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[TinroroBka  3milicHIOBajach Ha  Kadenapi  KOMI'IOTEPHHX  HaykK
3axiIHOYKpaiHCHKOr0 HALIOHATBHOTO YHiBepcuTeTy MiHicTepCcTBa OCBITH | HayKH
VYkpainu.

Huceprauniiiny po0OTY NPHUCBSIYEHO PpO3B’A3aHHIO BaXJIMBOI HAayKOBO-
TexHiyHoi 3amayi — 3a0e3MedyeHHs M[POCTOPOBOrO aHalidy MOLIMPEHHS
MIKpOILIACTHKY B aTMOC()epi B yMOBaX MaIuX BUOIPOK JlaHUX BUMIPIOBAHb IILIIXOM
pO3pOOKH MaTeMaTHYHOro Ta MPOrpaMHOro 3abe3nedyeHHs JUls MOJENIOBAHHS
MOLIMPEHHST MIKPOIUIaCTHKY B IPH3eMHOMY Imapi armochepd 3 0COOIUBHM
aKLEHTOM Ha OLHKY BHECKY TaKMX 3Ha4yLIMX JDKepeln 3a0pyaHeHHs, K 00'€KTH
cdepu noBomkenns 3 TIIB Ta nopoxxHs iHpacTpyKTypa.

3abpyqHEeHHs HaBKOJNHMIIHBOTO CEpeloBUINA IUIACTHKOM € OJHI€I0 3
HalOLIBII FOCTPHX E€KOJOTIYHHX MpoOJieM CydacHOCTI, Mo HabyBae riaobanbHHX
MacmTabiB. ATMOc(epHE NEpPEeHECeHHsS € BAXJIUBHUM LUIAXOM PO3MOBCIOIKEHHS
MII, crnpusito4d HOro BHSBJIEHHIO HaBiTh Y BIJJIAICHMX PpErioHax IUIaHETH.
[Ipusemunii map armochepH, sk Oe3rmocepeHE CEPENOBUINE KHUTTEAISILHOCTI
TIOMHY Ta 6araTbox 6i0JIOriYHMX BHIIB, € 0COOIMBO Bpa3IMBUM 10 3a0pyIHEHHS
mikporacTukoM. OniHka KOHIEHTpalii, ckiaxy Ta mkepen armocheproro MII y
1i¥ 30Hi € KPUTHYHO BXKIUBOKO JUTsl pO3yMiHHS MaciiTabiB mpobieMu Ta po3poOKH
eeKTUBHUX cTparerii ii MiHiMi3aii.

Cepex NOTEHUIMHMX aHTPONOTeHHUX JpKepen HanaxomkenHs MIT y
npu3eMHHM map armocdepu ocobmuBe Micile mnocifnaloTk 00'ekTH chepu

NOBOJDKEHHS 3 TBepAuME nodyTroBuMu Binxonamu (TIIB), 30kpema cMmiTTe3Banua



Ta mignpueMcTBa 3 mnepepoOku ruiacTuky. Ha nux o6'exktax BinOyBaerhbes
iHTEeHCHBHE MeXaHiYHe pyHHYBaHHs IUIACTHKOBHUX BHpOOiB, iXHE MOApPIOHEHHS Ta
rnepeMilleHHsl, 0 CTBOpIoe 3HauHuii pusuk emicii MIT B armocdepy BiTpoBUMH
MOTOKAMHM Ta iHIIMMHM MEXaHi3MaMH. [HIIMM BaroMuMm JKepesioM aTMOc(hepHOro
MII € nopoxHsi iHppacTpykTrypa. AOpa3is aBTOMOOLIbHMX LIMH, 3HOLLYBaHHS
JIOPOXHBOTO MOKPUTTS, @ TAKOXK PO3MaJ IIACTHKOBOIO CMITT#, 110 MOTpAILIsSe Ha
JIOPOTH, I'€HEPYIOTh 3HAYHY KUIBKICTh MIKPOIUIACTHYHHX YACTHMHOK, SKi 3roJoM
MiJHIMAIOTBECA B MOBITPS MiA Ai€l0 pyXy TpaHcnopty Ta BiTpy. Came Tomy y
JMcepTaliiiHiii pobOoTi 3aMpONOHOBaHO MaTeMaTHYHe Ta MPOrpamMHe 3abe3nedyeHHs
JUISL MOZIEJTIOBAHHS TIOIUMPEHHS MIKPOIUIACTHKY B MPU3EMHOMY Iapi aTMocdepH 3
0cOOJIMBUM aKLIEHTOM Ha OIIHKY BHECKY TaKHX JUKepell 3a0pyaHeHHs, K 00'€KTH
cepu noBomkenHs 3 TIIB Ta nopoXxHs iHPpacTpyKTypa.

