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Kocosuw 1. T. MonemoBanns TporHo3yBaHHs MMOIMTUPEHH elijeMiil MeToia-
MU PYXOMUX KJITHHHUX aBTOMAaTIB Ta HABYAHHSM 3 ITJIKPiNIeHHaAM. — KBasidi-
KalliiffHa HayKoBa Ipalld Ha IpaBax PYKOITHICY.

Hucepraliisg Ha 3700yTTsd HAYKOBOI'O CTYIIeHs JOKTOpa (inocodil 3a crelri-
asibHicTIO 113 — "TIpukiajgna maremaruka’. — UepHiBelbKUil HAllIOHAJIBHUN YHi-
BepcuteT iMeni FOpia @enpkosuya, Yepwnisii, 2025.

JucepTaltist cKIaIaeThed i3 BCTYITY, YOTUPHOX PO3/ILIiB, BUCHOBKIB, CITUCKY
JITepaTypyu Ta TPHOX JOJATKIB. Y BCTYI OOIPYHTOBAHO aKTyaJbHICTh TEMATUKN
JIcepTaliiinol poboTH, IpoaHa/i30BaHO CYyYaCHUIl cTaH JOC/IIIXKEeHb JUHAMITHUX
MoJieJielt, 1110 OIUCYIOTh PUKJIaJIHI IIPOIEeCH J1/Is1 MOJIe/IIOBaHHS ellijieMiil Ta OCHOB-
HUX 3aCTOCYBaHb MaTEeMaTUIHOI'O MOJIE/IIOBaHHs B 0i0JI0TIl, €KOoJIOoril, iMyHOJIOT].
[Hmmit miaxia Ui MoJeIIoBaHHS IIPOIECIB B eIMiIeMioIoril — Ie iMiTalliiiHe Mojie-
JIIOBAHHA 3 BUKOPUCTAHHSIM MYJIbTHAT€HTHOTO MeToy. [lepeBaroro nporo mijgxomy
€ Te, 10 BPaXOBYIOThCA 1HJIMBIIyaJbHI BJIACTHBOCTI KOYKHOI'O O0’€KTY CKJIAIHOI
CUCTEMU, 1110 JI03BOJISIE eKCIIEPUMEHTYBATH 3 llapaMeTpaMu MOJesl Ta OTpUMaTH
PI3HI clieHapil PO3BUTKY IMO/I1il, PO3IMIUPIOIOYN Hallll YSBJIEHHs PO Te, 0 MOXKe
BiIOyTHCA B MaitOyTHboMy. Ha ocHoBi 11boTo anasizy oOrpyHTOBAHO aKTyaJbHICTh
TEMU JIOCJIJIZKEHHsI, chOPMYJIbOBAHO METY, 3aBJIaHH, IIPEJIMET, 00 €KT Ta METOJIN
JIOCJIIZKeHHSI, BKa3aHO HayKOBY HOBHU3HY, MPaKTHUHE 3HAYEHHs OTPUMAHUX pe-
3YJIbTATIB, 3B'sI30K POOOTH 3 HAYKOBUMHU TEMaMH. 3a3HAUYEHO OCOOMCTUI BHECOK
3/100yBava, a TAKOXK HaBEJIEHO JIaHl PO Te, Jie JOMOBIIa/INCh, 0OrOBOPIOBAJIICH Ta
OTTyOJIIKOBAHO OCHOBHI PE3yJIbTATU JTUCEPTAITIT.

[lepmnit po3/iiyi mpucBsgUennii anajizy OCHOBHUX HAYKOBHUX ITpallb 3a TeMa-
TUKOIO jucepTaliiinol poboru. Hacammepes HaBeieHO OCHOBHM MaTeMaTUIHUX MO-
Jiesieft ernijieMioJIOTTYHUX IIPOIeCiB OCKLIBKI MaTeMaTuyHe MOJIeJIIOBaHH € 10TY-
YKHUM 1HCTPYMEHTOM JIOCJIJIKEHHsI ITPOIeCy IOIIMPeHHs 1H(MEKIIHNHIX 3aXBOPIO-
BaHb. [IpoBejeHo icropuuny iepapxito maremaTudaux SIR Momesneii, BkazaHo X
nepeBaru Ta HeJIOJIKU.

