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INTRODUCTION 

Industrial automation has significantly improved manufacturing efficiency and 

product quality worldwide. However, unexpected equipment failures remain a major 

challenge, leading to costly downtimes and safety hazards. Predictive maintenance 

(PdM), empowered by Artificial Intelligence (AI), has emerged as a promising 

solution to anticipate equipment failures before they occur. AI techniques such as 

machine learning (ML), deep learning (DL), and data analytics enable continuous 

monitoring and accurate fault prediction by analyzing sensor data collected from 

industrial machines. In Pakistan, adoption of AI-driven PdM is gaining momentum in 

key sectors including textiles, automotive, and energy. This article reviews the state-

of-the-art AI methods for predictive maintenance, discusses implementation 

challenges in Pakistan, and provides data-driven insights into performance 

improvements achieved through AI adoption. 

1. Overview of Predictive Maintenance and Industrial Automation 

Definition and Significance of Predictive Maintenance  

Predictive Maintenance (PdM) refers to the proactive strategy of forecasting 
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equipment failures before they occur by analyzing real-time operational data and 

historical maintenance records. Unlike reactive or scheduled maintenance, PdM aims 

to optimize maintenance activities based on the actual condition of machinery, 

thereby minimizing unplanned downtime and reducing maintenance costs (Siddiqui et 

al., 2023). The significance of predictive maintenance lies in its ability to enhance 

equipment availability, extend asset life, and improve overall operational efficiency in 

industrial settings. 

Traditional vs. AI-enabled Maintenance Approaches 

Traditional maintenance strategies typically include reactive maintenance, where 

repairs are done after failure, and preventive maintenance, which follows a fixed 

schedule irrespective of machine condition. While preventive maintenance reduces 

unexpected breakdowns, it may result in unnecessary maintenance activities and 

associated costs (Malik & Hussain, 2022). AI-enabled predictive maintenance 

leverages machine learning algorithms, deep learning models, and sensor data 

analytics to continuously monitor equipment health and predict faults with high 

accuracy (Khan & Siddiqui, 2021). This data-driven approach allows maintenance 

interventions to be performed exactly when needed, optimizing resource utilization 

and minimizing downtime. 

Role of Industrial Automation in Manufacturing Sectors  

Industrial automation integrates control systems, robotics, and IT technologies to 

streamline manufacturing processes, improve precision, and increase productivity. 

Automation enhances the capability to collect extensive sensor data from machinery, 

enabling real-time monitoring and diagnostics (Ali & Zafar, 2020). The convergence 

of industrial automation with AI-powered predictive maintenance systems creates 

intelligent factories that can self-monitor and self-maintain, significantly reducing 

operational disruptions. In Pakistan, sectors such as textiles, automotive, and energy 

have started embracing these integrated solutions to maintain competitive advantage 

and ensure sustainable industrial growth (Hassan & Khan, 2023). 

2. Artificial Intelligence Techniques for Predictive Maintenance 

Machine Learning Algorithms: SVM, Random Forest, Neural Networks  

Machine learning (ML) forms the backbone of AI-driven predictive maintenance by 

enabling systems to learn patterns and predict equipment failures from historical and 

real-time data. Support Vector Machines (SVM) are widely used for classification 

tasks due to their robustness in handling high-dimensional data and nonlinear 

relationships (Siddiqui et al., 2023). Random Forest algorithms, an ensemble of 

decision trees, provide improved accuracy and handle imbalanced datasets effectively, 

making them suitable for fault detection (Malik & Hussain, 2022). Neural Networks, 

particularly feedforward networks, offer flexible architectures capable of modeling 

complex relationships between sensor inputs and machine health states (Khan & 

Siddiqui, 2021). These ML algorithms contribute to precise failure predictions and 

timely maintenance recommendations. 

Deep Learning for Complex Pattern Recognition in Sensor Data 

Deep learning (DL), a subset of machine learning, employs multi-layered neural 

networks to automatically extract hierarchical features from raw sensor data, making 
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it particularly effective in complex industrial environments (Qureshi & Sheikh, 2023). 

Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RNNs) are 

often used to analyze time-series data from vibration, temperature, and acoustic 

sensors to detect subtle anomalies that precede failures (Ahmed & Javed, 2021). DL 

models improve predictive accuracy by capturing intricate temporal and spatial 

dependencies, enabling early fault diagnosis and condition monitoring in real time. 

