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A novel heuristic method for flexible job-shop
scheduling problem with sequence-dependent
setup time, transportation time and machine
efficiency constraints
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This paper presents a novel heuristic approach to the Flexible Job-Shop Scheduling Problem
(FISP), incorporating sequence-dependent setup and transportation times, as well as machine
efficiency constraints. The objective of the optimization was to minimize the total makespan of
the job scheduling process. To solve this problem, a computational tool was developed, which
implemented a new heuristic method based on a sequential algorithm, alongside selected priority
assignment rules (FIFO, LIFO, LPT, SPT, EDD, LWR). The effectiveness of the generated sched-
ules was evaluated using multiple criteria. Comparative numerical results were presented for
various problem parameters and priority rules, demonstrating the performance and advantages
of the proposed approach.
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1. Introduction

In modern manufacturing systems, the demand for greater flexibility, effi-
ciency, and adaptability has significantly increased due to evolving market con-
ditions, dynamic customer requirements, and the continuous pursuit of cost re-
ductions. Industrial environments are facing the challenge of maintaining high

Copyright © 2025. The Author(s). This is an open-access article distributed under the terms of the Creative Com-
mons Attribution-NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0 https://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits use, distribution, and reproduction in any medium, provided that the article is properly
cited, the use is non-commercial, and no modifications or adaptations are made

J. Krystek (corresponding author, e-mail: jolanta.krystek @polsl.pl) is with Faculty of Automatic Con-
trol, Electronics and Computer Science, Silesian University of Technology, Akademicka 16, 44-100 Gliwice,
Poland.

A. Geppert (e-mail: adam@websited.pl) is with Websited sp. z o0.0., Ligonia 1/1, 44-100 Gliwice,
Poland.

This work has been supported by 02/040/BK_25/1070 grant.

Received 7.05.2025. Revised 7.09.2025.


https://orcid.org/0000-0003-2015-3453
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jolanta.krystek@polsl.pl
mailto:adam@websited.pl

www.czasopisma.pan.pl P N www.journals.pan.pl
Y
<

486 J. KRYSTEK, A. GEPPERT

production efficiency while simultaneously adapting to unforeseen changes such
as urgent job arrivals, machine failures, or fluctuations in resource availability.
Consequently, the need for advanced scheduling techniques that can effectively
handle such complexities has become more pressing. Scheduling optimization
plays a critical role in ensuring that production systems operate smoothly and
meet tight deadlines while minimizing costs and resource consumption.

The Job-Shop Scheduling Problem (JSP) [12] is a well-known combinatorial
optimization problem that has been the focus of extensive research due to its prac-
tical significance in manufacturing systems. The traditional JSP model assumes a
fixed allocation of resources, where each job must be processed on a specific ma-
chine. However, as industrial requirements evolve, the limitations of this rigid ap-
proach become apparent. The Flexible Job-Shop Scheduling Problem (FISP) [3]
emerged as a natural extension of the JSP, offering greater flexibility in resource
allocation. As a variation of the classic job-shop problem, FJSP removes the limi-
tation of resource uniqueness by allowing each operation to be processed on multi-
ple machines. This flexibility not only enhances the adaptability of the production
process but also brings it closer to real-world manufacturing environments, where
machine capabilities may vary, and resource allocation must be dynamic.

The flexibility provided by FJSP offers significant advantages in terms of
efficiency and resilience. In addition to improving production scheduling, FISP
also better accommodates the need for responsiveness in real-time operations.
As aresult, it is particularly suited to address the challenges posed by urgent job
arrivals or sudden changes in the market environment [18]. This makes FISP an
ideal model for industries that must operate in highly dynamic settings, where
schedules need to be continuously adjusted to meet new demands and constraints.

In recent years, the FISP has garnered considerable attention in literature, with
numerous studies exploring various extensions and refinements of the model. Re-
searchers have incorporated additional constraints, such as time lag, availability,
batching, blocking, setup times, transportation and many others, to more accu-
rately represent the complexities of real-world manufacturing systems [5]. More-
over, multi- and many-objective optimization approaches and energy-efficient
scheduling methods have been proposed to further improve the sustainability
and cost-effectiveness of production processes. However, many of these studies
focus on solving specific sub-problems, with optimization techniques tailored to
particular constraints or application domains.