V nepiioMy po3aiii aucepraiii NpoBeJCHO aHATITUYHHMH OIS MPobIeMu
MOIUMPEHHs] MiKPOIUIACTUKY, CHCTEMAaTHU30BaHO iH(OpMalilo MI0J0 OCHOBHHX
mkepen HaaxomkenHs MII, ski BKIOYAIOTh SK MEPBUHHHH MIKPOILIACTHK
(crenianbHO BUPOGIIEH] MIKpOTpaHyJIH JUlsi IPOMUCIIOBUX YH KOCMETHYHHUX LiieH),
TaK i BTOpMHHMI (yTBOPIOETHCS NPH Py#HYBaHHI GiIbIIMX [IACTUKOBUX BUPOOIB).
YV po3zini po3risHyTO CydacHHit craH Merozounorii Binbopy npo6 MII 3 pizaux
cepenoBHuIl (MOBITPs, BOAA, IPYHT, 0ioTa) Ta iX MOAAIBLIOro J1abopaTtoOpHOro
aHaizy. Takox NpoaHalli30oBaHO OCHOBHI MIAXOIAM 10 MOJEIOBAaHHS NOILIWPEHHS
mikportactuky B armocoepi: ['aycosi mozeni, Eiineposi (AJIP) Ta Jlarpamxesi
mozeni. ITokazaHo, mo edekTHBHA iHTerpaiis MpOrpaMHOro 3abesnedyeHHs s
noOyI0BH CKIaqHUX AuHaMiyHuX Mozenel nomupenss MII ra I'IC 3anuiaerses
cknagHuM 3aBnanHsaM. Came HeOOXiJHICTh MOAOJNAHHA LUX OOMEKEHb, 30KpemMa
pO3pO6KH aJanTOBaHHX MaTeMaTHYHMX Mojened Ta e)eKTHBHUX apXiTEeKTypHHX
pilleHs Jns iHTerpauii pospoGiroBaHoro nporpamHoro 3abesnedenss ta I'IC,
GopMye HayKOBHiII KOHTEKCT Ta OOIPYHTOBY€ aKTyalbHICTh i 3aBJaHHs IaHOTO
JTUCEPTALIMHOTO JOCIiKEHHS.

Y 3aBepmiaibHiii 4YacTHHI pO3AiMy 3JiHCHEHO TOCTAHOBKY 3ajadi

JIOCITIJDKEHHS Ta JI€TaIiI30BaHO OCHOBHI 3aB/IaHH.



V apyroMmy po3agini aucepTauliiHOi poOOTH pO3pOo0JIEeHO METOAH JUIs
no6Gy0BH Mojenel MOIMPEHHS MIKPOILUTaCTHKY y OesnocepeHiii 61u3bKoCTi 10
3€MHOI [TOBEPXHI.

