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Abstract
The present study was conducted with the aim of developing an integrated mathematical model to address the routing and
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job-shop scheduling problem under uncertainty while considering system reliability and maintenance operations. In terms
of purpose, this research is applied, and in terms of methodology, it follows a descriptive—analytical approach. The required
data were collected through library-based and computational methods. In the first stage, the dimensions of the problem and
its associated constraints were defined, and a multi-objective mathematical model was developed to simultaneously
minimize costs, maximize reliability, and efficiently manage production resources. Subsequently, the proposed model was
solved for small-scale instances using the GAMS software package in order to obtain exact solutions. Considering the
combinatorial nature of the problem, its NP-hard complexity, and the exponential growth of the search space in large-scale
instances, the multi-objective Non-dominated Sorting Genetic Algorithm II (NSGA-II) was employed to solve the model at
realistic scales, and its implementation was carried out in the MATLAB environment. The results demonstrated that the
NSGA-II algorithm, with a deviation of less than 3% from the exact solutions obtained by GAMS, was capable of generating
high-quality solutions while maintaining an appropriate balance among conflicting objectives. A comparison of the
performance of NSGA-II with the Multi-Objective Simulated Annealing (MOSA) algorithm under uncertain conditions also
indicated its robustness and satisfactory accuracy in managing complex and dynamic scenarios. Furthermore, computational
time analysis revealed that NSGA-II solved large-scale instances in less than one minute, exhibiting significantly faster and
more efficient performance than the exact solution approach. In the largest test instance, the solution time of GAMS exceeded
7,200 seconds. The sensitivity analysis further confirmed the significant influence of key parameters, such as failure rate
and maintenance duration, on solution outcomes and overall model performance. Overall, the findings indicate that the
proposed integrated mathematical model, together with the NSGA-II algorithm, can serve as an effective decision-support
tool for production planning, resource optimization, and the management of industrial systems under uncertainty. Moreover,
it provides practical guidance for industrial managers seeking to reduce costs and enhance operational efficiency.
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1. Introduction effective production planning and scheduling a strategic

necessity. Among the most important challenges in

In today's highly competitive manufacturing

manufacturing systems are production scheduling and

environment, organizations are continuously seeking ways material transportation planning, both of which directly

to improve operational efficiency, reduce costs, enhance affect resource utilization, production lead times, customer

responsiveness to customer demands, and increase the
reliability of production systems. The growing complexity
of industrial operations, coupled with increasing market

uncertainty and dynamic customer requirements, has made

service levels, and organizational profitability [1, 2].
Traditionally, production scheduling and transportation

planning have been addressed as separate decision-making

Iglcnoel

© 2027 The author(s). Published By: The Research Department of Economics and Management of Tomorrow's Innovators. This is an open
access article under the terms of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License.


http://creativecommons.org/licenses/by-nc/4.0
http://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0009-0001-8982-9258
https://orcid.org/0000-0001-6767-1157
https://orcid.org/0000-0002-3974-6403

Rajabpour et al.

problems; however, recent studies have demonstrated that
independent optimization often leads to suboptimal system
performance because of the strong interdependencies that
exist between manufacturing and logistics activities [3, 4].

Job-shop scheduling represents one of the most
challenging classes of production planning problems due to
its combinatorial nature, multiple resource constraints, and
highly dynamic operational conditions. In job-shop
environments, different products follow distinct processing
routes across multiple machines, creating complex
sequencing and allocation decisions. As manufacturing
systems become more flexible and customized, traditional
scheduling approaches often fail to achieve satisfactory
performance, especially when transportation resources,
machine breakdowns, maintenance activities, and
uncertainty factors are incorporated into decision-making
processes [1, 5]. Consequently, researchers and practitioners
have increasingly focused on developing integrated
optimization frameworks capable of simultaneously
coordinating production and logistics decisions.

