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ABSTRACT

Robotics and computer vision have emerged as transformative solutions for enhancing automation, efficiency,
and environmental sustainability. One of their key applications is in autonomous waste management, addressing
challenges such as inefficient waste segregation, environmental pollution, and labor-intensive cleaning
processes. This research explores a computer vision-based robotic system that ensures efficient, autonomous
waste collection and categorization into biodegradable and non-biodegradable types.

The proposed system leverages OpenCV and Python for real-time object detection and classification, enabling
the robot to identify, pick up, and sort waste accordingly. A mechanical arm and gripping mechanism facilitate
waste collection, while an Al-powered model processes images to determine the waste category. The system is
systematically designed, developed, and tested in a simulated environment to evaluate its effectiveness.

Key objectives include creating an intelligent cleaning robot, implementing automation in waste segregation,
comparing its efficiency with manual sorting methods, and assessing its feasibility for large-scale deployment.
Findings highlight the potential of robotics and computer vision in revolutionizing waste management, ensuring
environmental cleanliness, and fostering sustainable practices.
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1. INTRODUCTION

1.1 Background on Environmental Pollution and Waste Mismanagement

Environmental pollution has become one of the most pressing issues of the 21st century. Rapid urbanization,
industrial growth, and consumerism have led to a significant increase in the generation of solid waste across the
globe. Unfortunately, most waste is not properly segregated or treated before disposal, resulting in pollution of
land, water, and air. In many developing countries, waste is dumped in open landfills or burned in the open air,
releasing harmful chemicals and greenhouse gases that damage both the environment and human health.
Mismanaged waste also clogs drainage systems, causing floods and spreading waterborne diseases. Despite
various government policies and awareness programs, the ground reality of solid waste management remains far
from ideal. The lack of infrastructure, public participation, and technological adoption has further worsened the
situation. These challenges make it evident that our current approach to waste management needs a serious
upgrade. The world cannot afford to continue using outdated practices, and this calls for innovative solutions
that leverage the power of automation, data science, and intelligent systems.

1.2 The Need for Smart Solutions in Waste Management

The traditional waste management system relies heavily on manual labor for sorting and disposal, which is often
inefficient and prone to errors. As the volume of waste increases, the limitations of these conventional methods
become more apparent. Manual segregation of waste results in recyclable materials being mixed with non-
recyclable waste, leading to increased landfill usage and resource wastage. Additionally, these methods
contribute to greenhouse gas emissions due to the transportation of waste over long distances and the
decomposition of organic matter in landfills. To tackle these challenges effectively, smart waste management
solutions are required. These solutions must integrate technology such as the Internet of Things (loT), artificial
intelligence (Al), and robotics to enhance the efficiency and effectiveness of waste segregation, collection, and
disposal. loT-based systems, in particular, enable real-time monitoring of waste bins and the optimization of
waste collection routes, reducing operational costs and environmental impact. Smart solutions also facilitate
better waste segregation at the source, improving recycling rates and promoting a circular economy.
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Table 1: Comparison of Traditional vs. Smart Waste Management Systems

Feature

Traditional Waste
Management

Smart Waste Management
(Enviroprompt)

Segregation

Manual, inaccurate

Automated with machine learning

Efficiency

Slow, labor-intensive

Fast, optimized

Human Intervention | High, requires manual labor

Minimal, autonomous operation

Accuracy

Low, contamination of
recyclables

High, precise classification

System Monitoring Manual checks, no real-time

data

Real-time monitoring via loT

Environmental Impact | High, leads to pollution and

overflowing landfills

Reduced waste and pollution, promotes
recycling

Cost

High labor and operational costs

Lower long-term operational costs

Scalability

Difficult to scale

Easily scalable and adaptable

1.3 Enviroprompt: A Smart loT-Driven Solution

Enviroprompt is an innovative, loT-based mobile waste management system designed to automate the
processes of waste detection, classification, and disposal. The project aims to address the shortcomings of
traditional waste management systems by utilizing cutting-edge technology to create a smarter, more efficient
solution. The system is built on an ESP32 microcontroller, integrated with a camera module, GPS, and a
robotic arm. The primary goal of Enviroprompt is to automate the sorting of waste into recyclable and non-
recyclable categories by utilizing machine learning models for object recognition. By identifying and
classifying waste items accurately, the system reduces human intervention and ensures that recyclables are
properly sorted, thereby preventing contamination. Additionally, the robotic arm enables the system to
physically collect and dispose of waste in designated bins for recyclable (green box) and non-recyclable (blue

box) materials.

