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ABSTRACT

The use of low-cost sensors based on the Internet of Things (IoT) has
become a novel approach in urban air pollution monitoring. This study
aimed to determine the optimal placement of such sensors in Tehran using
a multi-criteria decision-making (MCDM) method. Eleven sub-criteria
were identified under two main criteria: air pollution levels and pollution
sources. Each sub-criterion was mapped as a digital layer in a GIS
environment. These layers were then integrated using overlay operators,
and the optimal operator was selected based on Ordinary Least Squares
(OLS) regression. Spatial clusters were identified using the Hot Spot
Analysis and Moran’s T statisticsh Geographically Weighted Regression
(GWR) was used for sensitivity analysis between the sub-criteria and the
final suitability map. Results indicated that PM10 and PM2.5
concentrations, and proximity to transportation terminals and fuel
stations, were the most influential sub-criteria, with membership weights
of 0.170, 0.151, 0.139, and 0.113, respectively. The OLS model showed
that the SUM operator had the strongest correlation with the sub-criteria.
GWR analysis produced high model accuracy (AlCc = 4484, R2 = 0.98).
The final suitability map revealed that 13% of Tehran’s area is highly
suitable and 17% is moderately suitable for sensor installation, mostly
located in the central, southern, and southwestern zones, where pollution
levels are highest.
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EXTENDED ABSTRACT

Introduction

The monitoring of air pollutants by the traditional method is very expensive, and complete citywide
coverage is practically impossible. In this situation, it is possible to switch to low-cost sensors. With a cost
of less than $1,000 per sensor package, compared to multi-million-dollar reference monitoring stations, this
solution is economical and feasible at the city scale. One of the key issues related to sensors is their precise
spatial location and distribution within the city. By identifying optimal points for installing sensors, it is
possible to provide comprehensive air pollution coverage in Tehran. The present research was conducted
with the aim of identifying suitable points for installing low-cost air pollution sensors in Tehran using
geostatistical methods combined with geographic models.

Material and Methods

The present study was conducted in the urban area of Tehran. The required information includes data
on the concentration of air pollutants and the identification of pollution sources. The concentration of air
pollutants at air quality monitoring stations in Tehran is measured on a daily basis. In this research, data
related to the concentration of gases (NO,, SO,, CO, and O3) and suspended particles (PM10 and PM2.5)
were collected from 24 air quality monitoring stations in Tehran on an hourly basis during the years 2013
to 2023 (1392 to 1402). After reviewing scientific literature, 11 sub-criteria were identified under 2 main
criteria for sensor placement. Based on the mentioned sources, a digital layer was prepared for each sub-
criterion in ArcGIS Pro. These layers were classified by importance using the Reclassify tool in GIS. For
superimposing layers and identifying suitable sensor locations, the layers were fuzzified using the Large
and Small membership tools. As a result, 11 fuzzy layers were generated. To determine the relative
importance of each sub-criterion and its effectiveness compared to others, the Analytic Network Process
(ANP) was used. The resulting weights were multiplied by each raster using the Raster Calculator in
ArcGIS Pro, producing a weighted fuzzy map for each sub-criterion. These maps were then superimposed
using fuzzy operators including AND, OR, SUM, PRODUCT, and GAMMA (0.9, 0.7, and 0.5).
To identify the best operator, Ordinary Least Squares (OLS) regression was applied. Sub-criteria were
treated as independent variables, while the map resulting from each operator was treated as the dependent
variable. The operator with the highest correlation coefficient was selected as the final method for layer
combination. To investigate the spatial distribution pattern of suitable sensor locations, Moran’s I
autocorrelation and Hot Spot Analysis were conducted in ArcGIS Pro. In the final stage, the spatial
relationship between the 11 sub-criteria (independent variables) and the final suitability map (dependent
variable) was analyzed using Geographically Weighted Regression (GWR).