This paper addresses this gap by presenting a novel heuristic method for
solving the Flexible Job-Shop Scheduling Problem with constraints. The pro-
posed approach integrates sequence-dependent setup times, transportation times,
and machine efficiency constraints into a single optimization framework (FJSP-
SDSTTTME), which, to the best of our knowledge, has not yet been described in
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the existing literature. By doing so, it aims to provide a more realistic represen-
tation of the complexities involved in job scheduling within industrial environ-
ments. The study offers a general approach that balances the various constraints
and seeks to minimize the total makespan, thus improving the overall efficiency of
the scheduling process. The computational experiments conducted in this work
demonstrate the effectiveness of the proposed method, providing new insights
into the potential of FJSP for real-world applications.

2. Formulation of the FJSP-SDSTTTME

The Flexible Job-Shop Scheduling Problem with sequence-dependent setup
times, transportation times, and machine efficiency constraints can be formalized
as follows.

The problem describes a set of n jobs J = {J1,J2,...,J,} and a set of m
machines M = {M, M, ..., M,}. Each job J; consists of a set of o opera-
tions O' = {Oi , Oé, R Of)}, each of which has a duration p;'( > (0 and must
be performed within a specified time window, between the ready-time r; and
due-time d;. Each operation O’,'( requires a machine M (0’,'() from a subset of
compatible machines M (02) C Mcy. The operation must be performed on the
selected machine M (0’,'() without interruption. Furthermore, for two consecutive

operations 02 and 0’){ 41 the following condition must hold:

M(OY) # M(O.,,). (1)

The machine efficiency factor, denoted as MEF (0’,'{), represents the effectiveness

of a machine in executing an operation 0’}{. The machine efficiency ME( 0’}{) 1s
a value between 0 and 1, where 1 corresponds to 100% efficiency, meaning the
operation is completed in its base duration p. If the machine is less efficient

(i.e., ME (O’k) < 1), the operation’s duration p’,'c is increased proportionally to
the decrease in efliciency.

MEF(0%) = (1+ (1 - ME(0}))), (2)

Pi = Py * MEF (0}) (3)

The start time Sl,'( denotes the moment when an operation 0’,'( can begin using

the assigned resources, while the end time C ;( represents the completion time of
this operation, where:

=Sk Py )
Si+ph <8, 5)
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S1+pl < Sk 6)

The time required to set up a machine before processing a new operation
depends on the characteristics of the previous operation and is known as sequence-
dependent setup time ST§.§1| M)’ which must be accounted for when scheduling
consecutive operations [2]. The setup time impacts the start time of the subsequent
operation, as the machine may need to be reconfigured before it can process the
next operation.

When operations are performed on different machines, there is also a trans-
portation phase between operations that occurs after one operation is completed
M(0%)
M(0; )
the distance and handling time between machines and must be included in the
scheduling process [13]. Just like setup times, transportation times are accounted
for when determining the start time of a subsequent operation.

and before the next one begins. This transportation time 77 depends on

If operation O’;{ is to be executed directly after operation 0{; on the same

machine M (0’}{) =M (0{1), a sequence-dependent setup time STz.k and

h|M(0§<)
M(0})

M0 ) |M(0;;)
O/, on the respective machine. The relationship is expressed as:

transportation time 77 directly impact the start time S ’k of operation

. _ j k : M(0})
S M(oi) = Max ((Ch +Sleh|M(0;'<)) , ( b1 + TTM(()i_l))) (7)

The scheduling is feasible if, for any two consecutive operations 0’,'( and 0’,'( . of
the same job, condition (1) holds, and for any two operations 0’,'( and 02, where

M (01,'() =M (02), constraints (4) or (5) are satisfied. The objective is to find a
schedule that minimizes the makespan Cy,x.

Cinax = max (C}). (8)

i=1,..,n

Additionally, the problem requires the consideration of the following assumptions:

¢ All machines are available at time zero.

Each machine can process only one operation at a time.

Operations are non-preemptive.

* Operations of the same job have precedence relationships.

Input and output buffers of machines are unlimited.

Setup times may vary depending on the type of operation.
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* Machine setup time from task A to task B can differ from the reverse setup
time.

* Machines cannot perform other tasks during setup.

 Transportation resources are not limited.

