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ANNOTATSIYA

Ushbu magqola ekologik monitoring tizimlarida hosil bo‘ladigan katta hajmdagi
ma'lumotlarni sun’iy intellekt (SI) usullari yordamida tahlil gilishga bag’ishlangan. Tadqiqot
ob’ekti sifatida maishiy va sanoat chigindilari tanlangan bo‘lib, ularning hosil bo‘lish
dinamikasi, tarkibiy tasnifi va tarqalish xaritalarini avtomatik ravishda qayta ishlashda
mashina o‘rganishi (ML) algoritmlarining samaradorligi o‘rganilgan. Tadqiqot natijalarida
Random Forest, LSTM neyron tarmogqlari va k-means klasterizatsiya algoritmlari chigindilar
hajmini bashorat qilishda 92,3% gacha aniqlik ko‘rsatganligi isbotlangan. Olingan natijalar
chigindilarni boshqarish tizimini optimallashtirish va ekologik xavfni kamaytirishda amaliy
ahamiyatga ega.

Kalit so‘zlar: ekologik monitoring, sun’iy intellekt, chigindilar, mashina o‘rganishi, LSTM,
Random Forest, klasterizatsiya, bashorat qilish

This paper investigates the application of Artificial Intelligence (AI) methods for analyzing
large-scale environmental monitoring data, with a focus on municipal and industrial waste
management. The research examines the efficiency of Machine Learning (ML) algorithms —
including Random Forest, LSTM neural networks, and k-means clustering — for automated
processing of waste generation dynamics, compositional classification, and spatial distribution
mapping. Experimental results demonstrate that these algorithms achieve prediction accuracy of
up to 92.3% in forecasting waste volumes across different urban districts. The findings provide a
practical framework for optimizing waste management systems and mitigating ecological risks
through data-driven decision making.

Keywords: ecological monitoring, artificial intelligence, waste mandagement, mdchine
learning, LSTM, Random Forest, clustering, prediction

AHHOTAIIUA

[laHHasg CcTaThsd IIOCBAINleHA HUCCAeJOBAaHUIO IIPUMEHEHUsS METO/I0B
UCKYCCTBEHHOro uHTesuleKTa (MM) i aHaiu3a OOJIBIIIMX MaCCHUBOB JIaHHBIX
9KO0JIOTMYECKOI'0 MOHUTOPHUHTA Ha IIPUMepPe TBEPABIX ObITOBBIX U IIPOMBIIIIEHHBIX
0TX0/0B. 3yuaeTcd 3¢ PeKTUBHOCTh aJITOPUTMOB MAaIlIMHHOI0 00y4yeHUs — Random
Forest, HeMPOHHBIX ceTel LSTM U KJlacTepU3aliviu k-means — IIPU aBTOMaTHUYeCKOMU
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06paboTKe MMHAMHUKU 00pa3oBaHUA OTXO/MI0B, UX KaCCUQUKAIMU II0 COCTABY U
KapTorpadrupoBaHUU apeaJsioB pacipocTpaHeHus. JKCIIepUMeHTaJILHbIE
pe3yJbTaThl II0KAa3bIBalOT, UTO JAaHHBIE aJrOPUTMBI 00eCledYUBAKT TOYHOCTH
IIPOTHO3UPOBAHUA 00BEMOB OTXOZO0B [0 92,3%. [loslyuyeHHBIEe Pe3yJIbTaThl UMEIT
IIpaKTHUYeCcKOe 3HaveHHe I OIITHUMH3AIlUM CHCTEM YIIpaBJIeHUS OTXOLaMHU U
CHH’KEHHA 3KOJIOTHYECKHUX PHUCKOB.

Ki1roueBbIe C/I0Ba: 9K0/102UUECKUT MOHUMOPUHe, UCKyCcmGBHHblﬂ uHmeJ/1/1eKm,
omxodel, MawuHHoe obyueHue, LSTM, Random  Forest, K/acmepusayus,
NpPo2HO3UpPOBaHUe.

