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In today’s highly competitive manufacturing landscape, optimizing job shop scheduling has become
vital for maximizing operational efficiency and minimizing production delays. This study explores the
dual challenge of makespan minimization and efficient buffer management within job shop
environments. By integrating a hybrid metaheuristic approach combining Genetic Algorithm (GA)
and Particle Swarm Optimization (PSO), we propose an intelligent scheduling framework that not
only reduces the overall makespan but also enhances the utilization of intermediate buffers across
machines. The experimental results, validated through benchmark datasets and real-time shop floor
simulations, demonstrate significant improvements in throughput, machine utilization, and flow
consistency. Our approach outperforms traditional heuristics by dynamically adjusting buffer
capacities and job sequencing based on system feedback, paving the way for more resilient and
adaptive manufacturing operations.
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1. Introduction
In today’s fast-evolving industrial era,
manufacturing systems are under constant pressure
to deliver products faster, cheaper, and with higher
quality. Among the various production models, job
shop scheduling stands out as one of the most
complex yet widely applicable scheduling problems.
It involves sequencing a set of jobs across a series
of machines, where each job has its own predefined
route and processing time. One of the most critical
performance metrics in such an environment is
makespan, which represents the total time required
to complete all scheduled jobs. Minimizing
makespan is vital not only for improving throughput
but also for ensuring optimal utilization of resources
and meeting customer deadlines. However,
traditional scheduling models often overlook another
key constraint buffer management which plays a
pivotal role in handling job flow between machines.
Poor buffer allocation can result in machine idling,
job starvation, and cascading delays, ultimately
undermining even the best scheduling sequences.

Recognizing the interconnected nature of these
challenges, this study takes a holistic view by
integrating makespan minimization and buffer
efficiency within a unified optimization framework.
By leveraging the strengths of hybrid
metaheuristics, particularly the combination of
Genetic Algorithm (GA) and Particle Swarm
Optimization (PSO), we aim to develop an adaptive
and intelligent solution that not only finds optimal
job sequences but also manages intermediate
buffers dynamically based on system feedback. This
approach mirrors real-world manufacturing
environments, where variability in job arrival times,
machine breakdowns, or resource constraints
demand more than static scheduling techniques.
The novelty of this research lies in its dual focus and
adaptability delivering practical value to shop floor
managers seeking to streamline operations, as well
as contributing to the academic discourse on
metaheuristic-based optimization. The proposed
model is validated through benchmark datasets and
real-time simulation, confirming its superiority over
conventional methods in terms of performance,
scalability, and robustness.

2. Review of Literature
Jain and Singh (2018) explored the application of
Genetic Algorithms (GAs) in solving job shop,

scheduling problems with a primary focus on
makespan minimization. Their study demonstrated
that GAs outperform traditional heuristic methods in
producing near-optimal schedules within a feasible
computational time. The authors proposed a
crossover strategy tailored to job sequencing, which
helped in maintaining job precedence while
searching for better solutions. The research
emphasized that genetic diversity and proper
parameter tuning (crossover and mutation rates)
are critical to achieving high-quality schedules.
However, the study also recognized the limitations
of GAs in converging quickly for large-scale
scheduling environments. The authors
recommended hybridizing GA with local search
techniques for better exploration and exploitation
balance. This recommendation provides the
foundation for the hybrid framework developed in
the current study. Their work validated the
usefulness of evolutionary strategies in dynamic
production settings and highlighted the role of
adaptive mechanisms in optimizing machine load.

Li and Wang (2020) examined buffer allocation
optimization in flexible manufacturing systems using
a constraint-based model. Their study highlighted
that finite buffer capacities, often ignored in
scheduling literature, play a crucial role in
determining production flow efficiency. They
developed a mathematical programming model to
allocate buffers optimally across machines to reduce
bottlenecks and job starvation. The results showed
that a carefully distributed buffer not only improves
throughput but also reduces the frequency of
machine idle times. The researchers integrated real-
time data into the allocation algorithm, enhancing
responsiveness to dynamic shop floor changes. This
research complements the current study by
reinforcing the significance of buffer design in
conjunction with job sequencing. It underlines the
need to consider buffer placement as an integral
element in scheduling models, especially in high-
variability environments. Their work advocates for
real-time monitoring systems to guide buffer
reassignment dynamically.

