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This study aims to develop a comprehensive mathematical model for the Flexible Job
Shop Scheduling Problem (FJSP) by simultaneously considering dual resource
constraints, learning effects, and production interruptions. In the proposed model, each
operation requires not only assignment to an eligible machine but also allocation to a
qualified human operator. Furthermore, operation processing times are modeled as a
function of the operator’s learning level to capture workforce experience and
productivity improvements over time. To enhance the practical applicability of the
model, production interruptions are explicitly incorporated as disruptive events
affecting the scheduling process. A mixed-integer mathematical programming model
is first formulated to represent the problem. Given the NP-hard nature of the FISP, a
metaheuristic solution approach is subsequently employed to efficiently obtain high-
quality solutions for problem instances of varying sizes. To evaluate the effectiveness
of the proposed model and solution methodology, a comprehensive set of small-,
medium-, and large-scale benchmark instances is generated and solved. The
computational results demonstrate that the proposed approach consistently produces
feasible and high-quality solutions across all problem scales and significantly improves
the objective function value compared with the baseline approach. In addition,
sensitivity analysis reveals that increasing the frequency and severity of production
interruptions negatively affects system performance, whereas workforce learning can
partially mitigate these adverse effects by reducing processing times and improving
operational efficiency. These findings highlight the critical role of operator skill
development and experience in enhancing not only production efficiency but also the
resilience of manufacturing systems against operational disruptions. Overall, by
integrating dual resource constraints, operator learning effects, and production
interruptions into a unified optimization framework, this research provides a more
realistic and practical formulation of the Flexible Job Shop Scheduling Problem. The
proposed model offers valuable decision support for scheduling and resource allocation
in complex and dynamic manufacturing environments.

Keywords: Flexible Job Shop Scheduling; Dual Resource Constraints; Learning
Effect; Production Interruptions; Metaheuristic Algorithm; Manufacturing Resilience



https://kmanpub.com/
https://kmanpub.com/
http://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0009-0001-3729-1994
https://orcid.org/0000-0002-1382-7328
https://orcid.org/0000-0002-1149-905X
https://orcid.org/0000-0003-4178-4959
https://orcid.org/0000-0002-8952-8682
http://creativecommons.org/licenses/by-nc/4.0
http://journals.kmanpub.com/index.php/aisportsci

Extended Abstract
Introduction

The Flexible Job Shop Scheduling Problem (FJSP) is a major optimization problem in industrial
engineering and operations management. In contrast to the classical job shop scheduling problem, in
which each operation is assigned to a predetermined machine, the FJSP permits each operation to be
processed by one of several eligible machines. This flexibility can improve resource utilization and
production responsiveness, but it substantially enlarges the solution space because machine assignment
and operation sequencing must be determined simultaneously. Consequently, the development of efficient
mathematical formulations and intelligent solution methods has become essential for managing complex
production systems. Recent studies have therefore proposed hybrid algorithms, advanced neighborhood
structures, and memetic approaches to improve the exploration of the highly combinatorial search space
associated with flexible production scheduling (Tang et al., 2024; Xie et al., 2022).

Nevertheless, many conventional scheduling models assume that machines constitute the principal
capacity constraint. This assumption does not adequately represent production environments in which the
availability and qualifications of human operators are as important as machine availability. In dual-
resource-constrained systems, an operation can begin only when both an eligible machine and a qualified
operator are simultaneously available. Ignoring this interdependence may generate theoretically efficient
schedules that cannot be implemented on the shop floor because of operator shortages, skill
incompatibilities, or overlapping workforce assignments. Joint consideration of workforce planning,
equipment utilization, and maintenance-related constraints can therefore improve the realism and
reliability of production decisions (Akl et al., 2022). Multi-agent scheduling architectures have similarly
demonstrated the importance of coordinating machines, workers, setup activities, and transportation
requirements within integrated manufacturing environments (Pal et al., 2023).