The system uses a mobile app for real-time monitoring, providing users with feedback on waste classification,
system health, and operational status. The app also allows users to track the movement of the waste
management robot, which is equipped with GPS functionality. The automated process of waste segregation and
disposal ensures that recyclable materials are diverted from landfills, significantly reducing the environmental
impact associated with waste mismanagement.

Table 2: System Components and Specifications

Component Type Specification/Model Function
Microcontroller Hardware ESP32 Controls the system, handles sensor
data and connectivity
Camera Module Hardware ESP32-CAM or | Captures real-time images of waste
0V2640 for classification
Robotic Arm Hardware Servo-motor-based Picks and places waste into correct
(custom) bins
Power Supply Hardware Rechargeable Battery | Powers the system for mobile
(Li-ion) operation
GPS Module Hardware Neo-6M or equivalent | Tracks the location of the mobile
system
Waste Bins Hardware Custom Green and | Collects segregated recyclable and
Blue Boxes non-recyclable waste
Wi-Fi Module Hardware Inbuilt with ESP32 Provides 10T connectivity for remote
control and updates
Moabile App Software Android/iOS Monitors status, location, and waste
(Custom-built) classification results
Machine Software Tensor Flow Lite /| Classifies waste images into
Learning Model Custom Model recyclable or non-recyclable
0T Platform Software Firebase / Blynk / | Enables real-time data
MQTT Broker communication and logging
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1.4 Objectives of Enviroprompt

The primary objective of Enviroprompt is to create an efficient and sustainable solution for urban waste
management through automation. The system aims to minimize human effort in waste sorting and ensure that
recyclable materials are correctly separated, reducing landfill usage and promoting recycling. By utilizing 10T
and Al technologies, Enviroprompt seeks to enhance the accuracy of waste classification, increase recycling
rates, and reduce waste contamination. Moreover, the system is designed to be scalable and adaptable to various
environments, allowing it to be deployed in both urban and rural settings. The long-term goal of Enviroprompt
is to contribute to the creation of smarter cities by integrating intelligent waste management systems that can
operate autonomously, collect real-time data, and optimize waste disposal routes. By doing so, it helps mitigate
the growing environmental challenges posed by waste mismanagement.

1.5 The Significance of Enviroprompt

In the context of smart city initiatives, Enviroprompt plays a crucial role in fostering sustainable urban
development. As cities around the world struggle to cope with increasing populations and waste generation,
innovative solutions like Enviroprompt provide a pathway to more sustainable waste management practices.
The integration of 10T technology in waste management not only enhances operational efficiency but also
provides valuable data that can be used for future planning. Real-time data collection enables waste
management systems to be more responsive, dynamically adjusting to changes in waste volume and
composition. Furthermore, the use of machine learning in waste classification ensures that the system
continually improves its accuracy over time. In the future, Enviroprompt could be expanded to handle other
types of waste, such as electronic waste or hazardous materials, further enhancing its utility and impact.
Ultimately, the success of this system could serve as a model for other cities looking to implement smart waste
management solutions.

2. RELATED WORK

2.1 Overview of Waste Management Practices: Traditional and Emerging

Traditional waste management systems across the world typically follow a linear model that includes collection,
transportation, and dumping of waste in landfills or incineration plants. These systems are often ineffective in
dealing with the growing volume and complexity of modern waste, especially in urban areas. Manual sorting is
still widely used in developing countries, leading to inefficient recycling and high labor costs. Moreover, the
lack of real-time monitoring, poor segregation at the source, and absence of sustainable disposal techniques
make traditional waste management a major contributor to environmental pollution.