Results and Discussion

The results showed that PM concentrations were the most important factor in selecting sensor locations,
as these particles indicate both the intensity and spatial extent of pollution. Following PM, urban
transportation stations including terminals, bus, and taxi stations were ranked second in importance.
Regression results showed that the SUM operator had the best performance based on regression coefficients
and the coefficient of determination. The correlation between the SUM map and the sub-criteria was
significant, confirming the SUM operator as the best option for the final map. Therefore, the final SUM
map was adopted to assess suitability of land in Tehran for low-cost sensor installation.
Analysis of spatial distribution patterns showed a Moran’s I value of 0.532, indicating strong spatial
autocorrelation and a clustered pattern. The Z-score and p-value (0.000) confirmed the clustering pattern.
Cold spots (blue) represent low suitability, while hot spots (red) identify highly suitable areas for sensor
installation. These red zones are concentrated in southern Tehran, while blue zones are in northern,
northeastern, and northwestern areas.
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The hotspot model confirmed Moran’s index, verifying clustered spatial suitability. Evaluation of the GWR
model confirmed its accuracy and reliability, with an AIC of 4484 and R2=0.98. Approximately 16 hectares
of suitable land were identified in central, southern, southwestern, and in some cases northern Tehran—
particularly near highways, gas stations, transportation terminals, and industrial centers.

Based on the final maps, sub-criteria analysis, and field verification, 44 specific locations in Tehran were
identified as optimal sensor sites. A distribution map of these points was prepared for implementation.

Conclusion

Low-cost monitoring stations in urban areas can provide valuable insights into spatial patterns of air
pollution. These online and affordable systems are viable given the availability of low-cost monitors, which
can either be mounted on existing infrastructure or distributed across the city. However, the data generated
from these systems must be properly evaluated and validated.
A strategically placed network of such monitors allows for dense spatial coverage, offering a cost-effective
and reliable alternative to traditional monitoring networks. Lands located at least 200 meters away from
pollution sources, where pollution levels are low, are unsuitable for sensor installation. Approximately 20%,
20%, and 29% of Tehran’s land was classified as marginally unsuitable, unsuitable, and completely
unsuitable, respectively. Nevertheless, 44 highly suitable locations were identified, mostly in central,
southern, and southwestern Tehran. Each sensor package costs about $900, making the total implementation
cost $400,000 (approximately 20 billion IRR) significantly lower than the 80 billion IRR required for a
single traditional monitoring station. Thus, low-cost sensors offer a highly economical solution for air
pollution monitoring in Tehran.
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Table 3- The weight and fuzzy membership of the sub-criteria in the placement of low-cost air pollution sensors in

Tehran.
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Table 4- Correlation of fuzzy operators with research sub-criteria
GAMMA 0.9 GAMMA 0.7 GAMMA 0.5 Product OR AND SUM Parameters
0.000" 0.000" 0.000" 0.000" 0.058 0.000*  0.000% SOz
0.000" 0.000" 0.000" 0.000" 0.779 0.000" 0.000" Os
0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" NOx
0.000" 0.000" 0.001* 0.698 0.067 0.315 0.000" CcO
0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" PM1o
0.091 0.121 0.236 0.209 0.000" 0.000" 0.000" PMzs
. . . . . . Industrial points
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o STy
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Table 5- Evaluation of fuzzy operators with regression coefficients

Ol R-Squared AlCc é’b_
Jarque-Bera Function
1379 0.997 -5744 SUM
774 0.609 -6298 AND
15 0.730 -3962 OR
711 0.361 -42941 Product
24301 0.727 -22734 GAMMA 0.5
2590 0.872 -14886 GAMMA 0.7
87 0.971 -7785 GAMMA 0.9
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Fig.8. The map of the combination of sub-criteria with the SUM fuzzy operator in Tehran
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Fig.9. Moran's autocorrelation index cluster distribution and scatter diagram for the combined SUM map
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Fig.10. Map of cold and hot spots of land suitability for sensor installation with hotspot and OLS model
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Fig.11. Predicted maps of land suitability for sensor installation with geographic weighted regression
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Fig.12. Suggested points for installing low-cost sensors to monitor air pollution in Tehran
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Table 6- Installation location of low-cost air pollution monitoring sensors in Tehran