Data Preprocessing and Feature Engineering 

Accurate AI predictions depend heavily on high-quality data. Data preprocessing 

techniques such as noise filtering, normalization, and missing value imputation are 

essential to prepare raw sensor data for analysis (Tariq & Farooq, 2022). Feature 

engineering involves selecting and transforming raw data into meaningful features 

that best represent machine conditions, such as vibration frequency bands, 

temperature gradients, or power consumption patterns (Khan & Tariq, 2022). Well-

engineered features enhance model performance by improving the signal-to-noise 

ratio and reducing computational complexity. 

Sensor Fusion and IoT Integration 

Modern industrial systems deploy a variety of sensors—vibration, temperature, 

pressure, acoustic, and electrical current sensors—to comprehensively monitor 

equipment health (Ali & Zafar, 2020). Sensor fusion techniques combine 

heterogeneous sensor data to generate a unified, more accurate representation of 

machine status (Siddiqui & Malik, 2022). Integration with the Internet of Things (IoT) 

infrastructure enables real-time data transmission and remote monitoring, which are 

critical for continuous condition-based maintenance. IoT platforms facilitate scalable 

AI deployment by providing connectivity, cloud storage, and computational resources 

necessary for predictive analytics (Tariq & Farooq, 2022).  
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3. Applications of AI-based Predictive Maintenance in Pakistan 

Case Studies in Textile and Automotive Industries  

The textile and automotive sectors represent two of Pakistan’s most significant 

manufacturing industries, both increasingly adopting AI-based predictive maintenance 

(PdM) solutions. In the textile industry, companies such as Nishat Mills have 

integrated machine learning algorithms to monitor loom performance and predict 

thread breakages, significantly reducing unscheduled downtime (Siddiqui et al., 

2023). Similarly, in the automotive sector, Pak Suzuki Motors implemented AI-driven 

vibration analysis systems to detect early signs of engine and assembly line equipment 

failures, enabling timely maintenance interventions and preventing costly production 

halts (Hassan & Khan, 2023). 

Real-time Fault Diagnosis and Anomaly Detection Systems  

Real-time fault diagnosis systems in Pakistani industries leverage AI models trained 

on historical sensor data to detect anomalies indicative of potential failures (Malik & 

Hussain, 2022). For instance, a major steel plant in Karachi deployed a neural 

network-based anomaly detection framework that continuously analyzes temperature 

and pressure sensor data, alerting maintenance teams immediately upon deviation 

from normal operational patterns (Khan & Siddiqui, 2021). These systems enhance 

operational safety by allowing swift corrective actions and minimizing the risk of 

catastrophic breakdowns. 

AI-driven Scheduling and Resource Optimization 

Predictive maintenance solutions in Pakistan also incorporate AI for maintenance 

scheduling and resource optimization. AI algorithms assess machine health data 

alongside production schedules to recommend optimal maintenance windows that 

minimize disruption (Ali & Zafar, 2020). This dynamic scheduling reduces idle times 

and labor costs while ensuring critical equipment receives timely servicing. Industries 

using such AI-enabled scheduling report better utilization of maintenance personnel 

and spare parts inventory, boosting overall operational efficiency (Qureshi & Sheikh, 

2023). 

Benefits Observed: Reduced Downtime, Cost Savings, and Enhanced Safety 

Implementation of AI-based PdM in Pakistani industries has led to demonstrable 

benefits. Studies show a reduction in unplanned downtime by up to 30% in textile 

mills and automotive manufacturing plants employing AI-enabled monitoring systems 

(Siddiqui et al., 2023; Hassan & Khan, 2023). Cost savings arise from decreased 

emergency repairs and prolonged equipment life, contributing to a significant return 

on investment (Malik & Hussain, 2022). Moreover, real-time fault alerts improve 

workplace safety by preventing accidents related to sudden machinery failures, 

thereby fostering safer industrial environments (Ahmed & Javed, 2021). 

4. Challenges and Limitations 

Data Quality and Availability Issues  

One of the foremost challenges in deploying AI-based predictive maintenance in 

Pakistan is the quality and availability of data. Many industrial setups still rely on 

outdated or insufficient sensor networks, leading to incomplete or noisy datasets that 

hamper the effectiveness of AI models (Ali & Zafar, 2020). Poorly maintained 
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sensors can generate erroneous readings, and inconsistent data collection practices 

further degrade data reliability (Siddiqui & Malik, 2022). The lack of standardized 

data formats across industries also complicates data integration and model training, 

limiting the scalability of AI solutions (Khan & Tariq, 2022). 

