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AreHTHO-OPIEHTOBAHUII MeTO/ KJIAacTepu3allil JaHUuX ONTOBOI0
AUCTPUO’HOTOpA

Meta po0OOTH TONATaE B MiJABUIICHHI TOYHOCTI KJIACTEPH3aIlil JaHUX, Ta BU3HAUCHHS IITBOBOI KUTBKOCTI KJIACTEPIB NAHHX,
TCHEpOBAaHUX JUHAMIYHUMH EKOHOMIYHMMH CHCTEMaMH, 32 IOIIOMOTOI0 BHKOPHUCTaHHS areHTHO-OPIEHTOBAHOTO METORY
KJIacTepu3anii 3 BIPOBaKEHHSIM METO/(IB ONEPEIHBOI 00POOKH TaHUX.

MeTtoau MOCHiTKeHHS: B XOJi BUKOHAHHS JOCII/KCHb OYJIM BHKOPHCTaHI METOIM OOpOOKH Ta MiArOTOBKH NAHHX, MIpH
eJIeMEHTHOI BifcTaHi Ta MeTo[u kiacrepu3aiii. [Iporpamue 3abe3nedeHHs: po3pobieHo 3a gomomorom moBu Python, Oymm
BuKopucrani 6i6moreku scikit-learn, NumPy, SciPy, Pandas, PyTorch i inmi.

VY pe3yabTaTi poOOTH AaHI ONTOBOTO AUCTPHO F0TOpa OyII0 00pOOIEHO METOAaMH TONepENHBOI OOPOOKH JTaHHUX, TAKHIMH SIK:
BH3HAYCHHS MPOMNYIICHNX 3HAUYeHb, BU3HAYCHHS acUMeTpil Ta neperBopeHHs bokca-Kokca, mpoBeieHa HopMatizalisi JaHuX 3
METOJIOM MiH-MaKC HOpMali3ailii Ta mpoBeaeHe 3MeHIIeHHs po3mipHocTi 3 Metogam PCA ta t-SNE. By 3actocoBanmit
areHTHO-OPi€HTOBAHWI METOJ KiacTepu3allii 3 pisHUMH MeTprukamu (MaHreTTeHChKa BiJCTaHb, BificTaHp MaxanaHobica 3
obepHeHMM 3HaueHHs (yHKUIT npuHanexHoCTi, auBepreniis KynpOaka-Jleiibnepa Ta Kpoc-eHTpomis). JMBepreHiis
Kynn0aka-Jleitbnepa moka3ana Haikpail pe3yibTaTd TOYHOCTI i Oyna oOpaHa Ui MOJAIBIIOTO TeCTyBaHHSA. Takox Oyna
MPOTECTOBAaHA CIIPOMOYKHICTh areHTHO-OPIEHTOBAHOTO METOJY BH3HAYATH KUIbKICTh KiacTepiB. BUKOpHCTaHHS METOIIB
noriepeIHb0i 00pOOKK JaHWX IOKa3ajlo SBHY NMPHUCYTHICTh 3-X HIMBOBHX KJIACTEPIB, IO OYJIO MiATBEPIHKEHO METOJIOM.
BucHOBKH: pO3poOJCHUIT METON TOKa3aB BHUCOKI PE3yJbTaTH TOYHOCTI KJIACTEpH3alii 3a PaxyHOK IPOBEAEHOi 00poOKH
JTAaHWX, IPAaBUIIHO 00paHOi MipH elIeMEHTHOI BiICTaHI Ta BUKOPHUCTAHHS areHTHO-OPiEHTOBaHOTO Minxony. Lleit MeTox MokHa
BHUKOPUCTOBYBAaTH JUIsl MOKPAILICHHS SKOCTI KiacTepu3alii JaHUX JUHAMIYHHX EKOHOMIYHHX CHCTEM, aje METO]| BHMarae
JIOOTIPAIIOBAHHS B 301IbIICHHI THYYKOCTI II0JI0 BU3HAUCHHS PO3Mipy areHTiB-KIacTepiB

Karouogi ciioBa: HewiTka KiacTepusallis, MyJIbTHATCHTHUN Miaxia, 00poOka nanux, neperBopents bokca-Kokca, metonq PCA,
Mmeton t-SNE, aBTokomyBansHuK, quBepreniis Kysapbaka-Jlelibnepa, Binctanb Maxananobica, MaHTeTTeHChKaA BiZICTaHb.

Ax wmryBatu: onenp B. B., Llesuenko [[. O., Crpinens B. €., llImatkoB C. I. ArenrtHo-
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Inpopmayitini  mexwnonozii. Aemomamusosani cucmemu ynpagninuay. 2022. Bum. 55. C.6-18.
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1 Beryn

VY cy4acHOMy CBiTi 3HAaUMMICTh BUKOPHCTAaHHS METOAIB MAalIMHHOTO HAaBYaHHS B Pi3HHX cdepax
TiSUTBHOCTI JIIOJMHU BaXKO mepeouinuTH. OpHier0 3 Takux cdep € YOpaBIiHHA JUHAMIYHUM
€KOHOMIYHIMH CHCTEMaMH, JOCITIDKEHHS SIKUX BUMAarae peTelbHOTrO aHalli3y BEJIMKHX OOCSTIB JTaHUX
Ta BUSBICHHS CKIQJHUX B3a€EMO3B'A3KiB. BHKOpHUCTaHHS METONIB MAIIMHHOTO HABYAHHS JUIS
e(heKTUBHOTO YIPABIiHHSI CKOHOMIYHMMHU CUCTEMaMU MOXKE HaJlaTH HOBI IMiJXOIU Ta PE3YJIbTATH, IO
CIPUSTHMYTh TOKPANICHHIO MPOTHO3yBaHHS EKOHOMIYHUX ITOKa3HUKIB, BUSBICHHIO TEHJCHIH Ta
3JICKHOCTEH.

[CHYIOTh pi3HI METOIW MAIIMHHOTO HABYaHHS, SKi MOXYTh JOMOMOITH 3 TIOKPAIICHHSIM SKOCTI
MPOTHO3YBaHHS €KOHOMIYHHX MOKa3HWKIB [1], ame BOHM He mependayaroTh BUKOPHUCTAHHS METOJIB
MOTNepeTHROI OOPOOKM IaHMX Ta HE MAalOTh 3aJOBUIBHOI TOYHOCTI Kiactepusamii. Kpim Toro im
npuTaMaHHa MpobjeMa HEBU3HAYEHOCTI IUTbOBOI KITBKOCTI KITacTepiB.

Mera pobOoTH ToOJIATaE B MiJABHINEHHI TOYHOCTI KIIacTepu3allii JaHWX, T4 BU3HAYCHHS I[LIHOBOI
KUTBKOCTI KJIACTEpPiB JAaHMX, TE€HEPOBAHUX NUHAMIYHUMH €KOHOMIYHUMH CHCTEMaMH, 33 JOIIOMOTOIO
BUKOPUCTaHHSI ar€HTHO-OPiEHTOBAHOTO METOJTy KJIacTepu3allii 3 BIPOBAKEHHSIM METOIiB TIOTIEPETHBOT
00poOku manux. O0’€KTOM pOOOTH € AMHAMIYHI €KOHOMIYHI CUCTEMH, a MPEAMETOM — MOJICIi, METOIH
Ta iHpopMaIliitHi TEXHONIOTI{ KIacTepu3allii Ta 00poOKH JaHUX.

2 Anaui3 aitepatypu

BupimenHss TeopeTHYHHMX 1 MPaKTUYHUX TMPOOJIEM aHajily [aHMX MOHITOPHHTY JHHAMIYHHX
S€KOHOMIYHHX CHCTEM 3a JOTIOMOTOI0 METOIB MAIIMHHOTO HaBYaHHS CTAaHOBHUTH BEIHKUI iHTEpeC It
JIOCITIIHHUKIB B YKpaiHi Ta 1mo3a i Mexamu.

Ha cporogni omyOJiKOBaHO HH3KY pOOIT, II0 ONUCYIOTh BUKOPHCTAaHHS METOMIB MAIIUHHOTO
HABYAHHA 3aJUTd BUPIIMIEHHS 3a1ad Kiacudikarii, KiacTepu3allii Ta TMPOTHO3YBaHHS Pi3HOMAaHITHUX
naHux. Y po6oti [1] po3risaanocs MpOrHo3yBaHHsS €KOHOMIYHOTO iHAEKCY MisSUIBHOCTI pepMepChKOro
roCroaapcTBa 3a gormomoror meroaiB Linear Regression, k-means, Random Forest, Gradient Boosting
ta Neural Networks. Takox B pobori [1] 3a3Ha4eHO, 0 HEHPOMEPEKi OTPUMYIOTh MEHIIIC 3HAUYCHHS
CepeIHbOKBAIPATHYHOI TOMHJIKM Ha BIiJIMIHY BiJ METOMy Kiactepusaiii K-means, ame BHMararmoTh
3HA4YHO OlJIbIIIe OOYHUCIIIOBAILHUX PECYpPCIB I HaBYAaHHS U, OCOOJNMBO, MiJ 4ac NMPOrHO3yBaHHA. B
poboti [2] mokazaHa po3pobOKa TPOrpaMHOro 3abe3MeueHHs Ui MYJIbTH-00’€KTHOTO aHalli3y
C€KOHOMIYHHX, MEXaHIYHUX Ta EKOJOTIYHUX BIACTUBOCTEH HEMEHTHHX KOMIO3HUTIB 3 BHKOPUCTAHHSIM
MeToiB HeiHdopMoBaHOro HaBYaHHs. B po6oTi [3] posrisimaeThest BUKOpUCTaHHS MeToay K-means mis
aHaJi3y MomyJIAIil pudu i 3abe3neueHns cTaaoro pudaasCTBa, MoKa3aHo, mo K-means Hagae OuIbIIy
TOYHICTh y mopiBHsSHHI 3 SVM wMmetomoM. ABtopu crarti [4] po3poOuin MPOrHO3HY EKOHOMIUHY
MOJIeNIb 3 BUKOPHCTAHHSAM METOJiB MAIIMHHOIO HaB4yaHHsi. B poboti [5] 3a momomMororo KiacuuHHX
METO/IB 1 IWITYYHUX HEWPOMEPEK MPOTHO3YIOTHCS BIUIMBH COIIAILHUX Ta €KOHOMIYHHMX (DaKTOpiB Ha
iHy HaTH.

BukoprcTaHHS areHTHO-OPIEHTOBAHOTO MiIX0Ly KJIacTepH3allil BKe po3risiaanocs B podori [6] mist
YIOCKOHAJIEHHS. CHCTEMH MEIMYHOTO MOHITOPHHTY. ABTOPH IOKa3alW 3HayHE TOKPAIIeHHS SKOCTI
KJIaCTepHU3allil B MOPIBHIHHI 3 TPAIUIIIHHUMUA METOJIaMH Ta BUJILIHIN JICKIJIbKa MOYKJIMBHX METPUK, 110
MOJKYTh MOIIIIINTH SKICTh KJIaCTEPHU3AIlil ISl PI3HUX TUIIIB JTaHUX.

Sk BHIOHO 3 aHaN3y JiTEpaTypd BIPOBA/DKEHHS METOJIB INTYYHOTO IHTEIEKTY Uil aHali3y
JUHAMIYHAX €KOHOMIYHUX CHUCTEM € aKTyalbHOI MpOOJIeMOro, aje y 3a3BU4ail BUKOPUCTOBYIOTHCS
npocTi MeToau 6e3 BukopucTants moaudikariiii [1-5]. AreHTHO-Opi€eHTOBaHHI MiAXix B KiIacTepu3arlii
B)KE MMOKa3aB MMOKPAIICHHS IKOCTI KITaCTePH3aLlii IJIsl JAHUX CHCTEM MEIUYHOTO MOHITOPHUHTY [6], ToMy
JIOITBHO OYie 3anpoBaIUTH HOTO JUTS aHAI3y JaHUX JHHAMIYHUX €KOHOMIYHHUX CUCTEM.

3 TeopernyuHi BizomocTi

Metoau knactepusallii € BaXJIMBUM IHCTPYMEHTOM y cdepi oOpoOKH JaHUX Ta MAIIUHHOTO
HaBYaHHs. MeToIM MOXKHA PO3JUINTH IO THUITaM (opMyBaHHs KiacTepiB. OCHOBHI 3 HUX IIe:

— LEHTPOIHI METOAM, SIKi IPEACTABIIAIOTH KOXKEH KIIacTep €IUHUM BEKTOPOM. J{o HUX BigHOCATHCS
nomyJsipHi k-means, c-means Ta ix mogudikarii. MaroTh HEBUCOKI BUMOTH JI0 MPOIYKTHUBHOCTI, aje
0oOMesKeH1 LIEHTPOIJHUM YSBICHHSIM KIIaCTEPiB;
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— MeTonH, 3acHOBaHI Ha mTbHOCTI, Hanmpukiag DBSCAN Ta OPTICS, B skux o0macTi OiabImoi
IIIBHOCTI BU3HAYAIOThCA 3a Kiactepu [7]. Haiibigemioro mpoGIeMOr0 METOMIB € CKIAIHICTH
BU3HAYCHHS 3HAUYIINX KIACTEPiB B HA0Opax JaHMUX Pi3HOI ILIBHOCTI [7];

— rpadoBi METONW, B SKUX KJAacTepu BH3HAYAIOTHCS rpadamu, 110 MOOYIOBaHI Ha eJeMEHTax
BUOiIpok, 10 HuUX MoxkHa BigHectu HCS. Cepen HeHOMIKIB Ci 3a3HAYUTH BHUCOKY CKJIQIHICTh |
crerudivHICTh JaHUX 3 SKAMU METOIH JAI0Th SKIiCHI pe3ynbratH [8];

— HEHpOHHI METOIH, 11 BiOMI K HEHpOHHI Mepexi HeiHpopMoBaHOro HaBdaHHS. Jl0 HIX MOXHA
BigHecTH Herpomepeki Koxonena a0o SOM. Cepen Hem0iKiB — BUCOKI BUMOTH 10 OOYHCIIIOBAIbLHUX
HOTY)KHOCTEH, CKJIQJHOCTI 3 BU3HAYCHHSIM ITOYaTKOBHX Bar Ta 4acTe PO3IiICHHs OHOTO Kiactepy [9].

PosrnsaeMo nieHTpoinHI MeTonH, a came Metoa c-means. OCHOBHA ifies METOy C-means TOJsTae B
TOMY, IO KOXKEH O0'€KT y Habopl NaHUX HaJeXHTh JO OJHOTO 3 MEBHOTO 4ucia kiacrepiB. Koxen
KJIacTep XapaKTepU3yeThCsl LEHTPOIIOM, SIKUI MpeACTaBIsiE CEpeAHE 3HAUCHHS aTpUOYTiB 00'€KTiB Y
kjactepi. MeToa C-means HamaraeTbCsl MiHIMI3yBaTH CyMy KBaJpaTiB BiICTaHeH Mixk o0O0'€ekTaMu i
[EHTPOIAaMH IXHIX KiacTepis [6].

Cepenr OCHOBHHX TepeBar METOAY Cc-means CIiJl 3a3HaYUTH:

— TMPOCTOTA: € BiIHOCHO MPOCTHM Y pealli3allii Ta po3yMiHHI, HE BUMAarae CKJIaJHUX MaTeMaTHYHHX
00YHCIIeHb Ta AJITOPUTMIB,

— MIBHIKICTb: METOJ BUKOHYETHCS JOCHUThH IIBHUAKO, OCOONMBO Ha BEIMKHX HaOopax maHux. C-
means moxe OyTr e)eKTHBHO 3aCTOCOBAHWH IS IIBUAKOI KIIACTepU3allii;

— 3aCTOCOBYETHCS IO PI3HUX THUIIIB JIAHUX: MOXe OyTH BUKOPHCTAaHUI ISl KIacTepu3allii pi3HUX
TUMIB JAaHWX, BKIIOYAIOYHM YHCIIOBiI, KaTeropiasbHi Ta OiHapHI AaHi, ame moTpedye MoIepemHboi
00poOKH.

AJe MeTox c-means TakoX Mae IMEeBHI HEJOTIKH:

— 3QJIXKHICTH BiJ] MOYATKOBOTO BUOOPY LEHTPOiAiB. Pe3ymbraTin METOiB c-means MOXYTh 3HAYHO
3MIHIOBATHCh 3aJIEKHO BiJ MOYaTKOBOTO BUOOPY HEHTpiB. Lle MoXxe BIIMBATH Ha AKICTHh KIacTepH3allii
Ta MO>KE TIPU3BECTHU 10 OTPUMAaHHSI Pi3HUX PE3yIbTATIB IPH KOXKHOMY 3aIIyCKY allTOPUTMY;

— YyTIUBICTh 10 IIyMmy. BumagkoBi anomanii abo BUKMAM MOXYTh BIUIMHYTH Ha (hOpMYBaHHS
KJIaCcTEPiB Ta MPU3BECTH JIO0 HETIPABUIIBHOI KJlacTepH3allii;

— oOmexeHHs GopMmH KiacTepiB. MeTtoau c-means mepeadavaroTh, M0 KIaCTEPH MaiOTh GopMy
chepu 1 omHakoBuWil po3mip. lle mMoxke OyTH HEIMOCTaTHRO THYYKHM JUIS JESKUX THUIIB JAHUX, JIe
KJIACTEPU MOXKYTh MaTH CKJIQJIHIII (GOPMU Ta PO3IOIII.

V monepennix podorax [6, 10] Bxke po3rismaanocs yCyHEHHST HEIOMIKIB 3 BUKOPUCTAHHAM BiACTaHi
Maxanano6ica, moaudikarii MeToay HaBYaHHS Ta BUKOPHUCTAHHs PI3HUX METPHK, IO MPU3BEIO 10
MTOKPAIICHHS MTOKA3HUKIB SKOCTI pO3MTi3HABAHHS ¥ MiJBUINEHHS PiBHS HEYYTIMBOCTI JI0 IITYyMY.

ATEHTHO-OPi€HTOBaHI METOAM € TOTY)KHUMH IHCTPYMEHTaMH B Taly3i MITyYHOTO iHTENEKTy Ta
MYJIBTHareHTHUX cucTeM. BoHM 6a3yroThes Ha i/1e1 MoJIeIFoBaHHs OKpeMuX "areHTiB" 3i CBOIM BIIACHUM
CTaHOM, 3JaTHOCTSMH JIO0 CIPHHHSATTS, B3a€MOJIl Ta NMPUUHATTS pimeHs. LI mMeToam m03BOJISAIOTH
JIOCITIDKYBATH CKJIAJHI CUCTEMH, B SIKUX B3aEMOJIIIOTH 0araTo areHTIiB 3 PI3HUMHU XapaKTEPUCTHKAMH Ta
noseninkoro [11].

OCHOBHI TIepeBaru areHTHO-opieHTOBaHUX MeToIiB [11]:

— MOJICNIIOBaHHS CKJIaHUX CHUCTEM. ATEHTHO-OPI€HTOBaHI METOIW JO3BOJISIOTH MOJIEITIOBATH
CKJIaJHI CHUCTEMH, B SKHX arcHTH B3a€MOJIIIOTh OJHMH 3 OJHHMM Ta 3 OTOYYHOUMM cepenoBuiieM. Lle
JIO3BOJISIE BUBYATH BJIACTHBOCTI Ta TMOBEMIHKY CHUCTEM, IO CKIANAIOThcA 3 0araThoX B3aEMOJIIFOYHX
KOMIIOHEHTIB;

— THYYKICTB Ta aJalTHBHICTb. ATEHTH B areHTHO-OPIEHTOBAaHNX CHCTEMaX MOXXYTh OyTH IHYYKUMH
Ta aJaNTUBHUMHU, 3TaTHAUMH JIO 3MIHU CBOEI CTpATETii Ta MOBEAIHKY BiAMOBIAHO J0 3MiH Yy CEPEIOBHIII.
Le nmo3Bossie M eheKTUBHO MPUCTOCOBYBATHCH JI0 HOBUX YMOB Ta BUPIIYBaTH CKJIaJIHI 3aBJIaHHS,;

— PO3MOIIIEHICTh. AT€HTHO-OPIEHTOBAHI METOAM MiATPUMYIOTh PO3NOIUICHUH MiIXi 10 0OpOOKH
iH(popMalLii Ta BUKOHaHHS po3paxyHKiB. KojkeH areHT Moe MaTH CBOIO BJIacHY JIOKaIbHY iH(popMarito
Ta mpuidMarty pimeHHs Ha ocHOBI 1i€i iHopMmaii. Lle no3Bossie eQeKTUBHO PO3MOAIIATH 3aBAAHHS Ta
MIBUIIYBATH HIBUAKOIIO Ta MAaCIIITA0OBAHICTh CHCTEM.

Cepen1 HEZIOMIKIB aT€HTHO-OPIEHTOBAHOTO METOIB 3a3HaunmMo [11]:

— CKJagHIicTh peanizauii. Po3poOka areHTHO-Opi€HTOBaHUX CUCTEM MOXKE OYTH CKIIaHOIO 3a/1a4€l0,
OCKIJIbKM BHMAara€e MOJENIOBAaHHA B3a€MOJii Ta MOBENiHKM OaraTboX areHTiB. Bubip mpaBHiIbHUX
CTpaTeriii Ta aJirOPUTMIB JJIsl aT€HTIB TAKOXK MOXE OyTU BUKIIUKOM;
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— oOMeXeHa MOCTYITHICTh MaHWX. ATEHTH MOXXYTh MaTH OOMEXEHHUH moctyn 1o iHdopmariii mpo
CTaH CHCTEMH Ta IHmMX areHTiB. Lle mMoke mpm3BecTH M0 OOMEXEHb y IX 3AATHOCTI NpUAMATH
ONTUMAJIbHI PILICHHS;

— mnpobnemu KoopauHaiii. B3aemomist 6araTboX areHTiB MOXXE€ BUMAratu CKJIaJHOT KOOpMHAIT Ta
KOMYHiKalii MK HUMHU. YTPaBIiHHS BEJHMKOIO KUIBKICTIO arcHTiB Ta 3a0e3leueHHs CHHXPOHi3amii
MO’K€ OYTH BHKJIAKOM.

4 AreHTHO-OpicHTOBaHA Moaudikawlisi MeTony KiaacTepu3auii
st MOpiBHSIHHAA SKOCTI KJIACTepHU3allil IPU BUKOPHUCTAHHI PI3HUX METPHK OyII0 BUpIMIEHO oOparh
METPUKH, 10 BAKOPHUCTOBYBAINCH B TIONIEpeIHIX poboTax [6, 10]:

dy(xi), ¢) )
_ Wi;ldl(xij,C]‘) (II)
d(xij¢j) = —Dier (x4,¢;) ain’ @)

p(xij,¢f ™) *loga p(xijucf)  (IV)

ne | — me BincTanp MaHrerTeHChKa BincTanb, Il — BimcTtanp MaxamanoOica 3 0O€pHEHUMH 3HAYCHHS
¢ynkuii npunanexxHocTi, [1I — muBeprenuis Kynp6aka-Jleii6nepa, IV — kpoc-eHTpormis.

Matoun BincTaHb ISl BU3HAYEHHSI MDXK-EJIEMEHTHOI BiJICTaHi, OTPUMAEMO BHUpa3 Ui BU3HAYCHHS
(GYHKIIIT BUTpAT TSI KOXKHOTO KIJIacTepy, TOOTO CepeIHIO Mipy BHYTPIIIHBOKIACOBOI BiICTaHi:

1 |P]|

ﬁziﬂ d(xij ¢p). 2

cl_loss(P;) =
Toni 3a Bupa3om (2) BuU3HAYMMO 3arajibHy QYHKIIIO BHUTPAT JUIS OIIHKK TIOTOYHOI SKOCTI
KJIacTepHu3allii:

loss(X?) = % Zﬁl cl_loss(P;). (3)

BiamoBizHo 10 pobotu [6] BH3HAYMMO alrOpPUTM areHTHO-OPi€HTOBaHOI Momudikarli mMeTtoay C-
means:

1. Bu3HAYMTH MOYATKOBY KiJBKICTh KJIaCTEPiB Ta BCTAHOBUTH OOMEXEHHS Ha KiJIbKICTh EJIEMEHTIB
B KO’)KHOMY Kiactepi. OOpaTH IEHTPH KIIacTePiB Cepejl SIEMEHTIB BXiJHOT BHOIpKH.

2. 3a o0OpaHOIO MiK-€IEeMEHTHOIO BIJCTAaHHIO BHU3HAYUTH Ha0Ip HAWONMKYMX EINEeMEHTIB JI0
KOXHOro 3 Kj1actepiB. OTprMaHi IEHTP Ta HAHOJMKUI €IEMEHTH € areHT-KJIACTEPOM.

3. OOuMcnUTH 3HAYEHHS TPUHAJICKHOCTI JIO KOXHOTO 3 KJIACTEepiB, Ta OOYMCIMTH 3HAUYCHHS
PO3MOIiTY TapamMeTpiB Ta OOYUCIUTH HOBI IIEHTPH KIIACTEPIB.

4. 3a o0paHOI MIDX-€JIEMEHTHOIO BIJICTAHHIO BH3HAYUTH HAOIp HAMOMMKYMX EIEeMEHTIB 0
KOXHOT'0 3 KJIacTepiB.