A further limitation of traditional scheduling formulations is their frequent treatment of processing
times as fixed and independent of human experience. In practice, operators usually become more efficient
when repeatedly performing similar operations. This learning effect can progressively reduce actual
processing times and alter the relative attractiveness of alternative machine—operator assignments. The
allocation of an experienced operator may initially appear restrictive because that operator is a scarce
resource; however, the accumulated learning associated with repeated task execution may produce
substantial reductions in makespan. The increasing use of reinforcement learning and self-learning
optimization methods in manufacturing and supply chain management confirms the importance of
adaptive mechanisms that reflect changes in system performance over time (Chen et al., 2020; Rolf et al.,
2023).

Production systems are also exposed to disruptions such as machine breakdowns, maintenance
requirements, technical failures, material shortages, and urgent order arrivals. These interruptions can
invalidate an initially efficient schedule by delaying operations and modifying resource availability.
Recent research has accordingly shifted from static scheduling toward adaptive rescheduling and
integrated maintenance—production optimization. Multi-objective evolutionary approaches have been
used to coordinate real-time order acceptance, preventive maintenance, and flexible job shop rescheduling
under dynamic conditions (An etal., 2023a). Integrated formulations incorporating imperfect maintenance
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constraints have also shown that disruption management must be embedded in the scheduling model rather
than treated as a separate operational decision (An et al., 2023b).

Despite these developments, the combined interaction among dual human-machine resource
constraints, operator learning, and production interruptions has not been sufficiently examined within a
unified framework. Existing studies commonly concentrate on algorithmic development or incorporate
only one or two realistic conditions. Multi-objective models may address transportation and setup times,
while dynamic models may emphasize maintenance or urgent orders, but the compensatory relationship
between workforce learning and production disruption remains underdeveloped (Sun et al., 2021).
Therefore, the present study aimed to develop an integrated mathematical model for the FISP in which
every operation requires the simultaneous assignment of an eligible machine and a qualified operator,
actual processing time is influenced by operator learning, and production interruptions modify operation
completion times. The study also sought to design an appropriate metaheuristic solution procedure,
evaluate its performance across problems of different sizes, compare it with a baseline method, and
analyze the sensitivity of system performance to learning intensity and interruption frequency.

Methods and Materials

The study was conducted as a mathematical modeling and computational optimization
investigation. The proposed problem was formulated as a mixed-integer linear programming model with
the primary objective of minimizing total completion time, or makespan. The model included sets of jobs,
operations, machines, and operators. Binary decision variables represented the joint assignment of each
operation to an eligible machine and a qualified operator, while continuous variables represented operation
starting and completion times.

The formulation assumed that all jobs and resources were available at time zero. Each machine
could process only one operation at a time, and each operator could work on only one machine at a time.
The technological precedence relations among the operations of each job were preserved. Resource-
overlap constraints prevented two operations assigned to a common machine or operator from being
processed simultaneously. Operator qualifications and machine eligibility were also incorporated to
exclude incompatible assignments.

Actual processing time was modeled as a function of the nominal machine-dependent processing
time and the operator’s accumulated experience. A nonlinear learning relationship reduced processing
time as the operator repeatedly performed similar activities. Production interruptions were represented
through additional interruption durations that postponed the completion time of affected operations. Thus,
the final completion time reflected both the processing-time reduction generated by learning and the delay
generated by interruptions.

Because the expanded FJSP is strongly NP-hard, exact optimization was considered practical only
for small instances. A hybrid population-based metaheuristic was therefore designed for medium- and
large-scale problems. Candidate solutions were represented through a multilayer encoding structure
containing an operation-sequence vector, a machine-assignment vector, and an operator-assignment
vector. A decoding procedure calculated the earliest feasible start time of each operation according to
precedence relations and the simultaneous availability of its assigned machine and operator. Processing
times were then adjusted for operator learning, and completion times were modified when interruptions
occurred.



The algorithm combined selection, crossover, mutation, local search, and repair mechanisms.
Local search included operation exchanges, operation reinsertion, machine reassignment, operator
reassignment, and rearrangement of interruption-sensitive schedule segments. The repair procedure
replaced infeasible machine—operator combinations with compatible alternatives producing the smallest
increase in makespan.

