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ARTICLEINFO ABSTRACT
Article type: Rapid population growth and the physical expansion of
Research Paper metropolitan areas, efficient urban waste management has become

a critical environmental, economic, and administrative challenge.
Among its components, the collection and transportation of waste
account for a significant portion of operational costs and energy
consumption. Inefficient route allocation for waste collection leads
to resource misallocation, increased fuel usage, environmental
pollution, and disruption in municipal services. This study aims to
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y propose an intelligent and realistic multi-objective framework for

Received:

12 June 2026 optimizing the routing of municipal waste collection fleets in
Received in revised form: Tabriz, Iran. To achieve this, the urban transportation network was
4 September 2026 extracted from OpenStreetMap data, with the geographic positions
Accepted: of waste bins and disposal sites precisely identified. A robust
igff;’b'qzroiﬁig database incorporating diverse route allocation scenarios was then
5 November 2026 compiled to support decision modeling. Using multilayer

perceptron neural networks, a predictive model was developed to
estimate operational costs, including total distance, travel time, and
fuel consumption. Subsequently, the NSGA-II algorithm was
applied to simultaneously optimize the three objective functions,
generating a set of non-dominated solutions in the form of a Pareto
front. Empirical results demonstrated that the proposed neural
network model achieved high predictive accuracy (with R2 values
exceeding 0.96 for some metrics), and the use of NSGA-II led to
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Urban Waste consumption was reduced by up to 43%, collection time by 35%,
Management, and total traveled distance by 35%. This research underscores that
Route Optimization, combining machine learning with evolutionary optimization can
Machine Learning, offer an effective solution for intelligent and sustainable urban

NSGA-I1I Algorithm,
Tabriz.

Haghlesan, M., Najafi, M., & Jedari Sefidgari, M. S. (2026). Intelligent Multi-Objective Optimization
of Urban Waste Collection Routes Using Machine Learning and the NSGA-II Algorithm: A case study of
Tabriz, Iran. Journal of Sustainable City, 9 (3), 59-74.

http://doi.org/10.22034/jsc.2026.528909.1853

© The Author(s) Publisher: Iranian Geography and Urban Planning Association

waste management in large cities.


http://www.www.jscity.ir/
http://doi.org/10.22034/jsc.2025.512605.1838
https://orcid.org/0009-0000-9790-8012
https://orcid.org/0009-0004-0530-4107

Journal of Sustainable City, 9 (3), 2026

Extended Abstract

Introduction

The rapid urbanization and population
growth in large metropolitan areas have
significantly intensified the challenges
associated with urban waste management.
Among various components of this system,
the collection and transportation of
municipal solid waste represent the most
complex and costly stages, often accounting
for over 60-80% of total waste
management expenditures. In cities with
dense road networks, scattered waste bins,
and multiple disposal centers, inefficient
route planning not only increases fuel
consumption and operational time but also
contributes  to  traffic  congestion,
environmental degradation, and a decline in
the quality of municipal services.
Traditional approaches to waste collection
routing, often based on static rules or
manual planning, lack the capacity to
address the high levels of complexity, data
volume, and dynamic  constraints
characteristic of modern urban
environments. Consequently, there is an
urgent need for intelligent, data-driven
systems capable of optimizing routes while
simultaneously balancing multiple
operational and environmental objectives.
Advances in artificial intelligence,
particularly ~ machine  learning  and
evolutionary  optimization  algorithms,
provide promising tools to support such
intelligent decision-making frameworks.
This study seeks to develop and validate an
integrated, intelligent routing system for
municipal waste collection in the city of
Tabriz, Iran. The proposed framework
incorporates geospatial modeling of the
urban transport network, machine learning-
based cost prediction, and multi-objective
evolutionary optimization using the NSGA-
Il algorithm. By leveraging real-world data,
the framework aims to provide actionable,
efficient, and scalable solutions for urban
waste management authorities.
Accordingly, the main objectives of this
research are:

1- To construct a predictive machine
learning model for estimating operational
costs (distance, time, fuel) of waste
collection routes;

2- To optimize route allocation using a

multi-objective  evolutionary  algorithm
NSGA-II;

3- To evaluate the impact of the proposed
approach on improving the efficiency and
sustainability of municipal waste collection
systems.