 Transportation operations cannot be interrupted.

* Loading and unloading times in the transportation process are neglected.

* The first operation of the first job on a machine is placed directly into the
input buffer, without requiring transportation.

* Machines are properly prepared for the first operations of the first jobs on
them, eliminating the need for setup at the start of processing.

3. A new heuristic method for the FJSP-SDSTTTME

The Job-Shop Scheduling Problem is well-known in literature as an NP-hard
problem and its complexity increases significantly when extended to the Flexible
Job-Shop Scheduling Problem. When additional constraints, such as sequence-
dependent setup times, transportation times, and machine efficiency limitations,
are incorporated, the problem becomes even more challenging. These added
layers of complexity necessitate the consideration of new solution approaches, as
traditional optimization techniques may struggle to provide feasible or efficient
solutions in reasonable time.

Given the increased complexity of the problem, it would be natural to con-
sider approaches like Mixed-Integer Linear Programming (MILP) [11] or Genetic
Algorithms (GAs) [4]. However, these methods are typically computationally ex-
pensive, especially for large-scale instances, and may not be suitable for real-time
or practical industrial applications where rapid solutions are required. MILP
formulations, while providing exact solutions, often face scalability issues, par-
ticularly when dealing with numerous constraints and decision variables [16].
Similarly, while GAs offer flexibility and adaptability, they are heuristic in nature
and may require extensive parameter tuning to achieve satisfactory results [14].
In contrast, priority rules allow for lightweight, interpretable scheduling that can
quickly construct feasible solutions, even in highly constrained or fragmented
search spaces. This makes them especially effective in contexts where identifying
admissible solutions is difficult and where decision-making must occur within
strict time limits.

To address these challenges, a new heuristic approach was developed based
on a sequential algorithm combined with selected priority rules [9]. This method
was chosen for its ability to efficiently handle the constraints introduced by the
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FISP-SDSTTTME while maintaining a balance between solution quality and
computational efficiency. The sequential approach, in conjunction with simple
yet effective priority rules, allows for a flexible and robust scheduling framework
that can be tailored to specific industrial needs. This heuristic method provides
a practical solution for industries requiring fast, approximate scheduling results,
even in the face of complex, real-world constraints.

The algorithm is executed iteratively, processing discrete time intervals cor-
responding to events, such as the arrival of jobs into the system or the completion
of operations, and continues until all jobs are scheduled. Each iteration begins by
handling the job that has become available for machine allocation. If the job still
has pending operations, it is added to the queue of waiting jobs. Subsequently, the
algorithm checks whether any available machine type has pending jobs awaiting
assignment. If such jobs exist, the pre-assignment process is initiated. This pro-
cess is repeated for as many pending jobs as there are machines of the respective
type available at that specific time.

The pre-assignment process starts by resolving conflicts in the job queue
based on the selected priority rule. A conflict arises when more than one job
is awaiting to start on a machine at the same time. Six priority rules have been
implemented to resolve these conflicts [8, 15]:

* FIFO (First In First Out) — the job that entered the queue first is assigned to
the machine.

* LIFO (Last In First Out) — the job that entered the queue last is assigned to
the machine.

* SPT (Shortest Processing Time) — priority is given to the job that requires
the shortest processing time on the machine at that moment.

* LPT (Longest Processing Time) — priority is given to the job that requires
the longest processing time on the machine at that moment.

* LWR (Least Work Remaining) — conflicts are resolved in favor of the job
with the least remaining work (excluding already completed operations).

* EDD (Earliest Due Date) — priority is given to the job with the earliest
predicted completion time, denoted as d;, which is the time when the job is
expected to finish after all operations are completed, starting from time 0.

In the event that no clear winner emerges from the above priority rules, a sec-
ondary custom rule is applied, where the job with the lower identification number
is assigned priority.

Following the resolution of conflicts, the sequence proceeds to select a ma-
chine from the available machines of the chosen type. The primary selection
criterion is to choose the machine with the highest machine efficiency coeffi-



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
<

A NOVEL HEURISTIC METHOD FOR FLEXIBLE JOB-SHOP SCHEDULING PROBLEM
WITH SEQUENCE-DEPENDENT SETUP TIME, TRANSPORTATION TIME. .. 491

cient ME. If multiple machines have the same ME value, the final decision is
made based on a secondary rule, where the machine with the lower identification
number is given priority.

