AHOTANIA

Tumyuwun B.C. Metoau Ta nporpamHi 3aco0u AJisi MOJCIIOBaHHS 3a0pyIHEHHS
I'PYHTIB IIKIITUBUMHU BUKUIAMH Y BUXJIOITHUX ra3ax aBTOTpaHcHopTy. — KBamidikaiitna
HayKOBa Mpalls Ha MpaBaxX PYKOIHKCY.

Juceprariist Ha 3100yTTS CTyneHs JokTopa (imocodii 3a cremianpHicTIO 121
«Imxenepis mporpamMHOro 3abe3meueHHs» — 3axiIHOYKPaiHChKHM HaIllOHAJTBHUN
yHiBepcuTeT, TepHomniib, 2023.

[TinroToBka 3MIIHCHIOBAJIACh Ha kKadenapi KOMII’ FOTEPHUX HayK
3ax1THOYKpAaiHChKOIO HAI[IOHAJIBHOTO YHIBEpcUTETY MIiHICTepCcTBa OCBITM 1 HayKu
Ykpainu.

HucepramiiiHa po0OTa NPUCBSIYEHA PO3B’SI3yBaHHIO AaKTyaJbHOIO HAayKOBO-
TEXHIYHOTO 3aBJaHHS PO3pOOKM MAaTEMaTUYHOI'O Ta MPOrPaMHOTO 3a0€3MEUYEeHHs s
MOHITOPUHTY 3a0pyJHEHHS IpPYHTIB Ta TIPYHTOBUX BOJ MWIKIJAJUBUMHU BUKHUJIAMU
aBTOTPAHCIIOPTY, 30KpeMa CHOJyKaMH, sIKI YyTBOPIOIOThCS Yepe3 AU(PyY31t0 Ta B3AEMOIIIO
13 Bozo1o aiokcuay a3zoty (NO,).

3pocraroya KUIbKICTh aBTOMOO1IIB Ha I0pOTax, 0COOJIMBO B MEraroJjicax, MicTax,
Ta Ha 1X OKOJHUIAX, IO MEXYIOTh 13 CUIBCBKOTOCIOMAPCHKUMH YTIIASIMUA Ta
peKpealifHUMHU 30HaMH{, MPU3BOAUTH J0 3HAYHOTO BUKUIY IIKIAJUBUX PEYOBHH Y
MOBITPS, @ MOTIM HAKOMHWYEHHS iX y IPYHTI Ta IpyHTOBUX Bojax. Lls mpobnema mae
JeKUJIbKa Ccepho3HMX HachiakiB. [lo-mepiie, BUKUAM aBTOTPAHCHOPTY MICTSTh TakKi
IIKIJIJTMBI PEUOBUHU, SIK JIOKCHJ a30TYy 1 OKMCIIM BYIUIMIIO, SIKI MOXYTh MITPYBaTU y
IPYHTOBI BOJAM 4epe3 omnaaud Ta iHmI arMmocdepHi ymoBu. lle Moxe CHpUUYMHHUTH
3a0pyIHEHHS BOJIHUX JKEPE 1 BIUIMBATH HA SIKICTh MMUTHOT BOJIH.

[To-npyre, 3a0pyAHEHHS IPYHTY Ta IPYHTOBUX BOJ MOKE€ MAaTH CEPUO3HUI BILIUB
Ha 370poB's rozei. [Toganpin mponecu audys3ii JIOKCUIAY a30Ty MOB’S3aH] 13 MITPaIIi€lo
y I'PYHTOBI BOJIH, IEPETBOPEHHAM Ha a30THY KUCJIOTY 1 BAMUBAHHAM 11 COJIEN Y BOJOMMH,
CIIPUYUHSIOTH HACUYEHHS 1X HITpaTaMHu, sIK1, sIK BIIOMO, € HaJI3BUYaHHO IIKIJTUBUMH IS
moauan Ta (Qaynu. [liaBuIIeHa KOHIEHTpAIisS WX MIKIJJINBUX PEUYOBUH, MOXKE

NPU3BECTU /10 OTPYEHHS, PI3HUX 3aXBOPIOBAHb Ta HAaBITh 3arpo3u XUTTI0. KpiM Toro,



3a0pyIHEHHSI TPYHTIB Ta IPYHTOBUX BOJT MO>KE€ 3aBJIaTH IIKOAW €KOCUCTEMaM, TTOPYIITUTH
€KOJIOTTYHHI OaJIaHC Ta 3HU3UTH SKICTh IPYHTIB JIJIs1 CLIILCHKOTO TOCIIOIapCTRA.