ToT-Enabled Smart AI-Based Centralized Enviroprompt -
Bins Segregation Autonomaus Mobile
_— Waste System

Figure2: Evolution of Waste Management Systems

In response to these challenges, cities have begun incorporating smart technology into waste management. 10T -
enabled bins, Al-based classification tools, and GPS-optimized collection trucks are examples of this shift.
These modern systems aim to increase efficiency, reduce costs, and lower environmental impact. However,
while these technologies show promise, their implementation is limited in scope, particularly in rural or semi-
urban areas where infrastructure is lacking. There is a growing need for flexible, autonomous, and cost-effective
systems that can address both urban and rural challenges, and this is where solutions like Enviroprompt find
their relevance.

2.2 loT-Based Waste Monitoring Systems
One of the more widespread innovations in smart waste management is the integration of Internet of Things
(1oT) technologies into trash bins. These bins are equipped with ultrasonic sensors that detect fill levels and
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transmit this data via Wi-Fi or GSM modules to a central system. Cities like Barcelona, Seoul, and
Amsterdam have implemented such systems to streamline their waste collection routes, ensuring that bins are
emptied only when full. This reduces unnecessary fuel usage and helps waste collection agencies optimize
manpower and fleet deployment.

While these systems do address logistical issues and offer environmental benefits such as reduced carbon
emissions, they do not solve the problem of waste segregation at the source. Additionally, most of these
smart bins are stationary, fixed to a specific location. They lack mobility, making them less effective in dynamic
environments such as construction sites, parks, or rural areas. Enviroprompt addresses this by incorporating not
only smart monitoring but also mobility and active waste handling, making it far more adaptive and effective
than static loT-enabled bins.

2.3 Al and Computer Vision in Waste Segregation

In recent years, artificial intelligence (Al) and computer vision have made their way into the waste
management domain. Several experimental and commercial systems use image recognition algorithms to
identify recyclable materials like plastics, metals, or paper from mixed waste. These systems are typically
deployed in centralized recycling facilities and use conveyor belts combined with robotic arms or air jets to sort
waste.

Projects like the Recycleye Al and AMP Robotics have demonstrated high accuracy in object detection and
material classification. However, these systems are often expensive, infrastructure-dependent, and require
significant technical expertise to operate and maintain. Their deployment is limited to industrial settings and is
not feasible for localized, on-the-ground segregation.

Enviroprompt overcomes this limitation by offering a compact, low-cost version of an Al-powered
segregation system. It uses an ESP32-compatible camera and a Tensor Flow Lite model to run inference
directly on the device or via a lightweight server. This makes Enviroprompt ideal for deployment in areas where
setting up a full-scale recycling plant is not viable.

Table 3: Comparison of Al-based Waste Systems

System Name Type Deployment Cost Mobility | AI/ML | Real-time
Level Usage | Monitoring
AMP Industrial Centralized High No Yes Yes
Robotics
Recycleye Al | Facility-Based Centralized Medium- No Yes Yes
High
Smart Bins Public Bins Fixed Location Medium No No Yes
(1oT)
Enviroprompt | Autonomous Mobile/Local Low Yes No Yes

3. SYSTEM ARCHITECTURE / DESIGN

3.1 Overview of the Enviroprompt Architecture

The Enviroprompt system is a robust integration of hardware and software technologies designed to automate
the process of waste detection, classification, and disposal. It uses a distributed system model in which multiple
components collaborate to ensure efficient operation. The architecture is modular and scalable, allowing easy
upgrades or component replacements as needed. At the core lies the ESP32 microcontroller, which manages
communications and acts as the primary control unit. This system is mobile, meaning it can navigate various
terrains to locate and classify waste in real time. The components are chosen for their affordability, ease of
integration, and open-source community support, ensuring long-term sustainability of the project. In this
section, we detail the hardware and software components that make up the Enviroprompt system and their
interactions.
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3.2 Hardware Components

ESP32 Microcontroller

The ESP32 serves as the brain of the Enviroprompt system. It is a powerful microcontroller with built-in Wi-Fi
and Bluetooth capabilities, making it ideal for 10T -based applications. It handles sensor inputs, manages motor
control for navigation and robotic arm movements, and communicates with other modules such as the GPS unit
and camera. Its low power consumption and real-time capabilities make it a suitable choice for mobile robotics
projects that require efficiency and connectivity.