Po3po6iieH0 METOJ MaTeMaTHYHOTrO MOJIENIOBaHHsA, 110 0a3yerbcs Ha
dyHIameHTaIbHOMY piBHSHHI aznBekiii-audysii-peakuii. Lledt miaxix aossoise
BpaxyBaTH OCHOBHI ()i3U4HI IPOLIECH, 10 BU3HAYAIOTh MOIMPEHHS MiKPOILIACTHKY,
BKJTIIOYAIOYH HOr0 NOIIMPEHHS MOBITPSHUMHU TOTOKAMH, TypOyJIeHTHE PO3CilOBaHHS
Ta MPOLECH BUAAICHHS 3 aTMOC(EpH 3a paXyHOK CyXOro Ta BOJIOIOr0 OCaJUKCHHS.

Jlns 3abesneueHHs Bepudikauii pe3ynbTaTiB MOJENIOBAHHA pPO3pOOIEHO
KOMGiHOBaHMI MeTo] iHTepBanbHOro ouinroBanHs MII y mnpusemHOMy Mapi
arMocepH, IO MOEAHYE eTan BiaGopy mpob MOBITPA 3 MojanbIUM (i3uKo-
XiMIYHMM aHajli30M 3i0paHMX YacTHHOK. 3alpolOHOBAHO METOA aJanTUBHOIO
HAJAIITYBaHHs MapameTpiB Mojeli, 10 0a3yeTbcs Ha ONTHMi3alii eMIipUYHO
3aJJaHMX KOeQIllieHTIB HUIIXOM MiHiMi3alil BIJAXHIEHHS MK MOJEIbOBaHUMH
MPOTHO3aMHM Ta EKCTePMMEHTAIBHUMM JIaHWMH, OTPUMAHMMHM B pe3yJIbTarTi
3aCTOCYBaHHA KoMOiHOBaHoro Meroxy inentudikauii MIL Takuit miaxix
3a6e3medye MOXKIIMBICTh OTPUMaHHS MOJIEJIEH 3 rapaHTOBAaHUMHU IIPOrHOCTHYHMMH
BIACTHBOCTAMH HA MalMX BHMOIpKaX eKCIEPUMEHTAIbHUX JaHMX, SKi
BHKOPUCTOBYIOTHCS [UIsl HANAIITYBaHHS Ta Bepudikauii mozeli.

3anponoHOBaHO  AIrOPUTMidHE  3a0e3NeveHHs, OMMCaHO  CTPYKTYpY
pO3pOGJIEHHUX TPOTPAMHMX MOZYJiB, IXHIO B3a€MOJiI0 Ta (yHKUIOHAIbHI
MOXIHMBOCTI, 1o 3a0e3nedyloTh  aBTOMaTH3alilo  mnpoueciB  0OpoOku
eKCTIepUMEHTAIBHUX JIaHMX, YUCEJILHOTO PO3B'S3aHHs PiBHAHHA aJABeKUii-1udysii-
peaxiii Ta MpoBe/IeHHs aaNTHBHOTO HAAIITYBaHHS apaMeTpiB MOJIEIeH.

Tperiit po3zin aucepTaiiiftHOl poGOTH MPUCBAYEHO PO3POOLI MaTeMaTH4HUX
MOJIEJIEI, 110 ONMCYIOTh MPOLECH TMOIIMPEHHS MIKPOIUIACTHKY B PU3EMHOMY Lapi
arMochepy 3 ypaxyBaHHSIM Pi3HUX THITB JDKepesl aHTPONOTeHHOro 3a0py IHEeHHS.

TakoX po3risiHy TO METOAM (POPMYBaHHS BUXIIHUX JAHUX JJIsi MOJICJTFOBAHHS
MOLIMPEHHs  MIKpOIUJIACTHKY i3  3aCTOCYBaHHSM  Cy4YacHHX  TEXHOJIOTiH

reoindopmauiiaux cucreM (I'IC).