Buie 3a3naveni npobieMu BUMAaraloTh MOCTIHHOTO MOHITOPUHTY 3a0pyAHEHHS
IPYHTIB Ha IPYHTOBUX BOJ| 13 BUKOPHUCTAHHAM 1H(QOPMAIIHHO-BUMIPIOBATIBHUX CUCTEM,
BapTICTh SIKUX € HAJ[3BUYANHO BUCOKOIO. B TOI1 jxe yac, MOHITOPUHT MIKIJJIMBUX BUKHU/IIB
ABTOTPAHCIIOPTY Yy TOBITPS HE € HACHOTOJIHI BEIMKOIO MpoOsieMor0. BapTicTe Takmx
1H(popMaIiitHO-BUMIPIOBAJILHUX CHUCTEM € MOMIPHOIO Ta HECKJIAQIHOIO IS peamizaiii 3
TEXHIYHOT Ta TEXHOJIOT1YHOI TOUKH 30py. ToMy y nucepTaiiifHii poOoTi 3apornoHOBAHO
MaTeMaTUYHE Ta MpOorpaMHe 3a0e3MeUeHHs JUIsi MOHITOPUHTY 3a0pyIHEHHS IPYHTIB Ta
IPYHTOBUX BOJI WIKIJJIMBUMU BHUKHUJIAMU aBTOTPAHCIOPTY, YEpe3 BHUMIPIOBAHHS
KOHLIGHTpalli JIOKCHUAY a30Ty Vy T[IOBEpXHEBOMY WIapi MOBITPA 1 MOJAIBIIOTO
MOJIEIIIOBaHHS TIPoLIeciB Horo nudy3ii Ta B3aeMoil 13 BOJOIO Y IPYHTaX Ta IPYHTOBUX
BOJAX.

VY mepmiomy po3aull MPOBEACHO aHaji3 METO/AIB Ta MPOTPaMHHUX 3aco0iB i
MOHITOPUHTY 3a0pyHEHHS JIOBKIJLJIA.

[Ticnst mocnipkeHHsS PI3HUX METOMIB JJIsl OLIHKUA 3a0pyJHEHHSI IPYHTIB, OyJ0
BUSIBJICHO, 1[0 HAWMOIIMPEHIIMIUMH METOJaMH € XIMIYHMN aHami3, OloiHAuKaIlisl,
reoi3UYHUM MiAX1] Ta MaTEeMaTUYHE MOJIetoBaHHs. [Ipu 1bOMy BCTaHOBJICHO, 1110 CaMe
MaTeMaTHYHE MOJICIIOBAaHHS BOJIOJIE YUCICHHUMU MEepeBaraMu i JIeIKUMH HEJTO0TIKaMu
MOPIBHSHO 3 1HIMMH MeToaamu. lleit MeTon 103Bossie BpaxoOBYBAaTH Pi3HOMAHITHI
(akTopu Ta iX B3AEMOJIII0, IO BAXKIWBO JUJIi OTPUMAaHHS OUIbII TOYHUX PE3YJbTATIB.
Kpim Toro, 11e 103BOJIsI€E EKOHOMUTH PECYPCH, OCKITTBKH HE TIOTPEOY€E BEIMKOI KITBKOCTI
JOPOTOIIIHHUX PEarcHTIB Yr 010JI0TIYHUX OpraHi3MiB, SIK 11€ BJIACTUBO 1HITUM METOJIaM.

[IpoBeaeHo anaii3 3aco0iB OLIHIOBAHHS PIBHS 3a0pyAHEHHS IPYHTY, IPYHTOBUX
BOJA 1 atMocdepu. Y X0l IBOTO aHalizy OyiM pO3MIISIHYTI Pi3HI TEXHIUHI MPHUCTPOI,
OpU3HAYEH! [J1 BUMIPIOBAHHS KOHLEHTpalii AIOKCUAY a30Ty B HaBKOJIUIIHbOMY
cepenoBuii. [lpencraBieHo o mepeBar 1 HEAOJIKIB IUX cucTteM. Ha miacrasi
IpPOBEJICHOTO aHami3y Oyio BU3HaueHo, 1o npuctpiii Hyper-local Air Quality Analyzer

Sniffer4D € HalikpamuM BHOOpPOM [JIsi BUMIPIOBaHHS 3a0pyJIHEHHS, OCKUIBKH BiH



3MaTHUI MPOBOAUTH 301p JaHUX B MPU3EMHOMY Iapi aTMoc(epu, He BIUTMBAIOYHM Ha
IIJTICHICTB IPYHTY.

Y 3aBepmianbHId YacTHHI PO3ILTY, BHUXOASYM 3 aKTyaJlbHOCTI MpoOieMu
MOHITOPUHTY HAaBKOJIMIIIHBOT'O CEPEOBUIIA Ta ITICJIS aHAJI13y METO/IB 1 IHCTPYMEHTIB ISl
BU3HAYCHHS PIBHA 3a0pyJIHEHHSA, C(HOPMOBAHO 3aBIaHHS MJisi JIOCATHEHHS IIJIel
JUCEPTAIIHOTO JTOCITI IPKEHHS.