Hagetena kytacudikariisg Ta OCHOBHI HAITPAMKHI CyYacHOTO PO3BUTKY KJIITHH-



HUX aBTOMATIB. PO3ryIsHyT0o pobOTH 110 3aCTOCYBaHHIO METO/TY KJIITHHHUX aBTOMa~
TIB JIO PI3HOMAHITHUX IIPOCTOPOBO PO3IMO/ILJIEHUX JUHAMIYHUX ITPOIECIB Ta CUCTEM,
10 MIJITBEP/ZKYE Oro THYyUYKICTh Ta 3PYUHICTh BUKOPUCTAHHS.

PosriisinyTo nomy/isipHi mporpaMHi 3aco0u, M0 BUKOPUCTOBYIOTHCS JIIs 1Mi-
TaIlTHONO MOJEIIOBAHHSI CKJIAIHIX CUCTEeM. 3/1iiiCHeHO aHaJ I3 HaliOl/IbII HIOIInpe-
HOI'O IIPOIPAMHOIO 3a0e3IeUYeHHsT JIJIs MOJEIOBaHHS eI1i1eMioJION IHIX MTPOIIECIB,
HaBeJeHO IPUKJIa/I OT0 BUKOPUCTAHHSI.

[IpoanasizoBano OCHOBHI TUIIN MAIMMHHOTO HABYAHHS Ta aJTOPUTMU, 10 3a-
CTOCOBYIOTDLCH JIJI¢ 1X peaJiizariii. Hase ieno orist HayKOBUX Mpallb B AKX METOJIN
MaITUHHOTO HABYaHHS 3aCTOCOBYIOTHCS JI0 JIArHOCTUKM 1 TMIPOrHO3YBAHHS 3aXBO-
pioarast COVID-19 ta 3HaxomKenHs: e(peKTUBHIX CTpaTeriii MiHiMizalil BILIUBY
naH ieMil Ha CyCIILJIbCTBO Ta €KOHOMIKY.

Y Apyromy posijii podboTu 34ificHeHO JTOC/IiIKEeHH s IIOIMNPEHHs eI1i1eMioJIo-
I'YHUX [POIECIB 3 BAKOPUCTAHHIM MaTeMaTUIHOI'O MOJETIOBAHHS Ta IMITAI[liHOTO
MO/IeJTIOBaHHS METOI0M KJITUHHUX aBTOMATIB.

CTBOpeHHsT MaTEeMaTHIHIX MOJIesIeil TOMUpeHHsT iH(EKIIii € BayKJINBUM eJie-
MEHTOM JIJIS JIOCJIJIZKEHH CKJIaTHOT JTMTHAMIKY TOMUPEHHS 3aXBOPIOBAHHA. Y ITij1-
posiii 2.1 nocrizkeno maremarnany SIR mozens (Susceptible-Infected—Recove-
red) Kepmaka—MakkeHipika B sIKiii TOMYJIAINO JLISTH HA TPU Pi3HI MPYIH: 310
pOBi 0COOMHM, IO MOXKYTh TiaxonuTu iHdekio (S); 3apakeni ocobuHm, 1o Te-
perocsaTh xBopoby (I), 1 Ti, XT0 ofy?KaB 1 mepecTaB pO3MOBCIOIZKYBATH XBOPOOY
(R). ¥ maiinpocrimux SIR Momesisix 3/iiCHIOIOTBCsT 6a30Bi TPUITYIIEHHST, HATIDY-
KJIaJT, 110 KOYKEH Ma€ OJTHAKOBI IMAHCH IIJIXOMUTH Bipyc BiJl iH(IKOBAHOI JIIOINHN,
OCKLJTBKHM TIOYJISAIis 1/1eaTbHO 1 pIBHOMIPHO 3MillTaHa, 1 IO BCi JITOJM 3 XBOPOOOIO
0JIHAKOBO 3apa3Hi, IIOKKN He TTIOMPYTh abo He OJ1y»KaloTh.

Hocmizkeno yMOBH JIOKAJILHOI JIIIITUIEBOCTI MPaBUX YaCTUH PO3TJIATyBa-
Hol Maremarudrol Mogesi (Jlema 2.1) Ha mijcTaBi 90ro BCTAHOBJIEHO, IO KJIACH-
yHa SIR momensr Kepmaka—MakkeHpika, sika OIHUCYE JUHAMIKY 3aXBOPIOBAHHSI
Ha MakpopiBHi, Mae e unuit po3s’s30k (Teopema 2.1). JociiikeHo TaKOXK rpaHu-

YHi BJIaCTHBOCTI po3B’si3KiB SIR Moiesi, oep2KaHo CIIiBBIIHONIIEHHS sIKe JJO3BOJISAE



OIIIHUTU MaKCUMaJIbHe YMCJIO MOXKJIUBUX 1H(MIKOBAHUX OCi0.

