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1. INTRODUCTION

The issue of food waste management is an increasingly significant global
concern, with substantial environmental and economic consequences. According to
the United Nations Environment Programme (UNEP), approximately one-third of
the food produced worldwide is wasted every year, which is a severe waste of
resources, including energy, water, and land UNEP (2021). Moreover, food waste
management is an essential part of urban waste management, particularly in large
metropolitan cities where the population density and food consumption are high
Wilson and Velis (2015). As a result, cities and municipalities face a growing
challenge in managing food waste effectively, necessitating the adoption of
innovative and smart solutions. This project aims to address this issue through an
integrated waste management system, employing a heuristic approach using a

How to cite this article (APA): Singh, H., Yadav, V., Dhingra, P., Kumar M. and Madan S. (2023). Optimized Waste Food Management 74
System Using Parasite Routing Algorithm for Efficient Route Selection. International Journal of Engineering Technologies and
Management Research, 10(8), 74-87. doi: 10.29121 /ijetmr.v10.i8.2023.1602


https://doi.org/10.29121/granthaalayah.v9.i6.2021.3923
https://dx.doi.org/10.29121/ijetmr.v10.i8.2023.1602
https://dx.doi.org/10.29121/ijetmr.v10.i8.2023.1602
https://dx.doi.org/10.29121/ijetmr.v10.i8.2023.1602
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.29121/ijetmr.v10.i8.2023.1602&domain=pdf&date_stamp=2023-08-30

Optimized Waste Food Management System Using Parasite Routing Algorithm for Efficient Route Selection

Parasite Routing Algorithm (PRA) to optimize route selection for food waste
collection Morshed and Hossain (2018).
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Food waste collection involves dynamic processes that must account for
multiple factors such as the capacity of waste bins, vehicle capacity, crew
availability, and traffic conditions. Traditional waste management systems often
rely on static schedules, which result in inefficiencies, unnecessary costs, and
environmental impacts Gupta and Bansal (2020). A dynamic and data-driven
approach can address these challenges effectively. One such approach is the
integration of real-time data with routing algorithms, enabling a more responsive
and flexible system. The proposed model uses a Parasite Routing Algorithm (PRA)
that incorporates real-time conditions to optimize the collection route for food
waste management, reducing both the operational costs and environmental impact
Barros and Silva (2019).

1.1. THE IMPORTANCE OF EFFICIENT WASTE MANAGEMENT
SYSTEMS

Waste management plays a crucial role in urban sustainability and
environmental protection. Efficient systems can help minimize landfill usage,
reduce greenhouse gas emissions, and improve resource recovery through recycling
and composting. However, waste collection services are often inefficient due to
various factors, such as poor planning, unpredictable waste generation, and limited
resources. The introduction of smart technologies such as the Internet of Things
(IoT), artificial intelligence (AI), and machine learning can improve operational
efficiency in waste management systems Medina (2010). By integrating these
technologies into waste collection processes, cities can optimize scheduling,
monitoring, and routing Niu and Li (2020).

Many modern waste management systems are designed to be more dynamic,
utilizing loT-based sensors and cloud computing to track bin fill levels and predict
optimal pickup times. These systems collect real-time data, which can be analyzed
to determine the most efficient routes for waste collection. The capacitated arc
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routing problem (CARP), a well-known problem in vehicle routing, can be applied
to optimize these routes. This problem considers multiple constraints, including
vehicle capacity, travel time, and crew working hours, and aims to minimize total
travel distance or cost Golden and Wasil (2007). In this context, efficient algorithms
like the Parasite Routing Algorithm provide a way to dynamically adapt to changing
conditions in the waste collection process, optimizing not just the routes but also
operational costs and environmental impact Lu and Xu (2019).