Y  apyromy po3aun  aucepTamidHoi  poOOTH  po3poOJieHO MaTeMaTH4HEe
3a0e3MeyeHHs] s MOJICTIOBAHHS TMPOIECIB, MOB'I3aHUX 3 BHUKUAAMH IIKIJITHBUX
PEUYOBUH aBTOTPAHCIIOPTY 1 iX BIUIMBOM Ha HABKOJIMILIHE CEPEIOBUIIIE.

3anpornoHOBaHO Ta OOIPYHTOBAHO METOJI MATEMAaTUYHOI'O MOJIEJIFOBaHHS ITPOLIECIB
3a0pyIHEHHS IPYHTIB IIKIIJTMBUMHA BUKHAAMU BUXJIOIHUX T'a31B aBTOTPAHCIIOPTY, SIKUM,
Ha BIMIHY BiJ ICHYIOUUX, IPYHTY€ThCA Ha AU(EpeHIliaIbHUX PIBHSIHHSIX B YaCTUHHHUX
MOXIAHUX 13 TMOYaTKOBUMHU YMOBaMH, 3aJaHUMHU 3a pe3yJbTaTaMU BUMIPIOBaHb
KOHLIEHTpalli 3a0pyJHIOIOUUX PEYOBUH y ra30NoAI0HOMY CTaHI Ha MOBEPXHI I'PYHTIB,
M0 Y CYKYNHOCTI 3a0€3MeYusIO CIPOLICHHS MPOLECIB MOJEIIOBAHHS 3a0pyIHEHHS
I'PYHTIB.

Halynu mojansmioro po3BUTKY MaTeMaTHUHI MOJIEN PO3IMOAUTY KOHIIEHTpaIlli
CIIOJIYK a30THOI KHCJIOTH Ta CYIyTHIX COJIEM y IpyHTaX y BHUIJISAI nudepeHiiaibHuX
piBHSHb 3 pPO3MOAUICHMMH TlapaMeTpaMH 3a IOYaTKOBHX YMOB, BH3HAUEHUX 3a
pe3yibTaTaMu BUMIPIOBaHb y MIOBEPXHEBOMY IIapi MOBITPA.

[lin yac obuucneHp Oys0 MOOYIOBAHO PO3MOALT KOHLEHTpauii 3a0py/lHEHb B
IPYHTI Ta BOJII B OKOJIAX OKPEMHUX TOYOK CIIOCTEPEKEHb. Takok MoOyI0BaHO PO3MOALT
KOHIIEHTpaIlli 3a0pyJHEHh B OKOJIaX Mapy TOYOK CIOCTEPEKEHBb IMiJICUCTEM THITY
BOJI0IMa-y30epexcxksi. Ha ocHOBI naHMX, OTpUMaHMX 3 MOOLIRHOTO BHUMIPHOBAJIBLHOTO
KOMIUIEKCY, J1¢ (hIKCYyBaJMCS HAWBHINI, HAWHMKYI Ta CEPEeIHI 3HAYCHHS KOHIICHTpAIlii
3a0pyIHEHb Y TIOBITP1 HA HU3bKII BUCOTI, MOOYyBaHO MOJI€Nb PO3MOI1TY KOHIIEHTpAIlli
3a0pyJIHEHb B IPYHTI y MICISIX MPOBEICHHS BHUMIPIOBaHb. BCTaHOBIICHO, IO CYTTEBE
MIPOHUKHEHHS 3a0pyHEHb Y Ta30M0A10HOMY CTaH1 MPAKTUYHO 3aKiHUY€ETHCS HAa TITMOUHI
10 canTUMETDIB.

B 3aBepmanbHiii yacTHHI po3auly Oyino moOynoBaHO IHTEPBAIbHY MOJEb IS
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OLIIHKK (POHOBUX PIBHIB KOHILIEHTpAILii MIOKCUAY a30Ty. s CTBOpeHHs i€l Mojeni
BUKOPUCTAHO METOJIM 1HTEPBAJIHLHOTO aHANI3y Ta €BOJIIOTHBHI aJrOpuTMH, 0a30BaH1 Ha
MOBEAIHKOBUX MOJENAX O/PKOIMHOI KoyoHii. el miaxia J03BOMUB HOCSTHYTH BHCOKOT
POrHOCTUYHOT TOYHOCTI, 320€3MEeYMBIIN FApAHTOBAHY TOYHICTh OTPUMAHHUX MO/IEJeH Ha
piBHi 15%.