Camera Module

A compact camera module, compatible with the ESP32-CAM variant, is employed for capturing real-time
images of the waste in the surrounding area. These images are then analyzed using a machine learning model to
determine whether the detected object is recyclable or non-recyclable. The integration of the camera enhances
the decision-making accuracy of the system and enables automation of the waste segregation process.

Sensors

Multiple sensors are integrated into the Enviroprompt system, including ultrasonic sensors for obstacle
avoidance and infrared (IR) sensors for line-following or boundary detection. These sensors ensure safe
navigation of the mobile unit and help maintain stability in movement, even in outdoor or cluttered
environments. Additional environmental sensors can also be added in future upgrades to monitor pollution
levels.

Robotic Arm

A servo-based robotic arm is used to pick up and sort the detected waste into appropriate bins — recyclable or
non-recyclable. The arm is designed using lightweight materials like cardboard in the prototype version to
reduce cost, while future versions may utilize 3D-printed parts or aluminum. The precise movement of the
robotic arm is crucial to ensuring that the waste is deposited into the correct container without spillage.

GPS Module

To make the system truly mobile and autonomous, a GPS module is integrated, allowing the Enviroprompt unit
to track its position and navigate toward pre-defined or dynamically updated coordinates. This feature opens up
possibilities for large-scale deployments where multiple units can cover different areas of a city or campus.

3.3 Software Components

Python

Python serves as the primary language for machine learning model development and system logic. It is also
used in backend data processing and analysis. Python’s rich ecosystem of libraries, including TensorFlow,
OpenCV, and scikit-learn, supports the training and evaluation of the object classification models used in the
Enviroprompt system.

Machine Learning Model

The ML model plays a central role in waste classification. Trained on a dataset of various waste categories, it
uses image processing and classification algorithms to distinguish between recyclable and non-recyclable waste.
The model is optimized for performance on low-power devices, ensuring it can run effectively on the ESP32 or
an edge server, depending on deployment needs.
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Mobile Application

A dedicated mobile app provides a user interface for real-time monitoring and control of the Enviroprompt unit.
Users can view live camera feeds, track GPS location, and receive notifications about waste collection statistics.
The app also includes manual control options in case remote intervention is needed, adding an extra layer of
flexibility to the system.

Arduino Programming Environment

The Arduino IDE is used for programming the ESP32 microcontroller. It provides an accessible platform for
uploading control logic, interfacing with sensors and motors, and debugging hardware functionality. The IDE
supports real-time serial monitoring, which helps during testing and deployment phases.

3.4 System Communication and Data Flow

The Enviroprompt system follows a real-time communication model in which the ESP32 microcontroller
functions as the central node. Data is collected from the camera and sensors, processed locally or sent via Wi-
Fi/Bluetooth to a mobile app or external server, and appropriate actions are triggered. The ESP32 ensures low-
latency control over the robotic arm and movement motors. Sensor feedback allows for decision-making loops
that continuously adjust the system’s path, speed, and pick-and-place operations.

The camera captures images which are then either processed onboard (in the case of a powerful microcontroller
like ESP32-CAM) or transmitted wirelessly to a more capable machine or cloud server where the ML model
predicts the waste type. Based on the classification (recyclable or not), the robotic arm executes predefined
motion routines to drop the item into the correct bin.

In cases of poor lighting or unclear images, the system is programmed to ask for user validation via the mobile
app, allowing real-time human intervention to avoid errors. This hybrid control approach blends autonomy with
fail-safe manual checks, enhancing accuracy and reliability.

3.5 Power Supply Design

To make Enviroprompt portable and deployable in remote areas, it uses a rechargeable lithium-ion battery as its
primary power source. The power distribution board supplies voltage to the ESP32, motors, sensors, and camera
module. Voltage regulators are used to ensure each component receives the correct current level. Solar panels
are being considered as an additional module to enable off-grid, sustainable operation in environmentally
sensitive regions. This reinforces the project’s green vision.