1.2. THE ROLE OF ROUTING ALGORITHMS IN WASTE
MANAGEMENT

Routing algorithms play a central role in optimizing the collection process in
waste management systems. The objective of routing algorithms is to minimize the
total distance traveled, ensuring that waste collection services are cost-effective and
environmentally friendly Dantzig and Ramser (1959). Traditional routing
approaches use fixed schedules and routes, which often result in suboptimal
performance, particularly when dealing with real-time changes like traffic
congestion, weather conditions, or sudden surges in waste generation. Recent
advances in dynamic routing algorithms, such as the Parasite Routing Algorithm,
aim to address these challenges by incorporating real-time data into route
optimization processes Bai and Chen (2017).

The Parasite Routing Algorithm is inspired by natural processes and
evolutionary concepts, where an agent (in this case, the waste collection vehicle)
adapts to its environment and continuously seeks more optimal routes Yang and
Zhao (2020). Unlike other routing algorithms that rely on predefined routes, the
PRA adapts to changing conditions by re-evaluating and adjusting the routes
dynamically. This approach ensures that waste collection vehicles do not waste time
or resources by following suboptimal paths, thus significantly reducing both
operational costs and the carbon footprint associated with waste collection El-
Tantawy and Ahmed (2020). This dynamic adaptability is essential for managing
food waste, where collection schedules and volumes can vary widely across
different areas.

1.3. IMPLEMENTATION OF THE SYSTEM

In this project, the food waste management system is built around a central
management platform that allows for efficient coordination between waste
collection vehicles, drivers, and administrative authorities. The Parasite Routing
Algorithm optimizes the route selection for each vehicle, taking into account factors
like the location of bins, their fill levels, and the capacity of the waste collection
vehicles Lee and Park (2018). The system uses sensors integrated into waste bins to
provide real-time data about the bin's status, such as the fill level and condition. This
data is then processed by the central server, which calculates the optimal route for
each vehicle Kim and Lee (2021).

The central system also features a web-based server that connects all
components, including waste bins, vehicles, and administrators. This server serves
as the control hub, providing real-time updates and route recommendations to
drivers, as well as monitoring the system’s overall performance. Administrators can
access detailed reports and system analytics, allowing them to evaluate and adjust
routes as necessary Zhao and Zhang (2021). The web-based interface is crucial for
ensuring that waste management is both efficient and transparent, enabling better
decision-making and resource allocation Xu and Liu (2017).
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The proposed model's ability to adapt to real-time changes in waste generation
and traffic conditions is a significant advantage over traditional waste management
systems. By incorporating an intelligent routing algorithm such as PRA, the system
can optimize waste collection in a way that minimizes fuel consumption, reduces
CO2 emissions, and improves overall efficiency Yang and Chien (2019).

1.4. KEY BENEFITS AND FUTURE DIRECTIONS

The adoption of the Parasite Routing Algorithm in food waste management
provides several key benefits. First, the system optimizes the use of resources by
dynamically adjusting routes based on real-time data, minimizing unnecessary
travel. This not only reduces operational costs but also lowers the environmental
impact of food waste collection. Additionally, the integration of loT-based sensors
allows for more accurate and timely information, helping waste collection vehicles
avoid over-collection or under-collection Nguyen and Tran (2019).

Furthermore, the centralized management platform allows for better
coordination between drivers, vehicles, and waste management authorities. The
system provides administrators with a real-time view of waste bin conditions,
enabling them to respond quickly to emerging issues and improve waste collection
efficiency. The scalability of the system also means it can be expanded to serve larger
cities or integrated into existing urban infrastructure Shaharuddin and Cheng
(2021).

In the future, there is potential to expand the system by incorporating more
advanced predictive analytics and machine learning models. These models could
predict waste generation patterns based on historical data and seasonal trends,
further optimizing waste collection schedules. Moreover, integrating Al-based
decision-making systems could help in the automatic selection of the best routes
and the continuous improvement of the system’s performance Ahmed and
Rajendran (2020).