Y TperhoMy pO3IiUTI PO3POOJICHO apXITEKTYypy NPOTPAMHOI CHCTEMH IS
MOJIEJIIOBaHHS MPOIECIB 3a0pYyIHEHHS IPYHTIB IIK1ITUBUMU BUKUIAMHU BUXJIOTHUX T'a31B
aBTOTPAHCHOPTY, SKa, Ha BIAMIHY BiJ ICHYIOUMX, IHTErpy€ MporpamHe 3abe3meueHHs
1H(popMaIiiHO-BUMIPIOBAJIBHOTO KOMILUIEKCY Ta 3aco0d BioOpa)K€HHS MOTOYHOT
cutyanii moao 3a0pyJaHEHHS TPYHTIB, IO Yy CYKYIHOCTI 3a0€3MeunsIo CIpOICHHS
MIPOIIECIB MOJEIOBaHHS 3a0pymHEeHHsS TpyHTIB. CHCTeMa CKJIaJa€Thesl 3 YOTHPHOX
OKPEMHUX MOJIYJIIB, SIK1 B3a€EMOJIIIOTh MK COOOI0 3a JOTIOMOTOI0 PI3HUX TEXHOJIOT1#. Biiok
SnifferdD Hyper-local Air Quality Analyzer OyB oOpaHuii sik 0a30BHII KOMITOHEHT JIJISI
BUMIPIOBAHHS KOHIICHTpAIlli 1I0KCUy a30TYB IIPU3eMeCcTOMY 11api atMmochepu. Y 1boMy
OPUCTPOI € CHEIlabHUI JAaT4yuK JJIs BUMIPIOBAHHS JAHOI PEYOBMHHU, a TaKOXK BiH
OCHAIIIEHUH MOJyJIeM TeJleMeTpil Jyisl 3B s3Ky. {15 mosjermenHss 0OOMiHY JTaHUMHU MiX
JATYUKOM 1 CIY’KO00I0 KepyBaHHS JaHUMHU Ha KOMIT IOTEPl BCTAHOBJIICHO MPOrpaMHE
3abe3neuenHs SnifferdD Mapper nns  3abe3nedeHHs Bidyamizaiii pe3yjbTaTiB
BHUMIPIOBaHb y peajbHOMY Yaci.

3rimHo po3po0JeHOi apXITEeKTypH, pPe3yJbTaTh BHUMIPIOBaHb MEPEHAAIOThCA B
MIJICUCTEMY JIJIT MOJCITIOBAHHS TPYHTIB, JI€ MPUBOISATHCS O IHTCPBAIBHOTO BUTIISITY
yepe3 HasBHICTh MOXMOOK BHMIPIOBaHb Ta 30epiratoThCcsi B 0a3zi gaHux. B koHTeKkcTi
PO3pOOKH apXITEKTypHU JaHOI CUCTEMHU TaKOXK HAOYB MOAAIBIIOTO PO3BUTKY MPOTPAMHO-
TEXHIYHUN KOMIUIEKC AJIE MOHITOPUHIY 3a0pyJIHEHHS IPYHTIB, SIKAW, Ha BIJIMIHY BIJ
ICHYI0UYHX, 3a0€3Meuye OTI0CePEIKOBaHY OIIHKY KOHIIEHTpAIlii 3a0py THIOI0UUX PEUOBUH
y TIpyHTax 3a pe3yjbTaTaMH BHUMIPIOBAHb KOHIIEHTpAIlld Ta30MoAIOHUX IIKIITMBUX
PEYOBHH Ha MOBEPXHI IPYHTIB, IO 3a0€3Meuy€e 3HUKEHHS BApPTOCTI MPOLIECIB KOHTPOJIIIO
3a0pyJHEHHSI IPYHTIB.

3a nonomororo pizHuX TuniB UML-aiarpaM, Takux sik iarpaMmu akTUBHOCTI, USe-

case Jiarpam, Jiarpamu MOCIiOBHOCTI, iarpamMu JisUTbHOCTI, JlarpaMu KOMYHIKaITii,



JiarpamMu KiaciB, JlarpaMd KOMIIOHEHTIB Ta JllarpaMy pO3ropTaHHs, Oyiyd BHU3HA4YEHI
OCHOBHI BUMOTU JI0 CHUCTeMH. BUKOpHCTaHHS IOTO MiAXOAY T03BOJMIO MOKPAIIUTH
e(eKTUBHICTh TPOIECY PO3POOKH 1 BUKOPUCTAHHS MaTEMaTHIHUX MOJEICH pa3oM i3
BIJIMOBITHUMU ~ €KCIIEPUMEHTAJIbHUMU JaHUMH JUIS  JTOCJHIJDKEHHS I[bOTO  THITY
3a0pyIHEHHS.