Y mignyskrax 2.2.2 ta 2.2.3 HaBejeHO KJacudikallilo KJIITHHHUX aBTOMa-
TiB, 1X 0a30Bi BJIACTMBOCTI Ta OCHOBHI HAIIPIMKN 3aCTOCYBaHHS JI0 MOJICTIOBAHHS
JuHAMIYHnX cucteM. Ha BIAMIHY BiJT KJIacHIHNX MaTeMaTUIHUX Mojeseit, dKi
PO3IVISIAI0Th MOIYJIAIII0 K OJTHOPI/IHE cepeIoBUIIE, 1T1JIX1/] Ha OCHOBI KJIITUHHUX
aBTOMATIB JIO3BOJISIE MOJIETIOBATH 1H/IUBIJIya bHI B3a€EMOJIIT MizK areHTaMu, 1110 Ha-
OJIKY€E MOJIEJIB 10 peasibHUX YMOB. Lle 0cob/imBo BarK/IMBO JIJIst aHAJII3Y ClieHapiiB,
Jle BeJINKe 3HaUeHHs Mae reorpadidne MOMMUpenHd iHMeKINT, Mirpaliiiii mporecu
Ta JIOKaJbHI OcepeJIKN cliajaxiB.

Moudikanii SIR moesti Ha 0CHOBI KJIITHHHAX aBTOMATIB, 110 6a3yIOTHC Ha,
3aIPOIIOHOBAHNX B pODOOTI IpaBuax B3a€MOJIil areHTiB, siKi BPaxXOBYIOTH BILJIUB
pi3HuX (PaKTOPIiB 30BHINIHBOIO CEPEJIOBUINA PO3TJIAHYTO B 11.2.3. Baxkaupumn i
IPaKTUIHNX 3aCTOCYBaHb € 3aIIPOIIOHOBaHI clieHapil MOJIeJTIOBaHHA: 130141115, Ka-
pPaHTHH, BAKIIMHAIliS, HOCIHHS MACOK Ta 1X KoMmOiHalil. ¥ mianyHKTi 2.3.4 3a1po-
noHoBaHa (PyHKIIIOHAJIbHA CXeMa MOJICJIIOBAHHA IUX CIICHAPIIB.

Y 1IbOMY K PO3JILIL TPOBEJIEHO aHaI3 Pe3yJIbTaTIB MOJIETIOBAHHS 3T/ THO 3a-
IPOIIoOHOBaHUX ciieHapiiB nommpents maxaemii COVID-19. Cuenapii, y sskux 0yJ10
BpaxoBaHO JIMIE MacKOBHIl pexkKUM abdo0 TIJILKU BaKIMHAIIIO, MPOJIEMOHCTPYBa~
JIN BUCOKMII IIK 3aXBOPIOBAHOCT] Ta 3HaUHE IepeBaHTayKeHHs MeJMYHOI CUCTEMHU.
HarowmicTh noeananng BaKIMHAII, MACKOBOT'O PEYKIMY Ta, CAMOI30JISAIII JJO3BOJISE
CYTTEBO 3MEHIINUTH IiIKOBe HaBaHTayKeHHsI Ha CUCTEMY OXOPOHHU 3JI0POB’Sl Ta PO3-
TATHYTH €IiIeMITHIil [IPoIlec Y vacl, 10 € KPUTUIHO BarKJIMBUM JIJISI 3MEHIIIeHH
HeraTUBHUX HACIIAKIB HaHeMil.