5. Jlnst koxHOTO Kiactepy 3a BUpa3oM (2) o0uncinuTy 3Ha4eHHs (YHKIIII BUTpAT.

6. OuiHuTH NOTOYHY fAKiCTh Kiactepu3auii 3a BupazoMm (3). Y Bumagky pexuMmy poOoTH
ANITOPUTMY B aBTOIOIIYKY ONTUMAIILHOI KiJIbKOCTI KJIACTEPIB, Ta 30UIbIICHHI 3HAYEHHS (QYHKIIIT BUTpAT
3YIIUHUTH AJITOPUTM.

7. IlpoBectn BifOip areHTiB-KJIACTEPIB Ta BIAKMHYTH areHT-KJIACTep 3 HAHOIMbIINM 3HAYECHHSIM
¢byHKuii BUTpar.

8. TlosepHyTHcs 10 2 erany, 3a yMOBH, IO 1iJIb0BA KUIBKICTh KJIaCTEPIB HE JOCATHYTA.

5 Ha6ip nanux
V nmocmimkeHHI BUKOPHCTaHUH [T aHaisy Habip manux «\Wholesale customersy [12]. dani 115010
Ha0Opy BITHOCATHCS 0 KJIIE€HTIB ONITOBOTO TUCTPUO'TOTOPA, @ caM Habip JaHWX BKITIOYAE PidHI BUTPATH
B TPOLIOBMX OJMHMILIAX Ha pi3Hi KaTeropii nmpoaykTiB. Bin cknanaerscs 3 440 3anmciB i3 8§ 3MiHHUMH
CTaHy (mapameTpamu), TAKIMH SIK:
- «Freshy — piuHi BUTpaTH Ha CBIXKY MPOIYKILIO;
- «Milky — piuHi BUTpaTH Ha MOJIOYHI IPOIYKTH;
- «Grocery» — piuHi BUTpaTu Ha IPOIOBOJIbY] TOBAPH;
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- «Frozeny — piuHi BUTpaTH Ha 3aMOPOKECHI TIPOAYKTH;

- «Detergents_Paper» — piuni BUTpaTH Ha MUIOYi 3aCO0H Ta ManepoBi BUpoowu,

- «Delicatesseny — piuHi BUTpaTH Ha JCNIKaTECHI MPOIYKTH;

- «Channel» — xanai Kimi€eHTiB, TOTeIB/pecTopan/Kade ab0 po3apiOHMIt KaHAaI;

- «Region» — perion kmienra.

Posrnspatoun 3amady knactepusanii gaHuX, Oylno copMOBaHO TpH KiIacTepa, BUKOPHUCTOBYIOUHU
3MiHHY craHy «Regiony. Ils 3MmiHHA cTaHy BKJIOYae B cebe TpW perioHu (KIacTepH) 3 3arajibHOI0
KUTBKICTIO aIbTepHATHUB MO3Ha4eHWX B Ayxkax: Jlicabon (77), Omopto (47), inmmii perion (316).
BpaxoByroun mo 3minHa «Channel» e kareropianpHolo, TO B JaHiii poOOTI BOHa He Oyne
BUKOPHUCTOBYBATHUCHL.

6 Monepeanst 00podKa KaHUX

Jlnsi BUKOHAHHS 3aBIaHb MOMNEPEAHBOI OOPOOKH NaHMX Oyja BHKOPHUCTaHA MOBA MPOrpaMyBaHHS
Python Ta momomixwi 6i6mioTekn, Taki sixk Pandas, SciPy, NumPy, matplotlib, seaborn, scikit-learn Ta
inmri. MoBa mporpamyBanHs Python € moTyxHUM 1HCTpyMEHTOM ISl TIOTIEpeNHBOI OOpOOKH MaHWX
3aBJISIKM HasIBHOCTI 010JTi0TEK, K1 JO3BOJISIFOTH 3 JICTKICTIO MTPOBOJUTH EKCIIEPUMEHTH, aHaJi3 JaHHX,
OynyBatu rpadiku, 00podIsaTH Ta TpaHChHOPMYBATH JaHi.

6.1 IMponyuieHi 3HaYeHHS

Hdyxe 4acTo B peaJibHUX Ha0Opax NaHHWX IMPHCYTHI MPOIYLICHI 3HAYEHHs, SKi HE J03BOJISIOTH
BUKOPHCTOBYBaTH MaTeMaTH4YHI MOJETl Ta METOAM MAalIMHHOTO HaBuaHHS. Uepe3 e 3’sBISETHCS
HEOOXIiTHICTh y MOTepPeIHIN MepeBipili Ta BUAAJICHHI / 3alI0OBHEHHI TPOIYIIECHUX 3HaueHb. He3Baxkaroun
Ha Te, IO aBTOp HaOOpy NaHWX 3a3HAYMB, N[0 B MOTOYHOMY HEMae€ MPOIYIICHWX 3Ha4eHb, Oyna
nepeBipeHa X HasBHICTH 3a formoMororo 0ibmiorekn Pandas mmsixom 3aBaHTaKeHHS HAOOpYy JNaHWX Ta
BUKOHAHHS BiAMOBiIHOI GYHKIIT IS MOIIYKY MPOMYIICHUX 3Ha4eHb. Y Pe3yibTari MepeBipku HabOpy
JaHUX TPOMYIICHUX 3HAYeHb HE BHSBJICHO, L0 JIO3BOJSIE BUKOPHCTOBYBAaTH HOTO B IMOAAIBIIOMY
JOCJIIIKEHHI.

6.2 IepeBipka acumeTpii JaHNX

OpHi€l0 3 BOKIMBUAX YaCTHH JJIs OTPUMAaHHS BUCOKUX Pe3yJbTATiB MOJIENEeH MAIIMHHOTO HaBYaHHS
€ TIpUBEICHHS JaHUX 10 HOPMalbHOTO PO3MOALTY Ta podoTa 3 acumMerpiero nanux. [ns poboru 3
acHUMETpier0 JaHWX Ta Bisyawizamii rpadikiB Oynu Bukopucrtani 0i0mioTekn SCiPy Ta seaborn
BIJIOBIAHO.

Bynu moGyoBaHi giarpaMu siukiB 3 Bycamu (puc. 1) uis opuriHansHux qaHuX. He Bakko GauwT,
IO JaHi MalOTh JOCHUTHh IIMPOKHH PO3IMOJiN, BUKUIM Ta acuMeTpiro. JlomatkoBo Oyiam BU3HAYEHi
Koe(illieHTH acUuMeTpii T KOXKHOI 3MiHHOT (Tads. 1).

YncnoBuin po3noain o3Hak

Fresh | -—’—» '
Milk }—.—Q-—... .
Grocery | -—’-... R
Frozen }—.—‘—- .o
Detergents_Paper }—-—}.a .

Delicassen | -

HaszBM 3MiHHUX

10 10° 10°  10° 10°

Yucnosi 3HaYeHHsA

Puc. 1 — [liaepamu swuxis 3 gycamu 01 OpUSIHATbHUX OAHUX
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Tabnuys 1. Koegiyicumu acumempii

3minHa KoedinienT acumerpii
Delicassen 11.11

Frozen 5.89

Milk 4.04
Detergents_Paper 3.62

Grocery 3.58

Fresh 2.55

Pesynpraty AociimkeHh BKA3yIOTh Ha HAafABHICTH acCHMETpIi, TOMYy IJIsl 3MEHIIEHHS achMeTpii Ta
NpUBEACHHS PO3MOMALTIB 3MIHHUX A0 HOPMAIBHOTO PO3MOAITY OyJI0O BHKOPUCTAaHE IEPETBOPEHHS
Boxkca-Kokca [13]. ITicist 1i0r0 mepeTBOPEHHs KoedimienTn acuMeTpii (Tabir. 2) 3HaYHO 3HHU3MIUCS Ta
JaHi Oynmu IpUBEIeH] 0 HOPMAIBHOTO PO3MOILTY.

Tabnuys 2. Iopisuanus koepiyicumis acumempii

3minHa KoedinienT acumerpii (10) | KoedinienT acumerpii (micss)
Delicassen 11.11 0.02
Frozen 5.89 0.003
Milk 4.04 0.01
Detergents_Paper 3.62 -0.03
Grocery 3.58 0.10
Fresh 2.55 -0.01
IIpo e TakoX CBIAYATH Jqiarpamu SIIUKIB 3 ByCaMH Ta TiCTOrpaMu PO3MOALIIB, sKi BioOpakeHi Ha
puc 2.
YucroBuin po3nofin o3Hak Fresh Milk
100
Fresh | .—{ -
Mi * *
§ ik }—l—{ o
s Grocery Frozen
I Grocery }—l—1
?) 100
?; Frozen '-‘—l—1" 50
T

Detergents_Paper }—.—{
Delicassen ¢+ + }—m—{. '

1
10
Yucnosi 3Ha4YeHHA

6.3 Hopmamizanis nanux

Dellcassen

_.||L

Detergents Paper

: _J.'l_

Puc. 2 — Jliaepamu swuxis 3 gycamu ma 2icmozpamu po3nooinie

30

IcHye Oararo miaxo/iB A0 HOpMaTi3alii JaHUX, SKi 3HAXO/STh CBOE 3aCTOCYBaHHS Y PI3HHX 33/1a4ax,
BKJIIOUAIOYM KjlacTepu3aliiro JaHux. JJis po3risayBaHoi 3ajadi € JOCHTh BaKJIMBUM BIJICTaHb MK
aNbTEpPHATHBAMH, JUII KOXKHOI aNbTEpPHATHBUA TOBHHEH OYTH OJHAKOBHH MIHIMyM Ta MaKCHMYyM
3Ha4eHb 3MIHHHX CcTaHy. ToMy B JaHOMY BHIIQJIKy HaWKpamuMm METOJOM HOpMaii3auii € MiH-MakKc
HopMmadizanist (Macmrtabysanns). Lelt MeTox 03BOJISIE HOPMAITI3YBaTH KOXHY 3MIHHY ajlbTEpPHATHBH
JI0 TIEBHOTO Jialla30Hy 3Ha4eHb. Y poOOTI AaHi Oy/IM HOpMasi3oBaHi 10 aiana3oHy Bij 0 10 1 BKIHOYHO.
3aranpHa hopmyna i MiH-Makc HopMatizanii 1o fianasony [0, 1]

xTES -

x — min(x)
max(x) — min(x)’

(4)

JIe X € OPUTIHAJIBHUM 3HAUCHHSM, A Xres — HOPMaJIi30BaHE 3HAYCHHS.
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Takox MmoOymyeMo miarpamMu SIIUKIB 3 BycamH IS JaHUX Ticias HopMmamzarii. Ili miarpamm
MoKa3aHi Ha puc. 3.

Yucrnosun poanogin o3Hak

Fresh - K
Milk I . |
x
z .
z Grocery ’
s
(el
2 |
2 Frozen ¢+ «++ « | *
T
Detergents_Paper -—{

Delicassen R }—D:l—{" ’

- 0
10 10
YucnoBi 3HaYeHHs

Puc. 3 - [iaepamu swuxis 3 gycamu 011 HOPMALIZ08AHUX OAHUX

Ha miarpamax sImukiB 3 BycaMu BHHO, IO PO3MOJI CTaB OUIBII ITUPOKUH 3 MEHIIOI KiJIBKICTIO
BukuAiB. /s Oinbln HarmsaHoi TeEpeBipKM Ta Bi3yamizalii KiacTepiB, BHUKOPUCTAEMO METOAU
3MeHIIeHHs po3mipHocTi, Taki sk PCA [14] ta t-SNE [15] (puc. 4).

PCA t-SNE
0.8
H Knacrep Knacrep
N m m
L]
08 2 10 2
. ® 3 [ ® 3
04| & B
- -
% . 0
.
02 &
1
¢
0.0 -10
-02 %
H -20
]
,{
-0.4 5
H
¢ ® |30
-06 *
Ll
L]
_0'8.—0 50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 =20 =10 0 10 20 30 40

Puc. 4 — Bizyanizayis nopmanizosanux oanux

VY pesynbraTi OyJ0 OTPHUMAaHO JOCUTH YITKE PO3JIUICHHS JaHUX HA KJIACTEPU B JBOBHMIPHHUX
MpOCTOpax, sKi OyJIM OTPUMaHi 3a JOTIOMOT'OI0 METO/IiB 3MEHIIICHHS PO3MiPHOCTI.

6.4 AHOMAJILHI 3HAYEHHS

AHOMAaJNBHI 3Ha4eHHS 3a3BMYail JyKe CHUIIbHO BIUIMBAIOTh HAa Pe3yNbTaTH KiacTepH3allii uepes Te,
IO LEHTp KiacTepa 3MILIyeThCS y CTOPOHY AaHOMAaNlid, IO MPHU3BOIUTH JIO 3MEHIICHHS SKOCTI
Kkiaactepusaitii. Y po6ori [16] Oyau po3risHyTi pi3HI METOIM BHUSBIECHHS aHOMAJIbHHUX 3HAYEHb Ta
BHU3HAYEHO, 110 HAaHOUIbII ePEeKTHBHUMH cepeJ]l HUX € I30JIIHHMN JIic 1 TeHepaTHBHI 3MarajibHi
Mepexi. B naHiii poOoTi BHKOPUCTAEMO 130JIALIMHUY JIiC 711 BUSBICHHS] aHOMATii B IOTOYHUX JTaHUX.
Iro moxens Oyno cTBOpeHO 3a joroMmororo Oiomioreku scikit-learn. ¥ pesynerarti Oynu noOynoBaHi
JIBOBUMIpHI Trpadikk 3a JOIOMOIOI JTaHMX 3MeHIneHoi po3mipHocTti. Lli rpadiku BimoOpakeHi Ha
puc. 5.

3 rpadikiB MOKHa MOOAYUTH, LIO 130JSILIHHUNA JIiIC BU3HAYMB 3HAYEHHS, SIKI PO3TAIIOBYIOTHCS Ha
Kpasix, aHOMaJbHUMHU (3HaueHHS —1). Xoda € BHUMAJKU, KOJM JIaHi, SKi 3HAXONISATHCS B CEpEIHHI
KjacTepy OyiM BH3HAauYeHI aHoManbHUMH. lle Moke OyTH TMOB’SI3aHO 3 METOJAMM 3MEHIICHHS
PO3MIpHOCTI, SIKi IOAAIOTH MIEBHY MMOXUOKY Y JaHUX 3MEHILIEHOT PO3MipHOCTI.
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Puc. 5 — Bizyanizayis anomanvHux 3HaueHb 8 0aHUx

6.5 ArperyBaHHs 1aHHX

VY monepeaHix miaApo3alIaX MOKa3aHe BUKOPUCTAHHSA METOJIB 3MEHIICHHS PO3MIPHOCTI JTaHUX IS
Bisyasizanii pe3ynbratis, Taki sik PCA 1 t-SNE. 3a3suuait Metox t-SNE BUKOPHCTOBYETHCS TUIBKH IS
Bisyamizamii AaHWx, BiH He 30epirae CTPYKTypy HaHUX Ui IOAANBIIOTO MPOTHO3YBaHHA a0o
Kkractepu3anii naHux. ToMmy mns arperyBaHHS JaHUX Oyle BHKOPUCTAHHMH JIMIIE METOJA TOJOBHHX
komroneHT (PCA). Takox, 3riqHo 3 [17], cepex MaTeMaTHMYHUX MOJENed TJIMOOKOr0 HaBYaHHS
BU3HAYEHO, III0 HAHKPAIIUM € CTaHAapPTHUH aBTOKOyBAIbHHK.

[Tobyxyemo Bizyamizallito HOpMaTi30BaHUX JAHWUX 33 JOTIOMOTOI0 CTaHJAPTHOTO aBTOKOYyBAIbHUAKA
JUTSL IOPIBHSHHS 3 TOOYTOBaHUMH BizyastizanisiMu. Pe3yibpraT 300paxkeHo Ha puc. 6.

ABTOKOAYBaNLHUK
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Puc. 6 — Bizyanizayis HOpManizo8aHux 0aHux 3a OONOMO2010 CIMAHOAPMHO20 ABMOKOOYEAIbHUKA

ABTOKOJIyBaJIbHUK YiTKO PO3JIUIMB JIaHi Ha TPU KIACTEPH Ta OLIBII 3rpyIyBaB iX, IO JO3BOJISIE
MaTeMaTH4HIN MoJeli KiacTepu3alii JaHMX BUKOHYBATH KiacTtepusallii 3 Ouibmiow skictio. Cia
3a3HAYWTH, IO TMPH Bidyawizamii KiacrepiB Oylia BHKOPHCTaHA IIiJIbOBA 3MiHHA Kiactepy. Tomy
3’BJISIETHCSI TOTpe0a MepeBipUTH Pe3yiIbTAaTH arperyBaHHs JaHUX Oe3 Hei.

[IpoBeneMo arperyBaHHsI JaHHX 3a JOIIOMOTOI0 METOY TOJIOBHUX KOMIIOHEHT 1 aBTOKOIyBaJlbHUKA
0e3 BUKOPUCTaHHS 1IJIbOBOT 3MiHHOI. Pe3ynbraT moOynoBu rpadikis BiqoOpaxkeHo Ha puc. 7.

AHai3yloun pe3yibTaTH, CIiJl 3a3HaYUTH, L0 KUIBKICTh 3MIHHMX CTaHy HE € BeJHKOwo. Sk
HACJIiI0K, 3aCTOCYBaHHSI MaTEeMaTHYHUX MOJeJiei 1 METOIB arperyBaHHA JaHUX MOXKE NMPU3BECTH 10
BTpPATH IIHHOI iHpOpMaIlii s kiactepu3aiii. Tak, Ha MPHUKIIAAL arperyBaHHs JIAHUX JI0 PO3MIpHOCTI 2,
HEMOXKITMBO PO3JIUIMTH JaHi Ha KJIacTepu. TOMy arperyBaHHs JaHWUX Oyjieé BUKOPHCTAHO TUIBKH JUIS
Bizyastizanii pe3yIbTaTiB KIacTepHu3aii.
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Puc. 7 — Aepezysanna nopmanizosanux 0anux 6e3 UKOPUCMAHHA YilbOB0T 3MIHHOT

7 3acTocyBaHHS MeTOY Ha JaHUX ONTOBOI0 JHCTPUO’I0TOpA

Meton OyB 3acTOCOBaHMIA AJs KiacTepu3alii JaHUX ONTOBOTO JUCTPHUO’I0TOpa BUKOPUCTOBYIOUH
Taki Mipu MiK-eIeMeHTHOi BifcraHi: ManrerreHchka Binctanb (I), Bimcramp MaxamanoOica 3
obepHernM 3HaueHHs QyHKOii npuHanexHocti (II), mmuBeprenmis Kympbaka-Jlew6mepa (III), xpoc-
entporist (IV). Y tabnuui 3 BkazaHi 3HaYSHHS! TOYHOCTI 32 IKUMH OIiHIOBAJIACh SIKICTh KiacTepu3allii.

Tabnuya 3. Pesynomamu knacmepuszayii Oawux onmogoi oucmpubyyii 3
BUKOPUCMAHHAM PI3SHUX MID MIdC-eleMenmHOi 8i0Cmani

Buxopucrana mipa
| 1 1l v

TouHicTh 0.52 0.62 0.8 0.57

bepyun mo yBarm pesymbTaTé OOYHCICHHA KOXXHOTO 3 BapiaHTIB MDK-KJIacoBOi BiacraHi, Oyio
o0Opano Halikpamry mipy (Mipa III — muBeprenuis KynbOaka-Jleiionepa) ta mis Hei Oyio moOya0BaHO
marpuiro koHdy3iB, ROC (puc. 8) ta LF-kpuBi 1 KpaIioro aHaiizy OTpUMaHUX pe3yJIbTaTiB.

Tabnuya 4. Mampuys rowngysie 011 Kracuikayii OaHUx onmoeo2o
oucmpub romopa 3a suxopucmanns ousepzenyii Kyivbara-Jleibnepa

Iependauenuii kaac
Jlicabon Omnopro IHui
AKTyanmsHUHA Jlicabon 16 0 61
Kjactep Omnopto 0 19 28
T 0 1 316

MoskHa TOMITHTH, 10 OJIMH 3 KJIACTEPIB Maike MOBHICTIO BIPHO KJIacH(iKOBaHUM, aje, 3BaKaruu
Ha BEJIMKUH MepeKic JaHuX, iHII KiacTepu OyJiM BU3HA4eHi HabaraTo ripiie, o Moxe OyTH CyTTEBOIO
MPOOJIEMOr0 ISl TaHWX 3 HEJOCTATHBOIO KUIBKICTIO TIPELEJeHTIB s JeSKHX KiaciB. Takoxk Cimij
3a3HAYMTH, 110 3HAYECHHS (BYHKIIIT BUTPAT JJIS JaHOI Kiactepu3ariii gocsriio 3uadenns -0.0574 (puc. 8).

3a pesynbpTaTaMH OTPUMAaHWMH Ha BHOIpII ONTOBOI MTUCTPHOYIIiT BUSBICHO, IO 33 BUKOPHCTAHHS
muBeprennii  KynnOaka-JleiiOnepa B sSKOcTi MiDK-00’€KTHOI BIZICYTHI aNrOpUTM Ja€ HalKpamii
pe3yabTaTH B TOYHOCTi, TOMY Ma€ CEHC BHKOPHCTaTH caMe II0 Mipy IJsl TECTyBaHHSI alTOpUTMY B
PEKUMI aBTOMATHYHOTO BH3HAYCHHS KUTBKOCTI KiactepiB. Sk BUAHO 3 rpadiky (puc. 9) MiHiMalbHE
3HaYeHHS TOYHOCTI JJOCATHYTO JUIS KUTBKOCTI 3 ¥ 4, 0 BiJNOBIIa€ iHCHOCTI.
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Puc. 9. Bionowenus xinbkocmi kiacmepis 00 3nauento QyHKyii gumpam, wo ompumani nio yac
mpeHy8anns Mooeni Ha 6ubipyi onmogozo oucmpub 1omopa 3a suxopucmanis ougepeenyii Kynivoaxa-
Jetibnepa.

8 BucHoBKH

PesynbraTom po0OOTH CTaJI0 MiABHMIICHHI TOYHOCTI KJIACTEpHU3allii JaHMX, Ta II0OKAa3aHO TOYHE
BU3HAYEHHS MIJIbOBOI KUIBKOCTI KIIACTEPIB JaHWX, TE€HEPOBAaHWX JWHAMIYHHUMH E€KOHOMIYHHMH
CHUCTEMaMH, 3a JIOTIOMOTOI0 BHKOPHCTAHHS areHTHO-OPIEHTOBAHOTO METOJy Kiactepu3amii 3
BIIPOBA/KCHHSM METO/IIB TIONEPEIHL01 00poOKU AaHuX. BUKOPUCTaHHS METOIIB HOMEPEIHLOT 00POOKH
JIAHHX MTOKA3aJ10 ABHY MPUCYTHICTh 3-X IIJTLOBUX KJIACTEPIB, IO OYIIO MiATBEPIKEHO METOIOM.

Po3pobnenuii MeTo MoKa3aB BHCOKI pe3ylbTaTH TOYHOCTI KJIACTEPH3allii 32 PaxyHOK MPOBEIACHOT
00poOKM JaHMX, MPaBHJILHO OOpaHOi MIpH €JIEMEHTHOI BiJCTaHI Ta BUKOPUCTAHHS are¢HTHO-
opieHToBaHoro Tixomy. Llelf MeTo MoXHa BUKOPHCTOBYBATH JUIsl MIOKPAIIEHHS SIKOCTI KJIacTepHh3ailii
JAHUX JWHAMIYHUX EKOHOMIYHMX CHCTEM, aJié METOJ BHMAara€ JOONpAaIllOBaHHS B 30UIBIICHHI
THYYKOCTI II0/I0 BU3HAYCHHS PO3MIpY areHTiB-KJIacTepiB.
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Agent-oriented method of clustering the wholesale distributor data

The purpose of the research is to improve the accuracy of data clustering and to determine the target number of data
clusters generated by dynamic economic systems, using an agent-oriented clustering method with the introduction of data
preprocessing methods.

Research methods: data processing and preparation methods, elemental distance measures, and clustering methods have
been used. The software is developed by using the Python language. The following libraries have also been used: scikit-learn,
NumPy, SciPy, Pandas, PyTorch and others.