The system includes battery monitoring circuits that trigger alerts to the mobile app when battery levels are low.
It may also enter a low-power mode to save energy until recharged, preserving component health and uptime. A
future version could include wireless charging via magnetic induction at docking stations.

3.6 Navigation and Obstacle Avoidance

The autonomous navigation capability of Enviroprompt is enabled through a combination of GPS data and
ultrasonic sensors. GPS provides macro-level location awareness while ultrasonic sensors help in micro-level
environment mapping. Using a simple A* algorithm or wall-following logic, the unit avoids static and dynamic
obstacles in its path.

The sensors continuously emit ultrasonic waves and measure the time taken for them to bounce back from
surrounding objects. This helps calculate distances and triggers rerouting commands if the unit is too close to a
wall, pole, or another obstacle. This dual-layered navigation ensures smooth, safe traversal even in cluttered
spaces like urban streets or parks.

The addition of an accelerometer or gyroscope is being considered for future versions to further improve path
planning and balance over uneven terrain.

3.7 Waste Classification Process

The core of Enviroprompt’s smart function lies in its ability to differentiate between recyclable and non-
recyclable waste using computer vision. The camera captures an image of the waste object, which is then fed
into a lightweight convolutional neural network (CNN) that has been trained on thousands of labeled images.

The model uses image features like shape, color, and texture to predict the category of waste. For example,
transparent plastic bottles, cardboard boxes, and metal cans are classified as recyclable, while food waste or
plastic wrappers are labeled as non-recyclable.

Confidence scores from the model are used to make decisions — if the model is over 90% confident in its
prediction, it proceeds automatically. If not, it sends the image to the mobile app for manual validation. This
layered decision-making increases the system’s robustness and reduces misclassification.
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3.8 Integration with 10T and Cloud Services

Enviroprompt leverages IoT principles to maintain connectivity between its components and with external
interfaces. The ESP32’s Wi-Fi module is used to transmit data to cloud databases, enabling centralized
monitoring and analysis. Users can remotely check metrics such as the number of items sorted, GPS routes
traveled, and battery health.

Cloud storage allows historical data tracking for system performance evaluation and model re-training. If an
object is repeatedly misclassified, its image and metadata are stored for human review and eventual model
improvement. This feedback loop is essential for evolving the system over time.

Through REST APIs, the mobile app fetches data from the cloud, and the web portal can offer analytics
dashboards for authorities, recycling agencies, or NGOs. The system is also expandable to include voice
command modules or integration with smart home assistants.

3.9 Future Scalability and Modular Design

Enviroprompt is built with scalability in mind. Its modular architecture allows users to upgrade individual
components without changing the entire system. For instance, users can replace the cardboard robotic arm with
a metal or 3D-printed version. The ML model can be swapped with a newer version trained on a broader dataset
without altering the physical components.

Additional sensors like gas detectors (to detect methane from waste) or temperature sensors can be added via
available GPIO pins on the ESP32. The system also allows integration with existing smart city infrastructures
like CCTV or traffic management systems.

The software is open-source and built using well-documented libraries, encouraging contribution from students,
researchers, and hobbyists. As cities grow and environmental problems become more urgent, such adaptable
solutions will play a major role in building smart, clean, and sustainable urban ecosystems.

4. IMPLEMENTATION DETAILS

4.1 Garbage Detection and Classification (ML Model)

The Enviroprompt system's ability to intelligently detect and classify waste is powered by a machine learning
(ML) model integrated with an ESP32 camera module. This camera captures real-time images of the
surrounding environment, focusing specifically on the objects identified as waste. These images are processed
through a Convolutional Neural Network (CNN), which has been trained on a diverse dataset including various
categories such as plastic, paper, metal, organic, and e-waste.

The CNN architecture has been carefully chosen for its lightweight footprint and high accuracy, making it
suitable for deployment on edge devices like the ESP32. The model extracts key features such as shape, color,
and texture to differentiate between recyclable and non-recyclable waste. Based on the classification, the object
is labeled, and this label is used to determine which bin the waste will be deposited into.

