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investigates the optimization of a CHFS problem using the Teaching Learning-Based Optimization
(TLBO) algorithm. Effective CHFS is crucial for achieving production balance, reducing costs, and KEYWORDS
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improving customer satisfaction. The authors formulate the CHFS scheduling problem and propose Cost optimization
applying the TLBO algorithm to minimize total costs, including labor, energy, maintenance, and Hybrid flowshop
delay expenses. The performance of the TLBO technique is evaluated through computational Scheduling
experiments on various CHFS problem instances. The results demonstrate the effectiveness of the TLBO algorithm

TLBO algorithm, which achieved the best results in 42% of the test cases, surpassing other
algorithms like the Grey Wolf Optimizer and Particle Swarm Optimization. Additionally, the TLBO
algorithm had the highest average performance ranking across the comparative algorithms. The
study highlights the potential of the TLBO algorithm as an efficient optimization tool for complex
manufacturing scheduling problems.

1. INTRODUCTION

The hybrid flow shop scheduling (HFS) problem has been extensively studied due to its significance in manufacturing
and its impact on production systems. The HFS is an intricate combinatorial problem involved in many real-world
scenarios [1]. The study of HFS problems arises from the need to optimize production processes and enhance overall
operational efficiency. Efficient scheduling in a hybrid flowshop environment can lead to balanced production, cost
reduction, improved customer satisfaction, and a competitive edge in the manufacturing and production industries.

Cost optimization in manufacturing processes is of paramount importance [2]. Cost reduction helps manufacturers
minimize related expenses such as labor, energy, material, and overhead, leading to improved profitability in the market.
Cost optimization in the manufacturing process is crucial for profitability, resource efficiency, productivity,
competitiveness, budget control, sustainability, and adaptability in a dynamic marketplace [3]. Furthermore, cost
optimization is vital for staying competitive, embracing lean principles, driving continuous improvement, managing risks,
supporting investment and growth, optimizing the supply chain, complying with regulations, and delivering value to
customers. It is a multifaceted approach that permeates all aspects of a manufacturing organization and contributes to its
overall success.

There are plenty of scheduling algorithms that have been used by many researchers [4]. In the beginning, researchers
used the heuristic approach to optimize scheduling problems. The heuristics algorithms include first come first serve
(FCFS), earliest due date (EDD), shortest processing time (SPT) and longest processing time (LPT) [5]. On top of these
heuristics techniques, practitioners also developed advanced optimization tools and techniques known as metaheuristics.
Metaheuristics are high-level optimization tools that are capable of providing near-optimal solutions [6]. The well-
established metaheuristic algorithms for optimization problems include Ant Colony Optimization (ACO), Particle Swarm
Optimization (PSO), and Genetic Algorithms (GA) [7], [8], [9]. Besides these algorithms, other algorithms such as
Differential Evolution (DE) and Harmony search (HS) have also been explored for HFS scheduling optimization problems
[10], [11]. However, these scheduling algorithms have limitations in terms of problem type and size. It should be noted
that each of the metaheuristic algorithms has a different working mechanism and approach to solve optimization problems.
Each algorithm has limited capacity to tackle the scheduling problem technicality and adapt itself according to problem
size and complexity. There is a need for efficient algorithms to solve complex permutation problems if the problem size
and dimension vary.

Teaching learning-based optimization (TLBOQ) algorithm is a powerful population-based algorithm introduced by Rao
in 2011 [12]. Since then, this algorithm has been employed in multiple fields, such as chemistry, engineering, computer
science and economics. The TLBO algorithm works based on the teaching and learning process in a classroom. In
literature, this algorithm has shown promising results for scheduling problems. Its potential for scheduling problems lies
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in its ability to navigate the search space efficiently. By mimicking the teaching and learning process, TLBO can guide
the search towards promising solutions while allowing for exploration to avoid getting trapped in local optima.

The rest of the paper is structured in the following manner: Section 2 reported the related works on HFS scheduling
and optimization techniques. Section 3 formulates the cost-based hybrid flowshop (CHFS) scheduling problem, followed
by the proposed TBLO algorithm in section 4. The computational experiment setup was organized in section 5. Section
6 displays the computational experiment results. The conclusion of the paper can be seen in section 7.

2. RELATED WORKS

In CHFS, most of the prior work encountered the makespan with energy cost optimization. In one paper, the energy
cost optimization problem was addressed with unrelated parallel machine (UPM) scheduling [13]. In this scenario, each
job goes through k stages, where each stage consists of ms UPM. The advantage of UPM is its increased processing
capacity due to the availability of multiple machines for each operation. Besides this, the total production cost, including
maintenance and emergency repair costs, was used as a fitness function utilizing the distributed HFS (DHFS) [14]. Some
other published work focuses on the optimization of the total cost, including raw material, vehicle, production, delivery,
and tardiness [15].