As a result of the research, the data of the wholesale distributor have been processed by the data pre-processing methods
such as the determination of missing values, the determination of asymmetry and the Box-Cox transformation. The
normalization of the data with the min-max normalization method and the dimensionality reduction with the PCA and t-SNE
methods have been carried out. Afterwards, the agent-oriented clustering method has been applied with the Manhattan
distance, Mahalanobis distance with the inverse value of the membership function, Kullback-Leibler divergence and cross-
entropy metrics. Kullback-Leibler divergence has shown the best accuracy results and has been chosen for the further testing.
The ability of the agent-oriented method to determine the number of clusters has been tested. The use of data preprocessing
methods shows the clear presence of 3 target clusters, which was confirmed by the method. Conclusions: The developed
method allows for high clustering accuracy due to the performed data processing, the correctly selected measure of elemental
distance and the use of an agent-oriented approach. This method can be used to improve the quality of data clustering of
dynamic economic systems, but the method requires improvement in order to increase flexibility in determining the size of
cluster agents

Keywords: fuzzy clustering, multi-agent approach, data processing, Box-Cox transformation, PCA method, t-SNE method,
autoencoder, Kullback-Leibler divergence, Mahalanobis distance, Manhattan distance.
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/{BoOiuYHMI iTepaliiHUiA MeTOX HA OCHOBI BUKoOpucTanHs ¢pyHkuii I'pina
B 32/1a4aX YHCEJLHOI0 aHATI3Y JesIKUX eJIeKTPOMEeXaHIYHNX CUCTEeM

AKTyanbHicTh. Y po0OTi po3riIsgacThes 3agada YHCENBHOTO aHaNi3y HeNHIHHOT KpaifoBoi 3amadi, IO MOJEINIOE
CJICKTPOCTATHYHY MIKPOCICKTPOMEXaHIYHY CHCTEMY IIiJi Ji€l0 30BHIIIHBOTO THCKY. MIKpOCICKTPOMEXaHIuHI CHUCTEMH
MOETHYIOTh MEXaHIYHI Ta eJEeKTPUYHI KOMIIOHEHTH MIKPOHHHX pPO3MIpiB Ta BHKOPHCTOBYIOTHCS y aBTOMOOLICOYIyBaHHI,
apiamii, MemunuHi. EJNeKkTpocTaTMYHa aKTHBAllisl I[HUX CHCTEM € KIIOYOBOW Ui (DYHKIIOHYBaHHS MIiKpOJ3EpKal,
MIKpOpPE30HATOPiB, akcenepoMeTpiB Tomo. OCHOBHIM OOMEKEHHSIM €NEKTPOCTATUYHUX MIKPOEICKTPOMEXaHIYHUX CHUCTEM €
SIBUIIE HECTaOUTPHOCTI BIAXWJISIHHS, IO NPU3BOMUTH 10 AecTabimizamii cuctemu. s HiBeMOBaHHSA IMX OOMEXEHb
3aMPONOHOBAHO JOCTIIUTH apaMeTPH MOJIEIIi Ta OTPUMATH IX OIHKH.

Mera. 3a [0MOMOTO0 METOHIB TeOpii HENIHIMHUX OmepaTopiB y HAMIBYMOPSAKOBAHUX MPOCTOPAX PO3POOHTH METOX
JIBOOIYHUX HAOIMKEHD PO3B’SI3aHHS MOCTABJICHOT 3a/1a4i.

Mertonu pgociimkeHHsi. MaremMaTHyHa MOJIENb EIEKTPOCTATHYHOI MIKPOEIEKTPOMEXAaHIYHOI CHCTEMH TIpPEICTaBICHA
HENHIMHUM eINTHYHKM pIiBHSHHSIM 3 omepatopoM Jlamimaca Ta OJHOPIAHOK KpaifoOBOI YMOBOIO TMEPHIIOro poay. 3a
JoroMororo Metony ¢yHkuiii ['piHa Big wiel nudepeHmianbHOi 3amadi 3MIHCHIOETBCSA MepeXifi JO CeKBIBAJICHTHOTO
IHTETpaIbHOTO PiBHAHHS [ aMMmepInTeiiHa, sike aHAIi3yeThC METOAAMH TeOpii HENMHIMHUX OMEpaTOpiB y HAIIBYMOPSAKOBAHUX
MpOCTOpax.

PesyabTaTi. [{ocnimKeHO BIaCTUBOCTI HEIHIIHOTO oneparopa, sike BXOAUTH J0 piBHAHHA ['aMMepInTeiiHa, OTpHMaHO YMOBHU
ICHYBaHHS €IMHOTO JTOJJATHOTO PO3B'S3KY PO3MIAYBAHOI 3a/1adi Ta YMOBH 301KHOCTI 0 HBOTO JBOOIYHMX HaOMKEeHb. J{is
3aMPONOHOBAHOTO METOJy JIBOOIYHMX HAONMIKEHb TaKOXX OTPHMAHO arlloCTepiOpHY OLIHKY MOXMOKM Ta OLIHKY KUIBKOCTI
iTeparliif, HeOOXiHUX JJIsl TOCATHEHHS 3aaHO0i TOYHOCTI.

BucnoBku. PoGora Ta epeKTUBHICTH pO3pOOICHOTO METOAY MPOJEMOHCTPOBaHA OOYHCITIOBATEHUMH E€KCIIEPUMEHTaMH IS
TECTOBOI 3a7a4yi y KpyroBid o6yacti 3 pIi3HUMH 3HAUCHHAMH TMapaMeTpiB Mojemi. Pe3ynpTaTd OOYHCITIOBAaTBHUX
EKCIIEPHMEHTIB NPE/ICTAaBIICHI y BUTIIAII YUCIIOBOT Ta rpadivHoi iHpopmMarii.

Knwwuosi crosa: memoo 0606iunux nabaudicenvb, memod @yukyit I pina, memoou HeniHitiHO20 aHANi3y, KOHYCHUL 6i0pI30K,
€NeKMPOMEXAHIUHA CUCIEMA, Oist 306HIUHLO20 MUCKY, MOHOMOHHUL ONEPamop.

Sk muryBatu: Konuakosceka O.C., CumopoB M.B. . JIBoOiuHuMl iTepalliiiHuii MeTOZ Ha OCHOBI
BUKOpUCTaHHS QyHKIIT [piHa B 3a7a4ax 4YMCENBHOTO aHaJi3y JESAKUX EIeKTPOMEXaHIYHHX CHCTEM.
Bicnux Xapxiecvkoeo uayionanvmnoco ywisepcumemy imeni B.H. Kapazina, cep. «Mamemamuune
mooenoganns. Ingopmayitini mexunonocii. Aemomamuszosani cucmemu ynpaeninusay. 2022. Bum. 55.
C.19-31. https://doi.org/10.26565/2304-6201-2022-55-02

How to quote: Konchakovska O., Sidorov M., “Two-sided iterative method based on the use of the
Green's function in problems of numerical analysis of some electromechanical systems ” Bulletin of
V.N. Karazin Kharkiv National University, series “Mathematical modelling. Information technology.
Automated control systems, vol. 55, pp. 19-31, 2022. https://doi.org/10.26565/2304-6201-2022-55-02

1. Beryn

I3 3pocTarouuM MONUTOM Ha MiHIaTIOPHI MEXaHi3MH 31 CKJIaAHUMHU (YHKLISMH €JIeKTpOMEXaHi4Hi
CHUCTEMH BBRXKAIOTHCS OJHUMH 3 HAWIIEPCHEKTHBHINIMX TEXHOJIOTIH IBOTO CTONITTS. Taki mpucTpoi
MOEHYIOTh MEXaHIUHI Ta eNeKTPUYHI KOMIIOHEHTH 1 BUKOPHCTOBYIOThCS y 0araTboX raiy3sx HayKH i
TeXHIKA. B 3anmexHocTi Bim CTymeHio aeramizauii eleKTPOMEXaHi4HI CHUCTeMH OyBalOTh MIKpO- Ta
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HaHOPO3MipiB. MikpoenekTpoMexaHigdi cuctemu (ckopoueHo MEMC) € HalOIIbI TOMTUPEHUMHE IS
MPOEKTYBAHHS OiTBIIOCTI Mpuamis [1].

MatemaTHuHi MOZIeITi MIKpPO- Ta HAHOCICKTPOMEXaHIYHUX CHCTEM 3a3BHYAll MPEICTABICHI Y BUTIISII
mudepeHItiaTbHIX PIBHAHD B YaCTHHHUX TOXITHWX 3 BIANOBIIHMME ITOYATKOBUMH Ta TPaHHIYHUMH
ymoBamu. Haiimommperimuii MeTox po3B’si3aHHS TaKMX HECTAIIOHAPHUX 3a]a4 TMOJATaE B TOMY, 00
3BECTH IX J0 3BUYAWHUX AW(EpeHIlaIbHUX PIiBHSHb 32 YaCOBOK 3MIHHOIO, a IOTIM PO3B’s3aTH
OTpUMaHi pIBHSHHA dYuCENbHO abo aHamiTH9HO. TakoX TpH peayKilii BHKOPHCTOBYIOTBHCA [ESKi
MIIXOMW TUCKPETH3alii, a caMe. METOMl CKIHYCHHUX CJIEMEHTIB, METOJl TPAHUYHHUX €JIEMEHTIB, METOT
CKIHUCHHUX pi3HHLB Tomo [2]. [lns uymcenbHOro aHaiily BIAMOBIAHUX CTalllOHAPHUX 3a/a4 3py4HO
BUKOPUCTOBYBATH YHCEIbHI METOIU 3 IBOOIYHUM XapakTepoM 301kHOCTI. Lle mo3Bonse amocrepiopHo
OIIIHIOBATH MOXUOKY HAOIMKEHOTO PO3B’SI3KY Ha KOXKHOMY KpOIIi iTepariitnoro mporecy [3].

TakuMm 4rHOM, PO3po0OKa Ta BIOCKOHAJICHHS ICHYIOUHX MiIX0/IB O MAaTEMaTUIHOTO MO/ICITFOBaHHS 1
YHCEIBHOTO aHaNli3y 3ajay, [0 BHHUKAKIOTH MPH JOCTI/DKEHHI MIKpO- Ta HAHOCJICKTPOMEXaHIUYHUX
CHUCTEM, € aKTyaJIbHOIO0 HAYKOBOIO 3a/1a4€HO.

2. ITocTanoBKa 3amaui

binporicte Mojienel eNeKTPOCTATHYHHUX MIKPOEIEKTPOMEXaHIYHUX CHCTEM CKIQJAl0ThCA 13 JTBOX
CTPYMONPOBITHUX IUIACTHH: 3aKpIIUICHOT B3I0OBX MEXi €TaCTHYHOI IUIACTUHM 3BEpPXy Ta HEPYXOMOi
JKOPCTKOT TIacTUHU 3HU3Y. [IpuKkianeHa eJekTpuuHa HAaIlpyra MiX ABOMa IJIaCTHHAMU MPU3BOJIUTH JI0
BIIXWJICHHS €JaCTUYHOI IUIACTHMHM Ta mojaaibinoi 3minu emHocti MEMC. Cxema poOOTH THIOBOI
enexktpocratnyHoi MEMC npezncrasnena Ha puc. 2.1.

EnekTpocraTHuHI MiKpPOEIEKTPOMEXaHIUHI CHCTEMH MAIOTh XapaKTepHY OCOOJIMBICTD, IO OOMEKYE
iX epeKTHBHICTh — HECTAOUIBbHICTh BIAXWISAHHSA. [lel eeKT MposBIAETHCS, KON MPUKJIaIcHa HApyra
NEePEBHUIIy€ TIEBHE KPUTHYHE 3HAYCHHS, BHACIIJIOK YOTO TUIACTUHH CTUKAIOTHCS, IO OOMEKYE Jiana3oH
cTabinpHOI podoTH mpucTpoi. HecTabinmbHICTh BIAXWISTHHA OyJI0 BUSBICHO Ta JIOCHIHKEHO y 0ararbox
po6orax [1, 4-7] i mpoAEeMOHCTPOBAHO IS MOJIEII i3 CHCTEMOIO 30CEPEDKEHMX Mac 1 IPY)KUH 3 JBOMA
napaielbHUMH TJIACTUHAMHU 3 PI3HUMH TOTEHLIanaMH. TakuM YUHOM, JUIS PO3POOKH HAIiHUX
BHCOKOTIPOYKTHBHHUX MPHUCTPOIB HEOOXiTHO BH3HAYUTH CTiHKi PEXHMH POOOTH IS 3amoOiraHHS
BUHUKHEHHS HECTAO1IbHOCTI BIIXUISHHS.

EnactmnyHa nnactmnHa

Hepyxoma xopcTka nnactvHa

Puc. 2.1 Cxema munosoi enexmpocmamuynoi MEMC
Y po0oTi po3rigmaTUMEMO HENiHIHHY KpaloBY 3allady, IO MOJIENIOE POOOTY €IEKTPOCTaTUYHOI
MEMC izt gi€ro 30BHIIIHBOTO TUCKY [8, 9]:
A (x
—Au:—()2+ P(x), xeQ, (2.1)
(1-u)

u(x)>0, xeQ, (2.2)
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u(x)=0, xeoQ, (2.3)

e Q — mocka o0acTk 3 KyCKOBO-TJIQAKOK Mekero 0Q, X= (X, Xo), f(X) — dyHkuis, mo omucye
mienexktpuuHi BiactuBocTi mactuHu, 0< f(X)<1, U — BenMuYWHA TPOTHHY IUTACTHHHU, P(X)
30BHIiNIHIN THCK, P(X) >0, A — mapamerp, 1o xapaktepusye cuin Kynona,

gV 2L?
200h93

€9 — BaKyyMHa [ieleKTpuyHa crana, V — MpHUKIajeHa Hampyra, Jg — BIICTaHp MDK ABOMa
IUJIACTMHAMH 32 BIJCYTHOCTI medopmalii, Gy — Hampyra y IUIacTuHi, h — ToBmUHA edhopMOBaHO
IUIaCTUHH, L — MOBXKWHA TUIACTHHU.

@OyHKuioHan eHeprii po3MIAAyBaHOI CHCTEMH B HABAaHTAKCHOMY CTaHI BH3HAYA€THCS CYMOIO
NOTEHLIHHOT eHeprii Aedopmarii Tijia Ta MOTEHIiaTy 30BHILIHIX CHII

E= j I|VI‘|2 —i—E(AI’)2 f(X)V +PX)r |dx,
o\ 2 2 L
2h3y
1e I — BeIM4uHa IPOrUuHy IwiacThuuu, T >0 — crana Hanpyru, D = — h — ToBIIMHA MIACTHHHY,
31-v7)

Y —wmomyns FOHra, v — koedimient Ilyaccona.
Heobxinna ymoBa minimymy ¢yHkiionana E (piBasaEsS Eftnepa-OcTporpaacbkoro) Mae BUTIIS

Tar—pa?r = 1OV2 S+PX) y Q,
(L+r)

r|aQ =0

ITosnaunmo r=-U Ta mokmamemo L=1, T =1, szZ, D=0, toxi i oTpuMaEMO HENiHIHHY
KpaiioBy 3amauay (2.1) — (2.3).

Maremarnana mozens (2.1) — (2.3) posrmspamace y poGorax [4-6, 10], ame 3a ymoBwH, 1o
P(x) =const.

3. MeTon nocTiaKeHHs
PosrnsiHemo kpaiioBy 3amady (2.1) — (2.3), ne ¢oyukuii f(X) i P(X) 3a ¢izuunum 3microm €

HETIepEepBHUMU 1 HEBi €MHUMHU IIpH X € 2.
[MocraBneHa 3a7aua eKBiBaJIeHTHA iIHTErPaIbHOMY piBHSIHHIO ['amMepiiTeiiHa

M (s)
~u(s))?

ne G(x,s) — dynkuis I'pina 3amaui (2.1) — (2.3), X=(X1, X2), S=(51,Sp) .

u(x) = jG(x S)L +P(s)}ds (3.1)

Posrasnarumemo piBasiHus (3.1) y 6aHaxoBomy nmpoctopi C(Q) dyHKiii, HenepepBHEX B 061acTi

Q=QuUaQ, e HOPMA BBOJIUTHCS 33 HPABUIOM ||u|| = mag(|u(x)| . BusHaunmMmo KoHyC HEBiJ €MHUX
xeQ
dynxmiit K, ={ueC(Q):u(x)>0,xeQ} y C(Q). 3aysaxumo, mo konyc K, y C(Q) e HopmansHuM
i HaBiTh roctpum [11]. BBenemo HamiBynopsakosanicTs y mpoctopi C(Q) 3a npaBuiom:
U,, v, skmo V—UeK, , o610 u(X)<V(X) s Bcix XeQ.

Hapasi icHyBaHHS KJIacH4YHOrO pO3B’s3ky 3amaui (2.1) — (2.3), T00TO TaKkoi QyHKIT
u*eCZ(Q)mC(S_)_), sKa 3a10BOJIbHsAE piBHAHHA (2.1) 1 ymoBu (2.2), (2.3), us QyHKmis TaKox
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3a0BOJIbHATHME # iHTerpanbHe piBHAHHS (3.1). SIkmo x 3amaua (2.1) — (2.3) He Ma€ KIACHYHOTO
PO3B’s3Ky, TO piBHAHHS (3.1) MOK/IaeMO B OCHOBY O3HA4Y€HHS y3arajbHEHOT0 po3B’s3Ky 3aaaui (2.1) —
(2.3).

Osnauenns. Y3aralbHEHUM PO3B’S3KOM KpaitoBoi 3amadvi (2.1) — (2.3) nasuBatiMeMo (yHKIIIO
u" €K,, sKa € po3B’s3KOM iHTerpaabHOro piBHiIHHA (3.1).

3 piBusHHEAM (3.1) MOB’sDKEMO HeiHIHHIMN iHTerpanbHuil onepatop T , mo aie y C(Q) 3a mpaBuiom

T@X@szWﬁ{—&ui7+P®ﬂ$. (3.2)
Q (1L-u(s))

BractuBocrti oneparopa T BUDIIiAY (3.2) MICTAThCS B HACTYITHIH JIeMi.
Jlema. Onepatop T Bursiay (3.2) €:

a) JOaTHUM OIEPaTopOM;

0) Up -I0aTHUM OTIEepaTopoM, Jie QPyHKIIS Ug(X) BH3HAYAETHCS PIBHICTIO

Up(X) = [ G(x,S)ds ; (3.3)
0

B) € 130TOHHHUM OIIEPaTOPOM;
r) Ma€ iHBapiaHTHHI KOHycHWH Bigpizok <O, >, mpuuomy crtama B, 0<P<1, € po3B’s3KoM

HEPiBHOCTI
MM ¢ <(B-Mp)L-Pp)?, (3.4)
e

M¢ =max [ G(x,s) f(s)ds, Mp =max [ G(x,5)P(s)ds;
XGQQ XEQQ

n) € Ha <0, > nimmun-HenepepBHUM OMepaTopoM, ToOTO it BCix V,We<O0, 3> BHKOHYEThCS

HEPIBHICTH
[T =T <vlv-w], (3.5)
2AM ¢
ae y= 37
1-p)

Josedenns. a) Sk Bimomo [12], yukiis I'pina G(X,S) mepmioi kpaioBoi 3aaadi s omepaTopa —A

Ha TUIOIIWHI HeTIEPEePBHA TIpU X, S € Q, x#s , 1 3aI0BOILHSE OIlIHIII

1
In—
XS

0<G(x,s) <k

ze fyg =[X—3|= \/(Xl - 51)2 +(Xo — 52)2 — BiICTaHb MiX TOUKaMH X 1 S.

Toni, 3 ypaXyBaHHAM HEBia eMHOCTi Ta HenepepsHocti Gynkuii u(x), f(X) i P(X) npu xeQ,
HEBiZ’€EMHMM 1 HerepepBHMM Tpu X, S€Q, X#S, Gyae i miginTerpansHuii Bupas y (3.2), a omxe,
dynkuis T(u)(X) HeBin’emua Ta HenmepepsHa npu X € Q. Ie o3Hauae, mo onepatop T Burmsamy (3.2)
nie y npoctopi C(Q) i nepesoauts dynkuio 3 K, y dyskmiro 3 K, , To6T0 3anmiae iHBapiaHTHUM
KoHyc K, iTOMy € 10aTHHM OTIepPaTOPOM.

6) ®ynkuis Uy(X) suraany (3.3) Hanexuts K, \{0} (0 — HynpoBuii enement npoctopy C(Q))1i €
PO3B’SI3KOM 3a/1aui

-Au=1, xeQ,
ux)>0, xeQ,
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u(x)=0, xeoQ.

Skmo Qg — neska migobnacts obmacti Q, mpuuomy H(Qg) >0, To 3HaMeTbcs Take YHUCIO
v =7(Qq) >0, mo maTume micre HepiBHICTH [12]

7[G(x,8)ds< [ G(x,s)ds.
0 Q

3 inmoro 6oky, skmo U e K, \{6}, To mia neskoro ag >0 3HaiimeTscs MHOXHHA (Qy < ) Taxa,
A (X)
2
(1-u(x))

mo n(Qg)>0 i +P(X) >0 ma Beix X e Q. Tomi ans Beix X € Q)

T(u)(x) = jG(X,S)|:LS)2+ P(s)}dsz | G(x,s)liLs)z+ P(S)}dsz
o) @-u(s) Q A-u(s))

>ag | G(x,5)ds > agy [ G(X,8)ds = agytp(X) .
Q O

Jaui, st Beix X e Q

Af (s)
(L-u(s))?

Af (X)
(L-u(x)?

xeQ)

T(u)(x) = J.G(X,S){ + P(s):ldSSmax{ + P(x)] [G(x,s)ds =
0 0

= maX|:M+ P(x)} Uy (X) .

x| (1-u(x)*
Omxe, [T BCiX X € Q) MaTHMe Miclie IO/BiiiHA HepiBHICTH

atp(X) < | G(x,s)|:LS)2 + P(s)} ds <Bug(x),
0 1-u(s))

Af (x)
(L-u(x)?

B) Hexait v,we K, i Vv,, W, To6T0 V(X) <W(X) m1s Bcix X € Q. Toxi a1 Bcix X € Q

X + P(X)} >0, mo i 03Havae Ug -I0IATHICTH oneparopa T .
xeQ

ne o =agy >0, Bzmax{

M9 + P(x S—M () P(x),
1-v(x))? (1-w(x))?

a oTXKe, 3 OISy Ha HeBix eMHicTh Gynkuii ['pina G(X,S),

wam=jeu5{—iﬂi7
0 A-v(s))

Takum ymuom, 3 V,wWeK, i v,, W Bummsae, mo T(V),, T(W). Ile i o3Ha4ae i30TOHHICTH

+ P(S)}ds < jG(x,s){Ls)er P(s)}ds =T(W)(X).
0 A-w(s))

omeparopa T Burisiny (3.2).

r) IuBapiaHTHHMIl KOHYCHMH BIigpi30K <Vp,Wp > BHU3HA4YaeThcsi HepiBHOCTAMU T (Vg)...Vp i
T(wp), Wp. SAxmo noknactu Vg =0 i Wy =P, To 3a3HaueHi HepiBHOCTI (3 orisiay Ha (3.2)) HaOyayTh
BUTIISY

I G(x,S)[Af (s)+P(s)]ds>0 must Bcix XeQ), (3.6)
Q
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Af (s)
1-B)>

J.G(X,S){ + P(S)}dSSB JUIS BCiX X e Q). (3.7)
Q

Uepes HeBin emuicTh dynkuii ['pina G(X,S) mpu X,Se€Q, X#S, Heinx emuicts pynkmiii f(X) i
P(xX) mpu XeQ Ta momatHicTh mapamerTpiB A HepiBHicTh (3.6) 3aBXKIM BHKOHYBAaTHMETBCSL.
HepiBHicTh (3.7) MOKHA 3amucaTH y BUTIISI

A 5 [G(x,9) f(s)ds+ [ G(x,5)P(s)ds <P mus Beix xeQ,
-B)"a Q

a00, mepexoasi9u 10 MAKCUMYMIB, Y BUTJIISIIL

+MPS , (38)

JIe TI03HAYeHO

M¢ =max [ G(x,s) f(s)ds, Mp =max [ G(x,s)P(s)ds.
XeQQ XeQQ

3 ¢iznunux MipkyBaHb BuruuBae, mo 0 <3 <1. Tonai micis MHOKEHHS Ha (1—[3)2 HepiBHICTH (3.8)

HaOyBae Buriay (3.4).
1) ITo3raunmo

M (X)

FOU() = —
(1-u(x)

+P(x).

Hexait v,we<0, 3 >. Posrnsaemo Bupas

[LX)Z + P(x)} —(LX)Z +P(X) || =
1-v(x)) 1-w(x))

1 3 1
Q-v(x)?  L-wx)?|

|F (%, v(x)) = F (x,w(X))| =

=f (%)

M(x)( ! - 1 2}
A-v(x))® (I-w(x))

Ockinbku pu 0 <V, W< 3

1 1 |< 2
la-v)? a-w?| @-py

=

TO OTPUMAEMO HEPIBHICTh

|F (x,v(X)) — F (x,W(x))| < 217f [(;)2 V(X) —w(x)|.

(

Toni

[TV -TW)|= magz( T(V)(X) =T (W)(X)| = magg)( f G(X,8)[F(s,v(s)) — F (s, w(s))]ds| <
Xe Xe Q

2\ M
< 5 Max [ G(x,9) f (s)ds - max|v(x) —w(x)| = 3
1-p)” x=02q XeQ) a-p)

Jlemy noBejieHo.
3ayBaskuMo, 10 oriepaTop T BUMIIALY (3.2) € HENIEPEPBHUM 1 LIIKOM HENEPEPBHUM.

v =w=y[v-w].



