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Po3rsgatoThest 0COOIMBOCTI IMHAMIKY MOCIITOBHUX XBIIIb ITaHAeMil covid-19 B YkpaiHi Ta iHIIMX KpaiHax €Bpony MeTOIaMH
JOCIIUKEHHST 9acOoBHX psAiB. s OTpHMMaHMX 3 BIAKPUTHX JDKeped KPHBUX IIOACHHUX HOBHMX BHIAJAKIB 3axBopimux I(t),
nomMepiux D(t) i ogyxanux R(t) Oynm BuaiieHi ocepeaHe i 1 OCHUITIOIYI CKIa0Bi. AHANI3 CIEKTPY MOKa3aB HAsBHICTD y BCiX
KpaiH ToJI0BHOI rapMoHikH 3 iepiogom T=7 xi0, sika OB’ s13aHa 3 0COOIMBOCTAMH THKHEBOT pOOOTH MEINYHUX 1 CTATUCTHYHUX
3aKnaniB. B psai kpaiH BUSABIICHI 03HAKM XaOTHYHOI JHMHAMIKH y BUTJIII 3HAYHHUX aMIUTITYA CYCIIHIX TapMOHIK Ta 3HAYHHUX
HEOYiKyBaHUX 3MiH ()a30BHX 3CyBiB Mk HUMH. OTpUMaHi CTATUCTUYHO JOCTOBIPHI €KCIIOHEHIIANBHI HAOMKeHH KpuBHX I(t),
D(t) Ha cramisx mIBHAKOTO i MOBLIBHOTO 3POCTAaHHS 1 MIBHIKOTO i MOBUIPHOTO 3MEHIIECHHS YHMCIa BHUIAJAKIB U KOXKHOI 3
YOTHPHOX XBHJIb covid-19 B kpaiHax €Bponu. L{i HabmwKeHHs OyJi BUKOpHCTaHi Juis Bajiganii MmateMatuaHol moneni SEIRS
PO3MOBCIO/DKEHHs emifeMii B naHildi kpaini. OTpuMani cnenudidi i KpaiHM MOZENI Yy BUIVIAAI CHUCTEM 3BHYAHHUX
nudepeHIiaJbHIX PIBHSIHb MOXKYTh OyTH BHKOPHCTaHI AJsi OUTBIN AETAaIbHOTO JOCHIIKEHHS JHHAMIKM KOXHOI 3 XBHIb Ta
MPOTHO3YBaHHS MOJAIBIIOT THHAMIKU covid-19 B kpaiHi.

Knwwuosi cnosa: mamemamuuna enioemionoeis, covid-19, awaniz «8enuxux OaHUXy, apMOHIUHUL AHANI3, CMOXACMUYHA
ounamixa

Investigation of the dynamics of four waves covid-19 in European countries

Voloshyna Kateryna student
V.N. Karazin Kharkov National University, 4 Svobody Sg., Kharkiv, 61022,
Ukraine

Kizilova Nataliya Doctor of Physical and Mathematical Sciences, Professor; Professor of the

Department of Applied Mathematics
V.N. Karazin Kharkov National University, 4 Svobody Sq., Kharkiv, 61022,
Ukraine

Kiporenko Polina student
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Ukraine

The peculiarities of the dynamics of successive waves of the covid-19 pandemic in Ukraine and other European countries have
been considered by the methods of time series analyses. Both the oscillatory harmonic and growing non-harmonic dynamics
have been detected. The curves of daily new cases of infected I(t), deceased D(t) and recovered R(t) individuals have been
obtained from open sources and the mean and oscillating components have been identified. For the most countries the mean
components of the curves I(t) and D(t) exhibit a small shift in 1-3 weeks that corresponds to the incubation period of the disease.
The analysis of the spectrum of the oscillating components has showed that all countries have a fundamental harmonic with a
period of T = 7 days, associated with the specifics of the working week of medical and statistical institutions. The rest of the
harmonics in most countries turns out to have been close to zero, which corresponds to random errors in the collection of
statistical data for the country's institutions. In a number of countries, signs of chaotic dynamics in the form of large amplitudes
of neighboring harmonics and significant unexpected changes in the phase shifts between them have been revealed. Statistically
reliable exponential approximations of the I(t) and D(t) curves at the stages of the fast and slow growth as well as fast and slow
decrease in the number of cases for each of the four covid-19 waves in European countries have been obtained. The obtained
approximations have been used for validation of the SEIRS mathematical model of the epidemic spread for a given country. The

© BonowwHa K.1., Kisinosa H.M., Kinopenko I1.B., 2022


doi:%20https://doi.org/10.26565/2304-6201-2022-54-01
mailto:Kate0410999@gmail.com
mailto:n.kizilova@gmail.com
https://orcid.org/0000-0001-9981-7616
mailto:kipolly1006@gmail.com

BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTemaTtuuHe MogentoBaHHs. IHopmaLliiHi TexHonorii. ABTOMAaTU30BaHi cMCTemMu ynpaBniHHs», BUnyck 54,2022 7

resulting country-specific models in the form of the systems of ordinary differential equations can be used for studying the
dynamics of each wave in detail, and for predicting the further dynamics of covid-19 in the country.
Keywords: mathematical epidemiology, covid-19, Big Data analysis, harmonic analysis, stochastic dyamics.

1 Beryn

[Mannemist covid-19 crama oAHWUM i3 BaXIMBIMIMX BUKIIHMKIB CY4acHOCTI, SIKMH MPOAOBXKYE HHU3KY
cnanaxiB OakTepialbHUX 1 BipyCHHMX iH(EKILIiH, SKi MepeciigyloTh JIOJICTBO MPOTATOM Bei€l icTopii
po3BuTKy [1]. Huninmms maanemis movanacs B Kurai B rpynui 2019 p. 1 Ha HacTymHUIT yac oxommra 223
Kpainu 1 periond. B OUIBIIOCTI KpaiH TpHBae ab0 PO3MOYMHAETHCS YSTBEPTA XBWIIA, SIKa HAWJacCTIIIe
NOB’s13aHa 3 MOAUQIKAIIEIO «IeIbTay NOYaTKOBOIO IITaMy, a TAKOX 1 3 HOBUM Pi3HOBUAOM «OMiKPOHY.
Haniayerbcs maibke 248.5 MITH. 3aXBOPUTHX, OibIIIe 5 MITH. TOMEpIHX 1 Oinbine 225 MITH. Oy KaJHX,
SKi MOXKYTh OTPUMATH ITOBTOPHE 3apa’keHHsI HOBUMH IITaMaMi. MOHITOPHHT 1 aHAI3 THHAMIKH KOKHOT
3 XBWIb MaHAEMii JO3BOJISIE MPOaHANi3yBaTh OCOOIMBOCTI PO3IOBCIOKEHHS XBOPOOM Ha TEPUTOPIi
KOXKHOI KpaiHM a00 Ha TakuX 3aMKHYTHX JIOKalisx, sk ocTpoBH. IIporsrom 2020-2021 pp. Oynm
oIy0IIiKOBaH1 pe3yabTaTH aHali3y maHuX nanaemii B [agonesii [2], SAmowii i [lisnenniit Kopei [3], Kurato
[4], CLHA [5], Kanani [6], kpainax €Bpormu [ 7] Ta psay iHmmx. Jlocii ke BIUTUB 3arajdbHOT0 1HIEKCY
PO3BHHEHHS KpaiHW, CTyINeHIO (iHaHCYBaHHS MEAMIUHHM, 3I0POB’Sl HACEJIEHHA Ta Pigy COIiajJbHO-
E€KOHOMIYHHX (haKTOpiB Ha TUHAMIKY KPUBUX 3aXBOPIOBAHOCTI B Pi3HUX KpaiHax [8].

3aKOHOMIPHOCTi, $Ki 3HalAeHi OUIIXOM o0O0poOku iH(opMamii y BUTIAAI YacOBUX PSIiB,
BUKOPUCTOBYIOTBCS JJIsl TOJANBIIOT PO3POOKM OUIBII TOYHUX MaTeMaTHYHHX MOJENed JAMHAMIKH
emigemiii, sKi BpaxOBYIOTb OCOOJHMBOCTI JaHOTO 3aXBOPIOBAHHS, a TAaKOX JJSl IMPOTHO3YBAaHHS,
crabimizamii i KOHTpoOJOBaHHS MUHaMiKU [6]. B maHiif poOoTi mpoBeneHU aHaATi3 KPUBUX JWHAMIKA
covid-19 s Ykpainu i psagy cycimHix kpaiH €Bponu Juis BUSBICHHS CHUTBHOI AMHAMIKKA a00 Pi3HUX
THUIIIB JUHAMIYHOI MMOBEIHKH, a TAKOK MPOTrHO3YBaHHS MOJANIBIIOT TUHAMIKY Ha MaTeMaTHYHIA MO
SEIRS 3 BUKOpUCTaHHAM JaHUX CTATUCTHYHOTO aHAII3Y.

2 CTaTucTHYHMIA aHATI3 YacOBHX PsATiB
B po6oTi BUBYAIOTHCS JaHi MIOJCHHUX BUMIPIOBAaHb KUTBKOCTI HOBUX BHITAJIKiB 3axBoproBanb I(t),y

SAKUX HasABHICTH covid-19 miaTBepkeHa TeCTyBaHHSAM; KUTBKOCTI CMEPTHUX BHITAJKIB BiJl YCKJIaIHEHb
covid-19 D(t), kinbkocti omyxkanux R(t) , nporecroBanux T(t), BakuunoBanux V(t), y nHOpiBHsHHI i3

3arajJbHOIO KiNbKiCTIO HaceneHnHs S(t) , kpainu, sike Mo)ke 3axBopitu Ha covid-19. Odiiiina craTucTHKa

na”jaemii mo xpainam €Bponu B LIOMY modnHaeThes 3 22 ciung 2020 p., Xoya MOYaTOK MOCTIHHOI
IIOJICHHOT peecTpallii B pi3HUX KpaiHax BiapisHseThes. Tak, B Ykpaini nie 3 Oepe3ns 2020 p. dus winei
MOPIBHSJILHOTO aHaJi3y O0Mpanucs AaHi, HOpMalli30BaHi Ha YMCENbHICTh HaceneHHs ctanoM Ha 2019 p.,
JI0 TToYaTKy maHziemii. Bei qani HasBHI y BiIKpUTHX L[)Kepenaxl.

Ha Puc.1a,6 HaBeaeHi uTst IOPiBHAHHS 3r71akeHi HopMaiizosani kpuBi I(t) (Puc.la)i D(t) (Puc.16)
i Ykpainu 1 geskux kpaiH €Bponu. BuaHo, mo auHamika MOMIMPEHHS emieMii B JeSKUX KpaiHUX
CYTTEBO BiAPI3HIETHCA. MaKCUMYMH IPYTOi 1 TPETHOT «XBUIIBY MPAKTUIHO 30iratoThes y @panii, [Tamii,
[Monbuii, BenmukoOpuTanii i Tpoxu 3ami3HOOTECA — y HiMeuunnn 1 YkpaiHu. AMIUTITYM XBHITb 3HAYHO
Buini y ®pannii, Iranii, [onpmi, BennkoOpuraHii 1 3Ha4HO HWXKYI — B IHIIMX KpaiHax. 3arajibHa
JUHaMiKa 1o Kpainam €Bponu BinoOpaxkye CyMapHHUI BKJIaJ BCiX KpaiH i TOMy Ma€ CKIaJHily 6arato
XBWJIbOBY AnHaMiKy. Makcumymu kpuBux D(t) uacto mMaibke 30iratoThes, HATPUKIIA IS IEPIIOT XBUITI
(Makcumymu nipunagany Ha 31.03 — 16.05.2020 p.), apyroi (18.11.2020 — 23.01.2021 p.) i Tpetnoi (8.04
—28.04.2021 p.) xunb. [Mopiusuus kpuux 1(t) i D(t) 1 k0okHOT 3 KpaiH MOKa3ye, Mo MAKCUMYMH

KPHUBHX I/l Yac JESKAX XBWIb 3CYHYTi Ha 1-3 THXKHI, IO BiANOBia€ 4acy pO3BHHEHHSI Pi3HUX IITaMiB
covid-19 (iukyOarriiHuii Iepiol po3BUHEHHS iHPEKIIHHOT XBOPOOH) Ta JIesiKiM iHIMM (aktopam [8].

! https://www.worldometers.info/coronavirus/
https://ourworldindata.org/coronavirus
https://covid19.who.int/
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Puc.1 Pisnu munu ounamixu xpusux 1(t) (@) i D(t) (6) ¢ kpainax Ceponu.

[lopiBHAHHSA TOYATKOBHMX aaHWX (IIOACHHI JaHi) 1 BIATOBIAHUX KPHUBHX, 3TIADKEHHX METOIOM
KOB3a[0UOT0 CEPETHHOTO 3 BIKHOM y 7 MHIB (3aralbHOMPUHHATHIA TiIXi] y BITKPUTHX JKEepenax naHux?)
JI03BOJIAIE OOYUCIIMTH B1AIIOBIIHI OCIIAIISLIT

losc (1) = 1(t)= < I(t) > Dggc(t) = D(t)— < D(t) >.

[Mpuknan pelynpTariB o04YMCIeHHS HaBeJAeHUH Ha Puc.2 s Bunanky Ykpainu. HalGinein 3HauHi
Jpyra i TpeTs XBHWJI MalTh YiTKi MAKCHMYMH, & IIBUJKOCTI 3pOCTAHHS Ta 3MEHINCHHS YUCIIa HOBUX
BunaAKiB 01u3bKi (Puc.2a). KonnBaHHS yiceNbHOCTI HOBUX BUTIA/IKIB 3HAYHO BHIIE B TPETIO XBUITIO, HIXK
y npyry (Puc.206), mo mMoxke OyTH IOB’sI3aHO SIK 3 HEJIOCKOHAIICTIO ab0 MepeBaHTAKEHICTIO CHCTEMU
KOHTPOJIIO, TaK 1 3 IHIIUMH YNHHUKAMH,
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Puc.2 Buxioui i ocepeoneni xpuei onsa nosux eunaoxis (1(t), <1(t) > ) i ona nomepaux (D(t), <D(t)>) (a)i

8I0N0GIOHI X6UTbOGI KOMNOHeHmU (0); NO3HAYeHHs 1,11,1ii,Iv 6I0n06I0ams pi3HUM CIMAJisM XGUILL.
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bys mpoBeneHuil crnekTpanbHuil aHami3 KpUBUX o (t), Doge () U1 YKpaiHu Ta CycimHIX KpaiH
€pporn. KoedimienTn po3kinageHas KpuBux B psau Oyp’e oduncimoBanucs 3a Gpopmymnamu Eitnepa ms
nepiofiB komuBaHb T=2-21 no6u. Ce30HHI KONMBAaHHS 3 NepiogamMu >1 Micsls HE JOCHIKYBaIKUCS B
CHITy HEJOCTaTHBO JIOBTOTO MEPIOAY 3arajibHUX CIOCTEePEKeHb. Pe3ynbTaTu po3paxyHKiB KoeillieHTiB
Aj, Bj poskiazieHs 110 GyHKUisAM cos(wjt), sin(ejt) 3riamkeHnX 9acoBuX psmiB log (1), Dogc(t) mokasamm

3HAYHO BWIII aMIUTITy[Id KOJNHWBaHb UIA 2-4 XBWJIb 1 Madi aMIDITYyOH, AKi 3HAXOAATHCS Ha MEXi
MOTPIIIHOCTEH BUMIPIOBaHb, - U JOBrONEpioANYHUX KoiuBaHb 3 T>10-14 1i6 (Puc.3a).

Amyp Amp
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mwave

350 — mwavell
mwavell 500 -

300 E— Bwave ll
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250 mwave vV 400

200 300

150
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100
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72754 s 6 7 8 9 10 11 12 13 4T 0T T T 4T 5 6 7 8 9 10 11 12 13 14T

a 0

Puc.3 Cnexmp xonusans kpusux |y (t) ona Eeponu (a) i Yrpainu (6).

AMITTITYIH KOJIUBaHb 3 riepiogom T=7 mi0 BiApi3HSAIOTHCSA HE TIIBKU B Pi3HUX KpaiHax €Bpory, ane
i potsarom pizHux xBuib (I-1V xBuni) B oaHil kpaini (Puc.4), mio Bkasye Ha pi3Hi piBHI MiArOTOBJICHOCTI
1 HANPY>KEHOCTi CUCTEM MEANYHOI JOTIOMOTH 1 KOHTPOJIO B KpaiHax. CItif BiAMITHTH, 1110 3HAYHICTH 7-
JIEHHOI KOMITOHEHTH B KOJIMBAHHSX YHCIIa HOBUX BHIIAAKIB XBOpOOU cxoxa B OLIBIIOCTI KpaiH €Bporn
Ta B €Bpori B 1ijioMmy (Puc.4a), ajne B CTaTUCTHIII CMEPTEIbHUX BUMAAKIB MOXKE BiJIPI3HATHCS B JEIKUX
KpaiHax sk B Oik 30inblieHHs, Tak i 3meHmIeHHs (Puc.46). Lls xoMoHeHTa He Mae MaTEeMaTHYHOTO
OOIpyHTYBaHHS 1 TOMYy 3HAa4YHO YCKJIQJHIOE aHaNi3 CTaTUCTHUYHMX JaHUX 3 METOI BHSBICHHSA
3aKOHOMIPHOCTEH 1 (hOpMYITIOBaHHS MAaTEMaTUIHOT MOJIEITI.

Juis wineit aHamizy AaHuX, OB’ sS3aHUX CaMe 3 PO3MOBCIOJKCHHSM BipyCy, a HE 3 0COOIMBOCTAMHU
CTaTHCTUYHOI CITY’)KOW B Pi3HUX KpaiHax, I KOMIIOHEHTA 3 BiJIOBiTHOI aMILTITY0l0 Oylia BUIalleHa 3
HOPMaJli30BaHUX OCEPENHEHUX PsIiB HAHUX oo (1), Doge(t), Tosc(t) Vose (), Rosc(t). CnexrtpanpHuit

aHayi3 aMIuTiTyI Ampj:a/AijBJZ i ¢aszosux 3cysiB @) =arctg(B;/ Aj) orpumannx ocummsuii
OKa3aB, WO B OlLIbLIOCTI KpaiH ammiTyan i 3cyBu (a3 iHmMX xomnoxeHtiB Tj=2-6,7,8—21

HE3HauHi, ajJie B IETKUX KpaiHax CIIOCTEPIraroThCsl XaOTUYHI CTPUOKH 000X MapaMeTpiB BiJ rapMOHIKH
JI0O TAPMOHIKH, III0 BiJIMOBIIa€ MOXKIUBOCTI Xa0TH4YHOI nuHamiku. Ha Puc.5 HaBenenuii npukiaa Takoi
nuHaMidHOi moBemiHkH Uit CloBeHil. AMIDTITYAa OKPEeMHX TapMOHIK 3MIHIOETHCS B PI3HHX XBHIISX
(Puc.5a), a 3cyBu (ha3 HEMOHOTOHHO 3POCTAIOTh 3 HOMEPOM T'aPMOHIKH [UIsl Maike BCiX 3HaUeHb j=2-21
(Puc.56). Taka quHamMivHa MOBE/iHKA MOYKE BKa3yBaTH SIK Ha crienn(iky po3MOBCIOIKECHHI Bipycy, TaK i
Ha HEJIOCTATHICTh COIialIbHO-€KOHOMIYHHX 3aXO0JiB MPOTH/IiT TaHeMil.

Amp ]
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Puc.4 Amnnimyou cnexmpie xpusux lyg (t) (a) i Doy (t) (6) 3 nepiooom T=7 0i6.
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Puc.5 Amnnimyou (a) i 3cysu gas (6) cnexmpy kpusux Dyg (t) ona Crosenii.

M xoxuol 3 xBuib I-11l koxHOT 3 mocmimkeHux kpaiH €Bponu OyiM OTpUMaHi CTATHCTHYHI
anpoKCUMAIIiT JTiJSTHOK €KCIIOHEHIIATBHOTO 3POCTaHHS 1 crajaHHs ocepenanenux kpusux I(t) i D(1), a
came ctajiii mBuakoro (i) i moButbHOTO (ii) 3pocTaHHs, MWBHUAKOTO (iii) 1 MOBITEHOTO (iV) 3MEHIICHHS
YHucia BUNAAKIB B KOXHIM 13 xBwib (Puc.2a) y Burmani 3anexsocreit Iy (t) =ag, exp(byt),
Dy (t) =ag exp(byit), ne k={i,ii,iii,iv}, ag, by,ak,bo =const. Orpumani 3anexxHocTi OymyTh
BUKOPHCTaHI JIJIsl BaJIiJAIlil MaTeMaTHUHOT MOJIENI MaHeMil y KOKHIN KpaiHi.

3 MaTemaTu4Hi MoJeJIi JTMHAMIKH MOMYJIALii

Ie B 1760-1766 pp. Bimomuii MmareMaTuk i Mexanik [I. bepHysuli BUBYaB MOXKJIMBICTD 301IbIIEHHS
TPUBAJIOCTI JKUTTA LUIAXOM JIKBiaLii BiCIH, sIKa Ha TOH 4ac Oyia OAHI€I0 3 TOJOBHUX NMPUYUH CMEPTI
[9]. Hiznime, B 1798 p. T. ManbTyc po3poOrB MareMaTHYHy MOJIEIb €KCIOHEHIIATbHOTO 3POCTaHHS
4KCeIbHOCTI HaceNeHHs 0e3 o0OMexeHb pecypciB. B 1838 p [1.-®. depxronbeT 3anpononyBas JOTiICTHYHY
KpHBY, sIKa BIJIIOBIIala CaMOOOMEKEHOI'0 3pOCTaHHS KOJIOHIT OaKTepii, KOJIM MIBUIAKICTh PO3MHOXKCHHS
NPONOpLiiHA SK YMCETBHOCTI MOMYJISILii, TaK 1 KIIBKOCTI TOCTYITHUX PECypciB (Temsa, CBiT/Ia, KUCHIO,
KUBHJIBHUX PEUOBHH TOILO).

B 1870-x pp. P. Kox i JI. Ilacrep migrBepamiu, mo iH(EKmidHI 3aXBOPIOBaHHS BHKJIWKAIOTHCS
MikpoopraHizmamu. Taki 3aXBOPIOBaHHS BUBYAJIM LUIIXOM aHANi3y KPUBUX 3aXBOPUIMX Ta HOMEPIHX.
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Ha mouatky 1900-x pp. /x. CHOy BUCYHYB TillOTE3y, IO €MifeMii 3aKiHIyIOThCS, KOJIH JOCTYIHICTh
CcOpuiHATIMBUX 0ci0 3MeHmyeTbess. B 1906 p. B. Xamep BU3HAauUMB NBOpPIYHUEN MeEpion Ui MiCBKHX
criajaxiB 3aXBOPIOBaHb Ha Kip, i MOACHHUB L0 AUHaMiKy rinore3oto Cuoy. B 1911 p. emigemionor A.
MakKennpik 3aHOBO BiAKpWB JOTicTHYHY Moaens DepxiombcTa A 3pOCTaHHA OakTepidt i
eKCIIEPIMEHTAIBHO OIIHWB HENHIWHUN TapameTp i€l Mojeni. 3 mbOoro 4acy po3movaBcsl OypxXJIMBHN
PO3BHUTOK MaTeMaTH4HOI Teopii emigemiid. B 1916 p. P. Pocc Brepie 3acTocyBaB Teopito HMOBIPHOCTI 10
ommcy nuHaMiky nepexadi iHdexii. B 1925 p. A. JIoTka 3aHOBO BiIKpHWB JIOTiICTUYHE PIBHSHHS 1 HA3BaB
HOT0 3aKOHOM 3pOCTaHHS HaceleHHs, a B 1926 p. B. Bonbreppa 3anpomnonyBaB TBOKOMIIOHEHTHY MO/IENb
JUHAMIKWA TOMYJSLIA BUIISLY «XIKak-kepTBa». B 1927 p. Kepmak i MakKennpik 3anpornonyBaiu
aHaJIOTIYHy TPUKOMIIOHEHTHY MOJENb IJisi AMHAMIKM MOIIMpPEHHS iH(QEKUiHHOTO 3aXBOPIOBAHHS Y
BHTJISIII CHCTEMHM 3BUYAHNX AudepeHTianbanX piBHAHB (3/P) [10]

dx dy dz
— =—aX , — = axy — b , —= b , 1
a Y g TR T (1)
3 IO4YAaTKOBUMU YMOBaMI/I
x(0) =Xp, Y(0) =Yg, 2(0) =2, (2)

JIe X — KUTBKICTh 3I0pPOBHX, Y — XBOPHUX, Z — BUOYIIH 3 KJacy y, TOOTO oxyskaiu abo moMepiu, IpHIoMy

X+Y+Z=N geN - uncensuicrs monymsuii (HacemeHs).