Cucrema peani3oBaHa 3 BHUKOPHCTAHHSAM O0'€KTHO-OPIEHTOBAHOTO IMiIXOY
porpaMyBaHHsl 1 TPYHTYEThCS Ha MIKPOCEPBICHIM apXITEKTypi, BUKOPHCTOBYIOUH
texHoJjoriio .Net Framework Tta moBy nporpamyBanus C#. [[ist 30epiranss 1 KepyBaHHs
JTAHUMHU BUKOPUCTAHO CHCTeMY yrpaBiiHHS 6a3zamu qanux Microsoft SQL (MSSQL).

VY derBepToMy po3aiTl aucepTaliifHOI poOOTH HABEICHO BUIIIAA TIpadidyHOIO
1HTEepQeicy NporpaMHOro 3a0e3NeyueHHs I MOJENIOBaHHSA 3a0pyJHEHHs IPYHTIB, a
TaKOX OMUCAHO MOAYJII 1i€1 cUCTEMH, 3 (POKYCOM Ha 1X B3aEMO/IIi 3 pI3HUMU KaTEropisiMu
KOPHCTYBauiB Ta MOXJIMBOCTSIMUA 30BHIIIIHIX 1IHTETPAIlIi.

J{ns nmepeBipku cucTeMu OyJ10 IPOBEACHO IHTErpaliiiHe TECTyBaHHSI Ta TECTYBaHHS
OpoAYKTUBHOCTI. [l TpOBENEHHS €KCIEePTH3U MpOrpamMHOro iHrepgeicy Oyio
BUKOHAHO PIi3HI IPYNH TECTIB, BKJIIOYAIOUM MO3UTUBHI TECTH, PO3IIMPEHI MO3UTHUBHI
TECTH 3 JIOAATKOBUMHU TlapaMeTpaMH, TECTH 3 HETaTUBHUMH BXIJHUMHU JTaHUMH
(BKJTFOUAIOYM BaJIIIHI TA HEBAJIIIHI J1aH1), IECTPYKTUBHI TECTH, & TAKOXK TECTH Ha Oe3MeKy
Ta aBTOpu3alito. JIjisi mepeBipku MPOAYKTUBHOCTI OyJIO BU3HAYEHO OCHOBHI CIIEHapi,
Taki SIK JIOT1H KOPUCTyBayua, eKCIOPT JaHUX 3 MOO1IBHOI cTaHIli1, BUOIp Micii, moOyaoBa
[PO, mopnentoBaHHs 3a0pyIHEHHsS B IPYHTI Ta y BOJl. 3a pe3yJbTaMU IPOBEIECHOTO
TECTyBaHHSI 30BHINIHBOTO iHTepdeiicy Bci 123 Tectn Oynau yCHINIHO 3aBepIeHi 0e3
’KOJIHOT TOMWJIKH, MATBEPKYIOUN HaA1HY poOOTy mporpamu. Pe3ynbraTtu TecTyBaHHS
MPOYKTUBHOCTI TaKOK MIATBEPIUIN YCHIIIHY pOOOTY.

[Ticns anamizy KiITbKICHHX TOKa3HHWKIB (aHANITHKA Ta 3BITHICTH, 30ip JaHUX
OHJIAH, MIITPUMKA JI0JATKOBUX MTapaMeTpiB, MacIITA00BaHICTh, CTIMKICTh IO 30BHIITHIX
(GakTopiB) OLIHKK CHCTEM MOHITOPUHTY 3a0pyJHEHHS IPYHTY pO3pPaxOBaHO
IHTErpallbHUN TOKa3HUK e(EeKTUBHOCTI pPO3poOJsieHOi cucTteMu. JlaHa TEXHONOTIS
BIJI3HAYAETHCA 3HAYHUM MOKPAUIEHHSM LIbOTO MOKa3HUKA €(DEKTUBHOCTI y MOPIBHSAHHI 3

IHITUMU BIJIOMUMH PIIIICHHSMU Y IIH Tany3i, 30iu1bmrytoun oro Ha 42.0%. 1l mudpa
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BJIBIYl MIEPEBUIILYE BITHOCHUN PICT €PEKTUBHOCTI, SIKUM OyB 3a(piKCOBaHMI B 1CHYIOUHX
CUCTEMaxX MOHITOPUHTY 3a0pyIHCHHS IPYHTY.

[TpakTHuHe 3HAYEHHS OTPUMAHHUX PE3yJIbTATIB MOJIATAE Y CTBOPEHHI MPOTPaMHO-
TEXHIYHOTO KOMIUIEKCY JUJIi MOJICIIOBaHHS 3a0pyJHEHHsS TPYHTIB IIKiIJTUBUMHU
BUKHJIaMHU Y BUXJIOITHUX T'a3aX aBTOTPAHCIIOPTY.