ISSN 2304 -6201 BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHS. IHhopmaLjiiHi TexHonoril. ABTOMaTM30BaHi CUCTEMM YNpaBNiHHs», BUNyck 55,2022 25

IToGymyemo MeTom IBOOIYHMX HAOMMKEHB 3HAXOIDKEHHS IOJATHOTO PO3B’S3KY I1HTETPaIbHOTO
piBasiHHA (3.1) (a omke, 1 kpaitoBoi 3amaui (2.1) — (2.3)). Ockinbku 3a MOYAaTKOBE HAOIMIKCHHS
0o0MpaTUMyTbCsl KiHII 1HBapiaHTHOTO KOHYCHOTO Bimpizka <0, >, To cmoyarky mpoaHalizyeMo
HepiBHicTh (3.4) 3a ymoBu O0<f<1. [lo3naunmmo (p(B):(B—Mp)(l—B)Z. Toni uepiBHicTh (3.4)
HaOyBae Burisiny AM ¢ <o(B) . OueBunno, mo ¢(0)=-Mp <0, ¢(1)=¢@(Mp) =0 isxmo Mp =1, To
o(B) <0 mpu 0<PB<1 i wepiBuicts (3.4) He BUKOHYBaTHMEThCsA. OTXe, Mae OyTH BHKOHaHA yMOBa

0<Mp <1. 3a Bukonauns uHei @()>0, skmo Mp <B<1. 3HaxomMMO TakKoX, IO 3a yYMOBHU
0<M p < 1

2Mp +1) 4(1-Mp)3
Sw>¢®)=¢( g j= ( 27P) >0.
0<p<1

Orxe, HepiBHICTH (3.4) He MOXxe OyTH BHKOHaHa, SKmo SUP ¢(B) <AM ¢ . Tomy, Km0 HepiBHICTH

0<p<1
. 41-Mp)3
(3.4) Mae po3B’A3KM, TO Ma€ BHKOHYBAaTHCS HEpiBHICTH AM¢ <—————, TO0TO 3HAueHHA
mapaMeTpa A Mae 3aJJ0BOJBHATH HEPiBHICTh
3
41-M
p<20=Mp)” (3.9)
27TM ¢
o 41-Mp)®
Toni HepiBHicTh (3.4) HE MaTHME PO3B’SI3KY Yy BHUIMAAKY, KOTH A > EETTYR MaTHUMe pPO3B’SI30K
f
3 3
2Mp +1 41-Mp)” . 41-Mp)
=Bg=—7-— BUIAAKY, SKI0 A =—————— 1 MaTUME y BHIOAAKy, KO A< —————
B=Po s 7 y 27M y y 27
PO3B’SI30K QSBSB, e B, B — BimmoBiAHO HaliMeHmMII Ta HAWGITBIIMI KOpeHi pPiBHSIHHSA

AMs=B-M p)(1—|3)2 Ha intepBaii (0;1).
3ayBaxumo, mo Mp < < B<1.

Cdopmyemo iTepaliiiHuil mporec 3a CXeMO0

v“”kﬁ:IGus)——&¥2—3+P@ﬂ%,k=QlZm; (3.10)
o La-v®e)
(k+1) oy _ i Af (s) B _
W (x) _gJ;G(x,s) _—(l—W(k)(S))2 + P(s)}ds, k=0,12,...; (3.11)
v© x)=0, w©® xX)=B. (3.12)

BpaxoByroun iHBapiaHTHICTP KOHycHOro Bifgpizka <0,3> Ta i30TOHHICTH omepaTopa
HOCIIiI0BHOCTI {V(k) )} i1 {W(k) (X)} HecmajgaloTh Ta HE3POCTAIOTh 3a KOHycoM K, BiAmoBimHO.

: “ * . * . .
[cHyBaHHSI TpaHMIb LUX MOCIiTOBHOCTEH V (X) 1 W (X) BHIUIMBa€ 3 HOPMalIbHOCTI KoHyca K i
HOBHOI HenepepBHOCTI oneparopa T . OTxKe, CPaBPKY€EThCS JIAHIIOT HEPIBHOCTEH

VO =v@ @ v v W w® L w® o w@ =wf

99ttty

MosxuBuME € Ba BHIamku: V- <W' i V' =w". V npyromy Bumagky U :=Vv*=w" — equna Ha

KOHYCHOMY Biapi3ky <O, 3> Hepyxoma Touka omepatopa T, a omke, U* — enummii ma <0, B>
JIOIATHUH PO3B’SI30K PO3IIIsIyBaHOI KpaitoBoi 3amauyi (2.1) — (2.3).
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OTpUMAEMO YMOBH, 33 BUKOHAHHS SKHX, V' =W . 1 [bOrO OLIHMMO HOPMY Hw(kﬂ) —yk+D) H 3
OrISy Ha HEepiBHICTH (3.5), oTprMaemMo

Hw(k+1) (kD)

- o ) )

< yz Hw(k—l) _V(k—l)H <. < yk+1

W _,0 H —yk+lg,

3Bijcu BUIIMBAE, o lim Hw(kﬂ) —y(k+D)
k—o0

Otxe, CIIpaBIKYETHCS TaKa TEOPEMA.
Teopema 3.1. Hexaii <0, B> — iHBapiaHTHHI KOHYCHUH BiIpi30K AJist onepatopa T Burmany (3.2) i

‘ZO,TOGTO v =w", sk y<1l.

y<1. Tomi irepauiiiamii mpouec (3.10) — (3.12) mBo6iuHO 36iraeThes y HopMi mpocTopy C(Q) no
emuHOro Ha <0, P> HEmepepBHOro J0JATHOrO Po3B’A3Ky U™ kpaitooi 3amaui (2.1) — (2.3).

Sxrio Ha K -t iTepartiii 3a HAOIMKEHHIH PO3B’ 130K KpaioBoi 3amadi (2.1) — (2.3) obpatu yHKIIiFO

1) g = 0+ w9
. ,

TO, 3 OTJISIAY Ha BUKIIJICHE BUIIIE, TOXHUOKA IIbOTO HAOIIKEHHSI OI[iHIOBATUMETHCS HEPiIBHICTIO

u* —u(k)HS%HW(k) —v(k)HS%ka. (3.13)

Otmxe, AKIIO 337aHa TOYHICTH € >0, To iTepauiitauii nmpouec (3.10) — (3.12) ciig npoBoaUTH 10
BUKOHAHHS HEPiBHOCTI

Hw(k) —vk) H = r)w(weaé((w(k) (x)— v(k) (X)) < 2¢

a0 HepiBHOCTI ka <2¢ i TOZ 3 TOUHICTIO € MOJHA BBAXKATH, MO U (X) ~ u x).
3 ampioproi ominku (3.13) MoXHa OTpUMATH OINHKY ISl KUIBKOCTI iTeparliii, HeoOXiMHUX s

. . o 1
JOCSITHEHHS 33/1aHO01 TOYHOCTI. A came, PO3B’S3YyI0YM HEPIBHICTH Eyk[3<s, 3HAaXOAUMO, IO I

JOCSATHEHHS TOYHOCTI € Tpeba 3po0uTH

B /inl
Ko (€) _{Inzg/lny}+1

iTepallii, e KBaJpaTHi Jy>KKH IMO3HAYAIOTh L1y YaCTHHY YUCIIA.
Sk 6aunMo, 3 OTPUMAHMX OIIHOK JJISi HAWOLIBII MBHUAKOT 301KHOCTI iTepallifHOro mporecy Tpeda
obupatu B=p.

4. Pe3yn1bTaTl 00YMCIIOBAILHOTO eKCIIEPUMEHTY
Posrnsremo 3amady (2.1) — (2.3) y obmacti Q={X=(x,%p)]| X12 + X% <}c R?. Oyukiiisn 'pina
Takol 3a/1a4i Ma€ BUIJISL
1 1 1
———1In

s 2T pra

G(x,s)zz—lnln

ae X=(X,%Xy), s=(5,5), p= \/ 312 + S% , TOUKH S, S° — TOUKH, CHUMETPHYHI BITHOCHO OJMHHYHOIO

KoJIa, Iy, rxsl — BIJICTaHb MIX TOYKaMu X, S Ta X, st BIJIIOBIHO.
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Bimomo [6], mo ¢yHKIIsA AT OMKUCY HieTeKTPUYHUX BIACTHBOCTEM IJIACTHHM y KPYTOBii 00iacTi
MOKE MaTH BUTIIS]

F(x) = e(;(\x\z—l) _ eg(xf+x§—l) ’

ne C — HeBi €MHA cTala.
st MoieTroBaHHS BIUTUBY 30BHINTHBOTO THCKY MTPOMIOHYETHCSA 00paTh (hyHKIIIIO

P(X) = K(1—|X|2)(5— (1—|x—a|2)) , k>0, a=(0,75; 0,75)
(Bunanmok k =0 BiamoBigaTHMe BiICYTHOCTI 30BHIIIHBOTO THUCKY).
Hexait (=2, k=0,5. Toni M =0,0623, Mp =0,3497 . I'padixu moBepxons ¢pyukuiii f(X) Ta

P(X) mpencrasneni Ha puc. 4.1 ta puc. 4.2 Bignosiguo. 3 ymoBu (3.9) maemo, mo A <0,6536. Toxai

JUTSL KiHIIIB CHJIPHO 1HBAapiaHTHOTO KOHYCHOTO Binpi3ka 3rigHo (3.4) OoTpUMaeMO HACTYNHY YMOBY
0,4983<p3<0,5787. Takim 4HHOM, KOHYCHHI Bifpizok Mae Buris < 0, f >=<0, E >=<0;0,4983>.

Puc. 4.2 Tpaghix nosepxui gpynxyii P(X)
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O6epemo A=0,6. Tomi y=0,5922. Ockinpku 7 <1, To 3rimHO 3 Teopemoro 3.1 mocCmigOBHI

HaOJKkeHHs, o (opmyroThes 3a cxemoro (3.10) — (3.12), nBoGIUHO 30irarOThCs 10 €IMHOIO Ha
<0, B> po3B’s3Ky 3amaui.

Hexail 3aan0 Tounicts € =107, Ockinbku Ha m°sTiit iTepalii BUKOHY€ETHCS YMOBa

max(w® (x) —v® (x)) =0,24.1073,
XeQ)

w® x)+ vO (x)
5 :

IIpu 1upomy Hu(5)H=0, 4157. [1BoOiuHMii xapakTep 30DKHOCTI TOCHIZOBHHX HaOIMKEeHb

To 3 Tounictio 0,12-107% otpumaemo U™ (X) = u® x)=

NPOLTIOCTPOBaHO puc. 4.3, ne npeacTaBiieHi rpadiky BepXHixX (CyIUIbHA JiHIS) Ta HWKHIX (ITYHKTHPHA
JiHis) HaOMIPKEHb A0 PO3B’SI3Ky 3amadi npu X =0 . JIiHii piBHA Ta MoBepXHSA HAOIMKEHOTO PO3B’SI3KY
u® (X) 300paxeni Ha puc. 4.4 Ta 4.5 BiAnOBiAHO.

Takox OOYMCITIOBAJIHHUN EKCIEPUMEHT OyJ0 MpOBEACHO AJS Pi3HHX 3HaueHb (. Y Tabmumi 1

NPE/ICTABICHO 3HAYCHHS HOPMHU HaOJMKEHOTro po3B’si3ky 3amaui (2.1) — (2.3) B 3amexHOCTI Bif
napameTpiB C Ta A .

W (21.0). v¥)(z1.0)

-1.0 -056 05

Puc. 4.3 I'pacpixu éepxnix ma nuscnix nabaudicens 00 po3s 3Ky 3adaui y nepepizi Xy =0

1.0F

0.5¢

-1.0 -0.5 0.0 0.5 1.0

Puc. 4.4 I'pagpix niniti piena nabaudicenozo po3e ’sa3Ky
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Puc. 4.5 I'paghix nosepxui nabaudceno2o po3e 'si3Ky

Tabnuys 1. 3navenns Hopmu HAOIUICEHO20 PO368 A3KY 8 3ANEIHCHOCMI 80 napamempis 3a0ayi

g Mmax (€) M Jul g Mmax (€) M Ju]
0,04 0,3646 0,08 0,3631
0,08 0,3850 0,16 0,3817
0 0.1629 0,12 0,4077 ! 0,3361 0,24 0,4020
0,16 0,4333 0,32 0,4245
0,05 0,3616 0,10 0,3607
0,10 0,3784 0,20 0,3765
0.5 0,2356 0,15 0,3967 15 0.4724 0,30 0,3935
0,20 0,4167 0,40 0,4118

AHai3 pe3ynpTariB 00UUCITIOBAILHOTO €KCIIEPUMEHTY MTOKa3aB, M0 MpH (iKCOBAaHOMY 3HAUEHHI K
31 3pOCTAHHSIM 3HAYEHHS mapamerpa ( TaKoX 3pOCTalOTh Amay () Ta HOpma ||u|| Kpim Toro, ||u||
3pocTae TakoX 3i 3pocTaHHsSM A Tpu ¢ikcoBaHuMX 3HaueHHAX Kk 1 (. Lli mani MoxyTth Oytm
BUKOPHUCTaH1 IJI1 BU3HAUYEHHs CTIHKHUX pexxuMiB podotn MEMC. Takox cnif BiA3HaYMTH, IO BHOIp
HEPIBHOMIPHO Ta HECUMETPUYHO PO3MOJIICHOTO 30BHIIIHBOTO THCKY MPU3BOJAUTH JO TOPYIICHHS
pamianbHOI CUMETpii po3B’ 3Ky 3a1adi.

5. BucHoBKH

Y poGori Oyno Bhoepiie pPO3MISHYTO Yy3arajbHeHy MaTeMaTHYHY MOJEb CIICKTPOCTATHUYHUX
MIKPOEJIEKTPOMEXaHIYHUX CHCTEM IiJ] JI€I0 30BHIIIHBOIO THUCKY i BUOAmkKy, komu P(X)=const.
Takox Brepiie 0 Hei 3aCTOCOBaHO METOJ| IBOOIYHMX HAONIKEHb Ha OCHOBI BHKOPHCTaHHS (YHKIIT
I'pina, 1m0 IO3BOJMIO OTPUMATH K YMOBH ICHYBaHHS €IMHOTO JOJATHOTO PO3B’SA3KY 3ajadi, Tak i
HAOJNMKEHHS JO0 HBHOTO 3 JIBOCTOPOHHBOKD OINHKOK MOXHOKHA. OOYHMCIIOBAIbHHNA EKCIEPUMEHT,
MIPOBEJICHUI I TECTOBUX 3HAUEHB IMApaMeTpiB, MOKa3aB €PEKTUBHICTh 3alPOIIOHOBAHOTO METOIy Ta
MOYJIMBICTh HOTO BUKOPUCTAHHS JIJISL IOCII/IKSHHS TapaMeTpiB Ta pexXuMiB podoTr peanbaux MEMC.
IluM BU3HAYA€ETHCS HAYKOBA HOBHU3HA Ta MPAKTUYHA 3HAYYIIICTh OTPUMAHKX PE3YJIbTATIB.
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Two-sided iterative method based on the use of the Green's function
in problems of numerical analysis of some electromechanical systems

Relevance. The paper considers the problem of numerical analysis of a nonlinear boundary value problem that models an
electrostatic microelectromechanical system under the action of external pressure. Microelectromechanical systems combine
mechanical and electrical components of micron size and are used in automotive, aviation, and medicine. Electrostatic
activation of these systems is crucial to micromirrors, microresonators, accelerometers, etc. The main limitation of electrostatic
microelectromechanical systems is the pull-in instability, leading to system destabilization. It is proposed to investigate the
model’s parameters and obtain their estimates to eliminate these limitations.

Goal. Using the methods of the theory of nonlinear operators in semi-ordered spaces, develop a method of two-sided
approximations for solving the given problem.

Research methods. A nonlinear elliptic equation with the Laplace operator and a homogeneous boundary condition of the first
kind represents the mathematical model of the electrostatic microelectromechanical system. Using the method of Green's
functions, this differential problem is transferred to the equivalent integral equation of Hammerstein, which is analyzed by
methods of the theory of nonlinear operators in semi-ordered spaces.

The results. The nonlinear operator's properties included in the Hammerstein equation were studied, and the conditions for the
existence of a unique positive solution to the considered problem and the conditions for the convergence of two-sided
approximations were obtained. For the proposed method of two-sided approximations, a posteriori estimation of the error and
estimation of the number of iterations necessary to achieve the specified accuracy were also obtained.

Conclusions. Computational experiments demonstrate the operation and efficiency of the developed method for a test problem
in a circular area with different values of model parameters. The results of computational experiments are presented as
numerical and graphical information.

Keywords: method of two-sided approximations, method of Green’s functions, methods of nonlinear analysis, conic segment,
electromechanical system, effect of external pressure, monotonic operator.
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TexHoJI0TisI CEMAaHTHKO-4YUCJI0BOI Bepudikaunii yaconapamMmeTpu3oBaHUX
napaJjieJJbHUX Nporpam AJjis iHpopManiiHUX i yNIPaBJIAAIYNX CUCTEM

VY craTTi THpOBeNEHO aHali3 OCTAaHHIX JOCSATHEHb Ta NyOdiKalii 3 BHKOPHCTaHHA dYacollapaMeTPH30BaHHX
MyYJIBTHIApAIEIBEHHX ITporpaM y cdepi BUCOKOeheKTHBHHUX iHPOpPMaNifHAX TEXHOJIOTiH Ta IHPOPMAIIHHIX 1 KePYIOUMX CHCTEM.
O0'eKTOM TOCIIKEHHS € METOAN aBTOMAaTHYHOTO IIPOrpaMyBaHHs YacollapaMeTPH30BaHUX MYJIbTHIIAPATIEIFHUX IPOTrpaM, sIKi
MOXYTh OOpOOIATH BenHKi oOCSTH JaHMX 3a KOopoTkuii dac. CraTTsi mepenbadae BHU3HAUYEHHS YacoNapaMeTPU30BAHMX
MyJNbTHIAPATEIPHAX TMPOTPaM SIK KOHCTPYKILIH, MI0 BiAmoOBiAaioTh crenudikamii o0’e€kTiB maHUX, omepaiiit/dyHKIiH,
CTaTUYHUX 3B’SA3KiB, BHOPAAKOBAHOCTI omnepamii/QyHKIii y AMHAMINI TApAJIEIFHOTO 00YHCIIIOBAIBHOTO MPOLIECY, PO3ALTICHHS
Ha 4acoBi parMeHTH, po30UTTA KOMaH/I Ha MIMHOXHWHH Ta iH(OPMaLito po (i3UdHI BETHYHHHU. JaHUX.

IIpenmeroM pocmimkeHHS € e(EKTHBHICTh BHKOPHCTaHHS TEXHONOTIH Bepudikamii yacomapaMeTpHU30BaHUX
MYJIBTHIApAIENIBFHHAX [IPOrpaM, 30KpeMa 3aCToCyBaHHs ()OpMaTy CTPYKTYPH CEMaHTHKO-4MCIIOBOI crienudikarii, o 103Bosie
(dopmanizyBaT Ta aBTOMaTH3yBaTH mporiec Bepudikarii. Po3pobiieHa TEXHONOTISI CEMaHTUKO-YHCIOBOI BepHdikarii
YyacomapaMeTpU30BaHUX MapajelbHUX MporpaM Uit iH(GOPMALifHUX 1 YNPaBISIIOYMX CHCTEM 3abesledyye IepeBipKy
CHHTAKCHYHOI Ta 9aCOBOi KOPEKTHOCTI ()OPMAJIBHOT'O CHHTE3Y CTPYKTYP CEMaHTHKO-YHCIIOBO] crienudikarii.

VY cTarTi TakoXX HpeACTaBieHa KOHLENTYyaJbHA MOZETh TEXHOJOTril Bepuikamii dacomapaMeTpu30BaHUX HapaielbHUX
nporpaM il iHGopMauidiHUX 1 Kepyrounx cucTteM. OCHOBOIO Ui MIATPUMKH aBTOMATHYHOTO XapakTepy Bepudikarii €
(¢opMOBaHI Ha BCIiX eTamax CHHTE3y CTPYKTYpH CEMaHTHKO-4McioBOi cremudikamii. dopmanbHU XapakTep MpoIeciB
Bepudikallii yaconapaMeTpu30BaHUX MYJIbTUIIAPATICIFHUX MPOrpaM 3aCHOBAHUH Ha MOOYIOBI iX MaTeMaTHYHHX MOAEICH y
TepMiHax Teopii MHOXHH. Po0oTa copusTHMEe MOJANBIIOMY PO3BHUTKY MAOCTIDKEHb y cdepi dacomapaMeTpu30BaHHX
MYJIBTHIApAIEIFHUX IPOrpaM Ta 3a0e3NeyeHHs

Knrouosi cnosa: mexnonozii napanenbho2o npoepamysans, Napanieibhi 004UCI08aNbHi CUCEMU, YaCONapamMempu3068ana
MYTbMUNApaneibHa RpoSpama, Mooeib MexHoa02li sepughikayii, mexHoI02is CeManmuKo-yucio8oi eepugixayii.

SAx nuryBaT: Mopos O. 0. TexHomnorisi ceMaHTHKO-YKCIOBOI BepuQiKkallii yaconapaMeTpU30BaHUX
mapajellbHUX TporpaM [Uis iHQOpPMAIIMHAX 1 YHOpaBISAIOYUX CHCTEM. Bicuux  Xapkiecbkozo
HayionanvHo2o yuieepcumemy imeni B.H Kapasina, cep. «Mamemamuune modeniosanus. Ingpopmayiiini
mexHnonoeii.  Aemomamuzoeani  cucmemu  ynpaeninusy.  2022.  pumyck. 55, (C.32-37.
https://doi.org/10.26565/2304-6201-2022-55-03

How to quote: Moroz O. Yu. Technology of semantic-numerical verification of time-parameterized
parallel programs for information and control systems.” Bulletin of V.N. Karazin Kharkiv National

University, series “Mathematical modelling. Information technology. Automated control systems, VOI.
55. P.32-37. 2022. https://doi.org/10.26565/2304-6201-2022-55-03

1. Anani3 octanHix gocsirnens i myoaikamii. [loctanoBka nmpodaemu.

B Ham 4Yac HayKOBO-TEXHIYHHH MPOTpeC XapaKTepPHU3YeThCs IIBUAKAM PO3BHTKOM HOBHX
NEePCIEKTUBHUX HAMPSIMKIB HAYKH, TEXHIKM Ta BUPOOHHUIITBA, TAKUX SIK: JOCIIIPKEHHSI KOCMOCY, aTOMHO1
EHEepreTHKH, TeNleKOMYHiKamii, Kpunrorpadii, pO3BUTKY MEIWIIMHH Ta TEHHOI iHXeHepii,
«IHTENEeKTYyalIbHOI» pOOOTOTEXHIKH, YIPABIIHHS CKIAAHUMH CUCTEMaMH B PeaJbHOMY 4aci Ta iH. 3amis
VCHIIIHOTO pillleHHS TUX 3a7a4 HeoOXiJHEe BUKOPUCTAHHS BHCOKOCS(HEKTHUBHUX iHQOPMAIITHNX
texuoorii (IT) ta inpopmamiiinux 1 ynpasnstouux cucrem (IYC), HeBil’€MHIMH KOMIOHEHTAMH SIKHX
€ IPOrpaMHe Ta TEXHIUHe 3a0e3MeUeHHs, a TAKOX 0a3u JaHuX.

Jiist 301bIIeHHST 00CSTIB 00POOIIIOBAaHKMX JAHHMX Ta 3MEHIIICHHS Yacy Ha camy oOpoOKy BCE dacTiliie
3aCTOCOBYIOTh TapalieNibHi MporpaMu. AHami3 JiTeparypu TOKazye, IO OJHUAM 3 IEePCIEKTUBHHX
HampsIMiB  PO3BUTKY TEXHOJOTIH MapajelbHOr0 NpPOrpaMyBaHHS € JOCHI[DKEHHS B oOsacti
ABTOMaTHYHOT'O IIPOrpaMyBaHHs 4acOIapaMeTPH30BaHUX MYJIbTUIIApaJIeIbHUX mporpam [1-3].

YacomnapaMmeTpu3oBaHa MyJbTUIIApaliellbHa NPOrpaMa BU3HAYAETHCS IO MICTHTh B SBHOMY BUJI
cnenugikaliii HACTYITHUX KaTeropii iHdopmarrii:

[l MHOXHWHY 00’€KTiB — JaHUX, HAJ[ SKMMHU MOBHHHI BUKOHYBAaTHCA [ii (110 337af0ThCS CKIIAZIOM
orepaiii/pyHKIIiH anropuTMiYHOT MOBH BUCOKOTO PiBHSI);

© Mopos O.10. 2022
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MHOXHHY I (omepaliiii/(yHKIii), siKi MalOTh OyTH BHKOHAHI Hal JAHUMH JUIS BHUPIIICHHS
3aBJaHHS;

[l MHOXHWHY CTaTHMYHHX 3B’5I3KiB, III0 33J[al0Th CTOCYHKH BIIOPSIKOBAHOCTI oreparlii/GpyHKin 3a
JAHUMH 1 TT0 YIPaBIiHHIO;

BIIOPAIKOBAHICTH OTepamii/pyHKIIi# B AMHAMIII TapajIeTsHOT0 00YHUCITIOBATEHOTO IIPOIIECY, 10
3a7]a€ThCsl MHOYKMHOIO MOMEHTIB Yacy Mo4aTKy BUKOHAHHsI omepamii/(pyHKIiH;

PO3AiIEHHS] MHOXHWHH OTiepaliid/GpyHKIii Ha 9acoBi (pparmMeHTH (MHOKHWHHI 9acOBi OmepaTopH,
MBO), mo BKITIOYarOTh CYKYITHICTh Omeparliit/(hyHKII, BUKOHAHHSA SKUX MMOYMHAETHCS OJHOYACHO B
KOHKPETHHI MOMEHT JAUCKPETHOTO 4Yacy;

] pO3IiNEHHS MHOXWHH NIaHUX (parMeHTH NaHUX, MOCTaBJICHI B OJHO3HAYHY BiJIOBIIHICTH

MHOKHHHUM YaCOBHM OII€PaTOpaM i BUKOPHUCTOBYBaHI Yy BiAIOBITHI MOMEHTH TUCKPETHOTO 4acy;
HasBHICTH iH(opMalii Mpo po30UTTA MHOKWHH KOMaHJ Pi3HUX (parMeHTiB Ha MiAMHOKUHHU
(HUTKH), 10 BUKOHYIOTHCSI BiIIOBITHUMH MOIYJISIMH/TIPOLIECOPAMU;
HasSBHICTH iH(pOpMAIi TPO OJUHUII BUMIpPY (DI3SMUHUX BETHMYNH TaHUX.

