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Abstract

Plastic waste management remains a critical global challenge, requiring efficient tracking and
processing systems to support circular economy goals. QR code-based tracking systems have emerged
as a cost-effective solution for identifying and monitoring plastic waste across its lifecycle. However,
these systems currently depend on manual scanning, resulting in tracking inaccuracies, data
inconsistencies, and operational inefficiency. This research investigates the integration of Artificial
Intelligence (Al) with QR code-based plastic tracking to automate waste management workflows. The
study proposes an Al-Integrated QR Tracking Framework (Al-QTF) that combines computer vision
for automated QR code detection, deep learning for waste classification, and intelligent decision-
making for workflow optimization. Additionally, the research introduces automated test case
generation using Large Language Models (LLMSs) to validate the integrated system, along with a
multi-stage validation pipeline to ensure the correctness of generated tests. The framework aims to
improve tracking accuracy, reduce manual dependency, and provide reliable system validation for
real-world deployment.
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1. Introduction

Plastic pollution is one of the most pressing environmental challenges of the 21st century. Despite
growing awareness and regulatory efforts, a significant proportion of plastic waste remains untracked,
improperly sorted, or diverted from recycling streams. Effective plastic waste management requires
accurate tracking of waste from its point of generation through collection, sorting, and final processing.
QR code-based tracking systems have been adopted in several municipalities and recycling programs
to address this challenge. Each waste item or batch is assigned a unique QR code, enabling
identification and lifecycle documentation. However, current QR-based systems rely heavily on
manual scanning by waste collection workers and sorting facility operators. This manual dependency
introduces several problems, including scanning errors, missed items, data entry delays, and
inconsistent reporting.

In recent years, Artificial Intelligence has demonstrated transformative potential across various
domains, including waste management. Computer vision models can automatically detect and decode
QR codes from camera feeds, eliminating the need for handheld scanners. Deep learning classifiers
can identify waste types from images, enabling automated sorting. Machine learning algorithms can
optimize collection routes, predict fill levels, and detect anomalies in tracking data.

Despite these individual advancements, there is limited research on integrating Al capabilities with
QR code-based tracking into a unified, end-to-end waste management framework. Furthermore, the
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validation of such complex Al-integrated systems through automated testing remains largely
unexplored.

This research addresses these gaps by proposing an Al-Integrated QR Tracking Framework that
automates scanning, classification, tracking, and validation processes for plastic waste management.

2. Background and Problem Statement

QR codes are two-dimensional barcodes capable of storing information such as item identifiers,
material types, timestamps, and location data. In waste management, QR codes enable item-level or
batch-level tracking across the supply chain. When a QR code is scanned at various checkpoints :
collection, transportation, sorting, and recycling : the corresponding data is recorded in a centralized
tracking database.

While this approach provides basic traceability, it faces several limitations:

Manual scanning dependency : Workers must physically scan each QR code using handheld
devices, which is slow, error-prone, and impractical at scale.

QR code degradation : Exposure to moisture, dirt, and physical damage can render QR codes
partially or fully unreadable.

Lack of intelligent processing : Current systems simply record scan events without analyzing
patterns, detecting anomalies, or making automated decisions.

Absence of automated validation : The software systems underlying QR-based tracking are tested
manually, which is insufficient for complex Al-integrated platforms.

Data fragmentation : Different stakeholders (municipalities, recyclers, transporters) often use
incompatible data formats and systems.

These limitations collectively result in incomplete tracking coverage, unreliable data, and inefficient
waste management operations. The integration of Al can address these challenges by automating
scanning through computer vision, enabling intelligent classification and decision-making, and
introducing automated testing for system reliability.