KIRISH / INTRODUCTION / BBEZIEHHE

Muammoning dolzarbligi

XXI asrda jahon miqyosida chigindilar hajmining tez o‘sishi global ekologik muammoga
aylandi. BMT ma’lumotlariga ko‘ra, 2022-yilda dunyo bo‘yicha 2,1 mlrd tonna qattiq maishiy
chigindi hosil bo‘lgan bo‘lsa, 2050-yilga borib bu ko‘rsatkich 3,4 mlrd tonnaga yetishi kutilmoqda.
O‘zbekistonda ham vaziyat keskin: mamlakatda yiliga 8-10 mln tonna maishiy chiqindi hosil
bo‘lib, ularning fagat 15-20% qayta ishlanmoqda.

Ekologik monitoringda an’anaviy usullar — qo‘l bilan namuna olish, laboratoriya tahlillari
va statistik hisobotlar — vaqt talab giladi hamda insoniy xatolarga moyil. Sun’iy intellekt
texnologiyalari, xususan mashina o‘rganishi va chuqur o‘rganish algoritmlari, bu jarayonni
avtomatlashtirish va real vaqtda qgaror qabul qilishni ta'minlash imkonini beradi.

Problem Statement

Environmental monitoring systems generate vast quantities of heterogeneous data —
including sensor readings, satellite imagery, laboratory analyses, and administrative records —
that exceed the processing capacity of conventional analytical methods. In the context of waste
management, this data gap creates critical inefficiencies: collection routes are suboptimal,
recycling rates remain low, and illegal dumping sites proliferate undetected. The application of Al-
driven data fusion and predictive modeling offers a transformative solution to these challenges.

Recent advances in deep learning, particularly Long Short-Term Memory (LSTM) networks
for time-series forecasting and Convolutional Neural Networks (CNNs) for satellite image
analysis, have demonstrated remarkable potential in environmental applications. However, their
systematic deployment in waste monitoring frameworks remains underexplored, particularly in
developing economies where infrastructure constraints amplify data quality issues.

ITocTaHOBKA IP0O06JIeMBI

CHUCTeMBI 3KOJIOTUYECKOI0 MOHUTOPUHIA T'€HEPUPYIOT OTPOMHbIE 00HEMBI
Pa3sHOPOAHLIX [MAHHBIX — IIOKasaHUg [JaTUYUKOB, CIIYTHUKOBBIE CHHUMKU,
JlabopaTOpHbIe aHAJIU3bI, AAMUHUCTPATUBHBIE OTUYETH], — KOTOPbIE IIPEBBIIIAOT
BO3MOJXHOCTH TPAAUIIMOHHEIX aHAJIUTHYECKUX MeTonoB. I[I[puMeHUTeJIbHO K
YIIPaBJIEHUIO0 OTXOJaMHU 3TOT MHGOPMAIIMOHHBIN Pas3phIB IIOPOKAAeT CepPhE3HbIE
HedOPeKTUBHOCTU: MAapLIPYThl BBIBO3a He ONTUMU3UPOBAHBIL, YPOBEHb
repepaboTKU O0CTaéTCd HU3KUM, HECAHKIIMOHUPOBaHHbIE CBAJIKU He BBISBISHTCS
CBOEBPEMEHHDO.

Hcmosb3oBaHue MeToZoB WU mag  uHTerpalmii MW IIPOTHO3HOTO
MOJEJIUPOBaHUA MOaHHBIX OTKPBIBAeT IIPUHITUIINAILHO HOBBIE BO3MO’KHOCTH.
OcoOBII UHTepec NpPeACTaBIdIT PeKyppeHTHble HeHUpOoHHbIe ceTH LSTM [jg
IIPOTHO3SUPOBAHUA BPEMEHHELIX PAN0B U CBEPTOUYHbIe HEHMPOHHEIE ceTU (CNN) i
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aHaJM3a CHYTHUKOBEIX CHUMKOB. (-),E;HaKo X CHCTEeMaTUYeCKOe BHEIpPeHUE B
CHUCTeMbl MOHUTOPUHTA OTXO0/I0B OCTAETCA MaJIOUCCIIeJOBAHHOM 00J1aCThIO.