VY wiii Mmozeni Oyio Brepie 3aCTOCOBAHO CTATUCTUYHY (i3HMKY Ta «3aKOH AIFOUUX Macy» AJIsl OIHCY
nepenadvi iHEeKIii B pe3yibTaTi COMiaIbHOTO KOHTaKTy MiXk iH(pikoBaHuMH (I) Ta cipuitHATINBIMH (S)
moapMu. MakKeHapik BUCYHYB TiloTe3y, [0 MOMYJISIIisA MOBOAUTHCS K CYKYITHICTh «IaCTHHOKY Pi3HUX
THUMIB, sIKi BUMIJIKOBUM YHHOM PYXalOThCSl B HABKOJIMIIHEOMY CEPEJOBUIII, I¢ KOKHE «3ITKHEHHS MK
YaCTMHKaMH| 3 Tpyn S i | Mae ogHaKOBy WMOBIPHICTH TOTO, IO YaCTHHKA S-TUITy IEPETBOPUTHCS Ha
yacTHHKY |- Tumy. ByB oTpuManuii po3’s30k (1), (2) 1 mopiBHAHUI 3 KpUBUMH €TTiIeMii TPHITY «iCTIaHKa
B pi3HMX KpaiHax €Bponu. bynun Bu3HaueHi Habopu 3HaveHb mapameTpiB (a,b) Momemi, sKi i3
3aJI0BIJIBHOI0 TOYHICTIO OMHCYBaJM SK 3POCTAaHHA YHCIa XBOPHX 1 MOMEPIHX, TaK i Craj emijeMii.
ITizuimre s Momenb Oyira HasBana SIR-model (Susceptible — Infected — Recovered), a uucio momepiux
obuncmoBanocs sk D=N-S—-1-R.

OcobnmBocTi auHaMiku covid-19 moB’s3aHi 3 THM, IO B PE3yibTaTi «3ITKHEHB» 3 iH(IKOBaHOIO
JIOIMHOIO JIesKi 3 1HAWBIAIB 3 TPyNU S MOXKYTb OyTH HOCISIMHU 1H(EKIIIi, sIKi He MalOTh XKOJHOI MPOSBH
3aXBOPIOBaHHS, a00 mepeHecTH ii B yerkii popmi. Kpim Toro, iHauBiIH, SKi IEpEeHECTH KOBiJl, MOXKYTh
yepe3 JIeSKHid, HaBiTh JIOCTATHRO KOPOTKHU Yac, OyTH iH(IKOBAaHMMH i 3aXBOPITH MOBTOPHO, TOOTO
yacTrHa 0cib 3 kimacy R 3H0B nmonaznae o knacy S [11]. s ornmcy Takoi nuHamiky BBeieHa MOTUDIKAIIis
SEIR-model, sika BkItowae noJaTKoBy Ipymy ekcrioHoBanux oci® E(t) (exposed). Cucrema piBHSIHB
mozeri SEIR i mouatkoBi ymoBH st Hel MaroTh Buriisiz [8,11]

E:ﬂ,—,ﬁ’SI—iré'R—aS, d—EzﬂSI—(aHy)E,

dt dt (3)
ﬂ=1,1/E—7/I—¢| d—R=7’|—(0H‘5)R

dt Todt ’

S(0) =Sy, E(0)=Eq, 1(0)=1p, R(0)=Ry, (4)

e A 1 « - IpUpOJIHI HAPOIKYBAHICTh Ta CMEPTHICTH, SIKi O€pyThCs ISl KOKHOI 00J1aCTi/periony/KpaiHu
3 nemorpadigaux Tabmaunb 2019 p., B, w 1 ¥ - koedilieHTH eKCIO3UIIil, 3aXBOPIOBAHOCTI 1 O/Ty>KaHHS,
¢ - CMEpTHICTH BiJl KOBifly, & - JOJSA MEPEXBOPIJINX, IKi MOXYTh OyTH iH(IKOBaHI MOBTOPHO; yci
3HAYEHHS OOYHCITIOIOTHCS Ha | MITH. HacCeJIeHHs KpaiHH.

Juis uncenbHOCTi IoMepiux D=N-S—E—-1—-R 3 (3) maemo
Z—?:a(S+E+R)+¢I, (%)

Jie IPYTUi O0JIJaHOK B ITPaBiil YaCTHHI BiJIIOB11a€ CMEPTHOCTI BiJl KOBiY, a EPIIHH — BiJT IHITUX MPUYKH.
. . . . dN
Cyma piBasHB (3), (5) gae i 9MCceTBLHOCT] HACETIEHHS PIBHSHHS JIHIHHOTO 3pOCTaHHS F A.

Cucrema (3) Mae 11Bi cTarlioHapHi TOYKA

1) Q-2 EO_P_RO_q

o

(6)
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o _ (et rarda-dypa+s) o_(rath® Lo 1

) PEwv-(a+darn)yra+d)’ v o (@+o)
Q_A [ (aty)rra+d) o
a ala+9) ay ’
()
3 SKUX Teplia BiANOBiJae BUIAIKy BiCYTHOCTI emifieMii, a Apyra - MOCTIHHOMY YHCIy XBOpHX 1
OJy’Kanux.

CriiikicTb i fuHamMivny moBeaiHky cuctemu 3/1Y (3) HaBKOJIO cTaliOHAPHOT TOYKH MOXKHA
JOCIIANTY SKIIO 3HAWTH po3B’s130K (3) y BUTIISI

s =S°+S'(t), S'(t) = Aq cos(wt) + Bg sin(at),
E =0 +E'(t), E'(t) = Ag cos(wt) + Bg sin(at),
10 =12+15t),  15(t) = A, cos(at) + B, sin(et),
R =RY+RY(t), RY(t) = Ag cos(wt) +Bg sin(at),

(8)

ne ocrmmoroui kommonentr St EY 1Y, R MorkHa 3HaiiTH 3 niHeapH30BaHOI HABKOJIO CTAIIOHAPHOI TOUKH
cuctemi (3) y BUIIISAAI

ds' 0yt , aty0 ¢ ot dlf t_ gt _ ot
o = AET+ST)+oR —aS', =y Byl gl )
t t

[TincranoBka (8) B (9) mae cuctemy 8 anreOpaidyHUX piBHSHB, 3 SKHAX JIETKO OTPUMATH BUPA3W IS
A, Bg, Ag,Bg, AR, Bg sk dyskuiit A|,B,, a Takox Bupa3 Bj(A|), 3BiIKU 3 TOYaTKOBUMHU yMOBaMH (4)
MOJKHA BU3HAYUTH BCI KoediuieHTn Aj,B;.

YMOBa CyMiCHOCTI OJJHOPITHOT cECTeMU anreOpaidHuX PiBHSIHB JJIsl BUITAKY CTAIllOHAPHOI TOYKHU 2)
Ma€ BUIJISIT aNreOpaidHOro piBHAHHS 4-T0 MOPSIKY JJIs °
@® + A1® + Ayt + Age® + A, =0, (10)
JIe OCTaTOYHI BUpa3u Ajsi A; — A4 He HABOAATHCS B CHITY iX TPOMI3JIKOCTI.

Jl1st cTarioHapHOi TOUKH 1) yMOBa CyMiCHOCTI — 11e PiBHSIHHS 3-TO TOPSAKY VISl @2 . PO3B’SI3KH 1ux
PIBHSHB, a TOMY 1 TUII TMHAMIYHOT MOBENIHKM cucTeMu (3), 3ayieaTh BiJl mapaMeTpiB Mozeni. Takum
4MHOM, Juis (3), (4) MoxkHa obuncnntn Koediuientn Aj,Bj KonmBanb 3 pisHnmu nepionamu Tj = 27w;

YacTOTH SIKUX B 3araJlbHOMY BHIIAAKY 33JJ0BOJNBHSIOTH (10). AMIUTITYAH BiIOBITHUX KOJTUBAHb MOXKHA
12

2 2 . . . . o

oGuncuTh Ik Amp;j = (A j+Bj ) , a hasoi scysu — sk @ =arctg(B;/ Aj), i nocnigutn ammity tHui

1 ¢da3oBuil CIEKTPH PO3B’SI3KIB MOJENI NMPH PI3HUX 3HAYEHHSX YaCTOT, SKi 3aJ0BOJIGHAIOTH YMOBI
cymicHocTi (10). [MopiBHIOIOUHM 3HAUeHHsI KoeillieHTiB, sKi Oylu po3paxoBaHi sl KOXKHOI KpaiHu 3
BUKOPHUCTAHHSIM CTaTUCTUYHHX METOMIB (po3ain 2) 3 OOYMCICHMMH 3a JOMOMOTOK0 MaTeMaTHYHOL
MOJIeJi, MOKHA TIPOBECTH iJleHTH(]IKaIlil0 mapaMeTpiB Mojemi i 1i Bepudikarito. s mporo B podoTi
BUKOPHUCTOBYBAaBCS METOJ HalMeHIuX kBajpaTiB. CymMapHa «BIJCTaHb» MK CTATUCTUYHMMHU Fyg 1

TEOPETUIHUMHU F' OCLIIIOI0YNME KOMIIOHEHTAMH kpuux F={I(t), D(t), R(t)} abo iHmux €

+Mm 12
Dist(Fosc (1), F (1)) =(m_llz (Fosc (ti) —Ft(ti))zj —min, (11)
il

Jie M - JIOBXHWHA BUOIPKH 13 Py CTATUCTHYHHX JIaHUX, SIKa € QYHKIIEIO0 MapaMeTpiB MoJieli, TOOTO
Dist =Dist(«, £,7,0,w,¢,A) . Toxi 3 ymosu (11) mist MiHiMaibHOI BiIcTaHi MaeEMO
o &%
—Dist=0, —2D|st >> 0, (12)
ox oy
ne y ={a,B,y,0,v, @, A}, MoxxHa 00uucIuTH Habip mapaMeTpiB MOJIETI.
Po3paxynku 3a (12) npoBoauimcs Ajsl JeCATH BUIAJKOBUX cerMeHTiB 3 m=100 yacoBux psis,
JOBXKMHA AKHUX CKiagaia n>600, B 3aJ€KHOCTI Bi moyaTKy Oe3nepepBHOIO 3aluCy JaHUX B IaHii KpaiHi.
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4 YuceabHi po3paxyHku i 00roBopeHHsI pe3yJIbTaTiB
YncenbHi po3paxyrky 3a (11) 3 BAKOPHCTAHHAM eKcTepUMeHTanbHuX kpuBux 1(t), RY(t), D' (t) ans

VYkpainu Ta pi3HUX KpaiH €Bpomnu J03BOJIUIN 3a IOMIOMOIOK0 METOAy HaiiMeHImx kBaapartis (11),(12)
3HAWTHU HACTYITHI 3HAYCHHS MapaMeTPiB BiAMOBITHUX iHAUBIAyanbHux Moaenei SEIRS s nocmimkenux
kpaiH (Tabmumsa 1). OOuumcneHi 3HaYeHHs BiANOBIJAIOTh AHAIOTIYHUM 3HAYEHHSM, SKi Oynu paHirre
otpumMani st THmonesii [2], Amnowii i IliBmennii Kopei [3], Kutato [4], CLIA [5], Kanamu [6] Ta geskux
kpain €spomu [7]. [loxubOka po3paxyHkiB mapamerpiB f3,y,0,¥,¢ Mojaeni He nepeBuiryBaia 1.76%.
Uyrmusicts moaeneit SIRS i SEIRS no mapameTrpiB BuBUanacs paHimie i 0yB oKa3aHHH 3HAYHAN PO3KU
mapameTpiB sl kpain €Bporm, A3zii, IliBmennoi 1 IliBHiuHOi AMepuku, ABcrpanii i Okeamii [11].
OOuncneni B Tabm.l 3HaueHHS Y3rOKYIOTBCS 3 AAHUMH TpPO (iHAHCOBY MIATPUMKY MEIWIMHU B
JIOCITIDKEHUX KpaiHax [8].

Tabnuya 1. Pesyriomamu idenmudbixayii napamempis mooeni SEIRS.

A(:10%) | a(-109) pC107) |7 @ (-10?) 14 o

ABcTpis 9.4 9.4 1.224 0.246 4.534 0.343 0.425
Dpanmis 12.3 8.8 1.242 0.313 4.221 0.367 0.437
Hopsgeris 11.9 8.2 1.113 0.184 3.126 0.293 0.412
Icnanis 9.6 8.6 1.357 0.292 4.778 0.381 0.464
VYkpaina 10.8 13.4 1.436 0.348 6.228 0.465 0.423
Himeyunna 8.5 10.9 1.292 0.267 3.782 0.331 0.419
ITanis 8.8 10.2 1.528 0.288 4.551 0.322 0.428
BemnkoOpurani | 12.4 9.1 1.482 0.304 4.021 0.314 0.434
S

[Mompmra 10 9.9 1.344 0.298 4.981 0.328 0.452
Benbris 114 9.8 1.323 0.256 4.352 0.356 0.417
Yexis 10.4 10.3 1.427 0.321 4.781 0.367 0.422
JlutBa 10.4 13.5 1.455 0.309 5.025 0.376 0.432
CnoseHist 10.5 9.2 1.496 0.297 5.104 0.379 0.439

[Micns imenTHdikamnii napamerpiB cuctema 3/IP (3) Moxke BUKOPUCTOBYBATHCS JUIS IPOTHO3YBAHHS
muHamikyn kpuBux (), R(t),D(t) B mocmimkenux kpainax (Tabn.1) B HaiiOmmkdoMmy daci, KOl B
Oinmpirocti 3 KpaiH €Bpornu xBuis IV abo 3akiH4yeThcs, a00 3HAXOIUTHhCS HA MakCHMyMi (IL1aTo).
PesynbraTtu nmporHo3yBanb auHamiku covid-19 mis Ykpaiau npu Bapiamisx napamerpiB moaeni £10%
Bi oOumcienux B TaOi.l HaBemeHni Ha Puc.6. Taki Bapiamii MOXyTh 3’SBUTHCS y 3B’S3KYy 3
Henepea0auyyBaHUMU 3MiHAMH METEOPOJIOTIYHMX, EKOHOMIUHUX, COIlIaIbHUX Ta iHIIUX (akTopis [11]. B
pe3yibTaTi MOXKYTh CITOCTEPITaTHUCS 3MIHH MOBEIIHKY TUHAMIYHOT CHCTEMH SIK B HANIPSMKY PETyJIspHOT
XBUJIBOBOT, TaK 1 XaOTHUYHOI AuHaMiku. HaBeneHi pe3ysbTaTH JO3BOJISIOTH Kpallle 3pO3yMITH, SIKi came
napametpu Mozeni (3) moTpeOyoTh KepyBaHHS y BHUIJISIIII 3MiH mapameTpiB f3,7,0,W,@ 3a paxyHOK
301IBIICHHST KOWKO-MICIlb, SIKOCTI iX OONagHAaHHS Ta MEANEPCOHATY y IIMUTANAX, BBEICHHS AHTHU-
KOBIJHUX OOMEXKEHD, 1 T.]I.
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Puc.6 Pezynomamu npoero3sy ounamixu covid-19 ¢ Yrpaini npu piznux nabopax napamempie mMooeni.
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5 BucHoBku

AHani3 HasBHUX JaHUX 10 covid-19 no3BonuB npoBectH ineHTH]IKaIi0 napamerpiB Mosaeni SERIS
Ut YKpaiHu Ta psaay cycimHix kpain €Bpomu. CriekTpaldbHUI aHali3 JaHWX AWHAMIKHA YUCIIa HOBUX
3aXBOPIOBaHb BUABHB 7-I€HHY NEPiOANIHICTD, KA TIOB'A3aHA K 3 MEHIIIOIO JOCTYITHICTIO TAO0OpaTOpHOT
JiarHOCTHKH covid-19 y BUXiHI JHI, TaK i 3 ICUXOJIOTIEO JIFOJIeH 3 EPIIUMU CUMITTOMaMH XBOPOOH. 7-
JICHHA MePiOANYHICTh, BUSBJICHA y BCIX KpaiHaX, TaKoXX BIAPI3HAETHCA MO aMILTITYJHOMY 1 (ha3oBOrMy
crieKkTpaM. Y OUTBIIOCTI KpaiH mik cMepTHOCTI BiacTae Ha 0.5-2.5 mo0y Bif MKy 3aXBOPIOBAHOCTI, alie B
JesKuX Bumaakax (ocobmuBo xBuiis |) cmoctepiranacst i mpoTwiiekHa AWHAMiKa. AHami3 (a3zoBOro
CHEKTpPY IOKa3zye, LI0 BEJIMYMHA 3CYBY MDK IIKOM 3aXBOPIOBAHOCTI i CMEPTHOCTI HEMOHOTOHHO
30UTBIIYETHCSA 31 3pOCTaHHSAM MIEPIOAY XBHIIl, MPUIOMY B TUHAMIYHUX CHCTEMax PAIy KpaiH MOXKe MaTH
MiCIle XaOTHYHA JTUHAMIKa, sIKa TOBMHHA OyTH BUSBJICHA 3a JIOTIOMOTO0 BEHBJIET 1 (PPaKTaIHLHOTO aHATI3Y
YacOBHX PsMiB. 3alpONOHOBaHa MOAETHL JO3BOJISE MPOTHO3YBaTH JHHAMIKy KOKHOI XxBuii covid-19.
Orinka TOYHOCTI IPOTHO31B Oy/Ie TPOBeieHa B HACTYITHUX JOCIIUKSHHAX.
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IIpoBeneHo anami3 HEOOXiTHOCTI Ta MOULTBHOCTI BUKOPHCTAHHS aJTOPUTMIB Ta TEXHOJOTIH IITyYHOTO iHTENEKTY Ha OCHOBI
HEHPOHHHUX MEPEXX Ta HEUITKOI JIOTIKH Y CHCTEMaX BHSBIICHHS Ta 3armo0iraHHs BTOPTHEHb Y Mepexky. CydacHi aTaki Ha MEpexy
BIZIPI3HAIOTHCS 3IATHICTIO 3MIHIOBAaTH CBOI XapaKTEPUCTUKU Ta CIOCOOM ii Maibke y peallbHOMY 4aci. 3acTapisii eKCrepTHi
CHCTEMH 3aXHCTYy MEPEXi, sIKi 3aCHOBaHI Ha MOHATTI «IIPABUJIO-Mis», BXKE HE MOXKYTh BIOPATHCA 3 TAHUMH BUIAAMH aTaK, TOMY
mo iM motpibeH meBHHH Yac Ha oOpoOKy iHQopMalii mpo HOBY aTaky Ta 3aHECCHHS il 10 cBoei 0a3m maHumx. Y poOoTi
HPOIIOHYEThCS MOJICTb CHCTEMU BHSIBJICHHsI/3aM00iraHHs BTOPTHEHb HA OCHOBI BHKOPHCTaHHS HEHPOHHOI Mepexi, II0
HaBYAETHCSI HA TECTOBII BUOIPII, SIKa CTBOPIOETHCS 32 aJITOPUTMAMHU HEUiTKOI JIOTiKH. AJITOPUTM HaBYaHHS HEHPOHHOI Mepexi
3aCHOBaHM{ Ha METOJi HABYAHHS 3 BUMTEJIEM Ta METOAI 3BOPOTHOTO MOMIMPEHHS MOMWIKU. TaKiMM YMHOM, ITOBHA NPOIEAypa
HaBYaHHS HEHPOHHOI MepeXi BUMarae BiJ KOPHCTyBada MaTH JIMIIE JTaMII IIEPEXOIUICHOTO MepekeBoro Tpadiky s ioro
MOJaNbIIoi OOpOOKHM 3TiHO aNrOpUTMy CTBOPEHHS TECTOBOi BHOIpKM. Pe3ynpraTw OMIHKH 1 MPaKTUYHOTO TECTyBAaHHS
3aIIPONOHOBAHOI MOJIEINi TOKa3yloTh, IO MOMIOHA CXeMa 3aXHUCTy MEpekKi BiJl aTaKk MOXKE MpAlOBaTH JOCHTh HAIiHHO i
BHKOPHCTOBYBATHCH B SIKOCTi CHCTEMH BHSIBICHHsI/3am00iraHHs BTOPIHEHD IS JIOKAIBHHX Ta TJIOGATBHIX MEPEX.

Knrouosi cnosa: wmyunuii inmenexm, cucmemuy 6usigileHHs3ano0ieants 6mopeHeHb, Mepedicesi NaKemu, HelupoHHa mepecd,
aneopumm HaGYAHHSL.
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The analysis of the necessity and expediency of using artificial intelligence algorithms and technologies based on neural networks
and fuzzy logic in systems for detecting and preventing network intrusions has been carried out. Modern network attacks are
distinguished by the ability to change their characteristics and modes of action almost in real time. Outdated expert network
protection systems based on the concept of "rule-action" can no longer cope with these types of attacks, because they need a
certain time to process information about a new attack and store it into their database. The paper proposes a model of an intrusion
detection/prevention system based on the use of a neural network trained on a test sample created by using fuzzy logic algorithms.
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The learning algorithm of the neural network is based on the method of learning with a teacher and the method of
backpropagation of the error. Thus, for the complete neural network training procedure the user only needs to have a dump of
the intercepted network traffic for further processing according to the test sample creation algorithm. The results of evaluation
and practical testing of the proposed model show that such a network protection scheme can work quite reliably and can be used
as an intrusion detection/prevention system for local and global networks.

Keywords: artificial intelligence, intrusion detection/prevention systems, network packets, neural network, learning algorithm.

1 Betyn

AmHami3 crany Oesmekum y cdepl iHGOpPMAmiHHO-KOMYHIKAIIHHIX TEXHOJOTIH, SKUH MOCTIHHO
MIPOBOJUTHCS BIIOMUMH TI00ATFHUMH KOMIIAHISIMHU, CBIAYATH TIPO TE, IO CBITOBHM JaHAmAadT 3arpo3
NoCTiiHO 3MiHIO€ThcA. Tak, y mopiuHomy 3BiTi  ArentctBa €C 3 kibepOesmeknu (ENISA) Threat
Landscape 2022 opmHi€0 3 TOJIOBHUX 3arpo3 BBa)XarOThCs IMpOrpaMU-BHMaradi, a (QIIIMHT 3apas
BU3HAYEHO $K HAWIMOIIMPEHIIINI TOYaTKOBUH BEKTOp TaKWX aTaK. |HIMMH HaWOUIBII CYTTEBHMHU
3arpo3aMy € aTaku Ha JOCTYIHICTh, SIKi TAKOX Ha3WBalOTHCS PO3MOAUICHMMH aTakaMd Ha BiIMOBY B
obcmyropyBanHi (DDO0S). OxpiM 1pOro 3’SBISETbCA MIMPLIMKA CHEKTP BEKTOPIiB aTak, TaKuUX SIK
eKCIIOWTH HYJIFOBOTO JHS, Ne3iH(opmaris Ta rimuboki ¢eiikn 3a monoMororo mrydHoro inTenekry (LLT).
VY pe3ynbTati 3’ IBISIFOTHCS IIe O1NTBIN 37TOBMHUCHI Ta TOMIMPEH] aTaKH, sIKi MAOTh 1 OUTBIIUIN pyHHIBHUIA
BIUIMB - PO3BUHYTI MoOcCTiitHi 3arpo3u (APT).

Tpaauuiiina mepexeBa Oe3neka TPYHTYETbCS Ha 3aCTOCYBAaHHI CTATHCTUYHOIO —aHAIi3y CTaHy
Oe3meky y By3nax Ha 0a3i TakuX MPUCTPOIB, K OpaHAMayepH, CUCTeMH BusBIeHHS BToprHeHb (IDS) i
cuctemu 3amnobiranHs BroprHeHHsM (IPS), cucremum antuBipycHOro 3a0esneueHns. OpHak e €
BTUICHHSIM METOJIOJIOTI] TACUBHOTO 3aXHCTY, IKa CTAa€ BCE MEHIIIE MPUAATHOIO JUIs 3aXUCTY CHCTEM Bijl
HOBHX 3arpo3 MepexeBiii Oesmeri. Tomy B cyyacHOMY CBiTi 3’SBHJINCH HOBI MiAXOIW J0 MOOYIOBH
CHCTEM 3aXHCTY, IKi 0a3yI0ThCs Ha TaKUX raly3sx, [0 HIBUIKO PO3BUBAIOTHCS, SIK TEXHOJIOTIT IITYYHOTO
iHTenekTy. Jlo HUX HaneXaTh IHTENEKTYaNbHUI aHai3 JaHuX, MAallMHHE HABYaHHS, HEMPOHHI MEpPexi,
HEYiTKa JIOTiKa, TCHETHYHI aJlTOPUTMH, OMOPHI BEKTOPHI MAIIMHK, IEPEBO pillieHb Ta e inmi [1,2].

Anropurmu 11T MoxyTh 3a00irTH AEIKAMM HOBHM 3arpo3aM 3aBJISIKH CBOTH CYTHOCTI aHaJi3y 3arpo3
Oe3melli, 3T0BMHUCHOTO MPOrPaMHOTO 3a0€3MEYSHHS Ta METO/IIB POTHI iM, Ta 3a3BHYAll PO3BUBAIOTHCS
Ha OCHOBI KOHCOJIJamii Ta KaTeropyBaHHS 3HaHb MO MOIEPEAHI aTaku, peaizamii 3arpo3 i HaciaKiB
BIUIMBY 3JI0BMHCHOTO IPOTPaMHOTO 3a0e3MedeHHs, mo cramuch. Taki inctpymentu I sk ekcriepTHi
CHUCTEMH, IHTENIEKTYyalbHi areHTH, IITyYHI IMyHHI CHCTEMH, MAllMHHE HAaBYaHHS, pPO3Ii3HABAHHSA
00pa3iB, HEWiTKa JIOTiKa, EBPUCTHKA TOIIO BCE YACTillle 3aCTOCOBYIOTHCS JUISl BUSBJICHHS Ta MPOTHIIT
cy4acHuM Kibeparakam [3].

