6n. 8, in. 5, 1abn. 4.

YK 004.6

Peay [.B., Cynema €.C. Metop KoHconipauii mynbcemepinHux panux // CucrtemHi
TexHonorii. PerioHanbHMit MixBY3iBCbKMIt 30ipHUK HaykoBKX npaub. Bunyck 6(143). — OHinpo,
2022. - C.69 - 79.

Y cTaTTi NPONOHYETLCA MEeTOf, SKMIA [O3BONSE BMKOHYBATWM MOEAHAHHA Ta CUHXPOHi3aLito
My/ibCEMEiiHNX LaHMX i3 3aCTOCYBaHHAM NPUHLMUNIB 6AraTonoTOKOBOCTI. 3aCTOCYBaHHS 3anpono
HOBAHOro MeTofy BWpillye MpobaemMu, NoB'A3aHi 3 NOELHAHHAM Y OAHOMY YAaCOBOMY NMPOMiXKY [ia
HUX Pi3HWX MOAANbHOCTEN, WO BiAPi3HATLCA PopMaTamu 30epexeHHs. Lieit MeToa npusHadeHui
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ANsi 3aCTOCYBAHHA Npu po3pobnieHHi HOBOrO Kiacy NporpamMHoOro 3abesneyeHHs — MysibceMeninHux
NPOrpaMHUX CUCTEM.

bi6n. 10.

YIK 621.873: 004.94

Crpenbbiubkuii B.B, bosHerpa JI1.B., MaBnuwko A.B. MopentoBaHHA eKcnayatauinHoi
HafiMHOCTI XOAO0BMX KOMIC MOCTOBUX KpaHiB MOpCbKux nopTiB // CuctemHi TexHosnorii.
PerioHanbHMI MiXBY3iBCbKMI 36ipHUK HaykoBux npaub. Bunyck 6(143). — [Owinpo, 2022. -
C.80 - 89.

MoCTOBi KpaHU WKMPOKO 3aCTOBYIOTbCS Y MOPbKUX Ta PIYKOBMX NOPTaX A1 NEPEBAHTAXKEHHS
BAHTAXIB Ha BIAKPUTMX Ta 3aKPUTUX CKNALACbKMX MaipaHumkax. OCKinbKM BOHW € OCHOBHOM NaH
KO0 TEXHONOMYHMX MpOLEeciB, TOMy Bif iX HapiiiHoi Ta 6Ge3nepepBHOi PobOOTH 3anexuTb
NPOAYKTUBHICTb MOPTOBUX BUPOOHMYMX NiHiiA. Bigomo, wo npu ekcnnyatauii kpaHiB 90% X0A0BuMX
KONiC BMXOAOM 3 Nlagy M 3aMiHIOETbCA HOBUMU Yepe3 iHTEHCMBHMIA 3HOC pebopa, a 60 70%
NiAKPaHOBUX PeNoK Yyepe3 3HOC ixHix 6iYHMx rpaHeit. OCKinbku pecypc € OCHOBHUM MOKA3HUKOM
AOBrOBIYHOCTI AeTaneil Ta By3NiB, TOMY MNiBULEHHS BCTAHOB/IEHHS PECYpCY KOMiC € aKTyanbHOI0
3afayelo, WO A03BONUTb 3MEHWWTM BWUTPATM HA PEMOHT Ta eKCnjyaTtauilo KpaHiB. Metoto
LOCNIAXEHHS € BU3HAYEHHA PECYPCY XO[0BUX KOMIC MEXaHi3MiB MOCTOBMX KPaHiB 3 NOHAAHOPMO
BUMM TepMiHamu ekcnayaTauii. [ns pocnigkeHb Oyno o6paHO 4 iAeHTMYHI MOCTOBI KpaHW,
BaHTaXONiANOMHicTio 10 TOH, fIKi NPaLIoIOTb Y KPIOKOBOMY PEXMUMi Y MOpPCbKMX nopTax. KpaHosi
Koneca BUroToBfieHei 3i cTani 65 MeTogom nuTBa. MexaHi3mMu KpaHiB 00CTeXyBanu BidyanbHo Ta
BMMipIOBA/IM 3HOC KOMiC Yyepe3 3 MicaAli NpoTarom 4 pokiB po6oTu. 3a pe3ynbTaTamu JOCNimKEHb
po3paxoBaHi MapamMeTpu MoAenb 3HOCy Bif yacy y Burnagi cryneHeBoi ¢yHKuii. OTpumaHi 3Ha
YeHHs KoedilieHTy KopensLii BKa3yioTb Ha Te, WO MiX 3HOCOM Ta YacoM pobOTH iCHYE AOCTATHbO
WinbHuit 38'A30K. CepeAHE 3HAYEHHSA NOXMOKM 33 3aNPONOHOBAHOI MOAENIO He NepeBuLlye 6,1%,
O € LiINKOM NPUAHATHUM ANA THXEHEPHUX PO3PaxXyHKiB. BCTaHOBNEHO, WO pecypc KpaHOBUX KOMIC
He nepesuLLye 3,3...3,4 POKiB pobOTH, WO MEHLLE 4 POKiB 3a3HAYEHOro BUPOOHUKOM.

bion. 12. In. 2. Tabn.1.

