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Abstract:

Sustainable urban development (SUD) is a critical global priority to balance rapid urbanization with
environmental, economic, and social well-being. Sustainable Development and Mathematics seem to be
completely incoherent to many people. But Mathematics is the prime mover in attaining the Sustainable
Development Goals (SDGs) approved by United Nations (UN) because of its implement abilities to real
situations. Mathematical modelling plays pivotal role towards sustainable development in arriving the
understanding, prediction and control of the development process. To attain the goals set for SDG, this
paper puts forward some mathematical models that will be proved functional in relation to the goal of
Sustainable Urban Development and Infrastructure. Urban Growth and Land Use Model, optimizes land
use and reduce urban sprawl. Transportation and Mobility Model, directs to reduce traffic congestion.
Waste Management Model, guides cities in optimizing recycling programs. Subsequent research shall
focus on applications of these models. By illustrating key case studies and methodologies, we
demonstrate how these models contribute to achieve sustainable urban environments.
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1. INTRODUCTION

Sustainable development is the development that meets the needs of present without compromising the
ability of the future generations to meet their own needs [1]. The four pillars of sustainable development
are : human, social, economic and environmental. In 2015, the 2030 Agenda for sustainable
development was acknowledged by all the United Nation members, which indicates 17 Sustainable
development Goals (SDGs). The target of these goals is to bring peace and prosperity for people and the
planet. The rapid growth of urban population has created unprecedented challenges for resource
management, infrastructure development, and environmental sustainability. Urban areas consume over
75% of global energy and are responsible for more than 70% of greenhouse gas emissions. Sustainable
Urban Development (SUD) aims to address these challenges by promoting resource efficiency,
resilience, and equity. Mathematical modelling provides a quantitative framework to analyze complex
urban systems and devise strategies for SUD. Achieving these Goals need mathematical techniques
which are comprised of Mathematical Models. Mathematical models are used voluminously in various
disciplines such as natural science, engineering, social science etc.. Mathematical modelling is a tool that
involves creating abstract representation of systems using mathematical language and concepts to
analyze, predict and explain their behaviour.

The technique of mathematical modelling is as follows:[2]
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Mathematical models are used to solve umpteen real world problems as:
Mathematical modeling for launching a satellite.

Mathematical modeling for curbing pollution due to vehicles.

Mathematical modeling for urban city planning.

Mathematical models to predict the population of the country in the next 50 years.
Mathematical models for global warming.

Mathematical modeling for the traffic flow.

Mathematical models to understand the working of medicine in human body.[4]

No gk owdPE

2. Sustainable Urban Development

Sustainable Urban Development is one of the goals signed by UN to make cities and human settlements

more inclusive, safe, resilient and sustainable. Report of the World Commission on Environment and

Development: Our Common Future suggests that by the turn of the century, around half of the human

population will reside in cities and hence there will be a large urban world. Therefore, the developing

countries must increase their capacity to manage urban infrastructure and shelter merely to maintain

today’s often extremely inadequate conditions.

Sustainable urban development aims to create cities and communities that are environment friendly,

socially inclusive, and economically viable. Here are the key requirements:

2.1. Environmental Sustainability

o Efficient Resource Use: Promote energy efficiency, renewable energy, and sustainable water
management.

o Green Infrastructure: Integrate parks, green roofs, and urban forests to improve air quality, reduce
the heat island effect and enhance biodiversity.

o Waste Management: Implement recycling, composting and waste reduction programs.

o Sustainable Transportation: Develop public transit, cycling and pedestrian-friendly infrastructure
to reduce carbon emissions.

o Climate Resilience: Incorporate climate adaptation strategies, such as flood defenses and sustainable
drainage systems to mitigate the impact of climate change.

2.2. Social Sustainability

o Affordable Housing: Provide diverse and accessible housing options to prevent displacement and
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support social equity.

e Inclusive Communities: Foster cultural diversity, equity, and inclusion through participatory
planning and governance.

e Access to Services: Ensure equitable access to healthcare, education, and recreational facilities.

o Safety and Security: Design urban spaces that promote safety through proper lighting, community
policing, and inclusive design.

2.3. Economic Sustainability

« Job Creation: Support local businesses, green jobs, and innovation in sustainable industries.

« Resilient Economies: Diversify economic activities to protect cities from market fluctuations and
global crisis.

o Sustainable Tourism: Promote tourism practices that respect local cultures and ecosystems.

