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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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«l'eodpusuka u cericmonorus», Kazaxckuii HallMOHAIBHBIA UCCIIEIOBATENBLCKINA TEXHUYECKUI YHUBEPCUTET HM.
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Abstract. Relevance. This paper examines the theoretical and applied basis
of the intelligent geoinformation platform development to improve the municipal
solid waste management system of Shymkent. The study analyzed current
approaches in management of the collection, transportation, sorting, and disposal
of municipal wastes, and explored optimization methods based on mathematical
modeling and geoinformation technologies. Objective. The objective of the study is
to investigate the possibilities of developing an intelligent geoinformation platform
for optimizing municipal solid waste management processes in Shymkent through
the integration of mathematical modeling, spatial data analysis, and geoinformation
technologies. Methods. The paper examines a multifactorial mathematical model
of stochastic waste accumulation, nonlinear routing algorithms, graphical heuristic
methods, and the asynchronous time management mechanism (Delta Time).
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Additionally, heat map algorithms for stochastic modeling of the morphological
composition of municipal solid wastes and visualization of waste distribution
intensity are studied. The possibilities of processing spatial data, monitoring the
condition of waste collection infrastructure, and making management decisions by
using a geoinformation user interface are presented. Results. The combination of
mathematical modeling, data analysis, and geoinformation technologies enables the
automation of waste management processes, optimization of waste disposal routes,
improvement of municipal service efficiency, and reduction of environmental
impact. Conclusions. The research results can be used in the development of the
intelligent information platform for household waste management in Shymkent,
as well as in the creation of digital systems for managing the city's municipal
infrastructure.

Keywords: municipal solid waste, geoinformation technologies, mathematical
modeling, spatial analysis, intelligent platform, Shymkent Smart Waste
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AnHoTanus. Ozexminiei. Makanana IIIBIMKEHT KaJachIHIAFBI KaTThI TYPMBIC-
TBIK KaJJIBIKTapIbl Oackapy JKYHeCiH KeTUIIipyre apHajfaH HHTEIUICKTYaJl bl
re0aKnaparThlK IJIaTGOPMaHbl  J3IpJCYAiH TCOPHUSIIBIK JKOHE KOJAaHOAIIbI
Heri3aepi KapacThIpbUTFaH. KaTThl TYPMBICTBIK KAIIBIKTAP b )KUHAY, TAChIMAJIIay,
CYPBINTAY KOHE KOJIEre Kapary MpolecTepiH OacKapylublH 3amMaHayHW Tociiuepi
TalaHbIl, MAaTeMaTHKAJIBIK MOJENb/IEY MEH T€0aKMapaTThIK TEeXHOIOTHIIapFa
HETI3/Ie]ITeH OHTAMIaHBIPY dJIicTepi 3epTTeni. Maxcamopl. 3epTTEYIiH MaKCcaThl —
MaTeMaTUKAJIBIK MOJIEITBACY, KeHICTIKTIK IepeKTepAl Talay 5KOHE Te0aKMapaTThIK
TEXHOJOTHUIapIbI OipiKTipy apKbpuThl IIIBIMKEHT KamachIHIaFbl KATTHI TYPMBICTHIK
KaJIBIKTap/bl 0acKapy MpoLeCcTepiH OHTAIaHABIPYFa apHaIFaH HHTEIICKTYaJl bl
reoakmaparTelK IIarGopMaHbl o3ipiey MYMKIHAIKTEpiH 3epTrey. Odicmepi.
JKymbIcTa KaJIbIKTap/bIH KE3/EHCOK KHHAIYBIH CUIATTAUTHIH KOT(aKTOPIIbI
MaTeMaTHUKaJIbIK MOJIEIb, CHI3BIKTHIK €MEC MapIIpyTTay aJrOpUTMIEpi, rpadThIK
IBPUCTUKAIBIK 9ICTEP XOHE aCMHXPOHIBI YakbITThl Oackapy Mexanusmi (Delta
Time) xapacTeipbuigbl. COHBIMEH KaTap KaTThl TYPMBICTBIK KaJJBIKTAPJIbIH
MOP(ONOTHSIIIBIK  KYPaMbIH CTOXAaCTHUKAJBIK MOJENbACYTe apHallFaH KbUIY
kaprtacel (Heat Map) anropurmaepi MeH KalIbIKTapAblH Tapary KapKblHABUIBIFbIH
BU3yanm3amusiay — Tociaaepi  3eprrenmi. [eoakmapaTThlK — TailgalaHyIIbI
uHTEepQEiCciH KoNJaHy apKbUIbl KEHICTIKTIK AEPEKTEepHi OHJICY, KaJIbIKTap.bl
XKHUHAY WHQPaKYPBUIBIMBIHBIH JKal-KYHiH MOHHUTOPUHITEY JKOHE 0acKapylIbLIBIK
meriMaep KaObuqay MyMKIHIIKTepi KepceTinai. Homuoicenepi. MareMaTHKaIIBIK
MOJICIIBACY, JCPEKTEP/l Ta1ay )KOHE Te0aKNapaTThIK TEXHOJIOTHSIApAbI KSIIeH Ti
KOJIJIaHy KaJIABIKTapbl 0ackapy IMpoIecTepiH aBTOMAaTTaHABIPYFa, TackiMajaay
MapUIpyTTapblH OHTAWIaHIBIPYFa, KOMMYHAIABIK KbI3SMETTEPAIH THIMAIIITIH
apTTHIpyFa JKOHE KOpIIaraH OpTara TYCETIH JKOJOTHSIIBIK KYKTEMEHI a3zalTyFa
MYMKIHIIK Oepeni. Kopuimuinowl. 3eprrey HoTmxkenepi LIbIMkeHT KajacblHIa
TYPMBICTBIK KaJJIBIKTAp/bl OacKapyFa apHallFaH HHTEIICKTYal[bl aKIapaTThIK
iatopMaHbl d3ipiey/e, COHali-aK KaJaHblH KOMMYHAIIBIK HH()PaKYPBUTBIMBIH
Oackapy/IbIH U PIBIK XKYHeIepiH Kypyaa naiaalaHbulybl MYMKIH.

