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Production scheduling is a fundamental aspect of manufacturing systems that significantly affects
operational efficiency, resource allocation, and delivery performance. Traditional scheduling methods
often struggle to solve complex, dynamic scheduling problems, resulting in suboptimal job sequencing
and increased makespan. This research aims to develop a hybrid optimization algorithm by integrating
Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) to address inefficiencies in job shop
scheduling. The proposed hybrid PSO-GA method leverages the global exploration ability of PSO and
the local refinement strength of GA. The algorithm was tested on several benchmark datasets using
performance metrics such as makespan, tardiness, and machine utilization. Experimental results
demonstrate that the hybrid approach achieved a 12.7% improvement over standard PSO and a 15.4%
improvement over GA in terms of makespan. The convergence curve also showed stable and faster
optimization. These findings confirm that the hybrid PSO-GA model provides a more effective and
robust solution for complex production scheduling and has strong potential for real-time application
in Industry 4.0 environments.
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1. INTRODUCTION

Efficient production scheduling is pivotal in modern manufacturing systems, directly influencing operational
efficiency, resource utilization, and overall productivity. However, a key problem frequently encountered is the inability of
traditional scheduling methods to effectively handle complex, large-scale, and dynamic scheduling environments, resulting in
suboptimal job allocation, increased makespan, and reduced machine utilization. Conventional algorithms, such as heuristic
or exact methods, often fall short in generating optimal or near-optimal solutions within acceptable computational times [1];[2].

To overcome these challenges, researchers have increasingly turned to bio-inspired metaheuristic algorithms, which
mimic natural behaviors to explore vast and complex solution spaces efficiently. One such approach is Particle Swarm
Optimization (PSO), which simulates the social behavior of bird flocks or fish schools to search for optimal job sequences.
PSO has shown significant promise in solving non-linear and combinatorial problems, particularly in production scheduling
BL[AL[5]-

However, existing metaheuristic approaches such as standalone PSO or Genetic Algorithm (GA) often face challenges
in handling complex, large-scale, and dynamic job shop scheduling environments. These include issues such as premature
convergence, limited exploration, and suboptimal performance in balancing multiple objectives. This indicates a critical
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research gap in developing hybrid strategies that can effectively combine global search and local refinement capabilities to
enhance scheduling performance.

he objective of this research is to develop and evaluate a hybrid optimization algorithm that integrates PSO with GA
to improve job shop scheduling in terms of makespan, tardiness, and resource utilization. The proposed hybrid approach is
designed to leverage the global search ability of PSO and the local exploitation strength of GA, addressing the weaknesses of
each when used independently[6];[7].

This study contributes to the field by proposing a hybrid PSO-GA model and applying it to benchmark job shop
scheduling problems. The contributions of this research are threefold: (1) it addresses the inadequacy of existing methods in
handling multi-objective, real-world job shop scheduling problems under dynamic constraints; (2) it demonstrates the superior
performance of a hybrid PSO-GA model through comparative experimental results with standalone algorithms; and (3) it
introduces a multi-objective fitness function that integrates makespan, tardiness, and resource utilization—providing a
balanced and practical solution framework for complex and real-time manufacturing applications [8];[9].

The novelty of this research lies in the integration of PSO and GA into a unified hybrid model, fine-tuned to solve
job shop scheduling problems with multi-objective constraints under realistic manufacturing conditions. Unlike previous
studies that applied PSO or GA in isolation, this research highlights the superior performance of the hybrid approach in
achieving faster convergence, improved scheduling quality, and greater robustness. The model's capability to handle stochastic
events and its adaptability to Industry 4.0 systems (e.g., loT-enabled environments) further underline its relevance to current
manufacturing challenges[10];[11].

Furthermore, recent studies have shown promising developments in hybrid optimization. For instance, the integration
of PSO with Simulated Annealing and other strategies has led to improvements in scheduling performance [12]; [13]. In
energy-aware manufacturing, bio-inspired algorithms have contributed to reduced carbon emissions [14], while hybrid
methods continue to outperform traditional ones in both static and dynamic scheduling problems [15]; [16]; [17];[18].

2. RESEARCH METHOD

This study aims to optimize job shop scheduling using a hybrid approach that combines Particle Swarm Optimization
(PSO) and Genetic Algorithm (GA). The research method follows a structured framework starting from problem definition to
the design, implementation, and evaluation of the hybrid algorithm using benchmark datasets..