The subsequent step is to determine whether the selected job is the first
operation to be executed on the selected machine. If this is the case, the setup
time is setto S Ti.kh M) = 0, in accordance with the assumptions of the problem.
Otherwise, the procedure to determine the setup time begins, which is calculated
as the first argument of the max function (7) when determining the start time for
the operation on the selected machine S’k| M(©01):

The sequence then proceeds to the analysis of transportation times. It begins
by checking whether the operation to be assigned is the first operation of the job.
If so, transportation time does not apply, and the transportation time is set to

M(0})
Mo )
first, the procedure to determine the end of the transportation process begins, and
this value is considered as the second argument of the max function (7) when
calculating the start time for the operation on the machine S’k| M)

Based on the results of the previous two steps, the start time for the operation
on the selected machine Sl,'( is calculated using the formula (7). Once the

= 0, according to the problem assumptions. If the operation is not the

|M(O§()
start time is determined, the operation can be assigned to the machine, and the
machine’s availability, along with the job’s next available time, is updated based
on the calculated completion time C;, .

4. Evaluation of the schedule

In scheduling problems, the effectiveness of a solution is typically assessed
using various performance metrics that quantify different aspects of the schedul-
ing process. For the FJSP-SDSTTTME, these metrics are crucial in evaluating the
quality of the schedule generated by the proposed heuristic method. The primary
objective is to minimize overall processing time, optimize resource utilization,
and reduce operational delays, thereby enhancing the efficiency of the schedul-
ing process. The following key criteria are employed to assess the quality of the
schedules produced by the heuristic method.

4.1. Completion time of all jobs

One of the fundamental optimality criteria in the considered problem is the
completion time of all jobs, denoted as Cpax, also referred to as the system com-
pletion time. This criterion defines the moment at which the last job in the system
is completed. Minimizing this metric is essential for improving production ef-
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ficiency, as a reduction in total job completion time directly translates to lower
operational costs and better resource utilization [12]. In industrial scheduling,
a lower makespan indicates improved throughput and enhanced production sys-
tem performance, making it a critical objective in optimization strategies. The
completion time of all jobs is mathematically defined as follows:

Cmax = max (Cy), 9)

i=1,...,n

where C; represents the completion time of the i-th job, and n denotes the to-
tal number of jobs in the system. Therefore, the completion time of all jobs
corresponds to the maximum completion time among all scheduled jobs.

4.2. Job flow time

The job flow time F; is a vital metric for evaluating scheduling efficiency, as it
quantifies the duration a job remains in the system from the moment it becomes
available for processing until its completion. More formally, flow time is defined
as the difference between the completion time C; and the ready-time r;, which
represents the earliest possible start time for a given job [10]:

F,‘ZC[—I’,‘. (1())

Prolonged flow times can have a cascading effect on the entire schedul-
ing process, delaying subsequent jobs and affecting overall resource utilization.
Consequently, minimizing flow time is a fundamental objective in production
scheduling, as it leads to reduced waiting times, improved responsiveness, and
enhanced resource balancing.

4.3. Job waiting time

The job waiting time W; refers to the period during which a job is present in
the system but remains idle, awaiting the availability of the necessary resources.
Unlike flow time, which includes both active and idle periods, waiting time
specifically measures the inefficiencies introduced by resource unavailability. It
is computed as the difference between the job flow time F; and the cumulative
processing time of all operations assigned to that job [7, 10]:

o
Wi=F - ) 0. (11)
k=1

Excessive waiting times can lead to reduced system efficiency, production
bottlenecks, and increased lead times. As a result, minimizing job waiting time
is essential for improving system throughput, achieving better synchronization
between jobs, and optimizing resource allocation.
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4.4. Machine idle time

The machine idle time [ represents the total period during which machines
are not engaged in any operation within a given schedule. This metric directly
measures the degree of resource underutilization, making it a crucial indicator
of scheduling efficiency. Machine idle time is calculated individually for each
machine as the difference between the completion time of the last assigned
operation E; and the cumulative processing duration of all operations executed
on that machine O;. If a machine has not been assigned any operations, its idle
time is considered zero and is excluded from the final evaluation [17]:

1= Z max (0, (E; — 0;)). (12)
i=1

5. Experimental study and computational results

In order to evaluate the performance of the proposed heuristic for the FJSP-
SDSTTTME, a selection of benchmark test instances from the literature was
utilized, specifically those developed by Adams et al. [1], Fisher et al. [7], and
Demirkol et al. [6]. These instances, originally designed for the classical Job
Shop Scheduling Problem, were systematically adapted to align with the newly
formulated FISP-SDSTTTME model. To transform the JSP instances into FISP
instances, the original number of machines was interpreted as the number of
machine types. The actual number of machines available for each type was then
randomly sampled from a normal distribution with values ranging from 2 to 4,
introducing an additional layer of flexibility in machine assignments. Further-
more, to better reflect the complexities encountered in real-world manufacturing
environments, additional constraints such as sequence-dependent setup times and
transportation times were incorporated. The setup and transportation times were
randomly drawn from a normal distribution within the range of 1 to 5, simulating
the variability in industrial scheduling scenarios.

To establish a baseline for performance evaluation, an initial experimental
configuration was implemented in which all machines were assumed to oper-
ate at full efficiency. Specifically, the machine efficiency coefficient, denoted as
ME (0’]'(), was set to 1 for all machines, indicating optimal operational conditions
where no additional delays were introduced due to machine efficiency.

Computational experiments were conducted for each of the proposed priority
rules to assess their impact on scheduling performance. These rules, as described
in Section 3, were applied sequentially, allowing for an isolated evaluation of their
individual effectiveness in solving the scheduling problem. Each experiment
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systematically examined the influence of distinct rule-based decision-making
strategies on key scheduling performance indicators.

The FTO06 instance from Fisher [7] was selected as a representative case study
for detailed analysis. For this instance, the FIFO priority rule, which yielded
the best performance in terms of makespan minimization, was chosen for a
more in-depth visualization of the scheduling process. The following graphical
representations (Figs. 1-4) were generated for this instance.
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Figure 1: Gantt chart illustrating job scheduling for the FT06 instance (FIFO) with machines
operating at full efficiency (ME(0) = 1)

Operations: 21| 41|61  Conflict Time:0  Machine: 2.1 Operations: 41161  Conflict Time:0  Machine: 2.2
Operations: 11| 31|51  Conflict Time:0  Machine: 3.1 Operations: 31|51  Conflict Time:0  Machine: 3.2
Operations: 15|24  Conflict Time:32  Machine: 6.2 Operations: 1.6 | 6.5  Conflict Time: 47  Machine: 5.1

Figure 2: List of job conflicts in the FT06 instance (FIFO) with machines operating at full
efficiency (ME(O}'() =1)
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Figure 3: Gantt chart representing sequence-dependent setup times for the FTO06 instance (FIFO)
with machines operating at full efficiency (ME(O}) = 1)
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Figure 4: Gantt chart illustrating transportation operations in the FT06 instance (FIFO) with
machines operating at full efficiency (ME (0;{) =1)
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These visualizations provide valuable insights into the dynamics of the
scheduling process, demonstrating how job sequencing, setup dependencies, and
transportation constraints influence the final schedule. The results for all test
instances were subsequently structured in tabular format (Table 1), enabling a
comprehensive comparative analysis of the heuristic’s efficiency under various
operational conditions.

Table 1: Job assignment and routing for the FT06 instance (FIFO)

Job Job routing r d;
1 M3(1) - M1(3) - M2(6) - M4(7) - M3(6) - M5(6) 0 0
2 M2(8) - M3(5) - M5(10) - M6(10) - M1(10) - M4(4) 0 0
3 M3(5) - M4(4) - M6(8) - M1(9) - M2(1) - M5(7) 0 0
4 M2(5) - M1(5) - M3(5) - M4(3) - M5(8) - M6(9) 0 0
5 M3(9) - M2(3) - M5(5) - M6(4) - M1(3) - M4(1) 0 0
6 M2(3) - M4(3) - M6(9) - M1(10) - M5(4) - M3(1) 0 0

In the second phase of the computational experiments, the machine efficiency
factor was introduced to simulate more realistic operational conditions, reflect-
ing the performance variations commonly observed in industrial manufacturing
environments. Specifically, for each machine type, the efficiency coeflicient for
the first machine was set to ME (0’,'() = 1, indicating maximum efficiency. The
efficiency for each subsequent machine was systematically reduced by 0.25, with
a lower bound constraint ensuring that no machine operated with an efficiency
below 0.5. This adjustment was designed to model the effects of wear, aging, and
operational degradation that occur over time in real-world production systems,
where machines do not consistently maintain their optimal performance levels.
Following this modification, the same set of benchmark test instances was re-
evaluated under the updated efficiency constraints. The proposed heuristic was
again applied for each of the priority rules, and its performance was assessed
based on key scheduling metrics.