Six computational instances were generated at small, medium, and large scales. They contained
3-20 jobs, 3-12 machines, and 2-10 operators. Nominal processing times, skill levels, learning
coefficients, and interruption frequencies were generated within predetermined ranges. Each experiment
was independently repeated 10 times. The algorithm used a maximum of 200 search iterations, a stopping
threshold of 30 iterations without improvement, 50 evaluated solutions per iteration, a local-search
intensity of 10, and a maximum of five repair attempts. A time limit of 600 seconds was imposed on each
large-scale run. Performance was evaluated through the best objective value, mean objective value,
standard deviation, execution time, improvement relative to the baseline, and sensitivity to learning and
interruption levels.

Findings

The proposed method generated feasible solutions for all six problem instances. As problem size
increased, makespan and computational time rose consistently. In the first small instance, the best and
mean objective values were 124 and 128.6, respectively, with a standard deviation of 3.1 and an average
execution time of 4.8 seconds. In the second small instance, the corresponding values were 173, 179.4,
4.7, and 7.2 seconds.

For the first and second medium-sized instances, the best objective values were 286 and 354, while
the mean values were 295.8 and 366.2. Their standard deviations were 6.5 and 8.1, and their mean
execution times were 21.4 and 34.7 seconds, respectively. In the two large instances, the best values
reached 521 and 648, and the mean objective values were 538.9 and 669.5. The standard deviations
increased to 12.4 and 15.2, while execution times rose to 96.3 and 148.6 seconds. Although variability
increased with problem size, the standard deviations and ranges remained controlled, indicating relatively
stable algorithmic performance.

The proposed model outperformed the baseline across all instances. Improvement in the mean
objective value was 5.58% and 6.42% for the small instances, 7.24% and 7.85% for the medium instances,
and 8.40% and 8.86% for the large instances. The proposed method required more computational time
than the baseline, but its relative advantage increased as the problem became more complex.

Sensitivity analysis demonstrated that production interruptions worsened system performance.
Under low learning and low interruption levels, the mean objective value was 382.5. When interruption
intensity increased while learning remained low, the mean objective value rose to 418.3, representing a
14.7% deterioration relative to the base condition. In contrast, stronger learning improved performance at
each interruption level. Under low interruptions, increasing learning from low to high reduced the mean
objective value from 382.5 to 358.1. Under high interruptions, stronger learning reduced the mean value
from 418.3 to 389.8. Thus, workforce learning did not eliminate disruption-related losses, but it partially
offset them.

Discussion and Conclusion

The findings demonstrate that jointly modeling machine availability, operator availability,
learning, and interruptions produces schedules that are more realistic and operationally effective than
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schedules generated by a simplified baseline. The increasing improvement percentages across medium
and large instances indicate that the integrated structure becomes particularly valuable when resource
interactions and dynamic conditions are more pronounced. Although the proposed algorithm imposed
additional computational costs, these costs were accompanied by meaningful reductions in makespan.

The sensitivity analysis reveals an important compensatory relationship between human learning
and operational disruption. Interruptions reduce production efficiency by extending completion times and
forcing the scheduling procedure to reconsider resource availability. In contrast, learning reduces actual
processing time and enables experienced operators to complete repeated activities more efficiently.
Therefore, workforce capability is not merely a labor-allocation parameter; it can function as a source of
operational resilience.

Overall, the proposed model provides a unified decision-support framework for flexible
manufacturing environments in which machines and skilled operators must be coordinated under changing
processing conditions. The model successfully generated feasible, high-quality, and relatively stable
solutions across different problem scales. Its superiority over the baseline and its interpretable response to
changes in learning and interruption levels support its potential application in complex manufacturing
systems. The results further suggest that investments in operator training, skill development, and
experience retention can improve productivity while reducing the adverse consequences of production
interruptions. Future applications may extend the framework to multiple objectives, real industrial
datasets, dynamic rescheduling, energy consumption, operating costs, fatigue, forgetting, and
heterogeneous operator behavior.
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