The integration of scheduling and routing decisions has
emerged as an important research direction in operations
management and industrial engineering. Integrated
production-routing models recognize that manufacturing
and transportation activities are strongly interconnected and
should therefore be optimized jointly rather than
independently. Such integration can significantly reduce
inventory levels, transportation costs, production delays, and
overall operational expenses while improving service
quality and system responsiveness [3, 6, 7]. Furthermore,
coordinated production and routing decisions allow
organizations to better synchronize manufacturing outputs
with customer delivery requirements, thereby improving
supply chain performance and competitiveness.

Recent studies have expanded the scope of integrated
production-routing problems by incorporating additional
operational considerations such as vehicle routing
constraints, energy consumption, environmental
sustainability, workforce allocation, and resource-sharing
mechanisms. For example, coordinated algorithms have
been proposed to jointly optimize production schedules and
vehicle routing decisions, demonstrating substantial
improvements in overall system performance compared with
sequential approaches [3]. Similarly, integrated production
scheduling and delivery route planning have shown
significant benefits in real industrial environments involving
multipurpose machines and heterogeneous delivery

requirements [6]. Other studies have emphasized the

importance of routing considerations in production systems
by addressing multiple-trip vehicle routing, time windows,
setup times, and transportation uncertainties [8-10].

The increasing complexity of manufacturing networks
has also encouraged the development of integrated
scheduling models in flexible and distributed production
environments. Flexible job-shop scheduling has received
substantial attention because of its capability to model
modern manufacturing systems characterized by alternative
machines, flexible process plans, and dynamic production
requirements. Researchers have investigated various
extensions of the flexible job-shop scheduling problem,
including order cancellation, resource allocation, lot-sizing
integration, machine flexibility, and parallel production
resources [5, 11, 12]. The emergence of smart manufacturing
and Industry 4.0 technologies has further accelerated interest
in dynamic and intelligent scheduling approaches capable of
responding to real-time production changes [13, 14].

A critical challenge facing manufacturing systems is
uncertainty. Real-world production environments are
affected by numerous uncertain factors, including machine
failures, processing-time variability, fluctuating demand,
transportation  disruptions, and unexpected resource
shortages. Traditional deterministic models often fail to
capture these realities, resulting in schedules that perform
poorly when unexpected events occur. Consequently,
uncertainty management has become a central theme in
production planning research. Various approaches have been
proposed to address uncertainty, including stochastic
optimization, robust optimization, dynamic scheduling,
simulation-based optimization, and data-driven decision-
making frameworks [15-18].

In routing-related research, uncertainty has been
incorporated through stochastic travel times, variable
customer demands, heterogeneous vehicle capacities, and
conditions.  Studies  have

uncertain  transportation

demonstrated that considering uncertainty during
optimization significantly improves system resilience and
operational robustness [8, 9, 15]. Similarly, in scheduling
environments, uncertainty arising from machine
breakdowns, dynamic job arrivals, and resource disruptions
has motivated the development of adaptive and intelligent
scheduling methods capable of maintaining high
performance under changing operational conditions [17-19].

Another essential aspect of modern production systems is
reliability. Manufacturing organizations increasingly
recognize that machine reliability directly influences

productivity, quality performance, delivery reliability, and
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operational costs. Equipment failures can cause significant
production disruptions, resulting in schedule deviations,
delayed deliveries, increased work-in-process inventory, and
customer dissatisfaction. Consequently, maintenance
planning has become an indispensable component of
production management. Rather than treating maintenance
as an independent support function, recent research
emphasizes integrating maintenance decisions directly into
production scheduling models to improve overall system
performance [20-22].

Preventive maintenance has been extensively studied as a
mechanism for reducing unexpected failures and improving
system reliability. Researchers have demonstrated that
integrating  preventive maintenance activities into
production schedules can significantly enhance equipment
availability while reducing operational risks and
maintenance costs [20, 23, 24]. Furthermore, maintenance
planning has evolved beyond

simple scheduling

considerations to  encompass  workforce  routing,
maintenance support resource allocation, and coordinated
maintenance-production decision-making frameworks [25-
217].