ADABIYOTLAR SHARHI / LITERATURE REVIEW / OB30OP IUTEPATVPBI

Adabiyotlar tahlili

Zamonaviy tadgiqotlar shuni ko‘rsatadiki, sun'iy intellekt usullari ekologik monitoringda
tobora keng qo‘llanilmoqda. Rada et al. (2023) IoT sensorlari va Random Forest algoritmini
birlashtirgan tizim yordamida Yevropa shaharlarida chiqindilarni saralashning 89% aniqlik
bilan avtomatlashtirishga erishganini e’lon qildi. Xhinese et al. (2022) sun'iy yo‘ldosh tasvirlarini
CNN bilan tahlil qilib, noqonuniy axlat to‘’kish joylarini 94,7% to‘g'rilik bilan aniqlaganini
tasdigladi.

O‘zbekiston kontekstida Xasanov va Rahimov (2024) Toshkent shahrida chiqindi saglash
poligonlarining GIS-ma’lumotlarini klasterizatsiya usullari bilan tahlil qilib, transport
xarajatlarini 23% ga kamaytirganligi hagida xabar berdi. Ushbu tadqiqgot shu ishlanmalar
asosida qurilib, mahalliy ma’lumotlar bilan xalgaro metodologiyani birlashtiradi.

Related Works

The intersection of Al and environmental monitoring has produced a growing body of
literature. Pioneering work by Lecun et al. (2015) on deep learning provided foundational
architectures later adapted for environmental sensing. Vinuesa et al. (2020) published a
landmark study in Nature Communications demonstrating that Al could potentially contribute to
134 of the 169 UN Sustainable Development Goal targets, with environmental monitoring identified
as a primary application domain.

In waste-specific applications, Kumar et al. (2021) developed a YOLO-based computer vision
system for automated waste sorting achieving 96.2% classification accuracy across 10 waste
categories. Bai et al. (2023) applied transformer-based models to multi-city waste generation
forecasting, achieving RMSE values 34% lower than traditional ARIMA models. These studies
collectively validate the AI approach while highlighting remaining challenges in data quality,
model interpretability, and deployment at scale.

Muallif/Author Usul/Method Aniqlik/Accuracy Yil/Year
Rada et al. Random Forest + 89.0% 2023
IoT
Xhinese et al. CNN + Satellite 94.7% 2022
Kumar et al. YOLOv5 96.2% 2021
Baiet al. Transformer RMSE -34% 2023
Xasanov, Rahimov K-means + GIS Cost -23% 2024
Ushbu tadgiqot LSTM + RF + K- 92.3% 2025
means

I-jadval Soha bo‘yicha adabiyotlar taqqoslamasi / Table 1. Literature comparison /
Tabauuya 1. CpagHeHue aumepamypbul

149



INNOVATIVE
ACADENY ILMIY-AMALIY KONFERENSIYASI

in-academy.uz/index.php/yo

‘ ‘ ‘ “YOSH OLIMLAR” RESPUBLIKA

METODOLOGIYA / METHODOLOGY / METO/IOJIOT S

Ma'lumotlar to‘plami va tayyorlash

Tadqgigotda 2019-2024 yillar orasidagi 5 yillik ma’lumotlar bazasi ishlatildi. Ma’lumotlar
quyidagi manbalardan to‘plandi: (1) Toshkent shahrining 11 ta tumanidagi 247 ta IoT sensor
stansiyasi, (2) Yer kuzatish sun’iy yo‘ldoshi Sentinel-2 tasvirlari (10 m garoriyat), (3) «Toshkent
Shahar Kommunal Xizmat» DAK ning ma'muriy hisobotlari, (4) meteorologik stansiyalar
ma’lumotlari. Jami 1,47 mln o‘lchov giymati qayta ishlandi.

Ma’lumotlarni oldindan gayta ishlash bosgichlari: (1) Noma'lum giymatlarni o‘rtacha
interpolyatsiya bilan to‘ldirish; (2) Z-skor usuli bilan anomaliyalarni aniqlash va bartaraf etish;
(3) Min-max normallashtirish; (4) Vaqtli qatorlar uchun sliding window (72 soatlik oyna)
ajratish.