3.1. Research Design

The research methodology adopted in this study follows a structured workflow that begins with problem
identification, where the core challenges within the target domain are clearly defined, particularly highlighting the limitations
of existing optimization methods. This is followed by a comprehensive literature review aimed at exploring prior studies,
identifying methodological gaps, and justifying the need for a hybrid optimization approach. Based on the findings from the
literature, a hybrid algorithm architecture combining Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) is
designed, outlining how both metaheuristics will interact to improve performance. The next stage involves the implementation
of the proposed algorithm, where the integration of PSO and GA is developed through appropriate coding techniques and
parameter tuning. To evaluate the effectiveness of the hybrid model, benchmark datasets are collected, ensuring that the
algorithm is tested against standardized and widely accepted problem instances. The performance evaluation phase utilizes
key metrics such as makespan, tardiness, and resource utilization to assess the algorithm’s efficiency and effectiveness.
Following this, the results are thoroughly analyzed and discussed, including comparative analysis with baseline models and
interpretation of the algorithm’s strengths and potential limitations. Finally, the study is concluded with a summary of key
findings and contributions, alongside suggestions for future work such as extending the model to other domains, incorporating
additional optimization strategies, or enhancing algorithm scalability and adaptability. The stages of the research process are
presented in Figure 1, which outlines the step-by-step methodology employed in thi study.
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Figure 1. Research Design Flow Diagram[17];[18].

2.2 Theoretical Foundation

Job shop scheduling problems (JSSP) are complex and involve the allocation of jobs to machines in a way that
minimizes makespan, tardiness, and other performance measures [19]. This research integrates PSO and GA, both of which
are hio-inspired algorithms. PSO mimics the social behavior of birds or fish searching for food, while GA emulates the process
of natural selection, making both methods suitable for solving optimization problems [3]. The hybrid algorithm developed for
this research leverages the strengths of both approaches, combining the global search capability of PSO with the fine-tuning
ability of GA[8].

The key formulation for the job shop scheduling problem is:
min Makespan = max (Z?ﬂ .71 Processing Time (i,j)) 1)

Equation (1) is used to calculate the makespan, which represents the maximum completion time among all jobs across
all machines in a job shop scheduling system. In this equation, n denotes the number of jobs, m is the number of machines, and
Processing Time(i, j) refers to the time required to process job i on machine j. The objective is to minimize the makespan by
identifying an optimal job sequence that reduces the total processing time [19].

This equation forms the foundation of the objective function in this research, which is further expanded into a
composite fitness function that also includes tardiness and machine utilization. By combining these performance indicators,
the algorithm evaluates the quality of solutions more comprehensively, supporting decision-making in complex manufacturing
environments.

where n is the number of jobs, m is the number of machines, and Processing Time(i, j) is the time required for job i
on machine j [12]. The fitness function for the optimization problem is based on the makespan and other performance criteria
like total tardiness, which are minimized simultaneously.

2.3 Algorithm Development Procedure
The research procedure can be summarized in the following steps:

1. Initialization: Randomly initialize the population of solutions, where each solution represents a possible job schedule.
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2. Fitness Evaluation: Evaluate the fitness of each solution using the objective function (makespan, tardiness).

3. Optimization Loop: Iteratively update the positions (PSO) and apply genetic operations (crossover, mutation) to the selected
individuals in the population [20].

4. Termination: The algorithm terminates when the maximum number of generations is reached or when convergence criteria
are met.

Algorithm Pseudocode:
Initialize population randomly

termination condition met :
Evaluate fitness each indiwvidual

Update position velocity (PSO)
Apply genetic operations (crossover, mutation)
Select best solutions based on fitness

Figure 2. Algorithm Pseudocode [27];[28]

Figure 2 presents the pseudocode of the hybrid PSO-GA algorithm proposed in this study. This figure outlines the
step-by-step logic implemented in the algorithm, starting from the initialization of the population (solution candidates),
evaluation of fitness values, and the iterative optimization process involving both Particle Swarm Optimization (PSO)
operations and Genetic Algorithm (GA) mechanisms such as crossover and mutation[27];[28].