Reliability-oriented production scheduling has emerged
as an important research area because it directly links
maintenance policies with production objectives. Integrated
production-maintenance models seek to balance conflicting
goals such as maximizing throughput, minimizing
production delays, reducing maintenance costs, and
improving system reliability. Such models have
demonstrated substantial benefits in complex manufacturing
environments characterized by multiple machines, resource-
sharing constraints, and uncertain operating conditions [21,
22, 27]. Moreover, reliability considerations have become
increasingly important in smart manufacturing systems
where equipment performance data can be continuously
monitored and incorporated into real-time decision-making
processes.

The literature also reveals growing interest in integrated
scheduling models that simultaneously consider multiple
operational resources. Studies have examined human-
machine resource interactions, workforce allocation
decisions, additional resource requirements, and shift
scheduling problems to better reflect the realities of
industrial systems [12, 28-30]. These investigations
highlight the

management in achieving operational -efficiency and

importance of coordinated resource

sustainable production performance. Similarly, multi-

factory production networks, smart grids, and distributed

manufacturing environments have introduced new
challenges requiring integrated optimization approaches that
coordinate production, transportation, and resource
utilization across multiple facilities [31, 32].

Environmental sustainability and energy efficiency have
also become important considerations in production
scheduling and routing research. Studies have investigated
green scheduling strategies, energy-efficient production
planning, carbon-emission reduction, and environmentally
sustainable transportation decisions. The results consistently
indicate that integrated approaches can achieve both
economic and environmental objectives simultaneously [33-
36]. These developments demonstrate the evolving nature of
production systems and the increasing need for
comprehensive optimization frameworks capable of
addressing multiple, often conflicting objectives.

Despite the significant progress achieved in the literature,
several research gaps remain. First, many existing studies
focus exclusively on scheduling or routing decisions without
fully integrating both components into a unified
optimization framework [4, 37]. Second, while maintenance
planning and reliability considerations have received
growing attention, relatively few studies simultaneously
incorporate production scheduling, routing decisions,
reliability measures, and maintenance activities within a
single mathematical model [20, 21]. Third, many existing
models assume deterministic operating conditions, limiting
highly
environments where machine failures, transportation

their  applicability in uncertain  industrial
disruptions, and dynamic operational changes frequently
occur [16, 19].

Furthermore, although recent advances in dynamic
scheduling, Industry 4.0 technologies, reinforcement
learning, and intelligent optimization have improved
decision-making capabilities, practical implementation still
requires robust mathematical frameworks capable of
generating high-quality solutions within acceptable
computational times [14, 17, 18]. The NP-hard nature of
integrated scheduling and routing problems makes exact
optimization methods computationally challenging for
large-scale industrial applications. Therefore, advanced
metaheuristic approaches remain essential for obtaining
efficient and near-optimal solutions in realistic settings [5,
37, 38].

Recent research has increasingly emphasized
transportation-resource integration within flexible job-shop
systems, highlighting the necessity of considering material
movement activities.  Studies

alongside  production



Rajabpour et al.

investigating transportation resources, open-shop scheduling
integration, and energy-efficient production-routing systems
have demonstrated considerable performance improvements
[36-38].
framework  that

when both domains are jointly optimized

Nevertheless, a  comprehensive
simultaneously addresses job-shop scheduling, routing
decisions, maintenance activities, reliability requirements,
and uncertainty management remains insufficiently
explored.

Therefore, the objective of this study is to develop an
integrated mathematical model for the joint optimization of
job-shop scheduling and routing decisions under uncertainty
while explicitly incorporating system reliability and
maintenance activities, and to solve the proposed model
using the multi-objective NSGA-II algorithm in order to
enhance resource utilization, reduce operational costs, and
effectiveness in industrial

improve decision-making

production systems.