Research Design & Algorithms

A multi-algorithm comparative framework was designed to evaluate three complementary
Al approaches, each targeting a distinct analytical challenge in waste monitoring. The
experimental pipeline followed a rigorous train-validation-test split (70%-15%-15%) with
stratified sampling to ensure temporal and geographical representativeness.

Algorithm 1 — LSTM Neural Network: A 3-layer LSTM architecture with 128, 64, and 32
hidden units was trained on 72-hour sliding windows of waste generation data. Dropout
regularization (rate=0.2) and early stopping (patience=10) were applied to prevent overfitting.
The model was optimized using Adam optimizer with learning rate 0.001 and mean squared error
loss function.

Algorithm 2 — Random Forest Classifier: An ensemble of 500 decision trees was trained for
waste type classification using 23 engineered features including temporal patterns, spatial density
indices, weather variables, and demographic indicators. Feature importance analysis revealed
that collection day-of-week (18.3%), district population density (15.7%), and seasonal
temperature (14.2%) were the most predictive variables.

Algorithm 3 — K-means Clustering: Unsupervised spatial clustering (k=8, determined via
elbow method) was applied to identify waste accumulation hotspots. Geographic coordinates,
waste density, and illegal dumping incident rates were included as clustering features. Silhouette
coefficient of 0.67 confirmed cluster validity.

JKcIepuMeHTa/IbHas yCTaHOBKa

BrruncimTesibHass MTHOPaCTPYKTypa BKIKOUaIa KiaacTep us 4 GPU NVIDIA A100
(40 I'b VRAM KaKZIbIN), paboTarolyux o/, yIpaBjieHreM Python 3.11 ¢ 6ubIMO0TeKaMH
TensorFlow 214, scikit-learn 1.3 ¥ GeoPandas 0.14. Bpemsa o6yuyeHus LSTM-Mojenu
COCTaBUJIO 4,7 Yaca Ha IIOJIHOM Habope [AaHHBIX. /[liig ob6ecrieyeHUsS
BOCIIPOM3BOMMOCTH BCe IKCIIEPUMEHTEI QUKCUPOBAHBI C seed=42.

NATIJALAR / RESULTS / PE3YJ/IbTATbBI

LSTM modeli 7 kunlik chigindi hajmini bashorat gilishda quyidagi ko‘rsatkichlarga erishdi:
MAE = 0.043, RMSE = 0.071, R? = 0.923. Bu an’anaviy ARIMA modeliga qaraganda RMSE da 41.2%
yaxshilanishni anglatadi. Eng yuqori aniqlik yozgi oylar uchun kuzatildi (R?=0.951), eng past esa
bayram kunlari atrofida (R®=0.887) — bu bayramlar davrida chiqindi hosil bo‘lishining
kutilmagan o'sishi bilan bog'lig.

Fazoviy tahlil natijalariga ko‘ra, Toshkentning 8 ta klasteridan 3 tasi (Chilonzor,
Yakkasaroy, Sergeli tumanlari) kritik chiqindi to‘planish zonalari sifatida aniglandi. Bu

150



INNOV ATIVE “YOSH OLIMLAR” RESPUBLIKA
1 =

‘ ‘ ‘ ACAIZNY ILMIY-AMALIY KONFERENSIYASI

in-academy.uz/index.php/yo

hududlarda aholi zichligi va chiqindi hosil bo‘lish o‘rtasidagi korrelyatsiya koeffitsienti r=0.89 ni
tashkil etdi.

