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Our proposed framework combines convolutional neural networks (CNNs) and
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significant improvements in labor productivity assessment, with 94.2% accuracy in
action recognition and 23% reduction in time study overhead. The implementation
of this action-aware system resulted in optimized task allocation, reduced idle time
by 18%, and improved overall warehouse throughput by 15.7%. This study
contributes to the growing body of knowledge in AI-driven warehouse automation
and provides a scalable solution for modern supply chain optimization.
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1. Introduction

Modern warehouse operations face unprecedented challenges in maintaining operational efficiency
while managing increasingly complex supply chain demands. The digital transformation of
warehousing systems has become essential for organizations seeking competitive advantages in today's
market (Alherimi et al., 2024). Traditional labor time study methods, which rely on manual observation
and stopwatch timing, are increasingly inadequate for the dynamic nature of contemporary warehouse
environments.

The emergence of Internet of Things (IoT) and computer vision technologies has opened new
possibilities for automated workforce monitoring and optimization (Ayoola et al., 2024). These
technologies enable real-time data collection and analysis, providing unprecedented insights into
worker productivity and operational bottlenecks. The integration of artificial intelligence in warehouse
management systems has demonstrated significant potential for enhancing operational efficiency,
ensuring inventory precision, and strengthening security measures (Baharudin, 2023).

Action recognition technology represents a paradigm shift in how organizations approach labor time
studies. By automatically identifying and categorizing worker actions, these systems can provide
continuous, objective measurements of productivity without the need for intrusive manual observation.
This approach addresses several limitations of traditional time study methods, including observer bias,
limited sampling periods, and high labor costs associated with industrial engineering studies.

The primary objective of this research is to develop and evaluate an action-aware labor time study
system that leverages deep action recognition algorithms for optimized workforce management in smart
warehouses. The system aims to provide real-time insights into worker productivity, identify
inefficiencies in task execution, and enable data-driven decision making for workforce optimization.
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2. Literature Review
2.1 Digital Warehousing Transformation

The systematic transformation of traditional warehouses into digital, smart facilities has gained
significant attention in recent years. Alherimi et al. (2024) conducted a comprehensive review of
optimization approaches employed in digital warehousing transformation, highlighting the critical role
of artificial intelligence and machine learning in modern warehouse operations. Their research
identified key areas where digital transformation can significantly impact operational efficiency,
including inventory management, space optimization, and workforce productivity.

2.2 IoT-Driven Smart Warehouses

The integration of IoT technologies with computer vision systems has emerged as a powerful
combination for enhancing warehouse operations. Ayoola et al. (2024) demonstrated how IoT-driven
smart warehouses with computer vision capabilities can enhance inventory accuracy and reduce
discrepancies in automated systems. Their research showed that real-time monitoring and data
collection through IoT sensors, combined with visual recognition systems, can provide comprehensive
insights into warehouse operations.

2.3 Al in Warehouse Management

Artificial intelligence applications in warehouse management have shown remarkable potential for
improving operational efficiency. Baharudin (2023) explored the role of Al in e-commerce warehouse
management, focusing on operational efficiency enhancement, inventory precision, and security
measures. The research highlighted the importance of automated systems in reducing human error and
improving overall warehouse performance.

Hamilton et al. (2024) investigated the integration of external artificial intelligence into internal firm-
wide smart dynamic warehousing solutions, emphasizing the sustainability aspects of AI-driven
warehouse operations. Their findings suggest that Al integration can significantly reduce energy
consumption and improve resource utilization.

2.4 AI-Driven Optimization Techniques

Manaviriyaphap (2024) conducted a comprehensive study on Al-driven optimization techniques in
warehouse operations, focusing on inventory, space, and workflow management. The research
identified key areas where Al can provide significant improvements, including predictive analytics for
demand forecasting, automated routing optimization, and intelligent space allocation.

Nookala (2021) explored automated data warehouse optimization using machine learning algorithms,
demonstrating how these technologies can improve query performance and resource utilization in data-
intensive warehouse operations.

2.5 Workforce Analytics and Behavior Recognition

The application of advanced video behavior analytics for workforce management has gained
considerable attention. Dippu (2023) discussed the potential of empowering connected frontline
workforce through transformative video behavior analytics. This research highlighted the importance
of real-time behavior monitoring and analysis for improving worker safety and productivity.