2. Methodology

The present study is applied in terms of its objective, as it
aims to develop a mathematical model for solving a real-
world routing and job-shop scheduling problem while
considering reliability and maintenance activities under
uncertain conditions. The findings of this research can be
utilized in production planning and the management of
industrial systems.

In terms of its nature and methodology, this study follows
a descriptive—analytical approach. First, the dimensions and
characteristics of the problem are described, and the
corresponding mathematical model is formulated.
Subsequently, the problem is analyzed using the multi-
objective optimization algorithm NSGA-II, and optimal
if the model is

implemented in a specific workshop or manufacturing

solutions are derived. Furthermore,

facility, the research can also be classified as a case study.
In this study, data collection was conducted through both

library-based and computational methods. The information

and data required for developing the mathematical model
were initially gathered through a review of reputable
scientific sources, specialized journal articles, relevant
books, and scientific databases. In the subsequent stage,
hypothetical or real-world data related to job-shop
scheduling, reliability, and maintenance operations under
uncertainty were employed for problem analysis and model
solution.

Additionally, for model validation and evaluation of the
NSGA-II algorithm, computationally generated datasets
were processed using specialized software packages such as
MATLAB and GAMS.

The data analysis procedure was conducted in multiple
stages in accordance with the research objectives. Initially,
the proposed mathematical model was solved using GAMS
software to obtain exact solutions. Subsequently, for solving
large-scale and real-world instances requiring metaheuristic
approaches, the NSGA-II algorithm was implemented and
executed in MATLAB. The outputs generated by the
algorithm consisted of a set of Pareto-optimal solutions,
enabling decision-makers to select the most appropriate
solution according to their preferences.

To evaluate the algorithm's performance and compare it
with the mathematical model results, standard evaluation
metrics—including average distance from the optimal
solution, solution diversity, and Pareto-front coverage—
were employed. Finally, sensitivity analysis was performed
to examine the effects of changes in key model parameters
on the obtained results and to assess the validity and
reliability of the solutions. The final results were presented
through analytical tables and figures, serving as the basis for

the study's conclusions and recommendations.

3. Findings and Results

Main Research Question: How can an integrated
mathematical model be developed for job-shop scheduling
and raw material routing while considering existing

constraints and capacities?

Table 1. Dimensions of the Test Problems Used to Demonstrate Computational Complexity

Example No. P (Number of Activities) C (Number of Sets) m (Number of Machines)
1 2 4 3
5 4 10 5
10 6 18 7

The routing and scheduling problem belongs to the class
of NP-hard problems due to its combinatorial nature. As the

problem dimensions increase (as shown in Table 1), the

search space grows exponentially, resulting in a substantial
increase in solution time within GAMS. For large-scale

instances, obtaining  exact  solutions  becomes
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computationally infeasible, thereby justifying the need for
metaheuristic algorithms such as NSGA-II.

Sub-Question: How can cost reduction and resource
optimization be achieved?

Table 2. Performance of NSGA-II in Achieving Minimum Cost (Small-Scale Instances)

Example No. GAMS Solution (Cost) NSGA-II Solution Deviation (%)
1 322 32.3 0.31%
3 76.1 77.6 1.97%
5 123.4 127.0 2.92%

To achieve cost reduction, the algorithm's performance
was compared with exact solutions obtained through GAMS
for small-scale instances. The low deviation percentages
(maximum 2.92%) indicate that the proposed model and

algorithm are capable of identifying cost-optimal solutions

and allocating resources with a very high degree of accuracy.
Sub-Question: What is the role of uncertainty

management in production and logistics processes?