YK 519.2:004.9

Kipiuenko J1.0., 3iHyeHko [1.M1. 3acTocyBaHHA PeKypPeHTHOro aHanisy AnA Knacugikauii
peani3auin eHuedanorpam // CuctemHi TexHonorii. PerioHanbHUi MiXBY3iBCbKMIA 30ipHUK Hay
KoBux npaub. Bunyck 6(143). — lHinpo, 2022. — .90 - 100.

Y cTarTi pocnigKeHO BMKOPWUCTaHHA MALIMHHOMO HaBYaHHA ANA Knacudikauii 4acoBux
peanizauin yepes pekypeHTHi giarpamu. KoxHa peanizauis nepeTBOpIOETbCA Y MAaTPULI0 PEKYPEHT
HUX CTaHiB i NOAAETLCA AK YOpHO Gine 306paxeHHA. Knacudikalis BUKOHYETbCSA rMOOKOIO Hell
POHHOIO MEpeXeto 3aNMWKOBOro TUMy, CNPAMOBaHOK Ha GiHapHy Knacudikauilo peanisauin EEM
ANA BUSBNEHHS enifenTUYHWUX HanagdiB. BukopwucTtaHi gaHi BKktoyaloTb 178 3HaYeHb aKTUBHOCTI
MO3Ky. [locnigKeHHA NOKa3ye BUCOKY TOYHICTb LIbOrO METOAY, WO A03BONSAE MOr0 eheKTMBHE BUKO
PUCTAHHA Ha NpaKTULi.

bi6n.23, puc.2, Tabn.3.
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YK 004.75
OcTtpoBcbka K.H0., WepctaHux M.0., CrosnyeHko I.B., Kanibeppa 10.0. JocnigKeHHA

edekTMBHOCTI nNnatopm ynpaBAiHHA 06YMCNIOBaNbHUMU cepBicaMu npu opradisauii fog
computing // CuctemHi TexHonorii. PerioHanbHuWii MiXBY3iBCbKMI1 30IipHUK HAyKOBMX Npalb. Bu
nyck 6(143). — [IHinpo, 2022. — C.101 - 119.

Po6oTa npucBaYeHa JOCAiAXKEHHIO eeKTUBHOCTI NiaThopM ynpaBaiHHA 004MCOBaNbHUMY
cepBicamu npw opraHizauii Fog computing.

B pamkax po6oTM NpOBAaAMTLCA AOCHIMKEHHS edeKTUBHOCTI NiaThopM KOHTEHepHOi
OpKecTpauii 3 opraHisauieto Fog computing.

OpraHisyetbcsi  posroptaHHsa  Docker koHTeliHepiB.  [nf  CTBOpEHHA  knacTepa
BuKopuctoByeTbca Docker Swarm. BupiwyioTbca 3aBLaHHS BUMipIOBAHHA HACTYMHUX NMapaMeTpiB:
Yac pO3ropTaHHA OAHOrO0 KOHTEMHEepa, Yac PO3ropTaHHA rpynu KOHTEMHEpiB, Yac BiAryky 3apavi
FOPU30HTANIbHOrO MaclTabyBaHHA, 4ac 3aTpuMKu nepepayvi. lpoBOAMTLCA aHani3 OAepaHMX
pe3ynbTaTiB BUNPOOYBaHb.

bi6n.5, puc.37, Tabn.5.

YK 004.9:303.732.4

AupptoxiHa M.B., CenisbopcToBa T.B. ApxiTeKkTypHe piweHHAa ana Be6 gopatky DDP
(diploma defense project) ana poKymeHTyBaHHA npouecy ek3ameHyBaHHA // CucTemHi
TexHonorii. PerioHanbHMit MixBY3iBCbKWIA 30iIpHUK HayKoBKX npaub. Bunyck 6(143). — [AHinpo,
2022. - C.120 - 133.