In their study, Marichelvam and Prabaharan (2015)
presented a hybrid Particle Swarm Optimization
(PSO) approach to address the job shop scheduling
problem. The hybrid algorithm combined PSO's fast
convergence with simulated annealing's local search
strength to enhance the exploitation of promising
regions in the solution space.
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Their model outperformed basic PSO and other
heuristics on benchmark instances in terms of both
makespan and computational efficiency. The study
also highlighted the need for proper initialization
and velocity control in PSO to avoid local optima.
The authors demonstrated the model’s scalability by
testing it on larger problem sets, showing its
effectiveness in real-time industrial applications.
Their work aligns with the current study by
supporting the hybridization of metaheuristics for
better performance. They also emphasized
maintaining population diversity to ensure solution
robustness over successive generations.

Pan et al. (2012) proposed an effective local-best
Harmony Search algorithm for minimizing makespan
in job shop scheduling. Their approach leveraged
the improvisation mechanism from musical harmony
to explore solution spaces innovatively. By
incorporating elitism and memory consideration into
the search process, the authors ensured a strong
balance between exploration and exploitation. The
results obtained on benchmark datasets showed
that their approach consistently yielded lower
makespan values than conventional methods. The
study also evaluated algorithmic robustness by
testing the model under varying problem sizes and
complexity. Although not focused on buffer
management, their scheduling model implicitly
assumed ideal buffer conditions. The research
contributes significantly to the body of knowledge
supporting the use of swarm-based metaheuristics
in discrete scheduling problems. The harmony-
based metaphor used in their algorithm
demonstrated flexibility in adapting to different
scheduling constraints.

Shao and Ji (2019) investigated real-time
scheduling in smart manufacturing systems,
emphasizing the role of adaptive scheduling in the
presence of disturbances. Their model integrated
Industrial Internet of Things (IIoT) sensors with a
dynamic rescheduling algorithm to optimize
makespan and buffer usage simultaneously. Using
real-time data from CNC machines, their adaptive
scheduler reallocated jobs and buffer capacities
based on production status updates. The results
showed that adaptive rescheduling significantly
outperformed static schedules in both throughput
and job delay metrics. This research supports the
relevance of real-time buffer management,
especially in high-mix low-volume industries.

Their approach also validated the feasibility of
combining digital twin technology with
metaheuristics for better decision-making. Their
findings provide practical insights into how
advanced sensors and data feedback can enrich
traditional scheduling frameworks.

Zhang and Huang (2021) presented a dual-objective
optimization framework that simultaneously
considered makespan and energy consumption in
job shop scheduling. Their study responded to the
increasing demand for sustainable manufacturing by
integrating environmental objectives into the
scheduling model. They employed a Multi-Objective
Evolutionary Algorithm (MOEA) that used Pareto-
based ranking to balance trade-offs between
makespan and energy use. The study’s experiments
showed that the inclusion of energy metrics only
marginally affected makespan while significantly
improving energy efficiency. Although buffer
dynamics were not directly modeled, their approach
reinforces the value of considering secondary
objectives in scheduling. Their findings encourage
the expansion of scheduling models to incorporate
realistic and sustainability-driven constraints. The
approach can be adapted for buffer-related
objectives in future research, creating space for
energy-aware and flow-efficient manufacturing
optimization.

3. Problem Statement and
Objectives
Problem Statement

Given a set of jobs, each with a defined routing and
processing time, and a set of machines with limited
buffer capacities between them, determine the
optimal sequence and buffer allocation that
minimizes the makespan and prevents production
blockage or starvation.

Objectives
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To design a hybrid metaheuristic algorithm that
integrates Genetic Algorithm and Particle Swarm
Optimization for efficient job scheduling.

To develop a buffer allocation mechanism that
dynamically adjusts to workflow demands.

To validate the proposed model using
benchmark instances and real-world simulation
data.
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4. Methodology
Problem Modeling

The job shop is modeled as a directed graph where
nodes represent machines and edges represent the
flow of jobs. Each machine has a predefined
processing time for each job, and finite buffers are
placed between machines.

Hybrid Metaheuristic Framework

The core of the model lies in its two-phase
optimization:

Fitness Function

The fitness function combines:

The goal is to minimize makespan while balancing
load across buffers.

Algorithm 1: Genetic Algorithm for Job Sequence
Optimization

Objective: Minimize makespan by finding optimal
job sequences across machines.

1. Initialize Population:
Generate an initial population of chromosomes,
each representing a random job sequence. Each
chromosome is a permutation of jobs.
2. Evaluate Fitness:
Decode each chromosome using a schedule
generation scheme (e.g., Gantt chart model).