Table 3. Comparison of NSGA-II and MOSA under Large-Scale and Uncertain Conditions

Example No. Cost Deviation (%) Time Deviation (%) C P M
1 0.45% 0.76% 20 5 2
3 1.61% 2.08% 30 3
5 2.48% 2.95% 40 10 4

Under uncertainty conditions, such as fluctuations in
reliability levels, the NSGA-II algorithm was compared with
the Multi-Objective Simulated Annealing (MOSA)
algorithm. The results presented in Table 3 indicate that even
as problem dimensions and scenario complexity increase,
the deviation between the two methods remains below 3%.

This stability demonstrates the effectiveness of the proposed
model in managing stochastic variables and uncertain
production scenarios.

Sub-Question: How can production productivity be
increased and production cycle time be reduced?

Table 4. Comparison of Computational Time (Seconds) for Reducing Problem-Solving Cycle Time

Number of Sets (C) GAMS (Exact Solution) NSGA-II MOSA
8 8 10 15

12 321 22 45

18 7,201 58 142

In this study, productivity is defined as the speed of
obtaining optimal solutions. As shown in Table 4, when the
problem size increases to 18 sets, the solution time in GAMS
exceeds two hours (7,201 seconds), whereas NSGA-II
reaches a solution in less than one minute (58 seconds). This

Table 5. Parameter-Tuning Results (Based on the Taguchi Method)

computational efficiency reduces waiting times in
production planning and enhances overall operational
productivity.

Sub-Question: What constraints are associated with
machinery maintenance operations?

Key Parameter

Optimal Value (Pareto Level)

Mutation Rate 0.05
Initial Population Size 100

Maintenance constraints are incorporated into the model
through the mutation rate and initial population size
parameters within the optimization algorithm. A mutation
rate of 0.05 allows the model to simulate random variations
caused by machine failures without violating feasibility
constraints. These parameter settings, obtained through the

Taguchi experimental design approach, provide the best
balance between exploration (searching for new solution

paths) and exploitation (improving existing schedules).



Rajabpour et al.

4. Discussion and Conclusion

The primary objective of this study was to develop an
integrated mathematical model for the simultaneous
optimization of job-shop scheduling and routing decisions
under uncertainty while explicitly incorporating reliability
and maintenance considerations. The results demonstrated
that the proposed model successfully addressed the
complexities associated with integrated production and
logistics planning and provided high-quality solutions
through the application of the NSGA-II algorithm. The
findings confirmed that the integrated approach can
effectively coordinate production resources, transportation
activities, and maintenance operations while maintaining
acceptable computational performance in large-scale
problem instances.

The first major finding of the study was related to the
successful formulation of an integrated mathematical model
capable of simultaneously considering job-shop scheduling,
material routing, reliability, and maintenance constraints.
The complexity analysis revealed that the problem belongs
to the NP-hard class and that computational requirements
increase exponentially as problem dimensions grow. This
result is consistent with previous studies that have identified
production scheduling and integrated scheduling-routing
problems as computationally challenging combinatorial
optimization problems requiring advanced solution
approaches [1, 4, 38]. The observed increase in solution
complexity as the number of activities, machines, and
routing alternatives expanded further supports the
conclusions of researchers who emphasized that integrated
scheduling environments exhibit significantly higher
computational complexity than traditional scheduling
problems [30, 32]. Therefore, the findings reinforce the
argument that exact optimization approaches become
increasingly impractical as manufacturing systems become
more complex and interconnected.

Another important finding concerns the effectiveness of
the proposed model in achieving cost minimization and
resource optimization. The comparison between the exact
solutions generated by GAMS and the solutions obtained
through NSGA-II demonstrated that the proposed algorithm
produced near-optimal results with deviations below 3%.
Such a small deviation indicates that the integrated model
accurately captures the interactions among scheduling,
routing, maintenance, and reliability decisions while
allowing efficient allocation of resources. This finding aligns
with previous research demonstrating that integrated

optimization approaches outperform isolated planning
methods by reducing operational costs and improving
resource utilization [6, 7, 36]. Similarly, studies focusing on
coordinated production and routing decisions have reported
significant reductions in overall system costs through
synchronized decision-making processes [3, 37]. The
current results extend these findings by showing that the
inclusion of reliability and maintenance considerations does
not diminish optimization effectiveness and may further
enhance resource allocation efficiency.