PesysibTaTit Moie/II0BaHHS €lijieMiil B IIbOMY PO3JIijl HiJATBEPAN/IO, IO KJli-
TUHHI aBTOMAaTH JIO3BOJIAIOTH OLIBII THYUKIIIEe HAJAIITOBYBATU IapaMeTpHu MO-
JIeJIIOBAHHSI, BPaXOBYBATH ITPOCTOPOBI 0OMEXKEHHSI Ta colliajbHi B3aeMmoil. Kpim
TOT'O, TaKUil X1 Jla€ MOXKJIUBICTD JOCJIJIZKYBaTH He JIMIIEe CepeJiHl XapaKTepu-
CTUKHU emijiemil, a fi okpemi BUIIaQJIKN 11 PO3BUTKY 3a PI3HUX MOYATKOBUX YMOB.
3aBIgKHI [IbOMY MOYKH& aHaJIi3yBaTH, 9K IIEBHI 3aX01 MOXKYTb BILIMBATH Ha KOH-

KpeTHI I'PyIn HaceJeHHd abo PerioHn 3 Pi3HOIO IIIJIbHICTIO ITPOXKIUBAHHSI.



CriliKicTb 3aIPOIIOHOBAHUX B POOOTI CIIEHAPIIB MOJEIIOBAHHS €I1i/1eMi0/I0Ti-
YHOTO TIporiecy OyJta MiITBEP/zKeHa MIJITXOM 6araTopasoBOro 3allycKy CUMYJIAI
13 PI3HUMHU TTOYATKOBUMHE TapaMeTpaMu. bysio mokasaHo, 1o pe3y/abTaTh 3a/n1a-
I0ThCA CTaOLILHUME, a OTPUMAaHI KPWBI 3aXBOPIOBAHOCTI JIEMOHCTPYIOTH IMOi0H]
TEeH/ICHITI] IPU MOBTOPHUX eKcrepuMenTax. Lle cBiqunTh mpo HaaiitHICTh MOJEI Ta
MOZKJIUBICTD 11 3aCTOCYBaHHS JIJIsl IPOTHO3YBAHHS JIMHAMIKHU erijieMiil y peajJbHUX
yMOBax.

Y TpeTboMy PpO3JiI JucepTallil HaBeJICHO JIOCJIJIXKCHHS MOJICTIOBAHHS
COVID-19 3a 011oMOroio MeTo/[iB MAIIIMHHOIO HABYAHHS, & caMe HaBYaHHs 3 I1i/1-
KpPIIJIEHHsIM JIJIsT OIITUMIBaIlil 3axo1iB boporhbu 3 nanjgemiero. Ha nannii qac ma-
ITMHHE HABYAHHSI € OJIHMM 13 HAMIIOTY KHIINX 1IHCTPYMEHTIB aHaJ i3y Ta 00poOKu
JIAHUX, 110 3aCTOCOBYEThCA JIjIsI TIO0OYI0BU MOJIEJIeil IPOrHO3YBaHHs i aBTOMATH-
30BAHOI0 BUSIBJIEHHS 3aKOHOMIPHOCTEIA.

Y 1. 3.1 poboTn HaBEIEHO OCHOBHI MOHATTS MapKOBCHKOTO MPOTIeCy MpUiiHsi-
TTS PillleHb, KUl € MaTeMaTUIHOIO MOJEJIIO JIJIs 3aCTOCYBaHHS MAIlUHHOTO Ha-
BUYaHHd 3 MIKpiienHsaM. /letanbao onucano ctpykTtypy KommonenT MDP Tta 1x
MaTeMaTUIHUX XapaKTePUCTHUK, IO JO3BOISIOTH ONMUCATH ITPOIEC TPUNHATTS Pi-
IeHb 1 Po3pobuTN ePEeKTUBHI AJrOPUTMU HaBYAHHS.

Y pobori zanpononoBano STHRD-Mo/1e/1b B IKOCTI cepeioBHIa MOIETI0BAH-
HsT 17151 PO3IIHpeHHs KiacuaHol SIR-momeri 3a momomororo aiaropurmy Advantage
Actor-Critic (A2C) st onruMizarii TpUHHATTS PillleHb y 3a/1a1MaX MO/ICTIOBAHHS
nomupenns COVID-19.

VY 11. 3.3 3aIpoNOHOBAHO 1 Peai3oBaHO CXeMY IIPOIleCcy HaBUYaHHS arenTa, siKa
IOYMHAETHCA 3 1HiIaizail MojiesoBantst (Start), jie cTBOPIOEThCsI CepeIOBHIIe
HaBYAHHS 3 [KPIIJICHHSIM Y [OE€IHAHH] 3 areHT-opieHToBaHNM miaxogoM (Create
RL and Agent-Based Environment). Ha nbomy etarni BusHa9aroThCsl apamMeTpu
MOJIEJIi: ITPOCTIP CTaHiB, HAOIp MOXKJIMBUX Jiif areHTa, PYHKIISI BUHATOPOIU Ta
IpaBuia JUHAMIKI CEPEIOBUIIIA.