As claimed earlier, energy cost optimization is the topmost objective function considered by researchers in their work.
Regarding the energy-efficient HFS (EHFS), it was utilized in steel-making plants for energy cost saving [16]. The
advantages of employing EHFS include reduced energy consumption, improved production efficiency, and enhanced
resource utilization. The production cost is the second most frequently considered cost in CHFS problems. In one article,
the production cost captured the cost of production equipment, tools, storage, scrap, materials, energy, and late delivery
[2]. In some studies, production cost refers to transportation, labor, and maintenance costs [9], [17]. On top of these,
penalty costs were also optimized, which is associated with the late delivery of jobs [18].

Regarding the optimization techniques for the CHFS problems, various metaheuristics were implemented. Among the
popular metaheuristic algorithms used for optimization problems are Genetic Algorithms (GA), Particle Swarm
Optimization (PSO), and Differential Evolution (DE). For instance, in a paper published in 2019, GA was used to reduce
total production costs, including transportation and energy costs [9]. Modified versions of GA, such as multi-layer
encoding GA (MLEGA) and hybrid GA (HGA), have been employed to optimize production scheduling and reduce
overtime costs, respectively [19], [20]. GA has been chosen for its performance, flexibility, and robustness in CHFS
optimization. Improved GA versions, such as (IGA) with local search (LS), have shown effectiveness in solving CHFS
problems quickly [21]. Other algorithms, such as Q-learning and general variable neighborhood search-driven non-
dominated sorting GA (QVNS-NSGA-I1), have also been used to optimize various costs in CHFS [22].

The PSO was used to optimize production costs, including maintenance and energy [3]. Modified versions of PSO,
such as the hybrid PSO (HPSO) with Heuristics or Genetic algorithms, have been developed to improve solution quality
and convergence speed [23]. PSO has been chosen for its simplicity, fast convergence, and ability to handle complex
optimization problems. The discrete version of PSO (DPSO) has shown consistent and superior performance in various
scenarios [8]. PSO can also be hybridized with other algorithms, such as Variable Neighborhood Search (VNS) or
Improved Spider Monkey Optimization (I-SMO), to achieve more effective and efficient results [24], [25]. It serves as a
base algorithm for comparative analysis and evaluation in optimization problems.

Researchers have applied the Differential evolution (DE) algorithm in various studies of CHFS to optimize production
scheduling, processing costs, load balancing costs, delay costs, and energy costs [26]. Modified versions of DE, such as
double population self-adaptive differential evolution (DPSADE) and bi-objective differential evolution (BODE), have
been employed to enhance its performance in specific contexts [26]. DE has demonstrated effectiveness in solving CHFS
problems and providing better results compared to similar metaheuristic algorithms. It offers advantages such as effective
production cost optimization and superior solutions for load-balancing problems. The combination of DE with local
search LS or other techniques further improves its optimization capabilities in CHFS.

The TLBO algorithm has attracted many researchers as it has great potential to optimize CHFS scheduling problems.
Normally, the improved versions of TLBO were utilized for CHFS problem optimization. In one paper, the makespan
and energy cost were optimized using the Multi-objective TLBO in HFS scheduling [27]. A study was conducted to
investigate an EHFS problem involving additional resources and asymmetric machines. The optimization problem sought
to simultaneously minimize the makespan and the total energy cost. To tackle this problem, the researchers propose an
adaptive two-class teaching-learning-based optimization (ATLBO) algorithm that incorporates multiple teachers. The
ATLBO algorithm is designed to find optimal schedules that minimize both the makespan and consumption of energy in
a complex manufacturing environment [28]. Furthermore, a modified TLBO (mTLBO) algorithm was used to solve the
re-entrant HFS scheduling problem (RHFSP) with an objective function of total tardiness and makespan [29]. In the green
manufacturing era, reducing the consumption of energy should also be fully encountered in HFS scheduling problems.
For this purpose, researchers propose a novel teachers' teaching-learning-based optimization (TTLBO) algorithm, which
aims to optimize the total energy cost and the overall tardiness simultaneously [30].

Extensive research has been carried out to optimize various cost functions in the context of HFS scheduling problems.
To the best of the author’s knowledge, none of the studies focus on optimizing holistic cost models in HFS scheduling
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using the standard TLBO algorithm. The contribution to this work is as follows: (a) A holistic cost model capturing four
cost components, labor, electricity, maintenance, and late penalty cost simultaneously as a single optimization objective
was established. (b) Conducting a comparative analysis of the TLBO algorithm through computational experiments with
other metaheuristics to optimize the total production cost.

2.1 Problem Formulation
2.1.1 Problem description

The HFS scheduling problem with non-identical machines involves N jobs that must be processed through S stages in
a predetermined order, with multiple parallel machines available at each stage. The two key decision variables are
determining the job processing sequence at each stage and assigning jobs to specific machines. These decisions can
significantly impact the makespan and total production cost, which have a tradeoff relationship. To address this challenge,
the authors made certain assumptions in their investigation to optimize the CHFS scheduling problem using the TLBO
algorithm, such as:

» No pre-emptive actions are allowed; current operations cannot be interrupted by new tasks.
 The data of problem are assured.