2.4. Integrated Urban Planning

e Smart Growth: Encourage mixed-use development to reduce urban sprawil.

e Transit-Oriented Development (TOD): Plan housing, businesses, and services near public
transportation hubs.

o Compact Cities: Design cities to maximize land use and reduce unnecessary travel distances.

2.5. Community Participation and Governance

o Participatory Planning: Engage residents in decision-making processes to ensure that the projects
reflect their needs.

« Transparent Governance: Foster accountability and transparency in urban management.

o Capacity Building: Educate communities about sustainability and involve them in local initiatives.

2.6. Technological Integration

o Smart Cities: Use technology (e.g., 10T, Al) to optimize energy use, transportation, and waste
management.

« Digital Inclusion: Ensure that all communities have access to technology and digital tools.

2.7. Health and Well-being

e Air and Water Quality: Reduce pollution to improve public health.

e Active Living: Promote walking, cycling, and outdoor activities through safe and accessible urban
designs.

« Mental Health Support: Create spaces that foster social interaction and reduce stress.

2.8. Policy and Legislation

o Sustainable Development Goals (SDGs): Align urban policies with global frameworks like the
United Nations’ SDGs.

e Regulatory Frameworks: Enforce laws to protect the environment, promote sustainable
construction, and ensure social equity.

By integrating these elements, cities can grow sustainably while meeting the needs of their residents and

protecting the planet for future generations.

3. Mathematical Modelling in Urban Planning

Mathematical models are essential tools for simulating and optimizing urban systems. They enable
planners to make informed decisions based on predictive insights and quantitative assessments.
Common types of models used include:
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o Optimization Models: Used for resource allocation, infrastructure design, and energy distribution.
For instance, linear programming models help minimize energy consumption in smart grids.

o Simulation Models: Facilitate understanding of dynamic urban systems such as traffic flow and
pollution dispersion. Agent-based models (ABMs) are widely used in simulating individual
behaviors within urban contexts.

e Predictive Models: Leverage machine learning and statistical techniques to forecast urban growth,
energy demand, or waste generation.

Below are some mathematical models that will be proved functional in attaining the above
mentioned goals:

3.1 URBAN GROWTH AND LAND USE MODEL

Mathematical models for urban growth and land use involves a systematic process that uses data,

assumptions, and mathematical equations to simulate, analyze or predict urban dynamics. These models

combine concepts from urban planning, geography and system theory. Urban Land Use Spatial
modelling helps optimize land use by balancing residential, commercial, and green spaces. Geographic

Information System (GI1S)-based models integrate data to identify patterns and propose sustainable

zoning strategies.

This paper presents the Land - Use Change Modelling with Markov Chains. The purpose of this

model is to predict the future land - use patterns based on historical data.

e State Transition Matrix P where Pj; : Probability of transition from land - use type i to j.

e Future State: X(t + 1) = X(t) . P where X(t) is a distribution of land uses at time t.

Working:

1. Input Data: Use historical land - use data to calculate a state transition matrix (P), which shows
probabilities of land - use change (e.g. forest to urban).

2. Simulation: Multiply the current land - use distribution vector X(t) by the transition matrix P to
estimate future distribution: X(t + 1) = X(t) . P

3. lteration: Repeat the process multiple times to project long term changes.

4. Output : Projected land -use maps and statistics.

3.2 TRANSPORTATION AND MOBILITY MODEL

Transportation and mobility in urban areas are complex systems that involve multiple variables and

constraints. Transportation System based Mathematical models optimize transportation networks, reduce

congestion, and lower emissions. For example, traffic flow models using partial differential equations
simulate and improve vehicular movements in urban areas. Multi-modal transportation optimization
ensures integration of buses, trains, and bicycles for minimal environmental impact.

A mathematical model for this can be framed using optimization and simulation approaches,

incorporating factors like traffic flow, public transit systems, land use, and individual preferences.