Bukopuctanns 11 Moxe ITOMOMOITH PO3LIMPUTH MOXKIMBOCTI Ta €(EeKTHUBHICTH 3aCTOCYBAaHHS 1
TPaIUIIHHUX METOMIB 1 3ac0o0iB 3axXHCTy, 30KpeMa BijJ CKJIaJHUX MepexeBux arak. OpmHier0 3
HaiiimHaMiyHimuX TexHoJorid Il BBaxaeTbcs TEXHOJNOTIS IITYYHUX HEUPOHHUX Mepex. BoHm
JO3BOJIAIOTH BUPIIIYBaTH INUPOKUH CHEKTP NPAKTUYHMX TEXHIYHMX 3aBJaHb 3 JETEKTYBAaHHS
PI3HOMAaHITHHUX MPOSIBIB MEPEKEBHUX aTak [4].

2 JlocainkeHHs] TEXHOJOTiii HelPOHHUX Mepe:k

Heiiponna Mepeka iMiTye IIOJCHKHI MO30K, CTBOPIOIOUH cUCTeMy oO0poOku iHdopmarii, ska
CKJIaJJA€THCS 3 BEJIMKOI KIILKOCTI B3aEMOTIOB'SI3aHUX BY3JIiB (HEHPOHIB), IO B3aEMOJIIIOTH OJIUH 3 OTHUM
JUISl BUPIIIEHHS KOHKPETHOTO 3aBiaHHs [1]. PimeHHs mpo BUXiJ KOXKHOTO BY3J1a MEPEXi 3BaXKYEThCS 1
00poOIIseTHCS IS TTOAadi Ha BXiJ| 71 BCiX 1HIIMX BY3JIiB B HACTYIHOMY mapi. [Iporiec HaBuaHHS, KUt
peali3yeTbcsl HEHPOHHOIO MEPEKEI0, JI03BOJISIE BUSIBIIATU CKJIA/IHI 1 HENiHIMHI BIIHOCUHHA MK JTaHUMHU
[8]. Ha pucynky 1 moka3aHa THUIIOBa apXiTEKTypa HEHPOHHOI MEPEKi.
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BuxigHwnii piBeHb
(Qutput layer)

BxigHwi piBeHb
(Inputlayer)

MpuxoBaHWii pieeHb
(Hidden layer)

Puc. 1 Apximexmypa neupounoi mepeici

HeiipoHHi Mepeki MOKYTh aHali3yBaTH Ta BUSBIATH BiIHOCHHH 1 3aKOHOMIPHOCTI B IJaHHX, & TAKOXK
HaBUYATHChH Ha 310paHMX JaHUX i OTPUMaHMX 3HaHHAX. J{JIst OTpMaHHS MOCTaBICHUX 3aBAaHb HEUPOHHA
Meperka IMOBHHHA OyTH TPaBHJIBHO CHPOEKTOBaHA. ['00BHA mepeBara HEHPOHHOI Mepexi - 37aTHICTh
POOUTH BUCHOBKH 13 310paHuX MaHuX 0e3 OyIb-SIKUX MOMEePeIHIX 3HAHb PO 3aKOHOMIPHOCTI IIUX AHMUX,
a TakoX i1 37aTHICTH y3arajJbHIOBATH BHUBYCHI JaHi, SIKi O3BOJIAIOTH HEHPOHHIA MeEpexki BUSBIATH i
kinacu(ikyBaTH HEBiZIOMI aTakd i pi3Hi TUIH BiloMuX aTak. KpiM Toro, sIK TiTbKM aTaka pos3Ii3HaHa,
HeHpOHHa Mepeka He MOXKe OyTH CXHIIbHA N0 1€l aTaku y MaiilOyTHhOMY. Brcoka mBuaKicTs 00poOKu
JIAHUX TaKOXK € OJHIEI0 3 mepeBar HeWpoHHOoi Mepexi. 1100 ycmimHO BIpOBaIUTH I METOM IS
CHCTEMH BUSBJIICHHS Ta 3aro0iraHHs BTOPTHEHb, JIaHi, 0 NPEACTaBIAIOTh HOPMAIbHY 1 HEHOPMAIIbHY
MOBENIIHKY MepeXXi, TOBHHHI OyTH BBeJeHI B Hel, 00 BOHAa MOTJla aBTOMATWYHO HAllAIITOBYBAaTH
MepekeBi KoeillieHTH Ha eTari HaBdaHHS [2, 3].

3a ocTaHHi KiJIbKa POKiB OYJIO MPOBEACHO 0araTo JOCIiKEHb 3aCTOCYBaHH HEHPOHHUX MEPEX JUIs
BUSBJICHHS BTOprHeHb [4]. HeiipoHHa Mepeka 3BOPOTHOTO MOUIMPEHHS BHUKOPHUCTOBYETHCS JUIS
BUSIBJICHHSI BTOPTHEHHSI B CUCTEMY uepe3 ii 34aTHICTh MIBUAKOTO PO3Ii3HABaHHS MIa0JOHHHUX MAKeTiB,
oTpuMaHUX 3 Mepexi. OcoOMMBOCTI 6araThox aTak OyJid BUTSATHYTI i MpoaHa i30BaHi 3 CTaHAAPTHUX 1
He3BUYalHUX TakeTiB. [IpoaHanizoBaHi pe3yabTaTH IUX MAaKeTiB OylIM BUKOPHCTaHI JJIS HaBYAHHS
HEWPOHHOI Mepexi 3a 3pa3KoM NaKeTiB 000X THIIB, BHUKOPHUCTOBYIOUM CTaHIAPTHHUH alTrOPHTM
3BOPOTHOTO MOIITMPEHHS TTOMIJIKH.

{06 momonaTr HU3BKUIT PIBEHb BUSBIICHHS, BUCOKY KUTBKICTh MOMUJIKOBUX CIPAIlbOBYBaHb 1 IHIIAX
nedekTiB, OyB po3poOieHnii HOBUH aJTOPUTM BHSIBIICHHS BTOPTHEHb Ha OCHOBI HEUITKOI HEHPOHHOI
Mepexi. Lleit anropurm knacudixye o0'eKTH 1 po3Mi3HAE iX HOPMaNbHY 1 HEHOPMAIIbHY MOBEMIHKY. B
XOJIi BEJIMKOI KiIBKOCTI €KCIIEPUMEHTIB MPOJEMOHCTPOBAHO, IO 3apONOHOBaHA MOJIENb €(peKTHBHA i
Mae Kpaie y3araibHeHHs. KpiM Toro, IBHIKICTh TPAaBHIBHOTO BUSBICHHS BTOPTHEHB 301IBIIYEThCS, &
HAMOBIPHICTh MIOMUJIKOBOT'O BHSBJICHHS 3HIKYETHCS [1].

3 [IpakTnyHa peaJi3anisi TexXHOJ0rii HeliPOHHOI Mepe:Xi Ha MOBI mporpamyBaHHs Java

TonoBHOIO MeToro mi€i poGoTu Oyna peanizallis alropuTMy HEWPOHHOI Mepexi JJisi MPOBEICHHS
knacugikanii MepexxeBoro Tpadiky y AOCTiAHINA JTOKaIBHIN Mepexi sIK 3arpO3JIMBOT0, 0E3MeYHOro 4n
Tpadiky, 1o HoTpedye 101aTKOBOT HEPEBIPKHU JHOAMHOIO (CepeHii piBeHb 3arpo3u MK Oe3[eYHUM Ta
3arpo3nuBuM). J{is gocnimkerHs OyIo 3apoOHOBAHO BUKOPUCTAHHS aJrOPUTMY TiIFOTOBKH TECTOBOT
BUOIpKM JaHMX Ui HEMPOHHOI Mepexi, alropuTMy HaBUaHHS MEpEXi Ta 3aCTOCYBaHHS HaBYEHOI
HEHPOHHOI MEpeXi Ha peaJbHUX JaHUX 3 PO3PaxXyHKOM BiJICOTKY MPaBHJIBHUX BIATOBiAEH Ta KUIBKOCTI
HNOMMJIOK Y 3aJISKHOCTI BiJl iTepallii Ha TecToBiit BUOipili naHux [6].
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ANTOpUTM MIiATOTOBKM TECTOBOI BHOIPKHM [UIsi HEHPOHHOI MEPEKi, 3aCHOBAHMH Ha aJropuTMax
HeuiTkol soriku (Fuzzy Logic), mpuiimMae Ha BXix TeKCTOBHil (aiin 3 makeTHOIO iHpopMaliifo, sika Oysa
HepexOIUIcHa y JIOKaJIbHii Mepexi 3a mornomoroto cHidepy makeriB WireShark [5] ta Bunae na Buxonui
TECTOBY BHOIPKY JUTsI HEHPOHHOT MEpeXi y BUTISAL Tap BXITHUX IMapaMeTpiB Ta MPaBIIILHOI BIAMOBIII.
[Mepmie 3HaYCHHS TAPH — II6 MACUB BX1THUX JaHUX PO MEPEKEBUH MaAKeT, HOTO PO3MIp JOPIBHIOE TPHOM.
Jlo uux naHuX BiTHOCUTBCS: PO3MIp MAKETy B KiloOaiiTax, HAsSBHICTh y MAaKETi CKPUITIB Ta BUKOPUCTAHHS
MEpEeKeBUX YTHIIT y makeTi. Jlpyre 3Ha4eHHs mapy — MpaBUIIbHA BiATIOBIAb O/I0 3aTPO3H MAKETY.

Peautizartist airOpuT™My CTBOPEHHSI TECTOBOI BUOIpKH HaBeneHa aaii (puc. 2 ta 3):

addPairsToTDataset(
Pattern pattern = Patter

(Iterator<String> iterator = packets.iterator()
] packet = iterator.next()

packet.contains( ) packet.contains(
+ packet)
inputParameters.set(
outputValue =
cket.contains( ) && packet.contains(
) && !packet.contains(
) && !'packet.contains(
. ing( + packet)

inputParameters.set(
outputValue =

packet.contains( ) && packet.contains( ) && !packet.contains( )
packet.contains( ) && !'packet.contains( ) && ! ))
1 ing( + packet)

inputParameters.s
outputValue =

) && packet.contains( ) && !packet.contains(
) &E& !packet.contains(DUP) && !packet.contains( ))
ging( + packet)

inputParameters.set(
outputValue =

) && packet.contains( ) && !packet.contains(
) && !packet. tains(
g( + System.lineSeparator()
inputParameters.set(
outputValue =

(matcher.find()) {
data = Integer.parseInt(matcher.group())
(data =

+ packet)

data * ), outputValue))
{
dataset.add(Pair.of(List.of (inputParameters.get(8), inputParameters.get(1)
data * ), outputValue))

Puc. 3 Ancopumm cmeopenns mecmosoi subipku 0anux
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Ilicns Toro, sk HaBYaNbHA BHOIpKa Oyzne 3i0paHa, 3aIyCKaeThcs B POOOTY aJTOPUTM HABYAHHSI
HEHpOHHOI Mepexi. JlaHWil anropuTM 3acCHOBAaHMH Ha TPHOX YACTHHAX: MPSME DPO3MOBCIOMKCHHS
nomuiku (forward propagation), 3sopotse nommpents nomuiiku (backward propagation) Ta oHoBIeHHS
BaroBux KoeQilieHTiB 3B’s13ky Mix Heliponamu [8]. Koa mporpamu uis mpsSMOTO PO3MOBCIOKCHHS
HNOMMJIKH MOKHA TT00auuTy Ha pucyHkax 4 — 6. Kox mporpamu Ui 3BOpOTHOTO HOIIUPEHHS TOMHUIIKA
MOXKHa To0aynTu Ha pucyHkax 7 - 9. Kox mporpamu ansi OHOBIEHHs BaroBHX KOEQillieHTIB MOXHa
no6aunth Ha pucyHky 10. [Ilnsxom npoBeeHHs MPAKTHYHUX SKCIIEPUMEHTIB OYJI0 3HAWCHO HACTYITHI
rirep-mapaMeTpH s HeiiporHoi Mepexi (Tabm. 1):

Tabn.1 I'inep-napamempu 00ciOHOT HelpOHHOT Mepedici

Ha3sa mapamerpy 3HaueHHd
KispkicTh mapiB HEHPOHHOT Mepexi 3
KinpKicTh HEHPOHIB Ha IPyroMy mapi 10
KispkicTh iTepauiii 1o HaBYaJIbHIH BUOIpL 1000
IIIBuaKicTh HABYAHHS 0.001

¥ . mmul

Sp.':'ll‘ el Mo

sult.ge

Puc. T @yukyis toFull
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Puc. 10 Onosnenns sazosux xoe@iyienmis HeUpOHHOT Mepexsci

[ToBHuil ¢iHanbHUIA KOJ Ui HaBYaHHS HEHPOHHOI MepeKi 3aCHOBAHUI Ha METOJli HABYAHHS 3
YUYHUTENIEM Ta Ha OCHOBI aJITOPUTMY 3BOPOTHOTO MOLIMPEHHS TOMUJIKH PEICTAaBICHO Ha PUCYHKY 11:

Puc. 11 @inanvhuii 6uensnd areopummy HA8YaAHHs HeUPOHHOT Mepedrci
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OTtpumaHa HelipoHHa Mepexka Mae 3 mapu (BXiIHUH, IPpyruil map 3 IecsITH HEHPOHIB Ta BUXITHHN).
VYci HelipoHH OTHOTO PiBHS TOB’sI3aHi 3 HEHPOHAMHU HACTYMHOTO piBHS. CXEeMaTHYHO JaHy HEHPOHHY
MepeKy MOKHA 300pa3uTh HaCTymHUM YUHOM (puc. 12):

Input layer Hidden layer Qutput layer

H1

0

aaaaaa SN
MO
i
A=

e AWV JVW/ ™ Output 2
WA AN
W
%‘od‘&‘H'M
@
/"\\ " 1),‘\

b :I \\\ /I,I | Output 3
(>

S

5C

2

Hidden 1
Puc. 12 Cxema docrionoi netiponnoi mepeoici

ITicns 3aBepIeHHs €Tally HaBYaHHSA y KOHCOM cepemosuina po3pobku IntelliJ IDEA Community
Edition 2021.3 MoxHa OTpUMaTH iTepallifo MO0 KOXKHil Mapi HaBYaIbHOI BUOIPKH, a TAKOK BiJICOTOK

NPaBUIIbHUX BiANOBiZe HEHPOHHOI MEpeXi Ha OCTAHHBOMY LIMKJII [TPOXO/Y 110 HaBYabHii BHOipLi (puc.
13), sikuit po3paxoBy€EThCSI TAKUM YHHOM:
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Puc. 13 Biocomox npasunibhux 6i0nogioeil HellpOHHOI Mepexci Ha HAGUAIbHIU SUOIPYL
Sx moxHa OGaumtH 3 pucyHKy 13 - BiOCOTOK NpaBWIBHUX Biamosineil ckmamae 98.44%, mo

XapaKTepU3ye MEPEKY SIK TOCTATHBO e(eKTHBHY. Takox Miclse BAKOHAHHS TPOLICAYP 3TiTHO allTOPUTMY
HaBYaHHS MOKHA OTPHMATH 3aJICXKHOCTI TIOMUJIKH BIIIOBiJI BiJl iTepartii:

Errors

T T T T T
0 50000 100000 150000 200000 250000

Puc. 14 I'pagpix 3anesxcnocmi nomunku 8ionosioi 6io imepayii
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Sk MoxHA OaunTH 3 rpadiky Ha PUCYHKY 14 - KIIBKICTh HOMUJIOK 3MEHINYETHCS 31 301IbIICHHIM
yucia mpoiaeHux itepauiid. CTpiMKe 3HIDKEHHS KUIBKOCTI MOMMJIOK croctepiraerses micis 20000
iTepalii aNropuTmy.

ITicns Toro, sik HelpoHHa Mepeka Oylia yCIIITHO HaBYeHa, Y KOHCOJIb BHBOJSTHCS MATPHUIl BarOBUX

koedimientis W1 ta W2. Ix 3nadenns mactymsi:

- W1 = {0.155353, 0.848620, -0.058468, 0.649779, 0.413327, 0.594318, 0.085725, 0.792108, -
0.043930, 0.496328; -0.154272, 0.449024, 0.231025, -0.216459, 1.486742, 0.779725, 1.256136,
0.576876, 0.852188, 0.200115; 0.577778, 0.420876, 0.438282, 0.021567, 1.871525, 0.422121,

1.624109, 0.890067, 0.570674, 0.683717}

- W2 = {0.653276, 0.313120, 0.187101; 0.773230, 0.899240, 0.504340; 0.777735, 0.305611,
0.144749; 1.484853, 0.283755, 0.228076; -0.820227, 0.304082, 1.926313; 0.207484, 0.740289,
0.990918; -0.120909, 0.094986, 1.811141; 0.019589, 0.410993, 1.024896; 0.193575, -0.076539,

1.092565; 0.977203, 0.157549, 0.870955}

Komnu cucrema HaBdeHa Ta Ma€e IPaBUIIBHI BaroBi KoedillieHTH MOXKHA IPOTECTYBATH i Ha peabHUX
MaHuX (MepeKeBHX MakeTax). Y SKOCTI pealbHUX MakeTiB Oyno 3i0paHo iHopmamiro 3 20 makeTiB
MEPEKEBOro Tpadiky, y SKUX MICTATHCS 1 3arpO3JIMBI MAKETH JAHUX, 1 O3IeUHi, 1 Ti, IKi MOTPEOYIOTh

JIOIATKOBOI MIepeBipKH aamiHicTparopom Mepeski (Taobur. 2).

Tabn.2 Habip napamempis peanbHux mepexcesux naKemis

Howmep makety [Mepunii BXigHUA Jpyruii BXigHUHA Tperiii BXigHUIA [IpaBunsHa
napamerp rapameTp napaMmerp BIATIOBITb
1 1.0 0.0 0.0546875 1
2 1.0 0.0 0.0566875 1
3 1.0 0.0 0.0786873 1
4 1.0 0.0 0.7046875 1
5 0.0 0.0 0.0125682 1
6 0.0 0.0 0.0855589 0
7 0.0 0.0 0.9858965 2
8 0.0 1.0 0.0458796 2
9 0.0 1.0 0.0745896 2
10 0.0 1.0 0.0546875 2
11 0.0 0.0 0.0658754 0
12 0.0 0.0 0.8546875 2
13 0.0 0.0 0.9658412 2
14 0.0 0.0 0.7485698 2
15 0.0 0.0 0.0658745 0
16 0.0 1.0 0.0452589 2
17 1.0 0.0 0.0745879 1
18 0.0 1.0 0.6857895 2
19 0.0 1.0 0.0546875 2
110 1.0 1.0 0.9856325 2
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Puc. 15 Biocomok npasunvhux 6i0nogioeil HeupoHHOI Mepedici Ha peanbHill ubipyi

Heiiponnoro mepexero Oyno HagaHO NpaBWIBHI BiAmoBimi st 6mauspko 90% MepekeBUX MaKeTiB
(puc. 15). /lanmii moka3HUK TPOXH BiAPi3HAETHCA BiJI TOTO, 0 OyB OTPUMAaHWH Ha TECTOBIH BUOIpIIl Yyepes
Te, 0 y SKOCTI peajJbHUX JaHuX Oyiu oOpaHi TaKOX MaKeTH JaHUX, IO MIiCTATh y co0i OiTbIe OJJHOTO
napameTpa, SIKMil BKa3ye Ha MOTEHIiiHy 3arpo3y y maketi. Lle cyTTeBo BiJIpi3HSETHCS BiJ TECTOBOL
BUOIPKH, SIKa MICTUTH ¥ OOl MEPEBaYKHO MAKETH 3 OJJHIM TAaKUM MapaMeTPOM.

4 BUCHOBKH

Takum 9mHOM, y POOOTI PO3IISIHYTO Ta NMPAKTUYHO pPEasli3oBaHO OJHY 3 TEXHOJOTIH IITYYHOTO
IHTEJIEKTY Ha OCHOBI BUKOPHCTaHHS HEHPOHHOI Mepexi i kKiacudikarlii mepexkeBoro Tpadixy. MoxHa
3 YIEBHEHICTIO CKa3aTH, 110 3alpolOHOBaHA MOJIeNIb HEMPOHHOT MEPEXi MPOJAEMOHCTPYBaJia JIOCTATHIO
e(eKTHBHICTh Y BUSBJIICHHI Ta 3amo0iraHHi MepexeBHX arak. JlaHa Monenb Mae mepeBaru mnepej
TPAANIIHHUMU EKCIIEPTHUMH CUCTEMaMH Ta Iepe]] CHCTEMaMH, 3aCHOBAaHUMH Ha 1HIIMX TEXHOJIOTISX
HITYYHOTO 1HTENEKTY, y MIBHIKOIIT Ta BIZICOTKY MPaBUIILHIX BHCHOBKIB. Ha peanpHuX naHNX HEWpOoHHA
Mepeka TIoKaszana OLIHOYHHUN pe3ynbTaT Ha piBHI Omu3bko 90% mpaBuinbHHX Bignosigen Ta 98% - Ha
TECTOBHX JaHUX. PO3IJssHyTa MOJENb CHCTEMH BHSBIICHH/3aM00IraHHsS BTOPIHEHb MOXe Oyne
BJIOCKOHAJIEHA IIUISIXOM JIOJaBaHHS JI0 HAaBYAIIbHOI BUOIPKH OUTBIII CKIIATHUX BUIIAJIKIB, III0 HAOIMKAIOTh
CKJIaJ] aHaJi30BaHOTO Tpadiky OO yMOB Tepeladi B peajlbHUX Mepexkax. s aganramii mporecy
HaBYAHHS MEPEXi JI0 TAKUX YMOB JIOIJIEHO 3aCTOCYBAaTH TECTOB1 BUOIPKH, CKIIA/ICHI 3 TIAKETIB, SIKi MalOTh
JIEKiJIbKa aTpUOYTIB, 1[0 MOXKYTh CBITYUTH IIPO HASIBHICTD B HUX THUX YH IHIIMX aKTYaIbHHUX 3arpo3.
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3amponoHOBaHO aJaNTHBHUIN METOJI MONTYKY MiHIMyMY HENiHIHHOT QYHKIIT 6araTbox 3MiHHUX. MeToa OyB BUKOPUCTAHUM IJIS
pO3B’si3aHHA oNTHMI3amiiHOl 3ama4yi QyHKOl y Burani spy. ChopMyiapoBaHO 3amady ONTHMI3aIlil, OMICAHO AITOPUTM
aIaNTUBHOTO METOJy MOINYKY KopeHIiB ¢yHKuii Po3eHOpoka Ta NpoBeAEHO MOPIBHSIHHS pe3yNbTaTiB poOOTi TiOpuaHOTO
Merony, Metony Ilayemna, Xyka-/[kuBca Ta MeToQy HaiicKopimioro cmycky. BcTaHoBieHO, 110 €()EKTHBHICTH
3aIpPONOHOBAHOTO METOJy OifbIlla 3a 3BHYHI QJTOPUTMY MOIIYKYy, aje He mo30aBieHa HEIOJIKiB. 3alpornoHOBAaHUI METOX
OyJI0 BUKOPHMCTAHO I PO3B’sI3aHH 3a1a4i ONTHMI3aLil JIonaTi MOBITPSHOT YCTAHOBKH, SIKY 32 JIOIIOMOT'0I0 METOAY IITpadHUX
(hyHKIIH 3BeneHO 10 mpoOieMru 0e3yMOBHOI ONTHMI3allii, aje Mpy oMY (YHKIiSI METH Majia CYTTEBO SIPYXKHY CTPYKTYpY.
OTpuMaHi ONTHMaTBHI 3HAaYE€HHS TOBLIHMH IIEPEPi3iB, 0 a0 3MOTY MOOYIyBaTH JIONATh 3 TIOKPAIIEHUMH XapaKTEPUCTHKAMH.

Knrwwuoei cnosa: 2ibpuonuti adanmuenuii memoo, 3aoaua onmumizayii, pynxyisi Pozenopoxy, apyscnuil noutyx.
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The article proposes an adaptive method for finding the minimum of an arbitrary smooth multivariable function. The method
has been used to solve the benchmark optimization problem of a valley function. The essence of the proposed algorithm lies in
the sequential approach to the bottom of the valley and the subsequent movement in the direction of decreasing the objective
function. The comparison of the results of calculating the minimum point of the function is performed by using both non-
gradient and gradient methods, namely: Powell, Hook-Jeeves, the steepest descent method and the method developed. It has
been found that the effectiveness of the proposed method is greater than the usual search algorithms, but it is not without its
drawbacks. The method that represents a number of hybrid methods, which form a hybrid coalition is proposed. The proposed
hybrid algorithm does not provide a satisfactory result in the "single" search. The search algorithm reaches a point where all
the values of the function at the surrounding points are greater than the values at the obtained point, and the algorithm cannot
overcome the barrier. To solve the problem, it is necessary to take the obtained point as a new starting point and repeat the
algorithm for finding the minimum of the function, that is, use the multistart method. The proposed method has been used to
solve the problem of optimizing the blade of a wind turbine, which was reduced to the problem of unconditional optimization
by using the method of penalty functions, but the goal function had a significantly valley structure. The optimal values of
section thicknesses have been obtained, which makes it possible to build a blade with improved characteristics.

Keywords: hybrid adaptive method, optimization problem, Rosenbrock function, ravine search.