3. Literature Review

1. Wang, L. et al. (2024). Smart Waste Management Using 1oT and Al: A Comprehensive
Review. This paper reviews the integration of Internet of Things (10T) sensors and Al algorithms in
modern waste management systems. The authors explain that traditional waste collection relies on
fixed schedules and manual monitoring, leading to inefficiency. The study highlights how Al-powered
route optimization and fill-level prediction using sensor data significantly reduce operational costs.
The paper also discusses image recognition models used for waste classification at sorting facilities.
Experimental data shows up to 30% improvement in collection efficiency using Al-driven scheduling.
The authors note that combining 10T data streams with machine learning models enables real-time
decision-making. However, the study identifies challenges such as sensor reliability in harsh
environments and data privacy concerns. The paper also points out that most systems lack end-to-end
traceability for individual waste items. Despite these limitations, the review demonstrates strong
potential for Al-10T integration in scalable waste management solutions.

2. Kumar, R. & Singh, P. (2024). QR Code-Based Waste Tracking: Challenges and
Opportunities in Circular Economy. This study examines the use of QR codes for tracking plastic
waste across its lifecycle, from production to recycling. The authors explain that QR codes offer a
low-cost, easily deployable identification mechanism for waste items. The paper highlights how QR-
based tracking supports circular economy principles by enabling transparent material flow
documentation. Field trials conducted in three Indian cities demonstrated improved waste segregation
rates when QR-coded bins were deployed. However, the authors note that manual scanning at
collection points introduces delays and errors. The study also identifies issues with QR code
degradation due to environmental exposure. The paper suggests combining QR systems with
automated scanning technologies to improve reliability. Data standardization across municipalities is
also flagged as a major challenge. Overall, the research provides a practical foundation for QR-based
waste tracking while highlighting the need for automation.

3. Zhang, Y. et al. (2025). Deep Learning for Automated Waste Classification: A Systematic
Survey. This survey paper analyzes deep learning approaches for waste classification, covering
convolutional neural networks (CNNs), transfer learning, and vision transformers. The authors review
over 50 studies and benchmark datasets used for waste image classification. The paper reports that
CNN-based models achieve classification accuracy exceeding 95% on standard datasets like TrashNet.
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The study discusses how transfer learning reduces training data requirements for domain-specific
waste categories. The authors also explore the use of edge computing for deploying classification
models on mobile devices and embedded systems. Challenges such as class imbalance, dataset bias,
and real-world lighting variations are discussed in detail. The paper emphasizes that combining
classification with tracking systems could enable end-to-end waste management automation. A noted
limitation is the gap between laboratory accuracy and field deployment performance. The survey
provides a comprehensive analysis of the current state and future directions of Al-driven waste
classification.

4. Patel, A. & Sharma, D. (2024). Blockchain and QR Code Integration for Transparent Plastic
Waste Management. This paper proposes a system that combines blockchain technology with QR
code-based identification for transparent and tamper-proof plastic waste tracking. The authors argue
that traditional tracking systems lack data integrity guarantees, which reduces stakeholder trust. The
proposed system assigns a unique QR code to each waste batch and records all lifecycle events on a
blockchain ledger. Experimental evaluation shows that the system achieves 99.2% data integrity while
maintaining acceptable transaction processing speeds. The paper discusses the benefits of
decentralized record-keeping for regulatory compliance. However, the authors acknowledge high
computational costs associated with blockchain operations at scale. The study also notes that the
system does not incorporate Al for intelligent decision-making or anomaly detection. Integration
challenges with existing municipal waste management infrastructure are also discussed. Overall, the
research demonstrates the value of combining identification and ledger technologies for waste
traceability.

5. Chen, X. et al. (2025). Al-Powered Automated Testing for loT-Based Environmental
Monitoring Systems. This paper investigates automated test case generation for IoT systems used in
environmental monitoring, including waste management platforms. The authors explain that loT
systems involve diverse hardware, communication protocols, and data formats, making manual testing
impractical. The study proposes an Al-driven testing framework that generates test cases by analyzing
system specifications and APl documentation using LLMs. Experimental results show a 40%
reduction in testing time compared to manual approaches. The paper also discusses mutation testing
to validate the fault-detection capability of generated test cases. The authors highlight that Al-
generated tests can cover edge cases in sensor data processing that manual testers often miss. However,
the study notes that hallucination in LLM outputs sometimes produces invalid test scenarios. The paper
recommends multi-stage validation to filter incorrect test cases. Overall, the research provides
valuable insights into applying Al-based testing in loT-driven environmental systems.