As in the first phase, the FT06 instance from Fisher [7] was analyzed in de-
tail for the previously chosen FIFO priority rule. The following visualizations
(Figs. 5-8) were generated to illustrate the impact of machine efficiency degra-
dation.

These results, systematically presented in tabular format (Table 2, Table 3),
illustrate the impact of varying machine efficiency on scheduling outcomes, with
a particular focus on makespan minimization. The comparative analysis of the
first and second phases highlights the effects of machine efficiency degradation
on scheduling flexibility, job conflicts, and overall resource utilization.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

A NOVEL HEURISTIC METHOD FOR FLEXIBLE JOB-SHOP SCHEDULING PROBLEM
WITH SEQUENCE-DEPENDENT SETUP TIME, TRANSPORTATION TIME. .. 497

Table 2: Comparison of scheduling performance across different priority rules under base machine
efficiency conditions (ME (02) =1)

Instance Size Priority rule | Cmax Fmax  Favg  Wmax Wavg I
FIFO 65 65 56 31 23.17 395
LIFO 74 74 5867 36 2583 390
SPT 73 73 57 2% 2417 358
FT06 6x6x6 LPT 71 71 5683 31 24 400
EDD 74 74 575 39 2467 390
LWR 74 74 575 39 2467 390
FIFO 742 742 5911 145 802 8283
LIFO 794 794 584 144 731 7327
SPT 787 787 5869 149 76 7287
FT10 1051010y oy 720 729 6133 196 1024 8076
EDD 849 849 5808 194  69.9 7443
LWR 840 840 5803 185 694 7177
FIFO 777 777 57715 505 3217 1670
LIFO 768 768 48945 531 234 1946
SPT 812 812 450 437 19455 1568
FT20 20x5x3 LPT 732 732 5542 527 29875 1568
EDD 813 813 4534 438 19795 1963
LWR 845 845 44865 470 1932 1604
FIFO 526 526 45805 133 8595 11741
LIFO 653 653 44815 196  76.05 11330
SPT 616 616 4597 163  87.6 12254
ABZ9 205X A5 pp 538 538 4582 199  86.1 11820
EDD 650 650 4524 193 803 11950
LWR 650 650 45225 193  80.15 11953

FIFO 2500 2500 1849.8 812 403.2 32699
LIFO 2699 2699 185393 1167 407.33 36883
SPT 2833 2833 18213 1045 37477 35780
LPT 2327 2327 1879.67 970  433.07 35481
EDD 2582 2582 1854.57 751  407.97 36197
LWR 2631 2631 1848.97 898 40237 36299

RCMAX 30_15_1|30x15x 15

FIFO 2776 2776 2321.05 1254 813.33 44145
LIFO 3526 3526 224245 1958 73473 50400
SPT 3267 3267 2104.05 1591 596.33 45552
LPT 3540 3540 2388.53 2206 880.8 48827
EDD 3889 3889 2159.23 2016  651.5 51321
LWR 3753 3753 217228 1880 664.55 59189

RCMAX 40_15_5|40x 15x 15

FIFO 3073 3073 2486.86 1453 898.96 41953
LIFO 4201 4201 2333.62 2594 745.72 53582
SPT 4001 4001 2300.44 2290 712.54 45096
LPT 3890 3890 2511.24 2473 92334 63635
EDD 4041 4041 2318.74 2177 730.84 51524
LWR 4140 4140 2314.1 2280 7262 61044

RCMAX_50_15_3 | 50x 15 % 15
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Table 3: Comparison of scheduling performance across different priority rules under variable
machine efficiency conditions (ME(0%) € (0.5;1))