« All machines are available at initial time.

« An infinite buffer exists between two processes.

» Each machine can handle only one job at a time.

« Each stage allows only one machine to process each job.

« Each job must follow the specified process order without deviation.

» Unnecessary processes can be bypassed.

« Setup and transportation times are encountered in the overall processing time.

« All orders are finalized before the scheduling period begins.

2.1.2 Notations
For a better understanding of the problem, some notations were defined:
Indexes:

J: Represents the index of jobs, withj=1, 2, ..., n.

s: Represents the index of stages, withs=1, 2, ..., n.

I: Represents the index of jobs on a single machine, with 0 </ <n.

m: Represents the index of machines at each stage, withm =1, 2, ..., m;.

Parameters:

J: Overall jobs

S: Total stages

Ms: Number of machines exists on each stage s

tj,s.m: Process time of job j on machine m at stage s (minute)

Cj: Finish time of job j (minute)

Dj: Due date of job j (minutes)

Cmax: Makespan (in minutes)

psm: power rating for machine m at stage s (Watt)

rsm: Periodical maintenance cost for machine m at stage s (in MYR)

trsm: Maximum operating duration before maintenance for machine m at stage s (in minutes)

2.1.3 Mathematical modeling

This paper aims to optimize production costs in hybrid flowshop (HFS) scheduling. Four cost factors were considered
in determining the total production cost as the optimization objective. These factors are labor cost, energy cost,
maintenance cost, and delay costs. Each of these costs is formulated as follows:

Labor cost (CL) is the payment made to workers for their services in performing a particular job within a defined
period. In this study, Cy is considered constant and is based on an hourly pay rate. It is assumed that each machine requires
one worker to operate it. The labor cost C, can be obtained by multiplying the total time of operation of all machines with
the hourly wages. The time of machine operation is typically measured in minutes. Here, J represents overall jobs, S
represents all stages, and M represents the total number of machines. The variable tjsm denotes the total machine
processing time in minutes. Additionally, ajsm is a binary variable subject to certain constraints, as expressed in equation

(0).
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S

J M
Hourly payrate
L= <ZZ Z fsm ” aism) X ( 60 )

]:]_ s=1m=1 (1)
{1, if job j is processed on machine m at stage s
Qysm = :
0, otherwise

The electricity cost, denoted as (Ck), specifically refers to the electricity consumed by the machines during operating
duration. Other electrical charges, such as ventilation and lighting, were excluded, as well as the power consumed by
machines in standby mode or idle state. The power consumption of each machine is considered when calculating Ce. The
power rating of each machine is multiplied by its operating duration, and the result is converted into kilowatt-hours (kWh).
This study deals with non-identical machines, meaning that machines within the same stage may have different power
ratings, which affects overall power usage. In equation (2), the first term is the total consumption of energy in watt-
minutes. To convert into kWh, the second term was multiplied and taken into the product by the mean electricity tariff to
obtain the total energy cost. The variable psm represents the power rating of machines in watts.

] s
Avg. electricity tarifft
Cg = <Z Z tjsm *Psm * ajsm) X ( ) (2)
1

o 60 x 1000
j=1 s=1m=

M

The maintenance cost (Cwm) refers to the expenses incurred to keep machines in optimal working condition.
Maintenance activities can be broadly categorized as preventive and corrective, but this study focuses exclusively on
schedule-based maintenance. The maintenance cost is associated with regular servicing and upkeep based on the
stipulated maximum operating time for each machine model. The operating time and corresponding cost of maintenance
for each machine may vary. To determine the number of maintenance cycles required, the total operation time of machine
m at stage s (Tsm) is divided by the maximum operating duration of machine m at stage s (trsm). This result is rounded
up to calculate the number of maintenance cycles, as shown in equation (3).

S M Tsm
Cn = Z Z [trsm] X Tsm ®)

s=1 m=1

Delay cost (Cd) is a charge imposed on the manufacturer when they fail to deliver orders on the due date. In this work,
late penalties are incurred if an industry cannot complete the requested orders on time. The late penalty is applied daily,
meaning that for each day a job remains overdue, the penalty cost increases. The duration of the delay influences the
magnitude of the late penalty cost. Where C; represents the completion date of a job, and the due date is represented by
D;. The lateness factor, denoted as Y; and defined in equation (4), quantifies the extent of the delay. The total late penalty
cost, Cp, can be computed using equation (5).