TyiiiH ce3aep: KaTThl TYPMBICTHIK KAIIBIKTap, T€0aKMapaTTHIK TEXHOJIOTHSIIAP,
MaTeMaTUKaJbIK MOJECIbJCY, KSHICTIKTIK Taljay, HHTEUICKTyal bl iardopma,
Shymkent Smart Waste
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AnHOTanuA. Axmyansrnocms. COBEPIIEHCTBOBAaHUE CHCTEMBI YIPaBIICHUS
TBEPABIMH KOMMYHAJIBHBIMH OTXOJaMH SIBJISIETCSl OAHOM M3 aKTyaJIbHBIX 3ajad
YCTOMYMBOIO Pa3BUTHsI TOPOJCKON MHPPACTPYKTYphl. B yCIOBUSIX yBenndeHuUs
00beMOB 00pa30BaHMs OTXOJOB U YCIOKHEHHSI TIOTUCTUYECKUX IPOIIECCOB 0c0b0€e
3HaUYE€HUE TPUOOpPETacT BHEIPECHHUE WHTEIUICKTYaJbHBIX LU(POBBIX PEIICHHIA,
OCHOBaHHBIX Ha MareMaTH4Ye€CKOM MOJIEIMPOBAHUM, IPOCTPAHCTBEHHOM aHAJIN3€e
U TeoMHPOPMAIMOHHBIX TEXHOJIOTHSIX. B HcciaenoBaHuu paccMaTpUBarOTCs
TEOPETHYECKUE M MPUKIAAHBIE MOAXOAbI K pa3padoTKe HMHTEIJIEKTyalbHON
reonrdopmanronHoi mnargopmel Shymkent Smart Waste, npeanasHaueHHON
JUIsL COBEPIICHCTBOBAHMsI MpOLEcCOB cOopa, TPAaHCIOPTUPOBKH, COPTUPOBKU
U YTWIM3AaIlMM TBEPIABIX KOMMYHAJIbHBIX OTX010B ropoja llbimkenta. [[ens.
HccnenoBarh BO3MOXKHOCTH pa3paboTKH HHTEIIIEKTYallbHON FeOMH(POPMAIHOHHON
mw1aThopMbl AL ONTUMH3ALMM  YIPABICHUS TBEPABIMH KOMMYHAJIbHBIMU
orxonamMu ropona llIpIMKeHTa TyTeM HWHTErpaluu  MaTeMaTHYeCKOIro
MOJICTUPOBAHHMS, IPOCTPAHCTBEHHOTO aHaIN3a JaHHBIX U TeOMH()OPMAIIMOHHBIX
TeXHONOTHI. Memoodbl. METOOIOrHUECKY0 OCHOBY HCCIICIOBAHUSI COCTABIISIOT
MHOTO(aKTOpHOE MaTeMaTH4YeCcKoe MOJIEIMPOBaHME CTOXaCTUYECKOTIO
HAKOIUICHUSI OTXOJIOB, HEJMHEHHBIE aJTOPUTMbl MapUIpyTHU3aluH, rpadoBble
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IBPUCTUYECKUE METOAbl M MEXaHHW3M AaCHHXPOHHOTO YIpaBJICHUs BPEMEHEM
(Delta Time). PaccmMoTpeHBI aaTOpUTMBI TOCTPOCHUS TeIUTOBEIX KapT (HeatMap),
MpeJHa3HAYEeHHBIX JUIsl NPOCTPAHCTBEHHOW BU3yajM3allMd WHTCHCUBHOCTU