The following key research questions guide
this study:

e How can machine learning and
evolutionary optimization be combined to
improve waste collection routing under real
urban conditions?

e To what extent can the proposed model
reduce operational costs and environmental
impacts?

e What types of allocation scenarios
emerge on the Pareto front, and how can
they support practical decision-making?
Given the spatial complexity,
environmental sensitivities, and operational
challenges of waste collection in Tabriz,
this research addresses an urgent urban
issue with potential implications for other
cities facing similar conditions. The
findings are expected to contribute to the
development of smarter, greener, and more
sustainable urban service systems.

Methodology

This study focuses on Tabriz, the capital of
East Azerbaijan Province in northwestern
Iran. As one of Iran's major metropolitan
areas, with a population of over 1.5 million,
Tabriz is characterized by a complex urban
structure, dense fabric, and numerous
challenges in the domain of municipal solid
waste management. The city's geographical
setting, horizontal urban sprawl, presence
of historical textures, and scattered
residential districts collectively necessitate
the optimal design of waste collection
routes while accounting for diverse criteria
such as distance, time, and fuel
consumption.

In this study, the metropolitan area of
Tabriz serves as the spatial context for the
analysis; however, the analysis is not
extended to the entire citywide waste
collection network. The data and scenarios
examined pertain to a specific operational
zone within the municipal waste collection
system, which has been selected as a
representative case study for evaluating the
performance of the proposed model.
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Accordingly, performance indicators - such
as total distance, operation time, and fuel
consumption - herein are interpretable
solely within the defined operational
scenario and should not be generalized to
the entire city of Tabriz.

For the purpose of this study, the
transportation network map of Tabriz was
extracted from OpenStreetMap (OSM) data.
These data include detailed graph
information, comprising primary and
secondary streets, topographical attributes,
legal speed limits, and vehicle navigability
across various road segments. The final
map, after preprocessing and refinement,
served as the graph-based infrastructure for
routing modeling. The urban transportation
network was extracted and modeled using
OSM data via the OSMnx library. To this
end, the street network was represented as a
directed graph wherein nodes denote
intersections and junction points, while
edges represent road segments connecting
these nodes. The final extracted graph, at
the scale of Tabriz's urban street network,
comprised several tens of thousands of
nodes and edges and was employed as the
routing analysis platform.

During the preprocessing stage, edge
lengths were extracted from OSM data
based on actual road geometry and
expressed in meters. Subsequently, using
the add_edge_speeds functionality of the
OSMnx library, travel speeds were assigned
to each edge: where legal speed limit
information was available in the OSM data,
those values were adopted; otherwise, edge
speeds were estimated based on road type
and the library's default values. Travel
times for each edge were then computed by
combining length and speed. For routing
analysis, waste bin locations and disposal
sites were mapped to their nearest nodes
within the network to ensure that route
computations were conducted on the actual
road infrastructure. In this study, routes
between waste generation points and
disposal centers were determined based on
the shortest physical distance. Two
additional metrics - travel time and fuel
consumption - were then calculated based
on route length. Travel time was obtained
from the relation T=I/v T=l/v, and fuel
consumption from F=oxLF=axL,

where LL denotes  route  length  in
meters, VV represents average travel speed,
and aa is the fuel consumption coefficient
in liters per kilometer. To ensure
comparability across scenarios, an average
operational speed of approximately 30 km/h
and a fuel consumption rate of
approximately 0.3 L/km were assumed
throughout this study.

It is noteworthy that factors such as real-
time traffic conditions, road width,
pavement  quality, route  gradient,
intersection delays, and certain fleet
operational constraints were not explicitly
incorporated into the current model, owing
to the unavailability of comprehensive,
temporally  consistent, and integrated
datasets for these variables across the entire
city of Tabriz. Therefore, the present model
should be interpreted as a network-based,
data-driven approximation of real-world
conditions intended for the relative
comparison of optimization scenarios.

The geolocation of waste disposal sites and
the positioning of waste bins were carried
out based on empirically collected data and
predefined spatial locations marked on the
map. These data play a pivotal role in
defining origin and destination nodes
within the transportation graph. Figure
[please insert the appropriate figure
number] illustrates the geographical extent
utilized in this research, along with the
spatial distribution of waste bins and
disposal sites.

To evaluate the performance of the
predictive models and the multi-objective
optimization  algorithm, a systematic
procedure was employed to generate a set
of waste bin allocation scenarios to disposal
centers. Scenario generation was conducted
systematically based on possible allocation
combinations: for each waste bin, eligible
disposal centers were considered as
permissible options, and the combination of
these choices formed various allocation
scenarios.