G
%= (5= ),
Daily working time in minutes @)
Y]- —
0 else
]
Cq = Z Y; x delay charges per day (5)

j=1

3. TEACHING-LEARNING-BASED OPTIMIZATION ALGORITHM

The Teaching-Learning-Based Optimization (TLBO) algorithm is a bio-inspired metaheuristic optimization algorithm
[12]. It works on the analogy of the teaching and learning process inside a classroom. This algorithm works by simulating
two fundamental processes of teaching and learning: the teacher's effort to enhance the knowledge of the entire classroom
by average and the learners' tries to gain knowledge from any random partner in class. The TLBO algorithm is designed
to execute complex continuous optimization problems by iteratively improving a population of candidate solutions. TLBO
operates in two phases: The Teacher phase and the Learner phase. The TLBO is initialized with random candidate
solutions and passes through the teacher and learner phases before going to the next candidate solution. Each phase is
discussed separately below based on the flowchart, as shown in Figure 1.

In the teacher phase, the teacher declares the solution corresponding to the best fitness, while all other solutions are
considered by students. In essence, students learn from the teacher and try to move closer to its higher quality solution.
After the Teacher phase, the Learner phase begins, where solutions randomly interact with their partners to learn from
them. However, if the partner has inferior knowledge than the best student, the partner will try to learn from the best
student and increase the knowledge. In this way, the algorithm generates the new candidate solutions and tries to
determine the best fitness under a set of constraints. Initially, the random numbers for candidates’ solutions are generated
based on the formula X= L+ rand. *(U-L). where L is the lower bound, U is the upper bound, and rand represents a
random number between 0 and 1.
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3.1  Teacher Phase

The main aim of TLBO is to determine the updated fitness function based on the newly generated solutions for the
decision variables. In the teacher phase, the expression Xnew=Xold +r (Xbest - Tf*Xmean) is used to calculate the new
solution for the decision variables. Where Xold represents the current candidate solution, r is the random number taken
between 0 and 1. The Xbest is known as a teacher, which corresponds to the best fitness value. Tf is called the teaching
factor with a value of either 1 or 2, and it can be found using Tf=round (1+rand). The Xmean is the average of decision
variables for all candidates’ solutions. Once Xnew is found within the specified range of defined bounds, the
corresponding fitness value will be calculated. Subsequently, the newly computed fitness value will be compared with
the existing one. If the new fitness value improves, the older fitness and decision variable will be replaced with the new
one, otherwise the old values will be considered.

3.2  Learner Phase

In the Teacher phase, the updated solution will pass through the Learner phase before going to the second candidate
solution. The search for the new solution Xnew depends on the choice of a random partner Xp. The comparison of fitness
values is crucial in this phase, and the following expressions are employed to calculate Xnew based on the comparison of
fitness values, as shown in equations 6 and 7.

C s D

Population analysis

Calculate Mean of all decision variables for all candidates solutions
Assign solution corresponding to best fitness as teacher

Solution modification based on teacher
Knew = Xoig ¥ 7 ( Xpest - Tr ™ Ximean )

Yes Update the solution

Replace Xy With Xey
Replace old fitness with new one

keep Xy and
old fitness Is the X,q,, Is better than

old solution ?

Passing updated solution from learner phase

A

Select any random partner X,, for the current candidate solution X;

is the fitness of partner is better
than current Candidate fitness ?

Hew=Xoig - (X, 'Xa} Hoew =Ko 1 XG- Xp )

No

Yes Update the solution

Replace Xy With Xpe,y
Replace old fitness with new one

Keep X,y and old fitness and go
for next candidate solution

I5 the Xpg,, is better than
old solution ?

Mo

is the iteration completed ?

Figure 1. TLBO flowchart

If f > fp,then Xnew

Xold — r * (Xold - Xp) (6)

If f < fp,then Xnew = Xold + r * (Xold - Xp) (7

where Xold represents the current candidate solution, Xp is the partner solution, and r is a random number between 0 and
1. The corresponding fitness value is determined based on Xnew. The greedy selection is conducted to look for new fitness
value improvement. The same process will be conducted for all the candidate solutions until the termination criteria are
met.
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The TLBO algorithm is successfully implemented for various scheduling problems. The algorithm can explore the
search space and its simple implementation makes it a suitable choice for solving these complex optimization problems.
In a paper, the TLBO was tested for combinatorial optimization scheduling problems of job shops and flowshop
scheduling cases [31]. Experiments showed that the TLBO has great potential when compared with the heuristic
approach for scheduling problems. Besides this, another study presents a variant version of TLBO, where various weights
are allocated to the "students" (candidate solutions) during the learning stage. Higher weights are allotted to the students
with better solutions. Three distinct approaches were explored for assigning these weights. This TLBO was applied to
shop scheduling problems [32]. The TLBO algorithm is implemented to solve the NP-hard Job Shop Scheduling Problem
(JSSP) to find the optimal schedule to get the minimum makespan. TLBQO's performance is appraised by solving 10
Taillard benchmark problems and comparing the results with Artificial Immune System (AIS) and Differential Evolution
(DE) algorithms. The results demonstrate that TLBO is an effective evolutionary algorithm for developing the finest
operation scheduling solutions for JSSP [33]. The TLBO algorithm was also used for energy optimization in smart homes,
demonstrating more effective results compared to other metaheuristics [34].