HAKOIUICHHUS OTXOA0B. [{0MOTHUTENBHO HCCIeJOBaHbl BO3SMOKHOCTH IPUMEHEHUS
reonH(pOPMAIMOHHBIX TEXHOJIOTUH I 00paOOTKH MPOCTPAHCTBEHHBIX JAaHHBIX,
MOHHTOPHHIA COCTOSIHUSI MH(PaACTPYKTyphl cO0pa OTXOAOB M MHPOPMALTUOHHON
MOAJEPKKA ~ NPUHATHS — YOPABICHYECKUX  pewmeHuid. Pesynemamer. Ha
OCHOBE aHAJIM3a MAaTeMaTHYECKUX MoOJelieil, alropuTMOB MapIIpYTH3aLUH MU
reonH(pOPMaOHHBIX HHCTPYMEHTOB ONpPENEICHbl OCHOBHBIC (PYHKIIMOHAJIBHBIC
HanpaBJICHUs] MHTEIIEKTyanbHol miardopmsl Shymkent Smart Waste. K Hum
OTHOCATCS MOJEIUPOBAHHUE MPOIECCOB HAKOIUICHHUSI TBEPIBIX KOMMYHAJIBHBIX
OTXOJIOB, NMPOCTPAHCTBEHHAsI BU3yaJH3alMs MX PACHpEACICHUS, ONTHUMHU3ALUI
MapLIpyTOB TPAHCTIOPTUPOBKU U MOHUTOPHHT COCTOSHUS 00bEKTOB KOMMYHAaJIbHON
nHpacTpykTyphl. [lokazaHo, 4TO MHTErpalysl yKa3aHHBIX HHCTPYMEHTOB CO3aeT
MPEANOCHIIKY 17151 aBTOMATH3AL[H OTAEIbHBIX TPOLIECCOB YIPaBICHUS OTXOJaMH,
MOBBIIECHUS 3P PEKTUBHOCTH MJIAHUPOBAHUSI A€ TEIILHOCTH KOMMYHAJIbHBIX CITY KO0
U COKpALICHHs MOTCHUIHAJIBHOTO HETaTUBHOTO BO3ACHCTBHUS HA OKPYKAIOIIYIO
cpeny. Bwigoowi. IlpuMeHeHHEe METOJOB MaTeMaTHYECKOrO MOAEIMPOBAHUS,
MPOCTPAHCTBEHHOTO aHAJIN3a U TCOMH(POPMALIMOHHBIX TEXHOJIOTHH MPEACTABISIET
MEPCIEKTUBHOE  HampaBieHHe  [U(POBH3aLMM  CUCTEMBl  YIpPaBJICHUS
TBEPABIMH KOMMYHAJIBHBIMH OTXOJaMH. PaccMOTpeHHbIE MOAXOABI MOTYT OBITH
WCTIONB30BaHbI IPH pa3padoTKe MHTENJIEKTyanbHOU mardopmer Shymkent Smart
Waste ans ropopa lllsiMKeHTa, a Takke NMPU MPOCKTHPOBAHWH AHAIOTHYHBIX
UU(POBBIX PEIICHUH IS ypaBIeHUs] KOMMYHaJIbHONH HH(PPACTPYKTYypOl APYTHX
ropooB. [Ipaktudeckas 3 PeKTUBHOCTD MPEATIOKEHHBIX HHCTPYMEHTOB TpeOyeT
JanpHEeHIeH MpoBepKH Ha OCHOBE (PAKTUYECKHUX NAHHBIX O HAKOTJICHHH OTXOJ0B,
TPAHCIIOPTHBIX MapHIpyTax U paboTe KOMMYHAJIBHBIX CITYkKO.