HoBu3Ha kmacy yaconapaMeTpu30BaHUX MYJIbTHIAPATIEIEHAX IIPOTPaM pOOUTH HEOOXITHIM PIlIeHHS
HAYKOBOI 3ajJjaui po3poOKHM HOBUX TEXHOJOTiH BepHikamii, OpieHTOBaHMX Ha 3acTOCYBaHHS (opMary
CTPYKTYp CEMaHTHKO-YHCIOBOI crierudikartii [4—6], mo mo3Boise hopmMaiizyBatu mpouec Bepudikairii
Ta aBTOMaTU3yBaTHU HOro.

2. locaigkeHHsI Ta pe3yJbTATH
Ha puc. 1 mpencraBieHo KOHIENTYyadbHY MOJIENh TEXHOIOTII Bepu(ikaiii yacomapaMeTpru30BaHUX
napanenbHux nporpam mis [VC

Bumoru 110 cunTe3aropa ta Bumoru ta ooMexenHs 1o YIIMIT
Bepudikatopa rpadis Mojeni 3a1adi
BII “Sem” .
A OH"'H"HI Bepudikauis rpadi q Kopexrta Kopexrra
BUMipIOBaHHS > €p LS T 3aja4 3 CUC rpada CUC YIIMIT

MPOTPAMHOIO OPi€HTALlIEI0

»| Bepuoixauis YIIMII mozeni sanadi
0

“S ﬁ” 2 3
0 Creuudixaris A
3aJ1a4i Cunresauiituuii Bepudikatop Cunresauiiinuii Bepudixarop YIIMIT
rpadis Moeneii 3anay
Bumorn ta o6mesxenns jio UITMIT
Bumoru ta obmexenns go UIIMIT BHMOTH T2 06MeKEHHS o - A Kopexrna
Teker MoJienei mporecis YIIMIT
porpam K KOpHCTYyBa4a i
OpCKTHA KOPEKTHOI MOJIeIIb
HMMIT HIIMIT nporecy
- porpama - . L . .
Bepudixaris YITMIT nporpam porp - Bepuoikariis Texcris YIIMIT [pOrpaMit | Benypikanis UTIMIT Mogeneii npomecis |
» »
porpam
4 porp 5 6
Cunresauiitnuii Bepugikatop CuHTe3alionnii BepudikaTop TeKCTiB Cunresanionnit Bepudixatop UITMIT
UTIMII nporpam YIIMII nporpam MoJeleil 3a1au
TMoka3HUKN eheKTHBHOCTI BUMOLH. 0OMEKEHHS . . P
YTIMI niporpam > TToka3HUKH JOCTOBIPHOCTI Bepidikarii
¢ ¢ Pesynbrati
Toxaszunku i Pesynpratu b4 .
. . edexTHBHOCTI . L . Bisyanizauii ) ) ) o |cunresy
OuwiHKa MOKa3HHUKIB > Bisyaizartis pe3ynbrariB > OuiHka 10CTOBipHOCTI BepHdikamii >
eexkTUBHOCTI ; Bepudikanii YIIMII nporp%m YIIMIT nporpam

BIIOK OLIIHKH ITOKa3HHUKIB Bisyanizarop pe3yibraris BIIOK OLiHKH 1OCTOBIPHOCTI
epexTuBHOCTI Bepudikamii Bepudikawil

Puc. 1. Konyenmyanvha mooens mexuonozii eepughikayii uaconapamempuzosanux napaieibHux
npoepam ona 1VC.

BxigHumMu paHUMHM, SKI BUKOPUCTOBYIOTHCS TEXHOJOTi€l0 Ui Bepudikalii mapanenbHuX
MPOTpaMHUX 3aCO0iB €:

—TEKCTH MOCTIIOBHUX TiporpaMm 3apnaHb IYC, Juis SKMX CHHTE3YIOThCS YacoBi MapajelbHi
porpamu,
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—CKJIa]] THITIB JaHHWX, OIeparopiB abo GyHKIIH MOBH TPOTpaMyBaHHS BHCOKOTO piBHS
(manpuknan, Ci) Ta mporexyp oOMiHy MTOBITOMIICHHSIMHU;

—0i0mioTeka TPHUBAJIOCTI BUKOHAHHA (y TPOLECOPHMX TaKTax) omeparopiB ado GyHKuii
MPOLIeCOPaMH Pi3HUX THUIIB (HAMIPUKIIA, CYIEPCKATSIPHOTO THITY).

Jlo OCHOBHHX KOMIIOHCHTIB apXiTEeKTypH TeXHOJOrii Bepu(ikalii wacomapameTphu30BaHUX
napajelbHUX IPOrpaM BiAHOCSITHCS HACTYITHI.

36epiraHHs ONWHUIL BUMIPIOBaHHA (PI3UYIHUX BEWYHH, K1 BAKOPUCTOBYIOTHCS JIJISI IEPEBIpKU
CEMaHTHUYHOI KOPEKTHOCTI ()OpMaIbHOTO CHHTE3Y MPOrpaMHHX 3ac00iB MapalieIbHUX 00UHCITIOBATBHUX
cucTeM 30epiraeTses B 6a3i qanmux «Semy (cumson 0, puc.1).

Cunresarniiinuii Bepudikarop rpadis, mpeacTaBICHUA CHMBOJIOM 2 (puc.l), 3aiiicHIOE CHHTE3
CEeMaHTHKO-YUCIIOBOI crnenudikamii rpadiB 3amay Ta ix Bepudikamito. 3abe3neuyeTbcs MPOBEICHHS
KoMmismiiiHo-cemanTryHoi  (CSV) Ta nexomminsaniiino-cemantuunoi (DSV) Bepudikanii rpadis
BUXIIHAX TIPOTpaM 3aad Ta CTPYKTYp IX CEMaHTHKO-9HCIOBOI criennikarii.

B Oinpm geramizoBaHoMy BUTJSIAI cTpykTypa CuHTe3auiiiHoro epudikatopy  rpadis
MIpeJICTaBlIeHa Ha puc.2.

Pesynpratamu poboTu cuHTe3alliitHoro Bepudikaropy rpadis e:

- KOPEKTHA, C TOYKH 30py Bepudikarii, cemanTuko-unciosa crenudikais (CYC) BuxigHOTO
TEKCTY IOCIIIJIOBHOT IPOTPaMu;

- rpacdivHa crienudikailis BUXiIHOI MTOCIiJOBHOT IPOTPaMHU.

Bumoru no Bumoru no
cUHTe3aTopa rpadis BepudikaTopa rpadis
OnuHUII BUMiPIOBAHHS K cuc
(bi3MYHUX BETUMYUH | Cunres rpagis CYC rpaga Bepudikauis rpadis OpexTHa L~
~ 3aja4 3 3azaui R 3a71a4 3 rpaga sanadi >
Crenubikamis ~ —>] POrPaMHOI0 d POrPaMHOI0
3ayaui opi€eHTal€eI0 20 OpieHTAIi€0 21
Cunresarop rpadis Bepudikarop rpadis

ITommnka cunaTe3aTOpa rpadis

Puc.2. Cunmesayitinuii éepugixamop epagis.

Cuntesauniiinmii Bepudikatop UIIMII moxpeneit 3amau (cumBon 3, puc.l) 3ailicHioe hopmabHUHA
CHHTE3 YacOBHX MYJIbTHIAPAIEIFHUX MOJENeH BHUXIJIHUX IOCTIIOBHUX IIPOrpaM, CHHTE30BAaHHX 3
ypaxyBaHHSIM XapaKTEPHUCTUK apXiTEKTypH mapanenbHux oOumcmoBaibHHX cucteM (OC) i 3amaHUX
BuMoOr, Ta ix Bepudikamito. CrpykTypa cuHTe3amiiHoro sepudikaropa UIIMIT mopenei 3amau
npejcraBieHa Ha puc. 3. Bepudikatop 3a0esneuye kommismiiHo-cemanTHuHy (CSV) Ta
nexoMmnisinno-cemantnaHy (DSV) Bepudikariito 9acoBux MylbTUIApalebHUX MOZeNel BUXITHUX
HOCJTIZIOBHUX TIPOTpaM, OpieHTOBaHMX Ha KOHKpeTHi kitack OC Ta 3aJaHi BUMOTH.

PesynbraTtom poboTu cunTesarriiinoro Bepugikaropa UIIMII moerneii 3a1a4u € KOpEKTHA CEMaHTHKO-
yuclioBa crenu(ikariss dYacomapamMeTpHU30BaHOI  apXiTEKTYpHO-OPIEHTOBAHOI MOJAENi  BUXIiIHOI
HOCITiZIOBHOT IPOTpaMHy.

ITapamerpu
Bumoru, ooMexeHHs Bepudikanii

Kopekrna CUC i CUC YIIMIT B P KopekTtna CUC

. . epudikanis ;

rpada 3anaui Crrres UIIMIT Mozeni YIIMIT mogeni YIIMII moneni

EE— Moerneit ~|3anaui
30 31
Cuntesatop UIIMII moneneit Bepudikarop UTIMII moneneii 3anayu

INomunka cunTe3aTopa rpadis

Puc.3 Cunmesayitinuii sepupixamop YIIMII mooeneii 3a0au



ISSN 2304 -6201 BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHhopmaLliiHi TexHonoril. ABTOMAaTM30BaHi cUCTEMM ynpaBniHHs», BUNyck 55,2022 35

Cunresaniinuii Bepudikatop UIIMII mporpam (cumBon 4, puc.l) npoekrye UIIMII mporpamy 3
ypaxyBaHHSIM BHMOT Ta OOMEXEHb 3aMOBHHKA Ta KJacy MapaieibHOI 0OYHCIIOBAIBHOI CHCTEMH Ha
OCHOBI YacmiapamMeTpHU30BaHO1 apXiTeKTypHO-Opi€HTOBAHOT MOJIEJIi BUX1IHOT TOCIiZOBHOI MPOrpamMH, SKa
MIPEICTABIICHA BiIITOBITHUMHI KOPEKTHUMH CEMaHTHKO-IUCIIOBUMH crienudikarisMu. B xo1i BUKOHAHHS
eTaIy TaKoX 3a0e3MMeuyeThCsl KOMITUISIIHHO-CEMaHTHYHA Ta IeKOMITUIAIIHHO-CEMaHTHIHA Bepu(iKailis
CTPYKTYp CEMaHTHKO-4MCIIOBOI crienudikanii cuarezopanux YIIMII nporpam. Ha puc.4 npencrasieno
CTPYKTYpy cuHTe3ariitHoro Bepudikaropa UIIMII nporpam.

Knac
Buwmorn, napaJiejibHol [apamerpu
obmexenns  OC Bepudikawil
Kopexrha ch i i i KopekrHa
UYIIMII mozeni UIIMII YIIMIT
Cunres UIIMIT | pporpama Bepndikaris mporpama
nporpam > UIIMII nporpam >
40 41
Cunresatop YIIMII Bepudikarop UIIMIT
nporpam porpam

Iomunka cunrezatopa YIIMII nporpam

Puc.4 Cunmesayitinuii gepugpixamop YIIMII npoepam

BepuikoBaHi TeKCTH YacomapaMeTpU30BaHUX MYJIbTUNApATIETFHUX MPOrpaM Ta YacoBi MOmeNi iX
BUKOHAHHA 3 YpaxyBaHHAM BUMOI' Ta O6MC)K6HB, SIK1 3aJal0TbCA KOpHUCTyBadYaMH, aBTOMAaTUYHO
cuHTe3yloThca Bepudikaropom TtekctiB UIIMII mporpam (cumBon 5, puc.l). Jlanuii ertanm Takox
3a0e3meuye  MEeKOMOUIANIHHO-CEMAaHTHYHY  Bepu(ikariro  TEKCTIiB  CHHTE30BaHMX  YaCOBUX
MYJIbTUNIAPAIETBHUX MPOTPaM (3 ypaxyBaHHSM THIIIB Ta pO3MIpHOCTEH TaHUX, CKIIaJy 00UMCITIOBATIBHUX
Ta KEpyH4YHX OmepaTopiB/(yHKIIH, 3aco0iB OOMIHY JaHUMH Ta ONEPaTOPiB 4acOBOI CHHXPOHI3allii
nporeciB). CTpykTypy cuHTe3amiifHOTO Bepudikatopa Ttekctie UIIMII mporpam mpencraBieHO Ha
puc. 5.

Bumorn Ta 0OMexeHHS HapaM'eTPI(I“
KOpHCTyBaua Bepuikauii
Kopekrna Texkcr i
UIIMIT UIIMIT Bepuikaris TekcT KOpeKTHOI
nporpama | CHHTe3 TeKCTiB | Iporpam texcris UIIMIT | YTIMII nporpamu
YIIMII mporpam > rporpam >
50 51

A

Cuntesarnionnii TpancaaTop  Bepugikarop texcris UIIMIT nmporpam

INomuika TpaHcnsTopa

Puc.5 Cunmesayivinuti éepugpixamop mexcmie YIIMII npoepam

CunTesarop Mojeneit nporecis BukoHanas YIIMIT nporpam (cumBon 6, puc.2) 3abe3rneuye CHHTE3
MHOXMHH MOJIEJIEH MpPOIECiB, IO 3aJOBOJIbHSIOTH BUMOTaM Ta OOMEKEHHSM 3aMOBHHMKA, a TaKOX
KoMmmisniiHo-cemanTnuy (CSV)  nmexomminsiniliHo-cemantnuny (DSV) Bepudikamito uyacoBux
moneieit. Ha puc.6 mpeacraBiaeHO CTPYKTypy cuHTe3amiiHOro Bepudikatopa UIIMII moneneit
MIPOIIECIB.

OpHuM 3 BaXJIMBIIIMX €TamiB PO3poOKH TMapajeNbHUX IporpaM € OLiHKa MOKa3HMKIB iX
epexTrBHOCTI. biok orinku mokasHukiB edextuBHOCcTi UIIMII mporpam 3iiiicHIOE DPO3paxyHOK
MOKa3HUKIB €(QEeKTHBHOCTI MapalelbHUX aTOPUTMIB Ta TpOrpaM: dYacy mapaieibHOl peamizamii
nporpamu (Tpar), npuckopenns (Sp), edexrtuHOocTi (Ef) 3amexHO Biag KiIBKOCTI TapaienbHUX
MPOLICCOPHUX eJIeMEHTIB (CuMBOJI 7, puc.1).
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Bisyamizarop pesynpTariB Bepudikarii (cumBon 8, puc.l) 3abe3medye 3pydHy sl KOPHUCTYBadiB
Hao4Hy (hopMy IpeAcTaBIeHHs BUX1THUX pe3yabTariB TexHonorii Bepudikanii YIIMIT nporpam.

Ouinka gocroBipHocTi Bepudikauii UIIMII nporpam € ocTaHHIM €TanoM po3po0III0BaHOI TEXHOJIOTI].
Bin 3abesmneduye reHepaliro omeparopiB — «ae¢eKTiB» — 30BHINIHIX BIUIMBIB Pi3HUX THIIB, IO
CITOTBOPIOIOTH BiATIOBIIHI CTATHYHI i YaCOBI €JIEMEHTH CEMaHTHUKO-UYHCIOBHUX 1 rpadidyHuX crerudikariii
00’€eKTiB, 0 BepU(]IKYIOThCS, 1 BUKOHYE OL[IHKY TOCTOBIPHOCTI, SIK BiTHOIICHHS KITBKOCTI BHUSIBICHUX
nedeKTiB A0 KiTbKOCTI AedeKTiB, (aKTHIHO BBEIEHUX y MapajeNbHy nporpaMy (cumBon 9, puc.l).

[Mapamerpu
Bumoru, oOMeKeHHs Bepudikamii
L i KopekTna
YIIMII
TexkcT KOpeKTHOT YTIMII Mozxens MOJEITh
UIMII nporpamu Cunres UIIMIT | pponecy Bepuoixawis npouecy
> MOJIeJIeH MpoLeciB > YIIMIT Mojenei
60 npouecis o,
CuHTe3aTop Mogieneil mporecis Bepudikarop UIIMII mozeneii 3axaq

IMomuika cuHTe3aTOpa rpadis

Puc.6 Cunmesayitinuii sepughixamop YIIMII mooeneii npoyecis

BucHosku.

1. Po3pobiena TeXHOIOTisI CEeMaHTHKO-YUCIIOBOI Bepr(ikalii yacormapaMeTpru30BaHuX MapajielTbHUX
nporpam mist [YC 3abe3mneuye nepeBipKy CHHTAKCHYHOI Ta 9aCOBOI KOPEKTHOCTI (pOpMaIbHOTO CHHTE3Y
CTPYKTYp CEMaHTHKO-YUCIIOBOI crienudikalii nmepepaxoBaHux BHIEe 00’€KTiB Bepudikaiii B AHHAMIII
MPOEKTYBAHHSA NHUX OO’€KTIB 3 OJHOYACHOIO TIEPEBIPKOIO 30iry OIWHUIL BHUMIpIOBaHHS (Hi3MUHUX
BEJIMYMH, OTPUMAHHUX Ta OAMHUIb BUMIPIOBaHHS BXIJIHUX Ta BUXIOHHMX AaHUX 3a7adi, IO 3aJal0ThCS
KOPUCTYBauaMH.

2. BuxigHuMM NaHMMH Ta OCHOBOIO JUIsl MiATPUMKH aBTOMATHYHOTO XapakTepy Bepudikamii €
¢opMOBaHI Ha BCIX eTamax CHHTE3Y CTPYKTYpH CEMaHTHKO-YHCIOBOI crerudikarii (mociigoBHUX
nporpaM 3aja4y; YacoBHX MapajelbHUX MOJeNiell 3ajad; yacomapameTpHU30BaHUX MapaieilbHUX
nporpam).

3. dopmanpHHMi XapakTep NpoueciB BepHdikaumii yacomapamMeTpU30BaHUX MyJbTUIAPATIEIBHUX
IporpaM 3aCHOBaHUH Ha MOOYIOBI iX MaTEMaTHYHUX MOJIEJIEH Y TepMiHaX Teopii MHOKHH, BUKOPUCTaHHI
Uit cnenr@ikaiii 00’€KTiB CTATUYHUX 1 YaCOBHX CTPYKTYP CEMaHTHKO-YUCIOBOI crenudikalii Ta Ha
¢dopmanbaux nepetBopeHHsx cTpykTyp CUC (i 0o0’ekTiB, IO iX NMPEACTaBISIOTh) 3 BUKOPUCTAHHSIM
0i6mioTeku omeparliii anredpu MPOCTOPOBO-YaCOBOT CEMaHTHKO-YHCIIOBOI crieTr(iKariii.
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Technology of semantic-numerical verification of time-parameterized
parallel programs for information and control systems

The article analyzes the publications and the latest advancements in the usage of time-parameterized multi-parallel programs
in the field of highly effective information technologies, as well as, information and control systems. The object of research is
the methods of automatic programming of time-parameterized multi-parallel programs that can process large volumes of data in
a short time. The article provides for the definition of time-parameterized multiparallel programs as constructions that correspond
to the specification of data objects, operations/functions, static relationships, ordering of operations/functions in the dynamics of
a parallel computing process, division into time fragments, division of commands into subsets, and the information about physical
data values.

The subject of the study is the effectiveness of using technologies of verification of time-parameterized multi-parallel
programs, in particular, using the semantic-numerical specification structure format, that allows formalizing and automating the
verification process. The developed technology of semantic-numerical verification of time-parameterized parallel programs for
information and control systems provides verification of the syntactic and temporal correctness of the formal synthesis of
semantic-numerical specification structures.

The article also presents the conceptual model of the verification technology of time-parameterized parallel programs for
information and control systems. The basis for supporting the automatic nature of verification is the semantic-numerical
specification structure formed at all stages of synthesis. The formal nature of the verification processes of time-parameterized
multiparallel programs is based on the construction of their mathematical models in terms of set theory.

The article will contribute to the further development of research in the field of time-parameterized multiparallel programs.

Keywords: parallel programming technologies, parallel computing systems, time-parameterized multi-parallel program,
verification technology model, semantic-numerical verification technology.

Hagiiwna y nepuin pegakuii 15.08.2022, B octanHiit - 17.09.2022.
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Computer methods of recognition and analysis of X-ray and gamma
radiation parameters

The rapid development of computer technologies makes it possible to use computer methods for spectral analysis of X-ray
and gamma radiation, where analog electronics have been traditionally used. One of the difficulties in obtaining data from
radiation detectors is the very high frequency of signal registration. However, the use of special devices called digitizers allows
us to acquire, digitize and send data to a computer system at a sufficient speed. Large data arrays obtained during experiments
reflect the characteristics of spectrometric signals. It is possible to recognize the registration of radiation quanta in the detector,
as well as to draw conclusions about the quantitative characteristics of radiation with the help of computer methods,
mathematical calculations and special algorithms.

The overview of the main methods of obtaining data in digital form for further computer analysis, namely by conducting
real experiments on special equipment and by means of computer modeling (simulation) is presented in the article. Several
existing methods for recognition and analysis of individual radiation particles based on the shape of the signal are described,
also the methods and the software algorithms for analyzing the parameters of X-ray and gamma radiation are implemented.
The computer program, that is capable of simulating data with given characteristics and can perform recognition and analysis
of gamma quanta based on the loaded data, has been developed as a part of the research. The program also allows visualizing
the results and checking the efficiency of the methods. The conclusions about potential directions for further research have
been made.

Keywords: computer methods, digitizer, pulse shape analysis, computer modeling, gamma radiation.

How to quote: S.M. Reva, D.O. Tsybliyev, “Computer methods of recognition and analysis of X-
ray and gamma radiation parameters.” Bulletin of V.N. Karazin Kharkiv National University, series
“Mathematical modeling. Information technology. Automated control systems, vol. 55, pp. 38-48, 2022.
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2022-55-04

1. General formulation of research and its topicality

Spectral analysis of X-ray and gamma radiation is widely used in various fields of science, as well as
in industry and everyday life. For many decades, the classic methods of spectral analysis were analog
ones based on the use of expensive specialized electronic equipment for processing signals from
detectors and spectrometric analog-to-digital converters (ADC) with high linear characteristics. Like
any analog equipment, it requires ongoing debugging, adjustment and maintenance by highly qualified
specialists.

In recent years computer methods of recording and measuring spectra have been intensively
developed, which are primarily based on software processing of digitized signals coming directly from
X-ray and gamma radiation detectors. There are tools available that allow registering and collecting
data on the radiation spectrum of radioisotopes or secondary X-ray radiation of ordinary materials.

© Reva S., Tsybliyev D., 2022
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Moreover, new specialized tools are being created. Such complexes usually include hardware and
software components, use certain digital technologies and mathematical signal processing. The
parameters of spectrometric signals obtained from hardware components, represent quite large arrays of
data in digitized form that require recognition, detailed pulse shape analysis and processing. Currently
some stages of analysis may be performed manually by specialists who can draw conclusions about the
quality and qualitative characteristics of the objects of radiation thanks to their experience and
necessary knowledge. Thus, it is important to explore computer methods for recognition and analysis of
X-ray and gamma radiation parameters in digital form, which are received and digitized by using
specialized hardware.

2. Setting of the problem and the aim of the article

The following tasks have been set in context of the research:

1. To review and describe the methods of obtaining digitized data that reflect the characteristics of
X-ray or gamma radiation by conducting real experiments by using special electronic equipment or by
means of computer modeling (simulation).

2. To analyze and describe existing approaches, methods for X-ray and gamma radiation
parameters recognition and analysis, develop software algorithms capable of performing such analysis.

3. To develop a computer program capable of simulating signals and digital data arrays for
computer analysis, that reflect radiation characteristics close to the data obtained from real experimental
setups or alternatively allowing users to load digital data recorded during real experiments. Data being
loaded, the computer program should perform recognition and analysis of radiation parameters, such as
the number of recognized radiation quanta, its registration time, amplitude, shape, and perform
visualization of the analysis results.

3. Methods of obtaining data for computer analysis

3.1. Data acquisition from real experimental setup

Special setups are usually used to acquire digital data that reflect the characteristics of gamma, X-ray
or other types of radiation of various materials during real experiments. The following components are
typically included in those setups:

»  Source of X-ray or gamma radiation - radioactive isotope, X-ray tube, etc.

«  Scintillation detector (Csl (TI)).

«  Photomultiplier tube (PMT)

»  Analog-to-digital converter (ADC) or digitizer

«  Computer or distributed computer system

Generic scheme of the setup is shown in Fig. 3.1 [1]. It is well known that photons of light are
released when radiation particles hit the crystals of a scintillation detector, and scintillation pulse shape
changes, depending on the type of radiation (gamma, neutron, X-ray, etc.) and its intensity [2-4].
Therefore, the general principle of setup work is that the particles from the radiation source falling into
the scintillation detector generate photons of light. Subsequently, the signals from the scintillation
detector are converted into electrical signals and amplified by using a photomultiplier tube (PMT).
Electrical signals from the PMT are digitized and transferred to the computer system by a special device
called digitizer. This device is capable of digitizing analog electrical signals with a high frequency and
has an internal memory for storing and transmitting digitized data. Next, the data in digital form is
transferred to a computer system that can process the data to recognize and analyze the radiation
parameters, since the acquired digital arrays of data in a certain form reflect the characteristics of the
radiation.