KirouoBi cjoBa: mareMatnyHe MOJETIOBAHHSA, €KOJOTIYHUM MOHITOPHHT,
IIK1IJTMB1 BUKUIM aBTOTPAHCIIOPTY, 3a0PYIHECHHS IPYHTY Ta IMIJ3EMHUX BOJ, T1OKCH]

a30Ty, apXiTEKTypa MPOrpaMHOTro 3a0e3MeUeHHs, TPOTPaMHUN KOMIIICKC.

MNEPEJIIK ONYBJIIKOBAHUX ITPAIIb 3A TEMOIO JJUCEPTAILII

Hayxosi npayi, 6 axux onyoaiko8ano 0oCHOBHI HAYKO8I pe3yibmamu oucepmayii:

1. JuBak M.I1., Macmusxk 10.b., I[Iykac A.B., [loprumns H.IL., Boutiok [.O.,
Tumunmmma B.C. ApxiTekTypa CHUCTEMH €KOJOTIYHOTO MOHITOPUHTY Ta MpHUKIaid il
3aCTOCYBAHHS JUIS MOJICITIOBAHHS KOHIICHTPAIIN IIKIJJIMBUX BUKUIIB aBTOTpaHCHOPTY //
Inoykmuene mooenosanis ckiaonux cucmem: 360. nayx. np. Kuis, 2017. Bum. 9. C. 69-
84.

30006y6auem po3pobreHo MoO0Yab 300py OaHUX OAs CUCEMU eKONO02IYHO20
MOHIMOPUH2Y HABKOTUWHBO20 CEPEO0sULA.

2. Dyvak M., Rot A., Pasichnyk R., Tymchyshyn V., Huliiev N., Maslyiak Y.
Monitoring and Mathematical Modeling of Soil and Groundwater Contamination by
Harmful Emissions of Nitrogen Dioxide from Motor Vehicles // Sustainability. 2021.
13(5):2768. https://doi.org/10.3390/su13052768.(Scopus, Web of Science, Q2).

30006y6auem 3anponoHO8AHO MemoO MAmMeMamuyHo20 MOOeN08AHH NPOYeci8
0NnocepeoK08aHol OYIHKU 3A0PYOHEHH s IPYHMIB WKIOIUBUMU BUKUOAMU BUXIIONHUX 2A316
ABMOMPAHCNOPMY MA MAMEMAMUYHI MOOei PO3ZNOOLTY KOHYeHmpayii CHOIYK a30MHOI
KUciomu ma CYnymuix collei y IPpYHmax ) 6ueiaoi OugepeHyiaibHux pIieHAHb 3

PO3N0OLNeHUMU NAPAMEMPAMU 3a HOYAMKOBUX YMO8.
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3. Jusaxk M. I1., Manxyna B. 1., Mensnuk A. M., Tumuumun B. C. Cuctema
MOHITOPUHTY 3a0pyJHEHHsS TOBITPS aBTOTpPAHCIOPTOM Ha ©6a3i aBTOHOMHOIO
aepPOMOOLTHPHOTO BUMIPIOBAILHOTO KOMILIEKCY // Onmuxo-enekmporti inghopmayitino-
enepeemuyni mexnonocii. 42(2). 2022. ¢.73-83. https://doi.org/10.31649/1681-7893-
2021-42-2-73-83.

3000y6auem po3pobreHo apXimekmypy HpO2AMHOI CUCmeMU eKOA02IUHO20
MOHIMOpUHSY Ol  GUMIPIOBAHHS MA NPOSHO3VB8AHHA NOUWUPEHHS KOHYEHMpPayill
3a6pyOHIOIOYUUX DEUOBUH, SAKA GUKOPUCHOBYE NPOCPAMHE 3a0e3NneyeHHs 308HIUHBO2O
IHGOPMAYTUHO-BUMIDIOBATLHO20 KOMNIEKCY ma 3acobu  8i000padcenHs NOMOUYHOL
cumyayii wjo0o 3a0pyOHeH sl IDYHMIS.

4, Tumunmmua B., Oroo @. ApxXiTekTypa MNOpOrpaMHOI CHUCTEMH s
MOJICTIIOBaHHS IMPOIIECiB 3a0pyAHEHHS TPYHTIB BHACHIIOK AUPY3ii MIOKCUTY a30Ty B
rpyHTax Ta rpyHTOBUX Bonax // Bicnux XHY: Texniuni nayxu. Bum Ne 2 (2023). 2023.
€.351-360.

30006y6auem YOOCKOHANEHO NPOSPAMHO-MEXHIYHUU KOMNIJLEKC 051 MOHIMOPUHZEY
3a0pyOHeH sl [PYHMIB, AKUL 00380JI1€ HAOABAMU OYIHKY KOHYeHmpayii 3a0pyOHI00YUX
PEeUOBUH y TPYHMAX HA OCHOGI GUMIPIO8AHL KOHYEHMPAYitl Yyux pedosur y 2a3ax, sKi

3HAX00AMbCA HA NOBEPXHI TPYHMIG.