Location cewas 5% o Location cuas o —
Region Region
ul).e; olSils &y yyde IRUSRRY «Ql)q el)f))'.g 6})0; gy 4 ‘GkggT a\;))'.g
Chamran Highway, Faculty of Management, University 2 Avini Hiohway. edge of Goodarzi Park 20
of Tehran ghway, edg
Lo lsh colel ,EsL ol 555 & < Tle .
Pl kel 55k o5 2 (© o ol o5, 5 (sl o552 bl
Intersection of Yadgar Imam Highway, Payam 2 . L S 20
' Intersection of Avini Highway and Imam Ali Highway
Boulevard
25 e 2l S 6,555 ISSlST o5 s
o 2 Intersection of Azadegan Highway and Shahid Rajaee 20
Kaj Square Highway
Sblslew Hloly g Slowind, odile of 5,5 abolas Sl il 5 Foly] o5 5 abolis
Intersection of Hashemi Rafsanjani Highway and 2 Intersection of Azadegan and Fedayan Islam Highways 20
Saadatabad Boulevard g Y ghway
i JA 15 GQJGU "l)f))" 9 Ulfol)l "l)f))" é‘lgl'm 19
Besat Bridge Intersection of Azadegan Highway and Kazemi Highway
Ot O ey 16 Elz oS5 5 b ol )5 ablis
Bahman Square Gas Station Kazemi Highway and Cheraghi Highway Intersection 17
ub{;uy)JL—w,ﬂ .Wiu)lﬁsdwm‘%'f‘;)ﬁﬁbw
i 16 Intersection of Ayatollah Saeedi Highway and Moallem 17
Tehran South Terminal Boulevard
ool e 11 38 OLLS 5 Slgi ol 555 abolis 17
Railway Square Intersection of Navab Highway and Qazvin Street
o Olge ool ylsk 5 Sl5T ol 5 5 ablis
i 1 Intersection of Azadegan Highway and Persian Gulf 18
Hor square Boulevard
Enghelab square The intersection of Fath Highway and Persian Gulf Boulevard
s oKy szl sasadls 4 OB e ) e TO g el bl 9
Faculty of Economics, University of Tehran The intersection of Fa(tgela ;%hévggn Sggyfis meters from Zarand
Sk ol 6 T Olass 9
Jahad square Fath square
G O - i ol bl i sl plaee 9
Intersection of Shush Street - Takhti Street Azadi square
Salse olne G LIS S 5 (S s Al o] 55 bl
Molavi square 12 Intersection of Ayatollah Mahdavi Kani Highway and 21
q Lashkari Bypass
Foa fl.a‘ 95 12 >1--"/ ‘Sy‘ DR 59,49, ‘6)5"':‘] °‘)§)}.' 21
Imam Khomeini Metro Lashkari Highway, opposite Chitgar license plate exchange
s 5395 OlosS sk 5 6,0 o5 5 obolis
e OB 12 Intersection of Lashkari Highway and Kerman Khodro 21
Shohada square Boulevard
él.c f’L"l ).')f)l;S - g_sl‘c f’L"l QL:""% 13 ‘5)3]‘5)5 B3 1) 22
Imam Ali Park - Imam Ali Sidewalk Vardavard Gas Station
Ot ey~ elgils (L Loy 7 S5 gy 22
Army Family Hospital - Gas Station Kohak Gas Station
() ok s s b Al A3 5 L et :
Intersection of Yasini and Sha}h'd Soleimani Highways Sheikh Fazlullah Nouri Intersection and Sattari Highway
(gas station)
yardy ol les 3 Plaal Hlawgs (oS ol 5
Valiasr Hospital Bustan Esteghlal Taxi Station
Ol VIV olasl olSils - o8 35, leh 6ol bls g plel Eoly abolis 10
West Army Boulevard - Dedicated Stand 147, Tehran 3 Intersection of Yadgar Imam and Azadi Street
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Tajrish Square Jalal Al-Ahmad Highway, Allameh Tabatabaei University
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