Since TLBO was designed for continuous problems, cost optimization problems in scheduling are often combinatorial.
Hence, a decoding scheme must be applied to TLBO to optimize CHFS scheduling problems. TLBO can be adapted for
cost optimization in various other scheduling problems, such as vehicle routing, workforce scheduling, or production
scheduling, by formulating the fitness function to represent the relevant cost factors specific to the problem domain. An
integrated cost model was established to optimize the CHFS problems using the TLBO algorithm. While implementing
TLBO, a permutation-based solution representation was encoded where each solution represents the job sequence on each
machine. Then, the random candidates’ solutions were generated. Consequently, the rest of the TLBO steps were applied,
such as teacher, learner, and evaluation till the termination. The TLBO algorithm was chosen to solve the CHFS problem
due to its proven effectiveness in tackling complex optimization problems across various domains.

4. COMPUTATIONAL EXPERIMENT SETUP

A computational experiment was performed to evaluate the performance of the TLBO algorithm in optimizing the
developed (CHFS) model. The hypothetical dataset defined by Carlier and Neron was utilized for this purpose [35]. This
dataset is commonly used to evaluate HFS scheduling problems. It consists of 12 test benchmark problems with varying
dimensions and sizes, ranging from 10 to 15 jobs, 5 to 10 stages, and varying machine configurations across the problems.
The experiment aimed to assess the effectiveness of the TLBO algorithm for the CHFS model using the diverse set of
benchmark problems from the Carlier and Neron dataset. The varying problem dimensions and machine configurations
provided a comprehensive test environment to evaluate the algorithm's performance and robustness. In each of the
benchmark problems, the following assumptions were considered: (1) The machines available at different stages were
non-identical, confirming their different power ratings; (2) The labor cost per hour was set to MYR12; (3) A penalty
charge of 5 MYR per minute was imposed. These assumptions were strictly followed when feeding the benchmark
problems into the CHFS model.

To check the strength and solution quality of the TLBO algorithm, comparative algorithms based on three factors
were selected: popularity in the literature from 2010 to 2022, well-established metaheuristics and recent algorithms from
2021 to 2024. A total of 5 algorithms were chosen for comparison. The list of selected comparative algorithms are as
follows:

« Particle Swarm Optimization (PSO) [36]

 Genetic Algorithm (GA) [37]

» Goose Algorithm (GOO) [38]

» Dwarf Mongoose Optimization Algorithm (DMOA) [39]
» Gray Wolf Optimizer (GWO) [40]

For the experiments, the population size was kept at 30 for all optimization algorithms with iterations of 300 and
optimization runs of 10. The jobs' processing times were generated in the range of {3, 20}. Table 1 showcased the details
of each test instance, comprising the stages, number of jobs and machines at each stage. The experiment was done using

MATLAB on a Dell Latitude 7480 laptop with 8 GB RAM, a 64-bit operating system, and an Intel(R) Core (TM) i5-
6300U CPU @ 2.40GHz 2.50 GHz processor.

Table 1. Benchmark test problem configurations

Test Problem Jobs Stages Machines on each stage
J10c5a2 10 5 22122
J10c5b1 10 5 12222
J10c5¢cl 10 5 33233
J10c5d1 10 5 33333
J10c10a2 10 10 2222122222
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Table 1. (cont.)

Test Problem Jobs Stages Machines on each stage
J10c10b1 10 10 1222222222
J10c10cl 10 10 3333233333
J15c5al 15 5 33133
J15c5b1 15 5 13333
J15c¢5¢1 15 5 33233
J15c10a2 15 10 3333133333
J15c10b1 15 10 1333333333

5. RESULTS AND DISCUSSION

The computational experiment results for the CHFS model using benchmark problems by several proposed
metaheuristics algorithms can be seen in Table 2. Based on the results obtained, none of the single algorithms dominated
the performance in all indicators and problems. Some of the best results in different indicators can be observed in TLBO,
GWO, and DMOA. These computational results revealed interesting insights into the performance of proposed
metaheuristics. The fundamental indicators such as average fitness (AVG), standard deviation (SD), maximum fitness
(Max), minimum fitness (Min) and the average computational time (CT) were determined to see the strength and
efficiency of algorithms while optimizing CHFS benchmark scheduling problems. In problem “ j10c5a2”, j10 represents
10 jobs, c5 shows five stages, and a2 is the machine’s configuration in each stage.