1 Beryn

IaTeHcudikamiss BUpOOHWYNX TEXHOJIOTIYHUX MPOIECIB y PI3HUX Taly3sIX IMpeNn'sBIs€ ITiABHINEHI
BUMOTH JI0 KOHCTPYKTHBHOI MIIHOCTI Ta €KOHOMIYHOCTi MAalllMH Ta amapaTiB NpH 3abe3NedyeHHi iX
BUCOKOI TMPOJYKTHUBHOCTI. BUMOrM 10 MiJBHIICHHS TEXHIKO-€KOHOMIYHUX ITOKa3HUKIB O00'€KTIB i
MpOIECiB  TpH  MaKCUMAIbHOMY  BHUKOPHCTaHHI  MIIIHOCTI Ta  OPCTOKOCTi,  3HIKEHHI
MaTepiaJlOMiCTKOCTi, BapTOCTI Ta TONIIIICHHS IHIIMX BaXKJIMBHX XapaKTEPUCTUK IpPH JOTPUMAaHHI
KOHCTPYKTHBHHUX OOMEKEHb YaCTO BUSBIAIOTHCS CYNIEPEUIMBUMU, a TOMY JIy’KE€ MPOOJIEMHUMH y CBOTH
peaizamii. [IpoekTyBanHsS a00 BIOCKOHATIEHHS 00'€KTIB Pi3HOTO MPU3HAYCHHS Tiepedadac 0OMeKEHHH
niepeOip Oe3mivi BapiaHTiB, 0 MAIOTh OakaHi BmacTUBOCTI. OHAK TaKWH aHAJi3 3a3BUYAll yTPYyTHEHHH
1 He 3aBkau epeKTUBHUIA. Y mpoleci NPOeKTyBaHHS YacTo CIUIMBAE 33]a4a BU3HAUYCHHS ONTHMAaIbHUX
napaMeTpiB (QyHKIIN, 110 ONUCYIOTh (i3uyHi mporecu. Taki 3aaadi Ha3UBAIOTh ONTUMI3aIliHHUMU
3a71a4aMu.

Huni xomHa Trany3b TEXHIKH, OyIIBHUITBA HE OOXOAMTHCS O€3 BUPILICHHS 3a/lad ONTHMAIbHOIO
npoekTyBaHHs. Jlo Takux 3amad HalexxaTb NpoOJIeMH pallioHaJBbHOTO IPOEKTYBAaHHS KPHIIOK
rizporyp6in [1], somaTeii MOBITPSAHUX yCTaHOBOK [2], BiJICTpOIOBaHHS BiJ HEOKAHMX PE30OHAHCHUX
YacTOT MPH PyCi 00OJIOHOK Ta OOOJOHKOBHX KOHCTPYKINH 3 piauHo0 [3], mpobiemu 3amobiraHHs
HIITOIUICHHIO MICBKMX TepuTopiii [4], BH3HAYCHHS ONTUMAJIBHUX MapaMETPiB  EJIEMEHTIB
aepokocMiuHoi TexHiku [5]-[8].

3a [u1s po3B’s3aHHs MPAKTHYHHUX 33/1a4 PO3POOJICHO BEIUKY KiIbKICTh METOIB Ta aaroputmis [9]-
[15]. Haiibinpin nmpuBabinBi cepell TaKMX METOMIB — aHANITHYHI, Yepe3 AKICHUHA aHali3 OTPHUMaHOIo
PO3B’si3aHHsI, aje Hakalb aHATITUYHE PO3B’S3aHHA MOMIIMBO OTPUMATH JIMINE JUIsl TPOCTHX 3ajad.
KoHCTpytoBaHHS Cy4acHHMX TEXHIYHUX OO'€KTiB, 1 HaBiTh BJOCKOHAJICHHS BXXE CTBOPEHHX, CTaBHUTh
nepes; MPOEKTYBAJLHUKOM YHCJICHHI NMPOOJIEMU, OJHIEK 3 SKUX € OTPUMaHHS y 3aJaHOMY CEHCI
ONTUMAJILHOTO TPOEKTY, TOOTO. HAWOULIBII BHTIMHOTO BapiaHTa 3 Oe3niui MoxiuBuX. [Ipu 1pomy
NPOEKTOBAaHA KOHCTPYKIIisS IMOBHHHA YCIIIIIHO MPOTHCTOSNTH Pi3HUM IOLIKO/KEHHSIM 1 33/I0BOJIBHITH
eKCIUTyaTalliiHuM yMoBaM (HafiiiHICTB), 3a0e3medyBaTH O€3BiIMOBHY pOOOTY TPOTITOM TEBHO
BCTAaHOBJIEHOTO TEPMIHY eKCIUTyaTamii (JOBTOBIYHICTB), [IOUIIBHO BpPaXxOBYBaTH MOXKIIHBOCTI
BUT'OTOBJICHHS, TPAaHCIIOPTYBaHHS Ta MOHTaXy, 3PYYHOCTI eKCIUTyaTamii, BIANOBIZaTH Cy4aCHUM
BUMOT'aM IIOJI0 PiBHsI BUTpAT HA MaTepiaid Ta BUTOTOBJICHHS (€KOHOMIYHICTh) Ta iH.

2 IlocTanoBKka 3axa4i

Y mnapaMeTpuyHOMY mpocTopi X ICHYIOUHMX pO3B’A3KiB, BIAMOBIJAIOUMX 3HAYEHHIO IIEBHOTO
¢ynkuionany F(X), mrykaerbes obmacte G (abo Touka B Hil), ans kotpoi F(X) mpuiimae
eKkcTpemMainibHe 3HadeHHs: F* = F(X™). ¥V 3aranpHOMY BUTIISJII Taka eKCTpeMalbHa 3ajada MoXe OyTH
3anucana GopMaJIbHO Y BUTIISAL

X" = arg()a()étGrF(X),G ={X+J,6;(X)>0,i=1,..,m} (2.1)
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ne G;(X) — oomexyroui ¢yHkii Ha 3Miny X. KommonenTu Bektopy X € G BU3HAYalOTh TIEBHUH ITPOEKT
(Hampuknaa, KOHCTPYKLiIO 3 ii TEOMETPUYHHMH XapakTepUCTUKAMH, a TaKOXK He3aJeKHI 3MiHHI
napaMeTpu Ta iHme). [Hakin mapamerpu, mo BXoasaTh 10 ¢yHkuioHany F(X) Ta oomexenns G;(X),
MOXYTh OYTH HE3MIHHHMH Ta 3aJaHUMH (HABaHTaXEHHS, YMOBH KpIIUICHHA, (i3UKO-MeXaHivHi
BJIACTHBOCTI MaTepiany).

UYepes nepeBard KOMIT IOTEPHOTO PO3PaxXyHKy ONTHMi3aliiHi 3a7a4i po3B’s3yI0Th 3 3aCTOCYBAaHHIM
YHUCENPHUX AJITOPUTMIB, ajie 4epe3 Iie Ha HUX YacTO HAKJIAJAIOThCS TOAATKOBI YMOBH, B SKHX HaHI
QITOPUTMHU 3JIaTHI 3aCTOCOBYBAaTHCS.

Ane i 3 JI0JaTKOBHMH yMOBaMH HE BC1 YHCENbHI alrOPUTMHU 3JaTHI OXONHUTH BCIO CYKYIHICTb
NpakTUYHUX 3afad. Tak posrisfaroud 3ajady MNOmyKy MiHiMymy ¢yskuii PozenOpoka f(xq,x5),
MOJKHa 31IITOBXHYTHUCS 3 IEBHUMU NPOOIIEMaMH.

fx1,%2) = 100(x; — x1%)* + (1 — x1)? (2.2)

Oyukis (2.2) 3370BONIBHIE YMOBI INIAJAKOCTI Ta iTepaniiiHi MeToau MoBHHHI OyTH e(eKTHBHI, aje
TOYHICTh OTPUMAHOT'O PE3YJIbTaTy CHIILHO 3QJICKHUTh BiJl MOYaTKOBOI TOYKH HaOvokeHHs. Taki QyHKIIIT
MAaloTh BUTJISA SIPY, IO TpecTaBieHo Ha Puc. 1, Ta muis monryky MiHiMyMy TOTpiOHO pyXaTHCh B3TOBXK
Horo aHa.

Pucynok 2.1. I'paghix ¢ynxyii f(xq,x,)

BinburicTe cTaHAApTHUX aNTOPUTMIB ONTHMI3allii PO3XOJAThCS Ha MOAIOHMX (yHKIisX. s
NPUKJIATY PO3MIITHEMO JIeKUIbKa HAWTOMyJSPHIIINX METOJIB, IO MOYHWHAIOTH TOIIYK 3 OJHAKOBHX
TOYOK Ta MOPIBHAEMO iX.

Tabnuysa 1. Poboma cmanOapmuux onmumizayitiHux Memooie y NOPIGHSIHHI i3 3aNPONOHOBAHUM CIOPUOHUM
6apianmom

Meron Xyxka-JlxuBca [ayesa Haiimsutmoro Ti6pugHMii
CITyCKY METOJI
ITouaTkoBa TO4Ka (3;3) (3;:3) (3:3) g ,g
- (3:9) (3:9) (1.7851;3.1888) | (1.001; 1.002)
pe3ynbTaT
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IIpoBenennii anami3 onTUMizallifHUX MPOIEAYP 1 OCOOIMBOCTEH PO3B’A3KYy 3a/1ad ONTUMAIIEHOTO
MPOEKTYBaHHS MOKAa3ye, IO MPOCTe HAKOIUICHHS eEeKTHMBHUX METOHIB y 0i0JioTemi MaTeMaTHuyHOro
3a0e3MeYeHHs] Ta HaBiTh BBEACHHS JiaJOrOBOIO PEXUMY pO3B’sI3aHHS HE MOXKe 3a0e3neunTH
HeoOXimHMX yMOB omTuMizarii . lle moB’s3aH0 3 TUM, IO peani3oBaHa 3a/Jada HE Ma€ BiAMOBIIHOTO
HaOopy O3HaK, 3a SKUMH Kepyloda MeTamporpaMma MoKe ifeHTH(ikyBaTH 3ajady Ta BHU3HAUUTH
HEOOXITHUN METOI.

3 TeopernyHa Moje/Ib

3amponoHOBaHUI METOJ| MOJISITa€ Yy TOMY, IO BHKOPHCTOBYETHCS PsJ METOMiB-TiOpUAICHTIB, fKi
CKJIaatoTh TiOpuany koaimito {M;}. 3amaerscst kpurepiit Q (o), AKHMii BU3HAYAE IIiJ] Yac PO3B’s3aHH,
AKUH 3 TiOpuAieHTiB HalOUThII edeKTUBHUN y maHid curyamii. s mporo BBOAMTHCA (YHKINS U =
u(Q(a)), sIKa BCTAHOBJIIOE aJIalITUBHY CTPATETII0 BBEIACHHS KOHKPETHOTO ribpumienTa My, € {M;}, i =
1,...,k, ..., s (abo rpymnu TiOpUi€HTIB)

B3aemHa pobota TiOpuaieHTIB 3a0e3neuye Oinbll epeKTHBHE NOCATHEHHS LT, HIX KOXEH 3
riopuaienTtiB okpemo. Lle mocsraeThcst BBEIEHHIM CIEMiabHOTO aJATHBHOTO PIBHSAHHS, K€ OTPUMYE
BEKTOPH MiHIMi3yroumx mociigoBHocTeil {X7}, HanpsMkiB momnyky DirXj i NONIYKOBHUX aalTyrOuHuX
KPOKiB A}, BIAMOBIAHO 0 3MiHHOI CUTYallii 0. B 3araqbsHOMY BHIJISI aJalTUBHE PIBHAHHS U MOXKIMBO
NPE/ICTABUTH TaK

XT xMi
k k
Dir X o = f=1ui(Q(0k)) DirX,I(W" Zf=1ui(Q(Uk)) =1 (3.1)
hi W
ki

ne u;(Q(oy)) — xepytoui HeBin'emni dynkuii, sanani na muoxuni {0y}, Xg',DirX}!, hy; — Touxa,
HaNpsIMOK, SKUH BUXOAUTH 3 L€l TOYKM Ta aJanTyKuud KPOK IOLIYKY, CTE€HEpOBaHi MerogoM M;
BIZMOBIIHO, K — HOMep iTepartii.

B skocti riOpumieHTiB M; s gaHoOTo TIOPHIHOTO METOJy ONTUMi3amii o0paHO HACTYIHI
monudikamii mMetoziB [8,9]: amanTUBHUII MOKPOKOBHUIl CIycK, cxemMa AOpaMoBa, sipoBa Moampikariis,
METO/ NapaJielbHUX JOTHYHUX, IEPETHUHAIOUNH PYX B3I0BXK Mexi obnacti G.

B miit poboti 3actocoBaHo MoIUdiKallii0 SPOBOrO MOIIYKY, B SIKii 3 JBOX BHIAJAKOBUX
MOYATKOBUX TOYOK BcepennHi o6macti G MpoOBOAMMO OHOBHMIPHHUH TOUIYK MiHIMyMy OyAb SKHM
JIOKaJbHUM METOZOM, B pe3yjbTaTi 4Yoro MaeMmo IBi TOUKH Xq, X, Ha JHi spy. B3moBx mpsmoi, 1o
MIOEJTHYE 11l TOYKU y HANPSMKY 3MEHIICHHS [ITbOBOI QYHKIT poOOMMO KPOK Ta OTPUMYEMO TOUKY X3, 3
SKOT TOBTOPIOEMO OJHOBUMIPHHH TMOIIYK. 3HAXOJUMO TOYKY X4, MICJIS YOTO BHKOPHCTOBYEMO
HaANpPSMOK, M0 MOEAHYEe TOukHu X, 1 X,. Jlani mpouemypa MOBTOprO€ThCs. TakuM YWHOM, Ha KOXKHIH
iTepamii BimOyBaeThcst OaraTokpaTHUI CITyCK BIIHOCHO IiTbOBOi (DyHKINI. BuKOprcTaHO TakoX MeTon
MyJIbTHCTAPTY[16]

4 BaroBa onTuMi3auisi Jjonareii noBiTPSIHMX eHEPreTHYHUX YCTAHOBOK

Jlonate MOJENIOETHCS TOHKOCTIHHMM TPHPOJTHO 3aKPyYEHUM CTPUIKHEM 3MiHHOTO ITOTIEPEYHOTO
nepepizy JAOBXMHOKW L, 3akpimieHuM Ha Koleci mMoBiTpsiHOi eHepretndyHoi ycraHoBku (ITEY).
Bignecemo i1 mo rmobanpHOI JexapToBoi cucremMu koopauwHat (puc. 4.1). Tyt Z; - Bick MOBOpOTY
nepepiziB, X; 30iraerbcs 3 Bicclo BiTpokoneca. Hampsimok Y; Takwmii, mo rio0aikHa cHUCTeMa
KOOPAMHAT € TIPaBOIo.
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Ye

Pucynox 4.1. Cxema nonami nogimpanoi enepeemuuHoi ycmaHnoeku ma ii nepepiz

I'eomeTpis jomari MojaeThCsl HAOOPOM Tepepi3iB, Y KOXKHOMY 3 SKUX 3aJlaHi Taki mapameTpu
npodilto: KOOpPIUHATH TOYOK (X,y) 3OBHINIHBOTO KOHTYpY; TOBINWHA mepepidy h(z); TOBIIUHA
nowxkepony hl(z); mmpuna nomwxkepony [(z) (puc.4.1). BBaxkaeThcsl, 1110 TONATH 3HAXOAUTHCSI 1] TIEFO
aepOoJAMHAMIYHMX HABaHTaXXCHb Ta BIMIEHTPOBUX cWi. OOYMCIIIOBaHE acpOJUHAMIUYHE HABAHTAXCHHS
3BOJIUTHCS JI0 PO3MOJINICHNX TMONEPEYHNX HABAHTAXKEHD (yx,q, 1 PO3MOMIIIEHOTO KPyTHOTO MOMEHTY
my.

OnwuimemMo ofHe 3 MOXIUBHX (OPMYIIOBaHb 3ajadi onTumizamii jomati BiTpokoneca. [ToTpiObHO
3HAWTH JIOTIaTh MiHIMAJIBHOI Bard 3a HACTYNMHI yMOBH. llim nmi€ro craiioHapHOTO aepoJUHAMITHOTO
HaBaHTA)XEHHS Ta BiALCHTPOBUX CHJI HOPMAaJIbHE IEPEMIIICHHS W He TIOBHHHO MEPEBHIIYBATH 3a1aHOT
BEJIMUUHU [W], a HaIIpy>KEHHS — BEJINYUHU [ O].

|maxwt| < [w], |maxc!|<[c], i=1N. (4.1)

Tyt [ o] — rpanuIs MitHOCTI, ¢', W'- 3rHHANIBHI HAMIPYKEHHS Ta MEPEMIIIICHHs B TIEpepi3ax.
OyHKIisE MeTH - Maca Jomari m = pV, ne p - ryctuHa Mmatepiamny, I/ — o0’em momari, mio
BU3HAYAETHCSA 33 (HOPMYJIOHO

V=3 [ S@)dz, (4.2)

ne S(z)- nnoma nepepizy, N — 1 — KiIbKicTh epepisis.

[TapameTpamu, 110 BapifOIOTHCS TYT € TOBILMHY JIOTIATI 1 TApaMETPH JIOHKEPOHY B PI3HUX Iepepizax
hi(z), hi(2),1(2),i = LN, puc.4.1.

ChopmynboBana 3amava (4.1),(4.2) € 3amadero YMOBHOI OnTUMi3allii. 3 BUKOPUCTAHHIM METOAY
wrpaduux GyHkuiit [9] npuBoanMo ii 10 po3B’si3aHHA 3a7a4i YMOBHOI ONTUMI3allii. 3HAWTH MiHIMyM
mrrpadroi dhyHKmii

I/p =V + AplGl + Aszz (43)

ne Apq, App — mrpadui koedimientn, Gy = ([w] — |max wi|)2,G2 = ([w] - |max wi|)2. 3a3Buyai
o6uparote A,; mpubmmsao 10°-10%. Toxi dynkuis (4.3) Habysae spyxHOro Xapaktepy. Jits minimisartii
i€l QyHKIii BUKopucTaHo MOAH(DIKaIIif0 SAPYKHOTO AITOPUTMY, OTIMCAHY BHIIIE.

SAx npukinaz, po3rsayto jgonars [IEY 3 HacTynHumu napamerpamu: L = 4 M, MOZLyJb MIPY>KHOCTI
E =5-103 MIla, koediuient Ilyaccona v = 0.3, rycruna marepiany p = 1.6-103 kr/mM3.Y npomy
PO3paxyHKy mepeadadaiocs, 110 JIOHKEPOH y Iepepisi BiACyTHi#, To0To hy = h, | = 0, puc.4.l.
Iupuna momarti 3miHioBanacs Big 1M mo 0.6M. Y mporeci po3B'si3aHHs 3ajadl BU3HAYCHO IOJIS
nepeMilleHb Ta HaNpyXKeHb Yy JIONMATI MiJ €0 aepoAMHAMIYHMX HaBaHTaeHb. KiJIbKICTh mepepisiB
npuiimManocs piBHOIO 7. MakcHUMaibHI MepeMillleHHs Y IUIOMKHI o0epTaHHs BiTpoKoJieca, HOpMaJibHi
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nmo oci OZ, cknamm 28.5cM; MakCUMaJlbHE 3THHAJILHE HANPYKCHHS B KOPEHEBOMY IIepepisi JIomaTi
cra”oBuio 12.8Ml]a.

VY Tabn. 4.1 HaBeneHO pe3yNbTaTH PO3B'A3aHHS 3aAadyi ONTHMI3alii: Ui mepepi3iB Z; mopaaHi
MOYaTKOBI 3HAYCHHS TOBIIWHU B Tiepepizax hy 1 onTuMainbHi napameTrpu h*. Y NOYaTKOBOMY BapiaHTi
Maca jionarti jgopiBHioBasa 19.38 k2. B pe3ynbraTi ontuMiszanii oTpuMaHo Jionary mMacor 16.41 xe.

[lpu BukopucTaHHi MeTomy IuTpadHUX QYHKUIH Oynum oOpani Taki 3HaueHHA MWTpadHUX
KOeQIUIEHTIB Apy = Apy = 10*. Tlonanpie 30iNbIIeHHS IUX KOEDILi€HTIB HEe TIPH3BEIO IO CYTTEBOI
3MiHU MapaMeTpiB, O BapilOIOTHCS.

Tabnuys 4.1 Ilouamkoei ma onmumanvHi napamempu 10nami

Howmep mepepisy Koopnunara Z, m IlouaTkoBa OnrumanbHa
TOBIIUHA, MM TOBILMHA, MM

1 0.800 6.0 5.04

2 1.236 5.6 4.73

3 1.818 5.0 4.21

4 2.400 4.4 3.67

5 2.836 4.0 3.25

6 3.564 3.2 2.41

7 4.000 3.0 2.19

€IMHUM aKTHMBHUM OOMEKEHHSIM BHSBWIIOCS IEpeMillleHHs JionaTi. BiacHa yactora KONMBaHb Y
MIPOIIEC] paXyHKy 3MIiHIJIACS HE3HAYHO; I1i 3MiHA HE MPHU3BENH JI0 MOPYIIECHHS 3a/IaHUX 0OMEXEHb.

5 BucHoBku

[IpoanamizoBaHO pi3HI METOAM ONTHMAIHHOTO TOIIYKY MIHIMYMYy HENIHIMHHX (QYHKIiA OaraThox
3MiHHHX. 3alpOMOHOBAaHO MOIU(DIKAIIO SPYKHOTO METOAY IS TIOUIYKY MiHIMyMy HeliHiiHOT QyHKIIii
0araTboX 3MiHHHX.

Ha oOpanomy TectoBoMy mpukiani meroau [layemna ta Xyka-/[>kuBca He TalOTh TOYHUE PO3B’ 30K
ONTHUMI3AIIHOI 33/1a4i, a TPalEHTHANA METOJ] 1a€ PO3B’ 30K TLIHKH JINIIE B O€3IMocepeHiil OMM3bKOCTI
no Minimymy. Lle BizOyBaeTbest yepe3 ocobimBicTs BUIsILy pyHKHil Po3eHOpoka — 1s QyHKIisS Mae
JICKIJIbKa MIHIMYMIB Ha Pi3HUX KOOPJIMWHATAX Ta CYTTEBO BUPAXKEHY SIPYKHY CTPYKTYDY.

Uepes 1m0 caMe 0COOJMBICTh 3allpOMIOHOBAHWI HaMH TiOpWAHIN anTOpUTM HE HANa€ 3aJ0BLILHOTO
pe3ynbTaTy Npu «OJUHUYHOMY» NoUIyKy. IlonrykoBuii aliroputM noTpansisie 0 Takoi TOUKH, B SIKil BCi
3Ha4eHHs (YHKIIi B OTOYYIOUMX TOYKaxX OUIbINI, HK 3HAUCHHS B OTPUMaHIN TOYIIl, i alTOPUTM Ta HE
Moxe moposiath Oap’ep. nst BupimeHHS npoOieMu HEOOXiTHO B3ATH OTPUMAaHy TOYKY 3a HOBY
MOYAaTKOBY TOYKY Ta MOBTOPUTH QJITOPUTM IOIIYKY MiHIMyMy (YHKLii, TOOTO BHKOPHCTaTH METOJ
MYJIBTUCTAPTY.

3anpornoHoBaHUi METOJ| OyJIO Hajajali BUKOPHUCTAHO IS PO3B’SI3aHHS 3ajadl ONTHUMI3alii Jiomari
NOBITPSIHOI YCTAHOBKHM, SIKy 3a JIONIOMOTOI MeToay wmTpadHux (YHKIIH 3BEACHO A0 NpoOIeMH
0e3yMOBHOI onTuMi3ailii, aje mpu oMY (QYHKIIiSi METH Maja CyTTEBO SIPY)KHY CTpyKTypy. OTprmMaHi
ONTUMAaJbHI 3HAYEHHS TOBIIMH Mepepi3iB, J0 Jalo 3MOry NOOyAyBaTdh JIONATh 3 TMOKPalleHUMH
XapaKTePUCTUKAMH.
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The method which is valid for improving the transmission of information and a clean separation of signal and noise is suggested
in [1]. The basis of the proposed new way of developing the theory and methods of communication is the rejection of the
probabilistic method for evaluating noisy signals according to the maximum likelihood rule. This method contains the
mathematical procedure for absolutely accurate separation, as well as proving the absence of any fundamental theoretical limits
[2,3] on the effectiveness of communications, including the absence of channel capacity limitations [4]. This approach includes
the fundamentally new concept and the technical aspects of implementing telecommunication systems and uses systems of linear
algebra equations (SLAE) to filter signals from noise. The SLAE matrix is the linear algebraic matrix (LSM) that separates and
extracts the true values of informative signal parameters. Such a SLAE always has the solution, but obtaining this solution
sometimes requires a particular method to be used, because its matrix is not always square, but can be rectangular as well.
Therefore, the method of the orthogonal decomposition is proposed in this paper. For obtaining the matrices of orthogonal
decomposition the Gram-Schmidt process, which is suitable for matrices of any size and composition, can be used. The method
of solving a SLAE includes full description of solution and acceptable for matrices of any size. The example of solving the SLAE
with a small matrix is presented in the paper. The MathCad Prime has been implemented for a bigger matrix. The implementation
includes the functions that can be used in any other programming language. The solution has minimal norm and acceptable for
linear algebraic matrices that separate signal and noise.