In conclusion, food waste management is a critical challenge for urban areas,
particularly as food waste generation continues to rise. This project proposes an
innovative solution through the integration of the Parasite Routing Algorithm, IoT-
based sensors, and a centralized web-based management system to optimize waste
collection routes dynamically. The system not only improves operational efficiency
but also contributes to reducing environmental impact and enhancing urban
sustainability. By combining heuristic algorithms with real-time data, this project
offers a scalable, cost-effective, and environmentally friendly approach to managing
food waste Kamal and Abbas (2020).

2. LITERATURE REVIEW

Food waste management has become a critical challenge globally, particularly
in urban environments where large quantities of waste are generated daily. The
volume of food waste has escalated significantly in recent years, which is
contributing to a host of environmental, economic, and social problems. Studies
indicate that food waste is responsible for not only squandering resources but also
releasing harmful gases such as methane into the atmosphere, significantly
contributing to climate change UNEP (2021). Several approaches have been
proposed to manage food waste, ranging from traditional methods to innovative,
technology-driven solutions that employ IoT (Internet of Things), smart sensing,
and routing algorithms to optimize collection and processing systems.
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In the past decade, smart waste management systems, particularly those based
on [oT, have seen substantial growth. These systems leverage real-time data from
sensors embedded in waste bins to provide dynamic insights into bin status, waste
levels, and the optimal collection time. loT-based waste management solutions
enable remote monitoring and automation of waste collection processes, reducing
operational costs and enhancing efficiency Niu and Li (2020). However, a significant
challenge remains in optimizing the routing of waste collection vehicles. The
classical routing problem in waste management, known as the Capacitated Arc
Routing Problem (CARP), involves determining the most efficient routes for
collection vehicles, taking into account various factors such as vehicle capacity, bin
locations, and crew working time Golden and Wasil (2007). Solving this problem is
vital for reducing fuel consumption and optimizing the waste collection process.

Recent advancements in heuristic and metaheuristic algorithms have led to the
development of more efficient solutions for waste collection routing. Specifically,
algorithms such as Genetic Algorithms (GA), Simulated Annealing (SA), and Ant
Colony Optimization (ACO) have been extensively explored for routing optimization
Lu and Xu (2019). However, these algorithms often face limitations in handling
dynamic environments where waste levels fluctuate due to variable factors such as
seasonal changes or unexpected spikes in waste generation. This is where adaptive
and real-time optimization techniques, such as the use of the Kalman Filter and
machine learning models like Long Short-Term Memory (LSTM) networks, come
into play. The Kalman Filter is particularly effective in reducing the noise and errors
in real-time data, providing smoother predictions for system behavior Yang and
Zhao (2020).

Collaborative filtering, which is commonly used in recommender systems, has
found applications in waste management systems, especially in predicting optimal
collection schedules based on historical waste patterns Medina (2010). These
models typically rely on data from previous collections to predict future waste
levels. By analyzing user and item interaction data, collaborative filtering can
identify patterns in waste disposal behavior, enabling more accurate route planning.
Furthermore, integrating LSTM models can allow the system to capture sequential
dependencies in the data, making it possible to predict long-term trends in waste
generation, thus improving the accuracy of future recommendations Barros and
Silva (2019).

A critical aspect of any waste management system is scalability. With the rapid
growth of urban areas and the increasing complexity of waste management
networks, it is crucial for systems to scale efficiently to accommodate large volumes
of data and multiple collection points. The integration of cloud computing with loT
devices has proven effective in addressing scalability issues. Cloud-based systems
enable the processing and storage of massive amounts of data, allowing for real-time
updates on waste levels, route optimization, and dynamic scheduling. Additionally,
they support advanced analytics and machine learning models, which can
continuously refine the routing algorithms based on new data inputs Dantzig and
Ramser (1959).

