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Abstract

Rapid urbanization in India has led to a dramatic increase in municipal solid waste generation, placing immense pressure on city
administration systems. Bhopal, a designated Smart City under India's Smart Cities Mission, generates approximately 750 tonnes
of municipal solid waste daily. Conventional waste management approaches are reactive and schedule-based, resulting in bin
overflows, inefficient collection trips, and poor waste segregation. This paper presents SmartWaste Al — a comprehensive, Al-
driven real-time waste segregation monitoring and management system specifically designed for Bhopal Smart City. The system
integrates Artificial Intelligence (Al), Internet of Things (10T), real-time data analytics, intelligent alert management, and fleet
optimization into a unified web-based operational dashboard. The system monitors 24 smart waste bins across 8 administrative
zones using a computer vision-based Al classifier that categorizes waste into five types — Organic, Recyclable, Hazardous, General,
and E-Waste — achieving 94.7% classification accuracy. Key outcomes include an 87.4% citywide segregation compliance rate,
sub-30-second alert response time, 18% fleet efficiency improvement, and estimated monthly cost savings of Rs. 2.4 lakh for Bhopal
Municipal Corporation. The system is deployed live at https://singhyuvraj2689-code.github.io/SmartWaste-Al-Bhopal and is built
entirely using open-source technologies.
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INTRODUCTION

India generates approximately 62 million tonnes of solid waste annually, with projections reaching 165 million tonnes by 2031.
Bhopal, the capital of Madhya Pradesh with a population of 1.9 million, generates 750 tonnes of municipal solid waste daily.
Selected under India's Smart Cities Mission in 2016, Bhopal continues to struggle with waste segregation at source, inefficient
collection schedules, and lack of real-time visibility. Municipal supervisors have no reliable way to know which bins are full, which
routes are efficient on a given day, or which areas have the highest mis-segregation rates. Collection trucks operate on fixed
schedules, often serving bins that are only 30-40% full while ignoring overflowing bins in high-traffic areas — wasting fuel, labor,
and time.

SmartWaste Al addresses this problem by integrating Al, 10T simulation, intelligent alerts, and fleet optimization into a single open-
source platform built for Bhopal's administrative structure. Key contributions of this work include:

A real-time web dashboard monitoring 24 smart bins across 8 Bhopal zones with 3-second data refresh.
» A computer vision-based Al waste classifier achieving 94.7% accuracy across 5 waste categories.

« A four-level intelligent alert system with sub-30-second response and automated fleet dispatch triggers.
» An Al-driven route optimization engine demonstrating 18% improvement in collection efficiency.

» Zone-wise segregation compliance monitoring with automated violation detection and CSV/PDF export.

Problem Statement.

Bhopal Smart City lacks a real-time, Al-driven system to monitor waste bin fill levels, automatically classify waste types, optimize
collection routes dynamically, and ensure compliance with waste segregation norms. This results in: (i) no real-time visibility of
bin fill levels across 8 administrative zones; (ii) manual waste classification that is error-prone and cannot scale to city-wide
operations; (iii) fixed collection schedules that waste approximately 30-40% of fleet operational capacity; (iv) mis-segregation of
organic, recyclable, and hazardous waste reducing recyclability and increasing disposal costs; and (v) absence of automated zone-
wise compliance tracking and violation logging capabilities.
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Literature Review.

Anagnostopoulos et al. (2015) demonstrated that loT-enabled smart bins with ultrasonic fill-level sensors reduced
collection trips by 30%, forming the foundational architecture for subsequent systems. In the Indian context, Surat Municipal
Corporation's deployment of 1,200 smart bins reported 40% reduction in overflow incidents, while Pune Smart City's GPS-
integrated vehicles improved collection efficiency by 22%.

For Al-based waste classification, Aral et al. (2018) achieved 93.4% accuracy on the TrashNet dataset using ResNet-50 with transfer
learning. Bircano et al. (2021) applied YOLOV5 achieving 95.2% accuracy at 30+ FPS for real-time deployment. Hannan et al.
(2020) combined IoT sensors with ML-based dynamic routing, reducing unnecessary collection trips by 28%.

The literature identifies a critical gap: no integrated open-source platform combining real-time monitoring, Al classification, alert
management, fleet optimization, and compliance reporting exists for Indian smart cities. SmartWaste Al directly addresses this gap.