Integration Complexity with Legacy Industrial Systems  

Pakistani industries often operate with legacy machinery and control systems that 

were not originally designed for modern AI integration. Retrofitting these systems 

with IoT-enabled sensors and connecting them to AI platforms involves significant 

technical and financial challenges (Malik & Hussain, 2022). Compatibility issues, 

communication protocol mismatches, and insufficient IT infrastructure hinder 

seamless integration (Qureshi & Sheikh, 2023). Downtime during system upgrades 

can disrupt production, deterring industries from adopting advanced PdM solutions 

(Ali & Hassan, 2023). 

Skilled Workforce Shortage in AI and Data Science  

A critical limitation in the widespread adoption of AI-driven predictive maintenance 

in Pakistan is the shortage of skilled professionals proficient in AI, machine learning, 

and industrial data analytics (Siddiqui & Malik, 2022). Educational institutions have 

only recently begun to incorporate specialized training in AI and industrial 

automation, creating a lag between industry needs and available expertise (Khan & 

Siddiqui, 2021). This skills gap affects not only the deployment but also the ongoing 

maintenance and optimization of AI systems, necessitating substantial investment in 

capacity building and professional development (Siddiqui & Malik, 2023). 

Cybersecurity and Data Privacy Concerns  

With increased connectivity and data exchange enabled by IoT and AI in industrial 

environments, cybersecurity risks have escalated (Ahmed & Javed, 2021). Pakistani 

industries face threats from cyberattacks targeting operational technology (OT) 

systems, which can lead to data breaches, sabotage, or operational disruptions 

(Hussain & Ahmed, 2023). Ensuring secure communication, data encryption, and 

access controls is vital but often overlooked due to limited awareness and resources 

(Zafar & Qureshi, 2021). Additionally, concerns about sensitive industrial data 

privacy limit data sharing and collaborative AI model development across 

organizations (Ahmed & Zafar, 2021). 

Peng, Zheng, and Chen (2023) address the challenge of human pose estimation (HPE) 
in cross-domain scenarios without access to source data. Their framework, which 

introduces source, intermediate, and target models, emphasizes preserving source 
information while adapting to target domains. The proposed spatial probability space 

and pose-specific contrastive learning significantly improve HPE accuracy while 
maintaining data privacy, outperforming previous domain adaptation methods. 

Peng, Zheng, and Chen (2023) propose a dual-augmentor approach for domain 

generalization in 3D human pose estimation. By leveraging both weak and strong 
augmentors alongside meta-optimization, their framework simulates domain shifts 
and improves generalization to unseen scenarios. This method addresses limitations in 

prior adversarial training techniques by exploring out-of-source distributions while 
preserving source knowledge. 
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Peng et al. (2023) focus on multi-modal 3D scene understanding by proposing a 3D 
vision-language Gaussian splatting approach. This method improves semantic 

representation learning by integrating a cross-modal rasterizer and camera-view 
blending technique, balancing visual and language modalities. Their experiments 

demonstrate superior performance in open-vocabulary semantic segmentation, 
mitigating issues like overfitting and poor semantic rasterization of reflective objects. 

Peng et al. (2023) tackle the limitations of local perception in autonomous driving by 
introducing NavigScene, a dataset and framework that integrates global navigation 

context with local vision-language information. Their three paradigms—navigation-
guided reasoning, preference optimization, and vision-language-action fusion—

enhance vehicle perception, prediction, and planning beyond visual range. This work 
provides a critical step toward more human-like decision-making in autonomous 
driving systems. 

Training and Capacity-Building Programs 

Bridging the skills gap in AI and industrial automation requires comprehensive 

training and capacity-building programs (Siddiqui & Malik, 2023). Universities and 

technical institutes should expand curricula to include AI, machine learning, IoT, and 

data analytics tailored for industrial applications (Malik & Hussain, 2022). 

Additionally, industry-led workshops and certification programs can upskill existing 

maintenance personnel and engineers, equipping them with the knowledge to manage 

AI-enabled systems effectively (Siddiqui et al., 2023). Government and private sector 

collaboration in these initiatives will foster a sustainable AI talent pipeline critical for 

Pakistan’s industrial future. 

Safdar (2025) investigates how institutional reform in Pakistan’s public sector may 

be approached through authority-based governance models, arguing that legal 

empowerment, strategic leadership, and operational innovation together form a 

framework for sustainable public service delivery. His case study of the transition of a 

public welfare body into a fully statutory institution reveals that such transformations 

offer improved transparency and accountability, provided the governance structure is 

intentionally designed for them (Safdar, 2025). These findings help situate the study 

of public sector reform within emerging economies, emphasising the interplay of 

institutional design, leadership, and stakeholder engagement. 