Key worlds: separation, systems of linear algebra equations, signal, noise, orthogonal decomposition.
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MInokin Boxogumup M. Cmapwuii euxnadau kageopu beznexu ingopmayitinux cucmem i mexnoaozitl
Xapxiscokuii HayionanvHutl yHisepcumem imeni B. H. Kapaszina, m. Ceo600u 4,
Xapxis, Vkpaina, 61022

Bunaxizn y po6ori [1] nporonye MeToA, sIKHii OB sI3aHO 3 CHCTEMaMH IS TOKPAILEHHS IIepeJayi Ta YUCTOro BIIIIICHHS IIyMy
Ta curHary. ba3zoBa imes, sika HiIKPECTIOETHCS y pOOOTI ULl HOBOTO HIIIXY PO3POOKH Teopii Ta TEeXHIKM KOMYyHIKamii, Iie
BIAXWJICHHSI METOAY, SIKMi TOOYZOBaHO Ha IMOBIPHOCTI, AJIsI OLIHKY CHTHAITY 3TiJHO 3 IIPaBHJIOM HalOinbImof iiMoBipHOCTI. Lle
MaTeMaTH4Ha Hpolexypa Juisl abCONIOTHO UITKOTO BITOKPEMIIEHHS CHTHAIy Ta IIyMy Ta JOKa3 BiJCYTHOCTI OyIb-sKHX
(yHIaMEHTaIbHUX TECOPETHYHHX OOMexeHb [2,3] Ha edeKTHBHICTH KOMYHIKallii, BKIFOYHO BiJICYTHICTH OOMEKEHH €MHOCTI
kanany [4]. Takuii miaxig po3ryisigae HOBY KOHIICMI[IO Ta TEXHIYHI aCIeKTH IMIUIEMEHTAlil TeJIEKOMYHIKAI[IfHUX CHCTEM Ta
BUKOPHUCTOBYE cucteMu anredpaiunux piBHAHb (CJIAP) mms Toro, mo6 BiadineTpyBatu curHan Big mymy. Marpuns CJIAP —
e JiHiiiHa anreOpaidHa MaTpHIL, IO cemapye Ta BUAIISLE MpaBIBi 3HAUCHHS iH(GOpPMATHBHHUX MapaMeTpiB curHamy. Taki
CJIAP 3aBxan MaroTh pillIeHHS, aJie I pillleHHs TOTPeOyIOTh iHKOJIM 0COOJIMBOTO METOIY, I[00 OyTH BUPIMIEHUMH, TOMY IO IX
po3Mip He 3aBXKIM KBAJPaTHUH, IHOAI MPSMOKYTHHH. TakMM 4YMHOM y Wiif poOOTI NMPOMOHYETHCS METOX OPTOTOHAIHEHOTO
poskianeHHs. 11 OTpUMaHHSI MaTPHIlh 3 OPTOrOHAIBHIM PO3KJIaJeHHSIM MOXKHA BUKOpPHCTOBYBaTH Metox I'pama IlIminra ms
MaTpuIb 3 OyIb-IKUM PO3MIpOM HABITh SKIIO € CTOBMII a00 CTPOKH, IO IOBTOPIOIOTHCS Y MaTpuii. MeTos A1 BHPiLICHHS
CJIAP MicTHTB ITOBHHUI OITUC PIMIEHHS Ta MPUOATHUHA U TOBUIBHOTO PO3MIPY MaTpHLb. Y poOOTi € MPUKIa] 3 BUPIMICHHS 3
MaJTUM po3MipoM MaTpuLi. Takoxk € mpUKiIaz IMINIEMEHTALii 3 MaTpUIIel0 HabaraTto OUIkIIOro po3mipy y cepenosuii MathCad
Prime. IMmnemenTaniss MictTuth QyHKIIi, sIKi MOYKHa BUKOPHCTOBYBATH Ul 1HIIMX MOB IporpamyBaHHsA. OTpuMaHe pilleHHS
Mae MiHIMaJIbHY HOPMY Ta MpUAaTHE IS JiHIMHUX anreOpalyHiX MaTpHUIlb, IO CETMapyIOTh CUTHAM BiJ IIyMY.

Kniouosi cnoea: cenapayis, cucmemu ainiiinux aneebpaiynux pieHaHb, CUSHAT, WYM, OPMO2OHATIbHE PO3KIAOCHHS.

1. Introduction

The possibility of a new method of improving the transmission of information and a clean separation
of signal and noise is suggested by the discovery presented in [1]. This method uses systems of linear
algebra equations (SLAE) to filter noise from signals. To correct errors the system is configured to carry
out mixture Y (t) at specific time To,..., Tom and SLAE can be:

A-X =B, (1.1)

The algebraic solver separator is designed to separate the signal and noise into two independent
processes that occur in time [1]. The QR decomposition method of solving such a SLAE is considered in
the paper. This method allows solving a square and rectangular SLAE. The solution has a minimal norm,
otherwise:

||X||=\/x02+x12+x22+...+ anz (1.2)

where coefficients of a matrix A are:

Apo Aol Ag2 - AoM  AgM+l - Ao2m
Ao A1 A2 - AAM O ArLM+l - AraMm
A=l A20 A1 A22 - Aowm Ao M+1 - A2oMm |2M+1 (1.3)

Aomo Aaml Aom2 - A2MM A2MM+1 - A2M2M
2M+1

In [1] a matrix A is square (2M+1)x(2M+1), but it can be possible to use matrices that are not square
where: n1>n,, N1<ny, N1=n,. N1 and n, are possible sizes of a matrix A:
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Aoo  Ao1 Ao2 - Aon-1 Aon, o Aon,-l
Ato A1 A2 - Al Aln - Ayl
A= A2’0 A2,1 A2,2 A2,n1'1 Azlnl A2,n2—1 nl. (14)
Anl'l,o Anl'l,l Anl'l,z Anl'l,nl'l Anl'l,nl Anl'l,nz'l

n,
And a vector-column of free members can be:
Y(To)| <« for Ty
Y(Ty)| « for Ty
Y(Tp)| <« for T,
B= Y(T3)| « for Tg (1.5)
Y(Tnl) « for Tnl

2 Introduction of SLAE matrices with the orthogonal decomposition
One of the most important variants of orthogonal decompositions is a so-called QR decomposition:

A=QR, (2.1)

where A is a matrix from (1.1);
Q is an orthogonal matrix.
The matric R can be obtained by the formula:

R=Q"-A (2.2)

The variables Ni=n:-1, No=n,-1, N, =|N, —N,| are introduced for convenience. The size of a QR

decomposition matrix is: N1x(N1+Ny) if n1>nz or N1x(2-N1+N3) if ni<n..
For a rectangular matrix with size nixnz where ni;>n,, a QR decomposition matrix can be as shown in
(2.3) or (2.4):

Qo Q1 Qo2 - Qon, Roo Rox Roz - Ron, Eoo Eox Eo2 - Eonga
Qo Qa1 Q2 - Qn 0 Ry R o Ry B EBg1 o BEp . By
QR=1 Qo Q1 Q2 - QN 0 0 Ry .. Ryn Epo Exn By o Egnga
Qngo QOny1 Qny2 - Oy, 0 0 0 o Ryn, Enjo Engo Engo - Enpng
(2.3)
QR =[Q(NyxNy) R(NyxNp) E(Nyx(Ny-Np-1)]. (2.4)
If n1<ny, a QR decomposition matrix can be as shown in (2.5) or (2.6):
Qoo Qi Q2 -~ Qon, Roo Rox Roz - Ron,
Qo Qu Q2 - Qn 0 Ry R o Ry,
0 0 Ry .. Ry,

2.5)

0 0 0 0 Ry,
0 0 0 O 0
Qno Onyi QOn2 o Qun, O 0 0 0 0
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N, x N R(N, x N
OR = Q(N; xN;) R(N,xN,) 26)
O(N;xN,)
If n1=ny, then a QR decomposition matrix is:

Qoo Qoz Qo2 - Qon, Roo Rox Roz - Ron,
Qo Qu Q2 - Qn 0 Ry R o Ry 27
QR: QZ,O Q2,1 Q2’2 QZ,Nl 0 0 R2,2 RZ,Nl ( ’ )

Qno Qnga Qng2 o Qngny 0 0 0 o Ry,
QR = [Q(Nl X Nl) R(Nl x Nl)] (2.8)

Any SLAE can be represented by the following formulas (2.9), (2.10), (2.11) after obtaining a QR-
decomposition matrix:

Q'-A=Q" B (2.9)
R=Q'"-B. (2.10)
R=QTB, (2.11)

where QTB=Q" -B.

SLAE for (2.3) and (2.4) can be like (2.12):

Ro,0 X0 +Ro1- X +Ro2-Xo +..+ Ry N - XN, =QTBy —Eg o~ XNy 11 —Eo1 - Xnj42 —Eo2 - XNy+3 =+~ Eo,Ng—1 - XNy 4N,
Rip-X+Rpo X+ +Ry N, XN, =QTBy =By o Xy g —Bpg - Xnje2 —B12 - Xnpa3 =~ Brng 1 XN N,
Rp2-Xp+...+ Ry - XN, =QTBy —Ep - Xn1a —Epa - Xnjr2 —E22 - XNj+3 =~ E2 N3 XNy,
RN, N, XN, = QTBN, —Enio - XNy+1 — ENga - Xng+2 =~ Eng2 - XNg+3 =~ ENLNG - XNg+N,

(212

The norm of the solution vector looks like:

2,2, .2 2 2 2 2
C=x5+x +x5 e X XN g TN e TN N (2.12)

The partial derivatives are equated to zero for calculating the minimum of C (2.12):

oC g X Xy OXN,
=Xp- + X - + X - ot XN, o+ XN =0
OXN, 11 OXN 41 OXN 11 OXN 41 XN 41
oC X X X OXN
=Xp X Xg e Xy, + X, 42 =0
aXN2+2 aXN2+2 aXN2+2 6XN2+2 aXN1+2 (213)
aC d X X OXN
mxg =0y Py O ot XNy o XN N, =0
OXN,+Ng OXN,+N, OXN, N, OXN,+N, OXN,+N,

N variables can be derived from (2.12):
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QTBN, En10-Xnj+1 Enzi-Xnj+2  Eng2-Xng+3 ENp Ng-1 7 XN +N;,
XNl = — — — — =
RNy RNpNy RNyN, RNyN, RNy
Xy QTB, Ezo-Xnq1 E2r-Xnq2 E22-Xnj43 - EanNg1 XNy +Ng  Rong XN
Ro2 R22 R22 Ro.2 Ro.2 Ro2
y QB EoXnu Bia-Xn+2 B2 Xngsz  BrngaXngen, RipoXp o R Xy
Ria Ri1 Ri1 Ria Ria Ria Ri1
+. ~ QTBo Eoo-Xn41 Eop-Xng2  Eo2-Xnj43 EoNs-1-XN;+N;  Ro2-X2  Roi% Ro,N, “ XN,
0= — — — — . — — —.—
Ro0 Ro0 Ro.0 Ro,0 Ro0 Ro,0 Ro0 Ro0

(2.14)
Any lines of SLAE (2.14) can be represented like the expressions (2.15):

Xo =€ +do - Xn, 41 +Co - XN, +2 TP - XNy 43+ 80 - XNy N,
Xp =€+ 0y XN 41+ 0 X2 0 XN a3 B XN N

Xo =ez+d2-XN1+1 +C2'XN1+2 +b2'XNl+3 +...+82'XN1+N3 . (215)

XN, =N, T AN, XN+ ON XN 2 DN XN e AN XN,
Then the expressions (2.13) will take the following form:

oC

OXN, 41

oC
=Xp'Co+X:C+Xp-Co+...+ XN, ‘CN +XN+2=O
Xy e LN TN . (2.16)

=X0'd0+X1'd1+X2'd2 +...+XNl'dN1+XNl+1=O

oC
OXN,+N3

The SLAE (2.16) is a system with a square matrix. According to (2.7) and (2.8) such systems are
solved by the method of “direct run” because it can be represented in the form of the triangular matrix R.
It is possible to obtain N3 variables. N1+1 variables are derived from (2.12).

=Xg-8g+X -8 +Xp 8 +...+ Xy, Ay, + XN, 4N3 =0

3 An example of solving a SLAE by using QR decomposition matrices
For the demonstration of the solution, matrices A and B have been chosen:

1 20 2 3 2
A= ,B= .
7 8 56 200 24
The parameters of the A matrix n1=2, n,=4, N1=2-1=1, N,=4-1=3, N3=N;-N,=2. The size of the QR
matrix A is N1x(2-N1+N3) =2x(2-2+2) at 2<4:
AQR = 0.141 -099 7.071 10.748 55.72 198.414
(099 0141 0 -18668 594 25314 )
The egpression (2.3) will be represented in the form:
AQR _ QO,O QO,l RO,O RO,l EO,O EO,1:|
_Ql,O Ql,l 0 R1,1 El,o E1,1
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B
QTB=Q'-B= QTE, .
QTB,

According to (2.14) it is possible to present:
Ro,0 X0 +Ro1-% =QTBy—Ego-X2 —Eg1-X3
Rip- % =QTB —Ejg-X —E3-X3

:QTB ElO - X i.xa

R: R. ' Ry

X _QTBo _ Eo.o X — Eo,l Xy — RO,l X
- 2
Rio Roo = Roo R
E E E E
QT8 Ewo , Eu Ry _(QTBl By i~x3J
Reo R R R. Ru ° Ry

0,0
) _[QTBO Ry _QTBlJ_[Eo,o Ry El,o]_x _(i_ R E_J )
_ ] Doz |
° R0,0 R0,0 Rl,l RO,O RO,O Rl,l R0,0 ROO Ri, :

The variables x; and x, for the SLAE are possible to represent as in (2.3) and (2.4):
Xo =Cy+Dby X, +8, X,

QTBo R. QTBl Eo,o Ro: Eio B, Ry Eu

where ¢, = b, = - . Q=="——"—"

X0=

0,0

RO,O RO,O R11 RO,O RO,O Ri,l 1 RO,O RO,O R1,1
X =C+b X, +a, X,
E, _ Ey
where ¢ == a=—-
o 11 R Rl,l

The norm of the vector.
C=x2+x7+x5+x..
The partial derivatives are zero for calculating the minimum of (3.5):

a_C_X %+X1 a_X1_+_X _O a_C_X a_xo_|_x1 _X1_|_X _O
OX, OX, OX, 0%, OX, 0%,
Another way:
oC oC
—=X,-b,+x b +X%x =0, —=X%,-a,+%-a +X =0.
axz XO 0 Xl bl 2 8)(3 0 aO X1 a1 3
oC
— =-29.424+71.052-x, +252.354%, =0,
aXZ
oC
v =-105.983+252.354- X, +910.126-x, =0.
X3
Or:

262.166- X, + 944.457 - x, = 29.424
3.781-x, =0.401, then: x, =0.107, x, =0.034.
Other variables can be found from the following expressions:
Ro0 % +Ro1-%=QTBy —Ego-X3—Ep1-%4
Ro1-%=QTB —Eyg-%3-E1-% .

7.071-x, +10.748-x, =0.912
 then X, =0.08, X, =0.007.
~18.668- X, =—1.497

(3.1)
(3.2)

(3.3)

(3.4)

(3.5)

(3.6)
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4. The implementation of MathCad Prime for solving a SLAE by using QR decomposition
matrices

The matrix A of the size 190324 (Fig. 4.1), and the matrix B (Fig. 4.2) with 189 elements have been
used for demonstration.

_ x e % z % % % % % =

0, -
110 —0.852 0.852 0.085 —0.928 0.751 0.252 —0.978 0.628 0.412
111 —0.654 0.974 —0.252 —0.739 0.94 —0.135 —0.814 0.893 —0.017
112 —0.396 0.996 —0.56 —0.458 1 —0.502 —0.517 0.999 —0.443
113 —0.102 0.915 —0.804 —0.119 0.921 —0.794 —0.135 0.928 —0.783
114 0.202 0.739 —0.956 0.236 0.716 —0.966 0.268 0.692 —0.974

189
Fig. 4.1 The matrix A for a SLAE

0[0.783]
1]1.002
B= 2!0.498

31 0.068

189
Fig. 4.2 The matrix B for a SLAE

(2.14) and (2.15) is presented in the block x (Fig. 4.3), where the matrix RTGR is the matrix R,
described in the second part of the article. (2.16) is presented in the block C (Fig. 4.4). The method of
“direct run” is presented in Fig. 4.5. The block of “direct run” implementation is shown in Fig. 4.6 and
Fig. 4.7. The verification of obtained solution is shown in Fig. 4.8 where the result of multiplication AXq
completely matches the matrix B.

Il QTb
N1
r=|l|{jlxr +~——m
0.0 RTRG
N1,N1
forje0..N3-1
I _E
N1,j
I e
0.i+1  RTRG
N1,N1
forkel..N1
mm-t "Z‘:‘ HRGNI-;,NI—h'mn,u
I —
ko RTRG & RTRG
N1—k,N1—k Ni—k,N1—k
forje..N3-1
| —E _ (,_, RTRG T
N1-k,j Ni-k,Ni—-h  h,j+1
T e — 2
ki+1 RTRG LH RTRG
N1—k,N1—k N1—k, N1—k

Fig. 4.3 The implementation of x
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Cr=forzeD..N3-1

forje0..N3

ifz+1=3

| a1

|C +— 3T T +1
z.j i—p FJ f1+z

else

I N1
G A Z.‘]‘:_ =

z,j —n .3 i, 1+z

c
Fig. 4.4 The implementation of C.

trg(A,b):=||N —cols(A)
b
N-1
T —
-1
N-1,N-1
forie N—-2..0
II 1 N-1
||I-£— l[h_— Z A_ _II_]
i A_ ) i jit1 i, i
II 1,1
T

Fig.4.5 The implementation of the “direct run” method

0.107 ]
—0.069
YQR:=trg (CQR,—QQR" submatrix(C,0,133,0,0)) = 0.042
0.032
Fig. 4.6 The implementation of the “direct run’’ method
0.076
roves (V) _1 —0.24
Xqr=stack (ﬂr_q (RI‘RG,QT&— 3. submatrix(E,0,N1,i,i) -YQRJ ,YQR]: 0.068
=0 —0.42

Fig. 4.7 The implementation of the “direct run” method for finding N1+1=190 variables

0.783
1.002

A-Xgr=  |0.498
0.068

Fig. 4.8 The verification of the solution, AXq=B
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5. Conclusions

The possibility of a new method of improving the transmission of information and a clean separation
of signal and noise is suggested by the discovery presented in [1]. The basis of the proposed new way of
developing the theory and methods of communication is the rejection of the probabilistic method for
evaluating noisy signals according to the maximum likelihood rule. This method contains the
mathematical procedure for absolutely accurate separation, as well as proving the absence of any
fundamental theoretical limits on the effectiveness of communications, including the absence of channel
capacity limitations. This approach includes the fundamentally new concept and the technical aspects of
implementing telecommunication systems and uses systems of linear algebra equations (SLAE) to filter
signals from noise. The SLAE matrix is the linear algebraic matrix (LSM) that separates and extracts the
true values of informative signal parameters. Such a SLAE always has the solution, but obtaining this
solution sometimes requires a particular method to be used, because its matrix is not always square, but
can be rectangular as well. Therefore, the method of the orthogonal decomposition is proposed in this
paper. For obtaining the matrices of orthogonal decomposition the Gram-Schmidt process, which is
suitable for matrices of any size and composition, can be used. The method of solving a SLAE includes
full description of solution and acceptable for matrices of any size. The example of solving the SLAE
with a small matrix is presented in the paper. The MathCad Prime has been implemented for a bigger
matrix. The implementation includes the functions that can be used in any other programming language.
The solution has minimal norm and acceptable for linear algebraic matrices that separate signal and noise.
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IIpuBenenuii neTanbHUi OIS MATeMAaTHYHIX MOJiesIel epeHocy 3abpyIHeHb B HOBITPI, BOAi i IpyHTI. Moneni npeacTasieHi
cucTeMaMH JudepeHIiaIbHAX PIBHAHD 1| BHKOPHCTOBYIOTECS JUISI MEHEDKMEHTY BOJHUMHU PECypcaMy Ha MEBHUX TEPUTOPISX.
PosrnsHyTi geranbHI TPUBUMIPHI PIBHAHHS MEPEHOCY MAacH, IMITYJIbCY 1 TEIUIa; OCEpeIHEHI IBOBHMIPHI MOJENi MEpEeHOCYy Ha
Marax MiCLEBOCTI; OTHOBHUMIPHI MOJEN MEPEeHOCY B PIUKOBHX CHCTEMax Ta HYJIBBUMIPHI KOMIIAPTMEHTAIBHI MOJEIi.
BpaxoBani 6ioTHYHa KOMIIOHEHTa Ta BIUIMB HACIHIAKIB MOCTYNOBHUX TI00aNbHUX 3MiH KIiMaTy. PO3IIIsgaloThCs MOCTAaHOBKU
3a1ad 30BHINIHBOTO KEPYBAaHHS SKOCTI BOAM, TOBITPS 1 IPYHTY, a TaKOX MOJKJIMBOCTI €KOCHCTEMH A0 CaMOKEPYBaHHS.
OOroBOPIOIOTECS MPOOJIEMH HEUITKUX JJAHUX JUIS BaTifalii i BAKOPHCTaHHS MaTeMaTUUHUX MOJEIECH Ul IPaKTHIHHX TOTPed.

Knrouosi cnosa: ounamiuni cucmemu, 600ni 00 €kmiut, eK0102is, MAMEMAMUUHE MOOCTIOBAHHS, CAMOOYUWCHHSL.

Mathematical modeling of the dynamics of aquatic ecosystems and the
possibilities of their self-cleaning at the conditions of global climate change

Rychak Nataliya PhD in Geographical Sciences, Docent, Educational and Scientific Institute of
Ecology, V.N. Karazin Kharkov National University, 6, Svobody Sg., Kharkiv,
61022, Ukraine

Kizilova Nataliya Doctor of Physical and Mathematical Sciences, Professor; Professor of the
Department of Applied Matematics
V.N. Karazin Kharkov National University, 4 Svobody Sq., Kharkiv, 61022,
Ukraine

A detailed review of mathematical models of pollution dispersion in air, water and soil is presented in the article. The models
are represented by the systems of differential equations and used for water resources management on urban landscapes. Detailed
three-dimensional equations of mass, momentum and heat transfer, averaged two-dimensional dispersion models on terrain
maps, one-dimensional dispersion models in river systems and zero-dimensional compartmental models have been considered.
The biotic component and the impact of the effects of gradual global climate change have been taken into account. The tasks for
external quality management of water, air and soil, as well as the possibilities of the ecosystem for self-management have been
considered. The problems of fuzzy data for validation as well as the usage of mathematical models for practical purposes have
been discussed.

Keywords: dynamical systems, water objects, ecology, mathematical modeling, self-cleaning.

1 Beryn

3abpynHeHHs aTMocdepH, sKe IMOB’S3aHE 3 TOCIOJAPCHKOI0 IiSUIBHICTIO JIIOJUHH, € BaKIMBUM
(baxTopoMm, SIKMil BIUIMBAE Ha SKICTh MOBEPXHEBUX BOJ - PiYOK, 03€p, CTABKIB Ta 1HILUX JKEpes BOAH.
Bukuayn — mpOMHUCIIOBHX MIANPHUEMCTB 1 MICBKOTO TPAaHCHOPTY, 3MHB OpraHIYHHUX J0OpHB 13
CLIbCHKOTOCIIOJAPCHKUX YT1Ib MPUBOAATE 10 NIEpeHOCY 3a0pyAHEHb B aTMOC(epi 1 MOBEPXHEBUX BOAAX,
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HaKOIMMYEHHS X B MI3eMHUX BOJAaX, I'PYHTaxX 1 IOBEPXHEBUX BOAHUX 00’ekTax. PesympraTom €
MiIBUIICHHS PiBHS 3a0pyInHIOBadi, IO B pPe3yJbTaTi BIUIMBaE Ha ckiaaa ¢iopu i gayHu BOAHHX
€KOCHCTEM, MOPYLICHHS! BOAHOTO OamaHCy 1 OionoriuHoi piBHOBard. YacTKOBO JIOKalbHI MOPYIICHHS
MOXYTh BITHOBUTHCS 32 PaxyHOK CIPOMOXKHOCTI €KOCHCTEM 0 CaMOOYMINEHHs 1 BIAHOBJICHHS, aje
4acTo ISl TOro NMOTPiOHI JIOKaNbHI criennivHi 3aXUCHI 3aX0/IH, SKi MOTPeOYIOTh IJIaHyBaHHS, B TOMY
YHCITi 3 BUKOPUCTAHHIM MaTeMaTUYHUX Moenel [1]. B octaHHI poku npoliecH mepeHocy i HaKOMUIeHHsI
3a0pyqHEeHDh MPUCKOPWIINCS, a 1X BIUIMB HAa €KOCHUCTEMH, KHUTTS 1 3OPOB’SI JIOAMHM ITiJCHINBCS 32
paxyHOK TOCTYTIOBUX TPOIIECiB MI0OATHHIUX 3MiH KiiMaTy [2-4]. B pe3ynbraTi miaBUIIYETHCA CePeIHs
TeMmIeparypa IMOBIiTps, TaHYTh JbOJOBI LIMTH 1 TJIETYEPH HA PI3HUX KOHTUHEHTAX, IiJIBUILYETHCS
COJIOHICTh MpIiCHUX BOJ, THHYTh BOJHI POCIMHHM 1 TBapuHH, IO BHUKIWKAE IMOJANBII JIAHIIOTH
B3a€MOTIOB’ I3aHMUX HETaTHBHUX 3MiH Ha PiBHI eKocucTeM i Hoocdepu B itomy [5]. Pobora npucssyena
OrNAQy 1 MOPIBHAUILHOMY aHalli3y €(QEeKTHBHOCTI Cy4aCHHX MaTeMaTHYHHX MOJEJeH, SKi OMHCYIOTb
JUHAMIKy TIepeHOCY, HAKOMWYeHHS 1 po3many 3a0pyAHIOBadiB, a TaKOX MOKIMBOCTEH cTadimizamii i
BiTHOBJIEHHIO CHICTEMH 32 PaXyHOK SIK il CAMOOYHIIICHHS, TaK 1 CIIJIAHOBAHOTO KePyBAaHHSA ii JUHAMIKOIO.
MateMaTiyHe MOAEIIOBAHHS SIKOCTI BOAU € BAXKJIMBUM IHCTPYMEHTOM ISl IUIAaHYBaHHSA Ta yNPaBJIiHHSI
BOJTHUMH PECypcaMu, OCOOJIMBO Ha ypOAHICTUYHUX TEPUTOPISX.