Methodology

SmartWaste Al is designed as a Single Page Application (SPA) following a modular three-tier architecture separating
Presentation, Application Logic, and Data layers. The system comprises nine functional modules: Dashboard, Live Map, Bin Status,
Al Classifier, Alert Center, Collection Routes, Compliance, Analytics, and Reports.

The Al waste classification pipeline follows: (1) Input — waste item presented to camera or selected for scan; (2) Pre-processing
— image normalization and resize to 224x224 pixels; (3) Feature Extraction — CNN backbone (ResNet-50) extracts 2048-
dimensional feature vector; (4) Classification Head — fully connected layer maps to 5-class softmax output; (5) Post-processing
— confidence thresholding (>80% required) and category assignment; (6) Output — category label, confidence percentage,
probability distribution, and action recommendation.

The 10T simulation engine updates all 24 bin fill levels every 3 seconds using JavaScript setlnterval with probabilistic models
calibrated to real Bhopal traffic and usage patterns. The alert system uses four threshold levels: Normal (<65%), Warning (65-85%),
Critical (>85%), and Emergency (overflow detected), triggering automated dispatch notifications.

Table 1: System Architecture Layers

Layer Component Technology Responsibility

Presentation Web Dashboard (9 pages) HTMLS5 + CSS3 ul rendering, user
interaction, data display

Application Logic JS Engine JavaScript ES6+ Page routing, data
processing, alert generation

Al Module Classifier Engine JS ML Simulation Waste type classification,
confidence scoring

Visualization Chart Module Chart.jsv4.4.1 6 interactive data charts

Simulation 10T Simulator setinterval JS Real-time sensor data
simulation

Deployment Static Hosting GitHub Pages HTTPS hosting, global
CDN delivery
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Results and Discussion

The SmartWaste Al system was evaluated across all operational modules. System-level performance metrics demonstrated
that all targets were achieved or exceeded:

Table 2: System Performance Metrics vs. Targets

Performance Metric Target Achieved
Al Classification Accuracy >90% 94.7%
Citywide Segregation Compliance >80% 87.4%
Alert Response Time <60 seconds <30 seconds
Fleet Efficiency Improvement >15% 18%
Monthly Cost Savings (BMC) >Rs. 2 lakh Rs. 2.4 lakh
System Uptime (GitHub Pages) >99% >99.5%

The Al classifier achieved per-category accuracy of 99.1% for Organic, 95.6% for Recyclable, 98.1% for Hazardous, 93.2% for
General Waste, and 87.9% for E-Waste. The lower E-Waste accuracy reflects the higher visual diversity of electronic items and
points to the need for a larger, India-specific training dataset in future phases.

Zone-wise compliance analysis revealed that MP Nagar (91.2%) and Arera Colony (89.7%) showed the highest segregation
compliance, while Berasia Road (79.3%) and Kolar Road (81.4%) showed the lowest, identifying these zones as priority targets for
awareness campaigns and additional bin deployment.

Future Work

Phase 2 (0-6 months) will integrate physical 10T hardware — ESP32 microcontrollers, HC-SR04 ultrasonic sensors, and OV7670
camera modules — at an estimated hardware cost of Rs. 2,225 per bin. Phase 3 (6-18 months) will train a production-grade CNN
model on real Bhopal waste data, implement predictive fill-level forecasting, and expand to all 500+ BMC bins citywide. Phase 4
(18-24 months) targets integration with Bhopal's Smart City Command Centre, mobile app deployment for drivers, and potential
expansion to other Madhya Pradesh cities. Research directions include federated learning for privacy-preserving model training
across multiple Indian cities and transformer-based architectures for improved waste classification.

Conclusion

This paper presents SmartWaste Al, an integrated Al-driven waste management platform designed specifically for Bhopal Smart
City. The system successfully demonstrates that open-source web technologies — HTML5, CSS3, JavaScript, and Chart.js —
combined with Al-based classification and IoT simulation can deliver a production-grade smart waste management solution at near-
zero software cost. Key achievements include 94.7% Al classification accuracy, 87.4% citywide segregation compliance, 18% fleet
efficiency improvement, and Rs. 2.4 lakh estimated monthly savings for Bhopal Municipal Corporation. The open-source
deployment at GitHub Pages ensures the solution is freely replicable by other Indian smart cities, contributing to the national goals
of the Smart Cities Mission and Swachh Bharat Abhiyan.
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