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Abstract

Optimization is important in metallurgy due to the complexity of processes, the large number of parameters,
and the challenge of finding a balance between cost and quality. Problems associated with the traditional
experimental approach are common due to nonlinearity, multi-objective goals, the high cost of experiments,
as well as the time required for their execution. The application of metaheuristic algorithms has proven to
be effective in solving complex problems. This paper aims to provide an overview of metaheuristic
algorithms and their application in the metallurgical industry.
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1. INTRODUCTION

The complexity of industrial processes, the large number of process parameters, and the diverse
objectives that must be met have made optimization a critical component in the metallurgical
industry. Furthermore, the presence of nonlinear relationships, multi-objective requirements, and
the need to reduce experimental costs has highlighted the importance of optimization not only in
metallurgy but across various industrial sectors. By applying optimization techniques, the duration
and cost of experimental procedures can be significantly reduced, making the overall process more
economical and efficient. This paper examines the use of metaheuristic algorithms in the
optimization of metallurgical processes. These algorithms have shown strong potential in
improving key areas such as casting and melting operations, alloy design, and production
scheduling, thereby enhancing efficiency and overall performance in manufacturing systems [1,
2].

2. METAHEURISTICS

Optimization is a process used to improve performance in both decision sciences and physical
system analysis. To utilize optimization correctly, it is first necessary to identify a goal - a
quantitative measure of the performance of the system being studied. This objective can be profit,
time, potential energy, or any quantity that can be represented by a single number. It depends on
certain characteristics of the system, called variables or unknowns, and it is necessary to find the
values of the variables that optimize the goal [3].

The classification of optimization algorithms can be done in several ways. One way is to divide
them into deterministic and stochastic algorithms. Conventional and classical algorithms mostly
belong to the group of deterministic algorithms, while heuristics and metaheuristics can be
classified as stochastic algorithms. Heuristics algorithms belong to approximate algorithms and
can be divided into two categories: specific heuristics and metaheuristics.

Metaheuristic algorithms represent improved heuristics. There is no agreed-upon definition of
heuristics and metaheuristics in the literature. The two main components of every metaheuristic
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algorithm are intensification (exploitation) and diversification (exploration). A good combination
of these components can ensure reaching global optimality [4, 5].

Metaheuristic algorithms are often inspired by natural systems. Among the most well-known are
swarm intelligence techniques and genetic algorithms, which mimic collective animal behavior
and evolutionary processes. Others are based on physical phenomena such as gravity or
electromagnetism, or abstract models including human cognition and mathematical patterns like
trigonometric oscillations. These approaches provide flexible strategies for solving complex

optimization problems by balancing exploration and exploitation [6].

Some of the most frequently used metaheuristic algorithms in metallurgical industry are:

Genetic Algorithms (GA) - represent simulations of natural selection that can solve
optimization problems. These algorithms are ideally suited for solving problems with discrete
variables and, in most cases, find the global optimal solution [7].

Particle Swarm Optimization (PSO) - imitates the collective behavior of birds and fish

to efficiently search for food-rich areas [8].

Ant Colony Optimization (ACO) - the basic idea of these optimization algorithms is to
simulate the cooperative behavior of real ants in order to solve optimization problems [9].
Simulated Annealing (SA) - simplest and most well-known metaheuristic methods for
solving difficult global optimization problems, inspired by the annealing process used in
metallurgy [10, 11].

Hybrid Metaheuristic Algorithms - combination of the different methods for improved
performance in complex problems.

The No Free Lunch (NFL) theorem [12] highlights that there is no algorithm that is the best for all
problems, implying that an individualized approach is preferable. In recent times, the number of
metaheuristics, especially those inspired by nature, is increasing daily.

Metaheuristic algorithms in the metallurgical industry are most commonly applied to optimize the

following processes:

« Casting and melting, where parameters such as temperature, time, and alloy composition are

optimized to minimize defects and improve product quality.

« Alloy design, in which algorithms search for an optimal alloy composition to achieve target

properties like mechanical strength, material conductivity, and cost.

e Production scheduling, where metaheuristics optimize resource utilization-such as furnaces,

materials, and personnel to improve scheduling efficiency and reduce delays.

3. PRACTICAL EXAMPLES

There are numerous examples of the metaheuristic algorithms application for process optimization
in the metallurgical industry, as presented in published scientific papers. One example for each of
the mentioned forms of optimization will be presented in this paper. The used algorithms will be
briefly described, along with the optimized parameters.

According to [13], various metaheuristic techniques, including Genetic Algorithm (GA), Ant
Colony Optimization (ACO), Simulated Annealing (SA), and Particle Swarm Optimization (PSO),
were applied to optimize the feeder geometry in the casting process. The proposed methodology
was applied in the design of the feeder for casting the Pelton turbine bucket, and the optimization
results consist of the dimensional characteristics of the feeder. The best result from all the
implemented optimization processes was selected for the final design. The validity of the proposed
optimization approach was verified through numerical simulation of the casting process.

This study [14] focuses on enhancing the mechanical and electrical properties of the CuNi.Siy
alloy by combining experimental methods with metaheuristic optimization algorithms. Aging
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temperature and time were varied between 450-600°C and 1-420 minutes, respectively, to optimize
hardness and electrical conductivity. Among the metaheuristic approaches tested-Student
Psychology-Based Optimization (SPBO), Genetic Algorithm (GA), and Particle Swarm
Optimization (PSO), SPBO demonstrated the highest prediction accuracy. It predicted an optimal
aging temperature of 450°C for approximately 61.75 minutes, which was confirmed
experimentally. These findings emphasize the potential of metaheuristic algorithms, particularly
SPBO, as effective tools for optimizing alloy design parameters and tailoring material properties
for industrial applications such as aerospace and electrical engineering.

This paper [15] presents a hybrid simulation-based optimization method for production planning
and scheduling in metal casting, with a focus on multi-criteria optimization, including energy
efficiency. A combination of deterministic exchange-based heuristics and a customized Genetic
Algorithm (GA) is applied to optimize batch assignments and furnace scheduling in the heat
treatment process. The method demonstrates that smaller population sizes in the GA lead to more
efficient optimization for the given problem complexity, as they maximize the limited number of
iterations available for finding high-quality solutions. The approach significantly outperforms
manual planning, reducing planning time and offering around a 10% global optimization potential,
including a 6% improvement in energy efficiency. Figure 1 represents overview of the production
layout showing five heat treatment furnaces, cooling stations, FIFO buffers, and a crane for
material handling.
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Figure 1. Schematic layout showing five heat treatment furnaces, cooling stations, FIFO buffers, and a
crane for material handling [15] used under the terms of CC-BY

4. CONCLUSION

The application of metaheuristic algorithms to optimize various processes in the metallurgical
industry contributes to improving product quality, reducing costs, and increasing production
efficiency. Metaheuristic algorithms in the metallurgical industry are applied to optimize processes
like casting and melting, alloy design, and production scheduling. Future development directions
include the integration of metaheuristic algorithms with machine learning techniques and other
artificial intelligence methods. Further research in this area, through the development of new
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algorithms and hybrid combinations of existing ones, can significantly improve the solution of
complex problems faced in the metallurgical industry.
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