2 Oraga MaTeMaTHYHUX MoJeJel

IHTepec 10 MaTeMaTHYHOTO MOJCIIOBAHHS IMPOLECIB MEPEHECEHHS, HAKOIMWYEHHsI Ta YTHIi3alii
3a0pyaHEHb, SIKI MEPEHOCAThCS B aTMOocdepi, IPYHTax, MiJ3eMHUX Ta MOBEPXHEBUX BOAAX, Pi3KO 3pic
Hanpukiam 1950-x — #a mowarky 1960-x [1]. Lle Oymo moB's;3aHO 3 BUpaXEHUMH 3MiHAMHU PIBHA
3a0pyAHCHb HABKOJIMIIIHBOIO CEPEIOBUINA BiJXOJaMH MPOMMCIOBOCTI Ta IHTEHCHUBHOTO CiJIBCHKOTO
rOCIOAapCTBa, 3aiKCOBAHUM BIUITMBOM €KOJIOTIi Ha 3/I0pOB'S Ta TPUBAJICTD XKHUTTS JIFOJUHHU, a TAKOXK 31
3POCTaHHSM TMPOAYKTHBHOCTI KOMITHOTEPIB 1 PO3pOOKOI0 HOBHX aJITOPUTMIB YHCEITHHOTO PO3B’SI3aHHSI
cucteM anrebpaiyHux i AudepeHIiaTbHUX PiBHSIHB. Y paMKax MiKHapogHOi mporpamu International
Biological Program 3'semsmuics exomoriuni mozeni (Hanpukman, CLEANER, 1974), 3acHoBaHi Ha
piBHSHHSX OanaHcy 3a0pyAHIOIOYMX PEYOBHH 1 PO3MOJIICHUX JKEpEeN y BUTISAI MOMIMBOCTEH
camoouniieHHsT BomoiM. lli3Himme Oymm po3pobieHi JeTanmpHINI MOJeni, siKi BpaxoByBalu (i3udHi
Ipolecl y BOJIOWMAX, Taki SIK IHUPKYJILis, cTpatudikaiis, 3MillyBaHHS, OCIIaHHA, a TaKOX
temneparypHi sBuma (moaens LAKECO, 1974) ta GaraTokOMIOHEHTHI mpouecu (Momens MS
CLEANER, 1978). YTouHeHHs Takux MoJeneil Ta ixas Bepudikarisi Ha OCHOBI eKoIoriyHo1 iHpopmarii
npoBoaunacst mpotsrom  1970-80-x. Ilepmri wmozmenmi  BigHOCWIHMCS 1O KOMIApPTMEHTAIBHUX
(ayneBumipHux, 0D), B skux okpemi TtpuBuMipHi (3D) ninsHKu naHgmadTy 3aMiHIOBAIUCS
KOMITapTMEHTAaMH — BOJTHHMH, ITOBITPSTHIUMH, IPYHTaMH, criopyaamuy, i T.1. (Puc.1a). Ilpouecu nepenocy
MacH (BOJH, peYOBHH, BOJIOPOCTEH, OaKTepili Ta iH.) 1 TeTyIa MOJIETIOBAIIMCS BiIIOBITHUMH JUCKPETHIUMH
piBHsHHAME Oanancy komnonent Cjj(t) i Temneparypu T(t) mix kommaprmentamu Nj(t) i=1,...K, ne

j=1,..n - HOMEp KOMITOHEHTH.

[ToctymoBuii mporpec B KOMITIOTEPHIM TEXHilll, MareMaTHYHOMY MOJICIIOBaHHI, YUCEIbHUM
METOoJIaM 1 METOJlaM BHMIpIOBaHb TEMIIEPATyp 1 KOHIIEHTpalild 3a0pyqHEHb y BIAMOBITHUX IMpobax
TIPUBEIU JI0 Tepexony 1m0 omHoBuMipHUX (1D) mMoneneit 31 3MiHHUMEI Cij (t,x),T(t,x), ne x — eauHa

MPOCTOPOBa KOOPAMHATA MOJENI, sKa BiIIIUY€ThCS, HAaNpUKIaJ], B3AoBXK piuku (Puc.10). ¥V mpomy
BUTIAJIKY TEJIOMACOIIEPEHIC BiJl MPUILIMBIB PIUKH, BiJl MOBEPXOBUX BOJ (IO, CHIT, i T.I.), BiJl 3MUBY 3
CIITbCHKOTOCIIONNIAPCHKUX ~ YTi/ib, 3JMBOBHX CTOKIB MICT, BHUKHIIB MiJIPUEMCTB TOIO MOXKYTh

PO3MIILAATHCA K TOYKOBI JoKepea, SIK1 pOSTaIHOBaHi B JCAKHX TOYKax {Xl,...,Xp} B310BX pl‘{KI/I

PiBHsiHHS 1D MaTremMaTH4HOI MOJIENI SIBJISIOTH COOOI0 CHCTEMH 3BHYAWHUX JH(epeHIialbHIX PiBHSHb
(3AP) 1 mns ix po3B’si3aHHS BUKOPUCTOBYBAJIMCS HamiBaHAIITHYHI METOOM a00 METOIM CKIHYEHHUX
Pi3HUII.

JIBoBuMipHi (2D) mozeni po3misfaiTh po3noaiieHHs Temmeparypu T(t,X,Y), BOAHHX Mac i
xonuentpaniii Cjj(t,X,y) 3abpyaHroBadis i 610J0rYHMX KOMIIOHEHT Ha MOBEPXHI JIEIKOro NaHamadry
(Puc.1B). PiBustHHS 2D MaTtemaTndHOi MOJeNi SIBIAIOTH COOOI0 CHCTEMH AM(EpeHIiabHIX PiBHSIHD B
yacTkoBUX noxiguux (JAPYII) i ans ix po3B’sA3aHHS BUKOPUCTOBYBAJIMCI METO/IU CITOK.

3Ha4yHe 3pOCTaHHS MOTYXHOCTI KOMIT IOTEPHUX CHUCTEM (KJIACTEpPiB, XMapHUX OOUYHMCIIEHb TOMIO) i
PO3BUHEHHS METOJIB CKiHUCHHHX/TpaHHYHUX eneMeHTiB/00’emiB (MCE, MCO, MI'E, MI'O) no3Bo:se
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MPOBOJIMTH JieTalbHi po3paxyHku Ha 3D moxemnsx (Puc.1r) 3 oOUYHCICHHAM PO3MOJIiIEHh TEMITEpaTypy
T(t,X,Y,2), xonuenrpauii Cjj(t,X,y,2), BIANOBIIHUX MOTOKIB MacH i TemIa B AOBUIbHHX 00J1acTsX,

CTPYKTYypa i BIACTUBOCTI SIKMX BiJIOMi 3 TONEPEAHIX T€ONOTiYHHUX (TYCTHHHU, HTOPUCTOCTI 1 IPOHUKIMBOCTI
IPYHTIB), TiApOJIOTIYHUX (ITiA3EMHI BOJH, JXKEpelia), METEOPOJIOTiYHMX (MOTOAHI YMOBH), KIIIMaTHYHUX
(ocobmmBOCTI KIIiMaTy MICIEBOCTI) 1 eKoNMOTivHuNX (3a0pyaHIOBadYi, SIKICTH BOJH, O10JIOTIYHI CKIIaO0BI)
mocmimkens. Ha mpoMy migxomi 3acHoBaHi MaTematwdni monmenmi Water Quality Analysis Simulation
Program (WASP) [6], mogens EUTRO, sika BkITtoua€e piBHSHHS HApocTaHHs Oiomacu (eBTpodikartis) [7],
Ta 1HII, 9acTHHA 3 IKUX € ¥ BIAKpUTOMY A0CTyti [6,8].

V
Qiprr  Jiow
a

\WQ2

V(t.x.y)

<
0

X
Puc. 1. Pizni munu mamemamuunux mooeneu exkocucmem: 0D(a), 1D (6), 2D (8), 3D (2).

HasiBHiCTh BEJIMKOT KUIBKOCTI MapaMETPiB B TAKMX MAaTEMaTHYHUX MOJCIAX BUMArae JOCIIKESHHS
peNeBaHTHOCTI 1 CTIHKOCTI BIANOBIAHUX CHUCTEM PiBHSHb, YYTJIMBOCTI PO3B’SI3Ky 1O KOXHOIO 3
napameTpiB MOZEN, 1 Bamiganii MoJesni MUIIXOM MOPIBHSHHS PO3B’SA3KY 3 pe3yJbTaTaMH JOJaTKOBUX
BUMIpIOBaHb 3HAY€Hb PO3PAXOBAHUX MMapaMeTpiB, TOOTO MepeBipKa TOYHOCTI MPOTHO3Y, SIKUH Jae
BIJITOBiHA MaTeEMaTUYHA MOJIEINb.

3D maremaruuHi Mozelni 0a3ylOThCsl Ha PIBHAHHIX OajlaHCy MacH, iIMIyJbCy 1 eHeprii, Akl y
3arallbHOMY BUIJIsLII  Juis  Oararodasnoi (pigwHM, Ta3W, TIPyHTH, OIioJOTiYHI CKIamoBi) 1
0araToKOMITOHEHTHOT (3a0pyAHIOI0Y1 pEYOBHHH, KHCEHb, a30T, 1 T.JI.) CHCTEMH MalOTh BUTIISA [9]

af
op N div(pa,b’vaﬂ) _ Qaﬁ + Mﬂz\]?v}?ﬂ, 1)
e
afgof - -
A2V s div(p 0 @9 )= div(p ) + B +FY, @
aff jaf - =

Ap™eT) Mdiv(ﬂ“"eaﬂV&ﬂ )=—div(3g?) + 0L P F,
©)
e paﬂ v Q¥ M~ J}‘f , v;‘ﬂ - e(eKTHBHA TYCTHHA, HIBUIKICTH, MIIHICTh JDKEpena,

MOJIEKYJISIpHa Maca, IBUAKICTb XIMIUHOI peakuii 1 crexioMeTpuyHui KOe(ilieHT A KOMIIOHEHTH 3
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¢asu o; ﬁaﬂ - TEH30pH HaIPYKEHb, pas i pap - Mixk(a3Hi 1 30BHILIHI CHIIH; e - BHYTPILIIHS €HEePris,

ngﬂ - TIOTIK Tera, % - MiK(a3HUH OOMiH €HEPTi€r0 MiXK KOMIIOHEHTaMH.

SAxmo migcymysatu piBHsHHS (1)-(3) 3a BciMa kommoHenTamu B ¢asu o, orpumaemo 3D
piBHSAHHS OanaHcy MiX (azaMu (TBEPAOIO, PIIKOIO 1 ra30moAiOHO0) V BUTIISI I

op” aga\_Aa
?+dlv(p v )_Q , (@)
(043124
me(,ﬂv“ OV ) =div(p®) + P + F* (5)
a0
—8(pate ), div( p%e?v” ) = —div(ig)+ 0% + v .FP 6)

e pa Zzpaﬂ Ve z(pa)—lzpaﬂvaﬂ e z(pava)—lzeaﬁpaﬂvaﬂ paﬁeaﬂvaﬂ, =2 zzlfaﬂ .
B

B B B
PiBustanst (1) 1 (4) MoKHa 3amUcaTH y BUIJISAI BiAIOBIIHUX PiBHIHB AU(Y3il
aff ~
» 3¢ =—div(J“ﬂ)+Q“ﬂ+MﬂzJ;‘vﬁﬂ, @)
Ve
dc“ (= a
pT_—duv(J )+Q , )

ne C%i C% - xonuenrpauii xommonent i ¢as, % = p®P ¥ —WCH#, % = p* (V¥ —V)C?,
V=(p) "X PV

o

VY BuUmagxky mnepeHeceHHsI 3a0pylHEHb B BOJI 1 TOBITpi TOJIOBHMMH (a3aMy € Bojaa i ras
BignoBimHO, a Mozemi (1)-(3) i (4)-(6) € cucremamu piBHSHB MeXaHIKH pinnHU 1 Ta3y. llepenecenns i
HaKOMMYEHHS 3a0pyTHEHb Y TPYHTI ONMCY€ETHCS Ha OCHOBI PiBHSHG (1)-(6), 3anucaHux A pyxXy piLOuHHA
a0o0 ra3y B HOPUCTOMY cepeoBHILi. [l HaCUUEeHUX IPYHTIB 1ie piBHsAHHS Jlapci, a yisi HOHACHYCHUX —
piBHsiHHSL Pivapacona. Pimenns 3D piBHsHb BUsimy (1)-(6) MOXIIMBE 3 BHKOPHCTaHHSM METOJIB
CKiHYCHHUX a00 rpaHnYHUX esieMeHTiB [8,9]. [l OTpuMaHHS MPAKTHYHO BAXKJIMBHX PO3B’S3KiB MOTPiOHI
JIaHi PO CKJIAJT 1 BIIACTHUBOCTI IPYHTIB (IOPUCTICTh, IPOHUKIIMBICTD), IETAIbHY T€OMETPIiI0 TIOBEPXHEBUX
1 MiJ3eMHHUX pe3epByapiB BOJAM, a TAaKOXX CTATHCTHYHI JaHi aHalizy mpo0 BOAW, IPYHTIB 1 TOBITPS Y
BUIJISA YacoBuX psiis [1-4].

Cyma piBHsiHB (4)-(6) 3a BciMa ¢asamu Ja€ piBHSAHHS MEXaHIKM CYLUIBHUX CEpPEellOBHII, SIKi
3aMUCYIOThCA SIK PIBHSHHS MEXaHIKHM PiIMHY JJIsl [PYHTOBHUX BOJI 1 piUKOBUX cucTeM. Hampuknan, mis
BUTAAKY PYXY IOBEPXHEBUX BOJ| piBHAHHA (4), (5) MarOTh BUTIIAL

oH
2L (W, V)H=q,
5 (V,2V)H=q

(9)

N

E+(V,V)V:g(VH+b)+g(b—Sf), (10)
ne H - rmmbuHa pivkH, y - HOPHCTICTH pyciia pivuKH, q — PO3NOJIiNIeH] Jpkepea abo cToku Boau, b -
YKIIiH JJHa, S§ - IIOBEPXHEBE TEPTS pyciia, § - IPUCKOPEHHS BUIBHOTO TaiHHS.

3 piBHsHHS (6) aHATIOTIYHO OTPUMYEMO PIBHSHHSI IEPEHOCY Teria
T .
PCp (jj_t =—div(AVT) +q (1)

ne T — remneparypa, Q1 - jukepena TeIuia, Cy 1 A - KOeill€HTH TEIUIOEMHOCTI 1 TEILIONPOBIAHOCTI.

Pyx mnoBiTpst onucyeTbest MoaensiMu TypOyneHTHUX Tediit K — @ abo Spalart—Allmaras 3 qBoma
Ta OJIHUAM JIOJJATKOBUM PIiBHSIHHSM BiJIIIOBITHO. BUKOPHUCTOBYIOTHCS 1 IPsIMi PO3PaxyHKH TypOYJIEHTHHUX
BuxpiB abo large eddy simulation 3 ypaxyBanusM PeliHonbIcOBUX TypOyJieHTHUX (IyKTyamid B
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ocepenuenux piBHSHHSIX Ha’e-Ctoxkca [9]. Audy3is 3a0pyIHEHb OMUCYETHCS NMUIIXOM ToaaBaHHs (7)
a6o (8) mo mopeni (9)-(10) ab6o piBHsaHE [lapci. 3a yMOBaMH BIUIMBY TJIOOANbHHX 3MiH TEMIIEPATypU
BOXIIMBUM € PO3B’si3aHHs MoBHOI cucteMu (8)-(10)B crity 3anexHocTel KoedilieHTiB BCiX PIBHSHB, a
TaKoXX MBUAKOCTeH OioxiMiyamx peakuiit B (1) i (7), Bix TemmepaTypu.
SIkio B piBHsHHX (9)-(11) V = Vé, , To orpumaemo 1D (Puc.10) Mozens piukoBoi cuctemu, sika
OMHKCYE PyX BOJM B3IOBXK pycla i3 3agaHuM HaxwuioM. [lig3eMHi TOYKOBI JpKepena NOJaroTh BOLY 10
OaceiiHy, a MOPUCTE THO — BiIBOANUTH BOAY /IO TPAHTY 1 MIapy IPyYHTOBHX Bo. [IpuToKu pidok i1 mTydHi
KaHaJM OIMCYIOTHCA TOYKOBUMH JDKEpellaMHd MacH y BiJIMIOBIIHAX TOYKaX 1 MOXYTh 3aJaBaTHCH,
HaNpUKIaa, v BUCIsSAl 0—@yHKIil. Po3mosineHi mkepena BOIU BIAMOBIIAIOTH 3MUBY BOAM BiJl JOILY i
TaHEHHIO CHITY 3 TIOBEPXOHb HABKOJIO pycia. [HTEHCHBHICTh WX JPKEPEN 3aJIeKUTh B THUMY 1 KyTY
HaXWJIy TIOBEPXHIi, a TAKOXK PIBHIO OCANKIB 1 TemmepaTypu. BimmosimHi ¢opmynn i koedillieHTH € B
JOBITHUKAX [9] Ta IMIUIEMEHTOBAaHI y TakeTH miporpam [8]. HucenbHi po3paxyHKH MOXKYTh POBOUTHUCS
3 JOCTaTHBOIO TOYHICTIO 3a JOMOMOTOI0 METOLy CKIHYEHHHX Pi3HUIIb.
Y Bunanky V=Vy€, +Vy€y (9)-(11) natore moaeni 2D Teuil Ha reorpadiuHuX Mamax i3 3a1aHUM

HaxuiIoM MicteBocti b(X,Y) . Ha Biaminy Bix 1D Moaeneii, BOHH OMKCYIOTh MOMCPSUHHI TEPEHIC BOIH,

3a0pyaHEHB 1 OcallKy B3AOBXK pycia, a TAKOXK HEpiBHOMIpHY epo3ito AHa 3a paxyHok cuiau Kopiomica B
(5), sixi BincytHs B 1D Mopensix.

[lonmanpie ocepeHEHHS PIBHSIHB PyXY PIIMHU i ra3y B atMocdepi, HOPUCTUX IPYHTAX, TIOBEPXHEBUX
1 miA3eMHUX BojoiMax, fae piBHaHHSA 0D Mopeneit mepeHocy pedyoBHH, y TOMY YHUCIi 3a0pyIHEHb, MK
KOMIIAPTMEHTAMH, B SKOCTI SKMX MOXYTh PO3TJISAATUCS OKPEMi PiuKH, MPY.IH, MiJ3eMHI pe3epByapH 3
Oynb-sKuM cTyreneM aertanizanii. Pisasanas 0D Momeneit MatoTh BUTIIS

dM
VWZWTWZEWJFKaWMa + KswMs = KywMyy s (12)
M,
VoZ,y T =E4 +KpaMy + KigMg — K g Mg, (13)
dM
ViZy == = g+ KigMy + KMy ~KigMs, (14)

Jie IHIeKCH W,a,S BIJHOCATHCS JO BOJU, MOBITPS 1 IPyHTY a00 BiIIOBIIHOI KOMIIOHEHTH (HAIIPUKIIA/,
MIEBHOTO 3a0pyAHIOBAYA B BOJII, TIOBITPi 1 IPYHTI BiAMOBiAHO; M mo3Hadae Macy, Z 1 V — eMHICTh 1 00’ eM
xomnaprMenty,  Kjj - koediuieHt nepexocy 3 kommaprmeHty i jo j, a koediuientu tunmy Kj;

BKITIOYAIOTh aKyMYIIAIiF0, PO3KIIAJIaHHA 1 XIMiUHI TIepEeTBOPEHHS B caMiii ¢asi.
B cyuacnux 0D mozensx E,y , ¢ BKJIIOYA€ BUKUIM 3a0pYHEHD JIO PIYKOBUX BOJL, aTMOChEpH Ta

Oe3nocepeIHbO IPYHTY (HAPUKIIAA, PEYOBHH 3 aBTOMOOUIBHUX BUKHIB); K, - armocdepHi onaau (10
BoxM), Kg, - €po3is IPyHTIB 1 monagaHHA TBEPAMX YACTHHOK 10 BomoiiM, K,,1 K, - monamaHHs
aepo30JbHAX YaCTHHOK 1 TBEpPIUX YACTHHOK (HampuKial, HeOe3lMeUHuX MiKpodacTHHOK Pig, P2s) 10
atMmoctepn, K ¢ - armocdepni onaau (1o rpyHTy), K\ - OCa[KEeHHS 3 BOIM O MPUIOHHHX BiIKIaCHb
1 IPYHTY HaBKOJIO pycJa.

3 YncenpHi po3paxyHkH i npo6aemMu Badiganii MaTeMaTHYHUX Mojeei

UwncenbHi po3paxyHk 3a 3D MozenssMu moTpeOyIoTh IeTATBHAX JaHUX T€OMETPil IIapiB pi3HUX THITIB
IPYHTIB i BOJAM, a TaKOXK Teo(i3MYHUX MapaMmeTpiB (TyCTHHH, B’S3KOCTIi, TEIUIOMPOBIIHOCTI PiAWH 3
pI3HUMH KOHIIGHTpAIliSIMA 3aBUCIMX PEUOBHH; TOPHCTOCTI, TNPOHHUKIWBOCTI 1 TepMOMeXaHiuHi
napamMeTpH IIapiB IPYHTIB), sIKi OOMPAIOTHCS 3 BIAMOBIIHMX JOBITHHMKIB 3a TUHNAMHU IPYHTY abo
(dhopMynamMu sl TYCTHH 1 B’si3KOcTel. Tak caMO BH3HAYarOThCS KOS(IIiEHTH TOTJIMHAHHS 1 BiOUTTS
Teria, BOJM 1 PEYOBUH TBEPJAMMH MOBEPXHIMH, POCIMHHUMHU MOKpoBaMu Tomio. Jonasanus no (14)
piBHSHb OayiaHCy Il POCIMHHOTO KOMITQPTMEHTY BKIIIOYA€ TMOTJIMHAHHS BOJW KOPEHSMH 1
BUIIApOBYBaHHS KpoHamH (TpaHcmipauis) 1o atmochepu (K, 1 Ky, Biamosiano). st 2D moneneit nani
Npo CKJIAJA IPYHTY HE TOTPiOHI, TUILKMA BIACTHUBOCTI TOBEPXHI 00JacTi, BKIIOYHO 3 TEOMETPIEO,
MOPHCTICTIO 1 MPOHUKIMBICTIO JHA BoJONM. J{st 1D Tex motpiOHi iHTerpasibHi JaHi, sSKi OMUCYIOThH
MOBEPXHEBUH CTIK 70 PiuKM BoIH 13 3a0pyaHioBadamu. 0D mozeni moTpeOyroTh iHTerpalbHUX 3HAYEHb
MOTOKIB MacH i TeII MK KOMIapTMEHTaMu atMocepH, IPYHTY, MPHJOHHUX OCaJIKiB, TOBEPXHEBHX 1
IPYHTOBHX BOJI. B OUIBII CKIIQJIHUX MOJIENSX BPaXOBYIOTHCS KiJIbKa KOMITAPTMEHTIB 3 OJIHAKOBOI (a3,
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Hanpukiaz, yncta (murHa) Boga Wy (drinking water), rexniuba Boga (Ul MPOMHICIOBOCTI, CiIbCEKOTO
rocriogapctea) W; (technical water), criuna (kanamizamiiina) Boma W, (waste water), oHoBieHa
(ounena) Boga W, (recycled water), Brpauena Boga W, (lost water), minzemni Wy i W, moBepxHeBi Bojiu.
Tomi xpim (12) maemo e cucteMy 3BUYaiHUX nudepeHmiaabHuX piBHIHD (3/1P)

aw, o dw,

dw daw,

d_tdz‘lpd(N)Jr‘]gd(N)J“]dr_‘]dl_de’ d—tW:JdW +Jtw —JIws —Jwg —Jwr-

dw, dw

d_,[t:th(N)+Jgt(N)+‘]tr_‘Jind(N)_Jagr(N)_‘]tl_JtWa Tr:‘]err‘]lr_‘]rt_‘]rda

dw,

d—t|=\]d|+\]t|—\]|s—\]|g—\]|r, MW :Wp+Wg_Wd_Wt_WW+WI’_W|’
(15)

ne J©, J7 - npuTik i BinTiK Kpi3h rpaHuIi o6macTi, Jij - MOTIK Bift KoMmapT™eHTy i 10 j, pynkuii Jjj(N)

- CTAaTUCTHYHI 3aJI€KHOCTI MIXK BIAIOBIIHUMHK 00’ €MaMH BOJIM 1 YUCEJIBbHICTIO HACEJIEHH, @ TAKOK THIIOM
MIPOMHCIIOBOCTI, CIIIbCHKOTO TOCTIOAAPCTBA TAHOTO PETiOHY.
s 3amukanns monenm (12)-(15) 3amaeTbest MOJIENb 3pOCTaHHS YMCEIBHOCTI HACSICHHS

dN
E:(kb—kd)N+m, (16)

ne Ky, Kq, m-koedimieHTH HApOHKYBaHOCTI, CMEPTHOCTI 1 Mirpartii, SIKi 3aJIe)aTh BiJl IHIAEKCIB IKOCTI
JKUTTSI, IKOCTI 1 TOCTYITHOCT1 BOZH, B TOMY YHCIIi.