B po3nini po3poGieHo Mojenb MOMKPEHHST MIKPOIUIACTHKY BiJl TOYKOBHX
JUKepell, TaKUX sIK CMiTTenepepoOioBaibHi 3aBojd. Mojenb BpaxoBy€ BHKHIH
MIKPOILIACTUKY 3 OKPEMHX JDKepesl Ta iX TOLIMPEHHsS Ha NpHUJIEri TEPUTOPIi.
Po3po6ieH0 MOJieb ITOLIMPEHHS MiKPOTUTACTHKY JUISl OLIHKM BIUIMBY Ha JOBKIJLIs
cMirresBanuuml. Lls Mozens BpaxoBye creuudiuHi IMpolecH, MoB'A3aHi 3
MOLIMPEHHSM  MIKPOIUIACTHKY 3  [OBEpXHEBHX  JUKepen  3abpyJHEeHHs
(cMmiTresBanuin), Takux K QinbTpallis Ta BUBITpIOBaHHA. TakoX 3alpoOrnoHOBaHO
MOJIeJIb MOLIMPEHHSI MiKPOIUIACTHKY Y MPHUAOPOXKHIX €KOCHCTEMaX, € OCHOBHUM
JDKEPEJIOM € 3HOC aBTOMOOLIBHUX IIHH. MoJie/1b BpaxoBy€e 0COOIMBOCTI Y TBOPEHHS
Ta TOIIMPEHHS MIKPOIUIACTHKY B YMOBAaX JOPOXHBOIO pyXy Ta MPHIErInX
TEPUTOPIi.

Po3po6ieni MaTemMaTi4Hi Mozieli 06a3yloThCsl Ha PiBHAHHI afBeKUii-audysii-
peakiii Ta BpaxoBYIOTh KJII0YOBi (Di3H4HI MPOIECH, 10 BU3HAYAIOTH MMOLIMPEHHS
MIKpOIUIACTHKY Yy BiAMOBIAHHX cepeloBHIlax. BoHH 103BOJISIOTH MPOrHO3yBaTH
POCTOPOBO-4aCOBHI PO3MOMALN KOHLEHTpAlii MiKpOMIACTHKY 3a€XKHO Bij
XapaKTePUCTHK JDKepelia, METEOPOJIOTiYHUX YMOB, BIaCTHBOCTEM HABKOJIHUIIHBOIO
cepe/ioBHINa Ta (Pi3MIHMX BIACTUBOCTEH CAMHUX YACTHHOK MiKPOILIACTHKY.

Y ueTBepTOMy pO3Aiii AMcepTaLiiHOI POGOTH PO3MISAHYTO OCOOIMBOCTI
noOyJ0BH TMPOrpaMHOro 3a0e3nedyeHHs, NPU3HAYEHOr0 JUIl MOJEIIOBAaHHS
MOIIMPEHHs. MIKpOIUIAaCTHKY B TNpu3eMHOMy mapi armocdepu. OmucaHo
ocobnuBOCTI  MOOYZOBM  apXiTeKTypH TpPOrpaMHOro  3abesnedeHHs Ui
MaTeMaTHYHOrO MOJIE/IIOBAaHHS MOLIMPEHHs MiKpomiacTuky. PopmaizoBaHo
BUMOTH Ta CIIPOEKTOBAHO OCHOBHI KOMITOHEHTH CHCTEMH.

HaBemeHo 3arajbHy apxiTeKTypy i3 HarolocoM Ha iHTerpauiio
MaTeMaTHYHOro, MPOrPAMHOr0 Ta anapaTHoro 3abesnedyeHHs y €IuHy Oe3lIOBHY
CHCTEMY, JOCTYyNHY JUIs KiHIEBOro KOpWcTyBauya. JleranizoBaHO OCHOBHI
KOMIIOHEHTH IIIJICHCTEMH MAaTeMaTHYHOrO MOJEIOBaHHsA, a TaKoX 3acolu

Bi3yaui3allii pe3yabTariB.



IToxaHo ommMc TEXHOJIOTII CTBOPEHHS MOPTATHBHOI BUMIPIOBAJIbHOI CTAHLII,
0 MOENHYE anapaTHui Oyiok 300py AaHMX 13 CHeliali30BaHUM NPOrpaMHHUM
3abe3ne4yeHHsM ist 3abe3neyeHHs ii poboTH.