Table 2. Computational experimental results

Problem Indicator DMOA GA GOO GWO PSO TLBO
J10c5a2 AVG 961.71 1340.38 1410.49 998.56 1199.71 975.82
SD 110.44 208.21 266.37 132.09 235.06 71.45

MAX 1165.66 1679.45 2048.773 1291.11 1709.72 1082.30

MIN 768.52 964.97 1011.98 867.85 933.60 881.49

CT 21.18 11.95 7.12 13.24 13.42 25.04

J10c5b1 AVG 911.35 1065.27 1441.15 999.49 1112.47 930.11
SD 88.12 157.12 115.17 97.57 156.43 185.69

MAX 1086.63 1393.21 1555.44 1136.76 1346.12 1239.55

MIN 798.87 912.23 1211.47 861.93 834.83 631.28

CT 20.04 12.65 8.24 12.87 11.55 27.51

J10c5¢cl AVG 463.54 525.40 613.43 452.58 486.69 461.53
SD 6.29 106.90 119.84 8.31 53.81 16.32

MAX 477.40 792.54 904.15 466.84 587.92 504.50

MIN 457.03 455 469.82 440.93 449.66 443.75

CT 27.37 16.91 12.36 16.52 15.82 34.69

J10c5d1 AVG 106.85 152.04 312.83 101.44 213.59 99.30
SD 4.23 60.85 174.27 7.67 92.43 5.52

MAX 112.41 241.99 665.02 115.43 408.67 105.69

MIN 97.70 104.12 104.92 88.78 98.77 91.06

CT 39.56 17.17 11.08 16.53 15.47 36.81

J10c10a2 AVG 11202.85 10850.72 12181.50 10430.34 10942.08 9899.75
SD 412.91 589.70 772.53 684.49 600.03 730.78

MAX 11883.58 12154.99 13154.88 11748.67 11840.41 11269.17

MIN 10600.40 10220.34 10846.41 9235.34 10013.02 9023.57

CT 71.92 22.93 12.62 22.25 22.23 49.56
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Table 2. (cont.)

Problem Indicator DMOA GA GOO GWO PSO TLBO
J10c10bl AVG 9681.85 9734.33 10522.60 9396.18 9428.40 8722.01
SD 271.53 518.85 879.52 473.12 581.85 400.12
MAX 10148.55 10720.83 11860.31 10342.97 10483.6 9219.33
MIN 9445.84 8947.85 9020.46 8666.6 8491.04 8103.74
CT 59.62 22.45 17.95 22.35 24.96 57.62
J10c10c1 AVG 6654.46 6255.29 6816.02 5719.11 6043.14 5864.19
SD 291.09 387.37 536.53 738.01 581.81 810.18
MAX 7137.11 6741.53 7595.54 6765.18 6889.40 7226.50
MIN 6198.12 5519.83 5619.56 4579.77 5082.39 4848.28
CT 61.22 31.16 15.12 32.54 29.76 67.18
J15c5al AVG 2857.31 2845.45 3118.12 2566.64 2791.69 2606.89
SD 114.81 262.44 378.40 296.31 203.96 269.68
MAX 3053.11 3128.07 3536.14 2996.96 3093.15 3090.35
MIN 2701.15 2362.80 2240.55 1947.29 2372.88 2239.26
CT 46.94 16.74 8.35 16.65 17.47 35.17
J15¢c5h1 AVG 5238.40 5203.49 5396.76 4650.07 4691.45 4530.68
SD 165.67 364.05 485.63 366.39 400.98 276.19
MAX 5457.48 5633.60 6301.83 5297.51 5521.13 4999.59
MIN 4962.40 4594.18 4610.97 4028.24 4083.22 4181.36
CT 29.64165 18.0835 7.89784114 4650.07 17.49 32.93
J15c5¢l AVG 2565.841 2488.744 2785.595452 2328.36 2375.23 2243.06
SD 136.378 237.1205 247.781023 261.96 245.78 185.18
MAX 2818.168 2713.796 3073.181108 2612.45 2874.16 2449.19
MIN 2382.45 2064.863 2389.831925 1794.17 2092.90 1957.76
CT 34.15145 18.52943 8.07893626 26.88 16.82 33.44
J15¢10a2 AVG 10773.15 9947.449 11241.3985 8844.71 9720.67 9176.30
SD 437.704 563.515 536.0590277 683.44 709.54 895.33
MAX 11288.41 11007.03 11817.12483 9797.31 10660.12 10261.63
MIN 9835.29 9054.851 10048.74753 7571.74 8277.22 7969.95
CT 85.43099 34.48052 17.89630655 55.18 32.19 67.24
J15¢10b1 AVG 11540.96 11022.27 12001.79831 10373.15 9874.39 9881.20
SD 410.6804 678.7138 733.16275 848.84 635.51 553.54
MAX 12117.55 11974.11 13172.03908 11689.99 10717.3 10647.55
MIN 10595.81 9871.47 11153.96908 9191.28 8810.86 9129.43
CT 70.03509 33.1962 17.77376022 48.11 36.65 73.44

The average fitness (AVG) is the average of all fitness after all optimization runs. This indicator represents the overall
performance of an algorithm throughout all runs of optimization. Regarding average fitness (AVG), the TLBO algorithm
consistently achieved best results in 42% of benchmark problems. The second-best algorithm was GWO, obtaining the
best results for mean fitness in 33% of test problems, followed by DMOA in 17% of test instances. In this scenario, the
algorithms with lower performance are GA, GOO, and PSO.