The results also highlighted the significance of
integrating routing decisions with production scheduling
activities. Traditional production planning models
frequently treat transportation operations as secondary
decisions made after production schedules are established.
However, the present findings indicate that simultaneous
optimization creates additional opportunities for cost
reduction and operational coordination. This observation
supports the conclusions reported by several studies that
emphasized the benefits of integrated scheduling-routing
frameworks in improving production performance and
logistics efficiency [8-10]. Furthermore, the results
corroborate recent reviews suggesting that production and
outbound logistics should be viewed as interconnected
components of a unified decision-making system rather than
independent operational functions [4].

A vparticularly important contribution of the study
concerns uncertainty management. The comparison between
NSGA-II and MOSA under uncertain conditions revealed
that solution deviations remained below 3% even as problem
dimensions and uncertainty levels increased. This result
suggests that the proposed framework exhibits a high degree
of robustness and stability when confronted with stochastic
operational conditions. Such findings are consistent with
previous studies investigating uncertainty in production
scheduling and transportation systems. Researchers have
demonstrated that uncertainty associated with travel times,
demand fluctuations, machine failures, and resource
availability can substantially affect operational performance
if not properly incorporated into optimization models [9, 15,
16]. The robustness observed in the current study indicates
that integrating uncertainty directly into the optimization
process can significantly improve decision quality and
reduce vulnerability to operational disruptions.

The effectiveness of the proposed model in handling
uncertainty can also be explained through its ability to
simultaneously account for multiple interacting variables.

Modern manufacturing environments are characterized by
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dynamic changes, including unexpected machine failures,
order modifications, transportation delays, and fluctuating
resource availability. Studies focusing on dynamic flexible
job-shop scheduling have emphasized the necessity of
adaptive optimization mechanisms capable of responding to
such changes in real time [13, 14, 17]. The stability of the
proposed solutions under uncertain conditions suggests that
the integration of reliability and maintenance considerations
contributes significantly to overall system resilience. This
conclusion is further supported by recent developments in
intelligent and dynamic scheduling frameworks that
emphasize proactive rather than reactive decision-making
approaches [5, 18].

The findings related to computational -efficiency
represent another significant contribution of the study. The
results showed that while exact optimization methods
required more than two hours to solve large-scale instances,
the NSGA-II algorithm produced high-quality solutions in
less than one minute. This substantial reduction in
computational time demonstrates the practical applicability
of the proposed approach in real industrial environments
where decisions must often be made rapidly. Similar
observations have been reported in studies employing
metaheuristic algorithms for integrated scheduling and
routing problems, where exact methods become
computationally prohibitive as problem size increases [37,
38]. The present results therefore confirm that metaheuristic
approaches remain indispensable tools for solving large-
scale integrated optimization problems. Furthermore, the
ability of NSGA-II to generate a diverse set of Pareto-
optimal solutions provides decision-makers with greater
flexibility in balancing conflicting objectives, an advantage
frequently emphasized in multi-objective optimization
literature [5, 33].

The incorporation of reliability and maintenance
activities into the integrated model also produced important
insights. The sensitivity analysis revealed that parameters
associated with machine failures and maintenance durations
significantly influenced overall system performance. These
findings are highly consistent with prior research
demonstrating the strong relationship between equipment
reliability and production efficiency [21, 22]. Researchers
have repeatedly shown that maintenance decisions should
not be treated independently from production planning
because maintenance schedules directly affect machine
availability, production capacity, and operational continuity
[20, 27]. The current findings further support this

perspective by demonstrating that maintenance-related

parameters substantially alter optimization outcomes and
therefore must be incorporated into strategic production
planning models.