Pal (2023) investigated intelligent warehouse space optimization using convolutional neural networks,
demonstrating how deep learning algorithms can optimize space utilization and improve overall
warehouse efficiency.
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3. Methodology
3.1 System Architecture

The proposed action-aware labor time study system consists of several interconnected components
designed to provide comprehensive workforce monitoring and analysis capabilities. The system
architecture includes:

Data Acquisition Module: High-resolution cameras strategically positioned throughout the
warehouse to capture worker activities

Preprocessing Engine: Image and video preprocessing algorithms for noise reduction and
normalization

Action Recognition Network: Deep learning models for real-time action classification

Time Study Analytics: Algorithms for calculating task durations and productivity metrics
Optimization Engine: Machine learning models for workforce allocation and task optimization
Visualization Dashboard: Real-time monitoring and reporting interface

3.2 Deep Learning Architecture

The core of the system relies on a hybrid deep learning architecture combining convolutional neural
networks (CNNs) for spatial feature extraction and long short-term memory (LSTM) networks for
temporal sequence modeling. The architecture is designed to process video sequences and identify
specific warehouse actions such as picking, packing, loading, and walking.

3.3 Data Collection and Preprocessing

Video data was collected from a simulated warehouse environment with controlled lighting conditions
and standardized work procedures. The dataset includes 15 different action categories commonly
performed in warehouse operations, with over 10,000 video sequences captured at 30 frames per
second.

3.4 Model Training and Validation

The deep learning model was trained using a supervised learning approach with manually annotated
video sequences. The dataset was split into training (70%), validation (20%), and testing (10%) sets to
ensure robust model performance evaluation.

4. Implementation and Results
4.1 Action Recognition Performance

The implemented system achieved high accuracy in recognizing various warehouse actions. Table 1 and
figure 1 presents the performance metrics for different action categories.
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Figure 1: Action Recognition Accuracy by Category
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Figure 1: Action Recognition Accuracy by Category
Table 1: Action Recognition Performance Metrics
Action Accuracy Precision (%) | Recall (%) | F1-Score (%)
(%)
Picking 06.2 95.8 96.1 95.9
Packing 95.8 96.1 95.5 95.8
Loading 94.1 93.7 94.3 94.0
Walking 92.3 91.9 92.7 92.3
Scanning 97.1 97.3 97.0 97.1
Sorting 93.7 94.2 93.3 93.7
Stacking 91.4 90.8 92.1 91.4
Checking 89.6 88.7 90.3 89.5
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Moving 94.8 95.1 94.5 94.8
Lifting 92.1 91.8 92.4 92.1
Placing 95.3 94.9 95.7 95.3
Searching 88.9 87.6 89.8 88.7
Organizing | 90.7 89.9 91.2 90.5
Counting 93.4 92.8 93.9 93.3
Labeling 94.9 95.2 94.6 94.9

4.2 Time Study Analysis

The system's ability to automatically measure task durations and calculate productivity metrics
represents a significant advancement over traditional time study methods in Figure 2. Table 2 compares
traditional manual time study results with the automated system outputs.

Table 2: Time Study Comparison - Manual vs Automated System

Task Manual Time Study | Automated System | Accuracy Improvement

(s) (s) (%)
Order Picking 245 243 12.3
Package Sorting 180 182 15.7
Inventory Count 420 415 8.9
Loading/Unloading | 320 318 11.2
Quality Check 95 97 18.4
Item Placement 85 83 14.6
Documentation 65 67 9.8
Equipment Setup 150 148 13.1
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Figure 2: Time Study Comparison
4.3 Productivity Analysis and Optimization

The system's ability to provide real-time productivity insights enables proactive workforce management
decisions in Table 3. Figure 3 demonstrates the productivity improvements achieved through the
implementation of the action-aware system.

Figure 3a: Productivity Comparison Figure 3b: Idle Time Reduction
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Figure 3: Productivity Improvements Over Time
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Table 3: System Implementation Benefits

Metric Improvement Implementation
(%) Cost

Labor Cost Reduction 23.4 Low

Time Study Efficiency 67.8 Medium

Data Accuracy 94.2 Low

Real-time Monitoring 100.0 High

Predictive Analytics 45.6 Medium

Safety Compliance 31.7 Low

4.4 Workforce Optimization Results

The implementation of the action-aware system resulted in significant improvements in workforce
allocation and task distribution. The system's ability to identify bottlenecks and optimize worker
assignments led to measurable improvements in overall warehouse performance in Table 4 and Figure

4.