KiroueBblie cjioBa: TBepIble KOMMYHaJIbHbBIE OTXOABI, T€OMH(POPMALMOHHBIC
TEXHOJIOTHH, MaTeMaTH4YecKOe MOJEIMPOBAaHUE, IMPOCTPAHCTBCHHBIM aHaAIM3,
WHTEJUIeKTya bHas wiatdgopma, Shymkent Smart Waste

Introduction. The intelligent geographic information system (GIS) for
municipal waste management is a modern information and analytical system
designed to automate the collection, storage, analysis, and visualization of data
related to municipal waste recycling. The main goal of a GIS is to improve waste
management efficiency through the use of geographic information technologies,
mathematical modeling, and data mining.

However, many GIS-based municipal solid waste management studies rely
on assumed or statistically generated waste-generation parameters, while field-
derived morphological and fractional composition data are not always directly
incorporated into spatial routing models.

Withincreasing of volumes of municipal wastes and increasing the environmental
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load, there is a necessity to create automated systems capable of monitoring the
condition of infrastructure facilities, analyzing wastes transportation routes,
predicting wastes generation, and supporting management decision-making. The
use of intelligent geographic information systems can significantly improve the
efficiency of municipal services and reduce the negative impact of waste on the
environment (Samarskii et al., 2018; Burdenet al., 2016).

IGS combines the capabilities of geographic information systems, databases,
methods of artificial intelligence and mathematical modeling. The system allows
to display on the electronic map the location of container sites, wastes processing
enterprises, solid wastes landfills, routes of garbage trucks and other infrastructure
facilities. In addition, IGS provides processing of spatial data and analytical
calculations. The main functions of the intelligent geoinformation system of solid
waste management are (Sauer, 2018; Atkinson, 1989):

— storage and processing of spatial data;

— control of container sites;

— analysis of the volume of wastes accumulation;

— creation of optimal wastes disposal routes;

— forecasting of the filling of polygons;

— analysis of environmental load;

— visualization of data on the electronic card;

— support of the adoption of administrative decisions.

One of the main elements of IGS is mathematical modeling of wastes processing.
Statistical and dynamic models can be used to forecast the volume of wastes.
Intelligent algorithms used in IGS allow automatic analysis of large volumes
of data, reveal regularities and generate recommendations for optimization of
waste management systems. For example, the system can automatically identify
the places of accumulation of overloaded containers, predict the need for wastes
removal and choose the most effective routes for garbage trucks.

Therefore, the objective of this study was to develop and evaluate a GIS-based
mathematical framework for municipal solid waste management in Shymkent
using empirical field data.

Materials and Methods. [nitial data and study area. The empirical basis
of the study was formed from municipal solid waste investigations conducted
in Shymkent. The studies covered four seasons and included more than 200
waste containers with a total sampled waste volume exceeding 150 m?. Waste
was characterized according to 13 morphological components and 7 particle-size
fractions. The study also included measurements of bulk density and moisture
content. In total, more than 200 samples from 17 types of facilities were analyzed.

The morphological composition of MSW was determined from field
investigations conducted in Shymkent. The analyzed waste included paper, metals,
glass, plastics, polyethylene, food waste, construction waste, textile, wood, rubber
and leather, and other fractions. The measured average composition is presented
in Figure 1.
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Figure 1. Morphological composition of solid household waste (on the example of the city of

Shymkent).

Table 1. Fractional composition of solid household waste.

Particle-size fraction, mm Mass fraction, %
>250 1,3-2,3
250-150 5,0-22,0
150-100 12,4-22,7
100-50 21,1-29,5
<50 30,7-50,5

The reported ranges represent the minimum and maximum mass fractions
observed across the sampling periods and sites.

The intelligent geographic information system (GIS) for solid wastes
management in the city of Shymkent was developed as a high-load single-page
application (SPA). The key visualization and interaction element is the geographic
information core, integrated by using the open-source Leaflet library (Longley et
al., 2021; Chang, 2019).

The GIS prototype was implemented as a web-based interface for visualization
of container locations, waste accumulation, fleet distribution and optimized
collection routes.