One innovative solution that has garnered attention in recent research is the
integration of smart routing algorithms such as the parasite routing algorithm (PRA)
in waste management systems. PRA is a dynamic approach that can adapt to the
real-time conditions of waste generation and collection. It combines the flexibility
of heuristic methods with the real-time capabilities of advanced algorithms,
enabling the system to adjust to environmental factors such as traffic conditions,
weather, and other unpredictable factors affecting waste collection Bai and Chen
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(2017). The use of such dynamic algorithms significantly enhances the system's
ability to handle varying waste volumes and optimize collection routes on the fly.

In terms of practical applications, several cities and municipalities worldwide
have adopted smart waste management systems to reduce operational costs,
increase efficiency, and minimize the environmental impact of waste collection.
These systems often involve the use of sensors in waste bins to monitor fill levels,
which in turn helps optimize collection routes and schedules. Data is transmitted to
centralized platforms, which analyze the information and provide real-time
feedback to waste collection vehicles. This integration of IoT with advanced
algorithms, including collaborative filtering, LSTM, and Kalman filters, has proven
effective in various pilot projects, improving both the environmental and economic
sustainability of waste management Lee and Park (2018).

The challenge of optimizing waste collection is not limited to routing and
scheduling but extends to managing the infrastructure and ensuring the smooth
integration of all system components. To this end, some systems also incorporate
predictive maintenance algorithms, which anticipate failures in equipment and
vehicles based on historical data, ensuring that waste collection operations are not
interrupted due to unforeseen breakdowns El-Tantawy and Ahmed (2020). This
predictive approach, coupled with real-time data monitoring, further improves the
system's efficiency and reduces the need for manual intervention.

In conclusion, food waste management using advanced algorithms and IoT-
enabled systems presents a promising approach to addressing the challenges of
modern waste management. The integration of machine learning, real-time data
processing, and dynamic routing algorithms such as the Kalman Filter and parasite
routing algorithm enhances the system's ability to adapt to changing environments
and optimize collection processes. With ongoing advancements in technology and
the increasing availability of data, these systems will continue to evolve, offering
more efficient and sustainable solutions for urban waste management.

3. PROPOSED MODEL

The proposed model for waste food management integrates a smart, data-
driven system that combines advanced routing algorithms with real-time waste
tracking and a centralized management platform. The main goal of the model is to
optimize the waste collection process by efficiently managing routes, reducing
operational costs, and minimizing environmental impact. The model relies on a
combination of the Capacitated Arc Routing Problem (CARP) solution and the
parasite routing algorithm (PRA), which is designed to adapt dynamically to changes
in waste generation and environmental conditions. The innovative integration of
machine learning algorithms, such as the Kalman Filter and Long Short-Term
Memory (LSTM) networks, further enhances the model’s accuracy and adaptability
in predicting waste generation trends and optimizing vehicle routes.

4. WORKING OF THE MODEL

The model operates by integrating multiple layers of real-time data collection,
processing, and optimization. It begins with the deployment of loT-enabled smart
bins that are equipped with sensors to detect the waste level in each bin. These
sensors continuously monitor the fill levels and send data to a central server for
processing. Once the waste level in a bin reaches a predefined threshold, a
notification is sent to the central management system, which then triggers the
routing process for waste collection.
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The waste collection system utilizes the parasite routing algorithm (PRA),
which dynamically adjusts the routes for waste collection based on real-time data
such as traffic conditions, waste volume, and bin locations. PRA enhances the
traditional routing system by allowing the routes to evolve based on changes in
waste generation patterns and environmental factors. Additionally, the model
employs the Kalman Filter, which smooths out noisy data from the sensors, ensuring
that the predictions for waste generation are accurate and reliable. The LSTM
network processes time-series data, such as past waste collection trends, to capture
long-term dependencies in waste generation, allowing the system to better predict
future trends and adjust collection schedules accordingly.

5. METHODOLOGY

The methodology of the proposed model consists of several key steps:

1) Data Collection and Preprocessing: The system begins by collecting
data from the smart waste bins equipped with IoT sensors. These
sensors monitor waste levels, and additional data, such as the
geographical location of each bin, traffic conditions, and weather
forecasts, are integrated into the system for more accurate predictions
and routing.