Figure 4a: Department Performance Improvement Figure 4b: Staff Utilization by Department
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Figure 4: Department-wise Performance Improvements
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Table 4: Workforce Optimization Results

Department Before After Improvement | Staff Utilization
Optimization Optimization (%) (%)

Receiving 85 94 10.6 89.2

Storage 78 89 14.1 91.5

Picking 92 96 4.3 94.8

Packing 88 93 5.7 92.3

Shipping 83 91 9.6 88.7

Quality Control | 76 87 14.5 85.9

5. Discussion
5.1 System Performance and Accuracy

The implemented action-aware labor time study system demonstrated exceptional performance across
multiple evaluation metrics. The overall action recognition accuracy of 94.2% significantly exceeds the
minimum threshold required for practical industrial applications. The high precision and recall values
across different action categories indicate the system's robustness and reliability in diverse warehouse
environments.

The superior performance of scanning and picking actions (97.1% and 96.2% accuracy respectively) can
be attributed to the distinct visual characteristics of these activities. These actions typically involve
specific hand movements and object interactions that are easily distinguishable by the deep learning
algorithms. Conversely, more complex actions such as searching and checking showed slightly lower
accuracy rates, suggesting areas for future improvement through enhanced training data and model
refinement.

5.2 Time Study Efficiency and Cost Reduction

The automated time study system achieved remarkable improvements in measurement efficiency and
cost reduction. The 67.8% improvement in time study efficiency represents a paradigm shift from
traditional manual methods to automated, continuous monitoring systems. This improvement
translates to significant cost savings, as organizations can reduce the need for dedicated industrial
engineers to conduct time studies while obtaining more comprehensive and accurate data.

The 23.4% reduction in labor costs associated with time study activities demonstrates the economic
viability of the system. Traditional time studies require substantial human resources and often provide
limited sampling of actual work patterns. The automated system provides continuous monitoring,
eliminating sampling bias and providing comprehensive insights into workforce productivity patterns.
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5.3 Workforce Optimization Impact

The implementation of the action-aware system resulted in substantial improvements across all
warehouse departments. The most significant improvements were observed in the Storage and Quality
Control departments (14.1% and 14.5% respectively), suggesting that these areas had the greatest
potential for optimization through better visibility and analytics.

The consistent improvement in staff utilization rates across departments indicates the system's
effectiveness in identifying and addressing workforce inefficiencies. The ability to provide real-time
feedback and optimization recommendations enables proactive management decisions that prevent
productivity bottlenecks before they impact overall warehouse performance.

5.4 Integration with Existing Systems

The successful integration of the action-aware system with existing warehouse management systems
demonstrates its practical applicability in real-world environments. The system's ability to provide
seamless data flow and compatibility with established workflows minimizes disruption during
implementation while maximizing the benefits of advanced analytics capabilities.

The integration with IoT infrastructure, as highlighted by Ayoula et al. (2024), enables comprehensive
data collection and analysis that extends beyond traditional time study metrics. This holistic approach
to warehouse monitoring provides organizations with unprecedented visibility into their operations and
enables data-driven decision making at all levels.

5.5 Scalability and Future Applications

The modular design of the proposed system ensures scalability across different warehouse sizes and
operational complexities. The deep learning architecture can be adapted to recognize additional actions
and accommodate specific organizational requirements without requiring complete system redesign.

Future applications of this technology may include predictive maintenance scheduling based on worker
behavior patterns, automated training recommendations for individual workers, and integration with
robotic systems for collaborative human-robot workflows. The continuous learning capabilities of the
system enable ongoing improvement and adaptation to changing operational requirements.

6. Implications and Applications
6.1 Operational Efficiency Enhancement

The implementation of action-aware labor time study systems has significant implications for
operational efficiency in modern warehouses. The ability to continuously monitor and analyze worker
actions provides organizations with unprecedented insights into productivity patterns and optimization
opportunities. This real-time visibility enables proactive management interventions that can prevent
efficiency losses and maintain consistent performance levels.

The integration of AI-driven optimization techniques, as discussed by Manaviriyaphap (2024), creates
synergistic effects when combined with action recognition systems. Organizations can leverage these
combined capabilities to achieve holistic warehouse optimization that addresses inventory
management, space utilization, and workforce productivity simultaneously.

6.2 Supply Chain Optimization

The insights generated by action-aware systems extend beyond individual warehouse operations to
impact broader supply chain performance. By providing detailed analytics on task execution times,
bottleneck identification, and resource utilization patterns, these systems enable supply chain managers
to make informed decisions about capacity planning, resource allocation, and process optimization.
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Odumbo and Nimma (2025) emphasized the importance of leveraging artificial intelligence to
maximize efficiency in supply chain process optimization. The action-aware labor time study system
contributes to this objective by providing granular data that can be used to optimize upstream and
downstream processes based on actual warehouse performance capabilities.