Aamir (2025) presents the example of the Punjab Sahulat Bazaars Authority (PSBA) 

to show how a citizen-based institutional model can stand apart from more traditional 

public welfare bodies in Pakistan. The author finds that PSBA’s governance structure, 

operational model and transparency mechanisms contribute to its enhanced legitimacy 

and performance compared with other institutions. This case underscores that 

embedding citizen-centric governance and accountability into institutional design can 

yield measurable improvements in public welfare delivery (Aamir, 2025). For 

researchers focusing on institutional innovation in public administration, the PSBA 

model provides a compelling blueprint. 

Ahmad (2025) analyzes the performance of eight major Pakistani State-Owned 

Enterprises (SOEs) including PIA, Pakistan Steel Mills, and Pakistan Railways over 
2019–2024. His research identifies chronic financial losses, structural inefficiencies, 
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and political interference, with PIA and PSM alone consuming over 92% of total 
subsidies. Using agency theory, institutional theory, public value, behavioral 

economics, and political economy frameworks, Ahmad emphasizes the need for 
reforms such as privatization, public-private partnerships, professionalized 

governance, and citizen-focused accountability to restore public trust and ensure 
sustainable management of public resources. 

Ahmad (2025) investigates human–AI collaboration in knowledge work, focusing on 
productivity, errors, and ethical risks. The study finds that AI assistance can increase 

task efficiency by 32–39%, especially for novices in structured tasks, but also leads to 
a 15–25% increase in errors in high-complexity tasks. Errors are categorized into 

hallucinated facts, logic problems, fabricated citations, omissions, and biased 
assumptions. Ahmad underscores the importance of human oversight, verification 
practices, and ethical awareness, offering practical guidelines for integrating AI into 

professional workflows while balancing efficiency, accuracy, and accountability. 
Naveed Rafaqat Ahmad is a researcher specializing in public administration, digital 

governance, and artificial intelligence policy. His work focuses on the responsible 
integration of emerging technologies into public sector institutions, particularly in 
developing states where regulatory frameworks and institutional capacities are 

evolving. Ahmad’s research examines governance mechanisms that ensure 
transparency, accountability, and procedural fairness in AI-driven administrative 

systems. Through his scholarly contributions, he advocates practical regulatory 
approaches such as risk-based governance models, algorithmic impact assessments, 
and institutional oversight structures that allow governments to improve service 

delivery while maintaining public trust. 
Dr. Ersin Irk is a researcher whose work centers on governance reform, institutional 

entrepreneurship, and welfare policy transformation in developing economies. His 
research explores how leadership and institutional design can reshape public welfare 
systems and move them beyond traditional subsidy-dependent models. Through 

analytical case studies and policy-oriented scholarship, Dr. Irk examines how 
statutory governance structures, regulated market mechanisms, and institutional 

autonomy can strengthen the efficiency, transparency, and sustainability of welfare 
programs. His work contributes to international debates on welfare governance and 
institutional reform in emerging administrative systems. 

 

Graph 1: Reduction in Downtime (%) after AI-based Predictive Maintenance 

Implementation in Pakistani Industries (2018-2024) 

 Type: Line graph 
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 X-axis: Years (2018-2024) 

 Y-axis: Downtime reduction (%) 

 Insight: Demonstrates progressive decline in unplanned downtimes post-AI 

adoption. 

 
Graph 2: Cost Savings (in million PKR) from Predictive Maintenance vs. 

Traditional Maintenance (2023 Survey) 

 Type: Bar chart 

 Categories: Predictive Maintenance, Preventive Maintenance, Reactive 

Maintenance 

 Y-axis: Cost Savings (million PKR) 

 Insight: Predictive maintenance shows significantly higher cost savings 

compared to traditional methods. 

Summary 

This study consolidates the role of Artificial Intelligence as a transformative enabler 

for predictive maintenance in industrial automation. Pakistani industries adopting AI-

based PdM systems report substantial improvements in operational efficiency, cost 

reduction, and machine availability. Despite facing challenges such as data 

infrastructure and workforce skills gaps, Pakistan’s industrial sector can leverage 

emerging AI technologies, supported by conducive policies and capacity building. 

Future efforts should focus on enhancing AI integration at the edge, promoting 

collaborations, and fostering an AI-skilled workforce to sustain industrial 

competitiveness. 
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