Hayxosi npayi, siki 3aceiouyioms anpobayiro mamepianie oucepmauii:

S. Tumuuniun B.C., [opruwus H.I1., Tumuninun b.C. [Iporpamuuii koMIekc
JUTSI MOJICITFOBAHHSI 3a0pyAHEHHS aTMOC(EpH IKIITUBUMUA BUKUJAMHU aBTOTPAHCIIOPTY B
yaci. Cyuacui komn'tomepni ingopmayiiuni mexnonozcii. Mamepianu Bceykpaincvkoi
KoHpepenyii 3 midcuapoonorw yuacmiw ACIT 2017. — Tepnonine: THEY, 2017. ¢.233-
234.

3000y6auem  po3pobreno  apximekmypy — HpPOSPAMHO20  KOMHAEKCY  OJis
MOOeN08anHs 3a0pYOHeHHs amMocgepu WKIOTUBUBMU SUKUOAMU ABMOMPAHCHOPMY 8

yaci.
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6.  Tymchyshyn V., Porplytsya N., Melnyk A., Tymchyshyn B. Software for
Modelling the Air Pollution by Vehicles. CEUR-WS. 2018. Vol. 2300. pp. 207-210.
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ANNOTATION

Tymchyshyn V.S. Methods and software tools for modeling soil contamination by
harmful emissions in the exhaust gases of the motor vehicle. — Scientific work on the
rights of the manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty 121 "Software
Engineering"” - Western Ukrainian National University, Ternopil, 2023.

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

The dissertation is dedicated to solving a current scientific and technical problem
related to the development of mathematical and software tools for monitoring soil and
groundwater pollution by harmful emissions from automotive transport, particularly
compounds formed through diffusion and interaction with water of nitrogen
dioxide(NO).

The increasing number of vehicles on the roads, especially in megacities, cities,
and their outskirts bordering agricultural lands and recreational areas, leads to significant
emissions of harmful substances into the air, followed by their accumulation in the soil
and groundwater. This problem has several serious consequences. Firstly, vehicle
emissions contain harmful substances such as nitrogen dioxide and carbon oxides, which
can migrate into groundwater through precipitation and other atmospheric conditions.
This can lead to water source pollution and affect the quality of drinking water.

Secondly, soil and groundwater pollution can have a significant impact on human
health. Further processes of nitrogen dioxide diffusion are associated with migration into
groundwater, transformation into nitric acid, and the leaching of its salts into water bodies,
resulting in their saturation with nitrates. Nitrates are known to be extremely harmful to
humans and wildlife. Elevated concentrations of these harmful substances can lead to
poisoning, various illnesses, and even life-threatening conditions. Additionally, soil and
groundwater pollution can harm ecosystems, disrupt the ecological balance, and reduce

soil quality for agriculture.
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The above-mentioned issues require continuous monitoring of soil and
groundwater pollution using information-measuring systems, the cost of which is
extremely high. At the same time, monitoring harmful emissions from automotive
transport into the air is not a significant problem today. The cost of such information-
measuring systems is moderate and relatively easy to implement from a technical and
technological perspective. Therefore, the dissertation proposes mathematical and
software tools for monitoring soil and groundwater pollution by harmful emissions from
automotive transport by measuring the concentration of nitrogen dioxide in the surface
layer of the air and subsequently modeling the processes of its diffusion and interaction
with water in soils and groundwater.

The first chapter involves an analysis of methods and software tools for
environmental pollution monitoring.

After investigating various methods for assessing soil pollution, it was found that
the most common methods include chemical analysis, bioindication, geophysical
approaches, and mathematical modeling. It was established that mathematical modeling,
in particular, has numerous advantages and some disadvantages compared to other
methods. This method allows for the consideration of various factors and their
interactions, which is important for obtaining more accurate results. Additionally, it
enables resource savings since it does not require a large quantity of expensive reagents
or biological organisms, as is the case with other methods.

An analysis of tools for assessing the level of soil, groundwater, and atmospheric
pollution was conducted. During this analysis, various technical devices designed for
measuring the concentration of nitrogen dioxide in the environment were examined. An
overview of the advantages and disadvantages of these systems was presented. Based on
the conducted analysis, it was determined that the Hyper-local Air Quality Analyzer
Sniffer4D device is the best choice for pollution measurement since it is capable of
collecting data in the near-surface atmospheric layer without impacting the integrity of
the soil.

In the concluding part of the chapter, considering the relevance of environmental

monitoring issues and after analyzing the methods and tools for determining pollution
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levels, tasks were formulated to achieve the goals of the dissertation research.