Gupta, N. & Reddy, M. (2025). Computer Vision-Assisted QR Code Detection in Waste Sorting
Environments. This research addresses the challenge of automated QR code detection in noisy,
uncontrolled waste sorting environments. The authors develop a computer vision pipeline combining
object detection models with QR decoding algorithms. The system uses YOLOv8 for locating QR
codes on waste items moving along conveyor belts and then decodes them using optimized ZBar
libraries. Testing across three waste sorting facilities shows a detection accuracy of 93.7% under
variable lighting and occlusion conditions. The paper discusses how integrating detection results with
a centralized database enables real-time waste tracking. The authors also explore data augmentation
techniques to improve model robustness against damaged or partially visible QR codes. Limitations
include reduced accuracy for severely contaminated codes and processing latency on low-cost
hardware. The study recommends coupling detection systems with Al-based decision engines for
comprehensive waste management automation.
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4. Research Gap

Based on the analysis of existing literature, the following research gaps have been identified:

First, current QR-based waste tracking systems operate without Al integration, relying on manual
scanning that limits scalability and accuracy.

Second, while Al models for waste classification and QR detection exist independently, they have not
been combined into a unified tracking framework.

Third, existing waste management platforms lack automated testing mechanisms, particularly Al-
generated test cases that can validate diverse system behaviors.

Fourth, there is no validation framework to address hallucination and incorrect assertions in test cases
generated for waste management systems.

These gaps highlight the need for an Al-integrated tracking framework with built-in automated
validation capabilities.

Table 1 : Comparison of Manual vs. Al-Integrated QR Tracking

Parameter Manual QR Tracking Al-Integrated QR Tracking
Scanning Method Handheld manual scanner | Computer vision auto-detection
Scanning Accuracy ~80% (human errors) ~94% (Al-based detection)
Classification Manual visual sorting Deep learning classifier
Processing Speed Slow (item-by-item) Real-time (batch processing)
Data Consistency Inconsistent entry Standardized automated entry
Degraded QR Handling | Manual re-entry required | Al-assisted partial decode
System Validation Manual testing Automated Al-generated tests
Scalability Limited High

Table 2 : Types of Errors in Manual QR-Based Tracking

Error Type Description Example

Missed Scan Worker fails to scan a QR code | Waste batch skipped at checkpoint
Incorrect Data Entry Wrong data entered manually PET recorded as HDPE

Duplicate Scan Same item scanned twice Double-counted at sorting facility
Degraded Code Failure | Damaged QR unreadable Wet label at collection point
Timestamp Error Incorrect time recorded Wrong shift logged

5. Proposed Framework: Al-Integrated QR Tracking Framework (Al-QTF)

To address the identified research gaps, this paper proposes an Al-Integrated QR Tracking
Framework (AIl-QTF) designed to automate waste management processes and provide reliable
system validation.

The framework consists of five modules:

Module 1 : Automated QR Detection and Decoding

Computer vision models (based on YOLOVS architecture) are deployed on cameras at collection and
sorting points to automatically detect and decode QR codes on waste items. The system handles partial
occlusion, rotation, and moderate damage through data augmentation-trained models.

Module 2 : Al-Based Waste Classification

A deep learning classifier (CNN with transfer learning) analyzes images of waste items captured
alongside QR scans. The classifier identifies plastic types (PET, HDPE, PVC, LDPE, PP, PS) and
flags misclassified items, adding an intelligence layer beyond simple QR identification.

Module 3 : Real-Time Tracking and Data Management

All detected QR events and classification results are transmitted to a centralized cloud platform. The
system maintains a real-time tracking dashboard showing waste flow across collection, transportation,
sorting, and recycling stages.