HaBezieHO iarpaMu Ta CXeMH, IO LTIOCTPYIOTh OCOOIMBOCTI MPOrpaMHoi
peanizauii cepefoBMLIAa Ui MOJENIOBAaHHA TMOLIMPEHHS  MIKPOILIACTHUKY.
CrnipoeKToBaHO MiZicHCTeMH 30epexeHHs JaHUX i3 BpaxyBaHHSAM OCOOJIMBOCTEH
npeACTaBIeHHs IPOCTOPOBOI JaHMX.

[MpakTH4yHe 3HA4YEHHS OTPUMAHMX pe3yJbTaTiB MOJAra€ y CTBOPEHHI
KOMIT'FOTEPHOT CHUCTEMH JUISi MOJENIOBAaHHS TOIIMPEHHS MIKPOILUIAaCTHKY B
MpU3eMHOMY 11api aTMochepy Bifl JUKepesl aHTPOIIOI€HHOI0 MOXO/KEHHS.

KnrodoBi cioBa: mporpamHe CepeoBHUIlle, apXiTeKTypa I[pOrpaMHOro
3a0e3leyeHHsl, MaTeMaTHYyHe  MOJIEJIIOBAaHHs,  4YHMCEIbHE  MOJEJIIOBaHHI,
MOJIEIOBaHHs aTMoc(epH, audepeHiiaibie piBHIHHSA, MOJeli aaBeKii-audy3ii-
peakllii, pi3HULIeBe PiBHAHHS, aHAJli3 IHTEPBAJIPHUX JAHMX, METOAM ONTUMIi3allii,

MOHiTOpHHF HaBKOJIMIIHBOI'O CEPEAOBHILIA.
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Faifura V.V. Mathematical tools and software for modeling the dispersion of
microplastics in the atmospheric surface layer. — Scientific work on the rights of the
manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty 121 — Software
Engineering — West Ukrainian National University, Ternopil, 2025.

The research was carried out at the Department of Computer Science of the
West Ukrainian National University of the Ministry of Education and Science of
Ukraine.

Thesis is devoted to solving an important scientific and technical problem —
ensuring the spatial analysis of microplastic distribution in the atmosphere under
conditions of limited measurement data samples by developing mathematical and
software for modeling microplastic spread in the near-surface atmospheric layer,
with a special emphasis on evaluating the contribution of significant pollution
sources such as municipal solid waste management facilities and road infrastructure.

Environmental microplastic pollution represents one of the most pressing and
globally widespread ecological challenges of our time. Atmospheric transport plays
a significant role in microplastic dispersion, contributing to its presence even in
remote regions of the planet. The near-surface atmospheric layer, as the immediate
living environment for humans and numerous biological species, is particularly
vulnerable to microplastic contamination. Accurate assessment of atmospheric
microplastic concentration, composition, and sources in this zone is crucial for
comprehending the problem's scale and developing effective mitigation strategies.

Among potential anthropogenic sources of microplastic release into the near-
surface atmosphere, waste management facilities, particularly landfills and plastic
recycling plants, hold a prominent position. These sites experience intensive
mechanical degradation, fragmentation, and displacement of plastic products,
creating a substantial risk of microplastic emission into the atmosphere via wind

currents and other mechanisms. Another significant source of atmospheric



microplastic is road infrastructure. Abrasion of vehicle tires, wear of road surfaces,
and the degradation of plastic litter on roads generate considerable quantities of
microplastic particles that subsequently become airborne due to traffic movement
and wind.

Therefore, this dissertation proposes mathematical and software solutions for
modeling microplastic dispersion in the near-surface atmosphere, with a particular
emphasis on assessing the contribution of pollution sources such as waste
management facilities and road infrastructure.