2) Collaborative Filtering for Route Prediction: Collaborative filtering
is applied to predict the best routes for waste collection based on user
and environmental interactions. The system gathers data on historical
waste collection patterns and uses it to generate an optimal route plan
that accounts for factors like vehicle capacity, crew working time, and
available collection points.

3) Kalman Filter for Noise Reduction: The raw sensor data collected
from the waste bins may contain inaccuracies due to various
environmental factors. The Kalman Filter is employed to refine the data
by minimizing prediction errors, thereby ensuring that the system'’s
predictions for waste generation and route optimization are as accurate
as possible.

4) LSTM for Long-Term Trend Prediction: The LSTM network analyzes
the temporal patterns in waste collection data, enabling the system to
identify long-term trends and evolving waste generation behaviors.
This allows the system to anticipate changes in waste production over
time, such as increases during holidays or special events, and adjust
collection schedules proactively.

5) Routing Optimization with PRA: Once the data is processed, the
parasite routing algorithm (PRA) generates dynamic collection routes
that are adjusted in real time. The PRA takes into account not only the
physical constraints of the waste collection vehicles, such as capacity,
but also factors like traffic, weather, and the operational status of the
bins. PRA is particularly useful in adapting to sudden changes in waste
generation, such as unforeseen spikes or delays, and ensures that the
routes are optimized for minimal fuel consumption and time.

6) Central Management and Real-Time Notifications: The central
management platform serves as the control hub, allowing
administrators to monitor the entire waste collection system. It
provides real-time updates on bin status, route progress, and vehicle
locations. The platform also allows administrators to authorize route
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changes and make real-time adjustments based on feedback from
drivers and operational requirements.

Methodology

1. Data Collection and Preprocesssing

The system begins by collecting data from snart waste
bins equipped with loT sensors. These sensors moni-
tor waste levels, and additional data, such as the ge
ographical location of each bin, traffic conditions, and
weather forecasts, are integrated into the system for

more accurate predictions and routing. )
-

g . L : - I
2. Collaborative Filtering for Route Prediction

Collaborative filtering is appiied to predict the bst routes
for waste collection based on user and environmental
interactions.

3. Kalman Filter for Noise Reduction
The Kalman Filter is employed to refine- the data by
minimizing prediction errors.

-

4, LSTM for Long-Term Trend Prediction
The LSTM network analyzes the temporsal patterns
in waste collection data

B

5. Routing Optimization with PRA
The parasite routing algorithm (PRA) generates dvna-
mic collection routes that are adjusted in real time

'

6. Central Management and Real-Time Notifications
The central management platform serves as the con-
trol hub, allowing administrators to monitor the entire
waste collection system.

6. ARCHITECTURE OF THE SYSTEM

The system architecture consists of three primary components: the Data
Collection Layer, the Processing Layer, and the Application Layer.

1) Data Collection Layer: This layer consists of smart waste bins
equipped with IoT sensors that monitor waste levels, bin status, and
environmental conditions. Additional data, such as traffic and weather,
is also collected using external sensors or third-party APIs.

2) Processing Layer: The data collected from the sensors is sent to the
cloud-based processing unit, where it is analyzed using the Kalman
Filter and LSTM network. This layer is responsible for optimizing the
waste collection routes using collaborative filtering techniques and the
parasite routing algorithm. The processing unit also stores and
manages the historical data required for long-term trend analysis and
model training.

3) Application Layer: The application layer provides the user interface
for both administrators and drivers. Administrators can monitor the
system, view real-time bin statuses, and approve or adjust routes.
Drivers receive optimized route instructions and updates on their
mobile devices. The system also sends real-time notifications to
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administrators regarding operational issues or unexpected events,
allowing for quick interventions.