Results and Discussions. Multi-factor mathematical model of stochastic
accumulation of residues. The reliability and predictive value of the operation
of the geoinformation system is ensured by the mathematical model of solid
household waste generation. The model architecture categorically deviates from
the simple linear increase in volumes used in basic modeling. Instead, a system
of differential equations is used, which takes into account the stochastic (random)
nature of human behavior, demographic fluctuations in population density in
different areas of the Shymkent city, as well as cyclic time factors (daily, weekly
and annual harmonics).

The volume of accumulated garbage V_i(t) in a particular container | at any
given point in Time t correction is described by a certain convolutional integral of
the main waste production function multiplied by a set of nonlinear coefficients:
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4
Vz’ (t) = VE',D + ..I:.D[‘bi (I) X KSEIRSID:'! [:I) X KWEIR!‘?‘EE:" [:I.'] l:i'r (1)
where:
V; (£) — the current volume of solid waste in container i, expressed in cubic

meters (m”3) at the calculated time £

V: o — initial volume of garbage at the time t, (integration constant representing
the waste residue after the previous incomplete discharge cycle).

@,(T) —the main stochastic function of the intensity of garbage disposal by
residents of the adjacent area (m”3/h).

K. .ns0n(T) —a dimensionless seasonal macro coefficient (described by
Fourier series) that regulates the amount of generation depending on the season.

K yeatner (T) —dimensionless micro coefficient of humidity and meteorological
precipitation, which affects the hygroscopic expansion and density of waste.

T - integration variable (virtual simulation time).

Empirical studies of solid waste logistics prove that people take out garbage
unevenly: there are peaks of activity in the morning (before being sent to work) and
in the evening (when returning home). For a mathematically accurate description
of these vertices, the model uses the additive sum of two density functions of the
normal (Gaussian) probability distribution:

¢"(z-):al'exp(_wj+ozz.exp(_wj 2
20

2
1 20-2

where: 4, 1,

£y, [iz- mathematical expectations (centers) of the maximum load time on the
container site.

Ty, 3—mean square deviations (standard deviations) that determine the
"blurring" (Shiri) of Gaussian vertices. The larger the Sigma, the wider the
dispersion, that is, the longer the population produces garbage (typical for
weekends, for example).

&y, &5 — amplitude weight coefficients (maximum output intensity). They are
directly related to the population density within a radius of 150 meters from the
container coordinate. In multi— storey residential buildings (for example, "Nursat"
microdistrict), the coefficients a,, &, —reach maximum values.

t-the current local time of day is in hours (in 24-hour format).

Garbage disposal patterns change radically in winter and summer. In the summer
months, the consumption of melons, vegetables and containers of soft drinks in
Shymkent increases sharply, which leads to an exponential increase in the mass of
moist organic matter and plastic. The Fourier Series allows the GIS to establish a
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perfect flat wave function that characterizes these fluctuations throughout the year
without sharp programmatic "jumps" during the transition between months:

K.rnson (T) = Ay + T - [AcOS (;ﬂ”) + B, sin (:h )] (3)
year year

where:

Ay- the constant component (zero harmonics), which represents the average
base value of the seasonal coefficient for a year (1.0 by default).

Ay, By—the amplitude of the harmonics of the Fourier series. These parameters
are calibrated based on statistical retrospective data from the city utilities (Big
Data) of previous years.

k-integer index of harmonics. In the calculation kernel of the system, N=4 is
used (accounting for semi-annual, quarterly, monthly and weekly fluctuations).

Tym,,—this is the main period of modeling, equal to the number of hours in an
astronomical year (8784 hours).

Nonlinear routing and graph heuristics algorithms. One of the most complex
computational tasks of the platform is the dynamic reconstruction of the routes
of garbage trucks in real time. In classical performance, the calculation of the
optimal routing of special equipment is reduced to the calculation of the routing of
a vehicle with a limited capacity (Capacitated Vehicle Routing Problem, CVRP).

After the optimal tank cluster is rigidly attached to a particular truck, the
mathematical core launches the ant Ant Colony Optimization (ACO) to find the
shortest detour within the cluster. In this bioinspired algorithm, the probability that
a virtual "Ant" (router search agent) will move from the current node i to the target
node j at the iterative moment of time t is calculated by a complex probability
model of transitions:

PR v i . g
pi () = Ll 4)
LieNy [r,;jujr}]“-[’fﬁ]

where:

P!k; (t)— k garbage truck search algorithm the probability of the path between
tanks 7 and j entering the last route sheet (0 to 1).