The second indicator is SD, which shows the spread of the obtained solution in each optimization run from average
fitness. The smaller SD value of an algorithm indicates a better exploitation capability. In this category, DMOA obtained
the smaller SD value in 92% of problems while TLBO in 8% of test instances. This is the reason these algorithms
outperformed in maximum test problems in average fitness. In this indicator, the PSO, GOO, GWO, and GA showcased
the worst solutions for all problems. The larger SD value was recorded by TLBO in problem J15¢10a2. The TLBO has
the best fitness in five test instances, followed by SD in one problem. The algorithms GA, GOO, PSO and GWO fail to
achieve better SD.

The Max indicator is the worst solution achieved by an algorithm in all runs of optimizations. Regarding the Max
indicator, TLBO obtained the best result in 58%, while GWO in 25% of test problems. The DMOA achieved better
solutions for the Max indicator in only one test problem, J10c5b1. Another interesting trend is that, in some problems,
the Max indicator for TLBO is even better than the min fitness of other algorithms. As an example, in problem J10c5a2,
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the Max indicator of TLBO is better than the min fitness of PSO. This smaller Max indicator value helps to obtain better
fitness in most test problems by TLBO.

The Min indicator is the best solution among all obtained fitness in all optimization runs, which is discovered by an
algorithm. This indicator shows the effectiveness of an algorithm while optimizing a problem. GWO obtained the best
solution for the Min indicator in 7 problems out of 12, followed by TLBO in 3 problems. The GWO failed to achieve the
Min value in problems J10c5b1, J10c5cl, and J15¢10b1, respectively. In the Min indicator, TLBO in problem J10c5b1
achieved the best solution. The algorithms PSO, GA, and GOO remained ineffective regarding the Min indicator.

The final indicator is CT, which is the average time taken by an algorithm to complete one optimization run. The
GOOSE algorithm (GOO) obtained a smaller value of CT in all test problems. This shows the high convergence and low
exploration capability of the GOO algorithm. It was noticed that TLBO and DMOA recorded the larger CT in all test
problems, which clarifies the better exploration capability while searching for better and quality solutions. Besides this,
GWO, PSO, and GA also showed relatively smaller CT as in some benchmark problems.

The performance ranking based on the average fitness of TLBO can be seen in Table 3. It was observed that TLBO
secured the first position in the average performance ranking, followed by GWO. The PSO, DMOA, GA and ACO
obtained the third, fourth, fifth and sixth ranking positions in terms of average fitness ranking, respectively.

Table 3. Performance ranking based on the average fitness of TLBO
Problem DMOA GA GOO GWO PSO TLBO

J10c5a2 1 5 6 3 4 2
J10c5bh1 1 4 6 3 5 2
J10c5cl 3 5 6 1 4 2
J10c5d1 3 4 6 2 5 1
J10c10a2 5 3 6 2 4 1
J10c10bl 4 5 6 2 3 1
J10c10cl 5 4 6 1 3 2
J15c5al 5 4 6 1 3 2
J15¢5bh1 5 4 6 2 3 1
J15c5c1 5 4 6 2 3 1
J15c10a2 5 4 6 1 3 2
J15¢10b1 5 4 6 3 1 2
Avg Rank 3.9 4.1 6 1.9 3.4 1.5

The head-to-head comparison for TLBO performance can also be seen in below Table 4. The table revealed that TLBO
obtained the worse solutions in two problems when compared with DMOA, while in one problem with PSO. In the rest
of the test problems, none of the algorithms obtained a better solution than TLBO. In short, it was concluded that, in
88.3% of problems, TLBO performed well while providing the worst solutions in 11.7% of test instances.

Table 4. Head-to-head comparison for TLBO performance

TLBO Performance DMOA GA GOO GWO PSO (%)
Better 10 12 12 8 11 88.3%
Equal 0 0 0 0 0 0%
Worse 2 0 0 4 1 11.7%

The Wilcoxon rank-sum test was utilized to assess the significance of the results obtained by TLBO. Its purpose was
to ascertain whether a notable distinction existed between the fitness values derived from TLBO and those of compared
algorithms. The null hypothesis posits that no significant distinction exists between the two sets, while the alternative
hypothesis suggests otherwise. If the resulting p-value surpasses the predetermined significance level (alpha, typically set
at 0.05), the null hypothesis will be delegated. Conversely, if the p-value falls below alpha, the null hypothesis will be
rejected.