7. NOVELTY OF THE MODEL

The novelty of the proposed model lies in its integration of several advanced
technologies and algorithms that address key challenges in waste management. One
of the main innovations is the use of the parasite routing algorithm (PRA), which
enables dynamic route adjustments based on real-time data. This approach
significantly improves routing efficiency compared to traditional methods, which
rely on static route plans. The combination of the Kalman Filter and LSTM networks
further enhances the model by filtering out noise from real-time sensor data and
predicting long-term waste generation trends, respectively.

Moreover, the model introduces a seamless integration of IoT-enabled sensors
with machine learning and optimization algorithms, providing a fully automated,
adaptive waste collection system. This integration not only reduces operational
costs by optimizing vehicle routes but also improves environmental sustainability
by minimizing fuel consumption and carbon emissions.

In addition, the model's scalability makes it suitable for deployment in a wide
range of urban and rural settings. By incorporating real-time feedback from both
drivers and the central management platform, the system can adapt to varying
waste generation patterns and operational challenges, making it a highly versatile
solution for modern waste management problems. The novel combination of
heuristic and machine learning-based methods enables the system to optimize
waste collection dynamically, addressing both short-term needs and long-term
trends.

In summary, the proposed waste management model offers a cutting-edge
approach to solving the complex challenges of waste collection, routing, and
prediction, providing an efficient, cost-effective, and environmentally friendly
solution for municipalities and waste management companies.

8. RESULT ANALYSIS AND PERFORMANCE EVALUATION

The Result Analysis and Performance Evaluation of the proposed waste
management model, realistic data from pilot implementations and simulated
environments were used to assess its impact on key performance metrics. The
analysis considers factors such as route optimization, cost reduction, fuel
consumption, carbon emissions, adaptability to real-time data, and overall system
performance. The results were compared with conventional waste management
systems to evaluate the improvements offered by the model.

To evaluate the effectiveness and efficiency of the proposed waste management
model, a comprehensive performance analysis is carried out. This analysis involves
comparing the model's performance against traditional waste management
systems, assessing key metrics such as route optimization, operational cost
reduction, environmental impact, and system adaptability.

1) Route Optimization Efficiency

Route Optimization is one of the core strengths of the proposed system. A key
performance indicator (KPI) for route optimization is the total distance covered by
collection vehicles. In a typical urban setting, waste collection vehicles may cover
varying distances based on the assigned routes, traffic congestion, and waste
generation patterns. The proposed model, by leveraging dynamic routing
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algorithms like the Parasite Routing Algorithm (PRA) and real-time data from IoT-
enabled sensors, adapts to changing traffic and waste levels. The results of route
optimization are presented in the table below.

Table 1

Average Distance Traveled (km 200 km/da 150 km/da 25% Reduction

Fuel Consumption (L 60 L/da 45 L/da 25% Reduction

The table shows a reduction in both distance traveled and time spent on routes,
which translates into improved efficiency. This reduction in travel time and distance
leads to lower fuel consumption, and fewer stops improve the overall vehicle
turnaround time.

2) Operational Cost Reduction

The dynamic route optimization and IoT integration of the proposed model also
contribute significantly to operational cost reduction. In conventional systems,
waste collection is typically performed based on static schedules and routes. The
flexibility of the proposed system allows for reduced frequency of waste collection
at bins that are not full, cutting down unnecessary trips. The reduction in fuel
consumption, labor costs, and overall vehicle wear-and-tear leads to significant cost
savings. The following table illustrates these cost savings:

Table 2

Fuel Cost (USD/da 120 USD/da 90 USD/da 25% Reduction
Total Operational Cost 300 USD/day 250 USD/day 16.67%
(USD/day) Reduction

The system’s ability to adjust to real-time waste generation patterns leads to
fewer unnecessary pickups, driving down fuel and labor costs. This allows
municipalities to allocate resources more efficiently, providing more cost-effective
waste management services.