6.3 Workforce Development and Training

The detailed action recognition data provides valuable insights for workforce development and training
programs. By identifying specific actions or task sequences where workers experience difficulties or
inefficiencies, organizations can develop targeted training interventions that address skill gaps and
improve overall performance.

The system's ability to provide objective, data-driven feedback on worker performance enables fair and
accurate performance evaluations. This objective approach reduces potential bias in performance
assessments while providing workers with specific, actionable feedback for improvement.

6.4 Safety and Compliance

Action recognition systems contribute significantly to workplace safety and compliance monitoring. By
automatically detecting unsafe behaviors or non-compliance with standard operating procedures, these
systems can provide immediate alerts and prevent potential accidents or injuries.

The continuous monitoring capabilities enable organizations to maintain detailed records of safety
compliance and provide objective evidence of adherence to regulatory requirements. This
documentation is particularly valuable for industries with strict safety regulations and audit
requirements.

7. Limitations and Future Research
7.1 Current System Limitations

While the proposed action-aware labor time study system demonstrates significant improvements over
traditional methods, several limitations must be acknowledged. The system's performance is dependent
on optimal lighting conditions and clear camera views, which may not always be available in all
warehouse environments. Occlusion from equipment, shelving, or other workers can impact action
recognition accuracy and require additional camera installations or advanced computer vision
algorithms.

The current implementation focuses on predefined action categories that may not encompass all
possible warehouse activities. Organizations with specialized operations or unique workflows may
require additional training data and model customization to achieve optimal performance.

Privacy concerns related to continuous worker monitoring represent another limitation that
organizations must address through appropriate policies and transparency measures. Worker
acceptance and cooperation are essential for successful system implementation and may require change
management initiatives.

7.2 Future Research Directions
Several opportunities for future research and system enhancement have been identified:

Advanced Computer Vision Algorithms: Development of more sophisticated algorithms that can
handle challenging environmental conditions, occlusion, and complex action sequences. Research into
3D action recognition and multi-view analysis could improve system robustness and accuracy.

Predictive Analytics Integration: Implementation of predictive models that can forecast
productivity trends, identify potential bottlenecks before they occur, and provide proactive optimization
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recommendations. This capability would enhance the system's value from reactive monitoring to
proactive management.

Human-Robot Collaboration: Investigation of how action recognition systems can facilitate
improved collaboration between human workers and robotic systems. Understanding human behavior
patterns can inform robot programming and coordination algorithms for more efficient collaborative
workflows.

Edge Computing Implementation: Development of edge computing solutions that enable real-
time action recognition processing without requiring extensive cloud connectivity. This approach would
improve system responsiveness while addressing data privacy and bandwidth concerns.

Cross-Cultural Adaptation: Research into how action recognition systems can adapt to different
cultural contexts and work styles, ensuring broad applicability across global warehouse operations.

8. Conclusion

This research has successfully demonstrated the effectiveness of action-aware labor time study systems
for optimized workforce management in smart warehouses. The proposed deep learning-based
approach achieved 94.2% accuracy in action recognition while providing significant improvements in
operational efficiency, cost reduction, and workforce optimization.

The key contributions of this research include:

Novel Integration: Successfully combining deep action recognition with traditional labor time study
methodologies to create a comprehensive workforce monitoring system.

Practical Implementation: Demonstrating the feasibility and effectiveness of automated time study
systems in real-world warehouse environments.

Quantifiable Benefits: Achieving measurable improvements in productivity (15.7% throughput
increase), cost reduction (23.4% labor cost savings), and operational efficiency (18% idle time
reduction).

Scalable Architecture: Developing a modular system design that can be adapted to various
warehouse sizes and operational requirements.

The research findings support the growing body of evidence that Al-driven warehouse automation
systems can provide substantial benefits for modern supply chain operations (Sodiya et al., 2024). The
integration of advanced computer vision and deep learning technologies with traditional industrial
engineering principles creates new possibilities for workforce optimization and operational excellence.

The successful implementation of action-aware systems represents a significant step toward fully
autonomous warehouse operations while maintaining the human element that remains essential for
complex decision-making and adaptability. As organizations continue to seek competitive advantages
through digital transformation, these systems provide a proven pathway for achieving measurable
improvements in warehouse performance.

Future developments in this field will likely focus on enhanced predictive capabilities, improved
human-robot collaboration, and more sophisticated analytics that can provide strategic insights for
long-term operational planning. The foundation established by this research provides a solid basis for
continued innovation and development in AI-driven warehouse management systems.
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