Below is a simplified mathematical model:

The Shortest Path Model is widely used in urban transportation management to optimize travel routes,

minimize travel time, and reduce congestion. Below is a breakdown of how it works:

1. Input Data Collection: The model requires detailed input data to represent the urban transportation

network:

o Network Representation: The city is represented as a graph with nodes (e.g., intersections, bus
stops) and edges (e.g., roads, rail tracks).

o Edge Weights: Each edge has a weight, which could represent:
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o Distance
o Travel time

Cost (e.g., tolls, fuel)
Environmental impact (e.g., emissions)
. Graph Representation
The transportation network is converted into a graph structure, where:
o Nodes = Points of interest (e.g., stations, intersections)
o Edges = Connections (roads, paths)
o Weights = Attributes like time, distance, or cost.
3. Algorithm Selection: Several shortest-path algorithms are used, depending on the problem
complexity and network size:
o Dijkstra's Algorithm: Finds the shortest path from a single source to all other nodes.
e A* (A-star) Algorithm:** Uses a heuristic to find the shortest path efficiently, often used in GPS
navigation.
o Floyd-Warshall Algorithm: Computes shortest paths between all pairs of nodes, suitable for small
to medium-sized networks.
o Bellman-Ford Algorithm: Handles graphs with negative weights (e.g., costs).
4. Model Application in Urban Transportation: The model is applied to solve specific transportation
problems:
e Route Optimization: Determine the fastest or least costly route for vehicles, public transport, or
pedestrians.
« Traffic Management: Reroute vehicles dynamically to avoid congested areas based on real-time
traffic data.
« Public Transit Planning:
o Optimize bus or metro routes for minimal travel time and maximum coverage.
o Provide real-time guidance to commuters for route selection.
o Emergency Response: Calculate the quickest route for ambulances, fire trucks, or police to reach
emergencies.
« Shared Mobility: Optimize routes for ride-sharing services like taxis and carpooling.
5. Dynamic Updates: In urban areas, real-time changes like traffic jams, road closures, or weather
conditions affect transportation. The shortest path model can incorporate:
« Dynamic Graphs: Update edge weights in real time based on live data.
Predictive Analysis: Use historical patterns to predict and plan for future traffic conditions.
6. Output: The model provides actionable results, such as:
Optimal paths with estimated travel time and costs.
Suggestions for alternative routes or modes of transport.
Insights for urban planners to enhance infrastructure.
7. Implementation
« Tools and Technologies: GIS software, Python libraries (e.g., NetworkX), traffic simulation tools,
or custom algorithms.
e Integration: GPS devices, mobile apps (e.g., Google Maps, Waze), and urban control centers.
Benefits
e Reduces travel time and fuel consumption.

o

N O
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e Minimizes traffic congestion and environmental impact.

« Enhances urban mobility and transportation efficiency.

By continuously adapting to real-time conditions, the shortest path model enables better management of
urban transportation systems.

3.3 WASTE MANAGEMENT MODEL

It is a firm belief that every citizen has a fundamental right to a clean environment under Article 21, and

that both local and state authorities have a duty to take all reasonable steps to maintain public health.

Subsequently, the 2019 National Green Tribunal (NGT) judgment was observed to address the financial

shortfall. According to a July 18, 2019 answer in the Lok Sabha, cities with a population of 100,000 or

more create 67,000 tons of rubbish every day, or 44% of all waste generated in the nation. The NGT

requested that state and federal governments create recommendations for implementing the 2016 Solid

Waste Management Rules. In order to expedite the proceedings, NGT declared that any state or union

territory that fails to adhere to these mandatory duties may be subject to legal action under the 1986

Environment (Protection) Act. A fine would also be assessed against the state, and the top state or local

official might face personal liability.

The harsh truth is that nobody wishes to foot the bill for this. Even though India has long adhered to the

idea that the polluter pays, no one feels accountable for the waste they produce, according to Shah of

Swaha, a firm that manufactures mobile composting vans. As a result of fast expansion of population,

the management of Municipal Solid Waste (MSW) has grown importance in metropolitan areas. It has

become mandatory responsibility of municipal corporation to reduce solid waste and process it

effectively Mathematical models in waste management play a crucial role in achieving sustainable

urban development by optimizing the collection, transportation, recycling, treatment, and disposal of

waste. The Waste Management Model for managing waste focus on minimizing landfill usage and

maximizing recycling efficiency. Linear regression and logistic growth models predict waste generation

trends, while optimization algorithms determine optimal waste collection routes.

Here's how these models contribute:

1. Efficient Resource Allocation

e Optimization Models: Help determine the most cost-effective routes for waste collection trucks,
reducing fuel consumption and greenhouse gas emissions.

e Allocation Models: Ensure optimal placement of waste bins and treatment facilities to minimize
transportation distances and costs.

2. Waste Minimization and Recycling

e Prediction Models: Forecast the quantity and types of waste generated, allowing for better planning
of recycling programs.

e Circular Economy Models: Promote recycling and reuse by analyzing material flow, ensuring
resources are used more efficiently.