In the second chapter of the dissertation, mathematical software was developed for
modeling processes related to emissions of harmful substances from automotive transport
and their impact on the environment.

A method for mathematical modeling of soil pollution processes by harmful
emissions from vehicle exhaust gases has been proposed and justified. Unlike existing
methods, this approach is based on partial differential equations with initial conditions,
determined by the results of measuring the concentration of pollutants in gaseous state at
the soil surface. This approach collectively simplifies the modeling processes of soil
pollution.

Mathematical models for the distribution of the concentration of nitrogen
compounds and associated salts in soils have further evolved in the form of differential
equations with distributed parameters, with initial conditions determined based on
measurements in the surface layer of the air.

During the calculations, concentration distribution profiles of pollutants in the soil
and water were constructed around specific observation points. Concentration distribution
profiles were also created around pairs of observation points for subsystems like water
bodies and shorelines. Based on data obtained from a mobile measuring complex that
recorded the highest, lowest, and average pollutant concentration values at low altitudes,
a model of pollutant concentration distribution in the soil at measurement locations was
developed. It was determined that significant penetration of pollutants in gaseous form
practically ceases at a depth of 10 centimeters.

In the concluding part of this section, an interval model was constructed to estimate
background levels of nitrogen dioxide concentrations. To create this model, interval
analysis methods and evolutionary algorithms based on behavioral models of bee colonies
were used. This approach enabled achieving high predictive accuracy, ensuring a
guaranteed model accuracy level of 15%.

In the third chapter, an architecture for a software system for modeling soil
pollution processes by harmful emissions from vehicle exhaust gases was developed.

Unlike existing systems, this architecture integrates the software of the information-
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measuring complex and tools for displaying the current situation regarding soil pollution,
collectively simplifying the modeling processes. The system consists of four separate
modules that interact with each other using various technologies. The Sniffer4D Hyper-
local Air Quality Analyzer was chosen as the base component for measuring the
concentration of nitrogen dioxide in the near-surface layer of the atmosphere. This device
Is equipped with a specialized sensor for measuring this substance and has telemetry
capabilities for communication. To facilitate data exchange between the sensor and the
data management service on the computer, the Sniffer4D Mapper software was installed
to provide real-time visualization of measurement results.

According to the developed architecture, measurement results are transmitted to the
subsystem for modeling soils, where they are converted into interval form to account for
measurement errors and stored in a database. In the context of developing the architecture
of this system, the software and hardware complex for monitoring soil pollution also saw
further development. Unlike existing systems, it provides an indirect estimation of
pollutant concentrations in soils based on measurements of gaseous pollutant
concentrations on the soil surface. This reduces the cost of soil pollution control
Processes.

Using various types of UML diagrams, such as activity diagrams, use-case
diagrams, sequence diagrams, activity diagrams, communication diagrams, class
diagrams, component diagrams, and deployment diagrams, the main requirements for the
system were determined. Employing this approach improved the efficiency of the
development process and the utilization of mathematical models in conjunction with
relevant experimental data for the study of this type of pollution.

The system is implemented using an object-oriented programming approach and is
based on a microservices architecture, utilizing the .Net Framework technology and the
C# programming language. For data storage and management, Microsoft SQL (MSSQL)
database management system is employed.

In the fourth chapter of the dissertation, the graphical user interface of the software
for modeling soil pollution is presented, along with a description of the modules of this

system. The emphasis is placed on their interaction with various user categories and
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external integration capabilities.

Integration testing and performance testing were conducted to verify the system.
Various groups of tests were performed to assess the software interface, including positive
tests, extended positive tests with additional parameters, tests with negative input data
(including valid and invalid data), destructive tests, as well as security and authorization
tests. Performance testing focused on determining key scenarios such as user login, data
export from the mobile station, mission selection, IDO construction, soil and water
pollution modeling. As a result of the external interface testing, all 123 tests were
successfully completed without any errors, confirming the reliable operation of the
software. The performance testing results also confirmed successful operation.

After analyzing quantitative indicators (analytics and reporting, online data
collection, support for additional parameters, scalability, resistance to external factors),
the integral efficiency indicator of the developed monitoring system for soil pollution was
calculated. This technology is noted for a significant improvement in this efficiency
indicator compared to other known solutions in this field, increasing it by 42.0%. This
figure is twice the relative growth in efficiency recorded in existing soil pollution
monitoring systems.

The practical significance of the obtained results lies in the creation of a software
and hardware complex for modeling soil pollution by harmful emissions from vehicle
exhaust gases.

Keywords: mathematical modeling, ecological monitoring, harmful emissions
from vehicles, soil and groundwater contamination, nitrogen dioxide, software

architecture, software complex.
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