3) Environmental Impact

Environmental impact is another crucial evaluation metric. The model’s routing
optimization directly reduces fuel consumption and emissions, which is critical for
urban areas trying to meet sustainability goals. The following table compares the
environmental impact of the traditional and proposed systems, measured by carbon
dioxide (CO2) emissions and fuel consumption:

Table 3

CO2 Emissions (kg CO2/day) 160 kg/day 120 kg/day 25% Reduction

Carbon Footprint (kg CO2/km) 0.8 kg/km 0.6 kg/km 25% Reduction

The reduction in CO2 emissions and fuel consumption showcases the
environmental benefits of the proposed model. The lower carbon footprint per
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kilometer further emphasizes the sustainability of the waste management process
when optimized by the proposed system.

4) System Adaptability and Real-Time Adjustment

The ability to adapt to real-time data, including traffic conditions, waste bin fill
levels, and environmental factors, is a critical feature of the proposed model. Real-
time feedback loops from IoT sensors and machine learning algorithms such as the
Kalman Filter and LSTM networks ensure the system continuously evolves to meet
operational needs. This adaptability is evaluated in the following table, which shows
the response time to changes in waste generation patterns and system performance
adjustments:

-
o
=
®
NS

Response Time to Waste Surge (hrs) 6 hrs 1 hr 83%
Improvement

Accuracy of Waste Generation 75% 90% 15%
Prediction (%) Improvement

The proposed model’s ability to predict and adapt to waste generation surges
(e.g., holidays or special events) in near real-time provides a substantial
improvement over traditional systems. The reduced response time for route
adjustments and the higher accuracy in waste generation predictions show how
effectively the model can handle dynamic waste management needs.

5) Scalability and Long-Term Performance

The model’s scalability was tested across multiple regions with varying waste
generation volumes. Whether in low-density rural areas or high-density urban
settings, the model showed consistent performance improvements in terms of cost
reduction, environmental impact, and system adaptability. The following table
compares the model’s performance over a 6-month period in both rural and urban

environments:

Table 5
Distance Traveled (km 22,000 km 12,000 km
Operational Cost (USD 12,000 USD 6,000 USD

As seen in the table, the scalability of the model ensures consistent fuel savings
and reduced operational costs across various settings. The model continues to show
strong performance over time, making it suitable for long-term deployment.
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Result Analysis and Performance Evaluation

Metric Traditional Proposed Improven!entf'
System Model Reduction

Route Optimization Efficlency
Average Distance Traveled (km) 200 150 km 25%
Average Time Spent on Route 8 6 km 25%
Fuel Consumption (L) 60 45 km 25%
MNumber of Stops (per route) 25 20 km 20%
Operational Cost Reduction
Fuel Cost (USD/day) 120 90 UsD 25%
Labor Cost (USD/day) 150 120 USD 20%
Total Operational Cost (USD/day) 300 250 USD 16,67%
Environmental Impact
C0, Emissions (kg CO./day) 160 120 kg 25%
Fuel Consumption (L/day) 60 45 kg 25%
Carbon Footprint (kg CO,/km) 0,8 0,6 km 25%
System Adaptability and Real-Time Adjustment
Response Time to Waste Surge 6 1h 88% improvement
{hrs)
Route Adjustment Time (hrs) 5h 30 min 90% improvement
Accuracy of Waste Generation 25% 90% 15%
Prediction (%)
Scalability and Long-Term Performance 20% =

9. CONCLUSION

The performance evaluation of the proposed waste management model
demonstrates significant improvements over traditional systems in key areas such
as route optimization, operational cost reduction, environmental impact, and
system adaptability. With the dynamic capabilities of the Parasite Routing
Algorithm (PRA) and machine learning techniques such as Kalman Filters and LSTM
networks, the system offers efficient, cost-effective, and environmentally friendly
waste management solutions. The model's scalability further enhances its potential
for wide deployment, making it a promising solution for municipalities aiming to
optimize their waste management processes.
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