The first chapter provides an analytical review of microplastic dispersion,
systematizing information on primary sources, including primary microplastics
(specifically manufactured microgranules for industrial or cosmetic purposes) and
secondary microplastics (formed from the breakdown of larger plastic products).
The chapter examines the current state of methodologies for sampling microplastics
from various media (air, water, soil, biota) and their subsequent laboratory analysis.
It also analyzes key approaches to atmospheric microplastic modeling, including
Gaussian, Eulerian (ADR), and Lagrangian models. The study reveals that effective
integration of software for constructing complex dynamic microplastic dispersion
models with GIS remains a challenging task. The necessity of overcoming these
limitations, specifically through the development of adapted mathematical models
and efficient architectural solutions for integrating the developed software with GIS,
defines the scientific context and substantiates the relevance and objectives of this
dissertation research. The concluding part of the chapter formulates the research
problem and details its primary objectives.

The second chapter of the dissertation focuses on developing methods for
constructing microplastic dispersion models in close proximity to the Earth's surface.
A mathematical modeling method based on the fundamental advection-diffusion-
reaction (ADR) equation has been developed. This approach effectively accounts for
key physical processes governing microplastic dispersion, including airborne
transport, turbulent diffusion, and atmospheric removal processes due to dry and wet

deposition. To ensure the verification of modeling results, a combined method for



interval estimation of microplastic in the near-surface atmosphere was developed,
integrating air sampling with subsequent physicochemical analysis of collected
particles. An adaptive model parameter tuning method is proposed, based on
optimizing the specified coefficients by minimizing the deviation between modeled
predictions and experimental data obtained from the combined microplastic
identification method. This approach ensures the possibility of obtaining models
with guaranteed predictive properties using small samples of experimental data for
model fine-tuning and verification. Algorithmic support has been proposed,
detailing the structure, interaction, and functional capabilities of the developed
software modules that automate experimental data processing, numerical solution of
the advection-diffusion-reaction equation, and adaptive model tuning.

The third chapter of the dissertation is dedicated to the development of
mathematical models describing microplastic dispersion processes in the near-
surface atmosphere, considering various types of anthropogenic pollution sources.
Methods for generating input data for microplastic dispersion modeling using
modern geographic information system (GIS) technologies are also discussed. The
chapter presents a model for microplastic dispersion from point sources, such as
waste processing plants, accounting for microplastic emissions from individual
sources and their spread to adjacent territories. A model for microplastic dispersion
to assess the environmental impact of landfills has been developed. This model
considers specific processes related to microplastic dispersion from areal pollution
sources (landfills), such as filtration and weathering. Additionally, a model for
microplastic dispersion in roadside ecosystems, where the primary source is tire
wear, is proposed. This model accounts for the peculiarities of microplastic
formation and dispersion in road traffic conditions and adjacent areas. The
developed mathematical models are based on advection-diffusion-reaction
equations and incorporate key physical processes that govern microplastic
dispersion in the respective environments. They allow for the prediction of the

spatio-temporal distribution of microplastic concentration depending on source



characteristics, meteorological conditions, environmental properties, and the
physical properties of the microplastic particles themselves.

The fourth chapter of the dissertation examines the specifics of developing
software designed for modeling microplastic dispersion in the near-surface
atmosphere. It describes the unique aspects of designing the software architecture
for mathematical modeling of microplastic dispersion, formalizes requirements, and
designs the system's main components. The overall architecture is presented,
emphasizing the integration of mathematical, software, and hardware components
into a unified, seamless system accessible to the end-user. The key components of
the mathematical modeling subsystem and visualization tools for results are detailed.
A description of the technology for creating a portable measuring station is provided,
combining a hardware data collection unit with specialized software to ensure its
operation. Diagrams and schemes illustrating the peculiarities of the software
implementation of the microplastic dispersion modeling environment are presented.
Data storage subsystems are designed, considering the specifics of spatial data
representation.

The practical significance of the obtained results lies in the creation of a
computer system for modeling microplastic dispersion in the near-surface
atmosphere from anthropogenic sources.

Keywords: software environment, software architecture, mathematical
modeling, computational modeling, atmospheric modeling, advection-diffusion-
reaction models, differential equation, difference operator, interval data analysis,

optimization methods, environmental monitoring.
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