In Fig. 3.2, the view of one gamma quantum pulse registered in the detector, digitized by a digitizer
and saved as an array of data corresponding to the signal level in the detector at each discrete moment
of time can be seen. These data were acquired from a real experimental setup by using a digitizer from
the Spectrum Instrumentation company [5] and visualized by the developed computer program.
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Fig. 3.1 Generic scheme of the setup for gamma source or pulsed X-ray tube excitation analysis
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Fig. 3.2 Visualization of one gamma quantum pulse shape acquired from real experimental setup
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3.2 Computer modeling (simulation)

Since it is not always possible to conduct real experiments to register and record various types of
radiation parameters, another way to obtain data for computer analysis is to simulate the waveform of
pulses of gamma radiation or other types of radiation. The fully simulated waveform of gamma
radiation particles registration in detector can be represented by formula 3.1 [6]:

s(®) = z(O) + n(t) + Tr_oAp(t—t;) (3.1)

where t — the time, s(t) — the signal value at time t, z — the constant or very slow changes in time
compared to the signal pulse width component, n(t) — the signal noise component, L — the number of
registered gamma quanta, A; and t; are the amplitudes and registration times of event j, p(t) — the
waveform generated by registered gamma quanta.

Since the digitizer or analog-to-digital converter (ADC) digitizes the analog signal from the detector
at a certain frequency, generating a discrete set of signal level values, in this case the above formula can
be represented in discrete form as 3.2 [6]:

s;=2z+n; + Z?:oAjP(i — fj) (3.2
where i — the sequence number of ADC or digitizer sample.

In order to model the noise level component caused by various random factors, we can use the
formula n(t) = Rgy(on), where Rg(on) is the random number for each moment t, with the Gaussian
distribution, that has an average value of 0 and a standard deviation of gn.

The pulse shape p(t) of one gamma quantum depends on the characteristics of the detector, but for a
scintillation detector the shape of the signal of one quantum can be approximately represented by the
following analytical formula 3.3 [7,8]:

t t t
p(t):{zg Rl e 4 BT (33)

where Pn — the normalization factor, t1, t2, t3, B and k are numerical parameters of the pulse, that
depend on crystal and light characteristics of the detector. The values of these parameters given in Table
3.1 were used for the simulation [6]:

Table 3.1 Parameters of the pulse shape of the registered radiation particle, which were used to generate the

signal model.
Parameter Value
K 4
tl 2.64893
t2 2.90428
t3 7.79602
B 0.323497

During the simulation, the time of each gamma quantum registration in the detector is randomly
generated: ti = tmax - Ru, Where tmax is the total duration of the signal simulation from the detector and
Ru is a random number in the range from O to 1. In a simpler version, the gamma quanta pulse
amplitude 4j can be set by a random number in a certain range [Amax/2, Amax], Where Amax is the chosen
maximum pulse amplitude.

The following parameters are also important for generating and displaying simulated data: the
frequency of digitization and transmission of the digitizer frames Faq, the total time of data recording
during the simulation and the total count of the discrete digitizer samples N, and the average number of
gamma quanta Fg, that are registered in the detector per one second. These parameters can be modified
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by users through the graphical user interface of the program in order to receive various data sets for
analysis, as well as to see how the general shape of the signal changes with an increase or decrease in
the number of radiation particles appearing in the detector per second.

Fig. 3.3 demonstrates the signal shape generated by simulation with the following parameters:

»  digitizer frequency Fa = 250 MHz

»  total count of discrete samples N = 1000

» signal noise standard deviation o» = 25

»  constant baseline (lower bound) of the signal z = 5000

» normalization factor Pn =5.5

*  the maximum amplitude of gamma quanta pulses Amax = 10000

+  the average number of registered gamma quanta in the detector per one second Fg = 10°

Fig. 3.4 shows the simulated signal shape with the average number of gamma quanta registered in
the detector per second Fg = 107. As we can see, when the number of particles registered in the detector
per second increases, the so-called pile-up effect appears. It happens when the pulses are superimposed
on each other, because during the registration of one pulse, another pulse appears and is superimposed
on the previous one.

¥ Spectrometric Signals Analyzer - a X

Simulation

Path to file with simulation data: Signal Parameters Diagram

Browse 9388.0

Pulses Frequency (KHz) \1000 =
Digitizer Sampling Rate (KHz) 250000 '
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Minimal Pulse Amplitude: (25 13|
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\
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249.8 4995 749.3 999.0

Time (Digitizer samples)

Detected Particles Count:

I

Fig. 3.3 Signal shape generated by simulation with the average number of gamma quanta registered in the
detector 10 per second.

Recognizing and analyzing the shape of individual pulses at high counting rates with the appearance
of the pile-up effect is a more difficult task than recognizing the shapes of pulses which do not overlap
each other. Therefore, the methods and algorithms performing analysis for such cases should be
developed considering the possibility of the pile-up effect. At the current moment, there are the
published articles [6, 9], the authors of which conduct the research of methods for effective analysis of
the signals shape with the pile-up effect.

4. Computer methods of signal shape recognition and analysis

As part of the research, a computer program that provides the possibility of computer modeling
(simulation) [10] of data that reflect the characteristics of gamma radiation with various parameters or
provides the possibility of loading data recorded with a digitizer during real experiments has been
developed. The program also performs recognition and analysis of loaded data based on the signal
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shape, outputs the results of analysis (the number of registered radiation quanta, its registration time,
amplitudes) and visualizes the results of work on a diagram. The program has been developed in C++
programming language by using the QT library [11]. Usage of this library allows developing cross-
platform software, so the program can be compiled and run under Windows or Unix-like operating
systems. Besides that, the QT framework provides useful Ul controls to render the diagrams.

Let us review the methods of recognition, analysis and calculation of individual gamma quanta for
the signal shape obtained by simulation shown above in Fig. 3.3. The first step is to determine the
baseline of the signal, which is essentially the lower bound of the signal with the presence of an
electrical noise component. Baseline determination is necessary in order to continue further recognition
of individual gamma quanta pulses starting from the baseline of the signal. The authors [6] describe in
detail several methods that allow determining the baseline of the signal, in particular "Average and
Median", "Averaging over the selection set”, "Averaging over the flat chunk selection set" and analyze
their effectiveness. Since the "Averaging over the flat chunk selection set" method has demonstrated
better efficiency compared to others, this method has been implemented in the program algorithm to
determine the baseline of the signal z.

B Spectrometric Signals Analyzer g [m] X

Simulation

Path to file with simulation data:

Signal Parameters Diagram
GG 15657.0

Pulses Frequency (KHz) 10000 =
Digitizer Sampling Rate (KHz)  [250000 |5 H

Digitizer Samples Count 1000 |5

Analysis Data

Path to file with digitizer data:
Browse

Electrical Noise Range:

]
o
<

O
Digitizer channel

Minimal Pulse Amplitude: |25 SRS

Analyze

Analysis Results

7645.5
Detected Particles Count:

249.8 499.5 7493 999.0

Time (Digitizer samples)

Fig. 3.4 Signal shape generated by simulation with the average number of gamma quanta registered in the
detector 107 per second.

It should be noted that signal shape obtained during real experiments, as well as simulated signal,
contains a component of electrical noise. This noise introduces continuous small pulse shape changes
(signal level increase and decrease), which is shown in detail in Fig. 4.1.
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Fig. 4.1 The impact of electrical noise on signal shape

In order to reduce the impact of electrical noise we apply a filter that can smooth the shape of the
signal to a certain extent. As described in detail in the article [1], the following filters can be used for
this purpose: moving average or Bessel filter. In our case, moving average filter is used, which
calculates the filtered value of the signal d[i] according to formula 4.1:

1 @Mx(i+1)

dli] = Xie_pei f (4.1)

where f[i] — signal value for sample i, M — the averaging coefficient (the number of samples for which
the average value is calculated). For this coefficient value 16 has been chosen. After applying the filter,
the waveform is smoother, without continuous small changes (as can be seen in Fig. 4.2), which makes
the further analysis in order to determine the beginning and end of each pulse possible.

After that, the algorithm, created and implemented in the program, starts the analysis of the array of
average signal values d[i] from the first sample (the beginning of the signal) to the last sample and
analyzes the signal level. When the value of the signal level exceeds a certain threshold from the
baseline d[i] > z + 30y, (i.e., signal value is greater than the baseline level plus electrical noise), then
the beginning of the gamma quantum pulse is registered. Next, the algorithm monitors the growth of the
signal level, its peak and decrease till the baseline threshold d[i] = z + 3a,, thus one pulse from the
gamma quantum is recognized and its characteristics are stored (namely the start-end interval of one
pulse, the peak value and the amplitude 4i). When the beginning of one gamma quantum is recognized,
and later the signal level decreases but does not reach the lower threshold (baseline + noise), and starts
to grow again, that is the evidence of the pile-up effect, when the next gamma quantum pulse is
superimposed on the previous one. In this case, the algorithm from this moment assumes that the next
pulse from another gamma quantum has already arrived and begins to monitor its growth, peak value
and decrease anew. Program also has a Ul setting to specify minimum pulse amplitude, in order to filter
out small pulses caused by random factors. The results of the program analysis and recognition of the
number of registered gamma-quantum pulses and a visual indication of recognized particles are shown
in Fig. 4.2.
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Fig. 4.2 The results of the program analysis and recognition of the number of registered gamma-quantum pulses.

5. Results and Conclusions

The research reviews and describes the mechanisms and methods of obtaining data on radiation
parameters in digital form for computer analysis using special electronic equipment, as well as using
computer modeling (simulation). The existing methods for recognizing and analyzing radiation
parameters (the number of registered quanta, its amplitudes) by signal shape have been also analyzed.
The work on improving existing methods or creating new, more effective methods and software
algorithms will be continued. In the context of the research, a computer program has been developed
that implements the possibility of simulating the necessary data arrays for analysis and allows adjusting
the key characteristics of generated signals. It is important to notice that the program provides a way to
check the effectiveness of computer methods and algorithms, as well as visualizes the results of
recognition and analysis of radiation parameters.

One of the directions for further research is the expansion of the list of radiation parameters that can
be analyzed. In addition to recognizing the number of registered radiation quanta and their amplitudes,
it is also essential to calculate the energy of radiation quanta and build the energy spectrum diagram.
Another promising direction of research is improving existing methods of parameters recognition and
creating new, more effective methods. It is especially relevant for the analysis of X-ray and gamma
radiation at high counting rates, when the pile-up effect is clearly visible. Further research and
development of the software algorithms can be expanded in the direction of recognizing and
distinguishing the pulse shapes from different types of particles in the analyzed radiation, for example,
distinguishing neutrons from gamma quanta [12,13,14], with the calculation of the quantitative
composition of different types of particles and their energy.
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CTpiMKUl PO3BUTOK KOMII'IOTEPHHX TEXHOJOTiH 3pOOMB MOXKJIMBHM BHKOPHUCTAHHS KOMIT FOTEPHHUX METOMIB s
CHEKTPaJbHOTO AaHANI3y PEHTICHIBCBKOTO Ta TaMMa-BUIIPOMIHIOBaHHS, SKUM TpagulifHO B OCHOBHOMY Oa3yBaBcs Ha
BUKOPHCTaHHI aHAJIOTOBOI eIeKTpOHiKH. OIHIEI0 3 OCHOBHHUX CKJIAIHOIIIB B OTPUMAaHHI JaHUX 3 IETEKTOPIB BUIIPOMIHIOBaHHS
€ IyXe BeIMKa YacToTa peecTpauii CHrHamiB. THM He MEHIIEe, BUKOPUCTAHHS CHEUialbHUX MPHUCTPOIB, SKi HA3WBAIOTHCS
IioKiTali3epy, poOMTh MOXUIMBMM OTPHMaHHs, OIM(pPYBaHHSA Ta Mepelqady IOaHUX OO0 KOMII'IOTEPH30BaHOI CHCTEMH 3
JIOCTaTHHOK IIBHIKICTIO. Benuki MacwBH NaHWX OTPUMAaHUX BiJ JikiTaii3epa M 4Yac EKCICPHUMEHTIB BilOOpaxaroTh
XapaKTePUCTHKU CIEKTPOMETPUYHHUX CHIHAIIB. 3a JIONOMOTOI0 KOMIT'FOTEpPHHX METOMIB, MAaTeMaTHYHUX OOYHCICHb Ta
CIIEI[iaTbHUX aJITOPUTMIB MOJKHA PO3III3HATH PEECTPAllil0 KBAaHTIB BUIIPOMIHIOBAHHS B JIETEKTOPI, @ TAKOXK 3POOHTH BHCHOBKH
PO KUTBKICHI XapaKTePUCTUKU BHIIPOMIHIOBAHHS.

B xoxi BukoHaHHS po6oTH Oyino 3poONEHO OIS OCHOBHUX CIOCOOIB OTPUMAaHHS AAaHUX B IHU(POBOMY BHIVIA IJIS
MOJANBIIOT0 KOMIT FOTEPHOTO aHaji3y, a caMe 3a JOMOMOTOI0 IMPOBEICHHS PEANTbHHX EKCIIEPUMEHTIB Ha CHelialbHOMY
oOagHaHHI Ta 3a JOMOMOTOI0 KOMIT FOTEPHOTO MOJIENIOBaHHS (cUMYyIALii). Bymo po3risHyTo neski icHyro9i METOH IS
pO3Ii3HABaHHS Ta aHai3y OKPEeMHX KBAaHTIB BHIIPOMIHIOBAaHHS 3a ()OPMOIO CHTHANY i peari30BaHO METOOHM Ta MPOTrpaMHi
ITOPUTMH JUIsl TIPOBEJICHHs aHaJli3y MmapaMeTpiB PeHTTeHIBCHKOTO Ta TaMMa-BUIPOMIiHIOBaHHA. B Xomi mocmimkeHHs Oyno
pO3po0IIeHO KOMIT'IOTepHY Iporpamy, sika 3/aTHa BHKOHATH CHUMYJIALIIO TaHUX 3 3aJaHUMH XapaKTepPHUCTUKAMH, IPOBECTH
po3Mi3HaBaHH i aHaNi3 KBaHTIB BUIIPOMIHIOBaHHS Ha OCHOBI 3aBaHTa)KeHUX JaHMX. Takoxk mporpama J03BOJISIE BizyalizyBaTh
pe3ynbTaTh Ta TMepeBipuTH e(PEeKTUBHICTH poOOTH MeToniB. HampukiHii cTatrTi poONAThCS BHUCHOBKH IPO TMOTCHINHHI
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AHAJI3 | IPOrHO3yBaHHA XapPaKTEPUCTHK KOMII’IOTEPHOI Mepexi

BinbIicTh 3aCTOCYHKIB Ta NPUCTPOIB CHOTOIHI IPALIOIOTH Y B3a€MOAIl 3 MepekaMu Iepeadi JaHWX, TOMY BaXKIMBHM €
po3poOka H yIOCKOHAJICHHS TEXHOJOTIH 1 METOMIB IS KPaIloro PO3yMiHHS, KOHTPOJIO, YIPAaBIiHHA ab0 IPOTHO3yBaHHS
MOBEMIHKY 1 CTaHy KOMII'FOTEPHUX MEPEX Ta iX XapakTepuCTHK. Tomy 3amadi, OB’ s3aHi 3 PO3pOOKOI0 MOJENEH Ta METOMIB
OWIHKKA W MPOTHO3YyBaHHS MapaMeTpiB Tpadiky KOMIT IOTEPHOI MEpexXi, € BaXKIMBUMH IJIS YIPABIIHHSI KOMIT FOTEPHUMH
Mepexxamu. MeToro pobotu Oyia po3poOka Moeni BUSBICHHS TPCHAIB XapaKTEPUCTHK KOMIT IOTEPHHX MEPEeX Ta iX MoJasbIie
OIIHIOBAHHS [UTA MiABHIICHHS SKOCTI MPOTHO3YBAaHHS. Y po0OTi 3alIPOMOHOBAHO PO3TILLAATH Tpadik KOMI IOTEPHUX MEPEX 3
TOYKH 30pY YacOBHX PsIiB. PO3rissHyTI Ta mpoaHaii3oBaHi MOJIEN TPEeHIy YacCOBHX PSJIB i KpUTepil BUSBICHHS Ta METOIH
oIliHKU TpeHay. OOpaHuii METOJ OIIHKK TpeHay Tpadiky Ha OCHOBI TecTy ManH-Kenpanna, A iHTepnpeTaltii pe3yabTaTiB
BUKOPUCTaHUH MeTOoJ| KOHCEeHCycy. Takox Oynma pos3risHyTa 3ajada HpPOTHO3YBaHHS Tpadiky KOMII'IOTEpPHOI Mepexy i3
BpaxyBaHHSIM NOKa3HUKIB TpeHIy. [laHa 3aqa4a Oyia yCIilIHO po3B’s3aHa 3 BUKOPHUCTAHHSAM MOJIEN IPOTrHO3YBaHHS Ha OCHOBI
KOB3HOTO CEpEeIHBOr0, Ta YOOCKOHAIEHAa 13 3aCTOCYBaHHSAM TIpalieHTHOro OyctuHry. Oxpemoro 3amadero Oynm 30ip Ta
norepeaHss 00poOka Ha0OPy BXiJHHUX AaHUX, IKAH OMUCYe PoOOTY KOMIT FOTEpPHOI Mepexi, Horo (opmanizamis i mogampIImii
KiJIbKICHUH Ta sIKicHU aHani3 byB cTBopeHnit yHiKanbHUI Halip HaHUX, chOPMOBAHHUN MUITXOM ITAPCUHTY JIOTIB (CHCTEMHHX
(haitniB) i3 maHUX MOHITOpUHTY cTaHy Tpadiky Komm rorepHoi mepexi. Came mell Habip gaHWid OyB BHUKOPHCTaHUH IS
CTBOPEHHSI MOJEINI BHSBICHHS TPEHIY 1 IOJAJIBIIOr0 MPOTHO3YBAaHHS XapaKTEpHCTHK KOMII'IOTepHOi Mepexi. Orpumani
pe3yabTaTH MOKa3ajH, 0 po3poOIeHi MOJENl 1 METOAN MOXKHAa BUKOPHCTOBYBATH Y NPAKTUYHIH IisSUTBHOCTI TIPH PO3B’sI3aHHI
3aJ]1a4 MOHITOPHHTY 1 yIIPaBIIiHHS KOMIT FOTEPHIMH MEPeXaMH.

Knrouosi cnosa: xomn iomepna mepeosica, mpagix, ananiz mpenoy, 3a0a4a npocHO3y6aHHs, MAUUHHE HA8UAHHS.
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1 Beryn

OcTaHHE JECATWIITTS MOXKHA OXapaKTepH3yBaTW WIBHJKUM 3pPOCTaHHAM 0OCSTiB  Tpadiky
KOMITTOTEPHUX MepeX. Taka TeHJEHINs NOB’s3aHa 3i CTPIMKMM PO3BUTKOM TAaKHX KOMIT FOTEPHHX
TEXHOJIOTIH, SIK XMapHi OOYHMCIICHHS, XMapHi CXOBHIIA, «IIOTOKOBI» cepBicH i (ijbMiB, My3UKH YH
irop. Bce me 3Mmymiye iHTepHET-TIpOBaiijiepiB BHPIINIYBaTH OYEBWIHE 3aBAaHHS 30iTbIICHHS Ta
MoJIepHi3allii iCHYI0UHX KOMIT FoTepHHX Mepex. OCHOBHUM 3aBJIaHHIM IPU MOJIEpHI3allil KOMITIOTEPHOT
MepexXi € aHaii3 MepekeBoro Tpadiky, a came Horo cTpykrypu Ta obcary. Came 11t po3B’si3aHHsI 1i€i
3aja4i MPOTIOHYETHCS 3aCTOCYBATH METOJAM BUSBICHHS TpPEHAIB TpadiKy KOMII'IOTEPHUX MEpex i
PO3pOOHTH MOJIENb MTPOTHO3YBAHHS MTOKA3HUKIB TpadiKy KOMIT IOTEPHOT MEpExKi.

B cyuacHiii Teopii aHanizy JaHUX 1 CTATUCTUKH iCHY€ OaraTo pi3sHUX METO/IB IPOrHO3YBaHHs. 3HaUYHA
iX yacTWHa BIIHOCHUTBCA A0 NMPOTHO3YBaHHS 4acoBUX PsfiB. OcoONMBICTIO MPOTrHO3YBaHHS YaCOBUX
PAIIB € Te, IO aHATI3YFOTHCS JIWIIE JaHi CIIoCTepekeHb 0e3 101aTKoBO1 iH(hopMailii, 6e3 aHali3y BIUTUBY
30BHIIIHIX CWJI. 3BUYaifHO, TaKU{ aHaji3 BUIVIAJA€ AOCHTH HEMOBHHMM, ajie JIOBOJII YacTO MPOTHO3M
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JacoBUX PAMiB € TouHUMHU. Habip MeTomiB aHaAM3y TOCUTH MUPOKUH. Jesiki METOIN € YHIBepCaTbHUMH,
IHII  —Creriayi3oBaHUMU Ta BUMArarTh I[OJANBIIOTO po3poOsicHHS ¥ amnpoOyBaHHs. Bennka
PI3HOMAHITHICTh HasSBHUX METOJIB, iHOAI HeZOCTaTHS oOO0i3HaHICTH (axiBLiB MPO OCOOIUBOCTI
BUKOPUCTAHHS THX YH 1HIIUX METO/IB, CKIQIHICTh 3aCTOCYBaHHS MAaTEMATHIHOTO arapaTry CTBOPIOIOThH
JUTSL aHATITHKIB TPYTHOIII Ta HABITh MOXYTh IPU3BOAUTH A0 (POPMYITIOBaHHS HETIPAaBUIIBHUX BICHOBKIB
[1, 2].

Po3B’s3aHHA Oyab-sK01 3a/1a4i 3 aHAII3Y 1 MPOTHO3YBAHHIO YaCOBOTO PATY IMOYNHAETHCA 3 MOOYA0BU
rpadika gocmiKyBaHOTO TOKa3HWKa. Ha eram rTpadivyHOro aHamily MOXKHA JTOCIIIKYyBaTH
KOMITOHEHTHHI CKJIaJ] 4acOBOTO PsAY, a TaKOXK 3pOOMTH mepii KPOKU A0 BUOOPY MOJEN Ui OMHCY
JUHAMIKW 1 MOAanbLIoro mporHodyBaHHsA. [lig vac aHamizy BeNuKy yBary HpUAUISIOTH BUSBICHHIO
TeHAeHMii abo TpeHniB. Lle momomarae MigABUIIATH SKICTh MPOTHO3YBAaHHS PE3yIbTATy ACSKOTO SBHUIIA
yacoBoro psany [3].

Ha cproroanimHili JeHb iCHYIOTh Pi3HI CIIOCOOU JUISi MOHITOPUHTY Ta aHai3y MEpPEKEeBOro Tpadiky.
OCHOBHI 3 HUX:

— 32 JIONOMOTOI0 TIPOTpaM-aHali3aTopiB (y TOMY YHCIHI 3 JOMOMOTOIO CHEIialbHUX MPOTOKOJIB y
MapuIpyTH3aTopax);

— CTaTUCTHYHI METOH;

— METOAM Ha OCHOBI HEHPOHHUX MEPEIK.
Bci 11i MeTou MaroTh CBOT MEpeBaru i HEJOIKHU 1 3aCTOCOBYIOThCS B 3AJICHKHOCTI B LIIJICH.

2 IlocranoBka 3agayi

Tpadik KoM I0TEpHIX MEPEX MOJKHA PO3TISIATH SIK YacoBUH psia. Toi 3aady aHami3y MepekeBoro
Tpadiky MOXKHA MPEJCTaBUTH SIK TIOLIYK 3aKOHOMIPHOCTEH B YaCOBUX psiziaX, (POPMYIIOBaHHS TiloTes i
JTIOBENICHHS X CTATHCTUYHOI 3HATYIIIOCTI.

MeToro JOCHiKEHHSI € BIOCKOHAJICHHSI MOJENi TMPOTHO3YBAaHHS XapaKTEPUCTUK KOMIT FOTEPHOI
MepexKi 3 BpaxyBaHHSIM NapaMeTpiB TPEHY.

st nocarHeHHS MeTH HeOOXiTHO BUPIIIUTH TaKi 3a7adi:

— QopmyBaHHs Ta Gopmaizallis BXiTHAX TaHUX I TOOYTOBH MOJEIi IPOTHO3YBAHHS, a TAKOXK 1X
MirOTOBKA Ta 00po0OKa JUIsS OKpaIieHAs e()eKTUBHOCTI METOTY.

— po3poOka (abo MoaudiKallis iCHYI0YOT0) METO/LY BUSIBIICHHS TPEHY JaHUX.

— po3po0Ka MoOJeNi MPOTHO3YBaHHS YacOBOTO psIy 3 BHKOPHCTaHHSM CYyYacHHX 3aco0iB
MO/JICITFOBAHHSI.