Model / MAE RMSE R2 Aniqlik/%
Mopaenn
LSTM (taklif 0.043 0.071 0.923 92.3%
etilgan)
Random Forest 0.058 0.094 0.891 89.1%
ARIMA 0.089 0.121 0.743 74.3%
(an'anaviy)
Linear 0.112 0.158 0.681 68.1%
Regression
SVR 0.071 0.108 0.867 86.7%

2-jadval. Algoritmlar solishtiruvi / Table 2. Model comparison / Tabauua 2. CpagHeHue
Mo0deell

Classification Results

The Random Forest classifier achieved a macro-averaged F1-score of 0.891 across five waste
categories: organic (F1=0.934), recyclable plastics (F1=0.912), glass (F1=0.887), electronic waste
(F1=0.856), and hazardous materials (F1=0.864). Confusion matrix analysis revealed that the
primary source of misclassification was between organic and mixed municipal waste (8.2% error
rate), attributed to inconsistent sensor calibration in high-humidity conditions.

The k-means spatial clustering identified three critical intervention zones requiring priority
attention: Zone 1 (Chilonzor district) — characterized by high-density residential waste with low
collection frequency; Zone 2 (Industrial corridor, Yangiyol highway) — heavy metal
contamination risk from informal enterprises; Zone 3 (Peripheral districts) — illegal dumping
concentrated along water bodies, representing the highest environmental risk score (ERS=7.8/10).

PesyibTaThl H HHTEPIIpETaIusI

Ba’XHBIM IIPAaKTUYECKUM pPe3yJaIbTaTOM SIBJIAETCH IKOHOMHUUYECKUU 3QPEeKT OT
OIITUMU3AIMM MapIIpPyTOB cOOpa OTXOJ0B HAa OCHOBE IIPOTHO30B LSTM-MOZeJIH.
Cumysganus, IpoBeféHHasa I I1apKa U3 47 MycopoB030B TalllkeHTa, II0KasaJia
IIOTEHITHMAJIbHYI0 3KOHOMUIO TOILIMBa B pasMepe 18,4% U COKpallleHHe BpeMeHU
XO0JIOCTOT0 X0/1a Ha 27,1% IIPpU UCIT0JIb30BaHU U N -0IITUMHU3UPOBAHHBIX MapIIIPYTOB
10 CPaBHEHHUIO C IeCTBYIOIIEeN CUCTeMO. B riepecyéTe Ha roJf SKOHOMUS COCTaBUIa
651 0K0JI0 1,2 MUTH jos1apoB CIIA.

AHain3 Ba>KHOCTU IIPHU3HAKOB MoJes Random Forest BHIIBUJI HEOKUTAHHO
BBICOKYIO0 IIPOTHOCTHYECKYIO CHJIy IIepeMeHHOM 'IIpefllleCTBYIOIIMEe OCaJKU 48 U'
(BKJI1a[ 11.3%), YTO OOBSICHSIETCS YCUJIEHHBIM BBIMBIBAHHMEM OPraHUYeCKUX OTX0/I0B B
TO>KIJTUBBIN 8 (507 (o) u ITOCJIEAYIOIITHUM BCILIECKOM >Kas06 Ha
HeCaHKIIUOHUPOBaHHbIE CBaJIKU. /laHHOe HaOJII0/leHue UMeeT BaKHOe 3HaueHUe
IUIA IPEeBEHTUBHOI0 IVIAHUPOBAaHU OIlepaliuii.
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NATIJA / DISCUSSION / OBCY,KAEHUE

Olingan natijalar tadqiqot gipotezasini — sun’iy intellekt usullari an’anaviy statistik
usullarga qaraganda ekologik monitoring ma’lumotlarini aniqroq tahlil gila oladi — to‘liq
tasdiqlaydi. LSTM modelining 92.3% aniqlik ko‘rsatkichi nafaqat O‘zbekiston uchun, balki
xalgaro migyosda ham raqobatbardosh hisoblanadi.

Biroq tadgiqotda bir gator cheklovlar ham mavjud. Birinchidan, ma'lumotlar bazasi asosan
Toshkent shahri bilan cheklangan va viloyat markazlari uchun model sinovdan o‘tmagan.
Ikkinchidan, IoT sensorlarining 12% vaqt davomida uzilish yuz bergan bo‘lib, bu ma’lumotlar
to‘ligligiga ta’sir ko‘rsatgan. Uchinchidan, model real vaqtda ishlashi uchun zarur infratuzilma
hali to‘liq shakllanmagan.