Po3rnapalotbcs HasBHi HAyKOBi AOPOOKM wWoAo UMdpOBi3aLii npouecy ek3aMeHyBaHHS
ctyneHTiB. OnucaHa HeobXxigHicTb aBTOMaTu3auii poboTM cekpeTaps eK3aMeHaLinHOT KoMicii.
MpencTaBneHe po3pobneHe apxiTekTypHe piweHHs ans npoekty DDP, onucaHi pekomeHpaauiiHi
TEeXHOMOriT [ NOro CTBOPEHHS, a Takox HasefeHi UML giarpamu, wo Ginblw AeTanbHO ONUCyioTh
apXiTeKTypy NPOEKTY.

bi6n. 5,in. 7.
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UDC 004.62

Sulema Ye., Penia 0. The use of clustring to increase the accuracy of linear approxi
mations // System technologies. N 6(143) Dnipro, 2022. P.5 - 16.

The work is devoted to object modeling based on a set of temporal multimodal data. A
method of building a model that consists of several linear approximations on data space in
tervals is proposed. A clustering algorithm for selection of data space intervals is proposed.
The described method is used to model the power plant based on a set of data, the accuracy of
the obtained model is compared to other types of approximations.

Ref. 10, fig. 3, tables 3

UDC 004.42

Borysenko P., Gromova V. Using Sharding to Improve Blockchain Network Scalability
// System technologies. N 6(143) Dnipro, 2022. P.17 - 27.

Blockchain is a distributed and decentralized database for recording transactions. It is
shared and maintained by network nodes, which ensures its operations using cryptography
and consensus rules that allow all nodes to agree on a unique structure of the blockchain.
However, modern blockchain solutions face network scalability issues due to different proto
col design decisions.

In this paper, we discuss sharding as a possible solution to overcome the technical limi
tations of existing blockchain systems and different forms of its practical realization present
ed in recent research spurred by blockchain popularity.

Bibl. 21.

UDC 004.942: 519.711.3.

Malaichuk V.P., Klymenko S.V., Lysenko N.O. Informativeness of statistical processing
of experimental measurements by the modified Bush Wind criterion // System technolo
gies. N 6(143) Dnipro, 2022. P.28 - 41.

Classical mathematical statistics suggests checking the statistical homogeneity of sam
ples of normal random variables by the combined Bush Wind test and estimating their shifts
and scales by approximation formulas of Gaussian distribution laws and functions. A simpler
analogue of the Bush Wind criterion is proposed, which is formed by the formulas of logistic
random variables. By conducting computer computing experiments, their efficiency and factor
analysis of the influence of sample sizes and types of statistical regularities of the investigat
ed random variables, their asymmetry, are evaluated. The modified Bush Wind criterion is
characterized by high informativeness and can be recommended for statistical processing of
experimental measurements.

Bible 4, fig. 3, tab. 5.

UDK 004.942

Kalinina I.0., Gozhyj 0.P., Nechakhin V.V., Shiyan S.I. Simulation modeling of systems
with a complex stochastic data processing process using colored Petri nets // System
technologies. N 6(143) Dnipro, 2022. P.42 - 56.
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The article considers the process of building simulation models of systems with stochas
tic data processing based on colored Petri nets. A formal description of models based on col
ored Petri nets is presented. For simulation modeling of data processing tasks, the use of
temporal Petri nets is substantiated, which allows to define and describe in detail the time
intervals of the simulated process. The algorithm for building simulation models based on
colored Petri nets is presented. The peculiarities of the use of temporal Petri nets in the con
struction of simulation models with complex stochastic data processing processes are deter
mined. Special functions are used to assign random values. A list of functions with their de
tailed description and ranges of permissible values for input parameters is provided. As an
example, the construction of a simulation model of the work process of the application pro
cessing center of a commercial firm is considered. The model was built in the CPN Tools envi
ronment. System parameters, variables, functions and model parameters are defined and in
vestigated. The method of accumulating information in positions was used to accumulate sta
tistics on the results of the models. The analysis of the results of simulation modeling of the
work process of the application processing center of a commercial firm is presented.

Bibl. 17.

UDC 004.94

Zelentsov D.G., Shaptala T.M. Models and methods for training neural networks with
differentiated activation functions // System technologies. N 6(143) Dnipro, 2022.
P.57 - 68.

In this paper, a new formulation of the neural network training problem was developed.
For this purpose, it is proposed to expand the vector of varying parameters, which, in addition
to the weighting coefficients, will also contain some parameters of the activation function.

Unlike the introduction of bias neurons, this extension does not involve changing the archi
tecture of the neural network and will leave it in its original form, but this will lead to the im
possibility of applying the classical method of training backward propagation of errors. The
study of various formulations of optimization problems and methods for solving them by the
criteria of accuracy and efficiency is carried out.

Ref. 8, fig. 5, tabl. 4.

UDC 004.6

Rvach D., Sulema Y. Mulsemedia data consolidation method // System technologies.
N 6(143) Dnipro, 2022. P.69 - 79.