Additionally, the system supports continual learning. As it encounters new or previously misclassified waste
types, the data can be collected and used to retrain the model offline. This ongoing improvement ensures that
the model adapts to evolving environmental conditions and waste patterns. The output is used as an input signal
for the robotic arm to perform the necessary action.

4.2 Movement Control Using GPS

To enable intelligent mobility, the Enviroprompt rover integrates a GPS module for accurate geolocation. The
rover is programmed to navigate through predefined waypoints based on the GPS coordinates, allowing it to
cover a designated area such as a park, school, or industrial site. Geofencing techniques are employed to define
a virtual operational boundary, ensuring the robot does not leave its assigned zone.

GPS data is updated in real-time and continuously fed into the system’s navigation logic. This enables the
system to dynamically adjust its route based on various factors like obstacles, completed zones, or newly added
tasks. The GPS data is also logged for monitoring historical performance and optimizing route planning.
Advanced implementations may also utilize Differential GPS (DGPS) or integrate IMU (Inertial Measurement
Units) sensors for even greater positional accuracy.

In cases where GPS signals are weak or obstructed, such as indoors or in narrow alleys, fallback navigation
methods like dead reckoning or visual odometry can be incorporated. This ensures that the system maintains a
high degree of reliability in diverse environments.
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4.3 Pick and Place Logic with the Robotic Arm

Once the waste has been identified and classified, the system triggers the robotic arm to perform a physical
action. This robotic arm is equipped with servo motors and connected to the ESP32 microcontroller for precise
control. The pick-and-place operation is governed by inverse kinematics algorithms, allowing the arm to
calculate the exact position and angle required to grasp the waste item.

The arm is capable of operating across multiple axes, giving it the flexibility to reach waste items from different
positions and orientations. A gripper or suction mechanism at the end of the arm securely captures the item.
Based on the classification output, the arm then moves to deposit the waste in either the green bin for recyclable
items or the blue bin for non-recyclable waste.

Safety features are integrated into the motion logic to prevent collisions with nearby objects or humans.
Additionally, load sensors can be added to detect whether the waste has been successfully picked, and retry
mechanisms are implemented for failed pick attempts. The design prioritizes energy efficiency and minimal
mechanical wear to ensure long-term use.

4.4 Communication Between Devices (Wi-Fi, etc.)

Reliable communication is essential for synchronizing operations across the different modules of the
Enviroprompt system. Wi-Fi serves as the primary mode of communication, linking the ESP32 microcontroller
to a mobile app and a cloud-based dashboard. This enables real-time data transmission, including the number of
items collected, classification types, system health, and GPS location.

The mobile app functions as a control center, offering users the ability to initiate tasks, view statistics, and
receive alerts. Users can also remotely control the robotic arm or adjust navigation settings. Data from the
system is sent to the cloud for storage and advanced analytics, including tracking waste collection trends over
time.

In scenarios where Wi-Fi is unavailable, the system automatically switches to hotspot mode, allowing the
mobile device to connect directly to the ESP32. This ensures that the operator always has access to critical
functions regardless of the network situation. Future iterations may also support LoRa or GSM modules to
extend communication range in rural or industrial areas.
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ESP32 camera captures
image of waste
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Classification
ML model determines type

of waste

Decision Making
Decides bin based on
classification
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Pick and Place
Robotic arm places waste
in correct bin
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Figure 2: Block Diagram of Enviroprompt System
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5. RESULTS AND TESTING

5.1 How the System Performs

The Enviroprompt system has been rigorously tested to evaluate its functionality and efficiency in real-world
scenarios. The system is designed to identify and classify waste items as either recyclable or non-recyclable
based on the input data received from the camera module and sensor array. The system's performance is
evaluated on its ability to operate autonomously, navigate through the environment, and interact with its
surroundings (e.g., identifying objects, classifying waste, and moving it to the correct bins).