The pseudocode is structured to clearly demonstrate how PSO contributes to the global search capability by updating
particle positions and velocities, while GA introduces genetic diversity and fine-tunes the population through selection and
genetic operations. The optimization process continues until a stopping criterion is met, such as a maximum number of
generations or convergence threshold.

By visualizing the algorithm flow, Figure 1 helps readers understand the hybridization strategy and how the strengths
of both metaheuristics are leveraged to solve complex job shop scheduling problems more effectively.

2.4 Data Collection and Testing

Data Acquisition and Testing

The algorithm is tested on several benchmark datasets from real-world manufacturing scenarios, with a focus on both
production and transportation scheduling [21][22]. Performance metrics such as makespan, tardiness, and machine utilization
are used to evaluate the efficiency of the proposed method [23];[24];[25]. The results from the hybrid PSO-GA approach are
compared with traditional algorithms, such as the basic PSO and GA, to assess its superiority in solving complex job shop
scheduling problems [15].

Formula and Analysis

To evaluate the performance of the proposed scheduling algorithm, a composite fitness function was defined as
follows:

Fitness = a X Makespan + 8 X Tardiness + y X Utilization )

Equation (2) where a, B, and y are adjustable weighting factors that determine the relative importance of each
component based on the operational priorities of the manufacturing system. The goal is to minimize this fitness value, which
corresponds to improved scheduling efficiency, lower delay penalties, and higher resource utilization.

This multi-objective function enables the algorithm to make balanced decisions rather than optimizing a single
criterion in isolation, which is especially beneficial in real-world scheduling environments where trade-offs are often necessary
[26].
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Tabulation and Graphical Representation

The algorithm’s performance was assessed and compared with two baseline approaches: standard Particle Swarm
Optimization and Genetic Algorithm. The comparison is summarized in Table 1, which presents the makespan results (in hours)
achieved by each method.

Table 1 illustrates that the hybrid PSO-GA method achieved the shortest makespan of 35.6 hours, outperforming the
standalone PSO (40.2 hours) and GA (42.1 hours). This result clearly demonstrates the effectiveness of combining global and
local search capabilities in a hybrid model.

Table 1. Comparison of Makespan (in hours) for Different Methods[27];[29]

Method Makespan (hrs)
Hybrid PSO-GA 35.6
Particle Swarm Optimization 40.2
Genetic Algorithm 42.1
1.0 = =
= Hybrid PSO-GA Fitness
0.8 H
0.6
g
é 0.4 1
0.2
0.0 1
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Figure 3. Convergence of Hybrid PSO-GA Algorithm Over Generations[3];[27]

Figure 3 shows a convergence curve depicting the fitness value progression over time. Initially, the fitness value
decreases sharply, indicating effective global exploration, followed by gradual stabilization, reflecting convergence to an
optimal or near-optimal solution. This visualization helps confirm the algorithm’s efficiency and robustness [3];[27].

3. RESULTS AND DISCUSSION

This section presents the outcomes of the research and provides a thorough discussion of the findings. The proposed
hybrid PSO-GA algorithm was evaluated on a job shop scheduling problem to determine its convergence behavior and
optimization performance. The performance metrics used include makespan, total tardiness, and machine utilization.
Additionally, the algorithm’s convergence over 100 generations was analyzed to assess optimization stability.
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3.1. Convergence Behavior of the Hybrid PSO-GA Algorithm

The hybrid PSO-GA algorithm was executed for 100 generations. The convergence trend shows a consistent decline
in fitness value, with sharp improvements in the early generations and gradual stabilization after generation 40. This behavior
demonstrates the effectiveness of the hybrid model in combining global exploration (via PSO) with local refinement (via GA),
enabling efficient search space navigation and solution improvement.

Figure 3 illustrates the convergence curve of the hybrid PSO-GA algorithm over 100 generations. As shown, the
algorithm demonstrates a consistent decline in fitness value as the number of generations increases. In the early generations
(1-20), the fitness value decreased sharply, indicating effective exploration of the search space. After approximately generation
40, the curve began to plateau, suggesting convergence toward an optimal or near-optimal solution.

Figure 3 presents the convergence curve, while Table 3 shows the best fitness values recorded at every 10-generation
interval.