Tyj (t)t -the concentration of the virtual "pheromone" at the edge of the graph
between nodes i and j.

7;; -the heuristic attraction of the string segment. This value is inversely
proportional to the physical distance, which is calculated by a high-precision
open-source guidance machine (OSRM).

o - the weight factor (historical memory parameter) that determines the degree
of influence of the accumulated "pheromone" on path selection.at higher values of
a, the algorithm tends to rely on previously created successful routes.
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B -the weight factor ("greed" parameter) that determines the degree of influence
of the line of sight and heuristic attractiveness. At high values of 8, the algorithm
always selects the nearest physical reservoir.

N!-k— the set of all non-arrival cluster tanks that can be passed through the
current point i for the & truck.

The route optimization was formulated as a capacitated vehicle routing problem
(CVRP) and solved using an ant colony optimization heuristic.

In addition to morphological decomposition, the platform provides dispatchers
with the most powerful spatial analysis tool — a thermal map (Heatmap), which
serves to instantly visually identify the most important foci of container overflow.
The heat map mechanism is fundamentally different from drawing colored circles
around the coordinates of tanks. Kernel Density Estimation (KDE) was used to
visualize the spatial concentration of waste accumulation and identify areas with a
higher intensity of container loading.

System architecture and Geoinformation user interface. The right panel of
the platform serves as a strategic command post and an analytical center (Figure
2). Architecturally, it is divided into a real-time dashboard block and a multi-tab
navigation block (OpenStreetMap Foundation; QGIS Development Team, 2024;
PostgreSQL Global Development Group, 2024).

01:41 v > Norna whs Ao

24011 2028

-------

otc

aaaaa

.....

Figure 2. Intelligent geoinformation system.

At the top of the screen are four accented maps of key performance indicators.
They combine data from all over the simulated city and extract common values:
"general collection", "recycling", "compost" and "to landfill”. Dynamic updating
of these maps occurs through a unidirectional data linking mechanism, which

prevents the interface from synchronizing with the simulator kernel (Figure 3).
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Figure 3. Performance indicators.

Directly under the dashboards is an interactive pie chart depicting the
morphological (component) composition of the collected garbage (Figure 4).
The system classifies waste into six main fractions: organic matter, plastic, paper,
glass, metal and ash. This graphical element is displayed using the Plotly analytical
library.the choice of js.Plotly.js is due to the fact that this library supports graphs
in the vector format SVG (Scalable Vector Graphics), which guarantees absolute
clarity of lines on monitors with high pixel density and provides interactivity when
hovering the cursor.

14.2%

13.9%

B organics B Ash B riastic B Paper
B Glass B Metal

Figure 4. Interactive diagram.

The operator's infrastructure tools are grouped on three logical sub-pages:
"Management", "Fleet"and "Analytics" (Figure 5). The management tab contains
important Logic switches that allow you to quickly change the basic business logic
of the system. The Smart Logistics switch acts as a trigger to programmatically
cut off less than 75% filled containers from the target garbage truck pool and
change graphical routing limits. The" base sorting "and" composting " switches
dynamically change the weight coefficients in the mass distribution matrices,
directing raw material flows from urban landfills to specialized processing plants.

The operator's infrastructure tools are grouped on three logical sub-pages:
"Management", "Fleet"and "analytics"(Figure 4). The management tab contains
important Logic switches that allow you to quickly change the basic business logic
of the system. The Smart Logistics switch acts as a trigger to programmatically cut
off less than 75% filled containers from the target garbage truck pool and change
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graphical routing limits. The"basesorting"and"composting" switches dynamically
change the weight coefficients in the mass distribution matrices, directing raw
material flows from urban landfills to specialized processing plants.

INFRASTRUCTURE

< Smart logistics e
— Route only to tanks >75%

g Sorting at facilities ()

Extraction of PET, cardboard, glass

Composting Q
‘g Organic waste processing in soil

Figure 5. Infrastructure tools.

On the internal management page, a block of Fleet scaling was implemented,
distributed by administrative districts (Abay, Al-Farabi, Enbekshi, Karatau, Turan)
(figures 6,7). Using the simple machines add / remove buttons, the new truck in
Ram will immediately install the software objects and start displaying them on the
map. This operation is "fast", that is, it does not require stopping or rebooting the
simulation. In addition, a filtering block is provided: the operator can completely
hide the visibility and calculation logic of certain areas in order to focus computing
resources and attention only on the problematic part of the city.