In initial tests, the rover successfully identified various types of waste, including paper, plastic, and metal, with
minimal errors. The robotic arm showed precise movement in placing the items in the respective bins, and the
GPS module provided accurate location tracking, allowing the rover to navigate predefined paths. The overall
system performance, in terms of operational reliability and autonomy, was consistent across multiple trials,
proving its robustness and capability.

5.2 Accuracy of Classification

One of the most critical aspects of the Enviroprompt system is its accuracy in classifying waste correctly.
Using a machine learning model trained with a diverse dataset of recyclable and non-recyclable materials, the
system has demonstrated impressive classification performance. Initial test results showed an accuracy rate of
929% for recyclable materials and 89% for non-recyclable materials. These results were achieved under varied
lighting conditions and different types of waste materials.

The accuracy of classification is largely dependent on the camera's ability to capture clear images, the quality of
the machine learning model, and the effective calibration of the system. Adjustments to the machine learning
model and the introduction of additional training data further improved the system's accuracy over time.
Continuous testing and feedback loops are being implemented to enhance classification accuracy, especially for
complex waste types like composites and multi-material objects.

5.3 Test Results, Photos, and Data

Several tests were conducted in both controlled environments and real-world scenarios to validate the
performance of the Enviroprompt system. The tests involved placing a variety of waste types in front of the
system’s camera and evaluating the rover’s ability to correctly classify and segregate the waste.

e Test 1: Controlled Environment
In a controlled environment, the rover classified 100 waste items with 95% accuracy, correctly placing 95 items
in the appropriate bins (recyclable or non-recyclable).

(See Figure 2 for the test setup and waste classification)

e Test 2: Real-World Scenario

In a real-world scenario, the rover encountered irregularly shaped and multi-material items. It achieved a
classification accuracy of 87%, with a few misclassifications, particularly with composite materials such as
plastic-wrapped paper.

e Photos:
[Insert photos here showing the rover in action during waste collection and segregation.]

o Data Analysis:

Data collected from multiple trials, including time taken for each classification and the percentage of successful
classifications, were compiled and analyzed. The rover demonstrated high efficiency, with an average waste
segregation time of 45 seconds per item.

6. CHALLENGES AND LIMITATIONS

While the Enviroprompt system presents an innovative approach to waste segregation and recycling, there are
several challenges and limitations that need to be addressed to enhance its effectiveness and scalability. These
issues stem from both the hardware and software aspects of the system, as well as environmental factors and
real-world deployment challenges.

6.1 Battery Life and Power Consumption

One of the primary challenges faced by the Enviroprompt system is its battery life. Since the system operates
autonomously, it relies on a rechargeable battery to power its sensors, camera, robotic arm, and GPS module.
The battery’s limited capacity restricts the system's operational time before a recharge is required. This can be
problematic in large-scale applications, especially in environments where the system is expected to operate
continuously or for extended hours without access to charging facilities.
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Current Limitations:
o Short operational duration due to high energy consumption from sensors and motors.
o Battery life is further affected by environmental factors, such as extreme temperatures.

6.2 Misclassification of Waste

The Enviroprompt system uses machine learning (ML) models to classify waste into recyclable and non-
recyclable categories. While the system performs well in controlled environments, it faces challenges when
dealing with real-world variations in waste types. Misclassification can occur due to factors such as poor
image quality, obscured objects, or complex waste compositions.

Current Limitations:
e ML models are sometimes unable to classify certain types of waste accurately.

o Objects may overlap, be partially obscured, or have inconsistent shapes, leading to errors in classification.
o Poor lighting conditions or camera misalignment can affect the system's ability to identify objects correctly.

6.3 Navigation and Environmental Challenges

Another significant challenge is related to the navigation of the Enviroprompt rover, especially in
unstructured environments such as parks, roads, or crowded areas. The system relies on GPS for localization
and movement, but GPS signals can be weak or inconsistent in indoor environments or areas with poor
satellite coverage.

Current Limitations:
e GPS inaccuracies may affect the rover's path planning and waste collection.

o Unpredictable obstacles in the environment (e.g., people, animals, or other objects) can interfere with
navigation and task execution.