3. Environmental Impact Assessment

e Life Cycle Assessment (LCA): Evaluate the environmental impacts of waste management practices,
such as emissions from landfills or incineration.

o Emission Reduction Models: Optimize waste-to-energy conversion processes to minimize pollution.

4. Policy and Decision Support

o Simulation Models: Test the effects of different policies such as pay-as-you-throw schemes, to enc-
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ourage waste reduction.

Scenario Analysis: Assess the long-term impact of various waste management strategies on urban
sustainability.

Urban Infrastructure Design

Spatial Models: Design urban areas with integrated waste management systems, ensuring efficient
waste segregation, collection, and treatment.

Capacity Planning Models: Predict future waste volumes to design scalable waste management
infrastructure.

Community Engagement and Awareness

Behavioral Models: Study and predict public behavior towards waste segregation and recycling,
helping design effective awareness campaigns.

4.Case Studies

Indore, Madhya Pradesh, became the cleanest city in India through consistent efforts under the
Swachh Bharat Abhiyan (Clean India Mission). The city's transformation was achieved by
implementing an integrated waste management system, fostering community participation, and
ensuring strict monitoring. Indore promoted door-to-door garbage collection with mandatory waste
segregation at source into wet and dry waste. The city established composting plants for organic
waste and encouraged recycling of non-biodegradable materials. Awareness campaigns and
behavioral change initiatives encouraged residents to maintain cleanliness. Indore invested in
advanced cleaning equipment, regular street sweeping, and timely waste disposal. The Municipal
Corporation ensured strict implementation of cleanliness regulations and adopted innovative
solutions like using GPS tracking for waste collection vehicles. Through continuous efforts and
public participation, Indore has consistently ranked first in the Swachh Survekshan survey since
2017.

Singapore: Smart Nation Initiative- Singapore utilizes mathematical models extensively in its
Smart Nation initiative. Traffic flow models and real-time data analytics optimize urban mobility.
Additionally, the city uses predictive models for energy efficiency and water resource management.
Singapore employs a comprehensive waste management approach, combining waste reduction,
recycling, and energy recovery. A significant portion of Singapore's waste is incinerated in Waste-to-
Energy WTE plants. These facilities reduce waste volume by up to 90% and generate electricity
from the incineration process. The government promotes recycling through initiatives like the
National Recycling Programme, which provides accessible recycling bins across residential and
commercial areas.The country’s only landfill, Semakau Landfill, is an environmentally sustainable
facility. It is built on reclaimed land and features eco-friendly practices to manage non-incinerable
waste without harming the surrounding ecosystem. Singapore emphasizes public awareness and
community participation. Campaigns like "Reduce, Reuse, Recycle™ (3Rs) aim to cultivate a culture
of sustainable practices among citizens. Strict laws, such as the Environmental Public Health Act
ensure compliance with waste disposal regulations, discouraging littering and illegal dumping.This
holistic approach has enabled Singapore to manage waste efficiently, reduce environmental impact,
and maximize the use of its limited land resources.

Curitiba, Brazil: Sustainable Urban Design- Integrated transportation of Curitiba and land-use
model prioritizes public transport and green space conservation. Simulation models aid in achieving
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a low-carbon urban framework.

Challenges and Opportunities-While mathematical models offer powerful insights, they face

challenges:

o Data Availability: Reliable data is essential for accurate modelling, but urban datasets are often
incomplete or inaccessible.

o Complexity and Scalability: Urban systems are highly complex, requiring sophisticated models that
can scale effectively.

o Stakeholder Engagement: Translating model insights into actionable policies requires collaboration
among policymakers, scientists, and the public.

Opportunities lie in advancements in computing, big data, and Al, which enhance the precision and

applicability of mathematical models for urban planning.

5. Conclusion

Mathematical modelling is indispensable for achieving Sustainable Urban Development. By providing
actionable insights into urban systems, these models empower planners to design cities that are resource-
efficient, resilient, and equitable. Future research should focus on enhancing model accuracy, integrating
real-time data, and fostering interdisciplinary collaboration to address the multifaceted challenges of
urban sustainability.

A city implementing a mathematical model to optimize waste collection routes may reduce operational
costs and carbon emissions by 20-30%, contributing to cleaner urban environments and sustainable
living conditions.

By integrating these models into urban planning, cities can efficiently manage waste, reduce
environmental degradation, and move closer to achieving the goals of sustainable urban development.
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