Kelajak tadgiqotlar uchun quyidagi yo‘nalishlar tavsiya etiladi: (1) Transfer learning orqali
modelni boshga O‘zbekiston shaharlari uchun moslash; (2) Drone ilovasi orqali nogonuniy axlat
to'’kish joylarini real vaqtda aniqlash; (3) Blokcheyn texnologiyasi bilan monitoring
ma’lumotlarining yaxlitligini ta'minlash.

Implications and Limitations

The results of this study carry significant implications for environmental policy and urban
planning. The demonstrated 92.3% forecasting accuracy suggests that Al-driven waste
monitoring is ready for operational deployment in medium-to-large cities, provided that adequate
sensor infrastructure exists. Policy makers should prioritize IoT sensor network expansion as
critical environmental infrastructure.

The economic analysis indicates a clear return on investment: the estimated annual savings
of USD 1.2 million from route optimization alone would recover the estimated sensor infrastructure
cost of USD 3.4 million within approximately three years. When environmental externalities —
reduced carbon emissions from optimized routes (-19.3% CO2 equivalent), decreased groundwater
contamination incidents, and improved public health outcomes — are factored in, the societal
benefit-cost ratio rises to approximately 4.7:1.

Key limitations include: model performance degradation during extreme weather events
(accuracy drops to 81.2% during dust storms common in Central Asia); reliance on continuous
electricity supply for IoT sensors; and the need for periodic model retraining as urban development
patterns change. Addressing these through robust engineering design and institutional capacity
building is essential for sustainable deployment.

JHCKyCCHA U ITIePCIIeKTUBBI

ComocTaBjieHHe HAIIUX PesyJabTaTOB C MeXAYHapOAHLIMU aHaJoraMu
LEeMOHCTPUPYeT KOHKYPEHTOCIIOCOOHOCTh IIPeJIOKEeHHOTO II0aXoza. TOYHOCTH
IIPOTHO3UPOBAHUA 92,3% IIpeBBIIIaeT CPeIHUN II0KasaTeslb II0 COIIOCTaBUMBIM
HCCJIEeJOBAaHUIM B CTpaHaX CO CXOXKMMH VYCIOBHUAMHU (85,7% II0 TaHHBIM
MeTaaHaIus3a 18 ucciemoBaHUM, Nguyen et al, 2024). IIperMyIecTBO LOCTUTaeTCd
IIpe’K/ie BCero 3a CYéT MHOTOUCTOYHUKOBOM UHTETPaIiuU JaHHbBIX — coyeTaHU loT-
CEHCOPOB, CIIlYTHUKOBBLIX CHUMKOB U aIMUHUCTPAaTUBHOMN CTATUCTUKHU.

C TOYKHU 3peHHud MacCIITabupyeMoOCTH, IIpeAjIoKeHHas1 apxXUTeKTypa
IIOTEHITHAJILHO IIPUMEHNMa K MOHUTOPHUHTY BOJHEBIX PECYPCOB, KaUeCTBa BO3AyXa U
Jerpafaiiiy II0YB — BCEM TEM 3KOJIOTHYECKHUM 3ajiavaM, I'Zle BpeMeHHEBIe PSAIbI
IIPOCTPAHCTBEHHO paclpeeéHHbIX H3MepeHUU TpeOyrT WHTe/UIeKTYaJbHOMU
aHAJIUTUKU. IJTO OTKpPBLIBaeT IIePCIEKTHUBY CO3AHUI €IUHOU ILIaTHOPMBI
gKoJsioruueckoro MM-MoHUTOpPUHTA 11 [[eHTpa/IbHOA3UaTCKOI'0 PeTMoHa.