PARKING BY DISTRICTS

@ Al-Farabi District - | 5 | +
@ Abay District - 5 +

Enbekshinskiy District = 5 +
@ Karatauskiy District = 5 -+
@ Turan District =N 5 [t

Figure 6. Number of fleets by District.
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Figure 7. Filtering areas.

© @ @

C)

The inner surface of the "Fleet" is a deep telemetry control module (Figure 8).
It automatically generates lists of all active machines in the system, Their Unique
Identification Numbers, the degree of current occupancy of the case and the level
of residual charge of the traction battery. From this section, the operator can start
downloading the "efficiency report", which is displayed at the top of the main
interface in the form of a modal window. In this window, the system summarizes
the accumulated data for all areas, evaluates them according to the degree of
logistics load and generates a performance rating of each machine based on the
mathematically calculated utility effect factor (efficiency).

L Management #® Autopark ul Analytics

Total:

25 | Inoperation: O | Returned: O | Indepot:

25 | Trips: 1158

» e Al-Farabi District

| 3

Abay District

Enbekshy District

Karatausky District

Turan District

5 vehicles

5 vehicles

5 vehicles

5 vehicles

5 vehicles

B Efficiency Report

Figure 8. The inner surface of the fleet.
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The analytics subpage summarizes historical and predictive data (Figure 9).
The most innovative architectural solution is the built-in PDF document creation
module. Unlike the vast majority of corporate systems, this platform does not use
voluminous server-side document generation (Server-Side Rendering). Instead,
only client-side rendering is used: the html2canvas library executes a Pixel snapshot
of the Dom node hidden from the user with graphs (which are pre-converted from
SVG to high-resolution raster PNG using the local Plotlymethod.tolmage). After
that, the htmlI2pdf library asynchronously collects these images into a standardized
A4 binary file, ready to be physically printed or sent for instruction.

¥ I it m

LANDFILL LIFE SAVINGS (10T)

> 80 years 2 211 min T

Organics 50518 7
Plastic 18 084 7
T e S

Paper 177927
Glass 10211+
i T e

Metal 48557
————

Ash 26208 T

I Charts by periods

Figure 9. Analytical data.

Conclusion. This study presents an empirical-data-based approach to
municipal solid waste management in Shymkent, combining field investigations,
waste composition analysis, mathematical modeling, geographic information
system (GIS) analysis, and collection-route optimization. Unlike approaches
based primarily on synthetic or assumed waste-generation parameters, the
proposed framework was developed using field data collected from the urban
waste management system.

Field investigations were conducted over four seasons and included more
than 200 waste containers, more than 150 m* of municipal solid waste, and more
than 200 samples collected from 17 study sites. The investigated waste was
characterized according to 13 morphological components and seven particle-
size fractions. These observations provided an empirical basis for describing the
spatial and structural characteristics of municipal solid waste in different parts of
Shymkent.
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The obtained morphological and fractional composition data were used as
input parameters for mathematical modeling of waste accumulation and spatial
analysis. The GIS component enabled the integration and visualization of sampling
locations, container sites, waste accumulation characteristics, and collection
infrastructure. Spatial analysis, including heatmap-based visualization, was used
to identify areas with higher concentrations of waste accumulation and to support
the identification of priority collection zones.

The waste collection problem was formulated as a capacitated vehicle routing
problem (CVRP), in which container locations, estimated waste volumes, vehicle
capacity, and spatial distances were considered as routing constraints. An ant colony
optimization (ACO) procedure was applied to obtain feasible collection routes.
In this framework, the optimization algorithm is not treated as an independent
simulation experiment but as a computational tool for processing field-derived
spatial and waste-generation data.

The main methodological contribution of the study is the integration of
empirical municipal solid waste characterization with GIS-based spatial analysis
and vehicle-routing optimization. This approach establishes a direct connection
between field observations, mathematical modeling, and operational waste
collection planning. The resulting framework can be used to analyze spatial
variations in waste accumulation, support the planning of collection operations,
and evaluate alternative routing configurations.

The study also demonstrates the importance of using locally obtained waste
composition and accumulation data when developing mathematical and GIS-
based municipal solid waste management models. Further research should focus
on expanding the monitoring network, increasing the temporal resolution of
container-level observations, calibrating the accumulation model against longer-
term operational data, and quantitatively validating the optimized routes under
real collection conditions.
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