The parameter tuning results obtained through the
Taguchi approach further support the effectiveness of the
proposed optimization framework. The identified mutation
rate and population size provided an effective balance
between exploration and exploitation, enabling the
algorithm to search broadly while maintaining convergence
toward high-quality solutions. This observation is consistent
with the broader metaheuristic optimization literature, which
emphasizes the importance of parameter calibration in
achieving superior search performance [5, 36]. Moreover,
the ability of the algorithm to effectively simulate
disruptions associated with machine failures reflects the
importance of integrating maintenance-related uncertainty
into evolutionary optimization procedures.

Another noteworthy implication of the findings concerns
the growing relevance of Industry 4.0 technologies and
smart manufacturing systems. The proposed framework is
with  digital

environments where real-time information regarding

particularly  compatible manufacturing
machine conditions, transportation status, and production
progress can be continuously collected and analyzed. Recent
studies have highlighted the transformative role of data-
driven scheduling and intelligent manufacturing systems in
improving operational responsiveness and decision quality
[13, 14]. The integration of reliability, maintenance, routing,
and scheduling decisions within a single optimization
framework may therefore provide an effective foundation
for future smart manufacturing applications.

Overall, the findings demonstrate that integrated
decision-making significantly outperforms fragmented
planning approaches. By simultaneously considering
production scheduling, routing operations, reliability
requirements, maintenance activities, and uncertainty
factors, the proposed model achieves superior operational
performance while maintaining computational efficiency.
The results extend previous research on integrated
scheduling and routing by incorporating additional
dimensions of reliability and maintenance under uncertain
conditions, thereby providing a more realistic representation
of modern industrial systems [4, 21, 36]. Consequently, the
study contributes both theoretically and practically to the
literature on production planning, logistics optimization, and
industrial systems management.

One limitation of the present study is that the proposed

model was evaluated primarily using computationally
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generated test instances rather than extensive real-world
industrial datasets. Although synthetic datasets are widely
used for validating optimization models, actual
manufacturing environments may exhibit additional
complexities that are difficult to capture fully within a
mathematical framework. Furthermore, the uncertainty
parameters were represented through  predefined
assumptions, which may not encompass all possible
operational disruptions encountered in practice. Another
limitation relates to the computational experiments, which
focused on a specific set of problem dimensions and
parameter configurations. Consequently, caution should be
exercised when generalizing the findings to highly
specialized industrial contexts with substantially different
operational characteristics.

Future studies may extend the proposed framework by
incorporating additional sources of uncertainty, such as
fluctuating customer demand, supply-chain disruptions,
workforce absentecism, and energy price volatility.
Researchers may also investigate the integration of real-time
data acquisition technologies, digital twins, and machine
learning methods to support adaptive scheduling and routing
decisions. Comparative analyses involving other advanced
metaheuristic and hybrid optimization algorithms could
provide further insights into algorithmic performance. In
addition, future research may evaluate the proposed model
using real industrial case studies from various manufacturing
sectors to enhance practical validation and generalizability.
Multi-echelon supply-chain integration and sustainability-
oriented objectives may also represent promising directions
for future investigation.

Industrial managers should consider adopting integrated
planning approaches that simultaneously coordinate
production scheduling, material transportation, maintenance
activities, and reliability requirements. Such integration can
improve resource utilization, reduce operational costs, and
enhance system responsiveness under uncertain conditions.
Organizations implementing advanced manufacturing
systems may benefit from incorporating metaheuristic
optimization tools into their decision-support infrastructure
to facilitate rapid and informed decision-making.
Maintenance planning should be strategically integrated
with  production scheduling rather than managed
independently, as equipment reliability significantly
influences overall operational performance. Furthermore,
managers are encouraged to utilize sensitivity analyses when

implementing optimization models to better understand the

effects of critical operational parameters and to develop
more resilient production strategies.
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