[Ti gac KoxkHOI iTeparliii areHT crniodarky obupae jito (Action Selection) 3ri-

JTHO 31 CBOEIO TOJITHUKOIO, siKa MOKe Oa3yBaTHCs K Ha BUIAJIKOBOMY BuUOODI (Ha



paHHIX eTaliax HaBuaHHsI ), Tak 1 Ha HakormueHomy jocsii. [licas BuGopy aii Bona
BUKOHY€eThCsT B Mojiesii (Simulation Execution). Onossenuit cran anasizyerbes B
HactynHomy OJtorii (State Evaluation), me oriHioeTbest HOBUIT CTaH CHCTEMH ITC/IsT
BrinBy aredta. [lasi 3piiicaioemo obuucienus suHaropoan (Reward Calculati-
on) Ha ocHOBI edexTuBHOCTI 06panoi mii. s iTepariiina cxema 103BOJISIE areHTY
IIOCTYTIOBO BJIOCKOHAJIIOBATH CBOIO MOJITHUKY, aJIalITyIOUNl CTpaTerio HpuitHATTs
pillleHb Ha OCHOBI OTPUMAaHUX BUHAIOPO/I 1 3BOPOTHOTO 3B 513Ky BiJI cepe/IoBUIIA.

st anasizy 1 Momyky HalKpalluxX IapaMeTpiB COLiaJIbHOIO JUCTaHIIIOBa-
Hust i gac guHamiky nomupenas COVID-19 1 i JeTajabHOr0 BUBUYEHHS Psi-
JIy MOKJIMBUX CIIeHapiiB OYJI0 IIPOBEJIEHO MOJIETIOBAHH 3a JOIMTOMOT0I0 HABUAHHS
3 MiIKpiieHHIM. Ha OCHOBI NpOBEJIEHUX CUMYJISIN 3p00JIEHO BUCHOBKHU II0JI0
eeKTUBHOCTI Pi3HUX PIBHIB COIIaJIbHOIO JUCTAHIIIIOBAHHS JJIsi CTPUMYBaHHS 110
IIIPEHHST 1HQEeKIIl.

Y 4eTBepTOMY PO3/IiJIi POOOTH MPEJICTABIECHO OIIC PO3POOJIEHOTO TTPUKJIa-
JIHOTO BeO-JIOATKY JIJI MOJIE/TIIOBAHHS TOMMUPEHHS 1H(EKIiH, Kl € 3pydnnM
THCTPYMEHTOM, IO JIO3BOJIIE KOPUCTYBadaM B IHTEPAKTUBHOMY PEXKUMI 0OMpaTn
MOJIeJIb JIJIT MOJIe/IIOBaHHs, HaJAIITOBYBAaTU 11 TapaMeTpH, 3aj/laBaTh M0YaTKOBI
YMOBH Ta aHaJli3yBaTh pe3ybTaTh OTPUMYIOUN MUTTEBI BizyaJsiizallil mIporuosis. ¥
1. 4.2-4.3 onmcaHo apxiTeKTypHI pillleHHs, 11100 pO3POoOKN (DPOHTEH,I YaCTUHHI Ha
ocHoBi React + TypeScript 3 BukopucranusiMm React Router mjst mapipyTusariii
Ta OeKeHJ| YaCTHHMU, dKa peasizoBaHa 3a ponomoroin FastAPI. Hasemeno ocHoB-
HI BUMOru ;10 (PYHKIIOHAJBHOCTI JIOJAATKY, 30KpeMa MOXK/IUBICTH BHOOPY MOoOje-
JIi, TIepejiadi mapaMeTpiB KOPUCTyBadeM Ta BijjoOpasKeHHs pe3y/IbTaTiB y BUIJIAI
rpadikiB. OKpeMo po3IVISTHYTO 0COOJIUBOCTI iHTErpallii Mizk (hpOoHTEH T Ta OEKeH,1
JacTHHAMHU, MeToju edekTuBHOro ooMminy janumu depes REST API, a rakox
X010 KOHTeHHepu3allil i pO3rOPTaHHA JTOAATKY. 3/iHCHEHO OIIHKY IPO-
JIYKTUBHOCTI PeaJii30BaHOrO J10JIaTKy, a TaKOXK IMEePCIeKTUBU HOro po3NINPEeHHS
JIIS TITPUMKH HOBUX MoJiesieil Ta crieHapliB MOJIe/TIOBAHHS.