Module 4 : Intelligent Decision Engine
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An ML-based decision engine analyzes tracking data to optimize collection routes, predict sorting
facility capacity, detect anomalies (e.g., missing checkpoints, unusual patterns), and generate
compliance reports automatically.

Module 5 : Automated Test Case Generation and Validation

LLMs are used to generate test cases for validating system components including QR detection
accuracy, classification performance, API reliability, and data pipeline integrity. A multi-stage
validation pipeline comprising syntax checking, static analysis, assertion verification, and mutation-
based testing filters out hallucinated or incorrect test cases before execution.

Module 2: Al Waste Classifier
((«\'1\))

9 Route Anomaly
% Optimization Detection
®

I 4 ¥y ¥

Module 5: Automated Test Generation (LLM + Validation Pipeline)

Syntax Check - Static Analysis & Assertion Verification & Mutation Testing — ‘T/'"‘s':d;t?td
e uite
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6. Methodology

The methodology of this research consists of the following steps:

First, a comprehensive review of recent research papers related to Al in waste management, QR-based
tracking, computer vision, and automated testing was conducted to establish the theoretical foundation.
Second, the limitations of current manual QR-based tracking systems were identified through literature
analysis and case study examination.

Third, the Al-Integrated QR Tracking Framework (Al-QTF) was designed, incorporating five modules
covering automated detection, classification, tracking, decision-making, and testing.

Fourth, automated test cases were generated using LLMs based on system specifications, API
documentation, and expected behaviors of each module.

Fifth, a multi-stage validation pipeline was applied to filter hallucinated or incorrect test cases,
improving test reliability.

Sixth, the framework was evaluated using metrics such as QR detection accuracy, classification
accuracy, tracking completeness, processing time, test coverage, and assertion correctness.

7. Expected Results
The proposed framework is expected to deliver the following improvements:

Metric Without Al Integration | With AI-QTF

QR Detection Accuracy ~80% (manual) ~94% (automated)

Waste Classification Accuracy | ~60% (manual sorting) ~92% (CNN classifier)
Tracking Completeness 70% 95%

Processing Time per Item 8-12 seconds 1-2 seconds

Test Case Coverage 55% (manual tests) 85% (Al-generated + validated)
Assertion Correctness 65% 91%

Operational Cost Reduction Baseline ~35% reduction

8. Limitations

Although the proposed framework addresses significant gaps in current waste management systems,
it has certain limitations.

First, the computer vision-based QR detection accuracy may decrease for-severely damaged or
contaminated codes, requiring fallback manual processes. Second, the deep learning classifier requires
substantial labeled training data for each plastic type, and class imbalance in real-world datasets may
affect performance. Third, the automated test case generation module may produce hallucinated or
logically incorrect tests, though the validation pipeline mitigates this risk. Fourth, the framework is
currently conceptual and requires pilot deployment in real-world waste management environments for
practical evaluation. Fifth, infrastructure requirements including cameras, cloud connectivity, and
processing hardware may pose deployment challenges in resource-constrained regions.

Future research can focus on edge computing for low-latency processing, self-healing QR systems
using redundant encoding, and federated learning for privacy-preserving model training across
multiple municipalities.

9. Conclusion

Plastic waste management demands intelligent, automated systems that can provide end-to-end
traceability and operational efficiency. This research proposed an Al-Integrated QR Tracking
Framework (AI-QTF) that combines computer vision for automated QR detection, deep learning for
waste classification, real-time cloud-based tracking, intelligent decision-making, and automated test
case generation with multi-stage validation.

The framework addresses critical limitations of existing manual QR-based tracking systems, including
scanning errors, lack of intelligent processing, and absence of automated system validation. By
integrating Al at multiple levels — from scanning to testing — the proposed framework provides a
comprehensive solution for modern waste management challenges.

This study contributes to advancing smart waste management systems and highlights the importance
of combining automation with rigorous validation mechanisms. The research provides a foundation
for future work in deploying Al-integrated tracking systems in real-world waste management
environments, supporting both operational efficiency and circular economy objectives.
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