152



INNOV ATIVE “YOSH OLIMLAR” RESPUBLIKA
1 =

‘ ‘ ‘ ACAIZNY ILMIY-AMALIY KONFERENSIYASI

in-academy.uz/index.php/yo

XULOSA / CONCLUSION / SAKJTFOUEHWE,

Ushbu tadqiqotda ekologik monitoring ma’lumotlarini sun’iy intellekt usullari — LSTM
neyron tarmogqlari, Random Forest va k-means klasterizatsiya — yordamida tahlil qilishning
samarali tizimi taklif etildi va sinovdan o‘tkazildi. Toshkent shahri bo‘yicha 5 yillik ma’lumotlar
asosida quyidagi asosiy xulosalar chiqarildi:

(1) LSTM modeli chigindi hajmini 7 kunlik bashorat gilishda R?=0.923 aniqglikka erishib,
an'anaviy ARIMA modelidan 41.2% ga ustun bo‘ldi; (2) Random Forest klassifikatori 5 ta chigindi
turini 89.1% aniqlik bilan ajrata oldi; (3) K-means klasterizatsiyasi Toshkentda 3 ta kritik
ekologik xavf zonasini aniqladi; (4) Modellar asosidagi marshrutni optimallashtirish yiliga USD
1.2 mln tejash imkonini beradi.

Bu natijalar O‘zbekistonda bargaror shahar boshqaruvi va raqamli ekologiya yo‘nalishida
amaliy qadam sifatida muhim ahamiyat kasb etadi.

Conclusion

This study provides compelling evidence that Al-based ecological monitoring represents a
technically mature, economically viable, and environmentally impactful approach to waste
management challenges in rapidly urbanizing contexts. The multi-algorithm framework
developed here — combining LSTM time-series forecasting, Random Forest classification, and k-
means spatial clustering — achieves state-of-the-art performance while remaining
computationally accessible for deployment in developing country contexts.

Future research should address three priority areas: (1) development of federated learning
approaches that enable cross-city model training while preserving data sovereignty; (2)
integration of citizen science data from mobile applications to supplement formal sensor
networks; (3) causal inference methods to disentangle the effects of policy interventions from
environmental trends in the monitoring data. The broader vision is an open-source, regionally
calibrated AI monitoring platform for Central Asia, contributing to SDG 11 (Sustainable Cities) and
SDG 13 (Climate Action).

3aKIroueHue

PesysibTaThl HCCIe0BaHUA YOeqUTEILHO AJeEMOHCTPUPYIOT, UTO IIPUMeEHEHUeE
MeTO0B MM K JaHHBIM 39KOJIOTMYECKOIO0 MOHUTOpPHHIa B cdepe yIIpaBIeHUS
O0TXOZaMH SBJIIeTCS He TOJIbKO TeXHUYeCKU 000CHOBaHHBIM, HO U 9KOHOMUYECKU
11e1eco00pasHbIM M NPAKTUYECKH peanusyeMbIM IoaxozoM. IIpemioskeHHas
TPEXKOMIIOHEHTHAsd CUCTeMa — IIPOrHO3UpoBaHue LSTM, Kiaccudpukarusga Random
Forest 1 IIPOCTpPaHCTBEHHas KjacTepusalysg k-means — obecriedyrBaeT TOUYHOCTh
MUPOBOT0 YPOBHS IIPU COXPaHEeHUU BEIUHUCIUTEILHOMU JOCTYITHOCTHU.

[TpakTHUeCcKHUe peKOMeHJAITUH [IJII OPraHOB yIIpaBJIeHUd: pasBUTHe ceTHU loT-
IaTYUKOB CJjeAyeT pacCMaTpUBaTh KaK IIPUOPUTETHYI0 3IKOJIOTHYECKYIO
UHPPACTPYKTYypy; UHTerparnuda MM-aHaJIUTHUKU B cUCTeMy Tapupoobpa3oBaHUA 3a
BBIB03 MyCOpa II03BOJIUT CO3/IaTh CTUMYJIBI K COKPAII[eHUI0 O0TXO0/I0B; ITyOIHUKAaIIHs
TaHHBIX MOHUTOPUHTA B OTKPBITOM JOCTyIle OyAeT CII0COOCTBOBATH PasBUTUIO
Irpa’kgaHCKOM HaYKHU U IIOBBIIIIEHUI0 3KOJIOTUYECKOM 0COSHAHHOCTHU HaceJIeHU .
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