The p-value was generated by the Wilcoxon rank-sum test, as shown in Table 5. It was observed that 58% of the p-
values were found below 0.05. This means that in 58% of the problems, there exists a substantial difference between
TLBO fitness and other proposed algorithms. The algorithms that struggled to achieve almost the same fitness as TLBO
in some problems are denoted by (‘*”). In 41% of the problems, the p-value was found above alpha (0.05), meaning that
the fitness of these comparative algorithms was almost aligned with TLBO. Almost all the algorithms contributed to
produce deemed solutions in 1 to 2 test instances, although GWO and PSO have greater contributions regarding these
insignificant results in 6 benchmark problems.
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Table 5. Wilcoxon rank-sum test (p-value)
Problem DMOA GA GOO GWO PSO
J10c5a2 0.8501*  7.6854e-04 4.3964e-04 1* 0.0073
J10c5b1 0.8501* 0.0757*  2.4613e-04 0.3075* 0.0452
J10c5c1 0.1859* 0.0452*  3.2984e-04 0.0757* 0.1859*
J10c5d1 0.0036 3.2984e-04 2.4613e-04 0.6776* 0.0036
J10c10a2 0.0022 0.0073 5.8284e-04 0.1405* 0.0091
J10c10bl 1.8267e-04 7.6854e-04 3.2984e-04 0.0036  0.0073
J10c10cl 0.0211 0.3447* 0.0058 0.7337* 0.4727*
J15c5al 0.0211 0.1212* 0.0058 0.8501* 0.0640*
J15c5hb1  2.4613e-04 0.0013 7.6854e-04 0.4274* 0.1859*
J15c¢5cl  5.8284e-04 0.0312 7.6854e-04 0.3847* 0.2730*
J15c10a2 5.8284e-04 0.0452 3.2984e-04 0.3847* 0.1620*
J15c10bl 2.4613e-04 1.8267e-04 1.8267e-04 0.1212* 0.9097*
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Figure 2. Convergence profiles for CHFS optimization

The convergence profiles for various sizes and dimensions of test problems have been showcased in Figure 2. The
convergence curves reveal some of the distinct features of various proposed metaheuristics algorithms that have been
applied to CHFS problems. In this work, six algorithms were implemented on four variant problems, and their
convergences have been plotted against each other. The TLBO algorithm keeps consistent convergence in all four test
problems till the end of iteration over other algorithms. It was noted that the GWO struggled to achieve the same results
as TLBO. Such behaviors of this algorithm declare stable and reliable optimization outcomes. The GA fitness falls down
suddenly before 50 iterations and then passes through the optimal trap region. The rapid fall before 100 iterations and
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then passing through a steady state path declares the stable refinement and exploration capability of these algorithms to
find the better solution in search space. Such algorithms include DMOA, PSO and GWO. These convergence profiles aid
the researchers, who optimize various optimization problems to choose the most stable and efficient algorithm. To obtain
an appealing structure for convergence plots based on various algorithms, keep the number of iterations from 300 to 500
and optimization runs of 10 to 20.

There are some theoretical reasons behind TLBO's better performance. The TLBO algorithm's superior performance
stems from its efficient balance of exploration and exploitation, achieved through its Teacher and Learner phases. In the
Teacher Phase, the best solution influences the entire population, enhancing convergence speed, while the Learner Phase
promotes diversity by enabling individuals to learn from each other, preventing premature convergence. TLBO's
parameter-free nature simplifies implementation and use, reducing the need for fine-tuning, which is common in other
algorithms. Its robustness and adaptability to various optimization problems, combined with favorable convergence
characteristics and a synergistic blend of global and local search capabilities, further enhance its effectiveness. As a
population-based approach, TLBO leverages multiple solutions concurrently, aiding in avoiding local optima and
ensuring a thorough global search, making it highly effective for complex optimization problems.

5.0 CONCLUSIONS

This study presents the cost-based hybrid flowshop scheduling (CHFS) optimization problem using the Teaching
Learning-Based Optimization (TLBO) algorithm. The CHFS problem model is established for the objective function of
minimizing total production costs such as labor, energy, maintenance, and delay. The TLBO algorithm was implemented
on CHFS scheduling problems. The TLBO algorithm was selected due to its inherent ability to strike a favorable balance
between exploration and exploitation, enabling it to efficiently identify near-optimal scheduling solutions. The proposed
TLBO algorithm was utilized, and the performance was investigated through computational experiments. The results
demonstrated that TLBO was able to outperform other popular metaheuristic algorithms like Grey Wolf Optimizer,
Genetic Algorithm, and Particle Swarm Optimization in terms of solution quality and convergence speed. The TLBO
achieved the best results in 42% of the cases, while the remaining 58% achieved the second-best rank, which demonstrates
the consistency of its performance. The study showcases the potency of the TLBO algorithm in optimizing intricate CHFS
scheduling problems. The experimental findings underscore the potential of the TLBO algorithm to assist with production
scheduling and planning in manufacturing systems.

There are certain limitations that suggest opportunities for future work. Future research could explore multiobjective
formulations, and TLBO implementation in real-world case studies could further validate its practical applicability.
Investigating the hybridization of TLBO with other optimization techniques or the incorporation of problem-specific
heuristics could potentially enhance the algorithm's performance for larger and more complex CHFS problems. The
findings from this research can empower manufacturing managers and production planners to make more informed, data-
driven decisions regarding their scheduling strategies.
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