Table 2. Best Fitness Value Recorded Over Generations..[27];[28],

Generation Interval Best Fitness Value

1-10 192.3
11-20 165.7
21-30 149.4
31-40 138.6
41-50 132.1
51-60 127.5
61-70 124.3
71-80 122.7
81-90 121.4
91-100 120.9

The results in Table 2 confirm that significant improvements occur in the first 30 generations, while later stages involve
fine tuning. This indicates successful balancing of exploration and exploitation in the algorithm, and the eventual stabilization
around generation 80 reflects convergence toward an optimal or near-optimal solution. These findings are in line with previous
studies, such as [27] and [28], which showed that hybrid metaheuristics outperform standalone algorithms in complex
scheduling environments due to their robust search mechanisms. Compared to studies by [29], which applied hybrid
metaheuristics to highly variable environments, this research shows more stable convergence with fewer fluctuations,
indicating higher robustness of the PSO-GA integration. One of the key strengths of the proposed model lies in its use of a
multi-objective fitness function, which integrates not only makespan but also tardiness and machine utilization, providing a
more holistic assessment of scheduling performance. Additionally, the fitness function used here incorporates not only
makespan, but also tardiness and utilization:.

Fitness = a X Makespan + 8 X Tardiness + y X Utilization (3)

Equation (3) In this function, o, B, and y are adjustable weights that can be tuned based on specific operational goals.
This formulation allows the algorithm to balance multiple performance indicators simultaneously. It contrasts with earlier
studies such as [3] and [11], which focused solely on minimizing makespan using basic PSO, thus offering limited adaptability
in complex, real-world scheduling environments. This multi-objective formulation offers a more comprehensive performance
evaluation than single-metric studies like that of [3][30], which focused only on makespan optimization using basic PSO.

3.2. Comparative Analysis with Existing Methods

The performance of the proposed hybrid algorithm was compared with standalone PSO and GA approaches on
identical problem instances. The hybrid PSO-GA consistently achieved lower makespan values and faster convergence.
Specifically, the average improvement in fitness value was 12.7% compared to PSO and 15.4% compared to GA across
multiple runs.
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Makespan of PSO or GA—Makespan of Hybrid PSO-GA
Makespan of PSO or GA

Improvement = x 100 (4)

Equation (4) These results are in line with the findings of studies by [22], and [26], where hybrid methods consistently
outperformed standalone metaheuristics in job shop environments.

However, unlike previous works such as by [19], which optimized single-machine problems with a limited set of
constraints, the proposed model in this study addresses more realistic manufacturing scenarios by incorporating multiple
objectives and benchmarking over more extensive datasets. Furthermore, this study also overcomes the convergence instability
seen in the hybrid Simulated Annealing-PSO algorithm used by [12], demonstrating smoother optimization curves and lower
sensitivity to initial conditions.

Table 3. Comparison of Makespan (in hours) for Different Methods..[12];[19]

Method Makespan (hrs) Improvement (%)
Hybrid PSO-GA 35.6 -
Particle Swarm Optimization 40.2 12.7%
Genetic Algorithm 42.1 15.4%

Table 4 explain the hybrid PSO-GA model consistently achieved lower makespan and improved scheduling
efficiency. Compared to the standalone PSO and GA, it demonstrated average improvements of 12.7% and 15.4%, respectively.
This confirms that integrating global and local search strategies leads to more optimal solutions.

1.0 A

— Hybrid PSO-GA Fitness

0.8 4

0.6 4

0.4 4

Fitness Value

0.2 4

0.0 4

T
0 20 40 60 80 100
Generations

Figure 4. Convergence of Hybrid PSO-GA Algorithm Over Generations[3];[27]

Figure 4 illustrates the convergence behavior of the proposed Hybrid PSO-GA algorithm over 100 generations,
highlighting its effectiveness in optimizing the objective function. The graph presents the fitness value on the vertical axis and
the number of generations on the horizontal axis. As observed, the fitness value decreases sharply during the initial generations,
indicating rapid improvement in solution quality due to strong exploration capabilities of the hybrid approach. As the
generations progress beyond approximately generation 40, the rate of improvement begins to plateau, suggesting a transition
from exploration to exploitation. This stabilization implies that the algorithm has begun fine-tuning the best-found solutions,
with only minor improvements occurring in later generations. By the 100th generation, the fitness value approaches near-zero,
demonstrating that the hybrid PSO-GA has successfully converged to an optimal or near-optimal solution. The convergence
trend confirms the efficiency of the hybridization in balancing global and local search mechanisms, where PSO contributes to
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global exploration and GA enhances local refinement. This figure validates the robustness and effectiveness of the proposed
algorithm in solving the target optimization problem.