NOKpAIeHHS MOJENI 3a JONOMOTOI0 METOJIB MAIIMHHOTO HAaBYaHHS, a TAaKOX IOPIBHSIHHS
e(EKTUBHOCTI MOJIEIICH /10 Ta MICIIs 3aCTOCYBaHHS 00pPaHOTO METOy MAIIMHHOTO HABYAHHS.

3 AHaui3 TpeH1y Mepe:keBoro Tpagdiky

Bupinenns tpenny mepexxeBoro Tpadiky € AyKe BaKKUM 1 BOJHOYAC Ty>KE€ BaXKJIMBUM 3aBIAHHSM,
OCKIJTBKM HOTO BUPILICHHS J03BOJISIE 3/AIMCHIOBATH MPOTHO3, Y SIKOMY BHITaJIKOBA CKJIaJIOBa 4aCOBOTO
psly BUKOPHUCTOBYETHCSI 3 METOIO OI[IHKM TOYHOCTI MPOTHO3Y cTany Tpadiky. B manuii yac Haituacrime
BHKOPHCTOBYIOTHCSI JIBA METO/IM BUILICHHS TpeHy [4].

[lepmmii MeTox MosATae B TOMY, 110 32 EMIIPUYHUMH JaHUMH YaCOBOTO PSAY MiIOMPAEThCS KPUBa
(MaTremMaTH4Ha MOJIENB), SKa 3 HAWOULIBIIOW TOYHICTIO omucye wacouid psin. [Ipum oMy B sSIKOCTI
MaTeMaTHYHHUX MOJIeNIeii BHKOPUCTOBYIOTHCS Pi3Hi (QYHKIIIi: pIBHSHHS MPSIMOI Ta €KCIIOHEHTH, Mapadosia
(xBagpaTnyHa, KyOiuHa i O1IbIII BUCOKUX CTYIIEHIB), JOTiCTUYHA KpUBa, KpuBa ['ommepua Ta iH.

Jpyruii MeTos BUJIIIEHHS TPEH/TY MOJISTaE B 318 PKYBaHHI PSTY 32 METOJIOM KOB3HOTO CEpPETHBOTO.
[Ipu npoMy 3a3BHYAll 3HAXOJATH CepPEeTHE 3HAYCHHS TPHOX (200 I’SITH) TIEPIINX WICHIB, Aali 0epyThes
HACTYNHI TPU WIEHH 31 3MILICHHSAM Ha OJUHHUIO 1 cepeaHe. TakuM YMHOM, BIA€THCS 3MEHIIUTH
BUIIaJIKOBY CKJIJIOBY.

[pu anamnizi yacoBOTO PsAY € NOUITLHUM BHSBUTH TPEHIOBY CKIIAZOBY. JJIs 1IbOTO iICHYIOTH KpUTEPii
BUSIBIICHHS TPEH/IB!

— Kpurepiit A66e-JliHHUKa;
— kpurepiit Kokca-Ctioapra;
— kpurepiii @ocrepa-Crroapra;
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— xputepiit Mann-Kennana.

KoxeH 3 nux KpuTepiiB BUKOPUCTOBYETHCS 1HAUBILYaTbHO VIS PO3IJISIAYBAHOTO YaCOBOTO PAAY, B
3aJIeKHOCTI BiJ] BIACTUBOCTEH AaHUX, HA SIKUX LeH KpUTepiil Oyie 3acTOCOBYBATHCh.

JJ1s OLiHKY HAsSIBHOCTI TPEHAOBOI KOMIIOHEHTH B po0O0Ti Oyno Bukopuctano Meton Mann-Kennana.

Craructrnanmii Tect Manna-Kennamra (MK) Ha TeHAEHIIII0O BHKOPUCTOBYETHCS ISl OIIIHKH TOTO, YU
Ha0ip 3Ha4YeHb MAHUX 301TBIIYETHCS 3 YACOM UM 3MEHIIIYETHCS 3 YACOM, 1 UM € TEH/ACHIIIS B OyIb-TKOMY
HaNpsIMKY CTaTUCTUYHO 3Ha4ymoro. MK He owiHIOE Benn4YuHy 3MiHU [6].

Tect MO)KHA BUKOPUCTOBYBATH JIJISl iIHAUKATOPIB 13 pI3HUMHU OAMHULISIMU BIMIPIOBAHHS Ta TIEPioIaMu
yacy Ta He moTpeOye MOBIpUYHMX iHTEpBAJiB (K1 TOCTYIHI He 11 BCiX iHnuKaTopiB). KpiMm Toro, mepeBipKy
MO’KHA BUKOHATH, HaBITh SKIIO B HA0OP1 BIJICYTHI 3HAYCHHS.

{06 00YHCINTH TECTOBY CTAaTHCTHKY S, TpeOa MOPIBHIOBATH KOXHE 3HAYCHHS 3 yCiMa HACTYIHUMHU
3HaYEHHAMH MIEPi0y Jacy It iHauKaTopa. s KoJKHOI mapy MOpiBHAHHS MPUCBOIOETHCA OIIHKA «+1»,
SKILO OCTAHHE 3HAYCHHS IIEPEBUIILYE TIEpIIIC.

SKu1o octaHHE 3HAYEHHS HIDKYE 3a TMeplle, TO MOPIBHAHHIO IPUCBOIOETHCS OLiHKa «-1». TToTiM yci
0any miJCYyMOBYIOTBCS [UISl OOYHCIICHHS TECTOBOI CTaTHUCTHKH S. [lo3uTHBHE 3Ha4eHHA S O3Hadae, 10
TEHICHIIIS 3pOCTAE, a BiJl’€MHE 3HAUCHHS S 03HAUAE, M0 TEH/IEHITiS 3MEHIITYE€THCS.

Tect MK nepeBipsie, un citiji BIAXUINTH HyJIbOBY rinote3y (Ho) i mpuiiHATH anbTepHATUBHY TilOTE3y
(Ha), e

— Ho: HeMae MOHOTOHHOT TEHAEHII;

— Ha: MOHOTOHHA TEHAEHIIIT TPUCYTHS.

ITouatkoBe mpumnymienHs Tecty MK nosnsirae B Tomy, 110 1aHi € MPaBIUBUMU Ta L0 JaHI MalOTh OyTH
NEePEKOHIMBUMH 11032 PO3yMHHMM CYMHIBOM, TEpII HK BOHH OyIyTh BiAXHJICHI Ta mpuitHaTi [6, 7].
Perpeciiinnii anani3 BumMarae, o6 3aJuIlKy Bif MigirHaHoi JiHil perpecii Oyau HOpMaJIbHO PO3MOIIIEHI,
TIPUITYIIEHHS, STKe He BUMaraeTbcst TectoM MaHH-Kennasa, To0To € HenmapaMeTpuaHuM (0€3 po3noIiry)
TECTOM.

OOuncneHHs S CTaTUCTUKH BiIOYBa€eThCs 3a PopMyIoLo:

N-T N
S=3 Ssign(x —x).
k=1 I=k+1

Hani obuncnroerses VAR(S):

n(n-1)2n+5)— %tp(tp —1X2tp +5)— %uq(uq —1X2uq +5)+
- )

VAR(S)=%

h h
itp(tp ~1faty ~2)- Yuglug ~1feuq -2) %tp(tp ~1)3 g ug -1)
=1 g=1 p=1 g=1

+ +

on(n-1)n-2) 2n(n-1)

Jie § — KUTBKICTh TPYII 3B’ SI3aHUX JIaHHX, tp — KUIBKICTh 3B'SI3aHUX JAHUX y p-if Tpyi, h — KiTbKiCTh pa3iB
BUOIPKH, K1 MICTATh KiJIbKa TaHUX, Uy — KIJTbKICTh MHOXKHHHUX JTAHUX 32 -1 Mepio]] Jacy.
Z — CTaTHCTHKA 33/1a€THCS PIBHSIHHSIM:

JVAR(S)
Z =<0,sxu0S =0;
S+1

WAR(S)

Merton OyB 00paHuii 3a OCHOBY IS aHAJTI3Y TPEH/IY, OCKIIBKH Ma€ JIEKiJIbKa IepeBar rnepe iHIuMH,
a came:

yakuo S > 0;

ko S < 0.
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— BIH HE mepeadadae poO3MOAiN JaHWX BIMIMOBITHO IO SKOTOCh KOHKPETHOTO TIpaBmiia, TOOTO,
HaIpUKJIaa, He BUMarae, mob JaHi po3moIiIsuIiCsS HOPMAITBHO;

— Ha pe3yJibTaT He BIUIMBAIOTH BiJICYTHI AaHi, OKPiM (aKTy, IO KUTbKICTh TOYOK BHOIPKH 3MEHILIEHO
1, OT’KEe, MOKE HEraTUBHO BIUIMHYTH Ha CTATUCTHYHY 3HAYYIIICTh;

— Ha pe3yJjibTaT HC BILJIMBAE€ HepiBHOMipHI/Iﬁ pO3HO)1iJ'I YacoOBHX TOYOK BI/IMipIOBaHHﬂ;
— Ha pe3yJibTaT HC BIUIMBA€ JOBXHWHA YaCOBOI'0 pAdy.

Oxpim Tecty ManH-Kengana BHUKOPHUCTOBYETBCS TakoX Horo Moaudikamis, 3amporoHOBaHa
Xamenom ta Pao. Ha ocHOBI MomikoBaHOTO 3HAYEHHS TUCTIEpPCii CTaTUCTUKY TpeHy ManHa-Kenmana
BUKOPUCTOBYETbCS ~MOIW(IKOBAaHWH HemapaMeTpUUHUA TeCT TpeHAy, SKUHA MiIXOOUTh JUIS
ABTOKOPENbOBaHUX NaHUX. TOYHICTE MOAM(DIKOBAHOTO TECTY 3 TOYKH 30pY PiBHA HOrO eMIipHUYHOI
3HAYYMIOCTI € BUIIOI, HDK OpHTiHAIBHUN TecT TpeHay ManHa-Kenmama 0e3 Oynb-sikoi BTpaTH
MOTY>KHOCTI.

Jis mepeBipKH TiMmoTe3u Mpo BiJHECEHHs YaCOBOTO PAAY A0 Kiacy CTalioHapHHX (100 JiHIHHOTO
TPeHy) Y¥ HecTamioHapHUX mpoleciB OyB Bukopuctanuii rect Jiki-Dymnepa (ADF). Pesynbrar Tecty
ADF (p-3nauennst mmwxde 0,05) CBiT4uTh MpO Te, IIO0 HYJIbOBY TilOTE3y MPO HASBHICTH OJHHUYHOTO
KOpEHs MOYKHa BIAXWIUTH 3 JoBipunM piBHeM 95%. Otxe, sikmo p-3HaueHHs Hmwkye 0,05, UP €
cTalfioHapHuM [5].

Y po0oTi Asist mepeBipKu HAsIBHOCTI TPEHIY OYJI0 3aIPOTIOHOBAHO METO/I, TIPH SKOMY 3arajbHa OIliHKa
HAsBHOCTI TPEHJy CKIQJacThC HAa OCHOBI K MIHIMyM TpBOX TecTiB: TecT ManH-Kennana,
moaudikoBanuii Tect Mann-Kennana (FO. Banr) tTa moaudikoBanuii Tect Mann-Kengana (X. Pao).
Pesynprar MeTomy iHTEpIIPETYEThCS SIK ITijIe Yrcio B iHTepBadi [-1;1]. SIkmio pe3ynbTar € Big'eMHe 4iCIIO
— TO TPEHJ iCHYE, Ta € HU3XIAHUM. B Bumaaky, komu pesynsrat 0 — e CBiJUUTh PO Te, IO TPEHIY He
icHye. SKiIo pe3ynbTar HOopiBHIOE | — i€ TOBOPHUTH PO Te, IO B IaHUX € TPEHI, SKUH Mae BUCX1THUHA
HampsIMOK. TakuM YMHOM MOKHa 3pOOMTH KOMIUIEKCHY OIIIHKY HAasBHOCTI TpEHAy, Ta OTPHMATH
00’ €eKTUBHI pe3ynbTaTH aHamilzy. Cxemy poOOTH METOIy MOKHA TTOOAYHUTH Ha puc. 1.

Jlani MaloTh BHCXiTHHI TPeH1

Kovmaexcnuii TecT Ha BHSBICHASA TPeHIY

Tecr Mann-Kenzana (oparinasanii)

[ani ¢ crauionapamys

Bxizumii Hadip 1ammx oxpemoro Ilepenipra 1amnx Ha
napaverpy Tpadixy KM cramiorapicts (ADF test)

Pesyastar /Jlani He Ma0Th TPeHIY

Tecr Mann-Kenaaaa (mozndiramis X
Pao)

Teer Mann-Kenaaa (vozudiranis IO

Jani e ¢ cTanionapRAME
Basr)

<0

Jlani MatwTh HU3XITHII TpeRT
Bizoxpemtens cesontol
KOMIOHeHTH

Puc. 1. Cxema pobomu memoody eusgnenus mpenoy Ha ocHogi mecmy Mann-Kenoana

4 MeTtoa porHo3yBaHHs Mepe;keBoro Tpagiky

[IporHo3yBaHHSI 4acOBUX PSIiB — II€ MPOILEC aHANI3y JAHHX YaCOBHX DSAMIB 13 BUKOPHCTAHHIM
CTaTHCTHKH Ta MOJICITIOBAHHS ISl IPOTHO3YBAaHHS Ta MPUHHATTS CTpaTeriyHuX pimeHb. Lle He 3aBxau
TouHe nepeadavyeHHs, i HMOBIPHICTh IPOTHO3IB MOXE PI3KO BiJIPI3HATUCS, OCOOIMBO KOJIU HIEThCS PO
THUTIOBI KOJIMBAHHS 3MIHHUX Y IaHUX YaCOBUX PSJIIB, @ TAKOXK (PAaKTOPH, SIKi MU HE KOHTpOIoeMo. OTHaK
MPOTHO3YBaHHS PO3YMiHHS TOTO, SIKi pE3yIbTAaTH € OiIbLI IMOBIpHUMH a00 MEHII iIMOBIPHUMH, HIX 1HII
NOTEHLIHHI pe3yabTaTH [5].

[IporHo3yBaHHs psziB 4aCTO BUKOPHUCTOBYETHCS B MOEJAHAHHI 3 aHATI30M 4YacOBUX PsIiB. AHai3
YacoBHUX PAAIB BKIIOYA€E PO3pOOKy Mojeneil Ui po3yMiHHS AaHUX, 00 3p03yMITH OCHOBHI (haKTOpH
BILIUBY.

Mopneni 3a3Bu4Yail OLIHIOIOTHCS 3a JOMOMOIOI0 CepeAHbOKBaapaTuyHoi momuiku (MSE) a6o
cepenupokBaapatnyHoi momMuiku (RMSE) [6].
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Cepen HaWOUTBII BiIOMUX 1 BUKOPHCTOBYBAHHUX MOJEJCH IPOTHO3YBAHHS YaCOBUX PSIIIB MOYKHA
BiIMITUTH: aBTOPETrPECiiiHi MOIEIi, MO KOB3HOTO CEPEIHHOIO 1 IHTErpOBaHI MOEII.

IaTerpoBana Mozesb aBTOperpecii Ta KOB3HOTO CepeTHbOro, 3anpornonoBana bokcom i JIKeHKiHCOM
BKJIIOYAE SIK MapaMeTPH aBTOPErpecii, Tak i mapaMeTpH KOB3HOTO cepexuboro [7]. Came, € Tpu THIH
rmapamMeTpiB MOJIETIi: TapaMeTpH aBToperpecii (p), mopsAaok pizHuili (d), mapaMeTpu KOB3HOT'O CEpEaHBOTO
(q)- B mo3nauennsix bokca i [Ixenkinca monens 3amucyetses sik ARIMA (p, d, q). Hanpuknan, mogensb
(0, 1, 2) mictuts 0 (Hymb) mapamMeTpiB aBTOperpecii (p) i 2 mapameTpu KOB3HOTO cepenHboro (q), sKi
O0YMCITIOIOTHCA AJIS PSLY IICTS B3SATTS PI3HUII 3 JTarOM, IO TOPiBHIOE 1.

Metoponorisi bokca-J[)enkinca mindoopy ARIMA-moneni ans NEBHOro psily CHOCTEPEKEHb
CKJIQ/IA€ThCS 3 YOTHPHOX eTariB [8]:

— imeHTH}iKalis MOIEN — Mporec BUOOPY MOJEN, M0 HalKpalle BIiANOBiZa€  aHaIi30BaHOMY
pearlbHOMY TIPOIIeCy;

— OIIIHIOBaHHS MOJETi — BUKOPUCTAHHS PETPECifHUX METOMIB Uil OTPUMaHHs OLIHOK ITapaMeTpiB,
BKJIIOUCHUX B MOJIEIb;

— TECTyBaHHS MOJeNli — IMepeBipKa OCHOBHHMX IEpEelyMOB BHKOPHCTAaHHS PETPECIHHOr0 aHalizy,
nepeBipKka aJeKBaTHOCTI MOZENI 3 BUKOPUCTAHHSIM TECTiB HA HOpMallbHICTH 3anumkiB (Tect JKapka-
bepa), nHa aBrokopemsmiro 3anumkiB (tect [lap6ina BoTcona), Ha crajicTh AWCIEPCid BHITAJKOBUX
3anumikiB (kputepii Koxpana ta lN'onadanga KeanTa) sikicts cnenmdikamii mogeni (F-tect);

— BUKOPHUCTAHHS MOJIEJNI AJISl IPOrHO3yBaHHS.

Ha erami inenTudikarieto mopsaKy MoJiesii He0OXiJHO BUPILIHTH, SIK 0araTo mapameTpiB aBToperpecii
(p) 1 xoB3HOTO cepenHBOTO () Mae OyTH MPHUCYTHIM B €(PEKTHBHIN Ta €KOHOMHINA MOJENi IMPOIECy
(eKOHOMHICTh MOZIETi O3Haya€, M0 B Hil € HallMEHIIa KiJIbKICTh MapaMeTpiB Ta HAHOUTbINA KiIBKICTh
CTYIIEHIB CBOOOJIN Cepel YCiX MOJICIICH, 1110 MiraHstoThCs 10 qaHux ). Hacnpasmi mysxe pigko OyBae, mo
YHCIIO TapaMeTpiB p 4H q OubIne 2.

Hacrymauii, micns inenTudikarii, Kpok mojsrae B OLIHIOBaHHI mapaMeTpiB Moneni. OTpuMaHi OLliHKH
napaMeTpiB BUKOPHCTOBYIOTHCS Ha OCTaHHbOMY €Talli, I[00 OOYMCIUTH HOBI 3HAYCHHS pPAAY 1
nmoOymyBaTH JOBIpYMA 1HTEpPBaI AJis mporHo3y. [Ipoliec OIiHIOBaHHS MPOBOIUTHCS 33 MEPETBOPSHUMH
MaHuMH (TIITaHUM 3aCTOCYBaHHIO oreparopa pi3Huii). Jlo mobymoBu mporHo3y HEOOXiTHO BUKOHATH
3BOpOTHY orepamiro (iHTerpyBaTu maHi). Takum 4HMHOM, TPOTHO3 METOJOJIOTII MOPIBHIOBATUMETECS 3
BIAITOBIAHUME BUX1JHUMH JAHUMHU.

HonatkoBo Momeni ARIMA MOXyTh MiCTUTH KOHCTaHTY, IHTEpIpeTAaIlis K01 3aJIeKUTh BiJl MOJIENI,
mo migrasserscs. Came, SKIIO y MOJENi HEMae MapaMeTpiB aBTOperpecii, TO KOHCTaHTa € CEepelHE
3HAYEHHS Py, SKIIO MapaMeTpH aBTOperpecii €, TO KOHCTaHTa € BiIbHUM wWieHOM. SIkmio Opanacs
PI3HUIIA PsIly, TO KOHCTAHTa € cepellHiM abo BIIbHHM YJIEHOM IEepPeTBOPEHOro psiay. Hanpuknan, skuio
Opanacs mepiia pizHUIS (PI3HUII MIEPIIOTO MOPSIKY), a TapaMeTpiB aBTOperpecii B Mojiesi HeMae, To
KOHCTAHTa € CePeIHIM 3HAUYECHHSIM MEPETBOPEHOTO PAAY I, OTXKE, Koe(ilieHT HaXWITy JTIHIHHOTO TPEHIY
BHUXIJHOTO.

B pobGori Oyma Bukopuctana ™opaenb nporHodyBanHs ARIMA, ockinbki BOHa 3a3BUYal
3aCTOCOBYETHCS ISl MPOTHO3YBaHHS [JaHMX CTalliOHAPHUX YacOBUX PsIiB Ta BPAaXOBYE TPEHIOBY
KOMITOHEHTY DSy, 3aBJISIKA YOMY Ma€ BHCOKI MOKa3HUKH TOYHOCTI Cepejl yCixX MOJIeNiel TaHOTO TUITY.

5 Onuc Habopy KaHUX, AKi XapaKTepu3ylTh MepexeBMii Tpadik

3a ocHOBY JuIsi Ha0Opy JaHUX OyJI0 O0paHO JIOTH KOMEPIIMHOI KOMITaHii, sika CIIeIiani3y€eThCs Ha
aHaiizi MepexeBoro Tpadiky Juis KpynHHX KiieHTiB [9]. 3 OTpuMaHUX JIOTIB 3a JOMOMOIOKO
PO3pOOIEHOTO MPOrpaMHOro 3abe3rnedeHHss Oyno chopMOBaHO BHOIPKY (3 BUKOPHCTAHHSM ITAPCHHTY
TeKkcToBUX (haiiniB), sika Haiiuye Oinpie 300 000 psakis. O0’exTH HAOOPY AaHUX MalOTh 9 mapameTpiB
(puc. 2):

1. Max packet size (bytes) — BigmoBimae 3a MOKa3HMK MaKCHMAJIBHOTO PO3MIpY IaKeTy, IO
nepeaaeTbes 0 MEPExKi;

2. Send latency (usec) — moka3HUK 3aTPUMKH BiIIPaBHUKA y MiJTICEKyH/Iax;

3. Recv latency (usec) — BianoBinae 3a MOKa3HUK 3aTPUMKH OTPUMYyBada y MiJliCeKyH/Iax;

4. Min packet spacing (usec) — BimmoBizae 3a 4YacoBy pI3HHII0 MK NEPECUIIAHHSAM IaKETiB
(iHTepBa mepeaayi nakeTiB) y MuTiceKyH/Iax;

5. Max rate (Mbps) — BiamoBimae 3a MOKa3sHMK MaKCHMAaJbHOI IIBHUAKOCTI JaHWX B MEPEkKi Ha
MOMEHT 3aMipy;
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ADR (Mbps) — moka3HuK aganTHBHOTO GiTpeHTy Mepexi;
Grey bandwidth resolution — noka3suuk ciporo Tpadiky Mepexi;
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Puc. 2. Ilpuxnao nepwux 10 3anucie cghopmosarnoeo damacemy

6 Pe3y1bTaTH Ol[iHKH TPEHAY i MPOTrHO3YBaHHS MepexeBOro Tpagiky

B skocTi BXigHMX maHuWX Uit Monemi Oyio oOpaHO NBa mapamMeTpu 3 HaHOUmbIMM KoedimieHTOM
kopensiii — Grey bandwidth resolution i Available bandwidth (Mbps). Yci gani Oyno 3rpynoBaHO
nomicsiaHo. [lonepeaas oOpoOka MaHMX MPOBOAWIACH 3 BUKOPHUCTAHHSIM CTATUCTHYHUX MeToAiB (yci
N/A xoMmipku Oynv 3aMiHEHI Ha cepeqHE 3HaYSHHsI BCHOTO HA0OpYy), 1€ JO3BOJMIO OTPUMATH BaJliIHi
naHi s noOymoBu mojeni. 11 aBa moka3HUKM Takox OyJiv BUOpaHi Yyepe3 HasBHICTh YiTKOI TPEHIOBOI
KOMITOHEHTH, MOJICTTb TPEHAY Ma€ JIOTICTUYHUHN TUT (3MilIaHui).

Hacrtymaum kpokoM OyB aHaii3 psay Ha CTaliOHAPHICTH 3a gomomororo Tecta [lika-Dymnepa. Lleit
TECT TOKa3aB, IO BimiOpaHi 2 HaOOpa NaHUX € CTAI[lOHAPHUMU: P-TIOKa3HHUK jyia mapamerpy Grey
bandwidth resolution mopisatoe 0.00079, a nns mapamerpy Available bandwidth — 0.00701.

Jns 1oaTKOBOTO aHAJIi3y aTaceTy TaKOX € JOUUIBHUM IPOBECTH AEKOMITO3UIIII0 YacOBOTO PSTy.
PesynpraTty 1eKoMITO3uIIii MOXKEMO TT00aUnTH Ha pHC. 3, 4.

Sk MokHa TOOAYMTH, CE30HHA KOMIIOHEHTA HE € OYCBHJIHOKO Y JCKOMIIO3UIIIHHOMY rpadiky 000x
napaMeTpiB, IO BKa3dye TaKOXK Ha X cramioHapHuil xapakrtep. lllomo TpeHmy MokHa cKaszaTH, IO
TPEH/I0Ba KOMITOHEHTA IPHUCYTHS, ajie He € ICKPAaBOBUPAKEHOIO.