Instance Size Priority rule | Cmax Fmax Favg Wmax Wavg I
FIFO 75 75 6067 35 2783 46l
LIFO 83 83 61 36 2817 416
SPT 76 76 5967 36 2683 411
FT06 6x6x6 LPT 73 73 5983 36 27 471
EDD 76 76 5967 36 2683 377
LWR 76 76 5967 36 2683 377
FIFO 813 813 6711 237 1602 9052
LIFO 886 886 6535 231 1426 8289
SPT 85 825 643 194 1321 7828
FT10 10510101 by 862 862 6905 263 1796 9313
EDD 861 861 6467 206 1358 7819
LWR 934 934 6635 279 1526 8714
FIFO 802 892 64685 643 3914 1834
LIFO 780 789 53545 541 280 1767
20 x5S SPT 888 888 527.15 513 2717 1870
LPT 848 848 6536 645 398.15 2071
EDD 879 879 51515 504 2597 2111
LWR 925 925 5043 550 24885 2048
FIFO 628 628 51455 226 14245 13065
LIFO 705 705 51665 248 14455 12586
SPT 641 641 51575 224 14365 12968
ABZ9 205X A5 1 By 609 609 5146 237 1425 12529
EDD 675 675 51955 260  147.45 13302
LWR 675 675 51865 260 14655 12848

FIFO 2762 2762 2121.7 969 675.1 38140
LIFO 2756 2756 2123.83 1327  677.23 43210
SPT 3038 3038 2061.07 1224 614.47 39509
LPT 2810 2810 213833 1205 691.73 38539
EDD 2949 2949 204733 1242 600.73 40471
LWR 3029 3029 2058.57 1322 611.97 41434
FIFO 3132 3132 2546.03 1767 1038.3 42165
LIFO 3471 3471 2439.43 1782  931.7 48204
SPT 3634 3634 2414.1 1945 906.38 46597
LPT 3956 3956 263793 2449 1130.2 60318
EDD 3564 3564 2407.07 1840  899.35 45520
LWR 3638 3638 241235 1949 904.63 52017
FIFO 3344 3344 2786.38 1806 1198.48 40860
LIFO 4001 4001 2755.64 2227 1167.74 55155
SPT 3656 3656 2660.84 2131 1072.94 42144
LPT 4563 4563 3001.24 3053 1413.34 63394
EDD 4611 4611 272732 2747 1139.42 60937
LWR 4042 4042 2688.34 2247 1100.44 55132

RCMAX 30_15_1 |30x15x 15

RCMAX 40_15_5 | 40x15x 15

RCMAX_50_15_3 [ 50x 15 x 15
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Figure 5: Gantt chart illustrating job scheduling for the FT06 instance (FIFO) with variable

machine efficiency (ME(0!) € (0.5;1))
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Figure 6: List of job conflicts in the FT06 instance (FIFO) with variable machine efficiency

(ME(O}) €(0.5:1))

6. Computational results analysis and conclusion

The analysis of the performance of various priority rules in solving the FJSP-
SDSTTTME was conducted across two experimental phases: one with full ma-
chine efficiency (ME(O), ) = 1) and the other with decreasing machine efficiency

(ME (011'{) € (0.5; 1)). This study provides critical insights into the influence of

machine performance on scheduling outcomes.
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Figure 7: Gantt chart representing sequence-dependent setup times for the FTO06 instance (FIFO)
with variable machine efficiency (ME (0};) €(0.5;1))
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Figure 8: Gantt chart illustrating transportation operations in the FT06 instance (FIFO) with
variable machine efficiency (ME(0}) € (0.5;1))
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In the first phase, where all machines operated at full efficiency, the FIFO
priority rule demonstrated superior performance in minimizing makespan. FIFO
consistently outperformed other priority rules by maintaining a relatively bal-
anced distribution of workload across machines. It achieved the lowest makespan
in most instances. Other rules, such as LIFO, SPT, and LPT, produced competitive
results but were less consistent. These rules often led to higher makespans and
more unbalanced workload distributions. Although SPT and LPT were effective
in minimizing completion time for individual jobs, they occasionally resulted in
resource underutilization or bottlenecks, which caused delays and overall ineffi-
ciencies in the schedule.