B cucremi 3P (12)-(16) nesiki koedimieHTH 00yMOBIIEHI CyTO (Di3MYHUMH MPOIIECAMH IEPEHOCY
B npupozi (Ej, Kjj), Toai sk iHIi MoXyTh posrisnaTucs sk GyHKuii kepyBanHs (Jgr, Igi, Jgw Iy, Jy Ta

iH.). TakuM 9WHOM, 3MEHIIEHHS BTPAT 1 MiABHINEHHS SIKOCTI 1 MIBHAKOCTI OYHINEHHS 1 MOBTOPHOTO
BUKOPHUCTaHHS BOJIU MOXKYTh NPHUBECTH JO CTIHKUX MHUKIIYHUX po3B’s3kiB (12)-(16), mo Biamosigae
CTaJIOMy PO3BHHEHHIO crcTeMH (sustainable development) i pexximam camoounteHsst [1].

Hast Baminanii Mojierni moTpiOHI AaHi peryaspHUX BUMIPIOBaHb BMICTY 3a0pyAHEHb B MOBITPi, BOJAX 1
IPYHTaX, piBHEW TPYHTOBHUX 1 MOBEPXHEBUX BOJI, sIKi HAXaJIb HE HasIBHI B JIEIKUX KpaiHax [2-4].

S BucHoBKH

PiBeHb cyuyacHOT KOMIT'IOTEPHOI TEXHIKH JIO3BOJISIE IIPOBEACHHS 4YHCEIbHUX PO3PaxyHKiB Ha
peranbHuX 3D Mozensix Maco- 1 TEIIO IMEPEeHOCYy BOJHUX EKOCHUCTEM, WLI0 NOTpedye MacuBy
rigponoriyamx i reodiznyaux ganux. 1D | 0D mozeni 103BONSAIOTE MPOBOJUTH CIIPOIIEHI 00YMCICHHS
IHTErpallbHUX TapameTpiB (MEHEXKMEHT BOJHHX CCUTEM, MEPEHIC 1 HAKOMWYEeHHS 3a0pyAHEHb), IO
BUMarae JaHUX MOHITOPUHTY Psily apaMeTpiB y BUIJIsAA1 yacoBUX psaAiB. HaBenenunit neranbHuUX aHami3
PI3HUX THIIB MaTEMaTUYHUX MOJENeH 1 X mporpaMHuX peaizaiii.
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Modelling of information flows in the Software Carpentry environment

Introduction. The level and speed of development of modern information technologies, the aspiration of modern society to
informational unification necessitate the creation and implementation of a new model of the educational and scientific
community interaction to ensure free, operational and effective access to the information resources being required for the purpose
of implementing innovative means of studying and utilizing information processing tools.

Key goals. The educational and scientific community is looking for new approaches that can ensure the necessary level of
education efficiency under the condition of severe limitations of resources, where time is the first of them. Therefore, an urgent
problem today is the formulation of the principles of construction, modelling, and systematization of the properties of the
information environment as an interactive educational and scientific platform. In this work we consider the problem using the
Software Carpentry as an example.

Methods and Materials. To solve the formulated problem, we have conducted an analysis of the paradigms of informational
educational environments, classifying the most widespread and available in the Ukrainian educational and research community
such as Coursera, edX, Prometheus, Udemy. Another interesting direction to consider is the so-called microlearning. At the same
time, the use of the above types of educational online resources for the purposes of organizing and conducting scientific research,
as well as selecting and implementing new tools for processing information about objects of scientific research is difficult or
impossible.

Results. The ideology of Software Carpentry is considered as one of the most successful implementations in this direction. The
authors are participating in the project implemented by University of St. Andrews (Scotland) on translation the «Python
programming language» course from English to Ukrainian as volunteers.

Conclusion. We propose generalized set-theoretical model of such an information environment for educational and research
community interaction.
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How to quote: M. Novozhylova, O. Chub, “Modelling of information flows in the Software Carpentry
environment.” Bulletin of V.N. Karazin Kharkiv National University, series “Mathematical modelling.
Information technology. Automated control systems, vol. 54, pp.51-58, 2022. https://doi.org/10.26565/2304-6201-
2022-54-06

MopaemoBanns ingopmaniinux noTokis y cepexosuiti Software Carpentry

Yy6 Oubra IropiBua Kanouoam eKoOHOMIYHUX HAYK, Ooyenm Kagheopu meopemudnoi ma
NPUKIAOHOT CUCTEMOMEXHIKU
Xapxiecokuil nayionanvuuil ynieepcumem imeni B.H. Kapasina; matioan
Ce0600u, 6, m. Xapxkis, Ykpaina, 61022

Hoso:xnnosa Mapuna 00KmMOp PizuKo-mamemamuyHux Hayx, npogecop, 3agioysay Kageopu
BosogumupiBaa KOMN IOMePHUX HAYK ma iHOPpMAYIUHUX MEeXHON02il
Xapxigcokuil HAYIOHATBHUL YHIGEPCUMEmM MICbKO20 20CNO0apCmed IMeHI
O.M. Bexemosa, syn. Mapwana basicanosa, 17, m. Xapkis, Yxpaina, 61002

AxrtyanabHicTb. CydacHui piBeHb 1 MIBHUAKICTH PO3BUTKY iH(OpPMAIIMHUX TEXHOJOTIH, NparHeHHs CyCIIbCTBA 0
iHpopMariitHoi yHidikanii 3yMOBIIOIOTh HEOOXIHICT CTBOPEHHs Ta BIPOBA/KCHHS HOBOI MOJeJi B3a€MOJii OCBITHBOI Ta
HayKOBOI CIIUTBHOTH U151 3a0€3MeUeHHs BUIBHOTO, OTIEPAaTHBHOTO Ta €()eKTUBHOTO TOCTYIY A0 iHPOpPMALIfHIX pecypciB.

Merta. OCBiTHS Ta HayKOBa CIILIBHOTH IIYKArOTh HOBI MiIXOIH, SIKI MOXYTh 3a0e3MeUNTH HEeoOXiqHUI piBeHb epeKTHBHOCTI
HABYaHHA B YMOBaX JKOPCTKOI OOMEKEHOCTI pecypciB, Jie Ha MepuioMy Micli CToiTh 4ac. TOMy aKTyalbHOK MpoOIeMOro
CBOTOICHHS € (POpMYITIOBaHHS TPHHIUINB MMOOYJOBH, MOJETIOBAHHS Ta CHUCTEMATH3allii BIACTUBOCTEH i1H(OPMAIIHHOTO
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CepeIoBHIIA SIK IHTePaKTHBHOI HaBYaNbHO-HAYKOBOI mtaTdopmu. Y naHiit poOGOTi po3risiiaeTbest po3B’si3aHHs Hiel npobimemu
Ha mpukiani Software Carpentry.

MeTtoau mocitixKkeHHs. ABTOPH BUKOPUCTOBYIOTh TaKi METOAM IOCII/DKCHHS — CUCTEMHHH aHali3, TEOPETHKO-MHOXUHHUH
aHayi3, OaraTokpuTepiagbHa ONTHMI3alis, METOOH OOpOOKH ekcrepTHOoi iHdopmalii. 11 po3B’sa3aHHS MOCTaBICHOI 3amadi
MPOBEICHUI aHaji3 mapaaurM iHGopMaliiHUX OCBITHIX CEpeOBHI Ta KIacH]ikalis JOCTYIHHUX Ta HaHOLIbII MOUTMPEHUX B
YKpaiHCHbKOMY OCBITHBOMY Ta jaociigHuibkoMy cepenosuiii: Coursera, edX, Prometheus, Udemy. Ille omnuM IikaBuM
HaINpsIMKOM € TaK 3BaHe MiKpOHaBYaHHs. BoHOYac BUKOpHCTaHHS BUILE3a3HAYCHUX TUIIIB OCBITHIX OHJIAHH-pecypciB s el
opranizalii Ta HpPOBEAEHHS HAYKOBHX MOCITIPKEHb, a TaKOX BifOOpPY Ta BIIPOBA/KCHHS HOBHX IHCTPYMEHTIB OOpOOKH
iH(popMarii Mpo 00’ €KTH HAYKOBUX JOCIIUKEHb € YCKIIQJHEHUM a00 HEMOKIINBHM.

PesyasTaTin. OnHicro 3 HAHOLTBII BAANKX peanizamiil B I[boMy HalpsIMKY BBaXKaeThcs igeoinoris Software Carpentry. ABropn
Ha BOJIOHTEPCHKHUX 3acajgax 0epyTb ydacTh y HPOEKTI, akuii peanisye YHiBepcuter Cent-Ennproc (Illotnannis) 3 nepexnany
Kypcy «MoBa nporpamysanHs Python 3 aHrTiiCbKOT MOBH Ha YKPaiHCBHKY.

BucHOBKH. 3alIpONIOHOBAHO y3arajbHEHY TEOPETHKO-MHOXKHHHY MOJETb TaKoro iH(pOpMAIifiHOro cepenoBHINa B3aeMOii
OCBITHBOI Ta HAYKOBO{ CIITBHOTH.

Knrwowuoei cnosa: mooenrosanns, OHAAUH-HABYAHHA, BIOKPUMA HAVKA, eeKMUBHICMb 0C8IMU, pecypcHe 3a0e3neyenHs.
Sk muryBat: HoBoxmiosa M.B., Uy6 O.1. MoaeoroBanHs iHhopManiiiHuX MOTOKIB y cepenosumii Software
Carpentry. Bicnux Xapkiscvkoeo Hayionansrnoeo yHisepcumemy imeni B.H.Kapasina, cep. «Mamemamuune

mooeniosanns. Ingopmayitini mexnonoeii. Aemomamuzosani cucmemu ynpaeuinusy. 2022, 1. 54. C.51-58.
https://doi.org/10.26565/2304-6201-2022-54-06

1 Introduction

The level and speed of development of modern information technologies, the aspiration of modern
society to informational unification necessitate the creation and implementation of a new model of the
educational and scientific community interaction to ensure free, operational and effective access to the
information resources being required for the purpose of implementing innovative means of studying and
utilizing information processing tools. That applies not only to non-formal education, or the
implementation of the lifelong learning — LLL concept [1], so-called continuous education. In the last
three years, when the whole world was fighting the Coronavirus Disease 2019 (COVID-19) [2], and the
war in Ukraine has started — the way of life of Ukrainians, the way of communication, thinking, and
vision of the future have changed. Pandemic and war present drastic challenges to the education system
including technical, cognitive, managerial, and behavioral ones. Under such external conditions, classical
methods of teaching and scientific research cannot be fully implemented, thus the educational and
scientific community is looking for new approaches that can ensure the necessary level of education
efficiency under the condition of severe limitations of resources, where time is the first of them.

2 Statement of the problem

Taking into account constantly increasing attention to such field of human activities as an on-line
learning, namely online IT education in recent years there have been a number of scientific publications
devoted to modeling and optimization issues. The following studies can be highlighted.

In paper [10] a thorough empirical comparative analysis of the quality of online learning and a
comparison between face-to-face and online learning on a statistical sample of Polish medical school
students is provided. It has been discovered that there is no statistical difference between face-to-face and
online learning in terms of opinions on the ability of the learning method to increase knowledge (P = .46).
E-learning was rated as enjoyable by 73% of respondents.

In the study [11] the set of 729 Massive Open Online Courses (MOOCs) on Coursera has been
examined by using such a modelling algorithm as Latent Dirichlet allocation (LDA). This research
proposes some useful conclusions concerning two major themes such as MOOC delivery and subject
matter.

The research [12] proposes comprehensive review of the 29 to analyze and describe the adaptation
process from face-to-face to online education and the perceptions of faculty and students during the
pandemic. The study has been developed following the methodology supported by the PRISMA statement
and the PICoS strategy, retrieving scientific literature from Web of Science, Scopus, ERIC
and PsycINFO.

Study [13] is devoted to studying the impact of online degree programs on students' educational
investment decisions and career goals. Based on a human capital theory, and using data from a 2017
survey of students enrolled in an online master's degree program in computer science at a highly ranked
US university, this study explores how motivation for seeking an online graduate degree in computer
science varies by student demographics and professional background/preparation.
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The problem of designing relational coordination system for coordination and integration of processes
of online education into classic university education system by using structural equation modelling (SEM)
technique has been considered in [14].

The study [15] examines phenomena of digitalization of education how it drives teachers to adjust
their teaching methods. The latent profile and qualitative analyses have revealed different clusters of
teacher responses, from strong resistance to online teaching to transformation of teaching practices.

The main result of the study [16] is that it is statistically proven on the basis of a large number of
personal characteristics, that additional e-learning practice leads to better grades in university exams.

An analysis of these and other publications shows that the vast majority of studies consider the
conceptual and applied issues of supporting formal school and university education by means of online
learning, while for the field of Computer Sciences and Information Technologies it is no less important
to study the issues of optimizing the process of retraining and obtaining additional knowledge for research
and practical activities in different areas.

2 Objectives

Therefore, today an urgent problem is formulating principles of construction, modelling, and
systematization of the properties of the information non-formal learning environment as an interactive
educational and scientific platform that allows decision makers to use their extremely limited resources
effectively and to acquire the necessary amount of knowledge suitable for direct practical usage.

In this work we consider the problem using the Software Carpentry as an example [3].

3 Results

To solve the formulated problem, we have conducted system analysis of the paradigms of the
following informational educational environments, which are the most widespread and available in the
Ukrainian educational and research community: Coursera [4], edX [5], Prometheus [6], Udemy [7].

Coursera was launched in 2012 with a mission to provide universal access to world-class learning. It
is now one of the largest online learning platforms in the world, with 113 million registered learners as
of September 30, 2022. Coursera partners with over 275 leading university and industry associates to
offer a broad range of content and credentials, including guided projects, courses, specializations,
certificates, as well as bachelor’s and master’s degrees. Institutions around the world use Coursera to
upskill and reskill their employees, citizens, and students in many high-demand areas, including data
science, technology, and business.

edX is an American massive open online course provider created by Harvard and Massachusetts
Institute of Technology. It hosts online university-level courses in a wide range of disciplines to a
worldwide student body, including some courses at no charge. It also conducts research into learning
based on how people use its platform. edX runs on the free Open edX open-source software platform. 2U
is the parent company, with edX operating as its global online learning platform and primary brand for
products and services. edX has 3600+ courses, 42 million users and 160+ partners.

Prometheus is the leading online education platform in Ukraine with over 700 000 online registered
students and over 90 online courses. The company is working in close cooperation with top Ukrainian
universities, prominent professors, international organization, and government.

Prometheus obtained a license for Ukrainian translation and dubbing of massive open online courses
for the teachers by the Massachusetts Institute of Technology, Columbia Teachers College, and
Queensland Universities. The certificate of completion is officially recognized by the Ministry of
Education as an official teachers’ training.

Udemy Inc. is a global destination for teaching and learning online. It was founded in May 2010 by
Eren Bali, Gagan Biyani, and Oktay Caglar. As of July 2022, the platform has more than 54 million
students, 204,000 courses, and 71,000 instructors teaching courses in over 75 languages. There have been
over 741 million course enrolments.

Students take courses primarily to improve job-related skills. Some courses generate credits toward
technical certification. Udemy has made a special effort to attract corporate trainers seeking to create
coursework for employees of their company.

These are large repositories of well-prepared popular training courses that have a meaningful content,
are designed for several weeks and even months of training, support the classic distance learning
paradigm and generally require significant resources from the user in order to master them.
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Another interesting direction is the so-called microlearning [8]. Today, the traditional distance
learning format, according to the multiple scientists’ estimates, is losing its effectiveness. The
development of a learning paradigm, which allows dynamically updating various, short-term training
courses, is attracting considerable attention.

At the same time, using the listed types of educational online resources for the purposes of organizing
and conducting scientific research, as well as selecting and implementing new tools for processing
information about objects of scientific research is difficult or impossible.

The ideology of Software Carpentry can be considered as one of the most successful implementations
in this direction. Software Carpentry is a platform that teaches «basic laboratory skills for research
computing» [3]. The mission of this project is to unite specialists in nature protection, geographers,
ecologists, zoologists and other scientists. The courses of Software Carpentry are master classes that teach
how to manipulate data and information and analyze it in an effective, reproducible and collaborative
way. Software Carpentry teaches how to use complex modern information technologies (R, RStudio and
GitHub), analyze scenarios, create convincing visualizations and learn joint work processes, without
requiring previous experience.

Software Carpentry Foundation is a volunteer non-profit organization dedicated to teaching
researchers basic computing skills.

Since 1998, Software Carpentry teaches researchers to create purpose-built tools, whether it be a Unix
shell script to automate repetitive tasks or software code in programming languages such as Python, R,
or MATLAB. These enable researchers to build programs that can be read, re-used and validated, greatly
enhancing the sharing and reproducibility of their research.

All Carpentry workshops are hands-on two-day training events during which the attendees gain
practical skills and understanding how particular software development tools and methodologies can
benefit their own work. The core curriculum taught at Software Carpentry workshops typically includes:

1. automating tasks using the Unix shell;

2. structured programming in Python or R;

3. version control using Git or Mercurial.

The list is not exhaustive — all training materials are freely available under the Creative Commons —
Attribution License from the Software Carpentry's lesson repository. Materials can be reused in any way
you wish, without asking for special permission, provided that the original source is cited.

It should be noted that the authors have their own successful experience of learning and cooperating
with this platform. The authors are participating in the project implemented by University of St. Andrews
(Scotland) on translation the «Python programming language» course from English to Ukrainian as
volunteers. At the time this work being published, 80% of the course has already been translated (Fig.1).
After its completion, all stakeholders will have access to educational materials.

python-novice-gapminder

python-novice-gapminder

7 Languages

Spanish 100% [ D
Ukrainian 80% ——
Italian 52% —>

German 0%

Japanese 0%

Portuguese 0%

French 0%

Fig. 1 General course translation statistics
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As a generalized model of such an information environment for such a non-formal educational and
research community interaction we can consider a system (1):

S=(<M,R> P)=(C, P), (1)

where M —is a set of elements of the information environment, R — is a set of interlinks between elements
from M, P —is a set of system S efficiency criteria, C — is a structure of the system S, so R — may be
considered as tools of ordering elements of the set M into the structure C.

Each of the components of the system S has a hierarchical nature. Thus, a discrete set M of elements
is a set of known online learning platforms {Mj, ..., Mn}, from leading universities and companies, each
i-th of them contains the set of various courses {M,, , ..., My, }, each one M, of which, in turn, has a
modular structure

Ln
M= {M3y s My 10 = Lo, Ny g = 1,2, 0, Ko, )

For every online learning platform M, the discrete set P, of its properties may be presented as some
type of a tuple:

Pn = {Tn, Vn, Fn, {Lnly an}; {Inly |n2}, Dn, Ren, Osn}a n =1’ 2""’ N1 (3)

where:

- Tn—isatraining time;

- Vp—is an amount of acquired knowledge;

- Fn—is apossibility of further self-study;

- Ln—is alevel of presentation:
- Ln1—is an adequacy in terms of important concepts;
- Ln2—is a possibility of direct application for the purposes of scientific research;
- Lnz—is a viability of practical tasks.

- I, —is an appearance of course:
- lna—is a factor of interactivity;
- In2—is an ease of perception;

- Dn—is adegree of openness (open source) of resources;

- Ren—is a possibility of refactoring;

- OS, - feature of supporting open science paradigm [9].

Note that the system has a hierarchical structure, and at the upper level of the hierarchy for n=1, 2, ...,
N, the elements of the system S are weakly connected, that is, we can assume that the system S at that
level is disconnected, while at the lower levels of the hierarchy for each set S,, the set R, of interlinks
forms a rigid structure C,.

Some of properties (3) are inherent in the entire system S (Sy) as a whole, some are characteristics of
the elements {My, , Ry, }.

Obviously, the system S (1) is an essentially dynamic one, that is, the states of all elements of the
system S are functions of time t. However, in this study, we assume that the time interval At where the
system state stays unchanging satisfies the condition At > T, so we will assume that all elements M, R, P
of the system S during training time T are constant.

The quantitative definition of properties P, allows forming a set of partial efficiency criteria of the
kind:

{an, QZn,---,QlOn}, (4)

a scale of measurement of which in the general case must be established on the basis of expert knowledge
processing. These partial criteria form a general criterion — the quality of education Q — in the world that
is constantly changing.
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The concept of quality of education has been considered in many scientific publications. Moreover,
17 Sustainable Development Goals (commonly known as the Global Goals) were formulated in 2015,
where the fourth goal is to improve the quality of education.

According to [17] quality education specifically entails issues such as development of appropriate
skills, gender parity, provision of relevant school infrastructure, equipment, educational materials and
resources, scholarships, or teaching force.

Considering this generally accepted definition, the quality of education is primarily a characteristic of
the equipment and accessibility of an education process and education system.

However, in this paper we consider another aspect of the quality of education, namely the degree of
compliance of the goals and results of education with the requirements Qe Of practical activity in the IT
sphere.

Thus, the problem of defining appropriate information learning environment is a multicriteria and
multidimensional one:

(n*, k™) = argmin x( Qrear, QSn)' (5)

Sny

where 1(Qrea, Qs,) — defines some kind of metrics as proximity measure for this pair of vector

criteria (Qrear 0s,)-

Thus, the quality of education Q is a generalized property of the system of non-formal education S to
offer a set of skills and competencies that allow decision makers to find themselves in the labor market
in IT field for an acceptable time 7, t < T.

For a formal representation of such a property, it is necessary to define the vector Q,.;, which defines
the definite point (usually such a point is called a pole) in multidimensional space of knowledge, skills
and competencies required in practice.

That vector can be designed on the basis of an analysis of labor market requirements and measured by
analyzing a number of widely known Internet resources such as Robota.UA (https://rabota.ua/ua),
UA.Jooble.org  (https://ua.jooble.org/)  Novarobota.UA  (https://novarobota.ua/),  Freelance.ua
(https://freelance.ua/), LinkedIn (https://gb.linkedin.com/), Indeed (https://indeed.com/), Glassdoor
(https://glassdoor.com/) etc. Generally, to consider those resources we need to determine the weighting
factors, which characterize their importance and reliability.

4 Conclusions

The tuple of criteria (4) considered above, can be applied in three different ways.

First, the criteria (4) can be classified as those that is important to evaluate the amount of necessary
knowledge to solve a specific practical problem in the short term, for example, under estimating what
amount of knowledge is necessary to perform data analysis in MS Excel.

Second, the subject of the assessment can be a certain volume of knowledge, which is the base for
further growth. For example, a course on paradigms of object-oriented programming.

Currently, courses that have a dual nature are being rapidly developed. The main idea of such
education and scientific direction lies in studying certain set of tools, for example, a programming
language or tools to perform data analysis in order to solve practical problems from a definite subject
area, so that criterion Lns , viability of practical tasks, is implemented and generates an immediate
synergistic effect. The design of the Carpentry information environment is based on this principle.

Moreover, another important Carpentry principle is «Docendo discimus» (by teaching, we learn) that
is formulated by Lucius Annaeus Seneca. Following this principle, Carpentry supports and brings
together wide community of practitioners and scientists, for example, proposing to translate education
courses on different languages.

As directions for the further research, we are planning to build a description of the set of criteria in an
explicit form and develop a decision support system for choosing an information learning environment.

JIITEPATYPA

1. A Memorandum on Lifelong Learning. Commission of the European Communities. 2000.
URL.: https://arhiv.acs.si/dokumenti/Memorandum_on_Lifelong_Learning.pdf  (last  accessed:
20.01.2023).



https://rabota.ua/ua
https://ua.jooble.org/
https://freelance.ua/
https://gb.linkedin.com/
https://indeed.com/
https://glassdoor.com/
https://arhiv.acs.si/dokumenti/Memorandum_on_Lifelong_Learning.pdf

BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTtematuuHe MogentoBaHHS. IHpopmaLiiHi TexHonorii. ABTOMaTM30BaHi CUCTEMMW ynpaBniHHSY, Bunyck 54,2022 57

10.

11.

12.

13.

14.

15.

16.

17.

Yao Y., Wang P., JunJiang Y., Li Q., Li Y. Innovative online learning strategies for the successful
construction of student self-awareness during the COVID-19 pandemic: Merging TAM with TPB.
Journal of Innovation & Knowledge. 2022. Vol. 7. Issue 4. URL: Innovative online learning
strateqgies for the successful construction of student self-awareness during the COVID-19 pandemic:
Merging TAM with TPB | Elsevier Enhanced Reader (last accessed: 20.01.2023).