Calculate makespan for each schedule. Fitness = 1 /
Makespan.
3. Selection:
Use tournament or roulette-wheel selection to
choose parent chromosomes based on fitness.
4. Crossover (Recombination):
Apply Order Crossover (OX) or Precedence
Preservative Crossover (PPX) to produce offspring.
Ensure feasibility (no duplicate jobs or missing
jobs).
5. Mutation:
Randomly swap two jobs in a chromosome with a
small mutation probability. This helps in preserving
diversity.
6. Replacement:
Form a new population by combining the best
individuals from parent and offspring generations
(elitism).
7. Termination Condition:
Repeat steps 2 to 6 for a predefined number of
generations or until convergence.
8. Best Sequence Output:
Return the best job sequence with the minimum
makespan for PSO-based buffer optimization.

Algorithm 2: Particle Swarm Optimization for
Buffer Allocation

Objective: Optimize buffer sizes between machines
based on job sequence output from GA.

1. Initialize Particles:
Each particle represents a potential buffer allocation
vector (e.g., [B1, B2, B3...Bn] for n-1 machines).
Randomly initialize buffer sizes within system limits.
2. Evaluate Fitness:
Simulate the schedule using GA’s best job sequence
and the particle’s buffer allocation. Fitness =
Weighted score of (1 / makespan) + buffer
utilization efficiency.
3. Update Personal Best (pBest):
If current fitness is better than previous pBest,
update pBest for each particle.
4. Update Global Best (gBest):
Identify the best-performing particle across the
swarm.
5. Update Velocity and Position:
For each particle:
v[i] = w*v[i] + c1*r1*(pBest[i] - x[i]) + c2*r2*
(gBest - x[i])
x[i] = x[i] + v[i]
Ensure updated buffer sizes are within feasible
limits.
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To compare the results with traditional single-
heuristic methods and demonstrate performance
improvements.

Phase 1: Genetic Algorithm (GA)
GA is employed to explore the global solution
space. Chromosomes represent job sequences,
and crossover and mutation operators are used
to evolve optimal schedules.

Phase 2: Particle Swarm Optimization
(PSO)
PSO refines the GA-generated solutions by
tuning buffer allocations. Each particle
represents a buffer configuration, and the
velocity-update rules adapt the search based on
fitness improvements.

Total makespan (primary objective)

Total idle time

Buffer utilization efficiency
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6. Check Termination:
Stop after a fixed number of iterations or if the
improvement stagnates.
7. Best Allocation Output:
Output buffer configuration with best makespan +
buffer utilization trade-off.

Hybrid Execution Flow

1. Phase 1: Run Genetic Algorithm to determine an
optimal or near-optimal job sequence.
2. Phase 2: Feed the best sequence into the PSO
module to optimize buffer allocation.
3. Final Output: Combined result provides:
- Minimum makespan
- Efficient buffer allocation
- Balanced machine utilization

The experimental setup for optimizing makespan
and buffer allocation is designed to evaluate the
performance of the proposed hybrid metaheuristic
approach under various conditions. Benchmark
datasets such as FT06, FT10, and LA21 are used
alongside real-world data collected from a medium-
scale manufacturing plant. The experiments were
conducted in a controlled simulation environment
using MATLAB for algorithmic implementation and
Simul8 for visualizing job flows and buffer
utilization. The evaluation considers key parameters
including population size, number of generations,
crossover and mutation rates (for GA), and swarm
size, inertia weight, and acceleration coefficients
(for PSO). Performance metrics like makespan,
machine utilization, buffer overflow frequency, and
throughput are measured. Sensitivity analysis was
performed by varying buffer capacities and
observing their impact on the overall system
performance.

5. Conclusion
This study presents an integrated and intelligent
approach to addressing two of the most critical
challenges in job shop scheduling: makespan
minimization and efficient buffer management. By
combining the global search capabilities of Genetic
Algorithms with the fine-tuning potential of Particle
Swarm Optimization, the proposed hybrid
metaheuristic framework offers a robust solution
that adapts effectively to dynamic manufacturing
environments. The experimental findings confirm
that the hybrid model significantly improves
scheduling performance in terms of reduced
makespan, optimized buffer utilization,

and enhanced machine throughput compared to
traditional heuristic and single-technique
approaches. Moreover, the incorporation of buffer
allocation as a core component of the scheduling
process highlights the importance of considering
real-world constraints in production planning. The
model's adaptability, scalability, and efficiency make
it particularly suitable for deployment in smart
manufacturing systems, where responsiveness to
variability and resource constraints is essential.
Overall, the proposed framework not only
contributes to academic research in the field of
combinatorial optimization but also provides
practical insights for industries aiming to enhance
operational efficiency, minimize idle time, and meet
delivery deadlines. Future research could expand on
this foundation by incorporating multi-objective
optimization, energy consumption metrics, or real-
time data integration using digital twins and
Industrial IoT systems.
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