TeopeTuvuHe Ta MpaKTUYHe 3HAYEHHSA OTPUMAHUX pPe3yJibTaTiB. Po-

0oTa 1JI0CTPY€E BaxKJIMUBE 3HAUYEHH Ta IOTEHIAJ MaTeMaTHUIHOIO MOJIC/IIOBAHHS



JIJIsI BUBUEHHSI 3aKOHOMIPHOCTEN PO3IMOBCIOIZKEHHS eITiIeMiil Ta IIanyBaHHs TOJIi-
TUKH 00 3ax0/1iB bopoThdu 3 HuMu. SIR Mogens Ta i1 momudikariil goope omu-
CYIOTH IOBEJIIHKY 1H(EKIIHNX MTpoIleciB Ha MaKpOPiBHI, OJIHAK BUCOKHUI piBEHb
abCTPaKIIil BiJl peaJbHOCTI He JO3BOJISIIOTH ePeKTUBHO Iepe0adnT HACIiAKN Pi-
3HOMAHITHUX 00MEKyBaJIbHIX 3aXO0JIiB, 110 BIIPOBAIZKYIOThCS.

[loemHanHs MaTeMATIIHOI'O MOJEIIOBAHHSI Ta MAIIUHHOTO HABYAHHS IO J0-
CJIJIZKEHHS eIliIeMiil 103BoJIsA€ 3MIHICHUTH MOJIE/IIOBaHH OLJIBIN Uy TIMBUM JI0 3MiH
YMOB IPOTIKaHHs XBOPOOU Ta 3JUHCHUTH OLIbII TOYHI MPOrHO3U. 3aCTOCYBAHHS
MAaIlIMHHOI'O HABYaHHS 3 MIJIKPIIJIEHHAM JIO3BOJISE TpoaHaJ i3yBaT MOKJIMBI PiB-
Hi JUCTaHIIIOBAHHS IIPH IIaHeMil Ta BUOPATU ONTUMAJIbHI cTpaTerii comiaJbHOro
JIMCTAHIIIOBAHHS, AKi € HAOL/IbII JOIMIIBHUMU JIJIsT PEAJBHOTO 3aCTOCYBaHHSI.

PesynbraT podoT MOXKYTh OyTH PEKOMEHI0BaHI OpraHaM MiCIIEBOT'O CAMOB-
psiJlyBaHHS JIJI aHAJII3y IPOrHO3YBaHHS JUHAMIKH MOIIMPEHHS BIPYCHUX 3aXBO-
pIOBaHb Ta ONMTUMI3aIll 00MEKYBAJTLHUX 3aX0/IB CTPUMYBAHHS TTaHIeMIii.

Kirro4oBi cjioBa: MareMaTHuHI MOJIEJI, JUHAMIUHI crucTeMu, IH(eKIIiiHI 3a-
XBOPIOBaHHS, MYJIbTU-areHTHI Moesti, SIR Moneb, KIITUHHI aBTOMaTH, PYyHKIIO-
HaJIbHA, CXeMa MOJIEeIIOBaHHS, IMiTaIliiiHe MOJEe/IOBaHHs, ClleHapil Mo/IeTI0BaHH
erijieMiit, aJIrTOPUTMHU, KOMII FOTEpHE MOJICTIOBAHHSA, HABYAHHS 3 ITiJIKPIIIJIEHHAM,

IHTeJIEKTYyaJ IbHI crucTeMH, iHdOpMalliitHl TeXHOJION T, YUCJIOBI eKCIIEPUMEHTH.
ABSTRACT

Kosovych I. T. Modelling of epidemic spread forecasting by methods of movi-
ng cellular automata and reinforcement learning. — Qualified scientific work on the
rights of the manuscript.

Thesis for the degree of Doctor of Philosophy (PhD) in specialty 113 —”Appli-
ed Mathematics”. — Yuriy Fedkovych Chernivtsi National University, Chernivtsi,
2025.