The second phase of the experiments, where machine efficiency progressively
decreased for each subsequent machine, highlighted the significant impact of
machine degradation on scheduling performance. As machine efficiency declined,
the performance of all priority rules was adversely affected. However, FIFO
remained the most effective rule, although with a noticeable increase in makespan.
For instance, the makespan for FIFO increased from 65 in the first phase to 75
in the second phase for FT06. While this increase was substantial, it was smaller
than the performance degradation observed for other priority rules.

It is worth noting, however, that the consistent superiority of FIFO may be
partially influenced by the structure of the test data or specific characteristics of the
model. Future studies could apply statistical analyses to verify the robustness of
this outcome and confirm whether it generalizes across broader problem classes.

The reduction in machine efficiency had a profound effect on scheduling
performance, emphasizing the critical role of machine degradation in real-world
manufacturing environments. As efficiency deteriorated, priority rules that had
been effective in the first phase experienced significant performance declines.
This was particularly evident in instances with a larger number of machines,
where the machines were less able to maintain their initial processing speeds.
The reduction in machine efficiency led to increased scheduling delays, and these
rules produced less balanced schedules, resulting in longer completion times and
overall lower system performance.

The rules that had performed poorly in the first phase, such as LWR and EDD,
continued to exhibit suboptimal performance in the second phase. These rules,
which are designed to optimize based on earliest due dates or remaining workload,
did not offer significant advantages under conditions of efficiency degradation.
In fact, their makespans further increased, and their ability to optimize resource
utilization was diminished. Their performance proved to be less resilient to fluc-
tuations in machine capabilities, thereby reinforcing the importance of selecting
priority rules that can withstand operational variances and adapt to the changing
performance characteristics of machines.
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7. Summary

This paper presents a heuristic algorithm designed to solve the Flexible Job-
Shop Scheduling Problem with sequence-dependent setup times, transportation
times and machine efficiency constraints, a complex and realistic extension of the
classical Job-Shop Scheduling Problem. The proposed heuristic has demonstrated
exceptional efficiency in addressing the FISP-SDSTTTME, consistently produc-
ing high-quality results in a relatively short computational time. This efficiency
is especially remarkable when considering the added complexity of the three
constraints that are commonplace in real-world manufacturing environments.

A major contribution of this study lies in the incorporation of machine ef-
ficiency as a dynamic and influential factor within the scheduling model. Our
computational experiments reveal the substantial impact of machine efficiency
on scheduling performance. In particular, the model accounts for machine per-
formance degradation, which is represented by a decreasing machine efficiency
coeflicient. This addition highlights the critical role of machine degradation in
shaping scheduling outcomes, particularly in terms of makespan and workload
distribution. The results underscore the importance of factoring in efficiency
degradation when designing scheduling algorithms, as well as the need for adap-
tive scheduling strategies that can accommodate these fluctuations in machine
performance.

In addition to the integration of machine efficiency, the proposed heuristic
algorithm has proven its capacity to handle large-scale instances of the FISP-
SDSTTTME. The algorithm effectively addressed problem instances as large as
50 x 15 x 15, which represents a total of 750 operations distributed across 15
machine types, with the number of machines per type ranging from 2 to 4.
Notably, the algorithm solved these large instances without difficulty, main-
taining relatively short execution times, with the maximum observed runtime
being approximately 600 ms. These results not only demonstrate the scalabil-
ity of the algorithm but also highlight its potential for practical applications in
industrial environments, where large-scale scheduling problems are a common
occurrence.

In conclusion, the proposed heuristic algorithm offers a robust and effective
solution to the Flexible Job-Shop Scheduling Problem with sequence-dependent
setup times, transportation times and machine efficiency constraints, providing
both high performance and computational efficiency, even for large-scale in-
stances. The integration of machine efficiency into the scheduling model has
proven to be a pivotal factor in enhancing overall scheduling outcomes, posi-
tioning the algorithm as a valuable tool for addressing real-world manufacturing
challenges.
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While the model captures several important aspects of real-world systems,
it does not yet account for factors such as uncertain processing times, operator-
related variability, or multiple transport modes, which may be relevant in specific
industrial contexts. The inclusion of such practical factors, along with the vali-
dation of the algorithm in an industrial case study, is left as a direction for future
work.

As a result, the proposed method offers significant promise for practical
applications in industries where flexible and efficient scheduling solutions are
required and provides a solid foundation for future research aiming to address
even more complex scheduling environments.
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