Software Carpentry. Software Carpentry. URL: https://software-carpentry.org/ (last accessed:
20.01.2023).

Coursera | Degrees, Certificates, & Free Online Courses. Coursera. URL.: https://www.coursera.org/
(last accessed: 20.01.2023).

edX | Free Online Courses by Harvard, MIT, & more. edX. URL: https://www.edx.org/ (last
accessed: 20.01.2023).

Prometheus — Ommaiin-kypcu Vipainu. Prometheus. URL: https://prometheus.org.ua/ (mata
3BepHenHs 20.01.2023).

Udemy | Online Courses. Udemy. URL.: https://www.udemy.com/ (Last accessed: 20.01.2023).
Kwmait O.B., Uenrypna JI.B. [lepeBarn mikpoHaB4aHHS B cydacHuUX ymMoBax online-ocBitu. Cyyacha
MO00b 6 ceimi iHgopmayitinux mexrnonoeit . Marepianu Il Beeykp. Hayk.-nipakT. iHTepHET-KOH(.,
M. XepcoH, 14 tpaBas 2021 p., / XepcoHc. nepx. arpapHO-eKOHOM. YH-T, XepcoH, 2021. — C. 115-
116. URL: 36ipka xondbepeniii CMCIT-2021.pdf (ksau.kherson.ua) (mara 3sepuenns 20.01.2023).
Open innovation, Open Science, open to the world. A vision for Europe. European Commission.
URL: Open innovation, open science, open to the world | Shaping Europe’s digital future (europa.eu)
(last accessed: 20.01.2023).

Cui Y., Ma Z,, Wang L., Yanga A, Liu Q., Kong S., Wang H. A survey on big data-enabled
innovative online education systems during the COVID-19 pandemic. Journal of Innovation &
Knowledge. 2023. Vol. 8. Issue 1. URL: A survey on big data-enabled innovative online education
systems during the COVID-19 pandemic | Elsevier Enhanced Reader (last accessed: 20.01.2023).
Wei X., Taecharungroj V. How to improve learning experience in MOOCs an analysis of online
reviews of business courses on Coursera. The International Journal of Management Education.
2022. Vol. 20. Issue 3. URL: How to improve learning experience in MOOCs an analysis of online
reviews of business courses on Coursera | Elsevier Enhanced Reader (last accessed: 20.01.2023).
Fernandez-Batanero J.M., Montenegro-Rueda M., Tadeu P. Online education in higher education:
emerging solutions in crisis times. Heliyon. 2022. Vol. 20. Issue 3. URL: Online education in higher
education: emerging solutions in crisis times | Elsevier Enhanced Reader (last accessed: 20.01.2023).
Ruthotto I., Kreth Q., Melkers J. Entering or advancing in the IT labor market: The role of an online
graduate degree in computer science. The Internet and Higher Education. 2021. Vol. 51.
URL: Entering or advancing in the IT labor market: The role of an online graduate degree in
computer science | Elsevier Enhanced Reader (last accessed: 20.01.2023).

Sanchez M., De-Pablos-Heredero C., Medina-Merodio J., Robina-Ramirez R., Fernandez-Sanz R.
Relationships among relational coordination dimensions: Impact on the quality of education online
with a structural equations model. Technological Forecasting and Social Change. 2021. Vol. 166.
URL: Relationships among relational coordination dimensions: Impact on the quality of education
online with a structural equations model | Elsevier Enhanced Reader (last accessed: 20.01.2023).
Damsa C., Langford M., Uehara D., Scherer R. Teachers’ agency and online education in times of
crisis. Computers in Human Behavior. 2021. Vol. 121. URL: Teachers’ agency and online education
in times of crisis | Elsevier Enhanced Reader (last accessed: 20.01.2023).

Schwerter J., Dimpfl T., Bleher J., Murayama K. Benefits of additional online practice opportunities
in higher education. The Internet and Higher Education. 2022. VVol. 53. URL: Benefits of additional
online practice opportunities in higher education | Elsevier Enhanced Reader (last accessed:
20.01.2023).

Quality of education. Inspiring Inquiry. URL.: https://www.inspiringinquiry.com/sustainable-
goals/4-quality-education (last accessed: 20.01.2023).

REFERENCES

A Memorandum on Lifelong Learning. Commission of the European Communities. 2000.
URL.: https://arhiv.acs.si/dokumenti/Memorandum_on_Lifelong_Learning.pdf (last accessed:
20.01.2023).



https://reader.elsevier.com/reader/sd/pii/S2444569X22000889?token=D3E896C99417EC7B17842D30BD5EBFB7570A7A794810F6DAC6F4009C3631E10A43F87462A675C5BB3C9EA4F6E368A6E2&originRegion=eu-west-1&originCreation=20230116231124
https://reader.elsevier.com/reader/sd/pii/S2444569X22000889?token=D3E896C99417EC7B17842D30BD5EBFB7570A7A794810F6DAC6F4009C3631E10A43F87462A675C5BB3C9EA4F6E368A6E2&originRegion=eu-west-1&originCreation=20230116231124
https://reader.elsevier.com/reader/sd/pii/S2444569X22000889?token=D3E896C99417EC7B17842D30BD5EBFB7570A7A794810F6DAC6F4009C3631E10A43F87462A675C5BB3C9EA4F6E368A6E2&originRegion=eu-west-1&originCreation=20230116231124
https://software-carpentry.org/
https://www.coursera.org/
https://www.edx.org/
https://prometheus.org.ua/
https://www.udemy.com/
http://ksau.kherson.ua/files/konferencii/20210514/%D0%97%D0%B1%D1%96%D1%80%D0%BA%D0%B0%20%D0%BA%D0%BE%D0%BD%D1%84%D0%B5%D1%80%D0%B5%D0%BD%D1%86%D1%96%D1%97%20%D0%A1%D0%9C%D0%A1%D0%86%D0%A2-2021.pdf
https://digital-strategy.ec.europa.eu/en/library/open-innovation-open-science-open-world
https://reader.elsevier.com/reader/sd/pii/S2444569X22001305?token=E0085F87835F41DFFC695C147FBB65184252461185987002D6A73AFF77752EC45105F9C00246BB0F5E60F067DFE15447&originRegion=eu-west-1&originCreation=20230116163745
https://reader.elsevier.com/reader/sd/pii/S2444569X22001305?token=E0085F87835F41DFFC695C147FBB65184252461185987002D6A73AFF77752EC45105F9C00246BB0F5E60F067DFE15447&originRegion=eu-west-1&originCreation=20230116163745
https://reader.elsevier.com/reader/sd/pii/S1472811722000775?token=6589EC2FD9EFBB621A0DBA45151CADD4D2750EB47115BE9079CC914E187E61100161CCDFFFB8D22CAD2881D1F92AD41F&originRegion=eu-west-1&originCreation=20230117003802
https://reader.elsevier.com/reader/sd/pii/S1472811722000775?token=6589EC2FD9EFBB621A0DBA45151CADD4D2750EB47115BE9079CC914E187E61100161CCDFFFB8D22CAD2881D1F92AD41F&originRegion=eu-west-1&originCreation=20230117003802
https://reader.elsevier.com/reader/sd/pii/S240584402201427X?token=05D5EB1D94904CC63048860728AFB2EC8DA5B36447BE5860D8271E61CC097B8DC17491728F86B6D18E7A744FD1CDFA98&originRegion=eu-west-1&originCreation=20230117004739
https://reader.elsevier.com/reader/sd/pii/S240584402201427X?token=05D5EB1D94904CC63048860728AFB2EC8DA5B36447BE5860D8271E61CC097B8DC17491728F86B6D18E7A744FD1CDFA98&originRegion=eu-west-1&originCreation=20230117004739
https://reader.elsevier.com/reader/sd/pii/S1096751621000294?token=6B6D7C4A0E77957C9A4CDE7A6B4135C2113612EFF386DB0A6B1BD355881F1119A0E1D561DD349A18E86391CA90107A02&originRegion=eu-west-1&originCreation=20230117123645
https://reader.elsevier.com/reader/sd/pii/S1096751621000294?token=6B6D7C4A0E77957C9A4CDE7A6B4135C2113612EFF386DB0A6B1BD355881F1119A0E1D561DD349A18E86391CA90107A02&originRegion=eu-west-1&originCreation=20230117123645
https://reader.elsevier.com/reader/sd/pii/S0040162521000408?token=7FFEC9C1EE9E0C62FA96059E6369AD024DFFFE06FB2B3A6B5146D35D55CA81BC7870E99BD0D32B2E619E597BE1604F36&originRegion=eu-west-1&originCreation=20230117125013
https://reader.elsevier.com/reader/sd/pii/S0040162521000408?token=7FFEC9C1EE9E0C62FA96059E6369AD024DFFFE06FB2B3A6B5146D35D55CA81BC7870E99BD0D32B2E619E597BE1604F36&originRegion=eu-west-1&originCreation=20230117125013
https://reader.elsevier.com/reader/sd/pii/S0747563221001163?token=042BD7320EC911EDBC4A0FBCE178FC379050E1A027E1D9FBAC1A4A72DB7E9FAAD5375BCDB33E360FD2575EA23372DDBF&originRegion=eu-west-1&originCreation=20230117130215
https://reader.elsevier.com/reader/sd/pii/S0747563221001163?token=042BD7320EC911EDBC4A0FBCE178FC379050E1A027E1D9FBAC1A4A72DB7E9FAAD5375BCDB33E360FD2575EA23372DDBF&originRegion=eu-west-1&originCreation=20230117130215
https://www.sciencedirect.com/journal/the-internet-and-higher-education
https://reader.elsevier.com/reader/sd/pii/S1096751621000439?token=358C30CBEE4FC3C0DD71D45A3E149330B1BC6899D29784FD98892EDB8145B3C48E6DA3ABC38565075C3891DAFED9FEE2&originRegion=eu-west-1&originCreation=20230117131239
https://reader.elsevier.com/reader/sd/pii/S1096751621000439?token=358C30CBEE4FC3C0DD71D45A3E149330B1BC6899D29784FD98892EDB8145B3C48E6DA3ABC38565075C3891DAFED9FEE2&originRegion=eu-west-1&originCreation=20230117131239
file:///C:/Users/user/Downloads/Вестник_Текущее/ https:/www.inspiringinquiry.com/sustainable-goals/4-quality-education
file:///C:/Users/user/Downloads/Вестник_Текущее/ https:/www.inspiringinquiry.com/sustainable-goals/4-quality-education
https://arhiv.acs.si/dokumenti/Memorandum_on_Lifelong_Learning.pdf

58

Bulletin of V.N. Karazin Kharkiv National University
series «Mathematical modeling. Information technology. Automated control systems» issue 54, 2022

2.

10.

11.

12.

13.

14.

15.

16.

17.

Y. Yao, P. Wang, Y. Junliang, Q. Li, Y Li, “Innovative online learning strategies for the successful
construction of student self-awareness during the COVID-19 pandemic: Merging TAM with TPB”,
Journal of Innovation & Knowledge, vol.7, issue 4, 2022. URL: Innovative online learning strategies
for the successful construction of student self-awareness during the COVID-19 pandemic: Merging
TAM with TPB | Elsevier Enhanced Reader (last accessed: 20.01.2023).

Software Carpentry. Software Carpentry. URL: https://software-carpentry.org/ (last accessed:
20.01.2023).

Coursera | Degrees, Certificates, & Free Courses. Coursera. URL: https://www.coursera.org/ (last
accessed: 20.01.2023).

edX | Free Online Courses by Harvard, MIT, & more. edX. URL: https://www.edx.org/ (last
accessed: 20.01.2023).

Prometheus — Courses of Ukraine. Prometheus. [in Ukrainian]. URL: https://prometheus.org.ua/
(mara 3BepHenns 20.01.2023).

Udemy | Online Courses. Udemy. URL.: https://www.udemy.com/ (Last accessed: 20.01.2023).
O.V. Zhmai, L.V. Chepurna, “Advantages of microlearning in the modern conditions of online
education”, in Modern juveniles in the world of information technologies: Materials Il All-Ukr. sci.-
pract. internet-conf., Kherson, May 14, 2021. Kherson, 2021, pp. 115-116. [in Ukrainian].
URL.: 36ipka xoudepeniii CMCIT-2021.pdf (ksau.kherson.ua) (narta 3Bepuenns 20.01.2023).
Open innovation, Open Science, open to the world. A vision for Europe. European Commission.
URL.: Open innovation, open science, open to the world | Shaping Europe’s digital future (europa.eu)
(last accessed: 20.01.2023).

Y. Cui, Z. Ma, L. Wang, A. Yanga, Q. Liu, S. Kong, H. Wang, “A survey on big data-enabled
innovative online education systems during the COVID-19 pandemic”, Journal of Innovation &
Knowledge, vol. 8, issue 1, 2023. URL: A survey on big data-enabled innovative online education
systems during the COVID-19 pandemic | Elsevier Enhanced Reader (last accessed: 20.01.2023).
X. Wei, V. Taecharungroj, “How to improve learning experience in MOOCs an analysis of online
reviews of business courses on Coursera”, The International Journal of Management Education,
vol. 20, issue 3, 2022. URL: How to improve learning experience in MOOCs an analysis of online
reviews of business courses on Coursera | Elsevier Enhanced Reader (last accessed: 20.01.2023).
J.M. Fernandez-Batanero, M. Montenegro-Rueda, J. Fernandez-Cerero, P. Tadeu, “Online
education in higher education: emerging solutions in crisis times”, Heliyon, vol. 20, issue 3, 2022.
URL: Online education in higher education: emerging solutions in crisis times | Elsevier Enhanced
Reader (last accessed: 20.01.2023).

I. Ruthotto, Q. Kreth, J. Melkers, “Entering or advancing in the IT labor market: The role of an
online graduate degree in computer science”, The Internet and Higher Education, vol. 51, 2021.
URL: Entering or advancing in the IT labor market: The role of an online graduate degree in
computer science | Elsevier Enhanced Reader (last accessed: 20.01.2023).

M. Sanchez, C. De-Pablos-Heredero, J. Medina-Merodio, R. Robina-Ramirez, R. Fernandez-Sanz,
“Relationships among relational coordination dimensions: Impact on the quality of education online
with a structural equations model”, Technological Forecasting and Social Change, vol. 166, 2021.
URL.: Relationships among relational coordination dimensions: Impact on the quality of education
online with a structural equations model | Elsevier Enhanced Reader (last accessed: 20.01.2023).

C. Damsa, M. Langford, D. Uehara, R. Scherer, “Teachers’ agency and online education in times of
crisis”, Computers in Human Behavior, vol. 121, 2021. URL: Teachers’ agency and online education
in times of crisis | Elsevier Enhanced Reader (last accessed: 20.01.2023).

J. Schwerter, T. Dimpfl, J.Bleher, K.Murayama, “Benefits of additional online practice
opportunities in higher education”, The Internet and Higher Education, vol. 53, 2022. URL.: Benefits
of additional online practice opportunities in higher education | Elsevier Enhanced Reader (last
accessed: 20.01.2023).

Quality Education. Inspiring Inquiry. URL.: https://www.inspiringinguiry.com/sustainable-goals/4-
quality-education (last accessed: 20.01.2023).

Hagiiwna y nepwin pegakyii 30.01.2022, B octanHiit — 14.02.2022.


https://reader.elsevier.com/reader/sd/pii/S2444569X22000889?token=D3E896C99417EC7B17842D30BD5EBFB7570A7A794810F6DAC6F4009C3631E10A43F87462A675C5BB3C9EA4F6E368A6E2&originRegion=eu-west-1&originCreation=20230116231124
https://reader.elsevier.com/reader/sd/pii/S2444569X22000889?token=D3E896C99417EC7B17842D30BD5EBFB7570A7A794810F6DAC6F4009C3631E10A43F87462A675C5BB3C9EA4F6E368A6E2&originRegion=eu-west-1&originCreation=20230116231124
https://reader.elsevier.com/reader/sd/pii/S2444569X22000889?token=D3E896C99417EC7B17842D30BD5EBFB7570A7A794810F6DAC6F4009C3631E10A43F87462A675C5BB3C9EA4F6E368A6E2&originRegion=eu-west-1&originCreation=20230116231124
https://software-carpentry.org/
https://www.coursera.org/
https://www.edx.org/
https://prometheus.org.ua/
https://www.udemy.com/
http://ksau.kherson.ua/files/konferencii/20210514/%D0%97%D0%B1%D1%96%D1%80%D0%BA%D0%B0%20%D0%BA%D0%BE%D0%BD%D1%84%D0%B5%D1%80%D0%B5%D0%BD%D1%86%D1%96%D1%97%20%D0%A1%D0%9C%D0%A1%D0%86%D0%A2-2021.pdf
https://digital-strategy.ec.europa.eu/en/library/open-innovation-open-science-open-world
https://reader.elsevier.com/reader/sd/pii/S2444569X22001305?token=E0085F87835F41DFFC695C147FBB65184252461185987002D6A73AFF77752EC45105F9C00246BB0F5E60F067DFE15447&originRegion=eu-west-1&originCreation=20230116163745
https://reader.elsevier.com/reader/sd/pii/S2444569X22001305?token=E0085F87835F41DFFC695C147FBB65184252461185987002D6A73AFF77752EC45105F9C00246BB0F5E60F067DFE15447&originRegion=eu-west-1&originCreation=20230116163745
https://reader.elsevier.com/reader/sd/pii/S1472811722000775?token=6589EC2FD9EFBB621A0DBA45151CADD4D2750EB47115BE9079CC914E187E61100161CCDFFFB8D22CAD2881D1F92AD41F&originRegion=eu-west-1&originCreation=20230117003802
https://reader.elsevier.com/reader/sd/pii/S1472811722000775?token=6589EC2FD9EFBB621A0DBA45151CADD4D2750EB47115BE9079CC914E187E61100161CCDFFFB8D22CAD2881D1F92AD41F&originRegion=eu-west-1&originCreation=20230117003802
https://reader.elsevier.com/reader/sd/pii/S240584402201427X?token=05D5EB1D94904CC63048860728AFB2EC8DA5B36447BE5860D8271E61CC097B8DC17491728F86B6D18E7A744FD1CDFA98&originRegion=eu-west-1&originCreation=20230117004739
https://reader.elsevier.com/reader/sd/pii/S240584402201427X?token=05D5EB1D94904CC63048860728AFB2EC8DA5B36447BE5860D8271E61CC097B8DC17491728F86B6D18E7A744FD1CDFA98&originRegion=eu-west-1&originCreation=20230117004739
https://reader.elsevier.com/reader/sd/pii/S1096751621000294?token=6B6D7C4A0E77957C9A4CDE7A6B4135C2113612EFF386DB0A6B1BD355881F1119A0E1D561DD349A18E86391CA90107A02&originRegion=eu-west-1&originCreation=20230117123645
https://reader.elsevier.com/reader/sd/pii/S1096751621000294?token=6B6D7C4A0E77957C9A4CDE7A6B4135C2113612EFF386DB0A6B1BD355881F1119A0E1D561DD349A18E86391CA90107A02&originRegion=eu-west-1&originCreation=20230117123645
https://reader.elsevier.com/reader/sd/pii/S0040162521000408?token=7FFEC9C1EE9E0C62FA96059E6369AD024DFFFE06FB2B3A6B5146D35D55CA81BC7870E99BD0D32B2E619E597BE1604F36&originRegion=eu-west-1&originCreation=20230117125013
https://reader.elsevier.com/reader/sd/pii/S0040162521000408?token=7FFEC9C1EE9E0C62FA96059E6369AD024DFFFE06FB2B3A6B5146D35D55CA81BC7870E99BD0D32B2E619E597BE1604F36&originRegion=eu-west-1&originCreation=20230117125013
https://reader.elsevier.com/reader/sd/pii/S0747563221001163?token=042BD7320EC911EDBC4A0FBCE178FC379050E1A027E1D9FBAC1A4A72DB7E9FAAD5375BCDB33E360FD2575EA23372DDBF&originRegion=eu-west-1&originCreation=20230117130215
https://reader.elsevier.com/reader/sd/pii/S0747563221001163?token=042BD7320EC911EDBC4A0FBCE178FC379050E1A027E1D9FBAC1A4A72DB7E9FAAD5375BCDB33E360FD2575EA23372DDBF&originRegion=eu-west-1&originCreation=20230117130215
https://www.sciencedirect.com/journal/the-internet-and-higher-education
https://reader.elsevier.com/reader/sd/pii/S1096751621000439?token=358C30CBEE4FC3C0DD71D45A3E149330B1BC6899D29784FD98892EDB8145B3C48E6DA3ABC38565075C3891DAFED9FEE2&originRegion=eu-west-1&originCreation=20230117131239
https://reader.elsevier.com/reader/sd/pii/S1096751621000439?token=358C30CBEE4FC3C0DD71D45A3E149330B1BC6899D29784FD98892EDB8145B3C48E6DA3ABC38565075C3891DAFED9FEE2&originRegion=eu-west-1&originCreation=20230117131239
https://www.inspiringinquiry.com/sustainable-goals/4-quality-education
https://www.inspiringinquiry.com/sustainable-goals/4-quality-education

BICHUK XAPKIBCbKOIO HALUIOHAABHOIO YHIBEPCUTETY
imeHi B.H. KapasiHa

cepis «MartemaTuyHe mogentoBaHHs. IHhopmauiliHi TexHonorii.
ABTOMaTM30BaHi CUCTEMU YNPABMiHHA»

Bunycku damoi cepii po3noscrodscyiomecs y akademiyHux ma HAaykogux Koaax Yxpainu ma 3a ii
Mmedxcamu 3 Memoi ONepamusHO20 GUCBIMIEHHS O0O0CAIONCeHb Y MAKUX AKMYATbHUX —2aNY3sX:
Mamemamuyne ma KOMn'iomepHe Mooent08anHs, 00UUCTIOBATbHUL eKChepUMerm, meopis i nPpuKiaoHi
Memoou 0bpobku ingopmayii, 3axucm iHpopmayii, npoepamno-anapamui cucmemu iHgopmayiinozo
abo ynpaenanyoeo NpUHA4eHHs, 3ACMOCYBAHHS MAMEMAMUYHO20 MOOE08AHH Md CUCTEMHO20
amanizy y 6UCOKUX, HAYKOEMHUX WEXHON02IAX, B8paxo8ylouu MEXHON02ii CMEOPEHH NpPOZPAMHOL
npooykyii. Ilputimatomecsa pobomu, wo 8i0HOCAMbC 00 HANPAMIE DI3UKO-MAMEMAMUYHUX | MEXHIYHUX
Hayk (basicanuti 06’em 6-18 cmopinok). Yci pykonucu peyeH3yomucs.

Hpumimxa. Ilpomsicom 2023-24 pp. pedakyiiina xone2isi npu iHWUX PIGHUX YMOBAX HAOABAMUME
nepesazy pobomam, wo nPeoCmasieHi aneiiliCbKOw MOBOI0, AKUO CIAMM OMPUMANLA CXBATIeHHS NPU
PeYeH3y8aHHi.

Oqpiyitinuii caiim http://periodicals.karazin.ua/mia
http://mia.univer.kharkov.ua

Email: journal-mia@karazin.ua

Bulletin of V.N. Karazin Kharkiv National University

series «Mathematical modeling. Information technology. Automated control

systems»

This series are distributed in academic and scientific circles of Ukraine and abroad for the purpose
of timely coverage of research in the following topical areas: mathematical and computer modeling,
computational experiment, theory and applied methods of information processing, information
protection, software and hardware systems of control and information management, applications of
mathematical modeling and system analysis in high, science-intensive technologies, including
technologies of software products creation. Articles belonging to the fields of physical, mathematical and
technical sciences are accepted (recommended length 6-18 pages). All submissions are peer-reviewed.

Note. For the years 2023-24, all other conditions being equal, the Editorial Board will give
preference to articles submitted in English and approved by the peer-review.

Official website http://periodicals.karazin.ua/mia

http://mia.univer.kharkov.ua
Email: journal-mia@karazin.ua



http://mia.univer.kharkov.ua/
http://mia.univer.kharkov.ua/

Hayxkose suoanns

BicHuk XapKiBCbKOro HaiOHAJBHOI0 YHIBEPCUTETY
imeni B. H. Kapasina

Cepisa «MatemaTuune mojentoBanHs. [Hdopmarliiiini TeXHOJOTI].
ABTOMaTH30BaHI CHCTEMH yIIPABIIHHSI

Bunyck 54
36ipHux Haykosux npays

YKpalHChKOIO Ta aHTIIMCHKOI0 MOBaMH

Komm’rotepue Bepcranns O.0. AdanacbeBa

[Migmucano no apyky 27.06.2022 p.

®dopmat 60x84/8. Ilamip odeernuii. Hpyk mudposuii.
YM. apyk. apk. — 5,6.

O06n.— Bun. apk. — 7,07.

Haxman 50 ip.  3am. Ne 29/2022

be3komToBHO

Bunaseus i BurotosiroBau
XapkiBcbKHI HalllOHANBHUH yHiBepcuteT iMeHi B. H. Kapaszina
61022, m. Xapkis, maiinan CBooozu, 4
CigourBo cy0’exta BugaBHnuoi cripasu JK Ne3367 Bix 13.01.09

BunasaunTeo XapkiBchKuii HallioHasHMN yHiBepcuTeT iMeHi B. H. Kapa3zina
Tei.: 705-24-32