Consequently, a set of input scenarios was
created for the machine learning models
and subsequently for the NSGA-II
algorithm.  These scenarios represent
distinct allocation states within the waste
collection network, and for each, distance,
time, and fuel consumption indicators were
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estimated.

Given the particular geographical and
structural characteristics of Tabriz, the
selection of this region as a case study not
only facilitates the wvalidation of the
proposed framework but also enhances its
generalizability to other cities with
analogous spatial and infrastructural
attributes, both  within Iran  and
internationally.

Results and Discussion

The proposed integrated framework was
implemented and tested using real-world
geospatial and operational data from the
city of Tabriz. Three machine learning
models Linear Regression, Decision Tree,
and Multilayer Perceptron (MLP) were
evaluated for predicting operational costs
(distance, time, and fuel consumption).
Among them, the MLP model achieved the
highest prediction accuracy, with R2 values
exceeding 0/96 for fuel consumption, 0/93
for travel time, and 0/96 for total distance,
confirming its suitability for modeling
complex, non-linear relationships in waste
collection routing.

Using the trained MLP model as a cost
estimator, the NSGA-IlI algorithm was
applied for multi-objective optimization.
The results revealed a significant
improvement in all three-performance
metrics. Compared to the baseline (hon-
optimized)  scenario, the optimized
solutions achieved up to 35% reduction in
total distance, 35% in travel time, and 43%
in fuel consumption. These improvements
highlight the potential of the proposed
framework in reducing environmental
impact, operational costs, and energy usage
in municipal waste management.
Furthermore, the Pareto front generated by
the NSGA-I11 algorithm illustrated a diverse
set of non-dominated solutions, offering
flexibility for urban managers to select
routes based on context-specific priorities
such as minimizing emissions in high-
density zones or prioritizing speed during
peak hours. The analysis also revealed that
the shortest path was not always the fastest
or most fuel-efficient, underscoring the
importance of balancing multiple objectives
in real-world applications. Overall, the
results validate the effectiveness of

combining  machine  learning  with
evolutionary optimization in developing
intelligent and sustainable waste collection
systems.

Conclusion

This study proposes an intelligent multi-
objective  framework that integrates
machine learning  with  evolutionary
algorithms to improve the operational and
environmental performance of municipal
waste collection systems. The designed
framework through precise modeling of the
Tabriz urban transportation network, the
application of a multilayer perceptron
(MLP) neural network for estimating cost-
related components (time, distance, and
fuel), and the utilization of the NSGA-II
algorithm for simultaneous multi-objective
optimization - has succeeded in delivering
efficient, realistic,c and implementable
solutions for waste collection route
allocation. Empirical results derived from
the model implementation in the actual
urban environment demonstrate that the
proposed framework significantly
outperforms existing methods, including
the models developed by Bagheri and
Babaei, leading to substantial reductions in
key operational indicators. Compared to
previous models, the proposed method has
achieved reductions of up to 20% in total
operation time, 11.3% in traveled distance,
and 18.9% in fuel consumption. Moreover,
relative to the baseline scenario (pre-
optimization), these reductions reach up to
35% for both time and distance and up to
43% for fuel consumption. These
improvements underscore the high potential
of the proposed model in reducing both
economic costs and the environmental
footprint of urban waste management
systems. From a technical perspective, the
adoption of the multilayer perceptron neural
network as the learning model has
demonstrated a strong capability to capture
complex nonlinear relationships within
operational data, yielding high prediction
accuracy with R2 values exceeding 0.96. On
the other hand, the NSGA-II algorithm, by
generating a diverse Pareto front of non-
dominated solutions, enables decision-
makers to select optimal scenarios
according to  managerial  priorities,
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environmental policies, or local conditions,
thereby  significantly  enhancing the
decision-making  capacity of  urban
authorities. In practical terms, this research
offers an efficient paradigm for integrating
spatial data, machine learning, and multi-
objective optimization within municipal
service systems - a framework that is
readily generalizable to other metropolitan
areas in Iran and even at the international
level. The flexible architecture of the model
allows for regular updates and adaptation to
temporal data, weather conditions, real-time
traffic information, and other dynamic
parameters of the wurban environment.
Finally, it is recommended that future
research extend this framework by
incorporating real-time data streams such as
traffic status, fleet performance,
environmental pollutants, and citizen
behavioral patterns. Furthermore,
expanding the model to encompass the
entire waste management lifecycle - from
collection through processing and recycling
- could pave the way for the development
of  comprehensive, intelligent,  and
sustainable waste management systems in
the cities of tomorrow.
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