The thesis consists of an introduction, four chapters, conclusions, a list of
references and three appendices. The introduction justifies the relevance of the
topic of the dissertation, examines the current state of research on dynamic models

describing applied processes for modelling epidemics and the main applications of
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mathematical modelling in biology, ecology, and immunology. Another approach
to modelling processes in epidemiology is simulation modelling using a multi-
agent method. The advantage of this approach is that it takes into account the
individual properties of each element of a complex system, which allows us to
experiment with model parameters and obtain different scenarios, expanding our
understanding of potential future outcomes. On the basis of this analysis, the
relevance of the research topic is substantiated, the purpose, objectives, subject,
object and methods of the study are formulated, the scientific novelty, practical
significance of the results obtained, and the study’s connection to broader scientific
themes are highlighted. The personal contribution of the applicant is indicated,
as well as data on where the main results of the dissertation were presented,
discussed and published.

The first chapter is devoted to the analysis of the main scientific works
on the topic of the dissertation. First of all, the fundamentals of mathematical
models of epidemiological processes are presented, since mathematical modelling
is a powerful tool for studying the spread of infectious diseases. The historical
evolution of mathematical SIR models is presented, and their advantages and
disadvantages are indicated.

The classification and key directions of modern developments in cellular
automata are presented. Studies on the application of the cellular automata
method to various spatially distributed dynamic processes and systems are revi-
ewed, confirming its flexibility and practical applicability. Popular software tools
used for the simulation modeling of complex systems are examined. The most
widely used software for modeling epidemiological processes is analyzed, and
examples of its use are given.

The main types of machine learning and algorithms techniques used for their
implementation are examined. A review of scientific papers in which machine
learning methods are applied to the diagnosis and prognosis of COVID-19 and
the identification of effective strategies to mitigate the impact of the pandemic on

society and the economy is presented.



In the second section of the paper, the spread of epidemiological processes
is investigated using mathematical modelling and simulation modelling using
cellular automata.

The construction of mathematical models of infection spread is an important
element in the study of complex disease dynamics. In Section 2.1, we examine the
classical mathematical SIR (Susceptible-Infected-Recovered) model of Kermack-
McKendrick, in which a population is divided into three distinct groups: suscepti-
ble individuals who can contract the infection (S), infected individuals who carry
the disease (I), and recovered individuals who are no longer infectious (R). The
simplest SIR models rely on fundamental assumptions, such as that everyone has
the same chance of contracting the infection from an infected person due to the
population being perfectly and evenly mixed, and that all infected individuals are
equally contagious until they recover or die.

The conditions for local Lipschitz continuity of the right-hand sides of the
considered mathematical model are investigated (Lemma 2.1). Based on this, it
is established that the classical Kermack-McKendrick SIR model, which describes
the dynamics of the disease at the macro level, has a unique solution (Theorem
2.1). The limit properties of the SIR model solutions are also investigated, and
a relationship is derived that allows estimating the maximum possible number of
infected individuals.

Subsections 2.2.2 and 2.2.3 provide a classification of cellular automata, their
basic properties and the main directions of application to modelling dynamic
systems. In contrast to classical mathematical models that treat a population as
a homogeneous environment, the cellular automata approach enables modelling
individual interactions between agents, which brings the model closer to real-
world conditions. This is particularly important for analysing scenarios where the
geographical spread of infection, migration processes, and local outbreaks are of
significant importance.

Modifications of the SIR model based on cellular automata, developed accordi-

ng to the interaction rules of agents proposed in this paper, which account for



the influence of various environmental factors, are considered in Section 2.3. The
proposed modelling scenarios—such as isolation, quarantine, vaccination, mask-
wearing, and their combinations—are particularly important for practical appli-
cations. A functional modelling framework for these scenarios is proposed in
Subsection 2.3.4.

This section also presents an analysis of the modelling results under the
proposed COVID-19 pandemic scenarios. Scenarios considering only mask-wearing
or vaccination alone demonstrated a high peak in infection rates and a significant
overload of the medical system. In contrast, the combination of vaccination, mask-
wearing, and self-isolation substantially reduces the peak burden on the healthcare
system and stretches the epidemic curve over time, which is critical to mitigating
the negative effects of the pandemic.