6.4 Future Improvements

To overcome these challenges and improve the overall effectiveness of the Enviroprompt system, several
advancements and modifications are being considered. These improvements will help enhance its performance,
accuracy, and applicability across a broader range of environments.

Battery Life Optimization:
o Power management systems can be integrated to optimize the energy usage of different components.

o The use of solar panels or energy harvesting techniques could provide a sustainable energy source,
extending the operational time of the rover.

o Battery upgrades with higher capacities or more efficient charging mechanisms could reduce downtime and
enhance performance.

Enhanced Waste Classification:
o Further training of machine learning models with more diverse datasets will improve the classification
accuracy of the system.

o Multi-spectral imaging or depth sensors can be added to the system to provide richer data and enhance
object detection and classification.

o Use of edge computing for real-time analysis may allow quicker decision-making and reduce the chances of
misclassification.

Improved Navigation and Localization:
o Integration of LiDAR sensors for more precise mapping and obstacle detection could significantly enhance
navigation accuracy.

e Multi-sensor fusion (combining GPS, cameras, and LiDAR) can improve localization even in environments
with weak GPS signals.

e The use of indoor positioning systems (IPS) or SLAM (Simultaneous Localization and Mapping)
techniques could be considered for indoor or highly cluttered environments where GPS is ineffective.
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Scalability and Deployment:

o Efforts to make the system scalable for large-scale deployment will be crucial. Enhancing the rover's
capacity to handle more waste or navigate larger areas without frequent recharging would make the system
more practical for widespread use.

e Cloud-based management systems can be incorporated to remotely monitor and control multiple
Enviroprompt units, ensuring more efficient operation and coordination in urban settings.

7. CONCLUSION

7.1 Summary

In this research, we introduced Enviroprompt, an loT-based waste management solution designed to
revolutionize the way waste is segregated and handled. By integrating Al, machine learning, and autonomous
mobile systems, Enviroprompt aims to enhance the efficiency of waste management through real-time
monitoring and smart sorting. Unlike traditional methods, which rely heavily on manual labor and centralized
processing, Enviroprompt offers a decentralized, mobile solution capable of operating in various environments,
including urban areas, commercial spaces, and even remote locations. The system’s unique use of an
autonomous rover, equipped with sensors and a robotic arm, ensures accurate waste classification,
distinguishing recyclable from non-recyclable materials with a high level of precision.

7.2 Impact and Potential Use Cases

The impact of Enviroprompt extends far beyond just improving waste management practices. By promoting
sustainable waste segregation, it encourages recycling and reduces the burden on landfills, directly
contributing to environmental conservation. The mobile system enables flexible deployment in public spaces,
residential areas, and industries, making it adaptable to different environments. Additionally, its use of
machine learning algorithms can help predict trends in waste generation, aiding local authorities and
organizations in optimizing their waste management strategies.

Potential use cases include:

o Urban waste management, where the rover can operate autonomously in dense city environments.
o Industrial waste segregation, reducing human intervention and improving accuracy.

e Smart cities, integrating Enviroprompt into broader 10T networks for better waste monitoring.

o Recycling facilities, where real-time waste sorting could optimize operational workflows.

7.3 Scope for Scaling or Real-World Deployment

The scalability of Enviroprompt is one of its key strengths. The system can be easily adapted for use in both
small-scale applications (like residential areas or small commercial units) and large-scale deployments (such
as cities or industrial zones). With its modular design, the rover can be equipped with additional sensors or
upgraded hardware to meet specific requirements.

For real-world deployment, Enviroprompt could be integrated into existing waste management frameworks,
acting as an autonomous assistant in waste processing plants or urban waste collection systems. The system’s
ability to work in real-time with data analytics can significantly enhance decision-making for city planners,
waste managers, and policymakers.

The flexibility in adapting the system to different geographical regions and environments opens doors to
worldwide adoption, providing sustainable and efficient waste management solutions for both developed and
developing nations. Enviroprompt has the potential to revolutionize the waste management industry by
offering a solution that is not only effective and eco-friendly but also scalable for mass adoption.
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