[Tpu BuOOpi mapamerpiB Mozeni nporHozyBanHs ARIMA p, d, q Oymno 3acTtocoBaHO iTepaTUBHUIA
METO/I MM I00PY IUX HapaMeTPiB Ha OCHOBI KpuTepito Akaike. J[ist 000X HaOOPiB BXITHUX JaHUX KpaIllii
pesynbTat nmokasaisa mojesis ARIMA(2,0,0)(0,0,0) (moka3uuk kpurepito Akaike — 264.068).

Grey bandwidth resolution
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moOyIoBH Mozeni Oylno oTpuMaHi pe3yibTaTd, rpadiduHe NpeACTaBIeHHS SKUX MOXKHA

nobauntn Ha puc. 5. CuHIM KombOpoM Ha TpadiKy BiJOKpeMIICHI akTyallbHi JaHi, YEPBOHUM —
pe3yJIbTaTH MOJIENi MPOTHO3yBaHHI. Sk MOXKHa MOOAYMTH 3a MOMNEPEAHBOIO OIHKOK, TOYHICTh
MPOTHO3YBAaHHS HE € BUCOKOIO.

(a) Grey bandwzdth resolution

(6) Available bandwidth (Mbps)
Puc. 5. [opisusinoni epagixu pesyromamie mooeni ARIMA

3arponoHOBaHO TOKPALIUTH Pe3yNbTaTH poOOTH MOJIeNi MPOTHO3yBaHHS MapamerpiB Tpadiky 3
BUKOPHUCTAHHSIM METO/IiB MAIIMHHOTO HABYaHH, @ cCaMe MEeTO Iy rpajaienTHoro Oycrinry [10, 11]. Jlanuit
METO]] 3a3BHYall BUKOPUCTOBYETHCS IUISi 3MEHIICHHS BIIXWJIEHb Ta IMOMWIIOK. Moxenb aBToperpecii
KOB3HOT'O CEPEJIHhOTO BKIIOYaE B ceOe €K30TeHHI 3MiHHI, 3aBISKH SKMM MOKHa BHUKOPHCTOBYBATU
ex3oreHHi perpecopu (Exogenous Regressors), 1110 i 0ys10 3po0ieHo B JjaHiii poOoTi.

Ha puc 6. moxna nobauntu pesynpTaté poOoTu Mozeni. CBITIO-CIpUM KOJIBOPOM IO3HAYEHO
pe3yabTaTH MPOrHO3yBaHHS 3HAYCHb.
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Hns toro, mo6® yneBHUTHCS B TOMY, IO PE3yNbTAaTH MOJENi MIHCHO Oyno MoKpameHo, 0yio
MPOBENICHO TOPIBHSHHS aKTyalbHUX METPHK Mojened. B skocTi HabOpy XapaKTEpUCTHK TOYHOCTI
Mozeni Oyno Bukopuctano nokasHuku MAE (Mean absolute error), MSE (Mean squared error) ta RMSE
(Root mean squared error). Pe3ynbraTé mopiBHSIHHS HaBeZeHO B Tabmuili 1.

Tabnuys 1. [lopieHsHHs NOKAZHUKIE MEMPUK MOYHOCME MOOEL

Hassa oze Grey bandwidth resolution Available bandwidth (Mbps)

MAE RMSE MAPE MAE RMSE MAPE

ARIMA 0.454 0.749 0.728 7.973 13.626 0.618
Boosted ARIMA 0.296 0.766 0.475 5.71 13.33 0.44

[HTeppeTyroun pe3ysbTaTH MOPIBHIHHS MOXHA CKa3aTH, IO JIHCHO, MicIs 3aCTOCYBaHHS METOY
TpagieHTHOTO OYCTIHTY SIKICTh pOOOTH MOJENI BAANOCA MOKPAIIUTH. 3HAYEHHS BCIX THUIMU TIOMHIIOK
BJIAJIOCSI TIOKPAIIUTH B cepeaHbomy Ha 30%.

7 BUCHOBKH

Ha ceporomHimHii neHs iCHYIOTH pi3HI METOAW BUSBICHHA Ta OIIHKH TpPeHAIB y Tpadiky
KoMIT' FoTepHUX Mepex. [loOymoBa mojenelt aHaizy Tpadiky KOMIT'IOTEPHHX MEPEXK 3a JOIIOMOIO0
JOCITIDKEHHST TPEHIB YacOBUX PSAIIB, 2 TAKOXK JIHIHHAX alTOPUTMIB perpecii JO3BOIATH IiABUIIUTH
TOYHICTB Ta SIKICTh aHAIi3y CTaHy KOMII FOTepHUX Mepex. Y poboti OyB chopmoBaHuii Habip NaHUX,
KM XapaKTepu3ye KOMII'IOTEPHY MEpexy, IUIsl MOro MONANBIIOTO aHami3y, BHSABJICHHS TpPEHAY 1
o0y I0BU MOJIEIIi TIPOTHO3Y.

Pesynprat MOXKYTh OyTH BUKOPHCTaHI B PI3HHX THITaX 3a/1a4, TAKUX 5K 3ajadax aHamildy Tpadiky
KOMIT FOTEpPHUX MEPEXK, MMPOrHO3yBaHHS CTaHIB TEXHIUHUX CHUCTEM, PO3pPOOKa MOJeJei KOMIT FOTEPHUX
MepexK, OIIHIOBaHHS (DYHKIIOHYBaHHS KOMII' IOTEPHHUX MEPEXk, a TAKOXK BUKOPHUCTAHI AJIS aHAi3y Ta
OIIIHKH MTOTOYHOTO TpaiKy KOMIT FOTEPHUX MEPEXi IS MOAaIbIIol ONMTUMI3allii, MTONIYKY MEPCIIEKTUB
JUTSL TIOAITBIIIOTO PO3BHUTKY y CTPYKTYPi MEpeKi, BUABICHHS MpPOOJIeM, III0 HEraTHBHO BIUIMBAIOTH Ha
cucteMy. BukopHcTaHHS CydacHHX METOJIB aHaNi3y Ta OLIHKH Tpadiky BiirparoTh BEIUKY POJb Y
PO3BUTKY KOMII FOTEpPHUX MepexX, TOK HEOOXiHE MOCTiHE BIOCKOHAJCHHS ICHYIOUMX METOJIB Ta
BIPOBA/KCHHS HOBUX.
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Analysis and forecasting of computer network characteristics

Today most applications and devices interact with the data networks, so it is important to develop and improve technologies and
methods to better understand, control, manage or predict the behavior and state of computer networks and their characteristics.
Therefore, the tasks related to the development of models and methods for evaluating and forecasting computer network traffic
parameters are important for computer network management. The paper considers the traffic of computer networks in terms of
the time series. Trend models of the time series, trend detection criteria and assessment methods are reviewed and analyzed. The
selected method for evaluating the traffic trend is based on the Mann-Kendall test, and the consensus method has been used to
interpret the results. The task of forecasting computer network traffic taking into account trend indicators also has been
considered. This problem has been successfully solved by using a forecasting model based on a moving average, and improved
by using gradient boosting. A separate task was to collect and pre-process set of input data describing the operation of a computer
network, to formalize it and perform subsequent quantitative and qualitative analysis. A unique data set has been created by
parsing logs (system files) from monitoring the state of computer network traffic. It is this set of data that has been used to create
a trend detection model and further forecast the characteristics of the computer network. The obtained results shows that the
developed models and methods can be used on practice solving problems of monitoring and managing computer networks.

Keywords: computer network, network traffic, trend analysis, forecasting problem, machine learning.
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A conceptual model for synthesizing the architecture of virtual distributed
systems

Abstract. The article focuses on the development of a conceptual model for synthesizing the architecture of virtual distributed
systems (VDS). It examines key aspects of VDS, including hardware, hypervisors, virtual machines, and management modules.
The study highlights the methodological principles of architecture synthesis, starting from requirements analysis, architectural
design, implementation and testing, and concluding with evaluation and optimization of VDS performance. Special attention is
given to the role of hypervisors and virtual machines, their interaction with hardware, and resource management capabilities.
This article provides valuable insights for researchers and practitioners involved in virtualization and computing systems
development or optimization. Purpose. The purpose of this scientific article is to develop a conceptual model for the synthesis
of architecture of virtual distributed systems. The focus is on key system components such as hardware, hypervisors, virtual
machines, and management modules. The research aims to define methodological principles of architecture synthesis, covering
requirements analysis, design, implementation, testing, evaluation and optimization of virtual distributed systems. Research
methods. To achieve the goal, methods of analysis, synthesis, modeling and experimentation have been used. The system
requirements and the standard practices in the field of virtualization and distributed systems have been analyzed. The methods
of architecture design, technology selection and determination of interaction between system components have been applied.
The models have been developed and the experiments have been conducted to evaluate and optimize the proposed conceptual
model. The results. As a result of the research, a conceptual model of the synthesis of the architecture of virtual distributed
systems has been developed. The key components and methodological principles have been taken into account. The study
confirms the importance of a deep understanding of system requirements and the selection of appropriate technologies for
successful architecture synthesis. Special attention is paid to the role of hypervisors and virtual machines in the system, as well
as their interaction with hardware and resource management capabilities. Conclusions. This paper has significant practical and
scientific value and can be useful for researchers and practitioners in the field of virtualization and development of virtual
distributed systems.

Keywords: virtual distributed systems (VDS), architecture synthesis, conceptual model, hardware, hypervisor, virtual machines,
management module, requirements analysis, architecture design, implementation and testing, evaluation and optimization,
virtualization, scalability, reliability, security, computing systems.
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1. Introduction

Virtual distributed systems are a key component of modern computing technologies. They make it
possible to isolate various computational processes, thereby increasing resource utilization efficiency and
ensuring security. This article proposes a conceptual model for the synthesis of VDS architecture based
on a novel approach to virtualization. It is crucial to develop a conceptual model for the synthesis of
architecture in virtual distributed systems that encompasses key components, their interactions,
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management strategies, technologies, optimization methods, and testing. Additionally, the model should
be scalable and flexible, adaptable to changing conditions and new technological trends. It is expected
that this work will help gain a better understanding of how to effectively design and develop virtual
distributed systems, taking into account various factors that impact their performance, reliability, and
efficiency.

2. Basic concepts and definitions

Virtual distributed systems are a type of computer systems that enable the allocation of resources
among multiple computational processes within a virtualized environment. VDS utilize virtualization
technology, which allows for the partitioning of physical resources into virtual ones, and each virtual
resource can be isolated from others. [1]

3. Conceptual model

The conceptual model for synthesizing VDS architecture comprises four main components: hardware,
hypervisor, virtual machines, and management module (Fig. 1). These components interact with each
other to ensure the proper functioning of the entire system.

1. The hardware components: these components form the foundation of virtual distributed systems.
They include central processing units (CPUs), random-access memory (RAM), data storage devices,
network interfaces, and other resources. For virtual distributed systems, it is important to have flexible
and efficient hardware that can be dynamically allocated among virtual machines according to their needs.
Without reliable, scalable, and high-performance hardware, the effective operation of VDS is not
possible.

2. Hypervisor: It is software that provides hardware virtualization [2]. The hypervisor is responsible
for resource allocation between virtual machines, ensuring their isolation and independence, and
controlling their execution. The hypervisor is critically important for VDS as it allows multiple
independent virtual machines to run on a single physical machine. It enables the efficient utilization of
hardware resources by virtualizing them and providing a layer of abstraction for the virtual machines to
operate on.

3. Virtual Machines: These are "virtual computers” that run on a single physical server and are
managed by the hypervisor. Each virtual machine has its own operating system and set of programs. In
the context of this topic, virtual machines are important as they enable the execution of multiple
independent tasks on a single server, optimizing resource utilization and enhancing system flexibility.
Additionally, the application of parallel processing methods in executing each individual task on a virtual
machine can significantly reduce the overall task execution time. Currently, in the literature, five methods
of parallel information processing are described [3]:

- Combining of Independent Operators (CIO) method,;

- Pipeline Processing (PP) method;

- Decompositional Processing (DP) method;
- Code-Matrix Method (CMM);

- Method of Algorithm Mixture (MAM).

The essence of the Independent Operators Fusion method lies in simultaneously starting the execution of
a certain number of operators of an algorithm at discrete time moments, under the following conditions:
a) the operators in question are not connected by any informational and/or control dependencies.

- for each of these operators, there are values for the respective operands up to the considered time
moment.

- In the future, we will use the following definition of the method of combining operations - it is a
method of parallel processing for which:

- objects of the operational level are bit codes of numbers or parts of codes (up to a single bit),
considered as indivisible wholes;

- objects of the algorithmic level are fragments of algorithms or algorithms that are considered as
indivisible goals;
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- operational level operators are generally accepted data processing operations/functions (when
working with number codes) and Boolean algebra operations (when working with one-bit data);

- algorithmic level operators are operations on graphs or time-parallel graph-schemes;

- time relations between (at least some) operators satisfy the requirement of having at least one pair
of operators Pi€P and P;eP of algorithm P with a non-empty intersection of their activity intervals
1A and |Aj

IAiN |Aj # O for Pj, PJ'EP, (1)

- the execution of which begins simultaneously, that is, for which tiH tjH;
the nature of the time relations between the activity intervals I1(SDK) of the implementation of the
algorithm in different sets of input data SDkeSD is determined by the following relation:
I(SDK) €l(SDI) #0 (2)

at least for some pair of numbers k, 1j of input data sets of the algorithm where ki, | € 1,2,...,sd; sd = |SD|,

that is, there is an intersection of the time intervals of algorithm implementations for different data sets.

The method of Pipeline Processing (PP) is a method of parallel data processing, in which the following

objects are defined:

- the algorithms for performing operators — generally accepted operations/functions of known
programming languages;

- the objects of the algorithmic level are fragments of algorithms or algorithms considered as an
indivisible whole.

The essence of the method is to perform the following transformations for the algorithm:

a) dividing the time algorithm for performing operations/functions (at the operational level) or the
time algorithm for solving a problem (at the algorithmic level) into “pipeline” fragments (F) of
equal time depth TD (pipeline clock), such that each previous fragment forms input data for the
adjacent next fragment, and the parameter tu(Fj) of the beginning of each subsequent fragment
Fj is determined by the parameter tk(Fi) of the end of the previous fragment

b) Fi(i,j € NF;NF=0.1,...,nf 1; where nf=| NF| is the number of pipeline fragments or the depth of

the pipeline);

C) sequential implementation of fragments FO, F1, ..., Fnf-1 - in the case of a unit power (sd = 1) of
the SD set of different input data sets of the algorithm;

d) combining (with sd>1) execution intervals of "different types" of algorithm pipeline fragments
belonging to different sets of input data;

e) numbers p of combined fragments Fp corresponding to input data sets with numbers &
(6=1.2,....,nf-1, nf, nf+1,...) satisfy (in pipeline mode) the following relation p + dmod (nf +1) =
nf.

The pipeline processing method is characterized by the input of data sets with a TD discreteness
interval and the output of algorithm execution results (for a set of SD input data sets) with a TD interval.

The essence of the method of algorithm mixture (MAM) is to create a mixture of tasks at the
operational level and to use such a mixture to achieve 100% loading of the equipment and ensure
potentially possible increase in the efficiency of the implementation of the analyzed set of algorithms. A
mixture of algorithms is formally considered and performed as a single task. A mixture of tasks is used
in cases where individually executed tasks, using all or part of the parallel processing methods discussed
above, cannot ensure 100% hardware loading and achieving the potential value of performance.

Currently, only the method of combining independent operators is used in all modern processors.
The method of pipeline processing at the hardware level is used in scalar and superscalar processors. The
decomposition method, also at the hardware level, is used in Very Long Instruction Word (VLIW)
processors with parallelism at the instruction level. The research conducted at the Faculty of Computer
Sciences of the Kharkiv National University has showed that the application of a rational combination of
methods of parallel information processing (multiparallel information processing) allows increasing the
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efficiency of computing systems of various classes. Table 1 shows a reasonable composition of different
parallel processing methods for specific combinations of constraints and user requirements.

4. The management module is responsible for monitoring, managing and optimizing the operation
of the VRS. This includes monitoring resource usage, managing resource allocation, ensuring system
security, and responding to changes in system load or health. The control module is critically important
for synthesizing the architecture of virtual distributed systems, as it ensures their stable and efficient
operation. Taking into account the peculiarities of the organization of the computing process in individual
nodes of the distributed system contributes to increasing the productivity of the entire virtual computing
system. For example, parallel execution of successive threads of operations in scalar and superscalar
processors is carried out using a hardware-implemented pipeline (or several pipelines working
simultaneously for superscalar processors). In VLIW processors, the commands that are part of a long
command word are executed in parallel, that is, the commands for which all input data are ready at the
moment and there is a free resource for implementation.

Table 1. Requirements and limitation

Requirements/ Methods of parallel processing
limitation . . . .
Combining of Pipeline Decompositional Code-Matrix
Independent Processing Processing method | Method (g=1)
Operators method (k=1) (d=1)
method (c=1)
Z= + - - +
Algorithm 1
execution time to
(of algorithms t;) Z1> N N N .
/=
- + + +
Input data refresh 1
period T 7>
1 - + + +
Z= + + + +
Common 1
requirements
(8, /1,) & Ty Zj|_> + + + +
Z= + +
Requirements and 1 ) )
restrictions
(¢,/t,)& Q0 zZ> N N + +
1
. Z= - + + +
Requirements and 1
restrictions
Ty &0 Z]_> ) + + +
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Figure 1. The scheme of the conceptual model of synthesizing the architecture of virtual distributed systems.

The conceptual model is an important part of the design process of virtual distributed systems. It
defines the general structure of the system, reflecting the interactions between its various components, as
well as the principles of their work. [4]

The conceptual model serves as the basis for detailed system design. It helps developers better
understand the tasks the system should solve and the context in which it will be used. [5] This, in turn,
allows you to determine the requirements for the system and choose the most suitable technologies for
its implementation. The following aspects can be taken into account in the conceptual model of virtual
distributed systems:

- Functionality: What tasks should the system solve? What services should it provide to its users?

- Interaction between components: How do the components of the system interact with each other?
How do they work together to provide the functionality you need?

- Usage scenarios: In what conditions and scenarios will the system be used? What reliability,
performance, scalability and security requirements should it meet?

- Data exchange and network interactions: How will data be transferred between different parts of
the system? What protocols and technologies will be used for this?

A conceptual model is created at the initial stages of system development and can be updated
throughout the project’s life cycle to take into account new requirements or changes in the technological
environment. [6]

4. Synthesis of architecture

Architecture synthesis is the process by which a conceptual model is transformed into a detailed
plan or "architecture™ of a virtual distributed system. This includes choosing specific technologies,
designing the system structure, defining interfaces and protocols for interactions between components,
and developing strategies to ensure system reliability, performance, scalability, and security. [7,8]
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Architecture synthesis can be divided into several stages, including:

- Technology selection: Based on the system requirements and conceptual model, specific
technologies are selected to implement virtual machines, hypervisors, management systems, and
other system components.

- Structure design: at this stage, the detailed structure of the system is determined, including the
network structure, placement of virtual machines, protocols for interaction between components,
etc. [9]

- Development of QoS strategies: based on requirements for reliability, performance, scalability
and security, strategies are developed to ensure these characteristics, such as backup strategies,
load balancing, data encryption, etc. [8, 9]

- Testing and Validation: After the architecture is designed, it is tested and validated to ensure that
it meets the system requirements.

- Optimization: Based on the results of testing and validation, necessary adjustments are made and
various aspects of the architecture are optimized.

5. Conclusion

The conceptual model of synthesizing the virtual distributed system architecture plays a key role
in creating efficient and reliable virtual distributed systems. The components specified in this model - a
virtual machine, a hypervisor, a management system and network interactions - summarize important
aspects that must be taken into account when designing such systems [10]. In the process of architecture
synthesis, it is important to take into account the choice of technologies, structure design, development
of service quality assurance strategies, testing and validation, as well as optimization to create an effective
system [11].

This article provides important information for understanding and designing the architecture of
virtual distributed systems, taking into account various aspects related to technology, design, quality of
service strategies, and testing procedures.

Last but not least, the article emphasizes that the development of virtual distributed systems
requires constant revision and updating of the architecture to adapt to new requirements and technological
trends. Thus, the conceptual model and architecture synthesis must be flexible and scalable to ensure
long-term success.
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KonuenryajbHa MoeJb CHHTE3Y aPXiTeKTYPH BipTyaJbHUX PO3MOALIEHHUX
CHCTEM

AKTyaJbHiCTb. Y CydacHOMY iH(pOpMaiiHOMY CepeOBHUIII BipTyaIbHI PO3MOIIEH] CHCTEMHU € KIIFOUOBUM KOMIIOHEHTOM IS
e(eKTHBHOTO BUKOPHUCTAHHS PecypciB, 3a0e3MeueHHs THYIKOCTI Ta 3a0e3nedeHHs HagiitHocTi. LIIBuaKAil pO3BUTOK TEXHOJIOTIH
BipTyauti3auii Ta 3pocTaHHs MOTPeO Y PO3IOIIEHIX 00UNCIEHHAX CTBOPIOE HEOOXITHICTE Y pO3poOIli KOHIENTYaIbHOI MOAEI]
CHHTE3Yy apXiTeKTYypH BIpPTyaIbHHX PpO3MOJIICHUX CHCTEM, IO BPaxOBy€ CydacHi BHUMOTH Ta TEXHOJOTIYHI TPEHIH.
Meta. MeToro 1aHOT HAyKOBOI CTAaTTi € po3po0OKa KOHIENTYalbHOI MOJIENi CHUHTE3Y apXiTEeKTypH BipTyalbHHX PO3IIOIUICHUX
cucreM. OCHOBHA yBara 30CepeXky€eThCsl Ha KIIIOYOBHX KOMITOHEHTAaX CHCTEMH, TAKUX sIK arapatHe 3a0e3reueHHsl, TilepBi3opH,
BIpTyaJibHi MAaIlMHH Ta MOIYJl ympaBiiHHA. J{OCHi/UKEHHS Ma€e Ha METi BHU3HAYUTH METOJOJOTIYHI MPUHIMIHN CHHTE3Y
apxXiTeKTypH, LI0 OXOIUTIOIOTh aHali3 BHMOT, IPOEKTYBAaHHS, pealizallilo, TECTyBaHHS, OLIHKY Ta ONTHMIi3alilo poOoTH
BIpTyaJbHUX PO3TOIIEHIX CHCTEM.
Metoau pociifzkenHs. {1 TOCATHEHHS MOCTaBICHOI METH BUKOPUCTOBYIOTBCSI METOJM aHaNi3y, CHHTE3Y, MOJICIIOBAHHS Ta
EKCIIepUMEHTY. AHaII3yIOThCSI BUMOTH IO CHCTEMH Ta CTaHAAPTHI MPAKTHUKH Y Tally3i BipTyaiizamii Ta po3MOAiIEHHX CHCTEM.
3aCTOCOBYIOTBCS METOJM IPOEKTYBAHHS apXiTEKTYpH, BUOOPY TEXHOJOTIH Ta BH3HAUCHHS B3a€MOAii MK KOMIIOHEHTAMH
cucteMu. Po3po0isiIoThCst MOZIENI Ta MPOBOASATHCS €KCIIEPUMEHTH IS OL[IHKU Ta ONTHMI3alil IPONOHOBAHOI KOHIETITYaJIbHOT
MOJei.

PesyabTaTn. Y pe3yapTaTi HpOBEICHOTO TOCTIHKEHHS pO3pO0IIeHa KOHIIETITYalIbHA MOJIEIb CHHTE3Y apXiTEKTYPH BIpTYaTbHUX
PO3MOAIEHUX CHUCTEM, IO BPAaxOBYe KIIOYOBI KOMIIOHEHTH Ta METOMOJIOTIUHI MpHHIMIH. JOCTiHKEHHS MiATBEPIKYyE
Ba)XXJIMBICTh TIMOOKOTO PO3YMIHHS BHMOT JIO CHUCTEMH Ta BHOOPY BIiANOBITHUX TEXHOJOTIH IUIS YCHIIIHOTO CHHTE3Y
apxitektypu. OcoOnmiBa yBara NpUALJICHA POJIi TIMEpBi3OpiB Ta BipTyaJbHMX MAIIMH B CHCTEMi, a TaKOX IX B3aeMOmii 3
arapaTHUM 3a0e3neyeHHSIM Ta MOXKJIUBOCTSIMH YIIpaBIIiHHS pecypcamu.
BucnoBkn. [lana ctaTTs Mae 3HaUHUH NPAKTHYHUI | HAYKOBUIT BHECOK 1 MOYXe OyTH KOPHCHOIO IS JOCTITHUKIB Ta MPAKTHUKIB
y Taiy3i BipTyasi3anii Ta po3poOKH BipTyallbHUX PO3MOIIICHUX CHCTEM.

Knwwuosi cnoea: sipmyanvui posnoodineni cucmemu (BPC), cummes apximexmypu, KOHyenmyaubHa MoOeilb, anapamue
3a6e3neyents, 2inepeizop, SipMyanbHi MAwuHY, MOOYIb YIPAGIIHHA, AHANI3 8UMO2, NPOEKMYB8AHHA apXimeKkmypu, peanizayis
ma mecmyeanHs, OYiHKa ma onmumizayis, sipmyanizayis, macumaboeanicmy, HAOliHiCMb, be3neKka, 00UUCTIO8ANbHI CUCTIEMU.

Hapiwna y nepuwin pegakuii 02.08.2022, B octanHii - 03.09.2022.
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