The results of the epidemic modelling in this section confirm that cellular
automata enable for more flexible adjustment of modelling parameters, allowing
for the consideration of spatial constraints and social interactions. Furthermore,
this approach makes it possible to study not only the average characteristics of
an epidemic but also individual cases of its progression under different initial
conditions. This makes it possible to analyse how certain measures may affect
specific population groups or regions with different population densities.

The robustness of the epidemiological process modelling scenarios proposed
in this study was validated through multiple simulation runs with different ini-
tial parameters. The results demonstrated stability, with the obtained incidence
curves exhibiting consistent trends across repeated experiments. This confirms the
reliability of the model and its applicability for forecasting epidemic dynamics in
real life.

The third chapter of the thesis presents a study of COVID-19 modelling using
machine learning methods, namely reinforcement learning to optimise pandemic
response. Currently, machine learning is one of the most powerful data analysis
and processing tools used to build forecasting models and automated pattern

recognition.
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Section 3.1 of the paper presents the basic concepts of the Markov decision
process, which is a mathematical model for the application of machine learning wi-
th reinforcement. The structure of the MDP components and their mathematical
characteristics are described in detail, allowing them to describe the decision-
making process and develop effective learning algorithms.

The paper proposes the STIHRD model as a modeling environment for expandi-
ng the classical SIR model using the Advantage Actor-Critic (A2C) algorithm to
optimize decision-making in the tasks of modeling the spread of COVID-19.

Section 3.3 proposes and implements a scheme for the agent training process,
which begins with the initialization of the simulation (Start), where a reinforced
learning environment is created in combination with an agent-oriented approach
(Create RL and Agent-Based Environment). At this stage, the model parameters
are determined: the state space, the set of possible agent actions, the reward
function, and the rules of the environment dynamics.

During each iteration, the agent first chooses an action (Action Selection)
according to its policy, which can be based on both random selection (in the early
stages of learning) and accumulated experience. After the action is selected, it is
executed in the model (Simulation Execution). The updated state is analyzed in
the next block (State Evaluation), where the new state of the system after the
agent’s influence is evaluated. Next, we calculate the reward (Reward Calculation)
based on the effectiveness of the selected action. This iterative scheme allows the
agent to gradually improve its policy, adapting its decision-making strategy based
on the rewards received and feedback from the environment.

To analyze and find the best parameters of social distancing during the
dynamics of the spread of COVID-19 and to study in detail a number of possi-
ble scenarios, a reinforcement learning simulation was conducted. Based on the
simulations, conclusions were drawn about the effectiveness of different levels of
social distancing in containing the spread of infection.

The fourth section of the work presents a description of the developed web

application for modeling the spread of infections, which is a convenient tool that
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allows users to interactively select a model for modeling, achieve its parameters,
set initial conditions and analyze the results, obtaining instant visualizations of
forecasts. Sections 4.2-4.3 describe architectural solutions for developing front-
end parts based on React + TypeScript using React Router for routing and back-
end parts, which are implemented using FastAPI. The main requirements for the
functionality of the application are given, in particular, the ability to select a
model, pass parameters to the user and display results in the form of graphs. We
separately note the features of integration between the front-end and back-end
parts, methods of effective bypass are provided via the REST API, and are also
suitable for containerization for deploying the add-on. The performance of the
implemented application was assessed, as well as the prospects for its expansion
to support new models and modeling scenarios.

Theoretical and practical significance of the results. This research hi-
ghlights the importance and potential of mathematical modeling in understanding
the patterns of epidemic spread and informing policy decisions for containment
measures. While the SIR model and its modifications effectively describe the
behavior of infectious processes at a macro level, their high level of abstracti-
on from reality limits their ability to accurately predict the impact of various
restrictive measures being implemented.

The integration of mathematical modelling and machine learning in epidemic
research enhances the sensitivity of simulations to changing disease conditions
and improves the accuracy of forecasts. The application of reinforcement learning
enables the analysis of various social distancing levels during a pandemic, helping
to identify optimal distancing strategies that are most appropriate for real-world
implementation.

The results of this study can be recommended to local governments for
forecasting the spread of viral diseases and optimizing restrictive measures to
mitigate pandemics. Keywords:

Key words: mathematical models, dynamic systems, infectious diseases,

multi-agent models, SIR model, cellular automata, functional modelling scheme,
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simulation modelling, epidemic modelling scenarios, algorithms, computer modelli-
ng, reinforcement learning, intelligent systems, information technologies, numeri-

cal experiments.
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