The research paper presents a method that enables the consolidation and synchroniza
tion of mulsemedia data using the principles of multithreading. The universal method which
supports combining data of different modalities in parallel threads was designed. The applica
tion of the proposed method solves problems associated with combining data of different mo
dalities and formats in the same time interval. The effectiveness of applying this method in
creases by using a multithreaded distributed computing. This method is designed for use in
the development of mulsemedia software systems. The modified JSON format (TJSON - Time
line JSON) was proposed in the paper, as well. TISON object serves as a complex data struc
ture for representation of the synchronized mulsemedia data and their further processing.
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Ref. 10

UDK 621.873: 004.94

Strelbitskyi V.V., Bovnegra L.V., Pavlyshko A.V. Modeling of operational reliability of
running wheels of overhead cranes of seaports // System technologies. N 6(143) Dnipro,
2022. P.80 - 89.

Overhead cranes are widely in operation in sea and river ports for cargo transshipment
in open and closed storage areas. Since they are the main link in technological processes, the
productivity of Port production lines depends on their reliable and continuous operation. It is
known that during the operation of cranes, 90% of the running wheels fail and are replaced
with new ones due to intensive wear of the edges, and 60 70% of crane rails due to wear of
their side faces. Since the service life is the main indicator of the durability of parts and as
semblies, therefore, increasing the installation of wheel life is an urgent task, which will re
duce the cost of repair and operation of cranes. As the experience of operation shows, run
ning wheels have the most worn elements of movement mechanisms. Thus, their service life
ranges from several months to 2 3 years. This is due to the fact that replacing the wheels is
cheaper compared to replacing the crane track.

Since the service life is the main indicator of the durability of parts and assemblies,
therefore, increasing the installation of wheel life is an urgent task, which will reduce the cost
of repair and operation of cranes.

Analysis of studies of complex technical systems shows that the reliability of overhead
crane mechanisms operated for more than 30 years in the Seaport is not fully understood, the
nature of wheel damage depends on the operating conditions.

For research, 4 identical overhead cranes with a lifting capacity of 10 tons were select

ed, which operate in Hook mode in seaports. Crane wheels are made of 65g steel by casting.
Crane mechanisms were visually examined and wheel wear was measured after 3 months dur
ing 4 years of operation. Based on the research results, the parameters of the Wear model from
time to time in the form of a step function are calculated. The obtained values of the correla
tion coefficient indicate that there is a fairly tight relationship between wear and operating
time. The average error value for the proposed model does not exceed 6.1%, which is quite
acceptable for engineering calculations. It is established that the service life of Crane wheels
does not exceed 3.3...3.4 years of operation, which is less than 4 years specified by the manu
facturer.

Ref.12. Fig.2. Tabl.1.

UDC519.2:004.9

Kirichenko L., Zinchenko P. Application of recurrent analysis to classify realizations
of encephalograms // System technologies. N 6(143) Dnipro, 2022. P.90 - 100.

The article explores the use of machine learning for classifying temporal realizations
presented in the form of recurrent diagrams. Each temporal realization is transformed into a
matrix of recurrent states and represented as a black and white image. The obtained images
of realizations are classified using deep neural networks. A deep residual neural network is
142 ISSN 1562-9945 (Print)
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employed as the classifier for the images. Binary classification of EEG realizations is per

formed, with the result being the detection of epileptic seizures. The data for the experiment
consists of recordings of brain activity containing 178 values. The research results demon

strate that the proposed method achieves high classification accuracy. The proposed classifi

cation approach can be easily applied in practice.

Ref.23, fig.2, tab.3.

UDC 004.75

Ostrovskaya K.Yu., Sherstyanykh M.A., Stolpchenko I.V., Kaliberda Yu.0. Research of the
efficiency of computing services management platforms in the organization of fog com
puting // System technologies. N 6(143) Dnipro, 2022. P.101 - 119.

The work is devoted to studying the effectiveness of computing service management
platforms in the organization of Fog Computing.

As part of the work, a study of the effectiveness of container orchestration platforms
with the Fog computing organization is being conducted.

Deployment of Docker containers is organized. Docker Swarm is used to create a cluster.
The tasks of measuring the following parameters are solved: deployment time of one
container, deployment time of a group of containers, response time of a horizontal scaling
task, transmission delay time. The analysis of the obtained test results is carried out.

Bible 5, Fig. 37, Table 5.

UDC 004.9:303.732.4

Andriukhina M.V., Selivyorstova T.V. Architectural solution for the DDP (diploma
defense project) web application to document the examination process // System tech
nologies. N 6(143) Dnipro, 2022. P.120 - 133.

Existing scientific advancements in digitizing the student examination process are
discussed. The necessity of automating the work of the examination commission's secretary is
described. The developed architectural solution for the DDP project is presented,
recommended technologies for its creation are outlined, and UML diagrams detailing the
project's architecture are provided.

Bible. 5, ill. 7.
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