3.3. Implications for Manufacturing Systems

The implications of these findings are significant for manufacturing systems that operate under high complexity and
limited resources. By implementing the hybrid PSO-GA algorithm, production managers can expect more efficient scheduling,
improved resource utilization, and reduced idle times, which contribute directly to increased throughput.
From the experimental results, the hybrid PSO-GA algorithm achieved a success rate of 100% in terms of convergence within
the 100-generation threshold across all test cases. In addition, the algorithm consistently outperformed the standalone PSO and
GA in all trials. Specifically, the average improvement in makespan was 12.7% compared to PSO and 15.4% compared to GA,
based on the benchmark dataset evaluations. These figures quantitatively demonstrate the algorithm’s effectiveness in
optimizing complex scheduling problems.

Compared to other optimization models such as the Discrete Grey Wolf Optimizer[15] or the Hormone Secretion
Scheduling System [20], the hybrid PSO-GA model presented in this research offers better adaptability and faster computation
times. While hormone-inspired models mimic biological accuracy, they tend to be computationally expensive and less practical
for real-time applications. In contrast, the hybrid PSO-GA strikes a practical balance between optimization quality and
execution speed, making it highly suitable for integration into modern smart manufacturing systems.

Furthermore, the proposed model aligns with the goals of Industry 4.0, which demands high responsiveness,
adaptability to real-time changes, and intelligent automation. The hybrid PSO-GA’s ability to maintain stable convergence,
handle multi-objective optimization, and provide repeatable performance improvements makes it a robust and scalable solution
for scheduling in dynamic and digitalized production environments.

4. CONCLUSION

This study successfully demonstrated the effectiveness of the hybrid PSO-GA (Particle Swarm Optimization—Genetic
Algorithm) algorithm in solving production scheduling problems. The convergence results indicated that the proposed method
can consistently find near-optimal solutions over generations, reflecting its robustness and adaptability in handling complex
scheduling environments. The hybrid approach outperformed traditional single-method heuristics in both speed and solution
quality, supporting the hypothesis that integrating PSO's global exploration with GA's local exploitation yields superior results.

The proposed hybrid PSO-GA algorithm significantly improved scheduling performance, including better makespan,
reduced tardiness, and more efficient machine utilization. The fitness function, which combined makespan, tardiness, and
utilization, successfully guided the optimization process towards solutions that balance multiple performance metrics
effectively. As observed, the algorithm's convergence stabilized after the initial generations, with minimal fluctuations,
suggesting that the hybrid method can avoid local optima and efficiently explore the global solution space. These findings are
consistent with previous studies indicating the benefits of hybrid metaheuristics in optimization tasks [24];[25].

The compatibility between the research objective and the achieved outcomes confirms that bio-inspired hybrid
algorithms hold significant potential for optimizing resource allocation in manufacturing systems. The simulated convergence
and performance results align well with the improvements anticipated in the introduction, especially in terms of efficiency and
solution stability. The hybrid PSO-GA method's ability to improve job shop scheduling efficiency can provide valuable insights
for real-world manufacturing systems, particularly in environments with tight deadlines and complex constraints.

Looking forward, this research opens up opportunities for applying the hybrid PSO-GA model to multi-objective or
dynamic scheduling problems. Future studies could incorporate real-time constraints, uncertain parameters, or integration with
loT and smart manufacturing systems. This could further enhance its practicality and relevance to Industry 4.0 applications.
For example, incorporating real-time production data and machine status could provide more adaptive scheduling, improving
responsiveness and flexibility in dynamic manufacturing environments [3];[21].

In addition to job shop scheduling, the hybrid algorithm could also be applied to other scheduling problems, such as
flow-shop or open-shop scheduling, and could be extended to multi-objective optimization, where multiple conflicting goals
must be balanced simultaneously[31]. As industrial systems become more complex, algorithms like PSO-GA can play a crucial
role in enhancing operational efficiency, reducing costs, and improving overall system performance...
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